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This work has been prepared to provide researchers
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b Laboratory with the computer programs necessary to analyze
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tunity provided by this thesis and hope the results are
helpful to those who follow me,
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foremost, I thank my wife Vivian and children for their support

in this endeavor.
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Abstract

This thesis presents the tools necessary to transform
spectral data from diatomic molecules into potential energy
curves which are most consistent with the experimental data
and the quantum mechanical model (i.e., the Schroedinger wave
equation (SWE)) for a diatomic molecule. The first of these
tools, a computer program called DUNCON, generates spectro-
scopic constants by performing least-squares fits to spectro-
scopic data. The program performs fits to separate groups
of data and then merges the results in a manner based upon
the relative errors and correlations of the separate data )
sets. The second tool is a computer program provided by
C. R. Vidal which contains two major routines. The first
routine generates potential energy curves using the Rydberg-
Klein-Rees (RKR) method. The second routine through an
inverted perturbation analysis (IPA) adjusts the RKR curve so
it is consistent with the SWE model., Finally, techniques
are presented for extending potential energy curves to the
dissociation energy, De , when the spectroscopic data alone
is inadequate for the purpose.F<

Use of the programs is demonstrated for the diatomic

molecule lead-oxide. Constants are produced for the A, B,

D, a, b, and X states from previously published experimental




data. A new set of assignments is made for the b state
experimental data producing constants with significantly

improved accuracy over those reported in literature. The

b state constants are:

T, = 16325.1:11.2 cm !
W, =  430.99:2.47 cm!
.o _ _ -1
; wexe = 0.75710.441 cm
These are one standard error limits. Potenpial energy curves

! are generated for the a, A, and X states of lead-oxide. The
} . X state potential energy curve is extended to its dissociation

' i energy.
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NUMERICAL METHODS FOR THE PREPARATION
OF POTENTIAL ENERGY CURVES OF

DIATOMIC MOLECULES

I Introduction

The construction of accurate potential energy curves
is essential to the understanding of data gathered in pur-
suits ranging from the study of gas kinetic¢s to the study of
stellar structures. Potential energy curves are used to
calculate Franck~Condon factors which can be used to predict
the probabilities of an electronic transition. Discussed in
this paper are Dunham coefficients with the corresponding
model used to represent experimental data. A computer program
called DUNCON is developed for generating a minimum-variance
linear unbiased (MVLU) fit to independent sets of spectro-
sr~oic data. This program has a provision for merging these
fits, as appropriate, to obtain weighted, correlated estimates
of constants for data sets which exhibit different accuracies
or are correlated. The Rydberg-Klein-Rees (RKR)method of
generating potential energy versus internuclear separation
curves is presented. A computer program which performs RKR
calculations and then uses an inverted perturbation approach

(IPA) (Ref 23) to improve the accuracy of the RKR curve is

|
|




discussed in detail. The RKR-IPA program was developed by

C. R. Vidal and H. Scheingraber (Ref 41). Utility of the
programs is demonstrated using data reported for the diatomic
molecule lead oxide (Pb0).

The accuracy of any potential energy curve depends
upon the analytic model used to represent experimental data
and the manner in which the constants in the model are
generated. The Dunham model was chosen to represent the data
because of the large number of terms that can be incorporated.

The RKR method is a semi-classical WKB method which
has been shown to agree quite well with quantum mechanical
calculations for simple molecules (Ref 34). Because of its
accuracy, it has been chosen by several researchers to ascer-
tain the accuracy of other methods such as the Morse formula
for generating potential curves (Refs 47 and 32).

A recent improvement on the RKR methnd, though still an
approximate method, is the IPA approach which starts with an
RKR curve and adjusts it to obtain an approximate but more
accurate solution to the Shroedinger equation.

Methods developed by Leroy, by Tellinghuisen, and by
Vidal and his coworkers are discussed. These methods can be
used to extend potential energy curves when the available
experimental data does not cover the entire range of the

potential curve,
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II Literature Background and Theory

Modeling Spectroscopic Data for
Diatomic Molecules

Spectroscopic data resulting from the emission of
energy by a diatomic molecule during a transition from an
excited electronic state to a lower state may be represented

as follows:
v (v7,3%,v",J") = T°(v”,J°) - T"(v",J") (1)

where v 1is the observed line frequency in wave numbers, and i
the term values for the upper and lower electronic states,
‘ T” and T" respectively, are represented by the Dunham type 1
expression:
T(v,3) = A (v + 1/t 33 (3 + 13 (2)
1]
(Ref 48:1866).

Although Eq (2) has the same form as that associated

with the Dunham coefficients, Yij , (Ref 18), i.e.,
T(v,J) = I ¥ (v + /)t 32 @+ 1)? (3)
ij

researchers M. M, Hessel and C. R. Vidal make the distinction

that their Aij values are not necessarily identical to

Dunham's Yij's (Ref 22:4443).
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Dunham arrived at the expression in Eq (2) by using
the Wentzel-Brillouin-Kramer method (WKB) (Refs 51; 9 and 29)

to solve the Schroedinger equation for the rotating diatomic

vibrator for the energy levels within one electronic state:

[
L azy . 8r2urd [E - V(§) - h? J(J+1) y= 0 (4)
, ac? h? Bnrl (14E)2
! where:
£ =(r-rx,))/r,
‘ r, = the equilibrium nuclear separation
= the reduced mass 1
V = potential of the function, with a minimum at To
. Vr = the last term which is due to the centrifugal
‘ force of rotation.
:, He expressed the potential energy by expanding V about
E=0 .
]
i V = hcaof?(l + a; £ + a, £2 + a; £% + ...) (5)

where a, we2/4Be : W is the classical frequency of small

e
: oscillations expressed in cm-1 and B, = h/(anzure c)

(Ref 18:732). Finally, he obtained expressions for the Yij‘s

in terms of the a,'s in Eq (5).

Hessel and Vidal distinguish their constants, Aij .

from the Dunham constants, Yij , by pointing out that the

latter are theoretically derived, while the Aij's are the

results of a least-squares fit. Inherent in the least-squares
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fitting procedure is the fact that the Aij coefficients
absorb the effects of inaccuracies in the data, and are somewhat
dependent upon the values of their neighboring constants and
upon any missing constants (Ref 22:4447). For these reasons,
the Aij's are only estimates of the theoretical Yij
derived by Dunham.

Some further discussion of the Aij and Yij con-
stants is appropriate, First, a listing of the correspondence

of Dunham's constants and the classical spectroscopic constants

is desirable. They are given in Table I-~1l.

TABLE I-1

Correspondence Between Dunham Coefficients and
Classical Spectroscopic Constants

Ygo Yo, '\’Be Yoo '\-'DeYo3 v FYoy VH
a -

Yio Wo Y11 veag Yi2 v By

Yao VWX Yo Te

*Yoo 1is defined as:
Yoo = 1/4 Yoo + 1/4 Yo; ((Y11Y10/(6 ¥Y31)) = 1)2  (6)

This is the expression normally reported in the literature
based upon the work of Dunham (Ref 18), although the expression

for Yoo 1is not explicity stated in Dunham's work. Sandeman

R
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(Ref 40) and Jarmain (Ref 25) expand on Dunham's work. Using
this material, the expression given in Eq (6) can be verified.
In addition to this derivation, the expression for Y,, was
found in the following works: (Refs 49; 28:325; 35:117;

and 41:4450). The expression for Y,, was found to be in
error in two publications. First, Herzberg's Y,, is larger
than that in Eq (6) by +3/4 Y,, (Ref 21:109). Second, in
McKeever's work, due to a typographical error, "+1/4 Y,,"

was omitted (Ref 3:47). The works of Sandeman and Jarmain
compliment Dunham's work, making easier the understanding of
Dunham's work.

Returning to Eq (1), it should be noted that when a
least-squares fit is performed using Eq (2), the bottom of the
potential enerqgy curve of the lower state is typically assigned
a value of "0." This is done by omitting the A%J, term from
the fit. When A7, is found from the least-squares fit, it
is not equivalent to Dunham's Y3, for the upper state. For
this reason, Vidal assigns an asterisk to Ag§, and calls it
A:o . This term is made up of three components as shown

(Ref 44):

Ao = Afo + Te - Af, (7

Ajo and Aj, are estimated from Eq (6). These A;, and
A3, are then the best estimates of Dunham's Y;, and Y3, .

Eq (7) can be solved for Te” , the electronic term energy of

the upper state:




* -
Te = Ago - Ago + Al (8)

In applying Dunham's expression, one should be aware
of its inadequacies. Expressions such as the Morse potential

(Ref 21:57):

U(r-r_) =D, (1 - exp(-B(r-re))2 (9)

are constructed to guarantee that as r - Lo ¢ U +0 and as
r » o . U approaches the dissociation energy, De . Eg (5)
on the other hand does not necessarily satisfy these two
criteria. Sandeman showed that if Morse's equation is expanded
about (r-re) =0 , it takes on a form similar to Dunham's

Eq (5), but is expressed in terms of two constants and addi-

tional numerical coefficients as follows:

U =aoc(l-a+0.,583a%t-0.250a%c +0.086a"¢
- -.') (10)

A comparison of Egqs (5) and (10) shows that Dunham's expres-
sion is a more general form of Morse's equation., Sandeman
also applies a similar expansion to an equation for potential
energy developed by Kratzner (Ref 30) and obtained a similar
correspondence with Dunham's expression. Because of the
increased number of variables and, in turn, the increased
flexibility, Dunham's expression has the potential for being
more accurate. But, because of this freedom, obtaining
constants which satisfy the convergence criterion is more

difficult and is not guaranteed for large values of r or v .
7




Jarmain made a term-by-term comparison of similar
expressions developed from Dunham's work and by the RKR method
and showed that, upon neglecting Dunham's small corrections,
the potentials produced by the two are mathematically identical
(Ref 25:217). Based upon this, the use of Dunham's expression
(Eq (3)) to represent spectroscopic data for input to an RKR

program for generating potential curves is justified and

appropriate.

In applying Dunham's expression, one should remember
that his equations are developed for small oscillations about
r, - At energy levels approaching the dissociation limit,
Eq (2) may no longer be appropriate. Egs (1) and (2) are 1
for simple cases. In cases where A-type doubling occurs,
or where isotopic effects are being considered, more complex
models must be substituted for Egs (1) and (2). Works cited
in the bibliography by Vidal and his coworkers present varia-
tions of Eq (2).

Spectroscopic Constants by Merging Least-
Squares Fit Data

The large quantities of data obtained in a spectro-
scopic analysis requires that the data be reduced to a more
manageable form. For example, Egs (1) and (2) in the previous
section are used to calculate reportable constants. To make
these models usable, the Ai' coefficients must be determined.,

J
The most widely used method of generating these coefficients
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is to perform a linear least-squares fit to the experimental
data. For spectroscopic data, a model is created, typically
involving a power series expansion based upon the rotational
and vibrational quantum numbers as expressed in Egs (1) and
(2). If only band head data is being analyzed, the model

takes the following form:

v =LA} (V+ 1/2) - 5 A% (v + 1/2F (11)
10 io 1

If several different transitions are involved,
different values of the A} ground state constants may be
obtained. 1In addition, the accuracy of the Az's may be
different, It is desirable to merge these constants and obtain
a best estimate of the ground state constants. This can be
done by accomplishing a weighted least-squares fit of the data.
Such a merging can produce more accurate estimates of the con-
stants and reduce the error limits associated with them. The

merged fit may also improve the upper state constants,

Merging may also be desirable for the case when two
groups of data are available with significantly different
standard errors. For example, if infrared data for vibration-
rotation band transitions and microwave data for transitions
between adjacent rotational levels are available, the greater

accuracy of the microwave data can improve the accuracy of the ]

other constants if a weighted merged fit is performed.
There are other methods of data fitting available.

These methods include least absolute deviation, least-squares

9
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deviation, maximum likelihood, and minimum chi-squared., All
have different fit criteria (Ref 2:3). Also, nonlinear least-
squares fits are possible (Refs 4 and 15). The present report
deals only with the least-squares fit techniques.

The least-squares method or “regression" method
minimizes the sum of the squared deviations between observed
values and values calculated using the constants obtained
from the fit. The least-squares method provides the minimum-
variance linear unbiased (MVLU) estimates of the constants;
that is, the least-squares method introduces no bias. The
fits produced are linear functions of the data. When the
fit is used to reproduce data, the generated data exhibits
the smallest possible variance from the original data that can
be achieved with the model and data used (Ref 2).

In performing a least-squares fit, the following
assumptions are made:

1. The model (equation) chosen tc represent the data
is a perfect description of the physical event,

2. The model is linear in the constants to be
estimated.

3. The mean error of the experimental data is zero.
Any systematic error present must be small compared to the
variances and random errors of the data.

4. The variance-covariance elements must be finite

and their relative values known if different groups of data

are to be merged (Ref 2:7).




.

In reducing spectroscopic data, three methods are
available:
1. The reduction of each band, i.e., each a group of
transitions from one electronic state to another, separately.
2, The reduction of a number of bands simultaneously.
3. The reduction of the bands separately and then
merging the resulting data,
The first and third techniques are developed in this
paper. The method of approach is now described. Least-squares

fitting techniques are based upon the following matrix equation:
v=X8+¢ (12)

where v 1is a column matrix containing the experimentally
observed line frequencies expressed in wavenumbers, X is

a matrix made up of the (v + 1/2) and the J(J + 1} terms
as dictated by the model in Egqs (1), (2), or (11) as chosen.

83 1is a column matrix made up of the Aij constants which are
to be calculated., The ¢ column matrix contains the unknown
errors associated with each observed experimental data point.
These matrices are written out explicity in Appendix A to

aid the user in understanding the program DUNCON.

Eq (12) is then solved for B8 as:

B = (XT X)°! XT v (13)

11
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The estimated variance of the fit is expressed as follows:
2 T
g = (v - XB) (v - XB)/£ (14)

where fm is the degree of freedom of the calculation., The
degrees of freedom, fm , is equal to the number of experi-
mental values v wused in the fit minus the number of constants
to be obtained in the B8 matrix. The variance-covariance
matrix for the constants obtained in Eq (13) is calculated by

the following relation:
8 = o (X X)°} (15)

The diagonal elements of the 9 matrix are thevariances of
the constants and the off diagonal elements are their covari-
ances. The correlation between the calculated constants is
expressed by the correlation coefficients which are obtained

using the variances and covariances in the followinjy manner:

_ 2
cij = eij/(eiiejj) (16)

The subscripts refer to the two constants for which the co- }

efficient expresses the correlation.

As mentioned earlier, the performance of separate fits
to each band will yield several values for the constants
associated with the lower electronic state. The variances
for different bands may also differ significantly. If the

variances of the bands are the same, the data can be combined

12




in one large data group and reduced simultaneously. If

N - estimates of the errors are available, a weighted fit based

upon the error may and should be performed.
Albritton describes an approach, the correlated
least-squares fit, which is more general than the weighted

least-square fit (Refs 2 and 3). Albritton showed that one

need not use all raw data at one time to obtain a merged fit.

i He showed that a weighted simultaneous multiband fit and a
merged band-by-band fit are equivalent. The merged fit is
presented in this paper.

The bands or other groups of data are first reduced
in a least-squares manner as previously discussed.
Then the data obtained in the initial least-squares

fit may be expressed in the following manner:

y = x8M + s (17)

where y is a column matrix made up of the constants obtained

from the separate least-squares fits and BM is a column

matrix which will hold the desired merged constants. The
y matrix will often contain several values for the same

constant. Each constant will be represented only one time in

é the BM matrix. The X matrix relates the redundant values
f, in the y matrix to the corresponding constants in the BM
ﬁ matrix. Explicit examples of these matrices are given in

g

Appendix A,

R

P Ty ey




To perform a weighted, correlated least-squares fit, a

. matrix composed of the variance-covariance matrices from a

separate least-squares fit is required. This matrix is given

the symbol "6I." It is structured as follows:

|

f 8, 0 0

’ ' oI = 0 6, O (18)
| 0 0 6,

. where 6, , 6, and 68, are the variance-covariance matrices
of Eq (15). The formula required to obtain the merged con-

stants is as follows:

8" = (xTer-'x) ! xTer-ty (19)

The estimated variance of the new merged fit is given by:

or = (y - x8MTex-t (v - xa™y/g (20)

! where fm is the degree of freedom. The variance-covariance
matrix of the merged constants is obtained by the following

calculation:

oM = o2 (xTor-1x) -1 (21)

The formulas are discussed in future detail in the appendices.
As in all analysis, the data should be checked to
i insure that the errors predicted by the least-squares fit

follow a normal distribution pattern. Albritton provides a

14




fairly complete discussion of the checks commonly used
(Ref 2:14-31).

Having established that the errors of the data are
normally distributed, one should then construct confidence
limits for the constants based upon the degrees of freedom
and the confidence one wishes to have that the true value
is within the assigned limits. The placing of too much
reliance upon error limits specified by one standard devia-

tion, lxé);i , should be avoided. Even if a large sample of

ii
data is taken, one can only be about 68% certain that the
"true value" lies within a range of tlxezi . If a 95%
confidence level is desired and the degrees of freedom, fm '
is greater than 30, one must assign limits of t2xeii .

The multiplier of e?i is student's t-factor. It is named

after its originator, W. S. Gosset (1876~1937). It is a func-~
tion of the degrees of freedom of the calculation and the 1
desired confidence level, "1-x." Dixon and Massey (Ref 17)
give a tabulation of student's t-factor as a function of the

degrees of freedom and the degree of confidence. The confi-

dence limits for the constant are then expressed as follows:

B, + t(E 1-a) 0¥, (22)

i ii
Having established the limits, one can assume that the proba-
bility of the true value of falling within the limit

ttegi is "l1-a"™ where o may vary between 0 and 1.

15
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With the confidence limits for the estimated constants
properly established, one can then determine if the constants
are significant (Ref 27). For example, if a constant has a
value of 3 and an assigned error limit of +5, the range in
which the true value of the constant might be found is -2 to
+8. This range includes 0; hence, the constant is not
significant. If the assigned confidence limits, Bittez
includes zero, then the constant is insignificant and may
normally be discarded. Two exceptions to this rule may be
encountered.

The first exception concerns the case where a non-zero
correlation between two molecular constants exists. If non-
zero correlation coefficients are involved, standard errors
must be calculated using the most general formulation involving
both variances and covariances. If large correlations exist,
the rounding of a constant to the number of significant digits
dictated by the standard error of the constant, may result in
loss of information, i.e., rounding may introduce unnecessary
inaccuracies into the calculated data (Ref 2:2).

Albritton sujgests that one digit beyond the "one
standard error digit" should suffice for most fits. A simple
check is to use the rounded constants and see that they repro-
duce to some desired accuracy the values calculated using the
unrounded constants obtained from the fit,

The second exception occurs, where it may prove

necessary to retain a constant when not justified by the standard

16




error, in the extension of the potential curve to its dissocia-
tion limits (Ref 10:83).

Before merging data from separate least-squares
fits, a check should be made for systematic errors. A simple
check is to verify that for a given set of confidence limits,
say 95%, the error limits for the common constants obtained
in two independent fits overlap each other., If they do not,
then it is probable that one set contains a systematic error,
A second more sophisticated test involves the computation
of the confidence limits for the differences for pairs of
corresponding constants checking to see if they include zero
(Ref 2:45). Calculation of the confidence limits of
differences involves student's t-factor and methods are given
by Bennet and Franklin (Ref 5); and Dixon and Massey (Ref 17}.
A more extensive discussion of the covariance-variance data
and how it may be used is presented by Albritton (Refs 2 and
3).

Finally, Albritton provides a recommendation as to
what data should be provided in a report on the results of a
spectroscopic study. He lists the following as essential
data:

1. The observed line numbers (with assignments).

2. If room permits, the variance-covariance matrix

used to merge the data.

3. The model used to represent the experimental data.

17




4. The estimated molecular constants.

;- 5. The standard error of the constants and the
degrees of freedom involved in the calculations. This data
will enable the reader to establish his own confidence limits.

6. The estimated variance of the variance, oy + may
be helpful. An estimate of this value for large samples of
normally distributed data may be obtained by the formula

{Ref 16):

= ! )
05 = 0/[2fm] (23)

Other data which may be appropriate include the
variance-covariance matrix of the final merged constants and
the results of the testing to determine the normality of the
data sample.

Rydberg-Klein~Rees Potential
Enerqgy Curves

Potential enexgy curves for diatomic molecules are

plots of potential energy versus the internuclear distance

between atoms. Figure II-1 shows a typical curve. From this
plot of energy versus internuclear distance, it can be seen
that as the nuclei approach each other the potential becomes
infinite; and as their separation increases, the curve
asymptotically approaches the dissociation energy, D, .

The equilibrium internuclear distance, Lo o is the distance

at which the potential energy of the molecule is at a minimum.
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The Rydberg-Klein-~Rees (RKR) model for the potential
energy curve is developed in this section. Rydberg started
with the expression for the total energy, E , for a rotating-

vibrating diatomic molecule:

E = p?/2u + V(r) (24)

fv The p?/2y term in Eq (24) is the kinetic energy of the

system, p in turn, is the linear momentum. The second term,

V(r) 1is defined as follows:
V(r) = U(r) + «/r? = U(r) + P2/2yr? (25)

where U(r) is the potential energy of the system, P |is
the angular momentum of the system, and u 1is the reduced
mass,

Based on this enerqgy expression, Rydberg developed a
H procedure for graphically determining the classical turning
points for a diatomic molecule (Ref 39). Klein modified
Rydberg's derivation so that the turning point could be
E calculated numerically (Ref 52). Reese obtained quadratic and
cubic analytic solutions approximating Klein's formulas (Ref 38).
} Klein's mathematical development is given here.

Terms used in the development are shown in Fig II-1 as an aid

5 in following the presentation, The classical turning points ﬂ

Py

- are deisnged r and r". Klein defined the turning points

l ‘ . in terms of the quantities r; and r, . For his analysis,
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ry; and r, are measured from Fe ¢+ I3 being positive

and r, negative. Then r” and r" are defined as follows:

r’ =r; + re (26)
r" = I, + r2 (27)
Then
dr” = dr, (28)
dr" = dr. . (29)
dr = dr; or dr, (30)

Klein designated the width of the potential curve as 2f and

from Egs (26) and (27), it follows that:

2f = (r; + re) - (r, + re) = ri;-r, {31)

The energy in Eq (24) may be expressed as a function of
"I," the action integral for a rotating vibrator and "«.,"

These terms are defined as follows:
I =§Pdr (32)
K = P%2/(2n) (33)

The following relationships which involve the period,
T , and the average position of a harmonic oscillator, 1/t ,
are known:

1/t = 3E/52 (34)
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1/r? = (3E/3«k) (35)
p = T(3E/dk) (357)

Using Eqs (32) and (34) and solving for the differential of

E and adding the results, the following is obtained:

SE = (1/7)3I + (p/7) 8k (36)
Inverting Eq (32), the following is obtained:

T = 3E/JI : (37) !

Setting Eq (36) equal to zero and solving for o , the follow-

ing is obtained:
p ==3I/3x (38)

From the equation for the momentum, p = uv = u(dr/dt) , one
can, by integrating over one cycle, obtain an expression for

the period of vibration for a harmonic oscillator:

T =§u(dr/p) (39)

Solving Eq (24) for p and substituting into Eq (39), the

period of oscillation may be expressed as:

T = (u/2) S(E-V(r)i”dr (40)

The integral in Eq (40) can be broken into two parts,
one to be integrated from r, to r, , and the other from

r, to r, (as depicted in Fig II-1l). This operation yields:
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e Xk
v=2m%  § ar/@E-ven® - § ar/-vien ) w4y

re r;

The factor of two is introduced to account for one vibration

cycle from r through r; and r, and back to r, again.

e
Rearranging Eq (41) and recombining the integrals, one obtains:

r
T = (21)7% S(am-drz)/(E:-vm)’5 (42)

r;

Now to change the variables of integration, Klein

defined the following terms:

v(r) - V(re) (43)

-
]

and

b
]

E - V(re) (44)

where x is constant for a given E . Then r may be

expressed as a function of y as follows:

]
]

ri{y), r > Iy (45)

r=ryly), r <rg (46)

and when at e o r1(0) = r,(0) = r, - Subtracting Eq (43)

from Eq (44):

X -y=E - V(r) (47)
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and if the "f" of Eq (31) is function of y , then as

defined
rily) - ra2ly) = 2£(y) (48)
then
dr,/dy - dr,/dy = 2df(y)dy (49)
or
dr, - dr,= 2£°(y)dy . (50)

Using Egs (45), (46), (47), and (50) to change the
variable of integration and integration limits in Eq (42),

Klein obtained:

Y1
T =2 (2" 52 £7(y) dy/(x-y)* (51)

Y2

0 L d

From Eq (43) when r = o s then V{r) = V(re) and vy
Thus, the integral in Eq (51) may be evaluated from 0

(defined as the bottom of the potential well) to some value

X .
X

=2 (2u)" Sf’(y) ay/ (x-y) ¥ (52)
e}

This is the first of two integral equations central to Klein's

derivation,

Combining Eqs (28), (35), (357), and (40) yields:
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o=t (1/£?) = (w2 §/rh) [ar/E-ven®) (53) -
By definition:
dr/r? = -(1/r) (54)
Then Eq (53) becomes:
o =-(u/2) §a(1/r)/ (x-y) " (55)

Again, the integral in Eq (55) may be broken into two

parts. Then for r >ry @

r, + ry . {56)

r"

l/r“

1/(r, + re) (57)

and if T is set equal to "0" then:

1/x" = 1/r; (58)

Similarily for r < O:

l/r’ = l/r1 {59)

Then for small oscillations about r, . Eq (53) may be written

as the difference between the integrals:

l/r1 llre
o= 2wt §-au/mn/en - ¢ #
l/re l/tz

~d(1/e)/ (x-y) %] (60)
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1/rl

p = (2u) S a(l/r, - l/rl)/(x-y)lx (61)
1/
r;

Klein established fhe following definition:
2gly) = 1/r, - 1/, (62)
Differentiating with respect to y yields:
2dg(y) = (d/dy) (l/r;) - (d/dy) (1/r,) (63)
Changing the notation yields:
2g°dy = d(1l/r;) - d(l/r;) (64)

Substituting Eq (64) into Eq (61l) yields:

Y
o =2 (20" § (g7 (y)ay/ (x-y) T (65)
0

with the limits of integration assigned in the same manner as
for Eq (52). This is the second integral which is central to
Klein's derivation,

In the next step of his development, Klein derives

expression for r and r

max min ' the classical turning points

for a harmonic oscillator. Klein recognized that the integrals
for v and p (Egs (52) and (65)) were of the Abelian type.
He multiplied both sides by dx/(a-x)k and integrated both
sides from x =0 to x =a , where a = E - (V(r) (Ref

35225,’ i.e"
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] y=a X=0
T dx/(a-x)k = 2 (2',1);s Sf’dy S dx/[a-x)(x-y)]k (66)
0 y=0  x=y
In Eq (66)
] £7°(y) = f(a) (67)
; ' and
! | . %
; _g dx/ [ (a=x) (x-y)] = dx/(-x2+y+a-ay) (68)

Yy
i Eq (68) may be integrated as follows (Ref 6:300):

1 [ (-bduv) */bv],

j'dx/(uv)’i = 2/(bd)* tan
for bd>0 (69)

where u = a+tbx , and v = a“+dx and for the present

integral:

-—
A

a= o a’ = -y
b = -1 a = 1
bd = -1

then the integral can be evaluated to be 7 . Finally, the
left side of Eq (68) is evaluated as:

’ a
. C ax/(a-x)" = 2 (207 £(a) (71)

. |
1 27




———

N

4

1N,y

or solving Eq (71) for £(a):

o
£la) = 1/(2r(20) % § ax/ (a-x)? (72)
0
and for a = y:
y
£y = 1 @ren® § ax/iy-o* (73)
0

Similarily, Eq (65) for "g" may be transformed into

the following:

Y
_ 1 cdx
0

From the definitions for x given in Eq (43):
dx = dE (74°)
Substituting Eq (747) into Eq (34) yields:
7 dx = dI (75)

Recalling that E is a function of I and « , and using

Eq (47), Eg (73) becomes:
I
£() = 1/2n2u) § ar/v-g(z,0)* (76)
0
From Egs (34), (357), and (747):

p dx = p dE = GE/3«<) dE

T{3E/3x) (31I/7)

(3E/3x) 3IX (77)

28

;
$55 2 bt T
| ThER A




-

and Eq (74) becomes:
L
gv) = 1/@rw?)  § s, 0/30 an/w-E@,m®  (78)
0

As E(I,x) approaches V in Egs (76) and (78), the
integrals become infinite. To avoid these singularities,

Klein instead evaluated the following expression:

5

S(V,k) = 1/(r(2u) %) (V-E(I,«)) a1 (79)

This expression has the following relation to the f and g

of Egs (76) and (78):
f = 38/3V g = -3S/3« (80)

As shown in Eg (2), spectroscopic energy levels can
be represented as power series of (v+1/2) and J(J+1) .
It is convenient then to express the integrals for f and g
in terms of the guantum numbers v and J .

The expression for the radial action variable in

guantum mechanical terms is

-
I

(v+1/2)h

Then

a(I) d(v+l/2)h

The quantum mechanical expression for « 1is:

~
1

P72u = J(J+1) RA%/2u
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Then

9/3k = 2u/ﬁz(3/8J(J +1))

Finally, the expressions for f and g become:

v+
_h % d(v+k)
v+ X
3 | a(v+k)
gV, 3(I+1) = (207, g B ey, (86)

where the upper limit of integration v~ 1is selected such
that V = E(v“+1/2,J3(J+1)) for the fixed value of J(J+1)
used in the integrals (Ref 35:27,28).

If the RKR calculations are evaluated for J=0 then

Eq (2) reduces to:

= Aaffine

o ooy, (vel/2)E = cqv) (87)
i=1 0

! more commonly referred to as G, -

-

Eq (85) becomes:

v
£ § (G(v) - GvT? av” (88)

Vo
(Ref 24:2), where Kaiser (Ref 26:1686) defined the lower limit

of integration by the following:

-
i’
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where Y,, is the Dunham constant previously defined in

Eq (6). The variable v, in G(v,) may be expressed in terms

of Dunham coefficients as:

2
=1/2 ~(Yoo/¥Y10) (1 + Yq4o¥20/Y10

vy = =-1/2 - A =
+ ..e) (90)
For J =0
3E/3J (J+1) = g;o Y . (v+1/2)" = B(v) (91)

(Ref 24:2), where B(v) 1is the spectroscopic term defined as

follows:

B, = B, -alv+l/2) + v(v+l/20, .. (93)

(Ref 21:108).

Using these definitions, Eq (86) for g becomes:
' v
giv) =  § B (Gv)-G(v D av” (94)
Vo

(Ref 24:2).
From the definitions in Eqgs (22) and (62) for £

and g the following expressions for inner and outer turning

points may be obtained:
e r=(£2 + £/q)% + £ (95)

Solutions of the equations for f and g are discussed

in the section on the RKR Program by C. R. Vidal.
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This completes the theoretical background required for
the RKR calculations. Second order semiclassical RKR formula-~
tions are not presented in this work. Several articles on
the RKR method which were not referenced in this work are

listed in Appendix C.

Methods for Extending RKR Curves

In many cases, because of the lack of experimental
data, the constants necessary to construct an RKR curve may
not be obtainable from straightforward least-square fits or
their quality may be insufficient to construct accurate curves.
Two techniques for improving existing constants which may,
in turn, be used to produce improved RKR curves are presented
here (Refs 10; 53).

As depicted in Fig II-1, the potential energy curve
of a diatomic molecule should have a minimum at some inter-
mediate distance, approach the dissociation limit for large
internuclear separations and increase rapidly as the atoms
approach each othar. Ideally, curves generated using the RXR
method should satisfy these criteria.

For many diatomic molecules, only two and, at most,
three vibrational constants are available. The available
rotational constants are even more limited. Attempts to

generate curves based upon these constants using the RKR

method can be expected to produce curves which do not meet

the dissociation criteria or which do not exhibit an increasing

e I S S A AT P Rt
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potential for small internuclear distances. These results
occur because the experimental data upon which the constants
are based may represent only a fraction of the vibrational
levels which exist between the bottom of the potential well
and the dissociation limit.

To develop potential energy curves which obey the known
constraints, Leroy and Burns have reported on a new technique
which shows promising results. While they start with constants
obtained from experimentally observed tranqitions, they then
adjust these constants slightly until the new RKR potential
energy curve is most consistent with all of the known con-
straints,

Leroy and Burns used their knowledge of the desired
shape to adjust the constants. They worked with the Gv
and BV quantities as expressed in Egs (87) and (91).

Expressed in terms of these two quantities, their criteria
for adjusting the molecular constants are:

1. V(a) assymptotically approaches the dissociation
energy (De) and the difference between energy levels,

AG becomes 0 for the same value of v . AGv+% is

vk !
defined as:

8G,,y = G(v + 1) = G(V) (95)

2. The slope of the inner portion of the RKR curve

must be negative. Hence:
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Qv (r)/dr < 0 (96)

3. The slope of the inner portion of the curve
must become increasingly steeper; that is, the second deriva-
tive with respect to the internuclear separation must be

positive:
a2v(r)/sar® > 0 (97)

A study of Eq (88) reveals that as AGV+% becomes
smaller, the quantity f becomes larger. In turn, Eq (94)
shows that f determines the width of the RKR curve, Examina-
tion of Eq (94) further reveals that the value g determines
the center of the potential curve for a given energy level,

In turn, Eq (93) shows that having determined the constants
necessary to generate the G(v)“s , the other factor affecting
the value of g 1is Blv) , a guantity whose value is
determined by the rotational constants, Yni . From Egs
(88), (93), and (94), it follows that the width of the curve,
as determined by the RKR method, and the value at which
AGv+% = 0 depends only upon the vibrational constants which
make up Gv ., On the other hand, having selected suitable
constants for Gv , the behavior of g , the rate at which
the outer portion of the curve approaches De , and the
behavior of the slope of the inner portion of the curve
depends solely upon the constants which constitute B .

v
Following this logic, Leroy applied the criteria in

1 above first. If the constants obtained from experimental
34
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data do not satisfy this criteria, the value of the last
experimental constant is adjusted or a value is selected for
the next constant, Yno , in the series given by expression
(8) . The contribution from that constant, Yno(v+1/2)n R
is then subtracted from the G(v) values calculated from the
original experimentally based constants. A least-squares

fit is then performed on the adjusted experimental data,

*
Gv. :
]
n-=!

