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- Todine '¥stands as the best. . known diatomic- halOgeé )

-

Qne .

is now - folLowed by ~ Lodlne monochlorlde.

namely D (u=25, is

i

of the ‘thrée lowest iom-pair stakes,

’

characterized .Dby ¢, uUsing —the{ 0pt1cal~0pt1ca& DoubT@w.

Resonéhﬁé} 4, state-selective pblarizatxon labelling

N - 3
,technique. Dgta were cumulated for v1brat1onal levels v=0-"

7 v
-~

1nclud1ng exten31ve coverage of . two av01ded

at'v=0 apd_l The maln

’J’ o- o L

» :
spectrpscqpic constants ﬁbr D'fstata of I’scl‘are ‘Tg. ~=

39061.830(80), ug= 173, 6313;),. w xe- 0. 5572(»27), 10254;.,. 3

Lo g "

104a =
T e

e

5.4782(41), 2.019(10) e~ and 10re=" '3.3508m. - The

.RydbergJ§1ein—éee§ (RKR) ppf%ptiaﬁﬁﬁs giv;n-for the D*“(2)

~ -

ion-pair ,state of I?3) up to. v=28. The .D' state is-

perturbed by the neighboring § state,. .their electronic.

interaction termlis evaluatéd ata};860(77); 93% .of 'the Van
Tﬁé*;hteezbowéSt’:ion~pair: e

-

Qvleck ~pure- precession value.

- . . : e , . . )_
states Ln ICl, D', § and .E, have:very‘slmxlar electronlc
- B4

P N

energy, vlb§at10na1 energy and egu111berm bond distance

*3

as' it ‘can b ’“‘P‘?Cted’- ' S IV k: o
. . v’ . S . . ;l . ‘ L .. y . o
2. By extending the teghnique  to three sfeps_.j(‘c‘)om);‘,wu,"_ )
. - T ., p " . . M
' } ‘ ’ - » ’ ~'. .
' ' ’ ’ ' - : n .
s ) . ’ - , oy l L . ) -‘ﬂ ﬂ
v b4 ' . ‘~ liir ) ‘:’i . )
.% « f:a"f . . . &
‘ ” u.‘b »




Y , 3 . ' - "' * K : C .- ’ . . '
ce 2 5 ’ PR v * ' . . ‘
we characterized the first excited state A' (®=2)h .above

N B . . ) B a v

' the ggound state of ICl. Data from v=2 to 28 were fltted-
e S -

" ko 4 Dunhaﬁvex?éasion, and v=23 to 38 were fxtted to . a
S near—dissdciaéigh.‘ expansioﬁ. The Mmain spgctrescopiq(
[ :éonstaﬁts fég A'(2) state of "1%5¢c] are Tés'1%682.05127); "
- 0g = 224.57(15) cﬁexé? 1.8532'(29),:‘16213‘2== 8.‘6'48(48)," 104-@:,9;'?
' .. 6.48(23), 108 15 * 5.27(209 ,em~l and 1or = 2.665nm. . The
A'(2) s;ate‘sgf;s some similarity thh#the other (3n)ocase

(a) 31gnacure states, namely A(l) and B(0+), their vibra-

N '

tlonal energy and equ111br1um bond distance being very

[y

'cloéel' Nb.’slgm of perturbatxon hag been observed in. A' .
state even if _dataxof partiél coverége go up to ~79cm-1
. - . ’;

from the d1ssoc1at10n limit, 'l7553.57cm‘1, '&(%§3/2) + CIv

e

(2P to whlch ~ converge ‘ten .eiectrdnicw stites.: The -
/ 2 Al . N . . .

N

. .Rydberg-KleLn Rees .(RKR) potential éurve is ,givén. for

ﬁ%~ N ¢ ¥ . ',
A'(2)" state of I”CI up to v=38 : :
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For - thousands of years, ' man has sought to master his

- -

'environﬁeht.é'ﬂis efforts began by controlling fire. Then

.

came théiwheel, the I8nd, the sea, the sky, the atoms. From,

thlS powef\mgame all sorts of knowledge called sciences.

Today, “there is. a diversity of sciences which are

. . - LY
fdivi@ed}&nto many branches and specific fields. Humanity is

now problkg the 1nf1n1tely small.' the ﬁnfinitelyAfar , and
the,fnﬂinltely deep. The.universe reveals itself as a whole
“well Qeructured.ané able to support an orgahized system of
nuﬁeroue;component;. *The purseit of knowledge'leeds ue to
“the e}ebééation ofimere and'moreiCOmpleX'modelg; |

N §

Even.with the power of. today's computers, one model is

‘barely sufficient to correctly describe a diatomic molecule

- which  stands -as ' fairly simple c%mpared_to many organic

<

,compouﬁﬁs.' There is still much information to be acquired

“from relatlvely simple dlatomlc molecules before developing

a mogel satisfactory to ‘describe them all.

' . P
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A lot of spactroscoplc work has been do@@aon dlhalogen%

. s,

and 1nterhalogen molecules. _Iodlne is thg_mpst thoroughly'f ibl'
studied moiépule,in that grogp so:far; i%ﬁﬁ&é?revealed more".?'s
than "half :of its ioﬁfpair states and algéspKhalf of ;tg

Qéléhce states {llt:‘rhe - next begt. k%gwé wmglecule is *

B - ) hd ~ \‘

. .
iodine monochloride, 'IC1. . 2.

1

4

. P ‘ -

. The tnteractioh -of two neutral halbgép atomd givés rise’ -

\':
W o - - .0t
valence states and can be identified byuthelr Hund' s case q

-..quantum number . Only few of them~are' Pelieved to be .;-'

>

*to a manifold of 23 molecular states~i2ﬁ"T%eée are called‘

Toa

strongly bound SHmilarly, two hhlogen.ipns give.rise‘to 20 .

ion—paip States which are-belieyed‘ﬁdf;allv be strongly -

£ ~
I

. - ) “ 7 ¥ . N - )
bound. - : - . 3
: e o . ’ -

Before this study, only.three véieﬁce states 'of ICl

were well known, X(0%) [3], A(l) gf and B(0+) (5] (see

Table 1.1). The B state predlssoc1ate$“¢#e to a cross1ng by

.} - '.‘

A‘d
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4'anothé:> 0* state, mainly repulsive, and has been the

_subject of studies which identified a . B'(0% ) adiabatic

state fesulting from tthat intersection. From the six lowest
A - LY. . -

éoﬁ—pair states, four " have been characterized to some
3
extent. Otherwise, parts of spectra~:ere left unexplained

and‘sometimes[veqy puzzling.’

® This thesis began as a study of one of the three low-
N ]

lying ion-pair states hot yet characterized,  namely, the

D'(w=2) state. By analogy with Iy, it was believed to lie

quite close to the other twod}on—pair states which convergé

3 - ) -
to T*( Py} + Cl PISO) [6] . Even though selection rules for

~',;th;.icall‘—.optica-l~-d-ouble-—resonance (OODRY permit a sequence’

of two upward Awx=1 transitibqs, tt, ‘these had not yet

been observed in our OODR experiments -involving an ion-pair

-

state as the terminus.

Because of the proximity of the ®hree ion-pair states,

>
o .

"B, E

ement of stronger 3+*A transitigns.,

, the access to D; state was restricted
thg pefturbations with . B Qere sufficiently
Nav;rthélééé, we haVe cumulated enough data to
the lower .part (about 12%) qf the potentid]l well of D'

state. At the same time, we have an tensive coverage of

two aveédded croésfngs between D' (2) and E(0%)

RO ‘ . S
vibrational level 0 and 1. .A simlltaneous non-line ast-




squares fit of the three ion-pair states allows us to

obtain values for the interaction matrix elements [8]. The

Rydbérg—K}ein—Rees (RKR) potential is given up to.the 28th

vibrational level tegether $ith the Dunham parameters for

" D' (Q@=2) idn-pair state of 13%°c1 (see chapter 5).
. " B ing the first =2 electronic state of ICl to Dbe -

I

+

characterized, D' opens .the door to access other w=2

states, either lower or higher in energy than D'. Only one

! .
of the valence states not yet observed in ICl , A' (x=2),

i 1

is expected to be a relatively deeply-bound state*. The
other ones are considered essentially repulsive with

possibly a shallow minimum. By analogy with 12, the A'(2) g

state was expected to be the;first excited state above the

ground state X, therefore lower than the A(l) state:” The
A'(2) state, a natural-complement to the study of D state,
makes the second part of our work.

" At , that point, the challenge of extending the polari-

zation-labelling technique.to three steps was ' even more

-

stimulating. .In a triple sequence of ¢goptical resonance,

+++, data on A'(2} valence state were cumulated to cover &- .
b

-

almost its entire potentiai, . from v=2'tqs38 [8]. Practical,

and theoretical limitations, like Franck-Condeon factors,

ES

frustated our -efforts to obtain data f@r'the two , lowest

vibratidnal levels of A', namely v=0 and 1. ‘Howéver, the
. - rd

-

* While this work was in progress, Spivey and others (1}

published a partiﬁl fit of D' and A' states.
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large range coveréa in'tﬁgszrather anharmonic state enéblgs
us. to dete;mine its spectrqscogic constants including its "
centrif§8al -%iétOrEioq conétanté'as a function of v fon
most of its potential depth. ®* The ﬁkR poéential of A'}zQ“;\‘

state of I39Cl‘is'given (see'chapter 6) with the other

R~

3

known wvalence states in the same region.

B
Subsequéntly, the above.experiments helped to initiate

A

étudigé of _otngr valence states of ICl leading to the

characterization of three new states [9] together with new.
. N - ‘
data relative to high vibrational levels of the ground

-

state X [10]. We now know eight of the -fifteen valence
states correlating with the first two dissociation‘ limits
and five out of the six lqwest ion-pair states of ICl. This.

work has lead to a significant addition to the knowledge of

the electronic states of ICl. LI . ' : : '

2

e A

IR




¥y
T e

¢
I,

[ ¢ ) S

:CHAPTER TWO o o

L] . - ¥

MOLECULAR SPECTROSCOPY
e )

. . . . 4
This chapter presentésa brief outline of the' nomencla-

ture related to the spectroscopic study of the electronic

-

states of - ICl [12,13] followed by a description of - the

- -

potential for electronicd/dtates. The selection rules for-

*

transition by optical resonance and a short presentation of

perturbation pheﬁbmena occuring 1in ICl conclude the

subject. & A g

2

2.1 Nomenclature

- - 7

w
FY 4

O - . . (

As Bohr first suggested, an atom can exist ‘on}y in

certain discrete energy statés; for example, in an atom

with one electron, 1like H, the electron can take bnly _

a -

.o d . » t
_ certain values of energy.. If the energy of the atom without

its electron is set at zZero, equation 2.1 is respected/g
Eg = - R' 2%/n2 ° . 2.1

LY

-
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) "k _ : R . -
where n is the principal Quawﬁum number, -2 is the atomic
. : ' - ‘ ' n
number and R' a qonstant. '

]
>

DeBroglle *?;lleved that the motion ©f any particle of

matter is associated to a wave motion of wavelength A
- . é . I . ,.. 1§ A
- A = h/mv - ' 2.2

+
o

wheré h is the. Plank's constant, m the mass of-the particle

and vyits velocity. This idea is now widély accepted. Let V¥
. § '

be the wave function which must -vary periodically with time-

in space - H ™
' ¥ = ¢ sin 2nv't .
- co- : v 2.3
’ or ¥ = ¢ cos 2nv't "
. » ‘2 \\ L] — . ~a
where ¢ is ,the amplltude of the wave motion and v' the

. L ° '!‘9& .
frequenEy of the€ vibration. :These two expressions can be

. combined to get )
. ~ g . ¢ '

- ¢
¥ = ¢ exp(-2mv't) . . P 2.4 -~

-
- L
-

If the motion of a single electron-is considered 1in the

-

‘field of a nucleus, then

+

{g% + ‘621 .+a # (z Vie =0 2.5

-

‘Hefe, m is the mass @f the electron and V is the potentialA

4

_ené}gy equal to -Zez/r.'Theosolution of this Schrddinger or
. N X : , .
wave equation is possible only fér certain values of E, so-

i
-
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! From the first equatibn in 2.8,

= - * \\ ‘

-

called eigenvalues.. The resuXlant energies_correépénd to
those of equation 2.1: The solution of equation 2.5 for
) & .
A )

R Y . ‘ e .
several electrons in an atom gives values ‘in- very good

. agreement with experimental results on such atoms. At the

same time, the Schrd&dinger equation‘predicts/fzgzt the

. eqerg? can have any value bigger than zero, which agrees

with spectroscopic. observations.
From=the-princﬁpal quantum ﬁuhber, n, one defines the

azimuthal Q§antum hu%?er 2 with the integral valwes

0 < & < n 2.6

w

The equivalent of the classical angylar momentum, ~mv,

Y
is given in wave mechanics for an electron-~by s

]
s

VIO (y2es 2.7

-
* s
- s

It can take oﬁly discrete values as can the energy. From

the fact _that the angular momentum of an electron. has

tm

definite wvalues, it foilows‘thagﬁétS'.ofbié around the

nucleus is not definite at all. This effect is reflected by

\ ’

Heisenberg's uhtertainty principle which can be expressed
¢ as follows ) S o . .

