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THE CALCULATION OF ATOMIC CHARGES IN MOLECULES
BY AN ELECTRONEGATIVITY EQUALIZATION PROCEDURE:
A DESCRIPTION OF PROGRAM CHELEQ

Abétract
Program CHELEQ is a Fortran IV computer program which calculates
étomic charges in molecules containing up to 60 atoms by an electro-
negativity equaiization procedure. In addition, the calculated charges
may be correléted'with experimentally determined ESCA core binding
enefgies'using the electrostatic potential equation, EB = kQ { V+24,
or using avrelaxation corrected potential equation, EB =kQ+V+2 +.ER.

The program determines the parameters k and £ by linear least squares

analysis.

Introduction
Program CHELEQ is a FortranlIV computer prograﬁ which requires-
approximately 64,400 (octal) core memory to load and 55,000 (octai) core
to execute uéing the RUN76 Fortran compiler for the CDC 7600 computer
at the Lawrence Berkeley Laboratory.* The program, as dimensioned in
this write-up, can calculate charges on molecules containing ﬁp to
60 atoms, and.each atbm may be bonded to up‘to 6 otﬁer atoms, A further

restriction is that the total number of bonds (a multiple bond equals

~only one bond) may not exceed 60.

The electronegativity equalization procedurel used by program

CHELEQ to calculate atomic charges in molecules is based upon a

%

The amount of required core memory can be significantly reduced if.the

dimensions of certain arrays are reduced. This possibility is discussed

in Appendix A.



definition of electronegativity by Iczkowski and Ma_rgrave.2 To calcu-
late the atomic charges in a molecule using this method; the molecule
is first represented by a valence bond structure; which may be the
average of several resonance structures. Ch#rge—dependent, orbital
eletronegativities are then defined for each of the hybrid bonding
orbitals represented in the valence bond structure. Charge is then
transferre& through the bonds until the electronegativities of each
pair of mutually bonded orbitals are eéuaiized. More specifically,

.one must solve one equation of the following type for each bond in the

molecule:

- 7.3(hy + hy) :
0.7 %mn * “mzqmi B hanni -
© i#n

(Nom) i#m

Snm

- 7rx(s);l - x(p)n]. (1)
(1 + M)

x(p), - x(p)y +

S

= = 0 7["(s)m - x(P)m] + cphpFp = epbpFp
A+ M) ° ,

The qij are the unknown quantities, and one obtains n equations and n

unknown qij's for a molecule containing n bonds. The charge on an

Q = F, + E'qij | (2)

atom i is given by:



‘The rationale for these formulas and definitions of the quantities

appearing in the formulae appear in references 1 and 3. .In Ref. 1,
results:are presented for molecules containing primérily first row
atoms whereas_Ref. 3 | includes molecules containing heavier atoms.
The program described in this work includes the revisions presented
in Ref. 3 together with value‘for x(s), x(p) and h for the elements
from hydrogen fhrough radon.

The interpretation of ESCA core binding energieé by the electro-~

static potentiél equation4 provides a simple method of evaluating

atomic charges. This equation has the form:

E () = kQ, + V + % | &)
where EB is a core binding energy, k and £ are parameters, QA is tﬁé

charge on atom A, and V is the potential due to the other atoms in the .

molecule and is equal to

e2 ) QB/R.AB .
B;A '

A better description of ESCA chemical shifts should be given by
a modification of this equation which includes the effects of the elec-

tronic rearrangement, or relaxation, which takes placé during photo-

’

emission. This equation3‘has the form:

E (A) = I;QA +V+ 2'+ E (4)

R
Eqs k, and £ are defined as before. In order to calculate the relaxa-

tion energy, E,, two charge calculations must be made: one for the

R’

neutral molecule, and one for the isoelectronic cation which is obtained

by substituting the core of the next heavier atom on the periodic



table (Z+1) for the core of the ionized atom (Z). Using the charges

from these two calculations, the relaxation energy is given by:

S1)/2 + (W, -V /2 )

Ep = kQyy — 0 Z+1
Program CHELEQ includes the option of using the calculated charges to
correlate ESCA binding energies by means of either Eqs. 3 or 4. In

the latter case, the calculation for the isoelectronic cation is auto-

matically carried out by the program.

Program Description

V-The topolog&IOf the valence bond structure, that is, which atoms
are bonded to which othér atoms, bond orders and formal charges, are
read into the program atom by atom together with the atomic numbers of
the atoms. The program then determines the hybridization of each atom
from the topological data and calculates the right-hand side of Eq. 1,
whi;h is the charge independent part of the equation, for each bond.

Then, the system of Eq. 1 is written in matrix form:

AX = B 6)
where A is an n*n matrix ‘of coefficients from the 1eft—hand.sides of
Eq. 1, X is an nX1l matrix of the qij and B is an nX1 matrix of the
.right—hand.sidés of Eq. 1. The values of the q; are detérmined by
the Gaués—Seidel procedure for solving systems of linear equations.

' Atomic charges are then calculated by summing the appropfiate qij for
an atom and adding this sum to the formal charge of the atom.

