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Foreword 
 
 
 
 

On September 27 – 29, 2010 a Scientific Workshop on Nuclear Fission 
Dynamics and the Emission of Prompt Neutrons and Gamma Rays (THEORY – 1) 
was held in Sinaia, Romania. The workshop was co-organized by the Neutron 
Physics Unit of JRC-IRMM and the National Institute of Physics and Nuclear 
Engineering-Horia-Hulubei, Bucharest, Romania. The organisers were assisted by a 
Programme Advisory Committee consisting of V. Avrigeanu (NIPNE-HH, Romania), 
R. Capote (IAEA, Austria), F. Gönnenwein (U. Tübingen, Germany), S. Oberstedt 
(EC-JRC-IRMM, Belgium), O. Serot (CEA-Cadarache, France), P. Talou (LANL, 
USA) and A. Tudora (Bucharest University, Romania). 
 

The purpose of the workshop was to provide a comprehensive overview of the 
dynamical aspects of nuclear fission and their consequences on the fission fragment 
properties. The contributions have highlighted recent theoretical advancements in the 
field of nuclear fission and in particular for the emission of prompt neutrons and 
gamma rays. 

 
Both invited presentations and normal contributions have been given. The 

success of the workshop must be attributed to the 26 contributions and more than 35 
participants, many of which were post-doctoral fellows and PhD students. 
 

The workshop was organised and financed within the Enlargement and 
Integration activity of JRC. The general aim of this activity is to support the EU 
enlargement and integration process by fostering collaboration with target 
countries' governmental organisations (or the like), which will have an institutional 
role for providing Science and Technology support to the implementation of 
policies, particularly through the associated scientific and technical organisations.  

  
We would like to express our gratitude to the program advisory committee, for 

their help to choose key topics to debate and to the speakers for their carefully 
prepared presentations. A very special thank you goes to the perfect local 
organisational support of C. Cabanillas Platero.  
 
 
 
 
 
      Franz-Josef Hambsch and Nicolae Carjan 

April 2011 
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Complementary deuteron breakup and  

induced activation analysis 

 

M. Avrigeanu, V. Avrigeanu 
 

‘Horia Hulubei’ National Institute for Physics and Nuclear Engineering, P.O. Box MG-
6, 77125 Bucharest-Magurele, Romania 
mavrig@ifin.nipne.ro 

 
Abstract: An extended analysis of the reaction mechanisms involved within deuterons 
interaction with light and medium nuclei, 

27
Al, 

59
Co, 

63,65
Cu,

93
Nb, at incident energies up to 60 

MeV, starting with elastic scattering until the evaporation from fully equilibrated compound 
system, forms the object of this work. An increased attention is devoted to the breakup 
mechanism, all its components, namely the elastic (BE), inelastic (fusion) (BF), and total 
breakup (BU), being carefully analysed. Furthermore, the corresponding stripping and pick-up 
mechanisms contributions to the (d,p), (d,n), and (d,t) reaction cross sections through 
population of discrete levels of the residual nuclei, have been analyzed using the Coupled-
Reaction Channels (CRC) method. Finally, the pre-equilibrium (PE) and compound-nucleus 
(CN) cross sections, corrected for the breakup, stripping, and pick-up decrease of the total 
reaction cross section, completed the deuteron activation cross sections analysis. 

Introduction 

Description of the deuteron-nucleus interaction represents an important test for the quality of 
the nuclear reaction models as well as for the associated computers codes used for 
evaluation of nuclear data requested especially for the fusion reactor technology. The weak 
binding of the deuteron (2.2 MeV) is responsible for the high complexity of the interaction 
process involving supplementary a variety of reactions initiated by the neutrons and protons 
coming from its breakup. The difficulties to interpret the deuteron-induced reaction data in 
terms of the usual reaction mechanism models have recently been investigated [1-7] looking 
for a consistent way to include the breakup contribution within the activation cross section 
calculations too.  
Actually, the deuteron-induced reactions at low and medium energies have a great 
importance for the assessment of the induced radioactivity of the fusion reactor as well as of 
the International Fusion Materials Irradiation Facility (IFMIF) components. Moreover, recent 
calculations of the deuteron activation have shown that the deuterons are more important 
than the neutrons due to a value of about 70 for the ratio of the deuteron- and neutron-
induced activity, respectively. On the other hand, it is known that the current calculations and 
measured deuteron reaction cross sections are less extensive and accurate than for 
neutrons, so that improved model calculations and further measurements are needed if the 
deuteron libraries are to approach the standard of the established neutron ones. 

OMP analysis 

The simultaneous analysis of the deuteron elastic scattering and induced activation appears 
essential for a consistent input of nuclear model calculations [4-7],

 
a prime interest for the 

optical model potential (OMP) parameters being motivated by their further use in the 
calculation of deuteron interaction cross sections. 
The few measurements of angular distributions of elastic scattered deuterons on 

59
Co, 

63,65
Cu, 

and 
93

Nb [8] did not make possible an extended OMP analysis. On the other hand, while 
previous OMP analysis on 

6,7
Li [2,3], and 

27
Al [4,5] shows that no global OMP describes 

reasonably well the elastic scattering data in the energy range up to 20 MeV, the adjustment 
of Daehnick et al. [9] parametrization led to a good description of the data for 

59
Co, 

63,63,nat
Cu, 

and 
93

Nb target nuclei. The comparison of the experimental elastic-scattering angular 
distributions for the 

59
Co, 

63,63,nat
Cu, and 

93
Nb target nuclei and the calculated values obtained 

by using these adjusted OMP parameters (solid curves), the global optical potential [9] (dot-
dashed curves), and TALYS-1.2 code [10] default option (dashed curves) based on the 
Watanabe folding approach [11] are shown in Fig. 1. The elastic-scattering cross section 
calculations have been performed using the computer code SCAT2 [12]. 
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Figure 1. (Color online) Comparison of the experimental [8]

 
and calculated angular 

distributions of the elastic scattering of deuterons on 
59

Co, 
63,65

Cu, and 
93

Nb by using the 

adjusted  phenomenological OMP (solid curves), Daehnick et al.
 
[9 ] OMP 

 
(dash-dotted 

curves) and the default potential for deuterons within TALYS-1.2 code (dashed curves). 

Deuteron breakup 

The physical picture of the deuteron breakup in the Coulomb and nuclear fields of the target 

nucleus considers two distinct processes, namely the elastic breakup (EB), in which the target 

nucleus remains in its ground state and none of the deuteron constituents interacts with it, 

and the inelastic breakup or breakup fusion (BF), where one of these deuteron constituents 

interacts with the target nucleus while the remaining one is detected. Despite the important 

theoretical studies devoted to the breakup processes (see review papers [13] and references 

therein), only the elastic breakup contribution can be accurately calculated so far within the 

Continuum-Discretized Coupled-Channels (CDCC) method [14]. 

Therefore, the total and inelastic breakup components are typically estimated empirically. 

Kalbach [1] gives parametrizations for the  total proton- and neutron-emission breakup cross 

section (σp
BU

 and σn
BU

), while a second parametrization [4,6,7] considers equal breakup 

contributions for proton and neutron emission but supplementary gives all breakup 

components, i.e. the total σp,n
BU

, elastic σ
BE

, and inelastic σp,n
BF

 breakup cross sections. It can 

be seen in Fig. 2 that both parametrizations for 
27

Al, 
59

Co, 
63,65

Cu, and 
93

Nb target nuclei are 

close for deuteron incident energies above ~7 MeV, while decreasing the incident energy the 

total proton-emission breakup cross sections given by Kalbach parametrization [1] remain 

higher than even the deuteron total reaction cross sections (thin solid curves in Fig. 2). 
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Figure 2. (Color online) The energy dependence of the total (thick solid), the elastic (dashed), 

the inelastic (dot-dashed) proton-emission breakup cross sections given by [4] and of the total 

proton-emission breakup cross sections [1] (dotted) from the deuterons interactions with 
27

Al, 
59

Co, 
63,65

Cu, and 
93

Nb. The corresponding reaction cross section is shown by thin curve. 

 

Given the interest of the deuteron activation cross sections for incident energies up to 60 

MeV, the extension of the elastic breakup parametrization [4] at higher incident energies 

beyond the energies formerly considered should be checked [15]. Therefore, in the absence 

of any available experimental deuteron elastic-breakup cross section at incident energies 

above 30 MeV, the correctness of an eventual parametrization extrapolation have been 

analyzed by comparison of its predictions with the CDCC calculations results [15] obtained 

with the FRESCO code [16]. Finally, as can be seen from Fig. 3 at deuteron energies over 30 

MeV the microscopic CDCC results should replace the extrapolation of empirical 

parametrization of elastic breakup cross sections. 
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Figure 3. (Color online) Energy dependence of the empirical [4] (dashed curve) and CDCC 

[15] (solid line) elastic breakup cross sections for deuteron scattering on 
63

Cu and 
93

Nb. The 

solid circle is the value from Kleinfeller systematics [17]. 

 

On the whole, the deuteron total breakup reaction cross section reduces the amount of the 

total reaction cross section that should be shared among different outgoing channels. On the 

other hand, the inelastic breakup process, where one of deuteron constituents interacts with 

the target leading to a secondary composite nucleus, brings contributions to different reaction 

channels, enhancing mostly the secondary-chance emission of particles from the original d-

target interaction.  

Therefore the absorbed neutron following the breakup proton emission contributes to the 

enhancement of the (d,p) as well as (d,2p), (d,pα), (d,p2n), i.e. (d,xp) reaction cross sections. 
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In order to calculate this enhancement, the inelastic breakup cross section, σp
BF

, has been 

multiplied by the corresponding fraction leading to the above-mentioned reactions, i.e  

σ(n,x)/σT.  Here σT  is the neutron total cross section and x stands for γ, n,p, or α outgoing 

channels [5,6,7]. A similar procedure has been followed in order to obtain the contribution to 

the (d,2n), (d,p2n), (d,α2n), i.e. (d,xn) reaction cross sections due to the protons which, 

following the breakup neutron emission, are absorbed in further interactions with the target 

nucleus. In Fig. 4(a,c) are presented the excitation functions corresponding to (n,2n) and 

respectively (p,d) reactions initiated by neutrons and protons, responsible for the inelastic 

breakup enhancement of the 
93

Nb(d,x)
92m

Nb activation cross sections, Fig. 4(b). 
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Figure 4. (Color online) 4(b) Comparison of measured [18] and calculated deuteron activation 

cross sections (thick solid) provided by present analysis taking into account the deuteron 

inelastic breakup (dotted), the pick-up (dash-dotted), and the PE+CN (dashed) reaction 

mechanism contributions involved in the deuteron interaction with 
93

Nb; 4(a), 4(c): 

Comparison of measured [8] and calculated activation cross sections initiated by neutrons 

and protons respectively, and responsible for the breakup enhancement of the deuterons 

activation (see text for more explanations). 

 

The inelastic breakup component still remains difficult to be handled in the reaction 

calculations by using the available codes. Thus, Kalbach's parametrization [1] is taken into 

account in the TALYS  code [10] only for the first-chance neutron and respectively proton 

emission spectra while the consideration of a particular contribution following the absorption 

of one  BF proton or neutron by the target remains an open question. 

Stripping and pick-up  

Apart from the breakup contributions to deuterons interaction process, other direct reactions 

mechanisms like stripping and pick-up have to be properly considered in order to describe the 

low energy range of the (d,p), (d,n) [5-7], and (d,t)  excitation functions. Therefore the lowest 

energy domain of the experimental excitation functions of 
93

Nb(d,x)
92m

Nb, Fig. 4(b), can not 

be described unless the (d,t) pick-up specific contribution is considered. Similar important 

contributions to the low energy region of excitation function have the stripping reactions (d,p) 

[5,6] as it is shown in Figs. 5 (a,d). The pick-up excitation function has been calculated here 

with the FRESCO code [16] based on the Coupled-Reaction Channels (CRC) method. The 

above-mentioned deuteron phenomenological OMP has been used for the incident channel 

while Becchetti-Greenlees [19,20] OMP describes triton outgoing channel. The d-n interaction 

in triton has been described with the 
3
He potential [13] of Woods-Saxon shape, which 

parameters were determined by fit of the 5.50 MeV 
3
He binding energy, relatively close to 6.3 

MeV corresponding to 
3
H. Like in the stripping case [4-6], the transferred neutron bound 

states were generated in a Woods-Saxon real potential too with parameters adjusted to the 
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nucleon binding energies in the residual nucleus. The spectroscopic factor involved in the 

transition amplitude of the pick-up process was that obtained experimentally from the analysis 

of triton angular-distribution corresponding to the population of the 0.136 MeV isomer state in 
92m

Nb residual nucleus [21].  

Preequilibrium and statistical emission 

The interaction of deuterons with the target nuclei proceeds largely through direct reaction 

(DR) processes, for deuteron energies below and around the Coulomb barrier, while 

increasing the incident energy reaction mechanisms like preequilibrium emission (PE) or 

evaporation from the fully equilibrated compound nucleus (CN) become also important. The 

PE and CN cross sections, corrected for the breakup, stripping  and pick-up decrease of the 

total reaction cross section, have been calculated here by using  both STAPRE-H95 [22] and 

the TALYS [10] computer codes.  

The formerly adjusted OMPs parameters for deuterons have been used, as well as Koning-

Delaroche [20,23], Becchetti-Greenless [19,20] and McFadden-Satchler OMP potentials 

[20.24] for nucleons, tritons, and respectively alpha-particles outgoing channels. Slight 

adjustment of the level density parameter a derived on the basis of the back-shifted Fermi gas 

(BSFG) as well as of the neutron and proton single-particle state density parameters, gn and 

gp, were necessary in order to improve the data description. 

The measured [8] and the calculated activation cross sections for 
63,65

Cu targets nuclei (thick 

curves) as a sum of the inelastic breakup contribution, the DR cross sections provided by the 

FRESCO code and the PE+CN contributions provided by STAPRE-H95 code are shown in 

Fig. 5, together with the TALYS predictions (thin curves).  
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Figure 5. (Color online) Comparison of measured [8] and calculated activation cross sections 
for deuterons on 

63,65
Cu, provided by the code TALYS-1.0 (thin solid curves), and local 

analysis (thick solid) using the stripping (DR) contribution (dash-dotted) for the (d,p) reaction,  
the deuteron breakup (BF) (dotted), and the PE+CN for components (dashed).  

Conclusions 

This work aims to present an unitary analysis of the nuclear reaction mechanisms responsible 

for the complex process of the deuteron interactions with nuclei. The comparison of the 
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present calculations with global predictions of the TALYS code stresses out the importance of 

an appropriate consideration of the deuteron breakup as well as of the stripping and pick-up 

reactions mechanism contribution to the activation cross section calculations. These direct 

mechanisms affect different energy range of the activation excitation functions. While the 

stripping and pick-up mechanisms contributions are essentials at low deuterons incident 

energies the deuteron-breakup contributions are important for the description of the high 

energy part of the activation excitation functions. The agreement between the measured data 

and model calculations presented here proves the correctness of the nuclear mechanism 

description taken into account for the deuteron-nucleus interaction.  
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Abstract: A global parameterization is presented for the electromagnetic strength in heavy 
nuclei which gives a rather good fit to respective data in nuclei with mass numbers A between 
50 and 240. It relies on a Lorentzian description of the isovector giant dipole resonance and it 
needs only a very small number of parameters to describe the electric dipole strength down to 
low excitation energy of importance for radiative capture processes. The resonance energies 
are chosen to be in accordance to liquid drop model parameters adjusted to ground state 
masses and to rotation invariant determinations of ground state deformation and triaxiality. By 
a straightforward use of this information a surprisingly smooth variation of the GDR width with 
A and Z is found  and a full agreement to the predictions of the electromagnetic sum rule is 
assured. Predictions for radiative neutron capture cross sections compare well to respective 
data, when the proposed photon strength function is combined with standard prescriptions for 
the level density in the product nuclei.  

Introduction 

The interaction of neutrons with heavy nuclei is of major interest for the understanding of the 
cosmic synthesis of the elements as well as for nuclear energy applications. In the latter field 
the problem of the radioactive waste emerging from power reactors has initiated new 
research on neutron induced fission as well as on radiative capture of neutrons in heavy 
nuclei. In nuclear fuel containing 238U the latter process may result in the production of 
isotopes of Pu and actinides of higher atomic charge Z. These ‘minor actinides’ are very much 
unwanted waste as they contain α-emitting radionuclides of half-lives which are long as 
compared to times for which a safe storage can be assured. This is why modern nuclear 
reactor concepts aim to minimize radiative capture as compared to neutron induced fission 
e.g. by a proper selection of the average neutron energy. Here the cross sections for capture 
and fission and their dependence on the neutron energy are of major interest. As respective 
measurements for targets from short lived actinide nuclides or fission products may be very 
difficult or even impossible reliable predictions are needed. Parameterizations are valuable for 
such predictions, when they fit well to existing data in a global manner, i.e. in an extended 
range of nuclear mass number A, charge Z and excitation energy Ex. It is not primarily 
fundamental theory what is needed here, but rather prescriptions based on generally 
accepted principles, which allow for the extrapolation and generalization of data obtained in 
nuclei more easily available for experimental study. 

In the past decades various data for many nuclei have been obtained by 

  

a) photonuclear reactions in the range of the giant dipole resonance (GDR);  
b) inelastic photon scattering yielding strength information below the threshold for photo-
dissociation;  
c) average radiative capture widths, i.e. the sum of primary de-excitation photon widths;  
d) spectra of the photon cascades following the abovementioned processes.  
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Although these data cover different ranges in Ex and Eγ a consistent description of them can 
be obtained by introducing the concept of the photon strength function fλ which is directly 
related to the photon absorption cross section as well as to the photon decay width. The latter 
has to be normalized to the phase space open to the photon and to the density ρ(Eu) of the 
decaying levels. Assuming the validity of the Axel-Brink hypothesis [1] the photon strength 

function [2] which describes absorption of photons with Eγ = Ex as well as electro-magnetic 
decay does not depend on the energies of the upper and lower levels Ex (respectively Eu) and 

El but only on the transition energy Eγ = Eu- El.   

For dipole radiation one has:     
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In this approximation all processes involving radiation can be derived from the known strength 
function f λ and the density ρ of involved levels. In the following it will be discussed, what 
experimental information is available and how it enters into parameterizations, which of 
course have to be in accordance to theoretical arguments.  

A well studied model case: 208Pb   
A heavy nucleus very well investigated theoretically and experimentally is 208Pb. The dipole 
strength function shown in Fig. 1 as studied by photo-neutron production covers the range of 
the isovector giant resonance GDR as well as the region above – up to the energy at which a 
photo-production of pions becomes possible.   
   

                           
Figure 1. Photon strength in 208Pb observed as described in the text. The curves depict the 
electric dipole strength for the GDR as parameterized here (cf. eq. 3; blue) and as calculated 
for the quasi-deuteron effect (black).     

Using the very general arguments of causality and unitarity [3] it was shown, that up to the 
pion threshold the main term in the energy weighted sum rule   

 

cannot be exceeded by more than 40%. The curve close to the data [4] at low energy depicts 
a calculation on the basis of eq. 2 and the GDR parameterization based on systematic studies 
as discussed later. It has been pointed out [5,6], that a Lorentzian may be used to describe 
the photon absorption cross section in the GDR albeit it is not representing a single level 
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decaying into the vacuum. The other curve depicts the neutron emission from photons hitting 
a deuteron in the nuclear medium and it corresponds to a global parameterization [7,8] of the 
so called quasi-deuteron effect. The sum of the two contributions is calculated to be 100+35 
% of the value given in eq. 2 with an error of 7% due to the ambiguous upper bound. 
Following the findings of a recent experiment [9,10,11] at the superconducting linac ELBE at 
Dresden-Rossendorf the data shown in Fig. 1 were renormalized by a factor of 0.87 — in 
accordance to a previous independent study [12]. Apparently there is not much room for GDR 
strength in addition to eq. 2. 

Whereas the photon strength function shown in Fig. 1 was determined by the observation of 
neutrons emitted from the photo-excited nucleus, the strength of importance for radiative 
capture lies below the neutron separation energy Sn and it may be measured by photon 
scattering. For 208Pb various such studies were performed using quasi-monochromatic [4] or 
bremsstrahlung [13] beams. Using electron beams of various energies from ELBE information 
was obtained with bremsstrahlung as produced in a thin Nb radiator and scattered from a 
208Pb target. Although the set-up was optimized [13] to suppress background radiation of non 
nuclear origin, which is especially strong at low photon energies, it is still present and it 
increases with the endpoint energy. As can be seen in Figure 2 an additional quasi-continuum 
constitutes a considerable part of the scattering yield already in the region between 6 MeV 
and Sn= 7.37 MeV, where it drops considerably. The spectra also indicate the rise of the 
dipole strength caused by the GDR peak at 13.6 MeV, albeit there the neutron channel 
collects most of the yield. The HPGe-detectors were surrounded by escape suppression 
shields [13] to veto signals not depositing the full photon energy in the detector, and we were 
able to determine the contribution of such processes to the quasi-continuum for the data 
taken at 9 MeV. The full energy part of the line shape is close to a Gaussian with σ < 3 keV 
and from the analysis of the spectra the scattering yield outside the narrow peaks is 
determined. It results from the decay of strongly excited levels (and isolated resonances 
above Sn) and will be discussed below.   
   

       
Figure 2. Photon spectra taken with bremsstrahlung endpoint energies of 9, 12, 15 and 17 
MeV (bottom to top) as scattered from an enriched 208Pb target to a detection angle of 127° 
with respect to the beam.  

The quasi-continuous part occurring at photon energies above 6 MeV and observed best at 
the lower endpoint energies is partially due to incomplete energy deposition in the detector. 
However, it may also contain a contribution from many weak resonances overlapping 
increasingly with excitation energy Ex due to the increasing level density. In that case it would 
belong to the photon strength in the low energy tail of the GDR. Directly above Sn the mean 
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distance between J=1- resonances was determined [14] to be   ̴ 30 keV. The result of a 
detailed analysis with a deconvolution of the spectra taken at 9 MeV endpoint energy is 
shown in Fig.3. The continuous strength is assumed to be due to the deexcitation of the   ̴ 30 
levels per MeV already present below E=Sn. Non-resonant Thomson scattering from Pb has a 
cross section of below 1 mb and thus it is very much weaker as compared to the 
observations.  

The level density also influences the results obtained with a completely different set-up at 
ELBE. A 10 mm thick target of liquid Pb was bombarded with electrons of 25 MeV which 
produce bremsstrahlung and these generate neutrons in the subsequent Pb(γ,n) reaction. 
After a flight path of ~ 5 m the neutrons were observed in 1cm thick plastic scintillators [15]. 
As described in a previous paper [16] this set-up is well suited as a source of pulsed neutrons 
to be used for various studies using the time-of-flight technique. At this set-up a kinetic energy 
resolution of less than 5 keV is reached in a study of natPb for Sn= 7.37 MeV <Ex< 10 MeV. 
Figure 3 shows a preliminary analysis of a neutron spectrum which delivers some information 
about the strongly fluctuating photon strength directly above Sn. Comparable information – but 
reaching to 12.5 MeV – can be derived from a high resolution study [17] of the 208Pb(γ,n) 
reaction, from which a spectrum is also shown in Fig.3. Again, several peaks are seen on top 
of a smooth increase of the yield. All three data sets shown in Fig.3 have a similar 
appearance: Superimposed on an increasing strength strong peaks are observed with the 
distance between them greatly exceeding the distance of neutron capture resonances [14]. 
Some of the intensity may be due to E2 strength [17], but only by a careful analysis Porter-
Thomas fluctuations can be excluded as their origin. The steep drop of the (γ,n) data above 
and the (γ,γ) data below Sn is well understood as being due to the much larger flux going into 
the respective channel. The general trend of the total yield (continuum plus peaks) represents 
the photo-absorption cross section and is reasonably well described by the Lorentzian tail 
(blue). It remains open, if in addition to pygmy [2] structure at 5.5 MeV extra E1-strength is 
needed to explain the data.   

                          
Figure 3. Dipole strength function observed by photon scattering (black) and in photo-neutron 
studies; these are based on neutron detection in 4π with variable photon energy (red) and 
neutron time of flight (magenta, x and y scale multiplied by 10).  

At this point a comparison to theoretical work may be helpful. A very detailed shell model 
calculation [18] is available for 208Pb, which includes particle-hole as well as 2p-2h-
configurations, which are quite numerous. In spite of its large configuration space it under-
predicts the level density, e.g. by a factor of 4 for the region near Sn. But, as already shown 
[18], it describes the overall trend of the E1 strength very well. As shown in Fig. 4 the 
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comparison of the calculated absorption cross section with the Lorentzian of Fig.1 affirms this 
conclusion. 

  

                             
Figure 4. Dipole absorption from a shell model with configuration mixing for 208Pb [18; green: 
E1, red: M1].  For comparison a Lorentzian (Fig. 1) is superimposed as well as experimental 
photon scattering intensities [19;].  

The abovementioned shell model calculations also deliver the magnetic dipole strength and 
the corresponding cross section is depicted in red. The absorption cross section in the range 
of 6 MeV is predicted to be not very different for the electric and magnetic dipole modes. Very 
recently a photon scattering experiment [19] was performed with quasi-monochromatic, 
linearly polarized photons generated by inverse Compton scattering of laser light with 
relativistic electrons circulating in a storage ring. In accordance to data taken previously at 
ELBE [13] the parity was determined for around 20 levels with 4.5< Eγ <7.5 MeV and in Fig. 4 
these data are included; the E2 strength also observed in this experiment results in even less 
photon absorption. As shown [19] the magnetic strength between 7 and 9 MeV, i.e. in the spin 
flip region, adds up to 17 (1) μN

2, including results from above Sn. This result compares well to 
what was found in a systematic study [20] and confirms the conclusion that the spin flip M1 
strength is of minor importance for photon absorption in heavy nuclei.    

Quadrupole strength and the shape of heavy nuclei   
The electric quadrupole modes contribute little to the energy weighted photon strength, but 
their low energy part carries important information on nuclear shapes. It was pointed out [21] 
that such information can be extracted from reduced E2 matrix elements in a rotation invariant 
way such that values obtained in the laboratory can be directly transferred to the nuclear rest 
frame. The sum of all B(E2)-values connected to the ground state is a measure of the 
breaking of spherical symmetry and a sum over all products of three E2 matrix elements 
ending at the ground state describes the breaking of axial symmetry. For about 160 heavy 
nuclei sufficient experimental data have been collected by Coulomb excitation [22-24] and 
other methods [25] and significant conclusions about their ground state shape can be drawn. 
Assuming volume conservation and a homogeneous charge distribution they can be 
expressed as the axis lengths of a triaxial body. The deviations of the axes from the average 
radius are inversely proportional to the pole energies of the three GDR components in 
comparison to the centroid energy, if the triaxiality for GDR energies is the same as near the 
ground state. 
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The finding of triaxial nuclear shapes in quasi all heavy nuclei away from the doubly magic 
208Pb leads us to describe the GDR shapes by three peaks of equal size and with their 
summed strength according to the sum rule (eq.2). As the existing data do not allow a triple 
Lorentzian fit independently for each nucleus, we use the rotation invariant information for the 
ground state triaxiality and we generalize it to all heavy nuclei. Relating the B(E2) to the first 
excited 2+ state [26,27] to the triaxiality γ as observed a simple empirical relation is derived: 

0.24. In accordance to the finding, that triaxiality usually is more 
obvious in nuclei with small deformation, a correlation between the two deformation 
parameters β and γ was already noted previously [28], but the numerical relation given here 
covers a wider range in A. Of course, the values resulting from it are subject to quantum-
mechanical zero point oscillations and detailed studies are needed to study the effect of 
these; a first investigation [29] along these lines has demonstrated that only the detailed 
shape of the GDR peak depends on the stiffness of the shape parameters, but the low energy 
tail does not.   

Giant resonances and dipole strength   
Photon absorption by heavy nuclei is dominated by the electric dipole mode and this is 
governed by the GDR. The GDR energies are closely related to the symmetry energy of 
nuclear matter and the surface stiffness of nuclei [30]; both parameters are well determined 
by the finite range droplet model [31]. By interpolating between the two models [32] proposed 
for medium mass and heavy nuclei a prescription was found [5] to predict the centroid  GDR 
energy for all nuclei with 50<A<240 from these two parameters plus an effective nucleon 
mass which we adjusted by comparison to photo-neutron data to m*= 874 MeV/c². A recent 
detailed attempt [33,34] to fit the shape of GDR peaks by Lorentzians reports the need of 
using two poles for obtaining a satisfactory fit in about half of the nuclei studied, whereas in 
the other half only one was shown to suffice. This local fit delivers widths for the different 
nuclei which lie between 2 and 12 MeV and which vary strongly in dependence of Z and A. 
For the energy integrated GDR strength a similar scatter is found with factors ranging from 
0.4 to 2.6 when compared to the sum rule (eq. 2). The very large scatter as resulting from 
fitting only one or two peaks to the GDR data indicates a severe deficiency of this procedure.  

In contrast, we propose to use generally three poles related to the three body axes and this 
results in a triple Lorentzian (TLO) parameterization [5] for the GDR and using eq. 1 one gets 
for the electric dipole strength fE1: 
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TLO-calculations as performed for a large number of heavy nuclei agree well [5] to GDR data 
and the widths and integrated strengths vary only smoothly with A and Z while eq. 2 is fully 

obeyed. For the widths the relation [5,35] between the peak width and its energy 1.6 
is used with the exponent derived from hydrodynamical considerations [35]. By comparing 
with data for many nuclei the proportionality factor was optimized [5] to a = 0.05 when E and 
Γk are given in MeV. This relation is used for describing the GDRs in all investigated nuclei as 
well as for the three peaks in one nucleus. The resulting description of the absorption cross 
section in the region of the GDR maxima agrees astonishingly well to the data from various 
(γ,n) experiments [5,9-11] without any free parameters in addition to a, m*= 874 MeV/c² and 
the quantities describing the ground state shape. As already mentioned for 208Pb, the photo-
neutron data from a certain laboratory [4] had to be renormalized by 0.87, a factor determined 
by comparison to (γ,n)-data from another source [12] as well as by photo-activation 
measurements performed at the FZD [9-11]. Also for a few MeV below the neutron separation 
energies, where the photon absorption was determined from scattering, a good agreement is 
seen [9-11,36]. Here we make the simplified ansatz [5], that the low energy slope of the dipole 
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strength is described by the same Lorentzian function as the peak without introducing any 
energy dependence of the widths Γk or any additional term. Finally, comparing the TLO 
parameterization to particle-photon coincidence data obtained for even smaller excitation 
energy [37] one observes reasonable agreement, when account is made for the different spin 
distributions.  

In most cases – and especially in nuclei which are falsely considered spherical symmetric – 
our description with a triple Lorentzian (TLO) leads to a considerably smaller width as 
compared to the one resulting [33,34] from a fit with only one or two Lorentzians to the GDR 
peak. In respect to that finding it is of interest to discuss the contribution of the neutron 
escape to the width, i.e. the natural line width. In Fig.5 the result is shown of a shell model 
calculation (in Tamm-Dancoff approximation) with explicit coupling to the continuum [38]. 
There is only one strong component within the first few MeV above Sn with an escape width 
above 0.5 MeV and all the other configurations are much narrower.               

 
Figure 5. Electric dipole strength in 208Pb from a continuum shell model calculation folded 
with 50 keV.  

We thus consider the width used in the TLO-parameterization to be an experimental measure 
for the spreading of the GDR strength into the many complex states forming the underlying 
quasi-continuum. The rather small value of this width corresponds to a reduced value of the 
absorption cross section in the wing region far apart from Ek. This is not only of importance for 
the sum rule integral but also for predictions concerning the radiative capture. For each 
resonance the cross section of this process is proportional to the average radiative width, 
which increases with the energy of the first photons in the decay cascades, and the level 
density in the final nucleus, decreasing with Ex. Folding the two probabilities leads to a 
sensitivity curve, which peaks at an intermediate energy near Sn/2. Thus a detailed study of 
the dipole strength in this energy range is important for reliable predictions of radiative 
neutron capture cross sections which determine reaction rates in stellar plasmae as well as 
the accumulation of actinide nuclides in fission reactors. 

Conclusion: Photon strength, level densities and radiative capture 

In principle, three factors enter the predictions for radiative capture: the neutron and photon 
strength functions and the level density in the final nucleus. For all three the absolute value as 
well as the energy dependence are important and have to be determined. We aim for a first 
order prediction by extrapolating our TLO dipole strength to low photon energies and 
combining it to a model which assumes a simple exponential dependence of the level density 
on excitation energy. If additionally a semi-classical ansatz [39] is used for the neutron 
channel one gets for the capture cross section averaged over many resonances R – 
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assuming a factor 3 for the number of spins to be reached by E1-transitions from 1̶ -
resonances:   
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To get to the aspired prediction for the capture cross section information is needed for the 
photon strength and the level density in the energy range intermediate between 0 and Sn. In 
many nuclei the density of resonances populated by neutron capture is well studied [40], such 
that with knowledge of the dipole strength only the parameter T remains free, the constant 
‘temperature’ in the level density formula, describing the energy dependence. For this 
parameter local as well as global fits have been performed [41,42] and the assumptions made 
can be tested for a wide range of nuclei with 50 < A < 240. As a comprehensive overview a 
plot of average photon widths for 50<A<240 is shown in Fig. 6 as derived from two predictions 
for T(A). The experimental widths result from radiative capture data compiled within the RIPL 
project [33,40] of IAEA. 

 

Figure 6. Average photon widths for even nuclei with mass A: Data (red ◊) are compared to 
predictions based on a combination (eq. 4) of the triple Lorentzian (TLO) to two values for the 
`temperature’ T(A), describing the energy dependence of the level density (local fit [41], green 
o, and global fit [42], blue ◊).  

Obviously the local prediction [41] for T(A) yields a somewhat better agreement to the data 
than a global one [42] and the inclusion of shell effects is of major importance. A good 
agreement between the experimental data for heavy nuclei and the calculations made with 
reasonable values for T is found on absolute scale for a wide range of A. This strongly 
supports the parameterization for the dipole strength f1 as outlined above. It implies a strength 
function in accordance to the sum rule and it is based on GDR-widths and strengths, which 
are varying very smoothly with A and Z. They are derived by properly accounting for the 
broken spherical and axial symmetry of the nuclear ground states. Actually the triaxiality 
varies smoothly with the quadrupolar deformation as well and also the ‘temperature’ T is a 
smooth function of A with a steep increase only near 48Ca and 208Pb only. Thus we conclude 
that parameters for GDR and level density, which vary only smoothly with A and Z, allow to 
well predict average photon widths – and thus radiative neutron capture cross sections. This 
is achieved without breaking the dipole sum rule [3], and quasi-deuteron absorption and 
triaxial nuclear deformation are properly accounted for.  
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Abstract: The surrogate reaction method is an indirect way of determining cross sections for 
nuclear reactions that proceed through a compound nucleus. Nevertheless, because of the 
dependence of the populated spin-parity distribution of the entrance channel, the validity of 
the surrogate method has to be investigated. The CENBG collaboration has applied this 
technique to determine the (n,f) cross sections of several short-lived nuclei. Recently, we 
performed the 

243
Am(

3
He,α), 

243
Am(

3
He,t), 

243
Am(

3
He,d) reactions as surrogates for 

respectively 
241

Am, 
243

Cm, 
244

Cm (n,f) cross sections. We are now investigating whether this 
technique can also be used to determine (n,γ) cross sections. For this purpose, we use the 
surrogate reaction 

174
Yb(

3
He,p)

176
Lu* to infer the well known 

175
Lu(n,γ) cross section. 

Preliminary results show clear discrepancies between our surrogate results and the already 
existing neutron-induced data. In this experiment, we are also able to infer various γ-rays 
intensities ratios which are powerful observables to constrain angular momentum distribution 
populated in the surrogate reaction.  
 

How to measure neutron-induced cross sections of very short-lived nuclei? 

 
The “surrogate” reaction method enables cross sections to be extracted for nuclear reactions 
on short-lived nuclei, that otherwise can not be measured. This method was first proposed by 
J.D.Cramer and H.C.Britt[1] in the seventies and is schematically represented in figure 1. 

 
Figure 1. Schematic representation of the surrogate reaction method. The surrogate reaction 

is here a transfer reaction X(y,w)A*. Three possible exit channels (fission, capture 
and neutron emission) are also represented. 
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The left part of figure 1 illustrates a « direct » neutron-induced reaction on the target A-1, 
which leads to the compound-nucleus A at an excitation energy E*. The nucleus A can decay 
through different exit channels: fission, γ, neutron emission, etc… On the right part of figure 1, 
in the surrogate reaction method, the same compound nucleus A is produced by a transfer 
reaction between a projectile y (a light charged particle) and a target X. In the context of 
short-lived nuclei, the interest of this method is to use targets which are less radioactive than 

the target A-1. The transfer reaction (y+X→A+w) leads to a heavy recoil nucleus A and an 
outgoing particle w (proton, deuteron, triton, etc…). The identification of the ejectile w permits 
to determine the mass A and charge Z of the decaying nucleus. In addition, we can deduce 
the excitation energy E* of the compound nucleus A by measuring the kinetic energy and the 
emission angle of the ejectile w. Experimentally, the detection of the ejectile w, in coincidence 
or not, with a given decay product (fission fragments or gamma rays) of the compound 

nucleus A* gives the decay probability 
,expA

decayP  of the given reaction channel. According to the 

surrogate reaction method, this measurement of the fission or capture probability permits to 
determine the neutron-induced cross section for the nucleus A-1 according to the equation: 

                                          
1 ,exp

( ) ( ). ( *)
A A A

decay CN decay
En En P Eσ σ

−
≅                                               (1) 

where 
A

CNσ  is the compound nuclear formation cross section in the desired reaction 

(formation of the nucleus A after a neutron absorption with an energy En). In our case, 
A

CNσ  is 

obtained from the optical model calculations using TALYS. The relation between incident 
neutron energy En and the excitation energy E* of the compound nucleus A can be written:  

                                                    
* 1

n n

A
E S E

A

−
= + ⋅                                                            (2) 

where Sn is the one-neutron separation energy in the nucleus A. 
 

About the validity of the surrogate reaction method 

 
The neutron-induced reaction and the transfer reaction permit to produce the same (in Z and 
A) compound nucleus. However, the angular momentum (J) and parity (π) distribution 
populated by a transfer reaction may not be the same as the one populated in a neutron-
induced reaction. The issue is that, at low E*, fission and capture probabilities depend 
strongly on the Jπ of the compound nucleus. Actually, the surrogate reaction method can only 
be applied if the decay probabilities from the neutron-induced and transfer reactions are 
similar: 

                                                    , ,neutron decay transfer decayP P=
                                                     (3)

 

According to the Bohr hypothesis for the compound nucleus, these decay probabilities are 
given by:   
                                                                                                                                                (4) 

   
                                                                                            (5) 

 

where ( *, )
form

neutronP E J π
 and ( *, )

form

transfer
P E J

π
correspond to the probability that the compound 

nucleus is formed with spin J and parity π in the neutron-induced and in the transfer reaction, 

respectively. ( *, )
decay

G E J
π

 are the branching ratios for a given decay channel. Equation (3) 

may be valid in two cases: 
 

First hypothesis : Obviously, eq. (3) is valid if the Jπ  distributions populated in both 
techniques are similar: 
 

     (6) 
Unfortunately, angular momentum populations are still poorly known experimentally and 
theoretically. An important effort from theoreticians and experimentalists should be done in 
order to determine these distributions. 
 

,
( *, ()( *, )*)

f

neutron d deca

orm

necay

J

eu ron yt
P E J G E JP E

π

π π
= ⋅∑

,
( * ( *,,( ) )*)
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transfertrans dfer deca ecayy

J

G EP E J JP E
π

π π
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Second hypothesis : The compound-nuclear decay probabilities are independent of J and π. 
By writing, 

    (7) 
 

we denote the Jπ-independent decay probability for the exit channel which can be taken out 

of the summation signs in equations (5) and (6). Note that 
,

( *, ) 1
form

reaction

J

P E J
π

π

=∑  and the 

cross section for the desired reaction takes the simple product form of the equation (1). This 
second hypothesis is known as the Weisskopf-Ewing (W-E) approximation [2] and is 
justified for high excitation energies where the decay of the compound-nucleus is dominated 
by statistical level densities. Almost all applications of the surrogate method have made use 
of this approximation. At lower excitation energy, the decay probabilities strongly depend of 
the spin of discrete states, whose population depends on the reaction mechanism used to 
produce the compound nucleus A*.  

 

Surrogate fission measurements 

 

Recently, we used the surrogate reaction method to determine the neutron-induced fission 
cross sections of 

242
Cm(T1/2=162.8 d),

 243
Cm(T1/2=29.1 y) and 

241
Am(T1/2=432.2 y). These 

cross sections are of interest for nuclear waste transmutation. However, in the case of the Cm 
isotopes, the available data are rather scarce or inconsistent and the international evaluations 
used for reactor simulations present important differences. To reach and study these nuclei 
we employed few-nucleon transfer reactions using a 

3
He projectile on a 

243
Am(T1/2=7370 y) 

target. All details are given in [3]. A good agreement was observed between already existing 
neutron-induced data and our surrogate measurements (even at the lowest neutron 
energies!). The reason is that the excitation energy of the fissioning nuclei was high enough 
for the Weisskopf-Ewing approximation to be valid. Consequently, the reaction was not 
sensitive to the differences between the spin distributions populated in transfer and neutron-
induced reactions.  
 

Surrogate capture measurements 

 
Compared to fission, capture reactions may be more sensitive to the differences between the 
spin-parity distributions [4]. Moreover, in the case of actinides, one need to distinguish 
between gamma rays originating from the fission fragments and capture gamma rays. This 
can make capture measurements extremely complicated. Therefore as a first step we have 
chosen to investigate the validity of the surrogate method for capture reactions on rare earth 
nuclei. Our aim is to study the transfer reaction 

174
Yb (

3
He,pγ)

176
Lu as surrogate for the 

175
Lu(n,γ) cross sections, see Fig.2. We have considered the 

175
Lu(n,γ) cross section because 

it presents the advantage to be very well known, see for example [5,6].  
 
Experimental Set-Up 
 
We performed this measurement at the Tandem accelerator at the IPN Orsay in March 2010. 
We used an incident 

3
He beam with an energy of 24 MeV. The beam intensity was 20 particle 

nA. To infer the capture probability, gamma rays were detected in coincidence with the 
ejectiles. The latter were fully identified by two large area ∆E-E telescopes placed 
symmetrically at 130° with regard to the 

3
He beam. The E detectors were two Si(Li) detectors 

of 3 mm thickness. The ∆E detectors were two 300 µm silicon position sensitive detectors, 
whose 16*16 X-Y strips provided the angle of the detected particle with an angular coverage 
of 108° to 152°. We shielded the Si detectors against delta electrons coming from the target 
with a thin Mylar(Al) mask polarized at -300V. Four C6D6 liquid scintillators were used for 
gamma detection to infer the capture probability. The total number of gamma cascades can 
be obtained with these detectors by using the total energy detection principle in combination 
with the pulse height weighting technique. The same technique was used to obtain the 
233

Pa(n,γ) cross section [7,8]. Notice that the coupling of these detectors to a pulse shape 
discriminator permits to separate between photons and neutrons interacting within the 
scintillators. The 

174
Yb target was also surrounded by six germanium detectors. They were 

used to measure low-lying γ-ray transition intensities as a function of the compound nucleus 

( *, ) ( *)decay decayG E J G E
π

=
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excitation energy, which is an additional way to investigate the difference in spin distributions 
between transfer and neutron-induced reactions. Fig.3 illustrates our experimental set-up. 

              
Figure 2. Transfer channels investigated 

in the reaction 
3
He+

174
Yb and the 

corresponding neutron-induced capture 
reactions. 

 
Figure 3. Top view of the set-up for 
capture probability measurements. 

