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Lund Computer Codes for the Calculation of 
Nuclear Single-Particle Levels and Total Potential 

Energies as Functions of Nuclear Shape; A Brief Description 

by Peter Moller* 
Lawrence livermore National Laboratory 

ABSTRACT 

We discuss the input parameters for a set of codes that calculate 
nuclear single particle levels and total potential energies as functions 
of shape. These codes were developed in Lund. In the codes, the 
macroscopic-microscopic method is used to calculate the total energy. 
The single particle potential is a modified-oscillator potential. The 
macroscopic energy is calculated for both a liquid drop model and the 
droplet model. Mass-asymmetric and axially (Y) asymmetric shapes m?-
be studied by use of the codes described here. 

•Present address: Department of Mathematical Physics, Lund University, 
Lund Sweden. 
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I. Introduction 

The modei used in the set of codes described below to calculate the 
potential energy as a function of shape, Z and N is the 
macroscopic-microscopic method. In this model the total potential energy 
is a sum of macroscopic energy (described by the Oroplet, Liquid Drop 
model or some other macroscopic model) and microscopic shell and pairing 
corrections. The most time-consuming calculation is the calculation of 
the single-particle energy levels which are used to calculate microscopic 
corrections. These levels, which are here calculated by use of the 
modified oscillator potential, may be used for the calculation of shell 
and pairing corrections for many neighboring nuclei, since we change the 
potential for neighboring Z and N just by the scaling factor w. To 
study different regions of nuclei several runs of the codes are required, 
each with appropriate values of the spin-orbit parameter < and I 

parameter \i. 

Because the single-particle levels may be used to calculate the 
shell correction for several nuclei they are calculated by a separate 
program and stored on disc, logical file number 2, for future reference 
(the disc file should later obviously be transferred to more permanent 
storage), a second program is then used to calculate the total potential 
energy. This second program will read the single-particle levels from 
storage, calculate the total energy for all Z and A specified in the 
input data of the second program (for all shapes for which 
single-particle levels were stored on disk file 2). The total energies 
are stored on logical file 3, for future , ' *ing and analysis. 
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Generally, the codes get more complicated (that is time-consuming) 
for more complicated shapes (shapes with less symmetry). The reason is 
that as the shapes grow more complicated, the fewer symmetries will give 
rise to larger matrices to be diagonalized. One could use a single 
program for all types of shapes. However, then the time and memory 
requirements for the calculations would be unnecessarily large (the time 
for the most general program is 10 to 100 times longer than for the code 
that handles symmetric shapes only). Thus we have in Lund developed many 

different codes for the calculation of potential energy surfaces. Some 
of these codes handle Ihe following combinations of deformation 
parameters: 

1. EPS2, EPS4, EPSB. 
(symmetric shapes only) 

2. EPS1, EPS2, EPS3, EPS4, EPS5, EPS6 
(mass asymmetry included) 

3. EPS2, EPS4, y 
(axial asymmetry included) 

4. EP51, EP[S2, EPS3, EPS4, EPS5, EPS6. 
(axial asymmetry and mass asymmetry simultaneously). 

5. EPS1, EPS2, EPS3, EPS33 ("Y^ shapes"), EPS4, EPS5, EPS6 
These codes were developed by Christer Gustafson, Inger-Lena Lamm, 

Sjorn Nilsson, Ray Nix, Chin Fu Tsang, Peter Mbller, Gunnar Ohlen, 
Ingemar Rcgf.rsson, Stig-Erik Larsson and George Leander under the 
guidance of Sven GSsta Nilsson. 
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II. General Guidelines for the Calculation of Fission Barriers 
We shall here discuss only the three first sets of codes, fill the 

programs are usually stored in a single library. As one or another of 
the main programs is extracted (by use of the appropriate computer 
commands) from the library file and loaded, the subroutines that are 
needed will automatically be loaded, too. Since many main programs u s e 

the same subroutines, it is convenient to store all the subroutines and 
•naiffi •jsrâ anfe %& i •=&?<&» m & . "telMfii§ 7> •ag&intek task ^ta vx&i ura^ 
program and its subroutines would unnecessarily duplicate many 
subroutines. 

To calculate saddle point energies of the nuclear potential energy 
surface, one should ideally use a program capable of calculating the 
nuclear potential energy as a function of very general shapes. In our 
case this means that many shape parameters should be used to descriPe the 
shape of the nucleus. A search for the saddle points should be made in 
this multidimensional deformation space. To determine saddle-point 
energies in the above manner is at present too time-consuming to be u s e c l 

I v t ci \-srgw: Ttoitoer -of Ttotlita. Ttn^teao TO -proceeD in a BtmeWnat 
different manner. 