If an ESCA core binding energy correlation including electronic
relaxation effects is being made, the program increasés the atomic

number of the ionized atom, together with its formal charge, by one



unit, and the calculation is repeated fqr the isoelectronic cation. It
is possible to specify a different topology for the isoelectronic cation
than for the neutral molecule. The Q or Q* and V or V# terms are
stored and/orldalcdlated and then stored for eaﬁh molecule in the data
set which is being correlated; After all the charge calculations have
been made, the program fits the data to the,electrostatic potential
equation by determining the paraﬁeteré.k and £ through least squares
analysis. ‘Af;er printing the experimental and calculated binding ener-
gles, their‘difference, and the relaxation energy (if Eq. 4 was used
for the correlation); the standard deviation and iwo porrelation coef-
ficients are calculated. Finally, a rough plot of the correlation is

printed.

A simplified flow chart of the program is presented in Fig. 1.
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Data Input for Program

The first operation in supplying input data to the program is to

numerically order the atoms in the molecules., For example:

These numbers will be used by the program as indices, and will specify

. which atoms are bonded to which other atoms.

Card 1: Daté.Set Card

colums 6—10'(right justified): The number of molecules in the
data set (ﬁC)

columns  16-20: punch NOFIT in these columms if_just atomic charges
are desired; i.e., no binding enefgy correlation. .Leavé these columns
blank for a ground state correlation (equation 3). Punch RELAX into
these columns fér a correlation including relaxation effects (equation
4). (FIf). o

colums 21-80: The title of the data set. Any combination of

~ alphameric characters may be used (LABLE)

*Restriction* NC< 75

Format (5, IS, 5X, A5, 6A10)
Card 2: Title card for the (first) molecule

columns 1-80: Name, etc. of the first molecule. Any combination
of alphameric characters may be used (CNAME)

FORMAT (10A8)



Card 3: General information about the molecule

colums 6-10 (right justified): the number of atoms in the
molecule (NA)

columns 16-20 (right justified): the index of the (i.e. the
number assignéd.to) the core ionized atom (MESCA). ‘This may be left
blank if no ESCA correlation is desired.

columns 26-35: the core binding energy of the ionized atom in
electron volts (BEX). This also may be left blank if no ESCA correla-
tion is desired.

*Restricﬁion*vNA.< 60

Format (5X, I5, 5X, IS, 5X, F10.0)
Cards 4 --+: Atom déta cards. One card for each atom in the molecule.
The order of these cards is impértant. The first card must contain
the information about the atom which was assigned the index 1, the
second card must be for the atom assigned index 2, etc. |

columns 6-10 (right-justified): The atomic nﬁmber of the atom
repreéented by this card (NZ).

columms 16-20: The formal charge of the atom (C).

\

The next data on the card are for the bonds between the atom represented
by this card and other atoms in the molecule. BNDSTO is tﬁe index
previously assigned to an atom in the molecule, and N is a bond order.

columns 22, 23 (right justified): BNDSTO forvthe 1st bond, that
is, the index of an atom which is bonded to the atom represented by

this card. Any bond may be used for the "first" bond.



colums 25-28: N for the first bond

colums 30,31 (right justified): BNDSTO for the 2nd bond (if any).

‘columns 33-36: N for the second bond (if any).

columns 38,39 (right justified): BNDSTO -«--

columns 41-44: N ---

columnsb46;47 (right justified): BNDSTOQ «--

columns 49-52: N -«

colums 54,55 (right justified): BNDSTO ---

colums 57-60: N ---

colums 62,63: (right justified): BNDSTO «-- v.

colums 65-68: N ---

columns 70-80: The distance from the atom represented by this
card to the ESCA ionized atom, in Angstroms. (If this card represents
the ionized atom, R = 0.0). This datum may be omittéd if no ESCA
correlation is desired.(R). |

*Restrictions* NZ < 86; an atom may be bonded to no more than

6 other atoms.

* * . -
Default Value I1f, for any bond, the field for N is left blank,
the program will assume N = 1 (a single bond).

Format (5X, I5, 5%, F5.0, 6(1X, I2, 1X, F4.0), 1X, F11.0)

Calculations made for the isoelectronic cations used in relaxation
correlations sometimes have different bond orders than do the neutral
molecules. For example, the: ground state of a carboxylic acid- can be: -

Yepresented by the structuré:
0

4457

R—C

“on
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The isoelectronic cation for a carbonyl core-ionized oxygen could,

however, be represented as an intermediate between the two structures:

¢—> R—C

To use different bond orders and formal charges in the calculation for
the isoelectronic cation than were used for the neutral molecule, the
following procedure is followed. Punch a 1 in column 1 of each atom
data card where there will be a change in the bond orders or the formal
charge. Immediately following such an atom data card is another card
with C, BNDSTO, and N information punched in columns 16-68 using the
same format as the atom data card. When this procedure is used for
the card representing the ionized atom, the formal charge on that atom, -
for the isoelectronic cation, is the charged pun;hed onto the second
card, not,fc + 1, as is the case for "normal"” molecules. Cards which
represent atoms with the same bond orders and formal charges in both
the ion and the neutral molecule, for example the atoms in the R group
of the carboxylic acid, need not be altered.

