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Some plots shown in this document and discussions about prompt neutron and 
gamma emission come from lectures given by F. Gonnenwein: 

F. Gonnenwein, lecture given at Ecole Joliot-Curie, 2014 

F. Gonnenwein, lecture given at FIESTA-2014 



It is important to remind the main phases occurring during the fission process, 
because at each phase, prompt neutrons and/or gamma may be emitted.  

The prompt particle emission is governed by the available energy, the main energy 
components in fission  will be reminded. 

Lastly, some definitions will be given in this introduction. 



The fission process takes place into 5 main phases: 

Phase I: Formation of the compound nucleus (for example , in case of neutron induced 
fission). 

Phase II: Deformation of the nucleus from the saddle point to the scission point. At the 
scission point, primary fission fragments are assumed to be more or less deformed 
(compared to their ground state deformation). 

Phase III: Acceleration of the FF due to the Coulomb repulsion. During this phase, the 
nascent deformed fission fragments (at scission) will recover their ground state 
deformation. It means that the deformation energy at scission is transformed into intrinsic 
excitation energy. This phase is generally called ‘relaxation’ phase. 

Phase IV: Desexcitation of the  FF by prompt neutrons and prompt gamma emission. 
Fission fragments are often highly excited and rotating. These excitation energy and spin 
will be dissipated by emission of prompt neutrons and/or prompt gamma particles.  

Phase V: Delayed emission. At this phase, the primary fission products are generally in 
their ground state. Since they are far from the stability valley (neutron rich nuclei), they 
are generally unstable (b-). The b- radioactivity process can be accompanied by gamma (g), 
antineutrinos (   ) and sometimes by emission of one (or several neutrons). All these 
particles (b-, n, g,    ) are called ‘delayed particles’, because they are emitted several order 
of magnitude in time after the beginning of the fission process.  

Note: Prompt particle emission occurs mainly during the phase IV. Nevertheless, as we will 
see later, additional prompt neutrons may be emitted during the three first phases.  
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The total energy release Q in binary fission is defined as the ground-state mass of the 
compound nucleus fissioning nucleus minus the ground-state masses of the two binary 
fission fragments. 

From energy conservation: En+Bn+Q is equal to the total kinetic energy (TKE) and the 
total excitation energy (TXE) of the fission fragments. 

TKE is the sum of two terms: KEpre, which corresponds to the pre-scission kinetic energy 
(not well known) and Ecoul, which corresponds to the Coulomb energy. Ecoul can be 
accurately calculated only if the deformation of the two nascent fission fragments (at 
scission) is known (which is not the case !). 

The total excitation energy at scission has three components: (1) Intrinsic excitation 
energy (noted with ‘*’) which correspond to the excitation of individual nucleons; (2) 
Deformation energy (noted ‘Def’) which corresponds to the deformation energy of the 
nucleus at the scission point compared to its ground state deformation; (3) Collective 
excitation energy, which corresponds in first approximation to rotational energy. Again, 
these three components are poorly known. 

After the full acceleration of the FF, their deformation energy is assumed to be 
transformed into intrinsic excitation energy (‘relaxation’ phase). In addition, due to their 
spin, these FF have a collective rotational energy. So, after the relaxation phase TXE has 
only two components (intrinsic and rotational). The calculation of the rotational energy 
requires the knowledge of the fission fragment J, which is unfortunately poorly known. 
In additional, the partitioning of the intrinsic excitation energy between the two 
fragments remains an open question. 

A nice discussion on the energy balance involved in fission is given in:  

H. Marten and A. Ruben, Sov. At. Ener. 69, 583 (1990) 

A. Ruben and H. Marten and D. Seeliger, Z. Phys. A, Hadrons and Nuclei, 338, 67-74 (1991) 



TXE is of particular importance, because it corresponds to the energy used to emit 
prompt neutrons and prompt gammas. 

The two procedures to get the average excitation energy available at scission are very 
consistent each others. 

The experimental data mentioned on this slide are taken from: Nishio et al., Nucl. 
Phys. A632 (1998) 540 
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These definitions are given in the Madland ‘s paper:  

D.G. Madland, Nucl. Phys. A772, 113 (2006)  
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Part I of this lecture is related to the prompt neutron emission. 

Mechanisms of prompt neutron emission are first described. 

