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ABSTRACT 
 

This document describes the development and approach for the radiological 
characterization of Cf-252 sealed sources for shipment to the Waste Isolation 
Pilot Plant. The report combines information on the nuclear material content of 
each individual source (mass or activity and date of manufacture) with 
information and data on the radionuclide distributions within the originating 
nuclear material. This approach allows for complete and accurate characterization 
of the waste container without the need to take additional measurements.   
 
The radionuclide uncertainties, developed from acceptable knowledge (AK) 
information regarding the source material, are applied to the summed activities in 
the drum. The AK information used in the characterization of Cf-252 sealed 
sources has been qualified by the peer review process, which has been reviewed 
and accepted by the Environmental Protection Agency. 

 

1 INTRODUCTION 

Sealed sources are manufactured for a variety of uses, including nuclear batteries, smoke 
detectors, neutron flux generators, and threshold detectors, and for numerous applications. Over 
the years, a significant number of these sealed sources that were manufactured for a wide range 
of applications have ceased to be used and have been declared to be excess. Under Public Law 
99-240, titled the “Low-Level Waste Policy Amendments Act of 1985” (Reference 1), Congress 
assigned to the United States (US) Department of Energy (DOE) the responsibility for the 
management and disposal of “Greater-than-Class C” waste as defined in the Nuclear Regulatory 
Commission’s (NRC’s) 10 CFR Part 61 regulations (Reference 2), which includes actinide 
sealed sources. In response to Public Law 99-240, DOE established the Off-Site Source 
Recovery Project (OSRP) for the specific purposes of recovering, managing, and disposing of 
excess or unwanted actinide sealed sources. This report addresses the radiological 
characterization of Cf-252 sealed sources. In the early production period of Cf-252, small 
quantities of the source material were produced at both the Savannah River Site and Oak Ridge 
National Laboratory (ORNL). As the program matured, larger quantities were produced at 
ORNL in the High Flux Isotope Reactor (HFIR) and purified in the Radiochemical Engineering 
Development Center (REDC) at ORNL. This material was offered for sale to commercial entities 
or other DOE laboratories where the sealed sources were fabricated. The Cf-252 sealed sources 
were intended to be used as neutron sources for medical applications, activation analysis, and 
other neutron applications. The sealed sources addressed in this report were declared to be excess 
and are no longer useful. Further details on this waste stream are provided in Reference 3. 
 
Because no facility other than the Waste Isolation Pilot Plant (WIPP) currently offers safe and 
secure permanent disposal capabilities, it is intended that the actinide-bearing sealed sources be 
disposed of as transuranic (TRU) waste at WIPP. As such, the sealed source waste packages 
must meet the WIPP waste acceptance criteria (WAC) (Reference 4). These criteria include the 
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requirement for the radiological characterization of waste packages to identify the quantities and 
types of radionuclides in the package before they are disposed of. The effort described in this 
report provides the radiological characterization of actinide (Cf-252) sealed source waste 
packages needed to be in compliance with the WIPP WAC.  
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2 BACKGROUND 

2.1  Californium-252 Production 

In 1959, Savannah River Site (SRS) became involved in the production of transplutonium 
elements caused by the irradiation of Pu-239. A Cf-252 source fabrication was initiated in the 
1960s at SRS as part of a market evaluation. The demand for Cf-252 sources resulted in the need 
to increase the production of the source material. Ultimately, the californium production program 
was transferred to the REDC at ORNL. The Cf-252 is produced from Pu-239 by 13 successive 
neutron captures, as shown in Figure 2-1. 
 
 

 
Figure 2-1. Californium-252 production scheme by neutron capture. 

 
 
At ORNL, the Cf-252 is produced from the irradiation of heavier actinides (curium and 
americium), which are separated from the californium and recycled back to the reactor to 
produce more californium. The average isotopic mass continues to increase with the recycling. 
Curium-244 ultimately becomes the primary actinide, along with large quantities of Cm-246 and 
lesser quantities of americium. The heavier feed material reduces the irradiation times to less 
than a year. The irradiations are completed exclusively in the HFIR, with the final separations 
and purifications occurring in the REDC. 

2.2 Californium-252 Source Descriptions 

The sizes and configurations of the Cf-252 sources vary with the application or intended use of 
the source. Neutron sources are offered by ORNL and commercial suppliers in sizes ranging 
from 1 µCi up to 50 µCi in the form of fission foils. Some source designs are licensed to contain 
up to 50 mg of Cf-252 (27 Ci). A few sources have been fabricated with a single encapsulation, 
but the large majority is double encapsulated. 
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3 TECHNICAL APPROACH 

The approach proposed for the radiological characterization of Cf-252 sealed source waste is to 
use the extensive documentation and information on the nuclear material content of each source 
(mass or activity of material used) and information and data on the radionuclide distributions 
within the nuclear material. This information allows for complete characterization without the 
need to take additional measurements.  
 
