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This report summarizes the documents presented in the 8th Specialist Meeting on 
Recycling of Irradiated Beryllium, which was held on October 28, 2013, in Bariloche, Río 
Negro, Argentina, hosted by INVAP and CNEA (Comision Nacional de Energia Atomica).  
The objective of the meeting is to exchange the information of current status and future plan 
for beryllium study in the Research/Testing reactors, and to make a discussion of “How to 
cooperate”. There were 20 participants from USA, Japan, Korea, Austria and Argentina.  

In this meeting, information exchange of current status and future plan for beryllium 
study was carried out for the Research/Testing reactor fields, and evaluation results of 
beryllium materials were discussed based on new irradiated beryllium data such as swelling, 
deformation, gas release and so on. The subject of the used beryllium recycling was also 
discussed for the enforcement of demonstration recycling tests. 
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本講演集は、INVAP と CNEA(アルゼンチン原子力委員会)が主催した「第 8回照射済ベリリ

ウムのリサイクルに関する専門家会議」に提出された発表資料をまとめたものである。本会

議は、各国の試験研究炉で行われているベリリウム研究の現状と将来計画に関する情報交換

及び照射済ベリリウムに係る今後の試験研究炉の協力について議論することを目的として、

2013 年 10 月 28 日にアルゼンチンのバリローチェで開催された。会議には、米国、日本、韓

国、オーストリア及びアルゼンチンの５カ国から 20 名が出席した。 

本会議では、試験研究炉の分野におけるベリリウム研究の現状と将来計画に関する情報交換を

行うとともに、照射されたベリリウムのスエリング、曲り、ガス放出などの新しいデータに基づ

いて評価結果を議論した。また、使用済ベリリウムのリサイクルの実証試験のための課題につい

て議論した。 
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1. Preface 
 
As a structural material, beryllium (Be) is a light metal which has high tensile strength in 

comparison with aluminum.  The surface of the Be is covered with a thin oxidation film by 
interacting with air like aluminum, and it is highly resistant to corrosion in dry gases.  
Beryllium’s properties, such as high thermal conductivity, good mechanical properties at 
elevated-temperature and high melting point, make the material attractive for use in nuclear 
reactors.  In particular, Be has been used as a reflector and/or moderator in a number of 
materials test reactors (MTRs).  The key nuclear properties of Be are its low atomic number, 
low atomic weight, low parasitic capture cross-section for thermal neutrons, readiness to part 
with one of its own neutrons (n, 2n), and good neutron elastic scattering characteristics. 

Reactors with beryllium exist in many places throughout the world, and a great deal of Be 
was used in MTRs from the beginning of development.  The neutron environment causes 
mechanical property degradations for the Be.  Lifetime of the Be components is mainly 
evaluated by the tensile strength change and/or the amount of deformation.  In addition, the 
activation for the Be in nuclear reactors under neutron irradiation, which is caused mainly by (n, 
) and (n, p) reactions with impurities such as iron, nickel and nitrogen in the Be, should also be 

evaluated.  Moreover, we should consider the tritium (3H) production in beryllium by a 
well-known reaction sequence.  Now, the used Be components are in each MTRs site, because 
it is difficult to reprocess irradiated Be due to high induced radioactivity and toxicity issues. 

Thus, from viewpoints of the waste issue of beryllium reflectors and material modification, 
the lifetime extension and recycle of beryllium irradiated in MTR have been discussed.  The 
first specialist meetings on beryllium study was held in Idaho Falls, USA in July 2007, and 
subsequently in Lisbon, Portugal (Dec. 2007), Oarai, Japan (Jul., 2008), Idaho Falls, USA (Oct. 
2009), Řež, Czech Republic (Oct. 2010), Oarai, Japan (Dec. 2011) and Columbia, Missouri, 
USA (Oct. 2012).  We have focused on the information exchange of current status and future 
plans for beryllium study in the Research/Testing reactors, and have been discussing the 
framework of “How to cooperate”. 

The 8th Specialist Meeting on Recycling of Irradiated Beryllium was held on 29, October 
2013 in Bariloche, Argentina, hosted by INVAP and CNEA. 
 
 
2. Summary 
 
Industrial Challenge for Recycle of Beryllium Irradiated by Neutron with Advanced 
Fukushima Hot-Lab 
H. Kawamura (JAEA, Japan) 
 

For the decommissioning of Fukushima Daiichi Nuclear Station, "Radioactive material 
analysis and research facility" will be constructed by Japan Atomic Energy Agency (JAEA).  
As a part of the creation of new industries in Fukushima Prefecture using this new facility, 
JAEA proposes a project to recycle Be which are storage worldwide as waste.  The Be 
recovery process will include removal of activated impurities, production of BeCl2 by the 
reaction with the Cl2 gas, Be powder production, Be rod and pebble production, which will be 
used in the ITER test blanket module.  The Be pebble used in ITER can also be recycled 
using the this process.  JAEA invited the international community to join to the Be recycle 
demonstration test which will start in 2014. 
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Summary of the 11th IEA Workshop on Beryllium Technology 
C. K. Dorn (Materion Brush, U.S.A) 
 

The founding partners of a Be Workshop (BeWS) were JAEA (Japan), INL(USA) and 
KIT(Germany); this workshop established for discussion on beryllium technology and hold 
the first unofficial BeWS in 1991.  From 1993, this BeWS was held 11 times in different 
countries under the framework of the International Energy Agency (IEA) every two years.   
The last BeWS-11 was organized in Barcelona with the objective of this workshop is to 
disseminate results of research and technology development in areas relevant to Beryllium 
utilization in nuclear power systems, both fission and fusion.  The highlights of the 
BeWS-11 were HIDOBE-01 PIE results, status on research on Beryllides and the 
implementation of the Mario-Delle-Donne Memorial Award for Excellence.  The BeWS-12 
will be jointly held by JAEA and National Fusion Research Institute (NFRI) in South Korea. 
 
Status of Beryllium Design Study in INVAP 
R. G. Cocco (INVAP S.E, Argentina) 
 

INVAP has attempted to answer that which factor influences the lifespan of Be reflectors 
in order to establish the design criteria.  It’s study was focused in three issues: material 
behavior, fast neutron flux and mechanical design.  Updated data are necessary for a better 
distortion prediction by a swelling.  The inhomogeneous change in volume by the swelling 
due to a fast flux gradient though the material thickness is the responsible of Be reflector 
distortions and the associated stresses.  Distortions and the associated stresses were study by 
a Finite Element Model (FEM) of Be reflector represented by prismatic bar.  The study 
consisted of changing the dimension of the reflector bar in thickness, width and height under 
fast neutron irradiation conditions.  The results showed that the design/geometry of reflector 
would have failure and lifespan.  As a conclusion, for the lifespan extension purposes, it is 
important to consider the Be reflector as a component rather than material.  
 
