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Abstract

Weapon-grade plutonium burning and transmutation of the americium and curium isotopes from
spent nuclear fuel in reactor or accelerator-driven installations with various neutron fluxes and spectra
are analysed. The concentration of the nuclides up to 248Cm and the radiotoxicity are calculated. The
problem of plutonium burning and minor actinides transmutation is that the radiotoxicity is increased
in the beginning of irradiation, and only after a period it decreases to the initial value.
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1. Introduction

The problem of nuclear transmutation of minor actinides accumulated in spent nuclear fuel is
part of the problem of radioactive waste management. Weapon-grade plutonium released as result of
conversion of weapons programmes can effectively be used as nuclear fuel. However at burn-up of a
plutonium, significant amounts of transplutonium nuclides will be formed with essentially more high
levels of radioactivity and radiotoxicity than initial plutonium. The transmutation of neptunium
results in high-toxic 238Pu. The main difficulties can arise with americium and curium. At irradiation
by neutrons, they are transformed to heavier nuclides and are partially fissioned.

In connection with the importance of minor actinide transmutation problem, it is necessary to
determine the main features of the process of transmutation of americium and curium and burn-up of
plutonium in various conditions.

2. Long-term plutonium burning

A mode of long-term continuous burning of almost pure 239Pu in a spectrum of heavy-water
reactor, with constant neutron flux density Φ = 1014 n/cm2s, is studied in order to clarify the role of the
produced minor actinides. Irradiation time is 1 000 days. In order to look after burn-up for curium
isotopes, irradiation in the high flux – 1015 n/cm2s with same spectrum is also considered.

The relative values of total radiotoxicity in water (normalised by initial radiotoxicity of
plutonium) of isotopes of a plutonium, americium and curium (up to 248Cm) are summarised in
Table 1. T is the time of irradiation. The radiotoxicity RTi of each nuclide i in water is determined by
the ratio:

RTi = A/MPAi

where Ai – activity of considered amount of a nuclide i, MPAi – maximum permissible activity of this
nuclide in water according to radiation safety standards accepted in Russia [1]. Total radiotoxicity is
equal to a sum of radiotoxicities of all nuclides taken in those amounts in which they are contained in
the considered mix of nuclides.

Table 1. Total radiotoxicity in plutonium irradiation
modes with neutron flux 1014 and 1015 n/cm2s

Irradiation time,
days

1014 n/cm2s 1015 n/cm2s

0 1 1
100 1.9 5.4
200 2.0 14
300 1.8 18
500 2.1 13
700 2.7 7.1

1 000 5.4 2.2

The time dependence of the radiotoxicity as shown in Table 1 has two maxima. The first rather
weak maximum at Φ = 1014 n/cm2s and T = 200 days is determined by a nuclide 241Pu which is
accumulated at irradiation of plutonium. Its radiotoxicity per gram is 32 times more than that of 239Pu.
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The further increase after 500 days is determined by accumulation of 244Cm whose radiotoxicity per
gram is 600 times more than that of 239Pu. The contribution of 244Cm in total radiotoxicity after
700 days of an irradiation exceeds 90%, after 1 000 days more than 99%. The second maximum of
the radiotoxicity is determined by 244Cm (at Φ = 1015 n/cm2s and T = 300 days). In the calculation with
Φ = 1014 n/cm2s corresponds to T = 8.2 years. The maximum radiotoxicity exceeds the radiotoxicity of
initial plutonium by 18 times. For longer irradiation, the radiotoxicity decreases slowly. For
irradiation of 27 years (and Φ = 1014 n/cm2s), radiotoxicity exceeds 2.2 times initial one. The total
amount of plutonium after 1 000 days results in 6.2%, americium, 1.5%, curium, 1% of the initial
plutonium. At the time of the 244Cm maximum, plutonium makes 1.7% (basically 242Pu), americium
1% (243Am), 244Cm 3.3%, 246Cm 0.3% of initial plutonium.

3. Single burn-up of americium and curium

Two modes of irradiation of americium and curium with constant neutron flux density are
considered: an irradiation in a thermal spectrum, typical for light water reactor, at several values of
neutron flux density; and in a fast spectrum typical for BN-800 reactor [2].

The initial masses of nuclides corresponded to the contents of isotopes in an annual unloading of
spent nuclear fuel of VVER-1000 reactor: 241Am – 17.4 kg, 242mAm – 7.0 g, 243Am – 3.38 kg, 243Cm –
5.5 g, 244Cm – 894 g, 245Cm – 63.5 g, 246Cm – 9.1 g. In the calculation of the radiotoxicity, the nuclides
238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 241Am, 242mAm, 243Am, 243Cm, 244Cm, 245Cm, 246Cm, 247Cm, 248Cm were taken
into account. It was considered that rather short-lived 242Cm (T1/2 = 163 days) after end of an
irradiation, completely decays in 238Pu.

