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Abstract. In this paper, we provide templates of measurement uncertainty sources expected to appear for
average prompt- and total-fission neutron multiplicities, 7, and 7, for the following measurement types:
absolute manganese-bath experiments for 7y, absolute and ratio liquid-scintillator measurements for 7.
These templates also suggest a typical range of these uncertainties and their correlations based on a survey
of available experimental data, associated literature, and feedback from experimentalists. In addition, the
information needed to faithfully include the associated experimental data into the nuclear-data evaluation

process is provided.

1 Introduction

The average prompt-fission neutron multiplicity, 7,, of
an actinide is the average number of neutrons emitted
promptly following fission of that nucleus and before the
onset of B-decay. The average total-fission neutron multi-
plicity, 7y, differs from 7, in that it also includes delayed
neutrons. These observables can be measured for both
spontaneous, e.g., the Neutron Data Standard (NDS)
22Cf(sf) vy, or neutron-induced fission, e.g., the 25U (n,f)
Up as a function of incident-neutron energy. Neutron mul-
tiplicities can also be measured as a function of other
quantities, for instance, fission-fragment mass, charge, or
total kinetic energy. Here, we focus on 7, and 7. The vari-
able 7 is also used as a short version encompassing both
Up and 7.

Observations of 7 are among those that can be mea-
sured to the highest precision, i.e., lowest uncertainty, com-
pared to other nuclear-reaction data, with uncertainties
reported as low as 0.3-0.5% [1-8]. Given that many 7 mea-
surements are of high precision, these experiments must be
carefully documented with regard to data analysis, correc-
tions, and all pertinent uncertainties. Many high-precision
measurements are given for 2°2Cf(sf) 7, [1-9], thermal con-
stants (?33235U(n,f) 7; and 239241 Pu(n,f) 7, as described
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in [10-18]) and also for incident-neutron energy dependent
v, and 7, [14-16,19-26].

In Section 4, templates are provided for 7 measure-
ments using the absolute manganese-bath technique for
vy, and absolute and ratio liquid-scintillator technique
for 7,; these techniques are described in Section 2 along
with information needed to be provided on a particu-
lar experiment for nuclear data evaluations in Section 3.
The templates on absolute 7 measurements were estab-
lished by analyzing 2*2Cf(sf) 7; data sets using informa-
tion from their literature [2-9,15,27-30] and respective
entries in the EXFOR (Experimental Nuclear Reaction
Data) database [31-33]. The templates for ratio liquid-
scintillator measurements were obtained using informa-
tion from several 29Pu(n,f) 7; and 7, data sets from ther-
mal to 20 MeV incident-neutron energy using their liter-
ature and EXFOR entries [12-26,34-42]. Most of these
data sets were either measured at thermal energies or
above 100keV. Only scarce experimental information is
available in the resonance range, where variations in 7,
have been investigated for 23°U(n.,f) (negligible varia-
tions) and 239Pu(n,f) (significant variations) [43,44]. The
experimental information obtained from these analyses
was supplemented by reviews on these experiments and
associated measurement techniques [1,45-48], while refer-
ences [11,43,49,50] provided input on 7, and 7; evalua-
tions. Section 5 provides a short summary.
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Fig. 1. A schematic drawing of the absolute Mn-bath 77 mea-
surement type.

2 Measurement types

Three techniques were used for absolute 252Cf(sf)
7 measurements: manganese-sulfate baths (Mn baths)
[3,5-7,9,11,30], boron piles [4,29] and doped liquid scin-
tillators [1,2,8,15,27]. The differentiation is made accord-
ing to the neutron-absorbing material, as each of these
materials and associated measurement types carry distinct
uncertainty sources. Boron-pile measurements will not be
discussed here as the template would have been estab-
lished on only two 2°2Cf(sf) 7 measurements [4,29], too
small of a sample size for realistic estimates of typically
appearing uncertainty sources. Mainly one ratio-type mea-
surement was encountered in EXFOR entries for ?**Pu 7,
and 7; [12-26,34-42], namely, ratio liquid-scintillator mea-
surements, which will be discussed below. Some 7,, data
have also been measured with setups that are traditionally
used to determine prompt fission neutron spectra (PFNS),
see e.g., [61-54]. To this end, the PFNS is measured via
the techniques described in reference [55], extrapolated
to span the entire outgoing-neutron energy, Fo.;, range,
and then integrated over these energies to yield ,,. Hence,
the templates in Tables I and IT of [55] apply to this mea-
surement technique along with additional uncertainties for
the extrapolation of the PFNS for E,,; and angular cov-
erage of the neutron detectors. Given that and that only
a few data sets use this technique, no separate template
is provided.

2.1 Mn-bath measurements

In this type of experiment, 7; is absolutely determined by
measuring the absolute neutron-emission rate, ¢,, inde-
pendently from the fission rate, cs, (see Fig. 1), and then

dividing them

Cn
Cf '
The neutron-emission rate, c¢,, is measured by a
manganese-sulfate bath. To this end, the sample or detec-
tor enclosing it is placed in a re-entrant cavity such that
it is located near the center of the bath. The Mn solu-
tion is very caustic and is never in contact with the
sample or detector. When neutrons are emitted from the
sample, some are captured by °°Mn forming radioactive
56Mn. For some measurements, the solution in the bath
is continuously stirred and pumped through a tube and
back into the bath. Detectors (often Nal scintillators) are
located very near (or in a re-entrant well in) that tube, to
detect the v rays from the decay of ®*Mn, which yields an
estimate of ¢, after applying necessary corrections. Non-
pumped variants also were undertaken, where detectors
were placed on the tank walls. The formal analysis pro-
cedure to obtain ¢,, from this measurement was described
in references [30,45] by:

(1)

7t:

os Nuon
Cs 1 + oMn (1+GTs) + Nunowmn (1+GTs) (2)

1-L,)A-8)1-0)

Ch = ——
EMn

where ¢, is the y-counting rate measured by the Mn bath
at saturation (i.e., activity equilibrium) [30,47] with an
efficiency epp,. Corrections have to be applied for thermal-
ized neutrons captured by sulfur and hydrogen using their
respective cross sections, og and oy, in ratio to that of Mn,
OMmn, Which can be determined independently. To this end,
the ratio of the number of atoms of Mn to H, 1{,\'—;:“, has to
be considered. The ratio of Mn to S is always unity, due to
the chemical composition of the bath and, hence, does not
appear. No correction has to be applied for thermalized
neutrons captured in 190 of the MnSQy in the bath, as the
thermal neutron-capture cross-section of 60 is approxi-
mately a factor 10,000 smaller than the Mn cross-section.
160 is also present in the water of the aqueous solution;
hence, the O/Mn also depends on the concentration of the
solution. Different baths use different concentrations and
this should be documented. The term (1 + GTs) accounts
for the resonance capture of neutrons in Mn, with G the
resonance self-shielding factor, 7 the Wescott factor (epi-
thermal flux parameter averaged over the Mn bath) and
s being the resonance-activation integral of Mn. The term
(1 — L,,) accounts for neutrons leaking from the bath,
(1 —S) for neutrons recaptured by the source or material
in the cavity, and (1 — O) for those fast neutrons under-
going (n,«) and (n,p) reactions in oxygen in the water
or sulfur present in the Mn-bath solution. Mn baths are
often calibrated with respect to national standards [48].
The v detectors measuring decay from ®Mn can be cali-
brated by adding *Mn to the solution. The activity can
be determined absolutely very accurately making Mn-bath
measurements a technique supported by basic radiation
metrology. Thermal-neutron absorber impurities need to
be known and corrected as described as part of the tem-
plates below. The temperature of the bath can also lead to
a subtle effect if the pumping heats the water and it is not
in thermal equilibrium with environmental temperatures.
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Fig. 2. Schematic drawings of liquid-scintillator 7 measurement types. (a) Absolute liquid scintillator, (b) ratio liquid

scintillator.

