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Theoretical Analysis of Spectroscopic Constants for Spherical
Tops: v,, v4 Bands of AB, Molecules

D. A. SADOVSKII AND B. 1. ZHILINSKII

Chemistry Department, Moscow State University, Moscow 119 899, USSR

Extended analysis of the different sets of spectroscopic constants for »,, v4 bands of CH,, CDy,
SiH, is performed taking into account the possibility of the unitary transformation of the corre-
sponding effective Hamiltonians. Refined relations between different notations of tensor operators
and spectroscopic constants are presented. The unitary equivalence between several different sets
of constants is shown up to the \* order. © 1986 Academic Press. Inc.

1. INTRODUCTION

The rotational structure of v, and v,4 vibrational bands of tetrahedral molecules have
been studied in detail experimentally. Such molecules like '>’CH,, '*CH, (I-11), CD,
(12-16), SiH4 (17-21), GeH,4 (22-27), CF, (28-32) are investigated with high accuracy.
The treatment of the experimental data includes the construction of the effective
Hamiltonian and fitting of the corresponding spectroscopic parameters. The number
and the type of the chosen parameters depend widely not only on the accuracy and
the number of the known spectral lines but on the investigators as well. There are
several differences between the various models: (i) the difference in notation which
results in numerical factors or sometimes in the transformation to linear combinations
of parameters; (ii) the difference in terms included in the effective Hamiltonian. The
more drastic the change in the models corresponds to the transformation from the
1solated state model to the resonance one.

A variety of models used and of numerical values of the spectroscopic parameters
for the same model make it difficult to use the spectroscopic constants to solve the
inverse spectroscopic problem, to calculate the molecular properties, and even to ex-
trapolate to more excited rovibrational levels.

This article is devoted to the comparative analysis of various sets of the spectroscopic
constants for the same vibrational bands. SiH,, CH,, CD4 molecules are considered
as concrete examples. The most complete treatments of the experimental data for
these molecules were made by two groups of scientists working in Dijon, France, and
Reading, England (5-8, 15, 16, 19, 20). The comparison of the corresponding results
requires: (1) transformation to unified notation; (ii) unitary transformation of the ef-
fective Hamiltonians to the same reduced form, taking into account the ambiguity of
the effective Hamiltonians (33-35). Unfortunately, the connection between notations
was not clear, so we specifically consider this problem in Section II. The notations of
the operators must be suited for the unitary transformation of the tensor operators.
We choose the notation introduced earlier for the tetrahedral molecules (36) which
differs from Champion’s notation (38) by known numerical factors.
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TABLE I

Relations between Spectroscopic Parameters Used in This Article and in Anterior Formalism: (a) Ground
State Parameters; (b) », Isolated State Parameters; (c) v4 Isolated State Parameters; (d) »,, », Interaction

Parameters
(?n LY %W’W &) o8
0 20y - ti(o,lm - (J3/%) B,
w | SO /16y Bt - (3/76) D,
2 u4(4,Aq) c:(a’A") - (F15/402) Dy
A SO G pren t:(o'w - OB/ B,
A4 Sy ti(u'A1) (3{5/16V2) Hyy
" EOTe ti("’*“’t’ - (/B3/6s3) Hg,
® 2K, 2K,
p\ Yz .2 %2,2 (® 2 29, &)
0 ua?a B tgfz,m,) V2 9,
X uzfg’A1) - (V323 cifg"‘“) - (B/2y2) (B, - B
T R ® ] ans
X u:fg’Aq) (3/82) t:fg’w (3/8(2) (@, - D)
» “:Ez’kq) t:f:’k’l) (VA5/4) (Dyy = Dpy)
X u:EE’E) and tgfi'm = (/wi2)e5 + (/W)
A u:f:’E) A t:f:'E) - GV o
¥ ui‘i'Aa) - éfi"a) W8 gy

1
y This relation for d'Zl& is supposed to be incorrect. See
sections II and VI fof detall.

The equivalence of different sets of the spectroscopic parameters up to a unitary
transformation was discussed for »4 band (35) and »,, v4 bands under resonance con-
ditions (34, 37), but the numerical comparison was realized only for low-order pa-
rameters (up to A?). In this paper the comparison is made for all spectroscopic param-
eters up to A*. The choice of the unitary transformation is discussed in Section IIL
The following sections are devoted to concrete molecules. We consider parameter sets
which differ by a small unitary transformation and strongly different sets obtained for
isolated and resonance model Hamiltonians.
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TABLE I—Continued

., 2660 L w

» “4(,)4 B tuc,)u B W

i\ u:(':'F1) S B t:il’F1) g,

»® uifﬁ'w - (/W) ti(,i'A1) - (3/8) (B, = B)

® uifi'm (/3 cifi'm = (1/2{2) A yp = W2y,
2 LB wT ] - (¢ 200
» ui(,:'p") - ti(,:'F“) - (3/42) Brqg

¥ ui(,i'F1) - (V3 ti(,i'F1) - (f15/2) Bq3

» u:EZ'A") (33716) tﬁfj"" (V3/16) (D, - D)
Iy u:fi’E) (12 t:fi’m (W3/8YD6050 + (3(3/2/2)6 5,
X u:fisw 75 t:(:;»Fa) (3/16)6 550 = (3/2)650

X usz'A1) thZ"*’ OVE/43) (D = Do)
Xt uﬁf:’m (/2 t:f:'E) B IR L L
»* “:E:'F2> “n» t:(':-sz) ~(3Y27/8)G; = (V7/V22)0y¢
@x“ u;?iK'F) t;fiK'F) (® (8, 1)

X u;il'?ﬁ - N3 t;_(,:’w Ry — (1/10) Fayy
v IR 0572 !
= (f3/8)F 5 = (N3/80F gy,

¥ uiE:'F") - i tgt.:’?1) W my

X uifi'”ﬂ) - D cifi"“) (1/10) ¥y

¥ “:EE’FZ) SSALY tz(.i’FZ) - (1/202) Poue

1. SPECTROSCOPIC PARAMETER NOTATION

237

We follow the scheme of coupling the tensor operators introduced by Champion

(38), but we use the tensor

operators

UKD = [(aiam)’ X REDTH

(D
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without any additional numerical factors. To distinguish these two kinds of notations
we use U for the operators and u for the parameters instead of 7 and ¢. The corre-
spondence between the ¢ and u parameters is defined by the normalization constants
for ¥ and by the additional relations for zero-rank operators (38). All required formulae
are given in Tables la~d. The operators used by the Reading group sometimes are not
irreducible with respect to group O(3). So we use the explicit expressions for the vi-
bration—rotation operators given in Refs. (5, 6, 43, 44) and transform them to the
form (1). It must be noted that the orientation of the coordinate system made in
Reading differs from that accepted in Dijon and in this article. Consequently, the
following correspondence should be used for the components of the E-type irreducible
operators:
¢ = (@), P2 = (P,

@ = —(q)%, P = —(p2)5, (2)

where (a, b) is the Reading notation and (1, 2) is the notation used in Dijon and the
present article.

Some relations between parameters were correctly given in Ref. (38) but some are
erroneous. We give the complete list of the relations in Table I. The most important
points are illustrated below.

