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ABSTRACT 

This report discusses the work done under the Department of Energy (DOE) NE-5 Advanced Reactor 
Safeguards Program for FY 2022. It focuses on material control and accounting (MC&A) for pebble bed 
reactors (PBRs) and addresses some of the main challenges with current PBR MC&A approaches that are 
still evolving, which will inform safeguards and security by design efforts. In FY 2022, efforts focused on 
tristructural isotropic (TRISO) pebble fuel burnup modeling and measurements required to account for 
material loss and production using design information from the Pebble Bed Modular Reactor (PBMR)-
400. The dynamics of the pebble movement through the reactor were modeled, and the burnup, isotopic 
content, and uncertainties were determined. Additionally, statistical methods to determine sampling plans 
that will validate the calculations were explored. 

This report focuses on how the final values of nuclear material are determined at the end of the fuel 
pebble life when they are no longer useful and are transferred to a spent (i.e., used) fuel storage area. This 
process includes determining the burnup of each pebble as it exits the reactor, learning how this burnup 
can be calculated and/or measured, and finding the uncertainties associated with this system. Individual 
pebbles can take different paths through the reactor, which results in different burnup profiles. 
Additionally, there is a range of values for determining when a pebble should be discharged, and this 
range can influence loss and production in the system. As a result, uncertainties exist when attempting to 
measure loss and production during normal operations, thereby directly affecting material accounting. 

Synthetic spectra were obtained from these calculations and were used to determine the possible types of 
burnup measurements, the instrumentation and geometry needed, and the uncertainties. Work was also 
done to determine generic functional requirements for PBR MC&A systems, which will be required to 
meet operations and regulatory requirements. The results of this work are documented in a separate 
FY 2022 report. 

1. SCOPE OF WORK 

1.1 INTRODUCTION 

This report summarizes work done under the DOE NE-5 Advanced Reactor Safeguards Program for 
FY 2022 on the topic of MC&A for PBRs. For the results and conclusions of previous work done under 
this program, see references [1, 2]. 

Title 10 of the Code of Federal Regulations (10 CFR) Part 74 defines MC&A requirements for special 
nuclear material (SNM). MC&A requirements are defined based on the strategic significance of the SNM. 
Light-water reactor (LWR) fuel used in US commercial nuclear reactors is <10% enriched in the isotope 
235U.1 

Additionally, even though plutonium is in LWR spent nuclear fuel,2 LWR fuel assemblies are large, 
heavy, and highly radioactive and therefore significantly decrease the likelihood of theft. As a result, the 
US Nuclear Regulatory Commission (NRC) requires LWRs to meet only the sabotage design-basis threat 
and not the theft or diversion design-basis threat because theft or diversion is bounded by controls to 
mitigate sabotage. Therefore, the NRC’s MC&A regulations for LWRs are less stringent and do not 
require the full implementation of Category I and Category II MC&A, which is required for other fuel 

 
1 Ten thousand grams or more of 235U enriched to less than 10% is defined as Category III SNM of low strategic 
significance [3]. 
2 The presence of plutonium would typically cause SNM to be categorized as Category I strategic SNM [3]. 
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cycle facilities. As a result, LWRs can simply rely on adequate physical security to prevent sabotage of 
the facility. 

This may not be the case with PBRs in which the portability of spheres at certain points in the process is a 
key difference, though the SNM content per sphere is small. Furthermore, enrichment levels may exceed 
10%, which necessitates compliance with Category II MC&A requirements. Therefore, PBR designs 
likely require different nuclear MC&A methods when compared with the existing fleet of LWRs that are 
currently licensed in the United States.  

The main differences again stem from the movable nature of the fuel spheres (i.e., pebbles) during normal 
reactor operations. Spheres are continuously inserted into and withdrawn from the reactor core and are 
moved throughout the reactor and associated systems via pneumatic (or hydraulic) pressure tubes and 
moved by gravity or other (e.g., mechanical) means. In LWRs the fuel bundles are fixed during the 
operations cycle, and the reactor must be shut down and the reactor head removed to insert, remove, or 
shuffle the fuel.  

Additionally, the several hundred fuel bundles at an LWR are uniquely identified, whereas fuel spheres, 
in most proposed designs, are not. A PBR has an inventory that comprises hundreds of thousands of fuel 
spheres and, during the operational lifetime, may encounter millions of spheres that arrive as fresh fuel 
and ultimately are dispositioned as spent fuel. The number of spheres and their portability constitute the 
key differences in MC&A and security. The concept of item control or monitoring as defined in 10 CFR 
Part 74 is one of the key approaches to manage this large number of spheres.  

Even so, certain aspects of current LWR approaches apply to fresh and spent PBR fuel [12]. However, 
the MC&A approaches currently in use for fuel cycle facilities1 more closely align with anticipated PBR 
designs instead of LWR approaches—specifically those MC&A approaches required for facilities that 
handle SNM of moderate strategic significance (i.e., Category II) for the reactor vessel and recycle loops.  

The low SNM content per sphere also must be balanced with the radiological aspects that result from the 
theft of a single spent sphere. Considering only bulk amounts or groups does not address the potential 
consequence of losing an individual pebble if it is used in a radiological exposure device or in a 
radiological dispersion device. A spent TRISO pebble has radiation levels equivalent to a Category 1 or 2 
radiological source (according to internal communication from D. Holcomb to P. Gibbs, Oak Ridge 
National Laboratory [ORNL], April 30, 2019) [13]. 

This report focuses on the nuclear material loss and production as the fuel pebbles circulate through the 
reactor core. Specifically, the report discusses how the final values are determined at the end of the fuel 
pebbles’ lives when they are no longer useful and are transferred to a spent (i.e., used) fuel storage area. 
This process includes the determination of the burnup of each individual pebble as it exits the reactor, the 
calculation or measurement of this burnup, and the associated uncertainties with this entire system. 
Additionally, statistical methods to determine sampling plans that validate the calculations are explored. 
This effort builds on the previous work done on MC&A (i.e., domestic safeguards) challenges for PBRs 
as identified in an ORNL report Model MC&A Plan for Pebble Bed Reactors (ORNL/SPR-2019/1329) 
[12]. The referenced report was completed for the NRC in response to the emergence of this non-LWR 
design and to analyze current policy and technical guidance. 

 
1 Examples of fuel cycle facilities are fresh-fuel fabrication and spent-fuel reprocessing plants. 
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Current PBR MC&A approaches are still evolving as vendors continue to work on plant layouts and 
designs for the fuel handling systems. This allows for the possible consideration of safeguards and 
security in the designs of these facilities, and it is hoped that this report will contribute to those efforts. 

1.2 INDUSTRY PARTNERSHIPS AND NATIONAL LABORATORIES 

The industry partnerships described in this report provide important examples of leading PBR conceptual 
designs, which are useful in considering possible MC&A approaches and offer detailed design 
information. Additionally, the results from this report can apply to any PBR design, within the given 
general reactor design characteristics and can be used by any vendors or designers who are considering 
MC&A approaches for PBRs. 

1.2.1 X-energy: Activities in FY 2022 

In October 2020, X-energy was selected as one of two recipients for the DOE’s Advanced Reactor 
Demonstration Program. The cooperative agreement between the DOE and X-energy was signed on 
March 1, 2021. As part of that agreement, ORNL and Sandia National Laboratories are partnering with 
X-energy on domestic safeguards and security. The appropriate nondisclosure agreements were finally 
put in place in September 2022. The work packages, supplier agreements, and funding are also in place to 
support the work. 

Technical consultations took place throughout the year for burnup measurements, reactor modeling, and 
spent-fuel plutonium declarations and included a visit by an ORNL team to X-energy headquarters in 
Rockville, Maryland, in July 2021 and a visit by X-energy staff to ORNL in September 2021. These 
discussions informed the work and planning reflected in this report.  

Discussions have also started about the MC&A system. The functional requirements for an MC&A 
system are being developed, and this specification will be used to identify a qualified supplier or 
developer. Continued discussions are needed about measurement and statistical methods use in 
accounting for plutonium production and uranium depletion in the spent fuel. 