A drawback of the Mn-bath technique is that it requires
fairly strong neutron-emission rates. 2°2Cf naturally lends
itself to such a technique, but it is a significant challenge to
create deposits of strong enough fission rates that remain
amenable to fission counting. However, it is a very impor-
tant technique as it allows experimentalists to uncover
unknown systematic biases in standard techniques, such
as the liquid-scintillator technique. The fission rate, cy,
was determined, e.g., by solid-angle counting of fission
fragments using Si-surface barrier detectors [9,30], fission-
fission coincidence counting [3] or neutron-fission coinci-
dence counting [7]. No explicit equation is given here to
derive cy as it would be different for each of those three
measurement techniques.

2.2 Absolute liquid-scintillator measurements

Absolute liquid-scintillator measurements belong to the
class of delayed-coincidence measurements [1] and were
used to report, e.g., 252Cf(sf) 7 measurements [1,2,8,15,27)
or also the neutron-multiplicity distribution, P(v). In
these measurements, a fission detector is placed within a
through-tube running through the center of a large liquid

scintillator, as shown in Figure 2'. When the fission detec-
tor is triggered (often by fission fragments), a neutron-
counting gate is opened for a defined time (between
30-100 ps across, e.g., the following ratio measurements
[12-15,19-23,28,34,35]). During this time, some of the
emitted neutrons are captured by the dopant in the
scintillator material. The associated capture - rays
cause scintillations that are subsequently detected by
photomultipliers. This technique differs from Mn-bath
measurements in as far as it is independent of the absolute
fission rate as it measures 7, per detected fission event.
The liquid-scintillator material is loaded or doped with
gadolinium [1,2,8,19-25] or cadmium [15,26-28]. Both
have large neutron-capture cross sections at thermal ener-
gies and liberate approximately 6 MeV of v rays in the
capture reaction. These v rays give an easily detected
signal when converted to light in the liquid scintillator.
Paraffin scintillators were also used for a few 23°Pu ¥
ratio liquid-scintillator measurements [17,18,39,40]. The
analysis of an absolute liquid-scintillator 7,, measurement

1 To be exact, one does not need to use necessarily a liquid-
scintillator neutron detector; one could, for instance, detect
neutrons via plastic scintillator bars interlaced with thin Gd
sheets, or poly assemblies with large ®*He tubes.
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can be described by the following equation:

c—cDg—b—cff—cFEw. (3)
EnT

Vp:

The photomultipliers convert the scintillator light pro-
duced by « rays from the neutron-capture event in the
scintillator into electrons and, hence, in a signal. These
counts c are average counts per fission, as these «ys are only
counted after fission triggered the start of the neutron-
counting gate for a limited time. The fission count rate
does not appear in this equation, contrary to Mn-bath
measurements, because fission is used as a trigger and the
desired quantity is the number of neutrons per fission.
However, the fission rate must be low enough that neu-
trons from a not-detected fission event are not measured
as part of the next fission-neutron coincidence. The total
counts, ¢, are corrected for (a) v counts originating from
delayed s due to radioactive decay of the fission frag-
ment, cpg, (b) random background counts in the neutron
detector, b, produced by background neutrons not origi-
nating from fission, (c) false fission events, csy, triggered
by random coincidences, and (d) counts due to the so-
called “French effect”, cpg (described in detail as part of
Sect. 4). The correction factor, w, accounts for neutrons
resulting from fission of impurity isotopes in the sample,
while 7 is the dead-time correction. The remaining term
is the average scintillator detector efficiency, €,,, which is
obtained by:

En (Einc) = €y / / dEoutdoec(Eouta H)X(Einca Eout)
X Ly (Eout7 e)a(EiIlca Eout, H)At (Eouta 9), (4)

where €, is the efficiency for detecting ~ rays produced
in the neutron capture on gadolinium or cadmium. It
is assumed to be independent of the neutron energy in
reference [1]. The efficiency of the neutron-capture pro-
cess, €.(Fout,0), is usually calculated via Monte Carlo
(MC) codes and depends on nuclear data [1] (cross sec-
tions, angular distributions, PFNS), as is the neutron-
leakage correction, L,. Calculations of e, may also
depend on a discrimination threshold to detect the ~s.
Hence, neutrons that do not produce s are included
in this calculation. The neutron-detector efficiency also
requires knowledge of the PFNS, y, and the angu-
lar distribution of fission neutrons, a, which are either
simulated or taken from nuclear data. The asymme-
try introduced by the through-tube, A;, also has to be
accounted for in the neutron-detector efficiency calcu-
lation. The neutron-detector efficiency, ¢,, can also be
absolutely measured by means of proton-recoil detectors
located in the center of the scintillator, as was done
in references [2,15]. These detectors measure the frac-
tion of pulses, Cy, detected by the proton-recoil detector
but not by the scintillator as a function of incident-
neutron energy. One can then derive e, by (1 — Cp)/
(1 - fdeoutdeLn(EoutaQ)X(Einchout)a(EincaEouta9);
where the denominator is simulated using nuclear data.
The derived &, can then be compared to equation (4). One
can also combine measurements and simulations, by mea-
suring the efficiency for a few energies, while calculations,

that were normalized to the measured ¢, fill in the miss-
ing energies [2,4]. This combined approach has the advan-
tage of avoiding the need for absolute simulated values of
€n. Although equation (4) looks forbidding, in practice,
it usually varies only gradually with mean prompt fission
neutron energy.

2.3 Ratio liquid-scintillator measurements

These measurements differ from their absolute counter-
part in that two measurements are performed. The first
measurement determines 7 of the desired isotope and
is schematically the same as absolute measurements in
Figure 2. The second experiment uses the same liquid
scintillator and determines its efficiency by measuring a
reference (or monitor) sample. This monitor is often 2°?Cf
and thus no incident-neutron beam is shown in Figure 2.
The resulting experimental quantity is then a ratio of ¥
of the desired and monitor isotopes. The measured ratio
relative to monitor m is determined by:

m

c—cpg—b—cpp wT

m _ .m_  __ hm _ m Mmoo
c cpe —b Yy whTey,

(5)

Up /v;," =

with an additional correction for the thickness of the sam-
ple, d, leading to differences in the fission-fragment efli-
ciency for specific fission-fragment pairs that may impact
7 [21,56]. This factor does not appear for absolute mea-
surements of 2°2Cf, as the samples are usually sources of
small diameter or thickness, or both. The efficiency, €/,
changes in the ratio measurement to:

Emcanu
( 1nc —ds/m//dEoutde X t)

m Emc; Eout)
(Einca Eouta 9)
am (Einca Eouta 0) ’

(6)

Note that e.(Eout, 0), A¢ and e, from equation (4) dropped
out, while ratios of PFNS and angular distributions
between isotope of interest and monitor appear, thus
reducing uncertainties associated with these terms. The
difference in L,, between the monitor and isotope of inter-
est is accounted for in the difference in PFNS, angular
distribution, and the displacement of the monitor sample
compared to the isotope of interest, dg/y,. This effect is
often measured by performing and analyzing the monitor
measurement with various positions of the sample, e.g., in
references [19-23]. In the case of induced-fission measure-
ments, fragment detection can depend on Eji,. because of
the momentum brought into the system.

3 Information needed for evaluations

Sufficient experimental data on 7, a short version encom-
passing both 7, and 7, are available for only a few
isotopes, and only in restricted incident-neutron energy
ranges, to evaluate 7, or 7; based exclusively on exper-
imental data. A well-known evaluation that provides 7
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values based on only experimental data is one of the ther-
mal constants that is part of the Neutron Data Standard
(NDS) project [10]. The thermal-constants effort is based
on the work of Axton et al. [11]. Similar evaluation efforts
were undertaken, e.g., [46,50], and all rely on a detailed
analysis of experimental uncertainties including correc-
tions of mean values and uncertainties. Nuclear data of 7,
or 7y in the resolved resonance range are evaluated based
on theory and available experimental data, e.g., under-
taken as part of [49], but resonance data for 7, or 7; are
not given for all isotopes. For instance, they are provided
for 29Pu 7, in ENDF/B-VIILO [57], but not for **Pu
and 240-242py p,,. The evaluations in the fast range can
be based on a Bayesian analysis of differential experimen-
tal data (e.g., 2*°Pu and ?‘°Pu 7, in ENDF/B-VIIL0),
thus following fluctuations observed in the experimental
data, or can be based on a simple linear fit to data (e.g.,
24Py and 2*2Pu 7, in ENDF/B-VIIL0). Approximating
Up by a linear function is based on the assumption that
the fission yields and total-kinetic energy of the fission
fragments do not vary with excitation energy and that
the total energy released through fission s follows a lin-
ear dependence [58]. However, measurements of the total
kinetic energy and fission yields as a function of incident-
neutron energy show an energy-dependent behavior, see,
e.g., [59]. In line with these physics considerations, sev-
eral 2392380 and 2%°Pu 7 measurements as a function
of incident-neutron energy, e.g., [15,17-25,36,38,54], have
shown that the experimental data cannot be described
well by one linear function. In the absence of differential
experimental data, evaluated data are also based on mod-
els with systematics of model parameters, as done, e.g., in
reference [60].

