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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

130Te

combination differences from the 2v, band of HD

14

1

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

130T

of the 2v, band of the molecular species HD e, HDlzeTe,

124

1

HDlste, HDlste, and HD Te simultaneously. The planar



Paul D. Willson

Hamiltonian was used to fit the upper states of the
Coriolis coupled bands vy and V3 of HZS' 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.,+v

1tV3 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. 1In 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

Parkerl in 1963.

Second-Order Planar Hamiltonian

To second order of approximation their result is

H = hv + XPi + Ypi + zpi + erxxxpi %ryyny; %TZZZZP:
*Tyyzz(Pipi + pﬁpi) + 5t (p2p2 + p2p2)
%rxxyy(pipj + P;Pi) + %T,, 0 (BP, + PzPy)2
KT, (PP + B P )2+ 5Ty BBy * pypx)2 (I-1)

where Px’ Py' and Pz 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/8n2ch, 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 ¥ (J,K) space, where ¥ (J,K)

arethe rigid symmetric rotor wave functions,such that
< J,K | p? | 3,K > = J(J+1)

<J,K|Pz|J,K>=K

where P2 = P2 + P2 + P2 and P P,-P.P = -iP , with
X y z ab "ba 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 Ce as the equilibrium

e’
inverse moments of inertia, it follows that Ce = AeBe/(Ae+Be),
which implies that Ce will be less than A, or B,. The
choice of A, > By then yields the conventional ordering
Ae > Be > Ce.
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
(Icc/Iaa) Taacc - (Iaa/Iaa) Taaaa + (Ibb/Iaa) Taabb
and
Tacac = Tbcbc =0 (I-2)

where 1€ R 1° , and 1€  are the equilibrium moments of

aa bb cc
inertia along the a, b, and c axés 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-1) may be evaluated
in Y (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 IF 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 o] b a c b a
z a a b b c c
Type ¥ * 11t 1r* rrrt rrrt




and for a near oblate asymmetric-top, we use the 111t
representation as found in Table I.

After choosing the representation,one may apply the
planarity conditions as well as the commutation relation

2,2 2 2

2 _ _ op2
+ PbPa) = 2(P Pb + Pb ) + 5P 2P

(PaPb

so that the Hamiltonian (I-1) simplifies to the planar form

2 2 2

H = hV + APa + BPb + CPc + Taaaaoaaaa
* Tbbb®bbbb *TaabbCaabb ¥ Tabablabab (I-3)
where
Caaaa = %[Pg + rng + r(Pi 2 + PZ i)]
Opppp = ¥[Pp + s?p? + s(2p2 + p2p})]
O abp = %[2rsP4 + (202 + p2p2) + s(p2p2 + 2P
+ r(plpl + Pin)]
O, pap = 5122202 + p22) - 2% 4 5P2) (1-4)

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 I¥ relations for the prolate case and the 111t
relations for the oblate case as found in Table I.

The terms r and s in Eq.(I-4) are defined as
_ 2,2
r = Ce/Ae

2,2
s = Ce/Be



Since the equilibrium constants are not generally known,

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

B

] ; 2
r /(AO+ BO)

oON ON

2
A /(Ao+ BO)

0
1

Moncur4 and Snyder5 used the Hamiltonian as given by
Eq. (I-3), but included an empirical fourth-order term,

HKPg, when fitting their H2Te and HZS 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-1) 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. |

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 2,
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 t.,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 Qi). Later Watsonll showed

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

Ref. (8), Eg.(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 010, which Kneizys et.al. took as (P§P§P§ + P2P2P2)

zZ y X
2,22 222 .
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, = }(P2 + YP2 + ZP2
2 X Y z



_ 4 4 4 2 2
H4 —TlPx-i- T2py+T3Pz+T4(Py z+ P )
+ 7T (PZP2 + P2 2) + T (P2 2 + P2P2)
5z x X 2z X'y Yy x
_ 6 6 6 2.4 4_2
H6 = <I>1Px + CI>2PY + <I>3PZ + <I>4(PXPy + Pny)
2 4 4_2 2.4 2
+ <I>5(Py % + Px y) + ¢6(PY 2 + P y)
+ @ (P2 4 + P4 2) + ¢ (P2 4 + P 2)
z'y y z Z X z
(P24+p4)+¢(1>22+p22)
X 2z z 10 zZy Y 2

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

developed in the 111t 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

11,12 succeeded in

indeterminable coefficients. But Watson
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(lS3)exp(1SS)

with
S3 = slll(PxPzPy + PszPx)
and
_ 3 3 3 3
SS B s3ll(PxPzPy + PszPx) + s131(PxPzPy + PszPx)

P P3 + P3P P_)

* sllB(Px z2'y Yy z°x

to the Hamiltonian given by Eqg. (I-5). The constants S311°

and s are chosen such that the appropriate ¢

S1317 113

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. 51.

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

13

and Parker - show, allows one to set either T4, TS, or T

6

equal to zero with the restrictive conditions stated in
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Table II. Three Allowed Ways of Setting a 5i Equal to

Zero
Case Constraint Ti=0' Condition
where i =
4 Y # 2
5 Z # X
6 X # Y

Table III. The 20 Allowed Ways of Setting Three
Coefficients 5i Equal to Zero.

Constraint ¢.=9¢.=9¢ =0
i j k

Case Condition
where i,j,k,=

1 4,5,10 X#Y
2 6,7,10 Y # 2
3 8,9,10 Z # X
4 4,6,10 X#Y # 2
5 5,7,10 X#Y # 2
6 6,8,10 Y#72 #X
7 7,9,10 Y#2 #X
8 4,8,10 2 £ X#£EY
9 5,9,10 Z#FX#AY
10 4,9,10 X#Y #2Z2 #X
11 5,6,10 X#Y #2 #X
12 7,8,10 X#Y #7272 #X
13 5,6,7 X#Y # 2
14 4,5,6 X#Y # 2
15 6,7,8 Y#72 #X
16 7,8,9 Y#2 #X
17 4,5,9 Z#£X#Y
18 4,8,9 2 #£X#EY
19 4,6,8 X#Y #2Z2 #X
20 5,7,9 X#Y #2 #X
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Table II. The restrictive conditions for the values of
the rotational constants, e.qg. X # ¥, 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
the centrifugal constants, Watsonll indicates that the
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.10.

The simplest way to obtain constraints on the coef-
ficients 5i' is to set three of them equal to zero. Ford

13

et al. 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 ¢ or

1’ 52’
53 be taken equal to zero. Table III lists the 20 ways of
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
H, = %*p2 + ¢*p2 4 grp?
X Yy z
a4 x 22~ 4 2,2 2
H4 = DlP + D2 Pz + D3Pz + D4P (Px - Py)
~ 2,2 2 2 2,.2
+ DS[PZ(PX - Py) + (Px - Py)Pz]
_ ~ -6 ~ 4 _2 ~ 2 4 ~ _6 ~ 4 2 2
Ho = HP° + H,P'P, + HP°P_ + H,P_ + HP (Px - Py)

+ H P2[P2(P2 - P2) + (P2 - P
z2' X Yy X

2
7 )Pz]

N KN

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

The constraints in terms of ¢ and T are

k(Tl+T2) - %TG +2(¢7+¢8) - (®l+¢2) =0

with the restrictive condition that i*# §Y The terms
X*, Y*, and z* differ from the X, Y, and Z of Eq. (I-5)
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 Parkerlo 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 accoﬁnted 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 rotationql 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-2), 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 Hamiltonian’.to obtain
a planar Hamiltonian. When this is done, the resulting
Hamiltonian is identical in form to the planar Hamiltonian,

Eq. (I-3), except for the last term,O The last term

abab®
of Eq.(I-3) 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 caupling 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,vz,v3) and
(viil,vz,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 = Hl + Hz + HI (I-7)

where Hl 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(q1q3 - q3ql)Pz + nyqlq3(PxPy + Pny)
Evaluation of HI for the vibrational states yields

<Vl,v2,v3|HI|vl+l,v2,v3-l> = [2iG,P, +ny(PxPy

X
+ Pny)][(vl+l)v3] /2
and
<vl,V2,v3|HI|vl—l,vz,v3+l> = [-2iG,P_ + G (P

P
XY XY

+ pypx)][vl(v3+1)]*/2

(I-8)

(I-9)

(I-10)



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, GSCD.

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.

| b-axis

Type B

Type B
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asymmetric-top molecule, three vibrational quantum numbers,
(Vl'VZ'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 &ype A bands and along the b-axis for Etype B

bands.

The Wang Transformation

A Hamiltonian, when evaluated in angular momentum
space, i.e. Y(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 always::in a checker board pattern, each
matrix can be factored into four noninteracting sub-
matrices, which are denoted by et, 87, oY, and 0. The
factoring is mathematically done by applying the Wang

Transformation, W, i.e.

(e*,g7,0",07) = wlE W . (II-1)
where ceos cow
-1 1
-1 1
Ww=uwl= 2" 2%
1 1
1 1
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This is equivalent to choosing a new basis y(J,K,Y),

given by
VILK,y) = 2750 ¢(3,K) + (-1)Yy(3,-K)].

The % notation in Eq. (II-1) refers to the sign of (-1)Y
above, whereas the E or O 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 Y (J,K) space, e.g. for EI ’

E = <J,2|H,|3,6>

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

K,K'
and that in the figures use has been made of the relations

E E E E E

-K,-K-2 P-g-2,-g  ©tc-

K,K B-K,-K ' PK,K+2"CR+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 Y (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_lE 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.
<3,k | B | 3,k+L > = (i/2) [3(I+1) - K(K+¥1)] 2. (II-2)

For this phase convention all of the symmetry arguments
concerning the assigning of energy levels as given by
King, Hainer, and Crossl4 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
J  K=K_ It J¢ x 111* K=K, J
Submatrix -+ Submatrix
- 30— - —
— 3 -0 31 :::

ot
321’///////'E_ 21
; 2__====:::Et:::::::::322::::::::jE+:

”-

E
110_‘—:_——-’-—0+=——-l

/
1

-

o,  ___—1

+
Qg —E 01
l ] ] ] ]
| 1 1 1 T
Kk =1.0 -0.5 0.0 0.5 1.0
Prolate Oblate
Limit Limit

B =2C¢C B = A



25

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= 2% xlxl . (II"3)

where x* are the coefficients and xl are the angular
momentum operators. The equation for the energy matrix

elements then becomes

I _
E. = I X Xpq (II-4)

The ath eigenvalue of the energy matrix is given by

= -1 -
E, =II (s "),  E S., (II-5)

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

E, =1 xl<xl>a (II-6)
where
i _ -1 i -
<y >a = ¥ (S )arxrsssa (II-7)

i.e. <xl>a is the expectation value of the ith Hamiltonian
angular momentum operator.
The coefficients , x', 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 Eg is the ground state rotational energyf,
E, is the excited state rotational energy, and v, is the
vibrational contribution, referred to as the band center,
which comes from the hV term in the Hamiltonian.

If Eq.(II-5) 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, Eg. (II-5) 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 §', where
- i i -
AE_ = I 67<x7>, (I1-8)
such that Ea + AEa are on the average closer to the values

which are necessary for fitting the observed lines. Then

the new constants, xl + 61, are used to calculate new

+Actually the E's are term values, differing from energy
by a factor of 1l/hc.
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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 Ei is the mass dependent constant and Am is the
mass of the most abuhdant isotope less the mass of the
isotope being fit.

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

than the simpler approximation

_ i i i _
Ea = (x* + £ Am)<y >a (II-10)

which we have used successfully. Eq.(II-10) differs
from Eq. (II-9) in that <xi> is a function of (xi + giAm)
in Eq.(II-9), but only of x' in Eq.(II-10).

The band center, Vor is also fit to the observed
data and & linear plus 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. Vo is replaced by vy + gmAm

+ gmm(Am)z.

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
SPECFIT2 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 is @1listing of the Fortran source for
ISPECFIT. The other programs were written very similariy
to ISPECFIT, using some of the same subroutines. This
program and the program ICDFIT incorporate Eq. (II-10),
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,
Eqg. (I-5), 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
IIT 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 = (2B-A-C)/(A-C) (ITI-11)

Note that
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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 111t
representation and identifies the (E+, E—,O+,O_) subma-
trices with the quantum numbers as listed in Table IV. If

K 1is negative, the program chooses the It 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 by the 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 used

originally written by M. A. Efroymson.
to determine the least squares "best" values for the
coefficients, Gi, as required to solve Eq.(II-8). 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
accuracy of his measurements,Avi, choosing W, o« (Avi)_z.

The program normalizes the weights so that the average

weight, Wi is equal to one. If for the ith line

A?w.
ivi

2 XOUT (X A%w,)/(N-m)

ivi
where Ai 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. 1In the
past these absorption "lines" were recorded on paper
strip charts along with Fabry-Perot equal frequency
spaced fringes of visible light generated smultaneously

17 .
The line centers were measured

in the spectrometer.
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-12, a Digital

Equipment Corporation minicomputer, to our laboratory,

32
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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 Cittert?o’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
judd -  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.
-1 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 bO’ 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



38

Fig. V. Smoothing Function For a 13 Point Smooth.
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The numbers, C;r (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 2" 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 00008 (010) and
(1024

100% absorption to correspond to 2000 There-

8 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, - (2000

o + £) (20004 - 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 often-very
diffieult 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. 1In 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, gquickly 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 one

data. 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

[}

S(y) = J W(x) A(y-x) dx = /WA (IV-1)

We desire to solve Eq. (IV-1l) for W, that is to deconvolute
S. Theore tically 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-1l) is obtained indirectly by an
iterative method without transforming the functions.

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

28

Plyler seemed to be most successful, yielding the

45
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greatest improvement in resolution.

Van Cittert Method

Jansson et.al. adopted a method developed by van
Cittert19 which is based on the Fredholm solution to
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 Jansson?s 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-1l) is Wl = S. The second is
W2 = Wl + (8 - /A Wl)
The nth is
Wn = Wn-l + (S - /A Wn—l) (IV=-2)
which can be written as
—3 - - ' e e o -
Wn nS n(n l)Sl/2. + + Sn—l (IV-3)
where
Sl = [fA W1
Sn = [fA Sn-l = [S An—l
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Eg. (IV-3) can also be written as

Wn = W Xn (IV-4)
where

Xn = nA - n(n—l)Al/Z! + n(n—l)(n—Z)A2/3! + eee + An-l
It is proved by Burger and van CittertZI that if

|1 -3,] <1 (IV-5)
then

W > Wasn -+

where Ja is the Fourier transform of A. This in turn
implies that Xn behaves as a delta function as n +» «,
The condition, Eq.(IV-5), is satisfied by Gaussian shaped
lines as well as by our spectral lines. Hence, the method
should theoretically work for deconvoluting our spectra.

In Figure VII we give an example of the function
A= exp(-xz) = Xl and its related functions X2 and X5.
Note the negative lobes which appear in the latter func-
tdons. 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-

AI
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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and X. for X, = A = exp(—xz).

Fig.VII. The Functions X 27 5 1

10 X

JJl—|~

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

35.

Jansson added to Egq. (IV-2) a variable over-relaxa-

tion factor, here denoted by o, so that Eg. (IV-2) becomes

Wn wn—l + G(S - fA Wn_l) (IV-G)

In numeric notation this becomes

Wi(n) = Wi(n—l) + a(yi)[si - jgfm A_jwi+j(n-l)] (IV=-7)
where Y; = Wi(n—l).
Jansson: chose

a(y,) = b(l.0 - 2.olyi - 0.5]) (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 reai experimental
boundaries, i.e. 0 < Y; 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
apticat = . 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 practige 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-1) when S, A, and W are Gaussian lines is
easily found to be

ke

_ 2 B
AS/AW = [1 - (AA/AS) ] (IV-9)

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 Eg. (IV-9) in Figure X, one can
readily see that for large values of AA/AS, the maximum
resolution enhancement will 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:haif 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

1

in fact for a run which covers several 100 cm —, changes
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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-l which is caused by the driving
train of the monochromator.

Even though our spectral lines are not purely Gaussian
in shape, Eg. (IV-9) gives an upper limit to the resolution
enhancement possible by the method of deconvolution we are
using. In actual practice we have obtathéd resolution
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 Eg. (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 methadd
in orderrto obtain faster convergence and to save memory
space required for the program in the computer, so that

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

=-1
Win) = Wi(n-1) + aly;)[S; = = A_JW;, . (n)
j=-m
j=m
- L A .W.,.(n-1 IV-10¢
o A3 145 D1 )
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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 the method changes 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 absé¢issa
values.

The first few iterations move the peak centroid
away from ité 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 Eqg. (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 trianguldar over-relaxation
factor given by Eq. (IV-8) tended to increase the probé—
bility of oscillations. By changing the shape of this

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

O‘(Yi) = 4b(yi - yi) (IV-11)

and thereby eliminating the discontinuity and flattening
the "top" of o, 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 Egq. (IV-7) ,corresponding to the
point marked x,on the Figure is as shown. The value of
y in Eqgq. (IV-11l) 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 W _, for the nth iteration.