  
Preliminary results 
 
The experimental capture probability Pγ(E*) of 

176
Lu can then be obtained in the following 

way: 
(8) 

 
where ε(E*) represents the C6D6 cascade detection efficiency, Ncoinc(E*) are the number of 
protons detected in coincidence with the C6D6 detectors and Nsingle(E*) the total number of 
protons, i.e. the number of 

176
Lu formed. The Nsingle(E*) spectrum is corrected for the protons 

coming from transfer reactions between the 
3
He beam and the carbon backing, as illustrated 

in Fig.4. Since the nucleus 
176

Lu is formed by a transfer reaction, it is possible to extend our 
investigation below the neutron separation energy Sn corresponding to E*=6.29 MeV where 
only γ-rays can be emitted and consequently the measured emission probability should be 1. 
Below the neutron separation threshold, the ratio Ncoinc(E*)/Nsingle(E*) gives the total 
efficiency of the C6D6 detectors. Applying a 500 keV gamma threshold in order to suppress 
the contribution of the opening (

3
He,pnγ)

175
Lu* neutron-inelastic decay channel, this ratio is of 

around 3.8% (+-0.3%) and remains constant from E*=5.5 MeV to Sn. Assuming that this 
value for the efficiency is constant and independent of excitation energy also above Sn, we 
obtain the probability for emitting a gamma cascade of 

176
Lu as a function of E*, see Fig. 5. 

Our data are compared with TALYS calculations for the neutron-induced capture probability of 
175

Lu and also for the gamma-induced reaction of 
176

Lu. The parameters of the code have 
been tuned to best reproduced the experimental data for the 

175
Lu(n,γ) cross sections, as 

illustrated in Fig.6. The preliminary results of Fig.5 show that our surrogate data present big 
discrepancies with respect to the neutron-induced data, while we observe an excellent 
agreement with the 

176
Lu(γ,γ) calculation. As a first conclusion, the Jπ distribution populated 

in the (
3
He,p) surrogate reaction seems to be close to the one populated in the photon-

induced reaction, which populates higher spins. As an illustration, Fig. 7 shows schematic 
distributions populated in neutron-induced and gamma-induced reactions. The ground state 
Jπ of 

175
Lu and 

176
Lu are respectively 7/2+ and 7-. The big discrepancies at low E* can be 

explained by the deviations between the spin distributions populated in transfer and neutron-
induced reactions. For energies below the first excited state of 

175
Lu (113keV,9/2+), the (n,γ) 

decay channel is only in competition with the compound elastic channel (n,n). Since the 
nucleus decays to only one state (i.e. by definition the ground state) with a well-defined spin 
(7/2+ here), this particular exit channel is extremely sensitive to the spin of the compound 
nucleus 

176
Lu*. As shown in Fig. 7, it is reasonable to expect that the spin induced by transfer 

is higher than the one induced by a low-energy neutron leading to a suppression of the 
compound elastic channel when 

176
Lu is produced in the (

3
He,p) reaction. Talys calculations 

show that the (n,n) channel remains rather strong up to about 7MeV. The selectivity of the 
(n,n) decay channel could be at the origin of the large discrepancies observed between 

coinc

single

( *) 1
( *) .

( *) ( *)

N E
P E

N E E
γ

ε
=
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surrogate and neutron-induced measurements. In Fig. 6, the resulting 
175

Lu(n,γ) cross section 
is compared to neutron-induced measurements. The surrogate cross sections are too large, 
on average, by roughly a factor 4. High discrepancies have been also observed for 

155
Gd and 

157
Gd capture cross sections obtained via the surrogate method involving (p,p’) inelastic 

reactions [9]. 

 
Figure 4. Number of single protons 

Nsing(E*) (i.e 
176

Lu formed) before and after 
the substraction of the carbon backing 
contribution. The number of γ-proton 

coincidence is also represented in blue. 
 

 
Figure 5. Probability of gamma emission 

obtained in 
174

Yb(
3
He,p)

176
Lu* (black) 

compared to TALYS calculations for 
175

Lu(n,γ)
176

Lu* and 
176

Lu(γ,γ)
176

Lu. 

   
Figure 6. Capture cross sections obtained 
with the surrogate method (blue points) in 

comparison with neutron-induced data, 
ENDF evaluation and a TALYS 

calculation. 
 
 

Figure 7. Schematic spin distribution 
related to the 

175
Lu(n,γ)

176
Lu* and 

176
Lu(γ,γ)

176
Lu* reactions. A reasonable 

guess of the spin distribution induced in 
the transfer reaction is presented. 

 
 

On the other side, Ge detectors are used for the detection of discrete low-lying γ-rays emitted 
by the residual nucleus in coincidence with the proton. Gamma spectra as a function of E* 
(Fig.8) permit us to identify the decaying nucleus relative to the (

3
He,pγ)

176
Lu* and 

(
3
He,pnγ)

175
Lu* reactions. In the future, we will extract several γ-ray intensity ratios. These 

observables are very sensitive to the spin. This information will be useful to constrain reaction 
deexcitation models and to extract information on the spin distribution. We will use the TALYS 
code to find the spin-parity distribution that reproduces our experimental data for the (

3
He,p) 

reaction, i.e. the γ-ray intensity ratios and the capture decay probability. In this way we will 
infer the Jπ distribution populated in our surrogate reaction. 
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Figure 8. Gamma spectra for three ranges of E*. One can identify the main γ-ray transitions 

related to the (
3
He,pγ)

176
Lu* and (

3
He,pnγ)

175
Lu* exit channels. The background 

is shown in red. A schematic gamma decay probability is shown on the right. 
 

Conclusion 

 
We have performed an experiment to study the validity of the surrogate method for extracting 
capture cross sections. We have used the well known 

175
Lu(n,γ) cross section to test the 

174
Yb(

3
He,pγ)

176
Lu* reaction. Deviations between the spin distributions populated in transfer 

and neutron-induced reactions are responsible for the big discrepancies observed in our 
surrogate capture measurement. At low excitation energy, the compound elastic (n,n) decay 
channel is predominant and has the particularity to be extremely sensitive to the spin and the 
parity. This study is extremely important in view of the application of the surrogate method to 
infer capture cross sections of minor actinides. In the future, we plan to use the 

238
U(n,γ) and 

(n,f) cross sections to investigate 
238

U(d,p)
239

U surrogate reaction. Note that the (d,p) reaction 
is very important for future experiments in inverse kinematics. 
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Abstract: Investigation of prompt neutrons emission is a challenging issue pertaining to the 
fundamental aspects of nuclear fission process. In view to search the origin of the prompt 
scission neutrons the n-n correlation function, very sensitive to the space-time proximity from 
which the neutrons are emitted, was used. Quantities of interest as the correlation function 
strength in the momentum space within a model of independent one-particle pointlike 
sources, with a Gaussian distribution for the neutron generation points are obtained in a 
preliminary investigation. The strength of the n-n correlation function for the scission neutron 
significantly larger than the one for the neutrons emitted from the fission fragments was 
obtained. Due to this result, we might say that these neutrons could be separated. For the n-n 
correlation measurement, a new approach based on time of flight method with an array 
neutron detector and VME complex neutron system it will be used in a (p,xnf) reaction on an 
actinide target at Bucharest Tandem accelerator. 

Introduction 

Emission of the prompt neutrons has been extensively studied by both theorist and 
experimentalists but our understanding of fission process is still far from been complete. 
Following fission process prompt neutrons are released but their distribution is still uncertain. 
Most of the prompt neutrons, called post-scission neutrons, are emitted during the 
acceleration of the Fission Fragments (FF) and from the fully accelerated FF after their 
separation. A small part of them are emitted from the excited fissioning nucleus, before fission 
occurs, called pre-scission neutrons or from the neck between FF, in the moment of rupture 
called scission neutrons. Starting with the pioneering study of scission neutrons emission [1], 
several experiments and different analysis have been done in an effort to find these neutrons. 
The results are rather contradictory due to some arbitrary assumptions made in various 
analyses. Recent experiments based on fission induced by polarized neutrons have been 
proposed in view to answer to this intriguing subject [2-4]. Exploiting the dependence between 
neutron spatial orientation and FF flight direction, the total neutron yield found varies from 10 
to 15 % [3,4]. This approach is extremely difficult mostly because of the reduced events 
statistics. 
An alternative method could be the correlation analysis of the prompt neutrons in the fission 
process [5]. Until now the method of pair momentum correlations of identical particles has 
been successfully used by us in the investigation of the neutron pair pre-emitted from halo 
Borromean nuclei [6-8]. This method allows to determine the space-time dimension of the 
neutrons source and to distinguish between the post-scission and scission neutrons due to 
the strength of the n-n correlation function. Other important characteristics in the investigation 
of prompt fission neutrons emission are the neutron multiplicity and the neutron spectrum. 
These observables lead to a better understanding of nucleon-nuclei interaction mechanisms 
and the fission process properties. 
Our purpose is to investigate the prompt fission neutrons emission in 233,235,238U (p,xnf) 
reactions using time of flight method. The measurements will be held at Bucharest Tandem 
accelerator in the energy range Ep varying from 6 to 16 MeV. An experimental set-up 
consisting on array neutron detector combined with a VME acquisition system will be used the 
first time for this purpose. This array neutron detector with 81 scintillator cells, initial build for 
to investigate pair neutron pre-emission from halo nuclei has been adapted to work conditions 
of Bucharest Tandem. 
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Correlation function method 

The investigation of n-n correlations is accomplished with the two-particle interferometry 
technique, based on the principle that the wave function of the relative motion of identical 
particles (n) emitted from source of a certain space-time configuration is modified through the 
Final State Interaction (FSI) and by the Symmetries of Quantum Statistics (SQS) [9]. Bought 
techniques are very sensitive to the space-time dimension from which the neutrons are 
emitted. Starting from 1954, when the stellar interferometry was discovered through the effect 
Hanbury-Brown-Twiss (HBT), the method was adopted for interferometry in high energy 
particles physics. Later, the method was developed in nuclear physics, focusing on particles 
pair correlations. Theoretical improvements in the analysis of the correlation functions were 
realised by Dubna group [10,11] and improved in [12,13] by taking into account the FSI. In the 
present work it will be used the analytical approach [12,13] that describe the neutron narrow 
pair correlations at small relative momentum q, within a model of independent pointlike 
sources, taking into account the Fermi statistics and the s-wave strong interaction. The 
neutron generation points are assumed independent and their distribution a Gaussian. The 
normalized correlation function of two neutrons with momenta p1 = {E1,p1} and p2 = {E2,p2} is 
defined as the ratio between the yield of coincidence events and the yield of uncorrelated 
events, Cnn(q,p) = k Nc(q,p) / Nnc(q,p) where q = (p1 –p2)/2 and p = (p1 –p2)/2. As mentioned, 
the method has been successfully used by us to investigate the neutron pairs pre-emitted 
from 11Li halo nuclei, using an array neutron detector [6,7]. Thereby, it was possible to 
distinguish between the neutron pairs pre-emitted from 11Li halo nuclei and the neutrons 
emitted from the fusion process. In this context, the Cnn theoretical value for the neutron pairs 
pre-emitted from 11Li halo nuclei had the value 10, while the experimental one was 7-8. This 
last value is affected by the residual correlations. For neutrons emitted in the fussion process 
this value reached the value 2 [8]. Motivated by these results, we consider that the method of 
n-n correlation is also adequate in the fission studies, in order to separate the scission 
neutrons from the post-scission neutrons. As predicted by hydrodynamical models, the fission 
neck between FF, in the final state configuration behaves as a filament of neutron matter. A 
few number of prompt neutrons strongly correlated could be emitted in the moment when the 
two FF are separated, while for post-scission neutrons the n-n correlations are almost absent. 
The calculations realized in the following were made considering the experimental data for 
233,235,238U (p,xnf) [14-16], taking into account the most probable fragmentation method [17]. 
This fragmentation is obtained from the weighted mean mass numbers using relation (2) of 
Ref. [15]. The most probable charge ZpH and ZpL for heavy and light fragments, respectively, 
is considered the unchanged charge distribution assumption given by formulas (4) and (5) 
from Ref. [18]. For the Cnn calculation applied to post-scission neutrons, the mean square 
radius for each light and heavy FF was also obtained by exploiting the most probable 
fragmentation method. The average prompt neutron multiplicity and the neutron spectrum of 
the fission process are obtained in the frame of the Los Alamos (LA) model [17,19,20]. It has 
a good predictive power and requires few input parameters in comparison with other models 
used for prompt neutron fission data evaluation. The model is taking into account the 
distribution of FF excitation energy, the energy dependence of the inverse process and the 
multiple chance fission. 

Results and discussions 

Estimation of the Cnn strength for scission neutrons 
The Cnn (q,p) was calculated using the analytical formula (24) of Ref. [13] for nonrelativistic 
neutrons, assuming that the scission neutrons are emitted from a neck formed between the 
FF, in the final state of the fission process [5]. The dependence of Cnn (q,p) versus the relative 
moment q of the neutron pairs, r0 being the variance of the Gaussian distribution [12,13] is 
illustrated in figure 1. A scattering length of the neutrons pair in the singlet state f0=17 fm and 
an effective range d0 = 2.7 fm are considered. The distance between the two neutrons is 
given by the root mean square radius rrms=√3 r0. We performed the evaluation for different r0 

values ranging from (1.88-3) fm. These values are justified by the calculations of the tip 
distance between the FF at scission in the frame of a microscopic-macroscopic model applied 
to 236Np Compound Nucleus (CN) obtained from 235U(p,f). The tip distance for fissioning 
nucleus 236Np has been evaluated [21]. We started from the nuclear shape parameterization 
characterized by 5 degrees of freedom, one being related to the curvature of the necking C, 
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and another one being the elongation given by the distance between the centres of the FF 
denoted R. To obtain the scission configuration, the fission trajectory in the five-dimensional 
configuration space is determined by minimizing the action integral. 

 

 
 

Figure 1. Cnn(q,p) for prompt fission neutrons as a function of relative momentum q(MeV/c). 
(a) Cnn(q,p) for scission neutrons for different values of r0. (b) Comparison between Cnn(q,p) 
for scission neutrons and Cnn(q,p) for neutrons emitted from fully accelerated FF. 

 
Figure 2. (a) Minimal values of the deformation energy in MeV as function of the necking 
coordinate C and the elongation R for 236Np. (b) Contours of the deformation energy in step of 
1 MeV. The least action trajectory is superimposed. (c) Potential barrier. Some shapes 
obtained during the fission process together with the values of the elongation R are inserted. 

 
Plots of the minimal deformation energy surface as function of the necking coordinate C and 
the elongation R are displayed in figures 2 (a) and (b). The resulting 236Np fission barrier is 
plotted on figure 2 (c) as function of the distance between the centres of the nascent 
fragments. From the exit point of the barrier, the potential energy becomes positive and the 
parent nucleus is able to collapses into two separated fragments. So it is possible to 
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appreciate the tip distance between the two fragments by making difference between the 
elongation in the exit point of the barrier and the dimensions of the two formed nuclei. The 
value obtained in this way is 3 fm and it is considered as an upper limit of the tip distance. In 
figure 1 (a) it is observed that the n-n correlation strength has the maximum for r0=1.88 fm 
and for r0 = 2 fm is 17.5. A significant difference between maximum value for n-n correlation 
function for prompt scission neutrons and for post-fission neutrons is obtained. This difference 
can be exploited to separate the scission and post-scission neutrons. 

Estimation of the Cnn strength for post-scission neutrons 
The correlation function Cnn(q,p) for neutrons emitted from fully accelerated FF where the 
Fermi statistics contribution is dominant was determined using equations (17) and (21) of Ref. 
[12]. The root mean square radius was calculated for each light and heavy FF considered. For 
the fissioning nucleus 236Np the rrms for light fragment (Zr-101) is 2.91 fm and rrms for heavy 
fragment (I-135) is 3.21fm. The FF masses were chosen considering the most probable 
fragmentation method and using experimental data [14-16]. The correlation strength for post-
scission neutrons is ≤ 2. In figure 1 (b) the correlation strength Cnn(q,p) in the case of neutron 
emission from the neck, at the scission point, exceeds by far the value corresponding to post-
scission evaporation neutrons. Due to this difference in Cnn(q,p) the two mechanisms involved 
could be separated, scission neutrons from the neck and post-scission neutrons emission 
from fully accelerated FF. We stress that the n-n correlation function strength for neutron 
emitted from halo Borromean nuclei is around 10, while for neutrons resulting from the fission 
neck, in the final state of the fission process, the correlation strength is around 20, as we 
expected. This value is significantly higher than the one obtained in the case of neutrons 
emitted from fully accelerated FF which is 2. This difference is mainly caused by the strong 
correlations that characterize the few scission neutrons. On the contrary, for the large number 
of post-fission evaporation neutrons the correlation is practically absent. Another favourable 
argument for the n-n correlation function measurement is the following: the prompt neutrons 
emitted from the neck between the FF in the last stage of the fission process require a 
duration of emission to the order of 10-22 s, while the emitted neutrons from the excited FF 
require much longer time of order of 10-19 s. [22]. This time difference can be measured within 
the Cnn(q,p) method and cause modifications in the correlation intensity. Thus, the two 
processes can be very well distinguished when they are compared through the n-n correlation 
function strength as in the case of halo nuclei. 

Average prompt neutron emission 

In this subsection, the prompt neutron spectrum and the average prompt neutron multiplicity 
are calculated for proton incident energy range between 0.1-20 MeV, exploiting the LA model. 
The evaluation has been done considering the proton induced fission on three uranium 
isotopes 233,235,238U, taking into account the most probable fragmentation and the average 
values of the input parameters of the model. The required values for the model calculation of 
the average prompt neutron multiplicities and the fission neutron spectra for the reactions 
studied in the present work are presented in table 1. 
 

Fission 
Reaction 

Average 
Light 

Fragment 

Average 
Heavy 

Fragment

Bp 
(MeV) 

<Er> 
(MeV) 

<TKE> 
MeV) 

<Sn> 
(MeV) 

<Eγ> 
(MeV) 

233U(p,xnf) 99Zr 135I 4.25 201.51 174.31 6.21 4.34 

235U(p,xnf) 101Zr 135I 4.83 200.61 173.82 6.41 4.48 

238U(p,xnf) 103Zr 136I 5.28 197.18 173.11 4.97 3.48 

 
Table 1. Average values of the parameters used for calculating the prompt fission neutron 
spectra and average prompt neutron multiplicities for the p+233,235,238U reactions 
 
The average energy release <Er> was determined by using the mass excess for the entire FF 
range. The values of the proton separation energy Bp and also the average neutron 
separation energy <Sn> were calculated with Audi-Wapstra experimental mass table [23]. For 
the average total kinetic energy we used formula (2) from Ref. [24]. The average prompt 
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gamma energy <Eγ> was calculated using the approach Eγ = 0.7 <Sn> [25]. The energy 
dependent CN cross section for representative average central light and heavy fragments 
corresponding to each CN was obtained using Becchetti-Greenless optical potential [26]. 
 

 
Figure 3. Average prompt neutron multiplicity for p+ 233,235,238U versus the incident proton 
energy compared with experimental data 
 
Calculated average neutron multiplicities as function of the proton incident energies for 
234,236,239Np are displayed in figure 3 together with experimental data [14,25]. A good 
agreement between experimental data for the p+235U reaction and the evaluation is evidenced 
in the considered energy range. Similar behaviours of the average multiplicity energy 
dependence are also obtained for p+238U. Some discrepancies can be caused by the choice 
of the most probable fragmentation that influences the average values of the model 
parameters. For the energy range considered in case of p+233U reactions, the experimental 
data are totally missing; therefore it is not possible to appreciate the agreement of the 
theoretical predictions. 
 

 
Figure 4. Prompt neutron fission spectra for p+ 233,235,238U at a different proton incident 
energies Ep compared with the experimental data. 
 
In figure 4, the prompt neutron fission spectra of 234,236,239Np isotopes at different incident 
energies Ep = 6, 10, 12.7, 15, 18 MeV are represented. The evaluated data of p+ 235,238U are 
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in agreement with the sole available experimental data at Ep=12.7 MeV. The experimental 
data were obtained by digitizing the experimental points of Ref. [25] with cartographic 
accuracy. For p+233U the experimental data are completely missing. A systematic analysis of 
average prompt neutron multiplicity and spectrum will be presented in a forthcoming paper. 
Recently a VME data acquisition system used with the array neutron detector mentioned 
previously has been installed at the Bucharest Tandem accelerator and was tested using the 
proton induced fission reaction on 235U target. The array neutron detector, with 81 scintillator 
cells was built in IFIN-HH and tested at the RIKEN-RIPS separator within radioactive beams. 
It has been successfully used in the investigation of the pair neutron pre-emission from 11Li 
halo nuclei and has been adapted for Tandem conditions [27]. The work is in progress. 

Conclusions 

The strength of correlation n-n functions Cnn(q,p) for scission and post-scission neutrons are 
calculated. The strength of the Cnn(q,p) at small relative momenta has very large values in the 
case of scission neutrons. The model used takes into account the final state interaction 
dominant the case of scission neutrons and the Fermi statistic contribution important in the 
case of post-scission neutrons. A significant difference between the n-n correlation function 
intensity obtained for prompt scission neutrons and for post-fission neutrons was evidenced. 
Due to this difference, the scission and post-scission neutrons could be precisely separated. 
The LA model was used to evaluate average fission neutron multiplicities and spectra in 
proton induced fission reactions. 
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Microscopic description of the fission process
with the Gogny force
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Abstract. The fission process is described in a fully microscopic two-steps approach. First, poten-
tial energy surfaces are calculated in the elongation-asymmetry plane, with nuclear shapes ranging
from sphericity to very large deformations, using the Hartree-Fock-Bogoliubov method and the
Gogny nucleon-nucleon effective interaction (parameterization D1S). Fragment properties (frag-
ment deformations, deformation energies, energy partitioning, neutron binding energies at scission,
charge polarization, total fragment kinetic energies and neutron emission multiplicities. . . ) are ex-
tracted from the scission configurations, following a criterion based on the nuclear density. Then
a time-dependent Generator Coordinate Method with a Gaussian Overlap Approximation is per-
formed on these surfaces, leading to exit points probabilities. Some static properties of the fissioning
systems 226Th and 256,258,260Fm, and a dynamical calculation of 238U are presented.

Keywords: Hartree-Fock-Bogoliubov, Gogny Force, Fission, Scission, Fission Fragments
PACS: 21.10.Dr, 21.10.Ft, 21.60.Jz, 24.75.+i

INTRODUCTION

The theoretical description of the fission process is a very rich study, which involves nu-
clear configurations in highly unusual states, very far from equilibrium. In this study, we
use Hartree-Fock-Bogoliubov calculations with the nucleon-nucleon effective interac-
tion Gogny D1S, using constraints on quadrupole and octupole moments, ranging from
the spherical shape up to very large deformations, and a Time-Dependent Generator Co-
ordinate Method with Gaussian Overlap Approximation. After a short study of the way
a compound nucleus splits into two fragments when increasing the constraint placed on
its elongation, we find a criterion based on the nuclear matter density to discriminate
between pre- and post-scission configurations. Using this criterion, we calculate many
fission fragments properties from the very last pre-scission configurations before scis-
sion, here called scission configurations, and compare them with experimental results
when available[1]. We then present how the fragment mass distribution for 238U can be
obtained with our dynamical calculations.

THEORETICAL FRAMEWORK

For the static production of the potential energy surfaces, we use the Hartree-Fock-
Bogoliubov (HFB) method [2] with the Gogny effective nucleon-nucleon interaction.
This finite range and density dependent interaction allows the simultaneous treatment
of the nuclear and pairing mean fields. We have used the D1S set of parameters [3, 4],
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which is known for its good reproduction of nuclear properties [5, 6]. In order to obtain a
total energy landscape of the nuclear system in the (elongation, asymmetry) coordinates,
we put in the main HFB equation additional terms called constraints, leading to the
constrained HFB equation:

δ 〈ϕ|Ĥ−λNN̂−λZẐ−λ10Q̂10−λ20Q̂20−λ30Q̂30|ϕ〉= 0. (1)

The purpose of these constraints is to fix the mean values of the numbers of neutrons
and protons of the nuclear system as well as those for the usual multipole operators Q̂10,
Q̂20 and Q̂30, namely

〈ϕ|N̂|ϕ〉 = N, (2)
〈ϕ|Ẑ|ϕ〉 = Z, (3)
〈ϕ|Q̂10|ϕ〉 = 0, (4)
〈ϕ|Q̂20|ϕ〉 = q20, (5)
〈ϕ|Q̂30|ϕ〉 = q30. (6)

By using the constraint on the dipole moment Q̂10, we ensure that the center of mass of
the system is fixed to the origin of axes. We let the constraints values q20 and q30 take
regularly spaced values, and build the total energy map of the system in the (q20, q30)
plane.

For each set of constraints, eq. (1) is solved by expanding the quasi-particle operators
onto axially-symmetric two-centers harmonic oscillator bases. In these calculations, the
conservation of the z-axis symmetry of the system is enforced. For each calculation, the
parameters describing the bases are optimized, i.e. they are chosen in order to minimize
the total binding energy of the system.

For the dynamical wave-packet propagation on the previous potential energy surfaces,
we use the time-dependent generator coordinate method with gaussian overlap approxi-
mation. The general time-dependent GCM state with N degrees of freedom {q1, . . . ,qN}
is

|ψ(t)〉 ≡

(
N

∏
i

∫
dqi

)
f (q1, . . . ,qN , t)|φ(q1, . . . ,qN)〉. (7)

The variational principle is expressed as

∂

∂ f ∗

∫ t2

t1
〈ψ(t)|

(
Ĥ− ih̄

∂

∂ t

)
|ψ(t)〉= 0. (8)

After using the Gaussian Overlap Approximation, we obtain a Schrödinger-like equa-
tion

Ĥcoll = − h̄2

2

N

∑
i, j

∂

∂qi
Bi j ∂

∂q j
+V̂ (9)

with

g({q′i}, t) =

(
N

∏
i

∫
dqi

)
f ({qi}, t)I1/2({q′i},{qi}) (10)
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I({q′i},{qi}) = 〈φ({q′i})|φ({qi})〉 (11)

and Bi j being the components of the inverted inertia tensor[10].
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FIGURE 1. Example of very different symmetric scission transitions. q(ps)
20 and E(ps) represent the

quadrupole moment and the HFB energy of the first post-scission point for each fissioning system.

Scission corresponds to a transition from the fission valley, where the fragments still
share some nucleons, to the fusion valley, where the fragments are separated. In the (q20,
q30) deformation space, this transition most of the time corresponds to a discontinuity
in several nuclear observables. Since we want to calculate fission fragment properties at
some points that have to be continuously connected to the ground state of the fissioning
system, we have to calculate these properties at the very last points before scission
occurs (here called scission points). In order to define such scission points, we use the
following definition: if a point from the fission valley (compound system with a neck
between the fragments) leads to a point in the fusion valley (system splitted into two
separated fragments) by a small increase of one deformation parameter, this point is
called a scission point. To achieve a numerical identification of all the scission points of
a given potential energy surface, we need to find a robust and reliable criterion on the
nuclear observables.

In Fig. 1, the evolutions of the binding energy (E), the hexadecapole moment (q40)
and the density in the neck (ρN) are plotted in the vicinity of the symmetric scission
transitions of 226Th and 256Fm. One clearly sees that the scission transition can be either
smooth (256Fm) or sudden (226Th), and that a criterion based on the matter density in
the neck is a good way to distinguish pre-scission (ρ > ρc) from post-scission (ρ < ρN)
configurations. In this study, we use the value ρN = 0.06fm−3. Since we are working
in a 2-dimensional deformation space (q20, q30), the set of considered scission points
forms a line, which we call the scission line.
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FIGURE 2. Total fragment kinetic energies in 256Fm and 226Th. The average experimental value for
each fragmentation has been drawn with a solid line.

STATIC RESULTS

The total kinetic energies of the fragments have been plotted for 226Th and 256Fm
(Fig. 2), using the following simple approximation:

ETKE =
e2ZHZL

dch
, (12)

where e is the electron charge, ZH (ZL) the charge of the heavy (light) fragment, and
dch the distance between fragment centers of charge at scission. These quantities are in
rather good agreement with experimental data [7, 8]. The neutron emission multiplicities
for 256Fm, calculated as

νfrag =
Ede f

〈Ek〉+B∗n
, (13)

where B∗n is the one-neutron binding energy in nascent fragment, Ede f is the deformation
energy of the fragment, and 〈Ek〉 the mean energy of the emitted neutron, reproduce
the general structure of the sawtooth experimental data[9], even if there seems to be a
slightly underestimation of the theoretical values.

DYNAMIC RESULTS

The Time-Dependent Generator Coordinate Method with Gaussian Overlap Approxi-
mation has been used for the description of the fragment mass distribution in the 238U
fissioning system. The Potential Energy Surface can be seen on Fig. 4. The initial state
has been taken as an eigenstate of an artificially extended first well, see [10] for details.
The fragment masses have been calculated at scission, by integrating over the left and
right "parts" of the fissioning system. The boundary plane between twose parts is orthog-
onal to the symmetry axis of the system and contains the "neck point", corresponding
to the minimum of the density along the symmetry axis of the system. The probability
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FIGURE 3. Neutron emission multiplicity in 256Fm.

associated with each possible fragmentation has been calculated by time-integrating the
flux of the wave function ~J(q20,q30, t) through the scission line :

Y (A) =
∫ T

0
dt~J(q20,q30, t).~nds (14)

The resulting mass distribution is shown of Fig. 5. We compare it to a static estimation of

FIGURE 4. Potential Energy Surface for the 238U system in the elongation-asymmetry plane.

the fission fragment mass distribution obtained by considering a Boltzman distribution
built on the binding energy of the system along the scission line. We also show the
experimental mass distribution given by the Wahl evaluation[11]. One can see that the
static estimation reproduces the most probable fragmentation, but fails at reproducing
the width of the two bumps of the distribution. The symmetric fragmentation is also
highly under-estimated. The dynamic calculation results are much more convincing.
They reproduce the most probable fragmentation, the width of the two bumps of the
distribution, and the ratio symmetric yield /asymmetric yield seems to be rather close
from the experimental one.
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FIGURE 5. Fission fragment mass distribution for the 238U system. Static calculation is plotted in red,
dynamic calculation is plotted in blue, Wahl evaluation is plotted in black.

CONCLUSION

The static results here presented for Th and Fm nuclei show that our fully microscopic
approach is able to provide a quantitative account of scission properties of actinide
nuclei, whithout using any adjustable parameter. Several fragment properties have been
computed for many different scission configurations, and are found to be in a qualitative
agreement with experimental data. The description of time-dependent fission dynamics
and of fragment mass distributions for the 238U fissioning system [10] will be extended
in a near future to other nuclei, and will allow us to ponderate the fission fragment
properties by the probability of the associated fragmentation. Finally, extensions of the
present calculations to a three-dimensional mesh (q20, q30, q40), to non-axial nuclear
shapes, to other actinides, and to intrinsic excited configurations are under consideration.
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Abstract: Deformed two and three center shell models are developed in order to obtain the
single-particle energies for binary and ternary fission configurations. The two center shell model
is used to calculate the level scheme transition from the superheavy parent nucleus to the emitted
cluster plus the daughter nucleus. The three center shell model is also employed to compute
the transition toward eventual three equal fragment partition from the superheavy nuclei. The
levels are used to compute the shell corrections within the Strutinsky method. The liquid drop
part is calculated using the Yukawa-plus-exponential model. The total deformation energy is
then minimized over a multidimensional space of deformation. In order to perform a dynamic
study of the process, the Werner-Wheeler tensor is calculated, and cluster emission paths for
binary and ternary splitting are obtained for Z=120 isotopes.

The two center shell model

The two-center shell model developed in this work is based on the initial version pioneered
by the Frankfurt school [1]. The deformation space includes the semiaxis ratios of the parent
nucleus and of the two emitted fragments, the neck parameter and the distance between centers.
The basic two-center potential is formed from two spheroidally deformed oscillators crossing
eachother, linked by a necking potential:

VDTCSM (ρ, z) =


V1(ρ, z) , v1
Vg1(ρ, z) , vg1
Vg2(ρ, z) , vg2
V2(ρ, z) , v2

(1)

where V1 and V2 are the two spheroidally deformed potentials and Vg1 and Vg2 are the necking
microscopic parts

V1(ρ, z) = 1
2moω

2
ρ1ρ

2 + 1
2moω

2
z1(z + z1)

2

Vg1(ρ, z) = 2V0 − [12moω
2
g(ρ− ρ3)

2 + 1
2moω

2
g(z − z3)

2]

Vg2(ρ, z) = V0

V2(ρ, z) = 1
2moω

2
ρ2ρ

2 + 1
2moω

2
z2(z − z2)

2

(2)

The spin-orbit terms are added following the calculation procedure developed in [2].
The energy levels are input data for the Strutinsky method in order to calculate the shell

corrections.



3
ρe

∫ zmax

zmin

dz

∫ zmax

zmin

dz′FC(z, z
′) (3)

and a similar expression for the nuclear surface Yukawa type energy.
The binary character for the macroscopic part is given by the third term in the total sum of

each of the terms:

EC =
2π

3
(ρ2e1FC1 + ρ2e2FC2 + 2ρe1ρe2FC12) (4)

where Fi are shape-dependent integrals and

EY =
1

4πr20
[cs1FEY 1 + cs2FEY 2 + 2(cs1cs2)

1/2FEY 12] (5)

where Fj are again shape dependent integrals. The last terms provide the interaction between
the emitted cluster and the heavy daughter.

The three center shell model

The same type of calculation is performed to obtain the macroscopic part for the ternary fission
process. One uses the three center potential:

V3osc(ρ, z) = V (ρ) + V (z) (6)

where:

V (ρ) =
1

2
m0ω

2
ρρ

2 (7)

and

V (z) =


1
2moω

2
z(z − z1)

2 , z > z01
1
2moω

2
zz

2 ,−z01 < z < z01
1
2moω

2
z(z + z1)

2 , z < −z01

(8)

Every of the three fragment potentials on the symmetry axis is centered in the middle of the
corresponding emerging sphere. The initial moment is marked by z01=0, when all three centers
coincide. The total Hamiltonian H is written as:

H = H3osc + Vl̂ŝ + V
l̂2

(9)

where

H3osc = − h̄2

2m0

[
∂2

∂ρ2
+

1

ρ

∂

∂ρ
+

1

ρ2
∂2

∂ϕ2
+

∂2

∂z2

]
+ V (ρ) + V (z) (10)
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The calculus of the macroscopic part is similar to the two-center case, but instead of the
neck, one has the middle fragment. Finally the shell corrections and the liquid drop part are
summed to obtain the total deformation energy for ternary fission configuration.

Results

The Werner-Wheeler irrotational flow method provides the tensor of inertia components which
accounts for the dynamical couplings between different deformation degrees of freedom. At the
end, the action integral is calculated and penetrabilities are obtained within the WKB semiclassi-
cal approximation [4]. The first superheavy nucleus under scrutiny is 282120. Three main valleys
are discernable on the potential energy surface after the multidimensional minimization, corre-
sponding to three fission channels: two almost symmetric ones 138Ce+144Sm , 118Sn+164Yb and
one corresponding to the cluster emission: 58Ni+224U. The barriers obtained for these channels
are displayed in figure 1.
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Figure 1: The dynamical barriers for the main fission channels along deformation valleys from
282120.

One can observe that the most favorable channels are the quasi-symmetric ones. The cluster
emission from 282120 is higly improbable as compared to the fission channels, as can be seen
from the huge difference in barrier height and width.

The second system under study is 288120. The barriers are displayed in figure 2, for the two
main fission valleys obtained in the quasi-symmetry mass region: 144Nd+144Nd , 128Sn+160Yb
and the cluster type emission valley 40Ca+248Fm. Sn accompanied fission channel is obviously
the most favored decay mode, followed by the most symmetric one composed of two Nd nuclei.
Again the cluster emission, though being favored by the double-magicity of 40Ca, has a much
higher and wider barrier, which yields a very low penetrability value.

The last superheavy nucleus under study is 294120. The corresponding fission barriers are
displayed in figure 3.

Once again the most favorable decay channels are the fission type quasi-symmetric ones:
146Nd+148Nd and 122Sn+172Yb. The barrier for the cluster emission of 60Ni is much higher and
stretches on a much longer distance between centers to be competitive.
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Figure 2: The dynamical barriers for the main fission channels along deformation valleys from
288120.
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Figure 3: The dynamical barriers for the main fission channels along deformation valleys from
294120.

The ternary fission from the same superheavy nuclei is also calculated and the results are
displayed in figure 4 as the dynamical barriers resulted from minimization of the action integral.

All three barriers are extremely large and one can conclude that ternary fission from these
superheavy nuclei is highly improbable.
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Abstract: A measurement of the resonance neutron induced 239Pu(n, f) fission fragment 
kinetic energy and mass distributions has been performed  using the twin Frisch grid 
ionization chamber technique at the GELINA white spectrum pulsed neutron source. Special 
emphasis was devoted to cope with the strong -activity of the 239Pu target, taking advantage 
of an improved pulse pile-up rejection system. For incident neutron energies up to about 
200eV all resonances could be resolved and fission fragment mass and total kinetic energy 
distributions deduced. Compared to a similar experiment on 235U(n,f), in the same  resonance 
region, less pronounced fluctuations of the fission fragment mass and total kinetic energy 
have been observed in the case of 239Pu(n,f). From a physical point of view such fluctuations 
have been expected, because the only possible low-energy spin states (J= 0+, 1+) belong to 
well separated (about 1.25MeV) compound system transition state bands. A small spin 
dependence of about 70keV has been found for the fission fragment mean total kinetic energy 
in the neutron energy range above 1eV. This means that viscosity effects could take place 
during the fission of 240Pu. A recently developed theoretical approach has given a possible 
explanation of the absence of pronounced fluctuations of 239Pu(n,f) fission properties. The 
experimental two-dimensional mass-total kinetic energy distributions have been interpreted 
within the theoretical multi-modal fission model of Brosa et al. 

Introduction 

The investigation of the neutron induced fission of 239Pu is still of primary interest both from 
fundamental and applied physics point of view. The capture of a s-wave neutron (spin 1/2) 
with thermal or resonance energy by 239Pu (I = 1/2+) forms the 240Pu compound nucleus (CN) 
mainly in 2 states [1] with spins J = 1+ and J = 0+. They belong to two well separated (~ 
1.25MeV) transition state bands with K = 1+ and K = 0+ [2]. If the coupling between the 
collective and single-particle degrees of freedom is weak (the system is adiabatic, not 
viscous) then the energy difference between the bands should appear after scission in the 
mean total kinetic energy <TKE> of the primary (before neutron emission) fission fragments 
(FF) from resonances of both spin groups [3].   
In case of resonance neutron induced fission of 235U [4, 5] quite pronounced fluctuations of 
the FF mass (A) and total kinetic energy (TKE) from resonance-to-resonance were observed. 
They were interpreted within the frame of the multi-modal random-neck-rupture (MM-RNR) 
model of fission [6]. The transition state spectrum in a 236U CN above the fission barrier 
results from the mixing of  J= 3 and 4 for K=1 and K=2bands. 
Experimental data on 239Pu(n,f) are very important for the design of nuclear facilities and in 
view of nuclear waste management. Knowledge about the average prompt neutron emission 
<p> from this reaction becomes important since 239Pu is used in mixed oxide (MOX) fuel 
elements. In the resonance neutron energy region quite large fluctuations of <p> have been 
observed [7]. These fluctuations have a significant impact on the reactivity coefficient of 
advanced water reactors [8], but their origin still is not quite clear. Are they correlated with 
Y(A, TKE)-distribution fluctuations, as it was found for 235U(n,f) [4], or are they a result of the 
competition of  the direct  fission 239Pu(n,f) with 239Pu(n,f)-reaction [9]?. The influence of the 
(n,f)-reaction has been observed in the neutron <p> and gamma <> multiplicities, as well 

as in the average gamma energy <E> [10-12] and in the FF independent yields [13]. Results 
of two measurements of FF characteristics at neutron resonance energies have been 
reported in the past [3, 14] with apparently controversial outcome. 
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Table 2. GELINA set of parameters 

f    [Hz] 100 800 
<Ie>  [A]  40  75 

L   [m]  9.4  9.4 
t  [ns]  2000  1 
En [eV]  0.01  0.3 

En (En=10eV)  0.02  0.006 
fission events ~ 4.106 ~ 5.106 
In-beam filter Cd BC4 

En, eV 0.0081 0.3200 

Therefore, new measurements of 239Pu(n,f) FF Y(A,TKE)-distributions in the resolved 
resonance region have been performed at Geel Electron LINear Accelerator (GELINA) “white” 
spectrum neutron source time-of-flight (TOF) spectrometer of IRMM in Geel, Belgium.  

Data acquisition, analysis and discussion  

The experimental setup and some preliminary results have already been published elsewhere 
[15-17]. A twin ionization chamber (IC) with Frisch grids was used as charged particle (, FF) 
spectrometer. As detecting gas pure CH4 was used at a pressure of 1.1x105Pa (electron drift 

velocity ~10cm/s) in a continuous gas 
flow rate of about 0.1 l/min, securing 
nearly constant FF pulse amplitudes 
during the duration of the experiment. 
The electron collecting time was 
~300ns. The main characteristics of 
the target are summarized in Table 1. 
The IC was installed at a distance of 
9.4m from the GELINA neutron 
producing target. This way all the 
resonances were measured 
simultaneously in the same 
experimental conditions.  
Five parameters were recorded in list-
mode (event-by-event): the neutron 
TOF, 2 anode amplitudes containing 
FF kinetic energy information and 2 
cathode-grid electron drift times, from 
which the FF emission angles were 
determined. The latter were used also 

for calculating the energy losses of FF in the sample and backing [4, 15-19].  
The data acquisition was performed with two 
different GELINA parameter sets, 
corresponding to two different neutron energy 
ranges (Table 2).  
Because of strong pile-up between the pulses 
from -particles and FF, a special pile-up 
rejection system [16] was applied leaving only 
~25% of all collected fission events for the 
analysis. The angular cone of accepted events 
was restricted to cos(0.3 to avoid events 
with too much degraded kinetic energies. 
For 27 incident neutron kinetic energy intervals 
from 0.008eV up to 1eV, 22 single isolated 
resonances with J=1+ and 9 resonances with J=0+ from 1eV up to 200eV, as well as for 6 
intervals between the resonances, two-dimensional YL,H(A,KE) distributions for light (L) and 
heavy (H) fragments were obtained for the first time. Because primary Y(A,TKE)-distributions, 
after applying all the corrections, should be symmetrical with respect to mass A=120, only 
heavy fragment (HF) Y(A,TKE)-distributions were used in the further analysis, particularly 
when a model was fitted to them.  
The calculated 239Pu(nth,f) FF <A>th and <TKE>th and their standard deviations were in 
agreement with the available literature data in the limits of their experimental uncertainties 
[16, 20, 21-25].  
239Pu(nth,f) reaction data, obtained at 100Hz, served as a reference for the TOF-spectra 
calibration and for comparison to the J=1+ and 0+ resonance FF mass-energy distributions. 
One should keep in mind that to the thermal neutron induced FF yield contribute a broad 
resonance at En<0 with J=0+ [26] (~63%) and resonances at En>0 (mainly J=1+ resonance 
at En<0.296eV) (~37%) [27, 28].  
 
 
 

Table 1.   239Pu sample characteristics 

Support  
Material Polyimide Backing 
Thickness  36 g/cm2 
Material Au 
Prep. method Evaporation 

Coating 

Thickness  79 g/cm2 
  

Pu target 
Chemical  form PuF3 
Enrichment, 239Pu 99.9774  0.0027 % 
Preparation method Evaporation 

Diameter  45 mm Layer 
Thickness  32 g/cm2 

Total mass of  Pu  514 g 
Specific -activity  1 MBq 



 43

 
Figure 1. Y(0.3) mass yields relative to thermal Y(th) ones. 

Comparison of fission fragment mass yields 
In order to reveal possible deviation of the experimentally obtained resonance neutron FF 
mass-yields Yres(A) from the thermal neutron induced fission mass-yields Yth(A), the 
differences Yres(A)=Yres(A)-Yth(A) and ratios Rres(A)=Yires(A)/Yth(A)  between them were 
calculated.  

 
The results for 0.296eV 
(in short 0.3eV) 1+ 
resonance are shown in 
Figure 1, the ratio at the 
top of the difference. 
There is a pattern 
structure seen in the 
asymmetric part relative to 
the Yth(A) distribution.  A 
definite decrease in the 
symmetric yield for the 
0.296eV resonance 
compared to thermal is 
visible, which reaches 
about 30%. In an early 
radiochemical experiment 
[29] the ratio of the yield 
of 99Mo to that of 115Cd 
from the 0.296eV 

resonance neutron induced fission R(99/115)0.3eV was found to be 3 times larger than that 
from fission with thermal neutrons, R(99/115)th. The value R(99/115)0.3eV

th= 3.000.28 from 
Ref. [29] is ~2.5 times higher than the value of   R(99/115)0.3eV

th=1.150.06, which can be 
deduced from Figure 1. This significant difference is due, probably, to the different 
experimental techniques which have been adopted.  
A similar pattern as observed in Figure 1 is seen in the difference between the yield from all 
J=1+ resonances Y1+(A)  relative to Yth(A). Here R(99/115)1+

th=1.190.07, which is of the 
same order of magnitude as that for the 0.296eV resonance, which can be expected, since 
this resonance has the same J.  
The fluctuations of the ratio and the difference between the mass yield Y0

+(A) from the sum of 
all resonances with J=0+, compared to thermal neutron FF yield Yth(A), are small and here 
R(99/115)0+

th=1.000.11 (it can be coincidence!). It can be explained if the assumption of the 
authors of Ref. [30], that 239Pu(nth,f) reaction is characterized as following the (J,K)=(0+,0) 
state at the saddle point in the limit of FF mass formation, is correct.  
The ratio and the difference between the mass-yields from the resonances of both spin 
groups J=1+ and 0+ show similar patterns in mass-yield difference, as those in Figure 1, but 
here the fluctuations of the individual mass-yields are stronger.  
Because of R(99/115)0+

th=1.000.11, one can expect the mass-yield ratio R(99/115)1+
0
+ 

=1.190.11 not to differ from  that of R(99/115)1+
th in their experimental uncertainty limits.  

