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Abstract 
 

Results of calculation study of the transmutation mode in power reactors are presented. The concept of 
preliminary transmutation of minor actinides before placement to the long-term storage is considered. The 
purpose of such preliminary transmutation before ultimate storage is to incinerate a part of actinides and to 
transform another part into new actinides providing low level of radiotoxicity accumulated in the storage. 
Modes of transmutation in reactors of PWR, PHWR (CANDU), and Superphenix types are compared. 
Among power reactors, heavy-water PHWR type reactor is most acceptable for preliminary transmutation 



 
Introduction 
 

Incineration of radioactive waste or reduction of the level of corresponding radiotoxicity is most 
reliable way to decrease the risk of penetration of radioactivity to the environment. The only known 
method to incinerate radioactivity is transmutation. It may be very well happen that implementation of 
transmutation may be requested in future. Therefore it is necessary to perform widespread calculation 
investigations of transmutation already at present in order to demonstrate the real possibility of radwaste 
incineration. Otherwise the civil community may abandon application of nuclear power 

 
Within the framework of closed fuel cycle, when the uranium and plutonium extracted from spent 

nuclear fuel come back into the reactor, the most dangerous are long-lived alpha-radiating nuclides 
accumulated in reactors and in long-term storages. Those are minor actinides - isotopes of Np, Am, Cm.  

 
The concept of radiotoxicity is useful as measure of radiation dangers of actinides. Values of 

radiotoxicity for separate isotopes are determined by their maximum permissible activity in water [1]. We 
shall note that replacement of water by air does not change main conclusions made on the basis of 
obtained results. 

 
The most effective seems continuous transmutation in specialized high flux facilities with liquid fuel 

[2]. However construction of such facilities is a long way in the future. For practical use of transmutation 
in near future, a trade-off of feasibility against efficiency is required. 

 
In the paper, we considered the approach in which actinides from spent fuel are transmuted in the 

reactor with solid fuel during a fixed time, and then they are transferred into long-term storage. The 
purpose of such preliminary transmutation before ultimate storage is to incinerate a part of actinides and to 
transform another part into new actinides providing low level of radiotoxicity accumulated in the storage. 

 
This approach is based on the fact that radiotoxicity of minor actinides from spent fuel of power 

reactor is determined by isotopes 241Am and 244Cm. At accumulation of minor actinides in long-term 
storage without transmutation, the main contribution to total radiotoxicity is given by 241Am. So, if we 
consider actinides from PWR type reactor in 100 years of accumulation, the radiotoxicity of all isotopes, 
other than 241Am, makes less than 10% with respect to total radiotoxicity. For actinides from Superphenix 
type reactor, this one makes less than 1%. Consequently, it is expedient to perform preliminary 
transmutation of actinides before placement in long-term storage.  The main purpose of this 
transmutation is to transmute 241Am. 

 
In beginning of transmutation process, radiotoxicity increases basically at the expense of 

accumulation of 238Pu. There are two channels of 238Pu production: from 237Np and from 241Am. It should 
be noted that at irradiation in high flux of thermal neutrons (more than 1015 neutr/cm2s) production of 238Pu 
reduces because of burnup of intermediate nuclides 238Np and 242Cm and also because of burnup of the 
238Pu itself. Therefore the criterion for choice of time of preliminary transmutation could be the time 
necessary for liquidation of initial increase of radiotoxicity. 

 
 

Calculation Results 
 

The amount and composition of minor actinides being a subject transmutation is determined by rate 
of their accumulation in power reactors. We calculated the amount of minor actinides for annual unloading 
from VVER-1000 type reactor (analogous to PWR type reactor, with electric power 1000 MW) for burnup 
of 40 GW· d/t and subsequent cooling during 3 years. The results of calculation are presented in table 1. 



