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those of the United States Government of any agency thereof. 
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ABSTRACT 

This report summarizes the efforts completed in identifying candidate 
fluorescence compounds and radioisotopes for a developing tagging 
system. The tagging system is being developed as a deterrent to nuclear 
smuggling, by providing a means OF. 1) tracing materials and pilferers to the 
facility of origin for any recovered special nuclear materials, 2) inventory 
control of long-term stored items containing special nuclear materials, and 
3) tracking materials transferred between facilities. The system uses three 
types of materials to cover a range of applications intended to prevent the 
pilfering of special nuclear materials. One material, fluorescent compounds 
which are invisible without ultraviolet or near-infrared detection systems, is 
marked on controlled items with a tracking pattern that corresponds to a 
specified item in a specified location in the data control system. The 
tagging system uses an invisible, fluorescent dusting powder to mark 
equipment and personnel who inappropriately handle the tagged material. 
The tagging system also uses unique combinations of radionuclides to 
identify the facility of origin for any special nuclear material. This report also 
summarizes the efforts completed in identifying hardware that will be used 
for the tagging system. This hardware includes the devices for applying the 
tagging materials, the commercially available fluorescence detection 
systems, and gamma ray detection systems assembled from existing, 
commercially available technologies. 



EXECUTIVE SUMMARY 

This document represents the final deliverable for the Idaho National Engineering and Environmental 
Laborato$s Warhead Dismantement/SSpecia1 Nuclear Materials Control Program (IL500) Task E “Radioisotope 
Codctail for Nuclear Smuggling Deterrence.” This project is funded through the Department of Energy Office 
of Nonproliferation and N a t i d  Security’s Office of Research and Development (NN-20). The purpose of this 
project is to develop a tag which will deta the pilfering and illegal trafficking of special nuclear material (SNM). 
The deterrence to pilfering of SNM is achieved by using the tag to improve the accountability of SNM and 
providing readdy traceable forensic evidence. The described tag is being developed for use by the international 
nuclear community. 

This report describes the justification for this project, the technical requirements of the materials and 
methods, the tagging methods, and the candidate materials for the tag. The tagging system is composed of three 
types of tags: 1) a fluorescent tag, 2) a radioisotope tag, and 3) fluorescent and radioisotopic tampering tag. 
These tags’ relative importance and function are determined by their respective applications. In combination, 
the tags will uniquely ident@ the facility of origin for materials and their storage containers, will uniquely tag 
each container for inventory control, and will provide forensic information to assist in the identification of 
equipment and personnel involved in the handling or transport of pilfered SNM. The tag is based on the ability 
of solvents, containing fluorescent compounds and radionuclides, to become embedded into the SNM or metal 
storage containers as the solvent penetrates into the metal‘s surface microcracks. The tag will be colorless under 
normal lighting conditions and will be detectable by: 1) a gamma detector, 2) an ultraviolet light, or 3) a near 
infkared camera. 

Design criteria for the tagging system cover the materials to be tagged, location of use, and physical 
chsnacteristcs of the tag. The tagging system will be designed to tag components and containers of at least 500g 
of plutonium and uranium metals and salts; warhead components; unirradiated nuclear fuel rods; and storage 
containers. The tags will be applied in normal process areas at SNM handling facihties and be detectable with 
portable equipment throughout the handling facility and transport processes. The tag wili be designed to be 
difficult to remove all traceable evidence of the tag fiom the SNM and the personnel and equipment used to 
remove the tag. Currently, 18 long-lived radioisotopes, 38 short-live radioisotopes, and 10 fiuoreseent 
compounds have been selected as candidate materials for the tagging system. 

Detection of the tag is based on the concept that fluorescent indicators and gamma emitting isotopes can 
be applied to a surface and then detected by their characteristic emissions. The uniqueness of the tag is 
established by assigning unique patterns of fluorophores and unique combinations of radioisotopes to each 
facility. Advantages of this tag are: 1) it can be detected and read with simple detector technology, 2) parts of 
the tag will be detectable for a minimum of twenty years, 3) very small quantities of the tag can be detected, 4) 
materials inside storage containers and packaging can be identified without opening the container, and 5) efforts 
to remove the tag will leave significant forensic residues. 

This report contains the design criteria for and a preliminary design description of the hardware that will 
be used for the tagging system. This hardware includes the devices necessary to apply the tagging materials, the 
detection systems for the fluorescence compounds, and the detection systems for the gamma-emitting 
radioisotopes. The design criteria describe the capabilities that the hardware must meet to implement an effective 
tagging system within the limitations unposed by the program sponsor and the facilities potentialIy using the tags. 
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DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United 
States Government. Neither the United States Government nor any agency thereof, nor 
any of their employees, make any warranty, express or implied, or assumes any legal liabili- 
ty or mponsibirity for the accuracy, completeness, or usefulwss of any information, appa- 
ratus, product, or process disclosed, or represents that its use would not infringe privately 
owned rights. Reference herein to any specific commercial product, process, or service by 
trade name, trademark, manufacturer, or otherwise does not necessarily constitute or 
imply its endorsement, recommendation, or favoring by the United States Government or 
any agency thereof. The views and opinions of authors expressed herein do not necessar- 
ily state or reflect those of the United States Government or any agency thereof. 



The criteria address issues such safety, adaptability, sensitivity, and portability. Upon continuation of M e r  
funding, prototype tagging application and detection systems will be constructed and demonstrated on SNM and 
storage containers. 
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I. INTRODUCTION 

This document represents the final deliverable for the Idaho National Engineering and Environmental 
Labomtory’s Warhead Ilhmtlement/Special Nuclear Materials bntml Program Q500) Task E “Radioisotope 
Gxktail for Nuclear Smugghg Deterrence.” This project is fuuded through the Department of Energy Oflice 
of Nonproliferation and National Security’s Office of Research and Development (NN-20). The purpose of this 
project is to develop a tagging system to deter the pilfering and illegal tracking of special nuclear material 
(SNM). The deterrence to pilfering of SNM achieved by using the tag will be r&ed by enabling the SNh4 
handling community to: 1) improve the accountability of materials being prepared or stored at facilities; 2) 
provide readily available forensic information related to the facility of origin for materials recovered from 
smugglers; and 3) provide traceable safeguarding measures and forensic evidence to detect personnel pitfering 
(or attempting to pilfer) SNM. 

This report describes the justification for this project, the technical requirements driving the selection of 
candidate tagging materials and methods, and the proposed tagging methods. Also described are the candidate 
fluarescence compounds, candidate radioisotope cumpounds, candidate application solvents needed to effectively 
apply the tagging materials, candidate hardware necessary to apply the tagging materials, and candidate hardware 
to detect the fluorescent and radioisotope tags. 



2. PROJECT DESCRIPTION 

2.1 Purpose 

The purpose of this project is to develop tagging methods for SNM, dismantled nuclear weapon components 
and their containers to determine unambiguously the point of origin of interdicted smuggled materials and to deter 
pilfering of these materials by personnel fi-om facilities missioned with manufacturing, dismantling, or storing 
these materials. 

2.2 Participants 

This project is funded through the United States Department of Energy’s Office of Non-Proliferation and 
National Security (NN-20) and is being performed at the Idaho National Engineering and Environmental 
Laboratory (INEEL) by h k h d  Idaho Technologies Company, Managing and Operating contractor under DOE 
Idaho Operations Office Contract DE-ACO7-94ID13223. 

2.3 Policy Drivers 

Federal sponsorship of this research is justified through congressional charter, Section 1502 of the FY 1995 
National Defense Authorization Act (NDAA). The NDAA directs the Counter proliferation Program Review 
Committee, chaired by the Secretary of Defense and composed of the Secretary of Energy, Director of Central 
Intelligence, and the Chainnan of the Join Chiefs of Staff to “iden* and review existing and proposed 
capabilities and technologies for support of U.S. nonproliferation and Counter proliferation policy.” The DOE’s 
initiatives address enhanced programs in: material protection, control and accounting for the physical protection 
of Russian nuclear materials, expansion of the DOE’s support to the International Atomic Energy Agency 
(IAEA), strengthening of support to U.S. and international commerce, preventing a black market in nuclear 
materials, and providing addi t id  intelligence products in support of U.S. Intelligence. Within these initiatives, 
DOE is sponsoring research to build the technical foundation for a national capability to detect and track illicitly 
transported weapons of mass destruction (WMD) materials, including the ability to identi@ the source of 
materials and the participants in nuclear smugghng incidents.’ 

2.4 Technology Users 

The described tag is being developed for use by the international nuclear community as a deterrent to 
pilfering of SNM. The tag will be applied directly to SNM and storage containers so that the facility of origin 
of the materials can be i d d e d ,  storage containers can be inventoried, and individuals improperly handling the 
materials can be detected. Facilities using the tag include those producing usable forms of SNM (metals, fuel 
rods, and salts), those dismantlig nuclear weapons, and those preparing and monitoring SNM for long-term 
secured storage. Once developed, it is envisioned that the tagging methodology wiII be available (potentially via 
the IAEA) to each country handling SNM. Each facility handling SNM will be assigned its unique tagging 
materials and patterns and be able to obtain the instrumentation necessary to apply and detect the tags. 
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3. BACKGROUND 

Since the first know incident of illegal traEcking of radioactive materials in 1966, DOE has provided 
support to law dorcement personnel in many cases. Most of these cases OcCufTed during this decade.2 This 
trend becomes sigdicady alanning in that the trend is not localized in one area but is spreading throughout the 
international (Russia, Germany, Poland, etc.,) marketplace. As an example, the number of cases of illegal 
transfers of radioactive and fissile material to Germany has grow fiom four cases in 1990 to more than 500 
cases over the next four years? 

Even though most of the cases of nuclear smuggling involve scams, there are a significant number of 
incidents involving actual radioactive mateiak. Ofthe cases in Gemany, forty-six cases resulted in the recovery 
of radioactive materials and fifteen cases involved fissile material.' The fissile material recovered generally 
included small quantities of natural or low-enriched uranium. Some cases have involved the recovery of 
plutonium and americium fiom smoke detectors. However, smuggling incidents can involve quantities of 
materials that indicate an active market for nuclear prolifbration materials. One of the most significant of these 
cases involved the recovery of 2.7 kg of 88% enriched U-235 powder in Prague." 

This incident, in combinations with claims that 150 kg of plutonium has been transferred from Russia and 
stored in Switzerland,2 indicate that there is an increasing demand to secure existing stockpiles of SNM. 
Improved methods of security and accountability are needed to make it more difficult to gain access to fissile 
material and increasingly dangemm to handle the SNM. These deterrence measures can be realized by improving 
the chance that a person pilfering material is more likely to be caught during the act of psering or eventually 
tracked down using the forensic information gleaned fiom recovered materials. 

Because of the inherent similarities of SNM throughout the international nuclear community, deterrence 
h m  forensic data has significantly lagged behind deterrence accomplished through security and accountability 
measures. This lack of forensic information has been recognued and is being addressed through international 
conferences and technolosy development activities. The tagging system described in this report is one of the 
measures underway to provide more usable forensic information to deter the pilfering of SNM. 
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4. DESCRIPTION OF TAGGING SYSTEM 

The developing tagging system for this project is composed of three types of tags: 1) a fluorescent tag, 2) 
a radioisotope tag, and 3) a tamperhg tag. These tags’ relative importance and function are determined by their 
respective applications. In combination, the tags will uniquely identify the facility of origin for materials and their 
storage containers, will uniquely tag each container for inventory control, and will provide forensic information 
to assist in the identification of equipment and personnel involved in the handling or transport of pilfered SNM. 
The tags are based on the application of a solvent containing a mixture of radionuclides and fluorescent 
wmpounds to the surfice of the metal. The solvent, radionuclides, and fluorescent compounds become embedded 
into the metal as they peneb.ate into the microcracks normally present in metal surfaces. The components of the 
tag will be colorless under n o d  lighting ConditioIlS and will be detectable by: 1) a gamma detector, 2) an 
ultraviolet light, or 3) a near infkared camera. 

4.1 Intended Applications for the Tagging System 

To design a tagging system that meets its mtended purposes, there must be an understanding of the intended 
applications for the tagging system. For this tagging system, there are four intended applications: 1) identifjing 
the facility of origin for SNM recovered fiom smugglers, 2) idenwg materials for inventory control, 3) tracing 
the transfer of materials between facilities, and 4) identifpg personnel that improperly handle controlled 
materials. More detail describing these applications is provided as follows: 

4.1.1 identifying Point of Origin for Recovered Materials 

In most incidents in which interdicted SNM has been recovered, the source of the smuggled material is 
difficult to determine. Currently, many national and international efforts are devoted to forensic analysis of these 
recovered materials to establish the facility from which the material was taken and possibly the people, vehicles, 
and locations involved in the transporting of the material. The purpose of a tag which identifies the facility of 
origin of the material will minimize the need for the current extensive practice of particle, residue, and isotopic 
analyses. Developing a tag which identifies the facility of origin achieves the following benefits: 1) the tag 
provides evidence which may assist in the arrest of personnel responsible for pilfering the material and 2) the tag 
improves safeguarding and accountability at the facility fkom which the material was pilfered. 

4.1.2 Verifying inventory of Stored Material 

A sigruScant aspect of safeguardmg SNM is controlling the inventory of material that is placed in storage. 
Currently it is planned that enriched uranium and weapons grade plutonium that was prepared for or removed 
from nuclear weapons will be packaged in metal cans and stored in secure facilities. An integral part of 
sdeguarding these stored materials will be periodic (potentially every day) inventory checks to determine if the 
stored material is in the storage container and if the storage container has been disturbed. One low risk, low 
exposure means of performing this inventory check may be robotic sensor systems that are controlled remotely 
for operation in limited access storage bunkers. To use such a system, the sensor system will have to detect either 
unique signatures fiom the SNM and storage containers or unique signatures fkom a tag embedded on the SNM 
and storage containers. 
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Because there is a strong possibility that the SNM and containers at a specific storage facility will have 
similar shapes, chemical composition, isotopic composition, and contaminant composition, resolution of 
traditional detectable signatures (neutron or gamma spectra and intensities) will be diBcdt to interpret to 
establish the identity and position of individual items. Therefore a unique tag placed on the SNM and on the 
storage container will offer an opportunity to develop a remotely controlled sensor system that can veri@ the 
unique identity of the material and its locations. Use of a unique tag would improve safeguarding of the SNM 
by making a remote inventory monitoring system more practical. Benefits of having an implementable remote 
inventory system based on Unique tags would then be realized through: 1) mhimbing personnel access 
opportunities to the storage bunker, 2) minimizing radiation exposure to personnel performing the inventory, and 
3) increasing the rate of periodidrandom inventories. 

4.1.3 Tracing Material Movement Between Facilities 

Another important f m  of safbguarding SNM is the ability to venfy the unique identity of materials that 
are shipped and received between facilities. This verification is done with a variety of methods which include: 
1) administrative documentation, 2) stamped markings, 3) mass, 4) energetic spectral measurements, and 5 )  
laboratory analysis of samples. A tag which identifies @c shipments or containers that have been transferred 
wilt. reduce the time and expense of the verification process if the tag: 1) uniquely identifies the material; 2) can 
be read with inexpensive, non-labor intensive instruments; and 3) requires minimum unpacking and handling of 
the shipment material. 

4.1.4 Identify Tampering with Materials in Process 

Because materials have been pilfered from SNM facilities, known weaknesses of material safeguarding are 
the vulnerability of materials that are handled manually in high traffic areas and those left in storage in low traffic 
areas. Normally, the handling of SNM is performed in a glove box or secured room where accesslexit is 
controued Hawever, the large number of personnel in combination with the complex operations and equipment 
in these areas, provide opportunities for personnel to improperly tamper with or even remove materials fi-om these 
facilities. Therefore, the known presence of a tagging material which would mark personnel or equipment will 
deter personnel from improperly entering a controlled area or improperly handling a controlled material. 

4.2 Functional Features of Tagging System 

The tagging system must be designed to meet all the functional needs for the above described tagging 
applications. These functions (shown in Figure 4-1) are achieved by using the physical and chemical 
characteristics of the materials used in the tag; the sensitivity and resolution of the detectors for the tagging 
materials, and the flexibility and control featurm of the data acquisition system. The tag materials (a combination 
of fluorescence compounds and radioisotopes) provide the uniqueness and traceability necessary to identi@ 
individual components and storage containers, facilities of ownership, tampering efforts, and forensic evidence. 
The detectors provide the means to verify the existence and identity of the tag. The data acquisition system 
assigns the tag, controls the application systems, interprets detection data, and tracks the location of tagged items. 
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4.3 Description of System Components 

The tagging system is composed of several hardware and software subsystems which must be integrated 
to complete the development of the tagging system. A schematic of these subsystems is shown in Figure 4-2. 
The tagging system consists of four major subsystems: 1) the fluorescence compounds, radioisotopes, and 
solvents that will be the constituents of the tag, 2) the method of applying the tag to the SNM, 3) the method of 
detecting the tag, and 4) the database system for tracking the use of the tag. 
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Figure 4-2. Tagging system components. 

4.3.t Tagging Materials 

The tags will consist of a variety of materials which when applied in combination will provide a system for 
all of the intended applications. The materials include fluorescent compounds and radioisotopes that will be 
applied to SNM or container surfaces. The utility of these materials is derived from the phenomena of these 
tagging materials to adhere to the mrfiice or become embecMed into the microcracks normally present on surfaces. 
For all of the intended purposes, the fluorescence compounds will be either a dye or pigment in a quick drymg 
solvent carrier or as a dry dusting powder. The purpose of the dye or pigment will be to form a readable pattern 
which can be used for SNM identification for inventory control. The purpose of the dusting powder will be to 
transfer a traceable tag to equipment or personnel handling the SNM. The radioisotope tag will be dissolved in 
a solvent carrier which canies the radioisotopes w i t h  the surface of the SNM. The purpose of the radioisotope 
tag is to provide a more permanent tag which is difficult and hazardous to remove and which can be detected 
through packaging containers. 

The solvent matrix for each type of tagging material may v q .  The solvent for the fluorescent identification 
tag will be similar to a lacquer or polymer coating which will cure when applied to the surface of the material. 
This Coating will serve two functions: 1) provide the stability to form a readable pattern and 2) provide a solution 
matrix which allows the compounds tofnaintain their fluorescence sensitivity. The solvent for the fluorescent 
dusting powder may include air or volatile solvent propellents. The solvent for the radioisotopes will perform 
like a penetrating solvent. Solvents for the removal of the tag are also included in this subsystem. 
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4.3.2 Application Method 

The application method subsystem includes the hardware to remotely or manually apply the tagghg 
materials and the software to control the remote appIication system. This subsystem also considers: 1) the safety 
issues that wilI be necessary to consider when manufacturing, transporting, and handling the tagging materials, 
application solvents, and the removal solvents; 2) methods to remove the tag when it is inappropriately applied 
or needs updated by the processing facility and methods to minimize tag removal when pilferers attack the tag; 
and 3) issues to be addressed whea disposing of mused tag materials, tagged materials, and tag removal solvents 
and supplies. 

4.3.3 Detection Method 

The detection subsystem includes the hardware to remotely or manually detect the applied tags and the 
sohare to interpret the collected data The hardware will address the following methods: I) remote and portable 
detection methods that can be used to validate the application of the tag and vex@ the identification of 
d t e r a t e d  tags and 2) detection methods necessary to iden* SNM and personnel that have tampered with 
the tag. This subsystem will also consider the safety issues that may arise when handling the SNM and detection 
equipment during tag detection efforts. 

4.3.4 Data Control Subsystem 

The database subsystem will address the issues associated with securing and controlling the unique 
identification features of the tags. This control will be necesssny to ensure that: 1) facilities maintain the integrity 
of their unique tags between facilities; 2) a facility can maintain the integrity of unique tags within a facility; 3) 
facilities can track the transfer of materials between facilities; and 4) a facility can track the transfer of material 
within the facility. 
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5. DESIGN CRITERIA FOR THE TAGGING SYSTEM 

Using the description of the m q M  tagging system and the intended applications, a series of design 
criteria can be composed to establish spec~cations for the eventual development of the tagging system. The 
design criteria address the expectationS of the system and can be used to establish system level specifications for 
development, testing and verification. This section provides a description of the criteria that apply to the design 
of the overall tagging system. The design criteria and selection status for the fluorescence compound and 
radioisotopic components of the tagging system are provided in Section 6 and Section 8, respectively. 

5.1 Material to be Tagged 

There are wide variety of candidate materials that should be tagged. However, the types of material to be 
tagged will be dependent upon the risks associated with the loss of the material. A listing of materials from 
highest to lowest priority includes the following materials: 

1) weapons grade plutonium metal, enriched uranium metal, partially dismantled warhead components 
containing SNM (i.e., including their storage containers); 

2) unirradiated nuclear fuel elements and irradiated nuclear fuel elements; 

3) tritium containers, unirradiated nuclear fuel elements, containers of plutonium salts, containers of 
enriched uranium salts, and cylinders of enriched uranyl gas; 

4) depleted and natural uranium, beryllium metal, heavy water containers, enriched 6Li, dismantled 
warhead componenfs not mntabhg SNM, and containers of specialty radioisotopes (e.g., 6oCo, =Sr, 
and I3’Cs). 

