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Abstract. This paper shows a feasibility study of transmuting minor-actinide (MA) by MA-zirconium hydride, 
(MA, Zr)Hx.  And it also introduces a program of technology development for the MA target.  A proposed 
concept of the (MA, Zr)Hx target can enhance the transmutation rate.  The reason is that it densely contains 
both of MA and hydrogen.  The feature creates the neutron energy spectrum shift to promote nuclear reactions.  
It was assumed in calculations that 54 assemblies of Am bearing target are arranged around an active core in a 
280 MWe sodium-cooled reactor.  The MA transmutation performance is significant: the irradiation of 615 days 
transmutes 39% of the initial Am amount, the Am transmutation rate is 67 kg/effective full power year; the 
transfer ratio of Am to repository reduces by one-fortieth.  Integrity of the targets is predicted to be feasible on 
desk analysis: the maximum linear heat rate is about 310 W/cm.  However, handling of the used targets is a 
matter of concern because the decay heat decreases to 7.5 kW/target after cooling period of 500 days. 
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1. Introduction 

This paper highlights the feasibility and efficiency of a methodology that transmutes minor-
actinide (MA) by minor-actinide zirconium (MA-Zr) hydride in the blanket region of fast 
reactors.  Nuclear energy is required to be sustainable as well as safe.  Reducing MA is an 
important issue of radioactive waste in order to promote nuclear energy in social and 
technological circumstances [1].  For this reason, Japan has been developing the 
technologies of partitioning and transmutation since 1980s [2].   

Recently, three systems have been proposed for MA transmutation: (1) conventional fast 
reactors, (2) innovative reactors using new type fuels, and (3) accelerator driven system.  
Utilizing conventional fast reactors is reasonable because of early implementation, small risk 
of development, and predictability of cost [3-4].  Therefore, our research will develop a 
technology of MA-Zr hydride target in order to transmute MA in fast reactors; and also 
evaluate the feasibility and efficiency. 

There are two types of transmutation methodology using fast reactors: homogeneous and 
heterogeneous cycles.  They each have good and bad points, and the selection depends on 
what is important for different stakeholders [5].  Japan decided to employ a low-
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decontamination fuel technique [6] to achieve cost reduction in nuclear fuel cycle.  
Radioactive fuels will be fabricated by remote handling in manufacturing cells and MA will 
not be separated from Pu.  If the fuel fabrication technique is realized and the safety of MA 
bearing reactor core is validated, the homogeneous cycle will be technologically confirmed to 
operate as safely as conventional reactors.  On the other hand, the heterogeneous cycle is 
also promising in the case that Am, Cm, and lanthanoid elements can be separated; MA 
bearing targets can be fabricated, and it remains sound during irradiation.  This system is 
robust because fuels can be supplied, if MA target-cycle stops.  Moreover, the heterogeneous 
cycle can be introduced as soon as a small target-manufacturing facility starts to run.  

We have researched a new concept of long-lived fast reactor control rod, utilizing hafnium 
hydride [7-10].  This R&D is also a development program of technology utilizing hydride 
material and fast reactor.  This paper shows a preliminary result. 

2. Research Program Overview 

2.1. Objectives 

The final objective of the R&D is enhancing MA transmutation.  That is, the MA 
transmutation is tripled or quadrupled by the hydride target, compared with metal and oxide 
targets [11].  The research program from FY 2016 to FY 2019 is the first phase of the R&D. 

2.2. Program of Research 

The program will develop three element technologies, and will evaluate the feasibility and 
efficiency of the target in fast reactor fuel cycle.   

2.2.1. Experimental production and measurement of MA-Zr hydride 

This research will manufacture MA-Zr hydride pellets and measure the physical properties.  
The testing is planned to be done in RIAR (Scientific Research Institute of Atomic Reactors) 
of Russia in full consultation with the proposer of this R&D and Japanese specialists. 

2.2.2. Observation of irradiation behaviour 

Physical properties of MA-Zr hydride which is doped surrogate material of fission products, 
will be measured.  Those of Th-U-Zr hydride irradiated at JMTR (Japan Materials Testing 
Reactor) will be also measured at PIE (post irradiation experiment).  These data will be 
utilized for irradiation tests of the following phases. 