The resonances from both spin groups are forming the FF mass-yield distributions at the 
neutron energy ranges between them, Yir(A). The thermal neutron induced FF mass-
distribution  originate, also from mixed 1+ and 0+ states, so, significant differences between 
Yir(A) and Yth(A) were neither expected nor found. 
The thermal mass distribution peak-to-valley (P/V) value has been determined to be (P/V)th = 
76  4.  It is less than the value of (P/V)th = 114  2, reported in [21]. The difference is coming 
from different characteristics of the sample and experimental setup used, and, probably, from 
not fully suppressed pile-up between the FF and  pulses. The relative value of the 0.296eV 
resonance (P/V)0.3 to thermal was found to be (P/V)0.3/(P/V)th=1.74  0.11. Despite of the 
relatively large errors bars, P/V-ratio changes, as was suggested by Wheeler [31], in the case 
of resonance neutron induced fission of 239Pu, fluctuate up to a factor of 2-3 for certain 
resonances. Such a behavior is completely different from that of the fast neutron induced 
fission, where the P/V-value and <TKE> decrease with increasing En. 
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Figure 2. Variation of <TKE>exp at neutron resonance energies. 

Variation of fission fragment <TKE> with incident neutron kinetic energy 
The energy interval below 1eV was divided into 27 En-bins (En). Relative to <TKE>th, the 
<TKE> in the intervals was increasing towards the 0.296eV resonance. A similar increase in 
<TKE> was found by Walsh et al. [3].  
From the obtained exp<TKE>th = 177.83  0.02MeV and exp<TKE>0.3eV = 177.96  0.01MeV, 
the difference between the experimental <TKE> of the FF from thermal and 0.296eV 
resonance neutron induced fission was found to be exp<TKE>0.3eVth =130  22keV. This 

value is of the same order 
of magnitude as the 
measure value of 
exp<TKE>0.3eV0.03eV = 185 
 75keV [3] and the 
calculated value of 
cal<TKE>0.3eVth = 160  
80 keV [32]. 
One can see, from Figure 
2, that the fluctuations of 
FF <TKE> for J=1+ 
resonances are stronger 
around the En~15eV and 
40eV resonance clusters. 
For J=0+ resonances the 
variation of <TKE> is 
around the thermal value 
<TKE>th = 177.83 ± 
0.02MeV and in the range 
of their experimental 

uncertainties. This behavior of <TKE> is similar to the one observed in the resonance 
neutron-induced fission of 235U [4] at En ~15, 35, 55eV, etc., but less pronounced.  
The difference <<TKE>>1-0 between <TKE>1+ and <TKE>0+ for different resonance intervals 
were found to be <<TKE>>1-0 (En =7-85eV) = 78  27keV and <<TKE>>1-0 (En =7-200eV) = 
68  54keV. These values are of the same magnitude as the difference <<TKE>>1-0 (En =7-
85eV) = 50  90keV of Ref. [14]. The maximum value of the difference <TKE>res <TKE>th is 
of the order of ~300-400keV, which is of the same order of magnitude as for resonance 
neutron induced fission of 235U. On the other side, it is only about 30-40% of the (E1+* E0+*) ~ 
1.25MeV, available at the 1st saddle point of the CN. This means [3] that either 240Pu is a quite 
viscous system or somewhere along the fission path some mixing between K=0+ and K=1+ 
fission channels takes place. 

Influence of the modes of fission 
A quantitative description of the fission process became possible in the frame of the 
theoretical approach of Brosa et al. [6], combining the multi-modal fission [33] with the 
random neck-rupture (MM-RNR) model [34].  
Because 239Pu(n,f) pre-neutron Y(A,TKE)-distributions and their projections Y(A) and Y(TKE) 
are near identical for the light and heavy fragment peaks, the model was fitted only to  the 
heavy fragment Y(A,TKE)-distributions. The three most important modes were considered - 
two asymmetric (standard I-S1, standard II-S2) and one symmetric (super-long, SL). Plots of 
the model parameters as a function of the resonance energy En showed that their values from 
resonance-to-resonance fluctuate slightly and do not differ very much from those of the 
thermal neutron Y(A,TKE)-distribution. That is why all the distributions were fitted once more, 
but with all the parameters, except the fission yields, fixed to the thermal values. 
Not only Y(A) and TKE(A) distributions were compared, but also higher moments, namely, the 
dispersion (TKE) and the skewness (dissymmetry) of TKE distributions as a function of A.  
The model <TKE>fit(En) values show fluctuations similar to those of the experimental ones 
<TKE>exp(En). From the two main asymmetric mode areas (probabilities), the “absolute” 
branching ratio Rres=(W1/W2)res as a function of resonance energy was obtained. The R-
values of all the measured resonances relative to the thermal Rth=(W1/W2)th branching ratio 
show fluctuation similar to those of <TKE>fit(En). Both, R and <TKE>-fluctuations, amount to 
about ~10% with some kind of bump-like structure at En~30-40eV like in Figure 2.  
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Figure 3.Correlation between the relative main fission mode 
branching ratios and FF <TKE>fit. 

 
Figure 4.Correlation between the relative main fission mode 
branching ratios and resonance reverse fission widths. 

The level of dependence between the obtained FF mass-energy characteristics was 
determined by calculating Pearson's product moment coefficient |r|. 

From the similarity 
between the changes in 
<TKE> and R from 
resonance-to-resonance, 

one can expect that 
changes in R will invoke 
corresponding changes in 
the <TKE>. The 
correlation plot is given in 
Figure 3. The correlation 
coefficient is high and the 
correlation is significant. It 
means that ~70-80% of 
the fluctuations in <TKE> 
are due to fluctuations in 
the branching ratio R. A 
change in the relative 
branching ratio dR~10-
15% leads to a change in 
the mean total kinetic 
energy  d<TKE>~0.4-
0.5MeV. 

Influence of the (n,f)-reaction 
Predicted by Lynn [9] the (n,f)-reaction, as a possible concurrent of the direct fission, was 
found in the 1+ resonance neutron induced fission of  239Pu and investigated in detail [10-12]. 
When it occurs it will cool-down the CN and as a result the mean prompt neutron emission 
from FF <p> decreases while the -ray yield and its multiplicity should, not so remarkable, 
increases.  

The existence of a strong 
linear dependence of the 
<p> on 1/f

is used as a 
‘test’ for the possible 
existing of the (n, f)-
reaction. An anti-
correlation between these 
two quantities was found 
to be moderate and 
significant. The 
correlations between 
(<TKE> and 1/f ) and 
(P/V-ratio and 1/f) were 
found to be moderate, but 
insignificant, because of 
the small number of 
resonances with relatively 
small fission widths in this 
neutron energy region. 
The same holds for the 
correlation between the 

branching ratios R for resonances with J=1+ and 1/f. It can be seen in Figure 4, where the 
relative branching ratio R is plotted together with the independent yields of 142Ba [13, 35]. 
According the authors of these papers such a behaviour can results from the occurrence of 
the (n,f)-reaction. For resonances with J=0+ there no significant correlation was observed. 
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Conclusions 

In comparison to the resonance neutron induced fission of 235U [4], less  pronounced  
fluctuations  in <A>  and  <TKE>  distributions  for the 239Pu(n,f)  reaction were observed. A 
possible explanation could be, that in the case of resonance neutron induced fission of 239Pu, 
for each spin state Jof the 240Pu CN, only one possible K-channel above the outer barrier is 
open, whereas for fission of the 236U CN, a mixture of two to three K-channels can take place 
[36]. If the quantum number K is considered to be a “good” quantum number, i.e. if it is 
conserved from second saddle to scission, the scission configuration should have the same 
K. This way, the fission fragment properties, for a given fission mode and K quantum number 
should be “fixed”.  Hence, the superposition of different transition states with different K-
quantum number and thus, different fission fragment property distributions can result in 
fluctuations from resonance-to-resonance. In case of 240Pu CN, with only one single transition 
state, such fluctuations should be absent or be less pronounced, as it was observed. 

The influence of Bohr’s channel spin (J=1+ and J=0+) on <TKE> was found to be small:  
<TKE> = <TKE>1+ <TKE>0+ = 0.068  0.054MeV, which is of the same order of magnitude 
as given in Ref. [14].  
The correlation of <TKE> and R with 1/f and anti-correlation with <p> were found to be 
moderate or low, but insignificant, because they are based on 2-3 resonances with relatively 
small fission widths and large experimental uncertainties. 
By the occurrence of an (n,f)-reaction in the 1st minimum of the fission barrier one can explain 
the relatively small fluctuations in the primary FF characteristics from resonances with J=1+ 
and absence of pronounced fluctuations for J=0+. 
The existence of a -vibration state [30] at ~3MeV below the outer saddle, as well as the 
decaying of the shape isomer through a (JK=0+0) fission channel, pick-up the question about 
the existence of the (n, f)-reaction in the IInd well of the double-humped fission barrier, too. 
Such a hypothesis can be indirectly supported by the existence of two energy groups of -rays 
accompanying the resonance neutron induced fission of 239Pu [10,11]. 
Despite of not so significant correlations, the understanding of the fluctuations in the FF 
characteristics from the resonance neutron induced fission of 239Pu are of great importance 
for evaluations, especially those of the prompt neutron multiplicity <p> and/or the delayed 
neutron (DN) yields [37]. The latter is supposed to fluctuate from resonance-to-resonance, 
because the precursors of the DN are lying in the range where some interplay between fission 
modes can take place. 
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Abstract: An approach for the calculation of the fission fragment total kinetic energy TKE(A) 
is presented, taking into consideration the fragment deformation and the existence of a neck 
between the two fragments in the pre-scission configuration. The approach offers results in 
good agreement with the experimental data for multiple fissioning systems, thus representing 
a solution for nuclear data evaluation purposes in the case of fissioning systems without 
experimental fission fragment distributions. Applications in the frame of the Point by Point 
model of prompt neutron emission are presented.  

Introduction 

The fission fragment total kinetic energy as a function of the fragment mass, TKE(A), is an 
important input parameter in prompt neutron emission models, such as the Point by Point 
(PbP) model [1-3]. The exclusive use of experimental TKE(A) input data limits the prompt 
neutron emission calculations to fissioning systems with experimental fission fragment 
distributions.  
In this work we present a simple method for the TKE(A) calculation, which can be used for 
nuclear data evaluation purposes in the case of fissioning systems without experimental 
TKE(A) distributions. TKE is calculated as the electrostatic repulsion energy of two fission 
pre-fragments, joined by a neck in the pre-scission configuration. The method takes into 
consideration the deformation of the pre-fragments, as well as the fact that a part of the 
nucleons (and of the charge) are contained in the pre-scission neck, being incorporated in the 
two nascent fission fragments after the moment of scission.  
Calculations of TKE(A) have been recently reported in the literature by Vogt et al. [4], using a 
simple Coulomb potential and taking into consideration the fragment deformation, but with a 
distance between the fragments obtained by fitting the experimental TKE(A) data, thus 
lacking the required prediction power for fissioning systems without experimental fission 
fragment distributions.  
In the present approach, the length of the neck joining the two pre-fragments is not a freely 
adjustable parameter. With a simple independent parameterization of the neck length, the 
calculated TKE(A) values describe very well the experimental data of multiple fissioning 
systems, such as 235U(nth,f), 

239Pu(nth,f) and 237Np(n,f). Corrections to the simple neck length 
parameterization, aiming to improve the agreement with the experimental data in the 
symmetric fission mass region, can be brought by taking into account the multi-modal fission 
concept, according to Brosa et al. [5] (see also [6-9]). 
The results of the presented TKE(A) calculation approach are used as input parameters for 
the PbP model of prompt neutron emission. Some sensitive output quantities of the model 
(such as the prompt neutron spectrum, multiplicity and sawtooth ν(A) distribution) are 
obtained close to the ones calculated using experimental TKE(A) values. 

Description of the TKE(A) calculation approach 

In the present approach, TKE(A) is calculated as the energy of electrostatic repulsion 
between the two fission fragments (FF) in the pre-scission configuration. In this configuration, 
the fissioning nucleus consists of two deformed pre-fragments, joined by a neck, containing a 
part of the nucleons which will be later incorporated in the two nascent FF. Considering that 
the axial symmetry of the fissioning system is preserved along the scission path, we can take 
the two pre-fragments as rotation ellipsoids, described by: 
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with the reduced radius obtained from volume conservation and 4/5c .  

The fraction of the FF nucleons (and of the charge) contained in the pre-scission neck can be 
calculated as the ratio between the neck and FF volumes: 
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In Fig. 1 is presented the pre-scission configuration, with the two parts of the neck taken, for 
simplicity, with spherical shape. The dashed lines join the elements that will form together the 
two FF after the moment of scission.  

 

 
Figure 1. Schematic representation of the considered pre-scission configuration 

 
In this configuration, TKE is calculated as the sum of four electrostatic interaction terms: a 
term of interaction between the two pre-scission deformed fragments (1 and 4), two terms of 
interaction between one pre-fragment and the part of the neck connected to the other pre-
fragment (1 and 3 and, respectively, 4 and 2) and a term of interaction between the two parts 
of the neck (2 and 3):  
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where Vi and Vj are the volumes over which the 6-D integral is calculated and );,( ijji Dl rr is 

the distance between two points of coordinates ri and rj (with respect to the centres of the two 
volumes, separated by the distance Dij).  
The integral (divided by the volume product) gives the departure from the pure Coulombian 
interaction and in the case ij = 2,3 is equal to 1. For the other three cases it can be calculated 
numerically. The charges Z are calculated taking into consideration the fractions of nucleons 
contained in the two parts of the neck.  

The radii of the two neck spheres are taken proportional to the FF major semi-axis 0
,LHa : 
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where L is the neck length and the superscript 0 indicates that the parameters refer to the FF 
(and not to the corresponding pre-fragments). Substituted in Eq (2), this leads to: 
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Parameter calculation and simplified approach 

For a certain fissioning system, the FF range is taken as in the Point by Point approach (see 
[1] and the references therein). The entire mass pair range is considered with a step of one 
mass unit. For each fragment mass pair {AL, AH}, two or four charge numbers Z are taken as 
the nearest integer values above and below the most probable charge obtained from the 
“unchanged charge distribution” ZUCD corrected with the possible charge polarization ΔZ. 
TKE(A) is obtained by averaging the two or four values over the charge distribution. Because 
the charge distribution is a narrow Gaussian [10], the choice of four Z values doesn’t 
significantly change the result.    

  1 2 3 4 
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The 2 deformation parameters of Möller, Nix et al. [11, 12] were used for the calculation. Well 

known, the FF are generally excited nuclei, while the parameters of [11, 12] refer to the 
ground state deformations. The deformation data for excited nuclei are however scarce and 
refer to much lower excitation energies than those of the fission fragments, so we will 
consider the ground state deformation parameters as good estimators for the general trend of 
the FF deformations. This can be illustrated by applying Eq. (5) for the calculation of TKE(A) 
in the case of the 235U(nth,f) fissioning system, with the 2  values of [11, 12] and a neck length 

taken for simplicity as the average of the equivalent spherical radii of the FF. The 235U(nth,f) 
system was chosen for the first calculation because of the available experimental charge 
polarization data (taken from [10]).  
The results are plotted in Fig. 2 with star symbols, in comparison with the available 
experimental data from the EXFOR library [13]. As it can be seen, the results are in overall 
good agreement with the experimental TKE(A) data, but with a significant overestimation in 
the mass region corresponding to symmetric fission.  This can be explained by the simplicity 
of the neck length parameterization, which does not account for the more complicated neck 
length variation with the FF mass. This variation can be put into connection with the Multi-
Modal Random Neck Rupture model of Brosa et al. [5-9] which predicts a greater neck length 
in the symmetric fission region, in which the SL (super long) fission mode predominates. 
Consequently, the neck length was increased in the symmetric fission region, according to [5-9].  
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Figure 2.  235U(nth,f) TKE(A) calculations using Eq.(3) (star symbol) and using the simplified 

approach (full circle), in comparison with experimental data taken from EXFOR 
 

Also, for reducing the amount of calculation, an equivalent spherical shape can be considered 
for the pre-scission HF, with the radius equal to the pre-fragment semiaxis Ha , concomitantly 

with an equivalent spherical pre-scission LF shape, with the radius obtained from volume 
conservation. This reduces the four terms of Eq. (3) to pure Coulombian terms: 



















L
neck

H
neckH

HHLL
eqv
LH

LLHH

RRa

ZfZf

LRa

ZfZfe
TKE

2

)1()1()1(

4

2


 















H
neck

L
neck

HHLL
H
neck

L
neck

eqv
L

LLHH

RR

ZfZf

RRR

ZfZf

2

)1(
,      (6) 

where we have explicitly mentioned this time the manner in which the charge of each body in 
Fig. 1 is calculated. The results of the simplified approach are plotted in Fig. 2 with full circles. 
The improved agreement with the experimental data in the far asymmetric region suggests 
that the simplified pre-scission scheme can emulate better the neck length variation with the 
FF mass. 
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Results of the simplified approach 

In the following, we give few examples of the TKE(A) approach results in comparison with the 
available experimental TKE(A) data. In Fig. 3, the calculated TKE(A) values are presented in 
comparison with the experimental data [9] for 237Np(n,f). The FF range was chosen as in the 
case of 235U, AH from 118 to 168, with 2Z values per A, but without considering any charge 
polarization. The calculated values are obtained in good agreement with the experimental 
data. It is worth mentioning that the experimental data do not exhibit a significant dependence 
of the TKE(A) values on the incident neutron kinetic energy. This supports the independence 
of the present approach for the TKE(A) calculation on the excitation energy of the fissioning 
system.  
A similar calculation is presented in Fig. 4 for the case of 239Pu(nth,f), with the FF range from 
120 to 175, 2 Z values per A and no charge polarization. In this case, as in the previous ones, 
the calculated values are in good agreement with experimental data from the EXFOR library.  
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Figure 3. 237Np(n,f) TKE(A) calculation in comparison with experimental data of [9] 
 

The TKE(A) distribution, as input model parameter, plays an important role in the PbP model 
calculations of prompt neutron emission. In the following, we give two examples of PbP model 
calculations of prompt neutron emission quantities, each performed in two cases: a) by using 
experimental TKE(A) distributions and b) by using the present calculation results of TKE(A), 
the other input parameters and PbP features being kept the same.  
The PbP calculation of the prompt neutron multiplicity sawtooth distribution, ν(A), is presented 
in Fig. 5 for the case of 239Pu(nth,f), in comparison with the available experimental data from 
the EXFOR library [14]. The result obtained using the experimental TKE(A) data of 
Wagemans [13] is plotted with full circles, while the result obtained using the present TKE(A) 
calculation is plotted with star symbol. As it can be seen, the two results are close to each 
other and in good agreement with the experimental data [14]. 
In Fig. 6 is presented the calculated prompt neutron emission spectrum for 239Pu(nth,f), as 
ratio to the Maxwellian spectrum of temperature 1.42 MeV in comparison with the 
experimental data from EXFOR [14]. The dashed line represents the spectrum calculated 
using the experimental TKE(A) data of Wagemans [13], while the solid line represents the 
spectrum calculated using the TKE(A) values of the present approach. 
As it can be seen in Fig. 6, the two spectra are close to each other and in very good 
agreement with the experimental data. The total average prompt neutron multiplicity values 
obtained in the two cases are also close to each other, as it can be seen in Fig. 6: the 
multiplicity obtained using the calculated TKE(A) differs with 3.2% from the one calculated 
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with the experimental TKE(A) of Wagemans [13] and with 3.3% versus the ENDF/B-VII 
evaluation [15]. 
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Figure 4. 239Pu(nth,f) TKE(A) calculation (full circles) in comparison with experimental 
data taken from EXFOR (plotted with different black and gray symbols) 
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Figure 5. 239Pu(nth,f) PbP calculation of the sawtooth ν(A) by using experimental 
TKE(A) (full circles) and calculated TKE(A) (star symbol) in comparison with 
experimental data from EXFOR 

Conclusions 

In the present paper, a simple approach for the TKE(A) calculation was presented, giving 
results in very good agreement with the experimental TKE(A) data for multiple fissioning 
systems, only with minor adjustments of the neck length (according to the multi-modal fission 
concept).  
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Consequently, the presented approach can provide the values of the TKE(A) distribution for 
nuclear data evaluation purposes, in the case of fissioning systems without experimental 
fission fragment distributions. By means of this approach, the possibility of using the PbP 
model of prompt neutron emission is extended to such systems.  
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Figure 6.  PbP calculations of prompt neutron spectrum for 239Pu(nth,f) as ratios to the 

Maxwellian with TM=1.42 MeV, compared to experimental data from EXFOR: 
calculation using the experimental TKE(A) (dashed line) and using the present 
TKE(A) (solid line). 
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Abstract:  In this work we use a 3-dimensional Langevin approach to explore the influence 
of the potential energy surface on the fission characteristics. Two macroscopic models were 
used: the Finite Range Liquid Drop Model (FRLDM) and the Lublin-Strasbourg Drop (LSD) 
model which reproduce correctly fission barriers on a large range of mass. While both models 
gives  similar characteristics for fission of heavy and super heavy nuclei we observe 
spectacular differences in the charge distributions and the total kinetic energy spectra of the 
fragments produced in the fission of medium mass nuclei. This allows to define the 
experimental conditions to better constrain the potential energy surface used in the dynamical 
description of the fission phenomenon. 
 
Method 
   
The description of the dynamics of the fission process starts in the beginning of XX century 
and one of the first works formulating it mathematically was done by Kramers  [1]. He treated 
this process like a Brownian motion in a potential well. The latter studies were based on the 
solution of the stochastic equation of the Fokker – Planck type. The introduction of the 
differential form of the stochastic equation of the Langevin type by Abe, Gregoire and 
Delagrange [2] was a great step forward toward to perform Monte Carlo simulations for the 
trajectory of the system along one collective coordinate. This approach was recently extended 
to three dimensions by few groups [3,4,5].  
In this work we will use the state of art of such three-dimensional Langevin calculations [5] for 
investigating the influence of the potential energy surfaces on various observables in the 
fission process at finite excitation energy. The description of the nuclear shape is based on 
collective coordinates coming from the Funny-Hill parametrisation of the nuclear shape [6]. In 
cylindrical coordinates the surface of the nucleus is defined by the radial distance with respect 
to the surface: 
 

  

 z is the coordinate along the symmetry axis  and B , As is  determined by  the Funny-Hill 

parameters { c ,h ,� }  as follows: 
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The parameter c corresponds to the elongation of the nucleus, h��� is the neck (mass 
asymmetry) parameter respectively. The collective coordinates used in the Langevin 
equations  are chosen to be: 

 
This collective parameters ( q1 ,q2 ,q3 ) compose the vector q which is used to solve the 
Langevin equations: 

 
 

with p is the vector of conjugate momenta and F �qi�= V �qi�− a�qi �T
2

 is the Helmholtz 

free energy, V(q) corresponds to the potential energy for given coordinates, mij �qi� the 

tensor of inertia and �ij  is the friction tensor. The white noise is taken like the normalized 

random variable �j  and the strength of the random force �ij is given by the relation 
∑ �ik �kj= T �ij , where the temperature of the “heat bath”  T is determined by the Fermi – 

gas model formula T = �Eintr / a�q�. 
The energy conservation law is the constrain during the random walk along the Langevin 
trajectory. The total excitation energy of the system is the sum of the kinetic energy of the 

collective degrees of freedom, the internal excitation energy ( Eintr ) and the potential energy 
for the given deformation (V(q)).   In many works the potential energy surfaces had the form 
of a macroscopic model with finite range of the nuclear forces such as the Finite Range Liquid 
Drop Model (FRLDM) [7].  
In the present work we would like to compare the results obtained within this framework with 
the recently developed macroscopic model called Lublin-Strasbourg Drop (LSD) [8]. The main 
difference between LSD and the previously used potential formulation is the implementation 
of the additional curvature term in the liquid drop formula. This term can play a major role in 
the region where the neck is pronounced (a nucleus for two different deformations can have 
identical surfaces but various curvatures and different potential energies) like at the scission 
stage or for intermediate mass region for which the shape at the saddle point looks like a 
scission configuration. To illustrate the differences between the Potential Energy Surfaces 
(PES) calculated with the FRLDM method and LSD model we perform calculations for a 
nucleus of intermediate mass (Barium) and superheavy one (Rutherfordium). 
 
Potential energy surfaces 
   
The potential energy is evaluated on the three-dimensional deformation space (q1, q2,, q3) 
within the FRLDM and the LSD models.     
The main differences between potential energy surfaces obtained with FRLDM and LSD 
models are visible in Fig. 1. - the FRLDM predicts much flat surfaces as compared to the LSD 
formula. For deformations close to a sphere the energy in both cases are similar but starting 
from the elongation q1=2.0 the differences exceed 30 MeV. 

    Fig. 1 – 3 shows the maps of the energy for spins: 0, 40, 70 ℏ in the (q1, q2,) plane for 

α=0.0, i. e. symmetric fission. In both cases of PES (comparing Fig.1 and Fig. 3) the energy 
landscape is not changing and the rotational energy does not depend strongly on the 
collective coordinates in the present range of deformations.  
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Figure 1. The potential energy surfaces for 122Ba for the spin L=0 ℏ in the (q1, q2) plane for 

α=0.0  as obtained with the Finite Range Liquid Drop Model  (FRLDM) (left) 
and Lublin-Strasbourg Drop (LSD) model (right).  

Figure 2. Same as Fig. 1 for  the spin L=40 ℏ.  

Figure 3. Identical to Fig. 1 for  the spin L=70 ℏ. 
 
Similar trends are observed in Fig. 4, 5 where the potential surfaces maps are shown in the 

(q1,q3) plane for  spins L=0;70 ℏ. The potential energy is less sensitive for the changing q3 
parameter than for q2 .  Again the FRLDM landscape is seen to be more flat than the LSD 
one, in this plane as well.   
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The q3 coordinate is connected directly with the Funny-Hill parameter α which is responsible 
for the mass asymmetry of the nucleus. Comparing both maps of Fig. 4 we can notice that for 
the FRLDM calculation the fission barrier  (~20 MeV) is reached at  q3 = 0.6 while the barrier 
for the LSD model is still around 40 MeV . For the mass symmetric shapes barriers are higher 
then for asymmetric ones: ~35 MeV for the FRLDM and ~45 MeV for the LSD. In the case of 
fast rotating nucleus (Fig. 5) the landscape of potential energy is similar but the barriers are 
smaller.  

 

Figure 4. The potential energy surfaces for 122Ba for the spin L=0 ℏ and the collective 

coordinates (q1, q3) with  h=0.0 with the finite Range Liquid Drop Model  (FRLDM) (left) 
and Lublin-Strasbourg Drop (LSD) model(right).  

 

Figure 5. Identical to Fig.4 for the spin L=70 ℏ.  

 
Dynamical observables 
   
There are many observables which can be calculated within the present 3D dynamical 
calculations such as: the distribution of the spin of the compound nucleus; the charge and 
mass distribution of the fission fragments or evaporation residues ; the light charge particles 
spectra; , the shape of the fissioning nucleus at the scission point and many others. For 
example, many experimental works have shown that the total fission cross-sections together 
with the  width of the mass distribution of the fission fragments provide important constraints 
on the strength of nuclear viscosity and on the collective degrees of freedom driving the 
fission process. This work contains only few of them such as the spin of the compound 
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nucleus (Fig. 6), Z distribution of the fission  fragments (Fig.7) and the kinetic energy of the 
fragments (Fig. 8).  
The calculations have been performed for the heavy nucleus 260Rf and also for few isotopes 
of Barium.  Our results show that  the properties of the fragments produced in the fission 260Rf 
are not so sensitive to the shape of potential energy surfaces, while for light compound nuclei 
like Barium, the characteristics of the fragments have been found to strongly depend on the 
model used for the PES. This is illustrated in Fig. 6 – 8.  
For investigating the influence of the potential energy surface on dynamical observables we 
used a viscosity coefficient ks=0.2 [5], and a constant level density parameter a(q)=A/8, where 
A is the mass number of the fissioning system. Other calculations performed for different 
viscosity parameters  ks=0.2, 0.5, 0.7 and 1.0 does not give significantly different results. 
Sensitivity on the level density parameter choice are under investigation. 
The compound nucleus spin distribution shown in the Fig. 6 was obtained from the Langevin 
calculation assuming the FRLDM or LSD potential energy. A sharp cut off approximation is 
assumed for the maximum angular momentum in the nucleus. The low spins of the compound 
nucleus drive the evaporation residues while the high spin part leads to the fission. 
Comparing the results for two different PES, one observe two different spin limits for the 
evaporation  residue channel: for the calculation with the FRLDM model the spin is around 45 

ℏ whereas for the LSD case  this limit is shifted to 52 ℏ.  
 

 
Figure 6. The initial spin distribution of the compound nucleus 122Ba for events leading 
either to evaporation residues or to fission, obtained with the FRLDM (red) and LSD 
(blue) potential energy surfaces.  
 

     
Figure 7. The charge distribution for 122Ba for the fission (left) and evaporation (right) 
channels calculated with the FRLDM (red) and LSD (blue). 
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The choice of the PES has a negligible influence on the charge (or mass) distribution of the 
evaporation residues (Fig.7 right) whereas it is crucial for the fission fragment Z distribution.  
The evaluation of the spin limits for the evaporation channel could depends of the choice of 
the PES but the effect modify only slightly light charge particle emission and thus the Z 
distribution of the evaporation residues are similar. 
The shape of the fission fragment charge distribution reflects the shape of the PES: the flatter 
energy surfaces of FRLDM lead to wider Z distribution as compared to the LSD (Fig.7 left).   
 

 
Figure 8. The kinetic energy distribution for 122Ba for the fission (left) and evaporation (right) 
channel calculated with the FRLDM (left) and LSD (right) potential energy surfaces. 
 
 
Similar behaviour is also observed for the kinetic energy distribution of the fission fragments 
(Fig. 8) as a function of the atomic number Z. In the LSD case the distribution is focused 
around mass-symmetric fragments whereas the FRLDM gives also asymmetric fission 
events.  
The location of the maximal yield of the kinetic energy of the fission fragments for the 
symmetric fission for the FRLDM model is around 86 MeV while for the LSD PES it is around 
71 MeV. Moreover, the average width of the kinetic energy spectra is 15 MeV for the FRLDM 
and  only 5 MeV in the LSD PES. These dramatic differences in the kinetic energy distribution 
reflect the differences in the landscape  around the symmetric fission valley. 
 
Summary 
   

Based on the solution of a 3-dimensional Langevin equation, the present contribution shows 
the importance of the potential energy surface in the modelling of the fission process at high 
excitation energy. Dynamical calculations were performed for two macroscopic models as the 
driving force in the equations: the FRLDM and the LSD model. The properties of the 
fragments formed in the fission of Barium compound nuclei are found to be very sensitive to 
the parametrization used for the potential energy. Excited medium – mass  nuclei are thus a 
relevant probe, complementary to customarily used heavy systems, for studying the various 
ingredients entering into the modelling of the fission dynamics. 
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Abstract: A new set of time-dependent coupled channel equations for pair breaking are 
deduced from the variational principle. The odd-even effect in the charge and mass 
distribution of cold fission is investigated within the model. The essential idea is that the 
seniority one and the seniority two configuration mixing is managed under the action of some 
inherent low lying time dependent excitations produced in the avoided crossing regions due to 
the Landau-Zener promotion mechanism. It must be mentioned that the odd-even effect in 
cold fission is a strange phenomenon. The odd even fragmentation dominates at very low 
excitation energy while the even-even partitions are dominant for excitations above 4-6 MeV. 
The problem is that in cold processes the nuclear system doesn't possess enough energy to 
break a pair. This phenomenon is explained within our equations. 

Introduction 

In the thermal neutron induced fission, the mass and charge distributions of fragments 
evidence a fine structure that show a preference for an even number of protons and neutrons 
in both products. It can be expected that this phenomenon will be more evident in the case of 
cold fission, where the excitation of the fragments is so small that no neutrons are emitted. 
This is not true. There are some strange experimental evidences in cold fission. As remarked 
in Refs. [1-4], in cold fission, at very low excitation energy of the fragments, the odd-odd 
yields are always larger than the even-even ones. The even-even fragmentation dominates at 
larger excitation of the fragments, above 4-6 MeV. This behavior cannot be easily explained 
because in cold processes the system doesn't posses enough energy to break a pair and 
because the penetrability through the barrier is hindered for odd-systems due to the 
specialization energies associated to the unpaired nucleons. The odd-even structure in fission 
is explained usually within statistical arguments [5]. Up to now, the statistical explanation of 
this phenomenon involved some modifications of the level densities for odd-even and even-
even partitions [6] by according them within the deformations of the fragments as function of 
the excitations energies and the shell effects. In the following, this phenomenon will be 
alternatively explained by solving a coupled-channel system of time-dependent pair breaking 
equations [7]. 

Equations of motion 

In order to obtain the equations of motion, we shall start as in Ref. [6] from the variational 
principle taking the following energy functional 
 

where  

 
is a many-body Hamiltonian with pairing residual interactions. This Hamiltonian depends on 
some time-dependent collective parameters q(t)={qi(t)} (i=1,...n), such as the internuclear 
distances between atoms or nuclei. εk are single-particle energies of the molecular potential, 
ak

+ and ak denote operators for creating and destroying a particle in the state k, respectively. 
The state characterised by a bar signifies the time-reversed partner of a pair. The pairing 
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correlation arises from the short range interaction G between fermions moving in time-
reversed orbits. Using quasiparticle creation αk(γ)

+ and annihilation operators αk(γ) a term able 
to break a Cooper pair when the system traverses an avoided crossing region is constructed: 
 

When an operator of the type αi(0)αj(0) acts on a seniority zero Bogoliubov wave function, a pair 
is broken and a seniority two Bogoliubov wave function is obtained. On another hand, the 
term of the type αi(0)

+αj(0)
+ creates a pair when it acts on a seniority two wave function. The trial 

many-body wave function is expanded as superposition of time dependent BCS seniority-zero 
and seniority-two adiabatic wave functions 
 

where c0 and cjl are amplitudes of the two kind of configurations, seniority zero and seniority 
two, respectively. The seniority zero configuration means that the system is completely paired 
while the seniority two one implies that one pair is broken. The functional (1) is minimised in a 
way analogue to that described in Refs. [8,9]. In these references, the form of the corrections 
produced due to the inherent interaction in the avoided crossing regions were postulated. 
Eventually, eight coupled-channel equations are obtained: 
 

 
where the partial derivatives with respect the time are denoted by a dot. The first four 
equations are similar to the time dependent Hartree-Fock-Bogoliubov equations [10,11] for 
seniority zero and seniority two configuration. If the configurations γ=(j,l) and β=(m,n), then 
the sums are restricted by the conditions j≠l, m≠n, m≠j, and n≠l. Eγ are exactly the expected 
values of the Hamiltonian (2) for the seniority-zero or seniority-two configurations:  
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and Tk(γ) are energy terms associated to single-particle states: 
 

 
The following notations are used in Eqs. (5): 
 

 
where ρk(γ) are single-particle densities and κk(γ) are pairing moment components. Pγ denote 
the probabilities to find the system in the configurations γ. Sγγ' are moment components 
between two configurations γ and γ' and have the property |Sγγ'|

2=PγPγ'. Δγ is the gap 
parameter that takes into account the blocking effect. The values of ρk(γ) and Pγ are reals. The 
particle number conservation conditions 2∑kρk(0)=2N, 2∑k≠j,lρk(jl)=2N-2 and P0+∑j,l≠jPjl=1 are 
fulfilled by Eqs. (5). N denotes the number of particles in the active pairing space. The 
ingredients needed to solve the system (5) are the single particle levels, the interactions in the 
avoiding level crossing regions and the velocity of deformation. The first two ingredients will 
be calculated within the macroscopic-microscopic model while the velocity is taken as 
variable parameter. 

Results 

In the following, our calculations address the cold fission of 234U. 
In order to determine the energy diagram of the process and the interactions in the avoided 
level crossings, the macroscopic-microscopic model is used. In such a treatment, the whole 
nuclear system is characterised by some collective variables associated to some degrees of 
freedom that determine approximately the shape of the nucleus. The generalized coordinates 
vary in time leading to a split of the nuclear system. The behaviour of many intrinsic variables 
are managed by the shape of the nuclear system. Therefore, the basic ingredient is a nuclear 
shape parametrization. Our nuclear shape parametrization is given by two ellipsoids smoothly 
joined with a third surface obtained by rotating a circle around the axis of symmetry, as 
described in Ref. [8]. This nuclear shape parametrization takes into consideration the most 
important degrees of freedom encountered in fission: elongation (given by the distance 
between the two spheroids R); necking (given by the curvature of the median surface C); the 
mass-asymmetry (given by the ration of the major semi-axis of the fragments) and the 
deformations of the fragments (given by the eccentricities of the spheroids). Within this 
nuclear shape configuration it is possible to characterise swollen shapes that address the 
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ground state and necked ones that are available in the hyper-deformation region of the exit 
point from the barrier. One fragment and two separate fragments are allowed configurations.  

Figure 1. (a) Proton level scheme as function of the elongation along the minimal action path. 
Only the active level space is plotted. The Fermi energy is plotted with a thick curve and the 
selected Ω=1/2 levels are plotted with a dot dashed thick line. The identified avoided crossing 
regions are marked with circles. (b) The fission barrier along the minimal action trajectory. 
Several shapes are inserted in the plot.. 
 
In order to simulate the rearrangement of the intrinsic single-particle states, the first problem 
is to perform a full calculation of the trajectory in the configuration space spanned by our five 
degrees of freedom. A dependence between all generalized coordinates is obtained by 
minimizing numerically the WKB functional between the ground state of the parent and the 
exit point from the barrier, as realised in Refs. [12,13]. Two quantities intervene in the WKB 
integral: the deformation energy and the inertia. The deformation energy is a sum between a 
liquid drop part and the shell corrections. The macroscopic part is obtained in the framework 
of the Yukawa plus exponential model extended for binary systems with different charge 
densities [14]. The Strutinsky prescriptions were computed on the basis of the Woods-Saxon 
two center shell model. The Woods-Saxon two-center shell model uses the analytic 
eigenvector basis of the semi-symmetric harmonic potential to diagonalize a Woods-Saxon 
well corrected within spin-orbit and Coulomb terms. It is the sole model able to determine 
single particle level schemes for superasymmetric fission processes as cluster- and alpha-
decay [15-17]. Due to its ability to characterise the configuration given by two separated 
fragments, this model was already used in fission studies or for superheavy element 
synthesis [18,19]. The quantities needed to evaluate the inertia are computed within the 
cranking model [20]. A numerical procedure is used to determine the least action trajectory in 
our five dimensional configuration space. The fission barrier obtained in this context is plotted 
in Fig. 1(b). 
 Now, it is possible to calculate the single-particle diagram along the optimal fission path. The 
diagram is displayed in Fig. 1(a). This level scheme supply the main quantities needed to 
solve our system of channel equations (5). Therefore, the excitation energy and the 
probabilities to find the nuclear system in a seniority one or in a seniority two state will be 
obtained. 
 



 67

 
Figure 2. (a) The average excitation energy E* as function of the elongation R. The inter-
nuclear velocities R are 104 , 105 and 106 m/s  for the dashed, full and dot- dashed lines, 
respectively. (b) The probability Podd of a seniority-two state with respect to the elongation R. 
The same line types and inter-nuclear velocities as in to determine dynamically the mixing 
between seniority-zero and panel (a) are used. 
 
Different constant values of the inter-nuclear velocity R ranging from 104 to 106 m/s were 
tested. These values can be translated in a time to penetrate the barrier ranging in the interval 
[1.4x10−18, 1.4x10−20] s. The values of the excitation energy E* and of the seniority two 
probability Podd are plotted in Figs. 2(a) and 2(b) as function of the elongation for some inter-
nuclear velocities R/t.  
In Fig. 3, the dependencies of the seniority zero probability P0 and of the seniority two 
probability Podd versus E* are displayed in the selected velocity domain. This values 
corresponds to an elongation R=20 fm, that is, in the vicinity of the exit point from the fission 
barrier. The theoretical results exhibit a clear decrease of Podd as function of E*. It is 
interesting to note that at zero excitation energy, the probability to find the system in a 
seniority-two state is practically one. In cold fission, at very low excitation energies of the 
fragments, the odd-even yields are always larger than the even-even ones. These theoretical 
results exhibit the main trends as exhibited by the experimental data evidenced above.  

Figure 3. The probabilities to obtain a seniority-zero state P0 and a seniority-two state Podd as 
function of the excitation energy E* of the fragments at the elongation R=20 fm.). 
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Conclusions 

In conclusion, a new set of time-dependent coupled channel equations derived from the 
variational principle is proposed to determine dynamically the mixing between seniority-zero 
and seniority-two configurations. The essential idea is that the configuration mixing is 
managed under the action of some inherent low lying time dependent excitations produced in 
the avoided crossing regions. These equations were used to explain the odd-even effect in 
cold fission processes. Only the radial coupling was used in the analysis, but it is possible to 
extend the equations to take into account even the Coriolis coupling, as in Ref. [15]. The main 
trends concerning the dependence of the odd-even effect in fragments yields versus the 
fragments excitation energy were reproduced. 
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Abstract: The present contribution briefly reviews a series of correlation measurements in 
binary and ternary spontaneous fission of 252Cf with placing emphasis on the emission of neu-
trons and γ-rays with fission fragments (FF), and light-charged-particles (LCP) in ternary 
fission (TF). Traditional TF studied were restricted to measurements of energy distributions and 
fractional yields of the LCPs, or  the angular and energy correlation between LCPs and fission 
fragments. 
In a first experiment to be discussed here, prompt γ-ray and neutron emission in binary and 
ternary spontaneous fission of 252Cf were investigated with the aid of the 4π Darmstadt-
Heidelberg NaI(Tl) Crystal Ball spectrometer. Analysing γ-ray spectra in both fission modes 
permitted to assess the so-called "high-energy component" in the γ yield, in the energy 
interval from 3.5 to 8 MeV and near mass asymmetry, to the statistical γ decay of fragments 
around the doubly magic 132Sn. Furthermore, population of excited states in LCPs was 
ascertained for the first time. A particular structure observed in the γ yield associated with Be 
emission proved the occurrence of ternary 10Be nuclei in a rather high excited state at 3.37 
MeV. On the other hand, the measured anisotropy of γ-ray emission for various particle-
accompanied fission modes tells, contrary to previous experimental studies, that the 
emission of ternary particles at scission does not influence the alignment of fragment spins, 
although it takes away some fragment spin. As for prompt neutron emission, measured angular 
correlations between neutrons and LCPs have permitted identification of the formation of the 
neutron-unstable nuclei 5He, 7He and 8Li* as short-lived intermediate LCPs. Furthermore, the 
neutron multiplicity numbers <ν(A)> and distributions of fragment masses A, measured for the 
ternary fission modes with various LCP isotopes, give a valuable hint of the role played by 
nuclear shell structure in the fission process near scission. 
In another experiment, the angular correlation of prompt γ-rays in binary and ternary 252Cf (sf) 
was measured with two super-clover germanium (VEGA) detectors as position-sensitive γ-ray 
spectrometers. Here, the main interest has been to study, on the one hand, the γ decay from 
individual FFs  and, on the other hand, the population of lower-lying excited states in the LCPs. 
 
Introduction  
 
The main part of the energy set free in the nuclear fission process is released in the form of 
kinetic energies of the fragments. Besides, a relatively large amount of energy (35 MeV on 
average in the case of 252Cf) still remains confined just after scission as excitation of the 
fragments being stored mainly in two forms: (a) fragment deformation or collective rotations and 
vibrations, and (b) internal heat due to dissipation processes from saddle to scission. This energy 
is released by evaporation of neutrons and emission of γ rays, predominantly after the fragments 
had been fully accelerated. The study of prompt neutron and γ-ray emission is thus of great 
interest. The γ rays, allow us to determine fragment excitation energy after neutron evaporation, 
fragment spin distributions and the level structure of fission fragments [1]. As for the ternary 
fission (TF) mode, a light charged particle (LCP) is formed right at scission and ejected at about 
right angle with respect to the fission fragment direction (see reviews [2, 3]). The study of TF, 
although being rather rare (~ 1/260 relative to binary fission, for 252Cf) and consequently difficult 
to measure, provides another valuable means to the experimentalist to explore the fissioning 
system, mainly at the short instant of rupture [4]. In the last two decades, a number of elaborate 
correlation experiments on TF which include the registration of either prompt neutrons or γ-rays 
with LCPs and FFs were able to considerably enlarge our knowledge on TF and fission dynamics 
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near scission. Ternary-particle emission in fission gives several possibilities for further 
investigating the characteristics of γ-ray emission. First, the emission of a third particle changes 
the mass and charge of both fragments, thus resulting in the formation of correlated fragment 
pairs which essentially differ from the binary ones at the scission point. This fact helps us to 
identify whether special components in the prompt fission γ spectrum, such as the so-called 
"high-energy γ-ray component" (see below), are correlated with the de-excitation of fragments 
from either of the light and heavy group, or rather with collective vibrations of the composite 
system at scission. Second, the emission of particles in fission approximately orthogonal to the 
fragments provides an additional spatial vector, allowing us to analyze the angular distribution of 
γ rays with respect to a plane built-up by the momenta of the two fragments and the ternary 
particle. And third, heavier ternary particles may also be created in excited states which can 
decay by γ-ray emission [5], what can be observed experimentally. 
In the following, a brief survey of the most prominent features of these experimental studies is 
presented. 
 