Normalization

Let us now consider Eq.(IV-7) in more detail. From
Figure XII, a plot of S, W, and wal,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 fAW, cross,and g, where curves W and S

1
cross. Eq.(IV-7) will then yield w2 which passes through
point p rather then point g. Since point p is farther out
itnto the wing of the line than point g is,and because the
value of o increases as one approaches the peak: of the
line, the area under W, will be greater than the area
under S.

If one knows point g, then the curve J'AWl could be
scaled before subtraction to pass through point g, and
point g would become an invariant. Since point g 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 - [A Wl)’ which is not shown,

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

W2 to pass through point g, since g 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 W,. But for subsequent
iterations the scaling factor is very difficult to deter-
mine. An alternative to using a scaling factor for the
integral fAWllf, 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. 1In this way, i:e:
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-12 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 104810 (these values correspond to 0% absorp-
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-relaxatiop, Eq. (IV-11) , 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 upj i.e. 3,1,1,1,6,1,1
etc. Resolution enhancements of approximately 2.5 have

been obtained with reasonable results.



CHAPTER V

DATA ANALYSIS

The spectra of HDS and Dzs were recently run in the

region from 3520 cm™L

to 3930 cm-l, which includes the
(1,0,1) and the (0,2,0) bands of HDS and the (2,0,0)
and the (1,0,1) bands of Dzs, 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

1

0.05 cm — 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
theore tical resolution. Hence the deconvolution has

62
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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 of those 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 HZS' The HDTe band was run by N. K.
Moncur and the st 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.39'40

The (2,0,0) Band of HDTe

The HDTe band eontains absorption lines of the five

different isotopes of Te, viz. 130Te, 128Te, 126Te, l25Te

and 124Te. Over 900 transitions were identified and used

4

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.

s (37° - 32.5°)

vy and V3
300 groves/mm
1st Order
Single Pass

Hy

N,O (1,2,0)
HC1 (1-0)

PbS-type P
@77°Kk

#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

£0.09 cm t
0.002

250cC

HDTe (51° - 46°)
2vl

300 groves/mm

2nd Order

Single Pass

HC1 (2-0) 3rd Order
CO (2-0) 2nd Order

PbS-type O
#1 Chart 2-3/18/73
#2 Chart 5

300 watt
Zr Arc

3.5 mixture
~,6 for HDTe

6.6 m
White Cell

~0.03 cm_l

-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 HD130Te
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, Eqg. (I-5), with T6 = 0 and

H6 = 0 was used; and the Watson Hamiltonian, Eg.(I-6),
through second order was used. Each of them fit the data
to approximately 0.004 cm—l, 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 Vy on mass , a linear dependence of the
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 HD130Te.

Planar -1 KFC Hamiltonian -1
Hamiltonian cm P 0 cm
A 6.1689, 0.0002* | Z 6.1695, + 0.0003
B 3.1106, * 0.0003 X 3.1107, + 0.0003
C 2.0421, + 0.0002 Y 2.04165 + 0.0002
Toaaa ~0-00090, % 0.00001 il -0.000058, + 0.000005
Typpp ~0-00022, % 0.00002 T, -0.0000131,+ 0.0000005
T,app 0-000029 * 0.00004 %3 -0.000224, + 0.000003
T pap ~0-00112, % 0.00003 i4 ~0.00010, + 0.00001

%5 -0.000496, + 0.000009

Kk =-0.482
Total # of Points Fit =249
1

Standard Deviation of Fits=0.004 cm

*95% Simultaneous Confidence Interval equals four times

the standard errors of the coefficients.



68

Table VII. Molecular Constants for 2vl of HDTe.
All isotopes were fit simultaneously relative to HD130Te.
Watson Ground -1 Upper -1
Hamiltonian State cm State cm
ok

A 6.169355 + 0.0005 5.838694 + 0.0003

T

X 3.110844 t 0.00024 3.110497 + 0.00045

o *

Y 2.041369 + 0.00034 2.005928 + 0.00024
Dl —0.00003478 + 0.0000024 -0.00003438 + 0.000002
52 -0.000495l + 0.000009 -0.0004984 + 0.000008
53 0.0003055 + 0.000008 0.0003104 + 0.000006
D4 —0.00002185 + 0.0000025 -0.00002178 + 0.000002
D5 —0.0003081 + 0.00001 —0.0003034 + 0.00001
Ez 0.000433 + 0.00008 0.000399 + 0.00006

X

£ 0.000347 + 0.00014 0.000333 + 0.00014
Ey 0.000201 + 0.00007 0.000196 + 0.00007

V 4063.971 + 0.0026

o} 0

g™ 0.110, + 0.002

gmm 0.0009 + 0.0004

Total # Lines Fit = 917

Standard Deviation of Fit

0.0035 cm_

1
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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-10) is given by

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

The conStantEX is the variation in i*, whereas £m is the

linear mass dependence of the band center.

The (1,0,0) and (0,0,1) Bands of H,S

In contrast to the HDTe spectra, only lines due to
H23ZS were analyzed in the Coriolis coupled (1,0,0)-

(0,0,1) bands? Since H,S is an oblate molecule,the 111t

2
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 vl and v3 of HZS‘
Planar -1 -1
Hamiltonian cm cm
*
v, 2614.41361 + 0.006 2628.5473 + 0.06
A 10.20408 + 0.005 10.14579 + 0.009
B 8.88882 + 0.005 8.92647 + 0.004
C 4.66161 + 0.002 4.67021 + 0.003
Toaaa -0.007928 + 0.0001 -0.006386 + 0.0007
Tobbb -0.00476 + 0.00007 -0.004393 + 0.0004
Taabb 0.004578 + 0.00007 0.005308 + 0.001
Tabab -0.001405 + 0.00006 -0.00238 + 0.0006
Hy -5.5%x10"8 + 0.4x1078 ~1.5x10"7 + 0.6x10”
# Lines 194 60
Coriolis Constants:
0.05 + 0.04 -1
z
-0.269, + 0.003 cm
Xy
Total # Lines Fit= 254
Standard Deviation of Fit= 0.006 cm »

*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 level<differences
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, HZS’

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
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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-12 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-
iza%ion in deconvolution. Infrared bands of HDS and
DZS were processed by the minicomputer using the programs
developed, and enhanced the resolution of the spectré 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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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 y(J,K).

<K|P|Ktl> = $i/2 [£-K(Ktl)]?

<K|py|K¢1> = 1/2 [f-—K(Kil)];i
f = J(J+1)
j = £-K°
9,= [(J:;:K—l)(J;K)(JtI(+1)(JiK+2)]!~i
m,= [(J¥K-2) (J4K+3) (JTK-3) (J4Kk+4) ] Tq,

The diagonal terms, <K|x |K> where x* is equal to:

P =K
Z
2 2 ..
Py =P, = %3
p? = f
P2 - K2
Z
2.4 4 2, _ 2.4 4 2, _ .4
(PP, + P PC) = (PyP, + P P) = 3K

78
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P4 = P4 =

Y X
P4 =
P4 =

V4
P2P2 =

z
2.2 2.2, , 22 2.2,
(Px 2t PZPX) = (Py 2z T PP y) =
»2p2 4 p2p2) -

Xy Yy X
p2(p2 - p?) -

X Yy
p® - pb _

Y X
P6 =
P6 =

Z
P4P2 =

z
P2P4 =

z
2,4 452y _ (p2ph 452y _
(PP, + BoP7) = (PgPL + P PD) =
(p2p4 4+ p%p2) = (p2p? 4 p4p2) -

Xy y X y x Xy
2,22 2,2, B
(Px z y + Py z ) -

The off-diagonal terms, <K|x|Kt2> where x*

p2 =p2 =
Yy X
(PP +P. P ) =
Xy y X

(352-25+3Kk%) /8

(3%+25-3k%) /4
0

(553-1032+255K%+85-20K%) /16

K2 (352-24+3k?) /4

(33+692-1958%-84+20K2) /8

2 2_

53°k%- [(k+2)%g2 + (k-2)%g%1/8

is equal to:
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Pj =P} = %(j-272K)g,
(p§ i i ) = —(Pi i + P i) = %(K2t2K+2)gt
p?(p2 - Pi) =-%4fg,
(e2 (22 - pi) + (B2 - pi)pi] =- (K%+2K+2) g,
pg =-p® = [153%7603K-703+105K (K21)
+125K+1361q, /64
(p2p ; + p; pZ) = —(p§ Pl + pip§)= (3°743K+63-41K*3102K-72) g, /32
(P; : + P: j) = —(Pi 2 + P:Pi)= %[K4+(Ki2)4]gt
(Pi ; + P; i) = —(Pi : + PiP§)= %(K212K+2)[f—(K2i2K+2)]9i
p?(p2 - pi) = -uflg,
p?p?(p2 - 5) + (2~ p §)P§] =- (k%$2K+2) fq,
(P, (RS - P2) + (P4~ PD)Pj) =-[k'+(k:2)*1q,/2

The off-diagonal terms, <K|x'|Kt4> where x' is equal to:

4 4
Py = Px = mi/16
02 4 p2p2) -
(p2p 2By * PyPy) =-m./8
p® = P8 =(33 £12k-20)m /32
Y x
2.4 . 4.2 2,4 , pdp2 2
(PgP, + PUP;) = (PP + P P7)= (K“tdK+8)m,/8
2,2,2 , ,2,2,2,__
(PRPgPy + PUPyPI) == (K:2) 2n ./8
2.4 . 4.2 2.4 . 4.2 .
PP + PP = (PP + P P°) = (-j+4K+4)m. /16
@2p + ple2) = (828} + PiP2) = (-jrax+d)m,/
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The off-diagonal terms, <K|x'|K+6> where x* is equal to:

pg =-pi = [(JFK-5) (JTK-4) (J+K+5)
(J4K+6) ] *m, /64
2.4 4.2, . 2.4 a2, _ oo e
(PXPY + Pny) = (Pny + PxPy) = IIJ:FK_5) (J+K 4) (JtK+5)

(JiK+6)]%m+/32



APPENDIX II
JACOBI METHOD OF DIAGONALIZATION

Consider a Hermitian matrix A, which we desire to

diagonalize
11 %12 %13 77 21N
a1 @2 7T
A = a31 e o 0
*
aN1

If for i # j, there exists an |aij|much greater than any
other off diagonal element, we may neglect all but a,.

and diagonalize the two by two matrix

a; aij c1 b

a.. a.. b* c

Jji 3] 2

The eigenvalues of a Hermitian matrix are given by
Determinate (amn - Aern) =0 (A-II-1)

The eigenvectors are given by

Z (a

2 nf ArYnR)slr =0

82
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1r
2r

0

where is the eigenvector.

N eee

Nr

It then follows that the unitary transformation matrix is

S11 S12 S13 "7 Sin
Sp1 S22 7

S — 531 e o @
SN1

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

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

two submatrix Eq. (A-II-1) becomes
- - - * =
(cl A)(c2 A) bb 0
which has the solutions
Ay = (ci4c.)/2 t [(ci-c.)2/4 + bb*]? (A-TI-2)
t 1 72 = 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 - At)at + bBi =0

(cy = A8, + b*ai= 0 (A-II1-3)
From normalization, i.e. UTU = 1, we get
2 2 _
a+ + B+ =1
az + oa” =1
%*
a,a_ + BLB_ =0 (A-II-4)

These equations may be solved for a o_, B,, and B_

+’
except for an arbitrary phase factor. We will choose that
factor so that a, and B_ are real.

Let us define

R= (c;-A,) = (c;-¢,)/2 - [(c;-c,)2/4 + bb*1¥  (A-1I-5)

1
then it follows that
(cz—k_) = -R

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

™
+
I

—Ra+/b

Q
i

RR_/b* (A-II-6)

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

Q
I

8= (1 + R%/bb*)

8, = -a* = -(1 + R?/bb*V *R/b (A-II-7)
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In summary:

c b A 0 a -8 c b a B
U+ bi U= 0+ A = 8* bi "B*
c, _ a c, o
where
A+ =cy - R
A_ = c, + R
o = (1 + R%/bb*) ™
B = aR/b
- - - e V2 *. %
R = (cl cz)/2 [(cl c2) /4 + bb ]
If the condition a,. 1is much greater than any

1)

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.



Consider the 4 x 4
11 212 213

a a a
A = 21 %22 223
a3; 332 233
41 42 3

Let us choose a rotation involving the a

1 0 0
0 a 0
S =
L o o 1
o -8 o
so that
a1
(aa,,-Ba,,)
. - 21 41
A —SlASl .
31
*
(B a21+aa

86

matrix

214

a4

a34

344

*
(0ay,=B7a;,)

*
(aaj,-BTay,)

41)

(ay,-

0

24 term.

a3

(aa,y-Bay ;)

as3

(Ba,jtaa, ;)

(Ba, ,+aa

12
0

(Baj,+

(ayy

14)

@ay,)

+R)

Initially the transformation matrix is the identity matrix.

So that initially

.i.

A = SOAS0 ’
then
.t
L -
A' = SlSOASOSl ’

and iterating

A" = S+A'S

ottt
2B'8, = 5,5:5;

0

AS SIS

2
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so that finally

S = SOSlSZ'”SN .

We see, therefore, for the case at hand, if

11 S12 S13 S14
5 = 21 %22 F23 24
S31 ®32 ®33 S34
S41 Sa2 S43 544
then
511 (081,787sy,)  S;3  (Bsjytas,)
s = 5,3, - 31 ‘“522'6:524) Sy3  (Bsyytasyy)
S31 (a8357B7s3,) s33 (Bsjytasgy,)
s41 (084,7B%s,,) 5,3 (Bs,,tas,,)

Generalizing from the example we get the relations

for a rotation involving the ap term (2 < k).

(asil-B sik) if j =2
1] -— . . —-
sij = { (Bsi2+asik) if j = k
sij if §j # 2,k
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(0 if i = 2,k; j = 2,k
(a¢~R) ifi=3 =28
(24 +R) if i = 3=k
ajy = [ (aa l-s*aik) if 5= 2; i # 2,k
(Ba; +0a,,) if 5= k; i # 2,k
aﬁz if i = 2,k; j # %,k
L2y if i # 2,k; j # 2,k

If computerized, the diagonalization cannot be im-

proved once A, and A_ do not change, that is when

R = c2'2

where < > cy and N is the number of bits which store the
mantissa of c, in the computer. Eqg.(A-II-5) can be written

as

R =[(c;~c,) /2111 = (1 + 4bb*/(c,-c,)?) 7]

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

~ . * -
R = =-bb /(cl c2)

Therefore, the most natural place to stop diagonalization
is when
*
bb™ < cz(cl-cz)

for all b's.



