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Analysis of Historical Delta Values for IAEAfLANL NDA Training Courses 
Elisa Bonner, William Geist, Philip Hypes, Peter Santi, Martyn Swinhoe 

Los Alamos National Laboratory 
Los Alamos, NM 87545 

ABSTRACT 

The Los Alamos National Laboratory (LANL) supp0l1s the International Atomic Energy 
Agency (IAEA) by providing training for IAEA inspectors in neutron and gamma-ray 
Nondestructive Assay (NDA) of nuclear material . Since 1980, all new IAEA inspectors 
attend this two week course at LANL gaining hands-on experience in the application of 
NDA techniques, procedures and analysis to measure plutonium and uranium nuclear 
material standards with well known pedigrees. As part of the course the inspectors 
conduct an inventory verification exercise. This exercise provides inspectors the 
opporttmity to test their abilities in performing verification measurements using the 
various NDA techniques. For an inspector, the verification of an item is nominally based 
on whether the measured assay value agrees with the declared value to within three time 
the historical delta value. The historical delta value represents the average difference 
between measured and declared values from previous measurenlents taken on sinlilar 
material with the same measurement technology. If the measurement falls outside a limit 
of three times the historical delta value, the declaration is not verified. This paper uses 
measurement data from five years of IAEA courses to calculate a historical delta for five 
non-destructive assay methods: Gamma-ray Enrichment~ Gamma-ray Plutonium 
Isotopil:s, Passive Neutron Coincidence Counting, Active Neutron Coincidence Counting 
and the Neutron Coincidence Collar. These historical deltas provide information as to the 
precision and accuracy of these measurement techniques under realistic conditions. 

1. INTRODUCTION 

The International Atomic Energy Agency (IAEA) maintains records of the results of 
Nondestructive Assay (NDA) measurements performed during Agency inspections 
around the world. These results are analyzed for each method and material at each 
facility to determine the level of agreement that is routinely achieved. The average 
difference between the measured values and the declared values is the historical delta or 
performance value for that measurement at that facili ty [1]. 

IAEA inspectors lnust accurately compare th ir gamma-ray spectroscopy and neutron 
coincidence counting measurement results with the known historical delta values as part 
of the process of verifying the facility declarations for the inspected items. If the 
measurement result agrees with the declared value to within plus or minus three times the 
historical delta value, the declaration for the item is verified. If the result lies outside this 
range the item declaration is not verified. The historical delta of a measurement 
technique should accurately reflect the precision and accuracy that can be achieved with 
the measurement technique. An historical delta that is too small relative to the actual 
accuracy and precision of a given measurenlent technique would result in too many false 



rejections orthe operator declaration simply from statistical variation. This would create 
unnecessary work for the facility personnel and Agency inspectors. This is not as 
problematic, however, as a larger historical delta parameter. If an item is falsely rejected 
due to smaller constraints, lllore tests can be conducted to remedy the declaration. 
However, if the historical delta is much larger than the actual accuracy or precision of a 
technique. the probability that an inspector would verify a declaration that should have 
been rejected would increase. This would greatly reduce the effectiveness of using hat 
given Ineasurement technique to detect incorrectly declared items. 

All lAEA inspectors since 1980 have attended training courses on NDA presented at Los 
Alamos National Laboratory. In this course, inspectors are taught the science underlying 
the nleasurement techniques they learned during the lntroductory Course on Agency 
Safeguards. They also have the 0PPOliunity to vary the conditions under which the 
IneaSUrelTIents are performed (i.e., count rate, shielding) to determine the linlitations of 
the standard measurement technique. The course ends with a verification exercise in 
which the inspectors apply their skills to decide whether a list of declared items should be 
considered verified or not. 

In previous training courses, the inspectors have verified the NDA nleasurements using a 
historical delta value provided by LANL instructors. The value approximated a realistic 
historical delta taking into consideration similar facility and nuclear material constraints, 
but was not based on measurement data. Utilizing the previous five years of IAEA 
inventory verification data, historical delta values have been calculated that renect the 
LANL facility conditions and nuclear material measured during the courses. The 
historical delta values are the standard deviation of the cunlulative percent errors for each 
NDA method. The percent errors were calculated using the following formula: 

(M asured - Declared) 
Declared 

Not all items measured in the course were included in the calculation of our historical 
delta calculations. There are also items that inspectors may encounter but are 
significantly different in composition from the pure items. These are Mix d Oxide 
(MOX) and impure plutonium items. Therefore, separate neutron analysis strata have 
been included for MOX itenls and ilTIpUre plutonium iteITIs. 