To balance cost and handling and risk, the tag will be designed to tag components and containers of at least 
500 g of plutoniUm metal; enriched uranium metal; plutonium or enriched uranium salts (solid oxides, chlorides, 
and nitrates); warhead cOmpOnentS containing SNM; unirradiated nuclear fuel rods; and containers of plutonium, 
enriched uranium, and tritium liquids and gases. Even though tagging of irradiated fuel elements, especially those 
under IAEA control, is considered important, the cost of application and detection of the tags is considered 
prohibitive. The storage containers are expected to be constructed of aluminum, carbon steel, or stainless steel. 

5.2 Facilities Applying the Tag 

Because the purpose of using the tag is to deter the pilfering of SNM, facilities missioned with producing 
refined process quantities of SNM, assembly/disassembly of weapons, storage of SNM stockpiles, or preparation 
of SNM for storage will be considered for use of the tag. It is not expected that the different processing locations 
or building within a facility (locdized complex) will apply dSerent tags. Because the tag’s primary objective 
is to relate r e o o v e r e d  SNM to the facility in which it was taken, the tag must provide sufficient uniqueness to be 
traced to the last kility responsible for the material. The number of facilities needing the tag is projected to be 
at least one hundred based upon the number of proWmt countries and the number of facilities in the United 
States and Former Soviet Union block countries. Therefore, to ensure that each participating facility has a unique 
tag, the tag will be designed to accommodate at least one hundred unique facilities. 
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5.3 Process Location for Applying the Tag 

To maximize the deterrence impact of the tag, the tag should be applied directly to th SNM just prior t 
or during its initial exposure to manual handling. Therefore, the tag will be designed so that the tag can be 
applied upon receipt of the material at the faciiitY, reapplied whenever the processing of the material sigmficantly 
alters the detection of the previous tag (e.g., after machining, dissolution, recasting, or washing), prior to placing 
the SNM or container in long term storage, and before t r a n s f d g  the container to another facility. 

5.4 Process Location for Detecting the Tag 
' 

To minimize the transfer and handling of the tagged materials, the tag should be detectable in the area where 
the SNM is received, immediately after the tag is applied, in SNM transfer areas, and in SNM storage areas. 
Because the tagged mnponent will be hazardous and securely controlled, access to the material should be avoided 
whenever possible. Therefore the tag will be designed to have components that will be: 

1) Detectable in the presence of storage mtainers and packaging, which may include, but is not limited 
to 0.6 cm (1/4") stainless steel, 2.5 cm paper, or 1 cm plastic; and 

2) Detectable with technology consisting of commercially available instrumentation that is hand-held 
and adaptable for remote handling. 

5.5 Tag Removal 

The purpose of the tag it to deter pilf"g of material as individuals will be less inclined to steal material 
that can be t r a d  back to themselves. However because the presence of the tag will be publicized, personnel 
pilfiering the tagged material may take actions to eliminate the trail of evidence which traces the SNM back to the 
p i l f i i  and f d t y .  Therefore, the tag will be designed to be dif3icult to remove all traceable evidence of the tag. 
The traceable evidence may include a residue of the tag on the tagged material and residue of the tag on the 
pilferer and removal equipment. Difficult to remove is defined as: 1) leaving a residue on the tagged material 
after the tag has been subjected to cleaning with water, soap, or readily available volatile organic solvents or 
petroleum products and 2) needing sophisticated equipment and facilities to prevent hazardous contamination 
&r machining or etching the tagged material. 

5.6 Retention of Components Functional Properties 

The safe handling, paformance, stability, and secllrity of SNM components are based on rigorous standards 
for composition and cm@ration. Therefore the tag will be designed such that it does not alter the physical and 
fimctional properties of the SNM. These physical and functional properties include but are not limited to: 1) the 
shape; 2) the mass; 3) the SNM radioactive spectrum; 4) the criticality hct ion @&-.J; and 5) the material 
strength. 
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5.7 Release of Information Related to the Composition and Shape of 
the Tagged Material 

For some of the wmponents to be tagged, the composition and the shape of the SNM will be controlled as 
classified i n f d o n .  To protect this information, the tag will be designed so that detection of the tag does not 
reveal additional infmtion about the shape and composition of the material being tagged. If necessary, features 
can be i nco rpo ra ted  into the detection or data acquisition subsystems to prevent the release of the SNM’s gamma 
spectra. 

5.8 Implementation Costs 

The tag needs to be inexpensive to implement, because there will be a significant effort to get all facilities 
handling SNM to use the tag and because there will be a large number of items to be tagged. Therefore, the tag 
will be designed so that each tag will cost less than $500, each tag application device will cost less than $ l O K ,  
and each tag detection system will cost less than $1 OOK. 

5.9 Method of Application 

Because there will be a significant effort to get all SNM that may be pilfered tagged, the equipment and 
tasks necesszlry to apply the tag should not prohibit its use. Therefore, the tag will be designed so that it can be 
quickly applied by hand or automatidy during the normal processing activities. 

5.10 Lifetime of the Tag 

Because the materid being tagged is hazardous to handle and may be placed in storage for extended periods 
of time, the tag should have a detectable lifetime that covers the intended storage time. Therefore, the tag will 
be designed with a signature that is detectable for 20 years. 

5.1 I Regulatory Compliance 

3 

The components of the tag and the materials tagged will be handled, shippec, stored, and disposed of in 
facilities complying with Inhmdional, Federal, and State regulations. Therefore, the tag will be designed so that 
it can be used in compliance with fderd  regulations. This would include NRC and DOE requirements for 
radioactive materials; DOT requirements for shipping; EPA requirements for waste disposal and material 
handling; and DOE, OSHA, and FDA requirements for personnel safety. 
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6. SELECTION OF CANDIDATE FLUORESCENCE COMPOUNDS 

The fiuorescence tag is based on the concept that an invisible dye or pigment can be applied to a surface and 
thendetectedbythec- * ‘c ibrescam emission of the dye. The uniqueness of the tag can be determined 
by assigning a specific dye or combinafion of dyes to each user Wty. The tag could also be used to individualIy 
identi@ each cantainer ifit is applied in a unique pattern such as a bar code or serial number. Advantages to this 
type of tag are that it can be detected and read with simple detector technology, a large variety of dyes and 
pigments are co&nercially available at low cost, and very small quantities of the material can be detected. 
Because small quantities can be detected, efforts to remove the tag have a sigtllficant probability of leaving 
forensic detectable residues behind on the tagged material, the individual removing the tag, and the equipment 
used to m o v e  the tag. This type of tag has the following disadvantages: 1) the tag cannot be detected if the tag 
is enclosed in a secondary container or wrap; 2) organic fluorescent compounds make the tag susceptible to 
deterioration or evaporation from the radiation emitted by the tagged SNM; and 3) organic fluorescent 
compounds are soluble @e., can be removed ) in readily available solvents such as acetone, alcohols, or petroleum 
products. 

There are two types of fluorescence tags addressed in the overall tagging system. These types of tags 
include the invenkxy control tag and the tampering tag. A description of the design criteria for each type of tag 
is addressed in Section 6.1 and the process of selecting candidate fluorescence compounds is provided in Section 
6.2. 

6.1 Design Criteria for Fluorescence Tag 

6.1.1 Safety 

Because workers with the material will have the potential to be marked inadvertently with the tagging 
material, the amount of fluorescence compound in each tag will be limited to ensure worker safety. The tag will 
be designed so that amount of fluorescence material in each inventory tag will be less than the established short- 
term allowable exposure limit. 

6.1.2 Visibility 

To ensure that a pilferer will have difficulty removing all traceable portions of the tag, the location of the 
flu- tag should be d8Eicult to idenw. To increase the level of difficulty in identifying the location of the 
tag, the fluorescent compounds for both the inventory and tampering tag will be designed to be colorless in the 
visible spectrum yet have detectable fluor- in the ultraviolet, visible, or near infrared. Each tag will contain 
a combination of compounds and require that at least two independent excitation sources are necessary to detect 
the entire fluorescence signature. 

6.1.3 Solubility 

To be easy to apply in a well-resolved pattern, the fluorescent compounds for the inventory tag will be 
designed to be soluble in the rapidly drymg solvent matrix that adheres to the material to be tagged. These 
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fluorescent wmpounds also will be designed to be difticut to remove from metal, ceramics, cIoth, and skin using 
soap and water. 

6.1.4 Sensitivity 

6.7.4.7 Invenbw Tag. To ensure that the pa#em of the fluorescence tag can be identified with 
minimal exposure, the fl- of an intact tag will be manually readable fiorn a reasonable viewing distance 
with an excitation source held above the surface of the material. To ensure, traceability to the facility of origin, 
the amount of fluorescent material present in the on& application of the tag will be sufficient so that 0.01% 
of the material originally present in the tag can be identified using optimized laboratory analysis techniques. 

6.?.4.2 Tampering Tag. To ensure that personnel improperly contacting material dusted with the 
tampering tag can be detected, the presence of a small amount of the tampering fluorescence matexid will be 
manually detectable from a reasonable viewing distance with an excitation source held above the surface of the 
material. To ensure forensic traceability of personnel to any recovered SNM, one microgram of the tampering 
tag fluorescent material will be sufticient for identification by an optimized laboratory analysis technique. 

6.1.5 Uniqueness to Facility 

To uniquely idem@ a facility of origin, the inventory tag will be designed to provide sufficient combinations 
to identi@ at least one hundred facilities. 

6.1.6 Uniqueness of Tag 

To identify an individual that has improperly handled tagged SNM, that tag will contain a fluorescence 
material that can be transferred readily to the skin or handling equipment upon touching the tag. Because the 
number of fluorescence materials meeting the requirements for the tampering tag is limited, it is expected that 
the material for the tampering tag will be common to all facilities. 

6.1.7 Traceable Across Facilities 

Because it is expected that materid will be transferred between several facilities using the tag, the tag will 
be designed to en& the chronological history of the movement of the SNM between facilities. This 
chronological tracing will be accomplished using the pattern of the fluorescence tag in combination with the 
electronic tracking of the data control system hardware. 

6.1.8 Size and Pattern 

To uniquely iden@ each SNM component or container, the inventory fluorescent tag will be designed to 
have a unique pattern and be of sufficient size to provide the necessary resolution so that the fluorescence 
response can be read from a video screen. The maximum size for the tag is expected to be 2 crn x 2 cm and 
consist of at least five alphanumeric or shape characters *el& more than lo7 combinations). 

13 



6.1.9 Composition of Tag 

The fluorescence compounds as received from the manufacturer wiil be soluble in the application solvent, 
concentrated enough to meet sensitivity requirements, not contain detectable quantities (when part of a tag) of 
impurities that may impact fluorescence compounds used in other facilities’ inventoy tags. 

6.1.10 Viewabilii 

Because the fluorescence tags are present to provide Uniqueness for inventory control and tamper resistance, 
the fluorescence compounds are not expected to be detectable through additional packaging. 

6.1.1 1 Detection Instrumentation 

To minimize the cost of the tagging system, the tag wiU be designed to be detectable with existing automated 
instrumentation at locations including but not limited to: I) immediately after the tag is applied, 2) shipping and 
receiving areas, and 3) remote storage iocations. Based on the proposed tagging concept the tag will be designed 
to have suilicient fluor- and adequate spectral resolution so that an unadulterated tag can be detectable by 
its surfixe reflect.amx with a fluorescence probe constructed from readily available commercial instrumentation 
(i.e., includes source, monochromators, optical probes, and detectors). It is expected that absolute verification 
of the facility of origin for mated that has been recovered may require a higher resolution fJ uorescence detection 
system. 

6.1.12 Lifetime 

It is expected that the inventory fluorescence tag will be simple and inexpensive to apply and therefore can 
be replaced on a routine basis. However because of the security control and hazards associated with handling 
the stored materials, the inventory tag will be designed to have a readable life of at least one year. 

6.1.13 Disposition of Tag 

It is not the intent of the tag that it will be removed. However, provisions need to be available in situations 
when there are inappropriate applications of the tag or when it is necessary to replace a tag. Therefore, the tag 
will be designed so that the removal process does not generate any waste that cannot be disposed of through 
existing procedures. Also, the process of removing the tag will be designed so that there are no hazards in 
addition to those inherent to handling 

6.2 Candidate Fluorescence Compounds 

6.2.1 Material Suppliers 

Commercial suppliers of liquid and powder fluor- compounds were contacted for products which might 
meet the projected needs far the tags. Based on this search, several dyes were purchased or received as samples. 
These materials represent a significant portion of the variety of materials that are available or can be modified 
to meet the majority of the specifications for the inventory and tampering tags. A list of the fluorescence 
compounds being evaluated is provided in Table 6- 1. 
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Table 6-1. Listing of candidate fluorescence unnpouuds. 

Product Manufacturer Fom Commercial 
Use Color 

U V  Blue D-282 
Columbia Blue D-298 

DUBL-CHEK W2-D3F 

DUBGCHEK HM-704 

IR-125 
1 -hydroxypyrene 
Spotcheck ZL-27A 
1-2 120 

Bonn-Trace No. 19 1 

PMf-B-WB 

Day-Glo Color Corp 
Day-Glo Color Corp 

Sherwin Inc 

Sherwin Inc 

Exciton Inc 
Molecular Probe, Inc 
Magnaflux Inc 
Shannon Luminous 
Materials, Inc 
Bonneau Dye Corp 

spectronics cop 

powder 
powder 

organic 
soiution 
organic 
solution 
powder 
powder 

lacquer 

organic 
solution 
organic 
solution 

aerosol 

yellow 
light violet 

triltlsparent, 
colorless 

transparent, 
light green 

brown-green 
light brown 

yellow 

transparent, 
colorless 

transparent, 
colorless 

transparent 
amber 

optical brighter 
organic 
colorant 

penetrant 
developer 
penetrant 

laser dye 
biological stain 

penetrant 
markingink 

marker dye 

markingink 

6.2.2 Visibility 

The color of the fluorescence compouuds is an important criterion in evaluating the candidate fluorescence 
compounds because the presence of a visible color will readily indicate the location of the tag and may provide 
an adequate visual cue to monitor the removal of the tag. Even though all  of the compounds in Table 6-1 are 
detectable in the powder form, their visibility is dictated by their absorbance in the visible light spectral range 
(400 nm to 700 nm). Based on this criterion, a small amount of each of the compounds was dissolved in 
isopropanol and scanned with an ultraviolet/visible (UVMS) spectrophotometer. The spectra of the compounds 
were evaluated for visible absorbance peaks. From these spectral scans, only HM-704 (440 nm) ( Figure 6-1) 
and &27A (450 nm) had significant peaks in the visible spectral region. The other compounds, had multiple 
peaks in the ultraviolet below 400 nm (e.g., Figure 6-2 for compound D-282). IR-125, a NIR fluorescence 
compound, (Figure 6-3) had it most significant absorbance peak at 790 nm. A description of the conditions for 
obtaining the spectra and the absorbance spectra for the candidate compounds are provided in Appendix A. 
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Figure 6-1. Absorbance spectrum €or HM-704 in isopropanol. 
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Figure 6-2. Absorbance sgectnun for D-282 in isopropanol. 

16 



Figure 6-3. Absorbance spectrum of IR- 125 in isopropanol. 

Of additional importance fkom the absorbance spectra are the wavelengths of maximum absorbance. These 
peak absorbance wavelengths are used to excite the fluorescence of the compounds. When there is a strong 
absorbance peak in the W and no peak in the visible spectrum for a candidate compound, the compound meets 
the criteria of being invisible under n o d  lighting but visible under a UV source. Similarly for IR-125, the 
compound has no absorbance peaks in the visible spectrum but a significant peak in the N I R  These spectral 
characteristics indicate that the compound is invisible under normal lighting but will detectable with a simple 
detector under a NIR source. 

6.2.3 Fluorescence in Solution 

After the visual inspection of the sample materials, a fluorescence evaluation was completed by viewing the 
isopropanol solutions of the fluorescence materials under W radiation. This was done by holding a 4-watt W 
lamp over the isopropanol solutions and recording the visible color of the solutions for both 254-nm and 365-nm 
UV lamps. Under the UV lamp, the compounds demonstrated sufficient sensitivity to be seen easily with the 
unaided eye at concentrations of less than 0.01% with the lamp held at a distance greater than 20 cm. The color 
of the visible fluorescence fiom each compound is summarized in Table 6-2. Of the candidate compounds, the 
IR-125 was the only dissolved compound that did not produce visible fluorescence under the W lamps. This 
lack of response was expected, because IR- 125 does not have a si&icant absorbance peak in the W. 
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Table 6-2. Fluorescence color of the fluorescence compounds. 

Solution Color Solution Color Surfixe Color Surface Color 
Under 254 nm Under 365 nm Under 254 nm Under 365 nm Compound 

W Blue D-282 

Columbia Blue D-298 

W2-D3F 

HM-704 

IR-125 

l-hydroxypyrene 

ZL-27A 

1-2 120 

BonnNo. 191 

PMI-B-WB 

violet 

blue 

violet 

white 

no fluorescence 

no fluorescence 

yellow-green 

violet 

violet 

violet 

violet 

blue 

blue 

W h i b  

no fluorescence 

purple-red 

yellow-green 

blue 

blue 

blue-violet 

green 

white 

blue 

yellow-green 

no fluorescence 

no fluorescence 

yellow-green 

blue 

gray 

gTay 

green 

White 

blue 

yellow-green 

no fluorescence 

no fluorescence 

yellow-green 

blue 

gray 

gray 

Solution colors are for <O. 1% of compound in isopropanol 0-282 , PMI-B-W, and Bonn No. 191 
required a small amount of water to dissolve in the isopropanol). 

Surface colors are for an aliquot of the commercial product dried on a stainless steel surface. The 
compounds received as a powder were applied to the surface as isopropanol solutions. 

The isopropanol solutions used in the absorbance evaluations were scanned using a spectrofluorometer to 
obtain fluorescence spectra of the candidate compounds. The scans were performed using a 365-nm excitation 
source for all coII1p<Hlllds except IR-125. The IR-125 solution fluorescence spectrum was obtained using a 750- 
nm excitation source. A description of the conditiofls for obtaining the fluorescence spectra and the fluorescence 
spectra for the candidate compounds are provided in Appendix B. Conclusions for the selection of the candidate 
compounds from the absorbance and fluorescence spectra follow: 

6.2.3.7 D-282. Day-Glo’s W Blue D-282 compound has some absorbance structure with W peaks at 
220 nm, 240 nm, 280 nm, and 350 nm (Figure 6-2). This structure is slightly apparent in the fluorescence 
spectrum (Figure 6-4) but is not well resolved under the 365-nm excitation sowce with 10-nm bandwidth. 
However, there are indications of peaks at 420 nm, 440 nm, and 470 nm. The combination of U V  absorbance 
peaks, no visible absorbance peaks, and the visible fluorescence peaks provides indications that this compound 
should be considered as a candidate compound for the fluorescence tagging compound. The fluorescence 
spectrum for D-282 is similar in shape to compounds 1-2120, Bonn-Trace 191, and PMI-B-WB. 
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Figure 6-4. Fluorescence spectrum of D-282 under 365 nm excitkon. 

6.2.3.2 D-298. Day-Glo’s Columbia Blue D-298 compound has some absorbance structure with UV 
peaks at 2 10 nm, 245 mn, 375 nm. This structure is not apparent in the fluorescence spectrum with the one large 
smooth peak at 445 mn. The cornbination of UV absorbance peaks, no visible absorbance peaks, and the visible 
fluorescence peaks provides indications that this compound should be considered as a candidate compound for 
the f l u o m  tagging compound. The fluorescence spectnrm for D-298 is similar in shape to compounds W2- 
D3F and HM-704. 

6.2.3.3 W-D3F and HM-704. DUBL-CHEK W2-D3F and HM-704 appear to have the same 
absorbance and fluorescence spectra except for the visible absorbance peak at 450 nm €or HM-704 (Figure 6-1). 
This visible peak provides a significant difference in the observed color of the fluorescence between the two 
candidate compounds. With the addition of the visible yellow peak of the HM-704, the fluorescence from the 
HM-704 appears white rather than the violet seen with W2-D3F (Table 6-2). The combination of W absorbance 
peaks, no visible absorbance peaks, and the visible fluorescence peaks provides indications that W2-D3F should 
be considered as a candidate compound for the fluorescence tagging compound. However, the visible yellow 
color of HM-704 should eliminate this compound as a candklate for the fluorescence tag. 

6.2.3.4 IR-125. Exciton’s IR-125 has a small absorbance peak in the U V  at 220 nm and absorbance 
peaks at 720 nm and 795 nm. The absorbance peaks intheNIRwereused to obtain a NIR fluorescence spectrum 
using an excitation wavelength of 755 nm (Figure 6-5). IR-125 was included in the list of candidate fluorescence 
compounds because its characteristic NIR fluorescence may provide a tagging compound that yields a 
fluorescence response in a spectral region not readily measured by a pilferer. From the spectral observations of 
IR-125’s W absorbance peak, no visible absorbance peaks, and the NIR fluorescence peak, this compound 
should be considered as a candidate compound for the fluorescence tag. 
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Figure 6-5. Fluorescence spectrum of IR-125 under 755 nm excitation. 

