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ABSTRACT 

The band sp ec trum of ZnD in the r egion 350 - 500 nm 

has been recorded in emission with a Jarrell - Ash 

70-000 series , 3.4 meter Ebert Spectrog raph . The e l ectronic 

transition involved is the A 2 IT (near case (a)) - X 2 E+ 

(case (b)) system . The following bands have been analyzed : 

0-0 , 0- 1 , 0-2 , 1-0 , 1-1 , 1-2, 1-3, 2-1, 2-2, and 2-3. 

The 3- 2 band is also present, as is probably the 2-4 band 

and possibly the 3-3 band , but these have not been fully 

investigated . 

+ The principal molecular constants for the X 2 E state 

of 64 ZnD are as f6llows (in cm- 1 , except where noted ) : 

B = 3,3990 - 0 . 096 3
7

(v + 1/2) - 0 . 004 97 1 (v + 1/2) 2 ; -
V 

DV = 1. 156 X 10- 4 + 0 . 006 44 X 10-4 (v + 1/2); 

r = 0 . 159 3
7 

nm; Yo = 0.1224, y = 0.11 28 , Y2 = 0.1065, e 1 

Y3 = 0 . 0987; G(v) = -0 . 386 + 1 141.5 4 (v + 1/2) 

-24 . 2
9

(v + 1/2) 2 o . 96 2 (v + 1/2) 3 ; ke = 149 . 917 N•m -1 - . 
The formula of Mulliken and Christy , with the Almy 

and Horsfall centrifugal distortion term, has been used to 

obtain th e rotat i onal constants of t he A 2 IT sta t e of 64 ZnD. 

The principal constants follow : B = 3 ,7772 V 

- 0 . 086 8 (v + 1/2 ) ; DO -- 1.143 X 10-4 
Dl = 1.13 2 X 10-4 

' 
, 

D2 = 1.14 4 X 1 0- 4 · r = 0 . 151 19 nm ; AO = 343 . 286 , ' e 

:l.i 



Al = 342 . 555, A2 = 342 . 0 35; Po = 0 . 1490 , pl = 0 . 135, 

P2 = 0 . 1104; qo = 0 . 001 53 , q l = 0 . 0026 , q2 = 0 . 0029; 

G(v) = 0 . 1 8 + 1 361 . 48
7

(v + 1/2) - 20 . 69
3

(v + 1/ 2) 2
; 

k 213 . 25
3 

N•m - 1 Effective constants for the individual = e 

substates have also been calculated . 

The origin of the band system, ve, is 23 280 .5 4
7 

cm- l 

( with Y00 included with the electronic energy, rather than 

with the vibrational energy) . RKR potential energy 

curve s and Franc k - Condon factors have been calculated . 

Compar is on has been made with t he spectrum of ZnH . 

Lines due to the three isotopic mo lecules 64 ZnD, 66 ZnD , 

and 
6 8

ZnD have been resolved in a number of bands , and 

this isotopic split ting has also been briefly discussed . 

-
(Dr. R. M. Cl ements ) 
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CHAPTER I 

I NTRODUCTION 

A general, theoretical background, necessary for an 

understanding of the electronic spectrum of zinc monohydride 

or zinc monodeuteride is presented in the first of two 

major sections of this chapter. Following this, in 

section I.B, the scope of the present study is discussed 

and related to previous studies of these molecules. 

I.A. Energy Levels and Spectra 

Zinc monohydride, ZnH, can be compared with BeH 

(and the isoelectronic BH+), MgH (and AlH+), CaH, SrH, BaH, 

CdH, and HgH.t All these molecules ·have 2 E+ ground states 

and 2 Tir first excited states, and most, if not all, have 

2 E+ second excited states. 

According to Mulliken, (l) , ( 2 ) hydrides are expected 

to closely approximate their united atoms. The electron 

configurations of the above molecules can be obtained by 

considering the configurations of the corresponding united 

atoms. For example, the united atom corresponding to ZnH 

is gallium, the ground state electron configuration of 

which is 

... 4s2 3dl0 4pl 2p, 

t In this section, ZnD is not distinguished from ZnH, and both 

isotopic molecules are being referred to. Similarly for the other 

molecules. 



This g ives rise to the two molecular electron configurations 

... (4so) 2 (3do) 2 (3dTT) 4 (3do) 4 (4po) 1 2E+ 

... (4so) 2 (3do) 2 (3dTT) 4 (3do) 4 (4pTT) 1 2n 

(ground state) 

(first excited state). 

The electron configurations dominatingt the ground 

and first two excited states obtained in this manner are 

presented in Table I . I The terms thus predicted , in general, 

agree with those found experimentally ( though see the 

footnotes to Table I) . 

Howeve r , this agreement may be partly fortuitous . 

By comparison with the corresponding halides ( which show 

similar optical spectra to the hydrides) and backed up 

by ESR data, (l l ) Klynning and Martin(l 2 ) have ve ry recently 

shown that some of the states, including the gr ound states, 

of MgH, CaH, SrH, and BaH are predominantly ionic . Ins tead 

of comparing the electronic states of these hydrides with 

those of the united atoms, the comparison should be made 

wit h the metal i ons ( e.g. Ca+ fo r CaH) or the corresponding 

isoelectronic neutral metals (e . g . K) . Furthermore , the 

B' 2 E+ state of MgH should be compared with the D 2 E+ 

states of CaH , SrH, and BaH , rather than with the B 2 E+ 

t 
To determine the electron configuration of a given state more 

accurately, allowance has to be made for contributions from other 

electron configurations. 

f For further details of this procedure, the reader is referred to 

Herzberg, (3) pp. 322-348. 

2 



TABLE I. Dominant electron configurations and term types of the lowest states of the ZnH-like group 

of diatomic hydrides . (a) 

Fi rst excited Second exc i t ed 
Molecule Ground state (X) Notes state (A) Notes state (B) Not es 

BeH K (2sa) 2 (2pa)l 21: + (2sa) 2 (2pn) 1 2rr (2sa) 2 (3sa) 1 21: + (b) r 
BH+ K (2sa) 2 (2pa) 1 21:+ (2sa ) 2 (2pn) 1 2rr [(2sa ) 1 (2pa ) 2 2 E +] 

2E + 
r 

21: + MgH KL (3sa) 2 (3pa) 1 (3sa ) 2 (3pn) 1 2rr (3sa ) 2 (4sa ) 1 (c) 

AlH+ 21: + 
r 

2 E +] KL (3sa ) 2 (3pa ) 1 (3s a ) 2 (3p 1r ) 1 2rr [ (3sa ) 1 (3pa ) 2 

21: + 
r 

CaH KLM (4sa ) 2 (3da) 1 (4sa) 2 (3dn) 1 2rr (d) (4sa) 2 (3d o) 1 2/'i (d) sp 
21: + 

r 
21: + SrH KLMN (5s a ) 2 (4da )l (5sa ) 2 (4dn) 1 2rr (5sa ) 2 (5pa ) 1 

sp 
21: + 

r 
BaH KLMN do (6sa ) 2 (5da ) 1 (6sa ) 2 (5dn) 1 2rr (6sa ) 2 (5d o) 1 2/'i (e) 

Sp Sp 
2E + 

r 
21:+ ZnH KLM (4sa ) 2 (4pa) 1 (4sa ) 2 (4pn) 1 2rr (4sa ) 2 (5sa ) 1 (f) 

21: + 
r 

21: + CdH KLMN d(5sa ) 2 (5pa )l (5s a ) 2 (5pn) 1 2rr (5sa) 2 (6s a ) 1 (f) sp 
21:+ 

r 
21: + HgH KLMNO d(6sa ) 2 (6pa ) 1 (6s a ) 2 (6pn) 1 2 II (6sa ) 2 (7s a ) 1 (f) 

sp r 

(a) Obtained from the uni ted atoms . These are also the obs erved conf igurations and terms, except where 

noted. The states in bracke ts have not been obse rved. K, L, M, and N denote closed shells: 

(b) 

M denotes the c losed subshells 3s and 3p of the M shell, and so on. The c losed shells and subshells 
sp 

have not been r epeated for the excited states. (An identical table is given by Herzberg()) but only 

f or the ground and f i rst exci ted states.) 

BeH: ( 2s a ) 2 ( 3pn) 1 2rr has been 

up until the present. ( 4) 

observed by Colin. (S) 

the observed second exci t ed state r ecorded in the literature 

However, the predicted low-lying 2E+ state has recently been 

f ootnotes continued on next page ... 

w 



Footnotes to Table I continued 

(c) MgH: According to Mulliken and Christy( 2) and Mulliken:(l) (3so) 2 (4pTT) 1 2 TI. However, experimentally 

the second excited state, designated B', is a 2E+ term. ( 6) 

(d) CaH: The observed second excited state is a 2 E+ 

this and the first excited state 

A: (4so) 2 (4pn) 1 

B: (4so) 2 (4po) 1 

according 

2n r 
2 + E • 

term, <2),(l),(4) and the electron configurations of 

to Mulliken and Christy( 2) and Mulliken(l) are 

These configurations were derived by a more advanced consideration than that us ed i n obtaining 

the present table: calculations were performed assuming a relation of pure precession and a 

good fit was obtained with L = 1. However, this may have been merely fortuitous. Recent 

calculations by Berg and Klynning(l) have not resulted in theoretical values in agreement wi th 

experimental ones when using a pure precession relation involving L = 1 (or 2). Mulliken and 

Christy mention some evidence for a ... 3dn s~ate. Berg and Klynning suspect a 26 state may b e 

present but have yet to confirm this. However, even if a 26 state is found, the electron 

configurations may not be as predicted in the table: by analogy with BaH, the situation may be 

more complicated (cf. footnote (e); see also the discussion in the text regarding the possib i lity 

of ionic states). 

(e) BaH: Although the observed "B" state is a 2 E+ term, it is now known (based on indirect evidence) 

that there is, indeed, a 26 state (labelled H) having approximately the right energy. (4),(S) 

However, the situation may still not be as predicted by the simple united atom approach. 

(continued) 

footnotes continued on next page ... 
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Footnotes to Table I continued 

(e) (cont.) Veseth ( 9) has shown that the observed A 2n and B 2E+ states are related t o each other in the 

manner of pure precession, with L = 2 (the first such case discovered). This implies that 

{f) 

the outermost electron of these two states must bead - electron and that the configurations 

must be the same for the two states , other than that one has a dn and the other a da outer 

electron . This uses up the configuration predicted in the table for the ground state . Veseth 

invokes a configuration involving an outer 4f electron to account for the ground state . 

In summary, Veseth ' s configurations are 

(6sa) 2 (4fa) 1 X 2E+ 

(6sa) 2 (5do) 1 H 211 

(6sa) 2 (5dn) 1 A 2n 

(6sa) 2 (5da) 1 B 2E+. 

According to Mulliken and Christy( 2) and Mulliken:(!) 

ZnH (4sa) 1 (4pa) 2 2E+ 

CdH (5sa) 1 (5pa) 2 2E+ 

HgH (6sa) 1 {6pa) 2 2E+. 

Bengtsson and Hulthen(lO) also list the same electron configurations as Mulliken and Christy , but 

they put a question mark after each . 

\J1 



states. And, while the M-H bonds are here covalent, 

the A 2 II states of BeH and MgH should be compared with 

the E 2 II states of CaH , SrH, and BaH, rather than with 

the A 2 II states. Klynning and Martin did not discuss ZnH, 

CdH, and HgH. It may be that some of the states of these 

molecules also have a degree of ionic character, though 

(at least for the ground states) less so than the former 

molecules. Knight and Weltner(l 3 ) have shown with ESR 

measurements that the ground states of ZnH, CdH , and HgH 

are more covalent than the Mg, Ca, Sr, and Ba monohydrides, 

with HgH being the most covalent . 

Following convention, the terms are designated 

X, A, B, .. . , where X denotes the ground state and A, B, . .. 

denote excited states of the same multiplicity as the 

ground state, normally in order of increasing energy. 

+ The X 2 E and A 2 II states of ZnH may be related to each 

other approximately in the manner of "pure precession . " 

Van Vleck's(l 4) hypothesis of pure precession refers to 

the situation in which two states (in this case, E and II) 

have the same orbital angular momentum , L, which precesses 

uniformly about the internuclear axis at two different 

angles to that axis. That is, the two states act as if 

they had identical electron configurations except that one 

state has A = O (the Estate) and the ot her has A= 1 

(the II state), where A is the quantum number corresponding 

to the projection of L along the internuclear axis . As 

shown by Mulliken and Christy , ( 2 ) the pure precession 

6 



relation is often a reasonab le approximation for hydrides.t 

The most important effects of int e rac t i on be t ween the 

2 IT and 2 L states are~ - type doubling in the 2 IT state and 

spin - rotation splitting in the 2 L state. 

Potential energy curves derived from elementary 

H~itler - London theory are shown dotted in Fig . 1. However, 

states of the same species will mutually interact in such 

a manner that the potential curves repel each other and so 

avoid crossing. The resulting curves are shown as solid 

curves in the figure. Such figures have been given by 

Herzberg ( 3 ) for the lowest three states of BeH and by 

Balfour and Lindgren ( lS ) for the l owest three states of 

MgH. According to Klynning and Martin, ( l 2 ) the ground -

state Heitler - London curve for MgH correlates with the 

Mg+( 2 S) + H-( 1 S) states of the separated ions, rather than 

with the Mg( 3 P) + H( 2 S) states of the neutral atoms. The 

2 IT and the repulsive 2 L+ states are still as drawn in Fig. 1. 

Klynning and Martin show potential energy curves for CaH 

and BaH, also. The situation in ZnH is probably similar to 

that shown in Fig. 1. Whethe r, in the absence of perturba-

+ + tion by the repulsive 2 L state, the ground 2 L state would 

correlate with the 2 S + 1 S states o f the ions or with the 

3 P + 2 S states of the neutral atoms is not known for ZnH. 

RKR potential energy curves for ZnH will be discussed 

later (section III.D. 4 ; Fig . 24) . 

t However, this may have to be re-studied in the light of the work 

of Klynning and Martin discussed previously. 

7 



u 

·,: 

Cpossibly a small maximum(S?),(SS),(Sl) 

r 

FIGURE 1. Potential curves (schematic) for molecules such as 

BeH, MgH, and ZnH. The dotted curves are those 

determined from elementary Reitler - London theory; 

the solid line curves are the actual curves, which 

allow for the mutual interaction of the states. 

For BaH, the separated atom states should be 3D + 2s, 
rather than 3P + 2s. According to Klynning and 

Martin, (l2) the 2rr and upper 2 t + solid curves are for 

the A and B (or B') states, respectively, of BeH and 

MgH, but for the E and D states of CaH, SrH, and BaH. 

Also, according to Klynning and Martin, the E 2 rr states 

of CaH, SrH, and BaH correlate with the excited l p 

state of the metal, rather than with the 3P state. 

Also, the lower, dotted 2 t + curve and the upper, solid 
2 t + curve should correlate with the ground 2 s + 1s 
states of the ions, at least for MgH and CaH and probably 

for SrH, and with the first excited 2D + 1s states of 

the ions for BaH. 

8 



Rotational perturbat i ons between the close - l ying 

A 2 TI and B 2 E+ states in this series of molecules would be 

e xp e cted , especially in the region where the potential 

curves cross , and have been observed . t It wou l d also be 

+ e xpec ted that interaction with the B 2 E state would 

preve nt t h e hypothesis of a relation of pure p r ecession 

be t wee n the X 2 E+ and A 2 TI states from being completely 

good, t hough as d i scussed later (section I . A.2) such 

i n t eraction i s small . 

( In this s ection , the symbol 11 ZnH 11 has been used in 

t he g eneral sense to denote any isotope of zinc a nd any 

i s otope of hydr ogen. From this point on , ZnH will r efer 

spec i fi c a lly to Zn 1 H, and ZnD wil l be used to indicate Zn 2 H. 

Because of the l arge relative mass difference between the 

1 H and 2 H isotopes, the r e are considerable difference s i n 

t he spec t r a of ZnH and ZnD (though there are defin i te 

re l a t i on s hips between the two , as discussed in section III . E) . 

Sinc e t he splitt i ng of the spectral lines due to different 

i sotopes of zinc i s very small , the symbols ZnH and ZnD 

st il l re fer to any isotope of zinc i n the general discussions . 

However, a l l numerical d a t a refer s pecifically to the 

t See e.g. ref. (16) for perturbations in Zn 1H. Note that the A 2rr 
state (not the E 2rr state) is being referred to here, even in CaH, SrH, 

and BaH, since it was for this state ( together .wi t h t he ground state) 

that Mulliken and Christy (Z) proposed the relation of pure precession 

(though as noted in Table I, any experimental agreement with this 

relation may be coincidental in CaH, SrH, and BaH) . 

9 



64 Zn isotope, since this has the greatest natural abundance 

and the measurements were made on the corresponding most 

intense 64 ZnH or 64 ZnD spect ra l lines. ) 

I.A.l. Rotational energy expressions for the 2 L+ statest 

The 2 L states belong to Hund 's coupling case (b) , 1 

and the rotational term values are g i ve n b y the 

expressions( 2 ),( 3 ) 

* = B N(N+l) 
V 

... (la) 

... (lb) 

The subscripts 1 and 2 distinguish the components having 

J = N + 1/2 (F 1 ) and J = N - 1/ 2 (F~). In the e,f 

nomenclature for labelling parity doublets, as recommended 

by Brown et al., (l 7) the F
1 

levels are e levels and the 

F
2 

levels are f levels. The subscript v 's denote the v th 

vibrational level. The rotational Bv constant is starred 

to indicate that it differs from the constant as usually 

t -1 All "energies" in this thesis are expressed in units of cm These 

"energies," F, are related to the proper energies, E, as follows: 

E 
F = he ' 

f Hund's coupling cases (a) - (e) and various subclasses describe the 

various ways in which the electronic and rotational angular 

momenta can couple together. Descriptions of the coupling cases can 

be found in any standard reference work on diatomic spectroscopy, 

such as references (1), (3), (18), and (19). 

10 
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defined, as follows: 

* 
Bv = Bv - C3 .. . ( 2) 

This difference , and the O term in equation ( 1) arise from 

interaction with 2 IT states, as shown by Van Vleck . ( l 4) 

Mulliken and Chr isty ( 2 ) give expressions for c
3 

and 0 . 

The D term represents centrifugal distortion. Higher 
V 

order centrifugal distortion terms have been neglected. 

y is the spin - rotation coupling constant . 
V 

I.A . 2. Rotational energy expressions for the 2 IT state 

2 IT states can belong to Hund's coupling case (a), to 

case (b), or, most commonly, to an intermediate situation 

between these limiting cases, often approaching case (a) 

for small rotation and gradually undergoing a transition to 

case (b) with increasing rotation. The general formulas 

for the rotational terms for the intermediate situation 

( i . e. allowing for any degree of spin uncoupling), 

including the limiting cases (a) and (b) , are, for a 

2 IT state( 3 ) t 

t 

Fl(J) B [ (J + l) 2 - 1 
1 - D [J2 (J + 1) 2 1 + 13] = - - x ] - -J (J + 1) 

V 2 2 V V 2 16 

. . . (3a) 

F2(J) = B [ (J + l) 2 1 - D [J2(J + 1)2 1 + 1) 13 - 1 + -x ] - -J(J + 16] ' V 2 2 V V 2 

... (3b) 

For simplifications to these formulas in the limiting cases (a) and 

(b), see Herzberg , (3) p . 233, and also equation (50) later in this 

thesis. 



where 

X = /y (Y - 4) + 4(J + 1:.) 21 
(the positive square root) 

V V V 2 

A 
y =-..:!.. 

v B 
V 

.•. ( 4) 

... (5) 

The first term is the well - known Hill and Van Vleck( 20) 

formula. The second term accounts for the centrifugal 

distortion. As shown by Almy and Horsfall , ( 2l) in the 

intermediate situation, the dependence on D is more 
V 

complicated than the usual - D J 2 ( J +l ) 2 ( case ( a) ) or 
V 

-D N2 (N+l) 2 (case (b ) ) . A yet much more complicated 
V 

expression for the centrifugal distortion given more 

recently by Veseth ( 2 2 ) has not been employed here. Terms 

involving Yv (the same as in equati6ns (la) and (lb) 

or the more advanced formulas derived by Kovacs( 23 ) and 

by Veseth( 22 )) have been omitted, since they are mainly 

of importance for near case ( b) situations ( very small 

Av or very large J (N )) . Av is the spin - orbit coupling 

constant. The 2 IT state is defined as a regular or inverted 

doublet depending on whether A is positive or negative . 

(The A 2 IT states of all the hydrides in Table I , including 

ZnH and ZnD, are regular doublets --indicated by the 

subscript r on the term symbols. ) 

The ratio A / B ( =Y ) is an indicator o f the clo seness 
V V V 

to case (a ) or case ( b ) . The larger IY I is, the closer 
V 

the vibronic state is to case (a) . ( Case (a) is character -

ized by large spin - orbit c oupling . ) Case ( b ) is 

12 



approximated when IY I V 
is small , and pure case (b) pertains 

when Yv = O or +4 ( the particular values whi ch make the 

Y (Y - 4) term in the expression f or X disappear). 
V V V 

In regular case (a ) , the energy levels , F1 and F2 , 

correspond to the substates t hat are called 2 rr 11 2 and 

2 rr 312 , respective l y , where the subscripts 1/ 2 a nd 3/2 give 

the value of A + t. Actually , each substat e is a mixture 

of 2 rr 112 and 2 rr 312 , but as IYvl increases, the amount of 

mixing decreases and the pure substates are approached . ( 24 ) 

13 

In ZnH and ZnD, Yv is large , so the substates will be 

referred to in thi s the sis as if they were the pure substates. 

The Hill and Van Vleck f ormula does not allow for 

any uncoupling of the orbital angular momentum, L, from the 

internuclear axis. Thi s L - uncoupiing ( incipient 

formation of Hund 's case (d ) due to interaction with 2 t 

(or 2
~ ) stat e s ) is important and cannot be neglected ; 

it results in A - type doubling . To account for this, 

additional terms have to be added , as given by the 

Mulliken and Christy( 2 ) formula (which is based on the 

work of Van Vleck(l 4) ) : 

- zi [(2 - Yv)(o + ½p* + q*) + (p* + 2q*)(J - ½)(J + ¾)] 
V 

- D [J2(J + 1)2 _ l2J(J + 1) + 1136] + ... 
V 

• •. (6a) 



= B [ (J + .!_) 2 
V 2 

- D [J2 (J + 1)2 _ .!_2J(J + 1) + 1136] + ... , 
V 

... (6b) 

where the spin - rotation coupling terms have again been 

omitted, and the centrifugal distortion term of Almy and 

Horsfall has been added to the formula of Mulliken and 

Christy. The term preceded by the± or+ sign represents 

the A - type doubling , which is symmetrical about a mean 

position. This mean position itself differs from the pure 

Hill and Van Vleck energy , as reflected by the remaining 

terms. These latter terms , involving o , p*, and q*, arise 

from interaction with 2 L states and are in addition to the 

A - doubling term (which also arises from interaction with 

the 2 L states). The upper sign of± or+ refers to F 
e 

levels and the lower sign to Ff levels, where the A - type 

doublet levels have been labelled according to the 

recommendations of Brown et al. (l7 )-r The quantities o, p, 

t The carrespondence between the e,f nomenclature and the former c,d 

nomenclature of Mulliken(l) for a regular 2 rr state is as follows:(ll) 

F1 : e = d 

f = C 

F
2

: e = c 

f = d. 

14 



q , p*, a nd q* a r e small parameters which are def i ned in 

the paper by Mulliken and Christy . The method by which 

p and q are evaluated will be discussed later (sect i on 

I II. B. 5) . In the absence of 2 r - states , p* = p and q* = q . t 

An ap pr oximate value fo r o can be obtained from the 

e xpression given by Veset h: ( 22 ) 

y 
V 

0 = 8 p*. 

The de rivation of equat i on (6) involved an 

app roxima tion wh ich is good only if !Al << lvrr , rl , 

where vrr, r i s the energy separat i on ( i n cm- 1 ) o f t he 2 IT 

s tate and an inte r acting 2 r state .I Dousmanis , Sanders 

and Townes ( 25 ) have extended equa tion (6) to include 

t he ne xt higher or der ( s econd order } . Their equa tion , 

r ather t han equation (6) , should be employed if !Al 

is not<< lv rr , r l. For the A 2 IT and X 2 r + states of ZnH 

... (7) 

t p* = p + 2a
2 

and q* = q + 2C
2

, where a 2 and c2 involve summations of 

, matrix elements over 2E- states. (Complete expressions are given by 

Mulliken and Christy. ( 2)) In the absence of 2 E- states, these 

summations will equal zero. MgH i s the only one of the series of 

hydrides in Table I known to have a 2E- state and it is at much higher 

energy than the 2 rr state, so any interaction would probably be small. 

f Unlike the Vo values defined later in this thesis, the v IT L values 

b b · db · 1 · · f the v th lev,el of are to e o taine y vertica proJection rom 

the 2rr state to the point of intersection with the potential energy 

curve of t he 2 E state, as described by Mulliken and Christy . <2) 

The sign of vrr E is positive when the 2rr state is above the 2E state , 
and negat i ve f or the reverse situation. 
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and ZnD, vTI E lies in the range 22 000 - 23 000 
' 

-1 cm 

and A is ~340 cm- 1 , so the approximation in equation ( 6) 

should be good for interaction between these states. 

In fact, Dufayard and Nedelec ( 26 ) have calculated the 

ratio of the second order terms of Dousmanis et al. to 

the first order terms (equat i on (6)) and found this ratio 

to be only 0 . 8% and 1.1% for the v' = O levels of the 2 n112 
substates of ZnH and ZnD , respectively, and 2.6% and 2.8% , 

again respectively, for the 2 n312 ( v ' = 0) substates. The 

second order terms of Dousmanis et al. have been neglected 

in the present work. 

The B 2 E+ state of ZnH is of very similar energy to the 

A 2 TI state and presumably is also in ZnD (though not yet 

observed), so !Al is not<< lvn,rl• ·However , the B state is 

believed not to interact with the A state as much as the 

X state does. If Mulliken and Christy( 2 ) are correct, the 

relation between the X and A states is approximately that 

of pure precession and the interaction should be strong, 

whereas no such relation exists between the A and B states. 

The interaction may also be small for pseudo Franck -

Condon reasons--the respective potential curves have 

very different r values. From rotational perturbations 
e 

and Franck - Condon factors, Dufayard and Nedelec( 26 ) have 

calculated that the effect of the B state on the A - doubling 

of the A 2 IT v = 0 level of ZnH is about a thousand times 

smaller than the observed A - doubling. While it may be 

somewhat larger for the other vibrational levels, the effect 
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+ of the B 2 E state was neglected in the present work. 

Equation ( 6 ) does not take int o account interaction of 

the 2 TI state with 2 6 states. Further terms would have to 

be added if such interaction occurred. However, no 2 6 states 

are known in ZnH. If any do exis t , it is assumed that the 

interaction is negligible. 

I.A.3. Experimental constants as Dunham series coefficients 

The experimentally - determined constants that have been 

called w, B , a , etc . in this thesis ( following convention e e e 

and for convenience ) , apart from sign correspond to the 

coefficients Ylm o f the Dunham ( 2 7 ) double power series for 

the terms of the vibrating rotator: 

. .. (8a) 

or . .. (8b) 

Note, however, that for the 2 TI state, intermediate between 

cases (a) and (b), while the vibrational terms follow the 

Dunham formula, the rotational terms are not exactly of this 

form . 

