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Executive Summary  
 
In October 2008, the Division of Technical Support (SGTS) convened a Workshop on 
Antineutrino Detection for Safeguards Applications to target emerging and future 
antineutrino detection uses in the safeguards regime. 
The objective of the meeting was to define applicable inspection needs and to 
examine the use and effectiveness of antineutrino detection and monitoring in meeting 
those needs, particularly those covering the implementation of safeguards for reactor 
facilities. It brought together 12 Agency personnel from the SG Department Support 
Divisions with 19 external experts from eight Safeguards Member State Support 
Programmes (MSSP). 
The meeting concluded that antineutrino detectors have unique abilities to non-
intrusively monitor reactor operational status, power and fissile content in near real-
time, from outside containment. Several detectors, built specifically for safeguards 
applications, have demonstrated robust, long-term measurements of these metrics in 
actual installations at operating power reactors, and several more demonstrations are 
planned. It was agreed that the detector design is sufficiently robust and mature as to 
allow a reusable module to be developed that could be adapted to specific reactors. 
The following recommendations were made by the workshop: 
• It is recommended that the IAEA consider antineutrino detection and 

monitoring in its current R&D program for safeguarding bulk-process 
reactors; 

• It is recommended that the IAEA should also consider antineutrino monitoring 
in its Safeguards by Design approaches for power and fissile inventory 
monitoring of new and next generation reactors; 

• It is recommended that there should be further interaction between IAEA and 
the antineutrino research and development (R&D) community, including 
regular participation of IAEA safeguards departmental staff into international 
meetings; 

• It is recommended that IAEA safeguards departmental staff visit currently 
deployed and planned neutrino detection installations for safeguards 
applications; 

• It is recommended the IAEA work with experts to consider future reactor 
designs, using existing simulation codes for reactor evolution and detector 
response.
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1. Introduction 
 
Antineutrinos have unique features that make them especially interesting for IAEA 
safeguards: they cannot be shielded, are inextricably linked with the fission process, 
and provide direct real-time measurements of the operational status, power and fissile 
content of reactor cores, using equipment that is independent of reactor operation. 
Antineutrino detection offers a practical material accountancy capability for reactors. 
In this respect it differs significantly from, and is complementary to, the item 
accountancy, containment and surveillance measures which now prevail in the IAEA 
reactor safeguards regime.  
This document details the results of the Workshop on Antineutrino Detection for 
Safeguards Applications held at IAEA Agency HQ from 28-30 October 2008. The 
meeting was convened by the Department of Safeguards (SG) under the Division of 
Technical Support (SGTS) and was hosted by the Novel Technologies Unit (NTU) 
The workshop was a direct follow up to a previous convened Department of 
Safeguards Meeting to Evaluate Potential Applicability of Antineutrino Detection 
Technologies for Safeguards Purposes held in December 2003. In that meeting it was 
agreed that antineutrino detection could potentially provide an appropriate safeguards 
solution for the confirmation of the absence of unrecorded production of fissile 
material in declared reactors and to estimate the total burn-up of a reactor core. In 
order to provide a solid evidential foundation for any Agency decision regarding the 
deployment of antineutrino detection and monitoring systems as a safeguards tool, the 
principal recommendation of the meeting was to establish a feasibility study to 
“determine whether antineutrino detection methods might provide practical 
safeguards tools for selected applications”. Since 2003 there has been a great deal of 
progress in demonstrating the feasibility of using antineutrino detection for safeguards 
purposes and the Agency felt it was an appropriate time to revisit this topic.  
The Workshop on Antineutrino Detection for Safeguards Applications brought 
together 12 Agency personnel from the SG Department Support Divisions with 19 
external antineutrino detection experts from eight Member State Support Programmes 
(MSSPs). The workshop reviewed the state-of-the-art in antineutrino detection, and 
evaluated possible applications of the technology to the safeguards regime. This 
report presents the findings and recommendations of the workshop participants, and 
represents the consensus opinion of both the IAEA personnel in attendance and the 
invited antineutrino detection experts. 
The current state of the art in antineutrino detection is such that it is now possible to 
monitor the operational status, power levels, and fissile content of nuclear reactors in 
near real time with simple antineutrino detectors at distances of a few tens of meters 
from the reactor core. This has already been demonstrated at civil power reactors in 
Russia and the United States, with detectors designed specifically for reactor 
monitoring and safeguards1,2. Additional programs are also underway worldwide, 
aimed at optimizing designs against various reactor types and improving 
deployability.  
At an IAEA Internal Needs Gathering Workshop organized by NTU in late 2007, in 
cooperation with the Department of Safeguards Division of Concepts and Planning 
(SGCP), Safeguards inspectors expressed a need for improved methods for verifying 
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declarations at reactor facilities. In particular, inspectors called for improved 
capabilities to determine power levels, fissile content, cycle times, and unusual 
changes in core operations at research reactors. More generally, inspectors also called 
for improved methods to determine operational status and power monitoring in all 
reactors. 
In response to these user needs, a number of promising applications of antineutrino 
detection were identified during the workshop. Possible applications include 
measurement of shipper-receiver inventory differences for spent and fresh fuel at 
future or current light water reactors (LWR), monitoring of power at >25 MW 
Research Reactors, and monitoring of online-refuelled reactors such as Canada 
deuterium uranium reactors (CANDU), as well as future reactor types such as 
Generation Four (Gen IV) and pebble bed modular reactors (PBMR). The technology 
may also be useful for safeguarding alternative fuel cycles, such as those using mixed 
oxide (MOX) and thorium based fuels. Potential benefits of antineutrino technology 
in the context of the ongoing ‘Safeguards by Design’ and IAEA / integrated 
safeguards initiatives were also identified.  
Several new technology demonstration and development projects are underway 
worldwide, and the workshop encourages continuation of these efforts. A key finding 
of the experts group is that further interaction is needed between relevant IAEA 
experts and the antineutrino physics community, in order to more authoritatively 
evaluate whether, and how, this novel technology can assist the IAEA in meeting its 
safeguards mandates. For example, within the IAEA, study of diversion scenarios is a 
common methodological framework for evaluating the effectiveness of safeguards 
techniques. While some work has already begun in this area, further study is needed 
to assess the benefits of antineutrino detectors for cases of potential interest to IAEA. 
Performance against a wider range of reactors and fuel cycles must be evaluated, as 
well as studies of the effect of combining antineutrino-based metrics with other 
safeguards information.  
Furthermore, it will be useful to develop better analytical tools for safeguards 
applications of antineutrino detectors, such as reactor simulation codes. This 
analytical framework can and should be used to examine possible additional uses of 
antineutrino detectors outside of the current IAEA safeguards regime, for future 
applications such as plutonium disposition, verification of a Fissile Material Cutoff 
Treaty, and others. It is emphasized that both safeguards and antineutrino detection 
expertise are required for a correct cost benefit analysis in each case. 
Technology developers also require further feedback from the Agency to refine 
specific parameters such as the required size, cost, and measurement precision 
requirements for antineutrino detectors. Once these functional requirements are 
available, the Antineutrino Experts Group (AEG) believes that a detector compatible 
with IAEA needs could be made available on a short time scale, within 1-3 years, 
limited only by support of the R&D investment agencies and by standard technology 
transfer processes. Specifically, the AEG considers the technology sufficiently mature 
to allow rapid progression through the IAEA instrument certification program for 
certain applications, such as verification of the operational history and fissile 
evolution of commercial power reactors. The experts group assigns the maturity level 
of antineutrino detection, based on current sensor types to the approximate equivalent 
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of a Category B technology within the IAEA safeguards equipment development 
framework.  
The above conclusions are discussed in greater detail in the main body of this report. 
We begin with an overview of existing reactor and other relevant safeguards practices. 
Next, we describe the unique features of antineutrino detectors that are relevant for 
safeguards, and discuss a range of possible applications to existing and planned 
reactor types and fuel cycles. We then describe antineutrino detector deployments that 
have been explicitly performed to demonstrate safeguards capabilities at reactors with 
practical devices, as well as planned deployments to extend and improve upon these 
demonstrated capabilities. In the final section, we describe the path forward necessary 
to fully evaluate and, as appropriate, integrate antineutrino detectors into the IAEA 
reactor safeguards regime. 
 
