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Abstract 
This paper describes an uncertainty analysis carried out in association with the use of neutron 
multiplicity counting to collect data, and assign a total plutonium mass. During 1997, the Los 
Alamos Safeguards Science and Technology Group carried out careful calorimetry and neutron 
multiplicity certification measurements on two 239Pu metal foils used as reference standards at the 
Idaho National Environmental Engineering Laboratory (INEEL). The foils were measured using a 
five ring neutron multiplicity counter designed for neutron measurement control activities. This 
multiplicity counter is well characterized, and the detector parameters were reaffirmed before the 
measurements were made using several well-known Los Alamos standards. Then, the 240Pu 
effective mass of the foils was determined directly from the multiplicity analysis without a 
conventional calibration curve based on representative standards. Finally, the 24”Pu effective mass 
fraction and the total plutonium mass was calculated using gamma ray isotopics. Errors from 
statistical data collection, background subtraction, cosmic ray interaction, dead time corrections, 
calibration constants, sample geometry, and sample position were carefully estimated and 
propagated. We describe these error sources, the final calculated relative error in the foil assay, and 
the comparison with very accurate calorimetry measurements. 

INTRODUCTION 
Determining the mass of plutonium by neutron multiplicity analysis is becoming a standard 
measurement technique in Department of Energy (DOE) facilities. This technique is based on a 
point model developed by Boehnel [l] and Hage and Cifarelli [2,3] and uses three measured 
parameters, the single, double, and triple neutron events, to solve for the 24@Pu effective mass. This 
model treats the sample as a single point in space to relate the moments of the measured and 
calculated multiplicity distributions. The self-multiplication M, and the ratio of (a,n) neutrons 
emitted to spontaneous fission neutrons emitted a, of the sample are also derived from these 
parameters. 

During 1997, the Los Alamos Safeguards Science and Technology Group carried out careful 
calorimetry and neutron multiplicity certification measurements on two plutonium metal foils used 
as reference standards at the Idaho National Environmental Engineering Laboratory (INEEL). The 
samples measured were 239Pu metal, encapsulated in welded stainless steel. The nominal mass was 
given as 32 g. A very accurate determination of the mass of each sample was made using the Los 
Alamos heat standards calorimeter, to determine the total power (heat) output. Gamma ray 
spectroscopy was used to determine the isotopic composition of the samples. It has been shown that 
by using these two measured values and the known specific power of each isotope, a mass value can 



be determined.[4] A second set of measurements were made to determine the total neutron yield 
and (a,n) reaction yield. The samples were measured using the five ring neutron multiplicity 
counter.[5] This multiplicity counter has an absolute neutron detection efficiency of 53% and a 
neutron die-away time of 49.1 ps. The multiplicity electronics package was operated with a pre- 
delay of 3 ps and a coincidence gate length of 64 ps. The coincidence dead time coefficient A was 
previously determined to be 0.12 ps. The coefficient B is zero. The multiplicity dead time is 35.8 
ns. We ran at a high voltage of 1680 V. The central well of the multiplicity counter, with both top 
and bottom caps in place, is 12 in. high by 6.5 in. in diameter. The analysis software used for this 
exercise is a Los Alamos developed code called NCC. 

All of our measurements have some uncertainty associated with them. Uncertainty, or errors, in a 
measurement can be propagated by a carehl analysis of the procedures, equipment, and materials 
used to make the measurement. This paper outlines the analysis of the sources of uncertainty and 
details the method used to propagate those errors and apply the result to the assay of these two 
particular samples. 

NEUTRON ASSAY COUNTING STATISTICS 
Because correlated events can overlap in many ways, the effect of counting statistics on the 
coincidence response is very complex.[6] The calculation of these errors is approximated in the 
NCC software package and reported for each measurement cycle. The samples were measured 
several times and a mass value was reported for each measurement. The samples were slightly 
repositioned in the counter before each new measurement to simulate the effect of position and 
geometry of the sample relative to the counter. Because of statistical errors in the data, the mass 
values reported varied a small amount. The standard deviation of the variation in 240Pu effective 
mass was calculated for each series of measurements. The statistical error in the measurement is 
given by: 

-. 

A typical value for ostat is sf: 0.05%. 

BACKGROUND SUBTRACTION 
The background radiation level is automatically subtracted from the assay measurements by the 
NCC software. The background in our laboratory was measured carefblly each day, and then 
rechecked before and after each series of measurements. The measurements, usually 15 1 min. runs, 
had a typical error for obkg of +_ 0.06%. 