1.2.2 Kairos Power: Activities in FY 2022 

In FY 2021, the project team met with Kairos Power on August 3–5, 2021, at the company’s Alameda, 
California, headquarters and discussed MC&A approaches for PBRs. The objective of these meetings was 
twofold: one was for DOE’s Advanced Reactor Safeguards (ARS) project team to better understand 
Kairos’s commercial fluoride salt-cooled high-temperature reactor and Hermes test reactor design and 
current needs at Kairos. Second, the laboratory experts needed to provide additional background on work 
done to date at the national laboratories under this and other projects related to PBRs. The goal was to 
assist the Kairos Power design team in understanding and provide contacts/resources that could be of 
assistance.  

In November 2021, Kairos Power personnel visited ORNL. Although some topics related to MC&A were 
discussed, the main purpose of the visit was to discuss hot-cell design approaches that would be 
applicable to both the test reactor, Hermes, and the power reactor design of Kairos Power. In May 2021, 
ORNL and Sandia National Laboratories personnel visited Kairos Power’s Albuquerque, New Mexico, 
facility, where the test reactor and fuel manufacturing were discussed. In FY 2023, additional work that 
involves MC&A is anticipated under an Advanced Reactor Demonstration Program award. The final 
approvals and funding are expected for this work in the first quarter of FY 2023. 
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1.2.3 National Laboratories, the NRC, and Universities 

The project team continued to coordinate with the following national laboratories: Sandia National 
Laboratories, Brookhaven National Laboratory, Argonne National Laboratory, and Idaho National 
Laboratory.  

Throughout the year, multiple briefings and consultations were held with the NRC to discuss the FY 2022 
work and to solicit the NRC’s advice. The briefings focused on the predicted plutonium content and the 
uncertainty in the spent fuel based on modeling work presented in May 2022 at the Advanced Reactor 
Systems meetings in Albuquerque and reflected in this report. Attendees also discussed accounting 
options for handling the different uranium enrichments that each vendor will use during reactor start-up. 

Argonne National Laboratory, Brookhaven National Laboratory, and ORNL partnered with Virginia 
Commonwealth University under Funding Opportunity Announcement DE-FOA-0002516 for CFA-22-
26931: Creation of a Pebble Database for Material Control and Accountancy in Pebble Bed Reactors, 
CT-4: Advanced and Small Modular Reactor Materials Accountancy and Physical Protection. The team 
was notified in June 2022 that the application was selected for negotiations leading to an award. This 
work is expected to start in FY 2023.  
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2. FY 2022 FOCUS AREAS AND TASKS 

2.1 FY 2022 OVERVIEW 

In FY 2022, work focused on four main areas: 

1. Calculating the declared uranium depletion (i.e., loss) and plutonium production (i.e., gain) in 
spent pebbles: In FY 2021, the project determined likely distributions for both a PBMR-400 and the 
Xe-100 reactor (which is proprietary) by using assumptions and a target burnup of 160 GWd/tHM. In 
2022, the project developed models using ORIGAMI to more accurately determine the burnup of 
individual, retired (i.e., spent) pebbles as they exit the core after their final pass—based on the 
pebbles’ assumed flow paths through the reactors—and to identify the associated uncertainties. This 
information was used to predict distribution of uranium and plutonium content of the retired fuel.  

2. Determining statistical approaches and sampling plan – Work was done on statistical approaches 
for the burnup measurement system (BUMS) and developing a sampling plan that will validate the 
calculated and measured burnup values and the resulting uranium and plutonium content. This plan 
follows statistical methods to address the population size, the expected distributions, and the sample 
sizes and sampling frequencies required. This work will inform the relationship between the reactor 
codes and the actual BUMS for MC&A declared values.  

3. Exploring measurement systems and methods: Work was performed to determine potential 
measurement systems and methods that could be used to determine the fuel pebble burnup and 
isotopic content. The burnup modeling results were used to develop synthetic spectra, and the Gamma 
Detector Response and Analysis Software (GADRAS) was used to simulate detector response. The 
primary focus was on gamma measurements, but other measurement systems, such as passive neutron 
coincidence well-counters, were also briefly explored to determine the most effective approach and to 
consider system robustness, immunity to high-radiation fields, and acceptable accuracies and 
uncertainties. 

4. Designing an MC&A system for PBRs: To determine generic functional requirements, the team 
compared various commercially available PBR MC&A systems. The functionality of the systems and 
concepts encompass inventory management and reporting. Some systems are designed to manage 
inventory and to address operational requirements that extend beyond typical MC&A requirements. 
These operational requirements typically involve fuel planning, safety, and various other inventory 
management functions. Other systems cover only reporting to the Nuclear Materials Management 
Safeguards System. These systems must be interfaced with site procedures or other management 
systems to obtain the inventory information needed to support regulatory reporting. The results of this 
work are documented in a separate report [4]. 

2.2 LOSS AND PRODUCTION OF NUCLEAR MATERIAL IN PBRs 

The loss and production of fissile material during the operations of a nuclear reactor result from using the 
nuclear fuel to produce power and from the transmutation of actinides. In a U and Pu system, U is 
consumed, and Pu is produced. MC&A systems must track the depletion (or loss) of uranium and the 
production (or gain) of plutonium to account for fissile and fissionable material as required by Nuclear 
Regulatory Commission regulations. This tracking is normally done by computer modeling to determine 
the depletion and production based on various reactor parameters. For reactors with fixed fuel in their 
cores, such as LWRs, these models are well developed, and the uncertainties are relatively low because 
the fuel enrichment and precise location in the core are known. Reactor parameters such as power level, 
burnup, core configuration, fuel loading, and control-rod movement are well understood. Typically, the 
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loss and production are recorded when the used (i.e., burned) fuel is removed periodically during 
refueling from the reactor core and placed into wet storage. 

However, for PBRs, the fuel consists of hundreds of thousands of spheres that pass through the reactor 
core via flow loops multiple times before they are removed after having reached the desired burnup. From 
an MC&A standpoint, there are multiple differences from a fixed fuel reactor. 

• Because each fuel pebble is circulated within the reactor system several times, determining when to 
record loss and production is not straightforward.  

• Because the fuel is not fixed, each pebble’s pathway through the reactor and its position at any given 
time cannot be known.  

• The number of passes and the length of time each pebble resides in the reactor is not directly known 
and can be estimated only via system pebble flow characteristics and actual burnup measurements. 

• There will be a range of values for determining when a pebble should be discharged, and this range 
influences overall loss and production in the system. Therefore, several uncertainties exist when 
attempting to measure loss and production during normal operations and directly affect material 
accounting.  

• The pebbles consist of varying enrichment during start-up and equilibrium operations. Additionally, 
there may be nonfuel, graphite “moderator” pebbles used throughout operation. 

In FY 2021 for the PBMR-400, and in a separate report for X-energy on the proprietary Xe-100, the team 
modeled the plutonium distribution and assumed a fixed target burnup of 160 GWd/tHM. However, it is 
unlikely that pebbles will reach that exact target burnup, and the range and variance of these values are 
currently unknown. Additionally, there will be uncertainty related to the burnup measurements 
themselves. Therefore, this FY 2022 work derived the total uncertainty of burnup measurements and 
included evaluating the effect of the path the pebbles take in the reactor core. Different areas of the core 
experience different neutron spectra and fluxes and yield different rates of plutonium production in 
pebbles [14]. This will have a direct effect on MC&A because of the uncertainties around measuring the 
burnup of each pebble, determining the range of burnup values, estimating the plutonium content, 
aggregating these values over thousands of pebbles, and characterizing the spent-fuel cannisters. The 
reference design for this work is the PBMR-400 reactor because of the available design and operating 
information. This work assumed a core that achieved steady-state (i.e., equilibrium) operations and did 
not assume start-up or shutdown operations. Nonequilibrium conditions will be addressed in future work. 
The following topics are addressed in this report: 

• What is the total uranium and plutonium content for individual pebbles, and what are the associated 
uncertainties as well as in the aggregate, as for a spent fuel container? 

• What is the effect of different pebble flow paths in the reactor core, and what is their effect on burnup 
measurements? 

• Based on analyses of statistical approaches and sampling schemes, what are the pebble discharge 
values? Specifically, when can it be determined that a pebble has reached its maximum burnup and is 
removed from the core, what is the range of values, and what aggregate effect this has on overall loss 
and production amounts. 
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• Which nondestructive measurements can be used to determine pebble burnup and their accuracy. 
Since it is desired to measure each pebble every time it exits the reactor, the non-destructive 
measurement time is limited. 

