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Static Hartree-Fock Calculations using

the, Imaginary Time Step Method

{

' ' Daniel Provost

Static Hartree~Fock calculations using the Skyrme's density-

dependent effective nucleon-nucleon interaction are performed by the

111

imaginary time step method. The Time-Dependent Hartree<~Fock metho&

is discussed in detail. Axially symmetric calculations have been made

fof the closed-shell nucleus I‘OCa.
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INTRODUCTION '

In spite of the relatively strong ngcleon-nucleon interaction,
"a descript'ion of the nucleus as being a set of nbninteracting nucleons
moving .in‘ a common potential provides a reasonable abproximatlion to
nucleg;/properties. The nuclear .forces and the Pauli exclusion principle
ac;t together s0 as to provide this éommon potential well. The question
is how to obtain such a singie—yarticle potential.

| The Hartree-Fock method provideé a tool for calculating the
cmmno;x potential from an effective nucleon-nqcleon interaction. Using
a density-dependent effective interaction such as Skyrme's interaction,

static Hartree-Fock calculat:iéns are able to repr;oduce the ground state

properties of sherical nuclei very well.

A na’ﬁix‘al assumption is that the independent-particle picture
f L] N ’
can also be applied to the dynamics of nuclear systems. The Timé-Depen—
dent Hartree-Fock method~ is based upon this assumption, (It was found
w .

recently that the Time-Dependent Hartree-Fock (TDlE) method could

describe reasonably well many low energy phenomena.
N N’
' It was also found recently that by using a small imaginary

time step in the TDHF equations, the resulting wave functions would
converge to the' static Ba;:treei-Fock (}iF) solutions. We develop a com~
'puter' program that will perform axially symmetric TDHF calculation:s. 4
We then perform static HF calculations forl'oCausing the imaginary time

step method.

In Chapter 2 we discuss in detail the TDRF'method. Chapter 3

’/‘D
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+ -, deals with Skyrme's interaction and the resultﬁ energy functional.

The calculational details are presented in Cha@ter 4. The results and

. discussion are presented in Chapter 5. Chapter 6 contains the concluding .

remarks.
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i ' . # . Chapter 1

THE MOTIVATION FOR THE HARTREE-FOCK METHOD , Yo

v
n

aQ

The microscopic description of a nucleus comprising of A nucleons
is a quantum many-body pfoblem. Describing th% nucleus ‘by /the wave func-

tion Q(t) ’ Schtodinger B equ;@n governs the dynamics of .the A nu~
/ /

‘ /‘

H \p(t) =tk P . | | 1.1y
~ ot , ,

cleons' J v !

where H ia the full many-body Hamiltonian of the system. This 3A-dimen-
sional linear equation is solvable only in ve4y speeﬁal cases. Some
approximations u_rustptherefor; be‘ ﬁﬁd to gimplify Eq. 1.1.
“* In 'spite of Athe relatively strong nucleon~nucleon it‘\teraction,
‘the de'scr'iption ;:f the nucleus as being a set of noninteracting nuclebns
moving in a common potential ;;rovide; a reas%\able approximation-to nuclear
properties. The nuclear forcgs lmd_the Pauli exclusion ptincipie act
.. toéether 80 'as to prox;ide this cémon potential well., The question is how
to obtain such a potential and stay true to the propefti‘es of the full
"many—bod_y Hamiltonian H . we le,o need that certain phys:lca,'l la’w‘s
remain unchanéed. Conservation of the mass number, total linear momentum
Bnd total ax‘xéular momentum must hold. Furthermore, the total wave func-
tion must repreaent a system of A fermions - the total wvave function must:
be anti—symetrized with reapect to the exchange of nucleons.
The static Bartrée-Foqk ('HF ) x.nethod ‘and its dynamical counter-
part, the T:Lme-DeJendent Hartree-Fock ( TDHF ) method satisfy these requi-
rements. 'I'hese~ methods calculate the above mentioned common p_otetﬂ\t‘ial from

8 given nucleon-nucleon interaction and reduces Eq. 1.1 to A 3-dimensional *’

coupled nonlinear equations. We now turn our attention to the nucleon-

ri. . R aab e ® Skt b
S
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' is done in Bruckner theory

:‘_\
- * ) - ’ - (

"o

>

nucleon interaction.’ Bare nucleon=nucleon forces have an infinite or at,’

.
. - 3

. » % -
least a very repulsive core. The two-body matrix elements entering th \“~I
Hartree-Fock potential all become infinite for a. hard core potential. —

This prevegnts the direc; application of the Hartree-Fock method with the -

fundamental bare nucleon-nucleon interactions. This problem can be' solved .
» P . -

by r%placing the bare nucleon-nucleon interaction with a consistent resum-

mation of certain higher order terms qf the full many-body Hamiltonian as

' 61'63. The resulting Bruckner G-matrix solves

the hard-core problem. Bruckner Hartree-Fock caicqlatiogs turned out to

be quite deceiving. Although the nuclear radii“for-several nuclei were'

reproduced, the corresponding binding energigs were grossly underestimatéd.
Negele and Vautherin37 proposed the Local Denéity Approximation for the

nucleon-nucleon interactiolr~ _As in the Bruckner theory, the nﬁéleoﬁ—
A

nucleon interaction is replaced by\the G-matrix. However now-the nuclear

G-matrix is calculated at each poiﬁk as if the nucleus around thaé‘pdipt
were a plece of nuclear matter. e soluzion of the resulting HF equations

is very complicated because a sebt of coupled integro-differential equations

t

need to be solved. A further appfpximation can be made by noting that the
nuclear force is short-ranged. The nonlocal exchange term in the HF equa-

A

tions can’be expanded in powers of the nonlocality around its local value.

;

This leads us in a quite natural way to the phenomenological Skyrme nucleon-

nucleon interaction which is to be used in the calculations presented here.
|}

Static HF calculations can reproduce remgrkably well the ground state proper- °

28,36

ties of doubly-closed shell nuclei . TDHP calculatidns havé also had

treméndous success using this interaction ( see section02.1 ).

o

W e e e N -
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the first schematic applications of the TDHF method to large amplitude

'Cimpter"Z - 's.qr ‘.

. ‘THE TIME DEPENDENY HARTREE-FOCK METHOD (TDHF)® - :

\ . . ) ' :' -
2.1 Introductidn ' . ) e VR T
’ Y, \ . , : ' i . ot

-

A complete microscopic dese¢ription of large amplitude motions
in nuclei, such as anharmonic vibrations of fission and fusion processes,
. : <

is not feasible at the .present time. However, there-exists a need for a

«

microscopic theory that would be able to describe the general nuclear

‘

 properties and the dynamics starting from a’ﬁucléon—nxpleon\1nteractioh. -

This would Be in constrast with the multitude of models which have pheno- B

’

menologically .built into them just those properties one wishes to repy6:
) ' 2] - Y
duce. Only certain degrees of freedom are included in these models and
when andther phenomena is examined, new models are invoked, thereby losing = »,,
- ! .

k4

any possibility for a general unified ‘description. Understandfﬁg the
shortcomings of such models enables one to be tolerant of the numerical

wdifficulties associated with solving the equations arising from micro-

s

scopic theories. . . .

1
° .

One method for treating ﬁicroscopically nuclear reactioms that ;
4 hd * . 0 i

merits segious consideration is a direct solution of the TDHF equatiomns, . ;"

which were £irst proposed Dirac in 19301; The fundamental physical

A d

b4

nuclear states ﬁerpist to highly nom~equilibrium situations. Following

2-5

nuclear dynamics“ °, numerous calculations have appeared: Fission ' v \f>

v

(Refs. 18,52), heavy-ion fusion (Refs. 6,7,11,12,14,18-20,22,23,25,26,27,
85,86), and deep-inelastic collisions (Refs. 6-11,13,15-17,19-21,24,25,33,

§§,§6,87) calcul&tionp have had vg;ying,degrees of qualitative and

3 : : . .
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. quantitative success. ' -
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, In this chapter we shall examine the theory behind the TDHF
o L3
_.'% *wmethod. In sectibn 2.2 wé derive the ,JDHF equations and examine the
’ B ) * @ -
immediate physical cdgnsequences. In section 2.3 a variational'deriva-

. ﬁtion of the TDHF equations is presented. Section 2.4 examines the

propétties of the TDHF equations, and in section 2.5 tiere is a general ’
)

discussion of the y}é method. - ‘ - .
e S .
2.2 The TDHF Equatioms %
v

°

4
The description of t;ie nucleus in terms of a Non-dispersive

‘{" ‘wave packet is very close to our classical imtuition. For instance,
\ er _ !

v - in the fission process we physiéaily pictt;re a nucleus as a liquid drop
! : -

e ’ :
which at each inAstant in time has a fixed deformation. Microsgopically,

’

*

such a state can be represented by a single Slater determinant in a

) o
deformed potential well whith can be used to approximate the full many-
body Hamiltonian. a This type of wave packet will be seen to satisfy the

Y b '

TDHF equations. =~ ' . Ve ‘

&

We therefore consider an ;n'bitrary wave packet \[(o)). Its
/ ’ -

time evolution is given.for all time by the equation

" . - iR -
2 lgw 7y = e U"\I’m? c " (2.1)

. where H is the full many-body Hamiltonian. The wave function ‘IQ(Q)

) . M . L YR . ’

s ' 1s, in principle, equivalent to the solutiodn.of the stationary
A YN

€

N ‘ Schrodinger e.quantion. The one-body density at ime t for the Arbitrary

o
»
-

wave packet 1; given by ,

- % | .
Pp®= LIW]C,C 1R WY (2.2)
wi .

r .

. o~

a

o M -~
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where the subscript labels refer to a complete set of single-particle .
states .describing spatial, spin, and isospin nucleon coordinates. The .

" annihilation and creation operators satdsfy the usuai fermion anti-

R

. commutation rules

N
\

+ At ‘ -, .
. R '{‘C‘, c‘i‘ {C*|C‘S = 0 .
‘ ~ . | ' © (2.3)
' "U» Ll s * o N . hd
¢ . E' C-& 2 C‘l x S“ C e . :
! ' The time der}vative of Eq. 2.2 leads to the equation of motion of the
\ . - » "
- one-body density , ) .
. \;ﬁ . . ] ’ ‘
a a . ) : .\/
. N + 0. M
Rp )= C®ILC, C HUEW? (2.4)
’ ’ If tHe A nucleons interact with each other through a non-singular
gallilean-in¥ariant two-'gozfy interaction v(*‘,'f) sy the many-body Hamil-
s ’ tonian in se@—quantd,zed notation is : . h
~ c -
) 4 ’ " ' y N ) L}
e - T R
H="2 ¢,¢C'¢c, + L L ¥V, ,iC.ClC.C, . (2.5)
< « b N gyg Y8 Ta g st
“ o . ®
_ A
where the matrix elements of the one-body kinetic energy are £
) ~ ~
oL - A . . \
e ‘ ty = Cltld) > (2.6)
ard those of the anti-symmetrized two-body int_eractiog are o .
§ )f ’ e -
- , .
Co, : Uap,cs * CoBIVTINE-8%> . @.7
X ’ * . 'v r
. ° s '
'*%“ ' o
BTN -
/ » AN
S %
o ) | .
>~ o - e B v - T - - -

B e
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with this Hamiltonian, Eq‘: 2.4 becomes .

L * é-l’ - ?‘ (t‘“ Pes = Pux tu ) =‘;-'E}‘( ﬁ“&‘/‘ P;:'P'

@

o= t2) (2.8)
viu,bx Pus»)

.
M a

wﬂere the two—body‘ density matrix Pm is defined by
. . -

o
. L]
Al »

P ®® CEOIGCCGLERY @9

3 ‘ g
The time evolution of P 18 hence related .fo the two-body ‘density

-

(3 %)
) P  The time evolution of p‘“ in turi? can easily.be shown to depend

. . ¢
on the three-boly dénsity Pm

/

, and. 80 on. This ordered structure

-

3( terminates at Pm"which is equivalent to solving tte exact Schrodinger
3.

.. equation. The left hand side of Eq. 2.8 w(‘gld descriﬁe the motion of
,the system 1f it .wére free (v(#,?)=0). ‘The right- hand side of Eq. 2.8

. - .
*~ ' contains the interaction between the particles and,this interaction can bé

v broken up. intd two parté: . . Y
(1) in a seif,;con%sté‘nt one-body field\./{«

)
(2) in individual coll¥sions between the nucleons which

. . A
/ cannot be accounted for 'by the mean field.

The ‘latter is the cause of the two~body correlations. . ’ .

. %

o
.

' To extract the two-body correlations required by tliia Pauli

' : . ) . -

exclusion principleé, werexpress the two—body density p' >as an anti-
- . i ‘ . T

symmetrized product .of two one~body density matrices and a correlation

func'tion 3(") which cannot be decompoded into products of one-body

densities: .




N

o

N -

€y ()

Paprs = de‘Pss Pus Pix daprs @10

i-\' B

Equation 2.8 becomes - .

[§ é“' - [t P, P]“ =

|
2 xsu Vet wn %‘"N

‘ (2.11)
. ' ' : Y 3-;““) -
vith thé density dependent .Har:tre‘e—Fock potential
‘1 . ' foe . /
T s 2% Vus,av Prs. (2.12)

It can be seen from Ey. 2.11 that the part e%~ 14 this system can

o«

undergo two kinds of reactioms: ~

~(1) collisions with the ;noving alls, of the mean field r'

1y

causing ' one-body friction

(2) collisions with other particles causing '"two-body

¥

friction".

*xe

ﬂAssum‘ing that the two-body collisions‘cat’l ﬁe neglected when the excita-

tion energy per particle is less than the Fermi energy (as ,:ls done in”

the static case), Eq. 2.11 becomes ‘ . . . e
ikp = Lh,p] ‘. ©(2.13)

A}

with hste [ . ~Equation 2.13 is one form of the TDHF equations first
" . !

formulated by Dirac_in 1930%.

(-3 -

1Y%

]

. Hence in the mean-field lpproximation, ninglé~partic1e vave

+

functions move inside the nucleus (’s free wave packets in 2 time-

v

dependent poten;ial. Energy dissipation and the time evolntipn of the
=, )

<

’
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muclear surface arise from scattering on the edges of the self-consistent

potential r.

A more useful form for the TDHF equatyons can be obtained by

nto uncorrelated pairs
4 q

of the one-tody density when tfhe cortelation function 3"” is met to

2ero:
(33) - N
"Rlpts P.u Pss = Pus PA! (2.14)

Setting (p- € 1in Eq. 2.14 and summing over this ind;:x, we get

” , (v ' "
;Puu 2 Apay - (PR, _ (2.15)

1)

Moreox}ef, from the defin}tion of P‘” (Eq. 2.9),

(0 ,
Z: Pies ® (A-VP,, - (2.16)

Combining Eqs. 2.15 and 2.16 we get the important result :

t .
P = p . ' (2.17)
Hence p is a'projector and has eigenvalues' 0 and 1. Further, since
the trace of P is A, precisely A of the eigenvalues are 1. The one-

body density P may therefore be written in a spectral expansion

[}

A
Pa\‘ I w; (&) W'.'(p) 7 (2.18)

P4

- where the A aingle-,p#rticl,e wave functions (.(i) span the space of

unit eigenvalues:

+

abobitom - s e
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;p;. W;(¢i=¢a(p)‘. o (@19

-

and are orthonormal:

LT @RS, (2.20)

)

Equation 2.18 is consistent with a determinental many-body wave function

B, 00 = L det { w0 40 Ll g, (0] (2.21)

3)

where each single-particle wave function satisfies the TDHF equation:

LY

R g = Tk ) b (p) (2.22)
« ¢ .

o

[N

We note that the original 3A—dimehsiona1 .linear Schrodinger equation

!

w3 = HY (2.23) .
ot .

is replaced by A coupled, non-linear 3-dimensional equations.

The representation of the TDHF equations (Eq. 2.22) in

coordinate space is, for a spin indepéndent two-body potential,

Y
{
: , e (=% . | p
Ltgt P (+,¢) . ( 5.'!.\\ LA N (ﬁt)) Wi (3,¢) | (2.24)
’ * S&Md’;(ﬂt) _

. ,

}vhefe the local H:F. potential is .
NCOR jd-f'?v(?ﬂ')p(f‘,t)ﬂ | * (2.25)

s
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and the nonlocal, or exchange potential is . : . L

- ) o & POy - .
[ (FF8) = =w(§,)p(F,§,¢) (2.26) ‘
b ' ‘ . , ‘./’ e L
In coordinate space, the one-body density has the form N
A . ;
(##8) = T w ()4 (Fe) 2.27
v P ¢V, o L\, wi T, (2.27) o

. . - 4
Most of the physics imbedded in the TDHF equations appear in Eq. 2.24. '

Each single-particle wave function evolves in' a mean—field which is
generated by thg instantaneous configuration of all the nucleons, and

by .
it 4is only this mean field that couples the wave functions.

LN

2.3 Variationsl ;ésrivation of the TDHF .equations

’

A variational derivation of the TDHE. equations34’.48 proﬂdes

further physical insights. The full many-body Schrodinger equation M J
follows from the independent variations of the action S /*

/ !

: ) I

S -:j'At (R f 0 W2 - WL B(E,LL 8,8 (2.28 YA

* /
/
® /,/ . .

with respect to W;(¥,t) and its complex conjugate ;%(#,¢). To obtain /’i

ki

the TDHF equations, we restrict the wave funéiion to a single time-

dependent Slater determinant: r

¢

qu(ﬁp-wﬁ ,t) = 1 det iwu(‘f.,t) Ceeres lp‘(?",t)} ,(2'.;92

At

vhere the single-particle wave functions are taken to be qfthonomal.

The action § becomes




W

-y

'/
/ , #fw ¥) = T [t bl ) )

?

. / . 11

| /s' fax jaa-"(»:(ﬂ{&‘a{ L - Hee] e
/ |

¥ * ) ~
. ere ~

] -

(2.31)
+ L L Idf‘df dt, A? w‘(r)q;‘(m
L&
) V (ﬁ'a.?t o;'l :ﬁ!) Qp ('T-q) Lpd('i";)
The anti—symetrized potential has the form
~ " "‘
VGE,F u f8) = (F, Tl V\f;fu T-AT; Y ‘ (2.32)

¥

and the kinetic energy operator is denoted by +¢(#). Euler's equation

- takes the form - )

A
]

R ¢ (s lﬂ' ’ | (2.33)
* bgth)
/ \. * N . 3
for a variation with respect to w: ‘and similarly 7. .

/

-/ oW gl Y @
/- » 3t Lo

o

,/ for a variation with respect to Y, . AEqs. 2.33 and 2.34 are anotl;el;

“form 'of' the TDHF equations.’ ‘For a spin-indepéndent,two-body‘poten:ial‘ ‘

v(*ﬁ') s Eq. 2.33 is eagily seen to tran'sfom',into Eq. 2.24.

B

The TDHF approximation thus acquires the form of a classical
field theory, with the Hamiltonian'-H(¥° ¥) given in Eq. 2.31 obeying
the Hamiltonian equation 2.33 and its complex conjugate. Since any

'
b H
¥

-
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unitary transformations among the \V_:s, yield the s@e determinant
(E‘q. 2.l29),‘ the Ifield theory is correspondingly .gauge invariantrwitt’l
respect to.these unitary'transfbrmat:ions. Moreover, th‘e TDHF equétiona
can be regarded as describing the time evolution of a single Slater

determinantal wave function which minimizes the exp'ectation value of
. h i N

the many-body Schrodinger equation.

.2.4 Properties of the TDHF Equations . .

2.4.1 Conservation of Orthonormality
The single-particle wave functions 'w;('?‘,*-) stay orthonormal

' for all times:
W2 AW W) =<l h-Klg ¥y =0 T @239

since W 1s hermitian.  , ° S ,

2.4.2 Conservation of Product Character - .

s Starting at time t, with p'(to) = F(t.) , then-at any-later

.

time, ,‘;‘(as ple

’ T - p [ - 2 . ) .
"*‘g’t(P‘F)’d\(le*f/’-f)"th/’ -P] : (21.36)
The solution of the TDHF equations wiil therefore trace a path
on the energy surface of all the ‘Slater determinants.

' A . - e

2.4.3 Conservation of Expectation Values of Symmetry Operators

For an arbitrary single~particle operator F with no time de-

pendence, Coe L s , "a
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its expectation value in the state | §o) is

1

¢

% 3 = ik p) = % . | (2.
| th:) te(f-p) = te( Lh,p'lt) (2.38)

-

t

50, we find that

Using Wicks theorem

!