1.1. Antineutrino Background 
The following section provides a brief introduction to the antineutrino and it is used in 
reactor monitoring. 
Neutrinos ( )ν are now known to come in three varieties, or flavours, the electron 
neutrino ( )eν , muon neutrino ( )µν  and tau neutrino ( )Τν , named after their respective 
partners in the Standard Model. Neutrinos have no charge, have an extremely small 
mass, travel at close to the speed of light and can ‘shape-shift’ between types. Each 
neutrino also has an associated antineutrino ( )ν . Neutrinos and antineutrinos come 
from a number of natural sources such as natural background radiation, the interaction 
of cosmic rays with the Earth’s atmosphere and from the fusion reaction from the 
inside of stars. At any given second there are up to one hundred trillion neutrinos from 
the sun passing the human body, but because they have no charge they do not interact 
readily with matter and pose not risk to health. 
The biggest man-made source of antineutrinos is that from the core of nuclear 
reactors. Antineutrino emission in nuclear reactors arises from the β-decay of neutron-
rich fragments produced in heavy element fission. The average fission is followed by 
the production of about six antineutrinos, which corresponds to the average number of 
a large number of possible β-decays required for fissioning nuclei to reach stability. 
For a power reactor, with thermal power output of 3 GigaWatts (GW), the energy 
release per fission is about 200 MeV. Therefore, the number of antineutrinos emitted 
from the core of such a reactor is approximately 1021 per second. These emerge from 
the core isotropically and without attenuation.  
The antineutrino-energy distribution contains spectral contributions from the dozens 
of beta-decaying fission daughters. Precise estimates of the distribution have been 
derived from beta spectrometry measurements3,4,5,6 and validated by many reactor 
experiments7,8,9. An approximate formula for the antineutrino energy density per 
fission is  

( )( )2exp νν

ν

cEbEa
dE
dN

++−=  
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where νE is the energy of the antineutrino in MeV, and the coefficients are specific to 
each fissile isotope. The mean energy of the emitted antineutrinos is similar for all 
fissile isotopes, approximately 1.5 MeV. 
 

1.2. Meeting structure 
In order to achieve the objectives of the meeting a three stage approach was devised. 
The first, preparation phase, educated technical experts via a pre-workshop mailout; 
this provided background information on the meeting along with a summary 
description of reactor monitoring with antineutrinos. The technical experts were also 
requested to familiarize themselves with the safeguards system of the IAEA with 
emphasis on the application of safeguards to reactor facilities. For reference, the 
preparatory paper text is reproduced on the CD accompanying this report, or via the 
Novel Technology Unit’s Intranet Homepage (IAEA internal only). 
The second phase involved a series of formal presentations over the first 2 days of the 
workshop. These were structured to; a) allow technical experts to present current 
state-of-the-art antineutrino detection research and to highlight real world deployment 
examples and b) allow the IAEA to present previously gathered end user needs. 
The objective of this second stage was to facilitate an exchange of information 
between stakeholders in order to provide a solid foundation for the final phase of the 
meeting. 
The final stage of the process was a round table discussion which aimed to marry the 
user requirement with technical capacity and produce a basic road map for the 
implementation of a defined antineutrino detection system into the safeguards regime. 
The Meeting Agenda and Attendee list are provided in Appendices A and B 
respectively. 
 

1.3. Opening Session 
Mr. Manfred Zendel, Acting Director of SGTS, opened the advisory meeting. He 
welcomed the participants and outlined the expectations of the IAEA.  
Mr. Julian Whichello, Manager of the project Novel Techniques and Instruments for 
Detection of Undeclared Nuclear Facilities, Materials and Activities, introduced the 
project and reviewed its status and challenges in order to set the framework for the 
meeting.  
Following this presentation Mr. Andrew Monteith (Scientific Secretary) called for 
nominations for the position of Meeting Chairman, Mr. Adam Bernstein of Lawrence 
Livermore National Laboratory was proposed and unanimously elected to undertake 
this role. 
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1.4. Presentations on Antineutrino Detection Capabilities 
As was outlined in section 1.2, in order to inform end-users about the latest 
developments regarding the practical use of antineutrino detection for safeguards 
purposes, a series of formal technical presentations was undertaken on the first day of 
the advisory meeting. The titles of these talks are given below in Table 1. 
TITLE PRESENTER 

Antineutrino Flux from a Research and Isotope 
Producing Facility - A Case Study for Determining 
Detector Requirements 

Mr. G. Jonkmans, AECL 
Canada 

The Nucifer Neutrino Detector for Thermal Power 
Measurement and Non Proliferation 

Mr. Th. Lasserre, CEA 
France 

Reactor Neutrino Spectra and Nuclear Reactor 
Simulations for Unveiling Diversion Scenarios 

Mr. D. Lhuillier, CEA 
Ms. M. Fallot, Subatech 
France 

Direction-Sensitive Monitoring of Nuclear Power 
Plants 

Mr. R. de Meijer,  
Stichting EARTH Foundation 

Finnish know-how, Infrastructure and Activities 
Relevant to the Development of Antineutrino 
Detection Technologies for Safeguards Purposes 

Mr. W. Trzaska 
Univ. of Jyväskylä 
Finland 

The Angra Neutrino Project: Present Status Mr. J dos Anjos, Mr.E. Kemp, 
CBPF 
Brazil 

Study of Neutrino Detection from Joyo Fast 
Research Reactor 

Mr. F. Suekane 
Tohoku Univ, Japan 

SONGS1: A prototype detector for safeguards 
applications 

Mr. N. Bowden, LLNL, 
USA 

A Plastic Scintillator Antineutrino Detector for 
Reactor Monitoring and Safeguards 

Mr. D. Reyna, SNL, 
USA 

Table 1: Technical talks presented during the meeting 
 
Further background information and full copies of the technical presentations given 
during the meeting are available on the CD accompanying this reporti. 
Having established the technical capabilites of the technique on the opening day of the 
meeting it was also necessary to underscore end-user needs to allow specific solutions 
to be developed. The inspector needs were presented by Mr. Monteith and are 
outlined in the following section. 
 

                                                 
i Also available to IAEA personnel via the NTU Intranet site 
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1.5. Presentation of Inspector needs  
Table 2 provides the list of end-user needs that was presented to workshop 
participants. These were gathered during an internal needs gathering exercise with 
inspectors, as described further in Appendix C. The technical experts were asked to 
make broad judgements regarding the suitability of antineutrino detection technology 
to address these needs. 
 

1. Require improved capability to determine the power levels of a research 
reactor; 

2. Need improved capability to quantify & identify fuel/material in core of 
research reactor; 

3. Require improved capability to evaluate research reactor power cycle time; 
4. Require improved method to determine reactor status; 
5. Power monitors not currently used in power reactors; 
6. Research reactor activities can change between visits. 

Table 2: Inspector Needs related to reactor monitoring 
 
In all cases the AEG deemed that all needs could be fully or partially fulfilled by an 
antineutrino detection system and all were brought forward to be discussed during the 
round table phase of the meeting. 
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2. Reactor Safeguards and Antineutrino Detector 
Deployment Scenarios 

 
Safeguards at reactors in States that have Integrated Safeguards (i.e. the measures 
employed in a State with an Additional Protocol and that have also achieved the 
broader conclusion) are quantitatively and qualitatively different from traditional 
safeguards. The effectiveness and efficiency of the traditional measures describe 
above are enhanced by a State-level safeguards approach that takes into account the 
greater access rights and information provided under the Additional Protocol 
regarding the entire nuclear related activities of the State. Greater emphasis is placed 
on in-house analysis with less routine inspections performed in the field. Typically 
Integrated Safeguards approaches remove the need for quarterly inspections at power 
reactors through the introduction of unannounced inspections performed less 
frequently. Power monitoring at research reactors will not normally be used under 
Integrated Safeguards where unannounced inspections are performed. Further gains in 
efficiency and effectiveness are achieved through the use of remote monitoring. 
Traditional facility-based safeguards inspection activities at reactors include: 
• Verification of the declared nuclear materialii at the reactor (i.e. fresh fuel, 

core fuel and spent fuel) using non-destructive analysis (NDA), containment 
and surveillance measures (C/S), verification of receipts and shipments of 
nuclear material, and examination of facility records and State reports. 

• Verification of the design of the facility as declared by the State. This may 
also include environmental sampling. 

• Confirmation of absence of unreported production of plutonium. In the case of 
power reactors this is achieved through C/S, design verification measures and 
verification of declared material, but at research reactors this maybe achieved 
through power monitoring. 

During round table discussion, the AEG noted a number of unique features that 
measurement of the antineutrino flux emitted by a nuclear reactor could provide to the 
safeguards regime: 
• An antineutrino measurement is directly related to the fission process in the 

reactor core. This is an advantage over measurements of secondary indications 
like water flow or temperature, and contributes to the very strong tamper-
resistance of antineutrino detection measurements. 