Parameter Cs. This parameter is defined in Ref. (44) as a coefficient in the expression
(Cs/2)(TN + NT), where the operators T and N are given by

T=—(1/2U3%", N =(3/2)"*U3%", (3)
in accordance with Ref. (38). To calculate the rovibrational anticommutator
(Co/2)(NT + TN) = ~(CeV3/4V2)[U3%5, U3}, @)
we use the general expression for an anticommutator
[(VT X RTY, (VT X RTY"],
= T (IX12VITITDAVY, VPRIRT, RT) + [VF, VRRIRT, R (5)
XETXT

which is similar to the commutator expression (36). Only the vibrational commutator
of type FE is nonzero in Ref. (4):

VT, VTEE = iV2(a3 a))F. (6)
The corresponding rotational commutator is

[RZ(Z'E), R3(3,A2)]§ = l‘_9_6.l/_5 R2@.E) o 1'1_27‘/_5 RAU2E) l'l%v;/_z RA&E),

Finally, the anticommutator (4) has the form

Ce { 9 24V3 3\/3 }
= T’ N1, = U (2 E) U2(2,E) U4(4 E) ) 7
2 [ ]+ 7‘/5 2.2 14 ( )

V2

Expression (7) enables one to find the contributions of Cs to #5352, u3%), 4§35 listed
in Table I. Expression (3) for the N operator also gives the relauon for the C s parameter.
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CsJ2N = Co(—V3/HR* (V3/V2)URSE) = ~(3/4V2)CsU3EE. (8)

A short comment about 29, @224, G220, G224 parameters: We follow the formulae for
Tsy and T4 Operators given in Ref. (43) which differ from Hecht’s expression for
T5y4 (47) by 1/2 coefficient. This (1/2) coefficient causes, in particular, the error in
the comparison of CD, parameters realized by Loete et al. (16).

Interaction parameters of v,, vy bands. We treat the operators of F; and Fz type
used by the Reading group in the form (6)

B, = (1/V3)Q5 @i adft — (1/V3)Qz Natad)l,
)

m3e = —Q8NaF )l — G Naiai),
where
£ _ 2 2
Q34 = (wa/w2)'"? + (w2 /wa)'.

For the fundamental transitions only the vibrational operators of the type (a*a)
are important. The rotational parts of the operators having the parameters Ry,
RY = F,u, and F»q, are, tespectively, R!(F0, R¥LFD - R3GFD yp 10 a coefficient. For
exampie,

fracl 2 mEaU(JG — J3) + (J5 = T}

_(9;4/2%)ﬁ4c z (_)(a;a‘t)Z‘ZRi(le)

VDB U = (12 B)F U, (10

The rotational part of the operator corresponding to the Fy4, parameter is constructed
from J2. These operators may be written as

Ji - (1/4VT6)R.Z(3,F1) _ (3\/6/80\/5)1(2,“‘17') _ (I/IO)RL(I’F').

This relation leads to

1 3V3 !
ool 2 572} = oo s U320 - 32 04 - S5 k).

80 10

The parameter d»4 requires special attention. Table I gives the relation for d,4 ob-
tained from the expression for the corresponding operator given in Ref. (6). Neverthe-
less, some clarifications are necessary because the numerical value of this parameter
does not agree with some other sets of parameters (see Sect. VI). We may propose
that the definition of the corresponding operator must include an additional factor.

IIl. TRANSFORMATION OF THE EFFECTIVE HAMILTONIANS

The effective Hamiltonians are defined up to a unitary transformation. The eigen-
values of the operator H and of the transformed operator H = UHU™ are the same
and the eigenfunctions are connected by the unitary transformation |7y = Uln). To
compare different effective Hamiltonians we shall use the unitary transformations
which do not alter the symmetry properties of the Hamiltonian and do not modify
the order classification of the Hamiltonian terms. The generators S of such unitary
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TABLE Ii

Commutators [iS, H] of the Hamiltonian Terms with S Generators

[Including Fragments (a)-(e) and Guide (f)]

@)3" & SRy
H 52,4
U2 - N3 Uz(‘l' v
*loe, o
ZE:'F") (1/2) Uz(u' 2 e U;(A’F 2
X A,z | W2103) uu( VL ) u2 2 2B L i uf(,"m
Bt - () vy, A'FZ) + (2/3) u‘,(u’ LESNCETE) uZ(Z'A 2
2(2,E) 2(4' 2 + W25 2(1' v
e - ({3/2/5) ui‘i' Y el UB(3 72
2(2"1) e 3( 5
i(z %) s Ug(: )
2 zfi’E) (22/5/3) UZ( s ug(i' »
i(i r¥2) - (f2) ua( 2 sy v 3“’ ?
- (//30) U5, ,*'31) B) vm F2)
2(2,¥,) (&/5) “4(4' LREY" 2(2.]:) “VZy, 2(2 "
o + (2F/5)U3( ), (f/f)v3(3' 1)- (F/f)uxj""’)
® y S
| H 85 4
Uifz,r,,) - e UB( B
?f ) (/3/2/2) 03( ’ ‘) + (/15/2(2) u3 2r72)
52 g
CESES (F/F)UB( o (ﬁ//i)u:fi'm * <a/z"/3>u§(,Z'E))
’ - (1//—)%( F2) (2/3>sz2"") - (213, 2"“
- (9/7/3>u2 5 28 (6/3‘/7/5)11254 - 32770500, 4'22)
ui_fi"*’ - (32 )ui(i’ - (/E/Jé?)uzfz YY) )04(4’ )
+ ({5/2/42)0,, , 4’32) * (/27/3’)02(2 . /3, 4'”)
B @:(Z"a) - (JBIHE )03( SRy 7>u2(§' )
A 2/, ata) (/i/ﬁ)ua,:'m + (3/372/),, ;FZ)
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TABLE II—Continued

© IS 2np
| H 55,4
0 2(2,F,)
o Ug.g (1/42) U2 4‘ 2
DA ER)
Uy - Wﬂ Uz 4
(1,F,) 3(HE)
e - (W& v2 252 L sy U4
3( E
\ . UD) Ty s 03(3 2
A 2(2 ) ETERN) ERER)
ERES -V2u, '2—(2f/s~)u“’1
2,4 3G
_(/—//—) .1 . o U3(3,A2)
2(2,E) 3( 3(3,%,) (3,F
Too | AT <r/r>n2 R Ly
20
2, 2 nondiagonal operators of
2(0,4,)
2 Uy 4 v order A%
2(2,E) . 3(3,F,)
U, N - @2 T, ), 2
2(2 ;) _ 3(1,r,) (3,F )
Uyy ° - B9 Uy, v w5 uf
4(0,4,) 4(0,4,) 44d
(4/5/3)0,, 4 ) 2l2/5), 5’ L (2/“/3/5)0“ 4 "
444,) 402 4(2,E)
2 + <2//1szt(r§_§ ) - w2, " (2f2r )ug 2
» E
Toyu - @Y, 2 2 //—)U,‘( 2 (4f/3/7) "
= 4(4, = 3, ¥
- (2/2/{51)U2’2 - (2/2/5)114.4 ), (B/F)Uz(z. L
@ &
3(1,F ) 3(3 B,
;| 82,4 82,4
0 30,2 3(3,R,)
0 U2,2 - (1//2) UZ 4' - (12) U2 4’ 1
0 3(1,B,) 3(3 R
L QTR (1/f) T
AR 3('\. d — = P
4,4 1 - (1//_‘) U 1 - (/15/2/2)1]2 4 2 (/B/Ef)UB(B 1)
3( 3,F 4(2,E)
N - (f31/2, Y omfs LM
— = 3(LE, 4(0,4,) 2,E) F
W2, "+ v, 4’ - (6/5/7/3)%,‘ - (3/2 /7,/5“)04 4’ 2
1(1 F.) =, *(0,4 E) 4(4,E) (4,E)
Uy V|- (/2“/./3>u2,2 \ (i v, 2' - (BN, " - /573y, o
4(2, 4(2 r) . 4(4,F 4
+ (2/5/3)11“’4 - (v, | (Erefadd,, 2, (./"//‘)U?_( 4
4(4,44)
- @y, "

operators U = exp(iS) are given below for the case of resonance v,, v4 vibrational
states of 4B, molecules (34, 36)