Ax Ap,ﬁ"h/,éﬂ
2.8

A{

,if the momentum of an

St

;§ “AE At > h/2%°

e

~electron in one-direction, _p%[; is‘well knowl; then its
. .



momentum of an electron in a field direction is constant

from these two values of m_. ' When A4, there is\a (2i+i)3

-orbital angular momentum, L, takes place about the inter- '

. : . .10
<~ 4 . !
o ' . . e .

Iq .

position is indefinite, .in order to respect the unceﬁtainty
L -\
principle. .

In qquantum theory, the component‘éf_the orbita?l angular’

and can only take discrete values, dl (h/2n), where

my = &, %=1, 2-29 ..., -1 2.9 .

L

- o
2

The number ml_is called .the maghetiE quantum number of the,

&

electron. From figure 2.1 , it can be seen that the angular

momentum cannot point in,the'dirgctibn of the field. )

- . .

The electron also has an angulaf'mdmentum of its own -

.

called the electron spin,. ;eferriné té)its rotatioh about.

its own axis. The spin quantum number, s=1/2, gives rise to

the angular momentum with magnitude equal to.

VETEFIT/(h/2%) _ - 2u10

9
-

For one unpaired efectronl the component of the spin .

angular momeptum in a magnetic field, mg , can take only~

the values of +1/2 and -1/2. Whenever there is no orbital

angular momentum, that is =0, a two-fold degeneracf arises
s

fold degeneracy. .

: ‘ = A

+ In a diatomic molecule, a precession of the electronic.

nuclear axis with a constant component & (h/2n) -along - it .

(see Figure 2.2). where e




- Field

direction

] .,

\

Figure 2.1 The orbital angular momentum,
.electron and its components, mg (in units

the field d1rect1on.

along the 1nt9rnuclean aul%.f

-
. M -
- » . .

.

A -

L(h/21),
of h/2n),

(;n h/2m units)

i

L (/2

Figure 2.2 The electronic: orbltal angular momentum.,:
in a d1atom1c molecule with its component
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.‘L'ﬁ\‘* ‘ * . = - I T - .

°_ax1§3 w1th a conatant component £ (h/2%), where

. _-.A'_—s: .".f/‘ . .
- A% L, L-1, L-2, ..., -L : 2.11

- . ‘ : 4
o .. - ¥ . . - ¢

‘Theﬁfspins of _ the indJViduel.éieotrons combine to ‘f0rn a

- -

total spin-ﬁfromp’which~we.get the cqgrresponding quantum
b N . - .
number § w@}ch can be 1ntegral or halfﬂintegral Whenever

«.,

A.ﬁ%D the 1nternal magnetlc fleld produCed by the electron

i K . l'@‘

fmotion causes - a precéssxon of the total electrdnit spin

~— af

about the fléTd‘d+ﬁﬁQthn 1n thlS case, the 1internuclear-

3 " . .- N
»

. . .\‘,
T . L3S, 51, 52, ... , -S 2:12
A T e ‘ ‘ )
The. Ltotal . electronlc‘ angular momentum  about the

-

lnhe:nuclear ast Q(h/2n), is @efinedtby
N s . , ‘ -

A, -

< S SRT=ERA 4+ :A-' : » 2.13

- 0

° P 5 i L
. N »

t

In’the caSeyofaiCl, the interaction between the otbital

© e, ES) - ¢ '

' and the spin angular momenta .is stronger than their

AR - o

1nd1v1?ual 1nteract10n w1th the 1nternal field. As a consé-

quence,g ne,,oannot consider A and I as they are no longer
o )

deflned These two mbmenta couple together (see Figure 2, 3)

to déf1he dlrectly R{h/2n) as the component of the: total

A )

- electronlc angular -momentum along the 1nternuc1ear axis.

) [ ‘\’Tiq" ’ Y s
This sithationareferS'to Hund's coupling case (c). 1In IC1,

~ '

the absolute véIue of the total electronic gquantum ‘number,

< -

Q.s_i then used to label the electronic states which- are

.
a ’ [}

sxmply called 0, 1. 2,*.., From now_on, we,will cohsider w

r

L
*3

r'd




ot

I

T s S

[

Figure 2.3 Coupling of the,différent angular momenta
h/27 units) in .IC1l, referring to Bund's. case c.

.

{in




. 14

»

as a positive value used to label the electronic states of

IClJ,'A state with. 2=0 is siégl?/degenerate an& ®A states:

are douny.degenerété. ) »
The 'rotationgl duanium number J .is then defined.by tﬁe

addition of the'nuélear rotational guantum number, R, witﬂ

W [ see Figure 2.3 ). It naturally follows that J cannot be

smaller than w2; for IClL, 2 and J are integral due to an

even number of electrons in the molecule =~

J = @, 9+, «+2, ... 7 2.14
o & '. .

R A molecule is never at ‘rest. Its movement encompasses

. three different kinds of motion : wuvibration, rotation and

v

translation. With polarization-labelling spectroscopy the

A

v

internal molecular motions are studied, that 1is the mot@ons

related to the molecular set of coordinates’' : ,vibratiohs

. and rotations. . . e

+

2.2 Potential for electronic states . -

. . In nature, molecule§ are usually in their ground state ‘ -
gr' sFable étate, «but they are wvibrating and rotating -ai}
.the‘ time.,6 One patticular molecule: can have only certain
valges of vibrational and rotational energy. A quantum of
vibfationa1~’energy T is fygically much'lafgér than oneA of-
rotational energy. ‘ ,

The simplest assumption about the form of Vibration is

that each atom of a diatomic molecule moves away from the

-




-
L]

other -and back towards it in a.émgple harmonic motion. In
: ) - s~y :

- . P . )
classical mechanics, a harmoé%% oscillator refers to a

\ . . C Ly
force F proportional to the distance x from an iguxllbrlum.

> .
position acting on a mass point m : ~ s
F = -kx = m d%x/dt? 2.15

) ” \

. The resulting vibrational frequency is given by

- Vosc = Vk/m' /2% 2.16
< 1 i '

Using the expression of forcé'in equation 2.15 to Qet the
! .

potential energy of the o*cillator by integration, wave
|

mechani¢s gets the followitg expression for the energy of

'Y i
“harmonic vibrations in a molecule
&

By = DK (v+1/2) - hvoge (vF1/2)” 2.17
Ttiu -

-

Here, u is the reduced mass of the molecul®e ané v is the
vibrational qﬁantum number which can take integral values
b&gger than or équdl to "0.

The representation of the potentiai energy qf a mole-=

cule with harmonic oscillations as a function of the inter-

nuclear distance gives a parabola }dotted curve on Figure
¢ .

2.4 ). "Howevepr, ,ii is clear that when the atoms move far

apart they will eventually become dissociated. Therefore,

the potentials curve of the molecule, has the form of an

— .

- anharmonic oscillator potential(solid curve on Figure 2.4).

The eigenvalues of an anharmonic oscillator can be expres-~

/ - | o ‘

.15

)
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sed in the form of a 'series expansion Tffmf“‘f‘**~—-_ég_

v

E = hv[we(v+l/?r—wexe(v+<2?72f..X]. ’ 2.18

-

In épéctroscopy, the Dunham expansion is widely used

LG = e vrl/2f = wgxg(vel/2)%h L 2.19

where w, > w,Xx, are exﬁressed in wavenumber units (cm™1). %
potential curve for a molecule in a specific electronic. .
state 1is cbmposed of mafly vibrational levels (see Figure.

2.4).- The symbol Te 1s associated with the bottom of . the

[

potential; when the potential curve in questipnk is the

g:dund_'statef of a molecule, Te = QO Therefofe, in a

mélecule, . the energy scale is positive and starts at - the

, 1

oL - [ . . :
bottom.. of the ground state (usually called X state). The
“éymb§I~Dé is associated with a dissodiation limit and has.a

N -

QOSlfivg value (in cm7! or in ev) calculated from the

M '

.bbttow.of the state. The symbol DO refers the dissociation

. energy to  the:  level v=0. The first dissociation ‘of a
. 1 .

d

diatomic molecule normally gives the two separate atoms in’

‘their ground state. ' . ' T

i Qoncurrenily to its vibrational levels, the rotation of
the 'same molecule also stores some energy in a guantum
'.ﬁanner. The energy of a rigid rotator (in units of cen~l) is

then expressed by

Fu(J) = Bpne = & J(JI+1)
v —fot §;TE§

ByJ (J+1) 2.20




. rotational constant decreases slowly as v increases, a

where I is the moment. of inertia of the molecyle iurz) and

B ‘is the rotational constant. The <dependence on the

Gvibfatiqnal level for the rotational constant is expressed

by a series expansion in v

oy By = Bg = g (v¥1/2) ¥ ... 2 2.2

Here B, 1s called the rotational constant at equilibrium
£ .
from which the internuclear distance at eguilibrium re is

-

easily extracted. It 1is as easy to compute that the
& )

being positive :and small compared to Bg-
As  a direct consequence of the molecular rotation, a

Y i -
centrifugal force comes into play and affects the inter-

nuclear distancé which affects the moment of inertia and
[ o D ) [

the rotational constant B. Therefore, with a massive

-

MOlecgle such as ICl, one or several centrifugal -correc-

‘tions to the rotational constant must; often be applied

? * -
‘ _ sy _
, F (J) = ByJ(J+1) = DJ2(J+1)2
+ HyJ3(3+1)3+ L,d4(a+1)4+. .. 2.22
He;e, b, » H, , L, are all considered as gentrifugal

distortion constants used to correct the rotational energy.
As the rotational quantum number increases, the effect of

these correction constants becomes more and more importaht.

Again, Dy, H, and L, can be expressed by %/gg;ies/gxpansion.

in v as By is 'in eqguation 2.21,

~

e

e
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H]

Two isotopes of Cl occur in a relative abundance of’

1:3. 137C1'shows different values of vibrational and rota-

4 ’ ' . "35 . - .
~—~tional energy .than those of I Cl. From this .difference,

new méss—reduced’quéntum numbers can be defined [14]

A

3
"

o : (vel/2y w0

J(JI+1)/a

o™
i

”

In order to work with integer quantum numbers, the isptopic
b ° - . .

" ratio for ICl is defined by

o = v...37 =\fi3s" = 0.978595 0 2.24
\'osc35 . 37
This ratio 1is wused ‘to express the vibrational and

rotational energy of the less abuﬁdéﬁt' isotopic molecule;

1 37cY, with the same terms as for the main isotopic
molecule, 1%°c1
- = 2 2 f
GEY) = w, p(v+1/2)+u %, 02 (ve1/2)2+. .. 2.25
" Fy(J) = Byp2J(J+1)-Dypd R (J+1)2+. .. 2.26

when dealing with I’°Cl data, 'p eguals unity and for I°’cCl,
p° has the value 0.978595. The fact that the rovibrational
separations are different between the two isotopes is used

to validate the vibrational and.rotational levels assi&ned

to signals in an early stage of analysis. Then, data from’

" both 1isotopes can be used in the model to determine only

one set of parameters.

”
P
]
/ ‘
»

-
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. s
For convenience, a Dunham expansion is widely used to .
’express the ené;gy of'an electronié state
Yoo + Yy00 (v1/2) + ¥p002 (v+1/2)2 + .. J
+ ¥g1p20(3+1) + ¥ypp (v+1/2)p23(I4 1)+ .. .
+ Y62p432(J+1)2 + ... ' 2.27 .
where Y, = T; -
Y10 % “e .
Y20 T UeXe .
. Yo = Bg . :
111 % 8 . ‘
Y9, = D '(qot dis§ociation.eﬁergy)

The Dunham terms Y_, do not give precisely the terms T,, wg

and others, but are so «close as to be practically

-

equivalent.)  Ohce the first few terms in the Dunham
R ? N
2 . .

’ N expansion are determined_for an electroni¢ state, some

other oneg.can be estimated [12,15]

L ]

T ‘ a = [6V% Xg 33 6B2] /w0, 2.28

- @ for a Morse potentlal
- 3 /02 . )
D, = 4 B3/w2 ' 2.29
. He = 2D, (1232 - 0w, /3w2 2.30
. - @
- 2 - end 222 _
Lo - Dl [3BeHeDe spd * B2HZ 231
e e . ,

- ) B ) q -
. Quite frequently, the above eduations do not represeht the

observed values aqcurétely but should be used only as an




-

-~ estimated wvalue for these terms. _Dunham also gives a

correction to be added .to the bottom of the potential [12]

Ly

«

Y} = By, + « +.a ~ We Xa 2.32
00 o= T%&Be 4483 4 -

which is usually a small fraction of a wavenumbet.

2.3 'Selection rules. ’ L .