• What are the measurement uncertainties and their effect on overall loss and production and on 
MC&A? 

Modeling tools have been developed at ORNL for estimating isotopic content related to fuel burnup. The 
modeling effort focused on determining the uranium and plutonium content of spent-fuel pebbles based 
on variations in their flow paths through the reactor core and different residency times. The goal was to 
determine the total uranium and plutonium values in the spent-fuel containers, the associated 
uncertainties, and the standard deviation that can be used in determining overall loss and production of 
fissile and fertile material. To this end, the team employed several software tools: 

• As part of the Nuclear Regulatory Commission’s code suite assessment of non-LWRs, 3D full-core 
models in Standardized Computer Analyses for Licensing Evaluation (SCALE) and Two-dimensional 
Runoff Inundation Toolkit for Operational Needs (TRITON) were developed to understand spectral 
zones and power distributions within the core.  

• A new capability was developed for estimating pebble inventory in SCALE and ORIGAMI, and it 
enabled defining the flow path of a pebble and assessing the effect on isotopics. 

• Oak Ridge Isotope GENeration (ORIGEN) was used to reproduce the pebble power history required 
to define the transit history in each channel and pass. 

2.3 UNCERTAINTY QUANTIFICATION OF PEBBLE DISCHARGE BURNUP AND 
ISOTOPIC INVENTORY 

To achieve higher fuel utilization, lower excess reactivity, and flatter power distribution, the PBR adopted 
the multipass fuel-reloading scheme. In this scheme, each spherical fuel element, or pebble, circulates 
multiple times through the core until the desired discharge burnup is attained. Typically, the pebbles enter 
the core via the charging chute at the top and are randomly located at the top of the core, descend along its 
trajectory through the core, and then exit through the discharge chute at the bottom. Each pebble can 
accumulate a unique amount of burnup with each pass because the neutron flux varies at different radial 
and axial locations within the reactor, and the speed and pathway of a pebble also vary. Therefore, the 
burnup of each retired pebble may vary even though it experiences the same number of passes through the 
core, and distributions in the burnup, isotopic inventory and decay heat of the retired pebbles are expected 
[14, 15]. Note that this simulation is for equilibrium core condition where it is assumed the flux/power in 
each region will be constant at any time [14, 15]. 

In FY 2022, an equilibrium core was used to develop the models. In other words, the reactor was assumed 
to have achieved a steady state in its operations history after the start-up of the reactor. Additionally, the 
same initial enrichment level for every pebble was assumed. Future work will investigate how nonsteady-
state conditions and different initial enrichment levels will affect the production and loss in the reactor. 

2.3.1 Introduction of PBMR-400 

The pebble burnup and isotopic inventory uncertainty quantification in this study was carried out for the 
PBMR-400 reactor [16, 17, 18, 23] (Figure 1) because data such as power profiles, temperature 
distributions, and equilibrium core composition are publicly available for this reactor. The PBMR-400 
was developed by a South African company from 1994 to 2009, and its core is an annular cylindrical core 
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with an inner radius of 1 m and an outer radius of 1.85 cm. There are two fixed graphite reflectors: One is 
in the center, and the other is just outside the core. The core is loaded with about 452,000 pebbles, and the 
fresh-fuel pebble enrichment is 9.6%. Moreover, in the multipass scheme adopted in the PBMR-400, a 
pebble passes the core six times on average before achieving a burnup of 90 GWd/tU and then being 
retired. 

 
Figure 1. PBMR-400 core model [23]. 

2.3.2 ORiGAMI-FOLD 

ORIGAMI in the SCALE code [20] was used to perform the pebble burnup simulation since it was 
recently developed to rapidly model the depletion of flowing pebbles. Pebble depletion is carried out as a 
series of axial (i.e., vertical) segments called transit zones. The radial characteristics in each axial transit 
zone can also be accounted for using the radial power shape, radial pebble population distribution, and 
radial zone library. Multiple passes can be simulated, and each pass is defined as a transit history that 
includes the pebble power, irradiation time, cooling time, and a series of sequential transit zones. The 
fractional irradiation time and the axial power factor are part of the inputs for each transit zone. An 
example of depletion modeling in ORIGAMI for a PBR with three radial channels and five transit zones 
in each radial channel is depicted in Figure 2. Generally, several radial channels in a transit history can be 
included, for example, to obtain the average core-wise fuel composition or to select one radial channel in 
each transit history, as applied in this work, to evaluate the uncertainty for a pebble flowing through 
different channels. 
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Figure 2. Example of depletion flowchart in ORIGAMI. 

2.3.2.1 Methodology 

The publicly available data from PBMR-400 were used to develop the ORIGAMI cross-section and 
model. The power and temperature profiles were used to define the transit zone and history, whereas the 
equilibrium core composition was used to generate the libraries for ORIGAMI. Transit time, which 
depends on flow speed, was also used to simulate the pebble depletion accurately. The pebble flow can be 
modeled as a 1D laminar flow in the axial direction, and the axial velocity depends on the radial position. 
For example, a pebble near the graphite reflector walls tends to move slower than other pebbles because 
of the friction between the pebble and the walls. The transit time of pebbles that flowed adjacent to the 
reflector walls was 54% longer than those that flowed in other locations [18, 19]. 

Previous work on the Very Superior Old Programs (VSOP) modeling of the PBMR-400 equilibrium core 
divided the core into five radial channels [18, 19]. This approach was also considered in this work (Figure 
3). A channel has a unique neutron spectrum according to its temperature profiles and proximity to the 
graphite reflectors. A channel has a unique neutron spectrum according to its temperature profiles and 
proximity to the graphite reflectors. To obtain an accurate cross section for each radial channel, a single 
pebble with the reflective depletion model cannot be used. Owing to the continuous circulation of the 
pebble in the core, the compositions of the neighboring pebbles cannot be represented by a single pebble 
depletion. Moreover, the neighboring pebbles will determine the neutron spectrum in the pebble. 
Consequently, the channel-dependent spectrum cannot be represented correctly by using a single pebble 
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depletion model. In this work, the library for ORIGAMI-FOLD was produced using a series of TRITON 
axial slices of the core. This 2D core model is chosen because the variations in neutron energy spectra are 
larger in the radial direction than in the axial direction. The neutron spectra are softer in the two channels 
next to the reflectors than in others, as depicted in Figure 4. In this model, a depletable pebble is placed 
radially within an array of pebbles at assumed constant burnup level/equilibrium core composition. The 
depletable pebble is initially fresh fuel, located in each radial channel to capture the variation of the 
neutron spectrum, and the cross sections are tabulated from the depletable pebble as a function of radial 
position, burnup, fuel, and reflector temperatures. Three temperatures that cover the operating 
temperature range are considered and 28 burnup steps that cover 0–100 GWd/tU are available. 

 
Figure 3. Radial flow channels [17]. 
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Figure 4. Axial and radial variations in neutron-energy spectra elevation at 0 cm, which represents the top of 

the core [23]. 

Another set of information required to construct the ORIGAMI model is the pebble power history in each 
channel and pass. ORIGEN [20] was used to reproduce the pebble power history required to define the 
transit history in each channel and pass, using the data given by Reitsma [18] and the channel-wise flux 
profile [17]. The results of the accumulated burnup distribution are shown in Figure 5, and it can be 
converted to pebble power per channel and per pass. The pebbles generated the highest average power in 
the first pass and gradually decreased with the number of passes. 

 
Figure 5. Accumulated burnup distribution per channel and pass. 
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The ORIGAMI depletion was calculated by using a series of transit histories. A single radial flow channel 
with 22 transit zones was modeled in each transit history to evaluate the uncertainty of the radial flow 
channel. The transit history was randomly selected by considering the probability that a pebble flows in a 
specific radial channel, which was assumed to be equal to the channel’s volume fraction. A pebble was 
assumed to stay within one radial channel for each pass it took. Moreover, the uncertainties of the pebble 
transit time (±2 days) and pebble power (±2%) were considered at each pass. The average transit time was 
about 152.4 days and was calculated considering the target burnup value of 90 GWd/tU. After each pass, 
a cooling time of 4.5 days is taken into account based on the expected operational practice. In this study, a 
total of 20,000 depletion cases was sampled by using these approaches (Figure 6), and the results are 
discussed in the next section. 

