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FOREWORD

A report issued by an international study group for the transmutation of nuclear waste using accelerator 
driven systems has highlighted the need for specific sets of nuclear data. These authoritative requirements 
include fission product yields at an intermediate incident neutron energy of up to 150 MeV. 

Before the start of the present CRP on fission product yield data for the transmutation of nuclear waste, 
only four types of evaluated fission yield data sets existed, namely for spontaneous fission, and for fission 
induced by thermal, fast (or fission) spectrum, and by ‘high energy’ (14–15 MeV) neutrons. A new type of 
evaluation for energy dependent neutron induced fission yields was required for this project. In view of the 
scarcity of experimental data, such an evaluation has to be based on systematics and theoretical model calcula-
tions. Unlike fission cross-sections, where nuclear models are being used successfully for the calculation of 
unmeasured cross-section ranges, such models or theories existed only for low energy fission yields. Hence the 
CRP participants entered a completely new field of research for which the progress and outcome were unpre-
dictable. Clearly the ultimate goal of such an effort, namely an evaluation of energy dependent fission yields, 
could not be realized within the perceived lifetime of a CRP.

The main emphasis of the CRP was on the development of adequate systematics and models for the 
calculation of energy dependent fission yields up to 150 MeV incident neutron energy. Several problems had to 
be solved, such as the correct choice of model parameters and multiplicity distributions of emitted neutrons, and 
the effect of multi-chance fission. Models and systematics have been tested for lower energy yields, but they 
failed to reproduce recent experimental data, particularly at higher energies, and the parameters had to be 
modified. Other models have been developed from the analysis of experimental data in order to derive 
systematic dependences and they were adapted in the course of the CRP to predict fission product yields. The 
valuable role of the CRP in such work became evident during the meetings, at which the discussions formed a 
fruitful basis for improvements to the models. The benchmark exercise revealed the true worth and predictive 
capabilities of the systematics and theoretical models developed during the course of the CRP. Necessary 
improvements and the direction of future studies were also revealed. These models have the potential to give 
reliable predictions after implementation of the improvements suggested in this report.

A brief introduction and the various studies undertaken by individual participants are given at the 
beginning of this publication, followed by a detailed description of the resulting overall achievements, 
conclusions and recommendations of the CRP and a summary of the benchmark exercise and results. Additional 
material is included on the enclosed CD-ROM, including compilations of the fission product yields, unedited 
papers and all details of the benchmark exercise.

The IAEA wishes to thank all CRP participants for their contributions to the project. The IAEA 
responsible officers were M. Lammer and A.L. Nichols of the Division of Physical and Chemical Sciences.
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1. FISSION PRODUCT YIELDS: MINOR ACTINIDES UP TO 150 MeV

M. Lammer
International Atomic Energy Agency

A multinational team with the appropriate 
expertise participated in a work programme aimed 
at the development of systematics and nuclear 
models to assist in the evaluation of energy 
dependent fission yields for incident neutron 
energies of up to 150 MeV. New concepts for both 
systematics and theoretical models were 
developed, as described in later sections of this 
report. Various predictions of the fission product 
mass distributions were compared in a benchmark 
exercise that gave remarkably good results below 
50 MeV. Reasons for the discrepancies at higher 
energies and some failures of the model 
predictions are discussed in Sections 5 and 6, 
pointing the way towards future investigations and 
fission yield evaluations.

1.1. INTRODUCTION

1.1.1. Transmutation of nuclear waste

The problem of the disposal of nuclear waste 
is an important feature of the utilization of nuclear 
power. Thus, during the course of the 1980s and 
1990s international efforts concentrated on new 
concepts of waste removal through transmutation. 
Several proposals were made, using classical 
thermal or fast reactors as incinerators, or 
accelerator driven systems. These highly technical 
proposals are being studied with regard to their 
feasibility, neutron economics and environmental 
safety, and nuclear data (including fission yields) are 
required for assessments and for the design and 
operational requirements of such facilities.

While adequate nuclear data exist for thermal 
and fast reactor incineration, this satisfactory 
situation is not the case for accelerator driven 
systems. An international working group has 
studied the overall problem and recommended the 
assembly of the required nuclear data at interme-
diate incident neutron energies of up to at least 
150 MeV [1.1]. The staff at the IAEA have also 
assessed this situation in conjunction with 
appropriate external expertise and decided to 
contribute to this effort by the initiation of a 

coordinated research project (CRP) on fission 
yields up to 150 MeV.

1.1.2. New approach to fission yield evaluations

Evaluated fission yields as a function of 
incident neutron energy have to be presented in a 
way that any fission yield from any target nuclide 
can be obtained for any desired energy up to 
150 MeV (as a first step). Previous evaluations have 
focused on thermal, fast and ‘high’ (14–15 MeV) 
neutrons, as individual data sets. New concepts are 
required for the presentation of energy dependent 
fission yields, such as:

(a) Functions for the description of energy 
dependent yields;

(b) Yield sets at energy intervals with interpo-
lation formulae;

(c) Computer programs using systematics and/or 
theoretical models, with the desired fission 
yields as output.

Any evaluation method will also require new 
procedures, and previous methods of analysis will 
not be feasible because experimental data are so 
scarce. Fission yield measurements are impossible 
for certain targets, while measurements at higher 
incident neutron energies are extremely difficult for 
other targets. Therefore, sufficient coverage of the 
desired neutron energy range by experimental data 
cannot be expected. Thus nuclear models and 
systematics need to be developed from the available 
experimental data to allow the calculation of fission 
yields and assist in future evaluations of energy 
dependent fission yields.

1.1.3. Objectives 

The primary objectives of the CRP were to 
study all the problems involved in the development 
of nuclear models and systematics and to derive a 
method for fission yield evaluation as a function of 
incident neutron energy. Hopefully such efforts will 
result in a new evaluation of the energy dependent 
neutron induced fission yields up to 150 MeV. 
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However, this CRP entered an entirely new field of 
research, as usable models and systematics do not 
exist over such an energy range and the outcome of 
the work was deemed to be unpredictable. 
Therefore, the goals of the CRP were subsequently 
limited to the development of appropriate nuclear 
models and systematics for the prediction of fission 
yields as tools for the evaluation of energy 
dependent fission yields up to 150 MeV.

1.2. MODELLING OF FISSION FRAGMENT 
MASS DISTRIBUTIONS

This brief introduction should help in better 
understanding the problems to be addressed, along 
with the results of the benchmark exercise 
(Section 6). More detailed descriptions can be 
found in Sections 3.1, 4.1 and 4.6.

1.2.1. Fission process

Fission is a slow process on a nuclear 
timescale, involving deformation of the whole 
nucleus, and is always a compound process. A 
captured low energy neutron leads directly to an 
equilibrated compound system (first chance 
fission). For sufficiently high incident neutron 
energies (En) of a few MeV, the emission of a pre-
equilibrium neutron becomes possible (second 
chance fission) at an about 100-fold faster timescale 
than fission. Still higher En can lead to the emission 
of two (third chance fission) or more (multi-chance 
fission) pre-equilibrium neutrons before fission. 
This behaviour is also applicable to other projectiles 
except that there is always a threshold for fission. At 
such high energies, a ‘composite nucleus’ (target 
nucleus plus projectile) is formed that emits fast 
particles and gradually loses excitation energy and 
memory of the incident particle by many nucleon–
nucleon interactions before reaching an equili-
brated compound stage of the reaction, where 
fission may occur (multi-chance or emissive fission). 
Thus the fissioning nucleus has a mass lower than 
the composite nucleus by the number of pre-
equilibrium particles emitted.

Fission occurs when the saddle point 
deformation of the nucleus is reached. On the 
descent from saddle to scission, neutrons may be 
emitted and reduce the excitation energy. The 
highly excited primary fission fragments are de-
excited by the emission of prompt neutrons, 
resulting in secondary fission fragments, followed 

by prompt γ rays to form the primary fission 
products. The latter are generally neutron rich and 
reach stability by the emission of delayed neutrons 
and/or by radioactive β decay. We distinguish 
between the ‘pre-neutron emission mass distri-
bution’ of primary fission fragments and the ‘post-
neutron emission mass distribution’ of secondary 
fission fragments.

1.2.2. Fission fragment mass distributions

Mass distributions from low energy neutron 
induced actinide fission are predominantly 
asymmetric, and such an effect is reflected by the 
light and heavy mass peaks corresponding to 
complementary fission fragments. These mass distri-
butions have successfully been represented by five 
Gaussians, accounting for the observed fine 
structure in the asymmetric peak regions, whereas 
seven Gaussians gave a better fit for spontaneous 
fission and less than five Gaussians were adequate 
for the pre-actinides and higher actinides where 
increased symmetric fission is observed [1.2].

Brosa et al. [1.3] have developed a model that 
relates the above representations of fission 
fragment mass distributions to different fission 
modes (corresponding to separate fission channels) 
through which an excited nucleus in the actinide 
region can undergo fission: a symmetric ‘super long’ 
mode and two asymmetric modes, ‘standard 1’ 
(ST-1) and ‘standard 2’ (ST-2). The super long mode 
corresponds to the symmetric peak; both the ST-1 
and ST-2 modes correspond to two Gaussians, each 
mode being composed of a light and a heavy mass 
peak in asymmetric fission. ST-1 and ST-2 are 
responsible for the observed fine structure in the 
asymmetric peaks.

The positions of the asymmetric mass peaks 
are determined by shell effects: the ST-1 contri-
bution to the heavy mass peak at about A = 134 is 
attributed to the formation of spherical heavy 
fragments close to Z = 50 and N = 82; that of ST-2 at 
about A = 142 is identified with the deformed shell 
closure at N ≅ 88. As a consequence, these positions 
have been observed to be stable with respect to the 
change in mass of the fissioning nuclide, as is also 
confirmed by the Brosa model [1.3] that predicts a 
change of the mean heavy fragment mass for ST-2 
from 142 in 238U to 140 in 226U fission. Thus, only the 
position of the light mass peak shifts with a change 
of the mass of the fissioning nuclide.

The symmetric fission contribution has been 
observed to increase for lower mass actinides 
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(e.g. 232Th), and is the only fission mode for pre-
actinides (A £ 227). A similar trend can be observed 
for the higher actinides, with only symmetric fission 
for A ≥ 257. This systematic behaviour is correctly 
predicted by the Brosa model [1.3]. However, 
whereas the symmetric fission of pre-actinides and 
the smaller symmetric fission contribution in the 
case of actinides are due to the super long mode, a 
super short mode is responsible for the symmetric 
fission of the heavy actinides.

The preferred fission mode also changes with 
increasing excitation energy due to the disap-
pearance of shell effects, so that fission mechanisms 
are described solely by the liquid drop model: first 
the ST-1 contribution disappears, followed by ST-2, 
to leave only the super long mode and a symmetric 
mass distribution.

1.2.3. Prediction of fission yields: Systematics and 
theoretical models

The development of systematics is based on 
experimental data and represents an empirical 
approach to understanding the fission process. 
Measured fission yield distributions are fitted by 
suitable functions. Mass distributions are normally 
(but not necessarily) represented by a model 
consisting of Gaussians, as described above. Model 
parameters are obtained for different composite 
nuclides and excitation energies, and the functional 
dependences of these parameters on the masses and 
charges of the composite nuclides and on the 
excitation energies are generally derived through 
least squares analysis. The systematics can be 
restricted to neutron induced fission of a certain 
target nuclide or include different target nuclides 
and projectiles to derive global systematics.

Emissive fission contributions to the total 
reaction cross-section for a given target–projectile 
combination are calculated in the theoretical 
approach to obtain the fissioning nuclides contrib-
uting to the observed mass distribution. Fission 
fragment mass distributions are then derived with 
the aid of a suitable nuclear model that calculates 
the formation of given pairs of complementary 
fission fragments from the probabilities for the 
different fission modes and the neck rupture. This 
approach does not use any fitting procedure. Only 
the model parameters are adjusted by comparing 
the predictions with measured yield distributions 
and can be used to calculate mass distributions 
correctly from any target–projectile combination.

1.3. PROBLEMS TO BE ADDRESSED

1.3.1. Experimental data

Available experimental data for energy 
dependent neutron induced fission yields are insuf-
ficient for the development of systematics, whereas 
the theoretical model approach is not affected. One 
possibility would be to extend the studies to yield 
data from photon and light charged particle induced 
fission. Detailed studies are required to quantify the 
differences between neutron induced and other 
fission reactions and assess the feasibility of their 
combined use in systematics. Measurements can 
also be recommended that are important for the 
development of systematics and theoretical models.

1.3.2. Collection of experimental data

Clearly, for the development of systematics 
and for the intercomparison of model predictions 
the proposed studies cannot be restricted to minor 
actinides. Models and systematics have to be 
extensively applicable, and as many data as possible 
need to be used in their development. However, 
fairly complete and up to date collections of experi-
mental data (bibliographies and data compilations) 
exist only for neutron induced fission yields.

1.3.3. Treatment of measured data

Measurement methods can be subdivided into 
two basic types:

(1) Physical measurements, in which prompt 
fission fragments are recorded simultaneously 
and directly to be identified by their mass and 
charge and/or kinetic energy — this method 
covers practically the complete range of the 
mass distribution.

(2) Measurements of the characteristic radiation 
from fission product decay (mass 
spectrometry is not possible at higher neutron 
energies because of the extremely small 
amounts of fission products available).

The second method can only be applied to 
specific fission products, and the mass range 
covered is incomplete. On the other hand, the 
results of radiation studies are more accurate and 
enable the determination of fine structure in mass 
distributions and charge dispersions in mass chains.
3



‘Provisional masses’ are determined in physical 
measurements that lie between the pre- and post-
neutron emission mass distributions. The raw data 
have to be adjusted for neutron emission by 
fragments to obtain pre- or post-neutron emission 
mass distributions. This adjustment is a rather 
complicated procedure that depends on the experi-
mental arrangements and requires assumptions 
concerning the neutron multiplicity distribution as a 
function of fragment mass (for the incident neutron 
energy range under consideration there are 
practically no experimental or evaluated data). 
Furthermore, each recorded mass has a Gaussian 
distribution due to the nature of the experimental set-
up. Formulae to correct for this incomplete mass 
resolution have been proposed and used in data 
analysis, but there is no evidence that a particular 
method of adjustment is reliable and universally 
applicable. Finally, in the analysis of raw data, 
measurers often assume that mass distributions are 
symmetric in shape (complementary fission 
fragments), and the point of symmetry is determined 
from the composite nucleus mass and nu-bar, which is 
incorrect because of multi-chance fission (see below).

1.3.4. Multi-chance fission

Fissioning nuclei differ from the original 
composite nuclei in emissive fission. Thus, several 
problems have to be taken into account and 
addressed.

1.3.4.1. Formation of the compound nucleus

The formation process of the compound 
nucleus prior to disintegration has been established 
to be unimportant. Therefore, the mass distribution 
from a given fissioning nuclide at a given excitation 
energy is expected to be independent of the original 
target and projectile. However, global systematics 
of fission product mass distributions are developed 
as a function of the composite nuclei resulting from 
different target–projectile combinations. Studies are 
required to determine the possible differences in 
the pre-equilibrium particle emission characteristics 
for different target–projectile combinations leading 
to the same composite nuclei.

1.3.4.2. Shape of the mass distribution

Effects due to multi-chance fission that 
influence the final observed mass distribution can 
be subdivided into three main categories:

(1) Change of fission mode contribution:

Multi-chance fission results in a reduction of 
the mass (towards neutron deficient isotopes) and 
the excitation energy of the fissioning nuclides, 
which changes the preferred fission mode. The 
resulting total mass distribution is composed of 
contributions from different preferred fission 
modes with a shift to lower masses, and therefore a 
loss in symmetry of shape.

(2) Change of mass peak position and point of 
mass symmetry:

With the reduction of the mass of the 
fissioning nuclides the light, heavy and symmetric 
mass peaks in the mass distribution can also be 
expected to suffer a shift towards lower masses, 
leading to a broadening of the mass peaks as several 
fissioning isotopes contribute to the distribution. 
Moreover, the composite mass distribution loses 
symmetry because of the stable position of the 
heavy fragment mass peak (due to shell effects) that 
is independent of the mass of the fissioning nuclide. 
Thus, the position of the light mass peak in emissive 
fission is shifted towards lower masses, and the 
composite light mass peak is broadened.

(3) Change in neutron emission by fragments 
(see Section 1.3.5).

1.3.5. Neutron emission data

Extensive compilations and evaluations of the 
average number of neutrons emitted in zero and 
low energy fission are available. Some evaluated 
data also exist for neutron multiplicity distributions 
(all neutrons or neutrons emitted by fission 
fragments) in this energy range. However, prior to 
the CRP no such data existed as a function of 
incident neutron energy. Nu-bar values are required 
for the calculation of the point of reflection 
symmetry in the shape of the fission fragment mass 
distribution; multiplicity distributions of neutrons 
emitted by fission fragments are needed for the 
calculation of post-neutron mass distributions from 
pre-neutron mass distributions.

Neutron emission by fragments causes a shift 
of the post-neutron emission mass distribution to 
lower masses by an amount determined by the 
multiplicity distribution of neutrons as a function of 
fragment mass. Emissive fission results in a change 
of the mass and excitation energy of the fissioning 
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nucleus, which in turn leads to a change in the mass 
distribution and excitation energy of the fragments 
and hence in the multiplicity distribution of 
neutrons emitted by fragments. This phenomenon 
has to be taken into account when assumptions are 
made about neutron emission distributions for 
adjustments applied to raw data (provisional 
masses) in experiments, and in the modelling of 
fission yield predictions.

1.3.6. Development of systematics and models

At the beginning of the CRP, existing 
systematics and models for mass and charge distri-
butions were only designed and valid for low energy 
fission up to 14 MeV. Therefore, studies were 
undertaken to assess the applicability and adapta-
bility of these techniques to intermediate energy 
fission and determine whether new models and 
systematics need to be developed. These investiga-
tions entered a new field of research, and the 
outcome and degree of success were unpredictable.

1.3.7. Nuclear charge distribution

Measurements of charge distributions are 
even far more scarce in the intermediate energy 
range than those of mass distributions or cumulative 
(CU) fission yields. Furthermore, charge distri-
bution data derived by measurers from their experi-
mental results depend on assumptions made about 
the charge distribution functions and absolute mass 
yield data. At the beginning of the CRP the decision 
was taken to solve the problem of reliable mass 
distribution predictions first (required for 
adjustment of measured data and derivation of 
charge distribution functions), before investigating 
the feasibility of modelling charge distributions as 
functions of the fissioning nuclide and excitation 
energy.

1.4. CRP PARTICIPANTS AND TASKS

1.4.1. Participants

The selection of participants was guided by 
the following criteria:

(a) Compilers and evaluators of fission yield data 
who are familiar with evaluation methods can 
advise on the requirements for future 

evaluations of energy dependent fission yields 
and perform auxiliary evaluations;

(b) Experts in fission yield measurements;
(c) Specialists in the theory, models and 

systematics needed for fission yield predic-
tions;

(d) Scientists who are familiar with nuclear data 
requirements for transmutation studies.

Representatives of two of the major fission 
yield libraries agreed to participate:

R.W. Mills (UK) has evaluated and prepared the 
UK fission yield library (versions UKFY2 and 
UKFY3) — the latter has been adopted for the 
official OECD nuclear data library JEFF (Joint 
Evaluated Fission and Fusion file).

Liu Tingjin (China) is the main evaluator of the 
fission yield file for CENDL, the Chinese Evaluated 
Nuclear Data Library.

J.-O. Denschlag (Germany) and A.A. Goverdovskii 
(Russian Federation) are experts in experimental 
methods and their limitations, and are also familiar 
with fission theory and the modelling of fission yield 
distributions.

V.M. Maslov (Belarus) is an expert in fission theory 
and fission cross-section evaluations.

J. Katakura (Japan) is a member of a Japanese 
group performing transmutation studies and uses 
systematics developed in Japan to calculate the 
required fission yields [1.4].

A.C. Wahl (USA) has performed several 
specialized fission yield evaluations and model fits, 
and has developed systematics for mass distribu-
tions and the commonly used charged distribution 
models [1.2], all for low energy fission up to 15 MeV.

M.C. Duijvestijn (Netherlands) is involved in 
various types of fission yield measurements and the 
development of theoretical models for intercom-
parison and a better understanding of nuclear 
fission (together with A.J. Koning).

Yu.V. Kibkalo (Ukraine) and S.V. Zhdanov 
(Kazakhstan) were invited to participate because of 
their development of new models for systematic 
fission yield studies.
5



Three scientists were invited to participate as 
observers at the CRP meetings, because of their 
valuable contributions to the discussions and 
presentation of papers that added to the success of 
the CRP: F. Storrer (France) presented data 
requirements for transmutation studies, 
Th. Ethvignot (France) performed measurements, 
and F.-J. Hambsch (Belgium) performed model 
calculations for the prediction of fission yields.

1.4.2. Tasks

The following tasks were defined by CRP 
participants at the first research coordination 
meeting, and later modified or adapted in accord 
with the needs and progress:

(1) Experimental data for yields from neutron, 
light charged particle and photon induced 
fission:

— Assemble all available bibliographic 
references;

— Compile the numerical experimental data;
— Recommend and, if possible, perform selected 

key measurements required to further the 
work of the CRP.

(2) Evaluation of fission yields: 
— Assess the accuracy of transmutation 

calculations and define the requirements for 
evaluations;

— Examine possible evaluation methods for 
future energy dependent fission yield data 
sets;

— Study experimental methods and their sources 
of errors and uncertainties, and how to 
account for them in evaluations;

— Evaluate sets of reference fission yields used 
as standards in fission yield experiments and 
as monitors in applied measurements;

— Perform evaluations of selected fission yield 
measurements for an intercomparison to check 
the prediction capabilities of systematics and 
models developed during the CRP.

(3) Multi-chance fission: 
— Evaluate the neutron induced fission cross-

sections of actinides and the individual 

emissive fission contributions up to 150 MeV 
as input to systematics and model calculations;

— Study the problems described in Sections 1.3.4 
and 1.3.5 and find solutions for adoption in 
systematics and calculated yields.

(4) Study the differences between photon, 
neutron and charged particle induced fission 
reactions and the possibility of their combined 
use in systematics.

(5) Prediction of fission yields: 
— Study existing systematics and models for the 

calculation of fission yields with respect to 
their possible use at neutron energies of up to 
150 MeV;

— Elaborate on the necessary adaptation of 
models and parameters;

— From the results of these studies, develop 
systematics and models that allow the 
calculation of fission yields as a function of 
fissioning nuclides and neutron energies of up 
to 150 MeV;

— Perform benchmark calculations to check the 
validity of predictions from systematics and 
models in an intercomparison, and also with 
experimental data;

— If feasible, recommend a specific computer 
program and parameter database for use in 
fission yield evaluations.

REFERENCES TO SECTION 1
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A., International Evaluation Cooperation: Inter-
mediate Energy Data, Rep. NEA/WPEC-13, ECN-
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[1.2] INTERNATIONAL ATOMIC ENERGY 
AGENCY, Compilation and Evaluation of Fission 
Yield Nuclear Data, IAEA-TECDOC-1168, 
IAEA, Vienna (2000) 45–75.

[1.3] BROSA, U., et al., Nuclear scission, Phys. Rep. 197
(1990) 167–262.

[1.4] MORIYAMA, H., OHNISHI, T., Systematics of 
Fission Fragment Mass Yield Curves, Rep. 166, 
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2. EXPERIMENTAL DATA

2.1. MEASUREMENTS OF PRODUCT YIELDS FROM FISSION REACTIONS 
INDUCED BY HIGH ENERGY NEUTRONS, PROTONS, DEUTERONS,

ALPHA PARTICLES, OTHER CHARGED PARTICLES AND PHOTONS — 
COLLECTION OF REFERENCES

J.-O. Denschlag
Johannes Gutenberg-Universität Mainz, Germany

A compilation of references is presented for 
fission reactions induced by neutrons, protons, 
deuterons, alpha particles, 3He ions, some heavier 
charged particles and photons. The energy ranges 
for the collected references are for neutrons from 
essentially 14 MeV up to 1 GeV. For charged 
particles the energy range is from the coulomb 
barrier up to a few hundred MeV. For photon 
induced fission the energy range (endpoint of 
Bremsstrahlung) is from the fission barrier up to 
about 100 MeV. In addition to the printed version, 
the compilation is also provided as a Microsoft 
Word file on the attached CD-ROM to permit 
electronic processing.

References are given for fission reactions 
induced by neutrons, protons, deuterons, alpha 
particles, 3He ions, some heavier charged particles 
and photons. The energy ranges for these references 
are for neutrons from essentially 14 MeV up to 
1 GeV (a few cases of mono-energetic neutrons 
below 14 MeV are also included). For charged 
particles the energy range is from the energy 
required to overcome the coulomb barrier to a few 
hundred MeV. For photon induced fission the 
energy range (endpoint of Bremsstrahlung) is from 
the fission barrier up to about 100 MeV. In addition, 
some references are given that are concerned with 
the new technique of fission in inverse kinematics. It 
should be stressed that the present listing concen-
trates on the exotic high energy reactions 
mentioned, and does not cover the well studied 
fission reactions induced, for example, by neutrons 
(thermal, reactor spectrum, 14 MeV), spontaneous 
fission, etc. Ample information on the product 
yields from these classical fission reactions may be 
found on web page  http://ie.lbl.gov/fission.html 

In order to facilitate the use of this listing, a 
grouping has been made according to the species 
that induces fission. Furthermore, within each type 
of fission reaction a differentiation is made 

according to the type of fission yields obtained 
(mass yields or independent yields of single 
nuclides, yields of single isomeric states, yields of 
neutrons (prompt and delayed), and yields of light 
charged particles (ternary fission)). 

The listing is based on a small databank that 
will be made available to interested users on request 
to the author. This databank contains a collection of 
the original publications, along with more 
information than the present listing; for instance, in 
many cases the database contains the abstracts of 
the respective papers. Interrogation of the databank 
is based on a program available commercially and 
access can only be achieved after installation of this 
program (EndNote 2 by Niles & Associates, USA, 
internet address info@niles.com). An electronic 
search for desired references, author names and 
titles of articles can also be undertaken through 
provision of the list of references contained on the 
CD-ROM attached to this publication. 

Citations: 

(1) Neutron induced fission (14 MeV to 1 GeV): 
(a) Mass distribution: [2.1.1–2.1.13];
(b) Nuclear charge distribution: [2.1.1, 2.1.7, 

2.1.9, 2.1.14];
(c) Isomeric yields: [2.1.15, 2.1.16];
(d) Prompt or delayed neutron emission: (no 

references found);
(e) Emission of light charged particles: (no 

references found).

(2) Proton induced fission:
(a) Mass distribution: [2.1.12, 2.1.17–2.1.79];
(b) Nuclear charge distribution: [2.1.18, 

2.1.24, 2.1.26, 2.1.28, 2.1.29, 2.1.32–2.1.34, 
2.1.45–2.1.47, 2.1.49, 2.1.51–2.1.54, 2.1.62, 
2.1.67, 2.1.75, 2.1.79–2.1.102];

(c) Isomeric yields: [2.1.103–2.1.109];
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(d) Prompt or delayed neutron emission: 
[2.1.24, 2.1.32, 2.1.48, 2.1.75, 2.1.79, 2.1.82, 
2.1.85, 2.1.110, 2.1.111];

(e) Emission of light charged particles: 
[2.1.112–2.1.114].

(3) Deuteron induced fission:
(a) Mass distribution: [2.1.23, 2.1.45, 2.1.68, 

2.1.115–2.1.117];
(b) Nuclear charge distribution: [2.1.45, 

2.1.118, 2.1.119];
(c) Isomeric yields: [2.1.16];
(d) Prompt or delayed neutron emission: 

[2.1.116];
(e) Emission of light charged particles: (no 

references found).

(4) Helium-3 induced fission:
(a) Mass distribution: [2.1.20, 2.1.23, 2.1.38, 

2.1.78, 2.1.120–2.1.122];
(b) Nuclear charge distribution: [2.1.123];
(c) Isomeric yields: (no references found);
(d) Prompt or delayed neutron emission: (no 

references found);
(e) Emission of light charged particles: (no 

references found).

(5) Alpha particle induced fission:
(a) Mass distribution: [2.1.2, 2.1.35–2.1.38, 

2.1.45, 2.1.78, 2.1.122, 2.1.124–2.1.142];
(b) Nuclear charge distribution: [2.1.45, 

2.1.123, 2.1.136, 2.1.143, 2.1.144];
(c) Isomeric yields: [2.1.15, 2.1.145–2.1.150];
(d) Prompt or delayed neutron emission: 

[2.1.145];
(e) Emission of light charged particles: 

[2.1.137].

(6) Fission induced by some other charged 
particles:
(a) Mass distribution: [2.1.18, 2.1.23, 2.1.26, 

2.1.39–2.1.42, 2.1.48, 2.1.49, 2.1.51–2.1.54, 
2.1.63, 2.1.66, 2.1.79];

(b) Nuclear charge distribution: [2.1.18, 
2.1.26, 2.1.49, 2.1.51–2.1.54, 2.1.79, 2.1.97, 
2.1.100, 2.1.102];

(c) Isomeric yields: [2.1.108];
(d) Prompt or delayed neutron emission: 

[2.1.48, 2.1.79];
(e) Emission of light charged particles: 

[2.1.112, 2.1.113].

(7) Photon induced fission:
(a) Mass distribution: [2.1.151–2.1.161];
(b) Nuclear charge distribution: [2.1.151, 

2.1.153–2.1.157, 2.1.162–2.1.168];
(c) Isomeric yields: [2.1.151, 2.1.152, 2.1.169–

2.1.171];
(d) Prompt or delayed neutron emission: 

[2.1.159, 2.1.172];
(e) Emission of light charged particles: 

[2.1.173, 2.1.174].

(8) Fission in inverse kinematics: [2.1.175–2.1.185]
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 [2.1.9] YOUNES, W., et al., Transition from asymmetric 
to symmetric fission in the 235U(n,f) reaction, 
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2.2. MEASUREMENTS OF THE ENERGY DEPENDENCE OF FISSION YIELDS
FOR 238U(n,f) FROM THRESHOLD TO 200 MeV

Th. Ethvignot
Commissariat à l’Énergie Atomique, France

An experimental programme to study the 
properties of fission induced by intermediate energy 
neutrons (i.e. several hundreds of keV to several 
hundreds of MeV) is in progress at the Los Alamos 
Neutron Science Center, USA. Experiments using 
the germanium array for neutron induced 
excitations (GEANIE) high resolution gamma and 
X ray spectrometer have been performed with 238U 
targets. Information on the fragment yields (i.e. 
excitation functions and isotopic distributions) were 
extracted from the germanium array for neutron 
induced excitations inclusive gamma and gamma–
gamma data. Charge yields were extracted by 
measuring prompt X rays using a specially designed 
thin fission sensitive target. The experimental 
results are presented and compared with the 
systematics of Wahl.

2.2.1. Introduction

A collaborative experimental programme is 
being carried out by CEA Bruyères-le-Châtel and 
Los Alamos National Laboratory. This programme 
takes advantage of the WNR facility at the Los 
Alamos Neutron Science Center, a spallation 
neutron source that provides a relatively large flux 
of fast neutrons in a broad energy range extending 
up to more than 400 MeV. Experiments utilizing the 
existing GEANIE detector system have provided 
new data on X and gamma ray emissions. Fission is 
accompanied by the prompt emission of neutrons 
and photons that originate from several stages of 
the phenomenon. Depending on the incident 
neutron energy, neutrons and photons may be 
emitted by the fissioning nucleus. After scission, the 
prompt de-excitation of the fission fragments occurs 
through evaporation of neutrons and electromag-
netic processes that may be coupled to the atomic 
system. Most of the prompt electromagnetic de-
excitation occurs mainly after neutron evaporation 
is exhausted. Two processes are involved in electro-
magnetic de-excitation: gamma ray emission and 
internal conversion. The latter is accompanied by 

the emission of K X rays characteristic of the atomic 
number of the primary fragment.

2.2.2. Experiments

GEANIE is an array of 26 high resolution 
germanium (Ge) gamma ray detectors with 
20 BGO (bismuth germinate) background 
suppression shields. Eleven of the Ge detectors are 
dedicated to low energy photon spectroscopy from 
10 to 300 keV. The other 15 detectors are more 
adapted to higher energy gamma rays, typically 
from 300 to 2000 keV. GEANIE is located 20 m 
from the WNR neutron production target at the end 
of a collimated flight path [2.2.1]. Two types of 
experiment were undertaken at GEANIE with 238U 
targets and the time of flight technique was used in 
both cases to measure the energy of the incident 
neutrons. The first class of experiments consisted of 
inclusive gamma ray measurements performed with 
a ~400 mg/cm2 target of 238U. The large array of 
detectors gave the opportunity for an analysis of the 
recorded gamma rays in both single gamma and 
double gamma coincidence modes. The relative 
thickness of the target provided high gamma 
counting rates. However, the recorded gamma rays 
originate not only from the de-exciting post-neutron 
fragments, but also from other neutron induced 
reactions occurring in the target, such as (n,xn) and 
(n,n') on uranium. This problem of separating 
fission product gamma rays from those of other 
reactions is minimized in the second class of experi-
ments, with a thin fission sensitive target of 238U. 
This target consists of 8 × 1 mg/cm2 layers deposited 
on photovoltaic cells used as fission fragment 
detectors [2.2.2]. A coincidence with the detection 
of a fission fragment in the target was required in 
the gamma ray recording. Moreover, both the 
uranium samples and the photovoltaic cells were 
thin enough for the measurement of prompt fission 
K X rays. This is the first time fission X rays have 
been measured at a broad spectrum neutron source.
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2.2.3. Results

2.2.3.1. Charge yields

Coincidence between photon and fission 
fragment detection in the active target experiment 
permitted prompt K X ray measurements [2.2.3]. 
Due to the large number of K X ray lines (five per 
element), the X ray energy spectrum is quite 
complex. Nevertheless, the energies and relative 
intensities of these lines are known to a high 
precision [2.2.4]. Within the limits of the recorded 
statistics, the contributions of the different elements 
produced for different groups of incident neutron 
energy can be de-convolted by fitting the data with 
a parametric function of one free parameter per 
element. In the 1970s, Reisdorf and collaborators 
measured the X ray yields per fission fragment 
Y(Z) in spontaneous and low energy neutron 
induced fission [2.2.5]. Y(Z) would appear to 
depend only weakly on the nature of the fissioning 
system. By applying Reisdorf’s prescription to our 
X ray yields it is possible to extract an elemental 
distribution of the primary fission fragments, as 
shown in Fig. 2.2.1. The X ray data have been 
corrected for self-absorption and detection 
efficiency with point source calibrations and a 

Monte Carlo N Particle Transport Code (MCNP) 
simulation [2.2.6]. The preliminary results exhibit 
the expected increase in the probability for 
symmetric fission as one goes towards high incident 
neutron energies. Moreover, they agree quite well 
with the systematics from Wahl for 14 MeV 
neutrons [2.2.7], particularly at 14 MeV. At 50 MeV 
and above, the symmetric region gap fills up. These 
results agree with the mass distribution measure-
ments of Zöller et al. [2.2.8] for the same system. 

2.2.3.2. Fragment excitation functions

From the inclusive gamma ray measurements, 
more than one hundred post-neutron fission 
fragments were identified from Ge to Nd. Among 
them the even–even nuclei are particularly inter-
esting. Indeed, the 2+ to 0+ (G.S.) transition of the 
ground state rotational band of an even–even 
fragment is usually fed at 100% in the de-excitation 
process [2.2.9]. Measuring the corresponding 
gamma ray intensities gives a measurement of the 
fragment production for 23 bins of incident neutron 
energies. In some cases, because of pollution or 
conversion of the 2+ to 0+ (G.S.) transition, higher 
transitions in the G.S. band are used. In cases  where 
no singles data are usable, coincidence data best 
describe the production cross-section, but with 
much lower statistics (only three bins of incident 
neutron energies). In this way the fragment 
production cross-section has been extracted for
about thirty even–even post-neutron emission 
fragments as a function of incident neutron energy. 
The fragment production excitation functions are 
extracted from Ref. [2.2.10] and shown in Figs 2.2.2–
2.2.31 for 92Sr to 150Ce. Up to three experimental 

FIG. 2.2.1. Independent charge yields per 100 fissions 
determined from the X ray yield measurements for 
238U(n,f) involving four incident neutron energy bins 
(black dots): threshold-6 MeV, 11–20 MeV, 20–50 MeV, 
50 MeV and above. Average energies are labelled: 3 MeV, 
14 MeV, 30 MeV, 190 MeV, and the histograms correspond 
to calculations obtained at the average energies with Wahl 
systematics [2.2.7].

FIG. 2.2.2. 92Sr: best experimental data from the cyan 
points divided by 1 × 1 (BR from adopted levels of the 
evaluated nuclear structure data file (ENSDF)).
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FIG. 2.2.3. 94Sr: best experimental data from the cyan 
points divided by 1 × 1 (BR from adopted levels of the 
evaluated nuclear structure data file (ENSDF)).

FIG. 2.2.4.  96Sr: best experimental data from the blue
points divided by 1 (BR from SF in experimental unevalu-
ated nuclear data list (XUNDL)).

FIG. 2.2.5. 98Sr: best experimental data from the blue points
divided by 1 (BR from SF in experimental unevaluated
nuclear data list (XUNDL)).

FIG. 2.2.6.  98Zr: best experimental data from the cyan
points divided by 1.0 × 0.63 (BR from SF in evaluated
nuclear structure data file (ENSDF)).

FIG. 2.2.7. 100Zr: best experimental data from the cyan
points divided by 1.0 × 0.84 (BR from SF in evaluated
nuclear structure data file (ENSDF)).

FIG. 2.2.8. 102Zr: best experimental data from the blue 
points divided by 1 (BR from SF in evaluated nuclear 
structure data file (ENSDF)).
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FIG. 2.2.9. 104Zr: best experimental data from the blue 
points divided by 1 (BR from SF in evaluated nuclear 
structure data file (ENSDF)).

FIG. 2.2.10. 128Sn: best experimental data from the blue 
points divided by 1 (BR from adopted levels of the 
evaluated nuclear structure data file (ENSDF)).

FIG. 2.2.11. 130Sn: best experimental data from the red 
points divided by 1 (BR from adopted levels of the 
evaluated nuclear structure data file (ENSDF)).

FIG. 2.2.12. 132Sn: best experimental data from the red 
points divided by 1 (BR from adopted levels of the 
evaluated nuclear structure data file (ENSDF)).

FIG. 2.2.13. 128Te: best experimental data from the cyan 
points divided by 1.0 × 0.64 (BR from heavy ion induced 
fission in evaluated nuclear structure data file (ENSDF)).

FIG. 2.2.14. 130Te: best experimental data from the blue
points divided by 0.25 (BR from (n,n') in evaluated nuclear
structure data file (ENSDF)).
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FIG. 2.2.15. 132Te: best experimental data from the cyan 
points divided by 0.14 × 0.87 (BR from beta decay in 
evaluated nuclear structure data file (ENSDF)).

FIG.2.2.16. 134Te: best experimental data from the blue 
points divided by 1 (BR from SF in experimental unevalu-
ated nuclear data list (XUNDL)).

FIG. 2.2.17. 136Te: best experimental data from the blue 
points divided by 1 (BR from SF in evaluated nuclear 
structure data file (ENSDF)).

FIG. 2.2.18. 138Te: best experimental data from the blue 
points divided by 1 (BR from SF in experimental unevalu-
ated nuclear data list (XUNDL)).

FIG. 2.2.19. 132Xe: best experimental data from the cyan 
points divided by 1.0 × 0.77 (BR from beta decay in 
evaluated nuclear structure data file (ENSDF)).

FIG. 2.2.20. 136Xe: best experimental data from the blue 
points divided by 1 (BR from SF in evaluated nuclear 
structure data file (ENSDF)).
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FIG. 2.2.21. 138Xe: best experimental data from the blue 
points divided by 1 (BR from SF in evaluated nuclear 
structure data file (ENSDF)).

FIG. 2.2.22. 140Xe: best experimental data from the blue 
points divided by 1 (BR from SF in evaluated nuclear 
structure data file (ENSDF)).

FIG. 2.2.23. 142Xe: best experimental data from the blue 
points divided by 1 (BR from SF in evaluated nuclear 
structure data file (ENSDF)).

FIG. 2.2.24. 138Ba: best experimental data from the cyan 
points divided by 0.31 × 1.0 (BR from (n,n') in evaluated 
nuclear structure data file (ENSDF)).

FIG. 2.2.25. 142Ba: best experimental data from the blue 
points divided by 1 (BR from SF in evaluated nuclear 
structure data file (ENSDF)).

FIG. 2.2.26. 144Ba: best experimental data from the blue 
points divided by 1 (BR from SF in evaluated nuclear 
structure data file (ENSDF)).
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data sets are given. For singles gamma ray data, 
excitation functions are given with blue and red 
dots. For coincidence data only three points are 
plotted in cyan, corresponding to neutron energy 
bins of 1–10, 10–50 and 50–100 MeV. The data are 
corrected for conversion, with the internal 
conversion coefficients taken from the evaluated 
nuclear structure data file. The branching ratios for 
singles and coincidences have been assumed to be 
100% for the plots. One needs to correct with known 
branching ratios from the evaluated nuclear structure 
data file or experimental unevaluated nuclear data 
list fission data (given in the captions) to determine 
the actual cross-section. For example, determining 
the experimental cross-section for the production of 
100Zr at 30 MeV requires the following actions:

FIG. 2.2.27. 146Ba: best experimental data from the blue 
points divided by 1 (BR from SF in evaluated nuclear 
structure data file (ENSDF)).

FIG. 2.2.28. 148Ba: best experimental data from the cyan 
points divided by 1.0 × 0.86 (BR from SF in evaluated 
nuclear structure data file (ENSDF)).

FIG. 2.2.29. 146Ce: best experimental data from the blue 
points divided by 1 (BR from SF in evaluated nuclear 
structure data file (ENSDF)).

FIG. 2.2.30.  148Ce: best experimental data from the blue 
points divided by 1 (BR from SF in experimental unevalu-
ated nuclear data list (XUNDL)).

FIG. 2.2.31. 150Ce: best experimental data from the blue points 
divided by 1 (no BR available in evaluated nuclear structure data 
file or experimental unevaluated nuclear data list (XUNDL)).
22



(1) Read the value plotted in Fig. 2.2.7, i.e. 25 
± 2 mb from the 10–50 MeV bin;

(2) Apply the branching ratio correction to give 
25 ± 2 × 1/(1 × 0.84) = 29.8 ± 2.4 mb.  

The data are compared to the systematics by 
Wahl [2.2.7] in green. At energies above 14 MeV, 
Wahl uses data from 238U(p,f) and 232Th(p,f). The 
evolution of the fragment production cross-section 
as a function of neutron energy (excitation 
function) exhibits correlations with the thresholds 
of fission chances. However, for a given element, 
the behaviour differs strongly from one isotope to 
another.

2.2.4. Conclusions

New data on prompt photon emission during 
the intermediate energy neutron induced fission of 
238U have been obtained. Gamma ray measure-
ments have enabled the extraction of individual 
post-neutron emission fragment production 
excitation functions. From X ray measurements, the 
primary fragment Z distribution has been extracted 
for different incident neutron energies. Although 
these last results have to be finalized, they agree 
quite well with calculations and other 
measurements.
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3. EVALUATIONS

3.1. ACTINIDE NUCLEON INDUCED FISSION CROSS-SECTIONS UP TO 200 MeV

V.M. Maslov
Belarus Academy of Sciences, Belarus

Neutron induced fission cross-sections of U, 
Np and Th target nuclides have been analysed in 
terms of a fission/evaporation approximation up to 
200 MeV incident neutron energy. The contribution 
of the damping of collective modes to the level 
density at excitation energies higher than about 
20 MeV for saddle and equilibrium deformations is 
shown to be essential for the description of the 
observed fission cross-section. Effective estimates 
of intrinsic level densities are obtained. Differences 
of measured proton and neutron induced fission 
cross-sections of 238U are attributed to the influence 
of the iso-vector term of the nucleon–nucleus 
optical potential. The ratio of symmetric (super long 
mode) and asymmetric (S1 + S2) fission cross-
sections of 238U(n,f) is described up to 200 MeV in 
terms of the Hauser–Feshbach statistical model. For 
actinide nuclei emerging in multiple chance fission 
reactions, a separate outer fission barrier is assumed 
for the super long mode, while the inner fission 
barrier is assumed to be the same for super long, S1 
and S2 modes. super long mode multiple chance 
fission cross-sections seem to be controlled by a 
rather high outer fission barrier with significant 
transparency. Axial asymmetry as assumed for the 
super long mode outer saddle (as distinct from S1 
and S2 modes, which are axially symmetric and mass 
asymmetric) is found to be essential to reproduce 
the ratio of symmetric and asymmetric fission of the 
238U(n,f) reaction up to 200 MeV. Partitioning of the 
observed fission cross-sections of 238U(n,f), 
238U(p,f), 235U(n,f), 233U(n,f), 237Np(n,f) and 
232Th(n,f) into symmetric and asymmetric fission is 
provided.

3.1.1. Introduction

Traditionally, fission product yield data are 
fitted with a set of up to five Gaussian functions. 
Neutron induced fission of major actinides at 
thermal energies is comprehensively described by 
Wahl [3.1.1]. However, at higher energies, when 
emissive fission occurs, a physical modelling of 

fission yield distributions is of value since many 
fissioning nuclides at different excitation energies 
contribute to fission observables. A multichannel 
random neck rupture model by Brosa et al. [3.1.2–
3.1.5] seems to provide a flexible tool for fission 
yield data analysis in a wide range of mass and 
charge numbers and excitation energies of 
fissioning nuclides. Up to the emissive fission 
threshold, the important model parameters are mass
channel probabilities and their energy dependence. 
The relative contributions of channels could be 
quite different for different fissioning nuclei. It is 
well known that fission is predominantly symmetric 
for pre-actinides with A ≤ 227 and for heavy 
actinides with A ≥ 257. However, for actinides 227 < 
A < 257, fission is a mixture of two global channels 
(asymmetric and symmetric) and there is a further 
splitting of the standard channel into standard I and 
standard II channels. Symmetric channels for light 
pre-actinides (A ≤ 227) and heavy actinides (A ≥
257) are also different, as derived from the analysis 
of the mass dependence of the kinetic energy [3.1.2–
3.1.5]. The conclusion was that there is a super long 
symmetric channel for pre-actinides and actinides 
with mass numbers A < 257, and a super short 
symmetric channel for heavy actinides. Different 
channel contributions lead to the assumption that 
there are different fission barriers relevant for super 
long, standard and super short channels. The 
proposals were demonstrated in studies of the 
proton induced fission of U, Pu and Am target 
nuclei by Ohtsuki et al. [3.1.6] and the fission of 
227,228Ac and 228Ra nuclides excited by transfer 
reactions and studied by Konecny et al. [3.1.7] and 
Weber et al. [3.1.8]. All these features would come 
into play simultaneously in high energy particle 
induced fission (or photofission) of actinides via 
emissive fission contribution, when a significant 
number of neutrons and protons could be emitted.

The super long mode fission yields in the 
235U(n,f) and 238U(n,f) reactions for incident 
neutron energies up to the emissive fission 
threshold (related to symmetric scission of the 
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compound nucleus) was analysed recently within 
the Hauser–Feshbach statistical model [3.1.9]. 
Individual contributions of the super long fission 
mode to the observed fission cross-sections were 
reproduced up to the emissive fission threshold 
[3.1.10, 3.1.11]. A separate outer fission barrier was 
assumed for the super long mode, while a common 
inner barrier was assumed for the symmetric super 
long and asymmetric S1 and S2 modes. This 
assumption is supported by fission mode calcula-
tions [3.1.12, 3.1.13] that use the multimodal 
random neck rupture model [3.1.2–3.1.5], and 
reveal that the final bifurcation point is close to the 
second minimum of the actinide double humped 
fission barrier. The super long mode 235U(n,f) and 
238U(n,f) fission cross-sections were shown to be 
controlled by a rather high outer fission barrier with 
significant transparency. A steeply rising shape of 
the super long mode contribution was found to be 
compatible with outer saddle point axial asymmetry 
that accompanied mass symmetry. Outer saddle 
shapes for S1 and S2 modes were assumed to be 
axially symmetric and mass asymmetric.

Above the emissive fission threshold, a 
number of nuclei contribute to the fission observ-
ables: the 238U(n,f) reaction at En ~ 200 MeV may 
involve an appreciable contribution from about 
20 nuclides. The ratio of symmetric to the sum of 
symmetric and asymmetric fission events was 
obtained in the reaction 238U(n,f) by Zöller et al. 
[3.1.14] for incident neutron energies of up to En ~ 
500 MeV. They deduced the ratio of symmetric to 
all fission events from the fission fragment total 
kinetic energy distribution as well as from the mass 
total kinetic energy distributions. A simultaneous 
analysis of this ratio and the observed neutron 
induced fission cross-section for a 238U target 
[3.1.15, 3.1.16] up to En ~ 200 MeV might be 
attempted within statistical theory. The observed 
238U neutron induced fission cross-section data 
[3.1.15, 3.1.16] were analysed recently in a fission/
neutron evaporation approximation up to En ~ 
200 MeV, in which first chance pre-equilibrium 
neutron emission was taken into account [3.1.17]. 
Fission probabilities of U nuclei in the domain of 
the emissive fission reaction 238U(n,xnf) were 
estimated without making any distinction regarding 
symmetric or asymmetric fission (i.e. super long, S1 
or S2 modes). These fission probabilities provide 
correct estimates of lumped fission competition 
against neutron emission. Damping of the collective 

modes’ contribution to the level density at 
excitation energies higher than ~20 MeV for axial 
symmetric saddle and equilibrium deformations was 
shown to be essential for the description of the 
observed fission cross-section. Effective estimates 
of intrinsic level densities were obtained, which 
define the competition between fission and neutron 
emission at high excitation energies when rotational 
collective modes are completely damped.

Competition of the symmetric and asymmetric 
fission of U nuclei would depend essentially on the 
excitation energies of the U nuclei emerging after 
the emission of pre-fission (n,xnf) neutrons. Level 
densities can be anticipated to play a key role in the 
relevant saddle deformation. We can probe the 
sensitivity of the calculated super long mode and 
lumped asymmetric (S1 + S2) mode yields to the 
damping of triaxial deformations at the outer 
saddles of U nuclei. The range of mass numbers of 
U nuclei that make an appreciable contribution to 
the fission observables depends on fission barriers 
and intrinsic level densities at saddle and 
equilibrium deformation. We anticipate that the 
ratio of symmetric to all fission events will strongly 
depend on the relative contributions to the 
observed cross-section of fission chances with 
different numbers of pre-fission neutrons. The 
analysis of the ratio of symmetric to all fission 
events might be a sensitive tool for the partitioning 
of the fission (n,xnf) chance contribution to the 
fission observables.

With an increase of the target nuclide fissility, 
the number of nuclei that make an appreciable 
contribution to the fission observables will tend to be 
lower. We have developed an approach to describe 
the 238U(n,f) cross-section and branching ratio of 
symmetric/asymmetric fission up to 200 MeV 
incident neutron energy. This model will be applied 
to the observed 235U(n,f), 233U(n,f), 232Th(n,f), 
237Np(n,f) and 238U(p,f) fission cross-section data.

We will predict 235U(n,f)sym, 233U(n,f)sym, 
232Th(n,f)sym, 237Np(n,f)sym and 235U(n,f)asym, 
233U(n,f)asym, 232Th(n,f) asym and 237Np(n,f)asym fission 
cross-sections, which represent a wide range of 
target nuclide fissilities. Analyses of observed 
neutron and proton induced fission cross-sections 
would provide valuable information about the 
relative contributions of emissive fission. The 
possibility of using proton induced fission yields can 
then be defined to estimate the neutron induced 
fission yields at high excitation energies. 
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3.1.2. Statistical model

At least two stages can be distinguished in the 
interaction of high energy neutrons with heavy 
actinide nuclei. The fast emission of secondary 
nucleons might take place via direct, semi-direct or 
pre-equilibrium mechanisms in the first stage. 
Fission is a relatively slow process of collective 
deformations of the entire nucleus and could only 
compete with light particle emission in an equili-
brated nucleus when excitation in the composite 
nucleus is thermalized (i.e. at the second, slow stage 
of interaction). At incident neutron energies of 
several hundred MeV, the first fast stage might be 
treated via a series of pair-like interactions of 
incident neutrons with nucleons of a target nucleus 
[3.1.18]. A hierarchy of models was developed for 
lower incident neutron energies that predict emitted 
nucleon spectra and reaction cross-sections [3.1.19, 
3.1.20]. The relative importance of the fast and slow 
stages depends significantly on the incident neutron 
energy. We assume that for neutron energies up to 
En ~ 200 MeV the first stage of the n + 238U 
interaction might be modelled with the pre-
equilibrium emission of neutrons. As shown in 
Ref. [3.1.21], such an approach reproduces pre-
fission neutron spectra as well as 238U(n,f) and 
238U(n,xn) reaction cross-sections up to 20 MeV. 
The present statistical model of the fission reaction 
assumes fission/neutron evaporation competition 
during the decay of an excited compound nucleus 
(formed after first chance emission of pre-
equilibrium neutrons [3.1.22] and treated with a 
simple version of the exciton model [3.1.23, 3.1.24]). 
Equilibration is treated with a set of master 
equations that describe the evolution of the excited 
nucleus states, classified by the number of particles 
plus holes [3.1.22]. The pre-equilibrium emission is 
modelled via different nucleon emission rates that 
are higher when incident and emitted nucleons are 
the same type, and lower when they are the 
opposite type [3.1.24]. Transition rates during 
equilibration of excited composite nuclei through a 
series of two body collisions are also different, being 
higher in the case of the (n,p) and (p,n) reactions 
[3.1.25] when compared with the (n,n) and (p,p) 
reactions. 

We assume that the emissive fission contri-
bution comes only from a chain of U nuclei. Fission 
of other nuclei, for example 238Pa and 237Pa, might 
contribute to the observed fission reaction via 
emissive fission reactions if first chance pre-
equilibrium emission of protons can be taken into 

account. The probability of pre-equilibrium 
emission of protons or other light charged particles 
is much lower than that of neutrons. The contri-
bution of pre-equilibrium emission of protons to the 
n + 238U interaction could be estimated on the basis 
of a consistent analysis of 238U(p,f), 238U(p,n) and 
238U(p,3n) data up to Ep ~ 30 MeV [3.1.25]. Proton 
induced fission preceded by the emission of a pre-
equilibrium proton (i.e. 238U(p,pxnf)) at the fission/
evaporation stage gives a very small contribution to 
the observed 238U(p,f) fission cross-section, 
compared with the 238U(p,xnf) reaction that leads to 
fission of Np nuclei [3.1.17]. The fissilities of 
relevant Np nuclei are generally higher than those 
of U nuclei. The same behaviour occurs in the case 
of the 238U(n,pxnf) and 238 U(n,xnf) reactions, and 
the contributions of 238U(n,pxnf) reactions are 
much lower (about three to four orders of 
magnitude) than in the 238U(n,xnf) chain, another 
factor that contributes to the fissilities of the 
relevant Pa nuclei while being generally lower than 
those of the U nuclei.

3.1.2.1. Fission cross-section 

A calculated fission cross-section is a complex 
function of compound nucleus formation cross-
section, fission barrier parameters, intrinsic and 
collective mode contributions to the level density at 
equilibrium, and saddle point deformations for 
nuclei emerging in the decay chain. A coupled 
channel model has been adopted for the calculation 
of the neutron reaction cross-section. Reasonable 
estimates of the reaction cross-section up to En ~ 
200 MeV can be determined by obtaining optical 
potential parameters with the 0+–2+–4+–6+–8+

coupling scheme within a rigid rotator model from 
fitting 238U total data up to En ~ 200 MeV [3.1.26].

The first chance fission cross-section for the 
super long mode could be defined as:

(3.1.1)

where q(En) is the fraction of first composite 239U 
nuclides that survive the pre-equilibrium emission 
of first neutrons, T1(En) are neutron transmission 
coefficients, and  is the super long mode 
fission probability. The cross-section for the 
asymmetric (S1 + S2) mode fission can be defined in 
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a similar way, and we will concentrate below on the 
analysis of super long mode fission. Contributions 
of super long mode fission to the observed fission 
cross-section are defined by the following equation:

(3.1.2)

coming from (n,xnf), x = 1, 2, 3...X fission reactions 
of relevant equilibrated uranium nuclei, and can be 
calculated using fission probability estimates 

:

(3.1.3)

where  is the population of the (x + 1)th 
nucleus at excitation energy U after emission of 
x neutrons. The excitation energy Umax is defined by 
the incident neutron energy (En) and energy 
removed from the composite system by 238U(n,xnf) 
reaction neutrons. The fission probability 

 is related to the symmetric scission of 
the xth fissioning nucleus, and can be approximated 
as:

(3.1.4)

(3.1.4)

where the super long mode fission probability 
( ) depends on , , 

,  and , the transmission 
coefficients of the super long (SL), S1, S2 mode 
fission, neutron emission and radiative decay 
channels, respectively. The index ‘x’ refers to the 
nuclides fissioning in the (n,xnf) reaction, and will 
be omitted from the equations developed below for 
simplicity.

Consider a double humped fission barrier 
model [3.1.27] in which the neutron induced super 
long mode fission process can be viewed as a two 
step process (i.e. successive crossing over the inner 
hump A and outer hump BSL), while separate outer 
barrier humps BS1 and BS2 are assumed for S1 and 

S2 modes. Hence, the transmission coefficient of the 
super long mode fission channel  can be 
approximated by the equation [3.1.28, 3.1.29]:

(3.1.5)

The fission transmission coefficients  
are defined by the discrete transition states and 
level density rfi(e, J, p) of the fissioning nucleus at 
the inner and outer saddles (i = A, BSL, BS1, BS2):

(3.1.6)

The outer fission barrier height (EfBSL) and 
width (ћwBSL) are correlated with the axial 
asymmetry of the outer saddle point, which 
increases the level density rfBSL(e, J, p) at outer 
saddle point deformations while the width should 
also influence the energy dependence of the super 
long mode yield.

3.1.2.2. Level density

The total nuclear level density r(U, J, p) is 
represented as the factorised contribution of quasi-
particle and collective states [3.1.30]. Quasi-particle 
level densities rqp(U, J, p) were calculated with a 
phenomenological generalized super fluid model by 
Ignatyuk et al. [3.1.31], taking into account shell, 
pairing and collective effects:

ρ(U, J, π) = Krot(U, J)Kvib(U)ρqp(U, J, π) (3.1.7)

where Krot(U, J) and Kvib(U, J) are the factors of 
rotational and vibrational enhancement. At low 
intrinsic excitation energies of a few MeV, few-
quasi-particle effects are essential, and their 
treatment is described in Ref. [3.1.9]. At saddle and 
ground state deformations,  is defined 
by the deformation order of symmetry adopted 
from shell correction model calculations by Howard 
and Möller [3.1.32]. Consider axially symmetric 
deformations (U nuclei at equilibrium deformation, 
neutron deficient U nuclei (N ≤ 144) at inner saddle 
deformations and S1(S2) modes at outer saddle 
deformations):
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(3.1.8)

while for axially asymmetric deformations (U nuclei 
at inner saddle deformations for N > 144 and super 
long mode outer saddle):

(3.1.9)

where K is the projection of the spin J on the 
nuclear symmetry axis, –1; 

 is the spin distribution parameter, and t
is the thermodynamic temperature F| = (6/p2

·m2Ò(1 – 2/3e) in which ·m2Ò is the average value of 
the squared projection of the angular momentum of 
the single particle states and e is the quadrupole 
deformation parameter. The other spin cut-off 
parameter s 2

^ is given by the equation:

(3.1.10)

where F^ is the nuclear momentum of inertia 
perpendicular to the symmetry axis (equals the rigid 
body value at high excitation energies (pairing 
correlations are completely destroyed), and there 
are experimental values at zero temperature so that 
interpolations can be made using the generalized 
super fluid model equations [3.1.31]. The mass 
asymmetry for S1(S2) modes at outer saddles 
doubles the rotational enhancement factors, as 
defined by Eqs (3.1.8, 3.1.9).

Adiabatic approximation might be valid up to 
a critical energy (Ur), with damping of rotational 
modes being anticipated by Hansen and Jensen 
[3.1.33] at higher excitation energies. The damping 
of rotational modes as a function of excitation 
energy might differ for axially symmetric and 
triaxial nuclei:

(3.1.11)

(3.1.12)

(3.1.13)

Shell effects in level density are modelled with 
the shell correction dependence of the ‘a’
parameter, as recommended by Ignatyuk et al. 
[3.1.31]. The value of the main a parameter is 
defined by fitting neutron resonance spacing ·DobsÒ
or systematics [3.1.34], while the shell correction 

dependence of the a parameter is defined using the 
following equation [3.1.30]:

(3.1.14)

where m = 0, 1, 2 for even–even, odd-A and odd–
odd nuclei, respectively; f(x) = 1 – exp(–0.064x) is 
the dimensionless function defining the damping of 
shell effects; condensation energy is Econd = 
0.152acrΔ², where Δ is the correlation function, ã is 
the value of the asymptotic a parameter at high 
excitation energies, and acr is the a parameter value 
at the excitation energy U = Ucr. When ã parameter 
values for equilibrium ãn and saddle ãf deformations 
are identical, the af /an ratio of fissioning and 
residual nuclei depends solely upon the respective 
shell correction values of dWf(n) taken from 
Ref. [3.1.35] (dWn) and Ref. [3.1.28] (dWf). See 
Ref. [3.1.9] for more details.

3.1.3. Analysis of fission cross-sections

The observed fission cross-section (snF(Em)) 
can be calculated as follows:

(3.1.15)

These equations depend on symmetric snFSL(En) 
and asymmetric snF(S1+S2)(En) fission cross-sections, 
and contributions of emissive fission to both terms. 
We will show that the contributions of emissive 
fission chances are strongly dependent on the 
asymptotic value of the af parameter, while the 
branching ratio of symmetric/asymmetric fission 
depends on both the contributions of fission 
chances and the damping of collective modes at 
saddle deformations.
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3.1.3.1. Fission barrier parameters

Shell correction model calculations by Howard 
and Möller [3.1.32] for actinide nuclei predicted axial 
asymmetry of the inner fission barrier A for neutron 
numbers N > 144 and axial symmetry for N ≤ 144, 
whereas the outer barrier B was predicted to be mass 
asymmetric. Uranium inner and outer fission barrier 
parameters are relevant for these asymmetries, and 
were defined in Refs [3.1.36, 3.1.37]. These fission 
barrier parameters fit neutron induced fission cross-
section data for actinide target nuclides up to 
emissive fission thresholds, and reproduce available 
neutron induced fission cross-sections up to En of 
20 MeV [3.1.38]. Inner EfA, ћωfA and outer EfB, 
ћωfB barrier heights and widths correspond to 
lumped (S1 + S2) mode asymmetric fission, that will 
be employed to calculate the combined yield of 
lumped (S1 + S2) mode fission. Fission barrier 
parameters for light U nuclei (A < 230) were defined 
by maintaining the difference (EfA(B) – Bn), where Bn

is the neutron binding energy (depends on the odd/
even type of the number of neutrons). Axial 
symmetry is assumed at the inner saddle A for 
neutron deficient U nuclei (EfAB < EfB).

Outer barrier parameters for the super long 
mode (EfBSL) and width (ћωBSL) depend on the 
saddle symmetry. However, symmetry of the outer 
saddle shape for the super long mode fission of U 
nuclei has not been defined unambiguously. A 
rather strong symmetric fission yield was observed 
below the emissive fission threshold in the fission 
reactions of lower mass nuclides 227Ac, 228Ac and 
228Ra formed in reactions 226Ra(³He,p)228Ac, 
226Ra(³He,d)227Ac [3.1.7] and 226Ra(t,p)228Ra [3.1.8], 
respectively. The double humped fission barrier 
model was used to fit the data, assuming arbitrarily 
that symmetric fission “involves a separate outer 
barrier that is axially asymmetric” [3.1.7, 3.1.8]. The 
potential energy surface was investigated with the 
shell correction model as a function of axial and 
mass degrees of freedom in the vicinity of the 
second saddle point for 228Ra and 238U [3.1.39]. Two 
distinct saddle points were separated by ~1 MeV, 
and were distinguishable for 228Ra: the normal mass 
asymmetric saddle (i.e. S1 or S2), which is stable 
with respect to triaxial deformation; and the mass 
symmetric saddle point with axially asymmetric 
deformations (i.e. super long). As regards the 
threshold energy and excitation energy dependence, 
these conclusions are consistent with measured 
fission probability data [3.1.7, 3.1.8]. However, the 
situation is less certain in the case of the 238U 

fissioning nuclide. The mass asymmetric saddle and 
mass symmetric outer saddle were found to be 
separated by ~700 keV, but the ridge that separates 
the two saddles of 238U was lower than in the case of 
228Ra. The lower ridge separating the symmetric and 
asymmetric mode valleys was discovered recently 
by Möller et al. [3.1.40] through extensive shell 
correction model calculations in the case of 234U. 
Möller et al. [3.1.40] have shown that mass 
symmetric saddle and mass asymmetric saddle 
modes are well separated in the case of 228Ra until 
scission, while for U nuclei the situation is less 
certain. Thus, the symmetric outer saddle point for 
234U is ~1 to 2 MeV higher than the asymmetric saddle
point, but splitting of the asymmetric valley into S1 
and S2 modes was not predicted. Since S1 and S2 
saddle point asymmetries would be similar, we have 
assumed one symmetric and one asymmetric mode 
for fission probability calculations. This assumption 
provides a means of interpreting the super long 
mode fission yield in the 238U(n,f) and 235U(n,f) 
reactions up to En ~ 6 MeV. Partial S1 and S2 mode 
fission yields could be easily fitted with adopted 
values of the EfA(B) and ћωfA(B) parameters by 
varying EfBS1(S2) and ћωBS1(S2).

Statistical Hauser–Feshbach model calcula-
tions have shown that level density modelling at the 
equilibrium ground state of 238U and saddle defor-
mations of 239U represent a key tool in fitting 
neutron induced super long mode fission cross-
section data [3.1.9] for 238U(n,f) up to En ~ 6 MeV. 
Super long mode fission barrier parameters for the 
239U and 236U fissioning nuclei were found to be 
higher than those of asymmetric modes by 
~3.5 MeV, and a barrier width ћωBSL = 2.25 MeV 
was obtained. The contributions of lower mass U 
nuclides via (n,xnf) reaction to the observed 239U 
symmetric fission might be obtained by assuming 
the same difference of the outer barriers for the 
symmetric super long and asymmetric S1(S2) fission 
modes (EfBSL – EfBS1(S2)) ~ 3.5 MeV. Shell correction 
values are defined as (dWfBSL – dWfBS1(S2)) ~ 3.5 
MeV, assuming dWfS1(S2) ~ 0.6 MeV [3.1.28] (i.e. for 
the higher height of the outer saddle, the higher 
shell correction value is assumed). Asymmetric 
fission of 239U will dominate for excitation energies 
up to the emissive fission threshold, because a 
fission barrier leading to the asymmetric valley is 
much lower than one leading to the symmetric 
valley. We assumed that 239U and 236U nuclei at the 
outer mass symmetric saddles might be unstable 
with respect to triaxial deformations. The same 
instability was assumed for the inner saddle of U 
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nuclei with N > 144. However, for higher excitation 
energies, symmetric fission may dominate 
asymmetric fission since fission transmission coeffi-
cients for symmetric  fission could possibly 
increase faster than those for asymmetric , 

 fission. Two factors might contribute to this 
behaviour: super long mode outer saddle 
triaxiality, and the higher value of the relevant 
shell correction, dWfBSL.

3.1.3.2. Triaxial damping and af energy dependence

Damping of the contribution of the collective 
modes to the level density at the saddles is an 
important factor in describing fission. When 
damping of the axial collective contribution to the 
level density at the inner and the outer saddle 
occurs and equilibrium deformation is assumed, the 
major contribution to the observed 238U(n,f) fission 
cross-section comes from neutron deficient U 
fissioning nuclei [3.1.17]. We assume rather strong 
damping of the contribution of the axial symmetric 
rotational mode, both at equilibrium and saddle 
deformation (i.e. parameter values Ur = 20 MeV and 
dr = 5 MeV of Eq. (3.1.13) are assumed). However, 
damping of axial collective modes leads to a 
reduction of contributions from predecessors (lower 
chance fission) and to an increase of those contribu-
tions from successors (higher chance fission), so 
that the net effect is only a slight decrease in the 
observed 238U(n,f) cross-section. Consequently, the 
calculated fission cross-section overestimates the 
measured data for En > 20 MeV and approaches 
asymptotically the neutron absorption cross-
section, which is appreciably higher than the 
observed 238U neutron induced fission cross-section. 
Damping of triaxial deformations at high 
excitations for the inner saddle (U nuclei with N > 
144) could not be studied in detail, since only the 
fissioning nuclides 239U, 238U and 237U are assumed 
to have triaxial inner saddles [3.1.32].

The calculated  fission 
cross-section can be reduced by decreasing the 
contribution of fission chances, both with low and 
high numbers of pre-fission neutrons. This 
reduction can be achieved by decreasing the 
asymptotic value of the af parameter:

(3.1.16)

where U is the intrinsic excitation energy of 239-xU 
nuclides, x = 0, 1, 2,... X. The term ãf(U, A) 

decreases by ~10% at the highest excitations, and 
therefore we could reproduce the observed trend of 
the 238U(n,f) data to En ~ 200 MeV. Decrease of the 
asymptotic value of the af parameter leads to a 
major redistribution of the contributions of multiple 
chance fission reactions to the observed fission 
reaction. This behaviour seems to be important in 
the description of the observed fission cross-section 
for target nuclei with low fissility, such as that of 
232Th. Competition between symmetric and 
asymmetric fission for the higher fissility target 238U 
nuclide appears to be very sensitive to the relative 
contributions of multiple chance fission reactions. 
Other factors may be important (e.g. the influence 
of fission barriers of neutron deficient nuclides on 
snF(En) in the vicinity of the neutron shell N = 126). 
The influence of changing the shape of nuclei in the 
vicinity of the N = 126 shell from deformed to 
spherical may also be important [3.1.41]. We 
anticipate that the lowering of af at U = 20 MeV 
might be perceived as a lumped effect of these 
factors. 
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FIG. 3.1.1. 238U(n,f) cross-section: super long fission 
mode cross-section data of Vivès et al. [3.1.10] for 238U(n,f) 
are shown as black triangles — short dashed lines show 
asymmetric fission cross-sections; solid lines show 
symmetric fission cross-sections for triaxial outer saddles; 
the dot–dashed line shows the sum of symmetric and asym-
metric fission cross-sections. An asymptotic value ãf(U, A) 
of the af parameter is employed (Eq. (3.1.16)), and triaxial 
damping at the outer super long mode saddle is assumed 
(Eqs (3.1.12, 3.1.13)).
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3.1.3.2.1.  Fission cross-section and branching ratio

Figure 3.1.1 shows the calculated symmetric 
( ), asymmetric ( ) and symmetric + 
asymmetric 238U(n,f) fission cross-sections up to En 

~ 200 MeV for different assumptions concerning the 
contributions of fission chances (n,xnf) and the 
damping of triaxial deformations at outer 
symmetric saddles. The curves in Fig. 3.1.1 
correspond to the energy dependent asymptotic 
value ãf (U, A) of the af parameter, assuming 
damping of triaxial collective modes at the outer 
saddle. Calculations show that emissive fission 
chance contributions for either symmetric or 
asymmetric fission do not depend significantly on 
triaxial damping. Distributions of fission chances for 
symmetric and asymmetric fission are also rather 
similar, as demonstrated more explicitly in Fig. 3.1.2 
— asymmetric relative contributions of multiple 
chance fission, 238U(n,xnf)asym/238U(n,f)asym, for En = 
50, 100 and 200 MeV are compared with the 
symmetric data, 238U(n,xnf)sym/238U(n,f)sym. The 
cross-sections corresponding to the symmetric and 
asymmetric fission chance distributions are shown 
in Fig. 3.1.1. Distributions for the En = 50 MeV peak 
around pre-fission neutron number x = 3. At higher 
energies En = 100 and 200 MeV, the peak of the 
distribution of fission chances shifts to higher 
numbers of pre-fission neutrons and becomes 
skewed. The situation is quite different when distri-
butions of fission chances in Fig. 3.1.1 are compared 
with those corresponding to the asymptotic value 
ãf(U, A) of the af parameter independent of the 
energy.

Figure 3.1.2 shows the relative symmetric 
238U(n,xnf)sym/238U(n,f)sym contributions of fission 
chances for En = 50, 100 and 200 MeV. The solid 
lines represent the energy dependent asymptotic 
value ãf (U, A) of the af parameter (corresponding to 
the fission cross-sections shown in Fig. 3.1.1), while 
the dashed lines show the contributions of relative 
fission chances for af independent of the excitation 
energy. When af is independent of the excitation 
energy, the distribution for En = 50 MeV peaks 
around the pre-fission neutron number x = 1. At 
higher energies of En = 100 and 200 MeV, the peak 
of the fission chance distribution shifts towards x = 3 
pre-fission neutrons; for En = 200 MeV, the peak 
becomes skewed, with a higher right wing. When 
energy dependence of the asymptotic value af (U, A) 
of the af parameter is assumed, the distributions 
change drastically: at En = 50 MeV the distribution 
is still peaked around x = 3; for En = 100, the peak of 

the fission chance distribution shifts towards x = 7;
for En = 200 MeV the distribution is rather wide and 
skewed, and centres around x = 15 (see Fig. 3.1.3). 
The odd–even effect is evident in the distribution at 
En = 200 MeV, which means that the fissioning U 
nuclei are relatively cold due to the high pre-fission 

s nF
sym238U n F

sym
, s nF

asym238U n F
asym
,

FIG. 3.1.2. Distribution of fission chances for 
238U(n,xnf)sym (solid lines) and 238U(n,xnf)asym (dashed 
lines) reactions for the energy dependent asymptotic value 
ãf(U, A) of the af parameter (see Eq. (3.1.16)).

FIG. 3.1.3. Distribution of fission chances for the 
238U(n,xnf)sym reaction for energy dependent ãf(U, A) 
(solid lines), and energy independent ãf(A) (dashed lines).
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neutron number. The observed fission cross-section 
238U(n,f) is reproduced in both cases, but symmetric/
asymmetric branching ratios are different. As 
described below for this particular fission chance 
distribution, we can reproduce the branching ratio of 
symmetric/asymmetric fission. Another important 
point for the low fissility target nuclide 232Th is that 
the observed fission cross-section could only be 
reproduced with a fission chance distribution 
favouring fission of neutron deficient Th nuclei.

3.1.3.2.2.  Branching ratio for af (U, A)

When triaxial damping is assumed, the 
symmetric fission cross-section ( ) is higher than 
the asymmetric fission cross-section ( ) at En ≥
150 MeV (see Fig. 3.1.1), which happens at En ≥
80 MeV in the absence of triaxial damping. Relative 
contributions of  and  to the observed 
fission cross-section can be checked by comparing 
the calculated branching ratio (  

) with the measured data of Zöller et 
al. [3.1.14], as shown in Fig. 3.1.4. The calculated 
ratio of the symmetric mode contribution to the 
observed fission cross-section is compared with the 
corresponding measured data that were deduced 
from the fission fragment total kinetic energy distri-
bution (full circles) and mass total kinetic energy 
distributions (open circles) [3.1.14]. Assuming 
triaxial damping (see Fig. 3.1.1) with Ur = 30 MeV 
and dr = 10 MeV (Eq. (3.1.13)), the experimental 
rsym data in the energy range En ~ 10 to 200 MeV can 
be well reproduced by our calculations (solid line in 
Fig. 3.1.4). Damping of triaxial deformations at the 
outer saddle for the symmetric fission mode seems 
to be compatible with the data of Zöller et al. 
[3.1.14]. The dashed curve corresponds to ‘no 
triaxial damping’, which exceeds the experimental 
rsym data for En ≥ 25 MeV. Symmetric and 
asymmetric fission cross-sections for both ‘triaxial 
damping’ and ‘no triaxial damping’ give a similar 
energy dependence of the branching ratio rsym, but 
the contribution of symmetric fission seems to be 
rather high for En ≥ 40 MeV. There is a step-like 
structure in the measured rsym data (open circles) in 
the energy range En of 20 to 40 MeV. Full black 
circles also predict the change in shape of the rsym

energy dependence — this step-like irregularity and 
further increase of the ratio rsym above En ~ 30 MeV 
is due to the contribution of the symmetric fission of 
238U after emission of the first pre-fission neutron. 
Over the energy range En ~ 20 to 40 MeV, the 
symmetric fission of 238U gives an appreciable 

contribution to the observed total symmetric fission 
cross-section, which is higher than that of 239U 
compound nuclide fission (see Fig. 3.1.1). Over the 
energy range En ~ 40 to 60 MeV (Fig. 3.1.1), the 
major contribution originates from symmetric 
fission of 237U (via the 238U(n,xnf) reaction).

3.1.3.2.3.  Branching ratio for ãf(A)

Relative contributions of fission chances with 
low and high numbers of pre-fission neutrons have a 
major influence on the energy dependence of rsym at 
incident neutron energies En ≥ 25 MeV. When an 
energy independent asymptotic value ãf(A) of the af

parameter is employed, lower chances make 
predominant contributions to the observed fission 
cross-section (see Fig. 3.1.3). Consider no triaxial 
damping in which the calculated branching ratio rsym 

is much higher than the data of Zöller et al. [3.1.14] 

s nF
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FIG. 3.1.4. Branching ratio rsym of the symmetric to 
symmetric plus asymmetric fission events for the 238U(n,ff
reaction. Symbols show measured data of Zöller et al. 
[3.1.14] and Ivanov et al. [3.1.42]. Solid and dashed lines 
correspond to the energy dependent asymptotic value ãf(U, 
A) of the af parameter, defined by Eq. (3.1.16). Damping off 
triaxial deformations (Eqs (3.1.12, 3.1.13)) is represented by 
the solid line, while the dashed line corresponds to the case 
of ‘no triaxial damping’. Dot–dashed and double-dot–
dashed lines correspond to the asymptotic value ãf(A) off
the af parameter (which is independent of the excitation 
energy), where ‘no triaxial damping’ is represented by the 
dot–dashed line, and damping of triaxial deformations 
(Eqs (3.1.12, 3.1.13)) by the double dot–dashed line.
33



(dot–dashed curve in Fig. 3.1.4) — the calculated 
contribution of  increases rapidly; and at En ≥
40 MeV, the  contribution is higher than that of 

. The assumption of rather weak damping of 
the triaxial collective contributions at the outer 
saddle deformations with Ur = 30 MeV and dr = 
10 MeV (Eq. (3.1.13)) is not helpful: calculated rsym

overestimates data in the energy range 30 to 
100 MeV, but underestimates severely the data at En 

~ 100 to 200 MeV (double dot–dashed curve in Fig. 
3.1.4). The contribution of  reaches that of 

 at En ~ 45 MeV, but decreases sharply at En ≥
100 MeV (see Fig. 3.1.4).

The rsym data measured with a tagged photon 
beam in the range Eg = 60–240 MeV give a much lower 
contribution of symmetric fission to the observed 
photo-fission cross-section [3.1.42]. This low level for 
the rsym data can only be reproduced if a much 
higher contribution of fissions from very neutron 
deficient U nuclides can be adopted, and this 
requirement can only be achieved by introducing a 
much stronger and unrealistic energy dependence 
of the asymptotic value of the af parameter.

The observed rsym ratio corresponds to 
different masses of fissioning U nuclei due to pre-
fission neutron emission. As a consequence of the 
higher symmetric fission barrier, the number of 
nuclides that make an appreciable contribution to 
the ‘observed’ symmetric fission cross-section is 
lower than in the case of asymmetric fission 
events. Partial branching ratios  

 for 238U(n,nf), 238U(n,3nf), 
238U(n,8nf) and 238U(n,17nf) are shown in Fig. 3.1.5. 
Partial contributions to the 238U(n,xnf)sym and 
238U(n,xnf)asym reactions correspond to the fission 
cross-sections shown in Fig. 3.1.1. rx

sym for lower 
fission chances reaches higher values at lower 
incident neutron energies; and for the 238U(n,nf) 
reaction, the maximum of  

 is reached at En ~ 40 MeV. The ratio 
rx

sym for higher chances x = 3 or x = 8 has a similar 
shape, while rx

sym at x = 17 never reaches the 
maximum value in the excitation energy range 
under consideration.

3.1.3.3. Other actinides

3.1.3.3.1.  235U(n,f)

Simple systematics of the level density 
parameters ((dWfBSL – dWfBS1(S2)) ~ 3.5 MeV, 
dWfS1(S2) ~ 0.6 MeV) and the fission barrier ((EfBSL-
EfBS1(S2)) ~ 3.5 MeV, ћwBSL ~ 2.25 MeV) for U 

nuclides reproduces the observed 235U(n,f) [3.1.15] 
and 233U(n,f) [3.1.16] fission cross-sections. 

Figure 3.1.6 shows calculated symmetric 
235U(n,f)sym, asymmetric 235U(n,f)asym and symmetric 
+ asymmetric 235U(n,f) fission cross-sections for the 
damping of axial and triaxial deformations at outer 
super long mode saddles. The energy dependent 
asymptotic value ãf(A, U) of the af parameter (see 
Eq. (3.1.16)) is employed. Data by Lisowski et al. 
[3.1.15] for the 235U(n,f) reaction below 20 MeV are 
compatible with earlier data by Poenitz [3.1.44], 
Czirr and Sidhu [3.1.45] and Leugers et al. [3.1.46]. 
Solid lines show the symmetric cross-sections 
(235U(n,f)sym), and dashed lines show the 
asymmetric cross-sections (235U(n,f)asym) for the 
neutron induced fission of 235U. The sum of 
235U(n,f)sym and 235U(n,f)asym (dash–dotted line) 
agrees reasonably well with the observed 
235U(n,f)sym up to En < 200 MeV. 

3.1.3.3.2.  233U(n,f)

The fissility of 233U is much higher that that of 
235U. Figure 3.1.7 shows symmetric 233U(n,f)sym, 
asymmetric 233U(n,f)asym and symmetric plus 
asymmetric 233U(n,xnf) fission cross-sections. The 
lines in Fig. 3.1.7 have the same meanings as in 
Fig. 3.1.6. There is a fair number of measured data 
for the 233U(n,f) reaction cross-section at incident 
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FIG. 3.1.5. Ratio rsym of symmetric to symmetric plus asym-
metric fission events for 238U(n,f). The solid line is the same
as in Fig. 3.1.4; dashed lines correspond to the respective
ratios rs

x
ym for partial 238U(n,xnf) reactions with x = 1, 3, 8, 17.
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neutron energies below 20 MeV, except for the 
recent data by Shcherbakov et al. [3.1.16] that were 
measured relative to the 235U(n,f) cross-section 
(original data by Shcherbakov et al. [3.1.16] are 
systematically higher than most of the available 
data for En < 20 MeV). A limited set of published 
relative data are included in Fig. 3.1.7 for clarity — 
Carlson and Behrens [3.1.47] measured relative to 
the 235U(n,f) cross-section, together with the 
absolute data by Dushin et al. [3.1.48], Adamov et 
al. [3.1.49] and Zasadny et al. [3.1.50] at En ~ 
15 MeV. The data of Shcherbakov et al. [3.1.16] 
have been normalized to the absolute 233U(n,f) 
fission data at En ~ 1.9 MeV by Kalinin [3.1.51]. 
Note that the sum of the calculated 233U(n,f)sym and 
233U(n,f)asym reaction cross-sections (dash–dotted 
line) agrees reasonably well with the observed 
fission cross-section of the 233U(n,f) reaction up to 
En ~ 20 MeV, and with the normalized data by 
Shcherbakov et al. [3.1.16] up to En ~ 200 MeV.

3.1.3.3.3.  Branching ratio rsym

Relative contributions of  and  to 
the observed fission cross-section can be checked by 
comparing the calculated branching ratio rsym with 
the measured data of Zöller et al. [3.1.14] for 
238U(n,f), and the measured data below the emissive 
fission threshold of Hambsch [3.1.11] for 235U(n,f) 
and Vives et al. [3.1.10] for 238U(n,f) (see Fig. 3.1.8). 
Relative contributions of fission chances with low 
and high numbers of pre-fission neutrons have a 
major influence on the energy dependence of rsym at 
En ≥ 25 MeV. When the energy dependent 
asymptotic value ãf(A) of the af parameter is 
employed, the higher chances make predominant 
contributions to the observed fission cross-section. 
‘Triaxial damping’ reproduces the measured data of 
Zöller et al. [3.1.14] for 238U(n,f) at En ≥ 10 MeV. 
However, the data of Zöller et al. [3.1.14] for 
238U(n,f) at En ≤ 10 MeV are judged to be too high 
by the authors themselves. Below the emissive 
fission threshold there is a systematic difference 
between the branching ratios determined by 
Hambsch [3.1.11] for 235U(n,f) and those by Vivès et 
al. [3.1.10] for 238U(n,f). The branching ratio for the 
233U(n,f) reaction can be calculated from fission 
barrier and level density parameter systematics, and 
falls between the two data sets.

Calculated branching ratios rsym for the 
233U(n,f), 235U(n,f) and 238U(n,f) reactions exhibit 
different shapes around the 233,235,238U(n,nf) reaction 
thresholds. A significant dip is observed for the 

FIG. 3.1.6. 235U(n,f) fission cross-section (dot–dashed line) 
and partial cross-sections for the 235U(n,f)sym and 
235U(n,xnf)sym (solid lines), 235U(n,f)asym and 
235U(n,xnf)asym (dashed lines) reactions, with the energy 
dependent asymptotic value ãf(U, A) of the af parameter 
(see Eq. (3.1.16)).

FIG. 3.1.7. 233U(n,f) fission cross-section (dot–dashed line) 
and partial cross-sections for the 233U(n,f)sym and 
233U(n,xnf)sym (solid lines), 233U(n,f)asym and 
233U(n,xnf)asym (dashed lines) reactions, with the energy 
dependent asymptotic value ãf(U, A) of the af parameter 
(see Eq. (3.1.16)).
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238U(n,f) reaction, and similar behaviour is 
predicted of lower amplitude for the 235U(n,f) 
reaction, while this effect almost disappears in the 
case of the 233U(n,f) reaction. These peculiarities are 
due to different emphases of the competitive 
processes within the U(n,f)sym and U(n,f)asym

reactions because of the higher fission thresholds of 
symmetric fission modes compared with those of 
asymmetric fission. At incident neutron energies of 
25 £ En £ 60 MeV, symmetric fission makes the 
highest contribution to the observed fission cross-
section in the 233U(n,f) reaction, but the lowest in 
the 238U(n,f) reaction. This behaviour can be 
explained in terms of different emissive fission 
contributions to the (n,f)asym and (n,f)sym reactions 
for the 233U(n,f), 235U(n,f) and 238U(n,f) reactions. 
Figure 3.1.9 shows that the contributions of lower 
fission chances (i.e. chances with a lower number of 
pre-saddle neutrons) at incident neutron energies 
En = 50, 100 and 200 MeV are highest in the case of 
233U, and lowest in the case of 238U. Thus, different 
shapes of the branching ratios rsym for the 233U(n,f), 
235U(n,f) and 238U(n,f) reactions at En £ 60 MeV 

may be attributed to the higher contributions of 
lower fission chances for higher target nuclide 
fissility, whereas they do not significantly differ at 
higher neutron energies.

3.1.3.3.4.  237Np(n,f)

Figure 3.1.10 shows symmetric 237Np(n,f)sym, asym-
metric 237Np(n,f)asym and symmetric + asymmetric 
237Np(n,f) fission cross-sections (lines in Fig. 3.1.10 
have the same meaning as in Fig. 3.1.6). The sum of 
the calculated 237Np(n,f)sym and 237Np(n,f)asym reac-
tion cross-sections (dash–dotted line) agrees well 
with the measured fission cross-section up to En = 
200 MeV [3.1.16]. Data of Hambsch et al. [3.1.13] 
for the symmetric fission yield are also shown.

3.1.3.3.5.  238U(p,f)

The 238U(p,f) reaction can be calculated by 
means of the fission barrier and level density 
parameters of Np nuclei, as obtained by fitting the 
237Np(n,f) fission cross-section. 238U(p,xnf) reactions 
should give an overwhelming contribution to the 
observed fission cross-section. The sum of the 
238U(p,f)asym and 238U(p,f)sym cross-sections is 
compared with measured data in Fig. 3.1.11. 

FIG. 3.1.8. Calculated branching ratio rsym of symmetric to
symmetric plus asymmetric fission events of 233U(n,f)
(solid line), 235U(n,f) (dashed line) and 238U(n,f) reaction
(dot–dashed line). Symbols show measured data of Zöller
et al. [3.1.14] for 238U(n,f), Vivès et al. [3.1.10] for 238U(n,f),
and Hambsch [3.1.11] for 235U(n,f). Solid and dashed lines
correspond to the energy dependent asymptotic value ãf(U,
A) of the af parameter defined by Eq. (3.1.16), assuming
damping of triaxial deformations.

FIG. 3.1.9. Distribution of fission chances for 
233U(n,xnf)sym+asym (dot–dashed line), 235U(n,xnf)sym+asym

(solid lines) and 238U(n,xnf)sym+asym (dashed lines) for the 
energy dependent asymptotic value ãf(U, A) of the aff

parameter (see Eq.(3.1.16)), assuming triaxial damping at 
the outer saddle of the super long mode.
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The branching ratio for the 238U(p,f) reaction 
is not much different from that of the 238U(n,f) 
reaction at incident nucleon energies En(p) ≥ 50 MeV 
(see Fig. 3.1.12). At lower energies of 15 £ En(p) £
50 MeV, the difference is caused by different contri-
butions of the emissive fission reactions to the 
observed proton and neutron induced fission cross-
sections. Different shapes of branching ratios rsym

for the 237Np(n,f), 235U(n,f), 238U(n,f) and 238U(p,f) 
reactions at En £ 90 MeV can be attributed to higher 
contributions of lower fission chances for higher 
target nuclide fissility, whereas they do not differ 
much at higher neutron energies.   

3.1.3.3.6.  232Th(n,f) 

The other extreme of a low fissility target is 
represented by 232Th, for which measurements of the 
(n,f) reaction are presented in Ref. [3.1.16]. The 
measured fission cross-section could only be 
reproduced for larger contributions of higher fission 
chances (i.e. fissions from neutron deficient Th 
nuclei). Otherwise the calculated fission cross-section 
would be systematically higher than the measured 
data [3.1.17] (see Fig. 3.1.12). Figure 3.1.13 shows the

FIG. 3.1.10. 237Np(n,f) fission cross-section (dot–dashed 
line) and partial cross-sections for the 237Np(n,f)sym and 
237Np(n,xnf)sym (solid lines), 237Np(n,f)asym and 
237Np(n,xnf)asym (dashed lines) reactions with the energy 
dependent asymptotic value ãf(U, A) of the af parameter 
(see Eq. (3.1.16)).

FIG. 3.1.11. 238U(p,f) fission cross–section (dot–dashed 
line) and partial cross-sections for the 238U(p,xnf)sym and 
238U(p,f)sym (solid lines), 238U(p,xnf)asym and 238U(p,f)asym

(dashed lines) reactions with the energy dependent asymp-
totic value ãf(U, A) of the af parameter (see Eq. (3.1.16)).

FIG. 3.1.12. Branching ratio rsym of symmetric to total 
(symmetric + asymmetric) fission events for 237Np(n,f) 
(solid line), 238U(n,f) (dot–dashed line), 235U(n,f) (dashed 
line) and 238U(p,f) (double dot–dashed line) reactions. 
Symbols show measured data of Zöller et al. [3.1.14] and 
Vivès et al. [3.1.10] for 238U(n,f), Hambsch [3.1.11] for 
235U(n,f), and Hambsch et al. [3.1.13] for 237Np(n,f).
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232Th(n,f)asym and 232Th(n,f)sym contributions to the 
observed fission cross-section. 

3.1.4. Concluding remarks

Statistical theory describes adequately the 
observed actinide neutron induced fission cross-
sections and symmetric branching ratios for all 
fission events identified with the neutron induced 
fission cross-section of 238U, 235U, 233U, 237Np, 232Th 
and the proton induced fission cross-section of 238U 
up to En(p) ~ 200 MeV. Collective damping modes 
for both the inner and outer saddle and equilibrium 
deformations produce a reasonable partitioning of 
the observed fission cross-sections into emissive 
symmetric and asymmetric fission chances. An 
effective estimate of intrinsic fission level densities 
is obtained. This situation corresponds to a decrease 
of the contributions of fission chances with the 
lower number of pre-fission (n,xnf) neutrons and an 
increase of the contribution of fission chances with 
higher numbers of (n,xnf) neutrons at En ≥ 20 MeV. 
Such behaviour is equivalent to more fission events 
at lower intrinsic excitation energies, or more fission 
events from neutron deficient U nuclei (i.e. from 
higher fission chances).

Damping of triaxial deformations at the outer 
saddle for the symmetric fission mode has been 

shown to be essential for the description of the ratio 
of symmetric to all fission events, as obtained by 
Zöller [3.1.14]. The outer saddle shape and height 
for the symmetric fission cross-section define the 
shape of the fission cross-section. Damping of 
triaxial mode contributions to the level density at 
the outer symmetric saddle corresponds to a 
relative preference of asymmetric fission over 
symmetric fission, compared with the case of ‘no 
triaxial damping’. This observation is equivalent to 
less symmetric fission events at higher excitation 
energies and more symmetric fission contribution 
from neutron deficient isotopes, compared with the 
case of ‘no triaxial damping’.

Duijvestijn et al. [3.1.43] have concluded that 
the description of the observed fission cross-section 
and fission fragment mass distribution of the
238U(n,f) reaction can be achieved by different 
contributions of higher and lower chances to the 
fission observables. Specifically, the description of 
the 238U(n,f) fission fragment mass distribution 
needs stronger contributions of lower chances, or 
less fission contributions from very neutron 
deficient U nuclei. On the other hand, the 
description of the observed 238U(n,f) fission cross-
section was concluded to need more contributions 

FIG. 3.1.13. 232Th(n,f) fission cross-section for the energy 
dependent ãf(U, A) (solid lines), and the energy inde-
pendent ãf(A) (dashed lines) asymptotic value of the aff

parameter (see Eq. (3.1.16)).

FIG. 3.1.14. 232Th(n,f) fission cross-section (dot-dashed 
line) and partial cross-sections for the 232Th(n,f)sym and 
232Th(n,xnf)sym (solid lines), 232Th(n,f)asym and 
232Th(n,xnf)asym (dashed lines) reactions with the energy 
dependent asymptotic value ãf(U, A) of the af parameter 
(see Eq. (3.1.16)).
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from higher fission chances [3.1.43] (i.e. from very 
neutron deficient U nuclei). We have demonstrated 
that a more detailed treatment of the observed 
fission cross-section as a sum of the symmetric and 
asymmetric fission cross-sections needs stronger 
contributions from higher chances, or more fissions 
from very neutron deficient isotopes. This situation 
is described by the energy dependence of the 
asymptotic value ãf(U, A) for the af parameter at 
saddle deformations. The description of the 
branching ratio of symmetric to all fission events 
needs a relative increase of the contribution of 
symmetric fission from neutron deficient isotopes, 
which is achieved by the damping of triaxial 
rotational mode contributions at outer saddle defor-
mations. Further refinements of the model (such as 
inclusion of the temperature and angular 
momentum dependence of fission barriers, the 
influence of neutron shell N = 126 on the collective 
enhancement in the neutron channel [3.1.41], and 
calculation of fission barriers for symmetric and 
asymmetric fission modes of U nuclei with the shell 
correction model method [3.1.40]) would not 
change our main conclusions. Lowering of the 
asymptotic value ãf of the af parameter at saddle 
deformations can be considered as reproducing the 
lumped effect of all these factors. We also expect 
that the possible vanishing of the distinction 
between symmetric and asymmetric valleys in the 
energy surface at high excitation of fissioning nuclei 
[3.1.43] would not have much influence on the 
calculated values because of the strong emissive 
fission nature of the 238U(n,f) reaction for En £
200 MeV.

Damping of the contribution of the axial 
collective modes to the level density for both inner 
and outer saddle and for equilibrium deformations, 
as well as triaxial damping at super long mode outer 
saddle deformations, were assumed. A consistent 
description of the observed fission cross-sections 
and the symmetric fission branching ratio for the 
238U(n,f) reaction was obtained on the basis of this 
assumption. Symmetric/asymmetric emissive fission 
partitioning of the 235U(n,f), 233U(n,f), 237Np(n,f), 
232Th(n,f) and 238U(p,f) reaction cross-sections have 
been predicted. The dependence of the symmetric 
fission branching ratio on the target nuclide fissility 
is interpreted as being due to a higher contribution 
of lower fission chances in the case of higher target 
nuclide fissilities.
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3.2. EVALUATED REFERENCE FISSION YIELD DATA FILE

Liu Tingjin, Liang Qichang
China Institute of Atomic Energy, China

The Chinese reference fission yield file has 
been established, in which all experimental data 
available at the time of evaluation were considered. 
The data were processed using the AVERAG codes 
for calculating weighted averages, and ZOTT for 
the simultaneous evaluation of experimental input 
data. Our evaluated data were compared with those 
from ENDF/B-VI, JEF-2, JENDL-3 and CENDL/
FY. The data were updated and improved, and 
uncertainties were considerably reduced in 
comparison with JEF-2 and CENDL/FY.

3.2.1. Introduction

Fission yield data used as standards in fission 
yield measurements and evaluations or as monitors 
in the nuclear industry for decay heat calculations, 
burnup studies, etc., are referred to as ‘reference 
fission yields’. These reference fission products and 
their yields were selected and recommended by an 
earlier IAEA CRP [3.2.1].

The uncertainties of relative yield measure-
ments depend directly on the accuracy of the 
standard data, and the same situation applies to 
yield data derived from measured ratios and 
R values. Applied calculations, such as decay heat 
and burnup, etc., also depend on the accuracy of the 
monitor fission yield. 

A summary is given of the formulation of this 
file, including the evaluation method and the system 
of supporting activities, the result of this evaluation, 
and the comparison with yield data from other 
evaluated libraries. Details of the evaluation can be 
found in Refs [3.2.2–3.2.8], which describe the 
evaluation of 235U and 238U reference fission yields 
from 1997 to 2001.

3.2.2. Evaluation method

3.2.2.1. Data collection and selection

Experimental data were retrieved from the 
EXFOR master data library and evaluated by using 
the fission yield data evaluation system FYDES 
[3.2.9]. Relevant data were also collected from the 

open literature. All of the data collected are listed in 
the tables of Refs [3.2.2–3.2.8]. The EXFOR BIB 
information and papers were carefully studied and 
the method and physics background were analysed. 
The adoption or rejection of the data was based on 
the date of the original study, the measurement 
method and discrepancies compared with other 
data. In general, the following data were discarded:

(a) The parameter(s) measured are not relevant 
to this evaluation.

(b) There is something wrong with the 
measurement or data analysis.

(c) Compared with other data, the discrepancy is 
large and the measurement method is not 
reliable, or no detailed information is given 
concerning the experiment and/or analysis.

(d) The values or the reliability of the adopted 
standard data in measurements of relative 
data are not given in the paper. Such 
information is indispensable in the evaluation 
of ‘reference yield data’, and data cannot be 
used that are based on standards of unknown 
value or reliability.