First, we calculate the potential energy as a function of EPS2 
("elongation") and EPS4 ("necking"). In this calculation the 
single-particle levels are calculated by the program PEFYR. The 
single-particle levels are then useo as input to PETR3, which calculates 
total potential energies. The enirgies may be used to plot potential 

file:///-srgw
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energy surfaces as functions of EPS2 and EPSa. From these surfaces 
saddle points may be determined. The plotting and saddle-point 
determination may be performed by calling the subroutine RIRASYK, which 
is described in ref. 1. The actual nuclear models used in the 
calculations performed by PEFYR and PETR3 are discussed in ref. 2. 

Since actinide nuclei are known to fission into fragments of unequal 
mass, mass-asymmetric shape degrees of freedom should be important during 
some stage of the fisson process. The cod.:s for the modified oscillator 
model have been developed to take into account such msss-asymmetric shape 
degrees of freedom. For calculations that include mass-asymmetrin 
nuclear shapes the code PETRI should be used to calculate the single 
particle energy levels. The total potential energy may then be 
calculated by the code PETR3, which uses the previously generated 
single-particle levels as input. In a search for fission barrier saddle 
points with this program we have usually restricted the search by 
choosing a certain combination of EPS2 and EPSft as one independent 
coordinate (EPS2+4) and another combination of EPS3 and EFS5 (EPS3+5) as 
the other independent cooroinate. How to choose the appropriate (EP52+4) 
and (EP53+5) combinations, and other aspects of calculating 
mass-asymmetric potential energy surfaces are extensively discussed in 
ref. 3. There it is shown that in most cases only the second saddle is 
lowered by mass-asymmetric shape degrees of freedom. In ref. 4 it is 
shown that for heavy elements (with Z >̂  90) a more general variation of 
the shape coordinates only seems to be of importance in a few special 
cases, namely for the outer of the two mass-asymmetric saddle points 
around Z = 90 and N = 140. The above considerations in most cases lead 
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Us to limit our search for mass-asymmetric saddle points to the viciriity 
Qf the second symmetric saddle and to the restricted two-dimensional 
Space discussed above. 

It has also been shown that for actinides Y-deformations may lower 
the first saddle by several MeV. Therefore Y-deformations have to b§ 
considered in a calculation of first barrier heights in this region. 
Usually we limit such studies to two independent combinations of sha^e 
Coordinates. For one such combination we choose a combination of EP$2 
and EPS4 (EPS2+4) and for the other coordinate we choose the Y 
coordinate. 

III. Code Descriptions 

3.1 Code for symmetric shapes only. 
3.1.1 PEFYR 
The main program for the calculation of single-particle levels i s 

PEFYR. It is a computer code for the nuclear fflodels described in ref. 2, 

where also the appropriate parameter values of the models may be found. 
The subroutines used by this main program are: 

ENER FI 
BIGMflT L00P1 
CLEBI L00P2 
DM RS 
KVTL R2 
MRHOT SIMPS 
OME SECOND 
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The input required by PEFYR is 
KAPPAP MYP KAPPAN MYN (4F10.4) 
NCOUP IANT (2110) 
IANT 
Sets Of 
deformation f"EPS2 EPS3 EPS4 EPS5 EPS6 NP NN (5F10.4, 2110) 
parameters 

The first card contains the £*s and 1 parameters for protons 
and neutrons respectively. For actinides the "A-2&2" parameter set has 
often been used. It is 

KAPPAP = 0.057 
MVP = 0.650 
KAPPAN = 0.0635 
MYN = 0.325 

These values and values for other regions of nuclei may be found in ref. ?., 

page 12 and page 14. For systems liqhter than A % 160 values may be 
found in ref. 5. 

NCOUP is related to the number of off-diagonai elements that are to be 
calculated. The matrix to be diagonalized may be written 
<NP<x |H|N» where NP and N designate the main oscillator quantum 
nL.nber and a and a desionate additional auantum numbers. The matrix 

P 
<NPa |H|Ns> may be divided into sub-matrices, such that NP and N 
are constant within each sub-matrix. The matrix elements within a 
sub-matrix are put eaual to zero if INP-Nl > NCOUP. We have found that 
NCOUP = 4 will give sufficiently accurate results. Larger values of NCOUP 
would only change the calculated shell corrections by about 0.1 Mev. 
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IANT gives the number of deformation cards to follow. 

EPS2 etc, are the deformation parameters giving the shape of an 
equipotential surface of the single-particle potential. Note that EPS3 
and EPS5 should be put equal to zero, since the code handles symmetric 
shapes only, ,*ho data card contains EPS3 and EPS5 only for the purpose 
of compatibility with the data cards for the code for mass-asymmetric 
shapes. NP is the maximum value of the main oscillator quantum number N 
in the set of "stretched" spherical oscillator functions used as a basis 
in the calculation of the proton single-particle levels. NN is the 
corresponding number for the neutrons. 