                                                 
ii Direct use material that can be used for the manufacture of nuclear explosives components without 
transmutation (i.e., modifying elemental and /or isotopic number) or further enrichment (i.e. increasing 
the concentration of some isotopes at the expense of others). Examples are highly enriched uranium, 
plutonium with less than 80 percent plutonium-238, and uranium-233. Note that chemical compounds 
or mixtures of direct-use materials (e.g., Mixed OXides (MOX), see below) are also direct-use 
materials, as is the plutonium contained in spent fuel. Unirradiated direct-use material (e.g., fresh 
highly enriched uranium or separated plutonium) would require less processing time and effort to make 
into a weapon than irradiated direct use material such as spent fuel, which would need to be 
reprocessed before it could be used in a weapon. 
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• An antineutrino measurement can provide real-time information on isotopic 
fission rates, which can be related to the thermal power and fissile inventory of 
the reactor. It can be operated remotely. Currently, there is no other 
technology in the ‘safeguards toolbox’ that can provide both of these 
measurements. 

• An antineutrino measurement is inherently non-intrusive and continuous, and 
the implementation of such measurements is well suited to remote and 
unattended monitoring. The very nature of antineutrinos and their weak 
interaction with material means that a monitor can easily be placed outside of 
containment, and that no connection to any plant system is required. Remote, 
unattended and continuous monitoring has been demonstrated. 

• An antineutrino measurement is inherently tamper-resistant. The antineutrino 
emissions of a reactor are impossible to shield, and produce a near unique 
signal in an antineutrino measurement system that would be very difficult to 
mimic in an undetectable fashion. Therefore, an antineutrino measurement 
system, combined with standard agency physical and data security techniques, 
would be very highly tamper-resistant. 

 
The expert panel commented that the combination of these features make antineutrino 
detection a highly promising technology for safeguards applications and that 
furthermore, antineutrino detection may have particular advantages for the 
safeguarding of particular rector types.  
The safeguards measures for a number of reactor types are discussed below in more 
detail along with the perceived advantages of antineutrino detection are outlined 
below in further detail: 
 

2.1. Research Reactors 
The IAEA applies safeguards to more than 110 research reactors that are used for a 
wide variety of purposes including: material testing, radionuclide production, training 
and nuclear-physics research. The goal of safeguards at a research reactor is the 
timely detection of the diversion of nuclear material or the misuse of the reactor for 
the undeclared production of plutonium.  
 
2.1.1. Research Reactor Safeguards Approach 
The safeguards approach for a research reactor (i.e. activities the IAEA performs to 
achieve its goals) is based on the reactor's design, fuel material type, fuel inventory 
and thermal power. 
• For an inventory of unirradiated direct-use material of one significant quantity 

(SQ) or more, annual physical inventory verification (PIV) and monthly 
inspection are applied in combination of C/S if applicable. Under integrated 
safeguards and when C/S measure with remote data transmission can be used, 
random interim inspections (RII) are applied instead of monthly inspection. 
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• For an inventory of un-irradiated direct use material less than one SQ or one 
SQ or more of any other material type, an annual PIV and quarterly 
inspections are applied. If the reactor power is more than 25 MWth, advanced 
thermal-hydraulic power monitoring system (ATPM) is installed and C/S 
measures are applied where appropriate. Under Integrated Safeguards, at least 
one RII is performed instead of the quarterly inspections.  

• For an inventory of any material type less than one SQ, a PIV is performed 
once every four years. Under Integrated Safeguards the PIV is randomly 
selected with 50% probability but not less than one reactor a year in the state. 

 
The verification activities are performed based on safeguards approach for each 
reactor, in general: 
• Book auditing activities including comparison of accounting records with 

reports to the Agency and examination of operation records. 
• Verification of fresh fuel by item counting, NDA with quantitative or 

qualitative methods. 
• Verification of core fuel by item counting, NDA methods or criticality check 

where applicable. 
• Verification of spent fuel by item counting and qualitative NDA method. 
• Verification of nuclear material transfer where appropriate, e.g. fresh fuel 

receipts and spent fuel transfer. 
• Evaluation of ATPM data where applicable. 
• Evaluation of remote monitoring data where applicable.  
• Design information verification. 
• Other specific measures as appropriate, e.g. complementary access, 

environmental sampling. 
 
2.1.2. Applications of Antineutrino Detection at Research Reactors 
A straightforward application of antineutrino measurements could be to verify the 
absence of unreported production of plutonium at a research reactor over one year. 
For moderate to large research reactors, antineutrino measurement systems that are 
similar in cost and accuracy to the existing ATPM measurement system appear to be 
feasible. Antineutrino measurements would provide fissile inventory information, in 
addition to a detailed power history, while also being less intrusive (since no 
connection to plant systems required) and more tamper-resistant than the ATPM. 
While further R&D is necessary to establish robust deployment and cost-
competitiveness of the technology (a near term goal described in section 6) 
antineutrino measurements can address the Inspector Needs related to research 
reactors presented in Section 1.5, Table 2. 
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2.2. Light Water Reactors (LWRs) 
The IAEA applies safeguards to more than 160 LWRs which are the major type of 
nuclear power reactor for the production of electricity. The nuclear fuels used in the 
LWRs are Low Enriched Uranium (LEU) or MOX fuel assemblies. 
 
2.2.1. Light Water Reactor Safeguards Approach 
The safeguards approach is based on an analysis of all technically possible diversion 
paths at a facility, possible production of direct use material and on the requirements 
of safeguards 
The safeguards approach for the LWRs consists of three basic elements: 
• Nuclear material (item) accountancy, book auditing, evaluation of nuclear 

material balance annually. 
• Nuclear material verification, item counting, item identification of fuel 

assemblies, NDA measurements and examination of the integrity of the 
assembly. 

• Containment and surveillance (C/S) measures to complement the accountancy 
verification methods for core fuel and spent fuel. 

 
The following IAEA inspection activities are performed at LWRs: 
• Annual PIV and quarterly inspection are applied. Under integrated safeguards, 

annual PIV in connection to the refuelling is carried out, while there is no 
refuelling PIV is subject to random selection and random interim inspection(s) 
are applied instead of quarterly inspection. 

• Book auditing activities including comparison of accounting records with 
reports to the Agency and examination of operation records. The thermal 
power production, nuclear loss and nuclear production are also examined and 
reported. 

• Verification of fresh fuel by item counting and item identification, NDA with 
qualitative methods. 

• Verification of core fuel by item counting and identification. Under integrated 
safeguards, core fuel verification is complemented by verify the fresh and 
spent fuel inventory before and after the refuelling while the core is kept under 
surveillance. The core fuel is sealed during normal operation and between 
refuelling.  

• Verification of spent fuel by item counting and qualitative NDA method. 
• Verification of nuclear material transfer where appropriate, e.g. fresh fuel 

receipts and spent-fuel transfer. 
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• Apply C/S measures to maintain the continuity of knowledge of the MOX fuel 
assemblies received at the LWRs. 

• Design information verification. 
• Other specific measures as appropriate, e.g. complementary access, 

environmental sampling. 
 
2.2.2. Applications of Antineutrino Detection at Light Water Reactors 
For Power LWRs that are currently under safeguards using item accountancy 
supported by containment and surveillance, an antineutrino measurement system 
would provide the ability to independently measure, in near real-time, the reactor 
operational status and power history. Antineutrino measurements at LWRs can 
therefore address the Inspector Needs related to power reactors presented in 
Section 1.5, Table 2.  
In addition, an antineutrino measurement system would provide an independent and 
near real-time measure of core fissile inventory. This ability to provide information on 
core elemental and isotopic composition may be useful in situations where fuel is later 
reprocessed, as it could allow an independent means of resolving and/or detecting 
shipper-receiver differences. It may also be useful for crosschecking the consistency 
of fuel composition before and after refuelling.  
For future LWRs, antineutrino measurements should be considered as part of the 
‘Safeguards by Design’10 process. 
2.3. CANDU 
CANDU is heavy water moderated and cooled, continuous on-load fuelling power 
reactor that uses natural uranium fuel. The reactor has a large fuel inventory and the 
core is difficult to access for verification. The reactor design makes the safeguards 
approach particularly challenging.  
2.3.1. CANDU Safeguards Approach 
In additional to nuclear material accountancy measures, the safeguards approach for 
the CANDU consists of two basic elements: 
• Nuclear material flow verification using unattended instruments to confirm 

that the fuel bundles are discharged from core and transferred to spent fuel 
pond. 

• Containment and surveillance (C/S) measures to maintain continuity of 
knowledge for core fuel and spent fuel. 

 
The following IAEA inspection activities are performed at CANDU: 
• Annual PIV and quarterly inspection are applied. Under integrated safeguards, 

annual PIVs are conducted at a number of randomly selected facilities and 
random interim inspections are applied instead of quarterly inspection. 
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• Book auditing activities including comparison of accounting records with 
reports to the Agency and examination of operation records. The thermal 
power production, nuclear loss and nuclear production are also examined and 
reported. 

• Verification of fresh fuel by item counting and item identification, NDA with 
qualitative methods. 

