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PREFACE

This work is a study of relativistic effects as they influence the
fission of atomic nuclei. . A model Hamiltonian is Intreduced and used
to calculate energy levels of nucleons as a function of deformation.
The use of this approximately relativistic Hamiltonian, together with
the Strutinsky shell correction.method, then enables one to estimate the
magnitudes of relativistic corrections.
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CHAPTER I
INTRODUCTION

The primary goal of this work is to study relativistic effects, if
any, in nuclear fission. . Previous workers in the .study of fission have
confined themselves to non-relativistic theory, since relativistic
corrections in spherical nuclei have been found by wvarious estimates to
be small. . There do not appear..to .have been any attempts to evaluate
the importance of relativistic corrections in the highly deformed nuclei
which occur during fission.

In the first part of this work we discuss the relativistic covar-
iance of the Dirac equation, and introduce potentials which apparently
satisfy this covariance condition, at least in some approximation. We
discuss the relativistic equivalent oscillator of Swamy (1), and the
relativistic equivalent oscillator in cylindrical coordinates of Swamy
and Chaffin (2). The group .theory of these Hamiltonians is discussed in
addition to the covariance properties. The equivalent oscillator in
spherical coordinates is shown to be invariant under the Lie Algebra of
so(4) ® SU(2), and to possess the noninvariance group Sp(2,2) ® su(2).
This noninvariance group.is.further expandable to . SU(2,2) ® SU(2).

The motivation for applying the Dirac equation to .the calculation
of fission barriers stems. from the non-spherical shapes of the nuclei

during fission, and the resulting possibility of larger relativistic



corrections, as well as .the results of earlier calculations which
showed that relativistic corrections might be significant in heavy
nuclei (3,4,5). In recent years, .the method.of Strutinsky (6) for
calculating shell corrections .to .fission barriers has been discovered.
This method provides a way .to .estimate the contribution of single
particle effects in fission,. .and .the modification of the results of the
liquid drop model which would .be .caused by these effects.. We use this
method since more sophisticated calculations,. .such .as. Hartree-Fock
calculations, are not yet .feasible .for heavy nuclel. - Briefly, the.
Strutinsky method finds the .change .in the potential energy .of a nucleus
due to a high or low density of .shell model lewvels near .the Fermi level.
A variety of potentials has been used in the wvarious .calculations of
the shell model energy levels .as .a function of deformation. In many
nuclei, the Strutinsky shell cerrection has been applied to show that
secondary minima may occur in .the potential energy surface. Shape
isomers have been discovered experimentally, showing that these
secondary minima do in fact exist.

The models used to .calculate .energy levels as .a function of defor-
mation include the harmonic oscillator ‘shell model. . The harmonic oscil-
lator models include the one-center model of Nilsson .(7), .as well as the
two center model based upon .the Dirac .equation, which corresponds to the
model of Holzer, Mosel, and Greiner. One advantage of doing this is
that the model can be applied for large separations of the two centers,
and is asymptotically correct when the two centers separate to infinity.
Hence; we can test whether or not relatilvistic corrections become

larger at larger deformations.
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CHAPTER II

DIRAC HAMILTONIANS FOR USE AS

NUCLEAR SHELL MODELS

Up to the present time the only Dirac Hamiltonian which possesses
exact solutioms, which reduces to an isotropic Harmonic oscillator in
the non~relativistic 1limit, and which has been applied as a nuclear shell
model is the relativistic equivalent oscillator of Swamy (1l). It was
introduced as a shell model by Braun and Swamy (2), who .applied it to
the study of electron scattering cross sections, and has been used by
Swamy and Chaffin (3) to .calculate relativistic corrections to Coulomb
energy estimates. In this chapter, we discuss this Hamiltonian from the
points of view of group theory and .Lorentz invariance.

The relativistic equivalent oscillator is the Dirac Hamiltonian

(in units of h =c¢ = 1)

T CUp TR By
oz | Do &
3 2 +.
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with exact solutions
- N
+M,
5 E v K>
(2)
@VK‘F - E-m, >
SK. TE [v-Kpm




where v KUy —> Fro(r) 7(";
| v=KMp — iFV,z('”)X/_qK (3)

and sz(r) is the usual radial wave function for the non-relativistic
harmonic oscillator, normalized so that '/wYFvl(r))z r2 dr = 1.
0
The Xﬁ functions are the spherical spinors introduced by

Biedenharn, Rose, and Arfken (4)

2K) 5§ ] M-
M _; : 3 T
XK. o C/UTT-;T‘)M AXJ.{ Y»Q(K)(Q7¢) | (4)
T

and E 1is the energy eigenvalue

E= g/ M2 +4 N (v+ik]+ %) - (5)

To examine the Lorentz invariance of the above single particle

equations, one should start from the general form

(e85 +p e + ) g Ul 7 U )
Ty T Up(F) H uw(:)}lp(?)—;gqj(,z) )

>
Here the. U(r) potentials are the scalar, vector, pseudoscalar, axial
vector, and tensor type potentials of Dirac theory, and tensor type

. . > H 5 HV
potentials of Dirac theory, and o, B, Y, Y and ©

are the usual
4 x 4 Dirac operators.
That the above form will be Lorentz covariant may be .established as

Dirac did it, or as R. H. Good (5) has shown for the case of electromag-

netic potentials. For that case one has the equation



W Gemiehdimd =0 @

For Lorentz transformations which do not .involwe: time reflections, the

vector ‘potential Au behaves:.as a vector:

Al'l(x'f) = au\)Au(x) N (8)

uv are .the .coefficients of the lLorentz: .transformation

where the . a

X =a X . . ¢

The operator f—gﬁ .18 also .a vector, i.e.
: ox

=a —. e (10)

Now Good showed that all. 4 by 4 . matrices which satisfy the anticommu-
tation relations of the.‘YHﬂ are equivalent up to a unitary transforma-
tion. Hence, we may choose .to use the same gamma matrices in the

. primed frame as in the unprimed frame:
M a ; ' t /
iz (;;‘M*LEAM[)())-FMO}Q_/)” x) =0 . (11)

We require VY'(x') to be related to Y(x) .by the transformation

Vx") = M(x) (12)



and obtain from equation .(11) using the equations (8), (9), (10), and

(12):

{(5%(-‘&46 AMM)XVQMV A +MaA}z/,)2X) -0 (13)

And then multiplying by A_lz

{ (2.-ie Ado) o™ /YIJVA +w\3}7,[f5x) = 0 1)

so that covariance is established provided A :satisfies the equation:
H -1 v H
a”. ATy A=Y, (15)

Good next showed that A matrices satisfying this condition and corre-
sponding to Lorentz transformations do in fact exist. A similar
demonstration of this was also given by Bjorken and Drell (6). Such
an argument can be given for equation .(5), including all of the U(?)
potentials, and not just the vector potentials.

To give a convinecing argument that the Hamiltomian of equation (1)
does not violate Lorentz covariance, one should be able to .state that in
a certain reference frame one of the potentials reduces to the term

s NN 2o - G‘L-H
V(¥) = 1A a.¥ ST A (16)

This reference frame. should be one in which the motion of the

nucleus as a whole contributes very little to the energy. To see this,



one may follow the presentation of Foldy (7). Foldy gave in this paper
(reference (7)) a derivation of a many particle Hamiltonian which was
consistent with Lorentz invariance up to terms of order 1/c2. He
first started with a zero. order: Hamiltonian: which satisfied the condi-
tions of invariance under the. Galelei group, i.e., translational,
rotational, and change of reference frame invariance. . For. the harmonic

oscillator shell model, we take this-Hamiltonian to be
2p YR LY W (7R
H, = Mc +Z;zm1 + az ; i (17)
[ I

where

p\ = }g: m;
)
] a‘)'
R= 3
: M

Galelei invariance then follows from the existence of. the operators:

-2 =, - N
P - Z{, P.‘ S{:“EILKG[

Ei: ( ;2[ X'Egc + 35[ )

L

Y
i

(18)

X
)

which satisfy the commutation relations of the Galelel group.
Next, by requiring that the actual relativistic Hamiltonian H and

—)-
change of reference frame generators. K could be expanded in the forms

fas]
1]
2]
+
e}
+

(19)

=~
]
tals
+
Ry
+



Foldy integrated the commutation relations of the Lorentz group and

obtained, up to order l/cz:

2
© _ () p? T P>
H= Mc2+H aaU ~§,7\‘§‘C‘5¢“(Zn:amoc>(5ﬁa + V\/m (20)

where
2 2
(o) FD ;E: Tn N ;ZEE: - 3 2
= — M~ R

H .2M "-n th“}"lmbw - (V\ \)

(o) 2>\4
U= tmu Y (7-R)

n

?in internal momentum of particle n

VV(A;: a rotationally invariant function of
internal wvariables only.

Hence, if the motion of the nucleus as a whole contributes very little

to the energy, i.e.
2
P
aM T o (21)

Then H 1is given by the expression

- (1
H= Zim,\c +~;—?’-Y7\“’T +&mw2(7‘:‘R)2%+W ) (22)

In obtaining this expression, we have not said that the value of ; is
zero, but merely that it is so small as to contribute very little to
the energy of the nucleus.  If we tried to say that it was zero, we
would be subject to the type of objections, based on the uncertainty
principle, which were raised by Eddington (8), (10) and answered by

Dirac, Peierls, and Pryce (9).
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The above results show that- it is possible te. consider the total
energy of the nucleus as being given by the sum of the single particle
energies of nucleons moving in a harmonic oscillator. well. One can,
therefore, describe each nucleon as. moving according. to. a- Dirac equation,
and use this Dirac equation. to. obtain: single particle energies. One
should note that in writing down equation (6) we have used ;, the
momentum of the particle with respect to a reference frame fixed in
space, and not F, the. momentum with reference .to the center of mass,
in accordance with reference (11).

By a slight modification of some arguments. due to Miller (12), we
would now like to show ﬁhat-theApotential of the above equation (16)

can be classified as a vector potential.

One first requires that the relativistic parity

0
P =Y P =8P (23)
(here PNR is the operationr.;.* r;) and. total angular momentum
_3=E+%3 24)

should commute with the Hamiltonian of equation (6). This leads to some
restrictions on the angle dependence of the potentials--U(?). We first
put

.9 ~ 1 a
96~ o sin © 55]

(25)
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and

cos®  sine ci -sinb cvsee'”¢
- A . A , ,
0= T lsinb e‘¢ ~cos O +6 cosHd e‘¢ sin

A ®) —Le‘z¢
ol et 4 (26)

where ?, é, $ are the unit wectors of the spherical. coordinate system.,
g h  rd
Using the metric in.which,theazerot~:component-is~pos¢t1ve, one can

write the vector potential as
2 0 - =
5 UV/—*(?) = 50 UV (?)“ b’ 'UV(F> o (27)

->
From the required commutation of < J. and P with the above interaction,

we find that ‘E; should. be of the form
—- /\ Y .
Uv(?) = r Uv (‘”> o (28)

where Ui(r) is independent of angle.
At this point in these arguments one should consider: the form of

our proposed potential of equation (16):

VIR = (o R oo+l N2 . oebt ]
Jo L+ 1] [">\/O‘ lom L+t

(16)

o \ < = A ~L+\
:L>\ rr g
FY Y\ltr-L-H\

so that one apparently has a wvector potential with

a- L+ |

o

Uy (r) =Y m] . (29)

!
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One can, in fact, show that the parity and total angular momentum opera-
tors do commute with the potential of equation (16).

After the arguments. which led to the form of equation .(28), Miller
considered Hermiticity requirements. In the: cases.considered by Miller,
this leads to the condition that

,U‘Vr " = Uvr ()

r . . .
or that Uv (r) 1is real. 1In our case, however, the inclusion of the

operator WEE%?%;%TV in the potential,: plus the anticommutation relation:
G’oLf\ - —
—_— 0%V = O (30)
IG‘-L-H\')
-+

leads to the opposite conclusion, that Uvr(r) should be pure imaginary.
We, therefore, conclude that the potential of equation (16), (which is
pure imaginary when operating on a solution ¢vKu) satisfies
Hermiticity and hence is not at variance with probability conservation.
To summarize, we can reason .that the potential of equation (16) is
consistent with the requirements- of. Lorentz covariance provided we

consider it to arise in a reference frame in which
o m—
U, (¥ = 0
L\ N\ CFﬂLJ*
U, (7= (Arr |

lo- LV (31)
so that
A 2) N e oLy
By Uvﬂ(r)_ L>\/°,O’r —_ )
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Having considered the Hamiltonian of equation: (1) from the point of
view of Lorentz covariance; we would now like to consider its group.
structure. This analysis was done by Chaffin (13), (l4), who showed
that operators existed satisfying the Lie Algebra of . S0(4) ® SU(2) ‘and
commuting with the Hamiltonian of equation (1). . Furthermore, it was
shown that this Lie algebra can be enlarged to -S0(4,1). X SU(2). In
this thesis we would like .to point out that this Lie Algebra can be
further enlarged to SU(2,2) & SU(2), .where . SU(2,2) . is isomorphic to
the group which is familiarly known as the conformal group.

The group SO(4) . is the group of real 4 x 4 orthogonal matrices
with determinant plus one.... The Lle algebra consists of six operators

M and 3 satisfying the commutation relations

My Mol =1 € o In

3, 3 E AP (33)

]

[Ter Ml =1 €pn My

In the case of the realization of this Lie Algebra as a set of operators

commuting with the Hamiltonian .of equationf(l),Athev.j operators are

simply the total angular momentum operators

-5

‘3=L+%3 o (34)

so that the Hamiltonian .is .rotationally invariant. . The M operators

have the form
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"L/\/H T
4V A~ LAt 2t _
23 (21K =1) 2[(‘(’-”1) g (A7 -1))

- - = H - _
#2i[ () iy () Q;A(;\;lii D

X
!
3
©
J

(35)
— > - 2 O"'L"l"l O'x
n = [U‘P“x ' L+a) (36)
This ﬁ operator is an operator which converts one state ¢vku of a
given energy level into a linear combination of states ¢v'k'u' of the

same energy level. It was constructed in two steps: (1) first finding
the m;trix elements of 5,..and (2).second constructing an operator
which depends on 5, aﬁ..andu 3” and has the,correct,matriX'eleﬁents for
the M operators of the . S0(4). . group. These latter matrix elements
were determined by Pauli (15).

The M operator 1is responsible for the high degree of degeneracy
(higher than the 2j + 1 . fold degeneracy of the rotation group) which

the Hamiltonian possesses. . This degeneracy is given by

a
]

- 2(n + 1) (n + 2) o (37)

.n=0,1,2,...

A factor of two in this degeneracy 1s accounted for by a degeneracy with

respect to the sign of kappa, as we can see from .equation (5). This is
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where we get the SU(2) subgroup of the invariance group - S0(4) ® SU(2).

The operators corresponding to this. SU(2) are given by

c—y

—_ . o L+]
XQ_“ (;X\/D3 IG"L'*'\

>(:5 = /g>:> oL+ |

o L+ ||

(38)

where

O.L + 1

0*b = Cep + 122 oor
. oL + 1|

and

o) Sy o) : (39)

X1 TyKu = v - KU

SK = sign of kappa

The above i operators commute with H, ﬁ, and.j,. as they should to
form the SU(2) part of the Lie algebra of the S0(4) ® SU(2)
invariance group.

If we consider operations which converﬁ.a.stateufunction of one
energy level into linear .combinations of other energy .levels, and try
to enlarge the Lie algebra of the invariance group. to include this type
of non-invariant operator, it is possible to find the Lie algebra of

S0(4,1) ® SU(2). One obtains the operator
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= L (=l O o oLk {’—H=~m’*‘o Ll LK
T =l v T T O e Az (1)
H M G L b e —
qu“ &2 Af oA H '“unq ] (! m

(40)
where 0.0 = 0% p _ N oLt
raRal
in addition to the operators
N = -1[¥,T] (41)

These operators complete the Lie algebra of S0(4,1), and allow the
non-invariance group S0(4,1) ® SU(2) to be formed.

All of the above group theory of the oscillator Hamiltonian of
equation (1) was presented in the author's MS thesis. We would like to
point out the possibility of a further enlargement of the non-invariance
group.

One should first, however, make note of the following isomorphisms

~

SO0(4) = (SU(2) ®SU(2))/z2
S0(4,1) = sP(z,z)/z2 ¢ (42)
S0(4,2) = sU(2,2)/z,

These isomorphisms can be demonstrated by using the methods of Talman

(16) or Esteve and Sona (17). They become particularly relevant when
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one considers the actual representations realized by the solutions of
the Hamiltonian of equation (1). These representations correspond to

1 1

(315 39) = 0, )5 G V), G Dy (A, %), » - . where j, and j,

are defined by the eigenvalues of the S0(4) Casimir. invariants:

c@) ~» jz(j2 + 1)

(43)
- C(2) ~» jl(jl +1)
where = v > 2 3
= (3T = 4T G- 2]
= o HZ~m
cla)= TR o= L[E
(44)
and hence
N ELi_LEJ;;l ¢~ V# “él
Ji 2 ) kT Tz “>

Since j1 is integral when j2 is half integral, We.are considering
double valued representations of - S0(4) (see Talman, reference (16)).
Hence it is a little more accurate to call the invariance group as
(SU(2) ® sU(2)) ® SU(2).. instead of SO(4) ® SU(2). This is possible
since the Lie algebras of thes two groups are the same, but the global
groups are not isomorphic but homomorphic. Similarly, it is more
accurate to say that the non-invariance group is . Sp(2,2) ® SU(2).

In the notation of ,Strgm.(l8), it is the ﬁ£+i' representation of

==
the 1 + 4 de Sitter group's Lie algebra which.i%~%ealized in the

present problem. The representations of this group, which is locally
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isomorphic to Sp(2,2) and 'SO(4,1), were first classified by Dixmier
(19). However, when he gave the matrix elements of the Lie algebra, he
used the basis corresponding to the decomposition of the . SO(4) sub-
group into the direct product of two SU(2) groups. 'In other words, he
used the representation space H given by the direct sum of represen-
tation spaces Hk,k' for the (2k + 1)(2k' + 1) dimensional represen-

tations of SO0(4):

H = Z CR. . (46)

K,k

Strom (18) was the first to transform the basis to .the basis corre-
sponding to eigenfunctions of the Jz, Jz operators, which is the

basis corresponding to the . ¢vku functions. Hence; we prefer to use

his notation, since it enables a more direct comparison of the present
problem with the representation theory.

In Strom's notation, the representations are classified into two

classes, the continuous class of representations labeled vr . and
oo ,

. + -
the discrete class T T , and T

iy . The representations Vv
r,q’ Tr,q r,0 g

r,0

are characterized by a parameter, ¢, which can take on values in a
semi~infinite interval, and by a discrete parameter r. Fradkin and

Kiefer (20) showed that the V representation is realized by the

1o

5
solutions of the DiraC~Coulom% problem, The T .type representations
are characterized by the discrete parameters r and g, which satisfy

the following restrictiens:

i) for ﬂ+ r = %v, 1, 2, + .. and g=1r, r-1, 1, . . .1

r,q

3

'f ’
1 '

or % where r >n >q, r =min(k + k')
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ii) for m r = %’ l’ -g- ’ 2’ ¢« o o and q = r’ r—l’ *« o l
>q, r =min(k + k')

iii) for m ., r=1,2,3,. . . q =0, 2k = 2k"' > r.

