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ABSTRACT

'ANALYSIS OF ASYMMETRIC ROTOR

MOLECULAR SPECTRA

AND

DATA ACQUISITION AND TREATMENT

BY A MINICOMPUTER

BY

Paul Daniel Willson

The various Hamiltonians now available for calcu-

lating the vibration—rotation energy levels of asym-

metric rotor molecules are compared and their appli—

cation is outlined. The means of forming "reduced"

Hamiltonians and the restrictions on their use are

briefly described. A means of fitting several mole-

cular isotopes simultaneously is described.

Computer programs were written to apply the results

of the above work to infrared spectra. Ground state

combination differences from the Zvl band of HD13OTe,

which is a prolate XYZ molecule were fit to the planar

Hamiltonian and to the KFC Hamiltonian to second-order

with T6 restrained to be zero. The Watson Hamiltonian

to second-order was used to fit upper and ground states

band of the molecular species HDl3oTe, HDlZBTe,

l

HD126Te, HDlste, and HD124Te simultaneously. The planar

of the 2v



Paul D. Willson

Hamiltonian was used to fit the upper states of the

Coriolis coupled bands v1 and v3 of H28. The rotational

and second-order constants and the perturbation constants

required for the above fits are listed.

Also described in this work are methods and prin-

ciples involved in the acquisition of spectral data,

baseline adjusting, smoothing, and deconvolution by

means of a minicomputer. A means of deconvolUtion based

on successive approximations has been further developed

and programmed on a minicomputer. The need for variable

relaxation, normalization, and a point simultaneous

method for the deconvolution process is explained. These

methods of treating data were applied to several HDS

and D S Vibration-rotation bands. The results for the
2

Q—branch of the v +vl 3 band of HDS are shown.
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INTRODUCTION

In the last ten years a number of new developments

have occurred in the theory for molecular asymmetric—top

vibration-rotation Hamiltonians. This work includes a

comparison of various Hamiltonians now available, espe-

cially in their application to the analysis of the

vibration-rotation spectra obtained in our laboratory

of nonlinear triatomic molecules.

During this same period the field of digital elec-

tronics has grown rapidly and is changing the tools

available to the experimentalist. With the addition

of a minicomputer to our laboratory, many means of

data processing formerly prohibited could now be done.

Therefore, much of this work has been devoted to the

development of ways of digitally processing the raw

spectral data, preparing it for measurement,viz. the

application of digital methods to baseline adjusting,

digital smoothing and deconvolution of high-resolution

infrared spectra of molecules.



CHAPTER I

THE VIBRATION-ROTATION HAMILTONIAN

FOR AN ASYMMETRIC MOLECULE

In this study, we will be considering asymmetric—top

triatomic molecules. In the past ten years many theore-

tical advances have been made in the Hamiltonian for such

molecules. Let us begin with the general form of the

vibration-rotation Hamiltonian as given by Chung and

Parker1 in 1963.

Second-Order Planar Hamiltonian
 

To second order of approximation their result is

H = h + XP2 + YP2 + ZP2 + %T P4 + JET P4 + $3 P4

v x y z xxxx x yyyy y 2222 2

2 2 2 2 2 2 2 2
3w 3v4ryyzz(Psz + PzPy) + 4TXXZZ(PXPZ + psz)

ax (P2P2 + P2P2) + gr (p p + p P )2
xxyy x y y x yzyz y z z y

2 2
IV 1v —‘szxz(PxPz + Psz) + ‘Txyxy(PxPy + Pny) (I 1)

where Px’ Py, and P2 are components of the total angular

momentum; hv is essentially a constant for a given vibra-

tional state; X, Y, and Z are the inverse moments of inertia,

e.g. X = h/8n2cIX, where IX is the principal moment of



inertia about the x axis; and the taus are centrifugal

distortion constants. The Hamiltonian angular momentum

operators will be evaluated in W(J,K) space, where w(J,K)

arethe rigid symmetric rotor wave functions,such that

< J,K | P2 | J,K > = J(J+1)

<J,KIPZIJ,K>=K

2 2 2 2 _ . .

where P = P + P + P and P P -P P - -iP , With

x y z a b b a c

a,b,c and x,y,z being cyclic. Reductions of the Hamiltonian

due to angular momentum commutation rules are based on

the above space.

It is convenient to attach to the molecule a rectan~

gular coordinate system along the molecular principal

axes, (a,b,c), such that the molecule lies in the ab

plane. Then using Ae' B , and C8 as the equilibrium
e

inverse moments of inertia, it follows that C8 = AeBe/(Ae+Be),

which implies that Ce will be less than Ae or Be' The

choice of Ae > Be then yields the conventional ordering

A > B > C .
e e e

The above conditions led to the planarity relations

as given by Dowling,2 and by Oka and Morino? These are

a consequence of the molecule being planar and lying in

the ab plane and are independent of the space the Hamil-

tonian is evaluated in. The relationscan be expressed by



e e 2 _ e e 2 e e 2

(Ice/Ida) Taacc - (Iaa/Iaa) Taaaa + (Ibb/Iaa) Tddbb

and

Tacac - Tbcbc = 0 (1'2)

where 12a, Igb’ and 12c are the equilibrium moments of

inertia along the a, b, and c aXES respectively and a may

take on the values a,b, and c.

There are six possible ways the molecular axes (a,b,c)

may be related to the body-fixed axes (x,y,z) which are

listed in Table I. The Hamiltonian (I-l) may be evaluated

in W(J,K) space using any of the six ways or representations.

But for a near symmetric-top molecule, two of them will

yield diagonal matrix elements of the Hamiltonian which are

close to the eigenvalues of that matrix. Since these two

ways will be the most likely to diagonalize with small

round-off error, one of them should normally be used. There-

fore for a near prolate asymmetric—top we choose the so-

L

called Ir representation (although I would do as well);

 

Table I. Molecular Axes Identifications

Body-Fixed

Axes Molecular Axes

 

 

x b c c a a b

Y c b a c b a

Z a a b b c c

r z r R r l

Type I I II II III III    



and for a near oblate asymmetric-top, we use the IIIr

representation as found in Table I.

After choosing the representation,one may apply the

planarity conditions as well as the commutation relation

(Pan + PbPa)2 = 2(P2P: + pgfi ) + 5p2 — 2p2

so that the Hamiltonian (I-l) simplifies to the planar form

H = h + AP2 + BP2 + CP2 + T 0

v a b c aaaa aaaa

+Tbbbbobbbb +Taabboaabb +Tababoabab (1‘3)

where

o = %[P4 + r2P4 + r(P2P2 +p2p2)]
aaaa a c a c c a

4 2 4 2 P2 2 2
= yObbbb 4[Pb + 5 Pc + s(PbPc + PCPb)]

4 P2 2 2 2
= LOaabb .[2rsPC + (P2Pb + PbPa2) + s(PaPC + P: i)

+ r(P2P2 + P2P2)]

_ P2 2 2 _ 2 2 _
Oabab - 4:P[2(Pb + PbP a) 2P + SPC] (I 4)

The constants retain the same a,b subscripts for both the

oblate and the prolate case, but one must evaluate the

angular momentum operators in the (x,y,z) coordinates

using the Ir relations for the prolate case and the IIIr

relations for the oblate case as found in Table I.

The terms r and s in Eq.(I—4) are defined as

C/A:

2

e
C/B

(
D
M
N
T
D
N



Since the equilibrium constants are not generally known,

the ground state constants are often used, i.e.

, ‘ 2

r B /(AO+ BO)

A(
0 ll

O
N

O
N

2
/(AO+ BO)

Moncur4 and Snyder5 used the Hamiltonian as given by

Eq.(I-B), but included an empirical fourth-order term,

6
HKPz’ when fitting their H2Te and H28 data respectively.

Fourth-Order Hamiltonian
 

Although all of the terms in the planar Hamiltonian

are determinable from experimental data, not all of the

terms in Eq.(I-l) are determinable. Since Chung and

Parker's 1963 paper, many changes in the Hamiltonian have

been made. Olson and Allen6 produced an important simpli-

fication of the Hamiltonian for the orthorhombic point

groups through wise use of angular momentum commutation

relations. Chung and Parker extended their previous work

by publishing a study7 of the fourth-order centrifugal

distortion effect. It was then shown by Kneizys, Freedman,

and Clough8 that the Hamiltonian for the orthorhombic

point groups, could be given in much simplified form

through extensive rearrangement, again based on angular

momentum relations. A

The form of the resulting Hamiltonian is, for a given

vibrational state, a power series in the angular momentum



components which needs for its specification, to fourth-

order of approximation, three coefficients, X, Y, and Z,

of terms of the second-power in the body-fixed angular

momentum components (these being the three effectiVe

rotational constants); six coefficients Ti of fourth-power

angular momentum terms (these being the second-order

centrifugal distortion constants Ii,plus fourth-order,pi,

corrections to them); and ten coefficients of sixth-power

angular momentum terms (these being the fourth-order centri-

fugal distortion coefficents @i). Later Watsonll showed

that the Kneizys, Freedman, and Clough's Hamiltonian,

Ref.(8), Eq.(3) or Eq.(6), could be used for asymmetric-

top molecules of any point group whatsoever, and thus its

use need not be restricted to molecules of the orthorhombic

point group.

The Hamiltonian just described, but slightly modified

by Yallabandi and Parkerlo, [the operator associated

with ¢ 0' which Kneizys et.al. took as (PiPiP: + P2P2P2)
1 z y x

2 2 2 2 2 2 .
was replaced by (PXPZPy + PszPx)]’ which we shall refer

to as the KFC Hamiltonian, takes the form

H = hv + H + H + H6 (I—5)
2 4

with

H = XP2 + YP2 + ZP2

2 x y z



_ 4 4 4 2 2 2 P2

H4 — TlPx + szy + T3Pz + T4(Psz + PZPy)

+ T (P2P2 + P2P2) + T (P2P2 + P2P2)

5 z x x z 6 x y y x

_ 6 6 6 2 4 4 2

H6 — <I>lPx + <I>2Py + <I>3Pz + <I>4(PXPy + PyPX)

+ 65 (P2P 4 + P4P2) + P6 (P2P 4 + P:P2)

Y X ”XY Y Z Y

+ Q7 (P2P 4 + P4P2) + ¢8 (P2P 4 + P:P2)

z y Py z z x z

+ ¢9 (P2P 4 + P4Pi) + 610(P2P2P2 + P2P2Pi)
x 2 P2P x z y y zP

This Hamiltonian, as stated by Kneizys et al., although

developed in the IIIr representation, can be generalized

to any representation by the appropriate identification of

the rotational constants with the x,y,z axes(see Table I).

The KFC Hamiltonian still contains experimentally

indeterminable coefficients. But Watsonll'12 succeeded in

showing how one can obtain from the KFC Hamiltonian a

"reduced" Hamiltonian devoid of redundant or experimentally

indeterminable coefficients. The reduction of the Hamil-

tonian can be carried out in an infinite number of ways,

but not entirely without restrictive conditions. Watson's

theory requires one constraint to be imposed on the coef-

ficients Ti’ thereby reducing them to five independent

ones, and three constraints to be imposed on the coefficients

@i, therby reducing them to seven independent ones.

Mathematically the reductions are achieved by applying



a unitary transformation of the form

U = exp(iSB)exp(iSS)

with

S3 = Slll(PxPzPy + PszPx)

and

_ 3 3 3 3
S5 - 5311(PXPZPy + PszPx) + 5131(PXPZPy + PszPx)

3 3
+ 5113(PXPZPY + PszPx)

to the Hamiltonian given by Eq.(I-S). The constants S311,

5131, and 5113 are chosen such that the appropriate ¢

terms are zero; and S111 is chosen such that the appro—

priate T term is zero.

From the unitary transformation a new set of constants,

i.e. experimentally determinable coefficients, which have

the same angular momentum dependence as the old set, but

different theoretical interpretations in terms of mole-

cular parameters, is obtained. The theoretical interpre-

tations depend on the exact reduction used and will vary

considerably. Henceforth, we will denote those coefficients

following the transformation, which are experimentally

determinable, by tildes, e.g. T1.

The details of Watson's theory, as Ford, Yallabandi,

13
and Parker show, allows one to set either T4, T5, or T

6

equal to zero with the restrictive conditions stated in



10

Table II. Three Allowed Ways of Setting a Ti Equal to

 

 

Zero

Case Constraint Ti=0, Condition

where i =

4 f g 2

5 z ¢ 2

6 x g 2

 

Table III. The 20 Allowed Ways of Setting Three

Coefficients 5i Equal to Zero.

 

Constraint ¢i=$j=fifi=0

 

Case k Condition

where i,j,k,=

1 4,5,10 x g f

2 6,7,10 f g 2

3 8,9,10 Z ¢ 8

4 4,6,10 x g f g Z

5 5,7,10 2 g f g 2

6 6,8,10 f g 2 g x

7 7,9,10 f g 2 g x

8 4,8,10 2 ¢ 2 ¢ 2

9 5,9,10 Z x i g f

10 4,9,10 x g f g 2 g x

11 5,6,10 x y f g i g x

12 7,8,10 x g f y 2 ¢ 2

13 5,6,7 2 g f g i

14 4,5,6 x ¢ f g 2

15 6,7,8 2 g 2 ¢ 2

16 7,8,9 2 g 2 ¢ 2

17 4,5,9 2 g 2 ¢ f

18 4,8,9 2 g x g f

19 4,6,8 2 ¢ 2 ¢ 2 g x

20 5,7,9 2 ¢ f g 5 ¢ 2
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Table II. The restrictive conditions for the values of

the rotational constants, e.g. X # Y, might be thought to

be of little consequence except for accidentally symmetric

rotors. However, even if two rotational constants are

different by an amount of the same order of magnitude as

11 indicates that thethe centrifugal constants, Watson

reduction breaks down, and another reduction should be

used.

The restrictive conditions given in Tables II and III

result from the expressions obtained for the "s" constants,

i.e. the "s" terms are functions of the differences of two

rotational constants to a negative power, so that when the

constants are equal, the value of U becomes infinite, viz.

Eq.(32), Ref.lO.

The simplest way to obtain constraints on the coef—

~

ficients @i, is to set three of them equal to zero. Ford

et al.13 have found that this can be done in 20 ways.

Twelve of these take 510 equal to zero and thereby give

rise to somewhat more symmetrical appearance of Hamiltonian

than the remaining eight ways. In no case may ¢l’ ¢2,

53 be taken equal to zero. Table III lists the 20 ways of

or

reduction described.

Watson has given another entirely different reduction

of the KFC Hamiltonian, based on Eq.(6) of Ref.8. His

13
reduced Hamiltonian, as written by Ford et al. , is given by
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H = hV + H2 + H4 + H6 (I-6)

with

H2 = X*P2 + Y*P2 + z*P2
x y z

_ 4 ~ 2 2 ~ 4 2 2 2
H4 - DIP + DZP Pz + D3Pz + D4P (Px - Py)

2 2 2 2 2 2
+ D5[P (Px - Py) + (PX - Py)Pz]

_ ~ 6 ~ 4 2 ~ 2 4 ~ 6 ~ 4 2 _ 2
H6 — HlP + HZP Pz + H3P Pz + H4Pz + HSP (Px Py)

+ H P2[P2(P2 - P2) + (P2 - P
z x y x

2

7 )Pz]

N
t
h

t
<
t
o

~ 4 2 2 2 2
+ H8[Pz(Px - Py) + (Px - Py)P ]

The constraints in terms of ¢ and T are

¢l + 842 = 05

891 + 42 = P4

¢ + ¢ = Q

a(T1+T2) - 5T6 +2(¢7+¢8) - (¢l+¢ = 02)

with the restrictive condition that X*# Y? The terms

X*, Y*, and Z* differ from the X, Y, and Z of Eq.(I-S)

by fourth-order corrections;3.

It should be noted that we have used the notation

X, Y, and Z for the rotational constants in each of the

Hamiltonian expressions because each of the Hamiltonians

can be used as written for any representation.

Yallabandi and Parker10 specify that the reduced



13

Hamiltonians should be used directly for the analysis of

pure rotation data. But for vibration-rotation bands,

upper-vibrational state sets of coefficients and lower—

vibrational state sets of coefficients Should be used in

H2 and H4, but only a single set of coefficients should

be used in H6' The variation in the sets of coefficients

for H4 is accounted for by the fourth-order vibrational

correction terms contained therein. The variation in

H2 is accounted for by the standard expressions for the

variation of the effective rotational constants with

vibrational state.

Because H4 includes fourth-order vibrational correc-

tions, the so-called pi's which generally can not be ignored,

the planarity relations given by Eq.(I—Z), which hold only

for the pure second-order centrifugal distortion terms,

will not apply to the reduced Hamiltonians. However, if

the fourth-order corrections are ignored, the planarity

conditions can be applied to the KFC Hamiltoniantto obtain

a planar Hamiltonian. When this is done, the resulting

Hamiltonian is identical in form to the planar Hamiltonian,

Eq.(I-A), except for the last term,O The last term
abab'

of Eq.(I-Z) includes the second-order centrifugal contri-

butions to the rotational constants, whereas in the KFC

Hamiltonian, these centrifugal contributions are still

contained explicitly in the definition of X, Y, and Z
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(see Moncur4,page 8). It should be noted that the planar

Hamiltonian fulfills the specifications for determinable

coefficients as given by Watsonll.

Coriolis Coupling
 

Coriolis coupling between two or three excited

vibrational states is frequently observed. This coupling

perturbs the vibrational levels slightly, but even more

perturbs the rotational states within the vibrational

levels and hence affects the whole vibration—rotation

Hamiltonian.

The effect of this perturbation on the planar Hamil-

tonian for oblate molecules is well described by Snyder5

and by Moncur4, and so only a cursory description will

be given here. Snyder has found this coupling to be

observable between the vibrational states (vl,v2,v3) and

(viil,v2,v3$l). He also found two terms need to be added

to the existing planar Hamiltonian in the off-diagonal

location to calculate the coupling.

The resulting Hamiltonian is given by

H = H1 + H2 '1' HI

(I-7)

where H1 and H2 are the vibration-rotation Hamiltonians

already discussed for the vibrational states 1 and 2 and

HI is the interaction term which couples the states.
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HI = 1Gz<qlq3 - q3ql)Pz + nyqlq3(PxPy + Pypx)

Evaluation of HI for the vibrational states yields

<vl,v2,v3[HIIvl+l,v2,v3—l> = [21GZPz +ny(PXPy

%
+ PyPX)][(vl+l)v3] /2

and

<vl,v2,v3|HIIvl-l,v2,v3+l> = [-21GZPz + ny(PxPy

8
+ PYPX)][V1(V3+1)] /2

(I-8)

(I-9)

(I-lO)



CHAPTER II

APPLYING THE HAMILTONIAN

The Hamiltonians described in Chapter I are used to

calculate the energy levels for a given vibrational state

of an asymmetric-top molecule. But in near infrared

spectroscopy the energy levels themselves are not obser-

ved, but rather transitions between energy levels are

observed. That is, the observed absorption lines are

transitions from an energy level in the ground vibrational

state to some energy level in an excited vibrational

state. Most often, several absorption lines will have

the same upper state energy level, or the same ground

state energy level, so that the difference between two

line frequencies is a difference between energy levels

within one vibrational state. When the value of that

difference involves only the energy levels of the ground

state, it is commonly called a ground state combination

difference,vGSCD.

The absorption lines are clustered in bands with all

of the transitions in the same band occurring between the

same two vibrational states. Since there are three inde—

pendent normal modes of vibration for a planar triatomic

16
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Fig. I. Normal Modes of Vibration For An XYX Molecule.

lb-axis

 

Type B

Type B



18

asymmetric—top molecule, three vibrational quantum numbers,

(vl,v2,v3), are required to designate the state (see Figure

I). The transitions originate from dipole moment changes

which occur for a molecule lying in the ab plane along

the a-axis for type A bands and along the b-axis for type B

bands.

The Wang Transformation
 

A Hamiltonian, when evaluated in angular momentum

space, i.e. w(J,K) space, yields an independent matrix,

E, for each J value. Because of the cross diagonal

symmetry within each such matrix and because nonzero

terms appear alWaySnin a checker board pattern, each

matrix can be factored into four noninteracting sub-

matrices, which are denoted by E+, E- , 0+, and 0-. The

factoring is mathematically done by applying the Wang

Transformation, W, i.e.

(E+,E-,O+,O-) = W-lE w . (II-1)

where ... ...

—1 1

—1 1

w = w'1 — 2-;5 2l5

1 1

1 1
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This is equivalent to choosing a new basis W(J,K,y),

given by

9(J.K.v) = 2‘*[ w(J,K) + <-1)Y4<J,-K)1.

The i notation in Eq.(II-l) refers to the sign of (-l)Y

above, whereas the E or 0 refers to the evenness or

oddness of K.

When Coriolis coupling is present the submatrix E+

( or O+ ) of one excited vibrational state is coupled to

the E- ( O- ) submatrix of another excited vibrational

state. The resulting terms are shown in Figures II and

III. When the coupling does not occur, each of the four

+. . + - -
submatrices, Viz. E ,E ,O , and O , has the same terms

shown, but they are independent of one another.

The elements of the submatrices correspond to the

. . . +

Hamiltonian evaluated in W(J,K) space, e.g. for El ,

E26 = <J,2IH1[J,6>

It should be noted that all of the E terms are real

and that in the figures use has been made of the relations

E E E ; etc.

E —K,-K-2= -K-2,-K
E ; E

K,K= -K,-K K,K+2= K+2,K=

Also all of the I terms are pure imaginary, but the
K,K'

whole coupled submatrix is Hermitian.

Appendix I contains a list of the angular momentum

Operators evaluated in W(J,K) space which are necessary

to calculate the elements of the energy matrices.
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Identification of Levels
 

The eigenvalues of these submatrices constitute the

energy levels of the Hamiltonian. They are found expli-

citly by applying the unitary transformation matrix, S,

to the energy matrix, E, which diagonalizes it, i.e.

E' = S_1E S. In the transformed space K is not a good

quantum number. But the energy levels may be identified

uniquely by assigning three quantum numbers, (J,K_,K+),

to each, where K = K_ in the limit as the molecule ap—

proaches a prolate symmetric-top,and K = K+ in the limit

as the molecule approaches an oblate symmetric-top.

To evaluate the angular momentum operators, one must

choose the arbitrary phase factor for Px or for Py. We

have chosen this factor such that PY has real and pos-

itive matrix elements, hence PX has pure imaginary matrix

elements, viz.

< J,K | Px | J,K+l > = (i/2)[J(J+l) - K(K+1)]%. (II-2)

For this phase convention all of the symmetry arguments

concerning the assigning of energy levels as given by

King, Hainer, and Cross14 apply to this work. Therefore

the evenness or oddness of the K_ and K+ values within

a submatrix must agree with those given in Table IV,

which agrees with Table VII in Ref.l4. The assigning

of the levels within each submatrix must be such that
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Fig.IV. Energy Level Diagram
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for increasing energy, the value of K_ increases and the

value of K+ decreases in an even fashion. Figure IV

shows the assignments of energy levels for J equal to

1,2, and 3.

Evaluation of Coefficients
 

If we ignore the vibrational term, hv’ we can write

each of the Hamiltonians in the form

H = z xlxl . (II-3)

where x1 are the coefficients and x1 are the angular

momentum operators. The equation for the energy matrix

elements then becomes

Ers = z xlxis (II-4)

The ath_eigenvalue of the energy matrix is given by

_ -1 -Ea — 22 (s )arErsssa (II 5)

In terms of Eq.(II-4), this becomes

Ea = z x1<xl>a (II-6)

where

<Xi> = 22 (8-1) ”xi S (II-7)
a ar rs sa

i.e. <xl>a is the expectation value of the ith_Hamiltonian

angular momentum operator.