CUFMIY = te(§lhpl) (2.39)

Hence

vh &(F), = {LFH]Y !1 '(2.40)

We see that, on the average, all Bymme;ries of the Hamiltonian are

conserved. K Examples are: : : - '
, N v ‘

(1) conservation of the particle number

d ¢NY = 4 (¢ =0 - ) ] . o
It< Y a( r‘p) T (2.41)

) 3

' (11) conservation of linear momentum

i‘h-.‘o . ey -

(111) conservation of angular ﬁonentnn\

*

d ¢3y =0 . o(2.43) .. |
dt . -

T
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2.4.4 Congervation of Energy

+Since P is always a Slater determinant, f: ‘only has ph
| w

matrix eléments in the basis in which P 18 diagonal. Therefore we

have

d = d £ _ é—g- : ‘Q‘?_E_ . '.
& & ’.?}(aﬂap“ e
(2.44)
= tr(hp)= L tr(h-Lphl)= 0 | :

/s

The energy is thus conserved with time. 'rhe/ motion has to take place

. on linés of constant energy on the mktidmensional energy surface of

!
Slfu}:ef dete;:minant’s, ' .

2.4.5/ Time Reversal Invariance .

e The oné—bo?iy density P({\ satisfying the TDHF equation "

(Eq. 2.13) is not time reversal invariant since the time reversal ope-

m;m:51 '

-

TeKee 7 sy

where K, is the complex conjugation, changes P

{ ’

P TpT T g ple) (2.46)

b b e e~

-

because Pr=p would require ’330 . However, there is microscopic
reversability,‘whicﬁ“ means that ﬂr(-t) also satisfies the TPHF equations.

2.4.6 Quasi-static Solutions . R

The TDHF, equations can be related to the static Hartree-Fock-

equationawnsidefing the cléss of single-particle wave functions in

T

which the time dependence factors out:

LR
Ry



i R -;. ejt/ﬂ . , h ' ‘. .
LY, (at) = e wj,(a) A . (2.47)

-

vhere €; 1is the sirnfle-particle energy of the j-th particle. Substitu-

tion of this equation into Eq. 2.22-results in the static Hartree-Fock

'
e ot

equations: : ' a0 -
: L . )
v . ; h“ W;(p)' = € \V:,‘(d) ] - (2.48)

[ -

lWit:h the effective interaction to be introduced in Chapter 3, such static
solutions accuratly describe both the bulk and shell aspects ‘'of nuclear

ground states. e e .

In, special cases we' can readily find .dynamical solutions to °
the TDHF equations from solutions of tbng static Hartxee-Fock‘(Hf’) .
';@qua'tions by a suitable transformation that breaks the time réyersal'
symmetry. A gaIlilean cranaformation'to ‘a system moving' with constant f
velocity v is such a transformation. It 1is realized bjr the operator

651

I

¢ G(V,e) = expl -_;‘.;\':- (&\4;,3\- P.t)) (2.49)
. o N ' - .
v(herg Re ('/A)I. . is" the center of mass m}d ‘ﬁ = 2 D 18 the

‘

3(‘0,£) = expl -.‘;.?:- (rni - $0)] (2.50)

3

4
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vhi¢h transforma.fhe density

p(t) — Jb. -.'3 'o(t)j* | (2.51)

.f obeys the equation of motion _ _ ) .

0=ikp = SL“{P] 3 - 9L%- 5,514 = gLhep- “"f’:f’] g" - (2.52)

?
t

~3

Using- Eq. 2.49 and the symmetry property

+ (2.53)

- 3"'(,:‘)3“ = T(p).

- whféh holds for gallilean—invar'iant interactions, the TDHF equations in

the moving frame are

o \hj "L h(p), 3] S sk ..

¢
* We thus see that ' F satisfies the static HF equation in the moving .
frame. F transforms into a nontrivial dynamfc solution of thewTﬁl‘F
N . , ) . ) )

equations in the laboratory frame . .
. . } ‘.

Gam®E e d (mes-p ) NUAT B | | ,
pii= e (e - Pe e " (2.55) .

~—'J'.'he stationary solution p undergoes firs_gﬂ a time-e\'veg
translation of the coordinates by the amount -“ and then acquires a
vei;:ci.ty ‘byd .a tine~odd tranlfom;tion ‘of ‘the momenta. In applications
., of the TDHF theory to heavy-ion reactions, one often uses as initial
condition a sum of two ‘densities of thc.a form of Eq. 2.49 with veibqities

v N / . - ’ -
Q,_ and Q, at, a distance at vhich the overlap of the densities is

.

. , '
f ' -
AR - -t R .
~ . v
* .
r3 .
N R ) n N

PP
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considered negligible.

In the rot)ational.case, we cannot transform.the density P
’

to a Totating system in which the motion canh be described by a static

FEY

HF solution. Nevertheless, a transformation to a frame rotating with

the angular velocity G‘) s

Wyt gt

~ ] .
p =€ plt) e . - (2.55)
leads to the stationary HF problem of the self-consistent crankirg

model: . ‘

i

(nip)-u.7,p81=0 ' " (2.56)

“ \

We get a density ; with no time dependence' but which contains time-odd

~

components. In this sense P 4s not a static density. Again,

o

i8 a nontrivial solution of the TDHF equations.

2.5 General Discussidn of the TDHF Method

-

v
The TDHF mjthod provides a consistent description of all types
of collective motion, iryluding fission. 'In the TDE; method, the nucleus
determines for itself its own path on the multidimensional energy surface.
It becoﬁes unnecessary to choose beforehand the collective coordinates,

or to subject the system to some physically unrealistic external fields.

o

Microscopically, the determinental wave function takes care of

all the singile—particle aspects and includes the full interplay between

-



j»"\} are unlikely to'prod\fce significant quantitative improvements of the
~

A

S

P ~

/’
the collective and the single-particle motion‘ 'I'he TDHF eqt.l‘&s\ions have
inhereht one-body frict::Lon52 prpduced by. the interaction of the particles

vith the moving wall of a time—dependent mean-field.

In many instadces, it is uﬂc_lear how negligible the two-body
coi‘relations dontained in the cos‘relapion function 3“') are. The
approximation that th\e g“) terms are negligible is based on the belief
that the mean-free path o.f\a nucleon, due to the Pauli exclusion prin-
ciple, isb of the order of the nuclear dimensions. ’ This would no lonéer
bg the case if thf single—pfrticle*energ.i'gs are of the ordeir of the
Fermi energy. Modifications of the TDPHF equations to include the

%

effects of. two-body collisioné}%—“, if only in a phenomenological way,
r'

prﬁsentﬂ TDHF method. However, the TDHF method should still be able to : -

3

9
describe a wide range of phenomena.

\ ° . [ + AN
\ Although the TDHF method has many appealing advan¥ages, the .

following should\%:;7 noted: ' *

a) The TDHF method provides a‘ fully microscopic description
of "t_he many-body sys’?em. -~ Following each single-—pqrticle vave funct‘:'L.On
as it chan}ges with time<reqduires a tremendous amount of numerical effort.

{ (11) The ?heory has a classical deterministic behavior.

jStar'ting from an initial density p(t):, we follow‘it and its velocity ' :

ﬁ(t) t,t:rough‘time on a multidimensional energy surface as if it were

-

a classical trajectory. _By restricting the wave function to & Slater

detemina% at’ all times, we end up with a set of coupled non-linear

: | —

" equations. We have therefore given up the superposition principle and

- 4
ve get solutions of a solition character, that is, density distributions

which Qropagate without changing their shape (see e.8. Eq. 2. 54)

v N :




- ' Lo -
Using Slater determinants as an approximation to the exact wave function

puts us in the intrinsic system of the nucleus, thus requiring its center /

)

of mass coordinate and its mcnﬁentun; coordinate to be two simultaneously

.

measurable quantities.

(1i1) Conservation of energy prohibits the qugntmmechanicél
effect of tur;neling through a potential barrier. For example, in the e
fission process, the fission barrier consists of a t;v;o—hump (and some-
times three-hump) potential \barrier and any dynan;ical analysis by the .

TDHF method, from the initial stable nucleus through the barrier‘ towards . \
, b4 .

scission, is not possible. Negele et éli. 18 in theilr examination of the

£ 236

spontaneous fission o U, took their nucleus to be 1 MeV below and L e

after the last saddle point energy, To introduce tunneling, we would )
. ! i’
need to either requantize or introduce linear superpositions of product

states.

(iv) There exists fundamental questions in “the physical

a

interpretation of the results contained in tl_\e wave funection l‘g‘”ﬂ:)> .

«

Starting from a Slater determinant, the exact wave function |E®)) does

|

not ‘stay close to a Slater determinant in the course of time. It can be
shown that the overlap Py | W su“» can become very small when
u

| (&), is only. slightly different from IQ“(Q)) . This does not mean
however, that we cannot use \-Qs,(t)) for the evaluation of few-body

operators. The stability of the TDHF ‘determinant with respect to small ,
h e A
perturbations can be examined in the Time Dependent. Random~Phase approxi- .

mationa}./ We shall use our results instead as an indirect measure of

w ¢

the stability of the TDHF method.

6

(v) In reaction theory, the initial value TDHF, theorleacks .
" asymptoticity. Due to the time dependence of the HF Hamiltonian

. . . ? PR
- ] -~

-

- A - g - - ' e
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c e
.
.
i .
v

(Eq. 2.31) long after the collision, only a few "trajéctéry" characteris-

;i’cs remain constqﬁt once the fragments separate and they can unam-

@ v . o ZQ .

biguously be obtained from the numerical TDHF studies of nuclear systems.

This problem can be reinterpreted by using an snalogy to the S—matrix
53,54

o

form of the Schrodinger reaction theory °2 . In the TD-8 -HF

reaction theory,

<
.

— N ‘

'
-

) -
1 : 7 - . ¥ ~

. N
degcribes the transition probability from an initial to a final self-

,consistent TDHF .reaction channel.._

.

(vi) The alisbatic limit of the TDHF equations, ATDHF, vas

proposed in 1978 by Baranger and \;éné}oni 35,57 A general densiiy
a. ' * - i
matrix satisfying
3 . . Q . . A ' )
P‘.’f ) (2-59)
BN | . .
can be rewritten in the form . )
~ ~ (RIRW  Aye)hted "
P = e ’ Ib,(t)e i ) (2.60)

P

where P. and ‘A are both Hermitian, time-even matrices, that is

-(‘/;)xw'/o dy )KL
- (d

Pt ™ Tln(t)T* e, (2.61)

-

Again g satisfies p."- pe > trP.aA » which means that pPe corresponds

to an A-dimensional Slater determinant |§”(€))- 1f X is sufficiently

small, implying all velocities are small, a systematic expansion can be

>developed in which appr.oximate equations of motion for P‘ and %

/

-

t .. .
ﬂﬁ = (£,-€.)-'T‘<j\@(it‘)\\\);(?,t')); dt' ‘ 2.58)

.-
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:

are detem:itied from the TDHF equations. This formulation provides an

elegant and general method for deriving a collective Hamiltonian which '

contains the usual simple potential energy term and ‘the crucigl ‘mass

i

parameters assoclated with each variable,

v
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Chapter 3

THE ENERGY FUNCTIONAL !

!

'3.1 Introduction

" The TDHF method consists of finding the solution of the many-
b’ody‘Schrodinge‘r equation in a restricted Hilbert space, the ensemble

of Slater determinants. This single—particle approximation of the

PR ¥

dynamics of a nuclear systen requires tt;e definition of an effect:ivé
. ) . fo -
Hamiltopian which will ‘reproduce reasonably well the properties of the .

nucleus in such an gnphysically restricted subspace.
There axe essentlally two groups of effective nucle.on-nucieon

%
3

i
3

interaction: - : p o ' -

“ . &

up “from a, partial rgsumation'\b‘fx, the scattering processes of two ~
48,50, 58-63 '

o 2

nucleons in nucléar matter . The bare nucleon-nucleon inter-

<

action is then simpﬂly the Born term of this series.' This type.of inter-

i

. ’ . s .
action (a#¥%o referred to as the G or 'K matrix) is termed effective
" N LY

because it acts In a restrictive -subspace and consequently is 'modified’.

* to -counter thg'effe'f:ts of the neglected part of the Hilbert gpace., Hovi- |

de

gver, a phénomenological part must be aﬂded- to the derived e-ffective.

' interaction in order to produce a satis actory deseription of radil,
. o - ’ '

binding energies, and single-particle energies of dqubly-élosg.d shell

nuclei

. PR - o
‘(1) The second approach consists of assuming beforehand an
’f 5 "

. (1) "In the first group the effective interaction is built

~

64,65 . e

/ ) .
analytical form for the effective nucleon-nucleon interactién. Although .

<

this airect parametrization 1s” obviously.less fundamental than the -

T

previoué one, it has a certaip nunmber of advantages. Firﬂst of all, the,

1

¢

-
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»

practical simplicity of't'he calculations involved give somewhat better

physical insight, and simple relations comnecting different nuclear

properties can often be derived. Also, these phenomenological effective

interactions are useful tools to extrapolate in a rather simple and

~

© reldiable ‘;ray to nuclel far from’ the stability line and to superheavy

12
mx‘clei. An enormous number of different phenomenol'pgical effective
interattions have been.applded to problems in nuclear physics with
tremendous success. However, most of them are constructed for a special

purpose, as for example, those for Hprtfee-Fo'ck calculations. Among

28;35,49,66,67

these forces is the Skyrme interaction g which 1is the

interaction to be used for this study. )

v 4

*  In section. 32 a general discussion of the Skyrme interaction

is preset’xt?dz Section 3.3 deals with the functional form of the energy .
[ y
- Al J -

to be used in the TDHF equations."’

3:2 The Skyrnfe Interaction -

It i8 well known that the nuclear force_has a rather short

,

range. Thé.simplest ansatz therefore consists of using a zero range
force whose radiﬁl depen°dence is described by a Dirac delta function § .

66,67 proposed the following effective interaction>>:

\/= Z'\r.‘?) + z "\J'g)k . ©(@3.1)

w Wik
vith
.. ‘\T('“('i".,'?',) = t,(1+ -x.,'P') S@E-1) . |
| + e[ SE-RIK  Risa-0)] © 0 e

- . . ' ‘ + tz‘K‘u S(%- g) .‘K
4 iV, (&e@) R x SRR
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and ' \ e 7

s " . )l & B . ..5“ - -
v vEEAD) = b, 5(,-0)5(4,-%) 0.3

' r . ‘ !
In Eq. 3.2 P is the spin exchange.operator and 5" represents the
-

vector of the Pauli matrices, K 1is the operator

& -
-'- ' -l - -l
1 (3,-9.) (3.4)

7

o

acting on the right and K' is the operator

»

'

NG LA | Gy

[

»~

Al «

acting on the left. Here <xote,ti,t;,t; and the‘sp:ln-orbit coupling

r
strength’ «Vs.o- » are thq parameters of the 4nteraction.

The momentum dependence of the two-body potential (Eq. 3.2)

68,69 )

Blmulates a finite non-vanishing range . This can readily be seen

by comparing the matrix elements of Eq. 3.2 in momentum space

o (Tt.l 1)‘._,(.“ \'i') = ¢, (1+x:PT) a—‘.li‘t.(i" + R"') (3.6)

i, Kk WNeo (T fﬁ).i'x'ﬁ

e

with a Taylor se'r‘ies expansion of a Gaussian central force with exchange ‘

¢

terns,

-(“4/»)1 | .-' -:A - t.
V.= ¢ (W +BP-HP - MP'P ) @G

——

36

v

A e Tl =



in momentum space, I A

~

CRIVIKY = (uiT) [W+Mf(B+H)P ][\-'(K K') 3 8)‘
(,..r*) Lw M+ (p- H)P T KoK

i

Eq. 3.8 is identical to Eq. 3.6 except for the last term. One can also

show70 that this last ‘term can be generated by 5 two-body spin-orbit

-t . Y
force V”(f.,_)L-S » where in the short-range limit

!

Vs

v :
= -%wj\lm(ﬂr"'dr ' " (3.9)
-]

Byv considering the matrix glements of‘ expression 3.2'4n a

-,

state of relative motion,

’ { . MQ(?)'-* R(T) ¥, () @10

M

%

one cah seeg »67 that the first two-terms correép'ond to S-wave inter- -

actionB since the matrix elements are proportional to IJI(O)Il and
Q(o)v Q(o) » respéctively; whereas the last two terms correspond to

P-wave interactions since the matrix elements are proportional to

\& ge® |

. 1 2
‘The Skyrme effective interaction depends on\the density p('f)

: 29,48,71

Such a density dependence is necessary and can be understood by

considering the, following expressidh for the G-matrix (Bethe-Goldstone

equation61 72)

t l . - )
e = F LT Ty e Saned (310
o, cd rab,cd ?,.,n>e, ?b'""s-e...fen*"“l i
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where ab,...,mn are shell-model indices and €; 1s the Fermi energy.

The range of the summation depends on the Ferml energy which is itself

a funption of the density, producing some density dependence in the

effective nuclear interaction. Fqr spin saturated even-even nuclei, the

\

three-body term given in Eq. 3.3 is equivalent36 to a density dependent
two-body intéraction of the form of -

-

R = Lty PT)SGE-R) p(L(F+1)) (3.12)

-

This interpretation is preferable to the view that the Skyrme contains

a three-body interaction, since three-body interactions in nuclei are
LI { )

relatively weak. For systems without spin saturation, the three~body

term given in Eq: 3.3 favors parallel spin aligmment. This contradicts

the observed spin saturation and the pairing prbpeﬁties in nuclei.
This difficulty is overcome by using either 'a density dependent two-

body.interaction73 of the form of Eq. 3.12 or a nonlocality in the

three-body tern’®. ; e

»

There are three main reasons for using this force:

(1) Vautherin and Brink36 performed spherical static HF

calculations and were able to reproduce the iindtng energies and radii

of doubly-closed shell nuclei across the periodic table with reasonable

'sets of parameters. Over the last decade or so, numerous calculations
“
(see sec. 2.1) have had success in the study of nuclear systems.
. 4

(11) Negele and unther1n37 showed that the Skyrme effective

intéraction is connected with the more fundamental G matrix of nuclear

matter. ;
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(111) The mathematical form of the force is extremely simple.
The S—functigns reduce the TDHF equations to a set of nonlinear differen-

tial equations which simplifies the calculations enormously.

3.3 The Energy Functional

LAY

The calculations to be presented use a modified Skyrme form

-

for the nuclear interaction together with the Coulomb interacti‘onls"za’:is’

36‘49. The total energy for.j the system, H 1is thus

K

M- 3{.? r o, ‘ (3.13)
1

where 9(... is the nuclear energy and ?’L,_ is the Coulomb energy.

3.3.1 The Nuclear Energy’

- The nuclear energy is given by

Moo= <P \eevl P >

v
”

. : .(;3 . Y .
?(ll%ﬂ)lt) +-'i§(u_l|?n \cJ?+i_:§i((|Jk‘\J;5: \cjk) ‘(3,]:4)

§Ha#) 4 '

where ¥ denotes the antisymetrized matrix element. For the Skyrme

" interaction the energy demsity H.(#) 1s an algebraic functien of the

. nucleon densities ( Pa and Pe ), the kinetic energy densities ( ¥, and

Tp ), and the current densities (ja , ]'). For an even-even nucleus,
.we assume that we have a spin-saturated system so that each spatial
. ‘ « -| M
ox:bital is occupied by a spin 3 and a spin -3 nucleon. Neglecting the

" presumably small effects due to the spin-orbit force, the Skyrme form

of the nuclear ,density29’35’.36 1s | '

N . e ..
\ 5 ‘_"‘ .

BRI s (b b st s
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Hn(*)'tgt v 4t L0 frdpt - (o v L) pt 4 py?)]
+%(t,+t,¥p‘t-j‘) + li(tf-t‘)(/’“t“ + fnt?"j: -j")

HLBR)PTP + L (6 ) (p T ¢ pT )

+ 5 tapaprp

The particle, kinetic energy, ané current densities for each isospin

species ¢ (p for protonsy n for neutrons) are defined as

4

| p'("i") = E; 'nf [gat®D)|® . (3.16a)
° A G -qumlv b (L | | (3.16D)
WO LT lgf@®vewl o e

LA

t

'

vwhere the sums are over all the single-particle orbitals; n, is the '
occupation number of the o -th orbital. and has values 2 or 0 depending
on whether the or@\ s populated by a pair of nucleons or not. The
densities in Eq. 3.15 yithout isospin subscripts refer to the totql
density ( P ™ Ps* Py, 'tg’t‘f'cp':‘.:ln *jp ). Iq time-dependent calcu—

lations, all of the functions in Eq. 3.17 'depend on time t as well as

-on the spatial coordinates ¥.

