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ABSTRACT

A STUDY OF CORIOLIS-TYPE RESONANCE IN HYDROGEN SULFIDE

by Lewis E. Snyder

The second-order quantum-mechanical molecular Ham-
iltonian expression for the nonlinear XYX asymmetric
molecule is modified to include Coriolis-type perturbations
between pairs of mutually interacting infrared absorption
bands. As a result, expressions are found for the coupled
Wang energy matrices which include the centrifugal stretch-
ing terms and the perturbation coefficients. The modified
Hamiltonian is used to analyze simultaneously the (110)
and (011) absorption bands of H,S near 3800 cm-l. Ground
state combination differences from these two bands to-
gether with those from the (210) and (111) bands (near
6300 cm-l) were combined with seven microwave lines to
obtain values for the ground state parameters A, B, C,
four taus, and HK for HSZS. Using these ground state values,
the (110) and (011) bands of Hzazs were reanalyzed to
obtain final values for the upper state parameters (vo, A,
B, C, four taus, and HK) of each band and the parameters

(ny and G,) coupling the two bands.
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INTRODUCTION

The purpose of this study is to derive a general
quantum-mechanical expression for the perturbed energy
levels of the nonlinear XYX asymmetric top molecule, while
demonstrating the mathematics involved. The derived energy
expression will then be used to predict the spectral ab-
sorption lines of two interacting hydrogen sulfide bands.
The predicted absorption lines will be compared with those
of spectra observed under resolution high enough that the
effects of the perturbation may be clearly observed.

The basic theoretical groundwork leading to the
quantum-mechanical Hamiltonian is found in the literature -
many times in a form that the researcher in the laboratory
finds to be. totally unrelated to experimental research. 1In
addition, the literature contains many "effective" or
empirical Hamiltonian expressions which are postulated
with little or no theoretical justification. Hamiltonian
expressions of this type are often quite successful in
explaining spectra as long as no unexpected perturbations
appear or the spectrometer resolution is low enough to
cover any anomalies between the observed and predicted
values of the spectral lines.

The infrared spectra of H,S have been observed and



2
analyzed sporadically for the past thirty years yet very
little quantitative information is known about the pertur-
bations which affect the upper states of nearly all the
observable vibration-rotation bands. With improved high
resolution spectroscopy, a theoretical approach to the

problem with experimental verification is now possible.



CHAPTER I

GENERAL CONSIDERATIONS FOR AN ASYMMETRIC TOP MOLECULE

The Rigid Asymmetric Rotor Model

If a molecule has no threefold or higher axis of
symmetry it is an asymmetric rotor since in general the three
principal moments of inertia are different. Common examples
of asymmetric rotors include water (H,0), hydrogen sulfide
(H2S) , hydrogen selenide (H;Se), and acetic acid (CH3COOH).
Even though the classical motion of an asymmetric rotor or
top is well known (la), its behavior is not simple and the
quantum - mechanical asymmetric rotor Hamiltonian is
generally much more difficult to manipulate than that for
either the symmetric or the linear rotor. Unlike the usual
case for the linear and symmetric rotors, the energy levels
of the asymmetric top can not be represented by an explicit
formula for all values of its angular momentum; therefore
the quantum - mechanical matrix formulation will be relied
on heévily.

Fortunately, much information about the general asym-
metric rotor may be obtained by examining the behavior of a
hypothetical rigid asymmetric rotor as it moves from the
oblate to the prolate top limit. The use of a rigid top

model is justified for the general discussion which follows



on symmetry and selection rules since wave function symmetry
must be independent of the actual values of the moments of
inertia and the vibration - rotation interactions, to a first
approximation, bring about only a small correction to the
effective moments of inertia (23).

The rigid rotor Hamiltonian operator is given by

A (I-1)

where A = h/81r2cIa etc., in cm, !

The range of values for B between A and C customarily
is used to describe the various stages of asymmetry. Using
this model, a prolate symmetric top is formed in the limit
B = C < A where a is the unique top axis and an oblate sym-
metric top is formed in the opposite limit A = B > C where
c is the unique top axis. Some authors prefer to always
keep c as the unique top axis in which case the oblate de-
finition is unchanged but the prolate definition becomes
A =B <C, Fig. 1l shows qualitatively how the energy levels
vary as B varies from C to A for a rigid rotor with C = 1.0
cm~ ! in the prolate limit and A = 2,0 cm™! in the oblate
limit. In practice the energy levels for the intermediate
cases must be found by matrix diagonalization but for illus-
tration it is sufficient to join the prolate and oblate
limits by continuous lines. Much more detailed drawings of
the energy level scheme may be found in the literature (33).

Several parameters have been constructed to indicate
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Fig. 1. Rigid Asymmetric Top Energy Levels
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the degree of asymmetry (value of B with respect to A and C)
but the most popular one is probably Ray's asymmetry param-

eter kappa where

K = 2B-A-2C

A-C (1-2)

In the prolate limit k=-1 and in the oblate limit x=+1,

If the kappa value is known for a given molecule, the energy
levels can be found from published interpolation tables with-
out the use of a computer. However, with the increasing
availability of high speed digital computers, rigid rotor
interpolation tables have lost much of their importance
because an entire energy matrix can now be diagonalized in

a few minutes using an order of approximation much higher
than the rigid rotor. The interested reader is referred to
the literature for a discussion of E (<) tables (4 ).

Also, many good approximate solutions have been devel-
oped for cases of small asymmetry near either the oblate or
the prolate limit in Fig. 1. Townes and Schawlow have sum-
marized many of the approximate solutions and have a general
discussion on their range of usefulness (5a).

In the case of no applied external field, the total
angular momentum J and its projection on a space - fixed
axis, M, are both constants of the motion for an asymmetric
top; therefore J and M are called good quantum numbers.
However, whereas the projection K of the total angular mo-

mentum J on the symmetry axis of a symmetric top is a constant



of the motion, this is no longer true for the asymmetric
top and there is no good quantum number which uniquely spec-
ifies a rotational energy level. The quantum number K is
still used but it is no longer a constant of the motion as
is illustrated in the matrix elements given in Chapter IV.
Since K is not a good quantum number, various param-
eters have been constructed to uniquely specify a rotational
energy level. One method is to give the J value along with
the corresponding K values for the limiting prolate (K-) and
the limiting oblate (K4) symmetric top energy levels. Thus
in Fig. 1, the highest energy level is designated by 330
using the JK-K+ notation. This notation will be used ex-
tensively in the experimental aspects of this work. An
older method of description using the parameter tau is use-
ful for computer programming purposes. Tau is an ordering
index which starts with the highest rotational energy level
for a given J and goes to the lowest in order from +J to -J.
Thus in Fig. 1 the values of tau for the J = 3 levels are
3,2,1,0,-1,-2,-3 and each level may also be labeled by J..

The relationship
T = Ko - Ky (1-3)

may be used to determine the value K- when working in an ob-
late representation and vice-versa. For example, in an oblate
representation, the quantum number K is K4 in the oblate
limit. By inspecting the energy levels of known J and K, tau

may be readily determined for a given level and K. for that



level follows immediately. Tau is also of interest because
the highest rotational level T=J can be thought of as in-
volving a rotation about the axis of least moment of inertia
for a set of levels with given J. Likewise, the lowest level
T=-J may be considered as due to a rotation about the axis

of largest moment of inertia (la).

The Wave Function

In order to understand the selection rules it is
helpful to examine the molecular wavefunction in some de-
tail. Disregarding the translational motion of the center
of mass of the molecule, the total wavefunction may be
approximated as (5b)

lptotal } we Yyr ¥n * we wV VR wn

(I-4)
where the electronic wave function, Ve, is factorable by the
Born-Oppenheimer approximation. The molecular Hamiltonian
remaining (after the electronic energy is removed) is mainly
the sum of vibrational and rotational energies; hence the
vibration - rotation wave function, WVR, may be factored into
the product of a vibrational and a rotational contribution,
The nuclear spin wave function, ¥ n, contributes little to
the energy and is neglected until the relative intensities
of absorption lines are discussed.

The rotational wave functions ¥ jyy of either a prolate
or an oblate symmetric rotor form a complete and orthogonal

set of functions by which the asymmetric rotor wavefunctions



may be expanded (5c)

VIR_K,M = L @zvrmrVarRM

J'KM' (I-5)

where the ag'kM' terms are the probability amplitudes repre-
senting the contributions of each symmetric rotor state.
Since J is still a good quantum number for the asymmetric
rotor, no more than one J value may be represented in a given
state., Furthermore, the M label may be dropped because the
energy is independent of molecular orientation in the field-
free case. Thus the sum in (I-5) may be reduced to one over
K alone.

The symmetric rotor basis functions in (I-5) are not
convenient to use for symmetry reasons which will be discussed
in the next section. Instead, it is more convenient to form

the Wang linear combinations of symmetric rotor functions (4 )

- 2% -1
S(J,K,‘Y) 2 (wJ,K + ( 1) ‘PJ’_K)

(I-6)

where y may be either odd or even (for convenience, 1 or 0)
and the absolute value of K is used. For K = 0, only even
y exists, and the wave function becomes

s(J,0,0) = Y30

(I-7)

Using the Wang wave function combinations, the asymmetric

top wave functions may be written in a manner analogous to
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(I1-5) (3a)

VIK_k; = ;

(a ) S(J,K,y)

which will be useful for symmetry considerations.
The symmetric rotor wave functions in (I-5), (I-6)
and (I-7) are given by (6 )

_ iM¢ _iKy
\PJKM(G,‘#,X) = OJKM(G)e e

(I-9)

where ©95xy(8) is a hypergeometric function. The Eulerian
angles are shown in Fig. 2 to avoid confusion with the other
sets in the literature. Rotations about the top axis are
described by x while © and ¢ measure rotation with respect

to the space-fixed axis system XYZ.

Rotational Symmetry and Selection Rules

For any asymmetric rotor the selection rules are
complicated by the large number of distinct rotational levels
and the arbitrary direction of the permanent dipole moment.
The parity of the rotational eigenfunctions can be used to
classify the energy levels since it is conserved as the rotor
moves from the oblate to the prolate limit as shown in Fig. 1.
Since a small change in the moments of inertia corresponds
to a perturbation which cannot change the symmetry of the
eigenfunction, the general selection rules may be derived

from the symmetry relations which must be true for the
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Fig. 2. Eulerian Angles

— v

Table I. The D, Point Group Character Table

K K . c b a

-+ | Species E Eg C2 C2
e e A 1l 1l
o e Bc 1l 1l -1 -1 Tc
oo Bb 1 -1 1 -1 Tb
e o Ba 1l -1 -1 1 Ta
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symmetric rotor eigenfunctions in both the oblate and prolate
limits,

The rotational Hamiltonian operator (I-1l) remains
unchanged when Py, Pp and Pc are replaced by their negatives;
this is equivalent to performing a two-fold rotation about
each of the principal axes (a, b, and c) of the molecule.
These three rotations, Cza, Czb and Czc, along with the
identity operator E constitute the point group qa (also
called V) which requires three mutually perpendicular axes
(3a). Each of the nondegenerate asymmetric top eigenfunc-
tions in (I-8) constructed from the Wang linear combinations
of symmetric rotor eigenfunctions forms the basis of an
irreducible representation for D2 while the linear combi-
nation in (I-5) does not (4 ). Thus using the Mulliken
notation, each of the rotational levels can be assigned
rotational symmetry species A, By, Bp, or Bo; A is used for
the totally symmetric representation and the subscripts
indicate the particular rotational axis which gives a
character of 41 (7).

In the limiting prolate symmetric rotor case, C,2
about the symmetry axis a increases x in (I-9) by :n, Thus
S (J,K,y) is unchanged if K_ is even and changes sign if K_
is odd, giving the parity of the WJK_K+ under the operation
C,2. In the limiting oblate rotor case, C,€ about c gives
a character of +1 for K4 even and -1 for K4 odd. The four
irreducible representations found in this manner may be

written as (++), (+-), (-+) and (--) using Dennison's
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notation (2a). They may also be labeled by the King, Hainer
and Cross notation in terms of the evenness or oddness of K4
and K., Table I gives the character table for the D, point
group and correlates the various notations that are used to
label the four irreducible representations (3a). The sym-
metry about the intermediate axis b may be determined from
the symmetry about a and c¢ since successive rotations of g
about each of the three axes must return the molecule to

its original configuration. Hence the wave function is
symmetric for a rotation of m about b if K. and K, are both
odd or both even; otherwise it is antisymmetric.

The usual selection rules AJ = 0, *1 for dipole
radiation of a rotating body also apply to asymmetric rotors.
Further selection rules are found from the symmetry properties
of the ¥YJgk_k+ listed in Table I and the form of the matrix
element governing intensities. For a transition between two
rotational states 1 and 2 the form of this matrix element is

<l|M;|2>= [ v*(1) M; v (2) dr

JK_K+ JK_K,

(I-10)

where Mj is the component of the permanent dipole moment of
the molecule projected onto the space-fixed axis system. The
component of the dipole moment along any principal axis of
the molecule is unchanged by a rotation about that axis but
changes sign under rotation about either of the other two
axes. Such a component thus transforms in the same manner as

a translation along that axis when the operations qza, sz,
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C2€ or E are applied. The symmetry properties of the
possible translations T,, Ty, and T, are listed in Table I.
As indicated in Table I, T,, T, or Tc is unchanged by a
rotation about the translational axis but changes sign under
the other two rotation operations.

It is well known from group theory that an integral
of the form (I-10) must be equal to zero unless a represen-
tation to which Mj belongs is contained in the direct product
of the representations of the eigenfunctions w(T)JK_K+ and
¥ (2) JK-K4 (2b) . That is, the representation generated by
the integrand must contain the totally symmetric represen-
tation if (I-10) is to be nonzero. In simpler terms, the
integral (I-10) over coordinate space must give a purely
numerical result. If the component of the dipole moment
lies along the a axis, it will reverse direction if rotated
by m about b or c. But the integral must be invariant under
any of the group symmetry operations such as C2€, Thus if
M; changes sign under C2€ then the product of the eigen-
functions in (I-10) must also change sign in order to keep
the integral invariant under such a coordinate transformation.
Otherwise, the integral must vanish. The direct products
of D2 which contain a representation of Ty, Tp, or T, are
listed in Table II along with the selection rules which
follow from them. In all cases AJ = 0,%1. Table II may be
easily verified by inspecting Table I. Experimentally,
absorption bands are often labeled as type A, B or C bands

depending upon whether the dipole moment lies along a, b or
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c, as shown in Table II.

Relative Intensities

Knowing the relative intensities of spectral absorp-
tion lines in a given vibration band is an invaluable aid
in making proper assignments of rotational transitions.

The intensity of a transition from state n" to a state n'

is given by (8)

BnZngn"[l-exp(-hv/kT)]exp(-En"/kw
I =

R [<n [1t]n?> |2

3hczn G, exp(-En/kT) (1-11)
where Vv is the frequency of the absorption line, N is the
molecular density and n represents the quantum numbers of the
states involved. E,n is the rotational energy of the lower
state and g,n its statistical weight factor. The fractional
number of molecules in the ground vibrational state is
[l-exp(~-hv/kT)]. The summation term represents the rotational
partition function and the last term is the square of the
magnitude of the dipole vector matrix element,

The dipole matrix element in (I-II) separates into
the product of vibrational and rotational matrix elements.
For band analysis, it is only necessary to know that the
vibrational part is not zero and observation of the band
being analyzed confirms this. The remaining rotational

part |<R"|M|R'>|2 is defined as the line strength and con-

tains the degeneracy factor (2J+1l) due to the (2J+1)-fold
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degeneracy in the absence of an external field. For a given
vibration-rotation band, many of the terms in (I-11l) are
approximately constant. This allows the relative intensities
to be found by reducing (I-11l) to a proauct of the statis-
tical weight, Boltzmann factor and line strength. The

resulting relative intensity expression may be written

I = gpv exP(_En"/kT) | <r" ID_/I.IR'> | 2

n",n' (I-12)

Tables of line strengths as a function of kappa may be found
in the literature (9 ,10),

The nuclear statistical weight factor gpn for hy-
drogen sulfide is easily determined. Since the two hydrogen
nuclei are equivalent, i.e. identical isotopes of the same
element with the same molecular environment, st must have
a twofold axis of symmetry. The twofold axis is the b axis
and a rotation of m about b interchanges the position of
the two hydrogen nuclei. Since H! is a Fermion, it must
always occur in antisymmetric wave functions; hence any true
wave function wJK-K+wn for H,S changes sign when the two
hydrogen nuclei are interchanged by the operation Czb.

The spin function of each hydrogen nucleus may be
written as Si(+) or Si(-) where + or - indicates the pro-
jection on the space-fixed axis to be either +% or -%.

The four combinations of the two spin functions of each
nucleus are S, (+)S,(+), S, (-)S,(=), §,(+)S,(-) and S, (-)S,(+).

The first two combinations are clearly symmetric with respect
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to an interchange of spin coordinates, but the last two are
neither antisymmetric nor symmetric. To remedy this, sym-
metric and antisymmetric combinations may be formed from the
last two sets of spin functions. The four proper spin

functions are then of the form

S, (+)8, (+) (Symmetric)
S,(-)s, (=) (Symmetric)
S,(+)s,(-)+5, (=) S5, (+) (Symmetric)
S§,(+)sS,(=)-5,(-)s, (+) (Antisymmetric) (1-13)

The number of symmetric (ortho) spin functions is
three and the number of antisymmetric (para) is one in (I-13).
To satisfy Fermi-Dirac statistics, the symmetric spin func-
tions must be combined with the antisymmetric rotational
functions wJK_K+ and the antisymmetric spin functions with
the symmetric rotational functions. Table I shows that the

ee and oo states of ¥ are symmetric while the oe and eo

JK-K4+
states are antisymmetric under the operation C2b° Since
there are three times as many symmetric spin states as
antisymmetric spin states, the statistical weight of the
antisymmetric rotational levels is three times greater than
the statistical weight of the symmetric rotational levels.
Thus, for a transition originating from the ground vibra-

tional state, if (K_-+K4) is an odd number in the ground

rotational state its relative Ipn factor is three.
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Experimentally, it is confirmed that the odd component of
an absorption line usually has a greater intensity than its

even component,

Coriolis-Type Perturbations

Coriolis~-type perturbations occur in hydrogen sulfide
between vibrational levels of different symmetry species as
a consequence of molecular rotation. This effect is experi-
mentally observed as a irregular deviation of the spectral
absorption lines from those predicted by a Hamiltonian which
assumes that the excited vibrational states are uncoupled (11).
Justification for the existence of Coriolis-type perturbations
usually comes from group theoretical consideration; however,
for a pure Coriolis perturbation a simple classical picture
may be used for visualizing the general effect. Both ap-
proaches will be discussed.

In order to correlate this discussion with that of
others, the coordinates of the hydrogen sulfide molecule
are chosen such that x = a, vy = b and z = ¢ as shown in Fig.
3. The a and b axes lie in the plane formed by the molecule
while c is perpendicular to this plane. The C,v character
table for the point group of the molecule is constructed in
Table III to be consistent with the axis labeling chosen.
The symmetry species of the rotations about and the trans-
lations along each axis are also given in Table III. By

convention, A denotes species that are symmetric with re-

spect to rotation about the symmetry axis b and B denotes
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Fig. 3. Geometry of the H,S Molecule

Table III. The sz Character Table

Species E Cz(b) o(bec) o (ab)

Al 1 1 1 1 Tb

A2 1 1l -1 -1 Rb

B1 1 -1 1 -1 T R
C a

B2 1 -1 -1 1 T R
a c
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those that are antisymmetric. Thus three rotations Ra' Rb
and R, have symmetry species B,, A, and B, respectively.

The three approximate normal modes of H S are indicated in
Fig. 4 along with the appropriate normal frequencies (12).
Each normal mode is represented by the attached set of dis-
placement vectors and may be assigned a symmetry species by
examination of the manner in which the vectors transform
under the operations of the Cov point group. By one conven-
tion, lower case letters are used for vibrations while
capital letters are reserved for representations generated
by vibrational, vibronic and electronic wave functions (3b).
Thus Q,, the symmetrical bond stretching mode, and Q,, the
deformation mode, both have symmetry species a, while Q,,
the asymmetric bond stretching mode, has species b,.

The discussion by Herzberg is quite helpful for
visualizing a pure Coriolis perturbation from a classical
approach but due to a different choice of axis labeling, his
symmetry species for normal mode Q, is b, instead of b, (l1b) .
The effect of the rotation R, on the molecule as it vibrates
in the normal mode Q,; is shown in Fig. 5. The Coriolis force
2 myv x w acting on each nucleus mainly tends to excite
normal mode Q, with frequencyv3. To a slight extent the
mode Q, is also excited since the displacement vectors for Q,
and Q, (which have the same symmetry species) are not strictly
orthogonal to one another. Since the hydrogen sulfide

normal frequency v, is very close to v;, the effect of the
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Fig, 4. Normal Modes of H,S

Ql(al)

v1=2721.92cm™ L

Qz(al)

vp=1214.51cm™}

Q3 (b,)

v3=2733,36cm™ L
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Fig. 5. Classical Coriolis Perturbation

V3 Vi3

\__/v

Table IV. Direct Product Multiplication Table for sz

Ay By By By
Al Al AZ Bl B2
) ) By B, By
B, B, B, A A,
B, B, B1 ) Ay
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Coriolis interaction between Q, and Q, is actually greater
than that between Q2 and Q3° Thus the Coriolis resonance
occurs between Q1 and Q3.

Jahn's rule is often mentioned in the literature as
a test for predicting which pairs of absorption bands are
likely to be subject to Coriolis perturbation (13). One
statement of Jahn's rule is that a Coriolis perturbation
between two vibrational states is possible if the direct
product of the two vibrational species involved contains the
symmetry species of a rotation R s, Ry or R,. The possible
direct products for the sz symmetry species are given in
Table IV; they may be confirmed from Table III (3c). It is
readily seen from Table IV that the vibrational species a,
and b, have only one direct product containing the species
of a rotation. That is, the direct product of a, and b,
contains B, which is the species of R,. Thus, by Jahn's rule
the Coriolis perturbation shown in Fig. 5 is possible.

Jahn's rule is a specific application of the general
~group theoretical result used to evaluate (I-10) since per-
turbations between a pair of excited vibrational states Vi
and V. can occur when vibrational representation matrix

J
elements of the type

vX*H _y. dr
I Vi oP"Vy (I-14)
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are nonzero., Jahn's rule describes the special case when
Hop in (I-14) is an angular momentum operator P because P
has the species of a rotation R, (1c). From a mathematical
viewpoint, the nonvanishing of the coupling matrix element
(I-14) is a necessary but not sufficient condition for a
perturbation to occur. In addition, several other conditions
must be satisfied. The two vibrational states involved must
be close to each other in energy and differ from one another
in vibrational gquantum number Vi and Vo such that Vi in v,
changes to vkil in Vj and Vi in vy changes to vn;l in Vj in
the harmonic approximation (14). This condition will be
discussed in some detail in Chapter II. Also, there is a
strictly dynamic condition in that the motion of the molecule
must be such that the coupling matrix element (I-14) is not
too small for a noticeable effect to occur.

Along with a pure Coriolis perturbation, a term of
operator form PxPy has been found to contribute to the per-
turbation in hydrogen sulfide. This operator may be loosely
classified as a Coriolis-type term because it causes a
rotation-vibration interaction which has the same location

in the vibrational array as the pure Coriolis interaction

term. The effect of this term is discussed in Chapter II.



CHAPTER II

THE HAMILTONIAN OPERATOR

The Untransformed General Hamiltonian

The general molecular quantum - mechanical Hamiltonian

is well known and may be found in the literature (15).

1 1 1
= & - v - u
2H =y 28 (P, = Pluggh 7 (Pg = polu
1 * 1 * 1
+  wFlgpgu 7 pg wT o+ V(Q)

(II-1)

It is called the Darling - Dennison Hamiltonian
although an earlier version originally was derived by Wilson
and Howard (16). This is an exact expression involving

only the Born - Oppenheimer approximation in its derivation.
2T

The components of total angular momentum are P; = = and
w
a
the components of internal angular momentum (angular momen-
a
i i ) z *
tum due to only vibration) are P, = 55' ss' QP*s1 . The

Qs represent mass adjusted normal coordinates and ps* =
-iﬁ(%ﬁ ) the conjugate momentum. The Cgs' are Coriolis

s
coupling coefficients and will be discussed in detail for the

nonlinear XYX molecule. The u and o, depend on the normal

B
coordinates and are given by (15)

26



= ' ' ' '
Y: (1 YYI aB + I ayI yB)u
= ] [ ] - [] 2
M ho (1 BBI Yy I By Ju
I' _Il _Il T
XX Xy Xz
u-l = |-1 I -1
Xy Yy yz
_I| _Il Il
1 Xz vz zz| (II-2)

where the moments of inertia in the principal axis system are

given by
' _ 1€ ao oo
Iaa - Iaa + Zsas Qs zss'A'ss'Qst'
' - - af _ yaB
IaB zsas Qs Zss' ss' Qs Qs'

(IT1-3)

Since the a's and A's will be treated later, they will not
be discussed here. Finally, V = V(Qs) represents the po-
tential energy. In general, the Schroedinger equation of
the Darling - Dennison Hamiltonian operator can not be solved
exactly, so an approximate solution must be found.

In order to do this, the Hamiltonian was ordered in
the following equivalent form by Goldsmith, Amat, and Nielsen

@5):
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2H =] a4,6P.Pg “Llog (Pobag *¥opPo)Pg
+ (o LT
*1agPabagPs T ¥ lag (Pukagt Z(PgH™))
1 _1 1
* 5 * *2
+udlo (P *u 2 (p *u™)) + Xsps + 2V (1I-4)

The first term in (II-4) represents pure rotational
energy, the next four represent Coriolis coupling energy,
followed by the vibrational energy and the potential energy.
Goldsmith, Amat and Nielsen have expanded M and ¥,g in power
series as functions of the normal coordinates. Also, they
have expanded the potential function V(Qi) about an equi-
librium configuration in a Taylor's series. Next the ex-
pansions for Hagr M o and V are substituted into (II-4) and
terms of like order are collected according to H = HJ + YHI
+ y2H2 + - - - The following general results are found (to

second order):

P.2 A 1l p 2
=17 2 7 (=5
I’IO 220.10. + 7 ZSAS ( + qS ) (II-S)
(1) a8 2 &
=1 Qg =~ (RD
Hy TisaB T T (AS) quaPB
o B
PoPqy
- + hCz " k v 9.9 don
za I, s,s',s ss's" ‘dsis'‘s! (II-6)
(2)&8 L 1
1 iss'
H, = 7Zss'zGB ( ')? 9.9 1PoPp
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L
[N

1 Qél)“s 72
- ?Zszaﬁ L (I;) (P,aq * qspa) Py
o B

p.2
1 o
+ ?za I, * hczss's"s"'kss's"s"'qsqs'qs"qs"'

(ITI-7)

Goldsmith, Amat, and Nielsen have carried this expan-
sion through H“, but for this work only terms through H, will
be considered.

The notation introduced in (II-5), (II-6) and (II-7)
includes the dimensionless normal coordinate dg =(§%)% Q.
py = -i gqs' and A = (2ncws)2 where w_ is the frequency
(in cm !) of the s th normal mode. The k's are molecular
force constants. The {'s used in (II-6) and (II-7) are

defined in a principal axis system as

Q(l)as - _aaB

s s

ad RS

2
Q( )laB = -Aan + X Ca nQB| n + E.S.._?_s_

Ss Ss gn Ss’’s's =x,vy,2 I6

rae (I11-8)
To simplify the notation, the conventional "e" superscript

on the equilibrium moments of inertia has been dropped.
Also, since there are no essential degeneracies for the
nonlinear XYX molecule, the degeneracy index 0 has been

eliminated.
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Table V. The Nonvanishing Coefficients as"‘8

XX _ o.% . XX _ %
a 21x siny a,” = 2Ix cosy
YY _ 1% YY - 01T o
aj” = ZIy cosy as 21y siny
azz = aX%4a¥Y = -ZI%C aZ% = a%¥%4YY = 2I%c
1 1 1 27723 2 2 2 2713
Xy _ _ %
a = 2(Iny/Iz)
Where:
. R (k)= ky),) *
siny = 2 1- > . %
[(kll-kzz) +4k12]
z z > 3 .
= - = (I_/I cosy - (I /I sin
3 t% = (1,/1,)%cosy - (I/1,)%siny
z z ¥ ¥
= - = -(I_/I siny -(I_/I cos
¢, = =t,,= ~(I/1,)%siny - (I /I )%cosy
2
(z2 )%+ (£2 )= 1
13 23
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The Untransformed Hamiltonian Operator for the Nonlinear xyx

Molecule

In this section, the results of Chung and Parker (17)
from Table V will be used to apply the expansions for H, and
H, to thevnonlinear XYX molecule.