Experiment with the Darmstadt-Heidelberg crystal-ball spectrometer 

In the first experiment presented here, a highly efficient angular sensitive  detection system, 
i.e. the Darmstadt-Heidelberg 4π NaI(Tl) Crystal Ball (CB) spectrometer [6], was applied for 
the first time for measuring  γ-ray emission and, at the same time, neutron evaporation in the 
rare ternary fission modes in 252Cf (sf) accompanied by a variety of ternary particles. The 
experiment was performed at the MPI Heidelberg [7]. 
 
 
 

 
Figure 1.(a) The Darmstadt-Heidelberg 4π NaI(Tl) Crystal Ball (CB) spectrometer, shown with 
its two halves moved apart to have access to the CODIS chamber placed it its centre. (b) 
Components of the detector system "CODIS" for fission fragments and LCPs.  
 
This instrument (see Fig. 1 a) is a segmented 4π detection system (162 NaI(Tl) crystals) of 
high detection efficiency ( > 90% for γ rays and approx. 60% for fission neutrons). Gamma 
rays and neutrons are separated by their time of flight. The 252Cf sample on thin backing and 
the assembly of detectors "CODIS" for fission fragments and light particles were mounted 
inside the hollow sphere of 50 cm diameter at the centre of the crystal ball. CODIS is 
displayed in Fig. 1b, with one side of the chamber housing removed.  A Frisch-gridded 4π twin 
ionization chamber measures the FFs.  As a specific feature of the CODIS FF chamber the 
cathode is segmented into 8 sectors which permits measuring not only the energies of both FFs 
but also their polar and azimuth angles of emission relative to the chamber axis. LCPs were 
identified by a ring of 12 ΔE-E telescopes composed of ΔE ICs and silicon PIN diodes, with a 
solid angle of about 0.4 π. 
The set of measured parameters has allowed to determine, for each fission event, the following 
quantities and their mutual correlations:  
-- fragment masses and kinetic energies;  
-- multiplicity and angular distribution of fission neutrons;  
-- multiplicity, energy and angular distributions of fission γ-rays;  
-- energy, nuclear charge (mass) and emission angle of the LCP from ternary fission.  
 

(a) 
(b) 
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High-energy gamma-ray component.  
Let us deal first, as particular result of the γ-ray measurement, with the study of the so-called 
"high-energy γ-ray component", i.e. the enhancement over exponential shape of  the γ yield in 
the energy region between 3.5 and 8 MeV observed for fission events near mass symmetry. 
This component was first observed in 1989 [8] and thought to be a sign of a collective 
excitation near the scission point [9]. The phenomenon was studied quite extensively during 
the following years. In Ref. [10] different fission reactions were studied for several compound 
systems, and in a recent CB experiment on 252Cf binary fission [11] the  mass assignment of 
the surplus of high-energy γ rays was achieved by a Doppler analysis, permitting  to deter- 
mine the mean velocity vector of the emitting source. 
In the present experiment, γ-ray spectra, in the energy range from 50 keV to 10 MeV, were 
measured both, in binary and ternary fission [12]. Fragment masses were deduced from the 
ratio of measured fragment kinetic energies considering prompt neutron evaporation.  In 
applying this procedure for the ternary fission events, the ternary particle recoil momentum 
was taken also into account, using the measured particle energies, masses and emission 
angles. The high-energy γ-ray component was found to be equally pronounced in binary and 
α-accompanied fission (see Fig.2a). Figure 2b depicts mean γ-ray multiplicity in the energy 
interval between 4 and 8 MeV, as a function of fragment mass. In the α-accompanied fission 
mode, unlike in the binary case, the observed peak around A=132 is clearly resolved from its 
counterpart located at the complementary light mass, since the sum of fragment mass 
numbers is reduced by 4 units compared to binary fission. The peak at the heavy masses 
remains at the same position (A = 131.2 (0.2) units) in the binary and in ternary case. Thus, 
the comparison of the spectra for both fission modes proves that the spectral enhancement  is 
not around mass symmetry but due to the reduced level density of fragments in the vicinity of 
the double-magic shell closure N = 82 (Z = 50) [11]. 

 
Figure 2. (a) γ-ray spectra for binary (upper curves) and α ternary fission (lower curves), for 
near symmetric (full lines) and asymmetric (dashed lines) mass splits. (b) Yield of γ-rays, for 
energies from 4 to 8 MeV, vs. fragment mass, for binary (open symbols) and α ternary fission 
(full symbols) (data from [12].) 
 
Fragment spins and spin alignment in ternary fission.  
From the measurement of neutron multiplicity distributions as well as of fragment total 
excitation energies TXE it was concluded that fragment deformation in ternary fission is 
considerably less than in binary fission (e.g. by 7.4 MeV in TXE for the emission of α particles 
[13]). One might expect hence, that the average spin of fragments should change also. An 
indication for some decrease of average fragment spin is that the total γ-ray multiplicity in the 
ternary case was measured to be less by at least 10 %. An even stronger evidence comes 
from the ternary-to-binary inter-comparison of γ-ray multiplicities for various γ-energy regions 
[7]. While the multiplicity in the region of discrete γ rays tells us about the values of fragment 
spins, the analysis of γ-ray angular distributions gives an information about spin orientation, 
which may help us to understand the origin of fragment spins. Our current understanding is 
that fragment spins are basically due to the collective motion of nuclear matter at scission, 
known as bending modes [14] although a minor contribution may come from the Coulomb 
repulsion of the deformed fragments at close distances after scission [15]. In spontaneous 
binary fission of an even-even nucleus with ground state spin 0 (like 252Cf), the orbital angular 

(a) 
(b) 



 72

momentum and the spins of the two fragments emitted must couple to zero. Fragment spins 
are aligned in the plane orthogonal to the fission axis. Since the emission of  ternary particles 
occurs close to the instant of scission, one might expect some correlation between the 
emission of LCPs and the direction of fragment spins. Assuming, that the emission of ternary 
particles occurs due to bending modes at scission, it was suspected [16] that the alignment of 
fragment spins in ternary fission must be even stronger than in binary. Experimentally, the 
information on the degree of fragment spin alignment can be obtained from a γ-ray anisotropy 
measurement. In the case of spin alignment, one should expect an angular distribution in the 
form W(θ) = 1 + A2 P2(cosθ), (Pj (cosθ) being the Legendre polynomials) when streched E2 
cascades dominate. In binary fission, this dependence was consistently found in various 
experiments [17,18]. In the ternary case, only two measurements are known. In Ref. [19] the 
ratio of anisotropy W(00)/W(900) was measured. For the binary case, a value was obtained 
close to that from literature but, in ternary fission, the result was equal to unity, within about 2 
% of stated experimental error. The interpretation was that the emission of the α particle fully 
destroys the alignment. In Ref. [20] the angular distribution of γ rays was measured over full 
angles. While in the binary case again results consistent with literature were obtained, an 
angular anisotropy in α-accompanied fission was observed, with the maximum intensity 
shifted away from the fission axis. This effect was explained by a displacement of the 
alignment due to the influence of the recoil momentum when the α particles are emitted at a 
certain distance from the fission axis. 
In the experiment with the CB, the full angular distribution of γ-ray emission with respect to 
the fission axis was deduced, both for binary and LCP-accompanied fission. The results for 
the distributions averaged over fragment pairs in binary and α ternary fission [21] are depicted 
in Fig. 3. The total amount of 1.2 x 106 measured ternary events results in a previously not 
achieved statistical accuracy, so that the total errors are dominated by systematic 
uncertainties, such as cross-talk between neighbouring crystals. The relative error between 
the ternary and binary results is very small since both data sets were accumulated 
simultaneously under the same experimental conditions. The value for binary fission is very 
close to that  obtained in [14] while the present result for ternary fission is in obvious 
contradiction to the results of Refs. [19,20]. 

 
Figure 3. Symmetrised angular distribution of γ-ray emission with respect to fragment motion 
for binary and α ternary fission, for different energy intervals. (data from [21]). 
 
It can safely be stated, that the difference in γ-ray anisotropy between ternary and binary 
fission is very small, if any. This means that the emission of ternary particles does not 
influence, or even destroy,  the alignment of fragment spins, although ternary particles seems 
to take away some spin. The analysis of the γ-ray anisotropy for other LCPs (tritons, 6He, and 
Li and Be nuclei), which was possible for the first time from the data, confirm the result 
obtained for the a particles. Furthermore, the projection of the γ-ray distribution onto the plane 
perpendicular to the (light) fragment direction were analyzed, i.e. the plane which is close to 
the emission direction of the α's. Gamma emission in this plane was found to be isotropic 
within 1% of error, indicating also no correlation of fragment spins with the emission direction 
of the ternary particles [21]. 
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Gamma-ray emission from light charged particles.  
High-efficiency γ-ray registration with the CB provided clear evidence for ternary fission 
proceeding with the emission of Be nuclei in an excited level which decays by γ-ray emission. 
Figure 4 shows the γ-energy spectrum for Be-accompanied fission, in comparison with the 
spectra for binary, α- and Li-accompanied fission, respectively. There is a significant 
enhancement at energies around 3.37 MeV, which corresponds to the energy of the first 
excited level in 10Be, this isotope making about 80% of the Be element yield but is down in 
probability by two orders of magnitude compared to ternary α-particles [22].   No other ternary 
particles show structures in the γ spectra which are considered to be statistically significant. 
Besides, the peak structure in Be remains present (although it changes slightly its shape) 
when setting constraints on different fragment mass regions. This may exclude a possible 
emission of these γ rays from fission fragments. 
At the time, from seemingly absence of Doppler broadening within the limited resolution of 
NaI(Tl), there have been suggestions that these γ quanta might be  emitted from a resting Be 
source [7]. This idea has been tested by using data of γ-γ-γ coincidences obtained at an 
experiment with high-resolution γ-ray spectroscopy with the Gammasphere [23]. The data  
supported the NaI(Tl) result, but with limited statistics and no direct LCPs identification. The 
possibility that the 10Be nucleus may stay between two fission fragments for a long time ~10-13 

s to create a so-called triple nuclear molecule was discussed in Ref. [24]. Re-measurements 
on Gammasphere [25,26] with LCPs identification could confirm the existence of the 3.37 
MeV γ line from ternary  10Be, and finally assess, by Doppler shift analysis, γ-ray emission by 
ternary  10Be nuclei in flight, so denying any existence of a triple nuclear molecule.  
 

 
 
Figure 4. γ-Ray spectra for α– particle, Li and Be accompanied fission (top to bottom). 
Dashed lines represent the shape of the spectrum from binary fission. 
 
Correlation measurements with prompt neutrons.  
(a) From the kinematical data and the multiplicity of emitted neutrons the fragment total 
excitation energies TXE could be deduced, for the first time for various ternary fission modes 
with LCPs up to carbon. It turns out that LCP emission proceeds in expense of a considerable 
amount of TXE (35 MeV, on average, for binary Cf fission), with the required energy for 
particle emission increasing with LCP mass and energy. As an example, the average TXE 
decreases from 27 MeV to 15 MeV when instead of an α-particle a ternary C isotope is 
emitted. In a sense, TF with emission of heavier LCPs features a rather cold large-scale 
rearrangement of nuclear matter. The neutron multiplicity numbers <ν(A)> and distributions of 
fragment masses A, measured for the ternary fission modes with various LCP isotopes, from 
α-TF to C-TF (Fig.5 shows data from α-TF to Be-TF) give a  clear evidence for a pronounced 
preformation of the FFs right at scission dominated by the well-known double-magic shells, 
mainly Z = 50 and N = 82. At scission, the biggest amount of TXE is obviously stored in the 
deformation due to neck formation. In TF, part of this TXE is consumed by LCP emission [4, 
27] 
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Figure 5. (top) Fragment mass distributions in ternary fission of 252Cf(sf) with 4He and Be as 
the light particle. Binary mass distributions are shown as dash lines. (bottom) Neutron 
multiplicity vs. fragment mass for the same reactions. Dashed line is neutron multiplicity in 
binary fission.  
 
(b) In the same experiment, the neutron-unstable odd-N isotopes 5He, 7He and 8Li* (in its 
excited state of E = 2.26 MeV) were identified to show up as intermediate LCPs in TF [28]. 
The emergence of the ternary 5He and 7He particles (lifetimes: 1 x 10-21s, and  4 x 10-21s, 
respectively) was disclosed from the measured angular distributions of their decay neutrons 
focused by the emission in flight towards the direction of motion of 4He and 6He particles (Fig. 
5). 
Previously, only ternary 5He emission was observed by analyzing relative neutron intensities 
measured at forward and backward angles with respect to the α particles [29,30]. In the 
present work, neutrons were observed to be peaked also around Li-particle motion, which is 
attributed to the decay of the second excited state at E* = 2.26 MeV (lifetime: 2 x 10-20 s) of 
8Li. The population of 8Li* was deduced to be 0.06(2), relative to Li ternary fission, and 
0.33(20) relative to the yield of particle stable 8Li. The fractional yields of the 5He and 7He TF 
modes relative to "true" 4He and 6He TF, respectively, were determined to be 0.21(5) for both 
cases. The mean energy of the 4He residues resulting from the 5He decay was determined to 
be 12.4(3) MeV, compared to 15.7(2) MeV for all ternary α-particles registered, and to 16.4(3) 
MeV for the true ternary α-particles. We note that 5He in Cf fission has the second highest 
yield among all LCPs, being only superseded (by a factor of ~5) by 4He emission, but 
downgrading 3H (by a factor of  ~2) to the third most-abundant LCP. The surprisingly high 
yields for these exotic clusters indicate that they are formed as the stable species inside the 
parent nuclei [28]. However, established theoretical yield estimations [31,32,33] when applied 
to the particle-unstable LCP species, predict about a factor of 4 lower 5He and  7He yields as 
were actually measured. This inconsistency is removed when besides the energetics at 
scission also the spins of the LCPs are considered in calculating LCP yields. In a systematic 
statistical approach, theoretical yields should be multiplied with the statistical weight factor, (2I 
i + 1), with I i  being the spin of the LCPs in states I [5].  With this ansatz, theoretical yield 
ratios 5He/4He, and 7He/6He will increase by a factor of 4 due to the 3/2 - spin of the 5,7He 
ground states as compared to the 0+ spin of 4,6He. It is worthwhile to note that ternary fission 
with the emission of neutron-unstable LCPs provides a source of neutrons that are emitted at 
about right angles to the fission axis, the dominant part coming from 5He, with about one 
neutron in every 1500  binary fission events. This source of neutrons thus may mimic the 
search for so-called scission neutrons [34] thought to be related to the binary fission process. 
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Figure 6. Measured neutron angular distributions from the decay of intermediate LCPs 5He, 
7He and 8Li* of 252Cf(sf), compared to a simulation (solid line). Shown are spectra with (left) 
and  without (right) the background of neutron emitted by the fission fragments.(from Ref. 
[28])  
 
Experiment with super-clover germanium (VEGA) detectors 

In another experiment to be briefly mentioned, the angular correlation of prompt γ-rays in bin-
ary and ternary

 
252Cf was measured with two super-clover germanium (VEGA) detectors  as 

position-sensitive γ-ray spectrometers [35]. Here, the main interest is to study, on the one 
hand, the γ-decay from individual FFs  and, on the other hand, the population of lower-lying 
excited states in the LCPs. The FFs were again detected by an energy and angle sensitive 4π 
twin ionization chamber CODIS2 while the LCPs were intercepted by a number of 24 
improved ΔE-Erest telescopes, permitting to deduce isotopic yield up to Be LCPs [22,36]. For 
the γ-ray angular correlation study, the intensities of individual γ-transitions were measured 
relative to the fission fragment axis. First results indicate a surprisingly large γ-ray anisotropy, 
which seems in agreement with a complete alignment of the initial fragment spins with respect 
to the fission axis [37]. Careful data evaluation of this complicated study is quite laborious  
and final results come slowly. 

Figure 7. Experimental setup for measuring γ-ray angular correlation with binary and ternary 
fission of 252Cf. The detector system CODIS2 measures fission fragments and LCPs. γ-ray 
are intercepted with two super-clover germanium (VEGA) detectors. 
 
Summary and Conclusions 
 
The present experiments on the prompt neutron and γ-ray emission in the spontaneous 
fission of 252Cf has yielded new experimental data. Measuring γ-ray spectra associated with 
TF could clear up the origin of the high-energy component and discover population of excited 
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states in LCPs. The precise measurement of γ-ray anisotropy has told us  that ternary particle 
emission does not influence the alignment of fragment spins. As for prompt neutron emission, 
measured neutron multiplicities and angular correlations between neutrons and LCPs have 
permitted probing excitation energy at scission, and identification of the neutron-unstable nuclei 
5He, 7He and 8Li* as short-lived intermediate LCPs. We finally mention two more recent series of 
experiments aiming at probing nuclear fission dynamics by quite different methods [38,39] 
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Abstract: Fragment mass distributions for fission after full momentum transfer (FMT) were 
measured for the 30Si,31P,34,36S,40Ar + 238U reactions at bombarding energies around the 
Coulomb barrier. The experiment was carried out at the JAEA tandem accelerator facility. We 
observed strong variation of the mass distribution on beam energy and projectile nucleus. In 
the reaction of 36S +238U we observed a transition from symmetry to asymmetry mass 
distributions when the beam energies were decreased from the above-barrier to sub-barrier 
values. The mass asymmetry was AL /AH = 74 /200, which corresponds to the fission valley 
leading to the doubly closed-shell nuclei 78Ni /208Pb. The fission channel is populated by 
quasifission, which is the disintegration without forming the compound nucleus. The incident-
energy dependence is strongly correlated with the prolate deformation of 238U and the 
orientation at the initial impact. The results indicate that the reaction starting at the polar 
collisions on 238U has larger quasifission probability. The mass distributions are nicely 
reproduced by a model calculation using Langevin equation. The 40Ar + 238U reaction also has 
the similar mass asymmetry (AL  /AH  ≈ 78 /200) in quasifission. In the reactions of 31P + 238U 
and 30Si + 238U, mass asymmetries are AL /AH  ≈ 81 /188  and 90/178, respectively. The results 
suggest that the system populated by the reaction using lighter projectile approaches closer 
to the shape of the compound nucleus even when quasifission occurs.  

Introduction 

Experimental challenges to produce superheavy nuclei (SHN) have been carried out by using 
heavy ion fusion reactions [1-3]. Development of a theoretical model to predict cross sections 
for nuclei located at the extreme end of heavy elements is important for the proper selection 
of target and projectile as well as the bombarding energy to produce these nuclei. The 
reaction is considered to proceed in three steps; (1) penetration of the Coulomb barrier 
between two colliding nuclei, (2) formation of a compound nucleus after the system is 
captured inside the Coulomb barrier and (3) survival of the exited compound nucleus to 
produce evaporation residue (ER) against fission (fusion-fission). 
The first step, penetrating the Coulomb barrier, is relatively well understood. Enhancing of the 
capture cross section σcap relative to the one-dimensional barrier penetration model has been 
observed at the sub-barrier energy. For the actinide-based reactions, the enhancement is 
explained by the lowering of the Coulomb barrier when projectile hits the polar sides of the 
prolately deformed nucleus. The second process, forming a compound nucleus (fusion 
probability), is not well understood. A theoretical model must treat the dynamic evolution of a 
system from the initial touching configuration up to the compound nucleus state. In a reaction 
using a heavy target and projectile, quasifission competes against fusion. Once the fusion 
cross section is calculated, it is multiplied by the survival probability, which can be determined 
by a statistical model, to calculate the cross section to produce SHN. 
Measurement of the ER cross sections gives information on the fusion probability. However, 
because of the low production rate for SHN, available data with high statistical accuracy are 
limited. When a model can treat fusion-fission and quasifission in a consistent framework, 
such as the unified theory [4], the measurement of fission properties can be another 
benchmark for testing the model, as fusion-fission and quasifission would have different 
decay properties.  
Fusion reactions using actinide target nuclei are extensively used to investigate SHN. The 
reasons are ; (1) a relatively neutron rich SHN than the cold fusion reactions are produced, 
thus the decay properties of these nuclei have information on the structure in the vicinity of 
the spherically closed-shell at N=184, (2) nuclei having a relatively long half-lives allows a 
study for the chemical property, and (3) the cross sections maintain values of a few picobarn 
even for the production of the heaviest elements [1,5]. The relatively large cross sections for 
SHN produced using a 48Ca beam are explained by a high survival probability of the 
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compound nuclei in competition with fission owing 
to large fission barriers of nuclei in the vicinity of 
the N=184 shell closure. Another reason could be 
a higher fusion probability in reactions using 
actinide targets. Since actinide nuclei are prolately 
deformed, there exists a configuration at which the 
projectiles hit the equatorial region of the deformed 
target nuclei. In this case a compact configuration 
is achieved and the system may have a larger 
fusion probability than the reactions using spherical 
target nuclei such as lead or bismuth. 
We have investigated the effects of nuclear 
orientation on fusion and/or quasifission by 
measuring the fission fragment mass distributions 
and the ER cross sections in the reactions using 
238U target nuclei to obtain information on fusion 
probability. The evolution of the nuclear shape 
from the contact point is largely influenced by the 
structure of the potential energy and the initial 
touching point as shown in Figure 1. At the 
equatorial collisions, the system has a larger 
probability to form the compound nucleus, whereas the polar collisions would give higher 
probability to disintegrate as quasifission. The quasifission is expected to fission through the 
mass-asymmetric channel. 

We also made a theoretical calculation based on a dynamical model using Langevin 
equation to interpret the measured mass distributions, where fusion-fission and quasifission 
fragments are separately determined. With the model calculation, fusion corss sections are 
determined. The results are compared with those determined from the ER cross sections 
produced in 30Si,34S +238U. The production of ER and the measurement of their cross sections 
were carried out at GSI using linear accelerator UNILAC and the velocity filter SHIP [2].  

Experimental details 

In-beam fission measurement 
The mass distributions and cross sections of fission fragments in the reactions of 30Si,31P, 
34,36S,40Ar + 238U were measured using beams supplied by the tandem accelerator of the 
Japan Atomic Energy Agency (JAEA) in Tokai. The experimental set-up and the analysis 
method were described in [6]. The beam 
energies were changed from above-
barrier to sub-barrier values to measure 
the energy dependence of the mass 
distribution as well as the fission cross 
section. The beam intensities were 
typically from 0.1 to 1.0 particle-nA.  
The 238U target was prepared by 
electrodeposition of UO2 on a 90 μg/cm2 
thick nickel backing. Both fission 
fragments (FFs) were detected in 
coincidence by position-sensitive 
multiwire proportional counters (MWPCs). 
The detectors were located on both sides 
of the target each at a distance of 211 
mm and at angles of θ1 = - 61.0o for 
MWPC1 and θ2 = + 90.0o for MWPC2 in 
the reactions of 30Si, 34,36S, 31P + 238U. The 
angles of θ1 = -72.0o and θ2= +72.0o were 
chosen for the 40Ar + 238U reaction. The 
MWPCs covered the emission angles of ± 
25.0o around the detector center. We also 
determined the our-of-plane angles of both 

Figure 1. Potential energy for 274Hs 
produced in the fusion reaction of 
36S+ 238U. 

Figure 2. Distribution for folding angle of fission 
fragments produced in the 30Si +238U reaction. The 
beam energy in the laboratory frame is indicated. 
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fragments Φ1 and Φ2. The time difference, ΔT, between the signals from MWPC1 and 
MWPC2 was measured. The charges induced in both MWPCs contain information on the 
energy deposition ΔE1 and ΔE2 of particles traversing the detectors and were recorded. In the 
two dimensional spectrum of ΔT versus ΔE1+ΔE2, fission events were well separated from 
elastically scattered projectile-target events. 
Fission events occurring after complete transfer of the projectile momentum to the composite 
system (full momentum transfer (FMT) fission) are separated from those fission events 
following nuclear transfer. These latter events occur when fissile targets like 238U are 
irradiated. Figure 2  shows the folding angle distributions for fission fragments produced in the 
30Si +238U reaction. The FMT fissions are located around θfold =148o at the incident energy of 
Elab =179.0 MeV and around θfold = 150o at the lowest energy 140.8 MeV. Fission following 
nucleon transfer has a larger folding angle than the FMT fission in the high energy region of 
Elab= 179.0 MeV, as seen in the tail on the spectra which extends over θfold =160o. In the low 
energy region, nucleon transfer fission is observed with a smaller folding angle of θfold =120o -
140o than the FMT fission. These trends are explained by the angular dependence of the 
transfer reactions, which preferentially occur at grazing angles. The FMT fission fragments 
were separated from the nuclear transfer fission on the (θfold, Φsum) plane, and used for the 
analysis. 

Evaporation residue measurement 
Measurements of ER cross sections were carried out in the reactions of 30Si +238U and 34S 
+238U. The experiments were performed at the linear accelerator UNILAC and the velocity 
filter SHIP at GSI in Darmstadt. The SHIP set-up was essentially the same as described in [2]. 
The 30Si beam was extracted from a 14 GHz ECR ion source using isotopically enriched 
material, 30SiO (99.5% isotopic enrichment). A 34SO2 gas with a 99 % isotopic enrichment was 
used to extract the 34S beam. Average beam intensities at the target position were typically 
0.7-1.0 particle-μA for 30Si and 2.0 - 2.5 particle-μA for 34S. The beam had a pulse structure of 
5.0 ms width at 50 Hz repetition frequency. Details of the experiments are described in [7,8]. 
For the 30Si +238U run, the uranium targets were prepared by evaporation of isotopically 
depleted 238UF4 and condensation on a carbon backing. In the experiment of 34S+238U, the 
targets were prepared by sputtering the depleted 238U metal on a carbon backing. 
The efficiency of SHIP was determined using a Monte Carlo calculation. We obtained a value 
of 11% and 15% for 30Si+238U and 34S+238U, respectively. 
In the focal plane of the SHIP, ERs and their subsequent α decay and/or spontaneous fission 
(sf) were detected by a position sensitive 16-strip Si PIPS detector (stop detector). The 
energy resolution for fully stopped α's was typically 25 - 26 keV (FWHM). Escaping α particles 
or a complementary fission fragments were detected by a 'box detector' which covered 85% 
of the area of the backward hemisphere. Timing detectors were located in front of the silicon 
detector array to distinguish signals from implanted ERs or background particles from 
radioactive decays in the stop detector. The correlated events is identified primarily based on 
a coincidence of the positions of implanted ER, subsequent α decays and/or sf. 

Experimental results 

In-beam fission measurement  
The cross sections for the FMT fissions ( σfiss ) of 30Si +238U are shown in Figure 3 (a) as a 
function of the center-of-mass energy, Ec.m., as well as an excitation energy of the compound 
nucleus, E*. The cross section was obtained by fitting the fragment angular distribution in the 
center-of-mass angle to a function described in [9] and integrating the fitted curve over the 
solid angle. The fission cross section is almost equal to the capture cross section ( σcap ).  
In order to see the effects of nuclear properties on the capture cross sections, we show in 
Figure 3 (a) the calculation using the coupled-channels code, CCDEGEN [10]. The dotted 
curve is the result without considering any collective properties or deformation of the target 
and projectile (one-dimensional barrier penetration model). The dashed curve is the result 
which takes into account the prolate deformation of 238U with ( β2, β4) = (0.275, 0.050) [11]. 
The calculation reproduces within the error the experimental data down to Ec.m. = 129.0 MeV. 
The solid curve is the result additionally taking into account the coupling to the 3- state at 0.73 
MeV in 238U [12] ( β3 = 0.086 [13] ), which reproduces the data at the lowest incident energy of 
125.0 MeV. Low Coulomb barrier for the polar collisions, as marked in the upper part of 
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Figure 3, is the main reason for the enhancement of the capture cross section at the sub-
barrier energies relative to the one-dimensional barrier penetration model. 
The fission cross sections for 34S +238U are shown in Figure 4 (a). The data are compared 
with the coupled-channels calculations. The assumptions given to draw the dotted and 

dashed curves are the same as in Figure 3 (a). To reproduce the lowest data point at Ec.m. 
=140.0 MeV, couplings to 3- state (0.73 MeV) in 238U and to the 2+ state (2.13 MeV [12] ) in 
34S ( β2 = 0.25 [14] ) are taken into account (solid curve). 
Figure 5 (a) shows the mass distributions for the FMT fissions in the  30Si + 238U reaction [15]. 
To draw the mass distribution, we assumed that the mass distributions do not depend on θc.m. 
The distributions are Gaussian with mass symmetry in the energy range from Ec.m. =139.0 
MeV to 154.0 MeV. The shape of the distributions, however, are different for the sub-barrier 
energies at Ec.m.=134.0 and 129.0 MeV. They have asymmetric component around AL/A H = 
90 /178. The difference of the mass distribution at the lowest energy data is characterized 
also by the standard deviation σm as indicated in each panel of Figure 5 (a). The value 
increases from 28.1±1.0 u (139.0 MeV) to 37.5±1.0 u (134.0 MeV). Considering the measured 
ER cross sections Figure 3 (b), as discussed in the following, we conclude that the 
asymmetric fission channel originates from quasifission. 
The mass distributions in the 34S +238U reaction are shown in Figure 5 (b). At the highest 
energy of 170.0 MeV, the distribution is Gaussian with mass symmetry. The σm value of the 
spectrum, however, is far larger than the one for 30Si +238U. Toward the low incident energy, 
the asymmetric fission yield increases sharply around the mass asymmetry AL= 68 and AH= 
204. The mass asymmetry corresponds to the fragments near the double-closed shell nuclei, 
78Ni and 132Sn ( see Figure 1 ). 
A similar observation was made in the study of the reaction 36S+238U→ 274Hs* [6]. The 
phenomenon was interpreted by the effects of nuclear orientation on fusion and/or 
quasifission. At the sub-barrier energy, projectiles collide on the polar sides of the 238U 
nucleus. In this case the reaction starts from a distant contact point with a large charge-center 
distance, which results in a larger quasifission probability than the reactions starting from the 
equatorial collisions ( see Figure 1 ).  

Figure 3. (a) Cross sections for FMT fission 
and (b) evaporation residue cross sections 
for 30Si+238U. Curves are the model 
calculations (see text). 

Figure 4. (a) Cross sections for FMT fission 
and (b) evaporation residue cross sections 
for 34S+238U. Curves are the model 
calculations (see text). 
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Figure 6 shows the mass distributions in the reactions using different projectiles of 30Si, 31P, 
36S and 40Ar. The excitation energy of a compound nucleus is shown in each section of the 
figure. For a fixed excitation energy, a yield for an asymmetric fission channel increases with 
projectile charge, showing that quasifission probability increases due to the larger Coulomb 
repulsive force in the reaction process. The enhanced quasifission yield toward the low 
incident energy are observed for all the reactions owing to the orientation effects. 
In the reactions of 34S+238U (Figure 5 (b)), 36S+238U (Figure 6) and 40Ar +238U (Figure 6), the 
quasifission mass asymmetries are nearly the same, and centered around AL/AH ≈ 68 /204, 74 
/200 and 76 /202, respectively. According to the mass asymmetry parameter α = (AH - AL) / 
( AH +AL) defined by the light (L) and heavy (H) fragment masses, they corresponds to 0.50, 
0.46 and 0.45. These mass asymmetry are closely correlated to the fission channel formed by 
the shells near the double-closed shell nuclei, 78Ni and 208Pb (see Figure 1 ). This channel is 
the same as observed in reactions using heavier projectiles bombarded to actinide target 
nuclei [16], where the reactions of 48Ca + 238U,244Pu,248Cm produce asymmetric fission 
centered at AH ≈ 210 (α = 0.42 ~ 0.46). 
The observed mass asymmetry in the quasifission for 30Si + 238U is α = 0.33 ( AL /A H ≈ 90 
/178 ). The value is significantly smaller than those obtained for 34S,36S, 40Ar + 238U. The 
asymmetric fission channel in the 31P + 238U reaction, α = 0.40 (AL/A H ≈ 81/188), also does 
not fit the shells of 78Ni  / 208Pb. The potential energy landscape of 268Sg produced by 30Si + 
238U has almost the same structure as 274Hs produced by 36S + 238U (see Figure 4 in [6] ). The 
observation of the different mass asymmetry indicates the difference in the evolution of 
nuclear shape in quasifission.  

Evaporation residue measurement  
The measurement of ER cross sections in the fusion of 30Si + 238U was carried out from April 
8 to May 1, 2006. We used three different beam energies of Ec.m. = 144.0, 133.0 and 128.0 
MeV, which correspond to the anticipated maximum cross sections of 5n-, 4n-, and 3n-
evaporation channels. Details of the experimental results are described in [7]. 
 
 

Figure 5. Fragment mass distributions for FMT fissions of the reactions (a) 30Si+ 238U and 
(b) 34S + 238U. Histograms shows a model calculation. The calculated fusion-fission 
spectrum is shown by the filled area. Reaction energy in the center-of-mass system and the 
standard deviation σm of the measured spectrum are shown. 
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At 144.0 MeV, a beam dose of 1.8×1018 was accumulated. We observed three α-decay 
chains starting from 263Sg (5n). We obtained the cross section of 67 (+67

 -37) pb. At the sub-
barrier energy of Ec.m.=133.0 MeV, we observed four spontaneous fission events with a beam 
dose of 4.0×1018. The lifetime of three sf events is similar and relatively short. The half-life 
was determined to be 120 (+126

-44) ms from three sf events. The nucleus was assigned to the 
spontaneously fissioning isotope 264Sg (4n). The cross section for the three 264Sg sf events 
was 10(+10

-6) pb. At the lowest beam energy of 145.5 MeV, no decay events were measured 
with a beam dose of 1.7×1018. An upper cross section limit was determined to be 15 pb at 
68 % confidence level (one event would have had a cross section of 8.2 pb). Measured cross 
sections and/or the cross section limit are shown in Figure 3 (b). 

Production of hassium isotopes in the fusion 
of 34S+238U was carried out from January 1 to 
February 8, 2009. Two different beam energies 
of Ec.m. = 163.0 and 152.0 MeV were chosen, 
corresponding to the maximum 5n- and 4n-
evaporation cross sections. Details of the 
experimental results are described in [8].  
  At Ec.m.= 163.0 MeV, a beam dose of 4.8×1018 
was accumulated. We observed one decay 
chain, which we assign to the production of 
267Hs as shown in Figure 7. The cross section 
for 267Hs was determined to be 1.8(+4.2

-1.5) pb as 
plotted in Figure 3 (b). The value agrees with 
2.5 pb measured in [17] . At the sub-barrier 
energy of Ec.m. =152.0 MeV, a beam dose of 
1.2×1019 was accumulated. In this irradiation, 
one decay chain was identified, as shown in 
Figure 7. We assigned the decay chain starting 
from the new isotope 268Hs. The 9749-keV α-
decay was followed by the sf of 264Sg which 
was produced directly in the 4n-evaporation in 
fusion of 30Si +238U [7]. The obtained cross 
section 0.54 (+1.3

-0.45) pb is shown in Figure 4 (b). Figure 7. Decay chains observed in the 
34S + 238U reaction. 

Figure 6. Fission fragment mass distributions in the reactions of 30Si, 31P,36S, 40Ar + 238U. 
The excitation energy E* of a compound nucleus is shown in each spectrum.  
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Discussions 

For a quantitative analysis of the mass distributions, we performed a model calculation 
combining the coupled channels method and a dynamical description of the reaction based 
on the three-dimensional Langevin equation [18]. The dynamical calculation based on the 
Monte Carlo method was used for describing the reaction paths in the potential energy 
landscape. The two-center shell model was used to calculated the potential energy of a 
nucleus whose shape is defined by z (charge center distance), δ (deformation) and α  (mass 
asymmetry). The deformation of the reaction partners and their orientation in the reaction 
plane was considered. The coupled channels method was first used to compute the 
penetration probability of the Coulomb barrier for a fixed orientation angle. The dynamical 
calculation was then started from the shape at contact configuration for each orientation. 
Fusion is defined as the case when the trajectory enters inside the local energy minimum 
corresponding to the compound nucleus, whereas quasifission is defined as disintegration 
without reaching the minimum. 
The calculated distributions of FMT fragments for 30Si +238U are represented by the 
histograms in Figure 5 (a). The model reproduces the general shape of the distribution as well 
as the feature of the appearance of the asymmetric fission channel and increase of the 
standard deviation σm at the sub-barrier energies. The calculated fusion-fission events in this 
model are shown by the filled areas in Figure 5 (a). It is Gaussian with mass symmetry, and 
the standard deviation of the spectrum σm is nearly constant with 21 ~25 u in the entire 
energy rage. The value is significantly smaller than 37 ~38 u for the measured distributions at 
the sub-barrier energies of 129.0 and 134.0 MeV. Furthermore the calculated fusion-fission 
spectrum  does not show any asymmetric fission channels. The results support the observed 
asymmetric fission to be quasifission. In the calculation, we can determine the fusion 
probability Pfus as the ratio of fusion-fission events to the FMT fission events. By multiplying 
the Pfus to capture cross section ( σcap ), a fusion cross sectionσfus is obtained. The results for 
30Si +238U are shown by the dash-dotted curve in Figure 3 (a). 
The same calculation was made in the 34S +238U reaction as shown in Figure 5 (b). The 
results reproduce the measured distribution, especially transition from symmetric to 
asymmetric mass distributions with different incident energy is well reproduced. The σm value 
in the calculated fusion-fission spectrum is 16 ~ 20 u, which is nearly the same as the 30Si + 
238U reaction. 
The value is about factor two less than those for the measured distribution. A remarkable 
difference between 30Si +238U and 34S +238U reactions is the fusion-fission yield among the 
FMT fissions. Even in the symmetric mass region, the yield drops significantly in the case of 
34S projectile. The fusion cross sections σfus for 34S +238U are shown in Figure 4 (a) by the 
dash-dotted curve. 
To see if the above model is appropriate to estimate the fusion probability, Pfus, a statistical 
model code HIVAP [19] was used to calculate the ER cross sections by inputting the fusion 
cross sections for 30Si +238U ( dash-dotted curve in Figure 3 (a) ), and the results are 
compared them the experimental data. The calculation reproduces the cross sections for 
263,264Sg within errors as well as the cross section limit for 265Sg. Similarly, the model can 
account for the cross sections for 267,268Hs produced in the fusion of 34S +238U as shown in 
Figure 4 (b). If we assume all the fragments were arising from the compound nucleus fission, 
the ER cross sections would have values shown by the solid curves in Figure 3 (b) or Figure 4 
(b). Apparently, this assumption contradicts the cross sections of 264,265Sg and 267,268Hs. 
It is shown in the calculated ER cross sections for 34S+ 238U in Figure 4 (b) that the probability 
for quasifission after the capture process becomes larger toward the low bombarding energy, 
demonstrating the orientation effects. It is consistent with the experimental data of 268Hs and 
267Hs. 
In spite of the reduced fusion probability to produce SHN using heavier projectiles, 34S, our 
cross section calculations reveal a considerable yield for producing relatively neutron rich 
nuclei at energies below the Bass barrier, when targets of deformed actinide nuclei are used. 
Figure 4 (b) shows the cross sections for the 3n evaporation channel, 269Hs. The cross 
section is expected to be comparable to the one for the 4n evaporation residue, 268Hs. By 
applying fusion reaction at the energy below the Bass barrier, the new isotopes 274-277Ds 
(N=164 -167) could be produced in the reactions 34,36S + 244Pu in 3n - 4n evaporation 
channels or 278-281Cn (N =166 -169) in 34,36S + 248Cm reactions also in 3n - 4n channels. Alpha 
decay from these nuclei would populate isotopes of hassium and seaborgium, from which the 
isotopes 272,273Hs  ( N =164 and 165) and 268,269Sg ( N =162 and 163) are not yet known. 
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Similarly, isotopes of odd elements could be produced in reactions with 34,36S beams and a 
243Am target. The ERs and their daughter nuclei includes new isotopes of 273,275,276Rg (N =162, 
164 and 165) and 269,271,272Mt ( N =160, 162 and 163). 

Conclusions 

The mass distributions for FMT fission fragments in the reactions of 30Si,31P,34,36S,40Ar +238U 
were measured at bombarding energies around the Coulomb barrier. The probability of 
asymmetric fission increases at the sub-barrier energy. The phenomenon is interpreted as the 
enhanced quasifission probability, which represents orientation effects on fusion and/or 
quasifission. The ER cross sections were measured in the reactions of 30Si + 238U and 34S + 
238U to obtain information on fusion probability Pfus.  The Pfus decreased significantly for the 
latter reaction, thus showing the enhanced quasifission probability. The conclusion was 
consistent with the theoretical model calculation which is based on the Langevin equation and 
takes into account the orientation of the deformed nucleus 238U, in which fusion-fission and 
quasifission are separately determined. In spite of the significantly low fusion probability at the 
sub-barrier energy, there are fusion probabilities large enough to produce 3n- and 4n-
evaporation residues. In the combination between 34,36S projectile and several actinide target 
nuclei, totally 18 new isotopes could be produced as ER or α-decay descendants. They are 
located in the region of elements from seaborgium to copernicium with neutron numbers N 
>162 so that the gap between the known nuclei produced in cold and hot fusion reactions 
could be filled. 
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Abstract: The  successful  modelling  of  the  fission  process  strongly  depends  on  a  good 
understanding of the particular mechanism of scission, the mass fragmentation and partition of 
excitation  energy.  Experimental  observables  are  fission‐fragment  properties  like  mass‐  and 
energy‐distributions,  as well  as  prompt  neutron  and  ‐ray multiplicities  and  emission  spectra. 
Prompt fission neutrons and ‐rays represent very powerful probes of the nuclear fission process 
near  the scission point. They can be used  to study  the configurations of  fission  fragments very 
close to the scission point and to better understand how the total excitation energy available in 
the  fissioning  system  gets  transferred  to  intrinsic  excitation  in  the  fragments.  Average 
observables as e.g. the average prompt fission‐neutron and ‐ray spectra or their corresponding 
multiplicities  are  not  sufficient  to  provide  clear  answers  to  remaining  open  fundamental 
questions about the fission process. Those quantities should preferably be known as a function of 
fission‐fragment mass  and  excitation  energy.  This  paper  aims  at  discussing  today's  and  future 
activities  on  measurements  of  ‐ray  data  with  a  particular  emphasis  on  the  recent 
implementation of state‐of‐the art fission‐fragment and ‐ray detectors. 
 

Introduction (the past) 

In nuclear fission pairs of fission fragments with different mass and kinetic energy are produced 
[1]. This process is accompanied by prompt neutrons and ‐rays, emitted from the highly excited 
fission  fragments  (FF).  Experimental  observables  are  FF  properties  like  mass‐  and  energy‐
distributions,  as well  as prompt neutron and ‐ray multiplicities  and emission  spectra. Prompt 
fission neutrons and ‐rays represent very powerful probes of  the nuclear  fission process near 
scission.  They  can  be  used  to  study  the  configuration  of  fission  fragments  very  close  to  the 
scission point and may help to better understand how the total excitation energy available in the 
fissioning system gets transferred into intrinsic excitation in the fragments. Average observables 
as e.g. the average prompt fission‐neutron and ‐ray spectra or their corresponding multiplicities 
are not sufficient to provide clear answers to remaining open fundamental questions about the 
fission process. Those quantities, however,  are needed  in attempts  to  fully describe  the  fission 
process and  should,  therefore,  be known as a  function of  fission‐fragment mass and excitation 
energy as well.  
About  ten  percent  of  the  total  energy  release  in  the  core  of  a  standard  nuclear  reactor  is 
accounted  for  by  the  ‐ray  energy  released  in  fission,  of which  40% or  8 MeV  result  from  the 
prompt γ‐decay of  fission products  [2]. Although  the  characteristics of  the ‐ray emission,  e.  g. 
multiplicity,  total energy and energy distribution,  is  fairly well known  for neutron capture and 
inelastic neutron scattering, fission γ‐rays are the major source of uncertainty in the modelling of 
‐heating.  Since  four  out  of  six  nuclear  systems  identified  by  the  Generation‐IV  international 
forum are fast reactors, a very innovative core design is required in order to respond to the high 
performance  expected  of  those  future  systems.  One  particular  challenge  in  modelling  new 
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generation reactor neutron kinetics is to calculate the γ‐heat deposition in e. g. steel and ceramics 
reflectors without UO2 blankets. According to Ref. [3] those modern designs require ‐heating to 
be  known  with  an  uncertainty  as  low  as  7.5%  (1σ).  The  comparison  of  various  benchmark 
experiments  with  calculated  γ‐heating  shows  a  systematic  underestimate  ranging  from  10  to 
28%  for  the  main  fuel  isotopes  235U  and  239Pu.  This  is  attributed  to  deficiencies  in  ‐ray 
production data in evaluated nuclear data files [4].  
Relevant data found in modern nuclear‐data libraries all date back to experiments performed in 
the  early  1970’s  [5‐7]  and,  experimental  ‐ray data  correlated with  fission‐fragment mass  and 
kinetic energy were obtained in the 1960s and 1970s for 235U(nth,  f) [8,9] and 252Cf(SF) [10‐12] 
and are  reviewed  in Ref.  [13].  In  a  recent modelling  exercise of neutron emission  from  fission 
fragments  by means  of  a  Monte‐Carlo  approach  [14]  the  authors  achieved  a  reasonably  good 
description of  the  average  ‐energy  released  in  fission,  but  they were unable  to  reproduce  the 
experimentally obtained dependence as a function of the fission fragment mass. 
In  all  those  experiments  NaI  scintillation  detectors were  used  as  ‐ray  spectrometers with  an 
ionization chamber as fission trigger. However, NaI detectors are today proven to be inferior with 
respect  to  energy  and  timing  resolution  as  well  as  to  efficiency.  Therefore,  requests  for  new 
measurements  on  prompt  ‐ray  emission  in  the  reactions  235U(n,  f)  and  239Pu(n,  f)  have  been 
formulated  and  included  in  the Nuclear Data High Priority Request  List  of  the Nuclear  Energy 
Agency (NEA, Req. ID: H3, H4) [15,16].  
In the following we report on on‐going experimental activities within our collaboration. 

