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a b s t r a c t

Correlated neutron counting using multiplicity shift register logic extracts the first three factorial
moments from the detected neutron pulse train. The descriptive properties of the measurement item
(mass, the ratio of (α,n) to spontaneous fission neutron production, and leakage self-multiplication) are
related to the observed singles (S), doubles (D) and triples (T) rates, and this is the basis of the widely
used multiplicity counting assay method. The factorial moments required to interpret and invert the
measurement data in the framework of the point kinetics model may be calculated from the
spontaneous fission prompt neutron multiplicity distribution P(ν). In the case of 238U very few
measurements of P(ν) are available and the derived values, especially for the higher factorial moments,
are not known with high accuracy.

In this work, we report the measurement of the triples rate per gram of 238U based on the analysis of
a set of measurements in which a collection of 10 cylinders of UO2F2, each containing about 230 g of
compound, were measured individually and in groups. Special care was taken to understand and
compensate the recorded multiplicity histograms for the effect of random cosmic-ray induced back-
ground neutrons, which, because they also come in bursts and mimic fissions but with a different and
harder multiplicity distribution. We compare our fully corrected (deadtime, background, efficiency,
multiplication) experimental results with first principles expectations based on evaluated nuclear data.
Based on our results we suspect that the current evaluated nuclear data is biased, which points to a need
to undertake new basic measurements of the 238U prompt neutron multiplicity distribution.

Published by Elsevier B.V.

1. Introduction

Neutron multiplicity counting [1] is widely used in nuclear safe-
guards for the assay of plutonium. Because the specific spontaneous
fission rates are far lower, the technique is not commonly used for
uranium. However, it has been established [2–4] that with a suitable
high efficiency detector, in low background conditions, quantities of
typical safeguards concern can be counted with adequate precision in
an acceptable time. In this case 238U is the dominant source of
spontaneous fission (SF) events. According to the most commonly
applied method of autocorrelation time correlation counting, the
observed singles (S), doubles (D) and triples (T) counting rates are
related to the item parameters through the so called point-model
multiplicity equations [1,5]. The factorial moments of the SF prompt
neutron multiplicity distribution also enter into the point-model
multiplicity equations. Thus, in order to be able to apply the equations
quantitatively and with confidence the factorial moments of 238U
must be well known. Unfortunately very few measurements of the of

the prompt neutron multiplicity distribution, P(ν), are available and
the measurements that are available do not agree as well as one
would like [6,7]. In this work we have approached the problem
differently. Instead of trying to measure P(ν), as would be the goal of a
basic science study, we have measured the quantities of applied
interest, namely the S, D and T rates, fromwell characterized working
reference materials using high performance Mini-Epithermal Neutron
Multiplicity Counters (mini-ENMCs) [8].

2. Reference materials

Ten tubes of well characterized UO2F2 were studied [9]. Each
aluminum tube was 2.54 cm in outer diameter, 0.124 cm in wall
thickness, and filled to about 21 cm with 230 g of anhydrous
powder. The uranium enrichment was about 5 wt% and the purity,
weights and so forth were known by a battery of destructive analysis
methods traceable to national standards and to an accuracy far
superior to that of the neutron counting methods. These items were
manufactured in order to calibrate nondestructive assay measure-
ment systems at the Portsmouth, Ohio, Gaseous Diffusion Plant
(PORTS). Uranium holdup measurements in process equipment for
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nuclear criticality safety have been made at the PORTS by counting
the gross neutrons produced from fluorinated compounds for many
years [10]. During the certification process of neutron emission rate
from this sub-set of reference items recently made we took
advantage of the extensive destructive characterization to measure
the correlated signatures as well.

3. Review of the 238U multiplicity distribution

Recently Santi and Miller [7] carried out a broad review of the
prompt neutron emission probability distributions and average values
for nuclides which undergo spontaneous fission. For 238U they found
that the situation warranted no change from the previous compre-
hensive evaluation by Holden and Zucker [6]. Some eight determina-
tions of the mean number of prompt neutrons emitted following
fission (referred to as nu-bar, v, and also commonly denoted by ν1)
are available for consideration. These guided Holden and Zucker to
the choice of a recommended consensus value of 1.9970.03 (note
however that in Table 1 of Santi and Miller the value given is 1.98
which we take to be a typographical error). For comparison based on
Popeko et al.'s [11] measurement the nu-bar value for 238U is
(0.94370.007) times that of 242Pu, which taking nu-bar for 242Pu to
be (2.14970.008) [6,7] returns a value of (2.02670.017) prompt
neutrons per fission, numerically in agreement within the combined
standard deviations. The value reported by Hwang et al. [12] is
relative to 240Pu and is (1.9670.05). There are only two determina-
tions of the full prompt neutron emission probability distribution,
PðνÞ. These are by the groups cited, namely, Hwang et al. [12] and
Popeko et al. [11]. The measurements are challenging because the
specific spontaneous fission rate of 238U is low so that long count
times and careful background corrections are needed even when
multi-plate fission chambers are used to provide the fission trigger for
the neutron detector. After readjusting the PðνÞ distribution of Hwang
et al. to the consensus value of nu-bar, in their evaluation Holden and
Zucker simply took the average of the two distributions (and also
quantities derived from it) as the ‘best estimate’ with the sample
standard deviation (numerically equal to the absolute value of the
difference divided by the square root of two) quoted as the associated
uncertainty (note that in Table 2 of Santi and Miller the uncertainty in
Pð2Þ is given as 0.039 when it should be 0.0839 which we take to be a
typographical error). Subsequently the Chinese group of Huang et al.
[13] (note the different spelling although it is the same group as that
of Ref. [12]) published an English version of their 1974 work with the
addition of an intersting discussion of Popeko et al.'s measurement.
Hwang et al. used a somewhat conventional setup comprising a large
volume Cd-loaded liquid scintillation tank with an efficiency to 240Pu
neutrons of (0.69170.011) detections per neutron and a 495%
chance of detection within a 30 μs coincidence gate following fission.
The counting rate from the fission chamber was about 0.3/min and
during the course of the experiment they accumulated 3144 sponta-
neous fission events (although in their numerical results table, on
which we base the calculations discussed below, the sum of events is
only 3090). Popeko et al. in contrast present results for three fission
gated runs: 4750 fissions with a detector of efficiency (0.21670.006),
8800 fissions with a detector of efficiency (0.26470.002), and Run
3 with a detector of (0.38370.002) in which 42,682 fissions were