As a result, about half of the data were discarded, 
and half were used (for details, see Refs [3.2.2–
3.2.8]).

3.2.2.2. Data correction

If necessary, the measured data were 
corrected for the values used for the standards,
g  ray intensities and fission cross-sections (in 
absolute measurements). As mentioned above, the 
relative data were generally not used as published. 
Such data were only selected when the standard 
yields used by the authors correspond to, or agree 
with, the recently evaluated values, or if they can be 
corrected using our reference yields.

These corrections were made by using the 
equation:

(3.2.1)U U
U
U

= 0
8

SO
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where YS is our new standard, and YS0 is the 
standard originally used.

If the gamma ray intensity adopted by the 
author is given, the data can be corrected by 
introducing the following new intensity data (in 
order of priority):

(1) Decay data evaluated at CNDC [3.2.10];
(2) ‘Table of Isotopes’, 8th edition [3.2.13];
(3) ENSDF (evaluated nuclear structure data 

file).

If only one gamma ray emission (intensity I0) 
was used in the data processing, the correction is 
simply:

(3.2.2)

where I is the corrected intensity.
If several gamma ray emissions were used in 

the analysis and there is a gamma ray with an 
intensity that significantly exceeds all others, the 
data were corrected as above for one gamma ray 
emission (weighted average assumed). If several 
gamma ray emissions with comparable intensity 
were used, the data were corrected on the basis of 
the following formula (arithmetical average 
assumed):

(3.2.3)

where N is the number of gamma ray emissions 
incorporated into the calculation.

The data were also corrected for outdated 
fission cross-sections by using a formula similar to 
Eq. (3.2.2). New fission cross-sections were taken 
from ENDF/B-VI.

3.2.2.3. Processing uncertainties

The uncertainties given in the EXFOR entries 
are of a different type to those required in the file, 
and often of a complicated composite nature. They 
must be adjusted if values are judged to be unrea-
sonable, or assigned by the evaluator if no uncer-
tainties are given. Overall uncertainties are 
required, and their magnitude should be identical 
for the same measurement method over the same 
period of time. The uncertainty ranges assigned by 
the evaluator are listed in Table 3.2.1 for different 
measurement methods and periods of time. 
Generally, if the uncertainties given by the author 
are in the adopted range, these values were not 
changed. Otherwise they were adjusted or assigned 
by the evaluator according to the adopted range 
(Table 3.2.1). In some cases, the author-assigned 
uncertainty could be adjusted within the adopted 
range for a given method and period of time, 
depending on the value of the yield (e.g. low yields 
are assigned higher uncertainties), measured energy 
point, experimental equipment and/or laboratory. 
When no uncertainties are given by the authors, an 
overall uncertainty was assigned according to the 
measurement conditions, and the upper limit of 
ranges given in Table 3.2.1 was adopted. However, 
apart from the general conditions described above, 
there can be special cases where the adopted uncer-
tainties may lie outside the given ranges.

U U
I
I

= 0
8

SO

U U
N

I
I I

= Â1 0i

TABLE 3.2.1.  ASSIGNED RELATIVE UNCERTAINTY (%) 
OF MEASURED FISSION YIELD DATA FOR DIFFERENT 
METHODS

Method
Fission yield

Ratio
Before 1965 After 1965

RC GeLi  7–15 4–8 3–4

NaI  8–16 6–9 3–5

Geiger 15–25 5–6

γ  spectrum  6–10 3–6 2–3

Mass spectrometry  2–3 1–2 1–2
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The uncertainty was processed as follows:

(a) Adjustment for standard fission yield:

(3.2.4)

or for fission cross-section:

(3.2.5)

where ΔY¢ is the relative uncertainty of the 
data Y: ΔY¢= ΔY/Y. However, ΔY¢S0 (uncer-
tainty of the old standard) may not be 
included in Y0 (total uncertainty of the data 
given by the author); under such circum-
stances, ΔY¢S0 should be taken to be zero.

(b) Gamma ray intensity adjustment: The ΔY
uncertainty was not changed, because this 
adjustment is usually not large and the 
uncertainty of the gamma ray intensity is not 
given.

(c) Calculate the yield from ratio R0

(3.2.6)

(d) Calculate the ratio R0 from R value Rv:

(3.2.7)

where ΔY¢mxw and ΔY¢Smxww are the uncer-
tainties of the measured and standard 
nuclides, respectively.

(e) Calculate ratio R0 from fission yield: since this 
evaluation is for reference fission yield data, 
only ratios for measured relative data were 
used, if the details of the standards are given 
(otherwise the data were discarded). Under 
these circumstances:

(3.2.8)

If ΔY′s is not included in the total ΔY given by 
the author, ΔY′s is assigned a value of 0.

The processing of the data and their uncer-
tainties for each sub-entry in a paper are given in 
the corresponding tables of Refs [3.2.2–3.2.8].

3.2.2.4. Data processing

The collected and adjusted data with their 
(re-)evaluated uncertainties were processed with 
weighted averages, and simultaneously evaluated.

(a) Data average: Data measured at the same 
energy points for the same fissioning nuclide 
were averaged using the AVERAG code. The 
recommended weighted mean and external 
uncertainty were calculated. Tables 3.2.2 and 
3.2.3: Data for which averages have been 
calculated are marked ‘A’ in the column 
headed ‘PROC’, and the number of data 
points is given in the column headed ‘POINT’; 
averages have been taken in most cases.

(b) Simultaneous evaluation: Data for which 
absolute yields and their ratios had been 
measured were simultaneously evaluated by 
using the ZOTT code [3.2.11]. Simultaneously 
evaluated data are marked ‘S’ in Tables 3.2.2 
and 3.2.3. There are two kinds of correlated 
measurements: different energy points for the 
same nuclide, and different nuclides at the 
same energy point.

3.2.2.5. Evaluation system FYDES

All data retrievals, adjustments, modifications to 
quoted uncertainties and data processing were 
performed with the fission yield data evaluation system 
FYDES which has been developed to assist in the 
evaluation of fission yield data. The following specific 
characteristics of these data and the FYDES system 
make them distinct from other data types (like cross-
section data) and corresponding evaluation systems:

(a) Data in the EXFOR file can also be given 
under the heading ‘ELEM/MASS’ (see 
below);

(b) More fission yield data are measured on a 
relative basis as ratios or R values;

(c) Many data need to be adjusted for the 
standard yield, gamma ray intensity and 
fission cross-section and have to be recalcu-
lated from ratios or R values;

(d) The dependence of yields on neutron energy 
appears to be linear for most cases.     

 
The fission yield data can be retrieved from 

the EXFOR database by target, or by incident 
neutron energy, or by product (if given in 
REACTION), using the EXFOR retrieval system. 
But when in an EXFOR entry the ‘variable product’ 
formalism is used, ‘ELEM/MASS’ is given in 
REACTION, and the product occurs under the 
heading ‘ELEM/MASS’ of the DATA table and 
cannot be retrieved this way. Some supplementary 
programs were developed to solve this problem, 

D D D D¢ = ¢ + ¢ - ¢( )Y Y Y YS S0
2 2

0
2

1
2

D D D D¢ = ¢ + ¢ - ¢( )Y Y S S0
2 2

0
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1
2s s

D D D¢ = ¢ + ¢( )Y R YS0
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1
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n
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TABLE 3.2.2. EVALUATED REFERENCE FISSION YIELD FROM 235U FISSION  

Z-Sy-A E FY FYUNCERTAINTY POINT PROC. RECOMM. YEAR

33-As-85 T 3.4494E-01 1.8974E-02 1(1) A N 1998

34-Se-79 T 4.3900E-02 3.0000E-03 1 N R 2001

35-Br-88 T 1.6358E+00 8.0621E-02 3 AS R 1998

35-Br-89 T 1.0988E+00 5.5885E-02 2+1 AS R 1998

35-Br-90 T 4.2893E-01 7.6576E-02 3 A R 1998

35-Br-91 T 3.4000E-01 9.0000E-02 1 N N 1998

36-Kr-83 T 5.3937E-01 2.6115E-03 4+(2) AS R 1999

36-Kr-83 F 5.8132E-01 1.4759E-02 2 A R 1999

36-Kr-86 T 1.9689E+00 7.3392E-03 6+2 AS R 1999

36-Kr-86 F 1.9900E+00 2.0000E-02 1 N (R) 1999

36-Kr-87 T 2.6445E+00 8.7407E-02 3 A R 1999

36-Kr-87 F 2.4332E+00 7.1561E-02 2 A R 1999

37-Rb-93 T 3.3914E+00 1.1804E-01 1+1 S R 2001

37-Rb-94 T 1.6726E+00 4.2809E-02 +1(B6) S R 2001

37-Rb-95 T 7.2229E-01 2.1583E-02 1+(2) S R 2001

38-Sr-89 T 4.7855E+00 4.3800E-02 7+1+(3) AS R 1999

38-Sr-89 F 4.2200E+00 2.1000E-01 1 N (R) 1999

38-Sr-89 H 4.1084E+00 1.1607E-01 1+3 AS R 1999

38-Sr-90 T 5.8499E+00 2.8991E-02 7+(1) AS R 1999

38-Sr-90 F 5.4873E+00 4.5042E-02 3 A R 1999

38-Sr-90 H 4.6072E+00 2.7311E-01 2 A R 1999

38-Sr-92 T (6.0000E+00 1.7000E-01) 1 N (R) 1997

39-Y-91 T 5.8974E+00 4.7033E-02 6+(1+1) AS R 1999

39-Y-91 F 5.8307E+00 7.7762E-02 1+1 AS R 1999

39-Y-91 H 4.9312E+00 2.4815E-01 1+1 AS R 1999

39-Y-99 T 2.0482E+00 6.1049E-02 +1(B6) S R 2001

40-Zr-91 T 5.9288E+00 4.3812E-02 5+1 AS R 2001

40-Zr-91 F 5.6600E+00 5.1089E-02 3 A R 2001

40-Zr-91 H 4.9100E+00 2.4513E-01 2 A R 2001

40-Zr-93 T 6.3470E+00 4.6309E-02 5+(1) AS R 2001

40-Zr-93 F 6.1579E+00 5.3653E-02 3 A R 2001

40-Zr-93 H 5.0863E+00 2.7621E-01 2 A R 2001

40-Zr-96 T 6.2615E+00 8.0721E-02 4 A R 1999

40-Zr-96 F 6.1205E+00 5.3841E-02 2 A R 1999

41-Nb-95 T 6.5780E+00 3.2600E-02 5+(1) AS R 1999

41-Nb-95 F 6.4531E+00 1.5442E-01 1+1 AS R 1999

42-Mo-95 T 6.5035E+00 3.6541E-02 6 A R 1999

42-Mo-95 F 6.3837E+00 4.2355E-02 3 A R 1999

42-Mo-97 T 5.9163E+00 3.6324E-02 6+1 AS R 1999

42-Mo-97 F 5.9471E+00 3.9022E-02 4 A R 1999

42-Mo-100 T 6.2135E+00 3.2212E-02 5+(1) AS R 1999

42-Mo-100 F 6.2425E+00 1.4085E-01 2 A R 1999

43-Tc-99 T 6.0756E+00 6.1049E-02 3+(1) AS R 2001
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44-Ru-101 T 5.1895E+00 3.6259E-02 5+(1+1) AS R 1999

44-Ru-101 F 5.3019E+00 1.1431E-01 2 A R 1999

44-Ru-102 T 4.2954E+00 4.6497E-02 5+1 AS R 1999

44-Ru-102 F 4.4100E+00 2.0000E-01 1 N (R) 1999

44-Ru-103 T 3.0405E+00 2.9504E-02 7+2+(2) AS R 1997

44-Ru-103 F 3.5525E+00 5.9455E-02 3+2 AS R 1997

44-Ru-103 H 3.4127E+00 1.0228E-01 1+1 S R 1997

44-Ru-104 T 1.8914E+00 1.4203E-02 6+1 AS R 1999

44-Ru-104 F 1.9905E+00 1.0950E-01 2 A R 1999

44-Ru-106 T 3.9134E-01 3.4295E-03 5+(1) AS R 1997

44-Ru-106 F 1.6691E+00 6.5418E-02 1 N N 1997

44-Ru-106 H 1.6691E+00 6.5418E-02 1+1 S R 1997

45-Rh-103 T 2.9667E+00 3.2215E-02 4 A R 2001

45-Rh-103 F 3.2100E+00 1.2840E-01 1 N R 2001

45-Rh-103 H 3.4930E+00 2.0960E-01 1 N R 2001

45-Rh-106 T 4.0167E-01 1.4203E-02 3+1 AS R 1999

46-Pd-105 T 9.4645E-01 8.8925E-03 4+(1) AS R 2001

46-Pd-105 F 1.1700E+00 1.3000E-01 1 N R 2001

46-Pd-105 H 1.7010E+00 1.0210E-01 1 N N 2001

46-Pd-107 T 1.4574E-01 1.3758E-03 2+1 AS R 2001

47-Ag-109 T 3.1000E-02 7.0000E-03 2 A R 1999

47-Ag-111 T 1.5789E-02 5.3149E-04 3+(2+3) AS R 1999

47-Ag-111 F 3.1492E-02 8.9783E-04 1+2 AS R 1999

47-Ag-111 H 1.0272E+00 1.5797E-02 1+3 AS R 1999

48-Cd-115 T 1.7587E-02 7.5623E-04 3+(5) AS R 1998

48-Cd-115 F 3.7075E-02 4.4833E-03 +2 S R 1998

48-Cd-115 H 6.7990E-01 3.2034E-02 1+3 S R 1998

48-Cd-115M T 8.2810E-04 6.4324E-05 2+(1) AS R 1998

48-Cd-115M F 1.9000E-02 4.0000E-03 1 N N 1998

48-Cd-115M H 7.1261E-02 5.4627E-03 1+1 S (R) 1998

50-Sn-126 T 5.7213E-02 2.6396E-03 2 A R 2001

50-Sn-126 F 1.0000E-01 5.0000E-03 1 N R 2001

51-Sb-125 T 2.8095E-02 1.3388E-03 5 A R 1999

51-Sb-125 F 6.5502E-02 6.8783E-03 2 A R 1999

51-Sb-135 T 1.5040E-01 7.5200E-03 1 N R 1998

52-Te-132 T 4.2339E+00 2.7238E-02 9 AS R 2000

52-Te-132 F 4.8215E+00 4.5799E-02 9 AS R 2000

52-Te-132 H 4.1098E+00 7.4305E-02 1 S R 2000

53-I-129 T 7.5145E-01 3.7840E-02 6 A R 2001

53-I-129 F 1.0900E+00 5.5000E-02 1 N R 2001

53-I-129 H 3.2630E+00 1.9580E-01 1 N R 2001

53-I-131 T 2.8787E+00 1.7314E-02 14 AS R 2000

53-I-131 F 3.3518E+00 3.5906E-02 12 AS R 2000

TABLE 3.2.2. EVALUATED REFERENCE FISSION YIELD FROM 235U FISSION (cont.) 

Z-Sy-A E FY FYUNCERTAINTY POINT PROC. RECOMM. YEAR
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53-I-131 H 4.2232E+00 1.1298E-01 1 S R 2000

53-I-135 T 6.2543E+00 2.9860E-01 5 A R 1998

53-I-135 F 6.7447E+00 1.7049E-01 3 A R 1998

53-I-135 H 4.3150E+00 2.4200E-01 +1 N R 1998

53-I-137 T 2.7757E+00 2.8616E-01 4 A R 1998

53-I-137 F 3.0000E+00 6.0000E-01 1 N R 1998

53-I-138 T 1.5356E+00 1.3112E-01 2 A R 2001

53-I-139 T 6.3139E-01 1.0900E-01 2 A R 2001

54-Xe-131 T 2.9997E+00 4.6787E-02 B6+2 S N 1997

54-Xe-131 F 3.2620E+00 4.6180E-02 2 A R 1997

54-Xe-132 T 4.3004E+00 3.7756E-02 8 A R 2000

54-Xe-132 F 4.6167E+00 2.7318E-02 6 AS R 2000

54-Xe-134 T 7.5175E+00 1.0897E-01 1 S (R) 1997

54-Xe-134 F 7.6946E+00 1.0827E-01 2 A R 1997

54-Xe-135 T (6.7770E+00 1.8000E-01) 1 N N 1997

54-Xe-136 T 6.3213E+00 7.1535E-02 6 A R 2000

54-Xe-136 F 6.2763E+00 4.8396E-02 4 AS R 2000

54-Xe-137 T 6.3361E+00 6.5122E-02 4 A R 2000

54-Xe-137 F 5.8200E+00 2.9100E-01 1 N R 2000

54-Xe-138 T 6.3810E+00 1.5087E-01 2 A R 2000

54-Xe-138 F 6.1200E+00 3.0600E-01 1 N R 2000

55-Cs-133 T 6.7996E+00 4.8287E-02 3+1+(3) AS R 1997

55-Cs-133 F 6.7457E+00 6.0255E-02 2 A R 1997

55-Cs-135 T 6.5311E+00 4.3430E-02 6 A R 2001

55-Cs-135 F 6.5240E+00 4.2048E-02 6 A R 2001

55-Cs-135 H 5.6990E+00 3.4190E-01 1 N R 2001

55-Cs-136 T 5.4965E-03 3.6828E-04 1+(1) A R 1998

55-Cs-137 T 6.2052E+00 5.1090E-02 4+2 AS R 1997

55-Cs-137 F 6.2008E+00 5.3101E-02 4+1+(1) AS R 1997

56-Ba-140 T 6.2059E+00 6.1693E-02 9+(2) AS R 1997

56-Ba-140 F 6.1514E+00 9.8714E-02 3+1 AS R 1997

56-Ba-140 H 4.5963E+00 1.1617E-01 2+1 AS R 1997

57-La-140 T 6.4070E+00 1.1000E-01 1 N N 1997

58-Ce-141 T 5.9823E+00 5.0693E-02 9 AS R 2000

58-Ce-141 F 5.6817E+00 8.8476E-02 5 A R 2000

58-Ce-141 H 4.5883E+00 1.4147E-01 2 AS R 2000

58-Ce-143 T 5.9993E+00 4.5942E-02 9 AS R 2000

58-Ce-143 F 5.6022E+00 5.6617E-02 11 AS R 2000

58-Ce-143 H 3.7919E+00 1.0107E-01 2 AS R 2000

59-Pr-141 T 5.9929E+00 5.6213E-02 4 A R 2000

59-Pr-141 F 5.6184E+00 1.7269E-01 3 A R 2000

59-Pr-141 H 4.5600E+00 5.0000E-01 1 N R 2000

59-Pr-144 T 5.5523E+00 3.8875E-02 4 A R 2000
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59-Pr-144 F 5.1470E+00 1.2950E-01 2 A R 2000

60-Nd-143 T 5.9603E+00 4.1624E-02 3+3+(2) AS R 1997

60-Nd-143 F 5.6920E+00 4.9160E-02 4+2 AS R 1997

60-Nd-144 T 5.4571E+00 2.5820E-02 10 A R 2000

60-Nd-144 F 5.1929E+00 5.0361E-02 5 A R 2000

60-Nd-145 T 3.9403E+00 2.8346E-02 2+8 AS R 1997

60-Nd-145 F 3.7641E+00 3.9075E-02 4+1 AS R 1997

60-Nd-146 T 2.9654E+00 1.1300E-02 11 A R 2000

60-Nd-146 F 2.9102E+00 1.8337E-02 9 A R 2000

60-Nd-148 T 1.6747E+00 1.1279E-02 3+5+(4) AS R 1997

60-Nd-148 F 1.6980E+00 1.1222E-02 4+2+(5) AS R 1997

61-Pm-147 T 2.2440E+00 1.8227E-02 5 A R 2001

61-Pm-147 F 2.1807E+00 8.2012E-02 2 A R 2001

61-Pm-147 H 2.0220E+00 1.2130E-01 1 N N 2001

61-Pm-149 T 1.0000E+00 1.6767E-02 5 A R 2000

61-Pm-149 F 1.0280E+00 3.4222E-02 2 A R 2000

61-Pm-151 T 4.0693E-01 4.5482E-03 5 A R 2000

61-Pm-151 F 4.0077E-01 1.5855E-02 3 A R 2000

61-Pm-151 H 2.6400E-01 4.0000E-03 1 N R 2000

62-Sm-147 T 2.1184E+00 2.2587E-02 2+1 AS R 1998

62-Sm-147 F 2.1650E+00 2.2000E-02 1 N (R) 1998

62-Sm-149 T 1.0101E+00 1.3172E-02 2+(3) AS R 1997

62-Sm-149 F 1.0457E+00 2.2794E-02 2 A R 1997

62-Sm-151 T 4.0348E-01 4.3027E-03 2+1 AS R 1997

62-Sm-151 F 4.1735E-01 9.4766E-03 2 A R 1997

62-Sm-152 T 2.5316E-01 4.4089E-03 2+1 AS R 1997

62-Sm-152 F 2.9522E-01 6.6607E-03 2 A R 1997

62-Sm-153 T 1.4789E-01 3.9498E-03 6 A R 2000

62-Sm-153 F 1.5400E-01 2.0000E-02 1 N (R)  2000

62-Sm-153 H 2.3900E-01 2.2000E-02 1 N (R) 2000

63-Eu-153 T 1.4840E-01 4.1331E-03 3 A R 2000

Number: data sets adopted in the evaluation — for the simultaneous evaluation case, this is the absolutely measured data sets, 
with the ratio number in parentheses. A: average with weight; S: simultaneous evaluation; R: recommended; (R): recom-
mended only as reference; N: not processed or not recommended; T: thermal energy spectrum average; F: fission spectrum 
average; H: high energy (around 14 MeV).
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TABLE 3.2.3.  EVALUATED REFERENCE YIELDS FOR 238U FISSION  

Nuclide E FY FYUNCERTAINTY POINT PROC. RECOMM. YEAR

35-Br-88 H 1.9000E+00 3.7000E-01 1 N N 1998

35-Br-89 H 1.1900E+00 2.0000E-01 1 N N 1998

36-Kr-83 F 3.8640E-01 3.1000E-03 1(1) S R 1999

36-Kr-83 H 7.4110E-01 2.9700E-02 2(1) AS R 1999

36-Kr-85 F 1.6600E-01 1.2000E-02 1 N (R) 1998

36-Kr-85 H 2.5290E-01 2.1000E-02 2 A R 1998

36-Kr-85M F 7.4250E-01 2.8100E-02 2 A R 1998

36-Kr-85M H 1.0820E+00 2.9000E-02 7 A R 1998

36-Kr-86 F 1.2969E+00 8.9000E-03 1(1) S R 1999

36-Kr-86 H 1.7519E+00 7.0300E-02 1(1) S R 1999

36-Kr-87 F 1.6030E+00 4.7400E-02 2 A R 1998

36-Kr-87 H 1.7325E+00 6.4400E-02 4 A R 1998

36-Kr-88 F 2.0180E+00 9.6300E-02 3 A R 1998

36-Kr-88 H 2.0253E+00 6.8000E-02 7 A R 1998

38-Sr-89 F 3.0664E+00 1.0710E-01 5 A R 1999

38-Sr-89 H 2.9195E+00 1.2500E-01 4 A R 1999

38-Sr-90 F 3.1861E+00 1.5970E-01 2 A R 1999

38-Sr-90 H 3.1282E+00 1.8180E-01 2 A R 1999

38-Sr-92 F 4.4403E+00 1.0979E-01 2(2) AS R 1997

38-Sr-92 H 3.9440E+00 8.2076E-02 4(3) AS R 1997

39-Y-91 F 3.9594E+00 7.8941E-02 2(2) AS R 1998

39-Y-91 H 3.7723E+00 8.6100E-02 7 A R 1998

40-Zr-91 F 3.9594E+00 7.8941E-02 2(2) AS R 1999

40-Zr-91 H 3.7723E+00 8.1600E-02 7 A R 1999

40-Zr-93 F 5.0492E+00 2.1195E-01 1(1) S R 1999

40-Zr-93 H 4.3144E+00 4.4860E-01 2 A R 1999

40-Zr-95 F 5.1438E+00 5.6800E-02 9 A R 1998

40-Zr-95 H 4.9197E+00 6.7100E-02 13 A R 1998

41-Nb-95 F 5.1425E+00 5.6786E-02 10 A R 1999

41-Nb-95 H 4.9185E+00 6.7084E-02 13 A R 1999

42-Mo-95 F 5.1438E+00 5.6800E-02 10 A R 1999

42-Mo-95 H 4.9197E+00 6.7100E-02 13 A R 1999

42-Mo-97 F 5.6021E+00 3.8838E-02 3(2) AS R 1997

42-Mo-97 H 5.4470E+00 9.7386E-02 3(1) AS R 1997

42-Mo-99 F 6.1403E+00 1.9020E-01 4 A R 1998

42-Mo-99 H 5.6423E+00 7.2800E-02 14 A R 1998

43-Tc-99 F 6.1403E+00 1.9020E-01 4 A R 1999

43-Tc-99 H 5.6423E+00 7.2800E-02 14 A R 1999

44-Ru-101 F 6.3298E+00 3.7430E-01 2 A R 1999

44-Ru-101 H 5.7600E+00 2.2000E-01 1 N R 1999

44-Ru-103 F 6.0778E+00 5.8911E-02 8(4) AS R 1997

44-Ru-103 H 4.6604E+00 9.0389E-02 6(4) AS R 1997

44-Ru-104 F 5.0200E+00 3.0000E-01 1 N R 1999
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44-Ru-104 H 3.5900E+00 1.5000E-01 1 N R 1999

44-Ru-106 F 2.4676E+00 1.2240E-01 2(1) AS R 1998

44-Ru-106 H 2.5478E+00 1.1710E-01 2 A R 1998

45-Rh-103 F 6.0778E+00 5.8911E-02 8(4) AS R 1999

45-Rh-103 H 4.6604E+00 9.0389E-02 6(4) AS R 1999

45-Rh-105 F 3.9059E+00 8.1867E-02 1(3) AS R 1998

45-Rh-105 H 3.2895E+00 5.4200E-02 8 A R 1998

45-Rh-106 F 2.4676E+00 1.2240E-01 2 A R 1999

45-Rh-106 H 2.5299E+00 9.8200E-02 2 A R 1999

46-Pd-105 F 3.9059E+00 8.1867E-02 1(3) S R 1999

46-Pd-105 H 3.2895E+00 5.4200E-02 8 A R 1999

47-Ag-109 F 2.5200E-01 1.3000E-02 1 N R 1999

47-Ag-109 H 1.5496E+00 1.2000E-01 1 N (R) 1999

47-Ag-111 F 6.9142E-02 3.0296E-03 3(1) AS R 1998

47-Ag-111 H 1.0477E+00 2.2800E-02 7 A R 1998

48-Cd-115 F 3.2700E-02 3.8000E-03 2 A R 1999

48-Cd-115 H 7.9890E-01 2.7700E-02 5 A R 1999

48-Cd-115M F 2.5790E-03 3.1000E-04 1 N R 1998

48-Cd-115M H 6.7700E-02 9.7000E-03 2 A R 1998

51-Sb-125 F 4.9220E-02 2.0310E-02 2 A R 1998

51-Sb-125 H 1.2771E+00 7.1800E-02 2 A R 1998

52-Te-132 F 5.1359E+00 1.2740E-01 4 A R 2000

52-Te-132 H 4.5748E+00 9.2900E-02 5 A R 2000

53-I-129 F 5.8820E-01 5.9500E-02 3 A R 2000

53-I-129 H 1.6850E+00 9.5800E-02 2 A R 2000

53-I-131 F 3.2193E+00 3.4200E-02 12 A R 1998

53-I-131 H 3.8538E+00 6.7381E-02 5(2) AS R 1998

53-I-133 H 5.9714E+00 9.6900E-02 6(3) AS R 1997

53-I-137 F 6.0000E+00 1.0000E+00 1 N N 1998

53-I-137 H 3.2800E+00 6.6000E-01 1 N R 1998

54-Xe-131 F 3.2330E+00 6.9613E-02 4(2) AS R 1997

54-Xe-131 H 3.8143E+00 1.4630E-01 3 A R 1997

54-Xe-132 F 5.1360E+00 4.5000E-02 5 A R 2000

54-Xe-132 H 4.8843E+00 5.8500E-02 4 A R 2000

54-Xe-133 F 6.5664E+00 1.8590E-01 3 A R 1998

54-Xe-133 H 6.0094E+00 1.1490E-01 6 A R 1998

54-Xe-134 F 7.5977E+00 3.2390E-01 3 A R 1998

54-Xe-134 H 6.4616E+00 1.0870E-01 4 A R 1998

54-Xe-135 F 6.7282E+00 1.5930E-01 6 A R 1997

54-Xe-135 H 5.8049E+00 1.2020E-01 6 A R 1997

54-Xe-136 F 7.0095E+00 1.0750E-01 4 A R 2000

54-Xe-136 H 5.7228E+00 9.1900E-02 2 A R 2000

54-Xe-137 F 6.0500E+00 3.0000E-01 1 N R 2000
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54-Xe-137 H 4.6300E+00 2.3000E-01 1 N R 2000

54-Xe-138 F 5.9900E+00 3.0000E-01 1 N R 2000

54-Xe-138 H 4.2559E+00 1.1150E-01 4 A R 2000

55-Cs-133 F 6.7631E+00 7.1388E-02 2(2) AS R 1997

55-Cs-133 H 6.0174E+00 1.6800E-01 2 A R 1997

55-Cs-135 F 6.8688E+00 9.3600E-02 6 A R 2000

55-Cs-135 H 5.8508E+00 1.0100E-01 6 A R 2000

55-Cs-137 F 5.9376E+00 5.0172E-02 4 AS R 1997

55-Cs-137 H 5.1737E+00 1.8120E-01 4 A R 1997

56-Ba-140 F 5.8798E+00 3.5758E-02 12(1) AS R 1998

56-Ba-140 H 4.5693E+00 5.3390E-02 7 AS R 1998

57-La-140 F 5.8948E+00 8.8467E-02 3(2) AS R 1997

57-La-140 H 4.6529E+00 1.3010E-01 3 A R 1997

58-Ce-141 F 5.3879E+00 2.0400E-01 3 A R 2000

58-Ce-141 H 4.3583E+00 7.3600E-02 7(1) AS R 2000

58-Ce-143 F 4.6420E+00 7.7000E-02 7 A R 2000

58-Ce-143 H 3.9123E+00 6.4300E-02 9(1) AS R 2000

58-Ce-144 F 4.5493E+00 8.4700E-02 7 A R 1998

58-Ce-144 H 3.7165E+00 8.6800E-02 9 A R 1998

59-Pr-141 F 5.3879E+00 2.0400E-01 3 A R 2000

59-Pr-141 H 4.3583E+00 7.3600E-02 7(1) AS R 2000

59-Pr-144 F 4.5493E+00 8.4700E-02 7 A R 2000

59-Pr-144 H 3.7165E+00 8.6800E-02 9 A R 2000

60-Nd-143 F 4.5338E+00 3.2080E-02 4(3) AS R 1997

60-Nd-143 H 4.1917E+00 1.1580E-01 4 A R 1997

60-Nd-144 F 4.5493E+00 8.4700E-02 7 A R 2000

60-Nd-144 H 3.7165E+00 8.6800E-02 9 A R 2000

60-Nd-145 F 3.7548E+00 3.2806E-02 2(1) AS R 1997

60-Nd-145 H 3.0894E+00 1.6000E-01 1 N R 1997

60-Nd-146 F 3.3848E+00 3.3100E-02 5 A R 2000

60-Nd-146 H 1.9250E+00 2.3500E-01 1 N N 2000

60-Nd-147 F 2.5867E+00 5.7200E-02 5 A R 1998

60-Nd-147 H 2.0878E+00 3.3800E-02 12 A R 1998

60-Nd-148 F 2.1015E+00 1.8580E-02 3(1) AS R 1998

60-Nd-148 H 1.6000E+00 9.0000E-02 1 N R 1998

61-Pm-147 F 2.5867E+00 5.7200E-02 5 A R 2000

61-Pm-147 H 2.0878E+00 3.3800E-02 12 A R 2000

61-Pm-149 F 1.6279E+00 4.6800E-02 4 A R 2000

61-Pm-149 H 1.4189E+00 1.5840E-01 3 A R 2000

61-Pm-151 F 7.9970E-01 1.6300E-02 5 A R 2000

61-Pm-151 H 8.0120E-01 3.3400E-02 4 A R 2000

62-Sm-147 F 2.5266E+00 3.0405E-02 2(2) AS R 1997

62-Sm-147 H 2.0365E+00 5.3261E-02 3 AS R 1997
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including FORM to exchange the column position 
and standardizing the data table, FYRET to extract 
the data table from each sub-entry in the EXFOR 
file, and FYRET1 to retrieve yield data according to 
Z and A.

Data can be adjusted through implementation 
of the FYCRECT and FYCRECT1 codes that 
include the calculation of absolute fission yields 
from given ratios, the calculation of ratios from 
given R values, or absolute yields, and the 
performance of various adjustments and 
uncertainty processing as noted above.

Data measured at the same energy point can 
be averaged with the AVERAG code. The weighted 
mean and external uncertainty are calculated, 
taking into account the uncertainties given by 
authors for each set of data and the discrepancies 
between data sets. In general, the weighted mean 
and external uncertainty are recommended. The 
reduced c2 and internal uncertainty, as well as the 
arithmetic (unweighted) mean of the measured data 
and associated uncertainty, are also calculated for 
reference.

Data can be simultaneously evaluated with the 
ZOTT code [3.2.11], which takes into account 
measured absolute fission yields, their ratios and the 
measurement uncertainties as well as their correla-
tions, and ensures consistency. This code can be used 
to adjust fission yields and their ratios, and calculates 
a covariance matrix. The data can be fitted with a 
linear function by using LIFIT, with options for 

Y = aE + b or ln Y = aE + b

The least squares method is used to determine 
the optimum fit coefficients a and b and their uncer-
tainties, as well as the reduced c2 (goodness of fit). If 

the data cannot be fitted well by LIFIT (for 
example c2 > 2.0), the SPF code [3.2.12] can be 
substituted that adopts a spline fitting procedure for 
multi-sets of data with knot optimization and spline 
order selection. SPF can be used for any shape of 
curves.

3.2.3. Results and recommendations

The evaluated results are shown in Tables 
3.2.2 and 3.2.3. Uncertainties are about 1–2% for 
most of the product nuclides, about 3–5% for some, 
and larger than 5% for one fifth of the data. An 
uncertainty of 1–2% for an evaluated yield stems 
from the fact that data measured by the mass 
spectrometric method have an uncertainty of 1–2% 
(after 1965) or 2–3% (before 1965), and a large 
number of measurements result in a reduced 
average uncertainty (assuming the data are statisti-
cally consistent). Uncertainties of 3–5% occur with 
later measurements that use direct gamma ray 
spectrometry or radiochemical methods, while 
uncertainties larger than 5% arise from earlier 
measurements employing direct gamma ray 
spectrometry and radiochemistry. An additional 
increase of the overall uncertainty of the average is 
caused by discrepancies between the data sets 
measured at different laboratories. 

If the evaluated data are based on more than 
three measured data sets, they are generally 
considered reliable and are recommended, 
irrespective of whether they are in agreement with 
other evaluated data or not. Evaluated yields based 
on only one measurement are recommended, but 
only if they agree with other evaluated data. When 
yields are in disagreement with other evaluated 
data, no data are recommended. 

62-Sm-149 F 1.5850E+00 1.9000E-02 2 A R 1997

62-Sm-149 H 1.2038E+00 3.4174E-02 1(1) S (R) 1997

62-Sm-151 F 7.8691E-01 2.4570E-02 2(2) AS R 1998

62-Sm-151 H 6.5409E-01 1.7017E-02 1(1) S N 1998

62-Sm-152 F 5.2168E-01 5.7700E-03 2 A N 1997

63-Eu-156 F 6.7100E-02 2.1000E-03 3 A R 1998

63-Eu-156 H 1.0900E-01 2.9000E-03 8 A R 1998

65-Tb-161 F 1.1436E-03 9.0000E-05 3 A R 1998

65-Tb-161 H 8.2450E-03 5.0500E-04 2 A R 1998

Note: Symbols are the same as in Table 3.2.2.
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The comparisons of our evaluated data with 
ENDF/B-VI, JENDL-3, JEF-2.2 and CENDL/FY 
are given in Tables 3.2.4–3.2.7 and Figs 3.2.1–3.2.5, 
and show the following:

(a) General agreement with other libraries:

For most cases, differences between our 
present evaluated data and others are not large. 
Defining ‘discrepant’ as those data in which the 
difference of our evaluated data to others exceeds 
10%, or is larger than the uncertainty given by the 
corresponding library, the number of such cases is 
about 11% for 235U and 238U fission. Moreover, the 
number of such cases for 235U is approximately the 
same for different libraries and different energy 
points for thermal (T) and fission spectrum (F) 
yields; however, this number is considerably smaller 
for 14 MeV (H) in CENDL/FY than in ENDF/B-VI 
and JENDL-3. The number of such ‘discrepancies’ 
for 238U fission with JEF-2 and CENDL/FY is larger 
than with ENDF/B-VI for fission spectrum 
neutrons (but the opposite for 14 MeV neutrons 
(H)). According to the above definition, the 
number of discrepant cases is influenced by the 
magnitude of the uncertainties assigned in the 
different libraries. For example, the uncertainties in 
ENDF/B-VI are reasonably small, whereas the 
uncertainties in CENDL/FY are larger (see Tables 
3.2.8 and 3.2.9). So when the number of discrepant 
cases is the same for both libraries, the differences 
in the yields when compared with CENDL/FY are 
attributed to the larger uncertainties; if this number 
is smaller for CENDL/FY this does not mean that 
the differences in yield values are smaller. Certainly 
the differences between the present evaluated 
values and those in ENDF/B-VI are smaller than 
with JEF-2 and CENDL/FY for 235U fission by 
thermal and fission spectrum neutrons, and for 238U 
fission by fission spectrum neutrons.

(b) Discrepant 235U yields:

When compared with data in the other four 
libraries, our recommended yields are larger by 
27–62% for 91Br(T), by 65–70% for 106Ru(F), by 34–
44% for 115Cd(T), by 16–35% for 115Cd(F), by 85–
95% for 115mCd(F) and by 19–20% for 147Pm(H); 
and smaller by 25–60% for 90Br(T), by 10–26% for 

137I(T) and by 33–80% for 151Pm(H). Our evaluated 
yields for 91Br(T), 106Ru(F), 115mCd(F), 147Pm(H) 
and 151Pm(H) are not recommended because they 
are based on only one set of measurements; whereas 
those for 90Br(T), 115Cd(T, F), 137I(T) are 
recommended — they are based on more than one 
set of measurements, but the existing discrepancies 
should be borne in mind. Furthermore, our values 
for 111Ag(T, F, H) are also recommended, although 
only some of them are in agreement with one or two 
of the four libraries — they are mainly 10–30% 
smaller than the equivalent data from all other 
libraries. Care should be taken when using these 
data because some systematic uncertainties may 
exist.

(c) Discrepant 238U yields:

Our recommended yields are larger by 20–
27% for 88Br(H), and smaller by 9–26% for 89Br(H), 
by 8–28% 146Nd(H), by 11–21% for 149Sm(H) and 
by 20–25% for 151Sm(H) when compared with the 
other four libraries. Except for 149Sm(H) our 
evaluated data are not recommended because they 
are based on only one set of measurements. There 
are only two sets of measured data available for 
149Sm(H), and our evaluated data are only 
recommended as reference.

The recommended yield for 85Kr(F) is 10–15% 
larger than the equivalent data in ENDF/B-VI, 
JENDL-3 and CENDL/FY, but is 18% smaller than 
in JEF-2, while our value for 109Ag(H) is about 20% 
larger than the data in ENDF/B-VI, JENDL-3 and 
CENDL/FY, but agrees with JEF-2; our 129I(F) 
value is about 70% smaller than the data in ENDF/
B-VI, JENDL-3 and CENDL/FY, but agrees with 
JEF-2. Our evaluation for 85Kr(F) and 109Ag(H) is 
based on only one set of measured data and is 
recommended only as reference. However, the 
evaluated yield for 129I(F) is recommended, since 
the data are based on three sets of measured data 
(although the existing discrepancies should be 
borne in mind).

Compared with CENDL/FY, our 
recommended yield is 39% smaller for 93Zr(H), 
26% smaller for 144Pr(F) and 19% smaller for 
147,149Pm(H), although in agreement with all other 
evaluations. 
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TABLE 3.2.5.  COMPARISON OF RECOMMENDED YIELDS FROM 238U FISSION WITH THOSE 
FROM OTHER LIBRARIES  

Nuclide      Library
Fission spectrum 14 MeV

  YIELD Y UNCERT (%) DIFF (%)   YIELD Y UNCERT (%) DIFF (%)

35-Br-88 THIS WORK 1.9000E+00  19.47   0

35-Br-88 ENDF/B-VI 1.4865E+00 11.00 21.76

35-Br-88 JEF-2 1.3923E+00 18.78 26.72

35-Br-88 JENDL-3 1.5258E+00 0.00 19.69

35-Br-88 CENDL/FY 1.4169E+00 129.06 25.43

35-Br-89 THIS WORK 1.1900E+00 16.81 0

35-Br-89 ENDF/B-VI 1.4993E+00 23.00 –26.00

35-Br-89 JEF-2 1.2975E+00 29.66 –9.03

35-Br-89 JENDL-3 1.4669E+00 0.00 –23.27

35-Br-89 CENDL/FY 1.4164E+00 118.86 –19.03

36-Kr-83 THIS WORK 3.8640E–01 0.80 0 7.4110E–01 4.01 0

36-Kr-83 ENDF/B-VI 3.9586E–01 1.40 –2.45 6.6752E–01 2.80 9.93

36-Kr-83 JEF-2 3.9918E–01 6.07 –3.31 7.2852E–01 6.50 1.70

36-Kr-83 JENDL-3 3.8660E–01 0.00 –0.05 6.3017E–01 0.00 14.97

36-Kr-83 CENDL/FY 3.9505E–01 3.00 –2.24 6.5499E–01 3.00 11.62

36-Kr-85 THIS WORK 1.6600E–01 7.23 0 2.5290E–01 8.30 0

36-Kr-85 ENDF/B-VI 1.4861E–01 2.00 10.47 2.0357E–01 2.00 19.50

36-Kr-85 JEF-2 1.9599E–01 15.89 –18.07 2.2915E–01 11.56 9.39

36-Kr-85 JENDL-3 1.4011E–01 0.00 15.60 1.8720E–01 0.00 25.98

36-Kr-85 CENDL/FY 1.4888E–01 9.06 10.31 2.5149E–01 10.11 0.56

36-Kr-85M THIS WORK 7.4250E–01 3.78 0 1.0820E+00 2.68 0

36-Kr-85M ENDF/B-VI 7.4286E–01 2.00 –0.05 1.0027E+00 2.00 7.33

36-Kr-85M JEF-2 9.1323E–01 15.93 –22.99 1.0564E+00 11.82 2.37

36-Kr-85M JENDL-3 6.5750E–01 0.00 11.45 8.7676E–01 0.00 18.97

36-Kr-85M CENDL/FY 7.2019E–01 2.16 3.00 9.8375E–01 2.18 9.08

36-Kr-86 THIS WORK 1.2969E+00 0.69 0 1.7519E+00 4.01 0

36-Kr-86 ENDF/B-VI 1.2965E+00 1.00 0.03 1.5710E+00 2.80 10.32

36-Kr-86 JEF-2 1.3018E+00 5.97 –0.38 1.4614E+00 11.15 16.58

36-Kr-86 JENDL-3 1.2785E+00 0.00 1.42 1.5126E+00 0.00 13.66

36-Kr-86 CENDL/FY 1.2797E+00 3.49 1.33 1.6115E+00 99.91 8.01

36-Kr-87 THIS WORK 1.6030E+00 2.96 0 1.7325E+00 3.72

36-Kr-87 ENDF/B-VI 1.6254E+00 2.00 –1.40 1.6845E+00 2.00

36-Kr-87 JEF-2 1.5244E+00 2.09 4.90 1.8593E+00 5.63

36-Kr-87 JENDL-3 1.5878E+00 0.00 0.95 1.6630E+00 0.00

36-Kr-87 CENDL/FY 1.4542E+00 5.94 9.28 1.6221E+00 3.70

36-Kr-88 THIS WORK 2.0180E+00 4.77 0 2.0253E+00 3.36 0

36-Kr-88 ENDF/B-VI 2.0260E+00 2.80 –0.40 2.1605E+00 2.00 –6.68

36-Kr-88 JEF-2 2.0820E+00 6.73 –3.17 1.9896E+00 12.71 1.76

36-Kr-88 JENDL-3 2.0838E+00 0.00 –3.26 2.1978E+00 0.00 –8.52

36-Kr-88 CENDL/FY 2.2416E+00 2.76 –11.08 2.2078E+00 4.83 –9.01

38-Sr-89 THIS WORK 3.0664E+00 3.49 0 2.9195E+00 4.28 0
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38-Sr-89 ENDF/B-VI 2.7611E+00 1.40 9.96 2.9212E+00 2.80 –0.06

38-Sr-89 JEF-2 2.7511E+00 11.11 10.28 2.7979E+00 14.22 4.17

38-Sr-89 JENDL-3 2.8485E+00 0.00 7.11 2.9142E+00 0.00 0.18

38-Sr-89 CENDL/FY 2.8383E+00 2.66 7.44 3.1063E+00 7.57 –6.40

38-Sr-90 THIS WORK 3.1861E+00 5.01 0 3.1282E+00 5.81 0

38-Sr-90 ENDF/B-VI 3.2470E+00 1.40 –1.91 3.1896E+00 4.00 –1.96

38-Sr-90 JEF-2 3.3427E+00 9.79 –4.92 3.2941E+00 8.72 –5.30

38-Sr-90 JENDL-3 3.2431E+00 0.00 –1.79 3.1784E+00 0.00 –1.61

38-Sr-90 CENDL/FY 3.2082E+00 1.68 –0.69 3.1693E+00 4.47 –1.31

38-Sr-92 THIS WORK 4.4403E+00 2.47 0 3.9440E+00 2.08 0

38-Sr-92 ENDF/B-VI 4.3122E+00 2.80 2.88 3.8762E+00 2.80 1.72

38-Sr-92 JEF-2 4.2263E+00 1.88 4.82 3.7811E+00 6.31 4.13

38-Sr-92 JENDL-3 4.5092E+00 0.00 –1.55 3.9095E+00 0.00 0.88

38-Sr-92 CENDL/FY 4.2896E+00 4.34 3.39 3.9739E+00 7.40 –0.76

39-Y-91 THIS WORK 3.9594E+00 1.99 0 3.7723E+00 2.28 0

39-Y-91 ENDF/B-VI 4.0395E+00 64.00 –2.02 3.8676E+00 64.00 –2.53

39-Y-91 JEF-2 4.1435E+00 0.33 –4.65 3.7746E+00 1.58 –0.06

39-Y-91 JENDL-3 4.0454E+00 0.00 –2.17 3.7318E+00 0.00 1.07

39-Y-91 CENDL/FY 4.0577E+00 4.29 –2.48 3.7190E+00 8.66 1.41

40-Zr-91 THIS WORK 3.9594E+00 1.99 0 3.7723E+00 2.16 0

40-Zr-91 ENDF/B-VI 4.0395E+00 2.00 –2.02 3.8676E+00 2.00 –2.53

40-Zr-91 JEF-2 4.1435E+00 8.01 –4.65 3.7746E+00 14.24 –0.06

40-Zr-91 JENDL-3 4.0454E+00 0.00 –2.17 3.7318E+00 0.00 1.07

40-Zr-91 CENDL/FY 4.4351E+00 6.08 –12.01 4.3586E+00 47.06 –15.54

40-Zr-93 THIS WORK 5.0492E+00 4.20 0 4.3144E+00 10.40 0

40-Zr-93 ENDF/B-VI 4.9133E+00 2.00 2.69 4.5291E+00 2.80 –4.98

40-Zr-93 JEF-2 5.1688E+00 8.51 –2.37 4.3289E+00 5.89 –0.34

40-Zr-93 JENDL-3 5.0009E+00 0.00 0.96 4.4896E+00 0.00 –4.06

40-Zr-93 CENDL/FY 5.2507E+00 5.87 –3.99 5.9824E+00 77.65 –38.66

40-Zr-95 THIS WORK 5.1438E+00 1.10 0 4.9197E+00 1.36 0

40-Zr-95 ENDF/B-VI 5.1405E+00 1.40 0.06 4.8918E+00 2.00 0.57

40-Zr-95 JEF-2 5.1191E+00 9.89 0.48 4.6828E+00 7.98 4.82

40-Zr-95 JENDL-3 5.1068E+00 0.00 0.72 4.9498E+00 0.00 –0.61

40-Zr-95 CENDL/FY 5.2337E+00 2.04 –1.75 4.9230E+00 2.21 –0.07

41-Nb-95 THIS WORK 5.1425E+00 1.10 0 4.9185E+00 1.36 0

41-Nb-95 ENDF/B-VI 5.1405E+00 1.00 0.04 4.8918E+00 2.00 0.54

41-Nb-95 JEF-2 5.1159E+00 9.89 0.52 4.6799E+00 7.98 4.85

41-Nb-95 JENDL-3 5.1057E+00 0.00 0.72 4.9487E+00 0.00 –0.61

41-Nb-95 CENDL/FY 5.4526E+00 5.19 –6.03 5.0567E+00 9.65 –2.81

42-Mo-95 THIS WORK 5.1438E+00 1.10 0 4.9197E+00 1.36 0

42-Mo-95 ENDF/B-VI 5.1405E+00 1.00 0.06 4.8918E+00 2.00 0.57

TABLE 3.2.5.  COMPARISON OF RECOMMENDED YIELDS FROM 238U FISSION WITH THOSE 
FROM OTHER LIBRARIES (cont.) 

Nuclide      Library
Fission spectrum 14 MeV

  YIELD Y UNCERT (%) DIFF (%)   YIELD Y UNCERT (%) DIFF (%)
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42-Mo-95 JEF-2 5.1191E+00 2.21 0.48 4.6828E+00 2.09 4.82

42-Mo-95 JENDL-3 5.1068E+00 0.00 0.72 4.9498E+00 0.00 –0.61

42-Mo-95 CENDL/FY 4.9406E+00 1.80 3.95 4.9322E+00 99.92 –0.25

42-Mo-97 THIS WORK 5.6021E+00 0.69 0 5.4470E+00 1.79 0

42-Mo-97 ENDF/B-VI 5.5625E+00 0.70 0.71 5.2800E+00 1.40 3.07

42-Mo-97 JEF-2 5.5235E+00 10.62 1.40 5.2497E+00 11.38 3.62

42-Mo-97 JENDL-3 5.5746E+00 0.00 0.49 5.3738E+00 0.00 1.34

42-Mo-97 CENDL/FY 5.4706E+00 1.30 2.35 5.2373E+00 99.93 3.85

42-Mo-99 THIS WORK 6.1403E+00 3.10 0 5.6423E+00 1.29 0

42-Mo-99 ENDF/B-VI 6.1683E+00 1.40 –0.46 5.7054E+00 1.40 –1.12

42-Mo-99 JEF-2 6.2318E+00 9.98 –1.49 5.7858E+00 13.90 –2.54

42-Mo-99 JENDL-3 6.1957E+00 0.00 –0.90 5.5985E+00 0.00 0.78

42-Mo-99 CENDL/FY 6.2295E+00 3.02 –1.45 5.6231E+00 1.82 0.34

43-Tc-99 THIS WORK 6.1403E+00 3.10 0 5.6423E+00 1.29 0

43-Tc-99 ENDF/B-VI 6.1683E+00 1.40 –0.46 5.7054E+00 1.00 –1.12

43-Tc-99 JEF-2 6.2312E+00 9.98 –1.48 5.7853E+00 13.90 –2.53

43-Tc-99 JENDL-3 6.1957E+00 0.00 –0.90 5.5985E+00 0.00 0.78

43-Tc-99 CENDL/FY 5.8530E+00 104.26 4.68 5.6410E+00 99.92 0.02

44-Ru-101 THIS WORK 6.3298E+00 5.91 0 5.7600E+00 3.82 0

44-Ru-101 ENDF/B-VI 6.2091E+00 1.40 1.91 5.6978E+00 2.80 1.08

44-Ru-101 JEF-2 6.5230E+00 6.68 –3.05 5.7188E+00 2.92 0.72

44-Ru-101 JENDL-3 6.0822E+00 0.00 3.91 5.6499E+00 0.00 1.91

44-Ru-101 CENDL/FY 6.1247E+00 5.89 3.24 5.6231E+00 99.92 2.38

44-Ru-103 THIS WORK 6.0778E+00 0.97 0 4.6604E+00 1.94 0

44-Ru-103 ENDF/B-VI 6.2753E+00 1.40 –3.25 4.6158E+00 2.00 0.96

44-Ru-103 JEF-2 6.0728E+00 3.71 0.08 4.4617E+00 10.77 4.26

44-Ru-103 JENDL-3 6.2096E+00 0.00 –2.17 4.6250E+00 0.00 0.76

44-Ru-103 CENDL/FY 6.3122E+00 1.76 –3.86 4.5116E+00 3.60 3.19

44-Ru-104 THIS WORK 5.0200E+00 5.98 0 3.5900E+00 4.18 0

44-Ru-104 ENDF/B-VI 5.0360E+00 1.00 –0.32 4.0261E+00 4.00 –12.15

44-Ru-104 JEF-2 4.7076E+00 8.08 6.22 3.5514E+00 5.11 1.08

44-Ru-104 JENDL-3 5.0233E+00 0.00 –0.07 3.6258E+00 0.00 –1.00

44-Ru-104 CENDL/FY 5.0128E+00 5.99 0.14 3.5925E+00 99.92 –0.07

44-Ru-106 THIS WORK 2.4676E+00 4.96 0 2.5478E+00 4.60 0

44-Ru-106 ENDF/B-VI 2.4897E+00 1.40 –0.90 2.4546E+00 2.80 3.66

44-Ru-106 JEF-2 2.5491E+00 10.70 –3.30 2.5004E+00 7.79 1.86

44-Ru-106 JENDL-3 2.5311E+00 0.00 –2.57 2.4570E+00 0.00 3.56

44-Ru-106 CENDL/FY 2.6260E+00 4.27 –6.42 2.4247E+00 9.03 4.83

45-Rh-103 THIS WORK 6.0778E+00 0.97 0 4.6604E+00 1.94 0

45-Rh-103 ENDF/B-VI 6.2753E+00 1.40 –3.25 4.6158E+00 2.00 0.96

45-Rh-103 JEF-2 6.0728E+00 10.48 0.08 4.4617E+00 7.43 4.26

TABLE 3.2.5.  COMPARISON OF RECOMMENDED YIELDS FROM 238U FISSION WITH THOSE 
FROM OTHER LIBRARIES (cont.) 

Nuclide      Library
Fission spectrum 14 MeV

  YIELD Y UNCERT (%) DIFF (%)   YIELD Y UNCERT (%) DIFF (%)
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45-Rh-103 JENDL-3 6.2096E+00 0.00 –2.17 4.6250E+00 0.00 0.76

45-Rh-103 CENDL/FY 6.0898E+00 103.62 –0.20 4.6622E+00 99.92 –0.04

45-Rh-105 THIS WORK 3.9059E+00 2.10 0 3.2895E+00 1.65 0

45-Rh-105 ENDF/B-VI 4.0513E+00 2.00 –3.72 3.2159E+00 2.00 2.24

45-Rh-105 JEF-2 3.7166E+00 11.86 4.85 3.1582E+00 11.66 3.99

45-Rh-105 JENDL-3 3.9393E+00 0.00 –0.86 3.2009E+00 0.00 2.69

45-Rh-105 CENDL/FY 4.3175E+00 5.23 –10.54 3.2965E+00 3.40 –0.21

45-Rh-106 THIS WORK 2.4676E+00 4.96 0 2.5299E+00 3.88 0

45-Rh-106 ENDF/B-VI 2.4897E+00 1.40 –0.90 2.4546E+00 2.80 2.98

45-Rh-106 JEF-2 2.5491E+00 10.70 –3.30 2.5004E+00 7.79 1.17

45-Rh-106 JENDL-3 2.5311E+00 0.00 –2.57 2.4570E+00 0.00 2.88

45-Rh-106 CENDL/FY 2.5688E+00 98.35 –4.10 2.4376E+00 99.93 3.65

46-Pd-105 THIS WORK 3.9059E+00 2.10 0 3.2895E+00 1.65 0

46-Pd-105 ENDF/B-VI 4.0513E+00 1.40 –3.72 3.2159E+00 1.40 2.24

46-Pd-105 JEF-2 3.7166E+00 4.86 4.85 3.1582E+00 11.66 3.99

46-Pd-105 JENDL-3 3.9393E+00 0.00 –0.86 3.2009E+00 0.00 2.69

46-Pd-105 CENDL/FY 4.0400E+00 101.25 –3.43 3.2398E+00 99.93 1.51

47-Ag-109 THIS WORK 2.5200E–01 5.16 0 1.5496E+00 7.74 0

47-Ag-109 ENDF/B-VI 2.5214E–01 64.00 –0.06 1.1228E+00 64.00 27.54

47-Ag-109 JEF-2 1.1380E–01 0.15 54.84 1.5203E+00 20.69 1.89

47-Ag-109 JENDL-3 2.6844E–01 0.00 –6.52 1.2284E+00 0.00 20.73

47-Ag-109 CENDL/FY 2.5404E–01 98.83 –0.81 1.2219E+00 99.93 21.15

47-Ag-111 THIS WORK 6.9142E–02 4.38 0 1.0477E+00 2.18 0

47-Ag-111 ENDF/B-VI 7.1003E–02 2.00 –2.69 9.8929E–01 2.80 5.57

47-Ag-111 JEF-2 6.3913E–02 10.44 7.56 1.0629E+00 11.75 –1.45

47-Ag-111 JENDL-3 7.9966E–02 0.00 –15.66 1.1058E+00 0.00 –5.54

47-Ag-111 CENDL/FY 7.8050E–02 6.48 –12.88 1.0189E+00 3.11 2.75

48-Cd-115 THIS WORK 3.2700E–02 11.62 0 7.9890E–01 3.47 0

48-Cd-115 ENDF/B-VI 3.4437E–02 2.00 –5.31 7.8611E–01 4.00 1.60

48-Cd-115 JEF-2 3.6216E–02 9.05 –10.75 8.5763E–01 14.50 –7.35

48-Cd-115 JENDL-3 3.2281E–02 0.00 1.28 7.9857E–01 0.00 0.04

48-Cd-115 CENDL/FY 2.7489E–02 89.37 15.94 7.0172E–01 10.35 12.16

48-Cd-115M THIS WORK 2.5790E–03 12.02 0 6.7700E–02 14.33 0

48-Cd-115M ENDF/B-VI 3.1100E–03 6.00 –20.59 7.0933E–02 6.00 –4.78

48-Cd-115M JEF-2 1.5665E–03 9.04 39.26 3.4807E–02 16.22 48.59

48-Cd-115M JENDL-3 2.6874E–03 0.00 –4.20 6.8003E–02 0.00 –0.45

48-Cd-115M CENDL/FY 2.6436E–03 70.93 –2.50 7.0321E–02 14.06 –3.87

51-Sb-125 THIS WORK 4.9220E–02 41.26 0 1.2771E+00 5.62 0

51-Sb-125 ENDF/B-VI 4.8524E–02 8.00 1.41 1.1963E+00 6.00 6.32

51-Sb-125 JEF-2 9.6698E–02 18.66 –96.46 1.2785E+00 7.75 –0.11

51-Sb-125 JENDL-3 5.2542E–02 0.00 –6.75 1.2277E+00 0.00 3.87

TABLE 3.2.5.  COMPARISON OF RECOMMENDED YIELDS FROM 238U FISSION WITH THOSE 
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51-Sb-125 CENDL/FY 6.5760E–02 14.33 –33.60 1.2172E+00 9.54 4.69

52-Te-132 THIS WORK 5.1359E+00 2.48 0 4.5748E+00 2.03 0

52-Te-132 ENDF/B-VI 5.1276E+00 1.40 0.16 4.6522E+00 1.40 –1.69

52-Te-132 JEF-2 5.0667E+00 1.99 1.35 4.7068E+00 1.35 –2.89

52-Te-132 JENDL-3 5.1450E+00 0.00 –0.18 4.8061E+00 0.00 –5.06

52-Te-132 CENDL/FY 5.2434E+00 7.25 –2.09 4.5974E+00 4.47 –0.49

53-I-129 THIS WORK 5.8820E–01 10.12 0 1.6850E+00 5.69 0

53-I-129 ENDF/B-VI 1.0113E+00 8.00 –71.94 2.0775E+00 6.00 –23.29

53-I-129 JEF-2 6.2303E–01 7.65 –5.92 1.6470E+00 13.45 2.26

53-I-129 JENDL-3 9.9976E–01 0.00 –69.97 1.9491E+00 0.00 –15.67

53-I-129 CENDL/FY 9.7740E–01 98.88 –66.17 2.0691E+00 99.92 –22.80

53-I-131 THIS WORK 3.2193E+00 1.06 0 3.8538E+00 1.75 0

53-I-131 ENDF/B-VI 3.2908E+00 1.40 –2.22 3.9925E+00 2.00 –3.60

53-I-131 JEF-2 3.3045E+00 2.26 –2.65 3.8261E+00 2.61 0.72

53-I-131 JENDL-3 3.2386E+00 0.00 –0.60 4.0449E+00 0.00 –4.96

53-I-131 CENDL/FY 3.1668E+00 1.50 1.63 3.7999E+00 5.33 1.40

53-I-133 THIS WORK 5.9714E+00 1.62 0

53-I-133 ENDF/B-VI 5.9999E+00 64.00 –0.48

53-I-133 JEF-2 5.7440E+00 5.61 3.81

53-I-133 JENDL-3 6.1263E+00 0.00 –2.59

53-I-133 CENDL/FY 6.0199E+00 2.49 –0.81

53-I-137 THIS WORK 6.0000E+00 16.67 0 3.2800E+00 20.12 0

53-I-137 ENDF/B-VI 5.1250E+00 8.00 14.58 3.1214E+00 8.00 4.84

53-I-137 JEF-2 5.5738E+00 4.92 7.10 4.8864E+00 12.57 –48.98

53-I-137 JENDL-3 5.3137E+00 0.00 11.44 3.3321E+00 0.00 –1.59

53-I-137 CENDL/FY 4.3613E+00 15.88 27.31 3.1512E+00 12.79 3.93

54-Xe-131 THIS WORK 3.2330E+00 2.15 0 3.8143E+00 3.84 0

54-Xe-131 ENDF/B-VI 3.2908E+00 1.00 –1.79 3.9925E+00 1.40 –4.67

54-Xe-131 JEF-2 3.3041E+00 2.26 –2.20 3.8257E+00 2.61 –0.30

54-Xe-131 JENDL-3 3.2386E+00 0.00 –0.17 4.0449E+00 0.00 –6.05

54-Xe-131 CENDL/FY 3.2035E+00 1.20 0.91 3.9860E+00 2.75 –4.50

54-Xe-132 THIS WORK 5.1360E+00 0.88 0 4.8843E+00 1.20 0

54-Xe-132 ENDF/B-VI 5.1475E+00 1.40 –0.22 4.8381E+00 1.00 0.95

54-Xe-132 JEF-2 5.0684E+00 1.84 1.32 4.7101E+00 1.14 3.57

54-Xe-132 JENDL-3 5.1465E+00 0.00 –0.20 4.8542E+00 0.00 0.62

54-Xe-132 CENDL/FY 5.0763E+00 5.83 1.16 4.8857E+00 2.05 –0.03

54-Xe-133 THIS WORK 6.5664E+00 2.83 0 6.0094E+00 1.91 0

54-Xe-133 ENDF/B-VI 6.7610E+00 64.00 –2.96 6.0172E+00 64.00 –0.13

54-Xe-133 JEF-2 6.7252E+00 6.66 –2.42 5.7441E+00 5.61 4.41

54-Xe-133 JENDL-3 6.6062E+00 0.00 –0.61 6.1449E+00 0.00 –2.25

54-Xe-133 CENDL/FY 6.5778E+00 6.07 –0.17 6.8114E+00 5.74 –13.35

TABLE 3.2.5.  COMPARISON OF RECOMMENDED YIELDS FROM 238U FISSION WITH THOSE 
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54-Xe-134 THIS WORK 7.5977E+00 4.26 0 6.4616E+00 1.68 0

54-Xe-134 ENDF/B-VI 7.6094E+00 2.80 –0.15 6.4531E+00 2.00 0.13

54-Xe-134 JEF-2 7.5447E+00 3.54 0.70 6.1386E+00 3.52 5.00

54-Xe-134 JENDL-3 7.7456E+00 0.00 –1.95 6.5541E+00 0.00 –1.43

54-Xe-134 CENDL/FY 7.6589E+00 8.19 –0.81 6.5986E+00 82.23 –2.12

54-Xe-135 THIS WORK 6.7282E+00 2.37 0 5.8049E+00 2.07 0

54-Xe-135 ENDF/B-VI 6.9676E+00 1.00 –3.56 5.8393E+00 2.00 –0.59

54-Xe-135 JEF-2 6.5680E+00 7.51 2.38 5.4620E+00 6.09 5.91

54-Xe-135 JENDL-3 6.8110E+00 0.00 –1.23 5.8186E+00 0.00 –0.24

54-Xe-135 CENDL/FY 6.6363E+00 7.48 1.37 5.9361E+00 2.45 –2.26

54-Xe-136 THIS WORK 7.0095E+00 1.53 0 5.7228E+00 1.61 0

54-Xe-136 ENDF/B-VI 6.9789E+00 2.00 0.44 5.6244E+00 2.00 1.72

54-Xe-136 JEF-2 6.5497E+00 4.59 6.56 5.9579E+00 5.69 –4.11

54-Xe-136 JENDL-3 6.8506E+00 0.00 2.27 5.6808E+00 0.00 0.73

54-Xe-136 CENDL/FY 7.0627E+00 3.16 –0.76 5.6687E+00 3.22 0.95

54-Xe-137 THIS WORK 6.0500E+00 4.96 0 4.6300E+00 4.97 0

54-Xe-137 ENDF/B-VI 6.0413E+00 2.00 0.14 4.7249E+00 2.80 –2.05

54-Xe-137 JEF-2 6.0002E+00 4.16 0.82 5.6504E+00 9.38 –22.04

54-Xe-137 JENDL-3 6.0839E+00 0.00 –0.56 4.9313E+00 0.00 –6.51

54-Xe-137 CENDL/FY 5.6152E+00 6.80 7.19 4.6823E+00 3.82 –1.13

54-Xe-138 THIS WORK 5.9900E+00 5.01 0 4.2559E+00 2.62 0

54-Xe-138 ENDF/B-VI 5.7020E+00 2.80 4.81 4.5309E+00 2.00 –6.46

54-Xe-138 JEF-2 6.0323E+00 9.22 –0.71 4.5254E+00 14.84 –6.33

54-Xe-138 JENDL-3 5.4990E+00 0.00 8.20 4.2378E+00 0.00 0.42

54-Xe-138 CENDL/FY 5.3324E+00 4.67 10.98 4.3146E+00 3.27 –1.38

55-Cs-133 THIS WORK 6.7631E+00 1.06 0 6.0174E+00 2.79 0

55-Cs-133 ENDF/B-VI 6.7610E+00 0.50 0.03 6.0172E+00 1.40 0.00

55-Cs-133 JEF-2 6.7252E+00 2.53 0.56 5.7441E+00 2.09 4.54

55-Cs-133 JENDL-3 6.6062E+00 0.00 2.32 6.1449E+00 0.00 –2.12

55-Cs-133 CENDL/FY 6.6924E+00 5.10 1.05 6.1495E+00 100.01 –2.20

55-Cs-135 THIS WORK 6.8688E+00 1.36 0 5.8508E+00 1.73 0

55-Cs-135 ENDF/B-VI 6.9676E+00 64.00 –1.44 5.8419E+00 64.00 0.15

55-Cs-135 JEF-2 6.5684E+00 3.31 4.37 5.4624E+00 2.19 6.64

55-Cs-135 JENDL-3 6.8110E+00 0.00 0.84 5.8195E+00 0.00 0.54

55-Cs-135 CENDL/FY 6.8772E+00 8.98 –0.12 5.9000E+00 97.54 –0.84

55-Cs-137 THIS WORK 5.9376E+00 0.84 0 5.1737E+00 3.50 0

55-Cs-137 ENDF/B-VI 6.0525E+00 1.00 –1.94 5.1460E+00 2.80 0.53

55-Cs-137 JEF-2 6.0045E+00 4.16 –1.13 5.6732E+00 9.40 –9.65

55-Cs-137 JENDL-3 6.0907E+00 0.00 –2.58 4.9857E+00 0.00 3.63

55-Cs-137 CENDL/FY 5.9669E+00 3.50 –0.49 5.0688E+00 4.49 2.03

56-Ba-140 THIS WORK 5.8798E+00 0.61 0 4.5693E+00 1.17 0
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56-Ba-140 ENDF/B-VI 5.8152E+00 0.70 1.10 4.6070E+00 1.40 –0.83

56-Ba-140 JEF-2 5.7428E+00 7.17 2.33 4.7048E+00 4.76 –2.97

56-Ba-140 JENDL-3 5.9882E+00 0.00 –1.84 4.6523E+00 0.00 –1.82

56-Ba-140 CENDL/FY 5.9284E+00 1.06 –0.83 4.5684E+00 2.24 0.02

57-La-140 THIS WORK 5.8948E+00 1.50 0 4.6529E+00 2.80 0

57-La-140 ENDF/B-VI 5.8153E+00 0.70 1.35 4.6112E+00 1.40 0.90

57-La-140 JEF-2 5.7428E+00 7.17 2.58 4.7049E+00 4.76 –1.12

57-La-140 JENDL-3 5.9882E+00 0.00 –1.58 4.6525E+00 0.00 0.01

57-La-140 CENDL/FY 6.0336E+00 3.60 –2.35 4.8061E+00 4.69 –3.29

58-Ce-141 THIS WORK 5.3879E+00 3.79 0 4.3583E+00 1.69 0

58-Ce-141 ENDF/B-VI 5.3365E+00 2.80 0.95 4.3815E+00 2.00 –0.53

58-Ce-141 JEF-2 5.8292E+00 0.77 –8.19 4.4044E+00 3.43 –1.06

58-Ce-141 JENDL-3 5.4832E+00 0.00 –1.77 4.3985E+00 0.00 –0.92

58-Ce-141 CENDL/FY 5.7426E+00 5.01 –6.58 4.4578E+00 2.91 –2.28

58-Ce-143 THIS WORK 4.6420E+00 1.66 0 3.9123E+00 1.64 0

58-Ce-143 ENDF/B-VI 4.6221E+00 1.40 0.43 3.9087E+00 2.00 0.09

58-Ce-143 JEF-2 4.8241E+00 8.48 –3.92 3.9586E+00 13.98 –1.18

58-Ce-143 JENDL-3 4.5666E+00 0.00 1.62 3.9229E+00 0.00 –0.27

58-Ce-143 CENDL/FY 4.7059E+00 2.04 –1.38 3.9238E+00 3.18 –0.29

58-Ce-144 THIS WORK 4.5493E+00 1.86 0 3.7165E+00 2.34 0

58-Ce-144 ENDF/B-VI 4.5480E+00 1.40 0.03 3.7228E+00 2.80 –0.17

58-Ce-144 JEF-2 4.3996E+00 10.70 3.29 3.6397E+00 11.60 2.07

58-Ce-144 JENDL-3 4.5372E+00 0.00 0.27 3.6402E+00 0.00 2.05

58-Ce-144 CENDL/FY 4.5835E+00 12.75 –0.75 3.7167E+00 2.88 –0.01

59-Pr-141 THIS WORK 5.3879E+00 3.79 0 4.3583E+00 1.69 0

59-Pr-141 ENDF/B-VI 5.3365E+00 2.00 0.95 4.3815E+00 2.00 –0.53

59-Pr-141 JEF-2 5.8292E+00 0.77 –8.19 4.4044E+00 13.85 –1.06

59-Pr-141 JENDL-3 5.4832E+00 0.00 –1.77 4.3985E+00 0.00 –0.92

59-Pr-141 CENDL/FY 5.6717E+00 71.42 –5.27 4.3451E+00 69.54 0.30

59-Pr-144 THIS WORK 4.5493E+00 1.86 0 3.7165E+00 2.34 0

59-Pr-144 ENDF/B-VI 4.5480E+00 1.00 0.03 3.7228E+00 2.80 –0.17

59-Pr-144 JEF-2 4.3995E+00 10.70 3.29 3.6397E+00 11.60 2.07

59-Pr-144 JENDL-3 4.5372E+00 0.00 0.27 3.6402E+00 0.00 2.05

59-Pr-144 CENDL/FY 5.7516E+00 88.79 –26.43 3.6904E+00 99.92 0.70

60-Nd-143 THIS WORK 4.5338E+00 0.71 0 4.1917E+00 2.76 0

60-Nd-143 ENDF/B-VI 4.6221E+00 0.70 –1.95 3.9087E+00 2.00 6.75

60-Nd-143 JEF-2 4.8241E+00 8.48 –6.40 3.9586E+00 2.88 5.56

60-Nd-143 JENDL-3 4.5666E+00 0.00 –0.72 3.9229E+00 0.00 6.41

60-Nd-143 CENDL/FY 4.5375E+00 3.97 –0.08 3.9333E+00 99.91 6.16

60-Nd-144 THIS WORK 4.5493E+00 1.86 0 3.7165E+00 2.34 0

60-Nd-144 ENDF/B-VI 4.5480E+00 0.70 0.03 3.7228E+00 2.80 –0.17
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60-Nd-144 JEF-2 4.3996E+00 2.39 3.29 3.6397E+00 3.72 2.07

60-Nd-144 JENDL-3 4.5372E+00 0.00 0.27 3.6402E+00 0.00 2.05

60-Nd-144 CENDL/FY 4.6078E+00 12.42 –1.29 3.6904E+00 99.92 0.70

60-Nd-145 THIS WORK 3.7548E+00 0.87 0 3.0894E+00 5.18 0

60-Nd-145 ENDF/B-VI 3.8090E+00 0.70 –1.44 3.0038E+00 4.00 2.77

60-Nd-145 JEF-2 3.8920E+00 4.06 –3.65 2.9195E+00 6.69 5.50

60-Nd-145 JENDL-3 3.7559E+00 0.00 –0.03 3.0060E+00 0.00 2.70

60-Nd-145 CENDL/FY 3.7550E+00 0.94 –0.01 2.9807E+00 99.93 3.52

60-Nd-146 THIS WORK 3.3848E+00 0.98 0 1.9250E+00 12.21 0

60-Nd-146 ENDF/B-VI 3.4457E+00 0.70 –1.80 2.4369E+00 6.00 –26.59

60-Nd-146 JEF-2 3.5263E+00 3.95 –4.18 2.4570E+00 9.04 –27.64

60-Nd-146 JENDL-3 3.3953E+00 0.00 –0.31 2.1679E+00 0.00 –12.62

60-Nd-146 CENDL/FY 3.3948E+00 1.25 –0.30 2.0909E+00 99.93 –8.62

60-Nd-147 THIS WORK 2.5867E+00 2.21 0 2.0878E+00 1.62 0

60-Nd-147 ENDF/B-VI 2.5927E+00 1.40 –0.23 2.0911E+00 2.00 –0.16

60-Nd-147 JEF-2 2.6632E+00 3.14 –2.96 2.1715E+00 10.08 –4.01

60-Nd-147 JENDL-3 2.5298E+00 0.00 2.20 2.0969E+00 0.00 –0.44

60-Nd-147 CENDL/FY 2.6027E+00 1.70 –0.62 2.0835E+00 2.27 0.21

60-Nd-148 THIS WORK 2.1015E+00 0.88 0 1.6000E+00 5.62 0

60-Nd-148 ENDF/B-VI 2.1125E+00 0.70 –0.52 1.7305E+00 16.00 –8.16

60-Nd-148 JEF-2 2.2791E+00 6.67 –8.45 1.6543E+00 10.25 –3.39

60-Nd-148 JENDL-3 2.0816E+00 0.00 0.95 1.7457E+00 0.00 –9.11

60-Nd-148 CENDL/FY 2.0944E+00 1.70 0.34 1.7628E+00 99.92 –10.18

61-Pm-147 THIS WORK 2.5867E+00 2.21 0 2.0878E+00 1.62 0

61-Pm-147 ENDF/B-VI 2.5927E+00 1.00 –0.23 2.0911E+00 2.00 –0.16

61-Pm-147 JEF-2 2.6632E+00 3.14 –2.96 2.1715E+00 10.08 –4.01

61-Pm-147 JENDL-3 2.5298E+00 0.00 2.20 2.0969E+00 0.00 –0.44

61-Pm-147 CENDL/FY 2.5923E+00 99.00 –0.22 2.4764E+00 13.09 –18.61

61-Pm-149 THIS WORK 1.6279E+00 2.87 0 1.4189E+00 11.16 0

61-Pm-149 ENDF/B-VI 1.6253E+00 2.00 0.16 1.4582E+00 6.00 –2.77

61-Pm-149 JEF-2 1.6647E+00 11.19 –2.26 1.3409E+00 12.48 5.50

61-Pm-149 JENDL-3 1.6076E+00 0.00 1.25 1.4227E+00 0.00 –0.27

61-Pm-149 CENDL/FY 1.6897E+00 6.68 –3.80 1.6883E+00 11.53 –18.99

61-Pm-151 THIS WORK 7.9970E–01 2.04 0 8.0120E–01 4.17 0

61-Pm-151 ENDF/B-VI 7.9940E–01 2.00 0.04 8.0147E–01 4.00 –0.03

61-Pm-151 JEF-2 8.0914E–01 3.62 –1.18 7.8719E–01 9.61 1.75

61-Pm-151 JENDL-3 8.0064E–01 0.00 –0.12 8.0144E–01 0.00 –0.03

61-Pm-151 CENDL/FY 8.2127E–01 4.37 –2.70 6.8015E–01 10.11 15.11

62-Sm-147 THIS WORK 2.5266E+00 1.20 0 2.0365E+00 2.62 0

62-Sm-147 ENDF/B-VI 2.5927E+00 0.70 –2.62 2.0911E+00 2.00 –2.68

62-Sm-147 JEF-2 2.6632E+00 3.14 –5.41 2.1715E+00 10.08 –6.63
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62-Sm-147 JENDL-3 2.5298E+00 0.00 –0.13 2.0969E+00 0.00 –2.97

62-Sm-147 CENDL/FY 2.5149E+00 1.54 0.46 2.0617E+00 11.62 –1.24

62-Sm-149 THIS WORK 1.5850E+00 1.20 0 1.2038E+00 2.84 0

62-Sm-149 ENDF/B-VI 1.6253E+00 1.00 –2.54 1.4582E+00 6.00 –21.13

62-Sm-149 JEF-2 1.6647E+00 4.34 –5.03 1.3409E+00 7.96 –11.39

62-Sm-149 JENDL-3 1.6076E+00 0.00 –1.42 1.4227E+00 0.00 –18.18

62-Sm-149 CENDL/FY 1.5866E+00 6.82 –0.10 1.4303E+00 99.92 –18.82

62-Sm-151 THIS WORK 7.8691E–01 3.12 0 6.5409E–01 2.60 0

62-Sm-151 ENDF/B-VI 7.9940E–01 1.40 –1.59 8.0147E–01 4.00 –22.53

62-Sm-151 JEF-2 8.0914E–01 3.62 –2.82 7.8719E–01 9.61 –20.35

62-Sm-151 JENDL-3 8.0064E–01 0.00 –1.74 8.0144E–01 0.00 –22.53

62-Sm-151 CENDL/FY 7.9910E–01 1.70 –1.55 8.1694E–01 99.93 –24.90

62-Sm-152 THIS WORK 5.2168E–01 1.11 0

62-Sm-152 ENDF/B-VI 5.3023E–01 1.00 –1.64

62-Sm-152 JEF-2 5.4985E–01 7.17 –5.40

62-Sm-152 JENDL-3 5.2075E–01 0.00 0.18

62-Sm-152 CENDL/FY 5.1920E–01 1.80 0.48

63-Eu-156 THIS WORK 6.7100E–02 3.13 0 1.0900E–01 2.66 0

63-Eu-156 ENDF/B-VI 7.6034E–02 2.00 –13.31 1.1437E–01 2.80 –4.92

63-Eu-156 JEF-2 6.3156E–02 4.92 5.88 1.1232E–01 6.75 –3.05

63-Eu-156 JENDL-3 6.7481E–02 0.00 –0.57 1.0798E–01 0.00 0.93

63-Eu-156 CENDL/FY 7.5269E–02 3.53 –12.17 1.1259E–01 4.47 –3.29

65-Tb-161 THIS WORK 1.1436E–03 7.87 0 8.2450E–03 6.12 0

65-Tb-161 ENDF/B-VI 1.2150E–03 2.80 –6.24 8.4690E–03 4.00 –2.72

65-Tb-161 JEF-2 1.1559E–03 40.50 –1.08 7.8741E–03 31.30 4.50

65-Tb-161 JENDL-3 1.2798E–03 0.00 –11.91 8.4897E–03 0.00 –2.97

65-Tb-161 CENDL/FY 1.1881E–03 18.30 –3.89 8.7347E–03 3.73 –5.94

TABLE 3.2.6.  COMPARISON OF RECOMMENDED YIELDS FROM 235U FISSION WITH THOSE 
FROM OTHER LIBRARIES  

Energy Æ T F H
Total

Nuclide B-VI JEF CFY Total B-VI JEF CFY Total B-VI JEF CFY Total

33-As- 85 L L 2 N N 2

34-Se- 79 N N 0

35-Br- 88 N N 0

35-Br- 89 L L 2 N N 2

35-Br- 90 L L 2 N N 2

35-Br- 91 L L 2 N N 2

36-Kr- 83 0 0 N 0

36-Kr- 86 0 0 N 0
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36-Kr- 87 0 0 N 0

37-Rb- 93 L 1 N N 1

37-Rb- 94 0 N N 0

37-Rb- 95 L 1 N N 1

38-Sr- 89 0 0 0 0

38-Sr- 90 0 0 0 0

38-Sr- 92 0 N N 0

39-Y - 91 0 0 0 0

39-Y - 99 L 1 N N 1

40-Zr- 91 0 0 0 0

40-Zr- 93 0 0 0 0

40-Zr- 96 0 0 N 0

41-Nb- 95 0 0 N 0

42-Mo- 95 0 0 N 0

42-Mo- 97 0 0 N 0

42-Mo-100 0 0 N 0

43-Tc- 99 0 N N 0

44-Ru-101 0 0 N 0

44-Ru-102 0 0 N 0

44-Ru-103 0 0 0 0

44-Ru-104 0 L 1 N 1

44-Ru-106 0 L L L 3 0 3

45-Rh-103 0 0 0 0

45-Rh-106 0 N N 0

46-Pd-105 0 0 L 1 1

46-Pd-107 0 N N 0

47-Ag-109 0 N N 0

47-Ag-111 L L 2 L L 2 L L 2 6

48-Cd-115 L L L 3 L L L 3 L L 2 8

48-Cd-115M L L 2 L L L 3 L L 2 7

50-Sn-126 0 0 N 0

51-Sb-125 L 1 0 N 1

51-Sb-135 0 N N 0

52-Te-132 0 0 0 0

53-I -129 L L 2 L 1 0 3

53-I -131 0 0 0 0

53-I -135 0 0 0 0

53-I -137 L L L 3 0 N 3

53-I -138 0 N N 0

53-I -139 L L L 3 N N 3

54-Xe-131 0 0 N 0
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54-Xe-132 0 0 N 0

54-Xe-134 0 0 N 0

54-Xe-135 0 N N 0

54-Xe-136 L 1 0 N 1

54-Xe-137 0 0 N 0

54-Xe-138 0 0 N 0

55-Cs-133 0 0 N 0

55-Cs-135 0 0 0 0

55-Cs-136 0 N N 0

55-Cs-137 0 0 N 0

56-Ba-140 0 0 0 0

57-La-140 0 N N 0

58-Ce-141 0 0 0 0

58-Ce-143 0 0 0 0

59-Pr-141 0 0 0 0

59-Pr-144 0 0 N 0

60-Nd-143 0 0 N 0

60-Nd-144 0 0 N 0

60-Nd-145 0 0 N 0

60-Nd-146 0 0 N 0

60-Nd-148 0 0 N 0

61-Pm-147 0 0 L L 2 2

61-Pm-149 0 0 N 0

61-Pm-151 0 0 L L 2 2

62-Sm-147 0 0 N 0

62-Sm-149 0 0 N 0

62-Sm-151 0 0 N 0

62-Sm-152 0 0 N 0

62-Sm-153 0 L L 2 0 2

63-Eu-153 L 1 N N 1

Total  9  9 10  28  5  5  5  15  4  5  2 11 54

Total Nuclides 83 83 83 249 61 61 61 183 24 24 24 72 504

Per cent 11 11 12  11  8  8  8   8 17  21  8 15 11

L: Difference between present evaluated data and data from other libraries is larger than 10%, and larger than the uncertainty 
given by the corresponding library.
N: No data are given in the present evaluation (no experimentally measured data).
Per cent: number of nuclides divided by the total nuclide number.
No uncertainty given in JENDL-3.2, and therefore no comparison given.

TABLE 3.2.6.  COMPARISON OF RECOMMENDED YIELDS FROM 235U FISSION WITH THOSE 
FROM OTHER LIBRARIES (cont.) 

Energy Æ T F H
Total

Nuclide B-VI JEF CFY Total B-VI JEF CFY Total B-VI JEF CFY Total
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TABLE 3.2.7. COMPARISON OF RECOMMENDED REFERENCE YIELDS FOR 238U FISSION WITH 
OTHER EVALUATED DATA  

Energy Æ Fission spectrum Around 14 MeV Total

Nuclide B-VI JEF CFY Total B-VI JEF CFY Total

35-Br-88 N L L L 3 3

35-Br-89 N L 1 1

36-Kr-83 0 L 1 1

36-Kr-85 L L L 3 L 1 4

36-Kr-85M L 1 0 1

36-Kr-86 0 L L 2 2

36-Kr-87 0 0 0

36-Kr-88 L 1 0 1

38-Sr-89 0 0 0

38-Sr-90 0 0 0

38-Sr-92 0 0 0

39-Y- 91 L 1 0 1

40-Zr-91 0 0 0

40-Zr-93 0 0 0

40-Zr-95 0 0 0

41-Nb-95 0 0 0

42-Mo-95 0 0 0

42-Mo-97 0 0 0

42-Mo-99 0 0 0

43-Tc-99 0 0 0

44-Ru-101 0 0 0

44-Ru-103 0 0 0

44-Ru-104 0 L 1 1

44-Ru-106 0 0 0

45-Rh-103 0 0 0

45-Rh-105 L 1 0 1

45-Rh-106 0 0 0

46-Pd-105 0 0 0

47-Ag-109 L 1 L 1 2

47-Ag-111 L 1 0 1

48-Cd-115 L 1 L 1 2

48-Cd-115M L L 2 L 1 3

51-Sb-125 L L 2 0 0

52-Te-132 0 0 0

53-I- 129 L 1 L 1 2

53-I -131 0 0 0

53-I -133 N 0 0

53-I -137 L L 2 L 1 3

54-Xe-131 0 0 0

54-Xe-132 0 0 0

54-Xe-133 0 L 1 1
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54-Xe-134 0 0 0

54-Xe-135 0 0 0

54-Xe-136 0 0 0

54-Xe-137 0 L 1 1

54-Xe-138 L 1 0 1

55-Cs-133 0 0 0

55-Cs-135 0 0 0

55-Cs-137 0 0 0

56-Ba-140 0 0 0

57-La-140 0 0 0

58-Ce-141 0 0 0

58-Ce-143 0 0 0

58-Ce-144 0 0 0

59-Pr-141 0 0 0

59-Pr-144 0 0 0

60-Nd-143 0 0 0

60-Nd-144 0 0 0

60-Nd-145 0 0 0

60-Nd-146 0 L L 2 2

60-Nd-147 0 0 0

60-Nd-148 0 0 0

61-Pm-147 0 L 1 1

61-Pm-149 0 L 1 1

61-Pm-151 0 0 0

62-Sm-147 0 0 0

62-Sm-149 0 L L 2 2

62-Sm-151 0 L L 2 2

62-Sm-152 0 0 0

63-Eu-156 L L 2 0 2

65-Tb-161 0 0 0

Total  5  6  9  20 10  8  6  24 44

Total nuclides 68 68 68 204 71 71 71 213 417

Per cent 7.35 8.82 13.2 9.80 14.1 11.3 8.45 11.3 10.6

Symbols are the same as in Table 3.2.6.

TABLE 3.2.7. COMPARISON OF RECOMMENDED REFERENCE YIELDS FOR 238U FISSION WITH 
OTHER EVALUATED DATA (cont.) 

Energy Æ Fission spectrum Around 14 MeV Total

Nuclide B-VI JEF CFY Total B-VI JEF CFY Total
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Compared with JEF-2, our recommended 
yield is 23% larger for 85mKr(H), 55% larger for 
109Ag(F) and 49% larger for 115mCd(H), and 49% 
smaller for 137I(H) and 26% smaller for 137Xe(H), 
although all of these values are in agreement with 
the equivalent data in the other three libraries.

The uncertainties in the present evaluation 
have the same magnitude as those in ENDF/B-VI, 
but are much smaller than those in JEF-2.2 and 
CENDL/FY (Tables 3.2.8 and 3.2.9 and Figs 3.2.6–
3.2.10). Uncertainties in the present evaluation and 
ENDF/B-VI for 235U are mainly identified with 
fission products in the range of 0.5–3% for thermal 
and fission spectrum neutrons, and within 1–9% 
(our evaluation) and 2–12% (ENDF/B-VI) for 
neutrons around 14 MeV, while the yield 
uncertainties in JEF-2.2 and CENDL/FY for most 

FIG. 3.2.1. Comparison of the present evaluation with 
others for 235U thermal neutron fission.

FIG. 3.2.2. Comparison of the present evaluation with 
others for 235U fission spectrum neutron fission.

FIG. 3.2.3. Comparison of the present evaluation with 
others for 235U 14 MeV neutron fission.

FIG. 3.2.4. Comparison of the present evaluation with 
others for 238U fission spectrum neutron fission.

FIG. 3.2.5. Comparison of the present evaluation with 
others for 238U 14 MeV neutron fission.
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fission products are within 0.5–9% for thermal 
neutrons, 1–9% for the fission spectrum and 3–12% 
for 14 MeV neutrons. There are also a reasonable 
number of fission yields for which the uncertainties 
are larger than 20%. Yield uncertainties for most 
fission products from the 238U fission are within 0.5–
3% for fission spectrum neutrons, and 1–6% for 
neutrons around 14 MeV for the present evaluation 
and ENDF/B-VI. While the uncertainties of most 
fission products in JEF-2.2 and CENDL/FY are 
within 0.5–12% and 1–9% respectively for fission 
spectrum neutrons, and within 2–12% for 14 MeV 
neutrons, there are a large number of fission 
products in CENDL/FY that possess uncertainties 
larger than 20% for fission spectrum and 14 MeV 
neutrons. 

3.2.4. Concluding remarks

Reference fission yield data were evaluated 
from the available experimental data by calculating 
weighted averages with the AVERAG code and 
using the ZOTT code for simultaneous evaluations. 
Only measurements of absolute yields and yield 
ratios were included; thus no standard yields were 
used (except for our newly evaluated data).

235U fission: 92 CU fission yield data of 
47 product nuclides were evaluated — 78 data are 
recommended, 7 data are not recommended and 
another 7 are only recommended as references and 
need to be improved.

238U fission: 74 yield data of 39 product nuclides 
were evaluated — 65 data are recommended, 6 data 

TABLE 3.2.8.  COMPARISON OF THE UNCERTAINTIES OF RECOMMENDED REFERENCE 
YIELDS FROM 235U FISSION WITH THOSE FROM OTHER LIBRARIES

 Uncertainty range <1 1–2 2–3 3–4 4–6 6–9 9–12 12–15 15–20 >20

T

THIS WORK 34 15  8 4  9  4  1  0 2  2

ENDF/B-VI 41 11 10 4  3  4  1  0 0  5

JEF-2.2  9 17  6 8  6 13  4  1 3 12

CENDL/FY  6 12 13 2 15  7  7  3 4 10

F

THIS WORK 16 11 11 6  7  0  2  2 1  1

ENDF/B-VI 35 14  5 5  3  3  1  0 1 12

JEF-2.2  2  6  6 4 11 12  3 13 4 18

CENDL/FY  7 12  5 7 11  6  1  3 2 25

H

THIS WORK  0  3  5 2  8  4  2  0 0  0

ENDF/B-VI  0  1 20 6  9  9  9  0 6 19

JEF-2.2  0  5  2 6 11  6 13  7 1 28

CENDL/FY  0  0  0 6 10  3  4  1 1 54

TABLE 3.2.9.  COMPARISON OF THE UNCERTAINTIES OF RECOMMENDED REFERENCE 
YIELDS FROM 238U FISSION WITH THOSE FROM OTHER LIBRARIES

Uncertainty range <1 1–2 2–3 3–4 4–6 6–9 9–12 12–15 15–20 >20

F

THIS WORK 12 17 12 8 12  2  2  1 1  1

ENDF/B-VI 21 30  9 0  1  3  0  0 0  7

JEF-2.2  4  3  6 9  9 16 19  0 4  1

CENDL/FY  1 13  5 8 15 10  1  3 2 13

H

THIS WORK  0 23 18 7 12  3  2  2 2  1

ENDF/B-VI  2 29 17 2  7  5  1  0 2  6

JEF-2.2  0  3  7 3  8 13 19 12 2  3

CENDL/FY  0  1 11 9  8  3  8  3 0 28
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are not recommended and 3 are recommended only 
as references.   

All the data have been updated. A 
comparison with ENDF/B-VI, JEF-2.2, JENDL-3.2 
and CENDL/FY evaluations revealed that most of 
the present recommended data are in agreement 
with other databases. However, there are about 
11% of all product nuclides from 235U and 238U 
fission for which the difference of the yield data in 
our evaluation to the equivalent data in the other 
four libraries is larger than 10% and exceeds the 
uncertainty given in the corresponding library. Uncer-
tainties in the present evaluation are of the same 
magnitude as the uncertainties in ENDF/B-VI, and 
much smaller than those in JEF-2.2 and CENDL/FY. 
Our data are suitable for use as standards in 
evaluations and measurements or as monitor yields in 
applied measurements and calculations.

FIG. 3.2.6. Comparison of yield uncertainties in the present 
evaluation with others for 235U thermal neutron fission.

FIG. 3.2.7. Comparison of yield uncertainties in the present 
evaluation with others for 235U fission spectrum neutron 
fission.

FIG. 3.2.8. Comparison of yield uncertainties in the present 
evaluation with others for 235U 14 MeV neutron fission.

FIG. 3.2.9. Comparison of yield uncertainties in the present 
evaluation with others for 238U fission spectrum neutron 
fission.

FIG. 3.2.10. Comparison of yield uncertainties in the 
present evaluation with others for 238U 14 MeV neutron 
fission.
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3.3. EVALUATION OF MASS DISTRIBUTION DATA
FROM 252Cf SPONTANEOUS FISSION

Liu Tingjin
China Institute of Atomic Energy, China

The mass distribution of 252Cf spontaneous 
fission was evaluated on the basis of seven sets of 
available experimental data. The measured data 
were modified on the basis of the authors’ adopted 
standards and g ray intensities by using our newly 
evaluated values, and the originally assigned uncer-
tainties were adjusted. The evaluated experimental 
data were fitted with a spline function. In addition, a 
symmetric spline function fit of all experimental 
data was performed by symmetric reflection of the 
light mass peak into the heavy mass peak. These two 
sets of fitted data are recommended as reference for 
the mass distribution of 252Cf spontaneous fission. 
Uncertainties in the recommended data were 
considerably reduced compared to the measured 
values. The light and heavy mass peaks are not 
completely symmetric. Fine structure has been 
observed in experimental mass distributions around 
A = 109–112 and A = 136–139, which is probably 
real, but could not be reproduced in the evaluation 
due to inconsistencies in the measurement results. 
These phenomena and their physical background 
should be investigated further.

3.3.1. Introduction

The average number and spectrum of 
neutrons from the spontaneous fission of 252Cf are 
used as standards in neutron data measurements 
and evaluations, and internationally recommended 
data have been published [3.3.1]. The same is true 
for the mass distribution data of 252Cf spontaneous 
fission that are used as reference in fission yield 
data measurements and evaluations. As requested 
by the CRP, these yield data were evaluated and 
represent a continuation of our reference fission 
yield data evaluation following the completion of 
235U and 238U yield evaluations in 2001 [3.3.2].

All data were evaluated on the basis of the 
available experimental data, and the results are 
summarized in this section. The collection, 
evaluation and processing of the experimental data 
are described in Sections 3.3.2 and 3.3.3, the results 
are given in Section 3.3.4 together with a discussion 

of some problems encountered, and the conclusions 
are given in Section 3.3.5.

3.3.2. Collection and evaluation 
of experimental data

As part of our evaluation effort to derive 252Cf 
mass distributions, we collected experimental chain 
yield, CU yield and fragment mass yield data, which 
we retrieved from the EXFOR data library or 
collected as publications found in CINDA and 
elsewhere. Since our goal is to evaluate the mass 
distribution, we primarily collected and used 
experiments in which chain yields and fragment 
mass yields were measured for a wider range of 
product nuclides. However, chain yields for low 
yield product nuclides and CU yields were also 
collected and reviewed in case they were needed 
(due to the lack of primary data), or to see whether 
some supplementary information and data could be 
obtained for the evaluation. As a result of this 
selection, the following eight sets of data were 
considered for the evaluation.

3.3.2.1. Schmitt et al. [3.3.3]

The kinetic energy and flight time of fission 
fragments were measured by means of surface 
barrier semiconductor detectors. The linear signal 
of the detector was used to determine the fragment 
energy E, and the flight time was determined by 
means of a ‘time pickoff’ scheme in which 
transformer coupling was employed. The energy 
and mass distributions were deduced from these 
energy and time of flight spectra, in which the 
energy was calibrated with 79,81Br and 127I ions 
produced from the ORNL tandem van de Graaff 
accelerator and the mass resolution was 1.8 amu for 
79Br (2.25%) and 3.2 amu for 127I (2.5%). The post-
neutron emission mass distribution of the fission 
fragments was also given. The data were adjusted 
for mass resolution with the following formula:

(3.3.1)N A N A
d N A

dAC U
C( ) ( )

( )
= - ¥

s 2 2

22
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where NC, NU are the modified and unmodified 
mass distributions respectively, and s is the rms width 
associated with the mass resolution (full width at 
half maximum) given above.

These measurements involved the kinetic 
energy, time of flight correlation method. The yields 
of all fragments were measured simultaneously and 
the systematic uncertainty due to the individual 
measurements of the product nuclides in the radio-
chemical method was avoided. Compared with the 
radiochemical and mass spectrometric methods, 
more nuclides were measured and the mass range 
was wider. Since this study involved a two 
dimensional (coincidence) measurement, and the 
intensity of the source was low (3 × 105 fissions per 
minute), the counting statistics were poor (only 
~350 counts at the peak maximum) and the 
statistical uncertainty was large. No uncertainty was 
given by the authors in the paper, nor included in 
the EXFOR entry. The main uncertainty was 
statistical and assigned as 5% for the peak yields 
(Y0), whereas others were given as 5(Y0/Y)1/2%. 