6.2.3.5 f-Hydmxjppne. Molecular Probes’ 1-hydroqpyene compound has a complex absorbance 
structure with multiple peaks below 400 nm. This complicated structure is repeated in its fluorescence spectrum 
with peaks at 390 nm, 4 10 nm, and 440 nm. The combination of W absorbance peaks, no visible absorbance 
peaks, and the visible fluorescence peaks provides indications that this compound should be considered a 
candidate compound for the fluorescence tagging compound. In addition, the complexity of the fluorescence 
spectnun makes l-hydroxypyene an excellent candidate to add to other candidate compounds to provide a unique 
fluorescence spectral signature for a tag. 

6.2.3.6 ZL-27A. Mapaflux’s AL-27A has both W and visible absorbance peaks and a large 
fluorescence peak at 525 nm. Even though this compounds bright yellow-green fluorescence would make a 
unique spectral contribution when in combination with the other candidate compounds, the visible yellow color 
of SG27A should eliminate this compound as a candidate for the fluorescence tag. 

6.2.3.7 1-2120, Bonn-Trace 191, and PM1-5WB. Shannon’s 1-2120, Bonneau’s No. 191, and 
Spectrohe’s PMI-B-WB all have similar UV absorbance spectra and visible fluorescence spectra and similar 
fluorescence spectra to D-282. These similarities may indicate that they are the same compound or slight 
modifications to the same organic-base structure. The combination of UV absorbance peaks, no visible 
absorbance peaks, and the visible fluorescence peaks provides indications that these compounds should be 
considered as candidate compounds for the fluorescence tagging compound 

6.2.4 Fluorescence from a Metal Surface 

After observing the fluorescence of the isopropanol solutions, the fluorescent compounds dissolved in a 
commercial matrix were brushed directly onto a 3 16-stajnless steel surface. Compounds received as a powder 
were dissolved in isopropanol and were aliquoted onto the stainless steel surface. After the solutions had dried, 
the surfaces were exposed to the W lamps. For most of the compounds, the fluorescence from the greater than 
4 cm2 spots was visible when the lamp was held from at least 20 cm from the metal surface. Of the compounds 
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deposited, only IR-125 and I-hydroxyppne did not praduce a visible fluorescence response. The lack of 
fluorescence for I-hydroxypyme was due to the absence of an organic matrix to support the fluorescence of the 
solvated compound (i-e., the dry compound is not fluorescent and needs an organic substrate to produce visible 
fluorescence). The D-282 and D-298, even though present as dry powders after the isopropanol evaporated, 
continued to be natudly f l m  in the powder state. The fluorescent colors of the compounds deposited on 
the steel surface are listed in Table 6-2. 

6.2.5 Fluorescence in Coating 

Some of the fluorescence materials were received in a matrix which leaves a shellac or polymeric residue. 
This matrix serves three functions: 1) it provides a solvent to carry the fluorescence compound into the 
application surface, 2) it provides a coating substrate which binds the fluorescence compound to the application 
surface, and 3) it provides a matrix to support the fluorescence of the compounds. Generally, this matrix leaves 
a colorless transparent coating with an apparent darkened surface caused by a change in the reflectivity of the 
application surface. 

This impact of the matrix on the fluorescence is seen in several ways. Without the matrix, 1-hydroxypyrene 
was no longer visibly fluorescent. Other compounds exhibited changes in the visible color and intensity of the 
fluorescence. The most sigdicant observation about the fluorescence fiom the coated surfaces is that ?he 
compounds with a supplied matrix emitted a more sensitive fluorescence response. The reason for this behavior 
is that most fluorescence organic compounds are dependent upon a solvent to distributelabsorb excess energy 
to allow fluorescent transitions to OCCUT. 

Based on these observations, the organic fluorescent compounds that will be used as an inventory tag will 
need a solution matrix that will remain with the compounds throughout the life of the fluorescent tag. For the 
tampering tag, the fluorescent compounds chosen will have to be fluorescent in the powder form. 

6.2.6 Continuing Efforts for the Candidate Fluorescence Compounds 

The current observationS in the selection of candidate fluorescence compounds require continued evaluation 
of the materials as tagging candidates. These additional efforts should focus on providing conclusions for the 
fluorescence inventory tag by detemmm g if: 1) the candidate compounds can be resolved from each other when 
present in combinations; 2) the compounds will retain their fluorescence properties when combined with the 
selected application solvent; 3) the compomds can survive for the intended lifetime of the tag in the presence of 
the background radiation fbm the tagged SNM; and 4) the compounds will penetrate into and respond from the 
microcracks of metal surfaces. 

. .  
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7. SELECTION OF CANDIDATE APPLICATION SOLVENTS 

The tagging system is based on the ability of solvents, containing fluorescent compounds and radionuclides, 
to become embedded into the SNM or metal storage containers as the solvent penetrates into the metal’s surface 
microcracks. Design criteria for the application solvent are addressed in Section 7.1, whereas the selection 
process for candidate solvents is provided in Section 7.2. 

7.1 Design Criteria for Application Solvent 

The design criteria are listed to describe the capabilities of the solvent needed to effectively apply the 
tagging materials within the limitations imposed by the facilities using the tags. The criteria address issues such 
safety’ solubility, dqmg time, and stability. 

7.1.1 Safety 

7.f.7.7 Personnel Exposure. Exposure to the application solvent will not exceed the American 
C0nfkenc.e of Governmental Industrial Hygienists’ recommended threshold limit value time weighted average. 
The use of any carcinogens, if necessary, will be controlled to prevent personnel confamination during normal 
tag application operations. 

7.7.7.2 Facility Hazads. The application solvent will not introduce physical hazards (i.e., fire) beyond 
the design specifications of the normal working environment for handling SNM. 

7.7.7.3 SNM Reactions. The application solvent will not react chemically with the tagged SNM. 

7.1.2 Visibility 

To ensure that a pilferer will have difficulty removing all traceable portions of the tag, the location of the 
tag should be difficut to identify. To increase the level of difficulty in identifjmg the location of the tag, the 
application solvent for both the fluorescence compounds and radioisotopes will be colorless in the visible 
spectrum under ambient and ultraviolet lights. 

7.1.3 Resolution 

To maintain the applied pattern in a readable state, the application solvent will allow sufficient resolution 
between characters using either a manual implement (e.g., a marking pen) or an automated printing device. For 
the radioisotopic tags, the application solvent will allow for resolution between at least three 3mm x 10 mm strips 
(bars) of tagging materials. For the fluorescent tag, the application solvent will allow for imprinting at least five 
alpbumeric characters, which have a minimum characher size of five characters per cm, in the 4-m2 pattern 
space. 
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7.1.4 Drying Time 

To maintain the integrity of the information designed into the pattern of the tag, the application solvent(s) 
will permit normal material handliig rates at the facilities using the tag. The solvent matrix will be non- 
smearable within 20 minutes after applying the tag. 

7.1.5 Composition 

7.7.5.7 Impurities. To maintain with the flucmmnce and radioisotope signatures, the solvent matrix will 
be o€suEcient purity that it will not M i x e  with the detection of the fluorescence cornpounds and radioisotopes 
used in the tags. 

7.7.5.2 Residue. The amount of organic residue remaining on the tagged SNM from the cured tag will 
c d m t o  the SNM specification for loss-on-ignition @e., <OS% total combustible mass/total mass of SNh4). 

7.7.5.3 Binding. To maintain specifications of the SNM being stored, the application solvent will 
minimize the binding between particles coated with the application solvent. 

7.1.6 Solubility 

7.7.6.7 Application of Tag. Because of the variety of applications for the tags, there may be two 
different application solvents, one for fluorescent compounds and one for radioisotopes. The application 
solvent(s) will have d c i e n t  solubilily to contain the necessary quantities of fluorescent compounds or 
radioisotopes in the solvent volume applied to the SNM surface. 

7.7.6.2 Disposifion of Tag. The tag must be difficult to remove to deter pilfering but possible to remove 
for appropriate processing purposes (e.g,, transfers between facilities, inadvertent physical mishandling, aged 
tags, etc.3. Therefme, the application solvent will ensure that any residue from the application solvent that binds 
the tagging materials to the SNM will be difficult to remove when subjected to: 1) cleaning with soap and water 
or 2) rinsmg with readdy available volatile organic solvents or petroleum products. However, the solvent residue 
will be removable using a rinsing, chemical, or physical process that can be pexformed safely in a protective 
umiro~ed errvirOnment. This removal process also will generate a radiological or chemical hazard to personnel 
removing the tag in an unprotected environment. 

7.1.7 Volume 

To minimize hazardous/mked waste generaiion, the volume of solvent for each tag will be sufficiently large 
that the concentration of heavy metals or toxic organic compounds are below the Resource Conservation 
Recovery Act (RCRA) hazardous waste limits. 

7.1.8 Lifetime 

The inventory fluorescence tag will be simple and inexpensive to apply. Because of the destructive nature 
of radiation on organic compounds fiom the natural radioactive decay of the SNM, the fluorescence compounds 
will need to be replaced periodically. However, because of the security control and hazards associated with 
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hading the stored materials, the application solvent for the fluorescent compounds will survive at least one year. 
Because the radioisotopic tag will be applied directly to SNM, which potentially could be sealed in cans 
indefinitely, the lifetime of the application solvent for the radioisotopes has not been determined. 

7.2 Candidate Application Solvents 

Because the fluorescence tag and radioisotopic tag have different functions, there could be two types of 
application solvents. Most organic fluorescent compounds only will fluoresce when they are in the presence of 
a solvent matrix whereas the radioisotopes wilI continue to decay in any matrix. Because of this difference, the 
application solvent for fluorescence compounds will consist of: 1) a liquid component which will quickly 
evaporate to provide for controlled application to a surface and 2) a solid residue component both to bind the 
fluorescent compound to the SNM and to provide a solvated environment for e n h a n d  fluorescence. The 
application solvent for the radioisotopes will consist of a liquid component that can carry the radioisotopes into 
microcracks on the surface of the SNM. The need for the application solvent to deposit a solid residue that binds 
the radioisotopes to the SNM has not been established. 

7.2.1 Material Suppliers 

connnercial suppliers of application solvents were contacted for products which might meet the projected 
needs for the tags. Based on this search, several solvents were purchased or received as samples. These materials 
represent a significant portion of the variely of materials that are available or can be modified to meet the majority 
of the specifications for the tags. A list of the solvents being evaluated is provided in Table 7- 1. 

Table 7-1. Listing of candidate application solvents. 
~ ~~~ ~~ ~~ 

Product Color Commercial Use 
Layout White DXX-327a Dykem Company White layout dye 
Tole Steel Blue DX- 100" Dykem Company purple layout dye 
Spotcheck SKC-HF Magnaflux Inc transparent, colorless cleaner, remover 
Chem-Guard MP-250 bander Lubricants transparent, colorless lubricant, penetrant 
Dubl-Chek W- 1 Sherwin, Inc transparent, colorless penetrant 
Dubl-Chek HM-704 Sherwin, Inc yellow-green penetrant 
Prism 454 M i t e  Company transparent, colorless adhesive 
I-2120b Shannon Luminous transparent, colorless marking ink 

Bonn-Trace No. 191b Bormeau Dye Corp transparent, colorless marker dye 
PMI-B-WBb spectronics corp transparent, amber marking ink 
a The solvents for both Dykem products are the same, the color is provided by an additive. 

Materials, Inc 

The solvent as received from the manufacturer contains a candidate fluorescent comuound. 
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1.2.2 Visibility 

The color of the application solvents is an important criterion in evaluating the candidate solvents because 
the presence of a visiile color will readiIy indicate the location of the tag and may provide an adequate visual cue 
to monitor the removal of the tag. To evaluate this &&on, a small aliquot of each solvent was dropped onto 
an al\rminum metal p?+s &viewed uncia slmsient (Table 7-11 and E;itraVio~t light. Of the colorless candidate 
sol-, only Spectroline’s PMI-B-WB marking ink left behind a colored residue. The visibility of this residue 
can be reduoed siguificidy by mhhizing the thiclcness of the applied solvent. The other products with visible 
color (Dykem layout dyes and Dubl-Chek HM-704 penetrant) were visible due to the ~igneats added by the 
marmfacturer for the intended purposes of the products. In these cases, it is expectd that the solvent without 
pigment could be purchased or the pigment could %e removed through filtration, centrifugation, or column 
adsorptiOIl. 

7.2.3 Patternability 

The ability to control the location of the solvent when it is applied to a surface (pattemability) wil l  determine 
the amount of information that a n  be extmctd h m  the tag. As an example, if the application solvent disperses 
over the entire 4 d area allowed for the tag, the only information available from the tag will be the fluorescent 
or gammaenergy spectra from the materials in the tag. Therefore, the only infomtion that can be extracted 
from the tag d d  be the facility assigned the unique combination of materials in the tag. If a resolvable pattern 
of five of a set of twentyfive uniquely shaped characteas can be patterned into the dowable space, a set of nearly 
10’ combinations of the patterns can be used as a traceable code to a data base which contains specliic 
information about the tagged material. 

With this criterion as a skating point, observations about the pattemability of the application solvents were 
perf‘ by dropping 25 to 50 pL aliquofs of the solvents onto 5 cm x 5 cm plates of aluminum. Observations 
madeforthematexiaisaresunrmanzed ‘ in Table 7-2. From this set of experiments, the materials more patternable 
and easier to control (transfer cleanly and spread evenly) were those with a rapid drying time. These patternable 
solvents are candidates for the fluorescent tagging materials. The solvents that quickly and evenly spread over 
the metal, leave diflicult to see residues, and dry quickly are candidate solvents for the radioisotopic tag. 

7.2.4 Composition 

7.24.f Fluomscent Response. To optimize the use of the fluorescent compounds used to tag SNM, 
the application solvent cannot interfere with the fl- of the tagging materials. Therefore, the composition 
of each candidate solvent was reviewed for potential fluorophores and dried aliquots of the various candidate 

added as part of the product composition had any significant fluorescence. 
solventswereviewedmde€anultraviol&light O f t h e ~ ~ , ~ t h ~ W i t h f l U O r e s c e n t c o m p o r m d s  already 
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TabIe 7-2. Pattemability observations for the candidate application solvents. 

Product Observations Drylns Time 

Tole Steel Blue DX-100" 

Spotcheck SKC-kiF 

Chem-Guard MP-250 

Dubl-Chek W- 1 

Dubl-Chek HM-704 

Prism 454 

1-2120b 

BOIIII-T~CC NO. 191b 

PMI-B-WBb 

Transferred cleanly and spread out evenly to a 
uniform height with good control after placement. 
Transfmed cleanly and spread out evenly to a 
corm height with good control after placement. 

Transferred cleanly and spread out quickly as it 
wetted the entire surface of the coupon. 
Transferred cleanly snd spread out quickly as it 
wetted the entire surface of the coupon. 
Transfmed cleanly and spread out .quickly as it 
wetted the entire d a c e  of the coupon. 
Transferred cleanly and spread out quickly as it 
wetted the entire d a c e  of the coupon. 
Does not flow, needs to be wiped on surface. Did 
not move h m  applied location. 

10 minutes, leaving a 
rough white 1 cm2 spot. 

4 minutes, leaving a 
dark violet spot 2 cm2 
spot. 
20 minutes, leaving no 
visible residue. 
20 minutes, leaves a 
small residue shadow. 
Did not dry. 

Did not dry. 

At least 1 hours to dry 
unless in thin film or 
underpressure. Formed 
an uneven, clear residue 

Does not transfer smoothly. Forms long thin threads 4 minutes, in thick, 
between surface and applicator. Difficult to control uneven clear residue. 
thickness. Did not move fiom applied location. 
Transferred c l d y  and spread out quickly to a 4 minutes to a clear, 
d o i m  height with good control after placement. shadowed, 2 cm2 

residue 

T d d  c ledy  andfmed an uneven drop 
which tended to hold air bubbles. 

60 minutes to a amber, 
translucent 1 cm2 
residue. 

* The solvents for both Dykem products are the same, the color is provided by in additive. 
The solvent as received from the manufacturer contains a candidate fluorescent compound. 

7.2.4.2 Hazardous Components. Beyond the hazards associated with the n o d  handli i  of liquid 
chemicals, the candidate solvents represent several hazards which mu& be considered prior to their use. Most 
of the solvents use a rapidly evaporaikg flammable solvent to facilitate drying. For the candidates, these solvents 
include xylene (considered a carcinogen), acetone, light alcohols, butyl acetate, toluene, and ketones. Most of 
these solvents are flammable hazardous materials whose use in gloveboxes is not recommended. These solvents 
also are considered RCRA hazardous waste PO01 waste) in their pure state or RCRA characteristic flammable 
waste @001) as mixtures. Because of these hazards and the potential to generate mixed waste when using the 
solvents, the amount of application solvent needed per tag and the configuration of the stock material will be 
closely controlled. 
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7.2.5 Retention 

One signiscant criterion for the application solvents is in establishing that their use must make it difficult 
to remove the tagging materials fiom the SNM or containers being tagged, Ideally, the material would be 
impossible to remove without complicated chemistry or equipment. In reality, the task is to identi@ an 
application solvent that will leave detectable residues behind even though most of the tag can be removed with 
readily available solvents. 

Table 7-3. Retention observations during rinses with removal solvents. 

Product" water with Methylene 
soap Chloride Toluene Acetone Isopropanol Hexane 

~ 

Tole Steel Blue DX- 100" resistantb soluble" resistant soluble resistant resistant 
Prism 454 insolubled resistant resistant resistant resistant not tested 
1-2120 insoluble resistant soluble soluble resistant resistant 
Bonn-Trace No. 19 1 insoluble resistant resistant soluble insoluble resistant 
PMI-B-WBb soluble resistant resistant soluble resistant resistant 
* Approximately 50 pL of application solvent was spread over 2 to 4 cm2, dried, and then were subjected 
to a 2 mL rinse (as consecutive drops over 1 minute). 

Some removal evident, but more than than 90% of the tagged material remained. 
A si@cant amount of material visibly removed (>50%) With detectable residue remaining. 
No material visibly removed. 

To evaluate the candidate solvents for retention during removal activities, aluminum plates with dried 
aliquots of the solvents were rinsed with a variety of solvents to estimate their retention properties during rinse 
operations. The application solvents evaluated included only those that left behind a dried organic residue that 
binds the fluorescent material to the metal. During almost al l  of the tests, the rinsing solvents removed only a 
portion of the tag. The amount of the tag removed increased with Iarger volumes of the rinse solvent and with 
more physical wiping of the tag with the solvent. More specific results*for the application solvents versus the 
rinsing solvents are provided in Table 7-3. 

7.2.6 Continuing Efforts for the Candidate Application Solvents 

Further evaluation of two candidate application solvents, Spotcheck SKC-HF - a naptha type solvent, and 
Prism 454 - a cyanoacrylate adhesive, was per€ormed to determine if : 1) the necessary quantity of tagging 
materials can be dissolved in the small quantity of application solvent used to apply the tag; 2) the application 
solvent can bind the tagging materiais sufficiently well to minimize inappropriate removal; and 3) the fluorescent 
compounds stili fluoresce in the dried residue that binds them to metal surfaces. 

Six fluorophm were tested with these two application solvents. Fwr of the fluorophores: UV Blue D-282, 
Columbia Blue I)-298, l-hydmxypyme, and IR-125 had been characterized and used in our studies. The other 
two fluorophores selected for this study were both inorganic materials: yttrium vanadate doped with europium 
and zinc sulfide doped with traces of copper, aluminum, and gold. 
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7.2.6.1 DissoMiodAdhesion Tests wiul SKC-HE One milliliter of SKC-HF was pipetted into each 

of s i  6-mL vials and a small quantity of each of the six fluorophores added to each and mixed thoroughly. The 
only fluorophores which appeznedto be even slightly soluble in this solvent were 1-hydroxyppene, IR-125, and 
0-282. Fifty microliter aliquots of each of these solutions were pipetted on to stainless steel substrates and 
allowed to dry. The dried deposits were examined under W illumination at both 254 nm and 356 nm. The 
colors observed under these conditions are summarized below in Table 7-4. 

Table 7-4. Observations of fluorophores dissolved in SKC-HF on stainless steel substrates. 
Fluorophore Surface Color(254nm) Surface Color(356nm) Observations 

ZnS;Cu,Al,Au Green Green Small green spot 
1 -hy&omene None None 
IR-125 None None 
D-298 Pink/rose-large area Blue halo Halo on perimeter 
D-282 Pink- localized specks Blue halo Halo on perimeter 

WO,; Eu Ruby red Pale pink LocaIized small spot 

The lack of fluorescence for 1 -hydroxypyrene apparently is due to the absence of an organic matrix to 
support the fluorescence. The localized spots for most of these fluorophores is an additional indicator of the 
limited solubility of the two inorganic fluorophores and the D-282 in SKC-HF. IR-125 does not fluoresce in the 
W. Solutions of IR-125 fluoresce in the NIR; however we obtained some background fluorescence from the 
stainless steel substrate in this region when we scanned this substrate with a fluorimeter. 

