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An Integrated Ap proach for Determining Plutonium Mass in Spent Fuel Assemblies with 

Nondestructive Assay 

Martyn T. Swinhoe, Stephen J. Tobin, Mi ke 1. Fensin and 
Howard O. Menlove 

Los Alamos National Laboratory 

Abstract - There are a variety of reasons for 
quantifying plutonium (Pu) in spent fuel. Below, 
five motivations are listed: 

(1) To verify the Pu content of spent fuel 
without depending on unverified 
information from the facility, as requested 
by the IAEA ("independent ver ification"). 
New spent fuel measurement techniques 
have the potential to allow the IAEA to 
recover continuity of knowledge and to 
better detect diversion. 

(2) To assure regulators that all of the nuclear 
material of interest leaving a nuclear facility 
actually arrives at another nuclear facilil}' 
("shipper/r eceiver" ). Given the large stockpile 
of nuclear fuel at reactor sites around the 
world, it is clear that in the coming decades, 
spent fuel will need to be moved to either 
reprocessing facilit ies or storage sites. 
Safeguarding this transportation is of 
significant interest . 

(3) To quantify the Pu in spent fuel tha t is not 
considered "self-p rotecting." Fuel is 
considered self-protecting by some regulatory 
bodies when the dose that the fuel emits is 
aboH a given level. If the fuel is not self­
protecting, then the Pu content of the fuel 
needs to be determined and the Pu mass 
recorded in the fllcility's accounting system . 
This subject area is of particular interest to 
facilities that have resea rch-reactor spent fuel 
or old Iigbt-water reactor (LWR) fuel. It is also 
of interest to regulators considering changing 
the level at whicb fuel is cons ide red self­
protecting. 

(4) To determine the input accountability value at 
an electrochemical processing fa cility. It is not 
expected that an elec trochemical reprocessing 
facility will have an input accountability tank, 
as is typiCllI in an aqueous re processing 
facility. As such, one possible means of 
determining the input accountability value is 
to measure tbe Pu content in the spent fuel 
that arrives at the facility. 

(5) To fully understand the composition of t he fuel 
in order 10 efficiently and safely pack spent 
fuel into a long-term repOS iIOr)! . The "IDA of 
spent fuel can be part of a system that cost­
effectively meets the burnup credit needs of A 

repository. 
Behind each of thut: reasons is a regulatory structure 
with :\1C&A requirements. In the case of the IAE 
the accountable quantity is elemental plutonium. 
The material in spent fuel (fiss ile isotopes, fission 
products, etc.) emits signatures that provide 
information about the content and history of the fuel . 

A " ariety of nondestructin: assay (1\DA) techniques 
are available to quantify these signatures. The effort 
presented in this paper is investigation tbe capabilities 
of lZ J\DA techniques. For these 12, none is 
conceptually capable of independently determining 
the Pu content in a spent fue l assembly while at the 
sam e time being able to detect tbe diversion of a 
significant quantity of rods. For this reason tbe 
authors arc investigating the capability of 12 NDA 
techniques with the end goal of integrating a few 
techniques together into a system that is capable of 
measuring Pu mass in an assembly. 
The ' ''ork described here is the beginning of what is 
anticipa ted to be a fin year effort: (I ) two years of 
modeling to select the best technologies, (2) one yur 
fabricating instruments a nd (3) two years measuring 
spent fuel. This paper describes tbe firs t two years of 
tbis work. 
In order to cost effectiYelv and robustly model the 
performance of the 12 NDA technique;, an "assembly 
libra ry" was created . The library contains the 
following: (a) A dh'ersc range of PWR spent fuel 
assemblies (burnup, enrichment, coolin/: time) similar 
to tbat whicb exists in spent pools today and in tbe 
future. ( b) Dinrsion scenarios that capture a range of 
possible rod remo\'al options. (c) The spatial and 
isotopic detail needed to accurately quantify the 
capability of al/ tbe NDA techniques so as to enable 
integration. (It is our intention to make this librarv 
available to otber r esearchers in the field for inte r-' 
comparison purposes). The pe rformanc e of eacb 
instrument will be quantified for tbe full assembly 
library for measurements in three different medi~: 
air, water and borated water. 

The 12 ~DA techniques being researched are the 
following: Delayed Gamma, Delayed :'ieutrons, 
Differential Die-Away, Lead Slowing Down 

pcctrometer, "'eutron Multiplicity, :'iuclear 
Resonance Fluorescence, Passive Prompt Gamma, 
Passive "'eutron Albedo Reactivity, Self-integration 
l'ieutron Resonanc e Densitomet rv, Total Neutron 
(Gross l'ieutron), X-Ray Fluores~ence, 25Zcr 
Interrogation with Prompt Neutron Detection . 