1)

2)

3)
4)
5)
6)
7)
8)
9)
10)
11)
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The necessary calculations are

BAB = bb*
CDF = (c;-c,)/2

R = CDF - [(CDF)2 + BAB];5

ALFA = (1 + RZ/BAB)-%

BETA = (R) (ALFA)/b

c;-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)

mode

real
real
real
real
complex
real
real
complex
complex
complex

complex



APPENDIX III

LISTING OF PROGRAM ISPECFIT



1R1.34

Q aagoooooaaaaoaoaoanoQ

90 05/93/73

PRISRAM ISPECFIT 1-0
COMYDN/3LKP/F(19,4,25),P1(2,25) NP(3),PH(4,25)
COVMMDN/3LKAP/AP(15,5%3 )
COMYDN /PMAK/HAM,VI3Z,VIBXY,MSPM,LPS
COMYDN /BL5/NODATA,IBSNO,AVEWHT,NOVAR,LNOUT,SIGDIF ,NFIT,
1xour 17C0EN, IFSTEP, IFPREDoSIGMAvi.DELSIG
DIMINSIIN IHEAD(io)
COvdpN A(25,25),5(25,25),AS(600),JINC2,2505), INDEX,NVAR(24,2),18By
COMYDON/3LK1/FAR(19,4),V (3),NPAR(24,4)
EQJIVA_ENCE (NPAR(i) NPA&l) (NPLR(49),NPAR2)
EQJIVALENCE (PAR(4), PAR;)» (PAR(20),PGDy ), (PAR(39), PAR2), (PAR(58),
1PGD2)
DIMINSIIN DATA(36)420NST(30)
COYMDON/3L3/WT(L 095),NDELPAR(35)
TYPZI INTEGER HAM
CONSTANTS W4ICH ARE DEP: VDENT ON TH~ MAXIMUM ARIAY IN COMMON BLKP
NODATA=D
NMA(=225
JMINEQ § JUMAX=49
35 PARAMETZRS MAY BE VARIED
ENDTILE S0
ENDTILZ 51
ENDTOLE 52
DO 4. 11,76
4 PA(1)=0,
115 CONTINJZ
SIGYA=2,
NFITs1 ‘
MSPM MJUST 35 GE 1 TO WRITE QUT MATR X ELEMENTS [N PMAKE,ITS VALUE IS TH- L
NUMBER PMAXE WRITES TH= MATRIx ELEMENTS ONTO
MS2 Ym0
RENIND 5= N
RENIND 51 ;
REANIND 52

. -

REA)! 540, 1FHEAD, 1FHAM, IFPAL,1FPI:1, 1FPA2,1FPD2, IFNOVAR, IFDATA,IPRT,

11F2AY,1°PRED, IFCOEN, IFSTEP, IFVEL
500 FORﬁﬂT (1612)
IFHEAD=) ?‘AD HEADING ZARD
1IFHAM_ 0 READ HAMILTONIAN CARD
IFPA1Z0 REZAD THREE GROJND STATE PARAMETER CARDS
IFPD12g R=AD THREE [SOTOPE GRD STATE PAR) CARDS
IFPA2=5 RZAD THREE UPPZR STATE PARAMETER CARDS ;
1FPD2=g RZAD THREE |SOTOPE UPR STATE PAR) CARDS
IFNOVARspy EAD VARIABLE CARD
IFDATA=9 3ZAD FREQUENCY CARDS UNTIL END DATA IS FOUND
IPRT=1 33INT THE ENEIGY MATRICES
IFPAVEZ0,1,2,3 SEE COMMENTS IN FORM{PG
IFPRED=) 2RINT PREDICTZD FREQUENCIES FROM REGREZSSION ANALYS!S
1FCOEN®) D) NOT FRINT CJRRELATION COEFFECIENTS IN REGRESS]IoN
IFSTEPL) 0J NOT PRINT ZACH STEP IN REGRESSION
IFUELso SET UPPER STATZ H,S=TO LOWER STAE HW,S

IF (1F4EAD,NE,L) GO TO ¢.8

REA) 525, (IFEAD(N),N=1,12)

525 FOIMAT(15A8)
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608

53¢
610

éra

505
6p01

5p6
6p2

507
6c3

12

91 05703773
COVTINJE
IF (IF<AM,NE. ) GO TO 61.

REA): 530,HAM,NFITS, _NOUT,PARFRAC,SIGDIF,X0UT,BDLN, SO
FOIMAT (315,4E5.0,153)
CONTINJE

IF (HAWOlTol) HAM=1

IF (NFITS,EQ. ) NFITS.5

IF (LNJJT,EQ. ) LNOJT=2

IF (PAFRAC.EQ. ) PARFRAC=1,0
IF (SI3DIF,EG,u) SIGDIF_. .02
IF (X0JT.EQ..) X0UT=12,

IF (8DLN.EQ..,) BDLN=1",

IF (1SJ.EQ, ) 1S0=13g

IF (1F2Aq ,NE. )GO TJ 6,

REAJ! 525, ( FAR(I,1)2121419)
CONTINJE
IF (IF3D1 ,NE. )GO TD 6U1

REAJI 5355 ( FAR(1,2)s1=21.19)
FORYAY (3E15. /6E1;.(;/71 EB, )
CONTINJE:

IF (1F2A2,NE. )GO TJ 6u2

READI 536, (PAR(I,3)a12153)0V (1) (PAR(I,3)0124419)
FORYAT (4E15., /6E1;.g/1 E8, )

CONTINJE

IF (IFAD2,NE. )GO TOJ 6UL3

REAJ' 507 ,(PAR(CI,4),1=21,3),V0(2 ,V.(3)s(PAR(1,4),124,19)
FORYAT (5E15. /6F1(.;/1 EB8,r)

CONTINJE
NVARK23+,1)=NVAR(21,2)=NyAR(21,1)=NVAR(21,2)=:
DO 12 124,19

DO 12 J=2,4,2

1JsJy2

NVARKI,1J)=

IF (PAQ(IQJ)) NVAR(I‘IJ)Gl

COVTINJE

IF (IFVIOVAR.NE. ) GITO 6.6

C INDICATZI PARAMETERS TO VARY

515
6061

READI 515, ((NFAR(1,J),1=21,24),J=1,4)
FORMRAY (2412)

CONTINJE

NGS=0

NOVARs=s{

DO 16 J=1,4

DO 6 !‘?.24

IFCIFUSLLEQ..)GO TO 44 :
IFCC1._T.10).0R. (1.31.19)60 To 14
Idg(Jal1) /2

IF(IJ,23.1)GC TO 22

KeJ.2

NPAQK!,J)ngAR(I;K)

IFCNPAR(D,J) NE,INVARCT, TJ) =1
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GO TD 15
22 K=Je2
NPARK 1, J)=NPARCI,K)+NPAR(I],J)
14 IF(NOVAR,GT.25)INPARC(],J) =0
IFCyPARCI,J)YEQ.3)GY TO 16
NPARY 1,Jy=NOVAR § NOVAR=NOVAR+1
IJs(Je1)/72 $ NVAR(I,1J)=1
IF (1J.80,1)NGS=1
16 CoyTlyJE ‘
IF ( VNVAR(2.,1),0R.NVAR(21,1))° 0,8
NVAR(1,1)=NVAR(2,1)=1
NGS =:
IF (kVA?(ZO.Z).0R.NVAR(21-2)) 7.6
NVARK402)2NVAR(, 20 24
CONTINJE
LPSL=EL>52=u
Ni=\Ps;
DO t5 124,19
IF (NVAR(],1).EQ,C)30 TQ 13
Nlsyd+l § NVAR(1,1)=N1
LPStL:1!
13 IF (NvVAR(1,2).EQ,0) GO 710 15
Nasibey $ NVAR(I,2)=Np
LPS2=1
15 Coyl1yJE
IF(IFDATA,NE. ) GO TO 6 4
JMIVE4? § JMAX=
DO 5. 121,50 .
3 JIy(1)y)=0
DO 5¥2 M=1,1. o

o N o o

c
C READ ANJ PACK IN THE OBSERVED TRANSISTIONS
C STORAGE HAS REEN SET UP FOR 1070 DATA POINTS
REA)! 510, JU,KNU,KPU, JLsKNL,KPL,0BSFRE, W, ISTQP, 1D, ASY
510 FORYIAT (2X,5(12,4X),12,F22,6,F6 0,99%,13,A5,48)
IF (JU,GT,JMAX ) JmaX =J4U
IF (JL.GT,JMAX) JUMAX=JL
IF (JU.LT,JMIN) JMIN=JU
IF (JL,LT.UMIN) JMIN=JL
IF(.AST.EQ,8FEND DATA)GQ TO 503
IND.EJuwJL+JL+KNL+1-KPL
INDJBJJ*JU+JL+KNU+1 -KPU
JIN(1,INDL)=CIN(2, INDU) 21
WT(A) s W
WRITE (351) JU,KNU,K>U,JL,KNL,KPI ,08SFRE,W,ISTOP, 1D, INDU, INDL
2 CONTINJE
523 CoylInNJE
NODATA-M=1
IF (JMAX,GT.49) JUMAX=49

604 CONTINJE
DELS1G=SIGDIF+1,y
1.CONTINJE
LPS=LP3S1
IF (IFJZL) GC TO 17
DO 2p I%214,19
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20

93 65/03/73

PAR(1,4)=PAR(],2)

PAR(1,3) = PAR(I,1)

CONTINJE

CovrInNJE

REWIND 519

RENIND 31

RENIND 52

JBAYDz34 GRCUND
CA®3eCA2PA(PAR1, JBAND,HAM, IHEAD.NPARL ,PGD1,1S0)
IF (S1301F,GE.DELSI3) Gg TO »
IF(NFITL.GT,NFITS) G) TO 2
J=JVIN

IF (J,T.0) vz

C FORM THZI GRIUND STATE ENERGY LEVELS

1s

INDEX=d & IBAN=1

CONTINJE

IF (Jo3T.J4AX) Go T) 54

N=0

JAGAIN=ZY

JEJ=1

NP(3)aJ/2+1

NP(1d=J

ISAY=INDEX

CAL .l FIIMEPL (=1,NMAX,JEO,PAR1,P,NP,CAPP)
IF (1SAV,EQ,INDEX) 30 Tg 28
INDZX=ISAV § IER=IPRT

C CALCULATE J2ERATCR MATRIX ELEMENTS IN J,K SPACE

CAL.l 2YAKE (J,JEO,\NMAX,PAR1,P,P1,NP)

C WANG TRANSTIRM IT

CAL .l WANGT (A,N,JEO, JAGAIN,NMAX.PARL1,PH,P,N?)

C DIAGONA_I1ZZ THE GROUND STATE HAMILTONIAN

CAL_BYYDIG (N, IER)

C FORM TH:ZI EX2ECTATION VA_UES OF THE P OPERATORE

28

29

CAL.I FIIMEP1 (IFPAV,NMAX,JEO,PARL,P,NP,CAPP)
JAG\IN:I

JED=?

NP(3)eJ/2

ISAye]VDEX

CAL .l FIIMEPL (=1,NMAX,JEO,PAR1,P,NP,CAPP)

IF (1SAV,EQ.INDEXx) 30 Tg 29

IND:Xk=ISAY § IER=IP3T

IF (JASAIN,EC.() CA.L PMAKE (J,JEO,NMAX,PARL,P,PI,NP)
N=0

CA_ | WANGT (A,N,JEOQ,JAGAIN)NMAX-PARL,PH,P,NP)
CAL-EYYDIG (N, IER) '
CAL .l FIIMEPL (IFPAV,NMAX,JEO,PARL1,P,NP,CAPP)
JEJ =3

NP(3Ym(Jel) /2

N=g

JAGAIN=D

ISAye INDEX

CAL.I FIMEPL (=1/,NMAX,JEO,PAR1,",NP,CAPP)

IF (ISAV,EQ.INDEX) 30 TgQ 36

INDEK=1SAV § JER=IPRIT

CAL.l 3MYAKE (J,JEO,\NMAX,PARL,P,P1,NP)
CAL .l WANGT (A,N,JEQ, JAGAIN,NMAX . PARL,PH,PyN?)
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JAGAIN=1
CAL.BYYDIG (N, IER)
CAL.|I FIREPL (IFPAV,NMAX,JEQ,PARL,P,NP,CAPP)
36 JED=z4
ISAV=1NDEX
CAL.I FIRMEPL1 (~1,NMAX,JEO0.,PAR1,P,NP,CAPP)
IF (1SAV,EQ.INDEX) 30 Tg 38
INDZX=1SAV § IER=IPRT
IF (JASAIN,EG.u) CA_L PMAKE (J,.JEO,NMAX,PARL1,P,PI,NP)
N=0
CA_ | WANGT (A,N,JE0, JAGAINSNMAX PARL,PH,P,N?)
CALLl SYYDIG(N, IER)
CAL lraarepi (IFPAV NMAX,JEQ,PAR1,P,NP,CAPP)
38 J=J»
Go rb 18
C GROUND STATEZ ENERGIES ARE DQONE AND STORED IN A3
50 CONTINJE
c
INDZEIVDEy
2 CONTINJE
LPS=zLP32
INDZK=INDE
JBAYD=234  UFPER
IBN=P
C CALCULATE THE UPFER STATE ENERGIES
CAP3ECAPPA(PAR2, JBAND,HAM, IHEAD NPAR2 ,PGD2,I1S0)
IF (NPAR(22,4).0R,V (1))PRINT 497,V7(1),NPAR(22,4)
IF (NPAR(23,4).0R.V (%))PRINT 198,V: (5).NPA?(23.4)
IF (NPAR(24,4),0R.V (3))PRINT 1°9,V:i(3),NPAR(24,4)
IF (SI130IF,GE.DELSI3) Gg YO 10g¢
IF (NFIT,GT.NFITS) 30 To 1g-
IF (NFIT,EQ.NFITS) IFCOEN=1
IF (NFIT,EQ.NFITS) IFPRED=p
J=JMIN
IF (J,uT.0) o=o
33 CONTINJE
N=9Q
JAGAIN=D
JEOz1 5 NP(1)=J § N2(3)=J/2¢1
ISAy=]VDFX
CAL .| FOIMEP1 (=1,NMAX,JEO,PAR2,P,NP,CAPP)
IF (ISAV,EQ.INDEX) 30 To 40
INDEK=]SAV § IER=IPRT
CAL.l 2MAKE (J,JEO,\VMAX,PAR1,P,PI,NP)
CAL .l WANGT (A,N, JEO, JAGAIN,NMAX,PAR2,PH,P,N?)
CAL.I SYMDIG(N, IER)
CAL.I FIIMEPL1 (IFPAV,NMAX,JEO,PAR2,P,NP,CAPP)
JAGAINEZY
45 JEQe2
NP(3)=J/2
ISAy=IVDEX
CAL.| FIIMEP1 (=-1,NMAX,JEO,PAR2,P,NP,CAPP)
IF (1SAV,EQ.INDEX) 30 Tg 78
INDZK=1SAV § IER=IPRT
IF (JASAIN,EC,u) CA_L PMAKE (J, JEO,NMAX,PARL,P,PI,NP)
N=0
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CAL .l WANGY (A,N,JEO,JAGAIN,NMAX PAR2,PH,PN?)
CAL.I'SYMYDIG(N,IER)
CAL .l FIIMEP1 (lIFPAV,NMAX,JEO,PAR2,P,NP,CAPP)
78 JEJ:g3
NP(S3y=(Je1)/2
N=j
JAGAINE=0
ISAVeINDEX
CAL .| FIIMEPL (~1,NMAX,JEOQ,PAR2,P,NP,CAPP)
IF (!SAV,EQ.INDEX) 30 Tg 42
INDZK=sISAV § IER=IPIT
CAL.l 2MAKE (J,JEO,\NMAX,PARL,P,PI,NP)
CAL.'NAVGT (A:NoJEOoJAGAINoNHAX,PARZJPH:PON?)
CAL . SYMDIG(N,IER)
CAL.I FIIMEP1 (IFPAV,NMAX,JEO,PAR2,P,NP,CAPP)
JAGAINZy
42 JE9:=4
ISAye]NDEX
CAL .l FIIMEPL (=1,NMAX,JEO,PAR2,P,NP,CAPP)
IF (1SAV,EQ.INDEX) 30 To 44
INDZksISAV § [ER=IPRT
IF (JASAIN,EC,.) CALL PMAKE (J,.'EO,NMAX,PARL,P,PI,NP)
N=0
CAL | WANGT (A,N,JE0,JAGAIN,NMAX.PAR2,PH,PsN?)
CAL.I SYMDIG(N, IER)
CAL .l FIOIMEP1 (IFPAV,NMAX,JED,PAR2,P,NP,CAPP)
44 J=J01
IF (J,3T.JMAX )GO TI 9J
GO T0 33
C ALL UPP:ZR STAES ARE CALCULATED ONCE
90 CONTINJE
1071 FORYAT («gNUMBER OF LEVELS CALCULATED = »l6)
PRINT 19,1, INDEX
REWIND 54
SUMAHT=Z0,0
0BS\YD = =«
I=0
NT=2)
C FIND THZIG,S5.,C.D. AND P_ACE THEM ON TAPE
60 J=1el
READ! (51) JU,KNU,KPJ,JL,KNL,KPL.OBSFRE,WT2,ISTOP, D, INDY, INDL
64 CONTINJE
ISTaR1SJ=-1STCP

C CALCULATE TRANSITION FREQUENCIES AND COMPARE THEM TQ OBSERVED FREQUENC. -

ILsJINCL,INDL) § IU=JIN(2,INDU)

FREQSAS(IU)-AS(lL)*VO(l)*VU(Z)tYSTP*VC(s)'ISTPtlSTP

Do %@ 1J=1,2

IULsdL

IF (1J.,E0,2) luL=lu

" DO Se Il=1,169

NsNVAR(II,IJ) § IF (N,EQ.0) GO TO 62

Coqu(v)=AP(holUL)