Format (15X, F5.0, 6(1X, 12, 1X, F4.0))
Card 5: The title card for the second molecule in the data set. The
second and subsequent molecules are treated exactly the same as the‘
first molecule;

Sample input da?a for three molecules is given below. Carbon
monoxide, a molecule which has multiple bonding and non-zero formal

charges, is represented by the structure



CUdu 042006894
=11~

3.0

where the atom indices are written as subscripts, the bond order is
written above the bond and the formal chargesiafe written above the
appropriate atoms. Formic acid has different structure representing
the neutrallmolecﬁle and the isoelectronic cation for the carbonyl

oxygen. The structure for the neutral molecule is:

o
20 |
1.0
O3 ———————H

The structure for the carbonyl oxygen isoelectronic cation is:

1.0
B, ——————C
' 4

A

+.

6
F
1/

B A ¥

N

S
1.0

4 +.4
04 H

4

Finally the structure for SiFa is simply:

Fy

F
Si
LN
. % F

3
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SAMFLE UATA FUF PROGR2AM CHELEQ

CARBOUN HONOXINE C 1S B8ILDING ENERGY
2

1 29¢ .92
3 -1.0 2 3.0
8 1.0 L 3.6
FORMIC ACID 0 1S« CARBOMNYL BIKDING EMZIRGY
5 2 538.79
£ 0.0 2 2.9 3 ieJ S 1.0
0.0 .2 1.6 32 l.4 5 1.0
8 0.0 1 2.2
0.0 1 1.0
3 G.D 1 1.2 4 1.0
C.4 l 1.4 4 1.0
1 0.0 3 1.0
1 0.0 1 1.0
SILICON TETRAFLUZSKIDC SI 22 3/2 BINDIKG ENERGY
: 5 5 111.79 :
9 5
9 5
9 5
9 5
i4 1 2 3 4

1.54
1.54
1.54
1.54
0.0
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APPERDIX A

Reducing the Core Memory Required by Program CHELEQ

As listed in this write—ﬁp; progfam CHELEQ can handle molecules
containing up to 60 atoms. This limit may bé larger than is necessary
for many users. 1f fhis dimension is reduced, considerable savings of
core memory will resulf. The following arrays, may be redimensioned
from 60 to some other number, n.

CON (60,60) - CON(n,n)2*P

LAE (60,60) > LAB(n,n)é

$(60,60) * S(n,n)2*®

' BNDSTO (60,12) - BNDSTO(n,12)2*?

N(60,12) > N(n,12)**P

B(60) - B(n)®

€(60) »> C(n)?:®

C1(60) > cl(n)?

NZ(60) ~ Nz(n)2*P

RAD (60) > RAD (n)®

$Q(60) > 5Q(n)”

X(60) > X(n)€

COMMON/ARRAYS/V(60,61) * V(n,u+1)*P

comaoN/ARRAYs/A(so,ﬁl) > A(n,n+1) ¢

The array PLOT{60,60) in subroutine ESCAL should not be redimensioned.

appears in the main program

appears in subroutine CONST

appea;s'ih subroutine LINEQ

[T e B - R )

appears in subroutine ESCAL
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TN EXPLRIMENTAL RITMNLTHG

PROGRAM CHELED (INPUT,DUTPUT,TAPE5=INPUT'TAP56=OUTPUT)

PRAGRAM CHELEQ CALCULATES NET ATOMIC CHARGES USING AN ORBITAL
ELECTRONEGATIVITY EQUALIZATION METHOD DEVELOPED BY W.l.JoLLY

PROGRAM IS PARAMETERIZED FOR THE FLEMENTS H THROUGH RN
MAXTMUM NUMBER CF ATOMS IS 60, MAXIMUM NUMBER 0OF (SIGMA) BONDS IS 60

THI> VERSICN CONTAYNS A LEAST SQUAOES FIT NF THE CHARGE DISTRIBUTIONS
> EN FRFIE> USING THE £SCA- PPTENTIAL MODEL

ER=K*®Q+V4+| v » ) _ _

T CBTAIN A FIT OF BINDING FNERGY AGAINST CHARGE (I.E. TO IGNORE

THE POTENTIAL TERM) (OMTIT THE BOND DISTANCES ON THE DATA CARDS

MAX T MUIN NUMBER OF COMPHUNNDS IN BINDING FNCPGY CORRELATION IS 75

[MOT

CARD 1 NUMBER NF CIMPOUNDS IN THE RUN
FNOR A PELAXATION CORRECTED FIT NF CHAQGES T0 BINDING
FNERGI S, PUNCH RELAX IN COLUMNS 16-20,
IF N FIT NF CHARGES TN BINDING ENERGIES IS WANTED,
PUNCH  NOFTT TN CNOLUMNS 16-20, GENERAL ALPHAMERIC
IVFN“MATIGM ABNJT THE DATA SET MAY BE PUNCHED IN
COLUMNS 21-80.
FORMAT (5Xy1595XeA5,6A410)