Feasibility study on fission -ray measurements (the present) 

In order to take up the challenge and to arrive at new and precise correlated ‐ray emission data, 
the problem of  efficient neutron/‐ray  separation has  to be  solved. This  is usually  achieved by 
means  of  the  time‐of‐flight  and  the  pulse‐shape  discrimination  techniques,  which  requires 
excellent timing resolution of the measurement system. Additionally, the measurement requires 
an instrument with high detection efficiency to assess correlations with fission‐fragment masses 
and total kinetic energies. A promising step towards better data might be achieved by using the 
recently  developed  cerium‐doped  lanthanum‐chloride  (LaCl3:Ce)  crystal  scintillation  detectors, 
which have shown to provide a timing resolution better than 500 ps [17,18] together with a more 
than 40% better energy resolution compared to NaI, i.e. less than 4% (FWHM) compared to 6.5% 
at 662 keV (137Cs) [17,19]. 
Below we present the results of the characterisation of a coaxial 1.5"  1.5" (38 mm in diameter 
and  38  mm  in  thickness)  LaCl3:Ce  detector  in  terms  of  energy  calibration  and  resolution, 
linearity, intrinsic efficiency, timing resolution and intrinsic radioactivity. Then, we show results 
from a first in‐situ spectral measurement of prompt fission ‐rays with this detector and discuss 
the discrimination of prompt fission ‐rays from prompt neutrons. 
 

Detector characterisation 
The  three  LaCl3:Ce  detectors  were  produced  by  the  company  SCIONIX  [20].  Details  about  the 
detectors  and  their  characterisation may  be  found  elsewhere  [19].  Here,  we  present  only  the 
essential  results,  i.e.  energy  resolution,  intrinsic peak efficiency and  intrinsic  timing resolution, 
and recall details of the set‐up where necessary for understanding the present work.  
In the left part of Fig. 1 the energy resolution (FWHM in %) of detector SEB 347 is shown for the 
energy range from 80 keV to 7000 keV. As indicated by the straight  line, the resolution follows 
the expected E‐1/2 dependence. A comparison with a NaI(Tl) detector of same size shows a 40% 
better  energy  resolution. At  the  same  time  the  intrinsic  peak  efficiency  for  a LaCl3:Ce detector 
turned out to be 52% larger [19]. 
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Figure 1. Left: Energy resolution as a function of -ray energy as FWHM in % for the LaCl3:Ce detector 

SEB347 (black dots) compared to the resolution of a NaI(Tl) of same size (blue dot) [19]. The 
lines indicate the expected E-1/2 dependence. Right: Coincidence timing resolution for two 
similar LaCl3:Ce detectors (SEB 345 and 347) for -rays of all energies (black) and with a 
threshold set just below 1173 keV. 

 
In the right part of Fig. 1 the coincidence timing spectra of two identical LaCl3:Ce detectors are 
shown. In one case the spectrum was taken over the whole ‐energy range (black line, left scale). 
In the other case an energy threshold was set  just below the 60Co full peak energy at 1173 keV 
leading to an intrinsic timing resolution of 441 ps. The overall intrinsic timing resolution of 630 
ps leads to an improvement of at least a factor of 5 compared to the NaI(Tl) detectors employed 
in  the  past.  From  References  [21,22]  we may  expect  that  LaBr3:Ce  detectors  possess  an  even 
better timing resolution by about 50%. Also the energy resolution of LaBr3:Ce detectors is better 
by 25% [23]. A characterisation of  those detectors  is on‐going, but below a  first application  to 
spectral prompt fission ‐ray measurements will be reported about. 
For  supplying  the  fission  trigger  in  our  experimental  set‐up  artificial  diamond  material  was 
chosen.  Detectors  made  from  diamond  are  known  to  be  radiation  resistant  and  to  have  an 
intrinsic timing resolution below 50 ps for relativistic heavy ions [24,25]. As depicted in the left 
part of Fig. 2, a fission‐fragment time‐of‐flight distribution from the spontaneous fission of 252Cf is 
shown,  obtained  with  two  identical  artificial  diamond  detectors  used  for  the  start  and  stop 
signals. From a Monte‐Carlo simulation, with the coincidence timing resolution as free parameter, 
the intrinsic timing resolution for fission‐fragments was inferred to be better than 150 ps. Details 
about the characterisation of the diamond detectors may be found in Ref. [26]. It is evident that 
diamond‐based  fission  fragment  detectors  are  well  suited  for  our  contemplated  fission  ‐ray 
measurements,  because  they match  the  excellent  timing  resolution  of  our  lanthanum‐chloride 
detectors. 
 

 
 
Figure 2. Left: Time-of-flight spectrum of fission fragments taken with two identical detectors made from 

artificial poly-crystalline diamonds (dots) [26]; the lines represent Monte-Carlo simulations 
assuming different intrinsic timing resolutions, int. Right: detector configuration as used for 
the first spectral fission -ray measurements; the detectors are placed 30 cm away from the 
fission source. 

 

1 LaBr3 2” x 2” 

3 LaCl3 1.5” x 1.5” 252Cf(SF) 
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Since  poly‐crystalline  diamond  detectors  are  used  in  the  single  (v,  E)  version  of  the  VERDI 
fission‐fragment spectrometer [26], we coupled a series of lanthanum‐halide detectors to it at a 
distance of 30 cm from the fission source. A photo of such an experimental set‐up is shown in the 
right part of Fig. 2. 
 

First in-situ test measurements 
We conducted a first test measurement with 235U as target nucleus with the cold neutron beam of 
the Budapest Research Reactor, where we employed different  lanthanum halide detectors. The 
experiment  was  performed  in  parallel  with  a  feasibility  study  of  the  fission‐fragment 
spectrometer  VERDI.  A  235U  sample  of  113  g/cm2  was  placed  on  top  of  a  1  cm2  large  poly‐
crystalline artificial diamond detector at the centre position of VERDI.  The scintillation detectors 
were placed as  shown  in  the  right part of Fig. 2, but one of  the 1.5" 1.5" LaCl3 detectors was 
replaced by a 3"  3" LaCl3 detector, which was produced by Saint Gobain [27]. In the following 
part of the report we focus on presenting data taken with this large detector. Due to the very high 
detection  efficiency  of  this  detector  and  the  enhanced  intrinsic  activity  from  the  radioactive 
isotope  138La,  which  is  proportional  to  the  crystal  volume,  we  had  to  apply  a  low‐energy 
threshold around 400 keV as visible in Fig. 3. 
In a two‐dimensional matrix (time‐of‐flight versus ‐energy) three different time‐of‐flight (TOF) 
regions  may  be  distinguished.  An  example,  applied  to  another  measurement,  is  given  further 
below. The first TOF region closest to the instant of fission contains prompt fission ‐rays as well 
as  random coincidences due  to  the  intrinsic  activity  and  thermal‐neutron  induced background 
reactions.  This  spectrum  is  quasi‐continuous  and  shows  almost  no  structure.  The  second, 
adjacent  region  shows  single  ‐lines  corresponding  to  the  decay  of  spin  isomers  in  the  fission 
fragments  with  half‐lives  of  T1/2  = O(1  ns)  and  from  inelastic  scattering  reactions  of  prompt 
fission  neutrons  in  the  detector  or  in  the  construction  materials.  The  third  region,  finally, 
contains  only  random  coincidences  with  natural  radioactivity  and  the  intrinsic  activity  of  the 
detector.  
From an energy calibration, performed directly after the measurement campaign, we are able to 
identify activation products, here 56Mn from the 56Fe(n, p) reaction, induced by fission neutrons. 
Those  peaks  appear  also  in  the  third  region  of  the  TOF  spectrum,  which  allows  an  efficient 
correction of  the prompt fission ‐ray spectrum.  In the  left part of Fig. 3 we show a calibration 
spectrum taken after irradiation, which shows, beside the calibration sources 60Co and 207Bi, the 
decay of the activation product 56Mn. In the right part of Fig. 3, which corresponds to a cut in the 
third  region  of  the  TOF  spectrum,  the  same  lines  of  the  56Mn  decay  may  be  identified.  More 
details about the measurement and the analysis of the ‐ray spectra are given in Ref. [28].  
 
 

 
 
Figure 3. Left: Calibration spectrum taken after the spectral measurement of prompt fission -rays (see 

text); right: -ray spectrum for a time-of-flight region that corresponds to region 3 as defined in 
the text. Note that the -peak from the decay of the fast-neutron activation product 56Mn 
appears in both spectra. 
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Figure 4. Normalized prompt fission -ray spectrum for a 3" x 3" LaCl3:Ce detector taken from the 

reaction 235U(nth, f) (black line) and -rays produced in fast-neutron reaction in construction 
materials (blue line). All spectra are background corrected, but no response function was 
applied yet. The dashed line corresponds to systematics established by Verbeke et al. [29], 
based on earlier experimental data [30], and serves to guide the eye. 

 
Already in this application the choice of lanthanum‐halide detectors turned out to be successful. 
Firstly, the very good timing resolution permits clean distinction of the different reactions taking 
place as a function of time after the occurrence of  fission. Secondly, the good energy resolution 
leads  to  a  reasonable  identification  of  individual  reactions  induced  by  the  different  neutron 
source, at the same time allowing online monitoring of the instrument stability. 
With  these  tools  at  hand  we  corrected  the  ‐spectra  taken  for  the  first  two  TOF  regions  for 
possible contributions from background reactions. The resulting net spectra are shown in Fig. 4. 
The blue spectrum contains only events from fast‐neutron induced reactions and isomeric decay 
of fission fragments. Prompt fission ‐rays are indicated by the black histogram reaching up to 10 
MeV in energy.  However, we have to underline, that the shown spectra are not yet corrected for 
the  energy  dependent  response  of  the  detector.  Still,  we  compare  the  results  from  our 
measurements with a systematic trend established by Verbeke et al. [29] on the basis of earlier 
experimental data [30], indicated by the dashed line together with the mathematical description 
in  Fig.  4.  The  comparison  between  our  data  and  the  systematic  trend,  albeit  preliminary, 
indicates  already  the  positive  features  of  the  new measurement  set‐up  and  demonstrates  the 
capability of lanthanum‐halide detectors for prompt fission ‐ray measurements. 
In a following campaign we measured ‐rays from the reaction 252Cf(SF) with a 2" 2" LaBr3:Ce 
detector.  In  the  left part of Fig. 5 we show the prompt  fission ‐ray spectrum (black),  together 
with the spectrum from fast‐neutron induced reactions (blue), which both may be compared with 
those  in  Fig.  4.  The  green  spectrum  represents  the  background,  where  the  intrinsic  activity 
appears  mainly  around  800  and  1460  keV  as  well  as  between  1800  and  2600  keV,  which  is 
typical  for  lanthanum‐halide  detectors  [22].  An  even more  interesting  feature  is  visible  in  the 
right  part  of  Fig.  5.  In  a  two‐dimensional  presentation  of  time‐of‐flight  vs.  pulse  height many 
(vertical) ‐lines are observed. Since their time distributions all have in common that they start 
right after the detection of prompt fission ‐rays,  i.e. below the dashed line, their origin may be 
attributed  to  inelastic  neutron  scattering  in  the  detector  or  in  structural  materials  of  the 
measurement  cabin. Moreover, depending on neutron energy,  the  time distribution  for a given 
de‐excitation ends, where the corresponding time‐of‐flight of a neutron is in accordance with its 
kinetic  energy.  This  is  indicated  by  the  dotted  line  in  the  right  part  of  Fig.  5,  where  also  two 
examples are given for the ‐decay of the first excited state of 81Br (276 keV) and 56Fe (847 keV), 
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respectively.  It reflects the fact that the minimum kinetic energy of the neutron necessary for a 
certain excitation is equal to the excitation energy.  
 
We observe, that due to the excellent timing resolution neutrons with energies up to 18 MeV may 
easily being separated  from prompt  fission ‐rays and  that neutron spectrometric data may be 
obtained as well. This leaves neutrons as observables during fission ‐ray measurements rather 
than as an unwanted background. 
 

Conclusions (the future) 

In  this  paper  we  have  presented  a  new  set‐up  for  measuring  fission  ‐rays,  which  will  allow 
assessing their emission characteristics as a function of fission fragment mass and kinetic energy. 
The new  lanthanum‐halide  scintillation detectors  fulfil  the  requirements  set out  for measuring 
prompt  fission  ‐rays  with  respect  to  energy  resolution,  intrinsic  peak  efficiency  and  timing 
resolution.  The  by  40%  improved  energy  resolution  enables  the  distinction  of  the  origin  of  a 
detected ‐ray, as it may be from fission fragment de‐excitation, inelastic prompt fission‐neutron 
scattering as well as neutron capture. The excellent timing resolution, in conjunction with fission 
detectors  based  on  artificial  diamond,  allows  almost  perfect  separation  of  prompt  fission 
neutrons  from  ‐rays  already  at  short  flight  paths.    The  influence  of  the,  in  some  cases, 
considerable  intrinsic  radioactivity  of  the  detector  crystals  is manageable, when  a  coincidence 
condition  is  applied.  The  analysis  of  the  time  distribution  of  each  ‐line  produced  in  (n,  n’) 
reactions  leaves  prompt  fission  neutrons  as  a  valuable  observable  rather  than  as  unwanted 
background. This feature of lanthanum‐halide detectors will be subject of future investigations. 
We  expect  further  improvement  from  the  experimentalist’s  point  of  view  when  single‐crystal 
diamonds will  be  available  at  reasonable  size  (total  area  of  the  order  of  1  cm2).  Then  fission‐
fragment spectrometry will become possible with reasonable mass resolution, i.e. comparable to 
the  one  obtainable with  ionization  chambers.  The  expected  compact  geometry will  then  allow 
measuring  correlations  between  spectral  shape  and  multiplicity  of  prompt  fission  ‐rays  and 
fission‐fragment  excitation  energy  within  reasonable  measurement  times.  We  plan  first 
correlation measurements in the second half of 2011. 
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Figure 5. Left: Normalized prompt fission -ray spectrum taken from the reaction 252Cf(SF) (black line), 

-rays produced in fast-neutron reactions in construction materials (blue line) and background 
spectrum (green line); the first two spectra are background corrected, but no response 
function was applied yet. Right: Distribution of time-of-flight (TOF) vs. pulse height. The 
fission -rays are represented by a horizontal area around TOF channel 960 (dashed line), 
while the vertical lines represent -rays from reactions induced by prompt fission neutrons. 
The dotted line connects the points of neutron TOF versus energy, which indicates the 
minimum energy -ray that can be induced by inelastic scattering of a neutron of a certain 
energy (see text for details). 
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Abstract: We present a methodology to assess fission prompt neutron multiplicity for 
neutron induced fission reactions. This methodology is based on the statistical decay of 
fission fragments where the neutron/γ emission competition is taken into account. We have 
evaluated the predictive power resulting from the equal nuclear temperature approximation 
concerning the partitioning of the Total Excitation Energy among heavy and light fragments at 
scission. The γ-ray strength function and the level density used in the decay of fragments are 
other relevant parameters that have also been studied. 
Neutron-induced fission on 235U has been calculated over a large range of neutron incident 
energies (0.01-30 MeV). The neutron multiplicity probability distribution P(ν) as well as the 
average prompt neutron energy has also been computed and compared with other 
estimations and experimental data. 
 
Introduction 

New nuclear systems such as those proposed for Gen-IV and ADS reactors require new and 
improved nuclear data in order to better develop them with uncertainties as low as possible; 
for example the minor actinides cross section for their transmutation. Specifically the 
knowledge of fission prompt neutron multiplicity and spectrum is a key-point in the design of 
nuclear applications. Consequently, the implementation of a systematic analysis that provides 
an evaluation of both data as accurately as possible is of great interest. 
In our description of neutron-induced fission reactions, the decay of the excited fission 
fragments is modeled and computed by TALYS code (Ref. 1). This code is used to follow the 
statistical decay of the fission fragments in order to collect all neutrons emitted. This is done 
by looking at the neutron production cross section. TALYS is based on the optical, pre-
equilibrium and Hauser-Feshbach models. It calculates partial and total fission cross sections, 
γ-ray and neutron production cross sections, total exclusive (n,γ), (n,n’), (n,2n), (n,3n), ... 
cross sections and their corresponding emission spectra, among other quantities. This code 
does not only model nuclear reactions, but also describes the decay of an initial populated 
nucleus, which will be the main utility of TALYS for this study. An important advantage of our 
procedure compared to other models is that we explicitly account for the γ/neutron emission 
competition in the fission fragment decay. 
 
Methodology 

We present here the main points of the systematic analysis carried out in this study. The first 
point is the accurate description of the neutron-induced fission reaction in terms of the fission 
cross section. For this task we used TALYS code. It provides us with the total fission cross 
section, as well as with all the partial and exclusive fission cross sections (n,f), (n,nf), (n,pf), 
(n,2nf), (n,npf), (n,df), …. These exclusive fission cross sections are needed when the 
incident neutron energy is large enough to open the corresponding decay channels. This 
means that second, third, etc fission chance channels are open and the neutron multiplicity 
should account not only for neutrons emitted by fragments, but also for those emitted before 
fission.  
Once the fissioning nuclei are known, the next point is the fission fragment yields. In the 
present work, fission mass distributions have been taken from Wahl's evaluation (Ref. 2) in 
which the latter are given in terms of the specific incident neutron energy. The multi-fission 
chance is also treated for higher incident energies.  
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After the selection of fragment pairs, the energy release in fission for each fission possibility is 
nothing but the difference in mass of the fission fragments and the compound nucleus. For 
the first fission chance, the excited energy of the compound nucleus 236U is thus: 

 

where M is the mass, Einc is the incident neutron energy and Bn is the neutron binding energy. 
The above expression is generalized for the subsequent fissioning nuclei: 

 

 

where <εn
(n,nf)> is the average energy of the evaporated neutron prior to fission. 

The energy Q released by the first fission chance is then: 

 Concerning the Total Kinetic Energy Distribution (TKE), no phenomenological deduction has 
been used. On the contrary experimental data has been utilized to parameterize such a 

distribution as a Gaussian where both the mean value TKE  and the width σ depend on the 
fragment mass. For the thermal neutron induced fission on 235U, Ref. Error! Reference 
source not found. to Error! Reference source not found. were the experimental data used, 
so that : 

 

Since TKE is assumed to be a Gaussian, on the right-hand side of Gaussian tail, the TKE can 
be larger than Q. We then neglect such cases applying the energy conservation condition.  

If it is easy to see that the Total Excitation Energy is the difference between Q and TKE, it is 
not so easy to divide the total energy among light and heavy fragment. In fact a hypothesis  
must be adopted to share the remaining excitation energy between both fragments. As a first 
approximation, we have adopted the equal nuclear temperature approximation, and thanks to 
the nuclear equation of state U=aT2 supposed to be valid for each individual fragment with 
excitation energy U, this leads to the expression: 

 

where aH and aL are the level density parameters of the heavy and light fragments, 
respectively. Once this approximation is adopted, the initial population of every fragment is 
available and TALYS can then compute the decay by statistical emission of prompt neutrons 
in competition with other open channels. In Figure 1, the energy released in fission Q and the 
Total Kinetic Energy TKE (obtained using the previously described procedure) are plotted as 
a function of the fission fragment mass for 0.01 MeV incident neutron fission. 
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Figure 1. Fission Q-value and TKE as a function of the Fission Fragment Mass 

The way of estimating any particle multiplicity in this work is through the emission cross 
section. The ratio between the neutron production cross section and the initial population of 
the fissionning fragment gives us the number of neutrons that have been emitted in the decay 
process.  

Once we know the contribution of each fragment, we sum all them up, and then we take into 
account the contribution of all the fissionning nuclei provided not only the first fission chance 
is open. The weighting factor for the fragments summation is the fission yield yFF. For the 
fissioning nuclei summation the weighting factor is the ratio of the individual fission cross 

section and the total fission cross section fiss
TOTAL

fiss
FN  / . In addition to the neutron emission 

coming from the decay of fragments, another source of fission neutrons (those emitted prior 
to fission) has to be accounted for. This is done thanks to multiple chances fission cross 
sections provided by TALYS (more details can be found in Ref. Error! Reference source not 
found. and Error! Reference source not found. regarding this point), so that finally: 

 

where yFF is the fission fragment yield, nn
FN is the number of pre-fission neutrons associated 

to the fissioning nucleus FN. 

The multiplicity distribution P(ν) is computed as the sum of exclusive reactions which 
generate ν prompt neutrons. For P(0) we add all exclusive reaction with no neutron emission, 
that is p, d, t, 2p, 2d, …; P(1) would be made by all contributions with one and only one 
neutron emission, that would be, n, np, nd, n2p, etc. and so on according to the multiplicity. 

 

In the above formulae, σx
FN-FF is the exclusive reaction cross section for the channel x, where 

x can be gamma, neutron, proton, etc. 

The global multiplicity distribution should be an average of all the fission fragments in all the 
fission chances ways. Moreover the neutrons emitted before fission nNF

n should be included in 
the description by offsetting the corresponding multiplicity distribution by nNF

n units. Therefore 
the global multiplicity distribution is: 

 

where 

 

 

 

The average prompt neutron energy of a given fission fragment is estimated using the centre 
of mass (C.O.M) emission spectra provided by TALYS, which is averaged over all energy 
bins: 
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where 
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 is the energy spectrum and 
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 is nothing but the 

neutron production cross section.  

For the average pre-fission neutron energy  nfn
n

, , we employ the same procedure, using the 

neutron spectrum of the (n,nf), (n,npf), (n,2nf), etc reactions. Actually such pre-fission neutron 
energy is also needed to estimate the excitation energy of the residual fissionning nucleus in 
second and successive fission chances. 

Finally the global prompt neutron energy for the neutron induced reaction is an average over 
all fission fragments and pre-fission neutron sources (νPF

FN) 

 

where 
FN
PF is the average kinetic energy of evaporated neutrons prior to fission. 

Results 

We have performed calculations with neutron energies ranging from 0.01 to 30 MeV for 
n+235U reaction. Since TALYS contains many options and parameters for driving its statistical 
model module, we have studied the influence of level density parameters and γ-ray strength 
functions on prompt neutron emission. Therefore we have computed two sets of calculations, 
one with the Fermi gas phenomenological level density model and a Kopecky-Uhl generalized 
Lorentzian for the γ-ray strength function (what will be called TALYS-ph) and the other with 
microscopic level densities and Hartree-Fock-Bogoliubov γ-ray strength functions (called 
TALYS-mic). 

 

Figure 2. Total Excitation Energy and Fragment Excitation Energy 

In Figure 2, the mean value of the total excitation energy available for both fragments as a 
function of the fragments mass for a 0.01 MeV 235U neutron induced fission is shown 
(squares) as well as the excitation energy of each fragment (crosses). The effect of the 
energy partition approximation can be observed. The sharp drop in the A=120-130 region is 
due to the difference between the energy released in fission and the total kinetic energy as 
shown in Figure 1, where the Q-value is almost constant while the TKE increases. 
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Figure 3. Average Prompt Neutron Multiplicity for n(0.01 MeV) + 235U 

In Figure 3, the average prompt neutron multiplicity as a function of the fission fragment mass 
obtained for 0.01 MeV incident neutrons on 235U is plotted. We compare our results with 
experimental data (Ref. Error! Reference source not found. and 9). The general trend of 
the data (the sawtooth shape) is accounted for by our results, both TALY-ph and TALYS-mic 
which are practically the same. There are, however, sizable differences between our results 
and experimental data. The largest disagreement occur in the symmetric fission mass region 
where the yield is low, thus limiting the effect of such a mismatch. There are also some 
differences in the region of the light and heavy asymmetric fission, but they are smaller and of 
opposite directions. This fact has to do with the partition approximation which is analyzed in 
the following figure. 

 

Figure 4. Average Neutron Multiplicity for n(0.01 MeV) + 235U with different Energy Partitions 

We have made some sensitivity analysis with respect to the partition of the energy. Starting 
from the equal nuclear temperature approximation, we have indeed increased the light 
fragment energy 5, 10 and 15% to study the effect on the fragment multiplicity. The impact on 
both light and heavy mass zone is shown in Figure 4. Comparing with Nishio data, we can 
see that the set of results that are closer are those with an increase of 15% in the light 
fragment energy. We can conclude that, in our systematic, the partition energy approximation 
results in an overestimation of the neutron multiplicity for the heavy asymmetric fission region 
and underestimates in the light fragment region.  
The prompt neutron multiplicity distribution is shown in Figure 5. In the panel on the left, we 
compare our results with the experimental data of Diven et al. (Ref. Error! Reference source 

not found.) for 0.01 MeV incident neutron. Notwithstanding the difference of  , both 
distributions look similar, and the maximum value of the neutron multiplicity distribution is 
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located at the same value ν=2. In the right-panel, results for 0.53 MeV incident neutron 
energy are shown. Here our results are compared with those coming from Monte Carlo 
simulation (Ref. Error! Reference source not found.). Large differences are observed 
between them. For example, our multiplicity distribution peaks at ν=2 while Lemaire's peaks 
at ν=3. Moreover, our calculation (TALYS-ph) produces an average prompt neutron 

multiplicity value of 45.2  whereas the Monte Carlo model estimate reaches 73.2  
using the same equal temperature energy partition hypothesis. The experimental result (Ref. 

Error! Reference source not found.) gives 46.2  and is thus in closer agreement with 
our predictions. 
The effect of phenomenological or microscopic parameters in the TALYS calculation results in 
slight differences for fragments near A=91 and 143. These changes seem quite small and 

produce a change of   from 2.40 for the TALYS-ph calculation to 2.39 for TALYS-mic.  

  

Figure 5. Neutron Multiplicity Distribution P(nu) for 0.01 and 0.53 MeV Incident Neutron 
energy 

The average prompt neutron multiplicity as a function of the incident neutron energy is shown 
in Figure 6. Our results are compared with the ENDF-B VII.0 evaluation library as well as with 
experimental data (Ref. 12). For low incident energy a good agreement is obtained, whereas 
for higher incident energy (from 10 MeV on), larger differences are obtained. This fact shows 
us that our treatment of various open fission channels should be improved. 

 

Figure 6. Neutron Multiplicities in terms of the Incident Neutron Energy 

The average prompt neutron energy is shown in Table 1. Our results are smaller than those 
of Los Alamos (Ref. Error! Reference source not found.) and Monte Carlo code (Ref. 11). 
As it stands now, our model produces less neutrons which are on average less energetic than 
the other models. Figure 7 shows the average prompt neutron energy as a function of the 
fission fragment mass. Our results lay below experimental data and point by point results 
(Ref. 14). From A=115 until A=130, TALYS-ph and TALYS-mic give considerable differences 
in the average energy, the microscopic fragment decay providing in particular larger average 
neutron energy. The modification obtained by increasing by 15% the excitation energy of light 
fragments produces as a consequence higher neutron energy of light fragments and lower 
neutron energy of heavy fragments, as expected. 
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Table 1. Average Prompt Fission Neutron Multiplicity and Energy 

 

n(0.53MeV)+235U  εCOM(MeV) 

TALYS-ph 2.45 1.04 

TALYS-mic 2.44 1.09 

Monte Carlo (Ref. 
Error! Reference 

source not found.) 

2.73 1.241 

Experimental 2.46 (ref. 

Error! 

Reference 

source not 

found.) 

1.269(ref. 

Error! Reference 

source not 

found.) 

 

 

Figure 7. Average Neutron Emission Energy 

 

Conclusions and Projects 

In this study we have presented a method to compute prompt neutron multiplicity which 
accounts for the competition between neutron and γ emission. The computational tool is the 
TALYS code, which describes the fission fragment decay within the statistical model 
framework. We simultaneously collect the various emitted neutron spectra, and process them 
to produce the usual average prompt neutron multiplicity, multiplicity distribution, and average 
energy. Our calculations of these quantities have been compared with available experimental 
data as well as with results from other models. 
The equal nuclear temperature approximation has been used for the partition of the Total 
Excitation Energy, and since the obtained results do not match experimental data very well, 
we have made afterwards some modifications by increasing the light fragment energy (and 
correspondingly decreasing the heavy fragment energy) by an amount of 5%, 10 and 15%. 
The 15% growth results appear to be quite close to the experimental results. This means that 
the partition approximation we use underestimates the light fragment energy and 
overestimates the heavy fragment energy. 
We have also investigated the influence of various parameters driving the statistical decay 
such as the level densities and γ-ray strength functions. Moving from phenomenological to 
microscopic parameters induces differences that are not negligible and worth further 
investigations.  
In general, although general trends seem to be well described by our model, we do not reach 
the level of precision needed for applications. The main reason for this mismatch is most 
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likely the hypothesis used for populating the initial fission fragment distribution. Our next task 
will be to implement more realistic initial fragment populations in our model and investigate 
their influence on prompt neutron distributions. 
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Abstract: The nuclear liquid drop model and the the shell correction method, have been adapted
for neutral and charged atomic clusters. We used the macroscopic-microscopic method to in-
vestigate neutral hemispheroidal atomic clusters deposited on a surface. Compared to nuclei, in
which the electric charge of protons is assumed to be homogeneously distributed in the volume,
in metallic atomic clusters the excess charge of electrons produced by ionization is concentrated
on the surface. The most important yield in fission of charged metallic clusters is usually ob-
tained when the light fragment is a singly charged trimer (the analog of an α-particle with magic
number of delocalized electrons ne = 2). In this case both the shell corrections and the LDM
deformation energy have minima at the same mass asymmetry which corresponds to the trimer
emission. Charged metallic clusters are ideally emitters of α-clusters.

Introduction

The density functional theory [1] is successfully employed in the field of atomic cluster physics.
Alternatively, with less computational effort, one can use some simple models [2] replacing the
many-body effects by an effective single-particle potential, since to a good approximation the
delocalized conduction electrons of neutral small metallic clusters form a Fermi liquid like the
atomic nucleus [3]. The liquid drop model (LDM) dominated for many decades the theory of
nuclear fission, starting with the first explanation of the induced fission process. We have used
the LDM to develop the analytical superasymmetric fission model [4] allowing to predict in 1980
heavy particle radioactivity [5, 6]. For the ground state properties of neutral clusters or the
fission of charged clusters, the LDM expresses the smooth part of the total energy to which the
shell corrections [7, 8] may be added.
The nanostructured coating of surfaces by cluster deposition is at present a rapidly growing field.
By analyzing some shapes of cluster deposited on a surface obtained by using scanning probe
microscopy [9, 10], one can see that a semi-spheroid with the z axis of cylindrical symmetry
oriented perpendicularly on the surface plane may be a good approximation. Since 2007 we
adapted the macroscopic-microscopic method to semi-spheroidal atomic clusters deposited on
a planar surface [11-16] . The interdisciplinary character of our research work was particulary
stressed in several publications [17-20] including those on trimer emission from charged metallic
clusters.
According to the macroscopic-microscopic method, the deformation energy is given by

E = ELD + δE = ELD + δU + δP (1)
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Figure 1: Shell and pairing corrections vs. deformation δ for a spheroidal Na10+210 cluster.

in which ELD is the liquid-drop term, δU is the shell correction, δP is the pairing correction and
δE = δU + δP . An example is given in figure 1 for a spheroidal Na10+210 cluster. The amplitudes
of shell and pairing corrections are as low as few fractions of an eV. Spherical magic numbers:
2, 8, 40, 58, 92,136, 198, 264, 344, 442, 554, 680, 800, 970, 1120, 1310, 1500, ...

Fission of a charged metallic cluster

A neutral cluster with N atoms of a metal with valence v = 1 will have ne = N delocalized
electrons. The number of delocalized electrons left after ionization or electron attachment are
ne = N − z for a cation and ne = N + z for an anion, where z is called the excess charge and
N the size of the cluster. In the most frequently studied fission (“Coulomb explosion”) process

Mz+
N → Mz1+

N1
+ Mz2+

N2
(2)

we have ne = ne1 + ne2 and z = z1 + z2. The parent is doubly charged (z = +2) so that
the fragments are single ionized: z1 = z2 = 1. The numbers of electrons are conserved: N =
N1+N2; z = z1+z2; ne = N−z = ne1+ne2; nei = Ni−zi. Charged clusters are produced by
photoionization with laser beams, or by collision. The ionization energy of metals is generally
much lower than the ionization energy of nonmetals hence metals will generally lose electrons to
form cations while nonmetals will generally gain electrons to form anions. The fission channel
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with the trimer fragment M+1
3 , having a magic number of delocalized electrons ne = 2, is very

frequently the predominant one, in analogy to α-decay of nuclei (see e.g. fission of K2+ NaK2+

[21]; of Li2+ and K2+ [22]; of Na2+ to 7+, K2+ to 7+, Rb2+ to 7+, and Cs2+ to 7+ [23], and of Ag2+

[24]). Deformation energy

ELDM = E − E0 = (Es − E0
s ) + (EC − E0

C) = E0
s (Bs − 1) + E0

C(BC − 1) (3)

For spherical shapes: E0
s = 4πR2

0σ = asn
2/3
e = 4πr2sn

2/3
e ; E0

C−metal = z2e2/(2R0) = z2e2/(2rsn
1/3
e )

for a surface distribution of charge. A charged cluster is stable as long as its fissility is smaller
than one

Fissility X =
E0

c

2E0
s

=
e2

16πr3sσ

z2

ne
< 1 ; ne > nc =

e2z2

16πr2sσ
(4)

Very light charged clusters are unstable. One should take into account the special behavior of

2 4 6 8
ne1

0.0

0.4

0.8

E
(e

V
)

E + ELDM

ELDM

Figure 2: Details of the large asymmetry part of scission point deformation energies ELDM

(dotted line) and ELDM + δE (full line) for fission of a Cs cluster with 64 atoms and a charge
z = 4.

a charged metallic cluster when the Coulomb energy is calculated: unlike the bulk distribution
of the charge in nuclei, here we have a surface density σe [25, 26]. The electrostatic energy of a
charge distribution

EC [σe] =
1

2

∫ ∫
σe(r)σe(r1)d

2Sd2S1

|r− r1|
(5)

The distribution σe on the surface is obtained by minimizing the energy under the constraint
Q = ze =

∫
σe(r)d

2S i.e. the functional derivative

δ(E − λQ)

δσe
=

1

2

∫
σe(r1)d

2S1

|r− r1|
− λ = 0 (6)

The polarizabilities of the two fragments has to be taken into account when we calculate the
Coulomb interaction. One can use the image charge method [27] or the simpler approach [24].
From the figure 2 one can see that both LDM and shell correction energies are favouring the
singly charged trimer emission at ne1 = 2.
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Released energy

Within the liquid drop model (LDM) for charged metallic clusters the dissociation energy (Q-
value) for this reaction, assuming spherical shapes [21] may be written as a sum of surface,
Coulomb and ionization contributions

Q = Qs +QC +QIP (7)

Qs = as[n
2/3 − p2/3 − (n− p)2/3] (8)

QC =
e2

2rs

[
z2

n1/3
− z21

p1/3
− (z − z1)

2

(n− p)1/3

]
(9)

QIP =
e2

8rs

[
z1
p1/3

+
(z − z1)

2

(n− p)1/3
− z

n1/3

]
(10)

where n = ne, p = ne1, n − p = ne2, as = 4πr2sσ is the surface energy constant proportional
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Figure 3: Fission of Cs6+100 with singly charged light fragments. Q-values and fission barriers.
Minimum barrier height and maximum Q-value reached at a very large mass asymmetry corre-
sponding to p = ne1 = 2.

to the surface tension σ, e2/2 = 7.1998259 eV·Å. Experimental results are showing minima of
the LDM fission barrier E12 − Q for p = 2, like in figure 2. As suggested by the figure 3, this
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may be simply explained within LDM by plotting the derivative dQ/dp vs. p. It vanishes at a
value of p very close to p = 2. Due to the smooth variation with p of the interaction energy E12

between the separated fragments, the barrier is minimum when the Q-value is maximum.

dQ

dp
=

dQs

dp
+

dQC

dp
+

dQIP

dp
(11)

dQs

dp
=

2as
3

[
1

(n− p)1/3
− 1

p1/3

]
(12)

dQC

dp
=

e2

6rs

[
z21
p4/3

− (z − z1)
2

(n− p)4/3

]
(13)

dQIP

dp
=

e2

24rs

[
z − z1

(n− p)4/3
− z1

p4/3

]
(14)

Unlike in nuclear fission, the low ne1 channels (in particular the trimer Na+3 fragment) are
promoted not only by the shell effects but also by the LDM!
According to LDM (collective properties of fermions) in fusion and fission (including cluster
radioactivity and α-decay) of nuclei one should only have mass symmetrical processes η = 0.
The experiments are explained only by adding the quantum shell effects (individual properties of
nucleons). The fission channel with a light trimer M+

3 , frequently met in experiment, is promoted
not only due to shell effects but also due to LDM low fission barrier. Charged clusters are ideally
“alpha” emitters! By increasing the charge and the ratio as/rs one may obtain large Q-values.
They may be used in applications. Deformations and shell effects are usually increasing the
Q-values.
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Abstract: The decay process of hot and rotating compound nuclei is studied. In particular the 
competition between fission and n , p  and  –particle emission is discussed. The nuclear 

fission process is described by a Langevin equation coupled to Master equations for particle 
evaporation. Light particle emission rates obtained with the Weisskopf theory and the 
semiclassical  Wigner-function approximation are compared.  
   
Introduction  
 
In this paper we are going to present the most important results obtained in our previous 
works [1-10] as well as the actual status of the research. We study systems with excitation 
energies of the order of (80–300) MeV. We assume that the particle emission is described by 
the Weisskopf theory [11] and alternatively by a semiclassical model developed in Ref. [4], 
and that the nuclear fission is a transport process [12]. The emission of photons is neglected 
because at these excitation energies the particle evaporation is expected to be dominant.  
Grangé and Weidenmüller [13]  first to point out the importance of the non–statistical aspects 
of the fission process. Our model and also the ones of Fröbrich, Abe and Carjan [14,15,16] 
are based on their work. In the last years one can observe the increasing amount of 
experimental studies of the evaporation of light particles from excited nuclei and of the 
concomitant decay by fission [17]. Results of our calculations are presented and compared 
with experimental work, especially the ones of Ref. [18,19,4]. The present research is in 
particular correlated with the measurements performed in GANIL.  
In our model we assume that the fission process is described by a Langevin equation which is 
dynamically coupled with a Master type equation for the light-particles evaporation. We take 
into account the dependence of the evaporation probabilities on the deformation of nucleus, 
on its excitation and collective rotation. We assume that the transmission coefficient depends 
on deformation and on the collective rotation of the nucleus. The collective potential of the 
fissioning nucleus is evaluated within the model of a deformed, hot and rotating liquid drop 
[21,7]. The effective one–dimensional path to fission is determined in a three–dimensional 
deformation space. The collective inertia is obtained in the irrotational flow model and the wall 
formula [26] is used to evaluate the strength of the friction force. The Einstein relation 
between the friction and diffusion parameters is assumed to hold.  
   
Theoretical model 
 
We consider an ensemble of deformed nuclei with finite excitation energies and rotational 
angular momenta as given by the initial conditions determined from the entrance channel. 
The subsequent time evolution of the nucleus is governed in a simplified description by a 

single collective coordinate 12 0q R R   where 12R  is the distance between the two centers 

of mass of the left-right symmetric deformed nucleus and 0R  is the radius of the 

corresponding spherical nucleus having the same volume. This collective variable is defined 
in the framework of a Trentalange–Koonin–Sierk (TKS) [20] parametrisation of the surface of 
the nucleus. The TKS deformation parameters are related to q  by means of a minimisation 

procedure of the collective potential energy defined below [21].  
Denoting the conjugate momentum by ( )p t  we use the following classical equations of 

motion to describe the time evolution of the fissioning nucleus [3]  
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Here ( )M q  is the collective mass determined in the incompressible fluid approximation [22] 

and ( )q  the friction coefficient calculated in the wall-and-window friction model [23]. The 

collective potential V(q) is obtained as the difference of the Helmholtz free energy at 
deformation q  minus the one for the ground-state deformation.  

Particle emission before scission is governed by transition rates ( )E L


   which determine 

the number of particles of type   (we take into account neutrons, protons, and   particles) 

emitted per unit time with an energy e  and with an angular momentum   from a nucleus 

with average excitation energy E  and total angular momentum L . In Ref. [3] we have used 

the well known Weisskopf formula [11] for the partial width ( )E L


   in terms of densities 

of states of the emitting and residual nucleus and the transmission coefficient ( )w e   for 

the emitted  particle   with given energy e  and angular momentum  .  

In Refs. [2,4] another more microscopic determination of these transition rates was proposed. 

In this framework the transition rates 
  are given as  
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where   and   characterise an emission energy and angular momentum lying in the 

intervals 1 1
2 2[ ]          and 1 1

2 2[ ]         , respectively.  

The number n  of particles of type   which are emitted per time unit through the surface   

of the fissioning nucleus is given by [2]  

 3
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where p


, v


 are the momentum and velocity in the body-fixed frame. The quantity v   is the 

velocity component perpendicular to the emission surface at the surface point 0r


. The 

p mv m r  
  

 is the momentum of the particle of mass m  in the laboratory reference 

frame and   the angular velocity of the nucleus in this frame. Here and henceforward, 
primed quantities refer to the body-fixed frame.  
The classical distribution in phase space reads  
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The   function is 1 if r


 lies inside the nuclear volume or on its surface   and zero 

otherwise. The quantity   is the chemical potential and   the body-fixed angular 

momentum in the direction perpendicular to the axis of rotational symmetry of the deformed 
nucleus. The potential U  is taken as  

 0( ) ( )CbU r V V r   
 

 (5) 

where 0 0V   is chosen as a mean field potential and CbV  is the Coulomb potential 

experienced at r


 by protons. The quantity 0( ( ))w v r 


 is the classical transmission 

coefficient for the emission of a particle of type  . The transmission factor w  was chosen to 

be the one of an inverted harmonic oscillator [3].  
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The transition rates 
  are used in a simulation algorithm by means of which we determine 

at each time step [ ]t t    along each classical trajectory whether a particle of given type 

with an energy and angular momentum in given intervals is emitted or not from the compound 
nucleus. Since the emission algorithm is already described in detail in Ref. [3] we do not 
repeat it here.  

The friction term and the Langevin force ( )LF t  in Eq. (1) generate the irreversible production 

of heat energy and the energy fluctuations respectively which both originate from the coupling 
of the collective dynamics to the intrinsic degrees of freedom. In practice one defines 

( ) ( ) ( )L lF t D q f t , where ( )D q  is the diffusion coefficient. We assumed that it is related 

to the friction coefficient ( )q  through the Einstein relation ( ) ( )D q q T , where T  is the 

temperature of the system. The quantity ( )Lf   can be written in the form ( )Lf    , 

where   is a time step length corresponding to a time interval [ ]t t    and   is a Gaussian 

distributed random number with zero average 0< >   and variance 2 2< >  , where 

brackets represent ensemble averages.  
In order to integrate the classical equations (1) one needs to fix the initial conditions from 
which the compound system starts and evolves either through a fission channel to its saddle 
and scission point or stays as a compound system and only emits light particles, i.e. ends up 
as an evaporation residue. All the experimental systems which are considered here are 
produced by means of heavy ion collisions. Their initial conditions corresponding to the origin 

of time are fixed by 0q  and 0p , the initial value of the collective variable and its conjugate 

momentum and the spin distribution of the system which fixes the relative weight of the 
angular momentum of the initial compound systems.  

The coordinate 0q  is fixed at the value of q , where the collective potential ( )V q  is minimal 

and its conjugate momentum is drawn from a normalised Gaussian distribution  

 1 2 2
0 0 0 0( ) (2 ) exp[ (2 )]P p MT p MT      (6) 

where 0( )M M q  is the collective mass. The initial temperature 0T  is obtained through 
2

0 0 0( )E a q T  , where 0E  is the initial excitation energy which can be obtained from the 

knowledge of the total energy as explained below and ( )a q  is the single-particle level density 

(see Ref. [8]).  
In the entrance channel, the compound nucleus can be formed with different values of the 
angular momentum. Such a distribution can be estimated using appropriate Langevin 
equations [24,25]. Repeating the trajectory calculations leads to the initial spin distribution  
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where iL  is the considered angular momentum, F
iN  is the number of trajectories which lead 

to fusion and iN  is the total number of trajectories. The quantity k  is the wave–number of 

the relative motion of the incident nuclei.  
Finally, in order to describe the evolution of the excited compound system one needs to follow 
the evolution of the average excitation energy along the trajectory. This is achieved by the 
requirement of energy conservation. At the initial point of a trajectory the total available 
energy can be written as  

 tot coll rot 0E E E E  
2 2
0 0

0 0
0 0

( )
2 ( ) 2 ( )

p L
V q E

M q J q
      (8) 

Here, 0( )J q  is the moment of inertia of the compound system taken as a rigid deformed 

rotator and 0E  is the initial intrinsic excitation energy of the compound nucleus. At any later 

time t this excitation energy ( )E t  can be determined from the energy balance  
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 tot coll rot 0 recoilE E E E B e E 
        (9) 

where B  is the binding energy of the emitted particle (different from zero only for  -

particles), e  is the kinetic energy of the emitted particle and recoilE  is the recoil energy of the 

nucleus after the particle.  
 
