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Abstract. In this paper, we provide templates of uncertainty sources expected to appear for three mea-
surement types of prompt fission neutron spectra (PFNS): (1) shape measurements, (2) clean-ratio shape,
that is the monitor PFNS are measured in nearly exactly the same surrounding as the PFNS of interest,
and (3) indirect ratios, where the detector efficiency is backed out from PFNS monitor measurements.
Information is also listed that is needed to faithfully include PFNS in nuclear data evaluations to guide
experimenters on how to best report data and metadata for their measurements. These templates also
suggest a typical range of pertinent uncertainty values and their correlations in case realistic uncertainties
cannot be estimated from information on the measurement itself. The templates were based on a literature
review, information found in EXFOR for 252Cf, 2352380 and 23°Pu PFNS, and enhanced by expertise
from experimenters contributing to these PFNS templates.

1 Introduction

A prompt-fission neutron spectrum (PFNS) describes the
energy distribution of neutrons emitted from fission frag-
ments from an actinide in a time window promptly after
fission and before the onset of beta decay [1]. The fission
reaction can be induced by neutrons, as e.g., for neutron-
induced 2*U(n, f) PFNS, or be spontaneous, as, e.g., for
the case of the PFNS standard, namely the 2°2Cf spon-
taneous fission spectrum [2—4] that is shown in Figure 1.
A PFENS gives a probability distribution of neutrons to be
emitted at a specific outgoing-neutron energy, Fqy:. Thus,
the evaluated data are normalized such that the integral
over the PFNS gives unity [5]. The maximum of this dis-
tribution is usually in the low-MeV range-dependent on
the isotope at hand. At higher E,., the spectrum falls
off, such that there can be a few orders of magnitude
difference in the PFNS between its peak and, e.g., at
Eout = 10MeV (see left-hand side of Fig. 1). It is very
difficult to detect neutrons of the PFNS to high statis-
tical precision for Foy > 10 MeV due to the paucity of
emitted neutrons in this energy range and cosmic back-
grounds. Special background-reduced environments must
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be sought for measurements at Eoyy > 20MeV (a for-
mer lead mine under a 1000 m mountain was used, for
instance, for Ref. [6]). It is equally difficult to precisely
measure the PFNS at low ., e.g., below 10keV in even
favorable experimental conditions, because of the preva-
lence of background and multiple-scattered neutrons that
can be larger in numbers than the desired prompt-fission
neutrons. This limitation in measuring the PFNS at high
and low FE,,; can be observed by the higher uncertainties
and scatter among data points in the right-hand side of
Figure 1. In these energy ranges, below 10keV and above
10 MeV, nuclear model forms or integral information help
to define evaluated PFNS, even if sufficient experimental
data are available for other E,,; ranges.

Below, a template of expected measurement uncertain-
ties is provided for PFNS. These templates were developed
for obtaining PFNS via the time-of-flight (TOF') technique
to determine E,, of the PFNS as this is the most fre-
quently employed technique. If other techniques are used
(like measuring the E,, directly, using n—p scattering and
a proton recoil spectrometer) recourse should be taken to
other templates that describe these techniques.

The template described here was established based on
(a) the uncertainty procedure developed within the TAEA
Coordinated Research Project on PFNS documented in
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Fig. 1. The evaluated 2°2Cf spontaneous fission spectrum by Mannhart [2,3] is compared to the experimental data used for
that evaluation and as shown in Figures 1-10 of reference [2]. (a) The PFNS in units of (1/MeV). (b) The PFNS as a ratio to

a Maxwellian function.

Chapter II1.M of reference [1], (b) the detailed uncertainty
analysis [7-9] of several 23*23%U and 239Pu PFNS exper-
imental data using their respective literature [10-34] and
EXFOR entries [35-37], as well as (c¢) uncertainty studies
undertaken by the Chi-Nu team as part of their measure-
ment campaign [13,38-43]. After the initial establishment
of the templates, a sub-set of the authors reviewed 2°2Cf
PFNS measurements; some of the knowledge, gained from
references [6,44-46], was added to this manuscript.

2 Measurement types

PFNS are typically experimentally determined from time-
of-flight (TOF) measurements of outgoing neutrons.
PFEFNS can be measured for spontaneous fission or as a
function of incident-neutron energy, Ei,.. In the latter
case, one can use mono-energetic neutron beams, where
Ey,, is well-defined, see, e.g., references [16,47]. PFNS can
also be measured with white-neutron sources. In this case,
the TOF technique is also applied to measure Eji,. as, for
instance, in references [40,48].

The techniques for measuring a PFNS are distin-
guished according to how the neutron detector efficiency,
e, was derived. This specific partition was chosen because
different uncertainty-quantification methods have to be
applied to estimate total PFNS covariances depending on
how ¢ was determined. This is described in detail in the
appendix of reference [49].