Since there are only three components of the total
angular momentum and three normal modes of vibration, Ho can

be written immediately as

+

(NN s |

3 1 p.2 4 2
I A7 (g5 ag )
5=

(II-9)

Ho gives the familiar rigid rotator and harmonic
oscillator energies. The development of H, may be done by
separately considering the three sums of (II-6) and by

(1)o8 = -asmB from (II-8). Table V includes

noting that Qs
the nonvanishing coefficients as&B as listed by Chung and
Parker for the nonlinear XYX molecule. The first sum in

(II-6) may be written

-a.2B 2 1

1 (Fas ) A%
?Za,szs (A ) quaPB

ITI S

a B

1 3 XX Yy 2z Xy
- _ A7 ) dg 2s Py’ + 2s Py2 s Pz? + as (p_,P ]+]
2L T 1,2 I, 2 1,2 Ixly, XY
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1 sin qg.cosy P2 1 g;cosY g_siny P2
= -n7 (L1 1 Y 2 1 ) x3 - hy (= - - 2
T Aow Iz Mz AW Iy
1 P 1 21'
L 2
+ A2 (ql E,5 - 3.2_413) L3 + K7 (gj__) ML]__I
| 1 T 1
AT A 7
15 ' X7 AT (InyIQ (II-10)

The z superscript has been dropped from the Coriolis term
+ _ . _
and [Px'Py] = PxPy + Pny in (II-10).
The second sum in (II-6) may be simplified using

Table V and the definition of P, :

paPa szz 2
-2 = T - = - 1 & ] (Q p* l) 2
T, I ss'”ss s* s"' T,
Ao 1 P,
- zss'css' (;;_)t dgPg (;-

A 1 1 P 1 1 P
= -z [(_L)tq p.- (li)tq p.1-% -t [(li)uq p _(li)rp q ]_E
31y, 3¥1 N 15371 2377 273 27°3
3 1 z 2 A3 I

(IT-11)

The last sum in (II-6) is reduced by requiring that

V(g ,9 ,9) =V(q ,q9 , - qg) (18).
1 2 3 1 2 3

he Jogrgn Kggrgn 9gdg1dgn

= th111q13 + hck222q2 + 3hck112ql q, + 3hck]22qlq2
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2 2

+ 3hck,5,9,9," + 3hck233q2q3

(I1-12)

where the convention k + k + k = 3k , etc., is
211 112 121 112
used.
The development of H, is more tedious. When the
results of Table V and the A's from Appendix I are applied

to the Qéizae in (II-8) the first sum in (II-7) becomes

(2)ag 4 +
1 f1ss Eol 4
2zss'za8 I I (A X ') qsqs'PaPB
a” B s7s
. 2 2
_3x [(q131ny R q,cosY .\ d, Ix] Py 2
1 2
2 MT )‘2% )‘3%12 Ix
. 2
cosy sinY 21 P2
LA & - 2 ) 4 239 L,
2 Y AL AJFIL I
1 2 3°7z Yy
L 31 G1%es q2€13]2 p,?
14 2 b I,
e Teosy)
s 31 (q3 ) [qz(IX siny - Iy cosY
2 L 1
)\314 ALy

2

L.
(IxfcosY +IIyzslnY)] [PX’PV]'+
- 1
4

2
11,1,

M

(II-13)
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The second sum in H may be evaluated by using P, =

p, and Table V since Q(l)as = -agB.
(l)a r2 1
-L z 2aB (_—) (paqs + qspa) PB B
I1I Ag
a B
I ) —_
2 V49,2 q 513%23 S+
¢, .z [—— - ] p3+ (lp,,q, 1t -lp,,q,] )a
13°23"3 % L 2’2 3
;2 uP A2 As“
A P,
3
I 2
z +2(~——)u( )q,q,p ;+2l ( P 1)"p 19 g
§3 %3 1 3 %3 9P, ?3 3
(II-14)
The third sum of H, is given by
2 p 2
HE -1z
aIa Iz
g, 2 *
_ "13 A3 A1
= [(=) q,%’p,> + (=D "q,°p,® - q,P,P,q, - P,q,d,P,]
21 A A
z 1 3
Cp32 T 2 %
+ l( 3)2 q, p3 + (——) P, q3 - 9,P,P3d3 =~ P»9,93P3]
21 A
z 2 3
L, .0 A2+ A A, &
+ 13723 (22 q,q,p,” + (=2) "p p,q,?]
AqA Ay ?
Iz 142 3
©13%23 (M2 % A2, ¥ +
- ——== [(=) pyq, + (=) q,p,)la,,p,]
21, A, Xy

(II-15)
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For completeness, the last sum in H, may be written (18)

hczsslsllsl'l kssls"s"l qsqslqs"qsll'

L

y
+ hek,,,,9;

hck + hck

y
11119 333393

3 3 24 2
+ 4hck,,,,49,%q, + 4hck,,,,q,9,  + 6hck;;,,q,°q,

2 2 2 2 2
+ 6hck1133q1 q3 + 6hck2233q2 a, + 12hck1233q1q2q3

(II-16)

The convention (k + k + k + k

1112 1121 1211 2111) = 4Ky, has

been used.
Egns. (II-5) through (II-7) will now be specialized

to the nonlinear XYX molecule.

p_2 P 2 P 2
Hy = $(-X + X + %)
I I I
b y z
2 1 2 i_ 2
ol P 2 7 P2 2 P3 2
t oA, (He kg ), (= + g, )HA, (= + g.)]
1T t T 3 T - T El
U A Iy2 Ay A, 12
2 +
+ ﬁ%(qltzs - %203 Pp ﬁ%qa [Py,P,]
1 3 1
A14 *2* sz A3* (InyIz)z
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Ay b A P A3+ A P
=23 (=) pa,- (=) q,p,] =& - 1, (=) **qus-(—-z-)*pzq_,,]-i
A A I A A
3 1 z 2 3 z
+ hck 3 + hek 3 4+ 3hck 2
Y CX,229, X129, 9,
+ 3hck 2 4 3hck 2 4+ 3hck
12299, CX133 9,9, CK, 339,95
(II-18)
31 d;sinY q,cosY 2 32 1 2
H, = 32T —) + = 0] X
2 All"’ AZT*- A37 z X
g,cosY g,sinY 2 qg,2 2
+ A== 2 —) ¢ 2 (D) X
A s Ao F Aﬁ‘ z Y
4 3 Sitos 8,3 2 Pp2
1 2
2 )\1“ )\2{- IZ
1 q 1 (p,,P, 1"
Ay AL Ay leylzz
1 2 [
+ A b q22 _ q, ClaCza + +
2C13C23 3 ( 1 .L)p3+ 1 ([pl'qll -[Pzrqzl )q3
ﬁip )\22 )\12 )\31.,
V4
13
2 1 2 2 1 1
>‘3 L 2 2 2\_27: _ 2 Al m
+2( ) (§3-§3)q1q2p3+———;(53(>‘ )*q,P, '1;3(—) P,9,)4;
A, Agw 1 2
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2 1
S .Aai‘zz A 2.2 2
+ ;éj [(;T) 9, p; *+ (;;) d3 Py =~ 9,P,P,d; = P,;9,93P,]

2
z A 2 2 A 2 2
+ =223 [(—3)%§2 p3 + (—l)%bz d3 -~ 92P,P393 = P,9,93P3]
21 Aj
z 2
ek :
4 A 2 " "
L, 1323 3 A, A
. [(——)q,q,p,+(2122)p p qJ+hck) ) q, +hek,,,,q,
I AL 2 "1 273
Z 172
3
1 1
353 4

AL b Yo +
[(=)p q +(leqlp2][q3,p3] +hck, 44,9, +4hck

1 2
b4 }\2 )\1

31 11129 9,

3 2 2 2 2 2 2
+4th1222q1q2 +6th1122q1 q2 +6th1133q1 q3 +6th2233q2 q3

+12hck, ,339,9,452 (II-19)

Examination of the Untransformed Hamiltonian Operator

When a vibration-rotation resonance is present, the
conventional methods for diagonalizing the Hamiltonian in
the vibrational representation are usually no longer valid.
The two common methods of diagonalizing the Hamiltonian to
second order require the use of either a conventional contact
transformation, e.g. the Herman-Shaffer operator, or the
tedious but straightforward application of nondegenerate
perturbation theory (19) to obtain the equivalent results.
It is useful to use second order nondegenerate perturbation
theory to examine the Hamiltonian operator (II-17) through
(II-19) for the case of a Coriolis resonance. The general

solution for an eigenvalue in the vibrational representation
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is given by

<v|H,|v'>]|?
(E.- E
v

<v|H'|v> = <v[H + H2|v> + z;, |

)
v! (II-20)

since H, has no diagonal elements. The usual approximations
have been made in (II-20), namely that any rotational con-
tributions in the energy denominator will be small compared

to the vibrational energy contributions and that

E, =f]; (v, + -%—))\i%'
(II-21)

In Chapter I, the general conditions for the exist-
ence of Coriolis resonance have been outlined; the specific
application to hydrogen sulfide will be used here. Since
Alf = Aa% for hydrogen sulfide, it follows immediately from
(I1-20) and (II-21) that a resonance condition exists when
the set of vibrational quantum numbers satisfies the con-

dition

v': v i1, v, v,3l
(IT-22)

1 1
That is, if the conditions (II-22) are satisfied and AIZ = 137,

then the energy denominator of (II-20) is given by
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1 1
- = + - i
E, E,. ;ﬁ[xaf x12] > 0

In this case, nondegenerate

(II-23)

perturbation theory may

no longer be valid and some form of degenerate perturbation

theory must be applied to diagonalize the Hamiltonian. In

essence, this means that the terms

must be diagonalized exactly.

affected by the resonance

The off-diagonal vibrational matrix elements of H

[(II-17), (II-18) and (II-19)] must be searched to determine

which of them contribute to the resonance. Of the one

hundred and fifty-two off-diagonal
the form (v,, v,, v3 | H| vy¥1, v,,
the hydrogen sulfide molecule. To
in the vibrational representation,

elements are used (20).,

(Vl,VZ,ValHl + Hlel + l' VZ'V3

T o
. 2
=ﬁ{-1§3(A1+A3)I§ - (%)(IXCOSY+I

N

sinY)

=

elements, only those of
v3¥1) can contribute for
evaluate these elements

harmonic oscillator matrix

-1)

[px,Py1+}[(v]+1)v31%

1
I.I I 2(A1A3)*
Xy z (II-24)

(vi,vo,valH) + Hylv, =1, v,,vy + 1)

P
=ﬁ{i%3(kl+l3)—3 - (%)(IéeosY+I$sinY)

I,

+ 1

[Px,Py] [v,(vy+1)]2
L P

122 2(A113)“

(II-25)

I I
Xy
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Note that (II-24) and (II-25) will have a denominator
of the form (II-23) if the non-degenerate perturbation di-
agonalization (II-20) is used. In general, for the case
Al% = Aa%the submatrices containing (II-24) will have to be
diagonalized exactly using degenerate perturbation theory.

It is interesting to note that Nielsen (21) modified
the conventional Herman-Shaffer operator so that the L,
terms are left in an untransformed submatrix after the
transformation is applied. That submatrix must then be
diagonalized exactly. However, for asymmetric top molecules
such as ozone (22) and hydrogen sulfide, this procedure does
not seem to be sufficient as Nielsen tacitly assumed that
the magnitude of the Pz term in (II-24) and (II-25) is much
greater than the [Px’Py]+ term and the latter could therefore
be neglected. The next section utilizes some numerical
estimates to show that this assumption is probably not true
for hydrogen sulfide. Thus the [Px,Py]+ term must be taken
into account after Nielsen's modified contact transformation

has been applied.

A Numerical Investigation of the Resonance Terms

To evaluate the terms in (II-24) and (II-25), it is
necessary to get a rough estimate for the values of the
force constants and use this to calculate sinY. The necessary
force constants can be estimated by using isotopic substi-
tution as discussed in Appendix II.

From Table V,
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1 1
P 7.
4 = (ix)? cosy - (A¥) % sin v
13 I
z I,
(II-26)
and
1
1 (kyy = kjy3) 2
SinY=7_ 1 - T
2
2 [(kyy = kyp)© + 4ky,°172
. (II-27)

The squares of the normal frequencies (in radians per

second) are given by the following equations (17):

2 1
| 1 - 2y
Moo= gk F k) plk ) = ky )+ 4k 7
) 1
A _ 1 1 - 2y 2
2 = (k) + ky,) = 2Dk = k) + 4k,
A3 = k33
(I1I-28)
L =1
where A 2 = 27cw _ with w_ in cm.
s s s
From (II-28)
- 2 4k 2 %
(A =2,) = Lk = kpp)™ 4+ 4k 7]
(II-29)

To complete the evaluation of sinY, isotopic substi-
tution between hydrogen sulfide and deuterium sulfide is used

to estimate (k,;; - k,,). From Appendix II
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(2my + M) [my O +x2)H - my(x, +x2)D]

k =
* 2 my[my - mp)
(II-30)
and
H D
[mH(ZmD+Ms)(A1+A2) - mD(ZmH+Ms)(A1+A2) ]
kll ) 2 [m. - m.]
Mg tMp H (II-31)
As a check on (II-30) and (II-31) we note that
H
(Al + AZ) = k11 + k22
(II-32)

in agreement with the results found when equations (II-28)
are added together.
There is enough information to find an estimate for
sin Y (II-27) from experimental values since combining (II-29),
(IT-30) and (II-31) gives:
(k

117%55) 1=[(A1+A2)HmH(mD+mH+MS)-(A1+x2)DmD(2mH+MS)]

7 2
k.. =k.,) +4k 172 H
b 11 22 12 mH(mD - mH)(Al-Az) (I1-33)

The masses (23), in atomic mass units, are:

= . 2
mHydrogen 1.0078252
= .014
mDeuterium 2.0141022
= 31.,972074

MSulfur



43

The values of the normal frequencies of hydrogen sul-
fide (12) are

2721.92 cm !

wy

1214.51 cm !

w
2

and the normal frequencies of deuterium sulfide (24) are
1

w, = 1952.98 cm
w, = 872.17 em” |
From (II-33) it follows that:
sin y = .6984
cos Y = .7157
vy £ 4418 (11-34)

Using our published values of the equilibrium moments

of inertia (25),

1, = 2.7046 x 107 gm. - cm.?
I, = 3.0954 x 10740 gn. - cm.?
1, = 5.8000 x 107%0 gm. - cm.?

and (II-34) may be used to find ¢ ,from (II-26).

1
2 2

1
z (.53368)2 sin Y -(.46632)2 cos Y = -.0214

13 (I1-35)

Finally, numerical estimates for the coefficients of
the rotational operators in (II-24) and (II-25) may be found.
In the following, the coefficients of P, and [Px,Py]+ have

been divided by hc to give term values in cm™ ! and the
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2 2 2 2
substitutions As = 471 ¢ W and I, = h/(8m cA), etc.,

have been made:

P P
g (=) IEEI TS oDy £ -1(.2075) (&) VTV 3D vy

w3 wl A
(II-36)
1 1 +
7 5 (p_,Pp. 1" /(v . +D v,
EAE——fL [(%) cosY+(§)zsinY] X'y i 3 e
(w1w3)2 ,ﬁZ 2
+
[p_,p. 1 Av.+1)v.
X 1l J
(.1028) ——_3_1_ (1137

Lol

where i=1, j=3 in (II-24) and i=3, j=1 in (II-25).

So these calculations indicate that the [Px,Py]+ term
should not be neglected in an accurate treatment of hydrogen
sulfide. This was also found to be the case for ozone (22).
Therefore both the pure Coriolis term (term containing Pz)
and the higher order stretching term (term containing
[Px,Py]+) in (II-24) and (II-25) will be taken into account
in the computations. Also, it should be noted that the
value of t,3; depends greatly on the values found for vY,A,

B, and C in contrast to the higher order stretching term

which is less sensitive to small change in Y,A,B, or C.



CHAPTER III

APPLICATION OF THE MODIFIED CONTACT TRANSFORMATION

The Vibrational Representation

Much of the difficult mathematics associated with
a Coriolis-type vibrational resonance may be circumvented
by use of Nielsen's modified contact transformation (21)
which is also called the modified Herman-Shaffer operator
26). This particular use of the operator simplifies the
matrix diagonalization in the vibrational representation by
removing most of the important off-diagonal terms in Hl to
diagonal positions in H;. There are no diagonal elements
in H; or H;'. The matrix elements coupling interacting
vibrational energy matrices are left unchanged by the mod-
ified contact transformation and must be treated by an exact
diagonalization routine rather than by perturbation theory.

After the contact transformation S has been applied,
the components of the new Hamiltonian, H', are related to
those of the untransformed Hamiltonian, H, by the following

equations (26):

o}
Il

1 H1 - 1(Hds - SHO)
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' — i ' - ]
H, = H, + (E)IS(HI + H1 ) (H1 + H1 ) sl

(III-1)

As usual, the rotational operators are treated as con-
stants for purposes of the transformation in the vibration-
al representation but their commutator properties are

strictly observed in the rotational representation.

Finding the Transformed Hamiltonian H; '

To facilitate computation of the transformed Hamil-

tonian, (II-18) is written as

3 2

3
—4 . 2
Hy =lp-12ip9, + ln=1(3,0a p + 35inyInd,9, * 3.5339,9;°)

A A + Ao % +
+a; [(21) pg-(22) 'gpl+a [(<D) 'p q-(22) 'qp ]

Aq 173 ) 173 72 A 273 2°3

: 1 3 2
(IT1I-2)

where the a's are listed in Table VI. This notation is
similar to that of Herman and Shaffer but these a's are not
exactly the same as theirs. It should be noted that the a's

do not necessarily commute with one another.

Hl' may be found by evaluating
H' = H - i[Ho,ZpSo]
(ITI-3)

where the components of S needed to perform the transformation

are
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Table VI. The Hamiltonian Coefficients for H,
% P2 P2 P2
- . X _x b4
= — ny ——ai+ co - -
a11A[31YI% Y 3 ‘231%]
1 X y z
= — cosy ——3- sin + —_—
2127 T4 cosy =gm siny Lyr o =y )
2 X y z
¥
a = et [P IP ]+
13 11127 XY
Xy z 3
z P z P
a,.= 132 a.. .= =232
715~ 72
I I
V4 V4
a3= hckyq,y a3,= hckyyy
ag112= 3hckyq, a5y~ 3hcky s,
ag) 33~ 3hck) 4, agy33= 3hck, g,
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3
_ *
zSo B g Sin + g 1(S3n + Ssinz + SSn33) + S71 + S72

(III-4)

The values for the transformation components in (III-4) are
listed in Table VII.

Using (III-2) and (III-4), H ' may be decomposed as

1

3 2
- -3 3-.
Hl' - zn=l(ainqn l[Ho’sin]) +Zn=l(a3nqn l[Ho’SSn])

2
2-.
+Zn=1(asin2qnq1q2 * 85033909y TEH (S5, ¥5 550 )

A 4 Az . *
+{a71[(;l) p1q3-(;—) qlp3] - i [H,,s7,1}

71
3 1
1 1
+a, (22 'p g - g p 1 - iH_,s..1)
72 A3 2°3 )\2 273 o’'v72
= H{ ', +H',, 4 H', 4 H, L +H,

(IT1-5)

It is shown in Appendix III that all components of H '
vanish except H,',,,; this was the reason for using the mod-
ified contact transformation. The commutator in H;',;;is

given by
a A ‘ll:' -’L
4
ilHy,s* 1 = - 220 ()7 - )7 (Pyd5* qipy)

A A
2 L 3 (III-6)
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Table VII. Contact Transformation Components
3
5. = 2in s = 233, [pn + qnpnqn]
= T 7 I == T
In 42 7 3n n2) 7 (3p° 2
n n
1 1 2
a + 22 ,p.P
- 5n33 2 7.2 3P3Pp
Ssn33= "y 22 ) a3 tdah, [Py dg ] dpt—y—]
r A%(M;Ar)
a 3 4 + 2) p’p
- 5112 2 17152
= A=A A A F s
S5112 1 [(2 1 2)q1p2+ 1 2[p1'q1]q2 2 ]
N2 (4x -2 )
2 1 2
25122 2 >+ T2 2p§p1
=" A=A ASA
55122 R + [(2 2 1)qu1+ 1 2[p2'q2]q1 2 ]
+r Al(4A2_A1)
L 4
2
x a,; (A37=2,7) plpal
Sp = - I 13 [a,9; 2
2(0 A )W (740 ?)
L
a P, P
72 2% 2% 3
s,, = - [, +23)q,q,+2(0 )0 5) "—==]

1
(Azxa)v(x3-x2)
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From (III-5) and (III-6) the final expression for the trans-

formed first order Hamiltonian H ' is found to be

L1
' . a,;  (A1742,2)
H' = H, = T— (P193 - 9;P3)
2 (A ag)y (ITII-7)

Finding the Transformed Hamiltonian H,'

H,' may be evaluated by extending (III-1l) as
i3
' -
H,' = H, + 5[zn=lsin'(H1 + H "))

L2
1

+ = '
2[2n=1(83n + Ssinz +S5n33)' (H1 + Hl )]

+ [(Sz;1 + 872), (H1 + Hl')]

(IT1-8)

The quantity (H, + H; ') in (III-8) is given by

3 2
- 2
Hy + Hp = Z %1393 *l (a33975 *+ 3s1529)9, + a5j33q32“%
J=1 j=1

+ a;,[Npya3 - Myqg,ps] + a5, [Nypyg; - Myq;p;] (III-9)

where the notation
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A 1 L
M, = 03B+ (207
2 A
1 A
3
1
N = IT];[—— = (J)L+
2 1 A

has been introduced for convenience. The commutator oper-
ations in (III-8) are worked out in Appendix IV. When vibra-
tional representation matrix elements are formed (20) the
commutators in (III-8) make a diagonal contribution of the

form

w,v v3|( =) (S, (H +H ") ] |v v,v,>

2
= 12 -3 ) in“3n'"'n
*n An2
1
_1 § Dnjaina51j2(vj t7)
nij=1
Lol J \ %
n
-(v +1){1§ %5n33%in _ a71()‘3%"““%-)'¥1 + a7£h(3A3+A2)}
3 -2- f—l- n=1 1 i T ) 1
AnZ 4()\1)\3)2()\.12;)\3’2') 2}‘32(A3’)\2)
1 2 JZ- Jf 2 2
_ (V1+2)a7{ﬁ(x3 -, ) ) (V2+%)a72‘ﬁ(3kz+l3)
1 1 1 1
2 —-—
4(A1A3)2(;\1 +1,2) 21,7 (A ,-1,)
]
+ EV

(III-10)
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The contribution from H, may be found in a similar

manner to be

2 2
p_2 P 2
2 2
= (v + %)(35 YIsin ¥ X + cos v X + t.3Tz ]
% I’ r? 1?2
X Y z
P2 P 2 PZ
1 k2o 2 X L2 2 z
+ (v,+ = COS ¥ —=—m— + +z -
2 2)(;;f§)[ - > sin vy —XZ 13 -
X Iy I,
1, , 3% Px 2 P 2
+ (vy+ =) ( J..)[ + X ] + 8,
2 2a 3 I.I, _ v
3 y 2 (III-11)
The symbol D . = (1= .). E,' and E," are purely

vibrational contributions listed in Appendix V.

The Diagonal Elements in the Vibrational Representation

Since H, = Ho', the diagonal elements of Ho' in the
vibrational representation give the harmonic oscillator
energies

2 3 1

<V, Vv,V |H |v v v > =] oy Y HA 2 (v_+1)
1V2V3 172737 7 2 7
° 1=X,y,2 IQ n=; n n (I11-12)
By combining (III-10), (III-11l) and (III-12) the diagonal

elements of the Hamiltonian in the vibrational representation

may now be found. Division by hc puts the entire energy
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_1
expression in cm .

Hy +Hé
<V1V2V3|"'"""""| Vivovgys
hc
pxz p 2 P 2
= A(v) =2 + B(v) L= + c*(v) 2=
A2 52 £2
1 y y 2
+ — P.4 + P + P + PP + PP +
gy | T1 X T2y T3z Ty PPy yFx!

2 21t 2 27+ 2 21+
tslPx /P, ] +TG[Px ,Py 1+ Tu[Py /P, ]

+ E (vvv)
1 2 3 (IT1-13)

A(v), B(v) and C*(v) are the vibrationally corrected recip-

rocal moments of inertia which are customarily written

3 A N
A(V) = A -] o (v.+d
1=
3 B )
B(V) = B, - ) a; (v, + 3)
1=1
Po,.C
* = - 1
C* (V) Ce :L-L'=1 G.i (Vl + ?)

(ITI-14)

h
In (III-14) A =—""—"", etc. and thea's are listed in
€ 8micI,

Table VIII. It is worth pointing out that the Coriolis



Table VIII.

1}

N =

w
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The a's

.2 4k siny
~eal(2iny 4 [2]7[ 1L

A 3

2
Ae wyz

—

k cosy
4, 112 ])

Y2

w2

2
2,C08°Y 4+ (2
-sAe(_.. [ <

*kp,,COSY
A

k sin
+ K122 Y])

w A :
2 e wZT “’1%
1 .
—6A C (l_ N (2R¢) T (k,,,Siny N k, 33cosy )
e e UJ3 Ce a. -
w) w,?2
2 1 .
-GBz(cos Y + 2 12(k111cos8sY _ kii2siny )
e wl B;

o ?

w,?

2(sin2Y . [2 }%[klzzcosY

kzzzSinY
-6B - )
e Wy E-e- 3 ]
u)12 wza-
6B C (l_ (2Be)% [k133cosY k233siny])
e e'w C
;e 7,3 3
2
2 1k k 2(wg-w,)
6c( 223 2 17 (k112813 _ 111523] _tifus-w, )
~%Ce “1 C; 3 ’3" J 6w w,(w, +w.)
Wy wy 19319174,
2 1 2 2,2
6C2[§13 {2 ]2[k222C13 _ k122;23) _ Epf3wrtuy)
e w, (G ot w? 3w, (02-w?)
2
2(3w_+w 3 2
_ -60§C23 2 2)+[Z_)2lk233C _ k133C23)-C13(w3'w1) )
c 2 4
3%(w§-w2) e w22 wlz 6w1w3(w1+w3)
2 1 2 2 2
6 2(523 + 2 |2 k1121;13 _ k111523 C13(3“’1+°’3)
- w C ES 3 2 2 )

1

2 2 3
3wz (wy=w)) w7

2
2 2 2 2 2 2
_6c2 Ly3(3w3+w,) 4y F1%233413_k133C23 +C13(3w3+w1))

3
w. 2 2_ 2
1 3pj3(w, w,)
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. c e c* and
perturbation causes af and a: to be modified to @,

c c¥*
).

o4 (a,” = a, In the unperturbed case, the expression

(ITI-13) would be the entire Hamiltonian in the vibrational

. . * * c c
representation if alc and a3c were replaced by o, and o5,

since any off-diagonal elements should be ignorable. The
main difference between the starred and unstarred aC's listed

in Table VIII is that the resonant denominator (m32 —wlz) is
*

. c* c*.
no longer present in a, and @,

The t's in (III-13) are centrifugal distortion con-
stants given in cm ~! and are closely related to the equi-

librium t's (1 etc.) of Chung and Parker (17).