The incident-neutron energy, Finc, and either 7, or 7y
are used as a bare-minimum input for the evaluation. If
Up is evaluated and the measurement is of 7y, the eval-
uator needs to correct for the delayed component. If the
data were measured in ratio to a monitor, it would be
desirable if the ratio data were reported. Otherwise, the
nuclear data of the monitor observable, often 2°2Cf(sf) or
25U(n,f) 7, or a reference should be provided. It would
be desirable to explicitly state what PFNS was used either
by reference or model parameters. Given the convolution
of the PFNS with many other observables in the analysis
of 7, measurements in equations (4) and (6), it is diffi-
cult to correct with a new PFNS. However, if one knows
how close the used PFNS was to current nuclear data, one
can estimate potential missing uncertainties due to limited
knowledge of the PFENS at the time of the experiment. Par-
tial uncertainties for all uncertainty sources listed in the
templates should be provided, if applicable to a particu-
lar measurement. The 7, and 7; can be measured to high
precision. However, even small variations in 7 of major
actinides can impact the simulated neutron-multiplication
factor, ke, of critical assemblies by a substantial amount.
For instance, a change of 0.1% in a relevant energy range
of 29Pu(n,f) 7; can lead to a 100-pcm (i.e., a 0.1%) change
in kg of a Pu assembly, where approximately 210 pcm is
the difference between a controlled critical assembly and
an accident emitting lethal radiation doses [61]. Hence,
reporting complete and realistic uncertainties for 7, and

7y measurements is central for realistic application simu-
lations and their bounds. Along the same lines, the exper-
imental set-up (e.g., time the gate is open, size and iso-
topic composition of the neutron detector, through-tube
size, neutron-producing reaction, impurity level), all per-
tinent corrections (e.g., background, foil thickness, angu-
lar distribution of fission fragments, dead-time, impurities,
geometry, spurious structures in neutron flux, delayed ~s,
displacement of fission sample, false fissions, French effect)
and analysis techniques should be documented in great
detail, enabling the evaluator to judge the quality of the
measurements and data reduction at a later time.

4 Template

A listing of all relevant uncertainty sources for 7, and
7y measurements is provided below, along with the
proposed template values. All uncertainties here are given
relative to 7, and 7; in percent (%) unless otherwise
stated. Some uncertainty values seem very small, but
one should consider that these measurements were
built to reduce correction factors to a minimum and,
hence, the associated uncertainties. Table 1 provides
a template of uncertainties expected in absolute and
ratio liquid-scintillator measurements, while Table 2
gives a template for Mn-bath measurements. Table 2
focuses mostly on uncertainties expected in measuring
the neutron-count rate, c,. Several different techniques
were employed to measure the fission count rate, cy,
with differing uncertainty sources and values for each
measurement type. Given that and the low number of
252Cf(sf) 7 Mn-bath measurements, not enough statistics
were available to give a template for specific uncertainty
sources for cy for each measurement type. Hence, the
uncertainty sources entering dcy were not split out in
Table 2.

Counting-statistics uncertainties. No counting-
statistic uncertainties, dc, are provided in both templates
since these depend strongly on the measurement time,
neutron flux (if applicable), detector response, etc., and
are, thus, hard to estimate. We recommend rejecting
a data set for evaluation purposes if this very basic
uncertainty information cannot be, at least, roughly
estimated (e.g., one-third of the total uncertainty), given
that many 7, and 7; measurements are claimed to be of
high precision. This high precision needs to be backed up
by a reasonably informative uncertainty quantification.
Counting-statistics values depend strongly on the
absolute measurement time, fission-detector response, and
neutron flux for liquid-scintillator measurements. Hence,
dc varies significantly across different measurements. For
instance, dc values of 0.0012% to 3.9% can be found
across 239Pu(n,f) 7 measurements [12,14,19-23,26,35,38]
and 0.08-0.8% can be found in EXFOR across 252Cf(sf) v
measurements [1,4,5,7-9,27,29,30]. The neutron-counting
statistics uncertainty, dc,, across various 2°2Cf(sf) v
Mn-bath measurements assume values from 0.1-0.2%
[3,5,9,30,45], while the fission-counting uncertainty varies
from 0.05-0.2% across references [5,7,30]. However, it
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Table 1. Typical uncertainty sources encountered in absolute and ratio liquid-scintillator measurements of 7, are
listed, along with realistic ranges of estimates that can be assumed if none are provided for a particular measurement.
Also, off-diagonal correlation coefficients for each uncertainty source (for the same and different experiments) are
roughly estimated. We implicitly assume that the typical tanks have high or similar detector efficiencies of ~80%
which is indeed often the case. The correlation functions are defined in reference [62].

Unc. Absolute (%) Ratio (%) Cor(Exp;) Cor(Exp;,Exp;)

oc Must be provided ~ Must be provided (d¢ & d¢™ )  Diagonal None

depa 0.1 0.12 Full Full

0b 0.15 0.5 Gaussian 0.2 for same n source

0 otherwise
deyr - 0.22 (high a-activity sample)  Gaussian 0.2
- 0.15 (low a-activity sample)

OCFE 0.1 - Gaussian 0.2

dw see Table 3 see Table 3 0.9 0.9 (same method & isot.)
0.1 (different isotope)

ot 0.1 0.08 Full Low (~0.2)

dey + de. 0.2 N/A Gaussian Gaussian

ox 0.23 0.16 Gaussian Full (same Eiy.)

0.5 (2"d-chance fission) Gaussian (different Eipc)
dL, 0.2 N/A Full 0.5
da N/A (isotropic) 0.01-0.3 0.8-1.0 0.6
0.5 at 2" c.f. and >10MeV

oo™ N/A From libraries/reference Full Full

od N/A (point source) 0.1-0.3 Full 0.8-0.9 (not corrected)

0ds/m N/A 0.05 Full None

AFi¢ - Estimate from similar facilities Full in 0

at the same Fj,. FEinc space

holds that dc,, should be provided for a high-precision
measurement. The correlation matrix associated with
dc is usually diagonal for 7, and 7, measured within
the same experiment, and not correlated to other
measurements.

Delayed gamma-ray uncertainties. Delayed s arise
mainly as part of the decay of isomeric states with half-
lives on the order of 70 us for gates that are open less than
500 ps [63]. Some delayed «s from the § decay of the fission
fragments of another fission event could also be measured,
but to a lesser extent. These delayed v rays are recorded
in liquid-scintillator measurements along with those emit-
ted after capturing prompt-fission neutrons in the scintil-
lator material while the neutron-counting gate is open.
This uncertainty source does not appear for Mn-bath
measurements, as the « rays emitted from the Mn solu-
tion are measured in a re-entrant well separated from the
source.