This experiment was repeated using p& prepared by adding a small quantity of each bulk fluorophore 
to 50 pL of SKC-HF on a clean stainless steel substrate and then mixing thoroughly to form a ‘‘pasts’’ of the 
mixture. The colors of the various deposits were observed while still wet at 254 nm and 356 nm and with room 
light after they had dried. These observations are summarized below in Table 7-5. 

Table 7-5. Observations of “Pastes ‘‘ of fluorophores mixed with SKC-HF on stainless steel substrates. 
Fluorophore Surface Color Surface Color(356nm) Dry deposit-room light 

(254nm) 
YVO,; Eu Ruby red Hot pink W t e  
zns; C@&l Bright lime green Bright lime green Pale yellow 
1-hydroxyppene None None Brown 
IR-125 None None 
D-298 Sapphire blue Sapphire blue Pale purple 
D-282 Turquoise/ aquamarine Lemon vellow 

The substrates were examined again under UV irradiation after the solvent had evaporated. The colors 
were the same as for the wet deposits. The adhesion of the dry deposits to the stainless steel substrates was tested 
initially by tapping each substrate on edge three times. A significant quantity of the D-282 was removed by this 
treatment and some of the crystals of 1-hydroqpyrene was also removed. All of the other fluorophores appeared 
to remain on the substrates. This treatment was repeated a second time with similar results. It appears that the 
D-282 can be removed easily by tapping the substrate on edge. The bulk of the other deposits was easily removed 
from the substrates by brushing the substrate gently with a Q-tip or dry cotton swab or by brushing gently and 
then tapping the substrate on its edge. A dry Kimwipe was then used to wipe the surface of each substrate. 
Traces of the doped yttrium vanadate and the D-298 were still quite evident on the substrate while there were 
lesser amounts of the doped zinc sulfide and the D-282. All traces of the fluorophores could be removed from 
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the substrates by wiping with a Q-tip soaked in 2-propanol. Therefore none of these fluorophores when used 
in SKC-HF solvent is a durable tagging marker. 

7.2.6.2 5issolufio~Adhesion Tesfs with Prism 454. A small quantity of each of the six 
fluorophores was dispersed with Prism 454, a cyanoacrylate adhesive, on clean stainless steel substrates. The 
edge of a clean razor blade was used to mix two drops of the Prism 454 with several milligrams of each 
fluorophore. Although the deposits were nonuniform and contained undissolved particles, fluorescence was 
observed when the wet deposits were irradiated with UV fight at 254 nm or 356 nm. The colors were similar to 
those obtained with the SKC-HF. Neither the 1-hydroxypyrene or the IR-125 exhibited fluorescence with 
excitation at either of these wavelengths. All these substrates were observed again with 254 nm and 356 nm 
excitation after drymg overnight. The colors were similar to those observed with the SKC-HF fluorophore 
“pastes” except that the 1-hydroxypyrene fluoresces a weak blue-green in the dry deposit at both wavelengths 
and the D-298 fluoresces a lighter shade of blue than with SKC-HF. 

Attempts were made to obtain more d o r m  deposits by two different techniques: (1) speading a thin 
layer of Prism 454 on the substrate before adding the solid fluorophores and (2) applying a solution of the 
fluorophore dissolved in SKC-HF, allowing it to dty, and then applymg a coating of Prism 454 over the deposited 
fluorophore. Neither of these techniques was successfbl in obtaining homogeneous deposits for any of the 
fluorophores although better success was obtained with the 1-hydroxypyrene and the D-298. They are more 
soluble in the Prism 454 than are the other fluorophores investigated. 

All of these deposits were more durable than those obtained with SKC-HF. None of the material was 
removed by tapping the substrates on edge. Gentle wiping with a Kimwipe did not remove any material although 
some of the fluorophore could be detected on the Kiwipe after wiping briskly. Wiping with &cient pressure 
to abrade away the fluorophore which was not thoroughly covered by the film of Prism 454 still left sufficient 
material on the substrate to fluoresce strongly. Each substrate was scrubbed twice with 50-pL aliquots of 
2-propanol and a clean Kimwipe. Although some fluorescent material was detected on the Kimwipe, the bulk 
of the deposit on each substrate remained intact. Although fluorescence from the 1-hydroxypyrene was weaker 
than for the other four U V  excited fluorophores, it remained essentially unchanged after this cleaning procedure. 
It is likely that the material removed by cleaning with 2-PrOH is still the fluorophore which is not covered by or 
dissolved in the Prism 454. Some of the D-298 was transferred to clean areas of the substrate by the 2-PrOH 
cleaning procedure, which is probably due to the high solubility of this fluorophore in 2-PrOH. 

The cleaninghemoval procedure was repeated with 50 pL of acetone instead of 2-PrOH. The 
cyanoacrylate film was r e a d ~ I ~  a#acked by acetone and no trace of the doped ZnS or 1-hydroxypyrene remained 
on the substrates where they had been deposited; only small, isolated patches of the other fluorophores remained 
on the substrates. Attempts to quantify the amount of material removed by each of these treatments by weighing 
the substrates after each step were unsuccessll because of the small quantities initially present. 

Of the six fluorophores studied, I-hydroxypyrene and D-298 produced the most uniform, durable 
deposits with Prism 454. This is pnmariEy due to their greater solubility. The quantity of fluorophore deposited 
in a film of Prism 454 may be increased by initally dissolving the fluorophore in a polar solvent such as acetone. 
Although acetone attacks fifms of Prism 454, it does not prevent the polymerization of this adhesive. D-298 is 
highly soluble in acetone so several milligrams were dissolved in acetone and then a small aliquot deposited on 
an aluminum substrate. Several drops of Prism 454 were deposited adjacent to this solution and the two mixed. 
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Although the two were not readdy miscible, they were mixed and dispersed over most of the substrate. The Prism 
454 dried without tackiness and the resulting film fluoresced an intense bright blue. Some of the fluorophore was 
readily removed by touching the surface; enough to contaminate fingertips or gloves, but the bulk of the deposit 
remained intact. 

7.2.6.3 VisibiIm and Paitemabjlity of Bonn-Trace 787 Solveni Earlier studies had indicated 
that Bonn-Trace 191 Contains a fluarescent compound but leaves a residue on metal substrates which is visible 
under normal light. Attempts were made to reduce the visibility of the residue by diluting with several solvents 
with d c h  it is at least partialIy miscible. The MSDS for this product indicated it contains approximately 14% 
toluene, 11% xylene, and 36% acetone. SKC-HF and several of these diluents were selected for investigation in 
an attempt to reduce the visibility of deposits and retain the patternability of Bonn-Trace 19 1. Initially Bonn- 
Trace 191 was mixed in several different ratios (1: 1,1:2, and 1 :9) with SKC-HF and then small quantities were 
pipetted on to aluminum and stainless steel substrates. All three mktures dispersed well on the substrates and 
the more dilute mixtures were significantly less visible on the substrates when viewed with room lighting. The 
1:9 mixture was nearly invisible on aluminum substrates and showed only small changes in color near the outer 
edge of the deposits. The 1:l and 1:2 mktures deposited on stainless steel substrates consisted of two concentric 
Mgs, an inner ring which was nearly d a t e d  in appearance and an outer ring which made the substrate look 
grayer than the uncoated substrate. 

The deposits on all substrates fluoresced a bright blue with stronger fluorescence at 365 nm than at 
254 nm. The Bonn-Trace 191 was not entirely miscible with SKC-HF in a 1 :9 volume ratio. Bonn-Trace 191 
was then diluted 1: 10 with toluene, acetone, and 4-methyl-2-pentanone (MIBK) and used to test its pattemability 
on aluminum and stainless steel substrates. 

Masks containing block letters or numbers 0.625 cm high were created fi-om 3.75 cm by 5 cm Post-It 
notes by cutting the pattern into the adhesive-backed portion of the Post-It note with a razor blade or Exact0 
knife. Then neat Bonn-Trace 19 1 and the various 1 : 10 mixtures of Bonn-Trace 19 1 and toluene, SKC-HF, 
acetone, and MIBK were applied to the masks by rolling a Q-tip over the surface of the masks. Two different 
exposure techniques were used: (1) allowing the mixtures to dry on the masks before removing them from the 
substrates and (2) removing the masks from the substrates immediately after applying the fluorophore. The 
deposits were allowed to dry and then examined under n o d  room lighting and with W illumination at 356 nm. 
The results of these experiments are summarized in Table 7-6. 

The undiluted Bonu-Trace 191 produced more distinct pattern images for short exposure times. 
Thinning with acetone or MIBK clearly yielded better images for long exposure times with stainless steel 
substrates. If the mask is removed immediately after application of these mixtures to stainless steel, these 
solvents transport the fluorophore away fi-om the region where it was originally applied, yielding a less distinct 
image. The aluminum substrates have a much higher degree of surface roughness than the stainless steel 
substrates and the diluted Bonn-Trace 191 behaves dSerently. The surface roughness allows the Bonn-Trace 
191 diluted with acetone or MIBK to diffuse under the mask and transport the fluorophor away from the point 
of application, resulting in a very di&se image (or no jmage at all). Bonn-Trace 191 diluted with toluene yielded 
the most distinct image patterns on both substrates for long exposure times and these were among the best image 
produced in these experiments. 
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Table 7-6. Patternability tests of Bonn-Trace 191 (BT 191) on aluminum and stainless steel substrates. 
Mixture” Substrate Exposure Timeb Observations at 356nm 
BT 191 Aluminum h g  Indistinct pattern; all letters smudped 
BT 191 Stainlesssteel Long Wide line widths; letters smudged 

Narrower line widths than for long exposure. 
BT 191 Aluminum Short Pattern of letters visible 

Narrower line widths than for long exposure. 
Distinct pattern of letters visible. Image also visible 

BT 191 Stainless Steel Short with room lighting. 
BT 191 
SKC-HF Aluminum Long Clear pattern of all letters visible 
BT 191 
SKC-€IF Stainlesssteel Long No pattern of letters visible 
BT 191 Pattern visible. Dim outline of letters visible with 
Toluene Stainless Steel Low room lighting. 
BT 191 Pattern visible. Wider line widths than for dilution 
Toluene Aluminum Long with SKC-HF. 

Pattern visible but of poorer quality than on 
aluminum substrate (wider h e  widths, weaker BT 191 

Toluene Stainless Steel Short pattern.) 
BT 191 Three of four letters clearly visible with narrow line 
Toluene Aluminum Short widths. 
BT 191 
Acetone Stainlesssteel Long Distinct pattern of all four numbers. 

BT 191 
Acetone Aluminum Long No uattern of numbers visible 
BT 191 
Acetone Stainless Steel Short None of numbers are distinct - all smudged, 
BT 191 
Acetone Aluminum Short Numbers not distinct; virtually illegible. 
BT 191 
MIBK StainiessSteel Long Only two of four numbers legible. 
BT 191 
MI3K Aluminum Long widths than with stainless steel. 
BT 191 

only two of four numbers legible; wider line 

M y  two of four numbers legible; poorer image 
MIBK Stainless Steel Short than for long exposure. 
BT 191 
MIBK Aluminum Short None of numbers legible. 

a First four d e s  are for undiluted Bonn-Trace 19 1; all others are 1 : 10 (v/v) dilutions of Bonn-Trace 19 1 with 
solvent listed. 

bLong exposure denotes mask left in place until mixture dried on mask; short exposure denotes mask removed 
immediately after applying mixture to mask. 
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The outline of images created on stainless steel are still visible with room lighting. This is clearly 
desirable, especially if the tag consisted of numbers or letters, because it would alert a pilfaer of SNM that 
the material is marked and show them the location of the tag. One alternative to using a tag consisting of 
numbers andor letters would be to use a pattern composed of a series of small dots which create a readable 
pattern which is much less obvious as a tag. 

A series of masks, containing a pattern consisting of small holes created with a fine hypodermic needle, 
were prepared in the adhesive-W portion of 3.75 by 5 cm Post-It notes. The spacing between adjacent holes 
in a row was 0.5 cm and the holes in the adjacent rows were offset by 0.25 cm. These masks were applied to 
Stainless steel and aluminum substrates and the neat Bonn-Trace 19 1 or Bonn-Trace diluted 1: 10 with acetone, 
MBK, or toluene applied to the masks with a Q-tip using one of these two techniques: (1) rolling the Q-tip over 
the entire surface of the mask or (2) applying the fluorophor only to the holes in the mask. The Bonn-Trace 
19l/acetone and BOnn-Trac;e 19l/MIBKmixtures were applied to the entire surface of the masks and the masks 
allowed to dry befm removing the masks from stainless steel substrates. When illuminated at 365 nm, the hole 
pattern could notbe detected although some areas of the substrate contained bright spots of the fluorophur. 
Application of Bonn-Trace 191 and Bam-Trace 191 diluted 1: 10 with toluene by rolling the Q-tip over the entjre 
sur6xe of the mask and then immediately removing the masks fiom the stainless steel substrates replicated only 
a part of the mask pattern. The rest of the pattern was indistinct. 

Application of Bonn-Trace 19 1 and Bonn-Trace 191 diluted with toluene to aluminum and stainless steel 
substrates by using a Q-tip to deliver the fluorophor directly on to each hole and then immediately removing the 
mask from the surface of the substrate yielded more satisfactory results. The dot pattern fiom the mask was 
almost totalEy r e p l i d  by the undiluted Bonn-Trace 19 1 but only part of the pattern was replicated by the Bonn- 
Trace 19 1 diluted with toluene. Some of the pattern observed with the diluted Bonn-Trace 19 1 was totally 
missing and some dots were not bright, well-formed, or distinct. The desired resolution of 0.5 cm between 
adjacent dots and 0.25 cm between rows was achieved with the undiluted Bonn-Trace 19 1. This pattern of dots 
was invisible on aluminum substrates with room light. However, the pattern on the stainless steel substrate was 
still visible with room light, due to the change in refractive index of the surface. 
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8. SELECTION OF CANDIDATE RADIOISOTOPE COMPOUNDS 

The radioisotope tag is based on the concept that unique isotopes can be applied to a surface and then 
detectedbytheir- ' 'c gamma decay. The uniqueness of the tag will be established by assigning unique 
combinations of the radioisotopes to each user facility. Advantages of this tag are that it can be detected and read 
with simple detector teclmology, the tag will be detectable for a minimum of twenty years, very small quantities 
of the tag can be detected, and materials inside storage containers and packaging can be tagged and identified 
without opening the container. As with the fluorescent tagy efforts to remove the tag will leave sigplficant 
forensic detectable residues. This radioisotopic will have several disadvantages: 1) the special precautions and 
handling procedures required when using the radioisotopes; 2) the cost of the limited number of available 
radioisotopes; and 3) the potential detection difficulty of the radioisotopes in the presence of the background 
radiation from the SNM. Design critezia for the radioisotopic tag is addressed in Section 8.1. The selection 
process for candidate radioisotopes is provided in Section 8.2. 

8A Design Criteria for Radioisotopic Tag 

8.1.1 Safety 

The tag will be designed to limit the radioactive dose fiom the applied tag to add less than a few percent 
to the existing background of the tagged SNM and will not cause an unacceptable exposure during normal 
handling operations. Any radioisotope that may be taken into the body of an individual handling the tag will 
provide a IeWhan-IetM dose, have well-defined biological uptake processes, and be treatable with established 
methods. 

8.1.2 Uniqueness to Facility 

To provide capabilities to idenw each facility handling SNM, the number of useful tagging 
radioisotopes will be suflicient to identify uniquely at least one hundred facilities. 

8.1.3 Uniqueness of Tampering Tag 

To identi@ an individual that has improperly handled tagged SNM, that tag will be designed to contain 
a radioisotope that can be taken up by a person, has a long residence time, and normally is not found at the 
targeted handling facilities. Because the number of radioisotopes with these characteristics is limited, it is 
expected that the tampering tag will be common to all facilities. 

8.1.4 Traceable Across Facilities 

Because it is expected that material will be transfmed between facilities using the tag, the tag will be 
designed to contain a component or pattern that will allow the material to be tagged chronologically so that the 
history of the tag can be traced. This may be accomplished by monitoring the intensity ratio between isotopes 
as they decayy using short-lived isotopes that will survive long enough to cover the transport time, or by using 
encoding information into the pattern in which the isotopes are applied. 
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8.1.5 Lifetime 

Because the SNM to be tagged may be sealed in long-term storage containers, the radioisotope tag will 
be designed to be detectable over at least twenty years. A short-lived isotopic tag for interfkcility transfer will 
be designed to be detectable for at least 30 days. 

8.1.6 Size and Pattern 

To accommodate the expected size of materials to be tagged, the maximum size for the tag is expected 
to be 2 cm x 2 cm. To provide uniqueness between tags, the radioisotopes may be applied in resolvable pa#ems. 

8.1-7 Composition of Tag 

The radioisotope as received fiom the manufacturer will be in a chemical form that is soluble in the 
application solvent, su6icient.I~ concenffated to meet sensitivity requirements, and sufiiciently pure to not contain 
detectable quantities of other tagging radioisotopes. 

8.1.8 Detection Instrumentation 

To minimize the cost of the tagging system, the tag will be detectable with existing portable 
instrumentation at locations including but not limited to: 1) immediately after the tag is applied, 2) shipping and 
receiving areas, and 3) remote storage locations. Based on the proposed tagging concept the tag wiII be designed 
to have d c i e n t  activity and adequate separation between emission lines so that the tag can be detectabie with 
a conventional sodium iodide d o r  germanium gamma detector. It is expected that the detector will consist of 
a standard 54x1 diameter aystaZ the type found in commercially available hand held detection systems, and will 
be adequate for detecting unadulterated tags that have recently been applied. It is also expected that absolute 
verification of the facility of origin for material that has been recovered may require a higher resolution, low 
background germanium detection system. 

8.1.9 Detection of Recently Applied Tag 

To v* the existence of an unadulterated tag, the tag will be designed to be detected fiom a reasonable 
and safe distance through 0.6 cm of stainless steel, with an average count time of 15 minutes. The tag will be 
considered detectable if the count rate is statistically significant when compared to the background of the SNM 
being tagged. 

8.1.10 Detection of Adulterated Tag 

To verify the existence of a tag that has been through a 99.9% removal effort, the tag will be designed 
to provide at least one count per minute (CPM) above background with a high resolution, low background, a 
germanium detector exposed directly to the tag fiom as close as reasonably possible. The maximum count time 
for this type of detection is estimated to be 600 minutes. 
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8.1.1 1 Disposition of Tag 

It is not the intent of the tag that it will be removed. However, provisions need to be available in case 
inappropriate applications of the tag m. For this reason, the tag when embedded will not consist of any 
quantity of hazardous material kyond the expected radioactive hazards if physical methods of removal are used. 
The dissolution of the tag will be possible using a solvent that can be disposed of with available mixed waste 
treatment technology. 

8.2 Candidate Radioisotopes 

The tagging system will use three diEerent sets of radioisotopes for three Werent tagging applications: 
1) long-lived high gamma energy radioisotopes for the identification of the facility of origin, 2) short-lived, 
biologically active radioisotopes for tagging an individual involved in proliferation of SNM, and 3) short-lived 
high gamma energy radioisotopes for tracing the transfer of SNM from one facility to another facility. Each of 
these applications requires the tagging materials to meet specific criteria identified in Section 5. How the 
candidate radioisotopes were evaluated against these criteria is described throughout this section. The criteria 
evaluated in this Section include the half-life, gamma-ray energy, gamma-ray branching ratio, and the number of 
gamma-rays. These criteria are described in Sections 8.2.1 through 8.2.8. The candidate radioisotopes are 
presented in Section 8.2.9. 

8.2.1 Half-life 

8.2.7.7 Tracing Faci/jfy of Origin. To have a tag that will ident@ the facility of origin for the SNM 
or its containers for at least 20 years, gamma emitting radioisotopes with a half-life of 5 years to 1500 years were 
identified for further evaluation. This selection criterion ensured that at least 5% of any isotope in the original 
tag will remain 20 years after b e i i  applied. This half-life selection range also ensures that none of the candidate 
radionuclides can be part of the natural decay chain of uranium or plutonium isotopes and that the tags will need 
only a minimal amount of mass to achieve the requisite activity. 

8.2.7.2 Tracking /nferfaci/ify Movement To have a tag that can be used to track the facility of 
origin while materials are transferred from one facility to another, gamma emitting radioisotopes with half-lives 
h m  two weeks to three months were identified This range provides a wide choice of lifetimes to allow a choice 
of a specific half-life which is long enough to finish the processing and transferring tasks, yet short enough to not 
require tag removal when the transfe is complete. This range of half-lives ensures that at least 5% of the tag will 
remain for transfa completed within 10 to 50 weeks and 99.9% of the tag to decay away for transfer times 
ranging from 20 to 120 weeks. Because the short half-life will minimize exposure hazards to contaminated 
pilferers, this identified group of short-lived isotopes also was used to select eligible biologically active isotopes 
for the tampering tag. 