CARD 2 NAME, #TC. FORMAT {10A3)

CARD 3 MUMBER 0OF ATOMS IN COMPOUND,NUMBER OF THE TONIZED ATOM,

EXPEL IMENTAL ARINDING ENERGY FORMAT (5X,15,5X,15,5X,F10.0)
IF MO FIT 1S WANTED, BINDING ENERGIES AND IDNIZED ATOM
NUMRBER MAY BE OMITTED ' ’ _
CARDS 440ua (ONE PER ATIM)  ATOMIC NUMBER, FORMAL CHARGE, (NEXT
INFO LISTEN PAIRWISE FDR EACH 80OND) NUMBER OF .
ATOM RONNDED TN, BOND ORDER OF THAT B8OND (UP TO STX
BGNDS PER ATOM), DISTANCFE - TO IONIZEND ATOM (ANGSTROMS)
FORMAT(T194XeI5+5X4F5.006(1Xe1291X9F4e0)y1Xs,F11.0)
CHRNDTE %% - '
TO USF DIFFERENT BONDORNERS IN THE ISOELECTRONIC CATION (IN
PELAXATION CORRECTED B FITS), SFT PROGRAM WRITEUP (LBRL REPORT).

ADNTITIANAL COMPNUNDS PUNCHED TN SAME MANNER
PROGKAMMED BY W,R,PEPRY AT U.C.R

DIMENSION CNAME(L10,75) 4NZ(60) 8NDSTO(A0,12)+N(60,12),LAB(60,60)
DIMENSION CHN(60460),C(601,SN601,MOR(ED),CLI60)
NIMENSINN LABLELAY, BEX{T75),PADIED Y, VALTS) ,QESCA(TS)
DIMENSICN S{€9,69)

RE AL N

INTFGER BNDSTO

COMMON/COEFET/B(100),CX,y A

COMMONZARKRAYS/VIAHD,61)

COMMNON/ZERELAX/DO(TS),DVI( TS

PaTh AFIT/SHNOFETT/

TATA RTLAX/SHROLAX/

2CAD (5,5) NNCMPD, FIT, LABLE

WRITE (6,6) LABLF

NA 400 NC=1,MNCMPD

D115 1=1460
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AN 1S J=1,12 '
ANDSTO(I,41=0

NITed1 =049

READ (5,10) (CHAME(TI,NCY, I=1,10)

READ (5,20) NA. MESCA, 3EXINC)

Nr 40 T=1,MA S

READ (5,300 MOR(IN,NZUT),COT o LUBNDSTO(T 2V N(I4J))yJ=1,6),RAD(T)
TE (MO {T)el LE0, 2) 31, 34 _

READ (5432) CLUT)y ((RANDSTACII)y NI, JV)J=T412)

CONTINIUE

N335 J=1,12

TF (N{T,J)+1.0 <ED. 1490 N(I,J)=1.0

CONTINYFE

NC 400 NT=1,2

1F (NT ,FQ. 2 JAND., FIT .NE. RELAX) GO T0O 400

16 (NT .50. 2) MZ(MZSCA)I=MZ{MESCA)+1

TE (NT .£0. 2) C(MESCAN=C(MESCAI+1.0

44
46
48

55

o

IF (NT 0N 2) 42,438

N0 46 T=1,NA

TF (0 {1rel .50, 1 GO T 45
C(11=C1(1) -

Y 44 J=1,6 ,
AMDSTOUT  J)=BNDSTO T, .0+4)
N{Ty3)=N(T,045)

CONTINUE

CONT INUE

CONTINUE ) .
CALL CONSTINAGBNDSTIZNZ ZCoMCON,ySI
MB=3D

NN 50 T=1,4NA

NN 50 J=1,5

K = RNDSTA(TI,J})

IF (K¢l JFQ. 1)} GO TO 50

N = NR+1
CUMT INUE
NR = NR/2

NB1 = NB#1

NN 55 1=1,60
Na 55 J=1461
V(I,J1=0.0
L=0
DO 60 I=14NA

NG 60 J=1,6

K = BNDSTO(T,4)

TF (K+1 .EQ. 1) GO TN 60
IF (I GTe K} GO TO %0
1= L+l :

LAP(T )
VIl 4NBRL)
COoNT ITIE
L=0

N 230 I=1,MA

NZT = NZ(T)

N 200 J=1,6

K = BNDSTO(I,4J)

IF (K#1 .€Q. 1) GO TN 200

L
CON{T ,K)

W
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20

30

100

110

120

130

204
29246

210

IF (1 +GT. X) GO TO 200

MIK = NZ(K)

L= L+l

NN 110 Ju=1,¢6

CA=1.0

KK = BNOSTO{1,JJ)

TF (KK#1 €04 1) GO TN 110

TE (] 6T, KK)Y 70, 90

NN B0 LA=1,NR , N

1F (KK oFQe K CA = CKZIN{TyJ¥%EA) _
IF (LAB(KK,T) .EQe LA) VIL,LA) = V(L,LAI+BINZI)*CA
CONTINUE :