The resulting delayed-v background, cpa, is corrected
in absolute and ratio liquid-scintillator measurements
by a combination of measurements and calculations of
delayed ~-ray cascades [1,21-23,38,64]. For instance, a
measurement with a low bias, i.e., low E, threshold,
(including delayed vs) and a high bias (supposed to sup-

press most of the delayed ~ys) gave an estimate of ¢pg for the
experiment of Gwin et al. [21-23]. This measurement was
counter-checked with simulations based on expected ~-ray
cascades. Uncertainties, dcpg, ranging from 0.1-0.2% were
found for liquid-scintillator ratio data [21-23,38,64], with a
median of 0.12% that is adopted for Table 1. dcpg for abso-
lute data was estimated to be 0.1% based on the assessment
of these uncertainties for Boldeman, Asplund-Nilsson, and
Hopkins data in reference [1]. A full correlation is assumed
for dcpg for the same and different experiments using the
absolute and ratio liquid-scintillator technique, given that
most likely the same decay data and assumptions for the
simulation are used.

Random-background uncertainties. False-fission and
delayed- background events are not part of the random-
background correction, b, for liquid-scintillator measure-
ments as these two corrections are treated separately.
Two different types of backgrounds are encountered in
ratio liquid-scintillator measurements: (a) neutron-beam-
related backgrounds and (b) delayed neutrons. Delayed
neutrons can be corrected with nuclear data. Neutron-
beam-related background counts can be detected in the
neutron counter either with their initial, or slightly
degraded, incident-neutron energy, or can thermalize and
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Table 2. Typical uncertainty sources encountered in Mn-
bath measurements of 7, and 7, are listed along with
realistic ranges of estimates if none are provided for a
particular measurement. Also, correlation coefficients for
each uncertainty source between different experiments
are roughly estimated. No correlation coefficient is given
between uncertainties of the same experiment at differ-
ent incident-neutron energies as Mn-bath measurements
are usually undertaken at one incident-neutron energy
(thermal) or for spontaneous fission. A medium-range cor-
relation would correspond to correlation coefficients of
0.5-0.8, while “Low” corresponds to approximately 0.2.

Unc. Unc. (%) Cor(Exp;,Exp;)
Cn
dcs Must be provided 0
025 & §-2H 0.29 Full
OMn OMn
51\17\’1\;: 0.05 Medium
0(1 + GTs) 0.09 Full
0EMn 0.2 Medium
0(1—Ly) 0.02 Medium
0(1-25) 0.05 Full
0(1-0) 0.1 Full
Mn-bath impurities 0.1 0
Cf
dcy 0.32 Medium
oT 0.05 Low
ow See Table 3 See Table 1

lead to a random room background. Some neutron-
producing reactions can lead to groups of secondary neu-
trons of lower energy than the anticipated one. Thus,
these secondary neutrons induce fission of lower incident-
neutron energy than assumed to be measured, biasing 7.
All of these neutron beam-related backgrounds would not
drop out in ratio measurements relative to 252Cf(sf) 7, as
the latter is measured without the beam.

The random, room-return, neutrons, and stray s were
often measured by opening a gate 200-250 us after the
main neutron-counting gate was closed, assuming that
no more prompt-fission neutrons should be detected by
then [15,17,19,20,34,36]. Also, measurements using ran-
dom gates were employed to determine this part of
b [21-23]. The number of thermalized neutrons was often
reduced by adequate shielding and also by measurements
with and without this shielding [34,36]. Background orig-
inating from secondary neutron groups in the beam was
usually determined by measuring the energy of the neu-
tron flux directly [15,16,39]. Uncertainties are reported for
experiments described in references [12,16,21-23,34,35,38]
spanning from 0.08-3.5%, with a median of 0.5% that is
suggested as a value for b if nothing else is known about
the measurement. A Gaussian correlation is suggested for
&b across the same experiment, given that b is often mea-
sured. Zero correlation is suggested for db across experi-
ments, unless the same neutron-beam type was used (com-

mon second-energy groups). In this case, a correlation of
0.2 is suggested.

The delayed and incident-beam neutrons can also lead
to b for absolute liquid-scintillator experiments, which
might be surprising as most of them are measuring
spontaneously-fissioning sources. Even then, the neutron-
detector efficiency is often measured with a neutron
beam [2,15]. In these two experiments, a combination of
shielding and filters reduced this background and mea-
surements with random gates quantified b. The size of b is
often reduced as a triple coincidence (fission fragments in
the fission detector, prompt-fission s in the scintillator,
and fission neutrons in a proton-recoil detector) is used to
open the gate. In addition to these above-mentioned con-
tributions to b, the proton-recoil background may need
to be quantified [1]. Asplund-Nilsson et al. addressed this
background by pulse-shape discrimination [27]. Uncertain-
ties of 0.1-0.2% are mentioned in reference [1], where we
adopt the mean due to lack of statistics.

No b needs to be corrected for Mn-bath measurements
of ?52Cf(sf) v, as no neutron beam is used for these
measurements. However, if this technique is used for
neutron-induced measurements of 7;, uncertainties due
to incident-beam neutrons should be considered.

False-fission uncertainties. False-fission uncertainties,
dcss, are related to a random-coincidence background in
ratio and absolute liquid-scintillator measurements that
leads to an incorrect opening of the neutron-counting
gate. As no gate is opened in Mn-bath measurements, this
uncertainty source does not apply.

The background counts, ¢y, originate from the follow-
ing effect: the fission detector is fired by a particles or
noise and thus opens the neutron-counting gate?. The neu-
tron detector then registers background neutrons [21-23,64]
assuming they are fission neutrons. This effect is usually
measured and calculated. For instance, Gwin et al. [21-23]
introduced a mock a pulse into the electronics of their exper-
iment and measured the resulting background neutrons that
can then be subtracted from all measured counts. However,
one needs to know how often « particles are likely to fire
the fission detector compared to the rate of fission. This
rate of false-fission events compared to fission ones is usu-
ally estimated from the « activity of the sample. The result-
ing background-count rates can be counter-checked with a
beam-off measurement [21-23,64].

The associated uncertainty, dcyp, is larger at low
Fine, as more false-fission events are registered relative
to real ones [21-23]. Uncertainties are given for data of
references [16,21-23,35,38] range from 0-0.5% with a rel-
atively high median of 0.22% that is adopted here for
samples with high a activity (?*°Pu), while a value of
0.15% is adopted for lower-activity samples (235:238U).

2 Some a-particles can usually by discriminated from fission
events on the signal amplitude by putting a threshold on the
device. However, a pile-up of highly radioactive samples (e.g.,
239Py) can pose an issue as the a-signal amplitude (not the
shape) becomessimilar to that of fission fragments. Then, a back-
ground measurement with the sample in place but without the
beam can help identify the rate of false-fission events as men-
tioned below.
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A medium-range uncertainty with Gaussian correlation
is given as part of cy; corrections are measured and
the associated uncertainties are random background-
counting uncertainties. Some measurements take recourse
to nuclear data and assumptions on the a-activity of the
sample to estimate the relative frequency of gates opened
by as from the sample; then a Gaussian correlation is also
adequate. These assumptions affect equally all Ej,. mea-
sured with the same sample. Correlations between dcyy
of different measurements are assumed to be weak (with
correlation coefficient 0.2), given that the only assumption
common to both measurements, and thus introducing non-
zero correlations, would be the « activity of the isotope in
question.

In absolute liquid-scintillator 252Cf(sf) 7 measure-
ments, csr is usually negligible because a coincidence
between the fission detector and prompt-fission = rays
being detected in the scintillator was required to open
the gate [2,8,15]. However, as they also used proton-recoil
measurements to open the gate at the same time, this
introduced the French effect into their results, which does
not appear for ratio liquid-scintillator measurements.

French effect uncertainties. The French effect, found
by Soleihac and first reported at the IAEA Consultants
meeting held at Studsvik, Sweden, in June 1970 [65], cpg,
only affects absolute liquid-scintillator measurements, as
it originates from using a coincidence of several signals
to open the neutron-counting gate. The bias results from
a dependence on registering fission fragments in the fis-
sion chamber, scintillator pulses from prompt-fission ~s,
and proton recoils on the number of neutrons detected
per gate [65]. The physics mechanism behind this effect is
not fully understood and the magnitude depends on the
set-up and so can be difficult to estimate retrospectively,
but for new measurements can be experimentally assessed.
It affects the measurements of [1,2,8,15,27]. Reported
uncertainties in the associated literature, EXFOR, and
in references [1,46] cite uncertainties from 0.1-0.48%.
The effect is measured and depends strongly on the
set-up used. Boldeman states in reference [1] that this
effect is usually small (except for the data of Ref. [27]),
hence, a small uncertainty of 0.1% is recommended
with a Gaussian correlation and low correlation between
experiments.