The relationship between the Y's and the usual 

spectroscopic notation is as follows: 

YOl 

Y02 

= B 
e 

= - D 

= H 
e 

ylO = w 
e 

yll = a 
e 

yl2 = -13 e 

y20 = -W X y30 = weye y40 = e e 

y21 = ye 

e 

w z 
e e 

.. . (9) 

These relationships have been assumed to be exact equalities, 
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and as a consequence , the usual formulas for these constants 

(e . g . B 
e 

Dunham. 

= 
h ---) are only approximate , as shown by 

B 2 
e The approximations involve neglect of terms in 

w 2 
e 

which are largest for light molecules such as H2 and the 

lighter hydrides. Further comments on this approximation 

will be made later ( section III. D) . 

I.A.4. Branches and intensities in a 2 IT - 2 E+ band 

18 

As a result of the selection rules 

b.J = o, ±1 

and + ++ + +/+ +, - +/+ -

... (10) 

... (11) 

there are twelve possible branches in a 2 IT - 2 E band: 

Q P ·O S R Q 
Rl, Ql, Pl, R2, Q2 , P2, Rl2' Ql2' pl2' R21' Q21' a nd P21· 

The transitions to which these branches correspond are 

shown in the energy level diagram in Fig. 2, in which the 

2 IT state is drawn for a situation intermediate between cases 

(a) and (b), but closer to ( a ) than to (b) . Unless the 

state belongs to case (b) , the branches are arranged in two 

sub-bands, as can be seen from the figure. Each sub-band 

consists of three main branches (R1 , Q1 , P1 or R2 , Q2 , P2 ) , 

in which 6J = 6N, and three satellite branches, in which 

6J ~ 6N. When 6J ~ 6N, the 6N values are denoted by the 

superscripts s, R, Q, P, or o, which stand for 

6N = N' - N" = +2, +l, 0, -1, or - 2 , respectively. In pure 

case (a) , these superscripts are omitted . 

Intensity factors (which when multiplied by a Boltzmann 
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FIGURE 2. Energy level di agram for t he first lines of a 2 rr - 2 E+ 
r 

band. The 2 rr state is drawn for a situation intermediate 

between Hund's coupling cases (a) and (b ), but closer to 

(a) than to (b ) . In zn1H and zn2H, the spin - orbit 

splitting in t he upper state is considerably larger than 

shown, while the spin - rotation splitting in the lower 

state and the A - doublet splitting in the upper state 

are smaller than shown. The main branches ( ~J = ~N) 

are drawn as soli d lines, while the satellite branches 

(~JI ~N) are dashed (~N = 0, ±1) or dotted (~N = ±2) . 

[Modified from ref. (3).) 
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factor and by a constant yield the intensities of the 

spectral lines) have been determined by Mulliken( 2B) for 

when the 2 IT state is pure case (b) . Hill and Van Vleck( 20) 

obtained formulas for the int ermediate case (a - b ) situation 

in terms of the parameter Yv , and Ear1s< 29 ) reduced these 

to a comparatively simple form . No matter what stage the 

2 IT state represents in the range between pure case (a) and 

pure case (b) , the six main branches are strong, with the 

Q1 and Q
2 

branches being roughly as strong as each other 

and approximately twice as intense as the other four . In 

pure case (a), the satellite branches are also intense; 

in each sub - band, the t wo Q branches are about equally 

strong and roughly twice as intense as the two P and two R 

branches, which are also about equaily strong as one another . 

In pure case (b) , the two satellite branches 0 P12 and 5R21 

are absent altogether because of the additional selection 

rule 6N = O, ±1, which applies since the X 2 E state also 

belongs to case (b). The other four satellite branches 

20 

are allowed, but decrease in intensity rapidly as N increases . 

For intermediate case (a-b) situations, the intensities of 

the satellite branches depend on the value of Yv ( = Av/Bv), 

that is, on how close to case ( a ) or to case ( b) the state is . 

In the present study, the intensities of the lines 

were not studied explicitly . But the above qualitative 

description( 30) was of use in identify ing the branches. 



I.B. Historical Survey 

The spect rum of ZnH was first mea s ured by Howson in 

1912, ( 3l ) then by Hagenbach and Schumacher in 1919 . ( 32 ) 

During the early 1920's, Hulthen( 33 ) , ( 34 ) again observed 

molecular lines (due to ZnH) in the spectrum of atomic zinc 

and measured and classified them into two bands. The 

spectrum observed b y these early i nve stigators was ac tua lly 

first identi fied as being due to the zinc hydride molecule 

by Kratzer in 1923 ( 35 ) and is now known to be the 0- 0 band 

of the A 2 TI - X 2 E+ system. This system was further 

discussed by Mulliken ( 36 ) in the late 1920's. Volkringer 

again observed ZnH lines as an impurity in the spectrum of 

atomic zinc in 1929. ( 37 ) The B 2 t+ - X 2 E+ system was 

first reported by Hulthen, ( 3B) who ipparently obser ved the 

4-0 band. Fukuda ( 1931)( 39 ) rephotographed the spectrum and 

extended the analysis to include the 0-1 and 1-0 bands of 

the A 2 IT - X 2 t+ system in addition to t he 0- 0 band. He 

also observed and analy zed the 4- 0 , 4-1, 6- 0 , 6-1, and 8- 0 

bands of the B - 2 E+ - X 2 t + system. However , many of his 

line measurements were inaccurate and in some cases his 

vibrational and rotational numberings were wrong. (l 6 ) 

During t he time period referred to in the previous 

paragraph, the understanding of quantum mechanics , and 

consequently its application to spectroscopy, was improving 

and the nomenclature of spec tro sc opy was undergoing changes . 

ZnH was one of the molecules particularly instructive in the 

development of the theory of the spectra of d iatomic 
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molecules ( see e.g . Mulliken(3 6 ),( 40),( 2 )). 

The work on ZnH culminated in the studies of 

Stenvinkel ( l 6 ) ,( 4l),( 42 ) and o f Fujioka and Tanaka, ( 43 ) 

both published at about the same time (1936 - 37 ) . The 

most extensive work on ZnH was performed by Stenvinkel and 

published as his doctoral dissertation in 1936. (l 6 ) He 

improved upon the analy sis of Fukuda and analyzed many new 

bands. He employed the new nomenclature essentially as it 

is used today . Fujioka and Tanaka analyzed only the 

0-0 band of the A 2 IT - X 2 L+ system. Their analysis was in 

good agreement with that of Stenvinkel . They also 

+ 
photographed and analyzed the A 2 IT - X 2 L 0- 0 band of ZnD 

for the first time. 

No further work was done on the molecule (other than 

in certain specialized studies referred to in the following 

paragraph) until 1962, when Khan reported( 44 ) a new 

+ + system for both ZnH and ZnD, the C 2 L - X 2 L system, 

observed in absorption. ( The previous studies were in 

emission.) Rafi and Khan also rephotographed the A 2 IT - X 2 L+ 

0-0 band in emission and purportedly extended the analysis 

to higher J values in an error - ridden paper published 

in 1976. c45 ) 

In addition to the foregoing general studies, ZnH has 

been the object of several relatively specialized studies. 

The Zeeman effect in ZnH (first reported on by Hulthen( 34 )) 

was studied by Watson and Perkins( 46 ) and by Watson . ( 47 ) 

Bender( 4S) observed the spectrum as a result of an optical 



resonance phenomenon . Mr ozowski ( 49 ) observed a nuclear 

isotope shift of the lines in the A 2 IT - X 2 E+ 0- 0 band . 

Knight and Weltner(l 3 ) trapped ZnH molecules in a matrix of 

+ 
solid argon and mea sured the ESR spectrum of the gr ound 2 E 

state. ZnH has been obs erved with strong intensity in flame 

emission studies of Zn(CH
3

) 2 or Zn(C
2

H
5

) 2 by Egerton and 

Rudrakanchana(SO ) and by Lee and Zare . ( Sl) Dufayard and 

Nedelec( 26 ) selectively excited each A 2 IT , v' = 0 rotational 

level of ZnH and ZnD by means of a pulsed dye laser, then 

studied the lifetimes, A - doubling, and hyperfine structure . 

ZnH has been used as an example in a number of ' 

theoretical studi e s: A - doubling (Mull iken and Christy( 2 )) , 

potential energy functions (Hu lbert and Hirschfelder;( 52 ) 

Lippincott, Steele, and Caldwell;c 53 ) Wojtczak;( 54 ) and 

Mirajkar(SS) ) , bond lengths ( Politzer( 56 )), spin - orb it 

coupling (I shiguro and Kobori ( 57 ) and Ves et h( 22 )) , 

bond - charge model for vibrating diatomic molecules 

(S imons and Parr(SS)) , effect of centrifugal distortion on 

A - doubling and spin - spli tt ing (Ve seth ( 59 )) , and mean 

amplitudes of vibration and molecular polarizabilities 

(Pandey et a l. ( 60)) . 

Spectroscopic studies of ZnH are also of possible 

significance to astronomy. Stenvinkel, Svensson, and 

Olsson( 42 ) compared their laboratory - determined wavelengths 

for the lines of the six most intense branches of the 

+ A 2 n - X 2 E 0- 0 band with the nearest co i nciding line s in 

a table of solar spectrum lines ( 6l) and could come to no 
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definite conclusion as to whether ZnH existed in the sun . 

Recently (1976) , Wojslaw and Peery( 62 ) claim to have 

identified some of the branches of the A 2 rr
112 

- X 2 I+ 0- 0 

and 1-0 bands of ZnH in the spectrum of 19 Piscium 

(NO; C7 , 3). 

I.B . l. Present work 

As preliminary work in the current project, the 

emission spectrum of ZnH was again photographed in the 

370 - 520 nm region . The following bands of the A 2 IT + X 2 I+ 

system were measured: 0- 0 , 0- 1, 1 - 0 , 1- 1 , 1 - 2, 2-1, 2- 2 , 

and 2- 3. The wavelengths agree with those of 

Stenvinkel (l 6 ),( 42 ) to 0.006 b tt ad f th nm or e er, n , or e 

0-0 band , to within 0 . 002 nm with those of Fujioka and 

Tanaka. c43 ) Agreement with the measurements of Fukuda( 39 ) 

was much poorer (often differences of 0 . 06 nm), presumably 
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due to the low resolution of his spectrograph . In addition, 

his rotational assignments are not all correct . Stenvinkel(l6) 

also pointed out these problems with Fukuda's work. The 

B 2 I+ + X 2 r+ system of ZnH is considerably weaker in 

+ intensity than the A 2 rr + X 2 E system. The 0-4 and 0- 5 

bands of the B 2 I+ + X 2 I+ system were partially analyzed, 

but not measured. A number of other , weaker bands are 

present but have not been analyzed or measured . 

It was initially hoped to extend the analysis of some 

of the branches of ZnH to higher rotational values than 

attained by previous workers . However, the intensities of 



the spectra were not sufficient t o allow f or this. To 

obtain greater intensities, e xp o sure t imes o f impractical 

length would have been requi r ed, and this was not pursued 

further. 

Instead, the present pro j ec t was devoted primarily to 

a study of ZnD. Stenvinkel did not study ZnD. The only 

experimental studies o f the A 2 IT - X 2 E+ system have been 

of the 0-0 band (Fujioka and Tanaka ( 43 ) and Dufayard and 

Nedelec( 26 )). Dufayard and Nedelec employed the 0- 1 band 

in their study but only rep orted data on the v' = 0 level. 

The other bands of this system were not analyzed prior to 

the present work , and hence no values have previously been 

reported for the equilibrium rotational constants (B , a , e e 

De, Be, etc.) nor equilibrium vibrational constants ( we, 

wexe, etc.) of either the X 2 E+ or A 2 IT states, nor for the 

electronic term , Te, of the A 2 IT state . Precise estimates 

of these ZnD parame t ers should provide valuable data with 

which to test further important theoretical relationships. 

+ + The B 2 E - X 2 E system of ZnD has never been reported, 

a statement which still holds since if bands of this system 

were present in the spectral regions studied in this thesis , 

they were amongst the weaker bands not yet analyzed. 

Other (possibly stronger) B - X bands may occur at shorter 

wavelengths. 
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CHAPTER II 

EXPERIMENTAL METHODS 

The spectra of ZnH and ZnD have been observed in 

emission in the present work using the gas discharge cell 

designed at the University of Victoria by Cartwright ( 63 ) 

(Figs . 3 and 4) . The tips of both electrodes were made of 

zinc (99.995% pure ) . 

At first, a DC power supply was tried which provided 

voltage variable between O and 120 V and current O - 15 A. 

A ballast resistance was placed in series with the cell . 

It was found necessary to c ool the ballast resistor (air -

cooled by means of a fan). Various source voltages , 

ballast resistances (0 - 150 0), electrode shapes (Fig. 5), 

and gaps between the electrodes were tried . Most success 

was obtained with electrodes shaped as in Fig . 5d, with a 

source voltage of 120 Vanda ballast resistance of 150 n. 

The arc or discharge would not strike spontaneously . 

At first a Tesla coilt was used. Later , the arc was struck 

by touching the electrodes together then pulling them apart. 

Once the arc was struck, the width of the electrode gap 

appeared to make no difference to the running of the arc, 

over the range <0.5 mm - 15 mm. 

Gas was allowed to flush continuously through the 

t Edwards High - frequency Tester. 
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FIGURE 4 E . . 11 . . 1 · ( 63 ) A . mission ce in vertica cross section. : gas inlet. 

B: gas outlet. C: water inlet. D: water outlet. E: 

main viewing window. F: subsidiary viewing window. G: 

Teflon square - section O - ring. H: screw - on O - ring 

to lock Teflon ring. I: electrode clamp. J: lock nut. 

K: electrode adjusting screw. L: electrode electrical 

connector. M: water inlet pipe. N: exchangeable 

electrode tip. 0: rubber O - ring. P: Teflon collar . 

.Q_: Teflon screw. 
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FIGURE 5. The electrode configurations tried with the DC power source. 

Various other irregular shapes were tried as a result of 

the electrodes melting. The polarities were also reversed 

relative to those shown. 
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cell to avoid buildup of impurities and coating of the 

cell windows . At first an atmosphere of Linde o2 - free 

argon was used . It was found that the spectrum of ZnH was 

obtained without adding any hydrogen! The hydrogen 

presumably came from H2o present in the Ar or a hydrogen 

source occluded in the zinc electrodes . Subsequently 

Linde Prepurified Ar ( <5 ppm H20) was employed, but the 

spectrum of ZnH was still obtained . Passing the Ar through 

a liquid nitrogen - cooled trapt made no noticeable 

difference. Two molecular sieve traps (5 A, 8 - 12 mesh; 

3 A, 14 - 30 mesh ) , through which the Ar was passed, did 

reduce the intensity of the spectrum but not completely 

eliminate it. 

Generally pressures of <100 mm Hg were used . With 

increasing pressure the arc ran more steadily, but collision 

broadening of the spectral lines became noticeable, with 

consequent loss of isotopic structure. 

A major problem with the power supply first used was 

that if any hydrogen1 were added, even small amounts ( unless 

the total pressures were high (approaching 1 atm . )) , the arc 

would be immediately quenched . Hence , the spectra of ZnH 

were obtained with no added H
2

, using the hydrogen from the 

t - 1 m long, spiralled, 6 mm inside diameter. 

f Linde o
2 

- free grade. 
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impurities . The deuteride was succes s fully obtained 

by passing the Ar through a cell containing D
2
o (Fig. 6) ; 

however, it was very difficult to maintain the arc 

running steadily . 

A transformert passed through a diode , providing up 

to 3200 V DC , was next tried as the power source . 

Unfortunately , the current had to be limited with a 

100 kn resistor. Due to the low current d e nsity , no arc 

was obtained--just a g low discharge with , at most , some 

sparking . (An atmosphere of He was also tried , with no 

more success than with Ar.) 

Finally , a large high - vol t a g e power supply (Fig. 7) 

was obtaine d , which provided a supply voltag e of up to 

2000 V, with a current of up to 0.75 A, AC . A larg e ballast 

resistance (186 n cold resistance) 1 was connected in 

series with the lamp. This provided a steady arc or 

discharge, which was struck spontaneously upon turning up 

the voltage. The arc could be run with any concentration 

of H2 in Ar , or even with pure H
2

. After a gain trying most 

of the electrode shapes in Fig . 5, the best configuration 

was found to be that shown in Fig . 8 . The spectrum of 

ZnD could now be obtained by using D2 gas , rather than D2o. 

The majority of the spectra have been taken with an 

Ar pressure of about 200 mm Hg . A pressure of 10 - 20 mm Hg 

t Primary 90 V, secondary 6400 V. 

j Twenty 100 W light bulbs connected in series. 
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FIGURE 6. Apparatus used to obtain ZnD when using the original (DC) 

power supply. 
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size of gap 

~not important 

D 12. 5 mm 

FIGURE 8. The best electrode configuration found with the high 

voltage power supply. 
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of H
2 

or D
2 

was added every approximately three minutes , 

then allowed to be pumped out . This resulted in greater 

s pectral intensity than either letting the H2 bleed in 

continuou sly or not adding any H2 and relying on the 

impurities as the source of hydrogen . 
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Atomi c z i nc lines a r e , of course , p r esent in the spectra . 

Also , some impurities have , at times , been observed , 

including atomic Fe , Cr I , Al I , and molecular N; (first 

negative system , B 2 E+ - X 2 r + at 427.8 nm (0 - 1 band ) and u g 

470 . 9 nm (0 - 2)) , N2 (second positive system, C 3 Tiu - B 3 Tig 

at 357 . 7 nm (0 -1 ) and 380 . 5 nm (0 - 2)) , CN (B 2 E - X 2 E 

0- 0 band at 388 . 3 nm) , OH (A 2 r + - X 2 TI 0- 0 band at 306 . 4 nm) , 

and AlO (B 2 E+ - X 2 r + 1 - 0 band at 464.8 nm , 2- 1 band at 

467 . 2 nm , 3- 2 band at 469 . 4 nm , 0- 0 ·band at 484 . 2 nm , and 

1- 1 band at 486 . 6 nm) . + The N2 and N2 could be eliminated 

by f i x ing leaks i n the vacuum system . I nterfe r ence by the 

spectrum of CN below 388 . 3 nm was more of a problem . One 

spectrum in this region was obtained that did not show any 

CN , but all others, previous and subsequent , did . One 

other problem is that sometimes ZnH bands were pre s ent in 

the spectra of ZnD, the hydrogen having come from a n 

impurity(ies) , as mentioned before . However , ZnH - free 

spect r a of ZnD have been obtained . 

The spectra have been recorded on a Jarrell - Ash 

70 - 000 series , 3 . 4 meter Ebert Spectrograph , with slit 

wi dths of 20 - 30 µmin the 2nd order of an 1180 g/mm 

grat i ng , reciprocal dispersion 0 . 11 nm/mm , with order -



sorting by means of Corning g lass filters ; and , at higher 

resolution, in the 13 th order of a 300 g/mm grating , 

reciprocal dispersion 0.31 nm/mm, with order - sorting 

by means of narrow band - pass interference filters . The 

spectr~ were photogra~hed on Ilford HP5 film, with exposure 

times of 15 minutes to 13 hours. The films were developed 

for four minutes at 17°C in Kodak Dl9 developer , fixed in 

a general purpose hardening fixer , and rinsed for 20 - 30 

minutes in running water. 

Calibration was with a neon - filled iron hollow 

cathode lamp and the wavelength tab le of Crosswhite . <64 ) 

The spectra have been measured on a Grants Instruments Co. 

oscilloscope - setting comparator . The standard deviation 

in the 1722 line frequencies (wa venumbers) used to 

calculate the· term values of ZnD is ±0.104 cm- 1 . The 

absolute frequencies of most of the lines are estimated to 

-1 be accurate to better than ±0.1 cm ; a few lines are of 

lower accuracy due to blending of lines or random errors. 

The 284 lines of the A 2 IT - X 2 L+ 0-0 band of ZnD have a 

standard deviat ion of ±0.070 cm- 1 . 
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CHAPTER III 

ANALYSIS OF THE A 2 TI ➔ X 2 E+ SYSTEM OF ZnD 

III.A . Ove rview of the Spectrum 

The emission spectrum of ZnD has been photographed in 

the wavelength region 346 - 505 nm . The follow ing violet -

degraded bands of the A 2 TI + X 2 E+ system have been measured 

and analyzed: 0- 0, 0-1, 0- 2, 1-0 , 1-1, 1-2, 1-3, 2- 1, 2- 2, 

and 2- 3 . The 0-3 band is present but too faint to analyze . 

A CN impurity band occurs in the region where the 2- 0 band 

1 would be if present. There is what appears to be a violet -

degraded head at 387 . 429 nm, which may or may not be the 

2- 0 A 2 n112 - X 2 E+ sub - band predicted to be at 387.435 nm , 

but there is no obvious head at the ~redicted position for 

the A 2 n
312 

- X 2 E+ sub - band (382 . 622 nm) . The 3- 2 band 

is present, and the 2- 4 band is believed to be also , as is 

possibly the 3- 3 band, but these have not yet been fully 

investigated . Bands of the B 2 E+ + X 2 E+ system have not 

been identified , but it is possible that some of the as yet 

unidentified lines belong to this system. 

A graphical version of a Deslandres table was found 

useful during the analysis for keeping track of the bands 

and predicting the positions of other bands (see Fig. 9) . 

The spectrum of ZnD is reproduced in Fig . 10. An 

enlarged, higher - resolution view of part of the 0- 0 band 

is presented in Fig . 11 . The structure of a typical 

band in the A 2 TI - X 2 E+ system can be seen from the 
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FIGURE 9. Graphical presentation of a Deslandres table. The 

positions of the 2rr
112 

- 2r+ PQ
12 

(I\..) and 2rr
312 

- 2r+ 
Q2 (~) heads of ZnD are shown. The positions of 

other bands can be predicted by extrapolation or 

interpolation. Note that if all the bands are 

projected onto the v' = 0 line, the spectrum is 

obtained-the graph is just a blow - up of the 

spectrum. 
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A 

B 

C 

D 

2-1 1-0 

FIGURE 10. The emission spectrum of ZnD, recorded on llford HPS film in the 2nd 

order of an 1180 g/ mm grating. Fe/ Ne reference line positions (air 

wavelengths) in nm, with orders in parentheses. Because of the different 

slit widths and exposure times, the intensities of the different 

cannot be compared. Molecular spectrum in 2nd order. 
"'-.l-2n 2 , +P h d 2 2 + \J - 1/2 - L Q12 ea ; '\.J = TT3/2 - i::: Q2 

Slit width Exposure time 

A,B 20 ,.u.m 5 h, 25 m 

C 20;<m 3 h 

D 30 j('" 11 h, 45 m 

regions 

head. 
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rotational analysis below the spectrum in Fig . 11 and 

from the Fortrat diagram in Fig . 12 . 

The spectral lines were identified ( assigned to 

branche s and J values determined ) using the usual methods 

described by Herzberg . ( 3 ) Considerable use was made of 

combination differences , both to check the analys is 

(by the constancy of the combination differences calculated 

from different lines or different bands) and to predict 

positions of lines not yet identified . The term value 

program (see below) calculated the differences between the 

calculated line positions (obtained from the term values) 

and the observed line po s itions , and these differences 

were useful for checking the line positions. This 

program was also useful for predicting the positions of 

new lines (provided the corresponding term va lues were 

already known from previously identified lines) . 

The analysis of the 0- 0 band was , in general , in 

good agr eement with that of Fujioka and Tanaka . c43 ) The 

individual line positions were mostly within ±0 . 5 cm- l 

of those of Fujioka and Tanaka. However , a number of the 

lines with low J values have been reassigned . 

The line positions are listed in Table II . 

Term values were calculated using a computer program 

based on the least - squares method described by Aslund . ( 65 ) 

A consequence of the parity selection rule (equation (11)) 

is that two interleaving , but non - interconnecting, sets 

of term values a r e obtained . Since they are not connected 
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TABLE II. (Following pages). Line positions (in cm-
1

) of the A 2n - X 2 E+ 

. 64 
system of ZnD. 
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:1- •0J -~ 
rJ ..., f:!' ~ n 
·,J "'lJ \I .. , ""J .,...,..,.,., 
.. , , ""J N ... J "'J 

.:) ;JI ,;"\ 0 
~ !"'--. ,-,., ::, C 

~.; "\J ",J ...., j .,..., ..,.,., 
'J "'J #'\J .. J '"'J ""'J 

... .., 
...., .J "j ~ ... -

N.., ~iC ' 7' -, .. .., -, -, ..., ~ 

~ . .,""'I~ .., .., .., 
.. J ,., .. ., N "'.I "'J .., J 

~ - ,.. ~ ., -, ., . ., 
.., ':""') .. .. , 
N ..,. ,.J rJ 

...,,--, '1"'rl"I ...._,;;,::-,,::: "' • I") 

- .. ., ._, C • J :'l..t '"'J '."-' :'\J :.., r" -, 1 ""'\ ""l 

45 

Q) 
Q) 

"'C 
t'O ,.c:: 
() 

ti) 

~ 
0 

-N -("') -~ 
"n 

P< 
Q) 

,.c:: 
.u 
a) ..... 
a) ..... 

,.c:: 
~ 

Q) 

.u 
0 z 



TABLE II (cont.): 0-1 band. 

