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ABSTRACT
DETERMINATION OF Ao FOR AXIALLY SYMMETRIC _iOLECULES

by Thomas L. Barnett

A new method is developed for determination of
accurate values of the molecular constant A, for axially
symmetric molecules by simultaneously analyzing a degenerate
fundamental band and its first overtone. 1In particular, the

method is developed for a simultaneous fit of the v, and 2v,

A
o

principal moment of inertia of the molecule about its axis

bands of a methyl halide. [Aj = h/(8n2cIoA), where I © is
of symmetry in the ground vibrational state. Accurate
values of IoA are necessary to determine the structures of
these molecules.]

The development of this new method begins from the
Amat-Nielsen generalized frequency expression, listed here
complete through third order and containing many fourth-
order terms. This expression is then specialized to forms
appropriate to individual least squares fits of the v, and
2v, bands, and simultaneous fits of the v, and 2v, bands.

This method of determining A, has been successfully
applied through least squares computer analyses to high-
resolution spectra of the methyl halides and similar mole-
cules. The excellent value of A = 5.1291 * 0.0009 em~ L
obtained for methyl bromide seems to clearly demonstrate

the superiority of this method over previous methods of

determining A,. Analyses of the other molecules of the



same type (methyl iodide, methyl chloride, methyl fluoride,
methyl cyanide, and singly-deuterated methane) led to less
precise values of Ao' mostly because of perturbations
occuring in one or both of the bands involved.

"Ground state" and "substitution" structures are
calculated for methyl bromide, making use of the excellent
value of A, obtained here. The results are discussed in

light of theoretical predictions by Kraitchman and Costain.
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INTRODUCTION

The methyl halides have been the subject of many
investigations in molecular spectroscopy over the years.,
Herzberg (1) summarizes the situation up to 1945, and many
papers on the methyl halides can be found in the literature
subsequent to this date. From the viewpoint of infrared
molecular spectroscopy these molecules have many attractive
features, being polyatomic (five atoms), but having a
three-fold axis of symmetry (see Fig. l1). The presence of
this symmetry axis greatly simplifies the theory and to
some extent the experimental treatment, but introduces some
problems unique to such "axially symmetric" molecules.

One persistent problem has been the difficulty in
determining accurate values of the molecular parameter Al
[= h/(8w2cI°A), where IoA is the principal moment of inertia
of the molecule about its symmetry axis in its ground
vibrational state]. It has long been known that a perpen-
dicular band of an axially symmetric molecule cannot be
solved for the value of Ao alone, but rather for only a
numerical value which represents Ao plus the coefficient of
a first-order vibration-rotation interaction term. Hereto-
fore, methods of determining AO for axially symmetric
molecules have lacked precision, or directness, or both.

In this thesis a new method, permitting the
determination of Ao directly from infrared spectra, is
described and applied. The method consists of making a
simultaneous analysis of two or more suitably related

1



Fig. 1

Definition of Rotational Constants
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B[v] for all Vg




vibration-rotation bands by means of least squares fitting
on a large, high speed digital computer. Chapter I contains
an outline of the procedure used by Nielsen, Amat, et al,
(2) in obtaining the generalized fourth-order quantum
mechanical hamiltonian for a vibrating and rotating sym-
metric top molecule. In Chapter II the fourth-order sym-
metric top energies are tabulated along with the classical
interpretations of the various terms. The generalized fre-
quency expression, representing any symmetric top vibration-
rotation transition from the ground vibrational state to an
upper vibrational state, is also listed. In Chapter III the
generalized frequency expression is specialized to single-
band frequency expressions suitable for computer analyses

of the methyl halide v, and 2v, bands. The reasons for A°
not being obtainable from a single-band analysis are dis-
cussed in detail. The new method of obtaining Ao is des-
cribed in Chapter IV. Frequency expressions appropriate for
simultaneous least squares fits of v, and 2v,, and of vi3+v,
and 2v,, are given.

Chapter V contains a general discussion of the
least squares procedure as applied to our problems and com-
ments upon the statistical considerations, including the
use of simultaneous confidence intervals. The experimental
procedures used to obtain the spectra and extract the tran-
sition frequencies are the subject of Chapter VI, Chapters
VII, VIII, IX, and X contain the results of single-band and

simultaneous analyses of CH3Br, CH3I, CH3F, and CH3;CN re-



spectively. Chapters XI and XII present the results of the
less complete analyses of CH3Cl and CH3D. A general dis-
cussion is given in Chapter XIII concerning the problems
involved in calculating structures from the measured values
of Ao and Bo for the methyl halides. Calculations of the
"ground state" and "substitution" structures for CH3;Br are
reported and discussed. The Conclusion sums up the main
results and attempts to assess the value of this work and
the importance of obtaining accurate values of Ao for the

methyl halides and other symmetric top molecules.
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CHAPTER I

GENERAL FOURTH-ORDER HAMILTONIAN

" The éeneral fourth-order hamiltonian for a mole-
cule undergoing vibration and rotation has been developed
by Nielsen, Amat, et al. (2). A very brief summary of
their procedure follows.

One begins with the Darling-Dennison quantum
mechanical hamiltonian (3)

H=1/2[w*] (P -p )u, u" Y2 (P -p,)ult
* "lmxsopsa*"-mpso*"m] v

where

a and B range over the principal axes x, y, 2;

8 ranges over the set of normal coordinates
necessary to represent the normal modes of the
molecule;

o ranges over only the components of doubly-
degenerate normal coordinate pairs (¢ = 1 or 2);

P represents the a-component of the total angular

momentum of the molecule;

P, represents the a-component of the internal
angular momentum of the molecule;
pso* represents the momentum conjugate to the normal
coordinate Qso’
v represents the potential energy of the molecule;
= [ ] ] + L) ' °
Mas (IYY Tag IaY IYB Yus
= ] . 12
Moo (IBB IYY IBY Yusz
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and since the principal axes of inertia are used as the

e af

molecular base framework (I = § ) then a and
aB GB aa S0
'gssoon are constants of the molecule.

The Darling-Dennison hamiltonian, H, is diagonal
in J (the total angular momentum is necessarily conserved)
but may, in general, contain terms off-diagonal in the

quantum numbers v and K (see Table I for definitions

s Lt
of these symbols). Here, only axially symmetric molecules
will be considered.

This hamiltonian is not directly solvable, hence
a perturbation treatment of the problem is called for. It
is assumed that H can be expressed in a power series ex-
pansion, as a sum of terms of rapidly decreasing magnitude,
viz.,

H = Ho + H; + Hy + H3 + Hy + ...

with Hy >> H; >> Hy >> H3z >> Hy >> ...e

In the power series expansion of the hamiltonian,
H, in terms of the normal coordinates, the zero-order term,

Hy, is the hamiltonian representing a harmonic oscillator

plus a rigid rotor. It is diagonal in all quantum numbers



Table I Definition of Symbols

v - vibrational quantum nunber representing s-th

vibrational mode

2 - second vibrational quantum number for doubly-
degenerate normal modes; associated with internal

vibrational angular momentum

J - rotational quantum number associated with total

angular momentum

K - rotational quantum number for axially symmetric
molecules associated with component of total

angular momentum along symmetry axis



and is exactly solvable., Classically, the higher order
terms will represent corrections to the rigid rotor-harmonic
oscillator model, such as centrifugal distortion due to
rotation, anharmonicities in the vibrations, and inter-
actions between vibration and rotation.

The perturbation treatment is carried out by
neans of contact transformations on H. The first contact
transformation on H, yielding
| h'* = Hp + hj" + hy' + h3' + hy' + ...,
is chosen such that Hy is left unchanged but H; is diago-
nalized with respect to Ve in the representation which
diagonalizes Hy. This leaves the hamiltonian actually
diagonal through first order with respect to all the quan-
tum numbers (J, K, Vgr and zt). In the absence of any
accidental resonance, the energy of an axially symmetric
molecule through third order is obtained.from the diagonal
elements of (Hp + h;' + hy' + h3'). The off-diagonal terms
from h,' will not contribute to the energy before fourth
order, and those off-diagonal in hj;' will not contribute
before sixth order.

The second contact transformation, operating
on h', is chosen so as to leave H; and h;' unchanged, while
diagonalizing h,;' with respect to Ve in the zero-order
representation (the representation in which Ho is diagonal).
The twice-transformed hamiltonian,

ht = Hy + hy' + ht 4+ ht 4Rt L,

is diagonal in all quantum numbers through h;', and



diagonal with respect to Vg through h2+, but may have terms

of f-diagonal with respect to K and Ly in h2+, and off-

diagonal with respect to Veor Leo and K in h3+ and h~+.

It should be sufficient, in the absence of any
accidental resonance, to obtain an "exact" representation
of the energy to third order from the diagonal elements of
nt through hg*, plus a partial fourth-order contribution to

the energy from the diagonal elements of hqf.



CHAPTER 11
SYMMETRIC TOP ENERGIES AND GENERALIZED

FREQUENCY EXPRESSION

I, Energy Expression

In general, the symmetric top energy eigenvalues
are obtained by solving the secular determinant
det[ <T,KyeeesV yennsipene| BT [3,R 0ei,v " eee ity ' yenes

(GKK'""'GVBVS".'°'61t2t".") Er1 = 0.

To obtain the energies completely through third
order and partially through fourth order, one needs only
the diagonal elements of (Hy + h;' + h2+ + h3+ + hq*), viz.,

detl <T,Kyuee,Voreenstysene (Ho + ' + 0" 4

.f.

t'...
+hh.f)IJIKI"‘IVB'.°'Iztl."> -EVR] = 0.

hj

The elements of the general twice-transformed
hamiltonian, as developed by Nielsen, Amat, et al. (2), and
their contributions to the symmetric top energies are given
in Table II. [Note that in Table II and subsequent expres-
Bions "s" runs over all the normal modes of vibration, "n"
runs over only non-degenerate modes, and "t" runs over only
degenerate modes.]

Table III contains the entire energy expression
for a symmetric top molecule, complete through third order
and containing the diagonal fourth order contributions.

The classical interpretation of each term is noted in

Table IV, Actually, it is doubtful that the third and fourth

order terms can be assigned any classical significance.

10



Table II

11

Elements of Hamiltonian .atrix and Corresponding

Energy Terms

1/2] P 2/1_+ B/2]_ A172(p, 2/h?+q  2)

So 8

B J(J+1) + (Ae-Be)K2 + Zsms(vs+gs/2)

o b

1/zzmzab (1)Ya (qapb+pbqa)Pa
Z

"2A Lety tK

aBy$
zaByG (Z)YPGPBPYPG

JK K

_nJ T2 2 _ 2 - 4
DeJ (J+1) De K<J (J+1) DeK

2asigpb[as‘”Yabpapb*as(Z)Yabqaqblpaps
~1 0B (v +g,/2) T (3+1) -] (ah-aD) (v_+q_/2)K?

cd
zg?b ggd[(2)Yab]1/2(qaqbpcpd+pcpdqaqb)
’

((2)y

+2abcd abcd]qaqchqd

atbeced

lgst gt (Vs¥9a/2) (Vgu#9gi/2) + [per Xy o Petes

tet' tt’
aBy b _
zaeyiab[ (B)Ya ]l/z(qapb+pbqa)PuPBPY

LNyt J(J+1)K

z Zg?c? ¢ (3)Y ]1/2(qapbpcpd+pbpcpdqa)Pu
c

+ 1 Zabgd [*(3)¥3, 11/2 (4,9, 9.Pq*P 9,959 F o

Lengt XS + Lelngtlgng, g (Vg+ag/2) 124K
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aBys aBys ab
[ (4)Zabqaqb+ (4)2 papb]PaPBPYP6

Lagysl

aBy$ g?b
I 87 (v +g./2)32(3+1) 2 +]_8T%(v_+g_/2) K23 (3+1)
+Zss§(vs+gs/2)K“

(o8 a8,y yabcd
EaB{ZabESC‘ (4)Z1pcaTa¥pdcdqt (4927 P,PLPPy!

UB B
*zgg dc‘é4)zabl/2(q QP Pg+PoPgd,dp) +* " (4)Z)P P,

{ngl sl(v tg /2)(Vs-+g 1/2)+Zttl Yﬂtlt,ztztu

+aB_} [J (J+1) -K?] + {X yss.(vs+gs/2)(vs.+gs./2)

]
83s’
+)r Y Ry +AA 12
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ef
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abcd

+(4)2,¢""1/2(p,P P P39.9¢+dq P PpPPy) ]

ab
+Zg?b[(4)zabqaqb+(4)z PaPp]

lagrgn Yggrgn(Vgtdg/2) (Vgi+age/2) (Vautggn/2)
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¢

s
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Table III Symmetric Top Energy IExpression through Fourth
Order

Egr =

Ig wg(vgta /2) + ] Bu (v _+g_/2) +

)

xSS'(vS+gS/2)(vS'+g8'/2) + Zttl- Xz ltlltlt' +

[}
8fs’ £st: t

zg§;$:sw Yogrgn (Vgt9g/2) (V1491 /2) (Vontg u/2) +

- K2
AeK + Be[J(J+l) K] +

[-28 J¢ op2e + Dpling + Ig ng, q(Vgtag/2)} 2] K +

K

K% +

- p J72 2 - pIKy2 -
De J4(J+1) De K4J(J+1) De

- Ig ag (vgta /2)K2 = [ o Blv 49 /2) [3(3+1) -K2] +
le nthtJ(J+1)K + I nthtK3 +
J 2 ) JK 2

Ig Bg (Vg+gg/2)32(J+1)2 + Ig 85 (Vg+g /2)K2T(J+1) +
le B Kiv +g_/2)K% +

S s 8 s

A

[zggéu Ygg' (Vgt9g/2) (Vgutgg./2) + Ztgé, thzt.
(1

2

B
32;1 Yss! (vs+gs/2) (vs'+gsl/2)
+ Ztt" thg't ltlt'] [T(J+1) - K2] +
tst !

HOJJ3(J+1)3 + HgKKZJZ(Jﬂ)2 + HgJK“J(J+1) + HOKK5



Table IV

Constants involved
in energy terms

14

Classical Interpretation of Energy Terms

Classical interpretation of
energy term

Aw

X_ 4, X
ss Lelyn

Yggrgne ysztzt.

Ae' Be

V4
Aly Ty

Y e Y
88 ztlt'

Ygg'r Yo 2
J JK KJ K

harmonic oscillator energy

fourth-order correction to harmonic
oscillator energy having same
quantum dependence

first-anharmonic corrections

second-anharmonic corrections .

rigid rotor energies of molecule in
equilibrium configuration

Coriolis term - first-order term
representing vibration-rotation
interaction

third-order vibration-rotation
correction to Coriolis term

centrifugal distortion corrections
to rigid rotor energies

corrections to A_ and Be in excited
vibrational staté&s

third-order vibration-rotation
interaction terms

corrections to D J, DJK, and DeK in
excited vibratiofial states

fourth-order corrections to aSA

fourth-order corrections to asB

fourth-order centrifugal distortion
cnrrections
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IT. Frequency Expression

In our work we are solely concerned with transi-
tions in absorption which take the molecule from a level
within the rotational fine structure superimposed upon tre
ground vibrational state (all vy = 0) to a level within the
rotational fine structure superimposed upon an upper vibra-
tional state (one or more Vg # 0). To obtain the frequency
expression representing a general transition of this sort,
one subtracts the energy expression representing the ground
state from that representing the upper state. It is
desireable to have an expression general enough to represent
all possible transitions between the rotational fine struc-
ture levels superimposed upon the ground and upper vibra-
tional states. In the ground vibrational state v_ = 0 for

8
all "s"; zt = 0 for all values of "t" since the ground state
is non-degenerate; J and K represent the ground state
quantum numbers associated with the total angular momentum
and its component along the symmetry axis respeciively. In
the upper vibrational state one or more of the vg are non-

zero; the ¢, corresponding to those Vg which are non-zero

t
for degenerate modes are themselves non-zero; J + AJ and
K + AK represent the upper state values of the J and K
quantum numbers.

Table V lists the generalized frequency expres-
sion representing a general vibration-rotation transition

from the ground state to any upper vibrational state,

assuming negligible inversion probability and the absence of
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Table V Amat-Nielsen Generalized Frequency Expression

AK
(Vn'vn+l"‘"vt’Alt'Vt+1'A£t+l"") AJK(J)

Ig (ug + du v +

S
Lalgi®gg [(Vg+g /2) (Vou+g 1 /2) =g 9 4/4] +
s:<s'
ZEEE:xztzt'AltAlt' +
Zggg:jgzyss.sn[(vs+gs/2)(vs.+qs./2)(vsn+gsn/2)-qsqs.gs"/8] +

Zsztgg:ysztzt'(vs+gs/2)AztA£t, +

A_ [ (K+4K) 2-K?] +

B, [(J+4T) (J+1+AJ) =T (J+1) - (K+AK) 2+K2] +
[-2a_], t 280 +] (n +] n. (v +g /2) }ae ] [K+AK] +
-p_7 [ (3+A3) 2 (3+1443) 2-32 (3+1) 2] +

~DIF [ (K+4K) 2 (J+AT) (J+1+43) -K2T (3+1)] +
-DOK[(K+AK)“-K“] +
[-Zs“sAvs+stg:Ysg'(vsvs'+vsgs'/2+vs'gs/2)

8s

A 2
+zt2t'72 . 'AztAzt.][(K+AK) 1 +
tsg' tt

B

[-zsas Vs+zszs'752'(vsvs'+vsgs'/2+vs'gs/2)
g¢8'

B _ T
+Lelervy o, 828201 [(T+AT) (T+1+AT) - (R+2K) 7]
tst' 'ttt

zt"tJM't[(K“K)(J+AJ)(J+1+AJ)] +
ZtntKAzt[(K+AK)3] +
ZSBSJVBI(J+AJ)2(J+1+AJ)2] +
zsﬁngs[(K+AK)2(J+AJ)(J+1+AJ)] +

K
Zsss vs[(K+AK)“] +
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HOJ[(J+AJ)3(J+1+AJ)3—J3(J+1)3] +
HO® [ (K+8K) 2 (J+7) 2 (J+1+43) 2-K232 (J+1) 2] +
HgJ[(K+AK)“(J+AJ)(J+1+AJ)-K“J(J+1)] +

HOK[(K+AK)6-K5]
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any accidental resonances. With the proper selection rules
this expression should represent vibration-rotation spectra,
Raman spectra, electric field-induced spectra, microwave

spectra, etc. Note the following substitutions:

A
AO = Ae - ES ag (95/2) + Zﬁ?é'Y5§' (ngB'/4)'
_ B B
By = Beg - Zs ag (9g/2) + zggé.yss'(gsgs'/4)'
DI; DI: - I ssm(gs/z), m = J, JK, K,

which were made by way of grouping together all the terms
which have exactly the same quantum dependences.

A diagram, taken from Ref. (1), of the observed
frequencies of the various methyl halide fundamentals is
shown in Fig. 2. The band 2vs is also shown as a dashed
line because this band is in Fermi resonance with v;. The
unperturbed position of v; would be between the indicated
positions of 2vs and v;.

The atomic motions involved in the normal vibra-
tions of a CH3X molecule are indicated in Fig. 3. This
diagram is also taken from Ref. (1).

Schematically, one may consider that superimposed
upon the vibrational energy levels are rotational energy
levels - rigid rotor levels corrected by higher order
effects. Splendid diagrams are given on p. 28 of Ref., (1)
for non-degenerate states and on p. 404 of Ref. (1) for
degenerate states split by the Coriolis interaction.

A vibration-rotation band may be represented

schematically as the set of allowed transitions from the



19

003¢

00ST 000T 00S H:so
1 e . : : :
e T S Sa Za 9a €a
" 1¢HD
" agéyd
. T08HD
]
. JEHD
]
[

satousnbexg uorjeaqya Tejuswepund SpPTIeH TAY3Iaw z *61a




Fig. 3 CH3X Normal Modes

*
VI%

o>

Vg

20

V2



21

rotational levels within the ground vibrational state up to
rotational levels within the upper vibrational state., A
parallel band consists of transitions from a non-degenerate
ground state to a non-degenerate upper state; a perpendicu-
lar band consists of transitions from a non-degenerate
ground state to a degenerate upper state.

Infrared vibration-rotation spectra are described
by the electric dipole selection rules on AV, ARy, AT, and
AK. For a pure harmonic oscillator the allowed electric
dipole selection rule on the vibrational quantum number is
Avs = t]1, The presence of electrical or mechanical an-
harmonicity permits, in general, Avs = ], 2, 3, ..., but
with greatly reduced intensity relative to the fundamentals.
Of course, for transitions in absorption only positive Avs
exist. The selection rule on AL, for é particular band can
be obtained from Amat's Rule (4). Discussion of this will
be deferred until Chapter III. We shall merely note here
that for a parallel band a2, = 0, and for a perpendicular
band A% # 0 in general. The dipole selection rules on AJ
and AK are:

Parallel band
AK = 0

AJ = 0, t1 (AJ # 0 when J

0);
Perpendicular band
AK = :1

AJ = 0, *l.



CHAPTER III

SINGLE-BAND FREQUENCY EXPRESSION

Let us consider the analysis of a single band of
a methyl halide molecule. Analyzing a band consists of
determining the best set of estimators of the coefficients
involved in the frequency expression appropriate to that
band. These coefficients are molecular constants or linear
combinations of molecular constants. This can be done in
a relatively crude manner with graphs [see Ref. (5)], or in
a much more sophisticated and precise manner by means of a
least squares computer fit.

In general, the frequency expression listed in
Table V cannot be used directly in the analysis of a band.
A primary requirement in either a graphical or least squares
analysis is that all the terms in the frequency expression
be linearly independent of one another. This means that if
Xl' x2, ccey Xn represent the gquantum dependences of the
various terms, it must not be possible to represent any X,
in the form

X, = aX, + bx2 + eee + exi

i 1 -1
Consider the specific case of the v, band of a

+ £X + eee +an.

i+l
methyl halide molecule. This represents a degenerate
carbon-hydrogen stretching mode. The methyl halide molecule
has six normal modes of vibration, of which three, v;, va,
and v3, are non-degenerate, and three, v,, vs, and vg, are
degenerate. In the case of vy, Avy = 1 and Avi = 0 for

i=1, 2, 3, 5, and 6. The AK and AJ selection rules are
22
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those appropriate to a perpendicular band, viz.,
AK = ],
A = 0, 1,
The selection rule on A%, is given by Amat's Rule
as described below. In general, Amat's Rule places restric-

tions on the allowed values of A%, such that

AK - ], A2, = #3p, p=0,1, 2, ...
There is a restriction on the possible values of Ly in the
state Vt'

| 2o | = vir v t 2, ouo,

or, since AV, = v, and AL, = 2, for a transition originating
in the ground vibrational state,

ny Avt t 2, ceee

Since Av, = 1 is the only non-zero AV for v,, one has the

1Y) = Av
| a2, |

two conditions on Af%,:
1. AK - A%, = #3p, p=0,1, 2, ...
2. | a24 | = 1, 3, eeee
Since AK = t1, the only solution possible is
t] - A&y = O or
AL, = AK.

When A%y = AK is substituted into the frequency
expression obtained by specializing Table V to the v, band,
several terms are found to be linearly dependent. 1In
particular, the Coriolis term splits into a constant term
plus a term with the same quantum dependence as Ao, viz.,

[-23_54% + ny + 2nyu] (824 (K + AK)] =



24

[-2Ae;“z + ny + 2n4,] [AK(K + AK)] =

Z +1/2 ny + nuy) [(8K) 2]

[-Agzy
+ [-A Ty + 1/2 ny + nyy] [(K + AK) 2 - K2).

In the same manner the nuK term, with quantum dependence
[A2, (K + AK) 3], is linearly dependent upon several other
terms and is treated in a similar manner, viz.,

n, (AL (K + 8K) 31 = n,K[AR(K + 8K) 3] =

ny N [AK (K3 + 3K2AK + 3KAK2 + AK3)] =

1/4 nuK[(K + AK)* - K*] same quantum dep. as -DoK
+ 3/2 nyN[(K + AK)2] same quantum dep. as —ay’
- 1/2 an[(K + AK)2 - K2?] same quantum dep. as Ao
- 1/4 nuK same quantum dep. as Vor

The final frequency expression, suitable for a
least squares computer fit of v, (with k = 1), is given in
Table VI, Note, in particular, that Ao cannot be obtained
alone from such a single-band analysis. The sunm (Ab - Aecqz
+ 1/2ny4 + nyy - l/2nuK) is obtained as the coefficient of
[(K + AK)2 = K2]. The third-order n terms are prokakly
quite small, however the Coriolis coefficient, Ae;uz, is
certainly not negligible compared to Ao. Unless qu can be
estimated accurately by some other means, such as calculating
it theoretically, the value of Ao cannot be accurately deter-
mined. A similar thing happens in the case of several other
terms for which the estimator of the coefficient obtainead
from a least Bquares fit represents a sum of several indi-
vidual molecular parameters.

It should be noted that the expression in Table VI
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Table VI Frequency Expression Suitable for Single-Band
Fit of v, or 2v,.