Index Terms - fis sile mater ial, gamma measurement, 
neutron measurement, plutonium, non-proliferation 
safeguards 

I. INTRODUCTION 

There are a variety of reasons for quantifying 
plutonium (Pu) in spent fuel. Below. fi ve 
motivations are listed: 

( I) To veri fy the Pu co ntent of spent fuel 
without dependi ng on unveri fled information 
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from the facility, as requested by the lAEA 
("independent verification"). }; ew spent fuel 
measurement techniques have the potential 
to allow the IAEA to recover continuity of 
knowledge and to better detect diversion 

(2) To ass ure regulators that al.1 of the nuclear 
material of interest leaving a nuclear facility 
actually arrives at another nuclear facility 
("shi pper/ receiver"'). Given the largc 
stockpile of nuclear fuel at reactor sites 
around the world, it is clear that in the 
coming decades, spent fuel will need to be 
moved to either reprocessi ng faci I ities or 
storage sites. Safeguarding this 
trallsportation is of signiticant interest. 

(3) To quantify the Pu in spent fuel that is not 
cons idered "self-protecting." Fuel is 
consi dered self-protecting by some 
regulatory bodies when the dose that the fuel 
emits is above a given level. If the fuel is not 
self-protecting, then the Pu content of the 
fuel needs to be determined and the Pu mass 
recorded in the facility's accounting system. 
This subject area is of particular intercst to 
facil ities that have research-reactor spent 
fuel or old I ight-water reactor (L WR) fuel. It 
is also of interest to regulators considering 
changing the level at which fuel is 
considered sci f-protecting. 

(4) To determine the input accountability value 
at an electrochemical processing facility. It 
is not expected that an electrochemical 
reprocessing facility wiJl have an input 
accountability tank, as is typical in an 
aqueous reprocessing facility. As such, one 
possible means of determining the input 
accountability value is to measure the Pu 
content in the spent fuel that arrives at the 
facility. 

(5) T o fully understand the composition of the 
fuel in order to efficiently and safely pack 
spent fuel into a long-term repository. The 
N [)A of spent fuel can be part of a system 
that cost-effectively meets the burnup credit 
needs 0 f a repository. 

Behind each of these reasons is a regulatory 
structure with MC&A requirements. In the case of 
the IAEA, the accountable quantity is elemental 
plutonium. Also, the determination of the 
plutonium (Pu) content in spent fuel by means of 
nondestructive assay (NDA) was identified in 
recent safeguards research and development review 
(Advanced Fuel Cycle Facility Working Group, 
Enhancement Study of the Safeguard Campaign) as 
a top priority [ I]. The material in spent fuel (fissile 
isotopes, fission products. etc.) emits signatures that 
provi de information about the content and history 
of the fuel. A variety of nondestructive assay 
CNDA) techniques <Ire available to quantify these 
signatures. The effort presented in this paper is 

investigation the capabilities of 12 DA 
techniques. For these 12, none is conceptually 
capable of independently determining the Pu 
content in a spent fuel assembly while at the same 
time being able to detect the diversion ofa 
significant quantity of rods. For this reason the 
authors are investigating the capability of 12 l\DA 
techniques with the end goal of integrati ng a few 
techniques together into a system that is capable of 
measuring Pu mass in an assembly. 

The research plan to determine Pu mass in s pe llt 
fuel that started in early 2009 is nominall y a live 
year effort and is part of the.';cxt Generation 
Safeguard Initiative [2]. 

J[. MLTt-IODS 
The 12 N DA techniques being pursued arc the 
following: Delayed Gamma [3 ]. De layed Neutrons 
[4], Differential Die··Away DDT [5] , Lcad Slowing 
Down Spectrometer LSDS[6],[7]. Neutron 
Multiplicity [8], N uclear Resonance Fluorescence 
NRF [9], Passive Prompt Gamma r IO], Passive 
Neutron Albedo Reactivity Pi'\AR [ 10],[ 11 l.[ 12]. 
Sci f-integration Neutron Resonance Densi tometry 
SI NRD [13],[[4] Total l eutron (Gross Neutron) 
[2], X-Ray Fluorescence [J 5], 252er Interrogation 
with Prompt \ieu tron Detection. T hese techniques 
vary greatly in maturity and the amount of previous 
research work carried out. They were selected as 
having reasonable potential to give a value fer the 
plutonium in a spent fuel assembly - either alone or 
in combination with another technique. A brief 
description of each technique can be found in [16] 
and the references given above describe the 
techniques in more detail. 