The coefficients , x1, are determined by least;squares

fitting the frequencies of the observed lines to the
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differences of the calculated energy levels, i.e. to

vO-Eg+Eu, where E9 is the ground state rotational energy+,

Eu is the excited state rotational energy, and 00 is the

vibrational contribution, referred to as the band center,

which comes from the hV term in the Hamiltonian.

If Eq.(II-S) were linear in xi, the method of least

squares would directly yield the values of the coeffi-

cients. But since the unitary transformation matrix, S,

is itself a function of the xi, Eq.(II-S) is nonlinear

in xi and a longer procedure must be used.

Generally one begins with an estimate of the rota-

tional constants, A, B, and C obtained either from past

work on the molecule or by using combination differences

as described by Moncur.4 From these rotational constants

the energy matrices are calculated using Eq.(II-4), and

then diagonalized to obtain the energy levels and the

angular momentum operator expectation values. Those

expectation values, <xi>, and energies corresponding to

the energy levels of the observed transitions are used

to calculate the normal matrix for the least squares fit.

The least squares fit yields the values 51, where

_ i i _
AEa — Z 6 <x >a (II 8)

such that Ea + AEa are on the average closer to the values

which are necessary for fitting the observed lines. Then

i i
the new constants, x + 6 , are used to calculate new

 

+Actually the E's are term values, differing from energy

by a factor of l/hc.



27

energy levels and the whole procedure is repeated until

convergence is reached.

Isotopic Substitution
 

When several atomic isotopes are present simultane-

:ously in the molecules under study, the absorption bands

of each isotope are observed overlapping one another.

The small differences in the frequencies of the lines

for different isotopes can partly be accounted for by

making a linear change in the Hamiltonian coefficients

with atomic mass]:5 That is, Eq.(II-3) would become

i
H = (x + EiAm)xi (II-9)

where ii is the mass dependent constant and Am is the

mass of the most abundant isotope less the mass of the

isotope being fit.

The use of Eq.(II-9) requires many more operations

than the simpler approximation

__ i i i _

Ea — (x + g Am)<x >a (II 10)

which we have used successfully. Eq.(II—lO) differs

from Eq.(II-9) in that <xi> is a function of (xi + giAm)

in Eq.(II-9), but only of xi in Eq.(II-lO).

The band center, 'V0' is also fit to the observed

data and a linearfplus quadratic change in it with change

in atomic mass, is sufficient to complete the compensation
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for the differences in the frequencies of the lines for

different isotopes. i.e. v0 is replaced by v0 + gmAm

+ gmm(Am)2.

Computer Programs
 

To apply the preceding material to experimental

data.three computer programs were written. The programs

are similar in nature and parallel one another in oper-

ation. ICDFIT was written to fit combination differences,

ISPECFIT was written to fit single spectral bands, and

SPECFITZ was written to fit simultaneously two bands

which are Coriolis coupled.

Because of the complexity of the programs, each

major part was written as a subroutine. Due to the volume

of data,which must be stored and sorted by the programs,

core storage and superfluous calculations had to be

economized. The programs were written for a batch com-

puter, specifically the CDC 3600, where core storage is

not shared with other users.

Appendix III isiilisting of the Fortran source for

ISPECFIT. The other programs were written very similarfly

to ISPECFIT, using some of the same subroutines. This

program and the program ICDFIT incorporate Eq.(II—lO),

which allow the user to fit different isotopes simul—

taneously.
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The main part of each program reads all of the

control cards and the data cards, sequences the oper-

ations, sets up the data for the normal matrix, changes

the Hamiltonian coefficients, and iterates the fitting

procedure.

The subroutine PMAKE calculates the angular momentum

operators for whichever Hamiltonian the user-chooses,

The planar Hamiltonian, Eq.(I-3), the KFC Hamiltonian,

Eq.(I-S), and the Watson Hamiltonian, Eq.(I-7), are

available in the programs and are selected by a control

card. All nineteen angular momentum operators for the

KFC Hamiltonian are included. Since only fifteen are

determinable, the user must choose, using Tables II and

III as a guide, those best for his molecule. Both the

prolate and the oblate form of the planar Hamiltonian

are included, hence, since the KFC Hamiltonian and the

Watson Hamiltonian will calculate the energy levels for

oblate or prolate molecules, any one of the Hamiltonians

may be chosen to fit any type of planar molecule.

The subroutine CAPPA prints the Hamiltonian chosen:

along with the current coefficients. It also calculates

Ray's asymmetry parameter, K, using the equation

K = (ZB-A-C)/(A-C) (II-11)

Note that

-l S K S l



30

When K is positive, the molecule is oblate, becoming an

oblate symmetric-top for K = +1. When K is negative, the

molecule is prolate, becoming a prolate symmetric-top

for K = —1. If is positive, the program chooses the IIIr

representation and identifies the (E+, E-,O+,O-) subma-

trices with the quantum numbers as listed in Table IV. If

K is negative, the program chooses theIr representation

and identifies the submatrices accordingly.

WANGT calculates the Wang transformed energy matrices.

SYMDIG diagonalizes the resulting symmetrical energy

matrices (HERMDIG in SPECFIT2 diagonalizes the Hermitian

energy matrices required for Coriolis coupling). Diago-

nalization is done bythe Jacobi method, which is out—

lined in detail in Appendix II. Both the eigenvalues

and the eigenfunctions are calculated.

The expectation values of the angular momentum op-

erators are calculated using Eq.(II-7) in the subroutine

FORMEP. FORMEP also assigns the quatum numbers to the

energy levels.

REGRESS is a stepwise multiple regression routine

16 It is usedoriginally written by M. A. Efroymson.

to determine the least squares "best" values for the

coefficients, 61, as required to solve Eq.(II-B). The

routine is different from most weighted least squares

routines in that the variables are added to the solution
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one at a time in the order in which they will make the

greatest improvement in the "goodness of the fit". The

routine also decides which variables are determinable

and does not add the indeterminate variables to the fit.

The user weights his data according to the expected

2
accuracy of his measurements,Avi, choosing wi « (Avi)_ .

The program normalizes the weights so that the average

weight, w., is equal to one. If for the ith line
l —_

42w 2 XOUT (z Azw.)/(N—m)
i i i i

where A1 is the deviation between the observed line

frequency and the calculated frequency, N is the total

number of nonzero weighted lines and m is the number of

independent variables in the fit, that line's Weight will

be set to zero during the next iteration. It has been

observed that a good value for XOUT for our data is

approximately 12.



CHAPTER III

REDUCTION OF SPECTRAL DATA

Spectral data "originate" in the form of a voltage

signal from the detector circuit of the spectrometer,

whose relative amplitude is a measure of the absorption

of infrared radiation by the gas under consideration.

The voltage signal, recorded as a function of frequency,

traces out the spectrum, which for asymmetric-top mole—

cules consists of hundreds or thousands of "lines",

many of which overlap in a complicated fashion. In the

past these absorption "lines" were recorded on paper

strip charts along with Fabry-Perot equal frequency

spaced fringes of visible light generated §multaneously

17
in the spectrometer. The line centers were measured

from the paper by utilizing a fairly complicated optical

display.18 No pre-processing of the raw spectral data

was done except that done by the amplifier through RC

smoothing.

With the recent addition of a PDP-l2, a Digital

Equipment Corporation minicomputer, to our laboratory,

32



33

processing of the raw data before measuring line centers

became possible. That is, the raw data, after RC

smoothing,are digitized and recorded in digital form

on magnetic tape under the control of computer software.

Then under the control of the operator the computer is

used to adjust the baseline and remove any anomalies in

the data. The data arealso smoothed digitally by the

method of least squares. The above steps prepare the

data for deconvolution, which enhances the spectral

resolution, presently by as much as 2.5 over the original

data. The method employed is a modification of one

developed and used for resolution enhancements of a

much lesser degree by Van Cittert19 and Burger and

Van Cittertgo'21

The spectral lines in the deconvoluted data can

then be measured using a combination of the data manip-

ulating "power" of the computer and the knowledge and

judg'f '2 of the scientist. A computer program has been

written to display simultaneously,the lines,along with

a mirror reflection and their difference. Based on the

symmetry of the above information the scientist chooses

the line centers.

The remainder of this chapter will deal in more

detail with the theory and application of these oper-

ations. The following chapter will deal with the method
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of deconvolution.

If the spectra are to be deconvoluted, they must meet

some basic criteria, i.e.

a) the signal to noise ratio should be greater than

200:1 after RC and digital smoothing,

b) the 100% absorption and 0% absorption levels must

be fixed to known values,

c) the full width at half height, (FWHH), of single

lines must each contain a sufficient number of

data points, e.g. approximately 30 points for a

resolution enhancement of 3.

If the data is not to be deconvoluted, less stringent

restrictions can be set.

Acquisition of Data
 

Since the spectrum is obtained nearly linearly in

time, it is simplest and sufficient to sample the data,

via the analog-to-digital converter, linearly in time.

The time between samples is chosen to yield the number

of samples—per-FWHH required. However, were we able to

do so, we would sample at exactly equal frequency inter-

vals. We depend on the frequency of the spectrometer to

be changing linearly in time over a range much greater

than the FWHH of a single line.

The voltage signal to be sampled is zero offset and
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electronically amplified such that its range is within

that required by the analog-to—digital converter, i.e.

-l to +1 volt.

Before recording the spectrum, the operator should

record the "zero" signal, i.e. 100% absorption, and again

whenever a change in that zero is made. This information

is required for adjusting the baseline.

Noise or Error in the Data
 

Noise or errors in either coordinate of a data point

affects smoothing, deconvolution, etc. The sources of

noise or error are different for the two coordinates.

The method of driving the monochromator in our spectro-

meter is the greatest source of error in the abscissa

of the data points, is only partly random in character,

and tends to become worse at the slowest drive rate.

Therefore, it ultimately determines what the longest

observation time may be.

Noise in the ordinate of the data points is elec-

tronic in nature and mostly stems from the detector

circuitry and the associated electronics. The latter

noise is generally "white" in character and can be de-

creased by increasing the period of observation. Noise

whose frequency is much higher than that of the signal

can be averaged out, whereas noise whose frequency is
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similar to that of the signal, cannot be distinguished

from it.

A third source of noise is regular in character

and comes from 60 Hertz power and 90 and 450 Hertz chop-

pers found in and around the spectrometer. Noise of this

character becomes a problem when the data is sampled at

regular intervals, for it can then be folded into the data,

becoming a false signal of frequency less than F/2 where

F is the sampling frequency. This signal is commonly said

to come from aliasing of Nyquist folding.22

Smoothing of Data
 

To average out the high frequency noise, we use

a combination of RC filtering and digital smoothing.

Averaging of repeated runs has not been possible because

our monochromator is not driven sufficiently linearly

and reproducibly.

Stewart23 has given a good introduction to the effects

of RC smoothing on individual lines, as well as references

to other work on the subject. The principal effects include

loss of height, increase in FWHH, drag of the peak, and

asymmetry in the shape of the line. Edwards and Strome24

have made a careful study of these effects for both

Gaussian and Lorentzian single lines, as well as the

effects on doublets. They conclude that the optimum
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value of RC is near 0.1 FWHH of single lines, independent

of whether or not the data is to be digitized and that

if the data is to be digitized the optimum RC value is

independent of the number of samples per FWHH.

Digital smoothing is easily done by convoluting a

"smoothing function" with the data. The "smoothing func-

tion" chosen may drastically alter the result,e.g. one

may obtain any derivative of the data by selecting the

appropriate function (see Appendix IV). To maintain the

symmetry of the original data and a point for point cor-

respondence between the original data and the convolved

result, the "smoothing function" must be symmetrical

about a single point in it.

We have chosen to use a smoothing function which

gives us the same result as obtained by fitting the data

by the the method of least squares to a running cubic

polynomial, i.e. for the ordinate of each data point,y,

is substituted b0, whose value is determined by fitting

the equation

_ 2 3
y — bO + blx + bzx + b3x

to the spectral region immediately surronding that data

point. This operation, as done by convolution, requires

that the data should be linear in the abscissas over the

range which the fitting is done(see Figure V).

In a study of the effects of digital least squares
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Fig. V. Smoothing Function For a 13 Point Smooth.
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The numbers, Ci’ (referred to as convolutes) are

convoluted with the data to be smoothed; the result

will be a least squares fit to a cubic polynomial about

each point, provided the points are equally spaced in

the values of the abscissas.
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smoothing of calculated Gaussian and Lorentzian single lines,

calculated doublets, and observed lines, we25 have shown

that the most important parameter is the smoothing range

compared to the FWHH of the lines and that the optimum

value of the smoothing range is about 0.7 FWHH. In addi-

tion we have shown that multiple smoothing by successive

least squares fitting to a shorter range cubic polynomial

is no longer a least squares fit to a cubic polynomial,

and is less effective in improving the signal to noise

ratio. than a single least squares fit to a polynomial

of the proper range.

To reduce the amplitude of aliased frequencies we

have chosen to multiple sample, i.e. average 2n rapidly

but equally spaced samples into one digitzed data point,

which is then stored on the magnetic tape.

The methods of smoothing just discussed will reduce

high frequency noise. For low frequency noise, such as

drift due to detector response, we use a method of ad-

justing the baseline.

Base Line Adjusting_
 

Our data is absorption spectra and therefore the

baseline corresponds to zero absorption or 100% trans—

mission. This means two things. First of all the 100%

absorption level must be known, since it can not be

obtained directly from the data, and this level will

remain unchanged throughout the experiment as long as
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the amplifier "zero" or offset is not changed. Secondly,

changes in the baseline, which occur due to changes in

detector response, source intensity, and other sundry

causes, affect the "gain" of the signal, and so, must be

compensated for by changing the gain in the digitized data.

Once the data is in digital form "zero" and 100%

absorption must be defined in terms of numbers. For

convenience of calculation as well as need for precision,

we have chosen "zero" to correspond to 0000 (010) and

8

100% absorption to correspond to 20008 (1024 There-
10)'

fore absorption lines actually appear as peaks in the

data and henceforth will be treated as peaks.

After the data is recorded, the difference between

the 100% absorption octal value recorded at the beginning

of the run and the octal number 20008 must be added to the

data. And then the "gain" of the data must be changed

in a continuous way so that the base line of the spectra

is set to zero. The computer program which can do this

operation is written so that a variable, t, whose'value

can be changed continuously by the Operator by turning

a knob while viewing the data, alters the data values

by the formula

y' = 2000 - (20008 + t)(20008 - y).
8
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In this fashion, slow changes in the baseline of the spec-

tra are easily removed. Since at times it is oftenyvery

diffisult: for a physicist to tell where the baseline

of a spectrum is, it is impossible to have the computer

automatically determine it.

In practice, first the zero level, then the gain

should be corrected before Smoothing digitally is done,

so that any "staircasing" due to roundoff errors and

other minor errors which creep in while correcting spu-

rious data values will be smoothed out. After these

operations have been completed accurately, the spectrum

is ready for deconvolution.

Deconvolution
 

The radiation signal, as it passes through the spec—

trometer, is changed by the spectrometer. In effect one

can represent the spectrometer with its slits and optical

components by a function which is convolved with the

spectrum. The electronic components in the system likewise

alter the voltage from the detector and can be represented

by a function convolved with the spectrum. The end

result is that the true spectrum is observed convolved

with numerous other functions representing the components

of the system. The convolution of these "numerous other

functions" together, quickly takes on a Gaussian character
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and is called the instrument function.26

Originally our purpose in deconvolution of the spec-

trum was to remove this instrument function from the

spectral data and thereby enhance the resolution of the

27 have found that onedata. More recently we and others

can actually enhance the resolution of the spectrum by

using a function which is greater than just the instrument

function and includes doppler broadening, etc.

Numerous methods of deconvolution have been proposed

and used with moderate success. Resolution enhancement

of a factor of approximately 1.4 is apparently obtainable

by most of the methods. Since Jansson and the Florida

State University group28 obtain resolution enhancement of

approximately 2, we have adopted and improved their

method for our minicomputer and can now obtain a resolu-

tion enhancement of approximately 2.5. The method is

described in detail in the next chapter.

Measuring Line Centers
 

After the data is deconvoluted the centers of the

spectral lines are measured and transformed into wavenumbers

for fitting to a Hamiltonian. When the lines are well

resolved, numerous methods of measuring the lines work.

For partially resolved lines, it has generallly been

found not possible to give the computer sufficient
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criteria to automatically measure the line centers.

The program developed and written by Hurlock and

Hanratty29 to measure the lines, displays the spectral

region under consideration and that same region reversed

about the center of the screen. The operator decides

where the line centers exist using the symmetry of the

display as well as difference between the line and its

reverse, which can also be displayed, as criteria. The

measurement is made in terms of the nearest half separa-

tion of points (see Figure VI).

The Fabr y—Perot fringes are measured automatically

by the computer program simply from using an a-priori-

separation and minimizing the difference between the line

and its reversal. If the fringes are properly calibrated,

the program transforms the measurements of the infrared

lines directly into wavenumbers.
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Fig.VI. Measuring Line Centers by Line Reversal.

 

 

Upper Traces: The region of the spectrum selected by the

operator and that same region reversed

about the cursor.

Lower Trace: The difference between the region and that

region reversed.



CHAPTER IV

DECONVOLUTION OF SPECTRA

As described in the previous chapter, the observed

spectral lines consist of the "real" spectral lines

convolved with a number of other functions. Calling

W the "real" spectrum, S the observed spectrum, and A

the convolution of these "other" functions, we can write

(I)

S(y) = f W(x) A(y-x) dx = fw A (IV-l)

We desire to solve Eq.(IV-l) for W, that is to deconvolute

S. Theoretaically this can be done most easily by

dividing the Fourier transform of S by the transform

of A and transforming the result back. In general,

the results of such an operation on experimental spectra

have been unreliable.

In the recent years a number of people, Ref. 28,

30,31,32,33, and 34, have tried with success different

methods of pseudo-deconvolution. In these methods the

solution to Eq.(IV-l) is obtained indirectly by an

iterative method without transforming the functions.

Of these methods, the one used by Jansson, Hunt and

Plyler28 seemed to be most successful, yielding the

45
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greatest improvement in resolution.

Van Cittert Method
 

Jansson et.a1. adopted a method developed by van

19 which is based on the Fredholm solution toCittert

integral equations of the first kind. Jansson altered

van Cittert's method by adding a variable over-relaxation

parameter which,in effect, added boundary conditions to

the solution, i.e. he constrained all ordinate data values

to remain within a given range,viz. 0% to 100% absorption.

We have studied Janssonds method in detail,. especial-

ly in relation to Gaussian shaped lines, and have found

ways of improving and extending the method.

In van Cittert's method the first approximation of

W in the solution of Eq.(IV-l) is Wl = S. The second is

w2 = wl + (s - fA WI)

The nth_is

wn = wn_l + (s - fA wn_l) (IV-2)

which can be written as

= — - I coo _.Wn nS n(n l)Sl/2’ + + Sn-l (IV 3)

where

S1 = fA Wl

Sn = [A Sn-l = fS An—l

A = A , A = fA A
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Eq.(IV-3) can also be written as

Wn = fW Xn (IV-4)

where

Xn = nA - n(n-1)Al/2! + n(n-l)(n-2)A2/3! + --- + An-l

It is proved by Burger and van Cittert21 that if

|1 - JAI < 1 (IV-5)

then

Wn + W as n + m

where JA is the Fourier transform of A. This in turn

implies that Xn behaves as a delta function as n + w.

The condition, Eq.(IV-S), is satisfied by Gaussian shaped

lines as well as by our spectral lines. Hence, the method

should theoretibally' work for deconvoluting our spectra.

In Figure VII we give an example of the function

A = exp(-x2) = X1 and its related functions X2 and X5.

Note the negative lobes which appear in the latter func-

tions. When using this method to deconvolute,similar

lobes appear in the early iterations for the approx-

imation of W, e.g. in W5. When deconvoluting a Gaussian

line, S, using a Gaussian function for A, we have found

that if the half width of A, A is less than approx-
A!

imately .7 AS, the lobes do eventually disappear. But

as the half width of A approaches that of S, then even

in numerous iterations, the lobes do not disappear (see

Figure VIII), thereby limiting the resolution enhancement
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X and X for X = A = exp(-x2).Fig.VII. The Functions X 2, 5 1ll

     
   ‘J\ 41, 417‘-

5

Fig.VIII. Results of Deconvolution by van Cittert's Method.
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possible by this method.

35
Jansson ’added to Eq.(IV-2) a variable over-relaxa-

tion factor, here denoted by a, so that Eq.(IV-2) becomes

W

n

wn_1 + a(S - fA wn_l) (IV—6)

In numeric notation this becomes

J=m

Wi(n) = Wi(n-l) + n(yi)[Si - ji-m A_jWi+j(n-l)] (IV-7)

where yi = Wi(n-l).

Jansson: chose

a(yi) = b(l.0 - 2.o|yi - o.5|) (IV-8)

where "b" is a selected constant. The triangular shaped

function, which is plotted in Figure IX, forced the data

ordinate values to stay within the real experimental

boundaries, i.e. 0 S yi S 1.

Adding the boundary conditions enabled Jansson et.

al.28 to obtain resolution enhancements near a factor

of two without the negative lobes showing up. In fact,

they increased the resolution of their data beyond the

opticalf’,,- resolution limit of their spectrometer.27

We also observed that we could enhance the resolution

of our spectra beyond the limit for our spectrometer.36

The next question is what is the maximum resolution

enhancement possible in practiee and can it be success-

fully obtained for real spectra?
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Maximum Resolution Enhancement
 

It is quite easily shown that a Gaussian line

convoluted with another Gaussian line is a Gaussian.

The relationship between the line widths at half heights

for Eq.(IV-l) when S, A, and W are Gaussian lines is

easily found to be

A /A = [1 - (A /A )21'3 (IV-9)
s w A s

where AS, A and AW are the FWHH for S, A, and W respec-
A,

tively. We shall define the resolution enhancement to be

AS/AW. From the plot of Eq.(IV-9) in Figure X, one can

readily see that for large values of AA/A the maximum8'

resolution enhancement wiD.be limited by the precision

of the ordinate values of the data. That is, when AA/As

is approximately 0.95 a 2% change in that value can make

a 20% change in the resolution enhancement. It should be

noted that the largest value AA/As can be is one. If

AA/AS should exceed one,then for lines in the spectrum

which are singlets, i.e. separated from all other lines,

the deconvolution process will diverge, and for lines

which are very close to one another, i.e. so that there

combined half width approaches the:ha1f Width of A, the

deconvolution process will yield a narrow single line.

(A 2% change in AA/AS is not unexpected in our data and

in fact for a run which covers several 100 cm-1, changes



  
  
  
  
 

F
i
g
.

X
.

M
a
x
i
m
u
m

R
e
s
o
l
u
t
i
o
n

E
n
h
a
n
c
e
m
e
n
t

f
o
r

G
a
u
s
s
i
a
n

L
i
n
e
s
.

=
[
A
W

-
F
W
H
H

o
f

o
b
s
e
r
v
e
d

l
i
n
e
,

S

F
W
H
H

o
f

d
e
c
o
n
v
o
l
u
t
i
n
g

f
u
n
c
t
i
o
n
,

A

F
W
H
H

o
f

r
e
s
u
l
t
i
n
g

1
i
n
e
,
W

I II II

tn :11 st 3

. <1 <1 <

_
_

2
-1
,

A
S
/
A
w

—
[
1

(
A
A
/
A
S
)

1

 
 

.
9
5

.
9

.
8

.
7

.
6

.
5

52



53

in AA/AS by more than 10% can occur because the grating

in our spectrometer is driven linearly in angle and not

in frequency. Also variations in the half widths of the

spectral lines of approximately 5% can be seen over a

frequency range of 1 cm.1 which is caused by the driving

train of the monochromator.