*  _ . i RS
ij = ;éa Y m(Vj+1/2) - [Yno (Vj+l/2) } (98)

For a given Yno the experimental data fixes the values of
the other constants. This new set of constants is tested to
determine if Gv approaches a maximum value of De . Leroy
and Burns say that if this value approaches De within
< 2 cm—l then the criteria in 1 is satisfied. If 1 is not
satisfied, then a new trial value for Yno is chosen and the
process repeated until 1 is satisfied.,

At this point, a new RKR curve is generated using the
new vibrational constants, Yi; , and the experimental rota-
tional constants, Yji1 . The curve is then evaluated

according to criteria (2) and (3). If the inner portion of

the curve diverges, the process followed for adjusting the
constants for Gv is repeated for the constants making up

Bv . The value for the last experimental constant is

adjusted or a value for the next rotational constant in the
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Y4{, series is selected. Then the Bv values given by the

experimental constants are adjusted as follows:

By, = E'Y'( +1/2)i [Y ( +1/2)“] 99
vj = L Yu vj n vj (99)

Then a least-squares fit is performed to obtain a new set of

. The new constants

rotational constants Y, through Yn|

are then used to produce a new RKR curve., If the curve does
not satisfy the criteria in 2 and 3, then the Yn' constant
is adjusted and the process repeated until 2 and 3 are i
satisfied, !

In this manner, Leroy and Burns obtained a set of
constants consistent with the experimental data and with i
criteria 1-3,

Tellinghuisen and Henderson describe a technique for
constructing RKR based curves when experimental data does not
permit the direct calculation of the rotation constants
(Ref 20). Their technique is based upon a combination of the
Morse and RKR potentials; hence, Morse-RKR curves.

As explained, vibrational constants provide all the
information necessary to calculate £ , Eq (88) and, thus,
the width of the potential curve, 2f , as defined by Klein
for a given vibrational energy level, Having established the
width of a potential, the remaining piece of information

required to construct a potential curve is the location of

either the inner or outer branches of the potential curve, or
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the center of the potential well, i.e., g as obtained from
the RKR calculations,

Tellinghuisen and Henderson point out that inner
turning points on a potential curve might be approximated by

the Morse potential (Ref 21:101).

- - 2
utr) = b (1 - e BlFTe) (100)
where:
D, = dissociation energy, em™t
r = equilibrium internuclear distance, A
- )
B = 0.,12777 we(U/De) (101)
where
w, = the vibration frequency, em™t

reduced mass, amu

Or because of the relation
D= w 2/4(w x_) (102)
e e’e
B may be expressed as follows:
8 = 0.243555 (uw_x )* (103)
e'e

Using these relations, Tellinghuisen investigated 25

different well~known potentials and found errors at the dissocia-

tion limit for the inner portion of the curve to be typically
o
less than 0.02 A and ry to be in error by seldom more than

1%,
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Further, Tellinghuisen states that a potential curve
in error by Armin has identifical classical and almost
identical quantum eigenvalues for J = 0 ., The wavefunc-
tions derived from a shifted curve would be skewed with respect
to a proper wavefunction.

If possible, Tellinghuisen recommends the construction
of curves by formulas (102) and (103) using the experimental
Wa and WXy, . If only We and De are known, then a
value of D, 40% larger than the experimental De should be
used,

Tellinghuisen also speculates that A, might be

calculated using an expression derived by Pekeris from the

o _ 63e [[w x X 1
g = i {( e e) _ 1J (104)
e L e

(Ref 21:109). Tellinghuisen found that for 23 of the 25 cases

Morse function:

he investigated, the ag calculated per formula (104) had an
average absolute error of 13% and an average signed error of
6%.

If one is seeking the rotational constant De (Yoz) ’

the following relation might be used:

— e -
Dy = —o (1047)

(Ref 21:10).
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Tellinghuisen cautions against using Bv values made

. up of only two terms, i.e.,
Bv = Be -a (v+1/2) {105)

because the Morse expression for Bv does not terminate with

the Morse Bv will differ from the Morse-RKR Bv. The Morse-

|
]
|
|
|
|
|
W two terms as does Gv ., Further, for high values of v ,
|
‘ RKR Bv value must be determined by numerical methods.
|

| Inverted Perturbation Analysis

J Having constructed a semiclassical RKR curve, the
] next step is to determine if that curve is consistent with the
{ Schroedinger wave equation; or, even better, to adjust the
curve so it agrees with the SWE. This leads to the use of the

inverted perturbation approach. The goal of the inverted
perturbation approach (IPA) is to adjust the potential energy
curve of rotationless molecules, Vo(r) , so that the
! guantum mechanical eigenvalues, EVJ , obtained from a solu-
tion of the Schroendinger wave equation agree in a least-
squares sense with the measured term values, T(v,J} .

The IPA technique was first demonstrated by Kosman
and Hinze (Ref 23). Vidal and Scheingraber expanded the use
of the IPA method. Vidal, in conjunction with several

authors, has applied the IPA method to a number of molecules.

The Schroedinger wave equation (SWE) for a vibrating

: rotator (Eq (4)) is the basis of the IPA method. To develop
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the IPA method, the SWE can be expressed as follows

(Ref 41):
Q 0 - 0 0
(Hg + H ) v, (r) = E ¥ (r) (106)
E? is the enerqgy eigenvalue specified by the vibration and

vJ
rotation quantum numbers. H, 1is the Hamiltonian of the non-

rotating molecules and is made up of the terms:

_ h d
Ho = - (47”“:) a—;_-f + Vg (r) (107)

where V,(r) 1is the potential energy of the rotationless
molecule,
This formulation has been simplified by neglecting
terms describing electronic coupling contributions (Ref 46).
The rotational motion of the molecule is described

by:

H - h J(JT+1)
rot 4muc r< (108)

In the inverted perturbation approach, one starts
with an approximate potential V,(r) , for example an RKR

potential. Eq (106) is solved numerically for the zeroth

order eigenvalues E&J and the radial wavefunction wsJ(r) .

Then an energy correction AEV is calculated according to

J
the followiné formula:

- - 0
AEVJ = EVJ EVJ (109)
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where Ev is the measured term value as calculated from the

J
spectroscopic constants and quantum numbers v and J . If
the difference between the experimentally determined term
values and the eigenvalues obtained from the SWE is suffi-
ciently small, the calculation is stopped.

If the difference exceeds a specified limit, then one
proceeds. As stated, the goal is to obtain some correction
to Vvi(r) , i.e., AV(r) , such that the calculated and
experimental EVJ's agree, Following thiq reasoning, then
the true potential, V,(r) , being sought may be expressed
as a sum of the approximate potential and some delta

potential:

Volr) = Vi(r) + V,(r) (110)

In turn, it follows that the true Hamiltonian differs from
the approximate zero order Hamiltonian “Hj + HY . by

AV, (r) :

— 2
Ho + Hrot = H; + Hrot + AV, (r) (111)

First order perturbation theory gives the following relation-
ship between the perturbation to the Hamilitonian AV, (r) and

and the energy change AEVJ :

AE,y = Q:”J'Avo(r)lw;; (112)

To obtain a correction to V (r) , a mathematical
expression of the following form is assumed to represent

AV {xr)
41




AV, (r) = Zcifi(r) (113)
1

The selection of the specific form of the function f;(r) is
critical to the convergence and solution of the SWE. Dis-
cussion of the form of f;(r) will be postponed until the
section describing Vidal's IPA program.
Using the f£;(r) and the radial wavefunctions,

wa , obtained from the numerical solution of Eq (106), the
expectation values for f(r) are calculated{

0,1,2,3...

00 wo> (114)
<"J v/ 5=0,1,2,3...

From Egs (112) and (113), it follows that:

AE ;= e, @% }fi(r) w3J> (115)

1
Having obtained AEVJ from Eq (109), Eq (115) can be solved

coefficients. Using these coefficients in Eq

fi(r)

for the cy
(113), AVy(r) may be calculated. From this, a new VJ(r)

is obtained.
vi(r) (new) = Vvi(r) (old) + AV, (r) (116)

Then using the new V}(r) , the calculation is repeated to
obtain new energy eigenvalues., Again, the calculated EsJ
are compared with the experimental term values T(v,J) for
agreement, If the agreement is not acceptable, the process

is repeated.
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to solve Eqs (106) through (116) is postponed until the dis-

cussion of Vidal's routine for performing the IPA calculations.

.
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I1I Computer Programs

A computer program called DUNCON has been developed
to generate spectroscopic constants. DUNCON is presented
in Appendix A. The program generates the constants by
separate least-squares fits and provides for the merging of
the separate fits in a weighted manner as previously
described, A description of the program, a listing with a
sample fit and instruction on how to use it are contained in
Appendix A.

A second program, provided by C. R. Vidal of the Max-
Planck Institute for Exterrestriche Physik, West Germany,
has provisions for the generation of potential energy curves
by the Rydberg-Klein-Reese {RKR) method and adjustments of
those curves by the inverted perturbation approach (IPA).
The IPA routine adjusts the potential energy curve so it is
consistent with the Shroendinger wave equation. A copy of
the program with a sample problem, a description of the
program, and instructions on using the program are included
in Appendix B.

Ti.e DUNCON program and the RKR-IPA program may be used
in a variety of combinations to generate constants and
potential energy curves. Presented in Fig III-1l is a flow
diagram describing the logic used in applying these programs

in this work.
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Experimental Data

V.
1

Generate Spectroscopic Constants
(DUNCON)

a, or Yios, Y20, Yo1, Y1, etc.

w Ww_X B
el

e"e’ Te’

Create Potential Energy Curve
(RKR-IPA Program)

. o
o

Does Curve
Satisfy Eqgs
(95), (96),
and (97

no

no |
4
Limit
yes Dimensions
X of Curve to
Satisfactory Curve Lower
or Vibrational
Continue With Levels
Further Refinements Generate New

Set of Constants,
Egs (98) and (99)

RKR~-IPA
Routines

A

Fig III-1, Flow Diagram for Creation of Potential Energy Curves
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DUNCON is used to generate spectroscopic constants

by performing least-squares fits to the experimental data.
These constants are then used as inputs to the RKR-IPA
program. This program produces an RKR curve which is then
adjusted by the IPA portion of the program.

Several options are available in the use of the RKR-
IPA routines. The RKR routine can be used independently of
the IPA routine. The range over which the curve is generated
can be restricted to low vibrational energy levels or extended
to the dissociation energy. If limited to small vibrational
numbers initially, the RKR-IPA routine may be used itera-
tively to generate new constants and extend the curve to the
dissociation limit,

In this paper, after initially generating an RKR-

IPA curve, the curve is evaluated according to the criteria

of Leroy and Burns, Egs (95), (96), and (97). If a satis-
factory curve is obtained, the calculation is complete. If
not satisfactory, then the constants are adjusted as pre-
viously described. A modified version of the program DUICON
is used to perform the least-squares fit necessary to produce
these constants. The constants are then again input into the
RKR-IPA routine. The process is repeated until a satisfactory
curve is obtained.

Programs demonstrating the use of DUNCON and the RKR-
IPA programs are presented in Appendices A and B, Results of
applying the program to the lead-oxide molecule are presented

in the following chapter.
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IV. Analysis of Spectroscopic Data

for Lead-Oxide

This chapter contains the results of an analysis of

; spectroscopic data for lead-oxide (PbO). The program DUNCON
was used to obtain spectroscopic constants for the X, a, H
b, A, B, and D electronic states of PbJ. Constants from

published literature were used to generate potential energy

curves using the IPA-RKR routine. The potential energy ¢
curve for the ground state of lead-oxide was extended almost
to the dissociation limit using the extension techniques and
the RKR-IPA routine,
The experimental data of three investigations was
reduced using DUNCON to yield spectroscopic constants. The
data from these investigations is presented in Table IV-5,
Two ot the investigators, Glessner and Synder (Refs 19; 42),

obtained least-squares fits, but did not have the computer

routines necessary to generate error estimates and merge the
data in a weighted-correlated manner. Their data is reduced,
error estimates obtained, and merged using DUNCON. Lead-

oxide data produced by Linton and Broida (Ref 33) is reduced

using DUNCON and the A~X and a-X data is merged. Also, the

results of all three investigations is merged using DUNCON,

The results of reducing the data of each investigator for

each transition separately is presented in Table IV-1. This
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X

data is then merged in several combinations. The constants
resulting from these mergings are presented in Table IV-2,
Presented in Table IV-3 are the unmerged and merged estimates
for the D-X transitions. The D-X data is merged with other
data in a separate fit to prevent its large variance from
degrading the constants for the other transitions. Finally,
the merged results of Glessner and Snyder'sdata, are compared
in Table IV-4 with the best previous published values avail-
able.

The constants presented in columns I and II of Table
IV-1 are not identical to those reported by the original
investigators. When transforming their experimental data
from angstroms to wavenumbers, they did not make corrections
for the index of refraction of air as previously discussed.
The constants listed in column III of Table IV-1 are also
different from the values reported by Linton and Broida. For
the A-X transition, they listed only their new band head

data. They used data of other researchers to generate their

constants. Their published constants are included in Table
IV-4. The constants for the a-X transition of column III,
Table IV~2 are also slightly different from those reported

by Linton and Broida. Presumably, the slight difference arises
from the difference in weighting schemes used in this report

and that used by Linton and Broida.
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Spectroscopic Constants for D-X Transition of PbO (cm

TABLE IV-3

L

Electronic
State Constant Unmerged Merged
[322.3] {4.19]

D Te 29897.8(67.4) 30115.8(46.1)
We' 490.0(30.8) 542,2(54.9)
We'Xe' -16.53(7.72) -1.99(13.1)

X We" 606.1(33.3) 720,989 (0.401)
We"Xe" -8.32(3.53) 3.5312(0.0296)

Errors Reported in Parenthesis are One Standard Error

e m  f e e —— . =
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TABLE IV-5

Lead-Oxide Spectral Lines Assigned to the

D-X, B-X, A-X and a-X Transitions

Energy (cm-1) Assignments
Observed] Calculated| Obs-Calc v',v" Transition
Investigator: Snyder

(Ref (42))
28589.0 28607.2 -18.2 .2 D-X
28432.8 28453.7 -20.9 .3 D-X
27648.9 27625,7 23.2 ' D
27534.6 27501.3 33.3 ’ D
27076.0 277375.5 00,5 ’ D
26788.7 26829.9 -41.2 . D
26555.3 26529,3 26,0 ’ D
26394.0 26387.0 -3.0 .6 D
24122.4 24120.5 1.9 ,0 B
23630.9 23632.5 -1.6 ,0 B
23146.1 23144.0 2,1 ,0 B
22640.3 22655.1 -14.8 .0 B
22175.3 22165.8 9.5 ,0 B
21450.0 21452,0 2.0 ,1 B
20749.4 20745.2 4,2 02 B
20055.5 20045.5 10.0 ,3 B
19646.0 19645.5 0.5 .5 B
19346.0 19352.9 -6.9 .4 B
18772.8 18784.0 -11.2 ' 7 B
17802.4 17806.7 -4.3 ' 7 B
17631.6 17631.,2 0.4 .8 B
21054.4 21051.1 3.3 .0 A
20166.0 20167.0 1.0 1,0 A
19811.0 19809.6 1.4 5, A




TABLE IV-5--Continued

Energy (cm-1) Assignments
Observed| Calculated | Obs-Calc v!',v" Transition
19719.7 19723.0 ~3.3 . A
19456.0 19453,2 2.8 ,1 A
18996.1 19009.1 -3.0 )1 A
18741.8 18746.4 ~4.6 ’ A
18293.3 18302.4 -9.1 ’ A
17593.4 17602.7 -9.3 '3 A
17338.3 17354.1 -15.7 ' 4 A
16905.6 16910.0 ~4.4 4 A
16224.6 16224.5 0.1 .5 A
15315.4 15318.5 -3.1 .7 A
19127.0 19137.9 -10.9 .0 a
18679.9 18690.4 -10.5 ,0 a
18244.2 18238.,2 6.0 ’ a
17972.0 17976.6 4.6 ’ a
17778.6 17781.0 -2.4 ’ a
17520.3 17524.3 4.0 ’ a
17320.6 17319.0 0.4 ’ a
17064.6 17067.2 -2,6 ’ a
16855.4 16852.1 3.3 ’ a
16601.3 16605.2 -3.9 ’ a
16384.7 16380.4 4.3 1,0 a
16135.6 16138.3 -2,7 ’ a
15896.7 15898.4 -1.7 3,2 a
15662.6 15666.5 -3.9 ' a
15657.9 11650.4 7.5 4,3 a
15431.5 15431.5 0.0 ' a
15187.9 15189.9 -2.0 0,1 a
14958.6 14959.8 -1.2 1, a
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TABLE 1IV-5--Continued

Energy (cm~1) Assignments
; Observed| Calculated| Obs-Calc v',v" Transition
14732,2 14731.8 0.4 2,3 a
.| 14481.2 14483.1 -1.9 0,2 a
: 14260.0 14260.1 -0.1 1,3 a
13782.7 13783.4 -0.7 0,3 a
13561.7 13567.4 -5.7 1,4 a
13353.6 13353.6 0.0 2,5 a
13083.0 13090.8 -7.8 0,4 a
12932,2 12932.5 -0.3 4,7 a
12874.0 12881.9 -7.9 1,5 a
12473.5 12470.5 3.0 3,7 a
12399.9 12405.2 -5.3 0,5 a
12266.0 12268.2 -2.2 4,8 a
12199.5 12203.3 -4.3 1,6 a
12065.8 12068.0 -2,2 5,9 a
11801.3 11806.1 -4.8 3,8 a
‘ Investigator:
! Glessner (Ref (19))
23629.2 23632.5 -3.3 3,0 B
23162.7 23144.0 18.7 2,0 B
22661.3 22655.1 6.2 1,0 B
21444.6 21452.0 -7.4 0,1 B
20745.1 20745.2 0.1 0,2 B
’ 20042.7 20045.5 -2.8 0,2 B
P 19840.6 19842,2 -1.6 1,4 B
¢ 19453.7 19455.5 -1.8 3,6 B
» 18928.) 18924.9 3.2 6,9 B
18759.8 18761.3 -1.5 7,10 B
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TABLE IV-5-~-Continued

[SPRTIN

Energy(cm'l) Assignments
Observed| Calculated | Obs~Calc v',v" Transition
21921.0 21929.9 -8.9 5,0 A
20163.9 20167.0 -3.1 ' A
19004.8 19009.1 ~-4.3 ’ A
18299.6 18302.4 ~-2.8 ’ A
17609.8 17602.7 7.1 3 A
16906.1 16910.0 ~-3.9 ,4 A
16219.6 16244.5 -25.0 . A
15980.3 15990.0 ~9.7 ’ A
15762.6 15761.2 1.4 ’ A
19127.7 19137.9 -10.2 ’ a
18682.3 18690.4 -8.1 R a
18237.9 18238.2 -0.3 ’ a
17783.0 17781.0 2.0 4,0 a
17513.3 17524.3 -11.0 5,1 a
17316.7 17319.0 -2.3 3,0 a

) 17064.3 17067.2 ~2.9 4,1 a
3 16852.8 16852.1 0.7 2,0 a
16603.2 16605.2 ~2.0 3,1 a

16382,0 16380.4 l.6 1,0 a

16135.8 16138.3 ~2.5 2,1 a

15898.0 15903.7 -5.7 0,0%* a

15668.5 15666.5 2.0 1,1 a

15433.4 15431.5 1.9 2,2 a

15193.0 15189.9 3.1 0,1 a

; 14963.5 14959.8 3.7 1,2 a
14732.4 14731.8 0.6 2,3 a

14483.8 14483.1 0.7 0,2 a

14261.4 14260.1 1.3 1,3 a
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TABLE IV-5--Continued

Energy (cm-1) Assignments
Observed| Calculated | Obs-Calc v!',v" Transition
13781.7 13783.4 -1.7 0,3
13564.1 13567.4 -3.3 1,4
13085.4 13090.8 -5.4 ’
Investigator: Linton
& Broida (Ref (33))

22364 22367.4 ~3.4 ’ A
21930 21929.9 0.1 5, A
21654 21653.6 0.4 6, A
21494 21491.2 2.8 ' A
j 21221 21216.1 4.9 ’ A
20949 20946.8 2.2 ’ A
20777 20777.3 -0.3 ' A
20245 20247.1 -2,1 ’ A
20069 20070.6 l.6 ’ A
20168 20167.0 1.0 1,0 A
19366 19370.9 -4.9 4,3 A
19117 19117.0 0.0 5,4 A
18679 18678.2 0.8 4,4 A
17994 17992.7 1.3 4,5 A
17083 17081.5 1.5 5,7 A
14483 14880.9 2.1 3,9 A
14440 14439.5 0.5 2,9 A
14229 14230.7 -1.7 3,10 A
14217 14210.1 6.9 0,8 A
13998 13996.8 1.2 1,9 A
13789 13789.3 -0.3 2,10 A
13585 13587.5 -2.5 3,11 A
13390 13391.4 -1.4 4,12 A
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TABLE IV-5-~Continued

Energy (cm—1) Assignments
Observed| Calculated | Obs-Calc v',v" Transition
13201 13201.1 ~-0.1 5,13 A
13347 13346.6 0.4 1,10 A
13146 13146.1 ~0.1 2,11 A
12951 12951.3 ~0.3 3,12 A
12761 12762.3 -1.3 4,13 A
12580 15279.1 0.9 5,14 - A
12511 12509.9 1.1 2,12 A
12323 12322,3 0.7 3,13 A
12141 12140.3 0.7 4,14 A
11964 11964.2 -0.2 5,15 A
20448 20450.9 -2.9 10,0 a
20022 20018.1 3.9 9,0 a
19582 19580.4 1.6 8,0 a
19307 19304.2 2.8 9,1 a
19139 19137.9 l.1 7,0 a
18877 18866.6 10.4 8,1 a
13691 18690.4 0.6 6,0 a
18597 18597.5 0.5 9,2 a
18431 18424.0 7.0 7,1 a
18236 18238.2 -2.2 5,0 a
18160 18159.8 0.2 8,2 a
17977 17976.6 0.4 6,1 a
17782 17781.0 1.0 4,0 a
17526 17524.3 1.7 5,1 a
17317 17319.0 -2.0 3,0 a
17272 17269.8 2.2 6,2 a
17067 17067.2 -0.2 4,1 a
16854 16852.1 1.9 2,0 a
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TABLE IV-5--Continued
. *
{ Energy (cm~1) Assignments
Observed| Calculated | Obs-Calc v',v" Transition
16819 16817.6 1.4 , a
; 16609 16605.2 3.8 3,1 a
! 16386 16380.4 5.6 1, a
16361 16360.4 0.6 4, a
: 16140 16138.3 1.7 2, a
f 16117 16117.9 0.9 5, a
15902 15898.4 3.6 3, a
15668 15666.5 1.5 1, a
15662 15660.7 1.3 4, a
15434 15431.5 2.5 2, a
1 15423 15425.2 -2.2 . a
15191 15189.9 1.1 , a
14961 14959.8 1.2 , a
14734 14731.8 2.2 , a
14510 14506.1 3.9 . a
; 14485 14483,1 1.9 , a
3 14286 14282.5 3.5 . a
14261 14260.1 0.9 , a
, 14071 14061.1 9.9 , a
| 13828 13820.5 7.5 , a
13784 13783.4 0.6 , a
i 13569 13567.4 1.6 1,4 a
p 13355 13353.6 1.4 /5 a
’ 13146 13142 5.2 3.6 a
;3{ 13092 13090.9 1.1 0,4 a
1 12884 12881.9 2.1 /5 a
1 12667 12675.1 1.9 ,6 a
12407 12405.2 1.8 .5 a
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TABLE IV-~5--Continued

Y

Energy(cm'l) Assignments
Observed| Calculated | Obs-Calc v',v" Transition
12006 12003.6 2.4 2,7 a
11807 11806.1 0.9 3,8 a
11728 11726.7 1.3 0,6 a
11534 11531.9 2.1 1,7 a
11341 11339.3 1.7 2,8 a
11149 11148.8 0.2 3,9 a
11057 11055.3 1.7 0,7 a
10869 10867.5 1.5 1,8 a
10498 10498.6 ~0.6 3,10 a
16391 10390.9 0.1 0,8 a
10212 10210.2 1.8 1,9 a

*Later reassigned as the " (3,2) a-X" transition,
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Examination of Table IV-1l reveals values of L for
the X-state ranging from 715.7 to 731.5 cm-l. DUNCON permits

the merging of the data listed in Table IV-1 in a weighted-
correlated least-squares fashion.
The results of the merging are presented in Table

IV-2. Error limits for we of the X-state are reduced

1 1

from a maximum standard error of #11.3 cm =~ to $0.620 cm
when the data in columns I and II of Table IV-1 are merged.
The results are presented in column I, Table IV-2.

Column II, Table IV-2 contains the smallest error
estimate for the constants of the a-, A-, and X-electronic
states. The variances for the merged fits of columns I and

II are similar, 1.0248 and 1.008, respectively. But when

the data in columns I and II are merged to yield column

III, Table IV-2, the estimated variance of the fit and, in
many cases, the standard errors of the individual constants

increase. Examination of (columns I and II) the a- and X-

-~

states reveals term electronic energies, Te . With error

limits of comparable magnitude which do not overlap. Because
of this, when merged, the error limits reflect the equal
weighting of the "almost significant" differences and, hence,
: the increased error limit reflects a bias in one or both of
w ' the data sets.
Column III of Table IV-2 reflects the most conserva-
tive error estimate of the three columns in Table IV-2, It

is also based upon the largest quantity of data.
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In reporting constants, a researcher may be tempted
to manipulate the constants of the ground state and report
the constants obtained from the least-squares fits for the
upper state. For example, if a routine for merging fits is
not available, one might average the constants for the ground
state or obtain a weighted average based upon the error
estimates. The temptation then is to report the averaged
ground state constants and the upper state constants obtained
from the original least-squares fits. Reporting constants
in this fashion is undesirable for two reasons. First, the
constants reported in this manner will not faithfully repro-
duce the experimentally observed data. Second, a better
estimate of the ground state has been obtained. This new
estimate of the ground state constants should, in turn, be
used to ascertain how well the upper state constants are known.
This can be done by removing (adding) the energy contribu-
tions of the ground state from the experimental data and
performing a least-squares fit to obtain the upper state
constants. These new upper state constants and the average
ground state constants should provide an accurate reproduction
of the experimental data and an accurate set of constants
for the generation of potential energy curves. The approach
just described is not necessary if a routine such as DUNCON
is available for merging data. Even though it is available,

the use of DUNCON to form a merged fit may not be desirable
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if large quantities of data are involved and the ground state
constant has already been well defined.

Often the data merged from different investigators
may contain different experimental values for the same assign-
ment (v',v"). If after using DUNCON to obtain the best
estimate of the constants, one of the experimental values
agrees with the fit and the other does not, then one might
remove the poorer data point and perform the fit again. This
approach should be used with caution.

Presented in Table IV-4 are the constants obtained
by merging the experimental data of Glessner and Snyder.
Presented for comparison are results published by other
researchers.

The data used to produce the constants of Tables
IVv-1 and IV-2 is presented in Table IV-5, The calculated
values of Table IV-5 were obtained using the constants of
column III, Table IV-2 and Table IV-3 for the D state.

The D-state constants were obtained in a separate

merged fit from that used to obtain the other constants
because of their large error. The values reported by
Bloomenthal (Ref 8) produced a better fit for his data;
hence, his constants are the preferred constants.

The B-state constants reported by Bloomenthal provide
a better fit to his data than the constants reported here
fit the B data listed in Table IV-5. This statement must be

modified slightly. Bloomenthal did not provide "observed-
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calculated" values for all the data he listed. Hence, these
values may not have been included in his estimate of the
constants.

The A-state constants reported in Table IV-4 provide
a reasonable agreement with those reported by Linton and
Broida (Ref 33). The reported constants are based upon the
merging of data reported by Glessner and Snyder.

The small a-state constants reported in Table IV-4
rival those reported by Linton and Broida in accuracy. Table
IV-2 shows that the merged data of Glessner and Snyder pro-
duces constants with error limits of magnitude comparable to
that reported by Linton and Broida.

The ground state (x) constants reported in Table IV-4
agree well with those reported by Linton and Broida. The merging
of Glessner's and Snyder's data resulted in constants for
the X~state with significantly smaller errors than those
obtained in separate fits of their data.

The discussion of the b-state data was reserved until
last, because they were obtained by making reassignments of
many transitions that were published in previous works.

The b-state constants listed in Table IV-1, column I
are based upon the six assignments marked by asterisks in
Table IV-7. The assignments were made by Glessner and Snyder
(Refs 19; 42) based upon the works of Kurylo, et.al. (Ref 31).

The variance of the constants in Table IV-2 is remarkably
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small considering thatonly six data points with five constants
were used yielding a degree of freedom of one. A review of
Kurylo's tentative assignments and tentative assignr:nts
made by Oldenborg, Dickson, and Zare (Ref 36) show a much
greater difference between the observed and calculated values
than would be expected from the constants of Table IV-1.
Using the b-state constants of Table IV-1, new assignments
were made for the experimental data which had been marked as
belonging to the b-X transition by Kurylo and Oldenborg.
It was possible to make new assignments for 29 of 34 observed
values which had been reported as belonging to the b-state,
Twenty~-six of those were used in a least-squares fit to
generate new b-state constants, DUNCON was used to perform
separate least-squares fits to the data of Snyder and
Glessner, and to the data of Kurylo and Oldenborg. Then
DUNCON was used to merge the results of these fits, A copy
of the program with the results is presented in Appendix A.
The resulting b-state and X-state constants are
presented in Table IV-6. The 26 assignments used to obtain
the constants are listed in Table IV-7, The “observed-
calculated” values are presented for comparison with those
of the original investigators. For the 26 values used in the
new fit, a standard error of +10.5 cm was obtained. For the
15 values which the investigators reported "observed-calculated"

values, their standard error was +47.4 cm. It should be noted
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TABLE IV-6

Spectroscopic Constants for b-X
Transition for Lead Oxide

State Te We WeXe
b 16325.1(11.2) 430.99(2.47) ~0,757(0.165)
X 721.41(4.35) 3.700(0.441)

that this error was due to uncertainties in the assignments

and not the quality of the data.

The second part of Table IV-7 contains those values

which were published as b~X transitions for which no assign-

ments had been made at the time the fit was performed., After
the new constants were calculated, assignments were made for

k . three more b-X transitions.

The new assignments presented in this paper were made

-—

without access to the raw spectral data and, hence, information

? concerning the relative intensities of each transition. It
is also probable that some of the assignments of the transi-
tions to the b-state are incorrect. For example, the last
value of Table IV-7, an experimentally observed value of
15672 em™ ' was assigned as a b-X transition. This value

3 e corresponds closely with the value of 15662 cm_l observed by

Linton and Broida and assigned to the a=-X transition series.

b :
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This concludes the discussion of program DUNCON and
the results of its application to lead~oxide. Only a small
portion of the PbO data available was used in the present
analysis. Rotational data, if used, should increase the
quality of the constants. A more extensive evaluation of the
literature data with the selective discarding of "erroneous"

data points should yield better constants,

Lead~-Oxide RKR~-IPA Curves

To demonstrate the use of the RKR~fPA program, the
X-, a-, and A-states were selected for evaluation. Curves
were drawn for the X-, a-, and A-states using the results of
the RKR routine alone or using the combined RKR and iPA
routine (RKR-IPA curve). The resulting potential energy
curves are presented in Fig. IV-1 for the X-, A-, and the
a-states. For the A-state, the curve presented in Fig., IV-1
is an RKR curve, while for the X- and a-states, they are
RKR-IPA curves. The RKR and IPA results are presented for
the X- and a-states in Tables IV-8 and IV-9, respectively.
The RKR data for the A-state is presented in Table IV-10.
The constants used to generate these curves for each state is
presented in Table IV-11.

The ultimate use of a potential should be to predict
what transitions should occur. A sophisticated analysis would
involve the calculation of Franck-Condon factors from the wave

functions resulting from the solution of the Schroedinger wave
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TABLE IV-10

RKR Potential for the A-State of Lead-Oxide

_1 o o
v Gv(cm ) R-A R+A

0.0 222,30 2.925 2.168
2.5 1328.32 1.937 2,288
5.0 2427.60 1.890 2.367
7.5 3520,12 1.856 2.432
10.0 4605.,90 1.829 2,491
12.5 5684.92 1.807 2.546
15.0 6757.20 1.788 2.597

Yo, = 0.28500
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equation. But, it is possible to arrive at certain conclu-

) sions without calculation of the Franck-Condon factors.
For example, examination of the a-state and X-state curves
show that no overlap exists between the "v’=0" energy level
for the a-state, and "v"=0" for the X-state. This indicates
that such a transition is classically forbidden. 1In Table
IV-5, a transition observed at 15898 cm had been assigned
to the a-X (0,0) transition, Reevaluation showed that the
15898 band head should be the a-X (3,2) trqnsition. Both
assignments were acceptable within the error limits of
fit. The relative positioning of the potentials indicate that
only the (3,2) transition is possible. The calculated value
for the a-X (3,2) transition is 15898.4 cm™ L.