Beryllium Usage at the University of Missouri Research Reactor  
L. P. Foyto (University of Missouri Research Reactor, U.S.A) 
 

The University of Missouri Research Reactor (MURR) is a 10MW multidisciplinary 
research and education facility, which also provides a broad range of analytical and irradiation 
services. Based on the previous reflector cracking experience in 1981, Be reflector is replaced 
every 26,000MWds, equivalent to 8 years of operation the current operation factor of 90%. 
The Be reflectors were replaced in 1989, 1977 and 2006, and the next is scheduled in 
December 2013.  Since there is no disposal site for irradiated Be in the USA, one irradiated 
Be is stored in the reactor pool and the other two are stored in dry casks, which are designed 
and constructed by MURR staff.  The Be swelling has been measured, which shows good 
correlation with calculation results. 
 
Status of Beryllium Irradiation Study in JAEA 
K. Tsuchiya (JAEA, Japan) 
 

The lifetime expansion of the Be frame used in JMTR has been carried out in JAEA.  
Three industrial grades of the beryllium metal such as S-200F (reference), S-65-H (isotropy) 
and I-220-H (isotropy and high-strength), were selected.  In the out-of-pile test, the corrosion 
properties were evaluated in pure water. The presence of Be(OH)2 as corrosion products was 
observed at the surface of Be, and the electric conductivity influenced the content of BeO in 
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the Be metals.  Irradiation test programs have been performed in JRR-3, WWR-K and JMTR. 
Irradiation tests were finished in JRR-3 and WWR-K, and PIEs were carried out with the 
irradiated Be in WWR-K.  Irradiation test in JMTR will be carried out after re-start.  As a 
part of the ISTC K-1566 Project, the experimental recycling tests of the irradiated Be in 
JMTR were carried out with the small test facility and purification rates of radioactive 
impurities were achieved an excellent values. 
 
Status of Beryllium Study in KAERI 
M. S. Cho (KAERI, Korea) 
 

The Be reflectors have been used in Korean for research reactors: the Jordan Research 
and Training Reactor (JRTR) and Kijang Research Reactor (KJRR).  The research on Be 
materials has been performed using three types of targets: S-65(HIP) and S-200-F(VHP) from 
Materion Brush, and EHP-56 (hot extrusion) of Kazakhstan.  The out-of-pile tests consisted 
of microstructure observation, hardness test and photon irradiation test.  The in-pile tests 
were performed in Hanaro research reactor.  One of the capsules is under post irradiation 
examination, and the second capsule is under irradiation in the reactor. 
 
Recent Activities in the MTR Field for Beryllium Reflectors 
E. E. Vidal (Materion Brush, U.S.A) 
 

The U.S.A government entered into a partnership with Materion Corporation initiating 
construction of Be "Pebbles Plant" in Elmore, Ohio, USA to ensure the production capacity of 
high purity Be to ensure the word demand.  The current research reactor programs include:  
Advanced Test Reactor (ATR, USA), High Flux Isotope Reactor (HFIR, USA), Missouri 
University Research Reactor (MURR, USA), Japan Materials Testing Reactor (JMTR, Japan), 
High Flux Reactor (HFR, Netherlands), SCK-CEN Test Reactor (BR-2, Belgium), NESCA 
Test Reactor (SAFARI-1, South Africa), ANSTO Test Reactor (OPAL, Australia) and IPEN 
Test Reactor (IEA-RI, Brazil). 
 
Beryllium Research in NGK and New Proposal for MTR Reflector Development 
K. Nogiri (NGK, Japan) 
 

NGK Insulators has been involved in the Be Business in not only in the nuclear fields but 
also in other industries.  In the fusion, KGK´s BP-1 Be pebble is the reference material for 
the multiplier of the ITER project.  In the fission field, the Be reflector frames have been 
manufactured to JMTR. The proposal for MTR is to coat the surface of the Be in order to 
reduce Tritium released to the coolant in the reactor.  In cooperation with JAEA, coating 
specification was investigated, and aluminum coat has been selected to confirm a good 
adhesion to the beryllium surface.  Neutron irradiation tests are planned as the next step. 
 
Swelling and Thermal Effect on the Reflector Assembly  
E. Fresquet (INVAP S.E, Argentina) 
 

The most important effects caused by swelling in Be bars are distortion, strengthening 
and cracking.  These several effects are increased by the effects of the temperature at power 
operation conditions.  Then, the study of the Be reflector structural integrity by numerical 
methods is an essential tool for design.  The results of structural integrity analysis on a Be 
reflector bar using the finite element method show the necessity to consider a cooling system 
to reduce the thermal effects at power operation, and then ensure limited distortion allowing a 
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longer Be reflector utilization.  These results contribute to the better understanding of 
distortion behavior and the generating stress under neutron irradiation for the design of 
reflector. 
 
Tritium and Helium Release Properties for Different Grade of Beryllium Metals 
K. Tsuchiya (JAEA, Japan) 
 

Three types of industrial grade Be were prepared and irradiated in WWR-K at about 40˚C 
with fluences of 1.0×1020 to 4.0×1020/cm2.  After the irradiation tests, post-irradiation 
examinations were carried out to measure the tritium and helium release properties using 
thermal desorption (TDS) methods.   The X-ray diffraction measurement and SEM 
observation of the irradiated Be samples were carried out for the metallographic studies.  
Tritium release occurred in the range of 900 to 1200˚C, and Helium was difficult to release up 
to the melting point.  The amounts of the released Helium and Tritium were in good 
agreement in all samples in comparison with the calculated values.  The Helium and Tritium 
values were 483 ppm/g and 30 ppm-T/g, respectively.  No effects of crystal structure of Be 
occurred up to 4.0×1020/cm2.  The surface of the irradiated Be samples changed from polish 
to tarnish after irradiation.  It seems that the corrosion and cohesion of BeO occurred in the 
surface of Be samples.   
 
Discussion 
All participants 
 

(1) Irradiation test for lifetime expansion 
Various properties of beryllium metals as reflectors of the Research Reactors (RRs) 

will be evaluated for the lifetime expansion.  Especially, it is important for the lifetime 
expansion to evaluate strength and deformation of the irradiated beryllium.  
Deformation calculation method in INVAP and deformation measurement technique in 
MURR were attracted attention in this meeting.  Adjustment of irradiation tests used in 
other RRs will be performed continually. 