Even though our spectral lines are not purely Gaussian

in shape, Eq.(IV-9) gives an upper limit to the resolution

enhancement possible by the method of deconvolution we are

using. In actual practice we have obtained reéolution

enhancements of approximately 2.5. This has been possible

after making several changes in the methdd used by Jansson

et.al. which we have adapted to our minicomputer.

Point Simultaneous vs. Point Successive Deconvolution
 

The summation in Eq.(IV-7) is over only data points

from the previous iteration and is referred to as a point

simultaneous method. JanSSOn chose to modify the method

in orderrto obtain faster convergence and to save memory

space required for the program in the computer,so that

instead of Eq.(IV-7), he used

J=-l

j—-m

j=m
_ Z A .W. . -l IV-10‘j=0 -3 1+3(n )] ( G
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which is referred to as a point successive method.

The two methods as given by Eq.(IV-7) and (IV-10)

behave quite differently. Because the point successive

method involves an integral over results from both the

last iteration and the present iteration,it tends to

conserve the area from iteration to iteration under the

curve Wn nearly independent of the value of b in Eq.

(IV-8). As one approaches a peak thetmfifluxichanges the

ordinates to increasing values, thereby increasing the

area under the peak. That increased area is then added

into the summation for the next data point, resulting

in a proportionately smaller change in its value. Hence

the centroid of the peak is moved to decreasing abstissa

values.

The first few iterations move the peak centroid

away from its true value; later iterations, as conver-

gence is approached, move the peak centroid back towards

its true location. For large values of b this peak cen-

troid motion can be quite large. If the number of iter-

ations is not sufficient for convergence, the true peak

centroid may remain offset from that of deconvoluted

result as shown in Figure XI. Figure XI shows a triplet

which has been deconvoluted by a point successive method

superimposed with the original triplet which is symmetrical.

Also apparent in the figure is the change in symmetry
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as the area of the whole multiplet was shifted to the

left.

The point simultaneous method conserves peak cen-

troids throughout the many iterations, but does not con-

serve the area under the peaks. That is, for large values

of b in Eq.(IV-8), the area under the curve Wn can be

drastically different from that of the original curve, S,

and the area may be set into wild oscillations in magni-

tude from one iteration to another. To prevent such

oscillations from beginning, small values of b must be

used, and as a result more iterations are required to

obtain convergence. we have found additional ways of

changing the method, such that the oscillations are reduced.

Quadratic Relaxation
 

The discontinuity in the triangular over-relaxation

factor given by Eq.(IV-B) tended to increase the proba-

bility of oscillations. By changing the shape of this

factor from triangular to quadratic, i.e. by using

6(yi) = 4b(yi - yi) (IV—ll)

and thereby eliminating the discontinuity and flattening

the "top" of a, larger values of b could be used, resulting

in faster convergence. Figure IX,page 50, demonstrates

the shape of this function.
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The value of a which is used to determine the value

of the data point Wn from Eq.(IV-7),corresponding to the

point marked x,on the Figure is as shown. The value of

y in Eq.(IV-ll) is the ordinate value at the point to

be calculated taken from the result of the previous iter-

ation. Hence the curve of the spectral line shown in the

Figure must be that of the function Wn-l for the nth iteration.

Normalization
 

Let us now consider Eq.(IV—7) in more detail. From

Figure XII, a plot of S, W, and fAWl,where A and S are

Gaussian lines, one can readily see that on the first

iteration the direction of change in the ordinate values,

i.e. (S - fAWl), will be wrong between the points p,

where curves S and [AW cross,and q, where curves W and S

1

cross. Eq.(IV-U) will then yield W which passes through

2

point p rather then point q. Since point p is farther out

into the wing of the line than point q is,and because the

value of a increases as one approaches the peak;. of the

line, the area under W2 will be greater than the area

under S.

If one knows point q, then the curve [AW1 could be

scaled before subtraction to pass through point q, and

point q would become an invariant. Since point q should

be in the result of deconvolution, the result of the

first iteration should have a line shape closer to that
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Fig.XII. A Plot of S, W, and [A Wl for Gaussian Lines.

 

 
 

 

 
The curve W2 = Wl + (S 1 [A Wl), which is not shown,

will pass through point p, whereas, it is desirable for

W2 to pass through point q, since q is a point in the

expected deconvoluted result, i.e. W.
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of the desired result, i.e. W, and convergence should

proceed at a faster rate. For Gaussian lines the necessary

scaling factor can be calculated in terms of the resolu-

tion enhancement,for determining W2. But for subsequent

iterations the scaling factor is very difficult to deter-

mine. An alternative to using a scaling factor for the

integral fAW1,J, which has a similar effect, is to scale

W2, or more generally,Wn, to the area of S. The scaling

can be done by the computer at the time of calculating the

next pass and is not difficult to do. In this way, ize:

using Eq.(IV—7) and scaling the results of each pass

before making the next pass, the peak centroids and the

area can be conserved.

Smoothing During the Time of Deconvolution

We have programmed the deconvolution process on a

PDP-lZ computer which has a twelve bit word length. The

original data and the results of each iteration are stored

as a fixed point number whose magnitude is generally

between 0 and 1048 (these values correspond to 0% absorp-

10

tion and 100% absorption respectively). Hence each data

point is truncated before it is stored and truncation

errors show up in the results. These errors appear as

high frequency noise, which do not grow in magnitude

unless large values of b are used. This "noise" does not
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seem to remain "fixed" relative to the spectrum, but

rather changes with each pass. However if the result

of each pass is smoothed or even the result of every

few passes is smoothed, then this high frequency "noise"

is smoothed to lower frequency ripples close to the fre-

quency of the deconvoluted lines. The ripples are enhan-

ced in later iterations or passes and becomes a permanent

part of the result. Therefore we do not smooth the

results between passes except once or twice when close

to convergence.

Conclusion
 

Our goal has been to obtain the maximum resolution

enhancement with dependable results. To do this we need

to use an "instrument function",A, whose half-width is

a few percent smaller than the half—width of the observed

lines, S. Since our spectrometer does not give us a

symmetrical line, we prefer to use the narrowest smooth

singlet which appears in the observed lines and has the

characteristic line shape. This line can be made narrower

by deconvoluting it with a narrow Gaussian function.

The spectrum is deconvoluted using point simultaneous,

EQ-(IV-7), quadratic over-relaxation, Eq.(IV-ll), method

with normalization of the results between each iteration

and smoothing of the results at completion of approximately
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the sixth iteration and the twelfth iteration when con-

vergence is nearly reached. Small values of b are used

to keep the results from"blowing up: i.e. 3,1,l,l,6,l,l

etc. Resolution enhancements of approximately 2.5 have

been obtained with reasonable results.



CHAPTER V

DATA ANALYSIS

The spectra of HDS and D28 were recently run in the

1 to 3930 cm‘l, which includes theregion from 3520 cm-

(1,0,1) and the (0,2,0) bands of HDS and the (2,0,0)

and the (1,0,1) bands of D23, as well as some weaker

bands which have not yet been identified. These spectra

have been digitized and recorded on magnetic tape, digi-

tally smoothed, baseline adjusted, and deconvoluted by

the methods outlined in Chapters III and IV. The lines

are now in various stages of measurement and analysis.

Figure XIII is a picture of the Q-branch of the

(1,0,1) band of HDS mentioned above as it appears before

and after deconvolution. It is typical of the resolution

enhancement we obtain by deconvolution on the minicomputer.

The line width of the original spectrum is approximately

0.05 cm-1 and that of the result after deconvolution is

approximately 0.02 cm-l. The maximum resolution for the

grating in this region is 0.024 cm-l; but the measured

maximum rESOlution for the grating is only 70% of the

37

theoretixmfli resolution. Hence the deconvolution has
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narrowed the line width beyond that theoretically pos-

sible for the grating. This implies that we have also

removed by deconvolution part of the Doppler and collision

(pressure) broadening effects.

The computer programs ICDFIT, ISPECFIT, and SPECFIT2

have been used in the analysis of infrared spectra which

were run before we could digitally record spectra. We

include in this work three ofthose bands, viz. the

(2,0,0) (Te-H stretch) band of the prolate molecule HDTe

and the Coriolis coupled bands (1,0,0) and (0,0,1) of the

oblate molecule H28. The HDTe band was run by N. K.

Moncur and the H28 bands were run by the author. The

running conditions for all of the these bands are listed

in Table V. The assignments of lines for these bands

was done by Prof. T. H. Edwards and so only the results

will be included here.39’4O

The (2,0,0) Band of HDTe
 

The HDTe band contains absorption lines of the five

different isotopes of Te, viz. 130Te, 128Te 126Te 125T

124T

I I er

and e. Over 900 transitions were identified and used

to determine the molecular constants both from combination

differences and from line fits. The data from each isotope

was first fit separately and then the data for all of



Table V.

Grating

Calibration

Detector

Date of Run

Source

Pressures(torr)

Path Length

Chart Resolution

Calibration Fit

Temp. of Gas

65

Experimental Conditions.

H23 (370 - 32.50)

v and v
1 3

300 groves/mm

1§E_Order

Single Pass

N 0 (1,2,0)

H 1 (1-0)

PbS-type P

@770K

#1 Chart IR-8/21/67

#2 ChartIIR-8/23/67

Carbon Rod

27700K

#1 - 50,60

#2 - 54

6.4 m

Multiple Traverse

Cell

20.09 cm‘1

0.002

250C

HDTe (51O - 460)

2V1

300 groves/mm

2nd Order

Sifigle Pass

HCl (2-0) 3rd Order

CO (2-0) an_0rder

PbS-type O

#1 Chart 2-3/18/73

#2 Chart 5

300 watt

Zr Arc

3.5 mixture

2.6 for HDTe

6.6 m

White Cell

20.03 cm-1

-500C
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the isotopes were fit simultaneously.

We have obtained a very good fit of the ground state

combination differences for molecular isotope HD13OTe

for each of the three Hamiltonians given in Chapter I.

The prolate form of the planar Hamiltonian, Eq.(I-3) was

used; the KFC Hamiltonian, Eq.(I-S), with T6 = 0 and

H6 = 0 was used; and the Watson Hamiltonian, Eq.(I-6),

through second order was used. Each of them fit the data

1
to approximately 0.004 cm_ , but the planar Hamiltonian

converged to the fit in the second iteration through the

fitting process (see Chapter II, p.26), while the other

Hamiltonians required more iterations. The constants

obtained from the planar fit and the KFC fit are listed

in Table VI.

The transitions and the ground state combination

differences for all of the isotopes were fit simultaneously

by the method described on pp.27-28 to the Watson Hamilton—

ian to second order constants. We found that the iso-

tOpes could be simultaneously fit by allowing a quadratic

dependence of v on mass , a linear dependence of the
0

rotational constants on mass, and treating the coefficients

of the fourth—power angular momentum terms to be indepen-

dent of mass. The coefficients of the sixth-power angular

momentum terms were not found statistically significant.

A very good fit of the 917 identified transitions was
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Table VI. Ground State Constants of HDl3oTe.

Planar . _1 KFC Hamiltonian -1

Hamiltonian cm T6: 0 cm

A 6.16896 1 0.0002* 2 6.16952 1 0.0003

B 3.11061 1 0.0003 2 3.11072 1 0.0003

0 2.04217 1 0.0002 2 2.04168 1 0.0002

Taaaa —0.000902 1 0.00001 11 -0.0000585 1 0.000005

Tbbbb -0.000227 1 0.00002 12 -0.000013171 0.0000005

Taabb 0.000029 1 0.00004 53 -0.0002248 1 0.000003

Tabab -0.001124 1 0.00003 14 —0.000101 1 0.00001

65 -O.0004964 1 0.000009

K =-0.482

Total # of Points Fit =249

Standard Deviation of Fits=0.004 cm"1

*95% Simultaneous Confidence Interval equals four times

the standard errors of the coefficients.



Table VII.
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Molecular Constants for 2v

1
of HDTe.

130
All isotopes were fit simultaneously relative to HD Te.

 

 
 

Watson Ground -1 Upper

Hamiltonian State cm State cm

~*

Z 6.169355 1 0.0005 5.838694 1 0.0003

7*
X 3.110844 1 0.00024 3.110497 1 0.00045

”‘k

Y 2.041369 1 0.00034 2.005928 1 0.00024

51 —O.00003478 1 0.0000024 -0.00003438 1 0.000002

Dz —0.0004951 1 0.000009 -0.0004984 1 0.000008

D3 0.0003055 1 0.000008 0.0003104 1 0.000006

D4 -0.00002185 1 0.0000025 -0.00002178 1 0.000002

D5 —0.0003081 1 0.00001 -0.0003034 1 0.00001

62 0.000433 1 0.00008 0.000399 1 0.00006

x

E 0.000347 1 0.00014 0.000333 1 0.00014

5y 0.000201 1 0.00007 0.000196 1 0.00007

v 4063.971 1 0.0026

0 0

gm 0.1100 1 0.002

gmm 0.0009 1 0.0004

Total # Lines Fit = 917

1

Standard Deviation of Fit 0.0035 cm-
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obtained, viz. =0.0035cm-l. The assigned transitions

are listed in Appendix V and the constants obtained for

the fit are listed in Table VII. The mass dependence,

Am, as required for Eq.(II-lO) is given by

Am = 130 - atomic weight of the Te isotope..

The conStantEX is the variation in X*, whereas Em is the

linear mass dependence of the band center.

 

The (1,0,0) and (0,0,1) Bands of H38

In contrast to the HDTe spectra, only lines due to

H2328 were analyzed in the Coriolis coupled (1,0,0)-

(0,0,1) bands? Since H28 is an oblate molecule,the IIIr

representation was used. The planar Hamiltonian was

evaluated in this representation and used to fit the

coupled states. Attempts were made to fit the ground

state combination differences to the Watson Hamiltonian

and to the KFC Hamiltonian with T6 = 0, but they were

not successful, apparently implying that the condition

given in Table II, i.e. X # Y, is not met to the order

of magnitude necessary (see comment on p.9), Hence the

reason for using the planar Hamiltonian. Table VIII

lists the constants obtained for the two bands and

Appendix VI lists the assigned transitions. The ground

state constants given by Snyders. were used in fitting

the transitions.

 

+See Figure XIV.



 

 
 

Table VIII. Molecular Constants for v and 03 of H S.

Planar v —1 -l

Hamiltonian 1 cm 3 cm

*

UO 2614.41361 1 0.006 2628.5473 i 0.06

A 10.20408 1 0.005 10.145 1 0.009

B 8.88882 1 0.005 8.926 t 0.004

C . 4.66161 1 0.002 4.670 t 0.003

T -0.0079 1 0.0001 -0.0063 1 0.0007

aaaa 28

Tbbbb -0.00476 1 0.00007 -0.0043 1 0.0004

Taabb 0.004578 1 0.00007 0.005 1 0.001

Tabab -0.001405 1 0.00006 -0.0023 1 0.0006

HK --5.5x10"8 1 0.4x10'8 -1.5x10' 1 0.6x10‘7

# Lines 194 60

Coriolis Constants:

G2 0.05 1 0.04 cm—

G -0.269 1 0.003 cm"

XY

Total # Lines Fit: 254

Standard Deviation of Fit= 0.006 cm—1

*95% Simultaneous Confidence Interval equals six times

the standard errors of the coefficients.
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CHAPTER VI

CONCLUSION

This work described the vibration-rotation Hamiltonians

recently developed for the asymmetric-top molecule and

outlines how they can be used in fitting observed mole-

cular infrared spectra for molecules of any symmetry what-

soever. Computer programs were written which put this

theory into practice for observed data. The programs

were then used to successfully fit three different Ham-

iltonians to the ground state energy levelrdifferences

of the prolate XYZ molecule, HDTe, The Watson Hamil-

tonian was used to fit simultaneously all five of the

molecular isotopes which were observed in the (2,0,0)

band of HDTe. The planar Hamiltonian was used to fit

the Coriolis coupled (1,0,0) - (0,0,1) bands of the oblate

XYX molecule, H28,

With the number of Hamiltonians now available to the

infrared spectroscopist the "best" Hamiltonian for differ-

ent molecules may have to be found. We have not found

advantages in using the "reduced"Hamiltonians,as compared

with using the planar Hamiltonian, for triatomic mole-

cular spectra. In fact the planar Hamiltonian has the

72



73

advantage of not having the restrictive conditions on

the rotational constants and also fits the observed data

as well, if not better than do the "reduced" Hamil-

tonians and uses fewer constants to make the fit. Using

several Hamiltonians to fit the same data may be help-

ful in finding lines which are incorrectly assigned.

This work also outlined in detail a process of

digitally smoothing and deconvoluting spectra, which was

programmed on a PDP-lZ minicomputer. A number of inter-

esting improvements were made in the method of deconvolu-

tion among which are"quadratic over-relaxation," desira-

bility of point simultaneous deconvolution, and normal-

ization in deconvolution. Infrared bands of HDS and

D28 were processed by the minicomputer using the programs

developed, and enhanced the resolution of the spectra of

those bands by as much as 2.5 over that of the original

data.

All of the computer programs for the minicomputer

were written in assembly level language so that the full

power of the computer could be utilized. The programs

are capable of processing large volumes of points in a

reasonable length of time, e.g. approximately 45 minutes

per pass for 225,000 points in the deconvolution process.

The data can be monitored continuously by the operator

during all operations. He can take full control over
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the value of every data point in every step of an operation,

or he can allow the program to automatically control the

operation.

These programs should facilitate the finding of new

methods and the best procedure in the deconvolution pro-

cess. Currently ten to thirteen iterations are necessary

for convergence in deconvolution; with the right procedure

this number of iterations may be reduced. The minicom-

puter facility,if properly used, could be developed into

an even more useful tool.
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APPENDICES



APPENDIX I

NONVANISHING ANGULAR MOMENTUM

MATRIX ELEMENTS

Listed below are the nonvanishing matrix elements

for the angular momentum operators of the various

Hamiltonians evaluated in the symmetric top basis w(J,K).

11/2 [f-K(Kil)]l5<K|P lKil>
X

<K[Pleil> = 1/2 [f-K(Kil)];5

f = J(J+l)

j = f—K2

gt: ((J;K—1)(J;K)(J:K+1)(J:K+2)]l5

mi: [(Jxx-z)(J¢K+3)(J;K-3)(J:K+4)];‘gi

The diagonal terms, <K|xllK> where x1 is equal to:

P2 = K

p; = p: = gj

P2 = f

P: = K2

(pip: + ngj) = (pip: + Pipi) = jK4

78
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4 _ 4 _ .2_ . 2
Py _ PX — (33 23+3K )/8

P4 = f2

P4 = K4

2

P2P2 = sz
2

(P2P 2 + P2P 2) = (P2P 2 + P2P 2) = sz

x z z x y z z y

2 2 2 2 _ .2 . 2
(PXPy + PyPX) — (j +23-3K )/4

P2(P2 — P2) = o
y

P; = P: = (5j3-10j2+25jK2+8j-20K2)/16

P6 = f3

P6 = K6
Z

P4P2 = f2K2
2

P2P4 = fK4
Z

2P 4 4P2 _ 2P 4 4P 2 _ 2 .2_ . 2
(PZPy + PyP z) — (P2Px + PXP z) — K (33 23+3K )/4

2P 4 4P 2 _ 2P 4 4P 2 _ .3 .2_ . 2_ . 2
(PXPy + PyPx) — (PyPX + PXPy) — (3 +63 193K 83+20K )/8

2P2P2 2P 2P _ 2 2
(PXP zPy + PYPPz i) - %j 2K2-[<K+2> 9+ + (K- 2)2g_21/8

The off-diagonal terms, <K|X1|Kiz> where x1 is equal to:

(PP +PP)

x y y x

ll

H
-

H
'

\ N L
Q

..
..
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P: =-P: = %(j-2$2K)9i

(P5PP: +P:P;) = ~(PiP Z + P2zPi) = %(K2i2K+2)gi

P2(P: - Pi) =—;5fgi

[P:(P: - Pi) + (P: - P§)P:] =-(K2¢2K+2)gi

P: =-p: = [15j2160jK—70j+105K(Kil)

:125K+136]gi/64

(PiPp; + P3PPi) = -(P:PP: + PiP;)= (j 2q:4j1<+6j--41K2;102K--72)g_/32

(P3PP: + PfiPPi) = —(P:P : + Pip:)= P[K4+(K:2)4]gi

(PipP; + P3PPi) = —(P:P: + P:P2)= 15(K212K+2)[f—(K2:2K+2)]gi

P4(P: - Pi) = ~15f2gi

P2[P:(Pi - Pi) + (Pi-PP;)P:] =-(K2:2K+2)fgi

[P:(P: - Pi) + (Pi-PP;)P:1 =-[K4+(K:2>41gi/2

The off-diagonal terms, <K|xllKi4> where x1 is equal to:

44- _
PY — PX — mi/16

2P 2 2 2 _
(PXPY + PyPX) —-mi/8

P6 = P6 =(3' $12K-20)m /32
y PX J i

2P 4 4P2 _ 2P4 4P 2 _ 2

(P2Py + PyP z) — (PZPX + PXP 2)— (K i4K+8)mi/8

2P 2 2 2 2P 2

(PXP zPy + PszPX)=-(K+2) 2mi/8

4 P2 2 4 4 2 .
= + = _(P2XPY + P;PX) (PyPX PXPy) ( 3+4K+4)mi/16
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The off-diagonal terms, <lel|Ki6> where x1 is equal to:

Py =-PX = [(J¥K-5) (J-T-K—4) (JiK+5)

(JiK+6)]%m+/64

2 4 4 2 __ 2 4 4 2 __ _ _ _
(PXPY + PyPX) — (PyPX + PXPy) — HJ$K_5)(J+K 4)(JiK+5)

(JiK+6)]%m+/32



APPENDIX II

JACOBI METHOD OF DIAGONALIZATION

Consider a Hermitian matrix A, which we desire to

diagonalize

all a12 a13 "° alN

a21 a22 ...

A = a3l o o o

aNl  
If for i # j, there exists an Iaijlmuch greater than any

other off diagonal element, we may neglect all but ai.

and diagonalize the two by two matrix

aii aij cl b

a.. a.. b* c

31 JJ
2

The eigenvalues of a Hermitian matrix are given by

Determinate (a - A Y ) = O (A-II-l)
mn r mn

The eigenvectors are given by

n2 - ArYn£)S£r = 0

82
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1r

2r

m
m

where is the eigenvector.

 U
)

0
0
0

 
Nr

It then follows that the unitary transformation matrix is

  

S11 s12 s13 "' SlN

s21 S22 "'

S = 531 no.

SN1

which diagonalizes A, i.e. S+A S = D where D is the matrix

of eignvalues, which we will denote by A. For our two by

two submatrix Eq.(A-II—l) becomes

_ .. - 'k =
(Cl 1) (c2 1) bb 0

which has the solutions

1 = (c +c )/2 + [(c -c )2/4 + bb*1g5 (A-II-2)
i 1 2 ‘ 1 2

If U is the unitary transformation matrix which diagonalizes

the small submatrix

  

then We get the four equations which follow from diagonal-

ization
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(cl - Aim:i + b8i = 0

(c2 - 1i)8i + b*ai= o (A-II-3)

From normalization, i.e. U+U = l, we get

2 2 _
a+ + 8+ — 1

a3 + a_ = l

*

a+a_ + B+B_ — 0 (A-II-4)

These equations may be solved for d+, a_, 8+, and 8_

except for an arbitrary phase factor. We will choose that

factor so that a+ and B_ are real.

