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Abstract 
 
The Y-12 National Security Complex is playing a role in the U.S. High Performance Research Reactor 
(USHPRR) Conversion program sponsored by the U.S. National Nuclear Security Administration’s Office of 
Global Threat Reduction. The USHPRR program has a goal of converting remaining U.S. reactors that 
continue to use highly enriched uranium (HEU) fuel to low enriched uranium (LEU) fuel. The USHPRR 
program is currently developing a LEU Uranium-Molybdenum (U-Mo) monolithic fuel for use in the U.S. 
high performance research reactors.Y-12 is supporting both the fuel development and fuel fabrication efforts 
by fabricating low enriched U-Mo foils from its own source material for irradiation experiments and for 
optimizing the fabrication process in support of scaling up the process to a commercial production scale. 
Once the new fuel is qualified, Y-12 will produce and ship U-Mo coupons with verified 19.75% +0.2% -
0.3% U-235 enrichment to be fabricated into fuel elements for the USHPRRs. Considering this small 
enrichment tolerance and the transition into HEU being set strictly at 20% U-235, a characterization system 
with a measurement uncertainty of less than or equal to 0.1% in enrichment is desired to support customer 
requirements and minimize production costs. Typical uncertainty for most available characterization systems 
today is approximately 1-5%; therefore, a specialized system must be developed which results in a reduced 
measurement uncertainty. A potential system using a High-Purity Germanium (HPGe) detector has been 
procured, and tests have been conducted to verify its capabilities with regards to the requirements. Using four 
U-Mo enrichment standards fabricated with complete isotopic and chemical characterization, infinite 
thickness and peak-ratio enrichment measurement methods have been considered for use. As a result of 
inhomogeneity within the U-Mo samples, FRAM, an isotopic analysis software, has been selected for initial 
testing. A systematic approach towards observing effects on FRAM’s enrichment analysis has been 
conducted with regards to count and dead time. 
 
Introduction 
 
The Reactor Conversion program, sponsored by the U.S. National Nuclear Security Administration’s Office 
of Global Threat Reduction, works with research reactors to assist them in converting from the use of highly 
enriched uranium (HEU) fuel to low enriched uranium (LEU) fuel. For the U.S. High Performance Research 
Reactors, the program is currently developing a LEU Uranium-Molybdenum (U-Mo) monolithic fuel for use 
in the U.S. high performance research reactors. Y-12 is supporting both the fuel development and fuel 
fabrication efforts by fabricating low enriched U-Mo foils. The production of LEU U-Mo foils at Y-12 as 
part of the USHPRR program requires methods to verify enrichment before shipping for final fabrication into 
fuel elements. The requirement of 19.75% +0.2% -0.3% U-235 enrichment in the U-Mo foils, and their 
proximity to the transition into HEU (20% U-235) requires an accurate nondestructive assay (NDA) 
enrichment method. Currently available enrichment verification systems based on gamma spectroscopy at Y-
12 typically provide an uncertainty of 1-5%; thus, improvement is needed for this application with the final 
goal of 0.1% uncertainty. The infinite thickness method and peak-ratio method are the two methods under 
consideration. Each method has its own requirements for use as well as unique advantages and 
disadvantages. 
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Review of Enrichment Verification Techniques 
 
Different situations caused by differing material type, sample size, and matrix material require unique 
methods of verification. This uniqueness results in a need for basic understanding of how each method works 
to aid correct selection for the situation. 
 
If samples are considered "infinitely thick" then the infinite thickness method can be considered for use. 
"Infinitely thick" is a term used to describe a sample that is at least as thick as seven mean-free paths of a 
186-keV gamma ray [1]. This thickness allows only some of the 186-keV gamma rays to reach the detector 
and, thus, only a specific portion, or "visible volume", of the sample is viewed as is shown in Figure 1 [1].  
 

 
Figure 1: Infinite Thickness Setup [1] 

 
This limited view, however, also requires the sample to be isotopically uniform, or homogeneous [1]. The 
detector can only detect gamma rays within the "visible volume" it can view, which could contain different 
U-235 enrichments if the sample is inhomogeneous [1]. For any uranium assembly, the "visible volume" is 
the same for every enrichment level because all uranium isotopes have the same attenuation properties [1].  
 