(2) Strategy for Be recycle 
It is no problem for the storing space in ATR (U.S.A.). On the other hand, it will be a 

problem for operation of new RR in Korea but HANARO is not used the Be reflectors.  
It is necessary to consider the beryllium recycling of the used beryllium in the RR 
reflectors in future.  The Be recycling technology is the RR common issues and it is 
necessary to construct as the cooperation study for Be recycling technique between the 
RRs groups and manufacturing makers such as Materion Brush and NGK.  The program 
will be performed in JAEA, and conceptual design and cost analysis have been performed 
at the first stage.  

(3) Contribution of Be study to MTR Reflectors 
The IAEA Coordinated Research Project (CRP) on Material Property Data Base for 

Irradiated Core Structural Components will be established, and the first research 
coordination meeting will be held on November 18-22 in IAEA headquarters, Vienna, 
with 30 participants.  The RR Section works to optimize research reactor availability 
and reliability through shared operating experience as well as the development and 
implementation of operational and maintenance plans, ageing management plans, training 
programmes and international peer reviews. This project will be performed for 3 years, 
and IAEA will propose the construction of database on beryllium. 
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3. Presentation Materials 
3.1 Industrial Challenge for Recycle of Beryllium Irradiated by Neutron  

with Advanced Fukushima Hot-Lab 
 

[Abstract] 
 
Industrial Challenge for Recycle of Beryllium Irradiated by Neutron 

with Advanced Fukushima Hot-Lab 
 

Hiroshi Kawamura1 
 

1 Japan Atomic Energy Agency, Chiyoda, Tokyo, Japan 
 
 
 

The nuclear plant decommissioning safety research establishment was established in JAEA 
on April 1, 2013 based on the decision, and the examination toward construction of the research 
base facilities was started.  The construction schedule was based on the revised 
Mid-and-Long-Term Roadmap towards the Decommissioning of TEPCO's Fukushima Daiichi 
Nuclear Power Station Units 1-4 in June 27, 2013.  These facilities will contribute to conduct 
the decommissioning of the power stations and to enhance the decommissioning technology. 
Furthermore, these facilities have the role as an international study center for post irradiation 
tests, human resources development on decommissioning and analyses techniques and 
challenges to new research issues by bringing together domestic and foreign wisdom. 

As the viewpoints of challenges to new research issues, it is important for decommission of 
nuclear reactors to reprocess the nuclear structural materials such as stainless steel, zirconium 
alloy, beryllium, and so on.  Especially, beryllium has been utilized as a moderator and/or 
reflector in a number of material testing reactors.  In fact, the nuclear properties of beryllium 
are its low atomic number, low atomic weight, low parasitic capture cross section for thermal 
neutrons, readiness to part with one of its own neutrons (n, 2n), and good neutron elastic 
scattering characteristics.  However, it is difficult to recycle the irradiated beryllium in the 
material testing reactors and its material has been kept in a reactor place.  The part of 
irradiated beryllium had been buried as the radioactive wastes in the desert.  At present, the 
radioisotopes such as 14C, which is generated in the beryllium by neutron irradiation, are 
infected in underground water and it is social problem in USA.  Thus, it is important 
problem to recycle the irradiated beryllium from the points of effective use of resources, 
reduction of radioactive waste and nuclear nonproliferation.   

Up to now, research and development on beryllium recycling techniques have been 
performed by the small scale tests under JAEA original study and ISTC project.  Basic 
properties such as tritium release and removal of radioactive impurities were evaluated from the 
results of R&D. However, it is necessary for the beryllium recycling establishment to develop 
the powder production, beryllium rod and pebble production, so on. These developing items are 
new technologies for the decommission, and consideration of the developing items is a absolute 
necessity for the design and construction of the new facilities. 

In this presentation, status of beryllium recycling study and future plan for demonstration in 
the new facilities are introduced. 
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3.2 Summary of the 11th IEA Workshop on Beryllium Technology 
 
[Abstract] 
 

Summary of the 11th IEA Workshop on Beryllium Technology 
 

Christopher K. Dorn1 
 

 
1 Materion Brush Inc., Brush Beryllium & Composites, Elmore, Ohio, U.S.A. 

 
 
 

In 1989, three scientists who were working in fusion energy research in different parts of 
the world decided that beryllium metal was an important material in their work, and they 
wanted to have a forum to share information about their work and learn about what others were 
doing.  That decision resulted in the establishment of what would eventually become the 
bi-annual International Workshop on Beryllium Technology, complete with sponsorship and 
direction from the International Energy Agency (IEA). 

The first official IEA Beryllium Workshop (BeWS) took place in 1993 in Karlsruhe, 
Germany, and ten more such events have been held to date.  The most recent event, the 
BeWS-11, took place in Barcelona, Spain in September 2013 in conjunction with the 11th 
International Symposium on Fusion Nuclear Technology (ISFNT-11). 

The BeWS-11 was particularly significant because it marked a return to the originally 
established schedule after an unfortunate and unexpected postponement of the BeWS-10 in 
2011.  The BeWS-11 also made use of a partnership between two organizations to handle the 
technical program and local arrangements and logistics at the workshop site.  In this case, the 
Karlsruhe Institute of Technology (KIT) in Germany took care of the technical program, while 
CIEMAT and the Technical University of Catalonia handled the local arrangements in Spain.  
The partnership was both efficient and effective, and it is a model which will be used again in 
the future. 

The technical sessions at the BeWS-11 featured the HIDOBE-01 Post-Irradiation 
Examination (PIE), Research on Beryllide Intermetallic Compounds, Beryllium for Fusion 
Applications, Beryllium for Fission Applications, Advanced Beryllium Production 
Technologies, and Modeling Techniques for Beryllium Materials. 

Highlights of the technical program included the latest results of the ongoing 
HIDOBE-01 PIE, which gave new insights on microstructure versus gas release properties for 
beryllium pebbles (1mm-diameter mini-spheres) and the differences in behavior of pebble 
beds in free versus constrained states.  The most important new research was in the field of 
beryllide intermetallic compounds, in which TiBe12 can now be made in the form of pebbles, 
and the composition can be >90% of the desired formula thanks to an innovative 
post-fabrication homogenization technique.  This latter work was so compelling that its 
principal scientist received a special award from the BeWS International Organizing 
Committee to recognize the achievement. 

