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Donald Lynn Miller, Ph.D.

Department of Physics
Unlver51ty of Illinois at Urbana-Champa1gn,_l979

CHAPTER ONE: KLL Auger transition rates for helium

are computed u51ng simple atomic orbltal wavefunctlons which
. -

-take into account the difference in average electron- electron

repulsibn-of‘initial and final states. The results are con51stentA

with transitionﬂrates computed by other authors using a variety

of many electron techniques. It is suggested that wavefunctions

determlned in ‘the manner described provide a useful representa—«

".tion of the aut01onlzlng state within the first Bohr radius.

CHAPTER TWO: A method for extractlng atomlc pseudo—
potentlals from photoelectron angular dlstrlbutlons is described
and. applied phot01onlzat10n of the outermost P shells of Ar,
Kr, and Xei and to . the 4d shell of Xe. The pseudopotentials
obtained reproduce the data, and also oredlct accurate cross
sections and.phase shifts for photoelectron energies up.to
100 evVv. ‘It;is‘suggested that the pseudopotehtials4aptly'mimic
the effects of intrashell electron-electron correlations in the
photolouizatioh process.

. o CHAPTER THREE: The extended Huckel theory_ls applied
to the nltrogen trap in GaAs and GaP. Perfect crystal band

structures are computed and are shown to be in reasonable agree-

‘ment with those‘computed with empirical pseudopotentials. Nitro-

gen impurity_levels in GaAs and GaP are computed using an

"extended Hﬁckel cluster model. In each case the model pre-

dicts two states within the band gap, in constrast to experi-




ment which‘defects one impurity state in GaP and none in GaAs.
It is suggested that the choice of cluster used unrealistically

concentratés states near the conduction band edge on the central

~atom. .
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PREFACE

ThlS the51s deals with three dlStlnCt problems in electronlc
structure, w1th a single unlfylng aspect. Each chapter documents
the- appllcatlon of a 51mp1e, almost 1ntu1t1ve, approach to a system
Wthh would normally be treated only by more complex methods. = Each
chapter is self contalned, including flgures, references, and
equatlons.> A |

The materlal of Chapter One has been prev1ously publlshed

D. L. Miller and D. R. Franceschetti, J. Phys. B 9 1471 (1976) .

-Portlons of the materlal of Chapter Two have also been publlshed

D. L. Mlller and J D. Dow, Phys. Lett. 60A, 16 (1977); and D. L.

Mlller, J. D Dow, R. G. Houlgate, G. V. Marr, and J. B. West J.

Phys. B lg, 3205.(1977).
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CHAPTER ONE :

A SIMPLIFIED CALCULATION OF AUTOIONIZATION RATES
. FOR DOUBLY EXCITED STATES OF HELIUM



I. INTRODUCTION

Thé Auger effect, the’decay of an atomic inner shell
vacancy state'by autoionization, has been understood in pfinciple
for sbme timél/;v Although a substantial literature concerning
the phenomenbﬁ now existsgLé/, our understanding of autoioniza-

tion in even the simplest atomic systems is far from complete.

Recent developments in the field include the efforts of a number

of authors 2/‘to compute autoionization transition rates for
doubly excited'helium atoms, taking full account of the electron-
electron inte:aétion. The results of théée calculations are
significant fdr'at least two reasons: (i} With only two elec-
trons, the heliﬁm atom provides the simplest system available

for the study of electron-electron correlatiqh‘effects on any
physical property. In view of the rapid increasé in computational
compléxity witﬁ the number of electrons, it is quite likely that
gqualitative infbfmation gained from extensive calculations on
helium will bé‘épplied to more complex systems before calcula-
tions of com?drable accuracy are attempted. (iii The existence
of high accuracy.calculations for He permits the testing and
refinement of simpler approximate methods more directly related
to physical intﬁition.' This chapter reports.the test of one such
method. Although it neglects instantaneous electron-electron
correlationsQ.the method is shown to provide reasonable auto-

ionization linewidths for helium. Its primary utility, however,

derives from its direct applicability to the singly and multiply




excited stateé of other low 2Z atoms and iche‘since most of these

have not been studled by many body methods.

| Our approach employs an independent electron model in
which wavefunctions are written as Slater determinants (or a s1mple
linear combihation thereof as required by symmetry) of atomic

orbitals. Our method is based on the realization that the effec-

tive one—elecfron»Hamiitonian (Fock operatorié/) whose eigen-

functions provide the best single determinant approximation to

" the wavefunction of a given state is unique to that state since

it exp11c1t1y contains the averaged electron electron repu151on

of that partlcular state. Thus by determlnlng initial and final

state wavefunctlons in independent calculatlons we are able to

take into acCount the averaged electron-electron repulsion

approprlate to each state.

We belleve it useful to dlstlngulsh between this averaged

Arepulslon, Wthh might be obtained in an 1ndependent self-

consistent 51ngle determinant calculation for each state,~and
the 1nstantaneous correlation of electron motlon which is included
only in a full many—body treatment. Since some many—body

methods (at 1east implicitly) expand all N-electron wave-

ifunctlons in terms of the same set of atomlc orbltals, it may

be difficult in such cases to differentiate between the two.

effects. TheApresent calculation was undertaken in part to

permit such a separation in the case of helium autoionization.



Earller and more rudimentary calculatlonsliLli/

have shown that in three ~-electron atoms the type of effect dis-

.cussed here is an important factor in determining the rate of

aut01onlzatlon. The results presented Ahere permit us to gauge
the reliability of such calculations and prov1de gu1dance in

approaching autoionization in other few eleetron systems.




IT. METHOD

~Thé'Auger transition rate is given in atomic units
(e = h = m, = 1; energy unit = 2Ry) by the well-known "golden

:ulef formuia :
W= 2| <f|=—|i>|% o (B, | (1)
: : 12 '

' The iniﬁial}sfate | i> involves an'émpty 1s shell and the
final'staté:“]f> includes a continuum electron. ~ We havei
determiﬁed-ihitial and final state wavefunctions for all pos—j
sible KLL .Auger LL'a'll'S..LtiUHS by iud‘e'peudeuts' V‘dfidti@lldl"A_Cdl.culda
tions. | | o

Thg,final'state wavefunctibns werertaken to be'of the

" form: -
e = e Lx () 4x (162 ] [w(D B FBMa()) ()

with signs chosén appropriately for singlet and triplet states.

¢ was takenfto{be a hydrogenié 1s function, as appropriate

'for'the»residﬁal He' ion, while the continuum'function was.

16/

determihed'by solving—




H =i3_
0 2

K8

(4)

is the hydrqgehic Hamiltonian, %kz is the energy of the continuum

~: electron, -

Caxtry) = 1f @r,letry |, k) (5)
and

' «K*(r ) = [ fd3r:¢*(r )x(r,)r .h1]¥(r ) (6)

oo 1 2 2 2712 . 1

-‘défine the difeét and exchange Coulomb operaﬁbfs.
Anﬁiterative.series of Numerov integrationsll/ was
performed t§ pfévide self-consistent, numerical solutions of -
Equation (3). ' - . |
As mentioned above, the initial states were taken to
bé.Slater detérminants, or a linear combinationithereof, as

required in the' LS coupling scheme. The independent electron

orbitals used'wére of the form

. ) —er‘ _gzr L h
_.wzsA— NZS[re .—Ae ]Y0,0(6,¢)j (7a)
. —g3r .
wzp = szre Yl’m(e,d)) . (7b)
: . : L - 18/
with CI’CZ’C3‘ being the variational parameters—'. A

separate variational calculation was performed for each LS term.

In addiﬁion)'configuration mixing of the 252 and 2p2 lS states -



was determined by diagonalization of the Coulomb operator. In.
calculations ipvolving 2s orbitals, the parameter A was
constrained_ﬁo maintain orthogonality to the final stéte 1s
orbital. Tﬁis’procedﬁre provides physically feasonable wave-
functions withﬂthe'assurance that the autoiohizing states are
Aapproximateiy‘orthogonal to all lower lyingAétates.

It should be noted that our method falls within the
framework of,Feshbach s "Q—operator formal;smlg—gg/ Within
this frémewérk;4our-autoionization widths are an approximation

to thé»trueiValue. Our energies, however, should be viewed as

approximations to the eigenvalues, €y of the operator QHQ ~where
0 = (1-]¢(1)><¢ (1) [)(1-1o(2)><0(2) ). - (8)

These elgenvalues dlffer fron the true p051t10ns, EA by an

- amount ;Ai hlch has been shown by other authors to be small.

1/




ITI. DISCUSSION

Included in Table I are the resulté of a number of

‘recent calculations: Propin'si/ four térm C.I. with screened

- hydrogenic anefunctions, Herrick'sélz/ C.I. calculation using

a much Largef,_but,unscreened,hydrogenic‘basis,:the close coupling
scattgrind thgoretic célculations“of Burke et E;yng/(‘and the
calculation of Bhatia énd Temkin, who employed a Hylleraas-type_

variational function within the projection opefator formalismlo_lz(

21-25/

The 1attef prbVides the closest agreement with experiment
achieved to‘date, owing in pért to the explicit appearance of
Xy, in the tfial function, which allows a particularly accurate
approximation to eléctron—electron COrrelatibn.

| ﬁxamining the .calculated energies, we find that our
results, including 252—2p2 coﬁfigﬁratién interaction, agfee
with thé:expéfimental values within 2%. All_df the other theo-
retipal cal¢u15£ions included, however, achieve somewhat better

agreement with experiment. It is often stated that the autoioni-

zation width is quite sensitive to the detailed nature of the

2/

atomic wavefunction—. A striking confirmation of this state-

' i S .4
ment is found. on comparing the results of Herr;ckz/ and Propln—/.

Although'the ipitial state'energies'obtainedlbyjihe two authors
agree within- " 0.2% and their final stafe wavefunctions are of the
same form, thei} calculated linewidths disagree.by as much as 50%.
Our autoionization widths are in considerébly better agreement

5/

those of Propini/ and agree nearly as well as those of Herrick~'.

with the reshlts of the most detailed calculations




The 6nly disappointing result of our calculation is the very

small width fer the 2p'2 lS state. The Auger matrix element in

this case involves the difference of nearly equal quantities
and thus 1is extremely,sensitive to small inaccuracies in the
atomic wavefunctions. It should also be neted that there is
little agreement among previous calculations of this width.

The agreement observed between our calculated Auger
lwidths end thbee obtained in'far more detailed calculations leads
us to belleve that the essent1a1 physical factors determlnlng the
Auger tran51tlon rate are well represented in our wavefunctlons.
This is at flrst surprising since our independent electron
wévefunctions, obtained in simple variational calculations,
are not eQen eelf—consistent solutions of the Hartree-Fock
equatiens. - We érgue,Ahowever, that (i) the self-consistent
"eolution of4the Hartree-Fock equation is a particularly good

approx1mat10n to the true wavefunctlon for most of the doubly

”exc1ted states con51dered (ii) our varlatlonal calculations

produce wavefunctlons which closely approx1mate ‘the self-
consistent wavefunctlons in the inner shell region, and«(lii)
the beﬁavidr'gf the wavefunction in the inner shell region is,
the most importent factor determining the Auger transition rate.
The‘dominant contribution to the energy of a doubly
_,excitéd stateiis the electron-nucleus attraétidn. (Note thét‘
A 1 .

this.contributibn'is proportional to <r > while the electron-

electron repu151on contribution is roughly proportional to

l/<r >.) Startlng with the best independent electron approxi-

mation to the '2222'zs+lL state, one expects only small con-

+
2541,

figurétion'ihteraction admixtures of higher nz#n'z"'




I. EhergiesA(above ground state) and autionization widths

forldodbly excited states of Helium.

A Energy (ev) - _
-3 "1 21 21

2s2p P 2s2P P 2p S 2p D Source
58.49 - 61.10  62.31 60.93  This calculation
' ‘ (one configuration)
—— == 63.83 -—- This ‘calculation
: (two term C.I.)
58.44° - 60.37 62.75 60.19 Propini/
58.39 - 60.33  62.78 60.09  Herrick®~/
58.36  60.27  62.81 60.02  Burke et. al.2t2/
58.32 ©.60.15  62.09 59.91  Bhatia et. al.12712/
2 58.34% 60.12°  62.15% 59.95°. Expt.
.- Autionization Width (ev) ' :
2s2p 3? 2s2P ;P 2p2 1g 2p2 ;D o Source
0.018 ~ 0.032 0.049 0.105 This calculation
(one configuration)
-—— —— 0.00095 --- This calculation
o : A(two term C.I.)
0.033- .0.024  0.004 0.087 Propin®/

0.022  0.036  0.0077 0.082 Herrick><’ 5-1/

0.011  0.044 0.019 0.073- Burke et al.2t2/
10.0089 ° 0.036  0.0067 0.073 Bhatia et al.1071%/
0.0094_ 0.038,  --- 0.0724 Expt.

+.0006°  +.

25




states (n- or n' > 2) since those admixtures reduce electron-

electron repulsion only at the cost of increasing the electron

nucleus separation. For the transitions considered here, one

'therefore’needzonly be concerned with the interaction of the

ZszA and 2p2:lS states, since those states correspdnd to nearly
equal values of <rfl>' and their interaction permits electron

correlation without increasing the electron nucleus separation.

The~largest.contribution to <r > arise from the
-1

'reglon of the atom within the first Bohr radius. Since <r. >

determlnes the greater part of the total energy, a variational

calculatlon w1ll provide a good apprx1matlon to the wave function
in that reglon, even at the expense of an accurate description
of the wavefunctlon in other regions, prov1ded that the trial

function provides suff1c1ent'flex1b111ty. We note that a trial

function withAVariable exponents (Eq. (7§)‘is particularly

sultable in- thlS respect.

Coopergé/ and Fano and Cooper——/ have pointed out that
desplte the long range nature of the Coulomb 1nteractlon, the

domlnant contr;butlon to the Auger matrix element

f l f d rzwf (rl:r ) itl) (rl’r ) (9)

rarises from ‘the reglon in whlch both electrons are near the

nucleus, Since wf involves a 1s electron, the domlnant
contribution to this matrix element arises from the region of
configﬁratidn”Space‘in which both electrons are near the nucleus,

for in that:region‘both vg and rlz—1 will be large. Thus




12

the initial state wavefunctions employed in our calculation,
aithoughAsimple in form, permit a close approximation to the

~actual transition rate.
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Iv. SUMMARY

We:have presented a'siméle methodiﬁor'the calculation
of KLL vAuger'transition rates of low 2 afoms and ions.
Wavefunctiohs_émployed are single Slater determinants (or
. - simple iineéf‘combinations) and initial and final states are
determined iﬁ'independent'variatiénal calculations. The method

is based on;ﬁhé realization that the average electron-electrm
repdlsibnjﬁéy-aiffer considerably in initiai:and final states.
jKLL:Hdecay rates were cbmputed.for doubly excited

helium and'coméared with the results of expefiment and high-
accuracy caiculations. The resulté suggest £ha£ the autionization
Widﬁh may be fe1iably estimatedlwithoht taking'ihto account the
vinstahtaneoﬁs'COrrelatioh of electron motion. It is reasonable
toiexpéct that Similar physical‘consiaerations'govern the decay
of single.ahdldouble K shell vacancies in cher low 2 atoms.
Calculationé.of_the autionization'widfh in such”systems using
the method déécribed should distinguish between long-lived and
éhort?lived.SEates and should predict the width of the latter
ékoithin_a faotor of 2. :

| It.isfoniy a mafter of time before high accuracy con-
'figuration ihféraction calculations aré availéble fér thelautioni-
.zation of atbms‘ﬁith more than two eleétroné.:We.feel; however,
that simple; physically inSbired methods will remain valuable

both in sorting out experimental data and in advancing our

conceptual understanding of ‘the autionization process.
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I. INTRODUCTION

Thefangular distributions of photoemitted electrons
hold-some promlse of being useful in the identification of
adsorbates and.in determining their orientation on solid sur--
faces. It seems desirable’ then to be able to analyze such
d1str1but10m;as qu1ckly, efficiently, and accurately as possible.

As a flrst step in this dlrectlon, we have considered
the.photoionization properties of single atoms;'and have found
in even thetsimplest cases (i.e. rare gas:atoms)-that the
standard theories leave something to be desired.l/

Local density methods such as the Hohenberg -Kohn- Sham2 3/
and fXai/- Calculations, are easily applied and efficient.
However, their“ability to describe such basic properties as the
phot01onlzatlon Cross section and photoelectron angular dis-
trlbutlon ranges from 1nadequate to terrlble, dependlng upon
the prescrlptlon used for the local potential. |

Hartree Fock (HF) calculatlonsé/ requlre more compu-
tation than the local den51ty methods, but the effort involved
is'still reasonable. This method also. prov1des accurate ground
state propertles} i.e.lorbltal energies and wavefunctlons. In -
fact, this method providesAthe best possible single determinant
‘,wavefunctlon for the ground state. However,.itlis not reliable
when used to" calculate continuum propertles. As'examples of
this we note that the f- sum rule is not satlsfled in this

approach (see appendlx A and reference 5) and that it falls
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to produce accurate values for cross sections and angular dis-
tributions. |

The most accurate calculatlons to date are those of
: Amu51a and co-workers using the Random Phase Approximation w1th

6- 6-9/

Exchange (RPAE) This method, which is equivalent to time-

' dependent HF - theoryl/- uses a many‘electron, diagramatic,
approach to 1nclude the effects of dynamic correlatlons.
Typlcally, RPAE cross sections agree with experlment to within
5-10%,. and computed angular distributions are reasonable.
Furthermore, by 1nclud1ng an 1nf1n1te class of dlagrams, the
RPAE avoids the sum rule problems that. plague HF calculations.
The pr1nc1pa1 drawback of thlS approach is 1ts computatlonal cof-
plexity, wh1ch renders similar calculatlons for,larger systems
1ntractable. N |

‘As’ an alternatlve to'these a priori”methods we have
proposedlg/ that;the-continuum properties of photoionization
may be descrlbed by a local, static pseudOpotential, whlch
may be extracted from experlmental data. The method is con-
ceptually 51mp1e.j Photon absorptlon is treated as a one-
electron process, so long as dynamlc effects are dominated by
a single subshell of electrons. If necessary, 1ntershell
effects may be 1nc1uded by second order perturbatlon theory
The method is fast. The amount of computatlon required is
comparable to that used in a HF calculation and is signifi-
cantly less than that required by the RPAE. The method is

also accurate,j We shall show that it is much more reliable



than either HF or local density calculations, and compares

favorably to the RPAE.

19
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IT. UNITS

In this chapter we take advantage of the atomic system of

units to simplify the equations. 1In this system A=m =e=1,

e

where m, and e - are.the mass and charge of an electron. The-
unit of length is the.hydrogenic Bohr radius and the unit of energy

is the Hartree (1 Hartree = 2 Rydbergs) .
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IIT. METHOD

Since we are interested in a local pseudopoﬁential
wﬁich complétély characterizes the scattering properties of
an'afom, and we'wish to fix this potential using experimental
measurements, .we require an experimental quantity which possesses
thé'follbwing p:operties: (1) it must be sensitive to the
potentiai used; (ii) it must be easily measured; '(iii) it
muét be easiiYicalculated.

We have chosen to use the atomic asymmetry parameter
B(E), which:isAdefined in terms of the differential cross

section do (E)/dQ (see appendix B):

dg(E) _ %tot : :
- Taq T Tin (1 + B(E)Pz(cose)]f | (1)

~where is the total cross section for photoionization,

Ttot |
E 1is the thtoelectron energy, Pz(x) = %@ x2¥lL and 8
is the»angle‘of_emiSSion with respect to the polarization -

11/

vector of thé'incident photon.— For an electron initially in

a one-eiectr6n~state In,2>, with n beinglthe principal

quantum number and ¢ being the azimﬁthal quantﬁm number, the
dipole selectioﬁ rulé restricts the final staté‘to a superposition
of.continuum waves with &' = ¢ + 1. Thus the éﬁgular dis%ri—

bution of photoelectrons is the result of the interference of

two outgoing;Waves. As such, it depends upon the relative matrix
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elements for transitions into these two continuum waves, and

upon the phase difference of the two waves. More explicitly,

B(E). 1is given by the Cooper—Zarelz/ formula:

m) - l(lfl)Rl_l+(£+l)(2+2)RQ+I4R(2+1)R£+1R2_ICQS(6£+l—62‘1) )

) 2 2
(22+l)[2R£_l+(2+l)R2+l]

which 1is valid for spherically symmetric atoms in the L—S 
coupling schehe.
Here.

Rlil(E) = | Odr P g (r)dp

g, g1 (¥) (3)

are the dipole matrix elements for the transitions |n,2> >

|E, 2+1>, and §Q+l are the phase shifts of thé continuum

waves. In equation 3, d represents the dipole operator, and

~

(m/r [P (r)/r] - is the radial part of the bound [continuum]

Pr,2 E, %+l

wavefunction.

"The continuum functions are normalized as

2 1/2 . 1 Ll : 4
PE,Q(r) r+®>(?i) sinlkr + ¢ 1n(2kr) - &5 +§,1, (4)
;where kz = ZE.‘ This is the standard normalization per unit

ehergy. The total cross section otct(E) is then given byg/
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2
2+1

_ 4x Nn,l
LW

, [SLR2 + (2+1)R
(22+1)

-1 1, (5)

where ® is.the photon energy and a 1is the fine structure
donétant.
To illustrate how g depends on the phase shifts and

matrix elements, we refer the reader to Fig. 1. There, we

Rg+1/Rg-1 for several values of

plot B vs. M =

n o= 8 -6 with & = 1. For the cases we will consider

g-1"
_M' lies roughly in the range -4 <M< 4 and A varies by

2+1

about 2m. These ranges qualitatively explain the oscillatory
behavior éf'-gkﬁ) which is seen in the actual data. Note in
pafticular thé.point M =0 in this figure. 'This is the so
called "Coopér mihimum,"12/ and near this point B8 is especiélly
$ensitive to'variations in both M and A. The dependence
.of g on M- énd A suggests a non—trivial-dépendence of
B(E) on the potential. ‘This is verified by the calculations.
Experimentally, B8(E) can be measﬁréd with'relative
éaée, as it réquires no knowledge of absolute cross sectioné.
Meésurementslare typically made with either atbmic line sourceé
or synchrontrOnvradiation as a source of photons. Line soﬁrce
measurements can be made quite accurately, prqvided the cross
' éection is 1éfgelenough to provide adequate counting rates. In.
effect, this iimits such measurements to electron energies

below the Coéper~minimum. One is further limited in energy

selection byvthe discrete spectra of these sources. These
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‘Fig. 1. Asymmet:y parameter ‘3 as a function of M = RZ/RO;

(b= 0); === (A= T/4); — « — (b =7/2);

————-ff+ (A = 3n/4); ‘ .. (A = ﬂ).‘
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' to<maintain'a'¢onstant polarization with these sources.=—
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problems are alleviated by the use of synchrotron radiation,

which providgs a strong continuum of radiation in the far UV

- to x-ray -region. The trade off here is that it is difficult

14/

In_éaLculating B (E) we take the bound state wave-
| ' 15-16/

function, P from HF calculations of the ground' state

n,’

since these aregenerally considered to be accurate. For the

continuum waves we assume the SchrBdinger equation:

L g2 (D) (24141) ~
-5 + + V(r) - E PE,Zil(r) f 0, (6)

2
' dr 2r2.

with V(r) the pseudopotential which is to be determined.
This equation is solved numerically for a given potential by
Numerovlz/ integration. Since at large distances from the

nucleus the electron sees the residual ion as a point charge

of +1, we normalize P (r) by matching the numerical

E,%
solutions of eqUation'(G) to Coulomb functions at large r:

: PE,Q(r){—t(al(E)FR(— E,kr) + bz(E)Gl( k'kr)’ - (7)

where k2 = 2E  and FQ(GQ) is the régular_(ifrégular)

_Coulpmb.functidn. We obtain the phase shift at the same time

from fhe relation
o -1
62(E) = OR(E) tan [aR(E)/bQ(E)], .}8)

where o, = Argr(g+l-ik) is the Coulomb phase shift.
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Dipole matrix elements are obtained by Simpson's

rule integratidn of equation (3) with d defined as

(O
H
N -
o
+
Q

(9)

where dL = r ' is the length form of the dipole 6perator and -

. 1+6 :
-1l 4 _ ', 0+l
4 = w[dr v a 2%,“‘1)—7'*—:' (10)

is the velocity form of the dipole operator.

(Here 8 is

a
Kronecker 'delta.)

In choosing this form of the dipole operator, we have
been-gﬁided by consideration of the f-sum rule

(see ref. 6
and Appeﬁdix A)

: 1 o
=" : —_— o d
N= D)) fapenae f n2e [ Ongtwdduy (11)
n(Z n',%' I S
where N 1is the total number of electrons in the atom, £ Vo
A , ng-n'4g
is the oscillator strength for transitions to the bound state
|h'[2'>, and in2 is the ionization potential of the state

In,2>. The first sum is over all initial electrcn orbitals

and the second is over all bound excited orbitals.
4 In all completely local theories, as well as in the
RPAE, the length and velocity operators are equivalent. This

is also the case for exact wavefunctions, as it is essentially

a statement of v 5i1H,r] = p, where

v and p are the
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electron velocity and momentum operators, respectively. In the

HF case, however, v 1is not proportional to ;, ‘the two

dipole operatoré are not equivalent, and the choice of either
-éL or &V fails to satisfy the f-sﬁm ;ule. Amusia has showng/
‘that this sit@ation may be remedied in large part by our choice
of 8. For ﬁhe,pseudopoténtial calculations the HF situation

" holds, due td the.use'of ;HF bound states. Thus our choice of

dipole operatof seems reasonable.

We' have déscribed above, the calculatiOn of B(E) for

a given potential, V(r). 1In order to determine V(r) uniquély
we haveAéhosen V(r) to be of the form V(r) = -2(r)/r with
= A (l—r/C)2
Z(r) = 1+ (Zo—l) 8 (C-rx) . (12)
o (1+Ar+Br”) -
Zg is the nuclear charge, 6(x < 0) = 0, 6(x > 0) =1, and

A,B,C are adjusﬁable parameters. This form of the effective
charge,. Z(r}{' has the correct asymptotic Vélues at both large
and small valueé‘of r. The form in the intermediate region is
reminiscent of-tﬁe Pade approximantlg/ which has proved to be a
useful methpd ot‘apprOXimation. NQLe alsu, that 3(C) = 1
and 2'(C) =0, so that C should correspohd roughly to the
radius of the ion. :

| Values .of the parameters A,B,‘ and C are obtained

by minimization of the function
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£a,8,0) = ] [85°P(5)-6%21%(E, ,A,BLN %W, 13
' i
where BexP and Bcalc are the experimental and calculated

values, respectively, wi.”is a weight factor,:and the Ei' are

the seleéted'set-of energies at which B has been measured.

To illustrate the sensitivity of B(E) to V(r) we
consider"photoioﬁizat?on of the 3p subshell‘of Ar. 1In
Fig. 2'we plot fwo curves of 2(r) wﬁich are nearly coincident.
In Fig. 3 we blot the corresponding results for B(E} 'ana note

that the-two results differ significantly'one from the other.
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Fig. 2. .Representative effective charges for photoiohization

of the  Ar 3p- level.







- Fig. 3. Asymmetfy parameters obtained from the effective

charges shown in Fig. 2.
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IV. RESULTS

A. Argon

In analyzing photoionization of the_:Ar 3p subshell,
‘we have used_measured valueslg/ of B(E) at energies of 5.4, 11,
and 25 electron volts (eV), with a weight factor w, = 1

S

for each'energy, Optlmum values of the parameters A,B,C for

each case are given in Table I.
"In Figure 4 we compare the experimental measurements

of PB(E) to calculations performed by HF-lengthé/ (HF-L) ,

“HF—Velocityé/'(HF-V), RPAE,E/ and pseudopotential methods. We

see that each of the theories exhibits the general structure,

but only the RPAE and pseudopotential caicuiations are quantita-
tively.correct._ It should be pointed out that the data used in
the pseudopotentlal analysis are all well below the Cooper minimum
and suggest very little of the overall structure of RB(E). In

14/

addition,the data above 35 eV were obtained subsequent to this

" analysis and serve to confirm the accuracy of the pseudopotential

for a large range of electron energies. .

In Figure 5 we compare HKS,l/)ﬂll/'»and pseudepotential
calculations of 83 (E). This figure demonstrates, in part the
1nadequacy of the standard local density theorles. More detalled
discussion of local density theories may be found in reference 1.

Flgure ‘6 compares calculated and experlmental Cross
sections for: Ar 3p photoionization. Again, iny the pseudo-

potential and RPAE calculations may be considered quantitatively

correct.