3.3.2.2. Thierens et al. [3.3.4]

The chain yields of 43 product nuclides were 
determined by means of the catcher foil technique 
and by g ray spectrometry using a Ge(Li) detector. 
The intensity of the source was 1.2 × 106 fissions/min,
and the efficiency of the detector was calibrated to 
within an uncertainty of about 5%. The uncertainty 
from g peak area statistics was negligible. The chain 
yield was derived from the measured CU yield by 
adjusting the measured data using the charge distri-
bution formula, with c = 0.8:

(3.3.2)

Gamma decay data were originally taken from 
Nuclear Data Sheets, Nuclear Physics and other 
literature published from 1972–1975. Most of these 
data have been subsequently updated, and therefore 
they were modified by using the newly recommended 
data taken primarily from the CNDC evaluation and 
Table of Isotopes [3.3.16]. Adjustment factors (b) 
were based on the g ray measurement technique and 
were calculated as follows:

(1) Yield was determined by one g ray, and b = I0/
IS, where I0 is for the g  ray intensity used by 
the author, and IS is the new g ray intensity;

(2) Yield was determined by multi g rays, and 
, where W = Swi and 

;
(3) Yield was determined by M product nuclides 

and Nj g rays for j-th nuclide, , 
 
where subscript i is for a g ray and j is for a 
nuclide.

3.3.2.3. Blachot et al. [3.3.5]

Chain yields for 27 masses were measured by 
using aluminium catcher foils for fission fragments. 
The intensity of the source was 5 × 106 fissions/s and 
the irradiation time was 1–17 d. Fission products 
were first separated chemically into fractions 
containing rare earth, alkali and alkaline earth 
elements, ruthenium, zirconium and niobium. 
Thereafter, the g rays of the individual nuclides 
were measured with a Ge(Li) detector of energy 
resolution 2.5 keV at 1.3 MeV. The sum of yields 
under the heavy mass peak was normalized to a 
total of 100%, giving a yield of 6.05 for the 140Ba 
monitor to which the other product yields were 
normalized. To obtain the total chain yield for each 
mass, the measured CU yield of a product was 
adjusted for the independent yields of the nuclides 
following the measured product in the mass chain, 
using a charge distribution formula of the form of 
Eq. (3.3.2).

As one of the two primary monitors, the yield 
for 140Ba (in fact, for the A = 140 mass chain) was 
carefully evaluated in this work (see below), and a 
value of 5.674 ± 0.098 was obtained. Then the data 
were modified relative to this new monitor value. 
The data at A = 99, 111, 117, 135, 137 and 149 were 
discarded, as they were either too large (A = 149) or 
too small (other A).

3.3.2.4. Nervik [3.3.6]

The R values of 36 fission product nuclides 
(A = 77–166) were measured by the radiochemical 
method. Fission products were collected with an 
aluminium catcher foil, chemically separated, and g
or b radiation was measured with a NaI detector or 
b counter. The intensity of the 252Cf source was 1 × 
106/m, 2 × 107/m or 7 × 107/m. R values were 
determined relative to the same nuclides measured 
for 235U thermal neutron fission and the 99Mo yields 
from 235U thermal neutron fission and 252Cf 
spontaneous fission. Chain yields were calculated 
using yield values of 6.14 for 99Mo from 235U 
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thermal neutron fission and 2.57 ± 0.03 for 99Mo 
from 252Cf spontaneous fission (the former was 
obtained from an evaluation, being almost the same 
as our recently recommended value of 6.15; the 
latter was determined as the average of three direct 
measurements).

Data were taken from Table 1 of Ref. [3.3.6] 
(there is no entry in EXFOR). As the monitor, the 
yield for 99Mo from 252Cf spontaneous fission was 
extensively evaluated in this work (see below) to 
give a recommended value of 2.583 ± 0.062, and all 
data were adjusted against this value. Measurement 
uncertainties in the paper are given as average 
deviations of multiple determinations. However, the 
measuring time of individual determinations was not 
very long, and the uncertainties reflect only the repro-
ducibility in multiple determinations and not the real 
counting statistics. Therefore, the uncertainties given 
by the author were not used, and we assigned 8% for 
yields Y ≥ 1%, 15% for 0.05% £ Y < 1%, and 25% for
Y < 0.05%. The size of the assigned uncertainties 
arises for these measurements being undertaken with a 
NaI detector. The measurements for A = 112, 125, 137 
were discarded because these data are significantly 
smaller than other measurements.

3.3.2.5. Flynn et al. [3.3.7]

The CU yields of 39 product nuclides were 
measured using radiochemical separation, followed 
by b counting or g ray spectrometry of unseparated 
fission products. The absolute measurements 
involved determination of the fission rates for 99Mo, 
111Ag, 132Te and 140Ba. Yields were normalized to a 
value of 2.60 for the 99Mo monitor, which is the 
average of three data sets: a value of 2.48 ± 0.13 was 
measured absolutely by the author, and the other 
two were taken from the literature. The authors’ 
final data are CU yields and have not been modified 
to derive total chain yields from the charge distri-
bution function, although the author claimed that 
calculated differences between CU and total chain 
yields were smaller than 1% in all cases. The uncer-
tainties given were estimated to be about 10% 
overall and about 5% for multiple determinations.

The data were checked to see if they could be 
used as chain yields. Unfortunately, the data for 
123,125Sn and 127,129Te are only for ground (former) or 
metastable (latter) states and therefore have large 
differences to the corresponding chain yields. The 
yields of the 115Cd ground and isomeric states were 
summed to obtain the chain yield. All data were 
adjusted for the 99Mo monitor yield by using our 

newly evaluated value of 2.583 ± 0.062 (see below). 
Finally, when compared with the equivalent data from 
other sources, the yields at masses A = 121–129 were 
found to be systematically lower, and were discarded.

3.3.2.6. Li Ze et al. [3.3.8]

Forty-four chain yields from mass number 85–
157 were absolutely measured by means of g ray 
spectrometry with a Ge(Li) detector. The efficiency 
of the detector was carefully calibrated and the 
energy resolution was 1.85 keV at 1.332 MeV. The 
Al catcher foil technique was used, and the 
collection efficiency of the catcher foil for fission 
fragments was determined precisely to obtain the 
fission rate. A 252Cf source weighing 0.3 μg was used 
with an intensity of (1.226 ± 0.018) × 104 fissions/s in 
a solid angle of 0.374p sterad. The areas under the 
light and heavy mass peaks are 99.76% and 
102.08%, respectively. Data were adjusted for 
product decay during collection, cooling and 
measurement, along with g pulse pile-up and 
cascade effects. Chain yields were determined by 
adjusting the data by means of the charge distri-
bution equation (3.3.2), with c = 0.8. Uncertainties 
in the data table include counting statistics, fission 
rate (1.5%), detector efficiency (2.4% or 4.2%, 
depending on the fission product measured), 
adjustment for pulse pile-up (0.5%), and g ray 
cascade effects (0.2–2.4%). 

Compared with data measured by the radio-
chemical and g ray spectrometric method (not 
kinetic energy method), more product nuclides 
were measured in this work. Furthermore, these 
studies represent an absolute measurement, and the 
integral areas of the light and heavy peaks are 
consistent with a 100% total within the uncertainty 
limits of the fission rate. The data were adjusted 
using new g decay data taken from the CNDC 
evaluation or the Table of Isotopes [3.3.16]. 
However, for 117Cd the yield was not modified 
because the g ray intensity given in the publication 
could be in error (i.e. may be a misprint and not that 
used by the author to calculate the yield); this yield 
also remained unadjusted because the effect on the 
shape of the yield curve is small.

3.3.2.7. Chen et al. [3.3.9]

Chain yields of 35 mass chains were measured 
absolutely by radiochemical separation, using a 
source of known intensity. Chemical yields of the 
separations were measured, and the fission product 
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activities were recorded with a proportional counter 
for b emissions and with a NaI scintillator for g rays. 
The efficiency of the g ray detector was determined 
experimentally. Either the predetermined g ray 
efficiency curve was used or the efficiency of the 
g ray and b particle detectors was determined 
directly via the measured fission product. The total 
uncertainties of the data are 3–15% and include 
contributions from detector calibration and chemical 
yield, fission rate and peak area determinations.

The data were taken from Table 1 of the paper 
(no corresponding EXFOR entry exists) and agree 
reasonably well with the data of Li Ze et al. [3.3.8], 
although there are fewer values in the valley range. 
Chain yields are too large for A = 113, 134 and 135, as 
deduced from 113gAg, 134Te and 135I, respectively. These 
nuclides are far from the stable nuclides of the 
respective chains (i.e. by 2–3 charges). The adjustment 
factors from the literature are relatively large (when 
calculated using ENDF/B-VI data they are even 
larger), the resulting yields are unreliable, and their 
uncertainties are increased by 10% for mass chains 
113 and 135, and by 13% for mass chain 134. Also, the 
uncertainty for 99Mo was increased from 3.5% to 5%.

3.3.2.8. Fraser et al. [3.3.10]

Fragment mass distributions of pre- and post-
neutron emission were measured by the double 
time of flight method, with a source intensity of 0.6–
3 × 105 fissions/min. The flight paths were 144.3 and 
146.2 cm, time resolution was 1.35 ns, and data were 
adjusted for mass resolution.

The mass yields are given for each mass 
number in the range 80–168, which represents a 
reasonably complete coverage of the mass distri-
bution, but the measurement statistics are poor due 
to the weak source and the long flight distance. 
Furthermore, there may have been some problems 
with the energy and mass calibration because the 
light mass peak is narrower and the heavy mass 
peak is systematically shifted to the right (Fig. 3.3.1) 
when compared with other studies (e.g. Li Ze et al., 
and Schmitt et al.). The data were eventually 
discarded in the evaluation.

3.3.2.9. Adopted data

All adopted and adjusted experimental data 
are given in Annex 3.3.1 and shown in Figs 3.3.2–
3.3.5. Seven sets of data altogether are in agreement 
within the assigned uncertainties, except for a few 
specific data points.

3.3.3. Processing of evaluated experimental data

3.3.3.1. Data at mass numbers 99 and 140           

The yields for mass numbers 99 (Nervik 
[3.3.6]) and 140 (Blachot et al. [3.3.5] and Flynn et 
al. [3.3.7]) were used as monitors in the relative 
measurements. These data have to be renormalized 

FIG. 3.3.1.  Comparison of data of Li Ze, Fraser and 
Schmitt.

FIG. 3.3.2.  Mass distribution from 252Cf spontaneous 
fission.

FIG. 3.3.3.  Mass distribution from 252Cf spontaneous 
fission.
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using the monitor yields obtained in our evalua-
tions. Therefore, the yields for masses 99 and 140 
were evaluated first, using the absolutely measured 
yields and uncertainties accepted by us, which are 
listed in Table 3.3.1. Weighted averages were 
calculated using the AVERAG code [3.3.11]. The 
recommended yields are listed as ‘mean’ in Table 
3.3.1, together with their external uncertainties. One 
point of note is that the reduced c2 (1.4) is larger 
than 1 for A = 99, which is due to the deviation of 
Schmitt’s data from the others.   

3.3.3.2. Spline fitting for evaluated 
experimental data

The evaluated data were fitted by means of 
SPF [3.3.12], a spline fit code for multiple data sets 
with knot optimization. Primary knots were 
carefully selected on the basis of the shape of the 
curve and were automatically optimized by the 
code. The best result was obtained with 26 knots, 
and the reduced c2 was 1.551.

3.3.3.3. Symmetric spline fitting

All models for Gaussian fission fragment mass 
distributions are based on the assumption that all 
fissions are binary [3.3.13, 3.3.14]. This means that 
the primary fragment mass distribution should be 
symmetric around mass number A

–
 = (Af – v–)/2 = 

124.1, where Af is the mass of the fissioning nucleus 
and v– = 3.7661 is the internationally recommended 
value of the average number of neutrons emitted 
per fission [3.3.1]. A symmetric fit of all the data is 
achieved by fitting the experimental yields at 
masses A under the light mass peak around A

–
 to 

obtain the reflected yields at masses A¢ = 252 – v– – 
A, which were then combined with the data for the 
heavy mass peak. The combined data were fitted 
with a spline function (see Section 3.3.3.2), with a 
careful selection and adjustment of the knots to 
obtain the best fit (reduced c2 = 1.795). Finally, the 
fitted data were reflected back to the light mass 
peak to give a symmetrically fitted mass 
distribution.  

FIG. 3.3.4.  252Cf spontaneous fission: light mass peak.
FIG. 3.3.5.  252Cf spontaneous fission: heavy mass peak.

 TABLE 3.3.1. FISSION YIELD DATA AT A = 99, 140

Author A = 99 A = 140

Chen et al. 2.52 0.13 5.77 0.20

Li Ze et al. 2.55 0.11 5.76 0.18

Flynn et al. 2.48 0.13 5.50 0.28

Nervik 2.57 0.21 6.32 0.51

Schmitt et al. 3.10 0.22 5.81 0.31

Thierens et al. 2.67 0.12 5.35 0.22

Mean 2.583 0.062 5.674 0.098
91



3.3.4. Results and discussion

The results of the normal spline fit are given in 
Annex 3.3.2, while the results of the spline fit with 
symmetric reflection are given in Annex 3.3.3. Both 
are compared with the evaluated experimental data 
(Figs 3.3.2–3.3.5).

Total yields under the light and heavy mass 
peaks, as well as v–, were calculated in order to check 
the correctness of the spline fit curve. The 
borderline between the light and heavy mass peaks 
was taken at mass 124, which was calculated from 
the mass number of 252Cf and v– = 3.7661 
(Table 3.3.2). As shown by the normal spline fit, the 
integral yield under the heavy mass peak is in good 
agreement with 100%, while the total yield under 
the light mass peak is in similar agreement within an 
uncertainty of 1.3%, and v– is in agreement with the 
internationally recommended value of 3.7661 within 
an uncertainty of 2.93%. Similarly, for the 
symmetric fit the integral yield under the light and 
heavy mass peak is in agreement with 100% within 
an uncertainty of 1.0%, and v– is in agreement with 
the internationally recommended value of 3.7661 
within an uncertainty of 1.86%.

A comparison between the results of fits with 
and without symmetric reflection is shown in 
Fig. 3.3.6. These data are in very good agreement, 
but there are some differences in the peak regions. 
The light mass peak without symmetric reflection is 
narrower than the equivalent peak with symmetric 
reflection, and the situation is the reverse for the 
heavy mass peak. Also, the right hand side of the 
light peak is narrower for the normal fit than for the 
symmetric fit, but the left hand side of the heavy 
mass peak is the opposite (see Figs 3.3.1 and 3.3.8). 
c2 is 1.551 for the normal fit and 1.795 for symmetric 
fit, indicating that the mass distribution is not 
completely symmetric around the reflection point.

The fits to the results imply that there is a 
systematic trend towards the light fragment peak 
being higher and narrower and the area under the 
peak being slightly smaller. Individual experimental 
data by different authors also exhibit the same 

trend. Table 3.3.3 shows some of the results from 
different authors, who measured a wide range of 
fission products so that integrals of the yields under 
the peaks can be calculated more reliably. These 
integral data are given in the papers by Li Ze et al. 
and Chen et al., and were calculated for Schmitt et 
al. and Fraser et al. by using their original data 
without any adjustments. The yields under the light 
mass peak are smaller than those under the heavy 
mass peak in all four cases. Comparing the light and 
heavy mass peak yields of Li Ze et al. and Schmitt et 
al. (Figs 3.3.9 and 3.3.10), the light peak can be seen 
to be narrower than the heavy peak — this 

FIG. 3.3.6. Comparison of regular and symmetric spline fit: 
mass distribution.

FIG. 3.3.7. Comparison of regular and symmetric spline fit: 
light mass peak.

TABLE 3.3.2. REDUCED c2, TOTAL YIELD AND v–  FROM FITTED DATA

Fit mode Reduced c2
Total yield

v–
Light peak Heavy peak  Total

Normal 1.551 98.76 99.77 198.52 3.8764

Symmetric 1.795 98.98 98.96 197.95 3.6962
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observation is unlikely to be attributed to experi-
mental uncertainties, but can rather be interpreted 
as a systematic trend.   

A more likely explanation involves the small 
additional contribution of ternary fission or other a
or light particle fission processes. Investigations by 
Mehta et al. [3.3.15] have shown that a particle 
fission is about 1% of binary fission, and there is a 
shift to the left in the mass distribution of such 
processes compared with ordinary binary fission. 
However, the shift is larger for the light mass peak 
and smaller for the heavy mass peak. Furthermore, 
the light mass peak becomes narrower, with the half 
width at the half maximum changing from about 7.5 
to 6.8 amu (see Fig. 4 of Ref. [3.3.15]). a or other 
light particle fission also increases v–, which is 
reflected in the value derived from the fitted yield 
data (Table 3.3.2, normal fit), which is larger than 
the internationally recommended value based on 
neutron emission measurements. 

The experimental and fitted data exhibit a 
shoulder on the right hand side of the light mass 
peak (at mass numbers 109–112), and correspond-
ingly on the left hand side of heavy mass peak (at 
mass numbers 136–139). Discussions in many 
papers suggest that there is a fine structure in the 
mass distribution of 252Cf spontaneous fission [3.3.3, 

3.3.6, 3.3.10]. However, the observed fine structures 
extend only over a few (2–4) mass numbers, are very 
narrow, and differ in their shapes and positions in 
the different measurements.  Therefore, such fine 
structures could not be confirmed — measured data 
may not be real but could be the result of statistical 
fluctuations. Due to the disagreement among 
measurements, the fine structure was washed out in 
our evaluation, where seven sets of experimental 
data were used; shoulders appear in the mass ranges 
A = 109–112 and 136–139, where there should be 
structures. These shoulders are systematically 
consistent with the mass ranges where the 
experiments exhibit fine structure, and hence this 
effect may exist in reality. More definite conclusions 
could be made about the existence and positions of 
possible fine structure and permit their evaluation if 
new measurements were made with high accuracy 
and/or better mass resolution.  

Comparing the uncertainties of spline fitted data 
(without and with symmetric reflection) with the 
uncertainties of the evaluated experimental data (see 
Table 3.3.4), the uncertainties of the fitted data are 
shown to be considerably reduced, especially in the 
regions of the peaks (from 3–10% to about 1.1–1.5%). 

FIG. 3.3.8. Comparison of regular and symmetric spline fit: 
heavy mass peak.

FIG. 3.3.9.  Schmitt et al. data:  comparison of heavy and 
reflected light mass peak.

TABLE 3.3.3.  INTEGRAL YIELDS UNDER LIGHT AND HEAVY 
MASS PEAK BY DIFFERENT AUTHORS

Author

Li Ze et al. Chen et al. Schmitt et al. Fraser et al.

Light  99.76  98.43 99.88 97.34

Heavy 102.08 100.97 99.99 97.98
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This arises from the well known statistical reason that 
the weighted average of a consistent data set has an 
uncertainty reduced by roughly 7.51/2 = 2.6 times the 
individual uncertainties of (in our case) seven 
measurements. Through the curve fitting (spline fit) 
in our evaluation, the uncertainties are reduced 
further by including more data points in the fitting 
procedure. Input data are inconsistent for certain 
yields in the mass distribution, and the resulting fitted 
uncertainties are larger than the original 
measurement uncertainties due to statistical incon-
sistency.

3.3.5. Concluding remarks  

The mass distribution data of 252Cf 
spontaneous fission were evaluated on the basis of 

seven sets of available experimental data. Measured 
data were adjusted against the authors’ standards 
and g ray intensities by using our newly evaluated 
values. The originally assigned uncertainties had to 
be adjusted, and the evaluated experimental data 
were fitted with a spline function. In addition, a 
symmetric spline function fit of all experimental 
data was performed by symmetric reflection of the 
light mass peak into the heavy mass peak. These two 
sets of fitted data are recommended as reference for 
the mass distribution of 252Cf spontaneous fission. 
The uncertainties of the recommended data were 
considerably reduced compared to the measured 
ones.

The evaluated mass distribution has the 
following features: 

(a) Light and heavy mass peaks are not 
completely symmetric around mass number 
Af  – v–. 

(b) The light peak is somewhat narrower than the 
heavy peak, and the area under the light peak 
is about 1% smaller than that under the heavy 
peak.

(c) There is fine structure at A = 109–112 on the 
right hand side of the light mass peak, and at 
A = 136–139 on the left hand side of the heavy 
mass peak. 

These observed features need to be explored 
and should be redetermined experimentally with 
higher accuracy so that their nuclear physics can be 
investigated more thoroughly. 

FIG. 3.3.10. Li Ze et al. data: comparison of heavy and 
reflected light mass peak.

TABLE 3.3.4.  COMPARISON OF RELATIVE UNCERTAINTIES (%) OF THE FITTED DATA WITH 
EVALUATED EXPERIMENTAL DATA

Author Peaks Valley Wings Comments

Blachot et al. 5–7 40–100 10–21

Chen et al. 3–5 20–50 10–16

Flynn et al. 5–10 ~10 No data in valley region

Li Ze et al. 3–5 ~20 10–15

Nervik ~8 ~15 15–25

Schmitt et al. ~5 10–68 10–50 More nuclides in valley and at wings

Thierens et al. 5–8 ~10 10–18

Regular spline fit ~1.5 10–28 10–25 Except for A = 123, 124, 167, 168

Symmetric spline fit ~1.1 10–28 10–25 Except for A = 124
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Annex 3.3.1

EVALUATED EXPERIMENTAL DATA FOR 252Cf SPONTANEOUS FISSION MASS DISTRIBUTION

Blachot et al. [3.3.5] Flynn et al. [3.3.7]

Adjusted for yield standard Adjusted for yield standard

Mass Yield (%) Uncertainty: abs Rel (%) Mass Yield (%) Uncertainty: abs Rel (%)

 91 3.8500E–01 5.6000E–02 14.55
 92 5.3500E–01 1.1300E–01 21.12
 93 9.3800E–01 1.1300E–01 12.05
 95 1.2000E+00 5.6000E–02 4.67
 97 1.4820E+00 7.5000E–02 5.06
103 5.5330E+00 3.2400E–01 5.86
105 6.3490E+00 3.3800E–01 5.32
106 6.5740E+00 4.2200E–01 6.42
112 5.1490E+00 5.0600E–01 9.83
115 2.9260E+00 1.8800E–01 6.43
125 2.8000E–02 2.8000E–02 100.00
127 1.1300E–01 4.7000E–02 41.59
129 6.9400E–01 1.1300E–01 16.28
131 1.6220E+00 6.6000E–02 4.07
132 2.1290E+00 1.1300E–01 5.31
141 5.9370E+00 3.3800E–01 5.69
143 5.8990E+00 4.2200E–01 7.15
147 4.5020E+00 4.2200E–01 9.37
151 1.6600E+00 1.8800E–01 11.33
153 1.4160E+00 1.6900E–01 11.94
157 4.0300E–01 4.7000E–02 11.66

 83 3.9740E–02 3.9740E–03 10.00
 85 7.7490E–02 7.9480E–03 10.26
 89 3.6400E–01 2.0000E–02 5.49
 91 5.7600E–01 6.0000E–02 10.42
 93 6.6600E–01 7.0000E–02 10.51
 95 1.2320E+00 1.1900E–01 9.66
 97 1.7980E+00 1.7900E–01 9.96
131 1.6290E+00 1.5900E–01 9.76
132 2.1560E+00 1.0900E–01 5.06
133 3.0100E+00 2.9800E–01 9.90
135 3.8350E+00 3.8700E–01 10.09
139 5.7120E+00 5.7600E–01 10.08
140 5.4640E+00 2.7800E–01 5.09
141 6.0400E+00 6.0600E–01 10.03
143 5.6230E+00 2.7800E–01 4.94
144 5.9410E+00 2.9800E–01 5.02
147 3.9640E+00 3.9700E–01 10.02
149 2.7920E+00 2.7800E–01 9.96
151 1.5900E+00 1.5900E–01 10.00
153 1.1130E+00 1.0900E–01 9.79
156 6.8500E–01 7.0000E–02 10.22
161 2.0900E–01 2.0000E–02 9.57

Nervik [3.3.6] Chen Qingjiang et al. [3.3.9]

Adjusted for yield standard Some uncertainties were increased

Mass Yield (%) Uncertainty: abs Rel (%) Mass Yield (%) Uncertainty: abs Rel (%)

 78 1.9800E–03 4.9500E–04 25.00
 89 3.2200E–01 4.8000E–02 14.91
 91 5.9300E–01 8.9000E–02 15.01
 93 8.3400E–01 1.2500E–01 14.99
 95 1.3770E+00 1.1000E–01 7.99
 97 1.5480E+00 1.2400E–01 8.01
 99 2.5830E+00 2.0700E–01 8.01
105 6.0200E+00 4.8200E–01 8.01
109 5.7190E+00 4.5800E–01 8.01
111 5.2160E+00 4.1700E–01 7.99
113 4.2510E+00 3.4000E–01 8.00
115 2.2920E+00 1.8300E–01 7.98
121 1.4300E–01 2.1000E–02 14.69
127 1.3100E–01 2.0000E–02 15.27
129 6.1800E–01 9.3000E–02 15.05
131 1.2760E+00 1.0200E–01 7.99
132 1.7590E+00 1.4100E–01 8.02
133 2.7840E+00 2.2300E–01 8.01
135 4.3520E+00 3.4800E–01 8.00

 83 3.7000E–02 6.0000E–03 16.22
 89 3.4700E–01 1.6000E–02 4.61
 91 5.8200E–01 2.6000E–02 4.47
 92 7.2500E–01 4.6000E–02 6.34
 93 9.3100E–01 5.8000E–02 6.23
 95 1.1500E+00 4.0000E–02 3.48
 97 1.5700E+00 5.0000E–02 3.18
 99 2.5200E+00 1.3000E–01 5.16
103 5.1800E+00 2.1000E–01 4.05
105 5.7000E+00 3.7000E–01 6.49
106 6.5100E+00 2.9000E–01 4.45
109 6.4800E+00 3.2000E–01 4.94
111 5.0800E+00 2.1000E–01 4.13
112 4.2700E+00 2.9000E–01 6.79
113 4.7000E+00 4.7000E–01 10.00
115 2.6600E+00 1.4000E–01 5.26
117 1.3600E+00 1.2000E–01 8.82
121 8.1400E–02 4.1000E–02 50.37
125 1.6000E–02 8.0000E–03 50.00
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138 4.9650E+00 3.9700E–01 8.00
139 5.7590E+00 4.6100E–01 8.00
140 6.3520E+00 5.0800E–01 8.00
141 5.9300E+00 4.7400E–01 7.99
143 5.9700E+00 4.7800E–01 8.01
147 4.7140E+00 3.7700E–01 8.00
149 2.6630E+00 2.1300E–01 8.00
151 2.1910E+00 1.7500E–01 7.99
153 1.4170E+00 1.1300E–01 7.97
156 7.0700E–01 1.0600E–01 14.99
161 1.5100E–01 2.3000E–02 15.23
166 1.8090E–02 4.5230E–03 25.00
169 1.7290E–03 4.3220E–04 25.00

127 7.4800E–02 3.8000E–02 50.80
129 4.0200E–01 8.0000E–02 19.90
131 1.3500E+00 9.0000E–02 6.67
132 2.1500E+00 9.0000E–02 4.19
133 3.0200E+00 2.9000E–01 9.60
135 4.6800E+00 4.7000E–01 10.04
139 5.6600E+00 3.4000E–01 6.01
140 5.7700E+00 2.0000E–01 3.47
141 5.9700E+00 2.9000E–01 4.86
143 5.8600E+00 5.5000E–01 9.39
144 5.7000E+00 3.5000E–01 6.14
147 4.1400E+00 1.6000E–01 3.86
153 1.2300E+00 5.0000E–02 4.07
156 7.0000E–01 9.0000E–02 12.86
161 1.9000E–01 2.0000E–02 10.53

Li Ze et al. [3.3.8] Thierens et al. [3.3.4]

Adjusted for g ray intensity Adjusted for g ray intensity

Mass Yield (%) Uncertainty: abs Rel (%) Mass Yield (%) Uncertainty: abs Rel (%)

 85 1.1250E–01 7.0000E–03 6.22
 88 2.9600E–01 4.2000E–02 14.19
 91 5.3500E–01 6.0000E–02 11.21
 92 6.0400E–01 2.6000E–02 4.30
 94 8.6920E–01 8.0000E–02 9.20
 95 1.1750E+00 3.5000E–02 2.98
 97 1.6500E+00 5.4000E–02 3.27
 99 2.5500E+00 1.1000E–01 4.31
101 3.9100E+00 1.3000E–01 3.32
103 5.2830E+00 1.6000E–01 3.03
104 5.1680E+00 2.0000E–01 3.87
105 5.9200E+00 2.7000E–01 4.56
106 6.0600E+00 2.5000E–01 4.13
107 6.7300E+00 2.2000E–01 3.27
109 5.8900E+00 3.2000E–01 5.43
111 5.2900E+00 2.3000E–01 4.35
112 5.3100E+00 1.8000E–01 3.39
113 4.1490E+00 1.6000E–01 3.86
115 2.9740E+00 9.0000E–02 3.03
117 1.3500E+00 1.3000E–01 9.63
127 1.4970E–01 3.0000E–02 20.04
128 3.0520E–01 3.2000E–02 10.48
129 5.6990E–01 5.4000E–02 9.48
131 1.7670E+00 6.0000E–02 3.40
132 2.3730E+00 1.1000E–01 4.64
133 3.1310E+00 1.1000E–01 3.51
134 3.6600E+00 2.3000E–01 6.28
135 4.2350E+00 1.7000E–01 4.01
137 5.4240E+00 1.7000E–01 3.13
138 5.1000E+00 2.3000E–01 4.51
139 5.6280E+00 2.5000E–01 4.44

 85 1.1180E–01 2.0000E–02 17.89
 88 3.0390E–01 3.0000E–02 9.87
 91 4.0800E–01 3.0000E–02 7.35
 92 7.1000E–01 7.0000E–02 9.86
 94 8.7830E–01 1.2000E–01 13.66
 95 1.1900E+00 4.0000E–02 3.36
 97 1.6100E+00 6.0000E–02 3.73
 99 2.6720E+00 1.2000E–01 4.49
101 4.0800E+00 2.1000E–01 5.15
103 4.9700E+00 2.6000E–01 5.23
104 5.2820E+00 2.9000E–01 5.49
105 6.1300E+00 1.5000E–01 2.45
106 5.8580E+00 3.6000E–01 6.15
107 6.7100E+00 3.7000E–01 5.51
109 5.4680E+00 4.9000E–01 8.96
111 5.0310E+00 3.2000E–01 6.36
112 4.6780E+00 2.4000E–01 5.13
113 4.5380E+00 3.0000E–01 6.61
115 2.9260E+00 1.8000E–01 6.15
117 1.5600E+00 1.3000E–01 8.33
127 1.3980E–01 1.3000E–02 9.30
128 2.6000E–01 2.7000E–03 1.04
129 5.7570E–01 7.0000E–02 12.16
131 1.6270E+00 9.0000E–02 5.53
132 2.1360E+00 1.6000E–01 7.49
133 3.0900E+00 1.6000E–01 5.18
134 3.6790E+00 1.5000E–01 4.08
135 4.5000E+00 1.4000E–01 3.11
137 5.4330E+00 3.6000E–01 6.63
138 5.0870E+00 1.9000E–01 3.74
140 5.3520E+00 2.2000E–01 4.11

Nervik [3.3.6] Chen Qingjiang et al. [3.3.9]

Adjusted for yield standard Some uncertainties were increased

Mass Yield (%) Uncertainty: abs Rel (%) Mass Yield (%) Uncertainty: abs Rel (%)
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140 5.7600E+00 1.8000E–01 3.13
141 5.8520E+00 2.6000E–01 4.44
142 6.3450E+00 2.4000E–01 3.78
143 6.1820E+00 2.3000E–01 3.72
144 6.1600E+00 2.8000E–01 4.55
146 5.2340E+00 1.6000E–01 3.06
147 4.0300E+00 1.8000E–01 4.47
149 2.8660E+00 1.8000E–01 6.28
151 2.1220E+00 1.10`00E–01 5.18
153 1.2650E+00 6.6000E–02 5.22
155 7.3910E–01 3.9000E–02 5.28
156 7.0240E–01 4.3000E–02 6.12

141 6.2700E+00 3.6000E–01 5.74
142 6.1100E+00 5.2000E–01 8.51
143 5.9150E+00 3.1000E–01 5.24
144 6.1600E+00 3.8000E–01 6.17
146 4.6930E+00 3.2000E–01 6.82
147 3.9820E+00 2.1000E–01 5.27
149 2.7360E+00 2.0000E–01 7.31
151 1.8570E+00 1.3000E–01 7.00
153 1.1800E+00 8.0000E–02 6.78
155 8.6570E–01 3.5000E–02 4.04
156 8.2940E–01 3.9000E–02 4.70

Schmitt et al. [3.3.3], uncertainties assigned by evaluator

Mass Yield (%) Uncertainty: abs Rel (%) Mass Yield (%) Uncertainty: abs Rel (%)

 82 6.4000E–02 3.2255E–02 50.40
 83 8.2000E–02 3.6510E–02 44.52
 84 1.1500E–01 4.3237E–02 37.60
 85 1.5600E–01 5.0358E–02 32.28
 86 1.4800E–01 4.9050E–02 33.14
 87 1.6300E–01 5.1476E–02 31.58
 88 2.8100E–01 6.7587E–02 24.05
 89 3.7200E–01 7.7765E–02 20.90
 90 4.8700E–01 8.8976E–02 18.27
 91 4.7700E–01 8.8058E–02 18.46
 92 7.2700E–01 1.0871E–01 14.95
 93 9.1100E–01 1.2169E–01 13.36
 94 1.0290E+00 1.2934E–01 12.57
 95 1.2190E+00 1.4077E–01 11.55
 96 1.5350E+00 1.5797E–01 10.29
 97 1.7470E+00 1.6852E–01 9.65
 98 2.2290E+00 1.9036E–01 8.54
 99 3.0980E+00 2.2441E–01 7.24
100 3.4900E+00 2.3819E–01 6.82
101 4.3940E+00 2.6726E–01 6.08
102 5.4140E+00 2.9667E–01 5.48
103 5.5560E+00 3.0053E–01 5.41
104 5.9160E+00 3.1012E–01 5.24
105 5.9350E+00 3.1061E–01 5.23
106 5.7420E+00 3.0552E–01 5.32
107 6.5360E+00 3.2596E–01 4.99
108 6.2150E+00 3.1786E–01 5.11
109 5.3480E+00 2.9485E–01 5.51
110 4.9710E+00 2.8427E–01 5.72
111 4.9310E+00 2.8312E–01 5.74
112 4.3270E+00 2.6522E–01 6.13
113 3.8050E+00 2.4871E–01 6.54
114 3.2650E+00 2.3038E–01 7.06
115 2.8100E+00 2.1373E–01 7.61
116 2.1910E+00 1.8873E–01 8.61
117 1.4190E+00 1.5188E–01 10.70
118 1.1230E+00 1.3511E-01 12.03
119 7.3100E–01 1.0901E–01 14.91
120 4.0400E–01 8.1040E–02 20.06
122 2.2600E–01 6.0613E–02 26.82
123 3.5000E–02 2.3853E–02 68.15

124 3.6000E–02 2.4191E–02 67.20
125 6.8000E–02 3.3248E–02 48.89
126 8.8000E–02 3.7823E–02 42.98
127 1.7100E–01 5.2724E–02 30.83
128 3.9300E–01 7.9929E–02 20.34
129 5.5700E–01 9.5156E–02 17.08
130 1.0810E+00 1.3256E–01 12.26
131 1.7180E+00 1.6712E–01 9.73
132 2.3290E+00 1.9458E–01 8.35
133 2.8430E+00 2.1498E–01 7.56
134 3.4930E+00 2.3829E–01 6.82
135 4.0310E+00 2.5599E–01 6.35
136 4.9530E+00 2.8376E–01 5.73
137 5.4650E+00 2.9806E–01 5.45
138 5.2660E+00 2.9258E–01 5.56
139 5.5640E+00 3.0075E–01 5.41
140 5.8060E+00 3.0722E–01 5.29
141 5.8590E+00 3.0862E–01 5.27
142 5.6210E+00 3.0229E–01 5.38
143 5.6850E+00 3.0400E–01 5.35
144 5.5900E+00 3.0145E–01 5.39
145 5.1960E+00 2.9063E–01 5.59
146 4.6120E+00 2.7381E–01 5.94
147 4.4710E+00 2.6960E–01 6.03
148 3.7440E+00 2.4671E–01 6.59
149 2.7510E+00 2.1147E–01 7.69
150 2.3840E+00 1.9686E–01 8.26
151 2.1070E+00 1.8507E–01 8.78
152 1.9360E+00 1.7740E–01 9.16
153 1.5100E+00 1.5667E–01 10.38
154 1.0070E+00 1.2795E–01 12.71
155 8.6800E–01 1.1879E–01 13.69
156 7.5800E–01 1.1101E–01 14.65
157 5.5900E–01 9.5327E–02 17.05
158 3.8900E–01 7.9522E–02 20.44
159 2.8300E–01 6.7827E–02 23.97
160 3.5900E–01 7.6394E–02 21.28
161 1.6700E–01 5.2104E–02 31.20
162 1.0000E–01 4.0319E–02 40.32
163 1.3700E–01 4.7192E–02 34.45
164 7.0000E–02 3.3733E–02 48.19

Li Ze et al. [3.3.8] Thierens et al. [3.3.4]

Adjusted for g ray intensity Adjusted for g ray intensity

Mass Yield (%) Uncertainty: abs Rel (%) Mass Yield (%) Uncertainty: abs Rel (%)
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Annex 3.3.2

EVALUATED DATA SET 1 FOR 252Cf SPONTANEOUS FISSION MASS DISTRIBUTION:
NORMAL SPLINE FIT WITHOUT ANY RESTRICTION

Mass Yield (%) Uncertainty: abs Rel (%) Mass Yield (%) Uncertainty: abs Rel (%)

 77 9.3000E–04 2.3300E–04 25.05
 78 1.9800E–03 4.9500E–04 25.00
 79 3.9000E–03 9.7500E–04 25.00
 80 7.3000E–03 1.8250E–03 25.00
 81 1.3000E–02 3.2500E–03 25.00
 82 2.2810E–02 3.7225E–03 16.32
 83 4.0575E–02 3.0541E–03 7.53
 84 6.5623E–02 2.7881E–03 4.25
 85 9.9084E–02 3.4590E–03 3.49
 86 1.4208E–01 4.6869E–03 3.30
 87 1.9575E–01 5.9290E–03 3.03
 88 2.6122E–01 6.8764E–03 2.63
 89 3.3960E–01 7.3937E–03 2.18
 90 4.3204E–01 7.5728E–03 1.75
 91 5.3966E–01 7.9633E–03 1.48
 92 6.6363E–01 9.6576E–03 1.46
 93 8.0588E–01 1.2534E–02 1.56
 94 9.6880E–01 1.4637E–02 1.51
 95 1.1548E+00 1.4715E–02 1.27
 96 1.3665E+00 1.5659E–02 1.15
 97 1.6285E+00 2.3876E–02 1.47
 98 2.0100E+00 3.1722E–02 1.58
 99 2.5857E+00 3.9567E–02 1.53
100 3.3524E+00 6.6332E–02 1.98
101 4.1404E+00 8.3518E–02 2.02
102 4.7751E+00 7.4627E–02 1.56
103 5.2363E+00 8.9065E–02 1.70
104 5.5888E+00 7.6493E–02 1.37
105 5.9173E+00 9.0695E–02 1.53
106 6.3015E+00 8.9912E–02 1.43
107 6.5546E+00 1.3891E–01 2.12
108 6.3418E+00 1.4509E–01 2.29
109 5.7837E+00 1.4591E–01 2.52
110 5.2496E+00 1.5969E–01 3.04
111 5.0570E+00 1.0257E–01 2.03
112 4.8076E+00 8.9389E–02 1.86
113 4.2337E+00 7.0058E–02 1.65
114 3.5142E+00 6.1562E–02 1.75
115 2.7861E+00 5.3401E–02 1.92
116 2.0970E+00 4.2811E–02 2.04
117 1.4888E+00 4.9460E–02 3.32
118 9.9411E–01 5.0357E–02 5.07
119 6.1188E–01 3.8680E–02 6.32
120 3.3393E–01 2.3182E–02 6.94
121 1.5200E–01 1.6078E–02 10.58
122 5.4264E–02 1.5008E–02 27.66
123 1.7890E–02 1.1656E–02 65.15

124 1.7950E–02 7.8425E–03 43.69
125 2.9604E–02 6.7696E–03 22.87
126 4.7520E–02 5.7875E–03 12.18
127 1.1020E–01 3.9306E–03 3.57
128 2.6211E–01 2.6292E–03 1.00
129 5.4739E–01 7.0956E–03 1.30
130 9.8510E–01 1.6211E–02 1.65
131 1.5519E+00 2.3856E–02 1.54
132 2.2206E+00 2.6709E–02 1.20
133 2.9605E+00 3.3827E–02 1.14
134 3.7045E+00 5.3874E–02 1.45
135 4.3614E+00 6.6720E–02 1.53
136 4.8452E+00 6.5753E–02 1.36
137 5.1560E+00 8.1337E–02 1.58
138 5.3619E+00 8.8046E–02 1.64
139 5.5250E+00 6.7787E–02 1.23
140 5.6889E+00 7.4077E–02 1.30
141 5.8812E+00 7.3485E–02 1.25
142 6.0349E+00 6.9389E–02 1.15
143 6.0440E+00 8.3910E–02 1.39
144 5.8198E+00 8.2766E–02 1.42
145 5.3887E+00 6.6945E–02 1.24
146 4.8221E+00 6.2372E–02 1.29
147 4.1909E+00 6.4807E–02 1.55
148 3.5473E+00 5.7319E–02 1.62
149 2.9289E+00 4.4943E–02 1.53
150 2.3725E+00 3.7931E–02 1.60
151 1.9116E+00 3.5662E–02 1.87
152 1.5468E+00 3.0697E–02 1.98
153 1.2597E+00 2.2949E–02 1.82
154 1.0320E+00 1.6515E–02 1.60
155 8.4511E–01 1.5402E–02 1.82
156 6.8479E–01 1.6226E–02 2.37
157 5.4729E–01 1.5669E–02 2.86
158 4.3061E–01 1.3746E–02 3.19
159 3.3275E–01 1.1630E–02 3.50
160 2.5172E–01 1.0625E–02 4.22
161 1.8550E–01 1.0743E–02 5.79
162 1.3215E–01 1.0463E–02 7.92
163 9.0057E–02 8.9804E–03 9.97
164 5.7935E–02 6.7976E–03 11.73
165 3.4496E–02 4.9647E–03 14.39
166 1.8450E–02 4.5000E–03 24.39
167 8.5093E–03 4.6317E–03 54.43
168 3.3855E–03 3.5727E–03 105.53
169 1.7904E–03 4.4009E–04 24.58
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Annex 3.3.3

EVALUATED DATA SET 2 FOR 252Cf SPONTANEOUS FISSION MASS DISTRIBUTION:
SPLINE FIT WITH SYMMETRIC REFLECTION

Mass Yield (%) Uncertainty: abs Rel (%) Mass Yield (%) Uncertainty: abs Rel (%)

 78.3 1.7330E–03 3.9156E–04 22.59
 79.3 2.0742E–03 5.1781E–04 24.96
 80.3 5.3336E–03 8.0026E–04 15.00
 81.3 1.2679E–02 1.0849E–03 8.56
 82.3 2.5279E–02 1.4716E–03 5.82
 83.3 4.4300E–02 1.9753E–03 4.46
 84.3 7.0911E–02 2.5429E–03 3.59
 85.3 1.0628E–01 3.1058E–03 2.92
 86.3 1.5157E–01 3.6064E–03 2.38
 87.3 2.0796E–01 4.0134E–03 1.93
 88.3 2.7661E–01 4.3440E–03 1.57
 89.3 3.5869E–01 4.7002E–03 1.31
 90.3 4.5536E–01 5.3008E–03 1.16
 91.3 5.6780E–01 6.4470E–03 1.14
 92.3 6.9759E–01 8.2341E–03 1.18
 93.3 8.4811E–01 9.8681E–03 1.16
 94.3 1.0232E+00 1.0490E–02 1.03
 95.3 1.2266E+00 1.0727E–02 0.87
 96.3 1.4658E+00 1.4694E–02 1.00
 97.3 1.7760E+00 2.2007E–02 1.24
 98.3 2.2058E+00 2.6870E–02 1.22
 99.3 2.8021E+00 3.0237E–02 1.08
100.3 3.5381E+00 4.2637E–02 1.21
101.3 4.2824E+00 5.3468E–02 1.25
102.3 4.8999E+00 4.9589E–02 1.01
103.3 5.3564E+00 5.5729E–02 1.04
104.3 5.7229E+00 6.3914E–02 1.12
105.3 6.0429E+00 5.3464E–02 0.88
106.3 6.2183E+00 6.9566E–02 1.12
107.3 6.1168E+00 6.8057E–02 1.11
108.3 5.7760E+00 6.4045E–02 1.11
109.3 5.4718E+00 7.5213E–02 1.37
110.3 5.3412E+00 6.1429E–02 1.15
111.3 5.1340E+00 6.7819E–02 1.32
112.3 4.6944E+00 5.0617E–02 1.08
113.3 4.1211E+00 5.1956E–02 1.26
114.3 3.4964E+00 4.1983E–02 1.20
115.3 2.8386E+00 2.7702E–02 0.98
116.3 2.1613E+00 2.5859E–02 1.20
117.3 1.5050E+00 2.0909E–02 1.39
118.3 9.3522E–01 1.5727E–02 1.68
119.3 5.1667E–01 1.0841E–02 2.10
120.3 2.6161E–01 2.6447E–03 1.01
121.3 1.2326E–01 7.9565E–03 6.46
122.3 5.3460E–02 9.1334E–03 17.08
123.3 2.4359E–02 7.0476E–03 28.93
124.0 2.1078E–02 4.1348E–02 196.17

125.0 2.4359E–02 7.0476E–03 28.93
126.0 5.3460E–02 9.1334E–03 17.08
127.0 1.2326E–01 7.9565E–03 6.46
128.0 2.6161E–01 2.6447E–03 1.01
129.0 5.1667E–01 1.0841E–02 2.10
130.0 9.3522E–01 1.5727E–02 1.68
131.0 1.5050E+00 2.0909E–02 1.39
132.0 2.1613E+00 2.5859E–02 1.20
133.0 2.8386E+00 2.7702E–02 0.98
134.0 3.4964E+00 4.1983E–02 1.20
135.0 4.1211E+00 5.1956E–02 1.26
136.0 4.6944E+00 5.0617E–02 1.08
137.0 5.1340E+00 6.7819E–02 1.32
138.0 5.3412E+00 6.1429E–02 1.15
139.0 5.4718E+00 7.5213E–02 1.37
140.0 5.7760E+00 6.4045E–02 1.11
141.0 6.1168E+00 6.8057E–02 1.11
142.0 6.2183E+00 6.9566E–02 1.12
143.0 6.0429E+00 5.3464E–02 0.88
144.0 5.7229E+00 6.3914E–02 1.12
145.0 5.3564E+00 5.5729E–02 1.04
146.0 4.8999E+00 4.9589E–02 1.01
147.0 4.2824E+00 5.3468E–02 1.25
148.0 3.5381E+00 4.2637E–02 1.21
149.0 2.8021E+00 3.0237E–02 1.08
150.0 2.2058E+00 2.6870E–02 1.22
151.0 1.7760E+00 2.2007E–02 1.24
152.0 1.4658E+00 1.4694E–02 1.00
153.0 1.2266E+00 1.0727E–02 0.87
154.0 1.0232E+00 1.0490E–02 1.03
155.0 8.4811E–01 9.8681E–03 1.16
156.0 6.9759E–01 8.2341E–03 1.18
157.0 5.6780E–01 6.4470E–03 1.14
158.0 4.5536E–01 5.3008E–03 1.16
159.0 3.5869E–01 4.7002E–03 1.31
160.0 2.7661E–01 4.3440E–03 1.57
161.0 2.0796E–01 4.0134E–03 1.93
162.0 1.5157E–01 3.6064E–03 2.38
163.0 1.0628E–01 3.1058E–03 2.92
164.0 7.0911E–02 2.5429E–03 3.59
165.0 4.4300E–02 1.9753E–03 4.46
166.0 2.5279E–02 1.4716E–03 5.82
167.0 1.2679E–02 1.0849E–03 8.56
168.0 5.3336E–03 8.0026E–04 15.00
169.0 2.0742E–03 5.1781E–04 24.96
170.0 1.7330E–03 3.9156E–04 22.59
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3.4. EXAMINATION OF POSSIBLE EVALUATION METHODS
FOR FUTURE ENERGY DEPENDENT FISSION PRODUCT YIELD DATA SETS 

REQUIRED FOR MINOR ACTINIDE INCINERATION,
AND OTHER CONSIDERATIONS

R.W. Mills
British Nuclear Fuels plc, United Kingdom

Much work has been done on new methods to 
predict unmeasured fission product yields outside of 
the traditional thermal, fast and 14 MeV neutron 
induced fission. The current use of traditional 
fission product yield data is initially described. 
Differences required for the evaluation and usage 
of the new data are considered and possible 
solutions proposed. Other contributions are noted, 
and the current status of the UK fission product 
yield files is briefly summarized.

3.4.1. Introduction

The overall objective of the CRP was to 
investigate methods for the evaluation of neutron 
induced fission yields in the energy range 10–
150 MeV, as requested for the transmutation of 
nuclear waste. These investigations include the 
studies and further development of both empirical 
and theoretical models for the calculation of energy 
dependent fission yields, which were benchmarked 
against the other codes and experimental data.

An examination was initially made of the ways 
in which the results from other participants could be 
combined and used in future evaluations to provide 
the data required to carry out inventory calculations 
for regulatory required safety assessments. Contri-
butions to the collection of experimental fission 
yield references and data are described, as well as 
the adoption of Wahl’s CYFP code to produce post-
neutron emission data for the benchmark exercise. 
Finally, related work on the production of a new 
evaluation file is described (UKFY3.4).

3.4.2. Thoughts on future evaluations utilizing 
the fission product yield methodologies 
described by CRP participants

Recent studies have determined that the long 
term radiotoxicity of nuclear waste could be signifi-
cantly reduced by transmutation of minor actinides 
and possibly some long lived fission products (e.g. 
Refs [3.4.1, 3.4.2]). These technologies need to be 

quantitatively assessed in terms of the resultant 
radiation doses to workers and the general public, 
and the risks from the use of such technologies. 
Releases to the environment from storage and 
possible processing are also important in these 
calculations. The important properties of nuclear 
waste (activities, toxic potentials, radiation emission 
and subsequent radiation doses) are all a direct 
result of the radionuclide inventory of the waste. 
Thus, as a prerequisite to such calculations, radionu-
clide inventories resulting from the use of such 
technologies need to be determined. These 
inventory calculations require a wide range of 
nuclear data.

One type of nuclear data required for such 
calculations that have previously been unavailable 
in evaluated files are neutron and other particle 
induced fission product yields as a function of 
energy, particularly above 10 MeV. Accurate 
determinations of fission product inventories from 
accelerator driven minor actinide transmutation 
scenarios require these yield data to be 
determined.

The recent empirical and theoretical method-
ologies reported by other CRP participants have, 
for the first time, permitted the determination of 
fission product yields for a wide range of particle 
induced fission reactions as a function of incident 
particle energy. The possible use of such predictions 
is discussed below.

3.4.2.1. Fission product yield libraries 
and their production

Current fission product yield libraries (e.g. 
JEF-2.2 [3.4.3]) consist of independent and CU 
yields for a range of major and minor actinides. 
Yields are available for a range of neutron induced 
and spontaneous fission systems. The data are 
tabulated for a set of standard neutron spectra 
selected from thermal, fast and ‘high’ energy (about 
14 MeV). The independent and CU yields are given 
for each product nuclide.
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The range of target nuclides available in JEF-
2.2 is given in Table 3.4.1. It was felt desirable to 
base the selection of fission reactions in JEF-2.2 on 
objective criteria. Consequently, a series of calcula-
tions were made with the inventory code FISPIN 
for both thermal and fast reactors. For the former, 
initial fuelling by enriched uranium, recycled 
uranium, mixed plutonium/uranium and thorium/
uranium were individually considered. The ratings 
and irradiations applied to the calculations were 
greater than actually achieved in practice at present, 
but these values were regarded as feasible within 
the near future. Reactions were regarded as 
important if they contributed more than 0.1% of the 
fission rate at any time. Thus, it is thought that the 
derived list is more than adequate for current 
reactor designs. This list does depend on the initial 
fuel compositions and on the assumed capture and 
fission cross-sections for the higher actinides; it is 
acknowledged that uncertainties in the latter may 
be considerable. In addition, the JEF-2.2 file 
includes fission of 232Th, 233U, 235U and 238U by ‘high 
energy’ neutrons (about 14 MeV); these reactions 
were in the earlier UK libraries for calculations 
involving breeder blankets around fusion devices. 
The yields from the spontaneous fission of 242Cm 
and 244Cm were also included, which are important 
as sources of neutrons in reactors and in fuel 
handling, and of 252Cf, which is important as a 
standard.

The reactions considered by the burnup calcu-
lations are given as three sub-sets in the three left 
hand columns of Table 3.4.1. These are distinguished 

by the value of the maximum fission rate percentage 
due to the nuclide in question at any time during the 
irradiation (the range in which the percentage falls 
is indicated in the column heading). Clearly, the 
required accuracy of yields is greater if the 
percentage fission rate is greater; hence the nuclides 
in the first column need the most careful treatment, 
followed by those in the second column, and then by 
those in the third column.

The process by which these files were 
produced is described in Refs [3.4.4–3.4.6]. The 
main steps can be summarized as:

(a) Collect as much relevant data as possible;
(b) Analyse data to produce best estimates of 

measured yields;
(c) Produce parameterizations to allow 

estimation of unmeasured data;
(d) Produce complete sets of yields for each 

required nuclide and neutron energy combi-
nation;

(e) Adjust results for physical constraints and 
produce ENDF-6 formatted library.

3.4.2.2. Traditional inventory calculation 
in reactor fuel

All calculations of the nuclides present in 
irradiated material, whether from a reactor or 
accelerator driven system, are governed by a set of 
coupled linear differential equations. The concen-
tration of an individual nuclide can be calculated by
integrating all relevant production and destruction

TABLE 3.4.1.  THIRTY-NINE FISSIONING SYSTEMS IN UKFY2

Maximum fraction of fission rate
Spontaneous fission

   >10%    1–10%    0.1–1%

233U TFH
235U TFH
238U FH
239Pu TF
241Pu TF

240Pu F
245Cm TF

232Th FH
234U F
236U F
237Np TF
238Np TF
238Pu TF
242Pu F
241Am TF
242mAm TF
243Am TF
243Cm TF
244Cm TF

252Cf S
242Cm S
244Cm S

T: Thermal fission; F: Fast fission; H: 14-MeV fission; S: Spontaneous fission.
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terms. Destruction terms are only related to the 
concentration of the nuclide and include both 
radioactive decay and reactions that transform the 
nuclide. The production terms are related to the 
concentrations of the other nuclides present that by 
radioactive decay processes or induced reactions 
lead directly to the nuclide of interest.

In traditional inventory calculations the 
destruction terms considered are the radioactive 
decay of the nuclide and the main neutron induced 
reactions of the nuclide (n,g), (n,f) and (n,2n), and 
sometimes (n,p), (n,d) and (n,a). The production 
terms include radioactive decay, fission products 
from the fission of actinides, and the neutron 
reactions of all nuclides that generate the nuclide of 
interest.

There are three ways in which nuclide 
inventory could be determined. The first and most 
commonly used is a numerical solution to the 
complete set of differential equations (e.g. FISPIN 
[3.4.7], ORIGEN [3.4.8]). An alternative is an 
analytical solution of simplified nuclide chains (e.g. 
FISP [3.4.9]). The final alternative used in some 
special cases, typically where nuclide cross-sections 
are small and precursor half-lives are short, is direct 
calculation from the fission rate and the cumulative 
fission product yield.

In all of these calculations, the neutron 
induced fission product yields are from a limited set 
of actinides that significantly contribute to the 
fission rate during the irradiation. The fission rates 
are calculated from the neutron flux, spectra and 
fission cross-sections. The production rate for each 
fission product is calculated by summing over the 
product of the independent yield and the fission 
rate for each significant fissioning nuclide.

3.4.2.3. Requirements for fission product yield data 
for minor actinide transmutation

There are many scenarios proposed for 
transmuting minor actinides. Some of these involve 
accelerated particle beams bombarding a target 
either inside or on the outer boundary of a reactor 
core to produce neutrons. Under these circum-
stances, the traditional yield sets can no longer be 
assumed to be adequate because the neutron 
spectra in or near the target may differ significantly 
from that in traditional fast or thermal reactors. In 
some other scenarios, the minor actinides are 
separated and placed in fuel or irradiation 
assemblies within conventional thermal or fast 
reactors. The current yield sets for such cases may 

be adequate, although the higher fission rates in 
minor actinides may require improved accuracy to 
predict safety related parameters adequately. Thus 
the following only considers accelerator driven 
systems, which require a new evaluation approach.

Fission in the particle beam target can be 
induced by either the incident particle or a wide 
range of secondary energetic particles, including 
neutrons, protons, electrons, photons and heavy 
ions. The energy range of these particles can extend 
to several hundred MeV, and even potentially into 
the GeV region. The range of fission reactions at 
these energies is much larger than in conventional 
reactors. For example, natural lead and tungsten 
isotopes can undergo fission, although in practice 
their cross-sections will be much lower than typical 
‘thermal’ or ‘fast’ neutron cross-sections for 
actinides. A code, such as MCNPX [3.4.10], will be 
required in this region to calculate the particle 
fluxes and the resultant fission rates. It will then be 
necessary to estimate the production rate of fission 
products to allow the solution of the nuclide 
concentration equations.

In the fuel or irradiation targets, the fission 
rate is expected to be dominated by neutron 
induced reactions as charged particles will not travel 
far in matter. It will be necessary to estimate the 
neutron flux in each region and use neutron cross-
sections to determine the fission rates from each 
fissile nuclide, again using codes like MCNPX. As in 
the target region, it will be necessary to estimate the 
production rate of fission products to allow the 
solution of the nuclide concentration equations. 
Both cases require tabulations of the yields for all 
significant fissile species for a wide range of neutron 
or charged particle energies. In practice, the calcula-
tions will require three stages.

Firstly, the particle fluxes and the resultant 
fission rates for all fissionable nuclides need to be 
determined as a function of energy or within a set of 
energy groups. These calculations would be carried 
out by a multi-particle transport code such as 
MCNPX.

Secondly, the yield tabulations need to be 
condensed into average product yields per induced 
fission by weighted averaging of the energy 
dependent fission product yields with the fission 
rate for each energy, fissionable nuclide and particle 
inducing fission. This will require the particle fluxes 
and fission rates from the transport code. As these 
parameters may be time dependent, it may be 
necessary to produce time dependent average 
fission product yields sets. This is reminiscent of the 
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condensation of cross-sections by the NJOY [3.4.11] 
code used to generate cross-sections for radiation 
transport and reactor physics codes, which may be 
time or irradiation dependent due to self-shielding.

The final step would involve using the particle 
fluxes, initial nuclide inventories, decay data, cross-
sections and average fission product yield data sets 
to calculate the inventories during the irradiation 
and subsequent cooling. This would be very similar 
to the existing methods of inventory codes, but 
considering multiple particle fluxes and their 
associated induced reactions, giving rise to consid-
erably more production and destruction terms than 
in the traditional differential equations governing 
nuclide concentration.

3.4.2.4. Generation of fission product yield data 
for minor actinide transmutation

The required data can be summarized as 
complete fission product yield sets (independent 
yields) for all nuclides capable of undergoing fission 
for all particles that can result in fission and at all 
appropriate particle energies. Thus, independent 
yields need to be determined in terms of the mass, 
charge and isomeric state of each product from 
both, binary and ternary fission. Complete yield sets 
can only be generated through combining data from 
the different methods, such as those described by 
CRP participants. 

The first task for a future evaluator would be 
to obtain from the various codes or models 
complete independent fission product yield sets for 
applicable fissionable nuclides and incident 
particles at all appropriate energies. This would 
include collecting the codes and models (or data), 
and selecting the best models for mass distribution, 
charge distribution, isomeric splitting and ternary 
fission by comparing the calculated and experi-
mental data. For neutron induced fission, this 
exercise could include a traditional evaluation of 
thermal or threshold yields, as a well characterized 
starting point.

The individual codes and data will need to be 
combined into a single code or module to calculate 
the required independent yield tabulations for all 
appropriate combinations of incident particles and 
energies. The easiest method to select the number 
of tabulations required for an application could be 
the method used in NJOY. Here the quantities are 
calculated at many energy values, and then each 
quantity is independently examined to discover if a 

simple linear interpolation of the surrounding 
tabulations can reproduce the value to within a 
certain tolerance (typically to 1 part in 1000). Those 
energy tabulations in which all the values can be 
adequately determined by interpolation of the 
surrounding energy distributions are removed, and 
the process is repeated until a minimum number of 
tabulations remain. Other interpolation methods 
may allow a smaller data set but could increase 
processing times. Depending upon the number of 
data sets required and the speed of calculation of 
each, either the set of required tabulations could be 
stored in a data file or the code could be used to 
regenerate the required tabulations as needed. This 
file or code package would constitute the evaluated 
data.

If the evaluated data were stored as 
tabulations of yields with energy, the existing 
ENDF-6 format [3.4.12] could be used, although the 
size of the files would be large and the CU yields 
would be unnecessary. Alternatively, the 
parameters of the individual models could be stored 
in a new format and used by a code to regenerate 
the required data.

As described above, these tabulations would 
have to be condensed to a mean set of independent 
yields per induced fission in an individual region 
and at each time. This would involve using a 
weighted averaging of the independent yields, using 
the fission rates for each inducing particle and 
energy to conserve product yield per fission. If CU 
yields were required, they could be generated using 
the method of James [3.4.4], where the CU yields 
are generated by a matrix multiplication of the 
independent yields with a matrix generated from 
the nuclide decay branching data.

3.4.3. Collation of references and data

Denschlag has prepared a comprehensive list 
of fission product yield references for all induced 
fission measurements where the incident photon or 
particle energy was above 20 MeV [3.4.25]. This list 
has been reviewed against the UK fission yield 
database [3.4.16] and a literature search, which lead 
to a few new references that were passed to 
Denschlag for consideration:

[1] ALEXANDER, J.M., CORYELL, C.D., Nuclear 
charge distribution in the fission of uranium and
thorium with 13.6 MeV deutrons, Phys. Rev. 108 
(1957) 1274–1279.
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[2] KARTTUNEN, E., et al., Cross-sections for 
formation of fission products in the 238U(p,f) reaction 
at proton energies between 12 and 30 MeV, Nucl. Sci. 
Eng. 109 (1991) 350–359.

[3] MACHNER, H., et al., Fission fragment distribution 
following antiproton absorption at rest on 238U, Z. 
Phys. A, Hadron Nucl. 343 (1992) 73–77.

[4] MANOHAR, S.B., et al., Mass distribution in 12C 
induced fission of 232Th, Radiochim. Acta 56 (1992) 
69–71.

[5] SMITH, J.R., RICHARDSON, A.E., Independent 
yields from the photo fission of 232Th, and the Zp and
statistical-dynamic models, Phys. Rev. C 44  (1991) 
1118–1127.

[6] THOMAS, T.D., WHETSTONE, S.L., Jr., Emission 
of alpha particles in the fission of 238U by 11–21 MeV 
protons, Phys. Rev. 144 (1966) 1060–1070.

Duijvestijn [3.4.26] prepared a set of text files 
containing proton induced fission yield measure-
ments which were placed on a web site to aid those 
working on theoretical models to predict fission 
product yields. It was initially envisaged that similar 
files would be prepared for alpha and photon 
induced fission. However, discussions at the CRP 
meetings with those involved with theoretical 
studies suggested that the data would not add to the 
understanding of the more important neutron and 
proton induced fission reactions. Thus no further 
work was undertaken, although the data collected 
from the ten relevant references were converted to 
UKFY3 format [3.4.16] for inclusion in future work. 
These files are available from the author. The 
references are in EXFOR style format:

(a) REFERENCE (J,PR,133,B724,1964)

AUTHOR (J.A. Coleman, A.W. Fairhall, 
I. Halpern)

TITLE Long range particle emission 
in coincidence with fission at 
moderate excitation energies.

(b) REFERENCE (J,RCA,55,173,1991)

AUTHOR (B.S. Tomar, A.Goswami, 
A.V.R. Reddy, S.K. Das, 
B. Mar, Satya Prakash)

TITLE Independent isomeric yield 
ratios of Sb-132 in Pu-241 
(n'th,f) and U-238(alpha,f).

(c) REFERENCE (J,JINC,40,40,1–4,1978)

AUTHOR (D.C. Aumann, E. Nirschl, 
H. Zeising)

TITLE Independent formation cross-
section of Pm-148m and Pm-
148g in the fission of  Th-232 
induced by 26 to 42 MeV He4 
ions.

(d) REFERENCE (J,RP/C,44,1118,199109)

AUTHOR (J.R. Smith, A.E. Richardson)

TITLE Independent yields from the 
photofission of Th-232, and 
the Zp and statistical dynamic 
model.

(e) REFERENCE (J,JIN,40,1859,1978)

AUTHOR (H. Gaeggeler, H.R. von 
Gunten)

TITLE Charge distribution in the 
photofission of U-238 with 
Bremsstrahlung of Emax 20–
50 MeV.

(f) REFERENCE (J,CNP,10,(3),244,198808) and 
(C,88MITO,1151,198805)

AUTHOR (Jing Kexing, Li Ze, Liu 
Conggui, Liu Yonghui, Su 
Shuxin, Huang Shengnian)

TITLE Fission yields in 7.64 MeV 
gamma induced fission of 
Th-232.

(g) REFERENCE (J,JRNL,155,299,1991)

AUTHOR (A.P. Tonchev, Ph.G. 
Kondev, H.G. Hristov, Yu.P. 
Gangrsky,  N.P. Balabnov, 
V.D. Tcholakov)

TITLE Isomeric yield ratio of I-134 
in photofission of Th-232 
and U-238.
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(h) REFERENCE (C,80KIEV,171,1980)  
in Russian.

AUTHOR (V.F. Teplykh, E.V. 
Platygina, K.A. Petrzhak)

TITLE Relative cumulative yields of 
Np-237 xenon isotopes by 
mass spect.

(i) REFERENCE (J,PR/C,21,3,1988)

AUTHOR (P. d'Hondt, E. Jacobs, A. de 
Clerq, D. De Frenne, H. 
Thierens, P. de Gelder, 
A.J. Deruytter)

TITLE Emission of long range alpha 
particles in the photofission 
of U-238 with 20 MeV 
Bremsstrahlung.

(j) REFERENCE (J,PR/C,49,2,1994)

AUTHOR (M. Verboven, E. Jacobs, D. 
De Frenne)

TITLE Emission of light charged 
particles in photon induced 
fission.

(k) REFERENCE (J,PR/C,114,3,1060,1966)

AUTHOR (T.D. Thomas, S.L. 
Whetstone Jr.)

TITLE Emission of alpha particles 
in the fission of U-238 by 11–
21 MeV protons.

(l) REFERENCE (J,PR,133,B724,1964)

AUTHOR (J.A. Coleman, A.W. Fairhall, 
I. Halpern)

TITLE Long range particle emission 
in coincidence with fission at 
moderate excitation energies.

3.4.4. Benchmark exercise

3.4.4.1. Installation and testing of the CYFP code

Wahl has prepared a computer code, CYFP, 
that uses empirically based models to calculate 
fission product yield distributions for nuclides 
whose proton number is between 90 and 98 and 
mass number is between 230 and 252. The code can 
consider excitation energies (including projectile 
kinetic and binding energies) between zero and 
~200 MeV [3.4.13].

The code was installed from the supplied CD 
(dated 25 September 2002) on a SUN workstation 
running the UNIX operating system Solaris (SunOS 
5.7). The CYFP code was compiled with the SUN 
f77 compiler and used to run the ‘SOUT’ case 
supplied on the CD. After replacement of a corrupt 
version of the ‘TABLE.DATH’ file [3.4.14] the 
calculated yields were shown to agree with those 
given on the CD with only small differences in a few 
of the numbers at the last significant digit. These 
small differences were attributed to differences in 
the mathematical routines used on the different 
computers.

3.4.4.2. Application of the CYFP code 
to the benchmark

The code was run for the following post-
neutron emission cases:

Set A: Studies for comparison with experimental data

U-233 (n,f) thermal, 1 MeV
Np-237 (n,f) thermal
Cm-245 (n,f) thermal
U-238 (n,f) 1.6, 5.5, 8, 10, 13, 14.5, 21, 28, 50, 

100, 160 MeV
U-238 (p,f) 20, 60 MeV 
Pu-239 (n,f) 0.17, 7.9, 14.5, 15.1 MeV

Set B: Studies of minor actinides

Np-237 (n,f) 13, 28, 50, 100, 160 MeV
Am-241 (n,f) 13, 28, 50, 100, 160 MeV
Cm-244 (n,f) 13, 28, 50, 100, 160 MeV

These results were sent to M. Lammer (IAEA) in 
November 2002.
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An attempt was made to produce data for the 
pre-neutron emission benchmarks, but these results 
differed significantly from those of other partici-
pants. Wahl [3.4.15] suggested several ways in which 
improvements could be made, but this work could 
not be completed for the benchmark deadline.

3.4.5. Progress in the UK fission product 
yield file

The UKFY3 fission product yield file was 
initially prepared in 1995 using an extensive experi-
mental database and JEF-2.2 decay data [3.4.16]. 
This is a development of previous UK work by 
Cuninghame, Crouch, James and others (see, for 
example, Refs [3.4.4–3.4.6, 3.4.17]).

The latest version of the UK file is UKFY3.4, 
which has been submitted to the JEFF project and 
released for testing. The principle modifications 
compared with UKFY3 are:

(a) Changes to the experimental database to 
remove duplicated data and adjust the uncer-
tainties assigned to a single reference which 
published a collection of early work on fast 
fission yields. The UKFY3.4 database includes 
14 709 experimental measurements.

(b) The use of JEFF3T2 [3.4.18] spins to calculate 
isomeric splitting using the Madland and 
England model [3.4.19].

(c) The use of JEFF3T2 decay paths to calculate 
the CU yields.

(d) Improvement to the method used to calculate 
uncertainties in the CU yields.

(e) The use of JEFF3T2 MAT and AWR values.

The database and resultant evaluated file are 
available from the author.

The isomeric splitting of independent yields is 
an area with little experimental data, but is 
important for short time decay heat estimates. Table 
3.4.2 shows a comparison of experimental data with 
the isomeric splitting ratios calculated using the 
Madland and England model, which depends on the 
spin quantum number of the product. Results from 
JEF-2.2 and the preliminary version of the JEFF3 
decay data (version T2) are shown for nuclides 
where the spin information is different between the 
two data sets and experimental results exist. These 
data show improvement for a few nuclides when the 
newer library is adopted, but given the range of 
experimental results and uncertainties significant 
differences are difficult to specify.

The CU yields were checked both by direct 
inspection of some mass chains and the calculation 
of the average delayed neutron emission per fission 
(v–d) for each fissioning system. The calculated v–d

results are given in Table 3.4.3. These results are 
highly dependent on the independent yields of 
nuclides that emit neutrons after beta decay. These 
nuclides are far from the line of stability, and 
therefore these calculations are dominated by the 
extrapolation of the magnitude and shape of the 
independent yield distributions, as practical consid-
erations make measurements difficult. The 
UKFY3.4 results show better agreement overall, 
but the results for the better known systems U235T 
and Pu-239T are slightly worse, though within the

TABLE 3.4.2.  ISOMERIC SPLITTING RATIOS THAT DIFFER BETWEEN JEF-2.2 AND JEFF3T2

Nuclide Experimental measurements
from the UKFY3.4 database

Madland and England model
with JEF-2.2 spins

Madland and England model
with JEFF3T2 spins

Rb-90 0.897 ± 0.045 0.808 0.899

Sb-130 0.501 ± 0.120 0.576 0.630

Te-131 0.680 ± 0.090 0.517 0.707

Sb-132 0.440 ± 0.090
0.194 ± 0.068

0.576 0.424

I-132 0.386 ± 0.063
0.446 ± 0.045
0.732 ± 0.050

0.643 0.424

I-136 0.803 ± 0.174 0.643 0.701
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uncertainties of the calculation. The major 
differences in delayed neutron emission for these 
two systems result from changes to the Pn values of 

As-85, Br-91 and I-137. It is expected that improve-
ments to the Pn values in later versions of JEFF3 
will improve these results.

TABLE 3.4.3.  COMPARISON OF CALCULATED AND EXPERIMENTAL AVERAGE DELAYED 
NEUTRONS PER FISSION

Fissioning 
systema

Total delayed neutron yield per 100 fissions Calculated/Experimental 

Yields UKFY3.4 UKFY3.4 JEF-2.2 Experimental 
measurementb

UKFY3.4 UKFY3.4 JEF-2.2

Decay JEFF3T2   JEF-2.2 JEF-2.2  JEFF3T2   JEF-2.2 JEF-2.2

Th-232F 5.601 ± 0.639 6.280 6.046 5.47 ± 0.12 1.02 1.15 1.11

Th-232H 3.226 ± 0.541 3.472 2.939 2.85 ± 0.13 1.13 1.22 1.03

U-233T 0.740 ± 0.072 0.772 0.878 0.664 ± 0.018 1.12 1.16 1.32

U-233F 1.074 ± 0.103 1.131 0.952 0.729 ± 0.019 1.47 1.55 1.31

U-233H 0.576 ± 0.106 0.619 0.344 0.422 ± 0.025 1.36 1.47 0.82

U-234F 1.371 ± 0.169 1.461 1.197 1.06 ± 0.12 1.29 1.38 1.13

U-235T 1.500 ± 0.125 1.572 1.708 1.654 ± 0.042 0.91 0.95 1.03

U-235F 1.772 ± 0.123 1.828 1.910 1.714 ± 0.022 1.03 1.07 1.11

U-235H 0.950 ± 0.086 0.945 0.790 0.927 ± 0.029 1.03 1.02 0.85

U-236F 2.464 ± 0.273 2.652 2.330 2.31 ± 0.26 1.07 1.15 1.01

U-238F 4.191 ± 0.301 4.327 4.266 4.51 ± 0.061 0.93 0.96 0.95

U-238H 2.396 ± 0.244 2.529 2.395 2.73 ± 0.08 0.88 0.93 0.88

Np-237T 1.157 ± 0.174 1.192 1.232 1.07 ± 0.1 1.08 1.11 1.15

Np-237F 1.221 ± 0.103 1.264 1.234 1.22 ± 0.03 1.00 1.04 1.01

Pu-238T 0.314 ± 0.064 0.315 1.472 0.456 ± 0.051 0.69 0.69 3.23

Pu-238F 0.494 ± 0.061 0.502 0.470 0.456 ± 0.051 1.08 1.10 1.03

Pu-239T 0.611 ± 0.080 0.619 0.617 0.624 ± 0.024 0.98 0.99 0.99

Pu-239F 0.708 ± 0.119 0.720 0.690 0.664 ± 0.013 1.07 1.08 1.04

Pu-240F 0.904 ± 0.100 0.912 0.940 0.96 ± 0.11 0.94 0.95 0.98

Pu-241T 1.220 ± 0.135 1.225 1.336 1.56 ± 0.16 0.78 0.79 0.86

Pu-241F 1.325 ± 0.126 1.321 1.452 1.63 ± 0.16 0.81 0.81 0.89

Pu-242F 1.753 ± 0.097 1.725 1.928 2.28 ± 0.25 0.77 0.76 0.85

Am-241T 0.368 ± 0.051 0.371 0.409 0.44 ± 0.05 0.84 0.84 0.93

Am-241F 0.423 ± 0.070 0.429 0.411 0.394 ± 0.024 1.07 1.09 1.04

Am-242mT 0.578 ± 0.105 0.584 0.649 0.69 ± 0.05 0.84 0.85 0.94

Cm-245T 0.432 ± 0.155 0.436 0.507 0.59 ± 0.04 0.73 0.74 0.86

Cf-252S 0.549 ± 0.174 0.542 0.741 0.86 ± 0.1 0.64 0.63 0.86

Sum of deviations squared 1.02 1.33 5.41

a S denotes spontaneous fission, T denotes thermal neutron induced fission, F denotes ‘fast’ neutron induced fission, and H 
denotes 14 MeV neutron induced fission.

b Measured values taken from evaluations of Refs [3.4.20–3.4.24].
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4. SYSTEMATICS AND MODELS
FOR THE PREDICTION OF FISSION YIELDS

4.1. PREDICTION OF FISSION MASS YIELD DISTRIBUTIONS
BASED ON CROSS-SECTION EVALUATIONS

F.-J. Hambsch
European Commission Joint Research Centre, IRMM, Belgium

The statistical model for fission cross-section 
evaluations has been extended by including the 
concept of multi-modality of the fission process. The 
three most dominant fission modes, i.e. the two 
asymmetric standard I (S1) and standard II (S2) 
modes and the symmetric super long mode, are 
taken into account. Based on calculations of the 
nuclear surface within the multi-modal random 
neck rupture model, separate outer fission barriers 
are considered for each mode, while the inner 
barriers and isomeric wells are assumed to be the 
same. Deconvoluted fission cross-sections for the 
S1, S2 and super long modes of 235,238U(n,f) and 
237Np(n,f), based on experimental branching ratios, 
were calculated for the first time in the incident 
neutron energy range from 0.01 to 5.5 MeV, 
providing good agreement with the experimental 
fission cross-section data. In this way, branching 
ratios can also be deduced for incident neutron 
energies when no experimental data exist, and used 
for the prediction of the corresponding fragment 
mass yield distributions. 

4.1.1. Introduction

The concept of multi-modality in nuclear 
fission was introduced theoretically in the 1980s 
[4.1.1], and the multi-modal random neck rupture 
model (MM-RNR) has proven to be a good approx-
imation to the fission process. This model pioneered 
fission research by also giving quantitative 
predictions for typical observables such as mean 
mass and mean total kinetic energy of the fission 
fragments. The first ideas about multi-modal fission 
date back to as early as 1951 and were introduced in 
order to interpret the mass distribution of the 
fissioning compound nucleus 233Th [4.1.2]. In the 
region of light actinide nuclei, this approach could 
be applied rather successfully under the assumption 
of a symmetric and an asymmetric fission mode 
[4.1.3]. However, for heavier actinides such as 236U 

this bi-modal approach turned out to be too simple. 
On the other hand, an MM-RNR model that did not 
limit the number of possible fission modes could 
quite successfully explain the characteristic fission 
fragment properties over the whole actinide range 
from 213At to 258Fm. A major fraction of this 
actinide mass range can be satisfactorily covered by 
assuming three dominant fission modes: the 
asymmetric standard I (S1) and standard II (S2) 
modes and the symmetric super long mode. 
However, in some special cases other modes 
become important (see, e.g., Ref. [4.1.4]).

Based on potential energy calculations that 
have been performed for 238Np [4.1.5], 239U [4.1.6] 
and 252Cf [4.1.4], the bifurcation point of the 
asymmetric fission modes was found to lie in the 
second minimum of the double humped fission 
barrier. This implies the presence of separated outer 
barriers for each of the modes. This proposal was 
already established for the symmetric super long 
mode, since it is a well known experimental fact that 
the yield of symmetric masses increases with 
increasing incident neutron energy.

In a collaborative effort to improve on the 
fission cross-section evaluation by including the 
multi-modality of the fission process in statistical 
model codes for cross-section calculations, the 
codes have been adapted to include the experimen-
tally observed fission modes. For most actinide 
nuclei, as mentioned above, compound nuclear 
fission is dominated by three fission modes: the 
asymmetric S1 and S2 modes and the symmetric 
super long (SL) mode. The two asymmetric 
standard modes are generally thought to be linked 
with the neutron shells in the fission fragments at N 
= 82 (spherical shell) for S1, and N = 88 (deformed 
shell) for S2 [4.1.1].

Based on experimental fission mode 
branching ratios measured at IRMM in the neutron 
energy range below the second chance fission 
threshold, and the ENDF/B-VI fission cross-section 
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[4.1.7], the mode separated fission cross-sections are 
obtained for the reactions n + 235U, n + 238U and n + 
237Np. Over this energy range, the neutron 
interaction with the target nucleus takes place 
through direct and compound nuclear mechanisms. 
For these deformed heavy nuclei, the elastic 
channel is strongly coupled with the other possible 
channels in the process, and the direct mechanism 
has to be treated with the coupled channel method. 
For the compound nuclear mechanism a statistical 
treatment is used for fission, neutron elastic and 
inelastic scattering and radiative capture cross-
section calculations.

In order to describe the mode separated 
fission cross-sections in terms of the statistical 
model, the statistical STATIS code [4.1.8] was 
modified to take into account the contribution of 
each fission mode in competition with the other 
open channels. Fission mode calculations [4.1.5] 
based on the MM-RNR model demonstrated that 
the bifurcation point is close to the second 
minimum of the double humped fission barrier. 
Consequently, the inner barriers and the isomeric 
wells were taken to be the same for all modes, and 
the outer fission barrier for each fission mode was 
taken to be different (see Fig. 4.1.1). For each mode, 
the sub-barrier effects and the direct, indirect and 
isomeric fission cross-sections are taken into 
account.

4.1.2. Statistical model 

The compound nucleus mechanism is treated 
in terms of the statistical model with sub-barrier 
effects, using the statistical STATIS code modified 
to take into account the multi-modal fission 

concept. Competitive processes are elastic (n) and 
inelastic (ni) scattering, radiative capture (γ) and 
fission (f) for the neutron induced reactions of 
actinides in the incident energy range where only 
one compound nucleus is formed. The three most 
dominant fission modes S1, S2 and super long are 
taken into account.

Within the modified statistical model, the 
compound nucleus formation cross-section and the 
decay of the compound nucleus are expressed by 
the following equations [4.1.8]:

(4.1.1)

(4.1.2)

E is the incident neutron energy in the laboratory 
system (LS), J and P are the spin and parity of the 
compound nucleus, Vn,l,j are the generalized neu-
tron transmission coefficients, and Pa¢ (E,JP) is the 
compound nucleus decay probability for the exit 
channel a¢. Details of the calculation of these 
quantities can be found in Ref. [4.1.9].

The coupled channel method (ECIS code 
[4.1.10]) is used for the direct mechanism, while a 
statistical model (STATIS code that takes into 
account sub-barrier effects and the multi-modal 
fission concept) is used for the compound nucleus 
mechanism. Direct interaction calculations use the 
coupled channel ECIS-95 code [4.1.10] that 
provides the total cross-section, the direct contribu-
tions of the neutron elastic and inelastic cross-
sections of the rotational levels coupled to the 
ground state, and the neutron transmission 
coefficients Tni,l,j needed in the compound nucleus 
calculations.

The compound nucleus calculations are 
carried out with the STATIS statistical code [4.1.8] 
that provides the fission cross-section, the radiative 
capture cross-section, and the compound nuclear 
contributions of the neutron elastic and inelastic 
cross-sections of the rotational levels coupled to the 
ground state.

The total cross-section of n + 235U in the 
incident neutron energy range 0.01–20 MeV as 
obtained by the coupled channel calculations using 
the ECIS code is given as an example in Fig. 4.1.2. 
Such good agreement proves the validity of the 

FIG. 4.1.1. Qualitative representation of the double 
humped fission barrier and the possible fission processes.
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optical potential used in the calculations. More 
details of the calculations and corresponding results 
can be found in Refs [4.1.9, 4.1.11]. Figs 4.1.3 and 
4.1.4 show examples of the quality of the calcula-
tions for the differential elastic cross-section and the 
capture cross-section for n + 235U.

4.1.3. Results and discussion      

Mode separated fission cross-sections are 
obtained by multiplying the ENDF/B-VI evaluation 
for the different compound systems with the IRMM 
experimentally determined branching ratios. These 
fission cross-sections are described in terms of the 
statistical model, as mentioned above. Calculations 
have been undertaken in the incident energy range 
between 0.01 (where the statistical model 
assumptions become valid) and 5.5 MeV (where the 
first fission chance is dominant). 

The calculated fission cross-sections for the 
S1, S2 and super long modes and the total fission 
cross-section in comparison with the ‘experimental’ 
modal cross-sections (represented by different 
symbols) and available experimental data from 
EXFOR [4.1.12] (open circles) are given in 
Figs 4.1.5 and 4.1.6 for 235U and 237Np, respectively. 
Agreement of the present calculations with the 
experimental fission cross-sections for each mode 
can be appreciated from the data in these figures 
that compare the calculated branching ratios of 
each mode with the existing IRMM experimental 
data. 

Two observations can be made. First, for the 
235U(n,f) data of Straede et al. [4.1.13] the 
agreement between the experimental modal and the 
calculated cross-sections is rather poor, especially at 
higher incident neutron energies above 2 MeV. We 
trace this back to the fact that the branching ratios 
as deduced by Straede et al. were based only on 

FIG. 4.1.2. 235U total cross-section over the incident 
neutron energy range 0.01–20 MeV obtained by the 
coupled channel calculation with ECIS.

FIG.4.1.4. Radiative capture cross-section for 235U(n,γ).

FIG.4.1.3. Differential elastic cross-section for 235U(n,n) at 
En = 5.5 MeV.

FIG.4.1.5. Total fission cross-section in comparison with 
mode separated fission cross-sections for 235U(n,f).
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fitting the mass distribution with three Gaussian 
distributions, and not taking into account the full 
information contained in the measured Y(A, total 
kinetic energy) distribution.      

The full two dimensional Y(A, total kinetic 
energy) distribution has been used with the IRMM 
data set in Fig. 4.1.5 to deduce the branching ratios 
[4.1.14]. This approach also emphasizes the 
importance of using the full information on the 
fission fragments, namely their mass and total 
kinetic energy dependence, for a reliable deduction 
of the branching ratios.

Second, in the case of threshold reactions such 
as 237Np and 238U it is very important for the fission 
cross-section calculation that experimental modal 
fission cross-sections are available in the threshold 
region to make the theoretical calculation and the 
corresponding barrier parameters more credible.

Although some discrepancies are observed for 
the S1 mode, especially in the threshold region (0.6–
1.3 MeV incident neutron energy), the overall 

agreement is also reasonably convincing for 
237Np(n,f). Consequently, we can assume that the 
calculated branching ratios in the entire incident 
energy range studied are good. The branching ratios 
for both 235U(n,f) and 237Np(n,f) as calculated with 
the model and their comparison to the experimen-
tally deduced branching ratios are given in Figs 4.1.7 
and 4.1.8. Using these branching ratios and extrapo-
lating the IRMM modal data for the mass yield, 
standard deviations and mean masses, the fission 
fragment mass distribution can be estimated at any 
incident neutron energy over the energy range 
studied.  

Note should be made of the important contri-
bution of the super long mode in the sub-barrier 
energy region for 237Np(n,f) at incident neutron 
energies En ≤ 0.02 MeV. For En ≤ 0.1 MeV, the 
contributions of the S1 and S2 modes are approxi-
mately the same, and the S1 mode dominates in the 
energy range 0.1 ≤ En ≤ 0.4 MeV, leading to hitherto 
unexpected fission fragment mass distributions in 
this energy range. For 235U(n,f), the branching ratio 
only changes slightly below 0.5 MeV incident 
neutron energy (see Fig. 4.1.7).

The results for the modal fission cross-section 
of 238U(n,f) are also remarkable (see Figs 4.1.9, 
4.1.10). First, this isotope has a very small sub-
barrier cross-section of only 10–4 b, and therefore 
the calculations are very sensitive to the barrier 
parameters. Second, the cross-section exhibits 
structure at the threshold related to the existence of 
vibrational resonances at incident energies of about 
0.9 and 1.2 MeV. Around the second vibrational 
resonance at about En = 1.2 MeV, very strong fluctu-
ations in the fission fragment properties such as the 
mean total kinetic energy and angular distribution 
have already been observed [4.1.15–4.1.17]. 

FIG. 4.1.6. Total fission cross-section in comparison with 
mode separated fission cross-sections for 237Np(n,f).

FIG.4.1.8. Branching ratios for 237Np(n,f).

FIG.4.1.7. Branching ratios for 235U(n,f).
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However, the observed fluctuations in the fission 
fragment branching ratios from Ref. [4.1.17] are 
much too strong to be parameterized by the model. 
The maximum of the observed fluctuations also 
seems to lie around En = 1.25 MeV, whereas the 
structure in the cross-section is located more 
towards En = 1.2 MeV. More experimental investi-
gations around this vibrational resonance and 
another at En = 0.9 MeV (where no experimental 
data exist) are necessary to verify the theoretical 
predictions (experiments are planned for the 
coming years).   

The consequence of the drastic change in the 
mass distribution is obvious. Two examples of 
predicted mass distributions are given in Figs 4.1.11 
and 4.1.12. The mass distribution for 237Np at En = 
0.4 MeV is plotted in Fig. 4.1.11 and shows a peak 
yield towards the position of the S1 mode 

(calculations predict that this mode is dominant at 
this incident energy (see Fig. 4.1.8)). This 
domination should also have a consequence for the 
mean total kinetic energy, since the S1 mode has a 
more compact shape and hence a higher total 
kinetic energy. A similar conclusion can be drawn 
for 238U. The strength of the S1 mode is also 
increasing for incident neutron energies smaller 
than 1.3 MeV, and this behaviour should be 
observable in state of the art experiments.       

4.1.4. Concluding remarks

(a) For the first time, fission mode de-convoluted 
fission cross-sections based on branching 
ratios measured at IRMM were calculated for 
incident neutron energies En = 0.01–5.5 MeV. 
Good agreement with experimental fission 

FIG. 4.1.9. Total and mode separated fission cross-section 
for 238U(n,f) together with the corresponding calculated 
mode separated fission cross-sections.

FIG. 4.1.11. Predicted mass distribution for 237Np(n,f) at 
En = 0.4 MeV.

FIG. 4.1.10. Calculated and experimental branching ratios 
for 238U(n,f).

FIG. 4.1.12. Predicted mass distribution for 238U(n,f) at En 

= 0.9 MeV.
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cross-section data has been achieved for three 
different nuclei, 235,238U and 237Np.

(b) Reasonable values have been derived for the 
outer barrier heights and the corresponding 
curvatures of each mode.

(c) Symmetric and asymmetric fission can be 
explained by penetration through different 
outer barriers. At sub-barrier neutron incident 
energies, the least asymmetric mode S1 is 
dominant, while above the fission threshold 
the most asymmetric mode S2 becomes 
dominant in fission. This behaviour has conse-
quences for the observed fission fragment 
properties, e.g. fragment mass distribution.

(d) Within the concept of multi-modal fission, the 
calculations of fission fragment mass distribu-
tions, the prompt fission neutron multiplicity 
and neutron energy spectrum for each mode 
are feasible from the measured fission cross-
sections only.
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4.2. SYSTEMATICS OF FISSION PRODUCT YIELDS

A.C. Wahl
Los Alamos National Laboratory, United States of America

Empirical equations representing systematics 
of fission product yields have been derived from 
experimental data. The systematics give some 
insight into nuclear structure effects on yields, and 
the equations allow estimation of yields from fission 
of any nuclide with atomic number ZF = 90–98, mass 
number AF = 230–252, and precursor excitation 
energy (projectile kinetic plus binding energies) PE
= 0 to ~200 MeV, representing the ranges of these 
quantities for the fissioning nuclei investigated. 
Calculations can be made with the CYFP computer 
program. Estimates of uncertainties in the yields 
were also calculated and range from ~15% for the 
highest yield values to several orders of magnitude 
for very small yields. A summation method is used 
to calculate weighted average parameter values for 
fast neutron (approximately fission spectrum) 
induced fission reactions. 

4.2.1. Introduction

Systematics of fission product yields were 
derived in two successive stages:

(1) Gaussian functions were fitted by the least 
squares method to data (mass yields (Y(A)), 
or fractional independent (FI) and cumulative 
(FC) yields) for each fission reaction investi-
gated. Frequently, not all parameters could be 
determined by the least squares method, and 
some approximate values had to be assumed 
based on the models. This procedure led to 
recycling as model values were refined.

(2) Each Gaussian parameter determined for a 
number of fission reactions was fitted to an 
equation with terms containing differences 
between ZF, AF and/or PE and corresponding 
values for U-235T [4.2.1–4.2.4], using the least 
squares method. These equations and the 
derived term coefficients are listed in Tables 
4.2.1, 4.2.2 and 4.2.3 (see below). 

Most low and high energy fission reactions 
were treated separately. Reactions with excitation 
energies E* = PE < 8.0 MeV were considered low 
energy, reactions with PE > 20.0 MeV were 

considered high energy, and reactions with PE
between 8.0 and 20.0 MeV were considered to be of 
intermediate energy. Gaussian parameters derived 
from data for the intermediate region (e.g. 14 MeV 
neutron induced fission reactions) were used with 
parameters for both low and high energy fission 
reactions to help achieve smooth model parameter 
transitions in going from low to high energy.

Data for low energy fission included yields 
from spontaneous fission and neutron induced 
fission with neutron energies of 14 MeV or less. 
Data for high energy fission were for proton 
induced fission reactions, since no yield data were 
found for high energy (approximately >14 MeV) 
neutron induced fission. It was assumed that fission 
yields are independent of how nuclei were formed. 
This assumption is supported by the observation 
that the peak to valley ratio from fission of 236U 
excited to 11–25 MeV depends only a little (~13%) 
on whether formation occurs by neutron capture or 
by alpha particle induced fission of 232Th [4.2.5].

Most yield data for high energy proton 
induced fission are presented in the literature as 
formation cross-sections in units of millibarns (mb). 
Cross-section values were divided by the fission 
cross-section and multiplied by 100 to give Y(A) or 
independent (IN) or CU yields as per cent in order 
to use these data with Y(A) and FI–FC for low 
energy fission. IN and CU values were subsequently 
divided by Y(A) to give FI and FC values. Fission 
cross-sections and chain yields were used from the 
data source, if available; otherwise values were 
deduced from their trends with energy. For proton 
energies above ~25 MeV, cross-sections for proton 
induced fission of 238U and 232Th are approximately 
constant at 1.40 ± 0.10 and 0.89 ± 0.06 b, respectively 
[4.2.6–4.2.8]. Below ~25 MeV there are considerable
amounts of data that are useful for interpolation 
[4.2.8–4.2.10].

For high energy fission reactions, nucleons are 
lost before fission, and the initial precursor (target + 
projectile) values of PA, PZ, and PE are lowered (e.g. 
Ref. [4.2.11]). The average loss of mass number (NT) 
and atomic number (NPE) can be determined from 
yield calculations, but the loss of excitation energy 
cannot, and therefore PE was used as a parameter.
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Preliminary calculations showed that a 
number of parameters used to represent low energy 
fission yields (i.e. even–odd proton and neutron 
factors, FZ and FN, slopes of sZ and DZ, and special 
effects near symmetry and on the mass yield wings) 
could not be determined from high energy data, and 
the effects described by these parameters were 
assumed to be negligibly small at high energies. 

Most of the equations in Ref. [4.2.4] for yields 
from low energy fission reactions have been 
modified to eliminate discontinuities and to 
enhance smooth transitions of the functions to those 
for high energy fission reactions. Equations for 
some Gaussian parameters were derived that can 
represent both low and high energy values. 
However, for most parameters, different equations 
were used for low and high energy, the two 
functions being connected by a transition function 
that is linear in PE between PE = 8 and 20 MeV.

An interesting point of note is that 14 MeV 
neutron induced fission reactions, treated by low 
energy systematics in Ref. [4.2.4], are now classified 
as essentially high energy reactions. However, the 
current classification seems appropriate because 
neutrons are often emitted before fission induced 
by 14 MeV neutrons (as discussed later).

Fission yields from fast neutron induced 
fission were calculated by a summation method to 
give weighted average parameter values for those 
model parameters that are energy dependent 
[4.2.4]. Equations derived for low energy fission 
were used (Tables 4.2.1 and 4.2.2) because most of 
the increments that were summed had E* values 
< 8 MeV. Parameters for U-238F were calculated 
with and without using appropriate values for the 
intermediate region, and no significant differences 
in the derived parameter values were observed.

4.2.2. Mass distribution

4.2.2.1. Determination of Gaussian parameters

Parameters for the multi-Gaussian model 
[4.2.4, 4.2.12, 4.2.13] were determined by the least 
squares method from experimental chain yield data 
for 63 fission reactions. Reciprocal variance 
weighting was used in the calculations, with 
minimum uncertainties being set at 5% for yields 
from low energy neutron induced fission and 10% 
for yields from high energy proton induced fission 
reactions. Minimum uncertainties were used to 
prevent data with very small uncertainties from 

having unduly large weights for the determination 
of the Gaussian parameters.

The data were obtained from the two compre-
hensive evaluations of chain yields for spontaneous 
fission and for thermal and 14 MeV neutron 
induced fission reactions [4.2.14, 4.2.15], from yields 
for monoenergetic neutron (0.1–10.0 MeV) induced 
fission reactions [4.2.16–4.2.19], from yields for 
light-wing mass numbers from the LOHENGRIN 
fission product separator [4.2.20–4.2.24], from 
LOHENGRIN yields for AM242T (241Am(2n,f)) 
[4.2.25], from monoenergetic proton (10–340 MeV) 
induced fission of 238U [4.2.7], and from yields for 
monoenergetic proton (13–53 MeV) induced fission 
of 232Th [4.2.26]. Mass yield data from fission 
induced by fast neutrons with a large range of 
energies can also be represented by Gaussian 
curves, but the resulting Gaussian parameters were 
not used in the second stage of the analysis. 
However, the mass distributions for fast fission 
reactions can be calculated by a summation method 
from the model parameters derived from other 
data, as discussed in a later section. 

The total number of nucleons emitted before 
and after fission (NT) is not generally known for 
high energy fission reactions, and values are needed 
to determine the midpoint (symmetry point, A–), 
(PA – NT)/2, in which PA is the sum of the 
projectile and target mass numbers. Therefore, NT
was determined as a high energy fission parameter 
that gave the best representation of complemen-
tarity for light and heavy product chain yields in 
each multi-Gaussian least squares calculation. For 
low energy fission, the average total number of 
post-fission neutrons emitted is given by NT = nF. 

Earlier calculations for low energy fission 
indicated that the inclusion of an additional pair of 
Gaussian curves to help represent experimental 
Y(A) on the wings of mass yield curves improved the 
data representation significantly for some heavier 
fissioning nuclides (e.g. Figs 4.1–3C, 4C, 5C, 6C of 
Ref. [4.2.4]). Additional calculations using six or 
seven curves showed that this effect applied to ZF ≥
94, but not to ZF £ 92 or high energy fission reactions. 

