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Abstract

A Consultants’ Meeting on “Prompt Fission Neutron Spectra of Major Actinides™ was held at
IAEA Headquarters, Vienna, Austria, to discuss the adequacy and quality of the
recommended prompt fission neutron spectra to be found in existing nuclear data applications
libraries. These prompt fission neutron spectra were judged to be inadequate, and this problem
has proved difficult to resolve by means of theoretical modelling. Major adjustments may be
required to ensure the validity of such important data. There is a strong requirement for an
international effort to explore and resolve these difficulties and recommend prompt fission
neutron spectra and uncertainty covariance matrices for the actinides over the neutron energy
range from thermal to 20 MeV. Participants also stressed that there would be a strong need for
validation of the resulting data against integral critical assembly and dosimetry data.
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1. Background and Motivation

The energy spectrum of prompt neutrons emitted in fission plays an important role in many
applications in nuclear science. In particular, accurate predictions of nuclear criticality using
neutron transport codes are dependent on the underlying nuclear data, especially the fission
spectrum. The high sensitivity of calculated quantities to fission data has been recently
emphasized by researchers in many groups around the world that are working on conventional
as well as advanced reactors, and non-proliferation applications.

While the accuracy of fission cross-section and neutron multiplicities (nubar) in the relevant
energy range have been steadily improved, we are faced with the situation that existing
measured prompt fission neutron spectra (PFNS) are in many cases discrepant, and that
different PFNS theoretical models give differing predictions. Furthermore, the reactor
community has provided feedback on the fission spectra that they perceive as ‘working well’
within their reactor simulations and integral experiments, though this feedback is sometimes
contradictory compared to differential fission cross-section and PFNS experimental data and
theories. There are some biases in kegr (up to 300 pcm) in MOX fuel benchmarks, while in
other cases similar biases appear to be removed by “tweaking” the evaluated data files. We
are now in the situation that the PFNS evaluated databases used in nuclear science
applications, from the USA (ENDF/B-VII [1]), Europe (JEFF3.1 [2]), Japan (JENDL3.3 [3])
and Russia (RUSFOND [4]) are essentially rather similar, at least for *°U and **Pu, yet a
number of old (1985-1989) and new measurements, and the works of Maslov e al. and
Kornilov et al. [5-7], point to major changes that may be needed. A new major evaluated
actinide file JENDL/AC-2008 has been recently released [8] where new PFNS evaluations of
22T, 2"Np and **' Am were included.

We believe there is a need for internationally coordinated efforts to determine the prompt
fission neutron spectra for actinides in ENDF format — especially the major actinides *>***U
and *’Pu up to 20 MeV. The outcome would be a recommended evaluation of prompt fission
spectra with covariances from thermal to 20 MeV for the major actinides, including validation
against integral critical assembly (Keg) and dosimetry data. Such studies and the resulting
recommended database could be best accomplished by means of an TAEA Coordinated
Research Project (CRP).

2. Present Status of Evaluated Databases and Measurements

2.1. n + *¥U thermal (important in thermal reactor systems) - Figs.1 and 2

Both ENDF/B-VII and JEFF3.1 adopted ENDF/B-VI thermal data, and the fission spectrum
of JENDL-3.3 is also very similar to ENDF/B-VI evaluation. The latest RUSFOND file uses
ENDEF/B-VII. These databases implemented either the Madland-Nix model [9], or in the case
of JENDL3.3, a refined version of Madland-Nix model [10, 11]. The PFNS shape of these
Madland-Nix model calculations appears to have been fitted to the 0.5-MeV Johansson data
[12] and “extrapolated” to the thermal point. On the other hand, the 2008 evaluation by
Maslov et al. [13] follows the Kornilov ef al. method [5], and has a significantly higher
spectrum below 1 MeV (e.g. 15% higher at 0.1 MeV and below), and a softer spectrum at
higher emission energies (e.g. lower by 8% above 10 MeV). The different low-energy
behaviour in the Maslov/Kornilov evaluation is attributed to the emphasis on a particular set
of experimental data for thermal neutron-induced fission as constraints for model parameter
adjustments. However, equally good fits were obtained in the latter approach of the measured
data sets, except those of Johansson et al. (1975) at 0.5 MeV [12] and Boykov ef al. (1991) at
2.9 MeV [14].



The experimental data were summarized by WPEC Subgroup 9, which noted some
contradictions amongst the various measurements [15]. The measurements by Starostov et al.
[16] extends down to 50 keV (and are the basis for the Kornilov/Maslov evaluation at the
lower energies); Wang Yufeng ef al. [17] also extended down to 50 keV (but their lowest
measured points appear incorrect); and Lajtai et al. [18] reported data down to 30 keV, and at
low energies below 1 MeV the measured values are consistent with the higher values
measured by Starostov ef al. [16]. The low-energy behaviour (below 1 MeV emission energy)
defined by Starostov et al. [16] is confirmed by new data presented at this meeting by
Vorobyev ef al'. New JRC IRMM data [19] also agree with Starostov et al. [16] at outgoing
energy range of 0.8-8 MeV. In the high emission energy region, integral data testing by
Mannhart (see below for reference and further comments), using threshold dosimetry
reactions, appears to point to a fission spectrum that is harder than measured in these
Laboratory experiments (and the ENDF/JEFF/JENDL evaluations tend to agree better with
these Mannhart data than does the Maslov/Kornilov [13] evaluation). Recently-measured
preliminary data by the JRC IRMM group (Hambsch et al.) at Budapest suggest a harder
spectrum (e.g. than Starostov ef al. [16] and Wang et al. [17]) at higher energies, and are in
reasonable agreement with ENDF/JEFF/JENDL — but at present they do not extend below 0.8
MeV outgoing energy (future detector upgrades may allow measurements to be made down to
100 keV). Finally we note once again that the spectra shapes measured at higher energies by
Johansson et al. [12] (0.5 MeV) and Boykov et al. [14] (2.9 MeV) impact results in a model
calculation at thermal energy, resulting in possible additional inconsistencies.

2.2.0.5 MeVn +*PU (important in fast reactor systems) - Fig.3

At 0.5 MeV (or 1 MeV), the evaluations in ENDF/B-VII, JEFF3.1 (ENDF/B-VI), and
JENDLZ3.3 are very similar. The latest RUSFOND file uses ENDF/B-VII. And again, the
Maslov/Kornilov [13] evaluation is significantly higher at low energies (about 20% higher at
0.1 MeV) and significantly softer at high energies (about 8% lower at 10 MeV). Similarly to
the thermal energies, the low-energy behaviour in the Maslov/Kornilov [13] evaluation could
be partly attributed to a different weighting of the experimental data sets adopted to constrain
the model parameter adjustments.

Measurements exist by Johansson ez al. [12], Trufanov et al. [20], Staples et al. [21], and new
Geel data [19]. The data of Johansson ef al. [12] differ somewhat to the other data sets, with
the ENDF/B-VII, JEFF, and JENDL agreeing better with these data as opposed to the other
sets. Preliminary LANL dosimetry data testing [22], based on '“Tm(n,2n) and '*'Ir(n,2n)
activation measurements in Godiva suggest that the ENDF/B-VII high-energy spectrum (> 8
MeV) should be softened. The Geel data [19] need more work to understand the measured
angular variations, although these data also indicate a softer spectrum at higher neutron
energies than is given in ENDF/B-VII.

2.3. n + ?*Pu thermal - Fig 4

As was the case for 235U, the ENDF/B-VII, JENDL3.3 and JEFF3.1 evaluations are very
similar, but the Kornilov/Maslov evaluation is higher at lower emission energies below 1
MeV (e.g. 15% higher at 0.1 MeV), and the Kornilov/Maslov evaluation is lower in the 2-8
MeV outgoing energy region. The latest RUSFOND file uses JEFF3.1.

' Neutron efficiency was obtained from Monte-Carlo calculations of the experimental setup and detectors, and
has not been measured using Cf sources. Efficiency measurements are planned.



There are four experimental measurements, though three come from the same group at
Scientific-Research Institute of Atomic Reactors, Dimitrovgrad, Russia (NIIAR): Starostov et
al. (1983) [16], Netedov et al. (1983) [23], and Bojtsov et al. (1983) [24]. A recent review has
been undertaken by Pronyaev (Annex F) on PFNS measurements carried out at NITAR, where
detailed information on the experimental setup is made available. The fourth measurement is
by Lajtai ef al. (1985) [18]. Below 0.1 MeV emission energy, three of these data sets appear
to be consistent (and are well represented by the Kornilov/Maslov evaluation), and are higher
than the Lajtai measurement. Over the higher emission energy region (2-8 MeV), the data of
Nefedov and Starostov are well represented by ENDEF/B-VII, JENDL3.3 and JEFF3.1,
whereas the Kornilov/Maslov evaluation under predicts these data.

2.4. 1.5 MeVn +*’Pu (important in fast reactor systems)

As was the case for 2°U, the ENDF/B-VIL JENDL3.3 and JEFF evaluations are very similar,
but the Kornilov/Maslov [25] evaluation is higher at the lower emission energy below 1 MeV
(e.g. 15% higher at 0.1 MeV), and Kornilov/Maslov [25] evaluation is lower in the 2-8 MeV
outgoing energy region. The latest RUSFOND file uses JEFF3.1.

There are measurements at 1.5 MeV by Staples ef al. [21] (above ~1.5 MeV outgoing energy,
extending up to almost 15 MeV). There are also measurements by Sukhikh et al. [26] from 2
to 13 MeV outgoing energy. The Kornilov/Maslov evaluation exhibits better agreement with
the Sukhih et al. [26] data, whereas ENDF/B-VII appears to agree better with Staples et al.
[21] data. Over the 8-13 MeV region, both Staples et al. [21] and Sukhih et al. [26] data
appear to be lower than ENDF/B-VII. Additionally, preliminary tests of LANL dosimetry
data [22] using '“Tm(n,2n) and "'Ir(n,2n) activation experiments in Jezebel suggest that the
ENDEF/B-VII high-energy spectrum (> 8§ MeV) should be softened.

2.5.n+ **Cm thermal - Fig.5

Due to large thermal fission cross sections (2020 b) and a long half-life (8532 y), ***Cm
represents a typical example of an important minor actinide. The PFNS of thermal-induced
fission on *Cm was measured from 100 keV up to 10.5 MeV by Drapchinsky et al. (1999)
[27]. Figure 5 shows the calculated and experimental data relative to the Maxwellian
distribution with Tyy= 1.385 MeV. The following calculations/evaluations are included:

® Kornilov/Maslov 2008 - calculated by Maslov on the basis of systematics by Kornilov [5];

® Full acceleration - calculated by Ohsawa using the multimodal Madland-Nix model, on
the assumption that all neutrons are emitted from fully accelerated fission fragments
(corresponds to the JENDL/AC-2008 library evaluation [8]);

® TF60-NEDA40 — calculated by Ohsawa using the multimodal Madland-Nix model, but on
the assumption that some fraction of the neutrons was emitted during acceleration
(NEDA). 40% of the neutrons are assumed to be emitted from fission fragments at 60%
acceleration of the final kinetic energy in the standard-2 mode fission. No NEDA was
assumed for other fission modes, because of the lower available excitation energy. Mode
branching ratios and average fragment masses were calculated with the Wang-Hu model
[28]; level density parameters were adopted from the Generalized Superfluid Model as
proposed by Ignatyuk [29];

® JENDL-3.3: evaluation by Maslov ef al. [30], using the single-modal Madland-Nix model
[9].

As was the case for *°U, the JENDL3.3 (adopted also for the ENDF/B-VII and JEFF3.1
libraries) and the JENDL/AC-2008 evaluations are very similar, but the Kornilov/Maslov
evaluation is higher at the lower emission energy below 1 MeV. Similar behavior was
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obtained when the newer JENDL/AC-2008 calculation was performed, which corresponds to
the Full-acceleration case derived by Ohsawa. On the other hand, for the low-energy region
of emitted neutrons less than 3 MeV, no substantial difference can be seen between the
evaluations of Kornilov/Maslov and TF60-NEDA40 calculations; while in the higher energy
region, Kornilov/Maslov evaluation tends to be much higher than the TF60-NEDA
calculations. The latter effect might be an indication for a new analysis of fission energy
release and kinetic energies of the 2**Cm fission fragments in the systematics by Kornilov ef
al. [5]. Compared with measurements, the full-acceleration calculation tends to give higher
values in the MeV-region and lower values below 1 MeV for the 2 Cm(ng,.f) reaction.

Bearing in mind that the excitation energy of the fragments is higher for heavier actinides due
to the steeper increase of the total energy release compared to the total kinetic energy of the
fragments, the NEDA fraction would be larger for these nuclides. However, this speculation
needs to be verified both experimentally and theoretically. Therefore, the scope of the
proposed study should be extended to include minor actinides, not only from an applications
point of view, but also in order to understand the observed nuclear physics phenomena.