Ill. APPROACH 
The first stage of this project is to make a 
simulation study of the performance of a ll of the 
selected instruments using MCN PX [1 71. In general 
a balanced approach combining measurements and 
modeling is desirable. Measurements keep the 
modeling grounded in reality and modeling gives 
researchers confidence that the basic physic~ is 
understood correctly and allO\-vs cost-effective 
refinement of a concept. However. in the case of 
determining the Pu mass in spent fuel, there are 
several reasons to emphasize modeling up front: (I) 
the need to integrate among techniques, (2) the high 
cost of measuring spent fuel. (3) the number of 
viable techniques. and (4) the promise of 
quantifying simple scaling laws. 
In order to determine the composition of the target 
assemblies. ::l spent fuel library with a range of 
representative PWR fuel assemblies has been 
created using Me PX/C IND ER [18]. This includes 
typical initial enrichment. burnup and cooling time 
as well as assemblies from which pins have been 
removed (diversion cases). Then for each 
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instrument. a Monte Carlo model wi II be creatcu 
and the ins trument response will be calculated for 
all of the cases defined in the spent fuel library. In 
this way we will quantify the performance of each 
instrument for systematic standardized comparisons 
between all the instruments. 

IV . SPE IT FUEL LIBRARY AND TOOLS 
The spent fuel library was based on an infinitely 
reflected 17x 17 Westinghouse fuel assembly. The 
cases include 2%,3%,4%, and 5% initial 
enrichment burned to 15,30,45, and 60 GWd/tU , 
with cooling times of I and 4 weeks, and 1, 2, 5, 
20, and 80 years. There are 64 standard assembly 
cases with an additional 40 cases representing 
potential diversions of pins. All the rods in this fuel 
assembly ,lrc in the process of being modeled with 
high spatial resolution (several cells in the radial 
direction) and isotopic resolution (fission fragments 
most notable poisons). These results of this 
modeling effort are available for interested parties 
in other laboratories who may wish to test the 
performance of their measurement techniques on 
this standard set of materials. 

Because cf the large number of individual cases, a 
program was written to automate data transition 
from the spent fuel output files to the fixed source 
instrument input files. The user interface for 
diversion scenario creation using the Burnup 
Automation MC PX File data Retrieval Tool [19J 
is shown in Figure I . 

Figure I Creating Diversion Scenarios with the 
Burnup Automation MCN PX File data Retrieval 

Tool 

V. I STR MENTS 
We are in the process of creating models for the 
different instruments that would be used for each of 
the techniques. Some examples of the conceptual 
intruments are shown in Figures 2 and 3. J n each 
case the model tries to incorporate the practical 

detai Is of the system. For exampl e if there is an y 
structure of a neutron generator that would affect 
the neutron transport, then it is included. 

Figure 2. Delayed Neutron Detector 

• 

Figure 3. Conceptual Differential Di -away 
Detector 

For the active techniques the status and likel y 
developments of the neutron and gamma sources is 
taken into account in order to determine the 
performance of the instrument. 

VI. RESULTS 
The results from the individual systems are being 
presented at various conferences. O ne paper on the 
Nuclear Resonance Fluorescence technique is being 
presented at this conference [20J. Papers on the 
detai Is of the data processing and on the delayed 
neutron techniques and the differential die-away 
technique will be presented at the Global 2009 
conference in Paris in September 2009 [21],[121. A 
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paper on the SINRD technique was presented at the 
ESARDA cOTlference iTl May 2009 [23]. 

VII.COMBINING TECIl NIQUES 
The following discussion is not intended to be a 
comprehcnsi ve discussion of how various 
techniques could be combined. It gives some 
examples of how the different instruments could be 
combined. 

