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Abstract

Measurements were per formed us ing mul t ip le 
mechanically cooled high-purity germanium detectors at 
six positions around standard industrial 30B cylinders (2.2 
metric ton) of UF6 to assess if matrix inhomogeneity is 
detectable and its impacts on the measured apparent 
uranium enrichment. Uranium enrichment was calculated 
with FRAM™. Six of the nine cylinders appeared to be 
homogeneous as indicated by having similarly accurate 
apparent measured uranium enrichment, at all positions. 
However, three cylinders appeared to have localized 
inhomogeneities. This was manifested as very low 
apparent enrichments, often <10% of the declared value, 
on one side of the cylinder. Examination of the spectra 
suggested both elevated 234Th-234mPa daughter isotopes 
and reduced 235U were measured at these locations. It is 
hypothesized that these heterogeneous cylinders may 
have experienced asymmetric solar heating, which caused 
volatile UF6 to sublime preferentially away from the warmed 
side. Care should be taken during uranium enrichment 
verification when applying methods that include gamma-
rays associated wi th daughter nucl ides to the 
determination of uranium enrichment for cylinders that are 
stored in sunlight.
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1.	 Introduction

Accurate quantification of uranium enrichment in uranium 
hexafluoride (UF6) cylinders is necessary for material ac-
counting and nuclear safeguards. Non-destructive assay 
(NDA) methods using gamma-ray spectroscopy are often 
used to verify enrichment declarations. NDA enrichment 
determinations either employ only the 185.7 keV emission 
associated with the 235U (e.g., the enrichment meter) or ra-
tios of gamma-ray emissions associated with the radioac-
tive daughter nuclides of one or more uranium isotopes. 
The Fixed Energy Response Function Analysis with Multi-
ple Efficiency (FRAM™) code can perform isotopic analy-
sis on uranium using gamma- and X-ray peaks associated 
with 234U, 235U, 238U, and 234mPa.[1] While more complex, 
use of FRAM™ eliminates the need for measuring the wall 
thickness of the cylinder or calibrations using known en-
richment uranium materials. For low-enriched uranium 

(LEU) analysis, the software can be run in two modes: 
“planar” which uses 60 – 250 keV peaks and “coaxial” 
mode which uses 120 – 1010 keV peaks.[2,3,4] The latter 
mode is useful for applications to thick-walled walled ves-
sels such as standard industrial 30B cylinders (2.2 metric 
ton) of UF6. For an accurate uranium enrichment to be cal-
culated by FRAM™ or any other method that utilizes gam-
ma-ray emissions from uranium daughter products, the 
UF6 must be homogenously distributed with respect to 
uranium and daughter products, and the 234Th and 234mPa 
isotopes must be in secular equilibrium with their parent 
238U. Given that the half-lives of 234Th and 234mPa are 
24.1 days and 1.17 minutes, respectively, the sample must 
be at least 3.5 months old (~95% of secular equilibrium) to 
allow the system to minimize the effects of disequilibrium 
on the measurement.