Ség,Fl) = [(+)(a; X a4)F1 X Rl(l.Fl)]Al
S%gfz) = [(—)(aiL X a4)Fz X R2(2.Fz)]A1
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TABLE HI—Continued

s i 2
X 32?2 -~ (U2 )113(3 ¥2) °
Ua(.)u (s ﬁ“:(z 2! °
- (/F/F)vz(f’F1 + (3/7)T, f,"m
Z(: gl (1/2/‘3113(3' T2 (,""/2./“)113(3 L (F/?)vq( 2 _ u,, AP
)\1 - (3/2/—)‘34( )
- (B
;f:’r N (3/‘/7)%( 2 o 2(2 » - (,’"/a,/‘)ux3 Y /")n3(3 )
- OfR T, . Dy s
?n SJOED) | 2@0E) | 30E) | 3G,E) | 30,E) | 30,5y
2 o 2,4 2 4 2 4 2 4 S4,4
)\0 a [ d d e e
X a ¢ a 4 e e
2 a c
¥ b

Si(g,Fz) = [(+)((13L X a4)F2 X R3(3.F2)]A1
S%Eg,f‘z) = [(+)(a3— X a4)Fz X R3(3,F2)]A1
S%fif') = [(+)(a-20— X a4)F| X R3(3‘F')]A'

S%fi,Fl) = [(+)(a~2F X a4)F1 X RB(I’FI)]AI.

We list here all .S generators which lead to the main contributions to the diagonal
Hamiltonian terms of order A\, A2, A3, A* and to nondiagonal terms of order A, A%, \>.
This set of generators is sufficient for the analysis of the modern treatment of the
experimental data. The effective operators used today include either a complete set of
the operators (diagonal and nondiagonal) up to A (8, 20, 16) or some nondiagonal
operators and the diagonal ones up to A* (5, 6, 15, 19). The higher order operators
(X% in Ref. (19), etc.) may sometimes be added but the corresponding coefficients are
poorly determined and we shall not consider them here.
The general expression for the S generator used in the present study is

U= expz(s‘“ Fn)S (l Fr) + S%(Z Fz)SZ(Z F2) + 52(2'F2)S2(2’F2)
F \ . .
+ SIPPISIER + SIPVSIZO + SHLASHL),
The U operator includes six free parameters which are restricted by the requirement

of the fixed order classification of the Hamiltonian terms. The transformed Hamiltonian
may be written in the form of the commutator expansion
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exp(iS)H exp(—iS) = H + [iS, H] + (1/2)[iS, iS, H]] + - - -. (11)

All terms must be taken into account which contribute to the parameters of the trans-
formed Hamiltonian of the same order as the characteristic difference between these
parameters. If s parameters are considerably smaller than their limiting values, the
first commutator in Eq. (11) is sufficient. The multiple commutators become essential
for a rather large value of the s parameter.

Some simplified transformations of the effective operators were done earlier for v,
(35) and resonant v,, v, (34, 37) bands. Only the main contributions and the first
commutators were taken into account in these works. The unitary equivalence of the
spectroscopic parameter sets for v, v, bands was shown only up to the terms of the
first and second order of magnitude (34, 37). In this paper we take into account the
nonleading contributions as well and make the calculations for the terms up to A,

The main technical difficulty is the calculation of the rovibrational commutators
of the tensor operators. The method of calculation was outlined earlier (35, 39, 40)
and discussed in Ref. (36) in detail. We list in Tables Ila—f the rovibrational com-

TABLE 11

Comparison of the Spectroscopic Parameters for v,, v, Bands of 2SiH, Obtained in Refs. (/9) and (20)

(K,
k,m Parameters Transformed values Parameters
2| ok, QK from (19) (a) weight (b) weight | from (20)
20 2,2 0 1373,1462 1373.1462 o 137301462 0 1373.1274
4n 0 1582,1816 1582,1816 1562,1816 1582.,1854
| ae A01E) ] -3 -3.4998 4 [-3.5009 0 |-3.49479
2,4 1(1,F) | 2.876 3424555 342705 1 3424167
2,2 2(2,8) | ~0.3079 1072 |-2.0855 107° ~2.1991 1072 o [-2.0797 10-?
2,2 2(0,4,) | =0.155 1072 | 1,488 10"2 14599 10'2 0 1.4315 10‘2
2 44 2(0,44,) 0.1398 10; -1.2024 10:2 102 -1,2929 10:2 0 -1.1773 10:2
4,4 2(2,E) 7.00  107¢ | -1.834 10 ~1.959 10 0 |-1.8551 10
4,4 2(2,F,) | -1.005 107° | 0.248 10‘2 0.328 10‘2 o | o289 10"2
2,4 2(2,F,) 0 ~0,1124  10” -0.0681 1072 | 5.10° |-0.0643 10~
A2 | k,m QUE,I) Ef:g:m‘(’i;’):s (a) weight (1) weight ?z:m?—gg):s
2,2 3(3,4,) 6.08 10__‘: 04542 »10:“1+ 0.367 10:“4 0 024 'loj*4
b4yl 3(1,1“1) ~5,9609 ‘IO_4 -1.3420 10—# ~1.237 10_4 0 -0.967 ’104
4,6 3(3,F,) | -4.847 10 —0.419 10 ~0.277 10 o 0.232 107
¥l 31,5 | -ros 107 0.948 107% | 0% | 1.189 ’IO:j: 5 107 0.971 107
2,4 3(3,7,) 0 ~0,942 10_': 0,890 1070 | 5 103 =1.001 107}
2,4 3(3,7,) 0 0.075 10 0.364 10 5 10 ~0,224 40
2,2 4(0,4,) | u.852 107° | o0.855 107 1341 10‘2 2 10‘1 0
2,2 4(4,4,) -1,0095 1077 0.899 107° 0.672 107 2 10 0
2,2 4(2,B) 0,78 107° | —owme  107¢ ~0.007 1070 | 2 1% )
2,2 4(4,E) 1,395 1077 | .51 107° 0.0 1076 | 20t 0
4y4 4(0,4,) | -2.890 107 | 0,723 107° 5 |=1e15 1078 | 20t 0
I I 9.12 1078 | —o.85 107° | 07 |_o,e96 1070 | 210t o
4y4 4(2,E) 1.4 4072 1,39 1070 1.36 1070 | 2 40* 0
4,n 4(4,E) 2.42 107 1.21 107 0.78 1076 | 2 a0* 0
44 4(2,F,) 7.3 10“6 ~0.24 10‘2 -1.27 10:2 2 1o: 0
4,4 4(4,1?2) 3,04 107 3,04 107 1.31 10 2 10 [¢]
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mutators sufficient to make the transformation of any effective operator for resonant
v,, v4 bands with the accuracy of A%,