2.1 PFNS shape measurements

In a PFNS shape measurement! (illustrated schematically
in the upper panel of Fig. 2), ¢ is determined directly. It

! PFNS experimental data are recommended in reference [1]
to be treated as shapes for evaluation purposes, as their nor-
malization (the average prompt-fission neutron multiplicity)
can be often determined more precisely in dedicated measure-
ments [50].

is either measured by a non-PFNS experiment or sim-
ulated/calculated. For instance, Knitter [17] measured
¢ relative to neutron-production cross sections, while
Staples et al. [47] obtained it via SCINFUL calcula-
tions [51]. Due to the direct determination of ¢, the PFNS,
Xs, is reported explicitly in the case of shape measure-
ments. It is derived by an analysis,

Cs (EinC; Eout) — b (Einca Eout)
Es (Eout)Ts (Eout)
X Mg (Einm Eout)as (Eincv Eout)7 (1)

where a background, by, is subtracted from the measured
counts, ¢, corrected for €4, multiple scattering, and atten-
uation, mg, the angular distribution of the outgoing neu-
trons, as, and deadtime, 75. The sub-script s indicates
the sample of interest. To be exact, the measured counts,
¢s — bs, in equation (1) are given by:

Xs (Einm Eout) =

M
Cs (Einca Eout) - bs (Einca Eout) = Z R(Einca Eouta Eout)

i=1
X Xs(Einm Eout)’[’w (2)

following references [9,43,52]. The key difference here is
that the multiple-scattering and attenuation correction
merge with the neutron-detection efficiency to an envi-
ronmental detector-response matrix, R, of the TOF mea-
surement, while the variable @ encompasses all other
corrections mentioned above and is not written out explic-
itly. It is important to stress that while one believes
that the counts are measured with an energy FEqu, the
response matrix actually distorts the true PFNS, y, and
one measure counts at Eout due to the down-scattering
of outgoing neutrons. The symbol “ "7 signifies that the
outgoing-neutron energy changed due to scattering. The
same is true for all other types of measurements mentioned
in this section, but we follow the simplified notation in
equation (1) as this is the way the analyses were usually
undertaken in the past. This leads to a bias in the reported
Xs which will be described in the template section on e.
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Fig. 2. Schematic drawing of PFNS-measurement types. The blue rectangle in the orange fission chamber is the isotope
investigated; the blue circles indicate neutrons, including the incident neutron, and scattered or background neutrons; the green
arrow denotes fission neutrons headed to the neutron detector; other fission neutrons are given by the black arrows. Figure
(a) is for shape measurements. Figures (b) show the main measurement (top) and the monitor measurement (bottom) for a
clean-ratio shape measurements. Figures (¢) show the main measurement (top) and an associated ratio-calibration measurement
(bottom) made in a different experimental environment to quantify the neutron detector efficiency. Figure 3 (c-bottom) can
also illustrate calibration with a spontaneous fission source such as 252Cf.

2.2 PFNS clean-ratio shape measurements

In a clean-ratio shape measurement, the PFNS of the
investigated isotope, X5, is measured as a ratio to a mon-
itor spectrum, x,,, in exactly the same set-up and envi-
ronment as X, [18,24,48]. Hence, two measurements are
carried out, one of x5 and one of y,,, as is exemplified in
the middle panel of Figure 2. Due to that, ¢ is expected to
cancel. However, reference [43] shows that differing y s and
Xm create a difference in the total distortion (from down
scattering mainly) observed for each E,,;. As the response
contains ¢ and m, this difference is accounted for here
in m in order to remain with the simplified notation. In
addition to m, some other correction factors—background
among them-reduce the residual difference of that cor-
rection between isotope s and m. For instance, many
neutron-induced experiments are measured relative to the
22Cf(sf) PFNS, e.g., [18,24]. While some background con-
tributions might be similar for the measurement of the iso-
tope of interest and the monitor one, some part of it (e.g.,
neutron-beam-related background contributions) applies
to only the neutron-induced measurement. Hence, by and
by do not fully cancel but the ratio of them, bs/b,,, is
usually reduced compared to bs. However, it is important
to note that some backgrounds are subtracted before the
ratio of measurement s to m is taken, minimizing the
residual effects. For instance, the neutron-beam-related
background contribution can be measured with a fake fis-
sion trigger and can then be subtracted from ¢, [48]. If the
statistics are sufficient in the beam-background measure-
ment, its uncertainty can be reduced to be small com-
pared to the statistical uncertainty of the background
measurement; then, the differences in the background are
small from the main to the monitor spectrum. Clean-ratio
shape measurements provide PFNS ratios xs/xm that
then need to be converted to xs by using nuclear data
representing x,,. This ratio xs/x.m is usually obtained

by
Xs (Einm Eout) _ Cs (Einm Eout) — by (EinC7 Eout)
Xm(Eincv Eout) Cm (Einm Eout) - bm(Einc» Eout)
X ms/m(Einm Eout)as/m(Einm Eout)Ts/m(Eout)7 (3)

where the sub-script s/m reminds the reader that this
factor is a residual correction effect.

2.3 PFNS ratio-calibration shape measurements

The neutron-detector efficiency is derived in a PFNS
ratio-calibration shape experiment from measuring x,, in
another environment and set-up than xg, namely:
Cm (Einm Eout) - bm(EinCa Eout)
X%D (Einu Eout)Tm(E)
X M, (Einm Eout)am (Einm Eout)7

Em (Eout)

(4)

making use of nuclear data values, x\7, to represent x,.
Again, two measurements are undertaken; the distinguish-
ing factor from PFNS clean-ratio shape measurements is
the different environment. Possible differences are high-
lighted in the lower panel of Figure 2: the measurement
might be undertaken in a different room (highlighted by
red, differently sized boundaries instead of black ones) or
with a different fission detector. Due to that, some correc-
tion factors do not reduce as systematically as for clean-
ratio shape measurements. For instance, the room-return
background depends strongly on the room and the mate-
rial surrounding the sample (including potentially dissim-
ilar fission detectors). Hence, this part of the background
will not cancel for y, versus x,, but needs to be deter-
mined separately as was for instance done in reference [19].

