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Errors Introduced in Fission Neutron Spectrum Measurements using a
Single Reference

K. J. Kelly®!, M. Devlin?®, J. M. O’Donnell®, D. Neudecker?, E. A. Bennett®

%Los Alamos National Laboratory, Los Alamos, NM 87545, USA

Abstract

Measurements of physical quantities are often made relative to a reference quantity, simplifying the inter-
pretation of the measurement and its uncertainties. However, if applied without careful considerations, this
technique can carry with it a significant and complex systematic error that is usually ignored. For example,
measurements of continuous neutron spectra relative to a reference spectrum yield a result that does not
properly include the important effects of neutron scattering in the experimental environment. These effects
act to distort the measured spectrum shape and create notable errors in spectrum-integrated quantities.
While this effect is one of a series of known potential sources of systematic error including, but not limited to
target impurities, angular distributions, incident beam flux, and others, the error introduced from differences
in environmental scattering effects between the reference and desired spectra are frequently overlooked. In
this work, we demonstrate the origin of this error using simulated data corresponding to measurements of the
neutron-induced prompt fission neutron spectra of 233U, 235U, 23U, and 2*°Pu as well as the spontaneous
fission neutron spectrum of 2°2Cf. Errors in the spectrum shape can be as high as 10-15% depending on the
combination of incident and outgoing neutron energy. The spectrum integral and average spectrum energy
also contain errors that change with incident neutron energy and can be as high as ~2%. While this study
is based on simulated data, we also show a method for proving that this error exists in an experimental data
set and we show a correction that can be applied to results of this type to obtain a more accurate result,
thereby largely removing systematic errors from environmental scattering effects. The potential for these
kinds of errors should be considered in measurements producing continuous neutron spectra.

1. Introduction

The use of a well-known reference in the measurement of a desired quantity is a common technique across
nearly all areas of physics, especially in nuclear physics fields (see Refs. [1, 2] and references therein). These
references are typically standards [3], whether it be proton or neutron capture, scattering, fission, or another
reaction of interest, and are generally used in lieu of a separate measurement or simulation of the detection
efficiency or a particle flux. While measurements relative to a reference can be reliable and simpler to interpret
than a measurement without a reference, underlying systematic errors in the data may also be easily glossed
over based on a misplaced trust in the reference or the method itself. For example, when measuring the
spectrum of neutrons emitted during fission, generally termed the prompt fission neutron spectrum here, the
vast majority of measurements have been made relative to the 252Cf spontaneous fission neutron spectrum,
denoted 2°2Cf(sf). See the summary of experiments listed in Tables I-IX of Ref. [4] spanning measurements
of the neutron-induced prompt fission neutron spectrum of 232Th, 233U, 235U, 238U, 23"Np, 239Pu, 240Py,
24Lpy, 242py, 241 Am, 242" Am, 243 Am, 243Cm, 2*4Cm, ?*°Cm, and 2%6Cm, all with at least one impactful
measurement made as a ratio to the 2°2Cf(sf) spectrum. In total, these tables contain 44 experiments listed
as directly measuring as a ratio to the 2°2Cf(sf) spectrum, though others also used 22Cf(sf) to measure
detection efficiencies, which amounts to a nearly identical analysis process.

In general, the measurement of a desired spectrum with respect to a reference requires careful correction
for differences in background effects, angular distributions, target impurities, target density, and other effects,
each of which can carry with it a systematic error and uncertainty. However, in this work we narrow our
focus to the fact that measurements of continuous neutron spectra (e.g., neutron spectra from fission, neutron
scattering, (n,zn), and other reactions) relative to a reference spectrum do not properly account for the
important effects of neutron scattering in the experimental environment. The majority of existing literature
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results for prompt fission neutron spectra likely contain systematic errors related to this effect. Interestingly,
the experiment summary shown in Ref. [4] also notes that there appear to be systematic errors in some
data sets that appear to have not been taken into account. While there are many possible sources for these
unknown systematic errors, the errors discussed in the present work have rarely been considered and may be
a major contributor.

In this work, we first demonstrate the importance of the distortion of a measured spectrum from the
experimental environment in Sec. 2. This process is easily shown for neutron spectra as neutrons have a
relatively high probability to scatter before detection, and so this distortion is important even in environments
designed to achieve minimal neutron scattering. Subsequently, we show the errors introduced by measuring a
smooth spectrum relative to a single reference in a general way in Sec. 3. The existence of these errors is then
proven in Sec. 4 through an extraction of the reference spectrum using the inverse of the process described in
Sec. 3. We also show a method to reduce the errors on the shape of the measurement in Sec. 5 by considering
the accuracy with which the reference spectrum can be reproduced. The power of this correction is that
it can be calculated for an experiment, where the true measured spectrum is not known. Sections 6 and
7 then contain demonstrations of the concepts in the previous three sections using the ENDF/B-VIIIL.O [5]
evaluations of prompt fission neutron spectra from the actinides 233U, 23°U, 238U, and 239Pu, all of which
have full theoretical descriptions of multichance fission and pre-equilibrium neutron emission processes in
ENDF/B-VIIL.0 and most of which have been involved in recent measurements using a reference spectrum.
Section 6 focuses on the distortions of the measured shapes, while Sec. 7 shows the errors introduced in
spectrum-integrated quantities.