2.6. Emissive fission domain — Figs. 6 and 7

The phenomenological approach developed by Maslov et al. [6, 7, 25, 31] has been extended
towards the emissive (multi-chance) fission domain up to £, = 20 MeV. A similar approach
assuming three neutron sources (emissive fission neutrons, emission from fully accelerated
fragments and emission from fragments during acceleration) has also been proposed by the
Obninsk group [32-34]. Analysis of the measured PFNS for neutron-induced fission of 22T,
235 U, 2 8U, 239Pu, and » 7Np shows that a number of features in the data are correlated with the
influence of (n, xnf) pre-fission neutron spectra on the PFNS. Consistency has been achieved
with extensive LANL/CEA measurements of PFNS and average energy (E) for 232338(J and

2Np [35-37]. Calculated energies of the PENS average energy (E) reproduce closely the

dips observed in LANL/CEA measurements, representing the opening of a new multi-chance
fission channel. Only qualitative consistency with measured (£) data is demonstrated in the

case of JEFF-3.1 or ENDF/B-VII.0, which is out of phase with (n, xnf)-channel openings. The
Madland-Nix [9] model calculations of the variation of <E > with increase of £, do not appear

to use the correct pre-fission neutron spectra.

3. Recommended Scope

3.1. Nuclides and energy range

The recommend scope is to evaluate prompt fission spectra as a function of neutron energy
(ENDF MF5/MT18) from thermal to 20 MeV. The new evaluations should perform equally
well in all energy regions: thermal, fast (0.5-2 MeV) and emissive fission (above 4-6 MeV)
regions. Highest priority is for the major actinides *>***U and **°Pu, although we also
recommend inclusion of *°U and ***Th along with important minor actinides like *'Np,
1 Am, 2*°Pu and **Cm if resources permit.

3.2. Covariances

An important goal would be to provide not just recommended spectra, but also an assessment
of the uncertainties and correlations (ENDF MF35/MT18 covariance data). These
uncertainties should reflect the uncertainties in the experimental data, model parameters, and
models.
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3.3. Theory and model development

There are a number of different theoretical and phenomenological approaches to evaluating
the spectra, for example the traditional Madland-Nix/Los Alamos model [9], refinements to
the Los Alamos model [10, 11] (as employed in JENDL), and the methods of
Kornilov/Maslov [5-7, 25, 31]. Open questions exist, such as the possible existence of
scission neutrons (and/or neutrons emitted during fragment acceleration), or angular
anisotropy of neutron emission in center-of-mass system as envisaged by Terrell [38]. These
problems should be further studied. At energies above 5-10 MeV incident energy,
preequilibrium processes should be included. An important question is the interpretation of
the higher spectra values at low emission energies (below 1 MeV outgoing energy) seen in
some older experiments and confirmed in recent data, for example, by postulating different
temperatures for the light and heavy fragments prior to full acceleration (as in the Kornilov ef
al. [5] approach). These questions can also be investigated by the explicit detailed fragment
decay models, as in the TALYS and LANL Monte-Carlo sequential decay codes, as well as
by the multi-modal approach presented at this meeting by Ohsawa et al.

3.4. Experiments

There is a paucity of measured data. Furthermore, there remain a number of discrepancies in
the measurements, as discussed earlier. An important question is whether (as is seen in some
data sets) the fission spectrum is higher for low emission energies below 1 MeV — as
accounted for by the Maslov/Kornilov formulations, but not in the ENDF/B-VII, JENDL, and
JEFF databases for 2°U and **’Pu. On the other hand, these higher-value emission energy
spectrum data below 1 MeV of outgoing energy may be an artefact arising from experimental
problems (is the »*°U low-energy behaviour of Madland-Nix evaluations from thermal — fast
incident neutron energies driven by matching the Johansson data at 0.5 MeV, for example,
which are not matched by Kornilov/Maslov calculations ?) New experimental results shown
at this meeting tend to confirm the higher probability of neutron emission below 1 MeV of
emission energy as shown in Starostov ef al. data [16].

Additional experiments are required to help resolve these questions. Furthermore, in some
cases (e.g. 2>°U thermal fission), the feedback from dosimetry threshold reaction data testing
for emission energies above 5 MeV appears to contradict the differential spectrum
measurements. We note some on-going experimental programmes that should play an
important role: (1) when finalized, JRC measurements at Budapest for 2*°U thermal will be
valuable — and will be of even more value if they can be extended down to 0.1 MeV emitted
neutron energy; (2) new Gatchina data at thermal energy will also be useful because they
extend down to 200 keV, and the energy-angle distributions would help understand the
possible role of scission neutrons; (3) JRC measurements for 0.5 MeV on 23U are of interest
— more work is needed to understand the angular variations — possible B-III/CEA follow-up
experiments at 0.5 MeV to confirm these data will be of interest; (4) LANL-LLNL-CEA
programme at LANSCE to upgrade the FIGARO detector should provide valuable data. There
is a goal to extend the emission spectra range down below 1 MeV, and up above 8 MeV with
much better statistics.

There are several experimental PFNS data sets which are not currently available in the
EXFOR database. We would like to compile into EXFOR all existing experimental data
including measurements reported in laboratory reports and conferences, but never published
in journals.
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3.5. Validation

Validation should be an integral part of the evaluation process — an iterative approach is
needed to take into account as much information as possible that includes both differential
cross-section and spectra measurements, and integral criticality and dosimetry data. However,
validation testing represents a challenge since some of the key observables, such as ke also
depend on other nuclear data such as inelastic neutron cross sections and angular
distributions, capture, etc. Sensitivity studies to these differing quantities can help disentangle
the various contributions. Dosimetry testing of reaction rates involving many different
reactions with differing threshold provides a very valuable test. Such work has been pioneered
by Mannhart [39] and extended by the IAEA neutron cross-section standards group, the IRDF
community for U thermal cross sections, and by LANL for fast *°U and **°Pu systems -
more work is needed in this area. Finally we also note that the simulations of the spectral
index for Z*U(n,f)/*U(n,f) (which can be thought of as measuring the fraction of neutrons
above ~1 MeV) in Godiva and Jezebel critical assemblies have shown a few-percent under-
prediction in the spectral index C/E using ENDF/B-VII evaluations — this discrepancy needs
to be resolved. Other nuclear data may need to be improved, although (for example) in **°Pu
the ENDF/B-VII total inelastic scattering exceeds that of JEFF3.1 and Maslov et al. [40] at
E,=0.5 MeV by ~30% and this might impact the calculated spectral index. The total inelastic
cross-section evaluations for °U in these databases exhibit closer similarity. Another
outstanding discrepancy is for some **°Pu solution critical assemblies, for which ke is over-
predicted by about 0.6% on average in ENDF/B-VII and JEFF3.1 — perhaps a new fission
spectrum at thermal energy (see Fig. 4), which is used as a normalization point for higher
incident neutron energies in [25], could help solve this problem.

4, Conclusions

A new IAEA CRP on prompt fission neutron spectra evaluations is strongly recommended by
meeting participants. The main proposed goal would be to determine the prompt fission
neutron spectra and covariance matrices for actinides in the energy range from thermal to 20
MeV, including validation against integral critical assembly (k-eff) and dosimetry data.

The following nuclei should be considered in the following order of priority:

- major actinides >*>***U and *’Pu;
22Th and U of relevance to the Th-U fuel cycle;
- minor actinides such as 237Np, 2 Am, 22 Am, 2*°Py and **Cm.
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Annex C

Multimodal Madland-Nix Model: Stick to Physics or Go ad hoc Fitting?

Takaaki Ohsawa
Faculty of Science and Engineering, Kinki University, Higashi-osaka, Japan

1. Introduction

Early representations of the prompt fission neutron spectrum (PFNS) include Maxwellian and
Watt" spectrum, with single and two parameter(s), respectively, adjusted so as to reproduce
the experimental data. These formulas, however, involve poor physics, because they neglect
the diversity in the excitation energy, the shell effects on the properties of fission-fragments
(FFs), and also the neutron transmission coefficients which undoubtedly affect the neutron
emission probability.

Efforts have been paid in the last twenty-five years to give better description of the physics of
the prompt neutron emission. These efforts are categorized into four groups” : (A) Simplified
temperature distribution model (e.g., Madland-Nix™”), (B) Cascade evaporation model (e.g.,
Miarten-Seeliger”, Hu-Wang”), (C) Hauser-Feshbach model (e.g., Browne-Dietrich®,
Gerasimenko ef al.”), (D) Monte Carlo method (e. g., Dostrovsky et al? , Lemaire ef al. ”)
With application to nuclear data evaluation in mind, we applied three criteria for choosing an
adequate model: (1) the model should be accurate, (2) not too complicated and (3) have
predictive power, because evaluation works often involve prediction of the spectra for
nuclides for which no data exist. From these points of view, we chose the Madland-Nix (M-
N) model as a basis of the present methodology.

2. Refinements on the Madland-Nix Model

Another important point is that the methodology should be grounded on the present
knowledge of fission physics and should be consistent with it. At present, the most successful
and consistent description'?” of the partition of mass and energy, and even the dispersion of
the total kinetic energy (TKE) as a function of FF mass, is provided by multimodal random
neck-rupture (MM-RNR) model. This model, originally proposed by Brosa ef al.'", has been
applied to analyze the data of many fissioning systems, and is also consistent with the results
of other theoretical approaches such as scission point model'? and Hartree-Fock-Bogoliubov
calculations'”. The model was incorporated into the code falys together with relevant
systematics to analyze the fission cross sections and FF mass distributions'?. The present
author'>'® was the first to propose to incorporate the MM-RNR model into the M-N model to
consider the variety in mass and excitation energy distributions of FFs as well as other

refinements. The proposed refinements include the following points:

(1) Multimodal fission process: Spectra for each mode (standard-1 (S1), standard-2 (S2),
superlong (SL) modes for 25U (ng,f)) were calculated separately, because the total excitation
energy (TXE) distributions and level density parameters (LDP) for typical FFs differed
greatly depending on the modes (Fig.1). Calculation showed that the S1-spectrum was the
softest, the SL-spectrum the hardest, with the S2-spectrum coming in between (Fig.2). The
total spectrum from multimodal calculation tended to be softer than the conventional single-
modal spectrum, because of the contribution of softer S1-component.
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(2) Level Density Parameters: In the present approach, the LDPs were obtained by
numerically solving the transcendental equation of Ignatyuk'”,

aU) = a(A)[1+ FU)SW U], FU)=1-exp(—yU), U =at*

instead of the simple relation a=A4/C used in the original M-N model. As Fig.3 shows, the
measured LDPs for FFs show a marked saw-toothed structure due to strong shell effects
around A~132, which is well reproduced by the Ignatyuk model. The linear approximation
a=A/10 represents just the asymptotic value d@(4) in eq. (1) in the limit of no shell correction
(oW=0). Sensitivity analysis (Fig.4) has shown that the high-energy part of the spectrum is
very sensitive to the LDP but the low-energy part is not. A critical test'® on ***Am(ng,.f)
showed that the present method, without any ad hoc adjustment, gave excellent agreement
with the experiment'” up to emitted neutron energy 14 MeV. This proves the fact that the
present method, esp. the LDPs used, is physically correct.
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Fig. 3. Calculated and experimental LDPs for FF. Fig. 4. Sensitivity of the spectrum to the LDP.

(3) Asymmetry in neutron multiplicity from light and heavy fragments

It has been common practice to simply average the spectra from light fragment (LF) and
heavy fragment (HF) to obtain the total spectra, assuming implicitly that an equal number of
neutrons are emitted from the two fragments. However, this is not always the case, since the
excitation energies of the two FFs are not always equal. Therefore a weighted average should
be taken instead. This should be emphasized all the more because spectral shapes from LF
and HF are very different (Fig.5), mainly due to kinematics of the FFs, and partially due to
different energy-dependent behavior of the inverse reaction cross sections for LF and HF'®.
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(4) Asymmetry in nuclear temperature for LF and HF

The nuclear temperature 71 and 7y of LF and HF at the moment of scission is considered to
be equal and small because of large deformation. However, 71 and Ty at the moment of
neutron emission are not generally equal, because the deformation energies for LF and HF are
generally different at scission. So it is reasonable to consider possible difference in the
nuclear temperature in the M-N model calculation. Actually, a non-equitemperature M-N
model was proposed by the present author at IAEA-CM (1990) *”. Recently, this idea was
taken up again and examined by P. Talou?" in his Monte Carlo simulation of the PFNS.

3. JENDL-3.3 and JENDL/AC2008

This method has been applied to many actinides and the results were adopted by JENDL-3.3,
after integral benchmark testing on fast, thermal and large-leakage benchmark systems, and
also with spectrum averaged cross sections®”. JENDL-3.3 is the only library that includes
complete covariance matrices for major actinides, such as 233U, 235U, 238U, 29py and 2Py,
These matrices were generated on the basis of sensitivity analysis of the PFNS to input data
by the code KALMAN?Y. Evaluations for minor actinides were done by Maslov*> within the
ISTC project, but they were superseded in JENDL/AC2008 by new evaluations using the new

code CCONE?® and multimodal M-N model, because of peculiar fluctuations in his spectra'®.