Table I.. Effective Charge Parameters

Initial State

A

B

Ar 3p
Kr'4p.
Xe S5p -

. X3 4d
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-
AsymmetryAparameter, B(E), for the 3p subshell of -
Ar: ;;— (present work)} -—— (RPAE,Akéf; 6); — —
A(Hfflength, Ref. 5); ;——--——— (HF-Velocity, Ref. 5);
o (Houlgate et al., Ref. 14); . (Dehmer et. al.,
Ref;‘l9);' ® (Watson and Stewart,7Réf; 20) . Arrows

indicate data used to determine V(:).,
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Fig. 5. Comparison of HKS (---+), X, (--=), and pseudopoten-
tial (—) calculations of B(E) for photoionization

of the 3p level of Ar.
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Fig. 6. Photoionization cross section for the 3p  subshell

of Ar: .... (Experiment, Ref. 21); —— (present work);
--—- (RPAE, Ref. 6); —-—— (HF-L, Ref. 5); —+:—

(HF-V, Ref. 5).
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:<To aid the reader in visualizing the'potential we have
obtained, we show in Figure 7 the pseudopotential effective
H,3p’ of

a Harﬁree potential obtained from the ground state Ar wave-

charge, ‘Z(r), as well as the effective charge, Z

function:
Zong =T L ULV (0 - xv, (14)
. . n',l' .
where
' * 2 1.5 2
: - ] ] ] - ’ 1 ]
Vi g (o frdr Pl og(r')/r' + % i . Pl (x)dr'. (15)

We note that fhe’pseudopotential is stronger.neaf the nucleus
than is the Hartfee potential, and that the principal effect
of this is to shift the Cooper minimum to a lower energy. |
Our first attempt to describe photoionization of s
states was to use the Ar 3p pseudopotential for the Ar 3s
level. The cross sections obtained in this way were mucﬁ too
high. We then fit to the 3p cross section (since Byg = 2/

angular distributions yield no information), obtaining

2, (r) =1+ (24-1) Le7*/R- 35 (x/m) 71 OF/R

- _ .58(r/R) (1-.84/R)e 1-0T/Ry, (16)
with R = .49. "The results of this fit are displayed in
Figure 8. In Figure 9 we compafe Z3S wWith ‘ZH,3s and note

that the 3s :potential is much closer to the Hartree potential

than is the }3?} potential (Figure 7).
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Fig. 7. Comparison of pseudopotential efféctivé chafge (—
and Hartree effective charge (----) for photoioniza-

tion of the 3p level of Ar.
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Fig. 8. Ar . 3s photoionization cross sections: — (present

work); ---- (RPAE, Ref. 6); -——. (HF-L, Ref. 5);
«+++ (R~Matrix, Ref. 22); X (Samson and Gardner, Ref.

23); o (Torop et al., Ref. 24).
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‘Fig. 9. Comparison of pseudopotential ( ) and Hartree (----)

A effective charges for photoionization of the 3s

" level of Ar.
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B. Krypton and Xenon

| We con51der next photoionization from the Kr 4p,
Xe S5p, and Xe 4d subshells. For these analyses the welght
factor L was taken to be theinverse square of the standard

. -2
deviation o¢: w. = o0.-. For Kr 4p we have used experimental

i i
measurements taken at the NINA synchrotrongé/.

For Xe 5p and-
4d we have used data from references 19 and 24. The results
for B(E) are displayed in'Figures 10-12, and tne cross sections
‘are shewn in Figures 13-15. The basic conclusiens of the Ar 3p
analysis are also true here: only RPAE and pseudopotential
are quantitative, and propef location of the Cooper minimum is
important in the description of B (E). An exception 1is the
Xe 44 case, where the pseudopotential cross section is larger
than the experimental values. We attribute this discrepancy to
the lack of suitable angular distributien data. The present
data fail to'define the energy of the Cooper minimum. No
attempt was made here to incorporate the cfoss sections into
the analysis;

The abrupt increase of BSEXP -abo§e the Cooper minimum

'wiil be discussed further in Section 1IV.D.

C(‘ Continuuh"?hase Shifts, Quantum Defeets,.and'Dipole Matrix
Elements - o C

In Flgures 16-17 we compare contlnuum pseudopotentlal

phase shifts to those of HFE/ and Hartree-Slater (HS)— 21/

calculations. Integral multiples of 2 were added to the cur-

rent results where necessary, to bring them into near coincidence




Fig. 10. Asymmetry parameter, B(E), for the 4p subshell of

Kr: .%+fA(presentAwork); ---- (RPAE, Ref. 6); —+ —

(HF-L,Ref. 5); .. .. (HF-V,Ref. 5); o (Miller

et al., Ref. 25); ® (Dehmer et al, -Ref. 19).
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Fig. 11. Asymmetry parameter, B(E), for the 5p subshell

of Xe: —— (present work); ---- (RPAE, Ref. 6);

‘e (HF-L, Ref. 5); ——-——+ (HF-V, Ref. 5);

(HS, Ref. 5); - (Torop et al., Ref. 24);

® (Dehner et al., Ref. 19).
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" Fig. 12. Asymmefry parameter, B(E), fqr'the 4d' subsheil of

Xe: —— (present work); ---- (RPAE, Ref. 7); —- .

(HF-L, Ref. 5); — - - -+ (HF-V, Ref. 5);

"o (experiment, Ref. 24).
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Fig. 13. Photoionization cross section for the 4p subshell of

Kr: —— (present work); ---- (RPAE; Ref. 6); ——-

(HF-L, Ref. 5); e+——u. (HF-V, Ref. 5); ....

(experiment, Ref. 26).
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.Fig. 14. Photoionization cross section for the 5p subshell
- of Xe: — (present work); =---- (RPAE, Ref. 6);
——+——* (HF-L, Ref. 5); —++——-.. (HF-V, Ref. 5);

-+-. (experiment, Ref. 21).
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Fig. 15. Photoionization cross section for thé 4d subshell of

'Xe: - —— (present work); ---- (RPAE, Ref. 9); —=+—-+

(HF-L, Ref. 5); —+—— (HF-V, Ref. 5); © (experi-

ment;,Ref. 28).
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Kr'4p; and Xe S5p subshells: —— (present work);

———- (HF, Ref. 5); ' (HS, Ref. 27).

Fig. 16. s-waye phase shifts for photoionization of Ar 3p,
| .

|

|
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Fig. 17. d-wave phase shifts for photdionizétion of Ar 3p,

Kr 4p, and Xe 5p subshells: —— (present work);

—+——- (HF, Ref. 5); (HS, Ref. 27).
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with the lHF' results. We noté that the pseudoéotentig; and HF
phgses are inAgood agreement throughout, while the “HS d-wave
phése shifts differ from either of these. This difference con-
tributes significantly to the failure of local density theories
té'describe Q(E).
An.additional connection to experimental results is
.provided-by tﬁe-zero energy phase shifts. Seatbngg/ haslshown

that these are related to the n = =« quantum'defect, DR’ by:

D2 = [61(0)-02(0)]/ﬂ | (17)
where OQ(E)‘ is the Coulomb phase shift of equation (8), .and
DQ' is definéd-by |

lim E_ = - 13.6ev - | (18)

n->o r % (n+D£)z

, Tabie II lists :HF, HS, pseuddpotential, and EXperimentalzg/

values of Do.iénd D2. |
For ‘the sake of completeness, we plot in figures
18-21 the continuum dipole matrix elements frbm the pseudopoten-

tial calculatidns.

D. Intershell Effects in Xenon
We. now turn our attention to the anomaly in the Xe 5p

asymmetry paraﬁeter. We should point out, first of all, that

the onset of this anomaly occurs roughly at the threshold for




Table II.. .Experimental and thecretical gquantum defects

Final state hole D Ar 3PD DKr 4p D 'DXe 5P D D Xe 4dD
0 2 3 2 0 2 1 3
Hartree-Fock>/ 2.06 0.01 3.03 1.00 3.88 2.00 3.48 0.00
Hartree-Slater2’/ 2.09 - 0.10 3.03 1.11 3.91 2.22 3.48  0.00
Pseudopotential 2.06 0.01 2.91 1.0l 3.82 2.01 3.34 0.0l
Experiment39/ 2.15 0.15 3.09 1.23 4.02 2.44 3.54 0.04
£.02. +.02 +.02 +.07 +.001 +.006 +.004 +.01

L9
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Fig. 18. s- and d-wave dipole matrix elements for photoioniza-

tion of the Ar 3p subshell.
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Fig. 19. s- and d-wave dipole matrix elements for photoioniza-

tion- bf the Kr 4p subshell.
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Fig. 20. s- and d-wave dipole matrix elemenfs for photoioniza-

tion;bf the Xe 5p subshell.




(5p|rop | E, 2 (a.u.)

1 N T | | |
S PHOTOELECTRON ENERGY (eV)

| i i

|
100

€L




.74 .

Fig. 21. p- and f-wave dipole matrix elements for photoionization

of the Xe 44 subshell..
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443 ionization.llIn fact, Amusiag/ has shown that interaction
between the 4d and 5p electrons is responsible for the
rapid increase in B8 (E) in?hiS region.

To include the effects of intershell correlations with-

in the pseudopotential approach, we have extended the analysis

‘of Cooper and Zarelg/ to second order in the perturbing Hamiltonian
; (see Appendix .C). In doing so, we reproduce equation (2) with
| .
‘ .
| the substitution R2+l —_—> Reff where the effective matrix

. ‘ - 2+1
' element is given by

. ' eff ' Dir .
= + .
: thl Rlil ) int(Uint 1nt)/(w @ nt.+ in). (13)
int
The sum here.‘is over all intermediate states. 'Rint is the

dipole matrix element for transition into the intermediate state,

i Ex . . . .
U?;E ( int) represents a direct (exchange) interaction with the
intermediate state, w 1is the photon energy, and w, is

int

‘the ex01tatlon energy of the intermediate state. n 1is a small
p051t1ve energy whlch 1nd1cates how the pole is to be treated.
The precisé fqrms of the components of equation (19) are given
in Appendix C; ahd will not be repeated here. It suffices to
note that inte#sﬁell dynamic‘correlations;modify both the phase

and amplitude'of the dipole ﬁatrix elemené. Capryinnguch a
perturbation to all orders would reproduce the‘RPAE equations.

In aséessing the effects of intershell correlations,

we have first.applied the pseudopotential method to the 4d and

- 5p shells indépendently, i.e., we have used the fesults of

Section IV.B. The appropriate wavefunctions and matrix elements




77

were then iﬁserﬁed into equation (19).

In performing the sum in equation (19), we have included
only those intermediate states with a 44 holé and a continuum
electron, neglecting qdntributions from boundAintermediate
sfates which éoﬁtribute ilb% of the 4d oscillator strength.
Although this ﬁay be of some consequence neaf threshold, it
should not afféct any qualitative conclusions drawn here.

The reéults of this analysis are shown in Figure 22,

: calc
where we compare BSp

(E), both with and without 4d inter-

actioﬁs, to the data (for emphasis, we also display 044 here).

We'see a remarkable improvement in the agreement of theory and

data. This agreement could perhaps be improved by further

adjustment of.the Sp and/or 44 parameters. _ 4'
The effect of intershell interactibhs is dominated | '

Kat least inAthé present case) by the "on shell" (w = w, .)

terms of equatioh (19) , which modify the phase of the

>E,d matrix element above the 4d threshold.

Sp
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Fig. 22. Asymhetry parameter, B(E), fdr photoionization of the

Xe 5p subshell: — (pseudopotential without

44 ihteractions); _— (pseudopbténtial with 44
inte;actiqns); --- (RPAE without 44 interactions, Ref.
7); —— —— (RPAE with 4d interactions, Ref. 7).

Inset shows Xe 4d photoionization cross section

as determined by the pseudopotential analysis.
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V. CONCLUSIONS

We have seen that the RPAE is in consistently better

agreement with experiment than are HF calculations. This

demonstrates the importance of intra-atomic electron-electron

" interactions in ‘the photoionization spectra of rare gases.

Further, the pseudopotential results are all consistent with

the interprétation that intrashell correlations may be adequately

included for a wide range of electron energies by the use of an

appropriately optimized local pseudopotential.

If this interpretation 1is correct; we may take as
a measure of thc electron-electron correlations the difference
between the pseudopotential and the corresponding Hartree poten-
tial. The cu;rent results then indicate that such effects
are much less important in the photoionization of Ar 3s
electrons thanjin tﬁe photoionization of Ar 3p elecﬁrons
(see Figs. 7 and 9 ). This can be explained physically in
terms 6f thé phbtoionization cross section, which is an order of
magnitﬁae smaller in the former case than intthe latter.

The atomic pseudopotenﬁials have enjnyed congidcrable
succesé in déscribiég the photoignization of rare gases; pro—'
viding accurate values of the photoionization- cross sections,
phase shifts, and angular distributions. We therefore suggest
that the foilowing questions be addressed iﬁ'further studies:

(i) How may‘the pseudopotential approach be adapted to the
study of adsorbates on solid surfaces? (ii) What modifications

must be made to treat photoionization of open shell atoms with
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the pseudopotential method? (iii) Can accurate local potentials

be obtained without the aid of experimental data? -
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APPENDIX A

DIPOLE SUM RULES

Inlthis appendix we derive the f—sum rule, which is
often regarded as equivalent to the statement that the solutions
of the Schrbdinger equation form a ‘complete set. We also derive
the corresponding result for Hartree- Fock functions and discuss.

its implications for continuum properties;

1. - Sum rules for exact wavefunctions
Consider first the case of a one-electron system'fer

which the Schrddinger equation is

H|¢ > = E_|o > - | (1)
'where H is the (one-electroq).Hamiltonian; and E_ is the
energy of the state '|¢n>. We also have the following general
relationships:-

v, = i{H,z]" E B (2)

Clzepy) =i o ‘ (3)

where ‘pz(vz) is the z-component of the momentum (veloeity)

‘operator. For the one-electron system P, =V, and we have

lz,[H,2}] = 1 C | (4)



We now evaluate

 <¢i|¢i> = <¢i|22Hz - 22

H - Hz?|¢>= L. (5)

By inserting:§~complete set of states and makihg use of equation

(1) we obta;h

27 |<b;lzlool 2B B =1 (8
k : o

With equation (2) this becomes

2 1<¢i|pzl¢k>|2/(Ek-Ei) =1 (7)
k - BT

If we define the oscillator strength for transitions

from state '|¢i> to state |[¢,> as

o o , . ‘ | _
fix §-|<¢i|d|¢k>| 2/(Ekfsi) (8)

where the dipole operator is given in velocity form by

dV = ip

and in length form by

o>
Il

[z,H].

Henceforth, éUperscripts L and V wi11~dénote length énd’
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yeldcity forms, respectively. We may then rewrite equations

(6) and (7) as

L _ L _
Sp = L £ =1 : (9)
and
V_ ¢ oV oo : '
Sg = L £, =1 : : : (10)

The subscript 0 here indicates that the sﬁm rule applies
to tran51t10ns between one- electron orbltals.

Theqe results may be rewritten in terms of the photo-

ionization cross section as (see reference - 6 - and Appendix’B)
- L,V _ ot l o] . :
Sg' = I £yt 7 / . o(E)qg oan
k i

‘where the sﬁm here is over bound excited states, I, is the
ionization petehtial of state i, a 1is the fine structure
constant and _o is the cross section. |

For. an. N- electron system, the electromagnetlc field
couples.to each electron and the respective. dlpole operators

- becomne
& =i J p (12)

and -
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N
a¥= 1 [z .H], (13)

n=1

where the subscript n denotes the n-th electron. The result

| -correspohding to equations (9) and (10) is then

= NI : h (14)

s7 =1 fix
k
and
V _ v ¢V _ : .
s’ =1 £ =N, | ' - (15)
k

where the o#cillator strengths are now defined in terms of N-

. electron dipole operators and N-electron states. The sum is

again ovef.a_complete set of states. Note fhat these results

apply for transitions of the N-electron system to excited states,

not to transitions of a given one—electron.orbital. |
| 4_To obfain thesé results it is sufficient that the

solutions of»ﬁhe Schrbdinger equation form a cdﬁplete set and

that the veidgify and momentum operators coincide.

2. Sum rules'for Hartree-Fock functions
The%Hartree-Fbck equation. for a onejélectron orbital

¢, may be written

(

+V_ )¢, = €.

Hloc Cex' Vi 1¢i ‘16)

where Hloc‘:is the local portion of the Hamiltonian and satisfies



{H

loc’

Note that this.is not an inner product, rather matrix-eleménts

of V are evaluated as
. ex S

<¢a[Vei|¢b>”i

N . B . ;
> > > »>' -1 - > . ‘
= Z<¢a(r)¢j(r )Ilg-r | |¢j(r)¢b(r')>6S .8 (18)

S. 8.8
5=1 ; 3_ j b

where S is the spin projection of the i-th spin orbital.

We then have

. | o
v, TPy 1L <oy (z )|é;+|¢j<;),>' ©(19)
ji=1
andA
S N W2
[z, (Hyp 2]l = 1+ jzl <¢j(;')|i%f§7%—| 05 (E)>. (20)

 Analysis paféllel to that of section 1 then leads to

N

Lo el (z-2") 2 I (21) 56
sp = 1 + 2<¢ (r)¢ (r' )||r_r' | ¢j(r)¢i(r,)>asisj
j=1
= 1 + AS.. | | 2y

0’



Td,éyaluate7thé corresponding result for the velocity

formalism we use equation (19) to write

<¢i‘| ipzl¢k> -t__l<¢i|zl¢k> (Ek_Ei)
. . N
) <¢i(§)¢j(§')|
=1

z-2"
> > .$. S.S

|’¢j(r)¢k(rv>cs J . (22)
o i3 "3k

| x-r'|

Squaring both sides, summing over k and using equation (8)

then yields

Sg = 1 - AS +1
k
N | A . o )
T <o (B1os B | =220, (D)o (E)>8 8 . (23)
| 1 |z-30] 3K Si%; 535

i=1
which is the sum rule fdr transitions between one-electron HF.
orbitals.
Finally, if we use the N-electron dipole operator
and N-electron HF wavefunctions, which are Slater determinants

of one-electron 'HF spin orbitals, we obtain

N. ‘N 4 2 S
SEF = N+ J ] <¢ (r)¢j(?')|(f'§ ) |¢j(;)¢i(;7)>ds.s;
j=1 i=1 | r-x' | a : 1 J\
= N + AS, (24)

-and



Csgp=N-as e ] ] ——— [ <o (Do V222 | o (Do, Ghse
: ' . . -E.) . r-r'| 1. k .
‘ k i j=1 B

AT T - o . (25)
where the prihed_sum isarestricted by the Pauli principle to
initially unoccupied orbitals. '

Ih p:actice;_the last term of'equatioh (25) is'small.
We see iﬁmediately‘then'that use.of»either the length or velocity
form'of the dipele’operator with Hartree—Fetk functions will
vield inaccurate cross sectlons, but that use of an average of

the two operators will nearly satisfy the exact ‘sum rule.
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APPENDIX B

THEORY OF PHOTOIONIZATION

In this gppendix we develop the formalism used in

- Chapter Two. We seek to determine -such proﬁerties as the atomic

photoionizaﬁipn Cross sectidn, photoeléétron phase shifts,

dipole matrix elements, and photoelectron anguiar distributions.

In short we Qish to analyse the absbrptiQn 6f a photon by an}atbm.
| Forlélarity; we will use the one—électron moael, with

generalizatidnsgo many-electron systems being'sffaightforward.

For a more detailedidiscussion of Qhat follows, the
reader is referred to standard quantum mechébicé texts (cf.
reference 31, Chapter XXI).

Classically, the Hamiltonién for . an electron in the
presence of'éh électromagnetic field is obtained from the field-
free Haﬁiltonién‘by thgusubﬁfituxion '5 ———Q'(S - %KL where E
is thé eiectfoﬁ momentum, c 1is the yelocity.of light, and

Z is the vector potential of the field. Thevkinetic energy

‘term of-the_Hamiltonién‘then becomes

2 . . :
p- ., 1,2 1> 21z > 12,2y - : (1)
jT«J,“> 2(p cP A ¢K p+(c) A )f ' R

so that the'interactién of the electron with the field may be

written

int I II

where
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i = - AGRED, @

. 1 2 S '
Hyp = > A, . (3)
2c - .

- : : We now expand the  vector potential'.x in quantized

form;
o o3 anc? 12 > ik-T, + > _-ik-T 4
| _ A =] (=) (a, _te +a, .€e ) (4)

g U "R k,e k,e :
k',E
o+ : R |
where a, _(a, ) 1is an annihilation (creation) operator for a
k,e k;€ N '

A - o
photon of momentumn K, energy u = kc and polarization vector €.
The normalization is that for a system enclosed in a cube of

3 . . . ey .
volume L with periodic boundary conditions, and it 1S under-

i ) o stood that L —> « at the end of any calbulation.
'Ig-bah be shown that if ka << 1,  where é ‘is the
‘radius of the étom, the transition is éominated by H;. This
cbndiiion is $a£isfied for photon energies less than a few
hundred electron volts, well above the curreﬁtlrahge of interest.
Welthereforé négiect Hry in what follows.'
| SUbsfitution of equation (4) into'eqﬁati0n (2) and

making use of.the transverse nature of the field (K'Z= 0), we

N obtain

(a, e TEB) +cen (5
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We wish to describe the process in which a photon of
mementum k and polarization ¢ is absorbed. For convenience
we take ¢ = 2,‘ a unit vector in the z-direction. The transi-
tion probability per unit time is given by the "golden rule"
formula

W o= 2m|<¢. |Ho (R, 2) 05| 20(E), ()
j—>E IR e epml PREL,
where ¢j and ¢E are the initial and final electron states
and p(E) 1is the density of final states at energy E. Use of

equation (5) then gives

. 2 . :
_ e’ 2 .
Ws—sE T T3 |<o5lp,log>| 0 (E), (7)
. . - ;
where we have set e'~ ¥ = 1 (recall that ka << 1), and

N is the number of photons in the initial state. Finally, the

cross section is given by

W. 2 :
Oy sg T 1—F - t2ml I<¢j|pz|¢E>|2p(E), (8)
, incident flux we R :
or, since [z,Hj = ip,
o m = (2m) % | < ‘|z| >|2 (E). (9)
0j-;->'E - c ¢j ¢E P : e ' !

We.nbw address the problem of photdionization; The
final'staie in this process is that of an eléétrqn of momentum
k and energy‘:ﬁ. Asymptotically, this takes the form of a

. : . -> . . . . .
plane wave of momentum k plus an incoming spherical wave:
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_ ) Ry ~ AL ,
b = 4m ] (i)7e Yl,m(k)Yl,m(r)gkR(r)' . (10)
2,m ‘
where Yo m "is a spherical harmonic and 62 is a phase shift

with réspect to a free particle wavefunction. .Tﬁat this is the
proper boundary condition can be seen from the following'
argument (cf. reference 32, Chapter 12 and reference 33).
COpsider the scatteringbof an electron from a central
potential. AThe state of the system before the collision‘is a
Bwave'packet moving toward the target. Aftef‘fhe collisibn, the
state contains the original packet, wﬁich has-moved past the
target, plus'a‘écattered wave. In tracing fhé time-dependence
of the colliéion one finds that the wavefunctibn is expreséed as
a superposition of plane waves plus outgoing.spherical waves.
The distindt character of the two regimes is accounted for by
a difference invthe phase relatiors of the component waves.
In Ehe prégen;lqg§g we have an electron of momentum
k moving aWa§ from the origin. Since this,is the time reverse
of the collision process just described, thevproper boundary

conditions aré.thosa of a plane wave plus an incoming spherical

wave.
Combining4equations (9) and (10) we then have
, S TR ¥ PN
o _4m el d (e Hy (oRy,>
c 2.,m' : 2'm’
*<Y (;)IéosélY (;)> 2p(E) k (11)
L,m 2',m' ‘ :

- where we have written ¢i = ai(r)Yl m(r'), and
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Ry, = [ dr r3 a; (r)g, . (x). (12)

To evaluate this we note that

| S v m(;:)»cos g = [(5L+l+m) (2+1-m) ]1/2Y

. (r)
me (2241) (22+3)

2+1,m

(2+m) (2-m)
(22+1) (22-1)

+ [ Y (r) (13)

and use the orthogonality properties of the spherical harmonics

to obtéin

as - a2mu {[(2+l+m)(2+l me2 |y 2
aQ c . (22+41) (22+3) 2+1' " 2+1,m
(24m) (L-m) 2 2
* [(2£+l)(22 l)]R I 2=1, ml

R ) -

(£+l+m)(£+l—m)]l/2 (2+m) (2-m) ]l/2

N FIESVNPIEEIE (28+1) (22-1) 2cos (84178

g-1Re+1 g-1

Yi-1,mYe+1,mlP(E) I | (14)

We now assume uniform populatlon of the magnetic

sublevels and-average over m. This is accompllshed with the

‘aid of the felations

2 20+1 '
| 4“_ 14 ) (15)

and
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2 _ R(2+1) (20+1) . 2. '
2,m| = o sin“e, (16)

] Py

m

as well as equation (13). As a result we obtain

do (2n)3w

. 2 . 2 2 2 . 2 2 -
=5 = ————{[2(2+1) "= (2+1) (2+2)sin¥O]R + [22°-(2-1)2sin“B]R
daf (2Q+1)2C | , £+1 | Qj}
. 2 . . .
-22(£+1)L2-351n 6]cos(62+1-62_1)R2+1R2_1}Q(E). (17)

We mayiintegrape this over angles to find the total cross section

(2m) 4w 4

_ 2 2 N
o = —=L% Z[eRy_ +(2+1)R7, 10 (E). (18)

“(2241) c .

Inserting equation (18) into equation (17), we find

do _ o© -
3@ = ar (1 +BP2(cos 6)],4 , (19)

where P,(x) = (3x°-1)/2, and

2 2 .

. R(L-1)Ry_+(2+1) (R+2Ry, | -62 (R+1)R, R cosb, =8, .) (209
- 2 2 A :
© 7 (2241) [RRy_ +(2+1) Ry ]

This parameté#A‘B completeiy characteriéés the angulér distri-
bution of photqehitted electrons. |

We retufn now to the evaluation of the total cross
section. If we wish to normalize the final state (equation (10))
to a plané wave of unit amplitude at r = », the functions

gkl(r) then behave asymptotically as
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RENNG BN | _
gkl(r);:;> - 51n(kr+kln(kr) Qn/2+62). (21) .

With this normalization, the density of final states is

p(E) = (2m) 7> | 4 (22)

. as appropriate'for plane waves, and equation (18) becomes

_ 87 w

2 2
3 (25L+1)c[’LR [

o1t (BRG] (23)

+1°
for the cross'section for emitting a single electron. This
result should be multiplied by the number of electrons in the

initial subshell to correspond to experiment.
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APPENDIX C

INTERSHELL CORRELATIONS

In this appendix we develop.ﬁhe mechanism necessary .
to include.intershell correlations. 1In the first part we
follow reference 31. The latter part is basically due to
Cooper and Zé:e.lg/

The Hamiltonian for a system of electrons in an

electromagnetic field may be written

H=)T +% 32 47 (hat ,+nta, ) (1)
i 2' ri. 1 ge 1 ; g
i iy i ’ '
where
p;  z A
i =72 7 F . (2)
1

with p, and. r, the momentum and position of the i-th

electron. 2 1is the nuclear charge, hi represents the inter-
. o . . - + .
action of the ji-th electron with the field, and a, ,(a, ,) 1is°
' k,€ k,E€

the annihilation (creation) operator for a photon of momentum
_) . v;'“‘ . + .
k and polarization €.
Wé‘assume that éhe N-electron wavefunction may be
written as a single Slater determinant of one-electron Hartree-
Fock spin-orbitals
N ; 

-\P >
LGP T e (x>,
p

i=1

[v> = 1
/N

where p is the permutation operator.
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For excitation of an electron from a state |¢1 to
a state |¢2j"31mu1taneous w1th the absorptlon of a photon,

we have as the first order matrix element

M) = <Y [H|Y;> = <¢,|h|¢>. ' (4)

(We denote'the - N-electron function by V¥, and one-electron
orbitals by ¢.)
Contributions to the transition amplitude which are

second. order in the Hamiltonian are

1
My = Ly < YelHlY, [H]Y,> (5)
. int 1

1nt “ 1nt
int :

where Ei(E. ) is the total energy of the initial (intermediate)

int
state and the sum is to be carried out over all intermediate
states. Since the final state contains one less photon than
the initial state, this reduces to

LS {<Wf|HI|w1 ><y

- 0
My T Az E. -E int intIH Iwi>
' int Tint. "1
* <l1)f!H Ilplnt wlntlﬂ |¢ >] : o (6)
" where H' = a, , ] h;+ a: , L ht and % = g - ul.
’ ' k.'e i k,EZ i ’

The first term of equation (6) corresponds to the
scattering of two electrons prior to absorption of the photon.
‘We will argue léter that this term is small and concentrate on

the second term, which reduces to
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w3 g <¢ |h|¢ >[<9. ¢zl I¢ 181>-<0, ¢2| I¢ ¢;>]
2 L — - (7)
j<F i>F eA w-(ei-ej)+1n ‘
eé—el is the photon energy. The first sum is over

‘where w =
initially uﬁoccupied orbitals, the second sum is over occupied
orbitals, and the term j =1, i =2 is to be excluded. The

presence of the infimitesimal, in,l indicates how the pole is’

to be treated ( > 0+)

The total transition amplitude is then

M = M1 + M2

<¢;Inlo5>T<o 0517 |¢ 19177050215 |¢1¢ >]

<¢2|hl¢l>‘+ 2' z'

; '3 - .=-€.) +
j<F 1i>F w (61 Ej). in

0 dir N ex (8)

Using the dipole operator for a photon polarized in
the z-direction (h a z) we evaluate p? as

m 22 1 %l

-m, 0 my 0 O Qx

p? = AR12[(221+D(222+1)].1/2(4-) 2

where"A contains all the constant factors which are common‘to
DO, Ddlr, and Dex’ and

R,, = fm dar rPl(r)Pz(r).v : (10)

Properties of“the 3-j symbols are discussed in reference 34.
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Pi(r) is defined by

¢, (x) = Ymi’mi(r)Pi(r)/r. ' (11)

The direct and exchange terms can be similarly evaluated

as
dir _ e 1
Dji - <¢i|h‘¢j><¢j¢21112|.¢i¢1>
. - L2 M by 1oy by 1y
= ARy 1(20541) 2440 750) Tl 0 myf {c0 0 o
Lo I,L.(j,?.i.j)[(2kj_+?1)(22»1+1)'(2n111)(2£ +1)1172.
L',m' ' 2
o, o' . \fe. 2o\ e, &t .\ [, &' 2
i I I 2 ! (12)
— - ' - '
m, -m mj 0 O 0 m, m my 0 0 0
where
I, (3,2,i,1) = jw dr.dr.P. (£ )P (£)P. (£)P, (r )% 722+ (13)
gridecete i o CT19F2T3 TN T T e A
ahd
ex S -
D _ 1 0
53 = <oylnleg><ogoyls |0,95> |
12 .
o 172, ™ S I O B
= ARji[(zgj+1)(22i+1)] (=) -m, 0 m, 0

o m.+m2+M'
- L 1,208,339

L' ,m'



Yy (24 172
[(22)+1) (22,+1) (22,41 (225+1))

] . L}
Qi 2 A 21 22 2

m 0 0 0 -m2 m'
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These equations may be reduced by summing over

m', mi{ and m, to obtain

Dg%f. = AR(2¢j4i)(2Ri+l)[(221+l)(2£2+1)]l/
ji ' '

e, 1 2.\% e, 1
i 3 2

1 . . :
342591 {0 0o oflm, o
and
ex

D
13

: L'+2 .+0. 2
. . , 2
) [IQ,(l{Z,IJJ)(ﬁl_ A
L i
. . . '
P2t M2 R Rl ey e
-my, m 0\ 0 oJ{ o o

- o 12
M = ar®EE (2 41 (20,0101 %)

- where

20y 2 .