In some cases, ratio data s/ x, are reported for PFNS
ratio-calibration shape measurements. But, sometimes s
is also listed in cases where the nuclear data xN? is
accounted for in e.
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3 Information needed for evaluations

Sufficient experimental data are available for only a few
isotopes and selected incident-neutron energies that allow
to evaluate of PFNS mostly based on experimental infor-
mation. The 252Cf(sf) and 23U (nqy,,f) PFNS [2,3,53] are
examples of such evaluations. Even in these cases, func-
tional forms approximating the PFNS are needed to
extrapolate the evaluation based on experimental data
over the whole E,,; range. As mentioned in the intro-
duction, Section 1, it is difficult to measure the PFNS
below 10keV and above 10 MeV (see also right-hand side
of Fig. 1). Existing experimental data often have such
high uncertainties that they are not informative for the
evaluation or are not available at all. However, the PFNS
needs to be given over a sufficient E,,; range (usually
1.0e—5 eV to 20 or 30 MeV) to satisfy the normaliza-
tion constraint and nuclear-data-format requirements [5].
Hence, functional forms approximating the PFNS—usually
a Maxwellian or Watt spectrum—extending the PFENS eval-
uations in the tails of the spectrum are needed.

Usually, PFNS evaluations are undertaken by statis-
tically combining model values and experimental data
using associated covariances [1,8] or fitting model parame-
ters [54-56] as was, for instance, done in 239Pu(n, f) PFNS
evaluations of JENDL-4.0 and JEFF-3.2 [57,58]. Many of
these evaluations rely on the original or extensions of the
Los Alamos model by Madland and Nix [59], for instance,
all 23°Pu(n,f) PFNS evaluations in ENDF/B-VILO to
ENDF/B-VIIL.0, JENDL-4.0 and JEFF-3.2 [57,58,60-62].
More modern models are currently under development,
e.g., [1,63-65]. Models are needed for the evaluation as
the experimental data of many isotopes do not cover the
incident- and outgoing-neutron energy range needed for
application calculations.

For an evaluation, ys or xs/xm is needed for the
full range of incident- and outgoing-neutron energies
measured. In addition to that, the temperature of a
Maxwellian fitted to each x, (and x,, if applicable) at
a specific Fj,. is needed to convert time resolution and
TOF-length uncertainties given in time and length units
into covariances relative to the PFNS. A fine binning of
Ei,. would be preferable (of 1 MeV or less), especially
around second or third-chance fission thresholds to clearly
resolve structures expected at these incident-neutron ener-
gies in the PFNS that are illustrated in Figure 3. The
bin size of Ej,. should be quantified such that one can
assign a weight to how much the measured PFNS con-
tributes to an evaluation of a PFNS at a specific Ej,e.
Partial uncertainties relative to the PFNS should be pro-
vided for counting statistics, dc, background corrections,
6b, multiple scattering and attenuation corrections, dm,
detector-response determination, de, nuclear data used in
the analysis process, 6x VP, neutron-angular-distribution
corrections, da, and deadtime, §7. The time resolution,
At, and TOF-length uncertainties, AL, are often provided
either relative to energy, e.g., [17,47], or in time and length
units, e.g., [18,24]. In order to convert At and AL to uncer-
tainties relative to the PFNS, the TOF length, L, is also
needed. It would be very helpful if information on the cor-
relation coefficients of each of these partial uncertainties
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Fig. 3. ENDF/B-VIIIL.0 ?*°Pu PFNS [8,60] are used as exam-
ples to illustrate structures commonly observed around second-
and third-chance fission thresholds: from thermal F;.. to the
on-set of second chance fission, curves similar in shape to the
thermal PFNS are expected. In a window of Ei,. = 1-2MeV
around second-chance fission (red dashed line), one sees a char-
acteristic structure of the PFNS appear in the 100s of keV
stemming from a second-chance fission contribution to the
PFEFNS that is only non-zero up to these energies due to energy
conservation. Around the third-chance fission threshold (blue
solid line), this structure is like a broader shoulder in Fout
above 100 keV. One also sees a sharp structure at high Fout
(several MeV) coming from the pre-equilibrium neutron emis-
sion from the compound nucleus before fission happens.

could be provided. However, this is rarely done, with the
notable exceptions of [13,21,40,41].

It is also very important to mention whether the mea-
surement is a PFNS shape, clean-ratio, or ratio-calibration
shape measurement. While it is usually evident that mea-
surement is of the type “shape”, it is not as clear to dif-
ferentiate between the two ratio cases. Time resolution
uncertainties in PFNS space can differ substantially at
high F, depending on whether a data set is interpreted
as clean-ratio or ratio-calibration shape measurement [49].
Hence, it is very important to clearly point out in a jour-
nal article whether the ratio measurement was undertaken
in the same or a very different surrounding. Related to
that, if a specific nuclear data set, e.g., the 2°2Cf(sf) PFNS
by [2,3], was used to convert the ratio to shape data, this
data set should be clearly cited. If not readily available
nuclear data but rather a custom-reference data set was
used for the conversion, this should be provided explicitly
in the journal publication, as was done in reference [24], in
order to be able to convert to shape data with the newest
available reference data.

