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This thesis describes the research study to develop the core management method and irradiation field 
characterization method of the experimental fast reactor Joyo. Improvements of the methods through 
comparison with measured data from the reactor core physics performance tests of Joyo and post 
irradiation examination (PIE) of tests conducted in the Joyo irradiation test facility complex are also 
described.

There are eight chapters. 
   Chapter 1 describes the objectives of this study, along with a brief history of the Joyo test reactor and 
an explanation of the role and importance of developing the sodium cooled fast breeder reactor (FBR) in 
Japan from the view point of providing the future energy source. 
   Chapter 2 explains the core management method of the Joyo Mark-II irradiation core, which had 
been modified from the first Mark-I breeder core. The core management method modifications of Joyo 
included changing the refueling scheme by employing an in-out fuel shuffling method and 
re-examination of the thermal design margin of the driver fuel by reducing the hot spot factor based on 
the evaluation of the Joyo Mark-II core and plant performance tests. 
   Chapter 3 describes the development of improved methods for evaluating the neutron and gamma 
flux distributions by including energy spectrum information in order to meet the requirements for their 
accuracy. These developments included modifying the analytical method and developing the new neutron 
dosimetry method of helium accumulation fluence monitor (HAFM). These improvements were 
validated by comparison with the measured reaction rates obtained by the conventional multiple foil 
activation method. 
   Chapters 4 and 5 describe the design of the upgrade of the Joyo core and cooling system, called the 
Mark-III project, in order to increase the neutron flux 1.3 times higher than the original design maximum 
of the Joyo Mark-II core. The modified Mark-III core and plant performance test evaluations that were 
used to validate the Mark-III core design and the increase in the reactor power to 1.4 times higher than 
the previous Mark-II core are described in detail. The improved core calculation method that had been 
developed through the JUPITER fast reactor core physics program was found to improve the calculation 
accuracy. 

Keywords: Fast Breeder Reactor (FBR), Joyo, Core Management, Irradiation Field Characterization, 
Reactor Dosimetry, Post Irradiation Examination (PIE), Minor Actinide (MA), Long Life Fission Product 
(LLFP)

This report, based on the author’s research works using facilities of Japan Atomic Energy Agency, was 
accepted as a doctoral dissertation by the Graduate School of Engineering at Osaka University on March 
25, 2008. 
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   Chapter 6 investigates a new application of the upgraded Mark-III core for transmuting the long lived 
fission products (LLFPs). This study showed that it is feasible to create a tailored neutron irradiation 
field by replacing the radial stainless steel reflector with neutron moderator made of either beryllium or 
zirconium hydride. This neutron spectrum tailoring by surrounding the target with moderator 
subassemblies is suitable for achieving a high transmutation ratio, especially for the case of 99Tc. 

Chapter 7 describes the minor actinides (MAs) containing mixed oxide (MOX) fuel irradiation test in 
Joyo. MAs can be used as a fast reactor fuel. However, testing of MA containing MOX fuel is required 
because the irradiation behavior of MA such as neptunium and/or americium is not fully understood due 
to insufficient experimental data. The MA-MOX irradiation test in Joyo was conducted successfully. The 
test subassembly was loaded in the core center and the linear heat rates of the test fuel pins were 
evaluated using the Joyo core management method and the neutron field characterization, including 
corrections based on HAFM measurements that were developed in Joyo. The evaluated linear heat rates 
agreed well with the measured values based on the fission rates determined by the 148Nd method during 
PIE of the test fuel pins. 

Chapter 8 summarizes and points out the future prospects. 
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100 MWt
2,200 t/h

370
500

55 cm
235 l
67

81.5 mm
78.5 mm

1.9 mm
5.5 mm

0.35 mm
4.6 mm

127
30/ 30 wt

NA/ 20 wt
12/ 18 wt

Zone row Inner 5 6
Outer(A) 6 8
Outer(B) 9 10

6 in the 3rd row /

 Vented, He-bonding

Operation cycle Operation
Outage

Neutron flux ×1015n /cm2 s

Maximum number of driver fuel subassemblies

Reactor output
Primary coolant flow rate
Reactor inlet temperature
Reactor outlet temperature
Core height
Core volume