8.2.2 Isotope Decay Mode 

The candidate radioisotqes were chosen to avoid the natural decay chain for uranium and plutonium to 
minimize ambiguity between the background radiation fiom the SNM and the radioisotopes in the tag. In 
addition, the mode of decay of each candidate radioisotope and its daughter, if they exist, was limited to gamma- 
rays from short-lived daughters formed fiom parent beta- or alpha-decay. Gamma-rays were chosen to provide 
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sdicient energy to detect the tag through containers. The gamma emitters were chosen to avoid ambiguity with 
any background radiation that may occur during spontaneous fission from the SNM and to eliminate hazards from 
any impacts due to neutron emission. If a candidate isotope had a coexisting spontaneous fission decay 
mode, the candidate isotope was selected only if the branching ratio for this mode was less than 1 O-%. 

8.2.3 Gamma-ray Energy 

To make the tagging system more tamper-proof, a part of the tag must be applied directly onto the SNM 
and be detectable through a typical storage container or shielding materials. Therefore, a calculation was 
completed to identi@ which gamma-ray emissions would have sufficient energy to be detectable through 1/4" 
(6 mm) stainless steeL The percent of transmission of different gamma-ray energies through 1 ft (30 cm) of air 
and 1/4" (0.625 cm) of stainless steel is shown in Table 8-1. This calculation indicates that the candidate 
radioisotopes should have gamma-ray energies of at least 200 keV to be detectable (>40% transmission) inside 
a 6 mm thick stainless steel container. 

Table 8-1. Efficiency of gamma-ray transmission through materials. 
Energy % of Gamma-ray Transmission 
&em 1 foot of air 1/4" Stainless Steel 
120 99.3 22.6 
250 99.4 52.3 
350 99.5 59.8 
500 99.5 65.8 
780 99.6 71.3 
960 99.7 73.7 
1400 99.8 79.8 

8.2.4 Branching Ratio 

Because it will be difficult and expensive to embed a sipficant mass of the radioactive tag into the 
SNM, the efficient use of each radioisotope tagging component will be essential. For this reason, not only is the 
effective transmission of each gamma-ray important, the effective conversion of each decay of the radioactive 
isotope into a detectable gamma-ray (branching ratio) is also important. A higher branching ratio will result in 
a higher achievable count rate (ie., less material needed to be detected or less time needed to detect). To achieve 
an acceptable count rate (the true measure of the detectability of the tag) for each isotope, there must be a balance 
between the mass of isotope, half-life, the energy of decay, branching ratio, and counting time. 

8.2.5 Mass of Radioisotope in the Tag 

The amount of radionuclide used in the tag is mainly determined by the solubility of each individual 
isotope. It is currently estimated that the amount of a radioisotope soluble in the application solvent will be 
100 ng in the projected volume of tag applied (e.g., 25 pL of solution). This conresponds to 4 parts per million 
(ppm) of isotope in the solvent and maintains the concentration of any toxic heavy metal isotope below the usual 
5 ppm characteristic hazardous waste concentration limit. Even though, non-hazardous metals could exceed 
100 ng and not be categorized as hazardous waste, the 100 ng of material per tag was used as an upper limit of 
material in a tag for estimating a count rate. In some cases, the mass of the isotope may have to exceed 100 ng 
to achieve the appropriate count rate. 

36 



CPM assuming 1M)% BR for all Trays 
1 p a  wal Saurce ('tl/2= 13.54 y ) 
25% Ge detector 0 12 cmfromthe source - 

s 

Figure 8-1. CPM versus gamma-ray energy. 

8.2.6 Count Rates for Candidate Radioisotopes 

As stated above, a primary criterion for selecting candidate isotopes is the estimated count rate. The 
count rate can be estimated using several factors: 1) the energy efficiency of the isotope through the packaging 
Container (Table 8- l), 2) the efficiency of a decay to generate a detectable gamma-ray (branching ratio), 3) the 
mass of isotope in the tag (100 ng), 4) the number of decays per unit time (half-life ranging from 5 to 1500 
years), 5) the amount of time available to detect the isotope (count time limited to 15 minutes), and 6) the 
efficiency of the detector to detect a gamma-ray (based on detector type, spatial orientation, and distance). To 
obtain good statistics in detecting an interrogated gamma-ray peak, the detector must record at least 500 counts 
(4% uncertainty in the total counts). 

To select candidate isotopes for the tag, the above parameters were used to calculate a theoretical CPM 
of each emitting gamma-ray for 100 ng of each candidate radioisotope. The calculations for count rates were 
based on measurements made with an 11.7-pCi '?Eu source placed 12 cm away from a 25%-efficient Ge detector 
m-type Ge crystal with a 5 cm (2") diameter and thickness). The efficiency curve was obtained by counting the 
15%u source for 10 minutes. The resulting intensities were then converted to represent the expected intensities 
fiurn a 1 pCi source counted for one minute (Figure 8- 1). From this curve, the expected CPM was estimated for 
a l-pCi source of a specific energy gamma-ray for each candidate isotope at 100% branching ratio and 12 cm 
distance. The calculated CPM value then was adjusted for the actual branching ratio of the gamma ray, the 
measurement distance (32 cm), and the mass of isotope (100 ng). 

8.2.7 Count Rates Through a Storage Container for the Candidate Radioisotopes 

The above of the 1 1.7-pCi ls2Eu source were used to complete the CPM calculations for 
each of the candidate radioisotope. The effect of the 6 mm of stainless steel fiom a storage container was 
determined using the total photon attenuation cross-sections for plotted as a function of gamma-ray 



energies (Figure 8-2). These data were then fitted using a two-exponential decay method to derive the formula 
for calculating the attenuation: 

Y = Yo + A, *exp(-@-&)I T,) + A,*exp(-e-&)/ Ta 

where Y = photon cross-section in barns 
X = gamma-ray energy in keV 

and the values for the other parameters were equal to: 

&= 136.4 Yo= 3.984 
A, = 8.714 T, = 40.61 
A, = 8.409 T2 = 488.0 

~ ~ 

Photon attenuation cross sections for & 
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Figure 8-2. Photon attenuation versus energy. 

8.2.8 Interference of Gamma-ray Energies from Other Candidate Radioisotopes 

To ensure no ambiguity between the gamma-ray signatures of tags fiom Merent facilities, a radioisotope 
tag must not contain radioisotopes that have gamma-ray energies that overlap with radioisotopes of another tag. 
However, an interference between gamma-rays of two different isotopes will not be SigJllficant if each 
radioisotope has at least one unique (non-overlapping) gamma-ray peak among all of the gamma-rays emitted 
fiom other radioisotopes in the tag. For the purposes of selecting candidate radioisotopes, a germanium detector 
with gamma-ray resolution of 2.0 keV at the 1332 keV gamma-ray of 6oCo was assumed. 

However, since a 7.5 cm x 7.5 cm (3"x3") NaI or CsI detector with about 7% resolution (662 keV 13'Cs) 
can only resolve two gamtna-rays if they are separated by approximately 50 keV, other overlapping gamma-ray 
energies may eliminate candidate radioisotopes. Another potential source of interferences, to be evaluated later, 
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will be the gamma-ray energy background fiom the Compton events of radiation emitted fiom both the SNM 
and other tagging radioisotopes. 

8.2.9 List of Candidate Radioisotopes. 

After the elimination of radioisotopes not meeting all the Criteria, lists for both long- and short-lived 
radionuclide were compiled, These candidate isotopes are summarized in Table 8-2 and 8-3, respectively. This 

Tables 8-2 and 8-3 also include an indication of the methods of production, the number of gamma rays (>200 
kev) available for detection, the number of potentially interfering gamma rays fiom the other candidate isotopes 
(if all other candidate isotopes were present simultaneously), and the count rate for the most intense gamma-ray 
(with no wnflicting gamma-ray) of the isotope. The parent isotope is listed as the long-lived candidate isotope 
when a gamma-ray is emitted by a short-lived daughter isotope. An example of this, is Cs-137 which decays 
100% by beta and produces a short-lived Ba-137m daughter which produces the gamma-ray. The candidate 
isotopes meet all the criteria fiom Sections 8.2.1 through 8.2.8, except for Nb-94. Nb-94 has a half-life outside 
the 1500 year limit, but meets the specification for count rate because of its gamma-ray energy and branching 
ratio. 

tables list isotopes with acceptable half-lives, gamma-ray energies of 2 200 keV, and branching ratios 2 1 0 h. 1,8,9 

The detailed list of information about the candidate isotopes, including all gamma-ray energies, 
conflicting gamma rays, and estimated CPM for each gamma ray through air and a 1/4 inch stainless steel 
Container are given in Appendices C and D. There are 18 long-lived radionuclides which can be used as tagging 
isotopes for i- the fiacility of origin. There are 38 short-lived isotopes which can be used for monitoring 
SNM transferred between user facilities. 

8.2.10 Biological Tampering Tag 

There are several short-lived radioisotopes such as 95mTc, mHg, '''̂ As, 114mIn, and *%r in Table 8-3 which 
can be used to trace and identie the individual tampering with the tag." Under normal working conditions, 
authorized workers handling the tags in the controlled environment would be protected fiom contamination with 
the tagging materials. However, uuauthorkd handling would expose the worker to these isotopes and 
coIlsequently to eventual uptake of the isotopes by direct touching. This list contains isotopes which have long 
enough half-lives to insure traceability over time and yet short-enough half-lives to provide non-lethal doses to 
the individual. The methods for neutralizing the biological uptake fiom accidental exposure would be defined 
and available. 

8.2.1 1 Continuing Efforts for the Candidate Radioisotopes 

The current list of candidate isotopes for the tagging systems will require further evaluation to complete 
the selection of the isotopes that can be used in the fmal tagging system. Efforts to complete this selection are: 
1) an evaluation of the cost of production of the candidate isotopes; 2) an evaluation of the gamma-ray energies 
versus the background radiation from the SNM that will be tagged; 3) a review of the exposure to authorized 
personnel handling the radioisotopes; 4) a review of the biological uptake properties for the candidate isotopes; 
and 5) an evaluation of the actual expected count rate with respect to the detection system chosen for the detection 
system. 
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Table 8-2. Long-lived candidate radioisotopes. 
~ ~~ ~ ~~~ ~ ~ 

# gamma Non-conflicting gamma 
#l CQfihg 
gamma-rays 

with highest CPM Energy 
CPM (air) 

Half Life Production 
rays 

Reactions * (>200keV) or) Isotope 

Ag- 108m 

Ba-133 

Bi-207 

Bk-247 

Cf-249 

Cf-25 1 

Cm-243 

Co-60 

CS-137 

Eu-15011 

Eu-152 

Eu-154 

Ho- 166m 

Hf- 178n 

Nb-94 

Pm- 146 

PO-209 

Tb-158 

418.0** 

10.54 

31.54 

1380.0 

351.0 

898.0 

29.1 

5.27 

30.07 

36.9 

13.54 

8.6 

1200.0 

31.0 

20300.0 

5.53 

102.0 

180.0 

3 

4 

3 

1 

3 

1 

3 

1 

1 

15 

11 

10 

5 

13 

2 

4 

2 

5 

1 

1 

none 

none 

1 

none 

1 

none 

none 

4 

3 

1 

3 

2 

1 

3 

none 

2 

433.70 

355.86 

569.67 

265.0 

387.95 

285.0 

228.19 

1173.23 

661.62 

439.39 

344.30 

1274.80 

810.31 

213.44 

702.50 

747.40 

260.50 

944.20 

503 

12828 

3 122 

31 

206 

2 

618 

39478 

3861 

3522 

3895 

3111 

49 

61 10 

10 

7230 

4 

225 
* T: Thermal neutron activation, F: Fast neutron activation, C: Charge particle reaction, I: Fission product, P: 
Photon reaction 

# Conflicting gamma-ray is the only one present 
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Table 8-3. Short-lived candidate radioisotopes. 
# gamma Non-conflicting gamma 

rays # 'OfiCkg with highest CPM Energy 
Reactions * (>20OkeV) 0 CPM (air) gamma- rays 

Half Life Production 
OI) Isotope 

Ag- 105 
AS-74 
Cd-115m 
Cm-241 

Co-58 
Cr-5 1 

Fe-59 

CO-56 

EU-147 

Hf- 175 
Hf- 17% 
Hf-181 
Hg-203 
h-ll4m 

Nb-9 lm 
Nb-95 
Pm-148m 

fr- 192 

Rb-83 
Rb-84 
Rb-86 
Re- 183 
Re- 184 
Rh-99 
RU- 103 
Sb- 124 
Sc-46 
Sr-85 

Tc-95m 
Te-121 
Te-129m 
Tm- 168 
V-48 
Xe-127 

Zr-88 

Tb-160 

Yb-169 

4 1.29 
17.77 
44.6 
32.8 
77.27 
70.82 
27.7 
24.1 
44.5 
70.1 
25.05 
42.39 
46.6 1 
49.5 1 
73.83 
60.86 
34.98 
41.29 
86.2 
32.77 
18.63 
70.0 
38.0 
16.1 
39.2 
40.2 
83.79 
64.84 
72.3 
61.0 
16.7 
33.6 
93.1 
15.97 
36.34 
32.03 
83.4 

zr-95 64.02 

12 8 331.50 
3 
1 
2 
8 
2 
1 
8 
2 
2 
8 
2 
1 
2 
9 
1 
1 

13 
3 
2 
1 
3 
5 
8 
2 
11 
1 
1 
13 
7 
3 
1 

12 
5 
2 
1 
1 
2 

1 
1 
1 
2 
1 
1 
4 

none 
2 
2 
1 
1 
1 
5 

none 
1 
7 
1 
1 
1 
1 
1 
5 
1 
5 

none 
none 

5 
4 

none 
none 

4 
2 
1 
1 
1 
1 

595.70 
933.60# 
474.50 
846.75 
810.75 
320.07# 
677.60 

1099.22 
343.40# 
453.70 
482.16 
279.17# 
558.27 
468.06 

1205.00# 
765.82# 
550.20 
520.35 
881.50 

1076.63# 
29 1.72 
792.07 
352.6 
497.08 

1691.04 
889.26 
513.99 
298.57 
582.15 
543.08 
695.98 
815.95 
983.50 
374.96 
307.68# 
392.85# 
756.72 

295 
9195 

37 
2904 
3632 
3906 
2168 
623 

2788 
2109 
3650 
2623 
2948 

176 
877 
75 

5027 
3 174 
2758 
3941 
729 
86 

896 
5678 
487 1 

646 
3346 
4018 
766 

1272 
8059 

121 
474 

18446 
1090 
653 

3464 
1539 

* T: Thermal neutron activation, F: Fast neutron activation, C: Charge particle reaction, I: Fission product, P: 
Photon reaction 

# Conflicting gamma-ray is the only one present 
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8.2.11.1 Persistence of Cesium and Stmntium Salt Residues on Metal Substrates. 
Earlier exphmm indicated that SKC-HF dries without leaving a residue on metallic substrates. To 
if sufficient quantities of cesium and strontium salts dissolved in this solvent would penetrate the surface of 
substrates and survive various removal techniques, the following experiments were perfmed with the non- 
radioactive salts. Stable Cs and Sr salts were used for ease of handling although the quantities required for 
detection by chemical analysis are many orders of maguitude more than the quantities debminable 
radiochemically. Due to the limited solubii  of cesium and strontium chlorides in pure SKC and their moderate 
solubi i  in ethanol, we initiaily plauned to dissolve these salts in EtOH and then dilute with SKC. However 
EtOH and SKC are immiscible, whereas 2-PrOH and 4-methy1-2-pentanone (MIBK) are each miscible with SKC 
when mixed in a 1: 1 volume ratio. These two solvents were each used to dissolve small quantities of cesium and 
strontium chlorides and SKC was then added in a 1 : 1 volume ratio. 

Small quantities of the salts were also added to pure Bonn-Trace 191, which is another excellent 
penetrating solvent. The solubility of both salts in each of these three solvent mixtures (SKC/Z-PrOH, 
SKC/MIBK , and Balm-Trace 191) was still quite limited so that the concentrations of these solutions could not 
bedetermmed ' directly. The concentrations were determined by analyzing the solutions resulting fkom leaching 
deposits of 25-pL quantities of each salt/solvent mixture on glass microscope slides. These deposits were 
allowed to dry and then leached for 48 hr in a known volumes of DI water. These leachates were analyzed for 
Cs and Sr by ICP-MS. The same volumes of these three solutions were pipetted on to stainless steel and 
aluminum substrates and allowed to dry. The following sequence of removal techniques was then used 
sequentially on these substrates. 

Dry wipe step. The surface of each substrate on which the salt was deposited was wiped with half a dry 
laboratory Kimwipe (actual size 10.6 by 11.3 cm) and then the material removed was rinsed fkom this wipe by 
placing it in a small polyethylene funnel and slowly passing 20 mL of DI water through the wipe and collecting 
it in a 30-mL poly bottle. The excess water was removed from the Kimwipe by pressing it with the bulb of a 
disposable poly dropper. 

Wet wipe step. Half a standard Kimwipe was wetted with 200 pL of water and then the surface of each 
substrate on which the salt had been deposited was wiped with this wet Kimwipe. The material removed fiom 
each substrate was rinsed fiom the wipe by placing it in a small polyethylene funnel and then slowly passing 
20 mL of D1 water through the wipe. The rinsings fkom wiping each substrate were coIlected in 30-mL poIy 
bottles. The excess water was removed from the h w i p e  by pressing it with the bulb of a disposable dropper. 

Static 15-min leach. Each substrate was placed with the deposit side up in 20 mL DI water in a plastic 
kghjng boat and do& to remain for 15 min. "heD the leachate h each Substrate was t r m f m d  to 30-mL 
poly bottles. 

Static 24-hr leach. Each substrate was placed, with the side on which the material had originally been 
deposited facing up, in a plastic weighmg boat Containing 20 mL of DI water. The substrate was allowed to 
remain in the boat for 24 hr and then the leachate was transfmed to 30-mL poly bottles. 
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All samples were acidified with nitric acid to a concentration of 1% HNO, and then most of the samples 
were anaiyzed by ICP-MS. The samples generated by leaching Cs and Sr fiom the glass microscope slides were 
analyzed in order to estimate the total quantity of material oripally deposited on each substrate. Both the 
cesium and strontium chlorides were sipficantly more soluble in the 1 : 1 mixture of 2-PrOH and SKC than in 
the other two solvents. All the analysis results are presented below in Tables 8-4 and 8-5. Table 8-4 includes 
all the results for stainless steel substrates while Table 8-5 presents only the results for the SKC/2PrOH and 
SKCiMIE3K mirrtureS on aluminum substrates. The aluminum substrates on which the Cs and Sr salts dissolved 
Bonn-Trace 1 9 1 were deposited were not analyzed because the solubilities were very low in this mixture. 

Table 8-4. Concentratons of Cs and Sr Deposited On and Removed h m  Stainless Steel Substrates 

“calculated from concentrations determined by ICP-MS and dilution factor. 
bDenotes measured detection limit for the determination of Cs by ICP-MS. 
“Denotes measured detection limit for the determination of Sr by ICP-MS. 

Table 8-5. Concentrations of Cs and Sr Deposited On and Removed from A l e u m  Substrates 

Symbols for footnotes are the same as for Table 8-4. 

These results indicate that although the bulk of the cesium and strontium is removed in the dry wipe 
and wet wipe procedures, there are still nanogram quantities remaining on the substrates which are difficult to 
remove and require additional washing or leaching. This is most evident for the results obtained with SKC/2- 
PrOH where the quantities deposited are significantly greater than for the other mixtures. (The actual 
nanogram quantities of Cs and Sr removed from the 5 cm x 5 cm substrates are twenty times the tabulated 
concentrations because the leachate volumes for all surface treatments was 20 mL.) These results indicate 
that it would be difficult to remove all traces of radioisotopic Cs and Sr tags from metal surfaces. 
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9. SELECTION OF CANDIDATE TAGGING MATERIAL APPLlCATlON 
SYSTEM 

The fluorescence inventory tag and the radioisotope identiiication tag will be applied to the surfaces of 
SNM and the SNM storage containers. Because of the cost for application technology, the potential need for high 
throughput, and the potential hazards associated with the tagging material% the tagging material application 
system will require both manual and automated techniques to 'paint" the tagging materials onto the tagged 
materials. Section 9.1 describes the design criteria for the application techniques and Section 9.2 describes some 
candidate technologies for applying the tag. 

9.1 Design Criteria for the Tag Application Technology 

9.1.1 Safety 

The taggant supply to the printing or painting mechanisms will minimize a worker's exposure to the 
hazards of the w a n t  and solvent materials. The refill of taggant reservoirs will be via sealed containers or solid 
encapsulant. 

9.1.2 Compatibility with Taggant Materials 

The materials of construction for the tagging application technologies will not degrade when exposed 
to the taggant materials, 

9.1.3 Waste Generation 

The taggant application systems will lessen waste generation through designs that minimize dry-out of taggant 
reservoirs and excessive dispersal of solvents. 

9.1.4 Size Constraints 

9.7.4. 7 Size of 7ag. The taggant application system will be designed to apply the necessary tagging 
material patterns within an area of 2 cm x 2cm. 