Auxiliary information on the experiment (such as set-
up information, isotopic content of sample, etc.) is rarely
used explicitly in the evaluation process. However, its
importance should not be underestimated. If auxiliary
information describing the experiment in detail is pro-
vided, the data can be simulated and re-analyzed at a later
time, often providing key input to understand discrepan-
cies between existing data sets [9] that can have a signif-
icant impact on application calculations [7]. This kind of
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Table 1. Typical uncertainty sources encountered in PFNS measurements are listed dependent on their specific
measurement type. Also, estimates of typical uncertainty ranges are provided in case this information cannot be

derived otherwise for uncertainty-quantification purposes.

“ND” was used as an abbreviation for nuclear data.

Unc. Shape (%) Clean-ratio shape (%) Ratio-calibration shape (%)
oc Must be provided Must be provided (dcs & d¢,,)  Must be provided (dcs & dep)
0b 0.2-3 0.2-2 0.2-3 for both
m 1-20 (not corrected) 0.1-5 (not corrected) 1-20 (not corrected, both)
0.1-3 (corrected) 0-0.8 (corrected) 1-3 (corrected, both)

de 2-7 (efficiency) Cancels Unc. in determining x.,

0-10 (response not folded) - 0-10 both (response not folded)
da 0.1 0.1 0.1
ot 0.1 0.1 0.1 for both
ND 0.1-5 (simulations) 0-0.5 (simulations) 0.1-5 both (simulations)

- From libraries (reference) From libraries (reference)

ot 2.5 ns 2.5 ns both 2.5 ns both
AL 2 mm 2 mm both 2 mm both
ow Impurity-level dependent Both samples Both samples

information comprises all details that describe the exper-
iment and allows one to simulate it. For instance, MCNP
input decks, tabulated values of all pertinent correction
factors, raw data, schematic drawings, sample thickness,
isotopic composition, and dimension of all materials in the
beam that could potentially produce neutrons.

4 Template

A listing of all uncertainty sources relevant to PFNS TOF
measurements is provided below, along with the template
values in Tables 1 and 2. All uncertainties are given rela-
tive to the PFNS in % unless otherwise noted.

4.1 Counting-statistics uncertainties

No counting-statistic uncertainties, dc, are provided in
the template. These values depend strongly on the mea-
surement time, neutron flux, detector response and set-
up. Hence, dc is hard to estimate. In addition to that,
we take the approach of recommending to reject a data
set if this very basic uncertainty information cannot be
obtained for it. The correlation matrix associated with dc
is usually diagonal for PFNS data measured within the
same experiment (independent of incident- and outgoing-
neutron energy) and not correlated to other measure-
ments.

4.2 Background uncertainties

Careful background corrections are an essential part of
PFNS measurements. The background, b, can assume val-
ues at some Foy; that are even larger than the signal one
wants to measure [9]. This is especially true at Eqyy <

100keV [13,38,42,52,66]. Background can arise from vs in
~v-sensitive neutron detectors, beam contaminations (e.g.,
secondary-neutron group, protons or charged particles in
the beam), wrap-around neutrons (dependent on spacing
between source-neutron pulses), from pile-up of incident
neutrons, room-return, random coincidences, a-particles
from the sample, etc. Adequate shielding and background
analysis can effectively reduce b and 6b. Also, coincidence
backgrounds can be measured directly with the insertion
of a trigger or signal that is random in time (i.e., random
when comparing the time difference between the trigger
and real fission events) [48,67]. Typical background uncer-
tainties are in the range of 0.2-3% from 0.1-10 MeV and
can rise up to 6b ~ 50% at 10keV in shape measure-
ments [14,15,18,25]. These values are recommended to be
used in the template along with a Gaussian correlation
shape to account for correlations between db. A Gaussian
shape across outgoing- and incident-neutron energies was
chosen because sometimes nuclear data are used in the
background-correction process or separate measurements
were performed that bring a combination of statistical and
systematic effects [13,19]. This approximate functional
form is chosen in lieu of knowing the more complicated
correlation matrices that can be obtained by experimen-
talists for their own measurement. It should be highlighted
that background uncertainties can change with FEg,; and
Fine given that incident-neutron background can also con-
tribute. Correlations between 6b of different experiments
can be non-zero if the same methods were used to correct
for b or both measurements were undertaken at the same
facility.

In clean-ratio shape measurements, the correction of
b is partially reduced as some background constituents
(e.g., room return) are the same for both measurements for
each individual outgoing-neutron energy, though the col-
lection of counts at each TOF may be differently impacted
by room return based on differences in the outgoing
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Table 2. Typical uncertainty sources encountered in PFNS measurements are tabulated with special emphasis on
shapes of correlations. “ND” was used as an abbreviation for nuclear data.