60 TN 119

NC100 LA=1,0M8

TF (KK JEQ. K) CA = CK/IN{TJI%®A)

TF (LAB(T KK ) oE0e LAY VILLA) = V(LsLA)I=-BINZI)I*CA
CONTINUF =

CONTITNUE

ND 160 JJ=1,6

CA=1,0

KK = BNDSTO(K,JJ) _

1F (KK#l JFO. 1) GO TO 150

[F (K GT. KK) 129, 149

N 130 LA=1,NB

IF (KK .EQe 1) CA = CK/(N(I,J)%%A) .
ITF (LABIKK,K) oFQ. LAY VILyLA) = VIL,LA)-8(NZK)*CA
CONTINUE :
50 TN 160

NN 150 1 A=1,N8

TF (KK «FQ. I) CA = CK/Z(N(I,J)%%p)

1F (LAB(K,¥K) Qe LA) VIL,LA) = VILyLAIBINZKI®CA
CONTINUE

CONTINUE

CONTINYE :

IF (NR .FQ. 1) 202, 204

NZT = NZ(1) '

MK = NZ[2)

VL, NBLY = =CONCL92)/C(BINZI)+B(NZK)I¥CK/(N(L,10%%A))

G0 TN 206 ,

CALL LINEQ (NB)

CONT UNHE

DO 215 T=1,NA

SQUEIY = CL1)

WRITE (6425001 (CNAME{I,NC), 1=1,10)

NN 24D L=1,NB

DO 230 1=1,yNA

NG 230 J=1,6

K = BNDSTO(I,4J)

[F K+l LEQ, 1) 62 TO 230

TE (] .G6T. K) GO TG 230

1F (LAR(T,K) JEQ. L) 210y 230

ARTITE (642200 Ty Ky VILGNBLY, 1y Ky SUT,K), Ky Ty SUK,T)
SQEI) = SQEI)+V(L4NBL) ' '
SNIKY = SOIKI=-VLN3LDY

6N TN 240 '

CONTINUE
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240 CONTINUE
TOTCHG=0,0
- VAINC)=0.0 O U
DO 270 I=1,NA - .
TOTCHG = TOTCHG+SQ(I)
IF (RAD(T)+1.0 «£Q. 1.0) 246, 243
243 VA(NC) = VAU(NC) + 14.4%SQ(1)/RAD(I) o o -
245 CONTINUFE ' -
[F (1 +EQ. MESCA) Qesggjggnﬁ
WRITE (64,2600 1, SQU1), NZUI
1 2AN(T)
270 CONTINUS
WRITE (6,280) TOTCHG
[F (NT .EQ. 1) SAVE1=QESCA(NC)
TF (NT .2Q. 1) SAVEZ VA(NC)
IF (NT .80Q. 2) QESCAINC)=0, 5*(os<rA(Nc’+SAVF1)-o 5
no(Nc:=o;o
DVINC)I=0.,D
IF (NT .EQ. 2) DQ(NCI=QESCA(NC)-SAVELl
TF (NT .EQ. 2) VAINCI=0.5%({VAINC)+SAVE2)
TE (NT .5Q. 2) DVINC)=VAINC)-SAVE2
400 CONTINUE /
IF (FIT .EQ. AFIT) 60 7O 500
CALL ESCAL(NOCMPD, B=x.CNAME.QESCA.VAt

AL e
C(T)y (BNDSTO(T,J)yNITsd)yJ=146),

S N e o et e . O

FORMAT STATEMENTS

1 FORMAT (1H1)
5 FORMAT (5Xs15,5X,A5,6A10)
& FORMAT (// 20X,6A10 //)
10 FORMAT (10A8)
20 FORMAT (S5X,15, sx 1545X3F10.095X)
30 FORMAT (11,4X,15,5XyF5.0,6(1%Xy12,1X4F4.0),1XF11. -0)
32  FNRMAT (15X,F5. o,s(lx.rz,lx F4.00)
220 FORMAT [20X+2HQ( 4 1341H,y913,4H) = 'FB 5010Xy2HS(913’1H"I3,4H, =
l Fﬂ.‘i.‘SX,ZHS(.I3'1H,.I'hlfH) = ’FB 5’
250 FNRMAT (////7 10A8 ///7)
260 FORMAT (/ 10X,14HCHARGE ON ATOMyI3,3H = ,F10.5510XyI15¢5XsFTety :
1 501X, 1241X,F5.3),5X,FTa%) , . -

280 FORMAT (// 25HTOTAL MOLECULAR CHARGE = ,Fi0.5 /7y~~~ 7=
500  STOP o

7ND | S e e . S
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SUBRQUTINE CONST(NA,3NDSTO,NZ,CyNsCONyS)

SUREOUTINE CONST CALCULATES THE CONSTANT TERMS IN THE ELECTRONEGATIVITY
FOUALTZATION EQUATIONS

U W N e

19D

DIMENSION BNDSTO(60, 12)'Nl(60)'9(60,60),XS(100),XP(100)