 
Figure 6. Average pebble power in each pass from the simulation. 

2.3.2.2 Results 

Using the sampled cases, the distributions of the discharge burnup and the isotopic compositions of the 
pebbles were evaluated. The fraction of retired pebbles after each pass through the core is shown in 
Figure 7. The pebbles that reached the burnup limit in a pass were not counted in the next pass. The 
results show that at the end of pass 4, a small percentage (0.1%) of the pebbles were retired because they 
achieved the burnup limit. By pass number 7, all the pebbles (100%) reached their target burnup. The 
fraction of pebbles that reached the target burnup after each pass and the average burnup of retired 
pebbles are shown in Figure 8. The average discharge burnup value of the retired pebbles is about 90.13 
GWd/tU, which is close to the burnup limit. 
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Figure 7. Fraction of permanently discharged pebbles from each pass. 

 
Figure 8. Fraction of pebbles that reached the target burnup after each pass. 

Table 1 summarizes uranium and plutonium isotopic mass distributions for the retired pebbles and all 
burned pebbles after six passes in comparison to previous work done. The retired pebbles include the 
pebbles that reached the burnup limit after passes 4, 5, and 6. From the table, it can be seen that a few 
milligrams of 234U were present per pebble in the fresh fuel, and the amount gradually decreased in the 
next pass by capturing neutrons to produce 235U. Uranium-235 was consumed continuously because it was 
the main fissile isotope. However, some of the neutron reactions with 235U produced 236U. The neutron 
capture reaction of 236U produced 237U, which decayed into 237Np. Neptiunium-237 may capture a neutron 
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and produce 238Np, which rapidly decays into 238Pu. Meanwhile, the neutron capture reactions of 238U 
form 239U, which quickly decays into 239Np and then into 239Pu. 

To check these inventory results, the team compared them with the reported results of previous work done 
for the discharged pebbles at the end of pass 6 and used the PEBBED code [21]. Good agreement was 
observed in general between this work and reported results [21], with most of the discrepancies within the 
standard deviation. 

Table 1. Comparison of average isotopic mass (mg) per pebble with previous work. 

Nuclide Initial Retired pebbles 
All pebbles after  

pass 6 
(this work) 

All pebbles after  
pass 6 (previous 

work [21]) 
234U 7.690 4.8 ± 0.1 4.8 ± 0.1 N/A 
235U 864.00 141.8 ± 19.6 145.5 ± 21.9 185 ± 11 
236U 3.974 116.1 ± 2.2 115.6 ± 2.5 N/A 
238U 8,124.34 7,755.8 ± 21.1 7,753.1 ± 13.6 7,690 ± 50 
Total U 9,000 8,018.4 ± 28.9 8,019.1 ± 25.9 7,875 ± 51.2 
238Pu 0 2.3 ± 0.3 2.3 ± 0.3 2.8 ± 0.2 
239Pu 0 52.2 ± 6.0 53.6 ± 5.3 57 ± 9 
240Pu 0 35.5 ± 1.3 35.7 ± 0.9 30 ± 3 
241Pu 0 19.3 ± 1.5 19.7 ± 1.1 28 ± 4 
242Pu 0 14.6 ± 1.6 19.4 ± 1.5 20 ± 2 
Total Pu 0 123.9 ± 6.5 125.9 ± 4.6 137.8 ± 10.5 

 

One interesting observation is shown in the 239Pu distribution, as illustrated in Figure 9 . The average 
mass of 239Pu achieves equilibrium after the 4th pass. Besides being produced, 239Pu is also consumed 
since it has a high thermal cross section. Most of the neutron interaction with 239Pu results in a fission 
reaction, however, some of the interactions produce 240Pu which can capture neutrons to produce 241Pu. 
Plutonium-241 is another fissile isotope, and similarly, some of its neutron absorptions lead to the 
formation of plutonium-242. It is also noticed that 20% of the pebbles have lower 239Pu mass than average 
and they are the pebbles flowing next to the graphite reflectors that have higher thermal spectrum that 
increase the consumption of 239Pu. 
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Figure 9. Statistical distribution of 239Pu mass. 

 
Table 2. Average and maximum values of 239Pu mass. 

Pass Average 239Pu 
mass 

(mg/pebble) 

Maximum 239Pu 
mass 

(mg/pebble) 
1 36.4 ± 1.8 39.8 
2 48.8 ± 4.1 53.9 
3 52.6 ± 5.0 58.5 
4 53.4 ± 5.5 59.8 
5 53.4 ± 5.5 60.0 
6 53.6 ± 5.3 59.9 
7 54.4 ± 5.2 59.7 

 

2.3.2.3 Spent-fuel canisters 

Retired fuel pebbles are assumed to be sent to canisters where they will be accumulated in the reactor 
system until full. Once full, they will likely be decoupled from the reactor system and are then assumed to 
be sealed and then become part of the spent-fuel storage area. Although the design of these spent-fuel 
canisters is not yet known, based on discussions with the reactor designers a canister that contained 2,000 
spent-fuel pebbles was modeled. A random selection of 2,000 retired pebbles was used to simulate the 
condition in a spent-pebble canister. Of these pebbles, 83.6% had undergone 6 to 7 passes. The average 
burnup of these 2,000 pebbles was 90.079 ± 3.448 GWd/tU. Figure 10 shows the fraction of permanently 
discharged pebbles after each pass and the mass of selected isotopes. Note that the fraction of the 
randomly selected pebbles is the same as previously shown for the entire population of fuel spheres in the 
reactor. The total plutonium content of a permanently discharged pebbles was approximately 124.2 mg. 
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Figure 10. Fraction of retired pebbles after each pass for a randomly selected sample of 2,000 pebbles. 

Assuming a canister contains 2,000 spent-fuel pebbles and a random selection of spent pebbles, the team 
estimated that the total plutonium would be 248 g based on the assumption used in this work (e.g., 9.6% 
enrichment and 90 GWd/MTU target burnup). Uncertainty in total plutonium mass in a canister was small 
because of error cancelations when the pebbles were randomly selected. Table 3 shows the total mass of 
uranium and plutonium and the main isotopes per canister. The values are rounded to the nearest gram.  

Table 3. Average isotopic mass (g) in the canister. 

Nuclide Average mass per 
pebble 

Total mass per 
canister 

(unrounded) 

Total mass per 
canister (rounded) 

234U 0.0048 9.65 ± 0.006 10 
235U 0.1423 284.636 ± 0.818 285 
236U 0.1160 232.022 ± 0.097 232 
238U 7.7555 15,510.92 ± 0.922 15,511 
Total 8.0186 16,037.23 ± 1.266 16,037 
238Pu 0.0023 4.68 ± 0.013 5 
239Pu 0.0525 104.92 ± 0.263 105 
240Pu 0.0355 71.02 ± 0.056 71 
241Pu 0.0193 38.656 ± 0.067 39 
242Pu 0.0146 29.114 ± 0.071 29 
Total 0.1242 248.392 ± 0.286 248 

 

This analysis used the neutronic environment of the PBMR-400 equilibrium core to investigate the 
possible variation in the burnup and nuclide inventory of a single pebble. The assumed individual pebble 
characteristics (e.g., flow speed and operational history) were sampled from distributions that were 
assumed to be consistent with the equilibrium core. Based on these assumptions, the results show that 
some pebbles have some probability of achieving the burnup limit earlier than pass 6, but on average, the 
pebbles required 6 passes to achieve the target discharge burnup. Moreover, an important isotope for 
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nuclear material accounting, 239Pu, had a maximum mass of about 52 mg per pebble at discharge, and the 
total plutonium of a canister with 2,000 randomly selected spent pebbles was estimated to be 248.4 ± 
0.286 g based on assumptions used in this work. 