• Verification of core fuel is accomplished by evaluate the data from core 
discharging monitor (CDM), bundle counter (BC), yes/no monitors and 
surveillance systems. 

• Verification of spent-fuel by item counting, item identification and qualitative 
NDA method. 

• Verification of spent fuel transfer to long term storage where applicable. 
• Design information verification. 
• Other specific measures as appropriate, e.g. complementary access, 

environmental sampling. 
 
2.3.2. Applications of Antineutrino Detection at CANDUs 
For onload fuelled reactors (e.g. CANDU) operating in an equilibrium condition, an 
antineutrino measurement system could be used to verify that such equilibrium 
operation is in fact occurring, as well as providing an independent and near real-time 
operational status and power indicator. Antineutrino measurements at CANDUs can 
therefore address Inspector Needs related to power reactors presented in Section 1.5, 
Table 2.  
 
2.4. New Reactor Types - PBMR 
Future reactor designs may present unique safeguards challenges for the IAEA. The 
PBMR is the most likely of these new designs to be built.  
The PBMR is a 400 MWth helium-cooled, graphite-moderated, high-temperature 
reactor that uses particles of enriched uranium encased in graphite to form fuel 
spheres or pebbles about the size of tennis balls. One fuel pebble contains a few grams 
of enriched uranium. When fully loaded, the core will contain approximately half a 
million pebbles and 5 SQs of Plutonium. On-line refuelling is a key feature of the 
PBMR. While the unit remains at full power, fresh fuel pebbles are continuously 
added at the top of the reactor. The fuel pebbles are circulated through the core before 
they reach their maximum burn up.  
Following the initial fuel loading, the PBMR will reach an equilibrium condition that 
should persist for the remainder of the estimated 40-year operating life of the reactor. 
Operating parameters should then be highly predictable when the reactor is operated 
under optimal power production conditions. Departures from these conditions may be 
viewed as potential safeguard significant events. 
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2.4.1. PBMR Safeguards Approach 
The safeguards approach for the PBMR is still under development, some potential 
diversion strategies at a PBMR facility are: 
• Irradiation of undeclared target material in or around the core. 
• Removal of fresh fuel, with or without substitution with dummy items. 
• Borrowing of fresh fuel or spent fuel from other facilities to replace the 

diverted nuclear material. 
• Removal of core fuel, with or without falsification of operating records. 
• Removal of spent fuel, with or without substitution. 

 
The following design features are taken into account in formulating the safeguards 
goals for the PBMR: 
• The fresh fuel pebbles are not identifiable as items and are stored in drums.  
• Due to the continuous on-load loading of fresh fuel and re-circulation of 

irradiated fuel pebbles, the possibility for continuous undeclared once-through 
irradiation of target material exists.  

• The core fuel will remain inaccessible for safeguards verification. 
• The core fuel inventory may only be accounted by monitoring the load-

discharge fuel operation and reactor operational parameters. 
• Individual spent fuel pebbles remain inaccessible for the duration of the 

operating life of the PBMR, once they are in the spent fuel tanks. 
• The spent fuel inventory may only be verified by a combination of spent fuel 

flow monitoring, fuel counting at the inlet of the spent fuel tanks, and external 
NDA methods. 

The safeguards goals for the PBMR are as follows: 
• Detection of Unrecorded Production of Pu or 233U: Process monitoring, 

tracking spheres and C/S measures are used to confirm that no unrecorded 
discharge from the core and removal of irradiated materials take place. 
Evaluation of fresh fuel consumption and operator's data on spent fuel burn up 
is reconciled with design information data and the declared reactor operation. 
NDA methods may be used to verify the burn-up characteristics of the spent 
fuel to provide additional assurance of the absence of unrecorded production. 

• Detection of Diversion of Fresh Fuel: Defining the fresh fuel drums as 
accountancy items at yearly physical inventory verifications (PIVs), the fresh 
LEU fuel drums are counted, weighed and verified with NDA and by 
confirming drum serial numbers.  
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• Detection of Borrowing fresh fuel and spent fuel from other facilities: 
Simultaneous PIVs, and application of C/S to detect borrowing of fresh fuel 
and spent fuel will be considered. 

• Detection of Diversion of core fuel: Since the core fuel is not available for 
verification, process monitoring, tracking spheres, NDA verification of fuel 
discharges (core discharge monitoring) and C/S measures are used to ensure 
that the irradiated fuel pebbles discharged from the core since the last 
inspection have either gone into the spent fuel tanks or have been sent back 
into the core. The record of irradiated fuel discharges and verification of these 
(e.g. through authenticated signals from operator’s and/or independent Agency 
instruments), are used to confirm the operator's records of fuel discharges 
since the last inspection. 

• Detection of Diversion of Spent Fuel: Attended and/or unattended NDA and 
fuel flow monitoring methods are used at interim and PIV inspections. C/S 
measures are applied to spent fuel tanks and other significant points where 
appropriate. 

 
2.4.2. Applications of Antineutrino Detection at PBMRs 
Antineutrino measurements provide information about the isotopic composition of an 
entire fissioning reactor core – in this sense they provide a type of bulk accountancy 
for that core. If a Bulk Accountancy safeguards system is adopted for the PBMR, 
antineutrino measurements could provide a unique means of providing such 
measurements non-intrusively and in near real-time. Antineutrino measurements of 
this type could be particularly useful for re-establishing the continuity of knowledge 
of the pebbles in an operating core, should this be lost. Deployments at research 
reactors will be of prime importance in preparing for the first deployments of 
antineutrino measurement systems at a PBMR. 
Furthermore, antineutrino measurements at a PBMR would provide an independent 
and near real-time operational status and power indicator, and can therefore address 
Inspector Needs related to power reactors that were presented in Section 1.5, Table 2. 
Since PBMR accountancy is still evolving, it is interesting to note that antineutrino 
detection provides a unique alternative approach to maintaining continuity of 
knowledge and providing other useful near-real-time safeguards information about 
PBMRs.  
 
2.5. Alternate Fuel Cycles (MOX, Thorium) 
Antineutrino measurements could assist in the safeguarding of reactors using an 
alternate fuel cycle. For example, exchange of MOX fuel for conventional LEU fuel 
may be detectable using antineutrino measurements. More studies of the various 
proposed alternate fuel cycles (e.g. MOX, thorium), as well as diversion or misuse 
scenarios will be required to quantify the applicability of antineutrino measurements. 
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2.6. Future Gen IV (LWR, FBR, etc.) 
Most of the unique capabilities of antineutrino measurements described above would 
apply to the various Gen IV reactor concepts currently under consideration. It may 
well be that antineutrino measurements, if considered early on, could both strengthen 
and streamline the safeguarding of these types of reactors. In particular, antineutrino 
measurements should be considered as part of the Safeguards by Design process. 
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3. Detector Configuration 
The overall size (footprint) of a neutrino detector is defined by the size of the inner 
volume containing the target and the thickness of the necessary shielding layers. 
The interaction rate is directly proportional to the target volume (∝Lm3 ), or more 
exactly the number of free protons in the target and decrease as the inverse square of 
the distance (Dm) between the reactor core and the neutrino detector. This can be 
approximated by the formula: 

ε×××≈ 2

3

730/ #
m

m
th D

LMWdayevent  

where the thermal power of the reactor is expressed in MW and the lengths (Lm, Dm) 
are expressed in meters; ε is the global efficiency variable and defines the neutrino 
interaction, it varies from ~15% for small size detectors to ~50% for the best studied 
configurations. 
Detector shielding is mandatory to decrease the parasitic signal which can mimic a 
neutrino interaction. The typical configuration of detector shielding consists of several 
layers of shielding material such lead, steel, polyethylene or water in combination 
with an active veto made of plastic scintillator panels. Normal shielding thickness is 
of the order of ~35cm on all sides. Actual thicknesses are optimized depending on site 
features. 
In order to ascertain approximations of the detector footprint under a range of 
conditions, two scenarios are considered: 
• one where the goal is to reach a statistical precision of 3% in the power 

measurement after one day of recording (e.g. more than 1,000 recorded 
interactions); 

• one where we aim at a fissile inventory measurement, using independent 
information on reactor power. This option requires a three times higher 
statistical accuracy that is about 50,000 recorded events within two weeks. 

 
and two reactor types on survey: 
• a research reactor of 50 MWth where we are able to place the neutrino detector 

at 10 m from the core ; 
• a typical power reactor of 1 GWel (= 3.3 GWth) where a suitable location, 

outside of the containment, is at 25 m.  
Table 3 below computes the overall detector footprint (scintillator plus associated 
shielding) from the above hypothesis assuming an average global efficiency variable 
ε = 25% and a cubic detector module. 
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 Detector 

label 
Footprint Minimum 

overburden* 
#events/
day 

Complexity Cost Time Scale to  
full demonstration  

Research reactor: 
Power only 

RRa 3.0 x 3.0 m 15 m.w.e 1000 Simple (might require 
extra 10 cm shielding 
layer) 

