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EXECUTIVE SUMMARY 

The goal of this study is to determine the signatures that would allow monitors to detect 
diversion of nuclear fuel (by a diverter) from a storage area such as a geological 
repository. Due to the complexity of operations surrounding disposal of spent nuclear fuel 
in a geologic repository, there are several places that a diversion of fuel could take place. 
After the canister that contains the fuel rods is breached, the diverter would require a hot- 
cell to process or repackage the fuel. A reference repository and possible diversion 
scenarios are discussed. 

When a canister is breached, or during reprocessing to extract nuclear weapons material 
(primarily Pu), several important isotopes or signatures including tritium, 85Kr, and '291 are 
released to the surrounding environment and have the potential for analysis. Estimates of 
release concentrations of the key signatures from the repository under a hypothetical 
diversion scenario are presented and discussed. 

Gas analysis data collected from above-ground storage casks at Idaho National 
Engineering and Environmental Laboratory (INEEL) Test Area North (TAN) are included 
and discussed in the report. In addition, LANL participated in gas sampling of one TAN 
cask, the Castor V/21, in July 1997. Results of xenon analysis from the cask gas sample 
are presented and discussed. 

The importance of global fallout and recent commercial reprocessing activities and their 
effects on repository monitoring are discussed. Monitoring and instrumental equipment 
for analysis of the key signature isotopes are discussed along with limits of detection. A 
key factor in determining if diversion activities are in progress at a repository is the 
timeliness of detection and analysis of the signatures. Once a clandestine operation is 
suspected, analytical data should be collected as quickly as possible to support any 
evidence of diversion. 

CONCLUSIONS AND RECOMMENDATIONS 

The conclusions and recommendations resulting from this study are summarized below. 

0 Estimates of release concentrations from the repository were made. The estimations 
indicate that particulate emissions from attempts to reprocess spent fuel to obtain a 
significant quantity (SQ) of plutonium can be removed from the exhaust emissions 
from an underground repository by simple HEPA filtration techniques. Removal of 
the 85Kr from the stack emissions will be more difficult. A "Kr removal process that is 
99.99% efficient may still leave enough 85Kr in exhaust air to be detected by sensors 
placed in the exhaust stack. 

Gas phase analysis of data collected periodically at the INEEL TAN facility indicate 
that stack monitoring has a limited chance of detecting "Kr resulting from the opening 



of a cask in an underground facility. The probability of detection of the "Kr is a 
fbnction of the leakage rate of the pins in the cask, the air flow through the repository, 
and the sophistication of the attempts to prevent the "Kr from escaping via the stack. 
It appears that any signature from 14C and tritium will be more difficult to detect than 
the "Kr signature. It is also easier to remove 14C and tritium from the air than it is to 
remove "Kr from the air. This study also indicates that there will probably not be a 
significant 12'1 signature in stack gas effluents associated with the opening of casks that 
contain undamaged pins. 

Further conclusions drawn from the INEEL data indicate that if the repository is 
equipped with a fbel element conditioning facility where damaged fbel elements are 
conditioned and repackaged, the "Kr effluent from this operation may be much greater 
than the 85Kr release from opening a cask underground. Distinction of the "Kr release 
from these two different activities requires detailed operational knowledge of the 
repository where the process is conducted. The differentiation of these two activities 
is beyond the scope of this study. 

0 The xenon measurements made on the INEEL TAN Castor V/21 cask were highly 
successfbl. They were the first experimental evidence that fissiogenic xenon was 
present in the helium blanket inside Castor V/2 1. The amount of fissiogenic xenon 
was so small that it could not have been detected if the cask had been back-filled with 
air instead of helium. This suggests that searching for evidence of the opening of a 
cask in an underground repository by monitoring the stack emissions for stable xenon 
fission products will probably not be successfbl. 

0 Global fallout contains many of the same radionuclides that are contained in the spent 
he1 elements that will be stored in repositories. Global fallout background defines the 
lower limits for detecting anthropogenic radionuclides in the environmental samples. 
Global fallout is not homogeneous and the fallout produced by individual atmospheric 
nuclear tests was not distributed uniformly over the surface of the earth. Once the 
global fallout was deposited on the surface of the earth, it may have undergone 
additional fractionation by geochemical or biological processes. Therefore it is 
necessary to characterize the global fallout in the vicinity of the repository before it 
receives the first shipment of spent fuel elements and before attempts are made to 
detect diversionary activities via environmental sampling. These background 
concentrations may degrade the measurement limits of the instrumentation being 
considered, and they should also be taken into consideration in the development of a 
Quality Assurance/Quality Control program for in-situ and off-line monitoring. 

The opening of storage casks at the repository or the reprocessing of spent fuel at the 
repository will probably produce radioactive signatures that are much smaller than 
those produced by the large reprocessing facilities. The magnitude of the signatures 
will be a function of the activities performed at the repository. Opening a storage cask 
and removing spent fuel for diversion to another location will produce a much smaller 
signature than reprocessing the spent he1 within the facility. The technology applied 



to the diversionary attempts will greatly affect the signatures produced. Air emissions 
can be greatly reduced by installation of HEPA filters in the exhaust system. 
Emissions can also be reduced by installation of scrubbers, and the rare gas emissions 
can be reduced by cryogenic scrubbing techniques. The anthropogenic radionuclide 
content in the aqueous emissions can be significantly reduced by processing the 
effluent waters by flocculation techniques or by passing the waters through ion 
exchangers . 

0 If the repository is in the vicinity of a nuclear reactor, reprocessing facility, or nuclear 
weapons testing site, there may be additional radionuclides in the environment that are 
directly attributable to those facilities, The impact of these facilities on the 
environment cannot be reliably predicted. The anthropogenic signatures from large 
reprocessing facilities that have operated for decades define the largest environmental 
signatures that may interfere with attempts to detect reprocessing of spent fuel in 
repositories. Nuclear reprocessing facilities release radionuclides into the environment 
that can be detected above global fallout background for hundreds of kilometers. 
Effluent from these reprocessing facilities may be detected at monitoring sites adjacent 
to repositories. Detection of these effluents can lead to false positive results that 
indicate proliferation activities at the repository. If the repository is located adjacent 
to an active reprocessing facility, the emissions and environmental signature of the 
reprocessing facility may overwhelm the anthropogenic radionuclide emissions from 
the repository. If this occurs, it will be difficult to detect any attempts to open casks 
and remove stored fuel elements from the materials stored in the repository. 

0 Testing and long-term evaluation of in-situ sensors for repository monitoring is a key 
factor. The volatile nuclides that may be possible to detect (3H, 85Kr, and 1291) are 
weak p-emitters and could be detected as a group. Key concerns are stability and 
reliability, sensitivity, and the incidence of false positive and false negative responses. 
Based on the results of this study, analysis of "Kr may provide the best chance to 
detect a suspected diversion operation. 

Another issue is sampling for off-line analyses. Although analytical methodologies are 
well-developed for practically every nuclide expected to remain after 20 years, the 
reliability of the analytical result is dependent on sample collection and the steps taken 
to ensure sample integrity. The development and testing of sample collection methods 
are areas for future investigation. The quality assurance and chain-of-custody 
procedures to maintain sample integrity are well-documented and already in place at 
the IAEA and would only need to be adapted to this particular problem. 

0 The last issue of concern is developments in new technology. A striking example here 
is the current emphasis on the development of fieldable mass spectrometers. Such 
instruments are potentially robust, both mechanically and in terms of analytical 
performance, and may be suitable for direct, on-line monitoring of repository sampling 
ports. It will be essential to follow new developments in instrumentation, particularly 
for in-situ monitoring, but also to reduce the time and costs associated with 



traditional, off-line methods of analysis. Monitoring an opedclosed repository will 
continue for many years and new more accurate techniques and equipment to detect 
undeclared activities will require substantial research and development efforts. 

In conclusion, analysis of air and soil samples near a repository for certain key signatures, 
particularly *'Kr, in conjunction with global fallout data and background data has the 
potential to detect unauthorized diversion of spent nuclear &el. There are methodologies 
that are ready for testing as in-situ repository monitors. Sampling methods will need to be 
developed for off-line laboratory analyses. Finally, the development of new analytical 
technology will need to be monitored, and new instruments will require testing and 
evaluation as appropriate. 



1. Introduction 

The direct disposal of spent nuclear fuel in a geologic repository is an important part of 
the end of the nuclear fuel cycle. Spent fuel will be conditioned or packaged for disposal 
at a geologic repository rather than reprocessed to recover plutonium and other elements. 
Even if reprocessing is done, certain spent fuel may be uneconomic to reprocess. 

In order to insure proper safeguards at a repository, the following activities will be 
required: 

0 Environmental sampling within the repository to veri5 the absence of 
undeclared activities (i.e. reprocessing) during the operational phase and 
closure phase, 
The use of remote monitoring equipment, and 
Enhanced gathering and analysis of information on the country’s nuclear 
activities . 

0 

0 

Unique system specifications will be required for final disposal of spent fuel because of the 
length of time the system must fbnction with minimal maintenance and attention often in 
remote areas. 

1.1 SAGOR Objectives 

This document summarizes the efforts performed by Los Alamos National Laboratory 
(LANL) under LANL task C.90 “Environmental Monitoring of Cask Opening.” The 
scope of this task is to identi5 the relevant isotopes (or signatures) and analytical methods 
for signature identification to detect unauthorized cask openings. This task was initiated 
in response to the IAEA in conjunction with the ongoing task C 799, “ Programme for 
Development of Safeguards for Final Disposal of Spent Fuel In Geological Repositories 
(SAGOR).” For practical reasons, SAGOR has been divided into 10 separate activities 
(see Appendix 1). The final task is compilation of an integrated report. The subject of 
this report, is “Capability of Environmental Sampling to Detect Undeclared Cask 
Openings,” which supports Task 4 of the SAGOR program. 

The ultimate objective of safeguards, i.e. “the timely detection of diversion of significant 
quantities of nuclear material from peacefbl nuclear activities to the manufacture of 
nuclear weapons or of other nuclear explosive devices for purposes unknown, and the 
deterrence of such diversion by early detection,” will require all aspects of SAGOR. 
Development of methods and equipment to detect the undeclared or unauthorized opening 
of casks to permit removal of fuel elements with the intent to process spent fuel to recover 
plutonium will be a key factor of this program. 



1.2 Scope of Work 

This report describes a typical geologic repository, where it is anticipated that spent 
reactor fuel and possibly other nuclear waste such as high level waste (HLW) will be 
conditioned and stored on a long-term basis. The various components of the repository 
are described to provide background information and to indicate areas within the 
repository where diversion may occur. This topic is the subject of SAGOR Activity 1 .2 

The handling and disposal of spent fuel is summarized in Figure 1 .3 The figure shows the 
fuel path from the reactor core to disposal in the repository, but the primary interest to 
SAGOR begins below the horizontal dotted line. The activities within a repository are 
graphically illustrated to show the movement of spent fuel within the confines of a 
repository that also includes a conditioning facility. Opportunities for unauthorized 
diversion of the spent fuel occur at almost every stage in the process. The unauthorized 
diversion scenarios are summarized in this report. More description and detail on 
diversion scenarios are the topic of SAGOR Activity 2.4 

Important isotopic signatures that would be expected to be present from spent reactor fuel 
that might be detected from stack emissions and/or other media and could be used as 
indicators of unauthorized diversions are identified. A comprehensive signature list was 
developed based on the half life and stability of the isotope. This list was then narrowed 
to provide a more selective list of isotopes. Analysis techniques with which the isotopes 
could be detected are provided and the type of media (e.g. air, water, or particulate) 
where the isotope may be found. Using the computer program RADDB, and specified 
burnup values, isotope concentrations are estimated as a function of time for several 
reactor types.’ Pathways of escape in a diversion scenario are considered and estimates of 
concentrations of the key isotopes in air and the surrounding area are made. 

In another study, Idaho National Engineering and Environmental Laboratory (INEEL) has 
been monitoring long-term storage of reactor fuel and waste in above-ground storage 
casks at their Test Area North (TAN) Operations. They periodically sample the gas-phase 
from these storage casks and analyze the gas for various radiolysis products. Data is 
presented and discussed based on samples collected at the TAN operation in 1994, 1995, 
and 1996. More recently, LANL was able to participate in the sampling program with 
INEEL in July 1997 and collected some gas samples for analysis. The casks were not 
opened to analyze the contents, but that may be a possible future activity at TAN. 

Lastly, the report focuses on repository monitoring. First global and local background 
considerations are discussed. Then instruments and instrumental methods used to monitor 
the signatures are discussed along with the need for developing more accurate instruments 
in the fkture. This discussion is based primarily on the‘ analysis of tritium, Kr, and 12’1 

isotopes. 
85 



Access to Separate I Cask Handling or I Cans / Assemblies 
Assemblies I Fuel Operation 1 in Closed Containers 

................................... 
SAGOR Consideration 

Buffer Storage 

hound Surface 

Spent Fuel Movement 

Separate assemblies stored in storage rack under water. 

Separate assemblies, closed cans, or rods moved under water. 

Separate assemblies stored in a dry storage vault. 

Separate/restructured/conditioned assemblies or rods moved in air. 

A shielded caskhshielded canister stored including cans or assemblies. 

Rods stored in a closed can moved in air. 

Figure 1. Movement of spent reactor fbel during spent fbel disposition. This diagram was 
adapted from Figure 1.1 - 1 in reference 3 .  



2. Repository Description 

The reference repository is described by D. M. Wuschke in SAGOR Activity 1 .2 The 
overall process of geological disposal consists of the following activities: 

0 Selecting and characterizing a suitable site, 
0 Design and construction of the repository, 

Receipt of the he], 
0 Emplacement of the containers deep underground in disposal rooms or 

boreholes, 
Backfilling and sealing the repository, 

0 Decommissioning and closure of surface facilities, and 
0 Facility monitoring between stages and after closure. 

During a pre-operational phase, environmental sampling of the undisturbed site is 
desirable, but some activities may have already occurred to the extent that it is impossible 
to obtain baseline measurements for environmental monitoring. During the pre- 
operational phase, design information verification is emphasized. The pre-operational 
phase ends when the first container arrives at the site. 