The infinite thickness method operates with the use of the intensity or count rates of the 186-keV gamma 
rays emitted by U-235 and the background counts as is seen in Figure 2 [1].  
 

 
Figure 2: Energy Regions Used For Infinite Thickness Method [1] 

 
Using enrichment standards, enrichment constants  and  can then be calculated [1]. 
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Once these enrichment constants  and  are calculated they can then be used along with an unknown 
enrichment sample’s ( ) count rates for the 186-keV (  and Compton (  ROI, to calculate the 
enrichment [1]. 
                                                                 A ∗ C B ∗ C                                                             (5) 

 
The application guide contained within the Passive Nondestructive Assay of Nuclear Materials (PANDA) 
manual shows varying accuracy and precision estimates for use of the infinite thickness method on LEU 
materials, with the best being 0.2 % [1].  
 
The peak ratio or isotopic analysis method calculates the enrichment from ratios between the peaks of 
different elements and their isotopes [1]. It lacks any requirements for the material to be “infinitely thick” 
[1]. The main issue for this method’s operation, however, is due to considered peaks having such a large 
energy difference and the detector’s varying efficiency in detecting these gamma ray energies [1]. For 
example, the most intense peaks from U-238 are within the 700 to 1000-keV range while the most intense 
peak for U-235 is the 186-keV peak [1]. To solve this problem, a relative efficiency curve must be calculated 
from which corrections to efficiency can be considered [1]. As a result of the efficiency curve technique, this 
method does not require use of any enrichment standards [1]. 
 
More specifically, the peak ratio method works by utilizing the following relationships for measured 
photopeak areas [1]: 
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These two equations can then be rearranged to give the following two ratios between atomic numbers and 
masses of isotopes  and  [1]: 
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Within these ratios, /  is the half-life of the isotope in question, and  is the relative efficiency at a 
particular energy. The total efficiency included in Equations (7) and (8) is dependent upon the detector 
efficiency, geometry, sample self-absorption, and attenuation in materials between the detector and sample 
[1]. When using this total efficiency as a ratio, the geometry factors cancel out and only the detector 
efficiency, sample self-absorption, and attenuation are considered [1]. As a result, the geometry is no longer 
a restriction, allowing the peak ratio method to be used for samples of various sizes and compositions [1].  
 
From measured spectra, a relative efficiency curve can be calculated by using peak areas and interpolating or 
fitting the portions of the curve between the peaks [1]. With this curve, the above equations can be satisfied 
and the isotopic ratios as well as isotopic fractions can be calculated. 
 
It is unknown how these enrichment measurement techniques will perform when conducting analyses of the 
U-Mo material. Testing of these techniques with U-Mo is needed in order to observe performance and 
eventually select one for production level use.  
 
The initial decision was to utilize the infinite thickness method with the U-Mo samples due to its reported 
accuracy of 0.2% in other materials [1]. The inhomogeneity of the fabricated U-Mo samples, however, 
caused the peak ratio method to be the initial selection for testing. These inhomogeneities resulted in the 
absence of U-Mo standards which are required for the infinite thickness method but not for the peak ratio 
method. Possible software utilizing the peak ratio method for uranium enrichments consisted of MGAU, U-
Pu, Isotopic, and PC-FRAM. From these options, FRAM was the selected software to begin testing. 
Homogeneity of future U-Mo samples is expected to improve, thus, allowing testing of the infinite thickness 
method. 
 
FRAM Functionality 
 
FRAM was originally developed at Los Alamos National Laboratory for use in plutonium enrichment 
measurements and was later modified for use with uranium [2]. Parameter files within FRAM allow the user 
to select the peaks, regions, isotopes, etc. that drive the calculation of the variables contained in Equations (8) 
and (9) [2]. Once these variables are calculated, FRAM can then calculate the enrichment value for the 
sample [2]. 
 