9.1.4.2 Size of Material to be Tagged. The taggant application systems will be designed to paint 
tags on metals and powders. For metals, the tagged surface is expected to vary from flat surfaces to spherical 
surfaces. It is not expected that resolvable patterns will be deposited onto powders. 

9.1.5 Lifetime of Components 

The taggant application systems wilI be designed for maximum life with modularity of critical 
elements. 



9.2 Candidate Mechanical Printing Methods 

In its simplest forms, the tag application system will be a set of manually operated pens containing the 
individual taggant species in a volatile carrier solvent. More complex printing mechanisms for automatedremote 
use in process boxes will be designed for hazardous environments or extensive processes with multiple types of 
items to be tagged. 

9.2.1 Manual Tagging Application System 

To minimize cost and for ease of application, the option to manually apply the tagging materials to 
surfaces must be available. To accomplish this, the tagging material could be applied as a solvent and painted 
onto the surface or sprayed onto the surface as an aerosol. However, this option would introduce several 
si@icant safety issues. Painting on the surfam with a brush probably would require the use of open reservoirs 
of flammable solvents. Spraying of the tagging materials would lead to widespread contamination and exposure 
throughout the operating environment. For these reasons, the manual tagging application will use a system 
similar to an ink marking pen for metals. 

Hand manipulated pens containing individual s p i e s  of taggants will provide flexibility 
in an out-of-process environment for tagging. Pen types suitable for handling taggants in a 
volatile solvent include fountain, drafting, ball point, and fiber tipped, all of which, when 
constructed of suitable materials, will accommodate any desirable solvent. Fountain pens, the 

commercially available "Sharpie"", use a fiber wick 
applicator and are unlikely to leak solvent or mar surfaces. 
Examples of commercially available models containing 
visible and invisible inks are shown in Figure 9-1. One pen 
contains a thick resin ink that is squeezed onto a surface, 
another is a wax crayon, and the other is a marking pen 
containing a rapidly drymg solvent. Figure 9-1. Examples of 

manual marking devices. 

9.2.2 Mechanical Tagging Application System 

Because the nuclear tagging system will use a variety of tagging materials, the mechanical tagging 
application system is envisioned to be similar to those systems that are used for automated color printing. 
However, the tagging application system will differ from the commercial systems in that the inks will be invisible 
or radioactive and the printing surfaces will be metal. 

There are four diffmt mechanisms in the current state-of-the-art of color printing which are candidate 
methods for applying the tags. These methods have proven themselves in the marketplace, and they differ 
significantly from the historical methods of relief, intaglio, surface, and stencil processes common to commercial 
printing. These methods include: 1) bubble (or wax) jet, 2) laser eIectrostatic, 3) toner jet and 4) wax transfer 
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systems. Of these, the bubble jet systems offer the only practical solution 
for mechanized application systems, because they require neither 
configured substrates nor accessory materials. 

The pumping mechanism (Figure 9-2) for bubble jet printers relies 
on a thermal process which forms a minute bubble of gas within a chamber 
of the nozzle.’1”2 Expansion of the gas drives a picoliter sized drop of 
liquid out of the nozzle. All of the bubble jet systems can print densities 
well within the five characters per 4 cm2 constraint assigned in the design 
criteria. This p m s  has the potential disadvantage of sequestering taggant 
materials within the bubble chamber resulting in unsatisfactory variation 
of taggant concentrations on the tagged surfaces. 

As an alternative to the the& process, the bubble jets can use a 
piezoelectric pump. The piezoelectric pump uses mechanical force to 
propel small quantities of the ink onto surfaces. T?&s process does not 
separate solvent and ink additives and therefore avoids concentration 
variability. Another significant advantage of the piezoelectric pump 
Illodels is that there are three nonexclusive taggant options available with a piezo-pumped system: water-based 
taggants, volatile organic solvent-based taggants, and solid encapsulant materials (waxes). 

Figure 9-20 BUbble-Jet m~zle .  

9.2.2.1 Solvent Resistance Tests for Print Cartridges and Printing Mechanisms. 
Sample ink-jet systems from Hewlett- 

Packard and Canon were tested for their 
resistance to the solvents expected to be used 
with the fluorescent and radioisotope taggants. 
The ink cartridges were tested by applying a 
10-pL aliquot of each solvent tested to a 
readily accessible surface of the ink-jet 
cartridge and continually observing the surface 
until the solvent had completely evaporated. 
Both brands of ink-jet cartridges resisted 
attack from SKC-MF, a xylol-based solvent, 
for a minimum of 5 min. Close examination of 
the Hewlett-Packard cartridge revealed that the 
main bladder is made of neoprene rubber, 
which may not resist this solvent for long 
periods of time. The Canon cartridge is made 
of molding grade polyethylene and should be 
resistant to most organic solvents below 50°C. 
When tested with Bonn-Trace 19 1, the surface 
of the HP cartridge melted immediately upon 
challenge with this solvent/solids mixture. 
None of the deposit could be removed from the 

7 Ink Cartridges 

Sdvent Tart LDcatlm 

wvant Tent L a o t l O ”  

Figure 9-3. Sketch of Canon ink-jet cartridge and print head 
mechanisms. 
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surface after the Bonn-Trace 191 had dried. The Canon cartridge resisted the Bonn-Trace 191 entirely. The 
solids deposit containing the UV fluorescent material could be removed completely by simply peeling it off the 
surface with a fingemail. No traces of fluorescence were detectable on the cartridge after the deposit was peeled 
off. No further testing of the HP system was perfomed because the cartridge did not have adequate solvent 
resistance. 

The Canon ink-jet printing mechanism is composed of a different type of plastic than the ink cartridge 
so it was necessary to also test its solvent resistance. It appeared resistant to SKC-HF for a longer time than was 
required for complete evaporation of this solvent. The area where the IO-bL aliquot was deposited was inspected 
more carefully under SOX magnification and revealed no evidence of damage. Testing of this mechanism with 
Bonn-Trace 191 revealed a slight attack at the periphery of the solvent blot, where traces of fluorescent material 
were detected with a UV lamp after removal of the dried deposit. Under 50X magnification, this attack appeared 
as filled-in arm between asperities of the surface molding markings. No dye was fould in the area where the bulk 
of the solvent aliquot was initially deposited. This may be due to a differential created in the solvents by the 
positive meniscus at the periphery. This would result in the more volatile components of the mixture escaping 
in this region and thus having a greater effect on the plastic body with concomitant transport and deposition of 
the fluorescent material. 

Figure 9-3 illustrates the Canon ink-jet cartridge and print head mechanisms. It is annotated to indicate 
the locations where the solvents were applied for the tests described above. 

9.2.2,3 Modification of Canon BJC-240 Printer for Use 
with Taggant Materiak Following successful solvent resistance tests 
of the Canon printing system, a Canon BJC-240 printer was procured for 
follow-on testing. This device would be reasonably simple to modify for 
process marking of components with taggant materials. Figure 9-4 shows 
the printer as received. Figure 9-5 illustrates the modifications necessary 
to remove and replace the manufacturer's ink with the selected 
taggantlsolvent. Two 1/23 in. holes are drilled into one of the ink 
chamba(in this case, the yellow dye chamber). These are threaded for 8- 
32 screws to preclude leakage and drying of the ink following replacement. 
Figure 9-6 illustrates the method of removing and replacing the ink in a Figure 9-4. Canon BJC-240 printer. 
cartridge chamber. The pipette is used to pierce a foam filter within the :-e 

cartridge on the left side allowing removal and replacement of the 
commercial ink. There is 8 mL of ink in each chamber. It is composed of 
approximately 70% isopropyl alcohol, 26% glycerine and 4% of an oil 
based colorant. The replacement ink used in the tests was D-298 
fluorescent dye dissolved in isopropanol. Figure 9-7 illustrates the 
placement of the ink cartridge w i t h  the printer. Use of flat headed screws 
would allow all three chambers of the cartridge to be used for dye 
replacement. Figure 9-8 shows an experimental placement of test coupons 
for test printing. The colors are individually addressable by the software 
provided with the printer, so printing from one or a combination of 
chambers is possible. Observation of the printing process reveals that a I! igure Y-5. unmmfieu ana mwfiea 
a mixture of colors to produce black is accomplished in multiple passes of Canon ink cartridges. 
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Figure 9-6. Filling ink cartridge. 
ink cartridge within the printer. for printing. 

the cartridge with a minute translation of the printed surface between passes. This complicates the modification 
of this particular printer for use with mixed colors on production line blocks of metal as the means of translation 
of the blocks for correct registry to each color head would have to be accomodated. 

9.2.2.4 Test Results with Canon BJC-240 Printer. The printer was cycled through a test 
program provided by the m a n u f a e r  which paints a full page of a rotating alphabet, numerals and punctuation 
Characters for each phase of the testing. Following replacement of 1.5 mL of ink with D-298, fluorescence firom 
the characters printed was not observed after several pages of various papers had been printed. With one 
exception, it was found that paper and the transparency films tested contained a fluorescent dye apparently used 
for brightening. Its spectrum matches D-298 and would seem to be nearly ubiquitous in papers, cloth and 
projection films. 

Mer a paper was idenWied (a black construction paper) that had not been treated with a W fluorescent 
brightener, it was determined that the lack of fluorescence of the characters was due to interference by the original 
ink remaining in the cartridge. Replacement of greater proportions of ink with the taggant dye resulted in 
successful excitation of the D-298 characters under UV challenge. 

Tests were performed on aluminum foil "pages" as well as the coupons shown above. Without 
modification, the printer does not accept samples greater than 25 mils in thickness. Presence of any of the 
original colorant prevents the printed characters from drying on a metal surface. Any trace of oil (from even a 
fingerprint) on the surface of the metal will result in a beading up of the characters so as to become unreadable. 
If the metal surface is free of oil, the characters are clear and sharp. 

9.225 Conclusions from Work w-th the Canon Printer. The Canon BJC-240 is a simple 3-color 
printer, easily modified to accept solvent-based dyes for various tagging applications. It was not tested against 
multiple solvent taggants such as Bonn-Trace 19 1. It would have to be extensively modified to print characters 
on production line blocks of metal. More appropriate commercial printing systems using the same heat driven 
ink jet are available which are confgured for this task. 

48 



While it appears that it could be modified to overcome its liabilities, the Canon BJC-240 system is 
inadequate in its present form for use as a production line tagging device. Its printing mechanism would have 
to be modified to ascanmodate materials thicker than 25 mils. A taggant material which is not normally present 
in substrate materials must be used with an ink-jet printer system. Metal surfaces to be tagged must be free from 
all traces of 0% wbich M i r e  with the correct formation and registry of characters. Suitable roughening of the 
surface of metal substrates may enable more successfid tagging with imprinted letters and characters. A 
tagginglsolvent system which dries more rapidly than the D-298 must be used to mitlimize smudging of the 
printed tag. 
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10. SELECTION OF FLUORESCENT TAG DETECTION SYSTEM 

The f luo rmce  detection system includes the hardware to detect the applied tags manually, remotely, and 
forensically. The hardware will address the following methods: 1) remote and portable detection methods that 
can be used to validate the application of the tag and verify the identification of unadulterated tags and 2) 
detection methods necessary to identify SNM and personnel that have tampered with the tag. 

10.1 Design Criteria for Fluorescence Tag Detection System 

10.1.1 Safety 

10.1.1.1 Personnel Radiation Exposure. The configuration of the fluorescence detection system will 
miTlimize personnel exposure to the ionizing radiation characteristic of the materials being tagged. This will be 
accomplished by minimizing the time needed to collect the fluorescence information, maximizing the distance 
(remoting) and barriers (shielding) between operators and tagged materials. 

10.1.7.2 Personnel Light Exposure. The configuration of the fluorescence detection system will 
minimize personnel exposure to the fluorescence excitation energy needed to generate the fluorescence response. 

10.1.1.3 Facility Harards. The detection system will not introduce physical hazards (i.e., energy source, 
neutron moderator) beyond the design specifications of the n o d  SNM working environment. 

10.1.2 Configuration 

Based on the variety of planned uses of the fluorescence tags, there will have to be several types of 
fluorescence detector mnfgurations. These configurations include systems for: 1) detection in process locations; 
2) detection in storage locations, and 3) detection of 
forensic evidence. A sketch of how this detection 
hardware may appear is shown in Figure 10-1. For 
implementation in process locations or storage locations, 
the detection probe could be held manually or scanned 
robotidy, with the fluorescence pattern read manually or 
automatically from a video screen. For forensic evidence, 
the residual tamper detection fluorescence dusting powders 
or residual amounts of fluorescent compounds will be 
detectable with a hand-held probe or with a commercially 
available fluorescence spectrometer. 

n 

Figure 10-1. Fluorescence Detection System. 
10.1.2.1 Process Validation of Tag Application. The configurations of the fluorescence detection 

systems will allow for both automated and hand-held detection of the applied fluorescence tag at a processing 
location (i.e., glovebox) to validate the application of the fluorescence tag and to track the movement of material 
through a facility’s processes. 
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70.7.2.2 lnvenfoty Control. The configurations of the fluorescence detection systems will allow for 
both automated and manual detection of the applied fluorescence tag in a storage area (i.e., bunker or vault) to 
inventory the tagged material. 

IO. 7.2.3 fitensic Detection of Tagging Materials. The dgurations of the fluorescence detection 
systems will allow for both field and laboratory i-cation of fluarescence residue serving as forensic evidence. 

10.1.3 Spectral Regions 

To ensure that the number of f l u o r o p h  available for use as tags is not limited by the system’s hardware, 
the fluorescence detection systems will have the flexibility to excite or detect ultraviolet, visible and near infrared 
fluorescence. 

10.1.4 Resolution 

The detection system will resolve a fluorescence pa#ern of at least five alphanumeric characters, which have 
a minimum character size of five characters per cm, in a 4-cm2 pattern space. This resolution will allow for 
visual reading of the pattern by directly observing the tag and by imaging on a video screen. 

10.1.5 Detection Surfaces 

The fluorescence detection system will be able to resolve the fluorescence pattern of the tagged material 
from a flat or rounded metal surface. Even though there will be no pattern on tagged powders, the detection 
systems will be designed to identi5 the presence and composition of the fluorescence tagging material. 

10.1.6 Sensitivity 

70.7.6.7 lnvenfory Tag. To ensure that the pattern of the inventory fluorescence tag can be identified 
with minimal personnel exposure and no radioactive cross-contamination, the process and inventory control 
fluorescence detection systems will have &cient sensitivity to read a tag without contacting the tagged surface. 
Because it is expected that the radiation from the SNM will degrade the intensity of the fluorescence inventory 
tag’s emission, the detection system will have suflGcient sensitivity to read a tag that contains at least 5% of the 
original tagging material. 

70.7.6.2 Forensic Evidence. To ensure traceability to the facirity of origin when a tag has been 
tampered with, the forensic fluorescence detection system will have sufficient sensitivity to detect and identify 
the fluorescent compound when at least 0.01% of the fluorescent material is present. 

10.1.7 Availability to Users 

To ensure that all potential users of the tagging system can obtain the fluorescence detection systems, no 
component in the detection systems will be limited by export restrictions. 
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10.2 Fluorescence Detection Systems 

To provide detection of the fluorescence materials there will be three types of detection systems. These 
systems include: 1) hand-held devices for quick, manual detection of the fluorescence pattern or fluorescence 
contamination, 2) remote imaging systems for fluorescence pattern recognition and recording, and 3) laboratory 
fluorescence systems for forensic evaluation. To limit the development costs of the tagging system, the 
fluorescence detection systems will be based on commercially available hardware with limited modifications as 
necessary. 

10.2.1 Hand-held Fluorescence Detection Systems 

The hand-held detection systems provide an inexpensive option for verifying the application of fluorescence 
tags to surfaces, performing manual inventories, and screening areas and personnel for tampering. These systems 
would be used if the implementing facility chooses to have personnel manually observing and recording the 
tagging information. To cover both the ultraviolet and near infrared spectral regions, two types of systems will 
be necessary. 

10.2.1. I Ultraviolet Fluorescence. Ultraviolet (UV) lamps will be used as the excitation source to 
Cause the fluorescent tags to emit visible light. This light will be detected by personnel via direct observation of 
the illuminated area. These lamps are readily available in a 
variety of hand-held configurations(Figs 10-2 and 10-3). 
Generally a 4-Watt lamp costing less than $200 can excite 
visibly detectable fluorescence both in solutions containing 
high parts per million levels of fluorophores and in microgram 
quantities of fluorescing powders. For glovebox applications, 
a fi-ee standing lamp using a 15-Watt bulb will allow the tag to 
be read from a greater distance and also will free an operator’s 
hands for manipulation of the tagged material. This hand-held 
hardware is inexpensive, flexible, and readily available. 
However, its disadvantages include: 
1) the use of mercury lamps to generate ultraviolet excitation 
light may result in the generation of mixed waste if the device 
becomes contaminated. 2) Manual detection of the fluorescence tags 
will result in increased radiation doses to personnel, because of the 
decreased distance between personnel making the measurement and 
the material with the tag, 3) The ultraviolet light used to excite the 
visible fluorescence may result in increased safety hazards such as 
UV exposure to the eyes, degradation of organic materials in : 
gloveboxes, or a sparldignition source. 

1 

I 

I 10.2.1.2 Near Infrared FIuorescence. Near Infrared ~ 

(NIR) excitation sourm will be used to excite NIR fluorescence that 
will be detectable via a monitoring screen. This screen’s hardware or 
software will convert the NIR image into a visible display. A 

Figure 10-3. Standing 15-Watt UV lamp. 
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detection system with properties similar to the system needed for the tagging system is commerciaUy available 
for aligning lasers, viewing activities in dark rooms, etc. The hand held units cost less than $2000 per unit and 
are very light and portable. For this type of detection system, the units would have to be modified to include an 
appropriate NIR excitation source. 

10.2.1.3 Examples of Hand-held UV L amp Applicafions. The exsent of the use of a hand-held 
lamp detection system is W t e d  for several of the candidate fluorescence materials in Figures 10-4,10.5, 
and 10-6. The sensitivity and manual readability of a hand-written fluorescence image is shown by comparing 
two metal coupons (one with an invisible fluorescence tag and one without) under room light and under a UV 
lamp (Figure 10-4). The ability to detect small quantities of tamper indicating dusting powders on parts is 
depicted in Figure 10-5. In this figure, milligram quantities of three different fluorescence powders were dusted 
onmetal coupans and then compared against a blank coupon under room and W light. The ability to identify 
personnel or equipment that is contaminated by contacting material coated with a dusting powder or trying to 
remove a tag with a solvent is demonstrated in Figure 10-6. In this figure, a glove that is contaminated with 
several dusting powders and a glove that has been contaminated with a fluorescent dye while trying to wash a 
tagged material are compared with an unused glove. 



Figure 10-4. Tagged and untagged metal coupons exposed to room light (top) and W light (bottom). 
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Figure 10-5. Metal coupons with small quantities of tarraper indicating dusting powders exposed to room light 
(top) and UV light o>ottom). A different dusting powder is on each coupon except the blmk coupon on the right. 
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Figure 10-6. Rubber gloves exposed to room light (top) and UV light (bottom). The left glove has a different 
dusting powder on each finger, the center glove is uncontaminated, and the right glove was contaminated by 
removing a tag with isopropanol. 
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10.2.2 Remote Fluorescence Detection Systems 

The hand-held detection systems provide the simplest option for detecting the fluorescence tags; but a 
remoted and automated detection system will minimize radiation exposure to personnel. Remote detection system 
will be designed to be used in a glovebox or in a automated surveillance system. The detection system will be 
constructed from: 1) a fiber optic probe that transmits excitation light to the tagged surface and returns the 
emission image, 2) a video display of the emission image for manual confirmation of the tag, and 3) a pattern 
recognition program for reduction of the fluorescent image. 

As desaibed, this type of detection system is a combination of commercially available systems for remote 
inspection of metal or electronic components and bar code reading systems. The expected cost of the detection 
system can range from $3K for a remote camera that can transfer a manually read image from a video screen to 
$50K for a boroscope system that can collect and store electronic digitized images. Examples of two 
Commercially available systems that may be used for the remote detection system are shown in Figure 10-7 and 
Figure 10-8. 

The first system (Figure 10-7), Majik-Cam manufactured by Dynatron, is a miniature video camera 
connected to high resolution monitor or standard video cassette recorders. For the SNM tagging system, this 
device system would have to be mMi& 1) to incorporate a W and NIR excitation source with either an 
excitation lamp placed in the glovebox or excitation light transmitted through fiber optics to the viewing area. 
The second system (Figwe 10-8) is a boroscope manufactured by Olympus Industrial. This system ($>4oK) is 
designed for viewing the inside of hard-to-reach areas and is available with a W source for metal fatigue 
analyses. An add-on capability which allows for electronic storage of images is available. 

Figure 10-7. Majik-Cam video imager. 

:i: f; 
I._ ..- .... 