. . """ ahoa Ll . e o M""N‘.&
‘ The spectra of diatomic molecules are affected by the
) T e . N . & ©
quantum numbers and their properties through the seledétion

-l

rules. Here, the ones relevant to ICl molecule with Hund's

case ¢ signaturé will be outlined for optical resonance .

transitions.
The selection rule on the rotational quantum number 1is

1

AJ =0, £1° . _ 2.33

. f
— -

[} . T
with fthe restriction that J=0 ¢ J=0. Underlying this one,

there\ is a symmetry rule which gpids quite generally for
electric\dipole transitions - ' ' .
!}’ . . - ' ] . A
+ <« ~  but + < + Y Y2.34

4
*

~This. positive . and neggtiGe symmetry, OF parity, of -the .
* ‘ ’ — N A R
wavefunctions is associated alternatively with the

_suceessive rotational levels in a given electronic state

——— had

- v

0(+), 1(-), 2(+), 3(-y, > OF

n
o

e
n

for u

or ¥ =0 J

B(=), M+), 2(=), 3(+), > O

’
- »
- s




a

s
I

- YA
. .y
4 o

N

for « =1,2,3 the state comprises two substates

- first, (e) J 1(-), 2(+), 3(—)'. 4(+), ...

M

second, (f) J = 1(+), 2(-), 3(+)% 4(-), ...  ‘€

' N @ .

It rmust be remembered that 'J » Qa\ Anothﬁr‘selection rule

-

applies to the Qbﬁal‘electfonic angular momentum
. ' .o ‘ : : 4
AR = 0, %1 . : 2.35

and O+ 0%, 0~ « o, ot b o .
& . e T ’ : 4 -

From-.these, it can be deduced.for a specific transition ’
) v , ° - .

from the ground state in ICl, &=0% to another @« =0% state,

+ a e . '

that .there is no Q branch ‘(AJ0).  From the ground state to

.

"q.spdte with =1, Q signals access the f substat® and P,R

signals (AJ= ERY) access the e substate. Using the above
AT ! [ad - e Y

>

- . 3
. . 4 .
selection trules, * the observed signals chaticterize

-+ different glectrohic states and substates. In designating a

- ‘ A

v

given electronic transitkony the upper state is always

a ® ~

,writfeng,first;‘ea B-X transition.refers o a transition

* Y

, bétwgen the ground ‘state X and- an upper state B.
. ‘v 1 » P
"Some 'oﬁher'irestrictiops arise from the factithat the,

s

light interacts d:%ing a very short;peri®d of timeé with the

Tolecule.. This time scale is of “the order of -magnitude of

v , ) .
the Teciprocal of the transition frequency; © for wultra-

violet and visible light, it is of the order of thed femto-

. second (107155).‘ This means that sfter the‘interac;ion the
« R - - * ) \‘
molecule has the same internuclear distance as before_ the

A}
. .y <

s, : 4




1o

P

=
> @

interaction, the inverse of the vibrational frequency being
“12 5074y

of the order 'of -one to ten picosecond (10 ). From

our point of view, a transition <can occur vertically

——
o

between two potential energy curves théq} represent twp

electronic states (see Figure 2.4). This intuitive idea is

-

referred to as- the Franck-Condon principle.

b Y

Quantum mechanics considered that the total "‘wavefun-

. ’ /0
ctioh VY describing each of the“/two levels between which a

° -

transition 18 considered, can be separated into two parts

\

) ¥ = dgwy > e ' 2.36
‘where - ¢e are the electronic and ¢Vth94 vibrational - wave-

4

functions respectively. The electronic transition: moment is

-
3

defined
f._.:l .

Ty * oy i
Rg = [Mgvl*otdr 2.37

t?/ use of the electric moment Mo The integral over the

proauct of the ¢V's.bf the two states involvedﬁis calléd

the overlap integral-

. ?

- PR o .
| @y enar : . 2.38

- - B -

Th}s equation translates the Franckié?ndon idea into a

mathematical form, 'Then, assuming that the variation ofyRé

¢ N . 3 e mr—— o
with r is slow )
- ] B - : - i e ' ) 7~-—; :
R =T ] ¢gn . : . 2.39"
. e f qu;vdr . '2&. 39 o
- - , . ~
“ £ ° 2 r,
» 3
. - ta
-~ : A
k) HY ' -~ ’ - ” /'
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(}'} - - -
where ﬁe is an "average value of Re' The 1intensity of a ° .

- F

transition -is proprotipnal to R? as long as the other o
selection ruleé are respected. Here agéin. guanthh~
héchaniqs allows for some uncertainty-or variation .in the
internuclgar dista;ce during é'transition, acc&rding to the

ﬁeiéenberg's uncertainty principle(2.8).

<

2.4 Perturbation phenomena

a) ¥ doubling , ‘ ( .i‘ .
The ICl1 molecule ,corresponds to Hund's coupling case -~ =

LY

(c) which refers {g an idealized situation. Small" and large-

deviations fromﬁgheée cases are often obsefved. 1In ICl.,Jﬁ B
. \N'G ) A . .
interaction or perturbagion between two neighboring gtates, °

®=0 and'l of the sSame parity gives rise to a éélitting of

the two rotational sublevels, e and f, of the w=l state. - .
_ : O .

Effectively the sub-level e of «4=l state is perturbed by-
the neighboring =w=0*state (ggp—degenerate),. and its resul-
- ' £ . ( . ,‘ . a -‘

e

]

‘tant energies differ sligﬁkly from the f sub—levél:~:jhis

effect is called R splitting or ¥ doubling and is frequent-

-ly .of the order of a fraction of a wavenumber. This hetero-

rd
<

[ . ’ . . ) » ‘ ’
geneous perturba&§on, Av=zl, is possible'only in the rota-

ting molecule; some refer to,this as eléctronic-Coriolis
. : L - . £
interaction in the rotating molbc&{i; An -homogeneocus peér-

. . . - L 4 . Co
turbation operates.between two states with' the.same x and
) : )

is .possible 1in the non-rotating-moleqﬁ;bA [16]...In bpﬁh‘

types, ,the upper level in gquestidn is shifted up as-. the

£y

[ -

-~

[ ik



“lower level is shifted down by the same amount. This per-

turbation is always expressed as ‘a repulsion of two states,_'

The rotational part of the Hamjltonian ‘can be

}
expressed this way v
3

4
- e 2 _. _;\ -2 :
B, = B, LT -L -8 )% « (3y Ey §,0%1. . 2.40

whiich can then be rearranged-tb give

- s 2 ! , /} .
\ ) Hrot B [ 32 . o ;

'3 422 82 +§2-§2 -£,8 -L.8,

A -Jﬁ_ 238y 2,41

'9

"where J 3 13 ﬁ#; f tiﬁ and
angular momentum*gpétators are i

Y ,‘_ ‘--us,
Y \-ﬂ',\l *-;;_" A

J on the flrsb l%ne,ef 2%4? glves th@?uéuﬁﬁ“@xpr ssion fpr

<
‘0.—

the rotational term,“‘ o T S

A3 N

'U.J"

h/Zn%ﬂﬂ}hs _The term. 'ip

. PR
B S . . “ H

‘ ‘ FV(J)==BVJ(J+1) “@% @@ . 2.42
The terms produced by the operators from the second line in

.2.41 are independent Qf’J and are therefore included in the

electronic term ivalue. The third 'line of 2.41 shows the

f N -
terms responsiblé for the J dependence coupling between

states of dif:ereﬁt » )

R
. ) . g ' . 0’
M, et )-R, (3, (T +8 ) +(3. (T, +§ )) e M,T>
= <2:1]E, +8 Jurcuz 1}&,}u> A
’ x [J(J+1)=wu (wzl)] 1/2 ‘

= hb’Qtl BQ,Qﬂ [J(J+l)—g()‘:l)]]§}/2 2.43

I3

+= g;:jsyaﬁd yhere thése‘"




"The abdvefequation generates the off-diagonal elements for

:rfﬁ_‘KfotatiOnel“ Hamiltoeipn:“'matrix. .The of f-diagonal
/. ‘fotatio@a}\ .constant BQ,Qtl .is readily evaluated frbmu
.nd@efieglj'wevetuﬁetions; if the potential curve of the
electfeniC'etates~ete known. - The term W, Qﬂis usually. net

.calculable .and is treated as an adjustable parameter in the

. »J\“‘.

. flt of the experlmental data.

I

. The first family of ion-pair states in ICl consists of

7.

three electronic states, B(w=l), E(0+) and.;D{(Z), with
e - their Tg lyinétin‘alSO é@“; range. This gives rise to an u.
o .'ev‘ doubllng 1n both g and D' states. ‘This splitting in D' is

ol due to the 1nteract10n of the E state through the perturbed

Al . Y '~\. v

'ﬁ?"eﬁ ustate whlch is partly assuming the E propertles. There-
%%;;ggﬂffiz fore, the fit, for these three states, should be‘_considered
T -51multaneously to obtaln a reasonable accuracy. -The origi-'

‘nal Sx5 matrix £actorlzes 1nto a 3x3 (e sublevels of QfO{I

-

and 2 states) and a 2x2 matrix (f sublevels of x=l and 2

.

states) by symmetry; there are of f-diagonal ‘elements of the--

form of equation 2.43 for interaction between ¥=l and =0

(N

states, and interaction between w=1 and ¥ =2 states.

In a first\eppreximation,t the ihteractien py ; vibra-
o tional leve}7with'a'different v is ¢considered  negligible.
If necessety,n it can be included by transforming the above
. ‘ 3x3 matrix:into‘e 6x6 when'considering op;y,one,neiéhboring

- vibrational level, and the 2x2 would become a 4x4 matrix.
. .

The magnitude of ., these _new“ off-diagonal elements are




-

" Dunham parameters are needed to make the ﬁxKR ¢urve. - An

usually much ‘smaller than the ones con81dered before for s

the same v number and can be evaluated by perturbation
9 v -
theory. This 1is because the 1nteractlon in pLay,ls‘ inver-

1

sely proportional~to the energy difference between the‘two
levels considered.

The only term in equation 2.43 which can have' "some

4

dependence on v LS.BQ,le' ‘Being a difficult “factdr- to

calculate a priori, it is usually evaluated numerically s

L.
.

from- the wavefunctions. describ}hg Qihratibns in the
Rydberg-Kle%n—Rées (RKR) potent&al curve, but first,ézthe

-
”

@

1terat1ve process takes place by startxng w1th an “approxx— . St
mate set of. DUnham parameters whlch ;hen make - an RKR“

curve’, and we . calculate these B .41 - for same and dlfferent ‘
e, - o )
v’s using the Numerov—Cooley method [17] These Eactors can " LIS

ro, .,

then be used in the flt of the data to get a new set - of

Dunham parameters. The procedure is repeated until. there 15:

v Y

convergence, usually after few cycles. .

The flrst term 1n equatlon 2.43 can be compared to the

I

)

.interaction ‘term in the case referred to as pure preces‘

sion,. developpe@ by Van Vieck [IS],_iyhere L+s = J_ is a

defined quantity

. i , ..,' \
<Ja£Qtltft+§trJa,Q> = [Ja(Jafl)—Q¥Qi1¥)1/2 2254

The family of ion-pair states considered gives upon

dissociation C17('Sp) and 1*(*Py), then J,='2 and w=0,1,2




[
L]

[2(2¢1) -1(0)11/2= VB = 2.45 ©2.45

% ..
J

=
]

[2(2+1) -1{2))1/2= v = 2, 2.46

The overall magnitude of tﬁe'shift due to the perturba-

tion 1is function of the.overlap of the two vibrational or

rovibrational wavefunctions . (equation- 2.38) of the two

-

states. Unless some "selection rules® are respected, the

o -

overlap ‘'vanishes. The~selec£iqn rules relevant to ICl so

.
5

that a perturbation can happen are ‘ -

<+ same total angular momentum (AJ‘=A05_L

SRS - : - . L S
R\‘; — AQ =~O' :l. ° - . o oo o
o - . P ‘_ - ‘. . 9_‘_ - . n
+ . - same parity, + =it or. - - T4 :
. A e . -

:_ﬁe well, there ise a'cla551ca1 pqu;valeht ef the’ Frahck-»

‘two different electronlc states and lying a% qpprox1mately

tﬁe ‘same he1ght wlll 1nfluence each ‘other émrongly only if

ws.r&' >

c1a551cally the system could go over from th@ﬁone state to

the‘,other without -a large akteration of position and

momentum"

In the case of ICl, heterogeneocus ,pefturbation(Au=11)'
. ) ) A hdiid el

@
bl

is present and arises on account of finer interactions of

.rotétiénel "and electronic motion.. The magnitude of the
perturbation between the two states is then proportional to
»J(J*l) accord1ng to the b331c theory The wavefunctions of

*berturbed States are considered hybrid or mixed wavefunc-

tions. Both, states .now assume each others properties. Then,

L'} o

~Q‘éond0n':factor [19] .3 “Two v1brat10nal states belonglah‘to '

£l

. s
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when .one allowed transition is in resonance with the energy

of the beam, extra lines can appear from the neighboring

perturbed state. One'may’say that the extra lines "borrow”
intensity from the regular lines.