The criticism that JENDL-3.3 does not adequately reproduce the average neutron energy at 6
MeV is due to the fact that spectral data were given only at 5-MeV interval in the file. The
fact is that linear interpolation between 5- and 10-MeV values gave higher average neutron
energy. This problem has already been resolved by giving evaluated data at 1-MeV interval.
So the alleged ‘defect’ in JENDL-3.3 is not due to the evaluation method, but merely a matter
of file making.

Some people criticize that the multimodal M-N approach involves many adjustable
parameters. But this is completely due to ignorance. On the contrary, the number of
adjustable parameters in this approach is only one, because the LDPs, which used to be an
adjustable parameter in the original M-N model, were uniquely fixed by solving the Ignatyuk
equation'”. Other physical quantities, such as the average mass, TKE of the FFs for each
mode, determined from experiments'”, or from systematics®”, were used as inputs without
any change. Therefore these physical quantities work as constraints to the problem, and by
no means as free parameters, in the sense that unphysical data of the crucial physical
quantities would result in wrong spectra. The only adjustable parameter in our model is the
nuclear temperature ratio 71/7y. Our method provides a complete prescription for evaluation,
according to which even twenty-year-old student can perform the calculation by following the
indicated procedure step by step. No expertise or ad hoc adjustment is required.
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4. Scission Neutrons and/or Neutron Emission During Acceleration?

It has been known that calculations tend to underestimate the spectrum in the emitted neutron
energy region E,<1. There are three possibilities to explain this: (a) the measured data in the
low-energy region are contaminated by scattered neutrons, (b) there are some mechanisms of
neutron emission other than neutron emission from fully accelerated FFs, such as neutron
emission during acceleration (NEDA) and scission neutrons (SCN), and (c¢) there may be an
anisotropy in the neutron emission in the FF centre-of-mass frame. There are different views
on the energy spectrum and the fraction of SCN depending on the assumed emission
mechanism: if neutrons are evaporated adiabatically from a largely deformed nuclear matter,
the energy should be low; if neutrons are emitted non-adiabatically (dynamically) due to
drastic change in the nuclear potential in the neck region of the pre-scission nucleus, the
energy should be higher. At present, impartially stated, we do not have enough knowledge to
judge which is correct. Therefore the author believes we should refrain from using the
SCN as a convenient tool for fitting to measurements. On the other hand, our analysis on
competition between the time required for full acceleration (~107" sec) of FFs and the
average neutron emission time shows that there is a fair chance of NEDA in the case of S2-
mode, due to high excitation energy of FFs, while there is no chance of NEDA in the case of
S1-mode, due to lower excitation energy. This result suggests that NEDA is a more
legitimate process than SCNs.

It should also be noted here that NEDA and SCN hypotheses exclude each other, because if
SCNs are emitted, the excitation energy of the FF is reduced, which makes the neutron-
emission time longer, thus making NEDA less probable.

5. Many Source-term Model

There have been proposals to use plural Maxwellian or Watt terms with different
temperatures to represent the total spectrum. A similar attempt has recently been made by
Kornilov ef al.*® to express the total PENS with empirical formula with twe Watt functions
plus two additional SCN terms of Maxwellian shape, plus an additional parameters o that
represent the NEDA effect. With increased number of parameters, they asserted they were
able to get good fits to experimental data.

However, several questions arise here:

(1) The Watt function is merely a Maxwellian with consideration of FF motion, but without
consideration of diversity in the initial excitation and cooling during cascading process.
Kornilov et al. *® argue that M-N model spectrum is very sensitive to the inverse cross section
and LDP. However, Fig. 20 of Madland’s paper®’ has shown that different choice of optical
potential does not result in very different spectra. With the modern knowledge of optical
potential, the inverse reaction cross section can now be calculated with reasonable confidence.
(Otherwise, the nuclear data evaluation for FPs using the optical model in many files would
be untrustworthy.) Also the LDPs nowadays can be calculated with the Ignatyuk model with
confidence. (Otherwise, many nuclear data calculation using the LDP would be unreliable.)
Therefore, rejecting the M-N model for the above reasons does not make sense, nor does
it prove that Watt formula is superior to M-N model.

Apparently, the antiquated Watt representation with fixed functional form needed additional
terms that complement its inherent deficiency. So it is questionable whether the SNC
parameters”® obtained by least-squared fitting to experimental data represent real physics or
not. Some theoretical calculations surely indicate the possibility of SCN. Then why not
adopt these theoretical data, avoiding ad hoc fitting?
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(2) Kornilov er al®® stated that “the yields of neutrons from the LF and HF differ
insignificantly from the mean value (within 10%)”.  However, this is not true.
Experiments”~" showed that more neutrons are emitted from LFs at 0.5 MeV, and from
HFs at higher incident energies (e.g., vi=1.44, vy=1.02 at 0.5 MeV, while v{=1.48, viy=1.71
at 5.55 MeV for *°U(n,f); vi=1.59, vi=1.14 at 0.5 MeV, while v;=1.59, v;;=1.87 at 5.5 MeV
for Z'Np(n,f) ), and the increase in vy is totally accounted for by HF alone at 5.55MeV.
These phenomena are explained as due to the shell effects on HF with 4=132 at lower
energies and its diminishing at higher energies. In view of the large difference in the spectra
from LF and HF (Fig.5), the simple average 0.5[Wir +Wyr] should be replaced by the
weighted average [vi Wi rtvuWhr]/(vitvy) at different energies. This change would inevitably
require readjusting the best tuned SCN parameters reported by Kornilov et al.*®.

(3) Assuming two SCN sources in addition to NEDA cannot be justified from physics point
of view, as was discussed in Sec. 4.

To increase the number of adjustable parameters is surely a convenient way to get better fits
to existing measured data, but it diminishes the physical meaning of the results. To the
author’s mind, this attempt is essentially an art of ad hoc parameter fitting to the
experimental data, and is not based on, nor does it provide further insight into, the fission
physics.

6. Concluding Remarks

Nuclear fission is a phenomenon with great diversity and unity, governed by quantum effects
such as shell and pairing effects, as well as by the basic principles of physics in the depths.
The existence of a solution to a problem concerned depends on, to which level of solution one
looks for. The author’s philosophy is just to stick to physics as much as possible, rather
than to go ad hoc parameter fitting. Our target should be to understand the various aspects
of fission, including the PFNS and the mass and energy partitions, in a consistent framework
of fission physics. The author believes that the multimodal fission model provides a ground
to examine the possibility of consistent description of fission phenomena. Scientific
discussion should be conducted in reference to objective fact and pertinent physical
principles. Fitting for the sake of fitting gets us nowhere. Criticism for the sake of criticism
is nothing but diplomacy, not science.
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Annex D

ACTINIDE PROMPT FISSION NEUTRON SPECTRA

V.M. Maslov

Joint Institute of Nuclear and Energy Research,
Krasina str., 99, 220109, Minsk-Sosny, Belarus, maslov(@bas-net.by

The energy dependence of the measured prompt fission neutron spectra (PFNS) shapes was
modeled for 232Th(n, F), 38U(n, F), U, F) and 239 Pu(n, F) reactions for incident neutron
energies from thermal up to 20 MeV. The essence of employed approach in the emissive fission
domain is the consistency of exclusive pre-fission neutron spectra and emissive fission chances
structure with the measured database. The precise description of the PFNS is obtained for major
fissile and fertile nuclides, which urges the problem of consistency of integral benchmarks and
differential PENS average energies of *>U(n, F) to be revisited. The conclusive evidences are
revealed for implementation of new evaluations of PFNS for major, as well for minor actinides.
For that the use of theoretical approach, proven in case of some major actinides, is justified.

The fast reactor upheaval and possible incineration of minor nuclides in a closed fuel cycle will
need an essential improvement of the relevant prompt fission neutron spectra. Among all the
minor actinides scarce measured differential data on PFNS are available only for the 237Np(n, F)
reaction, which is insufficient for model’ independent evaluation. The employment of the
theoretical approach, well tested in case of neutron-induced fission reaction for >**Th, >*°U and
238 targets [1—4] at E, either below and above emissive (n,xnf) fission threshold, when x>1
pre-fission neutrons are emitted, looks feasible in case of neutron-induced fission of minor
actinides. In the same manner were recently predicted PENS for **°Pu(n, F) [5, 6], soon they
would be investigated experimentally in a wide incident neutron energy range by LANL (USA)
and CEA (France) collaboration [7, 8].

For *3U(n, F) reaction major controversy at present still exists in the PFNS at thermal energies.
Usually it is claimed to be due to inconsistencies in measured PFNS data [9, 10, 11]. However,
partly the well-known problem of inconsistency of integral thermal data testing and differential
data [12] might be attributed to the poor fits of differential PFNS data, which are employed in
ENDEF/B-VIIL.O [12] or JENDL-3.3 [13] data libraries. Figures 1a, 1b show the comparison of
measured PFNS data by Starostov et al. [9] with evaluations and phenomenological approach
developed by Kornilov et al. [14]. PFNS of [12, 13] are calculated with the Madland-Nix model
[15,16] and are claimed to perform better in integral data testing of thermal systems [12].
However, the predicted in [14] increase of soft prompt fission neutrons as consistent with
differential measurements [9—11], might influence positively the thermal lattice calculations,
avoiding unjustified increase of the average energy (E) of PFNS.

The phenomenological approach, developed in [14], was extended towards the emissive fission
domain up to £, = 20 MeV [1—6]. Analysis of the measured PFNS for neutron-induced fission
of #*Th, U and **U shows that a number of data peculiarities could be correlated with the
influence of (n, xnf) pre-fission neutron spectra on the observed prompt fission neutron spectra.
For example, predicted partial contributions of the first-chance ***U(n, f), second-chance **°U(n,
nf) and third-chance **U(n, 2nf) fission reactions to the observed fission cross section of >*°U(n,
F) reaction allows reproduction of the measured PFNS average energy (E) variation over the

incident neutron energy range of £,= 5-20 MeV. Figures 2a, 2b show the comparison of (E£) for

5U(n, F) and *U(n, F). In case of *U(n, F) partial ***U(n, xnf) contribution are fixed
unambiguously [2], while ***U(n, xnf) partial contributions are supported by the surrogate fission
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data of *"U(n, /) reaction cross section (see [17] and references therein). Pre-fission (n, xnf)
neutron emission lowers the excitation energies of residual U nuclides. In case of **U(n, F)
reaction the spectra of the pre-fission (n, xnf) neutrons appear to be rather soft, as compared with
the spectra of neutrons, emitted by primary fission fragments after scission of the ***U and **’U
nuclides. Combined effect of these peculiarities leads to the lowering of the average energy of
the PFNS of *°U(n, F) ***U(n, F)) in the vicinity of **U(n, nf) **U(n, nf)) and *°U(n, 2nf)
(***U(n, 2nf)) reaction thresholds, which is compatible with measured PENS average energy (E).

Figures 2a, 2b show that the present calculated energies of the prompt fission neutron spectra
(E) closely reproduces the dips, observed by Ethvignot et al. [18, 19] around 233238 (n, nf) and
233238(J(n, 2nf) reaction thresholds. In case of JEFF-3.1 [20] or ENDF/VI [21] or ENDE/B-VIL0
[12] only qualitative consistency with measured (E) data is demonstrated: it is out of phase with
25U(n, xnf) and 2¥U(n, xnf) channel openings as well. In previous calculations with Madland-
Nix model [15] the variation of <E> with increase of E, was oddly simulated by unjustified

increase of the second chance fission contribution to the fission observables. However, that
approach fails to describe the PFNS shapes at E,= 5-20 MeV. Figures 3a, 3b show the com-
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parison of PFNS at E,= 7 MeV for 25U(n, F) (first observed by Frehaut et al. [22]) and Z*U(n,
F) (first observed by Kornilov et al. [23]). The sharp increase of soft neutron yield at £ <1 MeV
is exemplified in case of both reactions. The shape of pre-fission neutron contribution much
depends upon the fissility of target nuclide and relevant emissive fission contributions, being
most pronounced in case of ***Th(n, F) and least pronounced in case of **°U(n, F) reaction. At
higher incident neutron energy of 14.7 MeV, observed PFNS are composed of (n, f), (n, nf) and
(n, 2nf) fission reaction contributions. The (n, nf) reaction contribution produces the broad spikes
around 7 MeV, and strongly influence the soft part of PFNS (see Figs. 4a and 4b). Obviously, no
other approach could reproduce the measured data as good as the present one.

