
＜炉物理部会賞奨励賞 記念寄稿＞

核破砕中性⼦源の⾮ポアソン性を考慮した加速器駆動未臨界体系に対する原⼦炉雑⾳解析

（研究実施時）近畿⼤学⼤学院 総合理⼯学研究科
（現）国⽴研究開発法⼈ ⽇本原⼦⼒研究開発機構
⼤洗研究所 ⾼温⼯学試験研究炉部 HTTR 技術課

中嶋 國弘

はじめに

 この度は「核破砕中性⼦源の⾮ポアソン性を考慮した加速器駆動未臨界体系に対する原
⼦炉雑⾳解析」に関しまして炉物理部会賞奨励賞をいただき、⼤変光栄です。
本研究は近畿⼤学在学中に実施したものであり、研究の遂⾏にあたっては橋本憲吾教授、佐
野忠史准教授、左近敦⼠講師に⼤変熱いご指導をいただきました。深く感謝を申し上げます。
また、本研究の成果は京都⼤学複合原⼦⼒科学研究所との共同研究による成果でござい

ます。卞哲浩准教授をはじめとする京都⼤学複合原⼦⼒科学研究所の職員の皆様に深く感
謝を申し上げます。

研究の概要

ADS の炉雑⾳解析に関する研究は 1990 年代末から始まり、最初はポアソン性の定常中
性⼦源を前提としていた従来の炉雑⾳解析の理論式の改良から着⼿されました。まず、加速
器の直流モードにおける核破砕中性⼦源の⾮ポアソン性を考慮して改良された理論式を導
出し、炉雑⾳解析で得られる相関振幅が核破砕中性⼦源によって増加することを理論的に
⽰されました。1-4)その後、Degweker ら 5-8)によって加速器のパルスモードにおける核破砕
中性⼦源駆動下の理論式が導出されました。これらの理論式にはパルス状の核破砕中性⼦
源による⾮ポアソン性と遅発中性⼦による寄与も考慮された厳密なものでした。しかし、こ
れらの理論式に基づく⾮線形最⼩⾃乗フィッティングは理論式の複雑さと未知変数の多さ
から困難となっていました。さらに、先⾏研究のパルス中性⼦実験 9-14)ではパルス中性⼦⼊
射による空間⾼次モードの影響が観察され、この影響についても検討する必要がありまし
た。
本研究ではADSの核破砕パルス中性⼦源に対する核破砕反応による⾮ポアソン性とパル

ス中性⼦源による⾼次モードの影響を考慮した新たな炉雑⾳解析⼿法を開発し、その適⽤
性を実験的に確認することを⽬的としました。本研究で⽤いる炉雑⾳解析⼿法として
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Feynman-法、Rossi-法 15)、パワースペクトル法 16)について検討しました。
 まず、炉雑⾳解析の解析時間スケールを考慮した近似を与えることで厳密な理論式を簡
単化し、炉雑⾳解析に適⽤可能な解析式を導出しました。
実験は KUCA の A 架台の未臨界炉⼼と FFAG 加速器を組み合わせた加速器駆動未臨界

炉体系で実施し、核破砕パルス中性⼦源駆動下の未臨界炉体系で取得した中性⼦計数の時
系列データに対して、炉雑⾳解析を実施し、新たに導出した解析式を適⽤しました。

Feynman-法で得られた即発中性⼦減衰定数は燃料固有中性⼦源駆動下の同様の未臨界
炉体系で解析された参照値 17)とよく⼀致しました。しかし、Rossi-法で得られた即発中性
⼦減衰定数は参照値を⼤きく過⼩評価しました。この原因はパルス中性⼦の⼊⼒で励起さ
れる空間⾼次モードによってパルスピーク形状に歪みが現れたからだと考えています。そ
こで、最⼩⾃乗フィッテイングの際に⾼次モードの影響を受けているピーク付近の計数確
率データに対してマスキングを⾏う⼿法を提案しました。結果、フィッティング曲線は計数
確率分布と⼀致し、即発中性⼦減衰定数の過⼩評価は解消されました。
パワースペクトル解析においても⾮相関ピークに⾼次モードの影響が現れ、得られた即