$75K-$150K 2009 (Nucifer, Joyo) 

Research reactor: 
Fissile inventory 

RRb 4.0 x 4.0 m 15 m.w.e 3000 Needs state of the art 
reactor monitor & 
additional shielding 

$300K-$500K 2010 (Nucifer) 

Power reactor: 
Power only 

PRa 1.7 x 1.7 m 15 m.w.e 1000 Simple $75K-$150K Capabilities partially 
demonstrated at 
SONGS 

Power reactor: 
Fissile inventory 

PRb 2.2 x 2.2 m 15 m.w.e 3000 Needs state of the art 
neutrino monitor 

$300K-$500K 2012 (Brazil, US, 
Nucifer)  

Table 3: Antineutrino detector footprint for various scenarios 
* m.w.e stands for meter water equivalent. An overburden of 15 m.w.e is provided by 7 meters of concrete. 
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 SG Application SG Measurement Detector 
Label  

LWR  
& on-load 
&  >50MWth 

• Provide agency with fuel inventory for comparison with 
declaration – may address SRD issues. 

• Verify correctness of incoming fresh fuel declaration (in-situ 
balance / verification) 

• Verify correctness of discharged spent fuel inventory/declaration 

Provide estimate of fissile content with a 
neutrino rate measurement and 
independent power measurement 
 

PRb  
 

 

5-50 MWth • Can estimate total amount of Pu produced from integral of 
neutrino rate. 

• Independently measuring daily operational history helps confirm 
legitimate operation. 

Verify status (operational / non-op)  
Possible power measurements 

RRa 

PBMR & process 
monitored 
reactors  

• Item accountancy is not applicable – bulk material accountancy 
is required. Re-establish inventory. 

Real time power monitoring. 
 

PRa, RRa  

GEN IV incl. 
Future LWRs 

• Verify that low burnup fuel is not being diverted. 
• Integrate detector into reactor construction (SG by design). 

Provide estimate of fissile content with a 
neutrino rate measurement and 
independent power measurement 

RRa, 
RRb, 
PRa, PRb 

MOX Fuelled 
reactor 

Pu disposition – MOX Fuel Cycle Provide estimate of fissile content with a 
neutrino rate measurement and 
independent power measurement 

PRb 

ALL Fissile Material Cutoff Treaty (FMCT) Provide estimate of fissile content with a 
neutrino rate measurement and 
independent power measurement 

PRb 

Table 4: Safeguards application of antineutrino detector at various reactors
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4. Summary of Completed Demonstrations of Antineutrino 
Detection for Safeguards Applications 

 
A number of practical demonstrations of the application of antineutrino detection to 
the safeguarding of nuclear reactors have been undertaken. These independent 
demonstrations are outlined below in further detail. 
 
4.1. Rovno 
Russian physicists at the Rovno Atomic Energy Station in Kuznetsovsk, Ukraine 
appear to have been first worldwide to recognize and exploit antineutrino detection as 
a tool for reactor monitoring11. In 1982, they deployed a detector at a Russian VVER-
440 pressurized water reactor, with a nominal power of 440 MW. The detector 
consisted of 1050 litres of Gd-doped organic liquid scintillator, viewed through light 
guides by 84 Photomultiplier Tubes (PMTs). A 510 litre central volume was used as 
the primary target, with a 540 litre surrounding volume, separated by a light reflecting 
surface, employed as shield against external gammas, and as a capture volume for 
gamma-rays emitted respectively by the positron annihilation and neutron capture.  
The deployed location of the detector was 18 meters vertically below the reactor core, 
providing substantial overburden for screening of muons. An active muon rejection 
system was apparently not used in this deployment. The gross average daily 
antineutrino-like event rate was 909 ± 6 per day, with a reactor-off background rate of 
149±4 events per day (i.e. a net antineutrino rate of about 760±7 per day). The 
intrinsic efficiency of the Rovno detector was approximately 30%. 
The Rovno detector demonstrated the ability to measure thermal power of the reactor 
to 2% by monitoring the neutrino production rate. In addition, sensitivity to the 
elemental and isotopic content of the core was demonstrated through the 5-6% change 
in the antineutrino rate, which matched well the predictions due to isotopic evolution 
of the core, as well as through a measurement of the variation of the antineutrino 
spectrum during the fuel cycle. The variation in spectra was most pronounced at the 
highest energies, consistent with predictions, and was consistent with the net 
consumption of 521 kg of fissile material (both plutonium and uranium) over the 
course of the fuel cycle. This matched well with an independent estimation from the 
reactor’s thermal power records of 525±14 kg.  
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4.2. SONGS1  
The SONGS1 detector operated at the San Onofre Generating Station (SONGS) from 
late 2003 until 2007. The express purpose of this detector was to demonstrate the 
feasibility of antineutrino detection in the context of IAEA safeguards.  

The SONGS1 detector comprised an approximately 
cubic meter central target, containing 0.64 tons of 
gadolinium (Gd) loaded liquid scintillator within 
four stainless steel cells. Each cell was read out by 
two 8-inch Photomultiplier Tubes (PMTs). As seen 
in Figure 1, a six-sided water/polyethylene shield 
of average 0.5 m thickness was used for passive 
shielding of neutrons and gamma-rays, and a 5-
sided muon detector was used for tagging and 
vetoing muon-related backgrounds. A total of 28 
PMTs were used to read out both the muon veto 

and the central detector.  
The detector was deployed in the Unit 2 ‘tendon gallery’, an annular room that lies 
directly under the containment dome. The gallery is 25 meters from the reactor core 
center, is rarely accessed by plant personnel, and provides a muon-screening effect of 
some 20-30 mwe (metres water equivalent) earth and concrete overburden.  
The SONGS1 detector demonstrated that stable long-term unattended operation was 
possible using a simple, low-channel count detector. With a detected signal rate of 
about 400 reactor antineutrinos per day when the SONGS Unit 2 was at full power, this 
detector had a detection efficiency of about 10%. Near real-time sensitivity to reactor 
outages was demonstrated. In addition, as shown in Figure 2, SONGS1 demonstrated 
the ability to monitor reactor power levels to better than 3% and sensitivity to fissile 
content.12,13. In this case, the sensitivity to fissile content was only extracted through 
the change in the overall event rate due to the fuel evolution, which could be as much 
as 12%. With this method, the amount of 239Pu being produced or removed from a 
reactor could be constrained to the 100 kg level.14  

 
Figure 2: Results from SONGS 1. The daily average antineutrino rate (left) shows clear 
correlation to the reactor power setting while the monthly antineutrino rate (right) shows the 
evolution due to changes in the fissile content from burn up. 
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4.3. KASKA prototype 
A large Japanese collaboration (Tohoku Univ., Niigata Univ., Tokyo Metropolitan 
Univ., Tokyo Inst. of Tech., Kobe Univ., Tohoku Gakuin Univ., KEK, Hiroshima 
Inst. of Tech., Miyagi Univ. of Education) used a prototype detector to measure the 
antineutrino flux from Joyo Fast Reactor during 2006-2007. The detector was a 
prototype of the “KASKA” detector which is being built to precisely measure various 
neutrino oscillations using antineutrinos generated by Kashiwazaki-Kariwa, the 
world's most powerful nuclear power station.  

The detector can be seen in Figure 2Figure 3, it consisted 
of, 0.9m3 Gadolinium doped liquid scintillator, a UV-
transparent acrylic sphere with diameter 1.2m and 16 
eight inch photomultiplier tubes (PMTs) for photon 
detection. 
The Joyo Fast Reactor is an experimental reactor used to 
obtain various data for the development of fast reactor 
technologies, which is operated by JAEA (Japan Atomic 
Energy Agency). The fuel is Uranium-Plutonium Mixture 
oxide with approx. 18wt% of enriched U and approx. 
23~30wt% of Pu. The maximum thermal power is 
140MW.  

Figure 3: The prototype KASKA antineutrino detector 
 
The KASKA prototype deployment was one of the first antineutrino detectors to be 
placed above ground without associated overburden. It was placed just outside the 
reactor containment at approximately 25 m from the reactor core. The detector was 
shielded by ~6mm lead sheets, ~5cm thick paraffin blocks and also made use of 
several large plastic scintillators to veto the cosmic-ray muons. 
Due to a much higher than expected background (Figure 4), the initial experiment was 
unable to distinguish between reactor on and off periods. However, a number of 
important lessons were learned for future above ground deployments; it will be 
necessary to employ improved shielding and cosmic ray veto to decrease cosmic 
muon background; it will be necessary to improve pulse shape discrimination to 
improve the fast neutron background and by reducing dead time in the electronics this 
should lead to a reduced detector chamber footprint. 