2. Environmental Detector Response Matrix

Monte Carlo simulations (e.g., MCNP® [6], GEANT [7], and others) are a common tool in modern data
analyses to explore physical effects in experiments that sometimes can not be accessed any other way. In
effect, Monte Carlo simulations produce spectra that are the result of integrations over the environmental
detector response matrix. This matrix describes the convolution of the spectrum (energy, mass, etc.) of
particles initially emitted from a target of interest with physical processes encountered in the experimental
environment, including within the detector itself, to produce the observed spectrum. While the quantity
of interest depends on the experiment, a common consideration is the distortion of the outgoing particle
energy before detection. In ~-ray experiments, for example, the outgoing v rays may have a series of well-
defined energies based on level de-excitations. These  rays may scatter in the environment before detection,
yielding a lower-energy ~ ray incident upon a detector. These v rays may also only deposit a portion of
their energy in the detector itself, which also lowers the measured energy. Neutron energy measurements
are usually fundamentally different than y-ray measurements in that it is instead the neutron time of flight
that is used to determine the neutron energy. However, nearly all interactions with the environment reduce
the neutron energy from the desired, initial particle energy, though now the lower energy is inferred from an
increased flight time from the target to the detector because of scatters within the environment. This process
of increased time of flight from increased neutron path length and reduced neutron energy is referred to as
downscattering.

For the purposes of this work, we will consider the distortion of neutron energies from interactions with
the environment of the Chi-Nu experiment, which uses an array of EJ-309 liquid scintillator detectors [8—
10] to measure fission neutron spectra. This environment was designed to provide minimal distortion on
the measured spectrum from neutron scattering, though scattering still occurs and is an inevitable part
of neutron-detection experiments. Fission neutron spectra are typically smooth, continuous, and consist of
neutrons from thermal to 10’s of MeV in energy. Each neutron particle energy has a different set of interactions
with the experimental environment based on the nuclear reactions available at that neutron energy, which
gives rise to the complicated response matrix, R(E, F;), shown in Fig. 1. Here, E; is the initial neutron
energy upon leaving the interaction region, and E is the measured neutron energy inferred from the neutron
time of flight. The diagonal band in this matrix shows neutrons that were detected with a time of flight nearly
equal to that expected from the initial neutron energy, but all other neutrons with a lower measured energy
than initial energy are the result of downscattering processes. A vital feature of this simulated response
matrix is that the simulation itself is highly detailed, including but not limited to all structural components
of the target and detectors as well as the detector support structure, all cables, gas lines, and equipment, the
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Figure 1: (color online) The Chi-Nu liquid scintillator response matrix, R(FE, F;) is shown here. This matrix was calculated
with MCNPX-PoliMi.

shielding walls around the detector, the beam pipe leading to the target, and the air within the environment.
The inclusion of all of these objects within the simulation allows for a study of how neutrons interact with
these objects in the flight path. This simulation has also been extensively validated over the development of
the Chi-Nu experiment [11-14]. While the effect of some of these individual components may be small, their
collective presence can be observed in Fig. 1 as the structures in the downscattered neutrons.

In this work, the greek indices o and S are used to specify an underlying nuclear reaction reaction, and
generally distinguish between a reaction of interest, o, and a reference reaction, 8. The spectrum of data
counts, ¢(E), observed from an experiment to measure the underlying energy distribution of neutrons, p, (E),
as they leave an interaction of interest, o, will be defined as c,(F). This spectrum can be independently
simulated, or it can instead calculated with an accurate response matrix as

ca(E) =Y R(E,E)pa(Ey), (1)

=

where N is the number of initial energy bins in the response matrix, and E is the measured neutron energy.
From this equation, it is clear that the number of counts at each measured energy, E, are directly influenced
by downscattering of all neutrons with initial energies E; Z E, subject to detector resolution effects.

3. Measurement With Respect to a Single Reference

The common approach for extracting a measurement, m,g(E), of a desired underlying energy spectrum,
Pa(E), with respect to a known reference spectrum, pg(E), is given by

Pa(E) & myys(E) = Z‘;Eg ps(E). (2)

We emphasize here that while swapping the indices a and g in Eq. (2) results in a valid equation, both Eq. (2)
and it’s index-swapped form are not generally accessible for a single experiment and can lead to erroneous
trivial results. This can be understood in terms of an experimental measurement of p,(E), where p,(FE) is
not known beforehand and instead only the measurement mq3(E) is available as an estimate of p, (E).

In a real experiment, there would be corrections to consider for background subtraction, detector dead
time, target impurities and densities, angular distributions, and many other effects. However, none of these
effects exist in simulations because the experimental environment and angular distribution can be held exactly
constant between the different measurements, and can thus be ignored for the present discussion. This is
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equivalent to assuming that these effects have been accounted for in an experiment, and are incorporated
into ¢4 (E) and cg(E).