4.2.2.2. Equation for least squares parameter 
calculations

  (4.2.1)
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A– = (PA – NT)/2 (4.2.1b)

4.2.2.3. Estimated model uncertainties

One helpful approach in efforts to represent 
measured chain yields by sums of Gaussian curves 
was to include estimates of uncertainties in model 
calculated yields. Uncertainties were estimated 
from the following empirical equation proposed 
earlier for the per cent uncertainty (PER) [4.2.27]:

PER = 25e–0.25ln(Y(A))  (4.2.2)

Estimated range of uncertainty: Y(A)/(1+PER/100) 
to Y(A)(1+PER/100):      

Examples of results of multi-Gaussian least 
squares calculations for individual fission reactions 
are shown in Figs 4.2.1(a)–4.2.10(a) (Figs 4.2.1(b)–
4.2.10(b) show the same experimental points, but 
the lines are derived from systematic trends (to be 
discussed later)). Most experimental chain yields 
(points in the figures) are represented approxi-
mately by the sums (solid lines) of several Gaussian 
curves (broken lines), each sum being normalized to 
200%. The dotted lines, between which many data-
points fall, represent the estimated uncertainties for 
the sums of the calculated curves. Reduced c2 values 
in parentheses include estimated model uncer-
tainties as discussed above, and cluster about 1.0; 
the average of the ten values shown in the figures is 
1.0. Thus, the estimated uncertainties for the multi-
Gaussian representations behave appropriately for 
the limited test described. The reduced c2 values 
before the parentheses in the figures are based on 
experimental or minimum uncertainties and are 
mostly >1.0, showing that the multi-Gaussian model 
does not represent the experimental fine structure 
and other details very well.                           

Examples: Y(A),% PER 1 + PER/100

10 14     1.14

 1 25     1.25

 0.1 44     1.44

10–3 141     2.41

10–6 791     8.91

10–10 7 910    80.10

10–15 140 600 1 407

FIG. 4.2.1(a).  TH229T, LS Par., 5% min. uncertainty. FIG. 4.2.1(b).  TH229T, Sys. Par., 5% min. uncertainty.
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FIG. 4.2.2(a). U235T, LS Par., 5% min. uncertainty.

FIG. 4.2.3(a). U238F, LS Par., 5% min. uncertainty.

FIG. 4.2.2(b). U235T, Sys. Par., 5% min. uncertainty.

FIG. 4.2.3(b). U238F, Sys. Par., 5% min. uncertainty.
120



FIG. 4.2.5(a). U238H, LS Par., 5% min. uncertainty.

FIG. 4.2.4(a). 238U + 5.5 MeV n, LS Par. FIG. 4.2.4(b). 238U + 5.5 MeV n, Sys. Par.

FIG. 4.2.5(b). U238H, Sys. Par., 5% min. uncertainty.
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Red.
2

= 1.2 (0.6), 10% min. uncert.

FIG. 4.2.6(a). U238 + 32 MeV p, LS Par.

Red.
2

= 3.0 (1.3), 10% min. uncert.

FIG. 4.2.7(a). U238 + 100 MeV p, LS Par.

Red.
2

= 2.1 (0.8), 10% min. uncert.

FIG. 4.2.6(b). U238 + 32 MeV p, Sys. Par.

Red.
2

= 5.0 (2.7), 10% min. uncert.

FIG. 4.2.7(b). U238 + 100 MeV p, Sys. Par.
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FIG. 4.2.8(a). U238 + 300 MeV p, LS Par.

FIG. 4.2.9(a). PU239T, LS Par., 5% min. uncertainty.

Red.
2

= 3.3 (0.8), 10% min. uncert.

FIG. 4.2.8(b). U238 + 300 MeV p, Sys. Par.

FIG. 4.2. 9(b). PU239T, Sys. Par., 5% min. uncertainty.
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4.2.2.4. Systematics of Gaussian parameters

The parameters determined to represent the 
three to seven Gaussian functions for each fission 
reaction were fitted by mathematical functions of 
the average ZF and AF of fissioning nuclei and PE
(precursor excitation energy) using the least squares 
method. Reciprocal variance weighting was used 
with uncertainties determined earlier for each 
parameter value or with the minimum uncertainty 
of 5%. The derived functions are given in Table 
4.2.1 and allow the calculation of mass distributions 
for any fissioning nuclei in the regions investigated.

Chain yield data for proton induced fission of 
238U [4.2.7] (nine data sets with monoenergetic 
protons from 10 to 340 MeV) were used to represent
high energy fission reactions, with the assumption 
that the use of protons instead of neutrons had a 
negligible effect on model parameters (see Section 
3.2.1). Most parameters for the Gaussian curves 
change fairly rapidly with energy at the lower 
energies and then level off above PE @ 100 MeV, 
consistent with the similarity of high energy chain 
yield curves [4.2.7]. Data and parameters for proton 

induced fission of 232Th [4.2.26] (seven data sets with 
monoenergetic protons from 13 to 53 MeV) were 
included in preliminary calculations. These data 
consisted of fragment yields before neutron 
evaporation, as read from mass yield curves without 
points, and derived from kinetic energy measurements.
The resulting Gaussian parameters were of the 
same magnitude as those from radiochemically 
determined fission product yields from 238U + p 
[4.2.7], but the variation of parameters with energy 
was different (see Figs 4.2.11–4.2.13).

The least squares method was used to identify 
the more important terms for each model 
parameter function and to determine the best 
coefficient values for these terms. Only terms 
making significant contributions to the reduction of 
reduced c2 from least squares calculations were 
included in the equation (results are summarized in 
Table 4.2.1). Some parameters could be represented 
by the simpler Eq. (4.2.3). The intensity of the 
central curve (Y3) that increases with PE by several 
orders of magnitude (see Fig. 4.2.13) required 
different equations for low and high energies, as 
shown in the footnotes to Table 4.2.1. 

FIG. 4.2.10(a). CF252S, LS Par., 5% min. uncertainty. FIG. 4.2.10(b). CF252S, Sys. Par., 5% min. uncertainty.
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TABLE 4.2.1.  EQUATIONS FOR SYSTEMATIC TRENDS IN GAUSSIAN PARAMETERS FOR Y(A)

Par.  Eq.    P(1)   P(2)    P(3)   P(4)   P(5)    P(6) No.a

s1,5 4.2.3   2.808  8.685 –0.0454  0.372 –0.620 –0.0122 63

s2,4 4.2.4   2.45  0.0 —  0.0  0.0 — 38

s3
b 4.2.4   8.6  0.0 —  0.0  0.0 — 10

s6,7 4.2.4   3.17  0.0 —  0.303  0.0 —  6

D5
c 4.2.3  25.34 18.55 –0.0402 –1.220 –1.732  0.0 63

A4
d 4.2.4 136.66 –0.177 —  0.060 –0.038 — 45

D7
c 4.2.4  30.31  0.0 —  0.0  0.0 —  5

Y2,4
e 4.2.4  43.00 –1.91 — –3.41  0.0 — 47

Y6,7
f 4.2.4   6.80  0.0 —  0.0  0.0 — 10

NT 4.2.3   1.563 16.66 –0.00804  0.0918  0.0  0.0 45

a Number of parameter values used in least squares calculation.
b s3 = s1,5 if s1,5 > 8.6
c D1 = –D5, D6 = –D7 
d D4 = A4 – (AF  – NT)/2.0, D2 = –D4  (4.2.5)
e If Y2,4 < 0.0, Y2,4 = 0.0
f If PE > 8 MeV, Y6,7 = 6.8 – (6.8/12)*(PE – 8.0) (4.2.6)

If ZF = 93, Y6,7 = Y6,7/2.0 (4.2.6a)
If ZF < 93 or PE > 20 MeV, Y6,7 = 0.0 (4.2.6b)
Y3 = 4.060e[0.470(PE – 11.96)] if PE < 11.96  (4.2.7)
Y3 = 4.060 + 86.02(1.0 – eT(PE – 11.96)) if PE ≥ 11.96    No.a = 63 (4.2.8)
T = –0.030 + 0.0050(AF – 236.0) (4.2.8a)

                FIG. 4.2.11. s¢1,5 function, s¢1,5 = s1,5 – f(ZF).              FIG. 4.2.12. D¢5  function, D¢5 = D5 – f (ZF).

Par. = P1 + (P2 – P1)(1.0 – eP3*PE) (4.2.3) P1 = P(1) + P(4)[ZF – 92] (4.2.3a)
Par. = P1 + P2 * PE (4.2.4) P2 = P(2) + P(5)[ZF – 92] (4.2.3b)

P3 = P(3) + P(6)[ZF – 92] (4.2.3c)
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4.2.2.5. Principal peak curves

The pair of principal peak curves is the main 
contributor to the mass distribution for both high 
and low energy fission. Equations for s1,5 and D1,5

were derived that represent both low and high 
energy fission reactions. The equations are 
dependent on both ZF and PE, as shown in 
Table 4.2.1, Eq. (4.2.3), while the energy 
dependences are shown in Figs 4.2.11 and 4.2.12. 
The intensities of these curves (Y1,5) were adjusted 
(normalized) so that the sum of intensities of all 
curves was 200%. 

4.2.2.6. Inner peak curves

The yield of the pair of inner peak curves 
(Y2,4) decreases with PE and goes to zero when PE
is approximately >20 MeV, as shown in Fig. 4.2.14. 
Those inner peak curves are narrow, as shown in 
Fig. 4.2.15, and represent the sharp change in yields 
that occurs below the heavy mass number (AH = 
130) and above the light complement (these curves 
replace the exponential functions used previously 
[4.2.4]).   

Mass numbers (A4) at the maxima of the 
heavy inner peak curves were determined, and a 
function (Eq. (4.2.3), Table 4.2.1) was fitted to the 
values by the least squares method. The resulting 

parameter values for the function are given in Table 
4.2.1. The displacements (D2 and D4) were then 
calculated from the function using Eq. (4.2.5) in the 
footnotes to Table 4.2.1. Figure 4.2.16 shows the 

                    FIG. 4.2.13. Y¢3 function, Y¢3 = Y3 – f(Af).                       FIG. 4.2.14. Y¢2.4 – f(Zp) function.

              FIG. 4.2.15. Average s¢2,4 = 2.45 ± 0.05.
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values (points) and the derived function (line), both 
adjusted for the small ZF dependence to allow 
comparison of parameter values for a number of 
fission reactions with the derived function.  

The narrowness of the inner peak curves that 
results from the sharp decrease in yields below AH @
130 and above the light complementary AL = PA – 
130 – NT, as well as the large kinetic energies 
[4.2.28] and small prompt neutron emission near 
A = 130 [4.2.29], may all arise from the proximities 
of the Z and N of the nascent heavy fragments to 
the Z = 50 and N = 82 spherical shells. 

4.2.2.7. Central peak curve

The maximum for the central peak is at the 
midpoint (D3 = 0.0, AL3 = (PA – NT)/2), and the 
width parameter for the central peak (s3 = 8.6 ± 1.0) 
is the average of ten values from the fission of 
thorium isotopes. Principal peak separations were 
larger for these fissions than for the other fission 
reactions investigated, giving optimal information 
about the properties of the central peak (e.g. see 
Figs 4.2.1(a) and (b) and compare with Figs 4.2.2(a) 
and (b) through to 4.2.10(a) and (b)). The value of 8.6 
better approximates the nearly flat valleys observed 
for a number of experimental mass yield data than 
does the smaller value of 6.0 used previously [4.2.4]. 

For high energy fission reactions, s3 was taken to be 
8.6 or s1, whichever was the larger. 

The curve intensity (Y3) increases by several 
orders of magnitude with increasing PE (~0.015% 
from model calculations for spontaneous fission 
[4.2.4] and ~90% for high energy fission). This 
significant change required two functions to be 
applied in different regions of PE (Eqs (4.2.7) and 
(4.2.8), Table 4.2.1, and Fig. 4.2.13). The transition 
between functions is quite smooth (two exponential 
functions with different slopes were used in Ref. 
[4.2.4]).

4.2.2.8. Wing curves

Least squares calculations for nuclei with ZF ≥
94 showed that the wing curve parameters Y6,7 and 
D7 were essentially constant for low PE (<8 MeV), 
and average values are shown in Table 4.2.1. Y6,7 is 
assumed to be 3.4% for ZF = 93, and to decrease 
linearly from a value at E* = PE = 8.0 MeV to 0.0 at 
PE = 20.0 MeV. The widths of the curves increase 
with ZF, as shown for s6,7 in Table 4.2.1.

4.2.2.9. Number of nucleons emitted

Neither the original [4.2.30] nor the revised 
version [4.2.4] of Howerton’s equation for 
estimating nF was intended to be used for extrapo-
lation to high energies, so the total number of 
nucleons emitted (NT) was determined as a model 
parameter in order to establish the symmetry point 
((PA-NT)/2). Figure 4.2.17 shows NT values 
determined by least squares from mass yield data 
for a number of different nuclides and excitation 
energies PE (points), and the function derived to 
represent these values (Eq. (4.2.3) in Table 4.2.1 
(line)). There is considerable uncertainty and 
scatter in the values for proton induced fission, 
possibly because the mass yield data were limited 
[4.2.7], although they were the best available.

4.2.2.10. Systematic trends represented 
by parameter equations

The equations and values of parameters listed 
in Table 4.2.1 represent systematic trends in the 
multi-Gaussian model parameters that allow 
estimation of chain yields from both low and high 
energy fission reactions. Figures 4.2.11–4.2.17 show 
that the equations give only a moderate represen-
tation of most of the parameters derived from the 
chain yields, with considerable scatter of the points.

                  FIG. 4.2.16. A'4 = A4 – f(Zf) function. 
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Most of the reduced c2 values shown in 
Figs 4.2.1(b)–4.2.10(b) are greater than one, 
showing that the models do not represent a 
significant amount of the data within a minimal 5–
10% or larger experimental uncertainty. Many of 
the recalculated reduced c2 values that include 
estimated model uncertainties shown in parentheses 
are >1.0, indicating that the estimated model uncer-
tainties are too small. Perhaps the coefficient of 25 
in Eq. (4.2.2) should be increased for yields derived 
from equations representing the systematics shown 
in Table 4.2.1. 

4.2.3. Nuclear charge distribution

Nuclear charge distribution describes the 
dispersion of yields with mass and atomic numbers 
(A and Z) of more than 1000 primary fission 
products from each of many fission reactions. The 
yields are for products after prompt neutron 
emission and before beta decay. Since only a small 
fraction of the yields have been measured, models 
are needed to estimate unmeasured yields. 
Theoretical models are not sufficiently advanced to 
give reliable yield estimates, so the empirical ZP

model has been used [4.2.4, 4.2.29].
The ZP model treats dispersion of fractional 

independent yields (FI) of primary fission products 
with Z for each A. Gaussian dispersion is assumed 
after modification for even–odd proton and neutron 
effects. Model parameters were determined by the 
least squares method from fractional independent 

and fractional cumulative (FC) yield values derived 
from experimental data. Parameter values for 25 
fission reactions with excitation energies from 0 
MeV (spontaneous fission) to about 170 MeV 
(proton induced fission) were used. 

4.2.3.1. Equations for the ZP model

The equations for the ZP model are given 
below [4.2.29], and involve the error function of x, 
erf(x). Complementarity of light and heavy fission 
products is approximated by A' = A + nP(A) and 
A'L + A'H = AF to allow the same or complementary 
functions to be used for both light and heavy 
products. Determination of the nP(A) function 
(average number of post-fission neutrons emitted to 
form fission products with A) is discussed in the 
next section. The parameters sZ, DZ, FZ, FN and 
their slopes with respect to A' are determined in 
contiguous regions of A' for each fission reaction by 
the least squares method. 

FI(A,Z) = [0.5][F(A)][N(A)][erf(V) — erf(W)]
(4.2.9)

(4.2.9a)

(4.2.9b) 

(4.2.9c)

(4.2.9d)

for Z  for N

even even 
(4.2.9e)

even odd 

odd even

odd odd 

The normalization factor (N(A)) is applied to 
achieve S(FI) = 1.00 for each A, and is required 
because the even–odd factors (F(A)) destroy the 
inherent normalization properties of Gaussian 

FIG. 4.2.17. NT' = NT – f(Zf) function. 
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distributions. Values of N(A) seldom deviate by 
more than 10% from unity. 

The minimum uncertainty for low energy fission 
is used for reciprocal variance weighting, and was set 
to 0.1 to prevent very small FI and FC values with 
small absolute uncertainties from being given unduly 
high weights, but still having weights similar to those of 
high yield products. For high energy fission, the larger 
of the experimental uncertainties (0.01 or 10% of a 
value) was used for weighting. Values of FZ(A') and 
FN(A') for PE > 20.0 MeV were set to 1.0, slopes of 
model parameters were set to 0.0, and neither was 
varied because preliminary calculations showed that 
these parameters could not be determined from 
available data and were assumed not to contribute.

4.2.3.2. Region boundaries 

The values determined for DZ(A¢), sZ(A¢), 
FZ(A¢) and FN(A¢) from low energy data depend on 
A' and can be represented by simple functions in 
each of several regions of A¢. Region boundaries are 
shown as short dotted lines, and labelled B1–6 and 
Ba, b in Figs 4.2.18(a–d), 4.2.19(a–d) and 4.2.20(a–d),
as defined below. The parameters in the functions 
for each region were calculated by the least squares 
method if there were sufficient data, or were 
estimated from derived systematics by using 
Eq. (4.2.17), Table 4.2.2, with the model parameter 
values. Several cycles of calculation were sometimes 
necessary. For fission reactions with PE approxi-
mately >20 MeV, only average parameter functions 
and parameter values could be determined for each 
reaction (Table 4.2.3 and Figs 4.2.21(a)–(d)).   

B1 = 70  (4.2.10a)

B2 = 77 + 0.036(AF – 236)  (4.2.10b)

B3 = AF – B4  (4.2.10c)

 
(4.2.10d)

B5 = AF – B2  (4.2.10e)

B6 = AF – B1  (4.2.10f)

Ba = A¢max  (4.2.10g)

Bb = AF – A¢max  (4.2.10h)

Peak regions (B2–B3, B4–B5):

DZ(A¢H) = DZ(140) + ∂DZ/∂A¢[A¢H – 140]  (4.2.11a)

sZ(A¢H) = sZ(140) + ∂sZ/∂[A¢H – 140]  (4.2.11b)

sZ(A¢L) = sZ(A¢Hc),    (A¢Hc = AF – A¢L)  (4.2.11c)

FZ(A¢) = FZ(140)  (4.2.11d)

FN(A¢) = FN(140)  (4.2.11e)

Near symmetry region (B3–B4):

F(A) = 1.00  (4.2.12a)

B3 – Ba: DZ(A¢) = DZ(B3) – SL50[A¢ – B3]  (4.2.12b)

sZ(A¢) = s50  (4.2.12c)

Ba – Bb: DZ(A¢) = DZ(Ba) + A¢ –   
Ba[DZ(Bb) – DZ(Ba)]/[Ba – Bb]  (4.2.12d)

sZ(A¢) = sZ(140) – ∂sZ/∂A¢)[140 – Bb]  (4.2.12e)

Bb – B4: DZ(A¢) = DZ(B4) + SL50[B4 – A¢]  (4.2.12f)

sZ(A¢) = s50  (4.2.12g)

A¢max =  F1(AK1) + F2(AK2)

F1 = (250 – AF)/14   (limits 0.0 and 1.0)

F2 = 1.0 – F1

AK1 = 50.0(AF/ZF) – ∂Zmax/SL50

AK2 = 50.0 – ∂Zmax)(AF/ZF)

Wing regions (B1–B2, B5–B6):

DZ(A¢L) = DZ(B2) + DZSLW[B2 – A¢L]  (4.2.13a)

DZ(A¢H) = DZ(B5) – DZSLW[A¢H – B5]  (4.2.13b)

sZ(A¢L) = sZ(A¢Hc),    ( A¢Hc = AF – A¢L)  (4.2.13c)

sZ(A¢H) = sZ(B5) + sZSLW[B2 – A¢L]  (4.2.13d)

FZ(A¢L) = FZ(140) + FZSLW[B2 – A¢L]  (4.2.13e)

FZ(A¢H) = FZ(140) + FZSLW[A¢H – B5]  (4.2.13f)
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FIG. 4.2.18. ZP functions for U-235T. Solid lines from CYF systematics, reduced c2 = 7.9(0.8).Dashed lines calculated by LS, 
reduced c2 = 2.9(0.8).
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FIG. 4.2.19. Systematic ZP parameter functions for CF-249T, reduced c2 = 2.9(1.0).
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FIG. 4.2.20. Systematic ZP parameter functions for U-238H, reduced c2 = 7.2(1.2).
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FIG. 4.2.21. Systematic ZP parameter functions for 232Th + 97 MeV p, reduced c2 = 5.2(1.8).
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FN(A¢L) = FN(140) + FNSLW[B2 – A¢L]  (4.2.13g)

FN(A¢H) = FN(140) + FNSLW[A¢H – B5]  (4.2.13h)

Far wing regions (<B1, >B6):

DZ(A¢L) = DZ(B2) (4.2.14a)

DZ(A¢H) = DZ(B5) (4.2.14b)

sZ(A¢) = sZ(B5) (4.2.14c)

FZ(A¢) = FZ(140) (4.2.14d)

FN(A¢) = FN(140) (4.2.14e)

4.2.3.3. ZP near 50

Available data for low energy fission reactions 
show enhanced yields for 50Sn fission products with 
A¢ just below 130 [4.2.29]. This effect is represented 
in the ZP model for U235T by narrow charge 
dispersion (small sZ = s50 (see Fig. 4.2.18(a)), and 
steeply rising DZ near D(ZP = 50) (Fig. 4.2.18(b)). 
The data for the complementary light products from 
CF249T do not show a decrease in sZ

(Fig. 4.2.19(a)), but do show an increase in DZ
(Fig. 4.2.19(b)) that is less steep than DZ for U235T 
[4.2.31]. The differences were treated by Eq. (4.2.17),
Table 4.2.2, for s50 and SL50. The average DZmax for 
the two reactions was used for all low energy fission 
reactions, but intercepts with DZP = 50 were 
different. Data for U235T could best be represented 
by an intercept at DZ = 0.0 (Fig. 4.2.18(b)), and 
those for CF249T could best be represented by an 
intercept at DZmax (Fig. 4.2.19(b)). A linear function 
in AF of intercept values from DZ = 0.0 to 
DZ = DZmax was assumed for AF between 236 and 
250. An intercept at DZ = 0.0 was assumed for 
AF < 236, and an intercept at DZ = DZmax was assumed 
for AF > 250.

4.2.3.4. High energy fission

Data for low energy fission reactions (PE
approximately £8 MeV) and for high energy fission 
reactions (PE approximately >20 MeV) were 
treated separately, with some data being used with 
both data sets to enhance the smooth transition of 
parameter values from one energy range to the 
other (e.g. from fast and 14 MeV neutron induced 
fission reactions). The equations and parameter 
values derived by the least squares method are 

shown in Tables 4.2.2 and 4.2.3. Many parameter 
values for high energy fission are zero or one (Table 
4.2.3) because parameter slopes and even–odd 
proton and neutron effects could not be determined 
from the data available and are assumed to be 
absent. Thus, for high energy (PE > 20 MeV) F(A) =
1.0, sZ(A¢) = sZ(140) and DZ(A¢H) = –DZ(A¢L) = 
DZ(140). Near symmetry, DZ(A¢H) = –DZ(A¢L) = 0.0, 
except that the transition to 0.0 near ZP = 50 is 
assumed to occur with the same slope (SL50) as for 
low energy fission (see Table 4.2.3 and 
Figs 4.2.21(a)–(d)).

The dependences of sZ(140) and DZ(140) on 
PE are shown in Figs 4.2.22 and 4.2.23. Parameter 
values derived from data for individual fission 
reactions are shown as points, and the functions 
derived from these values are shown as lines (Tables 
4.2.2 and 4.2.3). For sZ(140), the transition region 
(represented by a dotted line) connects the low and 
high energy functions to give a smooth systematic 
function; although there are sharp bends for 
DZ(140), the function is continuous.   

4.2.3.5. Pre-fission proton emission

At high excitation energies (PE > 65 MeV), 
model representation of data can be improved by 
including a model parameter (NPE) for the number 
of protons lost before fission, thus reducing ZF to 
PZ – NPE.

NPE = 0.0078(PE – 65) if PE > 65 MeV; 
NPE = 0.0 if PE £ 65 MeV  (4.2.15)

The NPE function and the parameter values 
used in the derivation are shown in Fig. 4.2.24 as a 

FIG. 4.2.22. Nuclear charge distribution width parameter, 
s.
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line and points, respectively. Values shown as solid 
points for PE < 20 were not used in the analysis; 

they are consistent with the function to within 
approximately ±0.5 uncertainty.

4.2.3.6. Estimation of model uncertainties

Measured fractional independent and CU 
yields can be represented by Gaussian functions, 
and these functions can be used to estimate 
unmeasured yields and the uncertainty in the 
functions. Equation (4.2.16) can be used for this 
purpose to estimate the per cent uncertainty, PER
[4.2.27].

PER = 6 + 6(e(|Z – ZP|/sZ)) (4.2.16)

FI*PER/100 can be used for the smaller PER as an 
estimate of the absolute uncertainty. Multiplying 
and dividing FI by 1 + PER/100 for the larger PER
avoids negative lower limit estimates.

    

FIG. 4.2.23. Nuclear charge displacement parameter, DZ.

Examples: FI(sZ  = 0.6) |Z – ZP| /sZ   PER 1 + PER/100

0.60  0.0   12.0  1.12

0.40  1.0   22.3  1.22

0.12  2.0   50.3  1.50

0.015  3.0  127.0  2.27

1.5e–5  5.0  896.0  9.96

3.5e–10  7.0 6590.0 66.90

TABLE 4.2.2.  EQUATIONS FOR SYSTEMATIC TRENDS IN ZP PARAMETERS AT LOW ENERGY 
(PE  £ 8 MeV) 
Par. = P(1) + P(2)[ZF  – 92] + P(3)[AF  – 236] + P(4)[PE – 6.551] + P(5)[AF – 236]2  (4.2.17)

Par.   P(1)  P(2)    P(3)  P(4)    P(5) No.a

Parameters for regions near peaks (B2–3, B4–5)

sZ(140)  0.566  0.0  0.0064 0.0109  0.0 13

DZ(140) –0.487  0.0  0.0180 0.0 –0.00203 13

FZ(140)  1.207  0.0 –0.0420 0.0  0.0022 13

FN(140)  1.076  0.0  0.0 0.0  0.0 12

sZSL –0.0038  0.0  0.0 0.0  0.0  6

DZSL –0.0080  0.0  0.0 0.0  0.0  6

FZSLb  0.0030  0.0  0.0 0.0  0.0  6

Parameters for regions near symmetry (B3–4)

SL50  0.191  0.0 –0.0076 0.0  0.0 4

sZ50  0.356  0.060  0.0 0.0  0.0 4

DZmax  0.699  0.0  0.0 0.0  0.0 2
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TABLE 4.2.2.  EQUATIONS FOR SYSTEMATIC TRENDS IN ZP PARAMETERS AT LOW ENERGY 
(PE  £ 8 MeV) (cont.)

Par.   P(1)  P(2)    P(3)  P(4)    P(5) No.a

Parameters for wing regions (B1–2, B5–6)c

sZSLW –0.045  0.0094 0.0 0.0  0.0 3

DZSLW  0.0 –0.0045  0.0 0.0  0.0  3

FZSLW  0.159 –0.028  0.0 0.0  0.0  3

FNSLW  0.039  0.0  0.0 0.0  0.0  3

a Number of parameter values used as data in least squares calculation.
b Weighted averages for the FZ and FN slopes are derived from six values each: 0.0030(7) and –0.0006(10), with reduced c2

values of 0.85 and 1.59, respectively. For odd-Z fissioning nuclides, FZ for light products is taken to be 1.032(10), as the 
average of two values, and the reciprocal of this value is used for heavy products (see discussion).

c Wing functions with large slopes are assumed to start at:

                           A¢L = 77.0 + 0.036(AF – 236) and A¢H = AF – A¢L (4.2.18)

and at the value of each parameter for the peak regions at these A¢ values. The function was derived empirically by trial 
and error. Values of A¢L for U235T, PU239T and CF249T are 77.0, 77.1 and 77.5, respectively. The wing slopes for A¢H are 
the same as for s, FZ and FN for complementary A¢L; magnitude of the adjustment for D is the same, but opposite in sign to 
maintain charge conservation.

TABLE 4.2.3. EQUATIONS FOR SYSTEMATIC TRENDS IN Zp MODEL PARAMETERS AT HIGH 
ENERGY (PE £ 20 MeV)

Par. = P1 + (P2 – P1)(1.0 – e–P(5) (PE)) (4.2.19a) 
P1 = P(1) + P(3)[ZF – 92] (4.2.19b) 
P2 = P(2) + P(4)[ZF – 92] (4.2.19c)

Par.   P(1)   P(2)   P(3)  P(4)    P(5) No.a

Parameters for regions near peaks (B2–3, B4–5)

sZ  0.542 1.310  0.033 0.0 –0.005 17

DZ –0.428 0.0  0.0 0.164 –0.0116 17

FZ(140)  1.0 0.0  0.0 0.0  0.0

FN(140)  1.0 0.0  0.0 0.0  0.0

sZSL  0.0 0.0  0.0 0.0  0.0

DZSL  0.0 0.0  0.0 0.0  0.0

FZSL  0.0 0.0  0.0 0.0  0.0

Parameters for regions near symmetry (B3–4)

SL50b  0.191 0.0 –0.0076 0.0  0.0  4

sZ50c  0.542 1.310  0.033 0.0 –0.005 17

DZmax  0.0 0.0  0.0 0.0  0.0

Parameters for wing regions (B1–2, B5–6)

sZSLW  0.0 0.0  0.0 0.0  0.0

DZSLW  0.0 0.0  0.0 0.0  0.0

FZSLW  0.0 0.0  0.0 0.0  0.0

FNSLW  0.0 0.0  0.0 0.0  0.0

NPE = 0.0078(PE – 65) if PE > 65 MeV;     NPE = 0.0 if PE £ 65 MeV  (4.2.20)
a Number of parameter values used as data in least squares calculation.
b Same as SL50, Table 4.2.2 (low energy).
c Same as sZ.
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4.2.3.7. Evaluation of systematic model estimates 

of yields

FI and FC yields were calculated using 
Gaussian parameters derived from the systematic 
model functions in Tables 4.2.2 and 4.2.3 and 
compared to experimental values as ratios of the 
two for several fission reactions. Some ratios are 
plotted in Figs 4.2.25–4.2.28. These figures show that 
the ratios cluster about 1.0, as they should, but that 
a number deviate considerably from 1.0, especially 
for the lower experimental FI, FC values (<0.01 
(open symbols in the figures)). While the reduced c2

values obtained when using systematic model 
functions and experimental values and uncertainties 
are considerably greater than 1.0, the reduced c2

values (shown in parentheses in Figs 4.2.25–4.2.28) 
are close to 1.0 if estimated model uncertainties 
(Eq. (4.2.16)) are used in place of experimental 
uncertainties.  

An alternative way of comparing experi-
mental data with Gaussian curves derived from 
model systematic functions is shown in Figs 4.2.29, 
4.2.30(a) and (b). However, this approach can be 
used only for high energy reactions in which sZ(A¢) 
is assumed constant.

Much of the experimental data for proton 
induced fission of 232Th is for Rb and Cs fission 
products measured mass spectrometrically [4.2.32, 
4.2.33]. Two problems were encountered with the FI
values derived from the data for the higher energies 
(approximately >50 MeV protons):

(1) Many FI values fall above the curves as shown 
in Fig 4.2.30(a), contrary to the requirement 
that the sum of FI at unit intervals of A¢ be 1.0. 

Compensation for this behaviour can be 
achieved by normalizing the experimental 
independent yield data (IN, %) so that the 
sum for each element (Rb or Cs) equals the 
sum from the model.    

FIG. 4.2.24. Number of protons emitted before fission.

FIG. 4.2.25. Ratios of Sys. F1 to Expt. F1 for U235T.

FIG. 4.2.26. Ratios of Sys. F1 to Expt. F1 for CF249T.

FIG. 4.2.27. Ratios of Sys. F1 to Expt. F1 for U238H.
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(2) The renormalized FI for Cs isotopes far from 
stability (large negative Z – ZP) are still well 
above the same curves in Fig. 4.2.30(b). These 
FI values for Cs were not used to determine 
the model parameters.   

The normalization procedure allowed 
conversion of published relative indium yields to 
absolute values [4.2.33]. The indium FI values 
plotted in Fig. 4.2.30(b) are close to the line 

FIG. 4.2.28. Ratios of Sys. F1 to Expt. F1 for 238U + 85 MeV p.

10% min. uncert. 

FIG. 4.2.29. Experimental data and systematics curves for 
238U + 85 MeV p.

 

uncert.

FIG. 4.2.30(a). Experimental MS and systematics curves 
for 232Th + 97 MeV p. 

uncert.

FIG. 4.2.30(b). Renormalized MS and systematics curves 
for 232Th + 97 MeV p. 
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representing model values and thus support model 
treatments of sZ(A¢) and DZ(A¢) near symmetry. 

4.2.4. Models for neutron emission

The average total number (NT) of nucleons 
emitted before and after scission and the average 
number of neutrons (nA(A)) emitted promptly after 
scission to form products with mass number A are 
used in model calculations of mass and nuclear 
charge distributions, respectively, as described in 
the preceding two sections. NT is used to determine 
the central mass number (Ac = (PA – NT)/2) in 
multi-Gaussian mass yield calculations. The 
quantity nA(A) is used to approximate complemen-
tarity in A of light and heavy fission products, A¢L + 
A¢H = AF, A¢ = A + nA(A), nA(A) = nT(A)R(A), 
where nT(A) is the average number of neutrons 
emitted to form products with mass number A and 
their complements, and R(A) is the fraction of these 
neutrons that form products with A [4.2.4, 4.2.29]. 

The earlier models required a file of nA(A) 
values for each fission reaction [4.2.3, 4.2.4, 4.2.27, 
4.2.29]. Below, a model is proposed that allows 
calculation of nA(A), and therefore FI, etc., for any 
fission reaction in the mass, charge and energy 
regions investigated.

4.2.4.1. Low energy systematics

There are no or very few pre-fission neutrons 
for PE approximately <8 MeV (EN approximately 
<2 MeV), so NT = nF (number of prompt neutrons 
emitted following scission) is a good approximation. 
The quantity nF is often entitled n–, although 
sometimes in the literature n– refers to NT.

The quantity NT has been determined experi-
mentally for a number of fission reactions with PE
approximately <20 MeV [4.2.14, 4.2.15, 4.2.30, 
4.2.34–4.2.37]. Estimates of unmeasured or model 
NT values can be made from Eq. 8 of Howerton 
[4.2.30], or from a modified Eq. 8 of the same form 
but with term coefficients re-evaluated by the least 
squares method. Several hundred (~30%) of the NT
values, including values for fission reactions with 
neutron energies up to ~14 MeV, were selected 
from the extensive compilation of Manero and 
Konshin [4.2.34]. Use of experimental NT values 
from the higher energy neutron induced reactions 
causes NT values calculated from Eq. (4.2.21) to 
include pre-fission neutrons, which can amount to 
about one per fission for 14 MeV neutron induced 

fission reactions (see below). The last term in 
Eq. (4.2.21) is omitted for spontaneous fission.

NT = 2.286 + 0.147(ZF – 92) + 0.054(AF – 236) 

           + 0.040(2 – FZ – FN) + (0.145 – 0.0043[AF – 36]) 

          × (EN – TH) (4.2.21)

FZ = [–1]ZF,  FN = [–1](AF – ZF) (4.2.21a)

TH = 11.47 – 0.166(ZF)2/AF + 0.093(2 – FZ – FN) – BN

(4.2.21b)

The symbols BN, TH and EN represent the binding 
energy, the threshold and the particle kinetic 
energy, respectively.

The average number of prompt neutrons 
emitted post-fission (nF) and used in the derivation 
of nA(A) functions can be obtained by subtracting 
the average numbers of pre-fission neutrons and 
beta delayed neutrons from NT. Pre-fission 
neutrons have been neglected for low energy fission 
reactions with excitation energies approximately 
<8 MeV. The number of beta delayed neutrons (nD) 
is small, about one per cent or less of NT, and has 
been neglected.

4.2.4.2. Modified Terrell method

The total number of neutrons emitted to form 
complementary fission products (nT(A)) has been 
derived [4.2.3, 4.2.4, 4.2.27, 4.2.29] from mass distribu-
tions of fission products by a modification of Terrell’s 
summation method [4.2.38]. The mass yield values 
used recently [4.2.4] are arithmetic average values of 
evaluated averages of experimental data from ENDF/
B-VI [4.2.14], from UKFY-3 [4.2.15] and from recent 
data not included in the evaluated average values 
[4.2.20–4.2.25]. Model Y(A) values were used when 
there were no experimental data [4.2.4]. A value of 
nT(A) at symmetry must be assumed for the calcu-
lation, and a value of 4.0 or (NT + 1.0) if a larger value 
was used. For the fissioning nuclei under study (ZF = 
90–98), a nT(A) value near symmetry and appreciably 
larger than NT is consistent with the observed low 
fission fragment kinetic energies near symmetry 
[4.2.28]. This situation suggests an elongated scission 
configuration, resulting in highly excited fission 
fragments that emit more than the average number of 
neutrons following scission. 
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The modified Terrell summation method is 
illustrated in Fig. 4.2.31, where the sums of the light 
and heavy mass number yields starting at the wings 
are plotted (points) along with smooth functions 
(solid lines) fitted to the points. Values of nT(A) are 
taken to be the absolute differences between point 
values and complementary function values, 
illustrated in Fig. 4.2.31 by the horizontal dotted 
lines for A = 95 and 144. The nT(A) values obtained 
in earlier treatments [4.2.3, 4.2.4, 4.2.27, 4.2.29] and 
shown as circles in Figs 4.2.32–4.2.37 were used with 
an R(A) function for each fission reaction to 
calculate sets of nA(A) values that were smoothed 
and normalized. Empirical models are proposed 
below for nT(A) and R(A).                    

4.2.4.3. Trends in nT(A)

The derived values of nT(A) are shown as 
circles in Figs 4.2.32–4.2.37 and are approximately 
constant for each of a number of fission reactions, 
except for some structure near symmetry and for 

FIG. 4.2.31. Modified Terrell plot for U235T.

FIG. 4.2.32. nT(A) for U235T.

FIG. 4.2.33. nT(A) for PU239T.

FIG. 4.2.34. NT(A) for U238H.

FIG. 4.2.35. nT(A) for AM242MT.
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very asymmetric mass division. As well as the peak 
at symmetry that results from the assumption of 
four or more neutrons being emitted near 
symmetry, there are small dips on either side of the 
peak, as can be seen from the circles in Figs 4.2.32–
4.2.37. The dips occur near AH = 130 and in the 
complementary light product range near A = 104 for 
U235T, and may be associated with condensed 
scission configurations, possibly related to the 
proximity of Z and N of the heavy fragment to the 
spherical Z = 50 and N = 82 shells. High fragment 
kinetic energies should result and have been 
observed [4.2.28], and therefore excitation energies 
and neutron emission are small. 

The dips in the nT(A) function are present for 
the fission reactions of uranium, plutonium and 
americium isotopes that were investigated, but are 
smaller or absent for the fission reactions investi-
gated for the thorium and californium isotopes. This 
may be due, at least in part, to the somewhat fewer 
experimental mass yield values for these reactions, 
since dips are absent when model mass yields 
calculated from smooth functions are used for 
U235T (see Fig. 4.2.38).     

Other structure appears for very asymmetric 
mass division (see Figs 4.2.32–4.2.37), but the effects 
vary in position, magnitude and sign for the various 
fission reactions investigated, and are attributed to 
the method applied to low and possibly uncertain 
fission yield values that form the wings of mass yield 
curves.

4.2.4.4. Model for nT(A)

nT(A) values from the Y(A) summation calcu-
lations (circles in Figs 4.2.32–4.2.37) can be approxi-
mately represented by the solid lines through the 

addition of three Gaussian functions to a constant 
NT (Eq. (4.2.22)). The ECOR term serves to damp 
out the peak and dips at high energies (PE), where 
single particle effects are less important. 

nT(A) = NT + ECOR[nS(A) + nH(A) + nL(A)] 

(4.2.22)

ECOR = e–0.05 PE (4.2.22a)

For the peak at symmetry:

(4.2.22b)

IP = 20.0,  = 0.0 for SF  (4.2.22c)

CP = 2.0(6.02 + 1/12) = 72.17  (4.2.22d)

SP = (AF – ns)/2.0,  ns = 4.0  or  
(NYT + 1.0) if >4.0 (4.2.22e)

FIG. 4.2.36. nT(A) for CF249T. FIG. 4.2.37. nT(A) for TH232F.

FIG. 4.2.38. nT(A) for U235T, Model Y(A) values.

n pS P
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For the dip at A = 130:

(4.2.22f)

ID = –5.0 (4.2.22g)

CD = 2.0(3.02 + 1/12) = 18.17 (4.2.22h)

For the light dip complementary to A = 130:

(4.2.22i)

SC = AF – 130.0 – (VF – DH + SH) (4.2.22j)

(4.2.22k)

(4.2.22l)

SYM = (AF – ns)/2.0 (4.2.22m)

4.2.4.5. Model for R(A)

Generalized R(A) functions consist of a 
number of straight line segments chosen to give 
sawtooth nA(A) functions with some inflections. 
Two R(A) functions are shown in Figs 4.2.39 and 
4.2.40, and equations for the segments in the various 
regions designated in Figs (4.2.39) and (4.2.40) are 
given below. Note that Eqs (4.2.23c) and (4.2.23f) 
are excitation energy dependent continuous 
functions that approximate the former discrete 
values [4.2.4, 4.2.29].

A < D: R(A) = 0.20  (4.2.23a)

A = D to F: R(A) = 0.2 + (A – D)(R(F) – 0.2)/(F – D) 

(4.2.23b) 

A = F to G: R(A) = 0.9 – 0.0075(PE)  (4.2.23c)

A = G to H: R(A) = 0.5 + (H – A)(R(G) – 0.5)/(H – G)

 (4.2.23d)

A = H to J: R(A) = 0.5 – (A – H)(0.5 – R(J))/(J – H) 

    (4.2.23e)

A = J to K: R(A) = 0.1 + 0.0075(PE)  (4.2.23f)

A = K to M: 
R(A) = R(K) + (A – K)(0.8 – R(K))/(M – K) (4.2.23g)

A > M: R(A) = 0.80  (4.2.23h)

The nA(A) functions derived from the above 
equations for two fission reactions are compared 
with the experimental data in Figs 4.2.41 and 4.2.42 
(U235T: Refs [4.2.39-4.2.42]; CF252S: Refs [4.2.43–
4.2.47]). As can be seen, the model nA(A) functions 
represent the data moderately well, and to the same 
extent as the different data sets for each fission 
reaction agree with each other. The inflection in the 
nA(A) model function near A = 105 is also exhibited 
by the data, and is related to the light dip in the 
nT(A) function. The significant dip in nT(A) is 
reinforced by the minimum of R(A) at J to K to give 
the nA(A) minimum just below A = 130. The above 
equations are used in the CYF yield calculation 
program.   

n pH D
A C

DA I e CD( ) [ ]( )= - -130 2 / /

n pL D
A S C

DA I e CC D( ) [ ]( )= - - 2 / /

D I CH D D= / p

S I e CH D
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D
D= - -[ ]( . )130 0 2 / / p

FIG. 4.2.39. Fraction R(A) of nT(A) to A for U235T.

FIG. 4.2.40. Fraction R(A) of nT(A) to A for 238U + 85 MeV p. 
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Details of the R(A) function are not believed 
to be critical because the complementarity of light 
and heavy fission products as used in both the ZP

and A¢P nuclear charge distribution models is 
established by nT(A). Although the details of the 
division of nT(A) between light and heavy products 
may have a small effect on the values of the model 
parameters, the changes in these parameter values 
tend to be compensating for yield calculations; 
differences in calculated yields are very small when 
different R(A) functions are used.

4.2.4.6. High energy systematic trends

Nucleons may be emitted before fission 
during de-excitation of highly excited nuclei. At 
moderate excitation, only a few neutrons are 
emitted and then a nucleus may fission if there is 
sufficient excitation — ‘second, third, etc. chance 
fission’. This process can be inferred from step-wise 
increases in fission cross-sections with increasing 
neutron energy about every 6 MeV (approximately 

the neutron binding energy [4.2.48, 4.2.49]). 
Assuming that the nearly flat cross-section between 
increases can be extrapolated to higher energies, 
one may estimate from plots of fission cross-section 
vs. neutron energy [4.2.50] the contributions from 
‘first, second, etc. chance fission’. For example, this 
treatment gives the following average per cent 
contributions for 14 MeV neutron induced fission 
from four fission reactions (Th-232H, U-235H, 
U-238H and Pu-239H): 48% 1st, 36% 2nd and 16% 
3rd chance fission.

Thus the yields of products from 14 MeV 
neutron induced fission come from three different 
fissioning nuclei with different excitation energies. 
Also, the number of neutrons emitted (NT ~ 4.0). 
are partly pre-scission neutrons. An estimate of the 
average number of pre-fission neutrons can be 
made from the per cent contributions given above: 
0.36 + 2(0.16) = 0.68. The average number of post-
fission neutrons is obtained by difference to be 
nF ~ 3.3.

There are few experimental data for post-
fission neutron emission (nF) from high energy 
fission reactions. Only two references were found 
[4.2.51, 4.2.52], and give the values plotted in 
Fig. 4.2.43 as black squares. Also, the average value 
of ~3.3 deduced above for fission by 14 MeV 
neutrons is plotted as a black circle.        

Other published values are the differences 
between NT and the number of pre-fission nucleons 
calculated by Monte Carlo programs. Values of NT
were determined from the centroids of relative 
independent yield distributions of nearly comple-
mentary elements, usually Rb and Cs [4.2.32, 4.2.53, 
4.2.54]. The nF values have been normalized to 
model NT values, and are plotted as open symbols 

FIG. 4.2.41. U235T, line: model;  points: experimental data 
(see text for references).

FIG. 4.2.42. CF252S, line: model;  points: experimental 
data  (see text for references).

FIG. 4.2.43. High energy nF  function.
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in Fig. 4.2.43, which also shows the Eq. (4.2.24) 
function as a line that approximately represents the 
various derived values shown as points.

nF = 2.8 + 3.5(1.0 – e–0.01PE) (4.2.24)

Functions representing ratio values (R(A)) 
have been developed to give calculated nA(A) 
values in approximate agreement with experimental 
nA(A) vs. A plots [4.2.51, 4.2.52, 4.2.55–4.2.57]. All 
plots of experimental data show that the depth of 
the dip in nA(A) near A = 130 decreases with 
increasing energy, while the low nA(A) at low A and 
the high nA(A) at high A hardly change with energy. 
These trends were represented by replacing 
Eqs (4.2.23c) and (4.2.23f) that define R(A) in the 
F–G and J–K ranges for low energies by 
Eqs (4.2.25a) and (4.2.25b) for high energies: 

A < F to G: R(A) = 0.5 + 0.5e–0.05PE (4.2.25a)

A = J to K: R(A) = 0.5 – 0.5e–0.05PE (4.2.25b)

The resulting R(A) function multiplied by nF

(Eq. (4.2.24)) gives nA(A) values for the high energy 
fission reactions of interest. The results for 30, 50 
and 85 MeV proton induced fission of 238U are 
shown in Fig. 4.2.44; values of nA(A) for U238F are 
also shown for comparison. 

4.2.5. Fast neutron induced fission

Neutrons from fission (fast neutrons) have a 
wide range of energies, so a summation calculation 
was carried out to determine the weighted average 
value for each energy dependent model parameter. 
Parameter values for each of 1100 energy 

increments 0.01 MeV wide were weighted for the 
relative fission cross-section (s(E¢)) and the relative 
yields of neutrons (RY(E¢)), at the average neutron 
energy (E¢) for each energy increment. The 
resulting values were summed and normalized to 
give the weighted average value for each energy 
dependent parameter.

The relative yield (RY(E¢)) was determined 
from Eq. (4.2.26) [4.2.58], the constant C = 1.29 for 
U-235T being multiplied by 3/4 to give C = 0.9675 
and allow for energy degradation of fission neutron 
spectra neutrons in most of the reactor cores used 
for fast neutron yield measurements. 

(4.2.26)

The value of C = VX(12) in the CYF program can 
be changed in the IN.PAR file to represent the 
actual neutron spectra better, if known (see Section 
4.2.6).

The relative cross-section (s(E¢)) approxi-
mates the experimental curves [4.2.48], and was 
taken to be 1.00 over much of the energy range. The 
approach at low energies to s(E¢) = 1.0 depends on 
the fission threshold (TH) of fissioning nuclei with 
ZF and AF. The increase of s(E¢) at EN ~ 6 MeV due 
to ‘second chance fission’ depends on the fission 
threshold (TH1) of nuclei with ZF and AF – 1. The 
second plateau (s2) due to ‘first and second chance 
fission’ can be approximated by Eq. (4.2.27), which 
was derived from experimental curves [4.2.48]. 

s2 = 1.533 + 0.093(AF – 236) – 0.431(ZF – 92) 
        + 0.041(ZF – 92)2 (4.2.27)

        (limits on s2 values: ≥1.0, £2.5)

If TH £ 0.0, s(E¢) is assumed to follow the 1/v law to 
1.0 at EN = 0.5 MeV.

 (4.2.28)

If TH > 0.0, s(E¢) is assumed to increase linearly 
from 0.0 at TH to 1.0 at TH + 1.0.

The second change in s(E¢) is assumed to 
increase linearly from 1.0 to s2 over 1.0 MeV 
starting at the neutron binding energy (BN) if TH1
£ 0.0, or at BN + TH1 if TH1 > 0.0.

Uncertainties introduced by the approxima-
tions made in expressions for RY(E¢) and s(E¢) are 
partially compensated in the treatment because the 
sum of their products is used for normalization.

FIG. 4.2.44.  nA functions, symbols 238U + p,  o = 30 MeV, 
D = 50 MeV, X = 85 MeV;  line = U-238F.
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The FAST subroutine in the CYFP program 
has been modified to calculate the weighted average 
parameter values for all energy dependent model 
parameters in fast neutron induced fission reactions. 
Thus, in addition to weighted average values for Y3, 
E* and nF as in CYI [4.2.4], weighted average values 
are also calculated for NT, s1, D4, D5, sZ, Y2 and Y6.

4.2.6. Calculation of fission yields from 
systematics — CYF program

The previously discussed equations repre-
senting fission yield systematics have been incorpo-
rated into a new program entitled CYF, which 
replaces the older CYI program. CYF is written in 
VAX-FORTRAN (as is CYI), and the formats for 
the input and output files are the same as those for 
the CYI program. Parameter and yield values are 
different, of course. The major difference is that 
CYF includes equations for systematics at initial 
excitation energies (PE) up to ~200 MeV. Also, 
most of the equations in CYI [4.2.4] for yields from 
low energy fission reactions have been modified to 
eliminate discontinuities and to enhance smooth 
transitions of the functions to those for high energy 
fission reactions. 

The CYF program has been modified to 
CYFP, which can be run on a variety of computers, 
including VAX and personal computers operating 
under Windows-98. Compilation of CYFP can be 
accomplished using the VAX-FORTRAN compiler 
and/or the current version of the G77 compiler from 
the Internet.

Only four parameters are required to run 
CYFP (also CFI): A and Z of the precursor nucleus 
(target + projectile, PA and PZ), the type of 
projectile, and the kinetic energy of the projectile in 
MeV. Other parameters may be changed to control 
the calculation; some possibly useful changes are 
given below.

Most of the parameters needed for a 
calculation are in a file that is read and usually ends 
in .PAR (e.g. IN.PAR). Along with a title (line 1) 
that is not used in the calculation but is printed at 
the top of most output files, there are three groups 
of parameters:

Line 2 — integer control parameters (I3);

Line 3 to n = 9999 — real parameters: XJ, VY(J), 
VX(J); (J = XJ); (F4.0, 2E13.5);

Line n + 1 to end — constant model parameters — 
WARNING: DO NOT CHANGE!

Line 2, columns 2–3, NR designates the projectile: 0, 
neutron; 10, proton; 20, deuteron; 30, triton; 40, 
3He; 50, alpha particle;

Line 2, column 39, ISPIN determines if isomeric 
state yields are calculated: if 0, they are not 
calculated; if 6, independent yields are distributed 
equally among isomeric states; if 7, isomer ratios are 
calculated by the Madland–England method 
[4.2.59]; if 8, isomer ratios are calculated by the 
Rudstam method [4.2.60];

Line 3, columns 5–17, VY(1) = precursor A, PA; 
VY(1) = AF for low energies;

Line 4, columns 5–17, VY(2) = precursor Z, PZ; 
VY(2) = ZF for low energies;

Line 5, columns 5–17, VY(4) = lowest product A
treated, default = 60;

Line 6, columns 5–17, VY(5) = highest product A
treated, default = 180;

Line 8, columns 5–17, VY(9) = nF, default = value 
from systematics; if negative, nF determined along 
with other energy dependent parameters by the fast 
neutron summation method described in the 
preceding section;

Line 9, columns 18–30, VX(10) = projectile kinetic 
energy (MeV); if negative, spontaneous fission is 
treated (E* = PE = 0).

These and other parameters that could be changed 
are listed as comments at the beginning of 
CYFP.FOR.

There are two ways to run the CYFP program 
on a VAX. A command file may be used, or the file 
names assigned in CYFP can be used. Only the 
latter option is available with a PC. The assigned file 
names are: IN.PAR, TABLE.DATH, IN.SPIN (if 
ISPIN > 0), and IN.BR (if IBR > 0). The output file 
names are OUT.PAR, OUT.YNU and OUT.YLD.
145



ACKNOWLEDGEMENTS

It is a pleasure for the author to thank 
K. Wright for preparing this manuscript and for 
much assistance with computer problems during the 
course of the investigation. Thanks are also due to 
N. D’Egidio and C. Wilkerson for guidance in 
modifying CYF to CYFP, and to M. Fowler, 
W. Inkret and J. Wilhelmy for valuable comments 
on this report.

REFERENCES TO SECTION 4.2

 [4.2.1] CORYELL, C.D., et al., Search for correlations 
of most probable nuclear charge Zp of primary 
fission fragments with composition and excita-
tion energy, Can. J. Chem. 39 (1961) 646–663.

 [4.2.2] NETHAWAY, D.R., Variation of Zp in fission 
with changes in excitation energy and compound 
nucleus, Rep. UCRL-51538, University of 
California Radiation Laboratory (1974).

 [4.2.3] WAHL, A.C., “Nuclear-charge and mass distri-
butions from fission”, 50 Years with Nuclear 
Fission (Proc. Conf. Washington, DC, 1989) 
(BEHRENS, J.W., CARLSON, A.D., Eds), 
Vol. 2, American Nuclear Society, La Grange 
Park, IL (1989) 525–532.

 [4.2.4] WAHL, A.C., “Compilation and evaluation of 
fission yield nuclear data”, Compilation and 
Evaluation of Fission Yield Nuclear Data, 
IAEA-TECDOC-1168, International Atomic 
Energy Agency, Vienna (2000) 45–75 and 169–170.

 [4.2.5] FORD, G.P., LEACHMAN, R.B., Fission mass 
yield dependence on angular momentum, Phys. 
Rev. 137 (1965) B826–B836. 

 [4.2.6] STEINER, H.M., JUNGERMANN, J.A., 
Proton-induced fission cross sections for 238U, 
235U, 232Th, 209Bi and 197Au at 100 to 340 MeV, 
Phys. Rev. 101 (1956) 807–813.

 [4.2.7] STEVENSON, P.C., et al., Further radiochem-
ical studies of the high-energy fission products, 
Phys. Rev. 111 (1958) 886–891.

 [4.2.8] CUMMING, J.B., Monitor reactions for high 
energy proton beams, Ann. Rev. Nucl. Sci. 13 
(1963) 261–286.

 [4.2.9] FULMER, C.B., Total reaction and elastic scat-
tering cross sections for 22.8-MeV protons on 
uranium isotopes, Phys. Rev. 116 (1959) 418–423.

[4.2.10] McCORMICK, G.H., COHEN, B.L., Fission and 
total reaction cross sections for 22-MeV protons 
on Th232, U235, and U238, Phys. Rev. 96 (1954) 
722–724. 

[4.2.11] CHUNG, C., HOGAN, J.J., 238U fission at 
energies up to 100 MeV, Phys. Rev. C 25 (1982) 
899–908.

[4.2.12] MUSGROVE, A.R., et al., “Prediction of 
unmeasured fission product yields”, Fission 
Product Nuclear Data (Proc. Conf. Bologna, 
1973), International Atomic Energy Agency, 
Vienna (1974) 163–200.

[4.2.13] DICKENS, J.K., Fission product yields for fast 
neutron fission of 243, 244, 246, 248Cm, Nucl. Sci. Eng. 
96 (1987) 8–16. 

[4.2.14] ENGLAND, T.R., RIDER, B.F., Evaluation and 
Compilation of Fission Product Yields, Rep. LA-
UR-94-3106, Los Alamos National Laboratory, 
NM (1994). 

[4.2.15] MILLS, R.W., Fission Product Yield Evaluation, 
PhD thesis, University of Birmingham, UK 
(1995).

[4.2.16] NAGY, S., et al., Mass distributions in monoen-
ergetic-neutron-induced fission of 238U, Phys. 
Rev. C 17 (1978) 163–171. 

[4.2.17] GLENDENIN, L.E., et al., Mass distributions in 
monoenergetic-neutron-induced fission of 232Th, 
Phys. Rev. C 22 (1980) 152–159. 

[4.2.18] GLENDENIN, L.E., et al., Mass distributions 
for monoenergetic-neutron-induced fission of 
235U, Phys. Rev. C 24 (1981) 2600–2605. 

[4.2.19] GINDLER, J.E., et al., Mass distributions in 
monoenergetic-neutron-induced fission of 239Pu, 
Phys. Rev. C 27 (1983) 2058–2062. 

[4.2.20] DENSCHLAG, J.-O., Johannes Gutenberg 
University Mainz, Germany, personal communi-
cation,  1995.

[4.2.21] SIDA, J.L., et al., Mass, charge and energy distri-
butions in very asymmetric thermal fission of 
235U, Nucl. Phys. A 502 (1989) 233–242. 

[4.2.22] DITZ, W., 239Pu(nth,f) Light Wing Fission Yields, 
PhD Thesis, Johannes Gutenberg University 
Mainz, Germany (1991). 

[4.2.23] HENTZSCHEL, R., et al., Mass, charge and 
energy distributions in the very asymmetric 
fission of 249Cf induced by thermal neutrons, 
Nucl. Phys. A 571 (1994) 427–446. 

[4.2.24] STUMPF, R., Concerning 241Am(2nth,f) Light 
Wing Fission Yields, PhD Thesis, Johannes 
Gutenberg University Mainz, Germany (1996). 

[4.2.25] MUTTERER, M., SIEGER, P.P., Institut für 
Kernphysik, Technische Universität Darmstadt, 
Germany, personal communication, 1996. 

[4.2.26] CROALL, I.F., CUNINGHAME, J.G., 
Fragment distributions in the fission of 232Th by 
protons of energies 13 to 53 MeV, Nucl. Phys. 
A 125 (1969) 402–416.

[4.2.27] WAHL, A.C., “Systematic trends in fission 
yields”, Fission Product Nuclear Data (Proc. 
Specialists Mtg Tokai, Japan, 1992), Rep. NEA/
NSC/DOC(92)9, OECD, Paris (1992) 334–345; 
Rep. LA-UR-92-1425, Los Alamos National 
Laboratory, NM (1992). 
146



[4.2.28] BELHAFAF, D., et al., Kinetic energy distribu-
tions around symmetric thermal fission of U234 

and U236, Z. Phys. A 309 (1983) 253–259. 
[4.2.29] WAHL, A.C., Nuclear-charge distribution and 

delayed-neutron yields for thermal-neutron-
induced fission of 235U, 233U and 239Pu and for 
spontaneous fission of 252Cf, At. Data Nucl. Data 
Tables 39 (1988) 1–156. 

[4.2.30] HOWERTON, R.J., n– revisited, Nucl. Sci. Eng. 
62 (1977) 438–454. 

[4.2.31] DJEBARA, M., et al., Mass and nuclear-charge 
yields for 249Cf(nth,f) at different fission-product 
kinetic energies, Nucl. Phys. A 496 (1989) 346–
366.

[4.2.32] TRACY, B.L., et al., Rb and Cs isotopic cross 
sections from 40–60 MeV proton fission of 238U, 
232Th and 235U, Phys. Rev. C 5 (1972) 222–234. 

[4.2.33] NIKKINEN, L., Independent yields of Rb, In 
and Cs isotopes in the proton-induced fission of 
232Th, Phys. Rev. C 22 (1980) 617–626. 

[4.2.34] MANERO, F., KONSHIN, V.A., Status of the 
energy-dependent n–-values for the heavy 
isotopes (Z > 90) from thermal to 15 MeV and of 
n–-values for spontaneous fission, At. Energy 
Rev. 10 (1972) 637–756.

[4.2.35] AXTON, E.J., “Evaluation of the thermal 
neutron constants of 233U, 235U, 239Pu and 241Pu 
and the fission neutron yield of 252Cf”, Nuclear 
Standard Reference Data (Proc. Advisory 
Group Mtg Geel, 1984), IAEA-TECDOC-335, 
IAEA, Vienna (1985) 214–234. 

[4.2.36] JAMES, M.F., et al., A New Evaluation of 
Fission Product Yields and the Production of a 
New Library (UKFY2) of Independent and 
Cumulative Yields, Part 1, Methods and Outline 
of the Evaluation, Rep. AEA-TRS-1015, United 
Kingdom Atomic Energy Authority (1991). 

[4.2.37] DERUYTTER, A.J., et al., “Recent differential 
low energy cross sections and thermal evalua-
tions”, Nuclear Data for the Calculation of 
Thermal Reactor Reactivity Coefficients (Proc. 
Advisory Group Mtg Vienna, 1987), IAEA-
TECDOC-491, IAEA, Vienna (1989) 115–123 .

[4.2.38] TERRELL, J., Neutron yields from individual 
fission fragments, Phys. Rev. 127 (1962) 880–904. 

[4.2.39] APALIN, V.F., et al., Neutron emission from 
U233, U235 and Pu239 fission fragments, Nucl. 
Phys. 71 (1965) 553–560. 

[4.2.40] MASLIN, E.E., et al., Prompt neutron emission 
from U-235 fission fragments, Phys. Rev. 164
(1967) 1520–1527. 

[4.2.41] BOLDEMAN, J.W., et al., Prompt neutrons 
from 236U fission fragments, Aust. J. Phys. 24
(1971) 821–833. 

[4.2.42] MILLER, R., Fragment velocities, energies and 
masses from fast neutron induced fission of 235U, 
Phys. Rev. C 29 (1984) 885–905. 

[4.2.43] BOWMAN, H.R., et al., Further studies of the 
prompt neutrons from the spontaneous fission of 
Cf-252, Phys. Rev. 129 (1963) 2133–2147.

[4.2.44] SIGNARBIEUX, C., et al., “Étude expérimen-
tale de la corrélation entre les nombres de 
neutrons prompts émis par les deux fragments 
complémentaires dans la fission spontanée de 
252Cf”, Physics and Chemistry of Fission 1973 
(Proc. 3rd IAEA Symp. Rochester, NY, 1973), 
Vol. 2, International Atomic Energy Agency, 
Vienna (1974) 179–188. 

[4.2.45] WALSH, R.L., BOLDEMAN, J.W., Fine 
structure in the neutron emission n(A) from 
252Cf spontaneous fission fragments, Nucl. Phys. 
A 276 (1977) 189–200. 

[4.2.46] GINDLER, J., Dependence of neutron yield on 
fragment mass for several low-energy fissioning 
systems, Phys. Rev. C 19 (1979) 1806–1819. 

[4.2.47] SCHMIDT, R., HENSCHEL, H., Comparison 
of the spontaneous fission of 244Cm and 252Cf, 
Nucl. Phys. A 395 (1983) 29–43. 

[4.2.48] HENKEL, R.L., “Fission by fast neutrons”, Fast 
Neutron Physics, Part II (MARION, J.B., 
FOWLER, J.L., Eds), Interscience (1963) 2006, 
2016.

[4.2.49] VANDENBOSCH, R., HUIZENGA, J.R., 
Nuclear Fission, Academic Press, New York 
1973.

[4.2.50] GOLDBERG, M.D., et al., Neutron Cross 
Sections, Z = 61 to 87, Rep. BNL-325, Vol. IIC, 
2nd edn, Supplement 2, Brookhaven National 
Laboratory, NY (1966). 

[4.2.51] BRITT, H.C., WHETSTONE, S.L., Jr., Alpha-
particle-induced fission of Th230, Th232 and U233, 
Phys. Rev. 133 (1964) B603–B613. 

[4.2.52] CHEIFETZ, E., et al., Measurement of the 
prompt neutrons emitted in the fission of 209Bi 
and 238U induced by 155-MeV protons, Phys. 
Rev. C 2 (1970) 256–288. 

[4.2.53] DIKSIC, M., et al., Nuclear charge dispersion in 
mass chains 130–135 from the fission of 238U by 
medium energy protons, J. Inorg. Nucl. Chem. 36
(1974) 7–16.

[4.2.54] SARKAR, S., YAFFE, L., Nuclear charge distri-
bution in the region of symmetric fission of 238U 
by protons of energy 20–85 MeV, Can. J. Chem. 
54 (1976) 2349–2358. 

[4.2.55] CHEIFETZ, E., FRAENKEL, Z., Prompt 
neutrons from fission of U-238 induced by 
12 MeV protons, Phys. Rev. Lett. 21 (1968) 36–39. 

[4.2.56] BURNETT, S.C., et al., Neutron emission and 
fission energetics in the proton-induced fission 
of 233U and 238U, Phys. Rev. C 3 (1970) 2034–2048. 

[4.2.57] BISHOP, C.J., et al., Excitation energy depend-
ence of neutron yields and fragment kinetic 
energy release in the proton-induced fission of 
233U and 238U, Nucl. Phys. A 150 (1970) 129–142. 
147



[4.2.58] LEACHMAN, R.B., “Determinations of fission 
quantities of importance to reactors”, Peaceful 
Uses of Atomic Energy (Proc. Int. Conf. 
Geneva, 1955), Vol. 2, Physics: Research 
Reactors, United Nations, New York (1956) 193–
200. 

[4.2.59] MADLAND, D.G., ENGLAND, T.R., The 
influence of isomeric states on independent 
fission product yields, Nucl. Sci. Eng. 64 (1977) 
859–865. 

[4.2.60] RUDSTAM, G., Studsvik Neutron Research 
Laboratory, Nyköping, Sweden, personal 
communication, 1992. 
148



4.3. FIVE GAUSSIAN SYSTEMATICS FOR FISSION PRODUCT MASS YIELDS

Jun-ichi Katakura
Japan Atomic Energy Agency, Japan

Systematics of fission product mass distri-
bution with five Gaussian functions is proposed for 
application to minor actinide fission by neutrons 
and protons of energies above 100 MeV. This 
systematics is also applicable to fission by neutrons 
and protons of lower energy and to spontaneous 
fission. The mass distributions calculated using the 
systematics have been compared with various kinds 
of measured data, and good agreement was found.

4.3.1. Introduction

As part of the agreed programme of work for 
the IAEA Coordinated Research Project (CRP) on 
Fission Product Yield Data for the Transmutation of 
Minor Actinide Nuclear Waste we have developed 
systematics for fission product mass yields and 
collected the measured yield data from experiments 
performed in Japan. The data collected were for 
243Am, 241Am, 237Np and 248Cm fission by 25 and 
30 MeV protons, and were presented at the 
Research Coordination Meeting in 2001. The fission 
yield systematics described in this report were 
developed in accord with the objectives of the CRP.

Moriyama–Ohnishi [4.3.1] developed system-
atics in 1974 using five Gaussian functions for the 
description of fission product mass yields, based on 
the data available at that time. However, these 
systematics fail to reproduce recently measured 
fission product mass distributions from high energy 
neutron and proton induced fission. The basic 
structure of the systematics is unique and is still 
usable when suitable parameters in the systematics 
are determined from recently measured data. 
Therefore, the parameters were examined using 
more recently measured data published after the 
Moriyama–Ohnishi systematics had been originally 
developed. The parameters of five Gaussian 
functions were derived [4.3.2] as described in this 
section.

4.3.2. Basic structure of present systematics

Mass distribution y(A) in the systematics is 
expressed as follows:

(4.3.1)

where ys(A) and ya(A) are symmetric and 
asymmetric components, respectively. The 
asymmetric component ya(A) is split up into a 
heavy yh(A) and a light yl(A) component, each of 
which consists of two components 1 and 2. Each 
component is assumed to be of Gaussian shape:

(4.3.2)

where subscript x denotes s, h1, h2, l1 and l2, repre-
senting the five Gaussian functions in this system-
atics. However, the heavy components yh1(A) and 
yh2(A) are related to the light components yl1(A) 
and yl2(A) by reflection about the symmetry axis 
As = (Af – v–)/2, where Af is the mass of fissioning 
nuclide and v– is the average number of emitted 
neutrons. This relationship reduces the number of 
independent Gaussian functions to three. As the 
total mass yield distribution is normalized to a total 
of 200%, the parameters Ns and Na are assumed to 
have the following form:

Ns = 200/(1 + 2R) (4.3.3)

Na = 200R/{(1 + F)(1 + 2R)} (4.3.4)

where R is the ratio of the asymmetric to the 
symmetric component, and F is the ratio of the 
asymmetric component 1 to the asymmetric 
component 2. The above expression of the normali-
zation assures the total sum of yields to be 200.

As seen in the above expressions for the mass 
distribution, there are eight independent 
parameters to be determined (v–, R, F, ss, sh1, sh2, 
Ah1 and Ah2). We have to investigate whether these 
parameters are applicable to the high energy fission 
of minor actinides.
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4.3.3. Examination of parameters

Several measured mass distributions are 
available. The measured mass distributions were 
decomposed into five Gaussian functions by least 
squares fits. Ax and sx in Eq. (4.3.2) were obtained 
from the decomposed Gaussian functions. R and F
were calculated using the following relationships:

(4.3.6)

where Yh1, Yh2, Yl1 and Yl2 are the yields of the 
asymmetric components, and Ys is the yield of the 
symmetric component. The resulting parameters 
were examined by plotting these data against 
various variables such as the mass of fissioning 
nuclides, energy of incident particles, etc. Thus the 
dependence of the parameters on the various 
variables was determined.

Examples of such dependences are given in 
Figs 4.3.1 and 4.3.2. Figure 4.3.1 shows the 
dependence of the R parameter on the incident 
particle energy. The solid circles represent yields 
from measured mass distributions of 238U for 
various incident neutron energies [4.3.3]. The 
behaviour of the measured data in Fig. 4.3.1 
suggests  an  energy  dependence  proportional  to 
1/(EC1 + C2). The values of C1 and C2 were 
determined by least squares fit. Figure 4.3.2 shows 
the shell factor dependence of the R parameter, 
which seems to exhibit a sinusoidal dependence on 
the shell factor. The shell factor mentioned here is 
that given by Meyers and Swiatecki [4.3.4].

Other examples of the examination are 
illustrated in Figs 4.3.3 and 4.3.4. Figure 4.3.3 shows 
the energy dependence of the F parameter. Since a 
clear energy dependence is not evident, we assume 
no energy dependence for the F parameter. 
However, the shell factor dependence is clearly seen 
in Fig. 4.3.4. The F parameter is assumed to be 
linearly dependent on the shell factor. 

Similar examinations were performed for 
other parameters. The resulting parameters for the 
present systematics are described below.    

R =
fragment yield given by two asymmetric components

fragmentt yield given by the symmetric component

=
+ + +Y Y Y Y

Y
h h l l1 2 1 2

ss

,                                       (4.3.5)

F =
fragment yield given by component 2

fragment yield given bby component 1

=
+

+

Y Y

Y Y
h l

h l

2 2

1 1

FIG. 4.3.1. Energy dependence of the R parameter.

Derived from measured data

Fitted result

FIG. 4.3.2. Shell factor dependence of the R parameter.

FIG. 4.3.3. Energy dependence of the F parameter.
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4.3.4. Description of parameters 
in the systematics

The adopted average number of emitted 
neutrons v– was that evaluated by Wahl for the CRP 
[4.3.5], which was not in conflict with the measured 
data we used. According to Wahl’s proposal, v– is 
expressed as follows:

(4.3.7)

where E* is the excitation energy of the fissioning 
nuclide, which is the sum of the kinetic energy E and 
binding energy B of the incident particle.

Other parameters determined from our 
examination are listed below:

(4.3.8)

F = 10.4 – 1.44S (4.3.9)

ss = 12.6 (4.3.10)

sh1 = (–25.27 + 0.0345Af + 0.216Zf) 
× (0.438 + E + 0.333B0.333)0.0864 (4.3.11)

sh1 = (–30.73 + 0.0394Af + 0.285Zf) 
× (0.438 + E + 0.333B0.333)0.0864 (4.3.12)

Ah1 = 0.5393(Af – v–) + 0.01542Af  
× (40.2 – Zf

2/Af )
1/2 (4.3.13)

Ah2 = 0.5612(Af – v–) + 0.01910Af  
× (40.2 – Zf

2/Af)
1/2 (4.3.14)

where S in the formula for R and F is the shell factor 
mentioned in Section 4.3.3. The functional form 
given by Meyers and Swiatecki [4.3.4] is:

S = 5.8s(N, Z) (4.3.15)

(4.3.16)

(4.3.17)

(4.3.18)

where Mi is the magic number: N = 82, 126 and 184 
for neutrons, and Z = 50, 82 and 114 for protons. 

As seen in the above expressions of our 
systematics, the mass distribution can be calculated 
when mass Af and charge Zf of the fissioning 
nuclide, and energy E and binding energy B of the 
incident particle are given. The energy unit should 
be MeV. The systematics is applicable not only to 
neutron induced fission, but also to proton induced 
fission and even spontaneous fission. In the case of 
spontaneous fission, both incident energy and 
binding energy are set to zero. The only restriction 
for using the systematics is to fulfil the condition
Zf

2 /Af  £ 40.2. 

4.3.5. Comparisons with measured mass yields

The present systematics was compared to 
measured mass distributions. Some of the results of 
the comparison are shown below. For thermal 
neutron fission, the mass distributions of 235U and 
245Cm are shown in Figs 4.3.5 and 4.3.6, and show 
that the present systematics reproduce the 
measured mass distributions [4.3.6–4.3.8]. 

Mass distributions are shown in log scale on 
the left hand side, and in linear scale on the right 
hand side. When we calculate the average deviation, 
the values of 0.664 and 0.208 are obtained for 235U 
and for 245Cm, respectively. Here the average 
deviation is defined as:

Derived from measured data

Fitted result

FIG. 4.3.4. Shell factor dependence of the F parameter.
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(4.3.19)

where Ci and Ei are the calculated and measured 
values, respectively, and N is the number of data 
points.      

Examples of mass distributions from interme-
diate energy neutron fission are presented in 
Figs 4.3.7 and 4.3.8, and show 239Pu fission by 7.9 MeV 
neutrons and 242Pu fission by 15.1 MeV neutrons. 

These comparisons also show rather good 
agreement between calculations and measurements 
[4.3.9, 4.3.10]. In these cases the average deviations 
as defined in Eq. (4.3.19) are 0.484 for 239Pu and 
0.230 for 242Pu, respectively.     

As examples for high energy neutron induced 
fission, comparisons for mass distributions of 238U 

fission by 100 and 160 MeV neutrons are presented 
in Figs 4.3.9 and 4.3.10. Recognizable deviation 
between calculation and measurement [4.3.3] is 
seen in the case of 100 MeV neutron fission. 
However, the average deviation is 0.436, which is 
less than the corresponding value for 235U fission by 
thermal neutrons of 0.664. The comparison for 235U 
thermal neutron fission seems to be better than for 
238U fission at 100 MeV. The reason is that the large 
average deviation in the case of 235U thermal 
neutron fission is caused by the large deviation 
within the valley of the mass distribution where the 
mass yields are quite small (the deviation cannot be 
clearly seen in Fig. 4.3.5 where the comparison of 
the 235U thermal neutron fission is shown). 
Agreement is better for 235U fission by 160 MeV 
neutrons (average deviation is 0.145) than for 
100 MeV neutron fission.  

C E
E N

C E

E
i i

ii

N-
=

-Â1 2( )

FIG. 4.3.5. Mass distribution of 235U thermal neutron fission.

FIG. 4.3.6. Mass distribution of 245Cm thermal neutron fission.
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FIG. 4.3.7. Mass distribution of 239Pu fission by 7.9 MeV neutrons.

FIG. 4.3.8. Mass distribution of 239Pu fission by 15.1 MeV neutrons.

FIG. 4.3.9. Mass distribution of 238U fission by 100 MeV neutrons.
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Comparisons were also performed for proton 
induced fission. Examples are shown in Figs 4.3.11–
4.3.13. As seen in these figures, the present 
systematics is able to reproduce the measured mass 
distribution of proton induced fission [4.3.11–
4.3.13]. The average deviations are 0.192 for 243Am, 
0.836 for 248Cm and 0.338 for 238U. Although the 
deviation in the case of 248Cm seems to be large, the 
experimental uncertainties shown in Fig. 4.3.12 are 
also rather large. As seen in Fig. 4.3.13, the present 
systematics can also be applied to fission by high 
energy protons (340 MeV).

The present systematics is even applicable to 
spontaneous fission. Examples of the comparisons 
are shown in Figs 4.3.14 and 4.3.15, in which the 
evaluated data from the ENDF/B-VI file are used 
[4.3.14]. The present systematics agrees rather well 
with the evaluated mass yields from the 

spontaneous fission of minor actinides, even though 
a slight discrepancy is detectable at the peaks and in 
the valley region. The comparisons show that the 
present systematics can predict the gross behaviour 
of mass distributions from various kinds of fission, 
from spontaneous fission up to neutron and proton 
induced fission at energies above 100 MeV.       

4.3.6. Summary

As part of the IAEA Coordinated Research 
Project on Fission Product Yield Data for the Trans-
mutation of Minor Actinide Nuclear Waste, we 
have developed a systematics for the calculation of 
fission product mass yields. This systematics uses 
five Gaussian functions for the description of mass 
distributions, the parameters of which have a rather 
simple functional form. We calculated the mass 

FIG. 4.3.10. Mass distribution of 238U fission by 160 MeV neutrons.

FIG. 4.3.11. Mass distribution of 243Am fission by 15.6 MeV protons.
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FFIG. 4.3.12. Mass distribution of 248Cm fission by 20 MeV protons.

FIG. 4.3.13. Mass distribution of 238U by 340 MeV fission.

FIG. 4.3.14. Mass distribution of 252Cf spontaneous fission.
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distributions of various kinds of fissioning systems 
and compared them with the measured data. The 
comparisons show good agreement between the 
calculations and the measurements, including 
fission by high energy neutrons and protons. 

Benchmark calculations were proposed 
during the CRP (see Section 5.2 and the attached 
CD-ROM for details). The present systematics was 
used to perform the benchmark calculations. As the 
systematics cannot give the mass distribution for 
pre-neutron emission, only the mass yields for post-
neutron emission were calculated for the 
benchmark exercise.
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4.4. PHENOMENOLOGICAL MODEL FOR FRAGMENT MASS
AND CHARGE DISTRIBUTION IN ACTINIDE NUCLEI FISSION

Yu.V. Kibkalo
SC Institute for Nuclear Research, Ukraine

Detailed analyses of experimental data on 
nuclear fission show that the process of fragment 
formation depends not only on the temperature but 
also on the total angular momentum of the 
fissioning nucleus. An analysis of the total cross-
sections for the fission of 232Th, 235U, 236U and 238U 
by a particles with energies up to 140 MeV has been 
carried out to study the dependence of the 
fissioning nucleus formation cross-section on 
excitation energy and transferred angular 
momentum. The energy dependence of the critical 
value of the angular momentum for fissioning 
nucleus formation has been obtained for the 
interaction of a particles with uranium nuclei in this 
energy range. A new approach is proposed to 
describe fragment mass distributions from actinide 
fission that accounts for the influence of the total 
nuclear angular momentum. The experimental 
fragment mass distributions for the fission of 
actinide nuclei formed in spontaneous fission and in 
reactions with neutrons, g rays and a particles in the 
excitation energy range up to 200 MeV have been 
analysed by this approach. The dependence of 
fragment mass distribution parameters on the 
excitation energy and transferred angular 
momentum of fissioning nuclei was derived. A 
phenomenological description of fragment mass 
and charge distributions has been developed that 
accounts for the quantum-mechanical transmission 
of real fission barriers.

4.4.1. Introduction

Studies of cross-sections for the interaction of 
charged particles and heavy ions with nuclei reveal 
that the reaction mechanism for compound system 
formation varies with incident particle energy. 
Nuclei fission should be studied over a wide energy 
range to ensure that the information obtained from 
experimental fission data will encompass the full 
characteristics of the fissioning system. Some 
progress has been made in explaining the energy 
dependence of fusion cross-sections for heavy ions 
with nuclei on the basis of the dynamic model 
[4.4.1]. 

Detailed analyses of the dependence of exper-
imental data on actinide nuclei fission at medium 
excitation energies show that, at the time of 
formation of the angular, mass and energy distribu-
tions of fission fragments, an essential role is played 
by the spectrum of transition states above the 
fission barrier. The basic characteristics of transition 
states are the collective energy and the total angular 
momentum of the fissioning nucleus. Thus the 
process of scission and formation of fragments is not 
only influenced by the temperature, but also by the 
total angular momentum of the fissioning nucleus. 
The dependence of the integral and differential 
fission cross-sections on the total angular 
momentum is well acknowledged and investigated, 
while only a few publications are devoted to experi-
mental studies of the influence of the total angular 
momentum on fission fragment mass and energy 
distributions. The most complete research of that 
kind is presented in Ref. [4.4.2]. This work involved 
an investigation of the  dependence of the fission 
fragment mass and energy distributions, and the 
formation of 204,206Po and 260Ku in reactions of heavy 
ions from 12C up to 48Ti with targets from 164Dy up 
to 244Cm. The distinctive peculiarity of the work is 
that heavy ion beams at rather high excitation 
energies (E* > 40 MeV) and large transferred 
angular momentum (· Ò ≥ 30ћ) were used. Analysis 
of the experimental data showed a weak 
dependence of the fragment mass distributions on 
the average angular momentum of fissioning 
nucleus, and the total absence of such a dependence 
for the average total kinetic energy of fission 
fragments in the case of rather strongly heated 
fissioning nuclei [4.4.2].

We analysed a large amount of experimental 
data on the fission of 240Pu formed in reactions with 
g quanta, neutrons and a particles in order to study 
the dependence of the fragment mass distributions 
from actinide fission on medium excitation energy 
and small transferred angular momentum [4.4.3, 
4.4.4]. Figure 4.4.1 shows the fission fragment mass 
distributions of 240Pu formed in reactions with g
quanta [4.4.5], neutrons [4.4.6] and a particles 
[4.4.7] at nearly equal excitation energies (E* = 20, 
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21.2 and 21.3 MeV, respectively) but different 
values of transferred angular momentum (· Ò = 1ћ, 
6ћ and 8ћ, respectively). One can see that the 
variance of mass distributions has a minimum for 
fission induced by g quanta that increases with 
increase of particle mass (i.e. with increase of the 
transferred angular momentum). Thus the fragment 
mass distribution of fission induced by light 
particles at low excitation energies depends 
essentially on the average angular momentum 
transferred to the fissioning nucleus. 

Experimental studies of the fission mechanism 
in reactions with heavy ions at medium excitation 
energies [4.4.8, 4.4.9] show that only the interaction 
of ions with an angular momentum up to some 
critical value fus < max can lead to complete fusion 
and compound nucleus formation. If the projectile 
transfers sufficient energy to the nucleus to exceed 
the critical energy for fission, the process of fission 
can take place without an intermediate stage of 
compound nucleus formation. Such a fission 
mechanism can be considered to be a result of direct 
interactions that happen over a nuclear time of 
~10–21 s. Processes are also possible in which the 
direct interaction is followed by fission through a 
compound nucleus. However, the primary particle 
does not transfer the whole momentum to a target 
nucleus. Thus the parameters describing fragment 
distributions at particular excitation energies can 
only be extracted correctly from the experimental 
data if the reaction mechanism leading to the 
formation of a fissioning nucleus is known.

The double humped structure of a fission 
barrier and the dependence of the transition state 

shapes of fissioning nuclei on excitation energy 
complicate the analysis and make the calculation of 
fragment yields for a particular excitation energy of 
a fissioning nucleus difficult. For actinide nuclei, the 
problem is additionally complicated at medium 
excitation energies where a significant contribution 
of emissive fission is observed, making more 
difficult the determination of fragment yields for 
fission of the target nucleus.

One further interesting peculiarity of actinide 
nuclei fission at medium excitation energies has 
been demonstrated in theoretical work [4.4.10–
4.4.12]. At some excitation energy, the shell effects 
are calculated to disappear and the nucleus exhibits 
averaged properties that are only described by the 
liquid drop model. Thus the effective transition 
states of fissioning nuclei are gradually shifted with 
increasing excitation energy from the shape of the 
second barrier to the liquid drop saddle shape. The 
shapes of the fission fragment mass and charge 
distributions should change from asymmetric 
(corresponding to the double humped fission 
barrier) to symmetric (corresponding to the liquid 
drop barrier). The excitation energy at which the 
shape of the transition state of a fissioning nucleus 
coincides with the liquid drop shape is in the range 
of 40–45 MeV, as shown in Ref. [4.4.13].

4.4.2. Energy dependence of nuclear 
fission cross-sections 

The analysis of the total fission cross-sections 
for the interaction of 20–140 MeV a particles with 
232Th, 235U, 236U and 238U has been carried out in 
order to study the dependence of the cross-section 
for fissioning nucleus formation on excitation 
energy. When analysing the experimental data, two 
basic processes were assumed to contribute to the 
total reaction cross-sections as calculated using the 
optical model: 

(a) Complete fusion of a projectile with a target 
nucleus, leading to the formation of a 
fissioning nucleus; 

(b) Reactions with compound nucleus formation, 
as well as other non-elastic processes not 
leading to fissioning nucleus formation.

The total reaction cross-section is described by 
the following expression:

(4.4.1)

FIG. 4.4.1. Fragment mass distributions from 240Pu fission 
formed in reactions with g quanta, neutrons and a particles 
at nearly equal excitation energies.
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where

 is the wavelength, 
E is the projectile energy, 
m is the reduced mass of the system.

The transmission coefficients Tl were 
calculated by means of the parabolic barrier 
approximation [4.4.14]:

(4.4.2)

where max is the maximum value of an orbital 
angular momentum at the interaction of the 
projectile with a nucleus and D is the ‘transmission 
diffuseness’.

As mentioned above, there is some critical 
value of angular momentum ( fus < max) that leads 
to fissioning nucleus formation. The following 
quasi-classical expression can be used to calculate 

fus [4.4.13]:

(4.4.3)

where 

Z = 1.44 Z1Z2 …, Coulomb parameter, 
r = mE+b (fm) …, parameterized fusion radius, 
E is the projectile energy. 

Cross-sections for fissioning system formation 
in the interaction of a particles with uranium nuclei 
were calculated from Eqs (4.4.1) and (4.4.2). The 
limiting value of the angular momentum ( fus) for 
fissioning nucleus formation was determined from 
the quasi-classical Eq. (4.4.3), and substituted in 
Eq. (4.4.2) as the maximum value of an angular 
orbital momentum ( max). Equations given in 
Ref. [4.4.14] were used for the remaining 
parameters. Figure 4.4.2 shows the experimental 
data for the total fission cross-sections of the 
interaction of a particles with 232Th, 235U, 236U and 
238U nuclei [4.4.13, 4.4.15–4.4.18] over the excitation 
energy range 20–140 MeV compared with 
theoretical calculations of the cross-sections for 
fissioning nucleus formation. Over all a particle 
energy ranges, satisfactory agreement was obtained 
between the experimental data and calculations 
with the optimum parameters m = –2.43 × 10–2 (fm/
MeV) and b = 1.545(A1

1/3 + A2
1/3) (fm), for the energy 

dependence of the fusion radius as given in 
Eq. (4.4.3).

4.4.3. Angular momentum dependence of 
fission fragment mass distributions 

During fission fragment formation and as long 
as the essential role is played by the distribution of l
states above the fission barrier, the fragment mass 
distribution has to be averaged over all l states in 
the saddle point:

(4.4.4)

where

(2  + 1)T  is the partial cross-section for compound 
nucleus formation with angular momentum ,
T  is the transmission coefficient in the input 
channel of the reaction, 
Y (A) is the partial fragment mass distribution.

Equation 4.4.2 was used to calculate the trans-
mission coefficients T . The most suitable values of 
the parameters for practical calculations of the 
transmission coefficients of light particles (neutrons, 
protons, deuterons, tritons, 3He ions and a particles) 
were obtained from Ref. [4.4.14] for projectile 
energies from 2 to 50 MeV and for practically all 
nuclides in the periodic table.

The Brosa model [4.4.19, 4.4.20] was used for 
the parameterization of Y (A), which describes well 
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FIG. 4.4.2. Total fission cross-sections of 232Th, 235U, 236U 
and 238U induced by a particles (line is our calculation).
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the fragment mass distributions in fission and has 
been developed further [4.4.21]:

(4.4.5)

where 

Ai
L, Ai

H are the most probable masses of the light 
and heavy fragments, 
sAi

 is the variance of the fragment mass distribution, 
Wi is the yield probability for a particular fission 
channel.

We have analysed fission fragment mass distri-
butions from 236U fission with monochromatic 
neutrons [4.4.22] and a particles [4.4.23] in the 
excitation energy range up to 30 MeV, in order to 
define the parameters included in Eq. (4.4.5). These 
experimental fragment mass distribution data 
account for the angular momentum in the input 
channel, and analyses show that there is a critical 
value of the angular momentum ( cr = 6ћ) above 
which the asymmetric fission channel standard I is 
converted into the symmetric super long channel 
over the whole excitation energy range:

(4.4.6)

where Af is the mass of the fissioning nucleus. 
Fission fragment mass distributions for 236U 

calculated with the assumptions described above 
are shown in Figs 4.4.3 and 4.4.4. The analysis of 
data presented in these figures shows that condition 
(4.4.6) limits the number of fission channels 
considered and allows fragment mass distributions 
from a particle and neutron induced fission of 236U 
to be described by only two modes (standard I and 
standard II) for excitation energies up to 30 MeV. 
These limitations reduce the number of varied 
parameters significantly — super long mode 
parameters are not required, and the sum of yields 
in the two asymmetric channels WI + WII is equal to 
100%.

The dependence of other parameters (AH
II, sAI

, 
sAII

, WII) on the total angular momentum of the 
fissioning nucleus cannot be derived, although the 

dependence of these parameters on the excitation 
energy is shown in Fig. 4.4.5. As a preliminary 
solution, the dependence of these parameters on 
the excitation energy can be represented by the 
following equations:                     

(4.4.7)

(4.4.8)

(4.4.9)

(4.4.10)

WI = 100 – WII (4.4.11)

We analysed the experimental data for the 
fragment mass distributions from 239Pu and 240Pu 
fission by g quanta [4.4.5, 4.4.24], neutrons [4.4.6, 
4.4.25] and a particles [4.4.7] for excitation energies 
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FIG. 4.4.3. Fragment mass distributions from 236U fission 
induced by 232Th + a reaction (points are experimental data 
[4.4.23]; lines are our calculations); energies of a particles 
are shown in the figure.
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FIG. 4.4.4. Fragment mass distributions from 236U fission induced by 235U+n reaction (points are experimental data [4.4.22]; 
lines are our calculations); energies of neutrons are shown in the figure.
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up to 30 MeV and from the spontaneous fission of 
240Pu [4.4.5]. Results from the analysis show that the 
most probable mass of heavy fragments for the 
standard I fission mode of 239Pu and 240Pu has a 
value similar to that for 236U (AH

I = 134.0). The 
critical value ( cr) for the angular momentum above 
which the asymmetric fission channel standard I is 
converted into the symmetric channel (super long 
mode) is equal to 8ћ. The most probable mass of 
heavy fragments for the standard II fission mode is 
AH

II = 140.0 for 239Pu and 240Pu fission, up to an 
excitation energy of 30 MeV. The dependence of the 
remaining parameters (sAI

, sAII
, WII) on the 

excitation energy is shown in Fig. 4.4.5, where they 
are compared to similar parameters obtained from 
fission reactions of monochromatic neutrons 
[4.4.22] (light triangles) and a particles [4.4.23] 
(dark triangles) with 236U (solid lines represent 
calculations using Eqs (4.4.7)–(4.4.11)). At 
excitation energies above 15 MeV, the calculated 
energy dependence of the parameters differs signif-
icantly from the experimental data for fissioning 
nuclei 239Pu and 240Pu (Fig. 4.4.5), but shows good 
agreement with the equivalent data for 236U. 

Apparently this situation is due to the emissive 
fission contribution that has to be accounted for 
more correctly in the case of the fission of actinides 
by a particles.

Experimental data and the results of calcula-
tions are given in Figs 4.4.6 and 4.4.7 for fragment 
mass distributions from 239Pu and 240Pu fission by 
neutrons, g quanta and a particles at excitation 
energies up to 30 MeV, and also for spontaneous 
fission of 240Pu. These figures show satisfactory 
agreement between the experimental data and 
calculations. Thus an adequate description of the 
fragment mass distributions is achieved for 
fissioning nuclei 239Pu and 240Pu formed in reactions 
with various particles and excitation energies up to 
30 MeV by taking into account only two fission 
modes, namely standard I and standard II.

4.4.4. Fragment mass distributions 
for photofission  

The dependence of the fragment mass distri-
butions on excitation energy at a constant value of 
the angular momentum transferred to the fissioning 
nucleus can be studied by analysing the experi-
mental data for the photofission of 232Th, 235U, 238U 
and 239Pu [4.4.26] at Bremsstrahlung endpoint 
energies up to 50 MeV. Photofission is one of the 
most powerful tools for studying the fission process 
because of the well known spin selectivity of the 
excitation and the absence of the Coulomb barrier. 
The main experimental problem in photofission 
studies is the lack of intense sources of monochro-
matic photon beams. Therefore, all photofission 
mass distributions have been measured in brems-
strahlung spectra with a continuous energy distri-
bution, and hence the excitation energy is not well 
defined.

Symmetric fission components have been 
observed in all photofission experiments but 
analysed in different ways so that the results are 
difficult to compare. The systematic investigations 
of mass fragment distributions in the photofission of 
nuclei in the mass region 232 £ A £ 239 and 
Bremsstrahlung endpoint energies between 15 and 
55 MeV are presented in Ref. [4.4.26]. Due to the 
exponential increase of the symmetric fission 
probability with excitation energy, the symmetric to 
asymmetric fission yield ratio (YS/YA) is a rather 
sensitive qualitative measure for the excitation 
energy of the fissioning nucleus.

At low excitation energies and small 
transferred angular momentum (  £ 7ћ) the fission 

FIG. 4.4.5. Dependence of model parameters on excitation 
energy for fissioning nuclides 236U, 239Pu and 240Pu formed 
in reactions with various particles (points are experimental 
data; lines are our calculations using Eqs ((4.4.6)–
(4.4.11)).
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FIG. 4.4.6. Fragment mass distributions from fission of 239Pu by neutrons [4.4.25], g quanta [4.4.24] and a particles [4.4.7] 
(points are experimental data; lines are our calculations); energies of projectiles are given in the figure.
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FIG. 4.4.7. Fragment mass distributions from 240Pu spontaneous fission [4.4.5] and from fission induced by neutrons [4.4.6], g
quanta [4.4.5] and a particles [4.4.7] (points are experimental data; lines are our calculations); energies of projectiles are given 
in the figure.
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fragment mass distributions are described by two 
asymmetric modes only, standard I and standard II 
[4.4.3, 4.4.4]. Our studies involved the analysis of 
experimental data published in Ref. [4.4.26], and 
Figs 4.4.8 and 4.4.9 compare the experimental data 
(points) for the photofission of 232Th, 235U, 238U and 
239Pu nuclei at Bremsstrahlung endpoint energies up 
to 50 MeV with our calculations (continuous lines). 
These figures show the good agreement between 
the experimental data and calculations for all of the 
nuclei and excitation energy ranges studied. The 
asymmetric fragment mass distribution is observed 
in photofission even at a Bremsstrahlung endpoint 
energy of 50 MeV, which confirms the assumptions 
made about the absence of the symmetric fission 
mode for very small angular momenta of the 
fissioning nucleus.   

Referring to the parameters contained in 
Eq. (4.4.5) the following equations were obtained 
from an analysis of the experimental data:

WII = 96.44 – 0.38 EBS (4.4.12)

WI = 100 – WII (4.4.13)

(4.4.14)

(4.4.15)

(4.4.16)

(4.4.17)

where 

Af, Zf and Nf are mass, charge and neutron number 
of the fissioning nucleus, 
EBS is the Bremsstrahlung endpoint energy. 

Results of the analysis for the nuclei studied 
show that no difference can be observed in the 
description of the fragment mass distributions with 
or without the inclusion of the symmetric fission 
mode. However, for a description of mass distribu-
tions in terms of five Gaussians, more parameters 
have to be used, which essentially complicates the 
derivation of the dependence of the model 
parameters on mass and charge of a fissioning 
nucleus and the Bremsstrahlung endpoint energy. 

As the variance for the symmetric mode of 
fragment mass distributions in photofission is very 
large (sSL > 20), the noticeable difference in calcula-
tions between these two approaches will be seen for 
fragment masses A < 70 and A > 170. The contri-
bution of a symmetric mode to the fragment mass 
distributions for photofission will also be visible at 
higher energies where shell effects in a fissioning 
nucleus are decreasing. Thus experimental yields 
given for broader intervals of fragment masses need 
to be unambiguously resolved if there is a 
symmetric contribution for photofission.

4.4.5. Fragment mass distributions 
from fission by a particles

An analysis was made of the experimental 
data for the fragment mass distributions of 239Pu 
and 240Pu fission [4.4.13] formed in reactions with 
a particles up to 80 MeV. The basic purpose of the 
work was to find the dependence of the parameters 
in the Brosa model at higher excitation energies and 
greater angular momentum of the fissioning nuclei. 
Results show that the critical value of the angular 
momentum ( cr,) above which the asymmetric 
standard I fission channel is converted into the 
symmetric super long channel is defined by the 
following equation:

(4.4.18)

and is different for 239Pu (lcr = 7ћ) and 240Pu (lcr = 9ћ). 
As shown in Refs [4.4.10–4.4.13], the influence of 
the shell effects on the fission process decreases 
with increasing excitation energy, and therefore the 
fragment mass distribution should change from 
asymmetric to the symmetric shape. This change of 
the fragment mass distribution shape is seen in the 
parameters of the model used to describe the 
energy dependence (Eq. (4.4.5)), for which the 
following equations are derived: 

(4.4.19)

WI = 100 – WII (4.4.20)

(4.4.21)

(4.4.22)

(4.4.23)
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FIG. 4.4.8. Fragment mass distributions from the photofission of 232Th for Bremsstrahlung endpoint energies between 15 and 
50 MeV (points are experimental data [4.4.26]; lines are the calculations, as described in the text).
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FIG. 4.4.9. Fragment mass distributions from the photofission of 232Th, 235U, 238U and 239Pu (Bremsstrahlung endpoint energy 
EBS = 45 MeV, points are the experimental data [4.4.26], lines are the calculations, as described in the text).
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where 

Af is the mass of a fissioning nucleus, 
PLD is the function describing the conversion of 

the asymmetric fragment mass distribution 
into a symmetric shape with increasing 
excitation energy of the fissioning nucleus: 

(4.4.24)

where 

E* is the excitation energy of a fissioning nucleus,
ELD is the energy at which the asymmetric 

fragment mass distribution is converted into 
a symmetric fragment mass distribution, 

ΔELD is the energy interval in which the conversion 
takes place. 