 
The KASKA team is confident that by 
utilizing these improvements, the 
performance of the neutrino detector 
should improve significantly and neutrino 
detection for power monitoring at small 
power reactors should be possible by 
above ground deployment. 
 

Figure 4: Measured energy spectrum of background data and its expected component. 
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4.4. Addressing Safety Issues 
The primary disadvantage of many of the previous antineutrino detectors is the use of 
liquid organic scintillators. For example, the scintillator used in SONGS1, Bicron 
BC525, has a relatively high toxicity and is slightly flammable, with a flash point of 
80°C. In addition, the use of a liquid medium requires special care to prevent any 
spillage or leakage and, in the current design, necessitates onsite assembly of the 
device. Though SONGS1 has demonstrated non-intrusive and safe operation, there is 
the concern that the use of the flammable liquid would impose some safety burden on 
the operator and inspector. 
To better address these possible safety concerns, the Nucifer project enlisted the 
CEA/SENAC division, specialized in nuclear safety, to perform a generic safety 
impact study on power nuclear reactors. The SENAC performed a risk analysis based 
on the MOSAR (Method Organized for a Systematic Analysis of Risk) methodology. 
The Nucifer detector will be composed of 1.5 m3 of gadolinium doped liquid 
scintillator (with a flash point above 80°C) enclosed in a double steel vessel, 
surrounded by 30 cm of lead/polyethylene shielding. Readout will be achieved with 
16 PMTs separated from the liquid by a 25 cm acrylic plate. The whole detector 
volume will be kept under nitrogen atmosphere. The analysis showed that the risks are 
concentrated on the integration phase due to the tens of tons of detector materials. 
During operation of the detector, all risks have been mitigated due to the safety-by-
design concept of Nucifer. The study concluded that the overall impact of a liquid 
scintillator based neutrino detector to the power plant safety would be negligible. 
As an alternative method of avoiding the possible safety concerns with liquid 
scintillator, a more recent effort at SONGS has demonstrated antineutrino sensitivity 
with a non-toxic plastic scintillator based detector. While using the same deployment 
in the unit 2 tendon gallery, the total combustible inventory was reduced by about 

30%. In addition, the modules of the plastic detector 
were able to be assembled remotely and transported 
and installed with relative ease. It should be noted 
that these detectors did show a slight reduction in the 
overall detection efficiency due to the detector 
design and the plastic scintillator proton density. 
However, the plastic detectors were clearly able to 
demonstrate sufficient sensitivity to the antineutrino 
signature to suggest that future designs would be 
able to satisfy the needed safeguards goals 

Figure 5: Plastic Scintillator 
used at SONGS  
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5. Planned Demonstrations that Address the Future 
Development Goals 

 
A number of groups are planning demonstrations of antineutrino detection technology 
over the coming years. The results of these demonstrations will provide further 
information on the effectiveness of the technique for safeguards purposes. The forms 
of these prototypes are briefly outlined in the following sections. 
 
5.1. The Nucifer Project 
The Nucifer project is a collaboration between the Commissariat à l’énergie atomique 
Direction des sciences de la matière (CEA/DSM), the CEA Direction des application 
militaires (CEA/DAM) and the Centre national de la recherche scientifique – Institute 
national de physique nucléaire et de physique des particules (CNRS-IN2P3). The 
project will construct and operate an antineutrino detector to ascertain the 
effectiveness of the technology for safeguard purposes. The detector design is simple 
to construct, integrate, and will ultimately be operated by non-specialists. 

The detector is monolithic, with a small surface to 
volume ratio favouring high detection efficiency. 
The collection of the scintillation photons from the 
top lid of the detector removes any contact between 
PMTs and liquid thanks to an acrylics buffer. This 
concept satisfies tough fire safety requirements since 
the detector interior is always kept under nitrogen 
atmosphere. The overall footprint of the detector, 
including shielding, is 3 m × 3 m. The total weight, 
dominated by the shielding, is 30 tons. 

Figure 6: Schematic of the Nucifer Detector 
 
Because Nucifer will be installed at shallow depths (a few meter of concrete), cosmic 
rays and their associated secondary particles induce the major sources of background 
(fast neutrons, spallation products and accidental events).  
Therefore several hermetic layers of shielding protect the target volume: 
• An adjustable dense shield (lead or steel) to reduce the external gamma 

background. The width ranges from 10 cm for an installation at a commercial 
reactor to 20 cm in the case of the Osiris research reactor. 

• A low-Z is mandatory to absorb the thermal neutrons or thermalize the fast 
external neutron flux. It is composed of 15 cm polyethylene doped with boron.  

• A muon Veto surrounds the detector components. It consists of plastic 
scintillator panels read by PMTs. 
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After initial tests underground in spring 2009, the Nucifer detector will be placed at 
6 m from the core of Osiris – a 70 MW research reactor at CEA-Saclay – at the end of 
2009. During the following months the detector is expected to record neutrinos at a 
rate of 1500 neutrinos per day. A shutdown of the Osiris reactor is foreseen in spring 
2010 allowing a good study of the background. Then the Nucifer detector will be 
relocated at another research reactor, the ILL at Grenoble to record antineutrinos 
spectrum resulting from pure 235U fission. Later, it is expected to install the detector in 
the vicinity of a commercial power plant. 
 
5.2. The Angra Project 
The project is being developed by the ‘reactor neutrino physics group’ at the Centro 
Brasileiro de Pesquisas Físicas, Brazil. The detector will be placed at the Angra 
Nuclear Power Plant located in Angra dos Reis, approximately 150km south of Rio de 
Janeiro. The power plant is a complex of two operational reactors Angra I (2GWth, 
83% uptime) and Angra II (4GWth, 90% uptime). A third unit Angra III, has recently 
been approved for construction. The project aims to install a standard ‘3 volume’ 
detector (similar to the Double Chooz detector) at the bottom of a 10 m shaft located 
around 60 m from the Angra II reactor core. 

A) Target (R1=0.5m; h1=1.3m) 
            Acrylic vessel + liquid scintillator (Gd) 
B) Gamma-Catcher (R2=0.8m h2=1.9m) 
            Acrylic vessel + liquid scintillator 
C) Buffer (R3=1.4m; h3=3.10m) 
            Steel vessel + mineral oil 
D) Vertical Tiles of Veto System 
E) X-Y Horizontal Tiles of Veto System 
            Plastic scintillator paddles 

Figure 7: The Angra below-ground detector module 
 
Local above-ground radiation background measurements are currently being 
undertaken including detailed investigation of the cosmic muon flux. These 
measurements will guide the shielding strategies for the above-ground antineutrino 
detector which will run in parallel with the below-ground detector. Alternative 
designs for the detector construction are presently under consideration. The final 
design shall necessarily be a compromise taking into account the experiment goals 
and the possibilities of construction authorized by the power plant operator. The 
above ground detector location shall be situated at 25 m from the Angra II core. 
Discussions for a dedicated experimental room in Angra III, as close as possible to the 
reactor core, are already in progress with the power plant administration 
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5.3. The SONGS Project 
In addition to the ongoing SONGS1 deployment mentioned in section 4.2, the 
SNL/LLNL collaboration is actively pursuing technologies which could allow 
operation of antineutrino detectors in aboveground locations. Aboveground detection 
is a challenge because of the backgrounds induced by cosmic rays. For inverse-beta 
detectors, the correlated event rate at sea-level increases substantially relative to a 
shallow underground detector. Above ground detection requires developing more 
sophisticated means for rejecting or screening out backgrounds, without inducing 
unacceptably high detector deadtime. To achieve this, improved detector designs and 
technologies are being attempted, including the use of segmented plastic scintillators 
and less familiar technologies such as water-Cerenkov detectors and coherent scatter 
detectors. Future deployments of these technologies are under development and 
results are expected within the next 2 or 3 years. 
 
5.4. The EARTH Project 
The Earth AntineutRino TomograpHy (EARTH) collaborationiii aims at creating a 
high-resolution 3D-map of the radiogenic heat sources in the Earth’s interior by 
direction-sensitive antineutrino detection. The project intends to work along two 
parallel research and development routes both of which will have direct benefits for 
reactor safeguards. One route foresees the building a detector system similar to that 
developed by Lawrence Livermore and Sandia National Laboratories (see Section 4.2 
for further information), and demonstrate its operation at the Koeberg Nuclear Power 
Plant. This route is clearly aimed to prepare for the monitoring of the PBMR test 
reactor at that site.  