The WIPP WAC (Reference 4) requires that, as a minimum, the masses and activities of the 
following 10 radionuclides (if present) be reported: 
 

Am-241 U-233 
Pu-238  U-234 
Pu-239  U-238 
Pu-240  Sr-90 
Pu-242  Cs-137 

 
In addition to the above 10 radionuclides, other radionuclides are required to be reported that, in 
the aggregate, constitute not less than 95% of the total radiological hazard based on the A2 values 
given in US Department of Transportation (DOT) packaging regulations, 49 CFR, 
Transportation, Part 173, Shippers—General Requirements for Shipments and Packagings, 
Section 435, Tables A1 and A2, Values for Radionuclides (Reference 5). Also, the “Contact-
Handled Transuranic Waste Authorized Methods for Payload Control (CH-TRAMPAC)” 
(Reference 6) requires that 95% of the decay heat be accounted for in the report of the 
radionuclides in a package, plus any radionuclide that contributes >1% of the total.  
 
The relative concentrations of the radionuclides in the source material were evaluated by the 
REDC at ORNL to determine the reporting requirement for parameters, such as fissile gram 
equivalent (FGE), decay heat, and radiological hazard (Reference 7). The californium isotopes 
undergo alpha decay, producing a curium isotope as a decay product. At the end of each 
production campaign at the REDC, all TRU isotopes of californium and curium were analyzed 
and reported before material was shipped. The evaluation showed that Cf-250 and Cf-252 are 
also required to be reported for WIPP disposal because of their contribution to the radiological 
hazard and decay heat. Californium-249 and Cf-251 are required to be reported because of their 
contribution to FGE. Table 3-1 lists the radionuclides required to be reported for material 
disposal at WIPP.  
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Table 3-1. Radionuclides Required to Be Reported for WIPP Disposal 
 

Sr-90 
Cs-137 
Cm-245 
Cm-246 
Cm-247 
Cm-248 
Cf-249 
Cf-251 
Cf-250 
Cf-252 

  
 
The characterization approach involves four steps.  
 

1. Determine the primary radionuclide and the quantity of the primary radionuclide in the 
source based on acceptable knowledge (AK) information and data specific to the 
individual sources.  

2. Apply the specific radionuclide impurity distribution that has been developed from AK 
information for the identified primary radionuclide material in the source.  

3. Perform the decay correction of the source material from the time of manufacture to the 
time of shipment for disposal.  

4. Summarize the radionuclide content of all sources loaded into the special form capsule 
(SFC) and ultimately into a 55-gallon drum.  

The AK information used in the characterization of Cf-252 sealed sources has been qualified by 
the peer review process (Reference 8), which has been reviewed and accepted by the 
Environmental Protection Agency (EPA). The uncertainties developed from AK information 
regarding the source materials are applied to the summed activities in the drum.  
 
Three specific pieces of AK information are required as input for the radiological 
characterization of sealed source waste: 
 

 the type of source (identification of the primary radionuclide), 
 the radionuclide content of the source (in curies or grams), and 
 the date of manufacture. 
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4 DEVELOPMENT OF REPRESENTATIVE RADIONUCLIDE DISTRIBUTIONS 

This section presents the derivation and quantification of the WIPP-required radionuclide 
distributions that will be applied to the primary radionuclide. The Cf-252 source material is 
typically 71–89 wt% Cf-252, with the remainder of the material containing other californium 
isotopes. Trace impurities of other radionuclides fall below detectable limits because of the 
multiple separation and purification processes. Other impurity radionuclides in the recovered 
sources result from the decay of californium isotopes to their curium daughters. In addition, the 
fission products of Cs-137 and Sr-90 are produced from the spontaneous fissioning of both the 
californium isotopes and their curium daughters.  
 
Specific information on the associated curium decay daughters of the californium isotopes are 
provided in Table 4-1, along with the identification of isotopes that are TRU radionuclides that 
spontaneously fission. 
 
 
Table 4-1. Background Information on the Californium and Curium Decay Isotopes for 

the Cf-252 Source Material 

Radionuclide 
Half-
Life, 
yrs 

TRU 
Radionuclide 

Spontaneous 
Fission Daughter 

Half-
Life, yrs 

TRU 
Radionuclide 

Spontaneous 
Fission 

Cf-249 350.6 Yes Yes Cm-245 8500 Yes Yes 

Cf-250 13.08 No Yes Cm-246 4750 Yes Yes 

Cf-251 900 Yes No Cm-247 1.56E+07 Yes No 

Cf-252 2.639 No Yes Cm-248 3.39E+05 Yes Yes 

 
 
The californium radionuclide distributions and associated uncertainties were developed from AK 
information on the radiological contents of the source materials used in the manufacture of the 
sources. Californium-252 source material initially was produced and purified at SRS. This 
production activity was transferred to the ORNL REDC in 1986; from there, materials are 
distributed to source manufacturers. The source material was sampled and analyzed for 
radionuclide content to meet source material purity requirements. Twenty-two batch analyses 
were retrieved from the REDC process records and were used to develop an average californium 
isotope distribution in the materials. The variability in the isotopic distributions was used to 
develop the uncertainties in the source content and radionuclide distribution. Figure 4-1 provides 
an example of the AK information on the Cf-252 product showing nondetectable quantities of 
curium impurities. 
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Figure 4-1. Example of AK information on impurity levels in the Cf-252 product. 
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Figures 4-2 and 4-3 provide examples of the AK information on the Cf-252 isotope distributions 
in the source product. Figure 4-2 is an isotope analysis report based on a mass spectrometry 
measurement of a sample taken from the dissolved target solutions for Campaign 69. 
 