Unc. Cor(Exp;,Exp;) Cor(Exp;, Exp;) ¢ # j

oc Diagonal None

ob Gaussian Facility and method dependent

om Gaussian anti-correlated Facility and method
around 2T dependent

be Gaussian Depends on & determination

da Gaussian Gaussian

T Full 0

ND From libraries From libraries

ot From TOF — E, . transformation 0

AL From TOF — E, . transformation 0

Aw Dependent on shape difference Sample/ method dependent

between main and impurity PFNS

neutron spectrum. However, if one of the measurements
was undertaken with the neutron beam on and the other
off, the beam-related contributions to b will not reduce
unless corrected separately as mentioned above. This
case is often applicable to ratio measurements as many
neutron-induced PFNS are measured relative to the spon-
taneously fissioning 2°2Cf spectrum. Hence, a smaller db
of 0.2-2% is recommended for clean-ratio shape measure-
ments. The uncertainty for 0b of shape measurements
applies twice to db of ratio-calibration shape measure-
ments, due to the different environmental conditions of
the two experiments.

4.3 Multiple-scattering and attenuation uncertainties

Corrections for multiple scattering and attenuation are
two key factors that must be diligently addressed in
each PFNS measurement. The reason is that one mea-
sures outgoing neutrons, which commonly down-scatter
in surrounding material, leading to a sizable correction.
The correction itself depends on the geometry and iso-
topic composition of the target and of the experimen-
tal environment. If samples are thick, as for instance
in [17,47], the multiple-scattering correction can amount
to 10-20% [9]. Also, scattering in surrounding mate-
rial can be significant [7,9], leading to combined correc-
tions in the maximum range of 20%. The absolute size
depends on the geometry of and isotopes in the surround-
ing material. The larger the amount of material present,
the larger m is expected to be. However, some isotopes
have larger neutron-scattering and neutron-capture cross
sections than others leading possibly to larger corrections
than are necessary for isotopes that are more abundant
but have small neutron-scattering or capture cross sec-
tions. If this scattering effect is corrected by using neutron-
transport simulations, e.g., as done in [13,18], the uncer-
tainties of underlying nuclear data dependent on Fgu
and Ej,. of neutrons will contribute to dm. The multiple-

scattering correction shows a clear Fq,; dependence. It is
usually largest at low FE,y; where the PENS is small, to
begin with and many neutrons down-scatter over time,
while it becomes negligibly small around the peak region,
and above, of the PFNS [7,9]. To be clear, neutrons down-
scatter from higher outgoing-neutron energies, but their
percentage is small compared to the non-scattered neu-
trons making the correction small around the peak. The
PFENS at low outgoing-neutron energies is small, leading
to a larger relative percentage of down-scattered neutrons,
and therefore a larger uncertainty, dm, in the correction
factor. Hence, we recommend for the template 20% for
shape measurements at 10keV linearly decreasing to 1%
at the peak region of the PFNS, if this correction has
not been applied. However, at the same time, we caution
to critically assess whether this missing correction factor
might not adversely bias the evaluated results. If that is
the case, it might be better to attempt a correction for
m based on detailed simulations or reject the data alto-
gether before assigning such a large missing uncertainty. If
m was corrected but dm is missing, dm could be estimated
to be 10-20% of the correction factor which is given here
with 0.1-3% for shape data. As the shapes change with
Fine, so does m. However, these differences are secondary
effects leading to no incident-neutron-dependent template
values.

In clean-ratio shape measurements, m reduces to the
different response of xs compared to x,, to this effect. If
Xs and X, are very similar, m and, hence, §m can become
small [23,24,43]. If s and X, differ significantly, a system-
atic bias can amount to a value of a few percent across the
majority of the PFNS range, with corrections on the order
of 10% or more possible near pre-equilibrium neutron
emission regions [43]. If an m # 1 due to systematic differ-
ences of x5 and X, is not corrected for, ém would assume
this value. This is, for instance, the case for a PFNS mea-
sured with incident neutrons of an energy right at the
second-chance-fission threshold as a ratio to the 252Cf(sf)
spectrum. The 252Cf spectrum is smooth in Figure 1, while
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clear structures in PFN spectra at the second-chance fis-
sion thresholds have been observed [1,13,48] which are
illustrated in Figure 3. Marini et al. estimated the maxi-
mum of this effect to be 2% in an analysis of their measure-
ment [48], while Kelly et al. showed this effect to be up
to 5% for distinctly different y,; and x,, at the second-
chance fission threshold using a different fission detec-
tor [40,43]. The latter publication also showed that this
effect is isotope dependent and does not vanish at any
studied Eiy if xs and x,, differ. Marini et al. measured a
239Py PFNS in ratio to 252Cf(sf), which is closer in mean
energy than 23°U PFNS for many Ej,., hence, the effect
observed was smaller than the maximum of 5% observed
in reference [43]. We take the latter value, 5%, as the
upper template value for clean-ratio shape measurements
for PFNS not corrected by m. The discussion above also
illustrates that m depends on the outgoing-neutron energy
along with the incident-neutron energy as structures in the
PFNS, and, therefore, differences to the 252Cf(sf) spec-
trum, arise contingent upon the incident-neutron energy.
Again, 15% of that effect is assumed as an uncertainty
value if the effect was corrected but no other information
was supplied to estimate the uncertainties.