The general scheme of the comparison of two sets of the spectroscopic parameters
includes the following stages. (i) Recalculation of the parameters of each set in the
notation used in this article (see Table I). (ii) The construction of the parameter-
dependent variety of the effective Hamiltonians by the use of Table II. This stage
results in a six-parameter variety of the effective Hamiltonians. (iii) The application
of the least-squares procedure. This stage gives the numerical values of the s parameters
minimizing the square difference between the parameters of the considered sets. We
use the weight factors proportional to the reciprocal values of the corresponding pa-
rameters. We can tell if the parameter sets agree or do not agree only after the com-
parison of the unitary transformed parameters. The following sections are devoted to
the realization of such a procedure for concrete molecules. Here, for example, we
discuss shortly stage (ii) of the problem for »,, v, bands treatment of 12CH,.

Table II enables one to write all nonzero contributions of i[S, H]- and multiple

TABLE IV

Characteristics® of the Unitary Transformations Relating the Treatments of v2, », Bands for 2SiH,
Made by Pierre et al. (20) and by Gray et al. (19)

QK,IH
sk,m parameters
N k,mn UK, (a) (v)
11 2,4 1(1,Rp) -6.5828 107> ~7.0266 1073
2 | 2,4 2(2,F) -2,1505 10~ -2,2068 10~
3| B4 3(3,Fy) 2,781 1076 2,541 1070
4 | 28 33,7, | -2.9203 1076 -3.5213 1078
5 | 2,4 3(3,Fy) 4.3293  107° 4.2469 1070
6 | 2,4 3(1,F,) o.9042  107° 0.6911 1078
Correlation matrix (a)
2 0.19753
3 0.00260 0.00069
kE 0.00479 0.01676  -0.30808
5 -0.00494  -0.06280 0.15969 012569
&  0.01051  =0.05140 0.36742 0022612 0439410
Mean square deviations from (20)
An (19) (a) (® weignt | (20)
A l2is9 1071 | was 1073 | 2.08 1072 1

0
2 laae 102 | 3,93 0% | 107 07 | 100 0
— 0

0

A {392 10 3.35 1072 | 3.51 1072 | 10
X |2 1078 | 4,3 107® | 1,000 1077 | 107

N- x| 7.58 2,65 10”1 | s5.63 1077 )

* (i) Parameters of the S generator; (i) correlation matrix for s parameters; and (iii) mean square deviations
of the transformed parameters from Ref. (20).
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commutators to each operator UZx™ and to corresponding parameter uf&", Let us
consider the operator U347V, It can be seen from Table II that the contrlbutlon to it
is due to the commutators of s} 14 S4G-FD with several terms of the Hamiltonian. The
most important terms are of order >\°. They lead to the following contributions

l:l“_l) l'x)Ul (1LFD)
_ u2(1F1)U1(1F1) + l[sl(lFl)S (1.F1) u27U + u44U44 + ul(lF')UAS‘F')L

The commutator calculation (Table II) gives

1o, 1

L (LF 1
@~ U = 535~ k). (12)

us, + =ud, —
VE 2,2 vg 4,4 vg

Only the leading contributions are listed because for »> — vs =~ 222 cm™' (‘*2CH,) other
terms are smaller than 1%. The numerical value of 5332 is 10~10? times smaller and
that of s3&™ is 10°-10* times smaller (see Sects. IV=VII), so the contributions from
these generators may be neglected. Relations similar to (12) may be written for other

TABLE V

Example of the Minimization of the Mean Square Deviation between the Transformed Parameters
from Ref. (/9) and Parameters from Ref. (20) for **SiH,

UQ(K'F) Difference Difference L
k,m between between(19) welignt
o (19) and (20) and transformed
X x,m HX,ID values
Wolee o -1.88 1072 -1.63 107¢ 0
4,4 0 0.35 1072 0.35 1072 0
o | wes AC1,E) | -1.0ess80 1072 | causea772 107¢ | 2.8867 1CT)
Nl e a0n,Ep 3.656712 10~¢ 3.695538 1072 | 2.8867 1077
2,2 2(2,E) -1.769806 1072 | -1.777595 1072 | 2.8867 10°
2,2 2(0,4,) 1.586779 10~ 1644053 107 | 2,8867 107
4,4 2(0,4,) | =1.317225 107° | -1.342363 107 | 2.8867 10°
2| s 202,B) -1.925098 1072 | —t.90132 107¢ | 2.8867 107
4y4 2(2,F,) 1.294650 1072 1.253839 107° | 2.8867 107
2,4 2(2,F,) | -6.431660 107 | —1,124602 10 2,8867 10°
2,2 3(3,A)) | -5.656000 107 | -5.537357 1070 | 2.8867 10
4,4 3(1,F,) 4.993849 10~ 4,610870 10~* | 2,8867 107
| s 36,Ep 5.079133 107% | s.a27e41 107 | 2.8867 107
¥ | 24 33,5 | -1,001703 107% | -9.426083 1077 | z.8867 107
2,4 3(1,E) 2.915907 10~ 2.892102 10~ | 2.8867 407
2,4 3(3,F,) | -2.2u5892 1077 7.505454 107° | z.8867 102
2,2 4(0,A;) | —4.852520 107° | -3,997441 107 [z.e8e7 10"
2.2 44,4 1,009547 102 1.09%c4 1070 | 2.8867 0%
2,2 4(2,E) -7.803830 1077 | -1.265138 10~° |z.8ee7 10
2,2 4(4,E) —1.395674 1077 | -1.248200 1072 |z.e867 0"
X | 4 s0,a) | 2.880359 107 | 2.1e6656 107° |2.8867 10"
by 404,40 | =9.123297 107% | —9.978882 107® |2.8867 10"
4,4 4(2,E) —1.14830 1077 | -1,005313 10~ |z.8887 0%
4,4 4(4,E) -2.420626 10 | -1.207117 107® [2.8867 0%
4,4 4(2,F,) | =7,308750 107% | -p,551858 1070 |z.e867 10°
4,4 4(8,F,) | -3.081290 1078 | 2,5e6178 1079 |a.8867 0%
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operators. They are the basis for the comparative analysis of different sets, say I and
IL, of spectroscopic parameters. For one given set of spectroscopic parameters these
formulae enable one to construct a parametric variety. Using parameters (8) as initial
ones we have

@yt = 55618 — s34-F1220.151.

Now we can choose the s34 parameter to minimize the difference between the

parameters of sets I and II. (We take Ref. (8) as set | and Ref. (38) as set I1.) We may
now put 734" equal to the corresponding parameter of set II. This requirement yields

the numerical value of the s parameter. After that we can find in the same way the

numerical value of the 3%/ parameter without any least-squares procedure. For the

concrete example considered we have
s34 =253 X 1072 §33) = —594 X 1078
s3GT =419 X 107 533 = —0.34 X 107

3 =407 X 107° 533 =~ 1078, (13)

TABLE VI

Comparison of the Spectroscopic Parameters for v,, v, Bands of '*CH, Obtained in Refs. (8) and (38).