Condensed representation of pre-fission neutron influence on PENS of **’Pu(s, F) is given on

Fig. 5a. Predicted shape of the 29pu(n, F) <E> is much similar to that observed for *°U(n, F)
reaction [2, 19]. Though evaluations ENDF/B-VIL.O [12] (at E,~ 15 MeV) and JEFF-3.1 [20]
predict the variation of <E> above the E,,s reaction threshold, they fail to attribute it to the
precise variation of the relative contributions of pre-fission and prompt fission neutrons
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Figs. 3a, 3b. PFNS of **U(n, F) and Z*U(n, F) reactions at £, = 7 MeV relative to Maxwell PFNS.
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emitted by fission fragments. At E, >E, ,r the lowering of <E> , evident in present calculation, is

missing in previous evaluations [12, 13] or shifted to higher energies [20]. The decrease of <E> of
ENDEF/B-VIL.O [12] at E,~ 15 MeV is not supported by the measured data trend for 23U, F)
reaction [2, 19]. Present estimate of <E> is supported by the renormalized [24] value of <E> at
E,~ 1.5 MeV. It nicely reproduces PFNS shape of thermal neutron-induced fission of **’Pu(n, F)
[9]. Data by Knitter et al. [25] on <E> at E,> 2 MeV are scattering a lot and seem to be model-

dependent. Data point by Zamyatnin et al. [26, 27] at E,~ 14 MeV is based on rather narrow
range of prompt fission neutrons. It might be argued that the dicrepancies of the measured and

various evaluated data on <E> are well outside the nuclear application requests. That means the
phenomenological/theoretical analysis of the actinide PFNS measured data, fixed at thermal

energy point, helps to increase the reliability of the predictions for the **°Pu(n, F) up to E,~ 20
MeV.
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Figs. 5a, 5b. Average energy of PENS for ***Th(n, F) *°U(n, F), Z*U(n, F) and *°Pu(n, F).

Summarizing, we argue that correct estimates of the exclusive pre-fission (n, xnf) reaction
spectra, alongside with simple modeling of spectra of neutrons, emitted from the fission
fragments, allows a reproduction of the prompt fission neutron spectra for 2*Th(n, F), *>**U(n,
F) and *’Pu(n, F) reactions up to E, = 20 MeV. Modeling of the spectra of neutrons, emitted
from the fission fragments, appears to be rather crude, however it nicely reproduces measured
PENS for **Th(n, F) [1], 2°U(n, F) [2, 3], **U(n, F) [2, 4] and *’Pu(n, F) [5, 6] reactions and
might be used for PFNS prediction for the target nuclides with various fissilities, like 2*"Np [28].
Figure 5b shows the comparison of (£)of PFNS for 32T, 28U, #°U and *°Pu target nuclides,

calculated with the present model, with data of ENDF/B-VILO [12] for 2*U, %°U and **Pu.
Measured data for °U(n, F) and >*’Pu(n, F) are shown for thermal neutrons and E,= 1.5 MeV.
For *°Pu(n, F) there is no other reliable measured data. For >**U(s, F) only data in the vicinity of
the 2*U(n, nf) reaction threshold are shown, for S2Th(n, F) all available data are shown. In our
calculations there is a strict correlation of the "dips" in PFNS average energies with emissive
fission contributions to the observed fission cross sections. Pre-fission neutrons influence is
strongest in case of ***Th(n, F) reaction and weakest in case of ***Pu(n, F). That peculiarity is not
due to the fact, that *’Pu(n, F) fission fragments are most heated, but with the highest
contribution of the first chance fission to the **°Pu(n, F) fission cross section. In recent
calculations by Madland [16], which are in fact used for the ENDF/B-VII.O [12], this correlation
is not pronounced. That is a convincing illustration of the importance of the precise description
of the observed PFNS for the investigation of sharing of the excitation energy between the
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fission fragments and pre-fission neutrons as well as prompt fission neutron spectra simulation.

The analysis of PENS for 2*Th(n, F), Z°U(n, F), 2*U(n, F), ®'Np(n, F) and **°Pu(n, F) reactions
demonstrated, that a number of measured data peculiarities might be correlated (n, xnf) pre-
fission neutron emission. The soft neutron contribution to the calculated PFNS is rather
appreciable, as compared with neutrons, emitted by fission fragments. Recently the estimate of

<E> for °Pu(n, F) was nicely confirmed by the experimental data by LANL (USA) and CEA
(France) collaboration [7, 8], presented at this Consultants Meeting [29].

Present approach have been used for the evaluated data files compilation of 227, 21pa, 23pa,
22y, 24y, 23U, 28U (http://www-nds.iaea.org/minskact), prepared with the ISTC support under
the Project B-404. The validation of the *U evaluated data file has been performed against
criticality safety benchmark experiments for high-enriched ***U sphere with a fast spectrum. The
Monte Carlo code calculations demonstrated a good agreement with experimental data. The
prompt fission neutron spectra representation gave quite good description of Keg[30].

The support of International Science and Technology Center (Moscow) under the Project
Agreement B-1604) is acknowledged
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Evaluation of Precise Fission Neutron Spectra for Actinides
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Overview

+ 4 Summary viewgraphs | presented atthe IAEAANDC

meeting, onmotivation for an international coordinated
research effort on fission neutron spectra

+ Aspects of fission neutron evaluations

— Theory & Lncertainty Quantification
— Experiments at LAML
— FPreeqguilibrium processes
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critical assemblies
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Evaluation of Precise Fission Neutron
Spectra for Actinides

Motivation:

Accurate predictions of criticality are central to many applications -
reactors and waste transmutation technologies, nonproliferation, etc
hany labs have determined that current uncertainties in the fission
spectrum represent one of the biggest sources of uncertainty in k-eff
predictions (esp. recent work at LANL, ArgonnedlML, Japan, BEurope ..}

A new collaboration could largely reduce the spectrurm uncertainties,

Other background information:

Dosimetry benchmark testing suggests ENDF/B-YII (Madland's work)
high-energy spectrum too hard for 2351 239Pu in fast neutron energy
region; too soft for thermal? (Mannhart) - see later viewgraphs

EMDF community rejected Madland's newest 2351 at thermal because of
poor performance in thermal benchmarks. We need to resolve this.

For 239FPu and 235 8L, few precisze measurements exist below ~ 1 Mey/
emission energy, and above ~ 7 Mel emission energy. YWe presently rely

oh old models that are calibrated to the few measured data. .~

a 3
P T » Los Alamos
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Annex F

NITAR Measurements of Fission Neutron Spectra: Summary based on Russian
publications and EXFOR database

V.G. Pronyaev
6 November 2008

Following the development of methods to measure fission neutron spectra at the NIIAR, these
measurements and publication of the results continued from the early 1970s to 1985. Many
papers have been published at Kiev conferences and in Yadernye Konstanty, along with the
results to be found in the EXFOR database. | am mainly considering the most recent Russian
publication in Yadernye Konstanty, Vol. 3, p.16 (1985) by B.I. Starostov, V.N. Nefedov,
A.A. Bojtsov, as representing a full review of the measurements of this group and their final
results in the form of plots. Measurement details, corrections and uncertainties, final results to
be found in different EXFOR entries are given below, along with what I considered to be
errors in the EXFOR compilations.

1. Measurements

The time-of-flight method with flight paths varying between 10.4 and 611 cm was used to
measure fission neutron spectra over a wide energy range from 0.01 to 12 MeV. “Zero” time
was the moment at which fission fragments were detected to register nuclear fission;
registration of fission neutrons with time delay after the fission event gave an estimation of
the energy of the neutron. °Cf and *°U targets were placed in ionization chambers. A
chamber with 2*°U target was installed along the flight path of the collimated thermal neutron
beam filtered from fast neutrons and gammas by 12-cm thick layer of quartz and 8-cm layer
of bismuth. Different forms of detector shielding were designed for the various flight paths in
order to reduce the background of scattered neutrons. Efficiency of registration of the fission
fragments was above 95% for *>Cf and *°U over all measurement cycles. Uncertainty in
“zero” time for all measurements was 0.3 nsec. Neutron detectors were installed at an angle of
45 degrees to the plane of the target in order to neutralize the spectral distortion by the non-
isotropy of registration for the fission fragments.

Two measurement cycles were carried out:

Cycle No. 1 was undertaken with a miniature ionization chamber (MIC, 2.5 g) to register
fission fragments, along with different flight paths and scintillation detectors. Three different
series of measurements were conducted:

1.1. Flight path of 51-cm; anthracene detector; energy interval for measurements of 0.1 to 2
MeV (uncertainty in the efficiency of 2.5%).

1.2. Flight path of 231.3 cm; stilbene detector; energy interval for measurements of 1.4 to 8
MeV (uncertainty in the efficiency = uncertainty of the standard).

1.3. Flight path of 611-cm; plastic detector; interval for measurements of 3 to 12 MeV
(uncertainty in the efficiency = uncertainty of the standard).

Cycle No. 2 involved gaseous scintillation detectors (GSD) for fission fragment registration,
different flight paths, and two types of non-threshold neutron detector (i.e. two different sets
of measurements):

2.1. Flight paths of 12.4, 21.4 and 40 cm; non-threshold ionization chambers (IC) with eight
layers of *°U; energy interval for measurements of 0.01 to 5 MeV (uncertainty in the
efficiency less than 4%); and used only for measurements of 2*2Cf fission neutron spectra.
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2.2. Flight path of 10.4, 21.4 and 29.5 cm; gaseous scintillation detector-ionization chamber
(GSDIC) with metallic *°U radiator; energy interval for measurements of 0.01 to 5 MeV
(uncertainty in the efficiency is determined by the uncertainty in the **°U fission cross
section).

Counting rates are lowest for 1.3 flight path, with 8000 counts for neutrons of energy 4 MeV,
and 70 counts for neutrons with an energy of 14 MeV for 240 hours of continuous
measurements.

2. Data processing

All determinations of data and their uncertainties, related to the distances, angles, numbers of
counted neutrons and fission events, time channel width, and position of “zero” time, were
obtained by methods described in: L.M. Green et al., Nucl. Sci. Eng. 50(3) p.257 (1973); B.L.
Starostov et al., NIIAR preprint I1-12 (346) (1978)).

The effect of anisotropy on the registration of the fission fragments was studied
experimentally, and was found to be negligible.

Time-of-flight spectra were transformed into energy spectra after background correction.
Further corrections were introduced into these energy spectra: background neutrons scattered
by the target backing, gas atoms, walls of the MIC and GSD, the air within Q angle, the lead
shielding of the detectors from the delayed-gamma and all structural parts of the neutron
detector. After these corrections, the intensity ratio 2>Cf / U for energy spectra in the
energy interval from 0.01 to 12 MeV was obtained. This ratio is independent of the systematic
uncertainties in the determination of the efficiency of the neutron detector.

Detector efficiency for cycle No. 1 measurements was calculated for the anthracene detector
by means of the Monte Carlo method, and taking into account single and double scattering of
neutrons on hydrogen, nonlinearity of the photon yield for the scintillator, neutrons and
gammas in the 2C(n,n") and "*C(n,n'y) reactions, and neutrons scattered in the photo-electrical
multiplier with time shift corrections. The method used to choose the threshold for neutron
registration of the different detectors does not lead to discrepancies between data in the
energy regions where they overlap. A calculated detector efficiency for the absolute
normalization of the spectra was only used for the anthracene detectors - calculated
uncertainties for the anthracene detector efficiency were below 2.5%. The efficiencies of the
stilbene and plastic-scintillator detectors were determined on the supposition that the shape of
the *>Cf(sf) fission neutron spectrum is known. Such “known” spectrum was obtained by
averaging (via evaluation) the data measured by many authors (see Table 2 of the paper -
results are given below as taken from EXFOR in Attachment 1) - these data were used to
calculate the stilbene and plastic-scintillator detector efficiencies. Efficiencies of the detectors
were consistent (within 3%) with the efficiencies calculated using the Monte Carlo technique.

IC and GSDIC detector efficiencies for the cycle No. 2 measurements of 2°Cf were judged to
be proportional to the *°U(n,f) cross section evaluated by V. Kon’shin and co-workers in
1978. I assume that this evaluation was inserted into the BROND-2 library for *°U.
Comparison of these data with ENDF/B-VII are shown at Fig. 1 of Attachment 2, and do not
show any large differences in shape above a neutron energy of 15 keV. ***U(n,f) data from
BROND-2 are also given. Difficulties were experienced in the **U(ng,.f) measurements with
respect to background corrections (closed geometry and large corrections? - VP), and
measurements were undertaken relative to *>°Cf(sf), with the fission neutron spectrum
adopted as given in Appendix 1.

Finally, correction for the spectral resolution, suggesting that the shape of the spectra should
be near-Maxwellian, was below 1.5%.
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3. Uncertainties

Twenty partial components of the total uncertainty were considered. Some are uncertainties in
the energy determination - those related directly to the cross-section determination are as
follows:

- uncertainty in the neutron detector efficiency which is the largest partial (systematic)
uncertainty

- uncertainty due to discrimination level stability
- uncertainty due to delayed gammas
- statistical uncertainty

- uncertainty due to random coincidence in the detector, which is also statistical in nature
and is combined with the statistical uncertainty

- uncertainty due to “recycling” neutrons, which is also statistical in nature and is combined
with statistical uncertainty

- uncertainty due to the experimental hall background, which has also statistical nature and
is combined with statistical error

- uncertainty due to the flight time uncertainty

- uncertainty due to scattered neutrons.