Prompt neutron multiplicities will be then discussed. Some correlations between 
multiplicity and other fission observables are shown. These correlations are very 
useful to improve our knowledge of the fission process. 

The angular distribution of the prompt neutron with FF is also a nice tool to 
investigate the emission process. 

Lastly, several models used to describe Prompt Fission Neutron Spectra (PFNS) will be 
presented. 
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As already mentioned, even if neutrons evaporated from the fully accelerated FF is by 
far the main prompt neutron component, other possible source of neutrons exist.  

In principle, for the applications in nuclear energy, if we want to be able to describe 
the total prompt fission neutron spectrum or the total prompt neutron multiplicity, all 
these additional sources must be accounted for. 
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Pre-fission neutrons start to be emitted above the second-chance threshold (En∼6–7 
MeV for 238U(n,f)). At this energy range, after capture of a neutron, the compound 
nucleus can decay either by re-emission of a neutron (pre-fission neutron) or by 
fission. Below this second-chance threshold, the excitation energy of the residual 
nucleus left after neutron emission is too low to undergo fission (neglecting tunneling 
through the barrier). The plot below gives an example of the several fission chances 
occurring in the neutron-induced fission of 235U (from JEFF-3.1 library) 

  

 

 

 

 

 

 

 

These pre-fission neutrons have therefore nothing to do with the fission process. 
Their emission comes from an evaporation process (equilibrium), or preequilibrium, 
or direct reaction, or knockout reaction, depending on the incident neutron energy. 
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Fission process leads usually to two main fission fragments (binary fission). 
Nevertheless, sometimes, the two main FF can be accompanied by the emission of a 
light charged particles (ternary fission). This phenomenon is rare: about 0.2% of 
fission events in the case of 235U(nth,f). The main emitted ternary particles are 4He-
particles (about 90% of ternary fission events).  

In case of ternary fission event, the two main fragments have less available excitation 
energy, because part of this energy is taken to emit the ternary particle. For example, 
according to Halpern, the ‘average energy cost’ needed to emit a ternary alpha 
particle is about 20 MeV in the case of 235U(nth,f) reaction. Keeping in mind that the 
total average excitation energy is about 24 MeV for this reaction, we see that prompt 
neutron emission becomes strongly inhibited in case of ternary fission. 

It is also interesting to mention that ternary 5He particles can be emitted (about 
0.001% of fission events). Due to its very short half life (T1/2=7.03E-22 s),  5He ternary 
particles decay by emitting a neutron: 5He 4He+n 

The multiplicity of these neutrons originating from the decay of 5He is obviously 
completely negligible. 
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The existence of scission neutrons (neutron emitted close in time to the scission 
point) is still an open question. It is mainly due to the poor and contradictory 
experimental data (see the table, where scission neutron contributions compared to 
the total prompt neutron multiplicity are given). Experimentally, the capability to 
distinguish neutrons emitted from the fully accelerated FF (evaporated neutrons) and 
neutrons emitted at the scission point (scission neutrons) is not straightforward. 

Nevertheless, there are various strong arguments in favor of the existence of scission 
neutrons. In particular, we know that various ternary light charged particles can be 
emitted at the scission point: 1H, 2H, 3H, 4He,. . . up to A=40. ‘Ternary neutrons’ (or 
scission neutrons) should therefore also exist and could be even the most produced 
ternary particle because no Coulomb barrier has to be overcame for their emission, 
meaning that scission neutrons require less energy to be emitted than the other 
ternary charged particles. 
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A possible mechanism of the scission neutron emission is discussed in this slide. 

Evaporation of neutrons from the neck near scission is highly improbable, since the 
typical time of evaporation (~10−18 s) is longer than the time involved in the 
descent from saddle to scission (< 10−20 s).  

The so-called ‘sudden approximation’ model proposed initially by Fuller is a 
convincing description of the ternary particle emission process, including scission 
neutrons. 

In this model, the neck rupture is assumed to be very fast (< 10−22 s). In other words, 
the transition from two fragments connected by a thin neck to two separated 
fragments happens in a very short time (see the figure from Halpern). 

Due to this assumed  loss of adiabaticity during the neck rupture, the eigenstate  
describing a neutron ‘Just before scission’ is defined at the ‘Immediately After 
Scission’ (IAS) time by the same wave function, which is now a wave packet (in the 
new IAS potential), with components in the continuum energy region.  

