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Nuclear energy release from fragmentation

Cheng Li a,b, S.R. Souza d, M.B. Tsang a,b,e, Feng-Shou Zhang a,b,c,∗

a The Key Laboratory of Beam Technology and Material Modification of Ministry of Education, College of Nuclear 
Science and Technology, Beijing Normal University, Beijing 100875, China

b Beijing Radiation Center, Beijing 100875, China
c Center of Theoretical Nuclear Physics, National Laboratory of Heavy Ion Accelerator of Lanzhou, Lanzhou 730000, 

China
d Instituto de Física, Universidade Federal do Rio de Janeiro Cidade Universitária, Caixa Postal 68528, 

21945-970 Rio de Janeiro, Brazil
e National Superconducting Cyclotron Laboratory and Physics and Astronomy Department, Michigan State University, 

East Lansing, MI 48824, USA

Received 16 November 2015; received in revised form 2 April 2016; accepted 4 April 2016

Available online 11 April 2016

Abstract

It is well known that binary fission occurs with positive energy gain. In this article we examine the 
energetics of splitting uranium and thorium isotopes into various numbers of fragments (from two to eight) 
with nearly equal size. We find that the energy released by splitting 230,232Th and 235,238U into three 
equal size fragments is largest. The statistical multifragmentation model (SMM) is applied to calculate the 
probability of different breakup channels for excited nuclei. By weighing the probability distributions of 
fragment multiplicity at different excitation energies, we find the peaks of energy release for 230,232Th and 
235,238U are around 0.7–0.75 MeV/u at excitation energy between 1.2 and 2 MeV/u in the primary breakup 
process. Taking into account the secondary de-excitation processes of primary fragments with the GEMINI 
code, these energy peaks fall to about 0.45 MeV/u.
© 2016 Elsevier B.V. All rights reserved.

Keywords: Nuclear energy; Nuclear fragmentation; Statistical multifragmentation model

* Corresponding author at: The Key Laboratory of Beam Technology and Material Modification of Ministry of 
Education, College of Nuclear Science and Technology, Beijing Normal University, Beijing 100875, China.

E-mail address: fszhang@bnu.edu.cn (F.-S. Zhang).

http://dx.doi.org/10.1016/j.nuclphysa.2016.04.002
0375-9474/© 2016 Elsevier B.V. All rights reserved.

http://www.sciencedirect.com
http://dx.doi.org/10.1016/j.nuclphysa.2016.04.002
http://www.elsevier.com/locate/nuclphysa
mailto:fszhang@bnu.edu.cn
http://dx.doi.org/10.1016/j.nuclphysa.2016.04.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.nuclphysa.2016.04.002&domain=pdf


C. Li et al. / Nuclear Physics A 952 (2016) 18–27 19

Fig. 1. (Color online.) Experimental specific binding energy as a function of mass number A for 2438 nuclei from the 
mass table AME2012 [1].

1. Introduction

Nuclear energy is one of the most efficient sources of energy based on the Einstein’s mass–
energy equivalence formula (�E = �mc2). It originates in the strong force holding the protons 
and neutrons together. The specific binding energy (binding energy per nucleon) of an individual 
nucleus reflects the interactions of the nucleons inside the nucleus, especially the short-range 
nuclear force and the long-range Coulomb force. Fig. 1 shows the experimental specific binding 
energy for 2438 nuclei from the mass table AME2012 published in Ref. [1]. The nuclei with 
mass number around 56 have the largest specific binding energy, and in particular 56Fe is the 
most stable nucleus with a specific binding energy of 8.79 MeV/u. In general, for nuclei with 
mass number less than 56, the short-range and attractive nuclear force has not reached satura-
tion. Except for very light nuclei, increasing mass number corresponds to increasing the average 
number of nucleons around one particular nucleon, and therefore with increasing specific bind-
ing energy. However, the long-range and repulsive Coulomb force, which is proportional to Z2

where Z is the atomic number, becomes more important for heavier nuclei. For nuclei with mass 
number greater than 56, the specific binding energy decreases gradually with increasing mass 
number. When nucleons rearrange themselves to form more stable nuclei, nuclear energy is re-
leased equal to the difference in binding energy of the initial and final nucleus. Therefore, nuclear 
energy can be released by the radioactive decay of unstable nuclei [2,3], fusion of light nuclei 
[4–9] and fission or fragmentation of heavy nuclei [10–14].

Fission technology has been widely used to generate power by neutron-induced chain reac-
tions. This fission process occurs when a heavy nucleus such as 235U or 239Pu absorbs a thermal 
neutron and the resulting compound nucleus is excited beyond its fission barrier. Most fission 
modes induced by thermal neutron are binary in which one daughter nucleus has a mass of about 
90 to 100 u, leaving the remaining nucleus with 130 to 140 u. In a typical fission process, such as 
the reaction of n + 235U → 141Ba + 92Kr + 3n, the total energy released is about 0.85 MeV/u, 
which includes the energy released in the fission process (0.70 MeV/u) and decay process of un-
stable daughter nuclei (0.15 MeV/u). Since the mass numbers of 141Ba and 92Kr are much larger 
than that of 56Fe, the energy released in this fission process is incomplete. In 1939, Bohr and 
Wheeler pointed out that the energy released in ternary fission events with nearly equal fragment 
size is slightly greater than in binary fission. However Tsien found that the relative probability 
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