
LLNL-PROC-609985

A microscopic theory of low
energy fission: fragment
properties

W. Younes, D. Gogny, N. Schunck

January 14, 2013

Fifth International Conference on Fission and Properties of
Neutron Rich Nuclei
Sanibel Island, FL, United States
November 4, 2012 through November 10, 2012



Disclaimer 
 

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 
 



January 11, 2013 14:38 WSPC - Proeedings Trim Size: 9in x 6in ifn5-younes1.v2
1

A mirosopi theory of low energy �ssion: fragment propertiesW. Younes, D. Gogny, and N. ShunkLawrene Livermore National LaboratoryLivermore, CA 94551We present fully mirosopi time-dependent alulations of �ssion-fragment properties (mass distributions, pre-sission energies, total kineti andexitation energies) for the 235U (n, f) and 239Pu (n, f) reations. The massdistributions for both reations have been obtained as a funtion of inidentneutron energy from thermal to 5 MeV. The various energies have been alu-lated for the thermal 239Pu (n, f) reation. We our alulations to experimentalresults, wherever possible.1. IntrodutionA goal and sensitive test of our understanding of �ssion at the mirosopilevel of interating protons and neutrons is the development of a om-prehensive theory of �ssion-fragment properties. We present a mirosopiapproah to the alulation of several ruial �ssion fragment properties(their mass yields, as well as their kineti and exitation energies) within asingle theoretial framework.Ideally, we would follow the evolution of the full many body wave fun-tion of the parent nuleus as a funtion of time, and analyze it in termsof exitations built on top of the ground states of all possible fragments.The omplexity of the many-body wave funtion makes this extremely di�-ult. Instead, we begin with a onstrained Hartree-Fok-Bogoliubov (HFB)desription of the parent nuleus, onstrut a wave paket from all HFBsolutions with respet to a few olletive oordinates relevant to the �ssionproess, and allow the system to evolve in time out to sission. Thus wemust neessarily reognize two regions within the spae spanned by theolletive oordinates: an inner region where the system is desribed by theHamiltonian of the parent nuleus, and an outer region where the systemis desribed by the Hamiltonian of the individual fragments, interatingessentially through their mutual Coulomb repulsion. These two regions are
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2separated by a boundary that we identify as the set of sission points.Thus, two entral onepts lie at the heart of this mirosopi approahto �ssion: our de�nition of sission, and the hoie of appropriate olle-tive oordinate. We will eluidate these two onepts in this paper and usethem in mirosopi alulations of the �ssion-fragment properties for the
235U (n, f) and 239Pu (n, f) reations.2. TheoryHow an we reognize sission? In standard HFB alulations for an atinidenuleus, with the quadrupole (Q20) and otupole (Q30) moments of nuleusunder onstraint, we an follow the evolution of the properties of the parentnuleus (e.g., its total energy, its hexadeapole moment Q40, its spatialdensity, et) as a funtion of Q20 and Q30. In the Q20-Q30 spae, we anusually identify a boundary line separating inner and outer regions where weobserve a disontinuous hange in various properties of the system, suh asa marked drop in the total energy, and the transition of the spatial densityfrom that of a single nuleus, to that of a pair of nulei no longer onnetedby a nek. This abrupt transition, makes it impossible to reognize thefragment properties at sission. In order to identify the sission boundarymore preisely, we have imposed the size of the nek1 separating the pre-fragments as an additional onstraint. With this onstraint, we an nowlook in detail at the individual quasipartile states of the nuleus and assignthem to either one of the two pre-fragments. Individual quasipartiles anbe assigned to a partiular pre-fragment based on whether most of its spatialdensity lies more on the side of that fragment, with respet to the position ofthe nek. One this lassi�ation of quasipartile states has been ompleted(with some allowane for weakly populated states that annot easily beattributed to either pre-fragment), the interation energy of the parentnuleus an be partitioned into separate ontributions from eah fragment,and a mutual (nulear + Coulomb) interation between them. We observethat the pre-fragments onstruted by assigning individual quasipartilestates one at a time exhibit tails in their spatial distributions that strethdeeply into the omplementary fragment.2,3 These tails an persist, even asthe nek between the pre-fragments vanishes. Furthermore, our alulationsfor 240Pu �ssion show that the mutual interation energy between the pre-fragments varies linearly with the number of partiles in those tails, andthat eah partile in the tails ontributes ~ 50 MeV of attrative nulearinteration energy between the pre-fragments. Under those onditions itbeomes exeedingly di�ult to de�ne sission.