4. Authors’ conclusion

The results of the No. 1 and 2 cycles of measurements are consistent in the neutron energy
range from 0.1 to 5 MeV.

Over the energy range of emitted neutrons from 0.01 to 7.5 MeV, the measured spectral shape
deviates from Maxwellian by not more than 5% to 7%.

At energies above 7 MeV, there are large deviations from Maxwellian spectra.

V.G. Pronyaev: the following is my understanding (or misunderstanding) of the results from
the point of view of the “primarily measured quantities” and the means of transforming to the
quantities given by the authors:

1.1. series of measurements for °Cf(sf) and *°U(ng,f) are absolute measurements. Data
should be given as the number of neutrons per MeV.

1.2. series of measurements for *’Cf(sf) and **U(ng,f) with the detector efficiency
determined by means of the averaged spectrum of *>Cf(sf). 2>Cf(sf) results for this series of
measurements give only differences relative to this averaged spectrum, and **°U(ng,f) results
should exhibit the ratio to this averaged *>Cf(sf) spectrum. Shape data (non-normalized) are
given, and should be defined as ARB-UNITS (arbitrary). The B2Cf(sf)/ 2 U(ng, D) ratio is only
the directly measured quantity which does not depend from the detector efficiency
determination.

1.3. series - same conclusion as for 1.2.

2.1. series for 2°Cf(sf) measurements presents the results as only shape data (non-
normalized) for the ratio of *>>Cf(sf) spectra to the **U(n,f) cross section (used as a standard
for shape). Using the Kon’shin evaluation for the fission cross section, these data can be
converted to shape data (non-normalized) for *>>Cf(sf) spectra. Data should be given as ARB-
UNITS.

2.2. series - same conclusions for *°U(ng,f) and **Cf(sf) as in the 2.1 series for ***Cf.
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Table 1. Source of the latest results in EXFOR - data in EXFOR (approved by the
authors in 1985-1986) compared with data at plots of final publication (YK, 3, p.16

(1985)).

Cycle
Series

Reaction

EXFOR
Subentry

Comment

1.1.

252Cf( sf)

40874002

Data in EXFOR approved by authors, and
presented as ratio to Maxwellian with kT = 1.42
MeV

235U(nthaﬂ

40871008

Data in EXFOR approved by authors in 06/1985.
Since they are absolute measurements, data are
given in this sub-entry as absolute spectra
expressed in terms of the number of neutrons per
MeV - but have been assigned incorrect ARB-
UNITS in EXFOR

40871007

Data in EXFOR approved by authors in 06/1985.
Somehow normalized at a yield of 2.383 neutrons
per fission, and should be given in this sub-entry as
absolute spectra expressed in terms of the number
of neutrons per MeV - but have been assigned
incorrect ARB-UNITS in EXFOR. They are
primarily obtained as shape-type data (ARB-
UNITS) with efficiency of the detector evaluated
using averaged *>Cf{(sf) fission neutron spectra

252Cf(SD/235U(nth,f)

40871011

Primarily measured absolute ratio, free from
detector efficiency determination problems

1.2.

BICA(sf)

40871005

Data in EXFOR approved by authors in 06/1985

Somehow normalized at a yield of 3.77 neutrons
per fission, and should be given in this sub-entry as
absolute spectra expressed in terms of the number
of neutrons per MeV - but have been assigned
incorrect  ARB-UNITS in EXFOR. They are
primarily obtained as shape-type data (ARB-
UNITS) with efficiency of the detector evaluated
using averaged ***Cf(sf) fission neutron spectra.

235U(nthaﬂ

40871007

Data in EXFOR approved by authors in 06/1985
Somehow normalized at a yield of 2.383 neutrons
per fission, and should be given in this sub-entry as
absolute spectra expressed in terms of the number
of neutrons per MeV - but have been assigned
incorrect ARB-UNITS in EXFOR. They are
primarily obtained as shape-type data (ARB-
UNITS) with efficiency of the detector evaluated
using averaged *>Cf{(sf) fission neutron spectra

252Cf(SD/235U(nth,f)

40871012

Primarily measured absolute ratio, free from
detector efficiency determination problems

1.3.

PICA(sf)

40872002

Data in EXFOR approved by authors in 06/1985
Somehow normalized at a yield of 3.77 neutrons
per fission, and should be given in this sub-entry as
absolute spectra expressed in terms of the number
of neutrons per MeV - but have been assigned
incorrect  ARB-UNITS in EXFOR. They are
primarily obtained as shape-type data (ARB-
UNITS) with efficiency of the detector evaluated
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using averaged ~>~Cf{(sf) fission neutron spectra

Uy, 40872004

Data in EXFOR approved by authors in 06/1985
Somehow normalized at a yield of 2.383 neutrons
per fission, and should be given in this sub-entry as
absolute spectra expressed in terms of the number
of neutrons per MeV - but have been assigned
incorrect  ARB-UNITS in EXFOR. They are
primarily obtained as shape-type data (ARB-
UNITS) with efficiency of the detector evaluated
using averaged **Cf{(sf) fission neutron spectra

P2Cf(sH)/ U (ng.f) | 40872007

Primarily measured absolute ratio, free from
detector efficiency determination problems

2.1. S2CA(sf) 40874003

Data in EXFOR approved by authors

Data obtained with IC, and presented as ratio to
Maxwellian with kT = 1.42 MeV

3U(n,f) cross section is the standard for the shape
of the 22Cf(sf) spectra

U D) -

Small IC was only used for measurements of
252 .
Cf(sf) fission neutron spectra

2.2. BICA(sf) 40874004

Data in EXFOR approved by authors

Data obtained with GSDIC, and presented as ratio
to Maxwellian with kT = 1.42 MeV

25U(n,f) cross section is the standard for the shape
of the **Cf{(sf) spectra

Uy, 40873004

Data in EXFOR approved by authors

Data are presented as ratio to Maxwellian with kT
=1.313 MeV

Shape-type data, with the efficiency of the detector
evaluated using averaged **Cf(sf) fission neutron
spectra

Finally, the following data sets can be included in the least-squares fit and evaluation:

40874002 are the result of absolute measurements (but could be used as shape-type data) -
neutron detector correlation with 40871008.

40871008 are the result of absolute measurements (but could be used as shape-type data) -
neutron detector correlation with 40871002.

40871011 are the result of direct measurement of the normalized ratio (but could be used as
shape-type data for ratio). If 40871011 is used, 40874002 and 40871008 should not be used
(to avoid duplication and redundancy).

40871012 (with two data sets) are the result of direct measurement of normalized ratio (but
could be used as shape-type data for ratio).

40872007 (with two datasets) are the result of direct measurement of normalized ratio (but
could be used as shape-type data for ratio).

40874003 is measurement relative to the *°U(n,f) cross section. Can be renormalized to the
new “°U(n,f) cross-section standard. Possess a common standard, and therefore have
correlations with 40874004 and 40873004.

40874004 is measurement relative to the 2°U(n,f) cross section. Can be renormalized to the
new *°U(n,f) cross-section standard. Possess a common standard, and therefore have
correlations with 40874003 and 40873004.
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If more stringent conditions are adopted for selection, as proposed by Nikolai Kornilov
(direct measurements and more accurate ratios for By to Bt spectra), only EXFOR
sub-entries 40871011, 40871012 and 40872007 are appropriate for consideration as data
for standard and reference spectra fit.

Table 2. Other data in the EXFOR database (data presented — most of my guesses are
based on information given by the compiler).

EXFOR Data presented

Sub-entry

40871007 | Data derived by combining the results of 1.1. and 1.2. series of measurements
(given as a single data set, without the inclusion of overlapping data), and
presented as absolute data (number of neutrons/MeV)
There is no description of the procedure in REFERENCE — they were probably
sent by authors to the compiling centre as additional data for compilation

40644002 | Data derived by combining the results of all series of measurements (as a single

dataset, without the inclusion of overlapping data), and presented as absolute
data in the energy range from 14.3 keV to 10.14 MeV (number of neutrons per
MeV) There is no explanation of how the data were combined

Table 3. Errors and misprints found in the current EXFOR database.

EXFOR Important problem

Sub-entry

40873001 MONITOR is the spectrum given in Table 4 of YK, vol. 3, p.20 (1985) (see also
Attachment 1 or X4 = 40930002), which is presented as the ratio to the
Maxwellian spectra with kT = 1.42 MeV, and not Maxwellian spectra with kT =
1.418

40871008 REACTION: not relative to the Maxwellian

40871005 REACTION: should be (sf) and not (n,f)
Data units are probably the number of neutrons per MeV

40871007 Data units should be the number of neutrons per MeV

40871008 Data units should be the number of neutrons per MeV

40872001 DETECTOR (SCIN) free text should be “plastic scintillator for neutron spectrum
measurements’

40872002 Data are given as number of neutrons per MeV, although they are shape-type
data

40872004 Data are given as number of neutrons per MeV, although they are shape-type
data

40873001 MONITOR is the spectrum given in Table 4 of YK, vol. 3, p.20 (1985) (see also
Attachment 1 or X4 = 40930002), which is presented as the ratio to the
Maxwellian spectra with kT = 1.42 MeV, and not Maxwellian spectra with kT =
1.418

40873004 REACTION: should be relative Maxwellian with kT =1.313 MeV

40874002 Data units should be the number of neutrons per MeV — absolute measurements

40874001 DETECTOR: (SCIN) anthracene detector for neutron registration should be
moved to 40874002

40874003 | DETECTOR should be “(IOCH) thin-wall ionization chamber with eight U
fission layer for neutron registration”

40874003 DETECTOR should be “(IOCH) gas scintillating detector - ionization chamber
with 23U metallic radiator”

40930002 Data are the result of much experimental data averaging used to determine the

efficiency of the detectors - they should be inserted (as evaluated data - monitor)
in all subentries of cycles 1.2. and 1.3
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Attachment 1. *’Cf(sf) fission neutron spectra used to determine the absolute efficiency of
the stilbene (case 1.2. for cycle 1) and plastic detectors (case 1.3. for cycle 1) given as ratio to
the Maxwellian spectrum with kT = 1.42 MeV.

SUBENT 40930002 19990311 19990705 20050926 000040930002 1
BIB 4 12 40930002 2
REACTION ((98-CF-252(0,F),PR,DE,N, ,EXP)// 40930002 3
(98-CF-252 (0, F),PR,DE,N,,CALC)) RELATIVE TO THE 40930002 4

MAXWELL SPECTRUM WITH TEMPERATURE 1.42 MEV 40930002 5

STATUS (TABLE) DATA ARE TAKEN FROM TABLE 4 OF MAIN REFERENCE 40930002 6
(COREL, 40874003) DATA IN THIS SUBENT COVER THE WHOLE 40930002 7

(COREL, 40874004) ENERGY RANGE IN DIFFERENCE TO SUBENT 40930002 8

40874002 AND 40874004 40930002 9

FLAG (1.) INDEPENDENT VARIABLE CHANGED BY COMPILER 40930002 10
HISTORY (19990311A) REACTION VALUE IS GIVEN EXPLICITELY AS 40930002 11
RATIO OF TWO VALUES 40930002 12