AKAJK(J) - (B [(J+AJ) (J+1+AT) =3 (J+1) = (K+K) 2+K2]

-DOJ[(J+AJ)2(J+1+AJ)2-J2(J+1)2]
-DgK[(K+AK)2(J+AJ)(J+1+AJ)-K2J(J+1)]} =
“o(““) or

Vo (2vy 1) or | as appropriate - [k(AK)z(Aecuz-1/4n4K)] +
v (2vy | 1)
(A, - kA _z,” - 1/2kn, X1 [ (K+4K) 2-K2] +
K
[-Do ‘
[-a,® + 3/2kn,"1[(avy) (K+4K) 2] +

- 1/4kn, K] [ (K+aK) 4-K*] +

[-an][(AVg){(J+AJ)(J+l+AJ) - (K+AK)?2}] +
[an][(kAK)(K+AK)(J+AJ)(J+1+AJ)] +
[BuJ][(Avu)(J+AJ)2(J+l+AJ)2] +
[BgK][(Avu)(K+AK)2(J+AJ)(J+1+AJ)] +

18,51 [(Av4) (K+2K) %] +

(1,71 [(3+43) 2 (3+1+43) 3-3% (3+1) 3] +
[HgK][(K+AK)2(J+AJ)2(J+1+AJ)2-K2J2(J+1)2] +
[H§J][(K+AK)“(J+AJ)(J+1+AJ)-K“J(J+1)] +

(551 [ (K+AK) 6-K6]

Set k = 1 for the v, band, k = -2 for the 2v, band.
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is only one of several equivalent frequency expressions
which could be written, even after the linear uepend=nces
have been removed. It happens to ke the one most convenient
for our purposes.
Consider now a single-band fit of the <v, cana of

a methyl halide. In this case the selection rule on Af,
is obtained from Amat's Kkule in the following manner. For
2vy, AV, = 2 and Avy = 0 for i =1, 2, 3, 5, and ¢. The
two conditions on A%, are

1. AK - Af, = #3p, p=20,1, 2, ...,

2. | a2y | = 0, 2, 4, ....

Two solutions are possikle, a perpendicular component (AX

= t]):
£l - ARy = 3 (p = 1) or
-Aﬂ.q = i:_"

and a parallel component (AK = 0):

0 - A%y = O (p = 0) or

ALy, = O,
Both of these can be represented as a general selection rule
for the 2y, kand:

AL, = =2AK,

In the same manner as for v,, the Coriolis tern
splits into a constant term plus a term with the same
quantum dependence as Ao' viz.,

[-23_24% + nu + 3nuu] (80, (X + 8X)] =
[-22 242 + ny + 3nuu] [=28K(k + 82)] =

[2a,¢4” = nu = 3n4u] [(8K)?]
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+ 12,547 - ny - 3ng ] LK + 8R) 2 = k2],

Similarly for nuK:

n (a2 (K + 8K) 3] = -2n,X[ak(K + 2K) 3] =

- 1/2 nFI(K + AK)Y - K*] same quantum dep. as -DoK
- 3 0,k + 8K) 2] same quantum dep. as -Za,’
+ nF[(K + AR)2 - K2] same quantum dep. as A_

+ 1/2 an same quantum dep. as Voo

The frequency expression appropriate for a single-
band fit of 2v, (with k = =2) is listed in Takle VI. The
quantity Ao cannot be obtained alone, but rather only the

linear combination (Ao + 2Aecqz - ny = 3nyy + ngh).



CHAPTER 1V

SIMULTANEOUS FRrREQUENCY EXPRESSION

It was pointed out in Chapter III that for any

single band, the fact that 4%, is proportional to AX means

t
that the Coriolis term is necessarily linearly dependent
upon the Ao term, so that one can obtain from a least
squares fit only a numerical value for a linear comtination
of the two coefficients. The key to obtaining accurate
values of the individual molecular constants, iowever, is
the fact that the constant of proportionality for overtone
bands is different from that for fundamentals, viz., A%,

= AK for v, and A%, = -2AK for 2v,. If the transition
frequencies of vy and 2vy are fit simultaneously to an
expression general enough to represent both bands, tne fact
that Ar, takes on different values for the two bands intro-
duces an extra variable into the quantum dependence of t.ue
Coriolis term. 1In other words, the term [(K + AX)?2 - (2] is
now linearly independent of [(Afy,) (K + AK)]. A least
squares siimmultaneous fit of the data of the two tanas will
yield individual values of A, and the Coriolis coefficient.
Similarly, nuK is also linearly independent of the otiier
terms in this case.

Table VII gives a frequency expression suita: le
for a simultaneous least squares fit of v, and Zv,. It is
assumed that values of Avy and A, will be input for eacwn
transition, along with AK, AJ, K, J, the frequency of t.ie

transition, and tie weignt assigned to it. Again, it shoul.:

28
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Table VII Frequency Expression for Simultaneous Fit of

AKAJK(J) = {B_[(3+43) (J+1+43) =3 (J+1) = (K+4K) 2+52]

-DOJ[(J+AJ)2(J+1+AJ)2-J2(J+1)2]

-DgK[(K+AK)2(J+AJ)(J+1+AJ)-K2J(J+1)]} =

vo(vq) or |
v (2vy D or as appropriate +
vo(2vu|])

[Ao][(K+AK)2-K2] +

[-2A %, “+n,] [(a2,) (K+AK)] +

[-DOK][(K+AK)“-K“] +

(o) [ (avy) (R+4K) 2] +

[ny"1[(A%4) (K+8K) 3] +

(8451 [(8vy) (R+AK)*] +

[HOK][(K+AK)5-K6] +

[-ayB] [ (Avy) { (T+AT) (J+148J) = (K+8K) 2}] +

[ns9] [(A%4) (K+AK) (T+AT) (J+1+4T)] +

18471 [(8vy) (J+83) 2 (J+1+A0) 2] +

[BgK][(Avq)(K+AK)2(J+AJ)(J+1+AJ)] +

[HOJ][(J+AJ)3(J+1+AJ)3-J3(J+1)3] +

[HgK][(K+AK)2(J+AJ)2(J+1+AJ)2-K2J2(J+1)2] +

(B3] [(R+AK) ¥ (J+43) (J+1440) -K*T (T+1)] +
[nysy] [(Ave+l) (824) (K+0K)] +

[yu 21 [(avy) (Avy+2) (K+AK)2] +

[y A
Yot

[vu?][(AVu)(AVu+2){(J+AJ)(J+1+AJ)-(K+AK)2}] +

10(a2y)2 (K+AK) 2] +

[v, 2, 1 1(824) 2{ (J+AT) (J+1+43) = (K+K) 2}]
y 2y
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be noted that this is not the only possible form of a valiad
expression. It happens to te the one most convenient for
us, however, and it is the one which was usea in tre analyses.
It may be noted that it would be also possi.le to
obtain a value of Ao and tne Coriolis coefficient Ly analy-
zing vy and 2v, individually and then comcining the results.
From a least squares fit of v, to the formula of Taple VI
(with k = 1) one obtains a numerical value for the quantity
(Ao - Aecqz + ee.), and frowm a fit of 2v, to the formula
of Table VI (with k = =2), a numerical value of (A° + 2Aec“z
+ 2¢s)e Then if the n terms are neglected, one can solve
tlie two equations for values of Ao and Aquz.
However, the method of simultaneously analyzing
vy and 2v, is definitely superior to that of analyzing the
two bands individually and combining the results. First,
confidence intervals (statistical limits of accuracy; ex-
plained in detail later) are obtained for the individual
quantities Ao and (Aecqz - 1/2n,) from a simultaneous fit.
From individual fits of v, and 2v,, confidence intervals
are obtained for the quantities (Ao - Aecuz + ...) and
(Ao + 2Aecqz + ...) respectively. It is not at all apparent
how one goes about determining from these the confidence
intervals on the individual quantities. Secondly, the
simultaneous analysis method is superior because of tne
mathematical nature of the least squares fitting process.
A least squares fit will obtain the best possible fit of the

given data to the given equation. Thne "best" fit is defined
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as that fit (set of estimators of the coefficients) for which
the weighted sum of the squares of the deviations, (vobs -

vcalc)' is a minimum. This does not necessarily ensure tne
"physically best" fit, however. If the data is less than
perfect, the fit may yield a biased set of estimators. The
advantage of the simultaneous fit is that the computer is
forced to select the one set of estimators of the coeffi-
cients which best represents both bands. Single-band
analyses yield a set of estimators of the appropriate
coefficients for each band. 1In the case of one band keing
perturbed, those estimators which are directly comparable
between the bands, e. g., an, may be considerably different.
Such a discrepancy is obvious only for those coefficients
which are the same for both bands, but some or all of the
rest are likely to be adversely affected since the entire
set of estimators is adjusted in obtaining the "best" fit.
This is obviously a bad state of affairs since the molecular
parameters are constants of the molecule and not merely of
the band.

If both bands are relatively unperturbed a simul-
taneous fit is the best procedure because individual values
of Ao and (AeCuz - 1/2n,) are obtained, the single set of
estimators of the coefficients is obtained from about twice
the amount of data involved in a single-band fit, and
confidence intervals are obtained for the individual mole-
cular constants. The values of the molecular constants

thus obtained should be closer to the "true" values than
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those of either bhand alone. If one band is consideraily
perturbed it may be desirealle to determine the values of
some of the coefficients from a single-tand fit of tue ygyoou
band. These coefficients would then e hela constant in tie
simultaneous fit. A simultaneous fit of the good kanu plus
the "unperturbed" parts of the poorer one should yield tue
best estimate of A0 and the other parameters availatle froa
the data. If, say, v, were the good band and zv, tiie per-
turbed band, single-band fits woulda yield a very goou value
of (Ao - Aecuz + ...) and probakly a quite poor value of

(Ao + 2Aecuz + ...). A value of Al determined from these
would be rather untrustworthy. In a simultaneous fit, now-
ever, the data of the good band, which is predominant bot..
in quantity and statistical weight, is likely to "hLold in
line" the unperturbed data of the poorer band and force it
to fit reasonably well. The value of Ao obtained from suc..
a fit, although somewhat uncertain in precision, is procacrly
the best that can be obtained from the given data.

All too often it happens that one of the ranas is
quite badly perturbed. One must treat each case on its own
merits., If enough unperturked lines of the poorer tanu can
ke identified, a simultaneous fit can probably Le made. T:i.c
results will be less precise than one would wish, but will
be of some value. If the kand is too badly perturied tle
results will be so untrustworthy as to be nearly wortuless.

If one is lucky a substitute band may ke availa.le

to replace the Ladly perturbed pand. This was the case for
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methyl fluoride, as described in Chapter IX. The v, band
appeared to be quite badly perturved, wnhile the 2v, band dia
not seem too bad. Fortunately, the data from v; + v, of
methyl fluoride was available from a recent thesis oy 'I. E.
Blass (7). The v3 + v, and 2v, bands coula be fit simul-
taneously to obtain Ao, Aecuz + ..., and the other molecular
constants. For future reference, the frequency expression
appropriate to this fit is listed in Table VIII. It is
generally not too difficult to obtain a substitute for a
perturbed vy. Any band of the type vt Vu, where v, rep-
resents a non-degenerate transition, will do nearly as well.
It is likely to be very difficult, however, to obtain a
substitute for a perturbed 2v,. A band of the type vt 2v,
would do quite well, However, such bands seem to be so weak
that it is a very difficult matter to obtain an acceptable
high-resolution spectrum.

There exist a few other methods by which values
of A, have been or can be determined. Two important methodés
are described in some detail in Appendix I. The first is
the zeta-sum method. This is the method by which nearly all
previous values of A, have been estimated for the methyl
halides. The principles behind this method and its appli-
cation are discussed in Appendix Ia. A comparison of our
method with the zeta-sum method is presented below, since we
feel that our values represent a considerakle improvement
over those determined from zeta-sums.

A second method which shows great promise is
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Table VIII Frequency Expression for Simultaneous Fit of
vy + v, and 2v,.

AK

AJK(J) - {Bo[(J+AJ)(J+1+AJ)-J(J+1)-(K+AK)2+K2]

-DOJ[(J+AJ)2(J+1+AJ)2-J2(J+1)2]

-DgK[(K+AK)2(J+AJ)(J+1+AJ) -K2J(J+1)]} =

. -
vo(vg vy) oOr

vo(2vy D or | as appropriate +

vo(2vu )
[A ] [(K+4K) 2-K?] +
[-22,24%+n4] [(824) (K+4K) ]
[-D_ %] [ (R+2K) 4-K*] +
(0451 [(A24) (K44K) 3] +

[HOK][(K+AK)5-K5] +

+

[nyJ] [(A2y) (R+AR) (J+AT) (J+1+AT)] +

[HOJ][(J+AJ)3(J+1+AJ)3-J3(J+1)3] +

[HgK][(K+AK)2(J+AJ)2(J+1+AJ)2-K2J2(J+1)2] +

[HgJ][(K+AK)“(J+AJ)(J+1+AJ)-K“J(J+1)] +

'[(-auA) from 2v,] or

-[(-a3A-agA) from vz+v,l
'[(-auB) from 2v,] or |
L[(-aga-auB) from viz+vy]l

-[(BQJ) from 2v,] or
i J J

| [(B3"+8,") from vi+v,]]

’[(BﬁK) from 2v,] or ]

L [(BgK'PBgK) from \)3+\Jq].

" [(8,%)  from 2v,] or

L[(83K+Bux) from vi+vy].

x [ (Avy,) (K+AK) 2] +

x [ (Avy) { (J+AT) (J+1+AT) - (K+4X) 2}] +

x [ (Avy) (J+AT) 2 (J+1+A0) 2] +

x [ (Avy) (K+AK) 2 (J+AJ) (J+14AJ)] +

x [ (Avy) (K+AK) 4]
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Raman spectroscopy. As shown in Appendix Ib, it is possiile
to determine A, directly from a full Raman spectrum of a
symmetric top molecule. For the Raman v, band the permitted
selection rules are AK = 1, $2, AJ = G, t1, t2, The A,
selection rules are found to be Af, = AKX for transitions
with AK = 1, and A%, = =1/2 AK for transitions with AK = t2,
Because of this fact, the Coriolis term is linearly inde-
pendent of the Ao term, and the coefficients can be obtainea
individually in the same manner as for the simultaneous fit.
" In fact, the frequency formula of Table VII should apply

to such a Raman analysis with the exception that only one
vibrational constant (vo) is obtained. With the adavent of
the laser as a source, Raman spectroscopy has received new
life and has the potential of eventually surpassing infrared
spectroscopy in many areas.

A third method of determining Ao in certain very
special cases is that applied by Maki and Hexter (8). They
obtained an estimate of A, for CH3I from a study of the
Coriolis resonance between the K = 4, -¢ levels of v3 + vg
and the K = 3, +¢ levels of vs. These pands were already
known to be in Fermi resonance. This method is obviously
of limited applicability and is probakly of limitea accu-
racy.

In the following section the zeta-sum method is
compared with our method. The methods and variants listed
below are ordered, in our opinion, from the least accurate

to the most accurate presently available.
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1. Application of the zeta-sum rule to Q-branch analyses
of v,, vs, and vg using Q-branch maxima (most previous
values of Ao seem to have been determined in ti.is
manner) .

2, Application of the zeta-sum rule to Q-cranch analyses
of vy, vs, and vg using the leading edges of ttre Q-
branches.

3. Application of the zeta-sum rule to Q-branch analyses
of v, vs, and vg using subband origins.

4, Application of the zeta-sum rule after full single-canu
analyses of the rotational fine structure of v,, vs,
and vg.

5. Solution for A, from numerical values of (A, - Aecuz
+ ...) and (Ao + ZAecqz + ...) obtained from Q-tranch
analysis of v, and 2v,.

6. Solution for Ao from numerical values of (A0 - Aecqz

z
+ ooo) and (AO + 2Ael;“

+ ...) obtained from single-
band fits of resolved rotational fine structure of v,
and 2vy.

7. Determination of Al from simultaneous fit of resolvea
rotational fine structure of v, and 2v,.

A Q-branch analysis means a fit of tne okserved
frequencies of the wide unresolved Q-branches to the
formula [see Ref. (5)]

v (Qg) = [v, + A'(1-27) - B'] I 2[A'(1-2) - B'IK

+ [(A' = B') - (A" - 2")]K2,

This formula, as taken from kef. (5), is written in tie
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older notation of A" and B" representing the lower state
constants and A' and B' the upper state constants. However,
an equivalent expression can be easily obtained by speciali-
zing Table V to the desired band with AK = :1, AJ = 0, and

J = constant,

In the past, most Q-branch analyses seem to have
been done using the maxima of the Q-branches. Since the
Q-branches are wide (~l cm-l) and sometimes irregularly
shaped, determination of the positions of the maxima is a
process of somewhat limited accuracy. Any perturbations
present may give anomalous intensity distributions in the
Q-branches or shift the maxima. Furthermore, even in the
ideal case, the maxima of the Q-branches occur at different
values of J for different Q-branches, whereas the formula
was set up for constant J.

A slightly better procedure would be to use the
sharp leading edges of the Q-branches. While the leading
edges still represent varying J-values, they are often
easier to measure and should suffer less from intensity
anomalies.

A Q-branch analysis should be done in the manner
described by Brown and Edwards (9). In this more refined
method, the true subband origins (for J = 0) are found by
graphing or fitting the RRK(J), RPK(J), PRK(J), and/or
PPK(J) lines subband by subband. Q-branch fits using these
subband origins should yield the best results available

from this sort of procedure.
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If one has the rotational fine structure resolved
in the v,, vs, and vg bands, however, it is rather pointless
to make a Q-branch analysis. If one has access to a gooa
Bized computer it is much more fruitful to make single-band
frequency analyses of each band. Then the zeta-sum rule
can be applied to the results of these fits. Applied in
this manner, the zeta-sum rule snould yield reasonably gooud
values of Aj.

If large computer facilities are not available,
Q-branch fits of the subband origins for v, and 2v, will

yield numerical values of (Ao - Aecqz

+ ...) and (Ao + 2Aecqz
+ ...) respectively. These can be solved for Ao and Aecqz.
The methods of obtaining Al and Aec“z from com-
bined single-~band fits and from simultaneous fits of v, ana
2v, have been discussed in detail in the first part of this

chapter. The advantages of using the simultaneous analysis

method have also been discussed in detail.



CHAPTER V

LEAST SQUARES ANALYSIS OF TiiL LATA

The first part of this chapter contains a ucscrip-
tion of the mathematics involved in tne least squares
method. This is taken mainly from Hilaebrana's "Introduc-
tion to Numerical Analysis" (10).

Assume we have available a set of numerical values,
f(xi) = fi' taken at various discrete values of variarle x,
x;, over a particular region. Suppose we nave reason to

telieve that a function, y(x), of a chosen general series

form should closely approximate tne "true" function, f(xi),
over this region. In general, y(x) will have the form
y(x) = I 0 ag o (x),

where the ¢k(x) are (n+l) known, appropriately chosen
functions, linearly independent of one another, and the ay
are (n+l) constants which are to be determined. wWe wish
to obtain the set of constants, a ., which gives tne kest
possible agreement (according to a chosen criterion) between
y(x) and the set f(xi) over the given region.

Suppose we define the "deviation" or "residual"

at any point, x;, as

n
£(x;) = y(xy) = £(x) = [ _o ap ¢,(x;).
The least squares criterion for the "best possible fit" is
that the weignted sum of tne squares of tre deviations
should te a minimum, viz.,
N - n 2 e s
Tiog wix) [E(x)) = ], ¢ a; ¢,.(x;)]1% = minimum,
wt.ere N is the numrer of sets of data.

39
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Tnis imposes the conditions

) N _y n 2} -
for r=60,1, ..., n, or

LY wixp) e i) - 5, D a0, (x)1 = 0.

These are the normal equations, (n+l) simultaneous linear

equations in the (n+l) unknown quantities agr @34 scer .
The formation of the set of normal equations is
illustrated below for a very simple example. Suppose thLe
equation
y = A + Bx + Cz
is thought to adequately represent a physical process for

which N sets of data, £,

i have been taken, each with weignt

W,

i at points (xi, zi). It should ke noted that variables

x and z can be quite general. For example, z might represent
x2, sin x, etc., or might represent a function of a different
variable, such as z'3, tan z', ez', etc.

In terms of the previous notation, y; = y(xi,zi),

fi = f(xi,zi), ¢ = 1, ¢, = X, ¢3 = Z, The set of normal

equations (three equations in three unknowns) is

L Al gw o+ Blqwxg o+ cljqwiz = [gwf,

2. ALjywpxg + BL_qwix;? o+ Clijwixgzg = Iiowixif,

3. Aii=§wizi + BZi=§wixizi + C{i=fwiziz = Xi=§wizif“
Since Xi0 24, fi' and w, are all known (observed) quantities,

the sums zi=§wixizi' etc. are known constant quantities.

The set of three equations in three unknowns, A, 7, and C,

can be solved for these quantities,

Suppose now that the frequency expression of
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Table VII is to be fit by least squares. Identifying terms
with those in tihie previous definition, y = 2k=8 a, #,, one
has the set of terms listed in Table IX. In principle, the
normal equations are formed in the same manner as for the
simple case just illustrated. In practice, a computer is
necessary to handle the sheer mass of calculations.

In solving these normal equations for large num-
bers of coefficients a computer is even more necessary. In
addition, the direct method of substituting equations into
one another becomes so complicated and inefficient that tie
more general and more powerful methods of numerical matrix
inversion must be used.

The set of normal equations,

That @y [Ty TwWix ) e (x ) (x)1 = [T, _Twix)e, (x)£(x)1,

withr =0, 1, ..., n, can be represented as a matrix

equation
MA =N,
where
= - .
2= 1Moo Mo1 *+* Mon
bllo Mll o e l‘lln

LMnO Mpp --- Mnn_

ok = i) W (xp e (x), 1k =0, 1, ooy om,

12z =
Il
]

Nr = Zi w(xi)¢r(xi)f(xi), r=0,1, ..., n,
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Table IX Normal Equation Terms

Coefficient Quantum Dependence
ag = v ¢ = 1.0
ay = Aj ¢1 = [(K+aK)2-K?]
ar = [-2A_z.%+ny] 62 = [(a24) (K+8K)]
ay = [-D " 03 = [(K+AK)“=K"*]
ay = [-aP) i = [(Avy) (K+8K) 2]
as = nyt 65 = [(aLy) (R+AK) 3]
ag = By% 66 = [(avy) (R+AK) Y]
a; = HX 67 = [(K+8K)6=KS]
ag = [-ay?) bs = [(Avy) {(T+AT) (T+1+4T)
- (K+AK) 2}]

ag = an 69 = [(a2y) (J+AT) (J+1+AT0) (X+4K) ]
ajo = 847 010 = [(Avy) (J+A3) 2 (J+1+AJ) 2]
a;; = BfK o11 = [(8vy) (R+AK) 2 (J+AT) (J+1+4J) ]
aj; = uY 612 = [(J+AJ) 3 (J+1+AT) 3-33 (J+1) 3]
aj3 = HOK $13 = [(K+AK) 2 (J+AJ) 2 (J+1+AT) 2

° -K2J2 (J+1) 2]
aj, = HY 414 = [(K+AK)“(J+AJ)(g;%;?gll)]
£, = AKAJK(J) - {Bo[(J+AJ)(J+1+AJ)-J(J+1)-(K+AK)2+K2]

-DOJ[(J+AJ)2(J+1+AJ)2-J2(J+1)2]

-DJX [ (R+4K) 2 (J+AT) (J+1+83) -K2T (T+1) 1}
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The solution, obtained by inverting M, is
1

A = M"N,
This gives the set of coefficients, a ., as a column vector,
A,

Many kinds of matrix inversion techniques are
available. Most computer installations will have library
routines. The various methods will not be discussed here.
Some may be more efficient than others in a given case, but
most will be suitable as long as they are mathematically
accurate,

The remainder of this chapter is concerned with
the application of least squares fitting methods to the data
for the v, and 2v, bands of a methyl halide molecule. For
a simultaneous least squares fit of v, and 2v, each set of
data, representing one transition, will consist of Av, (=1

for vy, 2 for 2vy,), AK, AJ, K, J, Vv s (the observed fre-

ob
quency of the line), and w (the weight assigned to the line).
There will be as many sets of data as lines in the fit. We
shall assume that the frequencies of the transitions have
been measured and are known.

The least squares fits were performed on the

Michigan State University Control Data 3600 computer using

the program FALSTAF (Frequency Analysis by Least Squares To
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All-powerful Formula). We obtained the basic least squares
program from Dale Fimple of Sandia Corporation. It was
written by M. A. Efroyemson of Esso Research and Engineering
Company and is described in "Mathematical Methods for Digital
Computers®™ (1l1). Input and output sections were rewritten
to accept the data in a more convenient format and print out
the quantities of interest to us. The program was also
double-precisioned to handle large numbers with more accu-
racy. The FALSTAF program is listed in Appendix II.

The results of a typical least squares fit are

composed of three main parts: (1) the estimators of the
coefficients, (2) the predicted frequencies, and (3) the
various statistical quantities. As discussed previously,
the estimators of the coefficients represent the best values
(in a least squares sense) of the molecular constants, or
combinations of them, which are available from the data.
The calculated or predicted frequencies are obtained from
the coefficients just found. Other lines, not already in-
cluded in the data, can be calculated, then found in the
spectrum, and finally added to the data in a new fit.
Generally, after each fit a "predicted spectrum" is calcu-
lated, in other words, the AK and AJ quantities are allowed
to take on their permitted values and all transition fre-
quencies are calculated on the basis of the previously deter-
mined coefficients up to specified maximum values of K and J.

From our standpoint, the most important statis-

tical quantities are the standard deviation of the fit and
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the simultaneous confidence intervals on the coefficients.,
If there are N observations (line frequencies in the data
list) and p coefficients to be determined, the weighted
standard deviation of the fit is
= - N 2112
8 [N/ (N p) Ei=l wi(A\’i) ] ’

where Avi = (v )i - (vcalc)i‘ The main value of this

obs
statistical quantity is that it serves as a criterion of
"goodness" of the fit and as a comparison with other fits.

If Mii-l is the diagonal element, corresponding
to the coefficient a;, of the inverse of the normal equation
matrix, then the standard error associated with a; is

v(ay) = szMii'l.

The simultaneous confidence interval corresponding
to a; is defined as [tsw(ai)], where S = pFa(p, N-p), and
the Fc(p, N-p) are tabulated values of the F-distribution
(12, 13). The value of the coefficient and its simultaneous
confidence interval are then written [a; * Sy(a;)]. The
interpretation of the simultaneous confidence interval is
that if the data in the fit is considered to be one sampling
of a normally-distributed infinite population of similar
sets of data, then the probability that all of the quantities

[ai % Sw(ai)] will include the "true" value of a; is (1 - a).