2.2.3. Safety characteristics at normal operation and accidents 

Hydrogen permeation rate through cladding at normal operation and ejection rate at accidents 
will be measured in mock tests.  And it will be also observed how much oxide on MA-Zr 
hydride pellet surface supresses the ejection.  

2.2.4. System analyses 

Characteristics of MA bearing reactor core and material balance based on deployment 
scenarios will be calculated.  Manufacturability of the MA targets will be also examined. 

2.3.  Research Organization 

The Institute for Materials Research, Tohoku University is leading this program, and the 
institute, Mitsubishi FBR Systems, Inc., Nuclear Development Corporation, Nippon Nuclear 
Fuel Development Co. Ltd., and Osaka University are jointly conducting the studies. 
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3. Preliminary Study of MA Transmutation 

3.1. Mark, Issues, and System Concept 

The ultimate goal of the MA transmutation is to get the sustainability of nuclear energy and 
global circumstance.  This will be realized by reducing the amount of MA, lowering the 
radiation exposure, and scaling down the required repository per output.  The enhanced MA 
transmutation is better for it; the MA transmutation ratio at unloading should be high enough 
to suppress the transfer ratio of MA to repository.  Naturally, the target should be sound.  
That is, the MLHR (maximum linear heat rate) and He accumulation are limited so as to keep 
integrity of the targets.  Decay heat of the targets is also limited at fabrication and at 
handling.  Figure 1 illustrates the scope, mark, and issues of this study.   

 

 

FIG. 1. Objectives of the parameter study. 

Figure 2 shows the system concept of this study.  Actinide elements of used fuels are 
separated into U, Pu, Np, Am, and Cm.  U, Pu, and Np are recycled into reactor fuels; Am 
into MA targets.  244Cm is stored to spontaneously transmute into 240Pu. 

 

 

FIG. 2. Concept of nuclear fuel cycle. 

3.2. Design Requirements 

 The MA transmutation ratio is set to be 30% or higher. 

 The decay heat is 3 kW/target or smaller at fabrication [12].   

 The decay heat is 40 kW/target or smaller at unloading from reactor core, and 7.5 
kW/target or smaller at sodium cleaning [5].  

3.3. Calculation Condition and Methods 
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3.3.1. Calculation condition 

The MA targets contain 61 pins as shown in TABLE I, and Am is set to be an interested 
element.  The isotope ratio (241Am, 242mAm, 243Am）is set to be (59.7%, 0.2%, 40.1%) 
(weight fraction).  The specification of reactor core is shown in TABLE II, and the core 
configuration is drawn in Fig. 3.  The length of reactor cycle is 123 EFPD (effective full 
power days), and the reactor core fuels are exchanged in four batches. 

 

TABLE I: SPECIFICATION OF MA TARGET. 

 

 

TABLE II: SPECIFICATION OF SODIUM-COOLED REACTOR. 

Items Values 
Active core height (mm) 930 
Upper axial blanket height (mm) 300 
Lower axial blanket height (mm) 350 
Assembly pitch (mm) 116 

 

 
FIG. 3. Core Configuration of Sodium-cooled Fast Reactor. 

3.3.2. Calculation methods 

A fast reactor group constant set JFS-3-J4.0 [13], and one-dimensional burn up calculation 
code ODDBURN produced 7-group effective cross sections.  Using these cross sections, 
three-dimensional diffusion calculation code TRISTAN and three-dimensional prismatic 
discrete ordinate code ENSEMBLE-TRIZ [14] calculated nuclear transmutation.  The 
actinide cross sections in a nuclear data file ORLIBJ40 [15] were replaced into the one-group 

Items Values 
Fuel type (Am0.1, Zr0.9)H1.7 
Number of pins 61 
MA height (mm) 930 
Duct flat to flat (mm) 105 
Pin diameter (mm) 12.0 
Cladding thickness (mm) 0.5 
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cross sections produced from the nuclear calculation, and the isotope generation and depletion 
code ORIGEN2 [16] calculated decay heat. 