Once the facility is operational, all access points and penetrations should be monitored. 
An operating facility will have excavation of drifts, emplacement operations, and sealed 
filled drifts operating simultaneously. Containers received at the facility may be fbrther 
processed, i.e., conditioned before emplacement into the facility occurs. 

2.1 Repository Layout 

Typically a repository will be a stable geological formation to provide long-term isolation 
of radionuclides from the biosphere. It is assumed that the repository will be accessed by 
connections to major highway and rail systems. In the operational phase of the repository 
which may last for 20 to 70 years, there will be a reception area for the spent fuel or waste 
which may be above or below ground. The geologic media of the repository may include 
clay, crystalline rock, salt, and tuff. Few sites are expected to be completed before the end 
of 2020, but Germany, Sweden, and the USA intend to start disposal by the end of 2010. 
The disposal sites range in estimated capacity from 2,000 to 200,000 tons of uranium and 
20 to 2,000 tons ofplutonium.2 

The repository will have a large number of disposal rooms, access tunnels, shafts or ramps 
for surface access, ventilation shafts, and surface and underground support facilities. The 
disposal rooms may be on a single level, but could be on two or more levels if needed. 
Some states intend to dispose of spent hel, high level waste (HLW), and possibly Low 
and Intermediate Level Waste (LILW) in the same repository. In the reference repository, 
the containers are disposed in boreholes in the floor, with rooms arranged in panels with 
common access tunnels. 



The reference repository has five shafts for underground access: 1) a waste shaft for cask 
transport, 2) a service shaft for worker, equipment, and material access, 3) a downcast 
ventilation shaft, 4) an upcast ventilation shaft, considered potentially radioactive and 
HEPA filtered, and 5 )  an upcast ventilation shaft for excavation. In addition, during 
operation, a retrieved-container transfer facility may be needed located underground with 
a hot cell equipped to open and remove fie[ from a damaged or poorly performing 
disposal container. Also needed is a cask storage buffer area prior to emplacement of the 
cask in the facility. The emplacement of the fuel will be several hundred meters below the 
surface. The characteristics of repository designs for six countries are shown in Table 1 .2 

2.2 Spent Fuel Conditioning 

The spent nuclear fuel that arrives at the repository may be in several forms and may 
require further treatment before final disposal in the repository. During treatment at the 
repository with an onsite or co-located conditioning facility, the need for monitoring the 
Special Nuclear Material (SNM) content of the fuel is required and is the subject of 
activities 6a and 6b of the SAGOR p r ~ j e c t . ~  Verification measurements will be performed 
as part of routine safeguards activities at the facility. In designing the safeguards 
measures, verification of declared data is logically followed by containment and 
surveillance ( U S )  to maintain continuity of the verified knowledge. In an open repository, 
use of the C/S methods is also required. As the fuel passes through these various places in 
the facility and possibly is repackaged, several opportunities for diversion exist. 

In this SAGOR task it has been assumed that when entering a geological repository, all 
spent fuel will be in closed, welded, and/or sealed disposal containers upon which 
adequate verification has been performed at the time of loading and that the continuity-of- 
knowledge has been maintained since the time the container was loaded. 

At the conditioning facility, spent fuels will be transferred into a hot cell for further 
processing. The types of fuel may include: 

Intact fuel assemblies, 
Defective fuel assemblies, or 
Containers of damaged/defective fuel rods. 

In the hot cell, the fuel may be processed using the following procedures: 

0 

Encapsulation of intact fie1 assemblies into the disposal cask, which requires 
no dismantling or disassembly. 
Encapsulation of disassembled fie1 components into canister and subsequent 
encapsulation into the disposal cask. Depending on the operational 
requirements, fuel and non-fuel bearing components will be separated. 
Disassembled fuel components will be divided into smaller pieces before 
placing into the disposal cask. 



Table 1. Characteristics of Disposal Geology and Repository Design for Six Countries? 
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Encapsulation of waste generated by the process into the disposal cask 
together with other material with the same specifications. 

2.3 Spent Fuel Characteristics 

Typical spent fuel parameters for five different fuel types are shown in Table 2. The Table 
was compiled by D. M. Wuschke for Activity 1 of the SAGOR project.2 A wide range of 
spent fuel characteristics are shown, with burnup values from 6.5 to 160 GWdMg, 235U 
enrichment from natural to 93%, and significant differences in physical dimensions. 

2.4 Spent Fuel Containers 

As stated before, some states intend to dispose spent fuel, high level waste (HLW) and 
possibly low and intermediate level waste (LILW) in the same repository. The disposal 
containers for the spent fuel and the two types of waste would be designed differently. 

Characteristics of disposal containers for five countries are summarized in Table 3.2 The 
basic unit handled in the repository will be the disposal container. When not within a 
shielded facility, the disposal container is enclosed in a re-usable disposal container cask. 
Spent fuel is normally not present in the repository except within the disposal container. 
However, the size and mass of the fuel affect the design of the containers and container 
casks. 

2.5 Summary of Repository Design Parameters 

An excellent summary table assembled by D. M. Wuschke is included as reference in 
Appendix 2.2 The table shows the effects of the various parameters and considerations in 
designing a repository and how they affect measurements, monitoring potential, and 
safeguards. The data in the table show that the design and operation of the repository will 
affect potential diversion scenarios as well as the ease with which monitoring equipment 
may be installed or operated to detect unauthorized diversions. 

3. Diversion Scenarios 

A significant quantity (SQ) of nuclear material is the approximate quantity of nuclear 
material where, taking into account any conversion processes involved, the possibility of 
manufacturing a nuclear explosive device cannot be e~c luded .~  For plutonium the 
significant quantity is 8 kg total element. Most containers will contain at least one SQ and 
some will contain more. Once a container is opened, it is likely that all of its contents will 
be removed. Within a repository, the contents of a breached container could be processed 
in a quickly-constructed hot cell with filtered air diverted or recirculated to the repository. 
A false-wall could be used with a semi-permanent hot cell constructed that would be 
concealed with similar environmental isolation. 



Table 2. Characteristics of Spent Fuel Intended for Direct Disposal? 
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Total activity (Cilkg) 

Decay heat (Wkg) 

Fuel enrichment 

after 10 years 320 

after 10 years 2.3 

0 initid % 2 3 5 ~  3.0-4.4 
0 after irradiation % 235U 0.8-1.22 
Plutonium content after 

BWR THTRI HTR-500 RMBK 
HWR- 
CANDU 

1000 100-900 3001500 100011500 

447 49.5 NIA" 1006 

14-15.3 

8.1-10.3 6 (sphere)' 7.9 

250-307 16.6-24.7 NIA 185 
172-194 13.4-19.8 11 130 
47-64 19-37 NIA 18 

27.5-40 6.5-8.1 80-160 25 
50 10 3 213 6 ?b 

290 84 ? ? 

2.2 0.22 ? ? 

2.5-3.5 0.71 9319.1 2.0-22 
0.8-1.0 0.205-0.282 80180.1 1 

irradiation 
0 kglassembly 3 -5 1.2-2.0 0.06-0.08 N/A ? 
0 kglfuel rod 0.014 0.022 0.002-0.004 NIA ? 

0 Fuel assembly 2-3 4-7 100-120 NIA ? 
0 Fuel rod 560 3 60 4000 NIA ? 

No. of items per SQ of Pu 

a N/A = not applicable 
? = information not available 
The US HTR uses fuel beads (microspheres) in rods, instead of the 6 cm diameter pebbles used in 
German reactors. 



Table 3. Characteristics of Currently Considered Disposal Canisters? 

l- Type of Fuel 

Dis osal Canister 
Titanium 

0 Self-Shyded I 
Mass of FueV 
Canister (M ) 
Assemblies/ 
Canister 

I 5x104 
Surface Dose Rate 
(mSv/hr) 
Pu content (kg, approx.) 5 

a Swedish and Finnish canisters are cl 
required to protect operating personnel. 
reference canister design is not availabl 
? = not available. 

I Sweden 
Germany 

LwR I -  l L w R  
I I 

Steel I Steel I Copper/ 

64 I 55.0 I 18.5-22 
Yes Yes no" 
30 1.7 1.5 

8PWR 8400 8-12BWR 
24 BWR 4 PWR 
<0.2 ? ? 

30 ? 14 

.ssified as unshielded because ad1 
Belgium canisters are not incluc 

I United States 
Finland 

I I 
Copper/ I Copper/ I Steel 

21 I 16.5 
no" I no" I no 
2.8 I 2.4 I 16.4h4.6 

11BWR 11WER upto21/ 
up to 44 

80-270 
200 200 120-290/ 

20 14 100-150/ 
80-144 

itional radiation shielding is 
ed in this table because a 



3.1 Diversion Methods and Locations 

Possible diversion scenarios were analyzed as part of the SAGOR program under Activity 
Z4 The relevant portion of that analysis reduces to the type of diversion, the identification 
of the locations from which a diversion may take place, and the method of concealment. 

Potential diversions identified in that report include diversion of a full cask, a full 
container, individual fuel assemblies, or rods. The most likely scenario was found to be 
the diversion of a full cask or canister. It was thought that in the case that a cask was to 
be opened and fuel removed, that the diverter would most likely remove most or all of the 
contents, rather than just one or two fuel assemblies. 

As shown previously in Figure 1, there are numerous locations from which a diversion 
could take place in the spent fuel handling process. Several opportunities exist for 
diverting fuel in the repository depending on the location of the containers and stage of 
emplacement, Diversion could occur while the fuel is being transported, temporarily 
stored, undergoing conditioning, or after emplacement in the repository. The diverted 
spent fuel could be used at a clandestine reprocessing facility with the intent to 
manufacture a nuclear explosive device. The diversion would be expected to be concealed 
in some way by falsification of records and reports, defeat of containment and 
surveillance, and replacement of nuclear material with dummy material. Possibly the 
easiest diversion scenarios would be above ground, but they may be more difficult to 
conceal. 

The first opportunity for diversion would be in a conditioning facility co-located with the 
repository or onsite with the repository. During conditioning it is likely that a container 
will be opened to repackage or consolidate the fuel, which would allow the diverter ready 
access to the fuel. Once a container is opened for the purpose of diversion, substitution of 
dummy material is possible and highly likely. Having a conditioning facility located on-site 
may make it easier to divert fuel, since background radiation levels would be expected to 
be higher than if the conditioning facility were not present. 

A similar scenario exists when the container is in buffer storage waiting emplacement in 
the facility or has been emplaced, but the emplacement room has not been sealed. Once 
the container is in buffer storage or emplacement, breaching the container is required. 
This scenario would require a temporary or undeclared hot-cell facility, retrieved container 
facility, or mobile containment vessel. If the fuel is reprocessed in place, volatile gas and 
contamination control would be required to hide the activities. 

Once the container has been emplaced in the facility, the diversion methods may change 
depending on whether the facility is open or closed. The container can be hoisted to the 
surface, to an adjacent mine, or through an independent borehole, to have the contents 
removed and processed. If the material is processed in an undeclared underground 
facility, the recovered plutonium and/or uranium would be diverted or transported to the 
surface with disposal of waste materials in the underground facility. 



3.2 Monitoring for Diversion Activities 

During operation of the repository, the facility will require monitoring and alarms, along 
with routine inspections. When the facility is closed, the rooms may be backfilled and 
sealed, or sealed with cement walls to prevent disturbances. In either case, seismic 
monitoring, monitoring of air shafts, satellite surveillance, and periodic inspections of the 
closed facility will be required for any suspected diversion activities. Satellite monitoring 
is needed to discover new buildings, equipment, or activities in the area that might be 
associated with mining activities. Seismic monitoring would be used to hrther 
substantiate these type of activities. Visits to the site will provide additional information 
and may also reveal any concealed activities. Visits also provide the opportunities to 
collect samples and retrieve data from any on-site monitoring equipment. 

Monitoring an opedclosed repository will continue for many years and new more accurate 
techniques and equipment to detect undeclared activities will require substantial research 
and development efforts. 

4. Identification of Radionuclides 

The main issue of this study is whether there are key radionuclide signatures that are 
detectable in high enough concentrations to indicate that a diversion activity is in progress 
or has taken place in a repository. This section identifies key signatures that might be 
detected. A comprehensive signature (or isotope) list is first generated followed by 
elimination of some of the isotopes to generate more selective and usable lists. Next, 
burnup data for spent nuclear fuel from PWR, BWR, and CANDU reactors is used to 
obtain isotope concentrations in the spent fuel as a hnction of decay time. Finally a basis 
is provided and estimates are made of the amounts of these key isotopes that would be 
released during a diversion activity and whether detection by current monitoring 
techniques is possible. 

4.1 Identification and Consolidation of Possible Radionuclide Signatures 

Using data available at LANL, a comprehensive list of radionuclides expected to be in 
spent nuclear he1 after 20 years decay time was prepared based on isotope stability and 
half-life. Table 4 shows the results of this compilation. Half lives are expressed in years 
(a), days (d), or seconds (s). 

Once this table was developed, consideration was then given to consolidate this list into a 
more usable form by eliminating isotopes to simplifL subsequent calculations and analyses. 
Table 5 shows the suggested list of radionuclides to delete from Table 4 along with the 
reason for deleting a particular isotope. 



Table 4. List of Radionuclides Remaining in 20 Year Old Reactor Fuel Rods. 