CHAPTER VI

METHODS OF OBTAINING AND TREATING SPECTRA

The spectra of the methyl halides and related mole-
cules were obtained on the Michigan State University high-
resolution infrared vacuum recording spectrometer. This
spectrometer, which employs an f/5 Pfund-Littrow monochro-
mator of focal length approximately one meter, has been des-
cribed in detail elsewhere (14, 15, 16).

The source generally used for the 2v, spectra near
6000 cm-l was a commercial 300w zirconium lamp. These lamps
could not be used in the v, region near 3000 cm°l because
the glass envelope cut off about half of the energy. A new
zirconium arc source was built, having a water-cooled brass
housing and a sapphire window. It used the electrodes taken
from old 300w zirconium arcs. All v, spectra and some of
the 2v, spectra were obtained using this source.

The foreoptics leading into the spectrometer con-
sisted of an all-mirror system., The infrared energy from
the source (along with the visible radiation) was sent
through an 80 cm long multiple traverse cell containing the
gas under study. Thé number of traversals could be varied
80 as to optimize conditions among pressure, path length,
and output energy. The spectrometer contained two Bausch
and Lomb "certified precision" eschelette gratings, a 600
line/mm 212mmx158mm grating blazed at 1.6y, and a 300 line/
mm 254mmx128mm grating blazed at 5y. These were mounted

back-to-back on a worm gear-driven turntable and could be

46
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switched with relative ease. The spectrometer was normally
used in "single-pass" configuration, in which the light
struck the grating only once. It could be adjusted, however,
to be used in "double-pass" configuration in which the light
diffracted from the grating was intercepted and sent back
to the grating for a second diffraction. This greatly in-
creased the resolution, but reduced the available energy,
especially for the calibration "fringes". Thus, double-
passing was useful only in certain regions of the spectrum.
The infrared output energy was measured with
Eastman-Kodak lead sulphide detectors, P-type for v, and
N-type for 2v,. These were cooled to -196°C by means of a
liquid nitrogen bath. The infrared beam was chopped at 90
cycles/sec. The lead sulphide detector output was amplified
by a Tektronix Type 122 preamplifier followed by a phase-
sengitive amplifier. The amplifier output was recorded as
one trace on a Leeds and Northrop Model G two-pen recorder.
The second pen of the recorder traced the "frin-
ges." These were Edser-Butler bands of visible light in the
higher orders of the grating, detected with an RCA 1P21
or selected 931A photomultiplier. The fringe trace (lower
trace in Fig. 4) served as a frequency "ruler" to calibrate
the spectrum since the fringes are equally spaced in fre-
quency. Our calibration methods have already been described
in "Wavelength Standards in the Infrared" (17) and will be
described in more detail below.

The pens were first aligned parallel to the ver-
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tical grid lines on the chart paper. At the beginning and
end of each chart it was necessary to run a "dynamic pen
separation.” This consisted of traces obtained by imposing
the same fringe signal on both pens simultaneously. As
shown in Fig. 4, this gave two identical traces slightly
displaced from each other. The displacement or "pen separa-
tion" resulted from the necessity of displacing the recorder
pens slightly to allow them to cross without colliding.

The displacement was a few millimeters, but could depend on
how the pens were adjusted for a particular run. The pen
separation was obtained by measuring the distance by which
the top trace was displaced relative to the lower trace.

It was important to obtain a dynamic pen separation (taken
while the chart was moving) since the pen separation was
generally different for a moving chart than for a stationary
one.

Aside from the pen separation sections, a typical
infrared trace consisted of a set of calibration lines, the
spectrum to be analyzed, and a second set of calibration
lines. An idealized trace is shown in Fig. 5. It is
assumed that throughout the entire chart the grating has
moved as smoothly as possible and that the fringe pen has
traced out a continuous series of fringes.

Each set of calibration lines consisted of a band,
or portion of a band, of a simple molecule. The frequencies
of the lines in these bands have been measured independently

to high accuracy [see Refs. (18, 19, 20)]. These established



Z 4§ puvq uoTrjRIqITEO >0 5o 5 £ 0 Tz %%

q d d d q Y -

"

T s o) s o 1 # DUeq UOTIRIQTITED

umijoads pazTTespI G °bT4



51

a set of known frequencies at each end of the chart.

The charts on which the high-résolution spectra
were recorded could be as long as 40 yards. This encompassed
a few hundred cm-l. The relative scale was generally 2 - 4

inc':hes/cm-l

along the chart. The spectra were photographed
in 15 inch sections using a Nikkon F camera with special
minimum distortion copying lens. The camera was mounted
very rigidly on a specially constructed copying stand. The
paper was carefully aligned parallel to the plane of the
film,

The developed film was measured on a Hydel semi-
automatic digitized film reader connected to an IBM 526
printing summary card punch. A schematic diagram of the
Hydel optical system is shown in Fig. 6. An image of the
film, held flat by vacuum on the projection stage, was pro-
jected onto a large (24"x24") ground-glass viewing screen.
A fixed image of a reticle was simultaneously projected onto
the center of the viewing screen. The image of the film was
moved about relative to the reticle image by means of hori-
zontal and vertical traverse controls. These traverse con-
trols were connected to the projection stage with precisely
machined and calibrated screws. The operator aligned the
reticle image with a desired point on the film image and
punched a readout button. This caused the (x, y) coordinates
of that point, relative to an internal coordinate system, to
be punched out on a computer card.

The Hydel measurement of a spectrum proceded as
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follows: Each frame on the film covered about 15" of chart.
The film was measured one frame at a time. For each frame,
two cards were always present. The first was a "parameter
card" which contained the frame number, the fringe numter
of the leftmost fringe in the frame (or the fringe which
was to be the first one measured), and a number identifying
the operator. The second card in each frame was a "rotation
card." This consisted of six measurements along the image
of a vertical grid line on the chart. This was used to
correct for any rotation of the chart image relative to the
Hydel axis system. Normally the first and last frames on
each film strip were of the dynamic pen separations. For
these frames, in addition to the parameter card and rotation
card, measurements were made of the fringe traces, alterna-
ting between the upper and lower traces (see Fig. 4). These
were called "pen separation cards."™ All the other frames
contained portions of the infrared spectrum and fringe
traces. For these frames, in addition to the parameter and
rotation cards, the fringes were first measured in sequence,
starting with the fringe specified on the parameter card.
As many cards as necessary were used for these., Next the
infrared lines in the frame were measured, with no require-
ments on which ones were measured or in what order they were
measured. Again, as many cards as necessary were used.

The raw data was converted into useable form by
means of the computer program SCAN, listed in Appendix III.

A typical, though short, data deck is included. The numbers
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at the far right are the codes: 1 - parameter card, 2 -
rotation card, 3 - pen separation card, 4 - calibration card
(explained later), 5 - fringe card, and 6 - infrared cara.
The data deck, as fed into the first run of SCAi, consisted
of the heading or identification cards, two pen separation
sections (codes 1, 2, 3, 3, 3, ..., 1, 2, 3, 3, 3, ...), and
as many spectrum sections (codes 1, 2, 5, 5, 5, ..., 6, 6,
6, eee, 1, 2, 5, 5,5, «cee, €, 6, 6, ...) as there were
frames containing sections of spectra.

The SCAN program first corrected each of the first
two pen separation frames for rotation and obtained tae pen
separations by subtracting the corrected x-coordinates of
the lower fringes from the corresponding ones of the upper
trace. These were averaged for each frame, and finally a
grand average pen separation was obtained for the chart.

Then, for each successive frame the program cor-
rected for rotation, counted the fringes starting from the
one specified in the parameter cara, corrected each infra-
red line for pen separation, and obtained the "fringe num-
ber" of each infrared line. The fringe number represented
the number of the nearest fringe on the left plus the frac-
tional distance from that fringe to the next fringe. These
fringe numbers of the infrared lines constituted the main
output of the first SCAJ run.

17ith the fringe numbers and frequencies known for
the calibration lines, the chart could be caliprated. This

was done by making a linear least squares fit of the cali-
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bration lines to the formula v = A + Bf, where v represents
the frequency and f the fringe number. A modification of
FALSTAF known as FITTUM was used to make the fit., This
yielded values for the coefficients A and B. Since the
fringes were equally spaced in frequency, the frequencies
of all the infrared lines in the spectrum could be easily
calculated.

The values of A and B were punched onto a "cali-
bration card" (code 4). This card was included in the data
deck in a second SCAN run. In this case, both the fringe
numbers and the frequencies of the lines in the spectrum

were output.



CHAPT R VII

LiALYSIS OF CF3 R

Spectra of v, of CH3Br, with band origin near

3050 em~ !

em™ ! to 3170 cm-l, were run on the 300 line/mn grating wit:

and with useable region extending from akout 2970

the spectrometer in single-pass configuration. Two charts
of v,, 1065-Br and 1165-Br, were analyzed. They were cali-
brated with HC1 (1-0) (18) on the low-frequency side and

HCN (0,0,1) (19) on the high-frequency side. The standard

deviations of the calibration fits were both 0.004 cm-l.

The details of the experimental conditions under which the
spectra were run are given in Table X.

Spectra of the 2v, band were run on the 600 line/
mm grating with the spectrometer in both single and doukle-

pass configurations. The parallel component of 2Zv, has its

1 1

band origin near 6045 cm — and extends from akout 6020 cr.

to 6070 cm-l. The perpendicular component has band origin

near 6095 cm—l. Its useable portion extends from 6080 cm

1

1

to 6220 cm ~. On the low frequency side of PQZ(J) it is
overlapped by the much stronger lines of the parallel com-
ponent. Three charts of 2vy,, 0565-Br, 0665-Br, and 1465-Br,
were analyzed. The calibration bands for all of these were
N,0 (3,0,1) (22) on the low-frequency side and HC.i (0,0,2)
(19) on the high-frequency side. In addition, a number of
lines of the HCl (2-0) band (18) were run on the low-fre-
quency side of the 1465-Br chart. The standard deviations

of the calibration fits for all the charts were ahkout C.005

56
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cm—l. Details of the experimental conditions under which

the spectra were run are given in Table X.

In the CH3Br spectra it was a relatively simple
matter to assign a large number of transitions, i. e.,
identify the set of selection rules and quantum numbers
(AK, AJ, K, and J) which characterize each transition. Tne
"missing lines" in the subband series, complemented by the
subband intensity alternation, made the initial assignment
of many lines unambiguous. These two effects are discussed
below.

One very striking feature of the methyl bromide
spectra, and of the spectra of any methyl hal;de-type
molecule, is the fact that every third Q-branch is noticabkly
more intense than its neighbors. Theoretically the ratio
is 2:1, The RRK(J), etc. lines of these subbands are also
twice as intense as the corresponding lines of the neighior-
ing subbands. This intensity alternation is due to the CBv
symmetry of the molecule [see King, p. 301 (21)] and makes
the subbands for which K =0, 3, 6, 9, ... twice as intense
as their neighbors. The intensity alternation is quite
clear in the methyl bromide rapid scan spectra, Fig. 7. In
practice, the RQO(J) Q-branch is not necessarily the most
intense, so that making assignments on this basis could lead
to a misassignment by 3 in K. Such a mistake might easily
be made in the case of v, in Fig. 7.

The initial assignments of many lines were made

with certainty on the basis of the "missing lines” in the
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Fig. 7 CH3Br Survey Spectra - v, and 2vy
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subband series. These are due to the requirement trat K oe
less than or equal to J, in other words, the z-component of
the angular momentum cannot be greater than the total angular
momentum. For example, in the KAK = +3 sukband the F&3(3)
line is the first line of the RR3(J) series which exists.
There is a distinct gap where the lines RR3(0 - 2) would
have been. Even in the rapid scan spectra in Fig. 7 the
gaps in the RR3(J), RRG(J), and RR9(J) subbands are guite
obvious. In Fig. 8 the N0, (J) Q-branch and the first
several RR3(J) lines from the high-resolution spectrum of
the 2v, band are shown.

The frequencies of all the spectral lines were
obtained in the manner described in Chapter VI. The
spectra were photographed, measured on the Hydel filw reader,
and the raw data run through the SCAN program. This gave
fringe numbers for all the lines. The spectra were cali-
brated as described. The raw data from the Hydel was run
through SCAN again, this time with the calibration formula
included. This yielded an output listing the fringe number
and frequency of each line in the spectrum.

The resolution limits were about 0.04 cn ' in the

1 in the 2v, spectra. 0Ly our defini-

v, spectra ond 0.06 cm
tion, this was the mininum separation of two "useable" lines.
It generally ran slightly less than the true Rayleigh cri-
terion distance. Lines which had neighbors so close were

strongly downweighted in the fits,

After a considerable number of lines had been
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assigned by inspection, further assignments were made using

ground state combination differences. These were calcu-

lated on the computer using the formula (7, 22)
G.S.C.D.(AJ;,Ad,,K,J) =

AK

YRa3y  (3-031) = 2Rag3,  (3-035) =

- w2nJkK _ nY 2 _ 2

(B, = K*D_7) (82 = Ay) + (=D_7) (42 81°),

where J is the quantum nunber of the common upper state and
Ai = (J-AJi)(J+1-AJi), i=1o0r 2,

Very accurate values of B_ = 0.3185537 cm T, b 7 = 3.33x1077

1 K o 4.27x10-6 cm~?

cm —, and Dg , available from aicrowave
work (23), were used to calculate a table of ground state
combination differences.,

Using the table of calculated ground state corbina-
tion differences it was possible to assign RPK(J) lines when
the RRK(J) lines of the same subband series had already been
identified. Likewise, PRK(J) lines could be obtained when
PPK(J) lines had been assigned. 1In some cases it was
possible to use the leading edge of the Q-branches in order

to obtain the first few lines in an R

RK(J) or PPK(J) series
when the assignment of these lines was not immediately
obvious. The ground state combination differences were also
very useful for checking some series assigned by inspection,
If the RQK(J) line predicted from the observed first member
of the RRK(J) series fell on the leading edge of the Q-
branch and the rest formed a smooth progression through the

Q-branch, the assignment of the RRF(J) lines was checked

quite accurately.
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An interesting but annoying feature of the Ci3Br
spectra was a small rotational isotope effect. This arose
from the presence of two isotopic species of mnethyl bromide,
CH37%Br and CH38!Br, present in almost equal abundance. %“he
observed isotope effect manifested itself as a gradual
broadening and eventual splitting of the lines in each sub-
band as J increased. The lines in a subkand started out
initially sharp, became appreciably broadened around J = 12,
and were actually split into two comcponents around J = 25,
This splitting is due to the difference in the values of By
for the two isotopic species. There was no noticeable dif-
ference of vibrational band origins for the two species, due
apparently to the fact that the halogen atom participates
very little in the v, vibrational mode. This could be an-
ticipated since the band origins of CH3I, CH3Br, and Ci;Cl
are not imuch different.

The annoying feature of this isotope effect was
that only the low-J lines of any subband were really sharp.
The most useful lines, those of J = 12 - 25, were broadened
and therefore much more difficult to measure accurately.

At high enough J that the two components of each doublet
were resolved, the intensities had fallen so low that the
individual lines were quite poor. Since there was no pos-
sibility of analyzing the spectra of the individual iso-

(av)Br. The

topic species, the analysis was made for CHj
frequencies of the centers of the broadened lines and the

average frequencies of the resolved doublets were used.
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J IR

Also the microwave values of Bye Do , and Do

for each
species were averaged to obtain the values for the average

molecule CHg(aV)

Br (values given previously).

Since all the lines in the spectra were not
equally good, weights had to be assigned to each transition
frequency. The weighting system used was based on our esti-
mate of how well each line could be measured relative to the
best lines in the spectrum. The very best lines were con-
sidered uncertain by an amount equal to the standard devia-
tion of the calibration fit, at a minimum. Other less per-
fect lines were in error by this amount plus any uncertainty
in determining the exact center of the line. If a line
happened to be broad, or irregular, or blended with another
line, there was considerable difficulty in measuring its
exact center.

Because of the manner in which the weights enter
the least squares fit, e. g., Zi WiXiZ4, the weights were
assigned according to the scheme

wy o= (8vy)?2,
where Avy represents the total uncertainty in the measured
frequency of the line. The best lines were assigned weight
1.00. These were considered to have an inherent uncertainty
equal to the standard deviation of the calibration fit. A
line with estimated uncertainty twice that value received a
weight of 0.25.

As mentioned before, two charts of the v, band and

three charts of the 2v, band were measured. In many cases
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the weights assigned to the same line from different charts
were different, The weighted average frequency was obtained
from the formula

Vay = [lga] wivi1/1057 wyl.
The average weight of the average frequency was

Way = 133 wyl/n.

As a rule, the course of procedure in analyzing
the spectra of v, and 2v, was to first analyze the individual
bands as well as possible, and then combine the data of both
bands into a simultaneous fit. This step was bypassed in
the case of methyl bromide. The data of both bands were
good enough that an excellent simultaneous fit was obtained
immediately. The data of both bands were fit to the fre-
quency expression of Table VII. On the basis of the coef-
ficients determined from this fit, predicted spectra were
calculated for v, and 2v,. From these, new lines could be
found and perturbed series could be identified. The only
badly perturbed subband was KAK = +7 of 2v,. The frequencies
of the lines in this subband were simply left out of the fit.
Small, localized perturbations occured in a few subbands.
These were handled acceptably by siuply leaving out several
lines on either side of the perturbed region.

The process of fitting, predicting new lines, and
refitting with those lines included in the fit was continued
until no more lines could be identified in the spectra. Then
a final fit was made to a frequency expression involving

only those terms whose coefficients were "significant” in
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the next to last fit. Significance was defined as the value
of the coefficient being larger than its 95% simultaneous
confidence interval,

The results of the final simultaneous analysis of

vy and 2v, of CH3(av)

Br are given in Table XI. The esti-
mators of the coefficients obtained from the least squares
fit are listed, along with their 95% simultaneous confidence

intervals. Microwave values of Bo' DOJ, and DgK

were input
as known quantities. The terms corresponding to these quan-
tities were subtracted from each transition frequency before
it was entered into the fit. The available data were appa-
rently not sufficient to allow the program to determine
values for the last five quantities listed in Table VII,
hence, these were taken to be zero. In any case, they were
expected to be extremely small. Values of the coefficients
BuJ, BﬁK, an, HOJ, HgK, HgJ were obtained in the next to
last fit, but were not significant according to the above
criterion., The terms corresponding to these coefficients
were left out of the final fit, hence, these coefficients
were also assumed to be zero. The standard deviation of the
final simultaneous fit was 0.006 cm L. A list of the final
assignments, observed and calculated frequencies, deviations,
and assigned weights for CH3;Br is given in Appendix IV,

The two bands were also fit individually in order
to compare the results with those from the simultaneous fit.

The results of the single-band fits for v, and 2v, are shown

in Tables XII and XIII respectively. These fits were made
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Table XI Coefficients of Simultaneous Fit of CH3;3r v,
and 2vy.

Coefficient Value (cm-l) 95% 8. c. i.
v, (Vi) 3056.35254097 0.00400511
vy (2vy |) 6095.37929332 0.00876727

v (2vy | ) 6046.12775517 0.00755994
A, 5.12908907 0.00097086
Aty - 1/2 n, 0.30493035 0.00070940
Dy 0.00003663 0.00003277
ay® 0.02849233 0.00038622
ny X ~0.00008277 0.00003732
ay s -0.00018444 0.00000621
T -0.00001623 0.00000931
HOK 0.00000011 0.00000009

All other coefficients were insignificant and were set

0.3185537

0.000000333

0.00000427

* Microwave values of 12Cng(av)Br taken from Ref. (23).

Standard deviation of fit = 0.006 cm

1
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Table XII Coefficients of Single-Band Fit of CH33r v,.

Coefficient Value (cm-l) 95% B. c. 1i.
Vg 3056.04303491 0.00305341
4

AO - Aetg + l/2m+

+ nyy = 1/2n,K 4.82460782 0.00039907
aP - 3/72n,K 0.02846680 0.00028663
Dy~ = 1/4n,~ 0.00009631 0.00001946
a,B -0.00021128 0.00001523

All other coefficients were insignificant and were set = 0.

B, * 0.3185537
DOJ * 0.000000333
DgK * 0.00000427

* Microwave values of !2CH;®V)pr taken from Ref. (23).

Standard deviation of fit = 0.004 cm™t.
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Table XIII Coefficients of Single-Band Fit of C.3Br zv,.

1

Coefficient Value (cm ) $5% B. C. i.
Vo 6095.98964858 0.01222403
4
Ay + 2A Ly - my
- 3nyy + 0K 5.74130602 0.01015969
20,2 + 30,5 0.05817770 0.00638908
ay® -0.00017740 0.00003036

All other coefficients were insignificant and were set = C.

B, * 0.3185537
DOJ * 0.000000333
DgK * 0.00000427

(av)

* Microwave values of !2CH Br taken from Ref. (23).

Standard deviation of fit = 0.006 cm I.
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to the expression in Table VI with the appropriate value of
k included.

A value of A_ = 5.1291 : 0.0009 cn ' was obtained
from the simultaneous analysis of v, and 2v, of CH3(aV)Br,
For comparison, the combined results of the two single-band
fits yielded A° = 5,131 ¢+ 0,010 cm_l. The simultaneous con-
fidence intervals indicate that this result is less accurate
than that obtained from the simultaneous fit by a factor of
more than ten,

Previous values of Ao for methyl bromide, obtained
by application of the zeta-sum rule (Appendix Ia) to
analyses using only the unresolved Q-branches of v,, vs,

and vg, are given by Herzberg (1) as 5.08 cm-l

(24) as 5.126 cm-l. No estimates of accuracy are listed.

and Burke

The value of the Coriolis term coefficient,
obtained from the simultaneous analysis, was [Aecuz - 1/2n,]
= 0,3409 * 0,0007 cm_l. Under the approximations n, = 0
and A_ = A_, then £,% = 0,0594.

e o

The band origins are represented by the pure

vibrational terms
vo(vq) = (wy+Awy) + 1/2x;4 + 1/2%x54 + 1/2x34 + 33Xy,

+ Xy5 + Xy + X + y-terms,

Lyly
Vo (2vy D = 2(wy+awy) + X34 + Xy + X3y + 8Xyy + 2Xys

+ 2x,¢ + 4xz + y-terms,

42y
Vo(2VQ|I) = 2(wytAwy) + X34 + Xoy + X3y + Bxyy + 2xy, 5
+ 2x,¢ + y-terms,

Numerical values of these band origin constants were ob-



71

tained from the simultaneous least squares fit. When the
second-anharmonic y-terms were neglected, values of two of

the anharmonic terms could be extracted: x,, = —=20.977 et

and x, , = 12.313 em™L.

The results of the methyl bromide analysis deaon-
strate very clearly the usefulness of the method of simul-
taneous analysis in determining Ao. It was very fortunate
that methyl bromide was the first molecule to be analyzed
in this manner. Subsequent work showed that either v, or
2v,, or both, were badly perturbed for all of the other
methyl halides. This made the analyses much more difficult
and the results much less trustworthy. None of the simul-

taneous analyses attempted for the other methyl halides

was nearly as satisfactory as that for methyl bromide.



CHAPTLR VIII

ANALYSIS OF CH,I

Spectra of v, of CH3I, with band origin near 3060
em™! and with useable region extending from about 3000 cm 1
to 3180 cm-l, were run on the 300 line/mua grating with the
spectrometer in single-pass configuration. Two charts of v,,
0365-I and 0465-I, were analyzed, They were calibrated with
HCl1 (1-0) (18) on the low-frequency side and HCW (0,0,1) (19)
on the high-frequency side. The standard deviations of the
calibration fits for both charts were 0.004 cm-l. The de-
tails of the experimental conditions under which the spectra
were run are given in Table XIV.

Spectra of the 2v, band were run on the 600 line/
mm grating with the spectrometer in both single and double-
pass configurations. The parallel component of 2v, has its

band origin near 6052 cm™! and extends from about 6030 cu -

to 6080 cm L. The perpendicular component has its band

origin near 6102 cm-l. Its useable region extends from

1 t0 6220 cm™l. on the low frequency side,

about 6080 cm’
from about PQz(J) and lower, it is overlapped by the ruch
stronger lines of the parallel component. Four charts of
2vy, 0165-I, 0265-I, 0166-I, and 0266-I, were analyzed. '‘he
calibration bands for all of these were N0 (3,0,1) (20) on
the low-frequency side and HCx (0,0,2) (19) on the high-
frequency side. The standard deviations of the calibration

fits of all four bands were about 0.006 cm-l. Details of

the experimental conditions under which the spectra were
72
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run are given in Table XIV,

Survey spectra of the v, and 2v, bands of CH3I
are shown in Fig. 9. Even in these greatly compressed
spectra the resolved rotational fine structure is evident.
Perturbations are obvious in both bands. ilote the anomalous
intensity of the RQG(J) Q-branch of v,, and the split RQ5(J)
Q-branch in both bands. Such obvious perturbations serve
as a warning to proceed with caution in analyzing the bands.

In the high-resolution spectra of CH3;I a great
many lines could be assigned by inspection. The presence
of perturbations made assignments in some subbands uncertain,
however. The RQl(J) through RQ7(J) O-branches of 2v, were
obviously split. When the RRK(J) series could be identified
for these subbands, sharp discontinuities were found corres-
ponding to the split in the Q-branch.

The frequencies of all the lines in each of the
six charts were obtained as described in Chapter VI. The
line frequencies were weighted according to how well the
frequencies seemed to be determined. The frequencies from
all the charts of each band were combined into a weighted
average. The resolution limits were about 0.04 em™1 in the
v, band and 0.06 cm L in the 2v, band.

Since both bands showed considerable evidence of
being perturbed, the most productive course of action seened
to be to first analyze the bands individually. They were
then combined only after the best possible individual fits

had indicated which lines were the least perturbed.
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Fig. 9 CH3I Survey Spectra - vy and 2vy
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Microwave values of B = 0.2502167 eml, DoJ =
2,09%x10~7 cm-l, and DgK = 3,29x10"6 cm~ 1t (23) were used to
calculate a set of ground state combination differences, as
described in Chapter VII. Many new lines were assigned with
the aid of this table.