When Eq. (2) is used in analysis of an experimental data, it is usually assumed that m,g(£) will be
equal to the true spectrum p,(E), but this is almost never the case. Replacing the counts in Eq. (2) with
the definition in Eq. (1), we obtain

_ YL R(E, Epa(B)
S R(E, E))ps(E;)

The only ways this equation comes out to be correct, meaning with mq3(E) = pa(FE), as desired, are either
the spectra p,(E) and pg(E) are identical in which case the measurement is meaningless, or if the response
matrix is diagonal, so that only a single initial energy, F;, contributes to a measured energy, F [12, 14, 15].
The latter is effectively impossible in a real measurement, and so Eq. (2) almost always introduces a systematic
error into the inferred result.

ps(E). (3)

Ma)5(E)

4. Proof of Inaccuracy of the Result

The inaccuracy of the assumptions associated with the approach described in Sec. 3 can be proven using
a simple method available to any real experiment: calculate mg,(F) as a measurement of the reference
spectrum, pg(E), with respect to the measured spectrum mqg(E). A common mistake at this point would
be to assume that the counts obtained from a measurement of mg 3(E) are equal to c,(E), the counts
obtained from the original measurement of p,(F). This assumption incorrectly leads to the trivial result of

,u6|a(E) = zzgg%TnaW(EL (4)
)] 5)
= ps(B), (6)

where we have introduced the g (E) as the incorrect result to avoid confusion with mg,(E) later in this
work. In fact, Eq. (4) is not valid in general because m,g(E) is not necessarily equal to p,(E), as noted
in Sec. 3, and thus the counts obtained from a measurement of m|3(£) are not necessarily equal to those
obtained from the measurement of p,(E).

In order to obtain an equation of equivalent form to Eq. (2), we must propagate the measured spectrum,
mq|3(E), through an accurate response matrix, R(FE, E;), to obtain the counts from the measurement of
spectrum my g(E). If Eq. (2) is valid, then mq g(E) will be identical to p,(E), yielding the trivial result
shown in Egs. 4-6, but it is precisely the validity of Eq. 2 being tested here. So, instead we calculate

B cs(E) m
maelB) = N R B BBy @
ca(E)

= E). 8
Zj‘vle(Eij)maw(Ej)pB( ) (8)

Assuming the response matrix is correct, then we also obtain

mgja(E) = > ity R(E, Ei)pa(E:)
S R(E, Ej)mas(E))

pp(E). (9)

Thus, it becomes clear that the inversion process to calculate a measurement, mma(E), of the reference
spectrum, pg(FE), is a direct test of the response matrix and the validity of Eq. (2). The ratio of response
matrix sums will almost certainly not be unity, and thus the inferred reference spectrum, mma(E), will not
be equal to the known reference spectrum, pg(E). To reiterate, it is true that in a real experiment differences
between the target thickness, composition, contaminants, angular distributions, and other effects can create
inequalities in these sums if not treated correctly. However, all of these effects are held perfectly constant
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in these simulations, and so none of these effects are the source of the inequality of these sums calculated in
this work. The only source of discrepancy is the difference in the spectrum shapes, and thus the differences
in the net environmental response of these spectra is the reason that mq3(E) will generally not be equal to

Pa(E).

5. Proposed Method for Correcting the Measured PFNS

It can be shown that the inaccuracy with which the reference spectrum, pg(FE), is calculated in Eq. (8) is
closely related to the inaccuracy with which the measured spectrum p,(E) is calculated in Eq. (2). In fact,
the ratio between the known reference spectrum, pg(E), and the calculated reference spectrum, mpg o (E),
can be directly applied to m,g(F), yielding an alternate measured spectrum, m;‘ﬁ(E). In terms of the
measured shape, this alternate measurement is always closer to the true, initial energy spectrum, p,(E),
than the original measurement, sometimes negligibly different.

Mathematically, the proposed correction process is shown as

- (288

5 cs(E)
( 6(E) YN, R(E. Bi)imgs(E;) "B(E))’ .
Mo |g(E) ca(E)

- (12)
Zl L R(E, E)myp(E; )

- ca(B) ca(E)

= P B SN R(E. Ema () 1

) p(E)AE) »

cs(B) it R(E, Ey)ymg5(E;)

Equation (10) shows that we are simply multiplying the mg(E) by the ratio of the calculated reference,
mg|o(E), to the known reference, pg(E). However, Eq. (12) shows that this method effectively amounts
to a measurement of p,(E) using the spectrum m,g(E) from Eq. (2) as the reference. While this sounds
circular, it is actually an ideal case. Equation (2) gets increasingly accurate as the desired spectrum, p, (E),
gets closer to the reference spectrum, ps(F), and the measured spectrum, mgq|z(E), should be much closer
to po(E) than another reference. Interestingly, the corrected result in Egs. (10)—(14), specifically Eq. (12),
amounts to the first iteration of the iterative spectrum unfolding method described in Ref. [16] with the first
order approximation of mqg(E) given by Eq. (2) instead of by c,(E) as suggested in Ref. [16], though the
logic for arriving at this solution here was quite different than its original derivation.

The correction suggested in Eq. (14) is especially powerful for correcting a series of measurements with
different underlying spectra (e.g., measurement of a single target nucleus for a range of incident beam energies)
because Eq. (2) will bias the measured spectra towards the single reference, but the magnitude of that bias
changes with the magnitude of the difference between the measured and reference spectra. Thus, as the
measured spectra get increasingly different from the reference, the underlying bias will increase as well. With
this correction, the bias is significantly reduced because the correction changes with the measured spectrum.