N 

0 • C, 

1. 0 
2 . o 
3 . 0 
4 . U 

s . o 
6 . 0 
7.0 
8 . 0 
9 . 0 

1 0 . 0 
l 1 • 0 
1 2 . 0 
1 3 . 0 
14. 0 
1 5 . 1) 
1 6 .0 
17.0 
l b . 0 
1 9 . 0 
20 . 0 
2 1 • 0 
22 . 0 
23 .0 
2 4 . 0 
25 . 0 
2b .O 
2 1.0 
2e . o 
29 . 0 
30 . 0 
31 • 0 

32. 0 

33 . 0 

34 . 0 

Rl 

22 1 5 7. uO 

22 17 0 . 0 9 
22 1 3 3 . t,.J 
2 2 1 98 .• l ~ 

222 13. 59 
2222Y . t, 7 

222 46. ')6 

2226 5 . 11 

222a4 . 0J 
22 3 O.J. (j 

2232 4.t,O 
22 34 6 • .:u 
223ob . 1 2 
22392 . 0 6 
22 41 6 . 2!.> 
22 441 • 47 
.22 4 6 7. :.:.6 
22 4 ':J4 . u7 

22522 . 45 
2255 1 • .:'.4 
2258 0 . <J l 
226 11. 4'.;I 
2204 3 . oo 
226 7 5 . u3 

Ql 
22 134 . 5 7 
22 1 39 .1 4 
22 144. 68 
22 1 5 1.1 3 
2.2 1 58 . 4 2 

22 l bh . 6 7 
22 1 7 5 . 8 1 
22 1 J5 .79 
22 l 'Jt> . 64 
22 2 0tl . 55 
2222 1. 2 4 
222J4 . 0~ 
22249 .3 2 
22265 .11 
222d l. 3 7 

2 22 •)::> • 6 0 

223 1 6 . th , 
223.36 . 0 7 
22.356 .1 8 
22377 . 30 

223':)9 . 35 

22 4 22 . 34 
2244(, . 40 

224 71.l 'J 
22{• 9 7 . 29 

22!:12 4 . 30 
22~:..i2 . 06 
22~8 1. 2 1 
226 11. 49 
226 ti 2 . 5 1 
22tl7l~e 50 

22 7 0 7. 9 9 

--~d:32 . 5•;, 

pl 

22 1 2d . 02 
22 1 25 . 98 
22 124 . 6 1 
22 1 24 . 6 1 

22 1 25 . 28 
22 1 26 .7 0 
22 129 . 42 
22 1 32 . U7 
22 1 37 . 2 4 

22 1 42 . 6 1 
22 14 8 . dl 

22 1 '.:>6 .ll 
22 1 64 . 30 
22 173 . 43 
22 1 83 . 63 
22 1 --J4 . o2 
222 0 6 .7 0 
222 1 '.J . 7 5 
22233 . 8 
22248 . 9!:J 

22265 . 11 
22262 .13 
22300 . 43 

22 31 9 . 6 7 
22340. 0 7 
2230 1. 52 
223;..sJ . 85 
22 407 . o 
22 !!3 2 . ::>t: 
22 4 58 . 50 

R2 

22473 . ::>3 
22479 . 64 
22 4 8b . 53 
22494 . 6 7 
22503 . 8 7 

225 14.07 
22:>25 .10 
2253 7. 64 

22505 . 46 
22~30 . SJ l 
22~()7 .43 

226 1 5 . 0~ 
22633 . S9 
22653 . 44 
22 6 74. 2 0 
22695 . 9 1 
227 l d .7 6 

22742 .7 0 
22 7 6 7. 37 

227 9 3 . 52 
22.3 2 0 . 3 7 
2 28 4 t3 .4 6 
2287 7.7 d 

22'-)08 . 04 
22939 .11 
22 ~ 7 1. 68 
2300 5 . 32 

Q2 

22 4 t.',ll. 6 1 
22460 .1 2 
22 4 6 0 . 6 1 

22 4 62 . 2 
221+64 . 9 1 
22 4 68 . 72 
22 41 3 . S J 
22 47 9 . b4 
22 4 e 6 . 5 J 

22 4 9 4 . 07 
22~>0J e d 7 
225 14. u 

2253 8 . u ~~ 

22::> 6h • l 4 

225d l. 'J3 
-. ~ 5 q 8 . 7 ~, 

226 1 & . 7 3 
c263~ . 74 
22655 . H::> 
226 77.1 5 
22uY9 . 47 
22 7 23 .l o 
22 747. S t:1 
22773 . 6 7 

22c300 . 6 1 
282B . 7 2 

22.i35H . 0 2 
228 :Jts . l b 

22920 . 28 
22953 . Jo 
2298 7. 5 4 

p2 

224 4 1. 4~ 

22 434 . 1 ~ 

2 24 2 J . c , 
2 2 4 .2J . o<; 
2 2 4 1 ·;; . / c 
224 1 7 .1 ::> 
224 1 !::i . o <.: 
224 1 5 . cS 

2 2 '• l <> • J 1 
224 17. Ge 
22 4 2 u . G3 
22424 . 77 
2 2 4 _; J • .J c 
224 .JC>e .34 
224 4J. 1 9 

22l•~ 2 eJ0 

22402 . 2 4 

224 b :> e -+ 7 

c2!::i2~ . ~-:,o 

225 4 ~ . d:: 

22!:::f: .J . 04 
226 0J . f ,J 
2 c (, 2 5 . J () 

226 4J . :, t; 

22b~ti .1 0 

227~2. • .:>.J .!= 
0\ 



TABLE II (cont.): 0-1 band. 
Q 

N Rl2 
O . J 
l • U 
2. • 0 

:1 • J 

4 . 0 
c.., . 0 

t. • 0 

· 7 . 0 
d . 0 
·-:, . 0 

l U • u 
l l • u 
l ..:'. • 0 

L :! • ,J 

l 4 . U 

l ~ . 0 

l r., • 0 

1 7 . u 
l ,:j . v 

1 <) . ,J 

' > ,) . u 
,~ l • •J 

2 ~~ . 0 
23 . O 
2 4 . O 

2 ~) . 0 

2o . U 
? 1 • LI 

2b . 0 

2 2 1 ,♦ s • .JJ 
2 2. 1 S 1 • 5 .") 

22 1 5 8 . 9 2 

2 2 l b 7 . 2~, 

22 1 7 6 .4 3 
22 1 86 . 9 

2220 9 . 5 4 

22 222 . JJ 

2 2 2 J 6 .l l~ 

2 .2.2.66 . !') + 

222 .:-32 . 9.:+ 

22JOO . l+3 

2 2 3 l d . 7 

2L>.:H:l .ll 
2 23'5t> . J J 
2 2.:> 7 9 . !-, l 

22 40 1. s :; 
22 4 2 4 . 77 

22 4 l+ ~i . d b 

Ql2 

2 1 2!:>o21:3 
2~ 1 2L~ . '::J6 

2 1 2~ . 9a 
2 2 1 .2 / .:J l 

2 2 1 30 . ::'. 6 
c. 2 1 ~ 3 . 8o 

22 lJ B . J J 

22 1 !~3 . Kd 

22 1 '50 . :n 

22 1 ' , 7 . u 0 
22 1 6S . Ml 
22 1 / :--, • 1 2 

22 1 3S . 37 

2 2% 0d . :, '.°-. 

22~ 2 1 . 70 

222.3 6 .1 4 
2 .2 25 1. 2 0 
2220 7 . 4 1) 

c~2. .. h ) 3 . •) 3 

2-:. .32. c' . , .. 0 

2? ->4-~ . 32 

0 
pl2 

22 11 5 . 3d 
2 2 1 0 7. 0 ') 
2 209 9 . 7 6 
22043 . 4 0 

22 0 8 7 . 9 7 

?. 2 0 63 .4 2 

2 2 0 7 9 . 8 2 
220 77.1 2 
220 7 3 . 53 

.:!2O 74 . J S 

22 O7 5 . S J 
2 2 071':, .ll 

220 7 d . 23 

.:::2 0!:l l . 5 7 

22 0 8 :> .7 7 
2 2090 . 9 ,~ 

220 91 . 29 

22 1 04 . ::5 3 

2 2 11 2 . 9 0 

2 2 1 2 2 . 2 ·:1 

s 
R21 

22sa 0 .11 
2 2 4~ l. 9•7 

22:j O~ . S l 
2 2:5 2 0 . 0 1 
22::'d ~ . 4 ::l 

.2 L 5 52 . v 6 
2 2~ 09 . s a 
22:.>d d .1 3 

226 07 . 35 
22 o 2 i3 . 4d 

2. 2 6 ::iJ . 1 9 
220,72 . s o 

22b 96 . 6 S 

22 7 2. 1 • .34 
2.2.7 47 .1 0 

2 2 77 3 . 6 7 
22t1 0 l • .Jg 

:~ 28 30 . 20 

2 2 ti 5 9 . S; l 

:.:.'. 2H 9 u . s a 
2 2 'J L2. • 2 3 

22Y5 5 . O2 

RQ 
ll 

~2 <+7 9 .l :., 

..? .2 4 dc . 0 ., 

c 2. .. ,:; 3 • ·J b 

~:.::::5 1) 3 . J 5 
c.c:: .. ) l :i . 0 3 

2252 4 • .:..S U 

2.25 3 b • 39 

2<::' ~4 ':1 . ::i U 

.22 304 . l :) 
.:.' c.5 f <J . ·j 7 
.:;'. ,:: '-:)9 :, . ,; 5 

22. t> l ..J . ::n) 

c!..::: 0...1 2 .l ~ 

..: <'.'. t,5 l • '.) -~ 

22.6 7 2 . ~ 4 
.:'.::'.DJ3 . J 7 

.2,;.'. /l o .7 U 

c ,!. l -'. 0 . !1- U 

.?;~ 7 65 . 0 :-1 

.2'.:: 7 •)1 .1 ..1 

...:. 2' :1 1 7 • () ' J 

2.!B l~~ . t5>:, 

..::..2'3 7 ':'>·. 0 2 

::.. 2' 9 0 <.+ . 9tl 

22':1 3 1.:> . !i-:, 

.:;2,J6d . 6~. 

2 .JU 0 .2 .l cl 

Q 
p21 

2. 2 4 t.> u .1 2. 

-~ ~ 4 6 l • ~> ~ 

~..:'. 4 o 4 . c: 7 

2 2. 4 u 7 . :.>•:'> 
2. 2 47 2 . ::., ':J 
22 4 7 i-j . 4 =., 

2. 24M!:J . 4 7 

22 4 1)3 . ::, 4 

2 2~ 0 2 . 4 C 
225 1 2. . c, 6 

~ 

-..J 



TABLE II (cont.): 0-2 band. 

N Rl Ql pl R2 Q2 p2 

o. o :.:'. 111 2 . YJ 2 11 0 2 . 03 

1 • 0 2 11 2 4 . tW 2 1 1J 6 . 94 

2 . 0 2 11 38 . £'. 7 .2 111 2 . ')3 2 1 0 ,;,~ . 2 1 2 l 4 2rl . 'jJ 
.3 . 0 2 11 52 . 4 ,j 2 11 20 . 02 2 1 4 .28 . -)3 2 141 ,J . l c 

4 . 0 2 11 2 r=s . 26 2 1 464 . 33 2 1 4 30 • .:) 7 2 1 4J4 . JJ 

5 . 0 2 11 8 4. <i d 2 11 3 7. 6 1 2 1 0 9 0 .1 5 2 1 'l74 . 55 2 14 .33 .l .J 
6 .0 2 1 202 . 2 1 2 ll 4 8 ol 0 2 1 0,;9 . 2 1 2 14 U6 . 2 0 2 14 3 1. 24 

1. 0 2 1 2 20 . c,7 2 11 59 . 76 2 11 03 . 37 2 1 498 . 9 7 2 1 t¾4 2 • b2 2 Ll 9J . o l 

u . o 2 1 24 0 • ti6 2 llu t3 . b8 2 1 44 9 • ..:! 2 .2 1 ..1 ';.2 . 9 1 

0J . O 2 1 2 6 1 •. ,:.Y5 2 11 d6 . 4 1 2 111 5 .1 3 2 1 528 . 08 2 1 4 5 7 . 47 2 1 39 J . u l 

10.0 2 1 28 4. 04 2 1 .2 01 . 47 2 11 22 . d t. 2 1 545 . t, O 2 14 6 6 . 7 2 2 1 3 ,., '.:l . -+ J 

1 1 • 0 2 1 30 7 • .j4 2 1 2 1 7 . 6':.> 2 11 3 1. 69 2 1 5 6 3 . 55 2 1 477 . 44 2 1 3', 8 . d6 

1 2 . o 2 1 33 1. u:5 2 l 23 4 . ;; ,7 2 11 4 1. 69 2 1 !:>82 . 89 2 14 o -; . 3d 2 1 40 J . J2 

13. 0 2 1 2S3 . 5 4 2 11 s z . y ,; 2 1 603 . 59 2 1 ~0 2 . o l 2 1 40-,, . J-., 

1 4 . 0 2 l 3 d3 . ';) b 2 1 2 7 3 . 2 1 2 1 625 .4 ';.> 2 1 '5 1 7.34 2 1 4 1 t, . -, e 
1 5 . 0 2 1 2.;, 4 . 0 9 2 117 () . 0 1 2 16 4 8 . 69 2 l 5..jJ . J 2 2 1 4~::i - ~J 

1 b • 0 2 L31 o .1 2 2 11 ~3 . 95 2 1 S50 . o2 2 1 .:i- .:::E, . u.2 

17.0 2 1 33') . 3 7 2 1210.01 2 l !:.;L9 . ti 5 2 1 447 . 2 C 

1 a . o 2 1 502 . u e 2 1 22 7. 37 2 17 2& . 2b 2 1 5<l ':> .4 .?. 

19 . 0 2 1 :;3 4 . t, (.) 2 1 ..:i iJ (; . t_. 8 2 1 2 45 . S.d 2 17 5 4.60 2 1 o l 0 .7 u 

2 0 . 0 2 1 568 . 2u 2 141 6 . 2 6 2 1 265 . 9 5 2 l t,33 • 5 1 

2 1 • 0 2 1 444 . -+5 2 1 28 7 .1 9 Z l u:5 7 . 74 

22 . 0 2 1 63 Y . U,; ~ 1 4 1 3 . 08 2 1 309 . 6 7 2 16b3 . 2 v 

23 . 0 2 1 50'♦ - 3 5 2 1 333 . 4 9 2 1 71 0 . {H:, 

24 .0 2 1 5 J0 . 2b 2 17 3 ti . 65 

2~ . o 2 1 7c, tJ . 22 

~ 
co 



TABLE II (cont.): 

N 

o . J 
1 • u 
c . 0 
...=; . u 
4 . 0 

~.) . 0 

o . O 
7 . 0 
o . u 
s, . u 

I O • 0 

l l • 0 

1 2 . 0 

l j • U 
l ,, • 0 

l '.J . U 

1 u . U 

l l • J 

l rl . 0 

l ' j • d 

tl.. Li . u 
2 J.. 0 

2 ..!. . d 

2 ~} • () 

0-2 band. 
Q 

Rl2 

2 11 38 . 2 7 

2 11 4B . ,37 

2 1 1 0 O . S o 

2 1 2 0 2 . El ~i 

2 1 <:'. 1 8 .7 :1 

2. l2.3 6 . :J4 

2 1254 . 9 1 

2 1 2 74. cL~ 

2 l 2 ·:15 . 7 o 

.::'. l ,j l 7 • ·:J i) 

2 1 .J4l • .3 2 

p 
Ql2 

;~ l J'i4- . 2 7 
2 1 0~4 . 9 1 
;.-~ 1 090 . d .J 
2 l G ) 9 . ;; l 

2 1 10 4 • .-'. 3 

2 li U9 . 5o 

2 111 6 . ;~..3 

2 11 2 4 . 0 .3 

;~1 1 3 2 . ,.n 1 

~ 11 43 .1 3 

2 1 l :>4 • Ii 3 

2 1 I .J ,) . t, -+ 
2 ll i 5 . -/ 6 

2 1 2 L~ . OJ 
2 1 ;~-~ ~J • 5 2 
2 1 24 '3 .1 4 
2 l .~ .:, i • 1 U 

~ l 2-::i ,a. t,O 

2 1 :1 11. 0s 

2 1.:nb . uu 

0 
pl2 

2H.l83.4l:l 
21075 . 92. 
2 l 06<; . !::,4 

2 1 064 . 36 

2 1 060 . 30 
2 10 5 7 • 39 
2 10 5:, . 6 7 

2 1 055 . 0 6 
2 1055 . 67 
2 1 05 7. 3 9 
2 10 60 . 36 
2 10 64 .7 3 
2 107 0 . 29 
2 107 6 . 99 

2 1 08 <'1- . 98 

s 
R21 

2 1 44 7. 2 0 
2. 14 59 • 98 
2. 1 4 7 3 . ::18 

-~ 1 438 . 1:1 7 
2 1 ::>0 5 . 0 8 

2 1522 . 96 
2 1 5 41.6 2 

2 1 562 . 2(:> 

R 
Q21 

;~ } t+•l0 . 9 1 

;..:' 1 4 '+1. 40 
L.'. l •lJJ ell 

2. l -'+ ,:, --> • 8 ,-~ 

.C: lq7 J . tL:·, 

;:> 1 4 3 5 . .. 5 

-=. l ', 9 3 . 2 0 

..::. 1 ~ 1 2 . 1+1 
,U -5 ~ 7.71 

2 1 5 44 • .:W 

2 1 •S t, 2 . 2 o 

r.' l ~> n l • 6 0 

2 1 ..-.02 . 0..1 

~ l u~ 3 . b.3 

2. iD 46 . 9 u 

.:=.ll) 71 . 3u 

Q 
p21 

2 1 .'.f 2 ~1 . ':JJ 
2 1 43 :) . j'ai 

2 1 4 ~1 2 • t , D 

2 l 4 3u . 42 

2 .1441 . () 5 
2 ltt-4d . 3 3 

~ 1 4 5 .:, . ;;~e 

2 1 4 b 5 . 49 
2 1 47 L . u5 

~ l --♦ S d . 01 

2 1 5 01 . 2 ':', 

2 1 s 1 c-,.1 0 

2 1 S . .1d . 7/ 

2 1 S4 d . 8 1 

2 1 5b 7. :..,t:. 

.t= 
\0 



TABLE II (cont. ): 1-0 band . 

N 

o . o 
l • 0 

2 . 0 
_j . 0 

4 . 0 

5 . 0 

6 . 0 
7 . 0 

8 • u 
9 . 0 

1 0 . 0 
11 • 0 

12 . 0 
13 . 0 
1 4 . 0 
1 5 . 0 
1 6 . 0 
1 7 . 0 
1 8 . 0 
19 . 0 
20 . 0 

2 1 • 0 
22 . 0 
23 . 0 
24 • v 
25 . 0 
26 . 0 
27 . 0 

20 . 0 
29 . 0 
3u . o 
.3 1 • 0 

Rl 

24555 . c 2 

24 566 . t, 7 

2 457 8 . 1 9 
24t:>90 . 44 
24b ,)3 . 1 · 

246 16 . !:.>3 

24630 . 07 
24b44 • .:S7 
24659 • .37 

246 74 . J2 

24 69 0 .ll 
2 4 706 . L::5 
24722 . ,f f 

24 7 40 . ~ 4 
24 7 5 7 . 9 1 
2 4776 .1 4 

24794 . SJ 

24!3 1 4 . 11:l 

24 d3 3 e db 

Ql 

2 4 ~) '~ 4 • 4 2 
2 4 548 . 82 
24~:..> ..S . 6 3 
24 5 :::d . 57 
24 5 04 . 37 
~45 7 0 . 53 

2 4 ':S 77 . 26 
245U4 . 4 2 
2 4 512 .17 
24b00 . 47 
241:, .,) 9 . ;:~.3 

240 1 8 . 48 
2 4623 . 4 2 
2463 d . 69 
2 4049 . 48 
2 46b l. Ll 2 
246 7 2 . 9 8 
~46ti5 . 44 
2 4 6<;8 . 42 
21~7 1 2 . 06 
21.1 26 . 40 
2 474 1. 00 

24 7 'j6 . 33 
2 477 2 .11 
2 47 d8 . 62 
24 8 05 . 38 
2 4 52.3 .1 4 

24 .➔ 41 . 40 

.2 4 ..:3 6 0 . 14 
2 4 8 / c_,, . 52 
2 4 t.Vil 9 • 7 0 

2 4 9~ 0 . 44 

pl 

«c.45 30 . 05 

2 45 29 . 45 
24529 . 45 
24530 . 05 

2 4530 . 58 
24532 . 2 7 
24534 . 4!::i 

2453 7. 46 
24540 . 60 

2 4544 . 42 
2 4548 . 82 
2 45 53 . 6 -3 
24559 .1 8 
2 4 565 . JO 
2 45 7 2 . 24 

2 45 7 ':;} . 5 7 

2458 7 . 60 
2 45 9 0 .1 8 
2 4 60 tJ . 4 9 
246 1 5 . :> 3 

246.25 . '}8 

R2 

2 4 EH.32 . 7 6 

248d7 . 93 
248 93 . JJ 
24-;uo . 1Y 
2490 6 . 7 1 
249 1 4 . 92 
24923 . 47 
2 49 32 . 89 
24942 .1 8 
24gs2 . s o 
24 963 . 90 
24975 . 5 7 
24988 .1 4 
25000 . 96 
250 1 4 . 7 1 
25029 . 1 .:S 

25044 . 07 

25 07 6 .1 3 

250 92 . 4 3 
25 11 0 . 6 0 
25 1 28 . 7 2 

25 1 47 . 37 

Q2 

24b6 / . i) ~ 

24<367 . 0 2 
24 ➔ 67 . 0 2 

2 4d t>cJ . 20 
24Ab':, . S.d 

24d72 . b u 
24 8 7 5 . Gd 
2437) . 5 2 
2 l♦ u d 4 • 1 ') 
2 4 8 6 9 . 3 () 

2489 5 . 47 
24 •) 0 2 . 2 '.-

2 4 9 UY . 2 4 
2 q. '9 1 7 . J •, 

249 2 6 . 2.:S 
24935 . :,6 
24945 . c, 5 
24956 . 32 
2 4 'J b 7 . 7 1J 
24 •J7 C., . 94 
2 4~ 93 . 2. Ll 
2500 6 . 7 4 
2::,0 2 2 . 3 0 

p 2 

2 4 '34':J . 4'.J 
2 4 El 41 . 40 
2 4 d .. :d . 0u 

2 4 020 . 32 

2 4 13 2 0 . J ~ 
2 4 c.l l 4 . d.J 

2 4 ~ O.:! . !4-

2 4 dO J . Q c 
2 47 S: ::3 . 40 
2 47 S tj . :; 3 

2 47 S.o . -Jc 
2 4. 7 ':; ,~ • -:1 J 

\.Jl 
0 



TABLE II (cont.): 1-0 band. 

N Q 
Rl2 

p 
Ql 2 

o . o 
1 • (J 

,.~ . u 2 4 ', J :i . !6 

~ . C, 2 4 '::i3 3 .1 0 

'-I • 0 2t-1- ':> .J l. tJ6 

'.J • v 2 4::.7 1. 2':S 2 4 5 .)o . ::; ,'_j 

b . O 24 5 7 0 . 1 ) 2 4 5 .30 . ':>'3 
r. u ,~:;. ..:> 5 'j • 26 2 4 '..JJ O . :.:i8 

b o O 2 4 ~93 . 2 7 24530 . Sci 
,, • 0 2 4 01..ll. 7 :.1 2Lt- 5 3 1 o OO 

} J . J 2 4b l O . u 2 2453 3 . 6 7 

1 l • G 2 !+o 2 0 . 0 0 2 -~ S J t .1 4 

1 2 . 0 2 1-1-b..>J . 07 ;~4 5 3 'i . -,d 
l .:; • U 2 4u40 . J6 2 'c+ S '• 2 • 2 ,; 
l 4 . U 2 40 ::,l.l '=> 2 4 ~.:i4(, .l 0 
1 ~; • .._; 2 4t)62 . () 2 24 '..) '::H ) • 74 

l c, • 0 2 4 D 7 5 o 0 h 24:5:l~) . 7 4 
1 -r • u 24-o::3 7 . 6 3 24 t) ::, l . 4 c·, 

1 · > • u 2 :+700 . 77 24 5( , 7 . 7 '::, 

l ,j • U 2 47 1 4 . ~>6 2 1+ :> 7 •1 • G. 0 
2. d • 0 24 7 21:.l . 7 .:+ 2 '+ '.::, ~) 2 • 0 ';J 

2 l • v 245 -;10 . 44 

0 
pl2 

s 
R21 

2 4 Dd ·J . 39 

~2 4SO 1 • l b 

24~24 . 8 2 249 L .i .l o 
24::.., l -S . 7 8 2 4 Y2u . 2 J 
24507 . 09 249 40 .1 7 
24499 . 0 1 cl¾Sf '..:>4 . 34 

241+9 1. ·5 1 2496 9 . 2 4 
244'j4 . !':>5 24 9 d~ . o<:J 

2.44 7 13 . 06 25 000 . 9(} 

21-1- 47~ . 22 2 5 0 1 7 . ,;;d 

24466 . 95 

2 -44 0 2 .1 5 2 5 0:'i..> . 73 

2 <+4 ~ 8 .1 2 
24454 . 4d 

2 44 5 1. 5 7 

24449 .1 6 

2 4447 . 3d 

24 4 11-6 • 3 b 

c4 ' • 4t:J . 76 
2.444 5 . 7 6 

R 
Q21 

~'. 4 <i ;) 2 • 7 t) 
2 4 ,'-:\'3 7 . ~-.,3 

24.'"39.:'. o Jol 

,-~4-90 5 . ·;2 

:c! '-l ':H 4 . 0 7 
2'-1- :J 2 C: . 1:50 

2 1-1- 9 3 1 . o .:> 

2 49.:. 1 . 2.,;; 

2 4 95 1 . '::i3 
2 1~'9 {.;2. . 5 ... _j 

,.: L+•:i74 e00 

-~ 4 -;J '.-3 o • ::> () 
2 4,J .:;;<J . l} d 

2 : >J l ? . ~12 

2~ U 2b . O~; 

2 '.:) () .:. 1 • ':i 7 

2. ':.:, u 5 7 • '~ d 
.::::,0 7 .J . 6 0 
2 ~ 0 8 ) . 9b 

Q 
p21 

;~ q. b(, ~) • .2 J 

2 4 6 /1 . :.)CJ 

2 4 8 7 t~ . t,'-) 

2 4tJ7 3 .1 0 

2 4 1382 . l o 

2 4 bd 7 . 0.:, 

\Jl 
I--' 



TABLE II (cont.): 1-1 band. 
---

N Rl Ql pl R2 Q2 p2 

o . o 234'..>4 . !:>2 
1 • 0 234 7 6 . Y3 2345d . 92 
2 . 0 23 488 . 79 23464 .1 7 23 445 . 7 1 
3 .0 23 t;O l • ':, J 23 470 .I O 234 44.17 238 04. 9 4 23 77 9 . 2 2 
4. v 2 3!::>15. ➔ 9 2 347 6 . 4':J 234 4 .3 .4 8 2377C:, . 2 2 
5 . 0 2 3 529 . bu 2.3463 . 90 2.3443 . 4 t3 23d20 . 2 5 2J7 7 -,J . Y7 2 374 u • •+-:l 
6 . 0 23 !::>44 • b6 2 34 ') 1 • 95 23444 . 0 1 23a 29 . 59 2.3 7 iJ 1. 7 3 23 741 .1 :::3 
7.0 2 J5 6 U.u 2 2 J5v0 . 1+8 23 44 5 . <1- 8 23d3'-J .4 0 23 7 tl 4a 33 2J 7 3 o . 1>4 

8 . 0 2 3 5 7 6 . <;,6 23509 . 99 234 1+ 7 • b9 2 3 8 50 . 6 7 23 7 H 7. ':i<+ 2.3 7 32 . ,: j ' • 

9 . 0 23594.04 23520 . 23 23 4!::>0 . 49 23 862 .0 B 237<;,2 . 3 7 2 37 2 --., . ·J 4 

10. 0 2 36 1 2 .17 23!:3 1. 29 23454 . 52 230 74. 65 23 7 S 7.72 23 7 ~ 2 .l S 
1 1 • 0 23t..30 . 78 23542 . 99 23459 .1 3 23888 .0 2 23803 . YM 2372 /.l :j 
1 2 . 0 23649 . ~2 2.3:555 . 45 23~02 . 3 7 23-:3 11. 0o 23 7 2 7.l :: 
1 3 . () 23b 70 • .:)5 23 568 . 5 7 23 470 . !::>0 2 39 1 7. 6 7 23d l S . 3 4 ~37 2 c! . J<+ 

14. 0 2 36 9 0 . 85 23 5 '32 . S5 234 77. 2 3 2.3 g 3 3 . 52 23f3 2 ts . 4 1-+ 2J 7 2 <j . -,;4 
1 5 . 0 23 71 2 . 42 2.359 7. 1 3 2 34 d 4. 99 239S0 . 7 9 23 M3 £> . 2 7 23 7 32 . d 4 
1 o • u 2Jo l 2 . 63 23493 . 46 23968 .7 3 23tl4<; . 1.H3 2 3 7 3c> ot> 4 
1 7. 0 2.3 7 5 7.b3 23629 . 06 23502 . 8 1 23'Jd 7.3 2 231160 ./6 23 741 . 3t 
1 8 . 0 2378 1 . ';J 7 2364:5 . '-Jb 235 1 2 .79 2 40 06 . 92 23 ,J7.3 .4 5 2.3 7 47 . 07 
1 9 . 0 c3bOS .71 2 36u 3 . 8 0 23523 . d lJ 24027 .3 3 23 7 5 .J . 0 1 
20 . 0 2.Jb3 l • v 3 23od2 . 4!:: 23535 . 62 24048 .7 3 23 7t.1 . ,. s 

2 1 • u 23d51j . ts9 2 .J7 0 1.71 235 4ti . 40 24071 . 0 9 
22 . u 2 ::i8 J 3 . ud 23 7 22 . 06 2356 1 . so 240 '~4 . Oc3 
23 . 0 23 7 43 . 0 2 2 4 1 1 8 . 2 <) 

2 4. 0 23 7 b4 . d2 24 1 43 . 25 
2~ .o 2 41 68 . 90 
20 . 0 23d ll. 26 241 95 . 65 
27 . 0 2383 5 . q. 5 24 223 .14 
2b .O 2425 1 .31 
29 . 0 242"3 1 . 07 
30 .0 24311 . 3S 
3 1 • 0 

IJl 
I\) 



TABLE II (cont.): 1-1 band. 

