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Abstract

As a result of the operation of nuclear reactors, a certain amount of Cm is produced, which is included in the minor actinides series (MA). Among the long-lived Cm isotopes, 243Cm and 245Cm should be noted. Their fission cross section is over 2.5 barn. In this regard, Cm can be used as a fuel in a fast neutron nuclear reactor. For the scientific research, was used a model of the RBEC reactor (a fast natural circulation reactor with a lead-bismuth coolant), developed at the Kurchatov Institute (Moscow, Russia). (U + Cm)O2 was used as fuel. Uranium - waste uranium with an enrichment of 0.1% in the isotope 235U. The efficiency of different approaches to the placement of MA in fuel (homogeneous and heterogeneous) was considered. This was for the transmutation of Cm and other elements from the minor actinides series.
1. INTRODUCTION
The constant increase in the amount of spent nuclear fuel (SNF) raises acute issues of its management (storage, permanent disposal, reprocessing, recycling). Many papers in scientific journals are devoted to this problem. Studies on the methods of storage, handling and beneficial using of accumulated SNF are conducted in all "nuclear countries". Of particular interest is the handling of minor actinides (Np, Am, Cm). Two methods of transmutation of minor actinides are proposed: burning of plutonium and minor actinides or burning of these elements separately [1-4].
In this paper, we consider the possibility of burning the curium fraction of minor actinides as the main component of the nuclear fuel of a fast neutron reactor. 
A nuclear reactor using a mixture of curium isotopes as fuel can be made critical, and its propagating properties will be significantly better than on uranium oxide fuel [1].
The article is devoted to the analysis of neutron-physical parameters and does not consider additional features in the design of the heat sink and removal of gaseous fission fragments, which are necessary when using curium in fuel.
2. Curium
Curium (lat. Curium (Cm)) is 96th element of the periodic table, synthesized transuranic element. There are 14 known curium isotopes with mass numbers of 238 - 250, and the most interesting from the point of view of nuclear energy are 243Cm, 244Cm, and 245Cm.
Isotopes 242Cm, 244Cm and 245Cm are produced from the uranium isotope 238U in the following fission chains (fig.1).
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FIG. 1 Curium transformation chain.
The main disadvantages of curium isotopes are intense heat decay and accumulation of helium as a result of α-decays. To realize the burning of curium, it is necessary to use a technology that would allow a strong dilution of the material for the heat removal and would ensure the retention of helium and gaseous fission products [7].
The main nuclear properties of curium isotopes are presented in Table 1.

TABLE 1.	NUCLEAR CHARACTERISTICS OF CURIUM ISOTOPES

	Isotope
	Half life 
	Type of decay
	Specific dacay heat, Wt/kg

	242Cm
	163 days
	α
	121000

	243Cm
	30 years
	α
	1890

	244Cm
	18,1 years
	α
	2840

	245Cm
	8500 years
	α
	6

	246Cm
	4730 years
	α
	8



After 5 years of spent nuclear fuel conditioning, curium will consist mainly of three isotopes-244Cm, 245Cm and 246Cm, with 244Cm accounting for more than 90% [1]. Therefore, we will further consider the isotopic composition of the fuel, consisting of 90% 244Cm and 10% 245Cm.
Curium-242 is used for:

· Manufacturing of compact and extremely powerful radioisotope energy sources (1 g of curium metal emits about 120 W). Curium is an almost pure alpha emitter;
·  Manufacturing of high-power neutron sources for launching special nuclear reactors.

Curium-244 is also an alpha emitter (energy release of about 2.84 W / gram). It has a sufficiently high probability of spontaneous neutron emission.
Curium-245 is very promising for creating compact nuclear reactors with ultra-high energy release, and ways are being searched for the cost-effective manufacturing of this isotope.
Curium dioxide reacts with mineral acids to form solutions of curium salts. At temperatures above 450 °C, rapid decomposition to Cm2O3 occurs through a series of intermediate oxides. We will consider curium trioxide Cm2O3 in calculations [11].
The melting point of curium trioxide is 2260 0C. The molar mass of the substance is 542 g/mol.
3.  MODEL DESCRIPTION
The calculations were carried out on Serpent [6]. Serpent is a multi-purpose three-dimensional continuous-energy Monte Carlo particle transport code, developed at VTT Technical Research Centre of Finland, Ltd.  The applications can be roughly divided into three categories:

· Traditional reactor physics applications, including spatial homogenization, criticality calculations, fuel cycle studies, research reactor modelling, validation of deterministic transport codes, etc.;
· Multi-physics simulations, i.e. coupled calculations with thermal hydraulics, CFD and fuel performance codes;
· Neutron and photon transport simulations for radiation dose rate calculations, shielding, fusion research and medical physics [10].
· 
In the RBEC core’s fuel assembly: 78 fuel rods with mixed uranium-plutonium oxide fuel and 42 fertile rods with depleted uranium carbide are installed in hexagonal fuel assembly without shroud with pitch of 15.3 mm. The RBEC reactor core consists of 253 hexagonal fuel assemblies. Two types of MOX fuel with different Pu content are used in fuel rods to flatten the power density radial distribution (fig.2). The central low-content zone consists of 121 fuel assemblies with 27.5% Pu content in fuel rods. The high-content zone includes 132 FA with 37.1% Pu content in fuel rods. The core is surrounded by 126 assemblies of radial blanket with fertile rods of depleted uranium carbide [8-9]. This fuel assembly model was used for all options considered in the article.
[image: ]
FIG. 2 RBEC fuel assembly.
4. RESULTS CULCULATION
The calculations were carried out on the basis of the fuel assemblies of the RBEC reactor. The calculation of the changing in the effective multiplication factor from the burnup and also the changing in the isotopic composition of the fuel were carried out. Calculations were carried out up to MWt*d/kg. For comparison, three types of fuel were taken:

· (U-Pu)O2: fuel of uranium-plutonium fuel (mixed oxide fuel) with a volume fraction of plutonium 37.1% (uranium dioxide from depleted uranium with 0.1% enrichment);
· (U-Cm)O2: fuel of UO2 (uranium from depleted uranium with 0.1% enrichment) and Cm2O3 (volume fraction 59%). Curium consists of 90% 244Cm and 10% 245Cm;
· (U-Cm244)O2: fuel from UO2 (uranium from depleted uranium with 0.1% enrichment) and Cm2O3 (volume fraction 93%). Curium consists of 100% 244Cm.


FIG. 3. The dependence of the effective multiplication factor on burnout.
The volume fractions of U-Cm and U-Cm244 were selected so that at the beginning of the campaign the effective multiplication factor is close to 1.
Figure 3 shows the change in the effective multiplication factor for the three fuel types U-Pu, U-Cm and 244Cm. The figure points that for curium fuel, the effective multiplication factor increases strongly with burnout. As the proportion of 244Cm increases, the effective multiplication factor increases rapidly. Table 2 and Figure 4 point that the breeding gain of minor actinides is much less than it in uranium-plutonium fuel. 

TABLE 2.	SNF ISOTOPIC COMPOSITION AT BURNUP OF 0 AND 150 MWT*D / KG, barn/sm3

	Isotope
	UO2+PuO2
	UO2+Cm2O3

	
	0 MWt*d/kg
	150 MWt*d/kg
	0 MWt*d/kg
	150 MWt*d/kg

	237Np
	0
	2,48*10-3
	0
	9,54*10-6

	238Pu
	0,03
	2,83*10-2
	0
	8,81*10-6

	239Pu
	1,37
	7,80*10-1
	0
	1,77*10-3

	240Pu
	0,552
	5,60*10-1
	0
	1,71*10-3

	241Pu
	0,19
	7,32*10-2
	0
	1,29*10-4

	242Pu
	0,113
	1,00*10-1
	0
	1,54*10-5

	245Pu
	0
	7,50*10-11
	0
	9,33*10-16

	241Am
	0,00184
	4,11*10-2
	0
	3,26*10-5

	242Am
	0
	8,24*10-6
	0
	5,04*10-9

	242mAm
	0
	1,47*10-3
	0
	5,47*10-7

	243Am
	0
	2,12*10-2
	0
	1,02*10-6

	242Cm
	0
	1,62*10-3
	0
	9,20*10-7

	243Cm
	0
	1,68*10-4
	0
	2,44*10-7

	244Cm
	0
	9,39*10-3
	6,26*10-3
	1,64*10-3

	245Cm
	0
	1,36*10-3
	6,26*10-3
	1,40*10-3






FIG. 4. Nuclear isotope concentrations 241Am, 242Am, 244Cm, 237Np.
5. CUNCLUSIONS
Curium has neutron-physical properties that allow a fast neutron reactor with a curium fuel to achieve greater criticality than a reactor with a uranium oxide fuel. But at the same time, additional features in the design of the heat removal and the removal of gaseous fission fragments are necessary for the stationary operation conditions of the nuclear reactor on fast neutrons with curium fuel. The amount of curium loaded into the reactor at 150 Mw*d/kg is reduced by 4 times. In addition, the operating time of breeding gain of minor actinides in such a reactor is significantly less than in a fast reactor with uranium-plutonium fuel. The fuel is a mixture of curium isotopes can be made critical, and its multiplying properties will be significantly increased than in uranium-oxide fuel.
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