As a final comment on this correction, successive applications or iterations of this correction follow the
form of Eq. (12) [16]

m{1(E)ca(E)

m D (B —
) zﬁvzlmE,Eﬁ) m{L(E;)

alp

(15)

where n is the iteration number. It should be noted here that the counts, c,(FE), appear twice in Eq. (14)
(i.e., with n = 0), meaning that the statistical variations in this data set could be amplified if the response
matrix is not diagonal, though these variations are small in the simulated data used for this work. Successive
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applications of this method will introduce additional factors of ¢, (E) and cg(E), and thus statistical variations
may be further exaggerated. Therefore, it may not be appropriate to carry out successive, or possibly even
single applications of this correction to data with significant statistical variations. However, we also point
out that these potentially amplified statistical fluctuations do not necessarily result in a correspondingly
increased covariance of the result because of the strong correlations between parameters in Eq. (14). Notably,
the measurement mq|s(E) and the counts c,(E) are highly correlated from Eq. (2), and the measurement

mgfl)a(E) in the numerator may largely cancel with mglbzg(Ez) in the denominator of Eq. (15) if the E ~ E;
terms dominate the sum over the response matrix, i.e., if R(F, E;) is close to diagonal. The determination
for whether this correction should be applied must be made by the experimenter by comparing the size of
the correction and the resulting covariance to that of the statistical variations in the data. Uncertainties

associated with this general procedure are also discussed in Ref. [17].

6. Demonstrations of Spectral Distortion and Proposed Corrections

We will now demonstrate the concepts described in Secs. 3, 4, and 5 using a series of fission neutron
spectra corresponding to recent nuclear data evaluations of the 23°Pu(n,f) and 235U(n,f) prompt fission
neutron spectra [5]. It is extremely common for these smooth spectra spanning orders of magnitude in
outgoing neutron energy to be measured relative to the spontaneous fission neutron spectrum of 2°2Cf [18)
using Eq. (2) (see Ref. [4] and the discussion provided in Sec. 1), and this spectrum is included in the
demonstrations shown in this section. An alternative method, referred to as the ratio-of-ratios method, was
used in Refs. [8, 10, 19] in which the correction to the measured spectrum is calculated for a series of candidate
spectra, and the average of these corrections is then applied to the measured spectrum. This procedure is
different from a typical reference measurement, and so the concepts are not directly comparable in the present
discussion. Nonetheless, we include the average of the candidate spectra used in the ratio-of-ratios methods
as another spectrum in this discussion.

Figures 2 and 3 show twenty examples each of a simulated measurement of a desired fission neutron
spectrum, changing with each new panel along the x axis, with respect to reference spectrum, changing with
each new panel along the y axis. Figure 2 shows these examples for 22Pu(n, f) while Fig. 3 shows them for
25U(n,f). Spectra were calculated using the response matrix shown in Sec. 2. Each example is shown in
its own panel with a label (a—e) for the different « indices and (1-5) for the different 8 indices. Since the
measurement of a spectrum using itself as a reference returns a trivial result as in panels (a5), (b4), (c3),
(d2), and (el), these panels show the spectrum itself as a ratio to a 1.42 MeV Maxwellian distribution with
the y-axis scale shown on panel (a5) applying to all of these panels. All panels have the same x-axis scale.
It should be emphasized that prior to division by the chosen Maxwellian distribution, PFNS distributions
are generally a factor of 10 or more higher at 2-3 MeV outgoing neutron energy than at 10-12 MeV. Thus,
a large error in the PFNS at a high outgoing energy may be less impactful than a more modest error at or
near 2-3 MeV.

In these examples we use the ENDF/B-VIIL0 [5] evaluation of the 23°Pu(n,f) and 23°U(n,f) prompt
fission neutron spectra at three different incident neutron energies: thermal incident neutron energy, 7 MeV,
and 14 MeV. These incident neutron energies were chosen because they yield very different spectra due to
the physical processes involved. Namely, second-chance fission (emission of a neutron from the actinide-
neutron compound nucleus before fission) becomes possible at approximately 6-7 MeV incident neutron
energy, and both third-chance fission (emission of two neutrons from the actinide-neutron compound nucleus
before fission) and pre-equilibrium neutron emission (emission of a neutron prior to fission with no compound
nucleus formation) become possible near approximately 12-14 MeV incident neutron energy. See Ref. [4] and
references therein for a description of these processes. Additionally, the thermal incident energy spectra are
generally believed to be well understood, and thus testing the methods shown in this work on these spectra
is particularly interesting [4, 5]. Incident neutron energies from 1-20 MeV have been measured for 23Pu in
each of three separate experiments using a single reference [10, 20, 21]. In Refs. [20] and [21], the 252Cf(sf)
spectrum was used as a reference for these spectra, and the ratio-of-ratios technique was used in Ref. [10].
Similar future publications for 23°U are likely as well, and so the results shown here are also relevant to those
analyses.

Each off-diagonal panel of Figs. 2 and 3 shows three curves: (1) the ratio of the measured spectrum,
mq|3(E), to the true spectrum, po(E), as the solid, black line; (2) the ratio of the calculated reference
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spectrum from inverting Eq. (2), mgo(E), to the known reference spectrum, pg(E), as the dashed, blue
line; (3) the ratio of the alternate measured spectrum from Eq. (14), meW(E)7 to the true spectrum, p, (F),
as the red dotted line. Partially-transparent, horizontal dash-dotted lines are also shown on these panels
to indicate a ratio of 1% and 5% above and below unity. Panels that are reflected over the diagonal are
mirror analyses, swapping the measured and reference spectra. Each column in Figs. 2 and 3 shows the
different answers one would obtain for a single measured spectrum using a variety of references, and each
row shows the accuracy with which a variety of measured spectra can be reproduced for a given reference. In
terms of practical application of the results shown in this work, the blue, dashed lines can be measured from
an experiment provided the response matrix of the experimental environment is known, and the measured
mq|3(E) spectra can be corrected by direct multiplication by the blue, dashed lines. Ideally, one would instead
correct the measured spectrum by dividing mq g(E) by the black lines on these figures, trivially yielding the
desired p,(F) spectrum, but as p,(E) is not known beforehand, these lines cannot be determined in an
experiment. Finally, as the blue, dashed line is calculated using spectra that are distorted through time
resolution, environmental scatters, and other effects, the correction is generally not perfect, and so the red,
dotted lines are typically not perfectly equal to unity.