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3This seemingly paradoxial state of a�airs stems from the fat that allHFB alulations are de�ned only up to an arbitrary unitary transforma-tion.4 We an hoose this transformation to further loalize the individualquasipartile states on their respetive pre-fragments and redue the size ofthe tails, without hanging any of the global properties of the HFB solution(total energy, moments, et.)3 We an start to apply this transformationas soon as we reognize pre-fragments in the total density of the parentnuleus, and thereby follow the separation of the parent into its daugh-ters progressively aross the sission boundary. This loalization proeduremakes it possible to identify a physially meaningful sission point. Thus, inour reent letter3 we have adopted the following riteria to de�ne sission,based on a mirosopi analysis of the HFB solution after loalization: 1)the Coulomb repulsion must greatly exeed the nulear interation betweenthe pre-fragments (so that they will quikly �y apart), 2) the exhange in-teration between the fragments must be small (so that the system behavesas two Bogoliubov vauua as far as expetation values of interest are on-erned), and 3) it is possible to exite two-quasipartile states on eahpre-fragment whose wave funtions remain loalized on that pre-fragment.With these riteria veri�ed, the pre-fragments an be onsidered as sepa-rate entities (i.e. primary fragments) eah with its own set of exitations,and interating through a repulsive fore ating only on their enters ofmass. We emphasize that this desription does not yet onstitute a om-plete dynamial theory of sission, but it provides the ruial mirosopiingredients for suh a theory.Next, we disuss the hoie of olletive oordinates for the desriptionof �ssion. We have found that Q30 and the fragment mass are not in a one-to-one relationship. We have also previously alluded3 to the fat that, nearsission, onstraints on the properties of the individual pre-fragments arebetter suited to the desription of the �ssion proess. With that in mind,we introdue the mass asymmetry oordinate ξ ≡ (A2 − A1) /A, where A1and A2 are the numbers of partiles (protons+neutrons) in eah fragment,alulated as the integral of the total density of the parent nuleus to eitherside of the nek position, and A = A1 + A2. We also de�ne the separationdistane d between the enters of mass of the pre-fragments d ≡ z2 − z1,where the zi are the enters of mass along the z axis of symmetry of theparent nuleus. The positions zi are also obtained from integral momentsof the total density to either side of the nek position. Although thesenew onstraints rely on semi-lassial de�nitions (i.e., sharp uts in thetotal density to alulate integrals), the subsequent analysis of the sission
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4points uses the quantum loalization proedure disussed above and takesinto aount the e�et of the pre-fragment tails.With the mirosopi de�nition of sission given above, and the hoieof ξ and d as olletive oordinates, we an alulate a large set of on�gu-rations that give a stati piture of the �ssioning system up to sission. Wenow omplete this piture with a dynami treatment of the �ssion proess.This time-dependent desription is needed to alulate the mass distribu-tion of the fragments, as well as the partition of the energy available in�ssion between kineti and exitation energy of the fragments. Thereforewe need to derive a olletive Hamiltonian that governs the evolution of thesystem. For this, we use a semilassial approah, quantized a posteriori.5,6The time-dependent solution in the internal region in (d, ξ) gives a �uxaross the sission boundary, whih we interpret as the mass distributionof the fragments. The initial state for the time evolution depends on theinitial exitation energy, and is onstruted as in ref.6At this point, we have given a fully mirosopi desription of the �s-sion proess in the interior region, up to sission. How do we onnet theinterior and exterior regions in the alulations? The interior region is de-sribed by adiabati HFB alulations. If we ontinue to apply the samevariational priniple beyond sission, the ultimate result will invariably betwo fragments in�nitely far apart and in their ground states. However, ouranalysis of the interation energy between pre-fragments suggests that thesystem breaks apart suddenly and that the fragments remain �frozen� intheir on�gurations at that sission point. Beyond sission, we assume thatthe fragments propagate aording to a Hamiltonian that depends only ontheir separation distane. We will need to estimate the kineti energy ofthese fragments at sission, or pre-sission kineti energy (PKE), withinthe ontext of our mirosopi approah. The basi problem in the alula-tion of PKE is to estimate the �dissipation� of energy due to the oupling ofthe �ssion mode to other (transverse) degrees of freedom, suh as intrinsiand olletive exitations. Then, only motion in the �ssion diretion willontribute to the PKE, whih we estimate from the oupling between ol-letive oordinates . We identify the �ssion diretion at a sission point withthe diretion of maximum �ux (also given by the diretion of the probabil-ity urrent). We then alulate the �ux φ in that diretion, normalized bythe squared amplitude |g|2 of the wave funtion at this point in (d, ξ) andobserve that, for �ssion from many states at low exitation energies, thisnormalized �ux is onstant in time. This observation suggests a solutionat sission that is a produt of a loal plane wave in the �ssion diretion,
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5and another funtion in the transverse diretion whih is anelled out bythe normalization of the �ux. We now use the WKB approximation in the�ssion diretion, in order to relate the normalized �ux of the wave to itsenergy EF in that diretion, φ/ |g|2 =