Let us define

-c2)2/4 + bb*] (A-II-5)R = (cl-1+) = (cl-c2)/2 - [(cl

then it follows that

(CZ-1_) = -R

and from Eqs.(A-II-4) and (A-II-5) we get

m

+

II -Ra+/b

R8_/b* (A-II-6)Q

ll

Using Eq.(A-II-6) and Eq.(A-II-4) we get

Q

II+ s_ = (1 + RZ/bb*)%

*

e = -a_ = -(1 + Rz/bb*)%R/b (A-II-7)
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In summary:

   

 

 

   

  

c b A O a -8 c b a 8

U1. 1 U: + = * i 'k

b c2 0 A_ B a b 02 -8 a

where

1+ = cl - R

1_ = c2 + R

a = (1 + 122/1313)";5

B = aR/b

R = (c -c )/2 - [(c -c )2/4 + bb*]%
1 2 l 2

If the condition a.. is much greater than any

13

other off diagonal element does not hold, one may use

the above method iteratively to find a series of trans-

formations, each of which will cause the largest remaining

off diagonal element to go to zero. The iteration can

be carried until the precision desired is obtained. This

is the Jacobi method of diagonalization.

Each submatrix in the diagonalization affects other

off diagonal elements as well as the elements in the sub-

matrix. Let us now derive that effect.
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Consider the 4 x 4 matrix

all a12 a13 a14

A = a21 a22 a23 a24

a31 a32 a33 a34

a41 a42 a43 a44  

Let us choose a rotation involving the a

  

 

l 0 0 O

0 a 0 B _

$1 = I 811:

0 O l 0

O -B* 0 a

so that

*

a11 (“alz B 314)

(da -Ba ) (a -R)
A'=S+AS = 21 41 22

l l a (ma -B*a )
31 32 34

*

(B a21+aa4l) 0

6

24

 

a13

(“a23‘8a43)

a33

(Ba23+“a43)

term. Then

(Ba +da
12

0

 

14)

(Ba32+“a34)

(a44
+R)

Initially the transformation matrix is the identity matrix.

So that initially

_ f

then

+ +
l _

A — SISOASOSl ,

and iterating

+ . _ +
2A 82 - 823

H
-
+

.1.

SOAS S S
A = S o 1 2

 



so that finally

 

_ +
AT — s A s

where

s = 505152"'SN

We see, therefore,

S11 S12

S21 S22
50 =

S31 S32

s41 S42

then

S11

S

_ _ 21
s — 5051 S

31

S41
 

for the case at hand,

S13 S14

S23 S24 ’

S33 s34

S43 S44

(“512’B*514)

(“522'8*S24)

(“S32’B*S34’
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*

“"542"8 S44)

S13

S23

S33

S43

Generalizing from the example we

for a rotation involving the a

(“512'8 Sik)

s! =

Ii

5..

13

{ (Bsi£+asik)

1k
term

if

if

if

j

j

j

if

(8512+“S14)

(8522+“524’

(8332+“334)

 (8542+“344)

get the relations

(1 < k).

II

2
°

II

x
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( o if i = 2,k; j = 1,k

(aPP-R) if i = j = 2

(akk+R) if i = j = k

aij = [ (aa 1'B*aik) if j = 2; 1 ¢ £,k

(BaiP+aaik) if j = k; i # £,k

a3: if i = £,k; j y £,k

L aij if i g £,k; j ¢ 2,k

If computerized, the diagonalization cannot be im-

proved once 1+ and 1_ do not change, that is when

4R — c2

where C1 > c2 and N is the number of bits which store the

'2

mantissa of c2 in the computer. Eq.(A-II-S) can be written

as

R =[(Cl-c2)/2][l - (1 + 4bb*/(cl-c2)2)%]

Since R + 0 as bb* + 0, for small R

N_ * -

R — bb /(c1 c2)

Therefore, the most natural place to stop diagonalization

is when

*

bb < c2(cl-C2)

for all b's.



l)

2)

3)

4)

5)

6)

7)

8)

9)

10)

11)
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The necessary calculations are

BAB bb*

CDF = (cl-c2)/2

R = CDF - [(CDP)2 + BAB]%

(1 + R‘z/BABV!5

mode
 

real

real

real

real

complex

real

real

ALFA =

BETA = (R)(ALFA)/b

cl-R

c2+R

ALFA * S(I,L)-S(I,K) * CONJG(BETA)

BETA * S(I,L)+S(I,K) * ALFA

BETA * A(I,L)+A(I,K) * ALFA

ALFA * A(I,L)-A(I,K) * CONJG(BETA)

complex

complex

complex

complex



APPENDIX III

LISTING OF PROGRAM ISPECFIT



)Rlo34 90 05/03/73

PRDSRAN ISPECFIT 130

CONNDN/BLKp/P(1934O25’1PI(2025)*NP(3’0PH(4925)

COM4DN/3LKAP/API15.501)

CON4DN /PMAK/HAMPVISZIVIBXYDMSPMILPS

COMTDN /BL5/KODATA DBSNO.AVEWHTP NOVARO LNOUTCSIGDIF .NFXT.

1XOUT.!'30EN,IFSTEP.IFPRED,SIGMAY1,DELSIG

DIN:NSIDN IHEAD(10)

CquoN 4(25.25) 5(23. 25),AS(600).JIN(2:2503)PINDEX.NVAR(24.2)pIBN

C044DN/3LK1/PAR 19. 4, ,v 3,.NPAR 24 4

EQJIVA- ENCE (NPAR(1).NPA§1)C(NP4&(49);NPAR2)

EQJ1VA. ENCE (PAR(1)pPARl)o(PAR(20).PGDl) (PAR(39). PARz),(PAR(58),

1PGDZ)

DIN:NSIQN DA7A(36)030NST(30)

CONfloN/3L3/NT(1 09),DELPAR(35)

TYP:(INTEGER HAM

C CONSTANIS 44ICH ARE DEP:NDENT ON THE MAXIMUM ARRAY IN COMMON BLKP

NODATAso

NH84325

JMIVBO 5 JMAX=49

C 35 PARAMETERS MAY BE VARIED

END’HLE SO

END’ULE 51

END’HLE 52

D0 441:1;76

4 PARI!)30.

115 CONTINJE

SIGflRIB.

NFITPI :

C MSPM MUST as GE 1 T0 NRITE oUT MATR‘X ELEMENTS IN PMAxe,ITs VALUE 15 TH: I;

C NUMBER PMA<E NRITES THE MATRIX ELEMENTS ONTO '

Ms=4ho

REAIND 54

REJIND 51

REJIND 52

REA):530.1rHEAD.IPHAM,IrPA1.IFPP1.IPPA2,IFP02.IFNDVAR,IFDATA.IPRT.

1IF=Av, IPPRED. IFCDEN.IFSTEP,IPUEL

500 F0R4AT ( 612)

IPHEAD=J READ HEADING CARD

IFHAM a READ HAMILTONIAN CARD

IFPA1=D RC" 4D THREE GROJND sTATE PARAMETER CARDS

IFPD1so READ THREE ISDTDPE CRD STATE PAR) CARDS

IFPA2=0 READ THREE UPPER sTATE PARAMETER CARDS

IFP02=o READ THREE ISOTOPE UPR STATE PAR) CARDS

IFNOVARRD READ VARIABLE CARD

IFDATASJI READ FREQUENCY CARDS UNTIL END DATA IS FOUND

IPRT=1 PRINT THE ENERGY HATRICES

IFPAv:o.1,2.3 SEE COMMENTS IN FORMEPG

IFPRED=I PRINT PREDICT: D FREQUENCIES FROM REGRESSION ANALYSIS

IFCOENIJ DJ NOT PRINT CjRRELATIoN CUEFFECIENTS IN REGRESSIoN

IFSTEP T 03 NOT PRINT EACH STEP IN REGRESSION

IFUEL=O 55-T UPPER STATE H.s= To LowER STAE H 8

IF (IF4EAD.NE.L) GO To 6.8

O
C
1
0
C
1
C
N
O
¢
3
C
I
O
C
3
O
C
1
C
I
O
C
D

REA):525. (IPEAD(N).N=1,19)

525 F0?4lT(1JA8)



$1.34

698

530

610

623

505

601

506

602

507

603

12

91 05/03/73

CONTTNJE

IF (IFiAM.NE. ) GO T0 613

REA):530;HAM.NFITS.-NDUT.PARFRAC,SIGDIF.XOUT.BDLN.Iso

FDR4AT (315.4E5.o.15I

CONTINJE

IF (HAQIL T91) HAM =1

IF (NFITS. E0. ) NFITS=5

IF (LNJJT. E0. I LNOJT=2

IF (PARFRAC. E0. ) pARFRAc=1. 0

IF (SISDIF. EC..) SISDIF-;.02

IF (XOJT. E0. 4) XOUT=12.

IF (BDLN. E0 0’ BDLN=130

IF (153.50. I Iso=130

IF (IF=41,NE. )00 T0 63

REAazsasi ( PARII.1I.I=1.19I

CONTINJE

IF (IF901.NE. )00 T3 6b1

REAJISIS. ( FAR(I 2I.I=1.19I

FDRIAT (SE15. /6E10 0/1 E8. I

CONTINJE

IF (IF=42, NE. )00 T3 642

REAJISJS. (PARII.3I.I=1.3I v (1I (PARII.3I.I= 4.19)

F0R4AT (4515. /6E10 0/1 E8. I

CONTINJE

IF (IF=02.NE. )00 T3 633

REAJIS D7 .(PAR(I}4).!= 1, 3). V0(2>,v;(3),(PAR(I,4),1:4,19’

FORNPT (SE15. /6E10 0/1 [8 I,

CONTINJE

NVAQKZUI1)=NVAR(23.?)=NvAR(21.1)=NVAR(21 2)::

D0 1? I: 1119

DO 12 J: 20402

IJIJ/z

NvARKI IJ)=

IF (PARII.JII NVAR(I, IJ):1

CONTINJE

IF (IFNOVAR.AE. ) GDTO 6L6

C INDICATEIPARAHETERS T0 VARY

5 5

606;

REA):515.((NPAR(1,J),1:1,24),J=1,4)

FORIRT (2412)

CONTINJE

NGS=0 .

NOVARsl

DO 1P J31, 44

6 1:9.2

IF((FU- L. E0. )GO TO -

IF((!.LY.1U).OR.(I.3+.19))Go To 14

IJ:(J*1’/2

IF((J.EQ.1)GC T0 22

K:J.2

NPARII.J,=NPARII;K,

IF(VPAQ(IPJ).NE.U)NVAR(I.IJ)=1
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GO ID 16

22 K=J62

NPAII1.JI=NPARII;KI+NPARII.JI

14 IFIIOVA?.GT.35INPARII.JI=C

IFIIPA?(!.J).E0.0)GJ To 16

NPA?kI,J):NOVAR $ NDVARzNOVAR*1

IJ=(J+1)/2 S NVARIIIIJI=1

IF IIJ.E0.1IAGS=1

16 CouTIN JE

IF ( VVAR(26:1),0R NVAR(21.1)) o. a

10 NVA?K1.1)=NVAR(2.1)=1

N68

8 IF IIVIRI20.2I.0R. NVARI21.2II 7 6

7 NVAIK .g)=NVAR(2, 2):1

6 COVII J:

LPSISL352= u

N1=VE=3

DO 15 I81.19

IF (NVA?(I.1). E0. 0I30 T0 13

Nlflvnol S NVARII.1)=N1

LPStgl

13 IF (NVARII.2).E0.0) GO TO 15

Ngcvp+1 S NVARII;2I=N2

LPSQFI

15 COVTINJE

IF(IFDAYA,NE. I GO ID 6 4

JMI:h49 S JHAX=

DO I=1. 50 g

3 JIvIIIIO

DO 592 W: 111. Q

C

C READ AVJIPACK IN THE OBSERVED TRANS STIONS

C STORAGE HAS BEEN SET UP FOR 10 0 DITA POINTS

REAJI510. JU, KNU KPU JL. KNL KPL.OBSFRE H.15TQPng, LAST

510 FoqIAT ng. 5I12. XI.12.F2 .6 F6 c.19x.13.65. ABI

IF (JU.3T. JMAX I 1.JMAX =JU

IF JL.ST. JMAX) JMAXaJL

IF JU.LT.JMIN) JMIV=JU

IF (JL.LT.JMIN) JMIVRJL

IF¢.nSI.Eo.8FEND DATA)Go To 503

IND.FJL*JL*JL*KNL*1‘KPL

INDJRJJ*JU+JU+KNU+1vKPU

JIVIl.IVDL)=QIN(2.IVDU):1

wTIIuad _ . .

RRIYE (51) JUIKNUIKDU.JLIKNLIKPIIOBSFRE.NIISTOPIIDIINDU.INDL

2 CONTINJE

5&3 CovTINJE

NOD‘Nquql

IF (JMAX.GT.49) JMAX=49

604 COVTINJE

DELSSG=SIGDIF+1.U

1-COVTINJE

LPS=LP31

IF (IFJEL) GC T0 17

D0 2D I‘lflalg
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PARII.4)=PAR(I:2)

PARIIpS) = PAR(131)

COVTINJE

covTINJE

REHIND 51

REdIND 53

REJIND 52

JBA10334 GRCUND

CAaanca=PAIPAR1,JBAID,HAM.IHEAD.~PAR1 IPGD1.ISO)

IF (SISDIF.GE.DELSISI Go T0 2

IFIVFIT.GT.NFITS) 93 T0 2

J=J4HN

IF ‘J0Lr00) “2”:

C FORM THEIG?3UND STATE ENERGY LEVELS

18

INDEksfi S IBA=1

COVIINJE

IF (J.3T.J4AX) 60 T3 SJ

N=D

JAGAIN:9

JE3:1

NPI53IJ/2+1

NPILfiaJ

ISAlhlVDEX _

CAL.IF3?MEP1 I-I;NMAX.JEO.PAR1.P.NP.CAPPI

IF (IsAV.E0.INDEX) 30 To 28

INDEKaISAV S IER=IP2T

C CALCULAYE D’ERATCR MATRIX ELEMENTS IN J,K SPACE

CAL.I >IAKE IJ.JEO.IMAx.PAR1.P.PI.NPI

C HANG TRANSFDRM IT

CAL.INAVGT (AgN,JED,JAGAIN.NMAXIPAR1.PH,P.N3)

C DIAGONA.HZE THE GROUND STATE HAMILTONIAN

CAL.stDIG (AIIER)

C FORM THEIEX’ECTATION VA-UES 0F YHE P OPERATORS

28

29

CAL.IFJ?MEP1 IIFPAv.NMAx.JEO,PARI.P,NP.CAPPI

JAGRINsl

JE082

NPIEDcJ/Z

ISAIBIIDEX

CAL.[F3?MEP1 I-1.NMAx.JEO.PAR1.P.NP.CAPPI

IF IISAv.Ea.INDExI so To 29

INDEK315AV S IER=IP2T _

IF (JASAIN.EG.L) CA.L PMAKE (J,JEO.NMAX,PAR1.P,PI,NP)

N=0

CAL NAVGT IA.N.JEo.JAGAIN.~MAx.PAR1.PH.P.~FI

CALI Y*DIG (NIIER)

CAL.IFJR~EP1 IIFPAV.NMAx.JEo.PAR1.P.NP.cAPPI

JED=3

NP(33I(J#1)/2

N80

JAGAINan

ISAI~IIDEX :

CAL.IFJRMEP1 I-1;NMAX.J50.PAR1.P.NP,CAPPI

IF (IsAv.E0.INDEx) 30 To 36

INDEKaISAV s IER=IPRT

CAL-I ”WAKE (JIJEOIVMAX,PAR1,P,PI.NP)

CAL-lHAvGT IA.N.JE0.JAGAININMAX,PAR1.PH.PIN?>
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JAG\.IN-1

CAL .BYIDIG (A IER)

CALIFJRMEPl (IFPAV, NMAx,JEO PAR1,P. NP. CAPP)

JEOS4

ISA4:1vDEX ;

CAL.IF3?HEP1 I-I;NMAx.JEO.PAR1.P.NP.CAPPI

IF (ISAV.EQ.INDEX) 30 T0 38

INDEK:ISAV S IER=IPRT

IF_(JA3AIN.EC.D) CA-L PMAKE IJ.JE0.NHAX.PAR1.P.PI.NP)

N=0

CALtHAICT (AINIJEOI JAGAIN NHAX PARI. PH PIN?)

CAL .IvaDIG A IER

CAL .IFJRMEPIIIFPAv,NMAx.JE0.PAR1.P.NP.CAPPI

J=J6

60 T 19

C GROUND STATE ENERGIES ARE DONE AND STORED IN A3

50

C

COVTINJE

INDEFIVDEX

CONTINJE

LPS=LPSZ

INDEksIVDE

JBAVDa34 UPPER

IBN=2

C CALCULATE T45 UPPER STATE ENERGIES

33

CAP°FCA°PAIPAR2.JBAVDIHAM:IHEAD NPARZ .PGDZ.ISOI

IF (NPfi?l22.4).OR.V I IIPRINT197 V? I ).NPARI22:4)

IF INpARIzs 4).0R. v IIIIPRINT108. v: III.NPARI23.4I

IF (NPAR(24 4,.00. v (3))PRINT 109. VS‘S).NPAR(24. 4,

IF (SI3DIF. GE. DELSIS) GO TO 100

IF INFIT. GT. AFITS) 30 To 10

IF (NFIT.EO.AFITSI IFCOEN=1

IF INFIT.EQ.AFITSI IFPRED=0

J=J1HN

IF (J.LT.U) i=1.

CONTINJE

N=0

JAGAIN=D

JEO=1 s NPI1I=J S N°I3I=JIZ+1

ISAISIVDFX

CAL-|F3RMEP1 I-1;NMAx.JEo.PAR2.P.NP.CAPPI

IF IISAV.EC.INDExI so To 40

INDEKIISAV s IER=IPRT

CAL-l =IAKE (J.JEO.VHAX,PAR1.P,PI.NP,

CAL-IHAVGT IA.N.JE0.JAGAININMAx.PAR2.PH.P:N?9

CAL-ISVWDIGIIIIERI

CAL-lFDRMEPl IIFPAV.NMAx,JEO.PAR2.P,NP.CAPP)

JAGKINsl

JEOIQ

NPISIIaJ/z

ISAquvaEX .

CAL.IFJRMEP1 I-1;NMAX.JEOIPAR2.P.NP.CAPPI

IF IISAV.EQ.INDEXI 30 T0 78

INDEK=ISAV S IER=IP2T

IF IJAsAIN.EC.uI CA-L PMAKE IJ.JE0.NMAX.PARI.P,FI,NPI

N=0
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CAL.IHAVCT (A.N.JEO.JAGAIN.NMAX PAR2.PH,P.N?)

CAL.ISY%DIG(A.IER)

CAL.IFJRH591 IIFPAV.NMAx.JEo.PAH2.P,NP.CAPPI

JEOIS

NP(SOIIJ»1)/2

N=g

JAGAleo

ISAJBIVDEX

CAL-IF3RHEP1 (~1;NHAx,JEo.PARZ.P,NP.CAPp)

IF (ISAV.EQ.INDEX’ 30 T0 42

INDEK=ISAV s IER=IPQT

CAL.[ :‘AKE (JJJEOCVMAX,PAR1.P.PI.NP)

CAL-INAVGT (AoN:JE0oJAGAlNoNHAX.PAR2.PH.P.NF)

CAL.IvaDIG<A,IER>

CAL.IFJRMEP1 IIFPAV,NMAx.JEo,PAR2.P,NP.CAPP)

JAGKJNsl

JED:A

ISAJthDEX

CAL.IF3?MEP1 ('1.NMAX.JEO.PAR2.P,NP.CAPP)

IF IIsAv.Eo.INDEx) so To 44

INDEKsISAV S IER=IPRT

IF‘(JASAIN.EC.C) CALL PMAKE IJ.JEQ,NHAx,pAR1,p,p1,Np,

N=0

CAL_'NAVGT IA.N.JEo.JAGAININHAX,PAR2.PH,P.N=>

CAL.IsvaIC(A.IER,

CAL.IF3?MEP1 IIFPAV.NMAx.JED,PAR2.P.NP.CAPP)

J=Jo

IF I5.3I.JMAX )GO T3 9a

GO ID 33

UPPER STAES ARE CALCULATED ONCE

CDHIINJE

FORIHI (toNUFBER 0F LEVELS CALCULATED a .163

PRIIW 10L1.IADEX

RENIND 51

SUHIHT=0.o

[=0

NTCI

C FIND THEIG.5.C.D. AND P_ACE THEM ON TAPE

60

61

C CALCULATE TRANSITION FREQUENCIES AND COMPARE THEM TO OBSERVED FREQUENC;L

1:191

REA33(51) JU.KNU}KPJ.JL,KNL,KPL,OBSFRE.HT2.ISYOP,IDAINDUaINDL

IF (50:951)67,61

CONTINJE

ISTRHISD-ISTCP

ILsJINIIgINDL) s IU=JIN(2oINDU)

FREDBAS‘IU)~AS(IL)*V0(1)*VU(2)*ISTP¢VC(3)'ISTP'ISYP

Do 52 IJ=1.2

IULFdL

IF ‘lJOEQ|2) IUL=IU

' DO 52 11:1.19

62

NsuvARIII.IJ) S IF (N.Eo.0) GO TO 62

CONSN(v)=AP(AnlUL)

1231J*2

FREJBFREQ+ISTPwPAR(II.12)*CON$T(N)

COVYINJE
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DATAINJVAR>=CBSFRE ~FREQ

IF (WTCI)) 985,985.982

982 DIF’EaABS (DATA(NOVAR))

IF (DI’FE.LE.BDLN) 30 To 986

984 NTIVfl+1

IF (NT.3T.1) GO TO 983

PRIVW 228

983 PRIII 236.JUaKNU}KPJ.JL,KNL.KPL:OBSFRE.FREO,DATAINOVAR).HT2.I

NT‘I).OOD

985 OBSqDaDBSND-i.

986 NUfizfi

SUHIHT =SUMHFT +NT(I)

Do 54 IJ=1.4

ISFtl

IF ((IJ.EQ.2).OR.(IJ.EO.4)) ISF=ISTP

DO 54 11:1.19

N=V=HRIII.IJ) $ IF (N.Eo.0) GO To 64

IN: (1J61)/2 $ NN=NVAR<IIaINI $ DATAIN):CONSTINN)¢ISF

64 C0vf1NJ5

DO 56 IV=1.3.2

11=IIN*1)/2 3 11=NVAR(1,11) s 12=ll¢1

Nsuachzc.IN) $ IF (N.EQ.O) GO TO 65

DATAINI=IC0NST(11)+ CONST(12))/2.

65 NgN’HR(21.IN) 5 IF (N.Eo.fi)Go T0 66

DAYAIN)=(CONST(!1)- CON$T(12))/2.

