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Formation of SHN in fusion reactions
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In the statistical description of the fission process, the deformation and the energy are given
by ensemble average values of the nuclear Hamiltonian, E = (H) , and the respective
quadrupole moment operator, @ = (Q29). Within the grand canonical description, the particle
number is also given in the form of an average N, = (N,) (7 = n, p). To describe local
equilibrium properties of a compound nucleus, we are looking for the normalized density

operator D (TrD = 1) which satisfies the constraints

E = Tr(DH), Q = Tr(DQ4), N, = Tr(DN;,)
Maximization of the entropy S = —Tr(DIn D) leads to

A ]_ o o e A ~ B A~ A A A
D= —¢ 5H+anNn+apr+AQ’ Z = Tr(e 6H—|—anNn—|—apr-|—)\Q)

Z
where B(E,N.,Q), a-(E,N,,Q), A\E,N,,Q) arethe Lagrange multipliers.

Using the definition of entropy, we get

S=InZ+ BE — opN, — op,N, — AQ



Using the relations

0 0 0
8_,8an = —F, o In Z = N, aan = Q

we get dS = BdE — an, dN, — a, dN, — AdQ. ()

This equation expresses how the local equilibrium entropy changes in response to infinitesimal variations
inthe parameters F, N,, () ,which fully characterize the local equilibrium state of the nucleus.

In the following, we assume that the average number of particles in the nucleus remains
constant during the deformation process. By introducing 7" — ﬁ_l and g = )\//8 we can
write (*) in aform analogous to the first law of thermodynamics

dE =TdS + kdQ (**)

Here, T' and K acquire the physical interpretations of temperature and collective driving force,
respectively - quantities that determine the conditions necessary to maintain nuclear equilibrium at given
values of total energy and deformation. However, since the nucleus is an isolated quantum system,

Eq. (**) should not be interpreted in terms of heat exchange or mechanical work. Rather, this equation
expresses how the total energychange d F is distributed between the thermal component T'dS
and the energy F.:dQ associated with the evolution of the collective coordinate.



Using the definition of the Helmholtz free energy, F' = E — T'S, the driving force K is expressed in
terms of partial derivatives of three distinct thermodynamic quantities:

0F(Q,T) 0E(Q, S) 05(Q, E)

K(Q,T) = K(Q,S) = £(Q, E) = -T(Q, E)

oQ oQ o0Q
Effective potential Vx(Q), X =T,5,E

Vx(@+dQ) ~ Vx(Q) = (@ X)dQ & 2 —x(g,x)

Isothermal process (T=const) Isentropic process (S=const)
Vr(Q) = F(Q,T) + const Vs(Q) = E(Q, S) + const
for T'=0 for §=0

Vr(Q) = E(Q,T=0)=V(Q) Vs(Q) = E(Q,5=0) =V(Q)




Isoenergetic effective potential (E=const)

E, =V(Q,s) -ground state energy;
U -excitation energy;
E = FE4, + U total energy;
E=V(Q)+U(Q), U(Q) -local excitation energy

For isoenergetic process V(Q) < E and V(Q,) =FE db ' lele;s Q
Ve(Qy) = E o
dS(q, E
Vi@ _ o & Ve(Q) ZE—f T(g, E) (;q )dq
dQ — KZ(Q) ) ‘ Q b dS E
k(Q,E)=-T(Q,E) dS(d% B) Uep(Q) = / T(q, E) (5(; ) dq - effective local

excitation en6ergy



Fermi-gas model

UQ) =E(Q)—V(Q) -local excitation energy
U(Q) = a(Q)T*(Q)

S(Q) = 2(Q)T(Q) = 2¢/a(Q)U(Q)
a(Q) - level density parameter: p(U) ~ exp (2@)

Vr(Q) = F(Q,T) = V(Q) — a(Q)T"
Vs(Q) = B(Q,9) =V(Q) +a(QT*(Q), (T(Q)=5/2a(Q))

Q a
V(@ =@~ [ 1052

dq

If the level density parameter a(Q) is independent of deformation, the effective potentials differ from
the deformation energy V(Q) only by a constant shift. As a result, the three thermodynamic
descriptions (isothermal, isentropic, and isoenergetic) become physically equivalent in this case7.



FT-HFB approximation
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ZyFB

and K. are variational parameters . max[S] = §(E — uN — TS — A\Q) =0

1 .
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. . h A 2
K:HHFB:( ) "’

L E S L * ]_ “
A h Aij — 5 E VijikiRIky, Kik — TT(DHFBCkCl)
Ik

Thermodynamic consistency of
) vor v _mZus |wmmp  dE =TdS + kdQ

the FT-HFB approximation:
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FIG. 1. (a) The deformation energy V (Q) is compared with the
isoenergetic effective potentials Vg (Q) at selected excitation en-
ergies U (in MeV). The dashed lines indicate the total internal
energy £ = Ey + U, where E,, = —2089.88 MeV is the Hartree-
Fock-Bogoliubov ground-state binding energy obtained using the
SkM* energy density functional. It is worth recalling that for a fixed
excitation energy U, the boundary Q, of the isoenergetic potential
1s determined by the condition V (Q,) = E. The vertical lines mark
the values of Oy, corresponding to the selected excitation energies U .
(b) A close-up view of the upper panel, focusing on the fission barrier
region.

Micro-macro model

E(B2,84) = ELom(B2, Ba)+0Emic(B2, Ba) exp (_ Léo)
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Using x(Q,8") = k(Q, E(Q,S")) we get

B¢(E' = const) — B¢(S’ = const)

_ [“7 9K(Q, E) / :
ABfoQ;S o7 \E_El [E' — BE(Q,S")]dQ
0 E
Since E' < E(Q,S’) and ﬁ(;zé ) <0

we obtain Bf(E') > Bf(S")
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Damping of fission barrier height
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The star denotes the lower limit of the fission barrier
deduced from experimental data on 48Ca+?*¥Cm at
excitation energy of 38.4 MeV [PRC65(2002)044602,
M.G. ltkis et al]
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Level-density parameter
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Conclusions

1. Within energy-density functional theory, we can construct an effective potential for an excited
compound nucleus while keeping the total energy constant along the fission pathway;

2. For?%Ly, the isoenergetic approach predicts a significant damping of the fission barrier with
increasing excitation energy. Among the three thermodynamic descriptions considered here, it

gives the largest barrier and the strongest damping.

3. These calculations can help improve the description of survival probabilities and, ultimately,
the formation cross sections of heavy and superheavy nuclei in fusion reactions.
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