発中性⼦減衰定数は参照値に対して過⼩評価となりました。そこで、パワースペクトルの解
析式に⾼次モードを考慮した補正項を追加することで即発中性⼦減衰定数の過⼩評価を解
消することができました。

おわりに

原⼦炉雑⾳に関する研究は筆者にとって UTR-KINKI と KUCA の再稼働が実現したこと
で実施できるようになった研究テーマであり、再稼働に⼒を尽くされた皆様に感謝を申し
上げます。原⼦炉実験は炉物理を学ぶ上で必要不可⽋であるだけでなく、他⼤学の学⽣や共
同研究者との交流の場でもあり、⼈⽣の中でかけがえのない経験と思い出となりました。研
究から約２年経過しており、研究⽣活を思い返すと、すでに懐かしさを感じてしまいます。
現在は原⼦⼒研究開発機構の HTTR で勤務しております。HTTR では 2024 年 3 ⽉に安

全性実証試験を完遂し、⼤きな節⽬を迎えました。次のミッションの HTTR 熱利⽤試験に
むけて動き始めたところです。仕事をしていると、炉物理の知識よりも電気や機械、材料な
どの幅広い⼯学分野の知識を問われることが多くあり、原⼦⼒が総合⼯学分野であること
を改めて感じています。もちろん研究⽣活で得られた炉物理を含む知識・経験は⾮常に役に
⽴っています。これからも技術者として成⻑し、原⼦⼒の技術発展に貢献できるよう、頑張
っていきます。
最近は原⼦⼒学会にあまり顔をだすことができておりませんが、今後ともよろしくお願

い申し上げます。
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Introduction

In recent years, renewable energies like solar and wind have gained attention as a way to reduce
greenhouse gas emissions. However, the intermittent nature of renewable energies makes it
challenging to meet the base load demand. Nuclear power is a potential solution(1), as it produces
large amounts of electrical energy per unit mass of fuel and emits no greenhouse gases. Despite
these advantages, concerns about nuclear waste disposal, safety, proliferation, and the short-term
availability of uranium reserves have led to scrutiny from governments and environmentalists.

To address these concerns, in 2001 scientists established the Generation IV International Forum
(GIF) to develop advanced nuclear reactor designs, culminating the following year in the selection
of six designs based on sustainability, economics, safety and security, and proliferation resistance
criteria. Fast breeder reactors, such as the sodium-cooled fast reactor(2), are a promising option
for sustainable energy production because they can use nearly 100% of natural uranium's energy
value. To achieve this high fuel utilization, it must reprocess the fuel when the peak radiation
damage reaches a certain threshold. However, due to the separation of plutonium or trans-uranium
elements from used or spent fuel, reprocessing poses a significant proliferation risk. To avoid this
issue, breed-and-burn (B&B) reactors(3) have been proposed that can sustain a fission reaction
when fueled directly with natural uranium without the need for reprocessing. To initiate the chain
reaction, the B&B core must first be fed an adequate amount of fissile fuel such as enriched
uranium. Thereafter, the B&B core is capable of continued operation while being fed solely with
natural or depleted uranium. However, B&B reactors require improved neutron economy(4,5) to
establish and maintain criticality in normal operating conditions. One proposed solution is
rotational fuel shuffling(6), which involves loading fresh fuel from the edge of the core and moving
it stepwise towards the center while discharging spent fuel. This helps to maintain a high neutron
economy by ensuring that high burnup fuel is always in close proximity to the central region of
the reactor core. Detailed analyses of small rotational fuel-shuffling breed-and-burn fast reactors
(RFBBs) have been performed(7,8).