Impurity uncertainties. Sample-impurity uncertain-
ties, dw, apply to all measurement types. dw can be effec-
tively controlled by employing high-purity samples such as
for instance used in [12,21-23,34,38] (they utilized 23Pu
samples with purity close to or larger than 99.9%). Spon-
taneously fissioning contaminants and their contribution
to 7, and 7; were determined in incident-neutron energy-
dependent 7 measurements [21-23,35] with a beam-off
measurement. Non-spontaneously fissioning contaminants
can be measured (e.g., by mass-spectroscopy [66]) and
their contribution to 7 can then be corrected by using
nuclear data [17,21-23,38]. The value of dw depends thus
on the accuracy of the contamination measurement, the
level of impurity, and the nuclear data used. For 23°Pu(n,f)
7, dw values between 0.03 and 0.1% can be found [17,21—
23,35] with some experiments giving even lower values of

Table 3. Recommended values for dw in 7, and 7; are
listed as found in EXFOR for various isotopes from ther-
mal to 20MeV and various degrees of impurities. The
median of all dw values found for one isotope is given as
the recommended value.

Isotope  dw (%)
233y 0.05
235y 0.05
239py 0.07
241py 0.1
20t 0.1

0.001% [12,38]. dw values spanning from 0.02-0.1% can
be found for 2°2Cf(sf) ¥ measurements. Also, EXFOR files
were searched for 232Th, 237Np, 233,235.238(J 240.241py and
241 Am 7, to obtain recommended values of dw per isotope
in Table 3. Unfortunately, dw values were found for only a
few isotopes. Due to the scarce statistics (i.e., a small num-
ber of documented cases), only a value of dw could be given
per isotope, not depending on impurity level or incident-
neutron energy. Both factors play a role: for instance, a
2381 impurity in a 235U sample could bias 7 in the fast
range, but is negligible below the fission threshold of 23%U.
Also, as said above, dw can be driven to be negligible by
using very pure samples. The issue of isotopic impurity is
an important one for samples that are not highly enriched,
which could be the case in the earliest measurements of 7.
The dw values in Table 3 are recommended to be used if
no information is given on the impurity levels in the sam-
ple. Like all other uncertainty values, dw is understood to
be given relative to .

It is interesting to note that the largest median
value of dw appears for 2°2Cf(sf) ¥ despite it being the
standard. The reason for this finding might be due to
considerable alpha pile-up in the impurity-level determi-
nation. Also, a significant 2°°Cf component is inevitable
with fresh sources having a mass fraction of ca. 10/85 com-
pared to 2°2Cf(sf) which increases with age and becomes
prohibitively large for samples older than roughly 15
years [67]. For fresh sources, the dw related to the 2°°Cf
content should be small.

It should also be mentioned that some small adjust-
ments to older data might be used as 7 and half-lives of
the impurities might be different enough to impact the
estimate of w correction factors. It is expected that this
does not apply to 2°2Cf sample as the spontaneous-fission
branching ratio is very high.

A larger correlation coefficient is assumed for corre-
lations between dw of the same experiment as usually
the same sample is used at all Ej,. and nuclear data
used for the correction is strongly correlated. If the same
method was employed across different experiments and
the same isotope was measured, a strong correlation can
be assumed. If a different isotope was measured, the cor-
relation is low because different nuclear data were used for
the correction of impurities in the sample.
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Dead-time uncertainties. Dead-time uncertainties, 67,
apply to all measurement types. When neutron pulses pile
up during the experiment, the system is dead to measur-
ing other neutron events. Similarly, when « particles pile
up, the fission-detection system (for ¢y in Mn-bath mea-
surements and for opening the gate in liquid-scintillator
measurements) can be dead. The 7, and 7; need to be cor-
rected for this dead-time effect. Descriptions of numerical
correction procedures can be found in references [17,21-
23,36,38], while it was minimized in reference [36] by care-
fully selecting detectors and shielding to reduce dead time
induced by background counts. For ratio measurements,
the dead-time uncertainty reduces to the ratio of dead-
time for the isotope of interest and the monitor sample.
Related dead-time uncertainties in ratio liquid-scintillator
measurements, 07, for 7 span values of 0.02-0.5% with
a median of 0.08% that is recommended in Table 1. A
median of 0.1% is found for absolute liquid-scintillator
measurements, while a total 67 (for fission and neutron
counting) of 0.05% is given for Mn-bath measurements.

This uncertainty source would be strongly correlated
for the same experiment as functional forms are used for
correcting 7 while a weak correlation is assumed between
measurements due to reliance on different equipment and
different background-reduction techniques.

Uncertainty in detecting capture-v rays. The uncer-
tainty in the detection of v rays resulting from neutron-
capture in the scintillator, de,, are considered in de. as
these two uncertainties are usually given in a combined
manner. The reason for this is that usually e, is deter-
mined by measuring €, at a specific Ei,. and angle. e,
is then extracted by knowing €. and L, from MC sim-
ulations and having a defined anisotropy introduced by
the through-tube, A;. Hence, there is a strong correla-
tion between de, and de.. €, only appears for absolute
liquid-scintillator measurements and drops out in ratio
measurements.

Uncertainty of neutron-capture efficiency. The
uncertainty related to the neutron-capture efficiency of the
Gd or Cd-loaded scintillator material, de., only appears
for absolute liquid-scintillator measurements while . can-
cels in ratio measurements in equation (6). The term &,
is often calculated with neutron-transport codes. To this
end, the codes rely on nuclear data of the capturing mate-
rial (e.g., hydrogen, gadolinium, cadmium) dependent on,
both, energy and angle [1,15]. £, can also be measured in
combination with e, [2,15,27]. Even if &, is determined
by simulations, usually validation measurements are per-
formed [1,15]. The neutron-detection efficiency is then
measured at a specific Ej,. and angle. However, one still
needs MC simulations for L,, and nuclear data for x and
a to obtain &, [2,15,27].

Uncertainties of 0.1-0.2% are reported for the data
of Boldeman and Asplund-Nilsson et al. in reference [1],
while 0.388% is given in the EXFOR entry of [8]. Again,
the median of 0.2% is assumed which applies to the combi-
nation of e, and de. A Gaussian correlation is assumed
as both measurements and nuclear data are used for deter-
mining €€ .

PFNS uncertainty. The PFNS, x, enters as an impor-
tant factor in the analysis of each measurement technique
presented here. It enters in equations (4) and (6) for abso-
lute and ratio liquid-scintillator. y does not appear explic-
itly in equation (2). However, it has to be considered
implicitly when simulating the terms (1 — L,) (neutrons
leaked), (1 — S) (neutrons recaptured by material in the
cavity) and (1 — O) (neutrons lost by charged-particle
reactions with oxygen or sulfur) via neutron-transport
codes as one needs to know the energy distribution of
neutrons being released as part of the fission process. To
this end, representative values need to be selected for y,
either from nuclear-data libraries or by assuming model-
parameter values (e.g., Maxwellian temperature or Watt
parameter values) entering a functional form. However,
given the convoluted nature of y with other observables
to yield €, or (1 — Lp)(1 — 5)(1 — O) in equation (2), it
is neither straight-forward to correct with more recent x
values nor to estimate dy based on our present-day under-
standing of . One would need to know all factors entering
equations (4), (6), and (1 — L,)(1 — S)(1 — O). In addi-
tion, the absolute value of dy depends not only on how
well the chosen numerical values for x reproduce actual
physics properties, but also on other factors appearing in
equations (4), (6), and (2). For instance, if one employs a
highly efficient neutron detector, §x relative to 7 will be
smaller than a less efficient one for the same values of y.