The parametei's t.,ti,t, ,t, and =%, appearing.in Eq. 3.15 are

29’36. Vautherin and Brink
' L %

First of all, the parameters I

the usual constants of the Skyrme force

determined them in "the following way36.

were adjusted to fit the binding energy and density of nuclear matter,
\ as well as the Qy\diﬁg.wénerg_iee of helium=4, oxygen-16, and calcium-40. -

Lo 3

s
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This proced\;re determines the four parameters ‘E-.,t.,i,,’cs. The ;'aarameter
%, Which deteﬁines the symmetry eff"ects, as a&;justed to give a value
of 30 MeV for ‘the symmetry-energy coefficient in nuclear mattér. Then
static HF caiculations were carried out for doubly-closed shell nuclei.
The parameters were then corrected to obtain a better fiF for oxygen-16
.and lead-208. Using this procedure Vautherin andc’l}rink found several
sets of pérameters giving ,; good description of closed-shell nuclei in

¢

HF calculations. Our 'choice of parameters are those for the Skyrme-IL \
- »

28,36

-interaction and are given in Table I. With this force » nuclear

’

_ matter saturates at a density p= 0.15 fm_3 corresponding to a Fermi

momentum of 1.30 fm and a binding energy per nucleod of 16.0 MeV, ‘an °
incompressibility coefficient of 340 ﬂev, and a symmetry energy coeffi-
clent of 34.1 MeV. The binding energies and radii calculated with this

force for nucleil over a wide range of the periodic table are in good

v

agreement with experiment36. P N

In order to improve the' stability of ‘the numerical calc'ulations,(

2,18,28

it.was found to be convenient to replace the surface energy terms

in Eq. 3.15 of the form V.l by the following sum of direct: Yukawa
m pV.p !

int:eract:lonsl'9 ’
. o NLE VA ' . :
CoRgn=fare [ Ve @pe) ¢ petip, i)

1#-#l/a
+ \1; Paldpyt#) + ppmf(?'))] '
2 . . : .

-

0

wheré, V; and V, are the strengths of the interactions between "like"

and "uglike" nucleons. Comparison of Eq. 3.15 with a Taylor series ex-
pansion of Eq. 3.18 gives the .following relations between the parameters



i’

o, ,of'th/e'sﬁme force and Vl. and VA,': : " ;

anVua®= Lt -3t) (3.18a)
2T0(V,- V) Pé:’z(t‘ vty (3.18b)

The vgiue of a is chosen to approximate\the range of the G-matrix in’

7

"nuclear matterz. Defining the new parameters E. and %, by

~ - _ . -' 3
Ll g) = LalieX) - anaV, (3.192)
' ~ -~ ) 3
L (L + )= Lte(d wxe) « amd (Vg -Va) (3.19b)
) the nuclear engrgy density becomes ° _ ) N

»

“!-\,ﬂ(i‘-) - %ﬂ‘t r %.t‘{-(f L)t (5 1)p, e

+

o . | ':;(t'*t‘)(f’t'r) * .!‘.(tt-t.?(F.t, *fp'li:‘j: -it) (3.20)

4o Ltpapep v WH e

. o
. <
. ) Y

The parameters are listed in Table I. , L
TABLE I. The parameters t,(Mev fm?),"g., %‘. (MeV fm3'), %, ti(Mev fms),
t,(MeV frd), ty(MeV ), V, (ueV),N,(MeV),’and o (fm) of the Skyrme IT

" and modified Skyrme II interactions (Refs. 28,36,49).

o . . L. , ‘ :
>w‘ B N L e T
. . . ’ » n Y - ;' - .
- © o+ 7T)~1169.9 0.34\104.49 4.01 585.6 -27.1 9331.0 =-444.85 -?3.53 0.45979

.
<
.
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3.3.2 The Coulomb Energy

’
a

The Coulomb energy density can be seperated into two parts:

~

" cdie) | (en) . ' (
x CHB =H By R D (3.21)
E) P ) 5 .,
The direct tenﬁ/,is B /
] N - ’ /
[N . ~ “**\H\W/ ' . ‘
A Haa.-) . . : i
. > ( Y > ) R i
C R = L efdr PolT) — Pt . @2y -
. \#-#1 . \
. N 4

— L~
e ;

For the exchange term, we assume that the ratio of the direct Coulox;:_\l-:/S

-

energy to the exchange Coulomb energy is the same as in nuclear métter.’

75

This 1s called the Slater approximation Combining .this approximation

with a local density approximatiox\:?7*?6, we get the following form for

the exchange Coulomb energy- density:

K

(ex) . | ! L -~ ‘"3 - . " . B
H‘._ (t) = -%(%)&, [!D'(f)] . . (3.23) )

4

’

This approximation to the Coulomb energy density was found to be in

qualitative agreement with exact calculations77.  TDHF studies of light-

K3
‘

. (ex) . .
ion systems have also shdwn that the inclusion of W, "has negligible

effects on \expétiment:al observablesll'. Eq. 3.23 should therefore be:

sufficient for the present th\lc‘qlations. :

3.3.3 Specialization to Axial Symmetry - ‘ B
gw'; - Assum& that the nuclear

stem is axially symmetric, we ex-~

press the er'le(r/gy -density fg.mc‘tion in cylindrical coordinates fa (1',:'¢)6’¢9;

The single-particle wave fungtions can then be written in the form

K

: s et T e



' [
‘ . ' - 4
L =) - ﬁ‘
L k/—'—" ) ’,
- 32
5 * N A
=y ' - - q
. where ﬂd_ is the azimuthal quantum number of the orbital o . T
‘ . | The énergy density functional (Bgs. 3.20, 3. 22, 3.23) can be
. - '
L written®as ’ .. -
, i ’ vy
P | o , : - :
1 & . "
. L g H(T) = U (F) « Hy(F) + Hyv (%) (3.25)
) K ' where Ho(#) contains the derivative-independent parts of H(F) l;\' con-

, . \ '
* tains the terms in H(F) arising from the z derivatives, and H, contains

. ,
the terms ﬁ'x H(®) arising from the r*and- ¢ derivatives

: In detailag',
A o
. ‘-IH"-(*) =‘Ji€.[(l+‘ic)f>‘_4(li+£.)(p: +/J,‘)] (3.26 )
i- i . . + 5‘_ ‘F"P'ID + Hy () M H (-#)
H ) = 'L_ Ty * _&(t.ut)(f,t,, - ie) (3.27 )
. | K § - RACPa Ty + P Ty 5, = 15p)
, H, () = & (=, «ré)“?"_\_(tﬁt,)[_f(‘c, +s) -j}]‘ © (3.28)
' ¢ ' 1.“\

v,
\ A ¢ L) [pn (T ¢ S0) + (Tt ) -, J,,,]
D X

where the following "compongnts" of the various densities are defined

/

as ° i .
‘- T
- “ aw‘ “' . . LT .
= “ PSSy . .
‘E d de (3.29a)
’ % z ._h -
n. |2 s
rq “_q < L (3.29b)
v ' , k) . . .
o, Y » ' S* s E m‘ ‘i ‘w‘\ oo o (3.29(:)
de g ‘l’" , , .
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3,_’ -‘E 'Y\AI (%‘a&\ '. B

J"'ﬂ- Z N I (4" Q_th) e

opposite azimuthal qua\ntum numbers, the teri~

o*
- N > . - ’
= Z "}d Mq Im(‘- "P*,‘P.;) o .(3.30)
&
% o n .
4 v
vanishes. " . !
v \
’
- v . . ’ c--»
‘ .
‘ . - h - '
o L ‘ .
% :
rd
. , 3 \
t [
[ T ,
’ ‘ \
i - N
. . ;
. < - o
LW
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< Chaptet 4

" CALCULATION DETAILS

‘

s ,
4.1 Introduction .

The TDHF equations arera set-of non-linear coupled equations.

An exact solution is possible only in véry special cases78. In the pre-

sent study no exact selution of “the TDHF equations is possible and nume-
#ical methods must be used. We'solve the TDHF equations by finite

difference methods on a cylindrical mesh6,28,49. The most useful dis-
w . ' {
crete representation of the TDHF Hamiltonian is obtained by the variation

of a discrete approximation to the energy functional with respect to’ the . :

values of the single-particle .wave functions at the mesh points.
91

N - \ . .
In section 4.2 the spatial discretization is performed,while

L4

the time discretization is done in section 4.3. The Static Hartree-Fock
problem-is discussed in section 4.4. Section 4.5 deals with the calcu-

lation of the total and singl\e—particle energies. Other calculational

]
[}

d?}ls ‘are presented in section 4.6. ’

4.2 Spatial Discretization / ~/f ’

We take the nucleus to be axially s}ymei:ric along the z-axis.

The.mesh along the z-direction is defikd by '

- o= (j-0ar =z, Ny (4.1)

+
N

In specifying tl}_e mesh points along the radial direct:ion, it is advan-
Eageous to choose the points at half-integral multiples of the mesh
. spacing:

“ . = (i-1)ar =020, Ng (4.2)

~

/
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This is done.in order to avoid the singqlArity at ¥=0 .

Ra Each single-particle wave function is represented by its values

1

on the mesh points,

CYa (L)) = W, ) (4.3)

The single-particle wave functions are normalized with

NK,NE ‘r 2, .
22 leaplav = ey

=l =l

where the volume element is

Ll .. t -
o
A AN =t ({-LWaryser %.5)
-4
To avoid any mass loss from our discretized space, we meed to impose the

following boundary conditions

» o

‘

wd('NR)j‘ =0 v,'_\g \“_?.)‘...)N!

(4.6)

Gl ¥ = wa(ing) =0 s, Ne

’4.2.1.§patial Discretization of the Emergy Functional

-

To discretize the energy functional given by,equation 3'2&

it is useful to define49 . -

Y '
Cg L) = (- 4’*‘()(1)‘ @
y
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. The normalization condition then takes the 'simple form. .l
S ‘ - . Ne Na . o : .
e (a7) a2 :Lt Z |3.{(L,j)l =] (4.8)
- J:l * ) ’ ’
and the boundary conditions are
P S*(N&,j) =O ) . 1\. j'ldi)"'lNi o
. . : (4.9)
3*(“ 1) = 9‘(L’N1) =0 , = 1,2,.., Ng .
The discrete approxmatiohs to th;a densities (Eqs. 3.29) are“9
RN . 2 ‘ ) f
P (L)) = Lo T Nl ¢i, pl ' (4.10a)
P‘t‘ ‘ (L) 4es 3« | .,
R
Pg (hivs L) = ._)[p( LiY + pqu,_,u)] . (4.10b)
prq.(i*"i-;:i) = }i[Pg,“ap t Pq(l*b.'ﬁ] . . (4.10¢)
N E X ' ) ,
T-!q(l,_)-rl-? = (—?‘_)-(—A—;)-" i 4‘3“.‘53) - 9“( L, 'H)‘ + (4.Ipd) ,
‘.n
2
.r"}(.“'ll’j) ! Z_n v 9aliyd a.‘!(“'ll
_ (l-{)(Af)"uq. - J. 1 ‘l (4.10e)
Sy (L)) = ! T ongms g ipt? 4108
7% (& T G g Y | (__'>
(Ljrd) * Z N Inlg i g, i 4.108)
Jig tf‘?'). (l-.!.)(A!.) g ¢ M[g‘ i e ] (10w
: . ~ ,
(k) = L N ( G (m ] caaon)
drg 1411 TS l)(Ar) s o o Im[‘]‘ Lylgletr, K¢

o ' 1

L
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Taking care to properly center the difference formulas, Eqs. 3.27 may

be written 884‘9

AN

RGN = LE T +¥i,)p‘(;,j) - (LR )pi i +pLG,)]

+ L [p@i pati)) Pt

(4.112)

- %( ) z[P ("JJ)] | oH (l,ﬁ +H{Dw) .

. -

H (;,J) = 3_ x (;,J+ 3+t +t;[P(l’J+ )TG3 ) (‘.\*J_\

5

1oty L R T (4.11b)
+ J-i-—- g—[‘P!Q (‘,J *t‘):caq,('-u*x)" Jiq’('t,J* 3)]
v \
* . - ¥ - “ . ‘ v o
He G = & T tis g, ) + s o

alal Lt ¢ i)

ot h t. 7 [P"}(”" J)'t,?(u—u) +p¢'(w)§( J)'.‘)r;(\+-'-,;j\]

Y

The discrete approximafibns to the finite-range Yukawa and direct Cou-
y
lomb energles are presented in section 4.2.3.

" 4.2.2 Spatial Discretization of the TDHF Equations R

The discretized TDHF equations used are found variationally by

discretizing the action S (Eq. 2.30): ' -

s;j« {{- avi[ T ¢G5 as*t"“‘f). “Holiyy -

L ' ) . (a.iz
. "-'/ A'H*“'J‘" H/g'.(l,_',)]} &
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The vaxiation of Eq. 4.12 with respect to 9a (L,J\ results in TDHF

equations of the form

ALY = (Hg ) + (Vg (4.13)
at

AN

‘

The "horizontal" Hamiltonian operator H is defined by49

+ Splu i - (2 )/. e pp (i) ]

ak

O S
(.HS.‘)(LJ) = Bg (i) g, (i, ) .
(He - ,
+ B" ("J J-|) 9¢(Ll-| ‘) ‘:'“ (4%14) .
(o) ‘ |
+[Bg (z,;,) + Lhig (L] gu(i)
and the "vertical" Hamiltonian operator ‘\7 is defined by
)
_ . I
(VS.\)(‘JJ) Av, (‘:J) 9u(i+t, })
| | + Ag W J) gali-t ,J) B , (4.15)
. {o) .« FPTEN '
| *[A.uq. G,j) + & hegli )] 9ulti)
The quantity h.g(i,j) results from the variation of H,(i,j)‘ and 1s
.given byl‘9 ‘
hog (i) = EL (1 + LG - (4 +%) py (i)
L2 paCidpp (1)) ¢+ VW U, (L)) ’
— >
+ (Vp-V,) Uy (1)) ‘
* A S A (4.16)
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»
where Uﬁ(\,ﬁ and U (t,ﬁ denote t:he discrete approximations to the
Yukawa and direct Coulomb potentiala,
\#-#1/a ' €
. Uw(ﬂ = jdr' _L_____‘ Pg((%") (4.17a)
VAN ,
- > 2 pT a9 l‘ 2,
U, () = e jdf - Pe(F) (6.17b)
The evaluation of Eqs. 4.17 is discussed in section 4.2.3.- N
: 4 s \
‘ The quantities 'BQ'_ come from the variation of H“(l,j) 49:
L (o) . . . oLt
. B* () ‘L + :'.’-'itzi pg(t,!ﬁ—l) + Ei(‘l I'i)
m(az)* oo Car)t ‘
P Taliied) + oG- 07
. ftz t.iplq'(l)l*").‘-fﬂ(t‘.' .-) (4018)
) , (a32)*
¢ ) ' . - N ll[‘rgq(ld‘fla_)*tgq( ‘,J"?.)]}

S
'

Bm(' S [k et .
lJ) 2m (A%)" (q(‘i’t)Pz \ J"t) +( t)PiQ:(JJtI.)

t(av)
(4.19)

b [t )Gy * (bt \ Saelinie )]
' ‘ ; [(n(m_) R : (g(m)“‘ ik

" Similarly, the Aq are obtained from the variation of. H,(i}) 49,

{ v



Caq i) - g_[?, + (f_.._th_._,.)fxi,j) + (t%g_.)ﬁa,j)]

(4,21)
D (i,') = -hz . + tl*tt 5('&;} + t 't| S (i)
A m (ar)* (") J‘ (—}?-)Qd.
+ btitte LP((L‘.""}J) t(u.-l)lb,(t )
H(l”i) (Af)
(4.22)

AilaDrGer ) + G- -10)] }

+ —t\ ' {:‘-pro‘a*iitj) ¥ (."‘)P"#(L"‘%’j)
! - g(i-L ) (ar)*

G- T lieg,) + f%-%)*trqﬁ-i,sﬂ}

M W3 \ \
.-k t .
A I )’*(ﬁ L5+ Cagpdpe e« etlprgGies ]

(4.23)

T I
ar \i-3

2 . | . w
) [(harta) jolind ) ¢ Clactad g Cing ,ﬁ]
Y g

. ~ ~~
The operators H and V are seen to be Hermitian operators and hence

give rise to a unitary evolution. For each row i, the horizontal Hamil-

-~

ke CL

tonian operator H can be represented ‘by a tridiagonal matrix H actdng*

. ™
towards the left: \ -
L £=j~;
S PR R AR |
4 ’ . c
B¢y - Lot (a2iy

. . \ o Lo elsewhere

- un

b v
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~

Similarly, for each column j, the vertical Hamiltonigri operator V can

be represented by a tridiagom;l matrix _V acting towards the right:

¥ .
Aq(:\ (;,—l,j‘ L' ;.-l
| ' T R A
A H ¥ = No (", =
G,9) 'Valm _ | wg () + g hegli) Tt (4.25)
W, . ' |
) . ) AQ (lz.)) L=+
o . elsewhece

4.2;3 Evaluation of the Yukawa and Coulomb Potentials

!

4 In order to determine directly the Yukawa potentiai

151 /a ?

T.(#) = Vojdi'-' e p(3#) (4.26)
R : et Ja Pa :
" i I3
and the Coulqmb potential
T - Sfaf L pl#) S E
-+l : :

b
by numerical integrationm, Ng x N;_ folding would be required at each

time step. This is very time consuming if Ng and N;‘ _ are large.

We shall therefore corisider the evaluation of the Yukawa and Coulomb

- potentials according to the method outlined in reference 6. The constant

N, appearing in Eq. 4.26 will be set to 1 to get equation 4.17a.

First we note that the Yukawa potential satisfies the Helmholtz equation

. K 3 -‘ N u
PN '




and the Coulomb p;tential satisfies the Poisson equation
51 ’ -le . e s ->
-V U ()= uyne Pp () (4.29)

~E.q. 4.29 can be seen to be a limiting case of Eq.4.2B where

k24

“r

a— o , Vo—=0, Via—e’ (4.30)
3 ‘ :
'" therefote we will only need to consider Eq. 4.28. Defining
) Blij) = V¥ U, (ri,2) ‘ ‘ (4.31a)
‘ " 4
SG,)) = T7 wmaVe po(ri ) . (4.31b)
‘o Eq. 4.28 ia approximated on the me§h~~by —— . <
v (H +V)¢](L,“,) = s(i,j) - (4.32) %
whe;e the Hermitian horizq;tal and vertical Helmholtz operators are de-
f1ined by6
>
(hoYip = - L (g, + 8, -28; ) v Ly (4.330)
, . (a?) . 2a* :
. ' . . .
‘ o (Ve)dijp= - L (g, +¢ @ . -28)+ L @ . (433)
- ar)* ] NAC I 3 Zdi J . s
%



. and

7/ . = l . “
Ch Taoaw ).'/:. (4.34)
N :

¥ 79

The solution to Eqs.'4.33 is given iteratively by

_ , . |

Pt = ! Lz R - V) g™+ s] - (4.35a)

(ﬁ +IRM+I) | ' ‘

g™ = [(1R,.-H)P™E e s) (4.35b)
(V +IRm+.) ' .

~—

where I is the unit operator and the Rm;‘ are parameters chosen to

‘accelerate the convergence. As in the case of Eqs. 4.14 and 4.15, the

~

operator ;V ‘18 represented by a matrix acting towards the right:

(- C-L_',..‘/(Af)z ' L= i-
N, - { o2/ (ae” =\
o 1 ~C./any £=1n (4-36)
. ) | . © " elsewshere

o

)

and the operator M 1s represented by a matrix acting towards the left:

rf‘ Vs L= ¢

9

Hy= 1 aw® S R

(4.37)

L 0 o . elsewhere

The matrices . H and V are tridiagonal, o that the {nversions may

)
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be performed rapidly by Gaussian elimination38.
- \ é s . } k]
The optimal values of the acceleration parameters Rm for a
two-step iteration are6’79 .
o ' . ' Ya
, i- (¥ - ap) , m even
R... = T o (4.38)
m - -

»

1 N
¥+ (3 - o) m ooad
. e - : {
with ¥ = (48) [-i('* *5)] , % being the lower bound of the

eigenvaiues of H » P the upper bound of the eigenvalues of vV .
/

. Frou Eq: 4.33a, we see that H 18 the discrete approximatic;n
14 .