• 

• 

• 

• 

Delayed oamma measurements can give 
. b 235 239p d the relative amount of U, u an 

241 Pu. This would help any of the 
techniques measuring fissile content such 
as delayed neutron, DDT, coincldence 
counting and PNAR since these techniques 
need to sep~rate the relative contribution 
from Pu and U isotopes to the totJl fissile 
content. Delayed gamma measurement 
could work particularly well with delayed 
neutron and DDT since an active 
iTlterrogatiOTl system already exists. 
Delayed neutron and DDT complement 
each other in that both measure fissile 
content but the delayed neutrons 
measurements emphasize the presence of 
nU while DDT emphasizes the presence 
of fissile Pu. It should be possible to 
unfold the U from the Pu in fissile content. 
Furthermore. both techniques need a 

, . 235 
strong neutron generator. Assummg U 
aTld Pu n'ec",. can be determined by 
combining both these techniques, 
determining elemental Pu will require 
knowledge about the relative isotopic 
concentration among the Pu isotopes that 
can be determiTlcd from burnup code 
results or from an extensive experimental 
data base or NRF. 
LS DS, like the fissile content based 
techniques, needs burnup information in 
order to determine elemental Pu from 

235 239p d 241 P Th knowledge of U, u an u. e 
total neutron counting for burnup 
determination is already built into the 
LSDS system. The ability to detect both 
fissile U and Pu should reduce the 
uncertainty in the burnup codes involving 
the amount of the initial enrichment and 
irradiation history. 
An efficient 3He tube based PNAR system 
can do coincidence analysis at two 
different neutron energies (above I eV and 
for the entire energy spectrum). Since the 
coiTlcidence analysis can quantify 
multiplication and this is a function of 
neutron energy. it is likely that additioTlal 
iTlformation about the fissile content can 
be unfolded from the coiTlcidence couTlting 
analysis. PN AR, like LSDS and the fissile 
content based techniques, needs burnup 

• 

• 

• 

and cooling time mformation in or;.iCi to 
determine elemental Pu. 
NRF, if it were able to measure the ratio of 
all the Pu isotopes. would replact: ihe need 
for burnup codes and cooling time 
information for the fissile content and 
LSDS techniques. Since the NRF 
technique is unproven at this ti me. the role 
of burnup codes and cooling ti me 
information was stated as required above. 
Furthermore, if the NRF technique 
performs favorably, it would be possible to 
change the interrogating source for both 
the delayed neutron and DUT techniques 
to use photofission instead of neutron 
induced fission. However, penetrability of 
the photons may be an issue for fuel 
assemblies. 
Passive Gammas may be used to quan~ify 
the relative number of fissions from 2),U 
as compared (0 239pU during irrad iatIOn for 
the first few decades after leaving the 

. h 154 E . reactor prOVided t e " U IS strong 
enough. However, the initial U enrichment 
wi I j be needed to interpret the fission 
product ratios. This information is of value 
to the techniques measuring fissi Ie content 
such as delayed neutron, DDT. 
coincidence counting and f'1 AR. 
SINRD would help any of the techniques 
measuring fissile content such as dclayed 
neutron, DDT. coincidence counting and 
PNAR.Combining SINRD with burnup 
information fj'om total neutron counting 
would allow the total fissile content from 
Pu to be determined (2J9P\1 + 241 PU). 
XRF would be of value to the techniques 
measuring fissile content such as delayed 
neutron. DDT, coincidence counting and 
PNAR. KnO\vlcdge of the Pu to U rat io in 
the edge of a rod should assist in de­
convolving the Pu fissile content from the 
U fissi Ie content. 

VIII. SUMMARY AND CONCLl 'SIONS 
This paper has presented the outline of a project to 
make a systematic evaluation of the methods to 
measure the plutonium content of spent fuel 
assemblies. The project consists of an evaluation of 
the methods using modeling. followed by 
construction and practical testing of an optimized 
instrument using a combination of methods. The 
modeling phase is well under way. A liarary of 
representative PWR assemblies has been creatc:d 
using MCNPX-Cr ·DER. This library represl!nts 
the isotopic composition of the assemblies with a 
range of initial enrichment. burnup and cooling 
time. The library provides a description of the 
target assemblies to be measured and also includes 
assemblies with various pins replaced to represent 



Swinhoe et al. Presented at A N fMMA Conference 7-10 June. 2009, Marseilles France. 

di vers ion scenarios. This library is available for the 

use of other interested parties. The models of a 

number of instruments have been produced and the 

calculated performance is being presented at a 
numbe r of conlt:renees. Any collaboration in lhis 

stage of the project, such as calculalions made with 

the standard library and different instruments or 

variants of the abovc instruments would 

significantly enhance its value. The calculations for 

all instruments are proceeding and the next s tep is 

to de termine an optimum combination of 

techniques for experimental testing. The testing 

would ideally be done on fuel that has well known 

plutonium content and/or the possibility for pin 

removal. Such opportunities are limited and 

cooperation with suitable facilities is very desirable 

also in the experimental phase. 
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