N 

() • 0 

l • u 
; . • 0 

3 . 0 

'+ • I) 

'J . 0 

(., . (J 

7.u 
.::.i . O 
1; . u 

l O • ,) 

l 1 • 0 

1:-' • 0 

l ..:i . O 

1 4 . 0 
l :.:, • 0 
1 ,,, • 0 

l 7. I.) 

l U . l) 

1 S • 0 

2 0 . 0 
2 1 • 0 

~ 2 . D 
?.J . l) 

2 ...... :j 

2s . o 
2 o . o 

Q 
R12 

2 3477.0 ·+ 
23 4 0 4. 4 9 
23492 . 72 
;~.J :':> 01.4 ::i 
2 3::> l l • l ' j 

23 ~>2 1. 5 1 

23:53~ . 4 ' ) 
2 .J •:,44 . 4 1 

23556 . 9 ~ 

p 
Q12 

;.~3 ·~ 4 4 • ;J l 
23 4 4 5 . Jo 
2344 6 . :.,0 
23 1-1-4 .:.3 .7 2 

2 :i 4 ::> l • tJ ·:') 

2 ,j 4 (-j S .71 

;~ :s 1-1- 00 . 42 

2.J4 05 ./l 

.~3 4 7 2 . J 2 

'2 :J 4 7'J. Jo 
:! ::.I '~··J 6 • 7 ti 

2J4) '.:, . '.:)\) 

2 3:j ,:: h . O l 

23 !,.J d . o:J 

23 t, 7 <) • 1 .) 

2 3 ~5,;4 . ,jJ 

'~ 3 e, 2 ::> • f- 1 J 

0 
p12 

23 41 9 .17 
23412.50 
2 340 6 .06 
23 400.i',7 

23395 . 89 
2J392. 2J 
233 d8 . 6 7 
23386.43 
2J3b5 . 04 
23 3c4 . 2SI 
2J384 . 2S, 
2338::i .0 4 

~ 338b .4 3 
2 33 89 .7 5 

2.339 1.4 6 
23 40 2 . 86 
2J 4 o e . 53 
2.3 41 5 . 8 4 
23423 . li6 
23432 .,;, 1 

s 
R21 

2379'-.i. 2 7 
2J811.31 

23824 . 11 

23 b3 ti.::-, 8 

23852 .3 2 
2 3 86 7. Sb 
23883 . bb 
23901.14 
239 1 8 .o /3 
23937.76 
23 95 7. 2 8 
23() 77. 8 .2 

23999.1 3 
24 0 2 1. 39 
24044. ~0 

24 0 68 . ~3 
24092 . 6 1 
24ll tl . 20 
24144.3lJ 
24 17 2 . 0 l 
242 ou.o 9 

2 42!5 8 .4 2 

243 2 0.1 6 

R 
Q21 

2~ 7 ~ 2 . d9 
~ 3 7 9 ~ o Jd 
~J ~J4 .ll 
2 3d ll. 7 1 
2~ ~ 1 9 o d4 
2. ~~ 23 . 64 

2 ~~JH . b5 

Q 
p21 

2.3 77 9 . 2'r.'. 

2.3 7 ::J l. U .2! 

2 .::.7 2.3 . 40 
23 7 :3 6 . t j 1 
2 3 7•) 1. 4 d 
2 J7 Y6 . '.::>0 

.2 3 d U 2 . ~0 

23th) ':1 .7 ti 

~38 1 7 .77 
2Jo2t, . S 2 

2.3b 3 o . :::,2 

23 8 4 6 . C, 7 

2 3 rH l.0 3 
2 .j o ci 4 • I 3 

~ :.;~ l 4 • 1 <; 

Vl 
w 



TABLE II (cont.): 1-2 band. 

N Rl Ql pl 

0 . o 22432 . '.:>8 
1. 0 22 444 . <+6 22426 . --JO 
2 .0 22 457 .1 6 2.2 4..!2 . 58 
3 . 0 22 470.~C) 224]9 . 04 
4 . 0 22 4 135 • '+ 7 22-i46 . 40 
5 . 0 22 5 00 . b.3 2245 4. c:;3 224 14. 30 
6 . 0 225 17. ~4 22 464 . 2 7 
7.0 22S3 4.u2 224 74. 5 7 2 2 419.76 
e . o 22 5 52 . tl S ~2 tt- 36 . 0 b 22 4 23 • 69 
9 .0 22-5 72 . 2 0 22498 . 32 22428 . 7 6 

10.0 22 592 . oJ 22!:> ll• =S 224 .14.91 
11 • 0 22c 1 3 . oO 2252~ . 8 0 2 2 441. 9 7 
1 2 . 0 22635 .74 22:.J4 1.1 2 22450.15 
13.0 22 b 58 . d4 22-5'.J 7 • .J7 22 4 5':l . 26 

1 4 .0 2269 2 . 8 6 225 74.:., S, 22469 .34 

1 5 . 0 c. 2 707.'i ~ 22592 .76 224130 . 50 

1 6 . 0 22 7 33 . ':15 22 6 1 2 . 07 22493 . 0 1 
17.U .22 7 60 . 9 2 22032 . 3 2 ,· 2250b . 23 

1 8 .0 2 2 7 89 . 04 22653 . 6 1 22 ::i2u . 69 
1 9 .0 22b l7. 99 226 76.00 22536 .3 9 
20 . 0 22o47 . Y9 22 6 9 9 . 47 22552 . 85 
2 1 . 0 22b79 . 0 l 2 272 3 . 94 225 70 . 6 4 
22 . 0 229 11. J l 22 74 9 . 34 225d 9 . 52 
23 .0 2294 4.11 22776 .1 0 22609 . oO 
24 . 0 22C.:, 7 8 . c.7 22dO.J .7 tj 22630 . 86 
2 5 . 0 22dJ2 . 54 2265.J . 44 
26 . 0 2 3050.1 2 22dc2 . se 226 77 .1 5 
27 . 0 2 308 7. b4 22d 1;13 . 7 L 2270 1. 6 7 
28 . 0 22':J.2 6 . 30 
2'=1 • 0 22 <:i 6 U . O~ 
30.0 2 29':i4 . 86 

R2 Q2 

22 7 bO . <,j2 

22 7 66 . 8 1 22 7 'i 8 . :5d 
22773 . 67 22 74 7 . ,;,3 

227::32 . 00 22748 . 5~ 
22 7 <:} l.13 22 7 !.J l.0 4 
22uo 1. e4 22754 . 0S 
22U l 3 . 54 2 2 7 5B . 22 
22e2 t. . .. 2 22 7 td . d2 
22 83<; . 0 0 227 70. t:J .3 

22d5 4. 9 7 22777 • .:;J9 

2287 1.00 22 7 tl6 . 3 1, 

228ocl .1 8 22 7 SJ6 . <; l 
22906 . 42 2280 7. -:Jb 

22925 . 74 2213 2 0 . _j 7 
22':,46 ,. 34 22 8 33 . 7.'+ 

2296 7. 89 22a 40 . z3 

229 9 0. 69 22864 .1 7 

2.30 14. 58 22 ,J b l.1 0 

230.::S') . 5 7 2289 9 . 2 ~:i 
23() 6~ . 48 2 2t} 1 0 . ~,; 

23093 . 0 1 2 2 '13 9 • l 1 

~3 1 2 1. 66 229b0 . d 5 

23 1 ::> t. 5 ~ 229b3 . 1.; l 

231 8 2 .77 23J08 . 00 
2303.3 . 50 
230t>0 . 0 2 
230bc . ;~ 4 
23 117. 4 6 

p2 

22 71 .J . -. -:I 
22 71 0 . 3 7 
2 2 70 J . J5 
22 , 0 1.~~ 
22 70 tl . :55 
22 71 0 . 0 ::l 

2 2 7 l 2 • :i '·• 

~27 10 . 78 
22 1 2 1. --; 1 
22 7 2,J . _j ~ 
22 7 J ·5 . 9P. 
22 744 . ;3 3 

22 7 92 • . :> 

22cJO I. J J 
22 B2 _j • . 'it: 
22 a 4 1. :sc 
2 2860 . 3 4 

22"'02 . _;J 

;~ 2 9 4 ,J • 1 1 
22'17::.> . :J'; 

Vl 
.c-



TABLE II (cont.): 1-2 band. 

N 

i.J • ,) 

l • 0 
2 . 0 
3 . () 

4 . 0 
:..:. . u 
b . O 
7 . u 
h • 0 
9 . u 

1 (J . 0 

1 1 • 0 

1 <-' . 0 

l ..., • J 

1 .:1- . U 

l ::, • lJ 

l <. • lJ 

17. 0 
1 ::, • 0 

l <1 • 1) 

2 0 . u 
<.: 1 • () 

~2 . u 
2j . 0 
2 £1 . • d 

~!::> . 0 
~) {) • l) 

.2 7. 0 
;• 'j . u 

Q 
Rl2 

2 2 4 u4 . 9 1 
22 4 7 5 . 11- l 
22413 7. () ,~ 

22499 . ] :J 

225 1 .2 . 66 

2.2:52 7.11 

2 2 :i 4 2 . '.:>2 

2 <:!5St-3 . d~:'> 

225 7 6 .l Fl 
22594 . !j o 
226 1 .3 . H(> 

2263 4. 0 d 

22b5 5 • :r:) 
22u 7 8 . 07 
22 701. 67 
2.~ 7 26 . 2r::; 

p 
Ql2 

2 2 4 2 0 . u.:5 
22 4 24- .ll 

224.JO . •J2 

22~.J r, .l '.:> 
22 44.3 • .J l 
2 ,~4 5 1 . k3 
2c.4 ou . o l 
? ;~ L1- l 1 • l 5 
22 4- L: a 3 '} 

2 2 4"1 + . o l 
2 2 ',) J ,:> .1 S 

2~: ~) 2.2. . l tJ 

2 2 ':,J ._j • 3 2 

;~2 5 !:>'J .1 l 
cc 5 7 2 .9,. 
2 ,.! 5 92. . o u 
22 6 1 .2 . 0 7 
22 o :.L1 • ''5 ' i 
2?. 6 55 . :::- J 

226 1 .,; . :Sb 

::2?. 7 J ·l • 4 l 

2 2 7 .JO . 7 2 

0 
pl2 

2.2 4 0 3 . oa 
223':15 . 9 0 
22389.13 
22Jd 3. 3 0 
22378.4 6 
223 74. 6 1 
22 371. 86 
22369 .74 

223 70. 5 7 
223 7 2 . 86 
223 7 6 . 3 4 

22 .3 80 . 9?. 
223136 . 2 7 
2239 J.0 2 
22 fJ0 0 • 7 6 
:~2 4 09 . 89 

s 
R21 

2? 7 6t, • ell 
2 2 l 1 9 . 0 l 
22 7 92 . 3 7 

2. 2d 0 o . 55 
£..'.2322 .1 .3 
22£3 3-3 . :j'-) 

2 2as0 . 2 4 
22.:3 7 ~ .0 2 
22d94 . 3 1 
229 1 5 .7 9 

22960 . 95 
22Y85 . 02 
~30 1 0 . 2 1 

2 3 0Jb .4 5 
2JO cJ . 83 
2 3052 . 29 
~3 l c l. 6 o 

R 
Q21 

c 2. 7 .j l • 6 4 

2:C: 7 9 0 . o2 

~21.:h>l. 3 ';; 

22 t? l ~! . b (j 

22. J 25 .Jl 
22d3o . d '-.:I 

2 28 ~) 3 .7 6 

22. d6 9 . 71 

2 .c: >} d b • 7 !+ 
2 c-,'J0 l~ . Y 8 

:!.2 ~)1:,~4 . 2 () 

2~ "-)=lq . 5 '.J 

.~2 :)t'..u .1 3 

-·~ :H~d . 7 6 
.lJJ l .!. • oc.'. 
;~J J 37 . !+ '.:J 

.2.3 11 '., .l j 

Q 
p21 

2 2 7 5 7 • ~) '·:J 

2.2. 7 0.?. • b2 
2 C.. 7 t.. ) ;.; . 2 :l 

t:!.2. 7l o . r33 

22785 . t,4 
2. c. 1 ' ) '::> ■ 4 7 

~2t101:., . ~s 
%~d l 1 a t> -+ 
22 8J2 .1 ':i 

2 ~t)6 2 . j :'..) 

22. e 7 •.:i . J l 

2209 7.l tJ 

c. 2 9 1 6 . 3 J 

22S/..)6 . 7 .3 

2. c 95 fj . ::,O 

Vl 
Vl 
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TABLE II (cont.): 1-3 band. 

N Q 
Rl2 

1. 0 2 14 :..i 6 .ll 
2 • ,J 

, l e (J 

4 • (J 

::, • 0 

h • O 
l • \J 

e . 0 
<) • ..:, 

l U . 0 
l l • 0 
1 c . t) 

l J . 0 

l 4 • CJ 
l 5 . 0 
1 ( , . () 

l 7 • L, 

l d . 0 
l ,.:, • 0 

2 u . 0 

2 140 3 . 32 
2 1 4 70. 6 '.:.i 
2 l •l7 9 . 59 
2 14 t3 9 . J d 

2 l !:>O O • ::,3 

2 1 5 1 2 . 9 9 

2152 6 . J 1 

2 1 :540 . ::)3 

2 1 556 . 60 

2 1 ::i 7 3 . 7 • 

2 1 6 11. '•)/ 

2 1 6 5~ . 33 

2 1 076 .7 4 
2 1704. 0 1 
2 11 2 ~ . s g 

p 
Ql2 

~2 1 4 , .. :j • 1 4 

2 1 'f :~ 5 • 1 4-

2 1 44 c-., . J 6 

2 1 44 <~ • 0 0 

2 1 4 •5~ . o O 

2 l ' • '5 l • I~ 7 
2 1 4 c,_j • J,:'. 

2 1 4 71 . 2.J 
2 1 4dv . 0 e1 

2 1 4110 . ot, 
~? l :".> 0 1. ;;::5 

2 1 '::>1 3 . 9 ;! 

2 1 :., 2 7.11 

2 1 S 4 J.l ::> 

2 1 ::1 ' .> ' ) a r>9 

2 1 -.j 7 7 • L, "i-

2 l '.) 96 a ' J 7 

2 l o l 7 a r) J 

.2 1 o .J 9 . 7 ·~ 

0 
pl2 

2 14 3 .(~.3 6 
2 14 2 7.35 
2 142 1. 69 
21417.29 

2 141 3 .77 

2 1411.72 
2 1411 .01 
2 1 4 11.7 2 

2 1413.09 
2 141 6 . 26 
2 1420. !:> 3 
2 14 2b . 2 l 

2 143 3 .1 3 

21441.6 5 
2 14 50 . 48 

s 
R21 

2 1 823 .1 2 
2 1!:DH . 5S 

2 1 854. 9 5 
2 1 i3 7 2 e Ll- 3 

2 1 -:; 1 2 .1 2 

2 1 93 4. 3 7 

2 2 007.63 
2 2035.10 
22 06 3 .71 

R 
Q21 

-~ 17 9 7 .7 6 

2 .i :.i l 4 .1 7 

2 l-':3 2'+. 3 0 

2 l d :Jn . 4 1 

2 1 8 4 9 . ·:1 ,:+ 

2 1 ·1 u '• • ~.:, 4 

2 l d E.I J . St+ 

2 l ~ Y 7 . 6Y 

2 1 9 1 (, . 09 

-~ l --J .3 o. 6':i 

2 l 'c1 5d . t+ b 

2 1 ':1 d l. 2 1 

2,>u0 ::> . 8 3 

t:::2 tJ~ l . j S 

Q 
p21 

2 1 .:3 1 0 . 7 0 

21/332 .1 6 

2 1 8 4 5 . 2 d 

2 1 a 7 s . ~ ::i 

.2 1 9 ~':> 3 . 44 

2200 1.1 3 

- -- - -- --- - - - - - -- - --

Vl 
----l 



TABLE II (cont.): 2-1 band. 

N Rl Ql pl R2 Q2 p2 

o.o 
1 • 0 25071 . ':;10 
2 .0 24766 . ~3 .2 -4 74 2 .7 6 250/7 . 01 25 0 5d . 92 
3 .0 2 4779 • .c.4 2474 7. 89 25082 .4 8 25057 .4- d 
4 . 0 2't 79 1 • ~ l 24753 . 53 250 8 <; . 38 2~10ti6 .7 '-) 

5.0 24805 • ..;4 247S9 . 9 1 25096.35 2505 6 . 7 9 
6 . 0 24b l 3 . 8.J 2 476 6 . 93 25104 .4 0 
1.0 24833 . 00 24774 .3 7 25 11 2.98 25051:l . 'c).C. 
B . O 24e4a . oo 247<i2 . 39 25122 . 44 25JG 1 • .33 250J 7.{, !:J 
9 .0 2 4b63. <.!9 247 9 0 . 92 25132 . 32 25064 . •J9 25 003 • . 3 5 

1 0 . 0 248J 0.06 24 7 25 .29 25142.94 25067 . -)0 2 5000. 22 
1 l • 0 24 8 09 . au 24 72l:l.1 8 251 5 4. 56 25072. 2tJ 24 '-j •) 1 . 3 7 
1 2 .0 24820 .0 H 2473 1 . 02 25166 . 66 2507 7.4 2 2 4S SG . o ,_. 
13.0 z 4c;,30.4 :1 24 8 31.07 24735.56 25 179.41 250d3 . 2~ 24C, S, l~e .16 
14.0 24948 . t- 2 :~41342 . 4 7 24740 . 24 25192 . 99 25089 . 90 

1 5 .0 2 4967 . 26 2 4 d54 . 41 24745 . 36 2 52 0 7 • 1 3 250S7 . 2.S 2 49 S 4 • ..Jt. 

lh.O 2475 1. 28 25222 .1 9 25 10 5 . 36 2 4':J:.1 5 . ~ ·+ 
11. 0 24d80 . 4 1 252?.7 . 6 7 25 114. 1 2 
18.0 2 4 tLi4.29 24764.95 25253 . 92 25 1 23 .7 ':.) 
1 9 . 0 2 4 9 ..)8 . 77 24 77 2 . dO 2 52 7 1 • 1 2 25 1 34 . 0u 
20 .u 24923 . 55 247 8 1. 23 252dB . 65 2514:., .1 0 
21 • 0 24939 . 4'½ 24 7 9 0 . 26 25307 . 22 25 1 57 . 02 
22.0 24Sl55 . El l 25326.38 25luS . G5 
23.0 24() 7 2 . 74 25346.1 9 2 5 1 D2 . ~4 
24 .0 2 4990. 26 2~>366 .4 9 251~7 . 2 4 
25 . 0 2:500d . 5 9 253 8 7.5 9 252 11. '-JJ 
26 . 0 2502 7. 63 2540 9 .4 5 25 22 7.70 
21 .. 0 .250.'.!-7 .31 25432 . 2 7 25243 . 9d 
28 . 0 2:.:SOb 7. 34 254 56 . 45 
29 . 0 252 7 8 . 02 
30 . 0 25297 . 6 1 
31 • 0 
32 . 0 
33.0 2 53~t.i . 5-;, 

Vl 
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TABLE II (cont.): 
(a) 

2-2 band. 

N 

,) • u 
1 • G 

.c: • () 
_j . 0 
( j • 0 

:, • u 
i., . (.) 

7. \.) 

2 . 0 
':) . u 

l O . 'J 

l l • 0 

l ~ • (1 

l 3 . 0 

l 4 • 0 

l t, • v 
l ll . ) 

l 7 • J 

l t i . v 
1 9 . U 

2 v • ;J 

.:.'. l • v 
~:2 . U 

? -~ • () 

Rl 

2:i /1 0 . --:. ) 

~23 / l 1 t) • ...:'. :j 

c:. -~ d O 7 • 13 

.2 ,_) :J 7 d . J U 

2 _., ' .J b ? • 7 ,j 

Ql 

,: J / l i.) • ;:i<;, 

.2 .5 7 .H.1 9 
.. ...; l ·H . c. l 

....:.1 7 1♦ .-1 • .c::u 
::. .:, 7 .5d . L 9 

.!..i l 92 . )4 

-~-> :.l'J :.J . 7 1 
~.! ::1 i L,1 . u() 

,..'. .J:Jjt+ . •Jj 

-~ ,.:, -~ J , ) • l "::I 

:~ . J •j , > u • b H 

.. ~ ~ .~ J .3 • t J ~J 

~ __; ·) ;! l • 1 1 . 

,? -·•'.J '• 0 . 11 
t'! --~ 9 o 1 • :3 2 

c..:i ·..-5 :;; .1 0 

pl 

.?. .iu ·ci,~ . l -'+ 

2 .J t) 'J l • l U 

2 .-:io •J l.7 0 

~~::SoS. 1 • 7D 

i-~.Jt.)St2 . '.J d 

?. ..) (:> q '.':> . 00 

:!. J t., •)7 . 70 

~3 7 __ j~ • . .)2 

23 1 4 1.10 

2 .. j .. , 7 ,-'. • :.i '.:J 

,2j/cJ~ . -J 2 

R2 

2 40 ~ B • ':~ E 
2 ..+ U u / • .5',-.., 

2 t+ v / t , • ,.~ d 
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,::. ti U •J c; • 0 0 

;.__, t4 l l O • U ."1 
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(a) Many of the lines in this band are missing, because they 

are overlapped by the more intense 0-0 and 1-1 lines. 
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(a) 
TABLE II (cont.): 2-2 band. 

N 

2 .0 
3 .0 
4.0 
t>.O 

6 -. 0 

7.0 

a.o 
9 . o 

10.0 
1 l • 0 

1 2 • 0 
13.0 
14.0 
15.0 
1 6 .0 
1 7 . u 

1 8 . 0 

Q 
Rl2 

23740 . :Jd 

2J 7 -)3 . 9S 
2 .J d O 7. L 

2 3 ::Ub . 3 2 

2 3 85 1. 0::; 

p 
Ql2 

.::'.Jt--J l . 70 

23 6 ·,11 • 70 
236 ·}2 .l ~ 

2 30;:iJ .• S::i 

23 t , JS . :59 

23 6-.:'ld . 85 

2 j70 2 . 43 

23 7 1 2 . ~2 

2 3 7l d . 45 

23 734 . 02 

2'.n4 2 . R O 

2 3 7 ::,C:. . 3 6 
2J 7 ~2 . {)'i 

2 .3 7 7 l ~ • t'. 7 

0 
pl2 

(a) Many of the lines in this band are missing, because they 

are overlapped by the more intense 0-0 and 1-1 lines. 
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TABLE II (cont.): 2-3 band. 

N 

0 • .J 

l • () 

2 . 0 
J . O 
4 . 0 
::.> . 0 
L> . 0 

7. 0 
tLu 
q . o 

10. 0 
1 1 • 0 

1 2 . u 
l J . u 
l 4 . j 

l '.:J . G 

1 C • U 

1 7 . 0 
l d • 0 

1 9 . u 

20 . q 
c~ l • J 

2c. . 0 

2,J . o 

2 ... . 0 
2") . () 

Rl 

2 c:. 7 '+ ~ . l O 
;!2 7 ::, 1 •• lh 

~~· 7 b6 • .::..'::1 

:..'. 2 77 '1. uJ 

2,:; 7 9 4 • ..> 2 

22c'10 . 0 l 

2~ e,;~ u . 4.2 
2 ~.: (j f♦ , .. . ..:) ,5 

22E62 . -.., .3 
~,: ~ t3 D 2 • ... :J .! 
.~2 c_,o 3 . 1 1 
~ ~ Si ;·, ~) • I t.+-

2 L .,, , . 3 • :: .. d 

~~'-:J l ,i . ~ .:, 
.::.:: •)') 7.t>J 
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TABLE II (cont.): 2-3 band. 

N Q 
Rl2 

o . o 
1 • 0 2 2 7J6 . 93 
2 . u 227-¼2 . 00 
J . Ll 

4- • v 22 7So . b9 
5 . 0 
L • :J 2 2 7 7 5 . o ;~ 
7. 0 22 7 86 . 70 
t~ • 0 2 2798 .4 6 
9 . 0 :~28 11. 5 ~ 

1 0 . Cl .22 t3 2 !::> . 53 
1 1 • 0 22d 40 . 9.J 

l .:: • 0 .. ~205 7.1 6 

1 3 • 0 22:j 7 4 . t>0 
1 ,~ • 0 22 <:>'} 3 . J J 
1 ~ . • J 229 1 2 . ~3 
1 l:J . 0 L ;~y33 . 33 
1 7 • 0 22 -)55 . 0 2 
1 '3 . 0 22 97 8 . o ,:. 
1 9 . 0 2300 2 .1 8 
2 0 . 0 
2 1 • 0 
2 2 . 0 

p 0 
Ql2 pl2 

,:!. 2 71 3 . ao 

22 70 6 . 5 3 
2 2 7 2 '+ • C. -i 22 700. 26 
22 7 2 /:; • (~ : ) 22695 . 22 
22 7 29 . 0 ·3 2.26~ 1. 04 

2 2 73 2 . 9 7 22odo . 04 
22 7J7. ,;,2 2268 6 .1 2 
2 ;~ 7 ,~J . L)2 22 6 85 . 44 
22 7 ::, .1 • 04 22 68 ~j . 44 
2 ;2 7 S S . 2 3 226 .:3 6 . 93 
2 2 7 6 d . b 5 22639 . 5 0 
22 77 9 . 0 l 22693 . 24 
2 c 1 ,; 0 • '"I 2 22698 .1 0 
?, ;~ t\0 3 • 'l b 22 70 4 .1 2 
2 2b l7 .. 4 :1 22 111. 22 

22 [132 o '.:°)~ 22 7 1 9 . 8 1 

22d6 6 . JO 

22HdS . 0 .3 

22<J J4 . LJ d 

22920 . J ,'3 

s 
R21 

230 7 1'., . 36 

2J o 1.rn . 24 

23 11 5 . 09 

2 3 1 30 . 6 7 

2 .3 lo :> ol 0 
.2 .:l l d4 . 0 9 

2320 4. 6 0 

R 
Q21 

c?. .:,J l ::_; .1 -:;; 

.~J O ,:) ::-~ • -~i 1 

2 3 '.) 9 1.11 

23 1 00 .7 d 

2J. lll. 2d 

2 .3 1 2 3 . 3 .J 
.~.J l J6 . 3u 

.?. 3 l oo . 3~ 

~3 l ' j 2. • 7 7 

~3,::0 ,) . 02 

Q 
p21 

2 30 ~, 7 . 9'.J 

230S 7 . 9o 
2J0 5 d . 77 

230b 1. 2 7 
23064 . t) _j 

2 . .:i 0o9 . 4 Ll 

0\ 
L,J 



to each other and have no common reference point, the two 

sets can be arbitrarily shifted relative to each other . 