The Lie algebra of 8SU(2,2) consists of 15 generators, whereas
Sp(2,2) and SO0(4,1) have 10 generators. We have already remarked
that Sp(2,2) and SO0(4,1). have the same Lie algebra, and that due to
the actual values of (jl, jz) realized by the problem, it is better
to call the invariance group as Sp(2,2) ® SU(2). The group SU(2,2)
is the group of 4 x &4 coﬁplex matrices which leave invariant the

form

PR P e N e , 47)

If we also require invariance of the bilinear form

A gz— XJ-SI X gq —X%E‘s

we get the subgroup Sp(2,2).
Again, the group . SU(2,2).. has 15 generators, whereas . Sp(2,2) and
S0(4,1) have 10. The generators of.. SU(2,2) were labeled by Yao (21)
>

>
as J, K, P+, P, Q+, Q_» S+, S_» T+, T, Ro— and- the generators of

Sp(2,2) were

> >
J, K, P +0Q, Q +P_, S -T, T -5_. (48)

To enlarge this to S0(4,2) or SU(2,2) one must add the operators

Ry» P_-Q, Q. ~-P, S_+T, S +T, (49)
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By examining the matrix elements which Yao gives, it is possible to

correspond his operators to the ones we have been using. We find:

Prd Qe —> N+ T

P+ Qp — —N:+T

S;-T—- —> N, ' (50)
":i_‘F 1—+_ —> FJ_

By looking at these relatioms,. it 1s possible to change some signs in
the expressions for the operators ‘N.and T and come up with the
extra operators of SU(2,2). . One can further check on this enlargement
by studying the irreducible representations classified by Yao, and find
that there 1s a representation of the E  series which corresponds to
the actual states realized in this. problem. Hence, we have an

sU(2,2) @ su(2) non—invariance.group for the relativistic eqﬁivalent
oscillator.

Although this Hamiltonian in spherical coordinates has been useful
in some nuclear applications, it is, however, not suitable as a model
for fission studies, The relativistic equivaient oscillator in cylin-
drical coordinates, which is really suited for this work, will form the

content of the following chapter.
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. CHAPTER III

A RELATIVISTIC EQUIVALENT OSCILLATOR

.IN .CYLINDRICAL .COORDINATES

Having discussed the invariance and non-invariance properties of
the relativistic equivalent .oscillator .in spherical coordinates in the
previous chapter, we now introduce .a:.relativistic .equivalent oscillator -
in cylindrical coordinates. . After discussing the non-relativistic
harmonic oscillator in cylindricglugoordinates, we will examine the
relativistic equivalent oscillatér,:and then the corresponding two
center models. These latter‘twq_cenﬁer models are .useful .in the calcu-
lation of shell corrections.toufission barriers, as .we shall see in
later chapters.

The .three dimensional, isotropic harmonic oscillator Hamiltonian:
- 2 1 2 2
H= sm p 4 3mw’r (1)
leads .in .cylindrical coordinates.. (p, .¢, .z)...to.the equation

paﬁ({j ) ﬁlg;{ gjj %:(E ‘LMN((O +2)>‘7L' O )

which is of the separable .type.(see Fong (1)).  .The solutions are

Fodp b = ) fplun )
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where

v )7‘
— [T (p+Imist) = Im ) ‘
FP'M\(()\ "/\/P\.[m(\a.“\-ls) e < (/Y) 1F|.('F-,'M|+')1>«f>)2)
(4)
(6)= L om
qsm 4)) Jan = (5)
) - Y’
unz('z ) —'\la.h‘ nzlﬁ e an(%‘t) (6)

Here F(a,c,x) 1s the confluent hypergeometric function and Hn (Az)
z
is the Hermite polynomial of order n,. The energy eigenvalue is given

by
X (%)
E = St (2p +imlenexd) )
where >\9‘ —_ M, W

and the quantum numbers p, m, n_ . .take .on the values

8
I
o
I+
I—l
hE

(8)

In spherical coordinates, .the solutions were

Polned)= far Y ed) o
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and there exists a transformation which gives .the .solutions..in cylindri-
cal coordinates as an expansion .in .terms of spherical coordinates
solutions for the same energy and m value. We give the first few of
these expansions in Table 1.

The relativistic equivalentmoscilléton,Hamiltonianqin cylindrical
coordinates, which has been .introduced by Swamy and .Chaffin (2), is

given by
H= (0'8°§+>\1[(0'(?x8)z +/O;LZ]-\-(03MO. , (10)
For m > Q it has the solutions
=20 TP P, |
EU“)- “ANATET gy By g |
|

'?E (E'ma)
O | a1y

(E-'MUX'F},MH ¢m4 | Hn2

and

[—J’i‘)\ihlv\zﬂ—\ Frrv\¢)m uy\% W
ZP(H ANARFRET Fpme Penitege| 1
2 (E ‘M»F%M ¢M unz-ﬁ'\ ' ;E,(‘._E;—MO)

O

- (12)

with energy eigenvalue

E =Jmf +4x2(j?+m+ih2,+~3/1) (13)



26

TABLE I

SPHERICAL AND CYLINDRICAL COORDINATES
BASIS FUNCTIONS

Level

\/LP\""\ (Ol 2>— ZAFWH\a Vg V‘)Y (6 ¢))

3 -(A(’) ..(xz—)z
ng;oo(f)ﬁb ) - ’\J?T)Li/“ = /6 = F;O(V“>Yo (9,(]5)

U, o b2 = BB, ale e = (e, 0)
w(7[j010 <(D) 12 /J—:;a (/\{o>e‘ f/eqse %!f: sil V‘)Y (6 ¢>

Y pb2) = 25 0P 2 ei‘ %= Y (o)

“Jﬂo%% f—,l (1- (w L ERT m
W, (2= PT “/"6%2 e M— ) Ya (5,6)
SU_lof,Cb, 2)= JT% (ple 3 e 323 e ) Y, (o)
“/{n% )7 [ € % m *le e

NISOE ,&A;,Q@ =2 (,\,o)e B2)e 2 =-F (r) Y(ecb)

-2
A )’ -
VQ)U-,,(/% J: e %E (A{’ ¢(>\Z = fa r)Yl (6,¢)




For fixed values of p, m, n_s .the above two solutions are linearly
independent. However, there exist .two more forms which are not linearly
independent of the above, but which are nevertheless useful. They are

given by - ]

O
(E+ MOBF{'),MA—\ CDM-H “”;"“\ |

(+) e
qus = "‘,2>\€A’F+M+l 5M¢Munz+l /\’QE(E+M0)
fo‘:’\' Y\E'F\v F-? m+|'¢m+| uné

(14)

-

and — (E*’MQSBF"‘d}M Mn% " |

(+) N o )
Q/{ = [NT NI P rtiny JETE)
—gbA/\J (P+"’\+l FPMH¢M+\M'\L (15)

For m < 0 the four forms are —
QLX/\JFH Ff:\'mgcbmuh% |

a . T
'qj‘ = “J3 >\A’ Nyt FP+\7|M|~| ¢m+l L{nzw\ | _2E(f~h’\a\
O

_(E'M") F‘jg'fl,,i"«l“l @H\u"? -
_,J-Q- LX(\’Y\Z"'\ F})MI¢MM"‘2
Z/«;‘ ): “21)«’\”3"‘\ F];H)lml‘\gb”\"'\q“f'\ -

(E—n‘o) FF|M|¢"\ an—L | (17)
Q

(16)

e
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[ o 7
JSU‘_) _ (E+mg) Fp+\)lml-l qsm-nuv\z-lr\ |

QLXNJW F}\y\\ ¢M Mn2+‘ Ai-?E(E“’mo)

{
_’\]TLXJ“@*\ FP+~,\MI~|¢M+\MA2‘

w

(18)

B+ Foim (bm Un, ]

) ® |
% 7| REANRET Foit Pmlingr) 2EE]
-,){XWF%H,\»AH m~|“n2

(19)

7

For all four solutions the energy eigenvalue is given by

E = Jm?*+ D pting+ ) (20)

The validity of the above solutions may be demonstrated by using the
following ladder relations:

4, M, = TP = Im
[d,o+/” ’\ﬁ]Ff’M A Fppm

(21)

4 )2 = _
[JF A (O] FPO Q/\/JF FF..'), (22)
(£ AAEPM = NPT Fp w1 o

L3 "fﬁ] Fpo = = 2A4P7T Fp “



(4 2505,
L+

(A +32) un,
(£ -

% ‘o?/\(\/’FF;rI)M-H
o %FMzzAWFfH,A-g e
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(25)

2 /\ /\; u.q? (27)

)unz:-/J‘z/\szH" Up, + | (28)

Having introduced the above relativistic equivalent oscillator in

cylindrical coordinates, the next formal step would be to consider the

form of the potential and proceed to classify it according to trans-

formation properties under the Lorentz group. " We find that we can write

equation (10) in the form

R 30

whe;.re Ao >0

A»:’\QY
A== Xt

k> O

(30)

(O-i

Thus, we apparently have a wvector -potential Au.nplusua.pseudoscalar

potential Ups' However, problems arise when we consider the restric-

tions which the commutation .of parity and total angular momentum place

upon these potentials (see Miller, reference (3)). These restrictions

are found to be that the pseudoscalar type potentials must vanish, and
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the vector type potentials have .to. be of the form

]
o

_ US ()
(31)

"'71' >, ] ~
Uv,(r) T Uv(r)

The potentials we have here obviously .violate this and.it is not sur-
prising that we find that.uj' does .not commute with them.

If a Hamiltonlan used .to.describe a problem possessing spherical
symmétry violaﬁes this .symmetry, :a modification of this. can at times be
made to conform to spherical symmetry. Briefly, what we propose to do
is to: 1) Perform a Foldy—Wouthu&sen transformation .on .the Hamiltonian
of equation (10), 2) Identify .any .terms which violate spherical
symmetry, and 3) Add the negative of such terms to the Dirac Hamil-
tonian of equation (10)..-Such a procedure will be wvalid only in cases
where a Foldy—Wouthuysenrtype expaﬁ§ion is valid. This will be the case
in nuclei, since it 1is known .that relativistic corrections are but a few
per cent.  We will discuss this procedure in detail in a later chapter.

We have already remarked that .the angular momentum !operators do
not commute with equation (10). Hence, we might. expect an unusual type
of invariance group to be present. . .By inspecting the .energy eigenvalue
of equation (20), valid for m < 0,.. we see that this eigenvalue is
independent of m. Hence the degeneracy of the energy levels will be
infinite.  There is a theoren .in..group .theory which étates that
irreducible unitary representations of a group.are. finite if and only if
the group is compact (see Fronsdal (4)). Hence, unless this is an
exception to the theorem, we should expect the invariance group to be

non-compact, hence it cannot be  SU(3), S0(4), etc.
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The solutions to two center oscillator Hamiltonian in one
dimension were first given .by Merzbacher in the first edition of his

Quantum Mechanics (5). .The solutions for the three dimensional problem

were given by references (6) .and. (7). This two center oscillator

Hamiltonian is given by
1 \? (;2+2‘,32+(oz Zz< 0
e Loty d N2

QMT) 2 m,c?

(31)

(z=2) +f° 220

For z2q = 0 it reduces to. equation (1), while for 20 #- 0. the potential

is that of two harmonic oscillator wells separated by. 2z0 and joined
in a cusp. The problem is still of the separable type, and remarkably

enough, it still possesses exact solutions. Only the 2z part of the

solution changes, and. this solution is given by

N"z Dh%(/JTX(E’Zo)) Z 70
(z) = (32)

£ "t D, (Aﬁx@m)\ 250

Ny

Here Dh (x) 1is Weber's parabolic cylinder function, given by

: ha-: X/ r'(a\ |
Dn}(&\': A ; e ll[ (l-n%> F( z-,.'l X)

X TE3) (kD23 g,
ey (-5 FlZ )2, 74 >] (33)

When z # 0, n, is a non-integral quantum number determined by

requiring Un (z) and its first derivative to be continuous at z = 0.

This leads to the conditions
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t
O

Dn% ("/\ﬁ‘ Azo)

(odd parity) (34)

Dn/ (-/JT>\203 =0 (even parity) (35)
} .

Having given the solutions to the above non-relativistic problem,

we would now like to introduce'.the two-center relativistic equivalent

oscilllator in cylindrical coordinates. This Hamiltonian is:

PUOP T f[/o, (FxG ) +p, (z-ea)] Fpam 220

H®:

- (36)
2 =

(0, U.P+)\ [/0, (Fx U);*‘fa(?"zo—X'*faMo 7250

A typical solution is given by .the same formulas.as equations (11)-(19),

with u (z) replaced by the. Un (z) of equation (32), and n, by
z : z
the corresponding quantum number. -

However, this gives a solution only when Un (z) has odd parity
z
in the upper component,

(unless z0 = 0). To get an.even function of =z

we must use Un

-1 For instance, equation (l1) must be written as
z

ALTFFRIT Fom o Uyt
rqjC-l—) o NTAL ANt ﬁ’"‘*"¢m+\ Una
l _-,JQ ) ® e

‘(E‘W\» FP')"‘H gbm-” U"‘z‘ |

The reason for the above difference between odd parity and even parity

cases is related to the discontinuity of the potential .of .equation (36)
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For the case of the one dimensional Schrgdingerxequation, one knows

that

X, t&
d“‘x’f (X.+ ¢)- ei_li:(xo-e) = % [\/(x)“E %)Jx
X5 €

(38)

For reasonably well behaved potentials, including the potential of
equation (31), the integral on the right of this equation is zero.
Hence, the derivative .of the wavefunction must be continuous.

For the case of the above Dirac equation
2
dllj(0+é alzp(o -e) T ~RA 9/0331'/?-'0) (39)

We obtain this since the derivative of the step function
Z, Z £0
fl=) =
(=) o)

gives the Dirac delta function:

die):-22, 8@ e

For the case where Un (z)  .is zero.at . z.=.0, i.e: for non-relativistic
z
solutions of odd parity, the right hand side of equation (39) is zero.

Hence, components containing .these .odd functions of. z (for which
(- /5Xzo) = 0) will be continuous .and have continuous derivatives.

z .
However, where even functions of .z which.are not zero at z = 0 are
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involved, the Dirac equation .requires a discontinuity of' the derivative
at z =0,

Care is needed in construeting the relativistic solutions, in order
to avoid a discontinuous wavefunction. The Dirac equation requires the
wavefunction to be continuous;..it .is only the derivative which may
possibly be discontinuous in a given component. ' This is the reason for
the statement made earlier, that, .to get an.even function of 2z in the

upper component, one must use Un.;I(z), If one tried to use v, (z), -

z
n +l(z)
z

where n, was a solution of equation (35), then the function U
occuring in the second .component would be discontinuous at z = 0, and
hence, we would get a wrong wavefunction.

A question arises, however,. .at .this point, whethef=aldiscontinuity
of the derivative of the wavefunction might not be inconsistent with its

physical interpretation.. .. In .the.case of the Schrodinger equation, one

knows the probability current density to be

Te 2 (PP wAT YY)
p= WY

In that case, the discontinuity .of the wavefunction would imply a

(42)

discontinuity in the probability .current density, and. the continuity

equation
= o
VJ + é‘é‘ = 0 | (43)

would be violated. However, for the Dirac equation.the current density

is given by
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J":c‘*g;q_j (44)
o= WK

so that ] is not proportional to the derivative of -y and the physi-

cal interpretation is consistent.



(1)

(2)
3)
(4)

(5)
(6)
(7)

REFERENCES

Fong, Elementary. Quantum.Mechanics, Reading:. Addison-Wesley
(1964) .

V. V. J. Swamy and E. F. Chaffin, Nuovo Cimento, (to appear).

D. Miller and A. E.. S. Green, Phys. Rev, C5 241 (1972).

Fronsdal in Seminarwoani&bqEnergyﬂPhysies&and«Elementary
Particles, Vienna .(1965) p. 588.

Merzbacher, Quantum Mechanics, 2nd ed. New York: Wiley (1970).
Holzer, U. Mosel, W. Greiner, Nucl. Phys. A138 241 (1969).

Scharnweber, W. Greiner, V. Mosel, Nucl. Phys. Al64 (1971) 257.

36



CHAPTER IV
SHELL CORRECTIONS IN FISSION THEORY

The liquid drop model -of .nuclear: figsion, introdueed by Bohr and
Wheeler (1) and by Frenkel (2) .is known to provide.a satisfactory
description of the process :at high excitation energies; when fluctuation
effects assoclated with .the presence of shell structure in the nuclei
can be neglected.

The semi-empirical mass formula centains .three -terms which come
from the liquid drop model. The first is the volume energy, i.e. the
average energy due to bonds between nucleens.This term gives the nucleus
the right density but does not control its extent. . The second and third
terms are the Coulomb energy of the uniformly charged:droplet, and the
surface energy. The surface energy is the decrease in binding energy
due to the presence of unsaturated bonds formed by nucleons at the
surface. When we:consider deformations of the:nucleus which occur
during fission, one usually considers that the volume energy does not
depend on the nuclear,shape,ﬂiTepmnuclear matter is incompreséible.
Thus, the Coulomb and surface .energies are responsible. for .the change in
energy of the charged drop at varilous deformations, that is, they define
the potential energy surface.v At ‘'high excitation energies, these terms
give a satisfactory description of the fission process.

For low excitation energies, theoretical studies have shown that

single particlé effects can be employed very successfully in the

37
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explanation of the failures of the liquid drop model. It was known for
some time that these single particle effects could be qualitatively
connected with the observed characteristics of mass and energy distri-
butions. However, before the work of Strutinsky (3), it was not clear
how to quantitatively calculate the change in potential energy due to
these singlé particle effects. . Consequently, it was even more uncertain
as to what these shell effects .would de to inertial parameters and the
dynamics of the fission process.

In this chapter, we discuss.the shell corrections, .and in pafticu—
lar the various models based: upon the two center oscillator Hamiltonian.
This two center model remains applicable for large separations of the
two centers, i.,e. for large deformations and then-even for the asympto-
tic 1limit of two fragments separated to infinity.-:.It 1s advantageous to
consider relativistic extensions of .the two-center models, since we
would like to find out if relativistic corrections .become larger at
large deformations.

In Strutinsky's method,. .one. calculates the shell corrections for
an N-particle nucleus via.the equation:

N
€, - y £ (n)dn

’

| O

DE (N)=

(1

[~

. 4
\3

Here, the summation 1s over the .single particle energies-of the filled
levels of the shell model, .and the integration 1s over :a smooth function
.E(n) that specified the average behaviour of the single particle energy
as a function of particle number n. . In the method of evaluation

discussed by Bolsterli, et al. (4), we find this smooth function by
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expanding the Dirac delta function in a series of Hermite polynomials,

and retaining the first five or - six. terms only. Thus, we have:

. JNT s =0 @)
(- 1)~
where ™ ) )- 44" '&Ve’V)

! ' (3)

and uy\: é‘en

—— (4)

If we retain only the first .six terms in the sum.over m, we get the

smooth level density, and the result

SNé_(v\\dvx = f {:2'- én[,+%(a")]—oq-:\l_m Xe_%

=1

_J_L_T__e—ufi CMB’J H. (W)t €n Hun- (T )

m=|
+ ™ a‘ HW\"’Q ( EV\‘)‘& >
Here |

X“év\

0

(6)

U, =

where A is the Fermi energy.

