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Single-parti
le levels in the nas
ent fragments
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Fission barrier of 232Th within the HFB+Gogny
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J.F. Berger and K. Pomorski, Phys. Rev. Lett. 85 (1999) 30.
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Density of 232Th in the 3rd minimum

Densities evaluated within the HFB theory by J.F. Berger et al.
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Mole
ular stru
ture of 232Th in the 3rd minimum?
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Ma
ros
opi
 � Mi
ros
opi
 Model∗:
M(Z, N ; def) = ZMH + NMn − belec Z2.39

+ bvol (1 − κvol I2 ) A

+ bsurf (1 − κsurfI
2 ) A2/3Bsurf(def)

+ bcur (1 − κcur I2 ) A1/3Bcur(def)

+ 3
5

e2Z2

rch
0 A1/3 BCoul(def) − C4

Z2

A

+ Emicr(Z, N ; def) + Econg(Z, N)

∗W.D. Myers and W.J. �wia�te
ki, Nu
l. Phys. 81, 1 1966.
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Shell and Pairing Corre
tions:
Emicr = δEshell + δEpair ,where

δEshell =
∑

occ

2eν − 〈
∑

occ

2eν 〉Strut .

δEpair = Epair − 〈 Epair 〉 ,

with Epair = EBCS −
∑
occ

2eν ,

and

EBCS =
∑

ν 2v2
νeν − G

∑
ν uνvν − G

∑
ν v4

ν
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PES of 240Pu on the (
,h) plane for α=0, η=0:

LSD with shell and pairing 
orre
tions are obtained with the Yukawa-folded single-parti
lepotential.A. Dobrowolski, K. Pomorski, J. Bartel, Phys. Rev. C75(2007) 024613.
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Fission barrier:
en

er
gy

def.

Vsadd

g.s. saddle scission

VB = Msadd − Mg.s.
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Fission barrier heights:
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Deformation dependent 
ongruen
e energy term is in
luded here a

ording to:W.D. Myers, W.J. �wia�te
ki, Nu
l. Phys. A612 (1997) 249.K. Pomorski, J. Dudek, Int. Journ. Mod. Phys. E13 (2004) 107.
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Strutinsky smoothed energy

In this method one evaluates �rst the smooth s.p. parti
le leveldensity g̃(e) by folding the dis
rete spe
trum of s.p. energies eν

g(e) =
∑

ν

δ(e − eν) −→ g̃(e) =
1

γS

∑

ν

jn

(
e − eν

γS

)
,

where for n = 6 j6(x) = 1
√

π
e−x2

(35

16
− 35

8
x2 + 7

4
x4 − x6) .A

ording to Strutinsky the smoothed s.p. energy is given by

ẼStr =
λ̃∫
−∞

2 e g̃(e) de , N =
λ̃∫
−∞

2 g̃(e) de .

where λ̃ is the Fermi energy in a system without the shell stru
ture.
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Additive property of the shell 
orre
tions:

Let us 
onsider two separated �ssion fragments with the s.p.spe
tra {e} ≡ {el, eh} and having the same average Fermienergies as the mother system: λ̃l = λ̃h = λ̃ One 
an easy showthat for su
h a systems the following relations are hold:
ẼStr = Ẽl

Str
+ Ẽh

Str
and N = N l + N h

what means that

Eshell =
∑

occ

2eν − ẼStr =
∑

occ

2el
ν +

∑

occ

2er
ν − Ẽl

Str
− Ẽh

Str

and Eshell = El
shell + Er

shellThe same is not true for the monopole pairing energy as the averagepairing gaps 
ould be di�erent in the both fragments.
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Pairing 
orrelations in almost separated systems:

Let us 
onsider two separated �ssion fragments with the s.p.spe
tra {e} ≡ {el, eh} des
ribed by the following Hamiltonian:
Ĥ = Ĥ0+Ĥpair =