In order to remove this arbitrarinc ss-- i . e . to find the 

actual relative positions of the two sets of energy levels 

in the molecule --the term values have to be fitted to a 

model of the energy levels in the molecule . This was done 

as follows . The members of each of the two sets in the 

2 E+, v " = 0 state were fitted to the appropriate one 

of the formulas 

Yo 
- - (N+l ) 2 

(cf. equation (1)) using the method of l ea s t squares . 

.. . (12a) 

... (12b ) 

(The values of B0 , D0 , and y 0 had been determined prior to 

this by the methods to be described later, since these did 

not depend on the relative positions of the two sets of 

term values . ) Despite this least - squares best - fitting 

method , the errors in differences between te r ms belonging 

to the d i fferent sets were considerably larger than 

those in differences between terms belonging to the same 

set. This is a problem typical of this method of 

establishing the term values . For example , analysis of 

the te rm values determi ned by Berg and Klynn i ng( 7) for 

+ the A 2 TI and X 2 E states of CaH showed the same problem . 

This problem has been discussed by Albritton et al . ( 66 ) 

A better placement of the two sets of term values relative 

to each other could probably have been achieved by fitting 
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all the term values to the appropriate energy formulas, 

rather than just the 2 E+, v" = 0 terms. Aslund( 67 ) 

formerly used a more sophisticated least - squares fitting 

method than that employed here to adjust the two sets of 

terms relative to each other. A new method of evaluating 

the term values, devised by Aslund, ( 6B) is claimed to 

avoid this problem . 

The term values are listed in Table III . 

The molecular constants were evaluated primarily by 

the traditional , graphical methods, using combination 

differences . ( 3o),( 3 ) These combination differences were 

evaluated from the term values , rather than from the 

spectral line positions . This method had the advantage 

that, for each constant to be determined , only one set 

of combination differences had to be calculated for each 

vibronic state, rather than evaluating several sets 

(one from each of the different ways in which each 

combination difference could be calculated from the 

spectral lines) then averaging. In the method employed , 

the averaging was done previously, during the determination 

of the term values . 

III . B . Rotational Analysis 

III.B.l . Rotational constants of the X 2 r+ state 

The usual procedure for the evaluation of the rotational 

constants of the X 2 E+ state would be to calculate the 
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TABLE III. (A) 

v" = 0 

N Fl F2 

o.o o. 00 
1 .0 6 . 6 7 6 . 5 7 
2 . 0 20, 1 6 1 9,88 
J . O 40 • .36 39 . 88 
4 . 0 67, 15 66 , 56 
5 . 0 I 00 . 70 l<)U . 02 ; 
c:,. o 140, 64 1 4 0 . 0 1 
7 , 0 1 6 7, 65 106 , 72 
8,0 24 I , 00 239,96 
9 , 0 JO I, 0 6 299 , 89 

10.0 36 7 , 64 .J66 . 3 1 
11 .O 44 o . 7 5 4J 9 . 29 
1 2 . 0 ~20 • • • 5 1 8 . 82 
1 3 , 0 6 06, 5 1 604 , 82 
1 4,0 69 9 . 04 6 97 , 28 
1 5. 0 798 , 00 796 . 07 
It; • 0 9 03 , J2 90 I , 26 
1 1 . 0 1 0 14 ,11'1 1 0 1 2 ,77 
Ill , () I 132 . 83 11 .J0 , 5 1 
19 , 0 I 256 , ti] 12 54 ,44 
20.0 1 387, I J 1304 , 63 
2 1 . 0 1523 ,4 1 1520 ,66 
22 . 0 1 665 . 60 1663 ,05 
2 ,1, 0 I Ill 3 , ',1 7 18 11, 2 1 
24 . 0 I Y68, J O 1 965 , 25 
25 , 0 2 128 , l I 2 1 25, 0 6 
26 . 0 2294 , 12 229 0 ,58 
2 7,0 241,5 • .JO 2462 , 0 3 
20 . 0 2642,25 2636,68 
2Y .O 2(124 , 66 262 1. 2',1 
3 0.0 30 11, 8 7 .1008.62 
31 . o 
32 . 0 ..14 04. 00 3 4 0 0 ,86 

Term values (i n cm-1 ) for the X 2 I+ state of 64ZnD . 

v " = 1 v " = 2 v " = 3 

Fl F2 Fl F2 Fl F2 

1 0<19 . 93 2 1 22.5 1 309 0. 71 
1 096 • .JO 10 96 . 26 2 1 2tl . 69 2 1 26.56 3 0 9 7. 24 3097.26 
1 1 09 , 45 11 09 ,03 2 1 4 1 , 2 1 2 1 4 0. 94 .lll 0 ,0 3 3 110 . o I 
11 28 , 94 1 128 , 46 2 1 59.88 2 1 59.6 0 31 26,2.l 3 128 , 06 
I 1 54 , 94 11 54,42 2 1 84 , 9.J 21 84 , 5 8 3152 • .JB 3 1 5 1 . 9 1 
ll ;t7 , J6 I l 86 . 7 1 22 1 6 . JI 22 1 5,tl4 3182 • .JO 3 18 1 .6~ 
1 22b , 26 1225,36 2253 . 65 225.J , OE 32 1 8 , 46 3217 ,7 3 
I 2 71 , 56 1270,63 2297,5 1 2296 , 7 1 3260, 22 3259 . 3 7 
1 323, 1 9 1 322 .1 6 23 47. 35 2J46 , J5 33 0 0 ,ll ]]0 7,1 ] 
l .Jtll , JO 1300 , 1 6 2403 • .-,5 2402,22 336 1, 75 3360 ,7 6 
1 445 ,65 1 44 4. 44 2 4 65 , 34 2464 , 1 6 342 1, 22 3420 .l tl 
1 5 16 , 3.J 1 5 1 5 . 00 2533 , 5 1 2532,22 3466 . 56 3465,]9 
1 59.J , 4 1 1 59 1, 96 2607 , 77 2606 , .15 355 1 ,72 35~6 . 45 
l b 76 , 54 1675 , 08 2687 , 94 26t!6 , 49 36]'1,4 8 3633 ,1 7 
1 766 , lO 1764 , 50 . 2 1 74 .I J 27 7 2 , 48 J7 1 7 , 11 3 71 5 , 66 
166 1 , 7 6 1 859,97 2066 , 2] 2864,5] 3 d05 , 14 J 803 .r, I 
1 963,54' 196 1 ,64 2964 , 25 2962,45 3899, 0 7 J 89 7 , 39 
2071 , 40 2069,48 3068 , 05 .3066, 1 5 3998 , 26 3996 , 47 
2165 . 35 2 183 . 2 I 3177,67 3 1 75,62 41 03 , 20 4 10 I , 4 I 
2305 ,1 9 2302 , ',15 3292 , 92 3290 , 85 42 1 3 , 56 42 ll , 63 
24.J I , O.! 242e.68 34 1 3 , 9 6 34 11, 73 4329,07 4327,02 
2562 , 6 1 2560 , 14 3540 , 4] 3 5Je . oe 4 449 , 85 4447 , 57 
2700, 1 5 2697 , 57 3672 , 6] 36 7 0 ,1 5 4 5 76 , 1 8 45 72 , 92 
2843 ,1 5 2 8 4 0,42 38 0 9,97 380 7 , 35 4707, 0 9 4 7 03 , tl l 
2 99 1, 97 2 989 ,1 6 ]953 ,1 3 395 0.14 4843 , 5'1 4 8JY , 6 4 
3l46 .0 B 3 14 3 , 2 0 410 0, 72 4 096 , 2 7 4904 ,1 6 4 980 . o 0 
3305 , 88 ]302 , 95 4254.50 4 252-, Je 5 1 30,55 
347 1 ,23 3 4 68 ,1 6 4 4 I 2 , 82 44 0 9 , 9 0 5281 ,l O 
364 1 ,5 7 3638,50 4575 , 96 4 5 73 , 90 5436 . 3 1 
36 1 7 , 50 3tl l 4 , 52 4 7 4 1 ,6 1 

.1998 .1 6 3~94,',14 4 9 16,71 49 14 , 22 

4 3 7 2 , 06 

CJ\ 
CJ\ 



TABLE III (cont.). (B) 

v' = 0 

N Fle Flf F2f 
o.o 23224.32 23224.50 
I. O 23235, "I 23235,5€ 
2 ,1) 23253 ,72 2325 4. 2 1 2356-J ,77 
.1.0 23279 ... 9 232!!0 .06 23588.6 1 
4 .o 23312 .61 233 1 3 , 3 1 236 1 5 .0 3 
s .o 23353, 07 2.J354 ,0I 236413 . 94 
6.0 2340 0, 92 2340 1, 9 4 236',ll),44 
7,0 23456,04 23457 , 33 23739 . 34 
8 ,0 235 18, 51 235 19,79 23795 , 82 
9 , 0 23588.23 23589 .75 23859 , 68 

10,0 23665,24 2.1666 ,86 2393 1,0 2 
11 ,0 23749 , .. 1 2 37 5 1.15 24009 ,7 8 
12.0 2384 o . 90 2.1842 ,7 5 24015,85 
13,0 23939,53 23941 , 53 2411311 , 35 
14.0 2 40 45 , 28 24 047,41 242 '10,07 
15.o 24 158 ,1 6 24160,34 24398.07 
1 6 , 0 24278. 07 24280 .41 2451:] . 32 
17,0 2 4405 . 04 2 .. 407 .49' 2 4 6.15 , 76 
1 0 .ll 2 4538.99 2 4 541 , 54 24765 . 3 4 
19 . 0 24679. 89 24602,45 24902.00 
20,0 2482 7, 55 24tt:J0.3I 25045 . 50 
2 I ,0 24982 , 22 24984 , 93 25 1 96 • I 1 
22 .u 25 14 3 .45 ?.5 146 . 41) 25353. ·7 I 
23 .u 2~3 11, 63 253 14, 35 25518,01 
24 , 0 25486 .10 25489 . 3 2 25609 . 00 

25 .0 25667,49 25670 ,47, 25966 , 8 7 
2(, . 0 25855 , 02 25857.94 26051, 14 
21.0 26 049, 26 26052 .50 26242,16 
28 ,0 26253,06 26439,88 
2Y.O ~&456,66 26460 ,01 26643,75 
30 . 0 26672,46 26854 ,06 

3 I . o 27070 , 16 
32 .0 27 11 7,50 
33 ,0 27522 , 20 
34,0 
35,0 27999,65 

-1 2 Term values (in cm ) for the A TI state 

of 64 ZnD. 

v' = 1 

F2e Fle Flf F2f F2e 

- 2•544.45 
24555. 1 5 24555 , 39 

~ 

2356~.76 .!4573, 24 2 " 57.J .77 24889.4 !I 24 8il<J .52 
23588 . 67 · 24598,32 2 4 598.84 2490 7, 1)7 24907.70 
236 15, 06 . 24630.69 2•63 1,47 24933 ,17 24933,33 
23648 ,9 9 2467 0, 39 24671 .2 I 24966 ,51 24966,74 

23690 ,3 8 24717,12 247 1 8 ,16 25006 , 114 2500 7,10 
23739,30 24771.00 24772, 11 25054 . 97 25 054 .95 

2 :1795.73 24832.08 2•833,31 25110.11 25 11 0, 08 
23859,7 1 2•900 , 24 24901,6 1 25172,69 25172.60 
23930 , 98 24 '175. 45 24976,90 25242 ,1 9 25242 ,1 2 
2•009.65 25057 , 80 25059 , 29 25.1 1 9 ,09 253 1 8 , 92 
2•095,80 25147,08 25 14d,8 7 25403,18 25403, 1 3 
24189,17 25243 ,4 6 252 4 5 , 22 25494,42 254?4,37 
2428<; .8 9 25346 , 81) 25348,62 25592 , 94 25592 , 72 
243'J7 ,9 5 25457,04 25458.97 25698.25 25698 . 28 
24513.13 25574.21 25576 . 25 25810.8& 2511 10, 511. 
24635 .61 25698.24 25700 .39 25930. 35 259.10 .28 
24765.I I 25829.07 2583 1. 3 4 26056, 8 4 26 056 . 65 
24901.70 25966.7.J 25968,94 26190,22 26 190 .o I 
2so4e.36 2611 1.03 26 11 3.4 3 26330.40 26330 . 24 
25 1 95.78 26262 ,03 26264,3 6 26477 . 1 9 26477,03 
2 5 :!53.4 0 26 41 9 , 50 26422,10 26631.21 26 6.JO , 99 . 
255 17, 54 26583,83 26586.10 26791,76 26 7111 ,1 5 
256118.71 26754.10 26756.87 261158 ,69 26958,30 
25866,39 26931,b5 26933..J 1 27132,66 27131,79 
26050, 00 27 114,4 3 21 111. 20 27312. 17 27312,64 
2624 1, 03 . 2 7304 .62 27306 ,66 2 7498, 60 27498,14 
26439.19 2 7 500,66 27502,34 2769 1, 32 2769 1.36 
26643,24 27700,83 27704 ,18 27889,81 
26852, 74 279 11, 57 2tt095,59 

28306 , 33 
27292,34 

27757 .21 

continued ... CJ'\ 
--..:] 



TABLE III. (B) (cont.) 

v' = 2 

N Fle Flf F2f Fle 
o.o 25823 . 68 
I• U 25UJJ.4I 25834 • 2 J 
~ .o 2!:>tl51•29 25852.0J 2u I &Ii . I ti .'.OI L7 . 'J(, 

.J .o 25876.J4 2b l t15 .U6 2<,100 . 04 

4.0 25908.00 25908.58 2 h~ll.U2 202 11. 2 4 

' 
!:> . O 25946. 75 2594 7 .JI! 2c243 . 60 26:.!43 . 43 

b.O 25992.37 25993.21! 202133 . 07 20203.25 
7.0 26045.05 26045.BU 2o.129. di 2632<;.5y 

8 . 0 2bl04.62 26105.SU :.!63133. !:>.J 26.ldJ.44 
.. . o 26 I 71 • 13 26172.27 21,444 . 5 4 20444 . 4.J 

10.0 2624 4 .63 262•5.78 2L!> l2 • .)9 2 <>512 • .J') 

I I . o 26J25 . 00 26326.2• · 20 587.4.J 26507 . 40 

12.0 2c.• 12 .111 26413.57 2boo9 . 52 2b<>09 . St, 

I.J .O 26506.29 26507.58 20758 . 55 26 7 5 13 • .J 7 
14 .u 26607.13 26608.t,4 261154. 4 ) 2 ot3~4.Sl 
l 5 . 0 2b 1 1 4 • 7 7 26716.20 U,Y57 • .17 .lb'-J:.J 1.3Y 

1 6 .0 261!2 8. 1Jb 26830 • 79 2706 7.11 27067 . 0 1 
17.0 26950.22 26951.66 2 71U3.tt5 2718.J.56 

lb.O 27077.90 27079.55 27.J07. Id 27300 . 84 
1 9.ll 27212.09 2721.1.94 274.J7 .1 4 .!743<>.IIS 
20.0 27352.75 27354.67 2 7~14. u6 2757.J . 61 

2 I .O 27499 • .30 27501.96 2 7717 • .:J.l 2171 7.t 7 
22.u 276"\I .92 27655.85 2 7b67.4 2 278<>7.12 

2J .O 27815.84 2b02J . lJ 2d02 :J.29 
24 . U 2 7982 . 2.J 20 186. Stt 2dlt16 .41 
25.0 211154.<>2 28355.53 ~U.J 5 5. l3 
26 . 0 2833.1.51 ;: utiJO. 1~ ~85.Jl) . 65 

2 7.0 213518.54 20712.40 2d 7t 2. 1 6 

2d . 0 28706.91 28Y00 . 4t;> 

29 . 0 2YOY4 . 95 211093. 14 
Jo.o 29292 . 55 

0\ 
(X) 



following combination differences from the appropriate 

spectral line positions : 

t::, F II (N) = F 11 (N+l) F 11 (N-1) ••• (13a) 
2 1 1 1 

= Rl (N-1) Pl (N+l) ••• (13b) 

t::, F II (N) = F II (N+l) F 11 (N-l) ... (14a) 2 2 2 2 

= R2 (N-1) p2 (N+l). ... (14b) 

The difference R.(N- 1) - P.(N+l) gives a specific term 
l l 

value separation in the 2 i::+,v = v " state and does not 

depend on what vibrational level is involved in the 2 IT 

state. An average value can be taken of the ti 2Fi" values 

determined from all those bands having the same value 

of v" (e.g . average the ti 2F 1
11 (N) Values from the 0-1, 1 - 1, 

and 2- 1 bands). In the present work , the combination 

differences were obtained from the term values (Table III) -­

that is, equations (13a) and (14a) were used, rather than 

(13b) and (14b) . 

In the absence of spin - rotation splitting, the 

rotational constants would be determined from a single 

set of combination differences , ti 2F" ( N) = Bv'' ( 4N+2) . 

With spin - rotation splitting present , ti 2F"(N) is the 

average of ti 2F 1 "(N) and ti 2F/'(N), since (from equation (1) , 

ignoring D and higher order terms): 
V 

t::, F II (N) 
2 1 

t::, F II (N) 
2 2 

* = B 11 (4N+2) + y 
V V 

* = B 11 (4N+2) v - Yv · 

l [t::, F 11 (N) + t::, F "(N)] = B*"(4N+2) = t::,2F"(N) . 
2 2 1 2 2 V 

••. (15a) 

..• (15b) 

. . • (16) 

With the inclusion of the term of the next higher order, 
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equa t i on (16) becomes( 3 ) 

6 F"(N) = (4B*" - 6D ") (N + l) - 8D "(N + 1:.) 3 
2 V V 2 V 2 • 

•.• (17) 

St ill high er terms involv i ng odd powers of (N + 1/2) can b e 

includ ed , but were not in the present wor k . 

Upon rearrangement , equation (17) gives 

6 F"(N) 
2 ... (18) 

A plot of 
6 F 11 (N) 2 against (N + ½) 2 prov i de s a means of 

dete r min i ng the rotat i onal con s tants . The s lope of the 

result i ng stra i ght - line gr aph gives Dv ", and the intercept 

give s B ". 
V 

The gr aph s we re fo und t o b e line ar ove r a wi de r a n g e 

of N value s. t A typical p l ot (for v " = 1) is shown i n 

F i g . 1 3 . The points tend to deviate from the straight line 

more at v ery low values of N than at moderate N values . 

This i s t o be expected because of the p r e se nce of Nin the 

denominat or of t h e l eft - hand - side of e quation ( 1 8) . 

Any err or i n t
2

F 11 (N) wi ll a lso be divided by 4(N + 1/2) , 

and as N i ncreases , the e r ror will become of dec r easing 

import a nc e. ( 69 ) 

Of mo r e s i gni f i can c e is t h e dev i at i on f r om t h e stra i g h t 

t All straight lines on graphs in this work were f itted by the method 

of least squares. The range of Nor J values used i n determini ng the 

best straight lines are given in the tables in this thesis, as also 

are correlation coefficients. 
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FIGURE 13. Determination of the rotational constants of the 

X 2 ~+ v" = 1 state . 
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l ine a t high N value s. This is caused by the neg l ected 

terms of higher or der than the D "term . 
V 

* Th e Bv and Dv constants of the X 2 E+ state a r e listed 

in Tab l e IV . As mentioned earlier , the difference between 

* Bv and Bv should be very sma l l . Most wo r kers ignore the 

* differenc e , so t h e tabu l ate d Bv values can be compare d wi th 

* l i terature value s of Bv ( wh i ch are really Bv) . Th e const a nts 

f or v " = 0 are compared wi th those of Fu j i oka and Tanaka i n 

* Table V: agreement is good , expecially for B0 . 

TABLE IV. Rotational constants of the X 2I+ state. (a ) 

v" 

0 

1 

2 

3 

(a) 

(b) 

* B 
V 

3.3498 

3.2426 

3.1276 

3.0006 

D 
V 

1.19
4 

X lQ-4 

1. 24
3 

X lQ-4 

1.31
5 

X lQ-4 

1. 38
5 

X lQ-4 

N used 

6 - 22 

6 - 22 

6 - 26 

9 - 19 

Correlation 

coefficient(b) 

-0.999 89 

-0. 999 77 

-0.999 84 

-0.998 86 

-1 All values in this and t he following tables are i n cm 

for the least - squares straight line determined from 

the range of N values listed i n the previous column. 

* + TABLE V. Comparison of B
0 

and D0 of the X 2 I state 

with the values of Fujioka and Tanaka. (43 ) 

* BO DO 

This work 3.3498 1.19 4 X 10-4 

F & T 3.3497 1. 24
0 

X 10-4 
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III.B.2. Rotational constants of the A 2 IT state 

The combination differences appropriate for the 

determination of the rotational constants of the A 2 IT 

state are the following: 

62F1e'(J) = Fle'(J+l) - Fle'(J-l) 

= Rl(J) - pl (J) 

62F1f'(J) = Flf'(J+l) - Flf'(J-l) 

Q 0 
= Rl2(J) - pl2(J) 

62F2e'(J) = F2e'(J+l) - F2e'(J-l) 

= SR21 (J) - Qp21 (J) 

62F2f'(J) = F2f'(J+l) - F2£ 1 (J-l) 

= R2(J) - P2(J). 

... (19a) 

•.. (19b) 

... (20a) 

••• ( 20b) 

... (21a) 

••• (21b) 

... (22a) 

. .. ( 22b) 

Again, these were obtained from the term values, rather than 

directly from the spectral lines. The expressions 

corresponding to equations (17) and (18) are the 

following:( 2l) 

* 
62F'(J) = 4(B '+ .9...,_ - D ')(J + l) - 8D '(J + 1:.)3 

V 2 V 2 V 2 ... (23) 

... (24) 

where 6
2

F 1 (J) is the average of 6 2F1e'(J), 6 2F 1f'(J ) , 

6 2F 2e'(J), and 6
2

F 2f 1 (J). The term -4Dv'(J + 1 / 2) is used 

instead of 

A plot of 

-6Dv'(J + 1/2), as shown by Almy and Horsfall. ( 2l) 

62F'(J) 1 
----1- against (J + 2) 2 yields Dv' from the 
4(J + 2) 

slope, but because of 2 r+ - 2 IT interaction, B:', rather 

than Bv', is obtained from the intercept, where this 
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time 

(25) 

To obtain Bv', q* has to be evaluated from the analysis 

of the A - doubling (section III.B.5). 

As with the X 2 E+ state, the graphs were linear over 

a good range of J values (Fig . 14), with increased 

deviations at low and high J values for the same reasons 

discussed previously. 

* The B, final B (cf . section III.B.5.a), and Dv 
V V 

constants of the A 2 IT state are listed in Table VI, and a 

* comparison of the Bv and Dv values for v' = 0 is made 

with those of Fujioka and Tanaka in Table VII (A) . Again, 

agreement is good. In Table VII (B) , the values of B
0 

and 

D0 are compared with those re-calculated by Veseth( 22 ) 

from the data of Fujioka and Tanaka but now including 

correction termst not used by Fujioka and Tanaka and not 

used in the present work. Because of these correction 

terms, the two sets of values in Table VII (B) cannot be 

compared directly; rather, the table is presented to show 

the small effect these corrections have, especially on Bv. 

III.B.3. Spin doubling in the X 2 E+ state 

t 

It follows from equations ( la ) and ( lb ) that the spin 

These corrections are for centrifugal distortion (terms in H and F, 
V V 

in addition to D ), spin - rotation interaction, 
V 

and the dependence of 

A on the internuclear distance. The Mulliken and Christy formula 
V 

(equation (6)) was also extended to include the terms derived by 

Dousmanis et al. (Z5) 
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TABLE VI . Rota t i onal constants of the A 2n state . 

* Correlat ion 
v' B B D J used 

V V V coeffic i ent 

0 3.7345 3 . 7338 1.143 X 10- 4 4.5 - 23.5 -0 . 999 92 

1 3 . 6483 3.6470 1.132 X 
10-4 10.5 - 24 . 5 -0 . 999 87 

2 3.5617 3.5603 1.144 X 10- 4 
7 . 5 - 19 . 5 - 0 . 999 54 

* TABLE VII . (A) Comparison of B
0 

and D0 of the A 2n sta te 

with the values of Fujioka and Tanaka. (43 ) 

This work 

F & T 

1. 14
3 

X 10- 4 

- 4 (a) 
1. 21 X 10 

( ) I h . . 1 (43) h. . a n t e origina paper tis was written as 

1.21 x 10- 5 , but this must have been an error . 

This work 

Veseth 

(B) Comparison of B
0 

and DO of the A 2n stat e 

with the val ues of Veseth. (22 ) 

BO DO HO 

3.7338 1.143 X 10-4 

3 . 736 1.31 X lQ-4 -8 1. 6 X 10 
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splitting is directly proportional to (N + 1/ 2) , with y , 
V 

the spin - rotation coupling constant, as the constant of 

proportionality : 

F "(N) - F "(N) = y (N + l) 
1 2 V 2 

. . . (26) 

The separation can be obtained from any of the following 

differences, or an average of them: 

F II (N) - F "(N) = Q - Ql (N) .. . (27a ) 
1 2 Rl2(N) 

p 
- pl (N) . .. (27b) = Ql2(N) 

R
2

(N) R .. . (27c) = - Q21 (N) 

= Q2(N) Q 
- p2l(N)' . .. (27d) 

but this, also, was determined from the term values in the 

present work . 

To determine yv, a graph of [F 1
11 (N) - F

2
11 (N)] versus 

(N + 1/2) can be plotted. A straight line should be 

obtained , with Yv as the slope, and such is indeed the 

case (see Fig. 15 as an example). At high N values, such 

curves often deviate from a straight line, probably due to 

rotational stretching (centrifugal distortion) of the 

molecule . ( 59 ) Deviations were observed for large values 

of N, but the values of [F 1
11 ( N) - F/'CN)] were too 

uncertain in this region to be able to attribute any of 

these deviations to centrifugal distortion . (The points 

with high N values on the graphs for v" = 0 and 2 are more 

obviously randomly distributed than the ones for v" = 1 

shown in Fig. 15. A smooth deflection from the straight 

line would be expected if centrifugal distortion were the 
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- 3.0 
z -= N 
~ 

2.5 -z -= ,..., 
~ 2.0 

1.5 
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FIGURE 15. Determination of the spin - rotation coupling constant 

of the X 2i:+, v" = 1 state. Slope= y . Intercept 
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should be zero. 
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cause.) 

As seen from equations ( 15a) and (15b) 

!:, F "(N) - /:, F "(N) = 2y 2 1 2 2 V • 

This also holds when Dv terms are included. Thus y can also 
V 

be obtained from the mean of these differences. Values 

obtained from the two methods are presented in Table VIII. 

The two sets are in agreement with each other to within 

experimental uncertainty.t It is believed that the 

graphical method gives the better values . 