Of particular interest is row 2 in Figs. 2 and 3, showing measurements with 2°2Cf(sf) as a reference. In
panel (a2) of Fig. 2, the trends for mg(E), mgjo(E), and m/a\ﬂ(E) are all equal to 1 within 1% because the

239Pu(n, f) prompt fission neutron spectrum at thermal incident neutron energy is reasonably similar to that
of 2°2Cf(sf). These small errors are reassuring considering the precision to which the thermal incident energy
239Py spectra is believed to be known [4, 5]. However, at 7 MeV incident neutron energy new physics features
are present in the p, (E) spectrum (compare panels (a5) and (b4) in Fig. 2). While these new features are still
continuous, the 2°2Cf(sf) reference spectrum now produces a less accurate result for the measured spectrum,
mq|3(E), in panel (b2), with errors on the order of 2-3% in some regions. Finally, the ?*Pu(n,f) prompt
fission neutron spectrum at 14 MeV incident neutron energy now contains sharp features that are markedly
different from the 2°2Cf reference, and the measured spectrum is poorly reproduced in panel (c2) with errors
of 1-2% from E = 1-2 MeV, 3-4% from E = 4-7 MeV, and up to 10-13% from E = 7-10 MeV. Effectively
the same conclusions are true for the use of the ratio-of-ratios average spectrum in panels (al), (bl), and
(c1), though there are differences between the measured spectra using these different references on the order
of 1-1.5% at certain energies owing to the differences between the reference spectra.

Switching from *3*Pu(n, f) to ***U(n,f), row 2 in Fig. 3 shows errors in mqz(E) that are significantly
larger than those in Fig. 2 due to the differences in the 235U(n, f) prompt fission neutron spectra compared
to 29Pu(n,f) and 2°2Cf(sf). The errors in mqz(E) for 2**U are on the order of 1-3%, 2-5%, and 4-13%
for incident energies of 1, 7, and 14 MeV, respectively, and the shapes of the deviations from the the correct
po(E) distribution are quite different from 23°Pu as well. Though they are not shown in this work, the results
obtained in Fig. 3 were similar to those obtained for 2*3U(n, f) and 238U (n, f) because of the similar spectrum
shape and features between the uranium isotopes.

With the exception of row (3) and column (c), i.e., the panels containing the fission neutron spectra at
14 MeV incident neutron energy, the measured reference spectra, mgo(E) (blue, dashed lines), are very
nearly equal to the reflection over the line y=1 of the measured spectra, mqg(E) (black, solid lines) in
both Figs. 2 and 3. This is perhaps not surprising since the measured reference spectra were calculated by
inverting the equation for m, z(E). However, when sharper features like those in the 14 MeV spectra are
present, the measured reference, mg,(E), is notably not equal to the reflection of mq3(E) over the y=1
line because these sharp features are distorted through neutron interactions in the environment. Finally,
in all cases, the alternate measured spectra, m’alﬂ(E) (red, dotted lines), have a ratio closer to unity than
the original measurement, m,3(E). In fact, for all panels outside row (3) and column (c), the alternate
measured spectrum is equal to the true measured spectrum, p, (F), within 1%. This accuracy is also true for
measurements of the 14 MeV spectra of both 239Pu and 235U, but only for outgoing neutron energies below
7 MeV, i.e., below the sharper feature present in this spectrum. The error in the m;m(E) is still up to 10%
above £ =7 MeV.

7. Impact on Spectrum-Averaged Quantities

Instead of the spectrum itself, sometimes only the spectrum-averaged quantities are of interest. For
example, if one is concerned with measuring the integral of a prompt fission neutron spectrum per fission
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Figure 4: (color online) The errors in the integrals of spectra calculated according to Eq.(2) (mqg(F)) and Eq. (14) (m;‘B(E))

are shown as the solid and dashed lines, respectively, as a function of the lower integration energy limit. The upper limit
was always chosen to be 20 MeV. The black, red, and blue lines correspond to the ENDF/B-VIIL0O evaluation of the 239Pu
fission neutron spectrum at incident neutron energies of 1, 7, and 14 MeV. The reference spectrum was chosen to be the 252Cf
spontaneous fission neutron spectrum in every case. See the text for a discussion.

to obtain an estimate of the average number of prompt neutrons emitted per fission, referred to as 7, then
the integral of both the reference spectrum and the measured spectrum are important. The impact on the
spectrum integral is discussed in Sec. 7.1. Another common quantity of interest is the average energy of the
neutron spectrum, typically termed the mean energy or (E). This quantity amounts to a division of the
energy-weighted spectrum integral by the unweighted integral. We explore the errors introduced in (F) in
Sec. 7.2.