-

to the operator . . ¢ ’

- - i -
- S e L
3 2a

The eigenfunctions of this operator are

sin nte ) n= Lz, ...
‘ CROI S ! -

» .
and so the lower bound of the eigenvalues of H is

, . ‘ - R :
‘ = T PO /(4.39)

>

(N ;")‘ (Al)t 1a

v+ §imilarly Eq. 4.33b is the discrete approximation to tﬁe operator,

+ i T (kD)

o —
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4

4

i

i

N~ :

- 1

4 a8

The eigenfunctions of this opér,ator.are the Bessel functions of order 0 ,

s N (Y .
G- :ro Idon'r . . ) n:l,l'... .

- ’ (Ng'-;_) Av \ o
where don 1s the nth zero of J, . As n increases d&,,,,~den rapidly
approaches: W . The eigenvalues of Eq. 4.40 are .then approximated by‘

¥ S B soovo
i . !
L v 2, n=ye,. 4
2 - 2
. (Nesd) et T 2a

A}

. ° T
However, since the matrix V is of dimension Ng , we have

9 a

N\

o -
the further restriction that n £ Njg - The upper bound of-the eigehvalues

of V¥ is then o ' e
,\ 2 x . . A r
o = ( Na-’) X ¢ L  (4.41)
>
Ne-3 /_(ar) 2a"

g

Due to the short range of ,the Y&fcawa force, the boundary

conditions for the Yukswa potential may be taken to be o

-

*

-

Uyg (i, = Ty (LN = Uy (Ng,j) = 0 . a2

The Coulomb potenti‘al is, however,q"a long range force and an explicit

.eval'uation of Eq. 4.27 on the outer mesh edges.becomes ”"necessary.
: . > Be

Performing the azimuthal integration, we obtain??

-

)+ (rar) TR

N ,

V. (o) = uet fv'dr‘f ¥ pri)R(R)
| L2
-0

[
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Ly

vhere K(R) 1s the corrnple\bf eliiptical '
SR ([ ’
s K(R) =§A dx
o\ o
L A .().-b{"Sm 'x.) e LT
and - ® )
4
) L]
XA l ' ’
) N : &_ = o \'\TT * V'
/ [(=z-2')* «(r av' )] _‘ .
. ‘ 3 . ) [ 4

where

aﬂd

.

K(&) = La. + am.+a,m* +a

V4

.

.

?

. Eq, 4.44 18 evaluated using the founth degree polynomial approx:lm#tiohel

~

w3
s/, + aym!

o , ) .
+0be v bom, « bymy « by ¥ bym?] £a(*/m)

a
LY

Qo= 1.38 629 436 112,

a,= .09 666 344 259,
a, = .03 590 092 383,
G, = .03 742 563 713, |

Qy= -0l 451 196,213,

.5

.12 498 593 597

.06 880 248 576
.03 7328 355 346

.00 441 787 012

P

Bl
oo

(4.44)
[\
1
(4.45)

>

[}

N .
(4.468)

(4. 46b)

(4. 46c)

N
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J . s
. D . N
Eq. 4.43 is evaluated on the mesh edges by Simpson's rule:

Id .

. Ne- '
‘U (L,J) = _e,_’ 2 araz 3 i [f(L,J;L+;_,J-)
. 'h % U=y ‘\

+‘ qf(‘.J ) (o .J "’—) ] R

where

L

. )2 i
;i =k K(&)p('c',y) (4.47b)

4.3 Time Discretizsation

4.3.1 The Evolution Opera\m -
‘ '

Suppressing th?"sp tial labels in Eq. 4,13, it can be written

as * - \——’ ' -

.

: th 3g4(0) = (ﬁ+V)3‘(ﬂ = h@ 9.8 (4.48)
o ot : o
R , | . ,
yht_ege. " 18 Hermitian. Eq. 4.48 has the\ solution . *
N g = Ul g,lks) - (4.49)

vhere the time evolqg;.étf operator is

Ukt = T ew[-i; [ heae ] " (450

t . . ‘ te . oo .

“ e




.. the'Peaceman-Rachford method

t 48
. \ . . .
and TAis the Dyson time-ordering operator. . .
t The time diséretizat;on is accomplished by defining the mesh‘49
, t, = nat , N=0,,2,... (4.51)
' R ’ X
“Eq. 4.50 can thgn be written in recursive fomm .
(ne1) . .
ga = Ulnwn,n) g™ o ees)

vith U(ner,n)= U(t,, ta) end

49,82

Ulneyn) = [ +(1_9_t)‘\7] [1-(iatyi]s

-

~

where H and Vv are defined by Eqs. 4.14 and 4.15. This expression

S~

, 2
approximates the time -evolution operator through 9(‘At) . Since H

-~ ' 5’
and V¥ are represented by tr}diagonal matrices, (Eqs. 4.24 and 4.25),
]

the inversions appearing in Eq. 4.53 can be performed ra‘pidly by

Gaussian elzf.xninat::lon:‘}.8 . *

To solve Eq. 4.52,' the time evolution 1is broken up into four

stepsl_’gz ’ .

S (RO E

O LT Y

N .

"
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{' - LAt ] 31 = 1 S(“\ (n) (a'sac)

. 3‘“*": [ | +(l At) V] 9 ‘ - (4.54d)

, [

4.3.2 The Construction of ELI:)

]

In this subsection the method used to approximate ?x(ti) over

4

the interval [tn,tnu] 1s discussed. Since the wave functions at
{‘.M. depend upon ?x, T can only be specified in some implicit manner

on the interval U‘-n,tnn'_\ . The simplest approximation is to take

'™ 1is constructed at time tn. This is known to give

T\ x i‘“‘, where h

- \ 2
rise to serfous violation of energy comservation”, therefore the follow-
49

£
ing construction of h is used

.

We figst construct .

‘ " .
. '

9 ® U"“ o ‘ (4.55)

where U™ is defined by h“and Eq. 4.53. The average densities,

[N b

f=a(fF" +f)A ™ Ghos8

-~

‘where {= p,E,jors ., are them used to define T oo the interval

Lt";t'\‘ﬂl .

4.4 The Static Hartree-Fock Problem

'Static HF calculations are performeﬂ at time t =0 in order
to determine the starting wave functions, The energy functional used

in the static HF calculations 'should ‘be identical to the one used in the

TDHF calculations. This is W” as to avoid unphysical oscil-
. ]

1



P

" are composed of four main steps
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lations of the nucleus wh;en time dependent calculations are perforﬁed
a.fte'rwards‘.. ‘

The static HF equations (Eq. 2.54) are solved using the ima-
gi.nary time étep_technique“s. This method‘is reportedly 50 times faster
than the solutions found by the L:nc'zos meghodzs’l‘g. A further advan-
tage provided ‘by the imaginary time step technique is its invaluable aid
in testing numerically. the TDHF algoriéhm.

In sect;ion 4.4.1 we briefly discuss the conventional method 'of

solving the static HF equations. The imaginary time step method is pre-

sented in section 4.4.2.

4:4.1 Usual Method of Solving the Static HF Equations

’.

The most popular methods for solving the static HF equations
' 28,45

I) The ‘single—particle orbitals are 'parametgizéd in a con-

venient fashion. .

) IT) . A physically reasonable approximation to she Hamiltonian,

T\m. is made. The supersgeript here wepresents the' iteration number.
II1I) The matrix elements of the Hamiltonian Tl"‘) are then com-
puted. A diagonalization of Txm is performed toebtain simultaneously pe

the single-'-particle .wave functions 'Ill,:" and the s'ingle-particle energies

e‘}") 0. 4 !

a

IV) The Hamiltonian 2% 4. constructed from the wave functions

determined in step III.

Steps III and IV are then iterated until convergence 1s achieved. A con—
{ - .

venient measure of the stability of the eigenstates is the mean square\

deviation of tixe ”"&ngle-particle eneggiesas. .

f - ' AY

[
Py



L a

- ‘ V2, [
{n) ™ [ 7yt ) ) 2 ‘
AR = T (e IR [l y - <t|1"“l h l ™ ¥ )T G
. ol \
(n) ' s
Usually, Ah ' is required to be less than 1 MeV, which results in an '

accuracy of 1% or better for the eigenvalues 6f the occupied.states.

The parameterization mentioned in step I— is usually ac'com-
plished either by expanding the wave functions in terms of a ba'sisaa,
or by discretizing the wave ‘functions on a spatial mesh. For studies
of light and medium mass nuclei, the parameterization is easily achieved
by using .an oscillator basis. Howevsr, for heavy deform'ed nuclei, such

as the agtinides, it is necessary to include up to 14 oscillator shells

.in the basis and even then the total energy 1is specified to an accuracy

of 10 MeVM Non-sparse matrices of the order of 100 % 100 must be

handled, making the calculations very difficult. Furthermore. for shapes
arising from heavy-ion collisions or fission, a usable oscillator basis

is no longer adequate.

"~

The*discretization of the wave functions on a spatial mesh
(section 4,2) avoids some of the problems generated by a basis expansion.

¥

A mesh size of 1 fm is usually sufficient to perform the static HF cal- :
culations. !{owever, even with such a reasonable mésh sfze, lar;e matrices
are still needed. Their repeated diagonalization is very time consuming
and inefficient. . The imaginary ‘ﬁle step techniqueﬂ prov:lde‘s a viable al-

ternative.

4.4.2 Imaginary Time Step Technique

The 1mag1nary time step technique consists of using the imagi-

‘mary quantity -1at in the 'I‘DHF equations. The wave functimf the

\TDHF equations then converge to the eigenstates of the static HF Hamil-

-~ | .

A
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tonian, for sufficiently small At . The total energy will also mono~

tonically decrease to the HF energy.
Y

To show th!, we conbider the energy differegee
) C A
between two successive iterations (Eq. 2.44),

() n) ~ (nef) n ( )
E™_e™ = e (RO (0™ ™)) (4.58)

""(n'l) ' ~ .
where h * is a suitable approximation to h on [tn,t,‘;.] (section 4.3.2).

If the wave functions are evolved accdording to
(mn) et ap O my ‘
N = e,.p(.;:atk o B VAN : (4.59)
the one-body density matrix at time . (n)at 1is

\p(m\\

From 'the cyclic invariance of the trace, Eq. 4.58 becomes

(ﬂig)

-ezp(“ ath )p” exp(th ™) (4.60)

R

s

E(ml)_ Eln) N (4.61)‘

*

hente energy is conserved (section 2.4.4)
For an imaginary time step of the form ats -"\ht\ » Eq. 4.59

becomes ’ {

. v (ne}) )
: ™y 5 exp-2h ") gy (4.62)

’

vhere A= 1at/n. 1In the limit of small- A , Eq.,4.62 can be approximated

1 . v’

as

‘Wimn> e (\",)«%‘M.L)HQ?:"‘) N a(x.) ' (4.63),




53

e

Ortfmonqrmalizing the wave functions using the Grm-gchmidt orthogona-
lization process, we obtainl‘s
1) (ny =~ (nrg) 1 '
1Ol Yy = (1= x(e - RO [y S
‘ | " o ‘ (4.64) ‘ {
L]

+zxZe ly™y + B0%) .

,Where -
) {
o _ (n) ~(""’{) oy
€as = LY, | ¢ (4.65)

»

Using Eq. 4.64 and the definition of the one-body density (Eq. 2.18-),’

3

we obtain

"N' ") n " ~ (n+f) n ) |
p( ’- ¢ X( "“ -/o‘ 3 +(\,—,o“)k *‘/o”) (4.66)

Tﬂe‘ change in energy (Eq. 4..58) is then

L) ~(n+l) ~( ) ,
(nm_ g Vo —a ke ( Pu\\ k(" : 1 (l ,o"") neg ) (6.67)

where the cyclic invariance of the trace was used. ~ Defining the operator

~, [}
A* = P(nt,vk(n‘t’( "Ptn\) . (l}.68)

"Eq. 4.67 becomes S

(net) R

E -E Sakbe (KA + 0O T e .

. 'The energy is found to decrease after _each it_eration until the operator



A becomes zero. This gives the following_condition

[ , P(“,l ,o»"f =0 ~ (4.70)

hd ~

or equivalently

LR, @] = nG-p™) @

Using the idempotency of pm, n is found to be zéro. We then have the

static HF equations.

!
N

In summary, for sufficiently small valugs of X to justify‘ the
linear ﬁ.xpansion (Eq. 4.63), the imaginary time step tec};nique results in
a monotonic decrease in the HF enérgy until the one-body density converées
to the HF density. Moreover, the e“ converge to zero for g#d , and

i

€ 44 converges to the eigenvalue corresponding to \"* .

'

4.5 Ca‘lculation of the Energies

4.5.1 The Total Energy

. ' /
" The total energy E is given by / ‘
E - '§ AV (H, (i) + Rt + Hya,) O (4.72)

~

where Hq, H,, and Hy are given in Eqs. 4.11. The total energy can be
broken up into 8 main parts:
-= two-body local te;'m

)
]

} (4.7{5&) ,

<

. g AV; {'!I.tq [Cre %)f"ﬂ;j) (Y +-2’.)(7o:(i,3\ +f:(i,j))]

¢ ! . ‘
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- - three-body local term
Zavi{ gt i gt pti | 4. 73)
- kinetic energy term -
’ W
ZAV {.-. ('t Ged,)) + X, (t,J+ ) ¥ s(ud))} C (4.730)

(Y

® .
! ~ effective, mass contribution

E AV; wt, [P!(s,‘sdﬂ‘t (i,jed) + pLij)st: JH/) (el PG5 »5]

o ts—t. "[_[P“(m,_,», 1§/ ud,-) ¥ Py (i) Sq(i )

(4.73d)
: B +I[)'.$(l+—“|)'t (el :J)]}
L ) :%;urrent density
Ay, . L
' Trta ‘
g évi{ hd (J; (‘oJ""i)'.’J' (l*’—u))
. (4.73e)
+ ot E (J (i J'{) + Jrq,(”' ,J)) s
~ Yukawa energy -
- E AN, U, ) o (4.73f)
: B ~ Coulomb direct energy
' ‘ rl
; RS . - AY; H Li,j) ' (4.73g)
A L 4 ] . . ' :

R
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—

- Cop}omb exchange energy

| i, Vs
Eo i) Ll ©

[

The following section deals with the éingie-particle energiles,. -

4.5.2 Single~Particle Energies

In the Hartree-Fock approximation, the total energy for demsity-

i

independent forces is given hy/\

E=.'i"£_n‘(t‘+e.*) : (4.74)

vhere My is the occupation number of the d-th orbital, and ty and €y

denote the single-particle kinetic ex;ergies and single—particle energies

respectively. ‘It is not possible to obtain the radius, single-particle'

16 40 > - 8

energies, and total binding energy of “"O and Ca if Eq. 4.74 holdé8 .

»

For a density-dependent force of the Skyrme type, EQ. 4".74 is

R .

modified to

E= !iT_ na(t, re) -4 'ﬁjf’"/’rf 47 " (4.75)

o’

We note that the binding energy of a nucleus is greater (with ty%0 )

than what would be expected from Eq. 4.74. Vautherin and Brink36 ori-

y

ginally solved the static HF equations for; the sphérical closed shell
nuclei, 160, 4oga, 9021', and 2081’!:. They found several sets of para-
meters for the Skyrme force that-reproduced the radii, single-particle

energles, and total binding energies of these nuclei.

_ The total energy is also given by

E= Tn,Ey R

. ' .

[ U S S VAR
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.
:'0
E.= ¢l Elad o —§<dp| “’Idm

wvhere

(4.77)

, - (8)
1

. +.‘.’Z§ <opS | l_u\dp8>

- The single-particle energy of the wave function Yg can then be expres-

2.

ged as . ’ -

€ = ?.E‘- by + ._L"i gpﬂona.l%(*)‘ d¥  .78)

e

where déq . The energies E 4 are found by the following équations:

B
(@ LW -y .. o N
E,* }& fp‘a,p{llt.[(: +Z)ply) - (1i+-x.)loq(w)_]

rh plilpa i) ¢ (VUG +VMU,“§a,j))

vep (12 (2)" e o ) ]

+ Z fttq (UJ V—){&. & t_l_a_t.l !(ilj""i) + tj_%t,JID‘Q('L‘:'*.‘i)/} (4.'79)

{

+ ij (i,5+%) {

(ij+4) - _x;& jag L] u.t)]

-
&
-

. ()] . . t‘- %, ' . / .. |
+ %f-g,‘(n%.ﬁ.{ =4 -qu-’-‘ g ) * t,,;t. Pry “"i;.l)}

(<) .. 1 ¢ ..
¥ Efsw (L,J)i y 'l'..* L P(l S t. PQ'(“J)} .

.
Zm
s ! ;
+ Ef (el ﬁf t"*“Jf(\ w1)) - “"';J)}
(¥
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P ‘
where the probability densities are given by
1] L4 ' £
e , . y -
5!’4 (i,j) = 2w (ar)* Az |3d(i,j)\ * (4.80a)
(@ " ‘,_ L ,
. fsq (i) = 2maz m | gl " (4.80b)
. (i-3)
n

N '

o I ... o '

afj‘q(L,JH,-_\- 2 (o) Tl g7 (3,5) 9,00, j+0)] (4.804)

@iy \ R T .\ . 1;(4 80e)

5’1"‘(”2‘,\) an A%(LJ:\‘ (ﬁ—%‘\ 3‘(1.3) ‘&ﬂg‘(u‘,ﬁ y
L) . L |

1Y

N

" (R \

| ' . 3 . W '
. . liel )= Ta* T il (4.80f)
| fJ'* \.*1’1) ZW(AF)(A{)(E‘:_!‘ )(E!;!i\ Im}si( ‘1!3*( fl,]ﬂ

;

2
-

B

4.6 Other Calculational Details * , i ' &

4y

4.6.1 The Anisotropic Harmonic Oscillator

We use the anisotropic harmonic ogecillator patential to des-

cribe the average nuclear field in the zero-th approximation:

LN Q D
h - "f;_mv v %(w: gyt wlet) (4.81)

€

. where the three frequencies Wy, Wy , and W, are chosen to be pro-

portional to the inverse half axes of th‘ev ellipsoidal nucleus.

-

The condition of volume conservation 1s then

3. . . .
Wo ws w; ] ‘.'). = constant . (4.82)

A -7 2 '
i‘:‘%(i'ji».'i) = Z_E_AKEAL)_’- l 3“‘&3) - 3“-(i’j“‘ l (4.80c)

®

€
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ﬂb. cgn be evaluated by using the special case of a spherical.nucleus,

(4.83)

For axially symmetric shapes, -it is usual to_introduce the deformation

~
$
parameter § : .

Wy E Wy sy we (8)(1+ 38)

7

2 2
- -u
\ o Wy = W (8)(1-4)
where
“ . R Y ' 3 '/‘ '
wi(s) = w,[1-4¢"- k§”] ‘
. 21
The Hamilfonian (Eq. 4.81) 1is then !
’ T v ’ ’ %
()]
K e o2 vt - ) e - m"u): 2* ]
Y -
wm X k"

and Schrodinger's equation
(o) \) @ . (‘ .
W g(r,2,0) = € i)

becomes

> ¥
(rl) + L A W LS L
( f‘ ;a aat A / .( =
_ ‘where p = oMUy , o= muy k

’

x S
+

.
- N
.

©

(4.84ai

(4. 84b) '

(h.84c5

(4.86)

[
l am e)tp(rza) (4. 87)

(4.88)

Using the method of sepetation of. variables, ve find that the eigen-

functions of h‘} ' v

J
b
t
N . +
- : \
.
4

[¢]
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Wy ma 60,2 = Ry () B, (0)E, (2

ey

ar?)

Ne = O, l:”: [

vwhere , ' .
e
. | 6, (e =J% e.;ime\ , m=o0,t1,£2, .
Zowe 3" Ty

, L 2" n, 11"

\

T (m)

. The L“r are the Laguerre polynomials, and the Hn‘ are the Hermite .,

polynomials. Hence the eigenfunctions are characterized by the quantum

3 e

A3=0,4,2,...