- | ' 112 _'.
By T AR;.(Z?ifl)(2£j+l)[(221+l)(222+1)L, ‘()

2
1 (15) |
0 :
(16)
R
1 (17)
; |
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eff _ et ot ]
R =R, + [ ] Rij(zzi+1)(2zj+1)

j<F 1i>F
. L. 1 2.
2. ) ot
51, (1,2,3, D | o o o -1 =)
2,' .
(zl+zz+2)(21+22)(zi+2j+1):] 2

1]

.1@,(1,2,1,j) [ .
o (25+25+2) (R;+85) (£)+2,+1)

| ' o
1e, 2, gi AN L, L
e 2. 2 o o of \o o ‘of °
i 3
(emeate.+im L | = (18)
eytey A

a faétor of _2, arising from a sum over spiﬁs'df the intermediate
states, has‘been included in Ddir. This factor does not occur .in
the éxchange tefm since the‘spin of ¢j and ¢i is fixed by
¢, and ¢,. - . 

By.writing the transition amplitudé'és in equation
(17), we seeﬁimmediately that thé results of Appendix B hold

> Reff.

‘with the substitution R

In:a:fiving at these results, we have made several
simplifying“assumptions. Firstly, we have aésumed orthogonal
one—electronférbitals. For the calculations of this chapter
this is ﬁot étrictly true as we have used HartféeeFock orbitals.
in tﬁe ihitiéifstéte.. This introducesvtefﬁs broportional to
<¢i|¢j> into:eégation (7), where ¢j is an ipitial state orbi-
tal and ¢, _is:an excited orbital. We argugfthat these terms .
~are small, since én expansion of continuum pseudopotential

functions would :involve principally continuum Hartree-Fock
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functions.fféecondly, we have heglected thg-fifst.term of equétioh
(6). This te#ﬁ consists entixely of virtual transitions, which

in the pres;nﬁ case were found to be much_léés important than

real transifiohs. In fact, the neglected tefﬁs must be smaller
than the reféiﬁed virtqal termsAdue4to a laréer energy denominator.
Thirdly,'wévhéVé assumed the atom to éontain énly closed shells.

cherwise,_sums over m, in equation (12) and (14) are not

readily performéd.
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.Appendix D

LISTING OF PHOTOIONIZATION PROGRAMS

" Sample main program

A Subroutines for calculating astmetry parameters

and cross sections

-Subroutine for calculating Coulomb functions
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l Sample main program
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HAMFLE MAIN FROGRAM FOR CALCULATING ASYMMETRY FARAMETERS.
CALLS SUEBROUTINES CSETUF AND ERETAC.

DIMENSION.NAUEB(QOO);NAUEC(QOO)

DIMENSION CFOT(3)

LIMENSION ENC(40)

DIMENSION RDIRON(20052y40) yREXON(2005252540) yRTVON(2+40) »
1R2DIR(20092940) yR2EX(2009252+40)yRTV(2,40)

DIMENSION XEN(3S5)yRETAC3S) sFM(35) yFF(35) yDFM(35) yDFF (35) » GM(35)
erF(35)9DGM(3J)rDGP(BJ)yFAQDIF(?u)9RRCM(3J)rRRCF(Zq)rPHASl(Sﬁ)9
2XBECL (35) yFHAS2(35) yRMAT(35) y RMATM(35) yRICM(35) yRICF (35 A

COMMON/SETUF/ENC» RDIRONvREXON9RTUON;R“DIR;R“EX;RTUva1tF

COMMON/AFARAM/CyDyREsAY K

COMMON/XSEC/ECORE

COMMON/FARAM/Qy DL

IATA E0/70.01E00/

CALL OFCLS(0)

Q=FLOAT(S4) .

REANN(21510) LOsNsLCyNCYyNFTSyNOATASNSTEF»ENSTEF »STEF
12 (CFOT(I) s I=1+3)9CCoDDyRREBYEDIFF» (XENCI)»I=1yNDATA)

10 FORMAT(7I0y/2F14.79/3F14.7y/3F14.79y/F14,.7+/(F14.7))

WRITE(22,20)L0sNsLCyNCyNFTSyNDATAYNSTEF yENSTEFSTEF
1s (CFOT(I)»I=1y3)sCCyDDyRREyEDIFF» (XENCI)»yI=1»NDATA)

20 FORMAT(71S,/2F14. 7;/3F14 79/3F14,7s/F14.7+/(F14.7))

ECORE=~2,7780

CALL CSETUF(NFTS9NﬁUEByWAUECvR"EX;R“DIRvRTUyENCyNDATA;
1NS'EF7L07N7LC!NC!E0!ENSTEF!STEP!XEN!EDIFF7RDIRON!REXON!RTVONV
2CFOT)

1 CONTINUE -

C=CC

D=0n

RE=RRE A

ECORE=-2.7780

CALL BETAC(BETArPHASl9NDATAvNPTSrXENyL0yN9FASHIF:RHCMrRhLP
1RMATyRMATM s RICMsRICF » XSECL y FHAS2yFMsFF yIFMy DFF » GM s GF »
2D6MsDGF251) :

3 CONTINUE _ '

WRITE(22,30) ((XEN(I)vRMATM(I)rRMAT(I)9FASDIF(I),BETA(1)yXbE&L

ACIY)p I=1 e NDATA) 4
30 FORMAf(lleTlOr'ENERGY’vT259’R(L—l)’yT4Ov’R(L+1)<yT557’DELTA’y
- 1T709 "RETA yT8Sy ‘CROSS SECTION’ »y/T1096( =) sT2556C =) »TA056(

2’%’)rTSSrS(’*')rT7074(’~’)vT85r13(’-’)9/(T496F1507))
4 CONTINUE
A WRITE (22,40) ((XEN(I)rRMATM(I)vRRCM(I)rRICM(I)vRNAT(I)r

IRRCF(I)sRICF(I)) s I=1yNDATA)

40 FORMAT (1H1,T10» ‘ENERGY ! »T25y ‘R(L~1)’9T40y 'RE(R~CORR) “ »
1T55r'IM(R*CORR)’;T?O;’R(L+1)’rT85"RE(R~C0RR)’;T1009

2 TM(R-CORR) "2 /T1096( =)y T25s86C =" )9T40210( /)y TEEy10( =" )y

ST7096C =) yTB5910C ~")9yT40910C =’ )y /(TA»7F15.7))

WRITE(22,350) ((XENC(I)FASDIF(I)»FHAS1(I)yFHAS2(I))s1I=1yNDATA)
30 FORMAT(1H1sT10s "ENERGY’ »T25y ‘DELTA»T40y "DELTA-C(L~1) "y

1755y ‘DELTA~CCLH1) "9 /T1096( =) s T2554C =" )y TA0912('~") s T55,

21207 -7)y/(T2»4F15,4))

CALL OFCLS(1)

STOF

END



106

SUBROQUTINE OFCLS(K)

(W THIS SUBROUTINE OFENS AND CLOSES FILES.
IF(K.,EQ.1) GO TO 1
OFEN(UNIT=22,DEVICE="DSK’ yFILE="0UT.DAT"* )
OFENCUNIT=21yDEVICE="DSK’ sFILE="XE4D.DAT )
OFEN(UNIT=25yDEVICE="DISK’ yFILE="DIMXEGR.DAT ")
OPEN(UNIT=24yDEVICE="DSK’ yFILE="CLXE.DAT’)
OFEN(UNIT=30yDEVICE="LISK’ »FILE='CLXEQ.DAT’)
RETURN :

1 CLOSE (UNIT=22)
CLOSE(UNIT=21)
CLOSE(UNIT=2%5)
CLOSE(UNIT=24)
CLOSE (UNIT=30)
RETURN

END




2.. Subroutines for calculating asymmetry parameters,

and cross sections
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HSUBROUTINE RETAC(RETAYyFHAS1 yNBETAYNFTS» XENsLOy Ny
1FASDIF y RRCMyRRCFyRMAT y RMATMyRICHRICF
1XSECL y FHAS2yFMyFF s DFMy DFF y GMy GF y DIGM» DGF » ISET y IFSET)
CALCULATES RBETA FOR FOTENTIAL GIVEN IN U(X)-
VARTIARLES ¢
KETA=ARRAY (NRETA) tASSYMETRY FARAMETER: USING
(LENGTH + VELOCITY)/2 FORMALISHM
FHAS1=ARRAY (NBETA) : SERVES AS DUMMY ARRAY;
UFON EXIT THIS ARRAY CONTAINS FHASE SHIFTS OF LO-1 WAVES.
CFHAS2=ARRAY (NBETA) $ SERVES AS DUMMY ARRAY #
UFON EXIT THIS ARRAY CONTAINS FHASE SHIFTS OF LO+1 WAVES,
FORM OF DIFOLE OFERATOR
NRETA=NUMBER OF ENERGY FOINTS AT WHICH EBETA 1S (ALCULATED
NFTS=NUMRER OF FOINTS IN CONTINUUM WAVEFUNCTIONS
XEN=ARRAY (NRETA) tENERGIES AT WHICH RETA IS CALCULATED
1L.O=0RERITAL. QUANTUM NUMRER OF EOUND ELECTRON
N=FRINCIFLE QUANTUM NUMEBER OF EROUND ELECTRON
"ASDIF=ARRAY (NRETA) iDIFFERENCE OF LO+1 AND LO-1 FHASE SHIFTS
‘RMAT=ARRAY (NRETA) :DIFOLE MATRIX ELEMENT FOR N7L0~~JE7LO+1
TRANSITIONS
RMATM=ARRAY (NRETA) :DIFOLE MATRIX ELEMENT FOR NeLO-~>Esl.O~1
TRANSITIONS
‘RRCM=ARRAY (NEETA) (REAL. FART OF CORRELATION CONTRIBUTION TO
LO-1 TRANSITION MATRIX ELEMENT.
\ ‘RRCF=ARRAY (NRETA) !REAL FART OF (ORRELATION CONTRIRUTION TO
L.O+1 TRANSITION MATRIX ELEMENT.
RICM=ARRAY (NEBETA) ! IMAGINARY FART OF (ORRELATION CONTRIEBUTION
TO LO~1 TRANSITION MATRIX ELEMENT.
RICF=ARRAY (NRETA) : IMAGINARY FART OF LOhRELATION CONTRIRUTION
TO LO+1 MATRIX ELEMENT.
XSECL=ARRAY (NRETA) :FARTIAL CROSS-SECTION IN (L+W)/2 FORM
FM=ARRAY (NEETA) tREGULAR COULOME FUNCTION F(LO-1) :
FF=ARRAY (NRETA) s REGULAR COULOME FUNCTION F(LO+1)
DFM=ARRAY (NRETA) { DERIVATIVE OF FM AROVE
DFF=ARRAY {DERIVATIVE OF FF AROVE o
GMy GF » DGMy DGF ¢ SAME AS FMsFFsDFMsUFF FOR IRREGULAR COULOME
- FUNCTIONS .
: ISETE IF MATRIX ELEMENTS AND ASYMMETRY FARAMETERS ARE
"NOT NEEDED ISET SHOULD RE SET TO ZERO
IFSETS IF A NEW FOTENTIAL U(X) IS TO BE CALCU[ATED;
ITFSET SHOULD RE NON-ZERO .
LVU=0REBITAL QUANTUM NUMEBER OF SECOND SUBSHELL
S USED BY SURROUTINE CORK$ CURRENTLY SET WITH DATA STATEMENT
NIFFE=ENERGY DIFFERENCE OF FIRST AND SECOND ORERITALSs
USED' RY CORR$ CURRENTLY SET WITH DATA STATEMENT
SUBF\'OUT INE&; ’LjSE[l-...—....._...-....‘...l,..................._...u.-.....u............................... .......,...............f.........................
FUNCTION SUEBROUTINES ' '
GRAND:  CALCULATES INTEGRAND OF DIFOLE-LENGTH MAIRIX ELEMENT
GRANDV?  CALCULATES INTEGRAND OF DIFOLE-VELOCITY
MATRIX ELEMENT
U CALCULATES L=0 FOTENTIAL
NORMAL SUERROUTINES?
SIMFSON: INTEGRATES VIA SIMFSON‘’S RULE
FHASE: CALCULATES FHASE SHIFTS OF CONTINUUM WAVEFUNCTIONS
BY MATCHING TO COULOME WAVES AT LARGE RALIUS

¢
¢
»
(
¢
(o
¢
(o
-
C
(o
(o
‘

N
»
N

NN NS

oo elsis)
LS U I S5 1

ool elnBuls il
. SEANS NS N A NS NN NE N2

L. 8280

I eEuEeEuReu st ecieolele e Ne e e
L L I I I R T T - SR - R S S O A D 2 U B S5 2 G-
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CORR: COMPUTES CORRELATION CONTRIRUTIONS TO TRANSITION

MATRIX ELEMENTS

30K 3K K 3K 3K KK KKK K KK 3K K KKK K KKK 3K KKK KKK 3 3K K K 30K XK 30K XK oK 30K 3 K oK KK K K ok KK kK kKKK
-DIMENSION RCOM(200)yRCOF(200) 17/18/78 '
DIMENSION A(20)yRCOC200)yDIRCO(200)

DIMENSION XEN(NEETA) yRETA(NEETA) »UUC(210)

‘DIMENSION FM(NRETA) yFF(NRETA) yDFM(NRETA) y DFF (NEETA)
DIMENSION GM(NBETA)sGF (NRETA) yDGM(NERETA) y IGF (NEETA)
DIMENSION FASDIF(NEBETA)»RRCM(NBETA) yRRCF(NEETA)
DIMENSION FHAS1(NRETA) s XSECL(NERETA) yFHAS2(NBETA) v
IRMAT(NBETA)vRMATM(NBETA);RICM(NBETA)vRICP(NBETA)
EXTERNAL GRANDV

"COMMON/DWAV/LML

EXTERNAL. - GRANI

COMMON/DINUM/ZERO» ONE » TWO» THREE » FOUR

COMMON/FII/FI

COMMON/FARAM/Q» DL

COMMON/WAVES/RCOy IGRANI'y NNy LL

COMMON/XSEC/ECORE

COMMON/SET/RCOMsRCOF yCLMyCLF 17/18/78

DATA TENTH/.1EO0/ :

DATA FI/3.141592653589793E+00/

DATA XSECX/3.4236579E 00/

DATA ZERD!UNErTUO;THREEvFUURrFIVEvSIXrTUELUE/
10.E0»1.,E0+2.,E0y3.E09s4.E0vS5.EQ0v6.EO0»12,EO0/

OKKOKOK KK K OKKOK KKK KKK KKK KKK

DATA LVsDIFFE/29-2.32081/

KKK K KK K K K KKK K OK KKK KKK KK X

DATA STEF/0.05E0/ '

IF(IFSET.EQ.O0) GO TO 10 17/18/78

. MAXU=NFTS+10
DLO=FLOAT(LO)

170

180.

10

IGRANI=0

NN=N

LL=LO ‘

00 170 I=1,10 .
UUCI)=UCFLOAT (1) KTENTHKTENTH)
00 180 I=11yMAXU |
VU =UCFLOAT CI-10)%STEF)
CONTINUE - 17/18/78

[0 632 II=1,NBETA

III=11

LM=L0-1

LF=L0+1

EN=XEN(II)

ENT=EN+DIFFE

N0 631 L=LMsLFs2

INUM=0 .

H=TENTHXX2

HH=HXH

NMAX=10

X=H

XF=H+H

F=ZERD

FF=ZERD




C *********************

C

SET UF FOWER SERIES FOR INITIAL FOINTS

C *********************

11

201

203

DL=FLOAT (L)

ALFH1=-Q

ALFH2=ZERO

ALFH3=ZERO .

A(L+1)=0NE

A(LE2)= TND*ALPHI/FLOAT(“*L+°)

ACLE3) = TUO*(ALFHI*A(L+°)+ALFH° ~EN) /FLOAT (2K (2%XL+3))

LFONE=L+1

LFFOUR=L+4

LFTEN=L+10

00 11 I=LFFOURsLFTEN

DK=FLOATCI)

ACTY=(ALPH1X¥AC(I-1)+(ALFPH2-EN)XA(I- °)+ALPH3*A(I 3))
1XTWO/ ¢ (DK4DL) X (OK~DL~ONE) )

CONTINUE

00 12 I=LFONEsLFTEN

F=F+A (T )RXKKI

FE=FF+A (T YkKXFXXI

CONTINUE -

RCOCL)=F

RCO(2)=FF

UO=UUCINUM+1) - TUO*EN+(DLXDL+DL)/X**“

UF=UU C INUM+2) ~TWOXEN+ (DLXDL+DL ) /XFXX2

00 200 NI=3,NMAX

XM=X

X=XF

XF=XF+H

UM=U0

vo=UF

UF*UU(INUM+ND) TNO*EN+(UL*DL+DL)/XP**°

FM=F-

F=FF , S ‘
FP—((Tw0+kIUE*UO*HH/SIX)*P~(0NE~UM*HH/TwELUE)*Pﬁ)
1/ CONE=~UFXHH/TWELVE) '
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DRCO(NDI=1 )= (FPFX (ONE~ HH*UF/SIX) —-FMX (ONE- HH*UM/SIX))/(TUO*H)

RCO (NI =FF .

CONTINUE |

IF CINUM.EQ.10) GO TO 203
INUM=10
RCO(1)=RCO(S)
RCO(2)=RCO(10)
DRCO(1)=DRCO(S)

DRCO (NFTS)=ZERD

H=STEF

HH=HXH

X=H

XF=H+H

NMAX=NF TS

*=RCO(1)

FP=RCO(2)

60 TO 201

CONTINUE
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IF(ISET.E0,0) GO TO 20 17/18/78

CALL SIMFSN(STEFsXFyGRANDyVALUE)
CONTINUE = 17/18/78

- CALL SIMPSN(STEF » XF y GRANDVy UMAT)

40

666

631

30

IGRANDI=1

IF(L.EQ.LF) GO TO 631

RM=RCO(NFTS-1)

NRM=DRCO (NFTS~1) :
IF(ISET.NE.O) GO TO 666 17/18/78

KETA(1)=UMAT 17/18/78
0 40 J=1yNFTS 17/18/78 -
RCOM(J)=RCO(J) 17/18/78

GO TO 631 17/18/78

CONTINUE

RMATM(II)=VALUE

RICM(II)=UMAT
*****x*x***x**x***xx*x*7/18/78***********x*x*x*****x****x***x
CALL CORR(CORRM:CORRA;RCO;ONErNPTSySTEP;EN;ENT;LO:LO:LM; ‘
1DIFFESII) .

CORR1=~FI%CORRA
RQAS=(RMATM(II)+RICM(II)/(XENCII)-ECORE))/TWO

RAS=RAS+CORKM

FHASE1=ATAN2 (CORR1sRQS)

CONTINUE.
***********************7/18/78****************************
RF=RCO(NFTS~1)

DRF=DRCOCNFTS-1)

IF (ISET.NE.O) GO TO S0 17/18/78

FHAS1 (1)=UMAT , 17/18/78

[0 60 J=15NPTS 17/18/78

RCOF (J)=RCO(J) 17/18/78

G0 TO 30 17/18/78

CONTINUE . 17/18/78

RMAT (I1)=VALUE

RICF(I1)=UMAT .
**************#********7/18/78***************X***************
CALL CORR(CORRFyCORRAYRCOsONEsNPTS»STEF/ENYENTLOsLVsLF,

IDIFFESII) -

CORK2=-FIXCORRA

RQS F‘(RMAT(II)+RICF(II)/(XEN(II) -ECORE) ) /TWO
RQSF=RASF+CORKF

FHASE2=ATAN2(CORR2yRQSF)
***********************7/18/78****************************
CONTINUE - 17718778

CALL FHASE(ENsLOsONEsNFTSySTEFsRMyDRMyRF s DRFyDELTACLMsCLF
1yFMCII) s FRPCII) s DFMCII) s DFFC(IT) 9GM(TII) yGP(IT) s DGMC(II) s DGF(II))
IF (ISET.EQ.0) RETURN 17/18/78

FASOIF(II)=DELTA -
FASDIF(II)=DELTA+FHASE2-FHASE1L

 RMATM(II)=RMATM(II)/CLM

RICM(II)=RICM(II)/CLM

RMAT(II)=RMAT(II)/CLF

RICF(II)=RICF(II)/CLF

KAOKK KKK KKK KKK KKKKKAVERAGING LENGTHANI UELOCITY***********
RMAT(IT)=(RMAT(II)+RICF(II)/(XEN(II)~ECORE))/TWO :
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RMATM(II)=(RMATM(II)+RICM(II)/(XEN(II)~ECORE))/TWO

XK KKK KK KKK KKK KKK KKK KK KEND AVERAGING ********************
CORR1=CORR1/CLM

CORR2=CORR2/CLF

RQS=RAS/CLM ' 17/18/78
RASF=RASF/CLF 17/18/78

KRMAT (1I)=S0RT (RQSFXX2+CORR2XK2) . 17/18/78
RMATM(I1)=8QRT (RASX*2+CORR1%%X2) - 17/18/78

RR(M(II)“RMA1(II)/RMATM(II)

KETACII)=(DLOX(DLO~ ONE)/RRCM(II)+(DLO+0NE)*(DLO+TUO)*RRCM(II)
1-SIXXDLOX(DLO+ONE)XCOS(FASDIF(II)))/
2(C(TWOXDLO+ONE) X (DLO/RRCM(IT)+(DLO+ONE)XRRCM(IT)))

FHAS1(II)=PHASE1 '

FHAS2(II)=FHASE2

RICM(II)=CORK1

RICF(II)=CORR2

RRCM(II)=CORRM/CLM

RRCF(II1)»=CORRF/CLF

KAORKAOKKKKKTHE FOLLOWING STATEMENTS FALCULATE XSECTIONSXXX

XSECL (II)=XSECXX( (EN-ECORE)/SQRT (TWOXEN) )X (RMATM(II)
1XK2XFLOAT(LO)+FLOAT (LO+1)XRMAT(IT)%X2)

KOK KK K K 3 ok K KOk

WRITE(200y642) EN;RMATM(II)rRMAT(II)yCLMyCLF

WRITE(108y642) ENyRMATM(II)»CORR1sRMAT(II)»CORR2yFASDIF(II)

‘1yFHASEZ2yFHASE1

632

68
69

21

CONTINUE
RETURN
ENID

SURROUTINE READ" - - - '

THIS SUERROUTINE READS ATOMIC OREBITAL PARAMETERS.
COMMON/GAM/GAMMA(11)
COMMON/UFARAM/C(593212)yKK(3y11) s ZETA(3»11) y IREAD
READ(25968) ((KK(IyJ)»ZETA(Is )92 J=1,11)y1=1+3)
READ(25,69) (C(C(IyJrKI9yR=1912) 9y I=Jy5) rJ=143)
IREAL=1 . '

FORMAT(IQ;FIQ.?)

FORMAT (6F10.5)
GAMMA(1)=1,E0

0o 21 I=1+10

GAMMA(I+1)= GAMMA(I)*FLOAT(I)
RETURN

END

REAL. FUNCTION uexo)

THIS SUBROUTINE CALCULATES THE FOTENTIAL U(X)o
COMMON/DNUM/ZEROy ONE » TWO» THREE » FOUR
COMMON/AFARAM/CsIyREyAYR
COMMON/FARAM/Q s DL
COMMON/UPARAM/CC(J;B;I“)rh(3;11)vZ&TA(3v11)rIREAD
FOMMON/INUEXU/IU
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-IF(IU EQ. 1) GO T0O 1“

Iu=1 , '

IF(IREAD.EQ.1) GO TO 10

CALL READ

IF(X.LE.RR) GO TO 10

U=-TWO/X

RETURN

U=—(TWO/X )X (ONE+ (Q-ONE) X (ONE - X/RB)X*“/(ONE+(*X+U*X*X))
RETURN

END

KEAL FUNCTION GRANIN(X,I) o ‘
THIS SUEROUTINE CALCULATES THE DIFOLE THNGTH INTEGRANI.
RC2F AND DRC2F ARE CORE WAVEFUNCTION AND ITS DERIVATIVE.

DIMENSION RCO(200)yRC2F(200)

COMMON/UFARAM/F(J;?;1“);h(3;11);Z&TA(3;11)9IREAD

COMMON/WAVES/RCO» IGRANDNy Ny L.

COMMON/DNUM/ZERO s ONE » TWO » THREE » FOUR

COMMON/GAM/GAMMA(11)

COMMON/ENIWAV/RC2F

COMMON/DGORE /DRC2F (200)

IF (IGRANI,EQ.1) GO TO 9

RC2F (1)=ZERO

DRC2F (1) =ZERD

LL=L+1

LSIX=11~L

N0, 8 J=1sLSIX

DFI=C(TWOXZETA(LLYJ) YkkK (LL»J) ) XSART (TWOX

1 ZETACLL 7)) /GAMMA (KK (LLy J)+1) VKKK (LLy J)%
1 EXF(=ZETACLLy JYKXYKC(NrLL D)

RC2F (1) =RC2F (1) +DFI

DRC2F (1) =DRC2F (1) +DFIX C(FLOAT (K(LLyJ) ) /X) - ZEFA(LL»J))

CONTINUE'

GRAND=RC2F (I)XRCO(I)%X

RETURN

CEND

REAL FUNCTION GRANDV(X»I) A ‘
THIS SURROUTINE CALCULATES THE DIFOLE VELOCITY INTEGRAND.

" IT REQUIRES THE. ARRAY DRC2F CALCULATED EY GRAND.
X¥XTHIS FUNCTION SHOULD NOT RE CALLED BEFORE GRANIDKXX
DIMENSION RCO(200)sRC2F(200) ~

COMMON/ENDWAV/RC2F
COMMON/DNUM/ZERO » ONE » TWO » THREE » FOUR
COMMON/WAVES/RCOy IGRAND s Ny L.

COMMON/DWAV/LM LS

COMMON/DCORE/DRC2F (200)

SIGN=0NE

IF(LS.EQ.L.M) SIGN=-ONE

-9 GRANDV= R(U(I)*(SIGN*(TNO*FLUAT(L)+0NE+ IGN*ONE)

l*RC’F(I)/(TNO*X) ~DRC2F (1))
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C
C
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RETURN

 END

SUBROUTINE;SIMPSN(STEPyRMAXyGRANDyUALUE)
INTEGRATION VIA SIMFSON’S RULE

" FUNCTION TO RE INTEGRATEDN IS GRAND(X»I1) -

900

901
111

GRAND SHOULD' BE DECLARED EXTERNAL

IMFLICIT REALX8(A-Hs0~Z)

IATA ZERO»ONE»TWOs THREE yFOUR/O,EOs1,EQs2,E0r3,E0s4,E0/
KOUNT=4

VALUE=ZERD

X=ZERO .