To clarify the meaning of the results in this section, in every case the results are shown as a ratio of the
measured quantity to the correct answer, which is known for the calculations done here. Thus, if one were
considering using these trend lines as something like a correction factor for a measured data set, the correct
answer should be obtained by dividing the errors into the measured results, as opposed to multiplying. For
example, if an error of +2% is observed, then the measured result should be decreased by 2% to obtain the
correct answer.

7.1. Unnormalized Spectrum Integral

While the integral of a fission neutron spectrum is irrelevant in many cases because the measured spectrum
is typically treated as a normalized probability distribution [22, 23], it is sometimes possible to extract
quantities that depend on the integral of the observed spectrum. The average number of neutrons, 7, for
example, could potentially be extracted from fission neutron spectrum data as in Refs. [24, 25]. The error
introduced in the integral of the measured spectrum, mgqs(E), and in the alternate measured spectrum,
my, 5(E), can be determined as a ratio to the integral of the true spectrum, po (E). However, as can be seen
in Fig. 2, there is typically an intermediate measured energy at which the measured spectrum switches from
being higher (lower) to being lower (higher) than the true spectrum. Thus, it follows that the accuracy of
the spectrum integral depends on the chosen integration limits.

Figure 4 shows the errors introduced in integrals of mq(E) (solid lines) and my, ;(E) (dashed lines)
for the 23°Pu(n,f) spectra considered in Fig. 2. The reference, 3, is chosen to be the 2°2Cf(sf) spectrum
(see panel (d2) of Fig. 2) because this reference is particularly common in prompt fission neutron spectrum
measurements. The upper limit of the integration is set to 20 MeV in all cases, which is above the energy at
which the spectrum becomes negligibly small. For reference, the lower integration limits of 0.4, 0.85, 1.75,
2.5, and 4.5 MeV represent the inclusion of approximately 90%, 70%, 50%, 30% and 10% of true spectrum,
Pa(E), in the integral. As would be expected by the trends in Fig. 2, the mq|3(E) integral contains a large
error for higher integration limits, and gets increasingly accurate as the lower limit is decreased. As a point
of reference for typical uncertainties in 7, the 22Cf(sf) spontaneous fission 7, value is evaluated to have an
uncertainty of 0.42% [5] with comparable uncertainties quoted for other nuclei, and so even errors below 0.1%
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Figure 5: (color online) The errors in the integrals of spectra calculated according to Eq.(2) (mqg(F)) and Eq. (14) (m;‘B(E))

are shown as the solid and dashed lines, respectively, as a function of incident neutron energy. The integration range was always
chosen to be 0.2-20 MeV. The black, red, green, and blue lines correspond to the ENDF/B-VIIIL.0 evaluations of the 233U,
2351, 238U, and 239Pu fission neutron spectra. The reference spectrum was chosen to be the 252Cf spontaneous fission neutron
spectrum in every case. See the text for a discussion.

can be important. However, there appears to be a crossing point at approximately 0.5-0.7 MeV where the
integral starts to again become less accurate. On the other hand, the integral of m/, | ﬁ(E) remains accurate
within approximately £0.2% for all chosen integration lower limits. Measurements of 7, would ideally extend
down to 0 MeV outgoing neutron energy, though this is difficult for the detectors used in this work. However,
the errors at 0 MeV lower integration limit may be roughly estimated by extrapolating the trends to 0 MeV.
For the mq3(E) spectra discussed in Fig. 4, this yields errors of approximately +0.25%, —0.25%, and —0.5%
for incident neutron energies of 1, 7, and 14 MeV, respectively, while the m;I B(E) integrals appear to remain
within £0.2% below a 3 MeV lower integration limit.

In addition to the errors in the 23°Pu(n, f) fission neutron spectra as a function of lower integration limit,
we also consider the error introduced in the m,z(F)-based spectrum integrals over the full integration range
(0.2-20 MeV) as a function of incident neutron energy in Fig. 5 for 233U(n,f), 235U(n,f), 23¥U(n,f), and
Z9Pu(n,f). The general trends of increasing and decreasing error in Fig. 5 are reflective of the onset of
different fission channels. While the channels themselves are common to all of these isotopes, the thresholds
and magnitude of the resulting features in the prompt fission neutron spectra varies with isotope. Also, as
can be seen from the *9Pu(n, f) mqs(E) trend (solid, blue line), the incident energies of 1, 7, and 14 MeV
are actually the minimally-impacted incident energies for this isotope, but the same energies can also be the
maximally-impacted incident neutron energies for another isotope, as is generally the case for the uranium
isotopes with the exceptions of B¢ = 14 MeV for ?**U(n, f) and the increasing error trend in 233U(n, f) up
to Ein¢ = 20 MeV. The corrected spectra are able to reproduce the correct spectrum integrals for all incident
neutron energies within 0.2% for all isotopes considered here.