Figure 10-8. Olympus boroscope imaging system. 
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10.2.3 Laboratory Fluorescence Forensic Evidence Detection Systems 

The hand-held and remote detection systems provide the capabilities necessary to track material for materid 
control and accountability. However, these systems lack the flexibility and sensitivity to evaluate forensic 
evidence &om personnel or materials involved in smuggled SNM. When these situations occur, it is expected 
both that the recovered material will have trace quantities of 
the tagging materials remaining and that the individuals 
illicitly handling the SNM will have been tagged with trace 
quantities of the tagging materials. Therefore to trace the 
facility of origin of the SNM using the fluorophores, it will be 
necessary to have detection equipment which can identi@ the 
chemical composition of the tag. 

An example of how an analytical-grade fluorometer 
couldbeusedisdemonstratedinFigures 10-9 and 10-10. The 
set of candidate fluorescence compounds, currently under 
evaluation for the tagging system, contaifls several compounds 
that emit a blue fluorescence when exposed to W light. The 
manually observed fluorescence indicates that all of the 
compounds are equivalent. However, when some of these 
compounds are evaluated with a spectrofluorometer, the 
observed spectra indicate that there are at least two distinct 
compounds (Figure 10-9). Additionally, after scanning the 
compounds with a different excitation wavelength, there 
appears to be at least three different compounds in the set 
(Figure 10-10). This ability to discriminate between 
compounds even at the ppm level will allow analysis of 

Wavclmgth  !rim) 

Figure 10-9. Fluorescence spectra for four of the 
candidate tagging materials, excitation with 
254 nm. 

residues to assist in the determination of the facility of origin Figure 
for recovered SNM. 

spectra for four 
candidate tagging materials, excitation at 254 nm. 

To adequately provide the necessary forensic infomation for the range of materials and applications, the 
analytical-grade instruments will be designed to scan the W, visible, and N I R  spectral regions and have the 
capabilities to collect flu- spectra fiom solutions and solid surfaces. Typical instruments needed for the 
tagging system are commercially available fiom a variety of U.S. and international analytical instrumentation 
vendon at costs ranging from $15K to $30K. Detection of fluorescence fiom solutions can be accomplished at 
ppm concentrations using standard methods and equipment. Most analytical-grade instruments are modifiable 
to use fiber optic probes for surface reflectance measurements. Depending upon the spectrd region needed for 
some of the candidate NIR fluorescence compounds, a separate NIR emission reflectance instrument may be 
necessary. 
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11. SELECTION OF CANDIDATE RADIOISOTOPE TAG DETECTION 
SYSTEMS 

The radioisotope detection system includes the hardware to detect the applied tags, to validate the 
application of the tag, and to venfjr the identification of unadulterated tags. The radioisotopic tagging process 
involves depositing a series of small marks (three or more) on the SNM with each mark containing a different 
gamma emitting radioisotope. Each facility handliry: SNM will have a unique marking sequence of radioisotopes 
specgcally to ident8y their site. Because each radioisotope has an independent gamma ray signature, gamma- 
ray detectors can idenm each radioisotope and the sequence of radioisotopes to veri@ the facility of origin for 
thetagged SNM. 

This Section describes the design criteria and p r e m  design for the radioisotopic detection systems that 
will be used for the tagging system. Also included are some prelimmay test results which demonstrate the 
capabilities of the detection system to identify a radioisotope tag. 

1 I .I Design Criteria for Radioisotope Tag Detection System 

11.1.1 Safety 

77.7.7.7 Pemnei  Radiation &uosum. The configuration of the radioisotope detection system will 
minimize persormel exposure to the ionizing radiation characteristic of the materials being tagged. This will be 
accomplished by maximizing the distance and barriers between operators and tagged materials. 

77.1.7.2 Facilify Hazad. The detection system will not introduce physical hazards (i.e., energy source, 
neutron moderator) beyond the design specifications of the normal SNM working environment. 

11.1.2 Security 

Because of the nature of the xnaterid being tagged, the system will be designed to not report any size, shape, 
or isotopic composition of the tagged material. 

11.1.3 Configuration 

Based on the potential uses of the radioisotope tags, there will be two types of radioisotope detector 
con@mtim. These configurations include systems for: 1) a high resolution detector for absolute verification 
of the tag’s composition; 2) a low resolution detector for rapid verification of the tag’s application or process 
monitoring. Both systems will be designed to be portable for relative ease of use in a variety of locations at a 
processing or storage facility. 

11 .1.4 Spectral Regions 

To ensure that the maximum number of radioisotopes available for use as tags is not limited by the systems’ 
hardware, the radioisotope detection system will have the resolution and sensitivity to detect gamma rays with 
energies greater than 100 keV for the candidate radioisotopes. 
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1 I .I .5 Resolution 

1 I. 1.5.1 Resolution Between Isotopes. The detection system will have gamma ray resolution 
capabilities of 4 . 5  keV (at 1332 kev) for the high resolution detector and (10% (at 662 kev) for the low 
resolution detector. 

11.7.5.2 Resolution Between Tag and SNM. The detection system will have the capabilities to 
resolve > 1% of an unadulterated tag against the background of 5 kg of SNM. 

1 1.1.6 Detection Surfaces 

The radioisotope detection system will resolve the radioisotope pattern of the tagged material fiom a flat 
or rounded metal surface. Even though there will be no pattern on tagged powders, the detection systems will 
identify the presence and composition of the radioisotope tagging material. 

11 .1.7 Sensitivity 

17.1.7.1 Unadulterated Tag. To minimize the cost and the radiation exposure resulting from the 
radioisotope tag, the detection system will detect as little as 10 nCi of the radioisotope directly fiom the surface 
of the tagged material. 

11,1.7.2 Tagged Material in Storage. To minimize the direct handling of stored material, the 
detection system will detect an unadulterated tag through 0.6 cm of stainless steel from a distance of 25 cm with 
a count time of 15 minutes. 

ll.1.7.3 Adulterated Tag. The radioisotope detection system will i d e n e  a tag that has been through 
a 99.9% removal effort. For this type of detection, the system will be designed for counting the tagged object 
directly (no storage container) for a maximum of 600 minutes. 

1 1.1.8 Availability to Users 

To ensure that all potential users of the tagging system can obtain the radioisotope detection systems, no 
component in the detection systems will be limited by export restrictions. 

I I .2 Radioisotope Detection Systems 

Detection of the radioisotope tag on the SNM or on the inside of a storage container will be accomplished 
by using a high resolution Ge detector or low resolution NaI scintillator in combination with a multi-channel 
analyzx (MCA) and a laptop computer. These components of the detection systems use existing, commercially 
available technologies. 

11.2.1 High Resolution Ge Detection System 

Thehigh resolution Ge detection system shown in Figure 11-1 consists of: 1) a portable 25%-efficient Ge 
detector with a 5-cm diameter, and 5 . h  thickness, and a 3-liter liquid nitrogen dewar capacity to last 48 hours, 
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2) a NOMAD MCA with up to 9 hrs of battery life and a fast and high resolution ADC (8K); 3) a MAESTRO 
data acquisition software compatible with the MCA; and 4) a laptop computer. 

Figure 11-1. Ge high resolution detection system. 

11.2.2 Low Resolution Nal Detection System 

The low resolution detection system based on an inorganic scintillator (NaI or CsI) shown in Figure 11-2 
consists of: 1) a detector with dimensions of 3 inches x 3 inches (no need for liquid nitrogen); 2) a micro 
NOMAD MCA, with dimensions of 3 inches x 3 inches x 9 inches powered with 8 AA alkaline batteries 
providing a full 8 hours of field operation; 3) a MAESTRO-LITE data acquisition software compatible with the 
MCA, and 4) a laptop computer. 
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11.3 Demonstration Measurements with the Detection Systems 

Before the radioisotopic tag can be implemented successfully, several detection issues must be resolved. 
These issues are focused on whether the background radiation from uranium or plutonium is too large to 
adequately identify tagging radioisotopes on the surface of SNM. To resolve these issues, a set of experiments 
was completed using various detection systems, radioisotope sources and SNh4 materials. 

1 I .3.1 Experimental Process 

The basic sequence of experimental steps to test and resolve the issues consisted of placing SNM 
sources 12” from the detectors with various radiohotopes placed in fi-ont of the SNM source. Gamma ray spectra 
were collected for each configutation, with and without the radioisotope source. After the spectra collection, the 
spectnun with the SNM source was subtracted from the spectrum from the SNM with radioisotope source. 
Ideally, the resulting subtracted spectrum would only contain the gamma ray signature information from the 
radioisotope source. A more detailed experimental procedure is shown in Figure 11-3. 

The radioactive sources used for various tests are listed in Table 11 -1. Among them the 57C0 was the 
weakest source (130 nCi or 0.015 ng) tested, emitting two gamma rays at 122- and 136-keV. Measurements 
with this radioisotope were used to evaluate the detection systems’ sensitivities. If this weak radioisotope source 
with low energy gamma rays could be detected above the SNM sources, then all other radioisotope sources would 
be easily detectable. Because the ‘%I source (530 nCi or 3.04 ng) emits several gamma rays between 100-1500 
keV, it was used to evaluate the detection systems’ capabilities in the presence of a SNM gamma ray field over 
a wide energy range. 
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Collect data for 
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Save the spectrum Place the source in the 
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Yes 
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gamma-ray energy 

No Place the source 
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Collect data for 
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r (t I 

Save the spectrum 

Test another source 
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Test another sample 

Scale data for i 5009 of sample 

Analyze the data and determine 
the detection sensitivity for each individual 

source and record any problems 
encountered during measurements and 

possible solutions 

Figure 11-3. Experimental procedure followed to test the detectability of radioisotope tags. 
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A variety of SNM samples were used to perfarm the tests. These samples consisted of 500 g of depleted 
uranium, 47 g of 9% enriched ='U, 25 g of 26% enriched ='U, 25 g of 52% enriched "'U, 9 g of 89% enriched 
"'U, and 14 g of a mixture of "Tu (94%) and '% (6%). 

Table 11-1. Radioisotope sources tested for use as a 
tag. 

Radioisotope source strength 
nCi Mass (ng) 

TO 130 I 0.015 

T o  I 870 I 0.70 I 
0.018 

3.04 

11.3.2 Experimental Results 

The gamma ray information from the radioisotope sources is obtained by subtracting the spectrum of 
the SNM source alone from the spectrum of both the SNM and radioisotope source, so that the resulting 
subtracted spectrum only contains information fiom the radioisotope source. With appropriate software that 
aukmatically perfirms this subtraction, the detection system will meet the important criteria that SNM isotopic 
information in the SNM is not revealed. 

Experimental observations were made during four distinctive sets of laboratory analysis simulations. 
The first set of observations came fiom the Ge detector and the SNM uranium sources. The second set came fiom 
the NaI detector and the SNM uranium sources and the third set came from the Ge detector and the SNM 
plutonium source. Finally, the fourth set came fiom the NaI detector and the SNM plutonium source. Some 
representative spectra coIlected in our measurements are shown in Appendix E. The results of data analysis and 
the interpretation of data are discussed in the following subsections. 

11.3.2.1 Uranium Measuremenl with a Ge Defector. Both depleted uranium c""v) and 
enriched uranium P'U) have very long half-lives of about - 1 O9 years which result in very low gamma-ray 
backgrouuds fiom the uranium isotopes. "haefm, measurements with the SNM uranium samples did not need 
the collimators shown in Figure 11-1 and 11-2. 

Results of gamma scans collected from 500 g of depleted uranium with "Eu and T o  sources using a 
Ge gamma-ray detector are shown in the plots in Appendix E. The labeled peaks in Figure El are energies in 
keV of the two gamma rays emitted from u5U/usu and gamma rays emitted f?om the "'Eu and "Co sources. 
Spectra E-1 .a and E- 1 .c are the total spectra of depleted uranium plus the radioisotope sources. 
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SpectraEl.bandE-l.dareafterthedepletedurani~spectraweresubtracted. Inthelatterspectra,odygamma 
rays from the radioisotope sources are seen, indicating both that the SNM signature can be protected and that 
the radioisotope tag can be resolved. 

The d t s  for the 9 g sample of 89% enriched uranium are presented in Figure E-2 for '=Eu and "Co. 
As was the case with depleted uranium, both subtracted spectra show only gamma rays emitted fkom the 
radioisotope sources. The same results were observed for other enriched uranium samples. 

Because the enriched samples were such small quantities relative to what would be experiend in a 
pmmhg Wty, theorigmalpure spectra for these small sources were scaled to 500 g. Then a IS2Eu spectrum 
was added to the scaled spectra An evaluation of the summed spectra indicated that the lS2Eu gamma-ray peaks 
remained distinguishable for different enriched Uranium samples (Figure E-3). This particular scaling method 
can be interpreted is a "worst case scenario" since gamma ray fields do not scale directiy with mass. In other 
words, the effect of the SNM uranium samples probably is overestimated. 

11.3.2.2 Uranium Measuremenis with a Nal Detector. The above experiments were repeated 
using a low resolution NaI detector. The results for using 500 g of depleted uranium in combination with Is2Eu 
and "Co radioisotopes are shown in Figure E-4. Although the gamma rays emitted from the sources are barely 
distinguishable from the gamma rays of the depleted uranium in spectra E-4.a and E-4.q they can be easily 
identified in the subtracted spectra of E-4.b and E-4.4 respectively. The low energy Compton edge, as well as 
gamma rays emitted h m  uranium, have completely disappeared in the latter spectra. These results indicate that 
the NaI detector can be used to iden* the tag as long as each radioisotope has at least one gamma ray that is 
distinct fiom the other radioisotopes. 

11.3.23 Plufvnium Measurements wifh a Ge Detecfor. Measurements for plutoniuxh samples 
were done using 14 g of plutonium (consisting of 14 NAD's, each containing a 1 g mixture of 94% and 
6% *Tu). Since plutonium isotopes have shorter W-hves than uranium isotopes (about 1 O4 years as compared 
to lOgyears), plutonium isotopes produce a larger gamma ray field, gram for gram, when compared to the SNM 
uranium isotopes. In addition to the plutonium gammarays, there is a significant amount of 24*Am present in any 
SNM plutonium sample. This americium isotope has a very short half-life of 14 years, decays predominately by 
60 keV gamma ray, and accounts for more than 70% of the total gamma decay of SNh4 plutonium. 

Without an absorber (gamma ray filter) in front of the detector, the gamma ray field from the SNM and 
its americium impurity will increase the detector dead time (time the detector is not available to record a decay) 
to 70% or higher ami produce a pileup spectrum To overcome this problem, thin sheets of Cu and Cd were placed 
in fkont of the detector. The combination of the cadmium and copper sheets works as gamma ray filter by using 
the cadmium to absorb the americium gamma ray. Upon absorbing the gamma ray, the cadmium giving off 
resulting x-rays which are then absorbed by the copper. The metal sheet filters reduced the 60 keV gamma ray 
intensity by 90% and effectively improve the dead time down to 5.5% for the NaI detector and down to 4% for 
the Ge detector. 

In addition to using an absorber to attenuate the 60 keV gamma ray, a lead collimator was placed 
between the detector and the SNM Pu sample. The purpose of the collimator was to reduce the amount of Pu 
mfke area viewed by the detector while maintaining the maximum view of the radioisotope sources. As each 
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test was coducted, two collimators were placed in fkont of the SWradioisotope sources. Three types of spectra 
were taken: one spectrum without collimation, one spectrum with a 2" Pb brick that had a 1" hole, and one 
spectrum with the 1/4" hole in the Pb brick. The position of the Pb collimator can be seen in Figures 11-1 and 
11-2. 

The results of tats conducted on the 14 g of the SNM plutonium sample with the '52Eu and 57C0 sources 
using the Ge gamma-ray detector are shown in Figure E-5. The peaks in the I5*Eu and 57C0 sources, as well as 
some peaks in the SNM sample, are labeled according to their gamma-ray energies in keV. Spectra E-5.a and 
E-5.c are the total spectra of the plutonium plus the radioisotope sources. Spectra E-5.b and E-5.d are the totals 
after the SNM plutonium spectra were subtracted. As expected, in the latter spectra only gamma rays fiom 
radioisotope sources are seen and all the other gamma rays fiom the SNM, inchding the Compton background 
at a low and high energy regions, have disappeared One of the important aspects of the PU measurements is that 
even with a huge Chmpton background below 500 keV, the 122 keV gamma ray emitted from a very weak 57C0 
source is detectable. 

11.3.2.4 Plutonium Measuremenis with a Nal DefectOK The results for measurements 
conducted with a low resolution NaI detector using a 1/4" collimator are shown in Figure E-6. None of the 
gamma rays emitted fi-om the ls2Eu and T o  sources can be identified in spectra E-6.a and E-6.c. However, the 
peaks can be seen in the subtracted spectra E-6.b and E-6.d. These results sign@ that the NaI detector can also 
be used, in some cases, to iden@ the tag on a SNM plutonium source. 

11.3.25 SNM Surface Area Effects on the Detection System. The effect of the SNM surface 
area exposed to the detection system was evaluated using the SNM plutonium source. These tests revealed that 
the detector's count rate is dependent on the surface area of the source. To quaut@ this effect, the 14 g of 
plutonium were arranged so that the NaI and Ge detectors were exposed to the SNM and then to twice as much 
surface area of the plutonium source. Doubling the exposed surface area increased the SNM-related count rate 
1.7-fold and increased the Ge dead time to 7%. For the NaI detector, the count rate increased by 1.5-fold and 
the dead time increased to 9%. Therefore, the effect of increasing the surface area exposed to the detector 
indicates that a collimator will be necessary to ensure more sensitive and resolvable spectra when dealing with 
SNM plutonium sources. 

To evaluate an appropriate design for a collimator, several gamma ray measurements were performed 
using the plutonium source, no collimator, a 1" collimator and 114" collimator. The results are illustrated in 
Figure E-7. As can be seen fiom these spectra, the e f f i  of collimation allows the Is2Eu gamma ray peaks to 
be better resolved fkom the background. The best result was obtained with a 1/4" of lead collimator. Similar 
results were observed for the weak 57C0 source. In these tests, the collimator decreased the detectors' dead time 
to 0.7% and 0.5% for the NaI and Ge detectors, respectively. 

11.3.2.6 Pattern Recognition with the Detection SyHem. To establish whether the detection 
systems' configurations could be used to recognize a radioisotope Pattern as part of a tag, four radioisotope 
sources ("Co, *33Ba, 54Mn, and 13'Cs) were placed in order on a depleted uranium sample. The sources were 
placed quentially 1/2" Grom each other in a line on the 500 g sample of depleted SNM uranium. Then, several 
gamma ray spectra were collected as the Ge detector with a 1/4" collimator was passed across the sample. The 
results of these testes are summanzed . in Table 11-2. The four positions listed in Table 11-2 correspond to where 
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a spectrum was taken (each position tmxqods to a position above one of the four radioisotope sources). These 
results demonstrate that the sequence of the sources correspond to the level of responses detected. 

Table 11-2. Detected counfs observed for various gamma rays at four 
positions above a uranium source. 
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Appendix A 
Absorbance Spectra for Candidate 

Fiuorescence Compounds 

The following absorbance spectra were obtained using a Hewlett Packard Hp8452A diode array 
spedrophobmekr. The caflczidate fl- compmds were dissolved in Fisher electronic grade isopropanol 
(2- propanol) and scanned using a 10-mm quartz cuvette. The compounds were dissolved as received in the 
isopropanol at concentrations yielding absorbance of less than 1.5 absorbance units. 
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The absorbance spectrum for Day-Glo Color Corporation's W Blue D-282: 
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The absorbance spectrum for Day-Glo Color Corporation's Columbia Blue D-298: 
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The absorbance spectrum for Sherwin Incorporated DUBL-CHEK W2-D3F: 
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The absorbance spectnun for Sherwin Inmrporated DUBLCHEK HM-704: 
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The absorbance spectrum for Exciton Incorporated IR-125: 
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The absorbance spectrum for Magnflux Incorporated Spotcheck ZL27A: 
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The absorbance spectrum fix Bonneau Dye Corporation Bonn-Trace No. 19 1 : 
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Appendix B 
Fluorescence Spectra for Candidate 

Fluorescence Compounds 

The following fluorescence spectra were obtained using a Photon Technology Incorporated Alphascan 
spectrofluorometer modified with a fiber optic dip probe. The candidate fluorescence compounds were dissolved 
in Fisher electronic grade 2-propanol (isopropanol) and scanned using a 365 nm excitation wavelength. The 
fluoresame spectrum for conpound IR-125 was obtained using an excitation wavelength of 750 nm to measure 
its NIR fltmmceme. The intensity of the fluorescence peaks are in units of relative coutlt rates for the detector. 
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The fluorescence spectnun for Day-Glo Color Corporation’s W Blue D-282: 
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The fluorescence spectrum for Sherwin Incorporated DUBL-CHEK W2-D3F: 
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The fluorescence spectrurn for Exciton Incorporated IR-125: 
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The fluorescence spectrum for Magnaflux Incorporated Spotcheck ZL-27A 
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The fluorescence spectrum for Bonneau Dye Corporation Bonn-Trace No. 191: 
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Appendix C 
Long-Lived Candidate Radionuclides 

The following provides a listing of the properties of the candidate radioisotopes. The also 
includes an estimated gamma-ray (=-2OOkeV) wunt rate for 100 ng of radioisotopes through the air and 1/4" of 
stainless steel. 