The future plans for the BeWS series in general and for the BeWS-12 in particular were 
also discussed. 
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3.3 Status of Beryllium Design Study in INVAP 
 
[Abstract] 
 

Status of Beryllium Design Study in INVAP 
 

Roxana G. Cocco1 

 

1 INVAP S.E, Nuclear Projects Division, S.C Bariloche, Río Negro, Argentina 
 

Since 2010 INVAP has been working on modeling of Be reflectors assemblies and has 
participated in different international meetings.  A summary of the performed works by 
INVAP is presented here. 

INVAP has attempted to answer which the factors influence the lifespan of Be reflectors in 
order to establish the design criteria.  The study it was focused in three issues: material 
behavior, fast neutron flux and mechanical design.  

Material behavior: Beryllium is degraded by radiation damage, as a result of both 
displacement and transmutation. Transmutation produces Helium gas and swelling.  Few low 
temperature swelling models are available. Three of them were used for distortion simulation 
behavior of a Be reflector prismatic bar: Gol´tsev and Serniaev equations both derived from 
Russian beryllium data, and a third more modern equation derived from bibliographic data 
recollected by Gelles for western material.  The results of simulations using the equation 
derived from western material data were more consistent with distortions measurement on 
reactors, than the results derived from the application of swelling model for Russian material. 
Then, updated data are necessary for a better distortion prediction by swelling.   

Fast neutron flux: Whereas the flux profile generated through the reflector thickness is a 
characteristic of the reflector material, the profile shape along the reflector assembly is 
characteristic of the core and this could have influence on the predicted distortions.  
However, its weight on calculation results showed to be negligible.  The main factor that 
affects the reflector distortion is the variation in the flux trough the material thickness which 
is a beryllium characteristic and the swelling is proportional to fast neutron fluence.  Thus, 
the face exposed to irradiation source, i.e. the highest fluence has larger volumetric strain.  
On the other hand, the opposite face has smaller volumetric change due to swelling.  This 
inhomogeneous change in volume is the responsible of Be reflector distortions and the 
associated stresses.  

Mechanical design: Geometry variation was analyzed on a simplified case of a Be 
reflector prismatic bar.  Distortions and the associated stresses were study by Finite Element 
Modeling (FEM).  The study consisted in varying the dimensions of the reflector bar in 
thickness, width and height subject to fast neutron irradiation conditions.  The results 
showed that the distortion increases when the thickness and width diminish and the height 
increases.  On other hand, the stresses increase with the thickness and width and the height 
have not major influence.  This means that the mechanical design/geometry would have 
influence on fail mode of reflector and lifespan where large pieces tend to fail by cracking 
(like in ATR and MURR reactors) and svelte pieces tend to fail by distortion (like SAFARI I 
and JMTR reactors). 

As a conclusion, a reasonable swelling model is available, it is understood how gradients 
of fast neutron flux generate the distortions on Be reflector and how the reflector geometry 
can drive to different fail modes.  Then, with the lifespan extension purposes, it is important 
to take the reflector as a component rather than material.
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3.4 Beryllium Usage at the University of Missouri Research Reactor 
 
[Abstract] 
 

Beryllium Usage at the University of Missouri Research Reactor 
 
 

L.P. Foyto1
, N.J. Peters1, J.C. McKibben1 and J.L. Saddler1 

 
1Reactor and Facilities Operations, University of Missouri-Columbia Research Reactor, 1513 

Research Park Drive, Columbia, Missouri, 65211, U.S.A. 
 
 
 

In accordance with the mission of the Global Threat Reduction Initiative (GTRI) program 
of maintaining the current capabilities of research and test reactors after converting them from 
highly-enriched uranium (HEU) fuel to low-enriched uranium (LEU) U-10Mo monolithic fuel, 
studies must be performed to ensure that the reactor core performance will not be challenged 
in any way.  While detailed work has been completed that predicts core neutronic and 
thermal-hydraulic behavior, the impact of a fuel conversion has not yet been studied to any 
level of detail for various critical components other than the reactor core for the University of 
Missouri Research Reactor (MURR), which is a 10 MW pressurized, light-water moderated 
and cooled, reflected (graphite and beryllium), heterogeneous, open pool-type design.  In 
particular, there are limitations on the specialized beryllium sleeve which is replaced at 
26,000 MWd of operation with HEU fuel operating at 10 MW.  This is to avoid the eventual 
stress-fracture failure due to thermal stresses from gamma heating and swelling from gas 
production, in addition to the performance degradation seen as a corresponding loss in core 
reactivity due to lithium-6 poisoning and swelling.  This replacement cycle that will change 
with LEU operations at 12 MW is being determined.  Preliminary investigations using 
MURR MCNP models, coupled with ORIGEN depletion simulations to compare the HEU 
and LEU cores, have predicted differences in the gamma heating distribution, gas production 
rates and core reactivity changes concerning the beryllium as a function of megawatts days.  
Results from this work indicate that for an end-of-cycle beryllium reflector at MURR, the 
changes at the peak-flux region production going from the HEU to the LEU core are a 21.5% 
decrease in gamma heating and an 11% increase in gas swelling, respectively.  Using the 
results reported here, a systematic approach to predict beryllium performance and failure 
point as a function of megawatt-days is being developed. 
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3.5 Status of Beryllium Study in JAEA 
 
[Abstract] 
 

Status of Beryllium Study in JAEA 
 

Kunihiko Tsuchiya1 
 

 
1 Japan Atomic Energy Agency, Oarai, Ibaraki, Japan 

 
 
 

 Beryllium has been used as a moderator and/or reflector in a number of materials testing 
reactors.  The beryllium frames and reflector elements which have been used as a neutron 
reflector in the Japan Materials Testing Reactor (JMTR) at JAEA, have been fabricated from 
S-200F grade beryllium metal.  The current operational lifetime for the beryllium frame in 
JMTR is five years, but the goal of the development program is to increase that service life to 
15-20 years (180,000MWD).  In order for that to happen, it will be necessary to consider 
fundamental changes to the frame design, starting with the choice of beryllium material grade.  

Three grades of beryllium metal: S-200F, S-65-H, and I-220-H, were selected due to their 
differences in production method, impurity levels, mechanical properties, and grain size.  
The properties of these beryllium grades have been evaluated in out-pile tests.  Mechanical 
properties such as tensile strength, hardness, and impact strength were measured, and the 
database of these beryllium grades has now been constructed.  