The values of the remaining parameters included in 
Eqs (4.4.18)–(4.4.24) are listed in Table 4.4.1.

Comparisons of the experimental data for the 
fission fragment mass distributions from 239Pu and 
240Pu fission with calculations using Eqs (4.4.18)–
(4.4.24) are shown in Figs 4.4.10 and 4.4.11. One can 
see that the assumption made in the present work 
produces satisfactory agreement between the 
experimental data and calculations. 

4.4.6. Fragment mass distribution for 238U fission 
by neutrons 

We have also performed an analysis of the 
experimental data of fragment mass distributions 
from 238U fission by neutrons with energies ranging 
from 2 to 200 MeV [4.4.27]. The basic purpose of the 
work was to find the dependence of model 
parameters on the excitation energy and angular 
momentum.

Referring to the parameters contained in 
Eq. (4.4.5), the following equations were obtained 
from an analysis of the experimental data:  

(4.4.25)

where

cr = 7ћ is the critical value of the angular 
momentum, above which the asymmetric 
standard I fission channel is converted into the 
symmetric super long channel,

Af = A0 – v–pre is the mass of the fissioning nucleus 
after emission of pre-fission neutrons,

A0 is the mass of the compound nucleus. 

(4.4.26)

where E* is the excitation energy of the compound 
nucleus, 

(4.4.27)

(4.4.28)

(4.4.29)

(4.4.30)

WI = 100(1 – PLD) (4.4.31)

WII = 100 × PLD (4.4.32)

PLD is the function describing the conversion of an 
asymmetric fragment mass distribution into a 
symmetric form with increasing excitation energy of 
the fissioning nucleus:   
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TABLE 4.4.1. PARAMETERS INCLUDED IN Eqs (4.4.18)–(4.4.24)

Nucleus W0
II s0

AI
Ds0

AI
s0

AII
Ds0

AII
  AI

H DAII cr ELD DELD

239Pu 70.4 7.5  9.9  9.4  7.1 135.0 23.0 7ћ 58.7   7.3

240Pu 51.0 5.2 29.3  8.1  3.2 136.0 24.5 9ћ 66.2  16.8
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FIG. 4.4.10. Fragment mass distributions from fission of 239Pu by a particles with energies of 20–80 MeV (points are the 
experimental data [4.4.7]; lines are the calculations, as described in the text).
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FIG. 4.4.11. Fragment mass distributions from fission of 240Pu by a particles with energies of 20–80 MeV (points are the 
experimental data [4.4.7]; lines are the calculations, as described in the text).
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(4.4.33)

The data of Maslov were used for the trans-
mission coefficients (Tl) [4.4.28]. These coefficients 
provide a good description of the cross-sections for 
the fission of 238U by neutrons and take into account 
pre-fission neutron emission up to incident neutron 
energies of 200 MeV.

Zöller data [4.4.27] for pre-neutron emission 
fragment mass distributions from 238U fission by 
neutrons with energies from 2 to 200 MeV are 
summarized in Figs 4.4.12–4.4.14. As can be seen 
from these figures, the assumption made in the 
present work results in satisfactory agreement 
between the experimental data and calculations 
over the whole energy range.     

The following expressions were obtained from 
an analysis of Zöller data [4.4.27] to describe the 
post-neutron emission fragment mass distributions 
of 238U fission by neutrons in this energy range: 

(4.4.34)

(4.4.35)

where v– i
L,H are the average values of the neutrons 

emitted from fragments for the corresponding 
fission modes:

(4.4.36)

Descriptions of the post-neutron emission fragment 
mass distributions for 238U fission by neutrons in the 
energy range from 2 to 200 MeV are summarized in 
Figs 4.4.15–4.4.17 and compared with the experi-
mental data [4.4.27].     

4.4.7. Fragment mass distribution 
for spontaneous fission

We have performed an analysis of the 
evaluated data on fragment mass distributions from 
spontaneous fission of nuclei [4.4.25] in order to 
determine the dependence of the model parameters 
on the mass and charge of the fissioning nuclei at 
zero excitation energy and angular momentum. 

The following equations were obtained for the 
parameters appearing in Eq. (4.4.5): 

(4.4.37)

(4.4.38)

(4.4.39)

(4.4.40)

(4.4.41)

(4.4.42)

(4.4.43)

(4.4.44)

(4.4.45)

WII = 100 – WI – WIII (4.4.46)

The fragment mass distributions for the 
spontaneous fission of 252Cf nuclei are shown in 
Fig. 4.4.18, where our calculations are also 
compared with the evaluated data [4.4.25] and 
calculations of Wahl [4.4.29]. Figure 4.4.19 
compares evaluated data [4.4.25] with our calcula-
tions of fragment mass distribution for the 
spontaneous fission of nuclei from 240Pu up to 256Fm. 

Results of the analysis of the fragment mass 
distributions from spontaneous fission show the 
absence of the symmetric fission contribution, in 
agreement with the results of Wahl [4.4.29]. 
However, at least three asymmetric modes need to 
be taken into account for a satisfactory description 
of fragment mass distributions from the 
spontaneous fission of nuclei with Z > 94.

4.4.8. Description of fission fragment mass 
and charge distributions

A phenomenological approach has been 
developed in the present study to describe the 
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FIG. 4.4.12. Pre-neutron emission mass distributions from 238U fission induced by neutrons (points are experimental data 
[4.4.27]; the lines are our calculations); neutron energies are given in the figure.
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FIG. 4.4.13. Pre-neutron emission mass distributions from 238U fission induced by neutrons (points are experimental data 
[4.4.27]; the lines are our calculations); neutron energies are given in the figure.
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FIG. 4.4.14. Pre-neutron emission mass distributions from 238U fission induced by neutrons (points are experimental data 
[4.4.27]; the lines are our calculations); neutron energies are given in the figure.
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FIG. 4.4.15. Post-neutron emission mass distributions from 238U fission induced by neutrons (points are experimental data 
[4.4.27]; the lines are our calculations); neutron energies are given in the figure.
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FIG. 4.4.16. Post-neutron emission mass distributions from 238U fission induced by neutrons (points are experimental data 
[4.4.27]; the lines are our calculations); neutron energies are given in the figure.
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FIG. 4.4.17. Post-neutron emission mass distributions from 238U fission induced by neutrons (points are experimental data 
[4.4.27]; the lines are our calculations); neutron energies are given in the figure.
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FIG. 4.4.18. Fragment mass distributions from spontaneous fission of 252Cf (points are evaluated data [4.4.25]; the solid line is 
our calculations, as described in the text; the dashed line is the Wahl calculation [4.4.29]).

FIG. 4.4.19. Fragment mass distributions for spontaneous fission of nuclei (points are evaluated data [4.4.25]; lines are the 
calculations as described in the text).
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fragment mass and charge distributions and account 
for quantum-mechanical transmission of the real 
fission barriers [4.4.30]. The fission barrier in the 
liquid drop model is determined by the interaction 
of nuclear forces that are modelled in terms of the 
surface tension of the liquid drop and the repulsive 
Coulomb forces of the nuclear charge. Hill and 
Wheeler [4.4.31] have developed the following 
expression to describe the penetration of the 
parabolic fission barrier:

(4.4.47)

where 

Ef is the height of the fission barrier, 
ћwf /2p is the width of the fission barrier expressed 

as the frequency of an inverted harmonic 
oscillator potential.

According to the concept of Bohr [4.4.32], 
above the fission barrier there are a number of 
transitive excited states with excitation energy ei

(fission channels). The total fission width is the sum 
of the partial widths of these fission channels:

(4.4.48)

However, for the majority of actinides, the real form 
of the fission barrier is more complex [4.4.33] and 
consists of two barriers with a second minimum 
between them that arises from the shell effects in a 
highly deformed nucleus. The penetrability of the 
double humped fission barrier has an energy 
dependence based on the Lorentz function:

(4.4.49)

where 

PA and PB are the penetrabilities of separate 
barriers,

GA and GB are the partial fission widths for separate 
barriers,

ћwII/2p is the characteristic frequency of the 
intermediate well.

Analysis of the experimental data on fragment 
mass and charge distributions from neutron fission 
[4.4.34] shows that the even–odd effects in charge 
distributions are more pronounced (~25–30%) than 
in neutron number distributions where the even–
odd effects do not exceed 6%. Taking these facts 
into account, the formation of the proton and 
neutron structure of fragments can be assumed to 
occur at different stages of the deformation of a 
nucleus undergoing fission. From these results the 
fission process of heavy nuclei can be interpreted as 
follows: during the initial deformation of a nucleus 
undergoing fission, the nuclear charge is polarized 
and then separated when passing through the inner 
barrier. The formation of proton and inner neutron 
shells of fission fragments takes place in the second 
well, and the outer neutron shells are filled when 
passing through the outer barrier, followed by the 
descent of the nucleus to the scission point. After 
the passage through the inner barrier, a nucleus can 
either tunnel at once through the outer barrier or be 
reflected away. In the first case, fast symmetric 
fission is observed as the nucleus is axially 
symmetric after passage through the inner barrier 
and has essentially no time to change shape during 
passage through the outer barrier. In the second 
case, asymmetric fission dominates, with an 
ordering of the shell structure of fragments in the 
second well and passage through the second barrier. 

Proceeding from the above mentioned 
assumptions, the following expression for the 
penetrability of barrier A can be written:

(4.4.50)

Subsequent penetration of barrier B is defined by 
the ratio:

(4.4.51)

When describing the quasi-molecular states, 
all even–even states in the second well must be 
taken into account, and the following equation is 
obtained:
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(4.4.52)

where

(4.4.53)

Combining Eqs (4.4.50)–(4.4.53), the following 
expression is obtained for the penetrability of the 
double humped fission barrier:

(4.4.54)

where a and b are normalization constants.
Calculations are compared in Fig. 4.4.20 with 

recommended experimental fragment charge 
distributions from 235U fission by thermal neutrons 
[4.4.35]. Both the general shape of the charge distri-
bution and the fine structure are well described by 
the calculations. The fragment mass distribution for 

the same reaction is presented in Fig. 4.4.21. Our 
approach also reproduces rather well the general 
shape and the fine structure of the distribution in 
this case. The phenomenological method offered in 
this work would appear to give a qualitatively new 
approach to the systematization of experimental 
data for investigating the systematics of fission 
fragment mass and charge distributions, and allows 
one to study the structure of a double humped 
fission barrier and the dependence on the character-
istics of a fissioning nucleus.

4.4.9. Concluding remarks

An analysis of the total fission cross-sections 
has been carried out for the interaction of 20–
140 MeV a particles with 232Th, 235U, 236U and 238U 
nuclei in order to study the cross-section 
dependence of the fissioning nucleus formation on 
excitation energy and transferred angular 
momentum. This approach leads to the derivation 

FIG. 4.4.20. Fragment charge distributions in 235U fission 
induced by thermal neutrons (points are experimental data 
[4.4.35]; the line is our calculation).
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FIG. 4.4.21. Fragment mass distributions in 235U fission 
induced by thermal neutrons (points are experimental data 
[4.4.35]; the line is our calculation).
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of the energy dependence of the fusion radius and 
the critical value of the angular momentum leading 
to the formation of the fissioning system in the 
interaction of a particles with uranium nuclei in the 
energy range up to 140 MeV. The deduced 
dependences were used to analyse the experimental 
data for actinide fission by a particles. 

Detailed analyses of experimental nuclei 
fission data show that the process of fission 
fragment formation depends not only on the 
temperature but also on the total angular 
momentum of the fissioning nucleus. Such studies 
were made of 236U, 238U, 239Pu and 240Pu nuclei 
formed in reactions with neutrons, γ quanta and a
particles of excitation energies up to 200 MeV. The 
dependence of parameters from the Brosa model on 
the excitation energy and transferred angular 
momentum of a fissioning nucleus was noted. 

A phenomenological description of the fission 
fragment mass and charge distributions has been 
developed that also accounts for the quantum-
mechanical transmission of a real fission barrier 
[4.4.30]. This phenomenological method gives a 
qualitatively new approach to the systematization of 
experimental data, and the modelling of changes in 
the mass and charge fission fragment distributions; 
the structure of a double humped fission barrier and 
dependence on the characteristics of a fissioning 
nucleus can also be studied.
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4.5. MODAL APPROACH TO THE DESCRIPTION OF FRAGMENT MASS YIELDS 
IN NEUTRON AND PROTON INDUCED FISSION OF ACTINIDES

AT INCIDENT PARTICLE ENERGIES FROM 5 TO 200 MeV

D.M. Gorodisskiy, S.I. Mulgin, A.Ya. Rusanov, S.V. Zhdanov
National Nuclear Centre, Kazakhstan

Experimental and analytical work has been 
performed to obtain information on the relative 
yields, mean values and variances of masses and 
kinetic energies of fragments from the fission of 
actinide nuclei through independent fission modes. 
Regularities in the behaviour of these character-
istics with respect to their dependence on the 
nucleonic composition of the fissile actinides and 
incident particle (proton and neutron) kinetic 
energies have been used to develop new systematics 
for fragment mass yields from the fission of target 
nuclei from Th to Bk at incident particle energies 
between 5 and 200 MeV.

4.5.1. Introduction

Numerous experimental investigations of the 
mass and energy distributions of fragments in the 
fission of nuclei from Pb to No [4.5.1] have 
confirmed the validity of a hypothesis concerning
the existence of independent fission modes, as first 
stated by Turkevich and Niday [4.5.2]. This 
hypothesis has received physical substantiation in 
theoretical works by Pashkevich [4.5.3] and Brosa et 
al. [4.5.4]. These studies have shown that multimo-
dality of the mass and energy distributions of fission 
fragments is caused by the valley structure of the 
deformation potential energy surface of a fissioning 
nucleus.

The experimental mass and energy distribu-
tions from the fission of actinide nuclei are usually 
assumed to consist of different mass and energy 
distributions for three independent fission modes: 
one symmetric (S) and two asymmetric — standard 
1 (S1) and standard 2 (S2). Mode S is mainly 
conditioned by the liquid drop properties of nuclear 
matter, and therefore the most probable values of 
fragment masses M are close to ACN/2, where ACN is 
the compound nucleus mass. The asymmetric mode 
S1 with average masses of the heavy fragments MH

≈ 134 and high kinetic energies is due to the 
formation of spherical heavy fragments with ZFH

and NFH (proton and neutron numbers of a heavy 
fragment) close to the magic numbers 50 and 82, 

respectively. The predominant asymmetric mode S2 
is characterized by average masses of the heavy 
fragments MH ≈ 140, and kinetic energies are 10–12 
MeV less than those of the S1 mode. Usually the 
origin of mode S2 is attributed to the deformed 
neutron shell closure N ≈ 88 in the heavy fragments 
(see, e.g., Ref. [4.5.5]). Recently, the existence of an 
additional asymmetric mode S3, conditioned by the 
close to sphere shells formed in light fragments, has 
been experimentally revealed [4.5.6]. 

One of the most promising procedures for 
elaborating the mass and energy distribution 
calculation technique consists in obtaining quanti-
tative information on the dependences of the basic 
characteristics of distinct fission modes (relative 
mass yields, average fragment masses and charges, 
kinetic energies of fragments, variations of masses, 
charges and energies, etc.) on the nucleon 
composition and the excitation energy of a 
fissioning nucleus. This method reveals the main 
regularities of their behaviour and permits recon-
struction of the observed mass and energy distri-
butions as a superposition of the mass and energy 
distributions of the distinct modes. In order to be 
successful in the realization of this approach, a 
rather large set of experimental data usable for a 
comparative quantitative analysis is needed, and 
an appropriate method to extract the character-
istics of the modes from the experimental mass 
and energy distributions, since the distinct modes 
are rarely observed directly in the fission of 
actinides.

An analysis of literature data shows that 
investigators in different countries concentrated 
basically on the studies of spontaneous fission and 
low energy neutron induced fission of the actinides. 
In particular, there is only one study in which the 
same experimental technique has been employed to 
measure the mass and energy distributions of 
fragments from neutron induced fission of 238U at 
neutron energies from 1 to 450 MeV [4.5.7].

Mass and energy distributions measured in 
reactions with protons can be included in the 
analysis to compensate partially for the lack of 
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available high energy neutron induced fission data 
on the basis of the following considerations. The 
heavy nucleus fission reaction passes through a 
stage of compound nucleus formation in which the 
mass and energy distributions of fragments from the 
fission of the nucleus with given nucleon compo-
sition, excitation energy and angular momentum do 
not depend on the mode of formation of the 
compound nucleus. Protons as well as neutrons 
introduce rather small angular momentum into the 
fissioning nucleus. Of course there are some 
features of direct and pre-equilibrium reactions 
with neutrons and protons, but they have no 
decisive influence on the majority of the basic 
characteristics of the distinct fission modes, as a 
preliminary analysis of the data has shown. These 
circumstances allow the expansion of the experi-
mental database with respect to both (a) an 
increasing incident particle energy range and (b) 
possibilities to study the mass and energy distribu-
tions for important fissioning minor actinides from 
the Np and Am isotopes, where experiments with 
Np and Am target nuclei in neutron induced fission 
are rather difficult to perform due to the radiation 
safety requirements in handling highly radiotoxic 
target materials.

The mass and energy distributions in the 
proton induced fission have been spectroscopically 
measured in terms of the coincident fission 
fragments by means of surface barrier detectors for 
the following compound nuclei:

234,236,237,239Np, 239,240,241,243Am, 245Bk at proton energy 
Ep = 10.3 MeV;

234,236,237,239Np, 240,241,243Am at proton energy Ep = 
22.0 MeV;

233Pa and 236Np at proton energy Ep = 7.4–30.0 MeV.

Another problem to be solved in the 
multimodal approach is connected with the decon-
volution of the experimental mass and energy distri-
butions into the mass and energy distributions of 
distinct fission modes. For this purpose, a new 
method of multicomponent analysis has been 
developed free from any assumptions about the 
shapes of the mass distributions of distinct modes. 
This method was applied to the analysis of the 
available experimental information. 

This analysis revealed regularities in the 
behaviour of the fission fragment mass yields that 

proved to be particularly useful in developing the 
predictive systematics of the yields. The systematics 
have been realized in the form of the PYF computer 
code (Program for Yields from Fission), which allows
calculation of the pre- and post-neutron emission 
fragment mass yields in the proton and neutron 
induced fission of target nuclei ranging from Th to 
Bk for incident particle energies of 5–200 MeV.

4.5.2. Experiments

4.5.2.1. Experimental technique

Measurements have been carried out with 
external beams from the Almaty isochronous 
cyclotron U-150, which enables the protons to be 
accelerated in the energy range from 7.4 to 30.0 
MeV within energy steps of about 2–3 MeV. A pair 
of Si–Au surface barrier detectors and eight targets 
are located in the vacuum area of a fission chamber. 
The targets of fissile isotopes were in the form of 
layers of thickness 20–40 mg/cm2, made from 
chlorides of the corresponding elements by vacuum 
evaporation on 60 mg/cm2 backings of Al2O3. The 
investigated isotope was enriched to ≥99.98% in all 
cases.

Mass and energy distributions (MEDs) have 
been measured by the fast spectrometry of 
coincident fragments, where background events have 
been identified by their characteristic flight time 
difference [4.5.8]. This version of the experimental 
technique differs from the commonly used method 
in that the short current signals with a pulse length 
of about 7 × 10–8 s and a front of about 5 × 10–9 s are 
used in the time and spectrometric channels. Thus 
the probability of ‘false’ events, such as random 
coincidences of pulses from fragments belonging to 
different fission events, and random overlapping of 
the pulses from a fragment and a beam particle 
scattered in the target, decreases by a factor of 
almost 10 in comparison with the traditional 
technique.

During the experiment, the following 
information has been recorded for every fission 
event:

Q1, Q2 — values of the charges induced by 
fragments in both detectors;

t1, t2 — rates of pulse rise;

dTexp — difference in flight times of two fragments.
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This information was used for the preliminary 
selection of fission events with the aim of decreasing 
the contribution of random coincidences, events 
distorted by overlapping pulses, and fission events 
accompanied by fission fragment energy losses by 
scattering on nuclei of targets or detectors. Q1, Q2

were used to calculate the kinetic energies Ek and 
masses M of both fragments on the basis of the 
conservation of mass, energy and linear momentum. 
Then these data and the data of the target detector 
flight lengths were used to determine the calculated 
differences in flight times, dTcal. The experimental 
values of dTexp were corrected, taking into account 
the time delays caused by the plasma effects in 
detectors [4.5.9]. The values of these corrections 
have been determined from the analysis of the data 
on t1, t2 according to Ref. [4.5.8]. The selection of 
the ‘true’ fission events was based on the condition 
|dTexp – dTcal| £ 2stot ≈ 4 × 10–10 s, where stot is the 
total resolution time of the method, defined by the 
experimental uncertainties and the uncertainties in 
the emission of pre- and post-fission neutrons.

The rather small ‘dead’ time and low sensitivity 
to the background of scattered charged particles 
allowed intensive proton beams (up to 2 mA) to be 
used to measure the mass and energy distributions in 
the vicinity and below the Coulomb barrier. The 
number of events accumulated in these experiments 
was limited by the incident proton energy and the 
thickness of a given target to 2–5 × 105.

The quality of the MED experimental data 
obtained by (E1–E2) spectrometry is determined by 
both the experimental uncertainties and the 
correctness of the detector calibration procedure. 
(E1–E2) spectrometry with surface barrier detectors 
requires consideration of the so-called pulse height 
defect caused by uncontrolled losses of the 
fragment kinetic energy (R) in the entrance window 
of the detectors and the recombination of ions in 
plasma. The value of R has a complicated 
dependence on Ek and M of the fragments. 
Moreover, the behaviour of R(M,E) changes, 
depending on the silicon characteristics and the 
detector operation conditions (bias voltage, 
radiation damage dose, temperature, etc.). As a 
consequence of the complexity and difficulty of 
taking into account the influence of all these factors, 
the dependence of R(M,E) is usually described by 
empirical equations, the parameters of which are 
determined experimentally for each individual 
detector.

In the majority of studies of nuclear fission 
that use the (E1–E2) method, the pulse height defect 

is taken into account by applying equations 
proposed in Ref. [4.5.10], but the values of 
parameters in these equations for R(M,E) do not 
reflect individual features inherent to different 
detectors. Another widespread method for 
describing the R(M,E) dependences by means of a 
simple one-parametric equation is outlined in 
Ref. [4.5.11], but sometimes the variation of a single 
parameter is not enough to reproduce the features 
of R(M,E) for each detector. Under these circum-
stances, we used a more universal calibration 
procedure proposed in our work [4.5.12], where the 
two parametric empirical equation for R(M,E) has 
been established on the basis of the analysis of a 
large set of literature data:

(4.5.1)

where a and b are parameters that take into account 
the individual properties of a given detector at a 
fixed bias voltage. 

The verification of the application limit for 
Eq. (4.5.1) has shown that such a definition of 
R(M,E) reproduces with good accuracy the experi-
mental data obtained for detectors with a resistivity 
r ≈ 200–2000 Ω cm at a bias voltage U ≈ 10–200 V in 
a mass range M ≈ 40–200 amu and energy range E ≈
10–150 MeV.

The dependence of the pulse charge Q on the 
fragment mass M and energy E is calculated from: 

(4.5.2)

where B is the scale coefficient and C is the zero 
shift value. The numerical values for B and C are 
easily obtained from a standard procedure, where a 
precision pulse generator and several alpha sources 
are used. The parameters a and b are derived from 
a 252Cf spontaneous fission fragment energy 
spectrum according to the following equation:

(4.5.3)
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where ·PLÒ, ·PHÒ are the mean channel numbers for 
the light and heavy fragment groups in a measured 
Q distribution from the spontaneous fission of 252Cf.

Transforming the charge matrix N(Q1, Q2) 
into the matrix of the fragment masses and total 
kinetic energies N(M,Ek) without taking into 
account the neutron emission effects, N(M,Ek) must 
be symmetric with respect to mass M = A/2. Thus 
for any values M and Ek the condition N(M,Ek) = 
N(A – M,Ek) for complementary fragments must be 
satisfied within the statistical uncertainties. The 
control check has shown that our experimental 
matrices meet this requirement.

Due to the low count rate from the 252Cf 
source, the calibration procedure was performed 
only at the beginning and end of the experiments. 
During the experiments, the stability of the detector 
characteristics was monitored, taking the mean 
values and variances of the Q1 and Q2 spectra from 
reactions 235U + p as reference.

The experimental technique described above 
was used to measure the MEDs of fragments in the 
proton induced fission of compound nuclei 
234,236,237,239Np, 239,240,241,243Am, 245Bk at a proton 
energy of Ep = 10.3 MeV, 234,236,237,239Np, 240,241,243Am 
at Ep = 22.0 MeV, and 233Pa, 236Np at Ep = 7.4–30.0 
MeV.

4.5.2.2. Corrections and experimental uncertainties

The experimental MEDs measured by the 
method of (E1–E2) spectrometry are distorted by 
several factors such as fragment energy losses in the 
target and the detector entrance window, as well as 
neutron effects such as neutron emission from a 
nucleus before fission (including the pre-
equilibrium stage of the compound nucleus 
formation) and evaporation of prompt neutrons 
from fission fragments. These energy losses change 
the measured absolute value of the total kinetic 
energy Ek and the E1/E2 ratio, which influences the 
derived mass asymmetry M2/M1 of the fragments. 
The magnitude of these alterations depends on the 
charge, mass and kinetic energy of the fragments, as 
well as the charge and mass of the materials of the 
target backings, the working layers and the detector 
entrance window. Therefore the introduction of 
corrections for energy losses necessitates rather 
intricate calculations. 

One consideration is that the influence of the 
energy losses on the experimental results depends 
on the location at which the losses take place. 
Losses in target working layers and detector 

entrance windows (if their parameters are similar) 
cause similar alterations in the energies of 
fragments recorded by both detectors, which leads 
to some broadening of the measured MEDs and to 
a decrease of the absolute value of Ek (but on 
average does not violate the condition N(M,Ek) = 
N(A-M,Ek)). These effects have been considered in 
detail in Ref. [4.5.13], where it was shown that they 
have a strong influence only in the vicinities of 
sharp peaks and narrow valleys, and are observed 
only at low energy neutron induced and 
spontaneous fission of actinides. The MEDs are 
rather smooth in our range of incident particle 
energies, and therefore the influence of these effects 
can be ignored.

The energy losses in target backings not only 
decrease the absolute values of Ek but also cause 
asymmetric alterations of the MEDs, thus violating 
the condition N(M,Ek) = N(A-M,Ek), especially for 
large mass asymmetries of fragments. This factor 
could be taken into account effectively if during the 
experiment all targets are oriented in such a way 
that only one of the two detectors registers 
fragments passing through the backings, and if 
during the calibration a pure backing is placed 
between this detector and the calibration source. In 
the present work, the corrections for losses in target 
backings were introduced in the calibration 
procedure. 

The experimental matrices N(M,Ek) for the 
neutron emission effects can be corrected if 
information is available on the number of pre- and 
post-fission neutrons ν, their energies and emission 
direction for every fission event, or matrices 
npre(M,Ek) and npost(M,Ek). As a rule, such 
information is not available, and therefore we 
carried out the multimodal analysis with 
uncorrected experimental MEDs. The conse-
quences of this limitation on our results could be 
estimated from the following. 

The emission of neutrons due to direct and 
pre-equilibrium reactions of light incident particles 
with target nuclei, as well as evaporation of 
neutrons from compound nuclei, leads to the 
formation of a whole range of fissioning nuclei with 
varying excitation energies. Therefore, each 
measured MED is composed of MEDs from the 
fission of the compound nuclei with masses ACN, 
ACN-1, ACN-2, etc. The determination of the MED for 
the fission of a nucleus with a given mass and 
excitation energy is an important but rather 
complicated scientific task, which requires detailed 
information on the MEDs from fission of at least 
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two neighbouring isotopes at different excitation 
energies. However, from a practical point of view it 
is sufficient to know the composite mass and energy 
distributions and their dependence on incident 
particle energy, but not the dependence on the true 
excitation energy scale.

In addition, it should be noted that the 
emission of every pre-fission neutron decreases the 
mean value of the fragment mass distribution by 
0.5 amu, so that in the case of fission contributions 
from a wide range of compound nuclei, 
dissymmetry is introduced into the true composite 
mass distribution. However, in the matrix N(Q1,Q2) 
obtained from measurements with the (E1–E2) 
method, all events with M1 = M2 are located along 
the main diagonal of the matrix, independent of the 
mass of the fissioning nucleus. Therefore, the 
measured mass and energy distributions are 
symmetric with respect to A/2, where A = ACN – npre

is the mean mass of the fissioning compound nuclei. 
Whenever there is a large number and variance of 
emitted pre-fission neutrons, for example at high 
incident light particle kinetic energies, the (E1–E2) 
method can only give information on the main 
features of the MDs. But in our case, the average 
number of pre-fission neutrons is npre £ 2 with (A/2 
£ ACN/2–1), and therefore this effect is rather small.

In order to estimate the mass and energy 
yields for primary fragments (fragments before 
prompt neutron emission) when information on 
npost(M,Ek) is not available, a simplified procedure 
can be used for the adjustment of the experimental 
fragment yields, which is described in detail in 
Refs [4.5.14, 4.5.15]. Figure 4.5.1 shows the results 
of applying this procedure to relative mass yields 
Y(M), to average total kinetic energies of 
fragments, Ek(M), and their variances, s 2

E(M), 
measured in the 235U + p(12.5 MeV) reaction. The 
experimental data for the average post-fission 
neutron number n(M) of the 235U + p(12.7 MeV) 
reaction have been taken from Ref. [4.5.16]. The 
solid curve shows the smoothed n(M) used for the 
adjustment. This adjustment for post-fission 
neutron emission has a strong influence on only the 
absolute values of Ek and does not cause significant 
changes in the M dependence of this quantity. In the 
case of Y(M) and s 2

E(M), the effect of the change is 
rather small.

One of the important features inherent to the 
correction procedure is that, if the number of 
neutrons evaporated from a fragment with mass M 
is proportional to M, the difference of primary and 
experimental (provisional) masses equals zero, 

independent of the absolute number of emitted 
neutrons. A similar situation is observed in fission at 
high excitation energies when the sawtooth 
structure in the dependence of n(M) seen in 
Fig. 4.5.1 is smoothed out and can be approximated 
by a linear function. At thermal neutron induced 
and spontaneous fission, the sawtooth structure is 
more pronounced, and the effect of the adjustment 
Y(M) on the post-fission neutron emission 
increases.

Reassessing all features of the neutron effects 
mentioned above, it can be concluded that the 
effects due to pre-fission neutron emission increase 
with increasing incident particle energy, while the 
effects due to post-fission neutron emission 
decrease. Both types of neutron effect have a strong 
influence on the absolute values of the total kinetic 
energy of the fragments and a relatively small impact 
on the shapes of the mass and energy distributions. 

We have performed seven independent 
control measurements in order to obtain an 
estimate of the relative uncertainties of the experi-
mentally determined mass and energy distribution 
parameters, such as the average total kinetic energy 
(Ek), variances of the mass (s 2

M), and energy (s 2
E) 

yields. These measurements were carried out for the 
235U + p(10.3 MeV) reaction with different targets 
and detectors. The spread of values for the mass and 
energy distribution parameters derived from these 
control measurements were taken as an estimate of 
the experimental uncertainties; the values obtained 
are 0.4 MeV for ΔEk (absolute) and about 2% 
(relative) for s 2

M and s 2
E.

In order to study the reproducibility of the 
experimental mass and energy distribution shapes, we 
undertook a linear transformation of the mass and 
energy distributions for these seven independent 
measurements to the values of Y(M), Ek(M) and 
s2

E(M), and compared these data (Fig. 4.5.2). There is 
practically no visible spread of data for Y(M) and 
Ek(M); some spread in the data for s2

E(M) can be 
seen in the areas of the peaks, valley and wings of the 
mass distribution. However, the variation of this 
quantity with fragment mass also exceeds the spread 
of experimental data. Therefore, we can hope that the 
relative accuracy of our experimental data is sufficient 
to study the behaviour of the basic characteristics of 
the distinct modes.

4.5.2.3. Experimental results

The experimental average total kinetic 
energies (Ek), the variances of total kinetic energy 
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(s 2
E), and mass (s 2

M) distributions as functions of the 
proton energy Ep and the nucleonic composition of 
the compound nuclei are listed in Tables 4.5.1–4.5.4. 
Adjustments for energy losses in the target working 
layers and the neutron effects were not introduced.

4.5.3. Multi-modal analysis of MEDs

4.5.3.1. Method of analysis

Any method of multi-component analysis is 
based on the assumption that experimental MEDs 
(Yexp(M,Ek) = 200% × N(M,Ek)/Nf, where Nf is the 
number of recorded fission events) consist of the 
MEDs of independent fission modes [4.5.17–4.5.24]. 
Thus, for every element of the two dimensional 
matrix Yexp(M,Ek), the following relationship holds:            

(4.5.4)

where Yexp(M) is the experimental relative yield of 
fragments with mass M, Yexp,M(Ek) is the normalized 
(to 1) distribution of the total kinetic energies for 
these fragments, the index i defines the fission 
mode, Yi(M) is the relative yield of mass M for the 
ith mode, and Yi,M(Ek) is the normalized (to 1) 
distribution of total kinetic energies for the 
fragments with mass M for the ith mode. The distri-
butions Yi(M) and Yi,M(Ek) can be approximated by 
appropriate mathematical functions, the parameters 
of which are determined by a fit to the experimental 
MEDs, particularly with the least squares method. 

FIG. 4.5.1. Experimental and primary fragment relative mass yields Y(M), the average total kinetic energies of fragments 
Ek(M), and variances of the kinetic energy s2

E(M) for the 235U + p(12.5 MeV) reaction. Experimental data for n(M) are taken 
from Ref. [4.5.16].
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FIG.4.5.2. Experimental relative mass yield Y(M), average total kinetic energy of fragments Ek(M), and variance of kinetic 
energy s 2

E(M) for seven independent measurements of the 235U + p (10.3 MeV) reaction.

TABLE 4.5.1. AVERAGE TOTAL KINETIC ENERGY (Ek), TOTAL 
KINETIC ENERGY VARIANCE (s 2

E), AND MASS DISTRIBU-
TION VARIANCE (s 2

M) AT PROTON ENERGY Ep = 10.3 MeV

Compound nucleus Ek (MeV) s2
E (MeV)2 s 2

M (amu)2

233Pa 163.8  95 494
234Np 169.8 128 391
236Np 168.9 128 391
237Np 170.8 122 411
239Np 169.3 125 410
239Am 174.0 141 371
240Am 173.7 140 372
241Am 174.3 140 377
243Am 175.5 141 373
245Bk 177.6 156 366
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TABLE 4.5.2. AVERAGE TOTAL KINETIC ENERGY (Ek), TOTAL 
KINETIC ENERGY VARIANCE (s 2

E), AND MASS DISTRIBU-
TION VARIANCE (s 2

M) AT PROTON ENERGY Ep = 22.0 MeV

Compound nucleus Ek (MeV) s2
E (MeV)2 s2

M (amu)2

233Pa 162.6 124 384
234Np 167.2 157 318
236Np 166.4 159 338
237Np 166.8 147 342
239Np 167.9 147 358
240Am 173.6 169 322
241Am 173.6 172 329
243Am 173.7 174 334

TABLE 4.5.3. AVERAGED TOTAL KINETIC ENERGY (Ek), 
TOTAL KINETIC ENERGY VARIANCE (s 2

E), AND MASS 
DISTRIBUTION VARIANCE (s 2

M) FROM FISSION OF 233Pa

Proton energy (MeV) Ek (MeV) s2
E (MeV)2 s2

M (amu)2

 7.4 164.5  85 520

12.5 163.0 107 460

13.5 162.8 108 440

16.5 163.7 108 451

18.0 163.2 115 429

20.0 162.9 119 401

24.0 162.2 126 390

26.0 162.2 126 387

28.0 161.4 135 378

30.0 161.3 137 370

TABLE 4.5.4. AVERAGE TOTAL KINETIC ENERGY (Ek), TOTAL 
KINETIC ENERGY VARIANCE (s 2

E), AND MASS DISTRIBU-
TION VARIANCE (s 2

M) FROM FISSION OF 236Np

Proton energy (MeV) Ek (MeV) s2
E (MeV)2 s2

M (amu)2

 7.4 170.3 110 445

12.5 168.0 139 386

13.5 167.6 141 375

15.0 167.1 146 367

16.5 167.1 149 356

18.0 167.8 153 352

28.0 166.1 164 326

30.0 166.0 164 323
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Frequently, the yields Yi(M) are approximated by 
Gaussians. 

The adoption of either this function or any 
other to approximate Yi(M) is not necessary. The 
multi-component analysis of the mass and energy 
distributions can be fulfilled without any 
assumptions about the shapes of Yi(M), which could 
serve as an important source of information about 
the formation of distinct fission modes. As outlined 
below, we have proposed two versions of such an 
approach to analyse the mass and energy distribu-
tions on the basis of Eq. (4.5.4) from the following 
considerations:

The following equations:

depend linearly on Yi(M). Therefore, for every mass 
M and any total number L of independent modes 
one can build a system of L linear equations where 
the power n in the second relation has values from 1 
to L-1.

In the three-modal case (S1, S2 and S), 
Eqs (4.5.5) reduce to the equation system outlined 
in Refs [4.5.6, 4.5.25]:

E
–

k,i(M) and s 2
E,i(M) are the average total kinetic 

energy and variance as a function of fragment mass 
M, where the indices i and j define the modes S1, S2 
or S. 

Solutions to Eqs (4.5.5) or (4.5.6) require 
definitions of the expressions for Yi,M(Ek) that are 
proposed in our work [4.5.6] and described in detail 
below. However, it should be noted that any 
mathematical approximation of Yi,M(Ek) does not 
take into account the statistical scatter of the 
experimental MEDs, and if an approximate value is 
used for Yi,M(Ek), Eq. (4.5.4) also becomes an 
approximation: 

that can lead to undesired dependences of the 
analysis results on the statistical uncertainties of the 
experimental MEDs.

We have suggested a more general method to 
avoid this effect [4.5.25] that allows the yields Yi(M) 
to be determined with the experimental uncer-
tainties of Yexp,M(Ek) taken into account. This 
approach is based on the least squares method, 
where 

is minimized. The functional of c2(M) can be written 
as:

(4.5.7)

in which d(M,Ek) is the experimental uncertainty of 
Yexp,M(Ek).

c2(M) is minimized if the conditions ∂c2(M)/
∂Yi(M) = 0 are fulfilled simultaneously for all i. 
Since the derivatives depend linearly on Yi(M), the 
determination of optimum values for Yi(M) is 
reduced to the solution of the following system of 
linear equations:
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(4.5.8)

As opposed to the initial approach of 
Eq. (4.5.5), the experimental uncertainties of the 
mass and energy distributions are taken into account 
in Eq. (4.5.8). Control calculations have shown that 
with sufficient statistical accuracy attached to the 
experimental data, Eqs (4.5.5) and (4.5.8) give 
practically the same results. However, on the whole, 
all solutions based on Eq. (4.5.8) are less sensitive to 
experimental uncertainties and can be used at lower 
statistics of the mass and energy distributions.

The equation systems (4.5.5) and (4.5.8) have 
been used in other studies for a three-modal analysis
of the mass and energy distributions from the fission 
of a wide range of compound nuclei from 226Th to 
245Bk [4.5.6, 4.5.25]. Some of the most interesting 
results have been obtained for shapes of the mass 
distributions for mode S1 that is characterized by 
high total kinetic energies of fragments. The mass 
distribution for 226Th turned out to be anomalously 
broad, and for the remaining ten nuclides investi-
gated the splitting of the YS1(M) into two peaks with 
stable average masses MH ≈ 134 for the first peak 
and ML ≈ 83 for the second one has been observed. 
The appearance of the second peak, which is 
characteristic of a stable position in the light 
fragment group, has been interpreted as a manifes-
tation of the S3 mode, which was predicted theoret-
ically in Ref. [4.5.4] and conditioned by the 
formation of spherical shell closures in light 
fragments. As a result of this analysis we had to 
include the additional mode S3 in the multi-modal 
analysis, which required an increase of the number 
of equations in system (4.5.8) from 3 to 4, and we 
also used the four component version of the 
analysis. 

As mentioned previously, the approximation 
function for Yi,M(Ek) must be defined in order to 
obtain information on Yi(M) [4.5.6, 4.5.25]. This 
problem was solved on the basis of a detailed study 
of the properties of the symmetric mode S for nuclei 
from 186Os to 235U outlined in Refs [4.5.26, 4.5.27], 
in which it was established that the dependences 
E
–

k,i(M) and s 2
E,i(M) could be described with good 

accuracy by the following equations:

(4.5.9)

m = 1–2M/A, and l characterizes the deviation of 
E
–

k,i(M) from a simple parabolic dependence 
proposed in Ref. [4.5.28]. 

The distributions YS,M(Ek) for the symmetric 
mode have been shown not to be Gaussian [4.5.25, 
4.5.26], but are characterized by elongated low 
energy tails. The corresponding coefficients of 
dissymmetry g1(M) = ·(Ek – E

–
k(M))3Ò/s 3

E(M) and 
excess g2(M) = ·(Ek – E

–
k(M))4Ò/s 4

E(M) – 3 were 
determined experimentally to be –0.1 and 0.0, 
respectively, independent of the fragment masses, 
excitation energy, and nucleonic composition of the 
fissioning nuclei.

When describing the distributions with small 
values of g1 and g2, it is convenient to use Charlier’s 
distribution written as:

(4.5.10)

When g1 = g2 = 0, Charlier’s distribution is Gaussian.
We assume that all properties derived above 

for the symmetric mode can also be applied to the 
asymmetric modes. However, whilst experimental 
values for g1 and g2 are available for the symmetric 
mode, the optimum values of these coefficients for 
the asymmetric modes S1, S2 and S3 have been 
determined as g1 = g2 = –0.2 from a preliminary 
analysis of all available experimental mass and 
energy distributions. Parameter l was the same for 
all fission modes.

The procedure for the multi-modal analysis 
was an iteration process performed with the 
standard code MINUIT [4.5.29]. When the initial 
values of E

–
k,i(M), s 2

E,i(M) and l were adopted, the 
distributions Yi,M(Ek) were calculated according to 
Eqs (4.5.9) and (4.5.10), and the relative yields 
Yi(M) for all fragment masses were determined 
from solutions of Eq. (4.5.8) to build the approxi-
mation matrix S 

i
Yi(M)Yi,M(Ek). Then the value of c2

was calculated as a measure of the convergence of 
Yexp(M,Ek) and S 
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the nine optimum description parameters 
converged at c2 values less than 1 per degree of 
freedom.

The uncertainties of Yi(M), E
–

k,i(M) and 
s 2

E,i(M) as extracted from the analysis have been 
estimated by taking into account the convergence 
conditions, the influence of these quantities on the 
value of c2, and the statistical uncertainties of the 
experimental data. A control check has shown that 
the uncertainties estimated from the analysis for the 
235U + p (10.3 MeV) reaction are close to those 
derived from the scatter of the corresponding 
quantities extracted from the MEDs of the seven 
independent control measurements (described at 
the end of Section 4.5.2.2). 

4.5.3.2. Results of the analysis

All available experimental data have been 
analysed by application of the method described 
above. The basic characteristics of the mass distri-
bution for distinct fission modes are presented in 
Tables 4.5.5–4.5.8.

Typical results of decompositions of MEDs 
based on Eqs (4.5.4)–(4.5.6) are presented in 
Fig. 4.5.3, where the experimental data on the 
relative mass yield Y(M) and mass distributions of 
independent fission modes are shown for the proton 
induced fission of compound nuclei 233Pa and 236Np 
at Ep = 7.4, 18.0 and 30.0 MeV; and in Fig. 4.5.4, 
where  the  same  distributions  are  shown  for 
233Pa, 234,236,237,239Np, 239,240,241,243Am, and 245Bk at 
Ep = 10.3 MeV.     

4.5.4. Discussion

4.5.4.1. Energy dependences 

The influence of the incident proton energy on 
the characteristics of the fission modes is shown for 
two compound nuclei 233Pa and 236Np in Figs 4.5.5 
and 4.5.6. 

The lines drawn in Figs 4.5.5 and 4.5.6 through 
the mean values of the corresponding character-
istics act only as a guide for the eye. One can see 
that in both cases the values Yi for the asymmetric 
modes decrease with increasing proton energy, in 
full accord with well known notions about the 
temperature rearrangement of shell effects. At the 
same time, the values ·MH,iÒ are practically 
independent of Ep.            

FIG. 4.5.3. Results of the decomposition of fragment mass 
distributions from the fission of nuclei 233Pa and 236Np at 
proton energies Ep = 7.4, 18.0 and 30.0 MeV. Lines — 
experiment; extracted mass yields: full square — S1, open 
circle — S2, open square — S3, full triangle — S.

FIG. 4.5.4. Results of the decomposition of fragment mass 
distributions from the fission of nuclei 233Pa, 234,236,237,239Np, 
239,240,241,243Am and 245Bk at proton energy Ep = 10.3 MeV. 
Symbols are the same as in Fig. 4.5.3.
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TABLE 4.5.5. RELATIVE CONTRIBUTIONS OF MODE i (Yi), 
AVERAGE MASSES OF HEAVY FRAGMENTS (M

—
H,i) AND MASS 

DISTRIBUTION VARIANCES (s 2
M,i) FOR DISTINCT FISSION MODES 

AT A PROTON ENERGY OF Ep = 10.3 MeV

Compound nucleus Mode
Yi

(%)
M
—

H,i

(amu)
s2

M,i

(amu2)

233Pa S1  6.6 133.8   9.5

S2 79.3 139.5  34

S3  0.3 148.1   4

S 13.8 154
234Np S1  8.0 133.2  14

S2 65.9 137.9  47

S3  0.8 147.9  11

S 25.3 164
236Np S1  8.3 133.9  13

S2 71.3 138.8  43

S3  1.0 152.3  14

S 19.4 167
237Np S1  8.7 133.9  11

S2 74.7 139.3  43

S3  0.6 153.4   9

S 16 173
239Np S1 11.1 134.6  13

S2 73.9 140.1  44

S3  1.0 155.1   9

S 14.0 169
239Am S1  5.4 134.0  18

S2 69.5 139.0  49

S3  1.9 154.1  15

S 23.2 161
240Am S1  7.0 134.4  17

S2 69.4 139.6  50

S3  1.4 155.5  10

S 22.2 156
241Am S1  6.3 134.7  16

S2 71.3 140.0  50

S3  1.8 155.9  12

S 20.6 154
243Am S1  7.3 135.2  18

S2 74.1 140.5  51

S3  1.9 156.8  11

S 16.7 169
245Bk S1  7.8 135.5  29

S2 70.2 141.0  55

S3  3.1 157.6  18

S 18.9 174
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TABLE 4.5.6. RELATIVE CONTRIBUTIONS OF MODE i (Yi), 
AVERAGE MASSES OF HEAVY FRAGMENTS (M

—
H,i) AND MASS 

DISTRIBUTION VARIANCES (s 2
M,i) FOR DISTINCT FISSION MODES 

AT A PROTON ENERGY OF Ep = 22.0 MeV

Compound nucleus Mode
Yi

(%)
M
—

H,i

(amu)
s2

M,i

(amu2)

233Pa S1  4.8 133.9  13

S2 54.2 139.1  41

S3  0.1 149.1   3

S 40.9 169
234Np S1  5.3 134.3  23

S2 39.5 137.6  56

S3  1.1 150.4  12

S 54.1 179
236Np S1  4.4 133.6  16

S2 44.1 138.8  52

S3  0.9 152.9  12

S 50.6 195
237Np S1  6.1 134.5  19

S2 51.8 139.0  53

S3  0.9 152.7  13

S 41.2 168
239Np S1  5.0 135.1  14

S2 55.3 140.0  49

S3  1.7 154.5  12

S 38 170
240Am S1  2.5 133.6  16

S2 51.1 138.5  60

S3  2.7 155.5  15

S 43.7 169
241Am S1 3.5 134.6  17

S2 51.3 139.4  64

S3  1.6 156.2  16

S 43.6 194
243Am S1  3.4 134.6  16

S2 56.3 140.4  60

S3  1.9 157.8  17

S 38.4 172
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TABLE 4.5.7. RELATIVE CONTRIBUTIONS OF MODE i (Yi), 
AVERAGE MASSES OF HEAVY FRAGMENTS (M

—
H,i) AND MASS 

DISTRIBUTION VARIANCES (s 2
M,i) FOR DISTINCT FISSION MODES 

OF 233Pa AT DIFFERENT PROTON ENERGIES

Proton energy
      (MeV)

Mode
Yi

(%)
M
—

H,i

(amu)
s2

M,i

(amu2)

 7.4 S1 10.3 133.8  12

S2 75.8 140.0  42

S3  0.6 151.7   9

S 13.3 169

12.5 S1  8.5 133.9  12

S2 69.7 139.5  38

S3  0.5 148.2   7

S 21.3 153

13.5 S1  6.1 133.4  12

S2 69.1 139.2  39

S3  0.3 147.6   6

S 24.5 147

16.5 S1  4.2 134.0  11

S2 68.7 139.7  38

S3  0.2 148.5   5

S 26.9 152

18.0 S1  4.5 133.8  13

S2 64.8 139.4  40

S3  0.3 147.6   5

S 30.4 151

20.0 S1  4.4 133.5  11

S2 59.7 139.1  42

S3  0.3 148.2   7

S 35.6 150

24.0 S1  4.7 134.1  12

S2 56.0 139.1  44

S3  0.2 147.7   7

S 39.1 155

26.0 S1  4.0 133.7  12

S2 55.7 139.2  43

S3  0.2 147.2   5

S 40.1 155

28.0 S1  5.0 133.8  17

S2 50.6 139.4  46

S3  0.1 149.4   3

S 44.3 161

30.0 S1  4.8 133.8  16

S2 49.2 139.4  46

S3  0.2 148.7   4

S 45.8 158
196



TABLE 4.5.8.  RELATIVE CONTRIBUTIONS OF MODE i (Yi), 
AVERAGE MASSES OF HEAVY FRAGMENTS (M

—
H,i) AND MASS 

DISTRIBUTION VARIANCES (s 2
M,i) FOR DISTINCT FISSION MODES 

OF 236Np AT DIFFERENT PROTON ENERGIES

Proton energy
      (MeV)

Mode
Yi

(%)
M
—

H,i

(amu)
s2

M,i

(amu2)

 7.4 S1  8.5 134.1  14

S2 77.4 139.1  43

S3  1.6 153.2  11

S 12.5 197

12.5 S1  9.0 133.7  19

S2 61.4 139.0  50

S3  0.6 152.2  13

S 29.0 175

13.5 S1  7.5 133.3  15

S2 59.0 139.1  50

S3  0.3 152.5   6

S 33.2 178

15.0 S1  6.2 133.6  17

S2 58.1 138.8  50

S3  0.4 152.6  12

S 35.3 174

16.5 S1  5.4 133.5  16

S2 53.4 139.0  52

S3  0.4 152.0  13

S 40.8 180

18.0 S1  5.7 133.7  17

S2 50.2 139.2 52

S3  0.3 151.1  13

S 43.8 184

28.0 S1  2.8 133.6  16

S2 46.4 139.0  54

S3  0.6 153.6  12

S 50.2 156

30.0 S1  3.6 134.8  24

S2 41.3 139.1  53

S3  0.8 153.8  13

S 54.3 170
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FIG.4.5.5. Relative contributions (Y), average masses of heavy fragments (MH) and mass variances (s 2
M) of the independent 

modes from fission of target nuclide 232Th as a function of the incident proton energy.

FIG. 4.5.6. Relative contributions (Y), average masses of heavy fragments (MH) and mass variances (s 2
M) of the independent 

modes from fission of target nuclide 235U as a function of the incident proton energy.
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Extracted values of s 2
M,S demonstrate rather 

complicated dependences and could possibly be 
explained by the influence of shell effects arising 
from strongly deformed shell closures that cause 
flattening of the symmetric mass distributions in the 
vicinity of masses close to A/2 (seen in Figs 4.5.3 and 
4.5.4). On the other hand, the uncertainties of the 
extracted YS(M) on the wings of these distributions 
are rather large, which could cause additional data 
scatter. The contribution of mode S3 is very small 
and the uncertainties of the extracted values of 
s 2

M,S3 are rather large, which does not permit 
reliable quantification of the dependence of this 
value on proton energy. The values of s 2

M,i for the 
main asymmetric modes S1 and S2 increase slowly 
with increasing proton energy, in accord with 
notions about the influence of the fissile nucleus 
temperature on the width of the mass yield. 

The observed regularities, such as the 
independence of ·MH,iÒ of the incident particle 
energy and the rather slow growth of s 2

M,i for modes 
S1 and S2, offer favourable opportunities for 
developing simple systematics for the fission yields 
of actinide nuclei. 

4.5.4.2. Nucleon composition dependences 

The contributions Yi, average heavy 
fragment masses MH,i and variances of mass yields 
s  2

M,i of the most intensive fission modes S1, S2 and 
S for all compound nuclei studied in the reactions 
with protons at Ep = 10.3 MeV are displayed in 
Fig. 4.5.7.

The behaviour of the asymmetric modes S1 
and S2 for Np and Am isotopes is shown against a 
background of the general trends in the A depend-
ences. The isotopic dependences increase, whereas 
the general trend displays a constant value for YS1

and a weak decrease of YS2 with increasing A of the 
fissioning nuclide. For the values MH of these 
asymmetric modes, the general and the isotopic 
trends demonstrate the increase with increasing A, 
but with a distinct difference in slopes. The values 
for  s 2

M,S1 and  s 2
M,S2 are practically independent of 

A within isotopes of an element, but exhibit an 
overall general increase. 

The observed difference between the isotopic 
and general trends in A dependences of both 
predominant modes S1 and S2 could indicate the 
different roles played by the proton and neutron 
components of the nucleon composition in the 
fission fragment mass distribution formation for 

actinide nuclides. This difference is more clearly 
visible in Fig. 4.5.8, where the average proton (ZF) 
and neutron (NF) numbers of the light fragment 
group are presented for the modes S1 and S2 as a 
function of A of the fissioning nuclide. These 
numbers were calculated assuming the unchanged 
charge density (UCD), defined as ZF = M*(ZCN/A) 
and NF = M*(NCN/A).

The lines in the upper part of Fig. 4.5.8 show 
the proton numbers averaged over the Np and Am 
isotopes. For isotopes of one element, ·ZLÒS1 and 
·ZLÒS2 are practically constant. In the lower part of 
Fig. 4.5.8, the lines represent the results of a linear 
fit to the complete set of data. Significant deviations 
of the isotopic dependences from these lines are not 
evident. The standard deviations of ·NLÒi from these 
lines do not exceed ~0.2. The general picture for the 
nucleon composition of the heavy fragment group is 
equivalent to that of the light group. Therefore, 
Fig. 4.5.8 shows for the isotopes of one element that 
the average proton numbers of heavy fragments of 

FIG. 4.5.7. Contributions (Yi), average heavy fragment 
masses (MH,i) and dispersions of mass yields (s 2

M,i) for 
modes S1, S2 and S versus compound masses A at Ep = 
10.3 MeV. Symbols are the same as in Fig. 4.5.3; lines show 
the mean values as a guide for the eye.
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the modes S1 and S2 are more stable against 
variations of A than the average neutron numbers.

As the peak positions ·ZpeakÒ for the two main 
asymmetric fission modes are conserved within the 
isotopes of an element, and the width of the peaks is 
practically independent of A, the composite 
asymmetric distribution can be expected to be 
YA(Z) = SYi(Z) (i = S1, S2 and S3) for isotopes of 
the same element. Since the total contribution of 
asymmetric fission at Ep = 10.3 MeV exceeds 80%, 
the grouping effect for Y(Z) from the fission of 
isotopes of the same element can be observed 
directly in experimental distributions without any 
preliminary decomposition.

Figure 4.5.9 shows the dependence of the 
experimental relative fragment yields at Ep = 
10.3 MeV on M, NF and ZF of the fragments. As 
known for the asymmetric fission of actinides, the 
positions of the heavy fragment peaks of the mass 
yields stay practically constant for all A, making it 
difficult to observe the details of the isotopic 
dependences in this part of the distributions. On the 
other hand, for the light fragments the peak 
positions exhibit a clear dependence on the 
fissioning actinide, and there is a distinct grouping 
of yield distributions for Np and Am isotopes for 
Y(M) and Y(ZF) that is not evident for Y(NF). 
Visible differences of the Y(ZF) curves inside the 
Np and Am isotopes are observed only in the 
limited regions close to the tops of the peaks and in 
the valleys of these distributions, which could be 
conditional on the competition between symmetric 
and asymmetric fission modes.       

The observation of the strong grouping in the 
Y(ZF) distributions for isotopes of the same 

element is supported by measurements of the 
charge distributions of the Pa isotopes by electro-
magnetic excitation of relativistic nuclei on a Pb 
target [4.5.30, 4.5.31]. The results are shown in 
Fig. 4.5.10 for the four heaviest Pa isotopes (which 
have the least contribution of symmetric fission). 
This grouping of yields is evident in the coincidence 
of all distributions over the whole charge range, 
with differences only in the heights of the peaks and 

FIG. 4.5.8. Average proton ·ZLÒi and neutron ·NLÒi

numbers of the light fragment group for modes S1 and S2 
for Ep = 10.3 MeV. Full squares: S1, open circles: S2.

FIG. 4.5.9. Fragment mass (Y(M)), neutron number 
(Y(NF)) and charge (Y(ZF)) yields from fission of 
compound nuclei 233Pa to 245Bk at Ep = 10.3 MeV. Solid 
lines: 233Pa, open circles: 234,236,237,239Np, full squares: 
239,240,241,243Am, dashed lines: 245Bk.
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the valley, as also observed in the Y(ZF) distribu-
tions for Np and Am isotopes (Fig. 4.5.9).

It can be seen that the main features of the 
UCD charge distributions in Fig. 4.5.9 and the 
measured fragment charge yields presented in Fig. 
4.5.10 (such as coincidence of the curves for 
different isotopes at the sides of peaks) look similar. 
This result supports the validity of the approxima-
tions used (non-emissive fission and UCD). The 
decomposition of the experimental fragment charge 
yields into symmetric and asymmetric fission 
components [4.5.30, 4.5.31] showed that the 
positions of the heavy fragment (asymmetric) peaks 
stay constant (ZFH ≈ 54) not only for all Pa isotopes, 
but also for the isotopes of U and Th, and more or 
less for all actinides with predominantly asymmetric 
fission.

Features of the shapes of the asymmetric 
fission yields are presented in detail in Figs 4.5.11 
and 4.5.12, where the symmetric mode yields are 
subtracted and the asymmetric fission yields Ya(ZF) 
and Ya(NF) at Ep = 10.3 and 22.0 MeV are displayed 
in linear and logarithmic scales. Clearly, the Ya(ZF) 
curves for all the nuclides studied coincide for both 

light fragments (ZF ≈ 30) close to the magic number 
N = 28 and for heavy fragments with ZF ≈ 50 (see 
arrows). The mass distributions for the actinide 
nuclei are concentrated between fragments with ZFL

≈ 28 and ZFH ≈ 50, and therefore the widths of these 
distributions are mainly defined by ΔZ ~ ZCN – 50 – 
28, and are almost independent of NCN. Recently, a 
similar global grouping effect in fission fragment 
yields was revealed in Refs [4.5.32, 4.5.33] for Y(M) 
in the thermal neutron induced fission of actinides. 
This effect was interpreted as evidence that spherical 
closed shells in asymmetric fission fragment 
formation determine the position and slopes of the 
peaks in the fragment mass distributions.   

Figures 4.5.11 and 4.5.12 show even more 
clearly the coincidence of the Ya(ZF) curves from 
the fission of isotopes of the same element (Np and 
Am), whereas the Ya(NF) curves do not exhibit any 
visible coincidence, not even in the vicinity of the 
magic neutron numbers 50 and 82 that are marked 
by arrows. 

The different effects of fragment proton and 
neutron numbers on the shapes of Ya(ZF) and 
Ya(NF) are shown in more detail in Fig. 4.5.13, 
where the distributions are presented for the fission 
of 237,239Np and 239,241Am at Ep = 10.3 MeV. This set 
of compound nuclei consists of two isotopic (ZCN = 
93, 95) and two isotonic (NCN = 144, 146) pairs. 
Whereas the charge yields within both isotopic pairs 
coincide practically over the whole range of 
fragment proton numbers, the curves Ya(NF) for 
both these isotonic pairs coincide only in a narrow 
range in the vicinities of neutron numbers 52 and 82. 
For other ranges of fragment neutron numbers, the 
difference of the yields is also rather significant in 
the vicinity of N = 88 (arrows). As mentioned 
above, the deformed neutron shell 88 is normally 
used to explain the properties of S2 as the 
predominant asymmetric fission mode. Under these 
circumstances, some stabilizing influence of this 
shell on the positions and/or shapes of the heavy 
fragment asymmetric distributions would be 
observed, at least for nuclei with equal NCN. Instead, 
very strong stabilizing effects can be detected in 
Ya(ZF) for nuclei with equal ZCN.

4.5.5. Systematics of fragment mass yields   

Studies of the asymmetric fission modes 
have shown that the unchanged charge density 
distributions for asymmetric fission Ya(ZF) = 
SYi(ZF) (i = S1, S2, S3) practically coincide for all 
isotopes of one element. Therefore, the relative

FIG. 4.5.10. Fission fragment charge distributions Y(ZF) 
for nuclei 229, 230, 231, 232Pa from Refs [4.5.30, 4.5.31].
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fragment mass yields can be described in terms of a 
two-modal (symmetric and asymmetric) approxi-
mation, and consequently the required systematics 
can be significantly simplified by reducing the 
number of necessary descriptive parameters.

Figures 4.5.3 and 4.5.4 show that the shapes of 
YS(M) and Ya(M) are not Gaussian and that the 
Charlier’s peak function could be used to describe 
both modes. However, the deviations of the YS(M) 
from Gaussian shapes are only observed at relatively 
low energies of incident protons when the total 
contribution YS is rather small. As mentioned above, 
these deviations may be due to either the influence 
of strongly deformed shells on the mode S 
(analogous to the effect observed in Ref. [4.5.34]) or 
the uncertainties of the modal decomposition. At 
higher particle energies, when YS increases, the 
deviations decrease and the shape of YS(M) 
becomes close to Gaussian. This observation has led 
us to use the Charlier’s peak function for Ya(M) only 
and to describe YS(M) with a Gaussian distribution 
in the whole range of incident particle energies.

So, at M ≥ A/2, the fragment mass yields can 
be described as:

Y(M) = (2π)–1/2((YS/sS)exp(–uS
2/2) + (Ya/sa) 

    × exp(–ua
2/2)(1 – g1(3ua – ua

3)/6 + g2(ua
4 – 6ua

2 + 3)/24))

(4.5.11)

uS = (M – A/2)/sS and ua = (M – Ma)/sa

where YS and Ya are the total contributions of the 
symmetric and asymmetric modes, respectively, Ma

is the average mass of the asymmetric modes, sS and 
sa are the variances for the symmetric and 
asymmetric modes, and g1 and g2 are the coefficients 
of dissymmetry and of excess for the asymmetric 
mode, respectively. At M < A/2, Y(M) = Y(A – M) 
that avoids any overlap of the asymmetric peaks in 
the vicinity of A/2.    

The applicability of the two-modal description 
is shown in Fig. 4.5.14 by the experimental Y(M) at 
Ep = 10.3 and 22.0 MeV, results of the modal decom-
position YS(M) and Ya(M) (Eq. (4.5.8)), and their 
description according to Eq. (4.5.11). Irrespective of 
the deviations of YS(M) from a Gaussian shape, this 
approximation in the YS(M) parameterization does 
not significantly decrease the quality of the 
description of the experimental Y(M). Charlier’s 
parameterization of Ya(M) is able to reproduce all 
the main features of the mass yields for asymmetric 
fission. Some deviations of Ya,des(M) extracted from 
Ya(M) in the vicinity of the peaks at the lower 
proton energy compensate for the shortage of 
YS,des(M). 

FIG. 4.5.11. Unchanged charge density Y(ZF) and neutron number Y(NF) distributions from the asymmetric fission 
component only for compound nuclei from 233Pa to 245Bk at Ep = 10.3 MeV.
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FIG. 4.5.12. Unchanged charge density Y(ZF) and neutron number Y(NF) distributions from the asymmetric fission 
component only for compound nuclei from 233Pa to 243Am at Ep = 22.0 MeV.

FIG. 4.5.13. Unchanged charge density asymmetric fission yields Y(ZF) and Y(NF) for 237,239Np and 239,241Am.
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Therefore, the proposed two-modal parame-
terization can be applied in the development of 
fragment mass yield systematics based on six 
descriptive parameters: Ya/YS, Ma, sa, sS, g1 and g2, 
the values of which depend on the nucleon 
composition of the compound nuclei and incident 
particle energy. 

4.5.5.1. Description parameters

The calculation of Ma values for a given compound 
nucleus and particle energy is based on the 
following consideration. As noted above, this value 
is practically independent of proton energy, so Ma = 
Ma(ZCN,A). MH,a/ZCN at Ep = 10.3 (full circles) and 
22.0 MeV (open circles) are shown in Fig. 4.5.15 as 
functions of (ZCN)2/A of the compound nuclei: the 
experimental points lie on a straight line, which can 
be approximated by the linear function: 

MH,a = aMA/ZCN + bMZCN (4.5.12)

where aM and bM are parameters of the systematics.

The mass yield variance for asymmetric fission 
(sa) is shown in Fig. 4.5.16 as a function of A (left 
hand side) and ZCN (right hand side) of different 
compound nuclei for Ep = 10.3 and 22 MeV. At both 
proton energies, sa is linearly dependent on ZCN; 
but within one element, sa is practically 
independent of the isotope, reflecting the previous 
observation that the Ya(ZF) curves for isotopes of 
one element coincide. The difference in the average 
sa for isotopes of neighbouring elements (lines on 
left hand side of Fig. 4.5.16) increases with 
increasing proton energy. We conclude that sa is 
mainly dependent on ZCN and on E* = QR + EpartAt/
A (where At is the target nucleus mass), and can be 
described by the following equation:

sa = A/ZCN(ZCN – aa)(ba + ca(E*)0.25) (4.5.13)

where aa, ba and ca are parameters of the 
systematics.

Unfortunately we were unable to define a 
simple parameterization function for g1 and g2. 
However, since these values depend mainly on ZCN

and the range of interest of ZCN for practical appli-
cations is rather narrow (90–98), we have 
determined these parameters separately for every 
ZCN (see Table 4.5.9).     

sS was parameterized on the basis of the well 
known equation: s 2

S = θ /C, where θ is the fissioning 
nuclei temperature, and C is the stiffness with 
respect to mass asymmetric deformations. 

Figure 4.5.17 presents the dependence of the 
experimental values C on ZCN

2/A — from Th to Bk, 
C can be approximated by the linear function:

FIG. 4.5.14. Experimental Y(M) (full circles), Ya(M) (open 
circles) and YS(M) (open squares) from the modal decom-
position, and their description Ydes(M) (solid lines), 
Ya,des(M) (dashed lines) and YS,des(M) (dash–dotted lines).

Uncertainty limits correspond to 0.2 u in MH

FIG. 4.5.15. Ratios of average masses of heavy fragments 
from asymmetric fission to atomic numbers of compound 
nuclei MH/ZCN as a function of ZCN/A of the compound 
nuclei at Ep = 10.3 MeV (full circles) and 22 MeV (open 
circles).
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FIG. 4.5.16. Mass yield variance for asymmetric fission, sa versus A and ZCN at Ep = 10.3 and 22.0 MeV.

FIG. 4.5.17. Experimental values CA2/8 and their linear parameterization from Th to Bk; closed circles: Ref. [4.5.34], 
open circles: Ref. [4.5.35].

TABLE 4.5.9.  VALUES OF g1 AND g2 FOR DIFFERENT ZCN

ZCN

90 91 92 93 94 95 96 97 98

g1  0 –0.08  0.36  0.23  0.3  0.38  0.34  0.29  0.0

g2 –0.36 –0.07 –0.34 –0.27 –0.3 –0.34 –0.25 –0.15  0.0
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sS = A f(E*)/(aa – ba ZCN
2/A) + ca (4.5.14)

where aa, ba and ca are parameters of the systematics.
The systematics parameters from Eqs (4.5.12)–

(4.5.14) and dependences of YS/Ya on ZCN, A and 
E* for proton and neutron induced fission have 
been determined by systematically fitting experi-
mental data from the present work and from Refs 
[4.5.37–4.5.44]. One conclusion of this procedure is 
that the functions YS/Ya for protons and neutrons 
differ, and the final equations are as follows:

MH,a = 28.6(A/ZCN) + 0.708 ZCN for ZCN ≥ 92;

MH,a = 54A/ZCN for ZCN = 90, 91;

sa = (A/ZCN)(ZCN – 73)(0.074 + 0.0296(E*)0.25);

sS = 0.031A(E*)0.25/(90.54 – 1.9(ZCN
2/A))0.5 + 9.64;

g1 and g2 from Table 4.5.9;

YS/Ya = 1.244(E*)0.25(1 – exp(–0.0027(E* – 5.7)1.5)) 
               × (1 + 100/(E*)0.5(ZCN/A – 0.4)) 

for neutrons with En = 5–200 MeV;

YS/Ya = 1.18((E*–5.7)0.25(1 – exp(–0.011(E* – 5.7)1.5)) 
              – 0.101)(1 + 2500/E*(ZCN/A – 0.393)) 

for protons with Ep = 5–200 MeV;

Ya = 200/(YS/Ya + 2);  YS = 200 – 2Ya

Mass distributions Y(M) calculated from the 
systematics are compared to the experimental data 
in Figs 4.5.18–4.5.20.

These figures show that this systematics 
reproduces the main features of the experimental 
data and could be used as the basis for predicting 
fission product yields from 5 to 200 MeV neutron 
reactions of interest for the transmutation of minor 
actinides.

4.5.6. PYF code

The systematics has been encompassed within 
the PYF computer code [4.5.45] in order to 
calculate the pre- and post-neutron emission 
fragment mass yields for the fission of target nuclei 
from Th to Bk in reactions with protons and 
neutrons at incident energies from 5 to 200 MeV. 
The numbers of emitted prompt neutrons are 

calculated with the post-fission neutron number 
systematics from Ref. [4.5.46].    

Figure 4.5.21 depicts the user’s window to the 
code, in which the initial input data for the desired 
reaction, the calculated results and the name of the 

FIG. 4.5.18. Experimental mass yields (circles) from 
neutron induced fission at En ª 5 MeV [4.5.36, 4.5.38–
4.5.41]; their systematic descriptions are also shown in 
linear and logarithmic scales (lines).

FIG. 4.5.19. Experimental mass yields from neutron 
induced fission at En = 16.5 MeV [4.5.43] (circles) and their 
systematic descriptions (lines) are shown in linear and 
logarithmic scales.
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output file are shown. The target element and type 
of incident particle are chosen by clicks in the corre-
sponding circles. Target nucleus mass and particle 
energy are entered in the corresponding input 
fields. 

The number of pre-fission neutrons is 
calculated automatically as:

npre = INT(0.3(E* – 6 – Bn)0.6 + 0.5)

where INT is the FORTRAN integer value process 
operator and Bn is the neutron emission barrier. The 
user also has the option to input a value of npre

selected from any other source (the only program 
limitation on npre is that the value must be an 
integer). Calculated results are given in the 
scrollable part of the window, and in the graphics 
which appear automatically on the screen when the 
‘OK’ button is pressed (Fig. 4.5.22). An output file 
containing these results is written, the name of 
which is formulated automatically when the 
required reaction parameters are defined.    

4.5.7. Conclusions

The MEDs in the proton induced fission of 
compound nuclei 234,236,237,239Np, 239,240,241,243Am, 
245Bk at proton energy Ep = 10.3 MeV; 
234,236,237,239Np, 240,241,243Am at proton energy Ep = 
22.0 MeV; 233Pa and 236Np at Ep = 7.4–30.0 MeV 
have been measured by means of surface barrier 
spectrometric studies of the coincident fission 
fragments. All of the resulting experimental data 
have been analysed in terms of a newly developed 
method of multi-component analysis, which is free 
from any assumptions about the shapes of the mass 
distributions of distinct modes. These analyses 
generated information on the basic characteristics 
of the distinct fission modes and their dependence 

FIG. 4.5.20. Experimental mass yields from neutron 
induced fission at En = 13–160 MeV [4.5.44] (circles) and 
their calculation from systematics (lines) in linear and 
logarithmic scales.

FIG. 4.5.21. User’s window for PYF.

FIG. 4.5.22. Example of the calculated results for the 
reaction defined in Fig. 4.5.21.
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on the incident particle kinetic energy and 
nucleonic composition of the fissioning systems. 

Characteristic regularities were revealed in 
the behaviour of the fission modes, and these 
phenomena were used to develop new systematics 
for the pre- and post-neutron emission fragment 
mass yields from Th to Bk target nuclei in reactions 
with protons and neutrons at kinetic energies 
ranging from 5 to 200 MeV. These systematics have 
been used to formulate the PYF computer code. 
This approach reproduces the main features of the 
experimental data and can be used as a basis for the 
calculation of fission product yields in reactions 
with neutrons over the energy range 5–200 MeV of 
interest for the transmutation of minor actinides.
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4.6. FISSION YIELDS IN NUCLEON INDUCED REACTIONS
AT INTERMEDIATE ENERGIES

M.C. Duijvestijn, A.J. Koning
Nuclear Research and Consultancy Group, Netherlands

Results are presented of an activation 
experiment on proton induced fission of natW, 197Au,
natPb, 208Pb and 232Th at 190 MeV. Fission product 
yields have been measured and an attempt has been 
made to reconstruct the charge and mass yield 
curves. This is followed by the description of a new 
theoretical approach to predict fission fragment 
mass yields for both actinides and sub-actinides in 
the incident energy range between 10 and 200 MeV. 
Temperature dependent fission barriers and pre-
scission shapes are determined within a 
temperature dependent version of the Brosa model. 
These quantities combined with the original 
random neck rupture model and the existing 
nuclear reaction code ALICE-91 provide a new way 
of calculating fission fragment and product yields. 
The predictive power of this method is tested 
against a set of experimental data.

4.6.1. Introduction

The absence of a satisfactory theoretical 
description to predict isotope yields as well as the 
need for experimental fragment mass and charge 
distributions at intermediate energies form the 
motivation of this contribution. The work 
performed in the framework of the CRP consists of 
four separate topics: 

(1) Compilation of proton induced fission product 
and fission fragment mass distributions from 
literature;

(2) Experimental efforts aimed at measuring 
proton induced fission product yields at 
190 MeV of 232Th and several sub-actinide 
targets;

(3) Development of a new computational method 
to predict intermediate energy nucleon 
induced fission product mass yields using a 
combination of the existing nuclear reaction 
code ALICE-91 and the Brosa model 
extended with a temperature dependence;

(4) Theoretical predictions of fission fragment 
and fission product mass yield curves for all 
reactions specified by the CRP benchmark.

Several parts of this research have already 
been published in journals and conference 
proceedings [4.6.1–4.6.8]. A more detailed 
description of the experimental as well as the 
theoretical work can be found in Ref. [4.6.9].

4.6.2. Compilation of proton induced 
fission product isotope yields

Fission product isotope yield and mass yield 
data have been gathered for proton induced 
reactions on actinide targets. The search has been 
limited to the intermediate energy region (i.e. 
proton energies ranging from 15 to 200 MeV). The 
data are taken from 14 references. The reaction 
specification is found in Table 4.6.1, as are the 
incident proton energies, the type of compiled data 
(mass yields/isotope yields), the compilation form 
(read from figures or tables) and the reference. In 
the case of data read from figures, an extra 
uncertainty has been added to the published one 
because of the inevitable amount of arbitrariness 
linked to estimating data from figures. The files 
containing the compiled experimental data can be 
downloaded from web site: http://ndsalpha.iaea.org/
fycrp/

All data taken from a single reference are 
collected in one file. Each entry starts with a title 
revealing the necessary information regarding the 
target and the incident proton energy, which is 
followed by the reference, comments and the data 
points. The comments concern the given uncer-
tainties, whether data are taken from tables or 
figures, and a description of the contents of the 
columns containing the data points. In case of more 
incoming proton energies or target nuclides, entries 
are concatenated.

4.6.3. Activation experiment on proton induced 
fission of natW, 197Au, natPb, 208Pb and 232Th 
at 190 MeV

Several sub-actinide targets and a 232Th target 
have been irradiated with a 190 MeV proton beam 
from the AGOR cyclotron at the KVI, Groningen. 
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An advanced target stacking technique is employed 
to separate the fission products from the evaporation 
residues. The fission products in the irradiated 
samples have been measured by off-line g ray 
spectroscopy. A detailed description of the experi-
mental set-up as well as the data analysis can be 
found in Refs [4.6.2, 4.6.7, 4.6.9]. The final results of 
relevance to the CRP are emphasized in this report.

4.6.3.1. Fission product isotopic yields

At the incident energy considered in this 
experiment, fission fragments are produced in the 

vicinity of, or even in, the valley of stability. This is 
not surprising because the fission event is preceded 
by pre-equilibrium emission and evaporation. For 
the heavy targets studied here, this emission will 
mainly involve neutrons. Consequently the neutron-
rich fission products associated with low energy 
fission of actinides will be less prominent in these 
results. Instead, a high yield of stable or extremely 
long lived isotopes among the fission products is 
expected. These nuclei escape the detection method 
utilized here — just like nuclei that do not emit 
detectable g rays — leading to incompletely 
measured yields in many mass bins. On the other 

TABLE 4.6.1. FISSION PRODUCT YIELD DATA SETS COMPILED FOR THE CRP  
Data sets marked with an asterisk correspond to fission fragment yields (as opposed to fission product yields)

Reaction Incident proton energy (MeV) Comments Reference

p + 232 Th 8.0, 9.3, 13.3, 17.8, 21.1 Mass yields taken from table [4.6.10]

p + 232 Th 13.0, 20.0, 27.0, 35.0, 40.0,
45.0, 53,0

Mass yields read from figures [4.6.11]*

p + 232 Th 8.6, 9.9, 11.9, 13.0, 13.9, 14.8,
16.0, 17.0, 18.4, 20.2, 21.9

Isotope yields taken from table [4.6.12]

p + nat U 75.0, 100.0, 170.0, 250.0, 340.0 Mass yields read from figures [4.6.13]

p + 238 U 10.0, 32.0, 70.0, 100.0
150.0, 200.0, 250.0, 300.0, 340.0

Isotope yields taken from table [4.6.14]

p + nat U 170.0 Isotope yields taken from table [4.6.15]

p + nat U 170.0 Isotope yields taken from table [4.6.16]

p + 238 U 13.0, 15.7, 18.1, 21.8, 25.0
30.0, 35.0, 40.0, 44.9, 50.1, 55.0

Mass/isotope yields taken from table [4.6.17]

p + 238 U 13.0, 14.0, 15.0, 16.0 Mass/isotope yields taken from table [4.6.18]

p + 238 U 20.0, 25.0, 30.0, 35.0, 40.0,
45.0, 50.0, 55.0, 60.0, 65.0,
70.0, 77.0, 85.0

Isotope yields taken from table [4.6.19]

p+ 238 U 14.8, 17.9 Mass/isotope yields taken from table [4.6.20]

p + 238 U 24.0 Fractional chain yields taken from table [4.6.21]

p + 238 U 20.0, 60.0 Mass yields read from figures [4.6.22]*

p + 233 U 9.8, 11.2, 13.9, 15.5 Isotope yields taken from table [4.6.23]

p + 235 U 10.2, 12.0, 13.6, 15.6, 18.0 Isotope yields taken from table [4.6.23]

p + 236 U 10.2, 12.1, 14.0, 15.6 Isotope yields taken from table [4.6.23]

p + 237 Np 10.2, 11.9, 13.2, 14.2, 15.5,
19.5, 20.5, 21.6, 22.5, 23.6,
24.6, 25.5, 26.5, 27.5, 28.8, 31.7

Isotope yields taken from table [4.6.23]

p + 239 Pu 11.2, 12.2, 13.9, 15.5 Isotope yield taken from table [4.6.23]

p + 242 Pu 12.0, 18.0 Isotope yield taken from table [4.6.23]

p + 244 Pu 11.7, 13.1, 15.5, 18.0 Isotope yield taken from table [4.6.23]

p + 241 Am 10.0, 12.0, 14.0, 15.0, 16.0 Isotope yield taken from table [4.6.23]

p + 243 Am 10.4, 12.0, 14.0, 15.6 Isotope yield taken from table [4.6.23]
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hand, the on average longer half-lives of the less 
neutron rich fission products also give rise to an 
advantage. Part of the primary fission products, 
which remain after post-scission neutron 
evaporation by the fragments, occur with longer 
half-lives and hence are easier to observe. They can 
now be measured directly, instead of only through 
their beta decay products.

4.6.3.2. Sub-actinide fission

4.6.3.2.1. Mass distributions

For each sub-actinide target, the mass distri-
bution is extracted from the measured cumulative 
and independent isotope yields by fitting simultane-
ously the mass and charge distribution. The fission 
process is assumed to be symmetric for the sub-
actinide targets. Therefore, the mass and the charge 
distribution for a given mass are each described by a 
single Gaussian in the fit. Moreover, the assumption 
is made that the most probable charge, as well as the 
width of the charge distribution, vary linearly with 
the mass of the fission fragment. The following 
parameterization of the production cross-section as 
a function of the mass and charge of the fission 
fragment is adopted:

(4.6.1)

with Zp = m1 + m2 A and GZ = g1 + g2 A. The first 
Gaussian represents the symmetric mass distri-
bution defined by the height lA, mean MA and 
width GA. The rest of the formula reflects the charge 
distribution. In the case of an independent yield, 
only one term in the sum of the normalized 
Gaussian charge distribution (i.e., i = 0) contributes. 
A cumulative yield is described by summing the 
contributions of neighbouring isobars. The index i is 
equal to 0, 1,…5 for neutron rich cumulative yields, 
and equal to 0, –1,…–5 for neutron deficient 
cumulative yields. The number of terms (six) in the 
summation for cumulative yields is rather arbitrary, 
but in these investigations has turned out to be 
sufficient. A more elaborate description of the 
functional form can be found in the work by 
Hagebø and Lund [4.6.24].

The values of the fit parameters obtained for 
all sub-actinide targets are tabulated in Table 4.6.2. 

The mean value as well as the height of the mass 
distribution clearly increases with increasing target 
mass, as expected. From the mean of the mass distri-
butions it can be concluded that, on average, nine 
mass units are emitted before and after fission. With 
the charge distribution known from the fit of 
Eq. (4.6.1), it is straightforward to determine the 
fractional independent or cumulative yields 
represented by each of the observed independent or 
cumulative isotope yields in their mass chains. 
Subsequently, the measured yields are divided by 
their corresponding fractional yields to derive the 
experimental mass yields. In the case of natPb, the 
spread in the adjusted yields is rather large. 
Therefore, the final mass distribution has been 
obtained after fitting to the measured yields, which 
represent at least 50% of the complete mass distri-
bution. The total mass yields are plotted in 
Fig. 4.6.1, together with the mass distribution 
obtained in the fit for natW, 197Au, natPb and 208Pb. 
The results agree with the assumption of a 
symmetric mass and charge distribution.

4.6.3.2.2. Charge distributions

Integrating over the Gaussian and multiplying 
by a factor 1/2, because of the two fission fragments 
in each fission event, gives an estimate for the 
fission cross-section. The values for the fission 
cross-sections determined in this way are also given 
in Table 4.6.2. The assumption is made that the 
uncertainties in the independent and cumulative 
yields that have been used in the fit are uncorre-
lated, since they stem from many different spectra. 
Therefore the only uncertainty remaining in the 
deduced fission cross-sections is the systematic 
uncertainty due to the overall normalization 
determined from the proton flux. Eismont et al. 
[4.6.25] have made a data compilation for the fission 
cross-section as a function of incident proton energy 
for some of these target materials. The values from 
the Eismont et al. fit are also shown in Table 4.6.2 
for comparison and are in fairly good agreement 
with the results from this work.   

By fitting Eq. (4.6.1) to the available experi-
mental independent and cumulative yields, 
information on the charge distribution is obtained. 
The charge distributions in three fission fragment 
mass regions of 208Pb are shown in Fig. 4.6.2 as an 
example. The fitted charge distributions are 
evaluated for the indicated masses. Since the charge 
yield curves vary only slowly as a function of mass, 
the fits should give a good representation of the 

s l
pprod ( , )

( ) ( )

A Z e eA

A M

Z

Z i Z

i

A

A

p

Z=
-

- - -

Â
2

2

2

21G G

G

212



behaviour of the charge yields in a certain mass 
range. Experimental yields found in the neigh-
bourhood of the indicated mass are drawn as a 
function of the distance to the most probable charge 
Zp and compared to the fitted charge distributions. 
The experimental values are normalized to filter out 
the dependence on the total mass yields in the 
considered bins and make this comparison possible. 
The plot contains both the independent and the 
cumulative yields. The fits agree nicely with the 
experimental data. When going to heavier fission 
products, the width of the charge distribution 
increases slightly.   

Two approaches are commonly used to 
describe the most probable charge of a fission 
product: the uniform charge distribution (UCD) 
and the equal charge displacement (ECD). The 
uniform charge distribution approach assumes that 
the proton over neutron ratio in the fissioning 
system, characterized by Ztot/Atot, is conserved by the 
fission process. In this case the charge of a fission 
fragment is given by Ztot/Atot multiplied by its mass. 
The equal charge displacement model proposes that 
the fission fragments with masses A1 and A2 are 
formed at equal distance to the line of stability:

(4.6.2)

with the most probable stable charge Zs as a 
function of mass (i.e. line of stability) taken from an 
empirical relation [4.6.26]: 

(4.6.3)

Both approaches are compared to the fit 
results for 208Pb in Fig. 4.6.3. Three possible average 
fissioning systems are tried as input: 200Pb, 200Bi and 
198Bi, accounting for the evaporation of around ten 
nucleons before fission. In reality, Zp comes about 
as a superposition of contributions of many 
fissioning nuclides. The calculated lines correspond 
to fission fragments, whereas the experimental line 
originates from a fit to fission products. All the 
attempts result in an underestimation of the experi-
mental line, which agrees well with the expectation 
that fission fragments will also evaporate neutrons. 
In general, the heavier fragments will evaporate 
more neutrons than the light fragments. This will 
change the slope of the calculated lines. The slope of 
the UCD lines that provide the best description for 
the slope of the most probable charge as a function 
of mass in Fig. 4.6.3 will become too steep after the 
inclusion of post-scission neutron emission. The 

TABLE 4.6.2. FIT PARAMETER VALUES OBTAINED FOR A SINGLE GAUSSIAN FOR THE 
DIFFERENT SUBACTINIDE TARGETS (Eq. (4.6.1)). 
The mass distribution is described by a Gaussian with the parameters lA for the height, MA for the mean, and GA 
for the width. The charge distribution is also given by a Gaussian, with the width given as GZ = g1 + g2 A and the 
most probable charge as Zp = m1 + m2 A. Fission cross-sections are deduced from the fitted mass distributions and 
compared with values obtained from Ref. [4.6.25]. The uncertainties in the fit parameters indicate the sensitivity of 
the fit. The uncertainties in the fission cross-sections include the 10% systematic uncertainty that arises from the 
uncertainty in the proton flux.

natW 197Au natPb 208Pb

lA 0.2323 ± 0.0022 2.085 ± 0.011 5.88 ± 0.26 5.0 ± 0.7

MA 87.1 ± 0.2 92.9 ± 0.1 99.5 ± 0.4 100.7 ± 0.8

GA 22.1 ± 0.3 17.7 ± 0.1 18.1 ± 0.3 19.8 ± 0.6

g1 0.801 ± 0.010 0.850 ± 0.005 0.74 ± 0.10 0.5 ± 0.3

g2 0.0051 ± 0.0004 0.00395 ± 0.00022 0.0046 ± 0.0014 0.008 ± 0.004

m1 1.619 ± 0.007 1.642 ± 0.005 1.18 ± 0.08 0.97 ± 0.18

m2 0.4147 ± 0.0002 0.41193 ± 0.00010 0.4137 ± 0.0009 0.413 ± 0.002

c2 3.0 3.2 11.7 1.14

s f
exp 4.5 ± 0.5 32.8 ± 3.3 94 ± 9 88 ± 9

s f
Eismont 3.7  – 88 74

Z Z A Z Z A Z Ap s tot s s= + - -( ) ( ( ) ( ))1
1
2 1 2

Z A
A

As( )
. . /

=
+1 98 0 0155 2 3
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slope of the ECD lines will probably attain a value 
closer to the fitted slope. It is impossible to draw a 
conclusion as to which model gives the best 
predictions on the most probable charges of the 
fission fragments. 

4.6.3.3. Fission in thorium

4.6.3.3.1. Symmetric and asymmetric fission 
contributions

Fitting Eq. (4.6.1) to the measured yields of 
232Th produces the mass yields and the mass 

distribution, as shown in Fig. 4.6.4. The result is 
certainly not a Gaussian, as is the case for the sub-
actinide targets. Furthermore, the fission cross-
section obtained in this manner is 630 ± 60 mb, 
which is much lower than the value by Eismont et 
al. of 1236 mb from systematics [4.6.25]. The values 
of the fit parameters can be found in Table 4.6.3. 
Looking carefully at the 232Th mass yields, one 
notices a dip around fragment mass 125. Therefore, 
the suggestion is that the fragment mass distribution 
for 232Th cannot be properly described by a single 
Gaussian, but rather is a superposition of a wide 
flattened distribution and a narrower Gaussian. 

FIG. 4.6.1. Fission product mass yields from 190 MeV proton induced fission of natW, 197Au, natPb and 208Pb. The lines indicate 
the fitted Gaussian mass distributions; the filled circles denote the independent and cumulative yields used in the fit; triangles 
correspond to the experimental mass yields deduced from these measured independent and cumulative yields.
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This more complicated form of the mass 
distribution can stem from contributions by 
different fissioning mechanisms in the many 
fissioning intermediate nuclides.     

Due to the particle evaporation process that 
takes place before fission, a set of various fissioning 
nuclides exists. Each of them has its own fission 
characteristics and excitation energy and angular 

momentum distributions. Chung and Hogan [4.6.27, 
4.6.28] have collected data on the mass yield curves 
for fissioning nuclei with atomic numbers ranging 
from Z = 80 to Z = 105. They propose that nuclides 
with a fissility parameter Z2/A greater than a critical 
value (Z2/A)C are situated in the region of 
symmetrical fission, while nuclides with Z2/A 
smaller than that value fission only asymmetrically.
Their approach is based on the observation that the 

FIG. 4.6.2. Charge distributions for three mass regions in 
190 MeV proton induced fission of 208Pb — normalized 
yields are drawn as a function of the distance to the most 
probable charge. Open and filled circles correspond to the 
experimental independent and cumulative yields, respec-
tively, which are observed in a region around the denoted 
mass; solid and dotted lines represent the independent and 
cumulative yields, respectively, which result from the fit.

FIG. 4.6.3. Most probable charge Zp for 208Pb as a function 
of fission product (or fission fragment) mass A. The upper 
bold solid line stems from the fit to the experimental data; 
other bold lines belong to the uniform charge distribution 
approach, and the normal lines to equal charge displace-
ment; dashed lines correspond to 200Pb, dot–dashed lines to 
200Bi, and dotted lines to 198Bi as the average fissioning 
systems assumed in the calculation of Zp.

FIG. 4.6.4. Same as Fig. 4.6.1, but for 232Th. Experimental 
mass yields obtained from the parameterization of Eq. 
(4.6.1) are not described in a satisfactory way by the 
Gaussian.
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symmetric component increases with excitation 
energy, which is coupled to an increase of neutron 
evaporation resulting in a larger contribution of the 
neutron deficient nuclides with a higher fissility 
parameter. The excitation energy for which 
symmetric fission starts to contribute gives rise to a 
number of evaporated nucleons, corresponding to a 
certain neutron deficient nucleus. This nucleus is 
held responsible for the symmetric contribution 
and, hence, marks the position of the critical fissility 
parameter. From the data they have extracted an 
expression for this critical value as a function of 
nuclide charge:

(Z2/A)C = 35.5 + 0.4(Z – 90). (4.6.4)

This criterion is compared to theoretical results in 
Section 4.6.4. 

When compared to other experimental data, 
this criterion turns out to contradict these results. 

Measurements of proton induced fission of Th 
between 8 and 22 MeV have been performed by 
Kudo et al. [4.6.12]. According to the assumption 
made by Chung and Hogan, the mass distributions 
in their experiment should be purely asymmetric, 
since all the fissioning systems that contribute 
have a Z2/A smaller than the critical value. 
However, the mass distributions in their experiment 
reveal a symmetric component as well. Another 
experiment by Schmidt et al. [4.6.29] on fission of 
neutron deficient actinides shows a clear transition 
of mixed symmetrical and asymmetrical charge 
distributions towards purely symmetrical charge 
distributions with decreasing neutron number.

Several attempts other than the one by Chung 
and Hogan have been made in the past to describe 
and understand the varying fission characteristics of 
nuclides with excitation energy (e.g. Refs [4.6.30–
4.6.34]). An overview can be found in Ref. [4.6.35]. 
Moreover, Brosa et al. [4.6.36] have developed a 

TABLE 4.6.3. FIT PARAMETER VALUES FOR THE 232Th MASS YIELD CURVES
The first two columns contain the values of the fit parameters for the single Gaussian mass and charge distribu-
tion fit, see Eq. (4.6.1) (referred to as symmetric). In the third and fourth column the parameter values that 
describe the decomposition of the mass distribution can be found, see Eq. (4.6.5) (referred to as decomposed). 
The meaning of the parameters is explained in the text. The fission cross-sections as obtained from the fit 
parameters are given as well as the value of Ref. [4.6.25]. The uncertainties in the fit parameters indicate the 
sensitivity of the fit. The uncertainties in the fission cross-sections include a 10% systematic uncertainty that 
arises from the uncertainty in the proton flux.

Symmetric fit parameters Value Decomposed fit parameters Value

lA 30.7 ± 0.5 s1 52 ± 4

MA 111.5 ± 0.2 s2 107.3 ± 0.4

GA 23.15 ± 0.14 s3 14.7 ± 0.6

— — m1 5.3 ± 1.0

— — m2 110.0 ± 0.3

— — m3 30.2 ± 2.2

— — m4 11.2 ± 0.7

— — m5 27.7 ± 0.3

— — m6 6.5 ± 0.4

g1 0.820 ± 0.012 g1 0.345 ± 0.012

g2 0.00786 ± 0.00013 g2 0.0129 ± 0.0002

m1 1.92 ± 0.02 m1 2.07 ± 0.02

m2 0.3910 ± 0.0002 m2 0.38953 ± 0.0004

c2 12.8 c2 5.9

s f
exp [mb] 630 ± 60 s f

exp  [mb] 950 ± 95

s f
Eismont [mb] 1236 s f

Eismont [mb] 1236
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model which is elucidated elsewhere in this report. 
In summary, the competition between symmetric 
and asymmetric fission is thought to be connected 
to shell effects in the deformed nucleus. The 
presence of these shell structures leads to the 
existence of symmetric and asymmetric fission 
modes or channels, which a nucleus can choose to 
follow on its way to fission. It is the contribution of 
each fission mode that changes with excitation 
energy. In addition, shell effects fade with higher 
excitation energy, leaving behind a nucleus which 
possesses merely a symmetric fission mode. As a 
result of these properties, actinides near the valley 
of stability prefer asymmetric fission at low energies 
but are subject to an increasing contribution of 
symmetric fission at increasing energies. Further 
away in the neutron deficient region, the nuclides 
tend to fission symmetrically even at lower 
excitation energies [4.6.29, 4.6.31]. This under-
standing, together with the experimental observa-
tions, suggests that Chung and Hogan have only 
elucidated half of the story: the largest contribution 
to symmetric fission at high energies seems to 
originate from the very neutron deficient nuclides 
plus the target-like fissioning systems at higher 
excitation energies.

In the light of these ideas, the following two 
assumptions are made in the analysis of the experi-
mental data presented in this work. Firstly, the 
fissioning nuclides like 232Th and adjacent isotopes 
are thought to be responsible for a mass yield curve 
which is wide and to some extent flattened, due to 
the mixed contributions from asymmetric and 
symmetric fission modes (referred to as mixed 
fission). Secondly, it is proposed that the very 
neutron deficient lighter isotopes of Th and of the 
neighbouring lower Z elements produce a narrower 
Gaussian mass distribution belonging to a 
symmetric fission mode only (referred to as purely 
symmetric fission). This idea is consistent with the 
observation that the narrower Gaussian in the 
experimental mass distribution seems to be shifted 
to lower masses in comparison to the wide and 
flattened part of the mass distribution. The image of 
the neutron deficient nuclides possessing merely a 
symmetric fission mode is too simplistic. Never-
theless, regarding the fact that symmetric fission 
dominates at both low and high energies, it may 
serve to give a schematic description of the 
observed mass yields together with the mixed 
fission contribution.

It is possible to decompose the mass yield 
curve observed for 232Th, following the assumptions 

described above, by splitting the dependence on the 
fission fragment mass of the production cross-
section into a part for purely symmetric and into a 
part for mixed fission:

with A and Z being the fragment mass and charge, 
s1…3 the fit parameters of the purely symmetric 
fission contribution and m1…6 the fit parameters of 
the mixed fission contribution. The mixed fission 
parameterization consists of three Gaussians, the 
first Gaussian describing the symmetric and the 
other two describing the asymmetric fission contri-
bution. Although the fission process is assumed to 
be a sum of symmetric and mixed contributions, the 
charge dependence taken is the same as in 
Eq. (4.6.1). An attempt to take a more general form 
of the charge distribution into account, consisting of 
a sum of two Gaussians, failed because the experi-
mental data are not sufficiently descriptive to 
reconstruct a more complicated form. The values of 
the fit parameters can be found in Table 4.6.3.

The result for the mass distribution is given in 
Fig. 4.6.5. The triangles denote the mass yields that 
were obtained by dividing the experimental 
independent or cumulative yields by the corre-
sponding fractional yields, which were determined 
with the charge distribution from the fit. Those mass 
yields, which were derived from observed yields 
that correspond to less than 10% of the total mass 
chain yield, are not considered in the final fit. The 
spread in the complete mass yields may be due to 
the use of the simplified parameterization of the 
charge distribution. Adding the mixed and the 
purely symmetric contributions results in a mass 
yield curve that resembles the measured form of the 
mass distribution better than the single Gaussian fit 
of Eq. (4.6.1). The purely symmetric Gaussian has a 
smaller mean value than the Gaussian that 
represents the symmetric component of mixed 

(4.6.5)
217



fission. This is in agreement with the idea that the 
purely symmetric Gaussian comes from the 
fissioning nuclides that have lost more pre-fission 
neutrons. The four Gaussians give only a schematic 
description of reality, but enable one to estimate the 
part of the fission cross-section originating from 
purely symmetric and from mixed fission. A disen-
tanglement of the contributions of the different 
fission modes in all the fissioning nuclides is far 
more complicated. From this decomposition the 
cross-section is estimated to be 680 ± 70 mb for 
purely symmetric and 271 ± 27 mb for mixed fission. 
The new total fission cross-section thus becomes 
950 ± 100 mb, which is in better agreement with the 
Eismont et al. [4.6.25] value of 1236 mb than the 
value originating from the single Gaussian fit. The 
result from the Eismont fit is based on experimental 
data points ranging from 1050 mb to 1250 mb. 
Therefore the conclusion is that a decomposition of 
the 232Th fission fragment mass distribution into a 
mixed fission and a purely symmetric fission 
component gives a better description of the data 
than a single Gaussian. 