QK,IM

Uk,m Parsmeters Transformed Parameters weight
AR kn QKD from (8) values from (38)
ol 22 0 216844779 2168.4779 2168.4739 0
Mo o 2270,2952 2270.2952 2270.2589
4| %4 ALED T -5.97396 -5.9166 | 5,917 1
N2 W1,F,) | 5.5618 3.22 107 0

2,2 2(2,E) | -2.2242 1072 | 3.7815 1072 | 3.8153 407

2,2 2(0,4)| 0.4066 10‘2 —5.2977 '10:2 -5.3605 10:2 ,
B | et 200,401 0,1359 10‘2 447936 10 S| w73 10_2 10

4y4 2(2,E) | =0.6659 10~ 509250 10~ 5.8871 10

by 2(2,F,) | ~1.5922 1072 | -5.8197 1072 | -5.7672 1072

2,4 2(2,7,) | -2.061 1072 [ 6.1 1077 0

2,2 3(3,A) | 2,099 107 | 13,715 10 | 12,47 10~

4yt 3(1,E)) | ~3.028 107 | 12,883 107 | -11.996 107
¥ s 3(3,E,) | ~1.363 1077 | ~10.266 107 | ~9.734 107

2,4 3(1,F)) | 0,478 10:: 0.2 40~ 0 103

2,4 3038y | -1.327 10 1.1 1077 0

2,4 3(3,F,) |~1aes 107 | 2,0 077 0

2,2 4(0,4,) 0 2,36 107° | 4,42 1078

2,2 4(4,4,) 0 =1.505 4072 | =1,274 1070

2,2 4(2,8) Q 1,177 1072 | 1,223 1072

2,2 4(4,E) 0 10.05 107 | 9,35 107°

4yl 4(0,4,) o 1.52  107® | o.,82 107 “
P et 1 -6 -6 | 10

44,4, 0 12.28 10 9.55 10

4yl 4(2,E) 0 1.501 1072 | 1,499 1070

434 4(4,E) 0 943 107 | 2,08 107®

4y4 (2,F,) 0 4,15 1078 | 4,32 107

4yt B(4,T,) o -2.64 107 |-2,87 4070
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These numerical values of s generators enable us to calculate the transformed values
of set I and to compare it with set II.

The computer realization of this procedure permits us to take into account less
important terms in the transformed Hamiltonian and to use the least-squares ap-
proximation to find the numerical values of s§%T). Nevertheless, this advanced treat-
ment results in parameters of s generators which differ by no more than 10% from
those listed in Eqn. (13) for 534" and s3%%. The difference in s3%T may be more
important.

Special attention must be paid to very large transformations when the multiple
commutators become important. These terms result in nonlinear dependence on s
parameters of the parametric variety of the Hamiltonians. The nonlinearity may be
avoided by taking into account that the appropriate values of s parameters are ap-
proximately known. For example, the contribution from 140 to U$%3F) has the form

isIT ISEED, T D U]

KT
2
! ILF AK
+ = (SIS, [S38F, X unhPUREDL)-
2 m KT
TABLE Vi1

Comparison of the Spectroscopic Parameters for »,, v4 Bands of '*CH, Obtained in Ref. (5)
(Isolated and Resonance Band Models)

ZEE'F) i’aremeters Transformed Parameters
n rom (2) values from (3)
A kym QUKD (rescnance} {isolated)
ol 22 o 2168.463 2168,463 2168.4616
4,4 0 2270,299 2270,299 2270306
A1 @ 10,E) | -5.975 -5.9215 ~5.911
2y4 1(1,F ) | 5450 0,000 o
2,2 2(2,E) | =1.984 1072 3.816 1072 3.829 1072
2,2 2(0,8) | 0.235 107° | -5.371 107% | 5,380 107%
2| %04 200,40 | 0.232 1072 4,810 107 4,855 1072
N 4,4 2(2,B) | -0.486 1072 5.995 1072 5.935 107°
4,8 2(2,F,) | =1.804 1072 | -5.898 107 | -5.842 1072
2,6 2(2,F,) 0 -0,007 1072 o
2,2 3(3,hy) | 6.87 107* 14,11 10~ 12,18 10
4yh H,EN | =7.00 1070 | ~13.28 107 1 —aa.9 0™
4y 3(3,F) | =5.13 107% | i 107 D oue1 0™t
X | 2,4 31,8, 0 0.00 107 0
2,4 3(3,F,) ) 0,00 1074 o
2,4 3(3,¥,) o 0,00 407 o
2,2 4(0,h0) | 2.3 107° | -3.5 1070 | g q07©
2,2 4(4,4) | 7.4 10 | cue0 1070 | -2 1070
2,2 4(2,E) | -1.1 107 1.07 107 1,29 107
2,2 4(4,B) 2.9 107 13.3 107° 3.5 407°
4yh 4(0,4) | 2.5 1078 2.3 107 2.4 107
A |4 4(4,a) | 5.2 07 1,26 4072 1,06 1072
byh B(2,E) 5.2 107° 2,20 1070 199 1072
4,4 4(4,B) | -0.5 107 |-1,6 10° | ~3,4 4076
4yh 4(2,F,) | 4.5 10 } o4 107® | 1.0 1076
Gyh B(4,F) | 0,9 107° [ 5.0 107¢ | _s.5 4076




248 SADOVSKII AND ZHILINSKII

+ = (X4 TPISEET, [S19F, [S59, usd ™ UK )L

.4
+ ;—4 (s2a N ISEE™, (S, [SIER, [S397, 2 tym Ul 111, (14)

The corresponding numerical values obtained for the '2CH, spectroscopic parameters
(8) are
—(1.645 + 1.809 — 11.153 + 2.819) X 107453V, (15)

The order of terms identical to that in formulae (14) and the approximate value of

534" is used to eliminate the nonlinearity. The expression (15) shows that the multiple

commutators become even more important than the ordinary ones.

IV, Vo, V4 BANDS OF SIH4

We choose the SiH,; molecule to show the principles of the comparison of different
sets of the spectroscopic parameters. Two treatments of the same experimental data

TABLE VIII

Characteristics of the Unitary Transformations Relating the Treatments of »,, v, Bands of 2CH,
Made in Refs. (8) and (38), and Ref. (5) (Isolated and Resonance Band Models)

Q(K,DD
sk,ﬂl pa&‘ameters

¥ | k,m QK,I) &, 38 (2,
12,4 AR 2.5162 107 2.4982 1oj
2 2,4 2(2,F,) 4,724 40~ 3.2390 10
3 |4 33,8 3,209 1077 -1.6339  107°
4 | 2,4 3(3,F,) -5.593 1077 ~8.372 10“2
5 |24 3(3,R) -5.8458 1070 ~.5329 072
6 | 2,4 3(1,5) 14,0578 107° 14,8962 10

Mean square deviations from {(38)
b transformed <
X (8 values weight (38)
X393 2.32 1072 1 0
215,43 1072 | 4.sm 0™ 102 0
2 Je.1s w0t | 5.8 1070 107 o
A les 107 | 2,89 107° 10" 0
N-nt 2.82 4,12 1072 0