VSN -

—

N -

DIMENSTON -C(601.MN(69,12),CON{60,60)
COMMON/COEFFT/BL100) 4CKy A

REAL N, NIJ, NMIN L
INTEGER BNDSTD

DATA (XSCI)gI=14109) / 2.2140.042%0.093.259%¢84,6.70,8.98,10.31,

11644907491 e7712.6393.889846215e12960269T7.359047T91.36y1.20,

103291.4591.56910609106%917031075912754106673.18,4.06,3.84,

4 97,)."4 6. 0010 50, 1-2611 11,1 22 1.1311 30'1 3691 42 le 45'1 35,
04211046+92.8893.80944229448145.,0695.0042%0,0,41,08,14%0,041,.23,

1 3391060514469 10529105591e%4y1042410bb9204492e359245843. 06v3 9,

4eT914%0.0 /
DATA XS(2), XS{3), XS(4) / 2.75, 0.84,
DATA XS(55), XS(56) / Oes4y lel5 /

2.15 /

DATA (XS{T),1=58,71) / 1.0641.07,1. 07.1 07,1.0741.0141411,1.10,

141041.10,1.11,1.11,1.06,1.14 / -~
DATA (XP({IV,1=19100) / 4%0.091.269107592065¢3.4993.9004.4090.324

MNeB5691 1011916823 2¢231266392e9513050490e3890.4291.2041.3241.45,
1e5691.6091.6441. 7091 eT591eT591e669102292e0992.4092e560262,
3.0040.5%4,0, 34,1 1141.2291623,1630,1.3641.42¢1.4541.35,1.42,
10469009292.0892e3692.779265292.6042%0.0,1. 08;14*0.0'1 23,1.33,
1.40,51. 46'1 5291e5591e4491.4291.4490,94,41. 2891.44,1 T691.96,

2.4914%0,0 /

NATA XP{3), XP(4), XP[55), XP(56) / 0e47¢0.82,04490425 /

DATA (XP(I),1=58,71) / 1.06,1. 07,1.07,1.07,1.0711.01.1.11,1.10,‘

141091.105141141a1151e0651014 /

DATA (B(11,1=1,100) / 12.8553%0.0484%4911.2,12.1,15.3,17.0,19.0,

4467954309548597037910075992829110199.5042.88,4452,10%5.096432y

6eR098.6891204099.4)910,0044.1804. 24910*5 006 0294 35v8 71'
11e8719415+9e0944.0,440+24%5,0,6.0,5.048.0

DATA B{2),B{(3),B(4) / 15.014.5+64¢3 /

DATA XS(55) 4 XP{55)+B(55) /9e6444T7920.0 /
DATA A, CKy D1, HFAC / 0.70, Te3y 2.7,

D2=D1*1.6/2.7

110.0,9.0,8.0,14%0.0 /

10.0 /-

G 50 1ol mn e s
IF (MZ{I) .GT. 2) GO T2 10

nn 5 J=1,6 ' o
K=RNDSTO(T,4)

IF (K+1 .FQ. 1) nD TO 5
S{I,K)=1,0

TCONTTINUET

60 T 50
CONTINUE

TF (NZ(I) .GT, 100 60 T 25
SS=0.0 ’
SN=0.0

NN 15 yg=1,6
K=BNDSTN(I ,J) .
IF (K+1 LEQ. 1) GO TO s

TE (N({T,J) JLF. 1,00 GO TO 15
$SS=5S+1.0 o
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SN=SM+N(T,J)

FANTINUE

00020 J=1,6
K=pBNPSTA(1,J)

IF (K+l .FQ. 1) GO 7O 20
5IK=4,0+55~-SN _
TE (SIK «6T. AINT(SIK40.05)) SIK=AINT(SIK)
S{14K)=1.0/8TK

CONTTNUE

50 TN 50

CONTINUE

T$=0.0

$5G=N.N

SN=0.0

25=0.0

PN=0.0

NMIN=1,0

N0 30 J=1,6

K=BNDSTO(1,J) }

IF(K+1 .FQ. 1) 6O T3 39

TS=TS+1.0

TE (MIJ .GTe 1.0) SS=55+1.0

IF (NIJ GT. 1.0) S4=SN#NTJ

TF (NIJ +LT. 1.0) PS=PS+1.0

TF (NIJ «LT. 1.0) PN=PN&NTJ

IF (NJJ LY. NMIN) NMIN=NIJ
CONT INUE

NO 45 J=1,6

K=BNDSTO(IyJ)

IF (K#1 .F0D. 1) GO TO 45
NIJ=N(T43) _

[F (PS .FQ. TS JAND. C(I) .GE. 0.5) GO TN 40
SIK=4 ,0+SS=SN+PS—PN

TF {SIK +GTe AINT(SIK#0.05)) SIK=AINT(SIK)
S{T,K)=1.0/S1K :

GO TO 42

CONTINUE

I[F (NTJ LEQ. NMIN) S(I,K)=(NEJ-0.5)/NIJ
1F (TS .EQe 5 <AND. PN ,LE. 3.95) GO TO 41
TE (MNIJ JNE. NMIN) S{I,K)=(NIJ-0.666T)I/NIJ
GO TN 47 -
CONTINUF