3.4. Preliminary Results 

3.4.1. Nuclear characteristics of MA-Zr hydride targets 

TABLE III presents micro cross sections and the amount of MA in three targets: (MA0.1, 
Zr0.9)H1.7, (MA0.1, Zr0.9), and (MA0.1, Zr0.9)O2.  According to the table, deploying hydrogen 
decuples the capture cross section of 241Am and 243Am; hydrogenating MA-Zr alloy can also 
bear large amounts of MA and hydrogen in the targets.  Reference [11] details the 
comparison. 

 

TABLE III: MICRO CROSS SECTION AND MA INVENTORY OF TARGETS. 

Characteristics Case (MA0.1, Zr0.9)H1.7 (MA0.1, Zr0.9) (MA0.1, Zr0.9)O2 

Micro Cross 
Section 
(barns) 

Nuclide Fission Capture Fission Capture Fission Capture
237Np 0.4  12.9  0.3  1.6  0.3  2.2  
241Am 0.5  24.3  0.2  1.9  0.2  2.5  

242mAm 69.0 12.6  3.1  0.5  3.7  0.6  
243Am 0.3  18.5  0.2  1.6  0.2  2.2  
242Cm 1.0  4.0  0.7  0.5  0.7  0.7  
243Cm 31.5 4.9  3.1  0.6  3.7  0.7  
244Cm 0.6  10.3  0.4  0.7  0.4  1.0  
245Cm 23.4 3.5  2.8  0.5  3.3  0.7  
246Cm 0.4  3.3  0.3  0.5  0.3  0.7  

Inventory of 
MA (kg) 

Target 6.7  7.8  5.2  

 

3.4.2. Change of nuclide composition 

Figure 4 plots the transmutation of 241Am in the targets, and Fig. 5 does that of 243Am.  The 
irradiation of 2952 EFPD (24 cycles × 123 EFPD) changes 97% of Am into Cm, Pu, FP 
(fission products): 241Am transmutes into predominately 242Cm (T1/2 = 162.94 days) and then 
238Pu; 243Am into mainly 244Cm (T1/2 = 18.11 y), and then 245Cm. 

 

FIG. 4. Composition change by 241Am transmutation in the maximum heat target. 
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FIG. 5. Composition change by 243Am transmutation in the maximum heat target. 

3.4.3. Transfer ratio to repository 

Figure 6 shows the relation of the transfer ratio of Am to repository and the transmutation 
ratio.  The transfer ratio is calculated in the case of recycling Am as follows. 

 

	 	 	 1 .	 	/	     (1) 

where  

L cum: Transfer ratio of Am to repository, 

R recyc.: Recovery ratio of Am at recycling (99% is assumed), 

Tr: Transmutation ratio of Am target at unloading. 

 

  

FIG. 6. Transfer ratio of Am to repository by recycling loss. 

The average Am transmutation ratio attains 30% at 500 EFPD as shown in Fig. 6.  And it 
becomes 39% at 615 EFPD (5 cycles × 123 EFPD) and the transfer ratio of Am to repository 
reduces by one-fortieth, in the case that the recovery ratio of Am at recycling is 99%.  
Further, the irradiation of 2952 EFPD transmutes 95% of the initial amount, in which the 
transfer ratio becomes about 1%. 

3.4.4. Average number of Am recycling 

Figure 7 indicates the average number of Am recycling up to transmutation.  That is, as the 
transmutation ratio increases, the required number of recycling decreases.  The average 
number is 2.6 at the irradiation length of 615 EFPD, and 1.1 at 2952 EFPD as shown in Fig. 7.  
It should be noted that the small number of recycling reduces the recycle cost in that the 
number of targets to be fabricated and the amount of reprocessing decrease. 
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FIG. 7. Average number of Am recycling up to transmutation. 

3.4.5. Am transmutation rate 

Figure 8 shows the Am transmutation rate and transmutation ratio.  The Am transmutation 
rate is 67 kg/EFPY (effective full power year) at reprocessing with irradiation length of 615 
EFPD.  Naturally, as the transmutation ratio increases, the transmutation rate decreases, and 
the number of required fast reactor increases. 