»

This can explain the appearance of some extra lines in

spectra. By considefing_levels from an w=l state: as not

»

pure but hybrid }evels, one can consider an w=2 state being
-~ . . 3

perturbed Dby the =l state as well as by the ¥=0 state but

o
to a lesser extent. This is how an ¥=2 state shows an

.

ddupling effect. By the‘'same process, this is how an w=2~

state cdn experience a local perturbation by an w=0" state

in the form of an avoided crossing between .the two levels.
3 RN . i } . - .

o~
. 7

b) Avoided crossing ,

[

is formally forbidden for two,eleétronic states with K the

.. hd
same, parity (sfee selection rules for perturbations). This:

is shown schématically on.Figure 2.5. The two electronic
states in such a situation have the same rotational quantum
"number J,. and at the point of closest approach would have

the Same total energy.‘Both states are -then pushed apért as

in other perturbation phenomena in a way proportiohal . to

the r~2 matrix element and inversely proportional to their

energy difference. The magnitude of the perturbation is
w :

greatest at the. point of closest approach and decreases on

When 'two electronil states are very close, :they may -

show an apparent crossing of their potential.curves which

‘2g
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o )




y '
-
»

. " (]

both sides (seen as the distance betwen the dotted and the

solid line on Figure 2.5). Because -such a phenémenon
appears onlj'at some J values in a vibrational. level, it is
sometimes éalled a rotational perturbation. The
wavefufictions - are ‘assumed to be a-SO—SO‘SQixinb of both”
states at the point of closest approach, gherefore a label

cannot be assigned to one state or the“otﬁqr.

.

It can happen freguently that twb -electronic '~ states

13

have the same energy but it is not common. for this to occur

while the selectiorr rules for perturbation are respected.

The sum of the rotational intensity"distribution for the-

-

’
.

two states shows a usual dependence on J(J+1). However, on

£

an individual bagis, one state can steal more or less
’r
intensity than the other for different J values _.[20].. At

the point of closest approach, it can be éxppcted that both
signals (4a2=tl) have the same intensity, assuming a 50-50
mixing of the wavefunctions, but in practice, the digtribu-~

tion of intensity between the two signals has a unique

behavior in each situation.

"In summary, the electronic states of ICl are chara
. . ¢ g
ized by the value of their case (c) quantum number / «. A

states of different W% approach one another, perturbations ',

arise from this proximity producing » doubling for states

5
’

with A4, Con;amination of the wavefunctions allows transi-

4 13 . } . -
tions © to occur .between states whose radiative combination

is Eérbidpen in the absence of perturbations. 4

"a .
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CHAPTER THREE

POLARIZATIdN—LABELLING SPECTROSCOPY

AN

chapter gives a resume of the theory for the

polari;ationﬁiabélling épectrospopy which was develawed

in more detail by Teets”[ff] and Cross [22]. The experi—

mental conditions are given later for both two- and three-

beam configurations along with a typical signal.

The relatively new‘technique of polarization-labelling

L]

greaﬁly simplifies crowded molecular spectra. 1t relies on -

the creation of a population of specific~angular momentum

asymmetric

in M, py means of a narrow-band laser ¢alled

[ - o

the pump beam (see Figure 3.1). At the same time the pump

leaves

asymmetric M population in the ground'~sta6e.4.

'

[

o

These populations cause an asymmetric- absorption or

transmission of a linearly polarized probe beam at “fre-

quencies
+« labelled

quencies

corresponding to transiti

#-or ‘from these

levels (see Figure 3.1).” To find at which fre-

such transitions .gccur in. the molecule, the
Vo ;

b °
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Figure 3.1 Typical optical-optical-double;resonance expe-
riment with the polarization-labelling technique.




- medium.

@ . I ’
sample is placed between two crossed polarizers .(ope
oriented at 990 deggées from the other in the probe beam
’agis). Then, thé rotatiéndpf the plane of polarization of
‘the probe allows only-Séme frequéhcies to pass through the

.second polarizer (analyser) and to be received at the

-

spectrograph.' The assignment of these signals to specific

transitions is' much facilitated when the frequency of the

. ) . . N
puttg is known. - :

3.1 Theory \\\

a) Two-beam

Whenever electromagnetic radiation propagates through

a dielectric medium, ' it induces a polarization of the

The electric field-of the radiation is. described

by this wave equation (in c¢cgs units)

hY

1
V x (VXE) + 1 2% {E + 4P} = 0 3.1
' c 20 t2 ‘

where E is the electric field, P is the polarization .of

the medium and c the speed of light. P is expanded as a
. ! :
power series in the electricw~field, &hére indices

i,j,k,1 refers to the x,y and z axes

P= . L] E L .« . - * .
Pio® %385 Y RN BB T FEM g BB 3.2

2 6

. “n
For plane waves propagating along the =z~ axis, a

solution talpquation 3.1, considering P=0, has the form

34




N
SO 1=

© E = Alz) e¥p ilkz - wt) . 3.3

)

where A(z) 1is the‘amplitude of the wave and “k is the

wavenumber in radians per centimeter.

The first term of equation 3.1 becomes » ;

' g x tvxE Y = -] 62A + 2ik 6A - kZAJ
: ’ 5z?2 5z

X exp i(kz - wt) 3.4,

.
-

and the differentiation of 3.3 with respect to time gives

/ . -, l
1 8F = Aflwlexp i(kz - wt) - 3.5 . !
c2 St? c @
: - - “ L
Then, equation 3.1 becomes : )
A+ 2k HA -‘-kA+H ‘ '
622 6.z &
. \ . o
X exp i(kz -wt) = 1 _&%24npP » 3.6

c? ot ¢ .

The two last termms in the upper prackets are eliminated,

&

‘as k =w/c by d€findition, The general form of the amplitude S
- r's , \
equation is {227 : . :

s =21 éwi}‘ E1 ,J+ %2} EljklA AkA explizAk)
-4

) . A
1)?% AAY +...] 3.7
’ 1= lljj l J J ’ :
. a
where Ak = kj+§fk+kl~;k and i.j.k',l refersto ‘the labels” 1

for the signal, 2 for the probe and 3 for the pump beam.

e
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LY

! . » -

1

. By canservation of engrgy, wj tuy tw Jwi is =zero.. The

"phase matching" requirement given by Ak =0. is needed to

2}

keep theiexponential térm cloé% to unity. By doing so, the

thi}d-order'-susééptibiiity term is kept non—negliﬁgble.

]

The polarization- of the medium induces a change .in. its

refractive | index.and abgorption coefﬁici&ht’which can be.

{gxpressed 'gn}term of the real and imagiﬂarylparts of the
8 R - o .
first order susceptibility . )
[ .- o T )
PR n., =1 4 2n .. 21 + 2nf{ X.. .. 3.8
. | e ii .Q ii .

HQ .
i

i . -
_4ﬂw.1\xii) ’ B 3.9
. & N
wheré w "is the @ngular frequency in ﬁ:dians,per second.
3

7 for the siénal and

.
-

<+ Assuming solutions to equation

. R ‘
the probe amplitude of the form /.
Al-,(Z) = Ml(z)Az(O) exp(2ni %: Lo} z) 23210
. . ° 1
(z) = M, (Z)A,(0) exp(27i w z) - 3.11:-
o, | AZ 2 -2 p ﬁ'ﬁ‘% ‘X?Q .
we get ' L .
. »
o . . L4 2 £ N o
M, (L) = 2 2 A i 3.12
p (A .51“[%—7"1233 A" ] N
\‘ % . 6‘0 - -

Thegefore,;*after assuming the argument of the.sine func-
. b . o - .

" tion is smaiﬁ, the leading term in the expression for the

LI 14

signal intensity depends on the square of the interaction-

. - _
-length of the two lasgrs.‘the'square of the pump intensity
LY

£

[}

—
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sl

“ 2y

@
£

and the {irst.bgwef%qﬁ the probe peém'inteﬂgity”_
' R . ." o ‘ -

2
- N >

I « 'AJZ.‘(J;) « (22:1)2 4xi%3§. 1’;22(()-)1}1\03‘4 22
. 1 ‘__‘ M -

- -

4

. ‘ T B ’ “x e;(p [4n iwl X11 i] 3.13
. y . oh] . ’
ot . b e, . - l . { :

The above equatfbn deséribes'ﬁﬁalitativeiy the signal
amplitude in the ecase of“é small Sigﬁal with a circularly
. . :g . : - [ . . ' . '
polarized 'ﬁump and a plane polarized probe: beam. The

s N - . . “* ¢ .

app%oximéﬁions Qséd tq derive eguation, 3.13, namely steady-

¢ N . .
state solufions with short-pulse durations, a beam fre-

" . (24
"quency resonant to the transition and a small. intensity’

. : . P . ’ * .
'signal, may not be reasonable in some cases. In practice,

> T .
we may not have the same pulse profile as, used 3in the
. N @ oo o T . :
-calculations and a beam frequency well in‘'resonance with
- . .
.
the transition.

.

" A at i : fot
. An  equation or x1233

shows that

is derived by Cross [22] who
x1533'is proportiondl to the square of the
dipole moment coupling Epe grourd state and. the interme-

*

,diate level pumped, -and to the éiffﬁrence‘of the sguare of

" the dipole moments for the right and left ciréular_cbmpo-

nent of the probe,gt'a signal freqguency

.

™ xi233 ’ l“bafz_ii“caiz* ifda|2f , 3,14

. -

™ 5.3

whrere the pump is tuned to the transition b « a and the

'pnobed_transitioﬁg-are c + aand d « a: i is the dipole

v
" ~

mogént coupling the j rlevel to the i level.

/

«}



p
It .is an appropiiate time to examine the M-dependence
n

(not shown here in 3.14) of the absorptiomry cross-section.

a

The allowed tr%nsition with a righﬁ"&irculaggy polarizédJ

oo

“-.pump beam is (M+1) '+ M.sThe absorption cross-Béection. for R
LA 3 »

Y

and Q<®ranch transitions is plotted in F{gutef3.2f§1An R
branch transition .shows a strong M-dependence for 'right

. i )
. Circularly polardzed 1light, giving preference to large

. H . . a
positive M; the same is;grueUfQY the P branch at large

negative M. A Q branch transition is favored by a linear

- . T ‘ . -
palariZation, which can be thought of as a beam* of a

right(+) g\rculérly polar;zeé componént,in phasé with' a4 .

e - ‘ - B
left (-)- circularly polarized one. A purdp beam in resonance

with a trandition creates a population asymmetric-in M in

~

both‘lower and upﬁer éfvél,of that ‘transition:;

Two diggerent values of the absbrption coefficient can

5

4
P

had . . h i = . ’
ized beam. The same phenomen®dn is observed.for tpe refrac-

tive 1index. The <components' (+) and (-) of :a linearly

Qv 1

. polarized. probe each see a different dbsorption cross-—

e §

section (see Figure 3.2) when interactigg with an M-

Y

asymmetric population. This circular. dichroism, x -,
. A et

introduces some ellipticity in the probe polarisation. The

birefringence of th medium due to different refractive

. indices, 7 and n_ , seen by each component ofithék—probe-

‘(right and left circularly polarized) rotates the plané of
polérizbtion of the-probe. This is how the polarization-

» ' . %
y 2 & . . : .

. u M
© » :
.

1} .
‘. be. measured by using a right,and.gﬁleft circularly polalf

38-

N«



. ’ ' ¥ B
M=-J b . M= +J M~-—J ~ 0 - M=+J

Flgure 3.2 Absorptlon cross section in sfunction of My
part A as for R transition and part B for-Q trans1t10n‘
the "left and right are for- plaﬂe and r1ght~qgrcularly pola-

razed light., » L Lb , . .

—
13



labelling technique works with a é&séularly polarized pump‘

creating an asymmetric upper and  lower population.

When we work with a 1ineafly polarized pump, this one

o~ creates symmetric populations in M (or very elose. to

4

o R —“symﬁetrié) in both uppér .and 1oéer_ states. The probe
polarization is set at 45 dq?rees to the pump plane and is
best seen as composed by two linearly polarized componént
at 90 degrees one to, the other, One component is.in;erac—
ting primarily. with 4one 02 the . two populated states
resulting in a slight rotation of the overall‘.plane of

) polarization of“the probe whicﬁtthén gives a signal.

It 1is worth meﬁtioniné_that Yamashita [24] developed
®> an equation Based on firs% order result of Maxwell's’

. 2eQUation (3.1)'relatihg the signal intenéity to the sguare

_of The circular dichroism, .'to the square of the ihterac-

tion length in the sample ;and to the probe intensity.

Unfgrtunatély, in his development, he neglected the non-

linear effects so important in polariza;ion-labelling.'