66 COVTINJE

ISF:1.J

DO 59 IJ=22.24

NaN’HRIIJ.4> 5 IF (V.E0..)Go To 69

DATK.(q) = ISF

69 ISF;IS’*ISTP

HRIIE (SC) JL.KNU.K=U.JL.KNL;KPL.OBSFRE .FREO:

1 (D‘IA‘LD'L=11NOVAR)0IOHTZI[STOPOID

GO to so

0 FIT THE DAIA

67 COHIINJE

OBSVD x NODATA COBSVO

AVEJHTISUMNHT/OBSNO

RENIND 5t

REHIND 5:

DO 108 1:1.35

108 DEL=HRII>=0.

CA ’[RESRESS

NFIf’s VFIT+1

Do 70 1:1;4

DO 7D (31.19

N=V3HRIKII) 3 IF (N.EQ. I Go TO 70

PARIK;I1 a PARIK;I,+DELPAR(N,APARFRAC

7o covrINJ:

Do 76 I:I,3,2

NaV’HRIgn.I) 3 IF IV.E0,.) GO TO 74

PARI1.I) : pARI1;I) 6 DE PARtn)*PARFRAC/2.0

PAR(2,I) , PAR(2;I) t 05 PAR(N)*PARFRAC/2.C

74 N:V=AR<21.I) 5 IF (V.E0,u) GO TO 76

PAR(1.I) = PAR<1;II . DELPAR(N)*PARFRAC/2.U

PAR(2.I) = pARI2;I) . DELPARIN)*PARFRAC/2.C
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COVTINJE

DO 30 1:22.24

N=NDHRIII4I 5 IF (N.EQ. I Go To an

K=I~21

Vfl¢<§:VDIK) . DELPAQIN,,PARFRAC

COVY‘NJE

818 8 ASS((SIGMA-SISMAY1)/SIGMAV1)

SIGfifiaSICMAYl

IF (NGsoEG. ) GO TO 2

GO TD 1'

CONTINJE

GO TO 115

FORIRY {/BXt VC 3 *F1”.3a6X.!2.dUXtBAND CENTER.)

FORQRT(*~*29X.512.5o13)

FoaflfiT (9X'DEVC = r EEX,E 5.5.13)

FORIHTtt1 UPPER*5 . ONE t7XtCA C CD*3X*DBSERVED CDaBXcNEICHYw)

FOR4AT (//i THE EIGHTS 0F *HE FOLLOWING LINES HILL NON BE 5

1ET ID ZERO*/* UPPER J K- K+ LCHER J K- K. w7XtOBSERvED FREQUENCY
1. CIICALC FREQUENCYt7XiDIFFERENLEtlzxthIGHT*)

ECEIAI (2(6X.313).7X.E16.9 .9X.F16.9 .7x.E1oo3:4on1o.2.110 )
N
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SUBROUTINE PPAKE (J JED NMAX PAR.P PtoNP)

COMAON IPMAK/HAM.VI32.VIBxy.MSPM.LPS

THIS PROGRAM CALCULATES THE MATRIX ELEMENTS OF THE OPERATORS IN J K SP C

THE DIM:~N$ION OF P MUST BE 9*4aIJM XI2+1)

DIMENSION P(19.4}NMAX)I%I(2.NMAX).NP(3)

DIMENSION PARI3)

TY’E INTEGER HAM

C ZERO TAE 3 VATRIX

M=1

MMIVMAX019t4

DO 5t!:M’.MM

6 P(I)=o. o

MMCZFNMAX

DO 3:181,MM

8 PIIIIIJQC

N=0

IFIJ El C)GO TO 38;

THE K :NEV ELEMENTS ARE CALCULTED +ND STORED S=:PATRATE FROM THE ODD

GO TO (L 2 4. 4) JEO

K IS ElEN

KEO:(J/2)t2

GO TO 5

K Is 03D

KEO$£(J*1)/2)*2-1

PPF:U¢(J*1)

K 8 ME) +2

NKI<EOIZ¢2

N=N<P1

GO TO (359.13.260) 4AM

C KENT MOVCURS‘HAMILTONIAV

359 CONTTNJEI

IF IPA2<1:.,LT.9AR<3:> so To 37

C OBLATE PLAVAR FCRM

R I PARI2)/(PAR(1)+°ARIZI I

RIRtR

S I PA?(1)/(FAR(1)+=AR(2II

3:808

360 NK ==N<-5

KsK-E

PKa(hK

KN 81-4

IF (KNoLflul) KNSI

IF (KN.3T.4) KN :4

GO ID (362)3641366038CI KN

362 RPM = aPF-PK

C CALCULATE THE DIAGONAL TERMS

IF (NK.LE.O) GO TO 383

G
O

U
I
b
'
O

N
O

0

P<131;V‘I = o5*PPK

P<2.1.N<I = .5*PPK

P‘301.v<) 3 PK

PI4n1pV‘) = .25*IPP<*(.375~PPK- 25).. 37S!PK*R*PK*(PPK¢R¢PK))

P<5-1.V<I = .25*IPP<*(.375*PPK- 25)¢.375tPK¢S*PK¢(PPKCSNPK))

PIbul.V<)=.25*((R+S)OPKCPPth,thSiPKtPK+.25*PPKt(PPKtz,)-. 75*PK)

PI7Q1.V<) = .25wIS. tPK-2.*PPF¢.‘1PPK0(PPKfiz.)-1.5tPKI

P(1351.VK) = PPFCPP-CPRF

PI 11 I.NK) = PPftPPFwPK



 

I
I
I
I
I
I
I



R1.3A 99 05/03/73

P(12,1INK) = PPF*°K*PK

P(13.1.NK) = PK*°K*PK

PI! ‘IVK)=K*VIBZ

IF (KE3.EO. I GO TO 38C

IF (Keg-KI 365.360

364 PPKzPPt-PK

365 G I (J-M-1)*(J-K)*IJ¢K+1)*(J¢K*?I

PPG =ISQRY(G)

C CALCULATE 74E K,KCZ TERMS

NKIVKQI

IF (NK.LE.O) GO TO 38:

P(1.2}VK) = .25cPPG

PI2.2;V<I : -.25.PP3

PI4.2§V() = . 625tPRGCIPPK-2,-2*K+2,0R0(PK+2,tth))

PI5.2,MK9 =-. 625CPPGt(pPK-2.-2*K+2..5.(pK+z.tng)I

PIbo2.N<I = .125wPPsoIS-R)c(PK+2.+2~KI

PP68PP°3

PII 2.VKI= .5wv18xv-soRIIIFFFppK-KI.IppF-P<-3.K-2II

NKUVK.

IF (KE5.EO.1) Go To 383

IF (KEO-K-Z) 368;36

366 PPK:PP"PK

G : (J-K-1)*(J-KI*(J+K*1I*(J+Kt2)

PPG a SDRTIG)

368 PM I:(J'K-3)*(J-K-2)*(J+K*3)*(J+K*4I

PPM = °PGtSORT(PM)

C CALCULATE TME K,Kt4 TERMS

NKIMKOZ

IF (NK.LE.0) GO TO 383

p‘4.3;“‘) 3 0'15625*ppM

P(3.3'NNI = . 15625tPPM

PI6.3,VKI = -.~3i25tPPM

PI?.3.vKI =-. gaStPPM

NKIVan

IF (K,3T..1) GO TO 36*

Go to SBI

C PROLATEIPLANAR FORM

370 R I PA?(1)/(PAR(1)+’ARI3))

RIRtR

s = FAII3I/(FARI1I+=ARI3>I

S a 5.3

371 NKaMKp1

KSKIZ

PKI<NK

KN'IPK

IF (KN.LC.1) KN=1

IF (KM.CT,4) KN=4

Go ID(372.374,376,380) KN

372 prgppF—FK

C CALCULATE THE DIAGONAL TERMS

IF INK.LE.0) GO To 389

P(1.1,NKI = .5*PPK

P(2.1,MK) = 05*PPK

PI3.1;vKI = PK

P‘4010V‘)=025*(PK*P<*R*R*0125"3.*PPK*PPK'2.*PPK*30*PK)*R*PPK*PKI

P(5,1;M‘,= .25«((Stsfiie’10125tIT.tPPK¢PPK'2.tPPKt3chK)tSu.256(PPK
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1 PP<b2.PPK- 3,PK))

P(6.1,N<I = .250( R~S*.25 *(StPPKtPPK-2*PPK¢3*PKI *PPKtPK*S*PPKtPK

1*R*.25 *(PPKHPPKothPK-3CPKII

P(7.1,NKI = .25tIZtDKtPPK-2,0PPFC2. SOPPK)

3“}VK) = PPFtPP-tPPF

lan) = PPprpFwPK

PII2,1,NK = ppF,9K,pK

PII8.1.NKI = PKtDKvPK

PII .N<I a KiVIBZ

FIKEI.EC. I Go To 382

IF (KEJ-K) 375.371

374 PPKsPPF-PK

375 C a IJ-K~1)t(J-KI*IJ»K*1)*(J+K+?)

PPGCSQQTIG)

C CALCULATE THE K.K~2 TERMS

NKIMK+1

IF INK-LE.U) Go To 38”

P(1,2,VKI = -.25.PP3

PI2n2,NKI = .ZStPPS

P(4o2.NK) = .25thP’G*(Rt.25*(PPK-2.tK-g.)+.5¢(PK02tK+2)I

PI3.2,MKI = .25*I(S~S-1,)*.25*(PPK-20K-2))tPPG

P(5.2,NKI = .125t(R*S*IPPK'2.‘2-tK)t($°1cI*(PK¢2,0KOZ.)’OPPG

P(7.2.NK) = .25tPPGt(.625-(PK*2 wK¢2.)I

PII22N<I = .5tVIBXYt30RTIIPPF-PKvKICIPPF-PK-S,tK—z,II

NKIVK-l'

IF (KE3.EO.1) GO TO 383

IF IKEJ-K-Z) 378:371

376 PPKzPPF-PK

G: (J-<-1)*(u-K)t<J+K*1)t(J¢K+2)

328 PM I:(J-K93)*(J-K-2)0(J+K*3I*(J+K+4)

PPM : =FC.soRT<FNI

C CALCULATE THE K,Kt4 TERMS

NKIMKQZ

IF INK.LE.0I GO TO 383

P(4n3p MK) = .25thRa,3625tPPK

P‘5030VKI = o 315*DPM*(05'S*C5*5*S)

P(6 3. K): .u312g*R*PPMq(S-1.I

NKIMKDE \

IF (K,3T;s1) GD 70 371

GO TO 339

C WATSONS HA‘ILTONIAN

260 NKOVK-I

KIN-2

PKI<hK

KN'IFK ‘

IF (KN.LT.1) KNéi

IF (KN.GT.3) KN :3

GO TO (262. 264.270) KN

36 C PP<FP PFhPK

ALCULAIEP TME DIAGONAL TERMS

911.1. VK)80.5*PPK

PI2011VKI-U. 5*PPK

PI301 VK, -' PK

PIQ?1,W ‘3 PPFtPDF

P15; MK 8 PPF'PK
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P(501:VK) a PKtPK

P(13 1.VK) = PPFwPP’tPPF

P( 111,NK) = PPTtPPFwPK

P(1 ,1.NK> = PPF*°K*PK

P11 IINK) = PK'DKPPK

PI! 1. VK,=K1VIBZ

IF ( (50 E0. ) 30 To 38;

IF (KEJ' KI 2660260

264 PPKCPP7-PK

266 G=(JpK-1)*<J-K)t(J+K+1)¢(J+K+2)

PPG:SQ?Y¢G)

NKIVK+1 ,

P11521VK) '-.25*P°G

P12p20VKI ' 925*3PG

P(7.2.VK9=PPFwPPGt(-,5)

P(3u2oVK) a"'F’PG“? (PK¢20K+2)

P¢ 4.2,NK) a-PPGt 5t pPFtPPF

P‘13J2.VK’= PFG*PPF*(PK*2'K*2I*('1QI

P<1592.Vk)= .StPPetcPKtPK*(K¢2.>w(K+2.)w(K+a. )v(K¢2.))a{~1.)

P11 2 VK)= .5*VIBXY*SQRT(<PPF-PK- K)¢(PPF'PK'3*K- 2))

NKnVK-i

IF(<LGT.S) GO TO 26

270 Go to 35;

C KFC HAHILTJVIAN

10 NKsVK-l'

LP-.Ps-8

K=Ko2

PKI<hK

KN li-K

IF (KN.LN.1) KN=1

IF (KN.GT.5)’KN=5

GO to (12014018o221380I KN

12 PPKCPP’-PK

GO to (49141) LP

41 COVTINJE

40

PC19'1.VK) = .StPPKtPK- ,125¢(2tPPFtPPFt(PK*4IEPPFO(ZPPKQPK¢26PPK

1¢81oPKt’KtPK‘24tPK*°K*28tPKI

PDUKI 25*PK*(SPPPKCPPK-2*PPK¢3¢PK)

P11511.VK) =P<17;1.VK)=poun

PDUihPPKIPKtPK

P11551. VK) =P(18,1. VK)=PDUM

PDUg! I .125:¢PPK¢(PPK*(PPK¢6.)-8. ~19.*PK)*2 .tPK)

P(1 1 VK) =P(14. 1 VK)=PDUM

P‘12;1CVKII FK*PK*PK

P9UH : (PPKa(25.PK+3.10*PPKtStPPKiPPKI--2 tPK )c 0625

P(11b1oVK) =P(11 1aVKI'PDUM

COVrINJE

P19 1, VK) a .25*(PPKOPPK¢2.wPPK 3.*PK)

Pca. ,VK)=PPK*PK

P170 iaVKIBPPK*PK

p(6. 1.1KaapKfipK

PDUfil 8; .25*(1. 51PPchPK~PPK¢ .51PK)

P(4.1 VKO s P(5,i.NK) n PDUH

P(3.1.VK):PK

P(2 1 VK)=.5*PPK

P‘1010VKI305‘PPK
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PI(_ 1:“K"K*VIBZ

IF (KE9.E0.‘) GO TO 38a

IF (KEDN- K) 16.10

*4 PPKtPPrvPK ; _

6 G I (JOK91)*(J-K)t(JOK§1’i(J+K¢?)

PPG : SGRY(G)

NKIVK¢1

60 YO (5h. 51) LP

51 CONTINJE

PDUVI = (PKtZ.¢(PK¢4*K012)¢32tK*16)*.25*PPG

P(13§2.VK) a-PDUM

P(1552.VK) = PDUM

pDUVl , : .5tpthCPK¢2*K¢2)*(ppK'2*K’2’

P(17' 2, VK) =-PDUM

P(16;2:VK) = PDUM

PDU1I_ 125*PPGt(PPK- cPPK-4*K+¢)-41aPK.102¢K-72)

PV1V$20VK) =8'PBUM

P(13§2,VK) a PDUM

PDUAI a PPGo(150PPK.PPK-6anPKtKv7¢wPPKtioSth(K+1)9125-(Kt1)

1*11’*.015625

P-(11'021VK) 8 PDUM

P¢13L2.VK) : -PDUM

50 ConfanEi

PDUVII 3.5iPPGt(PK¢2*K*2)

P(8.2,VK3 : ~PDUM

P(7.2,VK) = FDUM

PDUVI n.5tPPG¢(.25wtthPKn4th4))

P(5.2} VK) 8 PDUH

P(‘020fl K, g 'PDUM

PDUVF .25tppG

PCZ 2,VK) a PDUM

P(1:2. VK) =-FDUM

P!( 2.VK)= .5*VIBXY¢SORT((PPFnPK-K)o(PPF-PK-SwK-z))

NK-vknl'

IF (KED.E0.1 GO TO 380

IF (K53 .K -5) 20.1
18 PPKxPPr-PK .

G - (J-K-1>~(J-K}t(JaKt1)*(J¢K*2)

PPG 8 SQRYCG)

20 PM 8:CJ-K-3)*(J-K-2)*<J¢K*3)VCJ+K+4)

PPM a PPGtSQRT(PM)

NKIVth

60 70 (60,61) LP

61 COVYINJE. .

P(1?53aVK) a ~,125¢(PK¢4¢K¢4)*PPM

PDUVI ,8PFM*(PK¢4¢K*8)*. 25

P(17o3oVK) t P(16:39NK) sPDbH

PDUVl ,3PPM*‘4'PPKOKQ4,*Q. 0625

P(1423aVK) 8 P¢13a3 MK) 8 PDUM

PDUVI“ IPPH.(3*PPK-12va20 «~03125

PC1133.VK) a P<1o.3.NK) , PDUA

P<9.3;VK3 : -.3625tPPM

60 CONYINJE§

P(5. 3.vK)!. 6251PPM

P(4 3VK:)I. 625VPPM

NKIVK-Z
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IF <KEJ.E0.2> Go To 38o

IF (K53 .K-4 ) 24.1

PPK:PP’-PK

G ' (J-KP1)*(J-K)*(JoK¢1)t(J¢K+2)

PPG a SQRT(G)

PM ==(J-K3).¢J--K- 2>¢(J¢K+3)¢(J+K+4)

PPM I 9PG*SQRT(PM)

PN t (JK-STttJ- K--4)O(J+K*S)t(J+K+6)

co TD (75 71’ LP

COVI’TNJE‘0

PPM : aPMSGRTIPN)

NKaVK¢3

P(13.4 VK) a - .5-PPVt.03125

PT11.4.VK) : -P(10 4. NK)

P(14,4.NK) 8 .03125tPPN

NKIVK;3

COVT1NJE‘.

IF (K.ST. -2) 60 T0 10

c qur FORILAST TAPE OPERATION To COMPLETE

380

26

3o

CONTTNJET _ _

NP(138J S NP(2)!JEO S NP(3)=N

COVYVNJB

IF ("SPV LT.1) RETURN

IF (UNIT H59") 26 3

BUF’ER OUY (PSPM.1) (P(10101)0NP(3)’

RETJRN

END
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n
a
n
n
n
n
n

C
O

104

suaaOuTINE REGRESS

COMVON/SLKAP/VECTOR(37.37).DATA(36)g AVE(36) SIGMA(36).C0EN(36)3

1S!GTCOT36) IKDExcaé), AP(15. 600)

C0qqp~ xehsxnouATA..oasNo.AVENKTNOVAR.&N0UT.SIGOIT .NOPROB.

ixour 1:00 N,IF$TEP. IPPREDoSIGHAY1.DELSG

COHTDN/3L3/HY(1 on).DELPAR(35I

EQU!VA ENCE<VECToR. AP)

YYPz’IDSJBLE VECTOR. AVE SIGMA. COEN. SIGNED. SIGT

TYPEIDJUBLE :EVD.VARDEV, SHHT

05/03/73

RERIND 50

M6~6001 S

V5

IchsTao

CNSTP6.

EFIN-EFOUTa.OoROoO 01

IFRKan'RESDE'

IFONSTso DO NOT HAVE OONsT TERM 1N EQUATION

ISTEPIOT DO NOT PRINT EACH STEP

[FRAHIQID3NOT PRINT RAN SuNS AND SQUARES

ITAv5-3T 00 NOT PRINT AVERAGESV

IFREsngo Do NOT PRINT RESIDUAL sums AND SQUARES

IFCOENso Do NOT PRINT PARTIAL COEFFICIENTS

IFPREnsi DO NOT CALC PREDICTED DEVTATToNs OR §ET HEIGHT To ZERO

NOTNIi o

VAR 3.9.0

K 9 0

FLEVEL 6:6.

NOEVN 8'0

NOHIN I‘R

NOMAX I G

AsstsN,1ooo To NEXT

565 NOVTH - NOVAR - 1

566 NOV’L - NOVAR . i

110 Do 126 1:1. NCVPL

130 no 126 JfllzNCVPL

120 VECTDRTI. J)

N30

510 NQNTi 1‘

READIISD)

! U. 0

'J11LL11KK11J0LL KK UBSFREQTFREQg(DATA‘L’.L:1.NOVAR

1 ) NRJVIHTZ

IR (EUR 65)

COVTVNJE

HHT:HT(V)

IF (”H7950-

102

I GO TO 510

HHTTHHT/AVEHHT

‘sso DO 595 I i 1; NOVAR

550 VECTOR (T.NOVAR . ) E vECTOR (I, NOVAR . 1; t DATA (1) . NHT

560 Do 596 J I I. NOVAR

540 VECTOR I. J) = VECTOR 6 DATA (1) t DATA (J) O NH?

VECTOR: OVPL.NOVPL)=VECT0R<N VPL. NOVPL).NKT

GO ID 5E0

CONTTNJ I

RENTND Sh

568 PRIVN 90. NOPROB. NODATAaNOVAR. VECYORCNOVRLLNOVPL). EFth EFOUT

570 IF (ITRANT 90a650.580

c°“’k5'§° sups or SQUAReS AND CRoSS PRODUCTS. THESE ARE IN

1570? OE IN LOCATION. VEcTOR .3. J).

MFR}

NPR;

NPR;

MRRI

NPR:

MPRi

NPR:

HPR;

"PR2

MDRJ

NPR;

n9R2
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580

590

600

610

620

630

640

650

65

65%

655

670

660

680

690

.700

710

720

730

735

740

750

760

770

780

781

782

790

791

792

7?4

796

797

010

800

820

840

341

850

830

860

azo

874

315

850

885

890

951

000

1001
1002

1

105 05/03/73

PRINT 15% A

PRINT 20,II.NECTORII.N0VPLI.I=I.NOVKII

PRINT 25. VECTORINOVAR.NOVPLI

PRINT 30 .

PRINT 35, 2 I.J.VECTOR(I.J).J=1.NOVMI).1.1.NOVMI)

PRINT 40, .VECTORII.NovARI,I=1.NovMII ‘

PRINT 45, VECTOR(NONAR.NOVARI

CA&3UEKYION OF RESIDUAL SUNS 0F SQUARES AND CROSS PRODUCTS

IF U\ VS?) 90Qo735.651

IPIJEOTORINONPL.NONPLII 652.652 655

PRINT 65H

60 TO.?15 ,

DO 560 1*: 1, NOVAR

DO 566 J~s I. NovAR

VEcrbR II;J>-= VECTQR (IgJI . IVECToRII.NoVPLI w VECToR (JaNOVPLI

-/ IEgTOR (NOVPL} NOVPL))

DO 590 1 B 1. NOV‘R

AVEIII - VECTORII.NOVPLI / VECTORINOVPLJNOVPL)

IF (ITAVEI 9o..735.71o

PRINT 50 .

PRINT 20, II.AVE(II.!-1.NOVHI)

PRINT . g 25, AVEINOVAR)

IF (IFTEBD) 9 0.780.740

PRINT 55_

RRtVN' 35,(‘proVFCYORVITJ)0J!1INOVV1’I

PRIVR 4U, (I‘VECTOR(19N0VAR)¢I91ONOVH1

PRINT . 45, VECTORINoVARaNOVAR)

NOSYEP gtfii

ASSION ‘132 T0 NUMBER

DEPQIa QRVECTORINOVPL.NOVPL)

Do son I,-, .NOvAR

IFIVECYORIIIVI) 792,794,810

PR1VR 7931 I

GO TO 915

RRiVW 7950 I

SIGTIQII a 1.0

so To 300‘ . _

SIGTIIIIJQDSCRT (VECTOR (1.1))

VECTORIIIIIT’1.O

no 386 I-- 1.NOVNI

1P1 _I o 1 6

no 330 Jsa 1P1. NOVAR w. -
VECTORII;J)-q vEcToRII.JI /( SIOKAIII. stan<J>I

VECTDRIJII) a VECTORIloJI

IP (IPSOEN) 9?0:951 .67:

PRINT 60

NONNE s NOVTI - 1

no sea I a 1; NOVMZ

[P R 1R. 1 .

PR NW 35,(‘oJOVECTOR‘10J)0J31P11N0VM1’

PRINT 40,(I.VECTOR(I.NOVAR).I=1.NOVMI,

COVYINJE

GO To NEXT.<10331531)

NOSfEP QINOSTEP d

If (VESTOR(NOVAR;N%VAR))1002010 201915

NST’Hi . NOSTEP . 1

I

I

3
3
2

3
3
3
3
I
I

3
3
3
3
1
!