 
Figure 4-2. Example of mass spectrometry measurements taken to determine isotopic 

distribution in the Cf-252 product. 
 
 
Figure 4-3 shows the projected Cf-252 product composition for Campaign 69 based on the 
physics calculations for the targets and rework material. 
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Figure 4-3. Projected Cf-252 compositions for Campaign 69 based on REDC physics 

calculations. 
 
 
The process data were retrieved from REDC processing records from 1972 to 2003. The 
californium isotopic data retrieved are given in Table 4-2 in units of weight percent. 
 
 



 

 

Nuclear Engineering & Nonproliferation 
International Threat Reduction 

LA-UR-14-
Technical Report for Cf-252 Sealed Sources 

 

 
Page 14 of 36 

 

Table 4-2. Californium Isotopic Data from Processing Campaigns 
Data Source Date Cf-249 Cf-250 Cf-251 Cf-252 

Campaign 37 1/10/1972 0.21% 11.43% 3.72% 84.64% 

Campaign 35 Rework 5/1/1972 7.72% 10.88% 3.31% 78.09% 

Campaign 37 Rework 11/11/1972 12.26% 12.28% 3.92% 71.55% 

Campaign 38 11/28/1972 6.01% 12.14% 3.45% 78.40% 

Campaign 39 Targets + Rework 2/6/1973 1.81% 8.55% 2.41% 86.62% 

Campaign 51 Rework 9/2/1976 11.92% 9.75% 2.99% 75.35% 

Campaign 51 + Rework 9/19/1976 0.65% 7.93% 2.13% 88.79% 

Campaign 51 + Turf Rework 1/5/1977 7.00% 11.28% 3.63% 78.06% 

Campaign 52 Targets 1/10/1977 0.03% 7.85% 2.09% 88.62% 

Campaign 53 Rework 8/14/1977 11.17% 8.99% 2.65% 77.18% 

Campaign 53 8/31/1977 0.34% 7.70% 2.15% 88.86% 

Campaign 53 9/21/1977 0.79% 7.67% 2.10% 88.94% 

Campaign 54 1/10/1978 1.46% 8.25% 2.31% 87.86% 

Campaigns 56 and 57 Rework 1/14/1980 10.97% 8.41% 2.55% 78.07% 

Camp 63 Targets and Rework 10/8/1982 1.65% 7.92% 2.19% 87.33% 

Campaign 65 Rework 10/15/1985 2.92% 7.38% 2.14% 87.41% 

Campaign 67 Targets 2/2/1987 1.93% 7.21% 2.09% 88.40% 

Campaign 69 Targets 12/31/1994 4.83% 9.67% 2.81% 82.68% 

Campaign 70 4/22/1996 1.77% 8.71% 2.46% 87.05% 

Campaign 71 10/12/1998 0.32% 10.18% 2.84% 86.67% 

Campaign 72 9/11/2000 0.75% 8.68% 2.44% 87.59% 

Campaign 73 2/6/2003 0.79% 8.21% 2.40% 88.61% 

Shilton email 6/9/2003 3.37% 8.64% 2.59% 85.39% 
 
 
The average concentrations of the isotopes’ activities relative to Cf-252 were determined from 
these analytical results and the specific activities of the isotopes, as given in Table 4-3. 
 
 
Table 4-3. Average Activity Distribution of the Californium Isotopes in Cf-252 Source 

Material 
 

 Ci/Ci Cf-252 
Average Cf-249 Cf-250 Cf-251 Cf-252 
Activity  3.82E-04 2.24E-02 9.48E-05 1.00E+00 

 
 
The contributions of Cs-137 (and Sr-90) to the impurity levels from spontaneous fission of Cf-
249, Cf-250, Cf-252, Cm-245, Cm-246, and Cm-248 were also considered. The ultimate 
concentration of the fission products depends on the fission time due to buildup; consequently, 
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different fission times were considered. Table 4-4 shows the results of the calculations for the 
buildup of Cs-137 as a function of the fission time. 
 

 
Table 4-4. Cesium-137 Contribution from Spontaneous Fission 

 
Years 

Cs-137 from  
SF of Cf-249 

Cs-137 from 
 SF of Cf-250 

Cs-137 from  
SF of Cf-252 

Cs-137 from 
SF of Cm-245 

Cs-137 from SF 
of Cm-246 

Cs-137 from SF 
of Cm-248 

Total Cs-137 
% from 
Cf-252 

Ci/Ci Cf-252 Ci/Ci Cf-252 Ci/Ci Cf-252 
Ci/Ci Cf-

252 
Ci/Ci Cf-252 Ci/Ci Cf-252 Ci/Ci Cf-252  

1 2.14E-13 2.08E-08 3.10E-05 1.35E-19 7.23E-13 9.75E-15 3.10E-05 99.9% 

2 4.24E-13 4.01E-08 5.42E-05 5.34E-19 2.68E-12 3.61E-14 5.42E-05 99.9% 

3 6.28E-13 5.79E-08 7.13E-05 1.19E-18 5.79E-12 7.48E-14 7.13E-05 99.9% 

38 5.27E-12 2.05E-07 6.22E-05 1.45E-16 4.02E-10 1.97E-12 6.24E-05 99.7% 

39 5.35E-12 2.03E-07 6.07E-05 1.52E-16 4.15E-10 2.01E-12 6.09E-05 99.7% 

40 5.43E-12 2.01E-07 5.94E-05 1.59E-16 4.27E-10 2.04E-12 5.96E-05 99.7% 

  
 