III.B.4. Spin doubling in the A 2 TI state 

The splitting between the F 1 and F 2 components of 2 TI 

states which belong to coupling case (a) or to a case 

intermediate between (a) and (b) is due to spin - orbit 

coupling! and is represented by the spin - orbit coupling 

constant A . 
V 

The A 2 TI state of ZnD is a regular doublet--i.e. A 
V 

is positive. It was not necessary to establish this in the 

present work, since ZnH and the v' = 0 level of ZnD have 

been studied previously. Otherwise, this could have been 

t See Chapter IV regarding the experimental uncertainties in the values 

obtained from the graphical method. Standard deviations in the 

values obtained by the combination - differences method are given in 

Table VIII. 

f The splitting due to spin - rotation coupling is small and has 

been ignored in this work. 
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TABLE VIII. Spin - rotation coupling constants of the X 2 I + state. (a) 

v" 

0 

1 

2 

3 

(a) 

Graphical method Combination-differences Fujioka 

(equation (26)) method and 

(equation (28)) Tanaka <43 ) 

N used 
Correlation (b) N used yv Yv yv 
coefficient 

0.1224 5 - 20 +0.999 1 0.121 (20) 6 - 19 0.131 

0.1128 7 - 24 +0.997 7 0.112 (29) 8 - 23 -

0.1065 6 - 23 +0.997 9 0.111 (26) 7 - 22 -

0.0987 9 - 20 +0.997 7 0.097 (18) 10 - 19 -

The small, linear decrease in y with increasing vis expected theoretically, 

since y 0 should be proportionalvto B . <2) (The superscript on y 0 denotes the 
V V V 

J - independent part of y , which is really what the values in the table are. 
V 

The J - dependence only becomes important at high N values.) 

(b) The figures in parentheses are standard deviations, with the decimal point 

located such that these two digits correspond to the last two digits in y . 
V 

(X) 

0 



determined from the structure of the branches in the 

vicinity of the band origins or from the relative magnitudes 

of the A - doublet splittings in the two substates. 

The effects of A - doubling ( see next section) can 

be eliminated by taking the average of Fle and F 1f and the 

average of F 2e and F 2f, since the A - type splitting is 

symmetrical. From equation (6), one obtains 

12 1 1 1 12 = B [ (J + -) - 1 - -X ] + - [o + -p* + q*(J + -) ] 
V 2 2v 2 2 2 

- 2i [(2 - Yv)(o + ½p* + q*) + (p* + 2q*)(J - ½)(J + f)J 
V 

- D [J2(J + 1)2 - 1:_2J(J + 1) + 1136] + ... 
V 

. .. (29a) 

+ 2~ [(2 - Yv)(o + ½p* + q*) + (p* + 2q*)(J - ½)(J + f)J 
V 

... (29b) 

J - doublets are then given by the expression 

= B X + ..l._ [ (2 - Yv) (o + 1:.2 p* + q*) 
V V X 

V 

1 3 
+ (p* + 2q*)(J - 2)(J + 2)] + ... .. . (30) 

in which many of the terms, including the centrifugal 

distortion D terms, have cancelled out. Let the second 
V 
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group of terms in equation (30) be represented by Z (J) . 
V 

Then 

... (31) 

where X has been substituted for from equation (4 ) . By 
V 

squaring both sides, one obtains 

[6v 21 (J) - Z (J)] 2 = B2 [Y (Y - 4) + 4(J + .±:.)2] 
V V V V 2 

= A (A - 4B) 
V V V 

Most spectroscopists neglect the 

+ 4B2(J + .±:.)2 
V 2 • 

Z (J) term: t 
V 

[6v 21 (J) ] 2 = Av(Av - 4B) + 4B;(J + ½)2. 

... (32a) 

... (32b) 

. .. (33) 

They plot [6v
21

(J)] 2 as a function of (J + 1/ 2) 2 and obtain 

an almost straight line, the intercept of which is 

Av(Av - 4Bv). Since Zv (J) is sma11 _·compared with 6v 21 (J) 

(<1% for ZnD A 2 IT), this is reasonable as a first 

approximation. However, since in the present work, as 

discussed in section III.B.5.a, an iterat ive procedure was 

used to determine o, p*, q*, B, and A , it was easy enough 
V V 

to include the Zv (J) term as a correction on 6v 21 (J). 

[6v 21 (J) - Zv(J)] 2 was plotted against (J + 1/2) 2 (Fig. 16), 

with Zv(J) calculated from the values of o, p*, q*, Bv, and 

Av determined in the previous iteration. 

The final values of A are given in Table IX. For 
V 

v' = O, the value of Av that would have been obtained if 

Z (J) had been ignored, was also calculated (Tab le X). This 
V 

t See, for example, ref. (3), p. 263, and ref. (70). 
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FIGURE 16. Determination of the spin - orbit coupling constant 

of the A 2n, v' = 1 state. The graph is for the final 
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TABLE IX. Spin - orbit coupling constants of the A 2n state. (a) 

v' A J used Correlation 
V coefficient 

0 343.286 1.5 - 11.5 +0.999 97 

1 342.555 3.5 - 13.5 +0.999 85 

2 342.035 4.5 - 16.5 +0.999 93 

(.e.) Values are from the final iteration. 

TABLE X. Comparison of the values of A
0 

determined with 

and without including the term Z (J), and 
V 

comparison with the values of Fujioka and 

Tanaka( 43 ) and Veseth. (22) 

A 
0 

This work (Z (J) included) 343.286 
V 

This work (Z (J) not included) 341. 497 
V 

F & T (Z (J) not included) 341.04 
V 

included(a)) Veseth (Z (J) 342.82 
V 

(a) The value of Veseth is not directly comparable with 
-1 that obtained here (343.28 6 cm ) because of the 

additional corrections included by Veseth. 
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gives an indication of the magnitude of the error present 

in many of the literature values of A . It is often more 
V 

than just the final "significant" figure which is affected 

by neglecting the Z (J) term. 
V 

Also included in Table X are the values of A0 

obtained by Fujioka and Tanaka and by Veseth (recalculated 

from the data of Fujioka and Tanaka). Although Fujioka and 

Tanaka apparently used a different method to obtain A0 than 

that used here, they did neglect the terms in Z (J), so 
V 

their value should be comparable with that obtained here 

when Z (J) was neglected. The difference between the values 
V 

is somewhat larger than expected, the reason for which is 

not known. It is believed that the value obtained here (at 

least with the Zv(J) term included) is better than that of 

Fujioka and Tanaka. The method devised by Veseth( 22 ) has at 

least the potential to produce a better value yet than that 

obtained here, but the actual value given by Veseth may or 

may not be better since it was based on the data of Fujioka 

and Tanaka. (It was noted earlier that the line positions 

of Fujioka and Tanaka were in good agreement with the 

measurements obtained in the present study, except at very 

low J.) Veseth's value of A
0 

cannot be directly compared 

with the present value because of the additional correction 

terms incorporated in the derivation by Veseth . t 

t See footnote on page 74. 
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A bonus is obtained from the plot of [Av 21 (J) - Zv(J)] 2 

against (J + 1/2) 2
: the slope is 4B 2 (equation (32b)). 

V 

This provides another method of obtaining the B constants 
V 

of the A 2 IT state. However, this bonus is of doubtful 

merit. The values obtained by this method (which will here 

be called Method II) are considerably different from 

those obtained by the previous method (Method I-section 

III.B.2)-see Table XI. In every case, the value obtained 

by Method II is lower than that obtained by Method I and 

by an amount which is one or two orders of magnitude larger 

than the estimated experimental uncertainty. The reason 

for this was not ascertained. To check that the problem 

is one of theory and not of bad data (e.g. misassigned 

J numbers), Method II was applied to the data (line positions 

of the 0-0 band) given by Verma and Mulliken( 7o) for the 

A 2 ~ - X 2 rr system of CCl. t With the Zv(J) terms ignored, 

the value of B0 obtained for the X 2 rr state was 0.674 8 cm-1 , 

t Verma and Mulliken also used the graphical method involved in 

Method II, but only to obtain A values; they made no mention of 
V 

using it to obtain Bv values. As a check. A
0 

for the X 2rr state of 

CCI was also determined by the author (neclecting Z (J), as did Verma 
-1 V 

and Mulliken). A value of 134.99 cm was obtained, which compares 
-1 

favorably with the value of 134.92 cm reported by Verma and 

Mulliken--the slight difference, since the two values came from the 

same data, may have been due to the range of J values used (8.5 - 36.5 

were used here; Verma and Mulliken did not specify) or to differences 

in the manner in which the line positions and ~v
21 

(J) values were 

averaged. 
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TABLE XI. Comparison of the B values of the A 2rr state 
V 

obtained by the usual combination - diffences 

method (Method I) and from the graph of 

[~v (J) - z (J)] 2 versus (J + 1/2) 2 (Method II). 
21 V 

Method I Method II 

BO 3.7338 3.653 

Bl 3.6470 3.574 

B2 3.5603 3.455 

which is considerably different (and again, lower) than 

the value obtained by Verma and Mul~iken by Method I: 

-1 cm The ratio of the Method II value to the 

Method I value appears to be approximately constant-

97 - 98% for all the vibrational levels tested of the 2 TI 

states of the two molecules. 

Negative deviations from linearity were observed on 

the graphs of [6v 21 (J) - Zv(J)] 2 versus (J + 1/2) 2 as J 

increased . This J - dependence has been studied in other 

molecules by James, ( 7l) wh o expressed it by the formula 

A= Av+ 2A
3

(J + ½), ... (34) 

Veseth( 59 ) has obt ained a formula for AJ in terms of other 

spectroscopic constants . The J - dependence was not 

studied in the present work , but its existence in ZnD is 

noted . 
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III.B.5. A - · doubling in the A 2 IT state 

The following expression for the A - type doublet 

separations, 6vfe' can be obtained directly from the 

Mulliken and Christy formula (equation (6)):( 2 ) 

6vfe(J) = Ff(J) - Fe(J) 

1 2 y 
= ± [ <2 p + q) (±l + X - XV) 

V V 

+ ¥ (J - ½) (J + ¾)] (J + ½) + .... . .. (35) 
V 

The - sign in± is for F
1 

levels and the+ sign is for F2 

levels. For Hund's coupling case (a), this reduces to( 2 ) 

2rr . 
112· 

1 = p (J + 2) + ... (36a) 

2rr . 
3/2' 6v2fe (J) = zero + ... (36b) 

In (36a) and in the following equations , the signs are 

appropriate for a regular doublet, such as the A 2 IT state 

of ZnD. The subscripts 1 and 2 on 6vfe indicate the F1 and 

F 2 components, respectively (i.e. 2 rr 112 and 2 rr
312

, 

respectively). Fujioka and Tanaka( 43 ) have added the next 

smaller terms to that of equation (36a), as have Mulliken 

and Christy and Fujioka and Tanaka for equation (36b): 

2rr . 
1/2' 

2rr • 
3/2° 

= (__e_ + ~) (J2 - _41) (J + 12) + .... 
y2 y 

V V 

••. (37a) 

• •• (37b) 

This is equivalent to saying that they have allowed for 

some case (b) character-i -. e . the situation is intermediate 
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between cases (a) and (b), but still fairly close to 

case (a) . For a situation even farther from case (a), the 

general equation (35) has to be used. (For pure case (b), 

the A - type splitting is given by the formula 

... (38) 

where the - sign is for F1 levels and the+ sign is for F 2 

levels. However, this equation is not appropriate for 

ZnD, since Yv is large. ) 

The A - type splittings cannot be obtained directly 

from the spectral line positions. Unless term values are 

first determined (see below), the best that can be done is 

to use the following relations:( 30) 

... (39a) 

Q 
= Rl2(J) 

\ ... (39b) 

Q 
p 21 (J+l) 

... (39c) 
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From the differences (39b - 39a) and (39c - 39d) , the sum 

of the widt hs of two consecut i ve levels is obtained: 

Flf'(J+l) - Fle'(J+l) + Flf'(J) - Fle'(J) = ~vlfe(J+l) + ~vlfe(J) 

... (40a) 

F2f'(J+l) - F2e'(J+l) + F2f'(J) - F2e'(J) = ~v2fe(J+l) + ~v2fe(J)' 

.. . (40b) 
' 

and these c an be closely approximated by 6vlfe(J + 1/2) and 

6v 2fe(J + 1/2), since to the accuracy of equation (36a) a 

linear relationship exists between 6vlfe and J, and although 

6v 2fe and J are not directly linearly related , the magnitude 

of 6v 2fe is small (at least fo r low and moderate J value s ) 

and the difference be twee n adjacent values is small. 

Equations (36a) , (37a) , and (37b) can still be used wit h 

the se fictitious 6vfe(J + 1/2) va lues if J is rep laced by 

J + 1/2 . 

The A - type splittings were calculated in the present 

study from t he term va lues: 

... (41) 

This approach had the potential advantage that no approx­

imations were made (i .e. the 6vfe(J) splittings were 

90 

obt ained , rather than the approximate fictitious 6vfe(J + 1/2) 

values ) . However, it was found that the data po ints fell 



on smoother curves if the fictitious 6vfe(J + 1/2) values 

(calc ulated by averaging 6vfe(J) and 6vfe(J+l)) were used. 

This was because of the problem of the term values 

belonging to two non-interconnecting sets (see section 

III.A). Thee and f levels from which each 6vfe(J) value 

was calculated were members of the opposing sets. Any 

errors in the location of the term value sets relative to 

each other would have led to large relative errors in the 

6vfe(J) values, since these values were small in magnitude.t 

For a 2 rr 112 substate belonging to case (a) , it follows 

from equation (36a) that a plot of 6vlfe(J) against J 

(o r 6vlfe(J + 1/2) against (J + 1/ 2)) should yie ld a 

straight line of slope p. Such a plot is shown in Fig. 17 

for the v' = 1 level of ZnD. Also shown is 6v 2fe as a 

function of J, although a linear relation is not expected 

in this case. This latter plot was made to show the 

variation of 6v 2fe with J and to compare 6v 2fe with 6vlfe 

and was also found to be useful in choosing which 6v 2fe(J) 

values to discard in subsequent plots because of random 

errors. 

The 6v 2fe values are much smaller than the 6vlfe values 

(a fact which can be used to distinguish between the 2 rr
312 

t The curves for ~vfe(J + 1/2) would also appear smoother than those for 

~vfe(J) because random errors would be averaged over two adjacent 

points rather than concentrated in single points, though this probably 

would not improve the accuracy. 
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FIGURE 17. A - doubling in the A 2n, v' = 1 state. The points 

are plotted for the fictitious f'::. vfe(J + 1/2) values. 

For the 2rr
112 

substate, according to equation (36a): 

slope= p; intercept should equal 1/2 p. 
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and 2 rr
112 

substates and thus to determine whether the 

doublet is regular or inverted). Small negative values have 

been obtained for 6v 2fe at low J for all three vibrational 

levels studied, but there is probably no significance to 

this . Watson and Parker( 72 ) obtained negative values for 

low J values in BeH, but Mulliken and Christy( 2 ) attributed 

this to experimental error . 

Other than these first few points, 6vfe for 2 rr 11 2 and 

that for 2 rr
31 2 

have the same signs, as is usual for 

case (a) . ( 2 ) The curves for 6vlfe are linear only at low 

J (up to J + 1/ 2 = 10 or less). Beyond this range, each 

curve deviates towards the 6vfe = 0 axis. If it could be 

extended to much higher J values, it would bend around 

completely,t and 6vlfe would eventually become negative, 

so that as case (b) is approached 6vlfe and 6v 2fe would have 

opposite signs( 2 ) (cf . the± sign in equation (38)) . 

There are at least two reasons why the plot of 6vlfe 

against J deviates from a straight line. First to be 

considered is the fact that ZnD does not belong to pure 

case (a) but only approximates this condition. For the 

A 2 IT state, Y (= A/ B) ~ 90 - 100, whereas even in HgH, for 

t The curve for v' = 1 (Fig, 17) may even_ have reached and passed this 

maximum, but this cannot be stated with certainty in view of the 

large scatter in the points having large J values, the reason for 

which has not been determined (possibilities: incorrect line 

assignments; perturbations). 
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which Y ~ 5 6 0 in the A 2 TI state, pure case ( a) behavior is 

not achieved (at least with regard to spectral line intensit y 

distributions) . <73 ) 

Graphs (Fig . 1 8) based on equatio n ( 37a ) , which 

allows for some departure fr om pure case (a ) , were 

found to be linear over a wider range of J values than 

the previous graphs . (The p o ints in Fig . 1 8 appear 

much more widely scattered than those in Fig. 17, but this 

is mainly due to the large scale at which the equation ( 37a) 

graphs were drawn . ) These graphs each consist of a plot 

~vlfe(J) 
of ---- as a function of (J + 1 / 2) 2

• The result is a 
J + l 

2 

st r aight line with slope = - (_£_+~)and intercept = 
Y~ yv 

( p + 2q), from which p and q can be solved for simultaneously 

once Yv has been determined. 

For the 2 rr
31 2 

substate , acc ording to equation (3 6b ) , 

there should be no A - doubling if the coupling scheme is 

pure case (a) . This is clearly not the case, so allowance 

for some case (b) character has to be made--equation ( 37b) . 

According to equation (37b ) , a graph of ~v 2fe ( J) 

against (J 2 
- ½)(J + ¾) should be a straight line, also with 

slope = (L + ~) , this time with a + sign in front. 
Y~ yv 

According to Fujioka and Tanaka, t his equatio n includes 

terms of the same order as does equation ( 3 7a ) . An 

example graph is shown in Fig . 19 . It was found that the 
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with the points plotted for the fictitious J + 1/2 values. 

Slope= (..L- + ~). Intercept should be the origin. 
y 2 y 

V V 



values of (L + 2q) obtained by this method (based on 
y~ yv 

equation (37b)) differed considerably from those obtained 

by the previous method (based on equation (37a)) . (For 

example, for v' = 0 : this method , ( ~ + ~) = 3.2 8 x 10 - 5 ; 
Yv Yv 

previous method, 5.4
2 

x 10-5 ; Fujioka and Tanaka obtained 

(also by the previous method), ( 7 .3 ± 3,9) x 10- 5 .) The 

values of p and q determined using (L + 2q) obtained from 
y~ yv 

the equation (37a) method were in better agreement with 

those determined from the method of equation (42b) (see 

below) than those determined using (L + £9..) obtained 
y~ yv 

from the equation (37b) method (see Table XII). A 

possible explanation is discussed later. 

Equation (35), valid for any situation between cases 

(a) and (b) was also employed. The following relations 

can easily be obtained from equation (35) : ( 2 ) 

... (42a) 

1 3 1 + 4q(J - 2)(J + 2)](J + 2) + ... . . .. (42b) 

Straight lines were obtained from plots of 
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[ 6v2fe(J) - 6vlfe(J ) ]· Xv l) (J + l) 
1 against (J - 2 2 (Fig. 21). 

J + -2 

The ranges of the J values over which the grap hs were 

linear were r oughly comparable with those for the graphs 

based on equations (37a) and (37 b ) , although for v = 0, 

deviation from linearit y occurred at lower J values than 

with equation (37a). The values of p and q were obtained 

from the quantities 4q (t he slope of the line based on 

equation (4 2b)) and (p + 2q), with the latter obtained 

either from ( 1) the slope of the line corresponding to 

equation (42a) or from (2) the intercept of the line based 

on equation (42b) after dividing by (2 - Y ). It was 
V 

found that method (2) always gave a value for pin better 

agreement with that from the Fujioka and Tanaka method 

(equation (37a)) than did method (1) , so the former values 

were used in calculating the final average values 

(Table XII), since there was expected to be little difference 

between the results obtained b y the two methods. 

A second reason for the deviation from a straight line 

of the plot of 6vlfe against J and also a reason for the 

curvature at high J values in the other A - doubling 

graphs (though in the latter cases this is often masked 

by random errors at high J values) is the fact that p and 

q are known to vary with J, due to stretching of the 

molecule. This centrifugal distortion effect has been 

discussed by Mulliken and Christy( 2 ) and by Veseth. ( 59 ) 

Mulliken and Christy have expressed the J - dependence 

(written in terms of N) by the formulas 
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TABLE XII. A - doubling parameters of the A 2n state. The quantities shown are the final values 

obtained from the iterative procedure described in the text. 

(A) Values of p: 

"Best" Literature values Calculated 

v' Method values Fujioka Dufayard values 

(average of and and for pure 

(a) (c) (d) (f) (g) (d) & (g)) Tanaka( 43 ) Nedelec( 26 ) precession 

0 0.1556 0.1516 0.1496 0.1557 0.1484 0.1490 0.17 0.146 ± 0.002 0,22 

1 0.1380 0.1467 0.1383 0.1130 0.1323 0.135 - - 0 ,22 

2 0.1022 0.1162 0.1093 0.0881 0.1114 0.1104 - - 0.22 

(B) Values of q: 

v' Method "Best" values Literature value: Calculated values 

(average of Dufayard for 

(b) (c) (d) (e) (d) & (e) and Ne de lec( 26 ) pure precession 

0 0.000 739 0.000 685 0.001 68 0.001 38 0.001 53 0.001 12 ± 0.000 02 0.0024 

1 -0.000 12 -0.000 167 0.004 04 0.001 20 0.002 6 
- 0.0023 

2 0.000 761 0.000 69 0.004 l 0.001 
7 0.002 

9 
- 0.0023 

continued on next page ... i-:--, 
0 
I-' 



TABLE XII (cont.) 

p and q were evaluated from the following quantities: 

(a) Equation (36a): slope 

(b) Equation (36a): slope and Equation (37b): slope 

(c) Equation (37a): 

(d) Equation (37a): 

(e) Equation (42b): 

(f) Equation (42a): 

(g) Equation (42b): 

intercept and Equation (37b): slope 

slope and intercept 

slope 

slope and Equation (42b): slope 

slope and intercept 

(C) Statistical information about the data used to determine the 

least - squares straight lines. 

v' 

0 

1 

2 

Equation 

36a 

37a 

37b 

42a 

42b 

36a 

37a 

37b 

42a 

42b 

36a 

37a 

37b 

42a 

42b 

J values omitted: 

(i) 4, 5, 6 

J used 

1 - 10 

3 - 27 

6 - 22 

2 - 14 

4 - 21 

2 - 7 

4 - 16 

7 - 21 
2 - 24(i) 

7 - 21 

5 - 9 

5 - 15 
2 - 23(ii) 

5 - 20 
5 - 20(iii) 

(ii) 3, 7, 8, 14, 17 

(iii) 7, 8, 10, 14, 17, 18 

Correlation 

coefficient 

-0.998 7 

+0.985 8 

+0.984 . 7 

+0.997 0 

+0.955 4 

-0.999 7 

+0.968 1 

+0.827 8 

+0.995 0 

+0. 911 3 

-0.977 6 

+0.866 2 

+0.938 1 

+0.979 0 

+o.963 9 
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p = Po I (1 + u2N(N + 1)1 "'p0[1 + 2u2N(N + 

q = qo I (1 + u2N(N + 1)] "' q [l - 4u2N(N + 
0 

where 
4B 2 D 

u2 e e 
=-=- . 

w2 B 
e e 

Veseth has obtained the formulas 

p' = p + PJ J(J + 1) 

q I = q + qJ J (J + 1) 

and has given expressions for pJ and qJ . 

1) + ... ] 
1) + .. . ] ' 

... (43a) 

... (43b) 

... (44) 

. .. ( 45a) 

... (45b) 

Dufayard and 

with the 

dependence on J expressed in the form [l + xJ(J + l)], 

where xis an adjustable parameter . For ZnH, they have 

found that the A - doublet splitting of the 2 rr 312 substate 

is reduced by centrifugal distortion by 10 - 20% over the 

J - range 2.5 - 21.5. 

Nedelec( 26 ) have used the latter formulas , 

Although Dufayard and Nedelec did not explicit ly 

study this effect on the 2 rr 112 substate, they state that 

it is much . smaller than the effect on the 2 rr
312 

substate. 

This provides a clue as to why different results were 

obtained from the different methods of determining the 

A - doubling parameters (cf. Table XII). Although this 

has not been tested, the following explanation is 

tentatively put forth. Equation (37b ) involves exclusively 

6v 2fe (which is for the 2 rr 312 substate), and based on the 

work of Dufayard and Nede lec, 6v 2fe is not expected to be 

accurate , due to the effects of centrifugal distortion. 

Equation (37a) , on the other hand , involves exclusively 
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6vlfe' which shou l d be relatively unaffected by c ~ntri fu ga l 

distortion accordjng to Duf ayard and Ne d e l ec-l1 e nce the 

differe n ce between the r esult s obta ined from t he se two 

e qu a tions . The values of p and q obtained exclusive ly from 

equation (37a) (by simu ltane ous solution of the expressions 

f o r the slope and intercept--rnethod ( d) in Table XI I) 

should be the more accurate values . Equation (42a) and 

(42b) involve both 6vlfe and 6v 2fe; h owever , the magnitude 

of 6vlfe is gr eater than that of 6v 2fe ' so the centrifuga l 

distortion effect should be small in these equations . 

Thus, it is not surprising that equation (42b) yields 

results in r easonab le agreemen t with those of equation 

( 37a ). Wha t is surprising is that the results of equation 

(42a) a r e not in as good agreement with e i ther of these , 

and the reason for this is not known . 

The small differences b etween the results of equations 

(37a) and (42b) can be tentatively attributed to the smal l 

c e ntrifuga l distortion effect (e spec ially in (4 2b )) and 

also to the neglect of smaller t e rms (i.e. allowance for 

more case (b) interaction ) in ( 37a ). Since without 

further study it is n ot known which of these two factors 

is the more important , the final " best " values of p and 

q g ive n in Table XI I were taken as an average of the 

two sets . 

These " best " values a re in reasonable agreement with 

the values obtained by Dufayard and Nede l ec for the v' = O 

l eve l (Table XII). The valu es of Dufayard and Nede l ec are 
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probably more accurate , because they not only corrected 

for the centrifugal distortion effect on the 2 rr 312 substate 

but also took into account the second order terms of 

Dousmanis et al . 

I f the 2 IT state and a 2 I state stand to each other in 

the re l ation of pure precess i on, values for p and q can be 

calculated f r om the following express i ons : 

2A B L(L + 1) 
± 

V V 
p = 

VITI 
' 

. .. (46a) 

2B2L(L + 1) 
± 

V 
q = 

vIT I ' 
' 

... (46b) 

+ 
where vIT, I has been defined previously, ' and is positive 

(negat i ve) if the IT level is a bove ( be l ow) the I level , 

and the± sign is + for a 2 I + state ind - for a 2 I - state . 

The fact that p and q have been found to be pos i t i ve for 

the A 2 IT state of ZnD , means that i f a pure pr ecession 

relation with a 2 I + state exists for this state , the other 

state i nvolved must lie below the A 2 IT state in energy . 

(The po s sibility of a low - l ying 2 I - state above the A 2 IT 

state is unlike l y . 1 ) The only known stat e of lower ene r gy 

than t he A 2 IT state is the X 2 I + state. Using values of 

vrr , r obta i ned for these two states from the RKR potential 

energy curves ( s ection I I I .D . 4), using the va l ue s of Bv 

t See page 15 , especial l y t he s econd f oo t note to the page. 

f See t he f i rst f ootnote on paga 15. 
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+ 
for the 2 IT state, ' and with L = 1 (predicted from the 

united atom ) , the pure precession values o f p and q listed 

in Table XII are predicted. The experimental values o f p 

are lower than the calculated ones. This is as expected, 

because the case of pure precession represents the 

maximum interaction between a I and a IT state. ( 2 ) The 

fact that the experimental values are lower indicates that 

the X 2 I+ and A 2 IT states of ZnD are not related to each 

other in the manner of the absolute limiting case of pure 

precession. But since the calculated values are at least 

of the correct order of magnitude, these states may still 

be partly related in this manner, with the relation not 

being completely good due to other influences (such as the 

+ unobserved B 2 I state). 

The experimental q values would also be expected to 

be lower than the calculated ones. Comparison with the 

"best" values shows this to be true only f or the v' = 0 

level. The larger experimental values for the other two 

levels can most likely be attributed to the large relative 

uncertainty in the experimental values. (If the q values 

obtained from method ( e) in Table XII, rather than the 

"best" values, are used in the comparison, the experimental 

values are lower than the values calculated for pure 

t In the ideal case of pure precession, the B values would be the 
V 

same for the two states. Otherwise, B for the 2n state should 

be used, according to the instructionsvof Mulliken and Christy. ( 2) 
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precession for all the levels. It may be that the 

method (e ) values alone should reall y have been used as 

the "best" values.) 