In Figure 1 we show a plot.of the potential energy.in MeV as a

function of deformation for the nucleus 240Pu. The smooth trend of
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this curve is obtained from.the liquid drop model. . The small wiggles
near zero deformatipn are obtained using: the shell and: pairing correc-
tions of Strutinsky (4).: The.. 24-OPu nucleus is deformed in the ground
state, as we can see from.the minimum in the curve just.to the right of
the zero deformation line., . The second minimum to' .the right of the zero
deformation line is predicted by .the shell correction theory, and its
existence is experimentally:.confirmed via shape isomers, the energy
dependence of the cross section for induced fission (see Figure 2),

and by the angular distribution of Fission fragmentsuasnintérpreted in
terms of Aage Bohr's channél\theory.of fission (6). -

In Figure 3 we show two hypothetical plots of energy levels of
bound nuclei. The arrows point out the Fermi level. 1In the case shown
on the left the density of levels is small near the Fermi level, while
in the other case it is large. . The former case will correspond to a
decrease in the potential energy caused by the small level density, i.e.
the nucleus with the level scheme shown on the left will Ben"more bound" -
than the one on the right.

Before Strutinsky introduced his shell correction, it seemed to be
undisputed that any quantum shell effect decreased with increasing
deformation and therefore could not play any significant role at the
large deformations which take place in the fission process. However,
Strutinsky introduced the definition of a magic nucleus as being one
which has the lowest density (among its neighbors) of levels near the

Fermi level.  When one uses this definition to study shell effects, it
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Figure 1. Plot of Potential Energy in MeV Versus
Deformation for 240Pu (After
Bolsterli, et al. (1972)).
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Figure 2, Cross-section Resonance Structure in
Subbarrier (n,f) Reactions Was Hard to
Understand before the Double Humped
Barrier Was Postulated. The intermediate
structure of the 240Py reaction is now
well correlated with the energy level
density in the second well. (After
Clark, Ref. (5)).
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becomes evident that shell effects do not vanish in deformed nuclei.
This is 1llustrated in Figure 4, a plot of some hypothetical energy
levels versus deformation.. . The illustration has cireles .in it showing
regions of low level density. It is evident that nuclei with Fermi

levels in these regions will be more bound than otherwise.

A

N

3

O

;
i

DEFORMATION

Y

Figure 4. . A Hypothetical Level Scheme
* Showing Regions with Low
Level Density with
Circles.

From the above discussion, we see that in order to estimate shell

corrections to the potential energy surface, one needs a model which
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gives energy levels as a function of deformation. .The.varioﬁs models
include parametrizations :based .upon Woods. Saxon wells, oﬁe,center
oscillator wells, and two center -osclllator wells.. We will restrict
our discussion to the oscilllator models.

The original one center oscillator model for deformed nuclel was

given by S. G. Nilsson .(7).. In .this model one starts with the

Hamiltonian:
Pod
H= H, + Chls +DUL
(N
where
‘K / I /)
H,=- __.A+lm(wxx ruyf oy *W 2
For u& = u& # QE’ we have axially symmetric deformations of the type

considered by B. Nilsson.(8).. In.this case one.may write the potential,

including a term proportional to APA(cose)‘
nNA A A A A
V= rEnee )l SeRE N Jr 26y Ryt 4,30 |

~ e, Ko s + (83~ <2’ skutﬂ (8

where &, TN, ¢ are the "stretched" coordinates:

éi = x 4/ k:jJL = /\l x
YT -y

(=2, )55 = )2
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and we have added a term
——— 2 _—y ——
D <L %kell = =D tN(N+3) (10)

which keeps the 22 term from reducing -the shell.spacing. (the separa-
tion between the average energies of shells N and N + 1).

In this model, one determines the oscillator constant w as a
function of the deformation parameters € and € by imposing the
condition of constant volume. -.That is, since nuclear matter has a low
compressibility and since>nuclean.£oxces-have'short.range, we can
determine ® by requiring the wvolume enclosed by the equipotential

surfaces to be conserved. For example, for 1 = 0 this leads to the

equation
o
U\)O
o T Tletmzel D
2 27

In order to find the .energy levels of a nucleus .as .a function of
the above ¢ and < deformation parameters, one. must diagonalize the
matrix of the Hamiltonian starting from the basis for the isotropic
harmonic oscillator. The application of the results of such a
calculation to shell corrections has been reported by Nilsson et al.
9.

The two center oscillator Hamiltonian

T 2,4t 2 £
) = J-[Dz+"“ )Y (ﬁd (242,) Va z» o)
0~ 2m < om ¢

(12)
(eeE) Rt 270
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has exact solutions for all values of 2y as was diseussed -in Chapter

3. It has been introduced as a model for obtaining shell corrections by
> = -2

Greiner et al. (10-14). One simply copies the %.S and £° terms of

Nilsson and obtains

20 -5 +ul(Br-2NINT3)) 220

i
H= - »
S L PSRN cHsv )

(13)
Z,20

, - >
Here 21 and 22 describe. the angular momenta with respect to the two

centers at z = -z, and  z = z, respectively. We add these extra

terms in order to obtain the correct .energy level schemes at zy = 0
and zy = % that is -to match:- the known spins and parities of nuclei.
As in the Nilsson model, one determines w . (or A)- by the condi--
tion of constant volume.' However, in this model, contrary to the
Nilsson model, the conservation of the volume of any one equipotential
dqes not lead to the same . W as another equipotential. Several
prescriptions have therefore been tried, including :conservation of the
volume enclosed by the'equipotential at the nuclear surface. However,
in spite of the uncertainties in w arising from this source, it has

been found that calculated energy levels are rather insensitive to the

choice of w, as far as relative position i1s concerned.
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CHAPTER V
THE MODEL: -BASED. ON..THE DIRAC EQUATION

In Chapter -IIL we introduced. a relativistic:equivalent oscillator
in cylindrical coordinates, and: extended it’to a two center model. We
mentioned the fact that for 2y = 0 the Hamiltonian did not possess
spherical symmetry, and suggested a procedure to correct this. This
procedure, which makes use of the Foldy-Wouthuysen .transformation, will
be discussed in this chapter, .and the details of the model: for calcu-
lating the energy levels of the deformed nucleus will be discussed.

When one applies the Foldy Wouthuysen transformation to the

Hamiltonian
H= prop +f3mo N [/A, (?-"z'o’)zJe/oza] - ()

one gets, correct to order 1/m0

pr: /b%mo'*'gw\ . (P e +f3 %\e {Lg*a,f—’“z'*-_z('% A& 2)

We notice that, in addition .to the. rest mass-and isotropic harmonic
oscillator terms, we have additional terms which cause splittings
between states with different m.. values. For states belonging to the
same j,& values, this splitting is a violation.of spherical symmetry,

and should not occur at z0 = 0.
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In order to remedy .this situation, the following prescription is

proposed. In the first step, we.write down the new Dirac equation

< /0‘3.'); e ¥ ) (‘gc)[/o, (Rx7 )4 2 %]*/3 "“oc?'/{;%‘i{i %@3 )

With the new term included,..the. Foldy-Weuthuysen: transformation to

order l/mO gives

e NE m e + s Qiﬁofplif,\%ﬁ;r) L.,é Nme) b0 )

Moc?
For positive energy states, we put: pgs=‘l, and in this: non-relativis-
tic limit the spherical symmetry is restored.. -However, .in higher
order,; there still exist terms wiolating spherical: symmetry, and these
must. also be removed if we are to:.calculate the relativistic corrections
properly. When we do the Foldy-Wouthuysen transformation to order

l/m3, we obtain
0 2 3
N e

Hep = P 4-{03;; {f;ﬂﬂr‘lh I—"fé v heg

" QMECCG £ (Lgt 332 4/\ g’hi (i +/0& Vhoz (I>o+\q(f\c)lr}>

_ ?‘ylnzcé /)3 (‘FQC}_")\"! ['Kc)zr ) kH%d (/ o) e

: fB In, )f F%C-l—/gcgzl

(5)

‘MC
We will discuss the removal of the:.contributions. of the -objectionable
terms in this expression, .which..is the second step in. the .prescription,

after we get the solutions for the Hamiltonian of equation (3).
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In matrix form, we may write equation (3) as:

Hiuu( TE = 1
= » 2 ¢ 2 1 X
M, L2~ - );:50 cc:_ (L, +§:g\) O &C—LA (’N.)Z Cfx'lfy)ﬁb\ ("F.CY‘D(‘Y

k3 '\
O mE- *—.(_“LJ(L;R) (e btiey) —fC ~ e

fzc-lil,/\ k)2 (?x ty\/)c EX *ﬁc) b(*)') -m o~ E+)‘2(’” Lz-l—?"h) 0

(FXN‘PV)CJ,XZ[%L)(L‘x-y) —cmuszm\% O —mo@—&%")a{g&)

4

Due to the nature of the term we .add .to..the.Hamiltonian of equation (1)
to get equation (3), the form.of the solutions of equation (3) can be

deduced from those of equation (1):

"O{ FP»\¢M L’lnz.
‘f)z‘j(‘}):(HM“E) EF%M+[¢M+1 ‘/{V\;_ﬁ ( _— o

Fom C/ﬁm Uatl | (7)
hc? F YL ¢MH MV\% J

Combining equations (6) and (7), one gets equations to solve for a, b,

E—1

c, d and a secular determinant of order 4 to solve for the energy

eigenvalue E. These are

= 2 9/x
E‘ j—;\)’“:d“ +A N (k)ZLQfﬂman-l-zi};_'/:ag ‘:C, (N2+M"’T+5. )ix )
} Iy
wnere xzzx“(miﬁ (L NN Y OLRNED
(9)
A (ke )

~ T w0 ,\f(f-f-m-u\(h;,ﬂ)
DENOM

a

L=

(10)
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_Aru\(rkc)ﬂjv\%;, ' [I X SXI[’L’\c j;+m+:) (11)
{‘Muc _E1 Az(m STV )13 Dmm

| (12)
4= —Qiu’&cwfﬂwﬂ q b‘ >‘ ﬁ‘f, — (r, +1)

2-my, ~E + A—_;(‘ii’zm- g—,y) D-E NoM
]

et

It is possible to check these.solutions by:-another method;:which is the

where

DENom = [{N\,cq' N (‘V(}

diagonalization of the Hamiltonian of equation (3) in:the basis of the
solutions of equation .(1). .. The same answers result.

. One notices that, .at first:sight, there appears to be a zero point
energy of g-ﬁw in equation:.(8).  However, when one.considers the
nonrelativistic limits of.the .expressions (8) through (13), one finds
that the actual zero pointignergy.is %-Mw. Part of this comes from

the x 1in equation (8). . For the upper sign in front of. x, we get.

%vﬁw, and we find that b 1s much .larger than a, c, or.d. Hence, in
the non-relativistic limit, the upper sign corresponds. to a spin down
solutiog..vSince m + 1_mandv‘nz.+ 1l occur.in the: second component of
the solutions, the %-Mw really corresponds to %ﬂﬁw.' For the lower
sign we get spin up solutions. with the correct zero. point energy.

We return now to. the removal iof the terms.which violate spherical
symmetry. If one expands equation..(8) in a Taylor. series, one gets

27 2 ~ Y
E+ = mocz t+ /\M(‘V‘C) [2?; -HW\|+Y\2 +2 1 /\ !'KC

[ c?
awéé Limbsmes )*’2(3?*““”J+:z(-21>+1m)+n{§)

X6 (ke P
- (QP-\-IM\‘H‘\;‘)’% - Q 4 [,?rw? L0 > (14)
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Comparing this equation with: the Foldy-Wouthuysen transformation of
equation (5), we find that the spherically symmetric Hamiltonian to
this order is given by

2 2
H= = 2t i), S oo ol \ Vcar]

-~ S A (ﬁc [rc,h\*{c\r +-)\ (%) (H/OB 1 (15)

with eigenvalue

4
El‘ E - A 'KCG,EM+M+-l1+ 'tC Ch,z_‘*')‘*‘—ﬁ'c' [Q,T.H | N +_1

= 2mdc (16)
where E is as in equation (8).

Having found a spherically symmetric Hamiltonian to this order,
the next step is to consider...zO #. 0. One finds that' the same proce-
dure as above may be followed.. To get a level ordering scheme that
gives the correct spins.and parities of nuclei for zy = 0, one adds the
terms

> - > -
HSF = K [4a) (9/9’5*-,0 (= </@L>51\ul> > a7
to the_above Hamiltonian,..and uses numerical diagonalization of large
matrices to obtain the new .eigenvalues.

The relativistic problem differs from the non-relativistic one
solved by Greiner, Scharnweber, Mosel (1) in that: it is necessary to
include the negative energy solutions in' the basis: of the matrix
elements. There are non-vanishingrmatrix'elements-of.ﬁz:; and ﬁkz

between positive and negative energy states,
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The matrix elements of &8 and 7!:2 can be calculated easily
using the ladder relations given in Chapter III. For positive energy

solutions, with odd functions of = z in the top ecomponent, one finds:

(%‘M'n' ')’0.5 P"\Y\) PM)\’ QP"’\" ( )gpf ! gn/h_z

] ~ S RN, (pt raxlely / "IN 7—>\2¢)D\'4IDn;LL
)O?Ml,\ drw\ ( m\r %(.f‘f = +)>Sf[° ! h/ n o+ 2

lblf,\o“?m}é anl 200+ 1) ( P'} ““' M )S

plpet B O ’V\%
+L af,:m,\z ey - Sud 2lng Yfpr2E iy 3)5))

o b MHM! : '"3' ne*
QPMM Brang (S (* )Sffg}w’ ,\(n}{‘\i Q)D HE\?‘QD('&)‘ZJ

+ L?;’M'hz' L)Pmy\ (‘i (V\*l)) S ‘P SW\ ng\ ly\%
b iy, Gomng (J.m) 5plp Oml SAH\%
N, L]
mf=m N X 0 ,\+| 'y
P 'dwr( Snanalp EE rwgwme - ,V‘j—:;zz s
+4 CY)M, } d})w\ he (‘ M’\JE(‘\#\\(YJ—MJ—'K\I-)')) gff SM'M SY\_?’ Ny
+4 d/ )Mlv\z\ C})N’\?{ M/\JQH+'>(F+M}'M’+)) (ff) Ew\}w\ 5;\2( f\a_
+ s )M] th
iy Conny 5P ) Ol prs e F @’%f Dy {%)
+ JPIN d?""‘:} [‘2(M+‘)> Sdo p Sl m Sr\; Ny

P+l

(18)

|er\l . A K(JN\ 3 f ol h) ! qf'“‘ XM +n2(;zf>+iwl+2)+ n +l)(.’2r+mj§
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*
+ b?,m;h ) bfm,\%g(mw)z—h{hz-i-l)(,?)oﬂmlfa)?f-(njl)@?drlmI-H 54,!? W Iny
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Energy Levels Calculated via the Present Model
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To apply the above results. to the calculation of the shell
correction, one needs to put the volume conservation.conditions.to
determine the oscillator constant, and-use the linear relations
discussed in Chapters IV and III. to get mu and kappa.: The energy levels
which result for a nucleus .in. the lead regieon,. calculated. by-diagonaliza~-
tion of a 224 by 224 matrix, are -shown in Figure-5.: ..The subroutine

used to diagonalize this matrix was-the.SYMQR routine of Stewart (2).
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CHAPTER VI
SUMMARY

In the first part.of this weork, we:discussed. the relativistic
covariance properties of . the Dirac. equation,-and feund that the
relativistic equivalent oscillator in.spherical coordinates. corresponded
to a Hermitian operator, which was introduced as. a four-vector in
the Dirac equation. We. discussed..the group theory .of the equivalent
oscillator, following the. work of Chaffin (l). . We then.gawve: an enlarge-
ment of the non-invariance group to  SU(2,2) X SU(2). -A representation
"in the E  series of Yao.(2) was found to be applicable.to.the problem.

When we discussed the equivalent oscillator in cylindrical coordi-
.nates, it was found that certain modifications were:necessary to satisfy
the relativistic covariance requirements. - We first performed a Foldy-
Wouthuysen transformation..of .the Hamiltonian, and identified the terms
which violated spherical symmetry when zg = 0.  We.then subtracted
these terms from the Dirac Hamiltonian.to obtain .the new model. In the
actual calculations, we .did. .these .subtractions: through third order in
l/mo.. They could, in principle, be .carried out -to higher order, al-
though the extreme relativistic limit (v = c¢) could not be treated by
this expansion method.

In Chapters III and IV. we discussed. the. Strutinsky .shell correction

method (3). This method applies .shell model energy .levels to calculate
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changes in the potential energy surface of a nucleus due to a high or
low density of levels near. the .Fermi level, and provides a necessary
clue to the interpretation.of many recent experimental results. One
version of calculation relies on the two .center model. of Greiner, Mosel,
and Holzer (4).
This method uses a . zero-order-.two center oscillator Hamiltonian
- which possesses exact .solutions .for all walues of the.separation of the
two centers, The zero .order Hamiltonian must be modified to give a
level ordering for ZO"='0 which matches the spins. and parities of
known nuclei, according to the shell model. This is done by adding
spin orbit and orbital angular momentum squared type .terms to the
zero order Hamiltonian, in accordance with the method of Nilsson (5).
When we developed the two center Dirac equation, which had exact
solutions for all values .of .the separations of the .two.centers, it was
found that the potential became .discontinuous .at .z = 0. for non-zero
separations of the two centers of attraction. This led to different
n, quantum numbers from the non-relativistic case. . For.odd functions
of 2z, the con&ition for dete;miningr n . was found to be the same in
the relativistic case as in .the .non-relativistic case, this condition

being

Dnz(—fszo) = 0,

For even functions of 2z, . it was .found that while the non-relativistic

condition was

|
o
-

;D'.\ (~/2rz ) =
n, 0
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the relativistic condition“was that n, should be an odd parity n,
value minus one. This led .to a .different' behaviour of the équivalent
oscillator solutions from the non-relativistic oscillator solutions
for zq greater than zero.

Since a deformed nucleus has different properties from a spherical
nucleus, one mighﬁ expect .the contributions of relativistic corrections
to be larger. In recent .years .the theory of nuclear matter has been
developed, and has shown .that .the mean free path of nucleons in nuclear
matter is long compared .to the.size .of real nuclei. .This is one reason
for the failure of the liquid drop model, since'molecules in a liquid
have a short mean free path. If .one considers the .constriction of the
neck which occurs in nuclear- fission, and the resulting constriction of
the equipotentials, onquight‘expect this constriction to.*'push" nu-
cleons along, and lead in .some.fashion to larger relativistic correc~
tions than those occuring‘in‘spherical nuclei. It is tempting to
identify the effects of our discontinuous potential at z = 0 with
these constriétion of the neck -type effeéts.

Howéver, as z, approached infinity, it is found that the 1s

0
level with an even function .in .the upper component approached %-Mw
in energy. To get a proper asymptotic wvalue of g-ﬁw, we apparently

need a new zero order Hamiltonian.



(L
(2)
(3)
(4)

(5)

REFERENCES

F. Chaffin, J. Math. Phys. 14, 977 (1973).
Yao, J. Math. Phys. 8 1919 (1967), 9 1614 (1968).
M. Strutinsky, Sov.:J. Nucl. Phys. 3, 449.

Holzer, U. Mosel, .and W. Greiner, Nuclear Physics Al38, 241
(1969).

. G.. Nilsson, Nuclear Physics Al39, (1969) 1.