0 T ’
XXXX YYYY
For experimental work it is convenient to use the relations

T ‘ﬁq 3 sinzY coszY
— T
1 = fe XXXX = - 16Ae ( — + 5 )
W, w,
4 3 cos2 sinzY
T = ﬁ Tyyyy = =- lGBe ( 2Y + )
2 hc w w 2
1 2
2 2
Y 3z 4
= - 23 13
T3 - A Touzz 16Ce ( > + 2)
he W, w,

3 :
C,.,81iny L,,cosY
= + 16(Bece)2 ( 13 + 23 )

T
= — zz
Tu hc Yy w 2 w 2
2 1
4 T 3cosy Lo3siny
L 13 23
= - C )2 -
Te ='§— TXxXz2z 16(Ae e) ( 2 2 )
hc w w

2 1
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4 3
_A - _ 2 1 _ 1
T, = fe Txxyy = 16 (AeBe) sinY cosY (? w—zz')
ﬁ“ . _ 16AeBeCe
Tg = -}Té- XyXy w 2

3
(ITII-15)

In (III-15), frequency w, is in cm™! using the conversion
AiT = 27w, cC.

The vibrational and constant terms remaining are lumped
together in E(v,v,v3) which will contribute to the bandcenter
only.

The diagonal term (III-13) is usually simplified by
using the well-known commutator relation

(P_P_+P_P )2=2(szpy2+Pysz2)-2ﬁ2px2-2ﬁ2py2+3ﬁ2922

X
y ¥ x (III-16)

and the Dowling relations which apply to the equilibrium

taus for planar molecules (27).

- (Cey? Cey 2
Ty = (%) T (X;) T
e
2
T = (_.e) T + (.CLQ)Z '[2
L 6 B
e e
_ (Ce, 2 Ce, 2
T, = (B g+ (=) T, (I11-17)
Ag Be
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Ce |2 Co|2
When the substitutions r = |3~| , s = |g~| , (III-16)
e

and (III-17) are made in (III-13) the final result for the
diagonal elements of the Hamiltonian in the vibrational

representation may be written

] ' 2

H'+H, T P, - P 2
VY,V — | v v,vy> = (AW) - 3-{£7~ + (B(V)- E—J;%—
* 3 P22
+ (C*(V) + F14) —
197 ¥2
1 4 b4 2 4 2 2 4
t——| 1, P+ TPy +(r2T1+s T,+2rstg) P, +(r6+219)[Px,Py ]
%k
+[r11+ST6][Px /P, 17+ [rr6+srzl[Py,Pz ]
+E (v,v,v3) (III-18)

The Off-Diagonal Elements in the Vibrational Representation

The off-diagonal matrix elements in the vibrational

representation are given (in cm_l) by (II-24) and (II-25).

+

H_ +H P [P_,P ] (vl+l)v3

<V V,ov3 | lh 2|V1+l,vz,v3—l> ={2iGZEE+GXY ‘:2117} .

‘ c
(III-19)

H +H P [p_,P ]+/v (v, +1)

12 b= . 4 x’ 173
<V1V2V3l he |V1-11V2’V3+l {—2lGZ;{—'+ny_ﬁ_2L ——————2

(IT1-20)
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where
G _ 413(w1+w3)ce
z 1
(0 0y)7 (III-21)
and
6A_B _C %
G - _ e ee (cosy ., sinY]
Y foju, + 3
b3 A, B, (I1I-22)

-1
Gxy and GZ are given in cm in order to facilitate

experimental evaluation of their magnitudes.

Possible Experimental Applications

It is informative to examine the matrix elements for
several sets of interacting excited vibrational levels of
hydrogen sulfide., For the states (011l) and (110), i.e.

v, =0 and v, = v, =1, the off-diagonal interaction matrix

element is

+
H +H P (p_,P. ] T
<011|—t—2]110> = {286 -2 -¢.  —X ¥ ;14
hc B2 Xy 5?2 2

(ITI-23)

and its hermitian conjugate. The diagonal matrix elements
are found by specializing (III-18) to the (110) and (011)
states. The general form of the Hamiltonian matrix is shown
in Fig. 6 for this two band interaction. Fortunately both
the (110) and (011l) bands are infrared active so the Coriolis

interaction between them can be studied experimentally.
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Fig. 6. The Interaction Matrix for the (110) and (011)
States in the Vibrational Representation

(110) (011)
EROT.(llO) - 1GZ Pz
F
+
(110) +
Eyqp, (110) _ Gy [PysP]
2 1
iGz f_i EROT. (011)
g +
(011) +
Xy [PX'PY] EyiB. (011)
2
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For a three band interaction, such as found for the
(210), (111) and (012) states, the coupling matrix elements

are found from (III-19) and (III-20) to be

H, +H G,p, . (p_,p 1t
Q1122 012> = ( -pi-Z % xy TxTyTy 2
he 4 £2 2 (III-24)
and
+
H, +H, GP G, I[P ,P]
<111 | 210> = {2i-22 _ XY x" ¥ }/32;
hc & 112 (III-25)

along with their hermitian conjugates. The complete form of
the Hamiltonian matrix for these three states is shown in
Fig. 7. Unfortunately, the (012) band of hydrogen sulfide
has not been found to be infrared active. As noted by Wilson
(14), even though a vibrational state may not give an infra-
red band, it may perturb the upper state of another band.
Experimentally, it appears that the infrared inactive vibra-
tional state (012) does perturb the infrared active states
(210) and (111), so the analysis may be more fruitfully

applied to the (110) and (0l1l1l) bands.
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Fig. 7. The Three Band Interaction Matrix for the
(210), (111) and (012) States
(210) (111) (012)
Egor, (210) ~iG, P, vz
(210) + R
+
EVIBo(le) ) G, [Px,P ]
V2 h2
iG, iﬁ V2 Epor, (111) -iG, P, V2
(111) i + + T +
G (p_,P_1 E (111) G (p_,P ]
X X VIB. - X X
ic, P, V2 Epor, (012)
(012) ol . N
[(p_,P_] EVIB‘(Olz)




CHAPTER IV

THE ROTATIONAL REPRESENTATION

Qperator Matrix Elements

Each matrix element in the vibrational represen-
tation shown in Fig. 6 and Fig. 7 is a complete submatrix
of dimension (23 + 1) in the rotational representation.
Thus to complete the mathematical description of the Hamil-
tonian matrix an appropriate rotational representation must
be chosen. King, Hainer and Cross have covered the general
details of the various possible choices of rotational repre-
sentations so only the points pertinent to this problem will
be recapitulated here (4).

The operators P_, Py and P, in (I-1l) may be identified
with a right-handed system of Cartesian body-fixed axes with
origin at the center of mass. The operator commutator

rules are

(p,,P.] = - ifir

i k

) (Iv-1)
where the ijk stand for xyz and cyclic permutations. Sup-
pressing the J and M notation in the matrix elements, a well
known solution to the set (IV-1l) in a representation diag-

onalizing P2 and P, is

62



63

i
<K|Py|K+l> = -i<K|Px|K+l> = g[J(J+l) - K(K+1)]2

<K|PZIK> = 4K

(Iv=-2)

All necessary rotational representation matrix elements
have been calculated by Posener from (IV-2) using the same
phase factor chosen by King, Hainer and Cross (19). The 3!
ways in which Pa’ Pb and Pc may be identified with x, vy,
and z are listed by King, Hainer and Cross and shown in
Table IX. Thus the choice x = a, y = b, z = ¢, made in
Chapter I amounts to choosing a 111’ representation and
allows the direct use of Posener's operator matrix elements.
The operator matrix elements used in this work are listed
in Appendix VI using the substitution £ = J(J+l).

When the proper substitutions from Appendix VI are
made, the elements of the submatrix for the Hamiltonian

operator (III-18) become

A(V) + B(V) -1 K2R
&V, K|V,K> = [£-K2?] - 3 4+ -

2_ 2_ 2 (w2_ Y 314 | K?
+ [£f-2(K*=1)f + K¢ (K 5)]I3 + [Ej(v) + 4:]

4
+T§- + [3f2 - 2(3K2 + 1)f + K2(3K2 + 5)] ’;7 + E(V)
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III

III

II
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<V,K|V,K L

<V,K|V,K

In (IV-3), the symbol V indicates either V,

v, (vlv

+
[\S}
V)
]

F(Kt1l) F(Kt2)

t4>

2v3) for a two band interaction.

65

B (V) -A (V)
4

+ [K2 + (K¥2)2 ] %3

F(KI1)F(KE2)F(KI3)F(Kt4) U

stitutions were used in (IV-3) to save space:

F(K*1)

F(Kt2)

W =

[f-K(Kil)]’-l-y

1
= [f-(KX1) (K*2)]7 etc.
J(J+1)
r(v,+1,) + s(t,+1y)

S=T,X

16(r—s) +1, 1

2 2
(2rsr6 + ret, +s 12)

Lg- vl

+ (2f-K2-(K+2)?]

W
32

(Iv=-3)

(viv,vy) or

The following sub-

(IV-4)
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The vibration-rotation matrix elements coupling the
upper vibrational states of the interacting bands are found

from (III-19) and (III-20).

1
- . 7
<v,Vv,vy,K|v 1, v,v F1, K> = ileK[(vl+éi%Kv3+%;.%)]

<V.V,V K|v1+l,v2y3-1, Kt2>

. 1
LY,V i%nyF(Kil)F(KiZ)[(v1+l)v3]T

: : 1
<vv,v3,Klv =1,v,,v,+1,KE2> i%nyF(Kil)F(KiZ)[vl(v3+l)]?

(IV-5)

The form of the Hamiltonian matrix for J = 1 generated
by (IV-3) and (IV-5) is shown in Fig. 8 for the case when the
interacting vibrational states are (110) and (011); i.e.
vi=Vv,y,=1and v3= 0., It is easily seen from Fig. 8 that
the elements (IV-3) and (IV-5) describe a matrix of dimen-
sion 2(2J+1) by 2(2J+l1). The size of the Hamiltonian
matrix rapidly becomes very large with increasing J value
when left in the form described by (IV-3) and (IV-5); thus
an undue amount of computer memory space for an accurate
numerical diagonalization process is required if the Hamil-

tonian if left in this form.

The Wang Transformation

The symmetry requirements discussed in Chapter I can
be satisfied by applying a modified Wang transformation (28)

to the Hamiltonian matrix described by (IV-3) and (IV=5).
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8, Form of the Untransformed Hamiltonian for J =

4——(110]110) >« (110|011} ———P»
Block Block
1 0 -1 0 -1
% Y%
//C;;ﬁ -iGz - 1Gx
/]
0

7

%

iG

iG

_2.’_‘.1’.

€4——(011]110)

Block

»I«

(011|011)——P»
Block

1
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The transformation reduces the Hamiltonian matrix to four
uncoupled submatrices which are easier to diagonalize than
the cumbersome form shown in Fig. 8., Due to the off-diagonal

coupling terms G, and Gyy @ "double" Wang transformation is

y
necessary to partition the untransformed Hamiltonian into
four submatrices. The double Wang transformation W is of
dimensions 2(2J+1l) x 2(2J+l1) and is shown in Fig. 9 in a

form suitable for operating on the Hamiltonian in Fig. 8.

Since W is unitary,

(IV-6)

is a similarity transformation which leaves the trace of the
matrix unchanged. Fortunately, odd and even values of K are
not connected in the untransformed Hamiltonian. Therefore,
(IV-6) brings about a final matrix form very similar to that
given by the ordinary Wang transformation acting on the
vibrational state described by (IV-3).

The transformed matrix Hi g is shown in Fig. 10 for
J = 1. Using (IV=-6) rapidly becomes very tedious as J grows
larger, since determinant manipulations performed with
insight are required to achieve the neat form shown in Fig.
10. Usually it is much easier to go to the set of modified
Wang linear combination wave functions constructed by Wilson
and calculate the transformed elements directly (14). The

combination wave functions are given for an interaction

between vibrational states Vl and V2.
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Fig. 9. The Double Wang Transformation for J = 1
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Fig. 10. The Transformed Hamiltonian for J =1

Ay
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-1
Ay = 2 205 4+ Ya_xmy Yy (K>0)
1
Ao Yaomty |
-+
Ty = 2 “Oggu + Ygoxm) ¥y, (K>0)
I'e = wJOMwVZ
-
'k = 2 "0gxm = Vaoxm) Yy, (K>0)
-
Qp = 2 “0gpy ~ Yy_kM Vv (K>0)

2
(IV=7)

The use of (IV=7) to calculate the matrix elements of the
Hamiltonian is entirely equivalent to calculating the untrans-
formed matrix (IV-3) and (IV-5) and then applying the double
Wang transformation as in (IV-6)., Wilson originally used

the wave functions (IV-7) to calculate the effect of a pure
Coriolis perturbation on a rigid asymmetric rotor. The four
Submatrices generated by the wavefunctions applied to
(II1I-18), (III-19) and (III-20) are classified in Table X

for the interacting vibrational states Vv, and V,. By the
convention used for the ordinary Wang submatrix, E or 0

gives the oddness or evenness of K and no negative values of
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K are used. The + or - over E or 0 gives the sign joining
the wave functions in (IV-7). The combination wave functions
from (IV-7) are indicated in Fig. 10. Since Fig. 10 dis-
plays the J = 1 case, the EV; and EVI contributions are zero
even though their positions are indicated.

The general Wang submatrices may be generated from

the elements (IV-3) and (IV-5). The diagonal matrix elements

are given by

(£-K2] [A(W) + B(V) - 1, + KR
—
+ [£2-2(K2-1)f + K2 (K2-5)] E_L%

+ [3£f2-2(3K2+1)f + K2(3K2 + 5)] %(-2

N 31
+'-1%—+ [C*x (V) +-713] K2 + E(V)

£ (6 ) %[B(v)-A(VH(f-l)‘% + %1 ¥ (5, ,)E(£-2) U

(Iv-8)

In (IV-8) the elements (AK(VL)IAK(Vl)) and (FK(VZ)IPK(VZ))'
which include the K = 0 case, are given when the positive
sign is chosen for the delta functions. The elements
(¢K(V1)|¢K(V1)) and (QK(VZ)IQK(Vz)), which exclude the K = Ov

case, are given when the negative sign is chosen. As usual,
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V in (IV-8) stands for either set of quantum numbers

Vl(vlvzvs) or V,(v,v,v;). The off-diagonal terms for either

state V, or state V, are given by (IV-9) and (IV-10).

1
7
(1+8, 0)

W
—— 2 F(R+1) F (K42) [B(V) A (V) + (£-K*-2K-2) 1 + (K2+2K+2)‘—‘23-]

» 1
t (GK l)f[(f-2)(f-6)]7 U
(IV-9)
In (IV-9) the elements (AK(Vl)lA

(V;)) and (T (V)T (V,),

K+2 K+2

which include the K = 0 case, are given when the positive
sign is chosen for GK,l’ The elements (¢K(V1)|¢K+2(V1))

and (%, (V)| (V,)) are given when the negative sign is

K+2
chosen. The remaining elements within a vibrational block

Vl or V2 are

(Aglhgeq) = (TglTeyg) = (eplop ) = (gl 4y

1

= (l+6K 0)7F(K+l)F(K+2)F(K+3)F(K+4)U
! (IV=-10)

The elements coupling the two vibrational states are due to

the higher-order stretching term ny

(A |0

kl9k42) = (Tgleg o) = = (Tyuole) = = (Ag o100

G 1
=i XX (1+6,0) 7 F(K+1)F (K+2)

4 (Iv-11)
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and to the mixing of the pure Coriolis term G, with ny

= - i ; f
(Agleg) = - il6,k - (6g,1) Sxy 7!
(K#£0)
= : f
(rKl¢K) =  ilG,K + (cK,l) ny 7 (1v-12)

The equations (IV-8) through (IV-12) describe the
Hamiltonian in terms of the four Wang submatrices for the
case when one vibrational state interacts with another.
These equations, with some small empirical modifications,
were used to analyze the (110) and (011l) absorptions bands
of hydrogen sulfide. The form of the array generated by
these equations is shown in Fig. 11 for the J = 5 case.
However, Fig. 11 may be used as a model for generating an
array using other values of J and equations (IV-8) through

(IV-12). It should be noted that if G, = Gy, = 0, the 0

y
and E blocks stand alone and Fig. 11 then describes the

unperturbed case.



76

Fig. 11. Form of the Wang Transformed Hamiltonian for J = 5
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CHAPTER V

OBSERVED SPECTRA

Historx

One of the first detailed rotational analyses of
hydrogen sulfide using an early quantum-mechanical energy
expression was published by Cross in 1935 (29). Cross ana-
lyzed the (301) absorption band of H,S at about 10,000 cm” !}
and was able to identify 84 absorption lines. His values
for ground state energy levels and inertial constants were
used successfully by infrared spectroscopists in analyzing
many other H,S bands. A summary of these analyses was
published by Allen and Plyler in 1956 (12).

In recent years, additional information about the
ground étate of H,S has been obtained from pure rotational
transitions measured by microwave spectroscopy. Frequencies
for two HZS32 microwave lines were first published by Burrus
and Gordy in 1953 (30). Since then several other microwave
lines of H,S have been found and measured by various
researchers. Because microwave transitions can be measured
very accurately, they are a useful supplement to infrared
data for determining ground state structural parameters.

The main bands studied in this work are the (110)

band (type B) and the (011) band (type A), both at about

77
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3800 cm~ !. The first proper analysis of these two bands

was published by Savage and Edwards in 1957 (31). They
correctly determined the presence of two absorption bands in
this region rather than only one as was reported by earlier
investigators.

Two other bands were investigated to supplement this
work, These are the (210) band (type B) and the (111) band
1

(type A) at about 6300 cm” . The first rotational study of

these two bands was published by Allen and Plyler in 1954 (32,

Procurement and Measurement 9£ Data

The hydrogen sulfide spectra were obtained on the
Michigan State University high-resolution infrared vacuum
recording spectrometer. The basic components of this instru-
ment were described in 1964 by Aubel (33) and subsequent
improvements will be described by Keck (34).

In the initial work a 300 watt commercial zirconium
arc was used as the infrared radiation source. Later, a
water-cooled carbon rod source (35) with greater energy was
successfully utilized to obtain improved spectra. Two
different multiple traverse Cells were used during the
course of this work. The 80 cm cell was useful for low
pressure runs but was initially limited because the infrared
beam had to pass through several inches of air (containing
H,0 vapor) before entering it. This problem was later
eliminated by the construction of an all-vacuum path for the

beam (35). The other cell is a small volume coolable
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multiple-traverse cell usually designated as a J. U. White
type cell (36,37). Since the air space around this cell
could be completely evacuated, it was used for initial data
runs.

Two Bausch and Lomb echelette gratings are mounted on
a turntable in the main tank of the spectrometer so that
either may be readily used. One has 600 rulings per mm and
a ruled area of 212 x 158 mm; the other has 300 rulings per
mm and a ruled area of 254 x 128 mm. An Eastman-Kodak N-type
lead sulfide cell operated at liquid nitrogen temperature
was used as a detector for the hydrogen sulfide spectra.

The calibration and data processing used in our

laboratory have been reported in Wavelength Standards in the

Infrared (38) and also described in detail by Barnett (39);
so only the main points will be described here. Calibration
lines were recorded both immediately before and immediately
after the hydrogen sulfide trace on each chart. The cali-
bration gases used were HCN, CO, HCl and N,0 which have
frequencies measured so accurately that they may be used as
standards. The H,S spectra were calibrated by means of Edser-
Butler bands (or fringes) which were recorded simultaneously
with both calibration gases and the H,S trace. Edser-Butler
bands are used because the consecutive positions of their
peaks vary linearly with frequency; thus there is a constant
frequency separation between adjacent peaks.

After running a spectrum, the fringes were numbered
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and the entire chart photographed for measurement on a Hydel
digitized film reader connected to an IBM 526 card punch, A
Hydel operator scanning the filmstrip of the chart measured
the appropriate coordinates of the fringes and calibration
gases for punched-card input to the computer program SCAN
(40) . The first SCAN computer output gave the relative
fringe number of each calibration line. Next, the known
frequency and fringe number of each calibration line on the
chart was input to the computer in a least-squares routine,
CALFIT (40). The CALFIT output gave the slope and intercept
parameters necessary to establish the linear equation between
the fringe number and frequency of an individual calibration
line, These'two parameters along with the measured fringe
number (from the Hydel) were input to the computer in SCAN.
The resulting output gave the frequency of each H,S line from
its fringe number through the linear equation between
frequency and fringe number.

The entire procedure was repeated several times for
each chart and the resulting measurements averaged together
in order to minimize operator error. The averaging of
several hundred data points per chaft was done using ASHAFT
(41) , another computer program developed in this laboratory.
Since several runs were made in each region, it was possible
to combine the average frequencies from each run by using
weighted averaging. The weights assigned to each frequency

measurement on a given chart were based on the quality of
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the least-squares calibration fit between fringe number and
calibration frequency for that chart and on the estimated
reproducibility of the frequency measurement for that partic-

ular line.

Further Experimental Technique

More details about the experimental techniques used
in each region are outlined as follows:
(a) 6300 cm~ ! region
This region was calibrated using the (301)
band of N,0 (42) with bandcenter at 5974.8504 em~t
and the (002) band of HCN (43) with bandcenter
6519.6145 cm~ L. Two runs, H,S 1 and H,S 2, were
made in this region using the 600 line/mm grating
in lst order in a double-pass configuration. A
zirconium arc was used as the infrared energy
source and the 80 cm multiple traverse cell as
the sample holder on both runs. The gas sample,
C.P. grade (99.5% purity), was purchased from
the Matheson Company and used without further
purification. The standard deviation of the
calibration fits was about 0.004 cm~t. The ex-
perimental conditions are summarized in Table XI.
(b) 3800 cm T region

Five data runs were made in this region with

run numbers 8, 9, 1G 15-I and 15-II. Calibration

for the first three was obtained using the (101)
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band of HCN (43) in 3rd order with bandcenter

at 5393.698 cm ' and the (20) band of CO (43)

in 2nd order with bandcenter at 4260.0646 cm-l.

A zirconium arc was used as the infrared source

and the small coolable multiple traverse cell

as a sample holder on all three runs (8, 9, and

10). The H,S sample for these runs was C.P.

grade (99.5% purity), purchased from Matheson

and used without further purification. The next

run in this region was divided into two over-
lapping parts. Run 15-I covered the first half

or low frequency side of the absorption region

and was calibrated between the (101) band of HCN

in 3rd order and the (20) band of HC1l (44) in 3rd
order with bandcenter at 5667.9841 cm-l. Run number
15-IT overlapped the end of 15-I and covered the
second half of the region. It was calibrated
between the (20) band of HC1l in 3rd order and the
(20) band of CO in 2nd order. Both a CO2 impurity
in the sample and H20 background lines were a problem
in this region. For these runs (15-I and 15-II) the
H,S sample was C.P. grade (99.6% purity) with a CO2
impurity content certified to be less than 500 ppm.
It was purchased from Air Products and Chemicals

Inc. The standard deviation of the calibration fits

on runs 8, 9, 10 and 15-I was about .003 cm-l. On
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run 15-II, the standard deviation was about .0015 cm™!

On all five runs the 300 line/mm grating was used and
the st trace was in 2nd order. The experimental
conditions are summarized in Table XI. In addition
to the data runs, one co, background run and several
vacuum background runs were made in this region to
identify the absorption lines due to impurities

in the sample and H20 vapor in the spectrometer.
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CHAPTER VI

DATA ANALYSIS

Introductory Remarks

In the past few years, many of the procedures for data
analysis in the literature have almost become obsolete
because they were not designed for use on the computer. In-
cluded among these are interpolation tables and the many
other routines that have been published specifically for
hand calculator manipulation. In addition, many of the
computer techniques used successfully on early machines have
been replaced by more accurate methods ideally suited to a
high-speed digital computer with large memory capacity. For
example, first order perturbation theory is no longer nec-
essary to describe the centrifugal stretching since digital
computers can now accurately perform the exact diagonaliza-
tion of an entire Hamiltonian matrix in seconds. Computer
technology is evolving so rapidly that the beginning re-
searcher often spends hours scanning obsolete techniques for
data analysis before finding the best method available for
a given analysis problem.

In addition, an author's description of the solution
to a pertinent problem often assumes a complete knowledge of

the steps leading from a matrix formulation of the molecular

85
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Hamiltonian to the analysis of experimental data. Many times
this is an unwarranted assumption because constructing an
analysis program usually requires a considerable amount of
insight and hard work. To help clarify the analysis pro-
cedure, simple examples will be used to illustrate much of
the discussion that follows and references to specific
applications will be made when possible.

The general remarks made in the next two sections are
by no means limited to asymmetric molecule analysis. For
example, an analysis program for treating perturbations
between interacting symmetric top energy levels might be

designed using the general outline discussed.

Components of a Typical Frequency Fitting Program

It is informative to examine the components of a typ-
ical frequency fitting program. To simplify the discussion,
in this section it will be assumed that the ground state
molecular parameters are well known, starting values for
the upper state molecular parameters have been found, and a
few absorption lines have been correctly identified. A
later discussion will treat the case where this information
is not known for the molecule.

The internal operations are outlined as follows:

(a) The values for the ground state molecular
parameters (A(0), B(0), C(0), taus, etc.), and
starting values for the upper state molecular

parameters (A(V), B(V), C(V), taus, perturbation
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terms, etc.) are input and stored in memory followed
by the quantum numbers, frequency, and weight of
each identified transition. If a perturbation con-
nects two or more excited vibrational states as in
Fig. 6, Fig. 7 or Fig. 11, a set of parameters for
each upper state will be input along with the ground
state parameters.

(b) A matrix array for each J value is formed
using the appropriate Hamiltonian for the ground
state and the ground state molecular parameters.,

For example, a suitable array for the ground state
may be generated from (IV-8), (IV-9) and (IV-10)

when the ground state molecular parameters are used
and E(V) is set equal to zero. The ground state
array is then input to a suitable exact diagonaliza-
tion subroutine which finds the eigenvalues. Then

a labeling scheme (such as the one described in
Chapter I) is used to assign quantum numbers JK-K+

to each ground state energy level or eigenvalue.

The ground state levels and their identifying quantum
numbers are then stored in memory for future use,

An example of a program that performs these functions
is G.S.Ex.D. listed in Appendix VII. The exact
diagonalization routine used is JHERMX @“45),.

(c) Next an upper state Hamiltonian matrix array

for each J value is formed using the input starting



(4)

(e)
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values. For example, a suitable array for two
interacting bands may be generated from (IV-8),
(Iv-9), (Iv=-10), (IV=-11l) and (IV-12)., The upper
state array is then diagonalized preferably using
the same exact diagonalization routine used for the
ground state. Each energy level is labeled with
the appropriate quantum numbers JK-K4+ and stored in
memory. The set of eigenvectors diagonalizing the
array for each J value is computed and stored in
memory for future use. As an example, the program
U.S.Ex.D, listed in Appendix VIII will perform all
of these functions for the interacting (110) and
(011]) bands except calculate eigenvectors. However,
it can be modified to calculate eigenvectors, too.

Using the selection rules, appropriate energy
levels from the ground state are subtracted from each
upper state level to give a set of calculated fre-
quencies which are stored in memory. This set of
frequencies would represent the observed spectrum of
the molecule if the input upper state parameters were
the true values for the molecule. However, this is
rarely the case at the beginning of an analysis.

At this point a least squares subroutine may
be used to compare calculated and observed frequencies
and make adjustments to minimize the differences

between them. The transition from a matrix array to
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the least squares subroutine is done by means of
the stored eigenvectors and will be treated separately
in the next section.

(£) The new upper state parameters found from
least squares may be input again and the steps b, c,
and d repeated to find the set of frequencies pre-
dicted from them. Using frequencies predicted from
the new parameters, more observed frequencies may be
input and the whole process repeated. In this general
manner all of the absorption lines in a given region

may hopefully be identified.

Programming the Multiple Regression Subroutine

The main problem in using a least squares subroutine
to vary upper state parameters and predict the resulting
frequencies (multiple regression analysis) is to get from
the N x N matrix array containing these parameters into a
system of N equations suitable for a least squares treatment.
An understanding of this method is very important for using
theoretical Hamiltonian arrays to analyze experimental data.

In general, the difference between an observed fre-
guency fo and the calculated frequency f, is fit in the
least squares subroutine. The calculated frequency is the
difference between the upper state eigenvalue E,; and the
ground state eigenvalue Eg. Since the ground state is not
being varied, the discussion will center around the upper

state treatment. A particular upper state eigenvalue Ey,
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may be written in terms of its eigenvector X and the Ham-

iltonian matrix as

t —
X Hux - Exu (VI-1)

where X is a column vector calculated by the subroutine and
stored in memory. In terms of the matrix components; the

expression equivalent to (VI-1l) is

Eeuw = L3 % Big¥; (VI-2)
where the Hij may be found from (IV-8) (IV-9), (IV-10),
(IV-11l) and (IV-12) in the case of a Coriolis-type pertur-
bation between mutually interacting bands. The terms in
(VI -2) may be factored into products of molecular parameters
and operator expectation values in the representation
diagonalizing H.