observed. It is well established that both high efficiency (40.5
detections per neutron) and excellent statistical precision are gen-
erally needed if robust and physically meaningful multiplicity dis-
tributions are to unfolded from the observed data [14]. On this basis,
and also because of its much larger sample size, Run 3 is of the
greatest statistical importance and is the one we shall adopt. It is also
evident that whereas Popeko et al. have a strong advantage in
number of fissions observed, Hwang et al. have a strong advantage
in efficiency when it comes to probing the tail of the multiplicity
distribution. Popeko et al. also report a fourth run taken on a uranium
block at a depth of 1100mwe (meter water equivalent overburden) to
reduce the cosmic ray induced neutron background with the 0.264
efficiency detector. For this dataset there is no fission trigger and it is
not clear how the ‘internal start’ mode can be used to create a
observed neutron number distribution for multiplicity 2–5 to supple-
ment the fission triggered data sets for multiplicity 0–5. Because of
this we are discouraged from using Popeko's Run 4 data although at
face value it looks to be statistically the best dataset of the four. It
is unfortunate that Popeko et al. did not describe the method of
data reduction so that this data set could be used to augment the
other runs.

For our nuclear safeguards applications we are, however, less
concerned with the 238U multiplicity distribution than we are with
the first two factorial moments ν2 and ν3 [7]. With only two
measured distributions it is difficult to assign uncertainties based
on a simple statistical analysis. In this work we therefore take a
different slant. To avoid having to readjust and unfold the raw
distributions (for which the publications do not give adequate
information, for instance the fraction of events falling in the fission
triggered gate or the 242Pu or 240Pu reference nuclide experimental
distributions used to establish the metrology scale of the measure-
ments) we make use of what we shall call the generalized Diven
shape parameter defined as Γm ¼ νm=νm1 ¼ nm=nm

1 . This has the
property of being independent of efficiency and so, as the expres-
sion indicates, it may be calculated from either the unfolded PðνÞ
distribution or Q ðnÞ the recorded distribution (corrected for inter-
lacing, background and so forth). On this basis we have two
experimental Q ðnÞ distributions to work with in order to extract
the Diven parameters from the observed data. These are given in
Table 1. Since ν1 is available from separate evaluation we can then
obtain the factorial moments from the relation νm ¼ Γmνm1 .

For each of these two distributions, Γ2 and Γ3 were evaluated
along with the ratio Γ3=Γ2 To estimate the uncertainty on these
derived parameters, each Q ðnÞ value was changed up and down by
one standard deviation (assumed to be equal to the square root of
the number of counts) and half the difference was propagated in
quadrature as if they were independent variables. The results are
summarized in Table 2.

We see that the two measurements are of similar apparent
quality (as judged by the estimated uncertainties) and that
agreement between them is reasonably good. The adopted values
listed are the weighted means and the associated uncertainties are
the external standard errors (which are 2.4, 3.2 and 3.2 times
larger than the internal standard errors for Γ2, Γ3, and Γ3=Γ3

respectively). Taking ν1 to be (1.9970.03) [6] we derive from the
adopted values of Γ2, Γ3, and Γ3=Γ2 the following estimates for the
prompt neutron multiplicity distribution of 238U:

Table 1
Q ðnÞ distributions taken from Hwang et al. [12,13] and Popeko et al. [11]. Note Q ð4Þ
for Popeko et al. is wrongly given as 95 in reference [13].

Data source n¼0 1 2 3 4 5

Hwang et al. 504 1206 1043 292 41 4
Popeko et al. 18,209 17,522 5945 906 93 7

Table 2
Derived 238U multiplicity distribution quantities.

Data source Γ2 Γ3 Γ3=Γ2

Hwang et al. 0.719570.0104 0.344770.0205 0.47970.023
Popeko et al. 0.749270.0067 0.42870.016 0.57170.018
Adopted 0.740470.014 0.396070.040 0.536070.045
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