COSMIC RAY BACKGROUND SUBTRACTION 
This exercise was conducted at an elevation of approximately 7200 ft. above sea level. Spallation 
products from cosmic ray interactions in or near the counter can cause very large doubles or triples 
coincidence bursts, affecting the count rates during the measurement cycle. The quality control tests 
performed by the NCC software detect most of these bursts as outliers and reject the run. As a 
further precaution, the count time for each run is kept relatively short to help the software identify 
these bursts, although there may be a residual bias when measuring small samples like the INEEL 



foils. We can estimate ths  error by carelk1 examination of the raw data reported by NCC after each 
measurement cycle. We estimate the error fiom this residual bias to be less than k 0.02% 

DEADTIME CORRECTIONS 
In neun-on counters and shift register systems, dead time corrections are necessary for samples with 
high count rates. Deadtime corrections were applied to all runs using the following equations: 

(totals rate), = (totals rate), .exp[6.(totals rate),,,/4] and 
(reals rate), = (reals rate), .exp[6*(totals rate),] 

where 

6 = A + B.(totals rate), , 
A, B = deadtime coefficients, 

and where the subscript “m” refers to the measured quantity and the subscript “0” refers to the 
quantity corrected for deadtime. Coefficients A and B were verified using doubledsingles ratios of 
californium sources with high and low neutron yields. 

The multiplicity deadtime was not re-measured. The value of 35.8 ns was previously determined 
experimentally using a series of californium sources.[7] No errors were propagated for the dead 
time correction. For the relatively low count rates from the INEEL foils, the deadtime corrections 
for the doubles were typically 0.02%, and their error is less than 0.01%. 

DETECTOR EFFICIENCY DETERMINATION 
The efficiency of a neutron detector is dependent on its design. The five ring detector contains large 
blocks of polyethylene moderator and 130 3He tubes. The efficiency of the detector was determined 
through the use of a National Institute of Standards and Technology (NIST) certified californium 
source, BB-998, located in the center of the measurement cavity. The efficiency of k s  detector 
was calculated as follows: 

S ,  246099 
S -.461307 

E = - -  =05335 , 

where S, = singles rate (deadtime and background corrected) and 

S = source yield (neutrons per gram) 

The source yield was determined by decaying the NIST certified value to the measurement date. 
The statistical uncertainty in the measured singles rate is 0.013%. The quoted uncertainty in the 
NIST determination of the neutron yield is 1.3%. Combining these two errors in quadrature yields 
an eficiency of 0.5335 k 0069 (1.3 % RSD). 



This error would be part of the calibration error if the calibration were based on the californium 
source. However we used several plutonium sources instead, as described below, so this error is not 
part of the fmal assay error. 

Assay M2.m 

0.705k.002 
0.707k.002 
0.7085.002 
0.707 5.002 

MEASUREMENT BIAS DETERMINATION 
Although the californium source BB-998 was used to determine detector efficiency, it was not used 
for measurement bias determination. The plutonium source, FCZ-158, was run alternately with the 
INEEL foils. FCZ-158 contains 0.752 g of plutonium at 93.76% 240Pu for a total 24”Pu effective 
mass of 0.705 g. Because FCZ-158 was run alternately with the foils, no separate bias correction 
was carried out. Instead, any bias error is folded directly into the calibration error. 

Actual M240 

CALIBRATION PROCEDURE 
Multiplicity analysis does not use a conventional calibration curve. Instead, three parameters, the 
detector efficiency E, the double coincidence gate fraction (DGF), and the triple coincidence gate 
fiaction (TGF), define the relationshp between sample mass and detector response. These three 
parameters are calculated fkom the BB-998 californium source. The results are given below: 

0.51 75.001 
0.526k.002 
0.51 8k.002 
0.51 8k.002 

E = 0.5335, 
DGF= 0.628 and 
TGF = 0.448 

0.529 

The triples gate fraction was then adjusted to 0.4159 using FCZ-158. This adjustment produced a 
24”Pu effective mass consistent with the accepted value of the plutonium source. An internal check 
on the consistency of the calibration procedure is illustrated in Table I, which summarizes all the 
assay results for FZC-158. The assay of the calibration source is consistent to within 0.18% average 
assay/actual. 

TABLE I 

-.Sample 
FZC-158 
FZC-158 
FZC-158 

(avs.) 

A1 -92 
A1 -92 
A1 -92 

(wt.avg.) 

0.705 

assay / actual I 

1.002 

OTHER CALIBRATION ERRORS 
The calibration procedure described above may not reflect all the physical differences between the 
INEEL foils and the calibration source, FZC-158. Other possible sources of errors could be due to 
differences in sample size and shape, sample positioning, neutron energy spectrum, and small 



deviations from the point model used to analyze the data. Differences in the efficiency of the 
detector when using plutonium rather than californium as a reference also must be analyzed. 

To estimate the magnitude of these errors, we carried out a series of assays on another well known 
plutonium sample, A1-92. A1-92 is a disc containir,g 10.0 g of plutonium metal with a 240Pu 
effective mass of 0.529 g in 1997. The results of these assays are included in Table I above. The 
average RMS bias in these assays, 2.05%, is an estimate of these other calibration errors. 