NMAX=RMAX/STEF

DO 111 I=1yNHAX

CII=1

X=X+STEF

" IF(KOUNT.EQ.4) GO TO 200

KOUNT=4

FT=TWO - °

GO TO 901

KOUNT=2

FT=FOUR

VALUE =UALUE+GRANI (X TT)KFT
CONTINUE
VALUE=VALUEXSTEF/ THREE
RETURN - -

END

SURROUT INE ’PHASE(ENrLOvaﬂPTSvSTEPyNAUMrﬂwhvﬁywAvpyﬂwAUPy

1DELTAsCLMsCLFyFMyFF > DFMy DFF » GMy GF »y IGM » DIGF)

FROGRAM TO CALCULATE DIFFERENCES IN FHASE SHIFTS
REQUIRES COULOME FUNCTIONS WHICH MAY EITHER EE

. CALCULATED RBY SUBROUTINE COULME OR READ FROM
FILE 24.. '
COMMON/DNUM/ZEROvONErTNO;THREErFOUR
COMMON/FII/E T

COMMON/FINDEX/IFHASE

EK=SQRT (TWOXEN)

ETA=~Q/EK 4 3

RMATCH=FLOAT(NFTS)XSTEF-STEF

RHO=EKXRMATCH

DLO=FLOAT(LO)

DLM=FL.OAT(LO~1)

DLP=FLOAT (LO+1)

IF(IFHASE.EQ.1) GO TO 55 o

CALL COULME(RHOSETAsLOsFMyFOsFFyGMrGOyGF»SIGMA)

WRITE(OS 1) LO:EN;RHO;FTA;FO;FM;FFrGM;bUyCF

FORMAT(IS»/9E12.4)

******************************x***x****x*x******x********
IF(FO.GE.1.,E020) GO TO 10

WRITE(30,4600) FMsyFOsFFyGMsGOsGFySIGMA




ooo

IRzivivEsEzEv Ry
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GO TO 20.
10 READ(245600) FMsFOsFFyGMsGOs»GF»SIGMA
600 FORMAT(BF14.7)
601 FORMAT(’ENERGY (HY) - ',' FHAS E(LO 1)y’ FHASE(LO+1) %)
20 CONTINUE
IFFP=(SART(DLFXDLF4+ETAXETA) XFO~ (DLF#DLP/RH01E1A)
1 XFP)/DLF
DGF=(SART(DLFXDLF+ETAXETA) XGO-(DLFXDLF/RHO+ETA)
1 XGF)/DLF : \
DFM=( ( DLOXILO/RHO+ETA) XFM- SART(DLOXDLO+ETAXETA) ¥F0) /DLO
" DGM=( (DLOXLILO/RHO+ETA) XGM~ SQRT(DLO*D[0+ETA*ETA)*GO)/HLO
; CONTINUE
ALF = (IWAVFXGF/EK ) ~WAVFXIIGF
ELF=WAVFXOFP- ( DWAVFXFF/EK)
ALM= (DWAVMXGM/EK) ~WAUMXLIGM
BLM=WAVMXIIFM~ (DWAVMXFM/EK)
CLF=SQRT (ALFXALF+BLFXELF)
CLM=SQRT (ALMXALM+ELMXELM)
SF=ZERO
SM=ZERO
S0=ZERD .
"IF(BLF.LE.ZERD) SF=FI
IF(ELM.LE.ZERQ) SM=FI
STEST=DLOXDLO+DLO-ETAXX?
IF(STEST.LE.ZERO) SO=FI
DELTA=ATAN2 (ETAX(TWOXDOLO+ONE) » (DLOXDL.O+DLO-ETAXX2))
1+ATAN2 (ALMs BLM) ~ATAN2 (ALF s BLF) +SF+5M+ 50
**xx*x*******x****************#*xx****
MODIFIED 10/14/76
FASM=-ATAN2 (ALMsELM)
FASF=—-ATAN2 (ALFyELF)
DEIL.TA=FASF- FASM+ATAN“(ETA*(TwO*DLO+0NE)r(DLO*DLO+DLO ETAXXD))
KO=DELTA/ (TWOXFI)
KD=DELTA/FI-~2%KD
KO=NELTA/FI+KD
DELTA=DELTA-FLOAT (K[ XFI
WRITE(22,601) ‘ ‘
***x***x***xx**x******x******x***********x**x**x**** '
WRITE(22,600) ENsFASMsFASF
*x*x*x****x**************x*****x***********************
RETURN
END

R
[ &3]

SUBRROUTINE . CSETUP(NFTSywAUEByNAUECrR“EXvR"DIRyRTUvFNC;NDATAy
INSTEFsLOsNOsL.CyNCYEOSENSTEF »STEF »
1EDATAYEDNIFFyRDIRONyREXONsRTVON, CFOT) _

THIS SUEBROUTINE FARTIALLY CALCULATES THE DOUERLE INTEGRALS
NECESSARY TO INCLUDE CORRELATION EFFECTS.
SUBROUTINES USED?

RETAC TO CALCULATE WAVEFUNCTIONS
READ " TO READ ORERITAL FARAMETERS

R2INT TO FERFORM INTEGRATIONS
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DIMENSION WAVER(NFTS) s WAVEC(NFTS)
DIMENSION -EDATA(NDATA)
DIMENSION ENC(40)CFOT(3)
DIMENSION R2EX(NFTSs2y2yNSTEF) yR2DIR(NFTSy2yNSTEF) yRTV(2sNSTEF)
NIMENSION RDIRON(NFTS»2yNDATA) yREXON(NFTS»2¢29sNDATA) »
1RTVON(2sNDATA)
DIMENSION RINT(200) yRIUM(C200)
DIMENSION DUM1(S)yDIUM2(S) yDUM3(S)
- COMMON/SET/RCOM(200) yRCOF (200) s CLM»CLF
. COMMON/WAVES/RDUMy IGRANL' s Ns L
COMMON/ENDWAV/RC2F (200)
COMMON/AFARAM/CyDsREsAs R
COMMON/DNUM/ZERO s ONE » TWO » THREE » FOUR
COMMON/XSEC/ECORE
EXTERNAL GRAND L
xx**xx******x*x********x*x*x*********x**
C=CFOT(1)
D=CPOT(2)
-RR=CPOT(3)
CALL READ
N=NO :
L=LO .
N0 201 I=L1sNFTS
X=FLOAT(I)XSTEF
AA=GRAND(Xs 1)
WAVER(I)=RC2F(I)
201 CONTINUE
N=NC
L=LC
00 15 I=1yNFTS
X=FLOAT(I)%XSTEF
AA=GRAND(X»,I)
WAVEC (I)=RC2F(I)
15 CONTINUE
IGRAND=1

L1=IARS(LO-LC)
L2=L0+LC
IPSET=1
©ISET=0 .
DO 10 NN= 1 yNSTEF
ENC(NN)=EO+FLOAT (NN~ 1)*ENSTEP
 EN=ENC (NN) .
CALL BETAC(HIUM1»DUM2y1yNFTSsENsLCsNC DUM3 » IUM3 » DUM3 5
1DUM3 » DIUM3 » DUM3 » DUM3 » DUM3 » DUM3 » DUM3 » DUM3 » DUM3 » IUM3 s
2OUM3 » IUM3 » DUM3 » IUM3 » ISET» IFSET)
IFSET=0
caLL R”INT(NFTSrwAVEB,wAUECyRCOMrRINT,RDUM:1;RDIFyONEyONE;
1CLM»STEF) .
D0 20 I=1,NFTS
20 R2DIR(I»1,NN)=RINT(I) - :
ROV=DUM1 (1)./ (CLM* (EN-ECORE)) - - S
RTVU(1yNN)=(ROIF4+RIV) /TWO
CALL R2INT(NFTS rwAUEByUAUECyRCOFvRINT,RDUM;lvRDIP;UNL,UNLy
1CLFySTEF)
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00 30 I=1,yNFTS
30 R2DIRC(I»2yNN)=RINT(I)
ROV=DUM2 (1) /7 (CLPX CEN-ECORE))
RTV(2yNN)=(ROIF4+ROV) /TWO
IL=0
N0 40 J=L1sL2,2
IL=IL+1
CALL R”INT(NPTS;RCOM;NAUECyWAUEByRINTyRDUM;J;RUIFyCLMrONF;UNEr
1STEF)
DO 50 I=1sNFTS
50 R2EX(I»1yILyNNI=RINT(I) :
CALL R2INT(NFTS 1RCOFywAUECyNAUEB;RINTyRDUM;J;RHIFyCLFyONE;UNEv
1STEF) .
10 60 I=1,NFTS
60 R2ZEX(I»2yILsNN)= RINT(I)
40 CONTINUE
10 CONTINUE
DO 100 NN=1sNDATA
EN=EDATA(NN)+EDIFF
IFCEN.LE:ZERD) GO TO 100
CALL EETAC(DUM1sDUM2y1sNFTSsENyLCyNCyDUM3» IUM3 » IUM3 y
1DUM3» DUM3 »y DUM3 » DUM3 » DUM3 » DUM3 » DUM3 » UM3 » DUM3 » DUM3 ¥
2DUM3» DUM3 s DUM3 » DUM3 » ISETy IFSET)
CALL R2INT(NFTS»WAVERs WAVECyRCOMsRINT yROUMy 1y RIIF » ONE » ONE »
1CLMySTEF).
0o 200 I=1yNFTS
200 ROIRONCI»1yNN)=RINTCI)
ROV=DUM1 (1) /(CLMX(EN-ECORE))
RTVONC(LyNN)=(RDIF+RIV) /TWO
CALL R“INT(NFTSvNAUEByUAVF(yﬁCOPyRINTvRDUM 1;RDIF;UNE;ONE;
1CLFySTEF)
00 35 I=1sNFTS '
35 RODIRONCTI »2yNN)=RINT(I)
RDV=DNUM2 (1) / (CLFX(EN-ECORE))
RTVON(2sNN)=(RDIF+RIV) /TWO
IL=0
DO 4% J=L1sL2,2
IL=IL+1
CALL R“INT(NPTbyRCOMywAUEC,wAUEByRINTthUMrJrRDIFyCerONEyONE;
1STEF)
S D .L8s I= 1yNETS
5% RFXON(I;l;IL;NN) RINT(I)
CALL. RQINT(NFTS;RCOFyNAUELrWAVEB;RINTvRDUMrJvRDIF;CLF ONE » ONE »
18TEFR) K
00 65 I=1yNFTS
65 REXON(I»2yILsNN)=RINT(I)
4% CONTINUE
100 CONTINUE"
IGRAND=0
RETURN
ENI

SURROUT INE RQINT(NPTSrPl;FQ;P3vRINTrRDUﬁ(LPRMvRDIPv
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1CN17CN21(N3quLF)
THIS SUBROUTINE FARTIALLY EVALUATES DOUBLE INTEGRALS

NEEDED EY.SUBRODUTINE CORR

DNIMENSION F1(NFTS)yF2(NFTS) yF3(NFTS) yRINT(NFTS) s RIUM(NFTS)
COMMON/IINUM/ZERO s ONE » TWO y THREE » FOUR

LELUS=LFRM+1

GRAND2=F2 (1) KF3(1)

GRANDIZ=F2 (2) ¥F3(2) XFLOAT ( 2XXLFRM)
_ RINT(2)=FOURXGRAND2+GRAND3

RINT(1)=RINT(2)/TWO

a0

DO 10 J=4yNFTS»2
GRANIDI1=GRANDZ
GRAND2=F2(J-1)kF3(J=1)KFLOAT ( (J-1) XXLFRM)
GRAND3=F2(J)XF3 (J)XFLOAT CJXXLFRM)
RINT(J-1)=RINT(J- ")4(CRANHI*FOUR*GRAND“+GRAND3)/TNO
RINT(J)=RINT(J~ ")+(GRAND1+FOUR*GRAND”+&RAND3)

10 CONTINUE

RDIP=RINT(NPTS)*STEP**LPLUS/(CNQ*CN3*THREE)

GRANDA=F2(NFTS)XF3(NFTS) /FLOAT (NFTSXXLFLUS)
MJ-NFTE-1
NJ1=NFTS-2 : ,
GRANNS=F2 (NJ)XF3I(NJ) /FLOAT (NJXXLFLUS)
GRANDG=F2 (NJ1IXF3(NJ1) /FLOAT (NJ1XXLFLUS)
RIUM(NFTS)=ZEROD
ROUM(NJL) = GRAND4+FOUR*GRANDJ+GRAND6
ROUM(NJ) =ROUM(NJL) /TWO
NMF=NFTS-2 .
C :
N0 20 J=4yNMFy2
GRANDA=GRANDS
NJ=NFTS~J
NJ1=NJ+L '
GRANDJ"P”(NJl)*F3(NJ1)/FL0AT(NJ1**LFLUS)
GRANDG=F2 (NJ)XF3(NJ) /FLOAT (NJXXLFLUS)
ROUM(NJ) =RIUM(NJ+2) + (GRANDA+FOURXGRANDS HGRANDG )
~ RDUM(NJ1) = RDUM(NJ+“)+(GRAND4+FOUR*GRANDq+CRAND6)/TUU
20 CONTINUE - -
' GRANDA=GRANDS
GRANDS=F2(1)%F3(1) ,
DUM(l)"RDUM(“)*(GRAND4+F0UR*GRANDJ)/TNO '

»CNQTNT STEP/(CNI*CNQ*CN3*9 0E00)
K1s=
no TO J“l!NPTd
. RINT (D)= Fl(J)*((RINT(J)/FLUAT(J**LFLUJ))+RUUM(J)*FL0AT
1(J**LFRM))*FL09T(“*R1)
CK1=(K14+1) /K1
RINT () =RINTC(IIXCNSTNT

30 CONTINUE -
RETURN
END
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" REAL FUNCTION UMTRX(F4yRINTyNFTSsCNA)

DIMENSION.FA(NFTS) yRINT(NFTS)
VAL=0.,000"

0 10 J=1sNFTS

VAL = UAL+F4(J)*RINT(J)

VAL =VAL/CN4

UMTRX=VAL

RETURN

END

QUBROUTINF CORR(CORRl9LORR2!F47CN41NPTQ!STEP9ENJ!ENT!LQ’[U!Ld!

1EDIFF,II)
THIS SUEROUTINE CALCULATES INTERSHELL CORRELATION
CONTRIBUTIONS TO THE TRANSITION MATRIX ELEMENTS.
CORR1 IS THE REAL FART OF THIS CONTRIERUTION
CORR2 IS THE IMAGINARY FART OF THIS CONTRIEUTION.
FUNCTION SURROUTINES USED ARE?
: UMTRX
SIXJ
1340 »
THIS SUEROUTINE ALGO USES ARRAYS CALCULATED EY CSETUF,
DIMENSION P4(NFTS) »
IIMENSION ENC(40)
DIMENSION RDIRON(“0092740);REXON(“OOrhyhy40)yRTUON(?94O)
DIMENSION R2DIR(200s2540) yRIEX(2009272540)5RTU(2140)
'COMNON/SETUP/ENC9RDIR0NvREXDNrRTU0NrR“DIR;R“EX:RTU;N&TFP
COMMON/IINUM/ ZERO ».ONE » TWO y THREE » FOUR
COMMON/FII/FI .
CORSUM=ZERO -
CORD=ZERO
COREX»ZERU
DD IR=ZERO
DEX=ZERO .-
FOLEA=ALOG (ARS (ENS-EDIFF-ENC(1)))
FOLER=ALOG(ARS(ENS-EDIFF~- ENC(NJTEF)))
FOLE=FOLEA-FOLER
LONE=IARS(LA-LV)
LTWO=LA+LY
XKS=SQART(TWOXENS)
"IF (ENT.LE.ZERD) GO TO S
XKT=SART ( TWOKENT)
CONTINUE
LTM=LV~1 =
LTF=LV+1
JI=0 .
D0 30 LTT=LTMyLLTFs2
CALCULATE FIRST THE DIRECT CONTRIEUTION.
LT=LTT :
JI=JI+1
DIRFAC=D3JO(LT»15LY)
DIRFAC=DIRFACKX2XTWO/ THREE
IF(ENT.LE.ZERD) GO TO 10
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DOIR=UMTRX(F4yROIRONCL,JIyIL) yNFTSyCN4)
1LX(TWO/ (FIXXKT))RKRTVONCJIIII)
CORS1=DDIRXDIRFAC.

10 CONTINUE
CORD1=ZERO
DO 15 KEN=1yNSTEF
EN=ENC(NSTEF) _ 4
DOIR2=UMTRX(F4yR2DIR(1sJIsKEN) yNFTS»CN4)

1K(TWO/ (FIXSART (TWOXEN) ) ) XRTV(JT »KEN)

1% CORD1=CORD1+(DDIR2-DDOIR)/(ENS-EN-EDIFF)
CORD1=CORD1+DDIRXFOLE .
CORL=CORD+FLOAT (2%LT+1)XCORD1XDIRFAC
JEX=0 :

10 20 LFRMA= LUNE!LTNO;~
LFPRM=LFRMA '
ITEST=(LSH+LT-LPRM)X(LS-LT+LFRM) X (~LS+LT+LFRM)
JEX=JEX+1
IFCITEST.GE.O) GO TO 40
GO TO 20
40 CONTINUE
SGN= LFhM%lf(LS+LG+LU+LT)/°
ISGN -ISGN-2% (ISGN/2)
EXFAC=FLOATC((LSH+LA+2) kK (LSHLA)I X (LV+LT+1))
EXFAC=EXTAC/FLOAT ((LVHLTH2) K (LVELT)I X(LS+LAF1))
EXFAC=SQRT(EXFAC)XD3JO(LSyLFRMsLT)XD3JO(LAsLFRM,LV) X
18IXJ(1yLSsLQsLFRMyLV LT )X (-ONE)XXISGN)
IFCENT.LT.ZERO) GO TO 50
"DEX=UMTRX(FAyREXON(1sJI»JEX,»II)sNFTSsCN4)
1X(TWO/ (FIXXKT) )XRTVONCJII»II) :
CORS1= COR81+DEX*EXFAC
50 CONTINUE '

NQw LALCULATE'THEVEXCHANGE CONTRIEBUTION.

COREX1=ZERO
[0 60 KEN=1yNSTEF
EN=ENC (KEN)
DEX2=UMTRX(F4sR2EX(1yJIy JEXyKEN) yNFTSyCN4)
1XRTUCJIyKEN)X(TWO/ (FIXSQRT(TWOXEN))) h
60 COREX1=COREX1+(DEX2-DEX)/ (ENS-EN-EDRIFF)
COREX1=COREX1+DEXXFOLE
COREX= COREX+COREX1*EXFAC*FLOAT("*LT+1)
20 CONTINUE
CORS1=CORS1XFLOAT ((2XLT+1)X(2XLV+1))
- CORSUM=CORSUM+CORS1 .
30 CONTINUE
CORR2=CORSUM ,
CORRI'(CORD+COREX)*(ENC(°) ENC(I))*FLOAT(“*LU+1)
RETURN
. END

REAL FUNCTION D3JO(L1sL2sL3)
THIS FUNCTION SUEROUTINE EVALUATES A 3-J SYMEOL
WITH LOWER ELEMENTS EQUAL TO ZERO.




10

a0 o0

COMMON/GAM/GAMMA(11)

IF=(L14L2+L3)/2

ITEST=L1+L2+L3-2KIF

IF CITEST.GE.1) 60 TO 10

DELTA=GAMMA (L1+L2-1.341) XGAMMA (L1-L2+L:341)
1XKGAMMA (~L1+L2+L341) /GAMMA (L 1+L2+L.3+2)
[13J0=(~1 EO)XXIFXSQRT (DELTA) XGAMMA (IF+1)/
1 (GAMMA CIF+1-L1)XGAMMA (IF+1-L2)XGAMMACIF+1-L3))
RETURN -

03J0=0,E0

RETURN

. |

ENI .

REAL FUNCTION SIXJ(L1sL2sL3yL4rL5vL.6) .
THIS FUNCTION SUEROUTINE EVALUATES A 6-J SYMBOL
WHICH HAS FIRST ELEMENT EQUAL TO ONE.

IF(L1.NE.1) GO T0 10

ITEST=IARS(L2-L3)

IFC(ITEST:GT.1)G0 TO 70

CITEST=IAERS(L.5~L6)

20

30

60

40

&y

e

was

51

IFCITEST.GT.1) GO TO 70
ITEST=(LA+L2-LE)K(LA-L24+6) X (~LA+L2+L6)
IFCITEST.LT.0) GO TO 70
ITEST=(LA+L3-LS) kK (L4A-L3+LS) % (~LA+LI+LS)
IFCITEST.LT.0) GO TO 70
IA=2%L4 -
IF(LS5-L&) 2093040
IC=2%Lé
IBR=2%L2 ' ,
IF(L2-L3) S51+52,53
IR=2XL6 - C
IC=2%L3
IF(L2-L.3) 52,54560
IC=2%L2 ‘
GO TO S2°
IC=2%L5 -
IB=2X%L3
IF(L3-L2) 51+52+53
ISx(IA+IB+IC)/2 :
SIXJ=FLOATC(ISK(ISH+1)IXK(IS-TAIX(IS~-IA~1))
1/FLOATCCIR=1)XC(IR)X(IR+1)YK(IC~ 1)*(IC)*(IC+1))
SIXJ=SART(SIXI K (-1, EQ)IKKIS
RETURN =
IS=(IA+IR+IC)/2
SIXJ=FLOAT(2XISK(IS~-IAIXK(IS-IRIX(IS~IC+1))
1/FLOAT(IRXC(IR+1)X(IR+2) % (IC- 1)*(10)*(1L+1))
SIXJ=SART(SIXJIX(-1,E0)XKXIS
RETURN
I1S=(IA+IR4+IC)/2

SIXJ=FLOAT((IS-IR-1)X(IS-IR)X(IS~-IC+1)%(I5~ IC+2))

l/ELOAT((IB+1)*(IB+“)*(IB43)*(IC 1I)XICKC(IC+1))
SIXJ=SART(SIX X (~1,EO0) XXIS
RETURN

121
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70

. 10
: 600
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I15=(IA+IR+IC) /2
SIXJ=FLOAT (IRKCIR+1)K(TR+2) K (IC)KCICHLIXCICHD))

SIXJ=FLOAT ((IBKIB+2)+ICK(ICH2)-TAK(TA+2) )k (=1, E0) KK (IS+1)
1/(2, EOXSQRT(SIXJ))

RETURN

SIXJ=0.EO

RETURN  :

WRITE(22,600) L1

FORMAT ( / ¥¥% USER INFUT NOT COMPATAELE. . . THIS SUBROUTINE
157 VALID ONLY IF L1=1XXX’sS5Xy‘L1=’yI3)

STOF

END
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C "~ IF CORRELATIONS ARE NOT DESIREDy THE FLOLLOWING
SURROUTINES ARE SUBSTITUTED FOR CSETUF AND' CORR.

o~

SUBROUTINE CS ETUF(Ai9ﬁﬁrﬁ3rh4rhurﬁbrh7vN1vN31N37N49NavN67
1E1yB2,R3yRH4yBSyR6s B7yBBsRY)

RETURN

END . o

'OUBROUTINE CORR(CLyC2yA1sA2sN1YR1yR2yEBIiN2yN3IsN4AyD151I1)
C1=0.00 .

C2=0,00

RETURN

END :
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3. Snbroutines for calcuiating Coulomb functions
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C

1061

SURROUTINE COULME(SRHOySETAsLOyFMsFO,FFyGMyGOyGFySIGL)
THIS SUEBROUTINE CALCULATES™REGULAR (FL) ANDI' IRREGULAR
(GL) COULOME FUNCTIONS.

METHOD! RECURSION RELATION METHOD OF STEGUN AND AE.
FHYS . REV., 98,1851 (1955) FOR RHO<8.0% ASYMFTOTIC FORMULA
FOR RHO:8.0. _ ' : A
REQUIRES FUNCTION SUERROUTINE DIGAM.

IMFLICIT REALX8(A-Hs0-Z)

REAL SRHOsSETAsFMyFOsFFyGMs»GOyGF»SIG1

GENERATOR OF REGULAR (F) AND IRREGULAR (G) COULOME

FUNCTIONS ’

REALXES I1I

REAL X8 NINE.

NIMENSION FBAR(31)vF(ll)rG(il)vTHETA(”)rCGF(");CL(”)v

1FL(2) yQUFONF (2) »CAFA(A47) ySMALLA(A47)

COMMON/DIGAMM/DIGAMX sy DIGAMY

SET CONSTANTS

DATA ACC/1.D-10/

nATA ITOF/40/

DATA FI/3. 141J9°6q3099793n+00/

DATA LTOF/8/

IATA ZEROyONEyTWO/0.00s1.00,2.00/

IATA THREEyFOURsFIVE»SIXySEVEN/Z.D0r4, noyﬁ DOyé nos7.00/

DATA EIGHT/8.D0/

DATA NINE s TENsELEVENy THRTEN/9.D0,10.00,11, Do,13 nos

DATA EULER/0.577215664901432860400/

IATA DTN6/1.11405/

BNEN’S ARE RERNOULLI(2N)/2N.

DATA EBNEN2/  .8333333333333330-01 /

DATA BNEN4/ -.8333333333333330-02 /

DATA EBNEN&/ + 3946825394682539720-02 /

_DATA BNEN8/ -.416666666666667D-02 /

DATA BNEN10/  .757575757575757D-02 /
DATA BNEN12/ -.2109279609279610-01 /
IATA ENEN14/  .8333333333333330-01 /
DATA ENEN16/ -.4432598039215690 00 /
ETA=DELE (SETA)

KHO=DELE (SRHO)
' IF(ETA.EQ.ZERO) GO TO 631
ETASQ=ETAXETA

F1=ZERD

F3=ZEROD

FO=ZEROD .-

FL (1) =TWOXETA
FL(")WTNO*ETA*(0NE+ETASG)/THREE

..... =LTOF

IASYM o .

GO TO 1000 .