The second will be to continue the EARTH work to make 
a compact modular detector system, based on Boron 
loaded scintillation materials and up to date fast digital 
pulse and pulse shape analysis systems. This may allow 
antineutrino position determination based on arrival time 
differences. For the safeguarding aspects this also implies 
the construction of a future detector with a smaller 
footprint. 
 
 

 
 
 
 
 

                                                 
iii www.geoneutrino.nl 

Figure 8: A schematic of the 
EARTH detector module 
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5.5. The DANSS Project 
The project by ITEP (Moscow) and LNP JINR (Dubna) is being realized under 
support of RosAtom Corporation (Russia). The aim is to develop a Detector of 
AntiNeutrino based on Solid Scintillator (DANSS). The system will be fabricated and 
tested at the Kalininskaya Nuclear Power Plant (KNPP). The detector consists of 2304 
plastic scintillator cells 4×1×96 cm3 covered with a thin Gd-containing light reflecting 
layer. Each cell reads out individually to a Silicon PhotoMultiplier (SiPM) via a WLS 
fiber. It is planned to use either Russian SiPMs (MRSAPD) or Hamamatsu SiPMs 
(MPPC). 

The module is comprised of 32 cells 
which are read out by a small PMT (via 
additional WLS fibers). Six X-modules 
and six Y-modules intercross (Figure 9) 
and form an independent section which 
can be operated and tested independently. 
 

Figure 9: Schematic of the orthogonal  
modules of the plastic detector. 
 
An outer bearing frame of a section is made of radio-pure electrolytic copper and thus 
shields the sensitive part against insufficiently pure components of front-end 
electronics placed outside the frame. A stack of 6 sections is surrounded with 10 cm 
of lead (gamma-shielding), 10 cm of borated polyethylene (neutron shielding) and 3 
cm plastic scintillator plates (cosmic muon shielding). 
Coincident signals from X- and Y-PMTs play a role of a “hard trigger” starting 
digitization of all PMT and SiPM signals of the fired modules. PMT-signals provide 
information on the energy deposit in the modules, whereas SiPM-signals provide a 
space pattern of this deposit and thus allow distintion between an electron-, positron-, 
neutron- and gamma- events. The detector will be placed under the 3 GWth reactor of 
KNPP, 12 m from the core, where the reactor itself, as well as its shielding and 
technological equipment, being above the detector, corresponds to an overburden of 
50 m w.e. Being exposed to the antineutrino flux of 3.7×1013 ν/сm2s-1, the detector is 
expected to register about 7000 events per day. At present the R&D stage is almost 
finished with the installation of the first section planned in 2009. The entire 
spectrometer is scheduled for completion in 2011. 
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6. Future Developments for Incorporation of Antineutrino 
Detection Technology into Safeguards 

 
This report illustrates the rapid development in the last five years of antineutrino 
detectors for the monitoring of reactors for safeguards purposes. The technology has 
reached a level of maturity where integration in the safeguards regime can be 
realistically envisaged. 
 
However, there remain a number of technical limitations that prevent immediate 
incorporation such as: 
 
• The toxicity and flammability of (liquid) scintillator materials; 
• Shielding against cosmic background; and 
• The physical footprint of the detectors. 

Experts expressed a good level of confidence that these issues could be overcome 
with sufficient development. It should be noted that there has been relatively little 
innovation the field of scintillator materials in the last 50 years and the expected 
improvements forthcoming in this area such as new materials, better light collecting 
techniques and improved signal processing will have a positive impact on the above 
limitations. 
In order to provide an outline roadmap for deployment of antineutrino detectors for 
safeguards purposes, the following sections provide short and medium term goals for 
the antineutrino detection community. 
 

6.1. Short Term Goals: 
 
In order to meet the stated needs of safeguards inspectors regarding research reactors 
(section 1.5) in the short term (1-5 years) the following near term R&D and 
safeguards analysis goals are proposed:  
1. Demonstrate a low cost and simple power monitoring detector for research 

reactors, and perform a comparative study of the utility of such a detector for 
future research reactors. A simple and useful performance standard for such a 
detector is to achieve precision on integrated fissile power sufficient to 
establish that a significant quantity of plutonium has not been produced within 
the timeliness criterion set by the IAEA for a given research reactor. This 
performance standard is in many cases more relaxed than the 2-3% precision 
already achieved in past safeguards antineutrino detector deployments, and is 
likely to be achievable in the short term with a robust detector. 

2. Demonstrate power and/or fissile content monitoring against a wider range of 
research reactors. Both capabilities respond to a stated IAEA need based on 
surveys of IAEA experts (as described section 1.5). 
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Similarly, in order to meet the stated needs of safeguards inspectors regarding power 
reactors (section 1.5) in the short term (1-5 years) the following near term R&D and 
safeguards analysis goals are proposed:  
 
1. Perform a safeguards analysis of the possible application of antineutrino 

detection to bulk process reactors (e.g. PBMR). This will necessitate  
a. The use of computer simulations to understand these and other reactor 

and fuel designs.  
b. As an interim step deployment at on online fuelled reactor such as a 

CANDU should be considered. 
2. Demonstrate robust long term burnup monitoring of power reactors with an 

easily deployable detector that is acceptable to the safeguards agency and 
reactor operators. Among other criteria, the definition of robustness should 
include the ability to relocate the detector via normal commercial freight 
channels, without special placarding or otherwise onerous shipping 
requirements. Further work is needed to confirm long term monitoring 
capability with a robust detector such as the plastic designs (though other 
designs may also work, including non-toxic and high flashpoint liquid 
designs), while suffering little or no compromise in performance over a fuel 
cycle. Such a demonstration can certainly be accomplished in less than five 
years with suitable support from member states.  

The Experts group also proposed the following important general goals:  
1. Additional deployments at power and research reactors to provide further 

validation of the effectiveness of antineutrino detection for reactor monitoring. 
2. Continued close dialogue between the expert and user community to enhance 

understanding of end-user needs and expectations. IN the view of the 
workshop participants, this dialog is an essential step in the understanding 
whether the safeguards benefit of antineutrino detectors is worth the overall 
cost of deployment, including the cost implied by any required changes to 
existing IAEA protocols.  

3. Build a wider expert base in simulations to ensure proper development and 
validation of codes. These codes should provide a validated and integrated 
simulation packages for monitoring fissile content through the antineutrino 
signature.  

4. Provision of information as appropriate by reactor operators to provide source 
terms and benchmarking data for the antineutrino simulations goal above. 

5. Provision of information as appropriate by reactor operators and the IAEA 
concerning viable deployment locations for antineutrino detectors, whether 
above or below ground.  
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6.2. Medium Term: 
 
If the above near-term goals are met, it is the opinion of the workshop conferees that 
antineutrino detectors will have demonstrated utility in response to the stated 
inspector needs in some specific areas of reactor safeguards. To further expand the 
utility of antineutrino detectors, several useful medium term (5-8 year timeframe) 
R&D and safeguards analysis goals are proposed.  
1. Above ground deployment. Above ground deployment will enable a wider set 

of operational concepts for IAEA and reactor operators, and will likely expand 
the base of reactors to which this technology can be applied;  

2. Provide fully independent measurements of fissile content, through the use of 
spectral information. This will allow the IAEA to fully confirm declarations 
with little or no input from reactor operators, purely by analysis of the 
antineutrino signal; 

3. Develop improved shielding and reduced detector footprint designs, to allow 
for more convenient deployment. Current footprints are of order 2-3 meters on 
each side; modest reductions in footprint would expand the general utility of 
antineutrino detectors. .In this regard, a possible deployment scenario is 
envisaged where the component parts of the detector, shielding and all 
associated electronics are contained within a standard 12 metre ISO container, 
facilitating ease of movement and providing physical protection to the 
instrument. It should be noted that due to size and weight restrictions of ISO 
containers (approximately 25,000 kg net load) the detector footprint, including 
shielding would still be constrained to under 2.4m x 2.6m x 3.0m, (it should be 
noted that this has already been achieved in the SONGS and Rovno below-
ground deployments). That this goal is sufficient to provide a robust 
capability, but is not necessary to achieve utility and robust deployment in 
specific areas.  
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7. Conclusions  
 
The workshop reached the following conclusions: 
 
• Antineutrino detectors have unique abilities to non-intrusively monitor reactor 

operational status, power and fissile content in real-time, from outside 
containment; 

• Several detectors, built specifically for safeguards applications, have 
demonstrated robust, long-term measurements of these metrics in actual 
installations at operating power reactors, and several more demonstrations are 
planned; 

• Implementation in safeguards regimes can be aided by further input from 
IAEA on the needs at specific reactors; 

• The detector design is sufficiently robust and mature as to allow a reusable 
module to be developed that could be adapted to specific reactors; 

• These new metrics appear to have considerable promise in reactor safeguards 
regimes, especially in bulk process and safeguards by design approaches for 
new and next generation reactors; 