Radionuclide Half Life 
3H 12.3a 

"Na 2.6a 
I4C 5 . 7 ~  103, 

26Al 7.3 105, 

3 ~ 1  3 105, 
'%i 7.6 104, 

32s i - 3 2 ~  100a, 14.3d 

6oco 5.2a 
63Ni 1 OOa 
" ~ n  243.8d 

79Se-79Br 6.5 x lo4,, 4.86s 

82Kr stable isotope 
83Kr stable isotope 
84Kr stable isotope 
85Kr 10.7a 
86Kr stable isotope 
9 0 ~ r  29. la 

slKr 2.1 105, 

9 3 ~ 0  3.5 103, 

9*rC 2.1 105, 
93Zr-93Nb 1.5 x 106a,16.1a 

1°7pd-107Ag 6.5 x 106a 
108mA 130a 
'@Cd 462.0d 
IIoA 249.8d 
II3Cd 14. la 
IIhSn 293d 
I2'Sb 2.8a 

133Ba 10.5a 
1 2 4 - 1 3 6 ~ ~  Stable 

l3'CS 2.3 x 106a 
137cs 30.2a 
Is3Gd 24 1.6d 
Is4Eu 9.8a 
"'Eu 4.7a 

1.6 107, 1291 



Table 4 (continued). List of Radionuclides Remaining in 20 Year Old Reactor Fuel Rods. 

Radionuclide 
1 6 3 ~ ~  

192 Ir 
2 l h l g i  

210Po 

2 3 5 ~  

' 9 4 0  

234U 

236u 

238u 

239Pu 

242Pu 
Pu 

237Np-u3pa 

238Pu 

Pu 
241Pu 

240 

244 

2 4 1 b  

2 4 2 m b  

244 Cm 

2 4 3 h  

245Cm 
246Cm 

a = years 

Half Life 
4.6a 

24a 
3.6 x 106a 
138.8d 

7 x 108, 

1.2 103, 

2.5 105, 

2.3 107, 
4.5 109 

2.4 104, 

3.8 105, 
8.0 107, 

7.4 103, 

8.5 x103a 
4.8 x103a 

2.1 x lo6,, 27d 
87.8a 

6.6 x 103a 
14.4a 

437.2a 
141a 

18.1a 



Table 5. Suggested List of Radionuclides to Delete from Table 4. 

Radionuclide Reason for Deletion 

32Si and 32P 

'9Ni 

63Ni 

79 s r 

'Kr 

9 3 ~ 0  

93Zr-93Nb 

107Pd-'07Ag 

'"Cd 

'13Cd 

"%Sn 

133Ba 

l3'CS 

153Gd 

1 6 3 ~ ~  

If 192 

Pure beta emitters with no gamma rays. 

Decays by electron capture to stable "Co. No gamma rays. 

Decays by beta emission, no gamma rays 

79Se beta decays to 7?13r with no gamma emissions. '%r decays by IT. 

Decays by electron capture with 276.0 gamma ray. However, "Kr is 
better for short time frames. 

Decays by electron capture, 30.4 D gamma ray associated with 93M0 is 
very weak. 

Beta decay, gamma is 30.4 D, 93Nb decay IT 30.4, 93Nb is stable. Not a 
particularly good portion of the spectra for remote sensing. 

Beta decay with no gamma, fairly low fission yield, '07Ag IT 93.1 

Decays by electron capture, the 88.OD associated with the decay of '"Cd 
cannot be readily detected in environmental samples. 

Decays by internal transition, the internal transition associated with '13Cd 
cannot readily be detected in environmental samples. 

Decays by internal transition, the 23.9 gamma ray is virtually impossible 
to detect in environmental samples. 

Has relatively good gamma associated with decay. Eu is better. 

Beta decay with no gamma rays. 

Cannot be seen by gamma ray spectroscopy unless it is chemically 
isolated from the environmental samples. Other rare earth elements have 
gamma ray emissions that are more easily detected. 

Electron capture with no gamma rays. 

The same information can be obtained from other radionuclides. 

137 Cs is easier to measure. 



Table 5 (continued). Suggested List of Radionuclides to Delete from Table 4. 

Radionuclide Reason for Deletion 

210rnBi 

Po 210 

232Th 

Pu 241,242,244 

Am 242111,243 

Cm 245 and 246 

This radionuclide is in the natural decay series. It will be in all 
environmental samples. 

This radionuclide is in the natural decay series. It will be in all 
environmental samples. 

Naturally occurring isotope that is present in all environmental samples. If 
thorium fuel is suspected, look for =’U and u3U. 

The same information can be obtained from the more abundant 23?E’u and 
2 4 0 ~ u  isotopes. 

The same information can be obtained from the more abundant 241Am 
isotope. 

The same information can be obtained from the more abundant 244Cm 
isotope. 

4.2 List of Measurable Radionuclides with Unlimited Resources 

Using the procedure described in Section 4.1 and the reasoning shown in Table 5 ,  a 
consolidated list of radionuclides was prepared as shown in Table 6. This table takes our 
signature analysis several steps fbrther in that the form and suspected escape path of the 
isotope are shown. Also of importance is an indication of a method of analysis for the 
isotope. However, significant resources would be required to monitor and measure all of 
the radionuclides listed in this table. Further simplification for this study was required as 
shown in the next sections. 



Table 6. List of Radionuclides Remaining 20 Years After Irradiation That Can Be Measured With Unlimited Resources. 

'H 
4c 

tadionuclide I Half Life (years) I Characteristics I Escape Paths I Detection Method 

12.3 G,C water, stack gas Scintillation counting, AMs 
G stack gas AMs 5.7 x 103 

!*Na 

! 6 ~  

I6c1 

'OCO 

2.6 C,NC dissolved species, water and HRGS 
stack particulates 

stack particulates 

stack particulates 

NC dissolved species, water and AMs 

C dissolved species, water and AMs 

7.3 105 

3 105 

5.2 C dissolved species, water and HRGS 
I I stack particulates 

1 2 - 8 4 ~  

"Tc 

stack particulates 
stable isotopes G stack gas Rare Gas Mass Spectrometry 
10.7 G stack gas, slightly soluble in Scintillation counting 

I C  

'6Kr 
'OSr 

I dissolved species, water and I Beta Analyses 

stable isotope G stack gas Rare Gas Mass Spectrometry 
29.1 C dissolved species, water and Beta Analyses 

stack Darticulates 

1°IrnAg 
IlOA 

12%b 
I291 

124-136 Xe 

l3'CS 

&.I n I" stack particulates 

stack particulates 
130 dissolved species, water and Separated sample and HRGS 

249.8d water and stack particulates Separated Sample and HRGS 
2.8 C water and stack particulates HRGS 

dissolved species, water and AMs 
stack particulates, organic 
complex 

G,C 1.6 107 

Stable G stack gas Rare Gas Mass Spectrometry 
30.2 C,NC dissolved species, water and HRGS 

stack oarticulates 



Table 6 (continued). List of Radionuclides Remaining 20 Years After Irradiation That Can Be Measured With Unlimited Resources. 

234u 
2 3 5 ~  

Radionuclide I Half Life hears) I Characteristics 

2.5 105 C 

7 x 108 C 

"Eu I 4.7 I NC 

236v 
2 3 8 ~  

237Np-233pa 

2.3 107 C 

4.5 109 

2.1 x l o 6 ,  27 d 

C 

C 

238pu 

2 3 % 1  

87.8 NC 
2.4 104 NC 

241 

244 Cm 

AMs = Accelerator Based Mass Spectrometer 
HRGS = High Resolution Gamma Ray Spectrometer 
TIMS = Thermal Ionization Mass Spectrometry 

437.2 NC 
18.1 NC 

Escape Paths I Detection Method 
I 

water and stack particulates HRGS 
dissolved species, water and 
stack particulates 
dissolved species, water and 
stack particulates 
dissolved species, water and TIMS 
stack particulates 
dissolved species, water and 

alpha spectroscopy, TIMS 

alpha spectroscopy, TIMS 

alpha spectroscopy, TIMS 
stack particulates I 
dissolved species, water and I Pa by HRGS 

water and stack particulates 
1 water and stack Darticulates 

I alpha spectroscopy 
I abha mctrosco~v 

C = These radionuclides can be transported by water and they do not sorb significantly to sediments. 
G = These radionuclides are gases at or near ambient temperature or they have relatively long-lived precursors that can be transported by gaseous injections. 
NC = These radionuclides sorb onto sediments. 



4.3 List of Measurable Radionuclides with Moderate Resources 

Radionuclide 

In order to make the process of tracking the important signatures even more reasonable 
with regard to resources required, a moderate, yet significant list of radionuclides for 
monitoring and measurement is provided in Tables 7 and 8 for 20 and 100 years decay 
time, respectively. Table 9 lists the major radionuclides remaining after 1000 years decay. 

Half Life (years) 

Table 7. Suggested List of Radionuclides To Be Measured After 20 Years 

6oco 
s5Kr 
125Sb 
1291 

1 2 4 . 1 3 6 ~ ~  

137cs 
'"Eu 
234u 

5.2 
10.7 
2.8 

Stable 
30.2 
4.7 

1.6 107 

2.5 105 

3H I 12.3 
I4C 

2 3 8 ~  

237Np-233pa 
239 

240 

2 4 1 b  

Pu 
Pu 

244Cm 

I 5 . 7 ~  103 

4.5 109 

2.4 104 
2.1 x lo6,  27 d 

6.6 x lo3 
437.2 
18.1 

2 3 5 ~  I 7 x 108 



Table 8. Suggested List of Radionuclides To Be Measured After 100 Years. 

Radionuclide Half Life (years) 
I I I 3H I 12.3 

10.7 

1 2 4 - 1 3 6 ~ ~  

137cs 

235u 
23417 

238u 

237Np-233pa 
238Pu 

240Pu 
Pu 239 

2 4 1 h  

244 Cm 

99Tc 

- . - . - - . 
Stable 
30.2 
2.5 105 
7 x  108 
4.5 109 

2.4 104 

2.1 x lo6 ,  27 d 
87.8 

6.6 x lo3 
437.2 
18.1 

I 2.1 105 
I 1 . 6 ~  107 



Table 9. Major Radionuclides Remaining After 1000 Years. 

237Np-233pa 

240Pu 
2 4 1 h  

Pu 

245~m 

239 

Cm 246 

2.1 x lo6, 27 d 

6.6 x IO3 
437.2 

2.4 104 

8.5 x103 
4 8 xi03 



4.4 Burnup of Spent Nuclear Fuel for PWR, BWR, and CANDU Reactors 

Once the key isotopes (or signatures) had been determined as described in section 4.3, the 
next step was to use the RADDB computer program and database to determine the 
concentrations of isotopes as a fbnction of decay time for various burnup values for PWR 
and BWR  reactor^.^ CANDU data was run by R. T. Perry of NIS-7 of LANL. Based on 
our determination of the key isotopes, values for these isotopes were extracted from the 
output and the data is summarized in the following five tables. Tables 10 and 11 show 
grams of isotope per metric ton of initial heavy metal (gramsMTHM) for PWR reactors 
at burnup values of 20,000,30,000,40,000, and 50,000 MWdMTIHM at decay times of 
10,20, 50 , and 100 years. Initial uranium enrichment values are shown in the tables. 
Tables 12 and 13 show similar data for BWR reactors. Table 14 shows burnup data from 
a 10,000 MWdt CANDU reactor. Table 15 also shows the 240Pu/239pu ratio as a fbnction 
of burnup for a CANDU reactor. 

The isotopes that were analyzed for the conditions described above included 3H, 14C, 85Kr, 

summarized below. 
129 128, 130-132, 134, and 136xe, 1 3 7 ~  232-236, and 238u, 238-242pu, and 2 4 1 h .  ~h~ results are I, 

3 H, 85Kr, and 137Cs decay significantly over the 100 year time frame for each case 
considered. 

14 0 C decays slightly over the same time frames. 

Xe remain constant for the decay times considered. 129 128, 130-132, 134, and 136 I, 

232 
0 U decays, 233-236U increase, and 238U is stable as a fbnction of the times considered. 

Pu decay slightly, while 242Pu is stable for the times considered. 238-240 0 

0 241Pu decays to 241Am, which causes the 241Am to increase. 

0 Changing from BWR to PWR or CANDU fuel results in slightly different initial 
amounts of isotopes as does changing the initial burnup values. 



Table 10. Grams by Isotope for 20,000 and 30,000 MWd PWR Reactors. 

20,000 MWd/MTIHM, 2.44% 235U Enrichment 30,000 MWd/MTIHM, 3.11% 235U Enrichment I 



Table 11. Grams by Isotope for 40,000 and 50,000 MWd PWR Reactors. 





Table 13. Grams by Isotope for 40,000 and 50,000 MWd BWR Reactors. 



Table 14. Grams by Isotope for a CANDU Reactor. 

s5Kr 
1291 

"%e 
I3'xe 
13'xe 
' 3 2 ~ e  
' 3 4 ~ e  
' 3 6 ~ e  
137cs 
235u 
238u 
238Pu 
239Pu 
240Pu 
241Pu 

234u 

236u 

Isotope 

1.771E+00 
5.844E+0 1 

3.8OOE+OO 
1.3 69E+02 
3.372E+02 
4.57 1 E+02 
7.558E+02 
2.3 7 8E+02 

1.7 12E+03 
7.865E+02 
9.8 24E+O 5 
2.222Et01 
3.067E+03 
7.040E+02 
2.402E+02 

5.553E-0 1 

1.667E-0 1 

10,000 MWd/t: 20 Years Decay Time 
srams/mtU 

Pu 242 

2 4 1 b  
2.079E+02 
4.055E+0 1 



Table 15. 240Pu/239Pu Ratio for CANDU Burnup Values. 