62



.. .SELECTED- BIBLIOGRAPHY

Bohr and J. A. Wheeler, Phys. Rev. 56, 426 (1939).

. Bolsterli, E. O. Fiset, .J.. R. Nix, and J. L. Nortom, Phys. Rev. C5,

1050 (1972).
D. Clark, Physics Today 29, 23 (1971).
Holzer, U. Mosel, W. Greiner, Nucl. Phys. Al38, 241 (1969).

Nilsson, Nucl. Phys. A129, 445 (1969).

. G. Nilsson, Danske Videnskabernes Selskab Matematisk~fysike

Meddelelser 29, nr. 16 (1954).

Scharnweber, W. Greiner, U. Mosel, Nucl. Phys. Al64, 257 (1971).

. Scharnweber, W. Greiner, U. Mosel, Phys. Rev. Lett. 24, 601 (1970).

M. Strutinsky, Nucl. Phys. A95, 420 (1967).
M. Strutinsky, Nucl. Phys. A122, 1 (1968). -

M. Strutinsky, Sov. J. Nucl. Phys. 3, 449 (1967).

. M. Strutinsky and S. Bjornholm, Nucl. Phys. Al36, 1 (1969).

M. Strutinsky and C. Y. Wong, Rev. Mod. Phys. 44, 320 (1972).

63



APPENDIX A
PROGRAM FOR. CALCULATION OF. ENERGY LEVELS

This program,written in the FORTRAN language, caleulates the energy
levels of nucleons according to the model Hamiltonian. In the basis
given by the solutions of the zero .order Dirac Hamiltonian, the matrix
elements of the additional .spin—orbit, angular momentum 'squared, etc.
terms are calculated. The number .of states included in the matrix must
be the same as the number of states which are included in the closed
shells of the isotropic harmonic oscillator. The numbers NSHEL and N
are thus related. For‘NSHEL = .5, . N must be 224. . The oscillator
spacing; the number .zo,.,the.coﬁstants mu and kappa, as well as the
mass of the nucleons (protons .or neutrons) must be .supplied for each
run. On the IBM 360/65 at Oklahoma State University, it was found that

it takes 7 minutes 40 seconds to run .the program. . This program is for

z # 0,
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‘PROGRAM FOR CALCULATING THE MATRIX ELEMENTS AND DIAGINALIZING

THE MATRIX. THIS PROGRAM IS FIR Z0 NOT EQUAL TO ZERO.
THE MAIN PART JF THE PRIGRAM WAS WRITTEN BY EUGENE CHAFFIN.
THE SUBRIJTINE SYMQR WAS BIRROWNED F2IM PUBLISHED WIRK IF 3.W.
STEWART IN CACM. THE PROGRAM WAS USED ON THE 360/565 AT 0OSU AND
USES OOUB.E PRECISION (REA_*8) VALUES FOR FHE MATRIX ELEMENTS.
FEAL®8 ZD,XLAM,X

AEAL*8 D_(224),EL(224),K0,ZPS,AM(224,224)

REAL%3 NZMLyNZPLyNZP2,NZP3,NIP2 1, NIPM]L, NIM2

SEAL®3 NIM3,NIPP2,NIPP3,NIPM2

2EAL %8 DIy IPyD>RPN, DN, ZNIIM, F11,N3AM,DA

REAL*3 NZTE,NZPTE

INTEGER FAIL

REAL#3 NZZ(7)ysNT,TEST

REAL®S A(%93,1146)9B(4y391195)9C49391196),0(%y3911,6)

REAL*3 MI2,E,Fy3,4,DSIAT,IABS,DUM, IENDM,DEM

REAL*8 ENy FNyPyYyNZ

REAL¥3 KAPPA,MJyNTP,PPyMP,NZP,MAXP, DUM2, DUM3, DUM&, DJ45, JIN6,dUAT,
1DUM8 , DUMY

FEAL¥8 YJ,0DD(3,7),ZN0R(8,7),2DP(3,7)

LIGICAL ABSCNV,VEC,TRD '

VEZ HAS THE VALUE .FALSE. IF d— D0 NOT WISH THE SUBRIUTINE
SYMQR TO COMPJTE THE FIGEVVECTIRS.

VEC=.FALSE.

ONE CHANGES THE SIZE OF THE MATRIX TO INZLUDE MORE SHELLS BY
DEFINING VALUES FOR N AND NSHEL .,

NSHEL=5

N=224

NA=N

LLL=N

MC 2= 938,25600

H IS THE OSCILLATOR SPACING

H= 7.750)

MJ= 0.6086D0

KAPPA=0.36271D)

20=2.450D0 .

X 1S THE ARGJMENT IF THE 7 DEPENIENT PART OF THE WAVE EUNCTION
FOR THE CASE 7=7, v

X=-1.5D0 v v .

XLAM TS THE DSCILLATI® CONSTANT LAYBIA
XLAM==X/ (DSORT (2.D01%20)

NZZ(1)1=-0.791326690248327)0

NZZ(2)= 1.2086733097515673D)

NZZ(3)= 2.64266582825950N0

NZZ(4)= 1.6426658282596000

NZZ{5)= 2.20789282721751D)

NZZ(6)= 3.20080282721751D0

NZZ(7)=3.82943382751508D0

DO 902 NI=1,8

DO 902 NJ=1,7

NIMLI=NT-1

IF(NIML.EQ.O)INZ==1.D0

IF(NIM1.EQ.0)GD TO 901

NZ=NZZ(NIMLlY

CONT INUE

YJ=NJ

TFI{NJ.LE.4INZ=NZ+YJ~1.00

IF(NJ.GT.4INZ=NZ~-YJ#4 DO

DDDINIZNJI=DDINZyX)
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INORR(NI ¢y NJ)=ZNORM(NZ X 420)
DDP(NT,NJ)=DP(NZ,X)
902 CONT INUE

L=0

THE MATRIX ELEMENTS ARE STORED IN AM(N,N)

INITIALIZE THE MATRIX ELEMENTS T3 7EX3

DO 500 LL=l4LLL .

DO 500 LP=1,LLL

AM(LL,LP)= 0.DD

500 CONTINUE

SET UP A LDOP AMICH GETS THE 2JANTUM NUMBES JF THE SOLUTIONS

PROCEEDING SHELL BY SHELL AND DEFINING THE LAIGEST VI3ATIVE M VALUZ

WITHIN A SHELL FIRST.

IN THIS _JJP WE DEFINE PART JF THE DIAGONAL ELEMANTS DF THE MATRIX

AND FIND THE CONSTANTS AyB8yCyD WHIZH JCTUR IN THE DIFFZIENT

COMPONENTS DF THE WAVEFUNZTION.

IN=0

NT= 0.D0 '

10 M==NT
I[M==IN
20 MAX=NT-DABS (M)

TEVEN=IN-TABS(IM)

IF(TEVEN.EQ.0)INZ=D

IF(IEVEN.EQ.0)GO TO 29

TEVEN= (=1 )**EVEN

IF(TEVEN.LT.0)INZ=1

IF(TEVEN.GT.0)INZ=0

29 CONT INUE
INZPL=INZ+1
NZ=NZZ(INZP1)

30 CONT INUE

IP=(IN~INZ-TABS (IM)}/2

P=IP -

TF(M.LT.=0.1D0)J=T1ABS(IM)+5

IF(MaGTo=0.1D0) J=IM+1

I=1P+1

K=INZ+1 _

1 E= 1.D0#2.DO% (H/MC2)%( 2.00%P+DA3S(M) #NZ+2.5D0 ) #HKH* (M€ U+4+1,2530
1)/(MC2¥M22)

G= 1.0042.DO%(H/MC2)%( 2.DI*+DASSIM)I+1,500) #4%4k (UEM+4+0.25D0) /
1(MC2%MC2)

G=DSQRT(53)

E= E=2.D)% (H/MC2) %6

E= MC2%DSQRT(E)

L=L+1

AM(LgL) =E—H¥H* (MEM+M40.25D0 )/ 2.DI*4C2)

AMULy LY =AM(L L) #A%H%( 2. DO%P+I83S(M) +1.500} /MC2

AM(L,L)=AM(LyL)+<APPARHEMU 0,5D0NTH(NT+3,D0)

3 A(leIydsK)= 1,00 .

DUM= 2.D2*(P+(4+DABS(M))/2.D0+1.30)&(NZ+1.DO)

DUM= =4 DI EH*H¥MC2%DSIRT (DY)

DENOM=( ( (M22=4%(M-0.500) ) €#244.D0%*4C2% (P +(M+DABSI M) )/2.70
L#NZ/2.D0+1.5D0) ~E*E) % (=MC2-E4H¥ (M+1.500) ) =8 DO*MC2¥HEHE (P + (
2M+DABS (M) 1/2.00+1.03} )

 Bl1ly1yJsK)= DUM/DENOM

IF(MoLTo=0.1001B(1yTyJrK)==Bl1s1,d,K)

DUM= 2.DJ* (NZ+1.DJ}*MC2¥H

DUM=DSQRT (DUM) / (~MC2-E+HE(M+1.5D0})

C(L1yTyJdy<)==~DUM* (1. DO+8 .DI%MI 2%H*¥H* (P+(4+DABS(M)1/2.10+1.30)/



1 DENOM)

DUM=(P+(M+DABS(M))}/2.D0+1,30)%MC2¥%H

DUM= =2.,D00%DSQRT{DUM} /(-422-E+4%(M4~0.500})

IF(MelLTe =2.100)DJUM=~DIM

D(1yI1,Js<)= DUME(1,D0~%,D0%ML2¥HEH X (NZ+1.D0O)/DENOM)
DIM= 1.0)#B(ly sy KIEX242(1y14J,<)®%2¢D(1y1yJyK)EE2
DUM=DSQRT {DUM)

AllyIsyJy<)= 1.D0/DUM

BllyIeJe<)= B(1l,1,JsK)¥/DIM
CllyT9JeK)=C(1,I4JyK)/DUM

D(l'I'JQK)=D(1119J1K)/DU“

IF(IM.LE.O0)P=P-1.D0

M=M-1,0D0

IF{INZ.EQ.JINZ=-1.D0

IF(INZ.GTOINZ=NZZ(INZ)

E= 1.0042.00%(H/MC2)%( 2,)0%3+3A3S(MI#NZ+2,520)#4%H6(UxM$M+1.25))
1) /7(MC2%MC2) ‘

G= 1.0042.,00%(4/MC2)%( 2.,D0%#P+DABS{M)+1.5D0)+-4%xH&(MEM+M+) ,250D)/
1(MC2%MC2)

G=DSQRTI(G)

= E+2.D0%(H/MC2) %6

F=MC2%DSQRT (F)

B(2yI1,39K}=-1.D00

IF{MLT .=-0,100)B(291yJ,K)==-8(2s149J9K)

DUM= 2 ,D)%(P+{M+DABS(M))/2.D0+1.D0)%(NZ+1.D0)

DUM=~4 DO &H&MC2¥DSQRT (DUM)
DEM=(((MC2~-H®&{U+1.5D0) )%%2+ 4, DOk 2¢(P+{M+DABS(M))/2.D0#NZ/2,D)

67

1+1.5D0)~F#F )% (~MC2=F+H& (V=D ,5D0) }+3 . DO 2*H& 4% {2+ (M+DA3S( X)) /2.D0

2+1.D0))

Al24y19JyX)=~DUM/DEM

DUM= (P+(M+DABS(M))/2.D0+1.D0)*MC2%H

DUM= =2.,00%DSJIRT(DUM) /{ -M22-F+H%(M+1.5D0))
Cl2+19d9K)= DIME(L,DI+4.DI%ML 2% HkHE (NZ+1,D0)/IEM)
DUM= 2.,D0%(NZ+1.D0)*MC2%H

DUM= DSQRT(DUM)/(=MC2-F+H¥{4-0.5D01}))

IF{M.LTs =D.1D0)DUM=~DJM

DE2s1sJ9sK)= DUME(1.D0=8.D0O%¥MC2¥H®kHE (P+(M+DABS(M))/2.D0#1.D0)/DEM}
DUM= A{2y 193 J oK) %&2+41.DI40( 2,1 ,J,<) ¥ %24D(2914JyK)KE2
DUM=DSQRT (DUM)}

AlL29s 1909 <)=A{2,14J,K)/OUM
B{2yIyJ9s<)=8B12,1,J,K)/DUM
Cl2219J9KI=C{291,J9K)/DUM
D(Z'IvJv()=D(2vI'J1K’/DUM

L=L+1 :

AMIL yL ) =F=H¥H* (M&M+M+0.250) )/ ( 2.D0%M4C2)

AMUL oL )=AM{L L )=~4%H%( 2. D0%P+DA3S(M)+1.5D0)/MC2
AM(L oL )=AM{L L) +KAPPAXRHEM % D SDO®NTX(NT+3,D0)
M=M+1.0D0

IF{IM.LE.O)P=P+1,.D0

= 1.D042.D0%(H/MC2)%( 2,DI%>+DABS(M)+NZ +2.5D0 ) +4*eA&(M&EM+M+1,.25)0

1) /7UMC2%*MC 2)

G= 1.DO+2.DO%{-4/MC21%( 2.D0%24J43S(M)+1.5D0) r4%{%x{MEMEMEI,25DD)/
1(MC2%MC2)

G=DSQPT(3)

E=E~2.D0% (H/MC2)*G

E= MC2%*DSQRTI(E)

EN=~E
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L=L+1

AMULyL )=EN+HE4E(MEMEM$D L 2500) /0 2.D20%MC2)

AM(LyL)=AM{LyL)=H%H*(2.D0%P +DABS(M)+1.5D00)/MU22

AMILyL)=AMIL yL)+KAPPAXARMU%R D,5D0ENT%(NT+3.00)

C(3,1,49X)==1.D0

DUM= 2.D0%(P+ (M+DABS(M))/2.0)+]1 .DO)IX(NZ+1.D0)

IUM= 4, I0RHRHEMC2%DSQAT(DUM)

DENOM= ({ (MC2~H&(M~0,5D0) ) %x%2+64,30%{%M_ 2*(P*(MfDA3S(M))/Z Do
1*NZ/2-DO*1.5DO)-EN*EN)*( MC2-EN-H¥(M+1.500) ) +8.,D0%MC2%H&H& (2 +{
2M+DABS(M) )/ 2.D0+1.D0))

D(3,1yJyK)= DUM/DENOM

IF{MeL Te=0e1D0)D(3519JsK)==D(341y4yK)

DUM= 2 .D0%(NZ+1.D0)%«MC2%H

DUM= DSQRT (DJM)/( MC2-~EN-H%{(M+1.5D0))

A(3919yJ9K)= DUMR( 1.D0~-BDORMC2¥HFHE(P+(M+DABS (M) )/2.D0+1.D0)
1/DENOM)

DUM= (P+(M+DABS (M))/2.00+1 .00 )%MC2%H

DJIM= 2,I0%DSQRT(DUM) /( MC2-EN~H%(4-0,5D0))

ITF(MeGT~0.1D0)DUM==DUM :

B(391yJyK)= DUME( 1.DO+4.DI*MC2%H&HE(NZ+1.,D00)/DENIV)

DUM= A(3,1,J,K)%%248(3,1,J,K)&k2+1,D0+D(3,1,J,K)%%2

DJM=DSQRT (DUM)

Al3,15J9K)=A(3,1,J,K})/DUM

3(31 IvJv()’B(31[1J,K)/DU\1

C(3,14J9K)=C(3,1,J,K)/DUM

DE3y14J9X3¥=D(3,1,J,K)/DUM

IF(IM.LE.O)P=P~-1.D0

M=M'—1.DO

NZ=NZZ(INZP1)

E= 1.D042.00%(4/1C2)%( 2.D00%24J403S{M)#NZ+2.500)¢4kAx(MEMEM+],250D
1)7 ({MC2%MC2)

G= 1eDO0+2.20%(4/MC2)%( 2 DO*P+DA3S(M)+1.5D0) +4 %4 ( MekM+M+D.2500)/
1(MC2%MC2)

G=DSQRT(5)

F=E+2.D0%(4/MC2) %G

E=MC 2%DSQRT(F)

FN=~F

=L+]1

AM{L L J=FN#H x4 & (MEM+440,2520)7( 2.20%M32)

AM(L yL)=AM(LyL)#+H% H®(2,D0%P +DABS(M)+1.500)/M22

AMIL yL)=AM(L,L)+KAPPAX4%MU%X 0 5D0XNT*(NT+3,D0)

D(4y1yJs€)=-1.D0

IF{(M LT oe=0.100)D(4yI5J9K)=~D(4,IyJyK)

DUM= 2.D0%(P+({M+DABS(M))/2.D0+1.D0)%(NZ+1, DO)

DUM=z 4 DO XH*HEMC2%DSQRT(DJVM)

DEM  =s{((MZ2-H&(M#+]1.5D0) ) %¥2+4,D0%AMC2%(P+(M+DABS(M))/2.]0
L4NZ/2.D0+1.5D0)-FNRFN)&({ MI2~FN-H&(M=0.5D0))<8.00%M22k4k4® (P+{
2M#DABS (M) )/2.D0+1.D01))

Cl4,y14J9K)= DUM/DEM

DUM= 2.D0*(NZ+1.DO)*MC2%H

DUM=DS QRT (DUM)/( MC2~FN-H%(M=-0.5D2))

DUM==NUM

IF(M.GT.-0. lDO)DU“—-DUW

Bl4yIyJyK)= DUM*( 1.DO+8. DJ*“’Z*H*H*(P*(H*DABS(H’)/2 D0+14D03/JEM)

DUM= (P+(M+DABS(M))/2.D0+#1.D0)%MZ2%H :

DUM=~2 ,DI%*DSQRT{DUM)/( MC2=-FN=H%*(M+1,5D0))

DUM=~=DUM

AlGy 199X )=DJME(1.D0~4e DOXML 2%¥HRHE(NZ+]1.D0) /DEM)

DUM= A(Ge Iy JsK)%k%24B{4y Ty )y )*%24C0 4y 1y JyK)%%2+1,30
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DIM=DSQRT {DUM)

A(‘!-y[,J,’("—'A(Qo[prK)/DUM

BlayloJde€l= B4y ,J,K)/DUM

Claylyd9<)=Cl4y1yJyK)/DUM

0(40I'Jg()=D(4,IpJ,K)/DUM

CONT INUFE

M=M+1.D0

IF(IM.LE.O}IP=P+1.D0

NZTE=INZ

TEST=MAX-NZTE

TEST=DABS(TEST)

IF(TEST.LTs 142-03)33 TO 40

INZ=INZ+2

INZP1=INZ+1

NZ=NZZ{INZP1)

GO T0 30

TEST=NT-M

TEST=DABS(TEST)

IF{TEST.LLT. 1.0-03)6G0 TO 52

M=M+1,D0

IM=TM+1

GO 10 20

NT=NT+1.00

IN=IN+1

TF{INSLEJNSHEL)IGO TO 10

WE NOW SET UP TWO NESTZD L30°S INSIDE WHICH PRIMED AND

UNPRIMFED QJANTJIM NJUY3ERS ARE DEFINED CI3RRIESPINDING T2
THE TWO WAVEFUNCTIONS OF A GIVEN MATRIX ELEMENT

WHEN THESE QUANTUM NJUM3ERS ARE DEFINED, WE PROCEED T3 G0 THROJSH
AND CHECK TO SEE IF vARIOJS <RIENECKER DELTAS ARE ZEJ, AND
T3 INCLUDE THE CONTRIBJUTIINS OF THE VARIDUS TERMS IN THE MATRIX.
ONLY THE LOWER TRIANGLE 3F THZ MATRIX IS DEFINED, SINCE THIS ALL

THAT SYMOR REQUIRES FOR THIS SYMMETRIC MATRIX.