2. RESULTS: 

Uranium Isotopics 
Uranium Enrichment elnploys Thallium doped Sodiuln Iodide (NaI) detectors, 
CadmiUln Zinc Telluride (CZT) detectors, and high purity Genl1anium (Ge) detectors to 
measure 235U fraction. The mo t commonly used measurement technique is called the 
infinite thickness method or the enrichment meter technique [2]. The 235U fraction 
(enrichlnent) of an item is directly proportional to the intensity of the 185.7 -ke V gamma­
ray peak observed in a spectrum from a collimated gamnla detector. The NaI and CZT 
detectors are calibrated by taking spectra fronl two or more iteiTIS of known enrichment. 



The peak areas from a region of interest around the 185.7 keY p ak (ROI l) and from a 
background area at slightly higher energy than 185.7 keY (ROh) are used to detennine 
the calibration constants A and B shown in the formula below. 

E(% enrichment) = A(ROI[) + B(ROh) 

For Ge detectors, a much more accurate net peak area can be obtained for the 185.7 keY 
gamn1a ray. This enables us to use a simpler calibration f0I111ula ; the percent enriclunent 
is directly proportional to the peak area. The calibration constant, K, is the 
proportionality ratio. 

E(% enriclunent) = K (ROInet) 

Both of these calibration fonnulas must be corrected for differences between the 
calibration standards and veritication items for parameters such as the container wall 
thickness and item composition. 

The uranium enrichment historical delta value was created from two TAEA courses worth 
of data. The historical delta value is calculated by the average, absolute value of the 
percent errors of the measured em'ichment compared to the declared enrichment value. 
Measurements were taken with NaI detectors, CZT detectors, and Ge detectors. Many of 
the same items were measured with all of these detectors to produce the source data, so 
the characteristics of the individual sources bing measured should not affect the different 
detector results. The NaT results are shown in Table 1. 

Historical Delta Average 3.47% 

Historical Delta StDev 5.780/0 
Table 1. NaI Enrichment Measurement Historical Delta results . 

Given this Historical Delta, the verification criteria for these items would be plus or 
minus three times the historical delta average, or ± 10.50/0. Note that this percentage is not 
enrichment, it is the relative agreement between the measured and declared enrichments. 

The NaI det ctors used in the course are 51 x 12 _nun crystals. When comparing the 
historical delta percentages for the three types of detectors, the NaI detector results are 
the most accurate and precise. This is most likely due to the high efficiency of the NaI 
detectors, which gives excellent statistics in a short measurement time (typically less than 
300 seconds and often less than 100 seconds). However, because of the poor resolution 
of NaI detectors, the regions of interest used to analyze the spectrum must be very broad. 
This increases the risk of other radioactive materials in the iteln or the environment 
introducing undetected peaks into the spectrum, which could bias the results . If such 
materials are expected in the environment, a background spectruln should be taken. If 
there is reason to suspect the presence of such lTIaterials in the iteiTIS to be analyzed, then 
higher resolution detectors must be u ed. 

The results for CZ detectors are shown in Table 2. 



Historical Delta Average 6. 160/0 I 
Historical Delta StDev 6.62~'O1 

Table 2. eZT Enrichment Measurement Historical Delta results. 

The principal reason for the higher historical delta of eZT is the lower effIciency of these 
detectors. The crystals are 0.5cm3 in volume. Even with long count times (as much as 
1800s are used usually tor natural enrichment items), the eZT detectors do not acquire 
as many counts as the NaI detectors. The Agency typically Ises eZT detectors to 
measure large items where the count rate is high enough to compensate for the low 
eftlciency of the crystals. i.e., even smaller eZT detectors inserted into the guide tubes of 
fresh fuel assemblies. For eZT detectors, inspectors have the choice of llsing the same 
ROI setup as for NaI, or narr wing the ROls to avoid interference froln other radioactive 
materials. 