Burnup, MWd/t 
727.14 

1455.40 
21 83.57 
29 12.42 

240PU/239Pd 
3.7 12E-02 
6.978E-02 
9.737E-02 
1.208E-01 

1 -  3642.28 I 1.406E-0 1 
4373.23 
5 105.24 
5838.24 
6572.15 

1.577E-0 1 
1.72 lE-01 
1.845E-01 
1.953E-01 

I 7306.88 I 2.04 1E-0 1 
8042.35 2.119E-01 
8778.48 
9515.20 

I 10252.50 I 2.283E-01 

2.183E-0 1 
2.237E-0 1 

10990.20 
1 1728.40 
12467.00 

I 13206.00 I 2.4 1 OE-0 1 

2.326E-0 1 
2.3 5 8E-0 1 
2.387E-01 



4.5 Estimates of Radionuclide Signatures Released During a Diversion Activity 

This report estimates the anthropogenic signatures associated with opening of casks in an 
underground repository and reprocessing of fbel rods in the underground repository. This 
section of the report illustrates our estimates to determine the magnitude of the 
environmental signatures resulting from reprocessing of fbel rods in an underground 
facility. In order to estimate the release of radionuclides associated with this activity, the 
following assumptions were made: 

e 

e 

e 

e 

e 

e 

e 

e 

Assume an air exit volume of 60,000 ft3/min or about 1700 m3/min from the 
repository. 

Assume that the radionuclides distribute uniformly over an area 8 km in diameter to a 
depth of 3 cm. 

Assume a soil bulk density of 1.5 g/cm3, which gives a total soil weight of 2.262E+12 
grams. 

Assume that during reprocessing, 3H, 14C (as COz), 85Kr, and Xe are released 
completely and exit the system. 

129 Assume that during reprocessing, 
unless it is specifically scrubbed and recovered.6 In this case, scrubbing efficiency is 
99.9%. 

I is completely released to the system (in grams), 

Assume that the process will recover 8 kg Pu (total), 1 SQ, at 99% efficiency. In 
order to obtain 8 Kg Pu (total) at 99% efficiency, assume that 8.081 Kg Pu (total) will 
be processed, and that the amounts of other isotopes processed or released are based 
on this value. 

Assume that the 1% waste produced will be considered for release in two different 
cases: in case 1) assume that 0.1% of the waste (or 0.001% of the total processed) is 
lost to the environment through an open stack, and in case 2) assume that a HEPA 
filtration system is installed to remove the release at 99.97% efficiency. In both cases, 
3H, 14C (as CO2), 85Kr, and Xe are not recovered and exit the system. 

Consider spent fuel burnup data for 20 year decay times for 20,000 and 50,000 MWd/t 
PWR and BWR fuel and for 10,000 MWdlt CANDU fuel. 

Using the above assumptions, estimated releases of key signatures were calculated as 
shown in Tables 16, 17, and 18 for PWR, BWR, and CANDU spent fbel, respectively 



Table 16. Estimated Release of Key Radionuclide Signatures Near a Reprocessing Facility Using PWR Spent Fuel. 

Xe (total) 
137cs 
234u  

2 3 5 ~  

23TJ 
238u  

u (total) 
238pu 

239pu 

240Pu 
242pu 

Pu (total) 

2 4 l p u  

241Am 

3.208E+03 3.824E+03 3.824E+03 3.824E+03 7.817E+03 5.395E+03 5.395E+03 5.395E+03 
2.280B-06 4.597E+02 5.480E+02 5.480E-03 1.644E-06 1.109E+03 7.601E+02 7.601E-03 

1.633E+02 1.947B+02 1.947E-03 5.84 1E-07 2.430E+02 1.666E+02 1.666E-03 4.998E-07 
9.363E+03 1.116E+04 1.116E-01 3.348E-05 6.928E+03 4.749E+03 4.749E-02 1.425E-05 
2.571E+03 3.065E+03 3.065E-02 9.195E-06 5.583E+03 3.827E+03 3.827E-02 1.148E-05 

1.895E-03 9.596E+05 11144E+06 1.144EMl 3.432E-03 9.2 18E+05 6.3 18E+05 6.3 18E+OO 
9.717Ei-05 1.158E+O6 1.158E+01 3.474E-03 9.346Ei-05 6.406E+05 6.406E+00 1.922E-03 
4.52 1E+O 1 5.3 89E+O 1 5.389E-04 1.6 17E-07 3.623E+02 2.483E+02 2.483E-03 7.449E-07 
4.693E+03 5.594E+03 5.594E-02 1.678E-05 6.879E+03 4.7 15E+03 4.7 15E-02 1.415B-05 
1.448E+03 1.726B+03 1.726E-02 5.178E-06 3.250E+03 2.228B+03 2.228E-02 6.684E-06 

1.240E-06 
2.283E+02 2.721E+02 2.721E-03 8.163E-07 6.990E+02 4.797E+02 4.797E-03 1.449E-06 
6.779E+03 8.081E+03 8.08 1E-02 2.424E-05 1.179E+04 8.081E+03 8.081E-02 2.424E-05 

2.104E-06 

3.643E+02 4.343E+02 4.343E-03 1.303E-06 6.032E+02 4.134E+02 4.134E-03 

5.990Ei-02 7.140E+02 7.140E-03 2.142E-06 1.023E+03 7.0 12E+02 7.0 12E-03 



Table 17. Estimated Release of Key Radionuclide Signatures Near a Reprocessing Facility Using BWR Spent Fuel. 

a Release is in grams of material through the stack emission based on a loss of 0.1% of the waste produced from a reprocessing facility operating at 99% 
efficiency that produces 1% waste. 3H, 14C (as COz), "Kr, Xe isotopes, and '''I are assumed to be completely released. 
Release is through a HEPA filter operating at 99.97% efficiency. '"I is scrubbed to recover 99.9% (reference 6) .  3H, I4C (as CO'), *'Kr, and Xe isotopes 
pass through as before. 



Table 18. Estimated Release of Key Radionuclide Signatures Near a Reprocessing 
Facility Using CANDU Spent Fuel (20 Years Decay Time). 

a Release is in grams of material through the stack emission based on a loss of 0.1% of the waste 
produced from a reprocessing facility operating at 99% efficiency that produces 1% waste. 'H, 14C (as 
COz), 85Kr, Xe isotopes, and lz91 are assumed to be completely released. 
Release is through a HEPA filter operating at 99.97% efficiency. '291 is scrubbed to recover 99.9% 
(reference 6). 'H, I4C (as C02), "Kr, and Xe isotopes are assumed to be completely released. 

The release estimates in Tables 16, 17, and 18 can be used to assess the signature from the 
reprocessing of he1 in an underground facility. Specific examples are illustrated below. 
The assumptions for release and dispersal of radioactive materials for these illustrations 
were previously summarized. 

If 0.68 MT of PWR fuel burned to 50,000 MWd/MTlHM and stored 20 years is 
reprocessed in an underground repository in an attempt to recover 8 kg of plutonium, 
the unfiltered stack would release 0.047 g of "9u  and 0.022 g of 240Pu. Each gram of 
soil contains approximately 5 .5  x lo7 atoms 239Pu/g soil and 2.4 x 10' atoms ""OPu/g 
soil. The 239+240 Pu alpha deposition would be approximately 580 Bq/m2. This 



239+240 deposition rate is over a factor of 5 greater than the average 
of plutonium in the mid-latitudes of the northern hemisphere. This amount of 
plutonium effluent could easily be detected by processing 10 g of soil and isolating the 
plutonium with thermal ionization mass spectrometry (TIMS) analyses.' 

Pu deposition rate 

0 If the same process was conducted and the stack effluent was HEPA filtered, the 
Pu deposition rate would drop to 0.17 Bq/m2. This material could not be 

detected as an addition to the approximately 100 Bq/m2 of 239+240Pu present as global 
fallout. 

239+240 

0 If the 0.047 g of 23%u and 0.022 g of 240Pu were released uniformly during a 10,000 
minute period into a stack having a flow rate of 1700 m3/minute, the 
concentration would be 17 Bq/m3 in an unfiltered stack and 0.005 Bq/m3 exiting a 
HEPA filtered stack. If the same assumptions were made for "Kr release, the "Kr 
concentration for the 10,000 minute release would be 5.3 x lo5 Bq/m3. This "Kr 
release rate could be detected by a Geiger-Muller tube placed in the exhaust stack. 

239+240 Pu 

These estimations indicate that particulate emissions from attempts to reprocess spent ke l  
to obtain a significant quantity of plutonium can be removed from the exhaust emissions 
from an underground repository by simple HEPA filtration techniques. Removal of the 

Kr from the stack emissions will be more difficult. A "Kr removal process that is 
99.99% efficient may still leave enough 85Kr in exhaust air to be detected by sensors 
placed in the exhaust stack. 
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5. INEELLANL Sampling of Casks 

The second diversion scenario we studied was the opening of the cask and removal of the 
fuel rods. In this scenario it is assumed that the fuel rods are not processed in the 
underground repository. In SAGOR Activity 2B , “Potential Diversion Paths of Spent 
Nuclear Fuel From A Geological Repository,” it is stated that it is likely that if a cask is 
diverted, and the canister is removed and opened, the diverter will remove most or all of 
the contents, rather than just one or two fuel a~semblies.~ It is assumed that the diverters 
would be expected to choose a cask that had no known defective pins. In SAGOR 
Activity lB, “A Reference Repository for the Development of Safeguards for Disposal of 
Spent Fuel,” the reference disposal canister is designed to hold approximately 2 Mg of 
spent fuel in the form of 9 BWR assemblies or 4 PWR assemblies.* The reference canister 
is about 5 meters high and 1 meter in diameter. The amount of spent fuel in this canister 
contains about 16 kg of plutonium. 

Spent fuel has been stored in above-ground casks at the Idaho National Engineering and 
Environmental Laboratory (INEEL) Test Area North (TAN) to study long-term effects of 
nuclear fuel storage. Periodically, test measurements are made on the casks and samples 
of the gas phase are withdrawn for analysis. 

Five casks are located at the facility loaded with spent fuel. Figure 2 shows a photograph 
of the Castor V/21 cask and Figure 3 is a diagram showing the arrangement of each cask 
in the facility. Each shielded cask is loaded with spent fuel for which there is reliable data. 
The physical characteristics of each cask is also known. All samples taken or 
measurements made in the past have been done on Mly loaded casks. Fuel assemblies are 
not removed so that the long-term monitoring can continue. 

As shown in Figure 2, the storage casks are stored on a concrete pad with no shielding 
from the weather. The casks sit upright on one end with the only access to the interior 
from the top. Each of the five casks have been designed with removable caps which 
protect the only access ports and flanges which are located on the top. 

Gas samples are taken through a T-fitting manifold which is approximately 12.7 cm wide 
across the arms and 30 cm to 40 cm tall on the legs. Tubing diameter is 1.27 cm. The leg 
of the T-fitting has male quick-disconnects at the end and a valve between the arms and 
disconnect. Between the arms and valve is a thermocouple gauge connection. On one 
arm, starting from the leg, is a valve, and at the end is another quick-disconnect for the 
sampling containers. The other arm, from the leg outward, has a valve with the end of the 
T connected to Tygon tubing which leads to a small mechanical vacuum pump. The 
exhaust from the pump is fed to a HEPA filtered vacuum system. 

The procedure that is used to take gas samples from the casks is described in the following 
steps: 

0 The manifold is plugged into the quick-disconnect with all valves closed. 



The sample container is connected, and the vacuum pump is started. 

Both valves on the arms, and the valve on the sample container are opened and the 
manifold is pumped for 5 minutes. 

0 After 5 minutes, the valve to the pump is closed and the pressure is monitored for 
leaks in the manifold. 

If leaks are not detected, the pump is started and the valve to the pump and cask are 
opened less than 5 seconds to evacuate any air caught between the cask connection 
and valve. 

Next the pump valve is closed, and the pressure is allowed to equilibrate for 5 minutes. 

After 5 minutes, all valves are closed and the sample container is removed. 

Figure 2. Photograph of the Castor V/21 cask at the INEEL TAN. 
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Figure 3.  The location of the Castor V/21 cask in the INEEL TAN in relation to the 
surrounding casks. 

5.1 INEEL Gas Data 

The Castor V/21 cask contains 21 PWR fuel assemblies in a 15 by 15 rod array. No fuel 
assemblies are missing. The fuel came from a 3 1,495 MWd/mt power plant. Total Pu is 
82.82 kg, or about 10 SQ, and beginning of life POL)  was 458 kg total U. Inside the 
cask, the total volume is about 22 m3 with about 4 m3 occupied by the fuel assemblies. 
Therefore, void space is about 18 m3. Detailed data for the VSC-17 cask is not available. 

Gas analysis data collected from two of these casks by INEEL during the last few years is 
summarized and tabulated in Appendices 3 and 4. Appendix 3 shows Inductively 
Coupled Plasma (ICPP) analysis of the gas phase. Since the casks are filled with helium 
gas filler, this gas dominates the analytical results, although some other gases are 
detectable in significant amounts. Appendix 4 shows radiation measurements made for 
14C and 85Kr. These were the two most abundant radionuclides in the helium blanket 
inside the casks. The concentrations of both isotopes are low. Measurements of the "Kr 
content of helium inside cask V/21 ranged from below limits of detection to approximately 
0.25 Bq/scc. The 85Kr content of the cask VSC-17 was approximately three orders of 
magnitude higher at about 250 Bq/scc. Measurements of the 14C content of helium inside 
cask V/21 ranged from 0.2 Bq/scc to about 1.8 Bq/scc. Measurements of the 14C content 
of helium inside cask VSC-17 ranged from below limits of detection to about 0.15 Bq/scc. 