The previously mentioned experiment by 
Schmidt et al. [4.6.29] supports the assumptions on 
the mixed and purely symmetric fission 
components. Other experimental evidence for the 
particular form of the fission product mass 

distribution can be found in the work by Pappas and 
Hagebø [4.6.16] and by Lee et al. [4.6.37]. Pappas 
and Hagebø arrived at similar findings when 
inducing fission of 238U with 170 MeV protons. They 
have proposed a decomposition of the mass yield 
curve into a symmetric contribution caused by high 
deposition energy events, and two asymmetric 
contributions connected to low and high deposition 
energy events. Lee et al. have studied fission in the 
bombardment of 238U with 240 MeV C ions. They 
have interpreted the mass distribution as a superpo-
sition of three components: asymmetric low energy 
fission, symmetric high energy fission (combination 
of fusion fission and fast fission) and symmetric 
sequential fission (i.e. fission preceded by multiple 
nucleon emission). What both these approaches 
have in common with this work is the symmetric 
component linked with the more neutron deficient 
fissioning systems. The treatment of the less neutron 
poor nuclides differs. Here both symmetric and 
asymmetric fission modes are thought to play a role 
in this part of the chart of nuclides, while Pappas 
and Hagebø omit the symmetric fission contribution 
completely and Lee et al. neglect the asymmetric 
fission contribution for excitation energies above 35 
MeV (although, according to theoretical calculations, 
the shell effects responsible for asymmetric fission 
have not yet vanished at these energies, see, e.g., Ref. 
[4.6.38]).

4.6.3.3.2.  Charge distributions

In Fig. 4.6.6 the charge distributions as they 
result from the fit of Eq. (4.6.5) are compared to the 
measured independent and cumulative yields in 
three different mass regions. Due to the various 
asymmetric and symmetric contributions, the 
charge distribution is expected to be much broader 
than for 208Pb in Fig. 4.6.2. However, in the region 
around the maximum of the mass yield curve (A ~ 
110), the dominant contribution is purely symmetric 
(as can be concluded from Fig. 4.6.5). Therefore, the 
corresponding charge distribution should be 
narrower in this region. The charge distribution fit 
with a single Gaussian is obviously not able to take 
into account these changes of the width throughout 
the different regions. Moreover, the sum of 
different contributing fission modes may result in a 
shape for the charge distribution which is no longer 
a well defined Gaussian. In the upper graph, the 
experimental yields around mass 103 are not 
properly described by the fit. The fitted width seems 
to be overestimated, whereas in the other two plots 

FIG. 4.6.5. Decomposition of the 232Th mass yield curve 
into one Gaussian (dotted line) coming from purely 
symmetric fission of lighter nuclides, and three Gaussians 
representing the mixed symmetric (dot-dashed line) and 
asymmetric (dashed line) fission modes of heavier 
nuclides. The solid line indicates the sum of the symmetric 
and the mixed contributions; triangles represent the experi-
mental mass yields resulting from dividing the measured 
yields by the fractional yields obtained with Eq. (4.6.5).
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the agreement is better. The observed discrepancies 
of a factor of two between the fitted and the 
measured independent and cumulative yields give 
rise to the spread in the constructed experimental 
mass yields that have been discussed in the previous 
section. This reveals a clear disadvantage of the 
experimental technique.

4.6.4. Predictions of fission yields 
at intermediate energies

In fission at intermediate energies, two factors 
emerge that complicate the description in 
comparison with low energy fission: multi-chance 
fission and the varying fission characteristics with 
excitation energy. Hence, in the approach of inter-
mediate energy fission presented here, two main 
ingredients can be distinguished:

(1) A model to determine the fission cross-
sections for all fissioning systems (FS) contrib-
uting to a specific fission reaction as a function 
of their excitation energies sF(AFS,ZFS,E

*), 
thus coping with multi-chance fission;

(2) A model to predict the fission fragment and 
fission product yields for each set of 
(AFS,ZFS,E

*), incorporating the variation of the 
fission characteristics with excitation energy.

To obtain an improved description of nucleon 
induced fission up to 200 MeV, temperature 
dependent fission barriers and fission fragment 
mass distributions are calculated in the framework 
of a new version of the multi-modal random neck 
rupture model of Brosa et al. [4.6.36]. Linking this 
result with the fission cross-section contributions by 
all possible fissioning systems (AFS,ZFS,E

*) as 
computed by the nuclear reaction code ALICE-91 
[4.6.39], the total pre-neutron emission mass yields 
as well as the post-neutron emission mass yields 
may be determined for any imaginable light particle 
induced fission reaction from 15 up to roughly 
200 MeV. A more detailed description of this work 
can be found in Ref. [4.6.1].

4.6.4.1. Revised Brosa model

The random neck rupture model, as originally 
developed by Brosa et al. [4.6.36], is able to 
calculate properties of the fission fragments at zero 
temperature (i.e. for spontaneous fission). This 
model has now been extended for use at tempera-
tures between 0 and 3 MeV (corresponding to 
250 MeV excitation energy).

The major adjustment to the original model 
consists of including temperature dependent shell 
and pairing effects and combining these with the 
energy of a heated liquid drop [4.6.40] in the 
Strutinsky approach [4.6.41] to determine the 
deformation energy of the excited nucleus. For the 
shell correction as well as the liquid drop energy, the 

FIG. 4.6.6. Charge distributions for three mass regions in 
190 MeV proton induced fission of 232Th. Normalized 
yields are drawn as a function of the distance to the most 
probable charge. Open and filled circles correspond to the 
experimental independent and cumulative yields, respec-
tively, which are observed in a region around the denoted 
mass; solid and dotted lines represent the independent and 
cumulative yields, respectively, which result from the fit.
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isothermal free energy has been employed. A 
search for the fission channels in deformation space 
subsequently yields the super long, standard I (ST-
1), and standard II (ST-2) fission barriers and the 
pre-scission shapes as a function of temperature. In 
this manner, the incorporated melting of shell 
effects naturally gives rise to the vanishing of the 
asymmetric fission modes with increasing excitation 
energies. The super long fission mode results in 
symmetric fission, whereas the ST-1 and ST-2 fission 
modes lead to asymmetric fission.

The obtained temperature dependent fission 
barrier and pre-scission shape parameters serve as 
input for the fragment mass distribution computa-
tions. Each mass distribution is a sum over contribu-
tions of the three dominant fission modes (FM):

(4.6.6)

WFM(AFS, ZFS, E*) denotes the weight of a fission 
mode, and YFM(AFF; AFS, ZFS, E*) is the corre-
sponding fission fragment (FF) mass distribution. 
An analogous expression can be written down for 
the fission product (FP) mass yield Y(AFP; AFS, ZFS, 
E*). The relative contributions of the different 
fission modes are evaluated with the Hill–Wheeler 
penetrability [4.6.42] through inverted parabolic 
barriers using ground state level densities and 
temperature dependent barrier parameters. The 
classic random neck rupture model subsequently 
translates the rupture probability as a function of the 
position at the neck of the scissioning nucleus into 
the pre-neutron emission mass yield curve. In this 
last step the pre-scission shape of the fissioning 
nucleus enters the calculation. 

4.6.4.1.1.  Temperature dependent fission barriers

The 238U barriers for the super long, ST-1 and 
ST-I modes are depicted in Fig. 4.6.7 as a function of 
the distance between the fragment centres (d) for 
several temperatures. At low temperatures, all three 
fission modes are present. Their inner barriers seem 
to coincide. The modes subsequently bifurcate in 
the second minimum. The outer barrier is lowest 
and narrowest for ST-1, making this the dominant 
mode. The super long and ST-2 outer barriers have a 
comparable height, but the super long width is 
larger. For sub-barrier excitation energies, therefore, 

the transmission through the ST-2 barrier is higher 
than through the super long barrier. With an increase 
in temperature, the shell effects melt away. First the 
distinction between the two asymmetric standard 
modes disappears, before at even higher tempera-
tures the standard mode and the double humped 
structure vanish altogether. Above t = 2.0 MeV (or 
E* ~ 100 MeV) only the liquid drop fission barriers 
remain, resulting in symmetric fission. 

The barrier height and width are obtained by 
fitting a parabola to the points found in the channel 
search. Ground state masses are used to determine 
the barrier width from the fit. Using the penetra-
bility through a parabolic barrier by Hill and 
Wheeler [4.6.42], with the barrier height Bf and 
curvature ћw computed as a function of temper-
ature, the expression for the transmission 
coefficient at excitation energy E becomes:

(4.6.7)

In this formula, rgs(AFS, ZFS, e) is the ground state 
level density for which we use the expression of 
Gilbert and Cameron [4.6.43] evaluated with the 
level density parameter by Ignatyuk et al. [4.6.44]. 
All actinides encounter a double humped barrier on 
their way to fission. However, since the theoretical 
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inner barrier is much lower than the outer barrier, 
the relative contribution of the three fission modes 
may simply be expressed in terms of the trans-
mission probability through the three outer parallel 
barriers:

(4.6.8)

Equivalent formulas hold for WST-1 (AFS, ZFS, E*) 
and WST-2 (AFS, ZFS, E

*).
In the case of sub-actinides it is not possible to 

calculate the competition between symmetric and 
asymmetric fission modes, since the computed 
fission channels exhibit rather broad and strangely 
shaped outer barriers, which makes a parabola fit to 
these barriers impossible. Hence the Hill–Wheeler 
approach cannot be applied. Fortunately, the super 
long barriers are much lower than the ST barriers. 
Therefore in all these calculations the asymmetric 
fission modes are simply discarded and the 
dominant symmetric super long mode is solely 
taken into account for sub-actinides.

4.6.4.1.2. Temperature dependent pre-scission shapes

The fission channels end when the neck of the 
fissioning nucleus becomes smaller than ~2 nucleon 
radii and is determined by applying the same recipe 
to all nuclei [4.6.1]. The parameters that determine 
the pre-scission shapes emerging at the end of the 
fission paths are input for the random neck rupture 
model, which gives the mass distributions and the 
post-scission neutron multiplicities for the various 
fission modes. These input parameters are the 
average heavy fragment mass Ah, the half-length of 
the necked nucleus l and its temperature. The loss 
and gain of excitation energy in crossing the barrier 
is taken into account in a new temperature of the 
nucleus at scission. The super long and standard 
mass distributions are weighted with their relative 
contributions and added to produce the total mass 
distribution.

In Fig. 4.6.8 the pre-scission shape parameters 
Ah and l are given as a function of temperature for 
226U and 238U. The decline in the fission modes is 
clearly visible. In both isotopes a fission mode with 
average heavy fragment mass around 140 exists. The 
ST-2 mode remains around the same position in 
fragment mass in going from 238U to 226U, while the 
ST-1 mode shifts to lighter masses. The super long 
fission mode results in a more compact configu-

ration, with a smaller value, in the neutron deficient 
nuclides.

4.6.4.1.3.  Random neck rupture model

The random neck rupture model is employed 
to calculate the mass distribution per fission mode. 
An elaborative description of the random neck 
rupture model may be found in Ref. [4.6.36]. Only 
the main ideas are communicated below. In this 
model, the fission process is regarded as a series of 
instabilities. After the passage over the barriers, a 
neck starts to form. If this neck becomes flat, 
rupture may happen anywhere, which means that 
the point of future constriction can shift over the 
neck. This motion of the dent is called the shift 
instability. In the instant that the Rayleigh 
instability starts to deepen the dent, the position of 
the asymmetry is frozen and rupture is taking place. 
The random neck rupture model translates the 
effect of both mechanisms into measurable 
quantities.

In order for the shift instability to do its work, 
a perfectly flat neck is required. Hence the so-called 
flat neck parameterization is introduced (see 
Fig. 4.6.9):

 (4.6.9)
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The radius of the nucleus is given by r as a function 
of a parameter z in terms of several parameters: the 
semi-length l, the neck radius r, the position z of the 
dent, the curvature c, the extension of the neck a, 
the radii of the spherical heads r1 and r2, and the 
transitional points z1 and z2. By requiring continuity 
and differentiability of the shape, volume conser-
vation and a minimal value of c for a really flat neck, 
only (l, r, z) remain as independent parameters. 
Subsequently, the neck radius is eliminated by the 
Rayleigh criterion, which relates the total length 2l
of the pre-scission shape to the neck radius r by 
2l = 11r. The value of z can be transformed into the 
heavy fragment mass Ah by:

 (4.6.10)

where rcn is the compound nucleus radius. The 
actual values of Ah and l originate from the channel 
searches and are called the pre-scission shape 
parameters. They are input to the random neck 
rupture model calculations.

One last ingredient is missing for the 
computation of the mass distribution, namely, the 
surface tension:

(4.6.11)

This is taken from the liquid droplet model by 
Myers and Swiatecki [4.6.45].

Fluctuations amplified by the shift instability 
alter the shape slightly and enable the rupture of the 
nucleus to take place at another point than the most 
probable point z. In order to determine the fission 
fragment mass distribution, the probability of 
cutting the neck at an arbitrary position zr has to be 
calculated. This probability is given by the change in 
potential energy from zr to z: E(zr) – E(z). This is 
replaced by the energy to cut the nucleus at the two 
positions: Ecut(zr) – Ecut(z), with Ecut(zr) = 2pg0r

2(zr). 
The rupture probability is now proportional to the 
Boltzmann factor:

(4.6.12)

The fragment mass number AFF can be 
computed according to the analogue of Eq. (4.6.10):

(4.6.13)

The theoretical yield is finally determined 
with the following relation in which y(AFF) stands 
for the normalized fission fragment mass yield:

(4.6.14)

In Eq. (4.6.12) the temperature of the 
scissioning nucleus must be provided. All calcula-
tions of the potential energy surface and the 
crossing of the fission barriers have been 
isothermal. However, for the random neck rupture 
model the loss and gain of excitation energy in 
crossing the barrier is taken into account in a new 
excitation energy and temperature at scission:

(4.6.15)

The new excitation energy has two 
components: the original excitation energy in the 
ground state E*

groundstate and the deformation energy 
at scission Fdef,scission. Fdef,scission is positive for 
actinides and becomes negative in the sub-actinide 
region. The new excitation energy is related to a 
new temperature Tscission. However, a new pre-
scission temperature corresponds to a different pre-
scission shape with a somewhat different value for 
Fdef,scission. Therefore, the temperature Tscission has to 

FIG. 4.6.9. The upper part illustrates the flat neck represen-
tation; the lower part contains the embedded spheroids 
parameterization.
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be determined in a self-consistent manner together 
with the final pre-scission shape. If a pre-scission 
shape has a high temperature or a very long neck, 
the mass distribution will be broad. Low tempera-
tures and short necks result in a narrow mass 
distribution.

4.6.4.1.4.  Post-scission neutron multiplicities

The mass distribution calculated above 
belongs to the primary fission fragments. However, 
most fragments are highly excited directly after 
their creation. They take their share of total 
excitation energy available at scission (Eq. (4.6.15)). 
Moreover, they are strongly deformed, which 
manifests itself in an extra amount of excitation 
energy set free when this deformation relaxes 
towards the ground state deformation of the 
fragments by the strong surface tension. The 
superfluous excitation energy is released during the 
process of post-scission neutron and gamma 
emission. The neutron emission is responsible for a 
shift of the pre-neutron emission mass distribution 
to somewhat smaller masses.

The total excitation energy in a newly created 
fragment with mass AFF results from:

(4.6.16)

Edef,fragment(AFF) denotes the deformation energy of 
the fragment, and the second term contains the 
portion of the thermal energy at scission of the 
whole fissioning system picked up by the fragment. 
The assumption is that the fragment receives a share 
proportional to its mass.

For the calculation of Edef,fragment(AFF), another 
shape parameterization is employed: embedded 
spheroids (see Fig. 4.6.9). The newborn fragments 
are modelled as two contacting spheroids with 
major axes a1 and a2, which are linked to 2l and zr

by:

(4.6.17)

The minor axes b1 and b2 follow from volume 
conservation:

(4.6.18)

The energy difference of the spheroidally 
deformed and the spherical fragment 
Edef,fragment(AFF) is given by:

 

(4.6.19)

The eccentricity is defined as:

(4.6.20)

and  and  represent the liquid 
droplet model surface and the Coulomb energy of a 
spherical nucleus obtained from Ref. [4.6.46].

The neutron multiplicity nFM(AFF) for a 
fragment with mass AFF is now derived by finding 
the root of the following relationship:

(4.6.21)

The separation energy Sn is calculated from the 
mass formula [4.6.46]. The average kinetic energy of 
the neutrons is taken to be 3/2 times the fragment 
temperature, and the energy carried off by g rays Eg
is approximately half the separation energy of the 
first non-evaporated neutron.

The final fission product mass yield per fission 
mode is given by:

(4.6.22)
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4.6.4.2. Multi-chance fission in ALICE-91

The fission cross-section calculations are 
performed with the pre-compound plus compound 
nucleus decay code ALICE-91 developed by Blann 
[4.6.39]. The geometry dependent hybrid model is 
employed in the pre-equilibrium part of the 
reaction. The compound part of the reaction is 
computed using Weisskopf–Ewing evaporation with 
fission competition via the Bohr–Wheeler 
approach, in which the fission process is described 
by a passage probability of the nucleus over the 
classical fission saddle point. Single humped fission 
barriers and ground state energies are supplied by a 
conventional rotating liquid drop model [4.6.47]. A 
simple Fermi gas description of the level density 
with a constant level density parameter is used. The 
fission cross-section computed with ALICE-91 is 
dependent on the choice for af/an, the ratio of 
saddle point to ground state level density 
parameters. Because of the stronger deformation at 
the saddle point, this ratio is expected to be larger 
than 1.0. The use of this ratio accounts, in an 
effective way, for a change in the intrinsic level 
density parameter as well as in the rotational 
enhancement.

Figure 4.6.10(a) contains the calculated and 
experimental total fission cross-section [4.6.48] as a 
function of incoming neutron energy on 238U. By 
adjusting the level density ratio to the experimental 
fission cross-section, an overall agreement of 10% or 
better can be achieved (except for low energy fission 
in the sub-actinide region where deviations as large 
as 50% may occur). A second prediction is included, 

which is obtained by fitting the level density ratio to 
reproduce the shape of the mass distribution at best 
instead of the fission cross-section. In most cases the 
outcome of these other calculations still lies within 
10% of the experimental data, but may lead to 
differences of 15–20%. In Fig. 4.6.10(b) a calculation 
of the fission cross-section as a function of excitation 
energy for several fissioning systems in the reaction 
of 100 MeV neutrons on 238U is pictured. Both high 
and low excitation energies are contributing. In 
reaching the more neutron deficient nuclides, fission 
takes place at lower excitation energies due to the 
preceding neutron evaporation. 

4.6.4.3. Coupling of the temperature dependent 
Brosa model with ALICE

A combination of the temperature dependent 
Brosa model from Section 4.6.4.1 and the nuclear 
reaction code ALICE-91 as described in Section 
4.6.4.2 enables the prediction of pre-neutron 
emission mass yields as well as post-neutron 
emission mass yields in intermediate energy light 
particle induced fission reactions. After the deter-
mination in ALICE-91 of all contributions to the 
fission cross-section by excited evaporation 
residues, which are characterized by sF(AFS, ZFS, 
E*), the temperature dependent Brosa model 
computes (AFS, ZFS, E*) the corresponding fission 
fragment mass yield curve for each configuration. 
All these curves are summed with their proper 
weight given by sF(AFS, ZFS, E

*).
Figure 4.6.11 illustrates the coupling between 

the temperature dependent Brosa model and 

FIG. 4.6.10. (a): ALICE-91 predictions for the fission cross-section compared to experimental data [4.6.48]. The solid line corre-
sponds to calculations tuned to experimental fission cross-sections, while the dashed line is obtained with level density ratios 
reproducing at best the experimental mass distributions in Section 4.6.4.3. (b): Results of ALICE-91 calculations on the excita-
tion energy dependence of the fission cross-section for several fissioning nuclides in 100 MeV neutron induced fission on 238U.
224



ALICE-91. Part of the contents from Section 4.6.4.1 
is grouped in a dashed box situated in the upper 
right corner of the figure. These fission mode calcu-
lations are performed only once to construct files 
containing the fission barrier parameters and pre-
scission shapes of the investigated nuclides. This 
information serves as input for the on-line mass 
distribution calculations.

Projectile, incoming energy and target specifi-
cations form the main input (dotted box in the top 
left corner) of these on-line calculations together 
with the ALICE-91 level density input parameters 
an and af/an, the role of which has been already 

highlighted in the previous section. The calculation 
starts with an ALICE-91 run, which is indicated in 
the picture inside the dot–dashed frame. ALICE-91 
keeps track of the flux going into fission for each 
individual isotope per excitation energy bin 
encountered in the Weisskopf–Ewing evaporation 
stage. Besides the normal output of the particle 
spectra and the total fission cross-section, the fission 
cross-section per fissioning isotope and excitation 
energy bin sF(AFS, ZFS, E

*) is listed at the end.
For each configuration (AFS, ZFS, E*) the 

programme subsequently calls a subroutine which 
performs two tasks. First of all, the relative 

FIG. 4.6.11. Overview of the coupling of ALICE-91 and the temperature dependent Brosa model. The subscript FM denotes 
the three dominant fission modes super long (SL), ST-1 and ST-2; YFM is the mass yield curve and WFM the relative contribution 
of a specific fission mode.
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contributions WFM(AFS, ZFS, E*) of the three 
predominant fission modes super long, ST-1 and ST-
2 are determined. This happens inside the box 
which carries the label Hill–Wheeler and uses the 
fission barrier parameters as input. The second task 
comprises the calculation of the mass yield curve 
YFM(AFF; AFS, ZFS, E

*) with the help of the random 
neck rupture model based on the fission mode, the 
configuration (AFS, ZFS, E*) and the pre-scission 
shape parameters. The computed pre-neutron 
emission mass distribution is subsequently 
corrected for the post-scission neutron multiplic-
ities. In this manner the post-neutron emission mass 
yields are constructed. The final fission fragment 
mass distribution Y(AFF) is simply obtained by 
adding all separate pre-neutron emission mass 
yields YFM(AFF; AFS, ZFS, E*) with the relative 
contributions WFM(AFS, ZFS, E*) and the fission 
cross-sections sF(AFS, ZFS, E

*) as weights. Obviously,
a completely equivalent approach gives rise to the 
final fission product mass distribution Y(AFP). 

Predicted mass yields are compared in the 
following sections to experimental data for sub-
actinide and actinide fission between 15 and 
200 MeV. Moreover, an investigation is included 
regarding the transition between asymmetric and 
symmetric fission when going from the line of 
stability towards neutron deficient nuclides in the 
actinide region.

4.6.4.3.1.  Mass yields in sub-actinide fission

The results from the ALICE-91 plus 
temperature dependent Brosa model calculations 
for light particle induced fission reactions in sub-
actinide targets are shown in Figs 4.6.12 and 4.6.13. 
In the case of sub-actinide targets it is not possible 
to calculate the competition between symmetric and 
asymmetric fission modes. Results of the fission 
channel search in 208Pb exhibit rather broad and 
strangely shaped outer barriers, which makes a fit of 
these barriers with a parabola impossible. Hence 
the Hill–Wheeler approach cannot be applied. In all 
calculations in this section, the asymmetric fission 
modes are discarded. Only the symmetric super 
long mode is taken into account for sub-actinides.

The experimental data included in Fig. 4.6.12 
are taken from the extensive work on sub-actinide 
fission of Itkis et al. [4.6.49, 4.6.50]. Examples of 
proton and alpha induced fission between 29 and 
50 MeV are given. In general the agreement with 
the calculations is very good, both for the position 
of the most probable mass and for the width of the 
distribution. In the case of the 29 MeV proton 
induced reactions, the calculations deviate 15% at 
most from the experimental values, but on average 
the agreement is much better. The assumption that 
for these nuclides asymmetric fission can be 
neglected seems valid for these energies.

The yields are normalized. Therefore, the 
uncertainty in the prediction of the overall fission 

FIG. 4.6.12. Normalized pre-neutron emission mass yields 
for the reactions specified in each graph. Experimental 
data are taken from Refs [4.6.49] and [4.6.50]; the lines 
correspond to the calculations.

FIG. 4.6.13. Post-neutron emission mass yields in proton 
induced fission of natW, 197Au, natPb and 208Pb at 190 MeV, 
obtained from Ref. [4.6.2]. Triangles denote the experi-
mental data; the dashed line originates from the fit of a 
single Gaussian made by the original authors, and the solid 
line belongs to our calculation.
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cross-section also has to be incorporated. The calcu-
lations are performed with the level density 
parameters stemming from a fit to experimental 
neutron and proton induced fission cross-sections 
for 209Bi and 197Au. 

The basic assumption made is that the saddle 
point to ground state ratios af/an vary smoothly over 
the isotopes and hence that the ratios for 208Pb and 
203,205Tl lie in between those of 209Bi and 197Au. The 
fission cross-sections in this region of the chart of 
nuclides can be predicted with an accuracy of 10%. 
This has to be added to the uncertainty in the 
prediction of the normalized yields.

The predictions in Fig. 4.6.13 for the production 
cross-sections of fission product masses in 190 MeV 
proton induced fission of natW, 197Au, natPb and 208Pb 
are less satisfactory. The experimental data have 
been obtained from Ref. [4.6.2]. Figure 4.6.13 also 
contains, apart from the experimental data and the 
calculation (solid line), a Gaussian (dashed line) 
that originates from a fit to the data and is given by 
the original authors. The calculation does a fairly 
good job in the description of the left wings and of 
the top, but the experimental yields are underesti-
mated by one order of magnitude in the right wings. 
The huge discrepancy for heavier masses is mainly 
due to the prediction of a too small width. In 
addition, the predicted mean mass is shifted to lighter 
masses compared to the measured value. A lighter 
mean mass is related to an overestimation of the total 
number of evaporated mass units. This may indicate 
an underprediction of the energy carried away by 
the emitted particles prior to or after scission. A 
possible explanation of the first effect lies in the 
calculation of the post-scission neutron multiplic-
ities. With the temperature dependent Brosa model 
as described in Section 4.6.4.1, the neutron 
evaporation between the saddle and scission points 
is neglected. This results in an excitation energy of 
the fragments that is too high. Since the division of 
the excitation energy available at scission between 
the two fragments is proportional to the fragment 
mass, the heavy fragment will have a relatively 
higher post-scission neutron multiplicity. Therefore 
it will shift more towards lower masses than the 
light fragment, thereby reducing the width of the 
mass distribution. A similar situation of a higher 
scission temperature occurs if the energy carried 
away by the pre-scission neutrons is too small. An 
overestimation of the post-scission neutron multi-
plicity can also be caused by an under-prediction of 
the energy required for the emission of neutrons by 
the fragments. The last two assumptions would 

simultaneously explain the smaller predicted mean 
mass, as already mentioned above.

A higher excitation energy at scission is linked 
to a higher scission temperature, and this also 
influences the width. The pre-scission shape half-
length is smaller at higher temperatures (see 
Fig. 4.6.8). A more compact shape results in a 
narrower mass distribution. On the other hand, an 
increase of the temperature enlarges the width (see 
Eq. (4.6.12)). A comparison of the two effects shows 
that the latter is stronger. Figure 4.6.14 contains the 
pre-neutron emission and post-neutron emission 
mass yield curves of the super long mode for a 238U 
nucleus with an excitation energy of 50 and 
200 MeV at scission. The pre-neutron emission 
yield curve at 200 MeV is broader than the pre-
neutron emission yield curve at 50 MeV, although 
the pre-scission shape is shorter around 200 MeV. 
The post-neutron emission yield distribution at 
200 MeV becomes slightly narrower than the one 
around 50 MeV. This observation supports the 
explanation given above that the inclusion of post-
scission neutron emission in its present form 
reduces the width of the mass distribution. Whether 
the overprediction of the post-scission neutron 
multiplicity is connected to an overestimation of the 
temperature at scission or to an underestimation of 
the energy required for the emission of a neutron by 
the fragments cannot be concluded from these data. 
The next section will shed more light on this 
question.    

Table 4.6.4 shows the fission cross-sections 
resulting from the experiment, the calculations and 
the Eismont et al. data compilation [4.6.25]. 
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FIG. 4.6.14. Pre-neutron emission and post-neutron 
emission mass yield curves for the super long mode in a 
238U nucleus with excitation energies at scission of 50 and 
200 MeV.
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ALICE-91 tends to underestimate the fission cross-
section by 10–15%.

4.6.4.3.2.  Mass yields in actinide fission

The full competition between the symmetric 
and asymmetric fission modes is taken into account 
in the case of actinide fission. With these modes a 
variety of shapes can be described that are needed 
to cover the whole range of intermediate energy 
fission between several and 200 MeV. Pre-neutron 
emission mass yields in neutron induced fission of 
238U are plotted in Fig. 4.6.15 for various different 
projectile energies. The experimental data come 
from the work by Zöller et al. [4.6.51]. At an 
average incident neutron energy of approximately 
13 MeV the mass distribution exhibits pronounced 
asymmetric behaviour. This asymmetric character 
persists up to an average neutron incident energy of 
roughly 100 MeV. Above this energy a broad mass 
yield curve remains, which still suggests some 
asymmetric components through the appearance of 
a broad and flat top. With increasing excitation 
energy the symmetric valley from low energy fission 
fills up due to a stronger symmetric contribution. 
This forms the main contribution. Another much 
smaller effect is the widening of the asymmetric 
contributions. 

The calculations of Fig. 4.6.15 show that the 
agreement is within 10% or even better almost 
everywhere. Figure 4.6.16 contains the same data 
and calculation results but on a logarithmic scale. 
This is done to enable a better comparison of the 
experimental data and the calculations in the tails of 
the distributions. At very high energies (around 
200 MeV), the predictions and data start to deviate 
at extremely asymmetric yields by one order of 
magnitude. This is a similar effect to the sub-
actinide post-neutron emission yields at 190 MeV of 
the previous section, but is less strong. A possible 
explanation is that the predicted pre-scission shapes 
are too compact. The fact that the mean mass, the 

width, and the relative asymmetric and symmetric 
contributions come so close to the results found 
experimentally indicates that neither the calculated 
temperature at scission can be much too high nor 
the calculated pre-scission neutron multiplicity can 
be much too low. This observation agrees with the 
supposition that the calculated post-scission 
neutron multiplicity may be too high due to a wrong 
estimation of the energy required for the emission 

TABLE 4.6.4.  PROTON INDUCED SUB-ACTINIDE FISSION CROSS-SECTIONS OBTAINED FROM 
EXPERIMENT AND FROM ALICE-91 CALCULATIONS; VALUES FROM THE DATA COMPILATION 
BY EISMONT ET AL. [4.6.25] ARE ALSO INCLUDED FOR COMPARISON

natW 197Au natPb 208Pb

s f
exp [mb] 4.5 ± 0.5 32.8 ± 3.3 94 ± 9 88 ± 8

s f
ALICE-91 [mb] 3.7 31.2 83.6 76.4

s f
Eismont [mb] 3.7 – 88 74

FIG. 4.6.15. Pre-neutron emission mass yields in neutron 
induced fission reactions on 238U with the neutron 
incoming energy range specified in the graphs. The saddle 
point to ground state level density ratios are fitted to 
reproduce the shape of the mass yield curve. Data taken 
from Ref. [4.6.51].
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of neutrons by the fragments and not due to a 
scission temperature that is too high.

The predictions for these normalized yields 
are obtained by adjusting the saddle point to ground 
state level density ratios to reproduce the experi-
mental mass yields. The influence on the prediction 
of the total fission cross-section has already been 
examined in Section 4.6.4.2. It turns out that the 
fission cross-section in the reactions under study is 
overestimated by approximately 15%. The 
influence of this level density ratio is rather 
profound, as can be concluded from Fig. 4.6.17. This 
figure shows the results of the mass yield calcula-
tions based on the level density ratios, which 
perfectly describe the fission cross-section. These 
ratios are lower than the ones used in Fig. 4.6.15. 
For low energies (up to 30 MeV) the difference is 
rather small, but at higher energies the asymmetric 
contributions are overestimated. This is under-
standable, since with a smaller value of the ratio 
fission is preceded by more evaporation and takes 
place at lower excitation energies. The discrepancies 
with the experimental mass yield curves amount to 
30%.  

Figure 4.6.18 is included to illustrate the effect 
of taking a different pre-scission shape in the calcu-
lation. According to Brosa, the neck becomes 
unstable against rupture at the Rayleigh criterion. 
The results in Fig. 4.6.18 are obtained by assuming 
that scission already takes place at the Rayleigh 
criterion. This corresponds to more compact pre-
scission shapes and hence to shorter necks. The 
consequence is obvious: the neck can break at fewer 
locations with equal probability. This causes the 
peaks to be narrower, and the widths of the distribu-
tions differ significantly from the measurements.

Besides neutron induced reactions, proton 
induced fission has also been investigated. In 
Fig. 4.6.19 the results are plotted for pre-neutron 
emission mass yields in proton induced fission of 
232Th at three different energies. The experimental 
data are taken from Ref. [4.6.11]. Agreement is 
again quite good (within 10%) for 13 and 20 MeV. 
The reaction at an incident energy of 53 MeV shows 
an incorrect relative contribution of asymmetric and 
symmetric fission. As will be further explained, 
thorium lies on the edge of the actinide region and 
is subject to a transition to symmetric fission which 
occurs much earlier than in the case of uranium. 
Apparently, the ALICE-91 plus temperature 

FIG. 4.6.16. Same as Fig. 4.6.15, but on a logarithmic scale. 
Data taken from Ref. [4.6.51].

FIG. 4.6.17. Pre-neutron emission mass yields in neutron 
induced fission reactions on 238U. The saddle point to 
ground state level density ratios are fitted to reproduce the 
total fission cross-section. Data taken from Ref. [4.6.51].
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dependent Brosa model is not able to predict this 
transition accurately. Up to 50 MeV the prediction 
of the fission cross-section ends up within 10% of 
the experimental values. 

Figure 4.6.20 shows pre-neutron emission 
mass yields in proton induced fission of 226Ra and 
238U [4.6.22, 4.6.52]. In the case of 13 MeV protons 
on 226Ra, the prediction gives a triple humped distri-
bution in accordance with experimental observa-
tions. Unfortunately, the relative contributions of 
the fission modes are incorrect. Furthermore, the 
position of the asymmetric peak does not agree with 
the experimental data. This is due to the fact that 
the ST-1 mode is predominant in the calculation, 
while from the experimental data the peak around 
mass 140 indicates a strong contribution of the ST-2 
mode. The first problem resembles the under-
prediction of symmetric fission in 53 MeV proton 
induced reactions in 232Th as mentioned in the 
previous paragraph. The outcome of the calcula-

tions for 238U at 20 and 60 MeV incident energies is 
acceptable. On top of the 10% uncertainty in the 
normalized mass yields, an additional uncertainty of 
15% also occurs in the total fission cross-section.  

Post-neutron emission mass yields can be 
found in Figs 4.6.21 and 4.6.22. Figure 4.6.21 
displays post-neutron emission mass yields in 
neutron induced fission of 238U [4.6.51]. The same 
incident energy ranges are chosen as for the pre-
neutron emission yields. The agreement for the 13 
and 28 MeV incident energies is excellent. At higher 
energies, the effect from the excessive post-scission 
neutron evaporation is present. The under-
prediction of the width of the pre-neutron emission 
mass yield curve is enhanced by the post-scission 
neutron evaporation. This has already been 
encountered and explained in the previous section 
and further elucidated at the beginning of this 
section. The heavy fragments lose too many 
neutrons, which leads to an underprediction in the 
right wing of the distribution and to an over-
prediction on the left hand side. Especially the mass 
yield curve around 200 MeV suffers from this effect 

FIG. 4.6.18. Pre-neutron emission mass yields in neutron 
induced fission reactions on 238U with the pre-scission 
shapes taken at the Rayleigh criterion. Data taken from 
Ref. [4.6.51].

FIG. 4.6.19. Pre-neutron emission mass yields in proton 
induced fission reactions on 232Th for the incoming 
energies given in the graphs. Data taken from Ref. [4.6.11].
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to the same extent as the sub-actinides in proton 
induced reactions at 190 MeV (Fig. 4.6.13).

Unfortunately, the experimental data for 
other nuclides are limited to neutron energies 
around 14 MeV. Figure 4.6.22 shows data for four 
different nuclides: 232Th, 233U, 242Pu and 241Am 
[4.6.53–4.6.56]. At the corresponding excitation 
energies the post-scission neutron evaporation does 
not yet spoil the outcomes. The predictions in the 
wings of the mass distributions deviate from 
experiment to a maximum of 30% for 232Th, 242Pu 
and 241Am. However, in the case of 233U the right 
tail is underpredicted by a factor of 10. On the top 
of the distribution and in the symmetric valley, the 
agreement is within 20%, except in some mass 
regions of 232Th where the calculated yields lack the 
small symmetric hump.

4.6.4.3.3. Transition from symmetric 
to asymmetric fission

From all mass yield curves seen so far in the 
previous two sections, somewhere at the edge of the 
actinide region a transition takes place between 

symmetric and mixed (symmetric plus asymmetric) 
fission. Moreover, observations by Schmidt et al. 
[4.6.35] suggest a change towards symmetric fission 
in the neutron deficient part of the actinide region. 
In addition, an increase in symmetric fission is 
observed with increasing excitation energy. The 
question arises whether this last effect is mainly due 
to the vanishing of asymmetric fission modes with 
increasing excitation energy or to the contributions 
of more and more neutron poor isotopes with an 
intrinsic symmetric behaviour. 

Figure 4.6.23 shows mass distributions of 
various isotopes between actinium and uranium 
labelled by the element name and neutron number. 
The calculations are carried out for nuclides with an 
excitation energy of 10 MeV. The gradual change 
from asymmetric and mixed to symmetric fission is 
clearly visible. Near the valley of stability, at the 
right hand side of the plot, fissioning isotopes tend 
to produce mass distributions with a strong 
asymmetric signature. At the left hand side the 

FIG. 4.6.20. Pre-neutron emission mass yields in proton 
induced fission reactions on 226Ra and 238U for the incident 
energies given in the graphs. Data taken from Refs [4.6.22, 
4.6.52]. FIG. 4.6.21. Post-neutron emission mass yields in neutron 

induced fission reactions on 238U. The neutron incident 
energy ranges are denoted in the graphs. Data taken from 
Ref. [4.6.51].
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resulting mass yields are entirely symmetric or 
possess at least a large symmetric share. A solid line 
connects the isotopes for which the symmetric 
hump exceeds the asymmetric humps for the first 
time in going towards neutron poor nuclides 
starting from stability. This is taken as a crude 
measure for the transition. The dot–dashed line 
represents a condition defined by Chung and Hogan 
[4.6.27, 4.6.28], which also marks the transition from 
symmetric to asymmetric (mixed) fissioning 
isotopes. The dashed line corresponds to a 
calculation by Möller [4.6.57], who determined the 
stability of the saddle point configuration against 
asymmetric deformations. Both lines belonging to 
Chung–Hogan and Möller run more or less parallel 
to the line of stability. However, the line originating 
from the ALICE-91 plus temperature dependent 
Brosa model calculations is perpendicular to these 
lines. This completely different behaviour is also 
observed by Schmidt et al. [4.6.35] in the charge 

distributions of the same fissioning isotopes at 
excitation energies peaked around 11 MeV. Here 
the transition marked by the dotted line also tends 
to occur along a line perpendicular to the Möller 
line. Therefore, the prediction by the ALICE-91 
plus temperature dependent Brosa model exhibits 
the same tendency as experimentally observed. In 
conclusion, at low energies the transition seems to 
take place at less neutron poor nuclides for thorium 
and actinium than for uranium.

The preportions of symmetric and asymmetric 
fission depend on the excitation energy. Therefore, 
similar calculations are carried out for an excitation 
energy of 20 MeV (Fig. 4.6.24). Because the excitation 
energy lies well above the barriers, all fission modes 

FIG. 4.6.22. Post-neutron emission mass yields in neutron 
induced fission reactions as specified in the graphs. Data 
taken from Refs [4.6.53–4.6.56]. The triangles in the upper 
graph correspond to data taken from a table, whereas the 
circles were read from a figure.

FIG. 4.6.23. Mass distributions of various isotopes labelled 
by the element name and neutron number — calculations 
are performed at a fixed excitation energy of 10 MeV. The 
thick solid line connects isotopes for which the symmetric 
hump exceeds the asymmetric humps for the first time, 
starting from stability and going towards neutron poor 
nuclides; the dotted line is obtained in an equivalent 
manner from charge distributions measured by Schmidt et 
al. [4.6.35]; the dot–dashed line represents a condition 
defined by Chung and Hogan [4.6.27, 4.6.28], and the 
dashed line corresponds to a calculation by Möller 
[4.6.57].

FIG. 4.6.24. Same as Fig. 4.6.23, but for an excitation 
energy of 20 MeV.
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present have a reasonable contribution. This 
explains the mixed mass yields visible in all graphs. 
Apparently, only at quite low energies, symmetric 
fission is preferred by the neutron deficient isotopes 
as well as by most actinium isotopes at the edge of 
the actinide region. Since the melting away of fission 
modes happens in beta stable and very neutron 
deficient nuclides at a comparable rate, the situation 
of Fig. 4.6.24 persists up to a certain excitation 
energy, above which an overall and gradual transition 
to symmetry occurs simultaneously for all isotopes. 
Hence, in the calculations presented here the 
increase of symmetric fission at high energies is fed 
more by the disappearance of the asymmetric fission 
modes due to the vanishing of shell effects and less by 
a larger contribution of neutron deficient nuclides 
due to the preceding neutron evaporation.

In the previous section a systematic under-
prediction of the symmetric component in the 
description of intermediate energy fission of 
thorium and radium has been observed. Two effects 
may be responsible: the increase of the symmetric 
component in these elements may be too slow with 
excitation energy or the asymmetric fission modes 
do not vanish in time. The alternative possibility is a 
lack of symmetric fission in neutron poor nuclides 
due to wrong barrier parameters resulting in an 
overestimation of asymmetric fission at higher 
energies, or due to an overprediction of the 
excitation energy in these nuclides. Based on the 
comparisons between calculations and experi-
mental results shown here it is not possible to draw 
a final conclusion. Perhaps in future, experiments 
can be designed to investigate mass distributions in 
a systematic way (similar to the calculated results 
presented in Figs 4.6.23 and 4.6.24, but also at 
higher excitation energies), so that the results will 
help to solve the question of how the transition 
between symmetric and asymmetric fission takes 
place.

4.6.5. Summary and outlook

4.6.5.1. Summary

This work focused on nucleon induced fission 
at intermediate energies between roughly 10 and 
200 MeV. Some effort has been invested in the 
compilation of existing proton induced fission yield 
data in the desired energy range. In order to 
supplement the limited experimental data available, 
especially regarding the fission product isotopes, an 
experiment for 190 MeV proton induced fission has 

been performed. However, the major contribution 
of this work comprises the development of a new 
theoretical approach to calculate the fission product 
mass yields in competition with all other reaction 
channels for light particle induced nuclear reactions 
up to about 200 MeV. This new method is based on 
the extension of the original Brosa model, with a 
temperature dependence and the coupling of the 
resulting model with a nuclear reaction code that 
provides the connection between fission and other 
reaction mechanisms such as pre-equilibrium and 
compound emission.

4.6.5.1.1. Experiment

An activation experiment has been carried out 
that aims at the measurement of independent and 
cumulative fission product yields originating from 
190 MeV proton induced reactions on natW, 197Au, 
natPb, 208Pb and 232Th. By placing catchers on both 
sides of each target during the irradiation, the 
fission products have been separated from the 
enormous amounts of evaporation products. In this 
manner, rather clean spectra with fission product 
g rays have been obtained. With separate experi-
mental set-ups for a short irradiation (catcher 
cylinder) and a long irradiation (catcher foil) it is 
possible to observe both short lived and long lived 
fission products.

The mass yields of natW, 197Au, natPb and 208Pb 
are well described by a single Gaussian for both the 
mass and the charge distribution. Fission cross-
sections extracted from the single Gaussian fits are 
comparable with the values obtained from a data 
compilation made by Eismont et al. [4.6.25]. Sub-
actinide fission at this energy is purely symmetric.

A careful look at the mass yields for 232Th 
shows that the mass yield curve has a more 
complicated form than that of a single Gaussian. 
This indicates the contribution of other asymmetric 
fission modes besides the symmetric mode already 
encountered in sub-actinide fission. The origin of 
this particular form of the mass distribution resides 
in the process of multi-chance fission. Particle 
evaporation prior to fission results in a wide variety 
of fissioning nuclides, each contributing to the mass 
distribution with its own fission characteristics. The 
suggestion made is that the observed strong 
symmetric component in the 232Th mass distri-
bution is only partly caused by an enhanced 
crossing of the symmetric fission barrier in the 
fissioning nuclides near the valley of stability, which 
possess both symmetric and asymmetric fission 
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modes and thus give rise to a mixed fission contri-
bution. A large share of the symmetric contribution 
is proposed to be related to purely symmetric 
fission in the neutron poor region. This last 
assumption is too simplistic, but together with the 
mixed fission contribution it serves to give a 
schematic description of the experimentally 
observed mass yields. The measured mass yield 
curve is decomposed into a single Gaussian 
belonging to the purely symmetric fission mode and 
a contribution of three Gaussians, together 
describing mixed fission. The fission cross-section 
resulting from this decomposition is slightly smaller 
than the value of Eismont et al. The fission cross-
section resulting from the single Gaussian 
description for 232Th underestimates the value of 
Eismont et al. by a factor of 2.

From a comparison between the measured 
independent and cumulative yields with the fitted 
charge distribution it becomes clear that the 
assumption of a single Gaussian for the 232Th charge 
distribution is not good enough. The fitted and 
measured values differ by a factor of 2, which conse-
quently also shows up in the constructed mass 
yields. This reveals the main disadvantage of this 
experimental method. The reconstruction of the 
mass and charge distributions from the measured 
independent and cumulative yields rests fully on a 
suitable parameterization of these respective distri-
butions. In the case of the sub-actinides, the shapes 
of these distributions are Gaussian-like and 
everything works well. In the case of actinide 
fission, however, the contributions of asymmetric 
fission make a good description by a single 
Gaussian impossible. Taking a more complicated 
shape to fit the charge distribution would mean 
introducing more fit parameters. The quality of the 
experimental data set is insufficient for this purpose.

4.6.5.1.2. Theory

In intermediate energy fission studies the key 
concept is multi-chance fission. The evolution of an 
entirely equilibrated nucleus from its ground state 
shape to the scission point is thought to proceed at a 
pace comparable to the emission of light particles. 
The process of sequential particle evaporation 
populates many intermediate nuclides charac-
terized by (AFS, ZFS, E*). Each nuclide in each 
excitation energy bin fissions or evaporates further. 
Hence, in the description of fission two main 
ingredients can be distinguished: a model to 
determine the fission cross-sections for all fissioning 

systems as a function of their excitation energies 
sF(AFS, ZFS, E

*), and a model to predict the fission 
fragment and fission product yields for each set of 
(AFS, ZFS, E

*).
The original Brosa model [4.6.36] has been 

extended in various ways. First of all, the 
temperature is added to the calculation of the 
potential energy landscape of the nucleus. In this 
manner, the incorporated melting away of the shell 
effects naturally gives rise to the vanishing of 
asymmetric fission modes ST-1 and ST-2 with 
increasing excitation energies. Secondly, the relative 
contributions of the different fission modes are 
evaluated with the Hill–Wheeler penetrability 
through inverted parabolic barriers using ground 
state level densities and temperature dependent 
barrier parameters. The classic random neck 
rupture model subsequently translates the rupture 
probability as a function of the position at the neck 
of the scissioning nucleus into pre-neutron and post-
neutron emission mass yield curves. Linking this 
result with the fission cross-section contributions by 
all possible fissioning systems as computed by 
ALICE-91 [4.6.39], the total pre-neutron emission 
and post-neutron emission mass yields may be 
determined for any imaginable light particle 
induced fission reaction from 15 up to roughly 
200 MeV. In this way, the competition with all other 
outgoing channels is automatically taken into 
account. By separating the calculation of the fission 
cross-section from the fission fragment properties, 
the final uncertainty in the prediction is a superpo-
sition of the uncertainties stemming from both 
steps.

Actinide nuclides turn out to have three 
dominant fission modes: the symmetric super long 
mode, and the asymmetric modes standard I (ST-1) 
and standard II (ST-2), whereas sub-actinides 
possess only one asymmetric mode ST in addition to 
the super long mode. For sub-actinides, asymmetric 
fission is completely neglected in the present calcu-
lations. The outer barrier is not described well by a 
parabola, which prevents the determination of the 
relative fission mode weights by the Hill–Wheeler 
approach. Although the fission barrier heights 
resulting from the channel searches in the potential 
energy surface agree very well with experimental 
values for the inner barriers, the outer barriers are 
much too high. Nevertheless, from the final mass 
distributions it can be concluded that these outer 
barriers suffice to determine correctly the relative 
weights of the fission modes in most cases.
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Mass yields can be predicted with a proper 
choice of both the ground state to saddle point level 
density parameter ratio and the pre-scission shapes. 
The pre-scission shapes are fixed by applying the 
same recipe to all nuclei. This leaves af/an as the only 
parameter which is tuned to reproduce at best both 
the fission cross-section and the mass yield curve for 
a given reaction. The obtainable accuracy depends 
in general on the incident energy, as well as on the 
isotope investigated. Table 4.6.5 contains a 
summary of the uncertainties. They are extracted 
from comparing the predictions for the total fission 
cross-sections, as well as for the pre-neutron and 
post-neutron emission mass yields with experi-
mental data. The incident nucleon energies range 
from 15 to 200 MeV and the isotopes are either 
sub-actinides or actinides. In Table 4.6.5 the actinide 
region is subdivided into (a) the nuclides on the 
edge marking the transition to low energy 
symmetric fission, (b) uranium for which a large 
amount of data is available, and (c) the heavier 
actinides. The predictive power changes drastically 
with observable nuclide and excitation energy. 

The prediction of the total fission cross-
section is fairly accurate. Deviations of up to 100% 
can occur only in the case of the sub-actinides, for 
which the probabilities become very small. The 
determination of pre-neutron emission mass yields 
is satisfactory. The good agreement for uranium at 
energies as high as 200 MeV suggests that the 
temperature dependent liquid droplet model does 
not break down above a temperature of 2.0 MeV 
[4.6.40]. This value has been given as the validity 
boundary. Only in the fission of 226Ra and 232Th can 
the model not correctly describe the experimentally 
observed transition to symmetric fission. 
Asymmetric fission persists up to incident energies 

that are too high. This leads to deviations between 
10% at low energies and 50% at high energies in the 
fission fragment mass yields. Whether this stems 
from  asymmetric fission that vanishes too slowly 
with increasing excitation energies or from a lack of 
symmetric fission contributions from neutron 
deficient nuclides could not be determined from the 
results of this work. In general, the calculated post-
neutron emission mass yields are too narrow: the 
light wing and the top are reproduced within 50% 
or better, whereas the heavy wing is underestimated 
by one order of magnitude. This is probably related 
to an overestimation of the post-scission neutron 
multiplicity. The model neglects the neutron 
evaporation between the saddle point and the 
scission point, leaving too much excitation energy in 
the fission fragments. Consequently the heavier 
fragment, which receives a larger portion of the 
excitation energy of the fissioning system, 
evaporates more neutrons than the lighter fragment 
and reduces the width of the final mass distribution. 
However, since the calculated mean mass of the 
pre-neutron emission mass yield curves agrees very 
well with the experimental values, the pre-scission 
neutron multiplicity, which momentarily excludes 
neutron evaporation between the saddle point and 
the scission point, cannot be completely wrong. 
Furthermore, the temperature of the fissioning 
system cannot be far too high because of the 
correctly reproduced relative contributions of the 
different fission modes in the calculated pre-
neutron emission mass yield distributions. 
Therefore, a more likely explanation is provided by 
the supposition that the fragments evaporate too 
many neutrons because of an underestimation of 
the energy required for the emission of particles. 

TABLE 4.6.5. ACCURACIES OBTAINED FROM COMPARING THE PREDICTIONS WITH EXPERI-
MENTAL DATA FOR INCIDENT ENERGIES BETWEEN 15 AND 200 MeV AND SEVERAL 
ISOTOPES.  
Uncertainties in the proton and neutron induced fission cross-sections, as well as in the pre-neutron and post-
neutron emission mass yields, are given, and are expressed as percentages.

Sub-actinide region Actinide region

Z < 84 Z < 91 Uranium Z > 93

sF(p,f) 10–100% 10–20% 10% —

sF(n,f) 10–15% 10–20% 10–15% 20%

Ypre(A) 10–15% 10–50% 10% —

Ypost(A) 50–1000% — 10–1000% 30%
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4.6.5.2. Outlook

Future developments in the theory may 
contribute to a better prediction of either the multi-
chance fission process or the fission fragment 
properties. Three major extensions possible in the 
calculation of the fission fragment properties consist 
of including the charge distribution, the total kinetic 
energy, and the neutron emission between the 
saddle point and scission point. The addition of the 
total kinetic energy requires only minor effort, since 
this is already computed by the random neck 
rupture model and can be easily implemented by 
coupling with ALICE-91. The calculation of the 
charge distribution does not follow from the 
random neck rupture model. Here another model, 
possibly the scission point model by Wilkins et al. 
[4.6.30], has to be introduced. The neutron emission 
from saddle point to scission point may be taken 
into account in some effective way by assuming that 
part of the available excitation energy is 
transformed into neutrons emitted from the 
fissioning system before scission takes place. 

Ingredients in the temperature dependent 
Brosa model also might lead to further refinements. 
The parameterization of the deforming nucleus may 
require more than the five parameters which are 
currently used. The addition of some extra 
parameters will allow the nucleus more freedom in 
the choice of shapes and, hence, in the fission 
channel. This may result in a better agreement 
between the experimentally determined outer 
barrier heights and the calculated values. Moreover, 
the fact that only the shell effects of the complete 
fissioning nucleus are computed can possibly 
account for deviations observed in the predicted 
average heavy fragment mass. The inclusion of shell 
effects in the fragments may turn out to be indispen-
sable for an even more reliable prediction of this 
quantity. Another refinement may originate from 
the inclusion of the collective enhancement in the 
calculation of the transmission through the different 
outer barriers in order to determine the relative 
weights of the fission modes. For this purpose a 
calculation of the moments of inertia at each of the 
saddle points will be necessary. In this work the 
ground state level density is used in combination 
with temperature dependent barriers disregarding 
the change in collective effects between the ground 
state and the various outer saddles. 

Improvements are also achievable in the 
description of the multi-chance fission process. This 
may be connected either to the replacement of the 
Bohr–Wheeler approach for a single humped 
barrier, as used in ALICE-91, by a more sophisti-
cated treatment, or to a better understanding of the 
other reaction channels which indirectly influence 
the fission outcomes through their competition with 
the fission process.

The research work presented in this section 
merely forms a start in the process of acquiring a 
deeper understanding of the fission process at inter-
mediate energies. The combination of future 
refinements in the calculations and the appropriate 
additional experiments might in the end provide an 
answer to the still open question about the true 
nature of the observed energy and mass dependent 
transition between asymmetric and symmetric 
fission.
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5. NEW MODELS AND SYSTEMATICS: DEFINITIONS AND TESTING

M. Lammer
International Atomic Energy Agency

5.1. OUTPUT AND PRODUCTS

Brief descriptions of the most important 
features of the systematics and models used in the 
benchmark calculations are given in Section 5.1.3 
for a better understanding of the results and 
analyses. Participants have also provided full 
accounts of their work in their individual contribu-
tions to this report, along with more detailed 
descriptions of the benchmark exercise and results. 
All participants contributed to the developments 
achieved during this CRP through fruitful 
discussions at project meetings, constructive 
critiques and the formulation of useful ideas 
towards the solutions of problems.

5.1.1. Data files

A bibliographic database of experimental 
yield data from neutron, photon and light charged 
particle induced fission has been assembled. The 
data are published in this final report, and also as a 
computer file in the Appendix of the CD-ROM, to 
enable direct access to the desired references.

Experimental yield data from neutron and 
light charged particle induced fission have been 
collected and compiled in different data files. All of 
these fission yield data have been converted to the 
well known EXFOR format and have been incorpo-
rated into the EXFOR database [5.1]. The attached 
CD-ROM also includes these experimental data to 
allow rapid computer searches.

Sets of reference fission yields have been 
assembled through an evaluation effort. These 
fission yields have been derived with higher 
accuracy than those recommended for complete 
yield sets in evaluated data files through careful 
evaluation of individual reference fission products. 
Full use was also made of correlations and 
covariance information by means of careful analysis 
and adjustment of the experimental data and 
assessment of uncertainties. No final overall 
adjustment has been applied to these fission yield 
data, as is normally done for complete yield sets to 
comply with physical constraints, a procedure that 

reduces the overall uncertainty of complete yield 
sets but increases the uncertainty of individual 
yields. Reference fission yield sets are presented as 
two individual sections in this report. Section 3.2 
contains the data for U235T, U235F and U235H, 
and for U238F and U238H, while Section 3.3 is 
devoted to the spontaneous fission of 252Cf.

5.1.2. Dedicated studies

Several of these studies have been performed 
by more than one participant, and the individual 
results are presented in the various contributions to 
this final report.

5.1.2.1. Measurements

Measurements (initiated by Duijvestijn, 
Ethvignot, Goverdovski and Zhdanov) have been 
performed to support the investigations of the CRP. 
The results have been used for the development of 
systematics, derivation of model parameters, and to 
check the validity of the fission yield predictions.

5.1.2.2. Differences between neutron induced 
and other fission reactions

Studies have been performed to determine the 
validity of using both neutron and non-neutron 
induced fission yields in systematics, with the 
following results:

(a) General conclusions drawn from model 
analyses of fission yields with different 
projectiles are also valid for neutron induced 
fission;

(b) Trends observed in systematic studies of yield 
distributions for non-neutron induced fission 
are also valid for neutron induced fission. 

However, not all functional dependences, values for 
model parameters and numerical results can be 
used (e.g. transfer of angular momentum; see 
Section 5.1.3.4).
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5.1.2.3. Multi-chance fission contributions

Maslov has performed a theoretical study of 
the fission mechanisms and the emissive fission 
contributions to the total fission cross-section in 
order to obtain the contributions of the fissioning 
nuclides to the total fission yield distributions. 
Fission cross-sections for neutron and proton 
induced reactions have been analysed and 
compared with different model calculations to 
obtain the best descriptions (Section 3.1). The 
statistical model was found to be the most adequate 
for this purpose. Also, the emissive fission contri-
bution to the observed fission cross-section is 
dependent on target fissility and fission probability 
for high excitation energies. A method of parti-
tioning the observed neutron induced fission cross-
section into emissive and non-emissive fission has 
been validated for all neutron energies up to 
200 MeV on Th, U, Np and Pu target nuclides. 
Emissive fission contributions (also for symmetric 
and asymmetric fission separately) have been 
calculated for several target nuclides.

5.1.2.4. Systematics derived from experimental data

The systematic behaviour of the energy 
dependence of the experimental fission yields has 
been studied for several fissioning nuclides: 

(a) Global systematics of the dependences of 
fission product mass distributions on fissioning 
nuclide and excitation energy have been 
derived from experimental data for neutron, 
photon and charged particle induced fission; 

(b) Experimental data are insufficient to derive 
global systematics for fission product charge 
distributions, and theoretical models do not 
provide adequate descriptions — therefore 
the empirical Zp model as developed from low 
energy fission data was used, and parameter 
values were determined by the least squares 
method from fractional independent and 
cumulative yield values derived from the few 
available experimental data. 

5.1.2.5. Phenomenological models 
for the fission yield distributions 
derived from experimental data

Two new phenomenological models have been 
developed for the analysis of experimental yield 
distributions from neutron, proton and alpha 

particle induced fission (see Sections 5.1.3.4 and 
5.1.3.5). Detailed studies of the dependences of 
model parameters on target nuclide, projectile and 
incident particle energy have revealed regularities 
in their behaviour that can be used for systematics. 
Thus the models and computer programs have been 
successfully adapted during the course of the CRP to 
allow predictive calculations of mass distributions.

5.1.2.6. Theoretical prediction of fission yields 
at intermediate incident particle energies

A new theoretical approach has been developed 
to predict fission yields at intermediate energies and 
solve the problems of emissive fission, as well as the 
changing fission characteristics with excitation energy 
(Section 5.1.3.6). This approach is based on a newly 
developed version of the Brosa model for the 
calculation of fission yield distributions [5.2], coupled 
to a nuclear reaction code for the calculation of fission 
cross-sections and emissive fission contributions.

5.1.2.7. Progress towards computer programs 
for evaluations

Models and systematics have been developed 
that can in principle be used for an evaluation of 
energy dependent fission yields. However, the 
results of the benchmark exercise are not conclusive 
enough to recommend one analytical method at the 
present time, and the same is true for the computer 
programs. CYF (Section 5.1.3.3) and PYF (Section 
5.1.3.5; also available on the Internet [5.3]) are 
designed to be user friendly.

5.1.3. Models and systematics 

5.1.3.1. Fission yield systematics and 
covariance study of  238U (Liu Tingjin)

The work of Liu Tingjin was restricted to 238U 
fission yields, and no attempt was made to derive 
parameters for global systematics in order to predict 
fission yields for other fissioning nuclides. Mass 
distribution data from only one experiment (Zöller 
[5.4] over the energy range from 2 to 200 MeV) 
were used, adjusted for mass resolution and fitted 
with five (or three at higher energies) Gaussian 
functions. Gaussian parameters and their energy 
dependence were obtained from a non-linear least 
squares fit over the whole energy range, and uncer-
tainties and correlations in the systematics were also 
studied. Liu adjusted for mass resolution, and 
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therefore his benchmark calculations do not agree 
in the intercomparison with the unadjusted 
experimental data, nor with the other calculations.

5.1.3.2. Five Gaussian systematics for fission 
product mass yields (J. Katakura)

Prior to the CRP, Moriyama–Ohnishi 
systematics [5.5] was used in Japan to calculate 
fission yields. However, as originally formulated, 
this approach failed to reproduce more recent 
measurements, especially for high energy neutron 
and proton induced fission. Using the basic 
structure of the systematics, the parameters were 
adapted to more recent data.

Mass distributions are described by five 
Gaussians in the newly developed systematics. 
Heavy asymmetric components are assumed to be 
related to the light components by reflection about 
a symmetry axis chosen as (AF – (v–))/2, where AF is 
the mass of the target plus projectile system, and v– is 
the average number of post-scission neutron 
emissions This relationship reduces the number of 
independent Gaussians to three. However, the 
assumption of reflection symmetry is incorrect at 
higher energies (see Section 1.3.4.2).

The five Gaussians were fitted to the experi-
mental data to obtain global systematics, and the 
functional dependences of the parameters on 
fissioning nuclides and incident particle energy were 
derived. An expression developed by Wahl for this 
CRP (see below) was used to determine the energy 
dependent v– values. Only post-neutron emission 
mass distributions were calculated.

5.1.3.3. Systematics of fission product yields 
(A.C. Wahl)

Systematics of fission product yields were 
derived in two successive stages: 

(1) Gaussian functions were fitted by least 
squares methods to experimental data for 
each fission reaction;

(2) Resulting Gaussian parameters were fitted to 
the corresponding values for U-235T by 
equations containing differences between the 
fissioning nuclides and excitation energies. 

Two energy ranges were defined:

(1) Low energy fission of ≤8 MeV;
(2) High energy fission of ≥20 MeV;

and both ranges from 8 to 20 MeV to obtain a 
smooth transition.

Fission yields were assumed to be 
independent of composite nuclei formation. 
Emissive fission was accounted for by determi-
nation of an ‘average loss’ of mass number and 
atomic number from yield calculations, but the 
excitation energy of the composite nucleus had to 
be maintained as a parameter.

Experimental mass distributions were fitted 
with either three (above 20 MeV), five (at low 
energies) or even seven (for some targets at very 
low energies and for spontaneous fission) Gaussian 
functions. As with the systematics of Katakura, 
reflection symmetry in the shape of the distribution 
was assumed and the symmetry point was calculated 
in the same way; only v– was replaced by NT, the 
‘average’ total number of neutrons before and after 
fission, to account for emissive fission. NT was 
derived as a model parameter in the fitting 
procedure. The Gaussian parameters determined 
for each fission reaction were then fitted by mathe-
matical functions of the average charge and mass of 
the fissioning nuclide and the composite nucleus 
excitation energy. These studies also resulted in the 
development of a charge distribution, as outlined 
briefly at the end of Section 5.1.2.4.

Wahl also evaluated the average numbers of 
total neutrons and neutrons emitted by fragments, 
and developed a model and systematics for the 
energy dependence. These data have been used by 
other CRP participants for their systematics. 

5.1.3.4. Phenomenological model for fragment 
mass and charge distribution in actinide 
nuclei fission (Yu.V. Kibkalo et al.)

The phenomenological model of Kibkalo et 
al. was originally developed to study the 
dependence of the fissioning nucleus formation 
cross-section and the fission fragment mass and 
energy distributions on the excitation energy and 
total angular momentum. A detailed analysis of 
the dependence of experimental yield distributions 
on actinide nuclei fission has shown, at the time of 
formation of the angular mass and energy distribu-
tions of fission fragments, that an essential role is 
played by the spectrum of transition states above 
the fission barrier, as characterized by their 
excitation energy and the total angular 
momentum. This work was conducted because 
only a few studies were devoted to the influence of 
the total angular momentum on fission fragment 
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distributions. Some results of these investigations 
are summarized below.

The angular momentum transferred by the 
projectile and hence the total angular momentum of 
the fissioning nucleus increase with the mass of the 
projectile. Thus the characteristics of a compound 
nucleus are not independent of formation, even for 
the same excitation energy. There is a critical value 
for the angular momentum of some projectiles, 
below which compound nucleus formation occurs. 
However, fission can take place without compound 
nucleus formation if the projectile transfers 
sufficient energy. Thus the parameters of fragment 
distributions at particular excitation energies can be 
correctly extracted from experimental data only if 
the reaction mechanism leading to the formation of 
a fissioning nucleus is known. It is not sufficient to 
consider only the system projectile plus target 
nucleus and ignore the details of the formation 
process.

There is another critical value of the angular 
momentum for each type of projectile, above which 
the asymmetric fission channel ST-1 is converted 
into the super long symmetric channel over the 
whole excitation energy range. This change, as well 
as the complete disappearance of asymmetric 
fission due to the disappearance of shell effects, has 
solely been ascribed to the increasing excitation 
energy.

The Brosa model [5.2] was used for the param-
eterization of total and partial mass distributions in 
certain studies, and the dependence of the model 
parameters on the excitation energy was deduced. 
However, the functional dependence of all 
parameters on the total angular momentum could 
not be derived. Only parameter values below and 
above critical values of the angular momentum have 
been determined for different target–projectile 
combinations. Up to about 30 MeV, mass distribu-
tions can be satisfactorily fitted with four Gaussians, 
corresponding to two each for ST-1 and ST-2 with 
identical shapes.

5.1.3.5. Modal approach to the description of 
fragment mass yields (S.V. Zhdanov et al.)

The aim of this work was to obtain quanti-
tative information on the dependences of the basic 
characteristics of the distinct fission modes 
(fragment mass, charge and energy distributions, 
their average values and variances, etc.) as a 
function of the nuclear composition and the 
excitation energy of the fissioning nucleus. A new 

method of multi-component analysis free from any 
assumption about the shapes of mass distributions 
of distinct fission modes was developed in order to 
deconvolute experimental mass and energy distri-
bution into mass and energy distributions for 
distinct fission modes.

Experimental mass and energy distributions 
are expressed as sums of the contributions of 
individual fission modes for multi-modal analysis. 
Two versions of such an approach have been 
proposed:

(1) Experimental mass and energy distributions 
are described as the sum of the mass and 
energy distributions for each mode — but a 
drawback to this analysis is that the mathe-
matical expressions for the modal contribu-
tions do not take into account the 
experimental uncertainties, and this omission 
can lead to undesired dependences of the 
results on the accuracy of the measurements;

(2) Minimization of the differences between the 
experimental mass and energy distributions 
and their descriptions in terms of modal 
contributions in an iterative process — experi-
mental uncertainties are taken into account.

The two methods give practically the same 
results when analysing data with sufficient statistical 
accuracy, but method (2) is less sensitive to experi-
mental uncertainties and judged to be more 
appropriate. 

Results of the analysis include the following 
observations:

(i) An additional mode (Standard 3) had to be 
included in the multi-modal analysis that was 
attributed to spherical shell closures in the 
light fragments around mass 83;

(ii) The shapes of the peaks show low energy tails 
that can be best described by Charlier’s 
distribution (accounting for deviations from 
Gaussian);

(iii) Yield distributions as a function of fragment 
charge exhibit little dependence on the 
isotope of a fissioning nuclide with a given 
charge, but strong dependence on the charge 
of the fissioning nuclide (i.e. yield distribution 
from 238U fission is close to that of 233U, but 
distinctly different to that of 238Np). Thus the 
fragment charge distributions coincide almost 
exactly for fissioning isotopes of the same 
element; this effect is less pronounced for 
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mass distributions and practically undetec-
table for distributions as a function of 
fragment neutron number.

Functional dependences of modal distribution 
parameters on fissioning nuclides and excitation 
energy have been derived that have been used to 
develop systematics for modal yields. The mass 
distributions can be represented by a single 
Gaussian symmetric mode and one asymmetric 
mode described by Charlier’s peak function. These 
findings have been incorporated into the PYF 
computer code [5.3] for the prediction of fission 
yields from Th to Bk target nuclides in reactions 
with protons and neutrons at incident energies of 5 
to 200 MeV.

5.1.3.6. Fission yields from nucleon induced 
reactions at intermediate energies 
(M.C. Duijvestijn and A.J. Koning)

An experiment has been conducted to study 
the 190 MeV proton induced fission of several sub-
actinides and 232Th, and the resulting mass distribu-
tions were fitted with Gaussians. An interesting 
result was obtained for 232Th: the mass distribution 
could not be fitted by a single Gaussian because of 
the asymmetric shape. A probable explanation 
involves the effect of emissive fission, as described 
in Section 1.3.4.2(1): at 190 MeV excitation energy, 
only the symmetric fission mode is present, but is 
superimposed by (a) mixed fission modes from even 
lower mass fissioning nuclei that have lost excitation 
energy, and furthermore (b) lower intensity contri-
butions of predominantly symmetric fission modes 
located at different positions that arise from lower 
mass even neutron deficient isotopes. Attempts to 
decompose the experimental data into a purely 
symmetric and a mixed fission mode at lower 
masses gave a much better fit that supports the 
above explanation, as derived from the Brosa 
model [5.2].

The theoretical approach to the prediction of 
fission yields combines two concepts:

(1) A model to determine the fission cross-section 
for all fissioning systems contributing to a 
specific fission reaction as a function of their 
excitation energies (and therefore accommo-
dating emissive fission);

(2) A model to predict the fission fragment and 
fission product yields for each set of fissioning 
nuclides that also incorporates the variation of 

the fission characteristics with excitation 
energy.

The original multi-modal random neck 
rupture model by Brosa et al. [5.2] has been 
extended in various ways in order to obtain an 
improved description of nucleon induced fission up 
to 200 MeV. Temperature is added to the calculation 
of the potential energy landscape of the nucleus, 
and the melting of the shell effect gives rise to the 
vanishing of asymmetric fission modes (first ST-1 
and then ST-2) with increasing excitation energy. 
Relative contributions of the different fission modes 
are evaluated with Hill–Wheeler penetrability 
through inverted parabolic barriers using ground 
state level densities and temperature dependent 
barrier parameters. Subsequently, the classical 
multi-modal random neck rupture model translates 
the rupture probability as a function of the position 
at the neck of the scissioning nucleus into the pre-
neutron and post-neutron emission mass yield 
curve. Linking this result with the fission cross-
section contributions by all fissioning systems as 
computed by ALICE-91 [5.6], the total pre-neutron 
and post-neutron emission mass yields may be 
determined for any imaginable light particle 
induced fission reaction from 15 up to 200 MeV, and 
competition with all other outgoing channels is 
automatically taken into account. By separating the 
calculation of the fission cross-section from the 
fission fragment properties, the final uncertainty in 
the prediction is a superposition of the uncertainties 
arising from both steps.

ALICE-91 produces sound results only above 
10 MeV because the Bohr–Wheeler model used to 
determine the fission probability forbids tunnelling 
through the fission barrier at low excitation 
energies. This form of tunnelling is allowed in the 
newly developed TALYS code [5.7], which has 
several other improvements over ALICE-91, but 
fails at excitation energies above approximately 30 
MeV.

Conclusions from the intercomparison 
between model predictions and experiments can be 
summarized as follows:

(a) Pre-neutron emission mass yields — 
agreement is satisfactory and good for 238U at 
energies as high as 200 MeV, which implies 
that the temperature dependent liquid drop 
model does not break down above 2 MeV 
(corresponding to an excitation energy of 
about 100 MeV, where only the liquid drop 
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fission barrier remains). Only in the fission of 
226Ra and 232Th does asymmetric fission persist 
in predictions up to higher energies than 
found in experiments — possibly caused by 
the rather slow disappearance of the 
asymmetric fission with increasing excitation 
energy or from a lack of symmetric fission 
contributions from  neutron deficient nuclides.

(b) Post-neutron emission mass yields — 
generally too narrow, with the heavy wing 
underestimated by an order of magnitude that 
may be related to an overestimation of the 
post-scission neutron multiplicity. The model 
neglects the neutron evaporation between 
saddle and scission points, which leaves too 
much excitation energy within the fission 
fragments. Consequently, the heavier 
fragment, which receives a larger portion of 
the excitation energy of the fissioning system, 
evaporates more neutrons than the light 
fragment, reducing the width of the final mass 
distribution. However, there is evidence from 
a comparison with experiments that the pre-
scission neutron multiplicity is not completely 
incorrect and the calculated temperature of 
the fissioning system is not excessively high. A 
more likely explanation is that the fragments 
evaporate too many neutrons because of an 
underestimation of the energy required for 
the emission of particles.

5.1.3.7. Summary of the essential features 
of the new models and systematics

The five systematic approaches are derived 
from fitting functions representing the different 
fission modes to the experimental data. Parameters 
were then fitted by expressions that describe the 
dependences of these parameters on the system 
target plus projectile and excitation energy. One 
model was also explored in which the fission yields 
are calculated from nuclear fission theory to derive 
fission mechanisms and yield distributions.

Liu developed systematics solely for post-
neutron emission yields from neutron induced 238U 
fission by means of a non-linear least squares 
analysis and correlation study of the experimental 
data. This systematics approach is based on experi-
mental data adjusted for mass resolution.

Katakura and Wahl have fitted the experi-
mental data for actinide nuclei with 3 to 7 
Gaussians. They used neutron and proton induced 

fission reactions, assuming reflection symmetry in 
the shape of the mass distribution around a point of 
symmetry calculated from the compound nucleus 
mass minus the average total number of emitted 
post (Katakura) or pre + post (Wahl) scission 
neutrons. Katakura can only predict post-neutron 
emission mass distributions. Wahl has not included 
the extensive measurements of Zöller [5.4], and this 
omission may be responsible for the discrepancies 
of his predictions compared with others at higher 
energies (50–160 MeV).

Kibkalo’s phenomenological model was 
originally designed to study mass distribution 
dependences on transferred angular momentum for 
different projectiles, and was later adapted for 
predictions of fission yields. The systematics are 
similar to Katakura and Wahl, but without the prior 
calculation of a point of mass symmetry in the mass 
distribution.

The approach of Zhdanov et al. differs from 
others in several respects: 

(a) Experimental mass and energy distributions 
of fragments are analysed;

(b) Expressions for the different fission modes do 
not include assumptions concerning the 
shapes of the distributions; 

(c) Parameter values for the systematics were 
derived by minimizing the differences 
between experimental and calculated mass 
distributions; 

(d) Charlier’s peak functions were used in the 
systematics to describe the shapes of the 
asymmetric components.

Duijvestijn’s predictions are based entirely on 
theoretical models for the fission mechanisms and 
yield distributions. The fission cross-sections and 
emissive fission contributions are calculated by 
means of a modelling code to obtain the contribu-
tions from different fissioning systems. A revised 
version of the Brosa model [5.2] includes the 
temperature dependence in the potential energy 
landscape of the nucleus to derive the probabilities 
for different fission modes. This approach is coupled 
with a model for the neck rupture to obtain the 
mass and charge split for calculating the fission 
fragment and product mass and charge distribu-
tions. ALICE-91 [5.6], as well as the newly 
developed TALYS code [5.7], were used in the 
benchmark exercise.
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5.2. BENCHMARK EXERCISE

5.2.1. Benchmark exercise — general remarks

Only a brief summary of the benchmark 
exercise and calculation results are presented in this 
section. A more detailed description, together with 
figures and tables, is given in Section 6, which is 
devoted to the benchmark exercise. All calculations 
and intercomparison plots can be found in the 
Appendix on the CD. This summary is followed by a 
discussion of the analysis, which forms the basis for 
the conclusions and recommendations of the CRP. 
Since models are also used in systematics (for 
descriptions of mass distributions), the term ‘model’ 
is used generally to simplify the discussion.

The models developed during the course of 
the CRP are described in the relevant sections 
contained in this report. Comparisons were also 
made between the calculated and experimental 
yield distributions, and satisfactory agreement was 
found. However, these comparisons were only 
undertaken for selected targets and excitation 
energies, often in the lower energy range where the 
problem of emissive fission is negligible or small. 
The real predicting capability of the models and 
their accuracy were tested by conducting a 
benchmark exercise in which calculations were 
performed with all models for selected sets of 
fissioning systems (combination of target, projectile 
and excitation energy). An intercomparison and 
analysis of the results should help shed some light 
on possible sources of error in the models, and on 
the validity and quantitative influence of the various 
assumptions, simplifications and parameterizations. 
The benchmark exercise was designed to serve two 
purposes:

(1) To help reveal errors and/or wrong 
assumptions of any kind in the models;

(2) To give some kind of quantitative information 
about the accuracy of the model predictions 
that can be presented as recommendations to 
potential users.

The benchmark exercise was subdivided into 
two parts:

Part A: an intercomparison with the extensive 
experimental data for neutron induced 238U fission; 
some other fissioning systems were also chosen for 
comparison.

Part B: predictions for fissioning systems with no 
experimental data that avoids an improved quality 
of predictions and/or good agreement between 
calculations arising from model parameters 
deduced from fits to experimental data; ‘true’ 
predictive capabilities should be revealed as a 
consequence of the choice of model parameters.

Pre- and post-neutron emission mass distributions 
should be calculated for all fissioning systems.

Several of the model calculations were only 
performed for selected sets of fissioning systems:

Liu: Only part A: for 238U + n, and post-
neutron emission only;

Kibkalo: Only part A: for 238U + n (pre- and 
post-neutron emission) only;

Katakura: Parts A and B: for neutron induced 
fission, post-neutron emission (all 
targets) only;

Zhdanov: Parts A and B: from 5.5 MeV upwards 
(all targets and projectiles);

Wahl: Parts A and B: all fissioning systems;
Duijvestijn: Parts A and B: all fissioning systems:

ALICE-91: 8–160 MeV;
TALYS: 1–28 MeV (loses validity 
above about 30 MeV);
ALICE-91 and TALYS are coupled to 
the modified Brosa model [5.2].

When discussing the applicability of model 
predictions for applied purposes, we consider 
discrepancies in terms of absolute fission yields (% 
per fission) as relevant, and use them throughout 
the analysis of the intercomparisons. With this 
understanding, large discrepancies in the low yield 
ranges of the mass distribution become unimportant 
for applications, although they may be important in 
finding the reasons for the discrepancies within the 
models themselves.

5.2.2. Summary of results and intercomparisons

We have restricted the analysis of part A to 
neutron induced fission of 238U because this 
particular intercomparison covers by far the widest 
range of incident particle energy values. This system 
allows a more meaningful analysis of the character-
istic features of model predictions with varying 
excitation energy. The intercomparison with the 
other fissioning systems does not give any 
additional insight, but is of theoretical interest to 
the authors of the models.
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5.2.2.1. Pre- and post-neutron emission results

Calculations were performed for several 
incident neutron energies up to 28 MeV, and then 
for 50, 100 and 160 MeV. The most significant 
overall result of the intercomparison is that up to a 
neutron energy of 28 MeV there is reasonable 
agreement among the calculations (although some 
discrepancies do occur), but above that energy the 
calculated shapes of the mass distributions diverge.

Energies up to 28 MeV:

The largest relative differences between calcu-
lations are in the wing regions of the mass distribu-
tions, where they reach several orders of magnitude 
in the far wings around mass numbers 65–80 and 
160–175. This observation can be explained by 
differences in the widths of the Gaussians used for 
the descriptions of the mass distributions. Fortu-
nately, the yields are too low to have any impact on 
applied calculations, and hence the discrepancies 
are insignificant in terms of absolute yields. The 
same is true for the yields in the valley region, which 
differ up to a factor of two.

Yields in the peak regions that include the 
slopes from the peaks to the wings and the valley 
down to about 1.5–2% absolute yield are significant 
when comparing discrepancies with accuracy 
requirements. The calculated peak heights are 
normally within (tolerable) 1–1.5% absolute yield. 
However, the discrepancies between yields increase 
to 2–2.5% absolute due to differences in the peak 
positions, where the peak maxima of some calcula-
tions coincide with the slopes of other calculations.

Special observations: 

(a) Only the peaks calculated by Wahl and 
Katakura show fine structure up to about 
10 MeV, corresponding to the fission modes 
ST-1 and ST-2. This structure is not visible in 
other calculations due to the use of broader 
Gaussians or only one peak function.

(b) Some models show irregular deviations from 
the smooth trend in peak position and height 
that cannot be explained by the authors. The 
reason for this observation should be explored 
further.

(c) The agreement among calculations is slightly 
better (by about 0.5% absolute yield) for pre- 
than for post-neutron emission yields. This 
observation can be attributed to the additional 

differences introduced by the choice of the 
multiplicity distribution of neutrons emitted 
by fragments.

5.2.2.2. Energy region from 50 to 160 MeV

Best agreement with the experimental data of 
Zöller [5.4] was achieved by Liu and Kibkalo 
(whose systematics are based on these data) and by 
Zhdanov. For the pre-neutron emission case the 
results of Kibkalo (which agree completely with the 
experimental data) and Zhdanov almost coincide.

The symmetric peak within the systematics of 
Wahl rises more rapidly at lower energies than all 
other calculations, and dominates at 100 and 
160 MeV. This behaviour can probably be attributed 
to the parameterization of Wahl’s global system-
atics, which is entirely based on proton induced 
reactions at these energies. Apparently, this 
dominant central peak is only present in the distri-
bution calculated from his global systematics, 
whereas the distribution derived from the original 
least squares analysis (of 238U yields only) has a 
shape much closer to those calculated with the other 
models in the benchmark exercise. This is evident 
from Fig. 4.2.7 in Section 4.2.2, where the results of 
the global systematics and least squares analysis are 
compared for 238U at 100 MeV.

Three distinct peaks visible in the predictions 
of Wahl at 50 MeV and Katakura at 160 MeV (as 
opposed to the flatter distributions calculated by 
others) are probably due to narrower Gaussians (as 
found for the ‘fine structure’). The two peaks 
derived by Liu at 160 MeV are the result of his 
adjustment for incomplete mass resolution.

The pre-neutron emission mass distribution 
calculated by Duijvestijn with ALICE-91 possesses 
a taller heavy mass peak than the light mass peak. 
This difference in height can be explained by the 
effect of multi-chance fission: the position of the 
heavy mass peak remains stable for all fissioning 
nuclides, whereas the light mass peak is broadened 
and flattened. The calculated post-neutron emission 
mass distribution is skewed: the heavy mass peak is 
lower than the light mass peak and completely 
disappears at 160 MeV. This observation is 
attributed by Duijvestijn to incorrectly derived 
multiplicities for the neutrons emitted from the 
fission fragments (too many neutrons emitted, 
particularly by the heavy fragments). Such 
behaviour shows the strong influence of the 
assumed neutron emission distributions on 
predictions, and illustrates the importance of a 
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thorough and detailed analysis of the observed 
discrepancies.

5.2.2.3. Part B benchmark exercise

The results of part B of the benchmark 
exercise have not been analysed in detail because of 
the serious inability to explain the various discrep-
ancies in part A. Explanations for the observed 
discrepancies and inconsistencies can only be given 
after a thorough study of the models themselves and 
different treatments of fission modes, multi-chance 
fission, neutron emission, etc. The results of part B 
of the benchmark are probably valuable for such a 
study, and are included on the CD-ROM. 

Qualitatively, the shapes of the mass distribu-
tions, their changes with excitation energy and the 
discrepancies at higher energies are similar to the 
observations for 238U(n,f). However, the discrep-
ancies are larger below 50 MeV, and increase with 
the mass and charge of the fissioning nucleus. All 
predictions are worse than for 238U, and the models 
cannot be recommended for use in applications or 
evaluations without further analyses and 
improvements.

5.2.3. Discussion 

Systematics are only able to reproduce the 
experimental data on which they are based. Certain 
assumptions are made about the fitted model 
parameters, the correctness of which have to be 
investigated with the aid of a theoretical model. 
This approach is the only way one can study in 
detail certain features of mass distribution curves 
and all associated contributions (e.g. multi-chance 
fission and fission modes) and the reasons for the 
observed discrepancies. However, for predictions 
and detailed analyses that are quantitatively exact, 
models with valid assumptions and parameters are 
required. Unfortunately, the theoretical model 
developed by Duijvestijn is not yet able to 
reproduce the experimental data (that are also not 
particularly reliable). Duijvestijn attributes the 
modelling difficulties to incorrect values for 
particular parameters (e.g. post-scission neutron 
emission) and inappropriate assumptions 
concerning the contributions of the dominant 
fission modes. Despite these problems, the 
theoretical model is able to show the predicted 
trends. Therefore, a qualitative discussion is given 
below in the light of these predictions and is based 
on the intercomparison for the 238U (n,f) reaction.

5.2.3.1. Comparison with experimental data

Overall, the calculations of Wahl and 
Duijvestijn, and at higher energies Katakura, fail to 
reproduce the experimental data. The other models 
are in agreement with the physical measurements 
of the fission fragments, but not with the γ ray 
spectrometric measurements of the fission 
products. The latter are in many cases too 
discrepant to allow conclusions to be made 
concerning the shapes of the peaks. All of the 
physical measurements have not been adjusted for 
mass resolution, which can cause quite significant 
changes in the mass distribution as shown by Liu. 
Altogether, the present comparison exercise has 
not been conclusive in the study of model predic-
tions, and many more exact experiments are 
required at intermediate energies.

5.2.3.2. Symmetric and asymmetric fission modes

The distinction between the two asymmetric 
fission modes ST-1 and ST-2 is only visible in the 
predicted mass distributions of Wahl and Katakura 
in which narrower Gaussians are used. This fine 
structure is ‘washed out’ in the other model 
predictions that use broader peak functions. 
However, the structure predicted by Wahl and 
Katakura does not coincide with the measured 
observations.

The disappearance of the asymmetric fission 
modes with increasing excitation energy goes hand 
in hand with an increase of the symmetric fission 
mode, and is accounted for in all models (although 
the change in the dominating fission mode is 
calculated to occur at different excitation energies). 
Models with narrower peak functions show three 
distinct peaks, while models with broader peak 
functions exhibit broad flat plateaus. The latter is 
supported by the experimental data, which suffer 
from incomplete mass resolution, and the 
attempted adjustment for this effect by Liu resulted 
in two small peaks emerging from the plateau. 
While only the predictions, of Wahl exhibit a 
dominant symmetric peak (at 160 MeV), this 
phenomenon is also expected to occur in other 
model calculations, but at higher energies beyond 
the range of the present study.

5.2.3.3. Influence of multi-chance fission

The previous discussion of fission modes is 
valid only for the fissioning nucleus. While the 
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predicted effects of multi-chance fission have been 
described in Section 1.3.4.2, the impact of this 
phenomenon on the observed shape of the 
composite mass distribution is briefly outlined 
below.

(a) Superposition of preferred fission modes

At 100 MeV, the asymmetric and symmetric 
fission modes are about equal in the observed mass 
distribution. Asymmetric fission is likely to 
dominate below 100 MeV, and expected contribu-
tions from multi-chance fission are probably not 
sufficient to change the shape of the mass distri-
bution significantly. Above 100 MeV, symmetric 
fission starts to dominate, contributions from 
higher-chance fission are more significant, and 
therefore the composite mass distribution is no 
longer symmetric in shape.

(b) Change in peak positions and mass symmetry 
point in asymmetric fission

The expected effect of the contributions from 
lower mass fissioning nuclides — a stable position 
for heavy mass peak, and a broadened and lower 
light mass peak — are only observed in the 
predictions of Duijvestijn with ALICE-91. There 
are several possible reasons:

(1) This possible effect is not included in most 
systematics, and reflection symmetry is 
assumed in the modelling of the mass 
distributions;

(2) As above, the predicted effect is too small 
below 100 MeV to cause a noticeable change 
in the mass distribution;

(3) When the chosen peak functions are too 
broad, any such visible effect at 100 MeV and 
above would be washed out, resulting in a flat 
plateau (even if reflection symmetry in the 
peak functions is not assumed).

At higher excitation energies, when symmetric 
fission becomes significant, the composite 
symmetric mass peak is expected to broaden 
towards lower masses. Similarly, the point of 
symmetry in the mass distribution, defined 
originally as the point where both fragments have 
equal mass (symmetric fission), changes from the 
position of first chance fission towards lower masses 
(broader valleys or symmetric peaks) with 
decreasing mass of the fissioning nucleus. When the 

composite mass distribution is considered, the 
symmetry point becomes the point above and below 
which the sums of the mass yields are equal and 
total 100%. However, this new point of mass 
symmetry is not defined solely by the mass of the 
target, plus projectile, and minus the total number 
of neutrons emitted, as assumed in some 
systematics.

(c) Multiplicity distribution of neutrons emitted 
from fission fragments

The observed multiplicity distribution of 
neutrons emitted from fission fragments is the sum 
of the contributions from different fissioning 
nuclides. Systematics and models have to include 
this effect when calculating the unmeasured 
neutron distributions derived for target nuclei only. 
Since there are hardly any measurements at inter-
mediate energies, the neutron multiplicity distribu-
tions used in these models to calculate fission yields 
are based on crude assumptions.

5.2.3.4. Consequences for model predictions 
at higher energies

The following considerations have to be taken 
into account in systematics when modelling fission 
product mass distributions at higher energies:

(a) Mass distributions are not symmetric in shape;
(b) Light and heavy mass peaks cannot be 

described by peak functions that are identical 
in shape;

(c) Peak heights and widths are not equal — the 
shapes, particularly that of the light mass peak, 
cannot be described by symmetric functions 
like single Gaussians;

(d) When the asymmetric and symmetric fission 
contributions are both significant, the distri-
bution could be broad and flat;

(e) At still higher energies, symmetric fission 
dominates, and the mass distribution should 
broaden and not have the shape of a single 
Gaussian;

(f) Mass distributions cannot be described by 
single Gaussians with identical parameters for 
each fission mode, but either by a superposition 
of Gaussians accounting for multi-chance 
fission or by using ‘effective’ peak functions 
that describe the actual peak shapes;

(g) If necessary, an effective point of symmetry 
has to be calculated from an effective mass of 
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the fissioning nucleus and the number of 
neutrons emitted by fragments at symmetry;

(h) The multiplicity distribution of neutrons 
emitted from fragments is crucial for the 
correct calculation of pre- and post-neutron 
emission mass distributions — this quantity 
should be carefully investigated and 
evaluated, and more measurements are 
needed to derive more reliable systematics;

(i) Assumptions made about neutron distribu-
tions in calculations could be checked against 
measured pre- and post-neutron emission 
mass distributions and adjusted accordingly.

If the effects of multi-chance fission are part of 
the calculations (purely theoretical approaches), the 
following parameters need to be chosen with care:

(1) Parameters and penetrability of the fission 
barrier;

(2) Contributions of multi-chance fission 
components as functions of incident energies;

(3) Energies at which the asymmetric fission 
modes disappear;

(4) Preferred fission modes of different fissioning 
nuclides as a function of excitation energy;

(5) The number of neutrons emitted before and 
after scission, but also between saddle and 
scission;

(6) Neutron multiplicity distributions from 
fragments.

5.2.3.5. Remarks on systematics 
and theoretical models

Our present knowledge of the expected 
impacts on the observed mass distribution is insuffi-
cient to predict the real shapes. There are neither 
sufficiently reliable experimental data nor confident 
predictions by systematics and theoretical models. 
Hence, we can only say that the assumptions 
associated with shape symmetry and the calculation 
of the point of mass symmetry are incorrect, but we 
cannot tell whether and at what energies the error is 
significant.

At lower energies up to 30 MeV, the 
deviations from Gaussian and shape symmetry are 
probably so small that the uncertainty is negligible 
compared with all other uncertainties. Discrep-
ancies up to 2.5% absolute yield around the peaks 
and in the slopes of the valley are mainly due to 
differences in the positions of peak maxima, the 
peak shapes and the widths of valleys, while the 

peak heights are less discrepant. At still lower 
energies up to 10 MeV, structure in the peaks should 
be visible due to the two fission modes ST-1 and ST-
2, but in several models this effect cannot be 
detected because the peak functions are too broad. 
Furthermore, the experimental results are not 
conclusive because of differences in the observed 
structure. A detailed analysis should clarify the 
shape and position of the structure and the energy 
at which ST-1 starts to become insignificant.

The survey plots of the mass distribution 
parameters between 13 and 20 MeV have revealed 
deviations from the smooth energy dependences for 
some calculations. The nature of these ‘irregular-
ities’ could not really be explained, although they 
may arise from the onset of a new fission chance. 
Further investigations are strongly recommended.

At energies above 30 MeV, the predicted 
shapes are discrepant. At the present time there is 
little indication of what the correct shapes should be 
and which model gives the best predictions. All that 
can be noted is that the calculations of Wahl, 
Katakura and the theoretical model predictions 
seem to be far from reality, even considering the 
probable necessary adjustments to the experimental 
data. The following questions need to be clarified in 
a detailed analysis, particularly for this high energy 
region:

(a) How significant is the expected broadening of 
the peaks?

(b) At what energy does the symmetric peak start 
to become significant and dominate?

(c) Are three peaks visible at a certain energy, or 
does the broadening of the peaks due to 
multi-chance fission result in a broad and flat 
plateau?

5.3. CONCLUSIONS AND 
RECOMMENDATIONS

Accuracy requirements for fission yields in 
waste transmutation studies are ill defined. We 
assume that only fission yields ≥2% are important, 
and should be known to about 25% relative 
accuracy, amounting to roughly 1.5% absolute yield 
uncertainty for peak fission yields of 6–7%. At low 
energies for 238U, where agreement is better, the 
discrepancies among calculations are 2.5% in many 
cases. Clearly for those nuclides included in part B 
of the benchmark exercise the agreement is worse, 
even without detailed analyses. Therefore, the 
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target of 25% relative accuracy for the important 
fission yields has not been met to date. 
Furthermore, since the comparisons of experiments 
are also inconclusive, we are not in a position to 
recommend any of the models or computer 
programs for use in applied calculations.

On the other hand, models for fission yield 
predictions at intermediate energies have been 
developed for the first time, and contributions to 
mass distributions due to different fission modes 
and emissive fission have been calculated. These 
models have the potential to give reliable 
predictions after additional improvements involving 
detailed analyses of their contents and parameters, 
results and reasons for discrepancies. Proposals for 
further developments and improvements should be 
based on more reliable quantitative theoretical 
predictions of the influence of multi-chance fission 
and of the shapes of the mass distribution and 
associated components. The inclusion of higher 
energies above 100 MeV in such studies is equally 
important, as the present limit of 150 MeV has only 
been set as the first step in the evaluation of nuclear 
data for transmutation.

We recommend the following studies to 
achieve the required improvements.
More accurate measurements:

(a) Up to about 20 MeV incident neutron energy 
to investigate the exact structure within the 
peak shape and their disappearance;

(b) Up to about 100 MeV incident neutron energy 
to determine the exact peak positions;

(c) Above about 20 MeV incident neutron energy 
for the accurate determination of the peak 
shapes to reveal possible broadening;

(d) Above about 30 MeV incident neutron energy 
to assist in the study of different methods for 
the determination of the real shape of the 
mass distributions;

(e) Systematic measurements for 238U, as well as 
several measurements for other fissioning 
nuclides.

Adjustment for mass resolution:

An expert familiar with the experimental 
methods used to determine physical fission 
fragment mass and energy distributions should 
study the details of the measurements concerned 
and the proposed data handling methods, with the 
aim of finding a valid and acceptable form of 
subsequent adjustment.

Theoretical models:

Study systematically the important quantities 
listed in Section 5.2.3.4 (e.g. vary the values of 
parameters and investigate the impact on the 
calculated mass distribution; study the effect of 
assumed neutron emission distributions).

Neutron emissions:

(1) Study the number of pre-scission neutrons 
(particularly those neutrons emitted between 
saddle and scission), and multiplicity distribu-
tions of neutrons emitted from fragments;

(2) More measurements are required up to an 
incident neutron energy of 150 MeV;

(3) Detailed and systematic theoretical analysis to 
develop more reliable models (neutron distri-
butions have a significant influence on 
calculated mass distributions);

(4) Systematic measurements for 238U and other 
fissioning nuclides.

Systematics and their models for mass distribution 
shapes:

Current models should be analysed to address the 
following questions.

(i) What are the reasons for the observed 
irregularities?

(ii) Why are there such large differences in the 
predicted shapes of mass distributions?

(iii) Can asymmetric peak shapes be introduced 
for composite peaks, and do they give better 
results?

Improvements will depend on the results of the 
recommended theoretical analysis and further 
experiments. How can theoretically predicted distri-
bution shapes and deviations from symmetric 
Gaussian components be described in terms of peak 
functions? Is the introduction of an effective mass 
for the fissioning nucleus or an effective point of 
mass symmetry sufficient?

Ancillary comments:

— Measurements recommended by CRP partici-
pants should be published in order to reach a 
wide audience;

— Detailed analysis of the present models and 
systematics and of the benchmark calculations 
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should be undertaken — such a study should 
be performed in close contact with the authors 
of the models and will impact significantly on 
efforts to improve systematics and theoretical 
models;

— Analyses should include a detailed assessment 
of the problem of the need to adjust the 
experimental data for mass resolution. 
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6. BENCHMARK EXERCISE

M. Lammer
International Atomic Energy Agency

The motivation to conduct this benchmark 
exercise, a summary of the results, and a 
discussion of and conclusions from the intercom-
parison are given in Section 5.2. This section 
contains further details of the results of the calcu-
lations and intercomparisons, illustrated by tables 
and figures, but avoiding repetition of Section 5.2 
as far as possible.