Mean square deviations from (5, isolated)
b (5,resonance) trszaligggmed weight (5,1is0lated)
A 3489 7.2 1073 1 0
A2 4,90 1072 3.8 107* 10 0
A3 3.8 107 1042 10~ 50 c
A 8.38 107° 2.80 107° 103 0
A=t 115 441 4073 o
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obtained by Johns ez al. (48) are considered. These two treatments are based on different
effective Hamiltonians. Gray et al. (19) used the effective Hamiltonian with 29 ad-
justable parameters and fixed parameters for the ground state. These 29 terms include
all diagonal operators up to A%, some diagonal operators of order A*> and A%, and two
nondiagonal operators (one of order A and one of order A\%). The corresponding set of
spectroscopic parameters reproduces 645 lines with a mean square deviation of ~0.017
cm™ . The effective Hamiltonian used by Pierre ef al. (20) includes only 16 adjustable
parameters and 6 fixed parameters for the ground state. All diagonal and nondiagonal
operators up to A3 are considered. This set of spectroscopic parameters reproduces

TABLE IX

Characteristics® of the Unitary Transformations Relating the Treatments of v,, v, Bands for *CH,
Made in Refs. (8) and (6); and in Refs. (5) and (6)

(K, I

sk,m parameters
N | k,m Q&,I) for (8,6) for (2,8)
1204 AR | -5.1669 1077 -3.4001 107
2| 2,4 22,8 | s.0818 107 -1,4658 1074
3w 33,E) 2.0951 10~7 0.8048 107°
41 2,4 3(3,F,) -3,8405 1077 -0.2630 107°
51 2% 3(3,F) | ~1.29s 1077 1.3222 1078
6| 2,4 31,B) | -3.4067 1077 0.4780 107°

Correlation metrix (5,8

2 ~0,03275

3 0,00201 0,04632

4 -0,00308 0,09070  -0,13342

5 0,01218  =0,26249  ~0,05305% 0.,04973

6 0.00797  ~0.24452 0.12260  =0,00132 0.10641

Mean square deviations from (6)

transformed

A (8 values welght (&
)\; 9.72 1073 3.00 10™3 1 0
\ 4,63 107 2,32 10~ 20 0
7\2 1,36 07 311 4077 102 0
X 1.32 1078 4,02 1077 10" 0
¥ | 123 072 3.87 1073 0
Mean square deviations from (§)
n transformed
X 2) values weight &)
A 5.30 1072 5,65 107~ 4 0
A2 2,23 1073 1.42 107 102 0
A 4.33 107 1.43 1072 103 0
x4 5,20 107° 2.43 107° 10% 0
N | 2047 2077 1.88 10™2 0

# (1) Parameters of the S generator: (ii) correlation matrix for s parameters; and (iii)-(iv) mean square
deviations of the transformed parameters from Ref. (6) (neglecting the contribution from u23*? parameters).



250 SADOVSKII AND ZHILINSKII

663 lines with a mean square deviation of ~0.014 cm™'. Two sets of parameters
reproduce the experimental data but the numerical values of the parameters are com-
pletely different. These numerical values from Refs. (19) and (20) recalculated in the
same notation are given in Table III. To compare them we use the unitary transfor-
mation which minimizes the weighted mean square deviation between two sets of
parameters. We try two choices of weights listed in columns (a) and (b). Choice (a)
takes into account all diagonal and nondiagonal parameters. Choice (b) takes into
account the nondiagonal parameters of orders A\, A2, \*> and diagonal parameters of
order A, The corresponding values of s parameters are given in Table IV. It must be
noted that the correlations between the parameters of the S generator are absent for
both kinds of weight factors. The s parameters obtained are satisfactory from the point
of view of the order classification. To compare the transformed parameters of the
treatment in Ref. (79) with the parameters of the treatment in Ref. (20) we use the
weighted mean square deviation between these sets of the parameters. The corre-
sponding values are given in Table IV for each order separately along with the total
deviation. We illustrate the results of the least-squares procedure in Table V by com-

TABLE X

Comparison of the Spectroscopic Parameters for vz, », Bands of '’CH, Obtained in Refs. (8) and (6)*

Q(E,I)
n k,m Parameters Transformed Parameters
X k,m QKD from (8) values from (§)
© |22 0 2168.4779 2468.,4779 21684554
4y O 227042952 227042952 2270,3039
A4 10,ED | =5.9739 -5.9739 -5.9778
244 1(1;F1) 545618 545733 545750
2,2 2(2,E) ~2,2242 1072 | -2.293 ')o'z -2.314 10:2
2,2 2(0,4) 0,4066 10‘2 0.429 10:2 0,403 1072
4,4 2(0,4,) 0.1359 10” 0.117 10 0,091 1072
N | 44 2(2,E) ~0.6659 1072 | -0.6934 1072 ~0,6774 10”
4 22,8 | 15922 1072 | ~1,5837 1072 | —1.5694 1072
2,4 22,Fy) | ~2.0611 1072 | ~2.964 1072
2,2 33,43 | 2.099 10:“4 0,176 ’IO':: 0,225 1oj
4yt 3(1,Fy) | -3.028 10 | 1468 107 -1.640 07
44 3(3,F) | -1.363 10 0.184 107/ 0.129 107/
P 26 3B | 0w 107 | 2080 078 | 1,936 107
2,4 3(3,F) | -8 107 | ~0,204 107! ~0,2685 107!
2,4 3(3,Fy) | -1.ws 107 | 0,901 10 -1.626 10
2,2 4(044,) 0 0,970 10:2 0,497 qo:z
2,2 4(4,h4) 0 ~0.055 10_6 =~0,528 40_6
2,2 4(2,E) o 0,188 10 -0.477 10
4 | 2,2 4(4,B) o ~1.677 10'2 “1.944 10‘2
A H4y4 4(O,A.‘) s} ~0.795 10"6 ~1.209 10‘6
4yt 4(hghy) o 0,045 10'6 0,041 10:6
4,4 4(24E) 0 ~2.328 107 2,275 10
4,4  4(4,E) 0 1,951 107° 2,342 107
4,4 4(2,Fy) 0 0,143 10:: —0.424 10:2
4yt 4(4,Fp) 0 ~0.654 10 -0.737 10

® For the 33" parameter see the text.
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parison of the initial and minimized differences obtained for weight factors (a). The
general conclusion is; Two considered sets of parameters are in almost quantitative
agreement except for w44 . The utilization of only three additional nondiagonal
parameters allows one to significantly reduce the numerical values of the diagonal \*
parameters.