Enricrunent measurelnents using eZT detectors show very-low bias when properly 
performed. However, the precision suffers due to resolution constraints. Although the 
resolution of the eZT detector is better than the resolution of the NaI detector, there are 
circumstances in which the Agency still requires the higher resolution provided by 
Germanium detectors. 

he historical delta values calculated for Gennanium detectors are found in Table 3. 

H istori~al Delta Average 
Historical Delta StDev I I.OO~'O 

Table 3. Ue Enrichment Measurement Historical Delta results. 

Germaniuln has the best resolution of the gamma spectroscopy systems used by the 
Agency. The detectors used in the course have a frontal area of 1000mm2

, and are 15mnl 
thick. These detectors produce good statistics with reasonable count times. This enables 
inspectors to measure the enriclunent of items contaminated with other radioactive 
materials, such as in aged UF6 cylinders. However, Ge detectors are only used when 
other detectors cannot be used because Ge detectors require liquid nitrogen to operate. 
The need for liquid nitrogen and the time required for detector cooling present 
operational challenges for inspectors in the field, but enable inspectors to make 
measurements that would not be possible with lower-resolution systems. 

In addition to infinite thickness measurements, Gemlanium detectors can also be used to 
rnake ratio-based measurements, as implemented in the FRAM [3,4], MGA [5,6], and 
MGAU [7,8] software packages. Analyses performed with these teclmiques and codes 
have many advantages. They do not require calibration, and are self-colTecting for 
variations in satnple cOlnposition, wall thickness, and detector efficiency. These 
adVatltages are clearly shown in the calculated historical delta values in Table 4. 

Historical Delta Average 
Hi storical Delta StDev 



Table 4. MGAU Historical Delta results. 

MGAU uses the x-ray region of the gamma spectrum to determine the isotopic 
composition of the item. Instead of directly con-elating the 185.7 ke V peak intensity to 
the enrichment, MGAU uses the intensity ratio between nearby peaks from different 
isotopes. This makes the Ineasurement relatively insensitive to changes in container wall 
thickness, chemical composition of the iteln, and detector efficiency. The detector does 
not have to be calibrated as for the other enrichment measurements. This technique does 
require isotopic homogeneity, and that the uranium be old enough that the 238U daughter 
products are in secular equilibrium with 238U (a few Inonths) . The robustness of this 
technique is evident from the Historical Delta value and excellent precision of the results. 

Plutonium Isotopics 
Measuring plutonium isotopic composition requires a high-resolution Germanium (Ge) 
detector. Although Ge detectors are bulky and must be cooled to liquid nitrogen 
temperatures (77K), IAEA inspectors use Ge detectors when the best possible resolution 
is needed. The data reported here are from MGA [5,6] analysis, using the 60-300 keY 
region of the spectrum. The software uses peak intensity ratios to determine the isotopic 
composition froln the spectrunl. Like MGAU, which was developed from MGA, the 
MGA analysis system does not require calibration, and is self-correcting for 
source/detector geometry, container wall thickness, and source compo ition. Three 
courses worth of data have been analyzed to calculate the historical delta value. The 
Historical Delta value reported in Table 5 is for the 240pUcff fraction. Historical Delta 
values could be calculated for any single isotope. The 240pUcff fraction was chosen 
because that is the value that is used, in combination with Neutron Coincid nce or 
Multiplicity counting results, to calculate the total Pu mass . 

Historical Delta Average 3.21 0/0 
Historical Delta StDev 4.280/0 

Table 5. Historical Delta for Plutonium Isotopics results. 

Neutron Coincidence Counting 
Passive Neutron Coincidence Counting is used to rneasure radioactive material that 
undergoes spontaneous fission [9] . The even-numbered nuclides, 238pU, 240pu, 242pu, are 
all significant sources of neutrons from spontaneous fission . The neutrons fronl 
spontaneous tlssion are strongly correlated in time. By tneasuring the coincident neutron 
emission rate we can determine the mass of tlssioning material. Neutron coincidence 
counting is a very SNM-specific assay technique. There are very few naturally occurring 
neutron sources that produce time-correlated neutrons. Only fission and cosmic ray 
interactions in the detector will produce real coincidence events . The typical background 
rates for neutron coincidence measurelnents are therefore low. Other than pure 
plutonium plutonium can be found in other forms, i.e. impure and Mixed Oxide (l'vIOX). 
Because these forms have different neutron coincidence rates and are encountered in the 
tleld, we have calculated separate Historical Delta values for pure plutonium, ilnpure 
plutonium, and MOX. 