In the area of chemical properties, corrosion tests were carried out under pure water at 
50˚C for about 8000 h, and it was observed that the corrosion rate of I-220-H was lower than 
that of other beryllium grades.  The weight change of S-200F was larger than that of I-220-H 
after the corrosion test.  Ratio of electrical conductivity of S-200F was also larger than that 
of S-65-H and I-220-H. The conductivity of I-220-H showed almost no change.  From these 
results, the corrosion properties were evaluated by the measurements of weight change and 
electrical conductivity and influenced by the content of BeO and grain size of each Be sample.  
Surface analysis for chemical combination of the beryllium grades was carried out by XPS 
under the research program at the University of Toyama.  

The irradiation tests for each Be material grade have been carried out in JRR-3 and 
WWR-K, and the irradiation tests in the JMTR will begin at the time of the JMTR re-start.  
Especially, irradiation tests at WWR-K were carried out under the ISTC partner project 
between JAEA and INP-KNNC.  Swelling and tritium release of the irradiated beryllium 
were evaluated. 

Finally, beryllium recycling was studied under the ISTC regular project (ISTC K-1588). 
Project Leader was IAE NNC-RK in Kazakhstan, and Japan and EU were collaborated in this 
project.  In this year, kg-scale demonstration test with used beryllium supplied from JAEA 
was carried out in IAE and evaluated the purification ratio of irradiated beryllium from the 
results of gamma spectrum before/after the tests. 

In this meeting, status and future plans for the beryllium reflector development at JMTR 
are introduced, and discussion of the results will be also take place during the 6th ISMTR. 
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3.6 Status of Beryllium Study in KAERI 
 
[Abstract] 

 
Status of Beryllium Study in KAERI 

 
Man Soon Cho1, Tae Kyu Kim1 

 
 

1 Korea Atomic Energy Research Institute, Daejeon, Republic of Korea 
 
 
 

The beryllium materials are being considered as a primary reflector in both the Jordan 
Research and Training Reactor (JRTR) and the Kijang Research Reactor (KJRR). In KAERI, 
the research on beryllium materials has been performed using three types of targets; S-65 
(HIP) and S-200-F (VHP) from Materion (USA), and EHP-56 (hot extrusion) from Ulba 
Metallurgical Plant (Kazakhstan). The out-of-pile tests consisted in microstructure 
observation, hardness test and photon irradiation test. The microstructural observations using 
SEM/EBSD indicated that the VHP process was quite effective in producing a beryllium 
reflector block of randon orientation while the hot extrusion process produced strong 
anisotropic orientation. Microhardness test results indicated that the isotropic Vickers 
hardness value of about 1000 MPa for S-65 and S-200-F. The EHP-56 which was fabricated 
by hot extrusion revealed an anisotropy in microhardness for longitudinal and cross-sectional 
directions. For these beryllium materials, proton irradiation test has been also performed using 
gas ion irradiation machine of Korea Multi-Purpose Accelerator Complex. Protons were 
irradiated on a beryllium sample with the acceleration voltage of 120 keV and the fluence of 
2.0 x 1018 ions/cm2 at room temperature. The size of the irradiation damaged layer was 
estimated through a Monte Carlo simulation (SRIM2012 software) and a TEM. The damaged 
layer observed by TEM study was measured to be about 1 μm, and this size was coincident 
with the simulation result. The most severely damaged area was occurred at 600 nm in depth; 
tens-of-nanometer-sized voids were observed in this area. Multiple voids were observed in the 
entire damaged area, and they were preferentially distributed along with grain boundaries, and 
the interfaces between the matrix and the BeO particles. The voids were also distributed in the 
grains, showing that the distribution behavior of voids have been mainly determined by the 
grain orientation. As a result, it was found that the beryllium atoms could be easily dislocated 
through the proton irradiation while the basal plane was aligned along a direction 
perpendicular to the irradiation. The in-pile tests for the S-200-F and EHP-56 materials have 
been performed using HANARO (High Flux Advanced Neutron Application Reactor) in 
KAERI. The first capsule is under post irradiation examination and the second capsule is 
under irradiation in the reactor.  
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3.7 Recent Activities in the MTR Field for Beryllium Reflectors 
 
[Abstract] 

 
Recent Activities in the MTR Field For Beryllium Reflectors 

 
Edgar E. Vidal1 and Christopher K. Dorn2 

 
1Materion Brush Beryllium & Composites, 14710 W. Portage River So. Rd., Elmore, Ohio 43416 

U.S.A. 
2Materion Corporation, 6070 Parkland Blvd. Mayfield Heights, Ohio 44124-4191 U.S.A.   

 
 
 

The nuclear properties of beryllium, combined with its low density, are attractive characteristics for 
neutron reflectors and moderators in the design of reactors. Beryllium's high scattering cross-section makes 
it effective in slowing neutron speed to a level required for efficient reactor operations under some required 
conditions. This ability classifies beryllium as one of the few good solid moderators available. As a 
reflector, beryllium acts to scatter leaked neutrons back into the reactor core. Neutrons are conserved 
because of beryllium's low thermal neutron capture cross-section. A review of the current status of 
beryllium utilization in MTRs around the world is presented. Materion has been producing beryllium for 
reflectors for more than 60 years and has continuously been updating its manufacturing technologies and 
capabilities to deliver a high quality product at the lowest cost possible.  

Recent materials procurement and interests have come from reactors like JRTR, RJH and BR2. 
Because of the tsunami that lead to the Fukushima incident in 2011, the schedules at JAEA have been 
affected dramatically. Despite this upset, JAEA continues to be committed to the nuclear test reactor efforts 
and the use of beryllium as reflector material. Belgium’s nuclear research center SCK·CEN has now 
planned the refurbishment of the beryllium reflectors of BR2 which is one of the most powerful research 
reactors in the world. Progress has been made by KAERI in the design and construction of the Jordan 
Research and Training Reactor (JRTR) which will be an in-core beryllium reflected 5 MW reactor capable 
of being upgraded to 10 MW. Commissioning of the JRTR is expected to occur in 2015 and will utilize 
beryllium produced from Materion. KAERI is also designing and building a new reactor called the KJRR 
(Ki-Jang Research Reactor) which is a 20 MW system that uses beryllium and aluminum as the in-core 
reflector and is expected to be commissioned in 2017. KAERI has been irradiating samples of beryllium 
from Materion and Ulba Metallurgical in the Hanaro reactor. Materion continues to support the mayor 
players in the test reactor world by providing quality beryllium and engineering services. 
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3.8 Beryllium Research in NGK and New Proposal for MTR Reflector Development 
 
[Abstract] 

 
Beryllium Research in NGK and New Proposal  

for MTR Reflector Development 
 

Keigo NOJIRI1 and Ryohei FUKATSU1 
 

 
1 NGK Insulators, ltd., Nagoya, Japan 

 
 
 

NGK Insulators is one of the world leading companies in the high performance ceramic 
industry. The new metal division in NGK is specialized in the high performance metal products 
as the result of expanding its business field in NGK. The division’s main products are various 
beryllium containing alloys and special parts made from the alloys. The pure beryllium 
applications are also important for the division. Beryllium metal is used various industrial and 
R&D scenes due to its unique and extremely excellent properties. In the nuclear field, NGK has 
two main applications with beryllium, the neutron multiplier for the fusion and the neutron 
reflector for the material test reactor. 