The detector geometry, in relation to the distribution of the 
UF6 inside the cylinder, is also important for accurate anal-
ysis. Depending on the manner in which the cylinder was 
filled, the UF6 may be found in different wall thickness dis-
tributions. Initially, gas transfers of UF6 tend to fill with 
a central void as material sublimes into the cylinder. Liquid 
filled cylinders initially have a void in the top horizontal half 
of the cylinder due to volume reduction as the liquid freez-
es into the denser solid. It should be noted that these are 
initial geometries which likely progress toward an interme-
diate state through sublimation and mechanical fracturing 
over some variable time frame where all surfaces have 
a significant thickness of UF6 and the large void is predom-
inantly found in the top half of the cylinder. The distribution 
of UF6 around a full cylinder likely meets the ~1 cm infinite 
thickness requirement of the 185.7 keV gamma-ray for the 
enrichment meter method at almost any point. Theoretical-
ly, enrichment meter and FRAMTM do not require an infinite 
thickness for higher energy peaks (e.g. 234mPa) and so do 
not need an infinite thickness of UF6. Berndt et al. [5] dem-
onstrated that the detector location and filling profile influ-
ence the detector response, and therefore the accuracy of 
the enrichment, as measured by the enrichment meter 
measurement. As such, the detector positions were cho-
sen to “guarantee” the requirement of infinite thickness by 
focusing on the bottom third of the cylinder. Other studies 
have recently investigated localized spatial impacts related 
to heel and daughter distribution on spectra and enrich-
ment measurements.
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This study presents position-dependent gamma-ray 
measurements of 30B cylinders made with high purity ger-
manium (HPGe) detectors and analyzed using FRAM™ 
v5.2 distributed by ORTEC® to determine the uranium en-
richment. This approach has been shown to produces 
quick, accurate results comparable to those of the tradi-
tional enrichment meter method [2,6] and has the added 
advantages that it does not require determination of the 
wall thickness of the vessel, calibration on a known enrich-
ment uranium material, or an infinite thickness type geom-
etry. This work focused on determining the impacts on en-
richment as determined by FRAMTM due to potentially 
variability within the physical UF6 distribution and daughter 
nuclide distribution around the cylinder by performing hori-
zontal profiling.

2.	 Methods

Gamma-ray spectra were collected around nine 30B UF6 
cylinders that ranged in enrichment between 0.71 and 
4.95 weight% 235U. Examination of various enrichment 
calculation methods [6] and neutron emission rates [7] 
measurements of these data have been reported else-
where. The spectra were collected in six positions around 
the cylinder using commercial, mechanically cooled high 
purity germanium (HPGe) detectors (Fig. 1). These posi-
tions were selected to attempt to produce a uniform ge-
ometry that assumed a homogenous distribution of ura-
nium and daughter products inside the cylinder without 
collimation. Both coaxial (three detectors; all ORTEC® 
portable HPGe detectors) and planar (two detectors; 
both Canberra/Mirion Falcon 5000 HPGe detectors) 
crystal types were used. A 10 to 30 minute spectrum was 
collected using each detector at all six positions around 
the cylinder (e.g., 5 detectors × 6 positions = 30 gamma-
ray spectra per cylinder). The position numbering system 
was kept constant across all cylinders: positions 1, 2, and 
3 were on one side of the cylinder while position 4, 5, and 
6 were on the other side (Fig. 1). Three of the detectors 

were angled so that they were in contact with the face of 
the cylinder near the base where the suspected UF6 pro-
file was thickest. The two coaxial detectors had to be po-
sitioned in a similar geometry but 12 inches from the wall 
of the cylinder to decrease the overall deadtime of the 
measurement. Deadtimes varied between 20% and 90%, 
with high dead times are addressed in section 4.2. The 
data were initially collected to examine the full gamma-ray 
spectrum of each cylinder and so the methodology was 
not optimized for enrichment measurement purposes, 
e.g., no collimation was used which may have improved 
the measurement.

The gamma-ray spectra were analyzed with the commer-
cial FRAM™ software in “coaxial” mode, using the ULEU_
Cx_120-1010 parameter set. Using this parameter set, the 
software uses ratios of high and low energy peaks to 
quantify the isotopic fractions of 234U, 235U, 236U, and 238U. 
The 235U enrichment is calculated using a ratio between 
the 185.7 keV peak from 235U and the 1001 keV peak from 
234mPa (234Th), following Eqn. 1.[1] where Ni = number of at-
oms of isotope i, C(E) = peak area of gamma-ray j of ener-
gy E, T1/2, i = half-life of isotope i, BRj = branching ratio of 
gamma-ray j, and RE(Ej)= relative efficiency value of gam-
ma-ray j determined by a nonlinear least squares curve fit 
to the relative efficiency values at various energies. Thus, 
this method relies on the attainment of secular equilibrium 
between 238U and 234Th, unless the date of last chemical 
separation (in the case of UF6, gas transfer) is known, in 
which case the code can make the appropriate correction. 
The software calculates a relative efficiency curve based 
on the measured gamma-rays and detector efficiency, as 
run in “physical efficiency” mode using eleven peaks from 
uranium isotopes and daughter products: 143, 163, 185, 
and 205 keV from 235U and 258, 742, 766, 880, 883, 945 
and 1001 keV from 234mPa, and requires no calibration.[4] 
The software can also be used in “planar” mode, which re-
lies on low energy x-ray and gamma-ray peaks to quantify 
the isotopic fractions, however 30B cylinder walls are too 