The "Kr contents measured in the casks studied at INEEL can be used to assess the ease 
of detecting a cask being opened in an underground repository. Assume that each cask 
contains 18 m3 of helium and the exhaust rate of the repository stack is 1700 m3/minute. 
Assume that no measures are taken to reduce "Kr emissions from the repository. If the 
krypton content of cask V/21 was exhausted from the repository at a constant rate during 
a 10 minute period, the 85Kr concentration in the exhaust stack would be 1908 Bq/m3. If 
the same assumptions are made for the krypton release from cask VSC-17, the "Kr 
concentration in the exhaust stack would be 1.9 x lo6 Bq/m3. The 85Kr concentrations 
produced in the stack from opening cask VSC-17 would three orders of magnitude above 
the detection limit of 900 Bq/m3 of the rugged cylindrical probe Geiger-Muller tube 
referenced in the monitoring technology section of this report. Under the same conditions, 
the "Kr concentrations in the stack resulting from opening cask V/21 would be almost 
one order of magnitude below the detection limits of the Geiger-Mueller tube. If the 
release is distributed over a 1000 minute time period, the 85Kr released from cask VSC-17 
would be a factor of 20 above the limit of detection for the cylindrical probe Geiger- 
Muller tube. The 85Kr release from cask V/21 could not be detected by the Geiger-Muller 
tube. Release of the krypton in a 1000 minute time period would raise the "Kr in the 
stack to approximately 19.8 Bq/m3. This value is approximately 40 times greater than the 
average 85Kr atmospheric value. 

The amount of 14C in the helium blankets of both casks was low. Values ranged from 
below limits of detection to about 1.8 Bq/scc. Release of the 14C content of the two casks 
by the 10 minute and 1000 minute release scenarios used for the "Kr releases would 
produce concentrations in the stack that are below the limits of detection for current stack 
monitoring equipment. The tritium content of the spent fbel is orders of magnitude less 
concentrated than the 85Kr content. Therefore it is highly improbable that tritium can be 
detected from the opening of a cask under the above scenarios used to model the krypton 
releases. 

The above discussions indicate that stack monitoring has a limited chance of detecting 
Kr resulting from the opening of a cask in an underground facility. The probability of 

detection of the 85Kr is a fbnction of the leakage rate of the pins in the cask, the air flow 
through the repository, and the sophistication of the attempts to prevent the "Kr from 
escaping via the stack. It appears that any signature from 14C and tritium will be more 
difficult to detect than the *'Kr signature. It is also easier to remove 14C and tritium from 
the air than it is to remove 85Kr from the air. 
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If the repository is equipped with a fbel element conditioning facility where damaged fbel 
elements are conditioned and repackaged, the "Kr effluent from this operation may be 
much greater than the "Kr release from opening a cask underground. Distinction of the 
"Kr release from these two different activities requires detailed operational knowledge of 
the repository where the process is conducted. The differentiation of these two activities 
is beyond the scope of this study. 



5.2 LANL Sampling of Casks for Fissiogenic Xenon 

In July 1997, LANL sampled the Castor V/21 TAN cask. The cask exterior is about 2.44 
meters in diameter by 4.57 meters high, with interior dimensions of 1.52 meters in 
diameter by 3.66 meters deep. All but one of the access ports on the top are sealed with 
bolted flanges. One opening, which would normally be covered by a 15.24 cm diameter 
flange, was modified by the permanent installation of a female quick-disconnect fitting. 

The sampling at INEEL proceeded according to the previously described procedure. A 
gas bottle was evacuated and opened to the cask, taking an ambient pressure (about 1 
atm) sample of cask gas. This gas was predominantly helium. A 50 cc aliquot of one of 
the duplicate samples was taken for xenon analysis. The xenon was separated from the 
helium by bleeding the gas through a U-tube cooled in liquid nitrogen, condensing the 
xenon. High purity argon was then added to the xenon fraction to approximate the 
amount of argon in 50 cc of air at STP. This sample was analyzed by a high sensitivity 
dynamic gas mass spectrometer. 

As expected, the amount of xenon detected was consistent with only a few percent of that 
present in the same quantity (50 cc) of air. However, the isotopic composition of the 
xenon deviated from that in air. It is consistent with a small amount of air xenon plus 
addition of fission-type xenon (30% excess in 136Xe/'32Xe compared to atmospheric 
xenon). Triplicate measurements under varying measurement conditions confirmed this 
result. Despite the small size of the sample, the xenon isotopic composition of the fission- 
like component was extracted. Duplicate results, given below, provide an estimate of the 
composition and its associated uncertainty: 

Table 19. Fission Xe Component of Gas Sample from INEEL Castor V/21 Cask. 

#1 0.30 0.85 1.51 

#2 0.36 0.49 1.43 

Atm. Xe 2.03 2.57 0.85 

These xenon measurements were highly successkl. They were the first experimental 
evidence that fissiogenic xenon was present in the helium blanket inside Castor V/21. The 
amount of fissiogenic xenon was so small that it could not have been detected if the cask 
had been back-filled with air instead of helium. This suggests that searching for evidence 
of opening of a cask in an underground repository by monitoring the stack emissions for 
stable xenon fission products will probably not be successfbl. These studies also indicate 
that there will probably not be a significant 12'1 signature in stack gas effluents associated 
with the opening of casks that contain undamaged pins. 



6. Repository Monitoring 

There are several steps to establish monitoring capabilities to detect the diversion of 
nuclear material from a repository. Before any technology can be implemented, the 
background concentrations of the nuclides of interest should be considered. One source is 
global fallout. The repository and its environs are another source of background 
concentrations of signature nuclides. If the repository is in the vicinity of a nuclear 
reactor, reprocessing facility, conditioning facility, or nuclear weapons testing site, there 
may be additional radionuclides in the environment that are directly attributable to those 
facilities. The impact of these facilities on the environment cannot be reliably predicted. 
Therefore, the impact should be experimentally determined before monitoring procedures 
and protocols are established. Then, both in-situ and off-line monitoring techniques 
should be evaluated and sample protocols established. Some candidate technologies are 
described below. At this point, active monitoring programs can be started. The final step 
in this process is the continued development, evaluation, and implementation of new 
technology for repository monitoring. 

6.1 Background Considerations for Environmental Sampling 

6.1.1 Global Fallout 

The United States, Former Soviet Union, United Kingdom, France and China conducted 
5 1 1 atmospheric tests having a total yield equivalent to detonating 438 million tons of 
TNT.8 Most of the global fallout produced by atmospheric testing was deposited in the 
Northern Hemisphere and the majority of the fallout was deposited in the middle 
latitudes.g310 The majority of the atmospheric testing was conducted prior to 1963. 
Approximately 25% of the total yield of atmospheric nuclear weapons tests occurred in 
1956 and 75% occurred in 1962." The total fission yield of atmospheric testing from 
1963-1970 was about 5% of the yield of the pre-1963 testing.'* The amount of fallout 
produced by atmospheric testing from 1970 to 1997 is insignificant relative to the global 
fallout produced prior to 1963. The mean residence time for fallout in the troposphere is 
approximately 12 days.I3 The largest particles injected into the troposphere are usually 
deposited near the test sites as local fallout and the smaller particles remaining in the 
troposphere are typically deposited at latitudes similar to the latitude where the test was 
conducted. The mean residence time for stratospheric fallout is approximately 1 year at 
18 to 20 km altitude, but at least 3 years at the ~tratopause.'~ Fallout injected into the 
stratosphere is distributed more globally than fallout injected into the troposphere. Fallout 
injected into the stratosphere can cross the equator with a mean interhemispheric mixing 
time of 3.3 years." 

Table 20 lists the global fallout radionuclides currently detectable in environmental 
samples. Several of the radionuclides listed in Table 20 are also produced by natural 
processes. These radionuclides are also associated with nuclear reactors and nuclear 
reprocessing facilities. 



Table 20. Global Fallout Radionuclides Detectable in Environmental Samples. 

Radionuclide Half Life (Years) 

l4C 

3 r  
Tc 

137cs 

239pu 
240Pu 
241Pu 
242Pu 

3 6 ~ ~  

99 

1291 

237Np 
Pu 23 8 

2 4 1 h  

5.7 io3 
3 io5 

2.1 io5 
1.6 io7 

2.1 x lo6 

2.4 io4 

29.1 

30.2 

87.8 

6.6 x lo3 
14.4 
3.8 x lo6 
437.2 

There are several radionuclides that were produced in relatively large quantities during 
atmospheric testing that cannot currently be measured in environmental samples. The 
tritium introduced into the atmosphere by nuclear testing exists as HTO. This tritiated 
water has been distributed throughout the biosphere and diluted to the point that the HTO 
produced by nuclear testing cannot be detected above the naturally occurring HTO 
background. The amount of naturally occurring uranium in environmental samples is 
many orders of magnitude greater than the anthropogenic uranium distributed as global 
fallout. In environmental samples, the anthropogenic uranium distributed by global fallout 
is masked by the naturally occurring uranium so that the global fallout uranium cannot be 
detected. The '34Xe and '36Xe produced during atmospheric testing cannot be measured 
in xenon fractions separated from whole air samples. 

The 14C found in the environment is due to cosmic ray interactions in the atmosphere, 
debris from nuclear weapons tests, and effluent from nuclear fuel reprocessing. The 
relative production rates and release rates attributable to cosmogenic processes, bomb 
pulse 14C, and reactor produced 14C have been thoroughly studied. 16-18 The average 
production rate of cosmogenic 14C is estimated to be 1.4 x 1015 Bq/y leading to a current 
global inventory of 1.4 x 1017 Bq in the atmosphere.16 The detonation of thermonuclear 
devices introduced an estimated 3.5 x IOl7 Bq of 14C. In 1985 the atmospheric inventory 
from both sources was approximately 5 x 1017 Bq.16 By the year 2500, the air adjusted 
concentration of 14C from weapons tests will have been reduced to one percent of the 
cosmic ray 14C specific activity.16 Carbon-14 is also produced in nuclear reactors as a 
result of absorption of neutrons by nitrogen, carbon, and oxygen present as components of 



air, coolant, moderator, structural materials, fuel, or impurities. The 14C is detectable in 
both organic and inorganic compounds. The largest sink for 14C is the oceans. 

The 36Cl found in the environment is due to natural processes, debris from nuclear 
weapons tests, and effluent from nuclear fuel reprocessing. The natural atmospheric flux 
of 36Cl for the mid-latitudes of the Northern Hemisphere is 20-25 atoms mW2 ~ e c - ~ .  l9 The 

CI deposited by global fallout has increased the 36CI content of soils in the mid-latitudes 
of the Northern Hemisphere by over an order of magnitude relative to naturally occurring 

CI. The 1291 found in the environment is due to natural processes, debris from nuclear 
weapons tests and effluent from nuclear fuel reprocessing. Rickard et al. performed 
measurements of 1291 in environmental samples which can be used to estimate a global 
fallout 1291 deposition rate of 0.007 Bq/m2 for the mid-latitudes of the Northern 
Hemisphere.20 The halogens 36Cl and 1291 are detectable in certain environmental samples. 
In arid regions the atom ratio of the nuclear testing produced 36CI to the non-radioactive 
and naturally occurring 35Cl and 37Cl isotopes is still measurable by accelerator mass 
spectrometry (AMs). However, many of the chloride salts are soluble. In regions 
receiving large amounts of precipitation, the 36Cl has been transported away from the 
surface. Beasley et al., determined that anthropogenic 36Cl migrated to depths of at least 
40 meters at the Savannah River Site. l9 1291 cannot always be measured in environmental 
samples. Iodine forms soluble anionic species that are readily transported by water.21 
Iodine also forms organo-iodine compounds that are volatile. These transport mechanisms 
can dilute or even remove the '291 from an environmental sample. 
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Essentially all of the strontium, technetium, cesium, neptunium, plutonium, and americium 
associated with global fallout have been deposited on the earth's surface. However, the 
technetium and strontium may not be present in measurable quantities in many 
environmental samples. Technetium forms anionic species that are transportable by water. 
Strontium is slightly soluble, and it may be depleted in samples relative to cesium and the 
actinides. Plutonium and americium tend to stay associated with the soil at the location 
where they were deposited. However, they can be transported by colloids or pseudo- 
colloids. Laboratory experiments indicate that neptunium carbonate compounds are 
soluble and can be transported by water.22 The 237Np content of environmental samples is 
usually difficult to measure. 

Today the "Sr, 137Cs, 238Pu, 239Pu, 240Pu, and 241Am radionuclides are the isotopes that 
produce the majority of the radiation dose associated exposure to global fallout. These 
radionuclides have been extensively measured in environmental samples collected 
throughout the world. The worldwide deposition of 90Sr from global fallout was 
estimated to be 4.74 x 1017 Bq in 1970.' The 137Cs?%r activity ratio in global fallout is 
estimated to be 1 .49.23 Therefore, the worldwide deposition of 137Cs from global fallout is 
7 x 1017 Bq. Approximately 7.8 x 1014 Bq of 238Pu was deposited on the surface of the 
earth.24 Approximately 2.9 x 1014 Bq of this material was produced by atmospheric 
testing and the remainder resulted from the burnup of the System for Nuclear Auxiliary 
Power generator, SNAP 9A capsule, that re-entered the atmosphere in the Southern 
Hemisphere on April 21, 1964.24 Approximately 1.20 x 10l6 Bq of 239+240 Pu were 



distributed by atmospheric testing.25 A typical fallout plutonium deposition rate in the 
mid-latitudes of the Northern Hemisphere is approximately 100 Bq 239+240 Pu/m2.26 The 
penetration of the plutonium into the soil is a hnction of soil type and rainfall. 
Approximately 80% of the plutonium deposited in New York, New York and Eastham, 
Massachusetts remains in the top 5 cm of 
results for 10-gram soil samples at ambient 
confidence coefficient of variation of about 10 percent plus or minus a factor of two.28 
The quantity of 241Am in global fallout is increasing. It will increase to 5.5 x 1015 Bq.29 
The increase is due to 241Pu in global fallout undergoing radioactive decay to produce 
241Am. The atom ratio of 237Np/23gPu in global fallout is 0.7 & 0.02.30 Therefore, 
approximately 3 tons of 237Np was distributed as global fallout. 