The sum in (VI-2) may be better understood by con-
sidering the case of the rigid rotor described by (I-1).
The Hamiltonian matrix for the case J = 1 may be found
using either Appendix VI or by simplifying (IV-3). The

resulting matrix equation is

H11 0 H13

0 H,, 0

H31 0 H33 (Vi-3)
where H11 =H,, = (A+B) /2+C, H,, = (A+B) and Hy; = Hyy =

(B-2A) /2. The eigenvalues are found to be E = A+C, E, =
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(A+B) and E; = B+C., The set of eigenvectors that would be

found by the computer for (VI-3) are

1 0 1
1 1 l
il ° /z|°
-1 0 1 (VI-4)

corresponding to E,, E, and E, respectively. The choice of
phase is arbitrary. Thus using the first vector in (VI-4),

the eigenvalue E; may be written using (VI-2) as

B

A 2 2
E, = 3 (x; = %x3)° + 5 (x

2 2
+ x3) + C(x1 + X, )

! (VI-5)

where x = 2-% and x, = -2-%. Similar equations correspond-
ing to E2 and E3 may also be written. The terms in brackets
in (VI-5) are operator expectation values in the represen-
tation diagonalizing H so (VI-5) is often found in the

literature written symbolically as

2 2 2
E = A<P > 4+ B<P, > + C«<P >
a c

1 b (VI-6)

At this point, the eigenvalue equation (VI-5) is in a form
suitable for entry into a least squares subroutine.

If (VI-6) describes the upper state of this hypo-
thetical rigid rotor, then the frequency due to a transition

from a vibrational ground state energy level Eg is

2 2

> 4+ C<P_ > 4V = E
lo]

2
£, = B - Ey = A<P, ">+ B<P °

b
(VI-7)
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where \6 is the bandcenter and it is assumed that Eg is very
close to its true value. If the "observed" frequency fo is
close to the calculated frequency f, then to a good approx-

imation.

2 2
£ = (A+AA)<Pa2> + (B+AB) <P "> + (C+4C)<P_ >

o b

+ (vo+Avo) - Eg (VI-8)

where the difference between f0 and £, is assumed to be due
to small changes in A,B,C and the bandcenter which don't
affect the expection values of the operators. Thus (VI-7)

and (VI-8) are combined to give

2 2 2
f. - f, = AA<P_ > 4+ AB<P, > 4+ AC<P_ > + Av
o 1 o
a b c (VI-9)

Systems of equations of this form may now be input to
a least square subroutine since AA,AB,AC, andAvo will be
common to all equations. The changes found from the fit
then are added to get the new values of A, B, C, and the
bandcenter. Several detailed examples applying equations
of the form (VI-9) to more complicated Hamiltonian matrix

equations have been given by Moncur (46).

Method of Analysis

So far, for purposes of illustration it has been
assumed that good estimates for the molecular parameters

were available to aid in identifying transitions. If this
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is not true the method of Hill and Edwards (47) may be used
to start the analysis. By this method the nearly symmetric

rigid rotor approximation

E, = +(A+B)J(J+1) + [C-1(a+B) 1K’

o (VI-10)

is used where K is the quantum number corresponding to Kj

in the oblate limit. Individual absorption lines are
identified by the notation AKAJK(J) where the changes AK and
AJ are represented by P, Q, and R which stand for -1, 0,

and 1 respectively. Using (VI-10) the ground state com-
bination differences formed from the "zero series" lines,

(RR and Pp lines for which J" = K") may be written

R P
RJ(J)

PJ+2(J+2) = A" + B" + 4C" (J+1) (VI-11)
where the double prime is used for the ground state. The
Zero series lines are used because they are least affected
by the asymmetry and are among the strongest observed. If
the ground state combination differences are plotted,
against J(J+1), (A"+B") is the intercept and 4C" the slope.
To get an estimate for the upper state A, B, and C,
the upper state combination differences are found from the

Zzero series as

RRJ(J) - PP = A' + B' + 4C'J

(J) (VI-12)
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and the plotting procedure repeated. The starting values
thus obtained are cycled through the least squares fit of
the Hamiltonian to help predict more lines and obtain better
values of the molecular parameters. Finally the molecular
parameters should converge to a final set of values when

all possible lines have been assigned.

The (210) and (111) Bands

The observed absorptions bands in the 6300 cm_1
region are the (210) and the (111) which are type B and
type A, respectively. It is believed that‘a three band
Coriolis-type interaction (such as the one illustrated in
Fig. 7) is present between the (210), (111), and (012)
upper state energy levels. Unfortunately the (012) band
is not observed to be infrared active; thus so far only
the least perturbed lines have been fit to a Hamiltonian
expression with no perturbation terms included.

The details of this analysis are given by us (25)
and the weighted lines used in the spectrum fitting are
listed in Appendix IX,

The values of Ae and Be found from this analysis were
used in the analysis of the two band interaction between the

(110) and (011) bands. Using

1

A 10.3491 cm

e

n

-1
B 9,0426 cm



95

the r and s values for (IV-8) and (IV-9) were calculated.
This is thought to be a better estimate than using the
ground state values. At present, these two bands are being
reanalyzed for "effective" perturbation terms but the values
found for Ae and Be are not expected to change significantly.
The ground state molecular parameters found from
these bands were used as starting values in the fit of the

(110) and (01ll1l) bands.

The (110) and (01l) Bands

The two bands located in the 3800 cm-'1 region are the
(110) and (011) bands which mutually interact through a
Coriolis-type perturbation as shown in Fig. 6. Initial
frequency assignments were made from the lines reported
by Savage and Edwards (31). The ground state parameters
from the (110) and (0l1l) bands were used to begin the anal-
ysis. An unperturbed fit of each band assuming no inter-
action was tried but was unsuccessful, since many lines
remained unassigned.

A successful fit of both bands was obtained by taking
into account the perturbations between them. This was done
using SPECFIT, a program written by Moncur (46) which inputs
equations (IV-8), (Iv-9), (IV-10), (IV-11l) and (IV-12) into
an exact diagonalization subroutine and a least squares
subroutine in the manner previously discussed. This program

and the details for using it are given by Moncur.
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Two slight empirical modifications were added to the
equations derived in Chapter IV. These were the addition of
a small term, HKKS, and permitting the centrifugal stretching
terms to change from their ground state values in order to
get a better fit of the data.

The HKK6 is one of several empirical terms suggested
in the literature (48); the fourth order Hamiltonian of
Chung and Parker as treated by Kneizys, Freedman, and
Clough (49 ) also contains a term with this quantum depend-
ence. The fourth order correction to the equilibrium
centrifugal stretching terms as listed by Chung and Parker
also shows a vibrational dependence. Thus there is some
justification for these empirical modifications.

In the (110) band, 356 lines were identified of
which 279 were given nonzero weights. Zero weights were
assigned when the shape of a line was very poor, two or
more transitions were unresolved, or the line was masked by
either an impurity or the isotope Hzahs. In the (011) band
391 lines were identified of which 316 were given nonzero
weights. After all the assignments were made, all possible
ground state combination differences were formed and com-
bined with those from the (210) and (111) bands and seven
microwave lines to reanalyze the ground state. Then the new
ground state parameters were used to refit the upper state
of the (011) and (110) bands. The observed and calculated

values of the line identifications are listed in Appendix X

gy 4 3N




97

32
Table XII. Molecular Parameters of H2 S for the States
’ (110) and (011)

State (110) (011)

vo 3779.176+0.011 cm™ T | 3789.279+0.011 cm™*

A 10.5469+0,0023 10.4828+0,0019

B 9.105740,0020 9.1515+0,0018

c* 4.6049+0.0014 4.6109+0.0014

. -0.00971+0,00014 —0.0097340,00012
aaaa - -

. ~0.00575+0.00015 ~0.00579+0.00010

. +0.00678+0.00017 +0.00676+0,00010
aabb - I

. ~0.0021340,00010 —0.0022740.00009
abab - I

Hy -204x107%+ 24x1077 | -118x107%+ 12x107°

G, 0.261 + 0,028 cm™ T

G -0.3603 + 0.0079 cm T
XY o - (-]

No., of

Points 595

Standard

Deviation 0.,0139




Fig.

-1

Energy Levels in cm
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12. Energy Level Shifts Due to the Perturbations
(110) State (011) State
4514.4
4513.1 880
4513.0 881
~e FL
~n’ la o
4508,.1
880 4506.6
881 4506.5
o [~
1 4434.1
863 4432.5
4431.6 853
4429.3
Unpert. Pert. Pert. Unpert.
JKR_K Value Value Value Value JK_K,
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and the results of the analysis in Table XII. The tol-
erance of each parameter is for a confidence interval of 95%
which is about 6 times the standard error for this fit.

The shift of several of the more perturbed upper
state energy levels from the position predicted by an un-
perturbed Hamiltonian is shown in Fig. 12. These shifts
were calculated using the program NEW CORIKORR listed in

Appendix XI.

Reanalysis of the Ground State

When the assignments from the (110) and (01l) bands
were completed the transitions within each band were used
to form as many observed ground state combination difference
as possible by taking the differences between the appropri-
ate frequencies., Whenever the same combination difference
was found within a band or from several bands a weighted
average was formed. In all 317 different ground state
combination differences were formed from the four bands.

In addition, the following seven microwave lines found by
Gallagher (50) were included with large weights approxi-
mately in proportion to the relative precision of measure-

ment with respect to the infrared combination differences.

4o > 42 369,126,912 MHz
2_2+ 2O 393,450.40
3l > 33 300,505.56
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3,7 3 369,101.56
1> 1 168,762.762
2+ 2, 216,710.46
4, ~ 4, 424,315.45

-5
The conversion used is 1lMc/sec = 3,.,3356382 x 10 cmo o,
Using CD-FIT, a program written by Moncur (46), a set

of combination differences Af (the appropriate differ-

calc
ences between the calculated energy levels of the ground
state) was formed using the molecular parameters found in
our previous analysis. The equation input to the least

squares subroutine is

AfObS - Afcalc = (°‘1" - a2") AA" + ('81" -52") AB"
+ (Ylu - Ylu) ACY
L
+ Ty L0g™y = O™ alag” + Lxe™) | = (xg") ] dHy"
(VI-13)

where Afobs stands for the observed ground state combination
difference and the coefficients of the molecular parameters
are the average values of the operators for the two rota-
tional states involved. The results of the analysis are
given in Table XIII. The tolerance of each parameters is
for a 95% simultaneous confidence interval which in this

case is about 4 times the standard error.



101

32
Table XIII. Ground-State Parameters of H2 S

A 10.3601 + 0.0003cm™t
B 9.0156 + 0.0003
C 4.7318 + 0.0002
T aaaa -0.00811 + 0.00002
Tbbbb -0.00485 + 0.00002
T 2abb +0.00473 + 0.00004
Tabab -0.00138 + 0.00002
Hy -73x107° + 12x107°
No. of Points 324
Stapda;d 0.006 Egcludes
Deviation Microwave

Lines
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These values lie within the confidence intervals of those
reported earlier from our analysis of the (210) and (111)
bands. The observed and calculated values of the ground

state combination differences are listed in Appendix XII.



CHAPTER VII

CONCLUSION

The second-order quantum mechanical Hamiltonian
expression for the nonlihear XYX asymmetric molecule has
been extended to include Coriolis-type perturbations
between‘pairs of mutually interacting absorption bands.

New expressions have been found for the coupled Wang en-
ergy matrices which inclﬁde the perturbation coefficients
and centrifugal stretching terms.

The results from the analysis of two calibrated
high resolution spectra of the (210) and (111) bands of
Hzazs (near 6300 cm-l) were used to evaluate terms in the
Hamiltonian expression and make order of magnitude estimates.

Five calibrated high resolution spectra of the (110)
and (011) bands of HZSZS (which mutually interact through
a Coriolis~-type perturbation) were run near 3800 cm-l.

In order to minimize measurement error, measured frequencies
from each recording were combined using a weighted averaging
technique which took into account the precision of measure-
ment of each line and the quality of calibration of each
record.

The (110) and (011l) bands of H23ZS were simultane-

ously analyzed using the derived Hamiltonian expression

103
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which takes into account their mutual interaction. It was
possible to identify most of the observed stzs absorption
lines in the 3800 cm™! region by means of this analysis.

Using data from the (210), (111), (110) and (011)
bands along with seven microwave lines, the ground state
of H23ZS was refit by means of ground state combination
differences. Improved values were obtained for the ground
state A, B, C, taus and HK term. Then the upper statesof
the (110) and (011) bands were fit again using the new
ground state values. This fit yielded final upper state
values of A, B, C, four taus, HK and the perturbation
coefficients Gx

Y
state parameters make no appreciable change in the values

and Gz’ The revised values of the ground

for the equilibrium molecular constants and structure
published earlier by us (25).

The favorable comparison of the standard deviation
of the ground state combination difference fit and of the
upper state fit with the standard deviation of the. calibra-
tion fit is interpreted to mean that the equations used are
essentially correct. However, the improved results given by
the slight empirical modifications of allowing the taus to

differ in different vibrational states and adding the H, term

K
indicate that a higher-order expression might be useful for
analyzing the 3800 cm-1 region. The molecular parameters

found in this analysis should be directly applicable to such

an extension of the energy equations.
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APPENDIX I
(2)
st'aB FOR THE NONLINEAR XYX MOLECULE

From the definition in (II-8)

(2)aB o8 o a:sagf

fgg? = “hAggr t 2s" bssm Fgrgn Tt
§&X,yY,2 IG
The A;Sv are defined as (15)

aa  _ B .8 Y Y
Bggr = zi (1islis' *ligligt)

aB  _ a .8
Aggr = zi Listise

When the values for the lzn (17) are substituted into this

definition, the following non-zero terms result:

XX _ 1Y )2 Y 2 Y \ 2 _ .2
Ay = (111) + (121) + (131) = sin’y
Ay, = (19,07 + (15,) 7+ (19 ) = cos‘y
AXX _ (1Y )2 4 (0¥ )2 - ix
33 23 33 - }
V4
XX _ 1Y Y Y Y Y 1Y — :
Ay, = 19,19, + 15,10, + 17,15, = cosy sinY
Y _ X 2 X 2 2
AYY = (1% )% 4+ (1% )? = sin’y

22 22
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vy X 2 X 2 Xy 2 _ Y
A33 (113) + (123) + (133) Iz
aYY = 1% 1% + 1% 1% = =sinY cosY
21 2221 32731
z2zZ _ X X Y y27 =
Ay = zi [lillil + (lil) ] 1
2z _ X 2 Y 41 =
A, = zi [(112) + (liz) I =1 ’
(See p. 110 for
zZz _ ¢ X 2 Y 21 = nonzero Xy terms

B

g terms were found to be zero. It was nec-

All other A:
essary to carry out this calculation since many of the
terms in similar calculations found in the literature con-

tain typographical errors. It was heartening to find that

the above values agreed with those found earlier by Parker

(51) . By using Table V the possible values of Qézzae are
ad_B6
a_a
(2)aB _ _,oB a B s s'
Ugst = “Agsr 2s"css"“‘s's" +ZG=X,YiZ _—;—-

8

By carrying out the sum over the aB components in the first

sum of (II-7) the nonzero values are found as follows:

aXXagXx aXYaXy
s s s s

(2) xx XX
s = “Rggr * *
I I
X Y
XX_YyX Xy.Vy
a_"aly a_tazd
Qé;{xy - _Axy' + _8_8' , s s
ss I I



VX _XX VY _Xy
at®a’y alfa’
Qé;{yx - 'AZ:' + S s' ., s s
I I
X Y
a¥X¥X VY,V
Q(2)'yy =AYy 4 s sl s s
ss ss
I I
X Yy
22 _22
a““a
2)zz zz z z '
QS(S)' "Assl ZS"ESS"CS'S" + 5 =
I
z
Therefore the first sum in (II-7) is:
(2)xx_ 2 (2)xy (2)yx
+ 7 ., q59g fsgr Py + Aggt PxPy + Bgg Pny
ss
2 i
TRINL I, I, 1T,
o(Plyyp 2 g(2)zz, 2
+ _ss' y 4 _ss' z
I 2 1_2
y z
1
Q(Z{as T
= % zss'zaB =2 (¥HA ) 954 WP PB
IaIB s s'! sTe
Nonzero xy terms:
AXY = _cosy (I./1.)% = a¥X
13 © cos X Z - 31
A¥Y = siny (1_/I 52 aYx
23 = Sin x’*tz = A3,
A% = (1 1% siny = a¥¥
31 T y/tz) c SInY = Ay
A¥YY - _(1 /1 V% y = a¥¥
32 y/tz’© COST = 853



APPENDIX II

USING ISOTOPIC SUBSTITUTION TO

FIND FORCE CONSTANT ESTIMATES

Isotopic substitution is useful for estimating the
force constants in (II-28) since the three normal fre-
quencies of hydrogen sulfide do not constitute enough infor-
mation. By including the normal frequencies of deuterium
sulfide, (II-28) may be solved for estimates of the force
constants. The method of isotopic substitution is detailed
in the literature (19) so only the important steps are
covered here.

Using the same geometry and mass-adjusted symmetry
coordinates as Chung and Parker (17), the symmetry coordi-
nates without the mass adjustment are denoted by primes on

u, v, and w.

[ ]
v gt - (y,"' + vy, )= o
! 2
w : (xz' + x3')_ '
— =x,' - = w
i 2

Then the harmonic potential energy is

2
2V =k, u? +k_ vV +k, w
22 33

11 + 2k12uv

=k 'utt ok, P ek twt? 4 2k, tuty!

111
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The harmonic force constants in this system are

given by

— m —
kit' = 3k, kyg' = uy kg

- - [mu
kao' = w Ky kpj,' = P kiz

From (II-28) and the force constants, it is found

that

>
+
>
I
P
+
-
I
3N
=
+

To find k22 from hydrogen sulfide and deuterium

sulfide data, respectively, the expression for A o+, is

written
m
H H _ m H
2—— (Al + AZ) = kll' + (-2—11-) k22'
m
D D _ ' m D '
3 (Al + Az) = k11 + (2u k22

Solving for k22', k may be immediately found.

22

H D
. _ (2mH+M)[mH(A1+A2) - mD(A1+A2) ]
22~

2mH(mH-mD)

To find k11’ arrange the equation for i, +12 as
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H ~ \H
u (A1+A2)

I
N
=
~
+
~

D D
A
VIR | l+AZ)

I
N
B:
o
+
-

Solving for kll', k11 may be found.

H D
. ) mH(ZmD+M)(A1+A2) - mD(ZmH+M)(A1+A2)
11

2mH(mD - mH)



APPENDIX III

THE VANISHING COMPONENTS OF H',

1a1n2rhqn)

21

=0

3
Ap=ilHy, 8 p1) = zn=1(a1nqn+

3
1) -
H ' _zn=1(a1n n o

2 .
341 (4 3 =
2n=1a3n(qn th(rhqn )) 0

1 1
X, 4 Ag b
] - < - - - .
H'y,, =a,, [(x ) P,d; (A ) a,p,] - ilH_,S_ ]
3 2
- LT E N
=2y, ]‘3’ P,q, TZ' 92P;
- 2y - (23" =
a,, [(x ) P,d, (—=) q2p3] 0

3 Ao

2
: 2
1 —
HiyYyy = 2n=1(a51nzq1qz *agn;39;709,

2

i [H S +
PG o Soin, + Sinsy)!

2

= Ine,(@g1n,9,9, *+ 2,0

2)
i 172 sN33-3

9n

2
- 2 =
zn=1a51nzzj=1Dnjqn 9 In=125n339379, 0

where Dnj = (1 - an)
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APPENDIX IV
THE COMMUTATORS IN H'2

The following notation is used for the commutators

in (III-8):

1 1
Ao+ Ay b A, b
N = &[3(+—=) + () 1] N, = ()
. 2 Ay Ay 2 Ay
i 1 X1
Ay 3 Mot
Moo= (=) Moo= $[3(=) + (=) 1
A Al 3
2
The commutators are:
3 . 3 a _p
(2) [§ _s _,H+H,")] =-L[2_——§—1n 2, (H +H ")]
n=1 in’ 242 n=1 )\n 1 1
_ 12 2pn? 32 215%3p9, a5n33(a1nq3 a13qn)
- T fﬁin=1 e - f"zn=1 N 1 'zn=1 A 2\ * + 1’ 93
n nz n? N7
2 D_.a a_ . q.
-y . nj in (a q. + —=Lld2 Jyq
n,j=l1 xy L 51n2-°n 2 J
n2
n#1 (-1)"a #1 a D_. i
+9 in {7 —=22.2) (=) p
n=2,3 o8 3=5,3 A % Xn J
n
1
+1
n 2 -1)™'a. a 2 . 4
“lna1, 3 Lln & gj_] 3Dn3[3()‘ll) + (12) ]pj
A 7 ! n J
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. .
2 [En—1ssn’(H1+H1 )
2
2 2
3 G2 2
2. ua [a1n+asn33q3+zj=1Dnj(aslquj a;nM3Ps) 1p%,

ot S I 3n

SR

A An® )

2 o dmdi s
+a3n(%[pn,qn] i )+a51nzzj—1 nJ[pn’q N a5

2
e 2
§=1Pnj (@510, (A5+2apag) -a, Mop ) gy

2 TR
an n[qn'pn] a3*t(a p*tagnysg, +3a3nqn da,

F

; S+
nlasxnz (20 -2 215%251n,
nj

2+a 2
An*55339;

2
= - +
(4 j) ax M LP; +3a 3395

+2 25152995

j

-2a, \N d,P4 9,

2
& e 21n%as514,95
n

[y

Ai)
(nhy a nM5P3*asn339,

3 2i2
i Ga3nqnqj+4a5m2qjqn

NN

-a7ij[p 3

=22 7nannqjq :




117

2 2
[a,.+a..,.9,~a .M p lp_ +
+ -1 2 Phi®s1n2 (2An 137533373 "73 n"37 " n
n,j=1 3 2 2
21 ! ol
A§(4An-xj) 2[a1n+a5n33q3-a7nMjp3]pnpj

2.4 2 2
+3a3n[pn,qn] pj+3a3jpnqj

+ 2 2
+a51n2[2[pn'qn] quj+qnpn]

2 2
+2a51j2[pnquj+qnpnqj]

. 2
1 '
(3) (Lo Sonasr (Hy+H )]

2

=z §

-1 Dni?Snas (a
248

a q. +a
. (2r —a | 0 smyed snaadsldy
n,Jj=1 3 n

2 2 2 2
An(4A3 An) +3a3nqnq3+2a51n2qnqjq3

+2a7jannqjq3

2
ta, My (2ppapa -p.q,”)

—n

’_‘

2 2(a13qn+a7ijqnpj)q3
(A2 ,)

2
+4(ag) 339,925, 339,9,)d,

2
-a7nNn(p3q3+q3p3q3—2pnqnq3)

+2(a; M q,*%a; Mq,)q,P,
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‘ , ,
(a, +a,. .. gi-a__M.)p
2 ,
-1 Dnja5n33 2)\3 In 7513273 “7n 3’ %3
+(==)] . L, (—3)
n“437*n @3nInP3%4 185 n,) 9z94P,
+a (21 1t +q2p?]
+2a_._ _[p,,q ]+p q.
sj33 F3r937 Ppdy
+2(a13pn+a7lN1plpn+a72N2pnp2)p3
i * '
B Y 1]2. 2 9
a7l(A§-Al)ﬁ ~a;,M19,95-a;,M,9,+a;,Nq;,
) t + % 2 2.1
4(A1A3)(A1+A3) +(al1Ps+a5122qu3'a71M293)(;;)

2 1
+(al3p1+a72N2p1p2+a71N1p1)(E;)

i ]
(3)[872'(H1+H1 )]

-a
72

0
40209 G =a )

2
q q
t3ay, — * 235, o §p3
42 P
a X 2a
+ _é%ii [2p1q1q3+q§p3] + 3233p1q2q3
4 5
_

2 2
AL tA -N +a M
( 2 3) a72(M1q2 2q3) 871 quqz
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1

2
2(A2A3)

o
43,0 )"0 =1)

1

2

+ 2 2
a,,P3tag,,,d,P3-a,,M p,
+ +a, . N.p+a, N

a)3py*a,,Nypy,+ta, Nypp,

2
+3a,,q,p,%22,,,,9,9,P,

+2a,,3,9,P,95%

5 2
tag,453(2p,q,93+q;pP,)




APPENDIX V

THE PURELY VIBRATIONAL CONTRIBUTIONS EV' AND EV"

120

2 2 1 2
3 n l§_ % a3 n(vn+2)
1 n=1 1
An2 in An v
1 1
a3na5n33(v3+2)(vn+2)
7
Dn,a n aslnz N N
—;lfi- a51j2+ ——;——)(Vj+2)(vn+2)
n
a . (v +4)+a (v_+4)
D_.a 33 3 2 sln2 " 'n 2
n! 51N2 5J (V +~L)
A 1 1l n 2
j2 4(x_r.)2 1
+(3a3j+__n_L. 35 1n2) (Vj+2)
1 1
D_.a a51j2(vj+2)+a5n33(v3+2)
nJ 5n3 (V3+%)
1 1
A2 4(x A )E 1
n +(3a n+-——-3—i—-a5n33) (v *+3)
3N 4n =)
3 n



+
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1 1
ﬁ2C132 Aa 2 A 2
—_— [ (—) + (—)
21 Al A3
Z
2 2 1 L
ol (,23 )‘3 2 )‘2 2
—_— (=) + (;—)
2Iz Az 3
£’ 2 2. 3he
— (g13 +2,3 ) + —
4Iz 2
3
3hc ).

i,j=1 13 11]3

]

]

3

(v1+%)(v3+%)

(v2+%)(v3+%)

i=171iiii

(v. +-L) (v +J-)

2
[(vi+d) +3]



APPENDIX VI
ANGULAR MOMENTUM MATRIX ELEMENTS

Listed here are the angular momentum matrix elements
from Posener (19) needed to evaluate (III-18), (III-19) and

(III-20) to arrive at (IV-3) and (IV-4) using £ = J (J+1),

2, 22 4 4oy

<K|P_|K-=nK  <K[P, [K>=fi K <K|pz |K>=# K
2 . 2 -,nz 2
<K|P_ IK/—\K|PY | K =>—[f - K ]

b 2 2 2 2
<Klpx“|K>=<K|Py“lx>=‘%—43f —2 (3K +1) £+K* (3K +5) ]

2 4 2 2
<K| [pxz,py ]+|K>=%—[f2-2(K ~1) £4+K% (K =5)]
2 2 2 2 .+ 4 2 2
k| [P " ,P, ]+|K>=<KI[PY 2 1T [£-KT 1K N

2
<K|px2|xtz»=-<xlpy2Ixtz>=4%-[[f-x(xt1)][f-(Ktl)(Ktz)]]2
<K|P l'IK*:2>=-<KIP L'lKif2>

x y
nY % 2 2
=B ER(REL) ] [£- (KEL) (K22) 11 (26K - (K+2) ]

2 2

2
| e, P ]+|K12>=-<K|[Py P 017 kt2>

z 1

=M [ LE-R (K1) ) [£- (KED) (K£2) 117 (K "+ (k22
1
<K[[Px,ny|Kiz>=iigi[[f-K(Ktl)][f-(Kil)(Kiz)]]z

L,l 2 2.4

4
<K|P_ ]Ki4>=<K|Py Kt4>==4<K| [P R |K*4>

1
%‘%[ [f-K(K:1) ) [f- (K£l) (K£2)] [f-(K$2) (K£3) ] [f-(K*3) (kt4)])2

122
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LISTING OF PROGRAM G.S.Ex.D.
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12

2000

2001

13

113

124

PROGRAM GSEXD

DIMENSION EP(11,11), EM(10,10), OP(10,10), OUM(10,10)

