
Selfconsistent Barrier Calculations
Theoretical Description of the Fission Process

(DE-FG03-03NA00083)
P. Borycki (UT, graduate student)
J. Dobaczewski (UT/Warsaw)
W. Nazarewicz (UT/ORNL, Principal Investigator) 
A. Staszczak (UT/Lublin)
M. Stoitsov (UT/Sofia)

240Pu

1938 - Hahn & Strassmann
1939 - Meitner & Frisch
1939 - Bohr & Wheeler
1940 - Petrzhak & Flerov



Q0 Q

E fission/fusion
exotic decay
heavy ion coll.

fission/fusion
exotic decay
heavy ion coll.

Q0 Q

vibrations
deformations
rotations

vibrations
deformations
rotations

E

Q1 Q

E
shape
coexistence

shape
coexistence

Q2

Mean-field dynamics
small/large amplitude

collective motion

‡ Level crossing 
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    breaking,
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    qantum numbers,
‡ Adiabaticity of LACM,
‡ Dissipation,
‡ Chaos.



The Aim of the Project is…

…to attack the problem of spontaneous fission using modern
theoretical methods and computational tools.  

A. We intend to develop effective energy functionals that are
appropriate for the description of heavy nuclei. Our goal is
to improve the existing energy density (Skyrme) functionals
to develop a force that will be used in calculations of fission
dynamics.  To this end, we will use recently written
Hartree-Fock (HF) and Hartree-Fock-Bogoliubov (HFB)
codes.

B. Perform systematic self-consistent calculations of binding
energies and fission barriers of actinide and trans-actinide
nuclei using modern density functionals.  This will be
followed by calculations of spontaneous fission lifetimes
and mass and charge divisions using dynamic adiabatic
approaches based on the WKB approximation.

C. Investigate novel microscopic (non-adiabatic) methods to
study the fission process. In particular, we are going to
assess whether the imaginary time (instanton) method, the
generator coordinate method, and the Walet-Klein approach
to collective coordinates can be used in practical self-
consistent calculations.

Our Recent relevant work: 
Europhys. News  33, 1 (2002)
Nucl. Phys. A 701, 165c (2002).
Phys. Rev. C 68, 054312 (2003)
Phys. Rev. C 69, 014316 (2004)



The Method

•The Skyrme SLy4 energydensity functional
•Pairing force (seniority pairing, delta pairing).
The pairing  strengths have been adjusted to
reproduce the proton and neutron experimental
pairing gaps in 252Fm.

•HF+BCS and HFB
•Cartesian (3D) harmonic oscillator finite basis
code HFODD v.2.08i (Comput. Phys. Comm.
158, 158 (2004). This code makes it possible to
break all self-consistent symmetries of the
nuclear mean field, including axial symmetry,
reflection symmetry, and time reversal.

•Calculations performed for transfermium and
superheavy nuclei



MEAN-FIELD APPROACH

Towards Nuclear Energy Density Functional 

100Sn

0.00

0.05

0.10

0 2 4 6 8

(p)

(n)
100Zn

2 4 6 8 10
R (fm)

(p)

(n)

mean field fi  one-body densities

zero range fi  local densities

finite range fi  non-local densities

Hohenberg-Kohn
Kohn-Sham
Negele-Vautherin
Landau-Migdal
Nilsson-Strutinsky

Modern Mean-Field Theory ≡  Energy Density Functional
Æ

j,r,    t, J,
´ Æ

T,
Æ

s,
Æ

F,

+ pairing densities! 



“Systematic study of deformed nuclei at the drip lines and beyond",
M.V. Stoitsov, J. Dobaczewski, W. Nazarewicz, S. Pittel, and D.J. Dean,
Phys. Rev. C 68, 054312 (2003)
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But… problems with self-consistent 
barriers and shape isomers



0 50 100 150 200 250 300 350
-1852

-1850

-1848

-1846

-1844

-1842

-1840

-1838

-1836

-1834

-1832

-1830

-1828

 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]

250No

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]

0 50 100 150 200 250 300 350
-1866

-1864

-1862

-1860

-1858

-1856

-1854

-1852

-1850

-1848

-1846

-1844

-1842

 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]

252No

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]

0 50 100 150 200 250 300 350
-1880

-1878

-1876

-1874

-1872

-1870

-1868

-1866

-1864

-1862

-1860

-1858

-1856

 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]

254No

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]

0 50 100 150 200 250 300 350
-1892

-1890

-1888

-1886

-1884

-1882

-1880

-1878

-1876

-1874

-1872

-1870

-1868

 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]

256No

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]



0 50 100 150 200 250 300 350
-1906

-1904

-1902

-1900

-1898

-1896

-1894

-1892

-1890

-1888

-1886

-1884

-1882

 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]

258No

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]

0 50 100 150 200 250 300 350
-1918

-1916

-1914

-1912

-1910

-1908

-1906

-1904

-1902

-1900

-1898

-1896

-1894

 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]

260No

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]

0 50 100 150 200 250 300 350
-1930

-1928

-1926

-1924

-1922

-1920

-1918

-1916

-1914

-1912

-1910

-1908

-1906

 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]

262No

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]

0 50 100 150 200 250 300 350
-1942

-1940

-1938

-1936

-1934

-1932

-1930

-1928

-1926

-1924

-1922

-1920

-1918

 Etot

 Q30

Q20[b]

To
ta

l E
ne

rg
y 

[M
eV

]

264No

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]



0 50 100 150 200 250 300 350
-1806

-1804

-1802

-1800

-1798

-1796

-1794

-1792

-1790

-1788

-1786

-1784

-1782

 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]

242Fm

Nlimit=1140 (17)

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]

 