The lines of each band which had been assigned with
reasonable certainty were fit to the single-band frequency
expression of Table VI with the appropriate k included.

Note that the terms corresponding to Bo' DOJ, and DgK, for
which microwave values were available, were subtracted fron:
each transition frequency before it was included in the fit,
On the basis of coefficients obtained from these fits, pre-
dicted spectra were calculated. From these new lines were
assigned, included in the data for new fits, and the whole
process repeated until no further lines were found.

In practice, the process was considerably more
difficult than that indicated above, because of perturba-
tions. Subbands which were badly perturbed were left out of
the fit from the start, and were considered only after pre-
dicted spectra were available for comparison. Otherwise,
the usual procedure in handling localized perturbations was
to tentatively discard subbands or portions of subbands (not
individual 1lines) which did not seem to fit with the
majority of the other lines. Of course, there must be a
predominant population of unperturbed lines which fit well.

This procedure worked well for v, of CH3I. Al-

though the KAK = -6, =5, +6, +7, and +8 subbands all seened
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to be somewhat perturbed and were left out of the final fit,
there remained 364 apparently unperturbed lines of the other
subbands, These were fit to the expression in Table VI,

The results are shown in Table XV. The standard deviation
of the fit was 0.005 cm .

The perpendicular component of 2v, proved to be
impossible to treat in this manner. The entire P-side of
the band, PQz(J) and lower, was overlapped by the parallel
component. No perpendicular band transitions could be
assigned with any degree of certainty in this region. A
few of the PP9(J) series should have been available, but
none could be identified since v; + v, also ran through this
region. In addition to the loss of nearly half of the band,
the subbands KAK = +1 through +7 were all perturbed to
varying degrees, RQS(J) was very badly split and no RRS(J)
lines could be identified. In the subbands on either side
of RQS(J) the splitting could be observed to be moving
through the Q-branches. In those in which the RRK(J)
series could be traced over a considerable distance, sharp
discontinuities appeared in the line separations. Fig. 10
shows the RQ3(J) region of 2v, in which the split Q-branch

and the corresponding shift in the R

R3(J) lines is clearly
shown.

A discussion of the perturbation in the 2v, band
is given by Mme. Joffrin-Graffouillere and M. Nguyen Van
Thanh (25). They interpret the perturbation as a Fermi

resonance between the CH3I 2v, perpendicular component and
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Table XV Coefficients of Single-Band Fit of Cli3I vy.

Coefficient Value 95% 8. c. 1i.
v 3069.75141674 0.00469995
Z

Ao - AeCu + 1/2ny

+ nyy = 172n,K 4.83319667 0.00137344
ay® - 3/2n,% 0.03056726 0.00117964
DOK - 1/4n,% 0.00008539 0.00008007
a,B -0.00012605 0.00001117
8,k 0.00012004 0.00008937
HOK -0.00000247 0.00000134

All other coefficients were insignificant andwere set = 0.

B, * 0.2502167
DOJ * 0.00000021
DgK * 0.0000033

* Microwave values for !2CH,;I taken from xef. (23).

Standard deviation of fit = 0.01C cm-l.
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the band v; + v, + 2vg.

On the basis of single-band fits to lines of sub-
bands not obviously perturbed, it was not possible to decide
which series, if any, were really unperturbed. There were
not enough lines to give any sort of useful values of the
coefficients.

Fortunately, a simultaneous fit of v, and 2v,
proved to be feasible. From the perpendicular component of
2v4, 97 lines of the types " (J), R, (3), ®Rg(3), and
RR9(J), together with 56 low-J lines of the 2v, parallel com-
ponent, were found to fit very well in a simultaneous fit
with the 364 unperturbed lines of v,. The fit was niade to
the frequency expression in Table VII. These series of 2v,
were assumed to be relatively unperturbed because they fit
so well with the lines of v,. When the other series were
included they did not fit at all. The standard deviation
of the final simultaneous fit was 0.007 cn I,

The results of the simultaneous analysis of v, and
2vy of CH3I are listed in Table XVI. As for CH;3Br, the data
were insufficient to determine the last five terms of Table

VII. These were assumed to be zero. Values of the coef-

J J JK KJ

ficients BqJ, BHK, Ny Ho ’ H° R Ho were determined in the

next to last fit, but proved not significant. The final fit
was made with these terns removed.

1 was obtained

A value of A = 5.134 * 0.003 cm
from the simultaneous fit. The 95% simultaneous confidence

interval on this quantity has been listed. B2ecause of the
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Table XVI  Coefficients of Simultaneous Fit of CH3I v,
and 2v,.

Coefficient Value 95% s. c, i.
Vg (Vu) 3060.05691147 0.00493212
vy (2vy |) 6101.88830686 0.01778452
vy (2vy| ) 6052.03783417 0.01064939
A 5.13425925 0.00332773
A% - 1/2 0.30151603 0.00340549
Dy 0.00008500 0.00008000
a? 0.03108683 0.00088588
Ny 0.00028459 0.00011305
a,B -0.00012219 0.00000328
By 0.00008169 0.00003738
H N -0.00000215 0.00000083

All other coefficients were insignificant and were set = GC.

0.2502167

0.00000021

0.0000033

* Microwave values for !2CH3;I taken from Ref. (23).

Standard deviation of fit = 0.007 cm
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lack of good data for 2v,, this value of A, is statistically
less accurate than that obtained for methyl bromide. It
may also be less trustworthy. Not only are there fewer
lines and fewer subbands of 2v, represented in the fit, but
there are probably also some slightly perturbed lines in-
cluded in the fit.

Previous values of Ao for CH3I, obtained by appli-
cation of the zeta-sum rule to Q-branch analyses of the three

degenerate fundamentals, are given by Herzberg (1) as 5.077

em~ L, by Burke (24) as 5.104 cm-l, and by Jones and Thompson
(26) as 5.119 cm_l. Maki and Hexter (8) obtained a value of
1l

5.158 * 0,02 cm ~ from a study of the Coriolis resonance
between v3; + vg and vs.

Under the approximations n, = 0 and A, = Ao' one
obtains from our results c“z = 0,059, Jones and Thompson
(26) obtained exactly this same value.

In the same manner as described for CH3;Br, one
finds values for the two first-anharmonic consrants x,, =

1

-26.57 cm™t and x ~ 12.46 cm 1.

Lyly



CHAPTZR IX

ANALYSIS OF CHj3F

For methyl fluoride, A was obtained from a simul-
taneous fit of v3; + v, and 2v, after v, proved to be too
badly perturbed. Details of how v, and 2v, were recorded
and analyzed are given below. Details of the analysis of
v3 + v, are given in a thesis by W. Z. 3Blass (7) and sudse-
quent paper by Blass and Edwards (22).

Spectra of CH3F v,, with band origin near 3006

1l 1

-1 to 3150 cm —, were

cm — and extending from about 2940 cm_
run on the 300 line/mm grating with the spectrometer in
single-pass configuration., Two charts of v,, 0465-F and
0565~-F, were measured and analyzed. They were calibrated
with HC1 (1-0) (18) and HCN (0,0,1) (19) . The standard
deviations of the calibration fits were 0.004 cm-l. Details
of the experimental conditions under which the spectra were
run are given in Table XVII,

Spectra of the 2v4 band were run on the ¢00 line/
mm grating with the spectrometer in both single and double-
pass configurations. The perpendicular component had oand

origin near 6000 cm-l. Its useable region extended from

1 t0 6130 em™t. No parallel component could

about 5940 cm”
be identified. Two charts of 2v,, 0365-F and 0166-F, were
measured and analyzed. These were calibrated with HCl1l (2-0)
(18) and HCN (0,0,2) (19). The standard deviations of tae
calibration fits were both 0.005 cm L. Details of the

experimental conditions under which the spectra were run

83
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are given in Table XVII.

The vz + v, band of CH3F was analyzed by W. ..
Blass as part of a thesis at Michigan State University. A
detailed description of this band, ground state com:ination
differences, single-band analyses, perturbations, etc. are
given in his thesis, along witl. a listing of tne line assign-
ments and frequencies in this band. Many of these points
are also included in the subsequent paper by Blass and
Edwards (22).

Survey spectra of vy, 2v4, and v3 + v, are shown
in Fig. 11. Even in these compressed spectra the resolved
rotational fine structure is evident. Figure 12 shows the
RQG(J) region of the 2vy band of CH3F. This is a splendid
example of a highly-resolved Q-branch., The individual tran-
sitions which make up the O-branch are resolved and easily
measurable. This region is typical of our high-resolution
records. The resolution limits were =0.04 cm * for vy ané
=0.06 cm L for 2vy.

The frequencies of the lines in the v, and 2v,
bands were obtained as described in Chapter VI. The line
frequencies were weighted on the basis of how well the fre-
quencies seemed to be determined. The frequencies from both
charts of each band were combined into a weighted average
frequency.

It was our expectation tnat vy and 2vy of Cl3F
would be fit simultaneously to oktain Al and the other

molecular parameters. The bands were fit individually to
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the expression listed in Table VI (with the appropriate
value of k included). As usual, in these and subsequent
fits, the terms involving B = 0.8517935 cm 1, b 7 = 2.015

x10~6 cm-l, and DgK 1

= 1.4652x1075 cm ~ (27) were subtracted
from each line frequency before it was entered into the fit.

In the high-resolution spectra of 2v,, two series,
KAK = -4 and -5 were obviously perturked, having badly split
Q-branches. Single-band fits of 2v, soon indicated, in
addition, that the KAK = +6 through +9 series did not fit
well with the rest of the band. Eventually 162 lines of
the 2v, vperpendicular component were established as keing
apparently the least perturbed, although several obvious
biases still existed. A fairly good single-~band fit (stan-
dard deviation 0.013 cm-l) was obtained for these lines.

The results are given in Table XVIII.

The v, band was obviously badly perturbed. Tae
strong perturbation on the R-side, which Pickworth and
Thompson (28) remarked upon in 1954, was quite okvious in
our high-resolution spectra. While the normal Q-branches
were wide and partly resolved, tailing off to the high
frequency side, the KAK = + 4 Q-branch was spread out over
a considerable distance and the KAK = +5 and higher
Q-branches appeared abnormally narrow. Lines from these
subbands did not fit at all with the rest of the band.

Even with these series eliminated, the rest of tae band

fit very poorly. It was difficult to decide which lines,

if any could be reasonably called "unperturbed." However,
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Table XVIII Coefficients of Single-Band Fit of CH3F 2v,.

1

Coefficient Value (cm ) 95% 8. c. i.
Vg 6001.37242480 0.01230728
4

Ao + 2AeCu = Ny

- 3nuy - Nt 5.97016254 0.00304190
20,2 - 3n,K -0.02275383 0.00188018
DX + 1/2n,% -0.00079118 0.00006587
ayB -0.00112620 0.00004187
B, K 0.00003197 0.00002629

All other coefficients were insignificant and were set = 0.

B, * 0.8517935
DOJ * 0.000002015
DgK * 0.000014652

* Microwave values for !2CH3;F taken from Ref. (27) .

Standard deviation of fit = 0.013 cm .
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it was finally found that 92 lines of this band gave a
fairly good fit to the theoretical formula (standard devia-
tion 0.020 cm-l) and apparently a fairly well determined
set of coefficients. The results are listed in Table XIX.

In spite of the fact that the v, and 2v, bands
fit fairly well individually, a simultaneous fit of the
"unperturbed" lines of both bands gave such a poorly deter-
mined set of coefficients and reproduced the data so poorly
as to be nearly worthless. No reasonable estimate of Ao
and Aecuz could be obtained from this fit.

The situation was considerably improved by making
use of the "unperturbed" lines of the vj3; + v, band, origi-
nally analyzed by Blass. The frequency expression to which
the data were fit is given in Table VIII.

The results of the simultaneous fit of 196 lines
of v3 + v, and 162 lines of 2v, are given in Table XX. 1In
view of the perturbed nature of both bands, the fit seemed

1

fairly good (standard deviation 0.015 cm ~). A value of

Ao = 5,104 ¢+ 0.002 cm"1 was obtained. For comparison,
previous values of Ao for CH3F, obtained from applications
of the zeta-sum rule to Q-branch analyses of the three

degenerate fundamentals, are listed by Herzberg (1) as

5.100 cm-l, Pickworth and Thompson (28) as 5.11 em™ !, anc
Andersen, Bak, and Brodersen (29) as 5.095 em™ Y. omith anc

1 obtained through private communi-

Mills (30) used 5.081 cm_
cation witn Andersen, in their calculations.

Under the approximations n; = 0 ana A, = A  one
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Table XIX Coefficients of Single-Rand Fit of CIH3F v,.

Coefficient Value (cm'l) 95% B. c. i.
v, 3005.28088945 0.01638834
4

AO - Aecl,, + 1/2n,4

+ nyy - 1/2n.% 4.64091916 0.00327381
a,® = 3/2n,F 0.01009577 0.00452974
a,? -0.00144265 0.00012461
8, X 0.00023992 0.00023220

All other coefficients were insignificant and were set = 0,

B, * 0.8517935
DOJ * 0.000002015
DgK * 0.000014652

* Microwave values for !2CH3F taken from kef. (27).

Standard deviation of fit = 0.017 cm .
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Table XX Coefficients of Simultaneous Fit of CE3F vj + v,
and 2v,.
Coefficient Value (cm 1) 95% 8. c. 1.
Vg (V3+vy) 4057.65311000 0.01446841
v (2vy ]) 6000.50578000 0.01522262
A, 5.10427102 0.00201388
A tu? - 1/2n, 0.43346464 0.00145493
DOK -0.00012201 0.00007953
nys 0.00135226 0.00018699
a3t+a,? 0.02386673 0.00150811
ay ~0.00942605 0.00111255
(a3?) (0.033)
a3B+a, B 0.01083222 0.00012198
ay> -0.00112829 0.00005408
(a3>) (0.0119)
B3N+8, K 0.00002868 0.00002956
BN 0.00002992 0.00003391
(855 (~0.000001)
837+8,7 ~0.00000014 0.00000026
' 0.00000073 0.00000009
(857) (=0.0000008)
8K+ pIK -0.00000393 0.00000218
gIk 0.00004555 0.00000209
(83%) (-0.00005)

All other coefficients were insignificant and were set = 0.

Standard deviation of fit = 0.015 cm T.
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obtains cuz = 0,085 from our results. Andersen, Bak, anu
Brodersen_(gg) obtained qu = 0,093,

Our analyses must, however, be considered as, at
best, a qualified success. There exists one glaring discre-

1

pancy. Our value of a“A = -0.009 cm —, obtained essentially

from the data of 2v, alone, does not correspond to the value

ay,® = 40,008 cm~ !

listed by Andersen, Bak, and 3rodersen,
and also by Pickworth and Thompson. Their results were
obtained from the v, band, and, in fact, are just the result
which was obtained when we fit the v, band alone. This
value of a,® = +0.008 cm™! appears to be correct, and that
obtained from 2v, wrong, for the reasons outlined below.

From v3 + v, we obtained a3A+cu,A = +0.024 cm-l.

Our value of a,? yielded as® = +0.033 cm™). sSmith and Mills
(30) obtained as® = +0.011 em™L from an analysis of vj3, and
also 2v3. This seems to be correct, since the appearance

of the v3; band permits no other conclusion than aaA = a3B.
There seems to be no difficulty with a3B and auB; our results
were in good agreement with previous results (28, 29, 30).
Purthermore, when a,” = +0.008 cm~! was used, the result

a3A = +0,012 cm-1 was obtained from our results, in excellent
agreement with Smith and Mills,

Hence, none of our values of the coefficients are
to be trusted implicitly. There does exist some corrobora-
ting evidence, however, for at least the values of Ao and
A tu®. Single-band fits of the vj + v, and 2v, bands

yielded the values of the coefficients (Ao - Aecgz + (..) =
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1l z

4.6717 ¢ 0.0015 cm — and (A, + 22,Z4° + ...) = 5.970 ¢ 0.003

cm — respectively. When the above quantities were calcu-
lated using the values of Ao and Aecqz from the simultaneous
fit of these two bands, the numerical results were identical
with those above within the confidence intervals. Since the
individual Ao and Aecqz values were obtained from the data
of both bands simultaneously, this is strong evidence that

the values of these two parameters, at least, are reasonaoly

correct.,



CHAPTER X

AJALYSIS OF CH3CN

Methyl cyanide, CH3CN, is not one of the :ethyl

halides, but is a C axially sywmmetric molecule, The CN

3v
radical takes the place of the halogen atom, lying along the
symaetry axis above the apex of the CH; radical. The fact
that CH3CN has six atoms rather than five means that there

is one more non-degenerate mode and one more degenerate

mode of vibration. Because of relabeling, the vs mode of
CH3CN is the one in which the atomic motions are essentially
the same as in v, of the methyl halides., 1Indeed, this band
occurs at nearly the same frequency as the v, methyl halide
bands.

Only one spectrum of vs of CH3CN was analyzed,
0266-CN. It was run on the 300 line/mm grating with the
spectrometer in single-pass configuration. The band origin
was near 3009 cm L. The spectrum was calibrated with HC1l
(1-0) (18) and HCN (0,0,1) (19). The standard deviation
of the calibration fit was 0.004 cm Y. The experimental
conditions under which the spectra were run are given in
Table XXI.

Like vs, only one spectrum of 2vs was run. The
reason for this was the extremely poor quality of the 2vg
spectrum. For some reason, 2vs was extremely weak, rwuch
weaker relative to vs than any of the methyl halide 2v, bands

relative to their v, fundamentals., In order to obtain suf-

ficient absorption it was necessary to increase the pressure
95
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so much that the spectrum was nearly ruined by pressure
broadening. The single 2vs chart, 0166-CN. was run on the
600 line/mm grating with the spectrometer in single-pass
configuration. The band was calibrated with N,0 (3,0,1)

(20) and HCN (0,0,2) (19). The standard deviation of the
calibration fit was 0.006 cm-l. Details of the experimental

conditions under which the spectra were run are given in

Table XXI.

Survey spectra of the vs and 2vs bands of CH3CN
are shown in Fig. 13. Under high resolution the vs band
was quite good, with the resolution limit about 0.04 cm I,
Because of the extreme pressure broadening of lines in 2vgj
the effective resolution in this spectrum is probably no
better than =0.2 cm .

Assignment of lines in the two bands presented no
difficulty, although there were few identifiable lines
in the 2vg spectrum. Apparently both bands were nearly
unperturbed. The P-side of v; was badly overlapped, so
that most of the lines in this band were RRK(J) types. All
of the 2vs lines were RRK(J) types.

The vs band was first analyzed alone. The 125
lines assigned in vs gave a quite good fit (standard devia-

1l

tion 0.009 cm ). The results are given in Table XXII.

Microwave values of B = 0.30684219 em L, DoJ

cm—l, and DgK -1

= 1,27x10-8
= 5,901x1076 cm ~ (27) were input and held
constant., Of course, the few lines of the 2vs band could

not be meaningfully fit alone.
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Fig. 13 CH3CN Survey Spectra - vs and 2vg
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Table XXII Coefficients of Single-Band Fit of CH3CiH vs.

1

Coefficient value (cm ) 95% 8. c. i.
vy 3008.69693446 0.01493334
2

AO - AeCS + 1/2ng

+ ngs =1/2ns" 4.96070950 0.00667738
as® = 3/2n5% 0.03225829 0.00217414
a5 0.00005397 0.00003211
g5t ~0.00002691 0.00001136

All other coefficients were insignificant and were set = 0.

B, * 0.30684219
DOJ * 0.0000000127
DgK * 0.000005901

* Microwave values for !2CH3;CN taken from Ref. (27).

Standard deviation of fit = 0.009 cm T.
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The results of the simultaneous fit of 125 lines
of vs and 20 lines of 2vg are given in Table XXIII. ‘“hey

are quite poor, as would be expected under the circumstances,
1

although the standard deviation of the fit was 0.008 cm
There was simply not enough data from 2vg to permit an

accurate calculation of Ao. The value of Ao obtained from
1

the simultaneous fit was 5.03 ¢ 0,06 cm
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Table XXIII Coefficients of Simultaneous Fit of Cii3CN vs

and 2vs,
Céefficient value (cm 1) 95% 8. c, 1.
Vg (vs) 3009,11122113 0.01541944
vo(2vs |) 6005.95747459 0.23498695
A, 5.02644866 0.06439253
Ats” + 1/2 ns 0.32828684 0.02075757
Dy 0.02382226 0.00162153
ag? -0.14282842 0.02742596
st 0.02476328 0.00146676
as? 0.00007866 0.00001360
Bt 0.00655623 0.00027944
H -0.00004544 0.00000185

All other coefficients were insignificant and were set = 0.

B, * 0.30684219
DOJ * 0.0000000127
DgK 0.000005901

* dicrowave values for !2CH3;CN taken from Ref. (27).

Standard deviation of fit = 0.008 cm *.




CHAPTER XI

ANALYSIS OF CH3Cl

Spectra of v, of CH3Cl, with band center near 3044
cm.1 were run on the 300 line/mm grating with the spectro-
meter in single-pass configuration. Two charts of v,, 0465-
Cl and 0565-Cl, were measured and analyzed. They were cali-
brated with HC1 (1-0) (18) and HCN (0,0,1) (19). The stan-
dard deviations of both calibration fits were 0.004 cn !,
The experimental conditions under which the spectra were run
are given in Table XXIV.

Spectra of the 2v, band were run on the 600 line/
ma grating with the spectrometer in both single and double-
pass configurations. The parallel component had its band

origin near 6015 cm-ly the perpendicular component had its

band origin near 6065 cm-l. Like the corresponding bands

of CH3Br and CH;I, its P-side was lost due to overlap of the
parallel component. Two charts were measured, 0365-Cl and
0166-Cl. They were calibrated with N,0 (3,0,1) (20) and

HCN (0,0,2) (19). The standard deviations of the calibration

fits were 0,006 cm-l. Details of the experimental conditions

under which the spectra were run are given in Table XXIV.
Survey spectra of the v, and 2v, bands of CH;Cl
are shown in Fig. 14. The resolved rotational fine struc-
ture is evident even in these rapid scan spectra.
Also evident, however, in even these highly com-
pressed spectra is the very pronounced perturbation in the

2v, band. Under high-resolution the effects of the per-

102
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Fig. 14 CH3Cl Survey Spectra - v, and 2v,
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turbation are even more pronounced. The RQ2(J) Q-branch is
split and spread over a wide region. The neighboring Q-
branches are also badly split and pushed about. It was

quite impossible to obtain any sort of reasonable unperturbed
fit of this band, either alone or in a siaultaneous fit with
vy« Alamichel, Bersellini, and Joffrin-Graffouillere (31)
have interpreted the perturbation as a Fermi resonance
between 2v, and v, + vs + vg + v3.

The v, band of CHE3Cl was considerably better,
though by no means perfect. Most of the center of the band
appeared to be somewhat perturbed, but a quite good single-
band fit was obtained from the PP3(J) series and the RR4(J)

through RRlz(J) series, Microwave values of Bo = 0.443402

em™t, b 7 = 6.04x10-7 en”!, ana DI = 6.60x10=¢ em ! (23)
for CHa(aV)Cl were taken as known quantities. The results

of the single-band fit of v, are given in vable XXV. The
standard deviation of the fit was 0.010 cm .

The 2v, band was simply too badly perturbed to
use in a simultaneous fit, hence Ao could not be determined
from these bands. No substitute band of the type vy t 2v,
was available, nor is one likely to soon become availacle.

Previous values of Ao' determined by means of the
zeta-sum rule method, are given by Herzberg (1) as 5.097
cm-l and Burke (24) as 5.069 cm'l. This represents one case

where the zeta-sum rule is still the only method for deter-

mining Ao because of perturbations in the 2v, spectrum.
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Table XXV  Coefficients of Single-Band Fit of CH3Cl v,.

Coefficient value (cm-l) 95% 8. c. 1i.
v, 3043.34494889 0.06030692

Z
AO - AeC4 + l/2m,

+ nyy - 1/2n,F 4.37359326 0.00566803
ay® - 3/2n,K -0.07489814 0.00595875
DOK - 1/74n,K 0.00140707 0.00016057
ayB 0.00101681 0.00009425
HOK 0.00000150 0.00000025

All other coefficients were insignificant and were set = 0.

By * 0.443402
DOJ * 0.000000604
ogK * 0.00000660

* picrowave values for !2CH3Cl taken from Ref. (23).

Standard deviation of fit = 0.01l1 —




CHAPTER XII

ANALYSIS OF CHjD

This section on CH3D is included only for the sake
of completeness, since both the v, and 2v, bands were too
badly perturbed to treat in the usual manner.

Two charts of CH3D v,, 0465-D and 0565-D, and two
charts of 2v,, 0365-D and 0166-D, were measured. The cali-
bration bands were the same as those for CH3F (Chapter IX)
and the standard deviations of the calibration fits were the
same. The experimental conditions under which the spectra
of CH3D were run are given in Table XXVI. Survey spectra of
v, and 2v, are shown in Fig. 15.

The spectrum of 2v, of CH3D under high resolution
was quite beautiful. All the individual lines, even in the
perpendicular band Q-branches, are resolved. Unfortunatly,
the appearence of this band belies its true nature. The
assignments of most of the lines were quite obvious and unar:-
biguous. They simply did not fit the theoretical formula,
however. 1In the end, no satisfactory fit was obtained for
this band. The results of such fits have not even been in-
cluded here. For future reference, the values of Bo =

3.88047 cm L, p 7 = 5.277x107% en™!, ana pJ¥

= 1,238x10""
cm-l were given us by Bruce D, Olson (32). These seemed to
be quite good, 3since a table of ground state combination
differences calculated from these constants permitted accu-

rate identification of a large number of lines in the 2v,

spectrum.

107
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The v, band was not even attempted. The pertur-
bations in this band have been the subject of intensive
investigations by Olson and co-workers (33). The band seems
to be too badly perturbed to have any hope of making a
reasonable "unperturbed" fit.