∑

ν

eν

(
a+

ν aν + a+

ν̄ aν̄

)
−G

∑

ν,µ

a+

ν a+

ν̄ aµ̄aµ

whi
h 
an be rewritten as

Ĥ0 = Ĥ l
0
+ Ĥh

0
− GlP̂

+

l P̂l − GhP̂ +

h P̂h−Glh

(
P̂ +

l P̂h + P +

h P̂l

)

Here P̂ +

l = (P̂l)
+, P̂l =

∑
ν al

ν̄al
ν and P̂h =

∑
ν ah

ν̄ah
ν.It is obvious that in 
ase of the separated fragments the approxi-mation Gl = Gh = Glh = G is not valid any more and it ratherholds Gl ≥ Gh > G and Glh ≈ 0.
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Pairing 
orrelations in almost separated systems:

In su
h approximation the BCS equations takes the following form:
2

G
=

∑

ν

1

Eν

6=
∑

ν

1

El
ν

+
∑

ν

1

Eh
ν

=
2

Gl

+
2

Ghand

N =
∑

ν

2v2

ν =
∑

ν

2(vl
ν)

2 +
∑

ν

2(vh
ν)2 = Nl + Nh ,

where

El
ν =

√
(el

ν − λl)2 + ∆2
l ,

(vl
ν)

2 =
1

2

(
1 −

el
i − λl

El
i

)
, etc.with ∆ 6= ∆l 6= ∆h and λ ≈ λl ≈ λh.
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Shell and pairing energy of fragments and mother nu
leus:
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Shell and pairing energy of two separated fragments:
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Average pairing energy:
Epair =

∑

ν

2v2
νeν − G

∑

ν

uνvν − G
∑

ν

v4
ν −

∑

occ

2eν ,After repla
ing sums by integrals and assuming Ω ≫ ∆

∑

ν

(...) →
1

2

λ+Ω∫

λ−Ω

(...)g̃(e)de

the average pairing energy be
omes:
Ẽpair ≈ −

1

4
g̃(λ)∆2 − G

N

2
+ ....The average gap equation takes the following form:

∆ = G
∑

ν

uνvν →
2

G
≈ g(λ) ln

(
2Ω

∆

)
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Average pairing energy∗:
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<Epair>g.s. = -13.86 MeV             r.m.s. dev. = 0.23  MeV

Ω=41/A1/3 MeV

<Epair>sciss. = -19.77 MeV           r.m.s. dev. = 0.69  MeV

The pairing strength was evaluated using the average experimental gaps

∆̄(p)
exp =

4.8 Bs

Z1/3
MeV ; ∆̄(n)

exp =
4.8 Bs

N1/3
MeVtaken from Ref. {P. Möller and J.R. Nix, Nu
l. Phys. A536 (1992) 61 }.*K. Pomorski, F. Ivanyuk, Int. Journ. Mod. Phys. E18 (2009) 900.
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Average pairing energy is A almost independent !!
• What does it mean?
• What will happen with the pairing energy

when nucleus fission into two fragments?

?
fission

pair pair
<E    > 2< E    >

• Should the pairing strength depend on
deformation of fissioning nucleus?
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E�e
t of the 
ongruen
e and the average pairing∗:
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*K. Pomorski, F. Ivanyuk, Int. Journ. Mod. Phys. E18 (2009) 900.
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E�e
t of the 
ongruen
e and the average pairing∗:
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Topographical theorem of Swiatecki
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Pure LSD saddle point masses of heavy nu
lei:
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LSD barriers a

ording to the topographi
al theorem
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Summary:
• Binu
lear stru
ture of �ssioning nu
lei is manifested already atdeformations 
orresponding to the third minimum.
• Shell energies of the �ssion fragments are additive and theirsum is 
lose to the shell energy of the 
ommon system.
• Pairing energies 
ould be di�erent in ea
h nas
ent fragmentand their sum di�ers from the pairing energy evaluated for the
ommon system.

• In
lusion of the deformation dependent 
ongruen
e (Wigner)energy and taking the pairing strength proportional to thesurfa
e area improves signi�
antly the estimates of the barrierheights of the light nu
lei.
• Lublin Strasburg Drop des
ribes well masses of the knownisotopes both in the ground state and saddle points.
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