3
3

I
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1015

1016

1017

1010

020

030

1035

1040

1041

1042

1060

1080

1090

1100

1120

1150

140

‘ 150

904

1190

7a

1180

1190

1110

1210

1220

1050

1230

903

1240

1260

1245

153‘;

‘1250

1270

290

280

1300

1310

1311

131%
,1314

1315

106 05/03/73

PRINT 1004. KSTPN1

GO T01915

DEFRIIOEFR-1.-

IF! WpEVT.NE u) DEFR= DEFRIZ. 0

IF (DE’R ) 1 17,1017. 1010

PRINT 1019 .NOSTEP

GO TO 015

SIGT a SIGMAINOVAR) IDSQRT

VMIVII 0.0

VMAT‘ g 0.0

NOIVII 0 1

DO 1053 I = 1 NOVHI

IF (VESTOR (I I), 1 42010500106

PRINT 1044. I. NoST: P

GO TO 915

IFIIECTORII. I) - TO ) 165 .1090.1080

VAR I VECTORII NOVA?) * VECTORINOVAR I) / VECTORII I)

IFIIIRI1100.1 5 .1110

NOINI, NOIN . 1

INDEKINOIN) I I

COEVKNDIN) ' VECTORII.NOVAR) t SIGMAINOVARI / SIGMA (I)

SIGTCOIVDIN) a ISIGY I sIGMAII)) *DSQRT IVE;TORI! III

IF (VMIVI 116 011700934

COVTINJE

PRIVT 906

GO TO 915

IFIIIR . VMIKII 50.1050,11W

VHIVII VAR

NOVIN I I.

GO TO 1050 . 1

IT (N12 . VMAXI1050.105 .1210

VHAKI! V‘R .

NOVKX I I

COVIINJE

IF (NOIVI 9 3.1240.1245

COVTINJET

PRINT 907

GO TO 915

PRIVT,

SIGTAY‘ISIGY

GO TO 1356

IF( 1?: VS?) 9 0.1246.1250

CNST I 0. 0

00 TD 1300 ,

CNsT'g AVEINCVAR)

D0 1233 I = 10N0IN

J I INDEX‘I)

CNST'I CNST - IcoENIII 0 AVEIJII

F IFSTEP, 9 0.132 .1310

INOEVT) 1311.1311.1313

(VECTORINOVAR.NOVAR)/ DEFR)

65.SIGY

PRIVW 91,NOSTEP,K

GO To 3 4

PRINT 1 1 92 NOSTEP.K

PRINT 70 FLEVEL, SIGY, CNST.

1(IVJEXIJ1000EN(J)0 SIGMCOIJI.J=1 NOIN)

GO TO VJMBER: (13209158 ’

T
Y
'
Z
7
7
7
?
?
?

7
1
7
7
7
7
7
7
?

7
7
7
7
?
?
?

‘
7

"
Z
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1320

1330

340

345

1350

360

361

1370

1390

1391

392

393

'1400

1420

1430

1450

1460

1440

1410

1470

1490

500

48g

1510

1530

540

520

1550

1560

1380

38

1570
1571

1530

949

1581

583

K a

NOEVF I 0

00 TO

FLEJEL s VMAX . DEF? / (VECTORINOVAR.NOVAR)~-

IF (EFIV n FLEVEL)

.1391

IF (EFIVI 138 .1380.137:

K , Noflkx

NOEVN I K

IF¢<0-1392.1392.14o

CovrINJE

Patvn 1395. 00375?

GO TO 915

00 1010 I-s 1,N0VAR

IF (1-<) 1430.1410.1430

Do 1943 J =_1. NOVAR

IF 4.4) 1460.144o.1460

,VECI
6(K01C’

COVTTNJE

covrINJE“

00 198) x = 1. NOVAR

IF (I.() 15 0,1480.1530

VECTOR (I.K)

CovIINJE

DO 1523 J = 10 NOVA?

IF (J-(I 1540.1520.1540

VECTOR1‘1J) :

COVTINJE

GO TO 1000

PRIVU 75.

107

FLEIEL 3 VMIN * DEF? / VECTOR (HOVAR,NOVAR)

IFIEFOJT t FLEVEL) 1350, 1350;

NDTIN

I344

1370.136101SRO

05/03/73

VHAX)

0011;0> a VECTORIToJ) . (VECTOR(I.K) . VECTOR (K.J> / VECTOR

, - VECTOR (1.x) / VECTOR («.K)

VECTOR (KgJ) / VECTOR (KaK)

1.0 / VECT0R(K0KI

NOSTEP

1r (IrerP) 9 0.157 . 500

ASSIGN

00 to

90:00

IF (TFCDEN.NE.0) GO TO 1531

158

1310

IFCDEN11

ASSIGN 1581 T0 NEXT

GO TO 565

IF( TF’QED)

2 COVTTNJE

PRTTN

To NUqB R

. _ 1536.(L;vefiroa(L.L).L=1.Novnz)

DELSIGI‘BS(SIGMAY1vSIGY3/SIGMAY1

00 949 1:1.NCIN

K . INDEXII)

DELanR¢<>=005N<II

CONTINJE

IF (05.310.01.5100171 00 T0 158:

IrpaED-o

9J‘}1532.91;

85

SNHT!SVDATA=0.

IOII

VARJEVIO.

N35

STGY‘ISTGYISIGYtXOUT

[
'
1

L
»

U
"
7
"
,

'
1
]

1
;
}

fi
'
!

\
;

T
,
‘

—
‘

~
C

'
L
'

7
3
U

.
1
.

Y
"

«
a

‘
4
’

X
I
I
I
1
3
1
3
1
1
2
1
3
3
1
3
3

3
1

1
1
3
1
3
1
3
1
3
1
3
3
J
U
D
I
I
D
I
I
I
‘
J
Z
J
D
D
D
D
J
U

I
'
m

NPR
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1590 N=N61 I

1600 REA)‘ (5-8 ) J1, LL1.KK1. J; LL: KK. OBSFREJo FREQ.

1 DAIAFL0.L=1,NOVAR), NRUN, wrz.IsvoP ID

I (50' 050) 3:4

4 COVYTNJE

1610 YP9=-D a CNST MFR

1620 D0 1633 I = 1.NOIN M?P

640 K I INDEX(I) MPH

630 YPRZD- YPRED + co:— N11) * DATA(K) MFR

165D 05v : DAIAINovAR, . yPRED NPR

FREDPRDSFR609YPRED

IF 1072.05.10 .0) 00 70 1658

pagan 1675, .1,LL1.(K1.J.LL.KK.FREQFRD.OBSFREQ.FREQ.DAIAINOVAR).

105v.wrg.ISTOP.ID;NRJN

DEVxNTZtDEVwDEV

DEVJkDEV/AVEHHT

IF cur<VRUNI .Eo.u.) Go To 911

swar334476972

SNDAIA I SNDATA+i

VARJEVBVARDEVtDEV

IF (lO.3T.LNCUT) GO to 1660

IFIJEvo-SIGYI 1660.912.912

912 uvcwnuvzso.

103(1061)

PRIVR 1656

00 to 1660

911 IF (HT2.NE. ) GO TO 913

PRIVF 1654

GO r0 1660

913 PRIvfi 1657

IF (DEVD.LE.SIGY1NT(NRUN)=HTZ

IF (HftVRUN).E0.0.0) PRINT 1656

1660 COVTINJE

. GO to 1590

1658 PRIIF 1659. .1 LL1 <K1.J.LL. KK.FREQPRD OBSFREQ FREQ. DATAIN0VARI.

105v.wr>.15709.10 NRJN

GO r01590

3 COVVINJE

REleD 50

c ENAVDARD DEVIATI3N FROM RESIDUALS

VARJEV 8 (VARDEVtSNDATA)/(SNHT*<SNDAYA'NOIN-l.))

sroasv. DSQRTgVARDEV)

1785 PRXVR 1790. STDDEV'

RETJRN

910 PRIVN 1300

RETJRN

c END... NV}?

900 PRIVN 905

915 COVYINJE

RETJRN

c...A30Rr,.

5 FORfllY (3F1 .5 315.1H 912. 5x. F6- 4)

i0 F0940: (6(F12. 5), NPR

5 F004»? (1H 49H , Sun or VARIAB ES//)M09

20 F0940? 1H 11H sun x‘ 12. 3H) 3 F12. 4 8H sun x( 12. an) . 12.4.MFR

18H sun x1 12,3H, =12. 4,8H SUM X(!2 3H; =F12. 4 3 M n
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25 F0916? (17H $01 9 =F12 4)

30 F091AT<1HO 70H RAN SUM OF SQUARES A

1ND CRJSS PRODUCTS/l I

35 F0916? (3H 7H x112.7HI vs x1I2.3H> 9 F15. 6:

6H x1I2. 76) vs chg HI 9 F 5. 6.

2 . 6H x<12. 7H) vs x112.H) 6 F15.

40 F0916? (1H 76 x 12.12HI vs Y =F15.6.

1 6H x112. 12H) vs Y =F15. 6,

2 5“ X(12. 2H) VS Y 3F

45 FOR 6? (1H 21H 9 VS V =a'1566I

50 F0916? 11H063H AVERAGE VALUE OF

. VARIABLES/I I

55 F0916?<160776 RESIDUAL SUNS 0F SDUA

.RES AVD CRCSS PRODUCTS//)

60 F0916?11Ro696 PARTIAL CORRELATI

.0N CO:FFICIENTS//)

65 F0916? (25H STANDARD ERROR 0F V = 512,5I

7o F0916? (11H F LEVEL 512.5/25H STANDARD ERROR or V g E12.5/12H

SONSTANT E12. 5/55H VARIABLE GDEFFICIENT STD ERR

209 IF :0EF // (16H x-~13.816. 9 3X.E16. 9II

75 F0916? ( 0H COMPLETZ— D 15.20H STFPS OF REGRESSIONI

80 FDRAAT (8H F5.D .2H F12.S .3H F12. 5. 2H F12. SI

85 FOR467(//4X. 5HUPPER.6X.5HLDNER.FXwPREDIcTED- 7x «OBSERVEDt 5x tCAL

1CULATED~ 4x~CBS--CAL3¢3XRDEVIATIONtSXUHEIGHTBZXtATOM IDtZXtNRUNt)

9o F0916? I22H15TEPUIS: REGRESSIDN //12H PROBLEM N0 I // 3H N0 0F

1DATA . I5 //18H N0 3F VARIABLES E I10 //30H REIGHTE 0DEG EES 0F FR

2EED3M 3 Fig.2 //28H F LEVEL To ENTER VARIABE 3 F12. 9 //29H F LEvE

3L 731R:' 1DvE VARIABLE a F13. 9 /// I

91 F0916? 19HUSTEP No.15 I19H VARIABLE REMOVED IBI

92 F0916? (9HQSTEP No.15 72H VARIABLE ENTERING IBI _

93 F0916? (5H RUN F6. .3H F10.5.3H F13.5.3H F10,5,3H F1”. 5

3H F10.5/(14H F1 .503“ F13!503H F10.5.3H F10,

5.311 F10. SII

654 F0916? (31H zERo NJMBER OF DATA so LONG.)

793 F034“? (31H ERROR stloUAL SQUARE VARIABLE ‘4' 31H Is NEGATIVE. PROB

1LEH TER1INATED I

795 F0916? (1Ho13 H VARIABLE 15.13H Is CONSTANT I

905 F0916? (42H ERROR IV CONTROL CARD. PROBLEM TERMINATEDI

906 FoRAAT (25H ERROR, VMIN P US $0 DNGI

907 F0916? (26H ERRDR.VDIN H NUS. S LDND I

918 F0916? (xxx/a THE wz' IGHTS 0F TREFDLLDHING LINES NILL Now BE SET T0

1ZER3lt/(2015//) I

1304 F0916? (1H0 37HY SDUARE NoN-PDSIIIVE TERMINATE STEP I SI

039 FOR16T IH029H ND MDRE DEGREES FREEDOM STEP I 5 I

in 4 F0R16T (1Hu10H SQUARE X-I5.17H NEGATIVE. So0N0 15.6H STEPSI

1395 F0916? 12H K- . STEP :6. 7H SDLDNGI

1586 F0916? 24H DIAGONAL ELEMENTS //2 H VAR.N0. VALUE/x

1119 I 7; F16 6II

654 FOR4‘T ‘***1U X,2Ho-)

1656 F0R46T (99910 X. 1H*)

1657 FORflkf 6 M91 1X.1H6)

1659 F0916? 2?2x.3I3I. 315.7.2F12. 7 F11. 2.2x.I4. AS. 151

670 F0916? 1212x.313I.3 3'2FTZ .4 F112.2x.!4.A5.ISI

790 F0946? (1 STE. DEV. SAFEUIEA ED IRDM ow HEIGHTED INES - *E12.5)

1000 F0916? (.aSINCE THE PR TED FREQUENEIES ARE NOT ALCULATED.N0

1HE13HTS RILL BE ALTERED THIS ITERATIDN.«I

Mr’f

HF:

HPI

H91

HF:

HWF

MD‘

NJ!

MPI

HP]

r

,.

in)

Q

1')

.J

1

\

‘I

f 3
\-

H 1

MI

M I

H I

M i

M I

M I

HI

M I

M i

M I

H I
LJ
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FUVSFIDV CAPPA (PAR.JBAND.HAH .IHEAD.NPAR.PGDEL.ISOI

DIMENSION x121I.D(11.19I

DIHENSIDN PAR<19I .IHEAncluI .PGDEL119I,NPA9<24.2I

TYREIIITEDER HAM;D.x

DATA.(TX(II.I=1.19I=BHUA , x ,.BH B . V =.8-1 c g_z =.8H0 . T1 =.

18H 2i=.86 T3 =.8H T4 =,8H TS =.8H ' T6 8.8H0 H1 =.

28H 43 :,8F H3 3,8H H4 =,8H . H5 =,8H H6 3,8H H7 :.

38H 4 3:8H H9 FISH H10 =08HSIX*Y’/2 08H (X'Y’lz )

DO 10 131011

DO 10 J:1.19

DII.JI-BR A

0(1.1)28HPX2 S 0(1,2)=BHPY2 $ DI1I3):BHP22

DI4.1):5HPLAAAR

C FINDS CAPPA AND PRINTS 3UT THE STATE CONSTANTS

428

420

426

20

121

22

122

23

123

40

250

4

IF (PA? 1I.GE.PAR(2)IGO T0 428

PRIVT 2 1

API’RRIZI S PARI2)=°AR(1I S PAR11I=AP

CDVTINJE

API°IRIII

BuPAfigz)

C:PAR(3)

x<1I=81oA = x = $X(2)=8H 8 = v = s x<3I=8H C = z =

D15.1I-BHDBLATE

IF 1B.3T.0I 00 To 426

0.3 s 3,6P s AP=RAR(3I

x<1I=a1DB = x = s x<2I=aH C = Y = S x13I=81 A = z 9

D(5.1I:5HPROLATE '

IF IB.EE.API Go To 426

P9110221 .

PARISII’ARI1) $PAR(1)=AP

B=A3I$ AP=PAR(3)

CA°?61(2.*B-AP-C)/(AP-CI.

IF ‘JB‘VDDNEOBH GRDUND) GO TO ?0

PRIVN 217

PRIVT 218.116EADINI.N=1,BI

00 T0 121.22.231 HA1

PRIVW 121

F0916? (*UPLANAR-7 =ARAMETER HAMILTONIAN.HchUR-TRESIS .I

DIS.1)33H

GO I0 40

PRIVI 122

F0916? (toKFC-FORM.YALLABANDI AND PARKER.J.S.P.649.4101196BI6I

013.1IxSHKFc-N0N

GO TO 10

PRIVN 123

F0916? 10 P-FORM.YALLABANDI AND PARKER.J.3.P..49.41o(1968ItI

PRIVN 353.JBAND.ISO

F0916? (1X.A89 STATEwlux

*VARI (913*-ISOT0PE VARI.6/* CONSTANT VALUE19X*ABLE HA1

1$SIEFFECT ABLE OPERATORQI

GO TO (41:42.43) HA9

IF (CA’PA.LT. ) GO TO 51

C PLANAR 38 AVE

011.4 :3911/4I119 S D(2.4)=8HX4 . 926 s 013.4I=BRP24 6 Rt

DI4.4)35H(PX2*P22 S 0(5.4)=8H * P229? 0 016.4Isaux2II
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0(1. 5)=5H(1/4)*(P S 0(2, 5)=8HY4 a 32* S DISI5I=8HPZQ D So

D(4.5).8H(912.PZ2

0(166)=3H(1/4)*(2

DI4.6)83HPY2 9 FY

$ 0(5 5I- 8H P22.P s

s 012 6I=-BR«R««SaPZA S

S 0(5

D 6.5,:8HY2’)

D 306,38H * (PXZ.

.6)88H2*PX2) * $ D(6.6)8 8H58IPX28

D(7.6)83Hp22 + pz 5 018,6)38H219X2) 6 S 0(9.6I=8HR*IPY269

0(1I.6I.BH22.P22.P

DI1.7II3H(1/4)*<2

D(4.7IIBHPx2) - 2

0(1.10)88HP6

0(1113I38HP26

GO TD 60

51 CONYINJE

C PLANAR PRO.ATE

DII.‘)85H(1/4)*(P

D(4.4)85H(PZZ*PY2

0(115)83H(1/4)*(P

014.5)38H(PX2*PY2

D(1.6)83H(1/4)*(2

DI4.¢)=8HPX2 + PX

DI7.6):8HpY2 6 pY

D(1Jhb):8HY2.PY2tP

0(1. 7)85H(1/4)*(2

0(417):8HP22) - 2

DI1.10)88HP6

D(1.13I:8HP26

GO ID 50

42 CONYINJE

C PHI-FOR“

D(1.4)I3HPX4

DI .5Ia8HPVA

DI .7I=8H(PY21P22

0(168)88H(PXZ*P22

011.9I83HIPX21PY2

011.10I=BHPX6

0(1. 13I38H1PX21PY4

D(1.14)88H(PY2*PX4

DI1.15)88H(PY2*P24

DIl.16)88H(p22*pY4

D(1.17I38H(P22*Px4

D<1.17)8BH(PZZ*PX4

0(1.18)=8H(PX2*PZ4

D(1.19I88H(pX21p22

0(4019):8HX2)

GO ID 60

43 COVTINJE

C H‘FORM

D(1.4):8HP4

DI117):3HP28(PX2-

DI1.8):8H(PZZ*<pX

D(4.82'8H2)tP22)

DI1.10I88HP6

011.1 )88HP26

011.1;)88HP2*(P22*

D(4.15I:8H-PY2)1PZ

D(1.16I88HPZ49(PX2

014.16I=6HI~P22

5 011116Ia4HYZII ,

S 0(2.7)=8H9IPX21PY S

S D15,7I=BH6P2 . 5. S

S 0(1611)=8Hp4tp22

D(2.4)=8HZ4 6 R26

DIS.4)=8H 8 PY26P

D(2,5)=8HX4 9 826

0(5,S):8H . PYZ'P

0(2,6)=8H*R*S*PY4m
e
a
u
a
m
e
e

a
n
a
u
a
m
e
n

DI3 7I=BH2 8 PYZ.

D‘6g7’=8HPZZ)

S DI1012)88Hp26pZ4

DI3.4)=BHPY4 t Rt

0(664,=8H22’)

0‘305)=8HPY4 t-St

D16.5I=8HX2))

0‘306,=8H 9 (P229

1 0(5.6)=8H2*P22) 8 S 0(666)8‘3H59(P22*

$ D(8,6I=8H21P22) 9 S

S 0111.6),4HX2II

$ D(2 7)=8H9(P226PX S

5 0(5, 7>IBH6P2 6 56 s

S 0(1011)88HP4tp22

S D( 06’38HPZ4

s 012.?
5 0‘2, 8’38H 9 PZZVP S

S 0(2 9’88H t PYZSP S

D(1.11)88HPY6

D(20l3)38H

0(2614)¢8H

0(2015)=3H

D‘2.16’38H

0(2017)88H

D‘2.17)38H PX‘flp

D‘ZOle’IaH PZ4*P

DI2.19)=8H*pY2 t p

PYAtP

9x469

P248?

PY4*P

PXQwP

v
a
m
e
fi
e
u
n
v
u
m
u
n
w

i
-
O
O

G
F
O
T
O
O

$ D(1.5)38HP2*P22

S 0(2,7)=8HPY2)

S D(2,8)=8H2-PY2) t S

011.11IEBRRA.922

0(1614)=3Hp4*(Px2-

0(2.15)38H(px2'pY2

015.15IEBH2I

0(2016)=8H~PY2) t

‘
v
o
w
u
n
e
u
w

)=8H 8 P229? S D!

DI9.6I=BHR*(PX29P

013.7I=BHZ 6 Px24

D‘b.7’=8HPY2,

S 011.12I88H921p24

I7I=BHYZI

Dg.BI=BHXZ)

DIB,9I=8HXZI

I1012I88H926

013.13)38HX2)

DI} 14I08HY2)

013 115)88HY2)

DIS 16)88H22)

013.17I38H22)

DI3617I88H22)

0(3'18)!8HX2)

$
6
9

U
D
Q
G
H
U
H
fi
fl
fl
fi

$ D(1.6I=BHPZ4

DI3,8I=8H (pxz-pY

12)38HP22PZ4s 011.

s 012.1.IaBHPsz

s 013

S 013.16IsBH1Px2-P12

D‘3019)§8HY29PZZ
*p

015)88H) * IPXZ
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60
0

N

214

64

66

68

212

220

217

218

221

’2

COVYTNJE

DO 54 V81.19

05/03/73

IF (NPA?(N.1).OR.NPAR(N,2).ORngR(N) .0R.PGDEL(V)) 62.64

CONTINJE

PRIQN 214.((X(N)}PA?(N),NPAR(N03)o(D(J:N)oJ81011)))

roaan ( < A8’1X;E13.8 13 2x 15x

IF (~212¢~.2I.0R.PGDEL1~I$ PAINT 216.PGDEL(V)

FORN‘Y (*§*29XOE12.5013)

COVTTNJE

IF (NPA?<20,1I.Eo.bI GO To 66

PRINN 2 2.X(2 ) .NPAR(2 I )

IF (NPA (21:1).E0.D) GO T6 68

PRIVW 21?.x(21) ;NPAR(21.1I

COVTTNJE

F0241? ( A8,16X,I3)

PRIVN_22§.CAPPA

FOQIAT(/lt KAPPA = tF14.7)

REYJRN

F0?4IY(*19)

FORflAT (1 A8)

FOQ4KT (6 tittitt0N_Y TYPES I-R

3x luAB'A4) ,

CNPAR‘ZON)

AND III-R WORK PROPERLY IN THIS PROuR

0621M -°-- THEREFORE THE VALUES X AND Y 0R X AND I HILL BE EXCHANG

ED.)

END



R1.3A

O
C
E
C
M
O
C
7
C
N
O
C
3
C
T
O
<
3
C
3
0
M
3
C
1
0

Q

40

FOR EAJH STATE

JINCJAJIJ+<V~1-KPI

IFPAV=23>4

IFPAV D 3

114

SUBIDUTINE FCRMEPl (IFPAVONMAXaIEO. PAR PONP CAPP)

05/03/73

cowqo~ A(25.25I.s<25.25I.AS(6ooI.JIN(2.250;I INDEXINVARI24IZIIIBN

CowaoN/BIKAP/AP<15. quI

014:NSIDN P(19 4.NMAX) PAR(19).¢VEP(19I.NP(3)

t 9 t i t a 9 t * w a t o t . t a w A t t t t w a t t g t g g t t a t . *

THIS“ RJJTINE SORTS THE EIGENVALUES AND DETERMINES THE QUANTUM NUMB R

THE DIAGONAL ENERGIES FROM A ARE STORED IN AG AT LOCATI

THE AVERAGE VALUES ARE CALCULATED BY USING THE TRANSFORMAT'O

MATIX AND APPLYING IT TO THE UNDIAGONALIZED OPERATOR VALUES

OPTIONS ARE

IFPAV =0.1

ENERGY BY RORE THAN 599,

EXPECT21.OE-9

RT281.414213562

NT #0

HT!)