FRAM performs its analysis by first performing an internal calibration and then analyzing the spectral data 
[2]. The internal calibration consists of an energy calibration, initial background calibration, full width at half 
maximum (FWHM) calibration, and peak shape/tailing calibration [2]. FRAM executes these calibrations 
from the spectrum in question; thus, no parameters depend on data from an earlier measurement [2]. To 
calculate these calibrations, FRAM takes the user input calibration constants and if allowed, will check these 
constants and modify them if needed [2]. These calibration constants consist of the energy calibration 
(keV/channel), FWHM equation parameters, etc. that have default values and can be modified by the user 
[2]. If the spectrum in question has a lack of spectral quality, missing or poor peaks, the default input 
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parameters can be fixed causing FRAM to operate with those values rather than calculate its own with a poor 
spectrum [2]. For example, FRAM will use the user input energy calibration to find the location of the peaks 
but will then check 10 channels above and below the expected centroid to see if it needs to modify the energy 
calibration [2]. If the expected location is the centroid of the peak then nothing is done, but if the true 
centroid is located elsewhere FRAM will then change the energy calibration as needed to select the true 
centroid [2]. If the peaks within the spectrum are missing or have poor statistics it may be beneficial to force 
FRAM to operate with the user input energy calibration and prevent it from performing modifications [2]. 
 
Once the calibration has taken place, FRAM then analyses the spectral data by calculating the peak areas, 
relative efficiencies, relative activities which can be used to calculate half-lives, and isotopic fractions [2]. To 
do this, FRAM makes three passes through the spectrum’s designated regions and performs said calculations 
[2]. Referring to Equation (4), these calculations result in the variables needed to calculate the atomic or 
mass ratios of materials within the sample. The software then uses the ratios to calculate isotopic fractions of 
the materials within the sample [2]. A more in-depth discussion of FRAM can be found in its manual [2]. 
 
Sample and Equipment Description 
 
In order to acquire data for FRAM analysis, a detector system had to be assembled. The detector used for 
acquiring data is a GEM-50195-P, p-type, Ortec High-Purity Germanium (HPGe) coaxial detector biased at 
+2600V. Peak resolution of this detector was calculated to be approximately 0.592% at 185.7-keV, 0.219% 
at 661.7-keV, and 0.164% at 1001-keV. The HPGe crystal contained within the detector has a 70 mm 
diameter and 78.7 mm length. The signal from the detector was amplified by a 572A Ortec amplifier 
(shaping time = 6 µs and gain = 75) and input into a 927 Ortec ASPEC multichannel analyzer (MCA). A 
203.2 mm long and 11.43 mm thick tungsten alloy (90% W 6% Ni 4% Cu) hollow cylindrical sleeve was 
utilized for collimation purposes. 
 
The four uranium and molybdenum alloy square samples were fabricated with desired 19.75% +0.2% -0.3% 
U-235 enrichment. Figure 3 shows an image of one of the U-Mo samples with an unfinished (or non-
machined) surface. Enrichment data gathered via thermal ionization mass spectroscopy (TIMS) analysis of 
samples from multiple locations on single U-Mo plates has shown approximately 1% enrichment variations 
(due to non-homogeneity throughout the plate). For these four samples, TIMS was only conducted on one 
location of the plate which they were taken from; therefore, the homogeneity or precise enrichment variation 
is unknown. Once confident in FRAM’s enrichment calculations, these samples will be analyzed by TIMS to 
find the true enrichment and homogeneity. 
 

 
Figure 3: Fabricated U-Mo Alloy Sample 

 
Preliminary Results and Analysis 
 
Consultation with FRAM developer Duc T. Vo suggested 0.125-keV/channel energy calibration, 40% dead 
time, and proper collimation could help improve FRAM’s accuracy in isotopic analysis [3]. Energy 
calibration closer to 0.125-keV/channel allows FRAM to more accurately fit the peaks in the spectrum [3]. 
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Dead time of approximately 40% is potentially beneficial due to its balance between good statistics and peak 
resolution, and shielding only the sides of the detector prevents many background gammas from entering the 
detector while still allowing the whole sample to be within its’ view [3]. 
 