2.4 STATISTICAL APPROACHES FOR BURNUP MEASUREMENTS AND 
CALCULATIONS 

This section discusses statistical approaches for the BUMS and reactor codes that will be used in PBRs. 
The relationship between the reactor codes and BUMS for MC&A declared values is still being evaluated. 
Specifically, it has not been determined if (a) the BUMS will be used both to determine the burnup used 
to decide when to discharge a pebble and to provide the values used in the SNM declarations for burnup 
and production or if (b) the BUMS strictly supports the burnup discharge decision, and the reactor codes 
provide the values for the SNM declared values.  

Either approach may be adequate for the purposes of MC&A because of the SNM diluteness in the fuel 
and because MC&A’s main goal is detecting theft or diversion based on the removal of a whole pebble. 
The differences in total plutonium in a spent-fuel pebble is so small (i.e., about 0.25 g) that slight 
variations in this amount have no practical impact on how the MC&A and security system accomplish 
that goal.  

As a reference, LWRs provide their declared value of SNM in the irradiated nuclear fuel based solely on 
reactor codes. The regulatory guidance for this practice is provided in ANSI N15.8-2009 [22] Section 9 
on SNM calculations for power reactors: 

9 SNM Calculations 
9.1 Element and Isotopic Computations 
Methods of computation shall be established and utilized for determining the total 
element and isotopic composition of SNM in irradiated nuclear fuel assemblies 
and fuel components. The computed values are the basis for shipment documents, 
as required in 10 CFR 74.15, and material status reports, as required in 10 CFR 
74.13. 

9.2 Analysis of Results 
Refinement of the element and isotopic computations used in determining the 
SNM content of irradiated fuel should be considered as new technologies evolve. 
For reprocessed fuel, this may include a collection and comparison of 
reprocessing plant measurement data with computed data for fuel assemblies. 

However, PBRs employ a nondestructive assay (NDA) measurement, which is part of the fuel-handling 
system and can be used in addition to the reactor code. Therefore, as discussed before, there are two 
possible “methods of computation” that could be used to determine the SNM content in the irradiated 
pebbles. One approach would be the same as LWRs and would be utilization of the reactor code. The 
other would use the NDA or BUMS measurement. It remains to be determined which method, or 
combination of the two, would most accurately predict the SNM content in the irradiated pebbles. 

Additionally, integrating these two approaches provides a unique opportunity to monitor reactor 
performance. For LWRs, knowledge about reactor code performance in predicting irradiated SNM 
content historically was achieved only from special measurement campaigns or from fuel reprocessing 
(Section 9.2 ANSI N15.8-2009). Conversely, PBRs through statistical comparison of the BUMS with the 
reactor predicted values can achieve this in real time. The resulting SNM distribution is also an indicator 
of reactor performance because factors such as transit time and the path through the reactor determine the 
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plutonium distribution and uranium depletion. By analyzing the predicted and measured values, this 
information can provide opportunities to adjust operating parameters, fuel design, and other 
characteristics, thereby optimizing performance and fuel utilization.  

From a process control and MC&A perspective, there are 3 statistical decisions to be considered for 
PBRs. 

1. Burnup measurement discharge decision 
2. Burnup measurement versus reactor code comparison 
3. The analysis of variance (ANOVA) between reactors in a modular multiunit deployment. 

2.4.1 Statistical Model for the Burnup Discharge Decision 

This section focuses on the burnup measurement uncertainty associated with deciding when to discharge a 
pebble. For the PBR, there is a maximum allowed burnup for the fuel and a burnup threshold that serves 
as the decision point for discharge.  

One goal of the BUMS is to determine if the current burnup has reached the discharge threshold. The 
relationship between the discharge threshold and maximum burnup is a buffer that ensures a pebble is not 
returned to the reactor so that if the pebble took the highest energy path, it might exceed the maximum 
allowable burnup. 

The applicable uncertainties are for both the BUMS and the reactor models that estimate the highest 
energy path taken by a pebble. Because the previous section focused on the reactor models, the rest of this 
section focuses on the burnup measurement and how to set the decision point for discharge.  

The decision point for discharge is a balance between type I and type II statistical errors1:  

• Type I error: discharging a pebble when it should have been returned to the reactor, thus resulting in 
underutilized fuel. 

• Type II error: returning a pebble to the reactor when it should have been discharged, thus resulting 
in a pebble that exceeds maximum desired burnup and resulting in possible safety and/or less than 
desirable operational performance. 

In some situations, such as burial of nuclear waste, the statistical approach used is the measured value 
plus the measurement uncertainty at 2 σ must be less than the maximum allowed limit. Using this 
approach, a decision threshold would factor in the maximum allowed (or never exceed burnup) minus the 
maximum likely burnup from an additional pass if placed back in the reactor. The measured burnup plus 2 
σ would then be less than or equal to that limit (Figure 11). 

 
1 A type I error (false positive) occurs if an investigator rejects a null hypothesis that is true in the population; a type 
II error (false negative) occurs if the investigator fails to reject a null hypothesis that is false in the population. 
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Figure 11. 2 σ limit illustration. 

The issue with the 2 σ limit approach is that statistically there will be pebbles that will inadvertently be 
placed back in the reactor that should have been discharged (a type II error—assuming it was below the 
target threshold when it really is not).  

In some processes, such as the 6 σ approach in quality or other approaches used in criticality, an 
additional buffer is added to allow for the measurement method uncertainty and reduce the probability of 
type II errors. By setting the rejection threshold at a 4 σ to even 6 σ buffer, the probability of a type II can 
be minimized to whatever extent is desirable. However, this is at the expense of potentially underutilizing 
the fuel.  

Figure 12 illustrates what this limit would look like statistically. Although the burnup limit detection 
threshold and desired maximum burnup remain the same, the average measured burnup target is reduced 
by additional levels of sigma and creates a larger buffer that reduces the probability of type II statistical 
errors.  
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Figure 12. Setting a limit to reduce type II errors. 

In summary, the burnup discharge decision is a function of the BUMS measurement uncertainty, the 
potential maximum energy path through the reactor, and the maximum allowable burnup. The decision 
point for measured burnup is set factoring in a margin for the BUMS measurement uncertainty. The size 
of that margin is balance between type I and type II statistical errors.  

2.4.2 Burnup Measurement versus Reactor Code Comparison 

This section discusses the statistics for comparison and integration of the BUMS measurements for SNM 
content with the reactor code predicted values as discussed in the previous section. The MC&A and 
process benefit of this approach is it allows for comparison of these two independent methods of SNM 
content determination from which information can be obtained to support both domestic and international 
safeguards, disposition of spent fuel, and reactor performance/operations. The approach also provides a 
pathway for continual process improvement of key aspects of this technology.  

The goal is to statistically compare the predicted pebble SNM content from the reactor code with the 
measured SNM content, to identify any significant differences between the two, and to investigate and 
identify the underlying cause(s) of the differences. Once the cause is identified, changes can be 
implemented as needed to adjust the process and eliminate the cause. In some cases, this could result in 
updates to the reactor code and/or underlying assumptions regarding the pebble flow paths in the reactor. 
It also may result in adjustments to the underlying assumptions to support the BUMS calibration.  

For illustration purposes using a normal distribution, Figure 13 shows the differences in the statistical 
distributions that could be expected from these two approaches. Although the distributions overlap, they 
are statistically different from one another.  



 

21 

 
Figure 13. Two different but overlapping distributions. 

The desired outcome from this approach (Figure 14) is that the two approaches for spent-fuel SNM 
content produce essentially the same results with only minor systematic differences.  

 
Figure 14. Similar overlapping distributions. 

The goal of this approach is to implement incremental process improvements as needed and to reduce 
process variability to desired levels, as determined by key parties (Figure 15). 

Lastly, this approach also provides independent or redundant quality checks on the process to monitor 
performance. Through this statistical process control approach changes in the process can be identified 
and corrective actions taken as needed.  
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Figure 15. Continuous improvement to reduce process variability. 

2.4.2.1 Statistical sampling plan 

Implementation of the approach described in the previous section could just compare the BUMS 
measurement with the reactor code 100% of the time without a sampling plan. However, because the 
BUMS measurement is not a currently a direct measurement of the SNM content, it may be desirable, at 
least initially, to sample pebbles and perform more extensive non-destructive or destructive analysis. This 
would serve to validate the calculated and measured burnup and other values. Typically, these additional 
measurements are more time-consuming or expensive, and therefore the pebbles selected for analysis are 
a subset of the pebble population.  