TF (RHD.GT.EIGHT) GO TO 1062
‘COSQA=TWOKFIKETA/ (DEXF (TWOXPIXETA)-ONE)
CZERO=DSORT (COSQ)

CL.¢1)=CZERD

CL(2)= DSGRT(0NE+ETASG)*CZERU/THREE
ZZZX=0NE -

ZZZY=ETA
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CALL DIGAM(ZZZX»Z2ZZY)

RINIGAM=DIGAMX -
nurnnr(1)n—UNE+RnIGAM+Tw0*EULER
QUFONF (2)=(0ONE/ (FOURX (ONE4ETASR) ) )~ (ELEVEN/SIX) +

LRI'IGAM+ TWOXEULER
FOWER SERIES COEFFICIENTS
O 18 L=0s1 :
LPLUS=L+1 -

- CAFA (~1.+3)=ZERO ‘\)
CAFA(-L~1+3)=ZEROD '
CAFA(L+1+3)=0NE
SMALLA(-L-143)=ZERO
SMALLA (-L.+3)=0NE

- GMALLACL+1+3)=ZEROD

CIMIN=-L+1+3
IMAX=DARS(ETA)+0ONE
IF CIMAX.LT.8) IMAX=8
RHOTOI=RHOXX(~L)

_PSI=RHOTOI
00 11 I=IMINsIMAX
IF (I.EQ.L+1+3) GO TO 15 :
CAFA(I)=(TWOXETAXCAFA(I~1)~CAFA(I- ”))/DFLOAT((I ~3HLIK (T ~F~ 1))
SMALLA(I)=(TWOXETAXSMALLA(I-1)-SMALLA(I-2)
1-DFLOAT(2%(I-3) - 1)*FL(LFLUS)*CAPA(I))/DFLOAT((I ~3+LIK(I-3~L—-1))

1% RHOTOI=RHOTOIXRHO
FSI=FSI+SMALLA(I)XRHOTOI
11 CONTINUE
C CHECK CONVERGENCE OF POWER SERIES
‘ TEST=DARS (SMALLA (IMAX)*RHOTOI/FSI)
CIF(TEST.LT.ACC) GO TO 14
IF (IMAX.GT.ITOF)_ GO TO 6
IMIN=TMAX+1 . ‘
IMAX=TMAX+S
GO TO 12
. 6 TYFPE 600yETA»RHOyL
600 FORMAT(//y ETA = ‘D12.7915Xy ‘RHO = ',n12.7,15x,'L = y13)
FRINT 333 -
CILL=-L43 ,
FRINT 444y (I1sCAFACI) ySHALLA(I) »yI= ILL;IHAX).'
333 FORMAT (/9 FOWER SERIES CONVERGENCE FROBLEMS’»/5X»’I17%»
19Xy ‘CAFACI) * 928Xy ' SMALLACI) *) L '
444 rosnnr<1ox,13,0x,2nﬂe 13)
- STOF = .
:14 CONTINUE - o :
" . THETA(LFLUS)=FS I/(DFLOAT(L+L+1)*CL(LFLUS))
FbF(LFLUS)=(TNO*ETA/COSQ)*(DLOG(THO*RHO)+GUPONF(LFLUS))
901_FORMAT<1ox,13.3<1ox,n°3 13)) .
18 CONTINUE
C CALCULATION OF FBAR(L) AS FER STEGUN AND ‘AR,
C FHYS., REV. 98,1851(1955)
6% FRAR(LL+1+1)=ZERO

FRAR (LL+1)=0NE

00 10 L=Llyls-1 )

LELUS=L+1

XL=DFLOAT (L)
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FBAR(LFLU"wl)—(TNO*XL+ONE)*(ETA+(XL*XL+XL)/RHO)*FBAR(LFLUS)
1-XLXDSART ( (XL+ONE) XXk 2+ETAX¥3) xFBAR (LFLUS+1)
FRAR (LFLUS-1)=FRAR(LFLUS~1)/( (XL+ONE) XISQRT ( XLXXL+ETAX%X2))
10 CONTINUE
IF(IASYM.EQ.1) GO TO 1002
(9 USE WRONSKIAN RELATION TO SOLVE
( QUADRATIC EQUATION FOR ALFHA
AAA=FEAR (1) XFRAR(2)X(CGF (2)-CGF (1))
ERE=FRARK(1)XTHETA(2)~-FRAR(2)XTHETA(1)
CCC=0ONE/(ONE4+ETASR)
T CCC=~DSART(CCE)
FM=~0SIGN(ONEYETA)
CHAR=REREXEERE-FOURXAAAXCCC
IF(CHAR.LE.ZERO) GO TO 641
DALBTH=FEAR(2) /DSART (RREXEER-FOURXAAAXCCC) -
DALET1=FBARC(1)/DSART (RREXERR~ FOUR*AAA*CCC)
IF(DALETH.GT.1.001) GO TO 638
IF(DALET1.6T.1.001) GO TO 638
639 CONTINUE
ALFHA= (~REE+FMXDSART ( BREXX 2~ FOUR*AAA*CCC))/(TWO#AAA)
GO TO 440
l ' 1002 ALFHA=F(1)/FEBAR(1) _
| : ¢ NOTEy THIS IS 1/ALFHA IN NOTATION OF ST. AND AE.
| ' 440 IO 44 L=1,6 ‘
| ‘ F(L)=FRAR (L) XALFHA
‘44 CONTINUE
TESTO=((FO-F(1))/F(1))XDTN6
CTESTL=((F1-F(2))/F(2))%XDTNé
TEST3=((F3-F(4))/F(4))%DTNé
IF (DARSC(TESTO) .GT.ONE) GO TO 45
IF (DABS(TEST1) .GT.ONE) . GO TD.45
. IF (DABS(TEST3) .GT.ONE) GO TO 45
’ ' GO TO 47 _
' .45 IF(LL.GT.25) GO TO 30
FO=F (1) '
Fl=F(2) -
F3=F (4) -
o LL=LL+S
L60 TO 65 -
47 TF(IASYM.EQ.1) GO TO 49 .
LG = CGF(I)*F(1)+THETA(1) ’
49 ((2)=(F( “)*G(1)+(0NE/DSGRT(0NE+ETASG)))/F(l)
L LN 48 L=1sL0
. LFLUS=L+1
. OL=D0FLOAT (L)
| G(LFLUS il)-((1wo*DL+0NF)*(ETA+DL*(DL+0NE)/RHO)*G(LFLUS)—
| 1 (DL+ONE) XDSQART (DLXDL+ETASQ) ¥G (LFLUS~ 1))/(DL*DSQRT(
2(DL+ONE) XX24ETASQ) )
48 CONTINUE
50 CONTINUE
GM=SNGL(G(L0O)Y)
GO=SNGL (G(LO+1))
GF=SNGL (G(LO+2))
FM=8NGL (F (LO))
FO=SNGL (F(LO+1))

(3
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FF=SNGL (F (LO+2))
SIG1=SNGL(SIGMA) ~ - R
RETURN
641 WRITE(OSy642) CHARsAAAYEEREsCCCy FEAR (1) FRAR(2)
642 FORMAT (7 %%k WARNING 641 XXXX‘»/»SXs’CHAR’
1512Xy AAA’ » 12Xy “BRE’ y 12Xy ‘CCC* v 12Xy ‘FEAR(1) *y
2/FRAR(2) * 9y /6D15.8)
GO TO 45 A
KRR AR KRR KKK KKK
ASYMFTOTIC SOLUTION FOR F(L) AND G(L) _
" ******x*******x*x****x*x*******x*x********
1000- CONTINUE
IF (DAKS(ETA) \LT.1.500) GO TO 1050
Y=DARS(ETA)
SIGN=ETA/Y .
Gx=—ONE/ (YKY)
SIG=YXDLOG(Y)-Y~ FI/FOUR+Y*S*(BNBN°+S*(BNBN4/THREE+
15X (ENEN6/F IVE+Sk (ENEN8/SEVEN+SX (BNEN10/NINE
 X4+5X (ENEN12/ELEVEN+SX (ENEN14/THRTEN) )
2)))))
SIGMA=SIGNX(SIG+FI/TWO)
ERRSIG=ENEN16/ ( THREEXF IVEXYXX15)
1060 CONTINUE
LM=L0-1 .
LF=L04+1
IF(LO.EQ: 1) 6O TO 1068
DD 1069 KK=1,LM
K = DFLOAT (KK)
1069 S1GMA=SIGHMA+DATANC( (ETA/DK))
1068 GO TO -1061
1062 IASYM=1 h ik e
N0 1070 LLL=LM» LP
 TSTA=ONE
DK=DFLOAT (LLL)
CLLL=DFLOAT(LLL+1)
CFIGX=ONE
CFIGY=ZERD
CFRLUSX=0NE
CPLUSY=ZERD
no 2 IN=1,30
IN=DFLOAT (IN-1)
HENOM= ¢ IN+ONE ) X TWOXRHO
CPX=(CPLUSXXETAX ( ONE+TWOXIN) ~CFLUSY X ( (DK~ DN)*(Dh+ONE+DN)
C1+ETAXX2).) /DENOM :
CPLUSY= (CPLUSY*ETA*(0NE+TMO*DN)+CFLUSX*((Dh ~DN) X (DK+ONE+IN)
1+ETAXX2).) /DENOM
CFLUSX=CFX -
TSTAL=CPLUSXXX2+CFLUSYXX2
IF(TSTA.LT.TSTA1) GO TO 4
TSTA=TSTAL '
CFIGX=CFIGX+CFLUSX
CFIGY=CFIGY+CFLUSY
2 CONTINUE
4 CONTINUE
FF=CFIGX
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36=CFIGY
THET=(RHO~ETAXDLOG( TWOXRHO) +SIGMA) ~ DFLUAT(LLL)*FI/TNO
FOLLL41)=GGXDNCOS(THET) +FFXDSIN(THET)
GCLLL+1)=FFXDCOS(THET)-GGXNSIN(THET)
ERRFF=CPLUSX
ERRGG=CFLUSY
SI1GMA=SIGMA+DATANC(CETA/CLLL))
1070 CONTINUE
LOF=1L0+1 : A
C WRITE(O0S91600) RHO!ETA;F(LUP)zG(LOP)9ERRFF9ERRGG!ERRSIG
G0 TO 50 -
1600 FORMAT(/» XXXKX WARNING 1600 XXXX’s/10X» USING ‘s
: 1’ASSYMFTOTIC FORMULA FOR ZERO ORDER COULOME WAVES'»
2= ACCURACY IS SU“FECT /10Xy 'RHO="y01018.10>
5%y ETA=’»[118.1095Xy ‘FO="+[118.,10+5Xy 'GO="yD018.10»
4/5Xy’FF ERROR=‘y[115.,7+5Xs ‘G6 ERROR="»D135.:7y
55Xy ‘S16GMA. ERROR=‘yD15.5)
1050 SIGMA=-EULERXETA
no 3 I1=1550
S=DFLOATC(I)
SIGMA=SIGMA+ETA/S~- DATAN((ETA/S))
3 CONTINUE
ERRSIG=ETA/S-DATAN((ETA/S))
GO TO 1060
638 WRITE(0S5s640) DALBTH»DALET1
TYFE 601yETA»RHO :
601 FORMAT(//»ETA = ‘»[12.,79’RHO = /»D12.7) "
GO TO 639 R

640 FORMATC// s/ ¥k%%k WARNING 640 Xkkk’ /10Xv'DALBTH =/y13.,7
195Xy ‘DALERT1 =/yD013.7)

631 CONTINUE.

30 TYFE 666vLL9RH07ETA;F07F(1)9F17F(“)vF3!F(4)
TYFE 602yDALETHyDALEBTL

602 FORMAT(//»’DALBTH - ‘»D012.7,15Xs "DALEBTL = “»[12.7)

666 FORMAT(10Xs/CONVERGENCE FROELEMS WITH THE FOLLOWING -‘»
1/SYMFTOMS’ »/5Xs LL=" 913y’ RHO=',D123.13y " ETA='yD23.13y
2/710Xy ‘FO="yD23,13¢" FCO)="yD23, 137/10X7'F1= :
IN23.,13» - F(1)= rD“3 139/10Xy ‘F3=' 9112339y 'F(3)=">
4D23.13) - o

, TYFE 6031COSQvCL9R‘DIGQMrGUFONF ~ I

603 FORMATC(//»’C0OSQ - rﬂl +7210Xy’CL = ‘yD12.7910Xy 'ROIGAM = '
1012.7510Xy "QUFONF - “»D12,7) . S

TYFE 6049FBA!THETA!CGF9AAArBBF!CCC9QLPHA - o

604 FORMAT(//y/FBAR = ‘,012.7510Xy THETA = vD12o7!10X9'CGF = ‘y
1012.7+/v'AAA = ‘yD012.7910Xy 'BRE = “yD12 ¢7910Xy'CCC = “sD[112.7>
110Xy “ALFHA = “yD12.7) :

STOF : :
END

IO 00

—
L

SURROUTINE DIGAM(XZsYZ)
NIGAMMA (FSI) FUNCTION. SEE A%S 6.3,
REQUIKES FUNCTION CICOT(Z)..COMFLEX COTANGENT.

o0
SRS
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WRITTEN RY J. DOW (U. OF ILL.).

NOT TESTED YET ®kKkKKKKKKKKKKKKKKKKKKK
TESTED 3AUG72 FOR AES(X»Y)LT+30.. ZZ=X+IXY.
AGREES. WITH A%S TARLES TO ACCURACY OF THOSE TAELES.

METHOD OF CALCULATION: USE ASYMFTOTIC FORMULA FOR X
RIG; FLUS RECURRENCEsREFLECTION:CONJUGATION.

IMFLICIT REALX8(A-H»0-2)

COMMON/DIIGAMM/DIGAMX » NI GAMY

COMMON/CDCOTN/COTX»COTY

DATA HL2F/. 91893853320467304+00/

DATA HALF/.SD400/

DATA R40/40.0400/

DATA RS0/50.D400/

IATA RFOURM/-4.0400/

DATA ONE/1.D400/

DATA RONE/1.0400/

DATA RTWO/2.0400/

DATA RZERD70.D+00/

IATA REFI/3.1415926535897904+00/

DATA RFI/3,141592653589790+00/

DATA R2F1/6.283185307179590400/

IATA RFIFE/3,1416D1400/ ‘

DATA FI/3.,141592465358979D4+00/

DATA TWOFI/Z6.283185307179590400/

DATA ZERO/0.D400/ '

DATA R10/10.01400/

DATA R12/12.0400/

- DATA RTNM9/.10-08/
C ENEN’S ARE RERNOULLI(2N/2N.
DATA ENEN2/ .8333333333333330-01/
NATA ENEN4/ —-.8333333333333330-02/
: DATA BNENG/ .3968253968253970-02/
: DATA ENEN8/ ~.4166666666666670-02/
' DATA BNEN10/ .7575757575757570-02/
[IATA ENEN12/ -.2109279609279610L-01/
DATA ENEN14/ .8333333333333330-01/
DATA BNEN16/ —.4432598039215690 00/
TATA ENEN18/ .305395433027012D 01/
DATA EBNEN20/ —-.2645621212121210 02/ .
© X=XZ - s
Y=YZ
FLUSX=ZEROD
L PLUSY=ZERO
RECURX=ZERO
. RECURY=ZERO
ICSTAR=0
I THRU=0 ,
IF(X)32+32,3
3 IF(Y)9s8:8
-8 IF(X.LT.R10) GO TO S
C EVALUATE DIGAMMA FROM ASYMFTOTIC SERIES FOR X.GT.10..
88 ZINUX=X/(XKK2+YXX2)
ZINVY==Y/(XKK2+Y%XK2)
XS=Z INUXXX2~ZINVYXX2
YS=RTWOXZINVXKZINVY

.
InNeleoRwileke
LIRIN N2 2R,
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H=N8 QRT(XS**“+YS**”)
SFHE=DATAN2(YS»XS)
4DLOG7X HQLF*DLOG(X**"+Y**“)
DLOGZY=DATAN2(YrX)
NIGAMX=DLOGZX~HALFXZINVUX- b*(BNBN“*DCOS(QPHS)+S*(BNBN4*UCO
142, DOXSFHS ) +5X (ENENSXDICOS (3, HOXSFHS ) +5% ( ENENSXDICOS (4 . DOXSFHS)
: 2+%*(BNBN10*DLOS(J.DO*SFHS)+S*(BNBN1"*DCUS(6 DOXSFHS) +S5X%
J(ENEN14AXDCOS (7. DOXSFHS) ) ) ) ) ) ) ) +RECURX
IF(X.LT.ZERDO) DLOGZY=DSIGN(ONEs»Y)X(FI- -DARS (DLOGZY))
thAMY~DLOG7Y -HALFXZINVY~ S*(BNBN“*DqIN(SPHq)+S*(BNBN4*HSIN
102, DOXKSFHS ) +SK (ENENGXDSIN( 3, DOXSFHS) +5X (RNENSXISIN (4 . IOXSGFHS)
1PS*(BNBNlO*DSIN(u.DO*SPHS)+Q*(BNBN12*DSIN(6 DO*QFHS)#S*
JZC(ENENLAXDSIN(Z .DOXSFHS) ) ) ) ) ) ) )+RECURY
IF(ICSTARWEQ.1) DIGAHY_—DIGAMY
IIGAMX=DIGAMX+FLUSX
NIGAMY=DIGAMY+FLUSY
PEIURN - '

, 314 FRINT 3159 XY ' e
318 FORMAT (11X TOF31JHIFAN CANNOT REACH. DIGAM' y2016.8)
STOF s . .

¢ ICSTAR=1.
: Y I8 NFGATIUE
_____ Y -
GO TO 8-

IF(ITHRU)10671077106
X BETWEEN 0.210.. USE RFCURRENCE.
107 ITHRU 1
=R12-X -
IF(N)104v104r103
103 0 101 I=1sN
RECURX=RECURX~=X/ (XKX2+YXX2)
RECURY=RECURY+Y/ (XXX2+YX%2)
101 X=X+RONE -
G0 TO 88

&5

104 FRINT 10J,N7X77YX
105 FORNAT(]Xv’QTOPIOJDIGAN LANNOT REACH. NrZZ“'rIBrQUlé 8)
STOF ‘
106 FRINT 108rITHRU7XZ!YZ
108 FORMAT(1Xy‘STOF1080IGAM.CANNOT REACH. ITHRU!ZZ
SRS | 18,2016.8)
STOR '

2 '[F'(X) f’.'.’r.-493

22 1727= . .

CHECK FOSSIBIlITY OF ZZ EQUAL NON- FDSI1IVE INTECER.
CRXX=1ZZ -
RXXXX= RXX+X
IF (DARS (KXXXX) + GT + RTNM?%XRXX) GO TO 6

24 FRINT ?37X7Z!Y7Z :

23 FURMAT(]X! TOFBBDIGAM FOLE AT . ZZ“' 216.8) .
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STOR

TIF(Y)b6s256

ARGX=FTXX

ARGY=FIXY. . '

NEGATIVE - X. USE REFLECTION FORMULA.
CALL CDCOT(ARGX»ARGY)
FLUSX=~FIXCOTX

FLUSY=~FIXCOTY

X=RONE-X -

Y P Y . }

GO TO 3

E-NII

" SUBROUTINE CDCOT(XsY)

17

19

12

' E.
B AR |

COMPLEX COTANGENT FUNCTION.
IMFLICIT REALX8(A-H»0-2)
COMMON/CIICOTN/COTX,COTY

NATA /EhUrUNErTNO;THREErFOUR/O D+00yl D+00rh.D+0073 U#OOy'

14,0400/,

DATA hlEhO/O.DfOO/
DATA TNM12/71.D-12/
IATA TN18/18.11400/
IF (DARSC(Y).GT.TN18) GO TO 19
(UTX“TND*USIN(TNO*X)*DEXF(TUO*Y)
COTY=0ONE~DEXF (FOURXY)
ROT=0ONEADEXF (FOURXY ) - TNU*D&XF(TWO*Y)*DLOS(TUO*X)
RX=DARS (ROT) '

CIF(RX,LT.TNM12) 6O TO 12

COTY=COTY/ROT
COTX=COTX/EBOT
RETURN

"TIARS(Y) .GT.18

COTX=ZERD

COTY=0ONE

IF(Y LT ZERD) COTY ~COTY
RETURN :

FRINT 15sXsYeRX

FORMAT (1Xy “WARNING1SCDCOT.FOLE AT Z“’72D12o5/9D13ou9
1 7=8INCZ).")

GO TO 17°

END
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CHAPTER THREE :

EXTENDED HUCKEL THEORY OF THE NITROGEN TRAP
- IN GALLIUM ARSENIDE PHOSPHIDE
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I. INTRODUCTION -

in‘this chapter; we~appiy the extended Hlickel theory
to the nitrogen'trap in GaA%:x < This alloy; which has found
use as a 1lght em1tt1ng diode, possesses the de51rable feature
that the band. gap ranges from the direct, infrared gap (l 5 ev)
of GaAs to the ‘indirect, green (2.2 eV) gap of GaP Thus by
controlling the.comp081t10n X, one may select a de51red color.
With the.implantation of N in amounts as small as 10 /cm3
"the luminescenCe'is dominated by electron hole recombination
from an 1mpur1ty 1eve1 1ocated just below4the'oonduction band
edge (n.05 to L2 eV) l/ This level behaves as a deep trapg/
and as such isunot amenable to the effeotive mass theory which
is suitable for shallow donors and acceptors.é/.
| Extended Hlickel theory is an extremely simple method

for determlnlng electronlc energy levels and wavefunctlons. Its

_principal appllcatlons have been in studles of large organlc

moleculesﬁ/ and of deeonrnouraty levels of covalent mater1als,5‘7/
where other methods are either unavallable or 1nappropr1ate.

The method ultlmately relies upon an attempt to guess the matrix
elements, <¢; |H|¢ >, of the Hartree-Fock operator between
atomio orbltals.f¢i. - The wavefunctions arehwritten'as a }inear
combination of‘these,atomic orhitals (LCAO). and a secular
Vequation is solued to find the energy levels and.wavefunctions.

~ Attempts to justify, from first principles, the.various«pre—

scriptions for.estimating the Hamiltonian matrix elements haVe,
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8/

at best, met with limited success.— To be hdnest, one must
say that the real justification for use of extended Hlickel
theory is that 1t often works.

In spite of its shortcomings, extended Hﬁckel theory

"does possess the following advantages: (i) Because it does

not attempt a'figorous evaluation of matrix elements, it can

‘be applled qulckly and easily for a. range of chemlcal compositions:

x. (ii) It is. well suited for the inclusion of lattlce defor-
mations surroundlng a- defect, which we expect to be important
in locating the N 1level within the band gep. ‘ N

‘ ItAeeems werthwhile, then, to apply thie'method to the.

nitrogen trap. But, mindful of its limitations, one must inter-

' pret the results with caution. : - -



138

II. METHOD

A. The Extended Hﬁckél Hamiltonian:

As was noted earlier, extended Hiickel theory is an LCAO
method in which one attempts to guess the matrix elements of the

HF - operator, - H. A standard prescriptioné/--gives

ij i3%15 (1)

<¢i|HL%> H.. = -@/2XIi+Ij)K.
where ¢i is ‘an atomic orbital, Ii is the iohizatibn potential

of'orbltal ¢i; Sij = «%|¢j> is the overlap;of'orbltals ¢i
and ¢j’ and Kij is a coupling constant. 1In hormal applica-

tions we have. -

With 1l <« <'2.'(6ij is.ﬁhe'Kfonecker delta). The overlap’
Amatrix, S, is .formed by direct integration of the atomic
orbitals. |

Having formed the matrices S and H, one solves

the secular equation

) (Hij-EkSij)Cjk =0 - . | (3)
J
to obtain eigenvalues Ek and corresponding eigenvectors
e = L Cyibye
J
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B. Perfect Crystals

Since; in principlé, the dimension of the. secular
equation is infinife, it is necessary to further simplify
these equations.. If one wishes to consider only perfeét

crystals,g/ one may form Bloch states

6, (K, ) e Mo, (¥-K)) | (4)

The secular equatlon then factors into a series of equations,
one for each value of k 1n the Brillouin zone. The equations

corresponding to (1) and (2) for this case are:

n .
and
2 [gij(k>-EmgT;)sij(k)lcjm(k-) =0 (6)
g , .
where - “:"-
L N
. Ig'l 1 R .
i3 T e )SiJ ' L
R—; —»A > + :
s.n = <¢i(r)|¢j(r—Rn)>, o ) (8)

ij

and
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) 11'§' R '
y > ng n ‘ :
Sij(k) =) e sij-. o oo (9)
If Kij is defined as in equation (2), then
«k =1 if K =0 -
(10)

0 otherwise.
Since one is -usually interested only in the region
near the band gap, equation (5) is further reduced by including

only the valence orbitals of the free atoms.

C. . CIUthL Model

For the defect problem, Bloch's theorem is no
.longer app11Cable. In this case, one reduces the dimensions
" of equatlon (2) by selecting a cluster of atoms wh1ch 1nc1udes.
‘the defect. 0bv1ously, if the cluster is chosen 1arge enough
it w1ll exhlblt the propertles of the. 1nf1n1te SOlld. On the
_'other hand, thls approach ylelds discrete levels, and for small
‘clusters it 1s dlfflcult to define the band edges prec1sely.
ThlS becomes espeCLally 1mpnrfant when the defect level lles
close;to the bandaedge, The level spac1ngs w1th1n the band
must be much smaller than the blndlng energy of the defect
level for meanlngful results. o

In addltlon, surface effects become" much morellmpor-
tant as cluster size is decreased. Thus one must strike a
balance between the desire to simulate an 1nf1n1te crystal and

the necessity of keeplng the calculation tractable.
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D. Periodic'Impurities

A thlrd type of calculation is actually a combination
of perfect crystal and cluster calculations. Perlodlc boundary
conditions may be applied to a cluster contalnlng a defect, and
equations: (5)-(10) applled ‘to this expanded basis. Th1s repre—'
sents extended Hlickel theory as applied to a crystal with a
periodic array or "superlattice" of impurities. _For this approach
to be successful; the unit ciuster'muet.be chdéen.large enough -
" so that'the,diepersion of the impurity band ié‘small compared
to the band gap.' This has-proved to be a problem in_previous

applications.éilg/
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III. CALCULATIONS

A. Band Structures

Before addressing the problem of the N-trap we have
first calculated band structures for the perfect crystals in
the blnary llmltS, i. e., x = 0 and x =1, -u31ng equations
(5)-00).: The zlncblende structure is an FCC .lattice with two
atoms per unLtAcell.~ We therefore start with a basis set of
eight Bloch functlons, corresponding to one 5” and three- p
functlons forveach atom in the unlt cell, and must solve an
eight by eight.matrix equation for each k—p01nt. |

The'necessary atomic wavefunctions Were taken from

the Roothaan—Hartree-Fock calculatlons of Clementl and Roettl.ll/

Ionization potentlals were taken from the tables of Moore,lz/
and K, Wwas treated as an adjustable parameter.A The sums in
equations (5) and (9) were carrled out to eight nearest neigh-
bors (two FCCdlattice ‘constants), which is quite sufficient for
convergence. - ;

For tbe,first calculation the coupling_constant.was,
chosen as in equatlon (10), and K‘ was adjusted to bring the
band gap at _F (k = 0) into agreement with the- pseudopotentlal
calculation ofaCohen and Bergstresser.——/ Wesshow in Figure 1
the resultlng band structure (K = 1.26) and conipare it with the
pseudopqtentlal ‘result. (The zero of energy has been shlfted
to coincide with -Fls.) The valence bands produced here are
in reasonablefaéreeuent with the pseudopotential result. The

conduction bands, however, are poorly represented.
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Fig. 1. Bandlstructure of GaP: solid linés—eXtended Hickel
with'.k = 1.26, dashed lines-pseudopotential cal-

culation of reference 13.
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As was p01nted out by Messmer,g/ the 'Xl point, which
is of major 1mportance here, may be lowered by redu01ng the
strength of the S-p interaction. We therefore introduce a
second coupllng constant, k', which is used.for s-p matrix
elements.' Wlth this modification we obtained‘the‘bandAstruc-
ture shown in:Figure 2. (x =1.26, «k' =1.11). The agreement
in this case is_improved significantly. A similar analysls was
carried out for':GaAs, and the results are shown'in Figure 3,
(k= 1.47, '.<4': - 1.37). |

| The results obtained here are not 1n close agreement
with the pseudopotentialcalculations, partlcularly in the upper-
“most conductlon‘bands of GaP, . where reduction of the s-p
interactiOn pulls L2 below 'L3. “In spite.of_this, we felt
that in view of'the approximations of the model, these results
warranted appllCation of extended Hlckel theory to
Gahs, P : u?l‘ |
B. Cluster Calculations

We now turn our attention to the cluster calculatlons
which treat the defect. The results presented here were obtained
by u51ng a 35-atom cluster consisting of all atoms not more
than one (FCC) lattlce constant dlstant from a central atom.
Messmer and Watklns-/ have concluded that a cluster of thlS

size is sultable for the study of defects in dlamond

Ba51s,funct10ns used included N 2s. and 2P, Ga 4s -

"and 4p, As 4s and 4p, and P 3s and 3p ‘orbitals. All
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Fig. 2. ‘Bandstructure of GaP: solid lines-extended Hlickel

W1thw%s = Kpp = 1.26, Ksp = lﬁll; dashed lines-pseudo-

potential calculation of reference 13.
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'Fig. 3. Band structure of. GaAs: solid Iinés-ekt;ended Hickel
withk o=k = 1.47, k__ = 1.37; dashed lines-pseudo-
- ss PP : Sp o
potential calculation of reference 13.:
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were taken from reference 11. Charge dependent ionization poten-

tials were obtained by linear interpolation:

4 r 0 . ' .
I, =1;+ |qi|(I. - 1,) : . (11)
0 ¥ ,
where ‘Ii ‘is approprlate for the neutral atom, Ii is the ioni-
zatlon potent1a1 for the positive (negatlve) ion, and qa; is
the charge on the ion as determined by a Mulllkenli/ populatlon
analysis of the elgenfunctlons (see Appendlx A) . This pre- |
scrlptlon nece551tates an 1terat1ve solutlon 51nce the 94 and
I; are 1nterrelated. Note that the zerothllteratlon corres-
ponds to neutral atom potentials,'which werevused in the band
structure calculations.

By taklng'advantage of the symmetry f(id) of the
cluster (see Appendlx B) we were able to factor the secular
equation so that ‘the largest matrix involved was' 22 xr22.
Matrices of thlS size were easily handled numerlcally.

A number of calculatlons were performed ‘using aif-
ferent values of the parameter Kij. All ylelded similar
results. Typlcal results are shown in Flgure 4, where we plot
energy levels both for a GaP cluster and for a- cluster thh

the central P atom replaced by an N atom. For this calcula-

tion we used a 51ngle coupllng constant, Kij =K - (K-L)G..,

with «k = 1;25 . This gives a band gap in close .agreement with

the perfect'crystal value.
We see from Figure'4 that the nitrogen impurity intro-

duces. two statespin the gap, the lower state being of Ay symmetry




Fig. 4. Exteﬁded Hﬁckei'leVels‘of a 35-atom - GaP cluster and

the éame cluster with N impurity on central site.