Figure 1: Geometry of the six position analyses around a 30B cylinder. The grey area is to suggest the expected distribution of UF6 inside 
the cylinder.
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thick for this method. The ratio of Ni and Nk is the enrich-
ment as atom % but is converted by the software to 
weight % which is more commonly employed in the nucle-
ar industry.
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3.	 Results

To assess the accuracy of the measured apparent enrich-
ment, the percent difference between the measured and 
declared weight% value was calculated following Eqn. 2.
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Six cylinders showed accurate, relatively constant uranium 
enrichments at all six positions around the cylinder, repre-
sented by calculated apparent enrichments within 20% of 
the declared value at all positions (Fig. 2 left). Three cylin-
ders were found to have different apparent enrichments on 

either side of the cylinder with side 1-2-3 showing one 
consistent apparent enrichment within 10% of the de-
clared value, and side 4-5-6 showing a different apparent 
enrichment (Fig. 2 right).

The spectra were examined in Peak Easy v4.98.1 [8] to de-
termine the count rates of the 185.7 keV peak from 235U 
and the1001 keV peak from 234mPa. Count rates, relative to 
the live time, measured by five detectors in six positions 
around apparently heterogeneous cylinders are shown in 
Fig. 3. There was a correlation between slightly lower 
185.7 keV count rate relative to the other side (~5% differ-
ence in count rate) and decreased apparent enrichments 
calculated as calculated by FRAM™ in these heterogene-
ous cylinders. Variations in 185.7 keV count rate by ~4% as 
a function of measurement position at the cylinder have 
been noted by Dufour et al. (2019) [9] so these slight varia-
tions in 185.7 keV count rate not significant. The 1001 keV 
peak count rates show large variation between the two 
sides of the heterogeneous cylinders, with the apparently 
low-enriched side showing up to 6x higher 234Th-234mPa 
count rate (Fig. 3).

Figure 2: Accuracy of position analyses around the six “homogeneous” cylinders (triangles) and three “heterogeneous” cylinders (circles) 
plotted as the percent difference of the measured enrichment relative to the declared cylinder tag enrichment.
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Figure 3: The deadtime corrected 185.7 keV peak count rate (left column) and 1001 peak count rate (right column) plotted by position, 
in counts per second, for three heterogeneous cylinders. Count rates for Cylinders A, B and C are groups in the top, middle and bottom 
plots, respectively. Markers denote five different detectors and colors correspond to position (1, 2, 3 = blues; 4, 5, 6 = reds). 
Measurements at positions 1, 2, and 3 produce accurate 235U apparent enrichments while the measurements at positions 4, 5, and 6 
shows apparent enrichment values that are consistently low. The Y-axis range varies because the three cylinders contain different 
U enrichments. Measurement uncertainty propagated from the total counts is within the data points.
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4.	 Discussion

4.1	 Detector performance

Because each detector was used at every position around 
the cylinder, these data can be used to evaluate detector 
performance without an added bias of position-depend-
ence. When the homogeneous cylinders are considered, 
the planar detectors measure, on average, slightly more ac-
curate uranium enrichments (Fig. 4). Using FRAM™ to cal-
culate an enrichment, planar detectors average ± 9% accu-
racy while coaxial detectors average within ±13% accuracy, 
but the difference between planar and coaxial detector ac-
curacy is not statistically significant (Fig. 4). Therefore, we 
conclude there are no significant differences in the accuracy 
of the enrichment calculated from spectra measured by pla-
nar vs. coaxial detectors and that “coaxial” mode on 
FRAM™ can be applied to either detector type. Given this, 
we can generally evaluate the effects of detector placement 
independently from detector performance.