Cladding thickness
Fuel pellet diameter
Number of fuel pins
Pu content

Duct pitch
Duct flat-to-flat
Duct thickness
Fuel pin diameter

Control rod
Number and location

Absorber pin type
Materials

Pu fissile content
235U enrichment
Reflector

Materials

Maximum number of irradiation rigs

Total
Fast E >0.1MeV

Maximum linear heat rate of driver fuel
3.8/3.6

400 W/cm

1 in the 5th row

9
45/70d

15d

5.1/4.9

J 1 core/J 2 core

Stainless steel

5 in the 3rd row,

B4C

Reactor parameters
Maximum excess reactivity (100 )
Control rod worth (total)
Reactor shutdown margin

under one rod stuck condition
Maximum pin average burn-up

Maximum temperature at
over power condition

Fuel 2,650
Cladding 810
Coolant 910

Maximum temperature at
rated power condition

Fuel 2,500
Cladding 650

5.5 k/kk'
Limitation

J1 Core : 50GWd/t
J2 Core : 75GWd/t

1.7 k/kk'
9.0 k/kk'
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% k/kk' % k/kk' C/E % k/kk'
1 12.09 11.66 1.04 4.10
2 12.12 11.83 1.02 3.65
3 12.24 11.93 1.03 2.58
4 12.21 12.38 0.99 2.55
5 12.16 11.83 1.03 2.60
6 12.07 11.91 1.01 2.87
7 12.03 11.67 1.03 2.77
8 12.09 12.01 1.01 2.20
9 12.05 12.03 1.00 2.19
10 11.98 12.19 0.98 2.45
11 11.79 11.96 0.99 3.02
12 11.67 11.96 0.98 3.50
13 11.65 12.20 0.96 3.39
14 11.82 12.37 0.96 2.99
15 11.79 12.30 0.96 2.98
16 11.94 12.37 0.96 2.19
17 11.88 12.37 0.96 2.67
18 11.76 12.42 0.95 2.88
19 11.66 12.39 0.94 2.99
20 11.72 12.05 0.97 2.42
21 11.69 12.44 0.94 2.92
22 11.69 11.70 1.00 2.94
23 11.79 11.88 0.99 2.24
24 10.11 10.30 0.98 3.25
25 10.31 10.41 0.99 2.83
26 10.36 10.26 1.01 2.30
27 10.40 10.33 1.01 2.00
28 9.97 10.13 0.98 3.61
29 10.35 10.30 1.00 2.16
30 10.28 10.06 1.02 2.58
31 10.36 10.07 1.03 2.77
32 10.35 10.08 1.03 3.68
33 10.38 10.26 1.01 3.36
34 10.32 10.39 0.99 4.33
35 10.20 10.14 1.01 4.05

Row Calculated value
(kg/s)

Measured value
(kg/s) C/E  value

0 8.818 8.947 0.99
1 8.818 9.031 0.98
2 8.383 8.608 0.97
3 7.516 7.717 0.97
4 7.046 7.073 1.00
5 6.216 5.963 1.04
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Row Calculated value(C )
( )

Measured value(E )
( )

0,1 565.7 566.6 0.9
2 543.6 544.0 0.4
3 537.3 536.9 -0.4
4 512.1 514.0 1.9
5 509.7 513.3 3.6

E C ( )

10 45 63 0 0 4 15.4 21.4
11 45 64 0 0 3 16.8 22.8
12 45 65 0 0 2 17.0 22.7
13 55 60 5 0 1 16.8 24.1
14 60 53 12 0 2 18.3 26.1
15 70 42 22 0 3 19.6 28.7
16 32 39 24 0 4 24.3 28.5
17 70 29 33 0 5 22.0 31.1
18 70 21 41 0 5 23.8 32.8
19 70 13 49 0 5 25.0 34.1
20 41 11 52 0 4 30.3 35.6
21 70 11 52 0 4 25.5 34.6
22 70 9 54 0 4 25.0 34.1
23 54 7 56 0 4 26.3 33.4
24 42 7 58 0 2 30.6 36.1
25 64 7 57 0 3 26.8 35.4
26 40 6 58 0 3 30.4 35.6
27 30 7 57 0 3 31.9 35.9
28 6 8 58 0 1 33.9 34.7
29 25 8 58 0 1 35.6 38.8
30 60 7 57 0 3 26.8 34.8
31 55 5 59 0 3 24.4 31.7
32 69 4 57 5 3 24.0 33.0
33 68 4 54 10 3 25.6 34.3
34 69 4 54 15 2 27.7 36.1
35 48 4 50 20 2 30.6 36.4