J=V3K1I

NL8VP(3)

IF (NL.3T.0I GO TO 10

IF ((J.VE.0I.0R.¢JE3.NE,1II RETURN

INDIUIVIIBNIII

IF (IND.EO. I RETURV

INDEK:IVDEX+1

DO 40 131.15

APCIIIVDEXI=9.5

ASIINDEXIaU.

JIVCIBVI1I=IADEX

RETJRN

C INITIA,UZE QUANTUM NUMBER IDENTIFICATION

10

0 FOR

21

22

23

24

C FOR

28

121

122

123

COVTINJE

IF (CA’°,LT.LI GO T3 28

GO YD(21.22,23.24) JEO

3-R NOTATION USEIOBLATE

KZI-Q S K1=J¢2

GO TO 30

K2!) 8 <1=J+1

GO TO 30

K23-1 S K1=J92

GO TD 30

K28~1 I K1=J91

GO TO 30

1-3 NOTATION USE ,PROLATE

GO to (*21I15122k23.1124) JEO

g 'IJ/z 082925 23((J*1)/2)*2'J 2

T0

K18¢JISI9292 S K2= ((J1I/2I92J+1

GO to 30

K1:((J¢1)/2)*291 s (2=(J/2)*2'J"1

THE DIAGONAL AND AVERAGE ENERGIES ARE PRINTED ONLY IF

EXPECTATIOV VALUE OF THE ENERGY IS DIFFERENT FROM THE

THE DIAGONAL AND AVERAGE ENERGIES ARE PRINTED

THE NORMALIZED EXPECTATION VALUES OF EACH OPERATOR IS PRIN E

9 t t p-. t t t t t t t t . t g t t t g t t t t t a t t r g t a t t t *

THE

DIAIO
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124

30

05/03/73

115

GO TO 30

K1=((J+1I/2)92+1 S <2=(J/2I92-J

COVTINJE

KP=<2 5 KN=K1

DO 55 NN=11NL

C DERIVE THE OUATUp NUMBERS FOR THE STATE

50

KP: (P‘Z S KNgKN'Z

INO=UwJ9J+KN91-KP

ITARBJIVIIBNIINDI

IF (ITA?.EO.UI Go T3 65

INDEKsIVDEX+1

IF (IF’AV.EO.-1) RETURN

IF (INDEX.GT.6O I GO TO 242

JIV(IBV.IND)8INDEX

D0 50 “Z: ’19

AVE’KN 2’86:

C FORM THE IEX’ECTATION VAUES OF THE P OPERATORS IN H SPACE

C THE AVERAG: OF PIN NI= SJM OvER I.J 0F SQIIINI9PIIILIASIL N)

VSOSUN=0.0

DO 50 I‘laNL

SIVVLSIIINN)

DO 59 L'IONL

MDI,bI+1

1F (”0.3T.4) GO TO 5U

VSQ:SIVV95(L.NN)

C FORM THEISDJARE OF THE DIAGQNAL ELEMENTS

C THE

96

98

192

106

104

32

59

60

IF ("0.50.1I VSOSUM=VSOSUH9VSO

IF (MD.VE.1) VSO=V5392.3

M=L

1F (JE3.FO.2I M=M+1

IF IIJED.EO.1).AND.(MD.EO.MI.AND,(MD.GT.1II VSO=RT29VSO

DO 32 QI=1019

AVE°KLII=AVEP(LII9VSO*P(LIIMDIM)

IF (M.ST. 4) Go To 32

FOL.DNIVG TRANSFORMS THE MATRIX ELEMENTS BY THE HANG TRANSFORM

GO TO (94 98,1 2 1 4) JEO

EOI.

IFIIND.EO,1I.AND.(M.EO.2))AVEP(LII=AVEP(LI)QEOtVSO9PILII312I

IFI(MD.EO,2).AND. (N.EO.3))AVEP(LI)IAVEP(LII9EO*VSO*PILII4I3I

GO TO 32

EDI-1

GO TO 95

EDI-1

MDLtMDol

IF((MD.LT. 4). AND. (M ED. MD)IAVEP<LIIIAVEPILII9E09VSOwPILI. MDL MI

IFI$MD.E.O.1). AND.(M. EO.2IIAVEP(LI)_AVEP(LI)oEvaSQAP‘LIQ4,2)

E081

GO TO 106

COVTINJE

CONTINJE

COVTINJE

C CHECK FJR IVCORRECT EXPECTATION VALUES

AVEEIID.

DO 52 L121019

AVEEhAVEF+PAR<LII9AVEPILII
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62 CONTINJE

AA:IINN.NNI

DIFFE(A35(AA-AVEE)I/AA

1F I!I’°AV.EC.2I.OR.(IFPAV.GE.4>I GO To 48

IF (0::F,LE.EXPECTI Go To 64

48 VSOSUHEVSOSUV-l

IF (NT.EO.uI PRINT 226IEXPECT

NTBVF+

PRINT 527,J..EO,NN.<N,Kp.AA,AVEF.DIFF. VSOSUM

64 COVTINJE

ASIINDEXI=AA

00 7b «1:1.19

NH-INAIIMI.IBNI

IF (NH.E0.0I GO TO 7U

APIIH.INDEXI=AVEP(MII

70 COVIINJE

IF (IF’AV.LT.3I GO TO 65

IF (MT.E0.0) PRINT 222

MTIIth

DO 52 ;I=1.19 .

58 AVE’KLI)=AVEP(LII/AA

PRINT 22;.4.KN.KP.JED.(AVEP<LII LI=1.19I

Go TO 65

242 PRIVF 240.1NEEX.IND

65 CONTINJE

RETJRN

220 FORNAT (1x.3l3.I4.2x.1558.1/¢1X.13E8.1II

222 Foannr (*0 J KN KP JEOn6X9X/E Y/E Z/E T /E . T2/E

1T3/El T4/E TSIE T6/E H1/E HZIE: H3/E H4/E HS

2/5 *5/59)

226 F0 «A: (It . JEO NI KN KP DIAGONAL ENERGY AVE AGE ENE oz

1FF/zNE33Y v2X.12HUwU DIAG - 19 DIFF DREATERGHAN u

227ZFORIAT (1x. 513. 2X.E16. 9 ,2X.E16.9.3X.E13.SISX.E11.3I

24o FORIAT {/wINDEX OVERFLOH. INDEX =.I7w IND 2 917)

END
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SURIDUTINE SYMDIG (N.ITN)

t t t t t t t i t t t t a t t w * g g t t t t t t a * t t g . t-t t .

THIS RDJTIVE DIAGONALIZES THE SyMMETRIC MATRI A AND COMPUTES ITS

EIGENVEJFORS} STCRING TIEM IN 5. THE COLUMNS DF 8 ARE THE EIGENVECTORS

CORRESPJNDIVG TO THE EISENVALUES WHICH ARE ALONG THE DIAGONAL OF A.

THE IOUTINE USES ONLY THE UPPER RIGHT CORNER OF A FOR THE OFF DIAGON l

ELEMENT310’ A AND STORES THEIR SQUARES IN THE TNE LOHER LEFT HAND CORNEI.

THE ORJER 3F ARITHMETIS OPERATIONS IS SET UP SJCH THAT THE METHOD OF D‘I

IZATIOV HORNS ONLY WHEN THE DIFFERENCE OF THE DIAGONAL ELEMENTS IS NOT 2!

AND HOR<S BEST IF THAT DIFFERENCE IS GREATER THAN THE OFF DIAGONAL ELEM I

MAGNITJJE.

IF ITN IS VOT ZERO ON ENTRY THE MATRIX ELEMENTS ARE PRINTED BEFORE AND I

DIAGONA,HZATION.

HE “ILL :ALL E:A(IOJ) AND BSSCONJGIAIIIJII

it...Ofiti*ttiiffitfifit.*'*fitfi*fiflflfiflfi.

COWIDN AIZSIZS)08(25025)0As(600)DJINIZOZSDU’IINDEXONVAR‘2402,0IBN

TYPEIDJJBLE EAB,R

PRECN NJST 3E APPROX a T0 299(-NI NHERE N 15 THE NUMBER OF BITS USED Tu

THE FLDATIVG MANTISSA IN THE COMPUTER

IPirleV

PREJN=1.aE-11

ITN : NJHBE? OF ITERATIJNS THRU ALL OF A.

ITN I 3

IF (N,LE.DI RETURN

INITIALIZE THE S MATRIX

DO EII 3 10N

S(III) :10

II8I91

DO EIJsIIaN

NOTE I 0.1 BECOMES LARGER THAN N

2 S(I.JI I S(JII) = u.a

IF (IP?T.EO.J) GO T3 1

PRIqfl BOO.((A(J,I).I=1.11),J=1.NI

1 CONTINJE

1F (N.-E.1I RETURN

COMPUTE 8*33 AND STORE THEM IN THE LONER RIGHT OF A

DO 4.I-1}N

II8I91

D0 Q'JgIIoN

TENPII A(IoJI

BBITEHatTEMP

A(JIII 3 BB

4 BAVEI: 3AVE + 38

FN 8IN

BAVEhBAVEt(2. 9FN/(7N-1,L)I

IF (N.LT.3) EAVE=0.

FNe’Na’V

INVER33

NMINbl

IF (A(ZI1I.LT.A(NINI)) INVER=1

THIS ENTRY SHOULD BE USED ONLY IF THE CALLING PROGRAM IS NOT SATISFIED N]

THE DIASONALIZATION AND HISHES TO CYCLE THRU MORE ITERATIONS ON THE SAM

MATRIX.
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ENTIN DIGMOR

CNOTE...

C§.*O+~+o9.+-*-+*-§~+-+-+2¢-*-++v*.#-‘--+-O-+-+.-t-*-O-OO.-¢-+.¢9*-+OO-¢-+-

C BAVE SHJULD NOT EE ZERO UNLESS THE MATRIX T O BEeDIAGONALIZED HAS ITS L F

C ELEMENT IN THE UPPER LEFT 0R LOWER RIGHT OFF THE THE DIAGONAL AND THE RF

C OF THE THE ELEMENTS COME IN DECREAS’NG ORDERUP 3R DOWN AWAY FROM THE TH~

0 ONE

C*'*9+-+Ob¢+-*o++-§-+-+n+v+-+-¢¢-+-#-L--+'+-+-+¢‘¢~O-¢--¢.-¢-+-+O§-+-+-+-v.

BAVEhOIO If

ITN:O

IND a 1

C AFTER EACH ITERATION THQU THE WHOLE MATRIX. RETJRN HERE

C COMPUTE THE AVERAGE VALJE OF THE SQUARES OF THE OFF DIAGONAL ELEMENTS

6 BAVEI: SAVE/FM

IF (IBAVE.EO. ) GO TO 7

IF (INDoEO. I GO T0 6?

7 IBAJEsj

IND 8 G

8 H a 0

ITN 8 ITN+1

IF (ITV.GT.1D I GO TO 5'

10 LL8J' ,

M I M¢1

IF IM,35.N) GO TO 6

C THE ROUTINE IS SET UP T3 CHECK AND ROTATE MATRIX ELEMENTS SEQUENTIALLY

C PARALLE.ITO THE DIAGONA-.WORKING DOWN AND TO THE.RIGHT.

C 0R WORKING JP AND TO THE LEFT WHEN INVERsl

12 LLI;L¢1

L=LJ

IF (INVER.EO.1) L=N-L

K I Ltw

IF (LjLEIO) GO TO 1

IF (L.3E.N) GO TO 1

IF (K,3T.N)GC T0 12

8A3 I A(K,L)

C IF 898$ IS LESS THAN THE AVERAGE 8293 GO TO THE NEXT ELEMENT.OTHERWISE H(

IF (BAB.LT.BAVE) GO TO 12

IBAJEal

IF (BAB.LT.PRECN) GO TO 12

C1 3‘ A(LuL)

Cz 8:A(<.KI

B I A(Lgk)

CDF I (:1‘C2’IZQO

R8C)Ft(1.O°DSORT(1. 9BAB/(CDF*CUF))I

IF (ABSIRI LT PRECN) GO TO 12

ALFA.I 1.07DSORTII. 9 R9R/BABI

IF (ALFA.EO. .~) GO TO 12

C IND IS A.FLAG WHICH IS SET HHEN A ROTATION IS DONE

C IND ALSJICJVTAINS THE NJMBER 0F ROTATIONS DONE AFTER EACH TIME THRU THE I

IND a IVD+1

C A ROTATION JILL AOW BE DONE HHICH WILL SET THE VALUE OF A(L.K) TO ZERO

BETA.8 (R9ALFAI/B

DO 40 I B 1:“

C ROTATE THE JNITARY TRANSFORMATION MATRIX

TEM’ls ALFAtSIIaL) - S(IIKIwBETI

S(IOK’ EABETA*S(I0LI * S(I,K)*ALFA



R1.3A 119 05/03/73

S(I.L) = TEMP

C ROTATE THE HERMITIAN MATRIX

IF (I-L) 20.24.28

20 TEHDTa ALFA*A(I,L) ~ A(I.K).8ETA

A(I.K) = TEMP? = BETA*A(I9L) * ‘II.K)*ALFA

A(IgL’ "TEMF

C COMPUTE BASS AND STORE THEM IN THE LOWER RIGHT OF A

A(L.I) 8 TEMFtTEMP

A(<.!)xTEMP2tTEMP2

GO TO 40

AIKIK) 3‘C2 * R

C WITHOUT ROJVDOFF ERRORS A(L.K) NOULJ BE ZERO AS CALCULATED BY THE FOLLOA

C HE SHAL SET IT ECUAL T0 ZERO

C TEMDF‘ALFAtALFA-BETAtBETAI*B*ALFA*ICi'CZI*BETA

C A(L,K)8TEMP

C A(K,L)uTEMP.CONJG(TEMP)

A(L.K):A(K.L)=L.0

Go To 40

28 IF (I.() 30.4 .34

30 TEH=Ts ALFA.A(L,T - BETA.A(T.K}

A‘IIK) I TEMPE = EETA*A(LOI) . ALFAOA(I,K)

A(LaII ‘ TEMP

A(I.L) 3 TEMFtTEMP

A(K.I) ='TEMF2wTEMP2

GO TO 40

34 TEWDIS ALFAfAILoI) “ BETA'A(KOI'

A((.I’ 3 TEMFZ : A(-.I)gBETA w ALFAEAIK,I)

AILaI) 8‘TEMP

A(I.L) ‘ TEMPaTEMP

A(!.K) =ETEMP2*TEMP2

40 CONTINJE

GO TO 12

c THE ROTATTJV IS COMPLETED .GET THE NEXT ELEMENT

c

60 covrTNJE

C THE DIAsoNALTzATTON HAS COMPLETED TO THE DESIRED ACCURACY,

c THE FOL.DHIVG SORTS THE EIGeNVALUES INTO DESCENDING ORDER

c THE EIGENVESTORS ARE ALSO SHITCHED To CORRESPOND TO THEIR ETGENVALUE

IF (IPRT.EQ.C) so T3 11

c

5o covrTNJE

c THE DIAsoNALuzATTON HAS NOT COMPLETED SATISFACTDRILY AFTER 100 ITERATION

c THRU THETCJHPLETE MATRIX. THE CALLING PROGRAM HAY RETURN ENTERING AT D?

c T0 c0H=.ETE THE EIAGONALIZATION.

c

PRIVN 201o((A(J.I).I=1.11).J=1.H)

PRTTT 202.((S(J,1).I:1.11),J=1,H)

PRTTT 203.1TA

203 FORAAT (II/t ITN = ~18)

110 Mgv

120 MxHIZ

IF (M) 130914 1138

1CD KBV-M

J=1

141 I=J





R]..3A

149

150

155

140

200

2

202

120

L=IvM

B=A(I.I) $ 81=A(L.L)

IF (B'BI’lS .16 .16

TEM’FA‘InI)

A(I.I).A(L.L) $ A(L.L)=TEMP

DO 155 LL=1.A

TEN’FSILLsII S S(LLrIIESILLaL)

S(L.LL):TEMP

I=I-H ’ .

IF (I-l) 16 .149.149

J=Jb .

IF T -<) 141.141312

CONTINJE

RETJRN

FORHAT (tOA BEFORE DIAGoNALIZAT ONt/I 1Xa11E12.5))

roaqny (.oA AFTER DIAGoNALIZATTONt/t 1x. 1512-5))

FoRAAT (‘05 AFTER DIAGONALIZAT‘oNr/t 1X. 1512.5)!

END

05/03/73
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SURROUTINE HANGT (A,NN.JEO,JAGAIN.NMAx.PAR.AH.P.NPI

DIMENSION PAR<19):P(19I4INMAXIIAHI4INMAXIIN°I3I

DIMENSION A(25.25)

i t t t t O i i t t t i t t t i t i t i i t t i t t t i O i t t t t t t t

THIS TDUTINE FORMS THE HANG TRANSFORMED HAMILTONIAN AND STORES IT INTI

If JAGAIN :DIA NEH {MTERMEDIATE HAM LTONIAN IS ALWAYS FORMED.IF NOT.THET

THE DI’FERENCE EETHEEN THE JED: OR AND JEO=3 0R 4 ARE MADE.

J50=1 oucK Is EVEN. USE SUM OF THE B SIS FUNCTIONS

4EO=2 titK IS EVEN, usE DIFFERENCE OF THE BASIS FUNCTIONS

'JEO:3 OOOK IS ODE . UsE DIFFERENCE OF THE BASIS FUNCTIONS

JEOs4 ...K IS DUE . USE SUM 0F THE BAsIs FUNCTIONS

't t t t t t t t i t . t i t t i a t g t g t t t t t t t g t 9.. t t y w t

(
D
O
C
T
C
P
O
I
H
C
I
O
C
I
O
C
U

J=N3K1I

GO TO (13.1 a12o12) JEO

10 KEO:(J/2)t2

GO TO 14

12 KEJ=((J*1)/2)*2-1

14 N=(ED/2*1

IF (JQED'D) “=0

NP(33:N

1F (N.LT.O) RETURN

IF IJ.LE.O) RETURN

RT2:1.414213562

IF (JASAIN) 24.26

24 GO TO (60.64.68.72)JEO

60 JE381

E08?

GO TO 30

64 JEOIE

E0802

GO TO 31

68 JED=O

E0302

GO TO 40

72 JEDSR

EOSZ

GO TO 40

26 COVTINJE

NENJF4OVMAX

DO 20 I=1.NEND

20 AHIII3JO’3

C FORM THEIHAHILTOAIAN IN J.K SPACE

DO 15 L8!.4

DO 13 LL: 1IA

DO 15 I‘1-19 .
13 AHI.LLL)=AH(L0LL)*PAR(I)'PIIOLOLL)

Go To (28.29.36.37) JED

C FORM THEINANO TRANSFORMATION

28 JE081

ant

30 11!)

DO 33 132.4

AHII.IT=pT2*AH<I;I)

34 CONTINJE
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29

31

32

36

50

122

GO TO 32

JEO=2

E0201

CONTINJE

N=N-1

NPISJsV

IF (N.§3.g) RETURN

11=t

CONTINJE

AHI132):AH(1.2)¢EotAH(3,2)

AHt2,3):AH(2.3)+E0tAH(4.3)

GO TO 50

JEO:5

603-1

GO TD 40

JEOSH

EOIL

DO 42 131.3

Lairhl

AHIIIII=AH(III) +EO~AH(L.I)

COVTINJE

AHC132)=AH(1.2)+EO*AH(4,2)

11')

CONTINJE

C STORE TIE TRANSFCRHED MATRIX INTO A

51

FOR

OTHER

DO 52 1:1,N

IIIVNOI

DO 52 H=I.N

IJaflbIl

LaHrNN

KIM-le

IF (K,3T.4) GO TO 51

AIL-III3AH(KAIJ)

A(II.L)=AH(KaIJ)

GO TO 52

CONTINJE

A(LnII)=A(IIaL)=0.U

COVTINJE

NNSVNOV

RETJRN

END

I D HCURS MINUTES 42.184 SECONDS

I 0 HCURS MINUTES 0.623 SECONDS

ELA°SED TIME! O HOURS MINUTES 42.8 7 SECONDS

TOTA-'CONPUTE :OST AT REDUCED RATE 3 2.18

OUENCE NUMBER 34291580 O FINISHED AT 1337;
7

05/03/73

DATE 05/03/73



APPENDIX IV

*

POLYNOMIAL FITTING BY LEAST SQUARES

Convolution of a function, f(x), (which here repre-

sents the spectral data), by a function, c(x), is given by

h(y) = f f(X)C(y-X) dx

The function, c(x), generally, rapidly goes to zero, so

the integral has a narrow range of integration. Numerically

the integral becomes a summation, i.e.

f .c .

n n+1 -i

The summation formula yields only one data point, hn’

for each summation, so that it must be repeated incre-

menting n each time to convolute the entire spectrum.

Let us now derive the convolutes, ci, which can be

used to obtain the rth derivative by the method of least

squares fitting to a polynomial of degree j over the

range +m to -m points. If we represent a polynomial of

of degree j by the equation

2 j
+ b. x + b. x + ... + b..x A-IV-l

31 32 33 ( )

f(x) b
jO

k=j

z b

k=0

-&——————— . . 38

*Adapted from Whittaker and Robinson pp.291-295.

Xk

jk

123
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The derivatives of f(x) are

8f _ ... . j-l

2 2 . . j-2
a f ex = 2b. + 6b. + ~-- + -1 b../ 32 33 3(3 ) J3x

Brf/er = rIbjr + --- (A-Iv-z)

By evluating Eq.(A-IV-Z) at x=O, we obtain the derivative

at that point, i.e.

...—...... = I = _ .—
r r.bjr ajr (A IV 3)

x=0

Our goal is to fit the above functions by the method of

least squares to our experimental lines and thereby

obtain the values of the derivatives. That is, we wish

to find bjr such that

i=m 2

3 I E (fi - Y1) I = 0

Oh. i -m

Jr

where x takes on integer values, i, ranging from -m to

+m. This step can only be done if the increments in x

from point to point are the same. Substituting for fi

we get

i=m k=j k 2

3 [ Z ( Z b'ki - yi ) ] = O (A-IV—4)

SBT_' i=-m k=0 3
3r

From Eq.(A-IV—4) we get

i=m k=j i=m

z yiir = z b.k z k+r

i=-m k=0 3 i=—m

Let us define
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_ i=m k+r Note that:

Sr+k — Z l
i=—m r = order of derivative

i=m im = range of integral
.r

Fr = Z yii

i-—m l = running index of integral

so that we have j = degree of polynomial

k=j k = degree of term in polynomial

F = X b. S (A-IV-S)

r k=0 jk r+k

The set of equations given by (A-IV-S), called the normal

equations, can be solved for the b. and from them the

3k'

kth derivatives can be obtained.

The sum Sp for even p is given by

p+l p

 

 

_ m m_ p p-1 _ p(p-l)(p-2) p-3

Sp ‘ ZI p+1 + 2 + 21 Elm 4! B2m

+ p(p-l)(p-2)(p-3)(p-4) B mp-S _ 3,, 1

6! 3

where the B's are Bernoulli numbers, e.g. B1 = 1/6,

B2 = 1/30, B3 = 1/42, B4 = 1/30, B5 = 5/66. The sum

Sp is zero for all odd values of p, which yields the

interesting result that for all I,

b29.,0 = b22+1,0

b29.-1,1 = b22.1

b22,2 = b2£+1,2

0..