The values of y (Table VIII ) are similar, but not 
V 

exactly equal to those of p (Table XII) . In the case of 

pure precession, they would be exactly equal . ( 2 ) 

III . B . 5 . a . Iterative procedure 

In order to evaluate q by any of the methods employed , 

one has to have previously determined Av . But in order to 

obtain Av, one has to know Bv (and , for utmost accuracy, 

* also p* , q*, and o ) , and Bv comes from B , which contains 

a term involving q* (= q), and this is what we wanted to 

find in the first place . Thus, an iterative procedure was 

used to obtain B, A, p ( = p*), q ( = q*) , and o . Since 
V V 

q* is small relative to Bv, it was easy to obtain an 

initial value of B that was close to the true value . 
V 

Convergence was achieved for all the parameters in two 

to three iterations . This procedure was applied to each 

vibrational level . 

III.B.6. Effect of vibration on the rotational constants 

The dependence of B on the vibrational state can be 
V 

conveniently expressed as a power series: 

where B is the B value that would be obtained in the 
e 

. .. (47) 

absence of vibration- that is, the value at the bottom of 
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the potential well, corresponding to the equilibrium 

position. The parameters a , y , e e are the vibration -

rotation interaction constants, which define the dependence 

of Bv on v. This variation of B with vis due mainly to 
V 

the effect of anharmonicity. 

The B* 11 values of the X 2 J.:+ state were fitted to 
V 

equation (47) by the method of least squares. The 

* difference between Bv and Bv was ignored, and terms of 

higher order than they term were neglected. The values 
e 

of B II a II and y II thus determined are listed in e ' e ' e 

Table XIII. For the A 2 IT state, the three Bv' values were 

used to form three equations based on (47) , which were 

solved simultaneously to obtain Be', ae', and ye'. It 

turned out that y 'was negligible. · 
e 

The centrifugal distortion constant, Dv, can also 

be fitted to a power series: 

1 
D = D + 8 (v + -

2
) + .... 

v e e 
... (48) 

+ For the 2 J.: state, this was done by the method of least 

squares, and the values of D II and 8 11 obtained are listed e e 

in Table XIII. For the three analyzed vibrational levels 

of the 2 IT state, the variation of D ' with v ' was 
V 

negligible, so a fit to equation (48) was not done. 

+ Both Yv of the 2 J.: state and Av of the 2 IT state have 

been observed to vary with v. These v - dependences can 

be expressed by empirical relations of the type of 

~quation (47)--e.g. for Av, the relation 
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TABLE XIII. Equilibrium rotational constants and vibration - rotation 

interaction constants. 

(A) Constants 

State B a. Ye D i3e e e e 

109 

X 2I + 3.3990 0.096 37 -0.004 971 1.15
6 

X 10 -4 0.006 44 X 10-4 

A 2rr 3. 777 2 0.086 
8 

(B) Comparison of the B and D values calculated from the constants 
V V 

in (A) with the experimental values. 

V 

0 1 2 3 

* B II (experimental) 3.3498 3.2426 3.1276 3.0006 
V 

* B II (calculated) 3.3496 3.2433 3.1270 3.0008 
V 

B I (experimental) 3.7338 3.6470 3.5603 
V 

B I (calculated) 3.7338 3.6470 3.5602 
V 

D (experimental) 1.19 4 
X 10-4 

1.243 X 10-4 
1.315 X 10-4 

1.385 X 10-4 
V 

D (calculated) 1.188 X 10-4 1. 25
3 

X 10-4 
1.317 X 10-4 1. 38

1 
X 

V 

1 
Av= Ae - a.A(v + 2) ... (49) 

has been used by a number of workers. c74 ),( 75),( 59 ) In 

view of the low number of analyzed vibrational levels for 

ZnD, it was not considered worthwhile to study the 

variation of Av with v in any more detail than to note its 
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existence. The variation of Yv has been mentioned in 

footnote ( a ) o f Table VIII. 

III.B.7. Effectiv e rotati onal c onstants of the A 2 IT state 

If 2 IT states have their angular momenta coupled in a 

manner approaching that of Hund's coupling case (a), the 

Hill and Van Vleck term Bv[ ( J + 1 / 2) - 1 ± 1/ 2 Xv] 

(cf. equation (3) or (6) ) can be replaced by 

B ffJ (J + 1) ' v,e 
... (50) 

where the effective rotational constant differs for the 

two doublet components. According to Mulliken, (l) for 

doublet states 

B 
v,eff 

... (51) 

where the+ sign refers to the substate with E = +1 / 2 

(i.e. 2 rr
31 2 

for 2 IT states) and the - sign refers to the 

substate with E = -1 / 2 ( i.e. 2 rr 11 2 ) . For IT states, n = 1. 

Often spectroscopists study the substates individually 

and obtain the B ff values directly. In order to v,e 

obtain the true Bv values, they then average the Bv,eff 

values. In the present study, the true Bv values were 

obtained directly, since it was felt that this method was 

more accurate. However, effective values were required 

to calculate the RKR potential curves (section III.D.4 ) . 

These effective values were calculated from equation ( 51), 

with higher order terms neglected, and are given in 

Table XIV. 
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TABLE XIV. Calculated effective rotational constants for the 

A 2 rr state. The true B values are included for 
V 

comparison. 

v' B Bv,eff (
2
rrl/2) Bv ,eff (

2
rr 3/2) V 

0 3.7338 3. 7229 3 .7447 

1 3.6470 3 . 6364 3 .6576 

2 3.4603 3 .5499 3.5707 

III.C. Vibrational Analysis 

III.C.l. Band origins 

The origin, v
0

, of a band is defined as follows. 

If T" and T' are the total term va1u·es of the ground state 

(X 2 E+) and excited state (A 2 IT), respectively, then the 

wavenumber of the spectral line corresponding to a 

transition between them is given by 

\) = TI T" 

... (52) 

111 

where the electronic (Te), vibrational (Gv) , and rotational 

(Fv) energies (in cm- 1 ) have been assumed to be completely 

independent of each other (Born - Oppenheimer approximation) . 

Rearranging , 

\) = 

= 

= 

[TI -T "]+[GI - G "] + [F '(J') - F "(N")] 
e e V V V V 

\) 
e 

+ 

\) 
0 

\) 
V 

+ [F '(J') 
V 

F "(N")] 
V 

+ [F I (JI) - F II (N")] 
V V 

... (53) 



where 

V = V + V 
0 e V 

= [T I - T "] + [G I - G "]. 
e e v v 

The particular v
0 

for the 0-0 band is called v 
00 

For the 2 IT state, the single mean r otational term 

can be obtained from equation (29) : 

F (J) = 
V 

- Dv[J2(J + 1)2 + ½J(J + 1) + ~~] + .... 

+ Similarly, for the 2 E state, from equation ( 1 ) , 

F (N) = 
V 

Then, for N" = J' - ½: 
[F '(J') - F "(N")] = [F '(J') - F "(J' - l)] 

V V V V 2 

••. (54) 

. .. (55) 

... (56) 

* 1 1 1 = (B I - B ") (J 2 - -) + B I (J - -) + -y 
V V 4 V 2 2v 

... (57) 

where the prime on J has been dropped. Upon substitution 

into equation (53) , v
0 

is given by 
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(The reason for the asterisk on v* will be discussed 
0 

shortly.) 

... (58) 

At this stage, a problem is encountered. The author 

is not aware of any method for evaluating O ( other than in 

the case of pure precession, where( 2 ) O = -o). The effects 

of interaction between states is often ignored when 

evaluating v -that is, the l / 2[o + 1/ 2 p* + q* (J + 1/ 2) 2
] 

0 

- O terms are neglected. Because O was unknown, this 

practice was followed here also, and this was done by 

defining av** as 
0 

1 1 1 v** = v* +-[o +-p* + q*(J +-
2

) 2 ] - 0. 
0 0 2 2 . .. (59) 

The quantity v~ in equations (58 ) and ( 59 ) is still 

not the true v
0 

as defined by equation (54), however, 

because a term which really belongs to the rotational 

part of the energy, but which is independent of J and 

which is not determinable from the spectrum, has been 

included with the vibronic energy.t This term (often 
➔ 

represented by the symbol Bv<L1> ) has therefore not been 

included in any of the rotational energy expressions given 

in this text (for either the 2 E+ or 2 IT states). 

t See references (1) and (76), for example. 
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Since most spectroscopists do not consider the 
-+ 

1/2 [o + 1/2 p* + q*(J + 1/ 2) J - 0 or Bv<Ll> terms when 

evaluating band origins, the quantity that has here been 

called v** corresponds to what is normally called simply 
0 

V • 
0 

The terms 1/2 [ ... ] - 0 consist of a J - d e pendent 

part and a J - independent part. In view of the inclusion 

of the B <Lf> terms in with the vibronic energy, and 
V 

therefore in v~ and v~*, the inclusion of the J - indepen-

dent part of 1/2 [ ... ] - O in v** is logical. 
0 

The J - dependence of 1/2 [o + 1/ 2 p* + q *(J + 1/2) 2
] 

- 0 , and hence of v~*, consists of both the explicitly 

stated (J + 1/ 2) 2 factor and the hidden J - dependences of 

p* and q* (cf . equation (43)) and ptissibly also of o and O. 

To obtain the J - independent value of v** v** has to be 
0 ' 0 

extrapolated to J = 1; 2 · (the lowest possible J value). 

The v**'s so determined correspond to the energy separation 
0 

between the J' = 1/2 level of an A 2 IT vibronic state and 

the N" = O level of an X 2 E+ vibronic state, where the 

J' = 1/2 level of the A 2 IT state is the average of F
1

(1 / 2) 

and the hypothetical F 2 (1/ 2). Note that the v**'s are 
0 

not exactly equal to this energy separation, due to the 

J - independent terms, 1/2 y 0 and D ': 
V V 

v**o = V - rl yo - D I] 
0 J' = 1/2, N" = 0 2 V V , 

... (60) 

where the superscript zeroes are used to denote the 

J - independent part of y and v**. The value of v for 
V O 00 
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ZnH given by Huber and Herzberg( 4) is for essentially 

this same energy separation, so the values of v
00 

for ZnH 

and v** 0 for ZnD can be compared (see section III.E . l ) . 
00 

However , Huber and Herzberg apparently have included the 

[1 / 2 y 0 
- D '] term in with the vibronic energy- that is, 

V V 

v~* 0 = v3 , = 112 , N" = 0 for Huber and Herzberg ' s ZnH 

value . 

The values of v for the transitions between the J' 

levels of the 2n state and the N" = J' - 1/ 2 leve l s of 

the 2E+ state were calculated from the term values, and , 

using the experimental values of B I B II D I and t 
V 

, 
V 

, 
V 

, Yv, 

v** was calculated for each J value . Graphs of v** as a 
0 0 

function of J were then plotted. It was expected that the 

curves would asymptotically approach the J - independent 

v~* 0 values with decreasing J, but in general this was not 

the case, as shown i n Fig. 22. This resu l ted in some 

uncertainty in the manner in which the v~* curves should 

be extrapolated to J = 1/ 2 . The v** 0 values listed in the 
0 

form of a Deslandres table in Table XV were determined by 

fol l owing the experimental point s to as low J values as 

poss i ble, then extrapolating , even t hough the behavior at 

low J was not asymptotic . Another poss i b i lity was to 

ignore the l ow - J points and extrapolat e from the 

t Actually y 0 i n the nomenclature of equation ( 60), which i s a 
V 

mod i f i cation of that of Mulliken and Chris t y. ( Z) 
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(A) 

v** 
0 

0 

23 391. 8 

23 391. 6 

23 391. 4 ..l.-~~~2::., ___________ _ 

0.5 10.5 20.5 

(B) 

24 901. 5 

v** 
0 

24 901. 0 

24 900.5 

0.5 

J 

0 . 

0 

10.5 20.5 

J 

FIGURE 22. Determination of the J - independent value of v** - that 
0 

is v** 0
• This is the value of v** at J = 0.5. Two 

' 0 0 

types of behavior as the curve approaches J = 0.5 are 

shown. (A) 0-0 band. (B) 2-1 band. 
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TABLE XV. ** + Deslandres table of band origins, v
0 

°, of the A 2n - X 2 E system. 

differences are included (small type). 

r>< 0 

1 2 

0 123 391.50 ± 0.15 1089.79 22 301. 71 ± 0. 3 1032.58 21 269.13 ± 0. 3 
1320.08 132 0.01 1 32 0 . 0 2 

1 I 24 711. 58 ± 0.4 1089.86 23 621.72 ± 0. 5 103 2. 57 22 589 .15 ± 0. 3 
12 78. 58 12 78 . 6 0 12 78 . 55 

2 125 990.16 ± 0. 3 1089.84 24 900 .32 ± 0. 2 1032.6 2 23 867.70 ± 0.4 

The horizontal and vertical 

3 

969. 63 20 299 .5 ± 0.5 
1 32 0.0 

969.6 5 21 619.5 ± 0.4 
127 8 . 7 5 

969.45 22 898 .25 ± 0.4 

I--' 
I--' 
---l 



moderate - and high - J points and possibly introduce a 

bend in the curve to achieve an asymptotic approach. The 

large unc e rtainties listed in Table XV allow for this 

second possibility. It is felt that the former method is 

probably the correct method to use, so the v
0 

values in the 

table are probably better than would be indicated by the 

accompanying uncertainties. The constancy of the 6Gv + 112 

values (see next section) lends support to this statement. 

III.C.2. Vibrational constants 

The vibrational quanta, 6Gv + 112 , were calculated 

from the band origins: 

** ** 6Gv' + l/ 2 = G (v'+l) ** G (v') 

= v** 0 (v'+l v") - v
0
** 0 (v' ,v 11

) 
0 ' 

... (61a) 

** ** ** •G G (v"+l) 
Ll V 11 + 1/2 = G (v") 

= v** 0 (v' v"+l) - v 7<* 0 (v' v") 
0 ' 0 ' • 

... (61b) 

These are included in Table XV, writ t en in small type. 

The various possible values for each vibrational quantum, 

listed along horizontal or vertical rows, are in good 

agreement with each other. The averagest of these were used 

to calculate the vibrational constants in the (usua1( 3 )) 

manner described below. 

** But first, the 6Gv, + 112 values (for the 2 IT state) 

t The values involving v" = 3 were not included in the averages for 

** 6Gv' + 112 , since they were of° lower accuracy than the others. 
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were corrected for the term 1/2 (o + 1/2 p* + q*(J + 1/2) 2
] 

** neglected in the v
0 

determination. They could not be 

-+ 
corrected for the neglected Bv<Ll> term, however. Thus 

** * the 6Gv' + 112 values were converted into 6Gv , + 11 2 va lues. 

This was done b y means of the equationt 

1 1 
+ 2 [o + zP* + q*]v' • ... (62) 

The corrected and uncorrected values are given in Table XVI. 

The correction for the neglected O term could not be made 

for the 2 r+ state. 

TABLE XVI. Vibrational quanta for the X 2r+ and A 2n states. 

** ** * V + 1/2 6Gv" + 1/2 tiG I + 1/2 tiG I + 1/2 V V 

1/2 1089.830 1320.037 1320 .101 

3/2 1032.590 1278.577 1278.715 

5/2 969.577 

In the following discussion, the asterisks have been 

dropped for simplicity. To be consistent with the 

nomenclature used in this thesis, a single asterisk should 

be added mentally to all the following G and 6G values 

+ for the 2 IT state and a double asterisk for the 2 r state. 

t J has been set to 1/2. 
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The second and third differences are defined as 

In terms of the vibrational constants, the term values 

i of the anharmonic oscillator and the above 6 G values 

(i = 1 to 3 ) are given by the f o llowing expressions: 

... (63) 

... (64) 

G(v) 
B a w 

= [~ + ~ + 
4 12B 

W X 
- ~] ( 1) + we v + 2 wx(v+l) 2 

e e 2 
e 

144 B 2 
e 

4 

( 1)3 (65) + W Y V + -
2 

- + - ,,, •,, 
e e 

1 
~Gv + 112 = (w - w x + w y) - (2w x - 3w y )(v + -2) e e e e e e e e e 

~ 2G = -(2w x - 6w y) + 6w y (v + 1/2) 
v+l ee ee ee 

... (67) 

where higher order terms have been neglected. The term in 

square brackets in equation ( 65 ) is an approximate 

expression for Y of the Dunham formula (equation (8)).t 
00 

This constant term, which is a result of anharmonicity, c77 ) 

is often not included, but it does, in fact, contribute to 

the zero point energy. 

Equations (66) - (68) yielded the values of we", wexe", 

and weye" for the X 2 E+ state listed in Table XVII. For 

t As pointed out by Bunker, ( 7S) the expression for Y given by 
00 

Herzberg (ref. (3), p. 109) contains a misprint. 
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TABLE XVII. Vibrational constants. The values in the column 

labelled "Corrected" were determined from the 
* 6Gv + 112 values (Table XVI); tho!! in the 

"Uncorrected" column, from the 6Gv + 112 values. 

Uncorrected Corrected 

w " e 
W X 11 

e e 
w y " 

e e 
W I 

e 
W X 

e e 

1141. 54 

24.29 

-0.962 

1361. 497 

20.730 

1361.487 

20.693 

the A 2 IT state, data were available for only three 

vibrational levels, so only two vibrat i onal constants, 

w ' and w x ' could be obtained (Table XVI I ) . This was e ' e e ' 

accomplished by setting weye to zero in equations (66) 

and ( 67). 

The values of w , w x , and w y in Table XVI I may e e e e e 

have small errors in them, the magnitude of which is not 
➔ 

known, due to the neglect of B <1 2 > and O (if O depends 
V ..L 

on v). 

The origin of the band system v (that is, the 
e 

electronic energy separation of the two states) can now be 

evaluated (~quations (54) and (65)) using the vibrational 

constants evaluated above and the previously determined 

v** 0 values An average was taken over the nine bands 0 • 

having the smallest experimental uncertainties (v ' = 0 - 2~ 

v" = 0 - 2), yielding ve = 23 279 , 9
9 

cm-l If th.e 
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Dunham Y term is omitted from equation (65) (i . e . if 
00 

Y
00 

i s considered to belong to the electronic energy, 

rather than the vibrational energy ) , the value obtained is 

The latter t ype of value is 

the one which is usually reported . 

The v** 0 values were re - calculated from thi s average 
0 

v** 0 value (the l atter one ) and the vibrationa l con stants , 
e 

and t he differences betwe e n the experimental and calculated 

v**o value s we r e obtained . These differences were small 
0 

(~0 . 03 - 1) fo r the bands in v ' = 0 2 , VII = 0 2 . and cm - , 

~0 . 11 - 1 for the remaining three bands , v ' 0 2, cm = 

v" = 3 ) and appear ed to be random, so no further adjustment s 

of the v i brational constants were made . 

III. C. 3 . Vib r at i onal terms , effective terms, a nd effective 

constants 

Vi b r ational term va l ues G( v) were required for the 

determination of t h e RKR potential curves ( section III.D . 4) . 

These were deter mi ned in t h e following manne r. Asterisks 

have a gain been omitted f r om the G and 6G values a nd are 

to be added mentally : one for the 2 TI state and two for 

the 2 I: + s tate . 

G(0) i s s i mp l y the ze r o po i nt energy and wa s 

calcul a t ed f r om the f ormu l a 

1 1 1 
G( O) = -w - - w X + - w y + 

2 e 4ee 8ee 
• •• (69) 

Th e Y
00 

term wa s not used (cf . equation ( 65) ) ; the G(v ) 
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values determined here can easily be converted to those 

that would be obtained if Y were included by adding the 
00 

8 -1 2 constant terms +0.1 8 and -0.3 6 cm for the A IT and 

+ X 2 E states, respectively (obtained from the term in 

square brackets in equation (65)). 

used for the 2 IT state. 

Thew y term was not e e 

Each of the remaining G(v) values was then determined 

by summing the 6Gv + 112 values up to the appropriate 

vibrational level and adding this sum to the zero point 

value. The values are listed in Table XVIII. 

TABLE XVIII. Vibrational terms of the X 2I+ and A 2rr states. 

V 

0 

1 

2 

3 

The term Y has not been included. 
00 

** G "(v) 

564.579 

1654.409 

2686.999 

3656.576 

* G '(v) 

675.5660 

1995.667 

3274.382 

* G (v) 
eff,2rr1/2 

675.742 

1996.00 

3274.61 

* G (v) 
eff, 2IT3/2 

675.390 

1995.21 

3273.75 

For the 2 TI state, G values were required for the individual 

substates. These effective values were calculated from 

the true values by means of the equation 

1 1 1 
(G' (v)) = G'(v) ± -B 'X + -

2 
[o + -

2
p* + q*] 

eff prelim 2 v v 

123 

... (70) 

where the+ sign in± refers to the F 2 substate and the 



- sign refers to the F1 substate. This equation is 

obtained by means of equation (29) by setting J' = 1/2 . 

That is, the effective G'(v) values are defined as 

corresponding to the lowest possible rotational level of 

each vibrational level (again, this is a fictiona l level 

for the F2 substate) . These effective values are labelled 

as preliminary , because the final values will have to be 

refe r red to the bottom of the potential wells , and the 

zero point energies (which will differ for the two 

substates) , at this stage have not been evaluated . The 

diffe r ences between adjacent (G~ff(v))prelim values 

gave 6G~ + 112 , eff values, from which effective vibrationa l 

cons tants (w ' ff' w x ' ff) were calculated for each e, e e e , e 

substate in the same manner as described previous ly . 

From these vibrat i onal constants (Table XIX) , effect i ve 

zero point energies were calculated (equation (69)), and 

fina l ly the remain i ng G~ff(v) values were determi ned 

relative to the bottoms of the potential wells of the 

two s ubstates in the same manner as before . These are 

given i n Table XVI II . 

TABLE XI X. True and ef f ect i ve vibrational constants f or the A 2rr state. 

True constants Effect i ve constants 

2rr l/ 2 2rr3/ 2 

w I 1361.487 1361.89 1361.10 e 
W X 20.693 20 . 82 20.64 e e 
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III.D. Derived Quantities 

Before deriving quantities from the spectroscopic 

constants, the magnitude of the terms neglected, according 

to Dunham, ( 27 ) in expressions such as (71 ) below will be 

considered. The neglected terms involve the ratio 

Be 2 /we 2
• For ZnD, this ratio has the value 8.866 x 10-6 

for the X 2 t+ state and 7,697 x 10-6 for the A 2 IT state. 

ZnD is sufficiently heavy to make these values quite small. 

It has therefore been assumed that the higher terms can 

be safely neglected, at least in the expressions for B, 
e 

t 
and we. They may be of more importance in the expressions 

for ae, De, and Se, ( 3 ) but these were not of primary 

concern here. 

III.D.l. Bond lengths 

The rotational constant B is related to the e 

equilibrium internuclear distance re according to the 

well known expression 

I = µr 2 
e e 

... (71) 

••• (72) 

t By way of comparison, B 2 /w 2 approaches 10-3 for H
2 

and here the 
e e 

extra terms become of importance. Values of 10-6 are usually 

too small to be detected. Calculations have not been performed 

to check this in ZnD. 
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Ie is the moment of inertia in the equilibrium position, 

µ is the reduced mass, his Planck ' s constant , and c is 

the velocity of light in vacuum . 

The internuclear distance or "bond length' can als o 

be defined for the vibrational state v by analogy with 

the equilibrium value , as follows :( 3 ) 

. . . (73) 

where [ l/r 2 ] is the mean value of l/r 2 during the 
V 

vibration . The internuc l ear distance is then defined as 

r v = l-rl
2
~ -l / 2 ~ j . . . (74) 

V 

Values of I , r, and r are given in Table XX . The e e v 

value of r is slightly smaller in the A 2 IT state than in e 

the X 2 E+ state, and both values depict a fairly long 

bond . Within each state, r increases with v due to the 
V 

effect of anharmonicity . 

III.D . 2 . Force constants 

The force constant k measures the force required to 

stretch a bond by a given distance and is thus related 

to the strength of the bond and to the shape of the 

potential curve . The value of the force constant at t h e 

bottom of the potential well , k (i . e . the value for e 

infinitesimal vibrational amplitudes), can be obtained 

from the vibrational constant w by means of the well -. e 
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TABLE XX. Moments . of inertia and bond lengths of 64znD. (a) 

(A) Equilibrium values: 

I (kg m2 ) 
e 

r (nm) e 

X 2E+ 8.2358 X 10-47 0.159 37 
A 2rr 7 .4111 X 10-47 

0.151 19 

(B) Effective vibrational values: 

X 21: + A 2 rr 

V 
I (kg m2 ) 

V 
r (run) 

V 
I (kg m2 ) 

V 
r (nm) 

V 

0 8.356
8 

X 10-47 0.160 54 7.497
3 

X 10-47 0.152 06 

1 8.6330 X lQ-47 0.163 17 7.67\ X 10-47 0.153 86 

2 8.9503 X 10-47 
0.166 14 7.8626 X 10-47 

0.155 72 

3 9.329
3 

X 10-47 0.169 63 - -

(a) The f ollowing quantities were used to calculate the above 

..: -· 

values from the B and B values:( 79 ) h = 6.626 176 x 10-
34 

J•s, 
. e V 

c = 2.997 924 58 x 108 m,s-l The reduced mass of 
64

znD is 

given in Table XXIV. 

known formula (3) 

... (76) 

127 



The values given in Table XXI f or ZnD are t ypical of 

fairly weak bonds. ( For comparis on, the very strong 

-1 bond in N = N has a fo r c e c onstan t of 2295 N,m in the 

ground state. C4)) The force c onstant is greater in 

the A 2 TI state than in the X 2 E+ state, and this is 

related to the shorter bond length already noted in the 

A 2 TI state. 

TABLE XXI. Force constants. 

149.917 

213.253 

III.D.3. Dissociation energies 

If the vibrational levels can be represented accurately 

G(v) = we(v + ±.2) - w x (v + ±.)2 
e e 2 

with higher powers of (v + 1/ 2 ) being negligible, then 

the dissociation energy measured with respect to the 

... (76) 

bottom of the potential well, De, or measured with respect 

t As shown below, this method of determining the dissociation 

energy yields only approximate results, so Y can be ignored. 
00 
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to the zero point energy level, D
0

, can be calculated 

from the well- · known Birge - Sponer equations :t 

w 2 

D 
e 

= e 4w X 
e e 

w 2 

D 
0 

= 
0 4w X 

0 0 

... (77a) 

... (77b) 

These equations are obtained by finding vmax' the value 

of vat which G(v) (or G
0

(v) when referred to the zero 

point energy) no longer increases with increasing v 

--i . e. the derivative dG/dv (or dG
0
/dv) is set equal to 

zero. The value obtained is : 

we 1 
V = max 2w x - 2 

e e 

w 
0 

V = ---
max 2w x 

0 0 

The value of G(v) (or G
0

(v)) at which this occurs is 

... (78a) 

... (78b) 

the dissociation energy. Substitution of the expressions 

for vmax into equation (76) then yields equations (77a) 

and (77b)~(vmax) = De; G0 (vmax) = D0 . The relationship 

between De and D
0 

is 

D = D + G (0) . 
e o 

• .. (79) 

(This derivation has been repeated here, because it has 

t The relationships between the vibrational constants used when energies 

are expressed relative to G(O) , the zero point energy (w , w x, ... ), 
0 0 0 

and those when referring to the bottom of the potential.well 
' (3) 

(w , w x, ... ) are given by Herzberg . 
e e e 
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been extended to include the next higher power of 

(v + 1/2) (see below)-a method which is not as common.) 