-
-

L]

b) Three-Qheam =

An  experiment with three.overlapping laser pulses of
short duration i; a non-subtle affair. The use of ‘two
ﬁa;now—band lasers as puéﬁs is stronély ;égoﬁmended to

sufficiently popuiate the upper level sought. Figure 3.3A

‘first configuration of laser, beam pélarizatioﬁ. The two
. . R - ~ . . w . . .

© 7 - -
, .
Vo - 7
. 14
- . ) . “ w.

shows the two king5~of three-photon signal produced by a

140
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last steps, pump 2 and probe, correspond to the same two
steps sequence as above with the difference that, in the
three~beam experiment, these two steps do not start from a

Boltzmann bopulation in the ground state. With this

scheme, the f substates are probed preferentially, the-

selgction being accompiished by the first pump. Figure
3.3B illustrates another configuration which-Eccesses the
e substates of the ;ntermediate'and fiﬁal- levéis Vusing
Eircular polarization in the first stage. In the two
configurations, bofﬁ two-~ as'hell as three—pﬁ%%on signals
can be recqrded,by'ﬁhe séﬁctfograpﬁf‘g :'

The scheme of intefesf in this §{L?y is the one where
the -probe induces downward transgiions from the second

intermediate 1level. This technique is called stimulated

enhanced emission polarization-labelling, SEEPOL [2%7,

¢

where the probe may, in fact, experience intensity gain at

’

the frequency of interactig; with the sample to give a
signal. ‘It is beyond this study to develop an exprédssion
for the signal intensity generated by the inte acé%on of

three different -beams of light on the same mQlecule.

¢

Equatien'” 3.13'gives a qualitative description for Ja two-

phéton signal of small intensity.
3.2 Experfmental , .

The experimental arrangements are represented

schematically. on'Figure 3.4. A gumdhieg'laaer model TE-
. Ty 4 .
s O
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) &
was operated as a XeCl laser aﬁ 6 to 8 pps. The

peak power at 308 nm wag 4 to 9 MW pé& .pulse of approxi-

ES 22 -u-(

mately« 10 ns. Th1s beam was split a ﬁ&w times to,pump the

two or three dye lasers necessary to th§ experlment.o

(

aThe dye laser Ll (sge Flgure 3. 4) Was a Lumonics model

a' l‘

EDP-330 equ1pped with an 1ntra cavity beam expander and a

E]

dye <circulator. Its output beam, plahe or circularly

.. polarized and hav1ng a linewidth smalJ@r than 0.3 cm” -1,
"‘ﬁw 'a
was usegd as the first pump. The dye laser L2 was a Molec—

tron model DLII-14P giving a typical llneyldtht~of about

0.4 cml without etalon. This laser was only used for

three-photon experiments and, depending upon need, was

&

either linearly or circularly polarized. It was aligned in
such a way that it$ beam was coincident with the L1 beam, -
but travelling in the opposite direction. The quartern-wave

plates used were stressed quartz blocks whose pressure was

. adjusted at the opefating'wavelength. The third laser was
operated 1in broad-band mode, Qith a frequencyn bandwidth
rahging up to several hundred cm~1 dépending upon thF dye
used (see Table 3.1); this probe beam was alwaysfiplane

. pql;rized. This laser consisted of an bs@illator stage
with output coupler and a piahe end-mirror, and an in-line
amplifier stage, both pddped tranversely.

The sample of ICl (natural isotopic mixture) from

3

&stman was distilled in$§he sidéarm of either a 20cm or a

6cm cell equidped with_flat”silica:windows and was kept

P . . .. S 4 4
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' - /S
y - . i A ] )
Table 3.1 List of dyes used during this ‘work
with 'the lasing range and maximum lasing 'wavelepgth

as stated by the manufacturer (Exciton Inc. or Lambda-

Physics for QUI only).

&
Dye ., . Solvent . Lasing wavelength(nm;
. . | : b;Range Maximum
.  p-Terphenyl o-dioxane  336-355 - 342
. PTP - - :
woo T™Q . p-dioxane 344-366 356w
PBD  Toluene:Ethanol . 358386 - 367
' (1:1)
BBO p-dioxane 368-1393 387
QuUI ' p~dio;aqe’ 363-395 386 f ﬁ<'
DPS p-dioxane | 397-417 . 407 *
Stilbene 420 Ethanol | 405-467 425
Coumarin 440 Ethano: 425464 ,_440_.‘

» Coumarin 4605 .;Eghahol' 442-482 a?' 46 Qp
Coumarin 480  Methanol - 461-51% 480
Rhodamine 590 Methanol 566—6}0'°4 583

R6G . . - -
Rhodamine 610 . Methanol 588-644 600

RhB (“ o : S

Rhodamine 640 Ethanol 608-668 < 618 .




just below room temperature. The pressure of ICl under
M ° P .

these cbdnditions, ‘was relatively high, about  3gmbar
« (27mmHg), which "favors ' the de'velopment of collisional

_‘satellites’ allowing more data to Dbe gather%Q on adérage

~

- per experiment. The signal was directed through a‘ cylin-

.

]

b. . Yy , - " .
drical lens onto the slit, 30 to 70 um wxde' of @« 3.4m
. G
£/35 Ebert-mounted Jarrell-Ash |j{Spectrograph. 'Real-time

exposure, ranged between 7 and 50 us. Spectra wgre recorded

s %
L

in the 13th to 17th ordeg on a 50cm (201ni°69$éra; usiq?

Kedak Tri*X-Pan film. Calibration lines- froﬁ a Fe/Ne
. . , \ ) <
hollow "cathode lamggvere superimposed just before or after ¥®

each spectrum and. their wavelength val&ﬁs from Cross- .
white'g table [26) were used. o ] R

'The dyes  used for L1 were Rhodamine -590 . (R6G),
Rhodamine 610 (RKB) and Rhodamine 640 to cover a spectral

range from ~580 to ~645nm, with peak power between Q.1 to

0.7MW per pulse (~8ns). The L2 beam waé}gedgrated with
s AN ) ’
BBQOy QUI or Coumarin 440 to cover & range from ~380 to.

4 s .
~400nm .and ~430 t'o ~445nm, with peak power of 30 to 150kW

-

'Rer pulse (~8ns nominal). The probe beam L3 had to cover a-

L3

L - L) P\
very broad spectral range, ~340 to ~485nm, thus a series.
v . ) )
of dyes waS*%sed_: therphenyl (pTP), TMQ, PBD, BBO, QUgﬂ

- . ! .
DPS, Stilpene'420; Coumarin 440, Coumarin..460 and Coumarin:

~

"480, All these ~dyes were from Exciton (see Table 3.1),

and had different peak,

S

éxcept fer QUI (Lambda=-Fhysics)sy

power,-10 'to 90kW per pulse (~8ns nominal), related to the




conditions of wusage. The powers stated were measured

before . any polariZat}on device and do not reflect the

. losses due to that process. Ry

~

The signal lines and the Fe/Ng lines making the cali-
bration were measugédd@n a comparator with a resulting
precision of ~5um. The final term Galues for a two-photon
expetimentiwere obtained by summing the measured ﬁreqséngy
of‘the signal and the appropriate A state term value taken

from the extensive table of Hulthén and-others [4]. Each;

-

transition assignment was made by comparing the pump’

frequency to the difference between the term values - for

LB .
the A state [4] and the ground state [3] in conjunction to
the frequency difference betwee% P and R branches in the

v

probed trangition to the final state. 1In a three-photon

experiment;, the two pump frequencies weré measured and

H

identified in relation to ‘the P~R splitting in the A®

‘state. The . A' term values were given by the ~differencge

between the D' state terms (inm regions well characterized)

and the measured signal frequencies.

’
2

.. In a two-photon experiment, theiPump and probe beams
counter-propagated and, once L3 was aligned with .the axis

of the spedtrograph, the ﬁwo beams wazsre-crossed through an

.apefture of ~0.1mm. For a th;ee—photon experiment, the

~

~

exercise -is more elaborate. . Once the probe is gorrectly .

. N & A ,
‘aligned, the two pumps -are in turn crossed with the probe

using thé same. aperture. Fortunately, in most experiments,

v

17

.
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"is sometimes stronger than some collisional satellites of

P

-

fluorescence intensity was monitored visually in ;obti:
mizing t He fingi croséing'of the two pumps. <

A typicéllsignal of a two-photon eiperiment is shown

-
>

on Plate 3.1 along with its assignment; it is .of some

interest to notice that the intensity of the D'+A signal

!
+

the very intense B+A pair. ' T

(-]

A

. e

Ty ’
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e . _ . ' CHAPTER FOUR . -
- ] a ) . ,
X ELECTRONIC STATES OF ICl
) -
v . -

. . . l. .

A * v ‘The wvalence states of ICl show some similitude to

N S . ' X : »

thosge ' of ioqine, 12. Therg%ore, the label given to the ICl
stdtes are ‘'related to the ones for ‘iodine (2] . The
[y - N 2

13

4

manifold of electronic states leading te a specific disso-=’

qiition.can'be obtained with the build-up prinéﬂples given
: . “ v )
kN hxby Herzbérg. [12]. The progedure ' will be outlined in this
" : : . - o g

p . cnéptgr for ,tﬁe. féur dissociation lim{ts £eéding F?
? t neuf§§1 T and Cl and the three;first ionic dissociét@ow
. & : . . .
‘{f limiés which givefif aqg'Cl‘.'A brief summary of the knownf
e , _ .
- '; eledtronig“‘states of IC1 is ;ivep for valence as well as
‘ - 'for.thé ion—baiq st;tes. |
. . ‘ -
$ .

2 -

- “

- ° .

é:;r 4ﬂL‘Buildzup principles

7\\\/ ’ . o - A .

In the case of iodine monochloride, Hund's coupling*
O ’. . \~ . \.\ 3
.-, ‘case’ (c) considers a strong coupling between L and S

‘
» . - « .. o
» . .

.“ . '\/
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Thus far, we have worked everywhere with case ¢ signatures
) . +

Cl

for ICl; for comparisen with I and the literature

‘ 2" 2"
at largd, Table 4.1 gives the corresponding case a signa-

ture for vafance states of ICl. By combination ;B&/a%f”’“

possible ﬁ] " for each atom, all molecular state Labels
a . ’ ,

*»leading to such atoms upon dissociation are obtained by

.

3
~

¥ = I M + M 4.2
v N 4 Jal Ja2 b ¢ ‘\
£ r -

-

' .

States with QA , différ@gg only 1n sign of both MJai aﬁd

MJ form a degenerate pair. .States with ,w =0 are, labelled
a > . - . .

' &

(+). Or (=) according to the character” of a- reflection in a

plane including the molecular axis; (+) refers to a Symme —
tric total wavefunction adé (-} to an-asymmetri% one.. For .

i~ .
ICl, there are always an even number of-valence states O

-~ ) \ . .
correlating to one dissociation limit; consequently,thére

are an equal number of 0% and 0~ ségtes. .
For example, the first dissociation limit gives I(ZP”h;

2 ’ - = ) = ) 1 .
‘and Cl{ ?aﬁl, Jaq 'Ja2 f.3/2 lead to the values of «= 3,2,
t,0,1,22,3,2,1,0,1,2,1,0,1,0. The manifold 1s then composed

<

of ten different éiectrqpic~states labelled 3,

rd

2(2), 103y,
) .
0+(2), 0-(2) where 24 states each encompaés two substates

R

<

named e ?ﬁd f. ‘ ’

With the same?manipulétion, five. electronic states

leaQ to the second dissociation limit: = 2, 1(2), o*, o~

e
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The third dissociation limit is associated with a manifold -

composed of exactly the same labels. The fourth dissocia-

\ L, i
tion leads to I(2P17

states éompose this manifold, =1, ot and 0.

2) and Cl(zEHé). Only three electronic

- The eletctronic states giving ions upon dissociation

are.called fon-pair states. The first family or cluster of

ion-=pair states is correlated upon dissociation to Tf(3P25
s

+ CI‘(‘SO); they are electronic states with 2= 2, l,and O

a

. _, .
sometimes called a family of states with the same Ja

comple®. It is assumed that ja (molecular or total) . is

N Ry

defined " and that one'MJ (atomic) in equatign 4.2 stays
a .

the same while, the'9other takes different valﬁes. The

symmetry of the 0 state is deduced from the value of u for

the top member (largest 2) of the family :. i?ﬂeven, the
syﬁmetry of the 0 state is positive, if odd, the symmetry

is negative. (The rule is similar for the valeﬁ%grﬁstates

«®

above, but Ja would prbbably not be g defined quéntity for

them). . > . . o .

. Lo - h “
. ’ e . . . - ,
The. next two ion-pair gﬁé&ﬁﬁ, 4=1 and 07, correlate .

o

upon dissociation to I+13P1) and Cl‘(lso). The dissocia~

“tion leading ‘toAI+(3P0) and Cl"llsd) is correlated with

L

. 'enly one .0t state. . . C v ) N

~ . ’ ’ :
. "~ ' - . - . ) » d
. * 4.2 Valence states of IC1l. © ’
- 4 A . ._l'
. . ) 9 . D . {

Of the states correlated with neutral atoms upon dis-

fsociation, the best-known are the X(O*} énd A(l) .-states, *
: i A 3 ) FY ’ . . ) .