The results presented in Table 4-4 show that the contribution of Cs-137 from the spontaneous 
fission from Cf-252 is >99.7%, with decays of up to 40 years. Accordingly, because the 
contribution from the spontaneous fission of other isotopes is so small, only the contribution of 
Cs-137 (and Sr-90) to the impurity level from the spontaneous fission of the Cf-252 will be 
considered in the characterization spreadsheet. 
 
Another source of fission products is fast neutron fission induced by neutrons emitted during 
spontaneous fission. This source was assessed (Reference 9) by the use of the Monte Carlo N-
Particle code (MCNP) 5. From these analyses it was concluded that fission products from 
neutron-induced fission are negligible compared with the fission products from spontaneous 
fission. 
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5 DETERMINATION OF THE QUANTITY OF NUCLEAR MATERIAL IN SEALED 
SOURCES 

In general, significant documentation and information (including the original production, 
transportation, and source control documents) exist on sealed sources manufactured in the US. 
However, for individual sealed sources, variability exists in the quantity and extent of the 
documentation available for use in the characterization of the sealed source. Because sealed 
sources are manufactured to meet user specifications, strict adherence to procedures under the 
oversight of quality assurance programs of the day ensured that these sources and their 
associated production documents were prepared with a high degree of care and accuracy. The 
nature of the source production and the historically successful functioning of these sources to 
meet their intended purposes support this observation. The nuclear material contents of the 
sources were carefully controlled to meet the specifications imposed by the end user on the 
power output, neutron flux, impurity levels, etc.  
 
After a source is declared excess, but before it is recovered, all available information and 
documentation on the source is retrieved, reviewed, and evaluated to determine if the 
information is adequate relative to the identity of the primary radionuclide in the source and the 
quantity of the radioactive material in the source. This information may be derived from a set of 
documents that are considered primary information sources in that they contain all of the 
information necessary to establish the source type (primary radionuclide) and the quantity of 
radionuclide material in the source.  
 
Generally, only one piece of documentation is required from the list of primary AK information 
to identify the radionuclide and quantity in a sealed source. The following list provides primary 
AK information: 
 

 the Nuclear Materials Management Safeguards System (NMMSS), 
 shipping records, 
 source certificates, and 
 fabrication documents. 

 
This primary AK information is unique to a specific sealed source, as identified by a unique 
serial number. The NMMSS database is available in the public domain and includes information 
on the 
 

 source manufacturer, 
 serial number, 
 material type (primary radionuclide), 
 weight of the element, 
 weight of the isotope, 
 date of manufacture, 
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 ownership, 
 possession, and 
 NRC license number. 

 
The remaining three primary AK information sources typically show the primary radionuclide, 
the quantity of the material, and the serial and model number of a specific sealed source. 
Examples of a source certificate and a licensing document are shown in Figures 5-1 and 5-2.  
 
If these information sources are not available, then reliance is placed on the secondary AK 
information. One document from the secondary AK information may identify the primary 
radionuclide in the sealed source, and a second may identify the quantity of material in the 
source. The secondary AK information includes the 
 

 source markings, 
 NRC registry, 
 manufacturers’ sales catalogues, 
 sealed source drawings, 
 unique physical descriptions, and 
 miscellaneous other documents. 

 
Many sources will have etched markings on the source itself. Often these markings will indicate 
the primary radionuclide and the quantity of the material in the source. The source markings may 
identify the model number of the sealed source to allow it to be traced to the NRC registry or to 
fabrication information for that model of sealed sources. The NRC Registry of Radioactive 
Sealed Sources is an NRC-controlled web site (http://nrc-stp.ornl.gov/ssdr.html) that typically 
identifies the 
 

 source manufacturer, 
 manufacturer model numbers, 
 primary radionuclide, and  
 maximum quantity of radioactive material in the different source models. 

 
Manufacturers’ sales catalogues will generally include information on the sealed source models 
that have been manufactured, such as the 
 

 model number, 
 primary radionuclide, 
 quantity of radioactive material in the source, and  
 physical dimensions of the sealed source. 
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In many cases, the availability of the physical dimensions on a particular source model will allow 
measurements to be made in the field at the time of recovery to confirm the source manufacturer, 
model, and source content. 
 