The probability to populate the continuum states corresponds to the neutron 
emission probability at scission. This probability is not easy to calculate because it 
depends strongly on the ‘Just Before Scission’ and ‘Immediately after scission’ 
configurations chosen.  

Whatever those configurations, the emission of the scission neutrons takes place 
mainly perpendicularly to the fission axis leading to a strong anisotropy. 
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As already mentioned, the pre-scission kinetic energy (KEpre) is a poorly known 
quantity. Several arbitrary KEpre values have been chosen to perform the 
calculations. It doesn’t impact the time needed by the FF to reach 90% of the total 
kinetic energy. 

Figure from: 

H.-H. Knitter, et al., in “The Nuclear Fission Process”, C. Wagemans ed., CRC Press 
1991 

 

16 



Note that the typical time of evaporation obtained from Ericson’s equation is close to 
the one obtained from the neutron widths. Indeed, the neutron width of states of the 
primary FF with an excitation energy above Sn and 30 MeV fluctuates around several 
tens of eV. From the Heisenberg’s uncertainty relation, we have: 

t=ħ/Gn . With Gn=100eV, we get t=6x10-18s 

 

 

References: 

T. Ericson and V. Strutinski, Nucl. Phys. 8, 284 (1958)  

T. Ericson, Advances in Nuclear Physics 6, 425 (1960) 
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The excitation energy and spin distributions for the light and heavy fragments shown 
here come from Monte Carlo simulation for 252Cf(sf). From this calculation, we can 
see that the light fragment group has, in average, more excitation energy available 
(<E*_Light>=19.8 MeV) than the heavy fragment group (<E*_Light>=14.4 MeV). 

18 



19 



20 



21 



Experimental data come from the following references: 

A.S. Vorobyev et al., Proc. Int. Conf. Nuclear Data Science Technology, Santa Fe, USA, 
2004, AIP Proceedings CP769, 613 (2005) 

J.W. Boldeman and M. G. Hines, Nucl. Science and Eng. 91 (1985) 114 

R. Gwin, Nucl. Sci. Eng 87,381 (1984) 
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Experimental data come from the following references: 

A. Gook, et al., Phys. Rev. C 90, 064611 (2014) 

K. Nishio, et al., Nucl. Phys. A 632, 540 (1998). 

K. Nishio, et al., Journal of Nuclear Science and Technology, 35, 631 (1998)  

Sh. Zeynalov et al., J. Korean Phys. Soc. 59, 1396 (2011) 

C. Budtz-Jørgensen and H.H. Knitter, Nucl. Phys. A 490, 307 (1988) 
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The average prompt neutron for the light and heavy fragments can be obtained from 
the ‘saw-tooth’ curve by weighing it with the pre-neutron mass yield (see equations 
at the bottom of the slide). 
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From the measurement of <TKE>(Apre) and the calculation of Qmax 
(here, the maximum Q-value, Qmax, is set to the highest Q-value in 
the three charge-splits around the most probable charge division), it 
is possible to estimate <TXE>(Apre) (see top of the figure): 
<TXE>(Apre)= Qmax(A)-<TKE>(Apre)  

Near the symmetry (A=118, for 235U(nth,f) reaction), a maximum of 
TXE occurs, which consequently leads to a maximum in the total 
prompt neutron multiplicity (red curve). It suggests that in the 
symmetry region, the two nascent fragments are strongly deformed 
at scission leading to a very low TKE and therefore a very high TXE. 

At around mass 132, the reverse situation occurs: we observe a 
maximum of <TKE>, which is the signature of a more compact 
configuration at scission. It is due to the double magic nucleus (132Sn) 
which is clearly spherical at scission. In this region (around 132), the 
TXE curve is minimum, leading to a low value of tot (red curve). 

Above the mass 140, the difference Qmax-<TKE> seems to be rather 
constant and consequently, tot becomes flat 
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Note that the several components which appear in the first equation are not known. 

The temperatures which governs the intrinsic excitation energy at scission are the 
same for the two fragments, but become different after the full acceleration. 
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The impact of non-equal temperatures between the two FF has been tested from 
Monte Carlo simulation (FIFRELIN calculation, Litaize, 2010). 

The first case (red curve) corresponds to RT=1 (same temperature for all masses). 
Clearly, with this assumption, the experimental saw-tooth cannot be reproduced. 
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The second case (green curve) corresponds  to RT=1.25: we assumed here TL>TH 
because we know that L> H. A saw-tooth appears, but the agreement with 
experimental data is not vey good. As expected, the neutron multiplicity increases in 
the light mass region (compared to RT=1) and decreases in the heavy one. 