IF (NIJ JNEo NMI5) S(I,K)=(NIJ=-N.5)/NTJ
COMTINUE S

[F (S(T,K) LT. 0.0) S(1,K)=0.0

COAMT INUFE

CONTINUE

DO 7D T=1,NA

NZT = NZUID

ref=pl1

IF (NZT .GT. 18) CFI1=DN2

NN 60 J=1,6

K = RADSTOR(T,4)

TF (K+]l EQ. 1) GO TN 50

MZK = NZ(K)
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79

CFK=D1

TF INIK o5Te 12V CFK=D2
NTJ = N(I,4)

TEANTY olTe 101 NIJ=140

CONCT4K) = HFACK(XPINZT)=XP(NZK)+S{T k) /NI JREAX(XSINZY)~
KP(N?!))—S(K,I)/HIl**A*(XS(NZK)—XP(NZK)))*(B(NZID*C(I)*(FI—
RINZKYEC [KIRCFK )

CONTINUF

CONTINIE

RETURN

END

SUBROUTINE L INEQ ()

SUBROUTINE LINEQ SOLVES N SIMULTANEQUS EQUATIONS IN N UNKNOWNS

RY

30
40

50
60

70

80
90
120

THF METHOD NF GAUSS-SEINEL

NIMENSTON B{60), X[50)
COMMON/ AER AYS/A(AO,51)
CATA EPS / DL.O00L /-
YATA MAX /1007

ITER=1

Nl=N+1

nO 1 I=1,N

BIT)=ALI N1}

X{1)=0.0

PIG=0.0

nooTon I‘leN

SUM=0,0

IF (I .EQ. 1) GD TO 40
LAST=1-1

DO 30 J=1,1AST
SUM=SUM*ALTJI5X(J) o
TF (T .FQ. N) GO TD 60
INTTL=T+1

DN 50 J=INITL,N
SUM=SUM+A (T, J)%X(J)
TEMP=(RB(11=-SUM)/ALT, 1)
IF (ABS(TEMP-X(1)) .GT. BIG) BIG=ABS(TEMP-X(T1})
X(T)=TEMP :

IF (ITER LGF. MAX) G0 T(O 80

ITER=ITFR+1

IF (BIG OF. EPS) GN TO 10

GO TN an

CALL FATL

NO 109 I=1,N

ALT,NIY=X(T)

RETURN

FND

SUPRQUTINE FATL

WRITE (6,1) : -
FORMAY (// 10X,38HGAUSS- SF!DEL SOLUT[ON DID NOT CONVERGE //)
RETURN

=MD
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SURRCUTINE
RY &

50

55

SURRNMUYT IN=

NIMENSTON

FSCAL

FLOT (AN,
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FSCAL DETERAMINFS THE
LFAST SQUARES 1T TN THE DATA, AND PLOTS THE CORRELATION)

COMMON/ARRAYS/ALH0,61)
COMMON/FRELEX/DOLTSYDVITS)
EQUIVALENCE

NATA

XYPRN

StiMx
SUMY
XSQ =

D

ﬂ.O

0.0
N 10 M=1,N0

(ALL),PLOTLL))

SUMX + QE(M)
SUMY + (BEX{M)=-VIM))
XSO + (QFE{M))*%2

YSQ = YSOQ +
= XYPRJID + QF(M)*(BEX(
COMTINUE
= (N(*XYPQQD SUMX*SUMY'/(NC*XSQ'SUMX**Z’

(XSQ*SUMY-SUAXEXYPRON I/ (NCHXSQ~SUMX**2)

XYPRA

SLAOPE

CEPT

WRITE

CARITF

WRYTE
WRITFE
WRITE
NEVSH
nn 50
WRITE
WPITE

D

{641)
(£,20)
(6£4+30)
{(£420D)
(644010
= Ooo

M=1,NC

(6,60)
(6,70)

{BEX(M)=V(M))%x%2

SLOPE, CEPT

(CN{TI4M)y1=1,10)
DE(M), VIMY

BE(M)=SLOPEXQE(MI+VIM)I+CEPT
FR=SLOPERDQIM)+NV{M)

BF (M, BEX(M), ER
NEV=BE(M)-BF X(M)

WRITFE

WRITE

{5,80)

(6,90)

DEV

NEVSQO=DEVSO#DEY®XD
COMTINUE
STRNEV=SQRTIDEVSQ/(NC-1))

CCOHEFT
SUMY%%2) )
SUMX = 0.0
SUMY = 0,0
XSN = 0.0
YSO = N0
XYPROD = 040
A 58 Mz=1,N(
SUMX = SUMY
SUMY = SUMY
XSO = ¥YSO +
YSQ = YSQ +
XYPROD
CONTINUF

CCNEF

F

+ RE(MY

+ REX(M])
{BE(MY)) x%2
(BF X{M) ) *%2

(NCsBEX,CNyQE, V)