“(4.89a)

-

¢

~

(4.89b)

(4.8?&)

(4.89d)

v

numbers-ng , n, » m, where m is the projection of the orbital angular

+

momentum onto the symmetry axis. With .
. oy

N/= q‘ & 2N, & ™M,
. the corresponding energy eigenvalues are
v -
'enfmn‘ =R wi(nt'*-';) +Rw, (an, +m+

T {.(N{{) ¥ S('—j;.-—‘ n,')}

o

1)l

~

(4.90)

(4.91a)

(4.91b)

For $=0 ,’Eq. 4.91b I;eco_mes@exak Due to axial b?mﬁétiy, mis &

good ‘quantum mimber.

,
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4.6.2 Multipole Moments ! ' 7 v
o,

JFor an axially symmetric sys‘fen{, the multipole operators &\o
I ~ :

are given by N L ' oo

A

Qlo

1Y, (e, 8 | L, L (492)

t
'/”"ﬂ

where Y.\n are the spherical harmonics, &In Eqs. 4.93, the quadrupole,

octupole, -and hexadecupole operators are given.

. - A\

A L2 ’ - .

Rq0 = 2 ¥ (3¢0s*6--1) - o (4.93a)
1ot .

Qup = |- 1 (5Scos®e - 3cosb) . * (4.93b)°
ot , ‘

- : u e M 2

Qy = , A <% (35cos"e - 30cos?e +3) (4.93¢)
256X : :

The multipole operators are one-body operators and their expe‘ctation

-

values are given by

Qh = jf(ﬁ‘-)f" Y);,_(e,t) as ) o (4.90)

< J/

- /

/
/

- . /
.

To impose a set of multimoments on the nuclear system, we use the me-

thod of Lagrange mult_ip]:iers’. The new action to be minimized is

r -

' ~ o - ’
S+ T (<hy, > - ) .95
, .

' b

where oy and Qj, are parameters, and 5/ is givenrby Eq. 4.12. The

parameters QM are the mul{:ipole values desired to be imposed onto the

nucleus. Upon taking the variation of Eq. 4.95 wu;h respect to 9‘(

t
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f 2! ve find that ’;the expression hgqlij) given in Eq. 4.16 has the addi-
l : tional term. ;
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Chapter %

RESULTS AND DISCUSSION

' Ihe imaginary time-step method is used to obtain the static
e * L}
Hartree-Fock solutions of .4008 for the a.:'cially symmetric case. In section

5.1 we present the results of the calculation.

5.1 Ground State Static HF Calculations for aOCa

P

We obtain the static HF solutions of the ground state of "OCa

using the method om:lined in Chapter 4. - Due to computational considera-

tions, we used a uniform mesh size of 1 fm with 7 mesh points in the
radial directi}m and 15 mesh points in the direction of the z-axis. We -~

found that a time step of 0.02 x 10 -22 seconds provided reasonably. fast

convergence.
. ./

In order to determine the accuracy &f the G&oulomb and Yukawa

iterative solutigns, we evaluated numerically the Coulomb and Yukawa po-

‘tentials for a spherical density distribution. fhe iteration scheme

provided satisfactory values for the Yukawa potential but underestimated

the values of the Coulomb i)otenéial." Iterative calculations of the . .

)

Coulomb potential on a uniform mesh of 0.5 fm provided no significant im-
provemént. We therefore found it necessary to evaluate the Coulomb po-

tential numerically using Simpson's rule (section 4.2.3). .

The convergence critérit’m for the HF sollitions was taken‘ go e
that. Akm & %0’ MeV. This accuracy was achieved after 28 iterations.
using the double time-step méthod (é‘ection 4,3.2) for apbroximating km)
A total of 2954 S.R.U.,'s of computer time on a CDC C”er-lm was needed

for the run. ) - ’ !

- —“'—-MWM ". R S
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1
“

The neutron and proton dénsit:y profiles are shown in Fig. 1
and Fig. 2. Table II shows the calculated.values of r.m.s. radius of the

nucleus (rm), neutrons (rn). protons (rp), charge distribution (rc) and

40

of the binding energy per particle for Ca. Corrections to t'he nuclear-

charge distribution to allow for the finite extent of the proton-charge

fiistritution vere done using the proton form faccor36.

-/t . '
f‘,@) . €
(o)

. ]
The charge distribution Pel¥) is obtained by folding this form factor

with the proton density distriﬁ\gion pp(ﬂ

piY = [ $p(F-3) py(2) 4

¢
~ -

The calculated r.m.s. agree reasonably well with those obtained by

3

Vautherim and Brink™ , The r.m.8, radfus of the charge distribution is

.in. agreement with the experimental value of 3.49 fm,

’ The calculated binding energy per particle however, is about

2 MeV lower than the_value obtained by Vautherin and Brink, and ‘the ex-

perimental value. In Table 1V, a detailed breakdown of the various -

contributions to the nuclear binding energy is compared to the results
| 28 '

. ,oB'tainedt by Hoodboy and Negele“ . The 2-body zero range term and the
f 13

Coulomb terms are in agreement. ‘The magn'itude of the other terms are

however in'strong disagreement. We attribute the difference in the

energies mainly to the mesh size differencé - Hoodboy and Negele used a *°

N
nesh' size of 0.40 fm while wé used a mes'h size of 1 fm. Static HF calcu~

lations in rectangular coprdinates done by Davies et ‘1.45 ’ using a mesh

size of -1 fm, gave 8 binding energy .of +307.656 MeV #6t “Oca, The para-

€ -

Y
W

, fo® 0.65 fm ‘ /
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meters in Table I need to be adjusted for large mesh size.

The single-particle energies are shown in Table III. Consi-
dering the omission of the spin-orbit force, the values that were ob-
tained for the single-particle energies Egree reasonably well with the

energy -levels obtained by Vautherin and Brink.

v

»i



66

- .
“ ’
*I 9Tqe], ur sigsuwied ayl Jufsn muoc 3O uoTiIngyaisip L3ITsuap .couuawz T *81a 4
h‘-*v ﬂ\-nﬁ.ﬂ + .R.Pw. ‘ . _ - .
L L} s [ € T [y
3 [ -
b ‘a '
L e
{ 9 ‘. IUN
. . 4
) N
“ | - ..wu ’
[J -
N
29N
b .»5- )
N
: ~ v e at i
x - A
. . * s. .
EN ‘ 4 .

R

L




67

. A
.- : -
I @2Iqel uy sisjsmeaed ayz Supsn mooe 3O uor3INQIIISIp LITsuUep ﬁouowm. 'z .ww.m..
. _ (w) (e +.,«»...v ) - ' R ) T v 7
1 9 5 1] L Y - S - N , )
- b 0
~— . r Te
. S S 2
: . )
- wo- 9
: s
b
[ e
¢ e I
‘ »
N
oW 4 e
p "0
\Q
. b e
o ' ﬁ
‘ -
- A
H > [



4 n s T W

e

TABLE 1I.

68

/

Root mean square radii (fm) and total binding emergy per

40

pérticléﬂ(MeV) obtainéd for ~Ca are compared with the.values

-y

obtained by Vautherin and Brink36 in column 2,

r - 325 3.38 | »
r - 3.23 3.35
n
‘r 3,26 3.40 ~~
p
r, 3.36 3.49 ) .
‘ - g
E/A . . -6.62 -84l . , o
' )
N -
- ,". M
) e
.
- . 1 J
4
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TABLE IV. A detailed breakdown of' the various contributions to the

nuclear binding energy of 40Ca. These values are compared a .

with the results obtained by Roodboy and Negéle28 -in

column 2.

Kinetic- énergy 791.558° 688.846
Effective mass contribution 418,389 346.314 ! ,
. . i
2-body zero range. -188,264 ‘ -172.525
"3_-1.30937 zero range . 400,507 338.419
Yukawa s+ =-1760.103 ~1631.836
/ : ‘
Coulomb (exchange) -7.990 -7.736 /
Coulomb (direct) o 80,760 81.592 .
| -265.143 ~356.926 - ¢
® { *
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Chapter 6 .

CONCLUSIONS :

Static Hartree-Fock ca%culatioﬁs have been perfofmed éuccess-‘
fully for Z'OCa using the imagi;xary time step method. The results obtain-
ed agree reasonably well with the spherical calculations performed by
Vautherin anﬁ Brink and the axially symmetric‘ calculations performed by
Hoodboy and Negele using the Lanczos algorithm. The larger binding

energies tfxat We obtained are mainly due to the neglect of the spin-orbit

force which would give a negative contribution to the total binding energy.

i:t was found that .the iterative scheme outlined in section 4,2.3
gave very sa‘tisfalct:ory results for the evaluation of the Yukawa potential.
However,.the itera?:ive schgme @detestimted_ the Coulomb potenti,.al. It
was nebessary to evaluate the ’Ct;ulomb potential numericaliy at ’:each point

of the mesh. ?

A

This work lays the foundations for future microscopic calecula-
tions. The present program, being written in the interactive programming

2

language APL, can readily be extended to describe nuclear \atructure, fission .

phenomena, g_z{d heavy ion nuclear collisioms. A reg@arch problem for the

future will be to modify the TDHF eqllat'ibns in a suitable way so as. to

permit the nuclear system to undergo transitions from one energy surface
) '\9 ’

. to another. This can be accomplished by including some time-dependence

* v
into the. _occupat:lon numbers .M o .. One method of obtaining time depen-’ ’

> dent occupation nmﬂ)ers\consists of 1mpoaing the condition that. at each

instant 1n time the 1owest energy levels are filled so that as two dis-

tingt energy levels cross; a.pair of nucleons jump from one level to the
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other. However, the stability of these modified TDHF solutions should

be examir;ed first:
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APPENDIX A

The Computer Program

i

Due to the complexity of the algorithm, we found it best-

to write the program in APLBg. APL is an interactive computer language.

°

- . '
This permitted us to easily follow and analyze each step of the program

run. The functions in Table A which have no asterix are listed on the
S
subsequent pages. The functions marked with an asterix are locRed

functions and were copied from *APL1 FILESYS. A listing for these

~ -

functions is not available.

-

TABLE A. List of the functions used for the Hartree>Fock calculations.
—t

v

N

BCCOUL  COMPARE COPYF COULOMB COUL1 CREATEF DENHO
. [ ,
DENS DENSITY DETK DISFNS DISVARS ENCONV  ENERGY
L - : )

ENERGYT ENERN ENERP ENORDER EPORDER ERASEV  ERLOCK

EVOLVEN EVOLVEP FCREATE* FERASE* FNAMES* FNUMS* ' FREAD* ;

FSAVE FTIE* FUN!IIE* FWRITE* GOIF . GRAM GRAMSCH
HALFDEN INITIAL LIST LISTFNS MAINORM & MPFIXL  MPMEAS -
MPTERMS  NORM NORMAIN NORMDEN -NUCMAT PHI PHIT

§

PLOTRAD QUANTO  RADIAL REC26 REC32 REC33 REC34

.. RMSRAD  SAVEF SDENHO SEEDENS SEEFILE SEEWF SETNOS

SETYC  SPACE  STDHF ' STODENS SUMDENS TDENS  TERMS
] /
TIEF  UNTIEF WAL WFN WFNORM  YUKAWA  ZED
y .

2

\ . , . ’ . - ;.‘.
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BC[UUL7F001F01rPlOrFlerOl7M107H11rM00y111rIOOyJOO J11

v
11 SFACE2

21 ' ENTERING RCCOUL®
31 FOO&0 L¥"1 TI4FF
41 FOI+"1 O¥PZF

51 F10¢0 140 "1vFRF

71 TeDZ<DR -~

Eo 2 3 e A B o U6 2t 2 e B o B |

91 MO0«0 1¥MO1

[101 Mi1¢0.5+M01

[11] M10+¢0 1¥Mi11 U
[121 T11¢0,54100 '
[1331 JOO#1+\NZT-2 |

[1i%1] J1160,5+INZT~1

[15] Cé¢2XxDRXDZX1,4399763+9
[16] A«FREAD 11 17

[171 RBReFREADl 11 18

(181 BCD*(NZT)PBCL*ECR#(NR -reo

[191 IFel
[201 L1$ECLEIFI«FHICIF1)
£211 BCRLIFI€FHR(IF,NZT)
[221 -L1x\NR=IFeIF+1

[231 JFel’

[24] L2¢BCOLJPIPHI (NRsJF)
[251 -L2X\NZTaJPeJE+]
[2641 ECL¢ECLsERCDCL]
[271 ERCR¢BCR»BCDINZT]
(281 ERCL RWRITE 11 19
[29] ECR FWRITE 11 20
[30] BCU FWRITE 11 21
(311 ' LEAVING RCCOUL!

<

[32] SFACE2 -

™IS o e

v ~t

’ .

v COMFAREFASERIC

11. TEMC«TENE”CP+TENEMCN
22 TYU+TENYUP+TENYUN

31 T2RTEN2BF+TEN2EN

41 T3B¢TENBRP+TENZEN

S31 T3¢TE3F+TE3N

61 TA6CTEAGF+TE4A6N Y

71 TS7¢TES7F+TES7N

81 TB¢TESN+TEBP .

[103] T1012+TE1012N+TE1012P
[{13 THOTHOF+THON

127 . THHeTHHF +THHN u

L13] THV«THVUF+THUN

(143 TENTOT¢TENTOTN+TENTOTP
(153 TENSP+TENSPN+TENSPF
[163 TCURPIENCURP+TENCQRN

61 F11£0.5x(0 14FRF)+0 ~14FRF

81 MOle®{(NZT- 1):NR 1)PI00¢70.5+INR-1

?1 TPL1«TEQLIP+TEZLIN \\A

"

vt —————

&
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[173 TKE¢TENKEF+TENKEN

L1831 THF«0.SXTRE+TENTOT-T3R

L1971 THF2¢0.SxIRKE+TEMCHTENTOT-T3R

L2071 TRETENTOT-TKE

L2170 A4E+EA+ES . N -

[220 AS7¢ES+E7 : R

[23] APLI+E9+E1l1

[24] A1012¢E10+E12 : )

[251 -BFFOIDyTFNTUTN»TENTOTF:TENTOT'TYUoT“B’T3B9TKE9TCUR

(261 BeB,TEMC, TENCL) TENCE,T3:T46,T57,T8,T9?11,T1012

L2713 BfBoTHU’THHOTHU9TENSP9THF2'TPE

L2811 BReB,0,0,ENTOTAL,ENYUs EN2Es EN3RsENKEENCUR |

[29] BeB:ENEMC+ENCIHENCE)E31A46+AS7+/EB1APLL

L3011 EB¢RyA1012,HOsHH,HVENSF,THF2,TFE :

- [311 Red3 23eR

[32] C«'F13.3'0OFRMT B

[33] ‘SPACE2 .
(341 Te(39p' ')yt OLD S.F. NEW S,F. TOTAL®
[351 SFACE1L . . .

[3631 A+FREAD 11 26 o

[371 (A’C)FNRITE(3QITIﬁEﬁ .
£381 OeAsC

[391 WAIT . . C
[401 'SFACEZ L . \

> . - .
v- TNEW COFYF TOLDSASE}ISC . - : . : . '

[11 SFACEL- ®
L2 Ie0

[3] L1tA«FREADCTOLD,TI) ‘ ’

[41 A FWRITE(TNEW,I) .

[51 9L1XUIMzI¢I+1 ,
[61 'LAST RECORD COFIED IS ';I-1
[71 SPACEL °

v

e

v COULDHB;FOOrFOlvPiO#PlerOivﬂlO;HliiMOO:I11$IOO:J00;J11
11 SPACE? A
21 'ENTERING COULOME'
31 POO€O 1¥71 "14FF
41 FOle~1 OWFZF
P10€0 140 "14PRF
61 P11¢0,5x(0 14PRF)I+0 “1¢PRP- ‘
71 TeDZ:DR . , ‘.
81 MO1eR((NZT-1)sNR~ 1)p100¢" 0+5+\1NR-1
91 MOO€0 1¥MO1 ’
[10Y M1i1¢0,5+MO1"
© L1173 M10+o 1¥M11 S , S
L “J eo.5+Ioo . ,' L ‘ ,
. 13 1+lNZT 2 a -

Loowe o

v

’
mEmIrEmetIrm T
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£141
L1521
L1631
G171
L1812
£191
£201
L2131
£2217
L2371
£241
L2523

[2617

. £271

£28i1
[291
L3023
[313]
£321
[331
341
L3551
[361
£373
€381
[391
L4017

v

v
11
23
21
‘a3
‘51
61
71
81
93
£103
£113
£123
L1331
£14]
£153
£163
[171
£1831

MAREAm T A

‘L191]

£201
£212
£221

(J11€0, 5+ 1NZT-1
Ce2xXPRXDZX1 ,4399763+9
ACFREAD 11 17
BeFREAD 11 18
RCIE(NZT) PROL €BCRe(NR-1) 20O
UEFCFFX0 :
IPe1 ;
L13ECLLIFI€FHICIF,1)
RORCIFICPHICIFZNZT)
SLIXINR=IFeIF+1
JEe]
2IBCOLJIFICPHICNRy JF)
SL2XA\NZTaJPeJP+1
ECL«RCL,RCICLD
RCR&RCR» RCDLNZT]
UCKFINK$ J€RCD
UCFLs1J+HCL
UCFLiNZTI¢BCR
IFel ’ N
L3 JFeR
L4:UCFLIF3 JFIFHIT(IFJF)
ALAXAINZT = JFeJF+
SLIXINR-IFeIF+1
RIH¢&(NZT s NR)P(
UCF«UCF+RIH
"LEAVING COULD
SFACER

IRXT0 G+ 1NR)A0,35

{ ]

COUL13S3AASEBBSRIHSMIMLIROSR1R2
SFACE3

' ENTERING COULOME FUNCTION'
RO«FREAD (11 8

R1«FREAD 11 ¢

R2¢FREAD 11 10

R3«FREAD 11 11

R4FREAT 11 12

RSeFREAD 11 13

R6«FREAD 11 14

R7¢FREAD 11 15
RIHeB(NZT»NR)P(DRX~0,5+1NR) 40,5
M&O

 BeRIHXPPX4x1,4399763x01

AACFPP

SL1XVITIME=0 , ‘
UCF«FREAD(201, ITIME-1Y
AACRIHXUCF

MLeé - :
4LEx14:CFLAGHCFLAG+1 ‘
L1$RCCOUL ‘ S e -
AAL#131+BCL ’

AALC INZTI1¢BCR

JR3FRAIRSIRGIR7FZN

81

7



. .,

C
ot
C

C

C
T
E‘

C

C

L

13
a1
31
4]
g1
6]
71
81
91

-
<
w3

© TRPETRN®JKP ¢ JRN« (NR1sNZT) PO e - <

82

AACNR T¢ECD
CFLAGEO
LIXVITIME=Q ,
AfERCRo ,+HCD s S .
AAL 3 11€AAL FNZTI¢RCR L . ¥
AALNR G 1¢BCD

ML«20
L3¢' SUGGESTED NO. OF ITERATIONS IS '$ML

Ze1pA

Ne' ap

MeO
LA{ERE(S+R1+4 XAA) + 4 XR7 ,

AAECRS+, X (S+RE+ . XR3) : .

REe (G+R0+, XAA) + XR& -

AACRA+, X (S+EB+, XR2) .

AALS 11¢RCL .

AAL S NZT 1eRCR .

AACNK J¢€ECD - .
MeEM+2

NORM AA

ALAXGOIF'Y" , l
UCFeAA+RIH . > v -
UCF FWRITE(201,»ITIME)

'LEAVING COULOME FUNCTION'

SFACES

4

CREATEFSMSNGDF T _ . .
M+FREAD 11 24 ‘

NeFREAD 11 25

IeCpMICL]

I¢1 -
L1$MCI#IFCREATE NLIJ

ALix 1 Dalelsd -

N&(CPFNUMS) ¢+ 1) PFNUMS - ,
'THE FOLLOWING ARE THE FILES THAT ARE NOW TIED'

FN@MES.vN
|

X DENHO ASNR1INZI#N-

ALADLIPY “ ,

sL1x1Ixd . ' .

PP«PN«SP«SN«(NR'NZT)po

NR1€NR-1 . .

NZ1eNZT-1 ’ .