6.1. CHOICE OF FISSIONING SYSTEMS

Part A: Only fissioning systems (combination of 
target, projectile and incident energy) were selected 
for which measurements exist. The most extensive 
set of data was available for neutron induced 238U 
fission; some other fissioning systems were also 
chosen for comparison.

Part B: Predictions for fissioning systems with no 
experimental data. 

The fissioning systems included in the benchmark 
exercise were as follows:

Part A: 233U, 237Np, 245Cm + thermal neutrons 

233U + n at 1 MeV 

238U + n at 1.6–2.0, 5.5, 8, 10–11, 13, 14–15, 
21, 27–28, 50, 100, 160 MeV 

238U + p at 20, 60 MeV 

237Np + n at 5.0, 5.5, 16.5 MeV 

239Pu + n at 0.17, 7.9, 14.5 MeV 

242Pu + n at 15.1 MeV.

Part B: 237Np, 241Am, 244Cm + n at 13, 27–28, 50, 
100, 160 MeV.

Pre- and post-neutron emission mass distributions 
should be calculated for all fissioning systems.

Several of the model calculations were only 
performed for selected sets of fissioning systems:

Liu: Only part A: for 238U + n, and post-
neutron emission only;

Kibkalo: Only part A: for 238U + n (pre- and post-
neutron emission) only;

Katakura: Parts A and B: for neutron induced 
fission, post-neutron emission (all 
targets) only;

Zhdanov: Parts A and B: from 5.5 MeV upwards 
(all targets and projectiles);

Wahl: Parts A and B: all fissioning systems;
Duijvestijn:Parts A and B: all fissioning systems:

ALICE-91: 8–160 MeV;
TALYS: 1–28 MeV (loses validity above 
about 30 MeV);
ALICE-91 and TALYS are coupled to 
the modified Brosa model [6.1].

6.2. PART A BENCHMARK EXERCISE

6.2.1. General remarks

6.2.1.1. Adjustment for mass resolution

Liu evaluated all experimental 238U, 239Pu and 
242Pu fission yields included in part A of the 
benchmark exercise. Results from physical 
measurements were adjusted for mass resolution 
(see Section 6.2.3), using the method proposed by 
Schmitt et al. [6.2]. These modifications were 
discussed at a Research Coordination Meeting and 
rejected as there were believed to be too many 
uncertainties associated with incomplete mass 
resolution and any proposed adjustments. The 
applicability of the adjustment procedure to other 
measurements was also called into doubt. Although 
the need for adjustments for incomplete mass 
resolution was recognized, the conclusion of the 
CRP participants was that the published unadjusted 
data should be used in the intercomparison. All 
model parameters except those of Liu were derived 
from unadjusted data, and Zöller [6.3] has not given 
an adjustment function for his fission yield data 
(which are the basis of the comparisons with experi-
ments). The experimental details should be 
thoroughly studied by an expert familiar with the 
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experimental method in order to derive an 
appropriate and valid adjustment procedure.

6.2.1.2. Presentation of the analyses

Intercomparison plots for part A of the 
benchmark exercise were prepared for 238U + n, 
238U + p, 239Pu + n and 242Pu + n, including mass 
distributions and various ratios. For reasons given in 
Section 5 we present here only the intercomparison 
for 238U + n. Figures comparing measured and 
calculated mass distributions provide the best 
picture of differences in terms of absolute yields, 
and they are presented for energy values at which 
the shapes of the mass distributions and/or the 
agreement among data change significantly. Some 
parameters of the mass distributions are tabulated 
and plotted as a function of the incident neutron 
energy.

6.2.2. Post-neutron emission 

There are more experimental data and more 
calculated results for post-neutron emission than for 
the pre-neutron emission yields. A survey of 
measured and calculated asymmetric mass peak 
positions and heights, valley heights at symmetry 
and peak to valley ratios as a function of incident 
neutron energy is presented in Table 6.2.1 and 
Figs 6.2.1–6.2.4. Intercomparisons of actual mass 
distributions are plotted in Figs 6.2.5–6.2.11 for 
En = 1.5, 8, 14–15, 27–28, 50, 100 and 160 MeV. A 
more detailed discussion of the intercomparison is 
restricted to energies up to 28 (sometimes 50) MeV 
because above that value the shapes of the mass 
distributions are too divergent (e.g. the same plot 
shows distributions that contain 1, 2 or 3 peaks or 
are broad and flat, so that terms like asymmetric 
peak or valley lose their meaning). The energy 
range 50–160 MeV is discussed in a separate 
analysis.

6.2.2.1. Experimental data

The experimental data can be subdivided into 
two groups:

(1) Yields determined either by g ray 
spectroscopy of unseparated fission 
products, or by b-g spectrometry of 
individual fission products after chemical 
separation, En = 1.5, 5.5, 8.1 + 8.3, 11.3, 14.4 
+ 14.9 and 22 MeV;

(2) Directly recorded mass distributions of Zöller 
[6.3] at 13, 20, 27–28, 50, 100 and 160 MeV.

Yields determined by method (1) exhibit large 
fluctuations and fine structure in the peak regions, 
not all of which are necessarily real and reproduced 
by model calculations. Furthermore, the experi-
mental peak maxima are always closer to symmetry 
than the calculated profiles, and lead to narrower 
valleys. However, low yield products in the valley 
and wing regions are generally not included in these 
measurements because the intensities of the emitted 
radiations are too low.

Mass distributions from Zöller [6.3] are much 
smoother because of the poor and unadjusted mass 
and energy resolutions. For example, at an energy 
quoted to be 27.5 MeV, the actual energy range is 
22–33 MeV and the given fragment mass number 
covers 3 mass units. Similarly, for ‘100 MeV’, the 
energy range is 89–110 MeV and the mass range is 
5 mass units. The better agreement with model 
calculations can be attributed to most of the 
systematics being based on Zöller’s data. At higher 
energies (50–160 MeV) these data favour the results 
of Kibkalo and Zhdanov, and also Liu’s systematic 
calculations without any adjustment for mass 
resolution. Finally, a striking observation is that the 
agreement between the measurements of Zöller 
and the experimental data from method (1) is worse 
than between Zöller and the calculated results.  

6.2.2.2. Model calculations  

(a) Discrepant results

ALICE-91 (8–160 MeV):

The distribution is in most cases narrower, the 
valley higher, and the wings and peaks lower than in 
other calculations. While the heavy mass peak 
becomes lower than the light mass peak with 
increasing neutron energy and disappears 
completely at 160 MeV, the light mass peak starts to 
rise above all others at 50 MeV. The position of the 
light mass peak is consistently two mass units lower 
than all other calculations, whereas there is 
agreement for the position of the heavy mass peak.

TALYS (1.6–28 MeV):         

Similar to ALICE-91, but fails above about 30 MeV. 
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FIG. 6.2.1. Benchmark exercise, part A: 238U post-neutron emission mass distribution, positions of mass peaks versus neutron 
energy.

FIG. 6.2.2. Benchmark exercise, part A: 238U post-neutron emission mass distribution, heights of mass peaks versus neutron 
energy.
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FIG. 6.2.3. Benchmark exercise, part A: 238U post-neutron emission mass distribution survey: heights of valley versus neutron 
energy.

FIG. 6.2.4. Benchmark exercise, part A: 238U post-neutron emission mass distribution survey: peak to valley ratio versus 
neutron energy.
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Wahl uncert. margins

Nagy expt. (1.5 MeV)

Wahl uncert. margins

Nagy expt. (1.5 MeV)

FIG. 6.2.5. Benchmark exercise, part A: 238U at 1.5–2 MeV, post-neutron emission yields.
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Wahl uncert. margins

Wahl uncert. margins

FIG. 6.2.6. Benchmark exercise, part A: 238U at 7.0–8.3 MeV, post-neutron emission yields.
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Wahl uncert. margins

Wahl uncert. margins

FIG. 6.2.7. Benchmark exercise, part A: 238U at 14–15 MeV, post-neutron emission yields.
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Wahl uncert. margins

Wahl uncert. margins

FIG. 6.2.8. Benchmark exercise, part A: 238U at 27–28 MeV, post-neutron emission yields.
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Wahl uncert. margins

Wahl uncert. margins

FIG. 6.2.9. Benchmark exercise, part A: 238U at 50 MeV, post-neutron emission yields.
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Wahl uncert. margins

Wahl uncert. margins

(adj.

(adj.

FIG. 6.2.10. Benchmark exercise, part A: 238U at 100 MeV, post-neutron emission yields.
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(adjusted)

Wahl uncert. margins

(adjusted)

Wahl uncert. margins

FIG. 6.2.11. Benchmark exercise, part A: 238U at 160 MeV, post-neutron emission yields.
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Wahl (1.6–160 MeV): 

Distributions are narrower and the wings are lower 
than most of the other calculations. The valley is 
lower and broader with a small central bump that 
develops into a third symmetric peak at higher 
energies and becomes the only peak at 100 MeV. 
Asymmetric peaks are higher than other calcula-
tions and show ‘fine structure’ (from two Gaussians 
corresponding to ST-1 and ST-2) at lower energies 
(Figs 6.2.5 and 6.2.6) that begins to disappear at 
13 MeV (when calculations of the positions of the 
peaks start to disagree).

(b) Fair or good agreement

Katakura (1.6–160 MeV):

The distribution is broader and has higher wings 
than most of the other calculations. A broader 
valley with a small central bump (similar to the 
calculations of Wahl) develops into a symmetric 
peak at 160 MeV. Both the heights and positions of 
the asymmetric peaks are always within the range of 
other calculations and are of equal height with fine 
structure. This model also produces two pronounced 
peaks at 100 MeV and three small distinct peaks at 
160 MeV, unlike the other calculations.

Kibkalo (2–160 MeV):

The calculated mass distribution is generally 
within the range of other results at most energies; 
only at a few energy points is the valley higher and 
narrower, the wings higher, and the peaks lower 
and closer together than in other studies. At 100 
and 160 MeV incident neutron energy the distri-
bution was found to be broad and flat. Special 
features included the observation that the heavy 
mass peak was always slightly lower than the light 
peak, and that the positions of the mass peaks drop 
by two mass units at 16 and 20 MeV and fall below 
all others (Table 6.2.1 and Fig. 6.2.1).

Liu (2–160 MeV):

The distribution is average at most energies, except 
for the peaks which are higher than other calcula-
tions up to 28 MeV. Small peaks are still found in 
the distributions at 50–160 MeV that arise from the 
adjustment for mass resolution. Furthermore, this 
systematics is the only one based directly on experi-
mental 238U post-neutron emission yields only, 

whereas the results of the other calculations are 
derived from global systematics and/or from pre-
neutron emission yields involving assumptions 
about the neutron emission distributions from 
fission fragments.

Zhdanov (8–160 MeV): 

The shape of the distributions and the peaks are 
within the range of the equivalent observations 
from the other calculations. Up to 28 MeV the 
valley is lower than for other calculations and the 
wings are relatively high. The heavy mass peak is 
always a little higher than the light mass peak, and 
the mass distributions at 100 and 160 MeV are 
broad and flat (similar to Kibkalo systematics).

6.2.2.3. Mass distributions

Shapes:

Overall the shapes are reasonably similar up to 
28 MeV.
1.5–5.5 MeV: most noticeable differences are in the 
slopes on both sides of the peaks;
8–28 MeV: increasingly better agreement — in 
terms of absolute yields, all models are within 2% 
(per fission), and better.
The peak heights decrease and the heights of valley 
and wings increase with excitation energy in all calcu-
lations. This observation is consistent with the 
predicted increase of the symmetric fission contri-
bution, which is represented by a broad Gaussian 
that extends to the wings of the distribution.

Peaks:

With a few exceptions, the peak positions agreed 
within three mass units, and the heights at peak 
maximum are within 1–1.4% absolute yield (in 
some cases ≥1.5% compared to experimental 
yields). These differences increase to 1.5–2.5% 
absolute in the regions on both sides of the maxima, 
particularly when there are larger differences in the 
peak positions and distributions of Wahl show ‘fine 
structure’ (compare Figs 6.2.5, 6.2.6 and 6.2.8 — 
agreement is best for 10–21 MeV). Some models 
show irregular deviations from the smooth trend in 
peak position and height (Table 6.2.1, Figs 6.2.1 and 
6.2.2), the origin of which cannot be explained by 
the authors.

Up to 10 MeV the peaks by Wahl, and to a 
lesser extent by Katakura, show ‘fine structure’ 
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(two Gaussians corresponding to the ST-1 and ST-2 
asymmetric fission modes) that changes into a 
broader feature at 13–15 MeV (ST-1 and ST-2 
contributions are equally prominent) and adopts a 
regular single Gaussian shape above these energies 
(after the disappearance of ST-1). This structure 
arises from the two Gaussians representing the ST-1 
and ST-2 asymmetric fission modes: at low energies 
ST-1 determines the peak maximum, until this mode 
decreases with increasing energy and disappears 
around 20 MeV (single Gaussian representing only 
ST-2), in accordance with the predictions of the 
temperature dependent Brosa model [6.1] (see also 
Section 1.2). The fine structure is not visible in other 
calculations due to their broader Gaussians 
(Duijvestijn and Kibkalo), only one asymmetric 
peak function (Zhdanov), or inconsistencies in the 
experimental data (Liu).

The positions of the light mass peaks as 
determined by ALICE-91 and TALYS are consist-
ently 2 or 3 mass units lower than all other calcula-
tions, whereas there is agreement over the position 
of the heavy mass peak. Since this is not the case for 
the pre-neutron emission yields the reason for this 
observation was attributed to the estimated multi-
plicity distribution of the neutrons emitted by the 
fission fragments (probably incorrect).

Valleys:

The calculated valleys are very narrow at low ener-
gies (1.5–5.5 MeV), except those of Wahl and 
Katakura that are broad with a ‘bump’ at the point 
of symmetry (Fig. 6.2.5). These differences vanish 
gradually with increasing excitation energy. Differ-
ences in the heights of the valley bottoms are within 
1% absolute yield at all energies, although the rela-
tive yields are discrepant, particularly at low ener-
gies (up to a factor of 10). Larger differences are 
observed within the slopes of the peaks down 
towards the valley.

Wings:

Fission yields at the wings further away from the 
peaks are very low and therefore insignificant for 
applied purposes, although the data are very 
discrepant (up to a factor of 1010 around masses 60 
and 180). The differences are probably due to the 
widths of the symmetric mass peaks in the models. 
Since there are hardly any experimental data 
beyond mass 150 it is difficult to draw a conclusion 
as to which model gives the best representation. The 

most striking observation is that the theoretical 
predictions of Duijvestijn are well below all other 
data, including the experimental results.

6.2.2.4. Energy region from 50 to 160 MeV

There are considerable differences in the 
shapes of the mass distributions, as shown in 
Figs 6.2.9–6.2.11. Best agreement with the experi-
mental data of Zöller [6.3] was achieved by Liu and 
Kibkalo (whose systematics are based on these 
data) and by Zhdanov.

The symmetric peak within the systematics of 
Wahl rises more rapidly at lower energies than all 
other calculations, and dominates at 100 and 
160 MeV. This behaviour can probably be attributed 
to the parameterization of Wahl’s global system-
atics, which is entirely based on proton induced 
reactions in this energy range. Apparently, this 
dominant central peak is only present in the distri-
bution calculated from his global systematics, 
whereas the distribution derived from the original 
least squares analysis (of 238U yields only) has a 
shape much closer to those calculated with the other 
models in the benchmark exercise. This is evident 
from Fig. 4.2.7 (Wahl), where the results of the 
global systematics and of the least squares analysis 
are compared for 238U at 100 MeV.

Three distinct peaks visible in the predictions 
of Wahl at 50 MeV and Katakura at 160 MeV (as 
opposed to the flatter distributions calculated by 
others) are probably (like the ‘fine structure’) due 
to narrower Gaussians. The two peaks derived by 
Liu at 160 MeV are the result of his adjustment for 
incomplete mass resolution.

ALICE-91 calculates a skewed distribution 
that is attributed by Duijvestijn to incorrectly 
derived multiplicities for the neutrons emitted from 
the fission fragments (too many neutrons emitted, 
particularly by the heavy fragments), because such 
skewness is absent in the pre-neutron emission mass 
distribution (Fig. 6.2.19). This behaviour shows the 
strong influence of the assumed neutron emission 
distributions on predictions, and illustrates the 
importance of a thorough and detailed analysis of 
the observed discrepancies.

6.2.3. Pre-neutron emission mass distributions         

The survey of mass distribution parameters can 
be found in Table 6.2.2 and Figs 6.2.12–6.2.15. 
Comparisons of mass distributions are only plotted for 
14–16, 27–28, 100 and 160 MeV in Figs 6.2.16–6.2.19, 
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as most features are very similar to the post-
neutron emission mass distributions. Comparisons 
between pre- and post-neutron emission mass 
distributions are made in terms of the ‘pre-case’ 
and ‘post-case’ in the following discussion, and the 
energy range 50–160 MeV is again treated 
separately. Experimental data are only available 
from measurements by Zöller [6.3] and Vivès et al. 
[6.4].

6.2.3.1. Model calculation results 

ALICE-91 (8–160 MeV) and TALYS (1.6–28 MeV)

Statements made for the post-case are also valid for 
the pre-case, but the agreement with other calcula-
tions is better. The peaks are equally high except at 
160 MeV, where the slightly higher heavy mass peak 
is attributed to the influence of emissive fission. The 
asymmetric peaks are further apart than in all other 
models (except for the systematics of Wahl above 
11 MeV). 

Wahl (1.6–160 MeV)

The description and overall agreement is similar to 
the post-case. Coincident with the disappearance of 
the fine structure from 13 MeV upwards, the peak 
maxima are further apart than in all other calcula-
tions. Only in these predictions are the shapes and 
peak heights the same as in the post-case, where the 
whole distribution has shifted to lower masses 
compared with the pre-case.

Kibkalo (2–160 MeV)

Similar to the post-case, including the discontinuity 
around 16.5 MeV. The equally high peaks are lower 
than in the post-case, but agree better with other 
models, while the peak positions fall within the 
range of the other calculations.  

Zhdanov (8–160 MeV)

All the comments made with respect to the post-
case apply to the pre-case (most data are within the 
range of other calculations). The only significant 
difference is that the asymmetric peaks have the 
same height in the pre-case.

6.2.3.2. Mass distributions

Shapes:

The most noticeable differences in the calculated 
distributions are at low energies and involve the 
shapes from the peaks to the valley (>2% absolute 
at 1.6 MeV) and the peak heights. With increasing 
energy, the agreement in this mass range improves 
gradually (generally to within 2% absolute), but 
the peak positions continue to vary. Overall, 
agreement is the same or slightly better than in the 
post-case.

Peaks:

As in the post-case the peak positions for the pre-
case generally fall within three mass units. Up to 
13 MeV, the ALICE-91 and TALYS peak positions 
do not match the other calculations (light mass peak 
is lower and heavy mass peak is higher), and the 
peak positions of Wahl are more discrepant from 
14 MeV onwards. The peak heights are within 1% 
absolute above 8 MeV, and up to 1.5% at 1.6 MeV; 
however, the positions of the maxima do not 
coincide and therefore the differences in fission 
yields around the peak maxima are larger at about 
2.5% for 1.6 MeV, 1.5% for 5.5–8 MeV, and all 
within 1% at higher energies.

Valley and wings:

Pre-case observations are very similar (sometimes 
identical) to the post-case.

Energy dependence:

The pre-case variation of parameters with energy is 
again similar to the post-case, including irregular-
ities in the energy dependence of peak positions and 
heights. This observation indicates that the irregu-
larities are not introduced by the choice of neutron 
emission functions.

6.2.3.3. Energy region from 50 to 160 MeV

Overall, the shapes of the mass distributions 
(and the discrepancies) for the pre-case are almost 
the same as for the post-case. The most striking 
exception is that the ALICE-91 mass distribution is 
not skewed and the peaks are of almost equal 
height.                   
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FIG. 6.2.12. Benchmark exercise, part A: 238U pre-neutron emission mass distribution, positions of mass peaks versus neutron 
energy.

FIG. 6.2.13. Benchmark exercise, part A: 238U pre-neutron emission mass distribution, heights of mass peaks versus neutron 
energy.



FIG. 6.2.14. Benchmark exercise, part A: 238U pre-neutron emission mass distribution survey: heights of valley versus neutron 
energy.

FIG. 6.2.15. Benchmark exercise, part A: 238U pre-neutron emission mass distribution survey: peak to valley ratio versus 
neutron energy.
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Wahl 14.5 MeV

Wahl uncert. margins

ALICE 14.6 MeV

TALYS 14.6 MeV

Kibkalo 14.5 MeV

Zhdanov 14.0 MeV

Zhdanov 15.0 MeV

Kibkalo 16.25 MeV

Zoeller (expt) 16.25 MeV

Wahl 14.5 MeV

Wahl uncert. margins

ALICE 14.6 MeV

TALYS 14.6 MeV

Kibkalo 14.5 MeV

Zhdanov 14.0 MeV

Zhdanov 15.0 MeV

Kibkalo 16.25 MeV

Zoeller (expt) 16.25 MeV

FIG. 6.2.16. Benchmark exercise part A: 238U at 14–16 MeV, pre-neutron emission yields.
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Wahl uncert. margins

Wahl uncert. margins

FIG. 6.2.17. Benchmark exercise, part A: 238U at 27–28 MeV, pre-neutron emission yields.
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Wahl uncert. margins

Wahl uncert. margins

FIG. 6.2.18. Benchmark exercise part A: 238U at 100 MeV, pre-neutron emission yields.
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Wahl uncert. margins

Wahl uncert. margins

FIG. 6.2.19. Benchmark exercise part A: 238U at 160 MeV, pre-neutron emission yields.
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The results of Kibkalo agree completely with 
the experimental data, and the calculations of 
Zhdanov are very close; both sets of calculations 
almost coincide for the pre-case, whereas the mass 
distributions of Zhdanov are always below that of 
Kibkalo in the post-case. ALICE-91 produces a flat 
distribution at 160 MeV that agrees with the other 
calculations, except for a ‘bump’ in the fragment 
mass range of 130–145 that indicates the presence of 
a peak around A = 138.

6.3. PART B BENCHMARK EXERCISE

The results of part B of the benchmark 
exercise have not been analysed in detail because of 
the serious inability to explain the various discrep-
ancies in part A. Explanations for the observed 
discrepancies and inconsistencies can only be given 
after a thorough study of the models themselves and 
the different treatments of fission modes, multi-
chance fission, neutron emission, etc. The results of 
part B of the benchmark are probably valuable for 
such a study and are included on the CD-ROM.

6.4. INFLUENCE OF MULTI-CHANCE 
FISSION

Most of the discussion of the benchmark inter-
comparisons are included in Section 5.2. Here we 
present only some additional details on the effect of 
multi-chance fission as reflected in the benchmark 
calculations.

6.4.1. Superposition of preferred fission modes

The reduction of the mass and excitation 
energy of the fissioning nucleus as compared with 
the composite nucleus could cause a change in the 
preferred fission mode, leading to a superposition of 
fission modes that may become noticeable in the 
mass distributions at higher energies. At 100 MeV 
(Fig. 6.2.10), the asymmetric and symmetric fission 
modes are about equal in the observed mass distri-
bution. Maslov has calculated significant contribu-
tions up to 11th chance fission at this energy (see 
Fig. 3.1.1 of Section 3.1). Asymmetric fission is 
likely to dominate below 100 MeV, and according to 
Maslov’s calculations we can expect significant 
contributions from fissioning nuclides down to 231U 

(9th chance fission) with a possible preference for 
the symmetric fission mode. However, the expected 
contribution is probably not sufficient to change the 
shape of the mass distribution significantly. At 
energies above 100 MeV, symmetric fission starts to 
dominate and the contributions from higher chance 
fission are more significant. The symmetric distri-
bution from lower chance fission is superimposed 
by asymmetric distributions centred at lower 
fragment masses, as observed by Duijvestijn 
(Section 5.1.3.6), and the composite mass 
distribution is no longer symmetric in shape.

6.4.2. Change in peak positions and mass 
symmetry point in asymmetric fission

The observed mass distribution is composed 
of contributions from lower mass isotopes of the 
target nucleus. Consequently, the mass of fission 
fragments from these contributions is also reduced. 
Since the position of the heavy mass peak also 
remains stable for the lower mass isotopes of the 
target nucleus due to shell effects, the position of 
the light mass peak changes to lighter masses and 
the valley becomes broader. Thus the heavy mass 
peak remains more or less unchanged in height and 
position, whereas the light mass peak becomes 
smaller and broader with a slope towards the light 
mass wing. As a consequence, the whole distribution 
should become broader and asymmetric in shape.

The point of symmetry in the mass distri-
bution, defined originally as the point where both 
fragments have equal mass (symmetric fission), 
changes from the position of first chance fission 
towards lower masses (broader valleys), with 
decreasing mass of the fissioning nucleus. When the 
composite mass distribution is considered, the 
symmetry point becomes the point above and below 
which the sums of the mass yields are equal and 
total 100%. However, this new point of mass 
symmetry is not defined solely by the mass of the 
target plus projectile, minus the total number of 
neutrons emitted.

At higher excitation energies, symmetric 
fission becomes significant and the position of the 
composite symmetric peak will also be broadened 
towards lower masses with increasing energy. This 
behaviour should lead to a broad flattened plateau 
instead of a Gaussian shaped peak, particularly in 
those energy regions in which asymmetric fission 
has a noticeable contribution.
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Appendix I

EVALUATION OF THE MASS DISTRIBUTION DATA
FOR 238U, 239PU AND 242PU FISSION

Liu Tingjin
China Institute of Atomic Energy, China

Mass distribution data from the fission of 238U 
at En = 1.5, 5.5, 8.3, 11.3, 14.9, 22.0, 27.5, 50.0, 99.5 
and 160.0 MeV, and at Ep = 20.0 and 60.0 MeV, of 
239Pu at En = 0.17, 7.9 and 14.5 MeV, and of 242Pu at 
En = 15.1 MeV were evaluated and recommended 
on the basis of the experimental data. These data 
were analysed and adjusted where necessary, taking 
into account the essential differences between the 
two experimental methods involved, i.e. the kinetic 
energy method and the radiochemical method. The 
adjusted data have been plotted and tabulated as 
the experimental database for the CRP benchmark 
exercise.

I.1.  INTRODUCTION

Over the past four years, progress has been 
made in the development of calculational methods 
and corresponding computer codes for fission 
product yield data, including microscopic 
theoretical models, phenomenological models and 
systematics for the incident particle energy range 
1–200 MeV. In order to test the prediction 
capability and reliability of these models and 
codes, and to enable realistic uncertainty estimates 
for the calculated yields, a benchmark exercise was 
designed in November 2001. Calculations of fission 
yields will be performed for defined sets of fission 
reactions where many experimental data are 
available, and the results will be compared with 
evaluated experimental yield data from the 
present evaluation, which has been conducted as 
part of the benchmark exercise in order to test the 
models.

The fission yield data were evaluated 
according to the requirement of the benchmark 
exercise defined at the final RCM. In fact they 
comprise all of the main available sets of 
measured mass distribution data for 238U, 239,242Pu 

neutron induced fission in the energy range up to 
200 MeV.

For the mass distribution, the following fission 
yield definitions are relevant, as agreed at the 
previous CRP on the compilation and evaluation of 
fission yield nuclear data: cumulative yield is the 
total number of atoms of a specific nuclide 
produced (directly and via decay of precursors) in 
100 fission reactions; chain yield is the (sum of) 
cumulative yield(s) of the last stable or long lived 
chain member(s); mass (number) yield is the sum of 
all independent yields of a given mass chain. 
‘Independent yield’ is the number of atoms of a 
specific nuclide produced directly — without decay 
of precursors — in 100 fission reactions. The 
difference between chain yield and mass yield for a 
mass chain is that the former is defined after and the 
latter before delayed neutron emission. In measure-
ments of mass distributions by quantification of 
prompt fission fragments, a distinction has to be 
made between pre- and post-neutron emission data 
— in this case prompt neutrons emitted from the 
compound nucleus and moving fragments by 
evaporation of neutrons before and after scission.

Mass distribution data for 238U at En = 1.5, 5.5, 
8.3, 11.3, 14.9, 22.0, 27.5, 50.0, 99.5 and 160.0 MeV, 
Ep = 20.0 and 60.0 MeV, for 239Pu at En = 0.17, 7.9 
and 14.5 MeV, and for 242Pu at En = 15.1 MeV were 
evaluated on the basis of the available experimental 
data.

I.2.  DATA COLLECTION AND SELECTION

The sources of experimental data were CRP 
participants, the EXFOR library and the open 
literature. Valuable data were received from 
members of the CRP that had not yet been 
published or compiled into the EXFOR library, 
including the data of Vivès, Zöller, Äystö and 
Winkelman for 238U and 242Pu. 
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As mentioned above, the mass distribution 
data may be classified as ‘chain yields’, ‘cumulative 
yields’ and ‘fragment mass yields’. At the start of 
the evaluation, all types of yield data, even ‘pre-
neutron emission yields’, were collected for analysis. 
More than 200 sub-entries were retrieved from the 
EXFOR master library. Also, some important data 
not yet compiled into the EXFOR library were 
collected from publications, including the data of 
Liu Conggui and Liu Yonghui (see Section I.3.2.).

The data were selected for evaluation 
according to the following criteria:

(a) As the aim of this work is to produce 
evaluated ‘mass distributions’, measurements 
were primarily selected which cover a greater 
part of the mass distributions. Measurements 
that included smaller numbers of fission 
products were used only in cases where more 
extensive data sets were not available.

(b) According to the yield definitions, only chain 
yield or mass yield data should be used for the 
evaluation of mass distributions. If no such 
data were available, cumulative yields were 
used. In this case, only such cumulative yields 
were considered, where the differences to the 
corresponding chain yields are within the 
experimental uncertainty limits.

(c) More recent data obtained with more reliable 
measurement methods were given higher 
weight. If several data sets are available, older 
data from measurements employing outdated 
methods were not considered.

(d) If not enough experimental data are available, 
some primary yield data (marked ‘PRE, FY’ 
in the EXFOR library) were also considered, 
and their use in the evaluation process was 
decided after an analysis and comparison with 
other data.

I.3.  DATA ANALYSES AND EVALUATION

I.3.1. Measurement types

We distinguish between two types of 
measurements:

Type 1 measurements — prompt fission 
fragments are recorded simultaneously and directly, 
and cover almost the complete range of the mass 
distribution. There is no difference in the systematic 
uncertainty among the measured fragments, the 
main uncertainty being statistical. Due to the 

limited mass resolution, the measured fragment 
mass yield has a Gaussian distribution (with a width 
of several mass units) that extends over several 
‘mass bins’. In other words, each mass bin contains 
contributions from the Gaussians of several 
fragment masses. Measurements of this type are 
numbers (1), (2) and (9), as described below.

Type 2 measurements — radiation emitted by 
fission products (after prompt and generally also 
after delayed neutron emission) is measured 
individually at given times after irradiation of the 
fissioning sample to deduce the fission yields. 
Adjustments for decay in these measurements have 
to be applied for the measured fission products and 
their precursors. Only cumulative yields can be 
considered for type 2 measurements. The significant 
differences compared with type 1 measurements 
are: (1) due to half-life limitations and/or the 
absence of measurable radiation, only a limited part 
of the mass distribution can be measured; (2) there 
is no mass resolution problem; (3) as the fission 
products are measured individually and adjustments 
of varying accuracy are made, the possible 
systematic uncertainties are different in nature and 
magnitude. All other experiments described below 
are of this type.

I.3.2. Experimental data

Information is given below concerning the 
data that fulfil the criteria listed in Section I.2 and 
were selected for the final evaluation. For each data 
set, a brief description of the measurement is given 
in the first paragraph, followed by the treatment of 
the data in the evaluation. 

I.3.2.1. Vivès et al. [I.1]

Measurement type 1: The pre-neutron 
emission fission fragment mass, kinetic energy and 
angular distributions were measured with a double 
Frisch gridded ionization chamber. 238U samples 
were mounted in the centre of the common cathode, 
and information about the fission fragment 
properties was obtained from the anode and the 
sum of the anode and grid signals of the ionization 
chamber. The kinetic energy of the fission 
fragments was obtained from the anode signal, 
whereas the emission angle was provided by the 
sum signal. The mass resolution of the chamber was 
about 2 mass units. Mono-energetic neutrons were 
produced by a van de Graaff accelerator in the 
energy range from 1.2 to 5.8 MeV through different 
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neutron source reactions. The data were adjusted 
for prompt neutron emission to obtain the pre-
neutron emission mass distribution.

The numerical data not given in the 
publication were provided by Duijvestijn [I.2]. The 
pre-neutron emission fragment mass distribution 
data at En = 1.6 and 5.5 MeV were selected for the 
evaluation. Data were renormalized to 200% 
(originally they were normalized to 100%). As the 
authors give no uncertainties, they were assigned 
according to the method used and an estimation was 
made from the figure in the paper (Fig. 9) as: 2% for 
yields  ≥4%, 6% for yields <4% and  ≥1%, and 8% 
for yields <1%. 

I.3.2.2. Zöller [I.3] 

Measurement type 1: The measurements were 
performed with the LANL spallation neutron 
source WNR, fed by 800 MeV protons from the 
LAMPF accelerator. The fragments were identified 
by a double energy measurement using 38 silicon 
PIN diodes assembled to two detector arrays of 
171 cm2 area each. Adjustments were made for 
detector pulse height defect, energy losses in the 
target material and backing, and for linear 
momentum transferred to the compound nucleus. 
Adjustments were also made to take into account 
the average mass losses of both the compound 
nucleus and the fragments by evaporation of 
neutrons prior to and after scission to get pre-
neutron emission mass distributions. The mass 
resolution is 3.5 mass units at 13 MeV neutron 
energy and 4 mass units at 22 MeV. The fragment 
mass and kinetic energy distributions for 238U were 
measured in the energy range from 2.0 to 450 MeV.

This is the same kind of measurement and has 
the same advantage and disadvantage as that of 
Vivès et al. [I.1]. In addition, this measurement was 
performed with a white neutron source (not mono-
energetic neutrons), so the data were averaged over 
given energy bins and weighted with the corre-
sponding neutron spectra in the bins.

The pre- and post-neutron emission fragment 
mass distributions at 13 (11.5–14.5), 20 (18–22), 27.5 
(22–33), 50 (45–55), 99.5 (89–110) and 160 (145–
175) MeV neutron energy were selected. The 
numerical values were provided by Duijvestijn [I.2]. 
The data at 5.0 (4.5–6.5) MeV (taken from Zöller 
[I.3]) were not used in the evaluation but included 
in the comparison of yield data.

I.3.2.3. Nagy et al. [I.4]

Measurement type 2: The chain yields for 
44 mass chains were determined by direct g ray 
spectrometry with a Ge(Li) detector, or by radio-
chemical separation of the fission products followed 
by b counting and/or g ray spectrometry. The data 
were measured absolutely by recording the fission 
rates and normalizing the yield curve to 200%. The 
mono-energy neutrons at 1.5, 2.0, 3.9, 5.5, 6.9 and 
7.7 MeV were produced by means of 7Li(p,n) and 
D(d,n) reactions with the ANL fast neutron 
generator.

The data at neutron energies 1.5 and 5.5 MeV 
were used. The yield of mass number 107 at 
En = 1.5 MeV was discarded because the value is too 
small and not consistent with the others.

I.3.2.4. Chapman [I.5]

Measurement type 2: Cumulative yields from 
235,238U fission at 6.0, 7.1, 8.1 and 9.1 MeV neutron 
energy were determined by the radiochemical 
separation method followed by b counting and g ray 
spectrometry with a Ge(Li) detector. The neutrons 
were produced by the D(d,n) reaction by means of a 
van de Graaff accelerator.

The data at En = 8.1 MeV were selected. As 
cumulative yields were measured, the yields of 
seven fission products, whose difference to the 
corresponding chain yields are larger than the 
experimental uncertainties, were not used. The data 
for mass 137 (believed to be incorrect) and 142 
(uncertainty too large) were also discarded.

I.3.2.5. Li Ze et al. [I.6, I.7] 

Measurement type 2: Over 30 chain yields for 
238U fission were determined by direct g ray 
spectrometry with a HPGe detector, or by radio-
chemical separation of the fission products followed 
by b counting and/or g ray spectrometry. Absolute 
yields were obtained by recording the fission rates. 
The measurements were performed at neutron 
energies of 8.3 [I.6] and 11.3 [I.7] MeV at the CIAE 
cyclotron and tandem accelerator, respectively. 
Adjustments were made for the recorded b or g ray 
spectra and for the difference between the 
measured cumulative yield and corresponding chain 
yield.

Both sets of data were used. The yields of 
5 mass numbers were determined by both methods, 
and a weighted average was taken.
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I.3.2.6. Liu Conggui et al. [I.8]

Measurement type 2: The mass distribution for 
14.9 MeV neutron induced fission of 238U was 
determined by direct g ray spectrometry with a 
Ge(Li) detector. Absolute yields were obtained by 
recording the fission rates with a double ionization 
chamber. 39 chain yields and 1 cumulative yield 
were determined in the mass region A = 84–151. 
Among them, 13 yields were measured relative to 
the yields of 132Te or 140Ba. Fine structure was 
observed in the vicinity of mass number 134.

The data were taken from the paper. 
However, since the yield for 130Sb is cumulative and 
not equal to the corresponding chain yield, this 
particular value was not used in the evaluation.

I.3.2.7. Daroczy et al. [I.9]

Measurement type 2: Cumulative yields for 
14.5 MeV neutron induced fission of 238U (relative 
to 27Al(n,a) and 62Cu(n,2n) reactions) were 
determined by means of direct g ray spectrometry 
with a Ge(Li) detector. Three sets of separately 
measured data are given, and weighted averages 
were taken. To deduce chain yields, the averaged 
data were adjusted using charge distribution data 
and branching ratios for the formation of the 
measured nuclides from b decay of their precursors. 
The resulting chain yield data were used in the 
evaluation.

I.3.2.8. Liu Yonghui et al. [I.10]

Measurement type 2: 32 chain yields were 
determined for 238U fission induced by 22 MeV 
neutrons, which were produced by the T(d,n) 
reaction by means of the CIAE HI-13 tandem accel-
erator. Product activities were determined by direct 
g ray spectrometry with a HPGe detector, and the 
absolute fission rate was monitored with a double-
fission chamber. Yields at this neutron energy were 
measured for the first time.

The data were used, but the yield of mass 
number 128 was discarded because the associated 
uncertainty was too large (checked with the author). 

I.3.2.9. Äystö et al. [I.11]

Measurement type 1: The pre-neutron 
emission fragment mass distribution from 238U 
proton induced fission was measured at Ep = 20.0 
and 60.0 MeV by recording prompt fission 

fragments. The mass resolution for the recording of 
fragments is about 4 mass units. The main 
uncertainty is statistical, although an estimate was 
not given by the author.

The relative uncertainties were assigned as: 
1% for yields ≥4%, 3% for yields <4% and ≥1%, 
and 5% for yields <1%. Numerical data were 
provided by Duijvestijn [I.2] and were adopted.

I.3.2.10. Gindler et al. [I.12]

Measurement type 2: Absolute cumulative 
yields for 239Pu fission at 0.17, 1.0, 2.0, 3.4, 4.5, 6.1 
and 7.9 MeV neutron energy were determined by 
direct g ray spectrometry by means of a Ge(Li) 
detector, and by radiochemical separation of the 
fission products followed by b counting with a 
proportional counter. Neutrons were produced with 
the ANL fast neutron generator through the 
7Li(p,n) reaction for neutron energies less than 
5 MeV, and the D(d,n) reaction for En greater than 
5 MeV. The nuclides measured were fewer, but they 
are the only data available in this energy range.

The data at neutron energy En = 0.17 and 
7.9 MeV were selected. Yields were only used in the 
evaluation when differences with the corresponding 
chain yields were smaller than the experimental 
uncertainty. As a result, the yields of four nuclides 
at En = 0.17 MeV and three at En = 7.9 MeV were 
discarded. The data table was processed to the 
required format.

I.3.2.11. Ford [I.13]

Measurement type 2: Relative cumulative 
yields from the 14 MeV neutron induced fission of 
239Pu were measured using the radiochemistry 
method. The 99Mo cumulative yield from 239Pu 
fission or the corresponding cumulative yield from 
235U fission were used as reference yields. The 
14 MeV neutrons were produced by the T(d,n) 
reaction by means of a Cockcroft–Walton machine.

Two sets of data are given in Ref. [I.13], 
measured by the same method and at the same 
neutron energy but for different product nuclides 
(except 111Ag) that are compiled as different EXFOR 
entries. The two sets of data were combined, and the 
data for 111Ag were arithmetically averaged. No uncer-
tainties are given by the author. Considering the radio-
chemical method employed and the age of the 
measurement (1976), and taking into account the 
uncertainty given by the author for the R values, the 
relative uncertainties were assigned values of 10% for 
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all product nuclides. The data tables were processed to 
generate the data in the required format.

I.3.2.12. Laurec et al. [I.14]

Measurement type 2: The cumulative yields 
from 233,235,238U and 239Pu fission induced by fission 
spectrum and 14.7 MeV neutrons were measured by 
the radiochemical method. The g ray spectra were 
measured with a Ge(Li) detector and the number of 
fissions was determined with a plane ionization 
chamber.

The data for 239Pu fission at 14.9 MeV were 
used. Although the measured yields are cumulative, 
the differences between these values and the chain 
yields are all within the experimental uncertainties. 
So all data were used except for 136Xe, whose yield is 
small and possibly incorrect.

I.3.2.13. Winkelmann et al. [I.15] 

Measurement type 2: The cumulative yields 
from 242Pu fission induced by 15.1 MeV neutrons 
were measured for 65 fission products from 85Kr to 
151Pm. The fission product activities were measured 
by direct g ray spectrometry with a Ge(Li) detector, 
as well as chemical separation of the fission product 
elements Pd, Ag, Cd, Sn, Sb and Ce, followed by 
b counting or g ray spectrometry. The chain yields 
of 43 mass chains were obtained by dividing the 
measured cumulative yields by an adjustment 
factor, which is the ratio of the cumulative yield of 
the measured product nuclide to the corresponding 
chain yield.

The data were used after the following 
procedures had been applied:

(a) Some chain yields were obtained from two or 
more cumulative yields — the recommended 
chain yield was taken as their weighted 
average.

(b) Two fission yields were not used: that of 126gSb 
because the value is an independent yield, and 
that of 111mPm because the datum is only a 
partial isomeric yield.

(c) The data of product nuclides 130gSb, 131Sb and 
131mTe were also discarded. The chain yields 
deduced from the cumulative yields of these 
nuclides are too small. The fractions of the 
measured cumulative yields to the corre-
sponding chain yields are too small, which 
could introduce large uncertainties into the 

resulting chain yields. In addition, there are 
large differences for the adjustment factors of 
these nuclides between the values given in the 
paper and those calculated with the data from 
ENDF/B-VI.

I.4.  RESULTS, RECOMMENDATIONS AND 
DISCUSSION

Based on the data selected from the 
available experimental data, and after their 
evaluation and processing as described above, the 
recommended mass distribution data for 238U, 
239,242Pu fission are listed in Table I.1. All 
recommended data are given in the annex to this 
section, and plotted in Figs I.1–I.16.

As mentioned above, there are two types of 
measurements for mass distributions:

(a) Data are obtained by recording prompt fission 
fragments (data type 1 in Table I.1) with a 
double Frisch gridded ionization chamber, 
silicon PIN diode detector arrays, etc., as 
described by Vivès et al., Zöller and Äystö 
et al. 

(b) Data are obtained by recording the radioac-
tivity of fission product nuclides (data type 2 
in Table I.1) by means of g  ray spectrometry 
with a Ge(Li) or HPGe detector, either 
directly from the fission sample or after radio-
chemical separation, as undertaken by Nagy et 
al., Chapman, Li Ze et al., Liu Conggui et al., 
Daroczy et al., Liu Yonghui et al., Gindler et 
al., Ford, Laurec et al. and Winkelmann et al. 

From the comparisons in Figs I.17–I.19, the data 
measured by different laboratories but obtained with 
the same type of method (data type 1 or 2) are 
generally found to be in good agreement within the 
experimental uncertainty. But there is a systematic 
difference between the two types of data. The reason 
lies (a) in the physical nature of the measured yield 
and (b) in differences in the measurement techniques. 
The essential difference between the two types of 
method is that for type 2 there is some delay time 
(days, hours seconds, etc.) between fragment 
formation and measurement, during which the 
radioactive products decay (although this effect can 
be accounted for), whereas for data type 1 the 
measurement is ‘prompt’.  Nevertheless, even in the 
type 1 method the fragments are generally measured 
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after prompt-neutron emission, and are labelled as 
post-neutron emissions. Fragment data before 
prompt emission, (pre-neutron emission data) are 
obtained after adjustment, as described by Vivès et al. 

and Zöller [I.1, I.3]. So in the data file (figures and 
annex), ‘post’ and ‘pre’ refer to the prompt neutrons 
for type 1. However, all type 2 data are not only post-
neutron emission, but also after delayed neutron 
emission.

TABLE I.1. RECOMMENDED MASS DISTRIBUTION DATA

Fissile nuclide Energy (MeV) Author (energy (MeV)) Reference Data type

238U

En around 1.5 Vivès (1.6)
Nagy (1.5)

I.1
I.4

1
2

En = 5.5 Vivès
Nagy

I.1
I.4

1
2

En around 8.2 Li Ze (8.3)
Chapman (8.1)

I.6
I.5

2
2

En around 11.3 Li Ze (11.3)
Zöller (11.5–14.5)

I.7
I.3

2
1

En around 14.5 Liu Conggui (14.9)
Daroczy (14.5)
Zöller (11.5–14.5)

I.8
I.9
I.3

2
2
1

En around 22.0 Liu Yonghui (22)
Zöller (18–22)

I.10
I.3

2
1

En around 27.5 Zöller (22–33) I.3 1

En around 50.0 Zöller (45–55) I.3 1

En around 100 Zöller (89–110) I.3 1

En around 160 Zöller (145–175) I.3 1

Ep = 20.0 Äystö I.11 1

Ep = 60.0 Äystö I.11 1

239Pu

En = 0.17 Gindler I.12 2

En = 7.9 Gindler I.12 2

En around 14.5 Ford (14.0)
Laurec (14.7)

I.13
I.14

2
2

242Pu En = 15.1 Winkelmann I.15 2

Vivès et al. (2000) 1.6 MeV [I.1]

Nagy et al. (1978) 1.5 MeV [I.4]

FIG. I.1. Mass distribution from 238U fission at En of
around 1.5 MeV.

Nagy et al. (1978) [I.4]

Vivès et al. (2000) [I.1]

FIG. I.2. Mass distribution from 238U fission at En = 5.5 MeV.
284



        
     

Li Ze et al. (1985) 8.3 MeV [I.6]

Chapman (1978) 8.1 MeV [I.5]

FIG. I.3. Mass distribution from 238U fission at En off
around 8.2 MeV.

Li Ze et al. (1994) 11.3 MeV [I.7]

Zöller (1995) 13.0 MeV [I.3]

FIG. I.4. Mass distribution from 238U fission at En off
around 11.3 MeV.

Liu Conggui et al. (1985) 14.9 MeV [I.8]

Daroczy et al. (1976) 14.5 MeV [I.9]

Zöller (1995) 11.5 – 14.5 MeV [I.3]

FIG. I.5. Mass distribution from 238U fission at En off
around 14.5 MeV.

Liu Conggui et al. (1985) 22 MeV [I.8]

Zöller (1995) 18-22 MeV [I.3]

FIG. I.6. Mass distribution from 238U fission at En off
around 22 MeV.

Zöller (1995) 45-55 MeV, post [I.3]

Zöller (1995) 45-55 MeV, pre [I.3]

FIG. I.7. Fragment mass distribution from 238U fission at 
En of around 27.5 MeV.

Zöller (1995) 45-55 MeV, post [I.3]

Zöller (1995) 45-55 MeV, pre [I.3]

FIG. I.8. Fragment mass distribution from 238U at En off
around 50 MeV.
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Zöller (1995) 89-110

MeV, post [I.3]

Zöller (1995) 89-110

MeV, pre [I.3]

FIG. I.9. Fragment mass distribution from 238U fission at 
En of around 160 MeV.

Zöller (1995) 145-

175 MeV, post [I.3]

Zöller (1995) 145-

175 MeV, pre [I.3]

FIG. I.10. Fragment mass distribution from 238U fission at 
En of around 160 MeV.

Äystö et al (1998) pre-neutron

emission [I.11]

FIG. I.11. Mass distribution from 238U at Ep = 20 MeV.

Äystö et al (1998) pre-neutron

emission [I.11]

FIG. I.12. Mass distribution from 238U at Ep = 60 MeV.

Gindler et al. (1983) [I.12]

FIG. I.13. Mass distribution from 239Pu fission at
En = 0.17 MeV.

Gindler et al. (1983) [I.12]

FIG. I.14. Mass distribution from 239Pu fission at 
En = 7.9 MeV.
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An important difference between the two 
types of data is delayed neutron emission. Thus, in 
addition to b decay, some of the radioactive fission 
product nuclides also decay by emitting delayed 
neutrons. Type 2 data are applicable after emission 
of delayed neutrons, unlike data type 1, even though 
the data are post-neutron emission with respect to 
prompt neutrons. Another difference is the mass 
resolution, which is more important when using the 
data to compare with calculated values. Mass 
resolution is not a problem for type 2 data; but for 
type 1 data, as mentioned above, the measured mass 
distribution is not real but is a superposition of 
Gaussian distributions with the mass resolution 
defined as the width for each mass number. The 
second type of data were ‘adjusted’ by the following 
steps to illustrate this point:

Ford (1976) 14.0 MeV [I.13]

Laurec et al. (1981) 14.7 MeV [I.14]

FIG. I.15. Mass distribution from 239Pu fission at En off
around 14.5 MeV.

Winkelmann et al. (1984) [I.15]

FIG. I.16. Mass distribution from 242Pu fission at 
En = 15.1 MeV.

Nagy et al. (1978) 5.5 MeV, chain [I.4]

Vivès et al. (2000) frag, pre [I.1]

Zöller (1995) 4.5-6.5 MeV, frag, pre [I.3]

Nagy et al. (1978), adjusted [I.4]

FIG. I.17.  Comparison of mass distribution from 238U 
fission of around 5.5 MeV measured with different 
methods.

Liu Conggui et al. (1985) 14.9 MeV, adjusted [I.8]

Darozcy et al. (1976) 14.5 MeV, adjusted [I.9]

Zöller (1995) 13 MeV [I.3]

FIG. I.18.  Comparison of mass distribution from 238U 
fission at En of around 14 MeV measured with different 
methods.

Liu Conggui et al. (1985) 22 MeV [I.8]

Zöller (1995) 18-22 MeV [I.3]

Liu Conggui et al. (1985), adjusted [I.8]

FIG. I.19.  Comparison of mass distribution from 238U 
fission of around 22 MeV measured with different 
methods.
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(1) Data were linearly interpolated for mass 
numbers when there were no measured data, 
so that there are yields for all masses in the 
mass range measured.

(2) For the yields of each mass A, the data were 
folded with Gaussians of width 3 or 4 mass 
units, corresponding to the mass resolution of 
the measurements of Vivès et al. or Zöller at 
the given energies.

(3) All yields were summed over all mass 
numbers in the measured mass range.

The results are shown in Figs I.17–I.19 
(marked ‘adjusted’) and indicate that the adjusted 
second type of data are consistent with the first type 
of data, e.g. adjusted Nagy et al., with Vives et al. 
and Zöller in Fig. I.17; adjusted Liu Conggui et al. 
and adjusted Daroczy et al., with Zöller in Fig. I.18; 
adjusted Liu Conggui et al. data, with Zöller in 
Fig. I.19.

I.5.  CONCLUSIONS

The recommended mass distribution data 
were evaluated on the basis of the available experi-
mental data at energies En = 1.5, 5.5, 8.2, 11.3, 14.5, 
22, 27.5, 50, 100 and 160 MeV and Ep = 20 and 60 
MeV for 238U fission, En = 0.17, 7.9 and 14.5 MeV 
for 239Pu fission, and En = 15.1 MeV for 242Pu fission. 
The data measured at different laboratories by the 
same kind of method (either data type 1 or 2) are in 
good agreement within the experimental uncer-
tainty. Considering the differences between the two 
types of data in their physics and measurement 
techniques, they are consistent with each other after 
corresponding adjustments. The data are 
recommended for use in the benchmark exercise of 
the CRP to test and improve the model calculations.

Differences between the two types of data 
must be taken into account in these comparisons. 
The calculated data should be folded with Gaussian 
distributions, with the widths corresponding to the 
experimental mass resolutions when comparing 
them with type 1 data. There is no problem in 
comparisons with type 2 data.
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Annex to Appendix I

RECOMMENDED EVALUATED MASS DISTRIBUTION DATA
FOR 238U, 239Pu, 242Pu

1. 238U NEUTRON INDUCED FISSION

1.1. En ª 1.5 MeV

Nagy et al. (1978) [I.4]
En = 1.5 MeV

Post-neutron emission chain yield

Vivès et al. (2000) [I.1]
En = 1.6 MeV

Pre-neutron emission mass yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 85.0
 87.0
 88.0 
 89.0
 91.0
 92.0
 93.0
 94.0
 95.0
 97.0
 99.0
101.0  
103.0  
104.0  
105.0  
129.0  
131.0  
132.0  
133.0  
134.0  
135.0  
138.0  
139.0  
140.0  
142.0 
143.0 
146.0  
147.0  
149.0  

0.79
1.60
1.71
2.34
3.93
4.18
4.36
4.45
5.31
5.36
6.29
6.41
6.96
5.17
4.68
0.43
3.24
5.40
7.15
8.12
7.23
5.27
7.11
6.01
4.69
4.63
3.82
2.65
1.74

0.05
0.10
0.13
0.31
0.22
0.24
0.31
0.33
0.21
0.16
0.30
0.56
0.31
0.33
0.26
0.06
0.13
0.14
0.22
0.40
0.22
0.19
0.71
0.18
0.29
0.29
0.32
0.35
0.37

64
65
67
71
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97

3.5522E–03
1.7761E–03
1.7761E–03
1.7761E–03
5.3283E–03
1.7761E–03
1.7761E–03
8.8805E–03
8.8805E–03
8.8805E–03
1.4209E–02
1.9537E–02
4.4403E–02
7.2820E–02
1.6873E–01
4.4580E–01
5.3106E–01
7.4952E–01
9.8219E–01
1.4262E+00
1.8134E+00
2.2148E+00
2.6464E+00
3.2059E+00
3.6108E+00
4.1330E+00
4.2982E+00
4.6321E+00
5.0033E+00

2.8418E–04
1.4209E–04
1.4209E–04
1.4209E–04
4.2627E–04
1.4209E–04
1.4209E–04
7.1044E–04
7.1044E–04
7.1044E–04
1.1367E–03
1.5630E–03
3.5522E–03
5.8256E–03
1.3498E–02
3.5664E–02
4.2484E–02
5.9961E–02
7.8575E–02
8.5573E–02
1.0880E–01
1.3289E–01
1.5878E–01
1.9235E–01
2.1665E–01
1.6532E–01
1.7193E–01
1.8528E–01
2.0013E–01
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Vivès et al. (2000) [I.1]
En = 1.6 MeV

Pre-neutron emission mass yield

Vivès et al. (2000) [I.1]
En = 1.6 MeV

Pre-neutron emission mass yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 98  
 99  
100  
101  
102  
103  
104  
105  
106  
107  
108  
109  
110  
111  
112  
113  
114  
115  
116  
117  
118  
119  
120  
121  
122  
123  
124  
125  
126  
127  
128  
129  
130  
131  
132  
133  
134  

5.1507E+00
5.6036E+00
6.0707E+00
6.2164E+00
6.1435E+00
6.1009E+00
6.2963E+00
5.6551E+00
4.9038E+00 
4.1135E+00
3.0851E+00
2.0230E+00
1.1545E+00
6.3229E–0
4.1206E–01
1.7228E–01
9.7686E–02
5.1507E–02
2.6642E–02
1.5985E–02
1.0657E–02
7.1044E–03
7.1044E–03
1.0657E–02
1.5985E–02
2.6642E–02
5.1507E–02
9.7686E–02
1.7228E–01
4.1206E–01
6.3229E–01
1.1545E+00
2.0230E+00
3.0851E+00
4.1135E+00
4.9038E+00
5.6551E+00

2.0603E–01
2.2414E–01
2.4283E–01
2.4865E–01
2.4574E–01
2.4404E–01
2.5185E–01
2.2620E–01
1.9615E–01
1.6454E–01
1.8511E–01
1.2138E–01
6.9268E–02
5.0583E–02
3.2964E–02
1.3783E–02
7.8149E–03
4.1206E–03
2.1313E–03
1.2788E–03
8.5253E–04
5.6835E–04
5.6835E–04
8.5253E–04
1.2788E–03
2.1313E–03
4.1206E–03
7.8149E–03
1.3783E–02
3.2964E–02
5.0583E–02
6.9268E–02
1.2138E–01
1.8511E–01
1.6454E–01
1.9615E–01
2.2620E–01

135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
168
172
174
175

6.2963E+00
6.1009E+00
6.1435E+00
6.2164E+00
6.0707E+00
5.6036E+00
5.1507E+00
5.0033E+00
4.6321E+00
4.2982E+00
4.1330E+00
3.6108E+00
3.2059E+00
2.6464E+00
2.2148E+00
1.8134E+00
1.4262E+00
9.8219E–01
7.4952E–01
5.3106E–01
4.4580E–01
1.6873E–01
7.2820E–02
4.4403E–02
1.9537E–02
1.4209E–02
8.8805E–03
8.8805E–03
8.8805E–03
1.7761E–03
1.7761E–03
5.3283E–03
1.7761E–03
1.7761E–03
1.7761E–03
3.5522E–03

2.5185E–01
2.4404E–01
2.4574E–01
2.4865E–01
2.4283E–01
2.2414E–01
2.0603E–01
2.0013E–01
1.8528E–01
1.7193E–01
1.6532E–01
2.1665E–01
1.9235E–01
1.5878E–01
1.3289E–01
1.0880E–01
8.5573E–02
7.8575E–02
5.9961E–02
4.2484E–02
3.5664E–02
1.3498E–02
5.8256E–03
3.5522E–03
1.5630E–03
1.1367E–03
7.1044E–04
7.1044E–04
7.1044E–04
1.4209E–04
1.4209E–04
4.2627E–04
1.4209E–04
1.4209E–04
1.4209E–04
2.8418E–04
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1.2. En = 5.5 MeV   

Nagy et al. (1978) [I.4]
En = 5.5 MeV

Post-neutron emission chain yield  

Vivès et al. (2000) [I.1]
En = 5.5 MeV

Pre-neutron emission mass yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 85  
 87  
 88  
 89  
 91  
 92  
 93  
 94  
 95  
 97  
 99  
101  
103  
104  
105  
107  
127  
129  
131  
132  
133  
134  
135  
138  
139  
140  
141  
142  
143  
146  
147  
149  

1.03
1.90
2.05
2.86
3.63
3.96
4.93
5.11
5.59
5.44
5.46
6.53
6.00
4.49
3.87
1.40
0.40
1.10
3.72
5.05
6.77
7.00
6.49
5.80
6.50
5.61
5.30
4.58
4.75
3.64
2.96
1.51

0.06
0.11
0.15
0.37
0.21
0.25
0.34
0.37
0.19
0.15
0.32
0.55
0.26
0.29
0.31
0.59
0.04
0.07
0.14
0.15
0.20
0.50
0.19
0.24
0.47
0.15
0.36
0.28
0.29
0.30
0.29
0.24

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98

6.9231E–04
6.9231E–04
1.3846E–03
2.7692E–03
3.4615E–03
4.1539E–03
4.1539E–03
6.2308E–03
8.3077E–03
1.2462E–02
2.0077E–02
4.2231E–02
5.6769E–02
1.1908E–01
1.7239E–01
2.6031E–01
3.5654E–01
5.0746E–01
6.5839E–01
9.1316E–01
1.1534E+00
0.5092E+00
1.8471E+00
2.3338E+00
2.6301E+00
3.0808E+00
3.7634E+00
4.2639E+00
4.4543E+00
4.7299E+00
4.9888E+00
5.2761E+00

5.5385E–05
5.5385E–05
1.1077E–04
2.2154E–04
2.7692E–04
3.3231E–04
3.3231E–04
4.9846E–04
6.6462E–04
9.9693E–04
1.6062E–03
3.3785E–03
4.5416E–03
9.5262E–03
1.3791E–02
2.0825E–02
2.8523E–02
4.0597E–02
5.2671E–02
7.3053E–02
6.9203E–02
9.0554E–02
1.1082E–01
1.4003E–01
1.5781E–01
1.8485E–01
2.2580E–01
1.7056E–01
1.7817E–01
1.8919E–01
1.9955E–01
2.1104E–01
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Vivès et al. (2000) [I.1]
En = 5.5 MeV

Pre-neutron emission mass yield

Vivès et al. (2000) [I.1]
En = 5.5 MeV

Pre-neutron emission mass yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 99  
100  
101  
102  
103  
104  
105  
106  
107  
108  
109  
110  
111  
112  
113  
114  
115  
116  
117  
118  
119  
120  
121  
122  
123  
124  
125  
126  
127  
128  
129  
130  
131  
132  
133  
134  
135  

5.7365E+00
5.8756E+00
5.9649E+00
5.7503E+00
5.6333E+00
5.6326E+00
5.0864E+00
4.4862E+00
3.6776E+00
2.8696E+00
2.0077E+00
1.3645E+00
9.6370E–01
5.7946E–01
3.7869E–01
2.2500E–01
1.5992E–01
1.3154E–01
1.1008E–01
1.0454E–01
8.0308E–02
8.0308E–02
1.0454E–01
1.1008E–01
1.3154E–01
1.5992E–01
2.2500E–01
3.7869E–01
5.7946E–01
9.6370E–01
1.3645E+00
2.0077E+00
2.8696E+00
3.6776E+00
4.4862E+00
5.0864E+00
5.6326E+00

2.2946E–01
2.3503E–01
2.3860E–01
2.3001E–01
2.2533E–01
2.2531E–01
2.0346E–01
1.7945E–01
2.2065E–01
1.7218E–01
1.2046E–01
8.1873E–02
7.7096E–02
4.6357E–02
3.0295E–02
1.8000E–02
1.2794E–02
1.0523E–02
8.8062E–03
8.3631E–03
6.4246E–03
6.4246E–03
8.3631E–03
8.8062E–03
1.0523E–02
1.2794E–02
1.8000E–02
3.0295E–02
4.6357E–02
7.7096E–02
8.1873E–02
1.2046E–01
1.7218E–01
2.2065E–01
1.7945E–01
2.0346E–01
2.2531E–01

136  
137  
138  
139  
140  
141  
142  
143  
144  
145  
146  
147  
148  
149  
150  
151  
152  
153  
154  
155  
156  
157  
158  
159  
160  
161  
162  
163  
164  
165  
166  
167  
168  
169  
170  
171  
172  

5.6333E+00
5.7503E+00
5.9649E+00
5.8756E+00
5.7365E+00
5.2761E+00
4.9888E+00
4.7299E+00
4.4543E+00
4.2639E+00
3.7634E+00
3.0808E+00
2.6301E+00
2.3338E+00
1.8471E+00
1.5092E+00
1.1534E+00
9.1316E–01
6.5839E–01
5.0746E–01
3.5654E–01
2.6031E–01
1.7239E–01
1.1908E–01
5.6769E–02
4.2231E–02
2.0077E–02
1.2462E–02
8.3077E–03
6.2308E–03
4.1539E–03
4.1539E–03
3.4615E–03
2.7692E–03
1.3846E–03
6.9231E–04
6.9231E–04

2.2533E–01
2.3001E–01
2.3860E–01
2.3503E–01
2.2946E–01
2.1104E–01
1.9955E–01
1.8919E–01
1.7817E–01
1.7056E–01
2.2580E–01
1.8485E–01
1.5781E–01
1.4003E–01
1.1082E–01
9.0554E–02
6.9203E–02
7.3053E–02
5.2671E–02
4.0597E–02
2.8523E–02
2.0825E–02
1.3791E–02
9.5262E–03
4.5416E–03
3.3785E–03
1.6062E–03
9.9693E–04
6.6462E–04
4.9846E–04
3.3231E–04
3.3231E–04
2.7692E–04
2.2154E–04
1.1077E–04
5.5385E–05
5.5385E–05
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1.3. En ª 8 MeV    

Chapman (1978) [I.5]
En = 8.1 MeV

Post-neutron emission chain yield

Li Ze et al. (1985) [I.6]
En = 8.3 MeV

Post-neutron emission chain yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 87  
 89  
 91  
 95  
 97  
 99  
103
104  
105  
111  
112  
127  
133  
140  
141  
143  
144  
147  
151 
156  

1.7395E+00
2.6125E+00
3.7717E+00
4.9810E+00
5.3968E+00
6.0623E+00
5.2195E+00 
4.5611E+00
3.5643E+00
1.9450E–01
1.6880E–01
5.3900E–01
6.7132E+00
5.1455E+00
4.6197E+00
4.7749E+00
4.3396E+00
2.6285E+00
8.2080E–01
7.7000E–02

2.6092E–01
1.6720E–01
2.4893E–01
2.9886E–01
3.1841E–01
3.5768E–01
3.8102E–01
7.4346E–01
2.6376E–01
1.3420E–02
1.1647E–02
2.7543E–01
6.6461E–01
3.0873E–01
2.7256E–01
2.8172E–01
2.6038E–01
1.6822E–01
1.1081E–01
9.0860E–03

 85
 87
 88
 89
 91
 92
 93
 94
 95
 97
 99
101
103
104
105
107
127
128
129
131
132
133
134
135
138
139
140
141
142
143
146
147
151

0.79
1.80
2.08
2.77
4.14
4.20
5.41
4.29
5.42
5.73
6.23
6.13
6.01
3.74
3.71
1.83
0.56
0.70
1.32
3.29
5.13
7.21
6.55
6.75
5.87
4.89
5.71
4.68
4.21
4.66
3.62
2.70

 0.707

0.05
0.06
0.11
0.09
0.13
0.13
0.22
0.15
0.16
0.18
0.20
0.20
0.18
0.13
0.12
0.07
0.02
0.03
0.05
0.11
0.24
0.22
0.23
0.34
0.16
0.30
0.17
0.24
0.15
0.14
0.15
0.13

 0.024
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1.4. En ª 11–13 MeV  

Li Ze et al. (1985) [I.7]
En = 11.3 MeV

Post-neutron emission chain yield

Zöller (1995) [I.3]
En = 13.0 (11.5–14.5) MeV

Post-neutron emission mass yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 87
 88
 89
 91
 92
 94
 95
 97
 99
101
103
104
105
107
109
111
112
113
115
121
127
128
129
131
132
133 
134
135
138
139
140 
141
143
144
146
147
149
153
156
161

1.77
2.48
2.83
3.93
4.18
4.48
5.22
5.28
5.78
5.61
5.20
3.78
3.64
2.06
1.10
0.57
0.53
0.49
0.43
0.35
0.92

 0.927
1.50
3.23
5.36
6.66
6.28
5.91
5.85
5.10
5.29
4.83
4.28
4.20
2.59
2.48
1.39

 0.415
  0.0954
  0.0094

0.13
0.13
0.12
0.15
0.14
0.16
0.18
0.20
0.14
0.24
0.20
0.15
0.18
0.11
0.09
0.06
0.03
0.03
0.05
0.10
0.03

 0.074
0.09
0.14
0.21
 0.25
0.27
0.24
0.29
0.30
 0.35
0.13
0.16
0.20
0.13
0.07
0.10

 0.025
  0.0054
  0.0009

 74.0
 76.0
 78.0
 80.0
 82.0
 84.0
 86.0
 88.0
 90.0
 92.0
 94.0
 96.0
 98.0
100.0
102.0
104.0
106.0
108.0
110.0
112.0
114.0
116.0
118.0
120.0
122.0
124.0
126.0
128.0
130.0
132.0
134.0
136.0
138.0
140.0
142.0
144.0
146.0
148.0
150.0
152.0
154.0
156.0
158.0
160.0
162.0
164.0

0.02
0.06
0.12
0.22
0.44
0.73
1.22
1.70
2.78
3.48
4.63
5.15
5.48
5.35
4.95
4.04
3.16
2.26
1.46
1.18
1.03
0.79
0.90
0.91
1.00
1.38
1.89
3.17
3.99
4.92
5.36
5.45
5.22
4.61
3.51
2.84
1.73
1.22
0.76
0.47
0.21
0.12
0.07
0.02
0.01
0.01

0.006
0.012
0.017
0.023
0.032
0.041
0.053
0.063
0.081
0.090
0.104
0.110
0.113
0.112
0.108
0.097
0.086
0.073
0.058
0.053
0.049
0.043
0.046
0.046
0.048
0.057
0.067
0.086
0.097
0.107
0.112
0.113
0.111
0.104
0.091
0.082
0.064
0.053
0.042
0.033
0.022
0.017
0.013
0.006
0.003
0.004
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1.5. En = 14–15 MeV   

Daroczy et al. (1976) [I.9]
En = 14.4 MeV

Post-neutron emission chain yield

Liu Conggui et al. (1985) [I.8]
En = 14.9 MeV

Post-neutron emission mass yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

8.3000E+01
8.5000E+01
8.7000E+01
8.8000E+01
8.9000E+01
9.1000E+01
9.2000E+01
9.3000E+01
9.5000E+01
9.7000E+01
9.9000E+01
1.0100E+02
1.0300E+02
1.0400E+02
1.0500E+02
1.0600E+02
1.1200E+02
1.1500E+02
1.2500E+02
1.2700E+02
1.2900E+02
1.3100E+02
1.3200E+02
1.3300E+02
1.3400E+02
1.3500E+02
1.3700E+02
1.3800E+02
1.3900E+02
1.4000E+02
1.4100E+02
1.4200E+02
1.4300E+02
1.4400E+02
1.4600E+02
1.4700E+02
1.4900E+02

7.2200E–01
1.0230E+00
1.8910E+00
1.8290E+00
2.8300E+00
3.9800E+00
3.7800E+00
4.1000E+00
4.6400E+00
5.1200E+00
5.7600E+00
5.7600E+00
4.5300E+00
3.5900E+00
3.1200E+00
2.5400E+00
1.0770E+00
9.7500E–01
1.2050E+00
1.4310E+00
3.1700E+00
4.0400E+00
4.8200E+00
5.8000E+00
5.9500E+00
5.5800E+00
5.2100E+00
4.6100E+00
5.1300E+00
4.6300E+00
4.3800E+00
4.1900E+00
3.8500E+00
3.3900E+00
1.9250E+00
2.3000E+00
1.2900E+00

1.4400E–01
4.6000E–02
8.3000E–02
7.0000E–02
1.4000E–01
1.6000E–01
1.0000E–01
4.0000E–01
9.0000E–02
9.0000E–02
1.2000E–01
2.2000E–01
1.2000E–01
1.5000E–01
8.0000E–02
1.5000E–01
5.2000E–02
5.5000E–02
7.3000E–02
3.8000E–02
3.1000E–01
8.0000E–02
6.0000E–02
1.2000E–01
1.6000E–01
1.5000E–01
3.6000E–01
2.2000E–01
2.5000E–01
7.0000E–02
1.4000E–01
1.4000E–01
9.0000E–02
2.2000E–01
2.3500E–01
1.0000E–01
1.3700E–01

 84  
 85  
 87  
 88  
 89  
 91  
 92  
 93  
 94  
 95  
 97  
 99  
101  
103  
104  
105  
107  
111 
112  
113 
115  
117 
127  
128  
129 
131  
132  
133  
134  
135  
138  
139  
140  
141  
142  
143  
146  
147 
151  

1.10
1.05
1.71
1.94
2.88
4.16
4.03
4.78
4.55
5.05
5.65
5.71
6.00
4.68
4.24
3.13
1.61

 0.823
1.04

 0.985
 0.834
 0.775
1.47
1.85
2.03
3.63
4.68
6.00
6.50
5.78
5.06
4.62
4.59
4.33
3.93
4.20
2.01
2.10

 0.631

0.09
0.06
0.09
0.10
0.17
0.13
0.13
0.16
0.31
0.19
0.18
0.18
0.36
0.15
0.22
0.10
0.12

 0.037
0.04

 0.058
 0.039
 0.062
0.06
0.10
0.07
0.13
0.23
0.19
0.20
0.18
0.26
0.36
0.15
0.31
0.21
0.14
0.13
0.10

 0.022
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1.6. En = 20–22 MeV

Zöller (1995) [I.3]
En = 20.0 (18–22) MeV

Post-neutron emission mass yield

Liu Yonghui et al. (2001) [I.10]
En = 22 MeV

Post-neutron emission chain yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 66 0.0 0.0
 68 0.0  0.0
 70 0.0  0.003
 72 0.0   0.000
 74 0.04 0.01
 76 0.09  0.015
 78 0.12  0.018
 80 0.33  0.029
 82 0.46  0.034
 84 0.83  0.046
 86 1.32   0.058 
 88 1.88  0.069
 90 2.71  0.083
 92 3.64  0.096
 94 4.23  0.104
 96 4.77   0.110 
 98 5.07  0.114
100 4.90  0.112
102 4.74  0.110
104 3.87  0.099
106 3.09  0.089
108 2.43  0.079
110 1.89  0.069
112 1.71  0.066
114 1.37  0.059
116 1.18  0.055
118 1.38  0.059
120 1.45  0.061
122 1.64  0.065
124 1.96  0.070
126 2.65  0.082
128 3.48  0.094
130 4.42  0.106
132 4.85  0.111
134 5.11  0.114
136 4.88  0.111
138 4.50  0.170
140 3.83  0.099
142 3.14  0.089
144 2.17  0.074
146 1.58  0.063
148 0.95  0.049
150 0.58  0.038
152 0.40  0.032
154 0.20  0.022
156 0.10  0.016
158 0.04 0.01
160 0.02  0.006
162 0.00  0.003
164 0.00 0.00
166 0.00 0.00
168 0.00 0.00

 84 0.79 0.108
 85 1.63 0.096
 87 1.90 0.041
 88 2.67 0.052
 89 3.68 0.107
 91 3.58 0.019
 92 3.94 0.017
 93 4.21 0.237
 94 3.99 0.058
 95 5.81 0.089
 97 6.09 0.180
 99 5.99 0.103
101 5.03 0.083
103 4.02 0.024
104 3.67 0.093
105 3.32 0.025
112 1.63 0.016
115 1.41 0.040
127 1.78 0.024
128 2.06 0.065
131 3.96 0.073
132 4.31 0.053
133 5.69 0.021
134 6.04 0.178
135 6.03 0.232
138 4.76 0.126
140 4.05 0.044
141 3.81 0.213
142 3.52 0.070
143 3.64 0.019
146 2.18 0.129
147 1.75 0.140
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1.7. En = 27.5 (22–33) MeV, Zöller (1995) [I.3]

Pre-neutron emission mass yield Post-neutron emission mass yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 74.0 0.03 0.006
 76.0 0.04 0.006
 78.0 0.10 0.011
 80.0 0.18 0.014
 82.0 0.37 0.020
 84.0 0.56 0.025
 86.0 0.93 0.032
 88.0 1.41 0.040
 90.0 2.08 0.048
 92.0 2.70 0.055
 94.0 3.33 0.061
 96.0 3.93 0.066
 98.0 4.25 0.069
100.0 4.62 0.072
102.0 4.41 0.070
104.0 4.07 0.068
106.0 3.72 0.065
108.0 3.16 0.059
110.0 2.67 0.055
112.0 2.23 0.050
114.0 2.09 0.048
116.0 1.89 0.046
118.0 1.79 0.045
120.0 1.90 0.046
122.0 2.03 0.048
124.0 2.10 0.049
126.0 2.48 0.053
128.0 3.01 0.058
130.0 3.55 0.063
132.0 3.93 0.066
134.0 4.33 0.070
136.0 4.50 0.071
138.0 4.51 0.071
140.0 4.00 0.067
142.0 3.57 0.063
144.0 2.93 0.057
146.0 2.30 0.051
148.0 1.66 0.043
150.0 1.04 0.034
152.0 0.69 0.028
154.0 0.43 0.022
156.0 0.24 0.016
158.0 0.13 0.012
160.0 0.06 0.008
162.0 0.04 0.006

 72.0 0.02  0.005
 74.0 0.04 0.006
 76.0 0.06 0.008
 78.0 0.15 0.013
 80.0 0.30 0.018
 82.0 0.50 0.024
 84.0 0.87 0.031
 86.0 1.32 0.038
 88.0 2.11 0.049
 90.0 2.71 0.055
 92.0 3.50 0.063
 94.0 4.13 0.068
 96.0 4.54 0.071
 98.0 4.82 0.074
100.0 4.69 0.072
102.0 4.19 0.069
104.0 3.76 0.065
106.0 3.18 0.060
108.0 2.66 0.055
110.0 2.20  0.050
112.0 2.12  0.049
114.0 1.89  0.046
116.0 1.74  0.044
118.0 1.89 0.046
120.0 2.00  0.047
122.0 2.21 0.050
124.0 2.55 0.053
126.0 3.24 0.060
128.0 3.87  0.066
130.0 4.42  0.070
132.0 4.63 0.072
134.0 4.87 0.074
136.0 4.37 0.070
138.0 3.97  0.067
140.0 3.28  0.061
142.0 2.56 0.054
144.0 1.86  0.046
146.0 1.14  0.036
148.0 0.75  0.029
150.0 0.45  0.022
152.0 0.24 0.016
154.0 0.12  0.011
156.0 0.06  0.008
158.0 0.03 0.006
160.0 0.01 0.004
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1.8. En = 50 (45–55) MeV, Zöller (1995) [I.3]

Pre-neutron emission mass yield Post-neutron emission mass yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 74.0 0.04 0.009
 76.0 0.07 0.012
 78.0 0.16 0.017
 80.0 0.24 0.021
 82.0 0.44 0.029
 84.0 0.71 0.037
 86.0 0.99 0.044
 88.0 1.39 0.052
 90.0 1.98 0.062
 92.0 2.51 0.070
 94.0 3.00 0.076
 96.0 3.44 0.081
 98.0 3.77 0.085
100.0 4.15 0.089
102.0 4.04 0.088
104.0 3.76 0.085
106.0 3.51 0.082
108.0 3.30 0.080
110.0 3.23 0.079
112.0 2.82 0.074
114.0 2.82 0.074
116.0 2.75 0.073
118.0 2.65 0.072
120.0 2.78 0.073
122.0 2.85 0.074
124.0 2.89 0.075
126.0 3.26 0.079
128.0 3.37 0.081
130.0 3.64 0.084
132.0 3.81 0.086
134.0 4.08 0.089
136.0 4.05 0.088
138.0 3.69 0.084
140.0 3.35 0.080
142.0 2.79 0.073
144.0 2.38 0.068
146.0 1.69 0.057
148.0 1.27 0.049
150.0 0.90 0.042
152.0 0.62 0.035
154.0 0.34 0.026
156.0 0.23 0.021
158.0 0.10 0.014

 74.0 0.07 0.012
 76.0 0.10 0.014
 78.0 0.22 0.021
 80.0 0.36 0.026
 82.0 0.67 0.036
 84.0 0.95 0.043
 86.0 1.38 0.052
 88.0 1.96 0.061
 90.0 2.63 0.071
 92.0 3.19 0.078
 94.0 3.63 0.084
 96.0 4.06 0.089
 98.0 4.36 0.092
100.0 4.19 0.090
102.0 3.89 0.087
104.0 3.72 0.085
106.0 3.43 0.081
108.0 3.13 0.078
110.0 3.04 0.077
112.0 2.91 0.075
114.0 2.82 0.074
116.0 2.95 0.075
118.0 2.93 0.075
120.0 3.01 0.076
122.0 3.38 0.081
124.0 3.57 0.083
126.0 3.82 0.086
128.0 4.03 0.088
130.0 4.33 0.091
132.0 4.21 0.091
134.0 3.87 0.086
136.0 3.41 0.081
138.0 2.82 0.074
140.0 2.35 0.067
142.0 1.57 0.055
144.0 1.12 0.046
146.0 0.79 0.039
148.0 0.53 0.032
150.0 0.26 0.022
152.0 0.16 0.018
154.0 0.08 0.012
156.0 0.05 0.010
158.0 0.01 0.005
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1.9. En = 99.5 (89–110) MeV, Zöller (1995) [I.3]

1.10. En = 160 (145–175) MeV, Zöller (1995) [I.3]

Pre-neutron emission mass yield Post-neutron emission mass yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 76.0 0.17 0.013
 80.0 0.41  0.020
 84.0 0.83 0.029
 88.0 1.51 0.039
 92.0 2.37 0.056
 96.0 3.06 0.055
100.0 3.55 0.059
104.0 3.58 0.060
108.0 3.54 0.059
112.0 3.48 0.059
116.0 3.24 0.054
120.0 3.27 0.054
124.0 3.41 0.055
128.0 3.45 0.055
132.0 3.69 0.057
136.0 3.52 0.056
140.0 2.97 0.051
144.0 1.99 0.042
148.0 1.16 0.032
152.0 0.54 0.022
156.0 0.23 0.014
160.0 0.09 0.009
164.0 0.02 0.004

 72.0 0.07 0.008
 76.0 0.23 0.015
 80.0 0.61 0.025
 84.0 1.13 0.034
 88.0 2.04 0.045
 92.0 2.90 0.054
 96.0 3.58 0.060
100.0 3.77 0.061
104.0 3.81 0.062
108.0 3.68 0.061
112.0 3.63 0.060
116.0 3.66 0.060
120.0 3.73 0.061
124.0 3.76 0.061
128.0 3.77 0.061
132.0 3.43 0.058
136.0 2.72 0.052
140.0 1.79 0.042
144.0 0.97 0.031
148.0 0.48 0.022
152.0 0.19 0.014
156.0 0.05 0.007

Pre-neutron emission mass yield Post-neutron emission mass yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 72.0 0.10 0.012
 76.0 0.23 0.019
 80.0 0.48 0.027
 84.0 0.95 0.038
 88.0 1.66 0.050
 92.0 2.43 0.061
 96.0 2.86 0.066
100.0 3.36 0.072
104.0 3.54 0.074
108.0 3.71 0.075
112.0 3.68 0.075
116.0 3.51 0.073
120.0 3.59 0.074
124.0 3.79 0.076
128.0 3.48 0.073
132.0 3.46 0.073
136.0 2.96 0.067
140.0 2.49 0.062
144.0 1.77 0.052
148.0 1.03 0.040
152.0 0.54 0.029
156.0 0.25 0.020
160.0 0.11 0.013
164.0 0.03 0.007

 68.0 0.04 0.008
 72.0 0.12 0.014
 76.0 0.32 0.022
 80.0 0.67 0.032
 84.0 1.34 0.045
 88.0 2.22 0.058
 92.0 2.82 0.066
 96.0 3.41 0.072
100.0 3.71 0.075
104.0 3.83 0.076
108.0 3.90 0.077
112.0 3.76 0.076
116.0 3.75 0.076
120.0 3.99 0.078
124.0 3.71 0.075
128.0 3.59 0.074
132.0 3.02 0.068
136.0 2.56 0.063
140.0 1.66 0.050
144.0 0.92 0.038
148.0 0.42 0.025
152.0 0.18 0.017
156.0 0.08 0.011
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2. 238U PROTON INDUCED FISSION

Äystö et al. (1998) [I.11]

 

Ep = 20 MeV
Pre-neutron emission mass yield

Ep = 60 MeV
Pre-neutron emission mass yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 74 5.0000E–02 3.0000E–03
 76 8.0000E–02 4.8000E–03
 78 1.5000E–01 9.0000E–03
 80 3.0000E–01 1.8000E–02
 82 4.2000E–01 2.5200E–02
 84 9.0000E–01 5.4000E–02
 86 1.3500E+00 4.0500E–02
 88 1.9000E+00 5.7000E–02
 90 2.5000E+00 7.5000E–02
 92 3.0300E+00 9.0900E–02
 94 3.5000E+00 1.0500E–01
 96 3.8300E+00 1.1490E–01
 98 4.0000E+00 4.0000E–02
100 3.9800E+00 1.1940E–01
102 3.8300E+00 1.1490E–01
104 3.5800E+00 1.0740E–01
106 3.2200E+00 9.6600E–02
108 2.8300E+00 8.4900E–02
110 2.5200E+00 7.5600E–02
112 2.2000E+00 6.6000E–02
114 1.9800E+00 5.9400E–02
116 1.8300E+00 5.4900E–02
118 1.8000E+00 5.4000E–02
120 1.8000E+00 5.4000E–02
122 1.8200E+00 5.4600E–02
124 1.9500E+00 5.8500E–02
126 2.1800E+00 6.5400E–02
128 2.4300E+00 7.2900E–02
130 2.8000E+00 8.4000E–02
132 3.1900E+00 9.5700E–02
134 3.5500E+00 1.0650E–01
136 3.8000E+00 1.1400E–01
138 3.9500E+00 1.1850E–01
140 4.0000E+00 4.0000E–02
142 3.8500E+00 1.1550E–01
144 3.5500E+00 1.0650E–01
146 3.1000E+00 9.3000E–02
148 2.5500E+00 7.6500E–02
150 1.9800E+00 5.9400E–02
152 1.4200E+00 4.2600E–02
154 9.4000E–01 5.6400E–02
156 5.8000E–01 3.4800E–02
158 3.3000E–01 1.9800E–02
160 1.8000E–01 1.0800E–02
162 1.0000E–01 6.0000E–03

 74 1.0000E–01 6.0000E–03
 76 1.3000E–01 7.8000E–03
 78 2.2000E–01 1.3200E–02
 80 4.0000E–01 2.4000E–02
 82 6.2000E–01 3.7200E–02
 84 1.0000E+00 3.0000E–02
 86 1.4200E+00 4.2600E–02
 88 1.8800E+00 5.6400E–02
 90 2.3400E+00 7.0200E–02
 92 2.7500E+00 8.2500E–02
 94 3.0700E+00 9.2100E–02
 96 3.2800E+00 9.8400E–02
 98 3.4000E+00 1.0200E–01
100 3.4300E+00 1.0290E–01
102 3.4100E+00 1.0230E–01
104 3.3800E+00 1.0140E–01
106 3.2800E+00 9.8400E–02
108 3.2000E+00 9.6000E–02
110 3.1000E+00 9.3000E–02
112 3.0500E+00 9.1500E–02
114 3.0300E+00 9.0900E–02
116 3.0400E+00 9.1200E–02
118 3.0400E+00 9.1200E–02
120 3.0300E+00 9.0900E–02
122 3.0400E+00 9.1200E–02
124 3.0600E+00 9.1800E–02
126 3.1800E+00 9.5400E–02
128 3.2200E+00 9.6600E–02
130 3.3500E+00 1.0050E–01
132 3.3900E+00 1.0170E–01
134 3.4200E+00 1.0260E–01
136 3.4000E+00 1.0200E–01
138 3.3400E+00 1.0020E–01
140 3.1700E+00 9.5100E–02
142 2.8500E+00 8.5500E–02
144 2.5000E+00 7.5000E–02
146 2.0500E+00 6.1500E–02
148 1.6000E+00 4.8000E–02
150 1.1800E+00 3.5400E–02
152 7.8000E–01 4.6800E–02
154 5.0000E–01 3.0000E–02
156 3.0000E–01 1.8000E–02
158 1.8000E–01 1.0800E–02
160 1.0000E–01 6.0000E–03
162 5.0000E–02 3.0000E–03
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3. 239Pu NEUTRON INDUCED FISSION

Gindler et al. (1983) [I.12]
En = 0.17 MeV

Post-neutron emission chain yield

Gindler et al. (1983) [I.12]
En = 7.9 MeV

Post-neutron emission chain yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 87 0.76 0.10
 88 1.13 0.10
 91 2.72 0.16
 92 3.05 0.38
 93 4.16 0.40
 97 5.67 0.32
 99 6.29 0.42
103 7.57 0.50
105 6.03 0.55
109 1.14 0.17
111 0.25 0.04
112 0.14 0.02
121   0.032  0.005
127 0.34 0.05
129 1.18 0.24
132 5.52 0.38
133 7.64 0.45
140 5.49 0.33
142 4.88 0.41
143 4.57 0.36

 87 0.93 0.16
 88 1.73 0.20
 91 3.03 0.19
 92 3.51 0.44
 93 4.03 0.50
 97 5.13 0.52
 99 5.49 0.39
103 5.66 0.39
105 4.74 0.41
109 1.16 0.17
111 0.66 0.10
112 0.59 0.09
127 1.08 0.16
129 1.67 0.33
132 4.92 0.39
133 6.24 0.36
140 5.49 0.34

Ford (1976) [I.13]
En = 14.0 MeV

Post-neutron emission chain yield

Laurec et al. (1981) [I.14]
En = 14.7 MeV

Post-neutron emission chain yield

Mass Yield (%) Uncertainty Mass Yield (%) Uncertainty

 89 2.12 0.21
 97 4.38 0.44
109 2.50 0.25
111  2.078 0.21
112  1.380 0.14
140 4.19 0.42
144 2.87 0.29
147 1.89 0.19
156  0.230  0.023
161   0.0196  0.002

 95 3.9600E+00 1.5444E–01
 97 4.4000E+00 1.9800E–01
 99 5.0400E+00 1.8144E–01
103 5.3000E+00 1.9610E–01
105 4.3000E+00 1.9780E–01
127 2.1700E+00 9.5480E–02
132 3.1500E+00 1.1655E–01
131 4.5500E+00 2.1840E–01
133 4.2500E+00 3.8250E–01
140 3.6000E+00 1.3680E–01
141 3.6800E+00 1.5088E–01
143 2.9300E+00 1.1720E–01
144 2.5900E+00 1.8907E–01
147 1.6400E+00 6.8880E–02
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4. 242Pu NEUTRON INDUCED FISSION

Winkelmann et al. (1984) [I.15]
En = 15.1 MeV

Post-neutron emission chain yield

Winkelmann et al. (1984) [I.15]
En = 15.1 MeV

Post-neutron emission chain yield

Mass  Yield (%) Uncertainty Mass Yield (%) Uncertainty

 85  0.00672  0.00048
 87  0.00995  0.00076
 88 0.0118 0.0010
 89 0.0133 0.0015
 91 0.0207 0.0011
 92 0.0238 0.0021
 93 0.0260 0.0034
 94 0.0280 0.0028
 95 0.0337 0.0030
 97 0.0423 0.0022
 99 0.0484 0.0025
101 0.0504 0.0050
103 0.0564 0.0045
104 0.0545 0.0066
105 0.0550 0.0030
107 0.0380 0.0038
109 0.0253 0.0022
111 0.0220 0.0024
112 0.0192 0.0014
113 0.0178 0.0025
115 0.0123 0.0016
117 0.0065 0.0011

118 0.0042 0.0007
121 0.0076 0.0017
125 0.0135 0.0024
127 0.0188 0.0022
128 0.0171 0.0024
129 0.0211 0.0016
131 0.0391 0.0024
132 0.0513 0.0023
133 0.0560 0.0030
134 0.0583 0.0070
135 0.0575 0.0038
138 0.0502 0.0046
139 0.0493 0.0038
140 0.0491 0.0030
141 0.0486 0.0040
142 0.0434 0.0033
143 0.0366 0.0026
144 0.0319 0.0027
146 0.0218 0.0019
149 0.0161 0.0016
151 0.0092 0.0009
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 Appendix II

DATA ADJUSTMENT FOR MASS RESOLUTION

Liu Tingjin
China Institute of Atomic Energy, China

A method and code have been developed for 
mass resolution adjustment of mass distribution 
data measured by means of the kinetic energy 
method. Data were smoothed before adjustment 
with a second order function for 7 or 9 adjacent 
points, and the investigation shows that taking too 
few or too many data points in the smoothing 
procedure could lead to unreasonable results. The 
code was tested by folding the adjusted data with a 
Gaussian distribution and a resolution width the 
same as the one used in the adjustment procedure. 
Results were practically identical to the original 
unadjusted input data. The data uncertainties were 
also adjusted by the code. This code has subse-
quently been applied to re-define the mass distri-
bution data measurements of Zöller, Vivès and 
Äystö by the kinetic energy method.

II.1. INTRODUCTION

The fission yield for each product nuclide 
measured by the kinetic energy or double time-of-
flight method is not a true mass yield but, due to 
incomplete mass resolution, the sum of contribu-
tions from several adjacent masses, the yields of 
which are each folded by a Gaussian distribution 
function. They must be adjusted for mass resolution 
in order to obtain the true yield.

II.2. ADJUSTMENT METHOD AND CODE

According to Schmitt [II.1], the adjustment 
can be done using the following formula:

(II.1)

where YC , YU are the corrected/adjusted and 
uncorrected/unadjusted yields respectively, and s is 
the mass resolution, defined as half-width at half-
maximum (s is erroneously called the full width in 
Ref. [II.1]).

To avoid the effect of statistical fluctuation, 
the data were smoothed before adjustment by 
fitting with a second order function for every 5 
adjacent data points, 

Y(A) = a + bA + cA2 (II.2)

and the yield of the central mass was taken as the 
new yield at that mass. For the first and last two data 
points at the ends of the measured mass distribu-
tions, the results of the respective complete 5 point 
fits for the corresponding third points from the ends 
were used as the adjusted yields.

The coefficients a, b, c were obtained from the 
following group of equations, which were deduced 
by the least squares method for each group of 5 data 
points:

(II.3)

where N = n + 5, n = 1, 2,……(M – 4), and M is the 
total number of data points to be fitted. 

The double differential of Eq. (II.2) with 
respect to A is 2c, so Eq. (II.1) becomes

YC (A) = YU (A) – c s
2 (II.4)

The data were adjusted using Eq. (II.4). s
reflects the uncertainty due to the experimental 
conditions and is usually given by the author in the 
publication.
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A code was developed with the following 
features: instead of YC(A), YU(A) was used as 0 
rank approximation in the double differential, 
because YC(A) was unknown. YU(A) was smoothed 
and a0, b0, c0 were obtained from group Eq. (II.3). 
By using coefficient c0, YC1(A) was calculated from 
Eq. (II.4¢)

YC1(A) = YU(A) – c0 s 2 (II.4¢)

Smoothing YC1(A), coefficients a1, b1, c1 were 
obtained from Eq. (II.3); and using c1, YC2(A) was 
calculated from Eq. (II.4¢), and so on. Iteration was 
continued until convergence. The following 
convergence criterion was used in the code: e = 
(YCn+1(A) – YCn(A))/ YCn(A) < 0.000001 for all mass 
numbers A, which means that YCn+1(A) and YCn(A) 
agree within 5 significant figures. 

II.3. TESTING THE CODE

The method and code were tested. Figures II.1 
and II.2 show Zöller data [II.7] in original, 
smoothed and adjusted form at 7 and 13 MeV 
respectively, compared with the data of Li Ze [II.2, 
II.3], Liu Conggui [II.4] and Chapman [II.5] 
measured at similar energies by the radiochemical 
method. The s  values used in the adjustments are 
3.3 and 3.675 for 7 and 13 MeV, respectively, as 
given by the author. The adjusted data are basically 
in agreement within the uncertainty limits with the 
data measured by the radiochemical method, in 
which the mass resolution problem does not exist.  

Using the INTERP code [II.6], the adjusted 
data (smoothed over 7 points) at 13 MeV were 
folded on the basis of a Gaussian resolution 
function with s = 3.675, which is the value given in 

Ref. [II.7] for the mass resolution in the 
measurement. The results should reproduce the 
originally measured data. As shown in Fig. II.3, the 
folded data agree well with the original data, which 
proves the reliability of the method and code. 

II.4. PRACTICAL ADJUSTMENTS

When smoothing the measured data, the 
adoption of 5 adjacent points (as shown in the 
equations) was not enough to obtain good results: 
the iterations did not converge, there were some 
unreasonable fluctuations in the adjusted data, and 
incorrect results appeared with increasing iteration 
times. An attempt was made to solve the problem 
by smoothing the data twice, but this approach did 
not always work. It turned out to be more efficient 
to smooth the data over 7 points, so that N = n + 7, 
and n = 1, 2,……(M – 6) in Eq. (II.3); investigations 
showed that the iterations were convergent and 
gave more reasonable results for the adjustments 
(see Figs II.1 and II.2) of the data measured by 

Measured

Smoothed

Adjusted

Chapman (1978) 8.1 MeV [II.5]

Li Ze et al. (1985) 8.3 MeV [II.2] 

FIG. II.1. Comparison of adjusted Zöller data at 7 MeV 
[II.7] with data measured by the radiochemical method.

Measured

Smoothed

Adjusted

Liu Conggui et al. (1985) 14.9 MeV [II.4]

Li Ze et al. (1994) 11.4 MeV [II.3]

FIG. II.2. Comparison of adjusted Zöller data at 13 MeV 
[II.7] with data measured by the radiochemical method.

Measured

Smoothed

Adjusted, sigma = 3.675

Folded, sigma = 3.675

FIG. II.3. Comparison of folded adjusted data with 
measured data at 13 MeV.
306



Vivès [II.8], Zöller [II.7] and Äystö [II.9], except for 
Zöller data at 50 MeV (both post- and pre-neutron 
emission). When Zöller data at 50 MeV were 
smoothed over 9 data points, the iteration was 
convergent and reasonable results were obtained. 
The data were adjusted in the following way: first 
smoothed over 7 (or 9) data points according to Eq. 
(II.3), and then modified according to Eq. (II.4).

A crucial criterion for the success of the 
adjustment is the choice of the number of data 
points in a group used in the smoothing procedure. 
If too few data points are used in Eq. (II.3) to 
smooth out the statistical fluctuations, the iterations 
do not converge and there would be unreasonable 
structures in the adjusted data. If too many data 
points are used in Eq. (II.3), the true structures in 
the mass distribution may be smoothed out. Best 
results were obtained with 7 data points for most of 
the measured data, and with 9 data points for data 
with larger fluctuations. The adjusted data with 
original experimental uncertainties are listed in 
Annex 1.

II.5. ADJUSTMENT OF DATA 
UNCERTAINTIES 

For the fission yield data measured by the 
kinetic energy or the double time-of-flight method, 
the uncertainty of the mass calibration (by energy 
measurement or the time-of-flight method) could 
make a contribution to the total uncertainty of a 
yield. At the peak, valley and wings (Figs II.1 and 

II.2) the uncertainties due to mass calibration are 
smaller, but on the slopes of the light and heavy 
peak (where the yields vary rapidly with mass A) 
they could be larger. In comparison with the data 
measured by the radiochemical method (where this 
kind of problem does not exist), the uncertainty of 
the mass calibration could be ±1 mass unit.

The data were smoothed with the function Y = 
a + bA + cA2, and the first differential is

and the uncertainty due to the mass calibration is

DY = (b + 2cA) DA (II.5)

Total uncertainty DY composed of the yield 
measurement DY1 (mainly counting statistics) and 
the mass calibration uncertainty DY2 is given by the 
expression:

DY = (DY2
1 + DY 2

2)
1/2 (II.6)

By using Eq. (II.5) and taking DA = 1, the uncer-
tainties DY2 from the mass calibration were 
calculated, and DY1 were taken as given by the 
authors. The total uncertainties DY were calculated 
from Eq. (II.6). Adjusted data with adjusted uncer-
tainties are given in Annex 2, and the comparison of 
the adjusted uncertainty with the original data is 
given in Figs II.4 and II.5 as examples. 

adjusted data

with exp. uncert.

adjusted data

with adjusted uncert.