 
 
Table 1. Annual unloading of actinides from VVER-1000 type reactor, kg/year 

237Np 241Am 242mAm 243Am 242Cm 244Cm Total 
13.7 5.9 0.02 2.8 0 0.80 23.2 
 
 
We calculated the process of preliminary transmutation in reactors VVER-1000, PHWR (CANDU), 

and Superphenix [3]. We considered irradiation of annual unloading of minor actinides from VVER-1000 
type reactor (see table 1). Masses and radiotoxicities of all isotopes of Pu, Am, Cm, Bk, Cf, Es produced in 
transmutation process were calculated using the multigroup software package of the codes SCALE-4.3. 
Total radiotoxicity of actinides during transmutation is presented in fig.1, and total mass of actinides is 
presented in fig.2. We took into account plutonium produced in the process of transmutation. T is a time of 
transmutation. 
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Fig.1. Dependence of radiotoxicity of actinides RT on the time of transmutation in PHWR (1), VVER (2), 
and Superphenix (3) type reactors 
 
 

 

0 5 10 15 20
T , years

0

10

20

1
2

3

 
 

Fig.2. Dependence of mass of actinides M on the time of transmutation in PHWR (1), VVER (2), and 
Superphenix (3) type reactors 
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Data of fig.1 and 2 demonstrate that the rate of reactions in PHWR type reactor is higher than in 
reactor with fast neutron spectrum. This fact is in agreement with common results obtained for continuous 
transmutation [2]. In T= 10 years, the radiotoxicity of actinides irradiated in VVER and PHWR type 
reactors is close to initial radiotoxicity, and the mass of actinides decreases by 3-4 times. In reactor with 
fast neutron spectrum, the similar effect can be achieved only in about 20 years. 

 
Data on isotopic composition of actinides from annual unloading of VVER type reactor after 10-year 

transmutation in reactors of three types are submitted in table 2. 
 

 
Table 2. Isotopic composition of actinides after 10-year transmutation, kg 

Nuclide Without 
transmutation 

PHWR type 
reactor 

VVER-1000 type 
reactor 

Superphenix type 
reactor 

237Np 13.7 0.246 0.827 2.49 
238Pu 0 0.206 2.26 4.26 
239Pu 0 0.0942 0.674 1.23 
240Pu 0 0.105 0.202 0.518 
241Pu 0 0.0643 0.340 0.0549 
242Pu 0 0.767 0.559 0.414 

241Am 5.90 0.301 0.0248 0.901 
242mAm 0.024 9.29· 10-5 1.03· 10-3 0.0944 
243Am 2.79 0.561 0.430 0.765 
242Cm 0 2.15· 10-3 9.95· 10-3 0.0704 
243Cm 0 1.50· 10-4 7.82· 10-4 0.0119 
244Cm 0.800 1.64 0.952 0.971 

 
 

 
The radiotoxicity of actinides after 10-year transmutation in PHWR type reactor is determined by 

244Cm. At irradiation of actinides in VVER and Superphenix type reactors, the radiotoxicity is determined 
by two isotopes: 244Cm and 238Pu. The importance of isotopes depends on neutron flux and spectrum. Most 
preferable seems transmutation in PHWR type reactor with thermal neutron spectrum and rather high 
neutron flux. 
 

We calculated radiotoxicity accumulated in storage in which actinides are added with constant rate 
after preliminary transmutation or without transmutation. The rate of addition corresponded to the rate of 
actinide buildup in VVER type reactor (see table 1). The results of calculation are submitted in fig.3. T is 
a time of accumulation. 
 

These results demonstrate that with preliminary transmutation in PHWR type reactor, the time 
required to reach an equilibrium in storage is about 50 years. Analogous time with preliminary 
transmutation in Superphenix type reactor makes about 500 years since the main nuclide in this case is 
238Pu with half-life 87 years (see table 2). 
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Fig.3. Radiotoxicity of actinides RT accumulated in the storage without transmutation (1), and after 
10-year transmutation in PHWR (2), VVER (3), and Superphenix (4) type reactors 
 
 

 
Thus, by the process of preliminary transmutation during 10 years in PHWR type reactor, we replace 

the main isotope 241Am with half-life 432 years in actinides transferred to the storage without 
transmutation by main isotope 244Cm (18 years) in actinides after transmutation. We reduce by 24 times 
the half-life of the main isotope without increase of radiotoxicity. We thereby achieve the main purpose of 
transmutation - to obtain acceptable time in which equilibrium radiotoxicity in storage is reached, i.e. 
growth of radiotoxicity ceases. 
 
 
Conclusions 
 

The results submitted above allow to demonstrate that preliminary transmutation of minor actinides 
permits to reach during a short time an equilibrium level of long-lived radiotoxicity in storage of nuclear 
wastes. Conditions of a long-term storage are thus facilitated, and risk of penetration of the most 
dangerous radiotoxicity to the environment decreases. 

 
The following study should be directed to both calculation and technological problems concerning to 

the real reactor characteristics operating in transmutation mode. These problems should be a subject of the 
future investigations. 
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