The International Organization for Standardization (ISO) offers two series of standards for sampling 
schemes based on acceptance quality limits: (1) ISO 2859 Sampling Procedures for Inspection by 
Attributes and (2) ISO 3951 Sampling Procedures for Inspection by Variables. In these standards, 
acceptance quality limits are the “quality level that is the worst tolerable process average when a 
continuing series of lots is submitted for acceptance sampling.” Both standards are designed to “ensure 
that lots of acceptable quality have a high probability of acceptance and that the probability of not 
accepting inferior lots is as high as practicable.” To this end, the standards suggest when to switch 
between normal inspection, tightened inspection, and reduced inspection [10, 11]. 

The major difference between the two series of standards is how a sample is determined to be acceptable. 
In ISO 2859, acceptance sampling is by attribute: “inspection whereby either the item is classified simply 
as conforming or nonconforming with respect to a specified requirement or set of specified requirements, 
or the number of nonconformities in the item is counted.” However, in ISO 3951, acceptance sampling is 
by variables: “acceptance sampling inspection in which the acceptability of the process is determined 
statistically from measurements on specified quality characteristics of each item in a sample from a lot.” 
Furthermore, ISO 3951 requires the measured variable to be distributed according to a normal distribution 
or a small deviation from normal [10, 11]. 
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2.4.2.2 Implementation 

This analysis assumed that the sampling plan will be used to select pebbles that will be measured to detect 
137Cs activity, which correlates with burnup values. In this case, ISO 2859 would not be applicable 
because it is based on acceptance by attribute. Instead, the team should consider ISO 3951, which is based 
on acceptance sampling by variable. It requires the measured variable to be distributed according to a 
normal or near-normal distribution.  

However, the results from pebble burnup simulation indicate that the 137Cs activity levels from a random 
sample of pebbles are unlikely to follow a normal distribution. The results of the pebble burnup 
simulation in Section 2.3 provides the linear estimation of burnup with 137Cs (Figure 16) and it can be 
used to create the plot shown in Figure 17. The distribution of 137Cs activity levels in the plot clearly does 
not follow a normal distribution (bell curve). Hence, the 137Cs activity levels from a random sample of 
pebbles are unlikely to follow a normal distribution.  

 
Figure 16. Cs-137 activity as a function of burnup. 
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Figure 17. Distribution of measurement for 137Cs. 

One approach to consider is taking random sets of samples, computing the means of those sets, and 
treating those means as the individuals. With a sufficiently large sample, the central limit theorem should 
apply, and the mean would follow a normal distribution. However, there are two issues with this 
approach. First, in this case, it is unclear if the mean of the 137Cs activity is necessarily what we need to 
monitor as opposed to the distribution of the samples. Second, ISO 3951 is based heavily on Shewhart 
type control charts. Studies, such as [7] show that these control charts are sensitive to the normality 
condition. So, it is not advisable to implement ISO 3951 as-is. 

A possible solution is to modify the recommended approach in ISO 3951 in such a way that a 
distribution-free control chart could be used in place of the charts that assume normality. Distribution-free 
control charts can be used effectively when the underlying distribution of a process is unknown or 
complex. One such scheme is the location variable and scale (LVS) chart introduced in [8]. 

2.4.2.3 Code data validation 

Goodness of fit tests 

A nonparametric goodness of fit test must be performed to determine if the 137Cs activity samples taken 
with BUMS are from the same unspecified distribution as those predicted by the model [6]. The null 
hypothesis of these tests was that the data come from the same distribution. A type I error occurs when 
the null hypothesis is wrongly rejected. To prevent type I errors, the test statistic was compared with a 
critical value that depends on sample size and a significance level α, where α is the probability of a type I 
error. 
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Kolmogorov–Smirnov 

The first test for determining whether two sets of random samples come from the same distribution is the 
two-sample Kolmogorov–Smirnov test. This test compares the empirical distributions at each point and 
uses the maximum difference as the test statistic. Given samples of size 𝑛𝑛,𝑚𝑚 respectively the formulation 
of the statistic is simple: 𝐷𝐷𝑚𝑚,𝑛𝑛 = 𝑠𝑠𝑠𝑠𝑠𝑠𝑥𝑥�𝐹𝐹1,𝑛𝑛(𝑥𝑥)− 𝐹𝐹2,𝑚𝑚(𝑥𝑥)�, where 𝐹𝐹1,𝑛𝑛(𝑥𝑥) and 𝐹𝐹2,𝑚𝑚(𝑥𝑥) are the empirical 
distributions for the first and second samples respectively.  

The null hypothesis is rejected if 

𝐷𝐷𝑚𝑚,𝑛𝑛 > �− ln�𝛼𝛼2�
1+𝑚𝑚𝑛𝑛
2𝑚𝑚

. 

Anderson–Darling 

A second test for determining whether two sets of random samples come from the same distribution is the 
two-sample Anderson–Darling test. The test statistic for this test is more complicated than the 
Kolmogorov–Smirnov test. For samples of sizes 𝑛𝑛 and 𝑚𝑚 with 𝑛𝑛 + 𝑚𝑚 = 𝑁𝑁, the test statistic for the two-
sample Anderson–Darling test is  

𝐴𝐴𝑛𝑛,𝑚𝑚
2 =

𝑛𝑛𝑚𝑚
𝑁𝑁

�
{𝐹𝐹𝑛𝑛(𝑥𝑥) − 𝐺𝐺𝑚𝑚(𝑥𝑥)}2

𝐻𝐻𝑁𝑁(𝑥𝑥){1 −𝐻𝐻𝑁𝑁(𝑥𝑥)}
𝑑𝑑𝐻𝐻𝑁𝑁(𝑥𝑥),

∞

−∞
 

where 𝐹𝐹𝑛𝑛(𝑥𝑥), 𝐺𝐺𝑛𝑛(𝑥𝑥), and 𝐻𝐻𝑛𝑛(𝑥𝑥) are the empirical distribution functions of the first, second, and combined 
samples, respectively. Tables for various sample sizes can be found in Pettitt’s paper [9].  

The two-sample Anderson–Darling test is a more powerful test than the Kolmogorov–Smirnov test. This 
means given a significance level α, the Anderson–Darling test is less likely than the Kolmogorov–
Smirnov test to result in a type II error (i.e., fail to reject a null hypothesis when the null hypothesis is 
false [5]). 

2.4.2.4 Analysis of variance between reactor performance 

The discussion in Section 2.4 has so far dealt with monitoring the performance of the reactor codes and 
BUMS for a single reactor. Rather than single reactors, PBRs are modular and are expected to be 
deployed as multiple units at a given site. It should be expected to see variations in performance between 
reactor units and systems within those units. Analysis of variance or ANOVA is an approach to look at 
and monitor this variability, make an assessment as to its significance, and initiate corrective action if 
necessary. 

Implementing this adds value because ideally to support long term goals and the promise of this 
technology to address energy and climate concerns, successful deployment is best supported by 
demonstrating that these reactors can consistently achieve the same reliable performance. 

ANOVA is a large topic and would be difficult to cover in full detail in this report. Jaech’s Chapter 3 
Section 3.3.4 [24] provides some additional information and a few simple examples that would likely 
have applicability. There are also several other publications that can be consulted, and this project will be 
working with vendors and academia to further explore application of ANOVA to a multi-reactor 
deployment in FY 2023.  
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2.5 MEASUREMENT METHODS 

Work was performed to determine potential measurement systems and methods for fuel-pebble burnup 
and isotopic content. This work was facilitated by the results of the burnup modeling to develop synthetic 
spectra by using GADRAS to simulate gamma detector response. The focus was on gamma 
measurements, but other measurement systems, such as passive neutron coincidence counters (PNCCs), 
were also explored to determine the most effective approach and to consider system robustness, tolerance 
to high-radiation fields, and acceptable accuracies and uncertainties. 