Olson (32) has suggested to us that, in his
opinion, only v; + v, of the possible alternative bands
might be useable. The lack of a good fit to 2v,, however,
makes a determination of Ao for this molecule unfeasible

by our method.



CHAPTER XIII

STRUCTURAL CONSIDERATIOWS

Once L had been determined for methyl broriide,
it seemed that the calculation of the structure of this
molecule would be a simple and productive project, This
quickly proved to be a much more difficult undertaking than
it appeared at first glance.

The structure of methyl bromide is specified by
three structural parameters (see Fig. 16) - Topr' Feom’ and
B or a. The two moment of inertia equations, corresponding
to Ao and Bo’ for a single isotopic molecular species are
not sufficient to completely determine these three unknown
parameters. Thus, measurements of Ao and Bo for a second
isotopic species, for example Br or C substituted, are
needed. For the non-deuterated species, Ao can be assumed
to be the same, since substitution of Br or C should make
little difference in the positions of the hydrogen atoms.
Very accurate values of Bo are available from microwave work
for the various isotopic species.

Let us consider the problem of determining a

"ground state" or "r_ " structure directly from measured

o
values of A° and B° for two isotopic species of CH;3Br.
Assume that the values of Ao and Bo are available for the
isotopic species !2CH;379Br and !2CH;81Br (A, can be assured
to be the same for both species). Thus the structural para-

meters r , and B are to be determined from the momnent

B

cer’ ‘cu
of inertia equations corresponding to Io

111

(for 12CH;79Br),
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1 _Bo

o | (for 12cH4,81Br), and IOA(for both) - three equations in

three unknowns. A :major assumption iiiplicit here is that
the ground state structure is identical for both species.
The principal axes systein is chosen as shown in
Fig. 16, with the origin at the center of mass, the z-axis
along the symmetry axis, and the x-axis chosen (arbitrarily)
such that one of the hydrogen atoms lies in the x-z plane.
For convenience, "s" represents the distance from the brouine
atom to the center of mass of the particular molecular
species under consideration. The equations will be written
in terms of Toprr Yem? and B. The set of equations can be
made simpler in appearence if they are left written in terus
of the above three parameters plus s and s8' for the two
species, and the s and s' quantities are related to the
structural parameters through the two center of mass equa-
tions. The moment of inertia and center of mass equations

which are solved for the ro-structure are given below, with

B 2,
[ 4

M, , and s being unique to 12cH,798r and I, M._",

3r
and s' being unique to !2CH381Br:

A

1. 1" = 3M[r ,sin(s/2 - B) 12

2. IoB = Mp 8% + M (rop, = 8)2 + Myl(reg, - 8)

+ rogcos(n/2 - B)12 + M {[(rop, — 8) + roycos(n/2 - )12
+ [rogsin(n/2 - 8)cos30°] 2}

3. MBrs - Mc(rCBr - 8) - 3MH[(rCEr - 8) + rcncos(n/z - B)]

B, igqt2 - 1y 2 -g!l
4, I° = MBr 8 + Mc(rCBr s')4 + MH[(rCEr s’)
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Fig. 16 CH3Br Structural Parameters
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+ rocos(n/2 - B)12 + M {[ (o, - 8") + rogcos(n/2 = 8)]12

+ [roysin(n/2 - g) cos30°] 2}

5. MBr's' - Mc(rCBr -8') - 3MH[(rCBr -s8') + roycos(n/2 - 8)]

The reduction of these equations to formulas for
Yopr’ Yon’ and B is quite complicated but straightforeward.
The final values were calculated on the computer using a
program which substituted the known quantities into the
above equations and performed the complicated calculations
quickly and accurately.

Calculations of the r -structure were carried out
for the four pairs of isotopic species (12CH3;79Br and
12cy,81pr), (!3CH379Br and !3CH38!Br), (!2CH379Br and
13cH;37%Br), and (12CH3%1Br and 13CH3;81Br). The results are
shown in Table XXVII,

The results are obviously very inconsistant.
Costain (34) discusses this problem. He points out that
the molecular parameter BO (and similarly Ao) is propor-
tional to the average over the zero-point vibrations of the

reciprocal of the "true" moment of inertia, viz.,

h 1l
Bo = 2 <: 2:> !
8n2c I; myxry

where tae r; are the "true" instantaneous distances of the

atoms from the b-axis. The effective grcuna state moment

of inertia, IOB, is defined through
h 1
B = —
© gy2c 1 B’

o
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hence IoB is actually given by

-1
IOB = < 1 2> .
2i mry

In setting up the moment of inertia equations in the manner

described above, one implicitly defines the effective atoriic

distances, (ro)i' such that

-1
B 1l
I ° = m,(r_ ),2 = .
lo) 21 i‘to’i <21 miri2>

When isotopic substitutions are made, the zero-

point vibrations change, hence the averages over the zero-
point vibrations also change. This makes the T, distances
slightly different for each species.

In order to solve the moment of inertia equations
one must assume that the r, quantities are not changed by
isotopic substitution, since, otherwise, new unknown para-
meters enter into the problem. The ro-structures for
different isotopic species obtained in this manner are
usually inconsistant. Our results have borne out this
conclusion.

Costain points out that these large variations
arise essentially from the attempt to force the r, para-
meters to exactly reproduce the Io values from which they
were obtained. There is no reason why an artificial struc-
ture of this sort, which is known to be not consistant among
different isotopic species, should exactly reproduce the
effective moments of inertia. The criterion that correct-

ness is defined by the closeness with which the calculated



117

parameters reproduce the original data should be reconsidered
in this case.

The problem of determining a meaningful structure
from the ground state constants is discussed by Kraitchman
(35) and Costain (34). Both stress the point that the assua-
ption of identical structures for different isotopic species
is, at best, valid only for the equilibrium structure.

The equilibrium structure is generally the ideal
of structural investigations. In the first place, the equi-
librium structure is theoretically the same for all the iso-
topic species of a molecule. Also, it should be directly
and simply comparable among different molecules of the same
type. Secondly, although the equilibrium structure is not
a true physical structure (the molecule is never more than
instantaneously in the equilibrium state), all sorts of
other structures, ground state, upper state, average, etc.
can be determined from the equilibrium structure. Also,
structures directly comparable to electron diffraction, etc.
structures can be calculated from the equilibrium structure.

The equilibrium structure would be calculated by

means of the moment of inertia and center of mass equations
B
e 14
and IeB' would be used. This means that theoretically the

listed previously, with the difference that now IeA, I

equations are exactly true then - the quantities rCBrle'

rCHle' and Ble are actually the same for both species. Un-

fortunately, the equilibrium constants Ay and B, are related

A

s and

to the ground state constants Ao and Bo throuah the a
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usB constants which must be determined experimentally for

each of the six vibrational odes of the rmolecule. The

relations are

s=g “sA(gs/z)'

S 0 Blg,/2).

s=1
Until the six values of asA and asB, or at least the value

A, =A_ + ))
By = B, + ]
of the above sums, have been determined spectroscopically,
the quantities Ae and Be cannot be determined.

Kraitchman (35) and Costain (34) discuss the cal-
culation of a much more consistant structure known as the
"substitution structure." Kraitchman develops the forrnwulas
for determining the distance of a substituted atom in an iso-
topic molecule from the center of mass of the original
"normal”™ molecule. These are developed as an aid to obtain-
ing equilibrium structures when the equilibrium morents of
inertia are known. In this context, the basic assumption,
that the structure is identical for both species, is entirely
valid.

For axially symmetric molecules two cases have to
be considered. If the substituted atom lies on the symmetry
axis (e. g., substitution of 8!Br for 793r in CH3Br) then
the distance from the substituted atoin to the center of :ass
of the original molecule (CH3’9Br) is given by

lz| = tw-l(1Br - 1By 2,

B and IB' represent the mowents of inertia about a

where I
principal axis perpendicular to the symmetry axis for the

"normal" and isotopically substituted molecule respectively,



119

and y = MAm/(M + Am), M being the mass of the "normal® mole-
cule and (M + Am) being the mass of the isotopically substi-
tuted molecule.

For the substitution of an off-axis atom (e. g.,
substitution of D for one H in CH3Br) Kraitchman derives
expressions for the distance of that atom from the center
of mass of the original molecule. Since deuterium substi-
tutions were never used in our calculations, these expres-
sions are not reproduced here.

Costain suggests that these same expressions, while
exact only for the equilibrium structure, are nevertheless
very useful in calculating a "substitution" structure. al-
though this substitution structure is still quite artificial,
it should be a great deal more consistant than the ro-struc-
tures.

Briefly, a complete substitution structure requires
measurement of the moments of inertia for enough isotopically
substituted species that each independent atom in the :nole-
cule has been substituted once. For example, to obtain a
complete substitution structure for CH;Br one should measure
A, and B  for 12cH,79Br, 12CH38!Br, !3cH37%Br, and l3cH;8%!Br,
and Ao, B, and Co for at least one of the singly-deuterated
species, and preferably all of then,

One point must be considered, however, before pro-
ceeding with the calculation of a substitution structure of
CH3Br. The basic assumption underlying all of this is,

again, that all of the isotopic species have identical sub-
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stitution or rs-structures. Since we are now dealing with
ground state effective moments of inertia this assumption
does not necessarily hold. Most certainly it does not hold
in the case of substitution of deuterium for hydrogen. The
bond lengths are known to generally shrink appreciably when
deuterium is substituted for hydrogen (36) . Thus, determi-
nation of the positiona of the H atoms using D substitution
seemed unlikely to yield satisfactory results.

The final procedure which we settled upon was as
followa. Fortunately for us, Schwendeman and Kelley (21)

had already determined the r subastitution bond lengths

CBr's
from microwave measurements of the Bo values for the four
non-deuterated species of CH3Br. Using each isotopic role-
cule in turn as the basis molecule, they calculated rCBrIs
for each species as follows: Referring to Fig. 17, assume
that 12CH;79Br is taken as the basis molecule. A substitu-
tion of 81Br for 79Br permits a calculation of distance z
(the distance from the substituted atom to the center of
mass of the original molecule),

lz] = ot P - 1 By,
where IoB and IOB' refer to 12CH;79Br and !2CH3;®1Br respec-
tively, and y = MAm/(M + Am), where M represents the mass
of the former species and (M + Am) the mass of the latter.
Again, with !2CH;79Br as the basis molecule, a substitution
of 13c for 12cC will give distance z',

lz'] = L=l B - 1 P2,

Ba

where IoB refers to 12CH3;79Br and I,°" refers to 13cH;37%Br;
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Fige. 17 CH3Br Substitution Parameters

Br <:>1.

Z
C
H H
H

Assume CH;79Br is the basis molecule and CH,81Br is the
substituted molecule. Then

2 = Mram .o

MAM
where
AM = M' - M,
M = total mass of CH3’%Br molecule,
M' = total mass of CH3;®1Br molecule,
ar ® = 1P - 1B,
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u' is the appropriate redefinition of u above. The sum of

the two distances gives r for 12CH;79Br.

CBrls

We used Schwendeman and Kelley's values of r.. |

as known quantities, and from our value of AO and the micro-
wave values of Bo for each species as given by Schwendeman

and Kelley (37), calculated the r and B parameters for

CH
each isotopic species. This did not yield a true substi-
tution structure (as defined by Costain), but gave some sort

of effective values for r and B. For want of a better

CH
name, however, they will be referred to here as substitution
values, Our results of these calculations are listed in

Table XXVIII, along with Schwendeman and Kelley's values of

rCBrls' It is clear that these results are much better than
the ro-structural parameters, but there is still consideraile
inconsistancy.

Table XXIX shows results obtained in just the
same manner except that the appropriate center of mass equa-
tion was used instead of the IoB equation. These results
are remarkably consistant among all the species. For thnis
reason we feel that these constitute our best results for
the structure of methyl bromide.

Table XXX gives the single set of values which we
consider to be the best average structure of methyl bromide.
This consists of an average of Schwendeman and Kelley's
and 8.

values of r and an average of our values of r

CBrls CH
For comparison, results obtained by Miller, Aamodt, Dous-

manis, Townes, and Kraitchman (38) who combined values of
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B° for the four non-deuterated isotopic species of CH;Br
with values of Bo - C° for two doubly-deuterated species.
The agreement between their result and ours is excellent.
Our conclusion is that, while one can calculate
various sorts of artificial structures which are more or
less consistant among themselves, determination of a really
satisfying and meaningful structure must probably wait until

equilibrium molecular constants are available.



CHAPTER XIV

CONCLUSION

A method has been developed here for determining
accurate values of Ao for axially symmetric molecules. It
consists essentially of simultaneously analyzing a degenerate
fundamental band, Ver and its first overtone, 2vt. In such
an analysis the A, and Coriolis terms in the frequency ex-
pression representing those bands are linearly independent
of each other. A least squares fit of the data of both
bands to a frequency expression general enough to represent
both simultaneously yielded individual values of these para-
meters., The frequency expression used in the analyses was
the appropriate specialization of the Amat-Nielsen generali-
zed frequency expression.

The data which was fit to this expression consis-
ted of frequencies of the individual transitions in the re-

solved rotational fine structure - lines of the types PPK(J),

PRK(J), RPK(J), RRK(J), and in cases where the Q-branches
were resolved, PQK(J) and RQK(J). In some cases, lines of
the overtone parallel component were also included. The
least squares fits were performed on a large computer capa-
ble of inverting the large normal equation matrices.
Excellent values of Ao, Aecuz + ..., and the other
molecular constants were obtained for C:i3Br. None of the
other methyl halides or methyl halide-types yielded compar-
able results, due to perturbations in one or more of the

bands.
127
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Descriptions of our method of obtaining Ao and
its application to CH3;Br and CH3I have been recently pub-
lished in the Journal of liolecular Spectroscopy (39, 40, 41).

Accurate values of A, for the methyl nalides are
essential for the calculation of molecular structures. As
noted in Chapter XIII, our value of A, for CH3Br could bwe
combined with microwave values of Bo for four isotopic
species of CH3;Br to obtain a consistant, though artificial,
"substitution structure.”

Calculation of the equilibrium structures of these
molecules is our main goal. It will be a difficult goal to
realize., Accurate values of Ae and Be are needed, and these

A and aBB for each of

can be obtained only after values of ag
the six normal modes of the molecules have been measured
experimentally.

The equilibrium structure is a very worthwhile
goal, however. There are many advantages to having such a
structure. The equilibrium structures should ke directly
comparable among isotopic species of a molecule and among
different molecules of the same type. Also, many of tae
other interesting structures (ground state, upper state,
average, r. m. 8., etc.) can be calculated from the equili-
brium structure.

Accurate equilibrium structures for the methyl
halides should also provide a firm base for determining

accurate and consistant sets of force constants and poten-

tial functions for these molecules. In this way it should
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be possible to eventually arrive at a detailed understanding
of the interactions involved in one of the few many-boay
problems in nature in which a theory is available of an

accuracy equalling that of the experimental data.
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APPEWDIX I

ALTERNATE METHODS OF O2TAINING Ao

a, Use of the Zeta-Sum Rule

Almost all previous determinations of Ao for the
methyl halides have been based on the zeta-sum rule. The
theory of the zeta-sum rule has been developed by D. R. J.
Boyd and H. C. Longuet-Higgins (42). For a Cy, type mole-
cule one has

Xt ;tz = (# atoms on symmetry axis) - 2 + 5/2A,
which becomes for a CH3X type molecule
Ie ctz = B/2A,

The application of the zeta-sum rule in the deter-
mination of Ao proceeds as follows: From single-band
analyses of v,, vs, and vg (Q-branch analyses are sufficient
at a minimum) one determines the numerical values, repre-
sented by C,, Cs, and Cg, of the coefficients

Z
[AO - Ang + ... Cy

4
(A, = Agts™ + ...] =Cs

4
[Ao - Aecs + co-] = CG’

Then
3a, = A (2y” + Ts® + gg%) + ... = Cy + Cs + Cg,
or

3A° - Ae(Bo/ZAo) + cee = Ck + CS + CG.

Then, to the approximations Ae = Ao and the n-terms (repre-
sented + ...) being negligible, one finds

AO o (1/3)(Cq + Cs + Cs) + BO/G.

The zeta-sum rule is exactly true only to the

133
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approximation of purely harmonic vibrations. This arises

from the Tt constants eing defined in terms of purely

harmonic quantities, the lisaa (2),
a = B
sas'ac’ Z:I. (ziso Yigta?
a

Y _ B Y
zis'o' zisa )

are coefficients involved in the small-vicration

4
The zisa
expansion of the potential energy of the molecule. As such,
they are inherently harmonic, since all usual small-vioration

expansions assume harmonic vibrations.

b. Analysis of Raman Spectra

Ao can be determined for the methyl halides
directly from a fully resolved Raman spectrum of tne molecule
in the gas phase. Let us consider the Raman spectrum of the
vy band. If available, the infrared v, band might Le fit
along with the Raman spectrum for statistically better deter-
mination of the coefficients.

As in the case of the simultaneous analysis of v,
and 2v,, the vital factor in the determination of Al from
Raman spectra is the selection rule on Af2,. The selection
rules on A%, for Raman spectra are given by Mills (6) or
may be derived from Amat's rule (4) for the v, Raman band:

AK - A%y, = %3p, p=20,1,2,...
|ag,] =1, 3, ...
Then, for AKX = t1,
tl - A%y =0, p=0
ALy = %1 or

AL, = AK;
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and for AK = 12,
12 - AR, = 3, p=1
-ARy = tl or
AL, = =1/2AK.

If lines of both the AK = :1 and AK = $2 types
are available from the Raman spectrum, the Ao and Coriolis
terms are linearly independent and the two coefficients
can be determined individually, just as in the case of tle
simultaneous fit of v, and 2v,. Such an analysis has al-
ready been carried out by Richardson, Brodersen, Xrause,

and Welch (43) for CHj3D.



APPENDIX II

LISTING OF FALSTAF PROGRAM

FALSTAF was the least squares computer program
which was used to analyze the spectra considered in this
thesis. Using this program the observed individual tran-
sition frequencies were fit to the appropriate speciali-
zations of the Amat-Nielsen generalized frequency expres-
sion. The program listed here is that used for the final

simultaneous analysis of v, and 2v, of methyl bromide.

136
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Ca

LISTING OF
OF CH3IBK NU4 AND 2Np4,

FALSTAF PROGRAM FOR LEAST SQUARES SIMULTANEOUS ANALYSIS

PROGRAM FALSTAF

DIMENSION DATA(20),VECTOR(21,21),AVE(20),SIGMA(20),COENC20),

137

1SI1GMCO(20), INDEX(20),FVAL(15,5,4),CONFINT(20), IHEAD(20),KDEL(1000),

2,JDELC1000),KAY(1000),JAY(1000),FREQOES(1000),WHT(1000),DEV(1000),

JINCRVIB(1000),WGT(€1000)

COMMON NQIN,

INDEX,

COEN, B7ZRO, UZROJK, DZROJ

TYPE LOUBLE VECTOR,SIGMA,SIGY,SIGMCO,COEN.,AVE
IFWT = 1,THEN ALL WHTS 3 1,0
DO NOT PRINT EACH STEP

IFSTEP
[FRAW

IFAVE

[FRESD
IFCOEN
IFPRED
IFCNST

Mot un

1,

-

1

no
DO
DO
DO
PO
DO

NOT
NOT
NOT
NOT
NOT
NOT

HEADING AND JNPUT
CALL FAULT(D)

100 TOL = ,00000001 $ EFIN = ,00000001 $ EFOUT = ,00000001 § NOPROB=0
IFSTEP=0 % IFRAwW=0 ¢ IFAVE=0 $ IFRESD=0 $ IFCOEN=0 § IFPRED=0
IFCNST=1 $ NOTIMES=n & VAR=0,0 $ K=0 $ FLEVEL=0,0 § NOENT=0

NOMIN=0 § NOMAX=0

PRINT 107

107 FORMAT (141)

NZILCH =
NOIN = 0
102 REWIND 50

0

p0 133 NUM = 1,

ReAD 101,

(IHEAN(M),

101 FORMAT (12A6)
[F (IHEAD(2) =~

103 PRINT 101
104 CONTINUE

READ 105,
105 FORMAT (1]

’

100

PRINT RAW SUMS ANLC SQUARES
PRINT AVERAGES

PRINT RESIDUAL SUMS SQUARES
PRINT PARTIAL COEFFICIENTS
CALC PREDICTED VALUES

HAVE CONST TeRM IN EQUAT]ON

M=1,12)

AHENDHED) 103,104,103

(IHEAD(M), M=21,12)

NOVAR

2)

NVPL = NQVAR =
1,NvP1
1,NVP1
120 VECTOR (1,J) =

00 120 1
00 120 J

SUMWT = 0.0

DO 125 1PR0OB =

IPROB = 1

2

DO 124 1DEGF =

[DEGF = 1

READ 123,
INOV = 1,
10 2) LY

1

2
40, 60, 120,

N.0

1,4,?
3,
1, 5
3'
INFINITE

4

4,

IMPLIES CONFIDENCE LEVELS 0OF 95,

5 IMPLIEFS DEGREES OF FREEDOM

(FVALCINOV, IDEGF,1PROR), INOV=1,13)

2,

10,

1238 FORMAT (15F4,2)

124 CONTINUE
125 CONTINUE

LN ]

12,

10, 11, 12, 13 IMPLIES NUMBER OF VARIABLES (P)
15, 20

MPRZ2
MPR?2
MPRZ
MPRZ
MPRZ2
MPR?
MPRZ2
MPRZ2
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140 FORMAT (F15,8)
READ 141, NORFTS
141 FORMAT (12)
DO 160 L = 1, 5n0
L1 = 3«L = 2 § L2 = 3«L
READ 145, (KDEL(N)Y,JDEL(N),KAY(N),JAY(N),FRFQOBS(N),WHT(N),
INCRVIB(NY, N = L1, L2)
145 FORMAT (3(A1,A1,12,1X,12,1X,F8.3,1X,F4,2,1X,11,2X))
DO 159 N = L1, L2
IF (WHT(N)) 109, 110,109
110 NZILCH = NZILCH + 1
109 CONTINUE
IF (KDEL(N) = 1WF) 146,161,146
146 SUMWT = SUMWT + WHT(N)
NODATA = N
159 CONTINUE
160 CONTINUE
161 AVEWT = SUMWT/NODATA
PC 510 N = 1, NODATA
AHT(N) = WHT(N) / AVEWT
IF (KDEL(N) - 1wQ) 162,163,164
162 KDEL(N) = =1 § GO T0O 165
163 KOEL(N) = 0 & GC TO 165
164 KDEL(N) = «1 3§ GO TO 165
165 IF (JDEL(N) = 1KHQ) 166,167,168
166 JDEL(N) = =1 ¢ GO TO 169
167 JDEL(N) = 0 $§ GO TO 169
168 JDEL(N) = +1 $ GO TO 169
169 CONTINMNUE

-

DELTAL1 = KAY(N) + KDEL(N)
DELTA2 = KAY(N)

DELTA3 = JAY(N) + 1 + JDEL(N)
DELTA4 = JAY(N) & JUDEL(N)
DELTAS = JAY(N) + 1

DELTAG = JAY(N)
I[F (INCRVIB(N) - 1) 210, 190,200
FORMS DATA(L) FOR NU-4

190 DATA(1) =3 1,0 % DATA(2) = 0.0 $ DATA(3) = U.0
LDEL = KDeL(N)
GO 10 210
200 IF (KDEL(N)) 201,202,201
FORMS DATA(L) FOR 2NU=4 PERPENDICULAR
201 DATA(2) = 1,0 ¢ DATA(1) = 0.0 §& DATA(3) = 0.0
30 1O 203
FORMS DATA(L) FOR 2NU=-4 PARALLEL
202 DATA(3) = 1,0 & DATA(1) = 0.0 $ DATA(2) = 0.0

203 LDEL = =2+KDEL(N)
210 AA = INCRVIB(N)®(DELTA4eDELTA3 - DELTA1ww2)
AB INCRVIB(N)e«DELTALwe4

AC = LDEL*DELTA1#DELTA4¢DELTA3

AD 3 INCRVIB(N)eDELTA4#¢2+DE[ TA3#e?2

At s INCRVIB(N)«DELTA1#e2+DE| TA4#DELTAJ3

AF = DELTA4#DELTA3~DELTAG*DELTAS = DELTAlex2+4DELTA2ew?2
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5340
550
560
540
510

565
566

567
570
5810
590
600
610
620
630
640
645

650
651
652
653
65%
6570
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AG = DELTA1»¢24DELTA4DELTAS - DELTA2#w2+#DELTAG#DELTAS

A = DELTA4w#2«DELTAS*#2 ~ DELTAG#e2«LELTAS##?2

Al = INCRVIB(N)«DELTAL1we?2

AJ = LDEL*DELTA1*+J

AK = DELTA1l#*#4 - DE|TARex4

AL 3 DELTA3#w#3#DELTA4e#3 = DELTAS#«3«LELTAG**J

AM = DELTA3##2+DELTA4we2eDELTALl##2 = LELTAS##2#DELTAGe#2#DELTAZRw?
AN 38 DELTAS+DELTA4#NDELTAL*#d « DELTAS*DELTAG«DELTA2e«4

AOD =z DELTAlwv6 « DELTA2ew6

AP = (INCRVIB(N) + 1)L DEL®DELTAL

AQ = (INCRVIB(N)#*2 « 2¢[NCRVIB(N))*DELTAL##2

AR = LDEL#*#2«DELTAlwew?2

AS 3 (INCRVIB(N)#«#2 + 2¢INCRVIB(N))*®(CELTA4«UELTA3 ~ DELTA1##2)

AT = LDEL**2«(DELTA4#DELTA3 =« DELTAlw#w2)
DATA(4) 3 DELTA1##2 = DELTAZ##?2

DATA(S) = =2,« NEL*NELTAL
DATA(6) = AK
QATA(7) = Al
DATA(8) = AJ
UATA(9) = AA

JATA(L10) = AB

DATA(11) = AQ

SUBTOFF s BZRO«AF = DZROJK+#AG = DZROJwAH

DATA(NQOVAR) = FREQORS(N) = SURTOFF

RUN = N

WRITE TAP= S50, RUN, (DATA(L), L=1,NOVAR),SUBTOF},ICBAND
MAIN PROGRAM

DO 540 I = 1, NOVAR

VECTOR(I,NOVAR+1) 3 VECTOR(I,NOVAR+1) + DATA(I)*WHT(N)
DO 540 J = I, NOVAR -

VECTOR(I,J) 3 VECTOR(I,J) + DATA(I)*DATA(J)*WHT(N)
VECTOR(NYVP1,NVP1) = VECTOR(NVP1,NVP1) + WHT(N)

REWIND 50

NOSTAT = NODATA « NZILCH

NOVMI = NOVAR =~ 1
NOVPL = NOVAR + 1
DMAXM = 0.0

PRINT 90, NOPROR,NODATA,NOVAR,VECTOR(NQVPL,NQOVPL)
IF (IFRAW) 900, 580, 650

PRINT 15

PRINT 20, (I,VECTOR(I,NOVPL),I=1,NOVMI)

PRINT 25, VECTOR(NOVAR,NOQVPL)

PRINT 30

PRINT 35, ((l,J,VECTOR(I,J),J=1,NOVMI),1=1,NQVMI)
PRINT 40, (I,VECTOR(I,NOVAR),I=1,NOVMI)

PRINT 45, VECTOR(NOVAR,NOVAR)

GO TO 650

CALCULATION OF RESIDUAL SUMS OF SQUARES AND CRUSS PRODUCTS
IF(IFCNST) 900,651,735

IF(VECTOR(NOVPL,NOVPL)) 652,652,655

PRINT 654
GO TO 910
DO 660 1 = 1, NOVAR
DO 660 J = 1, NOVAR

MPR

MPR
MPR

MPR

MPR
MPR
MPR
MPR



660
bH(
660
700
710
720
730
735
740
750
760
770
7&0
7861
782
760
/791
792
768
7938
1
/64
796
767
795
810
800
520
840
B41l
850
830
860
870
R74
b7%
8&0
B&S
8610
9n0
1060
1001
1002
1003
1005
1010
1015
1016
1017
1021
1020
1030
1035
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VECTUR (I,u) = VECTOR (l,u) » (VECTORCI,NOVPL) « VECTOR (J,NOVPL) MPRZ

/ VECTOR (NOVPL, NOVPL))
DO 690 1 = 1, NOVAR

AVE(L) = VECTOR(I,NOVPL) / VECTOR(NOVPL,NOVPL)
IF (IFAVE) 900, 710, 735
PEINT 50

PRINT 20, (1,AVF(1),I=1,NOVM])

PFINT 2%, AVE(NMNVAR)

IF (IFRESD) 9u0, 740, 780

PRINT 55

PRINT 35, ((l,J,VECTOR(I,v)sy=1,NOVM]I),I=1,NQVM])
PFRINT 40, (1,VECTOR(I,NOVAR),I=1,NOVMI)
PRINT 45, VECTOR(NOVAR,NOVAR)

NOSTEP = -1

ASSIGN 1320 TN NUMBER

DEFR = VECTOR(NOVPL,NOVPL) = 1.0

DO 800 1 = 1,NNVAR

IF(VECTORC(I, 1)) 792,794,810

PRINT 795, 1

GO 70 910

MPRZ2
MPRZ

MPRZ

MPR?
MPR?
MPR?2
MPRZ
MPR?Z
MPR?
MPRZ

FGRMAT (31H ERRNR RESIDUAL SQUARE VARIABLE 14,31H |S NEGATIVE,PROBMPR?