In ratio-calibration shape measurements, m needs to
be determined for both measurements, because x.,,, and x
were determined in dissimilar surroundings, and, hence,
the correction is different. A dissimilar surrounding could
be, for instance, significantly different sample sizes, dif-
ferent fission-detector dimensions and materials, different
room and shielding configurations. Of course, using a 2°2Cf
sample instead of 23°U is in itself dissimilar as both have
different PFNS, but this case falls under the clean-ratio
shape category if all other measurement components are
the same. For the ratio-calibration shape technique, dm
in the template is estimated by using the respective value
for shape measurements and applying it to provide an
uncertainty for both, dmg, and dm,,, leading to an overall
larger uncertainty contribution. Of course, this is a strong
approximation taken because of missing information.

Usually, these multiple-scattering effects are simulated
or calculated with neutron-transport codes of varying
sophistication [12,13,68]. Attempts were undertaken in
only a few rare cases to measure this effect [24]. The
accuracy of m depends on uncertainties of nuclear data
used in the codes, the accuracy of the set-up descrip-
tion used in the simulation, the accuracy of the physics
model used for the simulation, and finally Monte Carlo
counting statistics. The latter uncertainties are expected
to be small compared to the other components which
would lead to strong correlations. Therefore, a Gaussian
shape is assumed across outgoing-neutron energies that
are strongly correlated with incident-neutron energies. An
anti-correlated shape around the turning point of the
PFNS (around the maximum of ;) is assumed given the
fact that neutrons down-scatter (i.e., are lost) in the higher
energy range and are added to a lower one. The Chi-Nu
team investigated the location of this turning point for
the scattering-correction factors in their measurement and
showed that it appears between 3-4 MeV for 23°Pu PFNS
depending on the exact detector array used [13,52], sup-
porting a value of about two times the Maxwellian. Their

multiple-scattering correction is a convoluted correction
containing also detector efficiency, yielding a response
function R as given in equation (2).

Correlations between dm of different experiments can
arise if the same codes/ methods, nuclear data, and sim-
ilar materials have been used for correcting m. Then this
correlation matrix can be assumed to be Gaussian with an
overall smaller correlation factor compared to correlations
for 0m between the same experiment.

4.4 Detector-response uncertainties

The detector-response uncertainties, €, should be explic-
itly given for shape measurements. It is often termed
“detector-efficiency” uncertainty [14-17,47]. Here, the
term “response” is used to highlight that, indeed, there
is no one-to-one correspondence of TOF to Fu, as also
shown in equation (2) with the response function R.
To be more specific, multiple-scattering effects lead to
a response function that couples one specific TOF with
several (“true” initial) Egut-bins [9,43]. Taddeucci et al.
showed in Figures 4 and 5 of reference [9] that multi-
ple scattering distorts a simulated PFNS at low and high
FEout; the large distortion at low FEgy, is driven by down-
scattering from a much larger peak. At higher E,.;, neu-
trons scatter down and the response gets increasingly more
uncertain as the finite time resolution plays an increasing
effect. This increase above the peak seen in Figures 4 and
5 of reference [9] is used to estimate a detector-response
uncertainty to be 0% below Egu; = 2MeV, linearly rising
to 10% at 10 MeV [7,8]. This uncertainty applies to shape
measurements, which did not take this effect into account.
It can be corrected by neutron-transport simulations along
with scattering corrections. This detector-response uncer-
tainty is in addition to those uncertainties usually reported
as related to detector “efficiency”. The latter uncertain-
ties are often in the range of 2-7% [14-17,47] across rele-
vant measurements. These values are used here as a range
for the template. This uncertainty stems from reference
nuclear data used to measure or simulate €. The uncertain-
ties in € become large where either these nuclear data are
not well-known or at the threshold of the respective detec-
tor. As de is related to transformed nuclear-data uncer-
tainties, a Gaussian shape is used for correlations between
de of the same experiment. If the same detector-response
function is assumed for different Eji,. [47], d¢ is fully corre-
lated for PFNS at different Fji,. but the same E,, values.
Non-zero correlations between de of different experiments
arise from the common usage of the same nuclear data. If
the same nuclear data were likely used, a Gaussian shape
can be employed. If € determinations of two experiments
are related to obviously different and uncorrelated nuclear
data, the correlations between de are zero.

One would expect ¢ to drop out in clean-ratio shape
measurements. The ratio procedure—dividing the measured
main isotope through 252Cf outgoing-neutron counts and
then multiplying by PFNS nuclear data for the latter
isotope—applies scattering and efficiency (intrinsic detector
response) at the same time. e cancels only then if both .,
and y are measured in exactly the same environment and
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the two PFNS (and thus ms and m,,,) are identical. If x,,
and x; are substantially different, a sizable difference can
be observed [43] in the detector responses to both PFNS.
The uncertainty related to this effect is accounted for in the
template in dm for clean-ratio shape measurements.
Ratio-calibration measurements aim at determining e
via measuring x,,. Hence, the uncertainties of ¢ for this
measurement type are made up of all uncertainties deter-
mining x,,, including the related nuclear-data uncertain-
ties. It is preferable that all uncertainties related to mea-
suring Y., are provided instead of de. Hence, no separate
template value is given for that. However, it should be
mentioned that the detector response measured via Y,
might actually not be the same as for the x; measurement.
A difference can arise due to the different surroundings,
fission detector, and sample size (2°2Cf samples are often
point-source). This difference should be quantified.