Using the suggested energy calibration and collimation, a systematic approach was formulated to observe the 
effects of count time and dead time on FRAM’s enrichment calculation. One of the four U-Mo samples, with 
an enrichment of 19.843% (from TIMS analysis) and 28.58 mm by 37.31 mm by 4.76 mm dimensions, was 
used to collect this data knowing repeatability was of concern. The other U-Mo samples will be utilized in 
the future to further evaluate FRAM’s capabilities. 
 

Table 1: FRAM Analysis – Varying Count Times for the 19.843 1% Enriched U-Mo Sample 
 

Run 1 Run 2 

Live Count 
Time (Secs) 

FRAM 
Calculated 
Enrichment 

% Relative 
Standard 
Deviation 

Live Count 
Time (Secs) 

FRAM 
Calculated 
Enrichment 

% Relative 
Standard 
Deviation 

300 20.873 0.6 300 18.485 0.62 

600 17.034 0.45 600 20.658 0.43 

900 21.126 0.35 900 19.111 0.36 

1200 19.902 0.31 1200 19.723 0.31 

1500 19.929 0.27 1500 20.716 0.27 

1800 18.837 0.25 1800 19.888 0.25 

 
Table 1 displays FRAM's enrichment calculations with spectra of varying live count times. The sample was 
placed in front of the detector to achieve approximately 40% dead time and then each measurement was 
taken with the respective count time. This was repeated twice for runs 1 and 2. Collected data spanned 
multiple days and thus a slight fluctuation in dead time most likely occurred. All the spectra analyzed have 
the same energy calibration of 0.138keV/channel. 
 
Assuming the utilized U-Mo sample shares the same 1% variation in enrichment as earlier fabricated U-Mo 
plates, FRAM’s calculated enrichments roughly agree with the expected value of 19.843 1%. There are a 
few calculated enrichments which are greater than the expected value, but generally the calculations resulted 
in close proximity to the U-Mo expected enrichment. Repeatability is of concern due to the wide fluctuation 
of calculated enrichment values between the two runs. When comparing the 300-900 second to the 1200-
1800 second count time portion, however, the differences between run 1 and run 2 are reduced. Data 
supports an improvement in repeatability may be a result from longer count times. 
 
To measure dead time effects, the sample was placed at varying distances to the detector to achieve the 
approximate dead time values of 10%, 20%, 30%, and 40% dead time. As before, this was done for both runs 
1 and 2 with every measurement live count time equal to 1800 seconds. These spectra also have the same 
energy calibration of 0.138keV/channel as in Table 1. 
 
Data from varying dead time showed no recognizable benefit or detriment to FRAM’s enrichment 
calculation, but once again agreed with the expected enrichment value of 19.843 1%. The relative standard 
deviation was also observed to increase with decreasing dead time; however, this appeared to have no effect 
on the enrichment calculations. 
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Conclusion 
 
Analysis from this limited data set concludes that FRAM’s calculated enrichments did agree with the 
expected value, repeatability may have improved with longer count times, and varying dead times resulted in 
no observable benefit or detriment to FRAM’s analysis. It is difficult with limited data to make any confident 
assumptions; thus, more data needs to be recorded to truly understand these trends. Once confident in 
FRAM’s enrichment analysis, destructive analysis (TIMS) will be conducted on the U-Mo samples to verify 
enrichment values. Future fabrication of U-Mo standards is anticipated to correct homogeneity issues to 
allow use of the infinite thickness method, where accuracy has been quoted for other materials to be as 
excellent as 0.2% [1].  
 
Future work may consist of FRAM parameter file modification to better fit the measurement situation and 
the measurement of a pure uranium standard with known enrichment and confirmed homogeneity. The use of 
a pure uranium standard will not assist in the determination of FRAM’s behavior with respect to the U-Mo 
samples, but will allow the accuracy and repeatability to be verified. An additional HPGe coaxial detector 
with a thin entrance window has also been ordered with expectations to improve x-ray energy resolution. 
Spectra will be acquired with this system and compared against the existing system for improvements to 
FRAM analyses.  
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