If further information is needed for the source, photographs may be taken if the source has a 
unique physical shape that allows the source model number to be identified. Once the model 
number is identified, secondary AK documents can be used to identify the primary radionuclide 
and content of the sealed source. Figures 5-1 through 5-8 provide examples of various primary 
and secondary AK information (e.g., source certificate of calibration report, source quality 
control certificate, manufacturer’s sales catalogue information, and source shipping papers).  
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Figure 5-1. Example of certificate of a calibration document. 
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Figure 5-2. Example of a sealed source certificate.  
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Figure 5-3. Example of an information sheet for a source certificate (Page 1).  
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Figure 5-4. Example of an information sheet for a source certificate (Page 2). 
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Figure 5-5. Example of a manufacturer’s sales catalogue (Page 1). 
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Figure 5-6. Example of a manufacturer’s sales catalogue (Page 2). 
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Figure 5-7. Example of a source test report. 
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Figure 5-8. Example of a source shipping record. 
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6 CHARACTERIZATION OF Cf-252 SOURCES IN WASTE DRUMS 

After the Cf-252 sealed sources are recovered, they are placed into a special form capsule (SFC) 
or into another approved consolidation container that, in turn, is loaded into a 55-gallon drum. 
For the characterization of the drum, an Excel spreadsheet is used for the information input and 
the subsequent calculations for the characterization of the drum, including the quantities of 
reportable radionuclides in the drum. Also determined are the derived parameters, such as TRU 
concentration, decay heat, and the uncertainties in these values. All of the documentation on each 
source is reviewed, and the required information for the characterization of the source is input to 
the “Source Inputs” Sheet of the Excel workbook (Reference 10). The required information is 
the source identification (ID), the manufacture date, the curies or grams of Cf-252, and the 
estimated total weight of the SFC and sources. Figure 6-1 shows an example of the Source Inputs 
datasheet for the Cf-252 characterization workbook. 

 
 

 Container Characterization Report   

  Cf-252 Sources   

      

Data Input Sheet      

NDA/Radiological Characterization BDR# LA11-OSR-CH-00X  

Run Date   11/15/2011   

Container Number   1234  

Estimate Waste Weight, kg  7.7   

      

Source ID 
Manufacture 

Date 

Source 
Contents, 

Curies 
Source Contents, 

Grams   

91-191 1/1/1991   0.01   

91-192 1/1/1991 3.00E-02     

91-193 1/1/1991 3.00E-02     

91-194 1/1/1991 3.00E-02     

91-195 1/1/1991 3.00E-02     

91-196 1/1/1991 3.00E-02     

91-197 1/1/1991 3.00E-02     

91-198 1/1/1991 3.00E-02     

91-199 1/1/1991 3.00E-02     

91-200 1/1/1991 3.00E-02     

Figure 6-1. Example of the Source Inputs Datasheet.  
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Each source is decay corrected from the input manufacture date to the run date entered into the 
input sheet. The californium isotopes are decayed to account for the ingrowth of their respective 
curium daughters. The production of Cs-137 and Sr-90 is accounted for by the spontaneous 
fission of Cf-252 from the date of manufacture to the run date.  
 
The spreadsheet calculates both the activity and mass for all of the radionuclides in the drum and 
the associated uncertainties in these values (Reference 11). The derived parameters of TRU, 
FGE, Plutonium Equivalent (PE-Ci), decay heat, and total activity are also calculated. 
 
Figure 6-2 provides an example of the characterization summary report for a drum of Cf-252 
sources.  
 
Californium-249 through Cf-252 undergo alpha decay to Cm-245, Cm-246, Cm-247, and Cm-
248, respectively. Further decays along the decay chain produce very small quantities of the 
WIPP-reportable actinides U-233, U-234, U-238, Pu-238, Pu-239, Pu-240, Pu-242, and Am-241 
as a function of total decay time. To determine the upper-bound drum inventories of these 
radionuclides, the 50-year decay of a 1-curie Cf-252 source was calculated using the RadDecay 
code. In the calculation, a limiting drum is assumed to contain 10 curies of Cf-252 sources, so 
the RadDecay results are multiplied by a factor of 10. The total Cf-252 activity of the sources 
within any single drum is assumed to be <10 Ci. This amount is the approximate total of the 50 
largest Cf-252 sources in Los Alamos National Laboratory’s OSRP database. It therefore 
provides a conservative limit for the potential ingrowth of secondary and tertiary daughters of 
californium isotopes that could be found in a single drum. These values are thus used as the 
maximum values (upper bound) of a single drum’s daughter inventory (Reference 12). 
 
The “less than” values shown in Table 6-1 will be reported for each drum containing Cf-252 
sources. Note that Pu-238 is not a decay product of any of the californium isotopes and is 
therefore reported as zero. 
 