Table 2 indicates the number of nuclei of the most important nuclides 238Pu, 241Am, 242mAm, 243Am,
242Cm, 243Cm, 244Cm, fission products FP, for irradiation in a thermal spectrum of light water reactor
with Φ = 1014 n/cm2s. The number of nuclei corresponds to above-listed above initial masses of
nuclides.

Table 2. Nuclei number in americium and curium irradiation in thermal spectrum, 1024 nuclei

T, year
Nuclide

0 0.5 2 5 10
238Pu 0 8.4 5.8 0.40 8.6-3
241Am 43.5 8.1 0.82 0.12 2.4-3
242mAm 0.017 0.13 0.012 1.7-3 3.6-5
243Am 8.36 2.7 0.093 4.4-3 9.3-5
242Cm 0 20 4.0 0.32 6.8-3
243Cm 0.014 0.68 0.22 0.016 3.3-4
244Cm 2.21 1.5 0.61 0.064 1.4-3
FP 0 6.2 36 52 54

Table 3 summarises the total radiotoxicity in water for three flux values Φ = 1013, 1014 and 5⋅1014 n/cm2s
and the contributions of most significant nuclides 238Pu and 244Cm. As for 238Pu, the contribution of 238Pu formed
at irradiation and 238Pu by decay of 242Cm after irradiation are presented separately. The time of an irradiation at
different Φ corresponds to identical neutron fluence.
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Table 3. Radiotoxicity in americium and curium irradiation in thermal spectrum, 1014 kg water

T, years
1013 n/cm2s

0 5 20 50 100
Total 55 106 18 1.1 1.4-2
238Pu 77 14 0.89 1.2-2

238Pu from 242Cm decay 9 0.8 0.07 9-4
244Cm 12 1.9 0.05 2-4

T, years
1014 n/cm2s

0 0.5 2 5 10
Total 55 147 50 3.9 0.084
238Pu 35 24 1.7 0.036

238Pu from 242Cm decay 85 17 1.3 0.029
244Cm 15 6 0.6 0.014

T, years
5⋅1014 n/cm2s

0 0.1 0.4 1 2
Total 55 160 121 34 3.7
238Pu 9 16 4.7 0.5

238Pu from 242Cm decay 122 87 23 2.6
244Cm 15 10 3.5 0.4

In Table 4, the number of nuclei and total radiotoxicity in water for transmutation in fast
spectrum are given.

Table 4. Number of nuclei, 1024 nuclei, and total radiotoxicity
for transmutation in fast spectrum

T, years
Nuclide

0 0.5 2 5 10
238Pu 0 2.9 11 5.9 0.8
241Am 43.5 30 10 1.5 0.25
242mAm 0.02 0.84 0.72 0.12 0.01
243Am 8.36 6.7 3.5 0.98 0.11
242Cm 0 6.6 5.1 0.93 0.11
243Cm 0.01 0.19 0.54 0.17 0.02
244Cm 2.21 1.8 1.0 0.35 0.05
FP 0 3.4 17 39 51

RT, 1014 kg water 55 84 91 35 4.7

The transmutation of americium and curium is characterised by the following major factors. In
the initial actinide mix, an overwhelming share is 241Am. 242Cm is produced by irradiation of 241Am
through intermediate short-lived 242gAm. It decays into 238Pu. The 238Pu concentration reaches a
maximum after some years of irradiation, and then decreases. The 242Cm concentration quickly
reaches a maximum, then decreases being in balance with the decreasing concentration of 241Am.
Decay of accumulated 242Cm after irradiation results in additional accumulation of 238Pu. Further, the
concentration of 244Cm decreases monotonously, its additional formation from 243Am slows this
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decrease. Total actinide amount much decreases and the amount of fission products FP accordingly
grows after 5-10 years of an irradiation.

The radiotoxicity, as it is visible from Table 3, is determined by the nuclides 244Cm and 238Pu and,
only at initial stage, also by nuclide 241Am. The radiotoxicity of 244Cm per gram is 14 times higher than
that of 241Am and 2.4 times higher than that of 238Pu. The initial radiotoxicity is determined in equal about
shares by the nuclides 241Am and 244Cm. In the first years of an irradiation, the radiotoxicity, grows
because of accumulation of 238Pu. Thus the share of 244Cm in total radiotoxicity makes 10-20% both in
thermal and in fast spectrum, and the share of 241Am is rather small. A maximum radiotoxicity in thermal
spectrum is 1.2-1.6 times greater than in a fast spectrum. It exceeds initial radiotoxicity by 2-3 times.
The maximum long-lived radiotoxicity in fast spectrum exceeds the initial radiotoxicity by 1.7 times.