Bernhardt determined that the analytical 
Pu levels can be expected to have a 95% 239+240 

The values for global fallout deposition listed above can be used to calculate the average 
activity ratio of one global fallout radionuclide relative to another global fallout 
radionuclide at the time a sample is being analyzed. The average 239+240~uP0 s r activity 
ratio in global fallout was 0.025 in 1970. Strontium-90 has a 29.1 year half life; therefore, 
the average PuP'Sr activity in global fallout is calculated to be approximately 0.05 in 
1997. 137Cs has a half life of 30.17 years; therefore, the average 239+240Pu/137Cs activity 
ratio in global fallout should be approximately 0.07 in 1997. The 
ratio in global fallout in 1997 is approximately 0.33. The average 238Pu/ 
ratio in global fallout is 0.065. The 238Pu/ 
Hemisphere was determined to be 0.036 
Hemisphere. 

239+240 

Pu activity 
Pu activity 

2 4 1 ~ 2 3 9 + 2 4 0  

239+240 

239+240 Pu activity ratio in the Northern 
0.01.24 The ratio is higher in the Southern 

The activity ratios of one global fallout radionuclide relative to another global fallout 
radionuclide that are listed above were derived by analyzing a large number of samples 
collected from various locations throughout the world. They are representative of the 
average values for global fallout. However, they may not be representative of the global 
fallout that was deposited at a specific location. These phenomena are clearly illustrated 
by comparing the ratios of one radionuclide to another radionuclide at a specific location 
to the average values reported for global fallout. The activity ratio of 

of 
1970's in Tokyo to be 0.016 and 0.006, re~pectively.~~ 

239+240 Pu to "Sr and 
Cs in global fallout in the 1970's was 0.025 and 0.038, respectively. The activity ratios 137 

239+240 Pu to "Sr and 137Cs were measured in the radioactive fallout collected in early 

Global fallout is a complicated mixture whose isotopic composition was influenced by the 
type of nuclear device being tested, the location of the test, the mechanisms of 
atmospheric transport and diffusion processes coupled with various fractionation 
processes. Krey et al. measured the 240Pu/23~u atom ratio in global fallout to be 0.176 
with a standard deviation of 0.014 and ranges from 0.12 to 0.21 around the 
relative amount of strontium and cesium produced may vary from test to test. Table 21 
summarizes the 137Cs and "Sr fission yields of 235U, 23?Pu and 238U induced by thermal, 
fission spectrum, and 14-MeV neutrons.33 

The 



137 Table 21. Cs and ”Sr Fission Yields of 239Pu and ”*U Induced by Thermal, 
Fission Spectrum, and 14-MeV neutrons. 

Fissioning Fission Product Thermal Fission Spectrum 14-MeV 
Nuclide Neutrons Neutrons Neutrons 

235u 137cs 6.28% 6.09% 5.58% 
235u 90Sr 5.86% 5.46% 4.32% 

23”pU 137cs 6.53% 6.19% 4.68% 
23?Pu 90Sr 2.12% 2.3 1% 2.17% 

238u 137cs 0% 5.46% 5.13% 
238u 90Sr 0% 3.51% 3.34% 

Cesium and strontium may fractionate from plutonium in the fireball condensation phase. 

a half life of 32.3 seconds. ‘37Xe, a precursor of 137Cs, has a half life of 3.82 minutes. 
These half lives are significantly long relative to the cooling rate of the fireball produced 
by an atmospheric detonation. Therefore, the plutonium can condense in one segment of 
the fireball while the 137Xe and 90Kr remain in the gaseous phase. This can lead to 
chemical fractionation within the fallout cloud. 

90 Cs and 90Sr have gaseous precursors; plutonium does not. Kr, a precursor of %r, has 137 

The global fallout may undergo additional fractionation after it is deposited on the surface 
of the earth. Cesium forms monovalent cations. Cesium behaves predominantly as a 
conservative element, i. e. water soluble, while it is in the water column.34 Once the 
cesium contacts clay minerals it behaves as a non-conservative element. Strontium is a 
divalent element that is more water soluble than plutonium. Plutonium can exist in several 
valence states. Plutonium solubility is influenced by the eH, pH, and trace elemental 
concentrations in water. Silva and Nitsche calculate that the concentration of the 
plutonium species as a finction of pH for a 
exposed to atmospheric COz range from lo-’’ to 
natural environments. It is amphoteric, and under certain conditions, it is more soluble 
than plutonium. The distribution coefficients (Kd’s) for partitioning radionuclides 
between water and sediments have been extensively measured. A review and summary of 
Kd’s in sediments was published by the IAEA.36 

M solution of plutonium in 0.01 M NaCl 
M.35 Americium is trivalent in 

Radionuclides can also be fractionated during biological uptake. Cesium tends to be 
detected in soft tissue. The 137Cs content of the soR tissue usually reflects the 137Cs 
content of the diet. If the cesium content of the diet is altered radically, the change in the 
cesium concentrations in the soft tissues can be detected within a few weeks. If present, 

Sr is usually detected in calcium rich structures such as bones. The uptake of plutonium 
and americium is very low in plants.37 However, many plants uptake americium slightly 
better than plutonium.38 

90 



Global fallout contains many of the same radionuclides that are contained in the spent fuel 
elements that will be stored in repositories. Global fallout is not homogeneous and the 
fallout produced by individual atmospheric nuclear tests were not distributed uniformly 
over the surface of the earth. Once the global fallout was deposited on the surface of the 
earth it may have undergone additional fractionation by geochemical or biological 
processes. Therefore it is necessary to characterize the global fallout in the Vicinity of the 
repository before it receives the first shipment of spent fuel elements and before attempts 
are made to detect diversionary activities via environmental sampling. If the repository is 
located adjacent to a nuclear facility, the effect of that nuclear facility on the surrounding 
environment should be fully assessed before the repository receives the first shipment of 
spent fuel elements. 

6.1.2 Nuclear Reprocessing Facilities 

Large nuclear reprocessing facilities which have operated for decades have released 
anthropogenic radionuclides that can be detected above global fallout for hundreds of 
kilometers. Specific examples are discussed below. 

The 36Cl release associated with nuclear fuel reprocessing at the Savannah River Site 
(SRS) has been investigated by Beasley et ai.” The most likely source of the 36Cl released 
at SRS is the activation of stable chloride impurities in the irradiated fuel rods. 
Dissolution of the fuel rods in nitric acid produces the gaseous compounds NOCl and 
C12.39 Approximately 3 x lo’ Bq of SRS-derived 36Cl has been deposited within 200 km 
of the plant boundaries. This is estimated to be less than 2 percent of the projected 12’1 

release by SRS during this time period to the same area.” Beasley et al. estimate that 
fallout of 36Cl from nuclear tests in the 1950’s deposited twice this amount of activity in 
the same area.” 

The The 12’1 releases associated with nuclear fuel reprocessing have been studied. 
12’1 can be released as liquid-waste or gaseous effluent. Cochran et al., and Russell and 
Hahn estimated that several percent of the 1291 released by the Barnwell Nuclear Fuel Plant 
(BNFP) was released in liquid-waste effluent, and more than 90% was released as gaseous 

operational parameters of the facility. Iodine removal systems consisting of a caustic 
scrubber followed by a highly efficient silver zeolite absorber removes approximately 
99.5% of the iodine.47 Mercuric nitrate scrubbers combined with silver zeolite absorbers 
system remove over 99.9% of the iodine. The 12’1 evolution during dissolution of the fuel 
rods is complex. The inorganic iodine compounds 12, HI, and HI0 are evolved during fuel 
dissolution, and organic iodides are detected in the dissolver o f f -gase~ .~~  The 12’1 released 
to the atmosphere can be detected at great distances from its release point. Kantelo et al. 
estimated the annual I2’I release from the Savannah River Site, Aiken, South Carolina, 
USA, ranged from 4.8 x lo’ to 7.7 x lo’ Bq per year, resulting in a cumulative estimated 
release of 1.7 x 10” Bq for the first 25 years of reprocessing  operation^.^' The areal 
concentrations from these releases decreased with increasing distance from the plant and 

6,40-45 

The relative amount of 12’1 released by each path is dependent upon the actual 



at 200 km they were still greater than the expected global fallout background levels. The 
I released to the atmosphere and deposited onto the terrestrial environment is at least 

partially retained near the soil surface undisturbed by man. In the study of the SRS 
releases, the half depth ranged from 4 to 10 cm with a mean of 7 cm. The fission yield of 
wTc is greater than the fission yield of 1291. Both 99Tc and 1291 have been detected in 
environmental samples collected adjacent to nuclear reprocessing facilities at levels greater 
than can be attributed to global fallout.49 
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The atmospheric activity of "Kr has been increasing since the 1950s. The increase is 
attributable to the operation of nuclear reprocessing plants." The "Kr levels increased 
from 0.59 Bq/m3 in 1972 to 0.93 Bq/m3 in 1983.51 From 1983 to the present, the "Kr 
concentrations in the atmosphere have been steadily increasing by a few percent per year. 
The "Kr concentrations measured in a grab sample collected from a stack at a nuclear 
reprocessing facility during the dissolution of irradiated uranium may exceed 2 x lo6 
Bq/m3.52 Excess '34Xe and 136Xe were also detected in the grab sample. Nuclear weapons 
testing has never played a significant role for the atmospheric 85Kr budget. Weiss et al., 
determined the origins of two 85Kr releases in Europe were from Sellafield and La 
Hague.53 This was accomplished by measuring the triti~m-to-'~Kr ratios in the air masses. 
The triti~m-to-'~Kr ratio varies between 0.023 for HTR he1 and 0.06 for LWR 
The tritium activity in the atmospheric water vapor is not always related to the "Kr 
activity of the air because the isotopic ratio of the discharge very often is changed by 
hydrometerological processes like rainout which influences the tritium activity of the 
vapor whereas the "Kr activity of the air remains unchanged.53 

The environmental 14C levels around various types of nuclear installations have been 
~ t u d i e d . ~ ~ - ~ '  From 1952 to 1985, the BNF Sellafield facility released 181.4 Tbq of 14C into 
the a tmo~phere .~~ Small but measurable levels of excess atmospheric I4C levels were 
measured at distances up to 30 km from the facility in 1985.55 A record of annual 14C 
discharges was preserved in the annual growth rings of the trees in the ~icinity.~' 

Nuclear reprocessing facilities release radionuclides into the environment that can be 
detected above global fallout background for hundreds of kilometers. Effluent from these 
reprocessing facilities may be detected at monitoring sites adjacent to repositories. 
Detection of these effluents can lead to false positive results that indicate proliferation 
activities at the repository. If the repository is located adjacent to an active reprocessing 
facility, the emissions and environmental signature of the re-processing facility may 
overwhelm the anthropogenic radionuclide emissions from the repository. If this occurs it 
will be difficult to detect any attempts to open casks and remove stored he1 elements from 
the materials stored in the repository. 

Global fallout background defines the lower limits for detecting anthropogenic 
radionuclides in the environmental samples. The anthropogenic signatures from large 
reprocessing facilities that have operated for decades define the largest environmental 
signatures that can be detected from attempts to reprocess spent he1 from repositories. 
The opening of storage casks at the repository, or the reprocessing of spent fuel at the 



repository will probably produce radioactive signatures that are much smaller than those 
produced by the large reprocessing facilities. The magnitude of the signatures will be a 
fbnction of the activities performed at the repository. Opening a storage cask and 
removing spent fuel for diversion to another location will produce a much smaller 
signature than reprocessing the spent fuel within the facility. The technology applied to 
the diversionary attempts will greatly affect the signatures produced. Air emissions can be 
greatly reduced by installation of HEPA filters in the exhaust system. Emissions can also 
be reduced by installation of scrubbers, and the rare gas emissions can be reduced by 
cryogenic scrubbing techniques. The anthropogenic radionuclide content in the aqueous 
emissions can be significantly reduced by processing the effluent waters by flocculation 
techniques or by passing the waters through ion exchangers. 

6.2 Monitoring Technology 

This section provides a summary of detection techniques that can be considered for 
monitoring waste repositories for the diversion of spent nuclear fbel. Repositories can be 
monitored by either (1) in-situ detection methods for prompt detection of releases that 
may indicate diversion or (2) off-line monitoring where samples are collected at the 
repository and analyzed at a laboratory for confirmation. The dearth of volatile signatures 
that may be released to the environment make on-line monitoring a difficult problem. In 
general, in-situ techniques have the advantages of unattended operation and faster 
response times, but suffer from higher limits of detection and greater susceptibility to 
interferences in comparison to laboratory methods. As with any field method for chemical 
detection, in-situ monitoring is best supplemented by the analysis of collected grab- 
samples by conventional laboratory techniques. This section describes techniques that 
might be applied for the important volatile and readily detectable signatures that could be 
released during cask opening, and it suggests techniques for sampling and off-line analysis 
of other signature compounds. The strengths and limitations of each technique are 
presented. An important issue here is that of analytical reliability: Will the instrument 
produce a false negative response, i.e., no response when indeed a signature compound 
has been released, or a false positive when no signature compound is present? On-line 
monitors can produce false negatives either through their inherent limitations, e.g., low 
sensitivity, and chemical interferences or by intentional tampering, also known as spoofing. 
The susceptibility of a monitor is highly dependent on how and where it is used; where 
possible, some general comments will address this issue. However, it is urged that the 
susceptibility of each technology to false responses be considered fbrther in context of its 
specific application. 