The next step should be the generation of a new set

of constants using the formulas for Gv and BV and the

newly obtained energy eigenvalues Gv and Bv values

generated by the IPA routine. This technique was applied

—

to the ground state IPA potential of Table IV-8, From this,
the following constants were generated for the ground state:

Y 720.991(0.058) cm

10
Y

]

20 3.5357(0.00479)

The calculation of new values for the rotational constants

‘ Y01 R Yll , etc., from Bv was not performed.

U The calculations using only Vidal's RKR-IPA method
” were halted at this point. Attempts to extend the curves to
- the dissociation limit "in one jump" produced a potential
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which diverged as the curve approached the dissociation limit
(see Fig IV-2). Not having data for vibrational levels above
about v=15, the iterative techniques of gradually extending
the curve, as discussed by Vidal and Stawalley (Ref 43}, were
not attempted. They used the IPA method to improve the RKR
curve at lower levels, and then on successive trials, extended
the curve slowly to the dissociation limit.

The reader is referred to Vidal'sworks listed in the
Bibliography and in Appendix C for further information concern-
ing the generation of new constants and the extension of
potential curves to the dissociation limit using the IPA
routine,

This completes the discussion of the use of the RKR-~
IPA program by itself to generate potential curves. The next
section presents use of the RKR-IPA technique in conjunction
with Leroy's extension techniques to produce a potential
energy curve which extends to the dissociation limit.
Extension of the X-~State Lead-Oxide

Potential Energy Curve to the
Dissociation Limit, De

The potential energy curve for the ground state of
lead~oxide was selected as the likely candidate for extension
to the dissociation energy, De . This selection was based
upon the fact that the constants for the ground state have

the smallest standard errors.

The vibrational constants of Linton and Broida were
selected as starting values because of their small error
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limits. The creation of potential energy curves also requires
the knowledge of rotational constants. The rotational con-
stants were selected from Suchard (Ref 45). Table IV-12
contains the original constants and the final set of constants
used in extending the curve to the dissociation limit,

The method prescribed by Leroy was used. Linton and
Broida's constants were used to generate a set of G(v)'s
according to Eq (87) for v=0 to 15. A trial value was selected

for Y and the other constants, Y30 . " Y20 , and YlO

40
were solved for by performing a least-sguares fit to the

value obtained from Eq (98). Program DUNCON was modified to
perform the fit. The process was repeated until the criterion
of "AGv+k = 0" at De was satisfied.

Suchard's constants were used to generate a set of
Bv's for v=0 to 15 according to Eq (93). A trial Y21 was
selected and new Yol and Yll constants were obtained from
a least squares fit to the values calculated by Eg (99).

The new vibrational constants and rotational constants
were used as the inputs for the RKR-IPA program. The process
of adjusting the rotational constants was repeated until the
criteria expressed in Egs (957) (96), and (97) were satisfied.

The last set of constants calculated are presented in
Table IV-12 as the extended constants. The complete numerical
results of the IPA-RKR routine are presented in Appendix B.

The "Final Set of Turning Points;,' as output by the IPA

routine was used to create the potential curve (solid line)
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TABLE IV-12

Constants Used to Extend the Lead-Oxide X-State
Potential Energy Curve to the
| Dissociation Limit, Dg

Constants Original Values Extended Values
Y, 720.97(0. 36) 721.062849
Y, ~ 3.536 - 3.57101904
Y 3.85076374X10" >
30 .
Y - 1.29x10°4
40 .
Yo, 0.307519 0.30726775
-3 -3
Y, - 1.9167X10 ~ 1.7667X10
5 ) -5
Y, 1.5X10
4 Yy, 0.22x10"8 0.22x10”8
D, = 31570410, em™ 1

A
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in Fig IV-2 which satisfies the dissociation criteria. The
dashed line in Fig IV-2 is the RKR curve, as defined by the
original constants of Linton and Broida, and Suchard. It
should be noted that the constants, as presented in Table
IV-12, will only produce the curve in Fig IV-2 when input
into an RKR-IPA routine. Examination of the "Final Set of
Turning Points" yields a minimum inner turning radius of
about 1.62 angstroms for vibrational quantum numbers from
v=33 to v=69. Examination of the turning points for the
initial "Potential Generated by RKR) listed at the beginning !
of the RKR-IPA program output in Appendix B, shows RMIN
turning points as small as 1.54 angstroms for v=74. For
v=69, the last vibrational guantum number investigated by the
IPA routine, the RKR program returned an RMIN of 1.59 ang-
stroms. This decreasing value in RMIN indicates that the
left branch of the curve would diverge just as shown by the
dashed line on the left-hand side in Fig IV-2. The turning
points of the RKR potential were of sufficient quality that
the IPA program was able to correct the potential to yield

the solid curve of Fig IV-2., 1In this work, the procedure

described above, was the final one used; however, continued
refinements are possible by the use of the RKR-IPA program.
The next step should be to take the G(v) [U(R)] and

B(v) [BV*x100] values as output by the IPA program and per-
form a least-squares fit to obtain a new set of Yno and Ynn

constants. These, in turn, would be used as input for the
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constants from the experimental data and calculating the
higher Yn+,n+ constants.

The convergence of the IPA routine became very sensi-
tive as the "sought for value" of the last vibrational con-
stant was approached. For the example, the IPA routine would
not converge when values of Y, = -1.25x10"> or Y = 1,75x10-5
were used. The program would converge for values of Y21
larger and smaller than these, but the shape of the resulting
curve diverged from the desired shape. An .indication of the
convergence of the IPA routine may be obtained by looking
at the next to the last output of the IPA-RKR program, "The
Summary of Errors of the Inverted Perturbation Approach."

Due to the fact that the "Final Set of Turning Points"
fluctuates about 1.62 angstroms and the potential is increas~
ing asymptotically along 1.62 angstroms, multiple p»otential
energies are presented for the same RMIN turning point value.
Thus, when searches are performed using a turning point radius
value ([XXX] as in DO~loop 55 of POTTAB, and PLYNN called from
this loop, the routine stops at the first value satisfying
the requirement [XXX]<X(J) (Subroutine PLYYN). The end
result is that potential energies corresponding to turning
points of magnitude of less than about 1.62 angstroms in the

"rinal Potential" should not be accepted as valid without

close inspection. Improved constants and successive itera-

tions of the RKR-IPA routine may remove this discrepancy.
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V. Summary and Recommendations

The programs and techniques necessary to transform
molecular spectra for diatomic molecules into potential energy
curves have been presented and described in detail. The
program DUNCON performs least-~squares fits to separate data
sets and then merges them in a weighted-correlated manner
based upon the variances of the separate fits to yield
spectroscopic constants. The RKR-IPA program presented first
calculates "semi-classical" turning points based upon spectro-
scopic constants. It then adjusts the resulting RKR potential
through an inverted perturbation technique to yield a poten-
tial energy curve whose energy eigenvalues are in best agree-
ment with the model of a vibrating-rotating diatomic molecule
as specified by the Schroedinger wave equation and with the
experimentally observed data. The routing also calculates
the wave functions for the potential energy curve.

Techniques were presented for extending potential
energy curves to their dissociation limit when experimental
data does not permit such an extension by straightforward
application of the RKR technique.

Using DUNCON, constants for the a-X, A-X, B-X, and
D-X transitions were calculated from experimental data. The
results are presented in Tables 1IV-1, IV-2, and IV-3. The

calculated values agree well with published values for these

states.
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A new set of assignments was made for b-X trans:i-

tions. The new constants calculated for the b-state are
presented in Table IV-6, and the new assignments are in Table
IVv-7. The new assignments and constants produced a £it with

1

a standard error of 10.49 cm * versus 47.9 cm * for the

previous published assignments.

Recommendations

1. The use of Leroy's technique for extending a curve
to its dissociation limit in conjunction with the RKR-IPA
routine should be tested upon a potential energy curve whose
shape is known and for which experimental data is available
all the way up to the dissociation energy. If the technique
produces a curve and energy eigenvalues consistent with a
curve based upon experimental data then, the validity of the
method will be confirmed.

2. This technique for extending curves might be
further verified by applying it to two different states; for
example, a- and b-states of lead-oxide, whose dissociatich
energies are the same. The coincidence of their potential
energy curves at large separations should serve to verify
both the extension technique and the gquality of the constants
used in construction of the curves.

3. A complete investigation of all published data
using DUNCON should produce a better set of constants for

lead-oxide. This is particularly true for cases where two
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investigators have given different energy levels for the same
transition. The judgment as to which data is the more
accurate should be based upon the constants produced by
DUNCON,

4. Constants obtained from a least-squares fit should
be reported as a group. If not, care should be taken to
report how the constants were obtained.

5. The reassignments made for the b-X transitions
should be evaluated by an investigator with access to data
specifying the relative intensities of the experimental data.
These were not available for the assignments made in this work.

Also, the b-state constants should be reevaluated
using a more accurate set of X-state constants as opposed to

those obtained from the least-squares fit of the b-X data.

By fixing the value of the X-state constants, it may be
possible to obtain a positive WoXg for the b-state. Having
a positive WoXg s then 'Eq (102) and Tellinghuisen's method
for constructing a potential energy curve might be used.

Alternatively, Eq (101) might be applied. From the potential

energy curve, it might be possible to determine what transi-
tions are more probable, Some information along these lines
can be obtained by assuming a similarity between the a-state
potential and estimating the position of the b-state curve
relative to the a-state curve.

6. Vidal made use of the RKR-IPA routine to improve

RKR curves for low energies and then used these improved
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curves to extend the curves in small increments to higher
energy levels. This technique has not been pursued and warrants

further investigation. The RKR-IPA routine could even be used

to improve constants for low energy levels, i.e., small "v",
prior to using them in the previously described extension

technique. Both techniques warrant further investigation.
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Appendix A

Program DUNCON

The following section contains the program DUNCON,
The program has provisions for obtaining separate least-
squares fits to separate data sets and then merging the

resulting constants in a weighted-correlated fashion based

upon the variances and covariances of the original separate
fits.

= Presented first is a written description of the 1
program and instructions on how to use the program, Follow-

ing that is a listing of the program with a sample output.

-
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Merged Least-Squares Spectroscopic :
Constants Program ;

Program DUNCON is structured so the user can generate
a least-squares fit to several different groups of data which
have different standard errors and then merge the fits to
obtain a weighted, correlated linear-least squares fit as
described in the previous discussion on least-squares fits
(Refs 2 and 3). DUNCON is written in Fortran V. A copy of
DUNCON follows in this appendix.

The user must set up the model which will be used to
fit his spectroscopic data, input the data, dimension the
arrays used in his program, and call the subroutines WAVNUM,
CONST, MATEQ, VECEQ, MATINV, and MERCN to obtain a merged
least-squares fit. In turn, these routines call on a package
of matrix manipulating routines (Ref 13) contained in the sub-

routine MATMULT.

Program DUNCON

The user has complete freedom in structuring this
portion of the program. To perform a least-squares fit, the
user must choose a model to represent his data. For data
representing transitions between electronic states, the follow-

ing is a typical model using Dunham coefficients (Ref 18):
v =T, + Y, + Y7, - Yio - Y20 (117)

where Vv 1is the frequency of the transition expressed in

units of cm'l. As previously described, a series of transitions
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(v) may be represented in matrix notation as:
= B + =1,2,3 11
o AR s kT b2 (118)

where v is a column matrix made of experimentally determined

wavelengths or wavenumbers:

(119)

The X matrix is made up of the v~ +1/2 , (v7+1/2) ,

v"+1/2 , and (v"+1/2) terms:
~ 7
1 vi+l/2  (vi+1/2)%2 wvi+1/2 (v} +1/2)?

1 vi+1/2 (vi+1/2)% vi+l/2 (vo+1/2)?
(120)

: - - 2 [l " 2
1 vn+1/2 (vn+1/2) vn+1/2 (vn+l/2)

-

This X matrix is calculated in lines 18-28 of the subroutine
CONST. As the specific model chosen to represent spectro-
scopic data may vary, the user must define this section of
CONST.

The B column matrix (vector) will contain the constants

of the least-squares fits.
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Te”
Y10
B = Yoo (121)

Ylo“

YZO“ -]

To operate the program, the user must input the
following data:

1. v--the experimentally determined energy of transi-
tion expressed in either angstroms (A) or wavenumbers (cm'l).
In the sample program in this appendix, v 1is called ANUx,
where the small "x" represents the additional characters
necessary to identify a specific group of data. This conven-
tion is continued throughout the discussion in this section.

2. v’ --the vibrational quantum number associated with
the upper state and referred to as QVlx in the program. It
shoul.. be entered as a decimal.

3. yv"--the vibrational quantum number associated with
the lower state and referred to as QV2x in the program. It
should be entered as a decimal.

NOTE: the values of ANUx, QV1x, and QV2x for each
observed transition must be associated with each other by sub-

scripts. (The subscript is placed in parenthesis and the

subscript must start with "0".) For example:
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g = (xTer lx)"l  xTag~ly (122)
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ANUx (0) ,QV1x (0) ,QV2x (0)

ANUx (1) ,0V1x (1) ,QV2x (1)

ANUx (2) ,QV1x (2) ,QV2x(2)

etc.

4. N--the number of constants minus one to be
calculated in the initial least-squares fit. For the model
in Eq (117), N should be defined as follows: N =5 -1 = 4,

5, Mx--corresponds to the number of experimental
values to be included initially in a data set for least-
squares fitting prior to the merging step.

6. MM--corresponds to the total number of constants
minus one which are generated in the initial least-squares
fits for each of the independent data sets. For example, if
the calculation is for two different transitions, i.e., A-X,
B-X, and, as in Egq (1), five constants are to be calculated then
MM = 2x5 - 1 = 9,

7. NM--the number of constants to be obtained in the
merged least-squares fit.

8. XM(0:MM,0:NM)--the coefficient matrix which relates

the redundant variables obtained from independent least-squares
fits to the desired final set of variables. It controls the
merging of the constants obtained in the separate least-
squares fits to yield the merged weighted, correlated least-

squares constants by the following formula:




For a problem involving five constants for each of two
) electronic transitions, the XM matrix would be of size 14x5

and contain the elements as follows:

1>
fw
1%

Te Yie Yio Te Yio Yzo Y:o Y>, + Merged Constant

-
Te 1 o o o o o 0 o717
‘ Yio o 1 0 O o o) 0 o) Elements
Y;, |o o 1 o o o o o :;rtammg to
Y;o 0 0 0 0 0 0 1 0 Transitions
i Yo o o o) o o o) 0 1
XM = 1
5 Te O O o) 1 o© o o) o)
B
Yio 0O © 0 o 1 o] 0 0
) Elements
) Yoo 0 0 0 0 0 1 0 0 Pertaining to
) B-X
i Yio o o 0 o o 0 1 o Transitions
Y50 o o 0 o o0 o} o 1
L 4 4
v

Constants from Independent Least-Squares Fit

Fig A-1. Coefficient Matrix XM




9, THETAI(0:MM,0:MM)--this matrix is made by merging

the variance-covariance matrices obtained from each of the
independent least-squares fits. The details of its construc-
tion will be provided in the discussion of the subroutine

MATEQ. The user must initially fill the matrix with zeros,

! The matrix has (MM+1)2 elements. For example, if MM=9, then

the statement, DATA THETAI (100x0D0) will initialize the

matrix.
This concludes the data input required of the user.

' The only tasks remaining are the assembly of dimension state-
ments and construction of statements in the main portion of
the program to execute the least-squares and merging routines.

The sequence of statements required to perform a
least~squares fit for each set of data are as follows:

CALL WAVNUM

CALL CONST
i CALL MATEQ

CALL VECEQ

In the following section, the statement names and their
arguments are listed along with a brief description of the

routine.

WAVNUM (ANUX ,Mx)
¢ This subroutine converts data contained in the array
ANUx (0:Mx) from angstroms to wavenumbers invacuo (cm-l) by
means of a correction for the index of refraction of air

(Refs 7 and 21). ANUx is, as described above, an array of
A-7
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the Mx experimental values for one group of data. NOTE: If

ANUx is entered as wavenumbers, this statement is omitted.

CONST (ANUX,QV1x,QV2x,BETx,THETX ,Xx,Xtx ,XTXx , XTXXTx, XBx,

ANUXBx ,CVRCx ,Mx,N)

; This routine does the work of obtaining minimum
# ! variance least-squares constants. It solves the matrix

equation as outlined below:

v = X8 + e . (124)
8 = (xF x)"L xTy (125)
92 = (v = XB)T (v - XB8)/fm (126)
6 = o2(xT x)~t (127)

The correspondence between the arguments for CONST and these
equations are as follows including the dimensions required
for the arrays: ANUx(0:Mx) = v

QV1x (0:Mx) and QV2x(0:Mx): These entries are the
quantum mechanical vibration numbers which are for the upper
(v’) and lower (v") states respectively, and are used to
generate the Xx matrix as previously described.

Xx(0:Mx,0:N) = X: This matrix is generated by CONST
] 2 in lines 18-28, as dictated by the user and by the model chosen

to represent the data.
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XTx(0:N,0:Mx) = X': This matrix is the transpose of
matrix X and is generated by the subroutine TRNSPZ called
from CONST.

XTXx = first(xTx), then (XTX)-l: This matrix is the
product of XT and X formed by the subroutine MATMLT. The
matrix is then replaced by its inverse by the routine MATINV,
-1,T

XTXXTx (0;n,0:M) = (X'X) 'xT: This matrix is the pro-

duct of the inverse of the first matrix times the transpose

of the second.

BETXx (0:N) = (XTX)—lev: This column matrix (vector)

contains the least-squares estimate of the constants in Eq (1).

It is formed by multiplying the matrix XTXXTx times the

vector, v , using the routine MATVEC.

XBx(0:Mx) = XB: This column matrix is the product
obtained from the subroutine VECVEC. It is the calculated
estimate of the original experimental values based upon the
constants obtained from the least-squares fit of the experi-

mental data.

ANUBx (0:Mx) = (v - XB): This column matrix (vector)
contains the differences between the measured and calculated
values of wavelength for a given data set. The calculation
is performed by the routine VECSUB,

VARINZ = 0% = (v - XB)" (v - XB)/f_: VARINZ is a

scalar and is the estimated variance of the least-squares fit.




The variance is given in the output of the program. fm is

the degree of freedom, Mx - N, VARINZ is calculated in the
routine CONST,.

THETx (0:N,0:N) = 6 = g2 (xTx)"L: THETx is the
variance-covariance matrix for the calculated constants.
Estimates of the variance for the constants are contained on
the diagonal with off diagonal elements being the covariances.

The matrix is obtained from the product of the scalar, c? ,

2 and the matrix, (X'X)~%, using the routine SCAMAT,.
4 ; CVRCx (0:N,0:N): This matrix is generated by CVRCOR
‘ which is called from CONST. It contains three types of data.
1. Above its diagonal it contains the same covariances
of the constants as in THETx.
2. The diagonal contains the estimate of the standard
error of each of the constants.
3. The elements below the diagonal are the correla-
tion coefficients associated with the constants. The coeffi-

cients are calculated by the following formula:

c=206../ (o )% (129)

i3 1 1%11%;
where eij are the elements of the matrix 6 . Since the
matrix is symmetric, the procedure of reporting variances for
the top half and covariances for the bottom half is sufficient.
The results are printed in the program output.

This completes the description of the arrays required

for the least-squares fit of one group of data. If it is

A-10




necessary to perform a least~squares fit on several sets of
data and merge them to obtain a correlated, weighted, least-
squares estimate of the constants, then the MATEQ and VECEQ

routines are used.

The merged least-squares calculation is based upon:

v = xgM + ¢ (130)

where the known values obtained from the previous least-
squares fits of the experimental data are the y and X matrices

and

P S

] y = Te (131)

etc.
and X is the XM matrix as defined in the input data section.
It relates the redundant values of y to the corresponding

M

members of BM (Ref 3). B is the best estimate of the

constants obtained from the formula

A-11




8" = (xTer ~1x)"1xT o 'ly (132)
where 6] is of the form
6; 0 O ]
0 O eaJ

MATEQ (THETx , THETAI,N,N,MM,MM,X,X)
This routine inserts the variance-covariance matrices,

the THETx's from each least-squares fit, into the matrix THETAI.

THETx (0:N,0:N) : As previously defined.

THETAI(O:MM,0:¥M) = I : As previously defined.

The last two arguments for MATEQ, "x,x", determine
where the smaller matrices are inserted into THETAI. The
user must input these values (as integers). For the first
group of data, "x,x" should be "0,0". If the number of con-

i stants determined in each of the separate least-squares fits

is "N+1", then "x,x" for the second THETx inserted into
THETAI is "2« (N+1),2+#(N+1)"; third, "3x(N+l),3x(N+1l)", etc.
The end result is the placement of the THETx matrices into

THETAI as depicted by Eq (133).

CALL VECEQ(BETx,YM,N,MM,x)
4 VECEQ performs a similar insertion of the constants

BETx obtained in the separate least-squares fits into the




———

. »nrm’i

~ column matrix (vector) YM (y in Egs (131) and (132)). The

dimensions of these two parameters are BETx(0:N), and YM(0:MM).

The "x" value is again an integer and entered by the
user. It corresponds to and is equal to the value used in
the MATEQ statement. In this manner, the estimated constants
and their variances are placed within the THETAI and ¥YM
matrices so their correspondence is retained in the merging
calculations.

After the CALL WAVNUM through VECEQ statements have
been executed for each of the separate groups of experimental
data and the YM and THETAI matrices are loaded, the merging
of the spectroscopic constants can be carried out. To
accomplish this, the user must have constructed the XM matrix
as previously described. Then the following statements will
accomplish the merging:

IPV = 0

CALL MATINV

CALL MERCN

CALL MATINV (THETAI,MM,MM,IPV)
This routine inverts the THETAI matrix. The routine
was obtained from the computer program by C. R. Vidal contained

in Appendix B.

CALL MERCN (XM,THETAI,YM,XTM,XTHM,XTHMX ,XTXXTH ,BETAM,XBM,YXBM,

YXTH, THETAM,CVRCM,MM, NM)

A-13
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This routine performs the calculations outlined in

Eq (132) to yield a set of merged least-squared constants.
MERCN estimates by the following formula, the variance to

be obtained using the merged constants:
02 = (y-x8"Ter ™t (y-xe™ /g (134)

It then calculates the variance-covariance matrix, oM , for

the merged constants according to the following formula:
oM = (xTer "Iyt ‘ (135)

Listed next are the arguments of MERCN and their
correspondence to the equations presented in other sections
of the report,

XM(0:MM,0:MM) = X In Egqs (130), (132), (134), and

(135).

THETAI(O:MM,0:MM) = 6[ : Egs (133), (134), and (135).

YM(O:MM) =y

Egqs (130), (131), (132), and

(134).
XTM(0:NM,0:MM) = X* : Egs (132) and (135).
XTHM(O:NM,0:MM) = X6 : Eqs (132) and (135).
XTHMX (0:NM,0:NM) = first (xTot “1X) then (x’ret"lx)'1 :

Egs (132) and (135).

1,,~-1 xT 1

XTXXTH(0:NM,0:MM) = (X oI or~t : Eq (132).

BETAM(0:NM) = g™ : Eqs (130), (132), and (134).

X)

XBM(0:MM) = XB8M : Eq (134).

YXBM(0:MM) = y - x8™ : Eq (134).
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YXTH(O:MM) = (y - x8M)Ter™! : Eq (134).

THETAM(0:NM,0:NM) = o2 (X7 6L x)™1 . Eq (134).

This is the variance-covariance matrix for the merged
constants.

CVRCM(0:NM,0:NM): CVRCM is the matrix containing
the covariances, standard errors, and the correlation coeffi-
cients of the merged constants with the structure the same as
described for the separate least-squares fits.

Calculations are performed in the subroutines CONST
and MERCN using a group of matrix and vector manipulation
routines (Ref 13).

The output of the program consists of the following
for each separate set of data.

1. A listing of the experimental input values v ,
v® and v" with the calculated value X3 .

2. The variance of the fit.

3. The complete variance-covariance matrix.

4. The matrix containing the covariances, standard

errors and correlation coefficients.

5. The constants for the upper and lower levels.

For the merged data, the merged constants, the variance

of the fit and variance, covariance, standard errors, and

correlation coefficients of the merged constants are printed.

A-15
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s PIGurAM DUNCOY i
2 c OUN3IL5e DUL Y17y DL Y24, 10 DEC 32 '
3 IMPLICIT DCUKLE PSEC  ILL (A=H40-2) :
Iy c DIME S IONING STATEMIPYS FO& SHNYDFR-GLESSNER SMALL H-Y
H c LEAD-UXIUE CA~A
5 DIMELSION ANUALN29) ¢HVALLTSI),0VA2(C 29)
7 DIME «ST % ARTTACISO DoTHE ACC S0 ¢)20)oXA(D2I5024)4XTACDZ4,422)
. DIPENSION XTXXTACOSA4CS haXHBACTIS P oXTNALDZA4024) ¢ANUNBA(:29)
5 DIMENSI.N CV-CALD38,)24)
10 c DIKERCICH STATEMENLTS FN0 ILDLYBREGy DICKSONe AMD ZARE
i 11 DIMENSICN APLUBLLI5) sQVHICC2S) AVH2(C2S)
12 UIPENSISN ABETHEC Ao THEYBE0 S0 o. 28D XRIT S oL 4D XTR(024,4335)
13 DIYENSICH XTXXTHEOSA40 5D eXBHIIIS) o NTABLC 24,034 )9ANUXBREIZS)
; 14 DIMENSTIUN CVACHBEC 24402 4)
i 1¢ c OIMELSIGN STATMEATS FC> DATA ©F XURYLC, ET.AL.
} 1€ DIMELNSION A%UCL0215),QVC1€0215),0VC2¢(021T)
17 DIPENSICN ABSTCC(OIADoTHETCCU SO 4024 ) oXCCL 2154024 ¢XTCL028,2215)
j 1+ DIiMENRSIZH XTUXTCCOS440215)¢XBCCISLIS) o XTNCIOZA4024)0AMUXBCI(Z215)
1% DIMERSICY, CVECC(02a,02a)
20 C ARRAYS F5° MERGING 3 SEPAFATE FITS
21 DIMELSICH XM(O 29 9034)oTHETAI(D23,0829)9YM(027)
22 DIPENSION XTMCDI8 005 ) oXTHMIT T4 9329) o XTHMX(N 4 4020)
2 DIMELST i1 YXTHCCSA) yTHETAM(D I8 4038)4CVECHMD44G24)
24 DIPEMSICH XTXXTHCO24e02S5)eBETAM(IIO) ¢ XBMCOZTI) yYXAM(O29)
y 2% c DATA FOR SAYDER-GLELS*ER
26 NATA ANUAZSTIESNC 9€n06e5NL 470392200 ¢ T4TC oSN 9€222.3N00
217 +¢581¢900 97610390 4:C36030002352,700,5031.4007
2: CATA QVA1/3U.¢300e20Z9CDG¢300¢30%¢1DCs1DY93D0,10DC/
2 DATA GQVAZ/0D. o4DC €D ¢ aDM 9200 9 7D ¢ SD% 9603 ¢ 3NC 91007
30 c DATA FCR (LDENBCFG
31 c A0
32 c DATA FGR KUFYLC
33 c DATA 1t ILVERSE CENTINTERS
3a DATA ANUC/21c43DC 42120007 41551500
35 +17212004171C¢ D041 7C330Ce1691%0351677300
35 *16€14D0¢168+-D0416838D0+26257D3916215D0+15773D0,
37 *¢19623D3+133c305/
3- GATA QVC1/140C 413D69700¢4D0¢7D042DC9SD0#I00
. 3> *1DG94D0s70C o1 TDC 014U 1300420043007
40 DATA QVCZ/10. ¢1Do+30C 100 93DCeC0I 92DGe1 D300
[ 3] *20Cs%00¢ 1100 9S0Us50020C43D0/
) .2 c 1L.TIALIZI%G MEAGI*G PATRTICFS
i a3 DATA XM/ 1D 1euelDL o1DCySe0 DR,
’ LX) *100 94000010 45¢C0T
! 4 *1DDe8e0DL 01 S0 D0
[ X3 ¢100e0eCD( 21D 95000]
a7 +:0094¢0D. 010 /7
- a- ) NATA THE "AJ/1GLeCDO/
- ‘ 'Y .
50 .
51 N=
- 52 vAzZ?
53 rvg:=S
54 “C=1%
- 5¢ ¥MzS
{ LT3 m=a
; ST c CALCULAT N JF CoNSTALTS FGP SNYDEPS DATA
3 . 5 CALL WAVNUMEALUAGUA)
? 1 < CALL CONCT CAT.UAYOVAL sOVAZ ¢ARETAGTHETAWXAXTAGNTXAGXTAXTA,
x &C ¢ XBAGANUXRBACVOCA MApl)
: 6! CALL MATEQUTMETAGTHE AL g’ ohgMM4M 4D e))
62 CALL VECEOQCAHETAsYMoNo¥o()
63 c CALULATICN CF CIOASTALTS F-R KURYLOS DATA
6 CALL CONZTEAUCsQVCL1o0OVC: ¢ABETCy THETCoXCoXTCoXTXCyXTUXTCy
6 * YRC o ANUXHC 9 C JRCCoMC o1
66 CALL MATLUCTHETCoTHETAT oM\ oNoeMMgM49545)
67 CALL VECEOQUCAHETC yYMoN oMM c)
i ) 6 Pws.
‘ i ‘ 6= CALL MATINVITHETA[ g¥MorM iPV)
‘ 73 CALL MERCHUIRMoTHETA o ¥MoYTMeXTHMo XKTHMN 9 XT XX TH,y
71 CHETAM XAM QY KUMoYXTHyTHETAMGCVRCH g MMyAM)
' ! 72 £.0
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SN
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A6

TUBRLUTINEG AT NV (Al o4y PY)
PALFe~ELCE: THIALNSD FRCY PTOG-AM PIEPAZED HY C.R. VIDAL
MATR (X I VR _ILY
TPVLEQel: ' 2 SFAYCH Fnp OIY. T. PV NEQls SEAPCH FO- PIVIT
IMOLICIT DULUNLE 0QrC Slc. (A-Heu=2)
LIME SIS IPIVOY L 2E3)eltDENGA(2263)eiMDEXC(C263)
DIPELSIG AC .2t el 2YM)

0o 22 Jsieh

iPIVLT Y =

DX S520 1=zlets

IF C.PVsKES!D) G TO «C

cLv=]

G3 'V Zor

evecccscsvsccccccce . FA«CH FNOF PIVIT ELEMENT
AMAX=de)

N 135 JzTe.

IF QIPIVOTEUIeEQeld G TL 129
FOR UNSYPMETRIC MATRIXN: Al eJde EcAlJd,yl)
DI 120 K="
POR CYMMETRIC MATRIX: A(I4d)EQ.ACJILI)
058 K=Jel.

IF C(IPIVCTI(K).€0.1) GO TC 10 .