Dissociation energies obtained by this method are 

often in error b y a considerable amount (u sually high, 

often by as much as 40% or more ) . 

An alternative approach is to plot 6Gv + 112 against 

v. The area under this curve is the dissociation energy 

D
0

, sincet 

D = G(v ) = 
e max 

D = G (v ) = 
o o max 

V max 

L 
V = -

V 
max 

1 
2 

L !::.Gv + 1/2 • 
V = 0 

... (80a) 

... (80b) 

If equation (76) describes the situation exactly, then 

the curve will be linear and the area will give the same 

value of D
0 

as equation (77b). Otherwise, this method 

gives better values than equation (77b). 

For the X 2 [+ state of ZnD, equation (76) is not 

exact; a value of we~' corresponding to the next higher 

power of (v + 1 / 2), has been obtained. Still higher terms 

are probably needed to describe the situation exactly, but 

these are not available. A plot of 6Gv + 112 against v 

is not linear in this case (Fig. 23). As an aid in 

extrapolating the plot, the value of v can be calculated: 
max 

2w x - 3w y ± 2 / ( w x ) 2 - 3w ( w y ) 
e e e e e e e e e 

V = 
max 6w y 

e e 
... (81a) 

t !::.Gv is the value intermediate between !::.Gv + 112 and !::.Gv _ 112 . 
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0 4 8 12 

v" 

FIGURE 23. Determination of the dissociation energy of the 

X 2 ~+ state of ZnD. The dissociation energy D 
0 

equals the area under the curve. 
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W X 
0 0 

± / (w x ) 2 - 3w (w y ) 
0 0 0 0 0 

... (81b) 
V =-------------max 3w y 

0 0 

These equations were obtained in the same manner as 

equations (78a) and (78b). The+ or - sign is chosen 

(according as w
0

y
0 

is positive or negative, respectively) 

so that the value of v is positive. For the X 2 r+ max 

state of ZnD, from equation (81), v = 12.
7

. max 

The dissociation energy can be obtained by determining 

the area under the curve, or it can be calculated. The 

latter method avoids the problem of accurately 

int~rpolating the graph in the region between the 

experimental points and the calculated point at v . max 

It can be done either by substituting the numerical value 

of vmax into the expression for G to obtain G(vmax) or 

G
0

(vmax) (= De or D
0

) or by substituting the algebraic 

expression for v into the expression for G to obtain a max 

general expression for De or D
0 

(analogous to equations 

(77a) and (77b)). The expression for D
0 

is: 

D = 
0 

3w (w x ) ± 2w / (w x ) 2 - 3w (w y ) 
0 0 0 0 0 0 0 0 0 

9w y 
0 0 

2 (w x ) 3 ± 2 (w ~ ) 2 / (w x ) 2 - 3w (w y ) 
00 00 00 0 00 

27(w y) 
0 0 

... (82) 

This is a considerably more complex expression than 

equation (77), undoubtedly the reason why it is not 

normally used. If still higher power terms of (v + 1/ 2) 

beyond thew y term are required to fit the observed e e 
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vibrational levels, analogous equations could be derived 

but would be too complex to be of much practical use. 

Even equation ( 82) is of doubtful value. 

An easier method would then be to calculate successive 

values of G(v) or G
0

(v) from equations like (76) but with 

higher power terms included. The maximum value of G is 

the dissociation energy. 

For the X 2 [+ state of ZnD, equation (8 2) yields a 

value of 8. 06 x 10 3 cm-l fDr D~.t From equation (79), 

the equilibrium value is De= 8 . 62 x 10 3 cm-1 . If the 

w y term is omitted, a linear Birge - Sponer ettrapolation e e 

(equation ( 77)) yields D~ = 12.11 x 10 3 cm-1--considerably 

different from the above value, which should be the better 

value. The inclusion of the weze term (if available) or 

the graphical equivalent (more 6Gv + 11 2 values to plot 

against a wider range of v) would probably further refine 

8 3 -1 the . 06 x 10 cm value. 

For the A 2 IT state, only the vibrational constants 

we and w x are known. By the above methods, the best e e 

that can be done is to use equation (77) to obtain a 

4 -1 4 -1 value of D
0 

= 2.172 x 10 cm and De= 2.239 x 10 cm . 

t 

An alternative method is available for determining 

The superscript on D0 indicates that this is the energy required 
0 

to dissociate the molecule from the lowest rotational and 

vibrational level of the ground electronic state to the normal 

atoms. 
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the dissociation energy of the A 2 IT state. As can be 

seen from Fig. 1, 

D (A 2II ) 
e 

... (83) 

where ve is the electronic energy separation of 
2n _ 21:+ 

( 8 -1 the two molecular states ~ v** 0 = 23 2 0 cm ) and 
e 

v is the energy separation of the first excited 
3p _ 1 S 
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3 ( 1 ( 6 -1 t state ( P) and ground state S) of atomic Zn 32 5 7 cm ). 

The value obtained is De(A 2 IT) = 1.79 x 10 4 cm-1 . 

The dissociation energies quoted above are not 

expected to be very accurate. In addition to the neglect 

of higher power (v + 1 / 2) terms, at least one, and possibly 

two, factors have not been allowed for which can cause 

considerable errors. First, as already discussed with 

reference to Fig. 1, the X 21:+ state is most likely involved 

in an avoided crossing between two 21:+ states. Since 

only the lowest vibrational levels have been observed and 

since this region of the potential curve is little 

+ perturbed by the other 21: state, the experimental 

dissociation energy might actually be closer to that of 

the fictitious unperturbed state than to that of the 

actual state. Thus, the value obtained is expected to be 

greater than the true dissociation energy. 

t An average of the three values given by Moore(SO) for the three 

components of the triplet atomic state is given, since it is not 

known to which component the 2rr state correlates. 



Second, for states which have ionic character , the 

opposite effect has been observed to occur in a number of 

molecules-i . e. dissociation energies obtained by the 

above methods are smaller than the true values . This may 

have some effect in ZnD; the possibility of some ionic 

character has been discussed previously (section I . A)~ . 

Stenvinkel(l 6) has obtained a value of 

6 8 3 - 1 2 + o; = . 6 x 10 cm for the X E state of ZnH . Since 

there is very little isotope effect on electronic energies 

(see section III . E.l), the values for ZnH and ZnD should 

be almost identical . The difference is due to the fact 

that Stenvinkel had data available on more vibrational 

levels for ZnH than are presently available for ZnD. 

Using data from levels closer to the dissociation limit 

allows a more realistic 6Gv + 112 versus v curve to be 

plotted- i . e. the factors discussed above which affect 

the dissociation energy determination are more likely to 

be better taken into account. Thus , the value 

D0 
- 6 8 x 10 3 cm-l is probably closer to the true 0 - • 6 

+ dissociation energy of the X 2 E state of ZnH or ZnD 

3 - 1 than the value 8 . 06 x 10 cm determined here. 

III . D. 4 . RKR potential energy curves and Franck - Condon 

factors 

The Rydberg - Klein - Rees procedure is the most 

practical method for determining a potential energy function 

directly from the experimental vibrational and rotational 
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spectroscopic constants. + RKR curves for the X 2 E and 

A 2 IT states of ZnD have been calculated by means of a 

computer program by Zare . (Sl) For the 2 IT state, effective 

curves for the two substates were calculated . The 

class i cal turning points are given in Table XXI I, and 

the cur ves are s h own i n Fig . 24 . 

TABLE XXII. Potential energy curves f or the X 2E+ and A 2 rr states 

of ZnD calculated by the RKR method. The true or 

effective G (v ) and B values used to calculate the 
0 V 

curves are giv en, along with the c l ass ical turning 

points. 

V G (v) B r . (nm) r (nm) 
0 V min max 

X 2E+ 0 0 3 . 3498 0.148 20 . 0 . 173 03 

1 · 1090 3.2426 0.141 39 0.185 27 

2 2122 3.1276 0. 137 27 0. 195 27 
3 309 2 3.0006 0.134 29 0. 204 78 

A 2rrl/ 2 0 0 3. 72 29 0.141 08 0.163 75 
1 1320 3 .6364 0.134 58 0.17 4 36 

2 2599 3.5499 0 .128 27 0.185 07 

A 2rr3/ 2 0 0 3.7447 0 . 140 64 0.163 3i 
1 1320 3.6576 0 . 134 14 0.173 92 
2 2598 3 .5707 0.127 82 0.184 61 

Th e i ntensi ty of a band is proportiona l to its 

Franck - Condon f actor (the square of the overlap i ntegral 

for the two states involved in the transition). The 

proport i onality constant i ncludes a factor for the 

popu l ation of the initial state . Franck - Condon factor s 

.. 1-36 
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FIGURE 24. RKR potential energy curves for the X 2E+ and A 2rr 
states of ZnD. 
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have be e n calculated with another program by Zare . (Bl) 

These are given in Table XXIII . 

TABLE XXI I I. Franck - Condon f actors fo r the A 2rr - X 2[ + system 

of ZnD. 

IA" 0 1 2 3 
I 

2rrl/ 2 0 0 . 779 0 0.181 1 0.032 8 0.005 5 

1 0. 203 0 0. 425 4 0. 252 2 0.084 7 

2 0.017 8 0 .351 8 0 . 206 2 o. 210 4 

2rr 3/ 2 0 0 .758 4 0.193 5 0. 038 6 0 . 00 7 2 

1 0 .220 2 0 .385 4 0. 25 6 8 0 .094 2 

2 0.021 0 0 . 371 6 0.168 .4 0.202 6 

The Franck - Condon factors are in good qualitative 

agr eement with the intensities of the bands observed in 

the spectrum . The 0- 0 band is the most intense band . 

The 0- 1 and 1 - 0 bands have similar intensities to each 

other and are of lesser intensity than the 0- 0 band . 

II I .E . I sotope Effect 

The effect on the spectrum of isotopic substitution 

is discus sed both for the hydrogen isotopes and for the 

three most abundant zinc isotopes . Since the change in 

the reduced mass of the molecule is much greater upon 
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exchange of d e uter i um for hydr ogen than for interchange 

of the z i nc isotopes , the isotope effect on the spectrum 

is mu c h l arg e r in the f orme r case than in the l atter . 

Ve r y accurate reduced masse s obtained from mas s spect r o ­

graphic data are g i ven in Tabl e XX I V . 

TABLE XXIV. Reduced masses(a) 

amu kg 

64 ZnH 0.992 183 5 1.647 586 X 10-27 

6 6 ZnH 0.992 650 2 1.648 361 X 10-27 

6 8 znH 0.993 090 2 1.649 091 X 10-27 

6 4 ZnD 1. 95 2 585 3.242 396 X 10-27 

66 znD 1. 954 394 3. 245 398 X 10-27. 

68 ZnD 1. 956 100 3.248 232 X 10-27 

(a) 
mZn~ or D 

µ =------
mzn + ~ or D 

Calculated f rom the masses listed 

in ref . (82). 

I II. E .l. ZnH v e r sus ZnD 

The tota l di s placeme n t be twe en corre s pond i ng band 

lines of two isotop i c mo l ecu l es is the sum of electron ic , 

v i br at i onal, and r ot ation a l par ts : 

... (84) 
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The potential energy curve of a g i v en electronic state is 

generally assumed to be invariant to isotopic substi t u t i on 

- i . e . tve is assumed to be zero . However , due to partial 

breakdown of the Born - Oppenheimer approximation, a 

sma l l i s otopic shift is often observed , especially for 

the lighter hydrides . Bunker( 7S) has g iven an approximate 

expre ss ion for this shift : 

~v = V (ZnH) - V (ZnD) e e e 

= 0.000 068 [v ] 
e 

140 

+ [B ' (ZnH) - B '(ZnD)][ <t , 2> - J\ , 2 + 
C 

s I (SI + 1) - [ ' 2 _ r;i I 2] 
e 

➔ 

- J\ "2 + - [ " 2 - r;i " 2]. - [B "(ZnH) - B "(ZnD)] [ <L" 2 > S" (S" + 1) e e 

... (85) 

An ave r age value of ve for ZnH and ZnD can be u s ed in this 

expression . Th eo r y has not yet been developed for the 

eva l uat i on of the term <1 2 >; Bunker suggests using the 

very app r oximate separated atom value: 

<12> ~ [LH(LH + 1) + L2n(LZn + l )] , ... (86) 

where L ' = L " = L " = O, Lzn' = 1 . The approximate H H Zn 

value of tv e predicted by this method i s, when the 2 II 11 2 

6 - 1 2 substate i s involved , 3 . 9 cm , and for the rr
31 2 

6 - 1 substate, - 3 . 2 cm Interestingly , the shifts for the 

two subs tates are in oppo si t e directions but of similar 

magnitudes .t These shifts were not c ompared directly with 

exper imental values , since the v value (v ** 0
) determined e e 

t Footnote on next page. 



here fo r ZnD and that given by Huber and Herzberg( 4) for 

ZnH involve the 2 IT state that would exist in the absence 

of sp i n - orbit splitting , rather than effective values 

for the two substates . An average of the two predicted 

values of tv is +0 . 04 cm- 1 , and this can be easily 

checke d with the observed value : 6 8 - 1 J - . cm . Agreement 

is not good , whi ch is not surprising con s idering the 

appro ximations involved in t h e derivat i on of equat ion (8 5 ) 

and esp e cially i n view of the approximat i on involved in 

using equation (86) and also especially i n view of the 

fact tha t the B<Lf> terms were neglected when dete r mini ng 

the " ob s e r ved" shift . The approximate formula used to 

calculate t he Y
0 0 

terms ma y a l so hav e contributed t o t he 

disc repancy . The conclusion of the author is tha t until 

bette r me thods are available for determi ning <1 2 > and 

<Li> , electronic isotope shifts are difficult to study . 

The vib r ational isotope shift is of consider ably 

larger magni tude and the theory is bette r develop ed . 

t Note that this does not mean that the A 2rr substates themselves 

f 

shift by about equal magnitudes i n opposite directions energywise. 

The X 2 r+ states are also involved and the shift in these is the 

same regardless of whether the other state is 2 rr
112 

or 2 rr
312

. 

In calculating this shift, the v value given by Huber and Herzberg 
-1 . e 

(23 276.9 cm ) was corrected for t he (1/2 y 0 
- D] term (see the 

~l e 
discussion below equation (60)) (23 276.8 cm )-Y was properly 

included as a vibrational term here. 
00 -1 

The final value (2 3 273.2 cm ) 

i s now defined in the same manner as v** 0 

e 
defined earlier in this thesis for ZnD. 

-1 
(= 23 279.9 9 cm ) 
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To a good approximation, the shift is given by the 

equation ( 73 ) 

tw = v v i = (1 - p) [w '(v' + l) - w "(v" + l)] 
v v v e 2 e 2 

where the superscript i denotes the isot opic molecule 

... (87) 

and will be used here t o refer to the heavier isotope. 

The we and wexe values are those of the lighter molecule. 

The constant pis defined as 

1/2 

p = [:iJ , ... (88) 

whereµ and µi are the reduced masses. 

It follows from equation ( 87) that the band system of 

the heavier molecule will be contracted relative to that 

of the lighter molecule, since p, as here defined, is 

less than one. With one exception, the vv values were not 

compared quantitatively, since the v values g iven by 
0 

Stenvinkel ( l 6) for ZnH were defined in a different manner 

from those obtained here for ZnD. Qualitatively, the 

contraction of the ZnD bands relative to the ZnH bands was 

observed. It was possible to quant itatively compare the 

vv values for one set-the v' = 0 + v" = 0 transition­

since the value of v
00 

given by Huber and Herzberg( 4) for 

ZnH did correspond in definition with the value calculated 

here ( and called v** 0
) for ZnD, after making the small 

00 

correction for the [1/ 2 y 0 
- D '] term ( see the discussion 

V V 
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under equation (60)): 

(observed) 

!:iv = 45.21 
V = 0 

(calculated from equation (87)), 

Agreement is reasonable. It is not intended to discuss 

here the reasons for the small difference. One obvious 

possible source of error will be mentioned: the approximate 

formula used to evaluate Y
00 

(the terms in the square 

bracket in equation (65)) . Other sources of error have 

been discussed in the references cited by Johnson 

(ref. 7 3, p. 181) . 

A good approximation to the rotational isotope shift 

is given by the formula( 3 ) 

!).v = v 
r r 

= (1 

\) 
r 

i 

p2){B 'J'(J' + 1) - B "N"(N" + l)} 
e e 

- (1 - p 3){a '(v' + !)J'(J' + 1) - a "(v" + !)N"(N" + l)} 
e 2 e 2 

- D "N" 2 (N" + 1) 2} 
e 

... (89) 

where the Almy and Horsfall centrifugal distortion 

expression has been used for the 2 IT state, though 

equation (91) below may not be valid for these. The 2 IT 

state complicates the use of equation (89) . ~vr values 
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could be calculated for each substate by means of the 

formula as written, using effective values of B ' a" e ' e ' 

De', and B ' if the 2 E - 2 IT interaction ( A - doubling, e ' 

etc.) is ignored. Alternatively, the formula could be 

modified by substituting the Hill and Van Vleck expression 

(equation (3)) for Be'J'(J' + l); then the true Be', 

ae ', De', and Be' values would be used . However , the 

relations obtained from equation (91) below may not be 

valid in this case (but see below). Also , the 2 E - 2 IT 

interaction has again been ignored. This neglect of the 

2 E - 2 IT interaction would mean that the 6vr values would 

be expected to be even poorer than those normally 

obtained from expressions like equation (89), since the 

E - IT interaction parameters (p , q , etc.) would be altered 

by isotopic substitution. In view of these complications , 

and since 6vr would be small compared with 6vv, equation 

(89) has not been tested directly here (but the isotope 

effect on the individual rotational constants has been 

tested-see the following paragraphs). 

The isotope effect can also be expressed in terms 

of the individual vibrational and rotational constants . 

Kemble and Van Vleck( 83 ) have shown that if the potential 

curves of the isotopic molecules are regarded as identical, 

and if the vibrational - rotational term values are written 

in the form of equation (8), then the vibrational and 

rotational constants for the different isotopes can be 

related as follows : 
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y ,e.ri Cf + 2m) 
-- =p . 
To 

.. . (9 0 ) 

That is (cf. equation ( 9) ) : 

i 
w = pw e e 

... ( 91a) 

i p2w X W X = 
e e e e 

. .. (9 1b) 

i p3w y weye = 
e e 

. .. (91c ) 

B i p2B = 
e e 

... ( 91d) 

i p3a a = 
e e ... (91e) 

D i p4D = e e 
• . • (91£) 

Se 
i 

P5S = . e .. . ( 92g) 

These relations have been assumed in the expressions given 

earlier for 6vv and 6vr . 

To test these relations for ZnD versus ZnH , values 

of p were calculated from them. These are given in 

Table XXV . Comparison with the very accurate mass 

spectrometry value shows good agreement, particularly for 

the values obtained from W I e , w x ' , and Be ' . e e The 

especially good agreement in the latter case is somewhat 

surpris i ng, since the rotational terms of the 2 IT state wer e 

not expressed in the form of equation (8) . The agreement 

becomes increasingly poorer as l or m increases, a result 

which can probably be attributed to the fact that the 

usual , mechanical expressions for Ylm become increasingly 
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TABLE XXV. Comparison of the values of p obtained from the spectral 

constants( 3) with each other and with the mass 
64 64 

spectrometry value--for ZnD versus ZnH. 

p 

Mass spec. value 0.712 838 3 

w Iii 
e 

0. 710 090 " we 

[wexe"1r /2 0.663 
7 W X 11 

e e 

[weye"ir/3 
-1. 34 W y II 

e e 

w 
,i 

e 
0.712 746 . W I 

e 

[wexe ·1r2 o. 712 
2 W X 1 

e e 

[Be"iJ/2 
0. 713 36 

B " e 

["e"ir3 0.727 
8 (l " e 

[Y;'ir/4 
0.602 8 y II 

e 

r{ir2 0. 712 85 

[:e:.ir3 o. 714 0 

14 6 



poorer approximations to Ylm as l or m increase, due to 

the increasing importance of higher order terms . This 

effect has been discussed by Crawford and J orgensen, ( 84 ) 

who give more accurate expressions to account for it . The 

only particularly bad value of p (even the wrong sign ) 

is that obtained from w y " . This is probably because the e e 

weye value was calculated in the absence of an weze term 

for ZnD but with an weze te r m for ZnH. weze is actually 

larger in absolute value than weye for ZnH . ( 4) The two weye 

value s are therefore not comparable . Other possible 

reasons for the discrepanciet in the other p values are 

discussed in the references cited by Johnson (ref . 73 , 

p . 181) . 

III . E . 2 . Zinc isotope effect 

The reduced mass changes by only a small amount upon 

changing the isotopes of zinc (cf . Table XXIV) . Therefore , 

the iso t opic splitting is very small . The three most 

ab undant isotopes of zinc , followed by their natural 

abundanc es (%) are 64 Zn , 66 Zn , and 68 Zn ; 48 . 63, 27.90, 

and 18 . 75. (85 ) Lines due to these three isotopes have 

been clearly resolved in the spectra (Fig. 25) . The 

r e l a tive i ntensitie s a r e visually in agreement with the 

above natural abundances-exact intensities were not 

measured . 

0 The measured splittings of the lines of the P12 

branch of the 0- 1 band are given in Table XXVI . The 
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FIGURE 25. Zinc isotopic 0 
splitting in the P12 branch 

of the 0-1 band of the A 2rr - X 2E system 

of ZnD. Frequencies of the lines are 

(in -1 
given on the left hand side cm ). In 

order of increasing frequency : 642 n, 662 n, 68Zn. 

,-10 . 5 

22 078 . 2 4 
22 078 . 76 

22 079 . 8 2 22 080.30 
22 081 . 57 

22 081. 91 
22 083.4 2 

22 083.90 22 
15 . 5 

5 . 5 

--1.5 

.,___ _ _ _ _. 20. 5 



TABLE XXVI. Zinc isotopic splitting in the A 2n - X 2E+ 0-1 band, 
0 P12 branch. The observed values of tv are tabulated. 

J" 

4.5 

6.5 

7.5 

13.5 

14.5 

18.5 

average 

64ZnD - 66 znn 

-0.39 

-0.48 

-0.48 

-0.52 

-0.34 

-0.41 

-0.44 

64 ZnD - 68 ZnD 

-0.83 

-0.82 

-0.83 

-1.05 

-0.79 

-0.84 

-0.86 

electronic and rotational isotope effects are expected to 

be very small and the observed splittings are expected 

to be predominantly due to the vibrational isotope effect. 

Although there is an increase in 6v as J increases for 

J between 4 .5 and 13.5 in the tabulated values, possibly 

due to a rotational effect, the irregularities with J 

greater than 13.5 leave this interpretation in doubt. 

The splittings in a greater number of lines would have 

to be measured to obtain statistically valid evidence 

for or against. This was not pursued further. It was, 

however, observed that in some branches where the 

isotope splitting was too small to be resolved at low 

J values, it was often large enough to be resolved at 

high J values. Thus a rotational effect was at least 

qualitatively observed. Stenvinkel(l 6 ) has studied the 

149 



rotational zinc isotope effect quantitatively in ZnH . 

In view of the discussi on in the preceding paragraph, 

the splittings listed in Table XXVI were averaged. From 

equation (87), the vibrational isotope splittings were 

calculated to be -0.432 and - 0. 8 38 cm- 1 , respectively, 

for the 64 ZnD - 66 ZnD and 64 ZnD - 68 ZnD splittings. 

These values are very close to the observed average 

total isotopic splittings, -0.44 and -0.86 cm- 1 , thus 

confirming the expectation that the vibrational isotope 

effect makes the largest contribution. 

Mrozowski( 4g) has observed a very small nuclear 

isotope shift in ZnH. No attempt has been made to look 

for this in ZnD. 

The magnitude of the zinc isotopic splittings 

varied from band to band (vibrational effect) and with 

J values within the bands (rotational effect). The 

splittings were often not large enough to be resolved. 

Thus, when measuring the spectrum, the accuracy was often 

limited by the blending of these lines. 
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CHAPTER IV 

CONCLUSION 

Although methods of analysis have been chosen so as 

to attempt to achieve the utmost accuracy wherever 

possible, this goal has had to be tempered to achieve 

results within reasonable time limits. Hence, certain 

approximations have had to be made, involving the neglect 

of higher order terms, as has been mentioned at the 

appropriate places in this thesis . 

The molecular constants of ZnD have been evaluated 

primarily by the traditional, graphical method. The 

combination differences (and other differences not 

specifically called "combination" differences) that were 

used in these graphs were obtained from the term values, 

rather than directly from the spectral line positions . 

Some of the advantages and disadvantages of using a 

term value approach have been mentioned, and this has 

been further discussed by Albritton et al. ( 66 ) While 

the graphical method is conceptually simple and provides 

the spectroscopist with a good "feel" for the data, it 

is recognized that this approach has limitations . It is 

not particularly useful for determining higher order 

terms-at least, not without becoming complex. 

Since the effects of the higher order terms ( which 

result in non-lineari t ies in the graphs) usually become 

more pronounced at high J values, t he parameters have 
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been obtained from the data in the low and moderate J 

range-the particular values of J (or N) used in evaluating 

the parameters have been given in the appropr i ate tables. 

No attempt has been made to model the system over the 

entire J range. Thus, in this sense, the present work 

can be considered to be a preliminary analysis of the 

spectrum of ZnD. 

Another disadvantage of the graphical method is that 

it is difficult to estimate the experimental uncertainties 

in the molecular constants obtained. Albritton et al. ( 66 ) 

have pointed out that the estimated experimental 

uncertainties are, in fact, often unduly optimistic. 

In view of this problem, error limits have generally 

not been explicitly stated in this thesis. The expected 

accuracy of the derived parameters is indicated by the 

number of significant figures-except were the method of 

evaluation itself is only approximate (in particular, the 

Birge - Sponer method for dissociation energies), in 

which case the number of significant figures stated for 

the calculated results are based on the assumption that 

the method is exact. Because of the difficulty in 

estimating the experimental uncertainties, the meaning of 

the last significant figure has to be interpreted more 
\ 

loosely than the usual definition: the error limits may 

in some cases be somewhat more than ±1 in the last 

decimal position, but should be less than ±9. Where last 

digits have been given as subscripts, the uncertainty 
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exceeds ±10 units of these digits and the above inter­

pretation ( ~ ±9) still applies t o t he last fi gure 

preceding the subscript. 

Spectroscopists are increasingly using statistical 

(rather than graphical) methods t o evaluate the molecular 

parameters, the most common method being that of least 

squares.t This more readily allows for the determination 

of higher order parameters (e.g. by the methods of 

Veseth( 22 )), and thus the data can be fitted over a 

wider range of J values. These methods are also better 

for estimating the experimental uncertainties. 

One such statistical method has been devised by 

Aslund( 6S) and incorporated into a new computer program 

which evaluates the molecular constants and term values 

simultaneously. (The earlier method of evaluating the 

term values, then subsequently using these to obtain the 

molecular constants has been criticized. ( 66 )) This 

program has now been obtained by this laboratory and, 

although not available in time for the work presented 

in this thesis, is intended t o be used to further 

refine our knowledge of ZnD. 

Despite the increasing use of statistical methods in 

spectroscopic analysis, the t raditional methods are still 

of considerable value for the preliminary analysis of a 

spectrum-hence this thesis. 

t "An introduction to the least - squares fitting of spectroscopic data" 

is provided in a chapter by that name in ref. (86). 
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