7.2. Mean Energy of Spectrum

The average neutron spectrum energy, (E), calculated as a ratio of the the energy-weighted spectrum
integral to the unweighted integral discussed in the previous section, includes effectively two instances of the
spectrum integral. The errors introduced in (E) values based on mq3(E) and m], 5(E) for the ENDF/B-
VIIL.0 23°Pu fission neutron spectra at incident energies of 1, 7, and 14 MeV are shown in Fig. 6 as a
function of the integration lower limit, again as solid and dashed lines, respectively. As in Sec. 7.1, the
252(Cf(sf) spontaneous fission neutron spectrum was chosen as the reference for the trends in Fig. 6, and the
integration upper limit was held constant at 20 MeV. Conversely to the behavior of the spectrum integral, (E)
for mq 3(E) gets increasingly inaccurate below an integration lower limit of approximately 3.25 MeV, with
extrapolations down to 0 MeV of roughly -0.3%, 0.5%, and 1.0% for the 1, 7, and 14 MeV trends, respectively.
These uncertainties are to be compared to statistical uncertainties of 0.2-0.6% for recent measurements of
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The upper limit was always chosen to be 20 MeV. The black, red, and blue lines correspond to the ENDF/B-VIIL.0 evaluation
of the 239Pu fission neutron spectrum at incident neutron energies of 1, 7, and 14 MeV. The reference spectrum was chosen to
be the 252Cf spontaneous fission neutron spectrum in every case. See the text for a discussion.

the 239Pu fission neutron spectrum [10, 21] and to the evaluated uncertainties of ~1% for (E) values from
ENDF/B-VIIL.0, and thus represent potentially dominant sources of systematic error. However, the corrected
measurement, m/a| B(E)’ yields a an error of <0.1% for all calculation lower limits, and shows little indication
of different behavior for the extrapolation to 0 MeV. This improved accuracy of the (F) is to be expected
based on the spectrum shape improvements shown in Fig. 2, but is notably different compared to the behavior
of the spectrum integrals in Sec. 7.1.

As in Sec. 7.1, we also consider here the error trends for the full integration range as a function incident
neutron energy for all isotopes evaluated with complete treatments of multichance fission and pre-equilibrium
neutron emission processes in ENDF/B-VIIL.0, shown in Fig. 7. It is first interesting to note that the error
is effectively constant for each isotope below 5 MeV incident neutron energy, implying that measurements
following Eq. (2) are likely to produce the correct shape in the (E) as a function of incident neutron energy,
though the magnitude of this error appears to be the largest for 239Pu(n,f) in this incident energy range.
Furthermore, as opposed to a negative error slope at the introductions of new fission channels at ~6 and
12 MeV as in Fig. 5, (F) errors tend to increase sharply right at these energies. An overall positive error
trend is also present in every isotope studied here. However, as was the case in the previous sections, the
m!, | B(E) trends have dramatically reduced errors compared to the mqg(E) trends, staying within ~0.3%
error for all isotopes and incident energies shown here.

8. Conclusions

In this work we have demonstrated that the common method of using standard reference spectra to extract
a physics results can yield considerable errors in the case of measurements of continuous spectra. This was
discussed in the context of simulations of fission neutron spectra, but would also apply to measurements of
neutrons from neutron scattering, (n, zn), and similar reactions. Additionally, a method for proving that that
errors exist in these types of measurements using a reference spectrum was demonstrated along with a method
for correcting the measured spectra to obtain a more accurate result. Considering all isotopes that contain a
complete description of the relevant fission channels in the ENDF/B-VIIL.0 nuclear data library, we showed
the magnitude of these errors in the fission neutron spectrum shape and in spectrum-averaged quantities like
the integral and the average energy of the neutron spectrum. The errors on these quantities can be large
compared to evaluated uncertainties, and they change rapidly as alternate varieties of fission reactions, e.g.,
multichance fission and pre-equilibrium neutron emission, become available. However, in nearly every case,
the proposed correction yielded a result with a greatly reduced error compared to the known input spectra,
reducing the bias in the result by a factor of 10 or more in some cases. The demonstrations in this work
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specifically show that the overwhelmingly common technique of measuring fission neutron spectra as a ratio
to the 2°2Cf spontaneous fission neutron spectrum carries a systematic error that changes with the measured
spectrum and experimental environment that must be considered analyzing these data and using them in
nuclear data evaluations.

9. Acknowledgements

This work was performed under the auspices of the U.S. Department of Energy by Los Alamos National
Laboratory under Contract No. 89233218 CNA000001.

10. References

[1] K. S. Krane, Introductory Nuclear Physics, Wiley-VCH Verlag GmbH and Co. KGaA Weinheim, 1988.
[2] C. Tliadis, Nuclear Physics of Stars, 2! Ed., Wiley-VCH Verlag GmbH and Co. KGaA Weinheim, 2015.

[3] A. D. Carlson, V. G. Pronyaev, R. Capote, G. M. Hale, Z.-P. Chen, et al., Evaluation of the Neutron
Data Standards, Nucl. Data Sheets 148 (2018) 143.

[4] R. Capote, Y.-J. Chen, F.-J. Hambsch, N. V. Kornilov, J. P. Lestone, et al., Prompt Fission Neutron
Spectra of Actinides, Nucl. Data Sheets 131 (2016) 1.

[5] D. A. Brown, M. B. Chadwick, R. Capote, A. C. Kahler, A. Trkov, et al., ENDF/B-VIIL0: The 8" Major
Release of the Nuclear Reaction Data Library with CIELO-project Cross Sections, New Standards, and
Thermal Scattering Data, Nucl. Data Sheets 148 (2018) 1.

[6] J. Armstrong, F. B. Brown, J. S. Bull, L. Casswell, L. J. Cox, et al., MCNP® User’s Manual: Code
Version 6.2, Ed. C.J. Werner, LA-UR-17-29981.

[7] S. Agostinelli, J. Allison, K. Amako, J. Apostolakis, H. Araujo, et al., GEANT4-A Simulation Toolkit,
Nucl. Instrum. and Methods A 506 (2003) 250.