TZPe TZNCJZF&JZNe (NRyNZ1) 20O

L1:aL2xvX=3 " , _
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L14]

v

v
11
‘21
31
4]
9l
61
71
81
21
[101]
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[311 HOENI2B+ENIR+ENCE+ENCO+ENYU
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311 ' OCCUFATION NUMBERS:® )

£321 ' v

£331 1- NO CHANGE'

£341 2- MANUAL CHANGE'

£3sy 3- AUTOMATIC FILLING OF LOWEST LEVELS'
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CH501 =l ”n(+/mr(+/0C(HUJ) o ;
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v
(11
21
31
41
ol
61
71
81
21
101
111
127
131
147
1ol
161
‘171
181
1?91
201
211
22
231
241
231
261
271
281
291
301
3113
321
3317

351
361
371
381
391
401

347

92

ERLOCKi A T
ACDOFX'FOREATE'
ANCIEX'FERASE

LAT MaellX  FNAMES , L ' - e

A-DEX ' FNUMS
ACDEX 'FREAD!
ACDEX'FTIE®

ACBEX'FUNTIE'
A+OEX 'FWRITE"

\

TNEW EVOLVEN TOLDGM3I5J5G1436G2356G0LDGALFPHA UM
SFACE3 , '

' ENTERING EVOLVEN FUNCTION'

IVERVE (NZTsNRSNR)PO

Me0 .
RVYL;151J¢DONC151+0 . SXHONC1 51 Vo
RVLs15231«AFNC13141]

IVLs132J€AFPNL2314]

162
LItRUGFISI-11€APNIL3C¢I-1)31 .
IVE3I3I-11¢-AFNL23(¢(I~1)31 e

RULST#IJ«DONLTI#1+0.SxHONLI ]

RULTs I+10€APNIL13T5 3

IVEST sy I+104APNI2315 1]

SLIX AN TeI+] )
RULFNR # NRT€IIONCNRT 1+0SXHONCNR 5 3
RVLSNR#NR-1JeAFNLLS (NR-1)5]

IVLiNR#NR-116-APNL23 (NR~1)41
AENeDDON«1 DR
SLIFSX\TTYFE=0 N

DUM«RY '
RU(-TS)x1 3 2alv m
IVeTSx1 3 28DUM

LiUMe1

+L1F7

LI1FSSRVETSX1 3 28RV
IVeTSx1 3 2&1V

L1F7:ALFHA«L ~

L2:0614¢ (2,NR+NZT) PO
SLAX \MNCALFPHAI=M
GOLIeFREAD(TOLD s ALFHA)
Je2

L33614E1}5JJ*(GOLDE13?JJ+.XRUEJ9iJ)-GdLDE255J3+.XIUEJiiJ

GI4C27 # JI(GOLDL1# 3 J3+, xIVLIF T I+GOLDE25 70T+, XRVLJ$ 4]
SLINNZT-Jed+l

G1l4¢GOLLD-G14 e
Gl4LiNK# 160 . -
G14L#5 (1sNZT)1¢0

G144 FWURITE(114+ALFHA) )

T 2X ANMNzALFHACALPHA+] ’ . !




417

R I

437
441

451

441
471
481
491
501
511
521
531
541
S5S1
561
971
581
S91
601
611
621
632
641
651
661
671
681
651
701
711
721
731
741
751
761

777

781
791
801
811
821
831
84]
851
861
871
881
891
901
911
®21
23]
247

L .. /
L4:RVel 3 28RV : ‘ ”) : ,

IVel 3 281V . ' v
RV FWRITE(101,10+4M) . .

IV FURITE(L02, 10+M) '

Ied N
LSIRVEF I I1¢1+RVLS T I T ' 1
ALIXINRaIeI+1 ' .
L8 Je2
L9:G14¢BRYLI5 5] ,
RVLJF 7 J€BRVULJS 5 1+4IVEJ55 1+ X614+ . xIVL U441
TVLJ5§26-GIa+, XIVLJ5 51+, xRVULJ3+3, .
SLIXAINZT2JeJ+1

RV FWRITE(101,M) °

IV FURITE(102,M) ’

2L 12x1 ALFHANMN _
RUCFREAIF(101+10+M) . p

IVEFREADN (102, 10+M) ‘

MeM+1 .o . ' ’

Ted ‘ .

+L10X\ TTYFE=0
LPSIIVES IPTICIVEF I3 TI+TSX (1+2XM) XCONIL T4 ]

SL95X INRaTeI+1 .

2L97 C®
L1OIRVEF THITeRVEFIFTII+TSX("1+2XM) XCONILI 4]
SLIOXA\NR&I¢I+1 ;
LO7IRVEL 3 2&QRV .

1Vel 3 2aIV

1.2
L12RVeIV«] '

IH&RHe CNRINZT s NZT)PO

RHL#1+1J«BONL5 1340, SXHDN[rIJ

RHL; 132 J«EPNL15 413

IHL;1+23¢-BPNL2551] .

Ie2 K ' ’
L134RHLF IFI-11¢«EBPNL16 4111
IHC$I$I-11¢BFNLC255I-117 v

RHL7 151 1¢BONCS 1140, SXHONL 13 .o
RHL$IsI+11¢BFNLC1$41 . -
IHC3I3I+13¢-BRPNL2531I3 -« - R
AL1ZXINZT»I¢I+1 .

RHLC#NZT NZTI1€RBONL § NZTJ+0.5xHoNc-NZTJ

" RHLINZTSNZT-11«BPNCL1 3 3NZT-11
IHL4NZT$NZT-1J¢RFNL24 SNZT -1

BFN¢RONHON¢1 .

4L.14xA\TTYFE=0
DUM&RH
RH&(~-TS)xIH ' : .
" IH¢TSxDUM @ ]
UM« ‘
415 ’ , o
L14¢{RHeTSXRH R ‘ |«
IHeTSXIH ‘ :
L158T¢t :
L1&6SRHEF T s T1¢1+RHLGIFI] ot

-

SR LT TS S
.



L7940
L 971
L 981
[ $91
L1001
£1011
[1021

=. {1031

[1043
[1053
[1063
‘110773
1081
[1091
[1107
[11113
[1121
[113]
1141
{1153
[1161
[117]
[1183
11913

L1207
L1217
S ebegd

1233

[1241
£1251
[1261
£1273
£1283
£1293
£1301
[1313
£13231
L1333
[1343
[1352
[1363
[1371
£1381
£1393
£1403
£1413

v\

A4

013

1 L 2]

~
T
?
/ 9%
AL16XINZTEIeT+1 © .
el ' ) .
L18:01ACARHLT; 1] L fa
RHCI3$4eBRHETS 5 1+ IHET 550+, X614+, xTHLT5 51 f
THET§ 316 ~G14+, XxTHEIF 5 1+, xRHE 551 :
SL18Y QMR- T6I+1
G223« 2 NR+NZT) PO
ALFHAL
L201G14¢FREAI(114,ALPHA)
Iel
1211623015 1516 (614015 151+, XRHLT4$53)-G1AL25 14+, xIHL T4 5]

G23[25153¢ (G14L23 151+, xRHEI$51)+G14015153+/xIHCI551
AL2IXINR=T€I+1 .
G23¢(2x623)-614

B23CNRT 160

(230531 NZT)1€0

623 FWRITE(123,ALFHA)

SL20X INMN 2ALFHAALFHA+1

RH&TH+1

ALFHAAL ,

Me~1 ,

G14¢(2)NRsNZT) PO

L22 ¢ MeM+1 e . o ]

CAL20X1MELD
"aL.22x AMNCALFHAT=M
RUEFREATNICIO0O1 M)
IVEFREAIIC10D M)
L2322 \MNLALFHAT#M
RVel 3 28RV
IVel 3 28TV
GQ3+FRtAD(1”3.ALFHA)
J(..") A
1.243 Gl4f1;$JJ+(G”3E1:;JJ+ xRUE $57)-GR3L253J1+,xIVE D541

GlAL2i 3 JI«(BRIL273JI+ o XxRULJ$30)+GR3L1+ 7 )T+ xIVLI5+ ]
S 24X ANZT > Jed+1

G1lAC$5 (1, NZT)J¢0 : ) '
G14LiNR+ 10 - . : >
Gi4 FMRITE(TNEM,ALPHA) —

AL23 XV NMN = hLFHA«ALPHA+1

IVeRVel

'TIME EVOLUTION DONE FOR NEUTRONS®

SFACE1L

' LEAVING EVOLVEN FUNCT/ION'

SFACES

+0 . /
L25:' M IS 'iMi' » MUST STOF!

Ie-ul :

;)

TNEW EVOLVEF TOLIyMuIuJ;Gi4$G“3;GOLD:ALPHA;DUM
BFACEZ

<
i
:

I it b



o

!"!I"‘ll"lf"lf'll"ll"l"'ll"lf"lﬁ'l'lnHﬁﬁnﬂﬂﬁﬁhﬁhmhﬂﬁhﬂﬁﬁﬁﬂﬁ"'ll""ll'lHﬁﬂhﬁﬁﬂﬂﬂﬂhhi“ﬂﬂﬁ

»

31
47
31
61
71
83
93
101
113
123
131
141
153
161
171
181
193
203
211
221
233
241
253
241
271
283
291
307

311

321
331
341

3517

361

371

381
391

401

411

421,
437

443
431
461
471
481
491
501
311
§21

531

541
981
561

* .
o
. . ¥ >
’
N . -
.

’ I
' ' ' ' S
Iv«Rve(NZT:NR'NR)Po
Me0
RUE:l1136DUFE17]+OouXHDFE1r]
RVLs17216AFFLL13153 °
IVL:l;QJeﬁrFr?yirJ
Iv2 -
L1IIRVESTI4I- 1]%AFF£1;(I 151,
IVLSI3I-1Je~-AFPL25(I-1)351
RUE?I;1J«DDP[I;J+OKSXHDP[I;J
RVLF I+ I+11€AFPFL171I3]
IVL313I+11¢AFPFL25T42
HLIXtINR T¢I+ ‘
RUE;NR;NRJ«DDP[NRvJ+0.qu0PCNR
"RULFNRFINR-1ICAFFL15 (NR- 1);3
IVLiNR$NR=-LI&€-AFFL25 (NR- 1);3
AFFeDOF+ 1
SLIFSXATTYRE=Q
DIUMeRY
RU+(-TS)x1 3 2&1IV
IVeTSx1 3 26D0UM
LiUMel
AL 1F7 : ‘
L1P5IRVETSX1 3 28RV~
IVeTSx1 3 2861V
LiF7talFHA«L .
n.&lA*(?;NR;NlT)f’O
SLA4x I MFLALFHAT =M
GOLDEFREADCTOLIG ALFHA)
Je2

L3: 614E1v;JJ*(GULDEI?iJJ+.XRUEJ$;

814E277JJ*(GOLDC1 FJI+ X IVRIG
SLIXANZT»ded+l Y -
Gl4ae60LLI-G14 7
G+A4L s NR$ 1«0
Gl4L3 53 (1,NZT)1¢0 .
G144 FWEITE(114,ALFHA)
SL2x \NMFaALPHACALPHA+]L
LAIRVel I 28RV
IVel 3 281Y
RV FWRITE(101+10+M)
IV FWURITE(102,10+M)
Ted .
LEIRVESIFTIC1+RVES I,I]
L SXINR=TeI+1 .
LB Je2
L9:G14¢BRVLI## ]

!]

$3)+GOLDL2

1)-GOLDIL27 7 J1+XIVLJ§
FPJI+ XRVUL I35

RVULJ3 3 J€BRVC IS $1+IVEJ5 52+, x614+ . xIVLJ$ 4]

IVLJ$§1e~B14+ xIVLJ§ 51+, xRULJ$
ALYXINZTEJeJ+1 :

RV FWRITEC101+M)

IV FWRITE(102+M)

2L 12X VALFHANMF
RUCFREAD(101 » 10+M)

#1

|




fans Mo B o B o
o DN
e b b

mznmnh

0]
L-611
L 421
L 631
L 441

L 65}

[ 663
L 671
[ 481
[ 693
L 207

711
L 721
L 731
L 741
L 751

L 741

L 771
L 783
L 791
L 801
L 811
L 821
L 83l
L 843

"L 851

L 861
L8731
L 681
L8931
L 901
£ 911
L 921
L 933
L 941
L 951
[ 961
L 971
[ 981
[ 991
£1003

“ L1011

£1021
£103]
£1043]
£1053
£1063
[1071
L1081

L1091

£1101

s
i

IVEFREADNCIO2 , 10+M)

Me M1 N
161 g
+L10X\TTYFE -0

MY
!

96

STVCSIFTeIVDFIS I24TEX (T 1+”xM)xCOF1fIvJ :.‘ K

)L9JXINE I+I+1
+L97

L10RVLCH I+ IJ€RVLFIF II+TSX (" 142xM)XCOF1LI4] N

410X NRaTeT+1
L97ikVEl 3 2RV
Ivel 3 281V
4Lﬂ
121RVETIVEL
IH%RHG(NR,NZI,NZT)PO

RH[517 L1¢BOFC#11+40,SXHOFL51]

RHL#1321¢BFFC1551]
IHL31523¢-BFFL25$1]
Ie2

LI3IRHL#I71-1J€BPPLL331I-1]-

IHESISI-1 [2731-11
RHE?IFIJ¢ROFL§ RJ+0SXHOFLFI]
RHLFI$ I+1J¢BFFL :

IHC/I§I+11¢-BFFE23FI]
SLIZXUNZTrI¢I+1

R 4

RHLINZT#NZTI«RBOFPLINZTI+O, SXHUFEvN7T3
RHEFNZTINZT~LJ¢BFPL Ly ¢ NZT-11
ITHLINZT#NZT-1 J€RBFPL2§INZT-11

BHFFEROFPEHOF &1
SL14AX AV TTYPE=0
DUMERH

RHe(-TS)XIH
IHeTSXDIUM

DUM+1 ‘
+L19 * '

L14!RHeTSXRH ’[/

IHeTSXIH
L15t1e1
L16¢RHC #1711 +RHLFIFT]
FL16XINZTaleI+1.
Iel ,
L18:6G14+BRHLI? 5]

1

RHLIG 5 J¢BRHCI S5 1+IHCI 50+, X014+, XIHCI341

IHCIG 5 3¢~614+. XIHCI§ 51+ XRHOI551

SL1BXINRFTI¢T+1
"B23¢(2)NRINZT) PO
ALPHA¢1
L20¢ 914+FREAn<114.ALPHA>
Iet

|

-21‘G"?EI;IrJP(Gl4E1yIvJ+ XRHLI¢
G23L23I516(G1AL27I5 I+, XRHLTS ﬁ)+Gl4C1rIvJ+ XIHEI

FL21XINR>I¢I+1
GA3e(2xG23)-G14
GR3ALiINR# 1¢0
G23LFi# (1+NZT)1¢0

|
|
1

$1)-G14L2515 1+, xIHEI;;J

[



K

<

E1110

L1123
£1131
L1141
r1157
1163
£1171
£118]
L1193
£1201
£1211
£1223
[123]
[124]

1257

L1261
[1271
£1281
(1291

. L1301

+

.
Lm0 B e 2 I e o I e 3N e R

£1313
£1321
[133]
[13431
L1353
[1363
[1371
[13el
L1393

£1401'

£1411]

v .

13
21

41
5]

61

83
21
£101
[111
L121
€131
£143
L1537
L1617
[171

623 FWRITE(123/,ALRHA)
31,20 X \ NMF2AL FHAALFHA+1
RHt+IHe1
ALFHA et . A
Me™ L )
Gl4+(29NR;NZT)PO1 ,
L22iMeM+1 . ", °
AL25X VMG ' : H
TALI2x \MPLALFHA =M
RUCFREANC1J1 s M)
IVEFREAD(102» M)
L234L22x \MFLALFHAI=M
RV+1 3 2aRV .
IVel 3 2a1v
G°3+FRFAD(1”3,ALFHA)
J(...") r
L24: Gl4[171JJ+<C°3E1erJ+ XRVLCJ¥#1)
G14L25 §J1(G23L2
4L24XINZT?J+J+1
G145 5 (1)NZT) 30
G1AL+NR; €0
G14 FWRITE(TNEWsALFHA)
SL23X ANMF2ALPHACALFHA+1
IVeRVeE1 ’
'TIME EVOLUTION DONE FOR FROTONS'
SEACE S
' LEAVING EVOLVEF FUNCTION'
 SFACES
| .’0
L2531 M IS "iMs'
cIed

MUST STPP'

%

NAME FSAVE TIENUMSL3T5ViU
NAME+NAMEL (NAME=' ')/ PNAME]
L« P NAME

Tep FNUMS

2L1x17=0
TFPUe(TIENUM"’FNUMS)/(lT)
SL2x1T=0

T«FNAMES

SL3x1L2+/NAME= u«1¢,Tcu,1L+1J
FUNTIE TIENUM (
NAME FTIE TIENUM -

NAME,' SAVED

40

Lis:
40

L2t
20"

(L3

THERE ARE NO FILES TIED!'

-G23C2+3J3+.xTVLJ55
9 J2+ XRVUCJI 5 1) +62301 531+ X TVLJ5 33

THERE ARE NO FILES TIED TO THIS NUMBER“ !

NO MATCH.BETWEEN -FILE NAME GIVEN AND TIE NUMBER'




MR M AE e e

fon 0 on B B o N o N 2 O o A

A
11
£21

PR 4

v
11
2]
3]
4]
N
61
71
B1
21
L1031
L1113
£121
C131
L1413
£15]
L1461
[¢71
risel
L1913
L201
£211
£221
L2313
£24]7
£2351
L2631

271~

v

1]
21

41

31

73
83
L 91

£101

L1121
L1221
L1312
£141

-

v Y
! ! ;o
' 98
w
ZeGOIF AR
C .
§@?A 14 # , L

'
/

GM GRAM TIEvGREFvGSTGP:ALFHArUJvaSUMrU?ESUMlerN2

. SET«(GM=M)/(\STOF) , ‘
GE+ELSETR] . : , ,
GREF«REFLSET; ] y . -

GSTOF€pSET /
ALFHA€1 ¢ /
L1:!XeFREAL GREFLALFHAG#] /
SUM&O o) ' ’
ESUM«0
2L3xVALFHA=1
Ied .
L2!UJEFREAD GREFLCI#Z
G[ii;:«(x:1;stUJc1;;J)+xrza;JxUJrﬂ.,J
GL23516(XL13 JXUJEQiiJ) XC25§xUJELS
N1¢Ux+/BL1F 3
N2«Vx+/,stz;;: W 4
UJC1§33€UJ01#35IxNL
UJE2$$j+UJE”‘$JXN°
« SUMESUM+U
EQUMeE SUM+NLIXGEL T
SLAUALPHANT €I+
L3IUEX-5UM
GELALFHAJ¢GELALFHAI-ESUM ¥
UL 11eUL#iNZTI€0
ULiNR$1€0
U«UXWFNORM U
U FWRITE GREFCALFHAGI
M1 GSTOF2ALFHACALFHA+1
. N t

4 .
.

NTIE GRAMSCH FTIEiV3;STOF3MSTOP$MiGMIREFIESGE
SFACE1 .

"ENTERING GRAMSCH' . ' 4
V«DRXDRxDZx02 .
STOF«NMF . _ .

REF+«& (2, NMF)P (NMFPFTIE) s \NNF

MeMP ) .

E«EF

MSTOFeF /M ¢ . S .
GeFREADC(FTIE 1) < ) ) .
GMe0 | )
L1:GM GRAM FTIE

EFESETJ*GF '
SL1X\MSTOF=GMeGM+1 o ’ ) ’
STOFPeNMN .

