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Nuclear Fission, Vandenbosch and Huizenga (1973)





Why (d,pf), (t,df) (t,pf) low energy reactions were very popular in 1960’s and 1970’s? 

In many fissioning nuclei the top of the second barrier 
is often below the neutron threshold and one cannot 
“see” it in a neutron induced fission, as it would 
require a neutron with “negative” kinetic energy!

In the surrogate “neutron” induced fission with 
(d,pf), (t,df) one can probe the transition states on 
top of the second barrier with ”neutrons with 
negative kinetic energy” and determine the height 
of the barrier.



Britt, Rickey, and Hall, PR 175, 1525 (1968) Cramer and Britt, PRC 2, 2350 (1970)



Nuclear Fission, Vandenbosch and Huizenga (1973) Energy levels below the barrier.
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What have we learned so far?

What we do not understand yet?

• One can obtain rather accurate barrier heights from surrogate reactions.

• One can extract information about the transitional states (energies, quantum numbers).

• Data extracted from different experiments: n-induced fission, (d, pf), (t, df), (t, pf) … 
have great similarities, but … there are differences, which are not yet understood.

 
• What are the limits of the N. Bohr (1936) compound nucleus formation assumption?



Bohr and Wheeler (1939) introduced the potential 
energy surface (PES) for a fissioning nucleus 

Bertsch, Phys. Lett. B, 95, 157 (1980) realized 
the critical role played by pairing correlations,
which apparently implies adiabaticity! 

Descent from saddle-to-scission is strongly damped
Bulgac et al, Phys. Rev. Lett. 116, 122504 (2016)
Bulgac et al. Phys. Rev. C 100, 034615 (2019)

p/n densities and pairing fields Collective kinetic energy during 
Saddle-to-scission descent



While on top of the saddle configuration the nuclear level density is relatively small O(1)/MeV, see A. Bohr (1956), at scission 
the level density is of order  O(105) MeV-1 and the single PES should be replaced with O(105) PESs, as adiabaticity is strongly 
violated, similarly to the dynamics of molecular systems discussed for many decades, and level density is O(1-10) eV-1, 
see Bulgac et al. Front. Phys. 8, 63 (2020), Bender et al, J. Phys. G, 47, 113002 (2020). 

Pairing correlations survive 
even at scission, where the 
nuclear temperature is of 
order 1 MeV

Bulgac, Phys. Rev. C 100, 
034615 (2019)



Present theoretical findings into the non-equilibrium fission dynamics (seven parameters and no phenomenology): 

• Achieved scission and full separation of fission fragments in a pure microscopic framework starting near the 
outer fission barrier, without any assumptions.

• Established the strong damped character of the large amplitude collective motion beyond the outer saddle-point.

• Fission fragments excitation energies and their sharing mechanism before and after they are fully separated 
(TXE).

• Strongly damped character of fission fragment shape evolution after they are fully separated.

• Total kinetic energy of fission fragments (TKE).

• Evolution of these properties with the initial excitation energy of the compound nucleus.

• Evaluated the intrinsic fission fragments spins and their correlations.

• Properties of neutrons emitted before fission fragments are fully accelerated.



Experimentally, one can achieve quite accurate FF charges and masses. 

Measuring the FFs TKE, TXE, their masses and charges as a function of 
excitation energy of the compound fission nucleus and comparing the 
data to the most microscopically founded theory will lead to a deeper 
understanding of this complex quantum non-equilibrium process. 

Martin et al, Phys. Rev. C 104, 044602 (2021).



Further theoretical developments required:  

• Inclusion of quantum fluctuations.  

In the time-dependent density functional theory (TDDFT) extended to superfluid systems one can study presently only 
separate “classical trajectories” of the nuclear system.   What is missing is the interference between different trajectories, as 
in the case of the two-slit experiment. 

The major difference with the two-slit experiment is that each interfering “trajectory” has also an internal structure and in 
this case, surprisingly, interference is really happening.  (New results are expected soon!)

• The theoretical formalism for even-even nuclei and odd mass and odd-odd 
nuclei has qualitative differences, since in systems with odd number of 
fermions time-reversal symmetry is spontaneously broken and new qualitative 
terms appear in the density functionals, over which we do not have a very good 
control and sufficient knowledge yet. (New results are coming out soon!)

• The fission of even-even, odd mass and odd-odd nuclei show significant 
qualitative differences, see Vandenbosch and Huizenga, Nuclear Fission (1973),
which (partially) can be attributed to pairing correlations.

      



Why a (t, pf) reaction would be a great tool to study fission?     
            Q – value [(A,Z)+t      (A+2,Z) + p] ≈ 2.25 − 5.67	MeV  (Apart from Aage Bohr 
(1956) arguments.)

• Δ𝐽!= 0", 	Δ(𝑁 − 𝑍) = 2.	 Consequently, the same quantum numbers as for a neutron Cooper pair and spectrum of 
excited states in the compound nucleus states are simpler in 234U(t, pf) than in 235U(n,f)  for example. The presence 
of the pairing condensate in the even-even nucleus would enhance the pair transfer and introduce hopefully the least 
“disturbance” of the structure of the target nucleus, unlike in odd-mass nuclei, where one accesses higher spins 
compound nuclear states.                                 233U (5/2+), 235U(7/2-), 237U(1/2+), 239U(5/2+), 

                                                                               237Pu(7/2-), 239Pu(1/2+), 241Pu(5/2+), 243Pu( 7/2+), 245Pu(9/2-)
•  One can control the excitation energy spectrum of the compound nucleus, starting below the neutron threshold. 
• As recently observed by Britt et al. in several studies the reactions (t, pf), (sf), (n,f), etc.  show some differences, and 

other similar reactions show differences, unexpected if the N. Bohr (1936) assumption of the formation of a 
compound nucleus is valid in these reactions.
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