V. »;, vy BANDS OF CH,: COMPARISON OF ISOLATED AND
RESONANT BAND MODELS

Various treatments of »,, »4 bands of CH, may be divided into two classes due to
the choice of the effective Hamiltonian. The model of isolated v, and v, states was
used in Refs. (5, 7, 38). More recent studies take into account the resonance nondiagonal
operators (5, 6, 8). In this section we compare the parameters obtained by the same
authors for isolated and resonance band effective operators. The strong difference
between parameters from different sets leads to large values of s parameters and con-
sequently requires us to take into account the multiple commutators. Table VI shows
the comparison of two treatments made in Dijon [Ref. (8) for the resonance band

TABLE XI

Comparison of the Spectroscopic Parameters for v,, »4 Bands of *CH, Obtained in Refs. (5) and (6)*

Q(X,I)
AR k,m Parameters Transformed Parareters
x,m (K, from (3) values from (&)
MR 2168.463 £158,463 21684554
440 2270,299 2270243 2270.3039
5 Lyl q(q,F1) -5.9765 -5.3770 -5.9778
254 1(1,5‘1) 5450 5575 5575
2,2 2(2,E) ~1.98 107° | ~2.293 1072 | 2.3 1072
2,2 20,4, 0,235 1072 0,388 1072 0.402 1072
N | 4 20,8) 0.233 1072 0.108 1072 0.091 1072
4yb 2(2,E) -0.486 1072 | —0.667 107° | -0.677 1072
4yh 2(2,F,) | =1.803 107° | -1.583 1072 | -1.569 1072
2,6 2(2,F,) 0 -3.197 107¢
2,2 3(3,4,) 6.875 107 | o.zs1 107 | c.ees a0
494 3(1,5) | =7.000 107™% | -1,393 107 | —1.e39 10~
W | #es 3G,ED | =503 107 | —0.008 107 0.130 107"
2,4 3(1,F) 0 2,002 107% 1.935 107+
2,4 3(3,F,) o -0.255 107 | -0.285 107%
2,4 3(3,F,) 0 -1a32 107 | 1,628 107
2,2 4(0,4,) 2.30 107° | -1.25 107° | oug a0f
2,2 4(4,a) | 241 1078 110 107° | —0,53 107®
M| 22 4(2,m) 1,15 107% | ~a.55 1078 | —0.48 1076
2,2 4(4,E) 7.99 107® 1,95 1070 | 4,04 107
4y 6(0,4) | -2,57 107° | 0.31 107® | -q,21 1078
44 4(a,A0) | 526 107° | _oes 107% | 0,04 4078
4yt 4(2,E) 5023 107 | -0.35  407® | 227 076
b 4(4,E) -0.56 1076 0.27 107® | 2,34 1076
4yh 4(2,F,) 457 107% | 1.7 10 | w2 1078
Gy 4(a,F) | 0,91 1078 | 449 107 | —oup3 1076

2 For the u3$*? parameter see the text.
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model; Ref. (38) for the isolated band model]. Table VII includes two treatments made
in Reading [Ref. (5) for isolated and resonance models]. We use as the initial set the
parameters in each case that include nonzero interaction parameters. The numerical
values of s parameters and the corresponding mean square deviations of the spectro-
scopic parameters are listed in Table VIII. The results of the transformations show
that the parameters of order A, A2, and A* may be put in a quantitative agreement by
the proper choice of the unitary transformation.

The difference in the parameters of A* order becomes smaller after such a transfor-
mation. It should be noted that we have used only the main contributions to A*
parameters and the nonleading contributions may become important (about 10%).
Thus the results obtained show the explicit equivalence between isolated and resonance
models for v,, v, states of CH,. The inclusion of nondiagonal parameters again sig-
nificantly reduces the numerical values of \* diagonal parameters.

V1. v, v, BANDS OF CH,: COMPARISON OF DIFFERENT RESONANCE TREATMENTS

We consider in this section the model treatments (5, 6, 8) which all include the
interaction operator U4V with nearly the same coefficient. So the difference in pa-
rameters of order A% in Refs. (5, 6, 8) is not large. The present results may be considered
as an extension of the comparison of treatments made in Refs. (34, 37). We consider
three pairs of treatments. The comparison of the spectroscopic parameters from Refs.
(6) and (8) is given in Tables IX and X. The comparison of the parameters from Refs.
(6) and (5) is presented in Tables IX and XI. Finally, the comparison of the parameters

from Refs. (5) and 8) is given in Tables XII and XIIL

TABLE XII

Characteristics® of the Unitary Transformation Relating the Treatments of v,, v, Bands for 2CH,
Made in Refs. (8) and (5)

Q(K,I
N k,m (K, Sk parameters for (8, 32)

’
4 2,4 A(1,EY 3,0529 074
2 2,4 2(2,F,) 9.6386 1072
3 4k 3(3,F,) —7.8258 1077
4 2,4 3(3,F,) 1.5777 1077
5 2,4 3(3,F,) ~1.3704 1070
6 2,4 31,5, -6.9586 1077

Mean square deviatioms from (3)
transformed

» (8) values weight ()]
Ao war 107 8.05 1073 4 0
A 8,58 1070 2,35 107 210 0
A3 3.06 107 2,09 1072 2 10% 0
x4 4,57 1078 1,86 1070 2 10° 0
x| 9.21 1072 4,59 1073 o

2 (i) Parameters of the S generator, and (ii) mean square deviations of the transformed parameters from
Ref. (5).
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The results of the comparisons of the spectroscopic sets from Refs. (5) and (8) (see
Tables XII and XIII) are similar to the results obtained in Section IV for SiH,. The
traditional difference in the effective Hamiltonians used in Dijon and Reading (see
Sect. IV for the SiH, example) results in strong disagreement in A\* and \* parameters.
Otherwise the extended model Hamiltonian used by Robiette (6) includes all operators
taken into account by Pierre et al. (8) and all diagonal operators of order A\ also. This
significantly increases the accuracy of the model. It should be noted that the numerical
values of \* parameters for CH, even after inclusion of all nondiagonal operators of
order A, A%, A* do not become smaller than ~0.5 X 107® cm™', which correspond to
the energy contribution for J = 10 equal to ~5 X 1072 cm™! and limit the accuracy
of the model (8).

The comparison of the spectroscopic parameters obtained in Refs. (8) and (6) and
in Refs. (5) and (6) is complicated due to the unclear relation between dy4 used in
Ref. (6) and u3%". The parameters 13" for these treatments are very close and the
main contribution to A? and diagonal A\* parameters are defined (up to ~ 1%) by the
S3%* generator. The corresponding parameter 5332 may be determined from the
expression similar to (12) by the difference #3%*? — 433" and must satisfy five in-

TABLE XIII

Comparison of the Spectroscopic Parameters for v,, »4 Bands of '2CH, Obtained in Refs. (8) and (5)