√
2BF EF /~, where BF is the inertiain the �ssion diretion. In a one-dimensional model of �ssion whih doesnot allow for transverse motion, the di�erene ∆E = Etot−V (ds) betweentotal energy of the parent nuleus in its initial state and at sission wouldappear entirely as PKE of the fragments. In general, the energy EF wealulated above will be smaller: EF < ∆E, with the di�erene being lostto transverse motion. We interpret EF as the PKE. With this last result,we an now onnet the interior and exterior regions in the alulation.To establish this onnetion we invoke the onservation of total energy ofthe system: sine the separation distane d is the only oordinate in theexterior, and sine ∆E − EF is the energy in the diretion transverse to

d, we annot assoiate it with the kineti energy of the fragments, andtherefore we assign it to their exitation energy. Note that we do not yethave a mehanism to desribe this transfer in energy (although strides arebeing made in this diretion7); this is only a model to estimate the energy"dissipated" due to the oupling between olletive degrees of freedom.3. DisussionWe have used the mirosopi approah to alulate the mass distributionof �ssion fragments for the 235U(n, f) and 239Pu(n, f) reations, as a fun-tion of inident neutron energy with En = thermal to 5 MeV. For a givenexitation energy of the ompound �ssioning nuleus, alulated �uxes frominitial states within +- 500 keV of that exitation energy were averaged to-gether. We also aount for �utuations in partile number of the fragmentsdue to pairing by applying a Gaussian smoothing to the alulated yieldswith a width suggested by the �utuation in partile number.We ompare in Fig. 1 the alulated mass distributions for the 235U(n, f)reation before neutron emission, to experimental results from Straede etal.8 About 2/3 of the alulated fragments yields lie within 30% of theexperimental values, with the most signi�ant disrepanies ourring nearpeak for thermal �ssion (En = 0.0 MeV), and near symmetri �ssion (A= 118) for En ≥ 2 MeV. Similarly, we show in Fig. 1 the alulated massdistributions for the 239Pu(n, f) reation. In this ase, experimental valuesfor the pre-neutron yields are only available for En = thermal.9 At higherenergies, we ompare our mirosopi alulations to the phenomenologialgeneral �ssion model (GEF) of Shmidt et al.10 At thermal energies, about
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63/4 of the alulated yields agree with experimental values to within 30%.The agreement between our alulations and the data is omparable to thatahieved by the phenomenologial GEF model.
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Fig. 1. Theoretial alulations of mass yields, before neutron emission, for 235U (n, f)(top 3 panels) and 239Pu (n, f) (bottom 3 panels), for di�erent inident energies En.Mirosopi-theory values (dashed lines) are ompared to experimental data (solidurves) where available. the phenomenologial model GEF of Shmidt et al. (dottedline) is also shown for 239Pu (n, f).Next, we apply the mirosopi approah to the alulation of the frag-ment total kineti (TKE) and total exitation (TXE) energies. Using theanalysis of the normalized �ux at sission desribed in the theory setion, wehave alulated ~ 50% of the saddle-to-sission energy going into PKE forthermal �ssion in the most probable �ssion mode. This result is in line withthe assumption we made in our letter3 and is onsistent with data-basedestimates made by other authors.11 These PKE an be added to stati al-ulations of the fragment kineti and exitation energies at sission. Withthe quasipartile states loalized on the fragments, the kineti energy atsission is alulated as the Coulomb interation between the proton states