The number of stretched spherical oscillator basis functions needed 
is an increasing function of particle number and deformation. For 
actinides it has been found that suitable numbers are 

NP NN 
-0.40 < e < 0.55 11 12 
0.55 < e < 0.75 12 13 
0.75 < e < 0.90 13 14 
0.90 < e < Z.O 14 15 

The calculated levels {and a few other quantities) are written on 
logical file 2. 
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3.1.2 PETR3 
The second program used to calculate the total potential energy 

surface is called PETR3. 
The subroutines used by this program are 

DROPLE 
RELEND 
SORT 
STRUT 
WORK 
WORKN 
ABSCWT 
POTCO 
SUMMAT 
VINTMA 
BAROEE 
ELINT 
G 
ODDPAR 

The code PETR3 will read the single-particle ]evel- from logical 
file 2, calculate the microscopic shell ar:d pairing corrections. At the 
time o f writing no average pairing is subtracted in the code. Thereforei 
t,ef0re comparing experimental and calculated values of masses, tne 

a v e r a g e pairing should be subtracted cut. In the actinide region the su m 

of tne average neutron and proton average pairing energies 
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is about -2,3 MeV independent of deformation of G = constant, see r$f • 
2. The code PETR3 will also calculate a macroscopic energy and add 
together the macroscopic and microscopic parts of the energy to give the 
total potential energy. At present, results are calculated for two 
macroscopic models, namely the Liquid Drop model, whose parameters are 
given in ref. 6, and the Droplet nodel, whose parameters are given in 
ref. 7. A later "final" Droplet nodel parameter set exists. Since *e 
performed extensive calculations vith the former set with results 
agreeing well with experimental dsta, we have not, so far, tried th# 
"final set" of parameters. 

The input data for PETR3 is 
NUCNUM 

-NZ 
IPRINT (2110) 

NA ICDDD (3110) 
(110) 

0MEGR2 0VEGA3 (16F5.1) 
MSPIN 

LOMEGA1 
Repeat 

T(-= code will perform calculations for an even-even nucleus wit1"1 a n 

even number of protons and neutrons and also, for IODDD = 0, for an 
odd-even nucleus in which either the proton number or the neutron number 
(but not both simultaneously) is cdd. For an odd-even nucleus the odd 
particle is placed in a level of specified spin, ft. The total energy 
is calculated by adding the quasi-particle energy 
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to the interpolated even-even energy. The orbit v is chosen, among the 
orbitals with the specified spin R, n as to minimize E , that is 
v is chosen as the orbital closest to the Fermi surface X with the 
specified spin SI, More details may be found in ref. 8. One may 
calculate different potential energy surfaces for odd-A nuclei, each 
surface with the odd particle in orbitals with a specific spin si. 

MSPIN is the number of spins that should be considered; the quantum 
numbers Si are specified on the next card. This is done in the 
following way. For the parameters GMEGAN we have, for mbss-symmetric 
shapes 

OMEGflN =: 

Jl if parity is even 

Ji + 100.0 if parity is odd 

Thus, for example OMEGAN = 105.5 for an ft = 11/2' and OMEGAN = 
2.5 for an SI = 5/l + orbital. For mass-asymmetric shapes we have 
always OMEGflf* = SI, since for these shapes parity is not a good auantum 
number. 

The Z and A value is given by NZ and MA. NUCNUH is the number of 
"nuclei" that is considered. Each spin OMEGAN is ther counted as "ine 
nucleus". 
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The pa/ameter IPRINT is related to the amount of printout. If 
IPRINT = o then a full printout (single-particle levels, neutron o.J 
proton pairing and shell corrections and total energies) is obtained. 
With IPRINT = 1 only total energies are printed. Finally, if IPRINT = 2 
only the deformation coordinator will be printed. A full printout will 
give IANT * (2 + 3 * (NUCNUM/60+1)) pages of printout. 

The parameter I0DDD allows for another treatment of odd nuclei. If 
IODDD = 1 then for each deformation the n single particle levels of 
lowest energy will be occupied, where n is the number of neutrons of 
protons. With IODDD = 1 one may do calculations for odd-odd nuclei, 
where both the proton and neutron nurcbers are odd simultaneously. 

If NZ and NA are both even or if IODDD = 1 then no MSPIN and no 
OMEGAN card should follow the NZ NA IODDD card. 