 
Table 6-1. Reported “Less Than” Values for the Upper-Bound Activities of Decay 

Products of Cf-252 in a Drum of Sources 

Radionuclide Total (Ci) 
U-233 < 5.97E-17
U-234 < 4.36E-21
U-238 < 1.12E-16
Pu-238 0.00E+00
Pu-239 < 2.34E-15
Pu-240 < 6.56E-14
Pu-242 < 3.68E-08
Am-241 < 2.87E-07
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  Container Characterization Report    

   Cf-252 Sources Version 1.0   

NDA/Radiological Characterization BDR# LA11-OSR-CH-00X     

Run Date   11/15/2011       

Container Number  1234       

Net Waste Weight  7.7 kg     

Nuclide 
% Type A 

Limit Activity (Ci) Grams FGE PECi Watts 
Uncertainty 

in Curies 
Uncertainty 

in Grams 

Cm-245 1.51E-06 3.63E-06 2.09E-05 3.13E-04 3.87E-06 1.21E-07 1.74E-06 9.98E-06 

Cm-246 9.82E-05 2.36E-04 7.58E-04 0.00E+00 2.51E-04 7.73E-06 2.00E-05 6.43E-05 

Cm-247 6.15E-10 4.98E-10 5.31E-06 2.65E-06 4.79E-10 1.58E-11 5.38E-11 5.74E-07 

Cm-248 8.20E-03 4.43E-05 1.03E-02 0.00E+00 1.64E-04 5.69E-06 3.13E-07 7.28E-05 

Cf-249 2.58E-03 2.09E-03 5.05E-04 2.27E-02 2.25E-03 7.78E-05 9.94E-04 2.40E-04 

Cf-250 7.84E-03 4.23E-02 3.81E-04 0.00E+00 1.83E-02 1.57E-03 3.40E-03 3.07E-05 

Cf-251 2.80E-04 5.33E-04 3.33E-04 3.00E-02 5.85E-04 1.96E-05 5.11E-05 3.20E-05 

Cf-252 1.70E+00 2.38E-02 4.37E-05 0.00E+00 6.09E-03 1.77E-03 1.68E-04 3.09E-07 

Sr-90 6.93E-04 5.61E-05 4.07E-07 0.00E+00 0.00E+00 6.50E-08 3.97E-07 2.87E-09 

Cs-137 9.67E-04 5.22E-04 5.94E-06 0.00E+00 0.00E+00 5.78E-07 3.69E-06 4.20E-08 

U-233 0.00E+00 <5.97E-17 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

U-234 0.00E+00 <4.36E-21 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

U-238 0.00E+00 <1.12E-16 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Pu-238 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Pu-239 0.00E+00 <2.34E-15 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Pu-240 0.00E+00 <6.56E-14 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Pu-242 0.00E+00 <3.68E-08 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Am-241 0.00E+00 <2.87E-07 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 0.00E+00 

Totals 1.72 6.96E-02 1.23E-02 5.30E-02 2.76E-02 3.46E-03     
         

      Value 
(one 

Sigma) Units 

TRU Alpha Activity Concentration     3.78E+02 4.16E+01 nCi/g 

TRU Alpha Activity    2.91E-03 3.20E-04 Ci 

Total Pu-239 Equiv Activity    2.76E-02 2.11E-04 Ci 

Total Pu-239 Fissile Gram Equiv    5.30E-02 1.62E-02 g 

Total Decay Heat    3.46E-03 2.46E-05 W 

         

  (Print Name)   Signature  Date 

RC Operator Review            

2nd RC Operator Review             

 
Figure 6-2. Example of the Characterization Spreadsheet Report. 
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7 UNCERTAINTY ANALYSIS 

This section discusses the uncertainty in the reported values of the radionuclides in the drums 
containing the Cf-252 sources. The radionuclide inventory of each sealed source is calculated 
based on the manufacturer’s reported Cf-252 activity and the radionuclide distributions derived 
from REDC process data, as described in Section 4.0. Sources of uncertainty are summarized in 
Table 7-1. 
 
 

Table 7-1. Summary of Uncertainty Elements for Cf-252 Sources 
Source of Uncertainty Treatment 

Manufacturer’s uncertainty in mass or 
activity of source 

±5% per source, with 50 sources per 
drum  

Uncertainty in californium isotopics 
Based on variability among REDC 
campaigns 

Uncertainty in other radionuclide 
impurities 

Derived from californium decay 

Instrument uncertainty 
Included as one source of variability 
in the REDC data 

Uncertainty in decay time from 
REDC campaign measurement to 
source calibration date 

±6 months 

  

7.1 Manufacturer’s Source Material Uncertainty 

The Cf-252 sources were manufactured by a number of different manufacturers. Figures 5-5 and 
5-6 are reproduced from a product catalog for one manufacturer. This catalog specifies that, for 
various sources (including Cf-252), the source material will be determined to within 2%–5%. A 
value of 5% is assumed for each source. Each drum is assumed to contain at least 50 sources of 
approximately equal size. Therefore, the drum uncertainty due to the manufacturer’s uncertainty 
is ~5/  % = 0.71%. It is assumed that sources from other manufacturers, including ORNL, 
have a similar level of uncertainty. 