The rate of decrease of radiotoxicity by an essential way depends on neutron flux density. It is
explained by the double role of 242Cm in formation of 238Pu – at the expense of decay occurring during
irradiation and decay after end of an irradiation. It is expedient to compare different neutron fluxes at
times corresponding to an identical fluence.

At small neutron fluxes and accordingly long time of irradiation, the equilibrium concentration of
242Cm is small, initial 241Am at first stage of an irradiation is transformed into 238Pu through 242Cm. It is
well illustrated by the first part of the Table 3 corresponding to Φ = 1014 n/cm2s. The share of a
radiotoxicity given by 238Pu formed from 242Cm after irradiation is small. Total radiotoxicity at the end of
irradiation decreases much. At high flux and accordingly smaller times (third part of the Table 3,
appropriate Φ = 5⋅1014 n/cm2s), the equilibrium concentration of 242Cm essentially grows, and its burn-up
at high flux is even small in comparison with its decay. The share of 238Pu formed during irradiation
decreases. The significant part of radiotoxicity is determined by 238Pu formed by 242Cm decay after
irradiation. This share does not transform by irradiation. Therefore at high flux, radiotoxicity as function
of a fluence decreases essentially slower than at low flux. However the maximum radiotoxicity depends
rather poorly on flux density.

4. Stationary mode of a minor actinides transmutation

The stationary mode in which there is a continuous feed of new actinides and continuous
removal of fission products is convenient model for comparison of transmutation modes at various
neutron flux and spectra. The stationary concentration produced in this mode is determined by
neutron flux density, effective cross-sections, feed intensity and isotopic composition of feeding
nuclides.

The characteristics of stationary transmutation modes in thermal neutron power reactor with
neutron flux density 1014 n/cm2s and fast breeder reactor are presented in Table 5. It was considered
that burn-out and feed of minor actinides occurs separately from nuclear fuel in the nuclear reactor
and the nuclides from nuclear fuel do not influence the isotopic composition in stationary mode.
Isotopic composition of feed was the same as for single transmutation of americium and curium with
addition of 237Np. The feed intensity was defined so that the annual feed is equal to the annual
unloading of actinides from one VVER-1000 reactor. The data on americium and curium are listed
above. The annual unloading of 237Np is 17.3 kg. In Table 5, M represents total mass of actinides
taking part in stationary transitions, Q is their activity, RT is their radiotoxicity.
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Table 5. Characteristics of stationary transmutation modes

Characteristics Thermal neutron power reactor Fast breeder reactor
M, kg 170 150
Q(242Cm-), 106 Curi 26 21
Q(long-term), 106 Curi 3.2 2.0
RT(242Cm), 1016 kg water 8.0 6.5
RT(long-term), 1016 kg water 11.7 9.4

Part in long-term radiotoxicity
238Pu 56% 82%
244Cm 41% 13%

The data presented show that, in general, transmutation in regular thermal neutron reactor is
close to the transmutation on base of a fast breeder reactor. Long-lived radiotoxicity is defined
basically by two nuclides: 238Pu and 244Cm.

5. Conclusion

Submitted data permit to make conclusions on the main regularities of conversion of nuclides at
burn-up of plutonium and transmutation of minor actinides. At long-term burn-up of plutonium, there is
the increase of radiotoxicity determined by accumulation of 244Cm. The maximum amount of 244Cm
makes about 3% of initial plutonium, the maximum radiotoxicity is 18 times the radiotoxicity of initial
plutonium. The maximum is reached after 8 years irradiation in flux 1014 n/cm2s. In real, burn-up of a
plutonium should be done by much shorter lifetimes with intermediate processing and addition of new
plutonium. So, it is expedient at processing to extract curium isotopes. Since 244Cm half-life makes
18.1 years, one can organise a controllable storage of extracted curium.

For transmutation of americium and curium, there is the increase of radiotoxicity on initial stage
of irradiation. The maximum is reached in 0.5-2 years of irradiation in thermal or fast reactors. The
radiotoxicity is reduced up to initial level in 2-3 years of irradiation. It forms basically by two
nuclides 238Pu and 244Cm both in thermal and in fast spectrum. The rate of radiotoxicity decrease
depends significantly on neutron flux density. At high flux, radiotoxicity as function of a fluence falls
down slower at the expense of additional formation of 238Pu from 242Cm after irradiation.

At stationary transmutation of minor actinides with continuous feed, the characteristics of the
transmutation process are identical as for facilities with thermal and fast neutron spectrum. The
stationary radiotoxicity in thermal spectrum is determined in identical measure by nuclides 238Pu and
244Cm. In fast spectrum the share of 238Pu is essentially higher.
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