EOCIrradiation
rig

MK
fuelJ1 fuel

MK  fuel

Core average burn-up
(GWd/t)

J1 core

J2 core

Core
Operation

cycle
number

Operation
period (d)

Number of fuel subassemblies

J2 fuel
BOC
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Irradiation Rig
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Co Co-Al Co-V 1.0 59Co(n, )60Co
Sc V Sc2O3 1.5×8.0L 45Sc(n, )46Sc
Ti 0.5 46Ti(n, p)46Sc
Fe 0.75 58Fe(n, )59Fe 54Fe(n, p)54Mn
Ni 0.75 58Ni(n, p)58Co
Cu 0.75 63Cu(n, )60Co
Ta Ta-Al Ta-V 0.5 181Ta(n, )182Ta
Nb    0.0051t 93Nb(n, n')93mNb

237Np V NpO2 1.5×8.0L 237Np(n, f)FP
235U V UO2 U-V 1.5×8.0L 235U(n, f)FP
238U V UO2 1.5×8.0L 238U(n, f)FP

232Th V 1.5×8.0L 232Th(n, )233Th 232Th(n, f)FP

(mm)

C/E C/E
1 59Co(n, )60Co 0.932 0.13 0.980 0.06
2 46Ti(n, p)46Sc 1.719 0.23 0.947 0.14
3 58Fe(n, )59Fe 1.184 0.18 1.163 0.12
4 54Fe(n, p)54Mn 1.577 0.19 1.020 0.08
5 58Ni(n, p)58Co 1.504 0.20 0.990 0.09
6 63Cu(n, )60Co 2.146 0.20 1.087 0.08
7 237Np(n, f)FP 1.367 0.19 1.022 0.14
8 235U(n, f)FP 1.179 0.12 1.050 0.06
9 238U(n, f)FP 1.512 0.19 1.037 0.06

1.458 1.033

No.

MAGI HESTIA
Hex-Z Tri-Z

JFS-3-J2 JFS-3-J3.2R
1 24

5 2.5
7 18
3 7

Weight
[g/SA]

235U 1414 18.4%
238U 6282 81.6%
239Pu 1992 63.7%
240Pu 768 24.6%
241Pu 251 8.0%
242Pu 114 3.6%

Nuclide Weight Ratio
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Transport calculation code DORT
Cross section calculation code RADHEAT-V3
Neutron cross section set JSDJ2
Self shielding factor set JFTJ2

-ray production library
Modified New-POPOP4
(including delayed fission -ray)

No. of angular quadratures S30
Order of scattering anisotropy P3

(with FP/without FP)

total
fast

(E>1MeV)
-ray

Calorific Rate

235U(n,f)
Reaction Rate

Core 0.99 0.99 0.99 0.99
Reflector 0.98 0.98 0.98 0.98

SF* in IVS 0.94 0.93 0.93 0.90
* Spent Fuel IVS : In-vessel Storage Rack

C (Calculation by DORT)/E (Experiment)

without FP with FP without FP with FP without FP with FP without FP with FP
Fe 54Fe(n, p)54Mn 1.19 1.17 0.82 0.81 0.80 0.79

58Fe(n, )59Fe 1.20 1.19 1.14 1.13 1.01 1.00
Ni 58Ni(n, p)58Co 1.00 0.99 0.90 0.89 0.81 0.80
Cu 63Cu(n, )60Co 1.18 1.17 0.92 0.91
Ti 46Ti(n, p)46Sc 1.17 1.16 0.84 0.83
Sc 45Sc(n, )46Sc 1.14 1.14 1.05 1.04 1.04 1.03 0.96 0.95
Co 59Co(n, )60Co 0.98 0.97
Ta 181Ta(n, )182Ta 0.95 0.94
Np 237Np(n, f ) 1.36 1.36 1.06 1.05 0.91 0.90
EU 235U(n, f ) 1.07 1.07 1.00 0.99 0.98 0.97

M3 Manhole(ex-vessel)Reaction Core Center Reflector Region Storage Rack

Calculation Code MCNP-4A
Cross Section FSXLIB(JENDL-3.2)

Spontaneous Fission
Watt Type(244Cm)

n Reaction
 -ray Energy :

5.5MeV
History 5,000,000

FSD Less than 1% for
Detector Responses

Neutron Source
Spectrum

Item MAGI

Cross Section JFS-3-J2(JENDL-2)