4.2	 Heterogeneous apparent enrichments on 
opposite side of the cylinder

Six of the cylinders analyzed at six positions showed no 
significant differences in apparent enrichment related to 
detector position. Data collected from all positions at these 
six cylinders showed a similar range of accuracy, as deter-
mined by the percent difference between the measured 

and declared enrichment (Fig. 2 triangles). However, 
three of the cylinders analyzed showed extremely different 
apparent enrichments related to detector position on each 
side of the cylinder (Fig. 2 circles). Disequilibrium effects 
between parent and daughter isotopes can be ruled out 
as the cause of low apparent enrichments, because all 
eight of these low-enriched cylinders were analyzed be-
tween 6 months and 3.5 years after their fill dates. It is 
therefore assumed that secular equilibrium has been at-
tained on a whole-cylinder scale. While variations can be 
observed from heel deposits [10], they are not likely to be 
as systematic as observed in these studies. Thus, we pro-
pose that heterogeneous UF6 and daughter product distri-
bution within the cylinders caused the low apparent en-
richment observed on one side of the cylinder. It is 
assumed that detector placement relative to the filling pro-
file illustrated in Fig. 1 would have captured a homogene-
ous UF6-daughter mixture. However, given that UF6 can 
sublime when heated, asymmetric solar heating of the cyl-
inder could result in a heterogeneous UF6 distribution. 
A cylinder oriented east –west in a storage yard is likely 
warmed to a greater degree on its southern side due to 
solar heating. This process could result in partial UF6 subli-
mation and removal from the warmed side, leaving behind 
nonvolatile daughter nuclides like Th and Pa on the 
warmed side. The cylinder wall temperatures were not 
measured during this analytical campaign, so it is impor-
tant to note that proposed sublimation from solar heating 

Figure 4: Accuracy of each detector for the six “homogeneous” cylinders plotted as the percent difference of the measured enrichment 
relative to the declared cylinder tag enrichment.
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is only speculative, and further experiments should be 
completed to test this phenomenon.

The removal of parent U isotopes from the daughter Th 
products would result in localized disequilibrium between 
U and Th/Pa on the heated side of the cylinder. The added 
UF6 to the cooler side would have minimal impact on the 
gamma-ray signal observed, as the 185.7 keV line would 
be self-shielded and the daughter nuclides would not pro-
vide significant contributions for months. However, the 
warmed side would likely have observable gamma-ray ef-
fects because UF6 shielding was removed, allowing for 
a stronger daughter-product signal. This was observed in 
several cylinders analyzed here; Fig. 3 compares the 185.7 
and 1001 keV peak count rates at six positions around 
three cylinders. These cylinders were measured with five 
detectors, and each are plotted to show that the meas-
ured count rates were systematic across multiple detec-
tors and not due to improperly tuned or faulty detectors. 
For each of these cylinders, positions 1, 2, and 3 show ac-
curate apparent enrichments while positions 4, 5, and 6 
show extremely low apparent enrichments. There is a clear 
1001 keV peak count rate offset between each side of the 
cylinder; the low apparent enrichment side has a signifi-
cantly higher 1001 count rate (Fig. 3). This is also true for 
the 766 keV peak from 234mPa, implying that the daughter 
product activity was measurably higher on the suspected 
warm side of the cylinder than on the cool side.

Additionally, there is a strong relationship between dead 
time and position. The majority of the spectra collected on 
the apparently low-enriched side (positions 4, 5, and 6) of 
the cylinders have exceedingly high dead times (>60% of 
the total count time), whereas all spectra collected on the 
“normally” enriched side (positions 1, 2, and 3) have dead 
times < 60% of the total count time (Fig. 5). These high 
dead times occurred in all detectors used. High dead times 
are presumably due to the relatively high daughter product 
activity. This would suggest that cylinders with significant 
dose differences between their sides may produce errone-
ous data on the side with higher dose readings, because 
dose generally correlates to the abundance of high activity 
234mPa. Therefore, dose rate measurements and/or dead 
time monitoring could be used in the field to quickly identify 
potentially heterogeneous UF6 distribution within cylinders.