.

e.g. smoothing by lea; squares fitting to quadratic or
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cubic polynomials are identical!

 

The solution of the normal equations for £0 = bjo = ajO'

where j = 22 or j = 2£+l, may be written in determinate

form as

F0 F2 "' F22

S2 S4 "' S22+2

S4 S6 "' SZ£+4

52D S22+2 "' S4I

f =

0

S0 S2 522

S2 S4 "' S22+2

S4 S6 "' S22+4

522 s22+2 S41  
Since only the F's are a function of yi, the determinate

can be written as

fozcmy +"°+C y

m + Cm-lym-l —m -m

where the c's are constants whose values are determined

by j and i. We see that this equation is identical in

form of that at the beginning of this section, which is

the integral equation of convolution.

If we choose the degree of the polynomial, j, to be

Efllual to 2 or 3, then we will obtain the formula for the
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convolutes, ci required for fitting data by the method

of least squares to a cubic polynomial, which is given by

_ 3m2 + 3m - 1 - 512
c. — 3-

l (2m-1)(2m+1)(2m+3)
(A-IV—6)

 

We see that this method of obtaining the rth

derivative requires the data to be linear in the abscissa

values over the range of integration and that the range

of integration is over an odd number of points.



APPENDIX V

FREQUENCY ASSIGNMENTS FOR THE

OF HDTe
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083

3890.836

3899.890

3908.061

3913019U

3915.668

3918.212

3920.655

3925.705

3930.799

3935.931

3937.669

3942.747

3944.035

3947.871

3999.099

3909.172

3953.033

3959.182

3961.121

396%.333

396Q.683

3965.309

3969.517

3969.852

3970.050

3971.837

3971.837

3971.837

3972.203

3972.786

3974.997

3975.038

3977.183

3977.183

3977.183

3978.490

3979.107

3980.182

3981.635

3982.465

3982.465

3982.465

3982.586

3984.765

3985.386

3985.685

3987.673

3987.673

3987.714

OiS-CALC

~0.031

60601

‘00691

DOUJZ

'U0071

0.002

-60095

-0062“

“60611

00605

‘00026

-0001“

“00032

-0.00?

-00D17

'90018

0.003

“U060?

'00013

-UOUU“

-COUUZ

-0.014

#0.002

“00601

UOUJ6

'60008

‘00608

0.001

0.008

8.000

‘00605

-Uobdg

‘00602

'00002

’OOUUB

-0.002

0.001

0.00“

“00601

00605

UOUJS

’00618

0.031

-0.005

0.000

'0.008

0.001

00601

0.LJ3

NT ISOTOPE

0.01 130

0.04 130

0.01 130

Jold 139

0.00 130

3010 139

0.01 130

0.91 13d

JOOW 139

2.00 130

0002 150

0.10 130

0.01 130

2003 130

UQUQ 130

0.02 130

ZOJJ 13d

ZOUJ 139

0.01 130

30UU 150

0.02 130

0.20 130

5.00 130

0.30 130

0.01 130

0.20 130

0.2J 134

0.20 133

floUl 130

0.03 130

0.02 130

0.02 130

003d 133

0.30 130

9030 130

0010 130

0.33 130

9.00 130

2.J0 130

0.10 130

0.10 130

0.01 130

0001 130

1.00 130

6.00 130

1.00 130

U016 13d

hold 139

0.02 130
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083

3990.132

3990.393

3991.131

3992.816

3992.816

3992.871

3993.149

3993.584

3994.215

3995.385

3995.435

3996.164

3997.902

3997.902

3997.973

3998.188

3998.527

“9U90622

“9990622

4001.603

4002.432

4002.914

4002.914

49920979

4003.023

4004.288

4004.602

4005.539

“9670366

4007.866

4008.743

“9990597

“9090869

4010.188

“0190637

“9120317

4012.749

4012.749

4013.004

4014.859

4015.209

4015.250

4016.589

4016.589

4016.635

4016.993

4017.320

4017.320

4017.553

99170553

OJS-CALC

U0993

“00091

0.002

“90092

'00992

”U069“

’90U93

‘00U11

90098

0.001

‘90093

’90091

0.003

0.003

’00999

'90U95

0.002

0.000

‘00696

0.000

0.031

‘90091

'90091

0.005

0.000

'00991

”00000

90093

0.002

0.001

0.014

0.003

’90U93

'90091

“60610

'90099

0.003

0.000

-0.006

0.001

90699

‘0.006

00U10

0.003

‘90690

0.001

'-c.n.2

UOU91

’90U96

‘60019

HT ISOTOPE

3.00 130

0.40 13J

0.20 130

0.50 130

9059 139

9099 139

9020 139

0.02 130

90Ul 139

9099 139

0.40 130

loUJ 139

0.50 130

0.50 130

2.00 130

U091 139

0.04 133

2.00 130

20U9 139

3.00 130

1.00 130

0.50 130

9050 139

9029 139

0.10 130

5.00 130

1.00 130

2.00 139

0.20 131

0.20 130

0.02 130

309D 139

1.00 130

3.00 130

0.01 130

3099 139

0.50 130

0.50 130

U091 139

9069 139
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4018.043

4019.126

4020.816

4021.204

4021.646

4022.310

4U22031U

4023.240
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4024.734

4025.302

4025.540

4025.842
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0.01 130

3.04 130
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1.33 133
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0.43 133
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OBS

4038.268

4038.377

9033.938

4039.593

9039.861

4040.197

4040.262

4040.493

4091.050

4041.756

4042.046

4042.210

4042.431

4043.098

9043018“

4043.475

4043.696

40““0156

4045.367

4045.649

4045.945

4046.624

4046.828

4047.305

4047.884

4048.177

4048.886

9049.098

4049.215

4049.840

4051.132

4051.638

4052.085

4052.861

4054.194

4054.391

4054.681

4055.760

4055.863

4056.593

4058.397

4059.808

4067.767

4069.031

9070.834

4071.251

4071.490
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4071.821
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0.000
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*0.003
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1.60 130
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Uold 130

300D 13d

0.10 130

0.01 130

2.00 130
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0.20 130

0.01 130

0.10 130
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7000 130

4.00 130

0.60 130

1000 130

0.01 130

0029 130

0010 130

0.10 130
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038

4072.807

4074.495

4074.572

4074.572

9075011“

4075.499

4075.734

4075.790

4075.959

4076.607

4076.728

4076.772

4076.327

4077.762

4077.889

4077.986

4078.478

4079.058

4079.265

4079.497

4079.596

4080.338

4080.502

4080.608

4081.279

4081.319

4081.374

4081.764

4082.995

4083.149

4083.300

4083.300

4083.444

4083.619

4084.345

4084.503

4084.804

4085.085

4085.542

4085.573

4085.793

4086.254

4086.778
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4088.676
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4090.228
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DOLJl
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0.002
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‘00007
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’00001
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0.003
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‘00010
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’UoUUl

‘00005
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0.10 130

0.40 130
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0.01 130

2.00 13J

U004 130

0.20 130

0.01 130

UOZJ 130

5000 130

0.10 130

0.40 130

0.20 130

0.04 130
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OBS

4090.40b

4091.591

4092.323

4092.503

4093.262

4093.333

4093.782

4094.090

4094.255

9094.533

4094.030

4095.438

4U950704

4095.833

4095.905

4095.890

4097.131

4097.484

4098.081

4098.805

4098.844

4100.192

4100.192

4102.576

4102.576

4102.622

4103.433

4104.35b

4104.387

4105.649
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“1060687

4107.116

4107.954
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4109.249
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UQUJS
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0.004
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00009

HT ISOTOPE

1.00 130
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4.00 130

0010 13J

0.60 130

0.00 130

0.01 130

0.00 130

3.00 130

0023 13J

UOQU 13J

0.01 150

2.00 130

loUU 130

0.10 130

0.01 130

loUU 130

0.01 130

2.00 130

1.00 130

001d 130

0.10 130

0.10 130

0004 13J

3.04 130

Uoul 13J

1.00 130

0.10 130

0.34 130

5.00 13d

100d 13d

1.00 133

0.40 130

0.20 130

Uodl 133

2.00 130

UOZJ 130

0020 13U

003“ 150

0.01 130

0.01 130

0.10 130

0.01 130

2.00 130

2.0J 130

2.00 13a

0060 130

0.10 150

JOUU 130

0.01 130
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“055.25“

“0560990

“058.967

“060.37“
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“129.675 0.012 0.00 12“

91380901 80000 U009 129

91330105 80018 UOU0 129

4135.770 -0.001 0.0“ 12“

“138.112 ’0.000 0.10 12“

91900623 ’00006 0009 129

91920982 -00803 00U1 129

“1“5.“30 “0.008 0.01 12“

91990318 ‘80001 0001 129

91500912 “80003 0001 129

“153.982 ‘0.008 0.01 12“





APPENDIX VI

FREQUENCY ASSIGNMENTS FOR THE

(1,0,0) AND (0,0,1) BANDS

OF H28
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OBS

2599.326

2569.632

2591.243

2580.716

2550.418

2570.607

2560.554

2550.377

2540.003

2528.528

2578.350

2573.676

2560.411

2561.234

2559.743

2550.377

2550.122

2556.636

2557.600

2546.268

2542.378

2534.578

2629.276

2636.767

2638.392

26460474

26460803

36550462

26640114

96730636

26551 0 010

26590225

26970291

27050202

27120960

27200561

27230010

27350288

27420414

27490377

2756.173

2649.356

2652.942

2658.217

2665.572

2673.103

267304?8

26810015

26890807

26970859

27050754

27130513

2721.103

27250535

27350832

27420924

2749.377

2756.670

27630363

26690565

OBS-CALC_

0 02
0

0.016

~0.017

n0.001

0.007

0.001

00.001

0.033

0.000

01.005

0.004

00.003

90.012

0.018

0.065

.v0.035

0.003

0.009

0.002

0.006

0.004

0,005

0.002
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.00000

'00010

00001
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00001

0000!
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00002

00001

'00000

00001
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0.010
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00002
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00005

00001

'00003

00010

0.010
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0.018

00024

00037

00003

WT
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0.01

0.00--

0.12

0.01

0.06

0.25

0.00-.

0.00.-

0.00.-

0.01

0.01

0.00..

0.00--

0.00-.

0.00..

0.00-.

0.70
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0006
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0.36
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BAND
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100

100

100

100

100

100

000

100

100

100

100

100

:00

100

100

100

100

100

100

100

100

100

100

100

200

100

100

100

100

100

100

100

100
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OBS

2666.955

2678.361

2680.251

2684.819

2690.160

7691.405

2698.593

2698.877

2706.601

2706.730

2714.300

2721.860

2729.264

27360519

27430610

27500544

2757.306

2763.916

26780688

27040595

27060235

26940673

27090745

27150084

27160017

2722.884

2723.098

2730.340

2737.522

2744.570

2751.458

2756.115

2764.792

2710.253

2717.966

2706.731

2724.658

2728.731

2730.727

27330355

27380667

27390335

27450863

27450999

2752.728

2759.435

2765.918

2772.278

2778.483

2728.974

2740.930

2716.197

2744.296

2733.112

2745.073

2751.337

2753.709

2755.736

2760.845

2761.472

?747.177

OBS-CALC

00001

0.012

-0.001

0.004

«0.005

0.005

-0.021

0.001

0.035

0.113

0.004

.0.002

'00004

00001

00002

00006

00002

00009

'00001

00003

'00002

II"00005

00003

00000

00002

'00001

”00002

~0.010

0.005

~0.000

«0.002

u0.077

0.031

90.004

0.000

60.017
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0.003

0.009

“00003

00009

00001
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00.023
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0.018
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.0.015

.0.013
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0.006
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0.010

0.038

0.006
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0.042

"6.309

WT

0.06

0.10

1.00

1.00

1.00

1.00

0.01

0.25

0.01

0.00..

1.00

1.00
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0025
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0001
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0006

0070

0.70
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0025

1000

0070

0.25

0.01

0.25

0.25

0.06

0.00a.

0.00--

0.25

1.00

0.009.

0.0009

0.25

1.00

0006

0002

0070

0001

0000'-

0.2500

0.06

0.01

0.00-,

0.00“-
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0.00--

0.70
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0.00.-

0.25

0.00.-

0.01

0.01

0.00-w

0.25

BAND

100

100

100

100

100

100

100

100

100

100

100

100

100
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100
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.100
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100
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100

100

100
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OBS

2764.792

2761.472

2608.588

2606.441

2602.834

2597.640

2591.155

2483.995

2576.865

2600.722

2597.003

2600.722

2594.018

2599.645

2597.003

2581.106

2592.547

2586.248

2589.682

2588.424

2586.661

2590.479

2583.988

2590.356

2560.424

2588.879

2585.477

2579.860

2578.747

2578.499

2578.203

2578.051

2575.379

2578.350

2572.881

2568.071

2568.029

2566.712

2565.884

2565.110

2563.168

2565.110

2557.397

2555.957

?554.288

2552.905

2546.620

2619.759

2620.825

2622.862

2625.984

2629.869

2633.882

2637.416

2641.722

2626.793

26300435

26250170

2631.541

2624.092

2632.376

OBS-CALC

00019

.0.055

0.001

00.004

'0.001

0.006

0.003

06.231

«0.054

“00012

0.025

I0.004

0.003

$0.001

I0.009

03.995

0.004

00.006

00.044

«0.003

n0.000

0.002

900058

0.005

00.023

'0.002

0.004

90.005

00.007

0.017

0.020

0.011

0.002

'00024

”00008

”0.004

0.001

0.009

0.003

90.014

90.007

'0.016

0.019

0.033

00075

'0.024

0.021

«0.001

v0.001

I0.004

00.006

-n0.003

v0.016

$0.013

"0.152

0.001

‘00002

“00001

"00002

00.009

00.019

WT

0 0 '9

0:08..

0.70

0.00-u

0.01

0000-:

0.01

0.00.,

0,01

0.01

0.00..

0.02

0.00-9

0.00.-

o,oo..

0000'.

0.00..

0 03

0.70

0.10

o,7o

0.06

o,25

o,on..

0.90..

0.00..

0001

0025

1000

0000““

0.00..

0.06

BAND

100

100

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

.zoo

zoo

{zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo

zoo
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OBS

2635.954

2625.435

2637.776

2628.127

2639.709

2641.390

2635.294

2636.767

2637.885

2634.156

2637.299

2631.008

2636.767

2627.919

2635.944

2625.670

2639.434

2624.868

2646.474

2643.999

2644.889

2640.862

2636.767

2641.390

2632.101

2639.329

2655.198

2655.198

2652.942

2653.138

2650.123

2650.737

2643.086

2661.417

2661.417

2658.477

2658.592

2654.970

2650.737

2651.880

2672.440

2669.568

2666.359

2662.780

2680.810

2677.575

2673.979

2669.954

2688.959

2685.384

2681.398

2677.036

2697.050

2692.992

2688.600

2704.923

2700.453

2712.636

2570.920

2551.320

2599.675

OBS-CALC

v0.000

'00008

00.005

-0,020

0.030

0.077

.00067

0.097

'0'006

0.001

90,002

0.000

00.046

0,003

0.003

v0.003

00.030

90.026

0,024

-0.004

w0i001

v0.004

0,012

.0,025

0,004

0.006

0.014

90,024

.0;021

90.005

90.003

0.001

0,011

0.009

1.0.023

0.018

0.000

0.023

0.056

0.033

0.013

~0.027

0.010

0.031

0.015

0.003

0.013

0.014

.o.c3s

0.013

0,036

0.072

0.013

0.002

09039

0.000
~0,003

€0,013

0.013

90.923

”0.009

WT

0.05

0000--

0.01

0.02

0.01

0.00-9

0.00--

0.00.9

0.01

0.06

0.00..

o

0.00.-

0.01

0,01

0.25

0,00--

0,00--

0.00.-

0,25

0,06

0.06

0.00fin

0.00..

0.01

0.002,

0.01

0.00..

0,09-0

0.25

0.25

0.01

0.05

0.25

0.00--

0 01

0.96

0.01

0.00-n

0 01

0.25

0.00.9

0.01

0.01

0.06

0.02

0,05
0.00-g

0.00.q

0.01

0.00oq

0.00.9

0.01

0.06

0900'9

0.01

0.90--

0.00:9

0.02

0.03.9

BAND

100

100

100

100

100
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100
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.100
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OBS

2544.779
2510.904

2656.877

2675.071

2693.292

2711.543

2729.540

2747.507

2764.934

2689.807

2681.928

2711.317

2698.043

2736.717

2713.860

2761.912

2729.699

2745.999

2816.037

2710.787

2733.112

2725.935

2740.040

2776.296

2753.533

2766.908

2823.117

2780.623

2740.930

2740.040

2758.155

2755.514

2775.185

2769.485

2792.170

2781.886

2768.403

2768.210

2784.662

2800.477

2783.997

2798.627

2811.697

2822.975

2795.323

2795.623

2811.531

2811.430

2826.679

2826.151

2839.833

2841.157

2574.891

2583.998

2574.309

2574.208

2564.555

2464.422

2567.766

2564.311

2555.111

OBS-CALC

0.007

0.087

00002

“0.001

-0.006

00.011

.0.143

.0.008

0.013

00.110

.0.001

0.013

£0.003

'0.006

'00003

'00013

900070

~0.015

0.037

00.043

0.047

0.000

'0'001

.0'020

90.004

0.003

00.758

I0.002

.0.051

'0.002

0.037

90.007

0.016

~0.003

0.007

.0.092

0.002

“0.002

v0.003

90.002

'0.006

0.007

0.035

0.096

“0.024

00010

“00011

0.031‘

0.064

0.016

0.080

0.059

0.059

00.024

90.021

90.022

0.035

.99.989

40.088

«0.007

.0.007

WT

0.00..

0.02..

0.06

1.00

0.25

0.00-.

0.00.-

1.00

0.06

0.00.-

0.12

0.01

0.01

0.06

0.25

0.01

0.00.-

0.00a.

0.00--

0.00.-

0.00..

0.01

0.0003

0.01

0.40

0.06

0.00~9

0.25

0.00..

0.06

0.00--

0.01

0.02

0.25

0.02

0.00..

0.01

0000'!

0.01

0.00

0.06

0.01

0.00

0.00..

0.01

0000“

0.01

0.00..

0.00..

0.01

0.00-.

0.00..

0.00--

9.00..

0.00.-

0.0009

0.00--

0.01

0.01

BAND

100

100

100

100

100

100

100

100

100

100

100

100

100

100 <

100

100

100

100
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100
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OBS

2553.437

2544.081

2543.679

2533.575

2533.484

2561.243

2549.501

2545.875

2535.568

2532.761

2523.597

2522.587

2512.690

2544.514

2525.755

2516.304

2513.265

2503.219

2651.195

2651.880

2660.612

2661.090

2669.568

2678.358

2687.096

2695.695

2704.154

2712.493

2720.561

2728.731

2736.717

2668.134

2671.270

2678.358

2679.477

2687.496

2687.643

2684.158

2689.378

2695.262

2698.249

2705.617

2713.124

2692.224

2699.270

2706.601

2711.147

2716.721

2721.281

2704.372

2723.098

2726.041

2717.313

2734.097

2740.040

2765.617

2746.961

2753.533

2768.884

2765.291

2741.719

OBS-CALC

'0.003

00019

'0I001

00066

0.020

90.052

90.110

0.010

90.002

00015

0.033

90.025

0.039

-¢0.109

0.026

90.016

0.006

0.023

0.031

90.454

90.108

0.111

90.183

90.159

90.060

'04010

0.004

90.001

90.177

90.152

90.210

90.029

0.042

90.033

90.092

0.066

90.045

90.010

90.036

0.020

90g012

0.027

90.013

0.011

90.004

90.012

0.020

90.029

0.114

0.014

90.052

0.011

0.008

0.051

0.013

0.102

0.031

0.317

90.083

0.233

0.037

WT

0.20

0001

0001

0000--

0.009.

0.0099

0.0099

0.20

0.03

0.01

0.00..

0.10

0000'!

0.0099

0.00..

0.0099

0.20

0.01

0.01

0.009-

0.00.?

0.00.,

0.009-

0.0099

0.04 g

0.25

0.25

0.06

0.00-q

0.0099

0.0099

0.02

0.00»-

0.0099

0.01

0.009q

0.00..

0.01

0.00-q

0.06

0.00“»

0.009,

0.06

0.25

0.009.

0.01

0.01

0'05
0

0.00.9

0.25

0.009-

0.0099

0.009-

0.0099

0.009-

0.009-

0.009-

0.009-

BAND

001

001

004

00%

00;
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00%

00;
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001
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001

001

001
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001

001

001

001

001

001
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001

001

001

001

001
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001

001

001

001

001

001

001

001

001
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OBS

2774.906

2615.077

2614.852

2615.936

2616.858

2601.175

2603.961

2602.580

2604.467

2605.488

2606.834

2592.551

2608.140

2593.084

2592.802

2592.550

2591.451

2592.550

2593.288

2582.545

2581.418

2581.191

2580.426

2579.603

2580.038

2577.728

2572.058

2570.617

2569.101

2568.899

2567.766

2640.727

2635.644

2630.010

2651.880

2648.354

2644.889

2651.587

2641.120

2660.454

2660.612

2659.009

2657.315

2656.048

2667.340

2667.468

2664.593

2665.038

2660.159

2675.940

2760.845

2696.636

2703.570

2714.512

2745.686

2750.247

2725.350

2741.113

2746.522

2757.143

2765.291

OBS-CALC

.00099

90.038

5.951

-0.021

00.002

0.004

'0.002

00.025

0.021

0.021

0.033

n0.054

00.023

0.046

0.043

0.047

0.045

0.034

'0|016

00087

01069

00072

0.023

0.003

0.100

0.016

0.159

0.095

$0.025

90.039

u0.114

D0.053

0.004

00.046

n0.022

90.013

0.018

u0.006

90.002

0.005

0.001

0.017

.0.001

0.012

0.007

0.029

~0.064

~0.017

0.108

0.010

0.043

00.001

0.049

«0.017

0.245

0.006

.0'009

’00010

09002

“09002

'00007

WT

0.00.-

0.00-.

0.00..

0.01

0.00--

0.00..

0.06

0.02

0.01

0.05

0.00..

0.00..

0.02

0.01

0.04

0.00.9

0.00..

0.00-.

0.01

0.01

0.01

0004'.

0000..

0.00---

0.00--
0.00--

0.00--

0.00..

0.00‘¢

0.01

0.00..

0.01

0,02

0.01

0.00..

0.01

0.00..

0.01

0.01

0.02

0.00..

0.01

0.00..

0.01

0.01

0.00..

0.00..

0.01

0.00“!

0.00-.

0.01

0.01

0.00..

0.00..

9.00.-

0.01

0.01

0.01

0.01

0.25

0.02

BAND

1
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001

661
001

001

001

00;

001

001

001

001

001

001

001

001

00;
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001

001

001

001

001
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00;

001

001

001

001

001

001

001

001

001

001

001

00;

001

001

001

001

001

001

001

001

001
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001

001

001

001

001

001

001

001

001

001
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OBS

2754.422

2755.040

2770.239

2771.983

2784.931

2799.293

2782.601

2782.708

7798.627

2533.575

2667.468

2782.708

2668.134

2527.641

OBS-CALC

'0.004

0.009

-0.037

0.012

.0.007

”0.143

0,010

0.020

0.040

0.066

0.029

0.020

-0.029

-0.023

BAND

001

001

001

001

001

001

001

001

001

001

001

001

001

00;
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