The neutron multiplier is necessary in the concept of ITER project. The beryllium pebble 
multiplier is the reference material of the project. The ITER participating countries are 
evaluating the beryllium pebble, which is filled up in the test blanket module. The ITER 
organization has announced that the first plasma will be in 2020. It means that the beryllium 
pebble must be available before for preparing the test blanket module. NGK had developed the 
beryllium pebble fabrication technology as the rotating electrode method with JAEA. The 
pebble fabricated by this method has excellent sphere shape and narrow diameter distribution. 
NGK will continue developing to improve the productivity for preparing the big volume 
production. 

The neutron reflector of NGK is used for the JMTR from the 1st generation installed in 
1966 to the 7th generation which is ready to use actually. Some studies are going on for having 
the longer life of the reflector. NGK started a study with JAEA in a different view for preparing 
the longer time utilization of the reflector. Longer irradiation to the beryllium reflector releases 
more tritium into the cooling water. NGK tries to cover the reflector surface which touches the 
cooling water with aluminium layer to block the recoiled tritium in this layer. Some trials of the 
coating of aluminium by hot spraying are carried out. The evaluation including release of 
tritium will be planned. 
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3.9 Swelling and Thermal Effects on Beryllium on Reactor Assembly 
 
[Abstract] 
 

Swelling and Thermal Effects on Beryllium on Reactor Assembly 
 

E. Fresquet1, R. G. Cocco1 and F. Francioni2 

 
1 Dept. of Mechanical Design: Nuclear Components, INVAP S.E,  

S.C Bariloche, Río Negro, Argentina  
2 Dept. of Thermohidraulic: Nuclear Components, INVAP S.E,  

S.C Bariloche, Río Negro, Argentina  
rcocco@invap.com.ar 

 
Beryllium is used in numerous research reactors to moderate neutron energy and to reflect 

neutrons back into the core, thus intensifying the thermal neutron flux.  However, Beryllium 
is degraded by radiation damage, as a result of both displacement and transmutation. 
Transmutation produces Helium, which results in high levels of gas and swelling.  The most 
important effects caused by swelling in Beryllium bars are distortion, strengthening and 
cracking.  These several effects are increased by the effects of the temperature at power 
operation conditions.  Because of this, the study of the Be reflector structural integrity by 
numerical methods is an essential tool to ensure an accurate behavior throughout its lifespan. 
It is the purpose of this paper to perform a structural integrity analysis on a hypothetical 
Beryllium reflector in order to study the distortion and state of stress associated to the 
variation in its geometry using the finite element method. Two sources of deformation were 
taken in account, swelling due to transmutation reaction and thermal expansion.  The results 
obtained shows the dependence between the geometry, type of constraint and the necessity to 
consider a cooling system to reduce the thermal effects at power operation in order to ensure 
an limited distortion allowing a longer time operation.  These results contribute to a better 
understanding of distortion behavior and the state of stress generated, which can be a useful 
tool during the design phase. 
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3.10 Tritium and Helium Release Properties for Different Grades of Beryllium Metals 
 
[Abstract] 

 
Tritium and Helium Release Properties 

for Different Grades of Beryllium Metals 
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3The Institute of Atomic Energy, NNC,Kurchatov, Republic of Kazkhstan 
 
 

Beryllium’s properties such as high thermal conductivity, good elevated-temperature 
mechanical properties for a light metal and high melting point make the material attractive for 
use in nuclear reactors.  Reactors with beryllium (Be) exist in many places throughout the 
world, and a great deal of Be was used in materials testing reactors (MTR) from the beginning 
of atomic energy development.  On the other hand, the activation issues for Be in nuclear 
reactors under neutron irradiation arise mainly via (n, ) and (n, p) reactions with impurities 
such as iron, nickel and nitrogen in the Be.  At the same time, tritium (3H) is produced in 
beryllium by a well-known reaction sequence.  Thus, it is difficult to reprocess irradiated Be 
because of high induced radioactivity.  In this study, tritium and helium release properties from 
irradiated Be metals are evaluated for lifetime expansion of Be reflectors for MTR. 

Three industrial Be grades such as S-200F, S-65-H and I-200-F were prepared as 
irradiation samples.  These samples were subject to two-stage irradiation in one of the central 
irradiation channels of the WWR-K reactor.  For the first stage of the 144-day irradiations, 
the fast neutron fluence (E>1MeV) was about 1.6×1024 m-2.  Then, three samples of each 
different Be grade where removed from the core and subject to study.  The remaining three 
samples were irradiated in the second stage and total fast neutron fluence were achieved 
4×1024 m-2 for 336 days in full power day of WWR-K.  After the each stage irradiation test, 
microstructure observation and thermal desorption spectrometry (TDS) experiments were 
carried out with each irradiated beryllium grade. 