IL=0

JL=0

IN=0

NT= 0.D0

M==NT

IM==1IN

MAX=NT~-DABS (M)

TEVEN= IN-TABS(14)

IF(IEVENL.EQ.D)INZ=0

IF(IEVENL.EQ.O)GD TD 129

TEVEN= (=1 }¥*TEVEN

TIF(IEVENSLT.D)INZ=]

IF(IEVEN.GT.O}INZ=0

CONT INUE

INZPL1=INZ+1

NZ=NZZ(INZP1)

CONT INUE

IP=( IN-INZ-TABS({IM))/2

P=1p

IF{MTa=0.1D0})J=TABS(IM)+5

IF(MGTe=0,1D0)1J=1IM+1

I=1P+1

K=INZ+1

DO 139 IS=1,4

JL=JL+1

IL=JL
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220

229

230

235

NTP=NT

INP=IN

Pp=p

MP=M

NZP=NZ

MAX P=MAX

INZP=IN?

IMP=1IM

1pp=1pP

I1sP=1IS

I1p=1

JP=J

KP=K

GO TO 235

MP=«NTP

IMP==INP

MAXP=NTP=-DABS (MP])
TEVENP=INP-TABS (IMP)
IF(IEVENP.EQ.Q) INZP=D
IF(IEVENP.EQ.0)GO TD 229
TEVENP=(-1)%*TEVENP
IF{IEVENP.LT.0)INZP=1

IF{TEVENP .GT.0)YINZP=0

CONT INUE

INZPP1=INZP+1

NZP=NZZ{INZPP1)

CONT INUE

IPP={INP-INZP~-TABS{IMP))/2

PP=1PP

IF(MPL.LT ,~0,1D0)JP=TABS(IMP)+06
JFIMP.GT.=0.1D0) JP=IMP+1

11P=1IPP+1

KP=INZP+1

ISP= 1

CONT INUE

IF(IS.EQ.2.AND. IM.LE.O)P=P~-1.D0
IF(ISeFQe4ANDIM.LE.O)P=P~-1,DD
IF(ISeFRe2.0R, IS EQe4)M=M-1.,D0
IF(IS.EQ.2.ANDJINZ.EQ43 INZ=~1,D0
IF(ISEQ.3.AND.INZ.EQ.0INZ==1,D0
IF(IS.EQea2ANDSINZ oGT &I INZ=NZZ(INZ)
IF(IS.EQe3ANDJINZLGT «OINZ=NZZ(INZ)
IF(ISPEQ2.AND,IMP.,LE.O)PP=PP=~1,D0
TF(TISPoEQes o« ANDIMP JLELO)IPP=PP=-1,D0
IF(ISP.EQe2.0ReISP.FQe% ) MP=MP-1,0)
IF{ ISP .EQe2.ANDJINZP.EJ.OINZP=~1.00
IF(ISP.EQ.2.ANDJINZP .GV 3 INZP=NZZ(INZP)
IF(ISPEQe3ANDINZPLEQeOINZP==1.D3
IFCISPEQ3.ANDJINZP ,GT.O)NZP=NZZ(INZP)
IF(IS.FQ.2. AND. IM.LELO)IP=]IP~-1
IF(IS.FEQue4AND.IMJLE. O} IP=IP=-]
IF(ISeEQe20RISEQe4)IM=IN-1
IF{IS.EQ.e2.0R.IS.EQe3)INZ=INZ~1
IF(ISPeEQe2.AND.IMP.LE.O)IPP=]PP~]
IF{ISP.EQe4 s ANDJIMP.LEL.O)IPP=]IPD~]
IF(USPEQe2.0R.ISPLEQs4) IMP=IMP~-1
IF{ ISP .EQ.2.0R.ISP.EQ«3)INZP=INZP~1
NI=INZ+2

IF(NZ.LT.~=0.999999D0)NI=]
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NJ=1

NJPLI=NJ+1

NJP2=NJ+2

NJP3=NJ+3

NIM1=NJ+4

NIM2=NJ +5

NJM3=NJ+6

NIP=INZP+2

IF(NZP LT .-0.999999DJINIP=1

NJP=1

NJPP1=NJP+1

NJPP2=NJP+2

NJPP3=NJP+3

NJPM1=NJP+4

NJPM2=NJP+5

NJPM3=NJP+6

IF({ INZ .EQ.0)IPAR=1

IF(INZP.EQ.O0)GD TO 799

IPARP=(=-1)%%INZP

IF( INZ .EQ.O0)GO TO 800

IF(INZP.EQ.O)IPARP=1

IF(INZ.EQ.O0)GD TO 800

IPAR=(~1 }*%INZ

CONTINUE

IF(NZ.LT+.=0.999D0)IPAR=~1

IF(NZP LT +-0.999D0 ) IPARP==1

IF(IPARNE.IPARP)GO TO 316

IF(IMNELIMP)IGO TO 316

NZPl=NZ+1.D0

NZP2=NZ+2.D0

NZP3=NZ+3,D0

NZM1=NZ-1.DO

NZPP1=NZP+1.D0

NZPM1=NZP~-1.D0

DUM=2.DO0% (NZ+1.D0) *(P+({M+DABS(1))/2.00+1.00)

DUM=DSQRTIDUM) ) :

IF{(M.GT.-0.,1D0)DUM=~DUM

IF(INZ NEJINZP.OR,IP.NE.IPP.OR.IM.NE.IMPIGO TO 400

DIAGONAL AND (SPIN DOWN,SPIN UP}y, ETC. TYPE ELEMENTS OF L.S

DEM=A(ISPyTIPsJPyKP)*A(IS, T9Jy< )*M=-BlISPyTIP,JPyXP)%*3I(ISyI+J,K)%(
IM1.DO)4+C (ISP, TIP,JPyKPIRC(ISs¢J K )*M-D(ISP,IIP,JP,KP)*
2DC ISy Iyde )X (M+LaDO)+CEISPyIIPJPKPIXD(IS,I,J,K)&0UM+D(ISP,IIP,
3JPyKPIRC(IS,y14JyKIXDIM

DEM= Q.5%DEM

DEM= KAPPA%H%2,DO*DEM

AM{IL,JL)=AM(TL,JL)~DEM

DIAGONAL AND(SPIN DOWN,SPIN UP), ETC. TYPE ELEMENTS OF L.L

DEM=A( ISPy TIPyJPyKPIRA( ISy Iy JgKIX(MEMENZ*(2,D0%P+DABS(M)+2.D0)
LH(NZ+1.D0)%(2.D0%P+DABS (M) ) J4+B( ISP JIPsJPyKP)XBIIS»IJy )% ((M+1.10
21%(M+1.DO)+(NZ+1.D0)*(2.D0*P+DABS(MI+3,D0)+{(NZ#2,00)%(2.D00%P+
3DABSIM) 41 .DD) ) +CC ISP, IIP,JP, KPR IS, )T o4JyK) (MEM&(NZ+]1,.D0)%(2,DD
4%P+DABS(M)+2.D0) +(NZ+2.D0)*(2.D0%P+DABS{M)))I+D(ISP,IIP,JP,KP)%
SDUIS T9de ) %R( (M1 DO)*X(M+1.00)ENZ%R(2,D0%P+DABS(M)#3.D0) #(NZ+1,.DJ)
6%(2.D0%P+DABS(M)}+1.D0))

DEM=KAPPA¥MU*H*DEM

AMUIL, JL)=AM(IL,JL)~-DEM

CONT INUE :

NZP1=NZ+1.DO

NZP2= NZ+2,DO
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NZM1=NZ-1.D0

NZM2=NZ~2,D0

NZPP1=NZP+1.D0O

IF{ IP.NEL.IPP,OR.IMJNELIMP)S0 TO 405

IF(TIPAR.GT.0)GO TO 888

DEM=B( ISP IIPyJPKPI¥B(ISy1yJyK)*2.D0%(2.D0%P+DABS(M)+1.30)%
1 ZNORR(NTIPyNJPPL)*ZNORR(NIyNJP L} *DDI(NIP,NJIPPL) *DDD(NI 4NJP2)
DEM=DEM+C (ISP, [IP, JPyKP)*C(IS4I4JyK)%2,D0%(2.,D0%P+DABS(4))*
LZNORR{NIPyNJPPL)*ZNORR(NTyNJPL}®DII(NIP,NJPPL)%*DDD(NI,NJP2)
GO T0O 401

888 CONTINUE

DEM=A( IS2, 1IP,JPyKP)RA(ISsIyJyK)&(=2.DOVENZ%{2.D04P+DABS(M)I+24.22)
L*ZNORR{NIPyNJP }*ZNORR (N Ty NJ }EDID(NIPy NJP)I*DDD(NI,NJML}

DEM=DEM+D(ISP,yIIP,JPyKPI*D{ISyT9JsK)*(=2.D0)NZ*(2.,DI%>+DABS(M)
143 DO )*INORR(NIP {NJP)*ZNORR(NTyNJ)XDDD(NIPyNJP}*IID(NI,NIML}

401 CONTINUE

PPyP MPyM MIP,NZ+2 TERM OF L.S

DUM2=P +(M+DABS(M))}/2.D0+1.00

IF(DUM2.LT.0.D0)DUM2= 0 .DO

DUM2=DSQRT(DUM2)}

IF{(M.GT.~0.100)DUM2=~DUM2

IF(IP.NELIPP.OR.IMJNELIMPIGO TO 405

INZP2=1INZ+2

IF{IPAR.GT.0)GD TO 402
AMUTIL,JL)=AM{ILyJL)-2.D0%KAPPA*H*DJM2*INORR(NIPyNJPI®ZNIRR(NT,

INJP 1 )*DDOPINIPyNJP)*DDD{(NT,NJP2) *A (ISP yTIPsJP+KP}&«B(ISsI+JsK)I/(
2XLAM®(NZP-NZ-2.D01}

GO TO 403

402 CONTINUE

AMOTL,JL)I=AM(TILy JL) =K APPAXHXDYY2*X XZNORII(NIP,NJP) XZNIRI{NI yNJPL) &
12.00%{1.4142135624013700)*¥A(ISP,IIP,JPKP}*B{IS,I,J,K})&DDD(NIP
2¢NJP)I*DDD(NI,NJP2)/{NZP~NZ-2.D0)

403 CONTINUE

404

PPyP MP,M MZP,N2-2 TERM OF L.S

DYM3= 2 DOXNZ*(P+{M+DA3S(4))}/2.D0+1,D0}

IF(DUM3,LT.0.D0)DUM3= 0.DD

DUM3=DSQRT(DUM3)

TF{M.GT «~0.1D0)DJM3=~DIM3

INZM2=INZ=~2

IF( IPARGTL.0IGD TO 404

AMUTIL pJLI=AMITLyJL) =(=2.DD ) %< APP AXHADUMB*B( ISP, 11P, 32 ,KP) *
LA(IS,19JyK)%ZNORR(NI 4 NJML) # ZNORR{NIP¢NJPPL )% X*¥DDD(NIP,NJPPL) %
2DDD{ NI NJML)/ (NZP-NZ+2.D0)

GO TO 405

CONTINUE

DUM3= 2.D0%(P+{M#DABS(Y))/2.D0+1.2))

IF(DUM3.LT. 0.DO)DUM3= 0.D0

DUM3=NZ*DSQRT{DUM3}

IF{M.GT.=0.1D0)DUM3=-DUM3

AM{TILpJL)=AM{TIL yJL)=KAPPAXH®B(ISP,TIPyJPyKP }®RA(ISy 1,Jy<)%*DUM3%
12.D0%ZNORR(NIP,NJPPL)*ZNGORI(NI,NJ)*DDP(NIPyNJPPL)*DDD(NI,NIML)/ (

2XLAMX(NZP=NZ+2.D01))

405 CONTINUE

Po,P-1 MP,M MZP,NZ TERM OF L.S

1PM1=1P~1
IF(IPP.NE«IPM1.OR.IMP.NE.IMsORINZJNELINZPIGD TO 407
DJM4= 2.D0%(NZ+1.D0)*(2+(DABS(M)-M)/2.D0}

T1F (DUM4.LT.0.D0)DUM4= J.DO

DUM4= DSQRT(DUM4)
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IF(MeGTo=0.1D0)DUMS=~DIMG , '
AMUILyJL)=AMCIL o JL)=KAPPASHXB( ISP, IIP,JP,KP)I*ALIS, 1 4dK)*¥DUMS
CONT INUE

PP,P+1 MP,M NIP,NZ TERM OF L .S

IPP1=1P+1

IF(IPP.NE.IPPLl .OR.IMP.NE.IM.OR.INZ.NE.INZPIGD TO 409

DUM5= 2.)0%(NZ+1.D0)*{P+(DABS(¥)=M)/2.00+1.D0)
IF(DUM5.LT.0.DO)DUMS= 0.DO

DUMS5=DS QRT (DJUMS5 ) :

IF(M.GT.=0.1D0) DUMS==DUM5

AM(TLy JLI=AMUTL y JL ) =CAIPARHKA(TSP 4 IIP ,JP ,KPIKB (1S 1, J4<) kDUM5
CONTINUE

Po,P+1 MP,M NZP,NZ-2 TERM OF L.S

IPP1=1P+1 :

INZM2=INZ=2

IFCIPP JNE.IPPL.OR.IMP . NE.IM)GO TO 412

IF(IPAR.GT.0)GD TO 410

DUM6= 2.DO%NZ* (P+(DABS(M)~-M)/2.D0+1.DO0)

IF(DUM6.LT.0.D0)DUME= 0.DO

DUM6=DSQRT (DUM6 )

IF{MeGTe=0.1D01 DUMbE==-DIME
AM{IL,JL)=AM(ILyJL) =X APPA*HEC( ISP, IIP,JP ,KPI&D(1S,1,J,K) & DUMEE
12.D0%ZNORRINIP, NJPPL)*ZNDRR (NI, NJML ) %(~X)¥DDD(NIP,NJPP 1) %
2DDD(NI yNIML)/ (NZP=~NZ+2.D0)

GO TO 411

CONTINUE .

DUM6= 2.)0%(P+{DABS(M)=-M) /2.D0+1.D0)

IF(DUM6 LT «0.D0)DUM6= D .DD

DUM6=D SQR T (DUMS )

DUM6=NZ *DUMb

IF(M.GT .=0.1D00)DJM6==DIM6

AMCILyJL) =AMUIL ,JL)=KAPPARHXC(TISP, TIP,JPKP)XD (IS, 1,J,K)*DUME*
12 .DO#*ZNORR{NTIP,NJPP 1) *ZNORI(NT,NJ)&«DDP(NIP,NJPPL) €DDD(NI 4 NIML)/ (
2XLAM® (NZIP=NZ+2.00))

CONTINUE

PPy P+1L MP,M NZPyNZ=2 AND PP,P+1l MP,M NZP+1,NZ-1 TERMS OF L.L
IF{TPP.NE.TPPL.OR.IMP . NE.IW)GI TO 412

IF(IPAR.GT.0)GO TO 889 _

DUMT7=(P+1 ,D0 ) %(P+DABS () +1,00)

IF(DUMT.LT.0.D0)DUM7= 0.D0

DUMT= 2.D0%DSQRT(2.DO)*NZ*(NZ~1.D0)*DSQRT(DUMT)
DEM=DUMT*A(ISP, T1P,JPXP)I*¥ACIS, I,J,KI®ZNORI(NIP, NJP)I&ZINIRA(NI,NJ) &
LDDP(NIPyNJPIXDDDINT yNJIP2) 7/ ( XLAM* (NZP=NZ+2.D0})

DUM?= P+2.D0

1F (M.GT +=0 .1D0 ) DUMT=DUMT~1 .DO
DUMT=DUMT*NZ*(NZ+1.D0) & (P+DABS(M)+1.D0)

DUMT= 4.DO%(~X)%*DSQRT(DUMT)

DEM=DE M#D M7 % ZINORR (NTPyNJPP 1 ) %ZNIR (NT,NJML) B (ISP, II1Py JP <P )&
18(1SyT9JyK)*DDD(NIP,NJPPL)%DDD(NI yNJML) /(NZP=NZ+2.D0)
DJM7=NZENZP1% (P+1.D0 )% (P +(M+DA3S(M))/2.D0+2.00)
IF(DUMT7.LT.0.D0) DUMT=0,D0

DUMT= 4.d0%(=X)*DSQRT(DUMT)

DEM=DEM+C( ISP, ITPyJPyKP I%C (IS, T4 4,< ) ¥DJMT*ZNIRR(NIP,NIPPL} &
LZNORR (NI yNJML) #DDD(NIPsNJPPL)*DDD(NT,NJML)/ (NZP=NZ+2.D0)
DUMT7=P+2.D0

IF(M.GT «=0.1D0 ) DJMT=DUMT~1.D0

DUM7=DUMT*(P+DABS(M)+1.D0)

DJMT= 2.D0%DSQRT(2,D0)&NZ&(NZ~=1.D0)*D SQRT(DUMT)

DEM=DEM+D (ISP, IIPy JPyKP )ED( IS, Ty Jy <) «DUMTHINIRR(INIP,NJ2) *
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LZNORR(NTy NI )*DDP(NIP,NJIP }%DDD(NTIyNJP2)/( XLAME(NZIP~-NZ+2,D0)}
AMUTIL,JLI=AM(IL »JL)=KAPPARH*MU*DEM

GO TO 412

CONTINUE

DUMT=(P+1.DO)*(P+DABS(M)+1.D0)

IF(DUM7.LT.0.D0)DUM7= 0.DO.