Geometry 3D Hex-Z

Energy Group 7

Flux Calculation Diffusion

Burn-up
Calculation Matrix Exponential

���������������������

����



���������������������

����



���������������������

����



���������������������

����



- 49 - 

���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



-

-
Na

M

5 t

Na 5

M

1 2

���������������������

����



Na Ar Na
Ar

Na

- 2

DN CG

1 2

���������������������

����



- 69 - 

���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



���������������������

����



Ch. 1

Ch. 2

412.8mm6412.8mm6
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CR1
 : 411.4 mm 

: 381.6 mm 
Case 1 : 361.4 mm  Case 2 : 336.4 mm 
Case 3 : 326.0 mm : 0.2 mm

Case 1
Case 2 

Case 3

CR2(CR5)
:412.8 mm 

:323.0 mm  
: 0.1 mm (0.0 mm) 
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CR1
 : 435.0 mm 

: 405.0 mm 
Case 1 : 384.9 mm  Case 2 : 360.0 mm 
Case 3 : 349.0 mm : 0.0 mm

Case 1
Case 2 
Case 3

2( 5)
:435.0 mm 

:345.0 mm  
Case 1 : 299.9 mm 

: 0.0 mm

Case 1 CR5
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PFD601 PFD602
235U 18.5 wt% 18.5 wt%
Pu 29.3 wt% 29.2 wt%

Pu
55 cm

[GWd/t]
66.0 65.7

( )

1997.3.21 2000.5.31
 369 EFPD

total[n/cm2]
1.14×1023 1.13×1023

( )

MOX

Pu-238/239/240/241/242=1.21/61.97/24.39/8.15/4.28

PFD601 PFD602
235U 1408 1408
238U 6188 6189
238Pu 38 38
239Pu 1947 1946
240Pu 766 766
241Pu 256 256
242Pu 134 134
241Am 38 38

[g/ ]
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(W)
70 * 370 510 720 70 * 370 510 720 

242Cm 188.3    53.0      29.5      12.4      19.2     19.0     14.3     8.5       
238Pu 19.9      20.4      20.4      20.4      2.0       7.3       9.9       13.9

241Am 9.9        10.6      11.0      11.5      1.0       3.8       5.3       7.8       
228.0   94.0      70.8    54.2    23.3   33.7   34.4     37.0

144Pr 136.9    65.9      46.8      28.1      14.0     23.6     22.7     19.2
106Rh 124.9    71.4      55.0      37.2      12.8     25.6     26.7     25.4
95Zr 101.5    3.9        0.9        0.1        10.4     1.4       0.4       0.1       
95Nb 140.7    8.3        1.8        0.2        14.4     3.0       0.9       0.1       

FP 737.7    183.3    133.7    91.3      75.4     65.7     64.9     62.4
12.8      1.7        1.4        0.8        1.3       0.6       0.7       0.5       

978.5    279.0    205.9    146.3    100.0   100.0   100.0   100.0
*

FP

(g)
70 * 370 510 720 70 * 370 510 720 

242Cm 1.5×100 4.4×10-1 2.4×10-1 1.0×10-1 9.4×10-3 2.6×10-3 1.5×10-3 6.2×10-4

238Pu 3.5×101 3.6×101 3.6×101 3.6×101 0.2 0.2 0.2 0.2
241Am 8.7×101 9.3×101 9.6×101 1.0×102 0.5 0.6 0.6 0.6

1.0×104 1.0×104 1.0×104 1.0×104 60.6 60.6 60.6 60.6
144Pr 2.4×10-4 1.2×10-4 8.3×10-5 5.0×10-5 1.5×10-6 7.1×10-7 5.0×10-7 3.0×10-7

106Rh 3.6×10-6 2.1×10-6 1.6×10-6 1.1×10-6 2.2×10-8 1.3×10-8 9.7×10-9 6.6×10-9

95Zr 9.2×10-1 3.6×10-2 7.9×10-3 8.2×10-4 5.6×10-3 2.2×10-4 4.8×10-5 4.9×10-6

95Nb 7.4×10-1 4.4×10-2 9.5×10-3 9.8×10-4 4.5×10-3 2.6×10-4 5.8×10-5 5.9×10-6

FP 7.4×102 7.4×102 7.4×102 7.4×102 4.5 4.5 4.5 4.5
5.8×103 5.8×103 5.8×103 5.8×103 34.9 34.9 34.9 34.9
1.7×104 1.7×104 1.7×104 1.7×104 100.0 100.0 100.0 100.0

*

FP
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