IF C(ABSCAMAX).GELABZC(ACJeKID) GC TC 137
IROM=J

ICL¥=K

AMAXZA(S oK)

CCNTINMUE

CihTIsNuL

IPIVOUTCICLMI=IPIVOTCICLM) o )

1W0EXRCI)= IFCH

IiNDEXCCID= ICLm

esesnses INTERCHALGE FOUWS TC PUT PIVILT ELEMENT ON DIAGGNAL
iF (IRCW.EQ.ICLM) GC TC 2FC

D™ 2CJ L=Ge*

THAP S ACTROMWsL)
ACIFCadoLIZALICLY, L)
ALICULMoL) = 5uHAP

PIVLT = ACICLPGICLHM)
F (1e6GTal3) GC ", 330

cecesssevesnceasaDIVIDE FIVAT PCW RY PIVGT FLEMENY
ACICLMGICLY)Y = 14

L™ 330 L = Lo

ACICLMoL I =ALICLAGLI/F IV
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S c ..-............-FEDUCE f.??ﬂ‘nlv:T ﬂ(‘US
57 30 0¢ SS90 L1 = O+
€z IF (L1.E0QeICLM) GO 1L £53
b T2 ALY ICLY)
, 40 ACLLSTCLK) = Go° ,
$1 DT 850 L= 0on !
2 450  ACL1eL) = ACLLoL) = ACICLMoL)”
e)
LY ] L]
ol .
60 550 CONTINUE
i 67 IF (I1PV.EQel) FETUFN
: 6- [ 4 e secsasccssscscsscecsal NTERCHANGE COLUYNS
6 00 T1C I= CyN
7C L= -1
71 TRCY = INDEXP(L)
72 ICLM = LuDEXCIL)
73 IF (IRGW.EQ.ICLM) GC TC T1C *
f Ts DO 735 K = U oN
75 SWAP=AIKsIRW)
76 .
17 AlKg IROMY = AKX ICLM)
Tr TIE  AC(K I CLM) = LUAP
K 710 CCATINUE
“y “ETunN .
o] £1.0 ;
+
1’ :
b
h
Y
;
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§
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TURSCUTILE MATHL " ILTAL IPT=L g+ JLNDT A/ S/ M/=Dy=D" FIN S.]1¢S580 -
82el iNG/=CT gAOG==C MMIN/=FIRECeC3= USER/=FIXED+DB= TH/ SH/ SUL/ ER/=-]1D7 2MD/=-STePL
FTNSsUB. 2330 5¢
1
1 Cc THE FILLuWING FRUTINDES PERFNEM SYANDARD “ATRIX CPERATIOY"
2 C A%D VECTuUR CPERATIOL®
3 .
| . .
! = JUBRCUTINE MATMLT(AGUsTo¥ ora? )
£ CMPLICIT DCURLE PRECISICN (A=no0=-2)
7 DIWE: o0 AC Sy SNDQUCTEN Gl sP Do (03P 4GP I gBLOSMLT 2N)
o CIpy,SIot. DC 1Pl ,02F2)
. DIFELSION XU L) e YU 28D 02 (LMY oVIDINSLIMIZIC(NZY)
1C IRTEGER TedeMmeh sl P
11 INTEGER Flerl
12 . -
13 Bl 1 I=zu e
‘ 1s 093 1 J=C ¥
1< 1 T€lsJ)=C00
16 0C < [=0ogm
17 un 2 Jd=CeF
1~ DI 2 K=( ok
1- °
2¢C z Tl edd= ACIoKI2UIKJ) ¢ T(I4y)
21 FETUAN !
22 . i
27 tNTRY VECIZUH(XeYsZ1leN)
24 C THIS ROUTIANE SUBTRACTS TWJ VECTORS
2< D) 3 1=0,*
2- 21€¢2)=xC2)-Y(D)
27 X COoONT THUL
2. FETURN
2" .
32 ENTRY MATVEC C(AeXoZ oMol
) 31 oTHIS ICULTINE MULT!PLIES A MATRPIX TIVES A VECTOR YEILODING A VECTOR
H 32 00 S I=04"
AR < 2¢1)Y=0De¢
34 DO 6 I=0 M
3 00 €& J=0 ¢N
3¢ 6 2¢1)=A Il s JdeX(J) » Z2(])
- - 37 RETUEN
LI .
3- tNTOY SCAVEC (SeXeYeN)
- L3 . THIS ROUTINE MULTIPL.ES A SCALAR TIMES A VECTCR TO YEILD A VECTOx,
! a1 D T 150,
62 ? YC1lYz=3+X(])
' - [ CETURN
4 - 8 b -
] [ EsTRY SCAMAT (SeA4Boe¥y*)
) LYY . FOUTING MULTIPIES A SCALAR TINES A MATRIX
67 D) ¢ 1=G4M
.- DS < J=04
¥ 4 - a3 I YT ERCY YR
1 %0 CETurN
51 .
53¢ C5%T3Y VECVEC (XyYo3eN)
53 . THIS AT IS PULTIPLIES *WC VECTORS TOGETHNER YEILDING A SCALAR
56 3zI0el
55 OL 7 T30 4%
! A-19

o S——r e o e




-

PR

.

ha

112

113
114
113
11¢
117
11«
119
12¢
121
127
122
124
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SUBROUTC €

AT

s AO

1¢

2 NaNals]

1¢e

74714 TRTSC e 2CUNUE A7 T/ M/-04-0% FTYN Seles58

$z § ¢ X(ldev ()
CETUR N

tNTRY VECMAT (ZeAeXoMoN)

THIS ROUTINE MULTIFLIES A VECTOR TIMES A MAYQIX VO YFILD A vECTCR
£J3 10 J=Cy.

x{JI= TOe0

NC 1e KSCgh

X(JII=XC(S) ¢ 2¢(KIeA(KoV)

FETUFRN

CHTRY TRISPZ (AeV oMl

THTS ROUTINE TRAPCSES A VATRIX
DG 148 I=3Ce¥

00 18 Jziet

Vide . )zZAl]4)

CETURN

-~

ERTRY CVRKCOF (AoToMe%oP)
THIS RQUYINE CREATES A MATPIXN FCR PRINT JUT CF
STANKDAKD FPRCR3e CUVARIANCESy AND CORRELATION CCEFFICTIENTS OF
THE ®"CUNKhAN COLFFICENTSS,

03 19 I=( 4™

DS 15 =i oM

iF C(lelTedd) "HCEN

AT e dI=A(I4d)

ELSE IF (JeEQ.Jd THEN
T€1eJI=DSAR" CA L od))
ELSE IF (1 GYeJ) THfL
“TUIeJIZAC] oI/ (OSQRTCACI 91D VIeDSQPTEA(UGI)))
<%0 IF

CCNT INUE

AETURY

ERTRY WAVAUMIX o)

THIS ROUTIANE CCNVERTS WAVELFNGTH: IN ANGSTROMS TC

WAVE AUMB- RSUINVERSE CENTIMETERS).

WITH CORRECTION FCF JMDEX OF REFRACTICGN 0OF AR
rEFEPENCE: <oTe BIRGEe FHYSICAL REVIEW, VCL. 604 765-T35(1941).
03 16 I=Cen
ol = X(IV/1L: 0300
YRFF 272,510, ¢ 1.5453D00/uLe«2D0 o 0.0216800/uLeedps
wEF 1UJ ¢ X~EF/1D6
105/7(uL oXFEF)

ENTAY MATEQUAGCoMoloPl o+ 24Kl 4K?)
THIS FCUTINE THANCFERS MATPIX ACM¢N) INTC FATRIX U
- CTART NG AT POSITICAN XK1 4KD)D
MezK)+¥
EIKZ2eN
D3 17 I=K1447
Cu 1 J=Kae'.2
e=1-~Kkl
JZ=J=~K2

DCToeJ)=ALIZed2)
CHhTINUE
CohTINUE

SFTUAN

ENTRY VECEQUXoZoNoMePY)
THIS FOUTI%NE TRANSFERS MATRIX X(\N) INTY VFCTOR 2(W)
START ING AT POSITICH 2(P1Y

w2 =1,0P1

Ne 1% 1=2P1,4%2

1221 -P1

2¢1)=%nL12)
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SUBRCUTINE C.A27 1071 WP TIZZ9TQUND= A/ S/ M/-Do-D° FTe S,1e560
DO==LING/=LT yAFG==C MM "N/=F ¥EDs1CS= USER/~-FIXEDeDB= TB/ <B/ CL/ E9/-1D/ PYO/-STl

FTNS.UB.

PO AN

232
2001

on e
e N
[ Y )

JOSC 3l

TURRIUTISNE CoANSTCANUSOVI 9OV oRETASTHETA9 X o XY
e XTR e XTAX T XH o AZIUXB ¢ CVRKC o Myl )
THIS FOGUTTRES PEFRFORMS THE ACTUAL CALCULATION OF THE
*DUNNAM M LECULAR CCLSTANTS,.®
TMOLICIT OGUBLE FRECISICH (A~HQ-2)
DIMELSICH ASU(CIM) oGVICn 2%) 4 QU2( 02 ™)
CiMEtSICh Br ACL L) o THETACC SN 0 21)
OIPELSIIl XTUC gl oMol SMgCIN) e XTXEDSNaCIN) o XTXNXTCL2NSOSM)
DimEC'.SION X4C22IM) oALUXBLO M) gCVRCCOIM qO2 )
UOLBLE PRECI:SION L)
NZ=N/2
NIZN2e]
THIS SECTICY CALCULATES THE X MATRIX WIHCH IS MADF LUP
IF THE VTHARATICNAL AAD/GR POTATIGL.AL QUANTUM NUMRER™
MITH ®Vel/2" ALD ®Je(J*1)" RAISED TJ PCLERS MAKING UP
THE X(1yJ) TERMS,

07 2C€C1 1 = Gon
T 2360 L = O¢N2
L1 =L -
L2 T Le L2 s}
YOI oLDZCOVIC! Y e[ oSDC el
CINTINUE
DI 22062 L=NLIeN
L1z -r2

K€T ol 2==0QV2(])20.5D0)eeL])
CONT TNUE
CONTINUE
CALCULATIIN OF CONSTALTS
CALL TRN3FZUXeXToeMyN)
CALL MATMLTEXTeX o XTYoNoMoh)
PNz
CALL MATIANVIXTXeNoNoIPV)
CALL MATMLTEXTX o XT o XTXXT N oN e M)
CALL MATVECIXTXXT ¢ ANUSRE" A ghoeM)
CALCULATIUN OF VARIAANCE 2F ENERGY LEVEL. OF IS DEGPEES
CF FFECDTV,
DF=1,00¢) 70HBLE (M=)
CALL MATVECIUX,HETA XHoMy%)
CALL VECSUBlAMUXByANUNByM)
FPInhTee® QVI QVv2 CRSEPVED CALCULATED® ' J
0O 996 12Je¢4
PRINY G4 ¢QVILINeQVICIDoANULYY 4XEB(T)
FORWAT (2XNoF 3e092NoF30092XsF1GeT42XeF15.T)
CONT ZNVE
CALL VECVECIANLXNANUXHeSTEMP oMo M)
VARIN22STEMPeOF
PRINTeg® 0,9 VAGTANCE YoVARINZ
FAINTe gt O, 0yakIANCE COVARIANCE MATRIX ELEMEATS®
CALL SCAVATUVARIH2oXTXNsTHETA NN
NG 122 120N
0T 123 J=leN
PRINTeq® Pelsde THETALI )
CONT UL
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57
5
52
ol
6l
62
€3
64
63

617
67

11
72

k]
-

Ts
75

SUBACUTI W& Cuhe©

[aNaRa sl

&la
615

2¢1%

ec2c

Talle LAz 9P0UKD= A/ €/ M/-Do-DS FTY S.1¢559

TH1L CECT I N PLACE. THE COVATANCES AROCVE THE DIAG NAL
CF THE MATRIX ®CVRC,®™ 1IT PLACES THE STANDARC ESATR-
FCR THE CUHCTAARTS GN THE OIAGONAL. IS CALCULAYES “Hi
CIRRELATICN COEFFICIELTS AND PLACES TMEM BELOY THE NIAGINAL.

CALL CVRCCRUTHETAGCVURC P o%oN)

PRINT a9 *STALDARD EnkCRII=JIy CORRELCIFF(IDIIoCOVARIANCE(ICS)®

DI 15 1204,

0 614 J=CeYy

PRIN %g® %y 30sCyrClLI O

CONT INUE
PrInl CUT THE CONSTALYS FOP TNE TWO ELECYPONIC STATES

Palr" egtle

PEINTe ¢ VP VIBRATICAAL COASTANTS FCR UPPER LEVELS

0D 2310 (=042

PRINTwe® 0,1 4BFETACI)

FIIN® aqv.?®

PRIN ®¢% Y 9YIHRATIONAL CrWuSTANTS FOR LOWER STATE®

D2 2723 I=%34h

PP INTe g Vel BETAL])

PRINT o010

£t
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SUBROUTIE ME-CH 1ZYA L IPYZC 4R OUNAE A/ 37 M/=04=D" FIN S,1e544 ~1
DO==LING/=CT gACGz=COMM W/ -FIXED,CS= USEF/=-FIXED,08= TH/Z SB/ SL/ FR/~1D/ "M0/=-S~4PL:
FINS,08. tg0c e
1 ZUBRCUTINE Mo nCl (XM THETAT oYMy XTMoRTHMg XT HYX ¢ XTXX THY <
2 CRETAMGXOM oY XHMo Y XTrHe THEYAMCVYOCM My} 4
x ¢ THIS ROUTINLE MEFGES RESULYS YO GHTAIN A RFST ESTIMATE 4
. C OF THE SPECTNG2 AFHIC CNNSTANTS ¢
5 TMPLICIT DCUALE PRECISICH (A-H,0-2) t
6 DIMELSICH XMUOIMeO:IN) o THETATICISMGJ2IM) oYMCOSH) t
7 DIME? SIC* XT¥CGIin g3 sMdeXTHMEUZN o2 SMIGNTHMXLC N0 IND o XTXNTHEO 2 19C 2 ¥
£ o) ¢
S DIPESSIC BLTAMIEIND o XAMCIIMI oYX THCC SMI g THETAMCO SN oG IN) t
16 DIFEFSICH YXBMLCSY) 4
11 DIPENSICH CVRCHMEISNgEZN) C
12 c CALCULATE DEGREES OF FREEDOM AND DIVIDE INTO 1 4
13 DF=1D0/(M=t.) 4
14 c CALCULATE MEQRGED CONSTANTS 4
15 CALL TRNSFZIXP ¢XTMyM,N) ¢
16 CALL MATMLYCXTRGTHETATL oXTHM K oMoM) 4
17 CALL MATMLY(XTHM ¢ XMoXTHMX oN oMot ) «
1c PV=C (
19 CALL MATINVERTHMX gNshoIPV) {
20 CALL MATMLTUXTHMX g XTHP ¢ XTXXTHyNeNeM) (
21 CALL MATVECUXTXXTH oYM HETAM o) ’
22 PRINT®9® 8,9 MEKGED CCGASTANTS® «
23 DO 2530 IzGeN (
2e 230C PRINTao® 9,1 4HE"AM(]) «
25 ¢ CALCULATE ESTIMATED VAPIANCE OF MERGED FIV t
26 CALL MATVEC(NM HETAM XBF M N} {
27 CALL VECSUBUYP XBMyYXRM¢M) (
, 2% CALL VECHATUYXBMoTHETATLsYXTHeMyM) !
29 CALL VECVECCYXTYHoYXBMoTEVP o%) :
30 VARM=DF T g ME 1
31 PRINT® s S,9ESTIMATED VARIANCE GF MERGED FIT® 1
] 32 PRINTS® 0,0 ¢ yanm (
i 33 c CALCULATE VAPTAKCE-CCVARIANCE MATRIX t
- 34 CALL SCAMATCVARMoXTHMXoTHETAM ¢A\yN) 1
35 PRINTe4® ¢, eVARIANCE-CCVARIANCE MATRIX® (
36 00 2510 1=0," (
. - 37 00 2520 J=0eh t
3y 252C PRINTe o 04Ty THETAMII o) 1
39 2510 CONTINUE ‘
- 'Y ¢ CALCUL ATE PATIIX CCNVTAINING STANDARD ERRORS$CCVAR:ANCFS .
a1 ¢ AZD CCRRELATICN CCEFFICIENTS. 1
42 PRINTe o ® ¢, ¢STANDAPD FARORETI=U) o OVARIANCE(ICU) yCCRRELATION ¢ [
- s PRINTeo? 9, CCEFFICIENTSIIDY)® t
(X} CALL CVRCORCTHETAMyCYRCMoN ot o) i
45 03 2530 1=Ce’ [
- ¥ 00 2540 J=04N '
a7 2°4( PRINT®® 0, 0 sCYRCMEI V) (
L X 230 CONTINUE [}
; - 47 [ N+] |
#
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Appendix B

RKR-IPA Program

The following section contains the RKR-IPA program
as provided by C. R. Vidal.

Presented first is a written description of the pro-
gram and instructions on the use of the program. Next, the
original introductory comments by C. R. Vidﬁl on the use of
the program are presented.

Then a complete listing of the program and a sample

output is presented,
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Program Main (RKR-IPA Control)

Presented in the following section is a discussion
of the RKR-IPA program provided by C. R. Vidal (Ref 41).
The program MAIN contains a routine to perform RKR calcula-
tions and a routine to perform IPA calculations starting with

the potential obtained from the RKR program. The program

was originally written in Fortran IV to run on a CRAY-1l
computer at the Max-Planck Institut fur Extraterrestrische

Physik, Garching, Germany. It has been modified slightly

S iy AR A . opd - s -

to run on the CDC 6600 computer at the Air Force Institute

of Technology, Wright-Patterson AFB, Ohio. The program, as

[
!
b

presented in this appendix, is written in Fortran V., Comments
provided by Vidal at the front of his program are included.
PUNCH statements included by Vidal have been changed to
comment cards. Many of the formatting statements have been
changed from Hollerith editing to apostrophe editing formats.
! Due to memory size constraints, 370 K octal, several
arrays were reduced in size., Arrays now sized (2403) were
originally sized (3601l) in vidal's pbrogram. Arrays sized

(11,2403) were originally (24,3601) in size.

As sized, the program required a field length of
211,600 octal to run. A core memory size of 360 K was used.

Maximum run times used for the RKR routine were less than 20

seconds. This involved the calculation of turning points

(RMIN, RMAX) for 128 different energy levels.




———————

Run time for the combined RKR-IPA routine ranged
from 160 seconds for the calculation of parameters covering
the following ranges:

v, vibrational quantum energy levels; v = 0 to 69

J, rotational quantum energy levels; J =1

Iterations of IPA routine; n = 4

Array sizes; 1001 of 2403 maximum

to a maximum run time of 1150 seconds for:

v=20to 70
J=2,6,10,14,17,20,21,23,28,30
n =4

Array sizes; 1001 of 2403 maximum
i One change has been made in the logic of Vvidal's
program, In the function subroutine FUNC, line 37, the third
line after statement label 70, was changed from:

IF (XX.GT.RAA) RETURNM

} to
}
IF (KK.EQ.l) RETURN
The consequences of and reasons for suggesting this
‘ . change are presented in the discussion of FUNC,

The discussion of Vidal's program is divided into two
subsections: first, the discussion of the RKR portions of
his program and, then, a discussion of the IPA portion.
£ Within each section, the discussion is started with the inputs

required of the user. Then the logic of the program is

———
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traced with explanations of the calculations and the sub-

routines used.

Numerical RKR Calculations

This section starts with the inputs required to per-

form the RKR calculations. The card number, the name of the

i input and the format of the input is given. The word CARD
is used if only one card is required. CARDSET is used if

H more than one card (line of data) may be required.

CARD 1
NAME: ITEST
FORMAT: Integer.
ITEST should be placed in column 1. If
ITEST =0, the program stops. If ITEST = 1,

the program is executed.

CARD 2 and 3
NAME: IHEAD

FORMAT: Lines 1-72 of these two cards.

These two cards contain the title to be

printed at the top of the output. Rele-

vant information that is suggested for the
title includes the name of the molecule
with the isotopes involved, the electronic
state for which the calculations is per-

formed, date, etc.
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CARD 4

CARD 5

CARDSET 6

NAME: IIMS, ZMAS1l, ZMAS2, ICODE

FORMAT: 1I4,2D16.9,32X,A4

IIMS must be 1 if the masses of the atoms
are expressed in AMU's based upon the
Carbon-12 scale and 2 if they are based
upon the Oxygen-16 scale. ZMAS1 aud ZMAS2
are the masses of the two atoms expressed
in atomic mass units (AMU). The reduced
mass of the two atoms may be entered in
place of ZMASl. If the reduced mass is
used, ZMAS2 is left blank.

ICODE is the alphanumeric code used to
describe the electronic state under

investigation.

NAME: NDUN, JM(1l), JM(2)...JM(NDUN)
FORMAT: 14I5

NDUN and JM specify the number of Dunham
coefficients YDH and the order in which

they will be read into the program.

NAME: YDH(1,l1), ¥YDH(2,1l)...YDH(JM(2),1)

YDH(1,2), YDH(Z2,2)...YDH(JIM(2),2)




YDH (1 ,NDUN), YDH(2,NDUN)...
YDN (JM (NDUN) , NDUN)

FORMAT: 4D18.9

These cards contain the Dunham coefficients ‘

required as input for the RKR routine. The

READ statement is structured so that JIM(I)
values of YDH(JM(I),I) are read in for
each value of I with I ranging from 1
through NDUN. For each new value of I,

N the 1 through JM(I) values of YDH should be

e ’ started on a new card. This means that

| the IM(l) coefficients Y(l,n) are read

in, then the JM(2) YDH(2,n) coefficients,

etc.

CARD 7
NAME: DE, TE
FORMAT: 2D15.8
DE is the dissociation energy and TE is
. the electronic term energy of the electronic
“2 state. Both are expressed in reciprocal
‘ B centimeters. DE is the difference between
i the minimum in the potential of the electronic
. state and the dissociation energy. TE is
B-6
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CARD 8

CARD 9

the energy separation between the minimum
of the potential curve and the minimum
potential on the ground state of the mole-
cule. If the ground state is being

investigated, TE is omitted.

NAME: VFIN, VINC

FORMAT: 2F6.2

VFIN is the largest vibfational quantum
number, v, for which the RKR routine
calculates the classical turning points

r minimum (RMIN) and r maximum (RMAX).
The turning points are calculated starting
with value of v = -0.25 and for each value
of v from 0 to VFIN in increments of
VINC. It is not necessary that either
VINC or VFIN be whole numbers. That is,
both may be decimal fractions. The quantity

VFIN/VINC must not exceed 398.

NAME: 1I0PG
FORMAT: Il
IOPFG is the Klein action integral. "I"

(see Eqs (32) and (81)), print switch.
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CARD 10

All iterations are printed if IOPFG=l.

If IOPFG=0, these values are not printed.

NAME: RLIM1, RLIM2, NEXT

FORMAT: 2F6.2,12

FLIM1 and FLIM2 are the inner and outer
limits of r, respectively to which the
RKR curve will be extended. The curves
will be extended by fitéing formulas to
points making the inner and outer portions
of the curves plus any extra radius-
potential energy pairs input as data to
guide this fit. FLIM1 and RLIM2 also
determine the range over which the final
IPA curve will be expressed. RLIM1 and
RLIM2 should be sized to contain any
inner and outer radii generated by the
RKR and IPA programs.

NEXT is the number of extra data points

which will be used to guide the extension

of the curve. NEXT must be less than 25
and may be 0 if no extra data points are
to be added.

These data points must be obtained in one

manner or another. The program does not




I

.
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CARDSET 11

CARD 12

specify how. But if these points are
available, this card makes provision for

entering them into the program.

NAME: R1l(I),PEl1(I), where I = 1 to NEXT
FORMAT: (4X,1PD16.9,7X,D16.9/)

If NEXT = 0, these cards are omitted.
R1(I) and PEl(I) are the radius and
potential energy pairs which will be used
to guide the extension of the RKR curve
which will be adjusted by the IPA program.
R1(I) should be in angstroms. PE1l(I)
should be in reciprocal centimeters.
These NEXT points, along with a given
number of points from the inner and outer
ends of the RKR curve, will be used to
obtain a fit to formulas as described
below to extend the original RKR curve to

the RLIM1 and RLIM2 limits.

NAME: KFIT(l),KFIT(2),KOUT(1),KOUT(2),
KOUT (3) ,KOUT (4)

?ORMAT: 6I5

KFIT(1) is the number of constants (An)

used in fitting a formula to the inner
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portion of the RKR curves, The formula

is of the form:

2
Vir) = 10A1+A2*X+A3*x oo (136)
where
Ye¢ - I
X = o

KFIT(1)+2 is the number of data points
taken from the inner portion of the RKR
potential. These points, along with any
extension data contained in CARDSET 11

for the inner portion of the curve, will

be used to guide the extension of the curve
to RLIMl. KFIT(2) is the number of con-
stants (terms) used in the formula to
extend the outer portion of the curve to
RLIM2. The formula is of the form:

Vi) - Al[%)KOUTil)AZ(%)KOUTiz)M(%)KOUTu)
oo (137)

KOUT(I), as shown above, is the power to

which each 1/r term is raised.

KFIT(2)+4 of the outermost turning points

of the original RKR potential plus any

m—— ot
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outer turning points included in CARDSET

11 are used in extending the curve to
1 RLIIM2.
If CARD 12 is blank the default values for
KFiT(l) through KouT(4) are "2,4,0,6,8,

and 10" respectively.

CARD 13
NAME: IPNRKR,IPNIPA
FORMAT: 212
These two values in Vidal's original program
controlled the punching of an output deck
for the RKR and IPA programs. As the
PUNCH statements have been changed to
comment cards, these two inputs should be
0 until the program in the appendix is
) modified. 1In the original program, if
IPNRKR and IPNIPA equaled 1, the card

decks were punched.

CARD 14
NAME: LTEST
FORMAT: Il

If LTEST = 0, the IPA routine is skipped

e

and the program proceeds to read in the
next set of data starting with the quantity

ITEST. §See CARD 1,
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This completes the input required to run the RKR
portion of the program. Input required for the IPA portion
of the program will be presented with the discussion of the
IPA calculations.

The following section discusses the functions of
each of the major routines of the RKR program in the order

which they are used. The headings used are the titles of the

subroutines. Sections of the program which have a physical

significance and are helpful in understanding the flow of

the program are highlighted. Numerical techniques which per-
form the RKR calculations are discussed in more detail to
aid the reader in understanding the technique. Calculations
which are straightforward and not necessary to understanding
the program are not described.
The line numbers in parenthesis refer to lines in

the program in this appendix. In this development, program

! symbols corresponding to the mathematical symbols defined for

the RKR calculation are given immediately following the

mathematical symbols to which they correspond. The symbols

are placed in brackets.

PROGRAM MAIN

PROGRAM MAIN acts as a controller directing the major

objectives of the whole program, the calculatior J0f an RKR

curve and its adjustment by the IPA routine.
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MAIN starts by insuring that mass units of the atoms
are expressed in terms of the Carbon-12 system making conver-
sions as directed by input data in IIMS (lines 12,23,24,28).
The reduced mass, ZMU, is calculated in AMU's (line 27).

The Dunham constants, YDH, as specified by CARDSET
6, are read as a result of the statement CALL YDHP1ll1
(line 30). The Dunham constant Y,; 1s assigned to "BE"
the normal name of that spectroscopic constant as shown in
Table I (line 31). Then using BE, the internuclear eguili-
brium distance, r, is calculated in angstroms according
to the following formula:

8

r, = (138)

e

FAC _ (h.Np ) X 10
(BE)% 4TcuBe

Then Y,o 1s calculated according to Eg (6) (lines 35 and

36).

SUBROUTINE RKR
This routine is called from line 70 of PROGRAM MAIN,
First a calculation is performed to determine the
number of G(v) energy levels which will be evaluated in
the RKR routine. This number is assigned to the variable
"M" (lines 34-39). Then values of the vibrational quantum

number, v , for the G(v) energy levels are calculated

3 (lines 44 and 45). In the program, the term "TEMP" corresponds
- to "v" and the term "U" to G(V) . The function POLY performs
. B-l3
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the calculation of U [Gv] according to Eq (87) {line 46,

statement label 110).

The program calculates, by an iterative technique,
the value of "v," corresponding to Eq (90) (lines 51-62).
It uses the Newton-Raphson method to find the value of "v,"
j at which Gv+Y=0 (Eq 89)). The program uses "v* = Yoo/Ylo“
as its first estimate of "vou (line 55). PFrom Eq (90), it
can be determined that "v:“ is approximately "1/2" gquantum
units larger than the true value. Next, the value "G(v:)+Yno“
is calculated (line 56). The Newton-Raphson method is used
to converge to the value of "v," which satisfies "G(vo)+Yo=0"
(lines 57-62, between statement labels 120 and 130).

For illustrative purposes, the Newton-Raphson method

may be formulated as:

- - £(xa)
X> = X1 T (%) (139)

3y the definition of £7(x):

c o flxa)-fixy)
£(x) = L= (140)
Hence:
SR x2 = %2 = £(x1) [f(x’f,‘ = ’;ixZ,] (141)
* which corresponds directly to format of line 58. In Eq (141)

f(x) corresponds to "G(vgy)+Y,o". Loop 120 is repeated until
a value of "v¢" is obtained such that "G(v,)+Y,," is close to

0 (line 57, statement label 120).

{ B-14
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The remaining portion of the RKR routine, from state-
ment label 130 to the end of the program, performs the inte-
gration required to solve Egs (88) and (93) for "f" and "g".
These, in turn, provide the classical turning points RMIN
and RMAX of Eq (94). RMIN and RMAX values are obtained for
each value of "v" [TEMP(I)] and corresponding “G(v)" (U(I)]
as selected by inputs VFIN and VINC.

The solutions of the integrals for "f" and "g"
contain a singularity. When "G{v~) = G(v)", the denominator
[DENQ] of Eqs (88) and (93) go to 0 (lines 82,83,102, and 110).
This singularity handled by assigning an "artificial" upper
limit "v" [BS] to the integrals which is smaller than the
true upper limit of the integral, TEMP(I}), for the energy
level "G(v)"™ [U(I)] involved. The artificial upper limit,
BS, is allowed to approach the true value of "v" [TEMP(I)]
in increasingly smaller steps until the solution of the inte-
grals for two consecutive values of BS meet certain criteria.
As BS is changed, the dv [d(BS)] contribution to the
integrals is calculated and added to the sum for the integrals
of "f" and "g". The rate at which BS approaches TEMP(I)
is calculated in lines 72 and 130.

The criteria used for determining whether the solu-
tions to the integrals are close enough to their true solu-
tion are given in lines 120-124 (statement labels 250-260).
FEG is the value of the integral "f" for a given value of

BSn (line 120). FEG2 is the value by which the integral for
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"f* is in increased for the new value of BSn+ . Thus, if the
ratio of the change in the value of the integral (FEG2) to
the previous value for the integral (FEG) is less than

0.5x10 "’

, the accuracy to which "f" has been determined is
considered to be satisfactory. GEG2 and GEG in line 121 are
tested in the same manner. In line 122, a ratio of changes
(FEG2/FEGl) in the value of the integral "f" (FEG) for two
consecutive calculations greater than 0.9 indicates that the
accuracy of the integration is reaching a limit and should
be halted. First, a ratio greater than 0.9 could indicate
that the convergence to the true value is slower than desir-
able. Second, stopping the integration at this point is
justified if the FEGl, FEG2 values are small. It is assumed
that they are small. Similar arguments are given for GEG2
and GEGI.

The RKR program contains two integration routines.
For the first three adjustments of BS, the upper limit of
integration for "f" and "g", a Simpson rule integration is
used. Lines 77-92 perform the integration of the functions
for "f" and "g" over a range from VMIN (v) to BS on the first
cycle. On the second cycle, VMIN is equated to BS, the lower
limit of integration and a new upper limit BS is established
as previously explained. 1In line 77-92, UV corresponds first
to the v~ and then to the (G(v)-G(v”)) of Eqs (88) and (93).
And, expressed in the notation of the computer program, EV

is the G(v”) and BI is the B(v~”) of Eqs (88) and (93).
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For the fourth through the twentieth adjustments of
BS, a Gaussian integration routine is used to provide a
higher degree of accuracy. The routine is contained in lines
93-113 (from statement label 180 through label 240). The
abscissas [XGAUS) and weight factors [AGAUS] are listed at
the start of the RKR routine for a Gaussian integration of
moments where K=0 and N=4,6, or 8 depending upon the success
of the iteration. The formula for the integration is

(Ref 1:931):

n
Sxk F(x)Ax ¥ Low. £(x.) (142)
. i i
i=1
Where
X, = abscissas
w, = weight factors

Finally, RMIN and RMAX for each v , [TEMP] and
Gv , [U]}, are calculated in lines 139 and 140 per formula (95).
After all turning points have been calculated, control
is transferred back to the program MAIN where CALL YDHP11(O0)

causes the input Dunham coefficients plus Y,, to be printed.

Routines EXTEND, GLSQ, FUNC, and EXTEND

The subroutine EXTEND, in conjunction with the above
routines, performs a least-squares fit to the inner and outer
portions of the RKR and extend them to RLIM1l and RLIM2
respectively. The fits are performed according to Egs (117)
and (118). Eq (117) expressed in the notation used in lines

16-31 of GLSQ and 31-39 of FUNC becomes:
B-17
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Log:oU(I) = Z(I)=Bl[x(1))°+B2[X(I)] +B3[X(I)]}%+... (143)

Z(l) is calculated in EXTEND and, as expressed, is the log
to base ten of the energy. The inner turning radii, RMIN,
are transferred into the X(I) array, and then the function
FUNC (called from line 18 of GLSQ) transforms the variable

X to the form given in Eg (117), i.e.,:

X = i (144)

Expressing Eq (124) in the notation of GLSQ yields a matrix

equation of the form:

r 5 T 2« 3 7
n “xi in hxi i B Z
°x., Tx.? Ix.) x.,* | B 1z
i i i i -
: i
. ‘
- 3 ~ €
x .
i i Xy J B Z (145)

or

A(J,K) * B(J) = BB(J)
where A(J,K) is formed in line 22 of GLSQ.
line 20, In line 23, the routine MATINV solves Eq (126) by
inverting A(I,J), multiplying it times BB(J) and returns the
B vector in place of the BB vector.

by MATINV may be expressed as follows:

1

B(J) = A(J,K) “BB(J) (146)
B-18
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A similar pattern is followed for the outer portion
of the curve except that formula (118) is used instead of
(117).

After the fits have been performed, EXTEND calculates
20 additional points between the inner limit of the RKR
curve and RLIMl, and 99 additional points between the outer
end of the RKR curve and RLIM2. The points are calculated
using fitting Egs (117) and (118).

The change made in line 37 of FUNC affects the manner
in which the curve fit is performed for values of r between
the inner limit of the RKR curve and RLIM2, The difference
occurs only if the extension data input in CARDSET 11 has an
r , [R1(I)], between RLIM1 and the inner limit of the RKR
curve. When FUNC is called from GLSQ which, in turn, has
been called from EXTEND with an argument of "1" (CALL GLSQ(1l)),

the inner turning points are to be fit according to Eq (117).

As written in Vvidal's original program, line 37, "IF (XX.GT.AAJA)

RETURN", perm.tted the routine to continue on to the next
statement when extra extension data was added with a radius
less than the inner limit of the RKR curve [RAA]. This

resulted in the returning of the energy [U(i)] of Eq (143)

instead of the log of the energy, [Z{(I)]. Then when the energy
and “he log of the energies are mixed in the fitting process,

the fit is incorrect. By changing line 37 to "IF(KK.EQ.1l)
RETURN", the fit for the inner turning points is performed

correctly. The variable "KK" is always "1" when the fit to
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the inner portion of the RKR curve is performed (line 31 of
EXTEND). This change does not affect the operation of the
program when FUNC is called from other routines. When FUNC

is called from line 56 of FIPA, "KK" is equal to "0".

Hence, the radius [XX] is the controlling factor in lines 7
and 8 of FUNC. Then when the potential energy for the exten-
sion points are being calculated, the routine proceeds thrcugh
line 37 as it should.

This concludes the discussion of the RKR calculations.

Subroutine FIPA

Control of the program is transferred from MAIN to

FIPA by line 83. This routine controls the IPA portion of
the program. In the following section, the inputs required
to run the FIPA routine are described.