DUM7=DSQRT (DUMT7 ) xNZ*(NZ~1.D0)%2 ,DO*DSQRT(2.D0}

DEM=DUMT*A(ISPIIP 4JP,KP)*A(ISyI9JyK)*INORR(NIPyNIJPIXZNORR(NTI)NJ}*

1(DDP(NIPyNJP ) *DDD(NI,NJM2)=DDP{NT,NIM2) ¥DDD(NIP,NJP) )/ (XLAME
2{NZP=NZ-2.D0}}

412

414

DUMT= P+2.D0

IF(MGT.~0.1D0)DUMT=DUMT-1.D0

DUM7=DUM7T%*2,D0* (P+DABS(M)+1.D0}

IF(DUMT7,.,LT.0.D0)DUMT= 0.DO

DUM7= NZ*NZP1*DSQRT(DUYT7)*2.D0

DEM=DEM+DUMT*B (ISP IIP,JP,KP}I*B(ISs1+sJyK)*INIRR(NIP,NJP?]1)%
IZNDRR(NIyVJPI)*DDP(NIPyNJPPI)*DDD(VIvNJMl)/(XLAH*(NZP NZ-2.D0})
DUM7= (P+1.DO}*{P+DABS(M)+1.D0)*2.D0

IF(DUM7,LT.0.D0)DUM7= 0.D0

DUMT= 2.D0%NZ%NZP1¥DSQRT(DJIMT)

DEM=DEM+DIMT*C (ISP, IIPy JPy <P )*C(ISyIyJyK)}*INDRRINIP,NIJPD]) %
IZNORR(NIPyNJPPLI*DDP (NI yNJPL)*DDD(NT 4y NIJML )}/ (XLAMK(NZP-NZ-2.00))
DUM7= P+2.D0

IF(M.GT.~0.1D0)DUM7=DUMT~1.DD

DUMT=DUMT*(P+DABS(M)+1.D0)*2.0D0

IF(DUM7.LT.0.D0}DUM7= J.DD

DUM7=NZ*(NZ+1.D0}*DSQRT (DUMT)*2.D0

DEM=DEM+DUMTAD (ISP yTIP,JPKP)¥3(IS,1,4J4,K)*®ZNORR(NIP,NJP}%
1 ZNORR(NIyNJ)* (DDP(NIP,NJPP1 }*DDD(NI,NJM2)}-DDP{NI,NJ42)*
2DDD(NIPNJP) )/ (XLAME (NZP-NZ~2.D0)) '

DUM7= (P+1.DO)*(P+DABS(MI+1.D0)

IF(DUMT.LT.0.D0)DUM7= D.DD

DUMT= 2.,30%NZ*DSQRT(DUMT)}

DUM7= P+ 2,D0

IF(M.GT.-D.1D0)DUM7=DUMT~1.DD

DUMT=DUMT*(P+DABS{M) +2,0D0)

IF(DUM7,.,LT.0.D0)DUM7= 0.DO

DUMT= 2.DOXNZ*DSQRT (DUMT)

AMUTLyJL)=AM(IL yJL) -KAPPA®HE*MURDEM

CONT INUE

PP,P-1 MP,M NZP,NZ+2 TERM OF LS

IpM1=1P=-1

INZP2=INZ+2

IF(IPP.NE.IPM1.OR.TMP.NE.IM)}GD TO 415

IF(IPARLGTLO0IGO TO 414

DUMB=P+(DABS (M}-M)/2.DD

IF{DUMB.LT.0.D01DUM8=0.D0

DUMB=DSQRT (DUMB)

IF(M.LT.-0.1D0)DUMB==DUM8

AMUTIL 9 JL ) =AMUTL yJL ) -KAPPARH&D (ISP TIPyJPKP)ERC(ISyI4sJyK)EDUMBX
12.D0%ZNORR{NIP,NJP }*¥ZNIRI(NT,NJPL)*DDDINIP,NIP }&IID(NI,NIP2) /(
2XLAMX{NZP-NZ~2.D0}))

GO TO 413

CONT INUE

DUMB= 2.30%(NZ+2. DO)*(P+(DABS(M)-M)/2 Do)

IF(DUMB L T.0.D0)DUMB=0.D0

DUM3 =DSQRT (DUMB } * (=X ) *2..DD

IF(Me53T.-0.1D0)DUM8B=~DUMS

AMOIL o JLI=AM(TLyJL)-KAPPAEH.(D(ISPyTIPyJP4KPIECL(ISy1sJsKIEDIMBE
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1ZNORR(NIP,NJP) ¥ ZINORR{NI,NJP2)}*DDD{(NIPyNJP)*DDD(NI,NJP2}/{NZP-N?
2-2.D0)
413 CONTINUE
z PPyP~1 MPy,M NZP,NZ+2 AND PP,P-1 MP,M NZP+1,NZ+3 TEMS JF Lel
IF(IPP.NEL.IPML.ORLIMP.NELIMIGO TO 415
IF(IPAR.GT.0)GO YO 887
DUM9= P* (P+DABS(M))*2.D0
IF(DUM9.LT.0.D0)DUMI= 0.D0
DUM9=DSQRT ( DUM9 }*2,D0
DEM=DUMI*A{ISP, IIPyJPvKP)*A(IS,I,JyK)*ZNORR(VIPpNJP)*ZVJRQ(VI,VJ)
1*DDP(NIPyNJP)*DDD(NI 4NJP2} /U XLAMK(NZP~-NZ=2,D0})
DUMI= P+1.D0
IF{M.GT.~-0.1D0)DUMI=DUMI-1.D0
DUM9=DUMI*(P+DABS(M)+1.D0)
IF(M.GT«~0.1D0)DUMI=DUMI-P
IF(DUM9.LT.0.D0)DUM9=0.D0
DJMI=DSQRT(2.D0)*DSQRAT( DUMI })*2,.DD
DEM=DEM+DUMI*B(ISPyIIPy JPyKP)I*BUIS, I, JsK)*INORR(NIP,NJPPLI %
1ZNORR(NIyNJP L)% (DDP{(NIP,NJPPL)*DDD(NI,NJP3}=DDP(NI,NJP3)*
2DDDANIPyNJPPL) I/ (XLAM*(NZP=-NZ~2.D0}}
DUM9=PX*{P+DABS (M) ) *2.D0
IF(DUM9.LT.0.D0)DUM9= 0.DO
DUM3= DSQRT (DUM31%2,D0
DEM=DEM+DUMO*C (ISP yIIPyJPyKP)XC (ISsI9JyKIXZINORR(NIPyNJPPL)%*
LZNORR(NI yNJP L} *(DDP(NIP,NJPPL)*DDD(NTI,NJP3) JDP(NI,NJP3)*DDD(NJP,
2NJPPL) )/ (XLAME (NZP-NZ2~2.D0))
DUM9= P+1.D0
IF(MGYo-0.1D0)DUMI=DUY9~1. DO
DUMI=DUMI* (P+DABS(M) ) *2,DD
IF(DUM9.LT.0.D0)DUMI= 0.DO
DUM9=DSQRT ( DJMI ) *2,D0
DEM=DEM4+DUMIRD (ISP yTIPy JPyKPIXD(ISsy I, JsK)XINORR(NIP,NJP )%
1ZNOQRR(NTIyNJ ) #DDP(NIP,NJP}*IDDINT,NJP2)/( XLAME( NIP~NZ-2.DD)}
DUM3= P+1.DO
. IF(MeGTe=0.1D0)DUM9=DUMI~1.D0
DUM9=DUMI *(P+DABS(M))
IF{M.GT o=0.1D0)DUMI=DUMI +P
IF(DUM9.LT.0.D0)DUMI=0.D0
DUM9=DSQRT (DUM9I*(-2.D0)
DUMI=P* (P+DABS (M))
IF(DUM9.LT.0.D0)DUMI= 0.DO
DUM9=DSQRT (DUM9 )*(-2.D3)
AMUTLy JLY=AM(IL yJL)=KAPPAXH¥MURDEM
GO TO 415
887 CONTINUE
DUM9=NZPL1%NZP2%P% (P+DABS(M))
IF(DUM3.LT.0.D00)DUM9= 0.DO
DUM9= 4.DO* (=X)*DSQRT (DUM9)
DEM=DUMI*A(ISP,IIPyJPKPI*A(ISyI+JsK)*INORR(NIP, NJP)*ZVORD(NI,VJD7
1)*DDD(NIP,NJP )%*DDD(NI,NJP2)/(NZP<NZ-2,D0)
DUUMg= P+1.D0O .
IF(M.GT.~0.1D0)DUMI=DUMI~1.D0
DUM3=DUM9I* (P+DABS(M) )%2.D0
IF(DUM9.LT.0.D0)DUMI= 0.DO
DUM9= 2,D0%DSQRT(DUM9I}
DEM=DEM+DIMI*B ISPy TIPyJPy<PIXBITISyI9JoKI®ZNORRINIP,NJPPL)*
1ZNORR(NI4NJPL)«ODD(NIPy NJPPL)*DDD(NIsNJP2)/ (XL AM®(NZI=N2-2,20)}
DUM9= P*(P+DABS(M))*2,D0
DUM9= 2.,D0%DSQRT(DUM9I)
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316

317

240

DEM=DEM+IUMI*C (ISP I IP, JP,KP)*C{IS,I,J,K)*ZNJRR(NIP,NJPP1)*
LZNORR(NI,NJPL)*DDD(NIP,NJO)*DDI(NTyNJP2) /I XLAMX(NZP=-NZ-2.D0))

DUM9= P+1.D0
IF(M,GT.~-0.1D0)DUM9=DUM9~1.D0
DUMI=DUMIENZPLENZP2%(P+DABS(M)+1.DD)
IF(DUM9,LT,0.D0)DUM9= 0.DO

DUM9==4 ,D0*%DSQRT(DUMI = (~-X)
DEM=DEM+DIMIED( ISPy TIPyJPy<P)%D(ISy 14 JyK)XZNORR(NIP,NJ2) %
1ZNORR(NIyNJ)*DDD(NIP,NJP)*DDD(NI,NJP2)/(NZP-NZ=2,00)
AMOIL,JL)=AM{ILyJL)-KAPPAKH®MUXDEM
CONTINUE

CONTINUE

RESTORE PyMyNZ VALUES
IF(ISP.EQe2.0RISP.EQ.3)INZP=INZP+1
TF(ISP.EQe2.0R.ISP.EQ.%)IMP=IMP+]
IF(ISP.EQe2 ANDJIMP.LELO)IPP=IPP+1
IF( IS ENe2.0RTS<EQe3)INZ=INZ+1
TF(IS eEQe2 eO0RCISCEQed)IM=IM+1
JF(IS.EQe4.AND.IM.LE.O) IP=]P+1
IF(IS.EQe2 . AND.IM.LE.O)IP=]P+1
INZPPL=INZP+1
IF{ISPeEQe3.0RISPLEQ.2INIP=NZZ(INZPPL)
IFCISP.EQ.2.0R ISP LEQ 4 IMP=MP+1,D0
IF{ISP.EQe4 « ANDeIMP.LE.O)PP=PP+1,D0
IF{ISP.EQe2+ANDIMPLE.O)PP=PP+1,D0
INZP1=INZ+1l
IF(IS<EQe30R.IS.EQe2INZ=NZZ{INZP1)
TF(1SeEQe2e0RISEQ.4IM=M+1.D0
TF(IS.EQetAND.IMLELO)P=P+1.D0

IF( IS.EQ.Z.AND.IM.LE.O, P=P+1.D0

CONT INUE

IL=TL+1

ISP=1SP+1

IF(ISP.LE.4)GO TQ 235

NZPTE=INZP

TEST=MAXP-NZPTE

TEST=DABS(TEST)

IF(TEST.LT. 1.D=-03)G0 TO 240
INZP=INZP+2

INZPPL=INZP+1

NZP=NZZ(INZPP1)

GO TO 230

TEST=NTP-MP

TEST=DABS(TEST)

IF(TEST.LT. 1.D=03)G0 TO 250
MP=MP+1.D0

IMP=IMP+1

GO TO 220

NTP=NT P+1,.DO

INP=INP+1

TF( INP JLELNSHEL)}GO TO 210

CONT INUE

NZTE=INZ

TEST=MAX-NZITE

TEST=DABS(TEST)

IF(TESTLLT.1.D=-03)G0 T3 140
INZ=INZ+2

INZP1=INZ+1
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NZ=NZZ{IN7P1)
GO T3 130
TEST=NT-M
TEST=DABS{TEST)
IF(TEST.LT.
M=M+1.D0
IM=IM+1

GO TO 120
NT=NT+1.D00
IN=IN+1
IF(INJ.LE.NSHEL)IGO TO 110
WRITE(6,885)
FORMAT(1X,'POA"*)

K0= 0,00

EPS=

l1.D-12

1.0-03)G0 TO 150

ABSCNV=L.TRJE.
TRD=.FALSE.
FATL=23
WRITE(69123)((AM(TILyJL)yIL=1416)9d_=1416)
FORMAT(1X,5D22415)

CALL SYMQR(AMyDLyELyKOyNyNA,EPS,ABSCNV4VEC,TRD,FAIL}
DO 124 I=1.N

DLII)=DL(TI)-MC2
WRITE(6,2)(NDLIT)yT=1,N)y(EL(T)sI=1,N}
FORMAT(1X,104{5022415,7+1X))

WRITE(6,43)FAIL

FORMAT (1X,13)

STOP
END

SUBROUTINE SYMAR(A,Dy E4KI9yNyNAYEPSyABSCNV,VEZ, TRD,FAIL)

EXPLANATION OF TYHE PARAMETERS IN THE CALLING SEQUENCE.

K3

A

A DOUBLE DIMENSIQONED ARRAY, IF THE MATRIX IS NOT
INITTIALLY TRIDIAGINAL, IT IS CONTAINED IN THE LOWER
TRTANGLE OF A. IF EIGENVECTORS AE NJT REQUESTED

THE LOWER TRIANGLE OF A IS DESTROYED WHILE THE

ELEMENTS ABIVE THE DIAGINAL ARE LEFT UNDISTURBED.

IF FIGENVECTORS ARE REQJESTED. THEY A2E RETJANED IN THE

COLUMNS OF A

A SINGLY SUBSCRIPTED ARRAY. IF THE MATRIX IS

INITIALLY TRIDIAGONAL, D CONTAINS ITS ODIAGONAL
ELEMENTS. ON RETJRN D CONTAINS THE EIGENVALUES OF
THE MATRIX

A SINGLY SUBSCRIPTED ARAY. IF THE MATRIX. IS
INTTIALLY TRIOIAGONAL, £ CONTAINS ITS JFF-DIAGONAL
ELEMENTS.UPJIN RETURN E(I) CONTAINS THE NUMBER OF
ITERATIONS REQJIRED TO COMPUTE THE APPRIXIMATE
EIGENVALUE DI(I)

A REAL VARTIABLE CONTAING AN INITIAL ORIGIN SHIFT TO
BE USED UNTIL THE COMPUTED SHIFTS SETTLE DOAWN.

AN INTEGER VARIABLE CONTAINING THE ORDJDER 3F THE
MATRI X,
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AN INTEGER VARTABLE CONTAINING THE FIRST DIMENSION

NA
JF THE ARRAY A,
EPS A REAL VARIABLE CONTAING A CONVERGENCE TOLERANCF

ABSCNV A LOGICAL VARIABLE CONTAINING THE VALUE TRUE. IF

VEC

TRD

THE ABSOLUTE CONVERGENCE CRITERION IS TO BE USED
OR THE VALUE .FALSE. IF THE RELATIVE CRITSRION
IS TO BE USED.

A LOGICAL VARIABLE CONTAING THE VALUE.TRUE. IF
EIGENVECTORS ARE TJ BE COMPUTED AND RETURNED IN
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THE ARRAY A AND OTHERWISE CONTAINING THE VALUE .FALSELK

A LOGICAL VARIABLE CONTAING THE VALUE ,TRUE.

IF THE MATRIS IS TRIDIAGONAL AND LOCATED IN THE ARRAYS

D AND E AND OTHERWISE CONTAINING THE VALJE

FATL AB INTEGER VARIABLE CONTAINS A ERROR SIGNAL.

ON RETURN THE EIGENVALUES IN D(FAIL+1l}eeessD(N)

AND THEIR CORRESPONDING EIGENVECTORS MAY BE PRESUMED

ACCURATE.

REAL*8

LA(NyN)sDINY)yE(N}»XO9K1yK2y<9EPS+S2y20NyNINF,TEST,2B,2C4C0,

2CySyTEMPy Py PP, QyQQy NORMy R, T ITTERy SUM, SUM1,,MAX
REAL*8 DMAX1,DMINIL

REAL*8 DABS

REAL*8 AGD

REAL *8 DSQRT

REAL*8 DSIGN

INTEGER FAIL,SINCOS,RETURN
LOGICAL
LABSCNV,4VEC,TRD,SHFT
TITTER= 50,

NM1= N-1

NM2 =N-2

NINF=0.

ASSIGN 500 TO SINCOS

SIGNAL ERROR IF N IS NOT POSITIVE.

IFIN.GT.)) GO TO 1
FAIL = -1
RETURN

SPECTAL TREATMENT FOR A MATRIX OF ORDER ONE.

IF(N.GT.1) GO TQ S
IF{.NOT.TRD) D(1) = A(l,1)
IF(VEC) All,1) = 1.

FAIL =0

RETURN

IF THE MATRIX IS TRIDIAGONAL, SKIP THE REDUCTION.

IF{TRD)} 50 TO 100
IF{N.EQ.2) GO TO 80



OO0

[eNaNel

[aNeNel

[N e

10

13

17

20

30
40
50

6)

80

100

110
120

REDUCE THE MATRIX TO TRIDIAGONAL FIRM BY HOUSEHOLJERS METHOD.

DO 70 L=1,NM2

Ll = L+l :

D(L) = AlLyL)

MAX = 0.

DO 10 I=L1,N

AGD= A(I,L)

MAX= DMAX1(MAX,DABS(AGD)})
IF(MAX .NELO.) GO TO 13
E(L) = 0.

A(L,L) = 1.

GO TO 70

SUM = 0.

DO 17 I=L1sN

A(ToL) = A(I,L)I/MAX

SUM= SUM+ A(I,L)%%2

S2 = SUM

S2= DSQRT(52)

IFCA(LLyL) oLT. O0.) S2 = -S2
E(L) = «S2%MAX

A(LL,L) = A(LL,L) +S2
A(LsL) = S2%A(L1,L)
SUM1 = 0.

D0 50 I=L14N

SUM = 0.

DN 20 J=L1,1

SUM = SUM + A(I,J)%xA(J,L)
IF(1.EQ.N) GO TO 40

11 = 1+1

DO 30 J=I1,4N '

SUM = SUM + A(J,L)*A(J,I)
E(I) = SIM/A(L,L)
SUML = SUM1 + A(I,L}*E(])

CON =  5*%SUML/A(L,L)

DO 60 TI=L1l,N -

E(I) =F(I) - CON¥*A{I,L)

DO 60 J=L1,1

A(TsJ) = A(I,d) - ACI,LI%E(J) - ACI,L)%E(])
CONTINUE

D(NM1) = A(NM1,NM1)

DIN) = AU(NyN}

E{NM1) = A(N,NM1)

IF EIGENVECTORS ARE REQUIRED, INITIALIZE A.

IF( .NOT.VEC) GO TO 180
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IF THE MATRIX WAS TRIDIAGONAL, SET A EQUAL T3 THE IDENTITY MATRIX,.

IF(.NOT.TRD .AND. N.NE.2) GO T3 130
DO 120 I=1,N
DO 110 J=14N

AlI,J) = 0.
A(l,I) = 1.
G0 TO 180

IF THE MATRIX WAS NOT TRIDIAGONAL, MULTIPLY QUT THE
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130

135
140

150

160
170

180

190

200

210

220

230

240

TRANSFORMATIONS OBTAINED IN THE HOJSEHOLDER REDUCTION.

A(NyN) = 1.

A{NM1,NM1) = 1.

A(NM].'N)= 0.

A(Ny,NML) = O,

DO 170 L=1yNM2

LL=NM2~L+1

LLl = LL+l

DO 140 I=LL1,N

SUM= 0.

DO 135 J=LL1,N

SUM =SUM + A(J,LL)I*A(J,T)

A(LL,T) = SUMZA(LL,LL)

DO 150 I=LL1,yN

DO 150 J=LL 14N

ACTyd) = A(IyJ) = ALL,LL)*A(LLyJ)
DO 160 I=LL1,N

A(I,LL) = 0.
A(LL,I) = 0.
Al{LL,LL) = 1.

IF AN ABSJLUTE CONVERGENCE CRITERION IS REQUESTED
(ABSCNV=.TRJE.)y COMPUTE THE INFINITY NORM OF THE MATRIX.