• Meetings between IAEA and Experts are essential for determining relevance 
of this to safeguards and paths forward for refining requirements for the R&D 
community; 

• Cost and footprint are important considerations to the end-user. 
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8. Recommendations 
 
The following recommendations were made by the workshop: 
 
Recommendation 1 
Because antineutrino detectors uniquely offer the prospect of monitoring bulk process 
reactor systems that can’t be handled by current item accountancy SG regimes, we 
recommend that the IAEA to consider this approach in your current R&D program for 
safeguarding bulk-process reactors. 
Recommendation 2 
The IAEA should also consider antineutrino monitoring in Safeguards by Design 
approaches for power and fissile inventory monitoring of new and next generation 
reactors. 
Recommendation 3 
Working through the member state support programs, there should be further 
interaction between IAEA and the research community, including regular 
participation of IAEA safeguards departmental staff into international meetings such 
as the Applied Antineutrino Physics conferences (AAP). 
Recommendation 4 
The Expert group invites the IAEA safeguards departmental staff to visit currently 
deployed and planned neutrino detection installations for safeguards. Such visits will 
provide insight to the IAEA on the practical aspects of deployment, and will give the 
community much needed feedback on safeguards relevance and future directions. 
Recommendation 5 
We recommend that the IAEA work with experts to consider future reactor designs, 
using simulation codes for reactor evolution and detector response that already exist. 
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Appendix A – Agenda 

 
Tuesday, 28 October                              A0742 

09:00 – 09:45 Introductory Talk for Agency Personnel on Neutrinos (A. Bernstein. 
LLNL, USA) 

10:00 – 10:15  Welcoming Address (M. Zendel, Acting Director SGTS, IAEA ) 
10:15 – 10:45 Introduction of participants (all) 

� Objectives of meeting (J. Whichello, IAEA)  
� Elect Chairperson and rapporteur 

10:45 –11:00 Coffee Break 
11:00 – 11:20 IAEA Safeguards Presentation (A. Monteith, SGTS, IAEA) 
11:20 – 11:50  Antineutrino Flux from a Research and Isotope Producing Facility - A 

Case Study for Determining Detector Requirements (G. Jonkmans / 
R. Didsbury, AECL, Canada) 

11:50 – 12:20 The Nucifer Neutrino Detector for Thermal Power Measurement and 
Non Proliferation (Th. Lasserre, CEA, France) 

12:20 – 13:15 Lunch 

13:15 – 13:50 Reactor Neutrino Spectra and Nuclear Reactor Simulations for 
Unveiling Diversion Scenarios (D. Lhuillier, CEA, France / M. Fallot, 
Subatech, France) 

13:50 – 14:25 Direction-Sensitive Monitoring of Nuclear Power Plants (R. de Meijer, 
Stichting EARTH foundation) 

14:25 – 15:00 Finnish know-how, Infrastructure and Activities Relevant to the 
Development of Antineutrino Detection Technologies for Safeguards 
Purposes (W. Trzaska, Univ. of Jyväskylä, Finland) 

15:00 – 15:15 Coffee Break 
15:15 – 15:50 The Angra Neutrino Project: Present Status (J dos Anjos, CBPF, 

Brazil) 
15:50 –16:25 Study of Neutrino Detection from Joyo Fast Research Reactor 

(F. Suekane, Tohoku Univ., Japan) 
16:25 – 17:00 SONGS1: A prototype detector for safeguards applications 

(N. Bowden, LLNL, USA) 
17:00 – 17:35 A Plastic Scintillator Antineutrino Detector for Reactor Monitoring and 

Safeguards (D. Reyna, SNL, USA) 
17:35 – 17:50 Wrap up 
18:00 – 20:00 Buffet Reception in Cocktail Lounge 

Agenda  
Focused Workshop on Antineutrino Detection for Safeguards 

Applications, 28-30 October 2008 
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Wednesday, 29 October                              A0742 

09:00 – 09:35 Current IAEA Reactor Power Monitoring Techniques (J. Whichello, 
SGTS, IAEA) 

09:35 – 09:50 Reactor classes and Power Ratings (T. Moriarty, IAEA) 
09:50 – 10:00  Setting the scene for round table discussion 
10:00 – 10:30 Role of antineutrinos 
10:30 – 11:00 Coffee Break 
11:30 – 12:30 Role of antineutrinos 
12:30 – 13:30  Lunch 

13:30 – 13:45 Setting the scene for trade-off studies 
13:45 – 15:15  Cost v Complexity v Sensitivity 
15:15 – 15:30 Coffee Break 

15:30 – 17:00 Prioritization of SG applications and integration studies (taken from previous sessions) 
17:00 – 17:30 Discussion freeze 
 
 
 
 

Thursday, 30 October                              A0742 
9:00 – 10:00 Feedback Session 

• Issues arising from roundtable 
• Questions / Answers 

10:00 – 11:00 Round Table Discussion (cont.) 
11:00 – 11:15 Coffee Break 
11:15 – 12:30 Drafting Meeting Report 
12:30 – 14:00  Lunch  

14:00 – 15:30 Drafting Meeting Report (cont.) 
15:30 – 16:10 Tour of Remote Monitoring and Training Facilities 
16:10 – 16:30 Chairman’s Report 
16:30 – 17:00 Final Recommendations 
17:00 – 17:15 Closing Remarks 
17:30 Meeting Adjournment 
 
 



 

37 

Appendix B – Participants List 
Country Title First Name Last Name Email  
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BRZ Mr. Ernesto  Kemp kemp@ifi.unicamp.br 
CAN Mr. Rick  Didsbury  didsburyr@aecl.ca 
CAN Mr. Guy  Jonkmans jonkmansg@aecl.ca 
CAN Mr. Rick Kosierb Rick.Kosierb@cnsc-ccsn.gc.ca 
EC Mr. Hamid Tagziria hamid.tagziria@jrc.it 
FIN Mr. Timo Enqvist timo.enqvist@oulu.fi 
FIN Mr.  Tapani Honkamaa tapani.honkamaa@stuk.fi 
FIN Mr. 

Wladyslaw 
Henryk Trzaska trzaska@phys.jyu.fi 

FRA Mr.  Michel Cribier michel.cribier@cea.fr 
FRA Ms. Muriel  Fallot muriel.fallot@subatech.in2p3.fr 
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JPN Mr. Fumihiko Suekane suekane@awa.tohoku.ac.jp 
NET Mr.  Rob  de Meijer rmeijer@geoneutrino.nl 
USA Mr. Adam Bernstein bernstein3@llnl.gov 
USA Mr. Nathaniel  Bowden nbowden@llnl.gov 
USA Mr. James Lund jlund@sandia.gov 
USA Mr. David Reyna reyna@hep.anl.gov 
USA Mr. Klaus Ziock ziockk@ornl.gov 
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IAEA-SGTS Mr.  Anthony Belian A.Belian@iaea.org 
IAEA-SGTS Mr. Michael Farnitano M.Farnitano@iaea.org 
IAEA-SGTS Mr. Andrew Hamilton A.Hamilton@iaea.org 
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38 

Appendix C – End-user needs gathering process 
Part of the NTU’s remit is to match inspector needs with technological solutions. As 
part of this task the unit hosted an internal needs gathering workshop in August 2007.  
The objective of the that needs gathering workshop was to identify emerging and 
future inspection implementation needs through working group activities, particularly 
those covering the implementation of safeguards for strategically important nuclear 
fuel cycle (NFC) processes. These were defined as Conversion, Reprocessing, 
Research Reactors, Enrichment, Power Reactors and Geological Repositories and 
formed the basis of the 6 working groups. 
The workshop brought together 40 Agency personnel from all SG Department 
Divisions as well as the Safeguards Analytical Laboratory (SAL) and the Office of 
Nuclear Security (ONS) 
Participants were asked to consider four ‘key questions’: 
• What inspection activities do you need to do, but are currently not able to 

undertake, when implementing safeguards at declared and undeclared 
facilities/sites/locations? 

• What safeguards activities are you currently performing for which safeguards 
effectiveness could be improved through the application of another type of 
tool or method? 

• What safeguards activities are you currently performing for which safeguards 
efficiency could be improved through the application of another type of tool or 
method? 

• What problems and needs do you foresee as being necessary for the 
implementation of safeguards in the future? 

 
Over 170 comments were collected, relating to improvements to inspection 
implementation. Upon analysis of the raw comments, several recurring trends and 
subject areas emerged. For three of these areas it was consider that LIBS could 
provide a technical solution, these were: 
• Improvements to in-field measurements and environmental sampling; 
• Improvements to the monitoring of the status of activity in a Hot Cell; 
• Improvements to the monitoring of process stream at declared facilities. 
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