4.5 Angular-distribution uncertainties

The uncertainties related to correcting for the angular
distribution of neutrons, da, are expected to be small
in many measurements. An angular bias can be intro-
duced in measurements if the fission-fragment detector
has a restricted angular coverage (e.g., in the case of
a parallel-plate avalanche counter) and is coupled with
neutron detectors that cover only part of the angular
range. Fission fragments were shown to have a non-
isotropic angular distribution even below 1 MeV for many
actinides [69-71]. However, the resulting neutrons in the
lab frame are less strongly-forward peaked until the onset
of the pre-equilibrium neutron-emission contribution to
the PFNS [39]. This pre-equilibrium neutron-emission for-
ward peak (at a few MeV in the blue solid line of Fig. 3)
starts to emerge around Fji,. = 10 MeV for most actinides.
If the neutron detectors do not cover 27, a substantial bias
in xs might be introduced in this Ej,. range due to the
restricted angular coverage. This bias has the potential to
render data unusable for evaluations [8] as was the case
for [10,12]. However, one can expect the bias introduced
and da to be small for lower Ej,. [39,48] unless an unfa-
vorable set-up leads to angular bias (see Refs. [1,25] for
examples of those). One possibility to minimize a poten-
tial angular bias is to measure neutrons across a large
angular coverage.

It is expected that 22Cf(sf) prompt-fission neutrons
are isotropically distributed. Hence, even if one measures
as a ratio to the 2°2Cf(sf) spectrum, a potential bias
will not drop out. The only issue that could lead to an-
isotropic prompt-fission neutrons from 252Cf(sf) is that
fission fragments emitted at shallow angles in the sam-
ple might remain in the sample, which could distort the
start signal of the PFENS. This effect could cancel out if the
252Cf and main measurements are undertaken in the same
experimental set-up (i.e., same design of fission chamber
and dimensions of targets).

A small uncertainty value of 0.1% is recommended for
da in Table 1. This should serve as a reminder to ques-
tion whether an unfavorable set-up could potentially bias
PFNS measurements. It should be understood that this

effect can be very different at thermal energies compared
to, e.g., 20MeV incident-neutron energies. This effect
would be usually corrected by simulating it via neutron-
transport codes or extrapolating experimental angular dis-
tributions, if a sufficient number of angles are covered.
Correlations across uncertainties at different Ej,., Eout,
and even different experiments could result from the com-
mon usage of nuclear data and physics models. Hence,
similarly to dm, Gaussian correlation shapes are assumed.

4.6 Deadtime uncertainties

Dead-time effects matter for measurements with high
count rates compared to the detector or data-acquisition
systems integration times. No signal is measured, i.e., the
detector is “dead”, from the time it triggers to the end
of the signal-integration window. Deadtime can be min-
imized in measurements by reducing the count rate per
detector using appropriately small samples or detectors.
Also, the choice of detector type can help suppress dead-
time effects to a negligible amount. Liquid scintillators and
Li-glass scintillators should, for instance, be fast enough to
control deadtime effectively. In addition, the use of wave-
form digitizers, now common in many laboratories, allows
a significant reduction in deadtime corrections. In past
measurements, deadtime was also reduced by making the
neutron detector the start signal, while making the fission
counter the stop signal (that fires more often) by delay-
ing the latter [6,44-46]. Hence, a small uncertainty, 67 of
0.1%, is recommended in the template for all measure-
ment types with a full correlation between 67 assuming
that the effect would affect all PEFNS similarly. No corre-
lation is assumed for §7 between experiments given that
often different equipment, sample sizes, etc., are used.

4.7 Nuclear-data uncertainties

There are two sources of possible nuclear-data uncertain-
ties. The first one appears in ratio measurements. X,
needs to be known either to determine ¢ (ratio-calibration
shape measurements, see Eq. (4)) or to convert ratio data
to xs (clean-ratio shape data). These uncertainties are
usually straightforward to estimate if one knows what data
were used for x,,, in equation (4) or if ratio data are explic-
itly provided rather than derived xs. The latter case is
actually preferred as it gives evaluators the possibility to
use the currently best available nuclear data for y,,.
Once the exact data that were used to represent Y., are
known, their associated covariances can be retrieved from
the relevant database and used directly in the uncertainty
procedure. Hence, it is of high importance to clearly state
which specific nuclear data (e.g., library reference) were
used for the conversion of ratio to shape data. If ratio data
were converted to shape data by using a simple functional
form representing the reference PFNS, such as for instance
a Maxwellian, the parameters of this function need to be
documented. This specific uncertainty source can lead to
non-negligible correlations between PFNS covariances of
different experiments and across different Fi,. if they were
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all measured relative to the same observable. However,
these are again straightforward to estimate.

The second source of nuclear data uncertainties relates
to the fact that nuclear data are frequently used for
many corrections to xs. One example is that nuclear
data are used in neutron-transport codes to calculate
m. This nuclear-data-related uncertainty source was esti-
mated in only rare cases [40,41,72]. This uncertainty
amounted to values of 0.1-5% for Chi-Nu data. These val-
ues were calculated by forward-propagating the ®Li(n,t)
cross-section covariances used in the MCNP simulations of
the Chi-Nu assembly to PFNS uncertainties by using the
implicit-capture capability of MCNP-6.2 [72,73]. These
uncertainties are listed in the template but are only
applicable to measurements using Li-glass scintillators.
These values serve as a reminder for the reader that addi-
tional nuclear-data uncertainties should apply if neutron-
transport simulations based on nuclear data are used in
the measurement analysis. However, more detailed studies
are needed across many measurements and nuclear-data
observables. It is expected that these uncertainties reduce
in clean-ratio shape measurements as the same materi-
als are used in both experiments. The only difference is
related to the response of x,, compared to xs to the sur-
rounding material. One could assume that this residual
effect is a tenth of the original effect. In ratio-calibration
shape measurements, this effect and related uncertainty
would need to be estimated twice because of the dissimi-
lar materials.