COMPLEX EP,EM,0P,0M

COMMON JOPT,RHO,]ER

ARITHMETIC STATEMENT FUNCYIONS
OFI‘A.B.CS‘ J.K);.S‘(J'(J‘i.,'K'K)"AtBSTAN‘Q5.K.K.R,‘<J"2'(J‘1.)
1 we?2 e2,#(Kekel Yo Ju(Jsl, )eKeK* (KeKoB ))?Y/16,¢(CSe ,75¢TAN)eKeK
2 #,25¢TeKewdo (3,0 ve20(Jel,)002v2,0(3, vKeKel deJo(J o], )sKeKa (3, oK
SeKe5,))eX/32, oHKeKwwb
FZ(A.B.J)8.25*J*(J01.)'(B'A*(J'(Jél.)-1.)'025'V*|5'5)
F3tJ)sJe(Jel,)e(Je(Jey,)e2,)
0F4(A,B,J)3,25¢SQART(2,wJ*(Jel,)e(Jw(Jey,)=2,))0(BrAs 250yn(Ja(Jel,)
192,)eS)
DFS5¢JISSART (2 o w(Jel, ) (Je(Jel, ) w2, )0 (Je(Jel )6, )0(JUn(J*l,)e12,))
1ey
OF6CA,B,J K)E,25¢SART((Je(Jel,)uK*(Kel ))o(Jw(Jol,)=(Kedl )o(Ke2,)))
14(BehA+, 25¢(J¥(Jel,)eKaKe2 oKe2,)0Ve So(KaKe2, oKa2,)9sS)
F70J)3J0(Jel,)aSART((Jo(Je1,)w2,)0lJw(Jes,)o6,))0V
0FBCJ,K)SUSSQRT((Je(Jel,)wKe(Kel ))w(Ja(Joly)o(Kel,)e(K®2,))n
1(Je(Jeg )e(Ke2 )e(KeJ Y)o(JelJsl,)m(Ke3, )e(Kedy)))

READ 12,A4,8,C,JRUN,TAQ,TAT,TAS, TAN,AEQ,BEQ,HK, JFMAT
FORMAT(3F15,7,33X,12/4F10,7/2F15,7,F15,12,33X%,12)

ARJTHMETIC STATEMENTS

RHO31,0E=06

1ER=0

I0PT=0

CEQ=(AEQ*BEQ)/ (AEQ+BEQ)

RSsCEQe#2/AEQwe?2

SSaCEQew2/BEQ®e2

RasRS¢+ (TAO+TAS)aSSe¢(TAT+TAS)

SETAS*(RSeSS)eTATeSSeTAQ®RS

T332 ,#*RS*SS#TASeRS*#2¢TAQ+SSwe#2sTAT

Va(TATeTAQ)

Xe(TAQeTAT)

Ys(TAS+2,*TAN)

Us(,5*XxeY)/32, |

PRINT 2000,A,8,C,TAOQ,TAT,TAS,TAN

FORMAT(//% A(V)R*F15,7/¢ B(V)3eF15,7/+ C(V)®*F15,7/
1 ¢ TAAAA=eF10,7+ TBERBswF10,7« TAABBa»F10,7* TABAB®«F10,7//)
PRINT 2001,AEQ,BFQ,CEQ,HK

FORMAT(*AEQS*F45,7¢« BEQawF15,7% CEQa«fF15,7* HKseF15,12//)

DO 11 Jsi,JRUN

DO 13 Lsi,14

DO 13 M31,11

EP(L,M)=0,0

DO 113 L=1,10

DO 113 Ms1,10

EM(L.M”OOO

OPtL,M)=0,0

OM(L,M)=0,0
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C MATRIX FOR E PLUS AND E MINUS
KSsJ/2=~1
KMAX=J/2#+1
KMINsKMAX®1
GO TO (5,6,6,7),J

7 EP(1,3)3F5(J)

6 EP(1,2)8F4(A,8B,))

5 EP(1,1)3F1(A,B,C, Ji.0)

DO 1 Ka 2, KMAY

KK 3 2¢e(Kel)

KM 38 KMAX ¢« K « 1

GO TO (2,3,4), (KMINeK)

4 EP(K,Ke2)sF8(J,KK)
EM(Kel,Ke1)8F8(J,KK)

3 EP(K,Kel)2F6(A,B,J,KK)
EM(Kel ,K)SF6(A,B,J,KK)

2 IF(KK'EOQZ) EP(KOK)'FI‘AIB’CQ JQKK,.FS(J"U
lF(KK.NE.Z) EP(K.K"FI(AcB.Cn v KK)
IF(KK,EQ,2)EM(K=1,Ke1)8F1(A,B,C, JaKK)«F3(J)vy
IF(KK,NE,2)EM(K~1,Ke1)=F1(A,B,C, Ja KK)

1 CONTINUE

C MATR]XY FOR O PLUS AND OMINUS
Kixs(Jel)/2
DO 101 K=i,KIX
KOs2+*Kel
GO T0(102n1030104>o(KIX*l-K)

104 OP(K,Ke2)8FB(J,K0)
OM(K,Ke2)20P(K,Ke2)

103 IF(KO,EQ,1)0P(K,Ke1)sF6(A,B,J,K0)eF7(J))
IF(KO,NE,1)0P(K,Ke1)eF6(A,B,J,KD)
IF(KO,EQ,1)OM(K,Ke1)eF6(A,B,J,K0)eF7(Y)
IF(KO,NE,1)OM(K,Ke1)sF6(A,B,J,KOD)

102 IF(KO,EQ,1)0P(K,K)=F1(A,B,C, JeKD)eF2(A,B,J)
IF(KO,NE,1)0P(K,K)sF1(A,B,C, Ji1KO)
IF(KO,EQ,1)OM(K,K)=F1(A,B,C, JeKO)eF2(A,B,J)
IF‘KO'NE.l,OM(K.K)‘Fl(AOBQCO JOKO)

301 CONTINUE

C FORMING HERMITIAN CONJUGATES
DO 9 N=31,KMAX
INsN+1
DO 9 Ma]N,KMAX

9 EP(M,NISERP(N,M)
KxsJ/2
DO 19 N=Y,KX
INsNe}

DO 19 M3IN,KX
19 EM(M,NYs EM(N,M)
DO 109 N=g,KIX

INaNe+1
DO 109 MzIN,K!X
OP(M,NY=OP(N,M)

109 OM(M,N)BOM(N,M)
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IFCIFMATY 517,516
CONTINUE

THIS SECTION PRINTS THE MATRIX ELEMENTS

518
10
14

519
16
15

520

110

114

521

116

115
517

PRINT 518,J
FORMAT(//«EPLUS FOR J3e]3)
DO 14 Ks1,KMAX

PRINT 30,( EP(K,L),L=1,KMAX)
FORMAT(//(12(F10,4)))
CONTINUE

PRINT 519,J
FORMAT(//*EMINUS FOR Jaw«l3)
DO 15 Ks1i,KX

PRINT 160(EM(K}L).L=1,KX)
FORMAT(//(12(F10,4)))
CONTINUE

PRINT 520,V
FORMAT(//«0PLUS FOR Jz#]3)
DO 114 Ksi,K]X

PRINT 110,(0P(K,L),L=1,KIX)
FORMAT(//7(12(F10,4)))
CONTINUE

PRINT 821,J
FORMAT(//«0MINUS FOR Jasl3)
DO 115 Kei,KlX

PRINT 116'(0H(K'L’.L=1.le’
FORMAT(//(12(F10,4)))
CONTINUE

CONTINUE

E1GENVALUES ARE FOUND IN THIS SECTION

CALL JHERMX (EP,11,KMAX)
CALL JHERMX (EM,10,KX)
CALL JHERMX (OP,10,KIX)
CALL JHERMX (OM,10,KIX)

> PRINTING EIGENVALUES_HITH JoKe,Ke LABELS

312

314
313

PRINT 312,J

FORMAT(//*GROUND STATE ENERGY LEVELS FOR
DO 313 [=1,KMAX

KPLUS=22%(]e}1)

TAUPasJ=2«KPLUS

KMINUSsTAUP#KPLUS

PRINT 314,J,KMINUS,KPLUS,EP(I,1)
FORMAT(313,F15,4)

CONTINUE

DO 320 ]s1,KX

KPLUS =2+]

TAUPsJm2%KPLUSe1
KMINUSsTAUPKPLUS |

PRINT 314,J,KMINUS,KPLUS,EM(I1,])
CONTINUE

DO 330 Is=si,KIX

KPLUS =2w]e}

TAURaJe2eKPLUS

Jael3/77)
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KMINUS=TAUP*KP|US

PRINT 314,J,KMINUS,KPLUS,0P(I,])
230 CONTINUE

DO 340 |s1,KIX

KPLUS =2¢]el

TAUPzJe2«KPLUSe1

KMINUS=sTAUPeKP| US

PRINT 314, J,KMINUS,KPLUS,OM(!1,1)
340 CONTINUE
11 CONTINUE

END

SUBROUTINE JHERMX(A,NM,N)

COMMON JOPT,RHO,lER

DIMENSION A(NM,NM), S(21,21)

COMPLEX Al Sl V10 V2. V3. CSNYQ SNT' TEMP

IoC = 0

1ER = 0

EP12=0,000000000001

EN = FLOATF(N)

DO 1 I=1,N

DO 1 Jsi,N

S(1,J) = (0,0,0,0)

lF(I.EQQJ)S(l.J) .(1.000|0)

1 CONTINUE

IF(N,LE,1)GO T0 12
SOFFD s 0,0

NM1 = N»i

DO 2 lIi.NMl

1d = 1

DO 2 JslJ,N
Xi{sA(],J)
XZ.A(l.J)'(OOO;.1|0)

2 SOFFD=SOFFDe2,0¢(X1eX10X2¢X2)
IF¢SOFFD ,LT, 0,1E*10)GO YO 12
THR = SQRTF(SOFFD)

FTHR = RHQ«THR / EN
IND = 0

THR = THR 7/ EN

DO 10 L=2‘N

LML = =1

DO 10 K=1,LM1
Xi=A(L,K)
XZ'A‘LpK,'(000;1|0)
JF(SORT(X1wX1eX2¢X2),LT,THR) GO YO 10
IND = 8

Vy = k(K.K)

V2 s CONJG( A(L,K) )
vy 3 A(L,L)

C s »AIMAGC A(L,K) )
B = REALC A(L,K) )

E = RPEALC ACL,L) )

D =« FEALC A(K,K) )

& Gl
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THET s 0,0
IF(AESF(C),LT, EP]2)GO TO 13
THET & 1,5707963
IFCARSF(B),LT, EPI2)GD TO 13
T s Cy/ B
THET & ATANF(T)
13 CONTINUE
PH! = 0,78539818
ED 3 ABSF(EeD)
IF¢CED ,LT, EP12)GO YO 15
TAQ = 2,0« (BoCOSF(THET) ¢ C#SINF(THET)) 7/ (E=D)
PH! & 0,5 « ATANF(TAD)
15 CONTINUE
CSNT =COSF(PH]) ¢ (0,0,0,0)
CS s COSF(THET)Y * SINF(PH])
SS = SINF(THET) « SINF(PK])
SNT =2 €S ¢ (0,0,1,0) « SS
DO 8 I'ioN
TEMP 3 A(],K)*CSNT e A(],L)*CONJG(SNT)
ACl,L) = A(I,K)Y®SNT & A(I,L)*CSNT
A(l,K) s TEMP
IFCJOPYT ,EQ, 0)GO YO 8
TEMP 3 S(],K)*SNT » S(],L)*CONJG(SNT)
S(1,L) 8 SClsK)Y*SNT & S(I1,L)*CSNT
S(1,k) & TEMP
8 CONTINUE
DO 9 I=1,N
A(K,1) 3 CONJG( A(l,K) )
A(L,1) = CONJG( ACI,L)Y )
9 CONTINUE
A(K,K) & SNT*CONJG(SNT)*V3 ¢ CSNT«CSNT«V1~-5NT«CSNTeCONJG(V2)
1 «CSMNT#«CONJG(SNT)IwV2
A(LsL) 3 CSNT#CSNTeV3 & CONJG(SNT)eSNTw#Vy ¢ SNTeCSNTw
2 CONJG(V2) ¢ CONJG(SNT)*CSNTeV2
A(KoL) 8 CSNT#CSNT#V2 @ SNT#SNT#CONJG(V2) # CSNTe¢SNTevV}
1 eCSNT#SNT#V3
A(L,K) 3 CONJG( A(K,L) )
10 CONTINUE
10€ = 10C « 1
IF¢lcC ,GE, 100)G0O TO 21
IFCIND ,LE, 0)GO TO 11
IND = 0
GO TO 4
11 IF(THR=FTHR)12,12,3
12 RETURN
21 lER = ¢
RETURN
END
RUN,5,1200
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PRIGRAM 1ISEXT
NI“EMSION FPV1€24,21),FPV2(21,21),NPV1(20,20),0PV2(20,20),
1 A(2),Bl2Y,CS€2),F(R2,3),TAD(2)sTAT(2),TAS(Z)»TAN(2),EN(2),HK(2)
COMPLEY FPV1,ERPVZ,NPVL,0PV?2
COMMNN 1OPT,RHN, TER
r ARITWMFTIC STATEMENT FUNPTIONVS
f FICA,BsCS,FN,TAN,RaY, ToX,HE s Jo XK )25 (Jn(J*l,)"KwK)w
1 (A+BeTAN+ SaekakaR)+( Jee29(Jt1)ne2°2 v (KaK=q,)ede(Je1,)
? ¢KaKe{KeKaS5,)) Y /16, +(CS+,75¢TAN)eKeK+EN+ , 250 ToKweq «
T (T, 0 )wwe(J+1 )02 #(3J aKw(e] )W Je(J+1,) +
4 K¥Ke (3, #KeK¢S5,)) X /32, +HKeK**§4
FReA,ByJdsV,S)=z. 280 Ja(Jel,)e(B=A+(Jw(J+1.)"1,)wV/4,4+5/2.)
FI3tudzsde(Je+l)e(us(Jel, )=2,)
FAalA,BoJsV,S)=,28%SQRTF(2,0Uv(Jel,)v(Ue(Jeq,)=2,))¢
1 (BomA+ , 25e¢Ve(Je(J+1,)+2,)+S)
PFSCJISSQRTF(2adw(Je1,) e (Ja(J*1,)=2 )0 (Un(J+l,)"6,)e(J0(JU+1,.)-12,))
N FAOC(A,R,Us%,V,S)2,25¢SNRTF((Jr(Je1, ) mKw(Keq,))o(Jo(Jel,)r(K+1,)
1 ‘K*Z.)’)*(“‘A*.25'(J0(J+1.)'K'K'2.'K-2.)'V
P .50 (K¥Ks2,%Ke7,)8%)
F200)sUw(Je14)eSERTF(( U (Js1s)=2,)0(Je(J*+1,)"6,.))
NFBLU,KIZSQARTF (U (Jel,)oKo( X+ ))o(Jw(J+l,)o(XK+1,)0(K+2,))n
10Je(Je1 V= (K+2 ) (KeT ))e( Jn(Jel,)=(KeTJ,)w(K*4,)))
FOUU)a,25¢WwSQRTF (2w r(Jel1,)*(Je(J+1,)=2.))
FAN(J, K)o 25+WeSORTF((U*(Jsl ) eKe(K+1))n(Je(Jel,)=(K+1,)*(K+2,)))
~roIN2yT INSTRUCTIONS FCR PFRTYURBATION TERMS,.. G& =GZ AND Wz =GXY
READ 12, CACI),R(1)4CSCI),TAOCI),TATCI),TASCI),TANCI)LENCI),HK(T),
1 1284,2),0,Ww, lFMAT,AEQ,REN, JRJIN
12 FORMAT(3IF15,7/4F10,7/F10.4,F15,12/73F15,7/74F1C.7/F1n,.4,F15.12/
1 2F1n,4,58Y,12/,2F15,7,48%,12)

r ARITHMFETIC STATFMENTS
RHN = 1 ,NE=Q4
lER="N
10PT=0

CEQA=CAFQ*B~Q)/(AFQ+BEQ

RSERFQea?2/(AFQeBFQ)ww?

SSIAFQew?/(AFQeBFQYew?

R1SRSw(TAO(1)+TAS(1))+SS#»(TAT(4)+TAS(1))

R2zRS*#(TAO(2)Y+TAS(2))+SSe(TAT(2)+TAS(2))
S13TAS(1)*(RS=-SSI+TAT(1)*SS-TADN(1)wRS

S2=TAS!2)'(RS-SS$¢TAT(?)tSQ-TAD(Z)tRS
T122,4RS*SSeTAQ(1)+RS*w2¢TA0(1)+SSww2«TAT(1)
7222, wRS*#SReTAQ(Z)#RSww2eTa0(2)+SSwew2eTAT(?2)

VieTAT(1)=TAO(Y)

V2aTAT(2)=TAN(?)

X1sTaT(1)+TAC(Y)

X28TAT(2)+TAL(D)

Y13 TAS(1)+2.+#TAN(Y)

Y22 TAS(2)+2,+TAN(2)

U13(.,5*X1-Y1)/32,

U2s(,5ex2=-v2) /22,
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PRINT QOnO-Afl,oc(’)DCQ(l)oTAofi,'TATtl,JTAS(l):TAM(l)pEN(l):HK(l)
270" FORMAT(//%(190) KAN)D PARAMETERSe//
1 #A(V1)zeF45,7e R(V1)=wFq5,/# CS(vi)=zwF15,7/
2¢TAAAA=wFINn, 7 » TRKRBewF 1N, 7w TAARB=#Fin,7« TABAB=#F10.7/
I *(11n) BAND FENTFR =wF10,4/*+AK1=eF15,12//)
PRINT 20Nn1,A(2),F(2),CS(2),TAO(2),TAT(2),TAS(2),TAN(2),EN(2),HK(?)
2nne FORMAT(//%(011) RAND PARAMETERSe//
1 #A(V2)geF15,7e R(V2)z#F15,7¢ CS(V2)=wF15,7/
2¢TAAAASFLIN, 7w TRBRBzwF1Nn,7* TAARSzeF10, 7% TABAB=wF10.7/
I *(N11) BANDN CENTER seF10,4/*HK2=¢F15,12/7)
PRINT 20n2,GaW
2n02 FORMAT(//*PERTIIRRATINN CNEFFICIENTS*/wRz*F10,4/9W2aF10,4/)
PRINT 20n3,AFQ,BFQ,CEQ
2707 FORMAT(t//*FQUILIRRIUM ~ONSTANTS UJSFD IM O0,Ds MATRIX ELEMENTSw/
1 wlENzeF15,7/«REN=eF15,7/«CENZ#F15,7//)
no 11 Js *:JR”N
N0 43 L=1,21
no 13 Ms1,21
EPV2(L,M)=n,N
1% EPV4e(L,M)=n,D
DO 113 L=1,2"
N0 113 M=21,29
OPVe(L,MY=n,0
1193 NPVR(L,MY=N, N
MATRIX FOR EVP4PLUSSEVP2YIMUS AND FEVP2PLUS+EVPIMINIIS
KMAYX s J/2 + 1
KMIN 3 KMAY + 4
JEYD 3 2#(J/2 + 1)-1
GO TN t5,6,6,7),
7T EPVY (1,3) = FS(J)vUt
EPV2(1,3)=F5(J)wL2
& FPVA4(1,KMIN) = (N,a=1,)1¢F0 ()
FPV2(1,KMIN)EEPYI(1,KMIN)
EPVY (1,72) = Fa( A(1), B(1Y, JbyVi1,S1)
EPV2(1,2)sF4(A€2),R(2),J,V2,S82)
S FPV4(1,1)=F1CAC1)Y,R(1),CSC4)sENCL),TAN(L)»R1sY1,TL1,X1,HKC1),J,0)
EPV2(1,1)=F1CAC2Y,R(2),CS(2),EN(2),TAN(2),R2:Y2,T2,X2,HK(2),J,0)
DO 4 Ks 2, KMAYX
KK 8 2%(4X=4)
“M 8 KMAX ¢ K « 1
GO TO (2.3.4’. "M!N'K’
4 EPVq (Y,K+2) = FR(J,KKYw*l1
FPV2 (K,K+2) = FR(J,KK)Y®IJ2
EPVY (XM, KMIN + K) = F8 (U,KK)y*J2
FPV2 (XM, KMIN ¢« K) = F8 (.)o%XK)wUl
T EPVY (K,K+q4) = F& ¢ A(q), RBR(1), J, KK »V1,51)
FPV2UK,K*1)=F6(Al2),R(2),J,KKsV2,52)
FPVe (KM, WMAX &« K) = F6 ( A(2), B(2), J» KK»V2,52)
FPV2I(KM,KMAX*KYSFO(A(L1Y»R(4)sJ,KK,V1,S1)
EPVYL ( Ko WMAX + K ) = (Nes=1e )*F10 (J2KK)
FPVOIK,KMAY+K)ZEPVY(K,KMAX+K)
EPVY ( Kel ,¥M ) = (0. » 1, )* FL10C Js KK)
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FPV2(K+1,K¥)ZEPVI(Ke1,xM)

2 JFI(KK,FQ,2) FPVI(K,K)IZF1(ACL1)sR(1),CSC1)»ENC(1)ITAN(L)H»R12Y1,TY,

q

1

1

1

1

1

1

1

1

X1 HS(1),JsKK) +F3(J)wuUn
TF(KK NEL2) FPVLI(K,KISFI1(A(1)23(1),CS(1)sEN(L),TAN(1),R1,Y1,TY,
X1,HA(1),JsKK)

IF(KK,FQ,2YEPV2(K,K)3F1(A(2)sB(2),CS(2),EN(2),TAN(?),R2,Y2,T72,X2,

HK(2),JaXKK)  +F3CJY®112

IF (KK GNEG2IEPVO (K, K)F QL (A(2)aB(2)sSC2),EN(2),TAN(2)sR2,Y2,T2,X2,

HK(2),J, %K)
EPVY (K, KM) = (Nep1,)eGwKK
FPV2(K,KM)a=FPVL(K,KM)

TFEKY FQoe2) BEPVLIKM, KMISF1(A(2)2R(2)2CS(2),EN(2),TAN(2),R2,Y2,T2,

X2, HK(2),J,KK) =F3(J)wii2

TFOKY NEL2) FPVL(KM,KMYZSF1(A(2)»B(2),CS(2),EN(2),TAN(2),R2,Y2,T2,

X2,HK(2),J,KK)
IF(KK ,FQ 2YEPVO (KM, KM)sF4(a(1),B(1),CS(1),EN(L),TAN(1),R1,Y1,T1,
X1 )HX (1) pJsKW) =F3(.J)wUyq
IF(KK HEL2YEPVO (KM KM)2F1(a(1),B(1),CSC1),FENCL),TAN(C(L),R1,Y1,T1,
XeaHX (1), JsKK)
COMTINIIE

r “ATRIX FOR OViPLUIS«0QV2MIMUS AND OVIMINUS+0OV2PLUS

104

193

KiX=C(Je1)/?2

IMP22eK X

no 1M1 K=1,K!x

KATz=K [ XeK

KOI?'K-i

GO T0 (102,103,1n4),(K1X+1eK)

OPVYI(K,K*2)=F8(J,KD)*Uq

OPVL(KAT ,KAT+2)=F8(J,KN) w12

OPVRLK,Ke21zFB(J,KD) w112

NPV2(KAT,KAT#2)3F8(J,KN) w1

IFtKN,FQ,1) OPVICK,K+1)SF6(A(L1)»B(1),J,K0,V12S1)+FT7(J)wUY
IF(KNNEL1Y CPVLIIK,K+1)3FA(A(L)+B(1)sJ,KO0,V1051)
TF(KNFQ1YO0PVYI(KAT ,KAT+1)3F8(A(2),B(2),J,K0sV2,S2)=F7(J)w*U2
IF(KND NEL,1)0PVA (AT, KAT+1)eF6(A(2),B(2),J,K0,V2,52)
NPVI(K,KAT+1)=€0,,=1.)2F10(JaKD)
OPVY(Ke1 s KAT)=aOPVI(K,KAT+q)

IF(KNFQ. 1YOPVO(K,K+1)8sFA(A(2),B(2)5J,K0»V2,S2)+F7(J)wU2
IFCKN NELLIOPVI(K,K+1)2FA(a(2),B(2)sJrK0sV2,52)
IF(KNFQ,1Y0PVO(XAT ,KAT+1)=FS5CA(1),B(1),JsX0,V1,S1)=F7(J)*U1
IF(KD NEJLYOPVO(XAT ,KAT+1)2F6(A(1),B(1),JsK0sV1,S1)
OPVOU(K,KAT+1)=NPVI(K,KAT+1)

OPV2IKe1,KAT)=uQPVI(K,KAT+1)

1090 1F (KN FQ,1Y0PVI( X, X)SFa(A(4),B(1),CSCLYLENIL),TANCL)»R1,Y1,T1,

1

n

1
NTF(KNFQ,1I0PVI (AT, KAT)ZF4(A(2),B(2),CS(2),EN(2Y,TAN(2),R2,Y2,
1
NIF(KN NELLIOPVL(KAT,KAT)=F4(A(2),B(2),CS(2),EN(2)sTAN(2),R2,Y2,
1

X4 oHK(1),JaKN)eF2(A(1),Bl1)sJaV1,51)
[FEKNGYELLYOPVI (K, % )sF1(A(9)sBl1),CSCLYLENCL),TANC(1)HLR1,Y1,T1,
xlpHK(1).J0Kn)

TP2sX?2,HKt2),J, K0V F2(A(2)2B(2),4sV2,S2)

T2, X2,H4K2),0,%0)
IF(KN,FQR,1Y0PVI(K,MAT)2(N,,1s) (G0~ ,25%WeJ¥(J+q))
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TFUKN NELLIOP VA (K, KAT)=(N,,1e) e (5%k0)
IFEKN ,EQ,1)0PYD (K, K)=F4(A(2),B(2),CSC2),EN(R2),TAN(2),R2,Y2,T2,%X2,
1 HMK(2)Y,JsK0V+F2CAL2),R(2),JaV2,52)
TF(KOD NELYOPVO( U, X)EF9(A(2)aB(2),CS(2),ENC2),TAN(2),R2,Y2,T2,X2,
1 HK(2),J,%0)
NIF(KN,FQ.,1)YOPVO(KAT,KAT)=F1(A(1),B(1),CS(L1Y,EN(LY,TAN(1),R1,Y1,
1 Fe,X1,5K¢1),J,%0) ‘r2(A(1)09(1)3JOV1031)
OLF (KN NELLIYOPVO(KAT,KAT)eF1(A(1),B€1),CSC(1Y,ENCLY,TAN(L1),R1,Y,
1 T1,X4,HK(1),.,k0)
TFEKNFQJ1I0PVO( K, KAT)=Z( 0o, ~1e) W (GeKD+ 250 W Ju(J+1))
1F (KN NEL1IOPVI(K,KAT)2(No,=1e)*(GeKO)
101 CONTINYE
r FOIMING HERMITTIAN rOMNJIIGATES OF EPV1,EPV2,0nPVL,0PV?2
"D 9 N=q1,JFMT
IN=N+1
"0 9 MsIN, . JEMD
FPYDIM,NYSFONJR(FPV2(N,M))
N FPYEIM,NISPONJG(FPYLIN,M))
N0 109 N=21,IMD
INSNeq
NO 109 Mz N, IMN
NPVRIM,NISrONJR(rPV2IN,M))
197 OPVL(M,N)ZFONJG(CPVLIIN,M))
IFCIFMATY R17,514
514 COMTINUE
r TH!S SFCTINN PRINTS MATRIX ELEMENTS ,SFT IFMAT =1 JF NNT DFSIRFED
PRINT S5118,J
543 FORMAT(//9EVAR| US+FYIMINIS FOR Jzw13)
NOo 14 Xs1,JEMD
PRINY 10,(FPV1(K,L),Ls3¢, JE~D)
11 FORMAT(/(6N(FIn,4,F10.4)))
114 CONTINIE
PRINT %19, J
547 FORMAT(//*EV2PLUS+FVIMINIS FOR J=w13)
N0 1% X=z1,.EMD
PRINT 46, (FPV2(K,LY,L=31,JEM))
14 FORMAT(/(6M(FiNn,4,F1Nn,4)))
13 COMTINUE
PRINT 520,
524 FORMAT(//7*NVIPLUS+NY2MINIIS FIR J=wl3)
DO 114 K=1,IMD
PRINT 440,(0PVY(¥X,L),L=al,]IMD)
11" FORMAT(/L6C(FIN,4,F10.4)))
114 CO“TINUE
PRINT §24,U
521 FORMAT(//NV2PLUS+NYIMINIS FIOR Jsel3)
N0 115 Ks1,IMD
PRINT 146, 10PVO(K,1.),Ls1,IMD)
114 FORMAT(/(6M(F1n.4,F10.4)))
115 CONTINIUE
517 CONTINIE
f TH!S SFCYINN CALLS JRERMY
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CALL JHERMY(EPV1,21,JEHD)
CALL JMERMY(FPV2,21, JEMD)
CALL JHERMY(0OPVY,20,1MN)
CALL JMERMY(OPV2,20,1MnNn)