For each choice of the initial conditions one generates a separate trajectory. Emitted particles 
are counted with their energy and angular momentum. If the system overcomes the fission 
barrier this trajectory contributes to the final fission cross section  
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where fiss
iN  is the number of trajectories which lead to fission, and F

iN  – the number of 

fused trajectories at a given angular momentum iL . The sum runs over all angular 

momentum bins and Fd dL   is the fusion cross section given by Eq. (7).  

The numbers of prefission particles obtained for each angular momentum of the compound 

nucleus ( M ) are weighed with the differential fission cross section in order to obtain the 

measured number of particles emitted in coincidence with fission:  
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Results  
 
We have studied the decay of the compound nuclei at various excitation energies ranging 
from 80 MeV to 300 MeV and from different mass regions. Our special interest was to 
investigate the influence of deformation and fast rotation on the emission of n , p  and  –

particles from excited states of these nuclei.  

Let us begin with the decay of 160 Yb in order to show in details how our model works. We 
have selected this nucleus because a careful experimental investigation of its decays is 
available [18] and because it has a large ground state deformation. The deformation 
dependent emission width for n , p  and   is shown in Fig. 1 for two different isotopes of 

both 64 Gd and 70 Yb. These 4 nuclei were chosen in order to illustrate how the deformation 

dependence of the emission widths for n , p , and   varies with the neutron and proton 

number of the emitting nucleus.   
 

 

Figure 1. Decay rates for emission of neutrons, protons and  –particles evaluated for 
different compound nuclei as functions of the elongation of nucleus. 

All the emission rates grow as a function of increasing deformation. This trend can be easily 
understood since for increasing deformation the transmission occurs through a larger surface. 
The effect has already been observed for all three types of particles [27]. We have noticed, 
however, that the emission width for p  and  –particle increases more steeply than the one 

for n . This is due to the fact that, as the nucleus is elongated, the barrier height for charged 
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particles is reduced in the section of the surface which is further away from the nuclear center 
and increased in the section which is closer to the center. Consequently, the emission rate for 
charged particles increases faster than the one for neutrons.  
The dependence of the number of decays of a given type on the time which elapses starting 
from the formation of the compound nucleus is unfortunately not measurable. Nevertheless, it 
is interesting to study this dependence theoretically in order to illustrate the time scale of this 
process. In Fig. 2 we show the number of fission events as function of time t on a logarithmic 
scale.   

 

Figure 2. Time evolution of the fission events without taking into account particle evaporation 
(l.h.s. plot) and with particle emission (r.h.s. plot). 

 
This result was obtained with the light-particle evaporation channels turned off. The initial 

compound nucleus is 160
70 Yb with an initial angular momentum 40L   . The three curves on 

the l.h.s. of Fig. 2 correspond to 3 different initial temperatures resulting in 3 different initial 

fission barrier heights BU . It is seen that the transient time increases with decreasing 

excitation energy, as one expects. Please note that the transient time interval is seen to be 
totally different from the one in the Kramers [12] regime. The Kramers limit is only valid in the 
cases when the fission barrier is much higher than the temperature of the fissioning nucleus. 

On the r.h.s. of Fig. 2 the fraction fissN N  of nuclei undergoing fission is shown for the initial 

compound nucleus 160
70 Yb as a function of time. Contrary to the results presented in the l.h.s. 

of Fig. 2, the emission of light particles is now taken into account. This implies that the fission 
barrier rises as a function of time, since, at each particle emission, the excitation energy and 
(on the average) the angular momentum of the emitting nucleus decrease. Consequently, the 
time scale of the fission process is stretched. The initial excitation energy of the nucleus is 

293E å  MeV ( 5T   MeV) and an initial angular momentum 45L    is assumed.  

The theoretical estimates of the prefission particle multiplicities, averaged over all angular 
momenta of the compound nucleus, are compared in Table 1 with the experimental data 
taken from Ref. [18].   
 

Table 1. Comparison of the theoretical predictions with the experimental data. 

 
 E*=251 MeV E=293 MeV 
 model exp. model exp. 
n 5.98 6.10 1.5 7.80 8.50 1.6 
p 0.94 0.510.0.7 1.19 0.70 0.08 
 0.58 0.480.07 0.66 0.750.08 

 
All parameters of the model are standard and given in Ref. [21]. We have chosen a 

preformation factor 0 2f   , that reproduces on average the experimental number of  –

particles in different excitation energies and mass regions. This goes into the right direction 
since our calculations show that  –particle emission is strongly enhanced by rotation and 
deformation effects. One of the most important further improvements of the theory consists in 
the evaluation of this preformation factor within the temperature–dependent semiclassical 
(Thomas–Fermi) approximation which underlies our theory [5]. At low temperature, the 
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Thomas-Fermi approximation is expected to yield too low values of the preformation factor. 
Additional effects like the pairing correlations will then increase the value of the preformation 
factor at low excitation energies (T   1 MeV).  
  

 

Figure 3.  Energy spectra of neutrons (n), protons (p) and  –particles emitted by fissioning 
nuclei (solid lines) and by the fission residua (dashed lines) (l.h.s. plot) and the 
deformation distribution of the neutron emitters (r.h.s. plot). 

 
In the l.h.s. of Fig. 3, we present the energy spectra of neutrons (n), protons (p) and  –
particles emitted by fissioning nuclei (solid lines) and by the fission residua (dashed lines). 
The spectral distribution for  –particles emitted in coincidence with fission is shifted by about 
2 MeV towards smaller energies as compared to the distribution obtained when measured in 
anti-coincidence with fission, while for neutrons the both distributions are very close to each 
other. This is due to the fact that charged particles are preferentially emitted from the pole tips 
around the long half axis. The larger deformation then implies a smaller gain of kinetic energy 
from the repulsive Coulomb field.  
Our model was also applied to lighter elements. As a good example of the decay of such 

compound nuclei can serve 126 Ba   in which the prefission neutrons multiplicities were 
studied in two types of reactions [19,4]:  

 28 Si + 98 Mo at labE = 142.*, 165.8, 187.2 and 204 MeV,  

 19 F + 107 Ag at labE = 128.0 and 147.8 MeV  

at four different excitation energies E = 84.1, 101.5, 118.5 and 131.7 MeV. The spin 
distribution differs in each case since it depends on the energy and on the way in which the 

compound nucleus was produced. Similarly as in the case of 160 Yb we have estimated the 
fusion cross section using the model described in [28,24]. The maximal angular momentum of 

the fused system varies from about 60  up to 100  depending on the way in which 126 Ba is 
produced.  

Table 2.  Experimental prefission neutron multiplicities and their theoretical estimates for 
126 Ba   formed in different reactions. Last two columns give the prediction for the 
prefission proton and  -particle multiplicities [4]. 

Reaction  
labE  E  exp

nM exp
nM nM  pM  M  nS  pS  S   

 MeV MeV - - - - - - - -  
 204.0 131.7  2.52 0.12 2.29 0.03 0.79 2.30 0.11  4.11  

28 Si + 98 Mo 187.2 118.5  2.01 0.13 1.71 0.00 0.09 2.19 0.09  3.71  

 165.8 101.4  1.32 0.09 1.83 0.00 0.04 2.13 0.05  3.20  
 142.8 84.1  -  -  0.27 0.04 0.88 2.23 0.02  2.56  

19 F + 107 Ag  147.8 118.5  1.85 0.11 1.99 0.00 0.16 2.13 0.09  3.84  

 128.0 101.5  1.31 0.17 1.80 0.01 0.06 2.11 0.05  3.30  
 

The initial temperatures of the compound nucleus 126 Ba are rather low since the total 
excitation energy of the system is not very high and a large fraction of the excitation energy is 
stored in the form of rotational and deformation energy. It is seen that for angular momenta 

80L   , which contribute mostly to fission of 126 Ba, and the lowest excitation energy 



 113

E =84.1MeV the initial temperature reaches a value T   0.5 MeV. At such a low 
temperature our model (transport equation for fission without superfluidity coupled with the 
Master equation for particle evaporation) is poorly justified. So one should consider the 
estimates of the prefission particles we obtained for this energy as only a rough estimate.   
Theoretical estimates of the multiplicities of neutron, proton and  –particles are given in 

Table 2. The thermal excitation energies of 126 Ba are rather low, so we have assumed here 

the preformation factor for  –particles f =1 as for cold nuclei. Just for comparison we have 

presented also the multiplicities of these particles ( iS i n p     ) connected with the 

evaporation residua. One can see from the table that a rather large number (  4) of  –

particles is emitted by the residua. This is due to the fact that the nucleus 126 Ba has a rather 
small Coulomb barrier for of  –particles. Furthermore, the large average orbital momentum 
of the mother nucleus favours the emission of  –particle. Due to these two effects even the 
emission of  –particles with very low kinetic energy becomes possible. As a consequence 
the   emission competes significantly with neutron emission and becomes even larger for 
the evaporation residua.  
If the particles are emitted in coincidence with fission they are emitted at very large 

deformation ( 12 2R  ), whereas if they are emitted in coincidence with evaporation residua 

the emission occurs at smaller deformation ( 12R   1.2). This effect could be observed in the 

angular distribution of the emitted neutrons: more particles should be emitted in the direction 
perpendicular to the reaction plane as compared to the reaction plane. This effect will not be 
so visible for  –particles because the reduction of the Coulomb barrier is largest at the tips 
of the highly deformed nucleus and at the same time the collective centrifugal force acting on 
the  –particle is largest in this direction what favours emission in the reaction plane.   
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Figure 4.  Prescission neutrons multiplicities for 266 272 278  Ds   as function of the excitation 
energy of the compound nucleus [4]. 

* 
Our model was also applied to describe the decay of superheavy compound nuclei formed in 
hot fusion reactions [4]. In Fig. 4 the estimated prefission neutron multiplicities are compared 
with the experimental data obtained with different excitation energies. The theoretical values 
obtained with a reduced (by 50%) wall friction (dotted lines) agree better with the measured 
values.  
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Summary  
 
Our results clearly show the influence of the nuclear deformation and of the collective rotation 
on the evaporation of light particles from excited nuclei. The dependence on the deformation 
plays an important role also for the competition between fission and particle emission and 
might modify the limits which were determined for the nuclear friction force [1] from the 
experimental data on evaporation and fission.  
Due to the strong dependence of the fission probability on the initial angular momentum, it is 
very important to obtain a precise information on the angular momentum distribution of the 
initial ensemble of compound nuclei. The outcome of the competition between light particle 
emission and fission depends strongly on the initial angular momenta. The reason is that the 
rotational angular momentum of the nucleus has a very noticeable influence on the height of 
the fission barrier which decreases as a function of increasing angular momentum. Thus, at 
high angular momentum, nuclear fission can compete more effectively with evaporation.  
We expect that the angular distribution of emitted particles, especially of neutrons, depends 
on the deformation of the emitting nuclei in a sufficiently sensitive way, so as to determine the 
nuclear deformation from such measurements. The experimental data on the angular 
distribution of emitted neutrons, protons, and  –particles from aligned rotating deformed 
nuclei would be of great interest for these studies.  
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Abstract: The recently developed code FREYA (Fission Reaction Event Yield Algorithm) gen-
erates large samples of complete f ssion events, consisting of two receding product nuclei as
well as a number of neutrons and photons, all with complete kinematic information. Thus it
is possible to calculate arbitrary correlation observables whose behavior may provide unique
insight into the f ssion process. The presentation f rst discusses the present status of FREYA,
which has now been extended up to energies where pre-equilibrium emission becomes signif -
cant and one or more neutrons may be emitted prior to f ssion. Concentrating on 239Pu(n,f), we
discuss the neutron multiplicity correlations, the dependence of the neutron energy spectrum
on the neutron multiplicity, and the relationship between the fragment kinetic energy and the
number of neutrons and their energies. We also brief y suggest novel f ssion observables that
could be measured with modern detectors.

Introduction

Nuclear f ssion presents an interesting and challenging physics problem which is still, about
seventy years after its discovery, relatively poorly understood. Although much of the key physics
involved is understood qualitatively, a quantitative description is still not in sight, despite vigor-
ous efforts by many researchers. Because of its inherent complexity, f ssion provides an im-
portant testing ground for both static and dynamical nuclear theories. Furthermore, f ssion is
also important to society at large because of its many practical applications, including energy
production and counter proliferation, topics of current urgency.

Whereas the more traditional treatments of f ssion have sought to describe only fairly integral
f ssion properties (see in particular Ref. [1]), such as the average energy release and the av-
erage differential neutron yield, many modern applications require more exclusive quantities,
such as f uctuations in certain observables (e.g. neutron multiplicity) and correlations between
different observables (e.g. neutrons and photons). There is thus a need for developing models
that include the treatment of f uctuations and correlations.

Simulation models offer a powerful means for meeting this challenge because they generate
large samples of complete f ssion events and subsequent event-by-event analysis can then
provide any specif c correlation observable of interest. Furthermore, due to the more detailed
quantities that can be addresses, such models may provide valuable guidance with regard to
which observables are most crucial for further progress in the understanding of f ssion.

We have developed a calculational framework within which large samples of complete f ssion
events can be generated, starting from a f ssionable nucleus at a specif ed excitation energy [2].
The associated computer code is named FREYA (Fission Reaction Event Yield Algorithm). We
present here the model in a fairly basic form which, though quite simplistic in many regards,
is already capable of producing interesting results. FREYA was employed in a recent study of
sequential neutron emission following neutron-induced f ssion of 240Pu [3] and it has recently
been extended to pre-f ssion neutron emission [4].

We give here a brief overview of FREYA; more complete discussions may be found in the
published literature [2–4]. Since the model is under active development, the results shown
here are illustrative only.



Model components

The main components of FREYA are described below. The discussion follows the successive
temporal stages of the f ssion process, from the agitation by the incident neutron to the deexci-
tation of the f ssion fragments.

Pre-fission emission
When the initial compound nucleus (240Pu* here) is suff ciently excited, it may emit one or more
neutrons before f ssion occurs. We take this into account in a manner similar to the post-f ssion
evaporation (see later). At suff ciently high excitations we include pre-equilibrium emission [4].
At each stage, neutron emission competes with f ssion according to a simple model for the
energy-dependent branching ratio [5]. Figure 1 (left) shows the resulting multi-chance f ssion
probabilities compared to the GNASH calculations used in the ENDF-B/VII.0 evaluation [6]. The
two calculations give rather similar probabilities. The kinematics, including the recoil momen-
tum of the nucleus, is treated in an exact manner, while angular-momentum effects are ignored.

0 5 10 15 20
Incident neutron energy (MeV)

0.0

0.2

0.4

0.6

0.8

1.0

Fi
ss

io
n 

pr
ob

ab
ili

ty

1st chance
2nd chance
3rd chance
4th chance

60 80 100 120 140 160 180
Fragment Mass A

10-4

10-3

10-2

10-1

100

101

Fr
ag

m
en

t Y
ie

ld
 (%

)

Thermal
14 MeV

Figure 1: Left: Probabilities for N th-chance fission as functions of incident neutron energy En;
the solid curves are GNASH calculations used in the ENDF-B/VII.0 evaluation while the dashed
curves with circles are FREYA calculations. Right: Calculated fragment mass yields caused by
thermal and 14 MeV neutrons (the latter includes contributions from multi-chance fission).

Mass and charge partition
At the present stage of development, the fragment mass distribution P(Af) is based on experi-
mentally observed yields. We employ a f ve-gaussian f t to P(Af ) [7,8], using energy dependent
coeff cients so the distribution evolves from being asymmetric to predominantly symmetric as
the energy is raised, as illustrated in Fig. 1 (right). Once the fragment masses, AL and AH have
been sampled from P(Af ), the fragment charges are sampled from a (truncated) normal dis-
tribution having a dispersion of σZ = 0.50 [9]. The Q-value associated with that particular split
can then be calculated, QLH = M(240Pu*) – ML– MH. We use experimental data for the fragment
masses where available [10] and supplement with calculated values [11] as needed.

Fragment kinetic energy
The Q-value is divided between the relative fragment kinetic energy TKE and internal fragment
excitation. Since we do not yet have a suff ciently quantitative model for this division, we seek
to match TKE to the experimental data [12–14]. A small overall energy-dependent adjustment
dTKE is made subsequently in order to reproduce the measured average total neutron multi-
plicity ν̄ (see below), TKE(A) → TKE(A) + dTKE(En), where dTKE≈ 1–2 MeV. Figure 2 shows
the resulting mass dependence of the total fragment kinetic energy. The two fragments are
assumed to emerge isotropically back-to-back in the reference frame of the f ssioning nucleus
and to have been fully acelerated before neutron evaporation commences.
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Figure 2: The measured average TKE as a function of the heavy fragment mass number [12–
14] compared to FREYA calculations at thermal energies, shown with the calculated dispersion
in TKE for each AH (left). The average fragment kinetic energy as a function of the fragment
mass Af from Refs. [13,14] as well as FREYA results, at thermal energies (right).

Energy partition
We assume that the remaining energy appears as statistical excitation of the two fragments.
We f rst divide this energy between the two fragments in proportion to their respective heat ca-
pacities which are proportional to the Fermi-gas level-density parameters aA for which we use
the values calculated in Ref. [15], QL: QH = aL: aH. We then adjust the partioning in favor of the
light fragment which tends to become hotter than the heavy one, QL → xQL (with a balancing
decrease of QH), where the the global parameter x exceeds unity by 10–20%.

Subsequently we add statistical f uctuations to these mean excitations, assuming that they are
given by the associated thermal variances, σ2

i = 2QiTLH. The f uctuations δQi are therefore
sampled from normal distributions with variances σ2

i . The fragment excitations in a given event
are then Qi = Qi + δQi. Energy conservation implies that the distribution of the total kinetic
energy KLH is a gaussian (such a form was already assumed in Ref. [16]) with the variance
σ2

K
= σ2

L
+ σ2

H
. The resulting fragment excitations are shown in Fig. 3 (left).
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Figure 3: The pre-evaporation excitation energy of a fully accelerated fission fragment (left)
and the total multiplicity of (both pre- and post-fission) neutrons (right), calculated with FREYA
for various incident neutron energies En. Both are shown as functions of the fragment mass
number Af . The vertical bars indicate the dispersions of the respective distributions.



Neutron evaporation
We assume that the two excited fragments do not begin to de-excite until after they have been
fully accelerated by their mutual Coulomb repulsion and their shapes have reverted to their
equilibrium form. Furthermore, we ignore the possibility of charged-particle emission from the
f ssion fragments. Each of the fully relaxed and accelerated f ssion fragments typically emits
one or more neutrons as well as a (larger) number of photons. We assume that neutron evapo-
ration has been completed before photon emission sets in, thus obviating the need for knowing
the ratio of the decay widths, Γγ/Γn.
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P(  )ε

εn

n Q∗

n = ε∗i −Sn = εf + ǫn

Tmax
f =

√

Q∗

n/aA

dP (ǫn)/dǫn ∼ ǫn e−ǫn/Tmax

f

ǫn = −Tmax
f ln(η1η2) , ηi ∈ (0, 1]

Figure 4: The energetics relevant to the evaporation of a neutron from a nucleus with mass
number A and excitation εi. The resulting neutron kinetic energy ǫn peaks at twice the maximum
temperature in the daughter nucleus and can be quickly sampled from the associated spectral
distribution P(ǫn) by means of standard uniform random numbers η.

For each f ssion fragment, neutron radiation is treated by iterating a simple treatment of a single
neutron evaporation until no further neutron emission is energetically possible, as illustrated in
Fig. 4. Once the Q-value is known, it is straightforward to sample the momentum of an evapo-
rated neutron, assuming that it is isotropic in the frame of the emitting nucleus and assuming
that the kinetic energy has the distribution P(ǫn) ∼ ǫn exp(−ǫn/T ). Relativistic kinematics en-
sures exact conservation of energy and momentum. The resulting neutron multiplicity ν, shown
in Fig. 3 (right), has a mass dependence similar to that of the fragment excitation energy.
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and the neutron multiplicity distribution P(ν) for selected values of En (right).
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Above En ≈ 0.2 MeV the expected neutron multiplicity grows steadily with the kinetic energy
of the incident neutron, from nearly three for thermal neutrons to almost six for 20 MeV, as
shown in Fig. 5 (left). The entire multiplicity distribution P(ν) is shown in the right panel for
several selected energies. An examination of P(ν) shows that it is signif cantly narrower than
the corresponding Poisson distribution. This is presumably because the reduction in excitation
energy caused by an emission is dominated by the separation energy Sn ≈ 6.5 MeV, which is
signif cantly larger than the average of the statistical part of the energy reduction, 2T≈ 2 MeV.
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Figure 6: The dependence of the neutron kinetic energy on the fragment mass number for
various incident energies, with the bars indicating the respective energy dispersions (left) and
the mean neutron kinetic energy for various total neutron multiplicities ν for En = 0.5 MeV and
En = 14 MeV including either only 1st-chance fission or unlimited pre-fission emission (right).

Generally, the f rst neutron evaporated from a fragment will tend to have a higher energy than
the second one, and so on, see Fig. 6 (right). For this reason and due to the f uctuation in
mass partition the resulting overall neutron spectral shape will not be of a simple form but
have many components. While this complexity is automatically accounted for in event-by-event
simulations, the feature cannot be obtained in treatments that consider only averages (e.g. [1]).
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Figure 7: The neutron-multiplicity dependence of the total kinetic energy of the two fission
products (left) and their combined excitation after the neutron evaporation cascade (right), as
obtained with FREYA for various incident neutron energies. The bars show the dispersions.



Events having lower-than-average fragment kinetic energies will, by energy conservation, tend
to have higher-than-average initial fragment excitations and, therefore, they will on average pro-
duce more neutrons. This expected anti-correlation between the neutron multiplicity and the
product kinetic energy is indeed brought out by the FREYA results, as illustrated in Fig. 7 (left).

Photon emission
When the neutron evaporation cascades have been completed, the product nuclei are left with
some residual excitation which will give rise to subsequent photon radiation. As illustrated in
Fig. 7 (right), the degree of residual excitation tends to decrease with the multiplicity of emitted
neutrons, as one might have expected on the basis of energy conservation. Consequently, one
should also expect that the number of photons emitted will be anti-correlated with the neutron
multiplicity.

At the present stage of development, FREYA treats the photon emission process only in a
very rudimentary manner, considering it as if it were simply evaporation of massless particles.
While this approach would certainly not be adequate for calculating the emission rates, it may
provide a reasonable approximation for the spectral shape which should be primarily governed
by phase space. Furthermore, as an elementary analysis will reveal, the ultra-relativistic limit
appropriate for massless particles is as easy to simulate as the non-relativistic limit employed
for the neutrons, the key feature being ǫγ ∼ ln(η1η2η3). Therefore, in this approximate manner,
FREYA can also treat the photon emission cascades in a numerically very eff cient manner.

Observables

FREYA produces a sample of complete f ssion events, each one being described by the four-
vectors of the two product nuclei and of all the individual neutrons and photons emitted in that
event. Special effort has been made to make the numerical code fast and, as a result, one mil-
lion events can be generated within about ten seconds on a standard laptop computer. While
such statistics suff ce for calculating most quantities of interest, it should be possible to devise
more eff cient calculational strategies for the generation of specif c classes of rare events that
might be of special interest.

Because FREYA produces complete events, it is straightforward to extract any observable of
interest. The above exposition has presented a variety of observables. The special advantage
of an event-by-event treatment is that it readily permits the extraction of f uctuations in any ob-
servable and the correlations between different observables, quantities that are not accessible
in models designed to merely provide the mean behavior. Furthermore, because the elemen-
tary physical processes are treated explicitly, FREYA also tends to yield improved results for
certain average quantities, such as the neutron energy spectrum.

As an example of a readily obtainable correlation observable, we consider here the angular
correlation C(φ12) between two emitted neutrons. Fig. 8 shows the result for 239Pu(nth,f). The
correlation functions shown in the left panel include all the neutrons emitted in each event with
kinetic energies above specif ed thresholds of 0.5, 1.0 and 1.5 MeV. The extracted C(φ12) is
remarkably insensitive to the total neutron multiplicity ν (though it is somewhat stronger for
events having very low multiplicity) and the correlations grow slightlystronger as the threshold
energy is raised. Its form can readily be understood by considering events that have only two
neutrons (with energies above 1 MeV), as shown in Fig. 8 (right): When both neutrons are
emitted by the same fragment they exhibit a close angular correlation. It is strongest when the
common source is the light fragment, presumably because of its higher speed. Conversely,
when the two neutrons come from different fragments they exhibit a strong directional anti-
correlation that is enhanced by the relative fragment motion. The combined correlation function
for ν =2 , Cν=2(φ12) is shown in both panels for reference.
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Figure 8: Neutron angular correlations. Left: The correlation yield C(φ12) for neutrons having
energies above a specified threshold. Right: C(φ12) for events that have a total multiplicity of
two (each one with energy above one MeV), ν ≡ νL +νH =2 (solid black dots), together with the
correlation for events where the two neutrons come from different fragments, (νL, νH) = (1, 1)
(blue diamonds) and for events where both neutrons come from the same fragment, either the
light, (νL, νH) = (2, 0) (green) or the heavy, (νL, νH) = (0, 2) (red).

A second example is the correlation between the neutron and photon multiplicities. As already
mentioned above, a larger-than-average neutron multiplicity tends to yield a lower-than-average
product excitation and, therefore, one would expect the neutron and photon multiplicities to be
anti-correlated. This is indeed borne out by the FREYA calculations. Contrary to the mean neu-
tron multiplicity ν̄, which increases steadily with the incident neutron energy En, the calculated
average photon multiplicity is fairly independent of En. The magnitude of the calculated multi-
plicity correlation coeff cient (which is thus negative) decreases steadily with En. A quantitative
discussion requires a more ref ned treatment of the photon emission.

Outlook

Over the past few years, experimental capabilities have improved dramatically while the practi-
cal applications of f ssion have broadened signif cantly. As a consequence, there has been an
growing need for calculations of increasingly complex observables that are beyond the scope
of the traditional f ssion models.

To meet this need, we have developed a new calculational framework, FREYA, which can gen-
erate large samples of individual f ssion events. From those it is then possible to extract any
specif c observable of interest, in particular correlation observables of any complexity, without
the need for further approximation. In developing FREYA, we have sought to make the numer-
ics suff ciently fast to facilitate use of the code as a practical calculational tool.

Although the current version of FREYA is still only preliminary, it has already proven to be quan-
titatively useful. For example, the combination of the Monte Carlo f ssion model with a statistical
likelihood analysis presents a powerful tool for the evaluation of f ssion neutron data which was
used to develop an estimate of the f ssion neutron spectrum with uncertainties several times
smaller than current experimental uncertainties [3]. FREYA has already proven to be capable
of making interesting predictions for correlations in variety of contexts and we foresee an in-
creased number of applications.
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[11] P. Möller, J.R. Nix, W.D. Myers and W. J. Swiatecki, At. Data Nucl. Data Tab. 59 (1995) 185.
[12] C. Wagemans et al., Phys. Rev. C 30 (1984) 218.
[13] K. Nishio, Y. Nakagome, I. Kanno and I. Kimura, J. Nucl. Sci. Technol. 32 (1995) 404.
[14] C. Tsuchiya et al., J. Nucl. Sci. Technol. 37 (2000) 941.
[15] T. Kawano, S. Chiba and H. Koura, J. Nucl. Sci. Technol. 43 (2006) 1.
[16] S. Lemaire et al., Phys. Rev. C 72 (2005) 024601.
[17] N. Koura, M. Uno, T. Tachibana, and M. Yamada, Nucl. Phys. A 674, 47 (2000).

cabanca
Typewritten Text

cabanca
Typewritten Text
122

cabanca
Typewritten Text

cabanca
Typewritten Text



 

 

123

Time dependent approach to the transition of the fissioning 
nucleus from saddle to scission  

  

M. Rizea1), N. Carjan1,2)  
 

1) Horia Hulubei – National Institute of  Physics and Nuclear Engineering,       
    Str.Atomistilor 407, P.O.Box MG-6, RO-077125, Bucharest-Magurele, Romania 
2) Centre d'Etudes Nucleaires de Bordeaux-Gradignan, UMR 5797, CNRS/IN2P3 
    University Bordeaux I, BP 120, 33175 Gradignan Cedex, France 
rizea@theory.nipne.ro 
 
 
Abstract: We investigate the transition of the fissioning nucleus from the saddle to the 
scission point through the numerical solution of the bi-dimensional time-dependent 

Schrödinger equation (TDSE) with time-dependent potential. To describe the axially 
symmetric extremely deformed nuclear shapes involved, we have used modified Cassini 
ovals. The Hamiltonian in cylindrical coordinates ρ and z is discretized by using finite 
difference approximations of the derivatives. The initial wave-functions for TDSE are the 

eigensolutions of the stationary Schrödinger equation whose potential corresponds to the 
saddle point deformation. The TDSE is solved by a Crank-Nicolson method associated with 
transparent conditions at numerical boundaries.  The time evolution is calculated until the 
neck connecting the primary fission fragments suddenly breaks. The numerical solutions have 
been used to evaluate relevant physical quantities in the case of the fissioning nucleus 236U. 

Introduction  

Our study concerns the influence of the change of the nuclear shape on the nucleonic motion. 
In particular, we focus our attention to the diabatic fast descent of the fissioning nucleus from 
the saddle to the scission point. The numerical modelling of this process implies the solution 
of the time-dependent Schrödinger equation (TDSE) with time-dependent potential. Modified 
Cassini ovals were used to describe the nuclear shapes involved. The Hamiltonian in 
cylindrical coordinates is discretized by using adapted finite difference approximations of the  
derivatives. An algebraic eigenvalue problem is solved to obtain the initial wave functions, 
while the solution of TDSE is obtained by a Crank-Nicolson scheme  with transparent 
boundary conditions. The resulting linear system at each time step is solved by the conjugate 
gradient method.  The numerical solutions have been used to evaluate the number of emitted  
pre-scission neutrons, the spatial distribution of the emission points and the fragments’ 
excitation energy just-before-scission. The approach has been applied to the nucleus 236U at  
two mass asymmetries. 

The time-dependent Schrödinger equation 
The equation that describes the motion of a nucleon in an axially deformed nucleus has the 
form: 
  

                             Iħ ∂Y(ρ,z,φ,t)/∂t = H(ρ,z,φ,t) Y(ρ,z,φ,t). 
 
In cylindrical coordinates, the wave-function has two components, corresponding to spin up 

and down: Y(ρ,z,φ,t)=f1(ρ,z,t)eiΛ1φ|↑>+f2(ρ,z,t)eiΛ2φ|↓>, where Λ1=Ω-1/2, Λ2=Ω+1/2 and Ω is the 
projection of the total angular momentum along the symmetry axis. The Hamiltonian has also 

two components, H1 and H2. Due to the axial symmetry, φ is dropped out and we have:  

 
                             H1Y =O1f1 – C (Sc f1+ Saf2), H2Y=O2f2 – C (Sbf1+ Sdf2)  
 
where O1,2 = -ħ2/(2μ)(Δ-Λ1,22/ρ2) + V(ρ,z,t), Δ = (1/ρ)∂/∂ρ + ∂2/∂ρ2 + ∂2/∂z2. Δ is the Laplacean, 
V is the potential, C is a constant and the operators Sa,...,Sd represent the  spin-orbit coupling. 
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The orientation (up and down) is implicitly considered. The nuclear shape is described in 
terms of modified Cassini ovaloids [1]. This representation depends on a set of parameters, 
allowing a flexible modeling of deformed nuclei. In our case we took only two shape 

parameters: α(elongation) and α1(mass asymmetry). By the transformations g1= ρ1/2 f1, g2 = 
ρ1/2 f2 (of Liouville type), the first derivative from the Laplacean is removed, resulting a 

simplified Hamiltonian Ĥ with the components Ĥ1, Ĥ2 and a wave function Ŷ with the 
components g1, g2. We have:  
 

                              Ĥ1Ŷ =L1g1 + Pc g1+ P- g2, Ĥ2Ŷ=L2g2 + P+g1+ Pdg2, 
 

where L1,2 = -ħ2/(2μ)[∂2/∂ρ2+∂2/∂z2+(1/4-Λ1,22)/ρ2 ] + V(ρ,z,t), P± = Q1 ± Q2, Q1 = C(Ω/ρ)(∂V/∂z),  
Q2=C[(∂V/∂ρ)(∂/∂z) - (∂V/∂z)(∂/∂ρ)], Pc = -C(Λ1/ρ)(∂V/∂ρ), Pd = C(Λ2/ρ)(∂V/∂ρ). 
The potential V contains a nuclear term given by VN = -V0[1+exp(Θ/a)]-1, where V0 is the 
depth and a the diffuseness. The quantity Θ is an approximation to the distance between a 
point and the nuclear surface, described by Cassini ovals. The spin-orbit interaction is taken 
proportional to the gradient of VN . The constant C involves the strength of the interaction. For 
charged particles, the potential contains also a Coulomb term [2].  
 
Numerical solution 
The TDSE is solved by a Crank-Nicolson scheme which includes the first derivative of V with 
respect to t: 
 

[1+(iΔt)/(2ħ)Ĥ+(iΔt2)/(4ħ)Vt
' ]Ŷ(t+Δt) = [1-(iΔt)/(2ħ)Ĥ-(iΔt2)/(4ħ)Vt']Ŷ(t),  

 
where Δt is the time step. For numerical solving, the infinite physical domain should be limited 

to a finite one, [0,R]x[-Z,Z], which is discretized by a grid with the mesh points: ρj=j Δρ,1≤j≤ J 

(ρJ=R), zk=k∆z, -K ≤k≤ K (zK=Z). At each point the partial derivatives in Ĥ are approximated by 
finite difference formulas. For the derivatives with respect to z we used standard 3-point 

formulas, while for the derivatives in ρ, we used adapted formulas with variables coefficients 

[3], which take into account the accomplished function transformation (of the form: g = ρ1/2 f). 
Let us denote gjk

n the approximation of g in the point  (ρj, zk ) and at time tn = nΔt (g is any of 
g1 and g2). As initial solution (at t0 = 0) we take an eigenfunction of the stationary 

Schrödinger equation whose potential corresponds to the saddle point deformation. We use 
the same discretization of the Hamiltonian and we arrive to an algebraic eigenvalue problem, 
which is solved by the package ARPACK [4], based on the Implicitly Restarted Arnoldi 
Method. The solution at time tn+1, represented by the values gjk

n+1,  is obtained in terms of the 
solution at time tn, on the basis of the above Crank-Nicolson scheme, which turns into a linear 
system, after the discretization. It is solved by the conjugate gradient method [5]. 
Special conditions on the boundaries of the computional domain should be imposed to avoid 
the reflexions which alter the propagated wavefunction. We implemented a variant of trans- 
parent boundary conditions. The idea is to assume near the boundary rB the following form 

of the solution: g = g0 exp(i kr r), where g0,kr ∈ ℂ (a 1D notation was used). Linear relations 
between gB+1 and gB then result, which are used in the finite difference formulas for the 
derivatives at rB, when the Crank-Nicolson scheme is applied. In 2D, this algorithm should be 
used at each point of the grid belonging to boundaries. 
We advance the solution during a temporal interval [0,T]. The deformation parameters are 
changing on this interval. The times 0 and T correspond to the saddle point and to the 
scission moment (when the neck connecting the primary fission fragments suddenly breaks), 
respectively. At each time step the potential and its derivative are recalculated. 
     
Application to pre-scission neutrons and pre-scission fragments' excitation energy 

Let |Yi> and |Yf> be the eigenfunctions corresponding to the saddle point and just-before-

scission configurations respectively. The propagated wave functions |Yi(t)> become wave 
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packets with few positive-energy components. The probability that a neutron occupying the 
state |Yi> at saddle point populates such unbound states gives the probability of this neutron 
to be emitted before scission: 
 

Pem
i=∑f|aif|

2, aif = <Yi(T)| Yf> =  2 π ∫∫(g1
i (T) g1

f  +  g2
i(T)  g2

f) dρ dz. 

 
The sum on index f is over the unbound states. From computational point of view it is more 
convenient to obtain the bound than the continuum states. Therefore, we change the formula 

to Pem
i=1-∑f|aif|

2, where the sum is now over the bound states. From this we can obtain  
 the total number of emitted pre-scission neutrons:  

 
                                                 νps = 2 ∑ivi2 Pemi. 
 
The factor of 2 is due to the spin degeneracy.  vi2  is the ground-state occupation probability of 

the state |Yi>. To obtain it one can consider the neutrons either independent or pairing 

correlated. In the first case  vi2  = 1 if 1≤ i ≤ N/2 (N is the number of neutrons) and 0 otherwise 

(a step function). In the second case vi2 = ½{1–(ei-λ)/[(ei–λ)2+ Δ2]1/2} with Δ and λ deduced from 

the BCS equations. ei  is the eigenenergy of the state |Yi>.   
One can also calculate:  

 the fragments' excitation energy just-before-scission, given by  
 

E*ps = 2 ∑f(Vf
2  - vf

2) ef  with Vf
2 = ∑ivi

2 |aif|
2. 

 
The sums are over the bound states.  Vf

2 is the occupation probability of each final state |Yf>  
 just-before-scission and ef is the corresponding eigenenergy; 
 

 the spatial distribution of the emission points as a function of ρ and z: 
 

Sem(ρ,z) = ∑ivi
2|Yi

em(ρ,z)|2,  
 

where |Yi
em> = |Yi(T)> - ∑f aif|Yf>  is the part of the initial wave function that has been emitted. 

The sum is over the bound states. The numerical evaluation of the overlap integrals is 

performed by the Simpson formula. With respect to ρ the formula is adapted as well to the 
special form of the solutions g1, g2. Before calculating the coefficients aif, the eigenfunctions 
provided by ARPACK are orthonormalized by the Gram-Schmidt algorithm. 
 
Numerical experiment 
We have applied the above formalism to the nucleus  236U92. The numerical domain was:   

ρ ∈ [Δρ,32], z ∈ [-32,32], while Δρ = Δz = 1/8. The saddle point and the just-before-scission 

point are characterized by the parameters αi = 0.7 and respectively, αf = 0.985 in the Cassini 
description of the nuclear shapes. The fission can be symmetric (each fragment has the mass  
118) or, more frequently, asymmetric. As illustration we present two cases: AL = 86 and AL 

=114, where AL the light fragment mass. Depending of this mass and of α, one more 

deformation parameter (α1) for the modified Cassini ovals is deduced. 

In the next Table we present the pre-scission neutron multiplicities (νPS) and excitation 

energies (E*ps) in MeV obtained for different durations T of the saddle to scission descent at 

AL = 86 and 114. We used a time step Δt = 1/256 x 10-22 s, while Ω has taken the values 1/2, 
3/2,...,11/2. Both types of occupation probabilities have been used. T=0 corresponds to the 
sudden approximation [6].  
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Table 1. Pre-scission neutron multiplicity and excitation energy 
 

AL T  (10-22 s) νPS   - IP νPS   - PC E*ps
 - IP E*ps - PC 

86 0 40.3257 40.2805 663.209 656.067 

86 10 3.36526 3.63580 90.8306 86.9816 

86 30 0.39024 0.51667 35.6318 31.8354  

----- ----- ----- ----- ----- -----  

114 0 45.5216 45.6982 719.324 709.990  

114 10 3.66186 4.26683 85.3434 86.6716  

114 20 0.78603 1.28048 39.8740 42.9365 

114 30 0.30819 0.83811 29.7251 33.3912 

114 40 0.15444 0.54392 25.0595 27.5400 

114 50 0.08669 0.44597 21.3422 23.9871 

114 100* 0.00600 0.18804 16.3270 17.9709 

 
*extrapolated values 
 
As expected, both νPS  and  E*PS are decreasing with increasing T, a slow descent being 
adiabatic and the sudden approximation being an upper limit. Due to the limited speed of the 
available computers, we could not calculate cases with saddle-to-scission times larger than 

50∗10-22 sec. For zero dissipation, the Los Alamos Finite Range Macroscopic Model  predicts 

T = 25∗10-22 sec. [7]. More realistic calculations including the “wall and window” one-body 

dissipation predict T = 300∗10-22 sec. It would be therefore useful to improve the efficiency of 
our computer codes and repeat the present calculations for larger T values. We are planning 

to do this in the near future. However, to get an idea of the νPS  and  E*PS  values expected at  
T = 100 we have used an extrapolation (see the last row in Table 1). The very low 

extrapolated value of  νPS  seems to indicate that adiabaticity is already attained at T = 100. 
The still large value of the excitation energy left at scission (≈ 17 MeV) originates from the 
single-particle approximation used and not from the interaction with the moving potential wall. 
In our model the neutrons conserve their Ω-value and they are therefore promoted at each 
level-crossing to the higher level. This creates an excitation energy even in the adiabatic 
regime. 
In Figures 1-5 the spatial distributions of the emission points for AL=86 (asymmetric case) and 
for AL=114 (nearly symmetric case) are shown for different saddle-to-scission times T. The 

distributions correspond to the whole set of Ω's between 1/2 and 11/2. The BCS probabilities 
have been considered. To give an idea of the nuclear shapes involved, we added (dotted) in 
each figure the equipotential V0/2  lines at the saddle and at the just-before-scission points. 
For short times (T ≤ 10) the emission points are concentrated in the region between the 
nascent fragments similar to the case of the sudden transition at scission previously studied 
[8]. For longer times (T ≥ 30), in addition to the decrease of the integrated value  
                                           ∫ Sem(ρ,z) ρ dρ dz = νPS  

already  noticed above, there is also a simultaneous spread of the emission points all over the 
fragments. This effect, that is best observed by comparing Figs.3 and 5, influences both the 
final (i.e. after taking into account the reabsorption [9]) pre-scission neutron multiplicity and 
their angular distribution. All the Sem functions are represented between their minimum and 
maximum values in the spatial domain. The maximum decreases with increasing T (about 
one order of magnitude between T=10 and T=30).   
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Figure 1. Distribution of emission points at AL=86, Ω=1/2,...,11/2, T=10 

 
 
Figure 2. Distribution of emission points at AL=86, Ω=1/2,...,11/2, T=30 

 

Figure 3. Distribution of emission points at AL=114, Ω=1/2,...,11/2, T=10 

 

 

Figure 4. Distribution of emission points at AL=114, Ω=1/2,...,11/2, T=30 
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Figure 5. Distribution of emission points at AL=114, Ω=1/2,...,11/2, T=50 

 

Conclusions 

In order to numerically describe the transition of the fissioning nucleus from saddle to scission 
we have used a time-dependent approach. This implies the solution of the TDSE in two 
spatial coordinates. Applying adequate procedures, which include Liouville transformation and 
special finite differences adapted to the solution behavior, we were able to determine relevant 
physical quantities like pre-scission neutron multiplicity and fragments' excitation energy and 
also to evaluate the spatial distribution of emission points. The neutrons were considered 
independent as well as pairing correlated. Calculations of this type for a large set of mass 
asymmetries, for longer, more realistic durations and for different fissioning nuclei can 
contribute to an improved characterization and understanding of this most important stage of 
the fission process. 
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Abstract: The thermodynamically driven processes in pre-scission dynamics are 
investigated. During the shape evolution towards scission, the two nascent fragments develop 
their individual properties. The fact that the different temperatures of the two fragments do not 
depend on excitation energy, which is deduced from recently measured level densities, leads 
to an excitation-energy sorting process, where all intrinsic excitation energy is transferred to 
the cold fragment. This process has an impact on the emission of prompt neutrons and 
gamma rays from the two fragments. If the energy-sorting process is completed, before the 
exchange of protons through the neck becomes inhibited, the hotter fragment is formed with a 
preferentially even number of protons.  
Calculations with a schematic model demonstrate that the proposed scenario accounts for 
several complex features of prompt neutron emission and of the even-odd effect in fission-
fragment yields, which remained unexplained up to now. The importance of nuclear fission as 
a laboratory for studying the dynamics of non-equilibrium processes between mesoscopic 
superfluid objects is stressed. 

Introduction 

Most objects in nature have an approximately constant number of degrees of freedom, and 
their temperature, defined as the average excitation energy per degree of freedom, increases 
with increasing total excitation energy E* of the system. However, nuclei with moderate E* 
behave very differently. Experiments on nuclear level densities have shown that at least up to 
E* = 6-7 MeV the temperature of nuclei does essentially not change with increasing E* [1]. 
Moreover, it was even found recently that for medium-mass nuclei the temperature stays 
constant up to E*= 20 MeV [2]. The main reason for this constant-temperature behaviour is 
that pairing correlations lead to an effective number of degrees of freedom that increases in 
proportion to E*. Cooper pairs of neutrons and protons melt in a way that the mean energy 
per nucleonic excitation and thus the nuclear temperature stays constant. In nature, this 
behaviour appears in first-order phase transitions (e.g. solid-liquid or liquid-gas). In a mixture 
of two phases, like ice and water, the temperature of the mixture remains constant when 
energy is introduced or extracted, as long as both phases are present. Only the fractions of 
the two phases vary. It is of special interest to study, how two mesoscopic quantum-
mechanical objects in such a particular regime of constant temperature behave when they are 
in thermal contact. The scission configuration in the nuclear-fission process, where two 
different nuclei can exchange E* through the neck, offers a unique possibility to investigate 
this phenomenon. 