Ec';and :Ev denote condution and valence band édges.
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and ‘the upper state possessing Tz symmetry. Current experi-
ments show only one impurity level (the Ay state) within
the gap of GaP and this level is much closer to the conduction

band edge (Eﬁ‘Z'E .2eV) than either calculated level

o "

7(E& < EC»— 1.5 eV). This is a serious shortcoming of the:present
,Calculations,' Attempts to improve this'resultAby‘adjustihg

‘the input parameters (using ionic wavefunctions instead of

atomic ones, adjuéting the coupling constants, using multiple
coppling cohstéhts, etc) were unsuccessful. |

Even'moré disturbing is that almost;idéhtical results
are obtained for GaAs, where experiment indiéétes that the

impurity levels'have been pushed out of the gap and into the

" conduction band. We comment further on these .results below.
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IV. CONCLUSIONS

A common concern about:extended Hlckel calculations
is that they.fail to take into account spatial variations in
charge density,,and should therefore be used only for covalent
materials. In the band structure calculations presented here,
such con51derations were simply ignored and were not found’ to

cause serious difficulties. One might therefore expect extended

~Hlckel theory.to provide. useful information about the nitrogen

impurity leVels{

~The cluster calculations carried out here have located
the imourity states much too deep in the gap,'and cannot be con-
sidered to suCCessfully describe the nitrogen trap. We were,
however, able.to draw the folloWing conclusions:l

(i) ‘For the GaP cluster, the two states at the

‘bottom of the conduction band contain significant contributions

from the central‘atom. These, are the only states near the band
edge which do.‘ ‘This happenstance appears to be'an artifact

of the manner in which we have selected our cluster. Given

this and the strength of the nitrogen 1onization potentials

(~40% larger than the P ionization potentials) iL is not sur=
pr151ng that these states are pulled far into the gap by the
nitrogen 1mpurity.. For any cluster calculations to be successful,
the atomic orbitals of the central atom must be diVided among
many states near the conduction band edge. o

(ii) We do not view the presence of the T, state

within the gap to be a'serious difficulty. This state comes

from the second‘conduction band (I‘15 - X3), which the Htckel
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theery cinsterAmodel places at too low an energy; and in a more
realistic calculation it)is uniikely that the T2 state would
be drawn into the gap. Such a state shouid exist as a resonance,‘
but WOu;d'not‘have been observed in photoluminescence experiments.
(iii)h:Inward relaxation of the four Ga atoms adja-
cent to the impurity drives the impurity-states deeper into the
gap. Odtward,reiaxation:tends.to raise these levels. This is
illustrated injFig. 5 where we display energy levels for the
unrelaxed 1attiee, for the lattice with the'neighhoring Ga's
relaxed outward:hy 10%, and for an inward relaxation of 5%.
The‘situation here is reminiscent of the N impurity of diamond,
where it has been~shown§/ that a large Jahn-Teiier distortion
may be responsible for lowering the impurity 1é§e1. 'In view of
these results, it is essential that an adequate treatment of
the N-trap 1nclude lattice distortions. |
In summary, we suggest that the fallure of the cluster
calculatlons to predlct the binding energy of the. N-trap is
not due to the 1on1c1ty of GaAs'vand GaP, rather, it is due
to a comblnatlon of the cluster approx1mat10n and the large
size mismatch of the substltutlonal N and the host anion
(P or'.As) The present ‘choice of cluster 51ngles out the
two states at: the bottom of the conductlon band as belng strongly
assoc1ated w1th the eventual 1mpur1ty site. These two states |
'are then ea511y drawn into the gap by an N impurity which has

a radlus of ~50% of the P radlus, and 1onlzat10n potentials

~40% larger than those of P.




Fig. 5. Extehded"Huckel enerqgy leve;s of 35-atom GaP:N
cluster: (a) with four nearest neighbor Ga atoms
relaxed inward 5%, (b) undistorted cluster,
(c).SWith nearest-neighbor Ga's relaxed outward

10%.
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In a superlattice calculation, all anion sites are
explicitly eéuivalent, and the perfect crystal case repré&uces
the band structure of Fig. 2. This would alleviate much of the
difficulty éhcoUntered by the cluster calculations. We hesitate

to recommend such an approach in view of previous applicationsﬁilg/

of this technique, which have been frustrated by the computa-
tional limitations of selecting a large enough cluster to

teduce'dispersion in the impurity bands to acceptable levels.
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APPENDIX A

MULLIKEN POPULATION ANALYSIS

In this appehdix we describe the Mulliken population
‘analysis, which is used to assign chafge to the‘ioné in the
extended Huckel cluster calculations.
| Con51der first a molecular orb1ta1 (MO) , w,' of

a binary molecule which may be written
Vo= are) + a0, c (1)

where ¢ tahd»'¢2 are atomic orbitals (AO‘s}-.centered on
atome 1 'andffz. respectively. Assuming'this-.mo is singly
occupied, we:wish ﬁo divide this charge between the two centers.
We do this inlhhe following way. The charge,dehsity is given

by the square ef:the wavefunction

. L

wz = aiq;2 + 2a.a

122512(0192/515 (2)

2.2
) + a2¢2l-

.where' Slé'= <¢1J¢2> 1s'the overlap of orblte;s; ¢l and ,¢2.

Upon integration‘over'all space this becomes

1 = a2 + 2a.,a +- 2 . (3)

I S12 ¥ 22 -
~ Thus the charge is divided 1nto three terms. The first of these
should clearly be assigned to atom 1 and the: 1ast to atom 2.
We are then left w1th an overlap population whlch we divide

equally betweén the two sites. We then have
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q = “(ai + a,a,8,,)
q, = -(a; + a;a,5,,)

for the charge on atoms 1 and 2 .due to an electron in the

MO .

For the general case the MO is written

I )
Tx

where ¢r is the r-th orbital on atom k. . We then have,
k i : : ’
analogously to equation (3) ,

As above,(the flrst term within the- brackets is clearly assoc1ated
: with atom k;j ‘while terms of the second sum should ‘be d1v1ded

‘between -atoms ck* and S. Thus we assign

qy = -N(i) |} [air #+ ) a,_a,_S_._1 (7)

' i,r k- sﬁfrk

where N(i) hiétthe 0ccupation number of the i-th MO, ‘and qy
is the total MO electronic charge on atom k.' Note’that in
order to flnd the total charge of an atom one must include the

nuclear charge,and any core electrons which have been neglected

in constructing the MO's.
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-While in most solids the concept of the charge‘on'an.
atomic'site is father nebulous, the above discuSsion does provide
a unique prescfibtion for allocating the totalcharge among these .

sites.
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APPENDIX B

‘CONSTRUCTION OF SYMMETRY ORBITALS

We déﬁénétrate.here how one may utilize.the symmetry
of a cluster t6ifactor the secular equétion of éxtended Hlickel
theory. The:hotation we use here is that of référence 15,: to
:which we réfé; the reader for group theory details which are
not presented'heref We also describe»éroup operations and

list a set ofiirredicible representations of the tetrahedral

1. Mcthod
The projection operator corresponding to the k-th row

‘and column of the j-th irredicible representation is given by

where Qj is fhe.dimension of the representation, h is the
dimension of the point group, and FJ(R) is the element of the
representation‘cdrresponding to the group operation R.

I1f we define functions

'F) = pl £
K KK

and

=P

7
|
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where f and g are arbi;reryufunctions, a well known reéult-

of group theory is that

<G;|F3> =0,
(1)
if 1 #3 or X #«k.

Or, in the jergon of group theory, functions belonging to dif-
ferent 1rred1c1b1e representations (i,j) or to different rows
(., ) of the same irredicible representatlon are orthogonal

We apply this result as follows. Flrst, we select a
ba51s functlonv ¢l' For the extended Hlckel calculatlons, this
4would be an atomic orbital. We then apply the operatlons of the
point group to_obtain a set of functions Sl = fR¢i}. Designate
by n the number of distinct functions in this set. We then

1

apply the prOJectlon operators of the p01nt group to elements

'_ of thlS set unt11 n, - linearly independent symmetry orbitals

1

are found These are necessarily llnear comblnatlons of elements

: of-'Sl. We-then;select a second orbital, (not in Sl) and apply
" the same procednre to:this orbital. This proceés ie repeated
until the symmetry orbitals, or, equivelently,'the sets S., span
the original spaoe of‘atomic orbitals.

1 The symmetry orbltals are then grouped eccordlng to
~representation, and row and normalized according . to ) aJk = 1,

where ”ajk 1s,def1ned by J
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_with wk ‘the k-th -symmetfy orbital. Finally, the unitary

“1  ana aSa*l, wheree H and S are

transformations aHa
“extended Huckéi’Hamiltonian and overlap matrices, reduce the

"secular equation (equétion (3) of Chapter Three)ﬁto block form.

2. ifréducibie“Representations of T4
‘a. ‘Group‘Elémenté
We gSeAas a guide'the‘tetrahedroﬁ and coordinate.
system shownAin Fig. 1. We can then describe the group elements
aé (activa3roﬁatioﬁs of the tetrahedron.

1. Identity

2, Rotatfnn by @ about x-éxis

3. 'Rotétidh by m about y-axis .

4. .‘Rotaﬁipn by w about =z-axis »
5. Rotation by 2n/3 about (1,1,1)-axis.

6. Rotafidn by 47n/3 . about (l,L,ll—axis
7. Rotatibn.by 2n/3 about (—l;-l,lj;égis
8. Rotétién by 4n/3 about (-1,-1,1)-axis
9. .Rotétién.by: 21/3 about (-1,1,-1)-axis
10. - Rbtafipn by 4n/3 about (?1,1;—1)-axis
11. Rotation by 2n/3 about’ (1,-1,-1)-axis
12. “Rotation by 4m/3 about (1,-1,-1)-axis

0 plane -

. 13. Reflection through x-y
14. Reflection through x+y = 0 plane
15. Refiection through z-x = 0 plane

16. Reflection through z+x = 0 plane




Fig. 1.

Tetrahedron to illustrate group operations of de.
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17. Reflection through z-y

167

0 plane

18. Refléction through z+y = 0 plane

19. Rotation
20. Rot&tion
21. Rotafion
22. Rotatiqn
23. RQtaﬁion

24. Rotation

of

of

of

of

of

of

n/2 about z-axis followed by inversion

-1/2 about z-axis foliowed by inversion
m/2 about y-axis followed4by inversion
-m/2 about y-axis follbWed by inversion
n/2 about x—éxis followed by inversion>

-n/2 about x-axis followed by inversion

b. Irreddcible Representations

We list here a set of irreducible representations of

the point group " Tgy- We stress that this set is not unique as

any unitary transformation of a given irreducible representation

provides-anotheffirreducible'representationi

Representation A1

Representatidn A2

Representatioﬁ E

T (R)

r (R)

I (R)

T (R)

1 for all R.

I
[
Hh
o]
H.
)

|A
[ paad
N

i

1
=
th

0

2]
-

v
[
w

(1 0) for R = 1,2,3,4



.T(R)
I'(R)
-F(R)
I (R)

I'(R)

Representation - T,

fl
cor -
o~o |

o\
r(1) 0
o 1
~[-1 00
rs3) st o 1 O
A\ 00 -‘-_l‘
, Oi‘0 i
res) = 1 .0 0
0 1 0
- 0. 0 -1
r(7) =f 1-0-0
4 0-1 0
: ' 0 01
r() =s{-1 0 0
0-1 0
0.0 -1
r() ={-1 0 0O
0 1 O

-1/2

3/2

-1/2

3/2

- 3/2
_ for
-1/2
- 3/2 i
. for
-1/2 .
for
3/2
for
-1/2
- 3/2\
for
1/2
1 O
re2) = 0 -1
c O
-1 0
T(4) = 0 -1
0
-0 1
r(e) = 0.0
1 O
' 0.1
r(g) ={ o o0
: -1 0
. 0 -1
r(1o) =f 0 0O
: -1 0
0 -1
r{12) = 0 0
-1

R = 6,8,10,11

. : \
'R = 13,14,19,20
"R = 15,16,21,22 -
"R'= 17,18,23,24
0
0 .
) -1/ :
-0 .
- |
o o/ -
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R=5,7,9,11

o+ o oOHO o= O = O

'—l
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r(13)

r(17)

I(23)

Represenation

2

r(9)



B | - 1 o f -

~0oO0 HOoOO OHMAO oo . HOO OHO ©0OoOH

! ! [ ! I

oo~ OHO ©O0H HMOO OO oo
] Ml 1l . ] ] 0. ]

— O O

T (12)
I (14)
T (16)
I (18)
r(20)
T (22)
I (24)

~00 O0O0OM HOC OHO O©OO0OH MOO OMdOQ

] , ) b ,

cod MHOO OMAC ©OM HoO oAdo. oo

. . : : ) : )

oHo ©0MO ©OO0OMA HOoO ©HO ©OoHd HOO
1 ’ Ml H [} 1] Il ]

F(1l1)
r(13)
I (15)
r(17).
r(19)
r(21)
r(23)



Appendix C

EXTENDED HUCKEL PROGRAMS

- Program to group equivalent pairs of atoms
. Program to calculate. overlap matrix

_“Program to calculate energy levels and
~ eigenvectors o
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1. Program to group equivalent pairs-of atoms
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FROGRAH40BTAINED FROM Is FRANCESCHETTI» OCTORERS 1977
HUHIFIED EY D, MILLER AND' C.SWARTS

THIS FRObRAH READS D'ATA FOR AND' CALLS SUEROUTINE FAIK.

NS Ty
OB AR R e

(UMMUN/XYY/X(?SO)9Y(250)vl(2a0) :
COMMON/COEF/ NCF(lO)rNL(lO)!FO(lO!lO)!EXFUN(lO!IO)vNFN(lOylo)y
LKL (S5 )r]X(errB)rIY(u!u!B)!IZ(J!u!B)v
2 NAsKAINAK(S)
DIMENSTON JTA(B)!LI(IO)rLQ(lO)!ID(l”)
DIMENSION NORE(S)
caLL OFCLS0)
READN(21s1) NDIMsNAsNFUNsKA
1.  FORMAT(8IS)
READC2151) (ﬁNAN(I)vNORB(I))rI=17NA)
READ(21+9) (JTA(K) yK=1+8) s KDy NOL
_ hEAﬂ(ﬁ:;B)'AN'
g . "FORMAT(FS.2)
9 FORMAT(121I5)
READ(2199) ((L1C(I)yL2CI))»I=1»NOL)
READC21 %) (IDCS) pJ=1yKID)
S PRINT1sNDIMyNAsNFUNsKA
DO 40 J-1sNFUN
READ (21+7) NCF ¢J) o NL.CJ)
FRINT 79 NCF (J) »NLCD)
7 FORMAT(4I3981174IJ7F5.~
NCJ=NCF(J) - ' _
READ(21s41) (COCI»J) sEXFONCI v J) s NFW (I J) s I=1yNC.J)
. PRINT. 41y - (COCIy ) sEXFONCIy J)vNPU(IyJ)rI lerJ)
.41 FORMAT(2F10.,6y1I%) .
40 CONTINUE
no 2 I=1y+KA
Do 2 J=IyKA
READ (21y3)KL (I J)
FRINT3yRL(IvJ)
KLJ=KL(Iy))
READ 21i?)(IX(I!J!h)rIY(IrJrh)ylz(Iydrh)rh lthJ)'
- FRINTSv(IX(lerh)le(IyJ!k),IZ(IrJrh)vh 1thJ)
3. FORMAT( 1A‘lf[ﬁ)
2 CONTINUE
READ (“1715)((X(I)vY(I)yZ(I))rI 1yNA)
FRINTIJv((X(l)vY(I)97(I))9I =1 s NA)
1% FORMAT(3F10.6)
. . 4 FORMAT(AI9) .
E 7 PRINT 4vANﬁv(NAh(I)rI 1»KA)
CALL FAIR.-
CALL OFCLS(I)
ENU

o SUBROUIINF OFFLS(A)
C SUBROUTINE TO OFEN AND CLOSE FILES
IF(K.EQ.1) 6O TO 1 :
OFEN(UNIT=21yDEVICE="08K’ yFILE="INFUT.DAT " »BIALOG)
OFEN(UNIT=22,yDEVICE='DSK’ yFILE="FAIROT . DAT’ »DIALOG)



C

174 .

RETURN
CONTINUE
CLOSE (UNIT=21)
CLOSE (UNIT=22)
RETURN

END o

:URhUUlTNF FAIR
THIS SUHRUUTTN& GROUFSG EHUIUALENT FAIRS. UF ATUMQ

DIHENSION R(“”OvQSO)v OO)rT(QSOO)vIC( S)VNU(J)
COMMON/XYZ/X(2 0)9Y(““0)7Z(2q0) '
LUMMON/LOFF/NLF(10)vNL(lO)vCO(lOrlO)vEXFON(lO;IO)rNPW(10y10)y
KL (59 S5) s IX(S9598) 9 IY(S 5;8);12( rS598)y :

2 NATOM»NKyNAK (D)

FORMAT (615)

. ,
TI=NATOM-1
0o 10 I=1,11
K=I+1

no 10 JmthATOH
R(LsJ)= (X(I) X(J))**“+(Y(1) Y(J))**”f(Z(I) -ZCJ) ) Xk2
N=N+1 _

S(N)=R(T5J)

FRINT 3yIyJsRC(Iv )
FORMAT(’IIO;F“O 6)

no 9 l~¢’N C

DO 5 M=LeN -
IF(S(L~1)4S(M)) Gr5906
56=6(M) '
S(M)xd(Lflf
S(L-1)=88"

5 CONTINUE -

S JJ=1 :
':_r(JJ>md<1)

S D0 8 I=2.N

CIF(S(I)~S(I~1)) 8+8+9

14

NNENNIS

CTCAD) =8I

CONTINUE

FRINT 1:N»JJ ,
FRINT 79 (TCH e J=15Jdd)
FORMAT(F20.6)

NUC1 )= :NAK (1)

" DO 14 I=2sNK

NUCI)=NUCI=1) +NAR (1)
ISUM=0

[0- 11 MM=13.JJ

IO 4 I=1,NK

DO 4 J=1yNK

IC(Ty =0 "

0o 11 I=1,I1I

KsI+l
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00 11 J=KyNATOM
IF(RCI s J)=T(MM)) 11,12,11
12 CONTINUE
: ITYFE=0 .
DO 15 IK=1sNK
CITYFE=IK
CIFCI-NUCIK)) 16516915
15 CONTINUE
16 .10 17 JRK=ITYFEsNK
’ JTYFE=JK -
L IF(J-NUCJIK)Y ) 2020917
17 CONTINUE _
GO TO 11
GO0 TO 11 .
~ QO‘IC(IIYFt,JTYFF) IC(ITYFE;JTYFE)+1
ISAME=1 -
IF(IC(ITYFEvJTYFE) EQ.1) ISAME=0
30 FRINT S50sIryJyISAME s ITYFEs JTYFESR(I»J)
WRITE(22,40) IsJsISAMEYITYFEYJTYFE
- ISUM=TSUM+1 '
40 FORMAT(SI3)
50 FORMAT(S5I3:F20.6)
11 CONTINUE ‘
FRINT 1,ISUM
RETURN =~ -
- END




2. ' Program to calculate overlap matrix
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FROGRAM OBTAINED FROM D', FRANCESCHETTI» OCTORER 1977

MODIFIED RY D, MILLER AND C. SWARTS

FROGRAM OVER1
MODIF IED TO SAVE STORAGE SEFT 75

177

MAKE FILE FORO9.DAT=FOROZ. DAT(DATAOUTFUT) s FOROZ . IMAT (FATR

UUTFUT)yFOROI DAT (UNIMAT OUTFUT)

CALCULATES OVERLAF MATRIX AND FLACES IT IN ELOCK DIADONAL

FORM -

WRITES DIIAGONAL ELOCKS ON F 3

WRITES THEIR EIGENVECTORS AND EIGENUALUES ON F24
DIMENSION SL(10000)rUT(140924)vJAY(14Ov25)yXU(14O)v

"1 EXTRA(S50550) sUXTRA(50550)

- NIMENSION X(JO)yY(aO)rZ(qO)vLi(lO)yL“(lO)
DIMENSION NAK(5) yNORE(S)

DIMENSION JTA(B) »SS(8) yINC12)

DIMENSION BLK(C1273)
EQUIVALENCE (SL(I)rEXTRA(l))v(SL(ZSOl)rUXTRA(l))v

1(SL(S5001)yBLK(1))

LUMMON/RLY/NC(lO)rNL(10)yCU(lOrlO)rEXFON(lO;lO)9NFU(10y10)y

IKLCSyS5) vy IX(59598) 9 IV (S5:598)91Z2(595,8)

REAL LosMsN

CALL. OFCLS(0)

REAL(2797) NDIM;NATOMrNFUthA
READN(2797) ((NAKCI) yNORE(I)) » I=1sKA)

READ(27s11) (JTACK) »K=158)yKD»NOL

READIN(27,12) AK

C LEN=(NDIMKNDIM+NDIM) /2

FORMAT(8I5)

FORMAT(FS.2)

FORMAT (2I3) L

READ (27511) ((L1(I)»L2¢(I))»I=1+NOL)
FRINT11y (CL1CI)L2(I)) s I=1,NOL)

FORMAT(1215)

READ (27,11) - (IDCJ)»J=1yKID
FRINT 11, (IDCD)»Jd=1yKD)

FORMAT(8F10.6).

N0. 40 J=1yNFUN’
READ (27913) NCC(J) oNLCD)
FRINT 7 NCCJ) o NL €D

NCJ=NC(J) ' -
READ (27741) (CO(IvJ)yEXPON(IvJ)yNPw(IvJ)vI =1yNCJ)
FRINT 41y (COCI»J) yEXFONCIr ) sNPUCT )5 1= =1yNCJ)
FORMAT (2F10.615)

CONTINUE

Do 2 I=1yKA

nog 2 J=Iy»KA

READ (2793) KL(IsJ)

FRINT3sKLCIPJ)

KL.J=KL(IyJ)

READ (27+3) (IXCIsdsK)pIYCIodsK)y IZ(IrJvK)vK“lthJ)

CPRINT 3y 0 (IX(IsdyK)oIY(Is»JrsRKI»IZ(IvJsK)sR= 1sKLD)

FORMAT (2413)
CONTINUE S
READ (27915) ((X(I)yY(I)»Z(I))»I=1yNATOM)



64

20

43

123
45

28

10

FRINT 15y ((XCI)eY(I)eZ(I))pI=1sNATOM)
FORMAT(3F10.6) '
no 17 J=1sKN
I=ID¢S) - .
READL  (37515) 9 X(I)sY(I)Z(I)
FRINT 15 XC(I)yY(I)9Z(I)
00 64 I=1sNATOM
X(I)=X(I1)/0.529177
Y(I)=Y(I)/0.529177
Z(I)=Z2(1)70.529177
CONTINUE
no 20 I=1yLEN
SL(IN=0.0
o 32 I=1yNDIM

IND=(IXI+I)/2

2 SLCINID=1.0

IATOM=NATOMX(NATOM-1)/2

D0 28 IA=1yIATOM

READ (229+1) IrJvISAHEvITYFErJTYPE
FORMAT (513)

D= (X)) =X CI)IRKR2H (Y (J) ~ Y(I))**“+(Z(J) Z(I))*#“)**O.u

L=(X(J)=X(I)) /D
Mm (Y (D) -YCI))/D
N=(Z())-Z(I)) /D
IF(ISAME) 42+42,45

2 CONTINUE

CALL OVER (IySSyJTAY ITYFEy JTYFE)
INDX=1+NOREC(ITYFE) /4 o
JNDX=14+NORE(JTYFE) /4
GO TO (70771:7“)JNDX
GO TO 43
88(2)=-885(2)
GO TO 43
"9(”)——88(“)
39(7)'—88(7)
55(8)=-85(8)

GO TO 43

CONTINUE o

FRINT 123, (S5(KS)sKS=1+3)
FORMAT(S5E14.7) '
CONTINUE

Call. RST(L!M!N!I!J!SS!SL NDIM;INDXyJNDthArNAh;NOhB)‘

CONTINUE

RFAD(BSv?u) NJF ¢ NJMAX '

READ (25965) ((UT(Is»J)rJ= 1 s NJMAX) 9 I= 19NDIM)
FRINT 65 (CUT(Iyd)»J=1sNIMAX) » I=1yNDIM)

READ (25975) ((JAY(Iy ) »J=1yNJF) s I=1yNDIM)
FRINT 7qv((JAY(IvJ)rJ 1yNJF) 9 I= lyNDIM) '
FORMAT(91I8)

% FORMAT(8E14.7)

Do 10 K=1yNOL

LIK=L1T(K)

L2K=L.2(K)
CALL ELOCK (SLyUT9XU;JAY:NDI”1NJMAX;NJFleer"h)
CONTINUE.
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202

200
205

19().’

103

502
503

1

50%
100

ek

S

202

179

REWIND 35
IF THIS FROGRAM TAKES UF T0OO MUCH ROOMy THIS IS A GOOI

FLACE TO EREAK IT INTO TWO FROGRAMS,EACH WITH A SMALLER
NUMEER OF SUEBROUTINES. OTHERWISE YOU COuLDr ERUILD A
TREE., A
N0 100 K=1»sNOL
LSIZE=L2(K)-L1(K)+1
READ(3%5,202) LENGTH
FORMAT (1X»110)
NN=LENGTH/200+1
IF (MOD(LENGTHy200) .EQ.0) NN=NN-1
K1MAX=200 ,
N0 205 II=1sNN
I1=14200%(I1-1) '
IF(IT.EQ.NN) KIMAX=LENGTH-I1+1
READ(35y200) (BLK(I)»I=I1sKIMAX+I1- 1)
FORMAT(1Xy8E14,7)
CONTINUE '
CALL FILUF(EXTRA,BLhyLSIZE)
WRITE (33565) ((EXTRA(IyJ)yJ= 1sL.SIZE) »I= 1rLSI?E)
FRINT 1942
FORMAT C(1HO » 60Xy 1SS HOVERLAF MATRIX )
CALL PEGLEG(EXTRALSIZE:S0)
CALL HDOIAGC(EXTRASYLSIZEyOyUXTRAsNR»SO)
WRITE (34565) ((UXTRA(IsJ)sJ=1,LSIZE)sI= 1,L9125)
0O 103 I=1,LSIZE
WRITE (34565) EXTRA(I»I)
0o 505 I=1sLSIZE
IF(EXTRACI»I)) S02y502y505
FRINT S03r IsI»EXTRACISI) ‘
FURMAT(IHO;JOX;Q?HIMPOSSIBLE 8 EIGENUALUE S(C sI3s1Hy
+yI354H) = »FB8.3)
caLl OFCLSC(1)
CALL EXIT
CONTINUE .
CONTINUE
CALL OFCLS(1)
CALL EXIT
END ' '
INTEGER FUNCTION LOC(IyD)
IX=1
JX=J4
TECIX=dX) 15292
KX=TX+ (JXKIX=JIX) /2
GO TO 3
KX=JX+ (IXKIX-IX)/2
LOC=KX :
RETURN..
END . ..
SUBROUTINE RLOCK(HsUTsH1yJAY Ny NTyNTFsL1,sL2
DIMENSTON H(1073°);BLh(”00);UT(N;NT)le(N)yJAY(N9N1F)
GET ELOCK OF SQUARE MATRIX FROM I»J=L1 TO I»J=L2,SINCE IT IS
SYMMETRICsI=L1 TO J IS SUFFICIENT C
ICOUNT=0
FORMAT(1H1,110)
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50
100

200

350

100

180

NITM=L2-L1+1

LENGTH=(NOIMEKNDOIM+NDIM) /2

WRITE(3S5,202) LENGTH

0o 100 J=L1sL2 :
NOW .J IS FIXED. FIRST GET JTH ROW OF UTXH
KMAX=JAY (JsNTF)

Do 20 L=1»N

H1(L)=0.,0

NO 20 M=1sKMAX
Hl(l)"Hl(L)+UT(J1M)*H(LUC(JAY(J;M)9L)) ,
THIS IS ALSO JTH COLUMN OF (UTXH) TRANSFOSE
IF WE MULTIFLY RY ITH ROW OF UT WE WILL GET HFRINE(I!J)
0o S0-I=l:1sJ

KMAX=JAY (I sNTF)

HFRIME=0,0 '

[0 40 K=1yKMAX .
HFRIME=HFRIME+UT(IsK)XH1(JAY(I+K))

NOW FUT IN FROFER FLACE IN ARRAY ELK
ICOUNT=TICOUNT+1

RLK (ICOUNT) =HFRIME

IF(ICOUNT.LT.200) GO TO 50

WRITE(35,200)(C BRLK(III)»III=1y200)

ICOUNT=0

CONTINUE -

CONTINUE

IF(ICOUNT.NE.O) WRITE (3uv~00) (RLK(I)»I= 1!ILUUNT)
FORMAT(1HO+8E14.7)

- RETURN

END :

SUBROUTINE FILUF(AyEsN)

DIMENSION A(S0550)

DIMENSION E(1) _ :

TAKES THE N BY N MATRIX, STORED COMFRESSED IN RE
AND FUTS INTO A '
LENGTH: = (NXN+N)/2

I=1

J=1

Do 100 K= 1;LENGTH
ACIy )=R(K)
ACIyI)=R(K)

I=1+1 '

IF(I-J) 1005100550
I=1 :
J=J+1 .

CONTINUE

RETURN.

END

SURROUT INE R%1(LvaNvIerSQySLyNDIMvINDX;JNDX;hAvNAthURB)
DIMENSION NAK(KA) s NORE(KA)
DIMENSION SS(8),5L(10000)

REAL LsMyN.

KK=NIIM

Ti=I~-1
I10=0
UO 11 h«lrhA



13
11
12

er':;::x

- 10

KI=K .
TF(II-NAK(K)) 12,13,13
IT=11~NAK(K)

10= IO+NAh(k)*NORB(h)
Jo=10

JI=J-T41T

1o 14 K= thkA

K.J= g
TF(JJ NAKCK)) 15915916
JJ=0.J-NAK (K)
JO=J0+NAK (K ) XNORE(K)
10=T0+TTXNORE(KI)+1
JOZJO+JIKNORE (KJ) +1

CIF CINDX=JNDX) 10510+9
=10 - -
10=J0

JO=1ID

CONTINUE

T1=10+1

I2=104+2

I3=T0+3

I4=10+4 -
I1S5=1045 .

I16=10+6

17=10+7

18=1048

J1=J0+1

J2=0042

J3=JO0+3 .