1221Jw2

FREJtF?EO¢ISTPwPAR(11.12)*C0NST(N)
62 CONTINJE
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DATA(NIVAR)=CBSFRE -FREQ
IF (WwT(l)) 985,985,982
982 DIF E=A3S (DATA(NOVAR))
IF (DI FE,LE.BDLN) 30 To 986
984 NT=\le1
IF (NT,3T,1) GO TO 983
PRINT 228
983 PRINT 23:,JU,KNU,KPJ,JL,KNL,KPL.OBSFRE,FREQ,DATA(NOVAR),WT2,1
NT(I)!G.D
985 0BSyP=I3SNO-1,
986 NUMzg
SUMAHT =SUMWFT +WT(I)
DO 54 1J=1,4
ISF=g
IF ((1J,EQ.2).0R,(1J,EQ,4)) ISF=ISTP
DO 54 1l1=1,16
N=\N3AR(II,1J) $ IF (N,EQ.0) GO TO 64
INs (1J¢1)/72 $ NN=MVARCII,IN) § DATA(N)=CONST(NN)«ISF
DO 56 IN-1,3,2
I1s(IN¢1)/2 § 11=NVAR(1,18) g l2=sl1et
NeN2BRR(27,IN) $ IF (N.EQ.0) GO TO 65
DATA(N)IZ(CONST(I1)+ CONST(I2))/2,
65 NzN2KR(21,IN) ¥ IF (N.EQ.0)GO TO 66
DATALN)=(CONST(I1)= CONST(12))/2,
66 CONTINJE.
ISFs1,)
DO %6 1J=22,24
DATA, (y) = ISF
69 ISF,I1S «]ISTP
WRITE (30) JU,KNU,K2U,JLsKNL,KPL,Q0BSFRE ,FREQ,
1 (D‘IA(Lf’.LzleOVAR)o!oNTZ.!STOPgID
GO T0 50
C FIT THE DATA
67 CONTINJE
OBSVD = NODATA «0BS\O
AVENHT=sSUMWHT/0BSNO
REW4IND 5¢
REWIND 351
DO t58 !=1,35
178 DEL2KR(I)=0.,
CA_ | RZ3RESS
NF*?': NFITel
DO 70 I=1,4
DO 70 <®£4,19
NEN2RR(X,1) ¢ IF (N.EQ, ) Go To 7r
PAR(K, 1) = PAR(K,1,+DELPAR(Ny«P~RFRAC
70 CONTINJE
DO 76 1=21,3,2
N=N2AR(20,1) $ IF (N,EQ,.) GO TO 74
PAR(1,!) = PAR(1,1)  DE, PAR(N)*PARFRAC/2,C
PAR(2,1) o PAR(2,1) ¢ DELCPAR(N)~PARFRAC/2,C
74 N=N3AR(21,1) $§ IF (N,EQ,u) GO YO 76
PAR(L,1) = PAR(1,]) « DELPAR(N)*PARFRAC/2,0
PAR(2,1) = PAR(2,1) = DELPAR(N)*PARFRAC/2,i
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CONTINJE

DO 3¢ 1=22,24

NzV2RR(I,4) § IF (N.EQ,_.) GO TO 8°

K=1le21

vn¢<§=votx, + DELPAR(N,,PARFRAC

CONTINJE

SIG = A3S((SIGMA=SI3MAY1)/SIGMAYL)

SIGYAaSIGMAYy

IF (NGS.EQ, ) GO TO 2

GO T0 1

CONTINJE

GO TD0 115

FORYAY (/3Xw% Vu = #71",3,6X,12, (X+«BAND CENTERe)

FORMAT(#w# 9%,Ey2,5,13)

FORYAT (oX*DCVi" =z » g?X,E 8.5013)

FORYyAT(*y UPPER#5X# owé *7X#A C CD*3X*03SERVED CD#8XeNEIGHT«)
FORMAY (/7% TAE WEIGHTS OF *HE FOLLOWING LINES WILL NOW BE S

1ET TD ZERQOw/» UPPER J K- Ke LOWER J K- Ke w7X#0BSERVED FREQUENCY
1* S«¥CALC FREQUENCY«7X*DIFFERENUEw12X*WEIGHTw)

Eogﬂhr (2(6Xs313),7%X,E16.9 ,9%,F16,9 2 7X:E19.3,4X0F15.2,11¢ )
N
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SUBRIDUTINE PMAKE (J,JEO,NMAX,PAR,P,Pl,NP)
COMADN /PMAK/HAM, VIBZ.V1BXYaMSPM LPS
THIS PIDGRAM CALCULATEa THE MATRIX ELEMENTS OF THE OPERAYORS IN J,K SP.C
THE DIM:INSION OF P MUST BE ,9%4e(JM:! X/2+4)
DIVMINSIIN P(19.4}NMAX);%!(2.NMAX).NP(3)
DIMINSIIN PAR(3)
TY3E INTEGER HAM
ZERO THE 2 MATRIX
M=1
MMs\MAX*19«4
DO 5¢ [24,MM
6 P(I)=zqg.0
MM:’?N*AX
DO 3/ I=sq,MM
8 PI!l)']OC
N=0
IFCJ.EQ.c)GO TO 38.
THE K EVEN ELEMENTS ARZ CALCULTED /ND STORED S ZPATRATE FROM THE 0DD
GO t0 (2,2,4,4) JEO
K IS EVEN
KEJs(J/2)#2
GO TD 5
K IS 0)D
KEJz{ (J#1)/2)%2-1
PPFeUw(Jeq)
K &8 KEJ +2
NKsCEQ/2+2
N=N<Ckq
GO TO0 (359,1:,260) +HAM
KENT MONCUIS HAMILTONIAVN
359 CONTINJE:
IF (PAR(1), LT.PAR(3)) GO TOQ 37
OBLATE PLANAR FCRM
R = PAR(2)/(PAR(1)+>AR(2) )
RzR¢R
S s PA(1)/(FAR(1)+2AR(2))
S=S+¢8S
365 NK s: N<=q
Kz=Ke2
PKs K
KN sy=k
IF (KN,LT,1) KN=t
IF (KN,GT,4) KN =4
GO TOD (362,3¢4,366,38.) KN
362 PPK = 2PFePK

CALCULATE THE DIAGONAL TERMS
IF (NK.,LE,0) GO TO 380
P(1,1,V%) = .5+PPK
P‘?.lp“‘) = .5*PPK
P(3.4,¥4) = PK
P(‘li.v() = 25 (PPX#(,375+PPKe 25)¢,375«PK¢R*PKa(PPKeRwPK))
P(S.i,v<) = 25#(PPKe(,375#PPKe 25)¢,375+PKeS*PKe(PPKeSwPK))

P(6n1.V()S.zsf((R*S)*PKQPPK*Z,iRtS*PK'PK¢.2D'PPKt(PPKQZ.".75'PK)
P"Ql‘“(’ = 025'(5Q'PK'20.PPF* ‘*PPK'(PPK‘2.)- 05'PK’

P(1344,VK) = PPFePP-wPPF

P( 11,1,NK) = PPTePPFePK
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P(12,1sNK) = PPF#2KePK
P(L3,1aNK) = PK#d>K«PK
PI( 4.\NK)=K*VIBZ
IF (KEJ.EQ, ) GO TO 38s
IF (KEJ=K) 365,360

364 PPXKzPPT=PK

365 G 2 (JeX=1)w(J=K)w(JeK+1)®(JeKe:)
PPG ==33RT(G)

C CALCULATE THE K,K+2 TERYS

NKa VK4

IF (NK,LE,0) GO 70O 38~

P(1,2,V%X) = .25«PPG

P(2:s2,V%) = =,25«PP3

P(4,2,V€) = , 6254PPGa(PPK=2,=0+K+2,eRe (PK+2, #0¢K))
P(3,2,)\NX) ==, 605¢P Gw(PPKep ,=0+Kep,9S#(PKep, eo0K))
P(6,2,VK) = .125«PP3¢(S-R)*(PK+2,+2%K)

PPGsepP >3

PI( 2.NK)= .,5+«VIBXY*SQRT((PPF=PK=K)«(PPF=P<-32K-2))
NK2 VK=

IF (KEB.EQ.i) GO TO 38y
IF (KEJ)=Ke2) 368,36
366 PPKsPPT=PK
G 3 (Jekrl)w(J=K)*(JrKe1)®(JeKs2)
PPG = SART(G)
368 PM 3: (JeKa3)e(J=K=2)#(JeK*3)e(J+K+4)
PPM & 2PG#SQRT(PM)
C CALCULATE THE K,Ke4 TERMS
NKIQKOZ
IF (NK,LE,0) GO TO 38
ptd4,3,V) = , 15625+ppM
P(5,3, V%) = . 15625«PPM
P(6,3,VX) = ‘,»3125'PPM
P(7,3,VK) ==, 825%POM
NKIVK-?
IF (K,3T,=1) GO YO 36°
GO 10 38¢
C PROLATZI P.ANAR FORM
370 R a PA(1)/(FAR(1)+2AR(3))
R=R«R
S = PAR(3)/(FAR({)+2AR(3))
S 3 Sej
371 NKsVKmy
KlK-Z
PKs <hK
KNs{»K
IF (KNoqul) KN=1
IF (KN,GT,4) KN=4
GO 1D(372,374,376,383) KN
372 PPX3PPF=pPK
C CALCULATE THE DIAGONAL TERMS
IF (NK.LE,0) GO TO 38"
P(1,1,V€) = .5«PPK
PC21gs V%) = 5+PPK
P(3,1,VK) = FK
P(4y1, %)z, 254 (PKapPA+R*R* 125 (3, #pPKWPPK=2,*PPKeI *pK)*R*PPK*pPK)
P(5,1, VK= -25*((StS*lo,tolzst(7.&PPK-PPK'2.tPPK63.tPK)tS-.25-(PPK
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1.PP¢k2,PPK=3,PK))
P(6,1,VK) = .25¢( ReS%,25 #(I#PPK*PPK=24PPKe¢3I*PK) #PPKePK+S*PPK«PK
1+R#*,25 & (PPK*PPKwp*?PK=3¢PK))
P(?. LS .25'(2«9KrPPK-2,0PPFt2 5ePPK)
+NK) = PPFwPP7ePPF
i L1.NK) = PP #PPFePK
P(l? 1,NKy = PPF+?KoPK
PCLBo1oNK] =  PKsoKePK
PI( +N<) = KeVIBZ
F IKEJ EQ, ) GO TO 38¢
IF (KEJ=Kk) 375,371
374 PPKzPPT=PK
375 G 3 (JeKmi)w(J=K)¥(JeKsg)®(JeKe)

PP3s5Q3T (g
C CALCULATE THE K,Ke2 TERMS
NKs\NKet
IF (yKsLEWu) Gg To 38"
P(1,2,VX) = -,25,PP3
P(2o2.VK) = ,25«PP3
P(4,s2,VX) = 25#R#PIGw(R¥,25%(PPK=o,9K=2,)+,5%(PKeoeKs3))
P(5.2,VK) = .25«((S«S~=1,) %, 25%(PPK=2eK=2))*PPG
PCge2p) V%) = ,125«(RwSw(PPK=2, =2 wK)#(S~1,)*(PKs2 #Ke2,6))ePPG
P(7,2,NK) = 25«PPGw#(,625=(PK*2 wK+2,))

PIC2oN4<) = ,S«VIBXY*5QRT((PPF=PK=K)®(PPF-PKe3,#K-2,))
NKs\Ke1"
IF (KEJ.,EQ,1) GO YO 38y
IF (KEJ=k<2) 378,371
376 PPKePP~=PK
G= (Jodet ) e (y=K)e(JeKel)o(JeK+2)
378 PM st (JeKe3)a(JoK=2)e(JaK+3)w(J+K+4)
PPM z 3PG«SQRT(PM)

C CALCULATE THE K,K#4 TERMS

NKaVKe>

IF (NK.LE,0) GO YO 382

P(4,3,VK) = ,25«4RwRw,n625¢PPK

P(5-3.V‘) 5 4 31,54°PMw(,525+,5+S*S)
pP(6, 3. Kys .0312§.R.ppM,(s.1.)

NKlﬂK~g ‘

IF (K,3T,=1) GO TO 371

GO T0 38p

C WATSONS WAYILTONIAN
260 NKsNKmi

KaKep

PKs CwK

KN= oK .

IF (KN,LT,1) KN=1

IF (KN,G7,3) KN =3

GO TD (262,2€64,270) KN

E E PPCEP?FwPK
ALCULATE THE DIAGONAL TERMS

P(1,1,\V<)=0,5«PPK
P(Zol.“"-U S«PPK
P(3el,\K) s PK
P“?;.“K S PPFtPDF
P(5%1, VK s PPFeP«
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P(% 1,VK) 3 PK«PK
P(13s14NK) = PPFwPP-«PPF
Pt 49+1:NK) = PP wPPFePK
PlLib,1sNK) = PPFw2KePK
PULS,1anK) = pPKedK®pPK
PI1¢ 1,VK)=KaVIBZ
IF ¢ <0, EQ. )y 30 Vg 38;
IF (XKEJ=k) 266,260
264  PPKzPP7=PK
266 Ge(JrK=1)2(J=K)#(J+K+1)a(J+K+2)
PPG£SQ3T(G)
NKsNKe 1
P(1322,VK) ®=,25+P2G
P(22,VkK) = ,55+3PG
P(7,2,V<)3PPFaPPG*(-,5)
P(3b2,VK) 3<PPG* (PKeoeK+2)
Pt{4,2:NK) =a=PPGe 5+ pPFepPPF
P(1352s NK)=PFG«PPF# (PK+oeK+2)*(-4,)
P(15e2sNK)= S5«PPGe (PKePK# (K42, #(Kep In(K+2. ) (Ke2,))n(eq,)
PIC 2:NK)3 +5+VIBXY*SART((PPFePK-K)*w(PPF=PK-3«K-2))
NKs VKw1
IF(<L,GT.2) GC TO 26
27 GO 1O 38;
C KFC HAMILTINIAN
10 NKsVKet
LPs _PS~8
KsKe?2
PKs kK
KN 81-‘(
IF (KN,LT,1) KN=%
IF (KN,3T,5) KN=5
GO 70 (12,14,18,22,38p) KN
12 PPKzPP7=PK
GO TO (45,41) LP
41 CONTINJE:

40

P(1991,VK) = ,5#4PPKePK= 125« (2+PPF«PPFe(PK#4)2PPFe(24PKaPK+264PK
1+8) ¢tPKsPKePKe244PKwOK+28¢PK)

PDUﬂ! S, 25%PKn(3#PPKePPK«2+-PK+JePK)

P(15614NK) =P (17,1, VK)=pDUM

PDUMEP2KwPK«FK

P(1551,VK) =P (18,1, VK)=pDUM

PDU;; 8 1254 (PPKe(PPK*(PPKe6,)~8.-19,#PK) 42" ,sPK)
P(1341,Nk) =F(14,1,NK)apDUM

P(1254aNK)s FKePK#PK

PIUM s (PPKe(254PK+gel)+PPKeS#PPKePPK) -2 ¢PK )¢ 0425

P(1361sVK) =P (11,14 NK)=pDUM

CONTINJE

P(9,1,NK) 3 ,25#(PPKePPK#2,#PPK-3,+PK)

P(8,q,N<)=PPK*PK

P(701.VK):PPK*PK
P(611;qK3=PK'PK

PDUﬂl‘ LE .25a(1.5aPPKvPPK-PPK+1.S.PK)

P(S4q 0 NK)2PK

P(2,1,VX)=5,5+PPK

P(1,1,NV%)=,5¢PPK
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PIt 41,NK)=K*VIB?

IF (KEJ.EQ, ) GO TO 38y

IF (KEJ = K) 16,10

PPKePP*=PK '

G 8 (JeKml)w(JoK)w(JoKeq)W(JeKe)
PPG = SQRY(G)

NK® VKo
GO 1O (50,51) LP

CONTINJE:

PDUI = (PK#2,¢(PKs4wKe12)4320K+16)w%,25+PPG

P(1302,NK) =<PDUM

P(l)azaqk) = PDUM

pDUMI 8 JSwppGe(pKe2*Ke2)w(ppK=-2%K-2)
P(17,2,\K) =-PDUM

P(15¢2,¥K) = PDUM

PDUMI = , 3125%PPG* (PPKe (PPK-4q*K+6)=41*PKa102*K=72)
P(14,2,yK) 3=-PDUM

P(13,2,VK) = PDUM

PDUH| 2 PPGe(15«PPKyPPK=60wPPKeK=7 wPPKe1g5eKe(Ke1)49125%(Ke1)
1*11)%,315625

P(lloZaVK) = PDUM

P(ijbg.VK) s -PDyM

CONTINJE!