Energy balance at scission 

In fission, the energy difference between the ground-state masses of the initial fissioning 
system and the final fission fragments, given by the Q value, and the initial excitation energy 
of the fissioning nucleus E*CN, end up either in the total excitation energy (TXE) or in the total 
kinetic energy (TKE) of the fragments. The TXE is available for particle evaporation and 
gamma emission either before scission or from the separated fragments. In this work, we 
consider low-energy fission with initial excitation energies E*CN up to a few MeV where 
evaporation and gamma emission on the fission path is considered to be weak. The same is 
true for neck emission of neutrons. Since fission fragments are neutron-rich, evaporation 
proceeds almost exclusively by neutrons. We assume that already somewhat before the 
scission configuration the two nascent fragments have acquired their individual properties 
concerning shell effects [3,4,5] and pairing correlations [6] and can be treated as two well 
defined nuclei set in thermal contact through the neck. Theoretical investigations of the 
gradual transition from the mononucleus regime to the di-nuclear system [3,4,5,6,7,8] support 
this assumption.  
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We will now consider how the TXE is divided between the two nascent fragments. Following 
the transition-state approach of Bohr and Wheeler [9], all the available E* above the barrier 
height is assumed to be thermalised, that means it is, on the average, equally distributed 
between all available intrinsic and collective degrees of freedom. These are the single-particle 
excitations and the collective normal modes. On the way to scission, the difference in 
potential energy between saddle and scission [10] may feed some amount of pre-scission 
kinetic energy in fission direction, excitations of normal collective modes and additional 
intrinsic excitations.  
We may distinguish three classes of energy, which add up to the final TXE of the fission 
fragments, according to their appearance at scission: (i) Collective excitations stored in 
normal modes. (ii) Intrinsic excitations by single-particle or quasi-particle excitations. (iii) 
Deformation energy. The deformation energy ends up as part of the E* available when the 
fission fragments recover their ground-state deformations.  
The deformation induced in the two nascent fragments can be considered as a superposition 
of a macroscopic trend, caused by the mutual Coulomb repulsion of the nascent fragments, 
which favours a large prolate deformation around β = 0.5 [11] and a structural influence due 
to shell effects. Different fission modes correspond to substantially different deformations at 
scission and, thus, to different amounts of deformation energy of the individual fragments. 
Theoretical arguments on the deformation of the fragments at scission can be deduced from 
shell-model calculations [11,12], while experimental information can be extracted from the 
saw-tooth-like behaviour of the neutron yields, which is thought to be caused to a great extent 
by the variation of the contribution of the deformation energy to the E* of the fragments.  
The division of collective excitations among the two fragments is intimately related to the 
nature of the specific collective mode considered. As an example, the division of E* stored in 
angular-momentum-bearing modes is governed by the momenta of inertia of the fragments 
and the conservation of total angular momentum. If the fissioning nucleus has zero angular 
momentum, and orbital angular momentum is neglected, both fragments must carry the same 
amount of angular momentum (in opposite direction), and, thus, the E* is inversely 
proportional to their moment of inertia. Thus, for these specific modes, the lighter fragment 
tends to carry the larger portion of E*. 

Division of intrinsic excitation energy 

The division of intrinsic excitations can be derived when thermal equilibrium at scission is 
assumed among the intrinsic degrees of freedom in each fragment. As said above, the 
nuclear level density at low E* is very well described by the constant-temperature formula:  
 

                                                    (1) 
 
In a recent work, Egidy et al. have obtained the following dependence of the nuclear 
temperature T with the nucleus mass number A and with shell effects U from a fit to available 
data on nuclear level densities [13] : 
 

                                           (2) 
 
This leads to a very interesting situation for the two nascent fragments at the scission-point 
configuration: The level density of each fragment is represented by the constant-temperature 
formula (1) with a specific value of T for each fragment. As a consequence, there is no 
solution for the division of intrinsic E* with T1=T2. As long as some excitation energy remains 
in the fragment with the higher temperature, its E* is transferred to the fragment with the lower 
temperature. That means, a process of E* sorting takes place where all E* accumulates in the 
fragment with the lower temperature, while the other fragment looses its entire E*. According 
to formula (2) the heavy fragment generally has the lower T and thus attracts all the E*. Some 
deviations from the constant-temperature behaviour appear in the range of the first quasi 
particle excitations [14].  
Due to the influence of shell corrections on T, see eq. (2), the direction of the energy transfer 
may be reversed if the heavy fragment is stabilised by a strong shell effect. This may be 
possible in the standard I (SI) fission channel, which is characterised by the formation of a 
heavy fragment close to the doubly magic 132Sn.  
The flow of excitation energy from the hot fragment to the cold fragment is a way for the entire 
system made of the two nascent fragments in contact to maximise the number of occupied 
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states or its entropy. In fact, the entropy S is a linear function of the partitioning of the total 
excitation energy E* = E*1 + E*2: 
 

                                                   (3) 
 
The number of available states of the light nucleus or closed-shell nucleus is small compared 
to that of the complementary fragment. Therefore, the situation in which the light nucleus or 
the closed-shell nucleus has part of the E* leads to a smaller entropy than the situation in 
which the entire E* is transferred to the heavy or the non-closed-shell nucleus which has 
considerable more available states. 

Prompt neutron yields 

The number of evaporated neutrons as a function of the fragment mass is directly related to 
the excitation energy of the fragment and, therefore, should clearly reflect the peculiar 
situation of the full transfer of the intrinsic excitation energy to the cold fragment. The neutron-
induced fission of 237Np has been studied very carefully at two different neutron energies [15]. 
Fig. 1 shows the average number of evaporated neutrons as a function of the fragment mass. 
As mentioned above, the well known saw-tooth-like behaviour of this curve is attributed to the 
deformation energy. The minimum close to A=130 is due to the shell closures N=82, Z=50 
that lead to spherical fission fragments. An increase of incident neutron energy translates into 
an increase of E* of the compound nucleus. The increase of the emitted neutrons near 
symmetry for 110<A<130 with incident neutron energy is caused by the increase of the yield 
of the super long (SL) mode which is related to well deformed fission fragments. For more 
asymmetric mass splits outside this range, we observe a very peculiar feature: Interestingly, 
Fig. 1 shows that the increase of E* leads to an increase of the number of evaporated 
neutrons for the heavy fragment, only. Since the neutron yield of the fission fragments for a 
fixed mass fluctuates over several neutrons, the mean value is a very sensitive measure of 
the fragment excitation energy. If the mean energy available changes, the contribution on one 
or the other wing of the neutron-multiplicity distribution decreases respectively increases, and, 
thus, the mean value is shifted. Actually, a quantitative analysis of the data reveals that all of 
the increased E* appears in the heavy fragment. This observation is rather general as it was 
also found for other fissioning systems such as 233U and 238U and other incident particles like 
protons [16,17,18,19]. However, no clear explanation has yet been found for this effect. The 
reason is that all the work [20,21,22] done to study the partition of intrinsic excitation energy 
between fission fragments is based on the formula of Bethe [23]. 
 

                                              (4) 
 
where a is the level-density parameter which is proportional to the mass number A of the 
nucleus. The latter formula is based on independent particles in an equidistant single-particle 
level scheme. Under the assumption of thermal equilibrium at scission, one obtains an 
intrinsic E* division in proportion of the mass ratio of the fragments: E*1 / E*2 = A1 / A2. 

 
 
 
 
Figure 1. Average number of prompt 
neutrons as a function of the primary 
fragment mass for the neutron-
induced fission of 237Np at two 
incident-neutron energies, data taken 
from ref. [15]. 
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The tendency to divide the available excitation energy according to the mass ratio has been 
confirmed empirically in many binary reactions involving relatively high E* [24], although also 
deviations from full equilibration were observed due to insufficient reaction time [25]. 
However, this expression is not applicable at low E* and fails to explain the observation 
presented in Fig. 1 that all the increase in E* is found in the heavy fragment. Actually, this 
effect is a direct consequence of the different constant temperatures of the two fragments at 
scission. According to eq. (2), the temperature of the heavy fragment, in the absence of 
strong shell effects, is always lower than the temperature of the light fragment. Therefore, the 
heavy fragment will absorb the entire available intrinsic E* and evaporate more neutrons.  
We would like to stress that our argumentation is based on the same assumptions as other 
work that investigates the sharing of intrinsic E* at scission [20,21,22]. That is, we have 
assumed independent fission fragments and a process of thermal equilibration between the 
fragments at scission. What is substantially different in our approach is that we use the 
constant-temperature level density which correctly describes the behaviour of nuclei at 
moderate E* and not the commonly used Fermi gas level density of eq. (4) which is only valid 
at high E*. 

Features of the even-odd effect in fission 

Pairing correlations are not only at the origin of the constant-temperature behaviour of the 
nuclear level density, they manifest themselves also in a number of observables, which are 
modulated by an even-odd structure [26]. The most prominent manifestation of pairing 
correlations in nuclear fission is the enhanced production of even-Z elements in low-energy 
fission of an even-Z compound nucleus. Figure 2 shows the Z distribution observed in the 
fission of 229Th, which was produced as a secondary beam from 1 A GeV 238U projectiles and 
which was excited in the Coulomb field of lead target atoms  slightly above the fission barrier 
with a width of about 5 MeV (FWHM) [27]. Due to the inverse kinematics, an excellent Z 
resolution has been achieved. Moreover, this experiment allowed measuring the even-odd 
structure continuously over a large range of mass splits. This was not possible in heavier 
actinides due to the extremely low yields for symmetric splits.  

 
 
 
 
 
 
Figure 2. Element distribution observed in the 
electromagnetic-induced fission of 229Th [28].  
 
 
 
 

At present, several systematic features have been established experimentally [29]. The left 
part of Fig. 3 shows experimental data on the local even-odd effect δp, defined as the 
logarithmic four-point difference [30] as a function of charge asymmetry for different fissioning 
nuclei measured at ILL Grenoble. Fission was induced by thermal neutrons with the exception 
of 229Th, where fission was induced by electromagnetic excitations. The experimental data 
from previous compilations (refs. [28,31,32]) and from figure 3 clearly illustrate several 
features: 
(i) The amplitude δp of the even-odd structure decreases with increasing initial excitation 
energy and with increasing mass of the fissioning system.  
 (ii) There is a drastic increase of the even-odd structure at large asymmetry.  
(iii) Also odd-Z fissioning systems like 239Np and 244Am show an even-odd structure in the Z 
yields, however, only at large asymmetry. Enhanced production of even-Z nuclei is observed 
in the light fragment, while the production of odd-Z nuclei is enhanced in the heavy fragment. 
The magnitude of the even-odd effect observed at large asymmetry is about the same in 
even-Z and in odd-Z fissioning systems of comparable mass. 
The theoretical interpretation of the even-odd effect in fission-fragment yields was inspired for 
a long time by the observation that the magnitude of the effect is very sensitive to the initial 
excitation energy of the fissioning system and that no even-odd effect had been observed in 
odd-Z fissioning systems. Thus, the even-odd effect seemed to be a measure for the survival 
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of a completely paired proton configuration at scission. Based on statistical concepts, several 
authors attempted to relate the magnitude of the even-odd structure in the Z yields with the 
intrinsic excitation energy available in the fissioning system in the vicinity of the scission point 
[26,31]. In this spirit, the lowering of the even-odd effect towards symmetry and the increase 
towards asymmetry was associated with "hot" symmetric fission and "cold" asymmetric fission 
[33]. It seems plausible that the amount of intrinsic excitation energy is reduced in very 
asymmetric fission due to the higher conditional fission barrier, since this interpretation is in 
line with the reduced yields. However, this explanation is not consistent with the assumption 
of "hot" symmetric fission, which is also characterised by low yields and a higher barrier in the 
heavier actinides [34].  
 

 
Figure 3. Left part: Systematics of the measured local even-odd effect as a function of 
asymmetry, parameterised as the ratio of the Z of the light fragment and the Z of the 
fissioning nucleus Z1/ZCN, for thermal-neutron-induced fission of heavy nuclei. The fissioning 
nucleus is indicated. The data have been taken from ref. [29]. The local even-odd effect of the 
electromagnetic-induced fission of 229Th [28] (see figure 2) is shown in addition. Right part: 
Result of a calculation with the GEF code [35].  
 
 
Some attempts were made to theoretically study the dynamical process of pair breaking in the 
fission process [6,31,36,37]. But none of them can explain the drastic increase of the even-
odd effect at large asymmetry. Qualitative arguments for this increase were given on the 
basis of the mass dependence of the pairing gap [38] or the single-particle level density 
[28,39], but they stayed on a purely statistical level, and the quantitative agreement with the 
data was not satisfactory. 

Even-odd effect in asymmetric fission and energy sorting 

In the present work, we apply our considerations on the energy-sorting mechanism in 
superfluid fission dynamics [40] to propose a dynamical scenario for the asymmetry-
associated even-odd effect in fission. Since the temperature of the fragments remains 
unchanged in spite of the variation of E*, the light fragment will transfer all its E* to the heavy 
one. It seems natural and unavoidable that the complete energy sorting finally also favours 
the production of even-Z (and even-N) nuclides in the light fragment, because this leads to a 
considerable energy gain in the heavy fragment and thus to an increase in entropy of the 
system. The gain in E* can be up to four times the pairing gap. Therefore, according to the 
energy-sorting mechanism, there will be a tendency for the hot (normally the light) fragment to 
be fully paired.  
Let us now consider the dynamics of the energy-sorting process. The time t to form a fully 
paired light fragment is the sum of the time needed for the light fragment to transfer all its E* 
to the heavier one, and the time to exchange few nucleons through the neck. The latter time 
is rather short so that the time t is dominated by the time to transfer all the E*. The latter will 
increase with the initial excitation energy in the light fragment E*0,light since it will take a longer 
time to transfer all the energy from the light to the heavy nucleus. We consider that the initial 
excitation energy E*0,light is proportional to the available excitation energy at scission E*sci  
which is the sum of the excitation energy at saddle E*CN and the dissipated energy between 
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saddle and scission E*sad−sci. E*CN  increases with beam energy and E*sad−sci increases with 
the Coulomb parameter Z2/A1/3  since the saddle-to-scission path becomes longer [10]. On the 
other hand, the time t will decrease when the temperature difference T1 − T2 between the two 
fragments increases. A higher temperature gradient leads to faster flow of E* between the two 
fragments. According to eq. (2). an increase in temperature difference corresponds to an 
increase in the asymmetry of the mass split. To resume, the time t follows the expression:  
 

                                                            (5) 
 
As a consequence, t will increase with the beam energy and the Coulomb parameter of the 
fissioning nucleus and will decrease with increasing asymmetry of the mass split. Eq. (5) is 
reflected by the schematic drawing shown in Fig. 4, which illustrates the variation of the mean 
E* in the light fragment as a function of time. Two fissioning nuclei and several mass splits, 
corresponding to equivalent mass asymmetries in both fissioning systems, are considered. 
One can see that the drop to E*=0 (complete energy sorting) occurs faster for the more 
asymmetric splits. It also shows that the energy-sorting process takes longer for the heavier 
fissioning nucleus, because the E* to be transferred is larger.  
Let us now assume that there exists a time tp, above which the exchange of protons through 
the neck is very much hindered due to the growing Coulomb barrier between the two 
fragments. If t > tp, no net even-odd effect is induced because protons cannot be transferred 
to the heavy nucleus. Thus, according to the energy-sorting process the even-odd effect as a 
function of asymmetry should have a threshold character. The threshold asymmetry where 
the even-odd effect created by the energy sorting sets in (corresponding to the asymmetry for 
which t = tp) will increase with the Coulomb parameter of the fissioning nucleus. According to 
Fig. 4, in 236U the energy sorting is accomplished within the time window tp for the most 
asymmetric mass split (156/180) and, thus, the formation of an even-even light fragment is 
strongly enhanced. For 250Cf, an even larger mass asymmetry than 165/85 is required. For a 
fixed even-Z fissioning nucleus, the general trend presented by the data in the left part of Fig. 
3 is a small and rather constant even-odd effect close to symmetry and a strong increase as 
we move to more asymmetric fission. The latter feature occurs at an asymmetry value that 
increases with the mass of the fissioning nucleus, in agreement with what is expected from 
the energy-sorting process. For 230Th, this change is not shown by the data. However, we 
presume that this is because the threshold asymmetry for this nucleus is close to symmetry 
where no data have been measured. The data of the electromagnetic-induced fission of 229Th, 
which cover the whole mass range, support this assumption.  

Figure 4. Schematic drawing representing the mean excitation energy in the light fission 
fragment as a function of time. Two fissioning nuclei and different mass splits are considered. 
See text for details. 
 
 
For several systems, the data point in Fig. 3 that is closest to symmetry is appreciably higher 
than expected from the global trend. This effect may be associated to the influence of the 
Z=50 shell in the complementary fragment, which is known to enhance the yield of tin 
isotopes and, thus, leads to a local increase of the deduced even-odd effect. In the GEF code 
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[35] the dependence of the local even-odd effect with asymmetry is modelled in a 
phenomenological way with a smoothed step function, obtained by a convolution with a 
Gaussian function. The threshold asymmetry value is the one that fulfils the condition C 
E*sci/|T1−T2| = tp, where C is a constant. tp/C is adjusted to the data and has the same value 
for all nuclei. In accordance with the data, the width of the Gauss function is set proportional 
to |T1 − T2|. The scaling factor for |T1 − T2| is the same for all nuclei and fitted to the 
experimental data. In the GEF model it is assumed that 50% of the energy release from 
saddle to scission [10] is dissipated into intrinsic excitations. The intrinsic excitation energy at 
scission determines also the magnitude of the even-odd effect at symmetry according to the 
model of ref. [41].  
On the right part of Fig. 3, the results of the GEF code for the same fissioning systems are 
presented. The main tendencies of the experimental data are nicely reproduced by our 
description. The energy-sorting mechanism also predicts that, for a given fissioning nucleus, 
the threshold asymmetry should increase with increasing initial excitation energy of the 
compound nucleus. In addition, since the transfer of neutrons is possible until neck rupture, 
one expects smaller threshold asymmetries for the even-odd effect in the fission-fragment 
neutron yields. Unfortunately there are no data to verify these statements. 

Summary and outlook 

Nuclei at low excitation energy E* are peculiar systems, since their temperature remains 
approximately constant with increasing E*. In this sense, the nuclear superfluid to normal-
liquid phase transition seems to behave like a first-order phase transition. The very special 
feature of this phenomenon in nuclei is that the constant-temperature regime essentially 
reaches down to zero energy, with only some fluctuations at the thresholds for the first quasi-
particle excitations. The scission configuration of the fission process offers the unique 
possibility to investigate, how two different nuclei in this special regime of constant 
temperature share the available intrinsic excitation when they are in thermal contact. We have 
shown that in this regime we reach a peculiar state of thermal equilibrium at scission in which 
the temperatures of the nascent fragments remain different in spite of the flow of E* from the 
hot to the cold fragment. Rather unexpectedly, this implies that the total amount of intrinsic E* 
available at scission is found in the fragment with the lower temperature. Our discovery of the 
energy-sorting mechanism may be considered as a new counter-intuitive manifestation of 
quantum-mechanical properties of microscopic systems. This entropy-driven E*-sorting 
process appears to have similarities with Maxwell’s demon [42] on the nucleonic level. 
However, the phenomenon is fully compatible with the second law of thermodynamics. This 
E*-sorting effect explains very easily an issue that remained unsolved up to present when 
comparing the number of emitted neutrons as a function of fragment mass for different initial 
excitation energies. It was observed in asymmetric mass splits that the increase of intrinsic E* 
of the fissioning nucleus appears as an increase of E* in the heavy fission fragments, only.  
Moreover, the complex features of the even-odd effect in fission-fragment yields as a function 
of initial excitation energy and Coulomb parameter of the fissioning system as well as of the 
mass asymmetry of the fragments can easily be explained by the eventual transfer of the last 
unpaired proton, generally from the light to the heavy fragment, at the last step of the energy-
sorting process. The fact that the even-odd effect is governed by the ratio of the total intrinsic 
excitation energy at scission and by the temperature difference of the two nascent fragments 
lead us to propose a schematic dynamical model.  
This finding represents an essential progress in the understanding of fission dynamics: The 
threshold behaviour of the asymmetry-associated even-odd effect establishes a relation 
between the speed of the energy transfer in the energy-sorting mechanism and the dynamical 
time, starting at the moment when the two fragments develop their individual properties, e.g. 
their final temperatures, and the moment when the resistance against the transfer of protons 
across the neck becomes inhibitive. There exists some experimental knowledge on the 
saddle-to-scission time e.g. by the pre-scission neutron multiplicity at higher excitation energy 
[43], but there is little knowledge on the time for intrinsic excitation-energy transfer between 
nuclei in thermal contact in the superfluid regime. Thus, the present work is a step forward in 
the development of new kinds of fast nuclear clocks. Detailed theoretical and experimental 
studies on pre-scission dynamics will allow extending the investigations on non-equilibrium 
processes between different superfluid mesoscopic objects in analogy to the supercurrent 
[44] in particle transfer. In the present case, the driving force is the entropy, in contrast to 
transfer reactions, which are driven by different Fermi levels. Our findings provide an 
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important constraint on the theoretical modelling of the last stage of fission in the superfluid 
regime [6], which represents still a considerable challenge.  
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Abstract: A Monte Carlo code named FIFRELIN (FIssion FRagment Evaporation Leading to 
an Investigation of Nuclear data) has been recently developed in order to investigate prompt 
fission neutrons and gamma properties. The available excitation energy of the fission 
fragments used for neutrons and gamma emission is calculated by accounting for their 
rotational energies. In addition, the fission fragment evaporation process is simulated using 
two main assumptions: (i) the partitioning of the excitation energy between primary fragments 
is performed by adopting a mass dependent temperature ratio law which has been 
established from physical grounds; (ii) a spin dependent excitation energy limit is considered 
for neutron emission. In the present paper, the spontaneous fission of 252Cf is studied. We 
show that the main features of the prompt neutrons (energy spectrum, average neutron 
multiplicity, distribution of the prompt neutron multiplicity …) as well as the excitation energy 
available for prompt-gamma emission are nicely reproduced. 

Introduction 

In order to analyse or predict the various neutron, gamma and fission fragment related data in 
a user friendly way, we have developed a dedicated code named FIFRELIN (FIssion 
FRagment Evaporation Leading to an Investigation of Nuclear data). This code is based on a 
Monte Carlo approach of the FF deexcitation [1]. The basic ideas have been already 
developed by Lemaire et al. [2] and very recently by Randrup et al. [3]. In Lemaire’s work two 
kind of hypothesis related to the partitioning of the FF initial excitation energy at the scission 
point are considered. The first one is an equipartition of the temperature between the two 
complementary fragments and the second one uses experimental results like mean neutron 
energy or average number of prompt neutrons as a function of the fission fragment mass to 
infer the initial excitation energy of each fragment. The first hypothesis is not able to 
reproduce the saw-tooth shape of the distribution of the average number of prompt neutrons 
as a function of fragment mass and we have definitively decided to not consider the second 
one because we try to have a predictive tool as much as possible and then experimental 
results can not be used as input parameters. In the present work various additional models 
have been developed and different hypothesis have been used to improve the agreement 
with experimental data. Up to now, only the 252Cf spontaneous fission case has been studied. 
 

Initial input data needed 

In order to simulate the evaporation process, our Monte Carlo code needs some initial input 
data which are the mass and nuclear charge distributions of the fission fragments as well as 
their kinetic energy distributions: Y(A, Z, KE). These mass and kinetic energy distributions 
were taken from the measurement performed by Varapai [4] and are plotted in Fig.1.  
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Figure 1. Mass yield (top), average kinetic energy (middle) and width of the kinetic energy 

distribution (bottom) as a function of the pre-neutron mass (from Ref. [4]). 
 

 
The nuclear charge distribution within a mass chain is assumed to be:  

  cZZ Pe /2

c

1
  Y(Z) 


     (1) 

This distribution is characterised by the most probable charge Zp and a width parameter 

 12/12  c 2
Z    depending on the charge dispersion σz [5]. The most probable charges for 

light and heavy fragments are obtained within the Unchanged Charge Density assumption 
(UCD) corrected by a polarization function which depends on the mass number [5]. 

Calculation procedure 

The calculation procedure is done in five steps which are described below. 

Sampling of the light fragment 
The first step consists in sampling (see previous section) the mass number AL, the nuclear 
charge ZL and the kinetic energy KEL of the light fission fragment. 

Sampling of the heavy fragment 
It is then possible to determine the mass and charge of the heavy fragment (AH=252-AL and 
ZH=98-ZL), while its kinetic energy (KEH) is sampled on the experimental kinetic energy 
distribution (Fig.1). 

Determination of the total excitation energy at scission 
From the two previous steps, the total excitation energy (TXE) available at scission can be 
deduced: 

       HLHHLL KEKE,ZAB,ZAB,ZAB Q-TKETXE  98252   (2) 

where B are the atomic mass evaluations taken from [6]. 

Partitioning of the excitation energy between the two fragments 
We know that the total excitation energy at scission is mainly composed of intrinsic excitation 
energy (E*,SC), deformation energy (Edef, SC) and collective energy (Ecoll, SC): 
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     Coll, SC
GS

def, SC
SC

def, SC*, SC   E βEβE   ETXE      (3) 

Since after their full acceleration (i.e. after relaxation of the deformation energy), the fission 
fragments are rotating, it is believed that the total excitation energy is converted into intrinsic 
excitation energy and rotational energy. We can therefore write: 

Rot
H

Rot
L

* E E  ETXE      (4) 

If we consider the nucleus as a Fermi gas, the intrinsic excitation energy is given by: 
22

HHLL
* T  a  T  a  E       (5) 

where aL and aH are the level density parameters of the light and heavy fragments which are 
calculated from the Ignatyuk’s model [7]. TL (TH) is the light (heavy) fragment temperature. 
 
Three different assumptions will be used concerning the temperature ratio (RT=TL/TH):  

 RT=1; this assumption considers the same temperature for both fragments. 
 RT=1.25; it is assumed that the temperature of the light fragment is 25% higher than 

the heavy fragment one (this assumption has been already used for instance in Ref. 
[8]). 

 RT ≡ RT(A); here the ratio is assumed to be dependant of the fragment mass. This 
dependence is based on physical grounds and is plotted in Fig. 2. For mass split 
78/174, the light fragment is assumed to have a spherical shape and then its 
temperature is lower than the heavy fragment one (RT=0.4). For mass split 120/132, 
the situation is reversed and RT=1.6. For symmetric mass split (126/126), the 
temperature is the same and therefore RT=1. 

 
 
Figure 2.  Temperature ratio (RT=TL/TH) law depending on the fragment mass and used in 

our Monte Carlo code.  
 

The rotational energy involved in Eq. (4) is approximated by the rotating liquid drop model: 





2

1)J(J
E Rot 

    (6) 

where J and   stand respectively for the total angular momentum and the moment of inertia. 
Both quantities are determined as follows: 

 The fission fragment angular momentum is sampled from the following distribution [9]:  

    2221exp12 /B/JJP(J)      (7) 

where B is almost equal to the root mean square value of J+1/2. We have adopted 
6B  for light fission fragment and 2.7B for the heavy one, in agreement with the 

Wilhelmy’s observations [10]. 
 For the determination of the moment of inertia , three cases were considered. The 

first one is based on the deformed rigid body model: 

  22 4403101
5

2
β.β.AMRrigid       (8) 
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Where A, M and R stand for the mass number, the nucleon mass and the radius 
(R=1.2A1/3 fm). β is the quadrupole deformation parameter of the nucleus in its 
ground state which is taken from Ref. [11].  
The second case is based on the fluid irrotational model, where the moment of inertia 
is given by: 

22

8

9 


AMRIrrot        (9) 

Lastly, we have considered an intermediate situation, where the moment of inertia is 
expressed as:  

rigid  2/1             (10) 

Table 1. Survey of the total average neutron multiplicity calculated from various hypotheses. 

 RT=TL / TH   *
limE  L  H  Tot  

Case 1 1 - nS  1.82 2.44 4.26 

Case 2 1.25 - nS  2.28 1.93 4.21 

Case 3 1.25 Rigid  rot
n ES   2.18 1.83 4.01 

Case 4 1.25 Irrot  rot
n ES   1.06 0.46 1.52 

Case 5 1.25 Rigid  5.0  rot
n ES   2.07 1.71 3.78 

Case 6 RT≡RT(A) Rigid  5.0  rot
n ES   2.06 1.70 3.76 

Experiment: Vorobyev et al. [13] 2.051 1.698 3.756 

 

Neutron evaporation 
Combining Eqs. (3) to (10) allows the determination of the excitation energy for each fission 
fragment. This energy will be used to evaporate prompt neutron and gamma. Assuming that 
the cross section of the inverse process of compound nucleus formation is constant, the 
energy ε (in the centre of mass frame) of a neutron emitted at a given temperature T is 
sampled over a Weisskopf spectrum [12]: 

  Te
T

/
2

        (11) 

Note that the temperature in Eq. (11) is the temperature of the compound nucleus before 
emission. The neutron evaporation ends when the excitation energy is lower than an energy 

limit ( *
limE ) which is given by: 

   JESJE rot
n *

lim       (12) 

where Sn is the neutron energy separation. So, when neutron evaporation is no longer 

possible ( rot
n ESE * ), gamma deexcitation can start. 

Results and discussion 

As already said in the previous section, various cases have been considered concerning both 
the temperature ratio law (RT) and the determination of the moment of inertia . In each case, 
the average prompt neutron multiplicity for both fragments can be calculated and compared 
with the experimental data as shown in Table 1. 
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Figure 3.  Neutron multiplicity as a function of the fragment mass (left) and the total kinetic 
energy (right). Our  calculations (performed with RT≡RT(A) and Rigid  5.0 ) are 

compared with experimental data (Budtz-Jorgensen [14], Bowman [15], Hambsch 
[16]) and with the ‘Point-by-Point’  model (Tudora [17]).  

 

It is clear from Table 1, that cases 1 and 2 strongly overestimate the total average neutron 
multiplicity, meaning that the excitation energy limit is too low and then the rotational energy 
has to be taken into account. The impact of the moment of inertia (needed to calculate the 
rotational energy) is illustrated in the cases 2 to 5. It can be observed that Rigid  5.0  (case 

5) is a good compromise to evaluate properly the L , H  and Tot  quantities. Nevertheless, 

using a constant temperature ratio (RT=1.25) does not allow to reproduce properly the neutron 
multiplicity as a function of the fragment mass (saw-tooth curve) [1]. 

 

 
 

Figure 4.  Prompt neutron energy spectrum in the laboratory frame (left part of the figure) 
and total energy available for prompt gamma emission as a function of the light 
fragment mass (right part of the figure). 

  

The best case is clearly the last one (case 6). Indeed, within this model, various observables 
are nicely reproduced: 

 The saw-tooth curve (left part of Fig. 3) and the neutron multiplicity as a function of 
the total kinetic energy (right part of Fig. 3) are in a very good agreement with Budtz-
Jorgensen experimental data [14]; 

 The prompt neutron energy spectrum (left part of Fig. 4) is similar with the Manhart’s 
evaluation [18], in particular in the region between 1 and 6 MeV; 

 The total remaining energy available for prompt gamma emission (right part of Fig. 4) 
agrees well with Nifenecker experimental data [19]; 
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 The neutron emission probabilities P() for the light fragment, the heavy one and both 
of them (Fig. 5) follow the Vorobyev experimental data [13].  
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Figure 5.  Neutron emission probabilities for light fragment (left), heavy fragment (middle) 
and both fragments (right). 

 

Conclusion 

A Monte Carlo code has been recently developed in order to investigate prompt fission 
neutrons and gamma properties. The available excitation energy of the fission fragments 
used for neutrons and gamma emission is calculated by accounting for their rotational 
energies. The main features of the prompt neutrons (energy spectrum, average neutron 
multiplicity, distribution of the prompt neutron multiplicity …) as well as the excitation energy 
available for prompt-gamma emission are nicely reproduced by using two main assumptions: 
(i) the partitioning of the excitation energy between primary fragments is performed by 
adopting a mass dependent temperature ratio law which has been established from physical 
grounds (see Fig. 2); (ii) a spin dependent excitation energy limit is considered for neutron 
emission (see Eq. (12)).  
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Abstract: Among the actinides, 237Np is one of the most important components of the burn-up 
fuel. As it is a non-fissile isotope, 237Np is a good candidate for being incinerated in fast neutron 
spectrum systems. In order to obtain the transmutation capabilities of this isotope under such a 
neutron flux, a more accurate measurement of the neutron-induced fission cross section is 
required. This contribution presents the final result of the 237Np(n,f) cross section from threshold 
up to 1 GeV obtained by the n_TOF experiment, taking the 235U(n,f) cross section as a reference. 
Contrary to other isotopes measured in the same conditions (233U, 234U, 238U), in case of 237Np 
significantly higher cross sections are found when compared to previous measurements. Critical 
experiments involving a significant amount of 237Np make the multiplication factor keff very 
sensitive to the 237Np(n,f) cross section and are useful benchmarks to test it. We checked the 
validity of our measurement by probing it against the Los Alamos critical experiment which 
consists of a spherical assembly of 6 kg of 237Np surrounded by 62.5 kg of highly enriched 
uranium. Although most of fissions (86%) occur in uranium, the accuracy of determination of keff 
allows to discriminate different sets of the 237Np(n,f) cross section, especially in the MeV region 
which is crucial for fast reactors. The keff has been computed with the MCNP5 code, first by using 
evaluated cross sections, and then by introducing the n_TOF 237Np fission cross section. The 
latter improves the agreement between the simulation and the criticality measurement. Moreover 
a modification of the inelastic cross section of 235U, as hypothesized by some authors to reconcile 
the simulation and the criticality experiment, hardly explains the discrepancy if the keff of a highly 
enriched uranium is kept constant. 

Introduction 
237Np is one of the minor actinides produced in present nuclear reactors. Due to its long life time 
(T1/2=2 Myr) it is considered as a long term waste and a possible candidate for incineration. Such 
a foreseen transmutation requires a better knowledge of cross sections.  
This triggered several measurements of the neutron-induced fission cross section [1-5]. Although 
most of the measurements are in agreement with each other, the last data obtained at the CERN 
n_TOF facility [5] are about 5% to 6% higher than the others beyond the first chance fission 
threshold, as illustrated in figure 1. The same deviation shows up when those data are compared 
to the evaluated files (see figure 2), which is not surprising as the evaluations are based on the 
previous measurements. This singularity of the n_TOF measurement could lead one to consider 
that it is not reliable. However one should have in mind that several of the experimental results are 
not independent. For example the evaluation ENDF/B-7.0 [6] is based on Tovesson’s data [3,4]. 
But those data have been renormalized to ENDF/B-6.8 at 14 MeV due to a lack of knowledge on 
the number of atoms in the targets. ENDF/B-6.8 is based essentially on Lisowski’s measurement 
[1] which itself has been re-normalized to Meadows results [6] for similar reasons. All in all, 
despite small deviations, the three experiments give very similar values. In the n_TOF experiment, 
although the detection efficiency is reduced, the targets and all materials are well characterized so 
that no re-normalisation needed to be applied and the four neptunium targets delivered consistent 
data. 
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Therefore it is worth testing a situation where the fission cross section of 237Np plays a significant 
role especially in the energy domain above or around the fission threshold, that’s to say in the 
MeV region. We focus in this work on a critical experiment which has been performed at Los 
Alamos and proposed as a benchmark for neutron transport simulations [7]. The critical mass is 

 

Figure 1 . Ratio of neutron-induced fission cross sections of 237Np and 235U as 
measured at CERN n_TOF compared to previous measurements. Furman 
refers also to n_TOF data obtained with another detecting system. 

Figure 2 . (n,f) cross section of 237Np as measured at n_TOF (continuous black 
line), compared to the ENDF/B-7.0 evaluation (dashed line). The ratio is shown 
with a blue line, referred to the right hand scale. 
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made of a neptunium sphere of 6 kg surrounded by hemispheric shells of Highly Enriched 
Uranium (HEU) to reach criticality. The multiplication factor keff has been accurately measured for 
a definite geometry. Although most of the fissions occur in the HEU mass (86%) the accuracy on 
keff is sensitive to the neptunium cross sections and allows testing the discrepancy between 
different fission cross section sets.   
The next section briefly describes the critical set up and the comparison of our calculation of keff to 
previous ones when the evaluated cross sections (ENDF/B-6.8 and ENDF/B-7.0) are used. Then 
we compute again this multiplication factor when the n_TOF fission cross section of 237Np is 
substituted for the standard one. Finally, instead of changing the 237Np fission cross section we 
will modify the 235U inelastic cross section, as this effect has been invoked by some authors to 
explain the difference between the simulation and the measurement. 

Critical benchmark with neptunium 

We give here only a brief description of the benchmark model which is an idealized representation 
of the true experiment, with some simplifications regarding the geometry of the fissile assembly 
and the surrounding materials. All the details concerning the geometry and the composition of 
materials can be found in reference [7]. The authors computed the small effects of these 
simplifications and corrected the measured value of keff to deliver an experimental-like one 
corresponding to the simpler geometry represented by the benchmark, which will only be 
considered in the following. 
The benchmark set up, sketched in figure 3, is made of a neptunium sphere of 6 kg lying inside a 
lower HEU hollowed hemisphere made of several hemispheric shells of HEU. Other materials are 
present in small quantities as tungsten, nickel and aluminium claddings or liners. Another 
hollowed hemispheric HEU shell constitutes the upper part of the assembly. When the lower part 
is lifted and it joins the upper one criticality is reached. 
 
 

 
 
 
 
 
 
By definition the multiplication factor keff is the mean value of the number of neutrons created 
when one neutron is absorbed. In other words it is the number of neutrons at one generation 
divided by the number at the previous generation. If an internal source sends 1 neutron in the 
assembly, keff neutrons are present at the 1st generation, keff

2
 at the 2nd, keff

3 at the 3rd, etc… In fact 
keff may vary along the first generations because the first neutrons do not necessarily sense the 
same parts of the assembly as the many neutrons of later generations, but this effect can be 
neglected when keff is close to 1. 

Figure 3 . Left, schematic view of the neptunium benchmark experiment. Right, 
extraction of the critical distance from a series of sub-critical measurements. 
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Therefore the total number of neutrons generated by an initial one is: 

eff
effeffeff k

kkkN



1

1
1 32            

which is valid only for keff <1, otherwise N goes to infinity. A detector with an efficiency ε will detect 
a number of neutrons: 

eff
d k

NN



1

  

According to (2) by plotting 1/Nd versus the distance between the 2 parts of the system and 
linearly extrapolating it to 0 it is possible to find the distance for which criticality is reached: keff =1 
and also the over-critical value of keff corresponding to contact, which can be confirmed also by 
kinetic measurements (increase in time of the flux). 
The measurement has been performed by the authors of reference [7] and they found for the 
benchmark situation when the 2 parts are in contact: 

0036.00019.1 effk  

 
They also computed this multiplication factor by using MCNP5 [8], which is a transport Monte 
Carlo code for neutrons. In this computation two sets of evaluated cross sections were used: 
ENDF/B-6.8 [7] and ENDF/B-7.0 [9]. The results are reported in table 1. 
 

 

 

 

 

With ENDF/B-6.8 the deviation amounts to 3.6 times the uncertainty, whereas with ENDF/B-7.0, 
which accounts for the recent measurement [3,4] of the 237Np fission cross section, the 
discrepancy is still 1.8 times the uncertainty. 

Simulation of the neptunium benchmark 

We also simulated this benchmark by using MCNP5 driven by MURE [10]. The simulation has 
been done in the same conditions as in reference [7] to check its reliability. The results displayed 
in table 2, are very close to the ones previously obtained by other authors, as shown in table 1, 
which validates our calculation. 
 

 
 

MCNP5 ENDF/B-6.8 ENDF/B-7.0 

keff 0.9889 0.9942 

 
Now we keep the ENDF/B-7.0 data set for all cross sections except for the 237Np fission cross 
section for which the n_TOF data set is substituted. The computation of the new multiplication 
factor gives: 

0043.1effk      

 which exceeds now the experimental value but by an amount which is only 0.7 times the 
uncertainty. Therefore the simulation seems to confirm that the 237Np fission cross section could 

Table 1. MCNP5 computation of Keff done when the used cross 
section data set is ENDF/B-6.8 [7] or ENDF/B-7.0 [9]   

MCNP5 ENDF/B-6.8 ENDF/B-7.0 

keff 0.9889 0.9956 

Table 2.  Our MCNP5 computation of the neptunium 
benchmark for validation purpose.   

(1) 

(2) 

(3) 

(4) 
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be higher than expected from previous measurements. 

Inelastic cross section of 235U 

The discrepancy between the measurement and the simulation of keff using the ENDF/B-7.0 
evaluated cross sections [9] has been tentatively explained as a possible deficiency in the 
inelastic cross section of 235U. Indeed if the inelastic cross section on the highest excited levels is 
over-predicted the simulated neutron spectrum is slightly softer, as illustrated in figure 4, and the 
237Np fission rate drops leading to a keff reduction. This idea was corroborated by measurements 
of the ratio of fission rates induced in 237Np and 235U samples in a critical assembly with a fast 
neutron flux [9]. The simulated fission rate ratio 237Np/235U underestimates the experimental one 
by 2.5 %. Although this mismatch can also be accounted for by an underestimation of the fission 
cross section of 237Np, we investigated a possible effect of the inelastic cross section by allowing it 
to vary.  
 

 
 
 

 
 
We adopted a procedure based on a random modification of the cross sections related to the 35 
excited levels of 235U. We first select randomly how many levels will be affected, then the levels 
are selected randomly and the corresponding cross sections are multiplied by a random number 
lying between 0 and 2. However not all the cross section sets generated in this way are 
acceptable because they also modify the criticality of 235U which is well known. Keeping this 
criticality unchanged, only those data sets will, therefore, be retained and applied to the 
neptunium benchmark. For each of the randomly generated cross section sets we computed the 
criticality of an assembly made of a sphere of HEU surrounded by a reflector made of a spherical 
shell of natural uranium [11]. Only the configurations keeping the computed keff within 0.00025 
from the measured value are applied to the neptunium benchmark. This leads to keep 169 
configurations among a few thousands which have bee generated. 
Figure 5 shows the distribution of keff computed with the selected configurations for the 
benchmark. The measured value and the simulation using the n_TOF (n,f) cross section for 237Np 
are also indicated. The distribution is centred around the original value of 0.9942. This is expected 
as the inelastic cross sections are varied symmetrically on average. The hypothesis of incorrect 
inelastic cross section would be explanatory only if some of the computed keff would be compatible 
with the measurement. Although this cannot be excluded from the distribution shown in figure 5, 
as we found one configuration approaching the measurement zone, the hypothesis of 
underestimation of the 237Np fission cross section seems more likely. 

Figure 4. Illustration of the effect of an incorrect inelastic cross section of 235U reducing 
the fission rate in the neptunium sphere due to the fission threshold.
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Conclusion 

The simulation of the neptunium critical benchmark indicates that the recent n_TOF measurement 
of the 237Np(n,f) cross section, although higher than previous measurements and evaluations, is 
plausible as it is in better agreement with the measured  keff. The hypothesis of a deficiency of the 
inelastic cross section in 235U is less efficient in reconciling the simulation and the measurement 
although it cannot be completely discarded. 

References 
[1] P. Lisowski, J. Ullmann, S. Balestrini, A. Carlson, O. Wasson,and N. Hill, Conference on 

Nuclear Data For Science and Technology, Mito 1988, edited by S. Igarasi (Japan Atomic 
Energy Research Institute, 1998), p. 97. 

[2] O. Shcherbakov et al., J. Nucl. Sci. Tech. Suppl. 2, 230, (2002). 
[3] F. Tovesson and T. Hill, Phys. Rev. C 75, 034610 (2007). 
[4] F. Tovesson and T. Hill, Nuclear Science and Engeneering 159,94 (2008) 
[5] C. Paradela et al, Phys. Rev. C82, 034601 (2010) 
[6] J. W. Meadows, Nucl. Sci. Eng. 85, 271 (1983) 
[7] Russell D. Mosteller, David J. Loaiza,and Rene G. Sanchez, PHYSOR 2004, Chicago, 

Illinois, April 25-29, 2004 
[8] MCNP — A General Monte Carlo N-Particle Transport Code, Version5, Volume I: Overview 

and Theory, -UR-03-1987, Los Alamos National Laboratory, (April 2003) 
[9] M.B. Chadwick et al., Nucl. Data Sheets 107, 2931, (2006) 
[10]  MURE, http://www.nea.fr/tools/abstract/detail/nea-1845, April 2009 
[11] Joseph L. Sapir, Russell Kidman, R. W. Brewer, LA-UR-98-1664, http://lib-

www.lanl.gov/la-pubs/00418688.pdf 

Figure 5. Distribution of keff simulated by varying randomly the inelastic cross section of 
235U, constrained with the criticality of HEU. The red zone represents the interval of 
confidence of the measurement and the blue arrow is the result of the n_TOF 237Np(n,f) 
cross section.  