In absolute 7, and 7; measurements, x enters abso-
lutely as well, while the ratio of x of the isotope of
interest and the monitor isotope is considered in ratio
measurements. Quantifying only the difference between
two prompt-fission neutron spectra leads usually to
smaller dx than if x has to be given absolutely. Conse-
quently, 6 values of absolute 252Cf(sf) 7 liquid-scintillator
measurements are overall larger than those found for ratio
measurements of 29Pu(n,f) 7,; dxs found for the 252Cf(sf)
7 data of [1,2,8,27,29] assume values in the range of
0.04-0.5% with a median of 0.23% that is used for the tem-
plate for absolute liquid-scintillator measurements. Values
ranging from 0.01-1% are found across several 239Pu(n,f)
7, measurements [12,16,17,19-23,26,38] with a median of
0.16%. An additional complication with the PFNS of ratio
measurements poses the incident-neutron energy depen-
dence of x. If the monitor value is measured at one defined
incident-neutron energy, as is the case for using the mon-
itor 2°2Cf(sf) ¥ (Fin. =0 as spontaneously fissioning), the
overall size of the difference between x of isotope of inter-
est and monitor depends on Ej,.. The y of an isotope
of interest usually differs from the x of 252Cf(sf). Even
greater differences are expected for neutron-induced fis-
sion near the second-chance-fission threshold. At these
Fine, distinct structures can be observed in x for Eoyu
around a few hundred keV across many isotopes, see e.g.,
references [53,68-71]. While x also hardens with Fj,. for
the isotope of interest, the mean energy might actually be
closer to that of the x of 252Cf(sf) reducing the difference
between the two x which is counter-balanced by structures
such as >2"d-chance fission and the pre-equilibrium com-
ponent for the x of interest. Hence, the median of 0.16%
is suggested for ratio liquid-scintillator measurements in
Table 1 for all Ej,. except for the second-chance-fission
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threshold, where 0.5% is suggested. It should be men-
tioned that these values are isotope-dependent. Some
isotopes, e.g., 238U, show larger second-chance fission
structures than others leading to increased dx for the same
neutron-detection efficiency. No dy is given in Table 2 for
Mn-bath measurements given the convoluted nature of y
with the term (1—L,,)(1—5)(1—0). Instead, uncertainties
are provided for the individual terms—(1 — Ly,), (1 —.5),
and (1 — O)—which contain dy.

If the same values for y/x™s are used for one (liquid-
scintillator) experiment, dy is fully correlated. If an
energy-dependent x/x™ is used, a Gaussian correlation
is recommended. The reasoning behind this choice is that
evaluations of y are usually based on models leading to
strong correlations between x at different Ej, .. If the same
or similar assumptions on y are made across different
experiments at the same Fj,., 0 is fully correlated across
these experiments. If the same x is chosen across experi-
ments at different Fj,., a Gaussian correlation would be
recommended in line with the discussion above. It would
be best practice for experimental results to be reported
along with sufficient detail to allow the PFNS uncertainty
to be re-calculated at a later time or when a new evalua-
tion of x becomes available.

Neutron-leakage uncertainty. The leakage of neu-
trons, L,, out of the through-tube of liquid-scintillator
measurements is convoluted in equation (4) with the
PFNS, x, the angular distribution of prompt-fission neu-
trons, a, and the geometrical anisotropy of the experimen-
tal configuration A;. All these factors, x, a, and A; enter
in MC simulations of L,, [1] that in turn enter the deter-
mination of ,. In ratio measurements, the geometrical
anisotropy for monitor and isotope of interest should be
nearly the same except for the effect of the displacement
of the sample with uncertainties considered in dd ,,. The
difference in neutron leakage can be traced back to the
difference in x and a for the monitor and isotope in ques-
tion. Hence, L,, does not appear in equation (6) and §L,
is not applicable.

6L, is also given rarely for absolute-liquid scintilla-
tor measurements as it is either considered in dA; as in
reference [2] or in the neutron-detector efficiency [15]. In a
review by Boldeman [1] a value of 0.2% was given for his
own 22Cf(sf) 7, measurement and 0.3% for the measure-
ment of Asplund-Nilsson [27], while in the original publica-
tion, no 6L, is reported separately and L, is discussed as
part of de,,. A value of 0.2% is recommended for absolute
liquid-scintillator measurements for the sake of complete-
ness if not considered as part of other uncertainty sources.
A full correlation is assumed for §L,, of the same experi-
ment as L,, is usually calculated with MC codes relying on
geometrical assumptions and nuclear data, while a strong
correlation factor of 0.5 is assumed between experiments.

The leakage of neutrons out of the Mn bath, (1 —
L,), is considered explicitly in equation (2), and asso-
ciated uncertainties, §(1 — L,,), ranging from 0.01-0.04%
(about 10% of the correction factor itself) are provided by
references [3,5,6,30,45] with a more recent MC study [47]
confirming simulated uncertainties as low as 0.01%. We
recommend a slightly larger median value of 0.02% (still

negligibly small) which reflects the fact that most mea-
surements were undertaken decades ago where neutron-
transport or diffusion calculations were less accurate and
precise than today’s counterparts [3,45]. These simulations
rely on assuming a x of the source as well as knowing
the concentration of the Mn-bath solution, geometry of
the set-up itself, and shielding [3]. (1 — L,,) can also be
measured [5,30,45], e.g., by using two baths of varying
size. Given that §(1 — L,,) relies on very similar nuclear
data to be calculated but also assumptions that are unique
to an experiment campaign (geometry) and explicit mea-
surements [45], a medium-range correlation is assumed
between 6(1 — L,,) of different experiments.

Uncertainty of angular distribution of fission
neutrons. A correction for the angular distribution of
fission neutrons, a, is needed for 7 measurements in
the fast range. As measurements in the fast range are
usually undertaken with the liquid-scintillator technique,
a appears here for these types of measurements. The
incident-neutron energy beam leads to a preferred direc-
tion of the fission fragments with respect to the angle of
incident neutrons, see e.g., [66], because of (a) the forward
boost of fission fragments that becomes significant for
Eipe > 10MeV, and (b) the inherent anisotropy of fission
fragments. The outgoing prompt-fission neutrons tend to
be emitted into the direction of the moving fragments in
the reference system of the laboratory [38] leading to a
non-negligible angular dependence of fission neutrons. The
resulting angular distribution of prompt-fission neutrons
is both dependent on the incident-neutron energy and
the isotope [72]. At thermal, the prompt-fission neutrons
can be assumed to be emitted isotropically on average,
while an angular distribution of fission neutrons becomes
noticeable for incident-neutron energies as low as 1 MeV
for 2352387 and 23°Pu [72] and is isotropic only below
approximately 200keV. For spontaneous fission, the fis-
sion fragments are emitted isotropically and so are the
neutrons. Hence, this effect does not appear if all of the
fissions of 2°2Cf are detected. If only some part of the
angular range of the fragments of 2°2Cf(sf) is detected,
as it will be for any fragment detector, then the associ-
ated neutrons will not be isotropic, but the effect will be
less pronounced compared to neutron-induced fission in
the fast range. Due to the same reasoning, a/a™ does not
cancel in ratio measurements where the isotope of interest
is measured relative to 252Cf(sf) 7.

The correction for this effect is usually calculated by
taking into account the geometry of the experiment (espe-
cially the through-tube) and assuming an angular distri-
bution of fission fragments [17,21-23,38,66]. It is strongly
intertwined with the neutron-leakage, L,, and asymme-
try of the measurement configuration, A;. If the neutron
detector fully enclosed the fission detector (i.e., a 47 envi-
ronment), no correction for a would apply. However, the
through-tube is needed for housing the detector and giving
way to the neutron beam. This reduces the geometry to be
less than 47. da is one of the least understood uncertainty
sources for 7, given that the angular distribution of fission
neutrons is not very well-known today and even less so
in the mid-60s to 80s, when many 7 measurements were
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performed. Uncertainty values related to the angular dis-
tribution of fission neutrons, da, range for 2*Pu(n,f) v
measurements from 0.002-0.3% [12,16,17,21-23,35,36,38].
The lowest uncertainties (0.002-0.1%) are reported for
data below 2MeV [12,17,35,38], while values of approx-
imately 0.3% are reported for data at higher Fi,. [21-
23,36]. Exceptions are data of [38,54] that have low da
values despite being measured to Ej,, > 2MeV, where
the contribution of a is non-negligible [72]. In the tem-
plate, 0.1% is proposed for da from 0.2 up to 1MeV
going up to 0.3% above 2MeV and 0.5% at the second-
chance-fission threshold and at Fj,. > 10MeV. da is
assumed to be zero for Ej,. < 0.2MeV. At the second-
chance-fission threshold, the angular distribution of FF
is very large in general, leading to a larger a. Also, the
forward boost of fission fragments induced by incident
neutrons should be considered for Ei,. > 10MeV, lead-
ing to overall larger uncertainties in this energy range. It
should be stressed that da and a are not well understood
and both values should be carefully examined within new
experiments.