4.3	 Measuring spatial disequilibria within UF6 cylinders

Because FRAM™ relies on a ratio between the 1001 keV 
peak and the 185.7 keV peak, it is sensitive to spatial homo-
geneity between parent U and daughter Th and Pa iso-
topes. This means FRAM™ calculates a lower apparent en-
richment on the warm side as there is increased signal 
related to the high energy gamma-ray peak signal from 238U. 
The traditional enrichment meter method is less susceptible 
to the effects of spatial disequilibria as it only uses the inten-
sity of the 235U peak; however, it is not totally immune. Data 

Figure 5: Dead time (% of total time) plotted against the accuracy of the 235U enrichment measurement for the three heterogeneous 
cylinders. Accuracy is calculated as the percent difference between the measured and declared enrichments. Colors correspond to 
position (1, 2, 3 = blues; 4, 5, 6 = reds) as in previous figures.
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in Fig. 6 show a comparison between the spectra analyzed 
with FRAM™ and the 185.7 keV enrichment meter method 
for the three cylinders presented in Fig. 3. The enrichment 
meter was calibrated on two homogeneous cylinders from 
this facility with an enrichment of 4.95% and 0.71% 235U. It 
was assumed that all wall thicknesses were the same, so 
no corrections were made for wall thickness. The results 
from the enrichment meter data treatment on the warmed 
side are much more accurate than the FRAM™ results but 
are still slightly depressed from the true enrichment (Fig. 6). 
As shown in Fig. 3, the 185.7 keV count rates are very simi-
lar between the two sides. This is likely because, although 
some UF6 was suspected to be have been removed from 
the warm-side wall, a deposit that was close to infinite 

thickness for the low energy 185.7 keV gamma-ray re-
mained. Thus, the peak is only slightly altered by suspected 
material removal. Additionally, the higher dead times result-
ing from increased daughter product activity likely impacted 
the apparent enrichments calculated by the enrichment me-
ter. Going forward, the possibility of heating-induced spatial 
disequilibria and its detection by different spectral analysis 
methods should be considered when using these methods 
in the field. Because the cause of the heterogeneities re-
ported here is only speculative (i.e., we do not have confir-
mation that the heterogeneous cylinders were exposed to 
more sunlight than the homogeneous cylinders), further 
study of this phenomenon in laboratory and field settings is 
encouraged.

Figure 6: Comparison between FRAM™ (using peaks between 120 – 1010 keV) and the enrichment meter method (using only 185.7 
keV) on heterogeneous cylinders. Data measured with two detectors from three heterogeneous cylinders are shown. Because FRAM™ 
relies on a ratio between the 185.7 and 1001 peaks, it is more sensitive to spatial disequilibria between UF6 and its daughters in the 
cylinder. Colors correspond to position (1, 2, 3 = blues; 4, 5, 6 = reds).
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5.	 Conclusions

The application of FRAM™ to determine enrichment of UF6 
in thick-walled cylinders can be performed with similar ac-
curacy using either planar or coaxial detectors. However, 
caution should be exercised when applying FRAM™ or 
other enrichment meters that require the use of uranium 
daughter isotopes for measurements on UF6 cylinders, es-
pecially if there are significant discrepancies between 
deadtime and/or dose rates at different locations around 
the cylinders. Cylinder placement within a storage yard 
should be noted when measurements are made, and if un-
even solar heating is suspected, measurements should be 
taken at multiple points around a cylinder to assess the 
accuracy of the uranium enrichment measurement. Fur-
ther studies are needed to assess the effects of solar heat-
ing on UF6 distribution within a cylinder.
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