IF( .NOT.ABSCNV) GO TD 200

NINF =DMAX1 (DABS (D(1) )+DABS(E(1)),DABS{DIN)I+DABS(E{NM1L}))
IF(N.EQ.2) GO TO 200

DO 190 1=2,NM1

NINF = DMAXL (NINF, DABS(D(1)}+DABS(E(I))+DABS(E(I-1)))

START THE QR ITERATION.

NU =N

NUMl = N-1 :
SHFT = JFALSE.
Kl= KO

TEST = NINF*EPS
E(N) = 0.

CHECK FOR CONVERGENCE AND _QOCATE THE SUBMATRIX IN WHICH THE
QR STEP IS TO BE PERFORMED.

DO 220 NNL=1,NUM]

NL= NUML-NNL+1 :
IF(.NOT.ABSCNV) TEST = EPS*DMINL(DABS(D(NL)),DABS{D{(NL+1)))
IF{DABS{FE(NL)).LE.TEST)IGD TO 230

CONTINUE

GO TO 240

E(NL) = 0.

NL= NL+1 .

IF(NL «NE. NU) GO TO 240

IF(NUM]1 .EQ. 1) RETURN

NU = NUM1
NUM]1 = NU-1
GO TO 210

E(NUI= E(NU)+]1.
TF{E(NU)LLELTITTERIGD TO 250
FAIL = NU
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OO0 OO0

Oy OO

250

260
270

300

310
311

320

330

340

350
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RETURN
CALCULATE THE SHIFT

CB= (D(NUML)}-D(NU))/ 2.

MAX= DMAX1{DABS{CB),DABS(E{NUML)))
CB8=CB/ MAX

CC={ E{NUML ) /MAX) **%2
CD=DSQRT(CB**2 + CC)

IF(CB JNE.,O.) CD =DSIGN{(CD,CB)

K2 = D(NU) - MAX®CC/(CB+CD)
TF{(SHFT) GO TD 270

IF(DABS (K2-K1)} LY. 5%DABS{X2)) GO TO 260
Kl=K2

K= KO

GO TQ 300

SHF T= TRUE.

K = K2

PERFORM ONE QR STEP WITH SHIFT K ON ROWS AND [ OLUMNS
NL THROUGH NU

P=D(NL)=-K

Q = E{(NL)

ASSIGN 310 TO RETURN
GO TO SINC3S,(500)
I=NL-1

I=1+1

IF REQUIRED, RITATE THE EIGENVECTORS,

TF{.NOTL.VEC) GO TO 330

DO 320 J=1,N

TEMP = C¥A(JyT) + S*A{J,I+1)
A(JyT+1) = =S*A(J,1) + CxA(J,1¢1)
A{J,I) = TEMP~

PERFORM THE SIMILARITY TRANSFORMATION AND CALCULATE THI NEXT
ROTATION.

D(I) = C*D(T1) + S*E(I)

TEMP = CHE{I) + S*D{(T+1)
DEI#1) = =S*E(T) + C*D(I+1)
E(I) = =S

D(I)} = C*D(I) +S*XTEMP

IF(I EQ.NUM1)} GD TO 380
TF(DABS(S).GT.DABS(C) GO T3 35D
R= S/C

DOTI+1) = -S*E(1) + C*D(I+1)
P = D(I+1l) - K

Q=C*E(I+])

ASSIGN 340 TO RETURN

GO YO SINCOS,(500)

E(I) = R&NDORM

E{I+1)=Q

GO TO 380

P= C*E(I) + S*D(I+1)

Q = S*E(I+])

D(1+1) = C*P/S + K



OO0

360
380

500

510

520

530

E(I+1) = C*E(I+1)
ASSIGN 360 TO RETURN

GO TO SINCOS, (500)

E(I) = NORM

IF(I.LT.NUMLIGO TO 311

TEMP = CXE(NUML) + S¥D(NU)
DINU) = =S®E(NUML) + C%D(NJ)
E(NUML) = TEMP

GO TO 210

INTERNAL PROCEDURE TO CALTULATE THE RdTATIDN CORRESPONDING TO
THE VECTOR(P,Q).

PP = DABS(P)

QQ= DABS(Q)

IF(QQ.GT.PP)} GO TO 510

NORM= PPXDSQRT( 1. + (QQ/PP)*%2}
GO 1O 520

IF(QQ .EQe. 0.) GO TO 530
NORM=QQ*DSQRT( 1. + (PP/QJ)¥*2})

C = P/NORM

S= Q/NORM

GO TO RETURN,(310,340,3601}

C=1.

S = 0.

NORM = 0,

GO TO RETURN,(310+340,360)

END

FUNCTION ZNORM{INZ,yX,20)

REAL*8 ZNORM :

REAL*8 NZ,XyDyDPRPNyDP, DNy XLAYHLO
REAL*8 DD

REAL*8 DSQRT
XLAM==X/(DSQRT{2.D0)*70)
INORM=DD(NZ,X)*DPRPN(NZ,X)~- DP(VZyX)*DPN(NZvX’
INORM=ZNORM** (=0, 5D0)

INORM= ZNORM%=((DSORT(2.DJ)*XLAM/2.30)%%0,5)
RE TURN

END

FUNCTION DDINZ,X)

REAL%8 DD ‘

REAL*8 NZ,XyClyC2yB1+4B2yDGAMMA,DSQRT,DEXP,F11
REAL*8 AyC,Z

REAL*8 TEST,DABS

REAL *8 DGAM

REAL*8 TWO

TWOo= 2.

Bl= 0.5-0.5%NZ

TEST=DABS (81)
IF(TEST.LT.1l.D~-131C1l= 0.DO
IF(TESTLLT. 1.D-131G6] TO 2

Cl= 0.5
C1=DGAM{C1)/0GAM(B1)
CONT INUE

B2= -0.5%NZ

2= -0.5

TEST=DABS (B2}

IF(TEST.LT. 1.D-13)G8 TO 1
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C2= DGAMI(T21}/DGAM(B2)

C2= C2*=X/DSQART(TWO)

CONT INUE

A=B82

C= 0.5

I= 0.5%X%X

DD=C1*F11(A,C,2Z)

A=81

C= 1.5

DD=DD+C2%FL1(A+Cs2)
L==0.5%

B2 ==B2

D0=0D%( 2.,DO**B2)*DEXP(Z)
RETURN

END

FUNCTION F11(A,C,2)

REAL*#8 Fl1

REAL*8 AyCyZ4DyY,NyEP?S,DABS
EPS= 1.D-13

Fll= 1.

Y= 1.

DO 1 I=1,100

N=1

D= N¥{C+N-1.)

Y= {(A#+N=-1.)1*Y/0D

Y= Y*7

IF(DABS(F11)elTe 1sD~-13)GO TO 3
D= Y/F11

D= DABS{D)

IF(D.L. T4EPS) RETURN
F1l=F11+Y

CONTINUE

WRITE(6,2)

FORMAT (1X,'ZAPY)

RE TURN

END

FUNCYION DP(NZ,X)}

REAL*3 DP

REAL %8 NZ,X,DD
DP==0.5%X%DD(NZ,y X)#NZ#DOD(NZ~1., X}
RETURN

END

FUNCTION DGAM(X)

REAL*S DGAM

REAL%8 XyPI1,DGAMMA,Y,DSIN,Z
PI= 3,141592653589793
IF(X.LT.+0.)G0 TO 1

DGAM= DGAMMA(X}

RETURN

Y= l.-X

7= PI*X ‘
DGAM= P17/ (DGAMMA(Y }*DSIN(Z))
RETURN

END

FUNCTION DPRPN(NZ,X}

REAL%8 DPRPN

REAL*8 DPyNZ,X,EPS,A,B
EPS= 1.D-05

A=NZ+EPS



B=NZ~-EPS
DPRPN=(DP(A,X)~DP{B,yX}}/{+2.,DO*EPS)
RETURN

END

FUNCTION DPN(NZ,X)

REAL *8 DPN

REAL*8 DD :

REAL*8 DyDAYNZ»X9EPSyAyB

EPS= 1.D~05

A= NZ+EPS

8=NZ-EPS :
OPN=(DD(A,X)-DD{ByX})}/(2.DI*EPS )
RETURN

END

//GO.SYSIN DD =%

//
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APPENDIX B
PROGRAM FOR Z0 = 0

This program does the same job as the one in APPENDIX A, except

it is for z = 0.
(o]
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$408
C
c
c
500
13
20
29
30
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PROGRAM FOR 70=0

THIS PROGRAM WAS WRITTEN BY EUGENE CHAFFIN AND CORRESPINDS TO
ZERO DEFQRMATION.

LOGICAL ABSCNV,VEC,TRD =

INTEGER FAIL

REAL *8
REAL=*8
REAL*38
REAL *8
REAL*8
REAL*8
REAL*8

AM{( 224, 224)

OL(224),EL{224)yK0yEPS

NZZ(7) 4NT,TEST
A{493,11,6)9B(49391196)yC(49391146)+0(4+3,11,5)
MC2,EyFyGyHy DSQRT, DABSy DUM, DENOM,DEM

ENyFN,PyM,NZ i
KAPPA,MU,NTP, PPy MP,NZP,MAXP, DUM2,0UM3,DUM4,DU45,0UM5,0UT,

10UM8,DUM9

NSHEL=5

VEC=.FALSE.
LLL= 224

N= 224

NA=224

KO= 0.D0

EPS= 1.D0~12
ABSCNV=,TRJE.
TRD=l.FALSE.

" FAIL=23

H= 7.03D0

MC2= 938.25600
MU= 0.65

KAPPA= 0.0577
NZZ(1})= 0.DO
NZZ(2)= 1.D00
NZZ(3)= 2.D0
NZZf4)= 3.D0
NZZ(5)= 4,00
NZZ(6)= 5.D0
NZZ{7)= 6.D0
L=0

DO 500 LL=1,LLL
DO 500 LP=1,LLL
AM(LL,LP)= 0.D0
CONT INUE

IN=0 '

NT= 0.DO

M=-NT

IM==IN
MAX=NT-DABS (M}

TEVEN=IN-Y ABS (1M}
IF(IEVEN.EQ.O)INZ=0
IF{IEVEN.EQ.0)GO TO 29

TEVEN=(

~L)#*xTEVEN

IF(IEVEN.LTLO)INZ=1
IF(IEVEN.GT .01 INZ=0
CONT INUE

INZPI=INZ+1
NZ=NZZ(INZP1)
P=(NT-NZ-DABS(M))/2.D0

IP=( IN~-

INZ~TABS(IM))/2

IF(MelLTo=0.100)4=TABS(IM)}+6
IF(M.GTo-0.1D00)J=IM+1

1=1P+1
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K=sINZ+1

‘1 E= 1.D042.D0%(H/4C2)%( 2.D0%2+4DAIS(M) +NZ+2,5D0) +H4*HE(MEMeMeL 2500

+

1)/ (MC2%MC2)

G= 1eDO0#2,30%{H/MC2)%{ 2.D0%P+DABS(M)+1.5D0)¢A%H*( MkxM+M+0,25D0)/
1(MC2#%MC2)

G=DSQRT {(G)

E= E=~2.DOX(H/MLC2)*(G

E= MC2%DSQRT(E)

L=L+1

AM(L yL)=E~HE®H® [ MXM+M+ 0, 25D0)/( 2.D0%MC2) )

AM(L, L )=AM{L,L ) +H*H®{ 2,D0%P +3A3S(M)+1.500) /M2

AM{L L)=AMIL L)Y +KAPPARXHEMU% 0 ,5DO*NT*{NT+3.D0)

A{lsyI,JyK)= 1.DO

DJM= 2,D0%(P+(M+DABS(M})/2.D0+1.00)%(NZ+1.D0)

DUM=«4 , DOXH%HAMC2% DSQRT (DUM)

DENOM={ ( (MJ2=~H%®(M=0,500))*%¥2+4,D0%{A %ML 2% (P+{M+DABS(M)}/2.D0
1#NZ/2.D0+] «SDI)=EXEYR{=MC2-FE+H (U +1,5D0) ) =8,D0%M 2k 4x4& (2 ¢
2M+DABS(M))/2.D0+1.D0) )

B(lyIyJdyK)= DUM/DENOM

IFIMLLT «=3.100)8(1ly1sJsK)=-B(1y14J,K)

DUM= 2,D0%(NZ+1.D0)*MC2%H

DUM=DSQRT (DUM) / (~MC2-E+H®:(M+1,5D0))

CllyTyJeK)==DIM%(1,D0+8 sDOXMC2%HRkH%X(P +{M+DABS(M))/2.00+¢#1.00) /DZNIM
1)

DUM=(P+{M+DABS(M))/2.D0+1.D0)*MC2%H

DUM= =2.,D0%DSQRT(DUM)/ (~-MC2-E+H%(M-0,5D0))

IF{MLTe -0.,1D0)DUM=-DUM

D(lyTedy€)= DUMH{]1.D0~% +DOI*MC 2% HEH=(NZ+1.D0)/DENIM)

DUM= 1 DO+8(1 oY g JgK)%®%E24C (141 3JeyKIFEX24D(1y IpJeK)%k%2

DUM=DSQRT{DUM)

A(ly1,d,K)= 1.D0/7DUM

B(lylyJdeK)= B(1lseyIsJyK)/DUM

Clly 19 dyX)=C(lyT4JyK)/DUM

D(1lyYyJdoK¥=D(1y 1yJyK)/DUM

IF{IM,LE.0)P=P~1.D0

HzM“’loDo

IF(INZ.EQ.OINZ=~1,DD

IF(TINZ «GT.OINZ=NZZ(INZ)

Ex 1.D04200%(A/MC2)%( 2.D040 +IA3IS(M)I+NZ#2.5D0)+4kHE(MeMEM+L 250D
1)/ (MC2%MC2) ) .

G= 1eDO#+2.,D0%(H/MC23%( 2.D0%P+DABS(M)+1.5D0 ) +HEHX(MEM+M+0,25D0)/
1{MC2%MC2)

G=DS QRT (G)

= E+2.,D0%x(H/MC2)%*G

F=MC2*DSQRT (F)

B(2y1yJsK)==-1.00

IF(MLTe=0.100)B{291:J9K)==B(2y14JyK)

DIM= 2 ,DI*(P+{(M+DABS(M))/2.D0+1.D0)*(NZ+1.D0)

DUM=—4 . DOXHXHEMC2%DSQRT (DUM) ]

DEM=(( (MC2-H*(M+1.5D0) ) %%2+44.D0%HXM 2% (P+ (M+DABS(M))/2.D0+#NZ/2.D)
1*1.503)‘F*F)*('“CZ-F+H*(M-335D3))+8.DO*MC2*H“H*(P+(ﬂGDABS(W))/Z-)3
2+1.D00))

A{ 24y 14JyK)==DUM/DEM

DUM= (P+{M+DABS (M) )/2.00+1.D0 1*ML2%H
DUM= =2,00%DSQRT(DUM) /(~-MC2~-F+H¥ (M+1.5D0))

C{2sTyJyX )= DUMX( 1,00 +4  DOXMC 2%XH¥H* (NZ+1.D0)/DEM)

DUM= 2 ,DD%*(NZ+1.DD)®M(C2%*H
DUM= DSQRT(DUM)/(=MC2~-F+H%x(M~0,5D0))

IF(MTe ~0.100)DUM==~DUM



40

50

110

120

129
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AM(L oL )=FN+HEHE(M*M+M +) ,25D0)/( 2.D0%MC2)

AM(L L) =AM(L,L)+H®H*(2,D0*P+DABS (M) +1.5D0)/MC2

AM(LoL )=AM(L L ) +KAPPA*H*MU* O.S5DOXNT2(NT+3,D0)

D(4415JeK)=-1.D0

IF(MeLTe=0,1D0)D(4919JsK)==Dl4s1ydsK)

DUM= 2 ,D0*(P+(M+DABS(M))/2.D00+1.D0)*{NZ+1.DO)

DUM= 4 .DO*H*H®MC2*DSQRT (DJM)

DEM  =(((MC2-H¥*(M+1.5D0))**2+4.DO*H*MC2*(P+(M+DABS(M))/2.D0
L4NZ/2.00+1.5D00)~-FNEFN )%( MC2-FN-H*(M=-0,5D0))~8.DOCML2¢HEkH& (P+{(
2M+DABS (M})/2.D0+1.D0))

Cl4ay1,J9K)= DUM/DEM

DUM= 2 ,DO*(NZ+1 .,D0)*MC2%*H

DUM=DSQRT{(DUM)/( MC2~-FN=H%*(M=-0.5D0))

DUM=~DUM

IF(M.GT.~0.1D0)DUM=~DUM

Bl4yIyJeK)= DUMR( 1.DO#8.DI*MC2¥kHkH®(P#(M+DABS(M))/2.,D0+1.D0)/DEM)

DUM= (P+(M+DABS(M))/2.00+#1,D0)%MC2%H

DUM=<2 ,DO*DSQRT (DUM)/ ( MC2-FN-H*({M+1.5D0))

DUM==D UM

Al4y 1y JyK)=DUMR(1,D0~%4,DOCMC 2%kH®XH*(N2+1.DO) /DEM)

DUM= A4y IyJeK)*224¢B(4y I, ), )*%24C( 4y 1yJyK)*%2+]1.00

DUM=DSQRT (DUM)

A(4| I'J'K,=A(4|I'JvK)/DUM

B(4yIyd9K)= B(4y1,J,K)/ DUM

Clay19J9K)=C(4,],J9K)/DUM

D(’t' I.J,K)=D(4,1,J'K,/DUH

CONT INUE

M=M+1.D0

IF(IM.LE.O)P=P+1,.D0

TEST=MAX-=NZ

TEST=DABS(TEST)

IF(TEST.LT. 1.,D-031G3 TO 40

INZ=INZ+2

INZP1=INZ+1

NZ=NZZ(INZP1}

GO TO 30

TEST=NT-M

TEST=DABS(TEST)

IF(TEST.LT. 1.D-03)G0 TO S0

M=M+1,D0

IM=TM+1

GO TO 20

NT=NT+1.00

IN=IN+1

IF(IN.LELNSHEL)IGO TO 10

IL=0 »

JL=0

IN=0

NT= 0,DO

M==NT

IM==IN

MAX=NT~DABS (M)

TEVEN=IN-TABS (IM)

IF(TEVENLEQ.O)INZ=0

IF(IEVEN.EQ.O0)GO TD 129

IEVEN={~1)**]EVEN

IF{IEVEN.LT.O)INZ=1

IF(TEVENLGYT 40} IN2=0

CONTINUE
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D(2914d9€)= DUMK(1.D0~8,DOXMI2%HkHE(P+(M+DABS(M))}/2.30+1.D0)/DEM)

DIM= A(2y 19 J oK) %k2 31 . DO+C( 2,01,y XK)¥%24D( 2,1,y K)&E2

DUM=DSQRT (DUM)

A(2914J9K)=A(241,JyK)/DUM

BlZ2s19JeX)=B(2,y14JsK)/DUM

C(2y19JyK)=C{2,1,dyK)1/DUM

D(Zv!'J",=D(2'I'J'K,/DUM

L=L+1 ’

AM(LyL)=F=H¥xH®(MEM+M+0,25D0)/( 2.D0*MC2)

AM(L oL )=AM(L L )=H%H%(2,D0%P+DA3S(M)+1,5D00) /MC2

AM(LyL)=AM(L, L )+KAPPARH®MJ% 0 .5D0%NT*(NT+3.D0)

M=M+1,D0

IF(IMJLEL.O)P=P+1.D0

E= 10042 .D0%(H/MC2)%( 2.DO0%P+DABS{M)+NZ+2.530)+A%4x({ M&M+M+1,25)0
1)/7(MC2%MC2)

G= 1.DO+2.D0%(H/MC2)%( 2.D0O%P+DA3S(M) +1.5D0)+4%HE( MEMEMED L, 25D0) /
1(MC2%MC2)

G=DSQRTI(G)

F=E=2,D0%(H/MC2)%G

E= MC2%*DSQRT(E)

EN=~E

L=L+1

AMIL gL )=EN+HEH*(MEM+M+] 25001/ ( 2.D0%MC2)

AM(L L )=AM{L,L )~A%H%(2,D0%P+DABS(M)+1,5D0)/MC2

AM(L oL )=AM(L L) +KAPPAXH®EM X D ,5D0%NTx(NT+3.D00)

C(3,1,J9K)=-1.00 )

DUM= 2 ,DO*(P+(M+DABS(M))/2.00+1.D0)*(NZ+1.D0O}

DENOM=( ( (MC2~H%(M-0,5D0 ) )%%2+4 ,DO*4#MC2%(P+(M+DA3S(M))/2.D0
L+NZ/2.0041.500)=ENXEN)®( MC2-EN-HX(M+1,500)) +8 .DO*MC2%HEH% (P+(
2M+DABS (M} )/2.D0+1.00))

D(3,1,J9K)= DUM/DENDOM

DUM= 4,D0%H¥H®MC2%DSQRT(DUM)

IF(MLTe=0.10000(391,4,K)==D(341,J,K)

DUM= 2,.,D0%(NZ+1.00)*MC2%H

DUM= DSQRT(DUM}/( MC2-EN-H¥(M+1.5D0))

A(3415J,<)= DIMEL 1.D0-8DIFXML2%HXHE(P+(M+NAIS(M)})/2.D0+1.30)
1/DENOM) : .