Isotope Gamma Ray Br Ratio Conflicting Gamma-rays Half Life CPM/lOO ng CPM/lOOng 
0 0) Air 1/4 inch Fe 

E n e r g y 0  Nuclide 

~ 

Cf-249 252.88 0.03 35 1.00 12.674 6.9734 
Cf-249 333.44 0.16 333.96 Eu-15On 351.00 55.596 33.044 
Cf-249 387.95 0.66 35 1.00 206.06 126.79 

Cf-25 1 285.00 0.01 898.04 1.5054 35968 

Cm-243 209.76 0.03 29,100 178.78 90.505 
Cm-243 228.19 0.11 29.100 617.64 326.25 
Cm-243 277.63 0.14 276.29 Ba- 133 29.100 684.35 387.91 

277.35 Hf-17811 

Co-60 1173.23 1.00 
Co-60 1332.5 1 1.00 

5.2700 39478. 30182. 
5.2700 36081. 28003. 

CS-137 66 1.62 0.85 
~~ 

30,070 3860.9 2670.4 

c-1 



Isotope Gamma Ray Br Ratio Conflicting Gamma-rays Half Life CPW100 ng CPWlOOng 
fkev) 0 Air 1/4 inch Fe 

E n e r g y 0  Nuclide 

EU-15011 
Eu-15011 
EU-15011 
Eu-150n 
Eu-15011 
EU-15011 
Eu-150n 
EU-15011 
EU-15011 
Eu-150n 
Eu-150II 
Eu-15011 
EU- 1% 
Eu-15011 
Eu-15On 

333.96 
439.39 
505.5 1 
548.26 
712.19 
737.44 
748.04 
75 1.05 
869.23 
1049.02 
1 170.56 
1197.08 
1246.94 
1343.74 
1485.45 

0.93 333.44 
0.78 
0.05 
0.5 1 
0.01 
0.09 736.20 
0.05 747.40 
0.02 
0.02 867.39 
0.05 
0.01 
0.01 
0.02 
0.03 
0.02 

Pm-146 
Pm-146 

EU-152 

Cf-249 36.900 
36,900 
36.900 
36.900 
36.900 
36.900 
36.900 
36.900 
36.900 
36.900 
36.900 
36.900 
36.900 
36.900 
36.900 

5097.1 
3521.5 
204.44 
1969, 1 
32.092 
281.81 
154.99 
61.820 
55.754 
122.04 
22.589 
22.234 
43,204 
61.471 
38.178 

3030.5 
2227.7 
133.41 
1308.0 
22.536 
199.28 
109.91 
43.876 
40.679 
91.854 
17.265 
17.042 
33,282 
47.75 1 
29.943 

EU-152 
EU-152 
EU-152 
EU-152 
EU-152 
EU-152 
EU-152 
EU- 152 
EU- 152 
EU-152 
EU-152 

244.67 
344.30 
411.09 
778.90 
867.39 
964.00 
1089.82 
11 12.07 
1212.89 
1299.19 
1408.08 

0.08 
0.27 
0.02 
0.13 780.20 
0.04 869.23 
0.15 962.20 
0.02 
0.14 
0.01 
0.02 
0.2 1 

Tb-158 
Eu-15On 
Tb-158 

13.540 
13.540 
13.540 
13.540 
13.540 
13.540 
13.540 
13,540 
13.540 
13.540 
13.540 

1469.2 
3894.9 
361.58 
1053.2 
300.34 
1045.3 
127.80 
881.89 
59.245 
112.87 
11 19.6 

798.68 
2332.4 
229.26 
752.86 
219.05 
484.63 
96.724 
669.37 
45.486 
87.361 
873.84 

EU-154 
EU- 154 
EU- 154 
EU-154 
EU-154 
EU-154 
EU- 154 
EU- 154 
EU-154 
EU-154 

248.04 
591.70 
692.50 
723.30 
756.70 
873.20 
996.30 
1004.80 
1274.80 
1397.80 

0.07 
0.05 
0.02 
0.20 722.99 Ag-lOSm 
0.04 
0.11 
0.11 
0.18 
0.35 
0.02 

8.6000 
8.6000 
8.6000 
8.6000 
8.6000 
8.6000 
8.6000 
8.6000 
8.6000 
8.6000 

1978.4 
764.46 
273.61 
2653.3 
5 13.99 
1277.4 
1163.7 
1892.9 
3 110.9 
15 1.57 

1081.0 
5 16.32 
191.04 
1869.0 
365.34 
932.80 
868.94 
1415.3 
2402.6 
119.58 
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Isotope Gamma Ray Br Ratio Conflicting Gamma-rays Half Life 
0 0 

Energyo Nuclide 
----__------_____---------------------------------------------------------. 
H0-166m 280.46 0.30 1200.0 
Ho-166m 410.94 0.11 41 1.09 EU-152 1200.0 
Ho-166m 71 1.69 OS6 712.19 Eu-150n 1200.0 
Ho-166m 752.27 0,13 751.05 EU-15011 1200.0 
Ho-166m 810.31 0.60 1200.0 

CPW100 ng CPWlOOng 
Air 11’4 inch Fe 

Hf-17811 
Hf- 17811 
Hf- 17811 
Hf-178n 
Hf- 178n 
Hf- 17811 

213.44 
2 16.67 
237.40 
238.66 
257.62 
277.35 

0.8 1 
0.67 
0.10 
0.02 
0.17 
0.02 276.29 Ba-133 

277.63 Cm-243 

3 1.000 
3 1.000 
3 1.000 
3 1.000 
3 1.000 
31.000 

61 10.2 
5000.7 
699.7 1 
139.42 
1122.7 
125.37 

3123.1 
2576.3 
375.91 
75.062 
621.68 
71.044 

Hf-17811 
Hf- 178n 
Hf- 178n 
Hf- 178n 
Hf-17811 
Hf-178n 
Hf- 178n 

296.80 
325.56 
426.37 
454.05 
495.01 
535.02 
574.2 1 

0.10 
0.94 
0.96 
0.18 
0.76 
0.10 
0.94 

453.60 Pm-146 

3 1.000 
3 1,000 
3 1.000 
3 1 .OOO 
3 1.000 
3 1.000 
3 1.000 

597.55 
526 1.6 
4440.9 
796.46 
3 163.7 
394.03 
3523.4 

345.03 
3 109.5 
2790.6 
507.52 
2054.9 
260.35 
2364.3 

Nb-94 
Nb-94 

702.50 1.00 
871.10 1 .oo 869.23 EU- 15On 

873.20 EU-154 

20300. 
20300. 

9.3994 
8.0738 

6.5821 
5.893 1 

Tb-158 780.20 0.09 778.90 EU-152 180.00 52.704 37.685 
Tb-158 944.20 0.44 180.00 225.16 166.66 
Tb-158 962.20 0.20 964.00 EU-152 180.00 100.99 74.983 
Tb-158 1107.70 0.02 180.00 9.1423 6.9354 
Tb-158 1 187.20 0.02 180.00 8.7053 6.6656 
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Appendix D 
Candidate Radionuclides 

The following provides a listing of the properties of the candidate radioisotopes. The infOrmati~n~~*,~ also 
includes an estimated gamma-ray (>200keV) count rate for 100 ng of radioisotopes through the air and 1/4" of 
stainless steel. 

Isotope Gamma Ray Br Ratio Conflicting Gamma-rays Half Life CPW100 ng CPIWlOOng 
0 0 Air 1/4 inch Fe 

Energy(keV) Nuclide 

AS- 105 280.30 
Ag- 105 319.16 
AS- 105 331.50 
Ag- 1 05 344.20 

Ag- 1 05 392.64 

As- 105 443.37 
Ag- 105 617.85 

Ag- 1 05 644.55 

As- 105 650.72 

0.30 279.17 Hg-203 
0.04 320.07 Cr-51 
0.04 
0.41 343.40 Hf-175 

345.95 Hf-181 
0.02 392.49 Tb-160 

392.85 Zr-88 
0.11 442.40 Rh-99 
0.0 1 616.50 

0.10 645.71 Tm-168 

0.02 

618.10 Rh-99 

645.84 Sb-I24 

41.290 
41.290 
41.290 
41.290 

4 1.290 

4 1.290 
4 1.290 

4 1.290 

4 1.290 

2375.8 
3 10.67 
295.42 
2808.2 

124.82 

630.00 
54.360 

439.66 

104.81 

1350.4 
182.72 
175.34 
1681.5 

77.006 

399.33 
37.057 

302.42 

72.238 
Ag- 105 673.2 1 0.01 4 1.290 51.161 35.514 
As- 1 05 807.46 0.01 806.6 Rh-99 4 1.290 44.992 32.383 
Ag-105 1087.94 0.04 4 1.290 115.41 87.325 

As-74 511.00 0.59 5 0 t h ~  511 17.770 10077. 6591.4 
As-74 595.70 0.60 17.770 9195.4 6219.6 
As-74 634.80 0.15 17.770 2197.8 1506.9 

Cd-ll5m 933.60 0.01 933.00 Eu-147 44.600 37.183 27.470 

Cm-24 1 474.50 0.97 32.800 2904.2 1868.8 
Cm-241 640.00 0.04 641.92 Re-184 32.800 84.820 58.257 

CO-56 
Co-56 
Co-56 

Co-56 

Co-56 

Co-5 6 

CO-56 

CO-56 

511.00 
846.75 
977.46 
1037.83 
1175.13 
1238.28 
1360.22 
1771.49 

0.48 5other511 
1 .oo 
0.0 1 
0.14 1039.30 Tc-95m 
0.02 
0.68 
0.04 
0.16 

D- 1 

77,270 
77.270 
77.270 
77.270 
77.270 
77.270 
77.270 
77.270 

249 1.4 
3632.5 
45.949 
440.43 
66.275 
1888.3 
11 1.74 
344.96 

1629.6 
2637.8 
34.204 
330.95 
50.679 
1453.4 
86.908 
274.00 



Cr-5 1 320.07 0.10 319.16 Ag-105 27.700 2168.5 1276.3 

EU- 147 

EU-147 
EU-147 
EU-147 
EU- 147 
EU- 147 
EU-147 
EU-147 

601.50 

677.60 
798.80 
857.00 
933.00 
956.00 
1077.00 
1256.00 

0.08 

0.12 
0.07 
0.03 
0.04 
0.04 
0.07 
0.0 1 

599.50 Pm-148m 24.100 

24.100 
24.100 
24.100 

933.6 Cd-115m 24.100 
24.100 

1076.63 Rb-88 24.100 
24.100 

602.71 Sb-124 
457.63 

623.23 
300.52 
223.18 
149.14 
158.81 
250.80 
33.578 

310.18 

433.20 
215.86 
89.643 
110.17 
117.79 
189.49 
25.889 

Hf-17% 
Hf- 17% 
Hf- 17% 
Hf- 17911 
Hf- 17% 
Hf- 1 7% 
Hf- 17% 
Hf- 17% 

217.00 
236.60 
257.50 
268.90 
3 16.00 
362.60 
409.80 
453.70 

0.09 
0.18 
0.03 
0.11 
0.20 
0.39 
0.2 1 
0.67 

215.65 Tb-160 25.050 
25.050 
25.050 
25.050 

316.49 Ir-192 25.050 
25.050 
25.050 
25.050 

816.59 
1553.6 
260.16 
867.34 
1407.0 
2489.5 
1229.4 
3650.3 

42 1.03 
833.52 
144.03 
486.94 
825.47 
1508.6 
765.78 
2325.6 

Hf-181 345.95 0.14 344.20 Ag-105 42.390 539.90 323.67 
Hf-181 482.16 0.86 42.390 2623.0 1693.8 
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Isotope Gamma Ray Br Ratio Conflicting Gamma-rays Half Life CPW100 ng CPIWlOOng 
0 0 Air 1/4 inch Fe 

Energy(keV) Nuclide 

Ir- 192 
Ir- 1 92 
Ir- 192 
Ir- 1 92 
Ir- 192 
Ir- 192 
Ir-192 
Ir- 192 
Ir- 192 

205.78 
295.95 
308.44 
3 16.49 
468.06 
484.54 
588.60 
604.40 
612.45 

0.04 
0.30 
0.32 
0.87 
0.52 
0.03 
0.05 
0.09 
0.06 

203.94 Tc-95m 73.830 
73.830 

307.68 Yb-169 73.830 
316.00 Hf-179n 73.830 

73,830 
73.830 
73.830 

602.71 Sb-124 73.830 
611.45 Pm-148m 73.830 

105.46 
699.24 
724.38 
1933.9 
876.63 
55.933 
65.954 
125.24 
80.857 

52.801 
403.44 
422.43 
1135.0 
562.38 
36.159 
44.495 
84.975 
55.017 

Nb-9lm 1205.00 0.03 60.860 75.200 57.689 

Nb-95 765.82 0.99 765.3 Tb-160 34.980 5027.2 3581.7 

Pm-148m 
Pm-148m 
Pm-148m 
Pm-148m 
Pm-148m 
Pm-148m 
Pm-148m 
Pm- 148m 
Pm- 148m 

Pm- 148m 
Pm-148m 
Pm-148m 
Pm-148111 

210.00 
288.00 
31 1.50 
414.10 
432.60 
501.30 
550.20 
599.50 
61 1.30 

629.90 
725.70 
915.20 
1013.80 

0.02 
0.11 
0.04 
0.18 
0.07 
0.07 
0.91 
0.08 
0.06 

0.87 
0.32 
0.19 
0.20 

208.80 

432.80 

601.50 
610.33 
612.45 
63 1.66 
725.2 1 
914.90 

Re-183 

Hf- 175 

EU-147 
RU- 1 03 
Ir-I 92 
Tm-168 
In-l14m 
Tm-168 

41.290 
4 1.290 
4 1.290 
4 1.290 
4 1.290 
4 1.290 
4 1.290 
4 1,290 
4 1.290 

4 1.290 
4 1.290 
41.290 
4 1.290 

130.91 
606.29 
198.15 
767.55 
272.88 
260.78 
3 174.4 
262.64 
194.29 

2758.1 
9 17.90 
462.59 
452.97 

66.317 
347.25 
115.84 
479.20 
172.02 
169.86 
2110.3 
177.89 
132.15 

1888.0 
647.02 
340.58 
339.14 

Rb-86 1 076.63 0.09 1077.00 EU-147 18.630 728.55 550.44 

Re-183 208.80 0.03 210.00 Pm-148m 70.000 102.3 1 51.658 
Re-183 246.07 0.01 70.000 41.140 22.413 
Re- 183 291.72 0.03 70.000 85.985 49.420 
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Isotope Gamma Ray Br Ratio Conflicting Gamma-rays Half Life CPMllOO ng CPMIlOOng 
ckm or) Air 1/4 inch Fe 

E n e r g y 0  Nuclide 

Re184 
Re- 184 
Re- 184 
Re-184 
Re184 
Rh-99 
Rh-99 
Rh-99 
Rh-99 
Rh-99 
Rh-99 
Rh-99 
Rh-99 

252.85 
641.92 
792.07 
894.76 
903.28 
322.20 
352.60 
442.40 
511.00 
528.10 
618.10 
806.60 
941.50 

0.03 
0.02 640.00 Cm-241 
0.38 
0.16 
0.38 
0.06 
0.3 1 
0.02 
0.12 
0.35 
0.04 
0.01 
0.01 

443.37 Ag-105 
5 other511 
529.54 Rb-83 
617.85 Ag-105 
807.46 Ag-105 

38.500 
38.000 
38.000 
38.000 
38.500 
16.100 
16.100 
16.100 
16.100 
16.100 
16.100 
16.100 
16.100 

158.44 
5 1.946 
895.52 
345.94 
816.11 
1171.2 
5677.9 
234.04 
1690.9 
48 18.5 
443.45 
122.47 
109.79 

87.170 
35.701 
642.20 
253.70 
599.5 1 
690.44 
3418.8 
148.27 
1106.0 
3 174.7 
302.33 
88.132 
8 1.225 

Ru-103 497.08 0.86 39.260 4870.7 3 166.6 
RU- 103 610.33 0.05 611.30 Pm-148m 39.260 259.64 176.54 

Sb-124 

Sb-124 

Sb-124 
Sb-124 
Sb-124 
Sb- 124 
Sb- 124 
Sb-124 
Sb-124 
Sb- 124 
Sb- 124 

602.71 0.98 

645.84 0.07 

709.34 
713.82 
722.78 
968.22 
1045.12 
1325.53 
1368.21 
1436.60 
169 1.04 

0.0 1 
0.02 
0.12 
0.02 
0.02 
0.02 
0.03 
0.0 1 
0.50 

724.18 Zr-95 

601.5 EU-147 60,200 

644.55 Ag-105 60.200 
645.71 Tm-168 

60.200 
60.200 
60.200 
60,200 
60.200 
60.200 
60.200 
60.200 
60.200 

604.40 Ir-192 
2623.9 1779.3 

183.59 126.34 

33.409 
54.642 
282.59 
36.391 
34.478 
23.011 
37.502 
15.942 
645.75 

23.44 1 
38.389 
199.03 
27.048 
25.935 
17.849 
29.186 
12.466 
511.46 

SC-46 889.26 1.00 83.790 3345.6 2542.1 

Sr-85 5 13.99 0.99 61.840 4017.8 263 1.4 
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Isotope Gamma Ray Br Ratio Conflicting Gamma-rays Half Life CPM/lOO ng CPM/IOOng 
0 0 Air 114 inch Fe 

Energy(keV) Nuclide 

Tb-160 
Tb- 160 
Tb- 160 

Tb- 160 
Tb- 160 
Tb-160 
Tb-160 
Tb-160 
Tb-160 
Tb-160 
Tb-160 
Tb-160 
Tb-160 

215.65 
298.57 
392.49 

765.30 
876.37 
962.36 
966,17 
1002.89 
11 15.12 
1177.95 
1199.89 
1271.88 
13 12.12 

0.04 217.00 
0.27 
0.01 392.64 

392.85 
0.02 765.82 
0.30 
0.10 
0.25 
0.01 
0.02 
0.16 
0.02 
0.08 
0.03 1311.60 

Hf-17% 72,300 
72.300 

As- 105 72.300 

Nb-95 72,300 
72.300 
72.300 
72.300 
72.300 
72.300 
72.300 
72.300 
72.300 

V-48 72.300 

25-88 

142.89 
766.37 
32.754 

29.189 
397.85 
124.13 
309.45 
12.056 
17.896 
172.16 
25.490 
77.462 
29.912 

73.433 
443.20 
20.206 

20.793 
290.70 
92.165 
229.92 
9.0 113 
13.589 
131.69 
19.544 
59.81 1 
23.176 

Tc-95m 203.94 0.64 202.84 
205.78 

Tc-95m 582.15 0.36 
Tc-95m 616.50 0.02 
Tc-95m 786.15 0.09 
Tc-95m 820.65 0.05 821.11 
Tc-95m 835.14 0.27 
Tc-95m 1039.30 0.03 1037.83 

Xe-127 61.000 4747.3 2363.9 

61.000 1272.5 856.40 
61.000 50.914 34.692 
6 1 .OOO 260.13 186.27 

Tm-168 61.000 135.88 98.100 
6 I .OOO 739.52 535.65 

CO-56 61.000 72.749 54.677 

Ir- 1 92 

~~~ 

Te-121 470.3 9 0.02 
Te-121 507.54 0.19 
Te-121 573.08 0.79 

16.780 175.93 112.99 
16.780 2111.9 1379.3 
16.780 8058.8 5405.3 

Te-129m 695.98 0.03 33.600 120.80 84.429 

Tm- 168 
Tm-168 
Tm-168 
Tm- 168 

Tm- 168 

Tm-168 
Tm-168 
Tm- 1 68 
Tm- 1 68 

Tm-168 

447.47 
546.76 
63 1.66 
645.71 

720.32 
730.61 
741.32 
815.95 
821.1 1 
829.91 

0.22 
0.02 
0.08 629.90 Pm-148m 
0.01 644.55 Ag-105 

645.84 Sb-124 
0.11 
0.04 
0.11 
0.46 
0.11 820.65 Tc-95m 
0.06 
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93.100 
93.100 
93.100 
93.100 

93.100 
93.100 
93.100 
93.100 
93.100 
93.100 

346.99 
32.855 
95.187 
17.040 

123.93 
49.077 
121.44 
474.54 
112.97 
62.178 

220.39 
21.812 
65.196 
1 1.725 

87.225 
34.641 
85.966 
342.23 
81.570 
44.984 



Isotope Gamma Ray Br Ratio Conflicting Gamma-rays Half Life CPW100 ng CPWlOOng 
(kev  0 Air 1/4 inch Fe 

E n e r g y 0  Nuclide 
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Appendix E 
Gamma Ray Spectra Collected with Radioisotope Detection Systems 
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Figure E3.  Eu-152 spectra taken with different enriched Uranium samples that were scaled to 500 g. 



NaI detector, depleted Uranium -I- Eu-152 
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Figure E-4. Depleted Uranium spectra taken with ELI-152 and Co-57 sources, using a NaI detector. 
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