~ PRINTING EIGENVALUES WITH JsK=,K+ [ARELS

PRINT 523
522 FORMAT(/«EV1PLUS+EV2MINVUS ELLEVELS
1LS»/)
N0 313 J=1,KMAYX
KPLS=2w(l=1)
TAUPEJa2eKPLUS
KMINLISETAUP+KPLUS

EV2PLUS+EVIMINUS E,LEVE

PRINT 344, J,KMINUS,KPLUS,EPVI(T1,1),JsKMINUS,XPLUS,FEPV2(I1,1)

44 FORMAT(2(313,F15,5,10X))
343 CONTIN'IE
ITMINtEKMAX+1
NO 315 JslMINL,JFMP
KPLUS=?2w(laKMAY)
TAUP2Je2#KPLUS1
KMINUIS=TAUP+KPIUS

PRINT 344, U, MINI S,KPLUS,EPVI(TI,1),J KMINUS,KPLUS,FPV2(I1.1)

3145 COMTINYE
PRINT 822
522 FORMAT(/+»0V1PLNSe0V2MINUS ELLEVELS
1L.S*/)
"o 316 121,KIX
<PLUS=2¢l=4
TAUPsJe2eKPLUS
KMINUSSTAUP+KP| US

OV2PLUS+0OViIMINUS F,LEVE

PRINT 344, J,*MINLS,KPLIIS,0PV1(1,1),JsKMINUS,KPLUS,NPV2(I, 1)

144 COMTINUE
IMIN?sK X+
N0 347 lsIMIN2,IMD
KPLUSEZ2¢f |aKIX)~y
TAUP2Je2«KPLUUSe]
KMINUS=TAUP+XP| US

PRINT 344, J,XMINI S, KPLIS,0PVI(Ts1),JsKMINUS,KPLUS,NPV2(I,1)

47 COCTINIE

11 CO~TINJE
END
SURROUTINE  JHERMXTA,N#,N)
COMMAN [NPT,RHN, TER
DI“EMSTION A(NM,NM), S(21,21)
CO“PLEX A, S, Vi, V2, v3, FSNT, SNT,
107 = n
1eR = n
FP12=0,0n0n0M"0N0N0Y
EN = FLOATF(N)
D0 1 I=4,N
N0 1 J=1.N
S(1,Jd) = (n,N,n,N)
TFUTILEN.JY)SCY, ) =(1,0,0.0)9

TEMP
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COMTINUE

IFENLF,1)R0 TN 42

QOFFD g N,n

NM1 = Net

N0 2 I=zg,Nvq

1Jd = 1l+19

nNg 2 JslJd,r

X1=a(],J)

X2sA(]sJY*(040,=14C)
SOFFNsSOFFN+2 ,ne(X1eX1eXPwY2)
IFCSNFFD 1. T, Nn,4E=10)30 Tn 12
THR = SQRTF(SOQFFT)

FTHR =2 RMO#THR / EN

IND =2

THR 3 THR / EN

no 19 132,

LMY = | =1

NO 1N K=z, M1

X12A(L,K)

X2=AClL,K)*(0,0,1,0)
TF(SNRT(X1eX1+X2¢X2), LT . THR)GU TO 10
IND = ¢

V1 = A(K;K)

V2 = COANJGE A(L,%) )

V3 8 A(LpL’

C = wAUMAGE A(I,%) )

R =2 REALC 2(L,Kk) )

F 3 REALC A(L,L) )

N &8 PEALC A(n,K) )

THFT =2 0.0

IFCARSF(C) LY. EFIZ2)GD TN 4¢3
THET = 1.57079A3
TFCARSF(R), LT, EPI2)GO TO 13
Te €/ 8

THET = ATAANFLT)Y

CONTINUE

PHI 3 n,785%39318

FD = A3SF(F-L)

IFCEN ,LY, EPI?)R0D TN 45

TAN =2 2, Ne(BeCNSF(THET)Y + r~eSINF(THET)) / (E=D)
PHT = n,5 « ATANF(TAN)
COMTINUE

fSNT sNOSF(PRIY « (0,0,0.0)

CS =3 CNSF(YHET)Y e SINF(PH])Y

SS = SINF(THET)Y « SINF(PWI]Y
SNY = €S + (n,0,1.0) * SS

N0 8 l=zq,N

TEMP 8 A(],KY®CSANT « ACI,LY®CONJG(SNT)
A(Y,L) = ACT)KY®SNT + A(1,L)*CSNT
A(l,K) 3 TEMP

IFCINPY EN. 0)G" Y0 8

TEYP 2 S(I,K)*SAT = S(I,LY*CONJG(SNT)
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Se!1,L) = StI,KY«SNT + Q(1,| )*CSNT
S(1,K) = TFMF
a CONTINNE
0 9 I=1,N
A(K,T1) s CONJGC A(I,K) )
A(L,1) =2 CONJGE A(!,L) )
72 COYTIN'IE
A(X,K) 8 SNT*COANJGUSNT)I®#Y3I + CSNTwCSNT#V1I=-SNTACSNTeCONJG(V?D)
1 =CSNT@CONJG(SNTYIwV?2
A(L,L) = CSNT#CSANTey3 o CONJG(SNT)eSNT#vl &+ SNY#CSNTe
?2 CONJGUV?) + CNANJUGU(SNT)Y*CSMTV?
A(K,LL) 3 CSNT«nSATey?2 = SNT*SNT*#CONJG(V2) + CSNTeSATeyy
41 *CSNT«SNT#V3
A(L,K) = CONJGE A(X,L) )
19 COMTINUE
100 = 100 « 1
IFC10Cc ,GE, 100)r0 17O 21
tFeIND LLE, 0)RO TO 11
IND =2 N
GO TN 4
14 IF(THR=FTHR)12,1%,3
1?2 RETYRN
24 lER = 1
RETURN
E N T
RiIN,5,120N
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ASSIGNFD FRETMUFNFIES FNR THE (210) BAND

IPPER

-

D NI IS A A A IDINDITI»TADIIODNIPNL2 2229 DN A

=
2 0

11

-

DNI AL ANANDIIRDNLELAODINRIIADE DAL DI NENDIE AN

11
13

O DN NS A

2 8 ¢ ¢ ¢ & 3 & 3 0 % 5 0 8 OB O3 OAON RN SO OGE OGSO OOGN OQ OCORNODOQNOREODNOSYNOEROSBOGYELYOCEOGLEOYNOIQL SV

GPOUNN

- 1 s

. a

- A &
CENCCIDBDNUNPUNODOITIVNOORNLUWNONNFHL DO NNLGFOOVUTVOIRUONDNFPFOOYVENOTRNLBWLN

S A D A A s

[ R

- A A
NPV DUWFRPOWLNOOVOENOIOTVNLD2WNNFP,FE, NOUMTULUNOOYVEE  NOOUPFP NP OOVONIILBWN

ORSFRVED

626%,356
6253,024
6243,439
6232,r67
6221.,717
6211,193
6193,1301
648A,n45
6173,425
6161,424
6147.,n98
67252,360
6213,476
6202,.328
619Nn.,8/10
6178,937
6164,490
6154.111
622n0,938
6194,449
619%.967
6182,929
6171.,408
6209.R85
611n,28%
6319.518
6319,R156
6%27,783
6335,471
63472,810
634Q,749
63156,11
6362,487
636R,249
6373%,.448
6383,250
6387,457
632%.901
6327.404
6344K,940
6354,.459
6361.,A956
636”,594
675,403
6381,225

NIFFERENCE

'000”5
0.0724
0.0n4

’00003
0.018
0.020
0,039
0.045
0.043
0.013
0,008
0.0Nn0
0,019
0.0n2
0.074
0.047
0.053
0.077

'00018

'00065
0.043
0,030
0.003

‘000?3
0.014
0,005

'000?3

-0.0N6
0.002
0.014
0.015
0.0°3
0.032
0.015
0.028
0.058
0,097
0,039
0,039

'000?9

'00004
0.011
0.03
0.050
0.0h7

WETGHT

0.03
0.08
0.70
0.90
1.00
0.60
0.30
0.40
0.10
0.02
0003
0.50
0.50
0.70
0.30
0.01
0.01
0.04
0.006
0.20
0.40
0.04
0.10
0.50
.20
1.00
0.40
0.80
1.00
1.00
1.00
1.00
1.00
0.80
1.00
0.10
0.02
1.00
0.70
n.12
0.70
1.00
0.20
0.30
0.20
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139

6392,116
6345,179
6341,293
6373,n69
6373.101
693,510
639Q,481
6364, K29
6375,.428
6370.868
63972.110
6387.,R18
6397.5C05
6384,n51
6282,270
62804535
6277.507
6273,410
6261.790
67546,423
6274,236
6270,437
67274,895
6274,570
6272,.,800
6260,352
625R,268
6264,256

6262.752
6264,n54
626AK,536
626K,164
6727.560
6227.826
6215,343
6715.448
6215,877
6202,.,7910
6293,750
6295,%24
6298,180
6300.R80
6299,8510
630N0,400
6225,R78
6206,752
6331,152
6350,373

0.1n4
0.024
0.039
0.014
'000?8
0.047
0.023
0.012
0.094
0,044
-0,0091
‘00051
0.029
0.021
'00011
'00000
=0,0722
‘00034
'00065
'00159
0.013
'00075
0.036
0.024
'00012
'00035
0,015
'00030
'00068
=0.,003
0,034
0.038
0,000
D.022
0.018
0.014
0,034
’00013
0,076
'000?3
«0.,037
«0,0°?21
'0-0”8
'00015
-0.,032
0.031
0,079
«0.,058
~0,034

0.02
.60
0.10
0.60
0.03
0.20
0.10
1.00
0.30
0.30
0.06
0.40
0.70
0.40
0.90
0.30
1.00
0.25
0.20
0.50
0.15
0.10
0.80
0.60
1.00
0.14
1.00
0.60
0.03
0.30
0,10
0.20
1.00
0.15
0.n8
0.03
0.03
0.01
0.02
0.50
0.n6
0.90
0,03
0-50
0.25
OCRO
0.10
0.70
1.00



140

ASSINNFD FRETUFNCIFS FOR THE (111) EAND

NPPER

D N> N > ANV

[P Y
O N3+ 30

- A
N a 2 3 O o d A2 30D ND N A

-

NODBDWNDDUDDUWULWNGNWLUHLHNNYWNIYNNS VP NOANNANINVUNNPNDSDE D 44D 0O

O B X I B WO A

-
- >

-
AN

1‘\

- [
DO BN NI 2 O N

-
.

-
=2 D3I DNIPWS A2 DDODBDNIYANO- A DY

[ 2 DY D B BN DY R B B B B

4 3§ 1T ¢ 8 9 8 & 9

4 8§ 8 ¢ 8 2 2 8 % 5 4 8 8 & ¢ ¥ 2 8 0 Q0 0 2

GZQUNN
2 2
3 3
4 4
5 5
6 6
7 7
9 9
10 10
11 11
12 12
13 13
14 14
15 15

B A e

A > A

- 2 a

T D BN DDEANDANANNVAWANNYANDAN NNV D2 VAN ANVNVN A N8 -2 Jed D4 D I DA

A A DA A

NP OO NBABNNVNFPOOCOEOENITPUWUNNNHF WNOFOOVONOWMNBABWNN -

02SFRVED

626%,785
6755,210
6244 ,722
6233,9065
6222.R49
6211.379
6187.%65
6174,a24
6161.037
6148 ,485
6135.,103
6121.173
6104.005
6257,384
67247,7¢8°2
6244 ,797
6235,205
6225.369
6214, ,866
620%3,458
6191.080
618N.159
6167.969
6155,485
6142 ,4A(08
6129.445
6115.925
624n,111
623N.434
6225.568
672717.442
6184,nr32
6472,575
6160,764
6148,410
622%,241
6213,.471
67207.175
6187.7208
6153,113
6141,223
6129,190
620R,576
6197.403

NIFFFRENTE

~0,0N6
=0.006
0.007
0,028
0.030
0.037
0,033
0,019
0.003
'00013
.0.0%3
=0.070
'00066
0.0°1
0.0Nn1
~0.06k6
=0.,038
=0,032
0.017
0.051
0.048
0.052
6.050
0.054
0,018
0.031
0.0?1
0.025
0,019
"00030
'00035
0.018
0,044
0.046
0.048
0.138
0,037
0.011
~0+,021
'00076
'000?1
'000“1
0.,0n5
0,070
'00537

NETGHT

0.60
0.80
0510
0,80
0.80
0.60
0.40
00“0
1.00
0.50
0.40
0.20
0.30
0.R0
1.00
0.02
1.00
0.10
0.50
0.70
1.00
1.00
0.90
0.70
0.02
0.30
0.08
1.00
1.00
0.60
0.30
0.90
1.00
0.30
0.10
0.06
0.70
0.40
1.00
N.10
0.560
0.02
0.n2
1.00
0,80
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6183,877
6182,423
616R;,447
6155,283
6173.754%
61654460
6144,283
6179.,421
6311.565
632N,400
632NR68
632,875
6336.422
6%44,n02
6351,n01
6357,430
6363,898
675,247
6380.149
6185,n93
6339,248
6347,743
6348 ,n16
6155 ,568
6362 ,R76
6%176,299
63872,.,402
638R, 188
6393,R86
698,074
6403,488
6337.522
63464457
6%6K,291
6374,180
6374,404
6381.529
688,24
6394,791
6400,969
6353,519
6363,713
6374,753
692,420
6399,703
699,895
640K .584
6412,783
63%6R,477
679,195
6391,493
6405,896

0,013
0.012
<0,054
0.003
0.029
0.021
0.030
~0,166
’0v0?3
0.008
0,035
0.021
0.033
0,028
0,018
0.011
0.019
0,002
0.007
0.0s8
'00023
0.010
0.049
0,074
0.044
0.045
0.045
0.003
0.054
0.085
0.145
'0.042
'00070
’00024
0.010
0.042
0.052
0,034
0,025
0,119
'000?5
=0.010
«0.,004
'00050
'00022
0.012
0.089
-0.010
'00016
0.018
'0-041
0.0n7

.50
0.20
0.?0
.20
0.R0
0.50
0008
0.50
0.40
0.30
0.40C
.30
0.3C
1.00
0.70
0.80
1000
1.00
1.00
0.60
1.00
0.70
1.00
0.60
1.00
0.90
1.00
0.06
1.00
0.30
0.20
0.40
0.50
0.50
1.00
0.70
0.20
0.10
1.00
0.50
1.00
1.00
0.30
0.12
0.60
0.04
0.04
0.40
0.10
0.10
0.6C
0.40
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641”,n948
6382,838
6414,n11
6284,.710
67285.,8R1°2
6287.0n05
6287,.,081
6288,596
6289,171
6277,242
6279.%79
6281 ,423
6283,597
6284,9050
6285,4K39
626T,8R48
6265,299
6267,.,547
627%,404
627A.453
67252,477
6251 .,R85
6252,419
6251.741
6246 ,K71
6240 ,R85
6741,444
67242 ,%540
6740.331
6728,748
6228,961
6229.791
6229.,n99
6229.730
6216.,A01
6214,R81
6217,.121
6704.119
6704,484
6204.747
6191.7287
6191.,771
6293,487
672972,%10
6291.140
629Nn,247
672789.,733
6301,883
610K.,164
6299,518
6309, 1345
6294,950

0.001
0,036
0,011
'0.0”2
0.009
0,017
0,018
-0,0%3
0.018
’00048
’0.040
‘000?3
0,006
0,008
0.006
0.013
'0'0?8
*0.079
'0.064
0.030
0.032
0.022
0,013
0.026
0.0n7
0.037
0.007
'00059
0,052
0.031
0.037
0.026
0,026
“0.039
0.0?3
0.050
0.020
0.024
0.054
0.029
0.015
0s.06k2
0,071
0,018
6.027
0.014
'00041
~0,038
0,009
'000?5
0,021
'000?1

0.A0
0.60
0.50
0.80
1.00
1.00
0.50
1.00
0.80
0.90
0.40
0,70
0.50
1,00
0.10
0.30
0.20
0.20
0.30
0.04
0.20
0.70
0,80
6.10
0.01
0.14
0.50
0.08
0.50
0.20
0.30
0.01
0.10
0.04
0.40
0.30
0.02
0.?0
0.30
0.05
0.10
0.04
0060
0.RO
0.90
G.80
1,00
0.80
0.30
0.40
0.50
0.80
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14,440
6294,200
6291 .422
6313,193
6T13,REH4
6315.424
6311R,1768
6298,890
6324 ,%61
6321.485
6329,.,R19
6325,247
6337,.864
633K6.,078
6335,780
6345,501
644,493
6343,465
6341,460
6352,770
6351,404
6350.,110
6359,442
6358,%04
67222,.,488
6188,981
6154,954
6333,734
6378,.,562
6403%,201
6428,040
6357,R94%
636K.133
6375,R68
6411 ,124
6415.773
6410,850
6431.,n8%
6452,254
6453,442
6454,229

0.011
0.010
0.079
~0.042
'00044
"0.017
0.003
0,099
'00002
’000“7
0.013
0.011
0.052
0.015
0.9R3
0.044
0.038
'0.018
=0,000
0.057
0.038
*0,002
0.051
0.079
«0.,039
'00016
0.018
0.028
0.036
*0.027
0.042
"0.0?1
0.051
~0.012
‘00035
0.03%
-0,018
~0,001
0.078
0.021
'00046

0.01
0.40
1.00
1.00
0.80
1.00
0.10
0.30
0.10
0.30
1.00
0.04
0,40
0.40
0.02
0.70
0.70
0.10
0.94
0.15
0.70
0.11
0.20
0.20
0.720
0.20
0.04
0.90
0.20
0.04
0.20
0.01
0.20
1.00
0.30
1.00
0.40
0.04
0.50
0.40
0,30
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ASSIGNFD FRENUENCIFS FOR THE (110) BAND

pPER GROUNN 0ASFRVED NIFFFRENME AETGHT
"0 Nnh = 1 9 1 3764.1r81 0,006 4,81
4 0 1« 2 1 2 3754,565 =0.007 5,25
‘ 1 1 = 2 n 2 3754,.794 0,015 0.00
2 ¢ 2« 3 N 3 3745,.783 =0,0Nn1 0.49
2 0 2=« 3 1 3 3745,435 -0,001 4,56
T 4 3 - 4 N 4 3735,.,461 0.006 0.02
4 1 4 - 5 0 5 3725.406 0,014 0.54
s 0 5 « 6 1 6 3714,025 0.035 0,00
& 1 A= 7 n 7 3704.,174 0.030 0.00
7 o 7« 8 1 8 3L93,472 0.021 0.02
| 1 R = 9 f 9 3J4x81,029 0,013 5.50
9 N 9 e« 40 1 140 3670.423 0,020 0.00
1* 1 10 = 11 0 11 358,701 ~0.032 0,R1
11 0 11 « 12 1 ¢2 JAh44,728 0,055 1.52
1 1 N - 2 2 1 3743.462 =0,006 1.25
2 2 1 = 3 1 2 37391083 00007 1025
2 1 1« 3 2 2 3734,280 -0,019 0.00
T 2 ?2 -« 4 1 3 3727.047 0,008 0.00
R 1 ? e« 4 2?2 3 372h.224 0,005 7,00
4 2 3 - 5 1 4 3717.595 0,010 0.11
4 1 T = 5 2?2 4 3717.7244 0.004 0.83
5 2 4 - 6 1 5 3707.519 0.012 0.09
5 1 4 « 6 2 5 3707.465 0.016 0.25
£« 2 5 « 7 1 6 3497.303 0.018 6.25
7 1 é -~ 8 2 7 3484,R60 0.028 0.64
A 2 7 - 9 1 8 3676:167 000?1 0000
9 1 AR =10 2?2 9 34665,245 0.021 5,06
1" 2 9 -« 11 1 10 3654,n82 0.0n9 0.77
1¢ 1 10 = 92 2 11 3442,483 -0,012 0.0%
12 2 11 = 13 1 12 3A31.n66 «0,024 0.52
2 2 Nhe 3 3 1 3723,n83 =0.,002 0.87
T 3 1« 4 2 2 3725.567 0.021 0.02
T 2 1« 4 3 2 3713,595 0,014 5.50
4 3 2 o 5 2 3 3711.334 0.007 1.06
4 2 ? e 5 3 3 37060371 '00012 0034
5 3 3« 6 2 4 3700.n81 0,003 0.55
5 2 3« 6 I 4 349R,720 »0.0N3 0.64
A 3 4 =« 7 2?2 5 3489.,075 0,014 0.20
A 2 4 - 7 3 5 389,488 0.015 0.09
7 3 5 -« 8 2?2 6 3479.9085 0,019 0.n2
7 2 5 e« 8 3 6 3479.935 0.074 0.64
a3 6= 9 2 7 Jr69,R24 0.021 0.19
a 2 7 =~ 90 X 8 3859,44°2 0.028 0.58
1" 3 A « 11 2?2 9 3A4R,R22 0,073 0.03
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3437.070
3702.783
3692.462
JR9A,171
3~85,784
3483,442
3479.,413
3472,863
IJA71.,R36
3K62.0950
3462,723
3453.n01
3647,6044
3432.419
3483.,158
3471.835
3705.n04
JAB8H.,R52
364 ,R37
367,982
3459,549
JA54,1395
3A64,343
3451.581
3443,338
332,261
3794,%29
3a01.,R13
JA03,463
3811,494
3Rr11.R19
3r2N.261
3”210 ,25
3a2R,486
IJRIA,798
3R44,433
3852,200
3JR59,505
3R66.,529
3R73,.790
3R79,767
JR85,073
3R15,K65
319,479
3231.117
332,754
3R4n,451
3R40,078
3JA49,386
3R49,447?
3n57,759

0.011
0.002
"00014
0.000
‘0'018
’00006
‘00003
0.005

00007'

0.0n7
0.019
0.025
0.015
0.015
‘00002
’00013
'0.042
’00035
'000?5
'00043
'0.000
'00031
'00018
'000?2
0.011
'00044
0.005
0.0n4
0.004
0.010
0,010
0.017
0.015
0.075
0.021
0.011
~0.,004
'00011
"00027
‘000?3
'00009
0.046
0.011
'00004
0,005
0.005
0.012
0.018
0.018
0.020
0.021
0.028

0.00
1.25
0.14
0.00
0.62
1.02
0.08
0,03
0.00
0.14
0.03
0.08
0.00
0.02
0.R3
0.00
0.00
0.00
0.00
0.00
0.09
0.00
0.87
0.08
0.00
0.08
0.39
0.00
3.25
4.00
3.25
0.03
0.16
2.50
3.25
1.00
1.00
4,00
3.25
0.81
1.56
0.75
3.?5
1.00
0.00
1.56
3.25
4,00
0.62
0.11
0.K2
4,00
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3R65.R38 0.019 4,00
3A73,.449 0.009 1.75
3R81.,200 0.001 0.00
3RBR,483 «0.007 3.02
3R95,496 =0.,012 0.02
3902,255 0.016 0.00
3908.755 0.086 0.56
3014,R63 0,089 0.37
3JR37.533 0.022 0.11
3r35,416 «0,017 0.00
347,311 0.010 3,25
349,003 =0,000 2.50
354,465 0.006 0.81
3a6n,r17 0.012 2,31
3R62,406 0.011 3.25
3R70.N86 0.019 0.02
3a7n,355 0.013 0.62
3278.,717 0.022 0,09
IR7R,766 0,017 0.62
3rR87.n03 0.018 3.06
3r95,n05 0.001 3.06
30020751 '00005 0020
3010‘?24 '00023 0075
3917.440 =0,028 0,14
3961.n07 '00010 4000
3R49,481 =0.025 0.00
3_67.174 -0,004 0.46
3R77.583 «0,003 3.25
3R80.350 0.007 0.00
3RB4,n39 0.001 0.58
3r90,<84 0.018 0.05
3R91,558 0.0n3 0.02
3R99,585 0.019 0.77
3R99,R13 0.016 0,37
39084073 0,025 0.00
3008,110 0.011 0.00
39146,217 0.004 1.50
3024.n94 -0,015 1.50
30314702 ~0.034 0.00
3RrR83,471 ~0.004 3.25
3“61.904 '000?5 0002
3R95,462 «0.,015 0.44
3R82,391 0.010 1.56
3°01o117 '000?6 0003
3JR9R 419 0.040 0.00
3907on15 '000?0 0.02
30910,541 0.040 0.00
3013.335 0.005 0,33
392n,.7218 0.051 0.05
J92n,q82 0,029 0.00
3J028,038 0,040 0.37

3937.260 0.028 0.03
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3945,185
3904,295
3R73,196
391R,084
J92%,465
3o3n,016
3935.n25
302R8.,791
3942,482
3952,430
3051,137
39065.530
3773.487
3772.%14
3770.172
37645.965
3763.0n40
3759,n58
3765.763
3762.n45
3767.270
376N.,756
376R.116
3759.n21
3767.812
3756,593
376K6:119
3756,213
3763.,114
3754.n07
3759.300
3755.,453
3754,734
375%.437
3757.474
3753,843
376n0.131
3753.894
3762.R47
375%,437
3764.516
3752.219
3764.591
3762.847
3751.544
3743,408
3743,331
3745,725
3744,720
374R,A94
3744.0n83
3752.,498

0.0728
'00016
~0.,021
'0-018
‘00038
=0.047

0.001
‘00012
=0.003

0.033

0.0n8

0.038
=0,005
’00007
~0.011
“00014
«0,018
'000‘53

0.003
'00000
'00006

0.003
'00009

0.012
'0.017

0.009
0,024
'00040
=0.,016
0,029
«0,001
‘00018

0.008

0.003

0.007

0.008

0.003

0,005
0,005
'00003

0.000
-0,014

0.027

0.043

0.035

0.018

0.013

0.019

0.012

0.013

0.010

0.017

0002
0.44
0.06
0.06
0.00
0.00
0.14
2.31
2.50
0,56
1.56
0,52
8.00
3.00
7.25
5.56
1.12
0.00
0.00
7.25
7.25
1.81
4,81
0.16
6.50
0.00
0.00
0.59
0.94
0.00
0.00
0.12
6.25
0.00
1.62
0.25
6.25
0.02
0.00
0.00
2.06
0.00
0.05
0.00
0.00
0.02
0.69
0.11
0.02
0,64
4.52
0.03
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3747.492
3747,798
3756.,593
3732.439
3732,400
3734,730
3734,.,512
3737.351
3735.412
3740 ,492
3738,720
3744.901
3721.532
3723,a73
3724,260
3729.405
3729.139
371n0,.227
3712.888
3715,8072
3718,713
3A98,484
3701.733
3704,959
3590.360
JA93,961
3785.,n78
3787,283
3791.,n76
379484411
303,578
3a11,301
3n19.073
3792,466
3794,738
3792.512
3799.515
379%,433
3804,431
3795,979
3R09.364
3R0N.494
JR15,A95
3R0A.978
3R03.216
JR04,426
JA02,426
3806K,262
3JR01.R13
3JR0R,305
3801.493
3R13,483

c.008
=0.013
0,023
0.017
0.024
0,019
0.022
0,018
0.021
0.006
0.006
«0,010
0,013
0.020
0.014
=0.,005
'OQOUZ
0,009
0.018
0.005
‘0.016
0,004
0.024
0.003
0.010
'00007
«0.,004
'00001
0.002
'00003
’00006
'00000
'00002
'00007
0.005
'00007
0.025
'00012
’00013
'00015
=0,0009
’00018
"00006
*»0,017
-0,005
'09003
'00008
0.0009
=0,012
0,009
'00024
0.034