K,
n k,m Parameters Transformed Parameters
X k,m UK, from (8) values from (3)
O |22 0 2168,4779 2168.4779 2168,463
4s 0 2270,2952 2270.2952 2270,299
g 4 1R [ -5.973% -5.9667 549765
2,4 1(1,B,) 5.5618 5,4942 5.50
2,2 2(2,8) ~2.2242 107 | -1,976 1072 | -1.984 1072
2,2 2(0,4,) 0.4066 1072 0.268 1072 0,235 1072
PG 2(0,4,) 0.1359 1072 0.249 1072 04233 1072
4,4 2(2,E) -0.6659 102 | =0,501 10™¢ | -0.486 1072
G4 2(2,F,) | =1.5922 1072 | -4.,766 1072 | -1.804 1072
2,4 2(2,F,) | -2.0611 1072 0.015 1072 0
2,2 3(3,8) | 2.099 107 | &5 0™ | e.875 107
44 3(1,F) | -3.028 07 | e 107 | 00 107t
X as 3G,ED | 210363 407 | caaes 0™t | Ssa13 a0
2,4 3(1,F) o.478 107 | -0.018 107 0
2,4 3(3,F)) | -1.328 107 0.002 107 0
2,4 3(3,F,) | 1.4 407 0,193 107 o
2,2 4(0,4,) 0 3.69 1070 2.30 107°
2,2 48,4y 0 -6,75 107% | 7.1 107
2,2 8(2,E) o 0,51 107° | ~1.15 107®
2,2 4(4,8) 0 4,89 1070 7,99 207°
Mo s, 4(0,4,) 0 -3.02 107 | 2,57 107
4k 404,4,) o 5.51 107 | 5,26 107°
4,4 4(2,E) o 3.91 107° 5.23 1078
4,4 4(4,E) 0 0,57 107® | _o.55 1076
4yb 4(2,7,) 0 3.45 1078 | 457 4076
434 B(8,F) 0 -3.63 107 | 0.91 407
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dependent equations for the parameters #3%* and 42472 from A\? terms and for the
parameters #3342, 434, 3G from A3 terms Unfortunately the numencal value
of the parameter s32*: 2) obtamed from u3$ = = (V3/2V2)dys = 1.494 X 1072 (see Table
I) does not satisfy any of these equations for the comparison of the parameters from
Refs. (8) and (6) or for comparisons from Refs. (5) and (6). We believe that the com-
mutator relations listed in Table II were sufficiently verified analytically and by the
numerical examples listed earlier. We therefore exclude the 1342 parameter on the
stage of the determination of the 5372 generator parameter and use the least-squares
approximation with zero weight for the 134 parameter. The absence of the correlation
between s parameters (see Table IX) verifies such a procedure. We obtain the quan-
titative agreement between almost all parameters of A2 and A\* orders (see Tables X
and XI). The predicted value of the parameter %33 for the treatment in Ref. (6)
resulting from the comparison with Ref. (8) is —2.971 X 1072 cm™! and the value
from the comparison with Ref. (5) is —3.345 X 1072 cm™'. These values are in complete
disagreement with the value 1.49 X 1072 cm™! which corresponds to the coefficient
d»s indicated in Ref. (6). We suppose that the definition of the corresponding operator
in Ref. (6) has to include an additional numerical factor. This factor probably equals
—2 in accordance to Champion’s belief (49).

VIL V2, Va4 BANDS OF CD4

The treatments in Refs. (I5) and (16) for CDjy realized in Reading and Dijon are
similar to the SiH, case (Sect. IV) except for the additional exclusion of the A\* non-

TABLE XIV

Characteristics® of the Unitary Transformation Relating the Treatments of v,, v, Bands for '*CD;
Made in Refs. (16) and (15)

Q(E,ID
N kym Q(E,I Sy m parameters for (16, 13)
’
1 2,4 (1,7 -1.52514 40~
2 2,4 2(2,F,) 1,01127 10~
31 44 303,F) -9.8648 1077
41 2,4 3(3,F,) 6.6718 1077
5 2,4 3(3,F)) —5.0822 1077
s 2,4 3(L,ED -3.9681 1077
Mean square deviations from (:I_j)
transformed
AR (18> values weight (1)
A 1,06 1072 4,20 1074 1 0
(1,38 1072
A2 4,00 1073 1.03 10~ 10 0
(3.32 107
] 1?0 | 63 07 500
A% 1,71 107° 9,13 1077 2500
Nent | s.85 072 2.24 1073 0
(4037 1072

2 (j) Parameters of the S generator, and (i) mean square deviations of the transformed parameters from
Ref. (15) (values in parentheses correspond to diagonal parameters only).
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diagonal parameter R3 in Ref. (15). The small difference in u4}*" parameters gives
nearly the same values of the diagonal \* parameters. As a result, the unitary trans-
formed Hamiltonian is slightly influenced by the 534" parameter of the S generator.
The transformation made in Ref. (/6) took into account only this s3%*" parameter
[see the transformation from fit a to fit » in Table IV of Ref. (16)]. In Tables XIV
and XV we give the results of the complete unitary transformation for all A'-\* pa-
rameters included in Refs. (15) and (16). Good agreement is obtained for all parameters

except for uf4E from A%

VIII. CONCLUSIONS

The transformations of different sets of spectroscopic parameters explicitly show
their equivalence and indicate the most important differences. We demonstrate that
the recently developed algebraic technique for the irreducible tensor operator trans-
formation (34-37, 39, 40) is very effective for the theoretical investigations in vibration—
rotation spectroscopy. The results obtained are essential for further solution of the

TABLE XV

Comparison of the Spectroscopic Parameters for v,, », Bands of '2CD, Obtained in Refs. (/6) and (15)

AR Q(k,I)
k,m Parameters Reduced Parameters weight
k,m E,T) from (J6) values from (15)
o |22 © 1543.8429 1543 ,8429 1543.836
Molam oo 1728.3752 1728.3752 1728.372 0
4 |# AR [-2.21835 -2.2191 -2.2197
N2 1,r) | 3.060 3.075 3,075 ?
2,2 2(2,E) |-7.061 1073 |-6.828 1073 |-6.87 107>
2,2 2(0,4,) | 0.389 1073 0.772 10™° 0.85 407>
5 |44 200,4,) [-0.136 1073 | -0.u8 1072 |.0.35 107
A% lus 22,8) |-2.626 1073 | o348 1073 |-2.98 4073 10
4,4 2(2,B,) [-6.070 1070 |-6.229 107 |-6.43 107
2,8 2(2,F,) |-9.78 107> |-o.04 1073 0
2,2 3(3,4,) | 1.66 1070 | 2739 0™ | 2.859 107 | 102
4,6 3(LF,) |-3.85 1070 |-2.524 107¢ | -2.60 107 102
(3 |4 3E |-0.68 1072 |-2.097 10 |-2,m5 107 | 0P
2,4 3(1,F) | 3.98 1070 |-0.01 107 0 5-10°
2,4 3(3,B) |-0.79 1070 |-0.03 1077 0 10
2,4 3(3,F,) | 0.9 107 0.02 107 0 103
2,2 4(0,4,) 0 149 076 | 1.5 2078
2,2 44,4 0 —2.50 107¢  |-2.36 107®
2,2 #(2,B) 0 ~0,85 1078 |-0.77 107®
2,2 4(4,E) 0 3.95 1078 3.26 10~°
| 400y 0 L 10‘: -0.83 107® 3
44 4(4,A0) 0 2.06 107 1.80 1078 | 2510
4,4 4(2,E) 0 1.88 107° 1.12 107
4,4 4(4,E) 0 ~0.75 107® | -0.33 107®
4ys 4(2,F,) 0 467 1070 | 2,12 1078
44 4(4,F,) o -0.31 107® | o.53 1078
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inverse vibrational problem and for the description of higher excited rovibrational
states. The construction of the spectroscopic parameters for isotopically substituted
molecules and for series of similar molecules is of special interest. Further developments
must include the comparison of the intensities along with the comparison of the spectral
parameters, i.e., the consideration of the corresponding transformation of the transition
operator. The natural extension of the present work is the comparative analysis of the
spectroscopic parameters for other vibrational bands and polyads. Comparison of
vy, v3 resonance models for SiH, and GeH, have been done by the present authors
up to M\ (41). For the isolated v, state the study made earlier up to A* (35) is generalized
up to A\®(42) taking into account the most recent experimental data. Natural extension
is to consider the spectroscopic parameters for the pentad treatments (10, 11).
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