2.5.1 Gamma Measurements 

When a pebble exits a PBR core, the burnup value of the pebble is determined via the BUMS to check 
whether the pebble has reached a threshold burnup value, so that a decision can be made about whether to 
recirculate the pebble back to the core or to send it to the spent-fuel canister. The measured burnup value 
of a pebble, together with a reactor core–modeling code, can be used to estimate the uranium and 
plutonium isotopic quantities in a spent pebble. The BUMS usually consists of gamma measurements. To 
provide some background information to assist in the design of such a gamma measurement system, the 
expected gamma spectra of two representative irradiated pebbles were simulated and analyzed. One of the 
pebbles, referred to as Pebble 3, represents pebbles that have had three passes through the core, and the 
other, referred to as Pebble 6, represents pebbles that have had six passes through the core. According to 
the core simulations on PBMR-400 presented in earlier sections, Pebble 3 had a burnup value of 52.65 
GWd/MTU, and Pebble 6 had a burnup value of 88.41 GWd/MTU.  

Two simple GADRAS models were developed to generate the synthetic gamma spectra from these two 
pebbles. In GADRAS, 1D models usually represent 3D objects to generate synthetic spectra [16]. This is 
sufficient because the TRISO (TRi-structural ISOtropic) particle fuel are randomly embedded in the 
graphite matrix in the pebbles. Figure 1818 shows the 1D model used by GADRAS to generate synthetic 
spectra in this work. As shown, the model consists of two concentric spheres, with the inner sphere 
representing the mixture of TRISO particles and graphite matrix and the outer sphere representing the 
graphite shell. The density of the inner sphere was assumed to be 2.12 g/cm3, and the outer sphere was 
assumed to be 1.74 g/cm3 [17]. A homogenous blend of irradiated uranium dioxide (UO2) fuel and 
graphite was used to fill the inner sphere, and graphite was used to fill the outer sphere (Note that graphite 
is not available in GADRAS, so carbon is used as a surrogate). The isotopic composition of the irradiated 
UO2 fuel was calculated based on the core simulations described in the earlier sections. The isotopic 
compositions differ between Pebbles 3 and 6 because Pebble 6 was “burned” longer—to a much higher 
burnup value (i.e., 88.41 versus 52.65 GWd/MTU). Any nuclides in the irradiated UO2 fuel with a mass 
greater than 1e-12 g/pebble were included in this GADRAS model; therefore, 322 nuclides for Pebble 3 
and 332 nuclides for Pebble 6 were included in the GADRAS models for Pebble 3 and Pebble 6, 
respectively (the additional burnup of Pebble 6 produces more nuclides). The cooling time was assumed 
to be 100 h after the pebble’s final exit from the core when the gamma measurements were simulated. 
GADRAS treats most types of gamma source terms in materials comprehensively, including neutron-
induced (e.g., [n, γ] reaction) photons, electron-induced (e.g., bremsstrahlung radiation) photons, and 
decay photons [16]. 
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Figure 18. Pebble model used by GADRAS to generate synthetic gamma spectra.  

The detector response function provided by GADRAS for a coaxial high-purity germanium (HPGe) 
gamma detector with 110% efficiency was selected for this work, but response functions for a variety of 
gamma detectors are also available in GADRAS. The distance between the detector and the pebbles was 
assumed be 100 cm, and the distance from the detector to the floor was also assumed to be 100 cm. For 
simplicity, no attenuator or collimator was used in this part of the simulation. Figure 1919 compares the 
synthetic gamma spectra generated by the GADRAS models between Pebbles 3 and 6. Both spectra are 
similar except that (1) the backgrounds differ at some energy ranges, and (2) the magnitudes of some 
gamma peaks differ. Figure 2020 provides a close-up of Figure 199 for the energy range of 600–800 keV. 
Cesium-134 and cesium-137 are two commonly used burnup indicators that can be measured by gamma 
spectroscopy [18, 19]. Figure 2121 provides a closeup of Figure 20 to show the details of the 661.6 keV 
gamma line from 137Cs and the neighboring 668 keV line from 132I, which has a half-life of 2.3 h. The two 
main gamma lines from 134Cs decay, 604.7 and 795.8 keV, are clearly shown and labeled in Figure 20, as 
is the prominent 661.6 keV line of 137Cs. The other three gamma lines are labeled in this figure for 
information only, including the 765.8 keV line that has the largest peak area in these two spectra.  
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Figure 19. Synthetic HPGe gamma spectra generated by GADRAS for Pebble 3 (blue) and Pebble 6 (black).  

 
Figure 20. Close-up of the synthetic HPGe gamma spectra generated by GADRAS for Pebble 3 (blue) and 
Pebble 6 (black) in the energy range of 600–800 keV with the prominent gamma lines labeled. The labels 
include the primary emitter, its half-life, and the branching ratio (in percentage) of the respective gamma line.  
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Figure 21. Close-up of the synthetic HPGe gamma spectra generated by GADRAS for Pebble 3 (blue) and 

Pebble 6 (black) in the energy range of 650–680 keV, showing the 661.6 keV line from 137Cs and the 668 keV 
line from 132I.  

Europium–154 is another commonly used burnup indicator, but all the major gamma lines from 
europium-154 are either severely interfered or shadowed by neighboring gamma lines from other nuclides 
in these two spectra. That can be attributed to the relatively longer half-life of 154Eu (8.6 years). For 
example, the 1,274.4 keV line, the most intense gamma line of 154Eu, was severely interfered by the 1,278 
keV line from 156Eu that has a half-life of only 15 days. Such interference makes it nearly impossible to 
use the peak areas of the subject gamma lines to infer the mass of the source nuclides.  

A careful examination that weighs the concentrations of the nuclides from the burnup calculations with 
the 100 h decay time, half-lives, and branching ratios confirmed that the 604.7 and 795.8 keV gamma 
lines were predominately emitted by 134Cs and were free of any significant interference from other 
nuclides. The same confirmation was made for the 661.6 keV line of 137Cs. This means that the measured 
peak areas of 604.7 and 795.8 keV can be used to infer the mass of 134Cs in the pebble being interrogated; 
likewise, the measured peak area of the 661.6 keV gamma line can be used to infer the mass of 137Cs. 
Although the 134Cs mass generally trends positively with burnup, it is also affected by the following two 
factors: First, the 134Cs production depends on the neutron-energy spectra in which the fuel has been 
irradiated [18]. Second, the 134Cs accumulation is affected by irradiation power because it takes longer to 
reach the same burnup under lower irradiation power, and some of the 134Cs has already decayed away 
before the final discharge because of 134Cs’s relatively short half-life of 2 years [18]. These two factors 
are expected to have larger impacts on PBRs than LWRs because PBRs usually have hundreds of 
thousands of fuel elements (i.e., pebbles) in their cores, and the fuel pebbles travel through the core 
somewhat randomly several times. For example, the neutron energy spectra experienced by a pebble can 
vary significantly among different radial and axial zones, as discussed in the previous sections. Moreover, 
the power profile of a pebble can also vary significantly because of different flow paths taken through the 
core.  

On the other hand, 137Cs is a reliable burnup indicator because the fission yields of 137Cs from 235U and 
239Pu, the two primary fissioning nuclides in PBRs, are nearly identical. There are usually two ways to use 
the measured gamma-peak areas to determine the mass of the source nuclides and then burnup: first, 
using the absolute gamma-peak areas and, second, using the gamma-peak area ratios. Given that the 
absolute efficiency of an emitted photon being detected is usually unknown because the absolute 
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efficiency depends on the self-attenuation in the source, transport from source to detector, detector 
efficiency, and so on, using peak-area ratios can circumvent this issue because only relatively efficiency 
is needed among two subject gamma lines. For example, the relative efficiency in the energy range of 
600–800 keV can be determined by comparing the measured peak areas of 604.7 and 795.8 keV and their 
respective branching ratios, given that both gamma lines were from the same source nuclide. However, 
because of the complications of 134Cs production discussed earlier, the commonly used 134Cs to 137Cs 
gamma line ratio for burnup measurement cannot be applied to PBRs unless the dependencies of 134Cs on 
neutron-energy spectra and power profile are accounted for. Using the absolute peak areas of the 661.6 
keV gamma line of 137Cs appears to be a more practical way to measure burnup for PBRs if the absolute 
efficiency is quantified by using calibrations. Such calibrations can be done by using a known 137Cs 
source in a similar source-material mix and geometry and measurement configuration. The peak areas of 
the 661.6 keV gamma line of these two synthetic spectra of Pebbles 3 and 6 were also extracted by 
GADRAS. The peak-area ratio of Pebble 6 to Pebble 3 for the 661.6 keV gamma line was 1.72, which is 
close to the burnup ratio of Pebble 6 to Pebble 3 (1.68).  