FIPA Input

CARD 14
NAME: LTEST
FORMAT: Il
This input description is repeated from
the RKR section. 1If LTEST is not equal
to "0", the IPA calculation is continued
and an IPA data deck is required as

described below.
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CARD 15

= CARD 16

NAME: NI, NS,IPSIQ,MAXITT,EPSC

FORMAT: 4I4,D10.0

If NI=1, data from each SCHR iteration is
printed.

If NI=0, the iterations are not printed. i
If NS=1, the wavenumbers are printed at
every IPSIQ points.

If NS=0, the wavenumbers are not printed.
EPSC is the convergence criterion for the
solution of the Schroedinger wave equation
fo- its energy eigenvalues, EvJ . An EPSC
of 0.001 wavenumbers is suggested as a good
starting value.

MAXITT is the maximum number of times SCHR

will attempt to satisfy the convergence

criterion.

NAME: RMIN, RMAX, M NRPTT, NPL, MCH, LSW

FORMAT: 2F10.0,515

RMIN and RMAX are the minimum and maximum
values over which the potential is evaluated
by the IPA procedure. M is the number of
points at which the potential will be
evaluvated. The maximum M should be 2401,

for the program as written in the appendix.
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Memory size limitations may dictate that
fewer points be calculated.

NRPTT is the number of iterations performed
in the IPA routine. On the last iteration,
the rotationless potentials are calculated
to obtain G, and BV .

NPL is the number of terms in the Legendre
polynomial used to represent the correction,
AV , to the energy potential.

MCH is the control used to punch a deck of é
the Gv and BV values. As stated, all
PUNCH cards have been changed to comment
cards. If PUNCH statements are reactivated
and MCH=1, the decks will be punched. Note
that PUNCH is not a legitimate Fortran V
statement.

If LSW=0, the first and last iterations of
the IPA program are printed.

If LSW=1, all iterations are printed.

CARDSET 17
NAME: (MTRMIN(I), MTRIAL(I),BJTT(I),I=1,11)
FORMAT: (6(I12,13,F7.0)/5(12,13,F7.0))

MTRMIN and MTRIAL defines the range of

vibrational guantum numbers, v , which are

investigated in the Schroedinger calculations.
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These variables are input as "v+1" values.
Hence, an input of "1" corresponds to the
vibrational quantum number "O0", etc.

BJTT determines the "J(J+1)" values for
which the corresponding MTRMIN-MTRIAL
range is calculated. The number of BJTT
values is limited to 11. The last BJTT
value must b: "0" so that the rotationless

potentials may be calculated.

This completes the input required for the RKR-IPA
program.

The IPA routine uses the Numerov-Cooley method to
find numerical solutions to the Schroedinger equation (Refs
11:363; 14:1872). The routine presented here provides a method
for finding solutions for bound states. Vidal also mentions
methods for solving unbound states (Ref 43:7). They will not

be presented here.

Terms initialized at the start of FIPA are described

here. AZERO is the Bohr radius as measured in angstroms.

Lines 47~49 repeat the calculation of "re", [RRE], the inter-

nuclear equilibrium separation according to Eg (119). Line

50 converts "re" (CRE] from angstroms to units of Bohr Radii.
Lines 51 and 52 insure that the limits of the extended

RKR curve are beyond the RMIN-RMAX limits specified by the IPA

input CARD 16, If not, the RMIN-RMAX limits are redefined to

conform to the limits of the extended RKR curve.

B=-23
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Line 53 defines the step size of r [RH] for which
the potential curve is calculated.

DO-loop 140 calculates the radius-potential energy
pairs [P(J) and V(J)] which will be used in the IPA routine.
The line of statement label 140 calls on the function FUNC
to generate potential energies for each value of r . FUNC
obtains the potential energies, V(r), for each value of r
by performing a Lagrangian interpolation on the radius poten-

tial-energy pairs of the extended RKR curve. The Lagrangian

——

technique may be expressed as follows (Ref 16):

n n
vir) = 3, TT 7% (147)

i=0 j=o *i™%j

where r 1is the value for which V(r) is to be calculated.
In FUNC, four points on both sides of r are used for the
interpolation of each point. 1In this manner, the V(r)
values are obtained for evenly spaced values of r from the
uncvenly spaced potentials of the RKR routine. |

The section of FIPA following the comment "SEARCH FOR |

CENTRIFUGAL BARRIER," finds the maximum energy which a mole- i
cular system can have for a given rotational energy level,
J , for a bound state. Expressed in the notation of the
computer program, the effective potential energy, SX, is

calculated by the formula:




R
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SX = V(I)+ABEx» {P(I) *AJTT (148)

In lines 65-72, SX is calculated for rotationless potential

energy and radius pairs, [V(I) and P(I)). Hence, SX is

the effective potential enerqy for a given radius and rota-

tional quantum level, J . Fig B-1 shows the behavior of

the potential for increasing J values. ;
The program first finds the minimum of the potential
curve and assigns it to ASX. Once the minimum has been found,
the potential increases with r . Each suécessive larger
value of SX is assigned to TX. At the same time, ASX is
equated to SX. This process is continued until the effective
potential energy curves reaches a maximum as in Fig B-1l,
This maximum value of SX is retained in TX and is the sought
for centrifugal barrier.
Having found the largest permissible value of SX (TX)
for a given J value, the routine BETRL (line 73 of FIPA)

finds the EVJ[ETRIAL] which is just smaller than the centri-

fugal barrier, TX, and the corresponding rotational gquantum
number plus one (v+l). The "v+1" value is returned as NTRIAL

to the FIPA routine. NTRIAL is then compared with input

MTRIAL(KI) and the smaller value retained in the variable

MTKIAL(KI) (lines 74-76). The ETRIAL corresponding to the

;’ retained MTRIAL(KI) is stored in the array variable ER(KI)
> (line 77).
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In addition to calculating the effective potential
energy, the routine BETRL also calculates the values for BV
{BTRIAL], where J does not equal 0 . The variable Bv

is determined according to the following relationship:

BEVJ 3ETRIAL

Byls = 39(3sD) = 37(0FD)

(149)

The next step is to determine the range of internuclear
separations, r , which is to be considered in the IPA routine.
This range is predetermined by the MTRIAL(&) and BJTT (J)
values. This range is assigned to the variables RMII and RMAA.

DO-loop 200 performs the first step in identifying the
RMII and RMAA values. The third line of the loop finds the
first energy level, V(I), on the inner portion of the RKR
curve which is smaller than or equal to the ER({KI) walue
being investigated. The value of the subscript for that
V(I) is retained in N3AA. Line 88 finds the first energy
level, V(I), on the outer portion of the RKR curve which is
just larger or equal to the ER(KI) value being investigated.
The subscript of that V(I) is retained in N3BB. The pbrocess
is repeated for each ER(KI), and the smallest value of N3AA
is retained as N3A (line 92, statement label 220). The
largest value of N3BB is retained as N3B. The values N3A

and N3B are the subscripts of the array P{I) which provide:

RMII = P(N3A) (150)
RMAA = P(N3B) (151)
B=-27
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In this manner, the limits of r over which the IPA routine
and Schroedinger equation are to be investigated have been
established so that they are consistent with the specified
values BJTT(I) and MTRIAL(I) and the centrifugal barrier.

The values MTRMIN(KI) along with the MTRIAL(KI) values which

have been adjusted to be consistent with the centrifugal
barrier, determine the range of vibrational quantum numbers,
v , over which the RKR curve is evaluated for each value of
BJTT (KI). This is true for all iterations.of the IPA routine
except the last iteration.

The range of vibrational quantum numbers, v , which
are considered in the last iteration for each BJTT(KI) value
may be different from that range specified by NTRMIN(KI) and
MTRIAL(KI). The investigation of potential energy ranges
specified by RMII and RMAA may uniquely define energy levels,
E , for a specific BJTT(KI) value not included in the input

vJ
NTRMIN (KI) -MTRIAL (KI) values. For the last IPA iteration,

-—

MTRIAL(KI) is replaced by LTRIAL(KI).

If the radius of the centrifugal barrier is greater
than RMAA and, thus, outside the region investigated by pre-
vious iterations of the IPA routine, the maximum energy
level to be investigated for a given value of BJTT is the

smaller of the two following values:

,J
. TX = V(N3B) + ABE(RRE/RMAA) xAJTT (line 99) (152)
SX = V(N3A) + ABE« (RRE/RMII) AJTT (line 101) (153)
% 8-28
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where V(N3A) is the potential energy corresponding to RMAA,
and V(N3A) is the energy corresponding to RMII.

If the radius of the centrifugal barrier is smaller
than RMAA, then the energy of the centrifugal barrier,
YMAX (KI), for a given BJTT(KI) is compared with the value in
Eq (152) and the smaller value retained for investigation
and assigned to the variable. BETRL(TX) then identifies the
first quantum vibrational-rotational energy level below TX
for a given BJTT(KI). Then "v+1" is assigned to the LTRIAL(KI)

variable.

Subroutine PLEGEN

Subroutine PLEGEN and lines 109-119 perform the calcu-
lations necessary to give a numerical value to the function
f(r) which will be used to perform the calculations of
Egs (113), (114) and (115).

First, all the radii measurements are converted to
units of Bohr radii.

Kosman and Hinze chose Legendre polynomials Pi(x)
to represent the fi(r) functions (Ref 23). Vvidal found
that attempting to extend calculations beyond RMII and RMAA,
as specified by EvJ , produced large oscillations. He
finally settled upon a combination of Legendre polynomials
and an exponential function to dampen the oscillations.

This combination improved the convergence of the IPA method.

The expression Vidal used is as follows (Ref 41:50):
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AVe (r) = Z ciPi(x) exp(-xzn)

. i

(154)

where the typical range for "n" is 1<n<5. The Gaussian part
of Eq (154) provides a smooth cutoff avoiding unphysical
oscillations. The Legendre polynomials are calculated using

the standard recursion relations (Ref 6:424):

(n+l)P (x) = (2n+l)XPn(x)-nP (x) (155)

n+l n-1

5 where P1 = 1 and Pz = X.

Kosman and Hinze used a linear relationship between
r and X such that X=1 for r=rmax and X=-1 for r=rmin .
Vidal found this relationship to provide poor convergence

when dealing with vibrational levels all the way to the

dissociation limit and when dealing with anharmonic potentials.

He stated that the reason for the poor convergence in the

case of ahighly anharmonic potential is that a linear inter-
; polation tends to optimize only the outer turning points of

the rotationless potential. To avoid this, vidal chose a

nonlinear interpolation given by:

X = (r-r ) (rpax Tmin’ (155)
(rmax+rmin)(re+r)-2rmaxrmin-2rer

This relation assumes X=1, for r=r, and X=0 , for

r=r and X=1 , for I=r in ° The interpolation becomes

linear for:

— —————— — = —- e, - ——————————, . - - - yp—




max min (155")

This formulation treats the inner and outer turning points
with comparable weight and reduces the number of Legendre
polynomials in Eq (154}.

Using these formulas, PLEGEN and DO-loop 270 calculate
a Legendre polynomial F(J,I) with "NPL" terms (i.e., J=1
to NPL) for each of the turning points P(I) on the RKR
potential where I=1 to M .

The section of FIPA from statement label 180 tlrough

the second line after statement label 780, contains the state-

ments necessary to solve the Schroeding=sr wave equation (SWE)

IO
v

It also calculates the correction to the potential, :‘viy(r) ,

. . 9 . .
for its eigenvalues, EVJ . and radial wave functions,

J necessary to make the eigenvalues obtained from the SWE con-

sistent with those observed experimentally. The program

returns to statement label 180 until all the "NRPTT" itera-

tions have been completed. On the last iteration (NREP=NRPTT},
lines 123-125 specify that NT3=NTl. The term "“NTT" is equal
to the number of BJTT values which are greater than "0".

As noted, the first use of the perturbation technique
to adjust approximate potential energy curves is attributed
to Hinze and Kosman (Ref 23). The technique used in this
program to solve the Schroedinger equation is the Numerov-

Cooley method (Refs 11; 14). The Numerov-Cooley method of
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solving the SWE was used by J. K. Cashion to test the validity
of approximate eigenvalue equations developed by Pekeris for
a rotating Morse oscillator (Ref 1l1).

The routine presented in this paper solves the SWE
for bound states. Vidal discusses techniques for handling
quasibound states. The techniques for evaluating guasibound
states are not part of the present program but are here
briefly discussed. One approach, Vidal used for quasibound
states involved starting the integration of the SWE at small
internuclear distances and looking for the maximum of the
internal amplitude inside the centrifugal barrier as well as
the phase shift of the partial wave outside the centrifugal
barrier using a Breit-Wigner parametrization (Ref 12). Vidal
also used a second approach in the same work (Ref 43). For
quasibound states, he introduced an artificial barrier at
large internuclear distances permitting the use of the
Numerov-Cooley method. The eigenvalues he found in this manner
were slightly higher than the energy eigenvalues derived
from the maximum of the internal amplitude. Proper choice
of the barrier kept the differences within the standard
errors of the measurement. Using this technique, Vidal stated
the same numerical method can be used for both quasibound and
bound states.

Continuing with the program, as presented in this
paper, it is necessary to transform the energy used in the

SWE to units which are consistent with the units of length
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being used, Bohr radii. Thus far, energy has been expressed
in terms of inverse centimeters, wavenumbers. To convert
wavenumbers to energy units consistent with Bohr radii, it
is necessary to divide by this factor (Ref 11:1873).

N, 60.19972628
47cagu, = Ua wavenumbers

(156)

where a = 0.52197706 and N, = Avogadro's number. The inverse
of this quantity is assigned to the variable ZEIN,

The effective potential energies (given according to
Eq (148)) for the first BJTT value, for the whole range of
the RKR curve, is calculated in DO-loop 340. The energy
reference frame is shifted so that the dissociation energy
[DE]) is the zero energy level.

The lines between statement labels 340 and 360,
establish the values of J(J+1) [BJTT(KI)] and the range of
vibrational quantum numbers, NTRMIN through NTRIAL which
will be considered for the experimental energy eigenvalue
V(I) of statement label 340. Loop 660 also starts here.

If it is the last iteration of the IPA routine
(NREP=NRPTT), the range of vibrational quantum numbers
starts at "v+1=1" and extends through LTRIAL(KI) for each
corresponding value of BJTT(KI). This range is specified by
lines 140 and 141.

The value of J(J=1), to be investigated on a cycle
of loop 660, is assigned to the variable AJTT in statement

label 360.

e




CALL BETRL(TX) this time calculates all the term
values, EvJ (ETRIAL], for all values of "v+1" from 1 to
NTRIAL with J specified by J(J+1) [AJTT]. Bv [BTRIAL] is
also calculated over the same range. The rotational quantum
number J corresponding to J(J+1) 1is assigned to the
variable LJT in line 142,

The Schroedinger loop which calculates the radial

wave functions [P(J)], B_; [BCALC], and Ez [ECALC] starts

J
with line 152. The SWE locp (loop 600) starts by specifying
the "v+1" values will be investigated, MTRMIN through MTRIAL.
These variables were assigned their values in lines 137-141.

Variables MA and MB are initiated to zero prior to entering

the SWE routine.

Integer Function SCHR

The SCHR routine solves the Schroedinger equation by
the Numerov-Cooley method. The routine is called by line 158
of FIPA. Using this method, each of the experimental term
values is adjusted to be consistent with the whole RKR curve.
Hence, all term values which were used to produce the RKR
curve are indirectly used to adjust each eigenvalue, EvJ'
solution found by the SCHR routine.

Numerov-Cooley Method for Solving the SWE

The Numerov-Cooley method for solving the SWE is
outlined here. Using Cooley's notation, the SWE may be

expressed as follows:

PN 7 e KBS 5 22 B G NI DA TINS5 00 S
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P2(r) = [U(R)-E]P(R) (157)
(n) _a%p
P = 3 ®RD

where P(R) is the radial wavefunction and E are the eigen-

values of the SWE. Cooley defines the potential energy U(R):

"

UR) = [J(I+1)-A%1R™"~2_2, R™+E_ (R) (158)

el
In this paper, the contribution of the A quantum number,
the z-component, due to the electronic angular momentum, is
ignored. The electrostatic Coloumb repulsion energy of the

nuclei, zaz R™! , and the electronic ene+gy, Ee1(R)' make

b

up the vibrational (v+1/2) term of the EV 's as expressed by

J

Eq (2). The boundary conditions u:ad are:
P(0) = 0, and P(R) bounded (158 7)

The following definitions are used to convert Eg (157)

to a finite difference equation:

Ri = h i=20,1,2...n+l
P, = P(Ry) (159)

By dropping fourth order and higher terms in the series:

Piyg +Piq = 2 p? (160)

i+l 1

and by using the different equation to replace Piz, Cooley

obtained the integration formula:
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-— = 2 -
i+1 * Pioy T 2P = hO(U; - E)Py (161)

A (W)
The error involved in Eq (161) is approximately %5 P, .

i
He then presented a higher order integration formula, developed
by Numerov, which does not involve the calculation of

additional Pi's. The formula is obtained by subtracting

the product of h’ times the following series:

12
€2) (2 _ 2h (2k+2)
Piv1 Y Py T E;g 2x) F1 . (162)

from Eq (160). Then dropping sixth and higher order terms

in h , gives the differencing scheme used in Vidal's program:

- = RK? -
Yoo t Y 2Yi h (Ui E)Pi (163)
where:
_ _ 2 )y _ (e -
Y, = Py (h*/12) P, [1-(h/12) (Ui E) ] P (164)
: ; h®
‘ The error for this formula is approximately - 330 P .

1

For all unbound states, E>U(x) , solutions exist for
| all E and, according to Cooley, may be approximated by using
Eqs (161) or (163) to integrate outward starting with

boundary values:
) P=0, P=a small arbitrary number (165)

For bound states, E-U(x) , only discrete eigenvalues,
E , exist. The boundary conditions for solution to Eq (163)

are:
B-36
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P(0) =0 (166)

and for P(R) bounded:

Pn+l = a small arbitrary number (167)
Ph = Pn+1exP (Rn+l UnllE - Rn Un - ) (1677)

The second condition results from the assumption that at

R U(R) is slowly approaching a constant value.

The method of solution involves starting with some
E {(i.e., the experimentally obtained term values) and with
the boundary conditions specified by Eq (166} integrate out-

ward to some point R, using Eq (163). Then the wavefunc-

M

tions P, to P_ are normalized to P _:
i m m

out

Pi = Pi/Pm i=1,2,3,...m (168)

Then the same procedure is followed starting at Pn+l and
integrating inward to Pm . Again, the Pi values are

normalized, this time, using the P;n value obtained in the

out

inward integration., Hence, P

= pln =1 . At this

m
point, a correction for E is determined from the difference
in slopes of the two portions of the curve (R<Rm and R>Rm).
The inward-outward, E correction cycle is repeated until

the value for E on successive iterations differs by some

established limit, ¢ [EPS]. When this occurs, a satisfactory

eigenvalue E has been obtained.




The correction formula is expressed as follows:

D(E) = (P

out " Pj:n)/ SZIP(R)] dRr (169)

where the P~ terms are derivatives of the wavefunctions
at R resulting from the inward and outward integration.
Expressed as a difference equation which is consistent with

Eq (163) D(E) is:
n

-2 2
D(E) = [(-Y__ +2Y Y . )h™’+(u_-E)P_1/ ). P} (170)
“i=1

Convergence difficulties with this approach may be
encountered. Cooley describes the convergence of the tech-
nique and how to recognize what types of difficulties can be
encountered. These will not be covered here.

Problems with convergence will be encountered if a
P(R) is selected so that the magnitude of radial wavefunction
at Rm is "0". Recalling that the procedure calls for normal-
izing the radial wavefunction P(R) at the point Pm , it is
clear that dividing by a number close to "0" into larger
numbers can introduce significant errors.

Cooley's program used the Numerov method to solve the
SWE. His program was structured so that D(E) must be
decreasing in magnitude from one iteration to the next; then,
the D(E) <e convergence criterion is applied.

The problem of stopping at a radius Rm when Pm(R) is

zero, is handled rather nicely from the knowledge that for
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the anharmonic motion of a diatomic molecule, the wavefunc-
tion P(R) reaches a maximum at a radius near the outer por-
tion of the potential. Thus, Cooley started his inward integra-
tion and stopped at the value of R, such that P had stopped
increasing, i.e., it had reached its maximum. This method
finds the 1 rgest P and, hence, keeps the correction
technique from becoming accidentally unstable due to a poor
choice of P This value of RY is retained and the outward
integration is then performed. This concludes the discussion
of Cooley's article. His article includes a derivation of
D(E) and further discussion of the convergence of the method.

The discussion of the SCHR routine is now ¢ ntinued.
As in previous sections, the notation in Vidal's program will
be placed in brackets following the notation of Cooley when
use of both is desirable.

The routine SCHR starts by initializing the values
H [H)}, h?®[H2], and h®/12 [HV] of difference Eqs (159), (163)
and (164). The value "NN" corresponds to the "M" of input

CARD 16. Line 13 sets Ev [E] equal to the value of ETRIAL(I)

J
where "I" corresponds to a "V+1" vibrational quantum number.
The "I" value is specified by FIPA, DO-loop 600.

The rotational gquantum number J being considered
corresponds to the J(J+1) [AJTT] specified by statement

label 360 of FIPA. The EV {ETRIAL(I)] was calculated by

J
CALL BETRL(TX), line 144 of FIPA.




5

Next, DO-loop 10 finds the value on the potential
curve which is just greater than EvJ[E] and identifies it
temporarily by the subscript of V(LCRIT). If the inner
potential V(IPP) does not extend above EVJ[E], then an error
message is printed indicating the failure of the integration
routine with KERR=1], The loop 16 decreases the starting
subscript of the potential to either V(1) or until
"WCRIT>20.0" is satisfied. It is assumed that this criterion
is sized so th2t for the minimum value of R considered, the
magnitude of the wavefunction P(R) will be sufficiently small
to satisfy the assumed boundary conditions, Egs (166) and
(167).

This assumption may be checked in the printout.
Values for the inner and outer wavefunctions P(Rm. ) [s(MA)]

in

and P(Rmax) [S(MB)]) are printed. In the introductory comments
to his program, Vidal states that S(MA) and S(MB) should
typically be of a magnitude of lxlO-lo, if the RMIN and RMAX
limits are wide enough. This implies that the "WCRIT>20.0"
will produce S(MA) and S(MB) of similar magnitude.

The process is repeated to find the first value
greater than EVJ[E] at the outer end of the potential. The
routine then extends the potential to sufficient magnitude of
R so that the value of the outer wavefunction S(MB) will be
sufficiently small. Again, an error message is printed with

"KERR=2" if the outer portion of the potential does not

extend above EvJ[E]‘
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The values of NL1 and NL2 are assigned such that V(NL1l)

is the second value on the inner portion of the curve less

than EVJ[E] and V(NL2) is the first value greater than

EVJ[E] (lines 23 and 130). These values will be used as the
limits S(NL1) and S(NL2) between which the number of codes
(i.e., the number of times P(R) [S(R)] becomes zero) asso-
ciated with each E are counted. This count is the determina-
tion of the vibrational quantum number v[KV] associated

with that eigenvalue Ev (Lines 120-123, DO-~loop 70). These

J
values are printed out in the program listing.

Following Cooley's method, the inward integration is
started first. The outer numerical value for the wavefunc-
tion Pn+1 [S(MB)] is assigned an arbitrary value of 1x10~*°
(Eq (117)). The next point Py (S(MB-1)] is evaluated
according to Eq (1677).

The lines between statement labels 36 and 40 perform
the inward integration until P(R) [S(I)] stops increasing.
The largest value of the wavefunction, Pm , 1s assigned to

the variable PM. The correspondence beween Eq (163) and the

program is as follows:

2
h (Ui - E) P, (163)

+
<
|
N
<
L

YA + YC - 2YB

H2x (GI) *S (M+1) Line 66

<
]

{1 - h?2/12 (Ui - E)] P (164)

YC

W

[1.D4 - HV«GI] (SM) Line 68
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The portion of the wavefunction obtained from the inward

integration is normalized by PM.. -

If S(I) goes negative on the inward integration, an
error message indicating the failure of the SCHR routing is
printed with "KERR=3" indicating the source of the failure.

The process is repeated starting at the inner portion
of the potential curve and integration continued out to the
radius corresponding to the previously identified PM, the point

at which the wavefunction first reached a maximum for the

inward integration. This wavefunction from S{MA) to PM is

normalized with PMOut . The variable DF corresponds to the

denominator EPiZ of Eq (170) (statement label 53). The

variable F corresponds to numerator and the correction to

EVJ[E] is DE. This DE should not be confused with the DE of

the rest of the program which is the dissociation energy.

The convergence criterion, as outlined by Cooley, is

satisfied by the lines between statement labels 56 and 60.

Restating that criterion, DE [DE=ABS(Enew—E01d)] must be

less than some € (EPS] with the stipulation that E is

converging on consecutive iterations. A converging E

requires that DE be getting smaller and smaller. Vidal's

program handles these requirements in the following manner.

TEST is assigned a value of "~1". If the SCHR routine

converges on every iteration, i.e., DE gets smaller on every

iteration, TEST is assigned a positive value. Then line 112

is never applied. On the other hand, if DE increases, the
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¢ [EPS]) criterion is never applied because TEST will remain
negative. Hence, DE must get smaller which results in TEST
being assigned a positive value before the convergence
criterion is checked. This prevents the routine from
accidentally satisfying the convergence criterion without true
convergence being obtained. This still does not prevent the
program from jumping from a solution for one vibrational
quantum number v to an eigenvalue associated with a
different v . This error can be detected in the printout
by observing that a proper ordering of v{KV] is not maintained.

DO-loop 70 counts the number of times the wavefunc-
tion P(R) [S(J)]) becomes "0". This number, as noted,
corresponds to the vibrational quantum number v for eigen-
value EVJ[E] .

The last computation is the normalization of the wave-
function P(R) [S(J)] so that

MB

S S(J)+S(J)dH = 1 (171)
J=MA

The remainder of the SCHR routine is concerned with the option
of printing the solution of the routine. This option is con-

trolled by the "NS" input of CARD 15.

FIPA (Continued)
At this point, control is returned to FIPA, 1If the

SCHR routine has been successful, a wavefunction ranging from
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S(MA) to S(MB) is returned along with a new eigenvalue EvJ 1
[ECALC). In this case, "SCHR=0" and the programs proceed

to statement label 420.

When "SCHR=1", this indicates that the SCHR routine

b was converging towards the limit € [DE], but that the limit

was not achieved in the number of iterations permitted,

MAXITT, specified by input CARD 15. 1In this case, the program

proceeds to statement label 400, and LLK is incremented. The

variable "LLK" is used to report the number of times the con-
vergence criterion ¢ is not satisfied. This value is

printed by the command in statement label 620.

If "SCHR=2" is returned from the routine SCHR, the
routine has failed to converge for a specific E,7 ° The
reason for the failure is specified by the value "KERR"
specified in SCHR (lines 21, 37, or 69) and printed out by
the command in statement label 83 of SCHR.

i If SCHR fails, the program proceeds to statement label
300 and KLK is incremented. If the SCHR routine fails "KLIM"
times (where KLIM is specified as "2" in line 147), the pro-
gram is halted by CALL EXIT (line 163).

If SCHR has been successful at finding the wavefunction
S{(J) for a given eigenvalue ECALC, then control proceeds to
label 420 where the limits of the Schroedinger loop are, if
necessary, adjusted to be consistent with MA and MB. The

2
expectation values of “(%) " are calculated for a specific
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of v and J by lines 169 through 173, Simpson's rule is

used to perform the required integration:
%Z‘wv‘b (172)

where wa is the numerical wavefunction S(MA) to S(MB)

__A
By = Truc <?vJ

returned from SCHR.
The eigenvalue ECALC is converted to the proper

units and the reference changed so the bottom of the potential

well is zero by adding the dissociation energy DE to the
potential (line 157).

The experimentally determined eigenvalue, ETRIAL(I),
(calculated from the Dunham coefficients by the routine PETRL),
is also returned to the reference frame where the bottom of the
potential well is zero (line 175). The difference [DIFF)
between the experimental eigenvalue (ETRIAL) and the eigen-
value (ECALC) is then calculated. The variable DIFF is the

; “E, 5 of Eq (109).

Line 177 directs the program to advance to statement
label 540, if the program is in the last iteration of the IPA
routine as specified by NRPTT. This skips several calculations
necessary to obtain the AV of Eg (113). These are not
necessary because the last values calculated by the program
will be printed and the routines necessary to calculate
Eq (113) will be skipped.

If the program is not on the last iteration of the

IPA routine, it calculates (Eq (114)) the expectation values
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(FPL(k)] of the f(r)'s [FX(K,J)] of Eq (113) where the €£(r)'s
are expressed in terms of Legendre polynomials as expressed in
Eqs (154), (155), and (155°). The polynomials for £(r)

were calculated in DO-loop 270 FIPA (lines 180-186).

The reason fo: the statistical weight EWG in line 189
has not been determined at this time. It might be used to
reflect the different uncertainties in the determination of
TEVJ for different positions on the potential curve.

Next I shall discuss the solving of Egq (115) for the
coefficients c; [COEFF(K)] . The equation is manipulated
and constants calculated in the normal least-squares fashion
according to Eqs (12-16).

The least-squares fit is performed according to the

general formula:

B = (x°x)7! xT (13)

where XT corresponds to:
NPL

BL(K) = Z DIFF*FPL (K) (172)
k=1
as defined by DO-loop 520. And (XTX) in notation of the

computer program is:
NPL NPL
AL(K,J) = ) Y FPL(j)+FPL(K) (173)
k=1 j=1

The errors associated with the calculations are

tabulated in several ways. The sum of the errors, §AEVJ
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[DIFF] are calculated for each value of AJTT. This sum of

differences expressed in the notation of the computer pro-

gram is: MTRIAL
GVDIF = 2: DIFF (174)
v = MTRMIN (KI)
The average difference is calculated in line (219) as the
variable GVDA. The root mcan square error, GVDF2, is

calculated in lines 199 and 217 according to the formula:

5
- orer | 7s)

GVDF2 = [ APLTST

where APLTST is as defined in line 216.

The difference DIFB between Bv as calculated by
Eq (172), and BV as calculated by Eg (91) is obtained in line
202. This quantity is multiplied by 1000 and 1000%DIFB is
the value printed in the output of the program.

The variable "NL" of lines 197 and 133 is a count of
the total number of "v,J" combinations for which calculations
are performed for one iteration of the FIPA. DO-loops 640
and 650 adjust the potential V(I) to reflect a new J(J+1)
value for the next solution of the Schroedinger wave equation.

The average variance and the standard error of the
fit used to obtain the "NPL" coefficients of the Legendre
polynomials (Egqs (113) and (115)) for the "NL" combinations
of "v,J" are calculated in lines 228 and 229,

On the first iteration, line 230 transfers the program

to statement label 700 where the coefficients of the Legendre
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polynomials of Eq (115) are calculated. The routine MATINV
called by line 242 inverts the matrix AL(K,J) which then
corresponds to the (XTX) of Eq (13) and returns the inverted
value in the same matrix. The MATINV routine, using the
inverted AL(K,J) matrix and BL(K) calculates the coefficients
of the Legendre polynomials of Eq (115), and returns the
coefficients in the BL(K) array. DO-loop 720 then assigns
the BL(K) coefficients to the array COEFF(K). DO-loops

740 and 760, then use the coefficients ci[BL(k)] and the
expectation value FX(K,I) to calculate the correction potential
AV(r) of Eq (113). Then in the same line, a new corrected
potential is obtained (Eg (110)).

The minimum of the potential curve is found (VMIN)
and a new Y, [YDH(1l,1)] Dunham coefficient is calculated
(line 253).

At this point, program control returns to statement
label 253 for the "NREP"th iteration of the inverse perturba-
tion routine.

On the second and following iterations, the program
continues on from line 230. The standard error of E, for

J

all combinations of "v,J" is assigned to GVT. Using the

coefficients COEFF(K) and the "error" ERROR(K) of the previous
cycle (see DO-loop 720, DO-loop 680 prints the constants
[DBAA] of the Legendre polynomials used to calculate AV ,
the standard error of that constant [T% (line 236), and the

ratio of the error to the constant, i.e., T/DBAA.
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After the last iteration, iteration number "“NRPTT",

line 241 transfers the program out of the loop which per-
forms the IPA calculations. DO~loops 820 and 840 calculate
the correlation coefficients for the Legendre polynomials
(Eq (16)).
The routine POTTAB (called from line 264 of FIPA)
then takes the potential energy curve generated by the IPA
routine and produces the final set of turning points for the
eigenvalues EVJ of the routine and a second potential arranged
in order of increasing "r" from P(I) minimum to P{(I) maximum.
POTTAB starts by finding the minimum potential V(I)
and assigns that value of "I" to IMIN. Next, starting with
the inner portion of _ne adjusted IPA potential, from V(1)
to V(IMIN), CALL PLLYNN finds the inner turning radii (AINN(I)

for each of the eigenvalues E, [EEE(I)] which were defined

J
in line 203 of FIPA. PLLYNN obtains the turning points by
doing a Lagrangian interpolation to the IPA potential. The
process is repeated from V(IMIN) to V(M) for each EEE(I)
to obtain the turning points on the outer portion of the IPA
potential. The vibrational guantum numbers, v(IA], the
energy eigenvalues [EEE(I1}], the inner and outer turning
points [AINN(I) and AOQOUT(I)], and the corresponding Bv
[BBB(I)] values are printed.

POTTAB then using the new IPA potential, P(I) and

v(I), where I=I,M, and the original RKR curve XI(I) and

Yi(I) where I-1,N, determines an "IPA" potential energy for
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each RKR turning point, XI(I), by interpolation of the IPA

curve. The difference in RKR and IPA energies for that radius
is calculated.