FIG. II.4. Intercomparison between adjusted uncertainty 
and original  experimental uncertainty at En = 13 MeV.

dY
dA

b cA= + 2

adjusted data

with exp. uncert.

adjusted data

with adjusted uncert. 

FIG. II.5. Intercomparison between adjusted uncertainty 
and original experimental uncertainty at En = 50 MeV.
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Annex 1 to Appendix II

ADJUSTED DATA MEASURED BY VIVÈS, ZÖLLER AND ÄYSTÖ

Vivès et al. (2000) [II.8]

En = 1.60 MeV
Pre-neutron emission

En = 5.5 MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

7.5000E+01 –4.3656E–03 1.4209E–04

7.8000E+01 2.7388E–03 7.1044E–04
7.9000E+01 8.0673E–03 1.1367E–03
8.0000E+01 1.3395E–02 1.5630E–03
8.1000E+01 2.8005E–02 3.5522E–03
8.2000E+01 3.8401E–02 5.8256E–03
8.3000E+01 9.8707E–02 1.3498E–02
8.4000E+01 3.5164E–01 3.5664E–02
8.5000E+01 4.2392E–01 4.2484E–02
8.6000E+01 6.4248E–01 5.9961E–02
8.7000E+01 8.7907E–01 7.8575E–02
8.8000E+01 1.3097E+00 8.5573E–02
8.9000E+01 1.6787E+00 1.0880E–01
9.0000E+01 2.1215E+00 1.3289E–01
9.1000E+01 2.5971E+00 1.5878E–01
9.2000E+01 3.2447E+00 1.9235E–01
9.3000E+01 3.7560E+00 2.1665E–01
9.4000E+01 4.3424E+00 1.6532E–01
9.5000E+01 4.4360E+00 1.7193E–01
9.6000E+01 4.6361E+00 1.8528E–01
9.7000E+01 4.9172E+00 2.0013E–01
9.8000E+01 5.0394E+00 2.0603E–01
9.9000E+01 5.5539E+00 2.2414E–01
1.0000E+02 6.1263E+00 2.4283E–01
1.0100E+02 6.3753E+00 2.4865E–01
1.0200E+02 6.4716E+00 2.4574E–01
1.0300E+02 6.6572E+00 2.4404E–01
1.0400E+02 7.0271E+00 2.5185E–01
1.0500E+02 6.3598E+00 2.2620E–01
1.0600E+02 5.2813E+00 1.9615E–01
1.0700E+02 3.9937E+00 1.6454E–01
1.0800E+02 2.6459E+00 1.8511E–01
1.0900E+02 1.5191E+00 1.2138E–01
1.1000E+02 7.4444E–01 6.9268E–02
1.1100E+02 3.9131E–01 5.0583E–02
1.1200E+02 2.6189E–01 3.2964E–02
1.1300E+02 8.7609E–02 1.3783E–02
1.1400E+02 5.8556E–02 7.8149E–03

6.7000E+01 2.7711E–04 5.5385E–05
6.8000E+01 2.7711E–04 5.5385E–05
6.9000E+01 9.6940E–04 1.1077E–04
7.0000E+01 2.3540E–03 2.2154E–04
7.1000E+01 3.2430E–03 2.7692E–04
7.2000E+01 4.2099E–03 3.3231E–04
7.3000E+01 4.1060E–03 3.3231E–04
7.4000E+01 5.3387E–03 4.9846E–04
7.5000E+01 6.0832E–03 6.6462E–04
7.6000E+01 7.8019E–03 9.9693E–04
7.7000E+01 1.1983E–02 1.6062E–03
7.8000E+01 2.9070E–02 3.3785E–03
7.9000E+01 3.5724E–02 4.5416E–03
8.0000E+01 8.9406E–02 9.5262E–03
8.1000E+01 1.3484E–01 1.3791E–02
8.2000E+01 2.1427E–01 2.0825E–02
8.3000E+01 3.0298E–01 2.8523E–02
8.4000E+01 4.4530E–01 4.0597E–02
8.5000E+01 5.7356E–01 5.2671E–02
8.6000E+01 8.1798E–01 7.3053E–02
8.7000E+01 1.0490E+00 6.9203E–02
8.8000E+01 1.4099E+00 9.0554E–02
8.9000E+01 1.7439E+00 1.1082E–01
9.0000E+01 2.2224E+00 1.4003E–01
9.1000E+01 2.5176E+00 1.5781E–01
9.2000E+01 3.0491E+00 1.8485E–01
9.3000E+01 3.8910E+00 2.2580E–01
9.4000E+01 4.4983E+00 1.7056E–01
9.5000E+01 4.6434E+00 1.7817E–01
9.6000E+01 4.7660E+00 1.8919E–01
9.7000E+01 4.9223E+00 1.9955E–01
9.8000E+01 5.2338E+00 2.1104E–01
9.9000E+01 5.8253E+00 2.2946E–01
1.0000E+02 6.0551E+00 2.3503E–01
1.0100E+02 6.1702E+00 2.3860E–01
1.0200E+02 5.9899E+00 2.3001E–01
1.0300E+02 5.9916E+00 2.2533E–01
1.0400E+02 6.1456E+00 2.2531E–01
1.0500E+02 5.6174E+00 2.0346E–01
1.0600E+02 4.7795E+00 1.7945E–01
1.0700E+02 3.6097E+00 2.2065E–01
1.0800E+02 2.5537E+00 1.7218E–01
1.0900E+02 1.6316E+00 1.2046E–01
1.1000E+02 1.0536E+00 8.1873E–02
1.1100E+02 7.3045E–01 7.7096E–02
1.1200E+02 4.0852E–01 4.6357E–02
1.1300E+02 2.5812E–01 3.0295E–02
1.1400E+02 1.5572E–01 1.8000E–02
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1.1500E+02 3.1986E–02 4.1206E–03
1.1600E+02 1.5134E–02 2.1313E–03
1.1700E+02 8.7290E–03 1.2788E–03
1.1800E+02 4.9015E–03 8.5253E–04
1.1900E+02 1.8036E–03 5.6835E–04
1.2000E+02 1.8036E–03 5.6835E–04
1.2100E+02 4.9015E–03 8.5253E–04
1.2200E+02 8.7290E–03 1.2788E–03
1.2300E+02 1.5134E–02 2.1313E–03
1.2400E+02 3.1986E–02 4.1206E–03
1.2500E+02 5.8556E–02 7.8149E–03
1.2600E+02 8.7609E–02 1.3783E–02
1.2700E+02 2.6189E–01 3.2964E–02
1.2800E+02 3.9131E–01 5.0583E–02
1.2900E+02 7.4444E–01 6.9268E–02
1.3000E+02 1.5191E+00 1.2138E–01
1.3100E+02 2.6459E+00 1.8511E–01
1.3200E+02 3.9937E+00 1.6454E–01
1.3300E+02 5.2813E+00 1.9615E–01
1.3400E+02 6.3598E+00 2.2620E–01
1.3500E+02 7.0271E+00 2.5185E–01
1.3600E+02 6.6572E+00 2.4404E–01
1.3700E+02 6.4716E+00 2.4574E–01
1.3800E+02 6.3753E+00 2.4865E–01
1.3900E+02 6.1263E+00 2.4283E–01
1.4000E+02 5.5539E+00 2.2414E–01
1.4100E+02 5.0394E+00 2.0603E–01
1.4200E+02 4.9172E+00 2.0013E–01
1.4300E+02 4.6361E+00 1.8528E–01
1.4400E+02 4.4360E+00 1.7193E–01
1.4500E+02 4.3424E+00 1.6532E–01
1.4600E+02 3.7560E+00 2.1665E–01
1.4700E+02 3.2447E+00 1.9235E–01
1.4800E+02 2.5971E+00 1.5878E–01
1.4900E+02 2.1215E+00 1.3289E–01
1.5000E+02 1.6787E+00 1.0880E–01
1.5100E+02 1.3097E+00 8.5573E–02
1.5200E+02 8.7907E–01 7.8575E–02
1.5300E+02 6.4248E–01 5.9961E–02
1.5400E+02 4.2392E–01 4.2484E–02
1.5500E+02 3.5164E–01 3.5664E–02
1.5600E+02 9.8707E–02 1.3498E–02
1.5700E+02 3.8401E–02 5.8256E–03
1.5800E+02 2.8005E–02 3.5522E–03
1.5900E+02 1.3395E–02 1.5630E–03
1.6000E+02 8.0673E–03 1.1367E–03
1.6100E+02 2.7388E–03 7.1044E–04

1.6400E+02 –4.3656E–03 1.4209E–04

1.1500E+02 1.2397E–01 1.2794E–02
1.1600E+02 1.1322E–01 1.0523E–02
1.1700E+02 9.7121E–02 8.8062E–03
1.1800E+02 9.1891E–02 8.3631E–03
1.1900E+02 6.3970E–02 6.4246E–03
1.2000E+02 6.3970E–02 6.4246E–03
1.2100E+02 9.1891E–02 8.3631E–03
1.2200E+02 9.7121E–02 8.8062E–03
1.2300E+02 1.1322E–01 1.0523E–02
1.2400E+02 1.2397E–01 1.2794E–02
1.2500E+02 1.5572E–01 1.8000E–02
1.2600E+02 2.5812E–01 3.0295E–02
1.2700E+02 4.0852E–01 4.6357E–02
1.2800E+02 7.3045E–01 7.7096E–02
1.2900E+02 1.0536E+00 8.1873E–02
1.3000E+02 1.6316E+00 1.2046E–01
1.3100E+02 2.5537E+00 1.7218E–01
1.3200E+02 3.6097E+00 2.2065E–01
1.3300E+02 4.7795E+00 1.7945E–01
1.3400E+02 5.6174E+00 2.0346E–01
1.3500E+02 6.1456E+00 2.2531E–01
1.3600E+02 5.9916E+00 2.2533E–01
1.3700E+02 5.9899E+00 2.3001E–01
1.3800E+02 6.1702E+00 2.3860E–01
1.3900E+02 6.0551E+00 2.3503E–01
1.4000E+02 5.8253E+00 2.2946E–01
1.4100E+02 5.2338E+00 2.1104E–01
1.4200E+02 4.9223E+00 1.9955E–01
1.4300E+02 4.7660E+00 1.8919E–01
1.4400E+02 4.6434E+00 1.7817E–01
1.4500E+02 4.4983E+00 1.7056E–01
1.4600E+02 3.8910E+00 2.2580E–01
1.4700E+02 3.0491E+00 1.8485E–01
1.4800E+02 2.5176E+00 1.5781E–01
1.4900E+02 2.2224E+00 1.4003E–01
1.5000E+02 1.7439E+00 1.1082E–01
1.5100E+02 1.4099E+00 9.0554E–02
1.5200E+02 1.0490E+00 6.9203E–02
1.5300E+02 8.1798E–01 7.3053E–02
1.5400E+02 5.7356E–01 5.2671E–02
1.5500E+02 4.4530E–01 4.0597E–02
1.5600E+02 3.0298E–01 2.8523E–02
1.5700E+02 2.1427E–01 2.0825E–02
1.5800E+02 1.3484E–01 1.3791E–02
1.5900E+02 8.9406E–02 9.5262E–03
1.6000E+02 3.5724E–02 4.5416E–03
1.6100E+02 2.9070E–02 3.3785E–03
1.6200E+02 1.1983E–02 1.6062E–03
1.6300E+02 7.8019E–03 9.9693E–04
1.6400E+02 6.0832E–03 6.6462E–04
1.6500E+02 5.3387E–03 4.9846E–04
1.6600E+02 4.1060E–03 3.3231E–04
1.6700E+02 4.2099E–03 3.3231E–04
1.6800E+02 3.2430E–03 2.7692E–04
1.6900E+02 2.3540E–03 2.2154E–04
1.7000E+02 9.6940E–04 1.1077E–04
1.7100E+02 2.7711E–04 5.5385E–05
1.7200E+02 2.7711E–04 5.5385E–05

En = 1.60 MeV
Pre-neutron emission

En = 5.5 MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty
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Zöller (1995) [II.7]   

          

En = 13 (11.5–14.5) MeV
Post-neutron emission

En = 20 (18–2–22) MeV
Post-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

7.4000E+01 –8.1187E–02 6.0000E–03
7.6000E+01 –4.1187E–02 1.2000E–02
7.8000E+01  1.8813E–02 1.7000E–02
8.0000E+01  1.1881E–01 2.3000E–02
8.2000E+01  3.0957E–01 3.2000E–02
8.4000E+01  5.4075E–01 4.1000E–02
8.6000E+01  9.4186E–01 5.3000E–02
8.8000E+01  1.3488E+00 6.3000E–02
9.0000E+01  2.4527E+00 8.1000E–02
9.2000E+01  3.3420E+00 9.0000E–02
9.4000E+01  4.8841E+00 1.0400E–01
9.6000E+01  5.8441E+00 1.1000E–01
9.8000E+01  6.4219E+00 1.1300E–01
1.0000E+02  6.2181E+00 1.1200E–01
1.0200E+02  5.4582E+00 1.0800E–01
1.0400E+02  4.0475E+00 9.7000E–02
1.0600E+02  2.8362E+00 8.6000E–02
1.0800E+02  1.7950E+00 7.3000E–02
1.1000E+02  1.0332E+00 5.8000E–02
1.1200E+02  8.9544E–01 5.3000E–02
1.1400E+02  8.8351E–01 4.9000E–02
1.1600E+02  7.1250E–01 4.3000E–02
1.1800E+02  8.3191E–01 4.6000E–02
1.2000E+02  7.5065E–01 4.6000E–02
1.2200E+02  6.9458E–01 4.8000E–02
1.2400E+02  9.1531E–01 5.7000E–02
1.2600E+02  1.3478E+00 6.7000E–02
1.2800E+02  2.7680E+00 8.6000E–02
1.3000E+02  3.9817E+00 9.7000E–02
1.3200E+02  5.4409E+00 1.0700E–01
1.3400E+02  6.2736E+00 1.1200E–01
1.3600E+02  6.4255E+00 1.1300E–01
1.3800E+02  5.9191E+00 1.1100E–01
1.4000E+02  4.8756E+00 1.0400E–01
1.4200E+02  3.3774E+00 9.1000E–02
1.4400E+02  2.5176E+00 8.2000E–02
1.4600E+02  1.3749E+00 6.4000E–02
1.4800E+02  9.2647E–01 5.3000E–02
1.5000E+02  5.5202E–01 4.2000E–02
1.5200E+02  3.2973E–01 3.3000E–02
1.5400E+02  1.2060E–01 2.2000E–02
1.5600E+02  6.6397E–02 1.7000E–02
1.5800E+02  2.9809E–02 1.3000E–02
1.6000E+02 –2.0191E–02 6.0000E–03
1.6200E+02 –3.0191E–02 3.0000E–03
1.6400E+02 –3.0191E–02 4.0000E–03

7.4000E+01 –8.8686E–02 1.0000E–02
7.6000E+01 –3.8686E–02 1.5000E–02
7.8000E+01 –8.6862E–03 1.8000E–02
8.0000E+01  2.0131E–01 2.9000E–02
8.2000E+01  2.9589E–01 3.4000E–02
8.4000E+01  6.0174E–01 4.6000E–02
8.6000E+01  1.0079E+00 5.8000E–02
8.8000E+01  1.5159E+00 6.9000E–02
9.0000E+01  2.4023E+00 8.3000E–02
9.2000E+01  3.5812E+00 9.6000E–02
9.4000E+01  4.5505E+00 1.0400E–01
9.6000E+01  5.5173E+00 1.1000E–01
9.8000E+01  6.0553E+00 1.1400E–01
1.0000E+02  5.7786E+00 1.1200E–01
1.0200E+02  5.2153E+00 1.1000E–01
1.0400E+02  3.8440E+00 9.9000E–02
1.0600E+02  2.7515E+00 8.9000E–02
1.0800E+02  1.9950E+00 7.9000E–02
1.1000E+02  1.5075E+00 6.9000E–02
1.1200E+02  1.4368E+00 6.6000E–02
1.1400E+02  1.1806E+00 5.9000E–02
1.1600E+02  1.0338E+00 5.5000E–02
1.1800E+02  1.2503E+00 5.9000E–02
1.2000E+02  1.2416E+00 6.1000E–02
1.2200E+02  1.2858E+00 6.5000E–02
1.2400E+02  1.4537E+00 7.0000E–02
1.2600E+02  2.1264E+00 8.2000E–02
1.2800E+02  3.2068E+00 9.4000E–02
1.3000E+02  4.6837E+00 1.0600E–01
1.3200E+02  5.6061E+00 1.1100E–01
1.3400E+02  6.1981E+00 1.1400E–01
1.3600E+02  5.8150E+00 1.1100E–01
1.3800E+02  4.9785E+00 1.7000E–01
1.4000E+02  3.8589E+00 9.9000E–02
1.4200E+02  2.8917E+00 8.9000E–02
1.4400E+02  1.7922E+00 7.4000E–02
1.4600E+02  1.2367E+00 6.3000E–02
1.4800E+02  6.8348E–01 4.9000E–02
1.5000E+02  3.9955E–01 3.8000E–02
1.5200E+02  2.8095E–01 3.2000E–02
1.5400E+02  1.0621E–01 2.2000E–02
1.5600E+02  6.2059E–03 1.6000E–02
1.5800E+02 –5.3794E–02 1.0000E–02
1.6000E+02 –7.3794E–02 6.0000E–03
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En = 27.5 (22–33) MeV
Post-neutron emission

En = 27.5 (22–33) MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

7.2000E+01 –8.5067E–02 5.0000E–03
7.4000E+01 –6.5067E–02 6.0000E–03
7.6000E+01 –4.5067E–02 8.0000E–03
7.8000E+01 4.4933E–02 1.3000E–02
8.0000E+01 1.6800E–01 1.8000E–02
8.2000E+01 3.0940E–01 2.4000E–02
8.4000E+01 5.8619E–01 3.1000E–02
8.6000E+01 9.4302E–01 3.8000E–02
8.8000E+01 1.6845E+00 4.9000E–02
9.0000E+01 2.3728E+00 5.5000E–02
9.2000E+01 3.4702E+00 6.3000E–02
9.4000E+01 4.6021E+00 6.8000E–02
9.6000E+01 5.4842E+00 7.1000E–02
9.8000E+01 5.9471E+00 7.4000E–02
1.0000E+02 5.5870E+00 7.2000E–02
1.0200E+02 4.5363E+00 6.9000E–02
1.0400E+02 3.5806E+00 6.5000E–02
1.0600E+02 2.7268E+00 6.0000E–02
1.0800E+02 2.1787E+00 5.5000E–02
1.1000E+02 1.8433E+00 5.0000E–02
1.1200E+02 1.9328E+00 4.9000E–02
1.1400E+02 1.8091E+00 4.6000E–02
1.1600E+02 1.6767E+00 4.4000E–02
1.1800E+02 1.7591E+00 4.6000E–02
1.2000E+02 1.7005E+00 4.7000E–02
1.2200E+02 1.7104E+00 5.0000E–02
1.2400E+02 1.9321E+00 5.3000E–02
1.2600E+02 2.7520E+00 6.0000E–02
1.2800E+02 3.8176E+00 6.6000E–02
1.3000E+02 5.0083E+00 7.0000E–02
1.3200E+02 5.7124E+00 7.2000E–02
1.3400E+02 6.0344E+00 7.4000E–02
1.3600E+02 5.1890E+00 7.0000E–02
1.3800E+02 4.2780E+00 6.7000E–02
1.4000E+02 3.1285E+00 6.1000E–02
1.4200E+02 2.1739E+00 5.4000E–02
1.4400E+02 1.4309E+00 4.6000E–02
1.4600E+02 7.8122E–01 3.6000E–02
1.4800E+02 4.9249E–01 2.9000E–02
1.5000E+02 2.8354E–01 2.2000E–02
1.5200E+02 1.2776E–01 1.6000E–02
1.5400E+02 3.5269E–02 1.1000E–02
1.5600E+02 –2.4731E–02 8.0000E–03
1.5800E+02 –5.4731E–02 6.0000E–03
1.6000E+02 –7.4731E–02 4.0000E–03

7.4000E+01 –8.2944E–02 6.0000E–03
7.6000E+01 –7.2944E–02 6.0000E–03
7.8000E+01 –1.2944E–02 1.1000E–02
8.0000E+01 6.7056E–02 1.4000E–02
8.2000E+01 2.3382E–01 2.0000E–02
8.4000E+01 3.6967E–01 2.5000E–02
8.6000E+01 6.6278E–01 3.2000E–02
8.8000E+01 1.0760E+00 4.0000E–02
9.0000E+01 1.7408E+00 4.8000E–02
9.2000E+01 2.4637E+00 5.5000E–02
9.4000E+01 3.3561E+00 6.1000E–02
9.6000E+01 4.3293E+00 6.6000E–02
9.8000E+01 5.0102E+00 6.9000E–02
1.0000E+02 5.5580E+00 7.2000E–02
1.0200E+02 5.2116E+00 7.0000E–02
1.0400E+02 4.4781E+00 6.8000E–02
1.0600E+02 3.6849E+00 6.5000E–02
1.0800E+02 2.8284E+00 5.9000E–02
1.1000E+02 2.2327E+00 5.5000E–02
1.1200E+02 1.8397E+00 5.0000E–02
1.1400E+02 1.8321E+00 4.8000E–02
1.1600E+02 1.7552E+00 4.6000E–02
1.1800E+02 1.7178E+00 4.5000E–02
1.2000E+02 1.8074E+00 4.6000E–02
1.2200E+02 1.8275E+00 4.8000E–02
1.2400E+02 1.7375E+00 4.9000E–02
1.2600E+02 2.0311E+00 5.3000E–02
1.2800E+02 2.6095E+00 5.8000E–02
1.3000E+02 3.4002E+00 6.3000E–02
1.3200E+02 4.1910E+00 6.6000E–02
1.3400E+02 5.0172E+00 7.0000E–02
1.3600E+02 5.4132E+00 7.1000E–02
1.3800E+02 5.3581E+00 7.1000E–02
1.4000E+02 4.5395E+00 6.7000E–02
1.4200E+02 3.7280E+00 6.3000E–02
1.4400E+02 2.7698E+00 5.7000E–02
1.4600E+02 1.9795E+00 5.1000E–02
1.4800E+02 1.3106E+00 4.3000E–02
1.5000E+02 7.4535E–01 3.4000E–02
1.5200E+02 4.7688E–01 2.8000E–02
1.5400E+02 2.7803E–01 2.2000E–02
1.5600E+02 1.1742E–01 1.6000E–02
1.5800E+02 7.4197E–03 1.2000E–02
1.6000E+02 –6.2580E–02 8.0000E–03
1.6200E+02 –8.2580E–02 6.0000E–03
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En = 50 (45–55) MeV
Post-neutron emission

En = 50 (45–55) MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

7.4000E+01 –2.4347E–01 1.2000E–02
7.6000E+01 –2.1347E–01 1.4000E–02
7.8000E+01 –9.3469E–02 2.1000E–02
8.0000E+01 4.6531E–02 2.6000E–02
8.2000E+01 3.5653E–01 3.6000E–02
8.4000E+01 6.0887E–01 4.3000E–02
8.6000E+01 1.0098E+00 5.2000E–02
8.8000E+01 1.6168E+00 6.1000E–02
9.0000E+01 2.4363E+00 7.1000E–02
9.2000E+01 3.2980E+00 7.8000E–02
9.4000E+01 4.1272E+00 8.4000E–02
9.6000E+01 4.8790E+00 8.9000E–02
9.8000E+01 5.2961E+00 9.2000E–02
1.0000E+02 4.9618E+00 9.0000E–02
1.0200E+02 4.3165E+00 8.7000E–02
1.0400E+02 3.7725E+00 8.5000E–02
1.0600E+02 3.2085E+00 8.1000E–02
1.0800E+02 2.7786E+00 7.8000E–02
1.1000E+02 2.6809E+00 7.7000E–02
1.1200E+02 2.5927E+00 7.5000E–02
1.1400E+02 2.5328E+00 7.4000E–02
1.1600E+02 2.6474E+00 7.5000E–02
1.1800E+02 2.5715E+00 7.5000E–02
1.2000E+02 2.6272E+00 7.6000E–02
1.2200E+02 3.0752E+00 8.1000E–02
1.2400E+02 3.4876E+00 8.3000E–02
1.2600E+02 4.0858E+00 8.6000E–02
1.2800E+02 4.6720E+00 8.8000E–02
1.3000E+02 5.2460E+00 9.1000E–02
1.3200E+02 5.1351E+00 9.1000E–02
1.3400E+02 4.5155E+00 8.6000E–02
1.3600E+02 3.6568E+00 8.1000E–02
1.3800E+02 2.6974E+00 7.4000E–02
1.4000E+02 2.0058E+00 6.7000E–02
1.4200E+02 1.1594E+00 5.5000E–02
1.4400E+02 7.5863E–01 4.6000E–02
1.4600E+02 5.1537E–01 3.9000E–02
1.4800E+02 3.1952E–01 3.2000E–02
1.5000E+02 8.7507E–02 2.2000E–02
1.5200E+02 –1.2493E–02 1.8000E–02
1.5400E+02 –9.2493E–02 1.2000E–02
1.5600E+02 –1.2249E–01 1.0000E–02
1.5800E+02 –1.6249E–01 5.0000E–03

7.4000E+01 –1.7328E–01 9.0000E–03
7.6000E+01 –1.4328E–01 1.2000E–02
7.8000E+01 –5.3282E–02 1.7000E–02
8.0000E+01 2.6718E–02 2.1000E–02
8.2000E+01 2.2672E–01 2.9000E–02
8.4000E+01 4.6984E–01 3.7000E–02
8.6000E+01 7.0275E–01 4.4000E–02
8.8000E+01 1.0610E+00 5.2000E–02
9.0000E+01 1.6680E+00 6.2000E–02
9.2000E+01 2.3321E+00 7.0000E–02
9.4000E+01 3.0929E+00 7.6000E–02
9.6000E+01 3.8640E+00 8.1000E–02
9.8000E+01 4.4885E+00 8.5000E–02
1.0000E+02 4.9864E+00 8.9000E–02
1.0200E+02 4.7515E+00 8.8000E–02
1.0400E+02 4.1770E+00 8.5000E–02
1.0600E+02 3.6036E+00 8.2000E–02
1.0800E+02 3.1305E+00 8.0000E–02
1.1000E+02 2.9357E+00 7.9000E–02
1.1200E+02 2.5005E+00 7.4000E–02
1.1400E+02 2.5540E+00 7.4000E–02
1.1600E+02 2.5407E+00 7.3000E–02
1.1800E+02 2.4543E+00 7.2000E–02
1.2000E+02 2.5572E+00 7.3000E–02
1.2200E+02 2.5678E+00 7.4000E–02
1.2400E+02 2.5716E+00 7.5000E–02
1.2600E+02 2.9936E+00 7.9000E–02
1.2800E+02 3.2714E+00 8.1000E–02
1.3000E+02 3.8318E+00 8.4000E–02
1.3200E+02 4.3261E+00 8.6000E–02
1.3400E+02 4.8502E+00 8.9000E–02
1.3600E+02 4.8721E+00 8.8000E–02
1.3800E+02 4.3244E+00 8.4000E–02
1.4000E+02 3.6796E+00 8.0000E–02
1.4200E+02 2.7988E+00 7.3000E–02
1.4400E+02 2.1717E+00 6.8000E–02
1.4600E+02 1.3850E+00 5.7000E–02
1.4800E+02 9.5207E–01 4.9000E–02
1.5000E+02 5.9871E–01 4.2000E–02
1.5200E+02 3.1871E–01 3.5000E–02
1.5400E+02 3.8708E–02 2.6000E–02
1.5600E+02 –7.1292E–02 2.1000E–02
1.5800E+02 –2.0129E–01 1.4000E–02
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En = 99.5 (89–1105) MeV
Post-neutron emission

En = 99.5 (89–1105) MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

7.2000E+01 –2.0552E–01 8.0000E–03
7.6000E+01 –4.5517E–02 1.5000E–02
8.0000E+01 3.3448E–01 2.5000E–02
8.4000E+01 8.5448E–01 3.4000E–02
8.8000E+01 1.8984E+00 4.5000E–02
9.2000E+01 3.0114E+00 5.4000E–02
9.6000E+01 3.9480E+00 6.0000E–02
1.0000E+02 4.2092E+00 6.1000E–02
1.0400E+02 4.0797E+00 6.2000E–02
1.0800E+02 3.6745E+00 6.1000E–02
1.1200E+02 3.4607E+00 6.0000E–02
1.1600E+02 3.5163E+00 6.0000E–02
1.2000E+02 3.7913E+00 6.1000E–02
1.2400E+02 4.0852E+00 6.1000E–02
1.2800E+02 4.2197E+00 6.1000E–02
1.3200E+02 3.7421E+00 5.8000E–02
1.3600E+02 2.7628E+00 5.2000E–02
1.4000E+02 1.6053E+00 4.2000E–02
1.4400E+02 6.8261E–01 3.1000E–02
1.4800E+02 1.9261E–01 2.2000E–02
1.5200E+02 –9.7387E–02 1.4000E–02
1.5600E+02 –2.3739E–01 7.0000E–03

7.6000E+01 –2.8248E–02 1.3000E–02
8.0000E+01 2.1175E–01 2.0000E–02
8.4000E+01 6.3175E–01 2.9000E–02
8.8000E+01 1.3118E+00 3.9000E–02
9.2000E+01 2.3326E+00 5.6000E–02
9.6000E+01 3.2846E+00 5.5000E–02
1.0000E+02 3.9707E+00 5.9000E–02
1.0400E+02 3.9677E+00 6.0000E–02
1.0800E+02 3.7210E+00 5.9000E–02
1.1200E+02 3.4096E+00 5.9000E–02
1.1600E+02 3.0072E+00 5.4000E–02
1.2000E+02 3.0421E+00 5.4000E–02
1.2400E+02 3.3736E+00 5.5000E–02
1.2800E+02 3.6973E+00 5.5000E–02
1.3200E+02 4.1599E+00 5.7000E–02
1.3600E+02 3.9426E+00 5.6000E–02
1.4000E+02 3.1060E+00 5.1000E–02
1.4400E+02 1.8613E+00 4.2000E–02
1.4800E+02 9.0736E–01 3.2000E–02
1.5200E+02 2.6474E–01 2.2000E–02
1.5600E+02 –4.5258E–02 1.4000E–02
1.6000E+02 –1.8526E–01 9.0000E–03
1.6400E+02 –2.5526E–01 4.0000E–03

En = 160 (145–175) MeV
Post-neutron emission

En = 160 (145–175) MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

6.8000E+01 –3.0476E–01 8.0000E–03
7.2000E+01 –2.2476E–01 1.4000E–02
7.6000E+01 –2.4760E–02 2.2000E–02
8.0000E+01 3.2524E–01 3.2000E–02
8.4000E+01 1.0449E+00 4.5000E–02
8.8000E+01 2.0899E+00 5.8000E–02
9.2000E+01 2.9734E+00 6.6000E–02
9.6000E+01 3.8538E+00 7.2000E–02
1.0000E+02 4.2049E+00 7.5000E–02
1.0400E+02 4.1260E+00 7.6000E–02
1.0800E+02 3.9231E+00 7.7000E–02
1.1200E+02 3.6277E+00 7.6000E–02
1.1600E+02 3.6762E+00 7.6000E–02
1.2000E+02 4.1773E+00 7.8000E–02
1.2400E+02 4.1455E+00 7.5000E–02
1.2800E+02 4.0944E+00 7.4000E–02
1.3200E+02 3.3158E+00 6.8000E–02
1.3600E+02 2.5413E+00 6.3000E–02
1.4000E+02 1.3981E+00 5.0000E–02
1.4400E+02 5.5866E–01 3.8000E–02
1.4800E+02 5.8658E–02 2.5000E–02
1.5200E+02 –1.8134E–01 1.7000E–02
1.5600E+02 –2.8134E–01 1.1000E–02

7.2000E+01 –2.0709E–01 1.2000E–02
7.6000E+01 –7.7090E–02 1.9000E–02
8.0000E+01 1.7291E–01 2.7000E–02
8.4000E+01 6.4291E–01 3.8000E–02
8.8000E+01 1.4476E+00 5.0000E–02
9.2000E+01 2.4261E+00 6.1000E–02
9.6000E+01 3.1215E+00 6.6000E–02
1.0000E+02 3.8070E+00 7.2000E–02
1.0400E+02 3.9391E+00 7.4000E–02
1.0800E+02 3.9100E+00 7.5000E–02
1.1200E+02 3.6483E+00 7.5000E–02
1.1600E+02 3.3601E+00 7.3000E–02
1.2000E+02 3.5156E+00 7.4000E–02
1.2400E+02 3.9487E+00 7.6000E–02
1.2800E+02 3.8529E+00 7.3000E–02
1.3200E+02 3.9153E+00 7.3000E–02
1.3600E+02 3.2602E+00 6.7000E–02
1.4000E+02 2.5113E+00 6.2000E–02
1.4400E+02 1.5848E+00 5.2000E–02
1.4800E+02 7.6064E–01 4.0000E–02
1.5200E+02 2.5773E–01 2.9000E–02
1.5600E+02 –3.2273E–02 2.0000E–02
1.6000E+02 –1.7227E–01 1.3000E–02
1.6400E+02 –2.5227E–01 7.0000E–03
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Äystö et al. (1998) [II.9]   

Ep = 20.0 MeV
Pre-neutron emission

Ep = 60.0 MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

7.4000E+01 1.3213E–02 3.0000E–03
7.6000E+01 4.3213E–02 4.8000E–03
7.8000E+01 1.1321E–01 9.0000E–03
8.0000E+01 2.6321E–01 1.8000E–02
8.2000E+01 3.7720E–01 2.5200E–02
8.4000E+01 8.5018E–01 5.4000E–02
8.6000E+01 1.3005E+00 4.0500E–02
8.8000E+01 1.8684E+00 5.7000E–02
9.0000E+01 2.5026E+00 7.5000E–02
9.2000E+01 3.0692E+00 9.0900E–02
9.4000E+01 3.5568E+00 1.0500E–01
9.6000E+01 3.9114E+00 1.1490E–01
9.8000E+01 4.0863E+00 4.0000E–02
1.0000E+02 4.0584E+00 1.1940E–01
1.0200E+02 3.8858E+00 1.1490E–01
1.0400E+02 3.6153E+00 1.0740E–01
1.0600E+02 3.2262E+00 9.6600E–02
1.0800E+02 2.8163E+00 8.4900E–02
1.1000E+02 2.4921E+00 7.5600E–02
1.1200E+02 2.1642E+00 6.6000E–02
1.1400E+02 1.9428E+00 5.9400E–02
1.1600E+02 1.7945E+00 5.4900E–02
1.1800E+02 1.7675E+00 5.4000E–02
1.2000E+02 1.7681E+00 5.4000E–02
1.2200E+02 1.7855E+00 5.4600E–02
1.2400E+02 1.9128E+00 5.8500E–02
1.2600E+02 2.1431E+00 6.5400E–02
1.2800E+02 2.3986E+00 7.2900E–02
1.3000E+02 2.7831E+00 8.4000E–02
1.3200E+02 3.1944E+00 9.5700E–02
1.3400E+02 3.5841E+00 1.0650E–01
1.3600E+02 3.8545E+00 1.1400E–01
1.3800E+02 4.0264E+00 1.1850E–01
1.4000E+02 4.0841E+00 4.0000E–02
1.4200E+02 3.9308E+00 1.1550E–01
1.4400E+02 3.6108E+00 1.0650E–01
1.4600E+02 3.1379E+00 9.3000E–02
1.4800E+02 2.5541E+00 7.6500E–02
1.5000E+02 1.9560E+00 5.9400E–02
1.5200E+02 1.3805E+00 4.2600E–02
1.5400E+02 8.9311E–01 5.6400E–02
1.5600E+02 5.3157E–01 3.4800E–02
1.5800E+02 2.8157E–01 1.9800E–02
1.6000E+02 1.3157E–01 1.0800E–02
1.6200E+02 5.1569E–02 6.0000E–03

7.4000E+01 3.8586E–02 6.0000E–03
7.6000E+01 6.8586E–02 7.8000E–03
7.8000E+01 1.5859E–01 1.3200E–02
8.0000E+01 3.3859E–01 2.4000E–02
8.2000E+01 5.5845E–01 3.7200E–02
8.4000E+01 9.4303E–01 3.0000E–02
8.6000E+01 1.3767E+00 4.2600E–02
8.8000E+01 1.8655E+00 5.6400E–02
9.0000E+01 2.3591E+00 7.0200E–02
9.2000E+01 2.8059E+00 8.2500E–02
9.4000E+01 3.1470E+00 9.2100E–02
9.6000E+01 3.3615E+00 9.8400E–02
9.8000E+01 3.4681E+00 1.0200E–01
1.0000E+02 3.4790E+00 1.0290E–01
1.0200E+02 3.4418E+00 1.0230E–01
1.0400E+02 3.3978E+00 1.0140E–01
1.0600E+02 3.2833E+00 9.8400E–02
1.0800E+02 3.1902E+00 9.6000E–02
1.1000E+02 3.0813E+00 9.3000E–02
1.1200E+02 3.0302E+00 9.1500E–02
1.1400E+02 3.0167E+00 9.0900E–02
1.1600E+02 3.0332E+00 9.1200E–02
1.1800E+02 3.0345E+00 9.1200E–02
1.2000E+02 3.0193E+00 9.0900E–02
1.2200E+02 3.0221E+00 9.1200E–02
1.2400E+02 3.0398E+00 9.1800E–02
1.2600E+02 3.1670E+00 9.5400E–02
1.2800E+02 3.2177E+00 9.6600E–02
1.3000E+02 3.3614E+00 1.0050E–01
1.3200E+02 3.4156E+00 1.0170E–01
1.3400E+02 3.4622E+00 1.0260E–01
1.3600E+02 3.4617E+00 1.0200E–01
1.3800E+02 3.4187E+00 1.0020E–01
1.4000E+02 3.2488E+00 9.5100E–02
1.4200E+02 2.9121E+00 8.5500E–02
1.4400E+02 2.5314E+00 7.5000E–02
1.4600E+02 2.0499E+00 6.1500E–02
1.4800E+02 1.5674E+00 4.8000E–02
1.5000E+02 1.1270E+00 3.5400E–02
1.5200E+02 7.2412E–01 4.6800E–02
1.5400E+02 4.4995E–01 3.0000E–02
1.5600E+02 2.5472E–01 1.8000E–02
1.5800E+02 1.3472E–01 1.0800E–02
1.6000E+02 5.4722E–02 6.0000E–03
1.6200E+02 4.7218E–03 3.0000E–03
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Annex 2 to Appendix II

ADJUSTED DATA WITH ADJUSTED UNCERTAINTY

Vivès et al. (2000) [II.8]

En = 1.60 MeV
Pre-neutron emission

En = 5.5 MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

 75.000 –4.3656E–03 2.8176E–03

 78.000 2.7388E–03 6.4378E–03
 79.000 8.0673E–03 9.5373E–03
 80.000 1.3395E–02 1.2637E–02
 81.000 2.8005E–02 2.4160E–02
 82.000 3.8401E–02 4.7866E–02
 83.000 9.8707E–02 9.6615E–02
 84.000 3.5164E–01 1.5110E–01
 85.000 4.2392E–01 2.0549E–01
 86.000 6.4248E–01 2.6242E–01
 87.000 8.7907E–01 3.2172E–01
 88.000 1.3097E+00 3.7598E–01
 89.000 1.6787E+00 4.3974E–01
 90.000 2.1215E+00 4.9996E–01
 91.000 2.5971E+00 5.2460E–01
 92.000 3.2447E+00 5.2547E–01
 93.000 3.7560E+00 4.9028E–01
 94.000 4.3424E+00 4.0316E–01
 95.000 4.4360E+00 3.4669E–01
 96.000 4.6361E+00 3.2422E–01
 97.000 4.9172E+00 3.4553E–01
 98.000 5.0394E+00 3.7463E–01
 99.000 5.5539E+00 4.0886E–01
100.000 6.1263E+00 4.1947E–01
101.000 6.3753E+00 3.7575E–01
102.000 6.4716E+00 2.8362E–01
103.000 6.6572E+00 2.5881E–01
104.000 7.0271E+00 4.5861E–01
105.000 6.3598E+00 7.4180E–01
106.000 5.2813E+00 9.6442E–01
107.000 3.9937E+00 1.0722E+00
108.000 2.6459E+00 1.0319E+00
109.000 1.5191E+00 8.3792E–01
110.000 7.4444E–01 5.9326E–01
111.000 3.9131E–01 3.5047E–01
112.000 2.6189E–01 2.0773E–01
113.000 8.7609E–02 1.1291E–01
114.000 5.8556E–02 5.3899E–02

 67.000 2.7711E–04 1.8881E–04
 68.000 2.7711E–04 3.9204E–04
 69.000 9.6940E–04 6.0592E–04
 70.000 2.3540E–03 8.3330E–04
 71.000 3.2430E–03 9.3584E–04
 72.000 4.2099E–03 9.6907E–04
 73.000 4.1060E–03 1.0853E–03
 74.000 5.3387E–03 1.5877E–03
 75.000 6.0832E–03 2.7429E–03
 76.000 7.8019E–03 5.5764E–03
 77.000 1.1983E–02 1.0235E–02
 78.000 2.9070E–02 1.8139E–02
 79.000 3.5724E–02 3.0553E–02
 80.000 8.9406E–02 4.7665E–02
 81.000 1.3484E–01 6.7734E–02
 82.000 2.1427E–01 9.2463E–02
 83.000 3.0298E–01 1.2096E–01
 84.000 4.4530E–01 1.5611E–01
 85.000 5.7356E–01 1.9856E–01
 86.000 8.1798E–01 2.4900E–01
 87.000 1.0490E+00 2.9564E–01
 88.000 1.4099E+00 3.4797E–01
 89.000 1.7439E+00 4.0598E–01
 90.000 2.2224E+00 4.7023E–01
 91.000 2.5176E+00 5.2122E–01
 92.000 3.0491E+00 5.4232E–01
 93.000 3.8910E+00 5.2344E–01
 94.000 4.4983E+00 4.3647E–01
 95.000 4.6434E+00 3.7329E–01
 96.000 4.7660E+00 3.3354E–01
 97.000 4.9223E+00 3.3390E–01
 98.000 5.2338E+00 3.3729E–01
 99.000 5.8253E+00 3.3562E–01
100.000 6.0551E+00 3.0549E–01
101.000 6.1702E+00 2.6205E–01
102.000 5.9899E+00 2.3069E–01
103.000 5.9916E+00 2.9124E–01
104.000 6.1456E+00 4.4976E–01
105.000 5.6174E+00 6.4812E–01
106.000 4.7795E+00 8.0488E–01
107.000 3.6097E+00 9.0297E–01
108.000 2.5537E+00 8.5961E–01
109.000 1.6316E+00 7.1911E–01
110.000 1.0536E+00 5.2990E–01
111.000 7.3045E–01 3.7068E–01
112.000 4.0852E–01 2.4651E–01
113.000 2.5812E–01 1.5444E–01
114.000 1.5572E–01 8.6253E–02
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115.000 3.1986E–02 2.7494E–02
116.000 1.5134E–02 1.5342E–02
117.000 8.7290E–03 8.3316E–03
118.000 4.9015E–03 4.3950E–03
119.000 1.8036E–03 1.4785E–03
120.000 1.8036E–03 1.4785E–03
121.000 4.9015E–03 4.3950E–03
122.000 8.7290E–03 8.3316E–03
123.000 1.5134E–02 1.5342E–02
124.000 3.1986E–02 2.7494E–02
125.000 5.8556E–02 5.3899E–02
126.000 8.7609E–02 1.1291E–01
127.000 2.6189E–01 2.0773E–01
128.000 3.9131E–01 3.5047E–01
129.000 7.4444E–01 5.9326E–01
130.000 1.5191E+00 8.3792E–01
131.000 2.6459E+00 1.0319E+00
132.000 3.9937E+00 1.0722E+00
133.000 5.2813E+00 9.6442E–01
134.000 6.3598E+00 7.4180E–01
135.000 7.0271E+00 4.5861E–01
136.000 6.6572E+00 2.5881E–01
137.000 6.4716E+00 2.8362E–01
138.000 6.3753E+00 3.7575E–01
139.000 6.1263E+00 4.1947E–01
140.000 5.5539E+00 4.0886E–01
141.000 5.0394E+00 3.7463E–01
142.000 4.9172E+00 3.4553E–01
143.000 4.6361E+00 3.2422E–01
144.000 4.4360E+00 3.4669E–01
145.000 4.3424E+00 4.0316E–01
146.000 3.7560E+00 4.9028E–01
147.000 3.2447E+00 5.2547E–01
148.000 2.5971E+00 5.2460E–01
149.000 2.1215E+00 4.9996E–01
150.000 1.6787E+00 4.3974E–01
151.000 1.3097E+00 3.7598E–01
152.000 8.7907E–01 3.2172E–01
153.000 6.4248E–01 2.6242E–01
154.000 4.2392E–01 2.0549E–01
155.000 3.5164E–01 1.5110E–01
156.000 9.8707E–02 9.6615E–02
157.000 3.8401E–02 4.7866E–02
158.000 2.8005E–02 2.4160E–02
159.000 1.3395E–02 1.2637E–02
160.000 8.0673E–03 9.5373E–03
161.000 2.7388E–03 6.4378E–03

164.000 –4.3656E–03 2.8176E–03

115.000 1.2397E–01 4.9173E–02
116.000 1.1322E–01 2.9974E–02
117.000 9.7121E–02 1.9775E–02
118.000 9.1891E–02 1.3402E–02
119.000 6.3970E–02 7.4131E–03
120.000 6.3970E–02 7.4131E–03
121.000 9.1891E–02 1.3402E–02
122.000 9.7121E–02 1.9775E–02
123.000 1.1322E–01 2.9974E–02
124.000 1.2397E–01 4.9173E–02
125.000 1.5572E–01 8.6253E–02
126.000 2.5812E–01 1.5444E–01
127.000‘ 4.0852E–01 2.4651E–01
128.000 7.3045E–01 3.7068E–01
129.000 1.0536E+00 5.2990E–01
130.000 1.6316E+00 7.1911E–01
131.000 2.5537E+00 8.5961E–01
132.000 3.6097E+00 9.0297E–01
133.000 4.7795E+00 8.0488E–01
134.000 5.6174E+00 6.4812E–01
135.000 6.1456E+00 4.4976E–01
136.000 5.9916E+00 2.9124E–01
137.000 5.9899E+00 2.3069E–01
138.000 6.1702E+00 2.6205E–01
139.000 6.0551E+00 3.0549E–01
140.000 5.8253E+00 3.3562E–01
141.000 5.2338E+00 3.3729E–01
142.000 4.9223E+00 3.3390E–01
143.000 4.7660E+00 3.3354E–01
144.000 4.6434E+00 3.7329E–01
145.000 4.4983E+00 4.3647E–01
146.000 3.8910E+00 5.2344E–01
147.000 3.0491E+00 5.4232E–01
148.000 2.5176E+00 5.2122E–01
149.000 2.2224E+00 4.7023E–01
150.000 1.7439E+00 4.0598E–01
151.000 1.4099E+00 3.4797E–01
152.000 1.0490E+00 2.9564E–01
153.000 8.1798E–01 2.4900E–01
154.000 5.7356E–01 1.9856E–01
155.000 4.4530E–01 1.5611E–01
156.000 3.0298E–01 1.2096E–01
157.000 2.1427E–01 9.2463E–02
158.000 1.3484E–01 6.7734E–02
159.000 8.9406E–02 4.7665E–02
160.000 3.5724E–02 3.0553E–02
161.000 2.9070E–02 1.8139E–02
162.000 1.1983E–02 1.0235E–02
163.000 7.8019E–03 5.5764E–03
164.000 6.0832E–03 2.7429E–03
165.000 5.3387E–03 1.5877E–03
166.000 4.1060E–03 1.0853E–03
167.000 4.2099E–03 9.6907E–04
168.000 3.2430E–03 9.3584E–04
169.000 2.3540E–03 8.3330E–04
170.000 9.6940E–04 6.0592E–04
171.000 2.7711E–04 3.9204E–04
172.000 2.7711E–04 1.8881E–04

En = 1.60 MeV
Pre-neutron emission

En = 5.5 MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty
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Zöller (1995) [II.7] 

En = 13 (11.5–14.5) MeV
Post-neutron emission

En = 20 (18–22) MeV
Post-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

 74.000 –8.1187E–02 9.7831E–03
 76.000 –4.1187E–02 2.5272E–02
 78.000 1.8813E–02 5.4909E–02
 80.000 1.1881E–01 8.5338E–02
 82.000 3.0957E–01 1.2717E–01
 84.000 5.4075E–01 1.8509E–01
 86.000 9.4186E–01 2.6724E–01
 88.000 1.3488E+00 3.6605E–01
 90.000 2.4527E+00 4.5211E–01
 92.000 3.3420E+00 4.9006E–01
 94.000 4.8841E+00 4.3961E–01
 96.000 5.8441E+00 3.0039E–01
 98.000 6.4219E+00 1.2748E–01
100.000 6.2181E+00 2.1323E–01
102.000 5.4582E+00 3.8810E–01
104.000 4.0475E+00 4.8150E–01
106.000 2.8362E+00 4.7340E–01
108.000 1.7950E+00 3.8640E–01
110.000 1.0332E+00 2.6429E–01
112.000 8.9544E–01 1.5467E–01
114.000 8.8351E–01 8.7111E–02
116.000 7.1249E–01 5.3308E–02
118.000 8.3191E–01 4.6001E–02
120.000 7.5065E–01 6.2527E–02
122.000 6.9458E–01 1.3042E–01
124.000 9.1531E–01 2.5012E–01
126.000 1.3478E+00 3.9096E–01
128.000 2.7680E+00 4.9337E–01
130.000 3.9817E+00 5.1094E–01
132.000 5.4409E+00 4.1082E–01
134.000 6.2736E+00 2.3063E–01
136.000 6.4255E+00 1.2237E–01
138.000 5.9191E+00 2.9995E–01
140.000 4.8756E+00 4.3982E–01
142.000 3.3774E+00 4.9184E–01
144.000 2.5176E+00 4.5559E–01
146.000 1.3749E+00 3.7023E–01
148.000 9.2647E–01 2.6977E–01
150.000 5.5202E–01 1.8301E–01
152.000 3.2973E–01 1.2114E–01
154.000 1.2060E–01 7.7488E–02
156.000 6.6397E–02 4.7788E–02
158.000 2.9809E–02 2.9641E–02
160.000 –2.0191E–02 1.5910E–02
162.000 –3.0191E–02 4.1250E–03
164.000 –3.0191E–02 9.9150E–03

 74.000 –8.8686E–02 1.3363E–02
 76.000 –3.8686E–02 2.7853E–02
 78.000 –8.6862E–03 5.8634E–02
 80.000 2.0131E–01 9.2784E–02
 82.000 2.9589E–01 1.3616E–01
 84.000 6.0174E–01 1.9596E–01
 86.000 1.0079E+00 2.7155E–01
 88.000 1.5159E+00 3.5804E–01
 90.000 2.4023E+00 4.2620E–01
 92.000 3.5812E+00 4.4891E–01
 94.000 4.5505E+00 3.9401E–01
 96.000 5.5173E+00 2.6444E–01
 98.000 6.0553E+00 1.2127E–01
100.000 5.7786E+00 2.0104E–01
102.000 5.2153E+00 3.4242E–01
104.000 3.8440E+00 4.1241E–01
106.000 2.7515E+00 4.0054E–01
108.000 1.9950E+00 3.2400E–01
110.000 1.5075E+00 2.2583E–01
112.000 1.4368E+00 1.4314E–01
114.000 1.1806E+00 8.7544E–02
116.000 1.0338E+00 5.8521E–02
118.000 1.2503E+00 6.2128E–02
120.000 1.2416E+00 9.3157E–02
122.000 1.2858E+00 1.6484E–01
124.000 1.4537E+00 2.7231E–01
126.000 2.1264E+00 3.8263E–01
128.000 3.2068E+00 4.4508E–01
130.000 4.6837E+00 4.1343E–01
132.000 5.6061E+00 2.9824E–01
134.000 6.1981E+00 1.2692E–01
136.000 5.8150E+00 1.9969E–01
138.000 4.9785E+00 3.8162E–01
140.000 3.8589E+00 4.4374E–01
142.000 2.8917E+00 4.4127E–01
144.000 1.7922E+00 3.8758E–01
146.000 1.2367E+00 2.9866E–01
148.000 6.8348E–01 2.1799E–01
150.000 3.9955E–01 1.5092E–01
152.000 2.8095E–01 1.0331E–01
154.000 1.0621E–01 7.0177E–02
156.000 6.2059E–03 4.5948E–02
158.000 –5.3794E–02 2.1920E–02
160.000 –7.3794E–02 7.2444E–03
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En = 27.5 (22–33) MeV
Post-neutron emission

En = 27.5 (22–33) MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

 72.000 –8.5067E–02 1.2955E–02
 74.000 –6.5067E–02 1.2107E–02
 76.000 –4.5067E–02 3.3939E–02
 78.000 4.4933E–02 5.6954E–02
 80.000 1.6800E–01 8.7373E–02
 82.000 3.0940E–01 1.3061E–01
 84.000 5.8619E–01 1.9201E–01
 86.000 9.4303E–01 2.7016E–01
 88.000 1.6845E+00 3.5333E–01
 90.000 2.3728E+00 4.2014E–01
 92.000 3.4702E+00 4.3148E–01
 94.000 4.6021E+00 3.6154E–01
 96.000 5.4842E+00 2.1604E–01
 98.000 5.9471E+00 7.4600E–02
100.000 5.5870E+00 1.9361E–01
102.000 4.5363E+00 3.1788E–01
104.000 3.5806E+00 3.5678E–01
106.000 2.7268E+00 3.1716E–01
108.000 2.1787E+00 2.3369E–01
110.000 1.8433E+00 1.4766E–01
112.000 1.9328E+00 8.9211E–02
114.000 1.8091E+00 6.1260E–02
116.000 1.6767E+00 4.7695E–02
118.000 1.7591E+00 4.6982E–02
120.000 1.7005E+00 7.8267E–02
122.000 1.7104E+00 1.5993E–01
124.000 1.9321E+00 2.7080E–01
126.000 2.7520E+00 3.6212E–01
128.000 3.8176E+00 3.8695E–01
130.000 5.0083E+00 3.1263E–01
132.000 5.7124E+00 1.6005E–01
134.000 6.0344E+00 9.7997E–02
136.000 5.1890E+00 2.6986E–01
138.000 4.2780E+00 3.9572E–01
140.000 3.1285E+00 4.3841E–01
142.000 2.1739E+00 4.0499E–01
144.000 1.4309E+00 3.2994E–01
146.000 7.8122E–01 2.4441E–01
148.000 4.9249E–01 1.6895E–01
150.000 2.8354E–01 1.1230E–01
152.000 1.2776E–01 7.4513E–02
154.000 3.5269E–02 4.8229E–02
156.000 –2.4731E–02 2.9928E–02
158.000 –5.4731E–02 1.2285E–02
160.000 –7.4731E–02 8.4106E–03

 74.000 –8.2944E–02 1.1124E–02
 76.000 –7.2944E–02 1.5956E–02
 78.000 –1.2944E–02 4.0461E–02
 80.000 6.7056E–02 6.4624E–02
 82.000 2.3382E–01 9.5804E–02
 84.000 3.6967E–01 1.3805E–01
 86.000 6.6278E–01 1.9507E–01
 88.000 1.0760E+00 2.6207E–01
 90.000 1.7408E+00 3.2939E–01
 92.000 2.4637E+00 3.7808E–01
 94.000 3.3561E+00 3.8230E–01
 96.000 4.3293E+00 3.2116E–01
 98.000 5.0102E+00 2.0206E–01
100.000 5.5580E+00 7.6380E–02
102.000 5.2116E+00 1.5584E–01
104.000 4.4781E+00 2.7097E–01
106.000 3.6849E+00 3.2189E–01
108.000 2.8284E+00 3.0318E–01
110.000 2.2327E+00 2.3762E–01
112.000 1.8397E+00 1.5584E–01
114.000 1.8321E+00 9.1875E–02
116.000 1.7552E+00 5.6595E–02
118.000 1.7178E+00 4.5271E–02
120.000 1.8074E+00 5.0147E–02
122.000 1.8275E+00 7.4920E–02
124.000 1.7375E+00 1.3032E–01
126.000 2.0311E+00 2.0949E–01
128.000 2.6095E+00 2.8568E–01
130.000 3.4002E+00 3.2385E–01
132.000 4.1910E+00 2.9835E–01
134.000 5.0172E+00 2.0145E–01
136.000 5.4132E+00 7.8568E–02
138.000 5.3581E+00 1.5125E–01
140.000 4.5395E+00 2.8464E–01
142.000 3.7280E+00 3.6758E–01
144.000 2.7698E+00 3.8620E–01
146.000 1.9795E+00 3.5063E–01
148.000 1.3106E+00 2.8725E–01
150.000 7.4535E–01 2.1815E–01
152.000 4.7688E–01 1.5646E–01
154.000 2.7803E–01 1.0943E–01
156.000 1.1742E–01 7.4956E–02
158.000 7.4197E–03 4.8524E–02
160.000 –6.2580E–02 2.2289E–02
162.000 –8.2580E–02 8.0779E–03
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En = 50 (45–55) MeV
Post-neutron emission

En = 50 (45–55) MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

 74.000 –2.4347E–01 2.1724E–02
 76.000 –2.1347E–01 2.9554E–02
 78.000 –9.3469E–02 7.3240E–02
 80.000 4.6531E–02 1.1722E–01
 82.000 3.5653E–01 1.6248E–01
 84.000 6.0887E–01 2.1332E–01
 86.000 1.0098E+00 2.6579E–01
 88.000 1.6168E+00 3.0806E–01
 90.000 2.4363E+00 3.2623E–01
 92.000 3.2980E+00 3.0801E–01
 94.000 4.1272E+00 2.5427E–01
 96.000 4.8790E+00 1.7685E–01
 98.000 5.2961E+00 1.0535E–01
100.000 4.9618E+00 1.0242E–01
102.000 4.3165E+00 1.5400E–01
104.000 3.7725E+00 1.8977E–01
106.000 3.2085E+00 1.9286E–01
108.000 2.7786E+00 1.6829E–01
110.000 2.6809E+00 1.3111E–01
112.000 2.5927E+00 9.4759E–02
114.000 2.5328E+00 7.4839E–02
116.000 2.6474E+00 8.2767E–02
118.000 2.5715E+00 1.1236E–01
120.000 2.6272E+00 1.5215E–01
122.000 3.0752E+00 1.8693E–01
124.000 3.4876E+00 1.9702E–01
126.000 4.0858E+00 1.7448E–01
128.000 4.6720E+00 1.2322E–01
130.000 5.2460E+00 9.1308E–02
132.000 5.1351E+00 1.4526E–01
134.000 4.5155E+00 2.2502E–01
136.000 3.6568E+00 2.8932E–01
138.000 2.6974E+00 3.2052E–01
140.000 2.0058E+00 3.1294E–01
142.000 1.1594E+00 2.7363E–01
144.000 7.5863E–01 2.1907E–01
146.000 5.1537E–01 1.6598E–01
148.000 3.1952E–01 1.2272E–01
150.000 8.7507E–02 8.8877E–02
152.000 –1.2493E–02 6.4391E–02
154.000 –9.2493E–02 3.9408E–02
156.000 –1.2249E–01 1.6600E–02
158.000 –1.6249E–01 1.2117E–02

 74.000 –1.7328E–01 1.3348E–02
 76.000 –1.4328E–01 2.3472E–02
 78.000 –5.3281E–02 5.3003E–02
 80.000 2.6719E–02 8.2935E–02
 82.000 2.2672E–01 1.1401E–01
 84.000 4.6984E–01 1.5086E–01
 86.000 7.0275E–01 1.9383E–01
 88.000 1.0610E+00 2.3974E–01
 90.000 1.6680E+00 2.7791E–01
 92.000 2.3321E+00 2.9615E–01
 94.000 3.0929E+00 2.8191E–01
 96.000 3.8640E+00 2.3640E–01
 98.000 4.4885E+00 1.6971E–01
100.000 4.9864E+00 1.0460E–01
102.000 4.7515E+00 9.5147E–02
104.000 4.1770E+00 1.3706E–01
106.000 3.6036E+00 1.7062E–01
108.000 3.1305E+00 1.7729E–01
110.000 2.9357E+00 1.5978E–01
112.000 2.5005E+00 1.2714E–01
114.000 2.5540E+00 9.7646E–02
116.000 2.5407E+00 7.7818E–02
118.000 2.4543E+00 7.2209E–02
120.000 2.5572E+00 8.2605E–02
122.000 2.5678E+00 1.0613E–01
124.000 2.5716E+00 1.3745E–01
126.000 2.9936E+00 1.6706E–01
128.000 3.2714E+00 1.7764E–01
130.000 3.8318E+00 1.6300E–01
132.000 4.3261E+00 1.2252E–01
134.000 4.8502E+00 8.9369E–02
136.000 4.8721E+00 1.2192E–01
138.000 4.3244E+00 1.9144E–01
140.000 3.6796E+00 2.5502E–01
142.000 2.7988E+00 2.9231E–01
144.000 2.1717E+00 2.9798E–01
146.000 1.3850E+00 2.7466E–01
148.000 9.5207E–01 2.3457E–01
150.000 5.9871E–01 1.8894E–01
152.000 3.1871E–01 1.4605E–01
154.000 3.8708E–02 1.0271E–01
156.000 –7.1292E–02 6.0694E–02
158.000 –2.0129E–01 2.0172E–02
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En = 99.5 (89–110) MeV
Post-neutron emission

En = 99.5 (89–110) MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

 72.000 –2.0552E–01 2.1421E–02
 76.000 –4.5517E–02 7.1751E–02
 80.000 3.3448E–01 1.2303E–01
 84.000 8.5448E–01 1.7411E–01
 88.000 1.8984E+00 1.9486E–01
 92.000 3.0114E+00 1.8098E–01
 96.000 3.9480E+00 1.3925E–01
100.000 4.2092E+00 9.0770E–02
104.000 4.0797E+00 6.3584E–02
108.000 3.6745E+00 6.2389E–02
112.000 3.4607E+00 6.0388E–02
116.000 3.5163E+00 6.0854E–02
120.000 3.7913E+00 6.1715E–02
124.000 4.0852E+00 6.6118E–02
128.000 4.2197E+00 1.0232E–01
132.000 3.7421E+00 1.5086E–01
136.000 2.7628E+00 1.8744E–01
140.000 1.6053E+00 1.9367E–01
144.000 6.8261E–01 1.6463E–01
148.000 1.9261E–01 1.1142E–01
152.000 –9.7387E–02 5.8468E–02
156.000 –2.3739E–01 8.2179E–03

 76.000 –2.8248E–02 6.1240E–02
 80.000 2.1175E–01 9.8095E–02
 84.000 6.3175E–01 1.3537E–01
 88.000 1.3118E+00 1.7287E–01
 92.000 2.3326E+00 1.7998E–01
 96.000 3.2846E+00 1.5116E–01
100.000 3.9707E+00 1.0573E–01
104.000 3.9677E+00 6.6536E–02
108.000 3.7210E+00 6.1718E–02
112.000 3.4096E+00 6.7446E–02
116.000 3.0072E+00 5.5642E–02
120.000 3.0421E+00 5.7131E–02
124.000 3.3736E+00 6.4361E–02
128.000 3.6973E+00 5.5674E–02
132.000 4.1599E+00 7.3555E–02
136.000 3.9426E+00 1.2362E–01
140.000 3.1060E+00 1.6883E–01
144.000 1.8613E+00 1.8991E–01
148.000 9.0736E–01 1.7332E–01
152.000 2.6474E–01 1.2894E–01
156.000 –4.5258E–02 7.8071E–02
160.000 –1.8526E–01 2.8041E–02
164.000 –2.5526E–01 2.4025E–02

En = 160 (145–175) MeV
Post-neutron emission

En = 160 (145–175) MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

 68.000 –3.0476E–01 1.6743E–02
 72.000 –2.2476E–01 3.7558E–02
 76.000 –2.4760E–02 8.7231E–02
 80.000 3.2524E–01 1.3774E–01
 84.000 1.0449E+00 1.7859E–01
 88.000 2.0899E+00 1.9549E–01
 92.000 2.9734E+00 1.8200E–01
 96.000 3.8538E+00 1.4554E–01
100.000 4.2049E+00 1.0387E–01
104.000 4.1260E+00 7.9606E–02
108.000 3.9231E+00 7.7000E–02
112.000 3.6277E+00 7.6012E–02
116.000 3.6762E+00 7.6035E–02
120.000 4.1773E+00 7.8690E–02
124.000 4.1455E+00 9.0216E–02
128.000 4.0944E+00 1.2864E–01
132.000 3.3158E+00 1.7022E–01
136.000 2.5413E+00 1.9555E–01
140.000 1.3981E+00 1.9112E–01
144.000 5.5866E–01 1.5638E–01
148.000 5.8658E–02 1.0283E–01
152.000 –1.8134E–01 5.0738E–02
156.000 –2.8134E–01 1.1753E–02

 76.000 –2.8248E–02 6.1240E–02
 80.000 2.1175E–01 9.8095E–02
 84.000 6.3175E–01 1.3537E–01
 88.000 1.3118E+00 1.7287E–01
 92.000 2.3326E+00 1.7998E–01
 96.000 3.2846E+00 1.5116E–01
100.000 3.9707E+00 1.0573E–01
104.000 3.9677E+00 6.6536E–02
108.000 3.7210E+00 6.1718E–02
112.000 3.4096E+00 6.7446E–02
116.000 3.0072E+00 5.5642E–02
120.000 3.0421E+00 5.7131E–02
124.000 3.3736E+00 6.4361E–02
128.000 3.6973E+00 5.5674E–02
132.000 4.1599E+00 7.3555E–02
136.000 3.9426E+00 1.2362E–01
140.000 3.1060E+00 1.6883E–01
144.000 1.8613E+00 1.8991E–01
148.000 9.0736E–01 1.7332E–01
152.000 2.6474E–01 1.2894E–01
156.000 –4.5258E–02 7.8071E–02
160.000 –1.8526E–01 2.8041E–02
164.000 –2.5526E–01 2.4025E–02
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Äystö et al (1998) [II.9]   

Ep = 20.0 MeV
Pre-neutron emission

Ep = 60.0 MeV
Pre-neutron emission

Mass A  Yield (%) Uncertainty Mass A Yield (%) Uncertainty

 74.000 1.3213E–02 1.1667E–02
 76.000 4.3213E–02 2.5960E–02
 78.000 1.1321E–01 6.2946E–02
 80.000 2.6321E–01 1.0071E–01
 82.000 3.7720E–01 1.4731E–01
 84.000 8.5018E–01 2.0107E–01
 86.000 1.3005E+00 2.4172E–01
 88.000 1.8684E+00 2.7285E–01
 90.000 2.5026E+00 2.8426E–01
 92.000 3.0692E+00 2.5574E–01
 94.000 3.5568E+00 2.2160E–01
 96.000 3.9114E+00 1.7016E–01
 98.000 4.0863E+00 6.0106E–02
100.000 4.0584E+00 1.2402E–01
102.000 3.8858E+00 1.5245E–01
104.000 3.6153E+00 1.7520E–01
106.000 3.2262E+00 1.9325E–01
108.000 2.8163E+00 1.8887E–01
110.000 2.4921E+00 1.6982E–01
112.000 2.1642E+00 1.4047E–01
114.000 1.9428E+00 1.0756E–01
116.000 1.7945E+00 7.6802E–02
118.000 1.7675E+00 5.7285E–02
120.000 1.7681E+00 5.5817E–02
122.000 1.7855E+00 7.2987E–02
124.000 1.9128E+00 1.0256E–01
126.000 2.1431E+00 1.3628E–01
128.000 2.3986E+00 1.6686E–01
130.000 2.7831E+00 1.8881E–01
132.000 3.1944E+00 1.9488E–01
134.000 3.5841E+00 1.7786E–01
136.000 3.8545E+00 1.5547E–01
138.000 4.0264E+00 1.2527E–01
140.000 4.0841E+00 5.4421E–02
142.000 3.9308E+00 1.6338E–01
144.000 3.6108E+00 2.1485E–01
146.000 3.1379E+00 2.4709E–01
148.000 2.5541E+00 2.7643E–01
150.000 1.9560E+00 2.6959E–01
152.000 1.3805E+00 2.4352E–01
154.000 8.9311E–01 2.0976E–01
156.000 5.3157E–01 1.5975E–01
158.000 2.8157E–01 1.0929E–01
160.000 1.3157E–01 6.0032E–02
162.000 5.1569E–02 1.2199E–02

 74.000 3.8586E–02 1.0617E–02
 76.000 6.8586E–02 3.1526E–02
 78.000 1.5859E–01 7.1086E–02
 80.000 3.3859E–01 1.1176E–01
 82.000 5.5845E–01 1.5306E–01
 84.000 9.4303E–01 1.8601E–01
 86.000 1.3767E+00 2.1398E–01
 88.000 1.8655E+00 2.2852E–01
 90.000 2.3591E+00 2.2180E–01
 92.000 2.8059E+00 1.9925E–01
 94.000 3.1470E+00 1.6682E–01
 96.000 3.3615E+00 1.3477E–01
 98.000 3.4681E+00 1.1217E–01
100.000 3.4790E+00 1.0332E–01
102.000 3.4418E+00 1.0378E–01
104.000 3.3978E+00 1.0686E–01
106.000 3.2833E+00 1.0639E–01
108.000 3.1902E+00 1.0357E–01
110.000 3.0813E+00 9.8144E–02
112.000 3.0302E+00 9.3871E–02
114.000 3.0167E+00 9.1630E–02
116.000 3.0332E+00 9.1291E–02
118.000 3.0345E+00 9.1211E–02
120.000 3.0193E+00 9.1240E–02
122.000 3.0221E+00 9.2694E–02
124.000 3.0398E+00 9.5693E–02
126.000 3.1670E+00 1.0187E–01
128.000 3.2177E+00 1.0451E–01
130.000 3.3614E+00 1.0712E–01
132.000 3.4156E+00 1.0466E–01
134.000 3.4622E+00 1.0262E–01
136.000 3.4617E+00 1.0682E–01
138.000 3.4187E+00 1.2482E–01
140.000 3.2488E+00 1.5407E–01
142.000 2.9121E+00 1.8575E–01
144.000 2.5314E+00 2.1182E–01
146.000 2.0499E+00 2.2444E–01
148.000 1.5674E+00 2.1558E–01
150.000 1.1270E+00 1.9219E–01
152.000 7.2412E–01 1.6459E–01
154.000 4.4995E–01 1.2686E–01
156.000 2.5472E–01 9.2153E–02
158.000 1.3472E–01 6.2342E–02
160.000 5.4722E–02 3.2972E–02
162.000 4.7218E–03 4.5672E–03
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Appendix III

FISSION YIELD SYSTEMATICS AND COVARIANCE STUDY FOR 238U

Liu Tingjin, Sun Zhengjun
China Institute of Atomic Energy, China

Mass distribution data measured up to 
200 MeV by the kinetic energy method by Zöller 
were adjusted for mass resolution and used to study 
the systematics of the chain yield dependence on 
incident neutron energy. The energy dependence 
for each fission fragment mass number was 
represented by linear and quadric functions. 
Furthermore, the systematics of the whole mass 
distribution and representation by a 5 (or 3) 
Gaussian model as a function of the incident 
neutron energy was also investigated. A code was 
developed to deduce the model parameters by a 
non-linear least squares fit of the experimental data. 
The mass distributions calculated with these 
parameters were subsequently compared with the 
experimental data. However, comparisons with 
radiochemically measured yields revealed 
systematic differences between the data obtained by 
the two methods. The uncertainties and correlations 
in the systematics were also studied: uncertainties in 
the mass distributions can be reduced by 20–80% 
(about 50% on average) when calculated from the 
systematics, and greater reductions can be achieved 
when the initial uncertainty is higher. These studies 
have also shown that there is a strong but rather 
complicated correlation between the yields 
calculated from the systematics and the parameters 
of the systematics.

III.1. INTRODUCTION

There are three approaches to determining 
the energy dependence of fission yields: experi-
mental measurement, theoretical calculation and 
systematics. Systematics is the most simple and 
promising approach so long as there is a sufficiently 
large experimental database. In recent years, Zöller 
and others have systematically measured mass 
distributions in the energy range from 2 to 600 MeV 
for 238U fission by means of the fragment kinetic 
energy method and using a white neutron source. 
This experimental work has provided a good basis 
for the study of systematics.

III.2. DATABASE

The mass distribution data measured by Zöller 
[III.1] at 2, 3, 5, 7, 10, 13, 16.25, 20, 27.5, 39, 50, 63, 80, 
99.5, 120, 137.5, 160 and 200 MeV were used as the basis 
of our studies. Data measured by Nagy et al. [III.2], 
Chapman [III.3], Daroczy et al. [III.4], Liu Conggui et 
al. [III.5], Li Ze et al. [III.6, III.7] and Liu Yonghui et al. 
[III.8] following radiochemical separation were also 
used as reference and for comparative purposes. 
Zöller’s data and their uncertainties were first 
adjusted to correct for mass resolution [III.9].

III.3. SYSTEMATICS FOR THE 
DEPENDENCE OF CHAIN YIELDS 
ON ENERGY FOR EACH FISSION 
PRODUCT MASS NUMBER

The systematic behaviour of the dependence 
of chain yields on incident neutron energy can be 
seen qualitatively in Fig. III.1. Yields in the valley 
increase, while yields at the two peaks decrease with 
increasing incident neutron energy (Figs III.2–
III.6); these increases or decreases are non-linear, 
even in the energy range 0–20 MeV. The neutron 
energy dependence of the yields at the wings tends 
to be quite complicated, increasing at first with 
increasing energy and then decreasing.

The dependence of chain yields on neutron 
energy in the range 0–20 MeV was fitted quantita-
tively with a linear-linear and a log-linear function 
(coefficients a, b), as shown in Tables III.1 and III.2 
and in Fig. III.7, or better with a quadratic function 
(coefficients a, b, c), as shown in Table III.3 and 
Fig. III.8.             

III.4. SYSTEMATICS OF MASS DISTRIBUTIONS

(1) The mass distribution data of Zöller were 
adjusted for mass resolution, and fitted with 5 
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FIG.III.1. Systematic behaviour of the dependence of chain 
yield on energy.

FIG. III.2. Dependence of the chain yield on energy for the 
left hand side of the light peak.

FIG. III.3. Dependence of the chain yield on energy for the 
right hand side of the light peak.

FIG. III.4. Dependence of the chain yield on energy in the 
valley range.

FIG. III.5. Dependence of chain yield on energy for both 
sides of the heavy peak.
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(for En £ 20 MeV) or 3 (for En ≥ 20 MeV) 
Gaussian functions: 

where I = 5 (En £ 20 MeV) or 3 (En ≥ 20 MeV) 
and  A

—
= (AF – n–)/2 (AF is the mass of the 

fissioning nucleus). Due to the symmetry of 
the distribution, there are altogether 9 (for 
5 Gaussians) or 6 (for 3 Gaussians) adjusted 
parameters: D1, (D2), g1, (g2), g3, s1, (s2), s3, A

—
.

The optimum parameters were obtained 
from a non-linear least squares fit using 
iteration procedures:

where F is the sensitivity matrix of yield Y to 
parameters C. The initial values Y(0) were 
calculated according to the Wahl equations 
[III.10]. Although the iteration should 
proceed until convergence is reached, this 
point of termination was not always achieved. 
Experimental data have to be normally 
smoothed over several data points. Zöller data 
were generally smoothed over 7 points (in 
special cases over 9 points) in order to obtain 

convergence. Since the search for optimal 
multi-parameter values is a complex process, 
the solution is not always unique. The 
parameters must be chosen from several 
possible solutions to maintain the systematic 
behaviour for each parameter at different 
energy points and require extensive and 
sometimes complicated calculations. Reduced 
c2 for the final fit is smaller than 1.0 for all 
energy points.

(2) Each parameter was fitted at different energy 
points by the least squares method with a 
second order function y = a + bxs1 + xs2, where s
can be either ‘+’ or ‘–‘, to reduce c2. The 
9 parameters were fitted in the energy region 
from 0 to 20 MeV, and 6 parameters from 20 to 
200 MeV. Results are given in Figs III.9–III.17 
for 0–20 MeV, and in Figs III.18–III.23 for 20–
200 MeV.

(3) Experimental mass distribution data 
measured by means of the kinetic energy 
method (on which our systematics is based) 
have been compared with the data calculated 
using adjusted and systematics parameters, 
and are given in Figs III.24–III.39. The latter 
can generally reproduce the former, except for 
some differences at 50 and 63 MeV. 

(4) Comparisons of various experimental mass 
distribution data measured with the radio-
chemical method and the data calculated with 
adjusted and systematics parameters are given 
in Figs III.40–III.47.                                                                        

Some systematic differences can be seen to 
occur. Mass distributions calculated with 
systematics at the two wings are normally narrower, 
especially the right side of the heavy mass peak, that 
can be attributed to a systematic difference between 

FIG. III.6. Dependence of chain yield on energy for the 
right hand side of the heavy peak.
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FIG. III.7. Dependence of linear fit coefficients on mass A.
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TABLE III.1. LINEAR–LINEAR FIT COEFFICIENTS a, Da AND b, Db AND c2, y = a + bE

Mass A Coeff b × 100 Uncertainty of b × 100      Coeff a  Uncertainty of a  c2

80  4.4132E–01 1.0115E–01  5.6516E–02 6.5807E–03  1.65

82  5.6911E–01 6.3240E–02  1.7571E–01 1.4361E–02  2.02

84  1.4603E+00 1.7245E–01  3.0392E–01 1.4381E–02  1.44

86  1.9988E+00 2.0858E–01  6.2864E–01 2.0406E–02  3.47

88  1.6561E+00 2.3028E–01  1.2312E+00 2.8319E–02  6.27

90  2.7170E+00 2.7671E–01  2.0500E+00 3.5437E–02  5.18

92  2.9007E+00 3.0633E–01  3.1690E+00 4.2809E–02  4.23

94  1.5419E+00 3.1440E–01  4.5368E+00 5.0596E–02  4.19

96 –7.7440E–01 3.1551E–01  5.9457E+00 5.7003E–02  6.85

98 –4.2976E+00 3.0693E–01  6.9091E+00 6.0986E–02  2.52

100 –8.0050E+00 2.9082E–01  7.2704E+00 6.2008E–02  0.98

102 –8.5889E+00 2.8456E–01  6.6210E+00 5.9408E–02  5.92

104 –7.0673E+00 2.6536E–01  5.1893E+00 5.4007E–02  3.67

106 –3.0285E+00 2.4897E–01  3.3087E+00 4.5019E–02  4.08

108  1.9644E–01 2.3865E–01  1.7823E+00 3.4151E–02  5.19

110  3.7744E+00 2.4096E–01  6.0791E–01 2.2114E–02  5.51

112  5.8563E+00 2.7011E–01  8.1563E–02 1.1849E–02  6.57

114  5.2108E+00 2.5001E–01 –6.4665E–02 6.8609E–03 18.17

116  4.3468E+00 2.3856E–01 –5.0020E–02 4.7802E–03 14.28

118  4.6524E+00 2.4572E–01 –3.5454E–02 4.4867E–03 25.48

120  5.2324E+00 2.6143E–01 –3.0769E–02 5.1275E–03 14.33

122  5.4493E+00 2.8323E–01  9.0936E–03 7.0759E–03  4.86

124  5.8781E+00 2.9366E–01  1.4210E–01 1.2195E–02  3.62

126  8.1932E+00 3.4988E–01  3.7731E–01 1.7625E–02  1.23

128  9.7178E+00 3.5540E–01  1.3911E+00 2.9412E–02  0.90

130  8.1890E+00 3.5279E–01  3.0181E+00 4.2131E–02  1.55

132  3.7598E+00 3.3305E–01  4.9461E+00 5.2346E–02 10.81

134 –1.8240E+00 3.1795E–01  6.4860E+00 5.8729E–02  4.39

136 –7.1292E+00 2.9066E–01  7.2812E+00 6.2137E–02  2.19

138 –9.4191E+00 4.0504E–01  7.0728E+00 5.5668E–02  1.79

140 –1.0385E+01 2.5022E–01  6.2269E+00 5.9467E–02  5.48

142 –8.9264E+00 2.2096E–01  4.8041E+00 5.3829E–02  4.51

144 –7.7906E+00 1.7982E–01  3.4683E+00 4.6910E–02  1.78

146 –5.6127E+00 1.4270E–01  2.2820E+00 3.9816E–02  4.58

148 –3.4833E+00 1.1200E–01  1.3802E+00 3.2122E–02  5.46

150 –1.3995E+00 9.5925E–02  7.0814E–01 2.3825E–02  2.34

152 –5.9363E–01 8.0314E–02  3.6077E–01 1.7377E–02  2.26

154 –2.7922E–01 5.8022E–02  1.6458E–01 1.2399E–02  2.51

Note: Average c2 for all mass A is 5.32.
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TABLE III.2.  Ln(y)-LINEAR(E) FIT COEFFICIENTS a, Da AND b, Db AND c2, n(y) = a + bE OR 
y = y0*exp(bE)

Mass A Coeff b × 100 Uncertainty of b × 100      Coeff a    Uncertainty of a  c2

80  5.2890E+00  1.8857E–01 –2.8120E+00 1.3649E–01  1.35

82  2.0653E+00  3.0792E–02 –1.6577E+00 8.6161E–02  2.40

84  3.2342E+00  1.6620E–01 –1.1366E+00 5.1523E–02  1.77

86  2.3102E+00  1.4229E–01 –4.2482E–01 3.4417E–02  3.97

88  1.1005E+00  1.2636E–01  2.2716E–01 2.3654E–02  6.52

90  1.1300E+00  9.1777E–02  7.2920E–01 1.7728E–02  5.51

92  8.4233E–01  7.2014E–02  1.1573E+00 1.3824E–02  4.39

94  3.3401E–01  6.3048E–02  1.5134E+00 1.1157E–02  4.24

96 –1.2881E–01  5.7237E–02  1.7840E+00 9.4241E–03  6.88

98 –6.5760E–01  5.7316E–02  1.9342E+00 8.5645E–03  2.57

100 –1.2361E+00  6.2861E–02  1.9881E+00 8.0902E–03  0.95

102 –1.5081E+00  7.1615E–02  1.8986E+00 8.4552E–03  5.24

104 –1.5944E+00  8.7519E–02  1.6554E+00 9.7136E–03  3.25

106 –1.0187E+00  1.0428E–01  1.2021E+00 1.3150E–02  3.90

108  1.6368E–01  1.2159E–01  5.7900E–01 1.9679E–02  5.23

110  4.1054E+00  5.5630E–02 –4.4053E–01 3.9769E–02  3.80

112  9.9016E+00 –1.6864E–01 –1.5499E+00 8.0199E–02  3.81

114  1.3494E+01 –4.7475E–01 –2.3433E+00 1.3594E–01 16.67

116  1.3577E+01 –4.2746E–01 –2.5396E+00 1.3303E–01 13.56

118  1.4081E+01 –3.4903E–01 –2.4676E+00 1.1421E–01 12.17

120  1.3173E+01 –2.8728E–01 –2.2571E+00 1.0247E–01  8.69

122  1.1416E+01 –2.0995E–01 –1.9420E+00 9.2085E–02  5.27

124  9.0375E+00 –9.5683E–02 –1.3542E+00 6.8872E–02  1.91

126  7.2996E+00 –2.4642E–02 –6.6246E–01 4.6532E–02  1.00

128  4.1835E+00  3.9631E–02  4.0902E–01 2.2899E–02  2.89

130  2.1463E+00  4.8577E–02  1.1219E+00 1.4880E–02  1.54

132  7.1471E–01  5.1714E–02  1.6024E+00 1.0778E–02 11.02

134 –2.9459E–01  5.4467E–02  1.8711E+00 8.9683E–03  4.39

136 –1.0757E+00  6.0169E–02  1.9883E+00 8.1305E–03  2.34

138 –1.5125E+00  8.6961E–02  1.9618E+00 7.3172E–03  1.91

140 –1.9307E+00  8.4137E–02  1.8362E+00 8.5500E–03  7.08

142 –2.2177E+00  1.0425E–01  1.5803E+00 9.9006E–03  5.52

144 –2.8115E+00  1.4470E–01  1.2599E+00 1.1366E–02  3.31

146 –3.2429E+00  1.9355E–01  8.5283E–01 1.4434E–02  4.97

148 –3.2497E+00  2.6941E–01  3.5032E–01 1.8642E–02  6.69

150 –2.4366E+00  3.3583E–01 –3.2442E–01 2.8702E–02  2.62

152 –1.7574E+00  4.2496E–01 –1.0089E+00 4.4075E–02  2.32

154 –2.3624E+00  7.5126E–01 –1.7356E+00 6.3303E–02  2.74

Note: Average c2 for all mass A is 4.85.
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FIG. III.8. Coefficients of second order fit y = a + bx + cx2.

FIG. III.9 Dependence of parameter A on energy.

FIG. III.10. Dependence of parameter DI on energy.

FIG. III.11. Dependence of parameter D 2 on energy.

FIG. III.12. Dependence of parameter s1 on energy.

FIG. III.13. Dependence of parameter s2 on energy.
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FIG. III.14. Dependence of parameter s3 on energy.

FIG. III.15. Dependence of parameter y1 on energy.

FIG. III.16. Dependence of parameter y2 on energy.

FIG. III.17. Dependence of parameter y3 on energy.

FIG. III.18. Dependence of parameter A on energy.

FIG. III.19. Dependence of parameter D1 on energy.
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FIG. III.20. Dependence of parameter s1 on energy.

FIG. III.21. Dependence of parameter s3 on energy.

FIG. III.22. Dependence of parameter g1 on energy. 

FIG. III.23. Dependence of parameter g3 on energy.

FIG. III.24. Comparison of the mass distribution 238U 
ffission  calculated with  adjusted and systematics parameters 
at 2.0 MeV.

FIG. III.25. Comparison of the mass distribution 238U 
ffission  calculated with adjusted and systematics parameters 
at 3.0 MeV.
330



FIG. III.26. Comparison of the mass distribution 238Ul
ffission  calculated with adjusted and systematics parameters 
at 5.0 MeV.

FIG. III.27. Comparison of the mass distribution 238Ul
ffission  calculated with adjusted and systematics parameters 
at 7.0 MeV.

FIG. III.28. Comparison of the mass distribution 238Ul
ffission  calculated with adjusted and systematics parameters 
at 10.0 MeV.

FIG. III.29. Comparison of the mass distribution 238Ul
ffission  calculated with adjusted and systematics parameters 
at 13.0 MeV.

FIG. III.30. Comparison of the mass distribution 238Ul
ffission  calculated with adjusted and systematics parameters 
at 16.25 MeV.

FIG. III.31. Comparison of the mass distribution 238Ul
ffission  calculated with adjusted and systematics parameters 
at 20.0 MeV.
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FIG. III.32. Comparison of the mass distribution 238Ul
ffission calculated with adjusted and systematics parame-
ters at 27.5 MeV.

FIG. III.33. Comparison of the mass distribution 238Ul 
ffission calculated with adjusted and systematics parameters 
at 39.0 MeV.

FIG. III.34. Comparison of the mass distribution 238Ul 
ffission calculated with adjusted and systematics parameters
at 50.0 MeV.

FIG. III.35. Comparison of the mass distribution 238Ul 
ffission calculated with adjusted and systematics parameters
at 63.0 MeV.

FIG. III.36. Comparison of the mass distribution 238Ul 
ffission calculated with adjusted and systematics parameters 
at 80.0 MeV.

FIG. III.37. Comparison of the mass distribution 238Ul 
ffission calculated with adjusted and systematics parameters
at 99.5 MeV.
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FIG. III.38. Comparison of the mass distribution 238Ul 
ffission  calculated with adjusted and systematics parameters
at 160.0 MeV.

FIG. III.39. Comparison of the mass distribution 238Ul 
ffission  calculated with adjusted and systematics parameters
at 200.0 MeV.

FIG. III.40. Comparison of the experimental mass 
distribution for 238U fission with equivalent data from 
calculated systematics parameters at 1.5 MeV.

FIG. III.41. Comparison of the experimental mass distri-
bution for 238U fission with equivalent data from calculated 
systematics parameters at 5.5 MeV.

FIG. III.42. Comparison of the experimental mass 
distribution for 238U fission with  equivalent data from 
calculated systematics parameters at 8.1 MeV.

FIG. III.C.43. Comparison of the experimental mass 
distribution for 238U fission with  equivalent data from 
calculated systematics parameters at 8.3 MeV.
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the data measured by Zöller using the kinetic 
method [III.1] with the data measured by 
radiochemistry [III.2–III.8].

The c2 for fitting the measured data with 
adjusted and systematics parameters are listed in 
Table III.4. These data are all smaller than 1.0 for all 
energy points with adjusted parameters and for most 
cases with systematics parameters, except at 13, 20 
and 63 MeV, where they are 1.683, 1.800 and 5.820, 
respectively. All of these data and figures showing 
the dependence of parameters s1 and D1 on energy 
indicate that there is some systematic difference for 
the data at 63.0 MeV compared with others. 

III.5. UNCERTAINTY STUDIES IN THE 
SYSTEMATICS

The covariance of the data to be fitted is 
transferred according to the following equations:

Y = FC

VY = FVC FT

where Y is the data vector to be fitted, VY is its 
covariance matrix, C is the fitting coefficient vector, VC

is its covariance matrix, and F is the sensitivity matrix.
The following transformations are included:

(a) From experimental data covariance VY to 
Gaussian fit coefficients (c1) via model fitting 
of 5 or 3 Gaussians;  

FIG. III.44. Comparison of the experimental mass 
distribution for 238U fission with  equivalent data from 
calculated systematics parameters at 11.3 MeV.

FIG. III.45. Comparison of the experimental mass 
distribution for 238U fission with  equivalent data from 
calculated systematics parameters at 14.4 MeV.

FIG. III.46. Comparison of the experimental mass 
distribution for 238U fission with equivalent data from 
calculated systematics parameters at 14.9 MeV.

FIG. III.47. Comparison of the experimental mass 
distribution for 238U fission with equivalent data from 
calculated systematics parameters at 22.0 MeV.
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TABLE III.3. QUADRATIC FUNCTION FIT COEFFICIENTS a, b, c AND c2, y = a + bx + cx2

Mass A      Coeff a      Coeff b      Coeff c c2

 74 –5.5832E–02  4.5560E–03 –2.9637E–04 12.47

 76 –3.7930E–02  4.5910E–03 –1.8179E–04 6.62

 78 –3.2065E–02  1.3211E–02 –5.3969E–04 3.61

 80  7.7263E–02 –3.1322E–03  4.1843E–04 0.69

 82  1.4521E–01  1.2959E–02 –2.5443E–04 1.10

 84  2.8035E–01  2.2982E–02 –4.4357E–04 0.90

 86  5.6116E–01  4.3607E–02 –1.2353E–03 1.79

 88  1.1254E+00  5.2672E–02 –1.8603E–03 3.52

 90  1.8670E+00  8.9142E–02 –3.1701E–03 1.58

 92  3.0174E+00  7.9697E–02 –2.5824E–03 2.06

 94  4.2804E+00  1.0022E–01 –4.2774E–03 0.68

 96  5.6586E+00  8.6396E–02 –4.7207E–03 2.56

 98  6.8460E+00 –2.2571E–02 –1.0199E–03 1.78

100  7.3016E+00 –9.0110E–02  5.0137E–04 0.71

102  6.8586E+00 –1.6203E–01  3.8011E–03 2.78

104  5.3316E+00 –1.1644E–01  2.2814E–03 2.03

106  3.4708E+00 –8.2544E–02  2.6269E–03 1.79

108  1.9755E+00 –6.1499E–02  3.2506E–03 1.09

110  7.3690E–01 –6.4558E–03  2.3442E–03 1.80

112  1.8442E–01  2.0261E–02  2.1504E–03 2.09

114  6.0826E–02  4.3419E–03  2.7862E–03 6.33

116  4.3015E–02  6.8381E–03  2.1707E–03 5.20

118  1.0593E–01 –9.5232E–03  3.3891E–03 6.35

120  8.9536E–02  4.8903E–03  2.8484E–03 2.71

122  8.0482E–02  2.6234E–02  1.6501E–03 1.59

124  2.3236E–01  2.5132E–02  1.8839E–03 0.80

126  4.5923E–01  5.1546E–02  1.5958E–03 0.20

128  1.3635E+00  1.0682E–01 –5.0838E–04 0.62

130  3.0462E+00  7.2385E–02  4.9034E–04 1.13

132  4.7335E+00  1.0778E–01 –3.5508E–03 6.58

134  6.5228E+00 –3.0164E–02  5.9816E–04 3.25

136  7.2085E+00 –4.7920E–02 –1.1615E–03 1.50

138  7.0470E+00 –8.5530E–02 –4.6389E–04 1.33

140  5.9680E+00 –2.0860E–02 –4.0919E–03 1.97

142  4.6889E+00 –5.2417E–02 –1.8171E–03 2.86

144  3.3524E+00 –4.0944E–02 –1.8107E–03 0.62

146  2.2882E+00 –5.8095E–02  9.6883E–05 3.43

148  1.3052E+00 –1.0769E–02 –1.1785E–03 3.42

150  6.7315E–01 –2.6816E–03 –5.5572E–04 1.50

152  3.7000E–01 –8.9287E–03  1.4980E–04 1.67

154  1.5561E–01  1.5237E–04 –1.4710E–04 1.82

156  6.2581E–02  2.1905E–03 –2.0514E–04 1.42

160 –5.9279E–02  9.0189E–03 –4.7674E–04 1.26

158 –2.8688E–02  9.8028E–03 –5.2810E–04 2.37

Note: Average c2 for all mass A is 2.54.
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(b) From Gaussian fit coefficient covariance VC1

to systematic fit coefficients (c2) via second 
order function fitting;

(c) From systematic fit coefficient covariance VC2 

to yields calculated with systematics via the 
corresponding 5 or 3 Gaussian model using 
coefficients from systematics.

All input covariance matrices for these three 
steps are supposed to be diagonal (although they are 
not) in order to prevent the processing from becoming 
too complicated. Nevertheless, there should be a 
reasonably strong correlation for the experimental 
yield data because they were measured simultane-
ously at each energy point by means of the kinetic 
energy method. As examples, Figs III.48–III.55 show 
comparisons between the original uncertainties given 
by the author, uncertainties adjusted for mass 
resolution, and uncertainties calculated with the 
adjusted coefficients from systematics.              

The following observations can be made from 
the figures:

(1) The uncertainties from the data adjusted for 
mass resolution are much larger than the 
original values given by the author. In fact, the 

TABLE III.4.  FITTED c2 WITH ADJUSTED AND SYSTEMATICS PARAMETERS

0–20 MeV 20–200 MeV

En (MeV) Adjusted Systematics En(MeV) Adjusted Systematics

 2.0 0.888 0.725  20.0 0.589 1.847

 3.0 0.803 0.891  27.5 0.674 0.921

 5.0 0.619 0.841  39.0 0.508 0.975

 7.0 0.676 0.672  50.0 0.314 2.055

10.0 0.751 0.975  63.0 0.460 5.820

13.0 0.883 1.683  80.0 0.349 0.738

16.25 0.896 0.971  99.5 0.135 0.267

20.0 0.830 0.857 160.0 0.805 1.395

200.0  0.0592 0.265
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FIG. III.48. Ratio of adjusted (systematics) and experimental 
uncertainties at 2 MeV for 238U fission mass distribution.
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FIG. III.49. Ratio of adjusted (systematics) and experimental 
uncertainties at 5 MeV for 238U fission mass distribution.
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FIG. III.50. Ratio of adjusted (systematics) and experimental 
uncertainties at 10 MeV for 238U fission mass distribution.
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uncertainties given by the author are only the 
counting statistics, while the main source of 
uncertainty from the mass calibration was not 
taken into account. Since the effect is greater at 
the wings of the fission yield peaks, the changes 
in the uncertainties after adjustment are much 
larger. On the other hand, the effect is smaller 
for the yields in the valley and at the bottom of 
the left side of the light mass peak and the right 
side of the heavy mass peak, so the changes in 
the uncertainties after these adjustments are 
relatively small.

(2) The uncertainties calculated with adjusted and 
systematics parameters are almost the same at 
all energy points, which means that the 
uncertainty is not sensitive to these parameters.

(3) When compared with the experimental uncer-
tainty, the uncertainties calculated with 
systematics are reduced to 20–80% (about 
50% on average). This improvement can be 
understood in terms of the increased amount 
of available data.

(4) The reduced uncertainty calculated by means 
of systematics differs due to the strong 
correlation between the calculated yields (that 
makes the uncertainty flat).

III.6. CORRELATION STUDY 
IN THE SYSTEMATICS

The covariance matrices VC were calculated 
for the fitting coefficients of the Gaussians of the 
mass distribution and of the systematics (VS), and 
for the mass distributions from systematics (VY) in 
each step, as mentioned above. The correlations in 
matrices VC, VS and VY are rather complicated and 
strong, and stem from the imposed fitting conditions. 
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FIG. III.51. Ratio of adjusted (systematics) and experimental 
uncertainties at 20 MeV for 238U fission mass distribution.

Adjusted Uncert. Ratio
Adjusted Exp. Ratio

Systematics Uncert. Ratio
Original Exp. Uncert

U
nc

er
ta

in
ty

 r
at

io
 o

r 
un

ce
rt

ai
nt

y .

FIG. III.52. Ratio of adjusted (systematics) and experimental 
uncertainties at 39 MeV for 238U fission mass distribution. 
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FIG. III.53. Ratio of adjusted (systematics) and experimental 
uncertainties at 80 MeV for 238U fission mass distribution.
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FIG. III.54. Ratio of adjusted (systematics) and experimental 
uncertainties at 160 MeV for 238U fission mass distribution.
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FIG. III.55. Ratio of adjusted (systematics) and experimental 
uncertainties at 200 MeV for 238U fission mass distribution.
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The matrix VC gives the correlation among the 
9 (En = 0–20 MeV) or 5 (20–200 MeV) parameters 
used to fit the mass distribution with 5 or 
3 Gaussians. The calculated results show that in the 
lower energy region, parameter A (midpoint of the 
mass distribution) has a lower correlation with the 
other parameters. Also, the parameters Y3, s3 

(representing the height and width of the third 
Gaussian) have less correlation with others, but a 
strong correlation among themselves. Also, the 
correlation among the parameters Y1, s1, Y2, s2

(heights and widths of the first and second 
Gaussian) is quite strong. This latter finding is 
reasonable since the two peaks are well separated 
and the contribution from the third Gaussian distri-
bution is relatively small. With increasing energy, 
the yields in the valley increase and the correlation 
among the parameters of the third Gaussian and the 
first and second Gaussians become stronger.

The matrix VY gives the correlation among 
yields calculated with the systematics parameters. 
Not unreasonably, the correlations of a yield with 
neighbourhood yields are generally strong (corre-
lation coefficient r = 0.8–1.0), but become very 
weak (r < 0.1) with yields that are significantly 
separated. 
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