The TDS experiments were carried out with three kinds of Be grades at the heating rates of 
10, 20 and 40˚С/min. On a base of the obtained data, amounts of tritium and helium-4 (He-4) in 
the irradiated Be samples were evaluated.  For all Be grades, amounts of He-4 and tritium 
were 25±3 and 1.3±0.3 ppm, respectively.  The helium-3 (He-3) amount was found 
insignificant, comprising less than 0.02 ppm.  Helium of each Be grade was released at the 
melting point of be sample or at the temperatures close to the melting point. On the other hand, 
two temperature regions of tritium release were observed at the low temperature (less than 
700˚С) and the melting point.  However, tritium release process of S-200F and other Be grades 
(S-65-H and I-220-H) was different. The irradiated S-200F was released about 90% at the less 
than 700˚С and about 50% of accumulated tritium was released in S-65-H and I-220-H at the 
melting point. It seems that tritium release from the irradiated Be was affected a process of 
re-crystallization of grain and re-crystallization speed of S-200F grade was much faster that of 
other Be grades. Moreover, accelerated re-crystallization of grains led to rapid release of gas 
bubbles with tritium.
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Appendix B  List of participants and Photograph 
 

List of participants in the 8th Specialist Meeting on Recycling of Irradiated Beryllium 
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Edgar Vidal U.S.A Materion Brush Inc. 
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Man Soon Cho Korea Korea Atomic Energy Research Institute (KAERI) 
Kee Nam Choo Korea Korea Atomic Energy Research Institute (KAERI) 
Hiroshi Kawamura Japan Japan Atomic Energy Agency (JAEA) 
Kunihiko Tsuchiya Japan Japan Atomic Energy Agency (JAEA) 
Tomoaki Takeuchi Japan Japan Atomic Energy Agency (JAEA) 
Masayashu Ito Japan Japan Atomic Energy Agency (JAEA) 
Keigo Nojiri Japan NGK Insulators, Ltd. 
Masashi Shikata Japan Mitsubishi Heavy Industries Ltd. 
Masakazu Tanase Japan Chiyoda Technol Corporation 
Aníbal Blanco Argentina National Commission of Atomic Energy (CNEA) 
Patricio M. dos Reis Argentina National Commission of Atomic Energy (CNEA) 
Ezequiel Fresquet  Argentina INVAP S. E. 
Viviana Ishida Argentina INVAP S. E. 
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Appendix C  Discussion Items from the 1st to 7th Meetings 
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国際単位系（SI）

乗数　 接頭語 記号 乗数　 接頭語 記号

1024 ヨ タ Ｙ 10-1 デ シ d
1021 ゼ タ Ｚ 10-2 セ ン チ c
1018 エ ク サ Ｅ 10-3 ミ リ m
1015 ペ タ Ｐ 10-6 マイクロ µ
1012 テ ラ Ｔ 10-9 ナ ノ n
109 ギ ガ Ｇ 10-12 ピ コ p
106 メ ガ Ｍ 10-15 フェムト f
103 キ ロ ｋ 10-18 ア ト a
102 ヘ ク ト ｈ 10-21 ゼ プ ト z
101 デ カ da 10-24 ヨ ク ト y

表５．SI 接頭語

名称 記号 SI 単位による値

分 min 1 min=60s
時 h 1h =60 min=3600 s
日 d 1 d=24 h=86 400 s
度 ° 1°=(π/180) rad
分 ’ 1’=(1/60)°=(π/10800) rad
秒 ” 1”=(1/60)’=(π/648000) rad

ヘクタール ha 1ha=1hm2=104m2

リットル L，l 1L=11=1dm3=103cm3=10-3m3

トン t 1t=103 kg

表６．SIに属さないが、SIと併用される単位

名称 記号 SI 単位で表される数値

電 子 ボ ル ト eV 1eV=1.602 176 53(14)×10-19J
ダ ル ト ン Da 1Da=1.660 538 86(28)×10-27kg
統一原子質量単位 u 1u=1 Da
天 文 単 位 ua 1ua=1.495 978 706 91(6)×1011m

表７．SIに属さないが、SIと併用される単位で、SI単位で
表される数値が実験的に得られるもの

名称 記号 SI 単位で表される数値

キ ュ リ ー Ci 1 Ci=3.7×1010Bq
レ ン ト ゲ ン R 1 R = 2.58×10-4C/kg
ラ ド rad 1 rad=1cGy=10-2Gy
レ ム rem 1 rem=1 cSv=10-2Sv
ガ ン マ γ 1γ=1 nT=10-9T
フ ェ ル ミ 1フェルミ=1 fm=10-15m
メートル系カラット 1メートル系カラット = 200 mg = 2×10-4kg
ト ル Torr 1 Torr = (101 325/760) Pa
標 準 大 気 圧 atm 1 atm = 101 325 Pa

1cal=4.1858J（｢15℃｣カロリー），4.1868J
（｢IT｣カロリー）4.184J（｢熱化学｣カロリー）

ミ ク ロ ン µ  1 µ =1µm=10-6m

表10．SIに属さないその他の単位の例

カ ロ リ ー cal

(a)SI接頭語は固有の名称と記号を持つ組立単位と組み合わせても使用できる。しかし接頭語を付した単位はもはや
　コヒーレントではない。
(b)ラジアンとステラジアンは数字の１に対する単位の特別な名称で、量についての情報をつたえるために使われる。

　実際には、使用する時には記号rad及びsrが用いられるが、習慣として組立単位としての記号である数字の１は明
　示されない。
(c)測光学ではステラジアンという名称と記号srを単位の表し方の中に、そのまま維持している。

(d)ヘルツは周期現象についてのみ、ベクレルは放射性核種の統計的過程についてのみ使用される。

(e)セルシウス度はケルビンの特別な名称で、セルシウス温度を表すために使用される。セルシウス度とケルビンの

　 単位の大きさは同一である。したがって、温度差や温度間隔を表す数値はどちらの単位で表しても同じである。

(f)放射性核種の放射能（activity referred to a radionuclide）は、しばしば誤った用語で”radioactivity”と記される。

(g)単位シーベルト（PV,2002,70,205）についてはCIPM勧告2（CI-2002）を参照。

（a）量濃度（amount concentration）は臨床化学の分野では物質濃度

　　（substance concentration）ともよばれる。
（b）これらは無次元量あるいは次元１をもつ量であるが、そのこと
 　　を表す単位記号である数字の１は通常は表記しない。

名称 記号
SI 基本単位による

表し方

秒ルカスパ度粘 Pa s m-1 kg s-1

力 の モ ー メ ン ト ニュートンメートル N m m2 kg s-2

表 面 張 力 ニュートン毎メートル N/m kg s-2

角 速 度 ラジアン毎秒 rad/s m m-1 s-1=s-1

角 加 速 度 ラジアン毎秒毎秒 rad/s2 m m-1 s-2=s-2

熱 流 密 度 , 放 射 照 度 ワット毎平方メートル W/m2 kg s-3

熱 容 量 , エ ン ト ロ ピ ー ジュール毎ケルビン J/K m2 kg s-2 K-1

比熱容量，比エントロピー ジュール毎キログラム毎ケルビン J/(kg K) m2 s-2 K-1

比 エ ネ ル ギ ー ジュール毎キログラム J/kg m2 s-2

熱 伝 導 率 ワット毎メートル毎ケルビン W/(m K) m kg s-3 K-1

体 積 エ ネ ル ギ ー ジュール毎立方メートル J/m3 m-1 kg s-2

電 界 の 強 さ ボルト毎メートル V/m m kg s-3 A-1

電 荷 密 度 クーロン毎立方メートル C/m3 m-3 sA
表 面 電 荷 クーロン毎平方メートル C/m2 m-2 sA
電 束 密 度 ， 電 気 変 位 クーロン毎平方メートル C/m2 m-2 sA
誘 電 率 ファラド毎メートル F/m m-3 kg-1 s4 A2