I 

~
os Alamos National Laboratory utilizes tour High Level Neutron Counters (HLNCs) 

[10] for IAEA training courses. They are descriptively labeled to identify one from the 
ther: 10 atmosphere (labeled 10 atm in the table), Blue and Tan, Silver, and White . The 
LNC detector employs 3He tubes embedded in polyethylene. The 3He tubes are 

~enerally filled to a pressure of three atmospheres. One detector has 10-atmosphere 
~ubes, giving it higher efficiency. The polyethylene in the HLNC and lnost other neutron 
retectors serves as a moderator which thennalizes the neutrons from a high energy (1-2 
l~eV) to thermal energy (0.02SeV). IIelium-3 tubes are much n10re efficient at thennal 
energies. The interaction of the thennal neutrons in the tubes yields an electronic pulse 
hat is counted. A shift register counts the electronic pulses and analyzes their time 

correlation to determine a singles rate and a doubles rate for the source/detector 
combination. This data is then analyzed by the IAEA Neutron Coincidence Code (!NCC) 
[11] software developed by Los Alamos National Laboratory. 

INCC use two analysis methods: Known Alpha and Passive Calibration Curve. The 
Known Alpha method is best used for pure materials because it is more sensitive to 
perturbations such as ilnpurities in the san1ple and any changes in the singles background 
count. The Known Alpha lnethod works well where multiplication and density variation 
are present; while the Passive Calibration Curve method is best for the impure materials 
and items that are similar in characteristic to the calibration tandards . INCC is 
programmed to output the result from either a primary "nonnal analysis method" or a 
secondary "backup method." If the results are within three standard deviations of the 
cOlnbined error, INe C recommends that the nonnal analysis be used; else INCC 
recomlnend the backup method. In these training courses, INCC is set up with the 
Known Alpha as the normal analysis Inethod and Passive Calibration Curve as the 
backup analysis method. Data from seven courses were analyzed to calculate the 
Historical Delta values for the pure plutoniLlIl1 mass data. 

Table 6 shows the historical delta results for each detector, as well as the historical delta 
value for all Passive Calibration results and Known Alpha results. Individually, the 
Historical Delta value for the Known Alpha method is significantly more precise than the 
Passive Calibration Curve Historical D Ita value . 

Passive Calibration 10 atm Blue + Tan Silver White Average 
Historical delta 8.43% 7.21 0/0 5.730/0 5.690/0 6.770/0 

I Unceltainty 16.590/0 16.270/0 5.020/0 3.340/0 10.31 % 

Known Alpha 
Historical delta 2.000/0 3.630/0 2.3 30/0 2.410/0 2.590/0 
Uncertainty 2.03% 12.830/0 3.890/0 3.360/0 5.530/0 

Combined 
Historical delta 2.71% 7.210/0 2.95% 4.35 0/0 4.310/0 
Uncertainty 4. 790/0 \6.2 70/0 3.51 ~/o 5.81 0/0 7.600/0 

Table 6. Pure Plutonium Mass Historical Delta results. 



The results from each detector were analyzed to determine a detector-specific Historical 
Delta value. These values and their standard deviations are shown in Graph 1. The data 
show that the different HLNC detectors are all giving comparable results, therefore the 
results were combined into a single HLNC historical delta value. 
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Graph 1. Known Alpha Historical Delta values for HLNC detectors. 

Impure Plutonium Mass materials must be identified through knowledge of the facility 
or process, or by operator declaration. As discussed previously, the Passive Calibration 
Curve analysis typically produces better results for impure items because the impurities 
increa e the neutron production rate by facilitating (a, n) reactions. The Known Alpha 
method is therefore extremely sensitive to impurities. The large Historical Delta value for 
impure items, 10.71 %, reflects these facts. Although impure items can be measured using 
a HLNC and Passive Calibration Curve analysis, a multiplicity counter is the best choice 
for measuring impure items. Multiplicity analysis [12J provides three data points: the 
singles rate, the doubles rate, and the triples rate. This allows us to calculate the (a, n) 
rate for the item, enabling more accurate measurements of impure items. 