The maximum number of nuclei that may be considered is 1141. this 
limit is only due to dimension statements in the code and could easily be 
changed. However, it has been found that it is usually sufficient to 
consider MOOO. or fewer nuclei at one time, because if a single set of 
e and u parameter are used, the variation of Z and N over the region 
considered should not be too large. The total potential energy is 
written on logical file 3. Both the Liquid Drop model and the Droplet 
model macroscopic energies and the total potential energies calculated 
with these two models for the macroscopic energy are written on file 3. 
If one wants to do a calculation with another model for the macroscopic 
energy it is-a simple matter to run a separate code that only calculates 
the alternative expression for the macroscopic energy and stores it on, 
for example, file 4. Then a plotting program may read file 3, subtract 
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the Droplet model expression for the macroscopic energy from the total 
energy and add the alternative model values from file 4 and plot the new 
result for the total potential energy. 

The total energies are written on file 3 by the statement 

WRITE(3) <E4(K), K = 1, NUCLEI), (E5(K), K = 1, NUCLEI), 
•CE6(K), K = 1, NUCLEI), (E7(K), K = 1, NUCLEI) 

•additional data 

Here E4 is the total potential energy calculated by use of a Liquid 
Drop model macroscopic energy, E5 the total potential energy calculated 
by use of the Droplet model, E6 the Liouid Drop model macroscopic energy 
and E7 the Droplet model macroscopic energy. 

3.2 Code fo symmetric and mass-asymmetric shapes 
3.2.1 PETRI 

The main program for the calculation of the single particle 
levels for mas:;-asymmetric is PETRI 

The subroutines are 
ENE'F CLEB1 
SECOND DM 
GRAV 3IGMAT 
CGRAV L00P1 
SIMPS L00P2 
COFG R2 
OME RS 
KVTL2 Fl 
MRHOT 
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Th e data cards have the same format as the data cards for PEFYR 
discussed in Section 3.1.1. However, for the code PETRI the parameters 
£PS3 and EPS5 may be different fron zero to describe mass-asymmetric 
shapes. The parameter EPSl is calculated by the code, to fix the center 
of mass at the origin. 

The calculation of mass-asymmetric potential energy surfaces • ith 
this code extensively discussed in ref. 3. Results with the Droplet 
fiiodel for the macroscopic energy are given in ref. 9. Some discossi°n °? 

fhe importance of simultaneous variations of e ?, e,, e., 
£ 5 and e 6 1 s f 0 ( j n c l l n r e f 4 ( l n particular on page 284). 

3.2.2 PETR3 

The second program used in the calculation with mass-asymmetric 
shapes is identical to the second program in the calculation for 
symmetric shapes. The input is also identical. Therefore, refer to 
Section 3.1.2 for a description, lote however, that since gravity i£ not 
£ good quantum there is only one alternative for specifying ft, namely 
C)MEGAN = a. 
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?.3 Code ftr axially asymnetric shapes. 
3.3.1 GAMMA4 

The main program for the calculatin of the single particle levels 
for rfiass-asymmetric shapes is GAMMM. 

The subdivisions are 
OMO ENER22 
HELP BVCON 
FVCON LGAU55 
B1GMHT DMN2 
0NUM22 CLEB[ 
MHHOT SECOND 
L0OP1 L00P2 
DM1 RS 
R2 

The input required b*' GAMMA4 is 
KAPPAP MYP KAPRAN MVN (4F10.4) 
NCOUP IANT (2110) 

1ANT Sets Of EPS2 GAMMA EPS4 NP NN 
deformation parameters . (3F10.6, 2110) 

Most of the comments made in regaid to the input cards for PEEYR in 
Secti0n 3.1.1 apply heTe. Note, however, that there is a difference 
between the deformation input cards. In the GAMMA4 code the only 
deformation parameters that can be studied are EP52, GAMMA, and 
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EP>i, The maximum values of NP and NN is here 12. However this limit 
can be increased by increasing SOKJ dimension statements in GAMMA4 and 
its subroutines. 

3.3.2 GAMMA5 
The second program used for the calculation cf total potential 

energy surfaces is GAMMA5. The subroutines are 
BCSN B24G 
BCSP DROPLE 
STRUT SUMMAT 
ABSCWT NRDS 
BARDEE ODDPAR 
BS24G BRVW 
SORT 

The input is identical to the input for PETR3. This input is 
described in Section 3.1.2. However, in the present version of GAMMAS 
only 10DDD = 1 is a"owed for odd nuclei. Thus IODDD = 0 and a 
specification of $2 anu arity is not allowed, since Jl is not a good 
quantum number. The code could be modified to allow IODDD = 0 and a 
specification of the parity of the odd particle. Some results and 
formulas relevant to the axially asymmetric codes are given in refs. 
10-11. 

The author is indebted to w. M. Howard for his help with 
implementing these codes on the Livermore CRAY computer. 
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