(19990405A) NEW REACTION-QUANTITY RATIOS CODING GIVEN 40930002 13

E-NM AND E-DN INTRODUCED 40930002 14

ENDBIB 12 40930002 15
COMMON 1 3 40930002 16
E-DN 40930002 17
MEV 40930002 18
1.42 40930002 19
ENDCOMMON 3 40930002 20
DATA 5 110 40930002 21
E-NM E-RSL DATA ERR-T FLAG 40930002 22
MEV MEV NO-DIM PER-CENT  NO-DIM 40930002 23
3.000E-04 1.0 E-04 1.084E-00 40. 40930002 24
7.000E-04 2.0 E-04 1.084E-00 30. 40930002 25
1.500E-03 4.0 E-04 9.58 E-01 20. 40930002 26
2.500E-03 3.0 E-04 9.58 E-01 15. 40930002 27
3.400E-03 3.0 E-04 9.72 E-01 10. 40930002 28
4.4 E-03 3.0 E-04 9.72 E-01 10. 40930002 29
5.5 E-03 3.0 E-04 9.57 E-01 9. 40930002 30
6.5 E-03 3.0 E-04 9.55 E-01 8. 40930002 31
7.5 E-03 3.0 E-04 9.83 E-01 8. 40930002 32
8.4 E-03 4.0 E-04 9.83 E-01 8. 40930002 33
9.5 E-03 6.0 E-04 09.75 E-01 7. 40930002 34
1.540E-02 2.6 E-03 9.73 E-01 7. 40930002 35
3.440E-02 2.1 E-03 9.65 E-01 7. 40930002 36
6.000E-02 2.00 E-03 9.71 E-01 6. 40930002 37
8.100E-02 3.0 E-03 9.88 E-01 5. 40930002 38
9.100E-02 3.0 E-03 1.000E-00 4. 40930002 39
1.040E-01 3.0 E-03 1.028E-00 3. 40930002 40
1.150E-01 3.0 E-03 1.026E-00 3. 40930002 41
1.340E-01 3.0 E-03 1.010E-00 2.5 40930002 42
1.440E-01 3.0 E-03 1.018E-00 2.5 40930002 43
1.550E-01 3.0 E-03 9.99 E-01 2.5 40930002 44
1.660E-01 3.0 E-03 9.83 E-00 2.5 40930002 45
1.780E-01 3.0 E-03 9.70 E-01 2.5 40930002 46
1.940E-01 4.0 E-03 9.62 E-01 2.5 40930002 47
2.070E-01 4.0 E-03 9.64 E-01 2.5 40930002 48
2.210E-01 4.0 E-03 9.68 E-01 2.5 40930002 49
2.390E-01 5.0 E-03 9.75 E-01 3. 40930002 50
2.630E-01 6.0 E-03 9.74 E-01 3. 40930002 51
2.87 E-01 6.0 E-03 9.89 E-01 3. 40930002 52
3.20 E-01 6.0 E-03 9.82 E-01 3. 40930002 53
3.30 E-01 7.0 E-03 9.89 E-01 3. 1. 40930002 54
3.57 E-01 8.0 E-03 9.88 E-01 2. 40930002 55
3.82 E-01 8.0 E-03 9.82 E-01 2. 40930002 56
4.27 E-01 8.0 E-03 9.89 E-01 2. 40930002 57
4.56 E-01 8.0 E-03 9.73 E-01 2. 40930002 58
4.99 E-01 8.0 E-03 9.76 E-01 2. 40930002 59
5.49 E-01 8.0 E-03 9.79 E-01 2. 40930002 60
6.31 E-01 6.0 E-03 9.62 E-01 2. 40930002 61l
6.92 E-01 6.0 E-03 9.76 E-01 2. 40930002 62
7.37 E-01 6.0 E-03 9.77 E-01 2. 40930002 63
8.03 E-01 7.0 E-03 9.73 E-01 2. 40930002 64
8.68 E-01 9.0 E-03 9.78 E-01 2. 40930002 65
9.06 E-01 1.1 E-02 1.000E-00 2. 40930002 66
1.002E-00 2.8 E-02 9.96 E-01 2. 40930002 67
1.050E-00 2.8 E-02 1.002E-01 2. 40930002 68
1.170E-00 2.8 E-02 1.011E-01 2. 40930002 69
1.260E-00 2.9 E-02 1.023E-01 3. 40930002 70
1.353E-00 3.5 E-02 1.028E-01 2.5 40930002 71
1.480E-00 2.9 E-02 1.044E-01 2.5 40930002 72
1.640E-00 2.6 E-02 1.026E-01 2.5 40930002 73
1.760E-00 2.5 E-02 1.020E-01 2.5 40930002 74
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Attachment 2. U fission cross sections used to calculate the energy dependence of the

detector efficiency in cycle No. 2 measurements.

EHDF Request 47918, 2888-0ct-21,12:28:33
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Cross Section (barnsl

Incident Energuy (Mel)

Fig. 1. Comparison of Kon’shin evaluation (1978) with ENDF/B-VIL.O0.

10~= 10—1 1

Table 1. Cross sections of **U(n,f) used to evaluate the energy dependence of the efficiency

of the detectors in cycle 2 measurements.

# Energy Cross section
# MeV barns
0.0100437 3.94808
0.0103271 3.88585
0.0105 3.84787
0.0107963 3.84031
0.0111009 3.83253
0.0114141 3.82454
0.0115 3.82235
0.0118245 3.74199
0.012 3.69853
0.0123386 3.62146
0.0125 3.58472
0.0128527 3.68319
0.013 3.72432
0.0133668 3.81562
0.0135 3.84878
0.013625 3.85819
0.0136875 3.86029
0.01375 3.86085
0.013875 3.85771
0.014 3.84941
0.014125 3.83633
0.01425 3.81864
0.0143125 3.80806
0.0145 3.76912
0.01475 3.43044
0.014875 3.25625
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Annex G

Ratio of prompt fission neutron spectra from 252Cf(sf) and 235U(nth,f) reactions
V.G. Pronyaev (pronyaev(@ippe.ru)
10 December 2008

As stated by Starostov et al., their measurements of ratios of prompt fission neutron spectra
for 22C1(sf) to 2°U(ng,f) reaction is most direct experimental result free for many problems
related to the normalization. These ratio data were not included in the evaluation of prompt
fission neutron spectra (used as standard and reference). Because they cover a wide energy
range of secondary neutrons there is interest in comparing them with ratio of standards and
reference spectra. The comparison is shown in Fig. 1 (in lin-log) and 2 (log-lin) presentations.
Results of three sets of measurements shown by crosses of different colors are taken from
EXFOR subentries. The authors obtained the absolute ratio of two fission neutron spectra, but
for comparison the spectra normalized at 1 should be used. Data from these sub-entries should
be divided at k = 1.56 (ratio of nu-prompt values for 22Cf(sf) and 2 U(ng,f)). This was done
for data from Sub-entry 40871011. For data from sub-entries 40871012 and 40872007 were
divided at 1.64 and 1.66 respectively, to exclude ratio normalization problems and treat all
ratios measured by Starostov ef al. as shape-type data. The ratio of *Cf(sf) standard
evaluation to 23SU(nth,t) reference spectra is shown by the thick solid red line.

It is interesting for validation of these ratios to introduce into these figures calculated and
evaluated (experimental) results presented by Mannhart for ratio of cross sections averaged on
these spectra in dependence from mean neutron energy of their response. The evaluated
(experimental) averaged cross sections ratios are shown on these figures by black squares, and
calculated averaged cross sections ratios by black dashed line.

The following conclusions can be drawn from these comparisons:

1. The calculated average cross-section ratios in dependence from mean neutron energy
of the response are smooth and not sensitive to the particular shape of the reaction
cross section.

2. Difference in the ratio of the spectra (thick red line) and calculated averaged cross-
section ratios is in the limit of 2 - 3%.

3. Starostov shape of ratios is consistent with standard and reference spectra evaluation
with the exclusion of the energy range below 500 keV, where they have different
energy dependence.

4. Above 10 MeV the evaluated (experimental) averaged data show that either B2Cf(sf)
spectrum is too hard, or 23 5U(nth,f) is too soft, or both trends are present, or evaluated
(experimental) ratios on some reasons are too low.

5. Starostov data on shape of ratios of two spectra can be included in the combined fit of
22Cf(sf) and 2 U(ng,f) prompt fission neutron spectra.
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ZSZCf/235U

Bl Ratio of the experimental spectrum averaged cross sections
— — Ratio of the calculated spectrum averaged cross sections
- B.l. Starostov, X4=40871011 (1983) - taken as shape (k=1.66)
B.l. Starostov, X4=40871012 (1983) - taken as shape (k=1.64)
B.l. Starostov, X4=40872007 (1983) - taken as shape (k=1.56)
Ratio of the evaluated spectra (W. Mannhart - 2°2Cf, ENDF/B-VII - 2*°U)

Ratio, no dim.

2 4 6 8 10 12 14 16
Energy or mean energy of the response, MeV

Fig.1. Lin-log presentation (see explanations in the text).

3.0

B Ratio of the experimental spectrum averaged cross sections
— — Ratio of the calculated spectrum averaged cross sections
- B.l. Starostov, X4=40871011 (1983) - taken as shape (k=1.66)
B.l. Starostov, X4=40871012 (1983) - taken as shape (k=1.64)
B.l. Starostov, X4=40872007 (1983) - taken as shape (k=1.56)
Ratio of the evaluated spectra (W. Mannhart - °2Cf, ENDF/B-VII - 2°U)

Ratio, no dim.
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Fig. 2. Log-lin presentation (see explanation in the text).
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Annex H

Recent measurements of the prompt neutron emission spectrum from neutron-induced
fission of 25U

Kornilov, N.V., Hambsch, F.-J., Fabry, 1., Oberstedt, S.
European Commission JRC-IRMM, B-2440 Geel, Belgium
Simakov, S.P.
Forschungszentrum Karlsruhe, Institute for Reactor Safety, D-76021 Karlsruhe Germany

Following a recommendation of the NEA Working Party on Evaluation cooperation (WPEC)
[1] the prompt fission neutron spectrum (PFNS) was measured during three measurement
campaigns at an incident neutron energy E, = 0.5 MeV

1. Experimental procedure and results

During the last years three measurement campaigns took place at the 7 MV Van de Graaff
accelerator of the IRMM in Geel, Belgium, to measure accurately the prompt fission neutron
emission spectrum at neutron energy E, ~ 0.5 MeV using the fast neutron time-of-flight
technique. A pulsed proton beam of about 1.0 - 1.5 ns FWHM at 1.25 - 2.5 MHz repetition
rate and 0.2 - 0.8 pA average current was used. Mono-energetic neutrons of 0.52 MeV
average energy were produced using the "Li(p, n) reaction. A metallic **U sample (93.15 %
enrichment, 161.28 g) and a similar sized lead sample were applied for foreground and
background measurements, respectively.

In a first run (Jul06) different emission spectra were measured for different emission angles
relative to the neutron beam. The neutron yield was ~ 10% and the average secondary neutron
energy ~ 80 keV higher at 120° compared to 90°. The result was discussed at the Nice
ND2007 conference [2]. This unusual finding stimulated new investigations to verify and to
estimate the nature of this effect. In a second experiment (Apr07) we used three identical
neutron detectors at a flight path of 2.24 = 0.01 m placed at 90°, 150° and 120°. The distance
from the neutron production target to the sample was ~ 8 cm.

In a third experiment (Jan08) the same detectors were applied. Two of them were placed at
90° to the left (L90) and right side (R90) relative to the proton/neutron beam direction. The
third detector was at 150° at the right side. Flight paths were of 2.25 + 0.01 m. The sample
was placed at 8.5 £ 0.2 cm from the neutron target (0° position) and was moved also along the
axis between detectors R90 and 190 at = 3 cm and + 7 cm. The plus sign means that the
sample was moved towards the R90 detector and the minus sign in opposite direction towards
the 90L detector. The third detector can see the sample only in the 0°-position. Results for the
sample in the 0°-position only are discussed in this report. In every experiment the neutron
detectors were shielded against direct and room-scattered neutrons.
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Fig. 1. Comparison between the TOF
distribution of the input neutrons inside the
sample for the present experiment (full
symbols) and the one of Ref. [6] (open
symbols). The data are from a Monte Carlo
simulation.
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Fig.2 Prompt-gamma ray peaks measured by
detector R90 (Jan08 run). The threshold is 1.2
MeVee. The channel width is 0.47 ns. The
convoluted result is also given. The target gamma-
rays (right) peak gives the detector resolution and
proton pulse width. The prompt fission gamma-
rays give the total time resolution including
neutron spread inside the sample (Fig. 1).

Table 1. Average energies of the PFNS for all angles and runs. The letters shows left-L. and right-R
sides of the detector relative to the proton/neutron beam, AE = 0.010 MeV.

Angle, <E> MeV | <E> MeV | <E>, MeV

degree Jul06 Apr07 Jan08
R90 2.004 2.002 2.021
1.90 2.007
1.120 2.076 2.050

R150 2.026 1.975

The traditional pulse-shape analysis was applied to reduce the gamma-ray background. A
small Pilot-U scintillation detector was used as proton pulse-shape monitor. The data were
collected in list mode for offline analysis. The detector efficiencies were measured relative to
the 2>2Cf standard spectrum. A specially designed low mass, fast ionization chamber [3] was
put at the place of the U-sample keeping the same geometry as during the experiments. The
energy spectra were corrected for detector efficiency, for neutron multiple scattering in the
sample, and for time resolution. A detailed description of the experimental procedure will be

published elsewhere [4].
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Fig. 3. Comparison between all of our results (full symbols).
The ENDF/B-VII spectrum is given as a full line.

The pulse mode operation of the VdG was not the same during these experiments. The
FWHM was ~ 1 - 1.5 ns in all experiment. However, some tailing did exit which could not be
removed completely. The worst tailing was observed during the Jul06 experiment. The best
beam quality was realized during the third experiment, with a FWHM ~ 1 ns and a
FW(1/1000)M < 10 ns. We recalculated the time resolution correction for the measured
spectra from Jul06 published before [2, 5].

Additional energy dependence in the neutron detector efficiency at E > 4 MeV has been taken
into account, too. This factor slightly reduced the PFNS in the energy range 5 - 8 MeV and
the average secondary neutron energy by up to ~ 15 keV for the first run.