 149

Total excitation energy partition between the light and heavy 
fragments forming a pair 

 
A. Tudora1), C. Morariu1), C. Manailescu1), F.-J. Hambsch2), S. Oberstedt2) 

 
1)  University of Bucharest, Faculty of Physics, Bucharest-Magurele, POB MG-11, R-

76900, Romania 
2)  European Commission, Joint Research Centre, Institute for Reference Materials 

and Measurements, Retieseweg 111, 2440 Geel, Belgium 
anabellatudora@hotmail.com, atudora@gmail.com 
 
Abstract: Two methods of the total excitation energy (TXE) partition between the light and 
heavy fragments forming a pair are analysed comparatively. The first one is based on the 
“classical” hypothesis of prompt neutron emission from fully-accelerated fission fragments at 
statistical equilibrium, both fragments having the same residual nuclear temperature 
distribution. The second method is based on the TXE partition according to the systematic 
behaviour of the experimental multiplicity ratio νH/νpair as a function of the heavy fragment 
mass number AH, allowing parameterisations. In this case the fragments have different 
residual temperature distributions. The two TXE partition methods were applied for six 
fissioning systems: 233,235U(nth,f), 

239Pu(nth,f), 
237Np(n5.5MeV,f), 252Cf(SF), 248Cm(SF) and 

fragment excitation energies, level density parameters, fragment and fragment pair 
temperatures were compared. Residual temperature ratios RT=TL/TH with systematic 
behaviour versus AH are obtained, as well as local and global parameterisations of RT(AH) for 
neutron induced fissioning systems. Average values of quantities characterising the prompt 
neutron emission are discussed, too. Interesting systematic behaviours of average quantities 
are obtained, e.g. a linear decrease of <RT> with the mass number of the fissioning nucleus 
and a linear decrease with the fissility parameter of the average C parameter. The validation 
of the RT(AH) parameterisations is made by Point by Point model calculations of the multi-
parametric matrix (A,TKE), of all prompt neutron and gamma-ray emission quantities as a 
function of fragment mass, of total average prompt neutron multiplicity, spectrum and prompt 
neutron multiplicity distribution P(). The results are obtained in very good agreement with 
existing experimental data and evaluations. The global RT(AH) parameterisation extends the 
use of the PbP model allowing the prediction of prompt neutron emission quantities for 
fissioning systems without experimental prompt neutron emission data.  

Excitation energies, level density parameters and temperatures of fragments 

Two methods of the TXE partition between the light (LF) and heavy (HF) fragments forming a 
pair are analysed comparatively. The first one is based on the “classical” hypothesis of 
prompt neutron emission from fully-accelerated fission fragments (FF) at statistical 
equilibrium, both FF having the same residual nuclear temperature distribution [1, 2]. The 
second method is mainly based on the physical assumption of the TXE partition in the same 
ratio as the numbers of prompt neutrons emitted by the FF, leading to unequal residual 
temperatures of the FF. The use of this TXE partition in the frame of the PbP treatment was 
possible due to a very interesting behaviour deduced exclusively from experimental sawtooth 
(A) data that allowed us to develop parameterisations (see Refs. [3-6] and references 
therein).  
If the experimental (A) data are represented as H/(L+H) versus AH, for all fissioning 
systems having experimental sawtooth data, a nice systematic behaviour is observed, 
consisting in the following features: a) a minimum of νH/νpair occurs at around AH=130, b) an 
equal number of neutrons is emitted by the HF and LF forming a pair at around AH=140 and 
c) the LF emits more neutrons than the HF only in the range AH<140, while above AH=140 the 
HF emits more neutrons than the LF. As an immediate consequence of this systematic 
behaviour, the fact that H= L at around AH=140 (where the FF mass yield distributions are 
maximum, too), validates again the Madland and Nix assumption made in the case of the Los 
Alamos (LA) “most probable fragmentation” approach [1]. 
In the present work the two TXE partition methods are analysed in the frame of the Point by 
Point (PbP) treatment. Taking into account the scarcity of sawtooth experimental data, for this 
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study we have chosen six fissioning systems having the best measured exp(A) data, covering 
the neutron induced and spontaneous fission as follows: 233,235U(nth,f), 

239Pu(nth,f), 
237Np(n5.5MeV,f), 252Cf(SF) and 248Cm(SF). In all cases the FF range was chosen in the usual 
manner of the PbP treatment [3-6]: the entire mass range covered by the experimental 
Y(A,TKE) distributions and at each A, this time 4 charge numbers are taken as the nearest 
integer values above and below the most probable charge obtained from the “unchanged 
charge distribution corrected with a possible charge polarization.  
An example of the experimental sawtooth plotted as H/pair versus AH is given in the upper 
part of Fig. 1 (different symbols), the interesting systematic behaviour, mentioned above, is 
visible and a simple parameterisation is plotted with the solid line. 
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Figure 1.  H/pair parameterisation in comparison with experimental data taken from EXFOR 

(upper part) and the ratio aH/apair obtained by using the two TXE partition methods 
(lower part). 

 
Fragment excitation energies E*(A) and level density parameters a(A) of the 6 fissioning 
systems were calculated in the frame of the super-fluid model [7]. An example of E*(A) is 
given in the upper part of Fig. 2 where the less pronounced sawtooth shape of E*(A) obtained 
in the case of the “equal T” method is visible. For all studied fissioning systems, the a(A) 
values obtained by the two methods are very close to each other as it can be seen in the 
lower part of Fig. 1 where almost in the entire mass range practically the two symbols (full and 
open circles) cover each other. Small differences are observed only in the mass range around 
130. Looking at Fig. 1 it is easy to see that the ratio aH/(aH+aL) exhibits a similar behaviour as 
compared to the H/pair ratio but with a less pronounced minimum and shifted between 
AH=129-134. We underline that the same behaviours are obtained for all 6 fissioning systems, 
Figs. 1 and 2 being only an example. 
Comparison of the maximum values of the residual temperature distribution of FF obtained 
from the two TXE methods is given in the lower part of Fig. 2. Fragment temperature values 
T(A) of the H/pair parameterisation method are plotted with full circles and the temperatures 
of the “equal T” method with star symbols.  
The good agreement between the a(A) values obtained by the two TXE partition methods 
allows to define an “equivalent temperature” of the FF pair, as follows: 

2**2*2* )( equivHLHHLL TaaTaTaTXE  , where a*
L,H are the level density parameter values 

obtained in the case of the TXE partition method based on the H/pair parameterisation. The 
obtained equivalent temperature values plotted with open squares in the lower part of Fig. 2 
are nerlz coinciding with the temperature values of the “equal T” method. To highlight these 
findings, the ratios between the equal T and equivalent T of the six studied fisioning systems 
are plotted together in Fig. 3. As it can be seen these ratios are practically 1 in almost the 
entire AH range, only around AH=130 differences between equivalent and equal T values are 
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of the order of 4% in the case of neutron induced fission and 6% in the case of the 
spontaneous fission (SF). 
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Figure 2.  Upper part: E* of FF obtained by the two TXE methods. Lower part: maximum 

values of the residual temperature distribution of FF obtained by using the H/pair 
parameterisation (fragment temperature plotted with full circles and equivalent 
temperature with open squares) in comparison with the “equal T” method (plotted 
with star symbols). 
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Figure 3.  Ratios between equal residual temperature and equivalent residual temperature 
from the H/pair parameterisation for the six studied fissioning systems. 

 

Fragment residual temperature ratios 

The ratios between the maximum residual temperature of the LF and HF forming a pair as a 
function of AH are plotted in Fig. 4 with different full symbols for the four studied neutron-
induced fissioning systems. A very interesting behaviour of the fragment temperature ratio 
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RT(AH) is visible and has the following features: a) the maximum of RT(AH) occurs at AH=130 
and is around 1.5-1.6, b) in the AH range between 135-145, the temperature ratio is 
approximately 1 (HF and LF having practically the same temperature) and c) for AH>145 the 
decrease of RT is almost linear and the slope does not differ very much from one neutron 
induced fissioning system to another. This systematic trend allows parameterisations of RT as 
a function of AH. Appropriate parameterisations of RT(AH) are plotted with different line 
shades in Fig. 4, too. 
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Figure 4. FF temperature ratios and parameterisations for neutron induced fission. 
 
The slopes and intercepts of the RT parameterisations (given with different line shades in Fig. 
4) are plotted versus the fissility parameter in Fig. 5. Their almost constant values suggest 
that an unique RT parameterisation for the neutron-induced fissioning systems can be given 
taking for slopes and intercepts the values of the dashed lines plotted in Fig. 5. 
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Figure 5. Slopes and intercepts of the RT parameterisations for neutron induced fission. 
 
Temperature ratios of the two studied SF systems are plotted in Fig. 6 and their behaviour 
differs from the RT behaviour of (n,f) as follows: a) the maximum of RT (placed around 
AH=130) is higher than in the case of (n,f), b) the AH range where RT is 1 is limited to one-two 



 153

mass units around AH=145. Both SF systems have practically the same RT values in the AH 
range above 134. The visible differences in the region AH<134 are mainly due to the shifted 
minimum of experimental H/pair data in the case of 248Cm(SF). Despite the facts mentioned 
above, RT parameterisations of the two SF systems can also be done, see the lines in Fig. 6 
and the analytical expressions given in the figure, too.  
In Figs. 4 and 6 also <RT> values averaged over the FF mass and charge distributions are 
given. In the case of (n,f) the <RT> values are close to 1 (not more than 6% higher), in the 
case of SF they are a little bit higher (about 15% above 1). 
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Figure 6. FF temperature ratios and parameterisations for spontaneous fissioning systems. 
 

Examples of PbP calculation of prompt neutron emission quantities using the 
TXE partition methods and new RT parameterisations 

The TXE partition method based on the H/pair parameterisation was successfully used in the 
PbP model calculations of the multi-parametric matrix (A,TKE), of many quantities related to 
each fragment (such as (A), <ε>(A), Eγ(A) and so on), of average quantities (total average 
prompt neutron multiplicity and spectrum, <>(TKE) and so on) and the prompt neutron 
multiplicity distribution P(). Almost all fissioning systems having experimental FF distributions 
were studied in the frame of the PbP model (232,233,235,238U(n,f), 231,233Pa(n,f), 237Np(n,f), 
239Pu(n,f), 240,242Pu(SF), 244,248Cm(SF), 252Cf(SF)) with results reported in [3-6] and references 
therein.  
For all fissioning systems the PbP calculations of (A) by using the two TXE partition methods 
showed that a less pronounced sawtooth shape of (A) is obtained in the case of the “equal 
T” method. An example is given in Fig. 7.  
The total prompt neutron spectrum calculations with the two TXE partition methods lead to 
very close results, insignificant differences are observed only in the region of high prompt 
neutron energies. An example is given in Fig. 8 for the 233U(nth,f) case, were also the result 
obtained by using the new RT parameterisation is plotted (with dotted line).  
Even if the sawtooth shapes provided by the two TXE partition methods are different, the total 
average prompt neutron multiplicity is practically insensitive to the TXE partition (two 
examples are given in Table 1).  
 
Table 1. Total average prompt neutron multiplicity from the two TXE partition methods 

TXE partition method 239Pu(nth,f) 
237Np(n5.5MeV,f) 

H/pair parameterisation 2.8678 3.4417 
Equal T method 2.8686 3.4437 

 
This fact is due to the very close (A) values given by the two methods in the fragment mass 
ranges where the FF mass distributions Y(A) have the highest values. Taking into account 
that in the A ranges where Y(A) have the highest values, the FF residual temperatures and 
excitation energies provided by the two TXE partition methods are also very close to each 
other (see for instance in Fig. 2 the very close values of E*(A) and T(A) in the A ranges 90-
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105 and 135-150), total average prompt neutron and gamma-ray quantities insensitive to the 
TXE partition are expected. 
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Figure 7. 239Pu(nth,f) sawtooth calculations using the two TXE partition methods, in 
comparison with experimental data from EXFOR 
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Figure 8.  233U(nth,f) PFNS calculations using the two TXE partition methods and the RT 
parameterization, in comparison with experimental data from EXFOR and 
ENDF/B-VII 

Average values of quantities related to the TXE partition between FF 

Taking into account that in many cases the LA “most probable fragmentation” approach 
requiring average model parameters is used, the analysis of average values of quantities 
related to the TXE partition, part of them being also input model parameters, is useful and 
leads to interesting conclusions.  
The average C parameter exhibits an interesting systematic trend consisting in a linear 
decrease with the fissility parameter as it can be seen in the upper part of Fig. 9, which also 
contains the linear fits. C is defined as <C>=ACN/<a> where ACN is the mass number of the 
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fissioning nucleus and <a> = <aL+aH> is the fragment pair level density parameter averaged 
over the FF mass and charge distributions. 
Average temperature ratios can be obtained in three manners: i) by averaging RT=TL/TH of 
fragment pairs over the FF mass and charge distributions (these <RT> values being given in 
Figs. 4 and 6), ii) by calculating the average temperature of the LF and HF groups (also by 
averaging over the FF mass and charge distributions) and defining the temperature ratio as 
<TL>/<TH>, iii) by calculating the average excitation energies and level density parameters of 
the LF and HF groups, the mean temperatures of the LF and HF groups being obtained by 

the relation  HLHLHL aET ,
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Figure 9. Upper part: <C> as a function of the fissility parameter, lower part average RT as a 

function of the mass number of the fissioning nucleus. Linear decreases are visible 
in all cases. 

 

For all studied fissioning systems HLHL TTRTTT  .  

Also a very interesting systematic behaviour of average temperature ratios as a function of 
the mass number of the fissioning system is observed in the case of neutron induced fission, 
their linear decrease is visible in the lower part of Fig. 9.  

Conclusions 

The comparative analyse of the two partition methods in the frame of the PbP treatment can 
be synthesized as follows: 
- The very interesting systematic behaviour of experimental data concerning H/pair as a 
function of AH leads to parameterisations that are used for the TXE partition between FF. 
- The fragment pair residual temperature ratios RT as a function of AH exhibit nice systematic 
behaviours that can be parameterised. RT(AH) parameterisations were verified by the PbP 
model calculations of quantities characterising the prompt neutron emission. For neutron 
induced fissioning systems a general parameterization of RT(AH) is proposed allowing the use 
of the PbP model to predict prompt neutron emission quantities of fragments in the absence 
of any experimental data. 
- The maximum residual temperature ratios are practically 1 for fragment pairs with AH in the 
range of a few mass units above and below 140 (where Y(A) are maximum, too). 
Consequently the average RT values are obtained only a little bit higher than 1. In other 
words the fragmentations occurring with great probability emit prompt neutrons at or near the 
thermodynamical equilibrium (the fragments having the same residual temperature 
distribution). For this reason when LA models with only one fragmentation (the so-called most 
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probable) are used, then the “classical” hypothesis [1] of the equal residual temperature is re-
confirmed and also recommended. 
- The level density parameter ratios aH/(aL+aH) as a function of AH exhibit a similar behaviour 
as the experimental H/pair ratios, only the minimum is less pronounced and placed diffusely 
between AH=129-134. And this fact is reflected in a less pronounced sawtooth behaviour of 
E*(A) and ν(A) in the case of the “equal T” method. 
- The level density parameter values a(A) obtained by using the two TXE partition methods 
are close to each other almost in the entire FF mass range (except the region around AH=130 
and AH=ACN-130). As immediate consequence also the C parameter values are close to each 
other. The nearly equal values of a(A) allow to define an “equivalent temperature” of the FF 
pair with values practically equal with the temperature values of the “equal T” method. This 
fact allows not only to reduce the amount of calculations in the PbP model but also to treat the 
fissioning nucleus fragmentation in terms of FF pairs. 
- The average temperature ratios defined as the ratio of average residual temperature of the 
LF and HF groups <TL>/<TH>, exceed 1 with no more that 6% in the case of neutron induced 
fission and with no more than 15% in the case of SF, being visibly lower than the value of 1.2 
proposed in [8]. 
- The use of a linear RT function [9] for the 252Cf(SF) case, leads to values of prompt neutron 
quantities very close to our results even if a higher average RT value of about 1.3 is obtained 
compared to our TXE partition method based on the H/pair parameterisation. 
- The usual statement that “light fragments emit more neutrons than heavy fragments” is true 
and verified only in the case of average multiplicities of LF and HF groups. But a more 
attentive analysis of experimental sawtooth data shows that the LF emits more neutrons than 
the HF only for fragment pairs with AH less than 140, for pairs with AH above 140 the HF emits 
more neutrons than the LF. 
- Both TXE partition methods lead to average excitation energies <E*L> higher than <E*H>. 
- Average values of the C parameter (obtained by both TXE partition methods) show a linear 
decrease with the fissility parameter. 
- In the case of neutron-induced fissioning systems, average RT values exhibit a linear 
decrease with the mass number of the fissioning nucleus. 
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Abstract: Systems of intermediate fissility are characterized by an evaporation residues 
cross section comparable or larger than the fission cross section, and by a relatively higher 
probability for charged particle emission in the pre-scission channel. In a theoretical 
framework in which time scale estimates of the fission process rely on statistical model 
calculations, the analysis of particle emission in the evaporation residues channel is the 
source of additional constraints on statistical and dynamical models. This contribution will 
focus on our statistical and dynamical analysis of a more complete set of data from the 
system 32S + 100Mo at ELab = 200 MeV. Statistical model fails in reproducing the whole set of 
data and no convincing estimate is possible of the fission time scale. In particular, while pre-
scission multiplicities can be reproduced without delay, the model strongly overestimates 
proton and alpha particle multiplicities in the evaporation residues channel irrespective of the 
statistical model input parameters and prescriptions used for the level density and the 
transmission coefficients. The analysis of the same set of data with a three-dimensional 
Langevin dynamical model produces a very good agreement with the full set of data and 
indicates that one-body dissipation plays a dominant role in the fission process, implying a 
fission delay 23-25x10-21s. 

Introduction 

A large variety of experimental studies of induced fission in heavy ion reactions [1]  have 
shown that pre-scission multiplicities of light particles (neutrons, protons and alpha particles) 
increase monotonically with the bombarding energy, in contrast with the calculations of the 
standard statistical model (SM) which start from the complete thermalization of the compound 
system.  Since the fission process is considered to be affected by nuclear dissipation [2], this 
result is considered as the evidence that fission is a slow process with respect to the lifetime 
for the evaporation of light particles. With increasing excitation energy, the particle decay 
lifetime decreases and becomes smaller than the time necessary for the build-up of the 
collective motion of the nuclear matter toward the saddle point. Consequently, fission does 
not compete as effectively as predicted by the SM in the early stage of the decay, and light 
particles, and possibly GDR -ray, emissions can occur with higher probability. 
The overall cause of this transient effect is believed to be associated with the nuclear matter 
viscosity which slows down the collective flow of mass from the equilibrium to the scission 
point and does not allow the fission decay lifetime to be downscaled with the excitation 
energy as in the case of light particles evaporation. This is equivalent to consider that fission 
is delayed with respect to the picture of the SM in which the fission width has its full Bohr-
Wheeler value already at the beginning of the decay. An energy domain has further been 
identified [3] above which the SM predictions begin to deviate from the data.  
Several variants of the SM have been proposed in the literature to take explicitly into account 
time scales as well as nuclear viscosity. In the simplest fashion, known as the “neutron clock” 
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[1], the SM is modified so to include another free parameter, the fission delay d : at the 

beginning of the evaporative cascade the fission decay width is kept to zero for a time d . 

After d the fission width is set to the full Bohr-Wheeler value. The time scale is defined by 

the light particle life time. This means that at the beginning of the decay cascade fission does 

not compete with light particle evaporation until a time d has passed. Estimates of d are 

obtained by the fit of the experimental multiplicities to the ones predicted by the SM which 
includes this new parameter. 
Other refinements of the neutron clock approach have been proposed to distinguish between 
different time steps during the fission process [4]. The common approach is to split the path 
from the equilibrium-to-scission into two regions, the pre- and the post-saddle. The total 

fission delay is defined as the sum of d  and ssc , where ssc is the time necessary to travel 

the path from saddle to scission. The relevant observables are computed using d and ssc  

as free parameters, along with the other input parameters relative to the specific ingredients 
of the model, and fit to the experimental data. In spite of the extensive work, estimates of the 
fission time scales are however quite controversial. The reported values range from 0 [5] to 
500 x 10-21 s [6], depending on the system and on the experimental probe. Furthermore, such 
estimates are weakened by the fact that different sets of input parameters can result in 
equally good fits within the same model [7, 8]. 
It must be pointed out that only neutron multiplicities have been measured in most of the 
studies and mostly for heavy systems (A > 200), and the lack of a sufficient number of 
constraints to the models could, in several cases, be the source of discrepancies. In order to 
withdraw a more consistent picture of nuclear dissipation it is crucial, in our opinion, to take 
into account simultaneously a larger number of observables and probes which can be 
expected to be sensitive to the nuclear dissipation and to try to reproduce the variety of 
observables with a unique set of input parameters. 
 

Dissipation in systems of intermediate fissility 

Systems of intermediate fissility ( = 0.5-0.6) are very little studied although they offer several 
advantages. They are characterized by an evaporation residue (ER) cross section 
comparable or larger than the fusion-fission (FF) cross section, and by a shorter path in the 
deformation space from the saddle-to-scission point [9]. Consequently: 1) the input 
parameters of the models can be further constrained by the energy spectra and multiplicities 
of the light particles in the ER channel; 2) the effect of the fission delay over the fission and 
ER cross sections is much more pronounced with respect to heavier systems because the 
emission of a charged particle in the pre-saddle region strongly enhances the probability of 
producing an evaporation residue as consequence of both a reduction of the fissility and the 
large value of the angular momentum necessary to ignite fission. The use of the light particle 
multiplicities in the ER channel as further constraint grounds, however, also on the reliability 
of the statistical model to reproduce such multiplicities when all the necessary experimental 
constraints are given and this is not demonstrated yet.  
We expect that the measurements of neutron and charged particle multiplicities and energy 
spectra in the two channels as well as the measurements of the cross sections of the 
channels themselves will allow more severe constraints onto the models. This should provide 
more reliable values of fission delay and of the friction parameter, and contribute to a better 
comprehension of the origin of nuclear viscosity. In this framework, the 8LP collaboration 
has started a research program at the Laboratori Nazionali di Legnaro (Padova, Italy) aimed 
at studying the fission dynamics in systems of intermediate fissility. 
In this presentation we will report on our analysis of the reaction 200MeV 32S + 100Mo leading 
to the composite system 132Ce at Ex = 122 MeV and fusion angular momentum Lfus = 72, 
derived from the measured fusion cross section in the sharp cut-off approximation. We will 
show the inability of the SM to provide an estimate of the fission time scale when the 
evaporation residue channel is included as a further constraint in the procedure used to 
estimate the fission delay time. Afterwards, our study with an advanced realistic dynamical 
approach based on a three-dimensional (3D) Langevin approach [10] will be discussed. It will 
prove to be a method that better reproduces the overall multitude of data. 



 159

 
Experimental procedure and data analysis 
For the system 32S + 100Mo at Elab = 200 MeV we have measured the observables shown in 
Table 1. The experiment was performed at the XTU Tandem - ALPI Superconducting LINAC 
accelerator complex of the Laboratori Nazionali di Legnaro. A 200 MeV pulsed beam of 32S of 
about 1 pnA intensity was used to bombard a self supporting 100Mo target, 300 g/cm thick. A 
beam burst with frequency of about 1.25 MHz and duration of about 2 ns was used.  

 

 
 
 
 
 
 
Figure 1. Schematic layout of the 8Lp apparatus.  
 
We used the BALL and the WALL sections of the 8LP apparatus [11], shown schematically 
in Figure 1, to detect light charged particles (LCP). The WALL consists of 116 telescopes 
placed at 60 cm from the target and covers an angular range from 2° to 24°. The BALL 
consists of 7 rings placed coaxially around the beam axis each with 18 telescopes which 
amount to a total number of 126 telescopes covering an angular range from 34° to 166°. The 
telescopes of the BALL are made out of a 300m Si detector mounted in the flipped 
configuration (particle entering from the ohmic side) backed by a 3 mm CsI(Tl) crystal. The 
rings are labelled from A to G going from backward to forward angles. Each ring covers an 
angular opening of about 17°. The experimental method consists in measuring LCP in 
coincidence with both fission fragments and with the ER. 
The fission fragments were detected in the telescopes of the ring F and G of the BALL. The 
Pulse Shape Discrimination technique allows the separation between heavy fragments and 
LCP stopping in the same detector. Evaporation residues were detected through 4 Parallel 
Plate Avalanche Counter modules (Figure 1). Each one covers a forward angle of 2.5° and 
7.5° and subtends a solid angle of about 0.3 msr. A module consists of two coaxial PPACs 
mounted and operating in the same gas volume at a distance of 15 cm from each other. By 
adjusting the gas pressure, it is possible to stop the ER between the two PPACs, and let the 
lighter ions to impinge on the second PPAC. Consequently, ERs are sorted out from the first 
PPAC signals using the signals from the second PPAC as a veto. 
In a separate experiment the ER cross section was measured by means of the electrostatic 
deflector of LNL and the FF cross section was measured with the double-arm time-of-flight 
spectrometer CORSET [12] at LNL as well. 
For the system 32S + 100Mo at Elab = 200 MeV we have measured most of the relevant 
quantities in the ER and FF channels: proton and alpha particle energy spectra and 
multiplicities, ER and FF cross sections as well as mass and total kinetic energy distributions 
of fission fragments. To extract the pre- and post-scission integrated multiplicities, particle 
energy spectra have been analyzed considering three evaporative sources: the composite 
nucleus prior to scission (CE) and the two fully accelerated fission fragments (F1 and F2). We 
used a well established procedure which employs the Monte Carlo statistical code GANES 
[13,14].   
The full set of data is shown in Table 1 along with the results of the SM calculations 
performed with the code PACE2_N97 [15] and with a 3D Langevin dynamical code [10, 16]  
which implements the one-body and two-body dissipation models. The dynamical model is 
coupled with the statistical model Lilita_N97 to simulate the emission of LCP from ER and 
from the composite system before scission (pre-scission emission). The symbols are as 
follows: the multiplicities of the protons and alpha particles in the ER channel are, 
respectively, Mp and M(ER); Mp and M (PRE) are the prescission multiplicities. ER and FF 
are, respectively, the ER cross section and the FF cross section;  <Mass> and Mass are the 
mean and the standard deviation of the  measured mass distribution, respectively;  <TKE> 
and TKE are the mean and the standard deviation of the  measured TKE distribution, 
respectively. 
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Table 1. Comparison of measured observables (Exp.) and the best predictions of the code. 
One-body is obtained with full one-body dissipation, two-body with viscosity parameter  = 
0.46 TP. 

 Mp 
(ER) 

M
(ER) 

Mp 
(PRE) 

M 
(PRE) 

ER 

(mb) 
FF 

(mb) 
<Mass> 

(u) 
Mass 
(u) 

<TKE> 
(MeV) 

TKE 
(MeV) 

Exp. 
0.9 

(0.14) 
0.56 

(0.09) 
0.055 

(0.007) 
0.038 

(0.005) 
828 
(50) 

130 
(13) 

66 15.4 90.9 11.4 

SM 1.44 1.64 0.058 0.034 813 143     

OneBody 1.198 0.556 0.064 0.0399 786 150 65 14.6 82.1 7.2 

TwoBody 1.18 0.57 0.059 0.031 758 178 65.5 14.9 79.4 7.3 

 
Statistical model analysis 
We analyzed the measured quantities in Table 1 with the SM implemented in the code 
PACE2. The original code has indeed been [15] extended with the inclusion of new options 
for the level density and the transmission coefficients as well as the possibility to account for a 
fission delay according to the prescription widely used in the literature [1]. The fission delay 

parameter d is used in such a way that the fission probability is zero up to the time d  and 

has the full Bohr-Wheeler value subsequently.  
If we limit our analysis to the FF channel only, namely, if we only try to reproduce the 

multiplicities in the FF channel as usually done [1], the data shown in Table 1 can be 

reasonably well reproduced assuming 9Aa  , 04.1aa f , liquid drop model (LDM) 

yrast line and optical model (OM) transmission coefficients [17-19], without any delay. The 

parameter a  is the Fermi gas level density parameter for particle evaporation and  fa  is the 

level density parameter for fission. 
From this result one could conclude that no transient effect takes place in this decay, in 

contrast with the systematics [3], although a different combination of input parameters does 
not exclude the presence of a relatively small fission delay. On the other hand, with the same 
parameters, the model strongly overestimates the ER particle multiplicities even though it 
reproduces the ER cross section. This is an evident contradiction: if the model is not able to 
reproduce the LCP multiplicities in the ER channel, once the ER cross section is well 
accounted for, the same model can not be supposed as a reliable tool to estimate the fission 
time scale through the pre-scission light particle multiplicities. 

 
Table 2. Summary of the SM parameters used in the calculations for the level density 
(a),yrast line (YR) and the transmission coefficients (TC); 

 
 
 
 
 
 
 

In order to explore the possibility to reproduce the data in both channels with a unique set of 
input parameters we performed an extensive analysis with different prescriptions of the level 
density parameter and transmission coefficients. Calculations have been carried out adopting 
three different and well known prescriptions for the yrast line: 1) Gilbert Cameron [20], 2) LDM 
and 3) sharp rigid sphere (RS) with radius parameter r0 = 1.2 fm. Different prescriptions have 

also been used for the level density parameter a : 1) a constant value ranging from A/6 to 

A/12, 2) inclusion of shell effects [21] with a damping term [22] as a function of the excitation 
energy and 3) a temperature dependent prescription [23]. Transmission coefficients derived 
from: 1) optical model and 2) fusion systematics (FS) [24] have been used. Different values of 

fission delay and aa f  have been adopted to modulate particle-fission competition. 

Prescription a YR TC 
a) A/6 RS OM 
b) A/12 LDM OM 
c) A/6 RS FS 
d) A/6 LDM OM 
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Calculations have been constrained by the sum of the measured evaporation residue and 

fission cross section mbFFERfus 958  .  

 
Figure 3. Measured evaporative (ER) and pre-scission (PRE) charged particle multiplicities 
together with the FF and ER cross sections (full lines indicating lower and upper limits of the 
uncertainty), compared to the predictions of the statistical model (symbols connected by lines 
to guide the eye) using prescriptions: a), b), c) and d) reported in Table 2. See text for details.  
 
In Figure 3 we show the multiplicities for protons and alpha particles, in the ER and FF 
channels, as well as the measured channel cross sections, compared to the calculated 

values, as a function of the ratio aa f . We report in the figure the results corresponding to 

the prescriptions labeled as a), b), c) and d), whose peculiarities are reported in Table 2. The 
prescriptions a), b), c) and d) presented here have been chosen among  the many 
combinations for which calculations have been performed as they allow to explore the full 
range of variability of the calculated values of the observables under examination. No fission 
delay has been included in the calculations. From Figure 3 we infer that the SM strongly 
overestimates proton and alpha particle multiplicities in the ER channel for this system, 
irrespective of the input parameters and the prescriptions used for the level density and 
transmission coefficients. Same result is confirmed by the calculations performed with the well 
known codes Lilita_N97 [25] and Gemini [26]. Furthermore, the inclusion of a time delay to 
further suppress the fission does not change the overall pattern of the calculated data with 
respect to the experimental data. At the same time, the influence of nuclear deformation 
would further enhance the statistical model particle multiplicities predictions, resulting in a 
larger overestimation. On the other hand, the comparison of the measured proton and alpha 
particle energy spectra with the SM shows no evidence of nuclear deformation. 

It should be pointed out that the overestimate in the ER channel found for the present 
compound system was found also in other systems of similar mass. We have in fact 
compared experimental data taken from the literature with the predictions of our code 
PACE2_N97. Indeed in the literature there are only few systems for which the ER channel 
LCP multiplicities have been measured. From calculations performed by us, once again we 
find that the SM overestimates protons and alpha particle multiplicities in the ER channel 
which makes us to suspect that the SM is behaving surprisingly at variance with what 
expected. 
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Dynamical model analysis 
These contradictory results outline the necessity of considering dynamical models. Recently 
we have coupled the Lilita_N97 code with a dynamical model [10] which describes the fission 
process by using a 3D Langevin stochastic approach. This coupling was necessary in order to 
allow the evaporation of light particles from the composite system during the evolution along 
trajectories in the phase space. At the moment we have performed several sets of 
calculations for the system 32S + 100Mo at ELab = 200 MeV assuming different prescriptions of 
transmission coefficients and level densities for particle evaporation, and by modulating the 
values of the strength of the one-body and two-body dissipation schemes. From Table 1 we 
see that the model is able to reproduce most of the measured quantities, including the ones in 
the ER channel, assuming full one-body dissipation, and with a viscosity parameter  
independent upon the temperature but dependent on the deformation of the fissioning 
system. In order to obtain a similar agreement with two-body dissipation, the unrealistic value 
of viscosity parameter  = 0.24 TP had to be used, as already found in Ref. [27]. The full one-
body dissipation implies a transient times for fission in the range of 23-25 x 10-21s. 
 
Conclusions 
Our study on the system 200MeV 32S + 100Mo highlights the inadequacy of the SM in 
describing the LCP particle multiplicities in the ER channel. Same analysis performed on data 
from literature in the region of mass number A ≈ 150 and excitation energy Ex ≈ 100-200 
MeV, for the ER channel, provides similar conclusions. This result pours some shade on the 
application of the SM in studies designed to investigate on the presence of transient effects. 
These findings also repropose the problem of the reliability of the SM in describing the 
compound nucleus decay and have a relevant impact on the extraction of the fission delay 
time through the use of the SM. The dynamical approach to fission decay is instead very 
promising in describing both fission and evaporation residues channel within the same model 
and consequently sheds some light on the physics of the fission process. 
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Abstract: A formulation is given to investigate the angular distribution of scission neutrons. 
The effects of the re-absorption and scattering by the fission fragments are taken into account 
by means of the S-matrix. Results are given for two simple models: the purely absorptive 
model and the optical potential model. Dependence on the magnitude of the absorption and 
on the separation between fragments is discussed.  

Introduction 

Neutron emission is one of the important processes to understand the dynamics of nuclear 
fission. Pre-scission neutrons give us the information on the time scale of fission through the 
competition between neutron emission (n) and fission (f) [1]. On the other hand, post-
scission neutrons give us the information on the deformation of the fission fragments through 
the partition of the excitation energy between the fragments. These components can be 
separated by taking the kinematical condition into account; post-scission neutrons are emitted 
from the moving source (fully accelerated fragments) while the pre-scission neutrons are 
emitted from the source at rest. Besides these two components, there is another important 
source of neutron, i.e. scission neutrons. The importance is more prominent in low energy 
fission like spontaneous fission and thermal neutron induced fission, since we can neglect the 
pre-scission particle emission.  
At the moment of scission, the neck that has connected the two fission fragments ruptures, 
then the neck protuberances are absorbed rapidly by the fragments. On this abrupt change of 
nuclear shape, it is probable that nucleons are left behind in the neck region and are 
observed as particle emission. From the energetic consideration, neutrons are the most 
probable to be emitted in this process. Attempts have been made to estimate the fraction of 
scission neutrons [2, 3], they reported that 10-20% of the total neutron yield could be scission 
neutrons. It is also attempted to estimate the number of scission neutrons theoretically [4]. 
They assumed a sudden change of the nuclear shape at the moment of scission and 
estimated the fraction of neutrons that are left in the continuum. The results depend on the 
nuclear shape such as the neck radius before scission. If we extract the reliable number of 
scission neutrons from experiments, we can get information on the nuclear shape at the time 
of scission. The angular distribution of the scission neutron is a key to separate it from other 
neutron components as well as the energy spectrum. 
The emission of scission neutrons is supposed to be isotropic in the lowest order 
approximation. However, since they are emitted in the close vicinity of the fission fragments, 
the final angular distribution of the scission neutrons is disturbed with the re-absorption and 
the scattering by the fragments. In this paper, we present a formulation to calculate the 
angular distribution of the scission neutrons taking account of the effect of the re-absorption 
and the scattering by the fission fragments. In the next section, a new formulation is given to 
calculate the angular distribution of the scission neutrons in which the effect of the re-
absorption and the scattering is taken into account in term of the S-matrix. Then we show the 
results with simple models, a purely absorptive model and an optical model with square well 
potentials, to demonstrate the qualitative features of our formalism. Finally, a summary is 
given.  

Formalism 

First, we assume a simple configuration; the fissioning nucleus is separated into two identical 
fragments leaving some fraction of neutron wave function around the midpoint of the 
fragments. Since the scission neutrons are emitted from a compact region outside of the 
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fragments, this emission is simply expressed by an outgoing spherical wave expanding from 
the origin. Now, we rewrite this outgoing wave in a new coordinate system; the coordinates 
measured from the center of one fragment. The outgoing wave with the wave number k is 
expanded as 

           (1) 

where R =  + r1, R = |R|,  = ||, r1 = |r1|, r> = max(r1,), r< = min(r1,), and is the angle 
between  and r1.  indicates the center of one fragment and r1 is the position measured from 
the center of the fragment. Because we assume a symmetric fission here, the center of the 
other fragment lies at . Though the neutrons emitted isotropically in R, they are expressed 
as a sum of partial waves in the new coordinates. The emitted neutrons are scattered by the 
potentials that represent the effects of the fragments. The range of the potential is about the 
size of the fragment. Again for simplicity, we assume the spherical potential with the radius a.  
In our setting, the scission neutrons are emitted well outside of the fragments, i.e. emission 
points of scission neutrons are outside of the interaction range of the fragments. Thus, when 
we treat the points in the interaction range of a fragment whose center is situated at r, we 
have  > r. The scission neutrons interact with this fragment, some of them are scattered and 
some of them are re-absorbed, i.e. the initial wave is modified. We assume here that the 
effect can be expressed in terms of an S-matrix,  

 

where r is taken to be outside of the interaction range of the fragment, but still satisfies  > r. 
Inserting this "asymptotic" form in Eq. (1), the modification of the initial wave by the right 
fragment is expressed as 

 

           (2) 

Thus, the additional wave that is emitted from the right fragment is expressed as 

 

We call this wave the "scattered wave" from the right fragment. In the same manner, we get 
the scattered wave from the left fragment,  

 

where R =  + r2, r2 = |r2| and  is the angle between  and r2. 

In the asymptotic region (R → ∞ ), r1 and r2 are also large, r1, r2 → ∞ . In this case, we can use 
the asymptotic form of hl

(+). By noting the following relations,  

 

 

the sum of the three waves, the initial wave, the scattered wave from the right fragment and 
the scattered wave from the left fragment, is expressed as,  
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where  denotes the angle between R and . The angular distribution of scission neutron is 
given as 

 

 

 

           (3) 

 

Equation (3) gives the angular distribution of mono-energetic neutrons with wave number k. 
When necessary, we can average it over the energy distribution of the fission neutrons,  

 

           (4) 

where w(k) is a weight function.  

Results 

As an example, we consider the fission of 236U that corresponds to the neutron induced fission 
of 235U. As was mentioned earlier, we here consider the symmetric fission for simplicity. An 
important quantity in the calculation is k that comes from the separation between the 
fragments. To determine the value of , we utilize the systematics of the average total kinetic 
energy (TKE) of the fragments. From a systematic study of TKE, Zhao et al. derived the 
elongation parameter  which is the ratio between the average distance between the 
fragments D(A1, A2) to the contact distance r0(A1

1/3 + A2
1/3) [5]. 

 
 
 
 
The average distance between the fragments is determined so that the corresponding point 
charge Coulomb energy is equal to the average TKE. They found that the value of  stays 
constant over a wide mass range of the fissioning nuclei. They obtained  = 1.53 for the 
asymmetric fission in U region and  = 1.33 for the compact symmetric fission in Fm region. In 
our formulation,  is calculated as  =  r0 (A/2)1/3, where A is the mass number of the 
fissioning nucleus and r0 = 1.17 fm. 
In our formulation, the key quantity to determine the angular distribution of the scission 
neutron is the S-matrix Sl, which can be calculated in several ways. In the following, we apply 
simple models for the calculation of Sl to examine the qualitative features of the formulation.  

Purely absorptive model 
In this model, Sl is given as the following,  
 
 
 
 
The quantity lmax is given as lmax = ka, where k is the wave number of the emitted neutron and a 
is the radius of a fragment, a = r0 (A/2)1/3. It is known that this absorptive model corresponds to 
a completely absorptive sphere in the semi-classical limit, i.e. when lmax approaches to infinity. 
For 1 MeV neutron, k is about 0.22 fm, that gives ka = 1.3 for the case of the fission of U. 
That means only very few partial waves (l = 0, 1) contribute to the absorption. Consequently, 
the wave nature of neutron shows up.  
Figure 1 shows the results with this model for the case of the symmetric fission of 236U. The 
elongation parameter is taken as  = 1.53. The angular distribution is presented in the polar 
plot, i.e. the abscissa represents the fragment axis, the axis that connects the centers of the 
fragments, and the ordinate represents the direction perpendicular to the fragment axis. The 
radius for each direction represents the strength of the neutron emission f() to that direction. 
Since we have the axial symmetry, we only plot for the value of  from 0 to . The solid line 
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shows the result when both fragments are taken into account while the dashed line denotes 
the case when we only take account of the right fragment. The dotted line shows the result 
when we only take account of the s-wave component (from both fragments). Results are 
normalized to the value at  = /2. For the dashed line and the dotted line, the same 
normalization as in the case of the solid line is used. The results show that we observe more 
neutrons along the fragment axis than in the direction perpendicular to it. This is true even 
when we only take account of the s-wave component. It is to be noted that the results show 
that we observe more neutrons on the same side of the fragment.  
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Figure 1. Angular distribution with the purely absorptive model: Both fragments 
(solid line), both fragments but s-wave component only (dotted line), and right 
fragment only (dashed line). 

 

Optical model 
In the analysis of nuclear reactions, a local complex potential is frequently used to incorporate 
with the loss of flux due to the coupling to the reaction channels. Woods-Saxon shape is 
commonly used to describe the scattering of a nucleon from a nucleus. Here, however, we 
use a square well potential for the calculation of Sl, since we get an analytical solution in this 
case. For a square well potential with the depth V0 and the width a, Sl is given as the following,  

 

 

 

 

 

 

Similar solutions can be obtained with the complex square well potential V0 + iW0.  
Figure 2 shows the angular distribution of mono energetic scission neutrons for the case of 
the square well optical potential with the elongation parameter  = 1.53. The depth of the real 
part of the potential V0 is 40 MeV in this calculation and the strength of the imaginary part W0 
is 5 MeV. Taking account of the mirror symmetry, we hereafter plot only for the value of  
from 0 to /2. The left panel shows the dependence on the energy of the emitted neutrons. 
The dashed curve is for En = 0.5 MeV, the solid curve 1.0 MeV, and the dotted curve 1.5 MeV. 
The right panel shows the convergence with the partial wave summation for En = 1.0 MeV 
case. The dotted curve represents the results when we take account of s- and p-waves only, 
the dotted curve is when we include up to d-wave, and the solid curve is the sum of all the 
contributing partial waves.  
Finally, Figure 3 shows the results of energy averaged cases. The distribution w(k) is taken as,  
 
 
The left panel shows the dependence on the strength of the imaginary potential; the dotted 
curve is for no imaginary part case (W0 = 0), the solid curve is for W0 = 5 MeV, and the dashed 
curve is for W0 = 20 MeV. It is to be noted that the result tells us that we observe more 
neutrons along the perpendicular axis as we increase the strength of the absorption. In the 
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right panel, we show the dependence on the distance between the fragments that is 
represented with . The dotted curve is for a compact scission configuration  = 1.33, the 
solid curve is for  = 1.53, and the dashed curve is for a more elongated case  = 1.65.  
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Figure 2. Angular distribution with the square-well optical potential: (left) Energy 
dependence: En = 0.5 MeV (dashed line), 1.0 MeV (solid line), and 1.5 MeV (dotted 
line), (right) Convergence with the partial wave summation: s- and p-waves (dotted 
line), up to d-wave (dashed line), the sum of all partial waves (solid line). 
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Figure 3. Angular distribution with the square-well optical potential: (left) 
Dependence on the imaginary part: W0 = 0 MeV (dashed line), 5.0 MeV (solid line), 
and 20.0 MeV (dotted line), (right) Dependence on the distance between the 
fragments:  = 1.33 (dashed line),  = 1.53 (solid line), and  = 1.65 (dotted line). 



168 

Altogether, the results show strong interference effect among the components from different 
sources, i.e. scattered waves from the fragments and the original one. When many partial 
waves contribute, they tend to add up destructively and the semi-classical picture works. In 
the case of the emission of scission neutrons, the number of partial waves is rather small and 
it makes the intuitive interpretation of the results difficult.  

Summary 

The effects of the re-absorption and scattering by the fission fragments on the angular 
distribution of scission neutrons have been investigated in the framework of the time-
independent scattering theory. A formulation to calculate the angular distribution of scission 
neutrons is given. With a purely absorptive assumption, the formula shows a strong 
interference effect for low energy neutrons. Preliminary results with optical model type 
potentials are given. They also show a strong interference effect among the wave functions 
from different sources.  
The information on the angular distribution of the scission neutrons is very important to 
separate them from other neutron sources. Further investigation with more realistic potentials 
is necessary and is under progress. It is also desirable to investigate it with a complementary 
approach, e.g. a time-dependent framework taking account of the wave packet nature of the 
scission neutrons.  
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