7.2 Californium Isotopic Distribution Uncertainty 

The isotopic composition of californium produced at ORNL’s REDC was measured for each 
production campaign. “Development of Radionuclide Distributions for Cf-252 Sealed Sources” 
(Reference 13) provides a summary of these compositions for over 20 campaigns. The standard 
deviation among the campaigns is calculated based the reported isotopic distributions in the 
batches of Cf-252 source materials, as shown in Table 7-2. 
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Table 7-2. Uncertainties in the Isotopic Distribution for Cf-252 Source Material 
 Cf-249 Cf-250 Cf-251 Cf-252 

Average 3.94% 9.12% 2.67% 84.01% 
Standard Deviation 4.18% 1.54% 0.57% 5.33% 
Relative Standard Deviation 106.2% 16.9% 21.4% 6.3% 

 
 
Note that for Cf-252, the campaign-to-campaign variability in the Cf-252 fraction is accounted 
for when the source is calibrated. Therefore, only the manufacturer’s uncertainty applies to Cf-
252. 
 
It is assumed that 10 sources in each drum are derived from the same batch of californium and 
that each drum contains at least 50 sources of approximately equal size. As a result, each drum 
has material from at least five batches of californium. The uncertainty is therefore estimated to 
be the above relative standard deviation values divided by the square root of five.  

7.3 Uncertainty in Other Radionuclide Impurity Levels 

The impurity levels for other radionuclides are derived from the decay of the californium 
isotopes. Table 7-3 shows each radionuclide and its parent. The uncertainty in the radionuclide’s 
impurity level is the same as the relative uncertainty of the parent. Note that the fission products 
Cs-137 and Sr-90 are formed from the spontaneous fission of several californium and curium 
isotopes. The contribution of Cs-137 and Sr-90 is overwhelmingly driven by the spontaneous 
fission of Cf-252; accordingly, only the uncertainty in the Cf-252 is applied. Table 7-3 
summarizes the treatment of the uncertainties in the impurity levels in the source material. 
 
 

Table 7-3. Summary of the Treatment of Uncertainties in the Impurity Levels 
Radionuclide Parent Uncertainty in Impurity 

Level 
Cm-245 Cf-249 Same as Cf-249 
Cm-246 Cf-250 Same as Cf-250 
Cm-247 Cf-251 Same as Cf-251 
Cm-248 Cf-252 Only manufacturer’s 

uncertainty applies 
Cs-137 Cf-252  

via spontaneous fission 
Only manufacturer’s 
uncertainty applies 

Sr-90 Cf-252  
via spontaneous fission 

Only manufacturer’s 
uncertainty applies 
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7.4 Uncertainty in the Decay Time from the REDC Production Date to the 
Shipping Date 

The californium isotopics are taken from REDC campaign measurements when the californium 
targets are processed. It is assumed that the sources are fabricated and calibrated within a 
relatively short time after processing because the principal source material (Cf-252) has a 
relatively short half-life. This decay is accounted for when calibrating the Cf-252 source; 
therefore, this element of uncertainty does not apply to Cf-252 or its decay products. However, 
the levels of the other californium isotopes will be affected by decay and the uncertainty in the 
decay time. The uncertainty in the decay time is assumed to be 6 months. The uncertainty in the 
decaying radionuclide is 
 
  . 

 
The uncertainty in the decay product is 
 

  . 

 
Table 7-4 shows the uncertainty in each radionuclide due to uncertainty in the decay time as a 
function of decay time. 
 
 
Table 7-4. Uncertainty in Each Radionuclide as a Function of the Uncertainty in the 

Decay Time 

Radionuclide 
10-Year 
Decay 

15-Year 
Decay 

20-Year 
Decay 

Cf-249 0.1% 0.1% 0.1% 
Cf-250 2.6% 2.6% 2.6% 
Cf-251 0.0% 0.0% 0.0% 
Cf-252 - - - 
Cm-245 5.0% 3.3% 2.5% 
Cm-246 3.8% 2.2% 1.4% 
Cm-247 5.0% 3.3% 2.5% 
Cm-248 - - - 
Cs-137 - - - 

 
 
It is assumed that the sources are, on average, >10 years old. Therefore, as an upper bound, the 
uncertainty values for a 10-year decay period are applied. 
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7.5 Total Uncertainty 

The total uncertainty is calculated by combining all of the uncertainties as discussed below.  
 
Because the manufacturer’s uncertainty is common to all of the radionuclides, it is treated 
separately. Therefore, the combination in quadrature is performed in two steps: 
 

1. all uncertainties other than manufacturer’s uncertainty are combined in quadrature, 
and  
 

2. the manufacturer’s uncertainty is added to determine the total uncertainty.  
 
Table 7-5 summarizes the contributions of the uncertainties for each radionuclide. 
 
 

Table 7-5. Summary of the Total Uncertainty Derivation 

Radionuclide 

Uncertainty in 
Manufacturer's 
Stated Source 

Size 

Uncertainty 
in 

Californium 
Isotopics 

Uncertainty 
in Decay 

Time 

Total 
Uncertainty 
Excluding 

Mfg. 
Uncertainty 

Total 
Uncertainty 

Cm-245 0.71% 47.5% 5.0% 47.8% 47.8% 
Cm-246 0.71% 7.6% 3.8% 8.5% 8.5% 
Cm-247 0.71% 9.6% 5.0% 10.8% 10.8% 
Cm-248 0.71% - - 0.0% 0.7% 
Cf-249 0.71% 47.5% 0.1% 47.5% 47.5% 
Cf-250 0.71% 7.6% 2.6% 8.0% 8.0% 
Cf-251 0.71% 9.6% 0.0% 9.6% 9.6% 
Cf-252 0.71% - - 0.0% 0.7% 
Sr-90 0.71% - - 0.0% 0.7% 