LEM TERMINATED )
PRINT 795, 1
SIGMAC(]) = 1.0
G0 70O 800

FORMAT (14010H VARIABLE [5,13H IS CONSTANT )

SIGMAC]) = DSQRT(VECTOR(I,I1))
VECTCR(I,1) = 1,0

D0 830 I = 1,NNVMI

iFL = 1 + 1

DO 830 J = [P1, NOVAR

VECTOR(I,J) = VECTOR(I,J) /(C SIGMA(I)* SIGMA(J))
VECTOR(J, 1) = VFCTOR(I,J)

IF (IFCCEN) 90N, 870, 1000

PRINT &0

NOVMZ2 = NOVMI - 1

DO 885 1 = 1, NOVM?

IPL = 1 ¢ 1

PRINT 8%, (l1,J,VECTOR(I,J),Jd=IP1,NOVMI)
PRINT 40, (1,VECTOR(],NOVAR),1=1,NOVMI)
CONTINUE

NOSTEP = NOSTEP + 1

IF (VECTOR( NOVAR,NOVAR)) 1002,1002,1010

NSTPM1 = NOSTEP - 1

FRINT 1004, NSTPM1

GO 70 1381

SIGY = SIGMA(NOVAR) « DSQRT(VECTOR(NQVAR,NQVAR)/ LCEFR)
DEFR =DEFR=-1,0

IF (DEFR ) 1017,1017, 1020

PEINT 1019 ,NOSTEP

GO 1O 1381

VMIN = 0,0

vMax = 0,0
NOIN = O

MPR?

MPR?2
MPRZ
MPRZ2

MPR?
MPR?Z
MPR?
MPR?
MPRZ
MPR?Z
MPR?¢

MPR2
MPR?Z
MPR?

MPR?Z2
MPR?2
MPRZ

MPR?Z
MPR?Z
MPR?

MPR?2
MPRZ
MPrZ



1040
1041
1042
1045
1060
1080
1090
31100
1120
1130
1140
1150

904
1155
1170
1180
1190
1160
1110
1210
1220
1050
1230

9038
1235
1240
1260
1245
1305
13510
1311
1312
138198
1314
1315
1320
13%0
1340
1545
1346
1350
1360
1361
1470
1394
1391
1392
1594
14060
14720
1430
1450
146C
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DG 1050 I = 1,NQVM]

IF (VECTOR (I1,1)) 1n42,1050,1060

PRINT 1044, [, NOSTEP

GO TO 1381

IF(VECTOR(I, 1) « TOL) 1050,1080,1080

VAR = VECTOR(I,NOVAR) # VECTOR(NOVAR,I) / VECTORC(I,I)
IF(vAR)1100,105n,1110

NOIN = NOIN 1

INUEXINOIN) = |
CCEN(NOIN) = VECTOR(I,NOVAR) » SIGMA(NOVAR) / SIGMA (1)
SIGMCO(NOIN) = (SIGY / SIGMA(I)) « DSGRT(VECTOR(I,]))
IF (VMIN) 1160,1170,904

PRINT Q06

GO TO 910

VMIN = VAR

NOMIN = |

GO0 70 1050

IF(VAR - VMIN)105%0,1050,1170

IF (VAR - VMAX)1050,1050,1210

VMAX = VAR

NOMAX = |

CONTINUE

IF (NOIN) 903,1240,1245

PRINT 907

GO TO 910

PRINT 6%, SIGY

GO 70 1350

CNST = 0,0

[F (IFSTE®) 900,1310,1320

[F (NOENT) 1311,1311,1313

PRINT 91, NOSTEP,K

a0 TO 1314

PRINT 62, NOSTEP,K

PRINT70, FLEVEL,SIGY, CINUDEX(J),COENCJ),SIGMCOCJ),J=1,NOIN)
GO TO NUMSER, (1320,1580)

FLEVEL = VMIN « DEFR s VECTOR (NOVAR,NQVAR)

[F(EFOUT + FLEVFL) 1350, 1350, 1540

K = NOMIN

NOENT = 0

GO TO 1991

PLEVEL = VMAX # DEFR / (VECTQOR(NOVAR,NOVAR)= VMAX)

+

[F (EFIN - FLEVFL) 1370,1361,1380
[F (&FIN) 1380,1380,1370

K = NOMAX

NOENT = K

[F(K) 1592,1392,1400
PRINT 1395, NOSTEP

GO 710 910

D0 1410 I = 1,NOVAR
IF (l1-K) 1430,1410,1430
DO 1440 J 2 1, NOVAR
IF (J-K) 1460,1440,1460

VECTOR(1,J) = VFCTOR(I,J) = (VECTOR(I,K) ¢ VECTIOR (K,J) / VECTOR

'(KpK))

MPRZ
MPR2I
MPRZI
MPR?2(
MPRZ(
MPR?
MPRZ(
MPR2!1
MPR2
MPRZ2I

MPR2L(

MPRZ(
MPR2!
MPR?I
MPRZ2 L
MPRZ
MPRZ!
MPRZT
MPRZ L
MPR?I
MPRZ(

MPR2T

MPRZ2(

MPRZ

MPR2(
MPRZ(
MPR2(
MPRZ .
MPR2
MPRZ(
MPR 2 (
MPR2(
MPR2!I

MPR2 (

MPR2(
MPRZ!
MPR2!
MPR2(
MPR2Z!
MPR2
MPR2Z(



144(
1410
1470
1460
1500
14460
1510
1530
1940
1520
1550
1560
1380
1361
1570
1971
1560
1561
1562
1586

C
2085

2086

1630

1651
1660

1061
1670
1A80
16910
1695
1700
1710
1720
1725

1745
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CONTINUE
CONTINUE
LO 1480 1 =1, NOVAR

IF (I-K) 1500,1400,1500
VECTOK (I,K) = = VECTOR (],K) 7/ VECTOR (K,K)
CONTINUE

DG 1520 J = 1, NQOVAR

IF (J-K) 1540,1520,1540

VECTOKR(K,J) = VECTOR (K,J) / VECTOR (K,K)
CONTINMNUE

VECTOR(K,X) = 1,0 / VECTOR(K,K)

GO 70 1000

PRINT 75, NOSTEP

IF (IFSTEP) 9006, 1580,1570

ASSIGN 1580 T0O NUMHER

GG TO 1310 i

FPRINT 1586, (L, VECTOR(L,L),L=1,NOVMI)

IF ¢ IFPRED) 900,1582,910
CONT INUE
FORMAT (24HD DIAGONAL ELEMENTS //20H VAR.NO, VALUEZ/

1(1H4 I 7, £16,6))

GuUTPUT SECTION

PRINT 2085

FORMAT (» ORSERVED vS CALCULATED RESULTS» //)
PRINT 2086

FORMAT (3X,3HRUN,16X,8H0BS FREQ,>X,9YHCALC FREG,4X,5HRESID,6X,
XOHWEIGHT)

DMAXM = 0.0 $ SRES?WT = 0,0

DO 1750 N = 1, NODATA

READ TAP= 50, RUN, (DATA(L), L=1,NOVAK),SUBTOFF,ICBAND
YFRED = CNST + SUBTOFF

DO 1630 ] = 1, NOIN

K = INDEX(])

YPRED = YPRED + COENMC(I)*DATA(K)

UFEVI(N) = DATA(NNVARY «(YPRFD - SURTOFF)
WGT(N) = WHT(N)

ABDEV = DEV(N)#»e2+WGRT(N)

IF (ABDEV - DMAXM) 1660,1651,1651

UDMAXM = ASDEV

SPES2KT = SRESZ2WT + DEV(N)»w2waHT(N)

WHTCN) = WHT(N)®AVEWT

[F (NOTIMES) 7999,1661,1725

IF (KDEL(N)) 1670,1680,1690

KDEL(N) = 1HP & GO TO 1695
KDEL(N) = 1HQ « GO TO 1695
KDEL(N) = 1HR & GO TO 1695

IF(JDELCN)) 1700,1710,1720

JOEL(N) = 3IHP ¢ GO TO 1725
JODEL(N) = 1HQ@ & GO TO 1725
JUEL(N) = 1HR & - GO TQ 1725

PRINT 1745, RUN,KDEL(N),JDEL(N),KAY(N),JAY(N),FRECOBS(N),YPRED,
1DEVIN) , WHT(N), ARDEV

FORMAT (1X,F5,0,6X,A1,A1,12,1H,,12,3X,F9,4,5X,F9,4,5X,F7,4,4X%,
1F5,2,5%X,10X%,F15.,8)

MPR?
MPR?Z
MPRZ
MPR?
MPRZ
MPR?Z
MPR?
MPR?Z
MPRZ
MPR?
MPR?
MPR?Z
MPR?Z
MPR?Z
MPR2
MPR?2

MPR?Z2

MPR?Z
MPR?2



143

17510 CONTINUE
REWIND B9
PRINT 1767, DMAYM
1760 FORMAT(///9H DMAXM = , F15,8,/777)
> STANDARD DEVIATIONS FROM RES]DUALS
S2 = (NOSTAT#SRFES2WNT)/((NOSTAT-NOVAR)*VECTOR(NOVPL,NQVPL))
1770 PRINT 1773, S2
1775 rORMAT (//24H SUM SO0, OF RESIDUALS = , F14,38)
17840 STDDEV = SQRTF(S2)
1789 PRINT 1790, STDDEV
1790 FORMAT (39H ST, Dktv., CALCULATED FROM RESIDUALS = , F10,8)
C CONF |DENC:= INTERVALS
C AERE WE WISH A 95 PERCFNT PROBAGILITY
[PROB = 1 b ) CONFLEV = 95,
DFGFR = NJODATA - NOVAR
[F (DEGFR - 85,) 2183,2183,2184
2133 IDEGF = 1 ) GN T0 2192
2134 [F (DEGFR = 50,) 2185,2185,2186
2135 IDEGF = 2 § GO TO 2192
2185 [F (D:GFR = 90,y 2187,2187,2188
2187 IDEGF 3 ¥ Go TO 21972
2133 I¥ (DEGFR = 120,) 2189, 2189, 2191
21389 1DEGF 4 § GN TQ 2192
21949 1DEGF 5
2192 [F (NOVAR-10) 2001,2001,2002
211 INOV = NOVAR $ GO TO 2307
2302 IF (NDVAR - 13) 2093,2003,2004
2337% INOV =11 & GNH TO 2007
2304 [F (NOVAR = 17) 2908,2008,2006
2J)03 INQV = 12 % 60 TO 2007
2306 INOV = 13
2007 CIRATIO = SQRTF (NOVAR#FVAL(INOV,IDEGF,IPROB))
00 2010 [ = 1, NOIN
2010 CONFINT(]) = CIRATIO«SIGMCO(])
PRINT 2011, CONFLEV
2311 FORMAT(1H4,«COEFF, STD ERRORS, CONF INT USING CORR STD DEVe, //
120H CONFIUENCE LEVEL = FS5,2/745H FINAL COEFFICIENTS WITH CONFIDENC
2E INTERVALS »// 20X, 11HCOEFFICIENT, 14X,18HSTD ERROR OF COEFF,
37X, 19HCONF IDENCE INTERVAL /7))
p0 2020 I = 1, NOIN
2020 PRINT 20138, INDFX(I1),COFNCI),SIGMCOCI),CONFINTC(I)
2018 FORMAT (12H COEFF OF X(12,1H), 5X,E18.8,7X,F18.8,7X,E18,8)
C REFIT SECTION
REWIND 51
NOTIMES = NOTIMFS + 1 $ NODEL = 0
SUMWT = 0.0
[F (NOTIM=S = NORFTS) 7001, 7001, 7900
7001 D0 7021 N=1,NODATA
READ TAPE 50, RUN,(NDATA(L),L=1,NOVAR),SuUBTOF}F, IDBAND
ABDEV = DEV(N)#e2+WGT(N)
[F (DMAXM « ABDFV) 7002,7010,7020
7002 PRINT 7003, N
70085 FORMAT (//7#DIOCNT FORM MAX OF RESIDUALS CORRECTLY, SET WHT(N) = 0 F
10R PT, NO.», 1)

a

n o
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AHT(N) = 0,0
GO TO 7020 .
7010 ~ODEL = NODEL + 1

PRINT 701>, NOT]YFS, N
7019 FGRMAT (141,21H REFIT OF DATA NUMBER
1 , 14, 264 HAS REEN RFMOVED FROM FIT)
WHT(N) = 0,0
7020 WRITE TAPE 51,KPEL(N),JDEL(N),KAY(N),vAY(N),FREQOBS(N),WHT(N),RUN,
1(DATA(L),L=1,NOVAR),SUBTOFF, NCRVIB(N), JDBAND

127 16H CATA POINT NUMBER

SUMWT
CONTINUE
REWIND 50
AVEWT
DO 7022 1
0O 7022 J
VECTOR(I,J)
DO 7045 N
READ

7021
)

1,

7022

SUMWT « WHT(N)

RFWIND 51
SUMWT/NNDATA
1,NVP1
1,NVP1

0.0
NODATA

TAP=z 51,KPEL(N), JDEL(N) ,KAY(N), AY(N),FREQOBSIN),WHT(N),RUN,

1(TCATA(L),L=1,NOVAR),SUBTOFF, INCRVIB(N), [DBAND

AHT(N) WHT (N
Wwrk1TE TAPE %0,
DO 7050 I =
VECTOR (I,
DO 7050 J =
VECTOR (I,J)
CONTINUF

1,

7050

VECTOR(NVP1,NVPY)

71045 CONTINUE
REWIND 50
GC 10 565
CONTINUE
CONTINUE
FORMAT (F14,8)
FORMAT (14 49K
FORMAT (1H 11H

1dH  SUM X( 12,

25 FORMAT (17H

XU FORMAT(1HO 70H

1ND CROSS PROD

35 FORMAT (1H 7H

1 6H
2 6H
40 FORMAT (1H
1 6+
2 6+

45 FORMAT (1H 21H

50 FORMAT (1H4063H

VARTABLES//

55 FORMAT(1HO77H

«RES AND CROS

60 FORMAT(1HO69H

-0ON  COEFFICIEN
65 FORMAT (2>5HO
70 FORMAT (11H

§3

7900
7999
10
15
20

7H

STANDARD ERROR OF
F LEVEL

) / AVEWT

RUN, ¢(DATA(L), L=1,NOVAR),SUBTOFt, IDUBAND

1,NNVAR
NOVAR+1)

VECTOR (I, NOVAR+1) « DATA(I)eWHT(N)

NOVAR

VECTOR(I,J) « DATA(I)«LATA(J)*WHT(N)

VECTOR(NVP1,NVP1) + WHT(N)

REWIND 51

SuM oF
D15,8,8H SUM X(
=D15.8 )

VARIABLES//)MPR2
12,3H4) =D15,8,

SUM X (
=D15,8,8H
SUM Y

12,37)
SUM X(12,3H)
=D15.8 )

SH)

AMPRZ2!
MPR?Z2

RAW SUM QOF SQUARES
UCTS/7 )
X(I2p7H) Vs X(l12,34) = D15,8,
X(I2,7H) VS X(]2,3H) C15,8,
X(12,7H) VS X(12,3H) C15,8
X(12,12K) VS Y =D15.,8,
X(12,12H) VS Y =D15,8,
X(12,12H) VS Y £N15,8

Y VS Y =015,8)

)

)

AVERAGE VALUE OFMPRZ2

) MPR?
RESIDUAL SUMS OF SQUAMPR?Z

MPRZ
CORRELATIMPRZ
MPR?

S PRONUCTS//)
PARTIAL

TS77)

Y F14,8 )

F14,6/2>H  STANDARD ERROR OF Y = F14,8/
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90

56H
(16H

(10H COMPLETED I5,20H

(22HA4STEPWISE

REGRESSION s/12F PROBLEM NO
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VARIABLE COEFFICIENT STD ERRMPRZ

X‘IS:FlD.S:Fi?.S))
STEPS OF REGWRESSION)

MPRZ2
MPRZ2

110 /7134 NO OF MPRZ2

IS /7/718H NO OF VARIABLES = 110 //30H WEIGHTED DEGREES OF FRKMPRZ2

91 FORMAT (9H0STEP NO,I5 /19h
(9-40STEP NO,I15 /20H
F6,0,3H F10.5, $H F10.5, 3H F10.5,3H F10.5,
F10,5, 3H F10.5,3H F10.5, 3H F10,MPR2

92
93

654
905
916
907
1004
1019
1744
1395
910

9999

2175

VARIABLE REMOVED 18)
VARIABLE ENTERING 18)

ZERDO NUMBER OF pDATA, SO LONG.)

(42H ERRNR IN CONTROL CARD, PRCBLEM TERMINATED)

VMIN PLUS,
ERROR,NOIN MINUS, SOLONG )

SOLONG)

(14037HY SQUARE NON=-PQSITIVE,TERMINATE STEP | %)
(1H029K NO MORE DEGREES FREEDOM STEP I 5 )
(14010+ SQUARE X~I5,17H NEGATIVE, SOLONG [5,6H STEPS)

KONTIN

%
2)R nF COE- s/
FORMAT
FORMAT
1J)ATA =
2cEDOM = F12,2 /7)
FORMAT
FORMAT (5H RUN
13H F10.,5/7(14K
22, 3H F10,5))
FORMAT (31H
FORMAT
FORMAT (22H ERRNR,
FORMAT (26H
FORMAT
FORMAT
FORMAT
FORMAT (12H
CONTINUE
rREAD 9999,
FORMAT (A8)
IF (KONTINV -
SToP
eND

SIMULTANEOUS FIT

Ksn, STEP 16, 7H SOLONG)

BHCONTINUE ) 3175, 100, 3175

NF CH3IBR NU4 AND 2Nu4,

FIT IS IDeNTICAL TO THAT REPQRTEUD I[N FAPERS( OBJECT HERE IS TO

OBTAIN
CCEFF
COEFF
COEFF
COEFF
COEFF
COEFF
COEFF
COEFF
COEFF
COEFF
COEFF
COEFF
CCEFF
COEFF
CUEFF
COEFF
COEFF
COEFF
COEFF
COEFF
COEFF
COeFF
COEFF
COEFF
COEFF

A
oF
OF
(013
OF
OF
GF
OF
OF
oF
OF
OF
OF
OF
CF
o]3
OF
CF
UF
OF
OoF
Of
OF
OF
OF
OF

NU=-4
2NU=-4 PeKPEND[CULAR
2NU=4 PARALLEL

GARBAGE

PUNCHFD DECK OF RESULTS,
UATA(1) = NUZRO FOR
DATA(2) = NUZRO FOR
DATA(3) = NUZRO FOR
DATA(4) = AZRO
UDATA(S) s AE«ZETA +
AA = - ALPHABA4

AB s BFTAKY4

AC = ETAJY

AD = BFTAJU4

AE = RETAJKAY

AF = 87RO

AG = - D7ROJK

AH = =« DZROJ

Al = = ALPHAAY4

AJ = ETAKS4

AK 3 = DZRNK

AL = HZROJ

AM = H7?ROJK

AN = H7ROKJ

AQ = H7ROK

AP 3 ETA44

AQ = GAMMA=A(44)

Ak 2 GAMMA<A(LA4L4)
AS = GAMMA-=E(44)

AT = GAMMA-B(LA4LA4)

IN THIS FROGRAM

MPRZ!
MPR2
MPRZ

MPRZ2
MPR2
MPRZ |
MPR2|
MPRZ
MPRZ2
MPRZ2
MPR2
MPR2
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DATA(E)
DATA(7)
DATA(S)
VATA(Y)

DATACL10) =
DATA(11) =

AND FRGM

SURTOFF =
ENDHED

AK
Al
AJ
AA
AB
AQ

BZROw

NOVAR

AF
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DZROJ*AH

THE MICROWAVE QUANTITIES WE FORMED
DZROJK=AG -

4,173,322,922.692,932,422,3832,272.212.162,092,011,93
4,088,322,842,612,452,342,7252,182,122,082,001,921.84
4,903,152,762.%52,372,252,172,102.041.991.,921,841.75
3,923,072,682.422,292,172,092,021.961,911,831,751.,66
3,843,002,602.372,212,102,011,941.881,831.751,671.57
7.569,394,514.023,703,473,303,173.072.982.842,702,55
7.315,184,313.833,513,293,122,992.892,802.662,522,387
7.,084,984,133,653,343,122,952,822,722.632,502,352,20
6,854,793,.953,483,172,962,792,662,562,472,342,192,03
6.634,613,7835.,323,022,802,6472,512.412,%22.182,041,88
0,3185537
n,oo0a0c0427
0,000000833

n
pp
pp
PP
pp
PP
pp
253
PP
pw
pp
PP

QP
QP
GR
PP
PP
PP
pp
pp
RP

4, 6
4, 9
4,12
4,16
4,19
4,23
3, 4
3, 7
3,10
3,13
3,17

3, 4
3, 8
3,11
1, 6
1, 9
1,13
1,19
1,25
0, 1

3020,451
3018,540
016,657
3014.129
3012,248
3009,777
S03n,854
3028,955
3027,054
3n25,164
3022.,644

6043,077
6040,566
6038,641
6086,74>
6084 ,84>
6n82,352
6078,578
6074,88°2
6100,689

fab )

o
- o
~

fon ]
O DO N nn
J s

o
(em ]
~

0,05
0.,0n
0,0%
1.00
0,14
1,00
0,07

0.07
0,07
0.67
0,00
0.01
0.05
0,00
0.00
0.00

RZRO,

DZROUK,

NZROJ,
NORFTS

el el

NN NN

PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP

QP
P
QP
PP
PP
PP
PP
PP
RP

CH3BR

4, 7
4,10
4,13
4,17
4,20
4,24
3, 5
3, 8
3,11
3,15
3,18

3, 6
3, 9
3,12
1, 7
1,11
1,14
1,20
1,26
0, 2

CH3RR
CH3BR

3019,809
$017,9138
3016,016
3013.497
3011.634
3009,087
3030,217
3028,922
3p26,428
3023.901
3022.017

6041,813
6039.912
6038.022
6086.118
6083,588
6081,/05
6077.973
6074,183
6100.059

0.02
0'07
0.07
0.05
0.01
0,00
0.14
0.40
0,14
0.10
0,07

0.07
0.67
0.03
0,00
0.00
0.05
0.10
0.00
0.00

L O T AT VN

NNV NN

PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP

uP
P
QP
PP
PP
PP
PP
PP
RP

4, 8
4,11
4,15
4,18
4,21
3, 3
3, 6
3, 9
3,12
3,16
3219

3, 7
3,10
3,13
1, 8
1,12
1,15
1,21
1,27
0, 3

3019,179
3017,288
3014,755
3012,866
3010,999
3031,493
3029,587
3027,688
3025,791
3023,272
3021,390

6041,184
6039,278
6037,380
6085,473
6082,965
6081,091
6077,353
6073,543
6099,445

0.12
0.05
0.02
0,02
0.01
0.12
1.00
0.07
1,00
0.07
0.02

0.17
0.4

0.67
0.00
0.01
0.01
0.10
0.00
0.01

Sl N Y Sy SO Ry WY

NN RN



APPENDIX III

LISTING OF SCAN FPROGRAM

SCAN was used to translate the raw data from the
Hydel film reader into fringe numbers and ultimately into
frequencies for the transitions comprising the spectra.