B. "




s B o M o S o B et B e I o B o B o |

£1531
[163

Liz3-

£iB3
£193
L2013
[211
2%
£213
£241

.‘V
11
21
31
4]
51
61
71
81
91
€101
f11

> P
L J
. - . L]
| & 99
7 - ' ’ ( ' ' t
MEMN : .
ECEN - - - , .
M5T OF¢T /M ’ e . : NPT
REF*N(Q;NHN)P(NMN?NTIF)»1NMN : , L
GM+0 , . : X .
L2$GM GRAM NTIE BN .
AL2X IMSTOP=GM«GM+1 ’ ’ )
SFACE1
'LEAVING GRAMSCH' Lo
SFACEL ' . -
’ N ’ <
HALF [EN

FFe0.SXPP+FREAD 400 1

FNeO,SxPN+FREAD 400 2

FRF«0.5XPRF+FREAD 400 3

FRN«O ,SXPRN+FREAD 400 4

FZF€0,.5XPZF4+FREAD 400 5

FZN&O,5xFZN+FREAD 400 6
S 7
8

h\

JRF«0.3x JRF+FREALl 400
JRN«O, 5x JRN+FREALD 400
JIFP¢0,5xJZF+FREAD 400 9 '
JINCO  Gx JZN+FREAL 400 10 ‘
TRE«0,5xTRF+FREAD 400 11

L1200 fTRNvO‘gXTRN+(RFhU 400 12

L13]
L1471
£1gl
L1637

v

i3
21

41
53
61
71
81
91

101

111

121

131

143

153

163

173

183

TZF¢0 OXTZF+MREALD 400 13 » _
TIN¢0 . SxTZN+FREAD 400 14 ' s
8F¢0.5xSF+FREAD 400 15 . ‘

SN0+ 5xSN+FREAD 400 167 . . 2

3 .

%

d

INITIALFLILLIIFF3JiMAXTWF i QNIRMAT $ ZHAT # ALFHATGAMMAF STOF
_SFACE3

" ENTERING INITIAL FUNCTION'

! INFUT NO. OF NEUTRONS'

NN¢D n :

' INFUT NO. OF PROTONS'

NFeO . . -

'ENTER MAX.\NO. OF SHELLS' '

‘NOTE THAT THE LEVELS WITH M=0 HAVE DEGENERACY 4 -AND THOSE"

“'FOR M=0 HAVE DEGENARACY 2 (I.E. SPIN UF AND' SFIN DOWN)'
O¢2 10PIo(I+1)X(I+°)*(3+19110) +*3

LeO

LLb((L+°)X(l+3)X(u+"XL) 24)-(L(L+3)+2)+4

QUANTO L

* INFUT DEFORMATION FARAMETER DELTA'

DEL D

HWOOe41, 43X(NF*NN)*(- 3)

HUOGHUOOX(l (4~ 3)XDEL*“)+(16*“7)XBEL*3)*(~ 6)

q
_;....—.L..., PSS



>

' 100
) , 4’ . -
L 191 HUTHWOX(1+2XDEL=3) 40,5 b

207 HWZECHWOY (1 -AXDL=3)%0.5 /
217 ALFHAC0.0241 xHWT . ,
220 GAMMAC 0. 024l xHWZ i "
237 IeNNSNEADELSHWOO Hwo,HwT,sz,alFHﬁ,onMMﬁ v ,
241 I FWRITE 11 29 !
253 JGNL3 736 (HWZX (ANL $43+0,5) ) #HWTX (1+QNL35T+2xANL$3T)
2671 I€QNC313 v
271  QN-QNE(4QNE$71) 51 : ' -
281 GNC3 116 .
291 ' L0 YOU WANT A DISPLAY OF THE SET OF QUANTUM *
301 *' NUMEERS, IN ORDER OF ENERGY' .
311 AL2XGOIF'N'
321 PeOFP
331 ‘OFF¢% : - .
347 ' UF TD WHAT LEVEL \IO YOU WANT TO SEE'
351 enfsBIe+\ONLT63 : .
361 (2)LL)PONL311,QNL38 ‘&
371 Ied ] | . :
383 ' A ) )
391 DES¢'S N NR NZ M Nm_s{z\w COUNT i
401 DES 4 : ‘
413 DeONLVI) 573
423 L2:'. ENTER NO. OF LAST PROTDN LEVEL DESIRED (ENTER NO.'
431 ' FROM COLUMN 1)' ) .
441 NMPeD -
451 GNE& (NMF»8) 10N - :
461 ©'  ENTER NO, OF LAST NFUTRUN LEVEL DESiREU (ENTER NO, '
471 ' FROM COLUMN 1)' .
481 NMNeD 4 )
491 QRN (NMN, 8)4GN
501 ' IS THE FILLING AFFROXIMATION TO EE USED'
513 4L3IXGOIF'N' .
521 ' ENTER WHICH OCCUFATION NO. (COL &) OF THE PROTON LEVELS®
531 ' ARE TO EE CHANGED (ENTER NO. FROM EOLUMN 1)°
541 IeO o N ’
5§51 ' ENTER NEW OCCUFATION NUMEERS IN THE SAME ORDER AS ABOVE'
561 JeD . ) ‘
571 @NPLIjéled ~
581 ' ENTER WHICH OCCUPATION NO. (COLUMN &) OF THE NEUTRON'
591 ' LEVELS ARE TO BE CHANGED (ENTER NO. FROM COLUMN 1)
601  Iel : « ‘
611 ' ENTER NEW OCCUFATION NUMBERS IN THE SAME ORDER AS ABOVE:
621 Jem . :
631 GNNCIjéled
641 L314L4XV(NN=+/GNNL;61) ANF=+/QNFL36] e
651 ' SUM OF DCCUFATION NO. DOES NOT REFRESENT NUMEER °
&61 ' OF NUCLEDNS' ° '
&71 3.7 .
6871 LAIANNE816+\QNNL 561
691 QNFL381¢+\ANFL;i 61
707 ' IO YOU WANT A DISFLAY OF THE FINAL QUANTUM NO. '
711 IL5XGOIF'N'
721 DO¢DES,'  (FROTON LEVELS)'

N



v . . ) ‘ \ ,5,.‘/ )

?.A-’ . ~ , .
' IREE ) . . ’
r - -
W
v ] N d J .
2 ! . ) . 7 Y m
) ¢ =% . . o ‘
- N L 731 eANF T, R ‘ '
. f/ J,Ag’ - 7%1 © ‘;f oy )
' VL 7537 OeDES, ' (NEUTEON LEVELS)' | L
L [ 767 OCGNN _ .
o ; L 771° '« Awfwanoﬁ CORRECTTONS ! oo ST
= e © [ 781 4L°XFUIF : S
AT L 791 IFGNPE:IJ . & . .
AN L 801 aNFeaNFttanPc;53>,;
R 3 [ 811 ONPLiBIg+\QNFL;6&71. . .
C A o+ ['821 ONFLjilel :
)5 . [ 831 I¢QNNL313 . e . e :
; £ [ 841 ONNeONNL(4QNNE552)53 .
St 7. [ BS1 ONNLiBIe+\GNN[363 - K .
R L %&i ANNL#13617 . .
po ' ' HEBE IS A DISFLAY OF THE FINAL QUANTUM NO. '
. C 8s1 ' vﬁ}}gNCREASING ORDER OF AZIMUTHAL QUANTUM NO. M'
** . _ .0 891 DeBES,' (FROTON LEVELS)'
. S [ 901 O«QNP ' ) SRR
) 911 ' ' . ¥
CoL L iLfi$923 O¢DES, ' (NEUTRON LEVELS)' Y .
- ‘ ['921  beann g T s
’ . [ 941 MAXETA(QNNLi3 4 SJ)vGNPEvS 4 51 ‘ %
o - [ 9531 ZED MAXL2) N : !
g W o [ 961 (MOXIB1IRADIAL MAX[1J. . _ S
vy T L 2771 TeNRZsNZTsDZ)NRs DR »NMN, NMP ,
o L 983 T FWRITE 11 30
' o [ 997 ' ENTER NOOF LAST ROW IN WHICH NEUTRON BUANTUH NO .
"o [1001 '\ ANDSFROTON QUANTUM NO. ARE IDENTICAL ™
A £10171  STOFeD
o . [1021 STOF«STOFLNMNLNMF ' ‘ ‘
- o [103Ty, ' ENTER FERMANENT FILE NAME FOR" PROTON WAVEFNC'
o £1041  FleD ’
" «[1051 - ' ENTER FERMANENT FILE NAME. FOR NEUTRON WAVEFNC'
' . [1061 Foem
C o731+ " TER FILE TIE NUMBER FOR FILE 'oF1
r1083 T1«u : LA
[1091 ' ENTER FILE TIE NUMEER FOR FILE . '+F2
.o [1107 T2eD . /-
¢ [1113 I¢F13SPACE13T13SFACELSF 6SFACEivT"
" : L1124 I FWRITE 11 31 :
. 1 1137 ' DD WE NEED TO CREATE THESE FILES' . -
§ 3 [1143 4L51xGOIF'N'
L [1151 F1 FCREATE T1
i . [1161 FZ FCGREATE T2 , ' ; ,
L ) [1173 AL59 _ p .
! "~ [1181 LS51:} 'IS THE PROTON E '#F17 ' -TIED'
P , £119)  L52xGOIR'Y! v T
: L1203~ F1 FTIE T1 ‘ M )
' 0 L2173 L528° IS THE NEUTRON FLLE '$%2;' TIED .
b ‘ [1223 ALS9xGOIF'Y' - % - .
{ \ - [1231 "F2 FTIE T2 .
{ [1241 L59:0CCF«QNFL36]
' , [1251 OCCNeONNLCib6%
Lo L1243 - MPeQNFLIS] Y -
= g :
./9-’ * — . . - "t -~ s

- . . - LN ey . .‘
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e Al e e e e

Lia2zr

N L[12871

L1261
£1307
[1317
Ma327 ¢
[1337

o a ; 102

! ‘ !
MN-QNNE 5 5 3 N : ) :
EF¢QNFTi 7 . , -
ENCQNNL$ 73
Iet '
WFe (2 NR s NZT) RO : .
NMF$ * DIFFERENT FROTON LEVELS USED FOR THE “3NFi' FROTONS'
NHNj ' DIFFERENT NEUTRON LEVELS USED FOR THE "NN?' NEUTRONS '

[1347 L&IWFN GNFCIFE 4 5]

(1351 WF FWRITE(TL,I)° \ ot
[1363 WF FWRITE(T2,I) . -
E1373 1 DENHD WF : ' e
[13871 -L&6x1STOPx 1+I+1 )
MT1391 ' THE 'S TOP; COMVON FROTON ANIk NEUTRON LEVELS ARE TIONE *
[1403 ~JeTeI-1 " . . -
[141] L739LBX\NMP<I«¢I+1 ey
[1423 WFN QNRLI3 4 52
[1431 WF FWRITE(TL.I) . : ‘
[1441 2 LENHO WF - .' L
[1453 7 4L7 - ) . . oLt )

1467 1BiI+¢Y

L1471

' THE '3NMF;' PROTON LEVELS ARE DONE',

[1483 L9+ 10X\NMNZIETI+1 L . N C

L1491
L1502
ris11

r15ea | :
[1537 L10:STIENHD ) | .

L1541
1831

< WFN QNNCIF3 4 51 - ‘ '

WF FWRITECT2,1) -
3 DENHD WF * | .
ST ‘ : \

" THE 'iNMNi' NEUTRON LEUELS ARE DIONE'
TRENS ..

L1563 T2 GRAMSCH T1

[1571
L1583
L159

¢ [160
£is13
L1623

v

13
21
31
4]
51
61
7]
81
.91

£101
. £i11

£121

£131

*

| 20 B e o B B B e o B |

—

"LTSTHATIF 5 ATSFUNCS PR B 5 CiSTOF sLMATMIBMILPS IR

F1 FSAVE T

F2 FSAVE T2 ‘ ‘ _ .

QNN FWRITE 160 '~ B L : :

QNF. FWRITE 15 0t = : o

' LEAVING INITIAL FUNCTION' :

SPACE3 ‘ « .
< -

sy

v
* . v
" . . s

FUNGS+ONL -3 - &

ERLOCK o ‘.

LMel T R

THer - - : L S
BM“‘]. . . ' o s N >
LPe1l -

“'ENTER -FAGE ND, WE START aT! . . . :

FAGENOeD ‘ L
LEFTMARCF1OXLH T i .o
LTMET 44T 6XTM ‘ S
LEM¢T 6 x BM ~ !
SLEMe¢ (LEMs1)p" RN : .
LLFel 6XLF . L,




! RN ) ' ’
: d T
| .
{ 103
) :
i £141 MAXLINeLLP-LTH+LEM+4 7 T
‘ . L1571 ~ A«3 19 ¢ - ' )
£161  Be(688' '), XA~
: L4171 Ce(LTMs1)p"
L1831 "MATeONL 3 .
L191  STOF«(PMATIL1]
i o [201 FNSNO«1 .
. £211  FREELIN¢MAXLIN
. © £221  ‘ADJUST FAFER'
£231 Ied  ° . ‘
241 A O ’ g
[357  RBiFAGENO o ; g Cos .
. [261. C C . - T
271 L1:FeOCR MATCFNSNOS T ‘ ‘
[281 FLINES«(pFILC11"
: £291 ATe¥((FLINES 1)p"~ 14\ FLINES)
: " [301 MLe(FLINES,LEFTMAR)P' ' -
: £311 FeMLs "C'sATs "I " '4F ’
: £321 DeLEETMAR+24+ (PAT)L2]
3 331 TeCD-119" ') y'e! .
' 341 FLLU3CuIDDeT K . '
a . [351  SHOWED&Q ' ‘ : .
[36] L'3:SHOW¢FREELINLFLINES- , = . ‘ : ;
R 7 5 R+SHONED+¥SHOU : : ° : -
, . < [3B1: FLR$3 .
SRR [391  SHOWED«SHOWET+SHOW o -
' 3 : C401 LSx FLINES=FREELIN, : .
. '{*" * [A411 | FLINES¢FLINES-FREELIN S \
. L £421 FREELIN&MAXLIN o .
o L4317 FAGENO€PAGENO+L L Ll
o : £441  SLEM . L -
,  Cas1 A - - L,
.. E481 RiPAGENOD ‘ . : -~ ’ ,
: . [471 C©_ | : : A :
- C481 L3 : oo . ' "
R £491 LS - ‘ .- -
[50]1 FREELIN¢FREELIN-FLINES*1 - v
, L5511  -L20Xx \STOF<FNSNOSFNSNO+1 _/{ ) )
‘ ) £521 <L10X\FREEL'INzS . ' T . ) ‘
- [531 A - .o "
[541 FREELIN¢FREELIN-3 L ‘ D
Tes . [551, aL1 , ' . B .
[ ' L5671 L1038 ue((FREELIN+LBN):1)P' e e g )
! [57] FREELINMAXLIN . T
L L5871 ' FAGENO«FAGEND+1 - : .
[ +[591 A . ’ -
;. L6031 BiPAGEND™ : - ‘ o
| ' [£é11 € N : o - o
b . Léxh Ll .o ' P S
: [631 L20% ((FREELTN+LEN » et v : A -
v [641 A ' ,
. . [451 'THE FUNCTIONS ARE LISTED' . | '
v M . *
‘\ 4
- L 4 -
] , UL AU S _— . '
n P

i

v .
P
’ .
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v
1
21

31
41
|
.61
7]
81

?1.
L1013
£113

- 0123

£131
£1431
£1S51]
[161
L1731
[1813
[191]
[201
[213
[22

[233
L2417

L2531

L2673 L1INLINES LUDKI MATLI:J

L2712
£2817

\4

v
L 13
£-23
31
43
53
63
71
83
93
£103
£i11
[123
£131
[141
T153
[163
€173
£181
[1931°

L3203

F0XGOIF "N

Well

~

»
o

'ENTER SIZE OF LEFT "HAND! HARGIN'

LMeD

"ENTER SIZE OF TOF MARGIN'

TMeO
LTMeT6xTM

'ENTER SIZE OF EROTTOM MARGIN' -

BMeD -
LEMeT6XEM

'ENTER LENGTH OF FAFER'

LFPe0

-

NLINESGFGXLF BM+TM
LEFTMAR«fIQKLM

MAXLIN&«T 6XLF
SKIFPLBM+LTH
SLEMe(LEMs1)p "'
BLTMe(LTM:1)p*
MATEONL 3
STOFe(eMATIL1]
Il

ALl

I¢1+1
SL1xI<870F

MAINORMING A
SPACE3

- D WE LOOK AT THE NORM DF THE DENSITIES'

+OXGOIF N
N&' PP

1 NORMAIN FF
Ne' BN

2 NORMAIN FN
L TTYPE=0a

N “JRFs

7 NORMAIN JRP
Ne' RN '
8 NORMAIN JRN
Ne' JZF

9 NORMAIN JZP
Nes JIN. ' -

10 NORMAIN JIN,
LIIN&" TRP ',
11 NOKMAIN TRF

Ne' TRN

v
)

- ¥

{
-

1

12 NORMAIN TRN

[N
t

a

-

f

- Gl T

"INFUT PRINTING WIDTH (10 CHARACTERS FER INCH)'

o I

YADJUST PAFER AND FRESS RETUR

2y

104

LISTFNS Wi LHrTMrlTM:BMrIBMrLPiNLINESyLEPTﬁﬁR MAXLINIMAT
"ARE THEe LOCKED FNS ERASEL?'

ral




L3
P

\
e g e e e

[
4

N

o~

Bl e R el

L G " . 105
] "

[217 Ne' TZF '\\’/r~\\\ﬁ .

£221 13 NORMAIN TZP :

£231 Ne&' TZN ' .

£241 14 NORMAIN TZN

L2551 Ne' 8

[261 15 NORMAIN SF :

£271 Ne' SN " ’ 2

£281 16 NORMAIN SN : P

L29]1 SPACE2 -

v MPFIXL3I:Q ,
11 . 'OLD LAMEDA 2, LAMEDA 3, LAMEDA 43
21 OeLAMEDZ, LAMED3;LAMEDA '

31  'ENTER NEW VALUES FOR THE LAMEDAS®
41 IO

51 Ie3p,I

61 LAMEDOHeIL1]

71 LAMBLOZIHeIL2] .
.81 LAMBI4H&IL3]

91 'OLD Q2, Q3, Q4'
£107 0¢02,03,04

£L111 'ENTER NEW VALUES FOR THE @''8°
[i21  Qel
131 Q[Re395Q -

L1490 QR2«QC1L1

C151 Q3«QC23

[16] Q4¢QL3]

v

i

v HFMEQS?UI59557Y205R7Y303R°Y40§23F73?C§T§L§S
11 AL1IXVITIME=0
21 Q“OGGBOGQ40+LAMBD“6LAMBDB*LAMBD4FZZOﬁQ“+G3*G4*O -
31 LAMBD7H*LAMBU3H*LRMBH4H*RSEFbG7H+G3H+G4H*O
41 RMST+RMSF¢RMSN«O /
51 L1IMFTERMS
61 ZeDZXNZT-1
71 FeOFF
81 OFFeS
91 SPACE2
L1001 B¢FREAD 11 32
£111 C*AH:AH;RSEP9RSEPH'ZZU;ZZDH:LANBDQ'LAMBD2H'02902H
L12] CeCsR20,020H, LAMBDS .
[13]1 C+C,rLAMERIIH,Q3,Q3H:Q30,Q30H,LAMEDA, LQMBD4H
L1473, Ce«CrQ4,Q4H, QA0 Q40H s RMSTyRMSTH
L1571 Cel5 QPCoRMSP'RNSPHoRHSN'RMSNH
L161 Ce'F10,3'0OFRMT C -
171 Zes'F4,1! UFRMT z
£181 ERe¢R,C ) N .
[191 Te550¢41p' '), 'OLD NEW' oo

Lo I om0 2n B 2 e B e I e 0 0 e |




s e e e o o e

[P Ve

£201
£211
L22]
L231
[241
L2513
L2641
[221
L2813
C291
(301
£311]
L3231
L3313
£341
{351
[363]
L3221
£383l
[391]
£401

11
21
31
4]
a9l
61
71
81
2?1
[101
{1113
£i23
L1337
L143
[151
L163
[173
[181
[193]
L2013

fan T n 20 oo BE o BN 2 B0 e TN o B oo 6 o )

v
£ 13

L 23

L 33

§e55p’

L&C4)55)PS, THS554 RANGE OF Z '5(24p' . '),

Bel B
e B -

B FWRLTE (100, ITINE)
WALT

LAMBD2¢LAMED2H
LAMED3 €L AMEI3H
LAMBED4 €L AMETI4H
G20+Q20H

G30¢Q30H

Q40¢R40H

ZZ0+ZZ0H

R2¢Q2H

Q3+Q3H

(4« Q4H

RSEF +RSEFH
RMST¢RMSTH
RMSF+RMSFH
RMSN¢RMSNH

OFPeR

@

METERMS ¢ ZiZF3R$RFP25C0SL 3 COS23RP3RF4FRAY205RIYIOIRAY A0

YT (DRXDZXx02) XReTIRXM(NZTHNRY 270, S+ INR

AHE+/ s VI XPF+FN : v
ZeDZX(NRs NZT) P "1+ INZT
ZZOHe(+/ s ZXVIXFF+FN) +AH
RSEFHE (=AH) X/ VIX(FF+FPN) x| Z-ZZ0H
ZFeZ-2Z0H ‘
RF2€(ZFA2)+R*2