[8] M. Devlin, J. A. Gomez, K. J. Kelly, R. C. Haight, J. M. O’Donnell, et al., The Prompt Fission Neutron
Spectrum of 235U(n, f) below 2.5 MeV for Incident Neutrons from 0.7 to 20 MeV, Nucl. Data Sheets 148
(2018) 322.

13



381

382

383

384

385

386

387

388

389

390

391

392

393

394

395

396

397

398

399

400

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

418

419

420

[9]

(10]

(1]

[12]

(13]

[16]

[17]
[18]
[19]

20]

K. J. Kelly, T. Kawano, J. M. O’Donnell, J. A. Gomez, M. Devlin, et al., Pre-Equilibrium Asymmetries
in the 239Pu(n,f) Prompt Fission Neutron Spectrum, Phys. Rev. Lett. 122 (2019) 072503.

K. J. Kelly, M. Devlin, J. M. O’Donnell, J. A. Gomez, D. Neudecker, et al., Measurement of the
29Pu(n,f) Prompt Fission Neutron Spectrum from 10 keV to 10 MeV Induced by Neutrons of energy
1-20 MeV, Phys. Rev. C 102 (2020) 034615.

H. Y. Lee, T. N. Taddeucci, R. C. Haight, T. A. Bredeweg, A. Chyzh, et al., Li-glass Detector Response
Study with a 252Cf Source for Low-Energy Prompt Fission Neutrons, Nucl. Instrum. and Methods A
703 (2013) 213.

T. N. Taddeucci, R. C. Haight, H. Y. Lee, D. Neudecker, J. M. O’Donnell, et al., Multiple-scattering
Corrections to Measurements of the Prompt Fission Neutron Spectrum, Nucl. Data Sheets 123 (2015)
135.

D. Neudecker, T. N. Taddeucci, R. C. Haight, H. Y. Lee, M. C. White, et al., The Need for Precise and
Well-documented Experimental Data on Prompt Fission Neutron Spectra from Neutron-induced Fission
of 239Pu, Nucl. Data Sheets 131 (2016) 289.

K. J. Kelly, J. M. O’Donnell, J. A. Gomez, T. N. Taddeucci, M. Devlin, et al., Numerical Integration of
Detector Response Functions via Monte Carlo Simulations, Nucl. Instrum. and Methods A 866 (2017)
182.

K. J. Kelly, M. Devlin, J. A. Gomez, J. M. O’Donnell, T. N. Taddeucci, et al., Measurements of the
Prompt Fission Neutron Spectrum at LANSCE: The Chi-Nu Experiment, EPJ Web of Conferences 193
(2018) 03003.

R. Gold, An Iterative Unfolding Method for Respose Matrices, Argonne National Labraory Report
ANL-6984d0i:10.2172/4634295.

R. Gold, E. F. Bennett, Error Estimates for Iterative Unfolding, J. Comp. Phys. 3 (1968) 167.
W. Mannhart, Properties of Neutron Sources, IAEA-TECDOC-410 (1987) 158.

K. J. Kelly, J. A. Gomez, J. M. O’Donnell, M. Devlin, R. C. Haight, et al., Chi-Nu Measurements of
the Prompt Fission Neutron Spectrum of 23°U and 23°Pu, Proceedings of the 20th Topical Meeting of
the Radiation Protection and Shielding Division, LA-UR-18-28140.

A. Chatillon, G. Bélier, T. Granier, B. Laurent, B. Morillon, et al., Measurement of the Prompt Neu-
tron Spectra from the 239Pu(n,f) Fission Reaction for Incident Neutron Energies from 1 to 200 MeV,
Phys. Rev. C 89 (2014) 014611.

P. Marini, J. Taieb, B. Laurent, G. Belier, A. Chatillon, et al., Prompt Fission Neutrons in the 23Pu(n, f)
Reaction, Phys. Rev. C 101 (2020) 044614.

D. Neudecker, R. Capote, D. L. Smith, T. Burr, Impact of the Normalization Condition and Model
Information on Evaluated Prompt Fission Neutron Spectra and Associated Uncertainties, Nucl. Sci.
Eng. 179 (2015) 381.

K. J. Kelly, J. M. O’Donnell, D. Neudecker, M. Devlin, J. A. Gomez, The Analysis of Shape Data
Including Normalization and the Impact on Prompt Fission Neutron Spectrum Measurements, Nucl.
Instrum. and Methods A 943 (2019) 162449.

T. Ethvignot, M. Devlin, H. Duarte, T. Granier, R. C. Haight, et al., Neutron Multiplicity in the Fission
of 28U and 235U with Neutrons up to 200 MeV, Phys. Rev. Lett. 94 (2005) 052701.

J. Taieb, T. Grainer, T. Ethvignot, M. Devlin, R. C. Haight, et al., Measurement of the Average Energy
and Multiplicity of Prompt-Fission Neutrons from 238U(n, f) and 2*"Np(n, f) from 1 to 200 MeV, Proc. of
ND 2007 1 (2008) 114. doi:https://doi.org/10.1051/ndata:07676.

14



Credit Author Statement:

K.J. Kelly:

M. Devlin

J.M. 0'Donnell:
D. Neudecker:
E.A. Bennett:

Writing,
Editing,
Editing,
Editing,
Editing,

calculations, conceptualization
conceptualization, verification
conceptualization, verification
conceptualization, assessment of impact/importance
conceptualization, verification



Declaration of interests

The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

LIThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