0.00
0,81
0.00
0.11
0.02
0.05
0.87
0.83
0.03
0.05
1.00
0.14
0.00
0.87
0.14
0.05
0.03
0.81
0.05
0.05
5.00
0.02
0.00
0.00
0.02
0.02
0.39
1.00
3.02
1.33
0.39
0.09
0.03
0.62
3.25
3.25
1.75
1.56
0.16
0.62
0.03
0.14
0.05
0.00
3.25
0.02
0,03
4.00
0.00
0,62
0.08
0.00
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3202,534
3Jr17.508
3R05,573
3RrR22.479
3R15.443
3JR13.443
Jr14,7386
3213,410
3814,474
3812,%95
3_17,R85
JR11.,222
Jai1R,a88
3R22.72°2
JR22,769
JrR23,4354
3r23.061
3r24,251
3_25,n30
3r24,7287
3R2A.371
3r23,403
JR27,.,865
JR2R, 762
3a31..705
3r32,878
3rn32,018
3rR33,967
3R34,145
334,789
3Jr35,381
3”4n1,86
3R41,743
JR43,n54
3JR43,n87
3R44,364
3R4R,778
3R5N.279
3Rr51.,743
3R5%,1n05
3R54,298
385R,520
326n.n78
3R64,740
3R6A,486
JRe8,115
3R74,133
3R79,A11
3735.,057
3717.,445
3A99,n96
3A81.,721

*0.016
‘0.013
'00014
‘00003
0.019
'00010
0.003
0.043
'00007
9.006
=0.071
0.034
'00048
0.016
0,013
0.031
0,023
0.019
«0.001
0.035
'00011
0.057
*0.024
‘00052
0,015
0.018
0.012
0.024
0,013
0.059
0,033
0.030
0.016
0.029
0.019
0.046
0.025
0.018
0.027
0.008
0.022
0.008
0.021
0.008
0,007
0.016
«0.025
‘0.025
'00000
0.0Nn6
0.017
'0-012

0.39
0.02
0.14
0.00
0.00
0.00
0.00
0.00
0.11
2.31
0.39
.09
1.52
0.44
0.02
0.00
0.00
0.25
0.09
0.00
0.56
0.00
0.05
0.03
0.00
0.58
0.02
0.05
0,58
0.00
0.00
2,31
0.39
0.14
0.00
0.09
2,08
1.31
0.00
0.00
0.56
0.37
0.02
0.52
0.00
0,00
0.03
0.00
0.16
0.06
0.08
5‘31
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3r63,420
JL2R,R59
3701.%45
3709.841
3A7R.991
3A93,451
3477.344
JA44,441
3475,823
3A5A.395
364,073
3823,330
Jr43,281
3JAp3,028
JRB5,260
3907.n075
3029,4951
3651,299
3973,326
3R57,K87
3R49,267
3R67.376
3RB85,750
3904.R16
3924,847
3945,745
3967.215
3283,265
3R79,299
3o04,558
3896.733
3013.419
3030,404
3947 ,4A14
301n,R29
3909.,492
3931.,114
302”,n015
3945,129
3961.,113
3071.332
303R,R54
3239.110
3953,061
395R,120
3907R,778
3976,445
399R,436
3967.283
3987.n92
3684K.002

'000?4
90.003
'0-016
0.002
0.008
0.006
0.013
'000?5
0.007
'00002
0.013
=0,0N2
0,001
0.006
0,001
'09012
“0.011
0.009
0.006
0.022
'09010
'00014
'0'018
'000?3
-0,013
-0.,001
0.045
0.019
’00010
0.010
'00019
'000?2
=0,009
0.019
0.006
0.000
0.003
-0.007
0,007
0.045
-0,044
0.002
0.014
0.000
0.010
-0,0009
0,020
~0,009
0,018
0,011
0.020

0.14
0.06
0.00
0,05
0.03
0.08
0.06
0.05
0.02
0.00
0.03
0.81
4,00
0.25
0.25
0.20
4,00
2.25
0.09
0,09
0.02
0,25
0.25
0.00
2.50
0,58
0,39
0.00
0.03
0.34
1.52
0.16
0.R1
0.14
0.03
0.14
0.00
0.05
0,37
0.02
2.n8
0.00
0.06
Nn.03
0.52
0,33
0.14
0.02
0.02
0.14
0.72
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IPPER GROUNN ORSFRVED PIFFFRENRE WEIGWT
A 0 N = 1 n 1 3775.,8526 "00007 1050
11 1~ 2 1 2 376K,n89 «0,001 0.50
«+ 0 1= 2 N 2 3765.n30 0,0n5 0,00
2§ 2« 3 1 3 3755%,891 «0,001 7.00
2 0 ? = 3 N0 3 3755,483 0,001 2.75
T 1 3 « 4 1 4 3745.0909 -0.0n8 0.00
4 0 4 < 5 0 5 3735.803 0.012 0.87
5 4 5 « 6 1 6 3725,.,478 0.014 0.64
A N A e 7 n 7 37141°25 00006 DoOO
7 1 7 « 8 1 8 3704,474 0.009 0.00
A A B e« 9 N 9 3493,210 0,006 - 0.02
" 1 9 « 10 1 10 3482,n35 0,006 5.12
n 0 10 - 11 N 11 3570'651 ’00030 0064
1+ 1 11 =~ 12 1 42 3A59,n61 0,067 5.25
1 1 ﬂ - 2 1 1 3757.767 P00007 6.?5
2 2 {4« 3 2 2 374R,592 =0,005 4,56
2 1 1=« 3 1 2 3745,.,009 =0,012 0.00
T 2 2?2~ 4 2 3 3737.740 0.001 7,00
T 1 2+ 4 41 3 373A.,R08 0,007 0.59
4 2 3« 5 ?2 4 3727.776 0,0n2 0.44
4 1 3« 5 1 4 3727.598 «0,0N1 5.50
5 2 4 - 6 ? 5 3717.Q88 -0.002 0006
£ 1 5« 7 1 6 3707.850 0,012 7,00
7 2 &= 8 2 7 3497.4009 0,019 6,25
a 1 7 « 9 1 8 34A87,156 0,021 5.31
2 2 8 <« 10 2 9 3476,499 0,019 5.27
1 9 « 11 1 10 3h65,44? 0.009 4,31
2 10 = 12 2 11 34,54,590 ~0,007 1,56
1 11 - 13 1 12 3643.338 !0'042 0000
2 12 = 14 2 13 3431,089 0.006 0,52
2 2 N~ 3 2 1 3744,n43 »0.006 6,25
X 3 1 = 4 3 2 3731.087 0,001 7000
3 2 1 - 4 2 2 37270947 P00012 0.00
4 3 ? . 5 3 3 372N0.254 0.003 5,31
4 2 2« 5 2 3 3717,092 =0,016 4,56
s 3 3« 6 I 4 3710,n13 “0.008 0.00
s 2 X = 6 ?2 4 3709.4056 0.007 0.00
A4 3 4« 7 3 5 370Nn.291 =0,001 4,33
A 2 4 « 7 2 5 370Nn,473 0.,0Nn3 1.25
7 3 5« 8 3 6 3a9n,517 0.003 0.05
3 2 A e 9 2 7 3A80.565 0.017 0.64
3 3 7 =40 3 8 370,416 0.025 0.00
2 B =11 2?2 9 3A6N,n52 0,019 0.37
I 9 =12 3 40 3449,498 0.010 0.75
2 40 = 13 2 11 3A3R,758 «0.003 0,00

o
AV ]
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3725,c37 -0,001 0.08
3714.,494 '00004 0'00
3709.970 0,014 0,00
3499,941 =0.,024 0.14
3703.555 0.00n4 4,56
3492,755 «0.009 0.83
36910190 P0.013 0087
358?6‘12 '0.003 0019
3483.Nn05 =0,012 4,56
373,177 -0,001 0.42
3673.45% '09006 0009
3463.,777 «0,005 1.12
3453,005 0.003 0.02
3/43,835 0,001 0.08
3433,872 =0,002 0.02
3711.,227 =0,007 4,75
3701n105 v0o002 1031
3*940‘85 '0.0”0 ‘052
387,480 0,009 0.81
348N0.425 *0,017 0.64
36750144 '0!014 0000
3‘73.116 900016 0008
3665.0n71 -0,011 4,08
366‘0"93 '00035 0005
3,54,4K53 =0,035 0.58
3597.749 -0.008 0014
3879.,497 »0,006 5,31
3686.547 '0.001 0.05
SA64,K39 0.002 0.00
3k72.%70 0,011 .81
346N,289 *0,026 0,09
3657,786 0,017 0.03
3K40,762 0,005 0,03
3484.547 ~0,0009 0.05
3K6A,442 «0,007 0,05
3472,343 0.011 0,09
3A5R,408 0,021 0.03
3671.268 0,008 0,03
3203.n36 «0,003 0.62
3R12,266 0,001 4,00
3813,155 -0,003 3.25
3“21o785 '0;009 0.00
3”22,n49 0.005 3.25
383Nn,a81 0,008 0,00
330,708 ~0.002 0.05
3RrR39,250 0,016 3.25
3R47,.,565 0,014 3.25
3R55,442 0,006 4,00
3R6T,491 0,001 4,00
3“710102 '0'012 3.25
3r72,478 =0,027 4,00

3rRBS . K22 0,035 f.03
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3r92,523 »0,045 3J.06
3R99,217 =0,013 0,06
3905.407 *0,023 0,77
3911.795 0,039 1.31
3R21,.,593 0,006 2.50
333n,099 0,006 3,25
3“33.“09 ”09004 4.“0
3841 ,446A 0,001 2.50
3R42,759 0.0n2 4,00
3rR51,n79 0,006 0.R1
3R51,325 0.008 4,00
3A59,044 0,012 0,02
3R59,986 0.011 0.20
3RA6R.504 0,015 4,00
387K,819 0,011 4,00
3884.,009 0.013 0.81
3r92,759 0,002 3.25
360Nn,84 -0,008 3.02
3907,784 0,013 3,00
30210ﬂ85 '0.0’2 0056
3928.403 0,027 0.19
Jr39,.911 ~0,013 0.06
3R49,304 0.0n3 0.11
3R53,0609 =0,013 0.00
3R61.20? 0.002 0.81
3JR63,078 0,002 0.25
3R71.,427 0,003 1.00
3JR72.311 0,006 4,00
JRBN,R75 0g.007 3.06
3R80.477 0.0n7 4,00
3R89,475 0.021 0,00
3R89,497 0,003 0.11
3R97,971 0.008 2,31
390A,238 0,000 0.N6
3914,272 =0.,012 2.27
3022.n90 0,019 2.27
3029.495 ~0,012 D.56
3034,.996 -0,081 0.14
3944,149 =0,062 0.03
3R54,309 0.005 3,25
3R67.267 0,007 1.00
3873,R03 =0.029 1.75
3RBN,X26 ~0,001 0,00
3a85o332 '00009 0925
3“910526 '00007 0.20
3Rr9%,789 «0,006 1.56
3901,089 =0,001 1.75
3001,%21 =0.006 3,02
3@10-16“ '0.005 3.06
301n.541 0,009 0.00
3o194n57 ~0,016 0.06

3027.,428 «0.015 2.27
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3035,595
3943 ,541
3872,R15
3agn w27
JR84,035%
389R,6981
390A.446
3011.488
3015,4A98
3921.719
3923,465
3J231.114
3931,445
3939,952
3240 ,n77
394R,431
3Q04R,465
39546,485
JRBR,780
320R”,410
3002,452
3917.220
3928.348
303n,321
3937.459
3044 ,482
3045,411
3052.957
3004,R16
In19,002
3024,396
3035,n81
3621.193
3937,1382
394n,n77
3785,n10
3784, 420
3788,562
379n,499
3792,312
3794.n47
3795.,777
3799.197
3771.940
3774.214
3765.476
3760,353
3785,.,588
3789.960
3792.%75
3795.,122
3797.489

'00025
’0-030
«0.,000
~0.,005
'00001
=0,010
‘0'004
'000?2
0.0n7
'0Q011
«0,000
’0.018
0.006
0.001
'00006
=0,008
”0.0”7
0.0n6
0,001
*0,014
0,003
’00003
0,022
‘000?0
0,058
0.0n5
0,051
0,044
0,026
0,004
0,008
0.0n9
0.001
0.0n6
0,037
'00001
0,004
0.0n1
0,002
'00004
PO.OOQ
'09017
0,003
0,004
»0,002
=0.014
‘000?5
0,010
0.009
0,013
0,030
0,066

N.56
0.09
1.37
0.62
0.00
3.25
2.50
1,31
3.25
0.00
0.00
0.00
0.56
0,75
0.00
0.00
0.08
0.00
3.25
0.00
0.58
0.03
3.25
0,39
0.56
0.03
1.50
0.03
0.00
0.03
0.56
0.14
0.34
0.03
0.00
0.44
3.25
2.50
1.75
D.44
3.25
2.50
0.56
6.50
5.56
0.89
0,14
4.00
1.56
0.34
0,37
0.00
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37630661 '00009 0000
3765.n30 =~0,006 0,00
3767.704 D.0N4 0.94
3763,849 0,000 7.25
3771.428 0,003 8.00
3763.204 =0,007 0,89
3761.184 '09013 0020
37750096 '00004 0089
3757.533 «0,007 0,14
3753,443 0,006 0,19
3781,106 ~0,019 6,31
3784.363 «0,028 0.14
3791.299 0.004 0.00
3795,447 -0,001 0.02
3754,n07 0.008 0.00
3753,724 0,006 1.25
3754.,155 0,008 0.69
3755.171 0,006 5.27
3J754.294 0,012 0,00
3759,300 0,001 0.00
3754.944 0,002 0.05
3763.,461 ~0,010 0.00
3754.472 0.005 0.77
3769,151 «0,051 0.05
3743,458 0,010 0.02
3743,204 0,008 0.11
3745.n77 0,032 0,00
3745,293 0,015 0.19
3747.423 0,007 0.53
3747.942 0,006 0,83
3749,142 =0,007 0.02
3751.,437 ~0,010 1,00
375n0.774 «0,000 0,02
3732.701 0,007 0.05
3734.585 «0,027 0.00
3737.n96 0.006 0,19
3737.793 0.011 0,03
3740,192 »0,025 0,03
3739.758 «0,018 0.03
3721.234 0.004 4,37
3723.839 »0,019 0.00
372A.772 -0,003 0.09
3729,765 «0,038 0.00
3729.932 »0,035 0.00
3733.535% 0,016 0.02
3709.970 0,004 0.00
3712,983 0.012 0.53
3714.,194 0.005 0.00
3719.560 ~0,025 0.03
3A9A,496 -0,012 0.14
3701.918 0.0n8 0,03

3A9n.k84 0.005 0.02
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3A94,434
3793,820
3793,252
3792,843
3792,907
3793,83R8
3794,432
3794,n47
3797.482
3799,450
3R01,299
3202,467
3804,978
3n01.877
Jajn,a99
3799,738%
JR14,064
3798.511
JR25,249
3797,867
3797,7285%
3797,758
3798,R23
313,483
3314,735
3a12,919
3914.507
JrR12.n62
319,581
3JaQa,a9b
3R24,533
3R0A, k27
3231,795
38304,592
3R414,405
3JA03,.n83
Jag2,361
3823,434
JR23.R61
3JR24,n50
3R24,657
3R2%,024
3JR24,508
Jr23,210
JR2R,9865
3R23,403
38372,99°2
3JR14,434
3a33,450
3834,nr48
3”34,0222
JR34,789

'000?1
'000”3
‘000“3
'00004
~0,0N5
-0-005
-0.,011
'000?0
'00015
'00001
0,029
=0,211
0.007
'000?6
0.0n2
0.007
'00003
-0.,002
-0,003
~0,0Nn3
0,004
0,029
0.066
'0'007
0,004
'0.016
0.00n4
~0,028
0,0n8
'00008
0.008
'00018
00012
=0,009
0,029
0,048
0,048
'00003
'00003
’0.004
0.006
=0,013
'00007
-0,003
»0,013
D.044
'0.0?4
'00002
0,004
0.001
0.000
0,001

0.n2
4,00
3.25
0.39
0.44
2.50
4,00
0.39
0,39
0.02
0.14
0.20
0.00
0.09
1.75
4,00
0,39
2.50
0158
2,50
1.33
0.05
.00
N.00
0.00
3,25
0,44
0.37
0.%1
2,50
0.56
0056
0.05
0.09
0.00
0.00
0.12
0.00
0,00
1.56
0.00
0.44
0.58
0.n8
0.81
0,00
0,05
0.05
0,00
0.81
0.39
0.00



B - .
- 32 4 20398 23D DBDNVOVDIDBD NN OO N

-~ A
_‘Au

UG - - AP | - . SRS IV N

L

Ji

2 2 AR NI NS AV IR

B UUWNVNNORAINDUNVNAL,IDWLWNNVRR 2LNRPOIDODNNAIDVNW2LDNONNNGWLNDEDENVIDELEWNNLOUSLE S

A A AA DD D DD DDLDDODAANANAANAVDVVNINNS A2 3000 IDBNNNIARRRIARRRIAIANIANNNSG a2 N

T ¢4 ¢ 35 4 8 ¢ ¢ 2 3 ® % QO OB TR S R T ST S 8 21 3 T 8B &4 3 3 3 6 3 0 3 % O G OO0 XM O S A 2 4 % &1 3 * O OTR OO

A A

-
POPOVO VR OOV NOVOOXTETNROOC DN

- A A A

a2
NNV UWNDFE, NOOOOMINOOOUT N2V DBWSDEWNAND

o 4D FDWNADIDEDWNINT ALEDENANANITIDELEND AN DANAA VYN DWW A2 WAENINDDWDVIVIWNA LD ADC

VOV OVODOD®EDINNNNOGGCTOTOTTOOOOOOIN NI W

NN PRPPRPPRERPPR,POWAEECECGNONNNRNNRP,P R, P,POO0O0

158

3r3s,a16
3ajis5,n48
Ja3h.a57
Ja3n,017
3Rr42,260
3R47,464
3R44,578
JR44,495
345,500
3R45,051
354,123
3r52,482
3”53,R35
Jas55,n37
3855,141
3359.765
38614242
3R62.498
326R,448
3Jr69,748
3R71.299
3/74,7298
377,091
3n79,411
3nB84,210
3744,460
3723,8574
3701.,469
3710,735
3702,301
383,098
3A64.579
3ABAL,132
3IA74,n78
3A64,933
3A5%,R80
3x47,270
344%,138
34A58,794%
34472,044
344n,128
In28,411
3a34,£63
3Jah7,.n46
$”R81,200
3907.n15
3033.,8r70
3961,n55
3’60,257
RELYARX X
3a78,448
3agn,015

'0'005
0,010
~0,026
-0.040
0.017
0.00%
0,011
'09007
0.017
'00007
0,008
0.010
0,005
0,032
0.021
0,073
0,003
0.008
0,016
0.002
0.011
0.007
'00016
'000”1
0,011
»0.,013
«0,009
=0,023
'00003
=0,005
-0,014
’0.012
0,005
0.004
0,003
’00004
-0,011
0.007
0,005
0,003
0,005
'0'008
'00006
0.000
~0,0N05
0.018
0.003
0,022
'000?0
-0,009
0.,0n8
0,003

0,00
0.02
0.02
0.00
4,00
0.20
0.03
0,02
0.03
0,14
0.02
2.31
0.14
0,14
0,02
0,R1
0,00
0,33
0.14
1,31
0,09
0,33
0,08
0.00
0.14
0.00
5,50
0.52
0.16
0.16
0,64
0,05
0903
0.56
0.00
0,03
0.14
.00
0.00
0,00
0,03
0.02
2.50
0.77
0,00
0.00
1.33
0.00
0.03
0.03
N,44
0.11
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3R99,281
3015,n25
3921.719
3039,785
3946,205
3964,022
3072.457
3289,0172
393,488
J00R,.T13
3014,504
3924,519
393/.457
3043,484
3959,459
396%,R20N
398AK,336
392Nn,143
3n2n.982
393R,854
3941,167
3961.718
3982 .R88
3a89,12°%8
J949,x11
3949.,474
396R,721
3269,7268
3987,455
3782,n34%
3377.870

'00000
'0.001
0.005
0.0n2
0.014
0,034
0.039
'0.015
0.011
=0.,078
0.0Nn4
«0,008
0,007
'00014
0.014
'00005
0.012
«0,002
’00008
=0,013
~0.004
“0.,013
=0.,007
6.002
0,005
6,004
0,003
-0.010
0.013
"0.0?1
0.002

0.06
0.62
.00
0.n8
0.14
0.00
1.27
0.58
0.06
0.03
1.56
2.31
0.16
0.14
1.33
2,31
0.14
0.00
0.00
0.00
0,05
1,33
0.14
0.02
.42
0.06
0.03
0.14
0,37
0.02
0.03
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PROGRAM COIKORR
DIMENSION ZPV1(21,€1),EPV2(21,21),0PVe(20,20),0PVv2(20,20),

1 A(2),B(2),CS(2),E(82,3),TAD(2) TAT(2),TAS(2),TAN(Z2),EN(2),HK(2)
COMPLEX EPV1,EPV2,UPV1,0PV2
COMMON [OPT,RHO,IER

C ARITHMETIC STATEMeNT FUNCTIONS

0 F1(A,B,CS,EN,TANIRIYITHX,HK,J,K)B ,5a(Je(Uel, )~KeK)»

1 (AeBeTAN+ , SakeKaR )¢ (Ja#2a(Joq, )a®2=2 ,0(KeK=1,)*Jw(Je+l,)

2 eKwKe (K#Ke5,))#Y/16,0(CSe,75wTAN)SK*K*ENS 2OwTwKeed o

3 (I, e ew2e(Joq,) w22, w(3 eKeKel duda(J*1,) «

4 KeKe(3,oKaKe5 ))eX/32,eHKsKwwb
F2(AnB.JoV.S):.ZS'J'(J*lo’i(B'A*(J'(J01|)’lc"V/QQ‘S/ZC)
F3td)zdn(Jdel)e(JdelJ+t,)=2,)
F4tA,B,JsV,S)3,25¢5QRTH (2, eJw(Jel Dol n(Jsl,)we,))n

1 (BeAs,25«Ve(Jw(J*1.)-2.)4S)

0F5CJ)SSARTF(2e w(J*rl o) e (Jn(Jdel, )m2,)¢(Ja(J*l,)=6,)0(JUrlJ*1,)e12,))

0 FOCA,R,J,4aV,S)S,<9*SARTF((Je(J*l ) "K*(Kel ) )e(Je(Jel,)"(Kel,)n

1 (Ke2,)))e(Bepae,22¢( v (Js1,)-KwKe2,*K=2,)*V

2 ,5%(KeKe2,%Kel,)eS)
FPCJISJr(Jel,)eSORTF((Uw(Jal,)e2,)2(Je(Jel1,)"6,))

OFB8CJ,K)ISSQRTF ((Je(Jel,)-Ke(Kel,))*(Jel(Jel,)=(Kel,)w(K*2,))»

1(Je(Je1,)e(Ke2, )e(Ked D))o (Jw(Jel, ) (Ke3,)w(R*4,)))
FOLJIZ,25#AeSQRTF (Cedw(J*l,)e(Je(Je1,)"2,))
FL0(JoK)=2,25*WeSORIF((Jw(Jol, deK*(Kel))o(Jw(Jel,)e(Kel,)*(Ke2,)))

C INPUT INSTRUCTIONS FOR PeRTURBATION TERMS,,, G5 =GZ AND W= <GXY
READ 12, (ACI),RCIDsCSCI)»TAOCI),TAT(l)sTASCI),TANCL) ENCI), HK(]),
1 121,2),G,A,AEQ,BEW, JRUN
1.2 FORMAT(3F15,7/4F10.7/F10.4,F15,12/3F15,7/4F10,7/F10,.4,F12,12/
1 2F10,4/2715,7,48%,1i2)

c ARITHMETIC STATEMENTS
RHO 3 1,0E.06
I1ER=Q
I10PT=0

CEN=(AFQwBZQ)/(AEQ*BEGQ)
RSzBEQ#*2/(AEQeBEQ) #*2
SSeAFEQ#»*2/(AEQeBEQ) ¢
R1eRS*(TAG(1)+TAS(L))+SS*(TAT(1)¢TAS(1))
R28RS*(TAQ(2)eTAS(Z))eSS*(TAT(2)¢TAS(2))
S12TAS(1)*(RS»SS)+TAT(1)*SS~TAO(1)*RS
S23TAS(2)*(RSwSS)¢lAT(2)*SS=TAO(2)*RS
T132,%RS*SS*TAS(L1l)*RSwe2+TAQ(1)+SS*e24TAT(1)
T222,*RS*S3¢TAG(2)*RSw*2+TAQ(2)eSS*w2eTAT(c)
VisTAT(1)eTAO(1)

V2aTAT(2)eTAO(2)

X1eTAT(1)eTAOD(1)

X2sTAT(2)+«TAQ(2)

Yis TAS(1)+2,«TAN(1)

Y2s TAS(2)+2,*TAN(Z)