J4=10+4

JS=10+45

J6=J0+b

J7=4047

J8=J0+48 |

IJIX=L0C (IN[IXy JNDXD
GO TO (19293949596) IJDX

- CONTINUE:

SLALOC(T»J))=55(1)
GO TOo 7

CONTINUE .
SL(lOC(IOrJO)) 8S(1)

S SLALOCC(TIOrJ1))=L%XES(2)

SLALOCCIOY J2) ) =MXSS(2)
SLOLOCCIOYJ3) )=NXES(2)

GO TO 7 ‘

CONTINUE. - - :
SLLOC(IOrJA) )=3, O*XO.J*L*M*SS(3)

QL(LOL(loqu))~? OXKO  SAMANXSS (3)

SLOOCC(IOYJOE)I=3,0XX0 . SKNKLXSS (3)
SLOLOCCIOrJ7) r=0s5%3 . 0%X0, GK (LKL~ N*M)*89(3)
SLOLOCC(IO»J8) )=(NKN-0 . 5K (LXL+MXM) ) XSS (?)

GO TO 2 '
CONTINUE

SLALOCCTIL1J0))=1.X85(3)

'%l(LOC(Ille)) L*L*SS(4)+(1 O-LXL)IXSS(5)

181
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SLOLOC(ILyJ2))=LXMXSS (4) -LEXMXSS (D)
SLALOCCT2y J1))=SLALOCCTIL»J2))
SLCLOC(I1503))=LANXSS(4)-LXNXSS(3)
SLOLOC(IZyJ1))=SL(LOCC(I1yJ3))

SLALOC(I2yJ0))=MXES(3)

SLALOCCTZy J2) ) =M¥kMXEE(4)+(1.0~ M*M)*SS(J)
SIL(LOC(I2yJ3))=MANXSS (4)-MANXSS (5)
SLALOC(I3yJ2))=8L(LOC(I2yJ3))

SLALOC(I3yJ0) ) =NkEE(3)
SLOLOCCIZyJ3) )=NANKSS(4)+(1 . 0-NXNIXES(T)
GO TO 2
% CONTINUE .
SLALOC(I1yJO))=LXEE(4)
SLLOC(I1yJ1))=LXLXSS(S5)+(1,0-LXL)XS5(6)
SLCLOCC(I1»J2))=LAMXSS (5)-LAMKSS(6)
SLALOCCIZy J1))=SL(LOC(I1yJ2))
SLCLOC(T1sJ3))=LXNXSS (5)-LANXSS(6)
SLLOC(I3y J1))=SL(LOC(I1yJ3))
SLCLOCCIL s J4))=3,0KK0 . SKLKLKMKES(7)+Mk (1., 0*?.0*L*L)* 5(8)
SLCLOC(TLsJS5))=3,0%%K0, SKLAMKNKSS (7)—2, OXLAMXNXSS (8)
SL(LOC(II;Jé))=3.0**0.5*L*L*N*SS(7)+N*(1.0“2.0*L*L)*88(8)
SLLOCCIL»J7)) =0,5%3,0%K0 . SRLK (LKL ~M*KkM)X :
SC7)+L X (1, O~L XL +MXM)IXEE ()
aL(LUC(IlrJB)) LK CNKN=O Sx (LXL+MXM) ) XS5(7) - 3 OXXO0 , SRLAKNKNKSS (8)
SLALOC(I2yJ0))=MXkE5(4)
SLILOC(I2yJ2))=MKMKSS (5)+(1.0-MkMIXSS(6)
SLLOCC(IZ2yJI3))=MANKSS(5) -MKNXSS(6)
SLCLOCIIZ»J2))=SL(LOC(I2yJ3))
GLCLOCC(I2yJA4))=3,0%k0 ., SKLKMKMASS(7)+LK(1,0-2, OXMXM)IXE5(8)
SLALOCCIZyJS5))=3,0%kK0 . SKMKMANKSS (7) +NK (1 +0~2, OXMAM) XS5 (8)
GLILOC(IZyJ6))=3,0KK0, SKLXMKNKSS (7) -2, OKLXMANKSS(8)
c‘L(LOC(IIZ)J?)) 04 5K3, 0kKO , SKMK(LKL-M¥MIX

SS(7) Mk (1, 0+LXL-MXM) *S5(8)

SLCLOCC(I2yJ8) ) =MX(NKN-O «SKCLXL+MKM) ) XEE(7) ~ 3 OX*O.J*N*N*N*°%(8)
QL(LOC(I3;JO)) NXSS5(4)
SLCLOC(I3»J3))=NKNKSS(5)+(1,0-NXNIXSE(6)
SL(LOC(137J4))=3.O**O.SXL*M*N*SS(7)“2.0*L*M*N*SS(8)
SLCLOCCI3yd5) )=3, 0kK0 . TRNKNKMKSS (7) +MK (1, 0-2+ OKNKN) XS5 (8)

SLALOC (I35 d6))=3,0%X0, SANKNXLXSS (7)+LX (1, Ow?.O*N*N)*%S(B)
\L(LOL(IJvJ7)) 0 EXS ., OKKO s TKNK (LKL —MXM) XSS (7)) ~NK (LKL~MXM)¥55(8B)
SLCLOC T3y J8) )=NKCNKN=O Sk (LKLHMKM) ) X

166 (7)+3.0%K0 . SANK (LKL +MXM)X55(8)

GO TO 4

6 SLLOC(I4YJ0))I=3, 0**O.J*L*M*SS(9)

SLALOCCISyJO))=3,0%X0 . SAMENXSS ()
SLOLOC(TIHyJO)I=3,0KK0 . GRLEANKSS (9)
SL(LOCCI7»J0))=0,5%3,0KK0, SK(LKL~MXM)XES(P)

© SLLOCCIBYJO) )=(NXN-O SK(LXL+MXM) IXES(9) .

S SLALOC(IArJ1))=3,0%K0 . SKLKLXMKSS(10) +Mk (1,0~ -2, 0XLERL) XSS (11)
SL(LOC(ISyJ1))=3, OXXO0 » SRLAMANKSS (10) -2, OKLAMANKSS(11)
SLALOC(I6yJ1) =3, 0kk0, SRLKLKNKSS (10 +NK(1.,0-2, OKLRKL)IXG5(11)
SLALOC(I7»J1))=0,3%3, 0**00J*L*(L*L ~MAM) XSS (10)+LK (1 O-LKL+MKM) X

158(11) :

SLALOCCIBY 1) )=LK(NKN- O.JX(L*L+M*M))*QS(10) 3 OXXKO + SKLAKNXKN

1*8“(11)
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ql(LOC(I4vJ’)) 3. 0**0.5*L*M*M*SS(10)+L*(1 O0-2,0%kMXMIXES(11)
SLALOCCIGyJ2) ) =3, O**O.JXM*M*N*SS(10)+N*(1 0-2, 0kMXM) XSS (11)

)l(LUL(l6yJ2)) 3 O**O.q*L*N*N*Sa(lO) 0*[*M*N*SS(11)
185(11)

SL([O((IB;J“))WM*(N*N QSR LKL AMERM) IRSS(10) -3 0%KO o SRMEANKNK
196(11)
SLALOCCTIAy J3))=3,0KX0 . SKLAMKNXSS(10)~ -.0*L*M*N*b&(11)

SLALOCCISy J3) ) =3, OXXO0 . SERNKNKMASES (10 +MK (1, 0-2L OXNXKNI XSS (11)
SLALOC (IS J3))=3, 0KKO0  SKNKNKLKSS (10)+LK (1 ,0~2+ OKNKN) ¥GE(11)
SLLOCCTI75J3))=0,5%K3,0%kX0, SKNX (LKL~M¥M) XSS (10) ~Nk (LXL-MXM) %
155(11)

SLALOCCIBY J3) ) =Nk (NXN- O.q*(L*L+M*ﬁ))*SS(10)+3 OXXKO » GENXK (LKL
1+MxM)I*S5(1 L)

L(LUC(I4;J4))23;O*L*L*M*M*SS(12)+(N*N+L*L*M*M)*SS(14)+
1(L*L+N*MM4.O*L*L*M*M)*SS(13)

SLALOCCIS Y J4) ) =3, OXKLKMAKMKMANKSS (12) + (MXMKLAN-LXN) XS5(14)+
1 CLXN=4, OXLkKMXMAN) X655 (13) ' ’
SLLOC(TI6yJ4))=3, 0*L*L*M*N*S%(1”)+(l*L*M*N ~LANIXSS(14)+

1 CMXN—4, OXLXLXMXN) XS5 (13)

SLALOCCI7rJa) ) =LKMXC(LXL—MKM)X(1,5%S5(12)4+0,.5%55(14)-2,0%85(13))
SLALOCCIBY J4))=0,5Kk3,0KK0 SR (LAMK(I . OXNKN-1,0) XSS (12)+

L LM LKMKNKN)I KRGS (14) 4 OKLKMANKNKES (13))
SLCLOC(I4,J5))=8SL(LOC(IGsJ4))

SLCLOCCISyY JS) ) =3, O*M*M*N*N*aS(l”)+(l*L+M*M*N*N)*b%(14)i

1 CMAMANKN-4 . OKMAMXNKN)I XG5(13) .

SLLOC (IO IS ) =34 OKLKMAKNKNKS 0(12)+(L*M*N*N—L*M)*SS(14)+

1 CLXM~ 4, OXLXMANXN) XSS (13)

SLALOC(I7»J5))=3, OXM*N*(L*l—M*M)*bS(l”)%M*N*(I 0+0 SR LKL~
IMAM) ) XSS (14) -~ (MXNX (1, 0+L XL -MkM) ) %¥S55(13) :
SLALOC(IBYJIS))I=0,5K3,0KKO0, 5k (LKMK(3, OKNKN-1,0)%88(12)+3.0%
1 (LXMHLXMXNXN) XSS (14) -4, 0*L*M*N#N*SS(13))

SL(LOC(IA4yJ6))=SL(LOC(I6yJ4))
al(lUL(IurJé)) SLILOCC(I6yJT))

SLLOC(TI6,d6))=3, O*L*L*N*N*JS(1”)+(M*M+L*L*N*N)*SS(14)+
l(L*LiN*N 4, OXKLXLXNXN) %X55(13)
.SL(LOC(I?rJé})=3.0*L*N*(L*L—M*M)*SS(12)+L*N*(L*L~M*M—1.0)*SL
1C14)+LXNX(1,0-2, 0K (LXL~MkM))I%KE5(13)

SLALOC(IBYJE)I=3,0KK0  SKLKNK( (3, OKNKN-1,0)XSS(12)+ (0, 5KkN¥N-1.,0)
1%55(14)+(1-2, 0OXNXN) X565(13))

SLCLOC(TAyU72)=SL(LOC(I7yJ4))

SLALOC(ISy 7)) =5LLOCCI7yJ5))

SLALOC(Y&yI7))=SL(LOCC(I7»J6))

SLALOCC(TIZ»J7))=3.0K(LXL~ M*M)**”*SQ(1“)+(0.25*(L*L M*M)**“+N*N)*
165(14)+ (LXL+MkM)%55(13)

SLALOC(I7rJ8))=0,5K3 . 0KXK0 SR (LKL~ ~MXM) X (3, O*N*N 1. 0)* S12)+
1L (LXL~MXM)XO 5K (1, 0~-NKN)XSS(14)+4. OKNKNX (MkM- l*L)*S (13))
SLALOC(TI47J8))=5L(LOC(IByJ4))

SLALOCCISy JB) )= ol(LOC(IBqu))

SLCLOC(TSY B )=SLLOCCIBYJE))

SLCLOC(IZyJ8))=SLLOCCIBYJIT7))
SLALOCCIBJIB)I=0,25K (3, OKNKN=-1,0)X2XSES(12)+0 .75k (1, 0~NXN) KXk
1SS (14)+3, 0% (1, 0-NXN)XNKNXKSS(14)

GO TO 5. “

"7 CONTINUE
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RETURN
ENI
SURROUTINE OVER <(D»SSsJTArITYFEs JTYFE)
DIMENSION §8(8) -
DIMENSION RAACLS) yRERE(15)yZZ2Z(8)sQAQ(8) » ITA(B) » JTA(SB)
DIMENSION CO1(10)sCO2¢10) yEXFONL(10) sEXFON2(10) yNFWL1(10)
INFW2(10)
(OMMON/hLY/NC(lo)yNL(10)r(O(lOle);EXFUN(lOle)yNFN(lOyiO)y
IKLCS+S) v IX(SySeB) v IY(Ss598)9yIZ2(5+5+8) :
POMMON/uLhHO/RAA,hBB,zzz,ITA,R,Ex1yEx2,x yNAYNESLAYLEyMs IT, ITAX
lthvLRNyIAFleFyLlByIENvJFXyIPX;JNAyJNByNCIH;IJhwavﬁN;BN
Re=h
Do 27 I=1,8
7. ITACI)=JTACI)
KLI=KL(ITYFEyJTYFE)
O 6 KK=1sKLI
I=IXCITYFEy» JTYFEyKK)
J=IYCITYPE s JTYFESKK)
M=IZ(ITYFE» JTYFEyKK)
IFCI) 15915914
5 GG(KK)=SS(KK-1)
GO TO 6
4 NC1=NC(I)
LA=NL(I)
NC2=NC(J)
LE=NL ()
IO 12 K=1»NC1
CO1(K)=CO(K»I)
EXFONL(K)=EXFON(KyI)
2 NFWL(K)=NFW(KsI)
DO 13 K=1»NC2
CO2(KY=CO(KyJ)
EXFON2(KY=EXFON(K?»J)
3 NFW2(K)»=NFW(Ky.J)

T JKSWH=0 .

IF (LA~-LE) 50950951
LC=La

LA=LE

LLEB=1.C

TJIKGWH=1 .

CONTINUE -
N 2 I=1,8
ZZZ(I)=0.0
QAR 1)=0.0.
D0 3 I=1,NC1
0o 3 J=1sNC2
NA=NFWL (T -
NE=NFW2(.))
EX1=EXFONL(T)
EX2:=EXFON2(J)
CALL OVRLFX
no 3 K=1,8
3 QOROCK)=QRACKY+COL (I XCO2( NI XZZZ(K)
‘SS(KK)=QAR(1)
6 CONTINUE =

*3
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RETURN

END .

SUBROUTINE OQVRLFX ,

DIMENSION RAAC15) yREE(15),2ZZ(8)ITA(S)
COMMON/BEGHO/RAAYRBE» ZZZy ITAsRyEXLsEX2s Xy NAYNEr LAy LEyMs 1Ty ITAXy
IKRNs LRNs IAF y IRF y LLEy TENy JFX 5 IFX s JNA» JNEsNCIHy TJKSWH s AN BN
CALL HARTZX

CALL OFFENX

CALL GOETCX

IF (KRN-LRN) 3y4y4

RETURN

END

SURROUTINE HARTZX

DIMENSION RAACLIS) yREBR(LS)»ZZZ(8)yITACE)
COMMON/REGHO/RAAYREEyZZZy ITAsRyEXL17EX2y Xy NAYNEs LA LEs My ITy» ITAX
IKRNyLRNy IAF s IBF y LLEy IENs JFX 2 IFXy JNAy JNEsNCIHy TIKSWH» ANy BN
LRN=0 e ‘

0o 3 J=1,8

IF(ITACJ))49354

ITACD)=1 .

LRN=LRN+ITACI).

ML=0 ,

no 7 ITAX=1,8

. ML=MLAITACITAX)

é

IF(ML~1) Zyb9 b

CONTINUE

IT=ITAX~-1

MF=1 :

IT=IT/2

IEN=1

IAF=0

IBF =0

NCIH=0 . .
IF(IJRSWH.EQ.0) GO TO S0
I=NA . ' -
NA=NER

‘A '.NB:::I

X=EX1
EX1=EX2
EXQ2u=X -

CI=ITAC3).

“CITA(B) =ITACA)

50
8

10
11
110

111

ITAC4) =]

IF(LRN-1) 8285110
IF(IT-1) 10,9910
MF=0 ‘ : :
LLEB=NA+NR+MF+2
IFCIT-2) 131511911
ITACL)=1

GO TO 1

MC=0

no 111 II=5+8
MC=MC+ITACII)
LLE=NA+NE+3

IF(MC)Y 13151319113



113
131

13

18

21

23
131
Y

61
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LLE= llB+”

KERN=0

RETURN

END ‘
SURROUTINE OFFENX

CDIMENSION RAACLS) yRER(1S)vZZZ(B)yITA(S)

LOMMON/RFbHU/RAA;RBB;ZZZyITA;RvEleEX?yXyNAyNB;lnthyﬁle,ITAXv
IKRNsLRNy IAF y IRF s LLEs IENy JFX s IF Xy INA» INEyNCIHy TJRKSWH» ANy LN
LS=NA+NE+5
IF(IAF+IRF) 494566
KRN=KRN+1

IF(KRN-1) 131,131,513
IEN=2

ML =0

Do 7 ITAX=1,8
ML=ML+ITACITAX)

IF (KRN-ML) 6v697
CONTINUE -

IT=ITAX~1"

IT=IT/2

NCIH=0

IFCIT=2) 131916917
IAM=ITAX-4"
IRF=TIAF.. .

GO TO 18
IAF=2X%(8=ITAX)
IBF=2X(ITAX-7)

00 21 LZ=3,1.5
LL=LZ~IAF
RAACLL)=RAA(LZ)
LL=LZ~IRF =
RER(LL)=REE(L.2)
NCIH=2

IFCITAX-5) 131+23,131
NCIH=1

RETURN -

D0 61 L.Z=3515

MZ=1.5- L1+3
LL=MZ~IAF-

RAA(MZ) =RAACLL)
LL=MZ~IRF '
"RER(MZ)=REE(LL)
. IAF=0 ‘

~1BF=0

15

GO TO 4

END :

SUBROUTINE GOETCX

DIMENSION RAAC1S) yRER(1S)yZZZ(8)yITACB) .
LOMMON/BEGHO/RAArRBB;ZZZr[TA;RvEXlrLXQrXrNA;NByIArlBvaITvTTAXv
lhRNvLRNrIAF;IBFrLLBrIENrJPXrIFXrJNA;JNBvN(IHnyhSNHyANbe
GO TO (15+6) 9 IEN

ALFH=0, 5kRX(EX1+EXD)

AN=GART ( (2, 0KEX1) XX (2XNA+1) /FACK (2XNA))

EN=SQART ( (2, 0KEX2) XK (2XNE+1) /FACK(2XNE))

RETA=0,95XRX (EX1-EX2)




20

102
103

XAMI=EXF (~ALFH)

XEMI=EXF (~EETA)

ARBETA=AES (KRETA)

RAA(Z)=XAMI/ALFH

NEF2=LLE~3 . _

IF (ARRETA-3.,0) 17917920
REE(3)=BFX(0yEETAy XEMI)

G0 TO 102

RER(LLE)=EFX (NBF2sBETA s XEMI)
XMITTN=-1,0

XIF=lLE '

XIF=XIF/2,0

X JF=LLE/2

IE(XIP~-XJF=0,1) 102,102,103
XMITTN=1,0

DO 2 T=1yNEF2
XMITTN=-1,0kXMITTN

J=LLE-T

XJF=1

. XIF=NRF2-1+1

30
27

1)

89
?0

91

923 ¢

94

. JNA=NA

ZZZ(CITAX)=X

S IF(NA-LA-1) 9199189

GO TO 94

KeT+3

IF (AREETA-3.,0) 2727530
RODCK)= (1o O/BETA)K(XMITTN/XEMI~ XBM1+XJP*RBB(k 1)
GO TO 2 °

REE(J)=(1,0/XTF) K (RETAXREE (J+1) +XEMI-~XMITTN/XEMI)
RAACT+3)=(1,0/ALFH) K(XAMI+XIFKRAACTH2))
INA=NA

JINE=NE -

IF(ITAX=2) 79899

CALL GENOUX

GO TO 1001
NSW=0 '
RSW=0.0

IF (NE~LE-1) 90,90,93
NSW=1 ‘

RSW=1.0

COF=0.0

Ju(NA+LA)*(NA ‘L.A-1)
JNA=NA~ ’
CAlL GLNOUX

OF =0, SXX*G

w’*NA*(l ~-NSW) +2KNEXNSUW
LFX"EXl*(] O0-~RSW) +EX2XRSY
JNA=NA-1+NSW
JNE=NE-NSW
CALL GENOVX
COFF=0.5XGKXXKEEX

JNE=NE

CALL GENOUX

G=-0 s SREEXKEEX%X
2272 (2)=6+COFF+COF

187
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GO TO 1001
9 IA=1 '
- IR=0
: IFCITAX~4) . 1051197
11 1A=0Q '
IR=1 :
10 JUNA=NA-IA.
JNR=NB—1R
CALL GENOUX
. ZZZCITAX) =X
1001 RETURN
" END :
SUBROUTINE GENOVUX
ODIMENSION RAACLIS) yRER(LS) »ZZZ(8)»ITA(E)
FOMﬂON/BEGHO/RAAyRBBvlevITA!R!EXIthQvaNﬁvNByLAvLByM!1191TﬁX9
lhﬂNrLRNyléFrIBF:LLByIENerXvIFXvJNﬁrJNByNCIHrIJh SWH s AN » IN
GQT=1,7320508 '
SQR=2,236068
IFX=JNA-LA
JPX=JNE~LR
K=3%XLA+L.B+2%M+1
G0 o SRANKENXC (O 5KR ) XX ( INA+HINBENCIHY1))
GO TO (192332495969 798s9910s11912,13)¢K
1 X=RIIEX(0yO)
. 6O TO 16
2 X=SATKk(RIIEX(0s0)-RIIEX(1s1))
GO TO 16 »
3 X (3, 0*(RIIEX(070)+RIIEK( y2))~4 OKRIIEX(1s1)~RIIEX(Oy2)~RITEX
bU TO 16 .
Cal.L OFCLSC(1).
4 CALL EXIT. -
5 X=-3,0K(RITEX(OsO)~RITEX(2r2))
GO TO 16 :
6 XT“OOJ*SQT*QGR*(3 0*(RIIEX(0’0)+RIIEX(373)) RIIEX(]?I)"RTIFX
1(252) “RIIEX(OrQ) RIlEX(QvO)"RIThX(5vJ) RIIFX(193))
GO TO 16
7 X 1od*(RIIEX(290)+RIIEX(O!2) ~RIIEX(QO»0)~- R]IEX( 2))
GO T0 16
BoX=l  SRGURRC(RITEX (39 3)+RLIIEX(1y1 )~ F\‘l[LX(Jvl) F\'[f”“X(|f3) ~RITEX
1¢ ~92)fRIIEX(?90)+RIIEX(O!2) -RIIEX(0»0))
GO TO 16 .
9 X=1,25%(9, 0*(RIIEX(070)+RIIEX(494))"6 0*(&11FX(274)+RIILX(492)
1 +RIIFX(QrO)fRIIEX(092))+RIIEX(490)4RIIEX(Ov4)44 OXRIIEX(2+2))
GO TO 16
cal.L OPCLb(])
10 CALL EXIT
11 X==7 . SK(RITEX(4y4)~RIIEX(4+2)~ RIIFX(274)+RIIEX(290)GR][LX(O!?)
1 =-RIIEX¢(O+0))
GO TO 16
CALL OFCLS(1)

12 CALL EXIT . ‘
13 X=1, 87q*(RIIEX(O;0)+RIIEX(474)+RIIEX(0:4)+RIIEX(4;0)#4 +OXRITEX

12 2)~~.O*(RIIEX(072)+RIIEX(270)+RIILX(294)+RIIEX(49?)))
16 X=XX06
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RETURN

END ,

FUNCTTON hIIEX(MRIrNRI) :

DIMENSION RAA(]J)rRBB(lq)rZZZ(B)rITA(S)
COMMON/REGHO/RAAYREE»ZZZy ITAYRYEXLIyEX2y Xo NAsNEsLASLEs Mo ITo ITAX,
IKRNsLRNs TAF y IRF s LLEy IEN» JFXy IFX s UNAY JNEyNCIH» TJRSWH Y AN EN
S§=0,0

KQ=MRI+1 - .

LRI=MRI+IFX+JFX+]

0o 1 KRI=KQsLRI

MMM=LRI+NRI~KRI+3

KRIMRI=KRI-KQ

S=G+RAA (KRI+2) XREE (MMM) XRMFEX (KRIMRI)

RIIEX=S

RETURN

END :

FUNCTION RMFEX(KRIMRI)

" DIMENSION RAA(]J)9RBB(1u)rlZZ(8);ITA(B)

COMMON/REGHO/RAAYRER»ZZZyITARy EXIyEXQyX;NAyNR;LA;LByM,rT ITAXy
1hRNrLRNyIAF;IBF;LLB;IFN;JFX;I}X;JNAyJNBvN(IHlehquyAanN '
RMFEXX=0.,0 .
LRM«JFX%lI
N0 1 I-1:+LRKRM
J=I-1
NRMM=JFX
MRMM=JFX~.) -
A= RMHFX(NRMM,MRMM)
NRMM=IFX
MRMM=KRIMRI+J~JFX
RMFEXX= RMFEXX+A*AB%(RMMEX(NRMM;MRMM))
RMFEX=RMFEXX
RETURN -
END
FUNCTION RMMtX(NRMM;MRMM)
IF (MRMM-NRMM) 1,293
RMMEX=0.,0
GO 10 5
"RMMEX=1,0
GO TO 5
RMMEXX=1. O
LAF=NRMM~ -MRMM

- A=NRMM

no 4 I~1,LAP
RAF=T

RMMEXX==RMMEXXX (A-RAF+1.0) /RAF
RMMEX=RMMEXX

RETURN '

ENI

FUNCTION FACh(N)

"FACKX=1.0 -

IF(N)Y 11s11»1

no 2 J= -1 9N

CC=d

FAFhX»FhChX*FC
FACK=FACKX -




901

902

903

204
205

?06 B

907

208

RETURN .

END

FUNCTION BFX(NyEBETAyXEMI)

ARRETA=AES (EETA)

IF (AREETA-.001) 901,904,904

G=N/2

F=N

F=F/2,0. .

IF(F~6-0.1) 902,902,903

EFX=1.0/(F+0.,%)

GO TO 924

EFX=0.0

GO TO 924 A

IF(N) 92059205905

IF (ABEETA-2.5) 90619067920
=~ ARKETA.

T1=1.0

T2=1.0

§1=1.,0

§2=1.0

DO 907 I=1sN

F=I

T1=T1XAREETA/F

T2=T2XE/F

S1=61+T1 -

S2=624T2. - -

T1=T1KAREETA/ (F+1.0)

FN=T1

G3=T1

T2=T2KE/ (F+1.0)
G4=T2 o
I=N+2

F=I. » '
Ti= T]*ABBETQ/F
§3=634T1

I=1+1"

F=1

?09.

910

IF(T1/53~1, OF 09) 909,908,908
I=N+2 ‘

RN=N+1

F=1I
T2=T2KE/F

G4=544T2
I=I+41

- F=1

TF(ABS(T“/54) 1.0E-08) 911,910,210
T2=(53%52- 81*84)/(FN*RN)
BFX=T2

“IF(BETA) 912,912,924
2 BFX=ARS(T2)

GO TO 924
XF=1.0/XEMT
T2=(XF~-XEMI)/BETA
RFX=T2

IF(N) 92479“4v9u“

190
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9** F=1.0
nO 923 I=1sN
Fae1, OXF
(“.I R
923 T2= (FXXF-XEMI+GKT2) /RETA
BFX=T2
924 RETURN
ENI o
SURROUTINE OFCLS(K) _ : : _
IF(K.EQ.1) GO TO 1 ' ‘ S |
OFEN(UNIT=27DEVICE="DSK’ yFILE='GASF17, HAT’,DIRFCTORY"49103'
1»DIALOG) .
OFEN(UNIT=22,EVICE="DSK’ yFILE='FAIRL7, HAT’;H]RL(IOHYM’4y10?’
1»DIALOGY.
OFEN(UNIT=25yDEVICE="DSK’ yFILE="UGFN17. nAI'anRECrORYw’45103'
1»DIALOG) -
OFENCUNIT=35,DEVICE="DSK’ yFILE='ELOCK.DAT )
OFEN(UNIT=33,DEVICE="DSK’ »FILE='SGFN17,DAT’ yDIALOG)
OFEN(UNIT=34,DEVICE= ’Dch’yk[LE*’HOFN]7.UAI'9DIALOG)
RETURN
1 CONTINUE
CLOSE (UNIT=27)
CLOSE (UNIT=22)
CLOSE (UNIT=25)
CLOSE (UNIT=35)
CLOSE(UNIT=33)
CLOSE (UNIT=34)
"RETURN ..~
END
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FROGRAM OETAINED FROM Il FRANCESCHETTLs OCTUBERv'1977

SURROUTINE FEGLEG(AsNsyNDIM)

DIMENSION ACNDIMyNDIM)

MATRIX OQUTFUT SUBROUTINE

FORMAT(I4»3X,14F8.4)

FORMAT( - 1HO/1HO»14(5X,13))
I=NIIM

KITE=0 -

LOW=KITE+1

KITE=KITE+14

KITE=MINO(KITEyN)

WRITE (36919)(Ly1= LUthITE)

no 32 I=1vN

"WRITE (36;18)(1;(9(1;J)yJ LON;hITF)‘

IF(N-KITE) 40y40,20
RETURN
END :
aUBROUIlNL "HIIAG(Hy Ny IEGENyUs NRyNIIM)
MIHDI3, FORTRAN II DIAGONALIZATION OF A RFA[ SYMMETRIC MATRIX
RY THE JACORI METHOD. ’
CALLING SEQUENCE FOR DIAGONALIZATION
CALL HEIAGC Hy Ny IEGENy: Us NRD
WHERE H IS THE ARRAY TO ERE DIAGONALIZED.