The time resolution of the TOF spectrometer consists of the following components: detector
resolution, pulse shape of the accelerator and neutron distribution inside the sample. The last
factor is very important. Fig. 1 shows the TOF intensity distribution of the incident neutrons
inside the sample for our experiment compared to the one in Ref. [6]. Clearly the double
peaked intensity structure of our ring shaped sample is visible in contrast to the very broad
distribution of the very large sample (7.7 cm diameter) of Ref. [6]. This factor together with a
shorter flight path (1.63 m) in spite of a very short proton burst of 0.6 ns in Ref. [6] is very
important for data comparison. Therefore, the experimental data of Ref. [6] were corrected for
this time resolution assuming the same contribution of the detector resolution as in our
experiment. The present experimental time resolution together with the calculated
dependences including all factors is given in Fig. 2.

The experimental PFNS were normalized to unity and the average secondary neutron energy
was calculated. A Maxwellian spectrum was fitted in the energy range of 0.7 - 1.5 MeV and 9
- 11 MeV to the measured spectrum and an extrapolation to zero and to 20 MeV was done.
Based on our detailed analysis of all incorporated corrections and possible uncertainties, we
conclude that the average energy is estimated with an accuracy of £ 0.010 MeV. The average
energies measured in all experiments are given in Table 1.

The PFNS at all investigated angles and for all runs are shown in Fig. 3 as a ratio to a

Maxwellian distribution with the average energy <E> = 2.002 MeV. The following
peculiarities may be highlighted:
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1. The data demonstrate the variety of the spectrum shape. A difference exists not only for
various detector angles but for detectors at 90 degree placed at left and right sides (see Jan08
90R, 90L in Fig 2 and Tables 1, 2);

Table 2. Average spectral ratios <R>= N(E, 90R)/N(E, 90L) and corresponding uncertainties for
different energy intervals.

Ei-E», MeV | <R>+6R Ei-E», MeV | <R>+05R
0.8-2 0.999 + 0.003 5-6 1.009 £+ 0.005
2-3 1.010 £ 0.002 6-8 1.051 + 0.006
3-4 1.020 £ 0.005 8§-10 0.970 + 0.032
4-5 1.034 £ 0.004

2. The normalized spectra are fixed at low and high energies (see Fig. 3). The integrals
between 1.3 - 2.3 MeV and 8 — 10 MeV are constant. The standard deviations of 8 spectra are
0.2 % and 3 %, respectively;

14

1.4 —«— Jul06-L120
— o — Staples experiment

—+— Jan08-R150
—=— Yufeng experiment

2.076MeV

R(E), <E>=1.975MeV

R(E), <E>

0.6

E, MeV

E, MeV

Fig. 4. Comparison between our result (Jul06 L.120 Fig.5. Comparison between our result (Jan08,
detector) and data from Ref. [6]. R150 detector) and data from Ref. [7].

3. Among the data one may find a result which agrees perfectly with an old experiment or
evaluation.

A comparison between the different experiments and literature values are given in Figs. 4-8.

The spectra measured at thermal energy were normalized to a Maxwellian with reduced
average secondary energy - <Ey> = <Eys> * 0.995.
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Fig. 8. Comparison between our result (Jan08, Fig. 9. The original spectrum and the ones
R150 detector) and data from Ref. [11]. estimated using different perturbation factors as
given in the legend.

Before starting any scientific discussion about the nature of this strange behavior of the PFNS
one should answer the main question: is this a real effect or an experimental artifact?

2. Possible experimental problems

The experiments were carried out relative to the standard **>Cf spectrum measured in the
same experimental conditions. Therefore a lot of systematic uncertainties such as: flight path,
uncertainties in the time channel width, a possible time reference shift (T, value) connected
with the detector operation, a distortion of the spectrum due to scattering in the collimator are
drastically reduced or even canceled.
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The shift of Ty versus pulse height was investigated. After an additional correction as a
function of pulse height, the shift was < 0.1 ns (ADC channel width was 0.117 ns).
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Fig. 10. The ratio of the detector efficiencies to the Fig.11. The spectra measured by the R150 degree
average value measured during the Jan08 detector during the Jan08 run.

experiment at the beginning, in the middle and at

the end of the experiment. The distortion factors

are shown by the full line. An arrow shows the cut-

off energy in the data analysis.

We investigated a possible change of the *2Cf spectrum due to different emission angles of
the neutrons relative to the electrode plates in the ionization chamber. The ionization chamber
was rotated relative to its vertical axis and the neutron spectra were measured by two
detectors at 90°, and 120° [4]. No influence was found.

The spectrum shape may be distorted due to the proton pulse shape (VdG pulse mode
operation) and a possible mistake in the time resolution correction. In this case the high
energetic part of the spectrum (most sensitive to the time resolution) should be distorted.
Since we observe the same integrals for the energy interval 8 - 10 MeV this argument is not
valid. In addition, this factor is common to all detectors and cannot explain the observed
difference between them.

So the most sensitive factor is the stability of the detectors and the correct estimation of the T
value. The detector efficiency might be arbitrary changed in between the Cf and U
measurements. As one can see in Fig. 2 the prompt fission peak (the zero time (Ty) is
determined relative to the prompt peak position) is very well separated from the main
component due to prompt gamma rays from the target and Ty can be deduced with an
accuracy of ~ 0.1 ns. In addition to provide a measureable difference between the spectra we
should shift Ty in the opposite direction relative to the neutron detector.

We simulated the influence of both factors. The results are given in Fig. 9. We calculated the
spectrum with the nominal parameters, with a shifted Ty by 1 ns and with a distorted detector
efficiency by the function 1 = 0.1 * (1.7 - E), E < 1.7 MeV. The influence of these factors
may provide an effect comparable with the data spread shown in Fig. 3, the average secondary
energy varied by + 70 keV. However, a shift of Ty by 1 ns changed the integral in the energy
range 8 — 10 MeV by 28 % which is ~ 10 times higher than the real data spread visible in Fig.
3. Therefore, we may also exclude this.

58



Another possibility would be that the distortion factor is connected with instabilities of the
threshold and neutron-gamma discrimination parameters. The detector efficiencies were
measured before, in the middle, and after the U run in each experiment. The U-spectra shown
in Fig. 3 are sums of several (5-7) runs measured during 10 - 20 hours, so the direct
comparison of the separate spectra may answer this question about the detector stability.
According to the results given in Figs. 10 and 11 there is no evidence for any notable detector
instability, which might have resulted in the observed variation. In addition, the detector
efficiencies were in very good agreement with calculated results using the NEFF7 code [12],
see Fig. 12.

These arguments are valid for each of the experiments, and the present conclusion is that we
measured a real effect with respect to all possible, i.e. known, systematic error sources
inherent in the present experimental approach!

0.5

¢(E), abs. units
R(E), <E>=2.002MeV

Fig. 12. The efficiency of one detector (Jan08, Fig.13. Some experimental data and their

R150 detector) measured relative to *Cf and description with a "3 source model". Blue line - {

calculated with the NEFF7 code (full line). =0.6, green —{ = 0.4, red — { = 0.2 (for details see
text).

3. What does this experimental fact mean?

On the basis of the above discussion one may conclude that a factor exists which has a rather
strong influence on the PFNS shape and asymmetry effects but was not fixed in our
investigations and in all available experiments performed during the long history of fission
investigations. One may assume for example, that this factor is connected to the neutron
source, pointing to an angular anisotropy caused by neutron polarization. In the preparation
stage of any PFNS experiment it was assumed that this factor is not important or, by
definition, should be equal to zero. If this explanation is true, the transmission mechanism of
the information from the incident neutron to the secondary fission neutron should be found.
The only possibility might be (pre-) scission neutron emission, a fast process without
formation of the compound nucleus. This may provide the link between the incident neutron
and the secondary fission neutron. We should have in mind that three particles (two fission
fragments and a scission neutron) are emitted at the same time which complicates the problem
a lot.

The information about scission neutron emission is very poor. It was estimated in Ref. [13]
that the probability of fission with scission neutron emission is ~ 40 % (which corresponds to
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a total of 15 % in total multiplicity), that the spectrum of scission neutrons consists of a low
(~ 0.8 MeV) and a high (~ 2.5 MeV) energy component. In Ref. [14] evidence was given that
scission neutrons are emitted by fission fragments with high total kinetic energy (TKE)
(compact system). From the results of this paper we may estimate a high energy limit in the
spectrum for scission neutron emission of ~ 8.5 MeV. The questions is now, which
parameters should be changed to provide the variety of results given in Fig. 3.

In case of scission neutron (SCN) emission, fission neutrons should be emitted from three
sources:

1. Neutrons from fragments after fission of the compound nucleus 4+1
N (E)=(-a)-W, (E), (1)

where a is the share of scission neutron emission and Wy is the spectrum which describes
the neutron emission from accelerated fragments;

2. Neutrons from accelerated fragments after fission of the nucleus 4, which is formed after
the emission of one SCN:

N(E)=a-(v=D)-W,(E)v. ©)

3. Scission neutrons itself:

a o E) s E
N“"(E)_v [le exp[ TJ+ 7 exp[ TZJJ, 3)

where ( is the share of the low energy component and v is the neutron multiplicity.

The spectra Wa, Wa+; were calculated with a Watt distribution for light and heavy fragments
with masses Ap = 140 and 4, = 4-140. The ratio of the neutron multiplicity for light and heavy
fragments was vi/v = vp/v = 0.5. Temperature parameters were found based on the Fermi-gas
relation and the thermal-equilibrium assumption with an additional correction of cor = 0.9 for
the excitation of the heavy fragment U, = Uy, - cor [13]. The level density parameter was
calculated as a = A/c, c = 8.4, TKE = 170.5 MeV, v=245.

The equation for Nsey(E), and the corresponding parameters 77, 7> were taken from Ref. [13]
introducing minor corrections: 77 = 0.4 MeV, 7, = 1.35 MeV. Changing only { from { = 0.2 to
{ = 0.6 allowed us to describe the spectrum shape with reasonable accuracy from the highest
average secondary neutron energy <E> = 2.070 MeV to the lowest <E> = 1.967 MeV
(Fig.13). The spectrum with { = 0.31 extrapolated to thermal energy describes the integral
experiments. The average ratio of the calculated cross sections to the experimental ones (Ref.
[15], IRDF-2002) is <R> = C/E = 0.997 + 0.008. The average energy of the PFNS at thermal
energy is <Ek>=2.038 MeV.

4. Conclusion

In conclusion, a very unusual result, not observed before was found in the present
investigation. The variation of the experimental prompt neutron spectra with emission angle
relative to the proton/neutron beam cannot be explained with any model. Therefore, it is
suggested to assume that a different mechanism of the fission process and of neutron emission
should be incorporated.

For the moment we may only conclude, that the measured effect is not an experimental
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artefact. We should assume the existence of an additional factor (parameter), for example the
neutron polarisation, which might be responsible for the measured peculiarities. Therefore,
new experimental efforts are urgently needed. It seems experiments with polarised thermal
neutrons would be very interesting.
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Annex [

Measurements of Angular and Energy Distributions of Prompt Neutrons
from Thermal Neutron-induced Fission of ?*°U(n,, f)

A.S. Vorobyev, O.A. Shcherbakov, Yu.S. Pleva, A.M. Gagarski, G.V. Val’ski, G.A. Petrov,
V.I. Petrova, T.A Zavarukhina
Petersburg Nuclear Physics Institute, 188350, Gatchina, Leningrad district, Russia

Introduction

By now, a large number of theoretical and experimental works have been performed to study
the prompt neutrons emission mechanism in fission. In spite of a significant advance in the
understanding of this process a long standing question remains without answer: there are or
not the neutrons in low energy fission which are emitted from not fully accelerated fragments
[1]? Up to now the prompt fission neutron spectra are evaluated on the base of semi-empirical
systematic where a deficiency of knowledge about neutron emission mechanism is
compensated by adjustment of model parameters. Therefore the predictive power of this
model is very limited and constrained for nuclides and energy region for which no data exist.

From the experiments performed earlier for *°U it should be expected to obtain the highest
relative yield of neutrons emitted not from fully accelerated fragments. Due to the fact that it
was suggested to use U as a neutron standard, the clarification of neutron emission
mechanism becomes a very important problem.

Only the investigations of the fission neutron angular and energy distribution relative to the
fragment direction depending on mass split and fragment kinetic energy gives possibility to
estimate the yield of neutrons with the formation nature other than evaporation from fully
accelerated fragments. The measurements at 11 fixed angles between the neutron and light
fragment directions in the range from 0° to 180° in 18 intervals were performed recently at
the PNPI RAS. In the present paper we present first results.

1. Experiment overview

The measurements were carried out at the radial neutron beam N7 of the research reactor
WWR-M of the PNPI RAS in Gatchina equipped with a neutron guide 3 m in length. The flux
density of neutrons of wavelength A ~ 1.5 A from the neutron guide outlet slit (3 x 40 mm? in
cross-section) was ~2-10” cm™sec”’. The measurements were carried out in weekly cycles.
The data accumulated over each cycle were processed separately.