Off-diagonal correlation coeflicients between 0.8-0.9
are assumed between das at different E;,. for the same
experiment, as nuclear data and functional relationships
are usually used for corrections. A correlation of 0.6 is
assumed between different experiments, as the same func-
tional relationships would have been used and similar
nuclear data, but the accuracy of geometrical consider-
ations differs between measurements. Zero uncertainty is
assumed for absolute measurements that are usually taken
of spontaneously fissioning systems, where a related to the
detector is not applicable.

Asymmetry uncertainty. The asymmetry uncertainty,
6A;, only occurs for absolute liquid-scintillator measure-
ments and has to be considered for a correct calculation
of neutron leakage. For only one 2°2Cf(sf) ¥ measurement,
i.e., [2], a separate uncertainty is given for §A; of 0.03%.
Otherwise, § A; is part of either dL,, or da. Hence, we do
not have an entry for § A; in Table 1, considering it part of
6L, or da. 6A; drops out in ratio liquid-scintillator mea-
surements, as the same asymmetry applies to the isotope
of interest and monitor measurements. Any difference in
0A; stemming from the variability in the location of the
sample of interest and the monitor one is considered in
dds/m- It can be estimated experimentally by shifting the
sample.

Monitor uncertainty. The monitor uncertainty, 6v™,
is usually straightforward to estimate if one knows what
data were used for 7™ in equation (6) or if ratio data
are explicitly provided. The latter case is preferred, as it
gives evaluators the possibility to use the currently best
available nuclear data for ™. Usually, 2°2Cf(sf) 7; is used
as monitor. The current value recommended by the NDS
project is 3.7637 £+ 0.42 % [10]. This uncertainty only
applies to ratio measurements.

If the same monitor applies to all data across incident-
neutron energies, as is the case for measurements relative
to 2°2Cf(sf) vy, this would lead to a fully correlated 6v™
across one experiment. The same nuclear data should be

used to represent the same a monitor observable through-
out an evaluation, leading to a full correlation of o™
across all experiments measured relative to the same mon-
itor observable.

Uncertainty due to thickness of sample. The uncer-
tainty due to the thickness of the sample, dd, only appears
for measurements that do not employ a point-source sam-
ple. Usually, small and thin samples are used for 2°2Cf
measurements. Hence, a template value is only given for
ratio measurements. This correction factor applies because
fission fragments do not leave the thick foil or lose too
much of their kinetic energy before escaping the foil. Thus,
they fail to trigger the fission detector that opens the gate
to measure neutrons. The size of d depends on the thick-
ness of the sample, but also on how the sample was man-
ufactured. If the sample material is sprayed or evaporated
onto a foil, the resulting samples are usually the most
uniform ones. Thus fewer fission fragments are lost than
when a sample of the same average thickness is electro-
plated or, in the worst case, rolled or painted. This effect
can be counter-balanced by a fission detector with good
efficiency that is also able to register fission fragments of
low kinetic energy.

This effect is discussed in great detail in references [21-
23,56], where reference [56] provides a brief overview on
previous work. Correction factors for different thicknesses
were obtained in reference [56] by measuring a 2°2Cf point
source with increasing layers of lead. The results show
that d is linear up to a thickness of 2500 ug/cm? (cor-
rection factors are provided in Table I of this reference).
Gwin [21-23] measured 7 with two samples of different
thicknesses and simulated the effect. These investigations
led to an uncertainty of 0.05%, which is a lower bound,
as Gwin employed a thin sample (100 pug/cm?), thus min-
imizing the effect of d. An uncertainty of 0.1% is assumed
for a high fission-detection efficiency and a sample thicker
than that of Gwin. dd can rise to 0.3% for thick samples
(700 pg/cm?).

A full correlation matrix is assumed for dd of each indi-
vidual experiment as d is a multiplicative correction fac-
tor unless samples of different thicknesses were employed
at different Fj,.. It is assumed to be strongly correlated
across different measurements, given that this effect was
not frequently corrected. However, if an independent mea-
surement was undertaken for an individual experimental
effort, no correlation should apply.

Sample-displacement uncertainty. The uncertainty
due to the displacement of the sample, dd; /,,,, appears only
for ratio measurements, because it accounts for possible
biases introduced in the measured quantity by small devi-
ations between the position of isotope of interest and mon-
itor samples. This displacement would lead to a difference
in the neutron leakage between the sample and monitor,
and thus lead to a bias in U. The possible bias was quanti-
fied in references [12,21-23,38] for 239Pu(n,f) ¥ with very
low uncertainty values dd, /., of 0.01-0.05% uncertainties.
Gwin et al. [21-23] obtained these values by first deter-
mining a possible bias by measuring the 2°2Cf sample in
different positions in the through-tube. The authors then
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assumed one-third to one-fifth of the measured correction
as uncertainty. The upper bound of 0.05% is adopted for
the template as a conservative estimate if this uncertainty
source was not quantified.

As dg/p, is an energy-independent multiplicative cor-
rection factor, a full correlation is assumed for dd/p,
across data of the same experiment. A zero correlation
between dd, ., of different experiments is assumed, as a
displacement of the sample would be random between
these experiments, thus leading to an independent bias
across measurements.

Energy uncertainty. The incident-neutron energy
uncertainty, dEj,., or resolution, AFi,., depends on the
neutron source which can be a white or mono-energetic
neutron source. For TOF measurements, it depends on the
TOF-path length, energy, and uncertainty in resolving the
exact timing of the fission pulse, while secondary-neutron
groups can lead to a smearing of Ej,. in mono-energetic
measurements. Given that, it would be best to estimate
0 Fine, if missing, based on existing uncertainty values from
the same or similar facilities at the same FEj,. rather than
assuming one blanket value. To support this statement, it
should be mentioned that §E},. ranging from 0.034% to
27.5% are reported across [12-26,34-38].

A full correlation is assumed for the dFEi,. of the
same measurement in energy space, while no correla-
tion is assumed between measurements, as the defin-
ing factors for uncertainties vary randomly between
measurements.

Uncertainties stemming from those of thermal-
ized hydrogen and sulfur cross sections as ratios
to manganese. The fraction of neutrons captured by
Mn in the Mn-baths depends on the ratio of cross sec-
tions of neutron-capture in Mn relative to that of those
captured in hydrogen and sulfur at thermal energies,
UUTH and 2=, respectively. These cross-section are usu-
ally represented by nuclear data and their uncertain-
ties, ¢ aﬁn and ¢ U"l\;‘n, are propagated to uncertainties in
7 [3,5]. The ratio can also be determined by varying the
concentration of, e.g., hydrogen (Ny/Nuyy) in the solu-
tion [30,45]. 5% and 67 are usually reported in a

combined manner (both contaln OMn), With uncertain-
ties range from 0.2-0.29% [3,5,30,45], where the by far
dominant part stems from ¢ 0?1{ [45]. Hence, additional
measurements with varying NNT;IH were performed to deter-
mine - [45]. A full correlation is assumed between
é U"Tf and § UH) of different experiments, given that usu-

ally the same or similar nuclear data were employed.
This uncertainty source naturally only applies to Mn-bath
measurements.