RF3¢RF241 .5

RF4¢RF2XRF2
COS1¢ZF+RF240.5

COS2¢C05142
R2Y20¢RF2x~1+3xC0OS2
R3Y30¢RF3xCOS1x~3+5xC0S2

RAY40+RF4x3+CO82%x~30+35xCOS2

QR00€R2Y20x(5+016)%0.5
A300¢RIYIOX(7+016)40.,5"
R4006RAY40X (9+0256)40,5
Q20He+/, VIXQ200xFF+FN
A30He+/, VIXQIOOXFF+FN
R40He+/ 2 VIXQ400XPF+FN

NORM AATAIBICIRISIGINISSIGO
AZT 1 AA

keZL 1 AA

Cérl1-B*A o
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o B e 20 o 00 o o 2 e e B e BN |

41
53
61
7]
81

101
[i111]
£121
[131]
[141]
153
[161

1]
21
31

a1
63
71
81
21
L1061
L1113
121
£133
[14]

Ean N an IR ac B on B8 an 28 un B a2 o |
D
t

L]

£11
£21
£31

11
21
33
4]
51
61
71
81
21
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»

Des 1A-R - : ' :

Re=pC o _ 4
S¢100XRX+/C ° ' :
G¢100xT/C

SGeRX+/T ,
GGV 5 “ . C

'AFTER '§iM#' ITERATIONS,'

'GREATFST NORM FOR VARIAELE 'yN,* IS5 '$G5' PER CENT ('iGGs ')’
"AVERAGE. NORM FOR VARIAELE 'sNs' IS '$S3' PER CENT ('3885 ')
SFACE1 e \ '
ZelAA

' 0 WE CONTINUE ITERATING' o 7

I NORMAIN MAT#MsG3$SiAiBIRS DrGGrSS

MelFREADCA400,1) i -

AMl IMAT . . :

BeML | MAT

M€y 11-B+A = ’ ;
D¢y 1A-R ' S . 7
Re+eM . PN
S¢100XRX+/M - . f
S§GeRx+ /I
Ge100XT /M
GGer/n ~ >
v ~ : /
'GREATEST NORM FOR VARIAEBLE '»Ns* IS '3Gs' PERCENT ('3G6G;’* )" //
'"AVERAGE NORM FOR VARIARLE '»N»' IS '35 ' PERCENT ('35S3 )"

*
' [} , N ) . ¢ /
. ’ - ' ‘

Z¢NORMDEN AAFISC i /
CeDRXORXDZX02 ‘ .
1¢8(NZT/NR)P~O.5+INR _ S
ZeCx+/ 2 IXAA - : A

L] i ‘

NUCHAT;UIerAAthSvPOSTOle$T21T3vXOiCiDQTAiDISthAT
VIe(DRX[IZXx02) xReDRXQ(NZT»NRIP 0., S+1NR
ZeDZX (NRyNZT) P~ 1+ UNZT

DISPCFREAD 11 33 v

' NUCLEAR 'RMSRAICPF+FN) , P

RMSTH&RMS ! ‘ R

MATeDATA . : . ' ‘
WAIT /

' FROTON 'RMSRAD PP
RMSFHeRNS



Ay

™~
™
]
Y
w

N e BN BeEnNela el

101

MATEMAT yDATA . ./ : : -

" NEUTRON ‘RMSRAD PN

RMENHERMS ,

MATEMAT» DATA

WAIT

Ce0 SXNZT+1
FOC0,29XFFL13C-1I+FFLLCI+RPL1$C+11+4FPL25C]
FOERPO+0 v 25XFNELSC~ 13+PNE1.CJ+FN:1,C+1J+FNEZ;CJ
KFe(1.5XF0X(01)A2)%1+3
TFe20,747%xKF &2 .
TAU€O.6XTF

TO+" 116949 .
T16585,6 R
T2¢727.1

T3¢9331

X0+0.34, .
RE€(0.6XTF)+ (0, 37SXTOXPO)+T3XFOXPO 16 .
BECBE+(3+80) XPOXKFXKFX(3XT1)+5xT2
Ke(1,2XTF)+(2.25XTOXF0)+1 875X TIXF0A2
NeK+0,. 75X ((3XT1)+S5XT2) XFOXKF AR
ATE(TF+3) -0, 25xTOXFOXX0+0 5
ATEATH(T2XFOXKFXKF+4) - T3xFOXFO+16
DISFCFREAD 11 34

[ATA«? 1pF0,KF.TAU.Tr.BE.h,AT N
DATA«DISF, 'F15,6 ' OFRMT DATA .
ANe(eATAYLR] 4 ,
Te(1)AR) PAAL'  CLEAR MATTER AFFROXIMATION
DATA+' 'yTy' 'yIATAy'

12

UenaTa o -

MATMAT y DIATA
MAT FWRITE(4,ITIME)
waIT

- SFACE2

Z«FHI M3 IP3JF

IFeMC1]

JPeML2]

Me4x(IF~0.5)xM00+ ((IOO+IP 0.4)*2)0.*(TXJP JOO)*”
Z&2X4+/sPOOX(DETK M) x (MXMOOXDIR) 0.5

Me4X(IF-0,5)xM10+-((I11+IF-0.5)%2) e s +(TXJF-JOO) %2

Z2eZ++/4yFPLOX(RETK M) X (MxMIOXDRIA0.T

" ME4X(IF-0,5)XMOL+( (I00+IF- 04¢5)42) o +(TXJF~ Jli)*“

ZeZ+4x+/ 9 FOLIXCDETK M) x (MXMO1XDIR) 40, 5 .
MEAX(IF-0,5)XxM11+C(T11+IF-0,5)k2) o (+(TXJF-J1L) %2
ZeCxZ+2x+/FP11x(DETK M)X(MXxMILXDR)Y 40,5

3

y
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Il inlnien ke le el

21
31
41
5]
61
71
81
91

[ e B oo 2 o R I e B e B N

€101

(0

13
21
31
4]

61
71
B1
E
£101]
L1131
L1231
(1337
£14]
[153
[i163
171
[181
[193]

L2071

£213
[221
£231]
£241]
L2513
L2613
£271
[281
£291
£301
[313
£323
[333
L3437

[353.

L3461
L3731

11

51

ZeFHIT MyIP:JF
IFEML11]
JFEML2]

Medx (IF-0.5)XMO0+((TIQ0+IF-0,5)42d ¢, +(TXJIF-JO0) A2

MLIFPF¥ (JFP~121¢0 ) /”‘-

Ze2X+/ 9 FOOX (DNETKN M)X(HXMOOXDR)ro.J

MEAX (IF-0,5)xM10+((I11+IF- O.u]*”)°.+(TXJF JO0) &2
Z26€Z++/+FPLOX(DETK M) X (MxMIOXDIR) AD .5

MEAX (IF-0.8)XMOL-((TO0+IF-0.S)4A2)e s+ (TXxJP- J11)*2
Z«Z+4X+/:F01X(ntTh M) X(MXMO1XIR)*0.5

Me4X (IF-0, S xM11+¢CI11+IF-0.8)A2) 0+ (TXJF~ Jll)h" -7
ZeCXZ42X+/7 3y R1I1X(DETRK MI)X(MXM11XDR)*0 .5 ‘

FLOTRAD AA;VI:AvZOvZFpRrHATrORDDENS;ORDRAD;NAME:L:B;DIS
VI€(DRXDZx02) XxReDRXB(NZT, NR)P 0.5+1NR

At+/ s UIXAA

ZEDZX(NRyNZT) P~ 14+INZT

206(+/17xVIXAA)+A

ZR€Z-Z0 '

ReC(ZPADI+RA2I 20,5

MATEC(NZTXNR) »4) 90 ‘

MATL31Je, & (NZT s NK) P INR

MATE 32060 (NKsNZTIPINZT

MATT 3.37¢,R

MATL 3 4de,nn

ORDDENS~4MATL 541 , \
ORDRADCAMATL$ 31 - . \
"ENTER NAME OF MATRIX® -

NAME ¢[1

‘WHICH WAY DD YOU WANT ' .

' 1- NATURAL ORDERING'

'" 2- EDENSITY ORDERING'

' 3- RAUIUS ORDERING' e ‘

Le0 : -7 &
'ATIJUST PAFPER' | : :
Rell. :

SFACES ‘

'NO’RM IS G E PO EPRPPINSEPEOIIOEIERDRELIIEEIEEOEOETYOIE ‘;A
‘CENTER IS AT L 2K 2 BE AN BN BN B BN BN BN BE K BN K B 2R BN K BN K X BN ';ZO
SFACE3

MAT&'I6 16 F10.4 F10.4" UFRMT MAT :

NIse I J RADIUS DENSITY'
A(L1sL2,L3)CL] - ‘

L1:NAME

SFACE2 , .
BIs o .
SFACEL ‘ : E— :
MAT
SFACES
+0

s

L23MATGMATE0RDDEN813

109 -



383
L3921
L4013
£a1l
L4213
[43]

Ta41
£453
L4641
L471
£asl
£L49]
£5071
L5131

21

31

53
é1
71
81
93
£103
[113
£i23
£133
£141
L15]

ot It e o B B e e M o |

4

13
2]
31
4]
51
61

81
f1
L1031
L1137
C£12)
£131

MmN E M

"L143]

£153

41"

NAME . ‘N \
SFACE2 -
nIs . - \

SFACEL 1 o

MAT ‘ : |
SPACES , . -
40 - ) . |
L3IMATEMATLORDIRALG 1 x
NAME

SFACE2

nIs

SFACE1

MAT

SFACES

QUANTO LiLiNRINZIMINSLL

LL%((L+“)X(L+3)X(u+”XL) +24) - (L(L+3)+ “) -4

QNe(LL¢B) PO

I¢d ’
NR+0
L1 NZ+«O

$Me0

L3:N«N24M+2xNR. ‘
ANCTST6T NS NRNZeMs (2X14M20) 5040 |
I¢I " I
I¢1+1 / !
M&M+1 ' . - ' !
X LN S |
NZeNZ+1 :
SL2x 1 M=l |
“alix\La2XxNReNR+1

A '

L]

Y RADIAL ZiXsFiNMiLILL
SFACE3 '
L43' ENTER DELTA R IN FERMIS'.
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[101 RO«RAWXEL43
£11] I&wNR-1
L121 ROERINZTsNR-1)PI+I~0.5
L1331 RIB(NZTHNR-1)p(I- 0.5)+I+0.5 .
[14] R1I€Q(NZT+NR-1)PI+I+0.5
L1551 ZO€(1,NZT)pP0
[161 Xlekax(TRN+ROXFRN)+KNGXTRF+ROXPRP ‘
171 X2€ZOyKAX((RIXTRN)+R1XPRN)+KNQX (RIXTRP)+R1XFRP
L18] DONEDRM2XBO+(ROXSN+KNGAXSF)+X2+X1v20
(191 DONLC17I€KQX(TRNLCLSI+2xPRNCLGI)+KNQXTRPL14 J+2XPRFLL 3 1
"L20] DONL1#1¢DRM2XBO+DONT 1§ J+KQXSNL1# J+KNQXSP L1
[211 X1eKAX(TRF+ROXPRF)+KNOAXTRN+ROXPRN -
221 X"«ZOyKGX((RBXTRP)+R1XPRP)+NNGX(R3XTRN)+RIXFRN
£23] DOFCDRM2XBO+(KOXSP+KNAXSN) +X2+X1 920
£241 DOFL131eKAX(TRPL131+2xPRPLL1$1)+KNOXTRNL1 # 1+2XPRNL142
[25] DOPL1;31¢DRM2XBO+DOFL151+KQXSPL1# J+KNQXSNC1451]
261 HONe(AL1IxFF)+(PNXAC11-AL22)+(AL4IXUYP)+ALSIXUYN
[271 HON+HON+AL3Ix (PPXFN )+PPXPF+PM
L2831 MFTERMS
(291 JUXe+/3 Xe2xQ200xQ20H-Q2H
L300 JY&e+/,Y¢2XxQI00XQAI0OH-QIH i
L3131 JZe+/+Z¢2XQ400xQ40H~Q4H
£321 HOFCUCF+(~ALOIxFFP*x1+3)4+(AL1IXPNY+(FFXALL]~ AE°J>+AE4JxUYN
[331 HOFeHOP+(ALSIXUYP)+ACIIX (PP XPN) +FNXFN+PF



[.341

. £33

L3461
L3713
£381
L391
£401
£41d
L4213
L4317
£44]
[45]
L4481
£47]
L4881
£491
L3501
[511]
£521
£331]
£543
[551]
[561]
£571
£se1
L591
L4601
Léld
Ls2]
C631]

"Lé64T

L8651
L6641
£671
L6881

L4691

£701

11
21
31
41
a1
6]
71

iaalalaialaEaRaly

C101
L1113
£123

81

1,

1

JH«+/,H0P+H6N : ‘. o f
XeXXLAMEDZHX | JH =JX c ' Co
YeYXILAMBO3Hx | JH+JY
22X AMBIAHX | JH+JZ
HON&HON+X+Y4+Z
HOFHOP+X+Y+Z
UCF«UYP«UYN¢e]L
I«#1NR-1 ) .

RI¢ROX0,5 ' o .
ROECR(NZT+NR-1)PI+(70.25+IXI)*0,5
AFFCAFNE (2, (NR~=1)»NZT)PO

AFNL155 3¢ -DRM2XROXEB1+KQXPRN+KNQXFPRF

AFNL23 3 JeDRM2XRIXKAX JEN+KNAXJRF

AFFPLCL1y 3 J6e-DRM2XROXEBI+KAXFPRP+KNAXPRN

AFFL25# JEDRM2XRIXRNQAXIRF+HRNQX RN
FRPe¢FRNCJRF&JRNEL .

TI«Q(NZT s NRIP1+(T 04 S+ \NR) %2
CON1eDRM2XIIXB1+RKQXFN+KNQXFPF
LCOP16DRM2XTIIXBI+RAXFP+RNRXFN
FFeFNCTRE€TRNCSFESNeL

X1eRKAXPZN+TZN+KNQXFZF+TZF

RO{(NR+1)p0 y
BON«DZMQXBO+(X1yRO)+RO,X1
X16RAXFZF+TZR+KNOAXFZN+TZN
ROF«NZM2XEBO+ (X1 ROI+RO X1

TZF&TINEX2¢X1¢1]

BFNeRFF¢ (2sNRsNZT-1)900 ©

BENC135 1€ -NZM2XBI+RAXFZN+NNAXFZF

BFNL255 JeDZM2xRKAXJZNARNAX SJZF

BFFL15 7 16-NZM2XBI+RKAXPZF+KNQAXFPZN

BFFL2; 3 1€DZM2XxKAxJZR+KNRXJZN
_PZP+PZN«JZP«JZN+1

'LEAVING TERMS'

SFACEL —_— :

Oe+/+X A ‘
O¢+/Y ) . !
Oe+/+2Z ! i

TIEFiMiN?DFI
SPACE2

MeFREAD 11 24
NeFREAD 11 27
De(pMIC1]

I¢1 : :
L1!MCIFIFTIE NLID ‘ ,
SL1xiDalel+l * T
NeCCPFNUMS ) » 1) PFNUMS .
'THE FOLLOWING ARE THE FILES THAT ARE NOW TIED'

<

FNAMES) ¥N " , L
SPACED ‘ '

/



§ N U K e, 5. S g A -

N

123

v UNTIEF3iN o -
S
E2] NeFREAD 11 25
£31 L1IFUNTIE N
£41  NeC(PFNUMS) » 1) pFNUMS
[5] 'THE FOLLOWING ARE THE FILES THAT ARE NOW TIED'
£e1 '
£71 FNAMES,¥N
‘£83 '

\ “w
v ,

v WAITHA
L11 AeD

v WFN AINRINZM
€11 NReAL1I+1 . . .
[2] NZepal21+1 - -
L3]1 Me«AL3I+1 ’ ¢
L4] UFEI;:J+RMATE;M;NRJ°.xZMATENZ;J
£S5 WFL3#3(1,NZT)1&0
L& WFeWF xWFNORM WF , -

3

v ZCWFNORM AASNORM " L ¢
[11 NORM&(02)XORXDORXDZX+/ s AAX2 ' . T
[2] ZeNORMAT0.5

v YUKAWAS YFLAG: S5 AAFBEFRINGM; ML3RO;R1+R25R3IRAFRSIRGSR73AFZ5N
[ 11 SPACE3
[ 2] Ne' AA *
[ 33 * ENTERING YUKAWA FUNCTION'
[" 41 RO¢FREAD 11 O '
[ 51 R1¢FREAD 11
[ 61 R2¢FREAD 11
[ 73 R3¢FREAD 11
[ 81 -R4¢FREAD 11
[ 91 RS+FREAD 11
[101 Ré&¢FREAD 11
[111 R7¢FREAL 11
'[12] A«FREAD 11 16
L1331 YFLAGHO
£141 RIHeR(NZT)NR) P (DRXT0,S5+INRIA0.S o
[15] +L1x\ITIME®O
[161 AA¢AXAXS¢RIHXFNXAX04

NGO DI




.

v oardiTae o

124

C171  MLe20
C181 =12
L1971 L1 tUYNeFREAD 11 28
L2201 SeRIHXFPNXAX4XO0L
L2171 @neRTHXUYN
£221 MLeZ :
[231 L2!' SUGGESTED NO. OF ITERATIONS IS ‘ML
[241  Z&1AA
£25]1 MO .
L2461 LAIERC(S+R1+.XAA) + . XR7 ‘
[27]1 AAERS+. X (S+ER+.XR3)
£281 EER¢(S5+R0+.XAA)+.XR&
(291 AAeRA+, x (S+RE+.,XR2)
£30] AALC1I¢AADSNZTIO °
C311 AALNRS €0 -
L32] MeM+2
£Z31 NORM AA “
C341 SL3xGOIF'Y"
[35]1 <L4MN\YFLAG=1 <
£36]1 YFLAG#1
£371 UYN+«AA+RIH
[381 UYN FWRITE 11 28
L39]1 SeRIHXFFxAX04.
[40] 9LSx1ITIME=0
. £411 UYFeFREAD 11 27
CA21 ANERIHXUYFR
L4311 =L2:
[441 L5tAACSXARD .
£45] -L2
" L4461 LASUYFEAA+RIH
L4711 UYF FWRITE 11 27

C481 * LEAVING YUKAWA FUNCTION' oL
L4911 SFACE3 o -

v . : | \

v ZED LiXiCiEs I3BUMINZVIYV ;
11 SFACE3 .

21 L2%' ENTER DELTA .Z IN FERMIS'

31 .Dzen : ' N
41 'ENTER NO., OF FOINTS IN' FOSITIVE (NEGATIVE) DIRECTION (NZ)'
S1 NZeO J ~

61 NZTel42xNZ ,

71 NZVe(ANZT)-NZ+1

81 XeDZXNZVUXGAMMAXO.S

2?1 ZMAT+((L+1)sNZT)20

L101 Ce(GAMMA+(01))%0,25

C11] E«€A(X42)+72 :

L1231 ZMATL1§1«CxE

£131 +L3x\L=0 |

L1431 ZMATL2# I6CXEXXX240,5 - - -, ‘ .

, L1357 4L3x\L<2 - ) , , ¢ ——
e, [161 I “o» o ’ . !

[ I o W B B on B |




-
R L o T L T U

L1713
£181
£191
L2017
L2121
Laz

L2313
[24]
[25]
L2613
L2713
£281
L2913

v

125

L13Tel+1

VeI-1 -
VZMATL(I+1)536 ¢ ((240,5) XXX ZMATET 3 1) - (VA OS5I XZMATEVS 1041 40,5
AL1XILT . X "
ZMATLH 1I€ZMATL $NZTI60 |
L3 $UeSUMETZX (+/ ZHATH2)

" IS THE NORMALIZATION CONDITION AFFROXIMATLY SATISFIED
AL 2XGOIF'N'
SUMER(NZT,L+1) pSUM .

IMATEZIMAT-SUMAQ .S 4 '. .
'THE NORMALIZEDT ZED FART IS
O€NZx(+/2MAT*2) . : .
SFACES
%
K )
A
Py -
i "
) |