Coincidence measurements are the main focus of the neutron techniques taught during 
the IAEA NDA Techniques Course. Multiplicity techniques are taught in other courses. 
The historical delta results for neutron coincidence counting are shown in Table 7 . 

Passive Calibration 10 atm Blue + Tan Silver White Average 
Historical delta 8.73% 11.960/0 11.000/0 11.150/0 10.710/0 

Uncertainty 10.400/0 13 .51% 13 .02% 10.990/0 11. 980/0 
Table 7. Impure Plutonium Mass Historical Delta results 

A PU02 or Mixed Oxide sample (MOX) should always be measured passively because 
of the Pu content. For most MOX, which has negligible impurities, the Known Alpha 
technique should give the best results . The MOX used in these training courses has 
impurities that affect the neutron measurements. so the Passive Calibration Curve 
technique gives slightly better results, as shown in Table 8. 



Passive Calibration 10 atm Blue + Tan Silver White Average 
Historical delta 12.440/0 11.060/0 9.980/0 9.1 10/0 10.65% 

Uncertainty 4.3 1% 3.58% 4.940/0 5. 120/0 4.490/0 

Known Alpha 
Historical delta 12.260/0 12.000/0 12.1 70/0 10.540/0 11.740/0 

Uncertainty 3.960/0 2.390/0 5.470/0 3.980/0 3.950/0 

Table 8. Mixed Oxide (MOX) Historical Delta results. 

Active Neutron Coincidence Counting [13] uses an Active Well Coincidence Counter 
(A WCe). The A wce is very versatile, and is most commonly used to measure cans of 
uranium, in an upright configuration. Two AmLi sources are used to induce fission in 
2JSU sources for Active Neutron Coincidence Counting. The neutrons from the AmLi 
source are uncorrelated. This enables the shift register to differentiate between the AmLi 
source neutrons and the induced fission neutrons. The detection rate of the induced 
fission neutrons indicates the fissile mass in the detector. The A WCC detector is larger 
than the HLNC detectors and uses roughly twice the amount of JHe tubes, to achieve 
higher efficiency. Thus, the A wce can assay large quantitics of Highly Enriched 
Uranium (HEU) to a precision of 1-50/0 in lOaDs. Data from seven IAEA courses were 
used to determine the Historical Delta value shown in Table 9 

AWCC Aquila Canberra Average 
Historical Delta 10.030/0 14.00% 12.02% 

Uncertainty 1 0.26~/0 10.920/0 10.590/0 

Table 9. Uraniwn Mass Historical Delta results. 

The Uranium Neutron Coincidence Collar (UNCL) [14] measures low- or highly­
enriched uranium using four polyethylene sides to thermalize neutrons. Three of these 
sides contain JHe tubes to detect the neutrons. The fourth side contains an AmLi source. 
The AmLi source in the HLNC serves the same function as the An1Li sources in the 
A WCC. Like the HLNC and A wec, the UNCL also employs the INCC software to 
analyze the data. The UNCL measures fissile material to an accuracy of 2-40/0 in 1000s. 
Data from six IA EA courses were used to calculate the Historical Delta value shown in 
Table 10. 

Historical Delta 3.21 % 

Uncertainty 3.200/0 

Table 10. Uranium Neutron Coincidence Collar Historical Delta results. 

3. DISCUSSION 

These initial values will be refined as additional courses are held in the future. This will 
add to the realism and training value of these courses for inspectors, and potentially for 
students of other training courses held at LANL. 



The historical delta values reported here are unique. They are based on unusually wide­
range calibrations. For example, infinite thickness measurement calibrations often cover 
a range of 30/0 to 40/0 235U enrichment, while those in these training courses typically 
cover a range of 600/0 to 90% 23 5U enrichment. These are also measurements pertormed 
in a training environment, where count times nlay be shorter or much longer than those 
typically used in actual safeguards inspections. We have done our best to exclude 
measurements that were not realistic representations of the inspectors' and measurement 
systems' capabilities. Some such measurements may have been included, which would 
artificially increase the reported historical delta values. We expect that a physical 
inventory-style measurement campaign by experience NDA practitioners would produce 
lower historical delta values for some or all at these measurement techniques. 