PDUMI 2:¢53PPGe (PKa2%Ke2)

P(B,2,¥X) = =PDUM

P(7,2,N%X) = FDUM

PDUMI ®,5+PPGe(,25#(2WPPKnqwKeq))
P(502 NK) = PDUM

P“pZoq" g -pDUM

pDUYE- ,25+ppC

P(2,2,VX) = PDUM

P(i 2, NK) =-PDUM

PI( 2.VK)= +S5*VIBXY®SORT((PPFuPK=K) ¢ (PPFoPK-3#K-2))
NKEyKmi-

IF (KEJ.EQ,1y GO YO 380

IF (KEJ K -5) 2041

PPKsPPF=PK

G 8 (JoKmi)w(J oK) (JaKe1)®(JeKe2)

PPG = SJARY(G)

PM & (JoKa3)#(J=Ke2) 0 (JaK+3)w( J+K+4)
PPM = 2PG+SQRT(PM)

NK= VKe)2

GO TD (6g,61) LP

CONTINJE

P(1993,VK) =2 =,125¢(PKeqeKeq)wPPM
PDUMI , SPFMw(PKeqeKeg)*,q05
PCy723.NK) = P(16,3,NK) +PDYH

PDUY| sPPMe(4-PPKeKey4) w0 0625
P(145,3,\K) = P(13,3,NK) = PDUH

PDUYI BPPMa(IuPPK=124K-20y4-03125
PCL1153.VK) = P(10,3,NK) = PDUA
P(9,3,V4) 8 =, ;625«PPM

CONTINJE

P(5,3,VK)s, €25ePP\M

P(4, 3 VKJ:. €25«PPM

NKlﬂan
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IF (KEJ.EQ,2) GO TO 38u
IF (KEJ «K~4 ) 24,1
PPKzPP7=PK
G 3 (Jek=1)w(J=K)w(JoKe1)®(JeK+2)
PPG = SART(G)
PM &t (JoKa3)o(J-K=2)0(JaKe3) e (J+K+4)
PPM = 2PG«SQRY(PM)
PN =: (J'K~5)t(J “Km4)e( JeKe5)e(J+K+6)
GO 10 (7,,74) LP
COVT1NJ9
PPN = 2PM«SQRT(PN)
NKaVKe3
P(1354,VK) = =,54PP\w,(3125
P(1124sVK) = =P(40,4,NK)
P(l4,4,NK) = .03125~PPN
P¢15 4, NK) z 'P(14.4'NK)
NK.“Kns
CONTINJE! .
IF (K,3T.=2) GO YO 10

C WAlTY FOQ!LAST TAPE OPERATION TO COMPLETE

380
26

So

CONTINJE! )

NP(Ll3sJ § NP(2)sJEO § Np(3)=N
CONTINJEI

IF (MS>M,LT.1) RETURy

IF (UNIT,MSPV) 26, 3

BUFTER OUY (MSPM, 1) (P(1,1,1)aNP(3))
RET JRN

END



JR1.3A

s N RrReEe e Xe}

ao

1X0UT, 17CO

104 05703773

SUBIDUTINE REGRESS
COMYDN/3LKAP/VECTOR(37,37),DATA(36),AVE(36),SIGMA(36),COEN(36),

1SIG4CO(36), INDEX(36),AP(45,600)

COMvPN /B 5/NODATA,2BSNQ,AVEWHT,NOVAR, NOYT,SIGDIF ,NOPROB,
EN,!FSTEP.IPPRED.SIGMAYi.DELS&G
COMYDN/3L3/WY¢y 00),DELPAR(35)

EQUIVA, ENCE(VECTOR, AP)

TYPZI DIUBLE VECTOR, AVE, SIGMA, COEN, SIGMCD, SIGY
TYPZ| DIUBLE CEVD,VARDEV,SWHT

REWIND 5¢ , ‘

To, *~0001 § EFIN®EFQUTS.0200000 01

IFAVELD

1Fcvs¥a0

CNSTeQ,

IFRAW=]FRESDS

IFCNSTs0 DO NOT HAVE CONST TERM IN EGQUATION

ISTEPs): DO NOT PRINT SACH STEP

[FRAW®9: DI NOT PRINT RAW SUNS AND SQUARES

IFAVE=), DO NOT PRINT AVERAGES

IFRESDso DO NOY PRINT RESJDUA| SUMS AND SQUARES

IFCOENsg D0 NOT PRINT PARYIAL COEFFICIENTS

IFPRED=4 DO NOY CALC PREDJCTED DEVIATJONS OR SET WEJGMT TO ZERO

565
866
11¢0
130
12¢

810

83p

550
560
540

568
570

1ST0R

NOIVI = 0

VAR = 3,0

K s 0

FLEVEL =: 0,

NOENT s

NOMIN =

NOMAX s ¢

ASSIGN 1000 YO NEXT

NOVYl = NOVAR « 1

NOVOL s NOVAR « §

DO 12§ I=1,NCVPL

DO 120 J=1,NCVPL

VECTOR(ILJ) = (,0

N=0

NEN®#L , ,
READ!I (30  1J1,LL1,XKLaJsbL,KK,O0BSFREQsFREQe (DATA(L),L=1,NOVAR

1), NRIVLWT2

IF  (E0%455) 1.2

CONTINJE!

WHT2WT(N)

IF (WHT,EQ, ) GO YO0 51y

WHYSWHT/AVEWRT

DO 545 I = 1., NOVAR

VECTOR (I1,NOVAR & 4) = YECTOR (!, NOVAR # 1) & DATA (]) ¢ WHT
Do 540 J.= I, NQVA%

VECTDR (!, Jy = VECTOR (I, J) » DATA (1) « DATA (J) o WHY
VEC[DR(§0VPL0N0VPL)=VEC§OR(N YPL,NOVPL)#WHT

GO TD 340

ContiyJbi

REWIND 50 ,

PR!VW'902 NOPROB; NODATA,NOYAR, VECTOR(NOVPLLNOVPL), EFJN, EFOUT
IF (I1P3AW) 907,650,589

coM:kerD SUrS OF SQUARES AND CROSS PRODUCTS. THESE ARE IN
G2 IN LCCATION, VECTOR (I, J). |

MPRI
MPR:
MPR
M&Re

MPRe

M- R
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580 PRIYT 15

590 PRINY 20,01, VECTOR(I,NOVPL), J=1,NOVM])
600 PRIV 25, VECTOR(NOVAR,NOVPL)
610 PRINM 30
620 PRINM 35, % 1,JsVECTOR(I,J)sd=21,NOVM]), 1584 NOVMI)
630 PRIV 40, 2VECTOR(],NOVAR),I=1,NOVM])
640 PRINF 45, YECTOR(NOVAR,NOVAR)
c CA SU AT1oN ¢F RESIDUA_ SUMS OF SQUARES AND CROSS PRODUCTS
650 IF%XF.VST) 90,735,651

654 IF(VECTIR(NOVPL,NOVPL)) 652,655.655
655 PRIyF 654
GO TD_?715
655 DO %60 ! = 1, NOVAR
670 DO 56§ J.-s I, NOVAR
660 VECTOR (1,J) 3 VECTQR (1,J) = (VECTOR(],NOVP ) * VECTQR (J,NOVP)
« ¢ VECTOR (NCVPL, NJVPL))
680 DO %60 ! = 1, NOVAR
690 AVE(1) = VECYOR(],NOVPL) 7 VECTOR(NOVPL,NOYPL)

700 IF (IFAVE) 90 ,735,749

710 PRINM 50 ,

720 PRINF 20, (1,AVE(]), s1,NOVM])

730 PRINE 25, AVE(NOVAR)

735 IF (IFRESD) 9 0,785,740

740 PRINF 55

750 PRINK 35,(01,JaVECTORCI,»J) 2 J81,NQVM]), 121 ,NOVM])
760 PRINF 4u, (1,VECTOR(],NOVAR), 134 ,NOVMI)

770 PRIy 45, VECTOR(NOVAR,NOQVAR)

780 NOSTEP 5. =1
781 ASSIGN 132 TO NUM3ER
782 DEFRY s VECTOR(NOVPL,NQVPL)
790 DO 80§ ! = 4,NOVAR
791 lrcvecroncl.i>) 792,794,810
792 PRINT 793, !
GO TD 15
794 PRINE 795, |
796 S1GA 1) = 1,0
797 GO D 800
810 SIGYA(!) sDSGRT (VECTYOR (I,1))
800 VECTOR(I,1) 3 4,0
820 DO 380 ! = 1,NOVM!
840 IPL , I ¢ 1
841 po 855 J. » IPL, NOVAR ,
850 VECTOR(I,J) & VECTOR(I,J) /¢ SIGMA(I)* SIGMA(J))
830 VECTDR(J.1) 3 VECTOR(].J)
860 IF (IFS0EN) 970,951 ,87"
870 PRINM 60
874 NOVMR & NOVM] « 1
875 pp %8% 1 = 1, NOVM2

880 IPy » | & 4 _
885 Pniqn 35,(1,JoVECTOR(I,J)»JElPL.NOVM])
890 PRINF 4u, (},VECTOR(I,NOVAR), J=1,NOVM])

951 CONTINJE: .
GO TD VEXT,(1 (:,1581)
000 NOSTEP =i NOSTEP «
tons 1¢ (VESTOR(NCVAR,NBYAR))1002,10 2,1015
1002 NST2M3 4 NOSTEP = 1

x G 4

XXX XXX

XXX

X XXX X

XXX
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1015

10le6
1017

10l0
020
030

1035

10:0
0

1042

1060
1080
1099
1100
1129
1123
’ §5o

904

1160
70
1t
1199
1119
1210
1220
1050
1230
903

1240

1260
1245

1347

125¢
1270
290
280
1300
1310
1311

£33

1314

1315
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PRINT 1004, NSTPM1
GO _TD 918
DEFRI aDEFRe=1,.
IFCypEyToNEou) DEFR=DEFRe2,:
IF (ne=a y 1 .17,1017, 1ulo
PRINT 13519 .NOSTEP
GO 10 9145
sxar*; S!GMA(NOVAR) #*DSQRT (VECTOR(NOVAR,NOYAR)/ DEFR)
VMINis 0,0
VMAK: = 0,0
NOINI s O
DO 1053 I = 1,NOVMI
IF (VESTOR (1,1)) ¢ 4201u50.106
PR!‘" 1044' l. NOST P
GO 10 ?15
IF¢(VECTOR(I,I) - YO 1057,1070,1080
VAR = VECTOR(], NOVAR) « VECTOR(NOVAR, 1) ¢ VECTOR(I,1)
IF(VAR)L1100,1 5.,1110
NOIVI g NOIN « 1
INDEK¢NIIN) 3
COEVKNIIN) = VECTO(I,NOVAR) ¢ SIGMA(NOVAR) ¢ SIGMA (1)
SIGYCO(NOIN) = (SIGY / SIGMA(])) «DSQRT (VEGTORCI,I))
IF (vqIy) 116 ,117¢,904
CONTINJE
PRINF 306
GO rD 915
IF(IﬁR « VMIN)1 50,1053,117"
VMIyi & VAR
NOMIN s |
GO 10 105§
IF (VAR » VMAX)1050,195 ,1210
VMAX: & VAR .
NOWAX = !
CONTINJE!
IF (NOINY 9 3,1240,1245
CONTINJE
PRINT 07
GO TD 915
PRINT 65,s1GY
SIGHAY =S]GY
G0 ro 1359
IFC IFSNSY) 9 §,1245,125.
CNST's 0,0
Go Th 13co
CNST' & AVE(NCVAR)
DO 1283 1 = 1,NOIN
J = INDEX(])
CNST' ® CNST = (COENC]) » AVE(J))
IF !VSYEP) 9 0’132 .1310
5~oswv> 1311,1311,1313

anqw 94,NOSTEP, K
GO 0 43;4

PRI 92,NOSYEP,K _
PRINIT 70,FLEVEL,SIGY,CNST,

1CINIEXCJY,COENCJ),SIGMCOCY),J=1 . NOIN)

GO 0 NJMBER, (1323,4587)

x4

r TT T T T T T T z ¥ T T T TT T T T r T r 7T

<
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1320 FLEJEL = VMIN = DEFR / VYECTOR (HNOVAR,NOVAR)
1330 IFC¢ZFOJT « FLEVEL) 135U, 1350, 34,
340 K 3 NIVMIN
i345 NOEYT = 0
GO T0 1391
1350 FLEYEL & VMAX » DEFX / (VECTOR(NOVAR,NOVAR)< VMAX)
360 IF (EBFIN « FLEVEL) 370,1361.13‘0
1361 IF (EFIly) 138 ,1384, 137
1370 K g NOMYAX
1390 NOENT s K
1391 IF(<n-1392,1392,14,
392 CONTINJE
393 PRIYT 1395, NOSTEP
GO T0 915
1400 DO 194%) I s 1,NOVAR
1420 IF (led) 1430,1410,143u
1430 Do 144) J = 1, NOVAR
1459 Je<) 146(,1440,1460
1460 vec‘ontl.4> s VECTOU(I,J) =~ (VECTOR(],K) * VECTOR (K,J) / VECTOR
'(K.(D’
1440 ConTINJE
1410 CONTINJE
1470 DO 148) ] = 1, NOVAR
1490 IF (le<) 15 0,1480,15)0 ,
500 VECTOR (1,K) = =« VECYOR (l,K) / VECTQOR (X,K)
480 COVTINJZ
1510 DO 1523 J = 1, NOVAR
1530 IF (Je<) 1544,1520,1540
1540 VECTOR(X,J) s VECTOR (KeJ) ¢ VECTOR (K,K)
520 CovrINJE
1550 VECTOR(4.K) s 1,0 / VECTOR(KsK)
1560 GO rD 1000
1380 PRINF 75, NOSTEP
IF (IFSTEP) 9.0.157 1158,
1570 ASS|GN 158 To NUMVBER
1571 GO D0 1310
1380 PRIV 1586, (L, VECTOR(L,L),LEL,NOVM])
DEL31GsABS(SIGMAY;=SIGY)/SIGMAY,
DO 749 [=zq,NCIN
K s !N)‘X(I)
DEL2AR(£)=COEN(])
949 CONTINJE
IF (DE.S!1G.GT,SIGD!T) Ggo TO 158
IFPIEDsY
IF (IFCOEN.NE.§) GO YO 1581
IFCIENSY
ASSIGN 1581 YO NEXT
GO ro 358
1581 IF( IF>2RED) 9, ,1582,91.
58, CONTINJE
1583 PRINT 85
SWHTESVOATA=S,
10s)
VARIEVs0,

[ B §)

[OR |

X XXXIIXX XXX XX
T LU UL D
TVWVODUV VBT OU DI
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3

c

1590
1600

16190
162¢
640
630
1650

912

911

913

166¢
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N=N+4

_REA)! 32) Ji, LL1,KKy, J, LL, KK, OBSFREJ, FREQ,
1 DRIAL y,L=1, NOVAR). NRUN,WT2,!STOP,ID
IF (E0¥.50) 3,

covr1NJ.

YPRZD s CNST

DO 1632 I = 1,NOIN

K & INDEX(I)

YPRzZDa VYPREL + CO:IN(]) * DATA(K)
DEV = DATA(NOVARy = YPRED
FREJPROSFREQ+YPRED

IF (wt2 ,GE.1C ,0) GO 70 1658
PRINT 1670. vi,LL1,4K1sJobLL,KK,FREQPRD,0BSFREQ,FREQ,DATA(NOVAR),
4DEV(WT221STOP, ID,NRIN
DEvenwyY2¢«DEVWLCEYV

DEVIEDZV/AVEWHT

IF (WP(NRUN) .EQ.(.) GO TO 911
SWHATESAATeWT2

SNDAYA = SNDATA«{
VAR)JEY=sVARDEV+DEY

IF (10,3T,LNCUT) GO YO 1660
IF(IEYD=SIGY) 1660,912,912
WT(NRUN) =0,

10s(l0+1)

PRINT 1656

GO TD 1660

IF (WT2,NE, ) GO TO 913

PRINT 1654

GO TD 16860

PRINF 1657

IF (DEVD.LE.SIGY)WT(NRUN)EWT2

IF (WT(NRUN).EQ,g,0) PRINT 1656
CONTINJE

GO TD 1590

1658 PRINT 15659, .1, LL1.<K1.J.LL KK, "REQPRD, 0BSFREQ,FREQ, DATA(NOVAR),

1785
910

900
915

4DEV,WT2,1STOP, 1D}, NRUN
GO TD (390
COVYTNJE
REWIND 50
STANDARD CEVIATIIN FROM RESINUALS
VARIEV = (VARDEV#SNDATA)/(SWHT*(SNDATA=NOINe1,))
STDIEV, DSQRT(VARDEV)
PRINT 1790, SYDDEV -
RET JRN
PRINT 1800
RET JRN
END, .,
PRINT 205
CONTINJE
RET JRN

c.Q'ABORT'.'.