-
4 ' 0
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: &8 -
librium of 0.269%nm” (2.694). S
AN

a partial fit for A' (Q=2) state, which is dealt with - in

-more detail in this thesis. ) . v '

. . — . R _ :
. . : » .

. . &

. . | ) B -‘%' .

w o«
/k :

The: X state 1s characterized by a large vibrational fre-

quency, 384.293cm™ Y, and a small equilibrium Bgnd distance

of 0.232nm (2.32R) [3] (see Table 4.1). The first disso-

<

. r . P
ciation energy has been determined to be "at 17557.57cm=2
[5]. The A state dissociates at the samesenergy, but its

minimum is at 13742{9cm“1[25]. It has a Smaller vibrat;o;

nal frequehcy, 209.lcm"1, and -a bond distance at equi-

-

. - By O
* The next state characterized is the B (0% ) state

which dissociates adiabapicaily inté two heutral atoﬁs in

their ground state (lst dissociation) due to a crossing

with an =0t dlssoc1at1ve state [5] (1n*‘1od1ne, the B
3

state 1is correlated to the 2nd dissociation limit). This

‘crossing gives two mimima td the B state in ICl .and _gede—

rates another state (adiabatic) labelled B' correlating to

- the second dissociation.

A weakly-bound state with w=l leading to the first

dissociation has been 1dent1f1ed by Brand and others

.{7,27). It has a characterlstlc electronlc energy . of

©17338.0cm~l, a vibrational frequency of 32.85cm’¥‘and' a

potential depth of only 219.6cm™ 1. oOut of ten .electronic
states correlated to the first dissociation, only fdur_had

been obserbed~anq more or less characterized before this

.

. work. Only recently, Spivey and others [1] have publishigy

N

53



N The second dissociation 1imit relates to a manifold of

five electronic states. The diabatic B state would corre-
. I T
late with this limit [28) but, as.mentioned earlier, is
&= - .

'restructared into adiabatic B and B' states by an avoided
crossing. The adiabatic B' state has beern characterized
Twith a T, of 18155 cm'l,Aan we Of ~3Qcm~1 and ro, of ~0.37nm '

[29]. Two other states, 2=l and 2, have been observed in

~

our laboratory with a large internuclear distance at equi-

librium, 0.42nm and a small well depth, Dé~160cm-ll[9].

o

None of the electroqié states correlated with the
third and fourth dissociation have yet Dbeen observed.

Figure 4.1 represents‘thé Rydberg«Kleia—Rees (RKR) poten-

y =

. C 35 )
tial curve of the known electronic states for I Cl..

. | .
4.3 Ion-pair states g .

The previoysly known ion-pair states of the first

. Y - . .
family, lying lowest, were E (0F) and p (1) whose poten- -
& a« ...f.’-"r. . T

tial minimup lie within the remarkable narrow range of

39059 to 39104cm 1 J[6]. These states are strongly bound,

have similar internuclear distances at equilibrium, 0.326.

to 0.329nm, and only slightly different vibrational

2

frequencies, 165.7 -and 170.3Cm"1[8]. Even if the first
6000cm™ L ,are characterized in both "states, much more data 1
)

are needed to cover the entire potential depth- of .~35900~

crml, With so many similarities, it is not surprising to
find _ that these states perturb one another. The third
s ’ . .
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member, D' .(w=2), by compérisbn with 12’ .is believed to
. . 9

lie  very close to the other two and perhaps be .perturbed
ot . Pl 5

" "by them, too. The ion-pair state D' makes the other subject

2
8f this thesis.

t

- The second family of ion-pair states has revealed only

. ¢

the &=l state, the-0" state being inaccessible with our

E}

technique. It has a Ty of 45552.8cm™1 , a vibrational

frequency of 184.9cm-l and an equilibrium' distance of

i/

0.32nm (3.28) [30].

The only member of the third family, the.f (0%) state,

a

shows, a T, of 44923.8cm™1, a vibrational frequency of
184.4cm_}and internuclear bond of 0.326nm (3.264) at equi-

librium. 1In spite of the relatively small energy gap.bet-

.

ween the f state and the Q=1 state, « doubling has not

-

been - detected in the latter (in the portion observed)

is11. ‘ v s
v P ’

. " In shmmary, of the six.lgwest ion-pair. states of ICl,

four were -rather well known-in the region near - their
B : . . N )
minimum. Characterization of the third member of the first

cluster of ion-pair states, namely the D' (x=2)staye, . is
described in chaptetr 5. ° The allowed transition frdm this

ion-pair statp to the lowegﬁ excited state A' W («=2)

Al

techriique of polarization—labelliné from two, to three

)
» -

| .
steps. : . :

enablés us to cﬁaracterize that state, extending the.

58
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- s

]

‘ Ion-pair state D' (8=2)

The third membe;,*of-the first c%3§£9fﬂ of 1on-pair
states is called b' (2=2) by analogy with the physically

similar D'(2g) state of molec¢ular iodine (I.,). This sState

2
is very strongly bound as to be expected by its diabatic
\ .

3

dissociatjon channel into ions. The three members of that

cluster lie within a“very narrow range of '50(_:m"l (‘see

Figure 4.1) ([8]. This situation preparés the ground for
the . only way cu;re?tly avgilable to access. the "D'- state
Srom X by Optiealfoptical-Doﬁble—Resonance : by hetgrége~
neous pertﬁrbation with the neighbofing B(x=l) state.

The fact that these three states all lie in such a
4 . ¢

narrow range 1is very interesting and 1is a beautiful

subject of study by itself. Before thisfwofx was under-

taken, Dj state.was not characterized and one of the other

two states showed difficulties to fit a Dinham expansion.

A better knowledge of the third member of the family |,

was sought to help cl&rify the situation. As D' is the

' " ’
4

'



. s ¢

R a

w»

lowest ion~bair statgiin qﬁher hélogen mélecules, it has a
pfominent role as upper, level in fluorescence experiments
32]. The same ~phenomenon is exbéctgd in ICl. A good
aracterization of D' potential may then be of gréat Help

in fluorescence studies. '

The experimental conditions used to access D' are

¢

\"firét stated, followed by = description of the results and
>r ’

a discussion of the two avoided crossings observed. A

-

comparison of the constants for rotational-electronic

coupling within the cluster of three ion-pair states is

made with the Van Vleck pure precession case.

PR 1

~
T
-
‘e

.

.5.1 Experimental E

s
g

All spectra were recorded by'Optical—thicai-Double—

Resonance (OODR) using the poiarization—iabelling techni-

T . . ,
que. *The apparatus and procedure involved were described

in chapter 3. The different dyes used in tfe pump were
. o i . -
‘ﬂﬁodamine 590 (R6G) and Rhodamine 610 (RhB) and in the

probe were BBQ, QUI( DPS, Coumarin 440 and Coumarin 480

(see Table 3.1). f , .-

The access, thr0ughk B8 made use .of° a ‘hetérogenepus

et N ° -
pe%turbation which is the result of fine electronic-

rotation inéeractions. Theoretical calculations -by Dr

.
13

A.R. Hoy(1ll] showed that there is a good mixing of é—,

functidns between g and D' at the bottom of the potential

with a 'fast exponential decrease as v increases. 1In this

*

Ll
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o
rd

sregion, the signal intensity is proportional to the r2

- matrix- element between 3 and D' (see equation 2.43) and

:dependent on the valueJof the rotational guantum number J .

. &egwhich rendered low J data difficult to get. When v 1s 1in
N ' D’
the range v=15-30, the r~2 matrix element is unfavorable . .

but th§§‘is more than compensated for by the fact that the o

358
-4
~energy: difference between vibrational levels of 3 and D', ?
with VBéVD,, is getting gradually smaller. The signal
strength in this higher region is mainly inversely prépor—

Y

tional to AE between tiwe same v's of 2 and D'.

B i
. 5.2 Results, \
& ’
. -
With restrictions mentioned above, data were recorded

A
for v=0-2, .where-two avoided crossings between D' and E

e

states at Y=O and 1 are well characterized. As predicted, .

fignalé with small intensity were phgt?graphgd for vD'=15<

N 18 and stronger ones for vD'=20—28: We weré unable to

distinguish D' signals from collision satellites of the

»

strong 3-A signals when vy, > 28. ) A .

s; @
. &1 : .
£ a) Low vibrational levels‘ik .

w ) ) ‘ '- - ‘1.
. %‘“The bottom of the D' potentidl shows a very " interes-

ting phenomenon : two avoided crossings-occur at different
J for v=0 and 1 between D'(.2=2) and EW»=0). But direct

interactions between gstates with .«>l are strictly forbid-

den by the selection rules for pegturbations (see section

2.4.a). Consequently, there should be a croséihg_of the

-
-
- I
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“approximation. Ekamination

-

two potential curves 4n a first

of the experimental procedure facilitates the understan-

ding of the situation. Whenever a strong sfhdal results

.

from probing the B-A-X sequence,_‘iﬁtellite sigpals repre-
senting D'«A and E«A appear to the red of the,pg«A transi-
£ion signals. This means that both D! and E states have

their wabefunctions mixed with that of 3 by heterogeneous

perturbation resulting fprom an electronic-rotational

-

interaction. From that, D' and E wavefunctions are no

v

longer considered pure but are hybrid or mixed wave-

functions and can ~‘,J'.nt:'?r:act together sthrough their

1
@%atquired 6§properties".

T
The factbthat the probe gives P and R signals means

that the transitions recorded by this téchnique are of
’ 1 -4

AQfO nature. Then from the intermediate level A(w=l), the

- -

second ‘transition leads to a state of 2=l character. This

oy
-

is also  supported by the fact that the intensity ratio’
between, D' and B stays the same for the same J and same v
regérdléss of which vibratiocnal level ‘is pumped in A‘étate

[7}. "Therefore, the perturbation must happen in the final

state, D'.

*When fﬁc‘stEﬁ?s have equal energy, the same J and same

parity, nshere is . an avoided crossing (see Figure 5.1)
[12]. This means that, ~if these conditions were ‘not met,
there would be a crossing of thékﬁdtential curve of the

two states withou% interactions between them. As in this
LI .
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Figurge 5.1

e

L4

2.6
The D'

3.0

3¢4

3.8

4.2

r(lO lnm)

potentz@l curve is shown beSLde ﬁhe E

(energy relative to the g%ound-state'min}mum).
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~case the conditions are fulfilled, the crossing is avoided

¥ . Y. -

. - -(adiabatic situatiom{\sz?? the rotational-vibretlonal
N L3 . » ’ - - .
b ¥ T.,energy levels are not a&ily fit by .a simple an@gm

expansion. This ‘is probably’ the main

-

kcausé of trouble in

- . 3 EY !

trying, to fit the bottom part 'of E state with its higher

vibrational levelsw .
- % . «

¢ ' ® N
‘?l shew whe two av01ded cr0551ngs betwee@ the e sublevel of

. - v
. . - Dt and the E state. The £ sublevel of D' is left unaffect—

e .ed by the heterogeneoﬁs perturbatlon as shown bf\\the

& “'straight ‘llne "wh'ich ‘goes w1thout deflection through the

. : evoideg crossbng region (see Figure 5.2). Tbe E(Of) state
. ”,' o ) .}‘ ) . -

. - ¢
., '?pe distribution of 1ﬁten31ty between the. two (51q§als

3 9
.

¥ : © : .
not“ mixed w1th p a d therefore has no intehsity (see

s .
Enough "data were cumulated at v=0 and.1l to clearly

has only 7& e sublevel and therefore does not show an

“&; R )unperturbed \?vel .For.v=0, the p01ot of clos%§t epproaoh'
S s ig J236 where thé coypled levels are ~1. 5cm % apart (see
N , .o Fg%ure 5.2). Tge\ total ;igﬂéh31ty stolen by E- ana D'
;i""\' Isqgnals from°5 increases with J instead of with J(J+1) as
.‘;; V; " predlcted by slMple perturbatlon theory (see'sectlon E 4).