N' IS THE ORDER OF THE MATRIX» H.

IEGEN MUST BE SET UNEQUAL TO ZERO IF UNLY‘FIGENUALUES ARE.
.TO RE COMFUTED.

IEGEN MUST RE SET EQUAL T0O ZERO IF EICFNUA[UES AND ETGENVECTORS
Aﬁt TO RE COMFUTED.

U Is THE UNIIAF\Y MATRIX ll&)E I FOR FOF\MATI()N UF THF ETGENVECTORS . |

NR IS 1H&ANUMBER OF ROTATIONS.,

A DIMENSION STATEMENT MUST RE INSERTED IN THE SUBROUTINE.
HIMENSION'H(NvN)r U(NsNYy X(N)» TQ(N) ‘ :

UBRUUIINE FLACES COMFUTER IN THE FlOAllNO TRAF MOIE
THE JUHRUU1INF OFERATEQ ONLY ON THE EI[MENT% OF H THAT Ahl T0

THE RIGHT OF THE MAIN DIAGONAL. THUS»y ONLY A TRIANGULAR
SECTION NEED EE STORED IN THE ARRAY"H.

4UIMhN SION H(NDIH:NDIM); UCNDIMyNOIM) » X(150)y TRCLH0D

I=NDIM -
IF (IEGEN) 15510515
IO 14 I=1sN
D0 14 J=1sN

CIF(I-D12511912

UCTyJ)=1.0
GO TO 14
UCIs. )=0,
CONTINUE
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¢ _ 4
15 NR = 0
IF (N~1) 100051000517
¢ SCAN- FOR. LARGEST OFF DIAGONAL ELEMENT IN EACH ROW
C XC(I) CONTAINS LARGEST ELEMENT IN ITH ROW '
" 1QCI) HOLDS SECOND SUESCRIFT DEFINING FOSITION OF ELEMENT
. ‘ : -
17 NMI1=N-1
DO 30 I=1sNMIL1
XCI) = 0.
IFL1=T+1
Do 30 J=IFL1sN
IF ( X(I) = ABS( H(I».J))) 2022030
20 XC(I)=ARS(H(Is»J))
I TG REN
30 - CONTINUE
C .
C CGET INDICATOR FOR SHUT- OFF  RAF=2X%~ -27 s NR= NO. OF ROTATIONS
RAF=, 745058059E-08
HOTEST:=1.,0E38
¢ ' : A }
( COFINDG MAXIMUM OF X(I) S FOR FIVOT ELEMENT AND
¢ TEST FOR ENDI OF FROELEM
C . :
40 IO 70 I=1yNMI1
IF (I~1) 60,60r45 4
45 IF  ( XMAX= X(I)) 60+v70+70
60 XMAX=X(I) :
IFIV=1
JEIV=IQCI).
70 CONTINUE
C IS MAX. X(I) EQUAL TO ZERO, IF LESS THAN HDTEST, REVISE HITEST

IF ¢ XMAX) 10005100080
80  IF (HDTEST) 90590,85
8% . IF (XMAX - HOTEST) 90790,143
90 HIIMIN = AES( H(1s1).
Do 110 I= 24N

. IF (HDIMIN- ARSC H(IyI))) 110,110,100 . |
100 HDIMIN=ABS(H(I»I)) . : i o
110 CONTINUE 3 : . : |

C
HOTEST = HDlMIN*RAF .
C : K
C RETURN IF MAX H(TIy DLESS THAN XX~ “/)AB%F(H(hyh) MIN)
. IF (HDTEST- XMAX) 1485100051000
148 NR = NR+1A'
C o L :
C COMFUTE TANGENTy SINE AND COSINEsH(I»I)sH{JrU)

150 TANG=SIGN(2,0y (HIIFIVy IFIV)-H(JFIVy . JF TV IKHCIFIVy JPIVY /(ARG
THCIFIVy IFTV) ~H(JFIVy JFIV) ) +SART ((H(IFIVy IF IU) HCOJFIVy JEIV) ) KK
244, 0kH(IFIVy JFIV) %%2))

COSINE=1,0/SQRT(1.0+TANGXX2)
SINE=TANGXCOSINE




CCHOIFIVSIFIV)
H(JFIVy JFIV)

C
(0

C

200
210
- 230
240
)‘-"0

370

HII= H(IFIV;IFIU)

H(IFIU;IFIU) LOSINF**“*(HII+TANG*(2.*H(IFIUyJFIU)+TANG*H(iFIva
- 1JF

1IV))
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H(JFIVy JFIV) = rOSINE**“*(H(JFIUrJPIU)~TANO*( VKHCIFIV e JFIV)
1-TANGXHIT))
HUIFIVy JFIV) =0,

- FSEUDO RANK THE. EIGENVALUES

A

HT

DJUST SINE AND COS FOR COMFUTATION OF HUIK) AND UCIK).
CIF ( HOIPIV,IFIV) - H([FIU;JFIU)) 15?;1a371u3

EMF = H(IFIVyIFIV)

= H(JFIVy JFIV)
= HTEMF

" RECOMFUTE SINE AND COS

HT

SI

- Co

IN

' THE PRESENT MAXIMUM IS

EMFF = SIGN(1.0»
COSINE = ARS(SINE)
NE = HTEMF
NTINUE '

~SINE) % COSINE

SFECT - THE IQS BRETWEEN I+1 AND' N-1 TO DEffRMINF
WHETHER A NEW MAXIMUM VALUE SHOULD EE COMFUTED SINCE

[0 350 I=1yNMI1
IF(I-IFIV)210,350,200
IF(I-JFIV)>2105350,210
IFCIQCIY~IFPIV)I23092405230
IFCIQCI) -JFIV)I350,2405350

K

M
IF
X ¢

SEARCH IN DEFLETED ROW FOR NEW MAXIMUM

I0
IF
X<
IQ
co

=I0CI) | - .
HTEMF=H (T sK)
IrK)=0. -

L1=I+1

1) _0._'”

320 lnIFLer -
¢ X(I)- ARS( H(IvJ))

I) = ARS(H(I»J))

(I)=J-

NTINUE

HCOT oK) =HTEMF

co

X(
X

no

NTINUE

IFIV) =0.

JFIV) .=

‘»

530 I=1sN

- CHANGE THE "OTHER ELEMENTS OF H

IF(I“IPiU)370r5309420
EMF = H(I»IFIV)

HT
H(

IF

IyIFIV)
¢ XCID)

COSINEXHTEME + SINEXH(I,JFIV)’
- ABS( H(I,IFIV))

IN THE I OorR J ROU.

)y 30073005320

138093907390




380
390

400

420
430

440

450
480

490

540

530

1000

1001
C

741

X(I) = AES(HC(I»IFIV))

IQCI) = IFIV \ ‘
H(TyJFIV) .= ~SINEXHTEMF + COSINEXH(IsJFIV)
IF ¢ X(I) - ABSC H(IyJFIV)) ) 400,530,530
X(I) = ARS(H(I»JFIV))

IQCI) = JFIV

G0 TO 530

IF(I-JFIV)430y530,480

HTEMF = H(IFIV,I)

H(IFIVsI) = COSINEXHTEMF + SINEXH(IyJFIV)

IF ( XCIFIV) ~- ARS( H(IFIVyI)) ) 44054505450
X(IFIV) = ARS(H(IFIV»I))

IQCIFIV) = I

H(IyJFIV) = ~SINEXHTEMF + LOoINF*H(IvJFIU)
IF ¢ X(I) ~ ARSC H(I»JFIV)) ) 40055305530

HTEMF = H(IFIVyI) A
H(IFIVyI) .= COSINEXHTEMF + SINEXH(JFIV,I)
IF ¢ X(IFIV) - ARS( H(IFIVyI)) ) 490,500,500
XCIFIV) = ARS(H(IFIV»I)) o
IQUIFIV). = I

H(JFIVyI) = ~SINEXHTEMF + (OSINE*H(JFlUyI)
IF «( X(JFIU) ~ ARSC HC(JFIV,I)) ) IOvJ?qu?O
XC(JIFIV) = AB“(H(JFIU;I))

IQCJIFIV), = I

CONT INUE ‘

TEST FOh fUMFU1ATIUN OF EIGENVECTORS

IF(IE&EN)40yu40v4O
00 %50 I=1sN
HIFMF"U(l IRIV)
UCIyIFIV)= LUSINE*HTEMF+91Nt*U(19JPIU)
UCIr JFIV)==SINEXHTEMF+COSINEXU Iy JFIV)
GO TO 40.
CONTINUE . -
WRITE(3621001) 'NR
IF(N.EQ:+1) RETURN
FORMAT (1H0»110)

THIS SECTION HAS'BEFN ADDED S0 AS TO ORHER EIGFNUE(1OR‘

ARSOLUTELY
NM=N-1 .
IO 740 Ju=1sNM

CJR=JEL

no 743 K=1yJ
IF (H(KyK)=H(JFyJF)) 7415743»743
CONTINUE
HH=H (KyK)
H(KyK)=HCJIFy JF)
H(JF s JF)=HH
Do 742 I=1sN
X(I)=U(IsK)
UCTsKY=UCTy JP)
UCT» JEY=X(T)

195
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742 CONTINUE - - .
743 CONTINUE .
740 CONTINUE -
: RETURN

END



3. Program to calculate energy levels and
eigenvectors '
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tep]
L

200

201

202

198

THIS FROGRAM DIMENSIONS ARRAYS AND OFENS -AND CLOSES
FILES FOR THE SUEROUTINE HAMLTN.
,DIMENSION,8(43r43)rF(43743)70(’84)9QG(“84)7F(°84)vA 1 (284)
1UT(284524)y JAY(284,2 )rEXlRA(43;43)90(?(4?)rIORB(43)yIATUM(45)v
2Q0L0(71) yANEW(71) yQCORE(71) s DIFF(71)y

'3wF(8)rNN(B)yUF(B)rUN(B)vNAk(u)rNORB(q)‘

MAXE=

MORER= 140

MAXU=24

JMAX=25

NATOM=35 .

NFUN=8

KATM=4 .

CAaLL OFCLS(O)
~ TYFE 200 '

FORMAT (/ XX= 77)

ACCEFT 201yXX

FORMAT(F)

TYFE 202¢XX

FORMAT (/ XX=’F):

CAll. HAMLTN(S»F»Q»QQ>s E;AS;UT;JAY;EXIRA OC(yQDLDyQNva
10FORE;DIFFyIORB;IATOMer;riUNyUFvNAhyNORB;MAXB;MOhByMﬁXUyJMAX;
2NATOMy NFUNYRKATHM» XX).
~STOF

END AR ,

SURROUTINE OFCLS(K)

IF(K.EQ.1) GO TO 1

OFEN(UNIT=20, DEUILE"DQR’rFlLE—’UMATBJ.HAT’,DIRFCIDRY=’4v?/0’

1+0DIALOG) -

OFEN(UNIT= =23y NEVICE="DSK’ »FILE="QIN3S oDAF’!DIRECTURYﬁ’49270'
erIALOG), ‘

UFEN(UNIT "49DEUICE“’DSK’9FILE='Q0UT3J DAT'vUIREL'URY~’4;J70'
1,DIALOG). »
OFEN(UNIT= 327DEUICE"DSK'!FILE"H”IN3 oDAT'#DIRECTORY*’4;270’
1y DIALOG) :
0FFN(UNIT*33;DEUICE~’D9A';FILE—'¢GXN3J.UAT'anRELTORY~~4,270

‘erIALOG)

OFEN(UNIT= ?47DEUICE*’DQN’vFILE“’HGXNJ DAT UlRELTURYm’4937O’
1y DIALOG) - L
OFENCUNIT= ?6yDEUICE*'Dah’rFILE*'H4OT3a.DA1 anRFcroﬁY='4,27o'y
10IALOG)

OFEN(UNIT= 42;M0DE”’BINARY’rDEUICE—’HQK’yD]RECFORY“’4927O"
1FTILE=SAMAT .DAT ")

RETURN ' :

CONTINUE :

CLOSE (UNTT=20)

CLOSE (UNIT=23)

CLOSE(UNIT=24)

C CLOSECUNIT=32)

CLOSE (UNIT=33)

CLOSE (UNIT=34)

CLOSE(UNIT=36)

CLOSE (UNIT= 42yMODF-'BINARY’:DEUIFF"'DQK’;DIRECTURY*'49370’
1FILE="GAMAT .DAT ) o
ll0%L(UNIT~41;DFOICE”’Dah‘,MODE"BINARY'vACCESS=’RANDOM’p'



SO oOo a0 n
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1ASSOCTATE VARIARLE=NRECyRECORD SIZE=2500,FILE='FOR41.0AT "y
2DISFOSE='DELETE’) '

RETURN

ENIDI

FROGRAM ORTAINED FROM D. FRANCESCHETTIs OCTORERs 1977
MODIFIED RY D. MILLER AND C. SWARTS :

FROGRAM HAMILTON ;
CONSTRUCTS EXTENDED HUCKEL HAMILTONIAN ANL SOLVES SECULAR
EQUATION: : -
SURROUTINE HAMLTN (SsFsQyQRyEsASsUT» JAY sEXTRA,OCCy QULINy QNEW s
1QCORE y DIFF » TORE» TATOM » WF » WN s UN s UF 5 NAK » NORE y MAXE NSO » MAXU 5 JMAX y
2NATOM y NFUNs KATM» XX)
DIMFNSIUN SCMAXEy MAXE) » F (MAXE s MAXE) s QINS0) 5 QR (NSO yE(NSO) »
S(NS0) s UT (NSO » MAXU) » JAY (NSO s JMAX) s EXTRA CMAXE» MAXE) s OCC (MAXE) »
’QOLD(NATOM)rQNEw(NATOM)rQCORE(NATOM)yDI}F(NATOM)vIOhH(MﬁXH)y
JIATOM(MAXB)er(NFUN);WN(NFUN)yUN(NFUN)rUF(NFUN)’NAh(thM)v
ANORE (KATM)
ETOTAL=0
NI M=MAXE ,
READ(32,77) NSOsNATOMs NFUNsKATMy IX
WRITE(36,77) NSOyNATOMs NFUN»KATM» IX
READ(32,77) (NAK(I)yNORE(I) s I=1sKATM)
WRITE(36,77) (NAK(I)yNORE(I)yI=1sKATM)
READ(325510) AK1yAK2yAK3»AKA»AKS AKS
WRITE(36y510) AK1sAK2sAK3sAKAsAKS r AKS
510  FORMAT(6F10.6) ‘
READ(20575) JMAXyMAXU
WRITE(36y77) JMAXsMAXU
77 FORMAT (81%5)
78 FORMAT(F10.6) : .
READ (20765) ((UT(IyJd)yJ=1sMAXU)»I=1sNSO)
READ (20575) (CJAY(Isd) s J=1y JMAX) vy I=1 s NSO)
7% FORMAT(918) -
65 FORMAT (BE14,7) ,
READ (32,8) (WP (1) yUF(I))yI=1yNFUN)
WRITE(36y8) ((WF(I) sV (I)),Tml s NFUN)
READN (32,8) ((WNCI)sUNCI))yI=1,NFUN)
WRITE(3658) ((WN(I)yUNCI))»I=1yNFUN) -
8  FORMAT(8F10.6)
Do 99 I=Ss6
JET42
WN (I =XXKWNCI) 4 (1, =XX) KWN (D)
WF T =XXORWRE () + (Lo =XX ) KWF (D)
S UNCID EXXKUNCII (L =XX) XUN (D)
99 UFCI)=XXKVF(I)+(1,~XX)KVF ()
READ (24545 (QOLDCI)»I=1sNATOM)
FORMAT(8F10.6) A
NOL =0
REWIND 24
D0 12 I=1sNSO
12 Q(I)=0,
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L=1 .
- READ' (32,2)IT
WRITE(36+2) IT
0 5 ITIMES=1,IT
READ (329 2)NyKA

2 FORMAT(3IS)
TREAD (32,222) (O0CC(I)yI=1sN)
222 FORMATC(16F5.2) ,
- READ (32,322) (IORE(I)»I=1yN)
" READ (32;322) (IATOMCI) »I=19N)
322 FORMAT(401I2)

CREAD (3391) ((S(Ird)rd=1sN)sI=1sN)
Do 333 I=1sN
' 00 333 J=1syN -
333 EXTRA(I» ) =8(Isd)
[0 223 I=1,N
QI=QOLDCIATOM(I))
IF(QI) 224,225,225
274 FX=WN(IORE(I))XQI+UNCIORECT))
: GO TO 226 :
205 EX=WF (TORR(I))XQI+VF (IORE(I))
226 CONTINUE
203 F(IyI)=FX :
; AT THIS FOINT THE DIAGONAL ELEMENT“ OF F ARE THE VALENCE
STATE IONIZATION FOTENTIALS OF THE ATOMIC OREBITALS FROM
WHICH THE .CORRESFONDING SYMMETRY OREITAL HAS BEEN CONSTRUCTED.
WE NOW CONSTRUCT THE OFF-DIAGONAL ELEMENTS OF THE HAMIIIUN]AN.
NM=N=-1 "
DO, 227 I=1,NM
CIP=I+1
no 227 J=IFsN
IIO»(IORB(I)+IORB(J))/"
FIO=FLOAT CIORBCI)H+IORE(I)II/24-
IF(IORECI) JLE.2.AND,. TORE(J) . CT.Q) GO TO 500
IFCIORECT) «GT+2,ANIL IOREC)) \LE.2) GO TO 500 -
IF(IIOLLT.FID) GO TO 501
AK=AK1 '
GO TO 502
501 . AK=AK2
o GO .TO.S02 ' '
500 IFCIORE(I)JEQ.2.0R.IORE(J)EQ.2) GO TO dos
IFCIIOLLTLFIO) GO TO 504
" AK=AK3
GO TO 502
504 AK=AK4
GO TO 502 :
503 IF(IIO.LTSFI0) GO TO do
' AK=AKS
GO TO 502
505 . AK=AKS - |
502 © CONTINUE . ,
o rtI,J>;.5*<F(I,1>+F(JyJ))*S(I,J)*AN
227 CONTINUE :
no 229 I= 19 NM
IF=I+1
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232

235

234
233

230

229

236

238
237

I

N é

88

10
86

87
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no 229 J=IFsN

IF (JAY(NOLDHI,1)~JAY(NOLD+Jy1)) 230,232,230
SUR=0 .-

K1MAX=JAY (NOLD+I » JMAX)

K2MAX=JAY (NOLL+Jy JMAX)

D0 233 Ki=1yK1MAX

DO 233 K2=1sK2MAX

IF (JAY(NOLD+I;R])~JAY(NOLDinh“)) 234,235,023
SUR= SUB+Ur(N0Ln+I,h1)*UT(NOLD+J,h")
CONTINUE -
CONTINUE
AKM=1,~AK

F(IrJ)‘F(FyJ)+bUB*AhH*0.a*(F(IrI)+F(JrJ))
CONTINUE
CONTINUE

FILL IN LOWER OFF DIAGONAL ELEMENTS

D0 236 I=1yNM :

IF=I+1"

0o 236 J=IFsN
FCIrI)=F(Is))

NOW FIX UF THE DIAGONAL ELEMENTS
AK=AK1
ARKM=1 . ~AK

DO 237 I=1sN

SUR=0Q .

KMAX:=JAY (NOLDHI » JMAX)

00 238 K=1,KMAX
SUR=SURHFUT (NOLDHTI yK) XXK2.
FOToI)=F(IsI)K(AKXS(I»I)+AKMKXSUR)
FORMAT(BE14.7)

CALL CHARA(SyFyNrOsKAYNIIM, Nrﬂﬂrﬁ&yUTthXUyJAYPJﬁﬁXyEXIHAyNOle

INSO,ETOTALOCC s IX)
DO 3 I=1sN
E(L)=AS(I)
L=b41 -
NOL.I=NOL N
CONTINUE .
Ls=b.-—1 L .
0o 7 I=24l
no 7 J=Isl
IFCECTI-1)=E()) 69797
EE=E(J)
E(H=E(I-1)
E(I-1)=EE
CONTINUE ~ ,
WRITE(36,88) ((IyE(I))yI=1,sL)
FORMAT(SCISsF15,4))
EK=ETOTALX23.,07
TYFE 10y ETOTALy EK
WRITE(36510) sETOTALEK
FORMAT (2F20.4)
IF(IX) 86+87,86
CALL OFCLS(1L)
cal.l EXIT
CONTINUE:
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READ (32532) (QCORE(I)»I=1yNATOM)
32 FORMAT(16F5.3)
DO 20 I=1sNATOM
20 QQCI)Y=0,
IFIND=0
IATM=0
00 13 I=1sKATM
IF(NAKC(I) LE.O) GO ro 13
DO 14 J=1yNAK(I)
0 15 K=1yNORER(I)
15 QACIATMED) =QQCTATM+.D) +QCIFINDHK)
14 IFIND=IFIND+NORE(I)
13 IATM=1ATM+NAK(I)
. WRITE(36921)
21 FORMAT (23HONET ATOMIC FOFULATIONS)
00 23 I=1yNATOM
QACI)=QCORE(I)-QQ(I)
DIFFCD)=QR(IY-QAOLDCT)
23 ANEW(I)=(10,¥QOLDCI+QQCI) /11,
WRITE(36»33)
TYFE 33 . ‘ L :
33 FORMAT (41HOINITIAL Q@ NEW Q CHANGE IN Q TRIAL Q
SUMSQRmO, ' ‘
0O 35 I=1yNATOM
. WRITE(36s34) GOLD(I)yQﬂ(I)rHIFF(I)yGNFw(I)
34 FORMAT(1H »4F10.5)
3% SUMSQ=SUMSQ+DIFF (1) %X2 .
SUMSQ=SART (SUMSQR/ (FLOAT (NATOM- 1)))
WRITE(367y36) SUMSQ
CTYFE 365 SUMSQ
WRITE (2454) (QNEW(I)yI= lyNATOM)
'TYFE 4y (QNEWCI) 9y I=1»NATOM) _
36 FORMAT (20HOSTANDARIDN DEVIATION= »F10.6)
22 FORMAT (1HOy SF10.5) '
CALL OFCLS(1)
caLL EXIT
ENI o
SURROUTINE CHARA (SyHEsNsIDEAsKAYNDIMsQsQQsASsUT s MAXU» JAY » JMAX s
LEXTRAyNOLDNYNSOsETOTAL »OCCy IX) ‘
BIMENSION b(NDlMyNDIM)9HB(NDIM;NDIM)yN(NSO)yGQ(N%U)
DIMENSION Ao(NDIM)yUT(N 0sMAXU) s JAY (NS OylMAX);FXThA(NUIM NOIM) »
10CC(NDIM)
THIS SURROUTINE FALLb THE MATRIX DIAOUNALIZATIUN ROUTINE _ﬁlth
CALLS THE FOFULATION ANALYSIS SUBRROUTINE. - MULlIh '
WRITE(36544) E :
44 FORMAT (1HO»60X» 18HHAMILTONIAN MATRIX)
© CALL PEGLEG(HEyNyNDIM)
CALL EIGEN(SsHEsNsNDIMsASyIX)
13 FORMAT(1HO, 18H ORRITAL CHARGES )
404 FORMAT (6F12.8) }
IFC(IDEA-2) 40154025401
402 KAK=N-KA+1
WRITE (245404) (CHE(Iy»J)sI=1yN) s J=KAKyN)
401 CONTINUE
IF(IX.NE.O) 6O TO 491
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CALL MULLIK (UT;MAXU;JAY;JMAX;EXTRArHB;G;AS;NOLDvNSOyNDIMvahAv
1ETOTAL»OCC)
1073 CONTINUE
‘ IF(KA) 71597145715
714 RETURN -
715 CONTINUE
C WRITE (36513)
WRITE (36511)(QCI)»I=15NSO)
IF(IDEA-2) 491,492,491
492 WRITE (*4,404)(0(1),1n1yN30)
491 CONTINUE
11 FORMAT (1%5F8.4)
RETURN .
END : ‘
SUBROUTINE MULLIK (U1;MAXU;JﬁYyJMAXyEXTRAyLvaASyNOlDyN&UyNnIM
1yNyKAYETOTAL»OCEC)
TIMENSION UT(NOO,MAXU),JAY(NOO,JMAX),EXIRA(NDIM,NU1M),Q(N90)
1;((NUIM;NDIM)yAS(NDlM):UCF(NnIM)
I=NSO -
NLOW=N-KA+1 .
CALL MMULTC(EXTRAsCyNyNIIM)
Do 1 J=19N
DO 1 J2=1sN
N1=NOLI+J
N2=NOLDHJ2
KiMAX=JAY (N1y JMAX)
K2MAX=JAY (N2 JMAX)
O 1 Ki=1yK1MAX
0o 1 K2=1yK2MAX
JARG=JAY (N1yK1)
J2ARG=JAY (N2yK2)
. CIF(JARG-J2ARG) 19391
3 PROD=UT(N1sK1)XUT(N2sK2)
IF ( JARG . NE . J2ARG) GO TU 1
D0 2 I=NLOWsN
Q(JARG ) = 0(IARO)+OCE(I)*((J;I)*EXIRA(l’ 1)*FRUH
CONTINUE -
CONTINUE - -
00 792 I=NLOWyN
ETOTAL=ETOTAL+OCC(T)XAS(I)
792 CONTINUE
' RETURN
END : o '
SUBROUTINE thEN(%A;C;N;NDIMrﬁS IX)
‘ T DIMENSION qA(NDIMrNDIM)r((NDIM;NUIM);AQ(NUIM)
c SAVE C MATRIX ON UNIT 11
C REWIND'
OFEN(UNII 41;MODE“’BINARY’yACCESb—’RANDUM'ynqqotJATLUAh[ABlE
1=NREC»RECORDISIZE= 2500y DEVICE="NSK ' yFILE='FOR41 . DAT ")

URI1E(41#1)((F(11J)9J»1vN)vI 1y ND ‘
C - THIS SURROUTINE SOLVES THE MATRIX EGUATIUN (H-ES)C=0 USTNG

-G HDIAG

READ(54;6J) ((CCIy ) e d=1yN)sI=1sN)
65 FORMAT(8E14.7)




AC

901

506

DO 901 I=1sN
READ (34365) SA(ISI)
D0 506 I=1sN
SA(I»yI)=1,0/8QRT(SA(I» 1)) -
CONTINUE -
WRITE UX%T -
WRITE(41#2) ((C(Isd)yI= er)erer)
RACKSFACE 41
FORM MATRIX UC(IyRIKOM(KNyK)

D0 509 K=lsN

509

519

1961

820

g22

3001

OM = SAK»K)

0o %09 I=1y N
SACIYK) = OMXC(IyK)

READ UXXT
REANCA142) ((C(Isy )y J=19sN)»I=1ysN)
FORM W = UCIsK)KOM(KyK)XUXXT
CALL MMULT(SAyCyNsNDIM)
SAVE W |

RACKSFACE 41
URITE(4]#Q)((SA(I;J);J=1,N)71=1yN)
REWIND :
READ ORIGINAL C AND FORM CXW
READCALELY CCC(TIy D) s Jd=1sN)»I=1yN)
CAL.L. MMULT((yoAvNyNDIM)

FORM WXCXW = SA

CALL MMULT(SAyCoyNsNOIM)

CALL HIOTAG(SAsNyIXsCrNRyNDIM)

WRITE (36+,1961)

TYFE 1961 - -
WRITE (36+820)((Ls SACIyI))eI=1sN )
TYFE 820y (IsSA(IsI)sI=1sN)

0o 1 I 19N

AS(I)=GA(TI)

IFCIX.NE.OYRETURN

REWIND 42

WRITECA2Y((SACIy D) s J=1sN)»I=1sN)
READCA1E2) ((SACTI s )) s J=1sN) 9 I= 11N)
FORM WXC

CALL MMULT(SAsCsNyNDIM)

DO 519 I=1s N

no 519 J=1s N

C(Isy) = SACIsd)

REWIND 42 . ;
READC(A2) ((SACT s ) v J=1yN) 2 I=19N)
FORMAT (1HO»S5X » 25H ENERGY LEVELS (EV)
FORMATC 1HOy S1Xs2HE(I3»3H) =F12.
FORMAT(1HO» 50Xy 12HALL IS WELL //)
WRITE (36y3001)

FORMAT (1HO» 60X s 15HWAVE FUNLTlONc
CALL FEGLEG(CyNyNDIM)

THE WAVE FUNCTIONS ARE FRINTED QUT IN A MATRIX
OF WHICH. ARE THE EIGENVECTORS RELONGING

THE NUMEER. OF THE COLUMN.
RETURN
END

TO

THE

204

)

THE COLUMNS

EIGENVALUE

WITH
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SUBROUTINE: MMULTC(AsEyNyNDIIM)
DIMENSTION ACNDIMyNDIM)y R(NDIMsNDIM)» X(150)
¢ ROUTINE FORMS THE MATRIX FRODUCT A = AXE
I=NDIM ‘ .
DO 1 I=1s N
Do 2 J=1 N
X(\J) =0 .
DO 2 K=1sN -
2 OX(J) = XCHHACIsKIXE(Ky J)
Do 1 L=1ys N
1 ACIsL) = X(L)
RETURN
END
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