Included is a typical, though short, data deck.
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LISTING OF SCAN PROGRAM

PROARRAM SCAN
DIMENSINAN XM(&), YM(t6)s» DELX(6), XROT(6)s» FRNGX(50), PSEP(50),
INFGSEF(50), KHENI(3),<HED2(3),1PSEP(3),IHEAD(10)
COMMQON THFETA, DFLX
RFEAD 4, KREDL1(1),KHFD2(1),KHEDL1(2),KHED2(2)
4 FORMAT (AR,A8,10X,AR,A8)
1 RFAN X, (THEAD(1), 1=1,10)
PRINT 3, (IHEADCI)Y, I®1,10)
IF (I-EADC10) = EHEND HEAD) 1,251
2 IH = 1
NCAlL = 9
IP = ¢
NFRM = n
PENSEFP = 0.
104 RFAN 40n, (XM(IY, YM(I), 1 = 41,6)s 1CODE, NFIN
IF ¢ITONE =~ 0 ) 200,101,205
205 1F (ICONE = 7) 210,210,200
200 PRINT 206
206 FORMAT(///* IMPRUPER CODE NUMBER IN THIS FRAME = ENTIRE FRAME NO G
100D w7/7)
GN Y0 1n}
210 CONTYINUF
GO TO (90Nn0,2000,30n0,46C00,5000,6000,102), ICODE
102 IF (NFIN « 1HC) 103, 110, 103
110 GN Y0 1
103 STOPRP -
1000 NIR =
IFRAMF = XM(1)
IFRNG = YM(Y)
JIOP = XM(2)
NOAFR = N
IF (NFRM « 2) 101,7n00,101
20n0 FRNR = JFRNG
NFR™M = NFRM + 1
CALL LSTAN(XM,YM)
GN YO (2003,2004), IH
2014 PRINT 9701
2003 PRINT 9702
PRINT 3, C(IKEADC(])Y, [31,9)
PRINT 920N, IFRAME,KHEDL(IH) ,KHED2(IH), 0P, IFRNG, THETA,(DELX(]),
11=214,6)
GN YO 1nt
N0 IH = 9
DO 2007 J = 1,6,¢2
IF ¢xM(J))Y 101,1C1,3003
I9N3 IF exM(Jet)) 101,101,3002
xpN2 P = 1P +« 1
PSEP(IPYSROTATECXM( J+1),YM(J*1),THETA) = ROTATE(XM(J),YM(J)»THETA)
JCNY = (J¢1)/2
N7 IPSFPEtJCNT) = PREP(IP)



40N0

&QNo
“nne
son1

A0N0
4100

A6N0

£650
«200

£0n2

AQN3

AQN4
£0N6

A011
A020
A0N1

“n15

A010

«0N5

7000

70M1
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PRINT 9300, (IPSEP(1),1=21,3)

GO YO 1n1

NCALL = 2

A = YM(q) ¢ XM(2)%0,00001

B s YM(2) ¢ XM(3)«0,00001 + YM(3)*(.0n00000001
PRINT 940N, A, R

GO 10 1ni

DN so0r1 J = 1,6

IF exM(J)) 5002,101,5002

NOFR = NOFR + 1

FRNAX(NAFR) = ROTATE(XM(J),YM(J),THETA)
NFGSEP(NQOFR) & FRNGX(NUFR) « FRNGX(NCFR=1)
GO 10 1n1

GO YO (4110,6200), MNIR

PRINT 950N, JFRAMF, (NFGSEP(1),1=212NOFR)
PRINT 9702

NIR 3 2

GO YO (R6N0,665C), NCAL

PRINT 940N, IFRAME

GO Y0 620N

PRINT 945N, IFRAMF, A, B

DN sOnr1 J=1,6

IF ex~(J))Y 6002,101,6002

XIR = PFNSEP ¢ ROTATE(XM(J),YM(J)sTHETA)
DO AQn3 [=1,NOFR

IF ¢XIR = FRNGX(1)) 6004,6005,6003
CONYINUF

GN YO0 6ninN

IF (l=1) €015,6015,40N6

FRACT = (X]IR=FRNGX()=1))/(FRNGX(C])=FRNGX(]=1))
FRK = | « 2

FRNN 3 FRNG + FPK < FRACT

INTFRP = 3H

GO YO (90Nn0,905n), NCAL

CONTIMUF

CONTIMNUFR

GO T0 1int

FRAGT = (XIR = FRNGY(L))/(FRNGX(2) = FRNGX(1))
FRNND ® FRANG ¢ FRACT

INTERP s IHFXL

GO YO 6n11

FRART = (X]R « FRMGX(NOFR))/Z(FRNGX(NGFR) = FRNGX(NOFR=-1))
FNOFR = NCFR

FRNN = FRAG ¢ FRACT + FNOFR = 1,

INTERP = 3IHEXR

GN 70 6n11

FRK = 1 -~ 1

FRNA = FRNG + FRK

G0 Y0 6n1¢

IH =2 2

PSEPSLM = 0

PIP = [P

DO 7071 J = 1,]P

PSEPSUM = PSEPSUM + PSEP(Y)

I

— T T TT
1
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PFNSEP & PSEPSUM/P]P
PRINT 9700, PENSEP
GO TO 1n1

9000 PRINT 9451, FRNN, [NTERP
GO TO 6n2n

Q050 FREN 3 A + R«FRNO
PRINT 9452, FRNfi, FREJ» INTFRP
GO TO 602N

3 FORMAT (310nAR)

170 FORMAT (6(2F5,0,1X),11,A1)

G200 FORMAT(40 FRAME NO,I5,5X2AR,10X7H0OP, ND.I15,/5X19HFIRST FRINGE IS
1IN0, 15/5X1THROTATION ANGLE ]SF9,6,8H RADIANS/9X17H(ROTATION FITS 710
26(F5,1,1H,),9H4 MICRNNS) /)

9300 FORMAT (3RfH ORSFRVEN PEN SEPARATIONS (IN MICRONS) 6(1S5,1H,))

Q4n) FORMAT (52 THE FOLLOWINSG CALIBRATION CONSTANTS HAVE BEEN INPUT/SX
13HA =F1M0,4,5X3HR =2F9,6//52H THE FRINGE POSITIONS AND FREQUENCIES W
2ILL BF OQUTPUT/Z1MH1)

Q5N() FORMAT (28 FRINGE SEPARATIOMS IN FRAMEIS,10H (MICRONS)/Z(5X1017))

06N0 FNRMATY (48HOFRINGE POSITIONS OF LINFS MEASURED IN FRAME NO.» 157)

5650 FORMAT (854 FRINGE PNSITIONS AND FREQUENCIFS MEASURED IN FRAME NO,
115/5X30HCALIBRATION CUNSTANTS USED ARE/10X3HA =F10.4,5X3HB =F9,67/
25X15HFRINGE POSITION1I0X1B8H0ORSERVED FREQJENCY/)

9651 FORMAT (F16,3, 5X, A3)

9652 FORMAY (F1643, F27.3, 5X, A3) .

9700 FORMAT (32HOPEN SFFARATIOUN FOR THIS CHART =sF5,1, 8H MICRQNS)

Q701 FORMAT (1w1)

07N02 FORMAT (1=0)

END
FUNRTION ROTATE (ALPHA, BETA, GAMMA)
ROTATF s (1, = GAMMA®GAMMA/2,)eALPHA = GAMMA®BETA
END
SUBROUTINE LSTAN (X,Y)
DIMENSINN X(6), Y(6)» XCALCC(6), DELX(F)
COMMON THETA, DFLX
SUMY = n
SUMY = n
SUMYY 0
SUMYX 0
DD 20 I = 1,6
SUUMY = SUMY + Y( 1)
SUMX s SUMX + X(1])
SUMYY SUMYY « Y(])eY(])
20 SUMYX SUMYX « Y(])=x(1)
THETA (SUMYX » SUMY®(SUMX/64))/7(SUMYY = SUMY*(SUMY/6,))
1,6
(SUMX=THETA®SUMY) /6, + THETA®Y(1) = X(I)

o
o
]
[o=)
—
" n

10 DELX(D)
END

LINE POSITINNS LINE FRFQUENCIES

q

T XY L W ¥ e

FRENU

5537,

8 non
1975621324
1782131122
17910131114

FNCIFS FOR (0365-F

42404 0.5359293000
Y

1976425947 1977630197

1302422877 1462231147

1830922932 1972131199

1977634538 1977637419 1978341477
1482222831 1640631159 1661322867
1994222961 2149431281 2170822915

END
0355=F



22131317217

51 ngQn
1591821207
1184630907
154R83110°
19131311909

17 518§
1912320Nn89
1242923362
2162823362
3106423362
1366627875
1713628441
1948630055
2789129354
2A33928774
2992129347

18 524
212n062006nN
1247623704
2167923204
3105423204
4048723204
1175329635
1491129R34
1949929149
2373230459
2559931168
2617628244
331112924n
390A931337
41941°7938%
451N629n081

19 545
2335120N039
1178823415
2r05923415
29436723169
3R761723169
1nBA33IN12R
1481578548
1R091°729n6nN
2188227698
2409627474
2R5R88294(01
3213329152
34959728845
3918331619
4242328640

23354272880
7
1500127155
1210027931
15727227889
1938127981
7
19430249642
1403233672
2324423367
32411233452
14n8R2795¢
1752428201
1987330103
23223128283
26R5I2B3I55
30n9129061
7
2120624583
1401323204
2337123204
X2R2€23204
42114623204
1220428565
1534629836
204228049
2371630459
2635228297
2953229137
3302627673
192028742
4221630089
4543829385
7
2335625254
1234423415
2167123415
T1In9623169
A031A23169
1171529143
15n372R835
1843127460
?253227698
2648£28043
292442R224
X24822R745
3534827975
2935630753
4426130446

2474631505

1589431687
1308931068
1473330815
2036131022

1914629135
1552923362
247RB23362

1470027875
1R15330226
¢N41130317
2351128604
273R329425
3070129157

212n829112
1555823204
2497423204
3416123204
A%67923204
1285829351
166R629369
2094928369
2371630459
2740329708
3033629713
04443320450
3997828376
425412729057
4584130312

233A330296
1377123415
2315123415
$25R623169
418R323169
1191129659
158R629259
195232/R864
23346729095
268n628134
2969630219
87283629047
3583928276
4020427943
4542827647
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2497223024

1588336190
1332822845
1697422795
2059923000

1915633405
1699023362
2638123362

1542128014
1840730527
2063829999
2436329844
2845629137
3123629668

2120932495
1707323204
2653123204
3571623204
4509623204
1300629070
1761328859
2155728371
2422931363
2767929571
3075828403
3544129529
4028528701
4304929057

23361340404
1531923415
2467823415
3402823169
4351823169
1241730643
1616328810
2006127669
2381628013
2734228566
3052628469
3340629637
3656129001
4134328673

1588537611
1426730960
1791431094

1914737401
1848723362
2796223362

1604728739
1880130162
2119129579
2510728758
2881129669
3197329810

2121336324
1858123204
2802223204
3735123204

1372929070
1830529013
2277628900
2467630941
2803129493
3149129097
3588628475
4086433600
4323529702

2336638024
168A123415
2625823415
3559323169
4513123169
1377329002
1675129807
2033327579
2454928295
2787728304
3145627668
3427631145
3667029336
4165627737

1587341437
1449922936
1816622817

1917141681
2008123362
2947623362

1676229233
1914430055
2246329446
2567328680
2926528498
3240629792

2121441439
2006623204
2952423204
3897623204

1417329638
18R8630294
2305629037
2520330056
2865828404
3221629298
3828830231
4174129211
4373630749

2336841497
1845223415
2779123169
3717823169

1451630186
1748028609
2114529590
2497629371
2831828991
3194829273
3463729470
3720629208
4200327471

OO OOVVVUVUVINF OOV VMIVVINFS, ROV NVINREWWWNE W

0365-

0365~

0365

0365-

0365- F
0365~ ¢
0365~
0365 -
0365-
0365- ¢
0365-
0365-
0365~
0365-
0365-
0365+
0365~
0365-
0365-
0365~
0365
0365-
0365~
0365-
0365~
0365-
0365~
0365-
0365-
0365-
0365-
0365-
0365-
0365~
0365~
0365-
0365-
0365-
0365-
0365~
0365-
N365-
0365-

-7

L2 Sro yn s

—~—ps



APPENSIA IV
LISTING OF OUTPUT FROM SIMULZANEOUS

FIT OF CH3Br v, AND 2v,

The data listed here were part of the output or

the final simultaneous least squares computer fit of CH;3Br

vy and 2vy, and correspond to the values of the molecular

constants listed in Table XI. Listed here are:

1.
2,

3.

4,
5.

the assignment of each transition [AKAJK(J)],

the observed frequency of each transition,

the calculated frequency for each transition, obtained
from the values of the molecular constants listed in
Table XI,

the deviations (“ob

)y

the weight assigned to each transition.

s = Ycalc
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LISTING Or FINAL DATA FROM SIMULTANEQUS ANALYSIS OF CH3BR NU4 AND 2NU4
B8Y MEANS OF FALSTAF PROGRAM LISTED IN APPENDIX 11,

ASSIGN, o8BS, FREQ, CALC, FREQG, RESID, WHT,
PP 5, 5 3011.8/40 3011,8717 0,0023 0,00
PP 5, 6 3011,2400 3011,2371 0,0029 0,00
PP 5, 7 3010,5910 3010,6031 -0,0123% 0,00
PP 5, 9 3009,3420 3009,33564 0,0056 0,00
PP 5,10 3008,.,7210 3008.7039 0,017 0,00
PP 5,11 3008,0960 3008,0719 0,0241 0,01
PP 4, 4 3021,7130 $021,7120 0,0010 0,05
PP 4, 5 3021.0810 3021,0768 0,0042 0.30
PP 4, 6 3020,4>10 3020,4421 60,0089 0.07
PP 4, 7 3019.8090 3019,8079 0,0011 0,02
PP 4, 8 3019.1/90 3019.,1/41 0,0049 0.,12
PP 4, 9 3018,5400 3018,5409 «0,0009 0,14
PP 4,10 3017,9130 3017,9081 0,0049 0,07
PP 4,11 3017.2880 3017,2758 0,0122 0,05
PP 4,12 3016,6270 3016,6441 0,0129 0.05
PP 4,13 3016,0160 3016,0128 0,0032 0.07
PP 4,15 3014.7550 3014,7520 0,0030 0,02
PP 4,16 3014,1290 3014,1223 0,0067 0,07
PP 4,17 3013.4970 3013,4933 0,0037 0,05
PP 4,18 3012.8660 3012,8648 0,0012 0,02
PP 4,19 3012,2480 3012,2368 0,0112 0,05
PP 4,20 3011,6340 3011,6095 0,0245 0,01
PP 4,21 3010,9990 3010,9827 0,0163 0,01
PP 4,23 3009.7/70 3009,7310 0,0460 0,00
PP 4,24 3009.,0870 3009,1060 «0,0190 0,00
PP 3, 3 3031,4930 3031,4979 -0,0049 0,12
PP 3, 4 3030.8240 3030,8622 -0,0082 0,05
PP 3, 5 3030.2170 3030,2268 -0,0098 0.14
PP 3, 6 3029.5870 3029,5920 «0,0050 1,00
PP 3, 7 3028,9550 3028,9576 «0,0026 1,00
PP 3, 8 3028,3220 3028,3236 -0,0016 0,40
PP 3, 9 3027,6880 3027,6902 =0,0022 0,07
PP 3,10 3027,0540 3027,0572 -0,0032 0,14
PP 3,11 3026.4280 3026,4247 0,0033 0,14
PP 3,12 3025,7910 3025,7927 «0,0017 1,00
PP 3,13 3025.1640 3025,1612 0,0028 1,00
PP 3,15 3023.,9010 3023,8997 0,0013 0,10
PP 3,16 3023,2/20 35023,2698 0,0022 0.07
PP 3,17 3022.6440 3022,6404 0,0036 0,07
PP 3,18 3022.0170 3022,0115 0,0055 0,07
PP 3,19 3021,3900 3021,3832 0,0068 0,02
PP 3,20 3020,7640 3020,7555 0,0085 0,05
PP 3,21 3020,1370 3020,1283 0,0087 0,05
PP 3,22 3019.5120 3019,5017 0,0103 0,05
PP 3,23 3018.8910 3018,8/57 0,0153 0,01
PR 3,24 3018,2>80 3018,2503 0,0077 0,01
PP 3,25 3017.,6400 3017,6255 0,0145 0,01




ASSIGN,

PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP

3,26
3,27
3,28
3,30
3,31
3,32
3,33
3,34
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0BS. FREQ.

3017.00790
3016.3890
3015.7650
3014,5160
3013,9030
3013,2840
3012,6>70
3012,0220
3011.,4150
3010.,8000
3009.5820
3008,9800
3007,7400
3041,2230
3040,5930
3039,9590
3039.,3190
3038,6860
3038.,0480
3037,4130
3036.,7840
3036,1410
3085,5130
30354,8860
3034,2550
3033,0000
3032.3560
3031,73540
3051.,1110
3050,4/80
3029,8570
3029.,2290
3026.7220
3026,0090
3025,4810
3024.8460
3023,6130
3022.9870
3022.,3640
3050,9070
3050,2570
3049,6420
3048.9890
3048,3>520
3047,7230
3047,0830
3046.4>40
3045,8190
3045,1860
3044,5240
3043,9280
3043,2910

CaLC, FREG,

3017,0013
3016,3777
3015,7548
3014,5107
3013,8897
3013,2693
3012,6496
3012,0306
3011,4122
3010,7945
3009,5613
3008,9457
$007,7167
3041,2292
3040,5929
3039,9571
3039,3217
3038,6867
3038,0521
3037,4180
3036,7844
3036,1512
3035,5185
3034,8862
35034,2545
3032,9925
3032,3623
3031,7325
3031,1034
35030,4747
3029,8466
3029,2191
3026,7145
3026,0898
3025,4658
3024,8423
3023,5972
3022,9/56
3022,3%47
3050,9052
3050,2685
3049,6521
3048,9962
3048,3607
3047,7256
3047,0909
3046,4567
3045,8228
3045,1895
3044,5566
3043,9241
3043,2922

RESID,

0,0057
0,0113
0,0102
0,0053
0,0133
0,0147
0,0074
0,0214
0,0028
0,0055
0,0207
0,0343
0,0233
'0|0062
0,0001
0,0019
«0,0027
-0,0007
-0,0041
-0,0050
-0,0004
-0,0102
-0,0055
-0,0002
0,0005
0,0075
‘0'0063
0,0015
0,0076
0,0033
0,0104
0,0099
0,0075
.0.0808
0,0152
0,0037
0,0158
0,0114
0,0093
0,0018
'0.0115
0,0099
-0,0072
'0.0087
«0,0026
-0,0079
<0,0027
-0,0038
'0'0035
'0.0026
0,0039
'0.0012

WHT,

0.02
0,01
0,01
0,02
0,00
0.01
0,00
0,02
0.04
0,02
0,00
0,00
0,00
0,05
0.02
0,05
0,05
0.02
0.07
0.12
0.02
0.01
0,05
0,10
0,10
0,00
0,00
0,00
0.01
0.00
0,01
0,00
0.01
0,00
0,00
0.00
0,01
0.01
0,00
0.01
0,01
0,00
0,01
0,03
0,05
0,07
0,07
0,07
0,10
0.04
0,04
0.12

Y



ASSIGN,

PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
PP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP

1,15
1,16
1,17
1,18
1,19
1,20
1,26
1,27
1,29
1,30
1,31
1,32
0, 6
0, 7
0, 8
0, 9
0,10
0,11
0,12
0,13
0,15
0,16
0,17
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0Bs, FREQ.

3042,0330
3041.4070
3040,7/40
3040,1440
3089.5160
30358,8480
3085.,1360
3034.5080
3053,2620
3032.6400
3082.0¢40
3031.4050
3096.7050
3056,0690
3055,4340
3054.8030
3054,1/10
3053.5540
3052,9070
30%2,2/60
3051,0160
3050,3820
3049,7490
3049,1260
3048.5000
3047,8650
3047,2600
3046,6500
3045,9890
3045,3/00
3044,1180
3043,4910
3042,2520
3041.6280
3041,0150
3040,3890
3039.7600
30359.1440
3038.5270
3087,9060
3037,2880
3036.6/30
30%9,8/80
3059,2290
3058.,5840
3057,9350
3057,3060
3096,6440
3055,9930
3055,3890
30%4,6900
3054.0¢60

CALC, FREQ,

3042,0296
3041,3991
3040,7691
3040,1396
3039,5106
3038,8822
3035,1230
3034,4984
3033,2511
3032,6284
3032,0062
3031,3847
3056,7076
3056,0728
3055,4585
3054,8045
3054,1/10
3053,5479
3052,9053
3052,2731
3051,0101
3050.3793
3049,7490
3049,1192
3048,4899
3047,8611
3047,2329
3046,6051
3045,9779
3045,3512
3044,0995
3043,4/45
3042,2263
3041,6030
3040,9804
3040,3583
3039,7369

'3039,1161

3038,4959
3037,8763
3037,2574
3036,6392
3059,9522
3059,3012
3058,6/07
3058,0406
3057,4110
3056,7819
3056,1533
3055,5252
3054,8976
3054,2/05

RESID,

0,0034
0,0079
0,0049
0,0044
0,0054
0,0058
0,0130
0,0096
0,0109
0,0116
0,0178
0,0203
«0,0026
'0.0038
.0'00‘5
'0'0015
0,0000
'0.0039
0,0017
0,0029
0,0059
0,0027
-0,0000
0,0068
0,0101
0,0039
0,0271
0,0449
0,0111
0,0188
0,0185
0,0165
0,0257
0,0250
0,0346
0,0307
0,0231
0,0279
0,0311
0,0297
0,0306
0,0338
-0,0542
«0,0722
-0,0867
-0,1056
'0.1050
«0,1379
'0.1603
=0 .1862
-0,2076
-0,2445

WHT,

0,05
0,02
0,01
0,01
0,01
0.01
0,01
0.01
0,01
0.01
0,00
0.00
0,02
0,30
0,30
0.30
0.40
0,25
0,05
0,07
0,07
0.01
0,04
0,04
0.02
0,00
0.00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0,00
0.00
0,00
0,00
0,00 .
0,00
0,00
0,00




ASSIGN,

RP
RP
RP
RP
RP
RP
RR
RR
RR
RR

RR

RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR

1,25
1,26
1,27
1,28

156

0BS, FREQ.

30%3,3/00
3052.,7520
3052,0/90
3051,4420
3050.7920
3050,5>10
3080.,2200
3080,8600
3081,4990
3082.,1370
3082,7/60
3083.,4200
3084,0560
3084.7010
3085.3430
3085.9890
3086.6260
3087,8970
3088.,5200
3089.2060
3089,8310
3090.,4/50
3091.,1260
3094,9920
3095.,6200
3096.9090
3097.,5480
3098.1940
3098.8450
3099,4830
3100.1500
3100.7860
3102,00630
3102,7000
3089,6270
3090,3020
3090.9420
3091,5850
3092,2210
3092,8550
3093,4990
3094,1580
3094,7820
3095,4220
3096.7020
3097,3420
3098,0020
3098,6250
3099,2690
3099,9130
3100,5290
3101,2000

CaLC, FREQ,

3053,6440
3053,0180
3052,3926
3051,7677
3051.1434
3050,5197
3080,2250
3080,8633
3081,5019
$082,1408
3082,7800
3083,4194
3084,0591
3084,6991
3085,3393
3085,9797
3086,6203
3087,9023
3088,5436
3089,1851
3089,8268
3090,4686
3091,1107
3094,9660
3095,6090
3096,8953
3097,5386
3098,1820
3098,8255
3099,4690
3100,1126
3100,7562
3102,0437
3102,6874
3089,6638
3090,3023
3090,9410
3091,5800
3092,2193
3092,8588
3093,4985
3094,1385
3094,7787
3095,4191
3096,7005
3097,3414
3097,9826
3098,6239
3099,2654
3099,9070
3100,5488
3101.1908

RESID,

-0,2740
-0,2860
«0,3136
=0,3257
«0,3514
0,0313
'0.0050
-0,0033
-0,0029
~0,0038
«0,0040
0,0006
-0,0031
0,0019
0,0037
0,0093
0,0057
«0,0053
0,0064
0,0209
0,0042
0,0064
0,0153
0,0260
0,0110
0,0137
0,0094
0,0120
0,0195
0,0140
0,0174
0,0298
0,0193
0,0126
“0,0068
-0,0003
0,0010
0,0050
0,0017
«0,0038
0,0005
-0,0005
0,0033
0,0029
0,0015
0,0006
0,0194
0,0011
0,0036
0,0060
0,0102
0,0092

WHT,

0.00
0.00
0,00
0,00
0,00
0,00
0,10
0,10
0.30
0.25
0,14
0,30
0,14
0.14
0,14
0,07
0,07
0,02
0,02
0,01
0,05
0,01
0.01
0,00
0,00
0,01
0.01
0.01
0,02
0,01
0,01
0,00
0.01
0.00
0,25
1,00
1.00
1,00
1,00
1,00
1.00
0,40
0,40
0,40
1,00
1,00
0,00
0,07
0,07
0,02
0.00

N — b A
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ASSIGN,

RR
RR
RR
RR
RR
RR
RR
RR
RR
RP
RP
RP
RP
RP
RP
RP
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR

3,22
3,23
3,24
3,25
3,27
3,28
3,29
3,30

4,17

4,19
4,20
4,21
4,22
4,23
4,24
4,25
4,27

157

0Bs., FREQ.