There are three volatile radioactive nuclides that are likely to be released when a storage 
cask is opened for diversion or reprocessing of spent fuel that may be possible to detect 
using on-line radiation detectors: 3H, 85Kr, and 1291. There are relatively few other volatile 
nuclides that can be detected using on-line techniques. For example, the isotopic 
distribution of xenon ( Xe) that would be released when a cask is opened is distinctly 
different than that of natural xenon. However, these are stable isotopes and mass 
spectrometry is the only method that can be used to measure the isotopic distribution. 
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Although there are some field-useable mass spectrometers that have become commercially 
available recently, their reliability for long-term unattended use in this application would 
have to be thoroughly evaluated. There are several important nuclides that might be 
released to the environment as particulate matter. Notable examples here are the isotopes 
of uranium and plutonium. Signatures of this type would be best collected and analyzed 
off-line. The three volatile radionuclides will be considered first. 

6.2.1 Tritium 

Because of the relatively long history of use and widespread application of tritium, a 
variety of both commercial and custom-built instruments have been developed for its 
detection. These detectors are based on gas-filled detectors, notably proportional 
detectors, and scintillation detectors usually, but not always, using organic scintillators. 
The detection of tritium is simplified to some extent by the fact that tritium can exist in 
two forms: tritiated hydrogen gas (HT, DT, T2) or tritiated water vapor (HTO, DTO, 
T20). Since tritium is generally monitored for health protection purposes rather than for 
safeguards, the airborne tritium concentration of the two forms is often measured 
separately because the species represent different radiological hazards.59 However, the 
monitoring of any form of tritium is adequate to detect the opening of a cask for diversion. 
The fact that tritium exists in two forms, and can be easily transformed from the diatomic 
gas to tritiated water vapor, can be used to advantage using differential detection schemes. 
The low-energy p radiation (end-point energy 0.0186 MeV) of tritium also makes it 
possible to construct differential detectors in which the tritium p radiation is blocked from 
one of the detectors. Some instruments based on the two types of detectors commonly 
used for tritium detection, gas-filled and scintillation, are described below. 

Two issues to be considered are background levels of radiation and calibration of the 
radiation monitors. In one study, the background levels of tritium in room air were 
measured with ionization chamber-based tritium monitors.60 The background levels 
recorded by the monitors varied significantly depending on whether the room ventilation 
system was on or OK The decay curve of the radioactivity revealed that the variation of 
the background levels was mainly the result of 222Rn (approximately 370 Bq/m3 when the 
ventilator was not used for a day). The variation of the background level of a low- 
background liquid scintillation counter also fluctuated due to the variation of the amount 
of 222Rn in the air. A tritium (HT) generation system has been developed at the National 
Institute of Standards and Technology.61 This system precisely mixes 2 gases, a 
gravimetrically prepared Ar-T2 mixture of known tritium activity and a stream of tritium- 
free air. In this fashion it can deliver air containing tritium at 2 times the current 
atmospheric background level (approximately 0.03 Bq/m3 of air). The system has a total 
output flow of about lL/min and was designed and evaluated to test atmospheric HT 
monitors that have an input flow of less than or equal to 0.85 L/min. Another approach 
that is more suitable for routine calibration of an in-situ monitor might be an 55Fe source 
(5.9-keV, "Mn x-rays).62 



Gas-Filled Detectors (tritium). Although simple ionization chambers have been used for 
tritium detection, proportional counters appear to be more widely accepted. A tritium-in- 
air monitor which uses flow-through air proportional counters has been described by 
A ~ y a m a . ~ ~  This computer-controlled monitor uses automatic compensation for beta and 
gamma backgrounds with alpha-background discrimination and can detect tritium activity 
separately from other coexisting radioactive gases. The concentration of tritium as well as 
the activity concentrations of other radioactive gases can be reported in near real-time. 
The monitor has a range of 3.7 x lo3 to 3.7 x lo9 Bq/m3 with response time of several 
minutes. A similar detector was described earlier by A ~ y a m a . ~ ~  This monitor used 
background compensation to separate detection of tritium from beta and gamma 
backgrounds. Alpha-background from radon and its daughter nuclides was eliminated by 
pulse height discrimination. With this detector, tritium in air at concentrations less than 
1.9 x lo5 Bq/m3 can be measured within 30 seconds under gamma-background with an 
exposure rate of 10 mR/h or under a beta background from radioactive gases other than 
tritium with a concentration level of about 7.4 x lo6 Bq/m3. Yet another variation on this 
theme is a tritium-in-air monitor using two layers of identical multi-wire proportional 
counters.65 The background due to internal alpha-particles was eliminated by pulse-height 
discrimination, and that due to external, penetrating gamma-rays and cosmic rays was 
evaluated from the coincidence counting rate of the 2 counters. The counting rate of 
tritium beta-particles was obtained from the anticoincidence counting rate Na by 
subtracting the product of the coincidence counting rate Nc and a constant ratio k = 
Na/Nc for the background. The ratio k was verified to be independent of the intensity, 
energy and incident direction of the gamma-rays, although it varied with pressure and 
humidity of the sampled air. A detection efficiency of about 14% was obtained for tritium 
P-particles; a detection limit of c3.7 x lo4 Bq/m3 was obtained with a normal background 
level and a counting time of 30 seconds. All counters described above operate without 
any other additional gases other than air. 

A proportional counter has also been used to continuously monitor beta-activity of both 
tritium and s5Kr.62 The sensitive volume of the counter was limited to approximately 24% 
of the total volume by four separate cathode frame works to minimize buildup of 
background activity from the daughter products of 222Rn. The system was operated in the 
static or flowing mode. In the latter, the residence time of the counting gas was about 10 
minutes. Output pulses from diagonally opposed anodes were summed, amplified, and 
processed by pulse height analysis and coincidence circuitry to provide upper and lower 
energy logic pulse outputs. Optimum discriminator levels were chosen to exclude pulses 
due to tritium events from the upper energy channel but to include a substantial fraction of 
pulses due to 85Kr events. The system threshold (two sigma) for detection of either tritium 
or "Kr was approximately 74 Bq/m3 in the absence of 222Rn and a factor of 3 greater with 
typical concentrations of 222Rn. Estimates for the activity detection threshold of tritium or 
"Kr in the presence of the other were 10% of the "Kr activity for tritium and a few 
percent of the tritium activity for 85Kr. 



Scintillator Detectors (tritium). A tritium-in-air monitor with a 6.3 mL stainless steel 
flowcell using Teflon windows and packed with 600 mg of 5 micron thick dry plastic 
scintillator films has been described.66 A matched pair of photomultipliers are coupled to 
the tube and coincidence counting is used for photon detection. Sampling rates for air can 
vary from 1 to 10 L/min with tritium counting efficiency for air through the detector of 
65%. For an uncontaminated detector, in the absence of any background activity, the 
instrument background is 2 counts/min as background which is equivalent to the passage 
of 7.4 x lo3 Bq/m3 of tritium in air. Background interferences are corrected through 
microprocessor-based electronic compensation. Trial runs of the monitor in nuclear 
power plants have shown that it can fbnction on a continuous basis in the presence of 
large levels of gamma background and gaseous radionuclide interference. The same 
author has reported another on-line tritium monitor which uses a plastic scintillator sponge 
packed flow cell.67 This monitor samples air at 100 L/min and continuously injects water 
into the sample air stream at 0.6 L/min. The tritium which enters the aqueous phase by 
exchange is measured using coincidence counting. Because of the need for an aqueous 
sampler and concomitant water supply, this monitor is less attractive for unattended on- 
line use. Another tritium monitor using plastic scintillation sheets that can detect tritium in 
the presence of other radionuclides and external gamma-radiation has been described.68 
The sensitive volume of the scintillation chamber is about 1 L. The sensitivity of this 
detector for tritium in air is 5.6 counts/min for each 1.1 x lo3 Bq/m3. This instrument can 
be used to monitor tritium, either in air or in water. 

A few different approaches have been described for the detection of tritiated water in air. 
One report describes the use of a Nafion polymer (DuPont) to separate HTO from gas 
streams containing other radioactive  compound^.^^ Using the Nafion membrane, 
discrimination ratios of lo3 and lo4, for HTO relative to HT and Xe, respectively, were 
achieved. This report also describes an inexpensive portable tritium monitor, similar in 
size to a normal gamma-ray survey meter, that is being developed for individual 
assessments of tritium hazards. One commercially available tritium detector is based on a 
passive ionization created by an ele~tret.~' Tritium gas or tritiated water vapor passes 
through a Tyvek filter into the ionization chamber and ionizes air molecules within the 
chamber. The ions are attracted to the electret surface where the electret charge is 
m e a ~ u r e d . ~ ~ . ~ ~  The instrument is not specific to tritium, and in principle might be applied 
to the detection of any nuclide that emits ionizing radiation. Detection limits depend upon 
exposure time and the volume of the ionization chamber. Approximately 3.7 x lo5 Bq/m3 
of tritium can be measured in one day with a 0.2 L chamber. Similar devices are available 
for other nuclides such as 14C, "Tc, uranium, and plutonium. 

Off-line samplers can offer some advantages in sensitivity and reliability. One scenario for 
off-line monitoring would be the collection of gas from a tube that could sample gas near 
the casks themselves. A high volume, fieldable sampler for the collection of both tritium 
and tritiated water in air has been described. Using liquid scintillation counting, detection 
limits approach background tritium levels.73 



6.2.2 Krypton-85 

Several commercially available detectors were field tested for the measurement of "Kr in 
the environment around nuclear fuel reprocessing facilities.74 These included flow-through 
ionization chambers with vibrating reed electrometers, thin-walled cylindrical Geiger- 
Muller tubes, single and double thin-window Geiger-Muller tubes, and beta-scintillation 
detectors. The detectors were calibrated against standardized ionization chambers in the 
laboratory. Following calibration, instruments were field tested near an operating nuclear 
fuel reprocessing plant to determine sensitivity, reliability, and applicability. A double 
window pancake-type Geiger-Muller tube was the most sensitive detector evaluated 
(maximum sensitivity under field conditions of 440 Bq/m3). However, its window was 
extremely fragile. A more rugged cylindrical probe Geiger-Muller tube had a sensitivity of 
900 Bq/m3. All successfidly tested instruments are discussed with respect to appropriate 
environmental monitoring applications. 

A detection system for the measurement of low activities of 85Kr in air using a CaFz(Eu) 
scintillator has also been described.75 This detector was characterized using a 85Kr 
standard. An 241Am source was used to check the operating condition of the detector 
during long-term operation, The referenced report describes the construction of the 
system and the modifications that made possible the use of the check source in the vicinity 
of the scintillation detector without disturbing the hermetic sealing of the detector 
chamber. 

6.2.3 Iodine-129 

Two instruments have been reported which use a sodium iodide scintillator for lz91 
monitoring. In one design, a NaI(TI) layer was combined with either a CsI(TI) or CsI(Na) 
as a phoswich ~cintillator.~~ Iodine was collected on a filter, signals from each scintillator 
layer were measured, and the y-radiation from the lz91 was calculated from the signal from 
the NaI(TI) layer using the signal from the CsI(T1) or CsI(Na) layer. The other lz91 
monitor used only a NaI(T1) detector.77 This instrument used a water-selective 
permeation device to dry the gaseous sample. Charcoal was used as a sorbent to collect 
iodine. It was found that a filter should be used with the monitor to prevent the collection 
of moisture, which prevents the iodine from reaching the detector. It was also found that 
the presence of organic compounds in the air increased the response of the monitor. It 
was thought that this was due to the formation of Me1 which is not adsorbed on the 
monitor's surfaces as readily as iodine vapor. The response of the monitor was not 
significantly affected by nitric acid vapors and 137Cs did not significantly affect the 
response of the monitor. The detection limit for lz91 was approximately 220 Bq/m3 for a 
24 hour period. 

6.2.4 Off-line Methods 

Off-line methods of analysis generally offer lower detection limits and higher specificity 
than in-situ detectors. As mentioned earlier, they are not suitable when an early warning is 



required. They also have a disadvantage when the sample can degrade with time, such as 
the radioactive decay of short-lived nuclides. However, the over-all greater reliability of 
off-line analysis and the wide variety of signature compounds that can be detected make it 
a viable means of repository monitoring. 

Some means of interrogating a sealed repository must be provided to collect samples for 
analysis. One mechanism might be to sample through the ventilation s h a h  that are 
already in place at the facility. For the sake of these discussions, something as simple as a 
metal tube that protrudes into the interior of the repository and through which gases and 
particulates are brought above ground can be considered as a sampling mechanism. (The 
problem of sampling is obviously not that simple to resolve and this area should be 
explored in hrther studies.) Using such a sampling device, gases from the repository can 
be collected cryogenically, on sorbent media such as charcoal or molecular sieves, or in 
canisters or bags. Particulates can be collected on filter paper or with more specialized 
devices such as impactors. 

Because the samples can be treated conventionally, a wide variety of analytical methods 
becomes available. In addition to the technologies mentioned above, other radiochemical 
methods of analysis such as liquid scintillation counting and solid-state semiconductor 
detectors can now be used effectively. Techniques such as electron microscopy and 
electron microprobe analysis, secondary ionization mass spectrometry, and thermal 
ionization mass spectrometry, as well as many others, can be used for the analysis of 
collected particulate matter. However, only four different techniques are required to 
detect the important signature radionuclides in Table 6:  Liquid scintillation counting, high 
resolution gamma spectroscopy, alpha spectroscopy, and mass spectrometry (both gas and 
thermal ionization). Rather than describe each technology individually, selected 
methodologies and approximate detection limits are summarized in Table 22. 

Results of this study have shown that testing and long-term evaluation of in-situ sensors 
for repository monitoring is a key factor. The volatile nuclides that may be possible to 
detect (3H, 85Kr, and 12'1) are weak P-emitters and could be detected as a group. Key 
concerns are stability and reliability, sensitivity, and the incidence of false positive and 
false negative responses. Analysis of *'Kr may provide the best chance to detect a 
suspected diversion operation. 