4. CONCLUSION 
We have done an initial analysis of the historical delta values for ll10St of the 
measurement techniques taught in the IAEA NDA training courses at Los Alamos 
National Laboratory. These values \vill be recalculated after each course, providing an 
increasing level of realism and training benefi t to the inspectors. 

5. ACKNOWLEDGMENTS 
Funding was provided by the Department of State through the Program of Technical 
Support to Agency Safeguards (POT AS), which is administered by the International 
Safeguards Project Office at Brookhaven National Laboratory. The POT AS also funds 
the training courses referred to in this paper. 

References 

[1] IAEA Safeguards Glossary, 2001 ed. §10.24 
[2] lK. Sprinkle~ Jr., A. Christiansen et aI., "Low-Resolution Gamma-Ray Measurements 
of Uranium Enrichment", LA-UR-96-3484, 1996. 
[3 J T.E. Sampson, G. W. Ne lson. and T.A. Kelley, '~FRAM: A Versatile Code for 
Analyzing the Isotopic Composition of Plutonium from Gamma-Ray Pulse Height 
Spectra," Los Alamos National Laboratory Report LA-11720-MS (1989). 
[4] T.E. Sampson, T.A. Kelley, and D.T. Vo, "Application Guide t Gamma-Ray 
Isotopic Analysis Using the FRAM Software," Los Alamos National Laboratory report 
LA-140 18 (2003). 
[5] W. E. Parker, T.F. Wang, D. Clark, W. M. Buckley, W. Romine and W. D. 
Ruhter. Plutonium and Uranium Isotopic Analysis: Recent Developments of the 
MGA~+ Code Suite, Proceedings of the Sixth International Meeting on Facilities 
Operations - Safeguards Interface, pp. 192 - 197 An1erican Nuclear Society. Jackson 
Hole, WYOlning, September 1999. 
[6] R. Gunnink, W.D. Ruhter, MGA : A Gamm I-Ray Spec/rum Analysis Code/or 
Determining Plutonium isotopic Abundances, Volume I and II Lawrence Livermore 
National Laboratory, Livennore, CA., UCRL-LR-1 03220, (1990). 
[7] R. Gunnink, W. D. Ruhter, P. Miller, 1. Gocrten, M. Swinhoe, H. Wagner, J. 
Verplancke, M. Bickel ~ and S. Abousahl, '''MGAU: A New Analysis Code for 
Measuring U-235 Enrichlnents in Arbitrary Samples," IAEA Symposiwl1 on 
International Safeguards Vienna, Austria March 8-14, 1994, UCRL-JC-114 713. 



i[8] T. F. Wang, W. D. Ruhter, R. G. Lanier, Re-Measured Uranium Branching Ratios 
'and thier Impact on Removing Biases.from MGAU Analyses, Proceedings of the Sixth 
~ntemational Meeting on Facilities Operations - Safeguards Interface, pp. 220 - 223, 
~merican Nuclear Society, Jackson Hole, Wyoming, Septen1ber 1999. 
/[9] D. Reily, et al.. "Passive Nondestructive Assay of Nuclear Materials" , chapter 16, 
INUREG/CR-5550, USNRC, March 1991. 
[10] D. Reily, et al.: "'Passive Nondestructive Assay ofNlIclear Materials," pp. 499-502, 
NUREG/CR-5550 USNRC. March 1991. 
[11] B. Harker, M. Krick, ""!NCC Software Users Manual," Los Alamos National 
ILaboratory Report LA-UR-Ol-6761 
[12] N. Ensslin et al., "'Application Guide to Neutron Multiplicity Counting," Los 
Alamos National Laboratory Manual LA-13422-M. 
[13] D. Reily. et al.. "'Passive Nondestructive Assay of Nuclear Materials," pp. 515-519. 
NUREG/CR-5550, USNRC, March 1991 . 
[14] D. Reily. et at.. "Passive Nondestructive Assay of Nliclear Materials," pp. 520-523, 
INUREG/CR-5550, USNRC. March 1991. 