 

28 



The third case, is a mass-dependent ratio: RT(A) (blue curve, bottom). This schematic 
law was introduced for the following reasons:  

For symmetric fission, we expect the same temperature for both complementary 
fragments and then RT=1. For light mass number AL=120, RT is maximum because in 
the case of 252Cf(sf)  the complementary heavy fragment is nearly spherical with 132 
nucleons. Consequently the light fragment AL=120 gains the major part of the total 
excitation energy associated with a higher temperature compared to its double magic 
complementary partner. For very asymmetric fission, the heavy fragment is more 
deformed than the light fragment because the latter becomes shell stabilized (Z=28 
and N=50), leading to a temperature lower than the temperature of the heavy 
fragment (RT < 1). A linear law between these three key configurations is assumed to 
build RT(A). 

With this RT law, the experimental saw-tooth can be nicely reproduced. 
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The figure giving results from (p,f) reactions comes from the famous book on fission, 
written by R. Vandenbosch and J.R. Huizenga: R. Vandenbosch and J.R. Huizenga : 
“Nuclear Fission” , Academic Press, 1973 

From the rare experimental data available, it seems that the increase of the 
compound nucleus excitation energy leads to an increase of the neutrons emitted by 
the heavy fragment group.  

A mechanism has been proposed by K.-H Schmidt (K.-H. Schmidt and B. Jurado, Phys. 
Rev. Lett. 104, 212501 (2010)) to explain the sorting of the intrinsic part of the 
excitation energy. Other models were also proposed to reproduce this observation 
(see for example: A. Ruben and H. Marten and D. Seeliger, Z. Phys. A, Hadrons and 
Nuclei, 338, 67-74 (1991) and A. Tudora, Ann. Nucl. Energy 36, 72 (2009)). 

This observation probably still needs to be clarified. 
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An interesting discussion on this subject can be found in: 

A. Chietera, PhD thesis, University of Strasbourg, 2015 

 

See also the pioneering work of Bowman: 

H. Bowman et al., Phys. Rev. 126, 2120 (1962) 
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See also: 

J. Terrell, Phys. Rev. 108, 783 (1957) 

J. Terrell, Phys. Rev. 113, 527 (1959) 
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Prompt fission neutron spectrum from 252Cf spontaneous fission is considered as a 
‘standard’. 

Its evaluation has been performed by Mannhart: 

W. Mannhart, in Properties of Neutron Sources, Report IAEA-TECDOC-410 (1987) p. 
158. 

Note: very often in the literature, the PFNS ratio to a Mawellian is plotted. It is a 
convenient way to observe the shape and the possible structures of the PFNS. 
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The watt spectrum, in the laboratory system, is obtained from a Maxwell spectrum in 
the center of mass. The transformation is done by considering a single average 
fragment moving with an average kinetic energy per nucleon Ef. 

The figure comes from: 

L. Berge, « Contribution à la modélisation des spectres de neutrons prompts de 
fission. Propagation d’incertitudes à un calcul de fluence cuve », PhD thesis, 
University Grenoble (France), 2015 (in french) 
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The Los Alamos Model has been extensively used for the evaluations of PFNS which 
can be found in the international nuclear data libraries (ENDF/B, JEFF, JENDL…). 
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The distribution of residual fission fragment temperature is derived as follows: 

Terrell (1959) observed that from an average initial excitation energy distribution 
(black curve) and after a sequential neutron emission (color curves), the residual 
excitation energy distribution has a flat behavior (dashed black curve). 

This residual excitation energy distribution was used to obtain a temperature 
distribution based on the Fermi gas model (black curve, bottom plot). As illustrated 
on this figure, the residual temperature distribution can be reasonably well 

described by a triangular distribution (red curve). 
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Note: the extension of the LAM proposed by Vladuca and Tudora leads to the so-
called ‘Point-By-Point’ model (PbP): For a given fissioning nucleus, instead of 
considering one fission fragment pair (the most produced one), as initially done by 
Madland, all FF pairs are considered. 