As shown in Figures Figure 19–Figure 20, the gamma counts in 30 s were high (e.g., tens to hundreds of 
millions counts per second in the 600–800 keV range), and the dead time was nearly 100%. The dose rate 
in the detector at 100 cm away from Pebble 6 was estimated to be 33.5 R/h based on a simple Monte 
Carlo N-Particle Transport calculation without attenuation or collimation applied, which was four orders 
of magnitude higher than the upper dose rate limit on a typical HPGe detector (~2.5 mR/h). This means 
that attenuation and collimation are needed to bring the count rates and dose rates down to acceptable 
levels. Because it is beyond the scope of this project to design actual attenuators and collimators for 
pebble measurements, a simple study was performed by simulating the use of a 1 in. thick stainless-steel 
attenuator and a 0.5 mm diameter collimator.  

Figure 22 shows an updated synthetic spectrum of Pebble 3 with the use of such attenuator and 
collimator. Compared to what is shown in Figure 2020, the count rates in the 600–800 keV range were 
reduced by four orders of magnitude, and the count rates in the low-energy range (<200 keV) were 
reduced even further. The dose rate was reduced in similar orders of magnitude. The total count rate is 
now reduced to ~30,000 counts per second, which would yield a dead time of 20%–30%. In this 
spectrum, a measurement precision of 2.5% in 30 s for the 661.6 keV peak can be expected.  

 

Figure 22. Synthetic HPGe gamma spectra for Pebble 3 with hypothesized attenuation and 
collimation applied. 
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In summary, based on the simulations of the expected gamma spectra of Pebbles 3 and 6 from a typical 
HPGe detector, the prominent gamma lines from 134Cs and 137Cs can be measured at a cooling time of 100 
h. The simulated peak areas of the 661.6 keV gamma line were proportional to the burnups of Pebbles 3 
and 6. Although the peak-area ratios of 134Cs to 137Cs have been routinely used to determine burnup 
values in LWRs, the complications of 134Cs accumulation are due to its dependence on neutron-energy 
spectra, and power levels are exacerbated because of PBRs’ unique core and refueling characteristics. 
Using the absolute peak area of the 661.6 keV line of 137Cs seems to be a more practical approach to 
determine a pebble’s burnup, but calibrations will be required to determine the efficiency of a 661.6 keV 
photon being measured in the detector. Additionally, using a 1 in thick stainless-steel attenuator and a 0.5 
mm diameter collimator brought the count rates of Pebble 3 down to acceptable levels.  

2.5.2 Neutron Measurements 

Neutron emissions from spent fuel are usually more sensitive to the fuel’s burnup than the photon 
(gamma) emissions are. For example, 244Cm, a major neutron emitter, trends with the fourth power of the 
fuel’s burnup [18]. Neutron measurements can potentially provide a more sensitive measurement of the 
burnup than the gamma measurements can. Additionally, the measured coincidence neutron signal is 
approximately linear with the fissile content of the spent fuel and can potentially be used to distinguish 
pebbles with different initial enrichments—that is, pebbles with same burnups but with different 
enrichments are expected to have different fissile content. Such distinction can be useful for fuel 
management and for MC&A.  

A passive neutron coincidence counter (PNCC) can be used to measure the total neutron emission from a 
pebble to determine fuel burnup and measure the coincident neutrons to determine fissile content. Figure 
23 depicts a model of a typical PNCC. The neutrons are measured by a series of helium-3 (3He) tubes that 
are embedded in neutron-moderating materials such as polyethylene and graphite shown here. Significant 
modifications of the detector geometry are expected to customize this detector for a pebble measurement. 
For example, the detector can be broken into two half-cylinders to allow a pebble-containing pipe to pass 
through the middle of the detector. High-Z materials such as tungsten are needed to reduce the gamma-
flux exposure on the 3He tubes to reduce pileups. Table 4 shows the neutron-emission rates from Pebble 6 
at a cooling time of 100 h. It shows that 92% of the neutron emissions were from spontaneous fission, and 
Pebble 6 emitted ~14,000 neutrons per second (n/s), which are expected to yield sufficient counting 
statistics from a PNCC measurement.  
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Figure 23. An example of a PNCC: an inventory sample counter Mod III [20]. 

Table 4. Neutron-emission rates from Pebble 6. 

Burnup (α, n) Spontaneous 
fission Total 

(GWd/tU) (n/s) (n/s) (n/s) 
95 1,125.09 12,979.8 14,104.8 

 

3. FY 2023 WORK PLANS 

During FY 2023, the project team will continue working with industry to understand and apply MC&A 
approaches to PBRs. Under this project, work will continue with X-energy and within the Advanced 
Reactor Demonstration Program scope, which includes both Oak Ridge National Laboratory and Sandia 
National Laboratories. The partnership with Kairos Power is progressing with the execution of 
nondisclosure agreements and in a negotiated project scope under the Advanced Reactor Demonstration 
Program. The project team will continue to work with other national laboratories.  

Future modeling work will continue to refine the models and codes for calculating burnup values for 
different reactor operational modes. Additionally, below are some areas being considered: 



 

33 

• Non-steady-state operations: Exploring non-steady state operations to determine effects on nuclear 
material production and loss during the operational lifetime of the reactor.  

• Pebbles with different initial enrichments: Some reactors use pebbles of different enrichments 
during start-up or other operational modes. Currently, for NRC reporting purposes, this gets split into 
different entries on the accounting records. Also, for operational reasons, pebbles with different initial 
enrichments may need to be withdrawn from the reactor system at different times. It is currently 
unknown if gamma NDA measurements (e.g., 137Cs content) would allow this kind of 
determination. This issue may affect the MC&A approach for spent-fuel containers that contain 
pebbles with different initial enrichments. Work will be done to bound the plutonium content 
considering different initial enrichments to determine if this has a significant impact on final 
plutonium values and on reporting. 

• Graphite spheres: Graphite spheres are not currently modeled in this initial phase. Because they will 
be used in some PBR designs, the models will be updated to account for these nonfuel spheres and to 
determine the effect on nuclear material loss and production. 

• Information data flow for MC&A systems for PBRs: Considering the measurement systems that 
are planned to be used, modeling tools available, and statistical approaches. Data-flow diagrams will 
be developed that show the inputs, the analysis and decision points, and the feedback loops. These 
diagrams will show how the data gets turned into useful information. 

• Measurement systems: Work will continue to determine the performance of NDA measurement 
systems in accurately determining burnup values and the associated U/Pu content for individual 
pebbles as well as for the aggregate in containers. The effect of high temperatures and radiation levels 
will be considered. In certain reactor environments current material used in detectors will not 
withstand these harsh environments such that alternate materials will need to be identified. 

• Receipt of fresh fuel from fuel-fabrication facilities: Commercial fuel-fabrication facilities are 
currently being planned and built to produce the fuel necessary for the new PBRs that are being 
planned to be built. How the fresh fuel will be shipped and received by PBRs will be analyzed and 
will include required measurements and measurement systems, interfacing with PBR MC&A 
systems, resolution of shipper-receiver differences, and reporting requirements of the Nuclear 
Regulatory Commission. 

• Recommendations on joint-use equipment with the IAEA: There will be opportunities to share 
measurement signals between the PBR operator and the IAEA such as the burnup measurement 
system or other systems that characterize the spent fuel at discharge. Because of the complexity of 
these systems, it may be beneficial for the IAEA and the operator to share such information. Any 
signals or information must be allowed signal authentication and independent verification by the 
IAEA to verify operator declarations. This work is expected to be performed in collaboration with 
Pacific Northwest National Laboratory. 

• Analysis of variance (ANOVA): PBRs are modular and are expected to be deployed as multiple 
units at a given site. It is expected to find variations in performance between reactor units and systems 
within those units. The team will continue to work with vendors and academia to further explore the 
application of ANOVA for multi-reactor systems. 

• Final year end rollup report: A report will be developed that will roll up all the activities and work 
performed as part of the work for MC&A for PBRs. This report will summarize the results of all work 
done to date. 
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