The fission fragments and prompt neutrons time-of-flights were measured simultaneously for
11 fixed angles between the neutron and light fragment directions in the range from 0° to 180°
in 18" intervals. The schematic view of the experimental set-up is shown in Fig. 1. The
neutron beam was coming along the chamber axis normally to the picture plane. It should be
noted that realized scheme of experimental set-up guarantees identity of conditions of the
neutron spectra measurements at various angles relative to the fission axis, namely: the
magnitude and composition of the background, the efficiency of the neutron detectors, and
neutron re-scattering by the parts of experimental set-up. Also, using two neutron detectors
with slightly different characteristics allows estimate probable systematic errors of the data
obtained.
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The prompt neutrons were detected using two stilbene crystal detectors (@ 50 mm x h 50 mm
and @40 mm x h 60 mm) positioned with a 90° angle between their respective axes at a
distance of 47.2+0.2 cm and 49.2+0.2 cm, respectively, from the fissile target. The neutron
registration threshold was 150 — 200 keV. To separate events corresponding to neutrons and
y-quanta, a double discrimination by the pulse shape and the time-of-flight was applied. The
full time uncertainties were defined from FWHM of the “fragment - y-quantum™ coincidence
curve which was equal to 1.2 ns.

Fig. 1. Schematic view of
the experimental setup (no
scale).

The fission fragments were detected by multi-wire proportional detectors (MWPDs) in
conjunction with the TOF technique. The 16 rectangular fragment detectors were located in
the form of 2 arcs (8 detectors in every one) diametrically opposite each other in the reaction
chamber at the operating gas (isobutane) pressure of 4 + 6 Torr. A detail description of the
experimental set-up can be found in Ref. [2].

As a result, the energy distributions of prompt neutrons emitted from fixed pair of fission
fragments were obtained. During data processing, the following corrections were taken into
account: for detector efficiency, for neutron detector background, for angular and energy
resolution, for the fragment detector efficiency and for complementary fragment contribution.
The detector efficiency was determined by comparing the total (in present experimental set-up
it corresponds to the neutron yield integrated over all angles) neutron energy spectrum in
laboratory system with the evaluated total neutron spectrum *>°U from Ref. [3].

2. Simple evaporation model

It is well established that the prompt neutrons in low energy fissions are emitted mainly from
fully accelerated fragments and the yield of neutrons with other emission mechanism may
range from 1% to 20% of the total prompt neutron yield. The wide scatter of the published
data on such neutron yield is caused probably by the different shape of the neutron spectrum
in the center-of-mass system used in analysis. This follows as the yield of these neutrons is
usually determined by comparing experimentally observable variables in the laboratory
system with those calculated using known center-of-mass spectra on the basis of the
assumption that neutrons are emitted only from fully accelerated fragments. We used a more
constitutive approach which consists in obtaining the neutron spectrum in the center-of-mass
system without resort to any model representation, using only experimental data for small
angles relative to the fission direction.

A circumstance of considerable importance is the fact that in these cases it is possible to
obtain a neutron spectrum in the center-of-mass system, which is practically unrestricted in
the low energy range. Admittedly, in this case not only the response function is produced but
also the neutron yield in absolute units.
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In the first step of calculations, it was assumed that neutrons registered at 0° and 180° angles
were emitted solely by the light and heavy fragments, respectively. In the second step, the
neutron contribution to the complementary fragment was subtracted (Fig. 2).
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Fig. 2. Spectrum of fission neutrons in laboratory system: experiment —circles with error bars;
model calculation (contribution of fission neutrons from complementary fragment) —circles
without error bars.

Then, using the energy spectra for 0° and 180° angles obtained in this way in the laboratory
system, the neutron energy spectra for light and heavy fragments were obtained in the center-
of-mass system. While doing so, it was assumed that the specific energy per nucleon for light
and heavy fragments, respectively, was E; = 1.025 MeV and Ey = 0.476 MeV. The reference
spectra obtained in the center-of-mass system (Fig. 3) were used for calculation of neutron
energy and angular distributions in the laboratory system:

Rigb (En 5 Q) = (En/ Ecm) 12, (P(Ecm 5 Qc.m. ) : nc.m.(Ec.m.a Qc.m. ) B (1)
OEem » Qem ) =1+ A2+ Ecpy - (3 €08 (Qum ) -1)/2, )

where the function @(E. ;. , Q.. ) is the angular distribution of neutrons in the center-of-mass
system and the parameter 4, defines the value of the angular anisotropy; n(E,, Q) and
em (Ecm, Qcm ) are the corresponding neutron yields in laboratory and center-of-mass
system, per unit energy range and solid angle; E,, Q and E.,,, Q. ,, are the energy and angle
in the laboratory system and center-of-mass system.

Due to the fact that fission fragments possess an angular momentum leading to neutron
emission anisotropy in the center-of-mass system, the equations (2) describing the neutron
emission by fission fragments formally enclose a possibility of anisotropy characterized by
the anisotropy coefficient A,. As a first approximation, a model of isotropic neutron emission
was used, that is 4, = 0.
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the cross section for the inverse process of
compound-nucleus formation is constant.

3. Results and discussion

The number of fission neutrons and their average energy for fixed angles in the laboratory
system (obtained experimentally and calculated using an assumption about isotropic emission
from fully accelerated fragments) are shown in Figs. 4, 5. Both experimental and model
neutron spectra have been compared in 0.2—10 MeV energy range. The errors of the obtained
experimental data are comparable with the point’s size. In these figures, the experimental
results of K. Skarsvag and K. Bergheim [5] are also shown. These authors came to a
conclusion that about 15% of neutrons are emitted during the fission process itself. In our
case, on the whole, the calculated model energy and angular distributions agree rather well
with the experimentally obtained distributions.
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Fig. 5. Angular dependence of the average
neutron emission energy in the laboratory
system.

Fig. 4. Fission neutron yield as a function of
the angle between neutron exit direction and
the direction of motion of the light fragments.

However, there is a minor distinction which is most clearly demonstrated in Fig. 6, where it is
shown the angular dependence of the ratio of experimentally obtained neutron yield to
calculated one. A maximal difference between the model calculation and the experiment is
~ 10% for the angles near 90°. For the total spectra (integrated over all angles) this difference
does not exceed 5% therewith. The sensitivity of model was evaluated by using different
value of energies per nucleon for the heavy (0.47-0.49 MeV) and light (1.01-1.04 MeV)
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fragments. It was found that the ratio value (Fig. 6) at 90-deegre changes in the interval 1.09-
1.12, that is within the experimental uncertainties. Obviously, the ratio of the spectra in polar
and equatorial direction is a very sensitive to some variation of an emission mechanism. The
energy dependence of the ratio of neutron yields measured at 0° and 90°, as well as that at
180° and 90°, is shown in Fig. 7. The measured ratio is in a good agreement with rough
evaporation calculation at high energy region and we conclude that there is not any
unambiguous argument of the existence of other mechanism of neutron emission.

Special attention must be given to the fact that for angles ~30° and ~ 150° the model
calculation gives overestimated values of fission neutron yield as compared with the
experiment. Such a discrepancy, as our model calculation shows, may be related to presence
of anisotropy of the fission neutron angular distribution in the center-of-mass system
(A2 ~0.02 = 0.08). For example, introduction of anisotropy with A, =0.04 into the model
calculation leads to an increase in the neutron yield ratio from ~10% to ~15% for angles close
to 90°. At that, the whole integrated spectrum in the energy range above 2 MeV is described
with a 2 — value close to 1.0 but in the energy range 0.3 — 2 MeV the description is worse.
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Fig. 7. Ratio of the fission neutron yields as a
function of neutron energy for angles 0°, 180°
and 90° in the laboratory system.

Fig. 6. Angular dependence of experimental
and calculated fission neutron yields.

Due to the fact that we are considering the neutron spectrum ratio, our conclusion about the
discrepancies between measured and calculated prompt neutron yields, in a systematic sense,
is weekly dependent (~3% in equatorial emission) on the choice of the standard neutron
spectrum used for calibration of neutron detectors. We obtained this value numerically by
using various standard neutron spectrum shapes (Watt distribution, LANL model [4],
Kornilov — Ref. [3], Maxwellian). But 3 % is actually a big value, that is why we plan to
improve situation by conducting new measurements. When it will be possible to receive a thin
22Cf neutron source, we could repeat calibration of our neutron detectors with this source.

Within the frame work of our hypothesis, the neutron yields have been calculated as a
function of the fragments characteristics (Fig. 8, 9). An average number of neutrons obtained
for fission event were found to be about 3% lower than a recommended value, that supports a
conclusion made above. At that, no difference is observed between the total numbers of
neutrons. This fact, probably, is an evidence of absence of any other mechanism besides the
evaporation.
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We observed that for decreasing TKE the neutron yield increases as expected by energy
conservation. This is at least true down to energies of 130 MeV. For lower energies our
neutron yields are roughly constant. Most probably, the constancy is simply due to the
scattered events since at these energies the count rate is extremely low and a few scattered
events will have a big influence. This interpretation is underlined by the results of Nishio [6]
and Maslin[7]. Their experiments, probably, suffer from some common systematic drawback
which caused below about 150 MeV an "anomaly" in conflict with the energy conservation.

4. Conclusion

The energy spectra and angular distributions of fission neutrons have been measured for
thermal neutron-induced fission of *°U. A comparison of the measured angular distribution
of the ***U(ny, ., 1) fission neutrons with calculation using the model of isotropic emission of
neutrons from fully accelerated fragments shows that in the integral spectra a difference in the
neutron yield, which could be assigned to a contribution of “scission” neutrons, does not
exceed 5%, while a maximum effect is ~10% at the angles near 90°. Introduction of
anisotropy of the fission neutron angular distribution in the center-of-mass system of fission
fragments into the model calculation leads to an increase discrepancy with obtained
experimental data.

The shape of the neutron spectrum and the number of neutrons obtained in the center-of-mass
system both depend on the fragment velocities. As an evaluation, one can use a spectrum
written in the center-of-mass system treating the case of two fragments characterized by the
average parameters. Taking the example of **’Cf, it was shown by Madland [8] that a
transition from the velocity distributions of fragments to the model of two fragments with
average parameters has only a minor influence (~2%) on the total neutron energy
distribution.

It is necessary to perform a complete self-consistent analysis of neutron energy and angular
distributions for each fixed pair of fission fragments which should be analogous to that carried
out above under approximation of two fragments with average parameters. Only in that case
one has a chance to determine for sure a degree of difference between calculated and
measured distributions and by this way to clarify a mechanism of neutron emission.
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Annex J

A Note on the Effect of Angular Anisotropy of
Neutron Emission in the Fragment Center-of-Mass System

Takaaki Ohsawa
Faculty of Science and Engineering, Kinki University, Higashi-Osaka, Japan

1. Introduction

It is considered from many experimental evidences that fission fragments have high angular
momentum of 7 - 8h perpendicular to the fission axis due to strong Coulomb torque at the
scission point. This leads to anisotropic neutron emission in the fragment center-of-mass
(CM) system. Vorobyev suggested in this meeting that this anisotropy may have an effect on
the prompt neutron spectrum. A preliminary result of examination of this effect is briefly
described here.

2. Equations
The laboratory energy of a neutron E is given by the equation

E=E+e+2(Ese)cosd (1)

where E; is the fragment’s total kinetic energy per nucleon, ¢ the neutron energy and 6 the
emission angle, both in the CM system. The angle-dependent neutron spectrum in the CM
system is expressed as'

d(e,0,,0) = d(g,0,)(1+bcos’ @) /(1+b/3) 2)
where the anisotropy parameter b is defined as

b=W(0)/W(90°) — 1. 3)
Then the laboratory-system spectrum of neutrons is calculated by”

f+f) pe,o )1 +b(E-e-E ) /4eE ]
f’a)_4fr Jz(1+b/3)

I VBB
2B, TX(1+b/3) WY

b J<J—+J—)G(€)(E £ - E)
8E ST+ b 3) WY Je

N(E,E

o (eWeds f K(T)T exp(-¢ / T)dT 4)

de jOT k(T)T exp(—&/ T)dT

where k(7) is the normalization factor given by

-1

k(T = [ [0 exp(—s/T)dT} . )
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3. Results
Figure 1 shows a result for *°U + ng, (S2-mode) for three cases 5=0, 0.1 and 0.2.
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Fig.1. The effect of considering the CM-anisotropy of neutron emission.

It can be seen that consideration of angular anisotropy has the effect of enhancing the low-
energy (£ 1 MeV) component of the neutron spectrum. The spectra for other fission modes
show similar tendency. This result suggests that, taking into account the CM-anisotropy of
neutron emission, together with accounting for NEDA (neutron emission during
acceleration)-effect as described in my contribution to this meeting in the Los Alamos
(Madland-Nix) model, significantly improves the agreement with experiment.
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