5

13

FORYAY (3F1 ,5,315,1H 912,5X,F6.4)
FORYAYT (6(Fq2.5))

MPR
MoR
MPR
M- R
MIR

MER

MPR

FORYAT (41H 4GH . SUq OF VARIAB ES//)MPR
FORYAY (1K 11H SUM x¢ 12,3H) = F12.4,8H SUM X¢ 12,3H) gF12,4,M-R

18H sun ¢ 12,3H) =712,4,8H SUM X(]2, 3H) tFl2.4 )

MR
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25 FORYAT (17H SUM Y =F12 4) Mo
39 FORMAY(LHg 7,H RAW SUM OF SQUARES AM~
AND CRJSS PRCDUCTS// ) M- |
35 FORYAT (4H 7k X(12,7H) VS X(12,34) = F15.6, M
6H X(Ip2,7H) yS X(lo,zH) = F,5, 6. M
5 C6H X(12,7H) yS X(13,7H) s Fi5. M
40 FORYAT (IH 7k X(12,12H) vS Y =r15 6.
1 6H X(12, 2y vs' ¥ =F15, 6, M2
2 6H X(12,¢42H) VS Y =F M
45 FQR4AT (1H 21H v Vs Y }15 6) M
50 roaan (1H063H AVERAGE VALUE OFM: |
» VARJA3LES// ) Mr
55 FORMAY(LHO77k RESIDYAL SUMS OF SQUAM#
*RES ANVD CRCSS PRODUCTS//) M
6g FORMAT(LHg69N PARTIAL CORRELATIMP
«ON Co-FF!CIENTs//) M

65 FORYAY (25H  STANDARD ERROR OF Y = E12,5)
7o FORYAY (911H F LEVEL E12,5/25H4 STANDARD ERROR OF Y s E12,5/12H

SONSTANT Eq2,5/55H VARIABLE COEFFICIENT STD ERRM?

20R IF CJEF // (q6H X=13,E16,9,3X,E16,9))
75 FORYAY (4 0H COMPLET =D Is,20H STEPS OF REGR63810N) M-
80 FORYATY (BH FS¢Ps2H F12,5,3H F12,:5:2H F12,5) ME

85 FORAAT(//4X,5HUPPER, 6Xs5HLOWER, fX*PREDICTED® 7X «OBSERVED® 5X #CAL
1CULATED* 4X«CBS-CALZe3XeDEVIATIONSXeWE]GHT#2X4ATOM 1o.zx-NRuu.;

99 FORART (22H1STEPWISZ REGRESSION //42H PROBLEM NO Iy, //43H NO OF M-
{DATA. 5 15 /718H NO IF VARIABLES = 11g ¢/30H WEIGHTED DEGREES OF FRM-|
2EEDIM 2 F92,2 //28H F LEVEL TO ENTER VARIABLE = F12,9 //29H F LEVEM®
3L T RIMOVE VARIABLS = F13,9 /// )

91 FORYAYT (9HySTEP NO,I5 /49H  VARIABLE REMOVED I8) Mr|
92 FORYAY (SHOSTEP NO,I5 /2 H  VARIABLE ENTERING 18) _ M.
93 FORYAT (5H RUN F6, ,3H F13,5.3H F1-,5,3H Fgp,5,3H F1n.5, M-
3H  Fy0.5/(44H Fqi 5,30  FqC593H  F10,5,38 Fq0,M-
5,341 Fi0. 5)) M=

654 FORYAT (31H ZERO NJMBER OF DAT/, SO LONG,) M>|
793 FOq4ky (31H ERROR rIsIDyAlL sGUARE VARIABLE 140314 1s NEGATIVE,PROSM”
1LEM TEIMINATED ) M-
795 FORYAY (1Hg1:H VARIABLE 15,13H 'S CONSTANT ) M-
905 FORYAY (4pH ERROR 1V CONTROL CARD, PROBLEM TERMINATED) M=
906 FOR4AT (25H ERRQR, VMIN P US, S0, ONG) M=
907 FORYAY (264 ERROR,NOIN MINUS, SOLONG ) M|

918 FORMAT (////+% THE WZ IGHTS OF THEFOLLOWING LINES WILL NOW BE SET YO
1ZER)IQI(2 1577) )
1004 FORYAY (3H 37HY SQUARE NON=POSITIVE,TERMINATE STEP 1 5) M
i9 FOR1lf ( H029H NO MJDRE DEGREES FREEDOM STEP I 5 ) M
i 4 FOR4AY (!HdldH SQUAIE X-15,17H MEGATIVE, SO. ONG I5,6N STEPS) M
1395 FORMYAY (92H K- , STEP [6s 7H SOLONG) M
1586 FORqnY (24H DIAGONAL ELEMENTS //2:°H VAR.NQ, VALUE// M
1¢14 1 7, F16,6)) M
654 FOR‘WY (.0‘19 X,ZH."
i656 FORYAT (wwnl1(2X,1H*)
1657 FORYAY (w,*1.1X,1H%*)
1659 FORYAT 2(2Xn313)03-15 7.2F12,7-F11,2,2X,14,A5,18)
670 FORYAY (2(2Xs313),37 02F 2¢4:F .2'2Xn14pA5a15’
790 FORYAT (i_STE. DEV, EA cu A ED FR%M OW WEJGHTED | INES = ¢E12.,5)
1800 FOIMAY (*0SINCE THE PRE TED FREQUENCIES ARE NOT bALCULATEDoNO
IWEI3HTS WILL BE ALTZRED YHIS ITERATION,#)
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C Flyn

428

420

426

20
121

22
122

23
123

40
250

4
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FUNZT]IV CAPPA (PAR, JBANDyHAM , iHEAD,NPAR,PGDEL,1S0)
DIMENSIIN X(21),D(11,19)

DIMENSIIN PAR(19) ,IHEAD(30) ,PGDEL(19),NPAR(24,2)
TY22 IyTEGER HAy,D, X

18H

38H z,8F HO ®,8H  Hy0 =,8Hi(X#Y)/2 ,8H (XeY)/p )
DO 1p I=1,11

DO {0 Jgi1,19

D(1,J)s8H

0(101’15HPX2 $ D(y,2)=8HPY, $ D(143)=8HPZ2
D(4.1)33HPLANAR
DS CapPpA AND PRINTS JUT THE STATE CoNSTANTS

IF (PA?gi).GE.PAR(2))GO T0 428

PRIYT 221

AP32AR(2) § PAR(2)=2AR(1) % PAR(1)=AP

CONTINJE

APsdAR(1)

BePAR(2)

C=zPAR(3)

X(1)e840A = X = EX(2)=8H B = Y = § X(3)=8H C = 2 =
D(5,1)s8HOBLATE

IF (B,3T.C) Go Tg 426

CsB § 3:AP § AP_PAR(3)

X(1)e840R = X = § X(2)=gH C = Y = § X(3)=84 A = 7 =
D(5,1)s8HPROLATE

IF (B,.E.AP) GO TO 426

PRINT 229

PAR(3)=2AR(1) SPAR(1)=Ap

BzAd § AP:PAR(3)

CAPoAm(2,#83-AP=C)/(AP=C) .

IF (JBAYD,NE.8H GRUND) Gp Yo 70

PRINT 217

PRINT 218, (IFEAD(N),N=1,8)

Go ro (21022423) HAM

PRIyT 123

FORYAT (#0PLANAR-7 2ARAMETER HAMILTONIAN,MONCUR=THESIS )
D(3,1)s8K

GO TD 490

PRINT 122

FORYAT (#QKFC=-FORM, YALLABAND! AND PARKERsJV.3.P.249,410(1968)+)
D(3,1)33KHKFC=NON

GO r0 490

PRINT 123

FORYAT (»0 HK=-FORM,YALLABAND! AMND PARKER,J+3.P.,49,410(1968)w)
D(3,1)28K H=NON

PRINT 25:,JBAND, IS0

FORMAT (1X,A8» STATZeluX
i *VAR] (*]3%.]SOTOPE VARlae/¢ CONSTANT VALUE#9X*ABLE
1SSYSFF=CY ABLE OPERATORW)

GO TD (44,42,43) HAM

IF (CA2PA,LT. ) GO TO 51
NAR 3B, ATE

D(1+4Ys8KH(1/74)*(P § D(2,4)=8HX4 &« R2¢ § D(304)=8HPZ4 ¢ R
D(4,4)38H(PX2#PZ2 § D(5,4)=8H « PZ22¢P § D(6,4)=8HX2))

DAY‘A( X(!).!=1.19)=8HUA = x ggﬁH B = Y :‘8" c s, z =;8H0 ' Tl =2
%2 =.8"‘ T3 S,BH Y4 :.BH TS --'BH T6 '.SHD Hl 2,

28H 45 =,8F H3 =,8H H4 =,8H HS =,8H H6 =,8H H? =,
4

MA
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D(1,5)=28H(1/4)~(P § D(2,5)=8HY4 & S2+« & D(3,5)=8HPZ4 & S¢

D(4,5)8H(PY2#PZ2 § D(5,5)=8H
D(1,6)=8H(1/4)(2 § D(2 6)=BH* R«

D(gs6)28HPY2 « PY

D(1,10)28HpP6
D(1.13)s8HPZ6
GO ro 50

51 CONTINJE
C PLANAR

PRO.ATE

D(1,4)38H(1/74)«(P
D(444)38H(PZ2*PY2
D(1,5)28H(1/74)*(p
D(445)5BH(PX2#PY2
D(L.6)a8H(1/74)«(2
D(416)28HPX2 « PX
D(7.,6)s8HpY2 « pY

B AN O

$

PZ2«P $
*SepPZ24 §

D(645)=8HY2))
D(3,6)=8BKH « (PX2#

3 D(5a6)=8H2*PX2) + $ D(s,6)% BHSe(PX2W
D(7,6)28KpZ22 + pZ % D(8,6)38H2+pX2) ¢ $ D(9,6)=8BHR*(pY2sp
D(1)46)28HZ2,PZ2+P § D(11016)24HY2))

D(L1,7)88KH(1/4)%(2 $ D(2,7)=BH*(PX2+PY §
D(4a7)28HPX2) = 2 § D(5,7)=8H*P2 + 5¢ §

$ D(1,11)=8Hp4#pZ2

D(2,4)=8HZ4 ¢ R2e¢
D(5,4)28H ¢ PY2eP
D(2,5)38HX4 ¢ S2¢
D(5,5)=8H , PY2#P
D(2,6)=8H*R+»SePY4

B PN A

17)=BH2 + PY2e
71=8HPZ2)

D(3
D(6,
$ Df{1,12)38Hp2wpZ4

D(3,4)=8HPY4 « Re
D(644)=8KHZ2))
D(3,5)=8BHpY4 ¢ S¢
D(6+5)=8HX2))
D(3,6)=8H ¢ (PZ2«

3 D(5,6)=28H2+PZ2) « § D(s,6)% BHSw#(PZ2¢

D(B8,6)=8H2+pZ2) + §

D(13,6)=BHY2,PY2+P B D(11,6)24HX2))
D(L,7)28H(1/4)*(2 $ D(2,7)=8He(FPZ2+PX §
0(407)15HP22) = 2 % D(5,7)%8H*P2 + 5¢ §

D(1,10)%8HP6
D(L:,13)=z8HPZE
GO 1D 50

42 CONTINJE
C PHI«FORMI

0(1 4)s3HPX4
i's,'sHPY4

7)=8H(PY2%PZ2 $ D(2

$ D(1¢11)=8Hp4tpzz

$ D(}oé’ﬂaHPZ4

D(l.s)sBH(pxzthZ $ D(2,8)=z=8H + PZ2«P §
D(L, 9)85H(PX2tPY2 $ D(2,9)28H « PY2sP §

D(1,10)=8HpX6
D(1:13)28H(PX2*PY4
D(1,14)s8KH(PY2*PX4
D(1,15)#BH(PY2«PZ4
D(1:16)38H(p22*pY4
D(1417)28BH(PZ2*Px4
D(1,17)=8H(P22+Px4
D(1,18)3RH(PX2*PZ4
D(1,19)28H(pX2#pZ2
D(4:19)38HX2)

GO r0 590

43 CONTINJE
C H=FORM

D(L,4)s8KHP4

3 D(1.11):8HPY6

5 D(2013),8H * PY“P
§ D(2,14)x8H ¢ PX4nP
B D(2,15)38H & PZ4*P
§ D(2,16)38H « PY4rp
B D(2417)28H , PX4wP
? D(2,47)=8H ¢ PX4#P
5 D(2,18)=8H & PZ4*P
$ D(2,19)=8H*»pY2 ¢ p

$ D(1,5)3BHF2«P22

D(1,7)28HP2#(PX2- § D(2,7)=8HPY.)
D(1,8)88H(pZ2#(pX § D(2,8)=8H2=pY2) ¢ §

D(Q.B),BHZ)«PZZ)
D(1,10)38HP6
D(1,1<)%BHPZE
0(101;)‘8HP2'(922'
D(4,15)c8H=PY2)«PZ
D(1,16)28HPZ4=(PX2
D(4e.16)2RH)wPZ2

D(1,11)=BHF4%PZ2
D(1,14)28HP 4% (PX2~
D(2,15)38H(pX2-pY2
D(5415)=8KH7)
D(2,16)=8H-PY2) «+

O oM O M

)=8H » PZ2«P § D(

D(9,6)=BHR*(pX2np

D(3,7)28H2 & Px2¢
D(6,47)=BHPY2)
$ D(1,12)88Hp2+pZ4

307)=8HY2)
QG)SBHXZ)
D( 19)=8BKHX2)
Bt1,12)#8HpzZ6
0(3013)38HX2)
D(3,14)88HY2)
D(3s15)88HY2)
D(3,16)88KH22)
D(3417)g8HZ2)
D(3917)38KHZ2)
D(z918)28HX2)
D(3919)38HY2#pZ2wp

N AP NA PNH

$ D(1,6)=8HPZ4
D(3,8)=8H (pX2epY

$ D(1,12)28HP2»P24

$ D¢2c14)-8HPY2)

§ D(3,15)88KH) + (pX2
$ D(3,16)38H(PX2ePY2



113 05703773

60 CONTINJS
DO %4 N=1,19
IF (NPAR(N,1).0R,NPAR(N,2),0R.P*R(N) ,OR.PGDEL(N)) 62,64
62 CONTINJZ
PRINT 214, ((X(N),PA(N),NPAR(N, 1), (D(JsN)oJ21,11)))
214 FORMAT ( ( A8 1X E13,8 13 2X 15X 3x,10A8 A4) )
IF (NPAR(N,2)20R.PGOELEN)Y PRINT 216,PGDEL(N) §NPAR(2,N)
216 FORMAY (wewp9X,Eq2.5,13)
64 CONTINJZ
IF (NPAR(20,1).EQ,U) GO TO 66
66 IF (NPA(21,1).EQ.,¢) GO r3 68
PRINT 212,X(21) ,NPAR(21,{)
68 CONTINJZ
212 FOIMAT ( AB8,16X,13)
PRINT >2:,CAPPA
220 FOR4AT(//% KAPPA = F14,7)
RET JRN
217 FORYAT(#1e)
218 FOIMAT (41,A8)
221 FOIMAT (6HewewreaON_Y TYPES 1=R AND II1-R WORK PROPERLY IN THIS PRO.R
éosaum ee== TFEREFORZ THE VALUES X AND Y OR X AND Z WILL BE EXCHANG
EDe)
END
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40

FOR EAZH 3TATE
JIN(JIeJrJesNe1=KP)

IFPAV » 3

114
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SU3RDUTINE FCRMEPL (1FPAV,NMAX, JEO,PAR,P,NP,CAPP)

COMYON A(25,25),5(25,25),AS(605),JIN(2,2500)

CO*ﬂDN/BlKAP/AP(is 563J)

DIWINSIIN P(19,4,NMAX),PAR(19),VEP(19),NP(3)

), INDEX,NVAR(24,2),!1BN

{ L 2 B TEE I EE R I SR T BT TEE PR IR R R I AR A NN A 2R BE B I IR R R

THIS' RIJTINE SORTS THE EIGENVALUES AND DETERMINES THE QUANTUM NUMB R

THE DIAGONAL ENERGIES FROM A ARE STORED IN AG AT LOCATI

THE AVERAGZ VALUES ARE CALCULATED 3Y USING THE TRANSFORMAT'OD
MATIX AND APPLYING IT 70O THE UNDJAGONALIZED OPERATOR VALUED

OPTIONS ARSZ
IFPAV =0,1 TYHE DIAGONAL AND AVERAGE ENERGIES ARE PRINTED ONLY IF THE

EXPECTATION VALUE OF THE ENERGY IS DIFFERENT FROM THE DIA:0

ENERGY BY MORE THAN E~9,

EXP:CY=sl,.0E-9
RT281,414213562

NT =0

MTs)

JeN2KY)

NLzVP(3)

IF (NL,3T,0) GO T0 19
IF ((JJNE,0) .OR,(JEJ NE, 1)) RETURN
INDsJINCIBN,1)