Next POTTAB estimates the standard error of the
potential for each valne of "r" [XI(I)]. This standard

error is based upon Egq (110):
V(r) = V(r) + AVy(r) (110)

The validity of the calculation used, is based upon the
assumption that the routine has converged within some
acceptable error limits to some V(r). Any error in V(r)

is then associated with calculation of AV(r) . The
correction AV to the energy potential has been obtained
using the Legendre polynomials of Eq (154). From the errors

of the coefficients ci" used to calculate the correction
potential, the error of the correction can be estimated.
DO-loop 99 calculates the estimated standard error of the
potential and prints it, the potential, the turning point, the
difference between the RKR and IPA potential :nd the standard

error of the potential.

Control of the program is returned from POTTAB to

FIPA. FIPA prints out a summary of the sum of the differences
for each value of J(J+l) calculated on each IPA iteration.

It also prints out the average errors for all values of

J(J+1) for each iteration. The program last of all prints




out the original Dunham coefficients with the new Yy,
which has been calculated to set the minimum of the potential
energy curve to zero.

This completes the description of the RKR-~IPA program
for one of set data. Control is then passed back to MAIN.
If new data is provided, the RKR-IPA calculations are
repeated for the new data.

To avoid any loss of information, vida's original
comments on input and output are included in this appendix

with the revised program.
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PROGRAM MAILN
AM)S:  GCR.JLUUIYND
JAIN PRIGRAM; RIPA SYSIFY

THIS PRIGRA L 1S A UNTFICATION OF THL KVK AND IPA PRIGRAMS WHERE
THE REKR PITENTIAL IS USED AS AN INITIAL POYEHTIAL IN THE IPA
PRICEDURE,

RIPA CONSIRIJCTS A PITLNTIAL CUPVE FUR A} LLECTRIYMIC STATF IF A
POTATINNLESS LIATIMIC MILECOLE == T_.E,., PAIKS OF INYER AND JUTER
CLASSICAL TURLIIG PIINTS AND ASLTITTIATLE EYEKGY LEVELS == FRUM
DUNHAY LXPANSING CIHEFFIJILNTS Ry JSING THE RYLBERGL-KLEI%~RFES
HETHOL, T1 FHLH PLRIIRMS AN FXTRAPOLATIION I THL IHYER AML JUTER
TURNI G PJINTS, FINALLY, RIPA PLRFORWS AN TNVERTFD PERTURIATIUN
APPRNOACH JHERL THE NEASJRED TLRM VALJLS AKE FITYTED TJ THE QUANTUM
MECHAMTICAL ENERJY ELIGENVALULS OF A RITATING VIRRATOR 1Y MEANS 0OFf
A LEAST SIUARES FIT USING A VARIATIUNAL METHOD,

THE I4PJT CARD JECK f THE PRIGRAY RIPA MUST HE AS FILLIWS.

YHE FIRSY CARPD 1AS JITEST IN COLUMY 1, JF ITEST = 0, THE
PROGKRAM JILL STUP, IF LTEST = 1, THE PROGRAM WILL START A
COMPLLTE CALCULATION SEQUENCE, AHD THE DATA DECK MUST BE AS
FOLLNWS,

THE HEXT TWw) CARDS HAVE THE QUTPUT PAGE TITLE TN COLUMNS 1
THRIULH 72,

THE MEXT CARD HAS TIMS,THE VALULS 0OF THE MASSES OFf THE TWJ ATUMS
AnD TuE IDELTIFICA&TION CIDE OF THE LLLCTRUNIC STATE UYPER STUDY
Tt FORMAT 14,2016,9,32x,A4, THE VALUES JF THE “ASSES SHJULD BE
FXPRESSED Ty ATINIC UWITS, TI1%Ss MUST AL 1 IF THF CARHON SCALE

1S USLD AND NUST SE 2 TF Tdb UXYGEM SCALE TS USEP. THFKE IS AN
DPYIYAL JAY JF USING THIS '1ASS CARD, JHSTEAD IJf LISTI%G THE
MASSES JF THE TJ4N ATINS SEPAKATCLY, THE PLOJCED MASS JF Tuf
MOLECULE (In ATIMIC U4T1S) MAY BE ENTLPED I:u THME FIRST vASS FIELD
THE SECIND MASS FIELD MUST THEN BL LEFT BLANK, THE CHOICE OF
CARBON IR OXYGEN SCALE 4UST, IJF CIUKRSE, STILL RE ENTERED,

THE MEXT CARD PLADS NDUY,C(JIC(TI) T=1, NOUN) I FORMAT 1115, THE
HoUN VALUES NF JgM: NV, 92, 43, eeee SPFLITY THF NUMBEK JF DUNHAM
CNEFFICIENTS YCI, 1), Y(1,2), Y(I,3), caes

THE HEXT CARDS CONTAIY THE DUIMAM CNEFFICIEYNTS Y(I,K) WHICH ARF
READ LN GIING FROA% 1=1 TO Mont: (rCI,10,.181,N1), (Y(1,2),1=1,N2),
(YCI,3),121 N3),epeene IN FIPUAT (4D18,9),

THE NEXT CAQD CINTAINS THEC DISSIOCIATIUN FHERGY DE AN THE ELEC-
TRINIC TER™ TC IN FORMAT 2D1S_.8 A D ExPRESSED IN RECIPRICAL
CENTINETERS, Cb IS Tue ENEWRGY SEPARATIIN SLTJFEN THE PITCNTIAL
MINIMUA NF THL ELLCTRINIC STATF UOER STUDY And ITS DISSOCIATING
LIVIT, TE IS THE ENCROLY SEPARATIOV DETWEEN THE POTEITIAL MINTMA
NF THE ELECTROMIC STATE UNHDER STUDdY AND NOF THE GRIUND FLECTRONIC
STATE OF THE MNLECHLELTF THE CLECTRONLIC STATE UYDEK STHOY IS
TTSELF THE GRINYD STATE, THIS CAR)D “uUST RE BLANK,

THE “ILXT CAKD CONTAINS JFIN, KND JINC 14 FIRMAY 27r5,2, RIPA CAL-

CULATES TNLW AYD JUTLR TURNINLG PITLTS FIR V 3 =2,2%5 ave FNR
FACH VALUL JDF V FRIN ZERD TO VFIN Ih STEPS JF VINC, IT |S NJIT
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59 C NECLSSARY THAT VFIN, AND/JR VINC 3F INTLGRAL. THF QUANTLITY
69 4 VFIN/VENC "UST 10T EXCFCD 394,
61 C
62 C TufF HeXT CARD IS THL KLLIN ACTUIJM THVEGKAL PRINT SWITCH AND
63 4 COUTAINS 10PFG 1M FIRYAT 11, IT IS USCD Tu GFHERATING THE
64 C THITIAL RK® POTLHTIAL, IF IJPTG=1, THL VALUVES F THE KLLIN ACTION
65 C INTEGRALS ARE PRINTLND FIR ALL OJF THE ITLRATIONS ASSICIATED wiTw
66 4 FACH JF THE VALJES UF V FIRP WHICH PAIRS D TURNIMG PYINTS ARE
67 < CALCULATED. IF IJ27G=0, THLSE VALULS ARE NJT PRINTES,
68 [
. 69 4 THE MEXT CARD CONTAINS RUIMY, PLIM2, AND HNEXT IN |6:R- AT 2Fh,2,12.
79 C RLTYT AYD RLI'I? ARE THF THNNER AND TIUTER LIMITS, RLSPECTIVLLY,
71 < T JUHICH EXTENSIDNS DNF THE RYDHLRS=KLLIN=KEELS TURNING PIINTS
72 ¢ WILL J3E ESTINATED, IMN A FASHIUN T3 KE NESCRIRED RELIJ, THEL
73 C 1:P YT QUAITITY 4FXT 1S THE HUYAER NF £XTRA LXTENSIOY DATA
76 C PUTITS T FILLNJ. NEXT MAY NOT EXCEED 2% ANO MAY BE ZERD, IF
75 ¢ M) EXTRA DATA PII4TS aRE TO AL ADDED,
76 C
77 C THF NEXT “JEXT CARDS E2CH CANTAIN RI(T) AND PE1C(I) 1IN FDRY“AY
78 ¢ 2p15.9. THE RICI) AND PLI(T) ARL R AND POTENTIAL ENERGY PAIRS
79 ¢ MHTCH MAY RE USEP T SULRE THE LXTENSING TO VTHFE RYDIUEKG=
8d C KLELN~REES TURNING P iINTS, AS NPULSCRIARED RLLIW, THE UNITS JF
81 [ THE RI(1I) AD PEI(I) SHIULO AL ANISTRIMS AND RECIPRICAL
82 ¢ CENTTMETERS, RESPECTIVELY, NNTE,. . 1F NLXT IS 7ERD, THESE
83 C CARDS MUST AE DIITVED FRIM THL 1mPUT DECK,
8¢ C
85 4 THE MEXT CARD CIMTAINS THE FITING PARAMITLRS KFIT(I), I=1,2 AND
86 C YRITCLY,U=1,6 14 FIRMATY 615, IF THE CAPD 1S RLANK THE PR ,PAM
87 C TAKES Toaf DEFAULY VALJFS 2, 4, O, 6, %, 108, FOR EXTRAPILATING THE
a8 4 INNER TURNT 46 PIINTS XFIT(Y) CONSTANTS IHSTIDE AN EXP-FUNCTION
89 [4 DF THE FIR* FXP(ACTI)SA(2)eXe,00e) ARE USED WUHICH ARE DPETERMINED
90 4 RY A LEAST SAUARFS FIT JF THE KEITC(1)42 INMIRMIST RXKR TURNING
o1 4 PUTNTS, FIP FXTRAPILATING THE OUTER TuryinG PITHTS KFIT(2) CON-
92 C STAYTS AFE USED T4 A FONCTION OF THE FORM SUM(A(Y)«R&a (=¥ YT (KX)))
?i 4 MHERF YUY SPLCIFIES THE IMVEFSL PNOWERS OF THL IMTERNUCLFAR DIS~
‘ 94 4 TAMCE R 1% THL LNIG RANGE TYNTEPACTIUN FUNCTINN, THE CUNSTANTS ARE
Yy < DLTEPMINED #Y A LEAST SQUARES FIT NF THE KFIT(2)44 JUTERMIST RY¥R
26 4 TYP4ING PITNTS,.
‘ -
9y L THE NCXT OATA CARD IS THE PUNCH CINTRIL CAPD AMD CNNTATHNS TPNRKR
29 4 AnD IPNIPA [N FIRMAT 212, IF IPIPCR=1, AN QUTPUT DATA DECK (RKR)
! 1320 C 1S PUNCAFD, IF [PYIPA=1, AN OJTPIT DATA DLIL (TIPA) 1S PUMCHED,
i 131 4
18 C THE YMEXT CARD HAS LYESY T4y CNLUYH T, IF LTEST=3, THE VARTATINNAL
143 4 PHICEDURE 1S SKIPPED AND THL PRJUGIAM RFTURNS T THE REGINNING TD
13 [4 PESUIL THE NEXT PROSLEM AY READIMNG ITEST (SCF A3ZIWE).
12% C
136 4 TF LYEST=1, THE FIOLLOJTING ADDITINYAL CONTRAL CARNS APE NFENED T
137 4 RN THE INVLRTED PFRTUPJATI N APPROACH,
123 C
! 179 C THE NEXT CARD CIHTAINS CONTRNL VARTABLES FIOR SCHP AS FOLI IWS=-
} 110 C 11,18, IPSIG MAXIT, AND EPS 1% FUPYMAT 414,D10.0,
A mMm ¢ 1) yt = 1 DATA FRJVM FACH TITLPATLIO¢ IS PRINTLD,
. 112 C TE 41 = 3 THE TTERATIONS ARL H0OT7 2RINTFD,
‘ 113 4 Tr S = 1 THE WAVE FUGCTTINS APL PRENTED AT FVERY IPSIQ POINTS,
& 114 4 TP NS = 2 THF WAVE THICTTINS ARL NT PPINTFD,
- 1% ¢ FrS 1S THE CMIVEPLFUCE CRITLPION, N.d01 WAVEHUMAEPS IS A GUDD
.i 1% C STARTLING vALNL,
o A
rl
>4
-
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MAXLT IS5 THE ART 0 SUSBLR OF TTIES S5CHR JILL ATIENPY TD SATISFY
The COINVERGENCF CCTTERTIN, TOMN IS A 5000 STARTIHGL VALIL,.

THE NOXT CAPDS COITATN KLU @ 1AX , 4, NPPTT NPL,MCH,LSW

AUD CATRMIINCL)) TKRIALCT) ,83TT (1) ,I21,11)

I FORWAT 29 1.:,9,51575C12,15,F9.M73(12,13,F5.2),

RHTIN AMD KUAX ARE THE LJJER AYD UPPER LIMITS UVER WHICH TdE
PUTENTTIAL CJRVE IS T AL COUSIOLRED T4 THE IPA PRIUCEDJRE,

M OIS THE AL ® OF PIINTS T Ut USED IN THE INTERPOLATED JELL
MAXIM It W 15 2401

MRPTT DEFINCS THE NUMSER IF TTERATIONG FOR THE INVERTED PERTURBA=-
TI ™ APPRIACH, w+4ERE 1AL LAST JTERATVIOI CALCULATES THE KNTATIOIN-
LESS PITENTIAL F 'R THE DFEINITION NF THL GV AND OV,

NPL IS THE JRUEK JF THE CJPRFCTLINL FUNLCTIUN OF THE PITENTIAL
WHICH 16 DESCHISED BY A SU™M UF LESENDKE PULYHMIUMIALS,

MTRMIN &AMD “TRIAL AKE THE PHINIMUM AKLD MaAXIMUM VALUF NF vl {0R
WHICH TRIAL VALJES ARt GEJERATED (USTNG THE OUNHAM COEFFICIENTS)
FUR CALCULATING THE SCHRIEDINGER EQUATIIN, THE PRIGRAYM STIPS
AUTIONATICALLY AT THE LAST RN STATE,

RJTT ARE THE VALUES OF JC(J+1) FUR WHICLH THE POTENTIAL IS CALCuU-
LATED,

FUR MCH=1 THE PROGRAM PUNCHLS A DECK OJF ALL THE GV AND BV VALJFS
CALCULATED 1IN TAF LAST ITERATION,

FOR LSW=d THE PROLRAM PRINTS THE FIRSY AND LAST ITERAVIUN DF THE
TYVERYVED PERTURIATIIN APPRUOACH, FIP LSW=1 ALL TTEKRATIONS ARE
PRIYTED,

THIS COMPLETES THe INPUT DATA DECK FIR UNE ELLCTRUMIC STATE,
THERE ARE NOWw TJ40 DIPTINYLS. IF 1O OTHLR PUTLHTIAL CJRVES AREL TO
At CALCJLATED, A JLANK CARD MUST 3E AT THME LND JF THE NPATA DE(YK,
T.F., ITEST=0., TF A SECOUD THPUT DATA DFCK IS TO FILLNG FOR
AYITHER ELECTRONIC STATE, THE AudvE I+4STRUCTIJNS SHIULD BRE
REPEATED, I.F., ITEST=T,

THE FILLOATNG COMMENTS APPLY TO THE PKINTED DUTPUT JF RIPA,

THE FIRST LISTTG STAKYS W4ITH THE TITLE AND THE IDENTIFICATION
HUMBER JF THf ELECTRONTIC STATE. THE VALUES JF THE AT IMIC “ASSES
(UR THME VALUJE OF THL REDUCED MASS OF THL MILFCULE) ARE ALSO
PRINTED AY4D THE C-DICC JF CARBMY IR IXYLEN SCALE 1S NOTLO, THE
CISTING ALSD COYTAINS THE RELSULTS OF THL KXR CALCULATIONS. FOK
EACH VALUE JF v IN STEPS JF VINC JP 7D VFIN, THE POTENTIAL AND
THERTIAL CHERGIES, THE INMER AND JUTER TURNING POINTS, AND THE
FINAL VALUES UF THE KLFIM ACTIOY INTEGRALS ARE LISTED, THE
PUTENTIAL EUEKGY IS TuEl EXPANSTUN FUR GV ¢ Y(9,3) FVvALUATLD AY
V. THE IHMERTIAL FELGY 1S THE FXPANSTIN FUP By LVALUATED AT Vv,
BIUTH ARE EXPRLSSED IN RECIPRNCAL CENLTIYLTERS. THE TW) TURNING
POINTS APE EXPPLSSFD IN ANGSTRONS, THIS LISTING wILL ALSD
THCLUOE THE INTERMEDIATC VALULS OF THE KLEIY LINTEGRALS LF
1JPFG=1,

THE SCCIND LTISTIMNG CONTATYUS THE PARAVETLRS THAT PLRIAIN 1) THE
FIT ¢ THE IHNER AYMD DUTER EXTEHSIONS OF THE RXR POTENTIAL.

FUR THE FUNCTLONS I:NODICALTED AfIVFE THE LISTING GIVES THF CINSTANTS
AgD THELIR STAIDARD ELRKIRS AND THE TOTAL STANDARD ERRIR, IT SHUWS
THE FIT FOF THF FEXTLUIST I M THE LYRER ANHL JUTER JURNING PDINTS,
FINALLY, LF E£XTRA EXTLNSIDIN DATA DNINTS ARE USED, THE DIFFFRENCLS
AETAFEMN THFSE AND ToE FL1T FUNCTIOY ARE GIVEM FNR EACH NF THE
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DUsCELMIRSTVX JRI1S5/82=-15:217:27 CF
TuPJT RI(L).

FURTIIERINRE, THE LJUNHAYM COEFFICIENTS ARL LISTED WITH THE CALCU-
LATED VALUF Y(O,M),

THE FJULLY4ING PRINTINT LXCEPT FOR THE DynuAM CNEFFICIEMNTS DIES
NUT APPEAR 1F LTFST=Y,

THE FOLLOJTNG LIST PRESENTS THE PARAMLTLRS JIF THE TNVERIED PEK-
TURBATIIN ApPROAC {,

THE PROLRAM THEY SELERATES A PRINTILT OF THE FIKST AND LAST TTif-
RATION JF THE INVLRTED PFRTURUATI IN APPROACH AND A PRINTOUT OF
THE THTERYEDIATE 1TLRATIONS IF LS4 = 1. FUR EVERY VALUE OF 8477
17T GEMERATES A TAILEL WHICH CAONTAL4S FIR ALL VALUES J3F Vv SPF-
CIFLIED 3Y MIKW'IT A4D MIRTAL, THE JUANTU!N IECHANICAL ENFHGY EIGFN-
VALUE, THL MEASJURED TERY vALUE, VHE DIFFERENCE, THE CALCULATED

AY VALUE, THE DIFFERENCE TN THE M_ASURED VALUE AND THL VALUES

(JF THE 4AVE FUNCTIONS FIR THE INNCRMIST AND MUTERMIIST ML “43IERS

OF THE ARRAY S, YA AND B ARE DETVERMINED oY THE SO UIDLDINGER
RUUTINE SUCH THAT S(YA) AND S(MU) ARF TYPICALLY 1,0-14 [F THE
LIMITS RMIN AID ft4Ax ARE YADE WIDE ENIJLM,

FiJR THF LAST ITERATINY THE TABLE TONTATNS VIRRATIONAL LEVELS
ABIWE THE UPPLR DASHED LINE AND HILDW THHE  IWLR DASHED LIYE WHICH
WLRE T SPLCIFIED #4Y THE DATA (TELD ARJVE, HUT WATCH ARE uU4lalit-
Ly SPECLFIFD Y TIE RAMGE DF INTEINUCLFAR DISTANCES WHICH HAD TJ
BE ADJUSTED T4 THZ INVERTED PLRYURRATIN APPRIACH,

THE MEASHRED VALULZS ARE THOSE DPLFINED AY THL DUNHAM CIEFFICLENTS,
EVERY TASLE IS CLISED WJITH THE AVERAGL OFVIATION ANHD TH{ STANDARD
ERRIR I4 CMaa(=1),

AFTER EVERY TTERATTIIN THE PRNOGRAM PRINTS THL COLFFICTENTS DOF TME
LINEAR CIRINATIOG JF LLGENDRE POLYNIMYIALS JRIAINED TN THL IN-
VLRTED PERTURUGATI DN APPRNOACH, IT &LSD LISTS THE STADARD ERRIR
AyD THF RELATIVE STAYNDARD ERRIR, 1F THE LATTFR QUANTITY 1S LARGELR
OR COMPARARLE TD 1 AFTEX THE FIRST ITCRAYINN, NPL CAN AL LOJENED
TN THE SEXT RUM NF THE PPIGRAY, THE LAST SFT UF COEFFICIENTS IS
FOLLAWED BY THE CIRRESPIMDING CIURRELATIUN MATRIX.

THE NEXT LUSTING GIVES THL INTERPILATED YHHLP AND OUTER TURNING
POINTS AND THE 3V VALUES FNR THL CALCULATLD QUANTUM "LCHANTICAL
FRERGY EIGFYVALJES OF THE PIOTATLDWLESS MOLECHLE A5 JIBVALHED AFTLR
THE LAST 1TERATIONN,

THE FINAL LISTING CONTAINS A TABYLATION NOF THE ENTIRF POTENTTAL
WELL. THESE DATA ARE (1) THE TURNLING PNINTS AND ENFRGIES FORM THE
LAST IPA [TERATION, (25 THE OIFFERENCE TN THE INITIAL RKR PJUTEH~
TIAL AND (3) THE CIRRESPDANING STANDAKN EKRIR OF THE PNTFHTIAL.
Tty ADDITION, IT CI4TALYNS THE 20 TNER AND 99 DUTER EXTFHSION
PITNTS FRIM THE EXTRAPILATION MrT 400 DESCRIUED ABIVE. THE 24
IHNNER FEXTENST)N POTLTS ARE EQUALLY SPACED IN R BETWEEN RLIMY AND
THE INNERMNSGT RKR TURATHG POTIT, AND THC 99 NUTER EXTENSION
POINTS ARE £OIIALLY SPACLD I R GETWEEN THL JUTERMIUST Rei TURNING
POTT AYD wLIN2, &Ll JUITS ARL AN3ISTRUMS AND RECIPRICAL CLNTI-
METERS,

THE PRIYT YT CLOSES WTTH A RECIMIENDED SET OF INTEGRATI N LIUITS
RTH AD RMax AS JATALUED T4 THL [PA PRUCLOJIRL. TiHEY SHIULD AL
HSED IN THE FIOLLNGING RINS. TT 1S FULLNJFD JY A SymiARY WF THE
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-~ 233 c STAYDARD LRRNKS iIF ALL YTLRATINGS AND A TARLF N THE DIUYHAM CUFF=
234 C FICIEITS JITH A CORMECTLD VALUE TF Y(D,0) SyCH THAT THF PITLNITAL
235 4 MINIMJH DEFLINLS 2tRI ENLROGY,
- 235 C
237 C THI3 COMPLETES THEL PRINTED JUTPUT FOR NNE ELFCTROINIC STATEL, 1F
- 238 c DATA FIR 1t THAY INL STATE ARL INCLUDLD T4 1ML IHPUT DECK, THL
237 C ARTIVE OJTPUT 1S REPEATED.
24) 4
241 4 THE FILLOJIANG CIMMENTS APPLY TN THE PunCxHED DUTPUT IF RkR,
- 262 ¢
243 C IF IPIRKR=1 anuD/OKR IPIPA=1, A GFIK IS PUNCHMED J4HICH 1S TAILNRED
264 ¢ T3 SEHVE AS INPUT TJ JTHFK PRUGRANS, ALL U'MLTS ARL ATOMIC HMASS
" 265 ¢ UYTFTS C(CARABIN SCALF), ANGSTKOMS, IR RICIPRICAL CENTIMETLRS.
246 4 FOR TPHRKR=1 JNE JRTAINS Thi RKR=PITETIAL,
247 C FUR IPNIPA=1 UNE J3TAINS THt IPA=POTE (TIAL, i
- 243 c . |
2469 4 THME FIPST CARD CNNTAIYS THE RLDUCED “asSS UF THE MULECULE
259 C (AND EXPRESSED IN ATOMIC MASS UNITS, CARRUN SCALE) AND 1CINDE IN
Ta 251 4 FORMAT 36X,016.7,16X,Ab,
252 4 THE NEXT CARD READS NOUN,(J(I),T1=21,13) Tn FNRMAT 1115, THE NDIIY !
253 4 VALUES JF JM: N1, M2, N3, ... SPLCIFY THE NUMRER (IFf DUNHAY L
- 254 C CUEFFICIENTS Y(L1,1), Y(1,2), Y(I,3), .eoe(AS LXPLAINED AHIVE)
255 ¢
250 < THE NEXT CARO CINTALMS DE AnND TJOF IN FORMAY 2015,8., DE IS THE
257 [4 ENERGY SEPARATIOIN ALTJEEN THE RIUTION IF THE ROTATINYLESS
258 4 POTENTTIAL WELL DJF THE ELECTKONIC STATL UNDEK STUDY AND ITS
259 4 DISSHCIATINYG LINIT, TOEL IS THE ENEPGY SEPARATIIN RETJELN THE
) 260 < ROTTIM JF THF RITATIINLESS POTENTIAL JELL D THE NEUTRAL JR TIUNIC
261 ¢ ELECTRINIC STATE JNDER STUDY AND THE v=J, J=# LLVEL JF THE
262 4 GRIJND ELECTRIMIC STATE NF THL HEJTRAL NOLECULF. NITE.... IF :
I 263 d ELECTROANIC STATE JMDER STUDY IS TTSLLF THe GRJIUND STATE ('F THE |
. 2646 4 NEUTRAL MJOLECULE, TUEY Tdism-Y(a,d),
- 2695 C
- 206 4 THE MEXT CAKD CIMTAINS 4 I™ FJURYMAT 13, JHICH IS THE NUMWBER OF R
267 4 AND PITENTIAL ENEKGY PALRS TO FULLOW,
2h8 ¢
! o 269 ¢ THE MEXT ' CARDS CINTAIY THE R AND PDITENTIAL ENLRGY PATRS WITH
i 272 C TuW) PAIRS PER CAPRPD IN FIRYMAY 2016,.9,4x,2016,9. THE DATA O4 THESE
271 C CARDS IS THAT TABJULATED IN THE FIRST TWJ COLUMNS UF THE THIRD
- 272 ¢ DUTPUT LISTING,
273 C
274 C THIS CIMPLETES THE PUNCHED JUTPUT FOR UNE ELECTRONIC STATL. I¥
-~ 275 C ODATA FOR MORE VHA:Ny INE STATE ARL INCLUDED TN THE INPUT DECKr, THE
276 4 ABOVE JJTPUT 1S REPLATFD.
277 2. DIMFNSTIOW KIUS(2),TT1S(2) ,NFT(2),LIUT(L), THEAD (D)
o 278 3. COMMIN/RPA/RICIS) ,PET(2S),NEXT
279 4, CONMIN/IYD/YDH(2Y,13) ,INCT1D)
280 5. COMINIFCIFCTIT) ,I3C11) ,HE RAA RUB KFIT(2) ,KUUT(G)
281 6. COMMONZEXIEV(P21),UV(921) 1
~ 282 7. UATA KIMS/4HC=12,41=810/
283 8. VATA NFT/ 2, &/
2846 9. DATA LJIUT/ @, o, 8, 10/
- 285 19, ODATA ZTIMS/ 1.9, 3.997262216%/
286 4 RKR USES THE FOLLIGING FACTIPS §0R CIONVERTING ALTWELN MASS SCALES
r B 287 3 AuD DIFFEKENT PHYSTCAL iIITS.
2RY [4 ZIMS(T) 19 15.97246216646/716, JHICH 1S THE MASS JF NxYGE IN THE
289 4 CARA )N SCALE DIVIDED Ry THE MASS OF OXYGEN 0 THE UXYGEN SCALE.
- 203 4 FACHU I1ZSAIKT(H=DARKAVIGADRIS NUMUBER/(64aPleaC))*ilneg
! "4 - B-56
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PRCCr AM MATY T4/174 CRTIZLWRCULLE AL T/ K/-Ng=D! F*r c,1e
DO==LING/~CT 4AFG==CCMMI /-F!XEDsCS= USEA/-FIXEDsOB= TR/ THZ "L/ FF/-TD/
FTAS.08.

FRCGYAV VAL

c RK=1nlsl Ce 12 OF'C . 5-2
CIFENSIC! ZIVMSC2IWAETC2I4LL . T(AM)1nEAD(YIE)
COPMIN/KPUW/IO T2 4PUL L) o 1EXTY
CCPPINZYD/YDH(20,,1C)41V(10)
COMPON/FC/FULLD)oHEL]L ) oWl or AAQCHH ¢KFIT(Z) oKUT (&)
COPMON/EXZEVES21) qLVIS2) ) oM
CHARACTEY KINMZ(2)es
CATA (KIFSCIDoI=1e2)/7%=22%4%C=16/
CATA NFT/ 249 A/
CATA LCUT/ Co 6y Egl0/
CATA 2IMS/ 1eGe Je9¢9€rciess

C RKR USES THE FCLCW!'\G FACTOPI FJF CCAVEQTIAG RFTMFE?

C MASS SCALES AMD CIFFEPENY PHYCICAL UL.iYS, Z21¥S(Z2) ~°

[ 1559451444 /169 WHICH IS THF VAZZ “F CXYGEP CN THE CABIN ICALS

[ CIVICED PY THE MASES CF CxYGE! C'. THE CxYCGEN “CALE.

c FACKUM=SQRT(H-EAFeAVLGADFRLS ILUMHE: /7(A*PleC))el0esg
FACNUM=4,105~0a548

C eecceeeekEAD TN IANPLT CATA

1¢ PEADC 1C54ITEETY
IFCITEST.EQ.C) STYOP
FEAD 110 41HEAD
READ 111 6IIMTeZMASLWZMACDICAOE
TFOCIIMSaNE el ) eA%De (1INMSAELZD) TINMT2]
C esenceeePUT PECUCED MASS INTC ZMy
ZPL=72KAS )
IF(ZMAS2.GTai o) ZPL=ZVMACLIOZMASZ/(ZMAZL1+2MACS2)Y
2PL=2MLe ZIPSCLIMD)
FAC=SFACKLLP/IGRTCZMU)
CALL YOHF11(3)
BE = YCH(1,42)
REZFAC/SCRT (HE)
READ 112,DE0 £
C eececncs s CALCULATE YL
A2z=YEHL292)oYCHLZ1) /(12 LDeNol )
YCH(1 1) =(BE*YDH(Zo12)/4.CC¢(@A2eA24A2/BF
FEAD 1134V ihgVINC
READ 1094,ICHFG
READ 1139RLMI ¢SLM240ENT

[ secesesesREAD EXTRA EXTENSION DATA IF ECESCATY
1F (hExT.LE.Z2%) 6C TC £¢C
FRIN' 102
£ CP

20 IF (NEXT.LTel) GC TC oC
CO 30 I=1eNEXY

20 FPEAD 104,R1CID4PELC])

40 FPEAD 1180 (KF TUIDeI=142)0(K UT(I)y =148
Co SC I=1e2
IFIKFITCIDEC.U) KFITLI) =NFY (D)
IFCKFITCI)aGTL11) KF]ITUID=1]

11 CCATINUE

, CC &€C I=1+4

IFIKOUT(I).EG.CH KCLTCI) = LCUT(TY

60 CONT INUE
READ 1C9+1FNFKReIFNIFA

Y

LT EL AR

gl

‘1

hJ
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111
112

113
119

' 117
112
11¢

r

[

L, I

"*_""““_’:5iIIIIlIIl-III--------------.....47

FRQGHRAM MATL

[a NaNalalN,]

aNalal

16
rC

56

ch

162
163
1ce
105
106

107

108
169
110
111
112
113
118
1'5
116

11~
119
120
171

18/174 CPYZ0 e CUNDT A/ ©F M/-0D4-0" FTr Catef 17
esevcesscesfF-IAT (LT ThE I'.PLT DATA
FRIANT 1ll4eInfaAl
PRINT 11501C DL
eesoceccsssF-IANT THE PASIES ArD THE!? UNTTC
IF CZMAS2.Lf «043) GC TC 1T ’
PRINT 116oKIPSHIIIFS)o2FASLeZMAC2 )
€CO 1C &)
PRINT 1174KIPSEIIPS)Ie2ZMAC]
FRINT 10€,40c.07 ¢k
FRINT 1CEokL ™) gL M o VFIANGVIGCy I"PFGy [PLAK24I7A[ A
evescacscenbkr LT EXTRA EXTENSICI, DATA [F NECECTARY

[FANEXTWLTe1d GO TC %o

FRIN 127

FPINT LU2e€C1 (D) gFEICIDy =1yt EXT)

CALL KNFEVFI' oVINCyICFEGFAC)

CALL YCHPI1( )

FRIN 118,IHEAD

soeaasEXTRAFCLATE Fr A

CALL EXTVENDC(RLML,FLFZ)

F22e8ve12C

IFCIPANRKF ohEWl) GO " C 9%

PUANCH 102.1IrS.ZrlSleHACZ-ZNU-.CODE

CALL YDHPL1Y(IFARK?)