A small RFBB reactor with nitride fuel and sodium coolant was analyzed, and the results
confirmed the feasibility of the concept with a simplified core design(9). Moreover, the sodium
void reactivity coefficient in RFBB-NS was investigated, revealing that it was the same as that in
conventional SFR designs in the equilibrium condition. However, it is important to note that the
core design was a simplified one, lacking both a fuel assembly duct and control rod assemblies,
which are necessary to realize the reactor concept. Still, the presence of such devices may diminish
the neutron economy, which could make the reactor concept unfeasible. The purpose of this study
is to design the RFBB-NS, including assembly duct and control rod assemblies, and to show its
feasibility.

Brief results of the study
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Neutron transport and fuel burnup analyses were performed for the improved RFBB-NS design.
The reactor reaches a critical state and k-eff converges at the equilibrium state by the use of lead‒
bismuth reflectors. The equilibrium state was obtained after 35 shuffling steps with an 1120-day
shuffling interval (cycle). Also, it can be seen that the reactivity swing between shuffling steps was
small due to burnup performance.

The burnup characteristics of the equilibrium cycle were analyzed in detail. Burnup is expressed
in megawatt-days per kilogram of initial heavy metal, and the results indicate that the burnup at
the top and bottom of the zones was ~166 MWd/kgHM, which is significantly higher than in the
feasibility study(9). This higher burnup resulted in a lower Pu vector in the discharged fuel, thus
solving one of the issues that arose in the previous study.

Moreover, the burnup at middle zone was ~395 MWd/kg/HM, resulting in an average discharge
burnup of ~299 MWd/kgHM or 31% FIMA. However, the high burnup values achieved in the
improved RFBB-NS design require a fuel cladding material that can withstand high radiation
damage. The estimated DPA of the cladding was about 743, while the maximum allowable
constraint for radiation damage in cladding material is around 650 DPA for this study. Therefore,
a key challenge in the design of an RFBB will be the development of a fuel cladding material
capable of withstanding such high irradiation.

In rotational fuel shuffling, fresh fuel assemblies were loaded at the core periphery and discharged
at locations far from the core center. The power distribution peaked at the core center and gradually
decreased in the radial direction. Changes of power distribution at the BOEC and EOEC were
small. This implies the safe operation of RFBB-NS. While the uncertainties associated with the
power distribution have been assessed, it is found that they exert minimal impact on the heat
removal calculation. The uncertainty from Monte Carlo calculation were around 0.00162% for
Beginning of Equilibrium Cycle (BOEC), suggests that the variations in power distribution have
negligible consequences for the heat removal assessment. Despite the small magnitude of these
uncertainties, rigorous evaluations continue to be essential to guarantee that the obtained results
align with acceptable limits for temperatures of fuel, cladding, and coolant in the system.

The temperatures of the fuel, cladding, and coolant were all found to be within acceptable limits.
This indicates that the design was successful in controlling the heat produced by the reactor and
averting any potential harm to the coolant, cladding, or fuel. The pressure drops in the hot channel
remained within acceptable limits. This suggests that the coolant was able to flow through the
reactor without encountering significant resistance or blockages, and that the pump was not a
limiting factor.

Brief conclusion

The practical design of an RFBB-NS was studied. Burnup analysis revealed that the reference
design of the RFBB cannot reach criticality due to the presence of duct material and control rod
channels. To address this, the core was modified by applying lead‒bismuth reflectors. The thus-
modified design of RFBB-NS showed promising results in neutron transport, burnup, and heat
removal analyses. By decreasing the active height of the core and placing axial reflectors at its top
and bottom, the pressure drop in the long coolant channel was reduced to acceptable levels. The
use of lead‒bismuth reflectors improved the neutron economy, allowing the reactor to reach
criticality and the k-eff to converge at equilibrium. The improved design showed superior burnup
performance compared to the previous study, with higher burnup values achieved in the top and
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bottom zones. However, the peak radiation damage to the cladding material slightly exceeded the
constraint set used in this study. During BOEC and EOEC, the power distribution in the radial
direction remained constant, and the maximum fuel centerline temperature, cladding outer
temperature, coolant outlet temperature, and pressure drop in the coolant channel were all within
acceptable limits.
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