DUM= (P+{M+DABS(M))/2.00+1.N0)%MC2%H

DUM=  2.DO%*DSQRT {DUM)/( MC2-EN-H*(¥-0,5D0))

IF(M.GTe=0,100)DUM==DUM

B(3yIyJe€)= DUMKX( 1,D0+4,D0%MI2%H:4{%x{NZ+1.02) /DENOM)

DUM= A(3 4T3 JoKI%%24+B(3, 1, ), )1%%2+41.D0O+D(3y Iy JyK)¥*2

DUM=DSQRT(DUM)

A3y I9JeK)=A(3,1,J,K)/DUM

B(3s19JeK)=B{3,1,J,K)/DUM

CU3y314JsK)=C(3,1,J,K)/DUM

D(3414JsK)=D(3,1,J,K)/DUM

IF( IM.LEOO,P=P'IQDO

M=M-1.D0

NZ=NZZ(INZP]1)

E= 14D042.00%(H/MC2)%{ 2.D0%P+DABS(M) +NZ+#2 ,500 J+H¥*HX{ MEM+M+1,25D0
1)/(MC2%MC2) )

5= 1.D0+2.D0%(H/MC2 VY% (" 2.DD%P +DABS (M) +15D0 ) +H #HX( M ¥+ + 0. 2500) /
1(MC2%MC2)

G=DSQRT(G)

F=E+2,D0% (H/MC2)%*G

F=MC2%DSQRT (F)

FN=-~F

L=L+1
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210

220

229

230

INZP1=TINZ+1

NZ=NZZ(INZP1)
P=(NT=-NZ~DABS{(M}))/2.D0
IP=(IN=~INZ2~-TABS(TM))/2
TF(MeLToe=0.1D0)J=1ABS(IM)+6
IF(MGT e=0.1D0)J=IM+1
1=1P+1

K=INZ2+1

. DO 139 IS=144

JL=JL+l
IL=JL
NTP=NT
INP=IN
pp=p
MP=M
NZP=NZ
MAX P=MAX
INZP=INZ
IMP=1M
1PP=1pP
1SP=15§

S 1Ip=1

JP=J

KP=K

GO0 1O 235

MP=-NTP

IMP==1 NP
MAXP=NTP-DABS (MP)
IEVENP=INP-TABS( IMP)
IF(TEVENPLEQ.O)INZP=0
IF(TEVENP.EQ.0IGD TO 229
TEVENP={=-1)*%*IEVENP
IF(IEVENP.LTLO)INZP=1
IF(TEVENP GTL.O)INZP=0Q
CONY INUE

INZPPL=INZIP+1
NZIP=NZZ(INZPP1)

PP=(NT P-NZP-DABS (MP))/2.D]

L IPP=(INP-INZP-TABS(IMP) ) /2

235

IF(MPLT«~0.1D0)JP=TABS(IMP )+6
IF(MP,GT.=0.1D0)JP=IMP+1

11P=1PP+1

KP=1INZP+1

Isp=1

CONTINUE
IF(IS.FQe2AND,IM.LE.O)P=P-1.D0
IF(1SeFQe4 <« AND,IM.LE.O)P=P=-1.D3

IF( !S.EQ.2.0R.IS.EQ.4)M=M—1 .00
IF(I1S.EQe2ANDLINZ.EQ4I INZ=-1.30
IF(IS.EQe3+AND.INZ.EQLD INZ==1,.00
IF(1S.EQe2.ANDINZ+GT.O0INZ=NZZ({INZ)}
TF(ISeEQe3 s ANDJINZWSGT &I INZ=NZZ(INZ)
IF{ISP.EQe2AND.IMP.LE.O)}PP=PP~1.D0

TFC ISP oEQe4 dANDJIMPL,LELO)}PP=PP-1.D0
IF(ISP.EQe2.0R.ISP.EQ.% IMP=MP~-1.D0
IF(ISP.EQe2.AND INZP.EQ.0INZP=-1.DD

TF( ISP eEQe2 ANDLINZP.GT ,OINZP=NZZ(INZP)
TF(ISP.EQe3 . AND.INZP.EQ.DINZP=~1.DD
IF(ISP.EQe3.ANDSINZP GT.OINZP=NZZ{INZP)
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IF(IS.EQe2AND.IM,LE.O)IP=IP~1
IF( IS-EQ.‘Q-AND.IM.LE.O)IP=IP-1
IF(IS.EQe2.0RISEQas)IM=TM=-]1
JF(I1SeEQe2.0R.IS.EQe3I)INZ=INZ-1
IF( ISP .EQ.2.AND.IMP.LE.O)IPP=TIPP~1
IF(ISP.EQe%+ AND,IMP,LE.O}IPP=]PD=~]
IF(ISP.EQe20RISP.EQe4) IMP=IMP-1
IF(ISP.EQe2DRISPL,EI 3 INZIP=INZP~1
DUM=2.,D0% (NZ2+1.DO) % (P+{M+DABS(M))/2.D0+1.00}
DUM=DSQRT (DUM)
TF(M.GT.-0.1D0}DUM==DUM
TF(INZoNEL.INZP.OReIP.NE.IPP,ORSIMNELIMPIGO TO 401
DIAGONAL AND (SPIN DDOWN,SPIN U?), ETC. TYPE ELEMENTS 0F L.S
DEM=A(ISPyIIPJPyKPIRA(IS) InJ 9 )*¥M=B( ISP, IIPyJPyKPI*B(IS,1,JyK) %t
AM+1eDOV4Z(ISPyIIPy JPyKP)I*C(ISyIsJyK)*M=DUISP, 1Py JP,<P)*
20(1S 143y K)%R(M+1,DOY+CUISPLRTIIPsIP4yKP)IXD(ISy[ ¢ JyK)EDUMED(ISP,TIP,
3JIPKPIRCHIS I,y K)%®DUM
DEM= 0.5%DEM
DEM= KAPPA¥*H%*2 ,DO*DEY
AM(TL, JLY=AM(IL ,JL)~DEM
DIAGONAL AND(SPIN OJWN,SPIN ‘UP)y ETC. TYPE ELEMENTS OF L.L
DEM=A( ISPy TIPyJPyKP)HRA( ISy Iy J oK IE(URMENZX(2,D0%P¢DA3S( 1) ¢2.D0)
1+{(NZ+1.D0)%(2.,D0%P+DABS(M}))+BUISP,TIPyJPyKPIRB(ISyI,4J,K)%((M+1.D]
2)%(M+]1 DO )+ (NZ+1.D0)*(2,D0%P+DABS(M)+3.D0) +(NZ+2,D0)%(2.D0kP+
3DABS(M)+#1.D0)) +CUISP,IIP,JPyXKP JXC(ISyIeJeKIX(MEY+(NZ+1,20)%(2.D00
4%P+DABSIM) +2.D0) +(NZ+2.D0)* (2,D0%P+DABS(M) ) )+D(ISP,IIP, JP ,KP)%
SDOISyIoJr KPR (M+1D0 )% (M+1.D0OV+NZ%(2.D0%P+DABS(M)+3,D0)+(NZ+1.D0)
6%(2,D0%*P+DABS (M)+1,00))
DEM=KAPPAXMURH*DEM
AMIUTL, JL)=AM{IL,JL)-DEM
GO T0O 316 '
401 CONTINUE
PPy, P MPyM MZIP,NZ+2 TERM OF L.S
DUM2= 2.D0%* (NZ+2. DO)*(P+(M+DABS(M))/2 DO+1.00)
IF(DUM2,LT.0.,D0)DUM2= 0.D0
~ DUM2=DSQRT (0UM2)
IF(MeGTo-0.1D00)DUM2=-DUM2
IF{ TP NELIPP,ORJIMJNE.IMP)IGO TO 405
INZP2=INZ+2
TF(INZP.NELINZP2)GO T0O 403
AMUTIL o JL)I=AMOTL yJL ) =-KAPPARHRA(ISP yIIPyJP KO )&B(ISyT9JdoK)EDIM2
GO0 T0 315
403 CONTINUE
PPy P MP,M MZP,NZ=-2 TERY 3F L.S
DUM3= 2 ,DOXNZ¥(P+(M+DABS(M)}/2.00+1.D0)
IF(DUM3,.LT.0.DO)DUM3= 0,DO
DUM3=DSQRT (DUM3)
IF(M.GT.-0.1D0)DUM3=~DJIM3
INZM2=INZ-2
IF(INZPNELINZM2)GO TO 405
AMUIL yJL)=AMUTLyJL )-KAPPAXHEKB(ISPy TIPyJPyKP)*A(ISy14J9X)}*%DUM3
. GO TO 316
405 CONTINUE
PPyP-1 MP,M MZP,NZ TERM OF L.S
IPM1=1P~-1
IF{IPPNELIPMLLOR.IMP  NE.TH DR .INZ,NELINZP)IGD TD 407
DUM4= 2.,30%{NZ+1.DO)*{P+{DABS(M)=-M)/2.D0)
IF(DUM4.LT .0.D0)IDUM4= 0,.,DO
DUM4 = DSQRT (DUM4)
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IF(M.GT .=J.1D01DUMa==-DIM4

AMUTLyJL)=AM(IL yJL) =KAPPA¥HERB(ISP,TIP, JPKPI*ATIS,1,J,<C)%DUM4
GO TO 316

CONT INUE

PPyP+1 MPyM NZP,NZ TERM OF L .S

IPP1=1P+1

IF{IPP NE.IPPLl.OR.,IMP . NE.IM.OR.INZ.NELINZPIGI TO 409

DUMS= 2,D0% (NZ+1.D01*(P+(DABS(M)=-M)/2.D0+1.DD)
IF(DUMS5.LT.0.D0)DUM5= 0.D0

OUM5=DS QRT (DUM5)

IF(M.5T.-0.1D0)DUM5=~DUM5

AM{ TL,JL)= AM(ILqJL)-KAPPA*H*A(ISD’IIPvJPpKP)*B(IS.Iko()*DUMS
CONTINUE

PPyP+]l MPyM NZP,NZ=-2 TERM OF L.S

TPPL=1P+]

INZM2=INZ-2

IF{ IPP «NEIPPL.IRZINZPJNELINZM2,IR.IMP,NELIMIGO TQ 411

DUM6= 2.DO*NZ%(P+(DABS(M}~4)7/2.D0+1.D0)

IF{DUM6.LT.0.D0)DUME= 0.DO

DUM6=DSQRT (DUM6 )

IF(M.GT.-0.1D0)DUME=~DIME
AMUILySL)I=AMITILyJL)-KAPPAXHEC (ISP TIPyJP yKP)I®D(ISy14J,<)%DIMb
PPyP+1 MPsM NZP,NZ-2 AND PP,2+1 MPyM NZP+1,NZ=1 TEIMS DJF L.L
DUMT7=NZ*{NZ-1.D0)%(P+1.D0)*(P+DABS{(M)+1.D0)
IF(DUMT.,LT.0.D0}DUMT= 0.DO

DUMT= 2,D0*DSQRT (DUMT )

AMUTL,yJL)=AM(TL ¢ JL)~KAPPAEHAMUKA(ISP, IIP 4JP oKP I¥A(ISs Iy JyKIEDIMT
DUMT=NZ%(NZ-1.00)*%(P+1.,D0)*{(P+DABS(M)+2.D0)
IF(DUMT,.LT.0.D0)DUMT= D.DD

DUMT= 2.DO0*DSQRT{DUMT)

AMUTLyJLI=AMOTL yJL ) =K A2 PARHEMUXD( TSPy ITP yJPyKP )& I (IS4 4JsK)EDUMT
DUMT= NZ%x(NZ+1.D0)*(P+1.D01%(P+DABS(M)+2.00)
IF(DUM7.LT.0.D0)DUMT= 0.DO

DUMT= 2.DO*DSQRT(DUMT)

AM(IL,JL)=AM(IL, JL) =K APPARHEMJ4B{ ISP, TIP,JP,KP )XB( 1S, T4 J,<)%DU47T
DUM7= NZ%x(NZ+1.D0)*(P+1.D0)*(P+DABS(M)+1.0D0)
IF(DUMT.LT.0.D0)DUMT= J.DI

DUMT7= 2.,D0*DSQRY(DUMT}

AMUTL 9 JL )SAM(TIL o JL) KA PARHEMURC( ISPy IIP 4 JPKP)*C(ISyI4J,K)%DYMT
CONTINUE

. PPyP=1 MPyM NIP,NZ+2 TERM OF L.S

IPML=1P-1
INZP2=INZ+2

IF(IPP.NE.IPM1.OR.INZP.NELINZP2.0R.IMP.NE,IM)GO TO 413

DUMB= 2.D0#(NZ+2.00) (P +(DABS(¥)=M)/2.00)

IF(DUMB.LT.0.DO)DUMB= 2 .00

DUMB=DSQRT(DUMB)

IF(M.GT.=0.1D0)DUMB=~DUMS

AMCIL, JL)=AM(TL yJL)=KAPPARHEMURD (ISP, TIP,JP,KP JXC( IS, 14 JyK)*DUMS
PPyP=1 MP,M NZP,NZ+2 AND PP,P-1 MP,M NZP+l,NZ+3 TERMS OF L.L
DUM9I= (NZ+1 . DO )% (NZ+2.D) )*P*(P+DABS(M) )

IF(DUM9.LT.0.D0)DUMI= 0.DO

DUM9= 2.DO*DSQRT(DUMI )

AMUTL,JLY= AM(TL, JL)=KAPPARH®EM J%A (ISP, TIP, JPy<PI*A(TS,14J,K)*DJMI
DUM9=(NZ#2.D0) % (NZ+3.00)%P&(P+DABS (M} +1,D0)

IF(DUM9.LT.0.D0)DUMI= 0,DO

DUMI= 2.DO*DSQRT (DUM9)

AMUILy JL)=AM(TLyJL)=KA2 PAKHEMUSB( ISP, TIP JPyKP)1#B(IS,1yJsK)%DIUI
DIMI=(NZ#+2.D0)* (NZ+3,D0 V¢ ¥ (P +DABSIM))
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DUM9 = 2.D0%DSQRT (DUM9)

AMITI L, JL)=AM(IL yJL) -KAPPAXHXMUKC (ISP, TIP3 JPyKP I®C( ISy I,y JyK)*DUUI
DJIMI=(NZ+1.D0)*(NZ+2,D0)%P&(P+DABS{M)+1.D0)
IF(DUM9.LT.0.D0)DUMI= 2J.DD

DUM9= 2.DO*DSQRT(DUMI)

AMOTLy JL)=AM{TIL g JL }=KAIPAXHRMURDI( ISP 4 ITIP g JP yKP)IKD(IS,I4J,K)EDUMI
CONT INUE

CONTINUE

RESTORE PyMyNZ VALUES
IF(ISP.EQ.2.0R.ISP.EQ.3) INZP=INZP+]
IF(ISP.EQe2.0R.ISP.EQ.4) IMP=IMP+]
IF(ISP.EQe4%ANDLIMP LELO)IPP=IPP+]
IF(ISPEQe2e AND,IMP. LE.O)IPP=IPP+1
IF{IS.EQe2.0R.ISCEQ.3)VINZ=INZ+1
TRF(IS.FQe2eORIS.EQa’ ) IM=IM+]
TF{IS.FEQu4sAND.IMLEL D) IP=IP+1
IF(IS.EQe2AND.IMLE.O}IP=1P+]
INZPPL=INZP+1
TF{TSPeFQe3.0RISP.EQe2)INZP=NZZ{INZPP])
TF{ISPEQs2.IR,ISP.EQ 4 IMP=MP+1,D0
IF( ISP.EQ.fb.AND.'MP.LE-O)PP=PP*1.DO
IFUISP 4EQe2ANDIMP,LELOQ)PP=PP+1.D0
INZP1=1INZ+1
IF(IS.EQe3.0R.TIS.FEQe2INZ=NZZ(INZP1)
TF{ IS .EQa2.IRIS.EQe4)IM=M+1.D0
IF(1S.EQ.4 «ANDLIMJLELO)P=P+1.D0
IF{IS.EQe2.AND,IM.LE.O)}P=P+1.00
It=1tL+1

ISP=1SP+l :

IF(ISP.LE.4)GD TO 235

TEST=MAXP-NZP

TEST=DABS{TEST)

IF{TEST.LT. 1.D-03)G0 TO 240
INZP=INZP+2

INZPPL=INZP+1

NZP=NZZ{INZPP1)

GO TO 230

TEST=NTP~-MP

TEST=DABS(TEST) s

IF(TEST.LT. 1.D-03)G3 TO 250
MP=MP+1.D0

IMP=IMP+1

GO TO 220

NTP=NTP+1.D0

INP=INP+1 .
IF(INPLLESNSHEL)GO TO 210

CONTINUE :
TEST=MAX-NZ

TEST=DABS(TEST)
IF{TEST.LT.1.D-03)}G0 TO 140
INZ=INZ+2

INZPL=INZ+1

NZ=NZZ(INZP1)

GO 70 130

TEST=NT=M

TEST=DABS{TEST)

IF(TESTLTe 1.D-03)G3 TO 150
M=M"1.DO



150

43

IM=TM+1

GO 70 1290

NT=NT+1.00

IN=IN+1

IF{INJLELNSHEL)IGO TO 110

CALL SYMQR(AM,DLEL KOy NyNA,EPS,ABSCNV,VEC,TRD,FAIL)
WRITE(6,2){DL(I)yI=1,224),{EL(I),I=1,224)
FORMAT {1Xy104(5D22.15,/41X)}
WRITE{6,43)FAIL

FORMAT(1X,13)

sTop

END
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