0 50 100 150 200 250 300 350
-1820

-1818

-1816

-1814

-1812

-1810

-1808

-1806

-1804

-1802

-1800

-1798

-1796

 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]

244Fm

Nlimit=1140 (17)

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]

 

0 50 100 150 200 250 300 350
-1834

-1832

-1830

-1828

-1826

-1824

-1822

-1820

-1818

-1816

-1814

-1812

-1810

 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]

246Fm

Nlimit=1140 (17)

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]

 

0 50 100 150 200 250 300 350
-1846

-1844

-1842

-1840

-1838

-1836

-1834

-1832

-1830

-1828

-1826

-1824

-1822

 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]
248Fm

Nlimit=1140 (17)

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]

 

0 50 100 150 200 250 300 350
-1860

-1858

-1856

-1854

-1852

-1850

-1848

-1846

-1844

-1842

-1840

-1838

-1836

 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]

250Fm

Nlimit=1140 (17)

 

0 50 100 150 200 250 300 350
-1872

-1870

-1868

-1866

-1864

-1862

-1860

-1858

-1856

-1854

-1852

-1850

-1848

Nlimit=1140 (17)

252Fm
 Etot

 Q30

Q20 [b]

To
ta

l E
ne

rg
y 

[M
eV

]

-40

-35

-30

-25

-20

-15

-10

-5

0

5

O
ctupole M

om
ent [b

3/2]

 

 





-50 0 50 100 150 200
-2096

-2092

-2088

-2084

-2080

-2076

-2072

-2068

-2064

 Etot

 Q
40

Q
20

 [b]

T
ot

al
 E

ne
rg

y 
[M

eV
]

294Ds
184

N
limit

=1140 (17)

-5

0

5

10

15

20

25

30

35

40

45

50

H
exadecapole M

om
ent [b

2]

 

-50 0 50 100 150 200
-2108

-2104

-2100

-2096

-2092

-2088

-2084

-2080

-2076

-2072

 Etot

 Q
40

Q
20

 [b]

T
ot

al
 E

ne
rg

y 
[M

eV
]

296112
184

N
limit

=1140 (17)

-5

0

5

10

15

20

25

30

35

40

45

50

H
exadecapole M

om
ent [b

2]

 

-50 0 50 100 150 200
-2116

-2112

-2108

-2104

-2100

-2096

-2092

-2088

-2084

 Etot

 Q
40

Q
20

 [b]

T
ot

al
 E

ne
rg

y 
[M

eV
]

298114
184

N
limit

=1140 (17)

-5

0

5

10

15

20

25

30

35

40

45

50

H
exadecapole M

om
ent [b

2]

 

-50 0 50 100 150 200
-2124

-2120

-2116

-2112

-2108

-2104

-2100

-2096

-2092

 

 Etot

 Q
40

Q
20

 [b]

T
ot

al
 E

ne
rg

y 
[M

eV
]

300116
184

N
limit

=1140 (17)

-5

0

5

10

15

20

25

30

35

40

45

50

H
exadecapole M

om
ent [b

2]

 

-50 0 50 100 150 200
-2132

-2128

-2124

-2120

-2116

-2112

-2108

-2104

-2100

 Etot

 Q
40

Q
20

 [b]

T
ot

al
 E

ne
rg

y 
[M

eV
]

302118
184

N
limit

=1140 (17)

-5

0

5

10

15

20

25

30

35

40

45

50

H
exadecapole M

om
ent [b

2]

 

-50 0 50 100 150 200
-2140

-2136

-2132

-2128

-2124

-2120

-2116

-2112

-2108

 Etot

 Q
40

Q
20

 [b]

T
ot

al
 E

ne
rg

y 
[M

eV
]

304120
184

-5

0

5

10

15

20

25

30

35

40

45

50

H
exadecapole M

om
ent [b

2]

N
limit

=1140 (17)

 

-50 0 50 100 150 200
-2144

-2140

-2136

-2132

-2128

-2124

-2120

-2116

-2112

 Etot

 Q
40

Q
20

 [b]

T
ot

al
 E

ne
rg

y 
[M

eV
]

306122
184

N
limit

=1140 (17)

-5

0

5

10

15

20

25

30

35

40

45

50

H
exadecapole M

om
ent [b

2]

 

-50 0 50 100 150 200
-2148

-2144

-2140

-2136

-2132

-2128

-2124

-2120

-2116

-2112

 Etot

 Q
40

Q
20

 [b]

T
ot

al
 E

ne
rg

y 
[M

eV
]

308124
184

N
limit

=1140 (17)

-5

0

5

10

15

20

25

30

35

40

45

50

H
exadecapole M

om
ent [b

2]

 

-50 0 50 100 150 200
-2148

-2144

-2140

-2136

-2132

-2128

-2124

-2120

-2116

-2112

 Etot

 Q
40

Q
20

 [b]

T
ot

al
 E

ne
rg

y 
[M

eV
]

310126
184

N
limit

=1140 (17)

-5

0

5

10

15

20

25

30

35

40

45

50

H
exadecapole M

om
ent [b

2]

 

 





0 2 4 6 8 1 0 1 2

0 .0 0

0 .0 4

0 .0 8

0 .12

0 .16

0 2 4 6 8 1 0 1 2
0 .0 0

0 .0 4

0 .0 8

0 .12

0 .16

ρto t

ρn

ρp

ρto t

ρn

ρp

z (fm)

310126
Q0=0

254No
Q0=33b

(a)

(b)

ρto t
ρn

ρp

  Q0=0
292120

(d)

ρto t

ρn

ρp

Q0=-18b
292120

(c)

S. Cwiok, P.H. Heenen, W. Nazarewicz