'-€'¥ .1Afofiows a pattern of lte‘owQ\where, for a particular "J

L %elue, the upper root (higher energy term) of 'E,D’ pair is
”\s: o

” S, Flgqxeaa 3) This is éxplained by looking at a 3X3 matrix
P S .where'E,D' terms are/ degenerate. It factorizes into a 2X2
P and a 1X1l matrixs- the.-latter being unmixed with 8. |,

-~ N N . - -
v z o - » A )
e g i ) T -
vw’ N '. ., . - . 5 '
a,. , ’ . ” .
‘ . . ’..: b . [

v

' ¥

AR
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¢ pry ) 6
-61 . - ‘
‘ & v ?
[ 2 /' e ® >
0 ) 3 . A ) -
K . . .
Table 5.1+ Dunham parameters for D' (x=2) ion-pair
, state of 135C1 from simultaneous fit with g and E
’ ‘'states up to“v=30”, including the interacxionwparé~
£ l o .- ' . : ’ ‘;-.l a \
meter wl 2 (2ll.in units of cm ;)¢ M
4 - 3
' Y. (=T )& " 39061.830° t0.080)°
. . 0,0 . e - - e . g .
: Y = " 7 .173.6275 * (D.035 .
’%’0( Qe) 3.6275 (D ) |
'Yélo( —wexe) . 3 -0.55722- (0.0027) -
. - “1nd N : s ; .
108y, (=ug¥e) o 9.169 (0.56) -
s .‘4 o ‘KJ} H & r -
. . e.sublevell . i
* *. ¢ [ . : , p
102YO l(~ ) 5.4782-- (0.0041)
- L ’ @' Teo . )
;'-“: 10ty 1(=—ae) . §2-2.019 - (0.010). E
\‘kﬁ - . 8 . ° ¥
' - 10 Y ( -2.03 (0.56)
A 3 : , / e
e e ' © ¥ sublevel ~ - P
° 2 . ' 4
: 102y, 1 (=By) 5.4786  (Q.0065)
‘0 - '04 -2 T A hd - l .
) 10%Y) j(=mag) . 72.054  (0.028) .
h 8 '~ v 0, B f . . . "‘ -
_ 10 fo,zﬁ"De) 2.21 (0.12)
‘. .‘ - . ‘ - - ) <y
Wi s 1860 (0.077. B .
) - " -1 ‘ '
) - . Te (10 nm) 'S 3 350 v;« L )
K " a) Stated. to reproduce. the fits w1th19 its stanéard
, . a devdiation-'{33] N
: ’;‘b),Rélatlve to the ground state minimum. i
o , A @) Errors stated are 3o0. °° - 4 S
‘ [ s . o . .
. y . : ' 4 ; .
= ' — o ’ ) ' \) . . ’ ' ' ' ° s “
VR Y e -
L .0 N oo R ; . ’ .
: "o o T s : e 0 © - N

»
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ThiS'occurs fon aJ just below the J of closest approach.

<

: Exactly ﬁhe same thlng is observed for v=1, with a J of

closest appro@ch around 70 (see Figure 5 4).

L]

" With DY state now characterlzed that region of the

’

potential3 is ,bette:' known and {filg‘possrble to do -a -
-Eimu%tadeous_ non-linear least~squares fit of the three
states to three Dunham expansions including an of £~

j‘cjiagona'l rotatlonal constant of the form of equatlon 2 43

[8].: Table @5 1. shows the Dunham parameters for D from

'tge"SLmultanéQus £t (up to v=30 for E and ). The

parameters wQ Q1

comparéd’ to Van.VLeck pure prece551on values “for Hund's

are qﬂite well:determined/ and can . be

~ -

case ¢ (equatlon 2 45 and 2.46) which assumes that J =L+8° j?J

o
. . R .. . . v

is deflned (see Table 5.2). .
\\“ ",I ) - . ) s
;‘-? ' - . . . Al &
Table 5.2. . “Theoretical and .experimental values of the
°  electronic- ~rotational coupling element®* for
~= - w=2, 1 and 0. . 7 ' e ‘
.i ‘P\_ ': T ] . N ] Q
. . ) THeory - ) This werk o
- LS L v .
. A I > . . -
. W 2.0 - 1.860 -
1,2 . ‘ k’ . . o-' - ° u. . :
- . - . . . ,
. W . 2.45., - 1 ©3¢2.384 . . .
- gro ' - * . ’ . - ,
'u: ] ) [] M
1 r ! -
5 n ‘ l.“ @’ - ‘ o
N T ®
* - . hd 4 '



89

T I JO sI3e3s F pue ,d 30 T=A 103 (T+[)L FO UOTIOUNY P SeLA6I2US TETIUDIASITITA
000¢
.

(T+0) 0

id

-

-

2
L)

. $°G Sanbrd

-

. b+
0007 000¢ 0002 0001
2 Iy \ a M il A 4

Y
.

- . /

v ~ . . o » Y
T ¥ - »
Q w., -
o o /
- : m © 4 f . wu/
’ Q . . -
- - o® . wO rA M
OO . .... <
09 . , * 1 > s
o. , ) - ;
v O . . . -~ . . s,
o © N
N .
e A Illl‘ll Q ¢
N . - o] O.Q v
- ! ¢
# > h
, - . N % . ® *
. L ' °
¢ - ! .
2 ~ ﬁo-.N
5 L. - ’ .
v @) . - ~ & L
. o N .
t s R . - .
0] : ° . L Oov //
@o . .
< V) - ¢
. % . @O be e
’ . @o
. (. _wo)
- ./m.? 1-
@ . : ! Abisug
i o] ~ .
Q. . ‘




.

T

s

W._. and W obtained froh the fit of our aata' are
1'2 : 1,0 ° '

respectively 93% and 97% of Van Vleck pﬁpeﬁ precessjoéﬁl

values. This shows that the three states of the first
clustef‘ of ion-pair states of Ipl are very sim}lar to the
pure precession case determinédqby'Van V1$ck and are close
to .the ideal situation of Hund's cohplihg,case c. ’

Asia strongly bouﬁd'glecéponic state,- .D' is expegted(

*to be 'strongly harmonic, at’ the bottom of its potential. By’

e

- compér{ng "the a- determined by the: simultatneous fit,

2.019(0.010)x10"%em™! and 2.054(0.028)x107%cm™! '(see Table

-

5.1) to the o of a ‘Morse potential) 2.27x10%% em~l

" (equation 2.282, ‘we see that they are very close to' one

4 i : .
another. /Tﬁ: first centrifugal distortion constant, Dg =
.7 2.18x1078 cm™1  (eguation 2.29) falls -within the error

’

margin of the two D_'s of the fit, 2.03(0.56)x10%&m"1 and

-
-

4

»

2.2}(0.12)x10“8cm“1, coﬂfirmiﬁavthg‘harmonig character of

¢

the lower portion of D' state of ICl..

’
‘

Table 53 iists_the ,off-diagonal rotational «constant

Y ¥ ~

. » » . -
+ By ,+ the term'values and the RKR potential up to v=28 for
e ' . ° - t

D' . state-eof I35Cl. It was necessary to include another
. k] N . . g

rotational 'coqstant off-diagonal, inm state (as above) and-

.. \ } F
in ,v (not listed i@ this table) to have 3§ "satisfactory

cohvergence of the fit [8].". Their estimation by perturba-
tion‘theory;ﬁéfé igcurate enough in this situation,

| e . - .

B



Table

fit of the

fi

t

of

5.3

&
v=15 "

L)

Vibrational term values and RKR

to

potential for D' state of 'I35C1 from

’

simultaneous
thiree ion-pair states and from a simple
. s

28 of D' state (in units of cem~ 1

relative to the ground state minimam, and 10-1lnm).

0 - 30 .15 - 28
2 " 102 L .
v 19 BV Gv Fmin Fmax Gv ,10 BV min Tmax
, 0 494 39148.5 3.269 3.438 . ,‘\
: 1 375 39321.0 3.213 3.506
) 2, 271 39492.4 3.177 3.556 :
; ,3 179 - 39662.8 3.148 3.597
4 100 39832.0 3.123 3.634
5 31 40000.1 3.102 3.669
6 -25 40167.1 3.083 3,701
7 =73 40333.1 3.066 3.731
8 ~-112 40498.0 3.050 3.760 : °
9 -143 40661.8 3.035 3.788 Ty )
10°-167 408244 3.021 -3.815
1 N .
11 -184 40986.3 3.008,3.841 -.
12 -196 41146.9 2.996 3.867 R
L3 -203 41306.5 -2.984 3.892 ,
14 =205 41465.1.2.973 3.916, g o,
15 ~204° 41622.6°2.963 3.940 -41622.5.5.156 2.966 3.943
16 ~199- 41779.1 23955 3.964 41779.1 5.136 2.956 3.967
. 17 ~192 41934.6 2.943 3.987 41934.6 5.116 2.946 3.990
18 -183 42089.0-2,934 4.010 42089:0 5.096 2.937 4.013 |
. 19 -172°. 42242:5 2925 4.033 42242.5 5.077 2.928 4.036"
20 -160 © 42394.9 2.916 4.056. 42394.9 5.057 2.919-4.058
21 +147 ~42546.4 2.908 4.078 42546.3 5.037 2.911 4.080
+ 22 -133 42696.8 2,900 4.100° 42696.7 5.017 2.902 4.103
23 -119 42846.3 2.892 4,122 42846.2.4.998 ‘2.895 4.124
24 -105 . 42994.7 2.885 4.144 42994.7 4.978 2.887 4.146
25 =91 43142.2 2.877 4.166 43142.2 4.958 2.879 4168
.26 ©=77 43288.7 2.870 4.187 43288.7 4.93¢ 2.872 4.189
27 -63 43434.3 2.863 4.209, 43434.3 4.948 2,865 4.210
28 -850 43578.8:2.857 4.230 43579.0 4.899 2.858 4.231
/
v v
Y v \ . 'K. c ’
o
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B3 Y . * ’ ' .
b). Higher yvibrational levels

wWedly .signgés were photographed for v =15-18 and

D ¢
progressively stronger» signals for vb,>20. with a peak

intensity around v_,=25% as predicted by Dr. Hoy's ca%gu-

- . i’

D‘1

lations. The gap from v=3 to 14 is pot serious as it is

situated 1in. the lower pqglion of D' state which '#5 not
[ . £ e - .

very anharmonic. At the present time, it is not pessible

-

to obtain signals in‘phis gap- due the restrictive'-hetero—

geneous petturbation with 8; the difference  in eﬁergy

“+ '

betweén these two statesykeeps.inéreasing as v, , decreases

lowér'tqfntlS and permits no more observable signals. Eyen
.

if signafs extend;to ny=2§, only the lower part (~12%) of

that Stroﬁgry bound‘s;gte‘¥§ covéred“f% this work. - ‘ e

:_For éonééﬁignce, we made & Dunham _£it from vpl5 to 28

whicﬁ,is eséentially:equ%;algnt to the s{multaneéué fit in

»

: B m Ny
that- region (see Table 5.3 and Table 5.%). While the e and

1 ﬁ . ~ * -
f "sublevelséwere.treated separately in the procedure and

the = fit, f:he0 two sets of rotational constants yere

averaged together to make the RKR potential curve. ’ *

-

In* the low 20's, éthe R branch of D'<«A .sjgnal lies

-

pract%paliy beneaﬁh :the,P branch of the B<«A péir. This

makes the ddta quite sp%fse and hard to.get.pg%&iaely.AThe
. ¥ - N ./. .

) a

2 "and R'branchesAof both states get closer and closer as v- -

i =

. . L7 MR . . #"‘ : - % - .'
increases in the range of v,,=22-28. (see Plate 5.1). This.

- s

*NOTE Weak D' signals at v=27 may hot be visible on Plate 5l.

- . . e & hd

»

-3

>



Table” 5.4 ‘Ef fective Dunham parameteféj foq' D!
. Y * ‘\_\ . ~~ ®
. (2=2) state of I’°°Cl for v=15-to0 28 ( in units of
cm~1)2 AN :
4 .
e - b c ¥
39056.614°, (3.1)
174.3908  (0.44) )
' YZ,O ‘ Py -0.594116 00.020{
103y, o 1.50167 (0.30) ' )
¢ ' ‘ s Q.
e sublevel - ' . , o
2 ' o
10 YO,l 5.4625. (0.011)
4., - . ' .
10ty 1,979 (0.043)
8 , -
19 Y0,2 ' 1.350 ‘(0f61) -
\ .
£ sublevel " °
10%y . 5.4420 (0.012)
- . O,l . . // ” 4 . ) «
4 n} g
10 Yl:l N ) ~l.92§ (9.047) .
8 . : )
108y, o 0.813  (0.82) -

a)

b)
c)

Stated to reproduce the fit wikthin its standard

deviation [33].

-

Relative to ground state minimum.

Errors stated’are 30.

-

5

N
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D" (2) state is very sim{1a% to E(0%) and g (1) states which

[ ) y
N . .
- "J ' T * > -
provides ap experimental confirmation that the energy .gap
between D" and B 1s getting narrower (see Figure *5.1). A
L. , .
short extrapolation indicates that an avoided crossing, is

-

expected near vD,=31 between D' ané\ﬁ states. The isotope

shift holds everywhere confirming a good v numbering.

vpr larger than 28, it is no longer possible to ° 4
. ) . '
discern D' signals in the face of interference from the

At

L 3

collision, satellites of the strong B+«A pairs. The ‘a- -

doubling,,which distinguishes the e and f sublevels, is of

the order of or smailer than the standard deviation of the . ’

fit throughout the range of observation (see Table “5.1),: ot
However, we havyg .kept the distinction between them for a - {2

matter of consistencé' C - ' ~
o .
The centrifugal constant, D, 1,35(0.61[x10"§cm”l, wsed

in the fit from‘vD,=}5 to 28, e sublevel, is only slightly \<

smaller than its value at equilibrium,‘2.03(0,56)x10’£6m"%
A rande of more than ten vibrational leve&s is covered by K -

that D and there seemed to have no need for a vibrational_

*

dependenge{‘ Thése two points provide further evidence fbr

. w . " .