透 磁 率 ヘンリー毎メートル H/m m kg s-2 A-2

モ ル エ ネ ル ギ ー ジュール毎モル J/mol m2 kg s-2 mol-1

モルエントロピー, モル熱容量ジュール毎モル毎ケルビン J/(mol K) m2 kg s-2 K-1 mol-1

照射線量（Ｘ線及びγ線） クーロン毎キログラム C/kg kg-1 sA
吸 収 線 量 率 グレイ毎秒 Gy/s m2 s-3

放 射 強 度 ワット毎ステラジアン W/sr m4 m-2 kg s-3=m2 kg s-3

放 射 輝 度 ワット毎平方メートル毎ステラジアン W/(m2 sr) m2 m-2 kg s-3=kg s-3

酵 素 活 性 濃 度 カタール毎立方メートル kat/m3 m-3 s-1 mol

表４．単位の中に固有の名称と記号を含むSI組立単位の例

組立量
SI 組立単位

名称 記号

面 積 平方メートル m2

体 積 立法メートル m3

速 さ ， 速 度 メートル毎秒 m/s
加 速 度 メートル毎秒毎秒 m/s2

波 数 毎メートル m-1

密 度 ， 質 量 密 度 キログラム毎立方メートル kg/m3

面 積 密 度 キログラム毎平方メートル kg/m2

比 体 積 立方メートル毎キログラム m3/kg
電 流 密 度 アンペア毎平方メートル A/m2

磁 界 の 強 さ アンペア毎メートル A/m
量 濃 度 (a) ， 濃 度 モル毎立方メートル mol/m3

質 量 濃 度 キログラム毎立法メートル kg/m3

輝 度 カンデラ毎平方メートル cd/m2

屈 折 率 (b) （数字の）　１ 1
比 透 磁 率 (b) （数字の）　１ 1

組立量
SI 基本単位

表２．基本単位を用いて表されるSI組立単位の例

名称 記号
他のSI単位による

表し方
SI基本単位による

表し方
平 面 角 ラジアン(ｂ) rad 1（ｂ） m/m
立 体 角 ステラジアン(ｂ) sr(c) 1（ｂ） m2/m2

周 波 数 ヘルツ（ｄ） Hz s-1

ントーュニ力 N m kg s-2

圧 力 , 応 力 パスカル Pa N/m2 m-1 kg s-2

エ ネ ル ギ ー , 仕 事 , 熱 量 ジュール J N m m2 kg s-2

仕 事 率 ， 工 率 ， 放 射 束 ワット W J/s m2 kg s-3

電 荷 , 電 気 量 クーロン A sC
電 位 差 （ 電 圧 ） , 起 電 力 ボルト V W/A m2 kg s-3 A-1

静 電 容 量 ファラド F C/V m-2 kg-1 s4 A2

電 気 抵 抗 オーム Ω V/A m2 kg s-3 A-2

コ ン ダ ク タ ン ス ジーメンス S A/V m-2 kg-1 s3 A2

バーエウ束磁 Wb Vs m2 kg s-2 A-1

磁 束 密 度 テスラ T Wb/m2 kg s-2 A-1

イ ン ダ ク タ ン ス ヘンリー H Wb/A m2 kg s-2 A-2

セ ル シ ウ ス 温 度 セルシウス度(ｅ) ℃ K
ンメール束光 lm cd sr(c) cd

スクル度照 lx lm/m2 m-2 cd
放射性核種の放射能（ ｆ ） ベクレル（ｄ） Bq s-1

吸収線量, 比エネルギー分与,
カーマ

グレイ Gy J/kg m2 s-2

線量当量, 周辺線量当量, 方向

性線量当量, 個人線量当量
シーベルト（ｇ） Sv J/kg m2 s-2

酸 素 活 性 カタール kat s-1 mol

表３．固有の名称と記号で表されるSI組立単位
SI 組立単位

組立量

名称 記号 SI 単位で表される数値

バ ー ル bar １bar=0.1MPa=100kPa=105Pa
水銀柱ミリメートル mmHg 1mmHg=133.322Pa
オングストローム Å １Å=0.1nm=100pm=10-10m
海 里 Ｍ １M=1852m
バ ー ン b １b=100fm2=(10-12cm)2=10-28m2

ノ ッ ト kn １kn=(1852/3600)m/s
ネ ー パ Np
ベ ル Ｂ

デ ジ ベ ル dB       

表８．SIに属さないが、SIと併用されるその他の単位

SI単位との数値的な関係は、
　　　　対数量の定義に依存。

名称 記号

長 さ メ ー ト ル m
質 量 キログラム kg
時 間 秒 s
電 流 ア ン ペ ア A
熱力学温度 ケ ル ビ ン K
物 質 量 モ ル mol
光 度 カ ン デ ラ cd

基本量
SI 基本単位

表１．SI 基本単位

名称 記号 SI 単位で表される数値

エ ル グ erg 1 erg=10-7 J
ダ イ ン dyn 1 dyn=10-5N
ポ ア ズ P 1 P=1 dyn s cm-2=0.1Pa s
ス ト ー ク ス St 1 St =1cm2 s-1=10-4m2 s-1

ス チ ル ブ sb 1 sb =1cd cm-2=104cd m-2

フ ォ ト ph 1 ph=1cd sr cm-2 104lx
ガ ル Gal 1 Gal =1cm s-2=10-2ms-2

マ ク ス ウ ｪ ル Mx 1 Mx = 1G cm2=10-8Wb
ガ ウ ス G 1 G =1Mx cm-2 =10-4T
エルステッド（ ｃ ） Oe 1 Oe　  (103/4π)A m-1

表９．固有の名称をもつCGS組立単位

（c）３元系のCGS単位系とSIでは直接比較できないため、等号「　　 」

　　 は対応関係を示すものである。

（第8版，2006年改訂）
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