3101.8420
3102.,4830
3103.,1280
3103,7/30
3105,0590
3105.7050
3106.3490
3106,9910
3107,6340
3083.,9430
3083,2880
3082,6430
3082.,0250
3081.3980
3080.,1260
3079.,4850
3099,0380
3099.6/40
3100,3160
3100.9>540
3101.5960
3102,2850
3102.8/50
3103.5150
3104.,1560
3105,4410
3106,0850
3107,3570
3108.0030
3108.,6500
3109.2930
3109.93920
3110,50670
3111.,2270
3111.8580
3112.5030
3113,7910
3114,4530
3115,0730
3115.7190
3116,3690
3117.,0090
3108,3330
3108.,9/20
3109.6160
3110,2520
3110.8950
3111,5340
3112,1/50
3112,8200
3114,1000
3114,73580

CALC, FREQ,

$101,8328
3102,4750
3103,1173
3103,7597
3105,0448
3105,6875
3106,3502
3106,9730
3107,6159
3083,9308
3083,2954
3082,6604
3082,0257
3081,3914
3080,1240
3079,4909
3099,0576
3099.6762
3100,3151
3100,9541
3101,5934
3102,2329
3102,8/26
3103,5125
3104,1526
3105,4334
3106,0/41
3107,3558
3107.,9969
3108,6382
3109.,2/95
3109.9210
3110,5626
3111,2044
3111,8462
3112,4881
3113,7721
J3114,4142
3115,0564
3115,6986
3116,3409
3116,9832
3108,3439
3108,9826
3109.,6214
3110,2605
3110,8997
3111,5392
3112,1/88
3112,8186
3114,0987
3114,7390

RESID,

0,0092
0,0080
0,0107
0,0133
0,0142
0,0175
06,0188
0,0180
0,0181
0,0122
-0,0074
'0’0174
-0,0007
0,0066
0,0020
«0,0059
0,0004
*0,0022
0,0009
«0,0001
0,0026
0,002%
0,0024
0,0025
0,0034
0,0076
0,0109
0,0012
0,0061
0,0118
0,0135
0,0110
0,0044
0,0226
0,0118
0,0149
0,0189
0,0188
0,0166
0,0204
0,0281
0,0258
<0,0109
'U.0106
-0,0054
-0,0085
'0|0047
'0.0052
.0.0038
0,0014
0,0013
'0.0010

WHT,

0.01
0.01
0,02
0,02
0,01
0.01
0.02
0,02
0,02
0.00
0,00
0.01
0,05
0,01
0.00
0.00
0.10
0,07
0,30
0,07
0.14
0.12
0,07
0.12
0.05
0,02
0,02
0.02
0,05
0,01
0,01
0,00
0,00
0.01
0,01
0.02
0,01
0.01
0.01
0,02
0.02
0,07
1,00
1.00
1.00
0,40
0,40
0,14
0.,12
0,05
0,01




ASSIGN,

RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR

5,17
5,18
5,19
5,20
5,21
5,22
5,23
5,24
5,25
6, 6
6, 8
6, 9
6,10
6,11
6,12
6' 13
6,14
6,15
6,16
6,17
6,18
6,19
6,20
6,21
6,22
6,23
6,24
6,25
6,27
6,28
6,29
6,30
6,31
6,32
6,33
6,34
6,35
6,36
6,37
6,38
6,40
6,41
7, 7
7, 8
7, 9
7,10
7:12
7,13
7,14
7,15
7,16

158

0Bs, FREQ,

3116,0190
3116,6600
3117,2900
3117,9340
3118.5/60
3119.2110
3119.8480
3120,4/80
3121.,1160
3117,5850
3118,2220
3118,8610
3119.5010
3120.,1420
3120.7780
3121.4160
3122,0550
3122.6970
3123.,3360
3123.,9/30
3124.,6150
3125.,2560
3125.9000
3126.5410
3127.,1860
3127,8200
3128.4640
3129,1010
3129.7450
3131,0500
3181,6/00
3132.3110
3132,9580
3133.5960
3134.2270
3134.8/30
3135,5230
3136.1270
3136.,7960
3137.,4410
3138,0800
3139.3630
3140,0050
3126.7420
3127.3/70
3128,0190
3128,6580
3129.9380
3150,5/50
3151.2200
3131.8600
3132,4990

CALC, FREG,

3116,0200
3116,6607
3117,3016
3117,9425
3118,5835
3119,2247/
3119,8659
3120,5072
3121,1486
3117,5801
3118,2187
3118,8575
3119,4965
3120,1857
3120,7/50
3121,4145
3122,0542
3122,6940
3123,3339
3123,9739
3124,6141
3125,2544
3125,8948
3126,5353
3127,1/58
3127,8165
3128,4572
3129,0980
3129,73588
3131,0206
3131,60616
3132,3026
3132,9436
3133,5846
3134,2256
3134,8666
3135,5076
3136,1485
3136,7895
3137,4303
3138,0712
3139,3527
3139,9933
3126,7436
3127,3822
3128,0209
3128,6597
3129,9379
3130,5772
3131,2166
$131,8562
3132,4958

RESID,

-0,0010
'0.0007
-0,0116
-0,0085
-0,0075
'0.0137
-0,0179
-0,0292
.0|0326
0,0049
0,0033
0,0035
0,0045%
0,0063
0,0030
0,0015
0,0008
0,0030
0,0021
'0.0009
0,0009
0,0016
0,0052
0,0057
0,0102
0,0035
0,0068
0,0030
0,0062
0,0094
0,0084
0,0084
0,0144
0,0116
0,0014
0,0064
0,0154
0,0085
0,0065
0,0107
06,0088
0,0103
0,0117
'0|0016
'0.0052
-0,0019
=0,0017
0,0001
-0,0022
0,0034
0,0038
0,0032

WHT,

0,01
0,01
0,00
0,00
0,01
0,01
0.00
0,00
0,00
1.00
0.40
0,40
0.40
0,40
0,40
0,40
0.40
1.00
0.40
0.25
0,14
0,14
0.07
0.05
0,02
0,02
0.02
0,02
0,01
0,01
0,01
0,01
0.00
0.00
0,01
0,00
0,00
0,01
0.01
0.01
0.00
0,01
0,01
0,07
0,03
0,30
0,10
0,14
0,12
0,04
0.07
0,04
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ASSIGN,

RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR

7,17
7,18
7' 19
7,20
7221
7,22
7,23
7,24
7,25
7,26
7,27
8, 8
8, 9
8,10
8,11
8,12
8,13
8,14
8,15
8,16
8,17
8,18
8,19
8,20
8,21
9, 9
9,10
9,11
9,13
9,14
9,15
9,16
9,17
9,18
9,19
9,20
9,22
9,23
9,26
9,27
9,28
9,29
9,30

RR11,11
RR11,13
RR11,14
RR11,15
RR11,16
RR11,17
RR12,12
RR12,13

159

0BS, FREQ.

3183,1360
3133,7820
3134,4210
3135,0600
3135.7070
3136,3460
3136,9890
3137.,6290
3158,2/80
3158.,8970
3159.5570
3135,8¢280
3136,4690
3137,1070
3137.,7470
31358.,3900
3139,0¢260
3139.,6650
3140,3080
3140,9450
3141.,5840
3142,2270
3142,8630
3143,5010
3144,1420
3144,8390
3145,4/70
3146.,1170
3147,3950
3148.0520
3148.6/10
3149.3090
3149,9490
3150.5940
3191,23510
3151,8/20
31%3.1520
31%3,7880
3154,4270
3155,7030
3156,3470
3156,9840
3157,6190
3158,3280
3162,6410
3163.,9090
3164,5440
3165.1960
3165.8¢80
3166,4680
3171,3920
3172.,0380

CALC, FREG,

3133,1356
3133,7754
3134,4154
3135,0554
3135,6955
3136,3356
3136,9/58
3137,6161
3138,2563
3138,8967
3139.,5370
3135,8321
3136,4/05
3137,1091
3137,7477
3138,30866
3139,0255
3139,6645
3140,3037
3140,9429
3141,5822
3142,2216
3142,8611
3143.5006
3144,1402
3144,8434
3145,4816
3146,1199
3147,3969
3148,0356
3148,6/43
3149,3131
3149,9519
3150,5909
3151,2299
3151,8689
3153,1470
3153,7861
3154,4253
3155,7035
3156,3426
3156,9817
3157,6208
3158,2598
3162,6273
3163,9027
3164,5405
3165,1783
3165,8162
3166,4541
3171,3975
3172,03548

RESID,

0,0004
0,0066
0.0056
60,0046
0,0115
0,0104
0,0132
0,0129
0,0217
0,0003
0,0200
'0.0041
«0,0015
«0,0021
'0‘0007
0,0034
0,0005
0,0005
0,0043
0,0021
0,0018
0,0054
0,0019
0,0004
0,0018
-0,0044
'0.0046
«0,0029
~0,0019
'0'0036
-0,0033
-0,0041
«0,0029
0,003
0,0011
0,003%
0,0050
0,0019
0,0017
«0,0005
0,0044
0,0023
'0.0018
0,0982
0,0137
0,0063
0,0035
0,0177
0,0118
0,0139
<0,0055
0,0032

WHT,

0,01
0,02
0.02
0,02
0.02
0.01
0,01
0,01
0.00
0.00
0,00
0.12
0.12
0,07
0.07
0,07
0.12
0,07
0,04
0,01
0,01
0,01
0,01
0,00
0.05
0,10
0,10
0,25
0.25
0.14
0.12
0.12
0.12
0.12
0.12
0,05
0,05
0,05
0,05
0.01
0,01
0,01
0,00
0.01
0.01
0,01
0,00
0,01
0.00
0,02
0,02
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ASSIGN,

RR12,14
RR12,15
RR12,16
RR12,17
RR12,18
RR12,19
P 3, 4
QP 3, 6
QP 3, 7
QP 3, 8
QP 3, 9
QP 3,10
QP 3,11
Qr 3,12
QP 3,13
QP 3,14
P 3,14
QP 3,15
QP 3,16
P 2, 5
QP 2, 6
oP 2, 7
QP 2, 8
QP 2, 9
QP 2,10
QP 2,11
QP 2,12
P 2,13
QP 2,14
R 3, 3
QR 3, 4
GR 3, 5
QR 3, 6
QR 3, 7
QR 3, 8

9

160

08s, FREQ.

3172,6/40
3173,3110
3173.9470
3174,5900
3175,2260
3175.8630
6043,0/70
6041,8130
6041,1840
6040,5660
6039,9120
6039,2/80
6038,6410
6038,0220
6037.3600
6037.7400
6036,7470
6036,1210
6035,4950
6042,7490
6042,1020
6041,4820
6040.,8350
6040,2040
6039,5660
6038,9390
6038,3140
60387,6750
6037,0470
6048.1670
6048,8200
6049,4580
6050.0980
6050,7280
6051.,3800
6052.0220
6052,6600
6053,3040
6053,9410
6054,5980
6088,60610
6088,0160
6087,3800
6086.7450
6086,1180
6085,4/30
6084,8450
6083,5880
6082,9650
6082,3520
6081,7050
6081.0910

CALC, FREQ,

3172.,6722
$173,3095
3173,9469
3174,5843
3175,2217
3175,8592
6043,0655
6041,7982
6041,1658
6040,53841
6039,9032
6039,2731
6038,6439
6038,0154
6037,3878
6036,7610
6036,7610
6036,1351
6035,5100
6042,7202
6042,0870
6041,4544
6040,8227
6040,1918
6039,5617
6038,9324
6038,3039
6037,6762
6037,0494
6048,1645
6048,8051
6049,4464
6050,0884
6050,73511
6051,3/44
6052,0184
6052,6631
6053,3084
6053,9543
6054,6008
6088,6590
6088,024¢2
6087,3%02
6086,7569
6086,1244
6085,4927
6084,8618
6083,6025
6082,9741
6082,3465
6081,7198
6081,0939

RESID,

0,0018
0,0045
0,0001
0,0057
0,0043
0,0038
0,0115
0,0148
0,0182
0,0319
0,0088
0,0049
~0,0029
0,0066
<0,0078
0,9790
<0,0140
'0 .0141
-0 |015°
0,0288
0,0150
0,0276
0,0123
0,0122
0,0043
0,0066
0,010
.0.0012
«0,0024
0,002%
0,0149
0,0116
0,0096
-0.0031
0,0056
0,0036
-0.0031
-0 .00‘4
'0.0133
.0.0028
0,0020
-0,0082
'0'0102
“0,0119
-0,0064
«0,0197
-0,0168
-0,0145
«0,009%
0,00%55
=0,0148
-0,0029

WHT,

0,02
0.01
0.02
0,01
0,00
0,00
0,07
0,07
0.17
0,07
0,67
0.40
0,67
0,03
0,67
0,00
0.17
0,00
0.00
0,07
0,07
0,07
0,07
0,07
0,07
0,07
0,03
0,07
0.07
0,03
0,01
0,03
0,07
0,07
0.17
0,17
0,67
0,67
0,67
0,67
0,01
0,05
0,01
0,00
0,00
0,00
0,01
0,00
0,01
0.05
0,05
0,01




ASSIGN,

PP
PP
PP
PP
PP
PP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RP
RR
RP
RP
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR

1,19
1,20
1,21
1,25
1,26

o
-
CONONDUWN-

0,13
0,14

0,16
0,18
0,19
0,20
0,21
0,22
0,23
0,24
0,25

161l

oBS. FREQ.

6078.5/30
6077,9/30
6077,3530
6074,8820
6074,1830
6073.5430
6100,6890
6100,0590
6099,445)
6098,8090
6098,1/80
6097,5640
6096.,9310
6096,3040
6095,6560
6095,0250
6094,3950
6093,7660
6093,1400
6092,5170
6091,8860
6091,2520
6090.0000
6089,3850
6088.72590
6088,1290
6087,5190
6086,9030
6086,2810
6085.,6740
6085,0590
6084,4570
6102.,5/50
6103,2530
6103,9030
6104,5470
6105,1870
6105.8290
6106,4/70
6107.1170
6107.7590
6108,4030
6109,0490
6109.6980
6110,3520
6110,9960
6111.,6540
6112.9460
6113,5970
6114,2430
6114,8950
6116,8560

CALC, FREGQ,

6078,5991
6077,9776
6077,3570
6074,8838
6074,2679
6073,6528
6100,7148
6100,0/84
6099,4428
6098,8079
6098,1738
6097,5404
6096,9078
6096,2/60
6095,6450
6095,0147
6094,3853
6093,7567
6093,1289
6092,5019
6091,8758
6091,2505
6090,0025
6089,3798
6088,7580
6088,1371
6087,5170
6086,8979
6086,2796
6085,6623
6085,0459
6084,4304
6102,6283
6103,2675
6103,9075
6104,5481
6105,1895
6105,8315
6106,4/41
6107,1175
6107,7615
6108,4061
6109,0514
6109,6973
6110,3438
6110,9909
6111,6387
6112,9359
6113,56854
6114,2355
6114,8861
6116,8413

RESID,

.0.0261
-0,0046
’0.0040
-0,0018
-0,0849
“0,10986
«0,0258
“0,0194
0,0022
0,001%
0,0042
0,0236
0,0232
0,0280
0,0110
0,0103
0,0097
0,0093
0,0111
0,0151
0,0102
0,0015
«0,0025
0,0052
0,0010
«0,0081
0,0020
0,0051
0,0014
0,0117
0,0131
0,0066
«0,0533
«0,0145
<0,0045
'0.0011
.0|0025
<0,0025
0,0029
-0.0005
.0.0025
.0.0031
-0,0024
0,0007
0,0082
0,0051
0,0153
0,0101
0,0116
0,0075
0,0089
0,0147

WHT,

0,00
0.10
0,10
0.00
0,00
0.00
0,00
0.00
0,01
0.01
0,01
0,00
0,00
0,00
0,01
0,05
0,05
0,05
0,05
0,10
0,10
0,05
0,10
0,01
0,05
0,05
0,01
0,01
0.05
0,05
0,01
0,01
0,00
0,00
0,01
0,01
0,05
0,05
0,25
0,10
0,05
0,10
0,10
0,10
0.10
0,10
0,00
0,01
0,00
0.00
0.00
0.01



ASSIGN,

RR
RR
RR
RR
PR
PR
PR
PR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RP
RP
RP
RP
RP
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR

0,24
0,25
0,26
0,27

162

0Bs, FREQ.

6117.5100
6118,1630
6118,8100
6119.4/60
6102,7830
6103,4290
6104,0990
6104.7630
6113,2980
6113,9400
6114,5850
6115,2250
6115,8530
6116,5020
6117,1460
6117,7920
6119.1150
6119,7480
6120,3850
6121,0210
6121,6540
6122,2980
6127.,3180
6126,6900
6126,0310
6124,7820
6124,1450
6124.,4900
6125,1330
6125,7/10
6126,4050
6127,0450
6127.6890
6128,3540
6128,9810
6129,6250
6130,2/20
6130,9110
6131.,5600
6132,2030
6132,8540
6134,1440
61354,7810
6135,4410
6136,0850
6135.5/20
6136,2070
6136,84490
6137,4920
6138,1340
6138,7/710
6139,4110

CALC, FREQG,

6117,4941
6118,1475
6118,8013
6119,4557
6102,8047
6103,4551
6104,1061
6104,7576
6113,2974
6113,9366
6114,5764
6115,2170
6115,8582
6116,5001
6117,1426
6117,7858
6119,07490
6119,7191
6120,3648
6121,0110
6121,6579
6122,3054
6127,3028
6126,6721
6126,0423
6124,7849

6124,1573 °

6124,4899
6125,1297
6125,7701
6126,4112
6127,0530
6127,6953
6128,3383
6128,9819
6129,6262
6130,2710
6130,9164
6131,5624
6132,2090
6132,8562
6134,1521
6134.8010
6135,4503
6136,1002
6135,5656
6136,2059
6136,8469
6137,4884
6138,1306
6138,7734
6139,4168

RESID,

0,0159
0,0155%
0,0087
0,0203
«0,0217
-0,0261
«0,0071
0,0054
0,0006
0,0034
0,0086
0,0080
-0,0052
0,0019
0,0034
0,0062
0,0410
0,0289
0,0202
0,0100
<0,0039
«0,0074
0,0152
0,0179
'0.0113
.0|0029
=0,0123
0,0001
0,0033
0,0009
~0,0062
'0.0080
'0.0063
«0,0043
'0.0009
"0.0012
0,0010
“0,0054
«0,0024
<0,0060
«0,0022
-0.0081
'0.0200
.0‘0093
=0,0152
0,0064
0,0011
«0,0029
0,0036
0,0034
'0'002‘
'0'0058

WHT,

0.01
0,01
0,01
0,00
0,05
0,01
0,00
0,01
0,10
0,05
0.00
0,00
0,01
0,01
0,10
0,10
0,00
0,00
0,00
0,10
0,10
0,10
0.05
0.01
0.01
0.00
0.01
0,10
0,10
0,05
0,05
0.10
0,05
0,10
0,05
0,10
0,05
0,05
0,10
0,05
0,01
0,01
0.01
0,01
0,01
1,00
1,00
1,00
1.00
1,00
1,00
1,00






RR
RR
RR
RR
RR
RR
RR
RR
RR

RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR

163

0Bs, FREQ,

6140,0570
6140.6930
6141.3490
6141,9990
6142,6410
6143,9250
6144,5650
6145,2550
6145,8/40
6146,5310
6147.1770
6147,8200
6148,4690
6149,1340
6149.7780
61%0,4100
6151,0960
61%1,7600
6152,3950
6153,0600
61%94,3800
6155,0240
6150,3840
6151,0260
6151,6840
6152,3120
6152,9750
6154,9090
6155,5470
6156,1880
6156,8260
6157,3550
6157,9960
6158,6360
6159,2790
6159,9260
6160.5610
6161,2110
6161,8530
6162.4990
6163,1460
6164,4280
6165,0840
6165,7270
6166,3730
6167,0200
6168,9670
6168,0820
6168,7190
6169,3600
6169,9960
6170,6380

CALC, FREQ,

6140,00608
6140,7054
6141,3505
6141,9963
6142,6426
6143,93568
6144,5847
6145,2331
6145,8821
6146,5316
6147,1816
6147,8321
6148,4831
6149,1345
6149,7864
6150,4388
6151,0917
6151,7450
6152,3987
6153,0529
6154,3625
6155,0180
6150,3/57
6151,0201
6151,6649
6152,3104
6152,9563
6154,8974
6155,5455
6156,19490
6156,8431
6157,3565
6157,9977
6158,6395
6159,2818
6159,9248
6160.5%5682
6161,2123
6161,8568
6162,5019
6163,1476
6164,4404
6165,0876
6165,7352
6166,3834
6167,0320
6168,9807
6168,0656
6168,7072
6169,3493
6169,9920
6170,6351

RESID,

.0.0038
«0,012¢4
'0.0015
0,0027
'0.0016
‘0.0118
0,0003
0,0019
«0,0081
.0.0006
=0,0046
.0.0121
00,0144
-0,0005
-0,0084
'0|0288
0,0043
0,0150
'0.0037
0,0071
0,0175
06,0060
0,0083
0,0059
0,0191
0,0016
0,0187
0,0116
0,0015
'0.0060
-0,0171
-0,0015
«0,0017
'0.0035
'0‘0028
0,0012
'0.0072
«0,0013
'0.0033
=0,0029
«0,0016
«0,0124
~0,0036
'0.0082
-0,0104
-0,0120
~0,0137
0,0164
0,0118
0,0107
0,0040
'U|0001

WHT,

1,00
0.25
1.00
1,00
1,00
0.01
0,05
0.05
0,05
0.05
0,05
0.05
0,05
0.01
0,01
0.01
0,01
0,01
0,01
0,01
0.01
0.01
0,01
0.01
0.01
0,01
0.01
0,01
°|01
0.01
0.01
0,25
0.25
0,25
0,05
0.10
0.10
0,10
0,10
0.05
0,01
0.05
0,05
0.01
0.01
0,01
0.00
0.01
1,00
°|10
0,25
1,00






ASSIGN,

RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
RR
PP
PP
PP
PP
PP
PP
PP
1)
PP
PP

6,11
6,12
6,13
6,14
6,16
6,17
6,18
6.19
6,20
6,21
6,22
6,23
6,25
6,26
6,29
8, 8
8, 9
8,10
8,11
8,12
8,13
8,14
8,16
8,17
8,18
8,19
8,20
8,21
8,22
8,23
9, 9
9,10
9,11
9,12
9,13
9,15
9,16
9,17
9,18
9,19
9,20
9, 9
9,10
9,11
9,14
9,15
8, 8
8, 9
8,10
8,11
8,12

164

0BS., FREQ,

6171.,2820
6171.9230
6172,5630
6173,2240
6174,493)0
6175,1270
6175,8050
6176,4450
6177.0950
6177,7370
6178,3940
6179,0420
6179,6890
6180,3220
6180,9920
6182.,9360
6189,0/00
6189,7100
6190,3530
6191.0020
6191,6400
6192,2790
6192.9580
6194,2320
6194,8760
6195,5080
6196,1630
6196,8090
6197,4490
6198,1020
6198,7270
6199,4110
6200.0520
6200,6930
6201,3410
6201.9610
6203.2680
6203,9110
6204,5600
6205.1990
6205,8510
6206,4990
5994,9450
$994,3140
5993,6220
5991,7920
5991.1400
6007.0770
6006,5160
6005,8850
6005,2980
6004,6420

CALC, FREG,

6171,2789
6171,9231
6172,5679
6173,2132
6174,5053
6175,1520
6175,7993
6176,4470
6177,0952
6177,7438
6178,3929
6179,0424
6179,6923
6180,3427
6180,9935
6182,9482
6189,0935
6189,7355
6190,3/81
6191,0212
6191,6648
6192,3088
6192,9934
6194,2438
6194,8897
6195,5361
6196,1829
6196,8301
6197,4778
6198,1258
6198,7743
6199,4043
6200,0466
6200,6893
6201,3325
6201,9762
6203,2649
6203,9099
6204,5554
6205,2013
6205,8476
6206,4943
5994,3129
5993,6847
5993,0575
5991,1818
5990,5585
6006,7114
6006,0820
6005,4536
6004,8261
6004,1995

RESID,

0,003%
-0,0001
«0,0049

0,0108
«0,0123
«0,0250

0,0057
=0,0020
-0,0002
=0,0068

0,001%
~0,0004
“0,0033
'0|°207
.0.0015
'0.0122
.0.0235
-0,0255
-0,0251
-0,0192
'0.0243
.0|0298
-0,0154
=0,0118
«0,0137
-0,028%
-0,0199
-0,0211
-0,0288
«0,0238
-0,0473

0,0067

0,0054

0,0037

0,0085

0,0048

0,0031

0,001%

0,0046
-0,0023

0,0034

0,0047

0,6321

0,6293

0,5945

0,6102

0,5815

0,3656

0,4340

0,4314

0,4719

0,4425

WHT,

1,00
1,00
0,10
0,25
0.25
0,10
0.05
0,05
0,05
0,05
0,05
0.05
0,05
0,01
0.01
0.01
0.10
0,05
0,05
0,05
0,05
0,01
0.01
0,01
0,01
0,01
0,01
0.01
0,01
0.01
0,00
0.25
0,10
0.10
0,05
0.05
0.05
0,05
0.05
0.05
0,01
0,01
0.00
0,00
0.00
0,00
0,00
0,00
0,00
0.00
0,00
0.00