4.8 Time-resolution uncertainties

Time-resolution values, At, from 0.5 to 5 ns can be found
across many TOF measurements, e.g., [10,12,13,18,19,24,
25], with many experiments reporting 1-2 ns. If no value is
provided, a value of 2.5 ns is recommended. If the detector
type is known, one can compare it to the typical time res-
olutions of the specific detector type. It is chosen slightly
more conservative than the mean of these bounding val-
ues. This value applies to shape measurements and can be
used for both, xs and x,, for the two ratio types.

The correlation matrix shape for this uncertainty for
the same measurement arises from the conversion of TOF
to Eout and then to an uncertainty relative to the PFNS
as is described in [49]. These correlation factors can be
derived across incident- and outgoing-neutron energy for
At. The absolute size of uncertainties related to At in
PFEFNS space depends strongly on the measurement type
used to obtain xs. A Maxwellian temperature T or Watt
parameters fitted to xs (and x., if applicable) are needed
for this conversion along with the TOF length L. The TOF
length needs to be measured between the sample and the
neutron detector(s). The spectrum parameters can be fit-
ted by the evaluators themselves if need be. However, L
must be provided by the experimentalists. This is espe-
cially the case for shape and ratio-calibration shape mea-
surements, as 0t can be a dominant uncertainty source at
FEouy > 8MeV.

Usually, the time resolution is estimated from the
width of the peak caused by prompt gamma rays created

in the fission process. This triggers the start signal for the
TOF measurement of the outgoing neutrons. This deter-
mination is assumed to be independent from one mea-
surement to another. Hence, zero correlation is assumed
between 6t of two experiments unless they were performed
by the same team in the same facility. An example of that
is the measurement series encompassing [11,22-24].

4.9 TOF-length uncertainties

The TOF-length uncertainty, AL, usually leads to a minor
uncertainty source contributing to the total PFNS covari-
ances. Its values range from 1-5mm across the litera-
ture [11,13,18,19,22-25] with most values closer to 1 mm.
Hence, a value of 2 mm was chosen for the template. It
needs to be considered once for the shape measurement
and twice, for x5 and X,,, in the case of ratio measure-
ments. Again, a Maxwellian temperature or Watt param-
eters fitted to the measured PFNS should be and a TOF
length must be provided in order to transform AL into an
uncertainty relative to the PFNS. The correlation-matrix
shape between the transformed AL uncertainties of the
same experiment across Fou; and Fi,. arises again from
this conversion process. Similarly to At, we assume that
correlations are zero between uncertainties stemming from
AL between different experiments. This assumption is
made as the determination of L is usually independent
between different experiments and a bias would be ran-
domly distributed across them.

4.10 Impurity uncertainties

The impurity uncertainties depend on the actual level of
impurities in the sample. If the samples are of very high
purity, >99.9% of fissionable material, the impurity uncer-
tainty on the PFNS is negligibly small. For subthreshold
measurements of PENS (uncommon), impurities that have
a lower fission threshold can be more important. Also,
impurity uncertainties can become sizable if the sample
contaminations are not well known. This is also true when
samples are re-used. In this case, the current composition
needs to be calculated starting from the date the sample
was last chemically cleaned.

A correction of the sample impurity would depend on
the level of the contamination as well as nuclear data of the
impurity versus the main isotope. To be more precise, one
needs to know how likely it is that the impurity fissions, how
many neutrons are emitted, and how much its PFNS differs
from nuclear-data values of the main constituent of the sam-
ple. The differences in fission cross-section and neutron mul-
tiplicity would be only dependent on the incident-neutron
energy, while the PFNS difference would lead to a correc-
tion factor dependent also on the outgoing-neutron energy.
Hence, the correlation shape across Eoy and Ej, could be
estimated as strongly correlated but not fully because of the
dependence on the difference between the PFNS of the main
and impurity isotope.

Correlations between impurity uncertainties of differ-
ent measurements can arise if the same sample was used.
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Even if different samples with similar contaminants were
used, the impurity uncertainty can be strongly correlated
(correlation coefficient of 0.5-0.75) between experiments
if the same nuclear data are used for the correction and
the same method was used to measure the impurity level.

5 Conclusions

Templates of expected measurement uncertainties were
established here for prompt fission neutron spectra
(PFNS). These templates list expected uncertainty
sources for each distinct PFNS measurement type (shape,
clean-ratio, and indirect ratio measurements). They also
give ranges of uncertainties for most sources and estimates
of correlation coefficients between uncertainties of each
source. The uncertainty values were estimated conserva-
tively, unless otherwise noted, based on information found
for a broad range of experiments in their literature or
respective EXFOR entries as well as expert judgment from
experimenters. In addition to these templates, a section is
provided that lists what evaluators need to include exper-
imental PFNS faithfully in the evaluation process.
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