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7in the omplementary fragments. The fragment exitation energies at sis-sion are obtained as the di�erene between their internal energies at sissionand in their ground state. The ground state of the fragments was obtainedby relaxing the onstraint on the size of the nek joining them, and allowingthe system to relax into its minimum-energy state. The TKE and TXE ob-tained for 239Pu(nth, f) is ompared in Fig. 2 to experimental values. Theagreement between mirosopi alulation and experiment is very good forthe TKE, while the alulated TXE are low ompared to experiment. Wefound the quality of this agreement was not signi�antly improved whenwe assumed a 70/30 split for the pre-sission exitation-to-kineti energyratio, ompared to the 50/50 split assumed in Fig. 2. We also obtainedsimilar agreement with data for the TKE and TXE when we used the D1Mparametrization12 of the �nite-range nuleon interation, instead of the D1Svalues used in Fig. 2.
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84. ConlusionWe have desribed within a single mirosopi framework several impor-tant aspets of �ssion: the mass distribution, pre-sission energy, and thetotal kineti and exitation energies of the fragments. We obtain reason-able agreement with experiment, however disrepanies remain, espeiallyin the alulation of the exitation energies of the fragments. These latterresults an ertainly be ameliorated, in partiular with an improved alu-lation of the fragment ground-state energies. There is hope therefore thata mirosopi approah ould reprodue the omprehensive set of �ssionobservables with some reasonable auray (~ 20-30%) in the short term.This work performed under the auspies of the U.S. Department ofEnergy by Lawrene Livermore National Laboratory under Contrat DE-AC52-07NA27344.Referenes1. W. Younes and D. Gogny, Phys. Rev. C 80, 054313 (2009).2. W. Younes and D. Gogny, in Proeedings of the Fourth International Work-shop on Nulear Fission and Fission Produt Spetrosopy, Cadarahe,Frane 2009 (Amerian Institute of Physis, New York, 2009), p. 3.3. W. Younes and D. Gogny, Phys. Rev. Lett. 107, 132501 (2011).4. J. Lennard-Jones, Pro. Roy. So. A 198, 14 (1949).5. J.-F. Berger, M. Girod, D. Gogny, Nul. Phys. A502, 85 (1989).6. H. Goutte, J. F. Berger, P. Casoli, and D. Gogny, Phys. Rev. C 71, 024316(2005).7. R. Bernard, H. Goutte, D. Gogny, and W. Younes, Phys. Rev. C 84, 044308(2011).8. Ch. Straede, C. Budtz-Jorgensen, and H.-H. Knitter, Nul. Phys. A462, 85(1987).9. P. Shillebeekx, C. Wagemans, A. J. Deruytter, and R. Barthélémy, Nul.Phys. A545, 623 (1992).10. K.-H. Shmidt and B. Jurado, JEF/DOC 1423 (2011).11. F. Gönnenwein, J. P. Boquet, and R. Brissot, Pro. 17th Int. Symp. Nul.Phys., Gaussig, GDR, 1987, 129 (ZfK-646).12. S. Goriely, S. Hilaire, M. Girod, and S. Peru, Phys. Rev. Lett. 102, 242501(2009).