In conclusion, analysis of air and soil samples near a repository for certain key signatures, 
particularly 85Kr, in conjunction with global fallout data and background data has the 
potential to detect unauthorized diversion of spent nuclear hel. There are methodologies 
that are ready for testing as in-situ repository monitors. Sampling methods will need to be 
developed for off-line laboratory analyses. Finally, the development of new analytical 
technology will need to be monitored, and new instruments will require testing and 
evaluation as appropriate. 



Table 22. Summary of Typical Detection Limits for Analytical Instrumentation. 

This table summarizes many instrumental methods used for the radionuclides given in Table 6 .  The list is not comprehensive. The 
detection limits are estimates and may vary significantly from the values provided. Factors which can influence the detection limits 
include method of sample preparation and whether the chemistry is done in a “clean” facility, purity of reagents, size of sample, and 
level and types of interfering constituents present in the sample. 

Analyte 
~~~ ~ 

Instrument 
(Common Abbreviation) Matrix t (Detection Limit) 

Energy Dispersive X-Ray soil j Na-Am 
Fluorescence Spectroscopy vegetation I (pg/g) 
(ED=) i solutions / 

Wavelength Dispersive X- soil / Na-Am 
Ray Fluorescence / vegetation (pg/g) 
Spectroscopy (WDXRF) i solutions 

Spectrometry (SMS)  / materials I . (1 10l4-l7 
atoms/cm3) 

.................................................................................................................... - ......................................................... 
Secondary Ionization Mass solid i H-Am 

good for actinides 

Comments 

matched standards required for quantitative analysis 
rapid qualitative analysis 
sample preparation required for analysis of vegetation samples 
detection limits dependent on matrix and analyte (<lo to 

matched standards required for quantitative analysis 
rapid qualitative analysis 
detection limits usually superior to EDXRF (40 to 100 pgg), 
elemental, isotopic and chemical detection 
particle analysis (elemental and isotopic) of irradiated 

large area surface imaging possible (NIST) 
detection limit depends on element and chemical environment 
usually requires a conducting sample 

1007s of pgg) ........................................................................................................................................................... 

.................................................................................................................................................... 

materials in lexan 



Table 22 (continued). Summary of Typical Detection Limits for Analytical Instrumentation. 

Electron Microprobe 
Analysis (EMPA) 

X-Ray Diffraction (XRD) 
.......................................................................... 
*Thermal Ionization Mass 
Spectrometry (TIMS) 

§Isotope Dilution Thermal 
Ionization Mass 
Spectrometry 

Gas Source Mass 
Spectrometry (GSMS) 

.......................................................................... (IDMS) 

* static mode 

dynamic mode 

Gamma Ray 
SpectroscopykIigh Purity 
Ge (HPGe) Detector 

solid samples 

Crystalline 
materials 
soil 
vegetation 
solutions 
metals 
plastics 
biota 

air 
soil 
vegetation 
solutions 
metals 
plastics 
biota 

soil 
vegetation 
solutions 
metals 
plastics 
biota 

Be-Am 
(Pg/g) 

N/A 

all gases H to Xe 

(* very small samples 
atoms/g) 
(0 high precision 
measurements on 
small samples sizes) 
pmoles/sample with a 
carrier gas 
gamma emitters 
(picoCurie/sample) 

...................................................... 

high resolution (1 -2%) quantitative analysis requires a 

10% accuracy on powder samples possible 
detection limits are matrix and element dependent 
sample powered or single crystal used for analysis 
identification of compounds present 
considerable pre-analysis chemistry for all samples types 
clean chemistry facility greatly improves detection limits 
sample sizes range for *(1 to 1000 grams) and §(O. 1 to 10 

detection limits dependent on matrix and analyte 
some instruments in clean facilities have attogradgram (ag/g) 
detectabilities 
direct inlet of several cc of air or gas sample for noble gas 
analysis 
chemical decomposition of solids or solutions necessary to 
measure stable isotopes or noble gases contained in sample 

polished surface and the use of matrix matched standards 

.............................................................................................................................................................. 

............................................................................................................................................................ 

grams) 

............................................................................................................................................................... 

detection limit very dependent on nuclide and sample 
preparation 

if sample size not limited, lkg samples in Maranelli beakers is 
an inexpensive and sensitive analysis (no chemistry needed) 

good for nuclide identification 



Table 22 (continued). Summary of Typical Detection Limits for Analytical Instrumentation. 

*Alpha Spectrometry (AS) 

§Isotope Dilution Alpha 
Spectrometry (IDAS) 

............................................................................ 
Liquid Scintillation Counting 

............................................................................ 
Beta CountingProportional 
Counters 

soil 
vegetation 
solutions 
metals 
plastics 
biota 

solution 
soils 
vegetation 

soil 
vegetation 
solutions 
metals 
plastics 
biota 

any alpha emitters 

also good for U, Pu, 
Np, Am, and their 
decay series 
daughters and fission 
products 

(*millicurie to 
9f emtoCurie/sample) ............................................... 
low energy beta 
emitters 
(sub picoCurie/ 
sample) 
beta emitters (sum) 
(sub picoCurie/ 
sample) 

...................................................... 

pre-analysis chemistry increases sensitivity from 1 to 6 orders 

sample sizes range from 0.01 to 1000 grams 
detection limits dependent on nuclide and degree of overlap of 

good for nuclide identification 

of magnitude 

alpha emission energies with other nuclides in the sample 

............................................................................................................................................................... 
usually used for 3H and "Sr, and 14C 
soils and vegetation require appropriate sample preparation 

sample preparation required to generate thin precipitate 

no specific nuclide information is obtained (appropriate 
sample 

sample preparation allows for differentiation between beta 
emitters and/or longer count time which allow half lives to be 
determined for specific nuclide identification) 

can be done on it 
if sample is properly prepared, both alpha and beta counting 
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Table 22 (continued). Summary of Typical Detection Limits for Analytical Instrumentation. 

X-ray Counting 

*Inductively Coupled 
Plasma Mass Spectroscopy 
(ICP-MS) 

$Isotope Dilution 
Inductively Coupled Plasma 
Mass Spectroscopy (ID- 

Inductively Coupled Plasma 
Atomic Emission 
Spectroscopy (ICP-AES) 

ICP-MS) ......................................................................... 

Direct Current Arc 
Spectroscopy (DC ARC) 

soil 
solution 
vegetation 
metals 
plastics 
biota 

soil 
vegetation 
solutions 
metals 
plastics 
biota 

soil 
solution 
vegetation 
metals 
plastics 
biota 
solids 
.................................... 

very good for 
actinides at the (sub 
picoCurie/sample 
level) 

other elements 
i(picoCurie/sample) 
most elements except 
halides, C, N and 0 

dilute acid solution) 

dilute acid solution) 

................................................. 

(* Pg/g to ng/g in 

(0 Pg/g to fg/g in 

most elements except 
halides, noble gases, 
C, N and 0 
(ng-pg/g in dilute acid 
solution) 
.......................................................... 
most elements except 
halides, noble gases, 
C, N and 0 
0 

used to differentiate between elements based on their Z# 
may be used to veri5 Ge detector information 
required sample preparation depends on analysis (qualitative 

matrix problems in samples with much mass 
vs quantitative) 

without chemical treatment, matrix effects drastically decrease 

solids need to be dissolved, which affects detection limits 
preconcentration aids detection limits 

detection limits 

detection limits can be improved by preconcentration 

solids need to be dissolved and this factor will affect the 
techniques 

detection limits 

................................................................................................................................................................ 
fieldable instrument could be developed 



Table 22 (continued). Summary of Typical Detection Limits for Analytical Instrumentation. 

Laser Ablation Inductively 
Coupled Plasma Mass 
Spectrometry (LA-ICP-MS) 

Glow Discharge Mass 
Spectrometry (GDMS) 

soil 
vegetation 
metals 
plastics 

soil 
metal 
ceramics 
vegetation 
plastics 

most elements except 
halides, C, N and 0 i and the matrix 
n g k  to Pdg; 

actinides to fg/g 
all elements except 
noble gases at ng/g; 
U, Th, Pu, Np, Am, 
and their decay series 
daughters and fission I elemental and isotopic determinations 
products at ng/g 

detection limits will depend on the element being measured 

instrument could be made fieldable 
I not used for low level environmental samples without sample 
I preconcentration or chemical treatment 

1 noble gases could be performed under special operating 

................................ ... .................. 4 .................................................................................................................................................................. 
vegetation may need to be ashed prior to analysis 

conditions 
detection limits will depend on element and matrix 
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Appendix 1. Summary of Work Plan for SAGOR (Task C 799). 
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Appendix 2. Design Options to Consider in Developing a Safeguards Approach.' 

Options to Reference Design 
Type of fuel, e.g. HLW, AGR 

(Inventory and partitioning 
influences release rates)" 
Canister Design 

(Failure frequency during 
expected operations influences 
release rates)" 

Different disposal medium, 
e.g. tuff, clay or salt 

(Adsorption of radionuclides 
and presence of water 
influences species released)" 

Ramps instead of shafts for 
transfer of materials to/from 
underground. 

Shielded Disposal Package 

(Failure rate)" 

In-room Emplacement 

(Failure rate)a 
Off-site Conditioning Plant 

(Lower background levels)" 
' These comments indicate how 
environmental monitoring. 

Influence on Repository Design and Operation 
Different nuclear materials content of canisters and other items. 
Different radiation characteristics, heat output, and maximum 
allowable temperatures, influencing canister, and transfer-cask 
design and spacing of fuel in repository. 
Larger (or smaller) disposal canisters andor disposal transfer 
casks could require modifications in the diameter of the waste 
shaft and dimensions of disposal access tunnels, rooms and 
boreholes: and the load capacity of all cranes, hoists and vehicles 
needed to transport the casks. The nuclear materials content, 
spacing of canisters in the repository, disposal rate of canisters 
and shielding requirements could also be affected. 
Rock strength could affect type of equipment used in construction 
and operation and speed of mining. This could affect the disposal 
rate, and the time required for accessing an emplaced canister. 
High plasticity could require lining to maintain openings long 
enough for waste emplacement, immediate sealing of boreholes, 
rooms and tunnels, and could make retrieval of an emplaced 
canister more difficult. Disposal above the water table (e.g. in 
tuff) could permit an increase in the design temperature for the 
canister surface, allowing closer spacing of canisters. It could 
also eliminate the need for backfilling of disposal rooms, 
facilitating retrieval. 
Ramp access would simplify transport of a disposal canister and 
materials to (or from) a disposal room. The canisters (or 
materials) could be loaded on a transporter at the surface and 
driven to a disposal room. Transfer operations to and from the 
cages and skips would be eliminated, and crane transfers reduced. 
However, transfers to/from surface to underground would be 
slower. Openings for ramps would be larger. It is possible that a 
transporter could be used to provide additional radiation shielding 
for the undeclared removal of nuclear material from a repository. 
If self-shielded disposal casks are used, more robust equipment is 
needed for both disposal and retrieval operations. However, both 
operations are simplified because provisions for external shielding 
are not required. 
With in-room instead of borehole emplacement, operations would 
be modified, and fewer canisters would be accessible during 
emplacement operations. 
Spent fuel would not normally be present at the repository site, 
outside of the disposal canisters. Equipment for routine 
packaging spent fuel would not be available on-site. 
le options to the reference design impact the effectiveness of 



Appendix 2 (continued). Design Options to Consider in Developing a Safeguards 
Approach.' 

Options to Reference Design 
Pre-Built Repository 

Absence of an Underground 
Hot Cell 

(Lower background levels)" 
Continuous Operation 

(Ventilation rate)" 

Disposal Rate 

Mixed Emplacement 

Use of Non-Railbound 

Influence on Repository Design and Operation 
If all disposal rooms are excavated prior to beginning operations, 
the design would be essentially fixed before operations, and there 
would be fewer activities occurring during operation. 
If there is no underground hot cell, it is unlikely to be possible to 
open a canister underground, or do reprocessing, without 
detectable contamination. 

If operation is continuous, operating staff are present in the 
operating areas of the repository at all times; if it is not 
continuous, there are time periods when few or no staff are 
present. 
The complexity of operations occurring at any time will depend 
on the canister disposal rate. 
If there is co-disposal of other wastes (such as HLW and ILW), 
design and operating procedures must ensure that there is no 
possibility of mistaken identity. In some cases, different sized 
andor shaped casks will be designated for specific types of 
waste. 
Use of non-railbound vehicles permits transfers to areas where 

Equipment 
Monitoring Requirements 

(Backfill may influence ability 
to obtain off-line samples)" 

rails have not been laid. 
For repositories in which immediate backfill is not required 
because of the plasticity of the rock, the schedule for backfill 
operations may depend on regulatory, government or public 
requirements for monitoring. 



Appendix 3. Comparison of Results Between AN-West and ICPP Analyses of the SFB Study 
Gas Samples. 

FY 1994 I Gas I CaskV/21-13D I CaskV/21-14A I CaskVSC-17 I Cask VSC-17 

ND = Not Detected. 
Some ICPP analyses were such that two repeat analyses were performed on the same sample cylinder. In 
these cases, the ICPP values were averaged to produce one number. 



Appendix 3 (continued). Comparison of Results Between AN-West and ICPP Analyses of the 
SFB Study Gas Samples. 

~ 

ND = Not Detected. 
Some ICPP analyses were such that two repeat analyses were performed on the same sample cylinder. In 
these cases, the ICPP values were averaged to produce one number. 



Appendix 4. Radiation and Environmental Measurement Results for C-14 and Kr-85 in SFB 
Study Gas Samples. 

Units are in microcuries per standard cubic centimeter (pCi/scc) where standard conditions of temperature 
are 0°C and 1 atmosphere 
The uncertainties for C-14 and Kr-85 are lo of the reported result. 
* Results are included for completeness even though they were below the minimum detectable amount for 
the specified determination. 
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