Uts(,5+X1eY1)/32,

U2s(,5¢X2eY2)/32,
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PRINT 2000,A(1),B(1),CS(1),TAOCL),TAT (1), TAS(L1),TAN(CL1)»EN(L1),HK(L)
2000 FORMAT(//+(110) BAND PARAMETERS*//
1 wA(V1)3*F15,7e B(Vi)swF15,7 CSlyl)=er1>,7/
2*TAAAA=*F10,7w YoBEB=*F10,7# TAABRSeF1l0,/» TABAB=«F10,7/
3 «(110) BAND CENTER =s*F10,4/«HK1z%F15,12//)
PRINT 2001,A(2),B(<2),CS(2),TADC2),TAT(2),TAS(2),TAN(2),EN(2),HK(?)
2001 FORMAT(//+(011) BAND PARAMETERSw//
1 «A(V2)=s«F15.7¢ B(V2)s*F15,7¢ CS(y2)s=f1>,7/
2«TAAAAS*F 10,7+ YoBoB=#F10,7 TAABR=SwF10,7« TAgAB=«F10,7/
3 #(011) BAND CENTER =wF10,4/«HK22%F15,12//)
PRINT 2002,G,W
2002 FORMAT(//«2ERTURBAT]ON COEFFICIENTSe/eGaeF10 ,4/wvna*i10,4/)
PRINT 2003,AEQ,BEQ.CEQ
2003 FORMAT(//«=QUJLIBRIUM CONSTANTS USED IN O.u, MATRIX ELEMENTSe/
1 «AEQ=2+F15,7/*REQ=*F15,7/+«CEQ=eF15,7//)
DO 11 J= 1,JRUN
NTMS=0
200 NTMS=ENTMS+1
REWIND 51
GO TO (201,202),NT™MS
2061 DO 13 L=1,21
Do 13 M=1,21
EPV2(L,M)=2,0
13 EPVI(L,M)=],0
No 113 L=1,20
0 113 M=1,20
OPV1(LJM)=0’0
113 OPV2(L,M)=],0
GO 70 203
202 READ TAPE 51,EPV1,EPV2,0PVL,0PV2
MATRIX FOR EVP1PLUS+EVP2MINUS AND EVP2PLUS+cVPIMINUS
203 KMAX =J/2+1
KMIN = KMAX # ¢
JEMD = 2«(J/2 ¢ 1)-1%
GO 1O (5,6,6,7),J
7 IF (NTMS,EQJ,2) GO TO 249
EPVY (1,3) = F5(J)*Ul
EPV2(1,3)375(J)yeU2
6 IF (NTMS,E2,2) GO TO 249
EPV1 (1,2) s F4a( AC(1), B(1)y, J,V1,S51)
FPY2(1,2)374(A(2),8(2),JsV2,52)
GO TO 5
249 CONTINUE
EPVI(L,KMIN) 3 (0,s°1,)¢F9(J)
FPV2(1,KMIN)SEPVI(1,KMIN)
GO TO0 250
5 IF (NTMS,E2,2) GO TO0 250
EPV1(1,1)=F1CA(L),B¢1),CSC1),EN(L),TAN(L),R1aY1,T1,X1,HK(1),J,0)
EPV2(1,1)371CA(2),8(2)sCS(2),EN(2),TAN(2),K22Y2,T2,X2,HK(2),d,0)
250 CONTINUE
DO 1 Kz 2, KMAX
KK 3 2+(Kel)
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KM 3 KMAX ¢ K = 1
GO TO (2,3,4), (KMiIN-K)
4 IF (NTMS,EQ3,2) GO TQ 251
EPV1 (K,Ke2) = FB(J,KK)eUL
EFPV2 (K,Ke2) = FB(J,KK)wU2
EPVL (KM, <MIN ¢ K) 3 8 (J,KK)*U2
EPV2 (KM, <MIN & K) = 8 (J,KK)eUY
3 IF (NTMS,EJ,2) GO 10 251
EPV1 (K,K+1) s F6 ( A(1), B(1), J, KK ,v1,51)
EPV2(K,K+1)sF6¢A(2),B(2))»J,KK,V2,52)
EPVL (KM, «<MAX ¢ K) = F6 ( A(2), B(2), J» KK,VZ2,82)
FPV2(KM,KMAX+«K)sF6(A(L),B(1),J,KK,V1,81)
GO T0 2
251 CONTINUE
EPVL ( K, 4MAX & K ) = (0,,=1, )*F10 (J,KK)
EPV2(K,KMAX+K)aEPVLI(K,KMAXeK)
FPVL ( Kel ,KM ) 3 (0, , 1, Y« Fl0( J, KK)
EPV2(Kel,KM)SEPV1I(Kel, KM)
2 IF (NTMS,EQ3,2) GO 1Q 252
IF(KK,EQ,2) EPVI(K,K)=F1(A(L1),B(1)sCS(1),ENC(L),TAN(L),R1,Y1,T1,
1 X1,HK(1),J.KK) *FS(J)wyuy
[F(KK,NE,2) EPVI(K»K)zr1CACL1),B(1)sCS(L)-EN(L),TANCL1),R1,Y1,TY,
1 X1,HK(1).J,KK)
[IF(KK,FQ,2)EPV2(K,K)=F1(A(2),8(2),CS(2),EN(),TAN(2),RE,Y2,T2,X2,
1 WK(2),J,4K) «F3(J)eU2
IF(KK,NE,2)EPV2(K,R)3F1(A(2),8(2),C8(2),EN(2),TAN(2),RZ,Y2,T2,X2,
1 HK(2)aJ,y4K)
IF(KK,FQ,2) EPVL(KM,KM)SF1(A(2),B(2)sCO(2),EN(2)2TAN(2),%2,Y2,T2,
1 X2, HK(2),J,KK) F3(J)ey2
TF(KK,NE,2) EPVLI(KM,KM)3r1(A(2),B(2)sCO(2),EN(2)2TAN(2),R2,Y2,T72,
i X2, HK(2)2J,)KK)
IF(KK,FQ,2)EPV2(KM»KM)=F1(A(1),B(1),Cs(1),ENCL),TANCL),»R1,Y1,T1,
1 X1,HK(1),J,KK) <=F3S(J)wyt
IF(KK,NE,2)EPV2(KM)KM)=F1(A(1),B(1),C8(1),ENCL),TANCL),R1,Y1,TY,
1 X1,HK(1),JdsKK)
GO T0 1
252 CONTINUE
FPVY (K, K¥) = (0,+,1,)*G*KK
EPV2(K,KM)E=»EPV1(KsKM)
1 CONTINUE
C MATRIX FOR OV1PLUS+0V2MINUS AND OVIMINUS*QV2PLUS
KiXxzs(Jel)/?2
IMDs2eK X
DO 101 K=1,KIX
KATaK]X*K
KOr2#K=1
‘GO TO (102,103,104),(KIX+1eK)
104 IF (NTMS,E3,2) GO 10 261
OPV1I(K,Ke2)sFB(J,KU)*yl
OPVLI(KAT,KAT¢2y2F8(J,KO) U2
OPV2(K,Ke2)3FB8(J,KU) «U2
OPV2(KAT,KAT#2y3FB8(J,K0) »U1
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103 IF (NTMS,E3,2) GO TQ 261
IF(KO,EQ,1) OPVI(KsK*¢1)=F6(A(L1),B(1)sJaKO,V1sS1)¢F7(J)*yl
IF(KO,NE,1) OPV1(KsK+1)=F6(AC1),B(1)sJaKO,V1,51)
IF(KO,FQ,1)0PVYI(KAI ,KAT*1)=F6(A(2))B(2),J,K0,V2,52)=F7(J)*U2
IFEKO NE,1)OPVY(KAT ,KATwl)=2F6(AC2),B(2),J,K0,V2,52)
IF(KO,FQ,1)0PV2(K,Kel)=Fo(A(2),B(2),J,K0,V2,52)eF7(J)wu2
IF(KO NE,1)OPV2(K,Rel)=F6(A(2),B(2),J,K0,V2,52)
IF(KO,EQ,1)0PV2(KAT,KAT«1)aF8(A(L1),B(1),J,"0,V1,51)=-F7(J)wUl
IF(KO,NE,1)OPVO(KAT ,KATe1)=F6(A(1),B(g),J,KUsV1,51)
60 TO 102
261 CONTINUE
DPVLI(K,KAT+1)=2(0.,,"1:)%F10(J,KO)
OPV1(K+1,KAT)3a0PV1i(K,KATe1)
DPV2(K,KATe1)=0PV1I(K,KAT+1)
OPV2(Kel,KAT)EaOPVLI(K,KAT41)
102 IF (NTMS,E3,2) GO 0 262
0IF(KO,EQ,1)0PVI(K,R)SF1(A(1),B(1),CS(1),ENCL),TAN(L),R1,Y1,T1,
1 X1,HK(1),J,K0)eFZ(A(1),B(1),J,V1,S1)
01F (KO NE,1)O0PVY(K,K)ZFL1(A(1),B(1),CS(1),ENCL1),TAN(L),R1,Y1,TY,
1 X1,HK(1).J,KM)
0IF(KO,FQ,1)0PVI(KAT,KAT)=F1(A(2),B(2),CS(2),uN(2),TAN(Z))R2,Y2,
1 TZ.X?OHK(Z)’JnKO). FZ(A(Z).B(Z).J,VZJSZ)
0IF(KO,NE,1)0PVI(KAT,KAT)=F1(A(2),B(2),0S(2),eN(2),TAN(<C)sR2,Y2,
1 T2,X2,HK(2),J,K0)
IF(KO,EQ 1)0PV2(K,K)=F1(A(2),B(2),C5(2),EN(2),TAN(2),R2,Y2,T2,X2,
1 MK(2)sJ,<0)«F2(A(2),8(2),d,V2,52)
IF (KO NE,1)OPV2(K,R)=F1(A(2),B(2),CS(2),EN(2),TAN(2),R2,Y2,T2,X2,
1 HK(2),J,40)
0IF(KD,EQ,1)0PV2(KAT,KAT)=F4(A(1),B(1),CS(1),ENCL1),TAN(L),R1,Y],
1 T1,X1,HK(1),J,K0) «F2(AC1),B(1),Jovl,S1)
OIF (KO NE,1)0PV2(KAT,KAT)=F1(A(1),B(1),0S(1),ENCL1),TAN(L1),R1, Y,
1 T1,X1,HK(1),J,K0)
GO TO 101
262 CONTINUE
IF(KO,FQ,1)0PV1(K,KAT)=(0,,1,)e(GeKQ" 25¢WeJr(Jel))
IF(KO,NE,1)O0PV1(K,"AT)=(0,,1,)w(GeKD)
IF(KO,FQ,1)0PV2(K,RAT)S(0,,=1,)0(GwKOss20wknJe(Jel))
IF(KO,NE,1)OPV2(K,KAT)=(0,,=1,)*(G*KO)
101 CONTINUE
C FORMING HERMITIAN CONJUGATES OF EPV1,EPVZ2,0PV1,0PV2
DO 9 Na21,J=MD
INzNe+1
DO 9 M=IN,JEMD
EPV2(M,N)=3ONJG(EPV2(N,M))
9 FPVL(M,N)SZONJG(EPVLI(N,M))
N0 109 N=1,IMD
INasNe1
DO 109 M=IN,IMD
OPV2(M,N)Y=ZONJG(OPVR(N,M))
109 OPV1(M,N)=20ONJG(OPV1(N,M))
C ALL MATRIX EL=ZMENTYS HWAVE BEEN FORMED AT THIS POINT
IF (NTMS,EQ3,1) 270:280
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270 WRITE TAPE 51,EPV1,EPVZ,0PV1,0PV2
280 CONTINUE
EIGENVALUES AIE FOUND [N THIS SECTICN
CALL JHERMX (EPV1,21,JEMD)
CALL JHERMX (EPV2,¢<1,JEMD)
CALL JHERMX(OPV1,2U,1MD)
CALL JHERMX(OPvV2,2U,1MU)
STORING EJGENVALUES IN E(NCOL,NTMS)
NCOL=0
no 301 l=1,JEMD
NCOL=sNCOL+1
301 E(NCOL,NTMS)=EPVI(Il,I])
Do 302 [=1,JEMD
NCOL=NCOL+1Y
302 E(NCOL,NTM3S)sEPV2(Ll,1)
no 303 I=1,IMD
NCOLeNCOLe1
303 E(NCOL,NTM3)=0PVI(l,1)
DO 304 [=1,IMD
NCOL=NCOL=1
304 E(NCOL,NTM3)=0PV2(1,1[)
GO TO (200,311),NTMS
311 CONTINUE
PRINTING EIGENVALUES WITH J,Ke,Ke LABELS
PRINT 312,J.J
3120FORMAT(//«(110) STATE FOR J= w]l3+* V1 QR B tAND*22X
1#(011) STATE FOR J= *[5+# V2 OR A BANDe//
22(e J Ke <ow4Y#UNFERTURBED COR,PERTYRBED CUR~UNP*11X))
IMINS=JEMD
DO 313 I=1,KMAYX
KPLUS=?2#*(]le1)
TAUPaJ=2*KALUS
KMINUS = TAUPekPLUS
E(1,3)=FE(],2)eF(1,1)
IMINS=IMINS+1
F(IMINS,3)sE(IMINS,2)eE(IMING,1)
PRINT 314, J,KMINUS,KPLUS,(E(1,K)sK=123),J,KMINUS,KPLUS,
1(ECIMING,K) ,Kz1,3)
314 FORMAT(2(313,2F15,4,F8,3,10X))
313 CONTINUE
IMINGSKMAX
IMINI = JEMDeKMAY+1
IMAX1=2+JEYD
DO 320 I=IvINL,IMAX]
KPLUS=2% ([ eJEMD=KMAX)
TAUP=J=2+K?LUS+1
KMINUS = TAUP#kPLUS
E(1,3)=E(],2)eE(l,1)
IMIN4=SIMING+]
E(IMING,3)zE(IMINGs2)eE(IMING, 1)
PRINY 314, J,KMINUS KPLUS,(E(1,K)sK=123),J,KMINUS,KPLUS,
1(E(IMING,K),K=1,3)
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320 CONTINUE
IMIN7=2%JEMD+MD
IMIN232« JEYMDe1
IMAX232«JEMD+KIX
PO 330 I=]v[N2,IMAX2
KPLUSs2w(]le2e JEMD)~1
TAUP=zJ=2+K?2LUS
KMINUS 3 TAUPeKPLUS
E(!o3)8E(l|2)¢F(l'l)
IMIN72IMIN7«1
F(IMINZ 3)zEC(IMINT»2)eb(IMINT, 1)
PRINT 3140J0KMINUS'KPLU51(E(1pK):K=1.3),J;KM1NUSAKPLUSJ
1(E(IMINT ,K),K=21,3)
330 CONTINUE
IMING622®JEMD*K X
IMIN3=Pe JEMD® [MDeKIX+1
IMAL3=2¢ (2]
N0 340 I1=1vIN3,IMAX3
KPLUS=z2% (]l (2« JEMD*[MD*KIX)) w1
TAUP=J«2#*K2 L US+1
KMINUS = TAUPeKkPLUS
E(1,3)=zE(],2)eF(],1)
IMIN6SIMINS»1
ECIMING,»3)sE(IMINGI2)mE(IMING, )
PRINY 314,J,KMINUS KPLUS, (E(]1,K)sK=123),J,KMINUS,KPLUS,
1(E(IMING6,K),K=1,3)
340 CONTINUE
11 CONTINUE
END
SURROUTINE JHERMX(A,NM,N)
COMMON lOPT,RHO, lER
DIMENSION A(NM,NM), S(21,21)
COMPLEX A, S, v1i, V2, V3, CSNT, SNT, TEMP
o€ = 0
IER = 1
FP12=0,000700000001
FN 3 FLOATZ(N)
PO 1 ]=10N
DO 1 J=1,N
S(1,J) = (0.000'0)
IFCI,EQ,J)S(T,0) 2(1.0,0.0)
1 CONTINUE
IF(N,LF,1)30 70O 12
SOFFD = 0,90
NMY = Ne1i
DO 2 I=1,Nv1
Id s Je1
DO 2 J=lJ,\N
X1sA(],J)
XZ.A(llJ).(OOOD'llb)
2 SOFFD=SUFFDe2,0«(X1aX1+X2eX2)
IF(SOFFD ,.T. 0,1E~10)GO TO 12
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THR = SWRT-(SOFFD)

FTHR = RHO#THR / EN

IND = 0

TWR = THK / EN

DO 10 Ls2,\N

LML = L-1

DO 10 k=1,.M1

XllA(LoK)

XQSA(L.K)*(0'0a1|0)
IF(SORT(X1#X1eX2%X<) . LT, THR) GO TO 10
IND = 1

Vi 3 A(K,K)

V2 3 CONJG( A(L.K) )

vy = A(L.L)

C 3 «AIMAG( A(L,K) )

B = REALC A(L,K) )

E = REALC ACL,L) )

D = REAL(C A(K,K) )

THFT = 0,0

IF(ABSF(C).,LT, EP12)GO TO 13

THET = 1,5707963

IF(ABSF(B),LT, EPI<)GO TO 13

T = C/ B

THFT = ATANF(T)

CONTINUE

PH! = 0,78539818

ED = ARSF(z==D)

IF(ED ,LT, EP12)GO T0 15

TAO = 2,0«(8+CNOSF(THET) + CeSINF(THET)Y) / (e=D)
PHI & 0,5 « ATANF(1AD)

CONTINUE :

CSNT =COSF(PHlYy « (0.0,0.0)

CS = COSF(THET)Y w SINF(PH])

SS = SINF(THET) % SINF(PHI)

SNT = CS + (0,0,1,U) « SS

no 8 I=1,N

TEMP = A(],K)®CSNT = ACI,L)*CONJG(SNT)
ACl,L) AClsKY®SNT + A(l,L)*CSNT
A(Cl,K) T=MP

IFCIOPT ,E3, 0)GO 10 8

TEMP = S(I,K)*CSNT = SC(I,L)*CONJG(SNT)
S(1sL) 3 SCI,K)Y®SNT + S(I,L)*CSNT
S(1,K) 3 TzMP

CONTINUE

DO 9 ‘=10N

A(K,1) 3 CINJG( A(L,K) )

A(L,1) 3 CONJG( A(L,L) )

CONTINIE

A(K,K) = SNT*CONJG(SNT)#V3 ¢ CSNT«CSNT#V1-SNT«CSNT#CONJG(V2)
1 eCSNT«CONJG(SNT)#V2

A(LsL) = CSNTeCSNT*V3 + CONJG(SNT)#SNT*yl ¢ OSNT#CSNTw
2 CONJG(V?2) + CONJGC(SNT)*CSNTev?2
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1

A(K,L) = CSNTeCSNTw*VZ
eCSNT*SNT#*V3

ACL,K) 3 CINJUGL A(K,L)

CONTINUE

I0C = 10C + 1

1F¢loC ,GE, 100)GO TO

IFCIND ,LE, 0)60 TU 11

IND = 0

GO TO 4

IF(THR=FTHR)12,12,9

RETURN

1ER = 1

RETURN

END

168
- SNT#*SNT«CONJG(V2) + CSNT*SNT#vVl

)

21
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RBSERVED

21,353
41,415
3A.Nn51
1R.924
58,372
22.3%41
98,119
52.206
35.247
93,421
3A.N26
58,379
56,760
56.373
57.474
16.758
43,879
100,248
75.482
21.323
79.n92
2h.468
138,433
47.240
8R.292
14n0,495
67.302
34,508
78.914
56,574
59,794
73,044
111,955
132,323
764992
41,n48
93,257
97.n01
75,R76
19.119
17.763
100,413
158.789
111.4856

NBS=-CALC

0.000
0.0n1
0.002
0.003
0.005
0,005
0.004
0.001
»0.000
0,003
0.0n1
0.004
0.005
0.002 °
0,000
=0.001
’00004
0,003
«0,000
0.0n3
~0.001
'00002
0,002
0.000
'09005
*0,001
~0,00N4
*0.006
=0.,002
0.005
0.001
0.005
=0.001
0,011
0.004
«0,000
0.000
0.003
0,003
‘0'002
=0.0Nn1
'00017
0,002
0.004
0.002

WEIRHT

1.76
4,44
1.50
1.87
0.23
9.83
4,46
3.70
7,98
6.18
4,88
5,48
0.76
7.92
5.69
5.02
7.45
0.12
0.84
1.81
6.20
0.61
3.24
0.40
3.89
3.33
2.56
2.69
1.55
5.94
5.83
0.95
4.40
0.53
0.05
7,38
9.73
7.19
1.33
2.90
3.18
0.50
0.99
0.14
0.21
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74.457
131.509
5,164
32.800
124,235
135.465
7A.A78
122.7156
32.937
51.710
113,454
205.914
128,918
33,093
169.967
81,478
74,303
10n.774
168,488
146,344
89.772
53.521
149,561
94,7254
61.743
171.920
77.n01
135.975
94,025
47,485
113,872
94,116
345.250
115.161
94,n36
94,014
17,024
1790.286
18n.771
6N.R46
174,714
154,035
172,032
7R.n48
39.029
18,209
147,961
129.050
147,493
35.372
95,788
91.2009

0.003
0.001
-0,001
0.001
'00002
'00001
0.004
0.005
0.001
'00002
0.000
=0,001
=0.005
"00003
*0.,003
0,001
0,000
0.0n5
0.004
~0.,004
'0.0”3
'00005
«0.003
0.002
0.001
0.001
0.001
0.000
0,001
0.003
0,001
0.025
0.001
0,003
'00002
=0.,005
'00003
0.002
0,009
0.003
0.000
0,001
0.006
0.001
0,003
0.005
=0.,003
-00000
"00005
'00002
6.002
'00000

0.04
0.45
0.06
0.95
0.76
0.14
0.16
1.73
2.10
0.24
1.38
0.81
6.89
5.56
1.02
5.24
2.70
1.02
2.34
1.00
8.59
2.27
0.51
6.55
3.89
1.08
1.50
2,40
9.65
3.66
2.03
0.20
8.20
6.14
0,96
1.55
3.99
4,56
0,38
1.21
0.18
.02
0.18
0.13
2,13
0.04
0.95
0.22
0.44
1.10
0.66
5.32
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213.02°2
62.737
104,125

116,025

112,122

6nN.418
151,185

61,408
114,927
?21n0.972
154,584

53.R06

38,7260
115.755
133.482
113,765
220.n51
145,740
139,239
220,017

57.207
2110.0650

74,927
114.456
210.749
133,459

37.205
115,252
209,224
243,734
124,147

50,512
205.n96
165,470

77.762
163,708
173.R62
20R,373
178,429
193.n27

17.726

82.n32

39,424
167.7293
200.n83
242,017
117,874
180,413
748,074
197.272
134,052

0.002
'0-003
~0,001

0.0n3
«0.003

0.005

0.006

0.003
=0,003

0,003

0,003
=0.005

0.003
'00002
»0.,002
=0,005

0.020

0.012

0.015

0,016

0,011

0,000

0,004
«0,005

0.001

0,003

0.006

0.003

0.003
'00016
~0.016

0.002
~0.003

0.000

0.000
"00004

0.00n3
~0,004
«0,003
'00000

0.004
'000”6

0.005

0,003

0.010

0.008

0.006

0.0n8

0.007
0,004

0.006
'00001

1.56
J.16
3.98
9.41
1.91
0.27
2.02
2.89
2.02
0.28
0.86
0.14
2.21
1.93
1.18
2.47
0.27
0.21
3.04
0.39
0.92
3,26
0.12
0.08
0.20
0.06
0.16
0.59
0.18
0.10
0.04
1.38
0.70
0.17
0.15
0.20
1.44
0.26
0.05
2.10
0.12
0.57
6.39
2.64
2,11
4.73
0.90
1.37
3.13
0.32
0.10
1.n8
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101.479
714.758
209,901
127.R68
187.551
243,R92
132,734
95,528
194,139
247 ,A56
246,138
133.R80
172.438
564,109
152,431
134,408
37.209
132.420
249,322
11n.n79
14R.016
47.0279
70,459
205,827
83,2490
133,752
248,407
69,096
229.930
59.,n07
133,031
37.437
17.373
51.264
107.%00
253,239
65,474
211.777
32N0.R99
249,483
116.512
171.435
287.n91
119,797
222.R44
104,061
152.847
285.581
149,885
115,388

‘00001
0.007
0.011
0.006

-0,012
0.006
0.001
0.002
0.001

'00007
0,003
0.,0N03
0.0n4

'00002

=0,006
0.003
0.002

'00012
0.011

-0.008
0.007
0.006

'00007

«0.,001
0,003
0.000
0.001

~0.,003
0.003

«0.,002
0.000
0,001
0.001

«0.002
0.037

»0.008
0,003
0.001
0,001
0.013
0.004
0.010
0.003
0.001
0.004

-0.006
0.011

'0.0“6
0.007
0,008
0.005
0.006

1.40
1.19
1.43
3.25
0,31
1.84
5.35
1.44
2.84
0.60
0.34
3.39
3.58
1.98
2.82
1.31
2.55
1.60
0.19
0.79
0.62
.62
0.19
0.10
1.07
1.65
0.15
0.05
3.48
0.10
0.31
0.77
0.04
2.97
0.54
0.10
0.06
0.15
0.04
0.03
0.12
1.66
1.79
0.04
1.51
1.33
0.47
0.37
2.71
0.44
1.78
0.76



J O I ¢ UIYOOVOOC DPDD UV LD LD D D P®D OB OO OLDODOB L LPD LY DI DAL DD OO DD OO DL I DL DL

NV AWUWANANDDEIAIIPWDEDBDDUIUVINITOARANNNNNVNVVUWNNWNANWD DI NIPOOIPANDDFAL UOUNNVNANANWNWSE L

NN2A2AI2RAPPANDEWNNIDLEDENNAWANWNYVVINVNNV L2A2RARNDPRAITII AL LELDLEWNANNWVIVIDIONNNYI2ZDIDNNN

s 0 ¢ % 4 8 4 2 8 3 € 3 & 0 83 & 0 B OO OOOR OGO OB 8 OS OSSO ORN OGN OOOQ OO BSOS OCTOODOOOSOYONOYTOIOSOYTOLTOQTTOOYNORTROGMEORLOGEOD

NONOVOIOIEOENDINNONOGONDPDOIOOANNNOONNNOGGOOONONOONNNODNODOOOPOONNOEANOOCONNOANNDO

NNV W AW DUOSUINNDDPDWWIPEII WMNNINNLGENE AW WNNNNLITNLELDLOEUIDRHEA NN DA WAN O

MIND2DDAOOUWORULWGWUVNLNNUVVIVMIEPFNNONNO R FE,OLLBAOVWIGWOROORWOMUDSELNOTOOVTVINDODO &BBUVNWW

174

8n.s34
152,399
190,148

57.415
152.945
135.R89
153,521
170,896

37.n17

17.n58
151,449
299,032
292,582

45,430
194,524

78.,574
?730.981
142.n39
248,172

93,267
244,210
?211.177
152,170
784,405
287.3%51
190,370

54,422
152.934
124,780
289,787
123.434
174,704
130.R48
279,762
229.R82

67.706
219,R85
233.430

84,7220
284,782

159.225

95,425
250,425

91.402
171.198

75.761
134.466
228,411
171,019
208,044

0,003
=0.,019
'00005
'09008
’00008
‘00004
0.006
»0,003
'0.003
‘00005
0,008
'00023
'0'009
0,027
0.006
0.019
0.003
0.006
0.031
0.005
0.011
0.014
-0,0Nn3
«0.,003
0,002
«0.004
'00006
~0.002
'00006
‘000?7
0.014
'000?8
0.015
0,016
0.021
-0.008
0,024
0,030
0.013
0.013
0.001
0.005
0.002
0,008
0.017
0.018
0.010
'00010
0.002
*0,000
=0,005
‘00002

1.28
0.48
1,42
1.14
1.54
1.66
0.30
2.22
7.48
2.37
4,18
0.54
0.12
0.31
0.13
0.17
0.70
0.97
0.24
0.25
0.09
0.03
0.40
0.07
0.08
0.08
0.04
0.11
0,05
0.11
0.06
0.26
0.46
0.15
0.07
0.58
0.03
0.03
0.16
0.14
0.27
0.12
1.55
0.75
3.92
1.76
0.58
0.69
0.14
1.45
3.20
.78



D OO0 DI O IV I IOV IOIDIVIDITI29VOLVDOVOIVO

-
-

—
NV ODINANAOVDIIOOIXTIENNNNNINNINELEDELEDDIAEARADITIARAII>ANAOVOO DO DO

-~ A
COCOOODVOVVIOVXDIOVODOETOVOTTTOWOLCNNDODNDINCNIENIINNNTTITNODOETNN®D

- s .
2> 0= >
-

P OO XPOOOPNNDIPOTOWOWOORINNDPIGOOAIINVNOVINWWNONOGLDIDNNNREL,LOOOORDANVTUMINNOIDOWD

>

¢ 0 ¢ 4 & 8 ¢ 5 2 3 % 3 4 0 0 ¢ 8% 8 % o4 4 0 € Q0 % & 3 % OQ QP OGS S S % 4 2 0 % OB OB OGO OSORNOSOYT OO

NN =L =2 N2V VUWURPIIPNAWN 2NNV UWNANANDDDEDNNVNDUVUINNTIIOOIPARAEIANNWD LLDLELELALUVNDD AR Y
Re]

DN N DIDIEAN BN NI AN LW OENDEIDIVAINAININELEDLEDEDRRANNSTNAINTLEBENNEANND AN

P e e T T T e N O N N T T e Y Sl Sy S S S N
A A A & A4 4 a2 A A a2 D> D D DD DI

-

175

560633 '00009 1016
36,723 =0.,001 2.44
172,409 0.002 1.97
189,463 =0.,010 4,58
170.269 *0.018 3,03
14,753 '00010 1.46
170.771 0,015 0.11
169,977 0.021 0.19
113&445 00032 0012
227.Rr62 «0.,000 0,21

77'076 '00006 0021
171.241 0,003 0,07
324.179 0,001 0.02
324,142 0,004 0.14
?610795 '0.017 0.03
137.n14 0,009 0.06
254,032 0.034 0.05
1244075 0,009 0.11
172.700 0,009 0.09
322.400 0.0729 0.11
94,726 0.017 0.02
?271.562 0.005 0.06
95.R57 -0.,011 0,05
245,095 0.012 0.10
103.n58 «0.016 0.05
322.943 0.014 0,03
122,383 0.024 0,68
155,165 0.004 0.22
760‘13 '00022 0039
190,053 0.004 0.65
946.q90 '00001 2038
227.561 *0.011 1.18
56-159 '0'024 0022
19n,R38 =0.,010 1.06
?0“0407 '00008 4090
36,487 -0.,004 2.24
189,n68 «0.005 5.08
174,280 =0.001 0.10
191,452 «0,000 1.28
280,559 *0,025 0.06
189,298 0.028 0.23

16-‘61 '00006 0087
208,791 0,004 0.09
56,133 *0.072 0.31
246,183 ~0.,021 0,36
?27.118 -0,007 4,56
207.8r28 0.005 2.44
?209.496 =0,017 D.68
36.280 0,003 0.25
2104457 «0,0Nn2 1.23
206.416 «0.015 0.04
1930‘26 ’00016 0004
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16.174
265.952
264,775
2264562
283,594
?727.461
245,794

34,088
728,493
229420
264,440
X02,.n24

0.003
«0,019
«0.021

0.032
=0.,015

0,008
'00001

0.006
'00026
0,004

0.023
'000?2

0,27
0.03
0.20
1.88
0.22
0.14
2,16
0.10
0.06
0.26
N.54
0.n4
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