ASSAY RESULTS 
The 24”Pu effective- mass, M240efi is the mass of 240Pu that would give the same coincidence 
response as that obtained from all the even isotopes in the actual sample and can be defined by 

24”Pu,ff = 2.52 238Pu + 24”Pu + 1.68 242Pu [61 

The final result for the 24”Pu effective mass of each foil is the average of several measurements. 
From the measured gamma ray isotopics, the ’”’’Pu effective mass fiaction, F240efi was determined. 
From these data, the total plutonium mass can be calculated. 

- M240eff 
Mpu - F240eff 

The foils were assayed several times. Table I1 below summarizes the measurement results. 

TABLE I1 

Foil ID I -T-l754 1 -X-1932 

Average M240efT 1.494 k0.031 g 1.4985 i0.031 g 

F240eff 4.671 20.029 % 4.647 i0.029% 

FINAL ERROR IN MASS DETERMINATION 

The final error in the 24”Pu mass for the foils has the following components : 

(1) Counting statistics 0.05% 

(2) Background subtraction 0.06% 

(3) Cosmic ray background 0.02% 



. , 

(4) Deadtime corrections 

(5) Detector efficiency 

(6) Measurement bias 

(7) Calibration procedure 

0.01% 

NIA 

NIA 

0.18% 

(8) Other calibration errors 2.05% 

These errors were combined in quadrature to yield +_ 2.06%. 

' The final plutonium mass for INEEL foil 1 -T- 1754 was calculated to be: 

= 3 1.98 f 0.69g . M240eff - 1.494g 
M p u  F240eff .04671 - - - 

The final plutonium mass for INEEL foil 1 -X- 1932 was calculated to be: 

= 32.25 f 0.69g . M240eff - 1.4985g 
M p u  = F240eff .04647 - 

These results compare favorably to the results obtained from measurements made in the Los 
Alamos heat standards calorimeter which is used for the calibration of 238Pu heat standards. Table 
I11 below is a summary of the results. 

TABLE I11 

I Foil ID 

Foil 1 -T-1754 

Foil 1 -X-1932 

Neutron Multiplicity 1 Calorimetry I Multiplicity / Calorimetry 
I I 

CONCLUSIONS 
This exercise was performed to determine the uncertainties in the assay of small plutonium samples 
using neutron multiplicity, counting. We were interested in both the absolute and relative 
uncertainties with the goal of reducing the errors in future multiplicity assays. Measurement time 
was not important for this study, because we were interested in fundamental limitations. 
Measurements were made as long as necessary to reduce the errors from counting statistics to 
negligible values. Background count rates, especially those fkom cosmic-ray events, are important, 
but can be subtracted with negligible error by using multiple measurement cycles and outlier 
rejection. Background correction could be a problem, however, in measurement locations where the 
background source rates are not constant. Deadtime correction errors were negligible. 



Repeatability of the assay mass was approximately 0.1%; this includes moving the detector and 
samples to a different building and reassembling the measurement system. 

By far the largest source of error is the difference in calibration parameters obtained from different 
reference sources (different plutonium sources or ”’Cf sources). This error component produces an 
assay mass error of approximately 2%. There are several reasons for this. If ’”Cf is used as the 
reference source, the calibration parameters depend on the absolute neutron yield of the source. Our 
reference 252Cf source was calibrated at NIST and has an uncertainty in the neutron yield of 1.3% 
(one standard deviation). The detector efficiency must be adjusted to account for the different 
energy spectra of ‘S’Cf fission neutrons and plutonium fission neutrons; the relative efficiency has 
not yet been determined for this detector. From basic nuclear data, the moments of the ‘”Cf and 

Pu spontaneous fission neutron distributions also have errors of approximately 1 %-3%. 240 

If a plutonium sample is used as the reference source, the calibration parameters depend on the 
plutonium mass, plutonium isotopic composition, sample impurities (such as fluorine, beryllium, 
and magnesium), sample geometry, and sample density. The two small plutonium samples used for 
this exercise are not standards. Although the masses and isotopic compositions are probably well 
known, the impurities, geometry, and densities are not. These uncertainties could account for the 
2% difference in relative assay masses for these two samples. 

The multiplicity assay of the INEEL foils is in excellent agreement with the calorimetry assay, if 
FZC-158 is used as the reference plutonium sample. From our knowledge of the two plutonium 
samples, however, we have no reason to assume that FZC-158 is a better reference sample than Al- 
92. Our conclusion, therefore, is that our multiplicity assays of small plutonium samples carries a 
calibration error component of approximately 2% and that this error is probably the result of 
inadequate knowledge of the reference sources. It is likely that we will produce several small 
plutonium standards in about one year. These will be high-purity plutonium metal disks with 
plutonium masses of 2, 5, and 10 g, they should make excellent reference samples for multiplicity 
calibration. 
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