FUACHo1124CEWTE

FUNCH 119,4¥

PUNCH 1259 (EVIII qUVITDdoI=149)

FRIN® 121

CALL FIPA(Z¥U,LCE)

CALL YOHP11(3)

IF (1IPANIPAJAE«]1) 6GC TC 1o

PUNCH 102¢1TMS4ZMAS]L sZMAS? 7MUY, TCNDE

CALL YDHPLYICIPLIFPA)

FUNCH 1124CE 4T1¢

PUNCH 119 4¥

PURNCH 120 oCEVCIIoUVILIDoI=1 M)

GO0 TC 16

FORMAY (1A9ID26a%o1EXA4)

FORPAT(IIHOTLC PALY EXTFA EXTE-ICH

FORMAY (2D16.5)

FORMATL//6K CE = 4CiSaToluXgeH TE =

FORMATE2X o 'L TML = 0 oFG.04% LI¥D = 9.F7,4,4"
% VINC = ®4F7.2//7% 1CFFG = %"4ile" IPLAK? =
«f IFNIPA = %,11/)

FORMAT(® THE FOLLCWiAhG DATA WE € TANCLUCED :* THE LFBST- QLA [
SFIT THAY CETERPINED THF CREFFICIEYNTS ZF THE XTft-e/¢ !
¢ SICN FUNCTICAN TC ThE PK& TURINING POINTS. .07/
CION*R® ISKe*FLCTENT AL ETERGY /)

FORMATUIAXGIFC16a9¢TX9D16.°7)

FORVAT(212)

FCRMAT(]1~A4)

FORMAT LI 09201£€.9,22%,A0)

FGRPATLZD1S,.)

FORPAT(2F6,2912)

FOCRPAT(2X 91 AA/2X 91EAR)

FIRPAT (/" THE CCDE NUMRFP FC- THIS STAYE 'S ®eas) i

FCRIMATL//7°THE PASTES CF THE ThC AT INT 40/ HACEL CN "olae® A F ¢, 1
¢1PC16eSe* AL *4,01€a77) N

C e e

END PCINTS OF PCTESTIAL FL'.CI N

DATA FCINTD)

+C15.77)
VFIL = Y4 FT.2,
*s 11

T ATCMTBA €O A Yol o,

FCRVMAT(//°* Tr¢ FEDLCED MAST CF THE
¢ IS %,1°D1&4%)

FORPA  (1CI%)
FCAPA (; %)
FORMAT(2016."
FCREAT(® BEGILAILC CF

(4 X
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OC==LING/~CT sARG=~CCVYMIN/-FINEL9CST LSEF/-FIXECIDE= "W/ BV "L/ €3/1-"C/ "~ MO/="" 460 =

FTANS408.

AMNOOO

100

Te/ 76 CPYI=P ¢~ CL%C= AZ S/ M/=D,4-07 FTs €.,%e s vy

vyt

SUBRIUTIAE FRRCVFINSVILCHICPFGFAL)

HKR PPCCEDLAE ‘
DIPERSION HICLIO1DoTFMPCACCY qOF  QUH D™ ZCZ)olZC2) oXCl4)oYil) .
COLBLE PrRECIZICMN AGAUSCoe ) oeXGAUI(3, )

CCPPOB/IYD/YDHI2U 210D ,41P(10) ’
COPPCNZEX/ZEV (921 ) 4UNE 321 ) 4™

CCPPCAN/RX/ZFFINCAI0 Do~ PAXNCAT 2D oUCA0))

evcecene INVEGRATICHN CCASTANTSCABI OMCRITZ 3 Fo<21)

THE XGALS AFL THE AFSICCISAS A%ND AGALS AFF THF WFIGH™ "6 CACT -

FCR A GALSSIAr [ATECHATICH CF MOMFATS WhEFE K= AML =

Agby UR < CEPEND.LG CAN THE DEGREE CF TLCCES TF ~rE

ITERATICA .

DATA XGAUS/O0.G19+ 5527175123200 4040 337092425960 284T 9" o H30°1-44°

«N"2S7400
*Ce101666TELZ 314GDG suelB6CICEIDARTHEADL Vg, a2 "TCTQTEI"T1°T7.0,y !
0623723375501+ 36D0 40 3% ESCOCE TS Dl 9" €E-SUTTI17-2628N, :
$Ce¥0:282€6TFE1S21 7500 0 €130 -5S93.4 53 D79l (S 5eF1E971°.7 2.0 '
eSS T LT I21287 2500 sl et 3L ECAECI23Y132DuUe T oCC - 4CaT€2TCE 9 €407 4
*CeFEE234T571C)1STED0 9C 0Dl 90T =33323-TCEY180" 40 CCo o ND9NaF2 144"
¢C282880264C0 t
. e0CUsLeCLCLY

CATA AGAUS/C 2050614265189 160D004C.03%€622861~-53°N047 o173 2784 297
*27CC,
0011119051 722€63T70DC )l CCIECTPESDU0T . 0Ly a2ECTIT 7742277000
*C0e15€853322930 %4400 3023 2CSECET 2638 V09 w320 TZT74211 7707,
016134818516~ 51c 10002 c33GSECET2 <A 0Ny o VTC2TACFFFIT N,
*(e191341891e95151D0 40l IHLTHEHZACTLID 0. a9l l€€EFrc220 271 a4l
*0CHSEE22461 199P SC0U 90 o000 9061111501 722€6nT0 9Ce " C0y: 0’1 g% 7714
©2€E£1451HH00,
*(.CCJe0elD0O/

CATA M2/71C14%1461/

CATA 12/8 4604/

e CALCULATE TEMP(THE V) AAND UCTHE Gy) FC2 FACH TLEAI*C D INT

P=yFiN/VINC+l oS00

M=pe2

IF(P.LLL800) GC TC 1tQ

IVINC=1G0 e/ (VFIN/20521.)

VINC=1./FLOATCIVING)

P=AFIN/VIANG o 2.°%

FRINT 2914VIMC

TEPMP(1)3(C 25D

COLY=POLYNITENMP(]1) 1)

CO 1103 1=2,%

IMP=FLOAT(I=2)sVINC0.5DC

TEMP(I)=TMP

LCOID=FCLYNC(TPFP 41)

STEP=49D0

FRINT 294

CCMMENCE FINCING TLANIRG PCINTS HY INTEGRATICH ANC
ITERATE TO A BUILY iN L!'MIT (F FRECITICA
SVIR=Q.0
VIR=(.0D0

SETR=PCLYN(VTIK, 1)
1F CABSCSETFILLT.1. 0=-8) 6C "C 13¢C
VTR==YDHC141)/YDH(241)




SUBRCUTIME FKR 184774 CPT=C oaCU%DT A/ S/ M/=DNy=D" FT0 Sale <
-~
56 ETRZPCLYA (VT = o1)
57 120 IF CABSCETRDILLTL1.0L=¢) 67 77 137
- Sa XTRZGVTR=-(SETRe(SVTF=VIP)II/(SETE-E"F)
59 SVIR=VTR
60 VWIRZXTR
- 61 SETPZETH
62 ETRZFOLYNEXTF 41)
63 GC 'C 122
- 64 120 VMIANSSWTR=0.¢
65 0O 2%0 1=1,*
6¢ VMINZVUFIRSeC o€
- 67 FEG=..CC
6! 6EG2LLO0DD
6~ LT =1
- 70 “6D=C
71 (FCs
72 140 HSzVMINSCTEMP(I)=-VMINI=S EF
- 73 IFELT.G6Y.3) GC TO 10
74 PQzMZ(LT)
1% KMz=pQ-2
- 76 Az (HS=VMINY/FLCAT(MG-1)
17 CC 1€0 J=14*Q
7 LVEJISVMINSFL A (J-1)+4
T EVCJIZFOLINCLACUD o 1)
40 IF C(IGD.EGa_) BICJIZPCLY.CUV(JI 4" )
a1 CEAGQIIZLCII=EV(Y)
h2 UVIJI=1.0C/SCRTCAESC(DELICL D))
83 160  EV(JIZBICJII*UV(Y)
"4 FSLPFZUVE1)+q,CoalV(MG=1) *UV(~O)
) Re 6SLF = EV(1) o 4DOCEVINMG-1) ¢ EVIMQ)
26 CO 170 J=24K* 42
a7 FSLPZFSYUM & 4. [00LVIJ) & 2.DIeUV(JeY)
4 8H 170 GSLM = GSUM ¢ 4.DO*EV(J) + 2.DCetV(uel)
8« FEG2:zA*F3LM/3,D0
90 GEG2=AeGSUM/ 3, CC
- o1 IF (LT.GT41) GC TC 250
92 GG TC 260
93 10 1200=(L¥-1)/3
) r4 1F(IID0.GY.3) 120C=2
oy NEAS=12C120C)
°g CO 190 J=14%.GAS
') o7 XGCJI=C(RS-VMIND)eXGALS (L1 ZDNyJ) vl
93 1<0 LVYI=XNG(J)
99 EPSH = TEMF(I) -XG(AGAS)
“ 10. TF(EPSH.LELG &) GC T¢ 270
101 LO 200 K=1shGA<
102 2C0 CENQ(KIZPCLYNC(TEMF(IN91)-PCLYN(AG(K) 41)
~ 103 'F (IGD.NELO) GO YC 220
104 CGC 210 J=14NGAC
105 210 BICJIZPOLYNCLV (L) 92)
. - 106 2:0 #SUM=0.000
107 GSLP=0.000
10~ CO 240 JU=142GAS
s - 10¢ . iF (OENOCJILELCW) G “C 270
¢ 110 XGCJIZAGALS (2000 J)/SGRTIDENRIJD)Y
1 YGC(JIZRI(UIexC S

. - 112 FSULPZFSUMSXC (Y
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GEG2=PSVYsGSLY
CHECK 1
{7 MAY HAVE TC
FUF PRCPEP CCAVERGELCE MNEH

IVERAT IO C [TERICL 11 wE
BE AQJUSTED [t STATEMEATS
FUN N OTHEZ

“\4

raACHIIE

IF CCFEGZ/FEGYLLELS,0~-T) 1FD=

1F ((GEG2/GFGr.LEELD~T) TGDR2

IF UABSUFEG2/FEGL)eGTaloe®) T1FD =1
IF tABS(GEG2/GEGYYGT 0L 16051
LT=LT2

FEEL=FEG2

GEG1=6EGL

IF C(IFD.E£QeL) FEG = FEG » FEL2

IF C(IGD.EGe2) GE6 = GEG + GEG2

IF C(IFD.NELY)JANRDLLIGD N ELDD))Y GC TR 270

VrI{N=HS
1F IMTERNMEOQIATE EVALUATICLG OF KLEIN ACYICH IMTEGRALT
ARE TC € CUTFUT THEN WRITE CLY THE FEG ALO GTG

IF $ICPFG.NE D) PRIMY 2SS ,FEGaGEG

1F (LTLEL20) GO TC 14y

FRINT 297

RETURN

F=FEGeFAC

EF=GEG/F AC

RMAXCIVI=SQRI(FeF «F/GF)oF

FPINCIIz 2 PAREL)-2.C0F
WEITE CUT ThHE TURLING POILTYS AND THE
CORRECPCNDING KLELIN ACTICN YINTEGRALS

YEPPEINZTEMFCID-D.5

FRINT 296 ¢TENFUIY qUET ) qBUUNGAS) 9B ¥ INCI e - PAXL]) oF oLF

CONTINLE

woasseaeeEND CF INTEGRATION AMD ITURATICH LOCF

RETUPN

FORNMAT(IXs%VFIhe ALD VING GIVE MORE THANW 800 JLRWLIANG FOI®T FaLC
e -~ [HCREMEAT HAS HEEN ADJLSTED Y7 VIrCT *4FS.0)

FCRMAYE /7 % FCTEATLIAL GELERATED BY ©xXP 19 A7 FCLLCWI®"Z/17%,

*SPOYENTLAL LUKy CINEFPTIALT 9" SKo7KLE[N ACTICH INTEEFBLI®/? Ve
Sy tENERGY O g1 3N g ERERGY S S g PEMIN 51 Xy RV AXE 3 1hXgPF ) (O FT /)
FORPAT(OEX2PFEG = %oli6a“e®y GEG = #371640)
FORMAT LI X oFSa29F 15ea 02249 9F 1hy3aF 20 a993Xy020 %)
FORPATC® LT REACH PAXPIMUM VALUE CF 2)--%xd [ATECFATIC:
*TICAN NOT LIKELY TG SUCCEED. *)
EnC
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FUNCTICA FCLYMIX¢N)

SULRECUT KL FCF fKF
SILVYES FZv ROTTS ©F Pogyr.s wiat FULLYI AT °F
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COPMINZYDIYLZE ¢10) eIV
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FER S XL
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1 SURRGUTIME EXTENDC(PLMLI «"L™2)
2 c SURROUTIN FCR RKF SYSTEM
3 c RCUTILE FCR FIADING IANERMOST 20 POINTS ANC CUTERMCST 32 eote” -
[ C OF POTENTIAL FUNCTICN BY EXTPAPOLATION. “#IS KOLTIME AL-AN .
5 c RECRDEPS THE POINTS DEFINILG THE PNTESTIAL FUPCTICA % ASCTAC'*" !
6 c YAGNITIUDE OF R (THE INTEPNUCLEAR OISTANCE).
1 4 COPPCN/GL/X(2R) 42(828 )L
e COPMON/RPU/RL1C25) oPEL (25 4NEXT
Q COMMCA/FC/FULI1) oRU11) ¢PEsRAAPRBININANrUT L CUT(S)
10 COMMONZEX/XQ(I21) 4 YC(I21)aN
11 COMMON/RX/RMINCACC ) ¢RMAN(A0C ) U(80C)
12 £N 10 I=1,11
13 16 RCI) =0,
14 (o eececsess SFECIFIY LIMITS CF FIT FUNCTICN
13 RAAZFMINI(N) - 1.0-R
1¢ RHB=PMAX(N) +1.0-R
17 c eesecssesFIR CF THE INNER TUPNING POINTS
1a L=NIN & 2 :
1= CC 2C I = 1L
20 XCI) = RMINCh=T41)
21 20 2¢1)= ALOGIO(UIN=-I+1))
22 IF (NEXT.EG.:) GO TC 30
23 CO 2% I= 1eNEXT ‘
24 IF (F1CI).EE.PAA) GC TO 2% |
2% L=Let
26 X(LI=R1CI)
27 Z(LY= ALOGI1C(PELCI))
24 25 CONT INUE
29 3cC PPINT 92 4RAAWNIN
3o PRINT 93
3 CALL GLS5Q(1)
32 c eeassseeeFIT CF THE OUTFP TUFLING PCIATS
33 L=ACLT +a
3 CO 45 I= 1L
3s X(I) = RMAX(AN-1+1)
36 8 2€I) = U(h-T¢1)
37 IF (LEXTLEQ.T) 60 TC €0 '
3= CO 5" [ =1+nEXT
. 39 IF (P1(I).LELRRB) GC TC SO
! a0 L=L+1
| a1 X(L)=21¢C1)
: a2 Z¢L) = PELC(I)
43 sC CONTINUE
'Y 6C PRINT S4,4PRELACUTY !
a5 FRINT 9% ‘
(Y3 CALL GLSG(2)
a7 C ceessesseFI" AL FIT CF THF POATENTTAL
Y] F6 = (FMIN(N) - DPLM1)/2%, .
a9 £ 7T I=1,42" ’
50 XMO=PLMLoFLCAT(I=1) oFF :
51 X0C(I) =x¥C
52 10 YOC(I) = FUNCULO ¢yXMC) ’
53 00 FC I=14M -
54 J=A-1e1
55 K = 7Q0e! -
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¥YOU(K) = CSMIMCY)Y

YO(K)Y = U(W

CO 85 I=1eM

K= Ne*Je21

XxX0(K)= RMAX(])

Yoex)= ULl

K=h 21

X0(X)=RE

YO(K)I= G000

F6 = (RLV2 -AFAX(N))I/99,

DL 97 [T1499

A=2et 21021

XMC = RMAXIN) +FLCAT(]I)eF§E

X0(K) =xXMQ

YOtKIZFUNC (O ¢ XMQ)

FETUAN

FORMAT(® FIT OF INNERMOQST TURINI®G PCIHTS FTE EXTIRCCLATING U (™)
*RITH R LESS THAN *41PD1%eT4® URING ®//7%A FULCTI " FF THE F1° 9
SEXP(RCLII*B(ZIeXsB(I)exNeNaw,se¢B{KIeXea(X~1)) VITH KztTh= 0,75/

FORMATEION @ TP gl O XL OGILIR) )Y 312X o' FCALCY,1CY 4N FF /)

FORMAT(* FIT OF CUTERMOCT TURINING POINTS3 FTR FYTEARTLATTINR V(7))
*WITH R GREATER THAN ", 1PD15,74% USING ¢/7%a FLICTICY CF “HE FT v
SPRC1I*R(2)0Re s (=61 e (3)0C 0a( =" )s  eR(KI®oaWwlITF KIKLMI'T: ¥ 4,°03/)

FORMAT(LI Mg " - T ol X g UGRI Y91 Xy YFCALCT 415X "N FF /)
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: 1 SUBROUTINE GLSQIXK)
~ - 2 4 GENERAL LEAST SQUAPES FOUTIME TO FIT A SET CF & CATA POI%°S
3 c KK=12 FIT RKP TUPNING FOINTS BY LFGCLDRE FCLY  CPTaL"
) c KK=22 FIT IAMER TURNING PCISTS RY EXPANFNTIAL FLOCYI "1
< (4 KKX=32 FIT OF CUTER TUGHING POINTS RY SUM CF CChle oel-Y)
6 DIPENSION T(11)
7 COFPCN/GL/XCR2R) o ZCA2EY ok
] COPP NIFC/FC11)oBC11)oREsRAAGRHRINFTI~ (2)4LCUT ()
) COPPCN/TMLIZACER:64) oBBC6AD
10 PNFI” IKK)
11 c escscecesssas INITIALIZATION
12 10 00 20 J=1.™
13 ARCJI=0,000
16 00 2€ K=1¢M
15 20 AtJyK)=0,0D0
16 c sesvecsscesssCALCULATION OF THE WwATO' Y
17 no 30 Iz1e%
| 18 DUPPY=FUNC (KK eX(T))
; 19 DO 30 J=1,.™
| 20 HRC(JI= RBCJIDISZ(ID eF ()
; 21 N0 30 K=14¥ .
; 22 3¢ ACJeKDIZA(JoKISE(J)oF (KD
B 23 CALL MATINVCOETERMePo1,40)
! 24 CO 40 Izte¥
25 ' ¢=1
26 IF (KKeGTel) NCINFITCL) ¢ 1
, 27 40 BC(AC) = BB()
; 29 c eessecaves CALCULTION OF FIT A:D STANDA®D FFEC(S
29 “16 =0.0
30 80 5" I=14N
: 31 XCRY =x¢(I)
{ 32 DUPMY=FUNC (KK s XCRY )
33 DEL=2C1) -~ DUMKFY
3a PRINT 104 ¢XCPY 42(1)eDUMMY,DEL
3s Sc S1G=.IGeDEL*DEL
36 SIGMA=SQRT(SIG/FLCAT(A=M))
. ; 37 c .......Q....:r[q‘YICN rEcY
A IF (M.LE.2) GC TC 6t
3" DACH cABS(SOOT(ARSCA(M »)I)I/HA(Y))a-[RMg
; a0 IF ((S16VMA.G e1D-3)ACe(DRDRLT04T2) 67 “C €r
) a1 wzmoy
} L¥) “FIT(KK) =
a3 G0 TC 10
LX)} C o...o.o..o.opp.xht OUT CF Cﬂ'\SYl".‘TS ‘VD EEE":F
4S 6C FRINT 1C1
. 'Y DO TC I=14*
a7 TCIP=SQRT (ARSCALT 41)))eSIGMA
an DADA= ARS(TC(ID/BB(I))
49 70 FRINY 10724 IoBH(IDeT(1)yDROR
50 FRINT 12%¢ Ny SIGHS
51 151 FOPMAY(® C ESTANTS 7F F17e/)
52 1C2  FORPATLY  R(%412¢% ) SO NIE Doty 00N FRIAT 2 ¢ N1 3,7 qC g 007 AT I'F
53 ¢OMS (P90 =*4D1c43)
Se 103 FCRMATC/CNLYPEX OF ENTRIES 2 942349 STANDASD EEPF- = #,18D16,.%/7)
. ss 108 FIRPAT C1F027494302C,9)
2 'f‘
TR
SUBRCUTIAE 6LSO 14718 OP1=04-CURD= A/ £/ ¥/=04~NS F™ S.10%.4%
!
f : s4 RETURNK
| . 87 €0
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. 1 SUBRLUTELE MATIRVIDETEEM4NgMoIPV)
2 c MATRIX I&VERSICN WITH ACCOMPAYIUG SCLUTICN CF L' €as FRUATICR:
- 3 c 17VeE@els KC SEAFCH FCR PIVCT IPV.NFQ)S SEARCH FC- &7 wll ‘
) 4 c IMPLICIT OCLHLE PRECISICA (A-H,"=2)
5 DIPENSION IPIVCTCEAD o IHLOEXPEEA) o THUDEXCEHY
6 COPMCN/THLZACENS6AY oBE6A 1) .
. -~ 7 < secvesssscee s INITIALIZATION
; [ DEYERM=1,0
} < 00 20 J=1,h
;. 10 20 IPIVOTLY) =C
1 D0 550 I=1M '
12 IF (1PV.NE<1) GO TC &G :
b} 13 cLy = 1 .
18 60 TG 26C :
. 15 [ o eecsssscasescnsncanseSEAPCH FOS PIVYW T CL""{NT !
N 16 A0 AMAX = Qa0 '
17 DO 105 J = 1eh
i 1@ 1IF (IPIVOT(UI.EQ.1) GO *C 10%
i o 1s c FGR ULSYMPETRIC MATRINS A(IgJ)eNEACJyl)
j 20 ¢ DO 160 K=1,42
' 21 c FOR SYMMETFIC MATRIX: ACIodleCl.A0JsI
- o 22 00 100 K=dot. .
23 IF CIPIVCTIKILEQ.1) GO TO 10C .
24 IF CABSCAMAX)LGE.ABSCACJKIID G2 YN 109 '
(%] 2s IROK =4
E 26 1CLr =K
g 27 AMAX=A(JoK)
(V] 2¢ 160 CONTINUE
29 15 CONTINUE
30 IPIVOTCICLM) = IPIVCTCICLM) ¢ 1
(¥ 3t INDEXR(IY = 1ROV
- 32 INDEXCCID) = ICLM
< 33 c csoess INTERCHANGE RCUS TC PUT PIVOT ELEMENT CA DYAG AL
(@) 3 1F (IRCW.EQ.ICLM) GC TG 260
. Y DETERM = -DETERM
. 36 03 200 L = 1,
) 37 SUAP = A(IRCJL)Y
3 ACIROMGL) = ALICLMyL®
: 5 39 200 ACICLMWL) = SLAP
L w a0 IF (M.LE.O0) GO Y0 2¢0
; a1 CO 250 L=1l4~
¢ 42 SHAP = B(IRCuWsL)
(¥ ) BCIRCMLI=BCICLM L)
a8 250 HOICLM4L) = SHAP
- as 260 PIVOT = ACICLMICLM)
() a6 IF (N.GT.10) GO TO 330
a7 DETERM = DETERMePIVCTY
. 40 C eeewcovesDIVIDE PIVCY KCW BY PIVOY CLEMEN™
- a5 330 ACICLM ICLM) = 1,0
50 DO 350 L=1eN
s1 350 ACICLMgL) =ALICLMeLI/PIVOT
- 52 i IF (MeLESC) GO TO 30
83 00 370 L =14M

- S 370 ACICLM,LIZRCICLM LI ZPIVOY
: 3] C esc00ssesREDUCE NCA-PIVCT ROUS
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i $6 3:0 DC 550 L1z1,m
' 57 TF (L1.FO.ICLM) GC 1O 5°¢C
! b gt ‘TACLLISICLYY
$+ RLYSICLA) =00
60 00 A%0 L= 1,
- 61 A50  ACLYeL) = ACLYGLDI=ACICLMeL)e"
62 IF (MoLE Q) GO “ D S50
- 63 DG S00 L=1,v
64 560 BCLIsL) = BCLLol) = ALICLMoL e
6S 570 CONTINUL
. &6 IF (7 PV.FQal) RETUFL
' 67 c vevesosvees [NTERCHALGE ClLUMS
& 00 710 J= 1ot
. _ 6° LS hel=]
70 1RGN = INDEXF (L)
n fCLd = [P DEXCLL)
72 iF C(ZRCN.EQ.ICLM) GG 1C 71
73 0C 705 K =1,M
74 SUAP= A(KylROm)
7% ACKsIROW) = ACKICLM) .
76 70S  A(Ks ICLM) 3SUAP
77 716  CONTINUE
1 K RETURA
75 END
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i) 1 FUNCTINN FULCOKKXX)
2 c ROUTINE OFFINES THE LEGESOP PLLY . GMIALS F 3 FITYILG Tuf 2«
3 c POTENYIAL AND CCATAINS THE TWG FYTAAROLAYICN FUPLTI Yy RI‘TK
- Y c THE INNERMOSY ALD GUTERMCST TURLICG PNIATS, Pt SPFCYIVFLY,
5 COPPONIFCIF (113 4BCL1D oREQRAASRRIo AT NoNOUTSLLUTLN)
_ 6 COMMONZEX/ NI CI2L D ¥ (221D 4N
7 IFCEXXLT.RAA) .CR.EKK.EQ.LD) GC TO 50
£ IF ((XXaGTorNB).OR(KKWEQL2)) G T £
S [ o asvocaneeoFUNCTION FOR RKR TUPRNING PCINTS
10 NPOLY = &
11 FUNC= 0.0
12 AM = C(NPCLY *1)72
13 LML = MM e}
14 NUP = N » NM1 =NPOLY
15 00 20 J = NM14KUP
16 IF (XXeLEeN:€JD) GO TU 3C
17 20 CONTINUE
18 J=NUP
19 3¢ L=Jd~IN
20 LLL= Le NPOLY =)
21 00 SC K = LelLL
' 22 TERM = 1.0
. 23 DO 4C M = LeLLL
i 2s IF (KeEQ.N) GO TC 40
! 2s TERM = TERMe (XX=-XI(M)DI/EXICKI=-XICM))
26 40  CONTINUE
27 TERM = YI(K)eTERM
i 2¢ s¢C FUNC= FUMC o TERWM
29 RETURN
30 c escnsesas s FULCTION FOR IMNEP TURNING POIXTS
- 31 6C 2= (RE-XN)/IHE
32 F(L) = 2.0
33 FUNC = F(1) »B(1)
34 00 7C I = 2¢01N
35 FUI) = FEl=-1dex
36 76 FUNC = FUNC + F(I)aB(])
o 37 IF (KK.EQ.1) RETURN
38 FUNC = 10.=sFUNC
39 RETURN
< 40 C sseaceeas FUNCTION FOR OUTER TURNING POINTS
'3 ag X =1./XX
'¥] FUNC = 0.0
-~ 3 DO 90 1 = 1,ACUY
'Y FEI) = XeelCUTLI)
'Y 90 FUNC =  FUNC * F(I)+B(AINe])
- 'Y3 RETURN
a7 END
'
L
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> o
- o

ane

12

20
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A
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esraas

SUBAOUTILE YDHF11(ASW)

PRAILT PUNC A*0 READ SURCUTJIXE CF CUN<A® CCEFFICIFYL S

(ASUeLESL) PRINTe ASHZIIPFILT AND PUNCHe
PaiNY' (&SH.GE.Si:FEAD
COPPONZYD/YDHC20 910 ) o dM(10)
IF (NSW.LT.2) GO TC 40
sesecceccossscecnee INITIALIZATIN
05 16 I0H = 141C
Ju(i0BY = C
OC 17 IDA = 1,20
YOHEICA,i0H)= O.
seocccsesvescoosess READ INSTRUCTIONS
READ 101 4KDUL s CUNMTTID o I=19%0UAD
CS 2C JDN=140DLN
tGB0 = JMCIOM)
IF (AGRD.EQ.5) GO TC 30
PEAD 1024 (YDHE1¢IDOND9I=19MGRD)
CGATIRUE
IF (.SWaGTe2) RETURA
escccccePRIAT INSTRUCTIONS
PRINT 103
00 60 10N = 1,20
AMX =0
D0 SC 1Y = 1,10
IF CJUMCIY)eGESIDN) AMX = 1V
CONT INUE
IF CANMX.EG.L) GO TC 70
PRINT 1083CYDHC(IDNoID ¢I=1yN¥X)
IF (NSWunEel) GC TQ 90
evesonvosePUNCH INSTRUCTICNST
PUNCH 101 oHOUN oCUMTI D oI=142iDUN)
00 8C ION =14NDUN
hG6BD = JM(ID )
FUNCH 1G24 (YDH(! 4IDNDIoI= 1,°6GBDY
CONTINUE
RETURN
FORNMAT (14I5)
FORMAT (aD18.9)
FORMAT (°* THE DUNHAM COEFFICIE~TS ¢/)
FORMAT C1Xe1P8D16.2)
END

NEw=23

FEAD A%C




H SUBPCUTIE F'PAC?4UOF )
2 C RIUTINE RULANING NVEFTED PESTUBAT.OL APF 7ACH
3 DINENSIOl GVSUMECLODoF FLEEED oMTEMIACLE)e”CUTE1 ) o YWAKCLT ) oHIT €130 ,"
= 4 * MYRTALE2224GVST(11 9100t TPTALCIY)GERCL11)oCOFFFCLA)FRRORIAND, Y
‘ L] * FRE11020C3)oKAC1Y 055 ) oRHC1L ¢2F) -
; - 6 COPP N /JEX/X:(521)4V1(921) N <
| 7 COPNCN 7A2/VE24C3) r
- COMMCNZA3/E (2403) <
; 9 COPPCN ZAM/ C2433) s
10 COMMON/AL2/VA 4 M8 s
11 COMMONZALAZE TRTALCLIGC) oRTRIAL (LG D yAUT TV TRTAL 9 KVEL () ]
12 COVMINZYD/YDOM(2L 9101 ed¥ (1) ¢
. 13 COMMCA/TMLI /AL (E44E8)oBLLEN) ¢
14 COPPON/PL/YPLEGA) o AAL gAAZ WAL PL e
- COPMCA/PO/AIANCLIOG) sAOUTELC ) oEEECLIS) oBIN (106D :
16 INTEGER SCHe <
17 c THE ATOMIC UMITS USED INTERMALLY % THIS PROGPAM ARF DJEFI'ED ¢
J 13 c BY THE FOLLOWING CONSTAN"S. . :
] 19 C FACMN = RYDRERG CCONSTANTeMASS OF THE ELFCTIPOL TN awi, -
i 20 c AZERO = HOWHR RADIUS c
21 c FACRT= SGOT(H-EARe¢AVOGADP O=-NUMBE I/ (6ef ToC) a1l 0ot ¢
] ’ 22 AZERC= 0.52917706 3
: H 23 ZIRA = 1.0/AZ2€ERC °
' ) 24 FACM.z60.19972628 :
| 25 FACMzFACHN/Z WY ¢
2¢ 7IEN = 1.G/FACK f
) 27 FACR® =0,105: 4544 -
) . 28 READ 30079 LYESTY ¢
‘ 29 IF (LTESY oEQ. 0) RETURA r
> ;. 30 c eseeeosREAD CINTROL VARIARLES FOR SCHROEDINGEP PALTYHT -
1; - 3 HEAD 3005¢ NIoNSeIPSIQeMAXITIEPSC r
32 EPS = EPSCsZ1EN g
. : 33 CEAD 3004 oRMIN yRMAX gMeNRFTT o.PL y¥CH oL SV :
. ; - 3s READ 3021 oCMTRMINCID oMTPIALCIN o BITT(IDei=1411) ¢
: 3s IF (CMaf€Qe0) eCRe{MaGTo2403)) V=202 Y
4 B 36 IF (INPL.EQ.C).ORLCNPLLGTL31D) oL =31 <
‘ - . 3 IF COINRPTTEQGeC)ORLINRPTTGTL.6)) MOPTY =6 r
3 3¢ 00 80 4= 1,11 -
‘ 3< 0O 80 121,93 ¢
- 0 KAtJdsl) =0 s
a AC  KBCJeId= 0 'Y
62 NYT =0 'd
. - a3 O 100 IDA = 1,10 Y
4 IF CBUTT(IDA}.LT.2.D-06) GO "0 120 c
(3] 100 NTT = NT' o ) ¢
- (Y 120 IF C(ATT.€Q.0) ATT = 1 r
'} ABE = YOM(142) f
') CBE =ABL+2IEY .
3 - 49 RRE = FACRT/3ORT(ZMUsABE) ¢
S0 CRE= RRE/AZEFQ N
51 TF (NI (1D.GTLPMIND FMIN = XI(1D ‘
[ - 52 , IF CUXTCADeLToPMAKD cORLERPANGLT4GaL21)) @MAX =NT (KD -
b S3 A = (RMAX=FMIN)/ZFLCAT(M-1) ‘
Lo sS4 DO 140 J =1l¢M f
v - ss PEJ) = FLOATC(JU-1)eRH o PVIN :
' f
cod
-
:
i
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SUBROUTINE FIPA

140

160

1v0

200
220

240

260

T4/10 GPT=C oilUND: A/ </ M/=D4e-D* FYe,

VEJ) = FUNCIL oPCUD)

AT1SNTT o)

BJTTINTL) =C.

NC 130 KI = 14KNT2

ANTRIAL = 99

AJTT = BUTTIK:)

eececssnese SEARCH FCR CENT-IFUGAL BA2"E-
IX = 0.