IF (INJ+EQ., ) RETURN
INDZKsINDEX+1

DO 40 11,15
APCl,INDEX)=U,.0
ASCINDZX) =y,
JIN(IBV,1)=INDEX

RET JRN

C INITIA,IZZ QUANTUM NUM3ER JDENTIFICATION

C FOR
28
121

122
123

CONTINJE

IF (CA33,LT.i) GO T) 28

GO rD(21.,22,23,24) JEO

3-R NOTAT]ON USE,O0B_.ATE

KZ"? 3 K1=J¢2

GO ro s0

K2s) § <1=zJ+1

GO ro 30

K23eq4 § Kil=J+2

GO o 30

K2sel § KiszJ+1

GO 10 30

1-% NOTATION USE ,PROLATE

GO T0 (}2 .122. 23.124) JEO

g s(J/) *2*2 23((J*1)/2)'2'J 2
ro

Kl'(J/g)'2¢2 § K2=((J=1)/72)%w2=J+1

GO ro 39

Kis((Jel)/2)+2+1 § <2=(ys2)e2~J-1

IFPAVzR,»4 THE DIAGONAL AND AVERAPE ENERGJES ARE PRINTED
THE NORMALIZED EXPECTATION VALUES JF EACH QPERATOR IS PRIN'E

LAEE 2N TR THR I NI A 2R 2 B RN T SRS T 2N BN R IR S TR R R S S
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GO ro 390
Kis(tJel)/2)22+1 § <2=(y/2)e2~J
CONTINJE

KPs¢P § KN=K1
DO %5 VN=1,NL

C DERIVE TWE JUATUM NUyBERS FgR THE STATE

50

KPg(Pe2 & KNzKN=2
INDzUw J*J+KN+1~KP
ITARRJINCIBN, IND)

IF (ITAR.EQ.u) GO TI 65
INDEXK= I \DEX+1

IF (IF2AV,EQ.=1) RETURN

IF (INJDEX,GT.62 ) GO TO 242
JlV(lBV.lND)SINDEX

DO 5b vZ= 1

AVE’KNZ)S%

C FORM TH:ZI EX?ECTATION VA UES OF YHE P OPERATORS N H SPACE

C THE

AVERRGZ OF P(N,N)=SJM OVER I,J OF Se(l,N)*P(I,L)aS(L,N)
VS35UM=20,0

DO S0 1®1,N

SINVES(I.NN)

DO 59 L=I,NL

MDs k] +y

IF (MD,37,4) GO TO 5y

VS2:SINNaS(L,NN)

C FORM THZI SJJARE CF THE DIAGQNAL ELEMENTS

C THE

96

98

1172
106

104

32
59
60

IF (MD.,20,1) VSQSUM=VSQSUM«VSQ

IF (MD,VE,1) VSQ=VS2#2,-

M=

IF (JEJ.FQ,2) MzM+l

IF ((J2J,EQ. 1).AND.(MD.EQ.M).AND,(MD.GT.17) VSQ=RT2#VSQ

DO 32 .lg 1.1

AV:’KL!)=AVEP(LI)0VSO*P(L1 MDyM)

IF (M,37,4) €GO TO 3>

FOL.PWING TRANSFORMS THE MAYRIX ELEMENTS BY THE WANG TRANSFORM
GO ro  (94,98,1 2,1 4) JEO

Eo=y.
IF(%ND.EO.i).AND.(M,EQ.Z))AVEP<LI)=AVEP(LI)QEOtVSOtPCLIo3o2)
IF¢(MD,50,2) . AND, (M,EQ,3))AVEP(L1)=AVEP(LI)+EOwVSQwP(L],4,3)
GO fD 32

EOsed

GO TD 38

EOs el

MDLeMD+1

IFC(MD,LT,9) AND,(M,EQ,MD))AVEP(LI)SAVEP(LI)+EOQ"VSQ#P(L],MDL,M)
IF(*MD. £0.,1). AND,(M EQus2))AVEP (L) AVEP(LI)¢EOwVSQeP(L1,4,2)

EOal:

GO TD 106
CONTINJE
CONTINJE
CONTINJE

C CHECK FIR INCORRECT EXP=CTATION VALUES

AVEEIIS.
DO %2 _I=1,19
AVEZkAVEF+PAR(LI)*AVEP(L])






R1.34

05703773

62 CONTINJE
AAZALNV,NN)
DIFTE(A3S(AA=AVEE))/AA
IF (t]72AV,EC,2),0R,(IFPAV,GE,4:) GO TO 48
IF (D1 F,LE.EXPECT) GO 1O 64
48 VSI5UM=VSQSUM=1
IF (NY,20,p) PRINT 226,EXPECY
NTe\NTe
PRINF 527.J,.EO,NN.(N,KP.AA,AVEF.DIFF, VSasuM
64 CONTINJZ
ASCINDZX)=AA
DO 7p vl=1,16$
NHsIVAI(MI, IEN)
IF (NH,E0,0) GO 1O 7y
AP(yH, INDEX)3AVEP(MI)
70 CONTINJE
IF (IF3AvV,LT.3) GO TO 65
IF (MT,E0,0) PRINT 222
MTs 4l et
DO 58 _I=1,19
58 AVEIXLI)=AVEP(LI)/AA
PRINT 22-,J,KN,KP,JZ0, CAVEP(LI) . LI=1,19)
GO ro 55
242 PRINM 24¢,INCEX, IND
65 CONTINJZ
RET JRN

220 FOYAT (1X,313,14,2%,15e8.1/¢(1X.17E8.1))

222 FOIMAY («0 o KN KP JEO«6X+X/E Y/E Z/E Té/E . Ta¢E
173731 T4/E T5/= T6/E H1/E H2/E N3/ H4/E H5
2/E A5/ *)

226 FOgQ 1y (7« o JEO NN KN KP DIAGONAL, ENERGY AVEEAGE ENE Dl
1FF/ NER3Y #2X,12HU«U DIAG = 1¢ DIFF GREATER HAN *

227 FSRqﬂf (1X,513,2x,E16.9,2X,E16,9,3X,EL1,,3,3X,E1",3)
240 FORMRT (/+INCEX OVE?FLON. INDEX 2e¢]7w IND = ¢17)
END
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SUIRDUTINE  SYMDIG (N, ITN)

[ ZEE BN N 2N T I I 2SR N 2R NN R R K K BT N B N JEE B JEE I N BT BEE RN BRE BN BN
THIS RJIJTINS DIAGONALIZZS THE SyMMETRIC MATRIyx A AND COMPUTES ITS
EIGENVE:ZT03S, STCRING THEM IN S, THE COLUMNS BF S ARE THE EIGENVECTOQRS
CORRESPINDING TO THE EISENVALUES WH:CH ARE ALONG THE DIAGONAL OF A,

THE 3DUTINE USES ONLY THE UPPER RIGHT CORNER OF A FOR THE OFF DIAGON"|
ELEMENTS: 07 A ANC STORES THEIR SQUARES IN THE THE LOWER LEFT MWAND CORNE<,
THE ORJER JF ARITHMETIZ OPERATIONS IS SET UP SJCH THAT THE METHOD OF D',
JZATIONV WOIXS ONLY WHEN THE DIFFERENCE OF THE DJAGONAL ELEMENTS IS NOT ¢
AND WOR¢B 3ZST IF THAT DIFFERENCE IS GREATER THAN THE OFF DJ]AGONAL ELEM !
MAGNITJIE,

IF ITN 1S NOT ZERO ON =NTRy THE MATRIX ELEMENTS ARE PRINTED BEFORE AND |,
DIAGONA 1ZAT]ON,

WE WILL CALL B=A(1,J) AND B$=CONJG(A(I,J))

L 2NN NN 2NN BEE BN JEK BN 2 R 2NN JEE DN NN BN BN T TR NN K NN NN L NN BEE K RN NN B EE BEK R BEE B

sNeNs oo NsNoRsNs e Es N N s o N9

COMYDN A(25,25),5(25,25),AS(600°,JIN(2,2500), INDEXsNVAR(24,2),]BN
TY22I DIJBRLE BAB,R

C PRECN MJBTY 3F APPROX = TO 2«#(=N) WHERE N IS THE NUMBER QF BITS USED T
C THE FLIATING MANTISSA IN THE COMPUTER

IPRTE=ITN

PRE:NSl.QE'il
C ITN = NJMBZR OF ITERATIONS THRU ALL OF A,

ITN =

IF (N,LS,0) RETURN
C INITIALIZE THE S MATRIX
DO 2.1 = 1,N

S(Iol) 3'10
Ils]ey
DO 2: JelI,N

C NOTE I +. 1 3ECOMES LARGZR THAN N
2 S(I1,J) 8 S(J,1) = 4.0
IF (1PT.EQ,3) GO T2 1
PRINT 20¢,(CA(J,1),1=1,11),J=1,N)
1 CONTINJZ
IF (N,.E.1) RETURN
BAVE" 0-0 .
C COMPUTE Bw33 AND STORE THEM [N THE LOWER RIGHT OF A
DO 4. Isi,N
Ils]eg
DO 4 Jell,N
TEM?| = A(!nJ)
BBaTEM2¢TEMP
A(J.’) s BB
4 BAv:l s 3AVE + 1B
FN s: N
BAVIEBAVE« (2, *FN/(-N=1_.))
IF (N,.T.3) EAVE=g,
FNs"Ne«T\
INVIRa;
N LERTS]
IF (A(2+1).LT.A(N,NY)) INVER=1
C THIS ENTRY SHOULLC BE US=D ONLY IF THE CALLING PI0OGRAM IS NOT SATISFIED «!
C THE DIAIONALIZATION AND WISHES YO CYCLE THRU MORE ITERATIONS ON THE SAM
C MATRIX,
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ENTR¥ DIGMOR
CNOTE, .,
C*".#~¢-0.#-‘-#*—4-+-0-*v0-*-’*00-#-*v~¢-t-0-#.-000-0-00.-0-0-000-¢-0-0-*-
C BAVE SHIULD NOT EE ZERO UNLESS THE MATRIX T O BZ. DIAGONALJZED MWAS ITS L
C ELEMENT IN THE UFPER L=FT QR LOWER RIGHT OFF THE THE DJAGONAL AND THE ¢
C OF THE TWE ZLEMENTS COM= IN DECREAS'NG ORDERUP JR DOWN AWAY FROM THE TH-
C ONE
CHotatcteatapetets-tetogat -dotodtatbeta . najototatmct-bobonttepapatatbatatata-.
ITN=Q
IND = 1
C AFTER EALH ITERATION THRU THE WHOLE MATRIX, RETJRN HERE
C COMPUTE TH:= AVERAGE VALJE OF THE SQUARES OF THE OFF DJAGONAL ELEMENTS
6 BAV=| = 3AVE/FN
IF (IBAVE,EQ. ) GO TO 7
IF (INDJ.EQ., ) GO YO 6°
7 IBAVE=;
IND =
8 M a3 Qg
ITN = [TNet
IF (ITVW.GT,1: ) GO TO 5
1 LL=)
M 8 Metl
IF (M,32,N) GO TO 6

C THE ROUTINZ 1S SET UP T) CHECK AND ROTATE MATRIX ELEMENTS SEQUENTIALLY
C PARALLE.I TJD THE CIAGONA_,WORKING DOWN AND TO THS. RIGKT,
C OR WORKING JP ANLC TO THZ LEFT WHEN !NVER=q
12 Lis_Let
L=l .l
IF (INVER,EQ.1) L=N-L
K s LV

IF (L,.S.0) GO To 1
IF (L,3E.N) GO T0 1
IF (K,3T.N)GC TO 12
BA3 = A(K,L)
C IF B#B$ 1S LESS THAN THZ AVERAGE Be’§ GO YO THE NEXT ELEMENT,QTHERWISE P
IF (BA3,LT.BAVE) GO TO 12
IBAVE=1
IF (BA3.LT,PRECNy GJ TO 12
Cl 'XA(L%L)
Ca = A(X,K)
B 2 A(L,K)
CDF = (u 'C2)/ 0
R-C)Ft(l 0-DSQRT(1, +«BAB/(CDF*CF)))
IF (ABS(R) LY PRECN) GO TO0 12
ALFA, & 1,0/7DSQRT(1, <+ R*R/BAB)
IF (ALFA,EQ. ) GO T0 42
C IND IS A, FLAG wu%cﬁ 1S SET wHEN A ROTATION IS DINE
C IND ALSII CINTAINS THE NJUMBER OF ROT-TIONS DONE AFTER EACH TIME THRU THE !
IND & IND+1
A ROTATION AILL NOW BE DONE WHICH WiLL SET THE VALUE OF A(L,K) TO ZERO
BETA. & (R«ALFA)/B
DO 4p I = 1,N
ROTATE rHE JNITARY TRANSFORMATION MaTRIX
TEM?| = ALFA«S(I,L) - S(1,K)«BET~
S(1,K) S*BETA-S(I,L) + S(I,K)wALFA

Q

Q
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S(I,L) = TEMF
C ROTATE THZ HERMITIAN MATRIX
IF (l=l) 20,24,28
20 TEM2 = ALFA«A(I,L) - A(]l,K)*BET.
A(l,K) = TEMP2 = BETA'A(!)L) + f(I.K)*ALFA
ACl,Ly = TEMF
C COMPUTE Bw33 AND STORE THEM IN THE LOWER RIGHT OF A
A(L,]) = TEMF+TEMP
A(<,1)sTEMPo«TEMP?
GO T0 40
24 A(LoL) 2 Cl1 - R
A(K,K) 3 C2 + R
C WITHOUT ROJNDOFF ERRORS A(L,K) WOUL) BE ZERO AS CALCULATED BY THE FOLLO-
C WE SHAL SET IT EGUAL TO ZERQ

C TEM2p(ALFA*ALFA-BETA#BETA) #B+ALFA«(C1-C2)*BETA
c A(L.,K)sTEMP
c A(K,L)sTEMP«CONJG(T=ZMP)

AL, X)sA(K,L)=0,0

Go Th 40

28 IF (1.<) 30,4 ,34
30 TEM = ALFAwA(L,ly - BETA=A(I,K,
A(l.K) 8 TEMF2 = BETA*A(L.]) o ALFA*A(],K)
A(Ls1) = TEMF
ACl,L) = TEMF«TEMP
A(X,1) = TEMFo«TEMP)

GO ro 40
34 TEyd =z A FA#A( ,1) - BETA®A(K, I
A(K, 1y = TEMF2 = A(_,1)«BETA » ALFA«A(K, T,

A(L,1) = TEMP
A(l,L) 3 TEMP+TEMP
A(l,K) = TEMF2+TEMP>

40 CONTINUE
GO TD 12

THE ROTATION IS COMPLET=D ,GET THE NEXT ELEMENT

60 CONTINJE:
THE DIASONALIZATION WAS COMPLETED TO TWE DESIRED. ACCURACY,
THE FOL._.DWING SORTS THE EIGENVALUES INTO DESCENDING ORDER
THE EIGENVEJTORS ARE ALSO SWITCHED TO CQRRESPOND TO THEIR EIGENVALUE
IF ¢(IPRT.EQ.C) GO TO 11

506 CONTINJE

THE DIASONALIZATION WAS NOT COMPLETED SATISFACTORILY AFTER 100 ITERATIO:
THRU THZ| CIMPLETE MATRIX, THE CALLING PROGRAM MAY RETURN ENTERING AT D
TO COMP_ETZ THE CIAGONA_IZATION,

aooaa Q e NoR @] aa

PRINT 201, ((ACJ,1),121,11),J31,i))
PRINT 202,((S(J,1),131,11),J=1,1)
PRINT 203,1TA

203 FORYAT (///% 1Ty = «18)

110 Mg\

120 Mzv/2
IF (M) 139,14 ,13¢

130 KzaNeM
J=1

141 1=
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149

150

155

166
14¢
200
2

203

120

LeleM

BzA(l,1) $ BizA(L,L)

IF (B=31)15 ,16 ,16

TEw2RA(LI, 1)

AclslygAeLaL) & A(L,L)=TEMP

DO 155 LL=1,N

TEw>mStLL,I) & S¢LL,I)=s(LL,L)

S(L.LLYSTEMP

I=]eM '

IF (l=1) 16 ,149,149

J=Jde

IF (J=<) 141,141,12

CONTINJE.