POTENTIAL MODEL PARAMETERS K AND L

6)),CN(10,75),8E(75D,BEX(75);Q:(75ivV(75)

NOT 909Xy YeBLANK ./ 1H. y LHO y 1HX, 1IHY, 1H /

M)-V(M))

= (NCHEXYPROD=SUMXESUMY) /SCRTIINCEXSQ-SUMX¥%2) % (NC*YSQ-

= XYPPND + BE(M)*BEX(M)

= (NC*XYPRDD—SUMX*SUMY)/SQRT((NC*XSQ-SUMX**ZD*(NC*YSQ‘
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129

[os
w
2

140

CREMAYX =

OC0wo4gz2yg 5.9 ¢

1 SUMY%%2))

HRITE
WRITE
WRITE
WRITE
WRYTF

(6,120)
(6,110
(641159
(69116
{64100
WRITE (6440)
ano120 M=1,60
DO 120 N=1,40
PLNTIMGNY = bl ANK
TONT INUE

DO 130 M=1+60

MM = &]1-M
PLOT(MM M) = i)
PLOT(1,M) = NNT
DI GT{M,1) = COT
PLOATIGD M) = DROT
PILOT(M,60) = DOT
CONTINIIE
AFMIN =

STDDEV
CCOFFT
CCNEFE

BE(1)
5EL1)
DO 140 M=1,NC
IF (BE(M) .LF.
IF (BE(M) .GE.
IF (BEX(M) LLE,
IF (8FX(M) .GE,
CONTINUE

FACTR =
NO 159

REMIN)
REMAX)
BEMIN
BEMAX

M-‘-].'NC

-23- J
BEMIN = BE(M)
BEMAX = BE (M)

) BEMIN = REX(M)
) REMAX = BEX(M)

(56,00 /{BEMAX — BEMIN)

IX=TFIX{FACTR*(BE(M}-BEMIN)) +3
1Y=58~-1FIX{FACTRA{BEX(M)-BEMIN)})

SyM=X
TF (PLOTUIX,1Y)
PLOT(IX,1Y)=SYM
CONTINUE

WRITE (64,1)
WRITE (641600
WRITE (6,170) PLNT
WRITE (6,180

WRITE (6,1990)

WRITF (6,200)

WRITF (64210)
REMIN=ZBEMIN-2.0/FACTR
BEMAX=REMAX+2.0/FACTR
WRITFE (64220) BEMIN,
WRITE (6,230) BEMAX,

oW

FARMAT STATEMEMTS

1
2N

REY)

40
60

" FORMAT
:(-!R‘A4AT (SX'SB}-‘.......‘...C'....‘..‘Q..Q‘..‘........‘.......'....'

1‘..0". /’ .
FORMAT(5X,2He » LBHAINDING ENERGY = (, FL0.5,

(1H41)

I FI10.5, TH) EV W)
FNeMAT (24 //77)
FORMAT (SX,10A8/7)

X «0R,

3EMIN
BEMAX

PLOT(IX, 1Y)

«5Qe Y) SYM=Y

11H)*Q + VvV + (,
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73 FORMAT (S5Xe4iH0 = 5 F10e59 1SH  POTENTIAL = , FlO0e5y 3H EV/)
80 COOMAT (5Xy10HTR CALC = 4F10.5¢3H EV,5X,9HER EXP = 4F10.593H EV,
1 SX OHERELAY = ,F10.5,3H4 EV /)
90 ENRMAT (10X, 12HNEVIATION = 4, S12.5, 3H EV//)
1(‘[) ﬁ(‘le\T (‘Sx %RH."I...‘..Q‘.-........................ /’
110 FDEMAT (5X,23H. STANDARD DEVIATION = ,F10.5, 5H EV )
115 FNPMAT (5X,28H, COPRELATION COEFFICIENT +FBeS92H 95X, 13HEB-V V
1S KA+L)
116  T"ORMAT (5X,28H. CORRZLATION COEFFICIENT = 4FB8e592H «95Xy13HEB VS,
1 KQ+V+L )Y
160 FORMAT (10X,62HLEAST SQUAPES PLOT NF QORSERVED VS. CALCULATED BIND
114G ENFRGIES ) ‘
170 FNRMAT (A)JA2)
180 FENRMAT (// 10X¥,6HLEGEND //)
190 FORMAT (5X, 39HX-AXIS IS THE CALCULATED BINDING ENERGY /s
200  FORMAT (5X, 37HY-AXIS IS THE OBSERVED BINNDING ENERGY/Z)
217 CSOPMAT (5X, 105HAN X INDICATFS OME NDATA POINT ASSIGMED THAT POSIT
1ION. A Y INDICATES T40 (OR MORE) PCQINTS AT THE POSITION.//)
220 EDRMAT (S5Xy15H NDRIGIN IS AT (, F10.5, LHs, F10.5, 4H) EV /)
230 FORMAT (S5X,21H {XMAX, YMAX) IS AT [, F10.5y 1H,, F1l0 .5, 4H) EV
1 /77777) '
RFTURN
END
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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