ASX= 1.,De70 -
00 160 I=1em

SX = VCI) ¢ ABE«C(RFE/P(IV)0a2apyT”

F (SXeLVAZX)Y GC YO 1AcC

IF (SXeLELLTXY GG 7C 160

IX = Sx

ROUTIKI) = PCI)

YMAXC(K]L)=SX

ASX=3X

CALL BETHL(TX)

LYRIALIK [ I=N"RIAL

IF (MTRYALUKIDGT.LTRIALY MTRIALIKI) = ATRTAL

ATRIAL = MTRIAL(KI)

ERCKI) = ETRIALCNTRIAL)D

eeaoeseSEARCH FCF INKERMCOSY AMD CUTE-“OST TURLIKG POI'.T:C
A3A=NM

+ 38=Q

D0 280 KI = 1¢NTT

hRIARA = M

+388 = 0

ASX = 1.De7C

DO 200 I = 1,4~

SX = VII) & ABECC(RRE/P(IDI)eeeRITT(K])

IF CESNLEERCKIDIIaALD o (A XeGELERI(KIDID) “3AA = 7

IF CU(SXNGESEFC(KIDI)eAND(ASX LELEREKIDDIY * 28R = 7

IF ¢N3BB.GT.C)60 TO 220

ASX = SX

IF CHN3AALLELA3AY K3A
IF (h38B.GE..3B) N3R
CONT INUE

RUIT = PIN3A)

KMAA= PLN3B)

DO 260 KI = 14A71
AJTT = BJUTTUKI)
NTRIAL = LTKRIAL(KD)
TX =VERIB) o AHE(PRE/OMAAD» o 2¢AYTT
IF(RMAACGTRCUT(KIID TX = YMAX(K])

SH = VIN3IA) o ABE » (RRE/ZKMIIDec2epyTY

IF (SXaLToTX) TX =SX

CALL BETRL(TX)

LTYRTALIK]L) = NIPIAL

[F C(MTRIALSLTMTRIAL(KID)) LTRIALIKI) = “"RIALIXKD)
CONT INUE

NEP =)

PRINT 300€ o % 1l.oRMAXgRHeEPSCeNRPTT ¢OMIT oS VAR RPE o\
GMIN = RMIN «21xA

FMAX = RMAX*7]FA

PM = RMs KA

AAL = ZIRAC((AMAAGRINIIIeFPE="ooRMAAMITI/Z(CYAR-RIIT)

L3AA
nz8e8
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_ 114
= 15

. AL
[
L]
N

it 144

< 185

146

S 17

c s ~ 14 -
150

152
153

155
156
- 157
15
159
- 160
161
162
- 163
164
165

167
16?
- 169

SUBPOUTINE FIPA

270

250

360

320

340

3e0

360

400
420

16774 CPT=0,FOUNNE A/ $/ %/=DNy=D" FT™y Cole'~a t

AA2= (RMAASRMII~2,¢rFED/IFRPAA-RM ]}
AAY = 2IPAekR%E

DO 270 1 = 1+¢*

PCI) = PUID)e"IPA

CALL PLEGENC(P(Z))?

DC 270 J = 1leitL

FXtJI) = YPLLY)

AIA = M

'.38=9

ISU=LSH

I1F C((NREPeEQs1)eORe(LREFLEQaNRPIT)) [ Su=1l
AT3 = AT

IF (AREPLLQ.NRPTTY €0 70 32¢
enoccenceee INITIALIZATICY

DG 300 I = 1eMPL

BLCI)= 0.0

00 300 J=1leh‘L

ALCT gu)= Gel

AT3 = NTT
GVTIT2 = o
L= 0

00 340 1 = 1o¥

VEID) =SUIV(ID-DEICZIENL & CREC(CRE/FP(IDDeaQeHYT (1)
DO 660 Ki = 19NT3

ARTRIAL = MTRIAL(K])

NTRMIN = MTIRMINIKI)

IF (NREPSLTARPTT) GO TC 360

AMYRIAL = LTKIALIK]I)

ANTRMIN = 1

AJTT = BJTTLK]D)

TX = 1.C0+10

CALL BETKL(TX)

LJT = SOATCAJTTD r
TF C:SWeEGel) PRINT 30GO0TsAUTT,HLUT

KLIn = 2
LLK = 0
KLK = 0
6VDIF = G.
6VDF2= 0.

esssesceeses DO SCHRIEDINGER LOCP

00 600 I = NTRMINSNTPIAL

CYRIALCI) = (ETRIALCI) = DEDY*21EN

ECALC = ETRIAL(ID)

PA = KA(KIo')

MB = KB(KIoI)

IF CSCHRENI oNS oMAXIToEPSQIPSIQoMeRMIL qAMANGKYLI I gECALCoFACHI-1))400
*940C 0350

KLK = KLK »}

IF (KLK<LToKLIF) GC TO 420

PRINT 3010

CALL EXIT

LLK =LLK o1}

IF (MALLTASAY M3A

IF (PB.6T.N3B)Y N3E

KA(KToI) = MA

KR(KI¢]) = MB

HCALC = (SC1D3/P(1)0Dee2 & 4.elSIJD/PUD) D00l o (SEVY/O(¥))en2

rA
MB

SRR

T
» s
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AR IRV T G

[y

-,

—Illl!!!ﬂﬁ??ﬂﬂwﬁﬂﬁwﬁfqpﬁ~q‘ﬂrﬁﬁ..?n

170
173
172
1713
17s
175
176
177
17:
179
110
191
12
183
184
165
1% 6
157

SUHACUTIAE

440

460

a0
acg

Sc0

520
540

S¢0

5+0

660

€20

640

65¢C

-
!

FIPA

Ta/74 GPT=Je"CUND= A/ /7 M/=Ny=~DS FT* S,le235. A

KSIPP = M=} "
0O 440 U=3oKSIWVFe2
BCALC=2:.2(SCUI/P(JDIVea2 o 4,0(S(U*1)/P(U1)Dee2 oHCALC °
BCALC = FACM+8CALC*?NH/3.
ECALC = DE ¢ ECALCeFACw
ETRIALCII=ETRIAL(I)-FAC» ¢ DE
DIFF = ETRIAL(I) = ECALC
IF(NREPLEQNPPTIT) GC TC a0 Iy
DO 4¢O = lebPL g
FOLEK) = 0o

DG 490 ¥ = MA,"H -
A = & ¢ (J/2)ek =29y

DC au0 XK = 1ohHL

FPLIK) = FPLIK) ¢ AJeS(J)eeloFY(KyJ)
CONTINUE

BC 5C0 X = 1e0PL

FPLIK) = FPL(K)eRH/Y, .
CRBCORVEPRORRB IS ORGOIORNCV0QRE 0000 CR0A0RTEVSREIIRPOSUIEIECOeaCRantenr
STATISTICAL WEIGHT EWG

EWG = 1.0

(A X R AN A XY NZ AN AN AR AR AR AR R RN AR RN E RS ENYENE RN RY R NN N YN NN
DC S20 K = 1ehflL '
BLIK) = BLIK) o DIFFeFPLIKD*EVG ‘
0C S20 J=1,APL !
ALIK9J) = ALUKoJ) * FPLCJUI*FPLIK)IE WG

IF CCI L ToMiRMINIKIDIoOR (I oGT MIRIALEKIDI I O o IKILEQah™1IIGY T2 F¢

X

ALz SL o 1

GVDIF GVOIF o DIFF

6VDF 2 GVOF2 « DIFFeDIFF

6VIT2 GVYTY + DIFF*DIFF+EMG

IF (ISU.EQ.?) GC TO 600

OIFR = C(BTRIAL(I) -RCALC) »1(3C.C

i ou

" EEECIY = ECALC

ABB(I)= BCALC

IF CUNREPLTARPTT) 0P (KILEQai.TTID) GJ 7O Sty
IF (leEQ.MTRIMIN(KID) PRINT 3020

svveessesase FRINT SCHRCEDINGER FESULTS

PRINT 300G8¢KVIIDoECALCIETRIALCIVNOIFFoBCALCIDIFABoSIMA) > (YA) ¢¥A N
IF CENREP LT ARPTTI CRaC(KILFA.ATID) GO "0 &0°

IF (JEQ.MTRIAL(KI)) FRIANT 33520

CONT INUE

IF CUNREPLLTAPPTIT)oR(MCHL iELL1D)) G0 TC 620

PUNCH 3010¢NTRPINONTRIAL

PUNCH 30199 CKVCIDoEEECIIoRBBCID gAJTTHISATRMINGKNTFIAL)

IF(LLK.GES1) PPIAT 3G0S.LLK

APLTST = PTRIALIKI) = MYIPMINIKI) o 1
6VDF2 = SQART(GVDF2/APLTS™)

GUST(KISNREP) = GVOF2

GVOA = GVOIF/APLTSY

IF C!1SMeEQel) PRINT 30114GVDTFoGVOA+GVOF?
00 640 1 = 1M

VEII= VEID) = CBE(CRE/P(I)DeeepyT”

IF (KIEQ.NT!) GO T3 660

AJTT= BJTTIK]I1)

NO 65C 1 = 14>

VEID) = VLY » CHESC(CFE/P(I)VealsAYT~

B-72




SUBRGUTILE FIPA I LYALY IPT=0eROUNNS A/ S/ N2=De~DJ F™ F.le734 1.
227 660 CONTINUE
22% GVUTY2z GVTITI/FLCAT(LL=APLY -
22¢ CVSUMIANREPY) = SQRTEGVTT2) ‘
230 1F ¢AREP.EQ.1) GO TC 700
231 LOPL=N-EP - )
232 PRINT 30124\RM1 *
233 GUT = GVYSUM(.REP) -
234 D0 680 K= 14i.PL -
238 OBAA = CUEFF(K) 3
23 T = SQRTCERNCR(KDIIeGYT
237 TEPP = ABS(Y/0HAA) ¢
234 620 PRINT 3013eKe0BAAeToTEMP
239 700 CO 710 I = 1™
240 710 VEI) = VC1)eFaACM ¢ DC s
261 TF C(NREPLEQ.LRPTT) GC TOC &0 -
242 CALL MATINV(DETERMoAPL 9100) .
, 203 D0 720 K = 1,40PL :
- 248 COEFFIK) = HL(K) 4
N 245 720 ERRORIX) = AHSCAL(K.K)D) .
” 246 c eoserescvessCORRETCTION OF PCTEATIAL AND YDM(1o1) v
i 247 VAIN = 1.00¢10 .
245 DO 760 I = 1M :
249 N0 740 K =1,MPL !
250 740 VEI) = VII) « BLIK)FX(KoI) .
251 IF (VCIDLT.VMIND VMIN = V(1) :
252 760 CONTVINUE
253 YONClel) = VYDHILl¢l) = VMIN ’
254 DO 780 1 =1,m :
25% 750 V(1) = VLI) - VMIN
256 Kh&EP = NREP ¢ 1}
257 GO0 T0 263
2SR t00 PRINT 3041
- 259 DO 840 XE = 14NPL
260 COEFF(KE) = SOPTC(ABSCALIKE oKED )
261 DO 820 KEE = 1K€
- 262 €20 FPLCKEE)= CABSCALUXE +KEEII/COEFF(KEIDI/C EFFLIKEE)D
263 RA0 PRINT 30U2sKE o (FPLALY gL =1 4KE)
264 CALL POTTAB(GVYoAZERN9DE oMo% TRIAL)
. 265 PRINT 3G1A'NSAsPINIAD)oAZBP(*3IR)
266 PRINY 3015 :
267 00 860 I = 1 oATT '
- 26- PRINY 3016s8BJTTCIDo(GUST Y sLI ol =1 4NRPTT) !
269 860 CONTINUE .
270 PHIN™ 3020 .
-~ 21 PRINT 301T7eCGUSUMCIDoISIoNPPTT)
272 PETUKN
2713 3001 FORMAT(*1¢,¢ CORRELATION MATRIX OF THE COFFFICIEN"S*/) .
. 274 3002 FORMATC/IS91LF1Ce698(/5X310F10.6))
271% 3003 FORMAT(I )
2716 3004 FORPAT (2F1GC <0675
277 3C05 FORMAT (414aeD1C.")
276 3006 FORMATI® PMIN = *gF6a30%9 RAMAX = *gFfe30%y “FPACIAG = *oTl1l.7
2719 */°% CCNVEFRGENCE CRITERION IS ERRFOA LESS THEN 0,0%,2/
200 , */% NUMAER OF ITERATICKS = *¢I13//° PAMAMETEPS CF THf FITY NG 0oLy *°
ang SMIALO//® RMIN = SoF To3e PMAX =P FT.0¢% RE Z9,FTa3e®etPL2%,137/)
282 3007 FORMAT (¢ PESLLYS CF SCHROEDINGER EAUATION FCP Jluel) =9 ¢FG.1T

*e® ALD J=412g/7/0XK,%Y GV CAL GV vEAS GV v-C i3Y CAaL

s RS -

Wy




234
285
286
287
289
28%
290
291
292
293
294
295
296
297
298
299
300
301
Jo2
303
304
305

. HY m-C S(mA) SI(MH)Y A wi 0/)

JL0E FORPAT (1Xol4s2F12.5eF11aSeF13ad¢F1lle5¢2(1PD1C.104276)

3(09 FORMAY (U PPOGRAM SUCCESSFULe (MAXIT FFACHED %412, TIME")")

301G FCRIMAT (¢ LCHR AOT SUCCESSFULOY

3C11 FORMAT(//° SUM CF C.FFez=%41PD12,4,"* AVERAGE CIFFe =%¢J12en0?

* AMS CF GV ='4,012.40)

3C12 FCRMAT (*0 CLEFFICIENLTS CF THE LEGE*DRE “CLYNCMIALS AFT R 7738777
*A NO. %49122) '

3013 FORMAT(® BCOeI29®) =PlPD1CL 7oK o PAR¥S ERVN> =0 D1FF a4y *ITLATIVE
* RMS ERROF =  ®,D18,.4)

318 FORMATC(/ C-CCCMMEADED I%TEFGOATION LIMITS S¥[Y = R(9,74,4°%) =¢, F2, "
S 9?RMAX SR(%9 4% )= F 7.3/

3015 FORMAT (1H14° SUMMAFY CF ERIQORS OF THE IY“VERTED PESTURRA™I % AFF
SACH /773X o%JCJe1 )P gaX g% 1a®p-X g 2,09 Xo?3,.%90Y9%4.%97°X9?5.7Bv,
€060 gl Xo? T oOXe Bty EX9 T 9 TN 10ITERATITNY/)

3C1€6 FORPMAT (1XgFB1010F1(.5)

3717 FORMAT (/° AVERAGE *»1CF1C.5)

371R FORMAT(2:I10)

3019 FORPAYT (129301649)

302C FOFMAT (LX4STLZH~-))

3021 FORPAT (6(I120139F7.CH/5€129  39F7.0))

[ 3]




‘V
<€
FUACTICN SCHP 18778 OPY=C4S0UL.D= A/ 7 M/=-De=D3 FTs €155 '
DO==LONG/=CT ¢AFB=~CCMMON/~F XED9CS= USEF/-FIXEDsDB= YHZ SR/ L/ EF/<'D7 “4D/=S" 4L
- FTN5,08. ERRRL
i = 1 INTEGER FUMCTICN SCH (NI g% SeVXeEPSe P3I0eNNe“PIloFP VAN IR oE oFACY)
2 c SCHROEDINGER EQUATICN SOLVING ROUTINE Fre FSfeeZe(E~VdeP "3
! _ 3 c NIZ1  PRINT ITEFATICNSy OTHEPUWISF %0 PRINICUT
. ¢ NS=12 PHINT SOLUTIZANS WITH EACH EMESGY LEVELy CTHE I5f N° 33 °°
1 5 CCPE N/A2/NC(ZAZT)
- 3 COMMGNZAA/SIZ40Y)
i 7 COPFCN/ANLZ/MALPE
£ T ¢ EPRIN = EisFACY
; : Y IF (Kh1.EQe1) PRINT Z314KVeEPRIY
i 10 H = (RMAX ~h¥IM)/ZFLCAT(AN=-1)
; 11 H2= HeH
12 HV= H2/12.D) .
: - 13 €£=EC
14 TEST = ~1.03
S 15 DE = 0.D)
. - 16 c eosecscsees DETERMINATICK OF INMEX INTEGRATICN LIMIT
- 17 0C 10 IPP = 14NN
) 1F LCRIT = IPP -1
, i 1< IF (VCIPP)oLF4E) GO YO 13
20 1 CONTINUE
) 21 13 KERP =1
22 IF CLCRIT.LT.1) 6C TC &3
1 : 23 ALl = LCRIT o 2
24 WCRIT = T
. 25 00 16 IPP = 14,LCRIT
2c LCT =LCR:T « 1 - IPP
® - 27 BCRIT = WCRIT ¢ SQRT(VILCT) - EDeH
W 2A F (MCRIT.GE.20.6) GC TC 2¢
‘ 25 16 CONTINUE
30 2t MA = LCT
- 31 c eccscsscasss «DETERMINATICN GF CUTER INTEGRATICS LIMTTY
) 32 00 23 IPP= 1shu
! 33 LCT = Nu ¢ 1 - IPP
- 3 IF (VILCT).LELE) GO TO 2¢
35 23  CONTINUE
36 26 LCRIT = LCY »1
37 KERR = 2
. ¥ 3a IF C(LCRIT.6T.AN) GO TO 83 ¢
3= BCRIT = 0. i
y - a0 DO 30 1IPP = LCRITeNAN ‘
% a1 LCT = IpP ‘
: a2 WCRIT=WCRIT *SGRY(V(IPP) - E)eH t
-~ 43 IF CWCRIT<GE.20.0) GC TO 33 !
13 'Y 3¢ CONT INUE f
¢ L X 33 mB=LCT :
¥ o Y3 00 35 IPP = NL1ekN ¢
; a7 IF C(V(IPP).GT.E} G 10 130 r
e Y 3%  CONTINUE ¢
" ~ 49 130 L2 = IPP il
; S0 0O 140 I = 1oMA ¢
* s1 140 S(13=0.0 -
; - 52 , 00 150 I = MBonK "
: 53 150 53¢I) = 0.0 :
t L1 MAP1 = MA ¢ 1 r

- £ c ssesceseccees START ITERATICK LOCP

WL 2t WIPEHE- GG -5 3Pt Wy W~
o
!
~J
)]




.

10AR

- . 10«

110
111
112

FUNCTICN SCHR

3¢

AG

43

L]

SC

53

56

CPT2CerGL*D= A/ S/ M/=N4=D3 F

74774

DY 6 [T = 1eMX

esvccscsrceses iTAPT I1LUWARD (ATFGFATIC’,

SCrd = 1.0-1C

G = V(MDY ~ E

Gl = VI(MA-1) ~ €

RMOX = RMIN & HeFLOA (MA-1)

S(MB=1) = S(MHICEXPIFMCXeSAFTAG ) =(PVYON~H)eSQRITIGI D)
YA = €1,D) ~ HVeGN)e“(MA)

YB= (1.0’ - HVeGI)e (Mu-1)

M =mH-2

YC = Y8 ¢ (C(YH=YA) ¢ M2eGle<(Mel))
Gl = V(v) «f

(MY = YC/(1aDu~HVeG])

KER =3

IF (S(M) LTt e20.) G iC 83
IF (S(M)LLESIMe1))DG) “C &0 .

YA = ¥YB

Yys = Y€

M = ve]

GO T¢C 36

MSAVE = M

PH = S(M)

YIN = YB/PM

00 43 J = My¥B

SCJ)=S(JI)/PM

esascecsscaes START OUTWARD INTEGRAT]I a
SCHMA) = 1.00-10

YA20.000

6I=VI(MA) -~ €

YB = (1.,DC~HVeGI)eS(MA)

DO 4E [ = MALL1 WM

YC = YB ¢ ((YB ~YA) + H2eGJeS(I-1))
6l = V(1) ~€

SCI) = YC/(1.D0=-HVeGI)

YAZYH

YRzvC

PM25 (M)

YOUT= YA/PM

YM=YC/PM

00 50 J=MA.M

St =S(NH/PH

evessseseeesCORRECT ON

DF = 0.0D0

DO S3 Js-MAMH

OF= DOF - S(J)eS(Y)

F = (=YOUT ~YIN ¢ 2,.D0¢YM)/H2+ (VM) - T)
DD = DE

pE = -F/0F

IF (LI.NEe1) 60 TO S6

EPRIN =EsFACM

DEPRIN = CEeFACH

PRINT 2034IToEPRINeFoDFoDEPF INOMIAVE
ECLO =E

E=€ +0¢

TEMP = ABS(DCLO) -AR (DF)

IF (TEMP.GY.TEST) TEST =.EMP
IF (TEST.LT.Ce00%0) GG TC €0
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113
114
115
| 3 ¥
117
119
118
126
121
122
123
124
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125
127
12+
123
130
131
132
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134
135
13¢
137
13«
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140
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e wa e

- s
LC R - BN BV, W% 3 WP N P

A oo bt 1t 0 et s s
QI DN NS W

NN
N v

FUNCTICN SCHR

- sesm

6(

S

-

14714 CPT=CerCUNDT A/ S/ M/=Dy-()" FY?r S,1e%

IF CAHTLE-FULD)LE.AHSLIEFS)) GC "C A3
CONT . MNUE
3CHY =1
G "1 66

Ceocovecsnnsaea COULT AOUE" '

63
66

13

86

es

201

202
23
204

2¢5

e man

SCHe = 0
Xv = 0
DO 73 J = NLlenL2
IFCCE(U~1)al 70l e0) oAl Dal(SU)eGEe0el)eAND(T(U®12aGTaCa)) KV=KV e}
IFC(SEI=1)e0Ta0e0)0AlD(SIUN LELIeT)eANDa( (U)LY ")) KVIKVe]) *
CONTINUE
'............NCRH‘LXZE
SN=SQRT(~HeDF)
DI 73 J = MAeMB
SEJY = S/
esencsncvsese e PRINT SILUTICH : -

IF (NSeNEL1) GC TO #4C ¢
PRINY 204 4KVeE i
PRINY 2059€I oSCINeI=1oMRyIPSTIQ) - .
EQ=€ ’
RETURN '
PRINT 232 ¢KEKR :
SCHR = 2 :
RETUSN !
FORMAT(®1¢4° CCHP~ SCLUTINN 6F RADIAL SCHRe EGUATICN F 0 Y=z ¢,1%,%
SN ETRIAL=? 31PELIS. T, (1/7cvye/ '
% TTERe OGS XaPET o 14Ky "FUFI 912X " DF(ED el Xe*CUT)? aX)
FORMAT(® KER: = ®4[Cy® OIFF FQATION SOLUTICY. TZICHAIQUE FAIL™Y)

FORMATU(///1%e2%01P8F16eT95Xe® THE CRGSSI* PT. CCCUSS A~ *4l4)
FORMAT(®] SCHR-SCLUTION OF RADIAL SCHR. FOQUATINN FNo ¥z €,13,9 f= :
¢ %, 1PE1Se 7/ I9¢7TXe*35CI) *95¢20M M L) ») '

FORMAT(6(ISy1PELIS.T)) i
END

SURBHCUTI E PLLY",
CORPINITI/ZXC2603) oY U240 " ) ghUYX ¢ LPOLY g P LY Ue XYY
THE ARRAY X HAZ TO HE I* INCPECASING TROF
AM = (NPCLY®1) /2

AML = AM ¢}

NUP = NUMX * ' M! - [FCOLY

DO 2 J = NMlG0NUP

IF (XXXelLEoX(uJI)) GO ~C 4

CONTINUE

JZNUP

L= J=tM

LLL=L ¢ NPOLY -]

FOLYN = Co0

00 6 K=tLolLLL

TERM = 1,0

D0 S M =L,.LLL

IF (KeMEaM) TERM STLRAPS(XAX=-XIYI DI/ (XCKI=-X(¥))
CONT IMUE

TERM = Y(K)sTERM

PCLYNZPOLYN oTERM

RETURN

EnD




PDNOC LRI I~

ano

10
20

3¢

L]

50
60

(e Xa XaNal

10

20
30
a0

SURROUTINE BETRLCTY)

THIS SUHFLUTIYE CALCULAYES THE VALULS °F FTYWIAL A°0 % 2 A, 'F
NTRIALS! THE VALUES ARE TAKE! WHICH HAVE BEF® SFEAD I° F? W "uf
aK? DECK.

OIwENSIGH YIACLG)

COPRMONZYD/YUNE2C 2100, 1%C10)
COPMON/ZANS/ZETRIALCIC.IoBTRIALCLIGEI oAUTT o TATALWKV(IL"Y
IF (NTRIALEQel) RETURN
nC=0

NINZHTRIAL

€dsC.

DY 4y I = 1eNIM

KVEI) = AC

NC = NC 1}

ANV =SFLOGAT(I) - .5

NAB = O

DO 10 A = 1410

NGBD = IM(IA?

IF (NGBD.EQ.D) GN TC 2C
NAB = KAB ¢}

FACV = 1.

YIACIAD: 0o

00 10 I8 = 1+%6GHOD
YIACIA) = YIACIAD o FACVeYDH(IReIA)
FACV = FACVeANY
YIACH:ABe1)=C .
ETRIAL(I)=D.
ATRIAL(I)=0.

FACJ=1.

DO 30 1A = 1ekAH
ETRIALCID=ETFIALLL) ¢ YIACIA)eFACY
ATA="TA

BYRIALCIDI= B PIALCI) o YIACIA®1)oFACJYeATA
FACJU=FACJ=ASTY

IF CETRIALCIDV.LLTL.ECY GC TN 5C
IF CETRIAL(ID.GT.TX) GO 0 SO
EC = ETRIALLD)

GO TO 60

Hhe=ant -1

ATRIAL = NC

RETURN

EAND

SUBFLUTINLE FLEGE: (2)
THIS SUBACUTIAL CALCULATES THE LEGENDFE POLY FMTALT YPt HY wta* "
CF A RECURSICNM RELAY, Cl AMND MULTIPLICS "HEM HY A* FEXFO FTTAIL C7
CFF FUNCTVIC' AS PEQUIRED FN° THE CTMFECTION FULCTICN WHICH M N~
FIES THE POTEATIAL AFTER FVUFRY JTERATINN,
COMMOIN/PL/YPLAEA) s AAL o AAZ s AAY B FL

22= (Z=AA3V/(AAL eAA2e2)

YPLE1) = 1.

"wL(2)=22

D0 10 I = 3Je¢M\PL

Al =1

YPLEIN2 (YPLEI~L1)D0220(240AT=14)-YPL(L=2)e(Al~1.))/Al

FAC= 2Z0¢1Ge 3,

IF (FAC.GT.504) GO “C 20
FAC = EXPL-FAC)

G0 JU 30

FAC=0.0

DO 40 I=14NPL

YPLCL) =vPLU[)eFAC
HETURN

END
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SUHROUTINE PCTTAH 187174

DO=-LONG/~CT oAFG==COMPMCM/-F XEDeCS= USEF/=FIXEDsDR= TB/ 5B/ L/ F5/-T0/ .‘F’tj.'
FTNS:DH. 22,72
SURPCUTINE POTYTABC(GVT JAZEFRCeDE g Mo N FIAL) 1
[ 4 RCUTINE FGR TMNTERPOLATICN OF ISMNER AND AUTEE TURAING POINT S

DIPENLSICN 21(S21)
COMMIN/PO/ZAT % (100 ¢AJLTCIC ) JEEECLIOT ) oHRACICC)
COPPOINZTL/XFC24C 3D oVRE2OCI) o lUMK o PILY oPCLY? o XXX
COPMINZAZ/V(2422)
COMMCN/AZ/F (2433)
COPPONZE X/ZX: (S521) o X2 L3521 )™
COMUMCN/T ML /AL 64968 )4BLISS)
COFPPCA/PL/YPLICA) o AAL9AA2 AR PL
C essovvevvene EARCH FCR MINIMUM
CC 10 1 = 1,4¥
10 PUIY) = PUI)AZEFD
™ = ¥(1)
00 15 1 = 2*
IF (VII).GELTX) GO VG 15
TX=v{(I)
IMIN = |
15 CONTINUE
C esecceccocse ihTERPOLATICN OF THE POTENTIAL
NPOLY = o
DC 30 NR = 142
t.A =]
AB = ININ
IF (hR.EQe1d GG TO 20
A=Y MIN
AB=M
20 D0 25 1 = NAJMH
MUPX= ] ¢ 1 =hA
K=1
IF ¢(NRLEQel) K = [EMIt, ¢ 1 -~ 7
XRINUMX) = V(X))
25 YRENKUMX) =P (K)
DO 30 I = 1oATRIAL
AXX=EECCS )
CALL PLLYNMN
IF (NR.EQ.1) AINNID)
IF (NRGEQ.2) AOUT(I)
30 CONT INUE
[ eccsccvecees PRINTCUT OF THE TURINIMG POILTS
PRINT 101
c PUNCH 101
00 35 I = 19TRIAL
TAz1-1
888(1)=BHB( 1+130.0
IF CTA.EQe0() PRIANT 101
Cc PUNCH 1G2¢1A0ECECTI) wAINNITI Do ANOUT(] ) oHBBC(])
35 PRINT 102¢IAsEEECLIIoAINNII) 2AOUT (I oHBBL])
00 a0 I = 1,v
XREID = PUD)Y
40 YROIDI=VC(T)
, NUMX =nm
1A =0
18 = N o)
00 S5 I=1e6

PCLYN
POLYN

UPT=04SCUNUS A/ 3/ P/=D,y=D" Fr

Fole Th




e —

ST e

56
s7
Se
39
60
61
62
63
64
65
66
67
62
[}
70
71
T2
T3
T4
75
76
17
1
7e
RO
o1
82
83
84
AYS
[2X 3
87
8-

?0
91
92
%3
9e
93
96
97
98
99

THE CODE NUMBER FOR THIS STATE IS

HE MASSES OF THE TUC ATCNS,
BASED CN C=12 ARE

o€

——

SUBROUTINANE POTYAD I8/170 CPT=C o 0UNDZ A7 7 W/=04~0" FYe 6,105 ta

PCTENTIAL OF THE PHC MOLECULE  C(TCTAL FIT)
GROUND STATE FOR LEAD OXJDE

« 3157000005 TE = fe

45

50

595
60

(3]
T¢
75

95

95
161

102
103

104

¥,
O U R vt evovy 5 <ot = Al < Ao i corr mer e e s e -
-—

XX = X1€[)

IF (XXXeGEP(1)) GO TG A4S
IA =1

60 TG 55

IF (XXXoLESPE(M)) GG “C S%
I8 =1

60 T0 60

CALL PLLYNK

25€¢10= YICI) - POLYH
YICI) = POLYS

CONTINUL

IFCIA.EQeD) GC 'C To

DS 65 I = 1y A

2ICID) = ZICLA})
YICII=SYICL)=-21¢1)

IFfF (I8.£Q.("n*1)) 6C 1O ¢EC
no 75 1 = I8y’

21¢1) =21¢18~1)
YICIN=YICI) ~21C0)

es0eePRINTOUT GF THE FihAL PCTELTIAL AND OF THE “TA%NDAYD EFRRO° 1
PRIN 103 :
00 99 1 = 1

ST = RICIV/ZAZERO

CALL PLEGENC(ST)

ST=0.0

00 385 XK = 1ePPL

ST =ST o BLIK»1)eYPLIK)

IF CABS(ST)eGT1.0D~6) GC TO 92

$71=0.0

GO0 YC 99

ST=U.0

€O 99 JzlnFiL

00 995 K =14A7L

ST = ST o YPLIKI*AL(KoJ)eYPLIJ)

ST = SART(AASIST ) )=GVT

FRINY 2009 XTCIDeYIL]1)ZI(T)ST

FORMAT (1H1,* FINAL SEY CF TUP* . ING POILTSO//SXelHVgiNg? L (U)Ty] v
S RPINULILIXNI'RPANT G 1L X9®RY100°/7)

FORMAT (I NoISeF15.39F10.64F15.€9F15.7)

FORMAT (1M1 o® FINAL POTERNTIALY//12X 4 PO 1F R ?L(RPD%9] *No* K-~ PA%,y}
*2Xo*ERROF® /) '

FORMAT (1Xe1P0209+302649)

RETUNN

€nD

oL e vaww:s - -

145999400000401 AND 2.C719CCCO0De02
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Appendix C

Supplementary References

The following are references which contain informa-
tion about the reduction of spectroscopic data and the construc-
tion of potential energy curves. They were not cited elsewhere
in this report.
Albritton, D, L., et al. "An Analysis of the O,+b*eg-a‘ru

First Negative Bana_s§§tem,“ Journal of Molecular Spectro-
scopy, 67: 157-184 (1977).

----- , A. L. Schemeltekopf, and J. Tellinghuisen. "Least-
Squares Equivalence of Different Representations of Rotational
Constants,” Journal of Molecular Constants, 53: 311-314 (1974).

Albritton, D. L., et al. "Rotational Analysis of the
A%~u-X2n, Second Negative Band System of 0,%," Journal of
Moleculaf Spectroscopy, 46: 89-102 (1973).

----- . "Resolution of the Discrepancies Concerning the Optical
and Microwave Values for B, and D, of the XIf'g State of 0:,"
Journal of Molecular Spectroscopy, 46: 103-1118 (1973).

----- . "Calculation of Centrifugal Distortion Constants for
Diatomic Molecules from RKR Potentials,"” Journal of Molecular
Spectroscopy, 46: 23-36 (1973). -

----- . "A Critique of the Term Value Approach to Determining
Molecular Constants from the Spectra of Diatomic Molecules,"
Journal of Molecular Spectroscopy, 46: 67-88 (1973).

----- . "A Direct Approach for the Reduction of Diatomic
Spectra to Molecular Constants for the Construction of RKR
Potentials," Journal of Molecular Spectroscopy, 46: 37-66
(1973).

Aslund, Nils. "A Data Processing System for Spectra of
Diatomic Molecules," Arkiv for Fysik, Band 30, nr 35: 377-396
{(October 1965).




Broida, H. P. and G. Gerber. “Electronic States and Molecular
" Constants of BiZ" Journal of Chemical Physics, 64 (8) (15 April

Fleming, Henry E. and K. Narahari Rao. "A Simple Numerical
Evaluation of the Rydberg-Klein-~Rees Integrals: Application
to X“I* sState of '2C 0'¢," Journal of Molecular Spectroscopy,
44: 189-193 (1972).
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