Uncertainties due to number of hydrogen versus
manganese atoms. The uncertainties in the ratio of
the number of hydrogen vs Mn atoms, 6NN—I\Z, can be
determined very precisely by various methods (volumetric,
gravimetric, and solution-density determination) [3,45].
It is rarely reported and Axton states in his review of

Mn-bath measurements [45] that it is negligibly small,
with a reproducibility uncertainty of 0.05% which is
adopted in Table 2. A medium-range correlation is rec-
ommended between § NN—I\‘:] of different experiments, given
Nu

that similar methods are used to determine Mo

experiments.

acCross

Uncertainties due to resonance capture of neu-
trons in manganese. The uncertainties in the resonance-
capture term of neutrons in Mn, §(1 + GFs), are usu-
ally given in a combined manner, given that all three
parameters are used to derive the effective cross-section.
This factor is either obtained by theoretical or MC cal-
culations, depending on the Mn-activation integral and
nuclear data [5,30,45]. Values for §(1 + GTs) of 0.05-0.1%
are reported for references [5,30,45] and the median of
0.09% is adopted in Table 2. Given that usually recourse
to the same assumptions and data are taken, a full corre-
lation is assumed between 6(1 4+ G7s) of different exper-
iments. This uncertainty source naturally only applies to
Mn-bath measurements.

Mn-bath efficiency uncertainties. Calibrating the Mn
bath is usually undertaken with respect to well-known
(standard) sources and by cross-comparison of various
baths and sources in the international community [3,7,
30,45]. Axton highlights in reference [45] that the effi-
ciency, enmpn, derived from this calibration will deterio-
rate invariably over time and recommends repetition of
calibrations.

The associated uncertainty, deyy,, 1S a major uncer-
tainty source for Mn-bath measurements of 7, with val-
ues ranging from 0.11-0.3% across [3,5,6,30,45], where the
median, 0.2%, is recommended for the template. Medium-
sized correlations are suggested for den, between dif-
ferent measurements, given that common standards are
used as well as cross-comparisons are undertaken across
experiments.

Uncertainties due to neutrons captured by cavity
material. In Mn-bath measurements, one has to account
for neutrons lost as they enter the sample cavity or shell
which creates the air space at the center of the solu-
tion and are recaptured by either the source or materials
present in the cavity. The associated term, (1—2S5) in equa-
tion (2), is usually simulated by MC neutron-transport or
diffusion codes, taking into account the concentration of
the Mn solution, the PFNS, y, the geometry of the Mn
bath, and diameter, thickness, and materials in the cav-
ity [3,30,45,47]. The flux that is then calculated at the
cavity boundary can be validated by measurements of this
flux using various foils in the cavity. For instance, gold foils
were used in references [5,45].

Associated uncertainties, §(1 — S), ranging from
0.03-0.1% were found for [3,5,6,30,45], with recent work
reaching uncertainties as low as 0.05%. The median,
0.05%, of these uncertainties is adopted in Table 2. A
full correlation is assumed between 0(1 — S) of differ-
ent experiments, given that corrections are usually calcu-
lated taking recourse to the same or similar nuclear data
and x.
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Uncertainties due to neutrons captured by oxy-
gen and sulfur. Fast neutrons are captured in Mn
baths by oxygen and sulfur in (n,o) and (n,p) reac-
tions. The associated term, (1 — O), in equation (2) is
usually simulated with MC codes that track the posi-
tion of neutrons from the source leading to (n,a) and
(n,p) reactions [3,5,30,45,47]. To this end, one needs to
know the outgoing-neutron energy distribution of prompt
neutrons, Y, the concentration of the bath and the
geometry of the set-up [45,47]. Validating experiments
can be performed using known sources as described in
references [7,45].

Associated uncertainties (1 — O) of 0.06-0.1% are
found across references [3,5,6,30,45], with a median of
0.1% that is recommended in Table 2. A recent report [47]
obtained a value of 0.07% using modern codes and nuclear
data. Also, a recent study by [73] showed that newly eval-
uated data (e.g., ENDF/B-VIL.1 cross sections which are
30-50% lower than those of ENDF/B-VIIL.0) can have
a non-negligible impact, for instance, on the 2°2Cf(sf) v,
data of Spiegel et al. A full correlation is assumed for
0(1—O) between different experiments, as the underlying
simulations usually depend on the same nuclear data and
a similar x.

Mn-bath impurity uncertainties. Impurities in the
Mn-bath solution can lead to thermalized neutrons
being captured in additional reactions than discussed
above [5,45]. The associated uncertainty depends on the
isotopic composition and abundance of the impurities.
Aleksandrov et al. estimated that 0.1% of ¢,, are recorded
from events where neutrons are captured by impurities
and gave this as a bounding uncertainty. This value is
adopted in Table 2 and coincides with the uncertainty
reported for [6]. It should be mentioned that this uncer-
tainty estimate is highly dependent on the actual con-
tamination level in the bath, and, hence, this uncertainty
should only be used if no other information can be derived
from other sources. One should be able to study this effect
by gamma spectroscopy and half-life studies as well as
losses due to competitive capture compared to Mn. Zero
correlation is assumed for Mn-bath impurity uncertainties
of different experiments, as two distinct baths are expected
to have different impurities necessitating dissimilar
corrections.

Fission-rate uncertainties. The fission-rate uncertain-
ties, dcy, encompass several uncertainty sources appearing
for measuring the fission rate, cy. As mentioned above,
several techniques were employed to determine ¢y in vari-
ous 2°2Cf(sf) ¥ measurements: solid-angle counting of fis-
sion fragments using Si-surface barrier detectors [9,30],
fission-fission coincidence counting [3] or neutron-fission
coincidence counting [7]. We have for each measurement
type too few individual measurements available to reason-
ably split out uncertainty sources and generate a template
for each of those measurement techniques. If one com-
pares combined uncertainties of dc; across the measure-
ments of [3,5-7,9,30], one ends up with a median value
of 0.32%, which is recommended in Table 2. This value

should be seen as a guide to compare if given total uncer-
tainties related to dcy are realistic, and as a rough estimate
if nothing else is given. However, this is a major uncer-
tainty source, and if it is not provided for a particular data
set, we would recommend not to include the data in the
evaluation, unless there are no other measurements of the
observable available. Usually, dcy contains counting statis-
tics uncertainties (0.05-0.2% [5,7,30]), solid-angle uncer-
tainties (0.05-0.6% [5,7,30]), back-scattering from sample
(0.1-0.5% [6,30]), self-transfer of 22Cf onto the fission
chamber (0.05%-0.4% [5,7,30]) and the half-life of the iso-
tope in question (0.01-0.15% [5-7]). A medium-range cor-
relation of dcy between different experiments is assumed in
Table IT of [55], given its composite nature encompassing
purely random as well as strongly correlated uncertainty
sources.

5 Summary

Nuclear data measurements of average prompt- and total-
fission neutron multiplicities fall into a few highly devel-
oped types. For each type, the sources of uncertainty
have been identified and quantified by various practition-
ers over many years. Individual experiments, especially
older ones, are not always described in as much detail
on all individual uncertainty sources or corrections as
needed for the nuclear-data evaluation process. Nonethe-
less, it is expected that measurements of a given type
will be impacted by these known inaccuracies or miss-
ing uncertainties, whether reported or not. In the present
work, templates of expected measurement uncertainties
were established for average prompt- and total-fission neu-
tron multiplicities. These templates list expected uncer-
tainty sources for the manganese-bath, liquid-scintillator
absolute, and ratio measurement types. They also give
ranges of uncertainties for most sources and estimates
of correlation coefficients between uncertainties of each
source in case that some of them were not reported for a
particular measurement and cannot be estimated in any
other way. The uncertainty values were estimated conser-
vatively, based on information found for 252Cf, 2352387,
and 23°Pu multiplicity measurements in their literature
or respective EXFOR entries, as well as on expert judg-
ment from experimenters. In addition to these templates,
a section lists what information on the experiments is
needed to include its data faithfully in the evaluation pro-
cess. Future experiments need to be carefully planned, exe-
cuted, and reported in order to improve nuclear data in
this area; many of the corrections can be assessed experi-
mentally and confirmed by simulation as a matter of good
practice. The templates presented here serve as a reminder
of what uncertainty sources and input for the evaluation
should be provided.
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