See:  

G. Vladuca and A. Tudora, Comput. Phys. Commun. 125 (1–3), 221–238 (2000) 

A. Tudora, Ann. Nucl. Energy 36, 72 (2009) 
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In recent years, several Monte-Carlo codes have been developed, aiming at calculating fission 
observables (PFNS, PFGS, prompt neutron and gamma multiplicities….) and aiming at 
searching for correlations between these observables. Usually, the simulation is performed in 
two steps: (i) the first step consists in the sampling of FF characteristics (mass, nuclear 
charge, kinetic energy, excitation energy, spin and parity π; (ii) the second step consists in 
simulating the deexcitation of both fission fragments. 

The event-by-event Monte Carlo fission code FREYA (Fission Reaction Event Yield Algorithm) 
has been developed through a collaboration between LLNL and LBNL. It simulates the entire 
fission process and produces complete fission events with full kinematic information on the 
emerging fission products and the emitted neutrons and photons, incorporating sequential 
neutron and photon evaporation from the fission fragments. FREYA is available for 
downloading. 

The CGMF code represents a merger of two codes previously developed at LANL: FFD, which 
performed Monte Carlo simulations of fission fragments following the Weisskopf-Ewing 
statistical theory, and CGM, a Monte Carlo Hauser-Feshbach code not initially developed for 
treating fission events. A new version of CGMF is being developed, treating both fission and 
non-fission events naturally. 

The FIFRELIN code has been developed at CEA-Cadarache (France) with the aim of calculating 
the main fission observables, and in particular the energy spectra and multiplicities of the 
emitted prompt particles. In the first version of the code, prompt neutron emission was 
simulated using a Weisskopf spectrum. In a more recent version, the de-excitation of the 
fission fragments is treated by using the Hauser-Feshbach formalism. 

The GEF code has been developed at CENBG (France) with the aim of calculating all the main 
fission observables (isobaric, isotopic and isomeric yields, energy and multiplicity of prompt 
particles,… The de-excitation of the FF is obtained within the statistical model, using neutron 
and gamma widths from systematic. GEF is available for downloading. 
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In order to calculate neutron and gamma widths, the following key ingredients are 
needed (see equations):  

 Level density models: r 

 Optical models, from which neutron transmission coefficients T can be calculated 
and neutron widths deduced 

 Strength function models f, from which gamma widths can be calculated 

All these models (and their recommended parameters) are reminded in detail in the 
following reference: 

R. Capote, et al., Nucl. Data Sheets 110, 3107 (2009) 

Other important references are: 

V.F. Weisskopf, Phys. Rev. 52, 295 (1937) 

W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952) 
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As explained in the paper of R. Capote (R. Capote, et al., Nucl. Data Sheets 131, 1 
(2016), results obtained from the three Monte Carlo codes were performed using a 
common set of fission fragment yield as a function of mass, charge, and kinetic 
energy. In this way, the inter comparison between the codes is more pertinent. Note 
that the calculation from the PbP model (extension of the Los Alamos Model) is also 
included in the plot. On the figure (top), PFNS ratio to a Maxwellian (with T=1.341 
MeV) are plotted, showing significant differences between the codes. It must be 
emphasized that none of them can reproduce satisfactory the experimental data. It 
can be also due to the fact that additional neutron sources (scission neutrons ?) have 
to be incorporated. 

Predictions relative to the mass-dependent neutron kinetic energy in the center of 
mass system, <e>(A), are shown (bottom). Again, large discrepancies are observed, 
probably due to the different level density prescriptions used in the calculations.  
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Figure comes from: 

H.-H. Knitter, et al., in “The Nuclear Fission Process”, C. Wagemans ed., CRC Press 
1991 
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Most of the experimental data were obtained under mainly two experimental 
constrains: 

 Detection threshold  (typically 100 keV) 

 Time window, which corresponds to the coincidence time window used for the 
detection of the FF and the g-rays (several ns). 

These two parameters can (and must) be taken into account by the Monte Carlo 
codes for comparison with experimental data. The first one by simply not recording 
events below the energy threshold, the second one by accounting for the half life of 
nuclear levels. 
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One of the main advantage of a Monte Carlo simulation is the possibility to 
characterize each gamma transitions: energy, type (electric: E1, E2 or magnetic: M1, 
M2)). Hence, contributions of each transition can be calculated and the angular 
distribution (g, FF)  deduced (see, for example: A. Oberstedt, in EPJ web of 
Conference, (2017), to be published). 
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This figure is taken from: 

L. Mathieu et al., JINST 7 P08029 (2012) 
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