RET JRN

FORYAT (e0A EEFORE DIAGONALIZAT ONw#/( 1X,11E12,5))
FORYAT (e0gA AFTER DIAGONALIZAT'ONe/( 1X,11E12.5))
FORYAT (#0S AFTER DIAGONALlZAT’DN'/( 1x,11£12.5))
END

05703773
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JEO=

JEO=
JEO=

w w

a0 n

10

12
14

64

68

72

26

20

JEOSZ

121 05/03/73

SURIOUTINE WANGT (A,NN,JEO, JAGAIN,NMAX,PAR,AH,P,NP)
DIMINSIIN PAR(19),P(19,4,NMAX),~H(4,NMAX) N2(3)
DIMENSIIN A(25,25)

1 #»eeK IS EVEN,

3 weeK IS ODC
4 exeK IS 0ODC

* ¥ & ¢ * @

JaN2(1)

X2 lS EVEN)

]

0
*

USE
USE
USE
USE

* *®

GO TO (14,1 ,12,12)

KEQ={J/2) %)
GO T0 14

KEJds{(J¢*1)/2)2-1

N=<zD/2 %4

IF (J,Ea.o) N=

(%

NP(S3)=N

IF (N,.T.3) RETURN
IF (J,<E.q) RETURN
RT224,414213562
IF (JASAIN) 24,26
GO TO (67,64,68,72)JEO

JE) =g

EO=2:

GO ro 32
JEJz2

EQze?2

GO ro 31t
JE?:3

EOS .2

GO TD 40
JEO =4

EOQ=2:

GO TD 40
CONTINJE
NENJIB4 #NMAX
DO 25 I=%q,NEND
AH‘!’S)QU

L 20N AN BEE 2NN BN IEE 2R R B S 2 2 I JNE 2NN NEE REE N K NN NN NNE SN BN T BRI BN RSN AEE BN B2

THIS WUTINE FCRMS TH= WANG TRANSFORMED HAMILTONIAN AND STORES IT INT.
IF JAGAIN e0,A NEW INTEIMEDIATE HAM LTONIAN IS ALWAYS FORMED,]F NOT,THE:
THE DITFEIENCE EETWEEN

THE JEO=, OR AND JEO=3 OR 4 ARE MADE,
SUM OF *HE BASIS FUNCT]ONS

DIFFERENCE OF TYWHE BASIS FUNCTIONS
DIFFERENCE OF YHE BASIS FUNCTIONS

SUM OF THE BASIS FUNCTIONS

L2 BN BN NN N BEE BEN BEE BEE BEN BER NN NN BEK BN NN ZEE BRI R BN NN B

JEO

C FORM THZI HAMI TONIAN IN J,K SPACE

DO 13 .=1,4
DO 13 Li= 1,N
DO 13 124419

13 AHC _LLL)EAH(L,LLY*PARCI)#P (], L, L)
GO T0 (28,29,36,37) JEO
C FORM THZI WANG TRANSFORMATION

28
30

34

JEJ el
EOs:
I12)
DO 34 1=2,4

AH( T, 1)Y2RTo*AHC(I, )

CONTINJE
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29
31

32

36

50

122

GO ro 32

JED =2

EQ=z-1

CONTINJE

N=N-1

NP(3ys\N

IF (N,23.p) RETURN

I1sy:

CONTINJE
AH(132)3AH(1,2)+EO0*AH(3,2)
AH( >4 3)3AH(2,3)+EQ*AH(4,3)
GO ro 50

JEO=3

EQz -1

GO TD 49

JEO:z4

EOQ=a{;

DO 42 1=21,3

L=I"1

AHCL, 1)Y=AR(T.]1) +EQeAH(L, 1)
CONTINJE
AH(Ll,2)3AH(1,2)+E0*aH(4,2)
11.)

ConTINJE

C STORE TYHE TANSFCRMED MATRIX INTO A

51

FOR

OTHER

DO 52 1=z1,N

ITaiNs!

DO 52 v=],N

[Jadp]y

L=MeNN

KeMelwl

IF (x,3T7,4) GO 10 51
ACL,I1Y2AH(K, TJ)
ACLILLYZAR(K, 1Y)

GO 1o 52

CONTINJE
A(L.11)sA(IT,L)=0,0
CONTINJE:

NNz YN+ VN

RET JRN

END

! 8 HCURS MINUTES 42+.184 SECONDS

! 0 HCURS MINUTES

0,623 SECONDS

ELA®SED TIME! 0 HCURS MINUTES 42,8 :7 SECONDS

TOTA. COMPUTE 30ST AT REDUCED ATE § 2,
QUENZE NUMBER 14291514 &

FINISHED AT 1337

8
7

05/03/73

DATE

05703773



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 £(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 L n+i -1

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, Cy» 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
4+ b..Xx+ b..X> + cee + b..x A-IV-1
30 j1i* " Pj2 33 ( )
k=7
s b
k=0

*Adapted from Whittaker and Robin&m138pp.291-295.

f(x)

b

jk®

123






124

The derivatives of f(x) are

E —v L I I ) 3 j-l
X bjl + 2bj2x + + jbjjx
2 2 L j=2
3°f/3x° = 2b., + 6b.. + c* + -1)b..
/3% 52 E 3 (3-Dbyx
a3t £/axt = riby  + e (A-IV-2)

By evluating Eq. (A-IV-2) at x=0, we obtain the derivative
at that point, i.e.
—=| = rxlb. = a. (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
d [ E (f, —y;)71 =0

db. 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 X 2
d [ 2 (L b,i® -y, )1 =0 (A-IV-4)
3b._ i=-m k=0 J
jr
From Eg. (A-IV-4) we get
i=m k=3 i=m
: oy = roby oz T
i=-m k=0 J i=-m

Let us define



r+k

F
r

so that

F
r

The set

Il
nooa il
'—l

= I byxSrax

125

Note that:

order of derivative

range of integral

running index of integral

degree of polynomial

degree of term in polynomial

(A-IV-5)

of equations given by (A-IV-5), called the normal

equations, can be solved for the bjk’ and from them the

kth derivatives can be obtained.

The sum S
P

S =
p

mPtL P

21 +

ptl 2

+—-&2! B

for even p is given by

mp—l

1

+ P(P—l)(P-Zé§E—3)(p-4) B3mp—5

_8..]

where the B's are Bernoulli numbers, e.g. B, =

B2 =

1/30, B

3

= 1/42,

B

1

1/30, B. = 5/66.

5

-1) (p-2
- bl ;fp ) B

mp-3

1/6,

The sum

Sp is zero for all odd values of p, which yields the

interesting result that for all &,

boe,0 = Pags1,0
byg-1,1 = Pag.1
bye,2 = Pags1,2

e.g'

smoothing by least squares fitting to quadratic or
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cubic polynomials are identical!

The solution of the normal equations for f0 = bjo = ajO'
where j = 28 or j = 22+1, may be written in determinate
form as

Fo B2 Tt Ty
S Sy Tt Sy
Sq4 Sg Tt Sop44
Sae Sag+2 7T Sgy

f =

0
So 52 S22
Sy 54 Tt S
S4 Se Tt Sop44
S2p Sae+2 Sap

Since only the F's are a function of Yy the determinate

can be written as

f. =cy

0 m + eee 4+ C y

m + ‘m-1¥m-1 -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

equal to 2 or 3, then we will obtain the formula for the
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convolutes, c; required for fitting data by the method

of least squares to a cubic polynomial, which is given by
2 .2
c. = 3.3m + 3m 1 5i

i (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
(2,0,0) BAND

OF HDTe
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FREQUENCY ASSIGNMENTS FOR THE
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2637,416
2841,722
2626,793
26304435
26254170
26331,541
2624 092
2632,376

OBS-CALC

0,019
«0,055
0,008
«0,004
«0,001
0,G06
0,003
-6,231
«0,054
0,012
0,025
0,004
0,003
.0,001
«0,009
®3,995
0,004
«0,006
-0,044
»0,003
«0,000
0,002
'00058
0,005
~0,023
«0,002
0,004
«0,005%
«0,007
0,017
0,020
0,011
06,002
0,024
=0,008
0,004
0,001
0,009
0,003
»0,014
«0,007
=0,016
0,019
0,033
6,075
~0,024
0,021
«0,001
«0,001
=0,004
«0,006
«0,008
«0,016
«0,013
«0,152
0,001
*0.002
“0.001
0,002
«0,009
e0,019

WT

0:08:2
0,70
0,25
0,70
0,01
6,01
0,000
0,00we
0,00~
0,01
0,01
0,00ea
0,06
0,00=0
0,00eq
0,00«
0,03
0,00«
0,00-a
6,01
0.00'.
0,00
0,00~
0,25
0,00-«
0,01
0,01
0,05
0,01
0,00
0,01
0,06
0¢00-m
0,01
0,00ea
0,01
0,01
0,00wa
0,02
0,00
0,00
0,00.-
0sU00=~~
0,00na
0,03
1,70
0,10
0,70
6,06
0,25
0,00Nea
0,000
0,00sa
0,01
0,25
1,00
0:00we
0,00~
0,06

BAND
10
i6
109
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
190
100
109
102
100
100
100
100
100
100
100
100
100
100
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150

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,£89
2640,862
2636,767
2641,390
2632,101
2639,329
2655,198
2655,198
2852,942
2653,238
2650,123
2659 ,737
2643,086
2661 ,417
2668 ,417
2658,477
2658,592
2654,970
2650,737
2651 ,880
2672,440
669,568
2666 ,359
2662,780
2680,810
2677,575
?673,979
2669,954
26%8,959
268%,384
2681,398
2677,036
2697 ,9%0
2692,992
2688.600
2704,923
2700,433
2731.2,63¢
2570,920
2551,320
2509,675

OBS~CALC

'0.000
*0.008
«0,005
~0,020
0,030
0,077
'0'067
0,097
.0'006
0,001
0,002
0,000
«0,046
0,003
0,003
'0'003
«0,030
,0’026
0,024
.0'004
-03001
'0'004
0,c12
-0,028
0,004
0,006
0,014
.0'0?4
«0,Nn21%
0,008
«0,003
0,001
£,011
0,009
0,023
0,01¢
9,000
6,023
0,056
6,033
0,013
0,027
0,016
0,031
0,036
0,003
0,013
0,014
0,035
0,013
2,036
0,072
0,013
0,092
0.039
9,000
~0,003
«0,018
0,013
0,823
«0,009

WT

0,06
0¢00"w
0,01
0,02
0,01
0,00=a
0,00~
0,000,
0,01
0,06
0,00<-

.
0,00me
0,01
0,01
0,25
0,00~
0,00--
0,00ea
0,25
0,08
0,06
0,00en
0,00~
0,01
0,00en
0,03
0.00w-
0,00=-
0,25
0,25
6,01
0,0%
0,25
0,90~
0,01
0,06
0,01
0,00ex
0,01
9,25
0,00«
0,01
0,01
0,66
0,02
0,08
G,00-a
0,00ea
0,01
3,00cq
2,00na
0,01
04COma
0,01
0,70
0,00ws
0,02
0,00«
0,00~

BAND

100
100
109
100
100
100
100
100
3100
100
100
100
100
100
100
100
100
100
106
100
100
100
100
100
100
100
100
100
100
100
100
109
100
100
100
100
100
00
100
100
100
100
100
100
100
100
160
100
100
100
100
100
100
100
100
100
100
00
ice
100
109
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OBS

2544,779
?510,904
2656,877
2675,071
2693,292
2711,543
2729,540
2747 ,507
2764,934
2689,807
2681,928
2711,317
2698,043
2736,717
2713.866C
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
2740.04¢
2758,155
2755,514
2775,185
2769,485
2792,17¢0
2781,886
2768 ,403
2768,210
2784 ,662
2800,477
2783,997
2798,627
2811,697
2822,975
2795,873
2795,62$
2811,534
2811 ,430
2826,679
2826,151
2839,833
2841 ,157
2574 ,891
2583,99¢4
2574 ,38¢%
2574 ,208
2564 555
2464 ,422
2567 ,7466
2564,311
2555,111

OBS-CALC

0,007
0,087
0,002
«0,001
«0,006
«0,011
«0,143
«0,008
0,013
«0,110
~0,001
0,013
«0,003
'0.006
0,003
'0.013
*0,070
~0,015
0,037
«0,043
0,047
0,000
-0.001
«0 '020
'0|°°4
0,003
«0,738
0,002
-03051
-0,002
0,037
»0,007
0,010
«0,033
0,007
0,092
0,002
=0,002
«0,003
.0;002
0,006
0,007
0,035
0,096
~0,024
05010
*0,011
0,031
0,064
0,016
0,080
0,039
0,0%9
e0,024
0,021
0,022
0,035
©99,989
«0,038
~0,007
0,007

WT

0.00"
0,02¢e
0.00
1,00
0,25
0,00-a
0,00n-
1,00
0,06
0,00e-
0,12
0,01
0,01
0,06
0.25
0.01
0¢0Q0e=
0,00me
0,00~-
0,00
o-oo'v
2,01
0,00';
0,01
0,40
0,06
0,00<e
0,25
0.00-.
0,06
0,00we
0,01
0,02
0,25
0,02
0,00mq
0.0%
0,00ee»
0,01
0,06
0,06
0,01
0,06
0,00--
0,01
0,01
3100"
0,08
0,000
0,02
9.00'-
0,01
0,00--
0,00ea
0,00-«
9,00
0,00e
0,000
0,00ee
0,01
0,01

BAND

100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
100
190
100
300
109
id0
100
100
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OBS

2553,437
2544,081
2543.679
25334575
2533,484
2561,243
2549,501
2545,875
2535,568
2532,76%
2523,597
2522,587
2512,690
2544 ,514
2525,755
2516,304
2513,265
2503,219
2651,195
261,880
2660,612
2661 ,090
2669,568
2678,358
2687,096
2695 ,695
2704 ,154
2712,493
2720,561
2728,731
2736,717
2668,134
2671,27¢0
2678,358
2679,477
2687 ,496
2687 ,643
2684 ,158
2689,378
2695 ,262
2698,249
27Q05,617
2713,124
2692,224
2699,270
2706,601
2711 ,147
2716 ,721
2721 ,281
2704 ,372
2723,098
2726,048
2717,313
2734,097
2740,040
2765,617
2746,963
2753,53%
2763,834
2765 ,291
2741,719

OBS-CALC

*0,003
0,019
*0,001%
02066
0,028
~0,082
0,110
0,010
«0,002
0,015
0,033
«0,025
0,039
-0'109
.0'016
0,006
0,023
0,03%
0,434
c0,108
0,111
«0,183
0,139
-0'060
=0.01¢
0,004
«0,0C1
«0,177
eD,152
«0,210
eD 023
0,042
«0,033
»0,052
0,066
0,045
'0,010
=0,036
0,020
'0;012
0,027
«0,013
0,011
»0,004
«0,012
0.020
-0,029
0,114
0,014
«0,052
0,011
n.ong
0,032
0,01%
0,102
0,031
0,317
»0,083
0,233
0,037
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153
OBS

2774,906
2615,077
2614,852
2615,936
2616,858
2601,125
2603,951
2602,580
2604 ,467
2605,488
2606,834
2592,551
2608,140
2593,084
2592,862
2592,550
2591,431
2592,550
2593,288
2582,545
2581.,418
2581.191
258p,4206
2579,603
2580,038
2577,728
2572,058
2570,617
2569,1cC1
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
2656,046
2667,340
2667 ,456
2664 ,593
2665,038
2650,159
2675,94¢C
2760 ,845
2696,636
2783,570
2714,572
2745 ,68¢6
2750,247
2725,350
2741,113
2746,522
27574143
2765,291

OBS-CALC

'0|099
«0,038
3,954
-0,021
«0,002
0,004
«0,002
»0,025
0,021
0,028
0,033
0,054
-0,023
0,046
0,043
0,047
0,045
0,034
'0.016
9.087
0.069
0:072
0,023
0,003
6,100
0,016
0,159
0,095
0,025
~0,039
=0,114
«0,053
0,004
«0,046
«0,022
«0,013
0,038
«0,006
0,002
6,005
0,001
0,017
«(,004
0,012
0,007
0,029
«0,064
~0,017
0,108
0,010
0,043
«0,001
0,046
«0,017
0,243
9,006
«0,009
0,010
0,002
~0.002
=04007

WT

0.00'-
0.00-a
0,00ee
2,01
0,00ee
0,00-a
0,06
0,02
0,01
0,05
0,00-<
0,00
0,02
0,01
0,04
0,00ee
0.00.-
0,00
0,01
0.0
0,01
0.04e0s
0,00~

0,00-«
0,00--
0.00--
0.00-.
0.00..
0,01
0'00n.
0,01
0,02
0,01
0.00-
0,01
0.00ma
0,01
0,01
0.02
0,00ae
0,01
0,00e«
0,01
0,31
0.00ea
0.00-q
0,01
0.00“,‘
0.00-a
¢,0%
2.01
G,00ea
0,00-.
27.90ex
0,01
c,01
J9:01
9.01
0425
c.02

BAND

1
%1
(0]} §
ool
001
001
001
001
003
00g
003
003
001
003
001
003
001
001
003
003
003
001
001
001
001
00}
oo}
00%
001
002
00}
00}
001
001
002
003
004
001
004
001
001
001
001
001
001
003
001
0ol
00}
ool
0ol
003
00
00l
001
ool
ool
001
001
003
QO.’.
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OBS

2754,422
2755,049
2770,239
2771,983
2784,931
2799,293
2782,601
2782,708
2798,627
2533,575
2667 ,468
2782,708
2668,134
2527 ,641

OBS-CALC

'0.004
0,009
-0,037
0,012
-0,087
*0,4143
0,010
0,020
0,040
0,066
0,029
0,020
-0,029
=0,023

BAND

001
003
09}
00l
001
001
001
001
ool
001
001
001
001
0031
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