Cs-137 0.71% - - 0.0% 0.7% 

 

7.6 Uncertainty for Derived Parameters 

The derived parameters TRU, FGE, PE-Ci, decay heat, and total activity are summations made 
over the individual radionuclides multiplied by the appropriate weighting factors. The 
manufacturer’s uncertainty applies to all radionuclides and therefore introduces a statistical 
dependency when the uncertainty in the derived parameters is being determined. Other 
parameters also introduce potential statistical dependences. The decay time introduces a 
dependency among the decaying radionuclides (either too much or too little decay) and the 
opposite dependency among the decay products (i.e., too little or too much production). These 
dependencies tend to be offsetting. The uncertainty in the californium isotopics affects both the 
californium isotope and its curium daughter. However, the activities of the curium isotopes are 
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very small, so this dependency is negligible. Therefore, the only dependency explicitly 
considered is the manufacturer’s uncertainty.  
 
The uncertainty in the derived parameters is therefore calculated by combining in quadrature the 
independent sources of uncertainty for each radionuclide, again multiplied by the appropriate 
weighting factors. The manufacturer’s uncertainty is then combined in quadrature with the 
independent sources of uncertainty, resulting in the total derived parameter uncertainties, as 
shown in Table 7-6. 
 
 

Table 7-6. Total Uncertainties for Derived Parameters 
Derived 

Parameter 
Source Total 
Uncertainty 

TRU 7.7% 
FGE 8.0% 
PE-Ci 2.2% 
Decay Heat 2.2% 
Total Activity 2.2% 

 



 

 

Nuclear Engineering & Nonproliferation 
International Threat Reduction 

LA-UR-14-
Technical Report for Cf-252 Sealed Sources 

 

 
Page 35 of 36 

 

REFERENCES  

1. US Congress Public Law 99-240, “Low-Level Radioactive Waste Policy Amendments Act 
of 1985” (January 15, 1986).   

 
2. Nuclear Regulatory Commission, Code of Federal Regulations, Title 10, Part 61 Licensing 

Requirements for Land Disposal of Radioactive Waste (December 27, 1982). 
 
3. CCP-AK-LANL-008, “Central Characterization Project Acceptable Knowledge Summary 

Report for Los Alamos National Laboratory Off-Site Source Recovery Project Sealed 
Sources, Waste Stream: LA-OS-00-01.001, LA-OS-00-03 and LA-OS-00-04,” Revision 8 
(February 22, 2010).  

 
4. United States Department of Energy, “Transuranic Waste Acceptance Criteria for the 

Waste Isolation Pilot Plant,” DOE/WIPP-02-3122 Rev. 7.4, Carlsbad Field Office, 
Carlsbad, New Mexico (April 22, 2013). 

 
5. United States Department of Transportation, 49 CFR, Transportation, Part 173, 

“Shippers—General Requirements for Shipments and Packagings, Section 435, Table of 
A1 and A2 Values for Radionuclides” (September 14, 2006).  

 
6. United States Department of Energy, “Contact-Handled Transuranic Waste Authorized 

Methods for Payload Control (CH-TRAMPAC),” Carlsbad, New Mexico, Washington 
TRU Solutions, LLC, Rev. 4 (2012). 

 
7. Calculation No. VA-OSR-12, “To Determine the Radionuclides in the Waste Drums 

Containing Cf-252 Sealed Source Waste That Are Required to Be Reported under the 
Requirements of the WIPP WAC and the TRAMPAC,” Vance & Associates, Ruidoso, 
New Mexico (January 17, 2012). 

 
8. H. Evans, J. Harvill, T. Sowdon, and J. Booth, “Sealed Sources Peer Review Report,” 

Washington Safety Management Solutions (December 5, 2003). 
 
9. Calculation No. VA-OSR-14, “Relative Importance of Neutron-Induced Fission,” Vance & 

Associates, Ruidoso, New Mexico (December 20, 2011). 
 
10. Calculation No. VA-OSR-13, “Development of the Spreadsheet for the Radiological 

Calculations for the Characterization of Cf-252 Sources,” Vance & Associates Ruidoso, 
New Mexico (July 31, 2012). 

 
11. Calculation VA-OSR-11, “Uncertainty Analysis for Cf-252 Sources,” Vance & Associates 

Ruidoso, New Mexico (December 21, 2011). 
 



 

 

Nuclear Engineering & Nonproliferation 
International Threat Reduction 

LA-UR-14-
Technical Report for Cf-252 Sealed Sources 

 

 
Page 36 of 36 

 

12. Calculation VA-OSR-15, “Determine Upper Bound of Decay Product Inventories from a 
Drum of Cf-252 Sources,” Vance & Associates, Ruidoso, New Mexico (March 4, 2012). 

 
13. Calculation No. VA-OSR-10, “Development of Radionuclide Distributions for Cf-252 

Sealed Sources,” Vance & Associates, Ruidoso, New Mexico (January 17, 2012). 
 