 

  

FIG. 8. Am transmutation rate. 

3.4.6. Maximum linear heat rate  

Figure 9 plots the history of MLHR of the maximum heat target.  The MLHR becomes 310 
W/cm at 615 EFPD and the peak is 500 W/cm. 

 

  

FIG. 9. Maximum linear heat rate of Am target. 
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Figure 10 shows the production of noble gas and volatile elements in the maximum heat 
target.  That is, He is produced from  decay of 242Cm and 244Cm; Br, Kr, I, Xe, and Cs from 
fission reaction.  That becomes seven moles (atom) at 615 EFPD, as shown in Fig. 10.  
Assuming that the plenum capacity of pins is 100 cc, and the release ratio is 100%, the 
average pressure of plenum becomes 7 MPa at 500˚C.  Furthermore, the irradiation of 2952 
EFPD produces 27 moles.  On the other hand, if the release ratio is low, swelling of the 
pellets and PCMI (pellet clad mechanical interaction) are concerned. 

 

 

FIG. 10. Accumulation of noble gas and volatile elements in the maximum heat Am target. 

3.4.8. Decay heat of Am target before and after irradiation  

The decay heat of an unirradiated target is 470 W/target at the set isotope ratio.  Figure 11 
shows the decay heat of the maximum heat target after the irradiation of 615 EFPD; it 
becomes smaller than 40 kW/target after cooling period of 50 days, and 7.5 kW/target after 
500 days. 

 

 

FIG. 11. Decay heat of the maximum heat Am target after the irradiation of 615 EFPD. 

4. Conclusions 

This paper has revealed the feasibility and efficiency of the proposed methodology that 
transmutes MA by MA-Zr hydride targets in the blanket region of a 280 MWe fast reactor.  
This study is a part of the R&D program that is developing the element technologies of MA-
Zr hydride target.  The preliminary analysis yielded the following results. 

(1) The proposed concept of the MA-Zr hydride target has been confirmed to enhance the MA 
transmutation rate.  That is, deploying hydrogen enhances tenfold the absorption cross 
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MA and hydrogen in the target in place of moderator pins.  As a result, the Am 
transmutation rate is 67 kg/EFPY at the irradiation length of 615 EFPD in the case that 54 
targets are arranged. 

(2) It has been confirmed that the deployment of the targets reduces the transfer ratio of MA 
to repository by one-fortieth at the irradiation length of 615 EFPD.  In addition, the 
proposed concept was suggested to reduce the MA recycling cost: the reprocessing 
amount of Am target becomes smaller because the required number of recycling is 2.6 
(See 3.4.4). 

(3) It has been predicted that the targets might remain sound under irradiation for 615 EFPD: 
the MLHR is 310 W/cm; and the pressure of gas plenum is 7 MPa, assuming 100 cc of the 
plenum capacity of target pins, and 100% of the release ratio.  It should be noted that the 
acceptable MLHR has never been determined due to a lack of physical property data, and 
the plenum of target pins has not been designed yet.  

(4) The handling of the used targets is a matter of concern: the decay heat of the maximum 
heat target after the irradiation of 615 EFPD becomes smaller than 40 kW/target after 
cooling period of 50 days and 7.5 kW/target after 500 days.  It has been confirmed that 
the decay heat of the Am target is not a serious fabrication issue because it is 470 
W/target, which is smaller than the limited value 3 kW/target. 

(5) The large volume of He and fission gas is a serious technological design problem in the 
case of irradiation of 2952 EFPD.  That is, the deep burnup of Am is challenging in the 
integrity of the Am targets, although it has advantages in the reduction of radiotoxicity in 
repository and the recycling cost.  

Therefore, it has been concluded that the proposed concept can improve the performance of 
MA transmutation and the sustainability of nuclear energy in social and technological 
circumstance.  However, in the case of the set specification of Am targets and irradiation 
length of 615 EFPD, the handling of the used targets is a matter of concern.  In the case of 
the irradiation length of 2952 EFPD, the accumulation of fission gas and He highlights the 
plenum design of pins and PCMI.  A parameter study of the target specification is presently 
underway, aiming to outline optimized MA transmutation. 
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