’_ the ha%moﬁ?city of D' state of ICl.

bl

In summary, the lower portion of the D' (2=2) state of .
> . 3 _ - - .
ICl fs now well characterized bringing to ‘five the number . -
I' - . ) . » ) . \ ) : - . . -
of known ion-pair states out of the six lowest ones. The - &

-

dre | members of the ‘same cluster ofL}pn—pair states; they
" . i
- )

~



» L]
- < .

4.1). We have gathefed-éxtensive data to map two avoided

- o

crossing-between the D' and E states, and helped resolve

. .

. ' <
fitting problems associated with the first 'cluster of .ion-

7

pair states. of ICl. The characterization of'D' (2=2) state

. ’ ) Tag o, . . ¢ . R % -
can be of great help;ln_ fluorescence ekperiments [1]°~

- -

Id

because it is one of the lowest ion-pair state where an
- ; . R

excited ICI meolecule will most likely start to fluore'sce

* ad Y
(i1f enough energy is given to .its). The transition D'»A' is
- . o - °

believed to be mpre inteh§e than E+B, E=+X or B+Q‘in' IC1,
a;ﬁ it, is the case in I, and Br£¥[34]; ‘The thrqs lowest
ion-pair’ st;tes aré very good éxamples Bf the ’Y§n~ Vlecg /
pure precessipnlcaée with Hdnd'é coupling case (c).' | .‘
- 4 '°.

Y
v

LX)

ve
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. . - Wlth the 1on~ga1r state D' (Q~2) well characﬁ@riaegj‘
) it be@om@s‘ pos51ble ‘mo Iook EODyyalence states ,ofi Q=2;~- .
. . o .t . - * " l". ?‘
B 51gnature (case 5§i Thée&: onry one belleved to be moderate Y. e
“‘- ' ?’ AN « : ' ‘a V. . 2" : . .
. : boun& [ZT is Mthe A ( sz ) state whtd{ the fir f R
- R s T )
- o exc1tea state above the ground staté. ‘E&'analogy w1t tne e

. ~ e e Vs, 5. @ Y

iodine molecule, A"lS éxpecEed Just, below the\A‘( 82 =)k NL._x

> . '.étate. " The ' D'-A‘ tnan51tlon is- t2n81dered aé-a paralleh ~o112

- ] qranstgion (AR=07 and théﬂ?fore fully Elﬁgféd: \A la51ngi ;;
RE ;agtion haé . been obgerveé partlcularly ’f . that _sg@e,;i“¢.

' . This 'chapte;'fétsé @}9;3 toé experlmental 'oondlt onélfgxz

.  for gatherlng Al 51gn;is,_:then preseﬁts\the resulbg and™ " .

s R g - s . s
R thoir treatment by dlffeﬂent fltﬁlng methods, theQDunham’ ﬁ,f:
o ' .equp§lon ang a near—dlssoclatlon expan51on. A long—rahé% f’q;f!
. theory«oy LéRoy [35] 1s‘alsoiuéed to evaluaté the behébtar 2 ™
' Lo of thg centrlfugal dlstottlon constani% near Qissociati%ﬁ‘ 'ftj
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with' the help of the C

6.1 Ex;gr}meniabvl
> - ' 5.3\ -~ P

“All spectra were’

Résonancq;JpOTR), .in
tion-labelling technig

' Rhpdamine 590 (RGC),

cbnstant.,

5

<
[ to »
-, .

recorded byt'Opt{cal*Opticai—Triéle~

-

an +t+ sequerice, using the polariza-

.

ue described in ‘chapter”3. In pumpl,

Rhodam1ne 610 (RhB) or Rhodamlne 640‘

'wére'usedi.

in pump 2,

BBQ.

in the probe,

t

\ . . 3 ’
dyes: ve. used p—Terphenyl'(PTP); T™™Q, PBD,

~'BBO,‘ ourI, DPS Stllbene 420 and—Coumarxn 440, The three

»

lasers were adJusted to be resonant with -chosen rov1bra—

- . ot

tional levels in the sequence X =+ A »-D"* A'

’ - +

(see Figufe

Ll

stronger @an their two-photon  counterpart. It is probable

.th;£ tﬁé conditions weré sometfﬁéa fulfilled for the
'.1 .sémple to ampiify éhe proge at.signaf friqﬁencies.,'
: 8 - The‘r;' term values~ were obtalned by subtractlng :tgé '
. measuredvsfbnar fpequen01es from the D' term value of ,tﬂe
' $pec1f1c Iv,J‘ level populated by the two .pumps: In so

L4

QUI and Qoum§r1n440 served-as_

6.1). The three-photon signals were gepérally as serong. ot

’ &Eing,(,we have to keep in mind that the term values of D'

gpﬁgd?ﬁom a fit with a standard deviaiionxof“0;04cm‘l..
’ déing theJVibrational levels 21 to 27: D',
o

By Qf ’

“have recorded sagnals termlnatlng on théTlevels v=2 l4’of

-

A by vertlcal transitions from the inner-wall of D',

signals in v=20-38 by vertical tran31tlons from the outer

wZ

*~ : ’

wall D' (see Fggure 6.2). Via v=0~1 of the

'
o ' [

of .

1

e

and'

ion-pair
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Flguxe 6.1~ Experlmental scheme of the sequence X+A»D'*A"

1n ICl.
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( SV e T Ty S e
-~ ; . R N .- . ‘ , - . N N a . . e i i ] -
v state, we photographed signals to v~12 20 of A'. Unfortu- T e
. ) .t N ‘ . 8 ° -
" nately - we werxre notgable to record any v&Q and’l signals .
) in A' due to inherent technical limitations. - Figure. 6.3
s N ’ LT ‘ ~ . 4 -
shows the range of J covered in each vibratioha& level of *+ . °
. F T N C]
Cy, A' state of %%1 The 1ack°of low J values was compensated v )
. for by a deliberate search for hlgh J values, even though
ST . ey
. v, “this put- some. stress on . the 'determination of the centrifu-
i N N ) . s hd ' " - e
) gal. distortion constants. - .
N e : o . . ‘ B
. : . . Lox . )
“ h o3 . :" . . .' N . . .
' #6.2 Results .. ot T ' oo
~ ' \‘ 4 * A ' - ) .
-\) i g’? B . ~ . .
! —y The  A' (Q=2 oraﬂz) gtate of ICl .is .very anharmonic.
N L , . ‘ . , :
e et L, N .. . e ' . . @ - . »
R « This .mgkes - it difficult to fit all levels to-.the wusual
. .L~,_ . . -i L] “* ‘A . '.o . ] . ’ 2 .
t. i .. Dyhham expamsion, and at the same time requirgs, the use of
PR ’ . e ' s ' ‘- ! ’ : 5 ! N ~ <3
v egT DN ., . . o Lo L -
. centrifugsal distortion constants D "‘HJ and Lv. We have
] i et . . oo ‘ i .
N ¥ f’ - . ' . R . i ) EEY . . . .
oot determined the  centrifugal constants via a partial. RKR
- .. ¢ * -~ . K- 2 ’ >
% . . o8 L * o . . . ‘ . M
9 . potentxalf v=0~36 using it as input to a set of Schrodin- -, -
. : - . _
L e g .
f o S ger equatdens solved for five dLﬁferent J values.. This led _
o ’;' to stable results, for ¢entr1fuga1 dxstortloﬁ'constants up .
' AN 1 N ) - ‘
T o e . .
y T 'to' V%BZ but results were Judged to be ;thellabie at e
- v v . . o . e
I ﬁxgher vxbrational?levels.‘ : ' -hii- ‘ ': o ' ,
._f-. g-J . - PE .
@ e It ls ppssxble to estlmate the value o the &:ent:rxfu-'a
. .e T '
X o 22 nts ne r dlssocxat o ith the Le lon ran e. .
AP gal\r ety 2 3 R*gﬁw | Rﬂ{ g-rang :
ad R theory ‘F35} xThlS theo;y'assumes that the two.aboms flea' '
i 77, ','-suﬂfxcmently gﬁr agazt that thelr.-electronlc -clouds
I ’ Y. - L .
Py, e T . \é Bl' 5
R A overlap negllgxbly., Therefore, he;r Lnte action. gnergys
4 . A . .
- p-' ‘Wo.u . N K . s .
L Twag ca’n be . expres.sed" as_ & Sum of z,r?verse-power t@rms > 1 2 S
;.P'.’:g’; 'I‘\, "'. \ "~ “‘ Sy : v f 1 ,'h‘g. . -,‘ e ¢ ”?ﬁ o ) * Y . . v . ) ’ ';“- .. ' -'..' . p;-‘ﬁ:\‘
%~ A‘~ ~ ) ~‘ ;o - ‘. 2 o - . " "- :' - " \l‘_ : * .o" v LN ) * . f.“ .- ‘ :
RPN RN ‘o T e éi%% o v ST R PR p
‘.‘-":‘,;. I A N .. . - ".1 - i Y -,;:,a - f Jh % . ) i N ‘ad - L. “t e,
':l..‘ . - ' ﬂ- . . ’ Tt o . "gz‘ QD. A . * L 7' - v . 4 L IS ~ ‘ L
b M B . . a2 o x - ° *r
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V(r) = Dg - & Cm/r : A
where. D_ is the'dissociation energy. .

e

v v

s

The nalﬁre, of

6.1.

the

atoms agtoduced by dissociation determines the values of m

appeaxxng ih equation 6. 1

Fox the A' state of Ic1, glving

"

the two atoms in- thexr ground states,

the,coefflcxents

parthlpatlng

~ for

»
!

:;imteréctioﬁ).

in

qpadrupole 1nteract1éns (first order),

“am o

the a;ways'

‘ used to determine’ constants XS(L) T

the potential are m=5.

present duSperSLon ‘terms,

-

ahd m=6,

for quadrupole-

.(sécond- 6zdef

The leading term, m—s < of this expansxon is .

B,'and_lb_

-

where

-

’

i ?%é(i)'= TTTS%' VAN ;
e e (C )< .

5. .
. =S ."_ __._

‘the leadlng termaln

&
[P

‘b s the~feduced'mass, c.

”5.,

bl )

expans;onﬂfand 7 igi is a constant which can be

for all m (see Table 6 1) o

1 -~ -

! .
- . . co=n
B . ~

3. -

»

the

-a@v83luated

Tabléhstl

List” of Y (1} constants for the long range
LeRoy theoﬂy [35 T

. =0 T 3

S

y . I - . . o L
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. “9;70'%5 1178.3. -15.377 =-0.
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. Tae near~dissociatfon behéviOr'of the viﬁrdtfénal-ﬁeﬁm

values and the. rotatlonal constants can be

Ty ' e oy

foiﬁoWs,_fgr m=5 as"the léading term
. R S U .

-
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N
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L o pg &y - x5(0) (v=v) s T 63
. - . N . " .
S ~ DY V2 B ~
_ By = Xgtl) dvp-0)¥2 . 6.4
- . . - D, . L “... . "ﬂ .
v . - - _ _2/3 » - N . ~
\ D, = ~Xs(2), (vy-v)73/3 .. 65
. & ' i

. . .‘ - . B = ;‘ — -.8%’3 .. - ’
Lo By = XYy (v TR - . 6.6

,-T . A ., - ) R % ‘.: . ,?14/3 b . , .
F L Ly T X4 (vgpv) T
o ‘The vibratibhdl index’at*dissdeiéiion; Vp is determined
<.« .. by a'plot of vibrational spacing to the power 3/7 versus
- . v N ) . ’ '
the vmbré‘tional mimber o LT A
: PN . ' . ) . ’
' e a6 = x50y 3T y . %.8
,., re - p . ‘(, ) . . B : . N }"‘ 4 :‘ " ' c' -’ - . - . ’ ~. . e ‘ *
:,)/.f-l 'where AGV = E(§+l)° gy using the data for v=35«38, ‘;
J=20 Z(ei subledel), we-ge; VD equal to 51. 1 We must
- ; . ) ,con51der thls as a prellminary sstlmate of - tbe wibratlonal'
LY ‘i.' - % . 5
-~ 7, _ _index at, dissoc1ation' to be used hg%eaftz;//bnly as qi:
., . - . . . ‘ ?"/ " . '. ' ) - e - . N . . ‘ ‘
e guide.t + . . M o
§ NG . S b, ; S .. . ) . . g
BT T We need anothey parameter, C5, in order to balculqte
’ . LN . e, e -“ 1 - .3 e . .': ‘ PN :‘.-.. - .
o oal? - th«‘bebautdﬁfof the centrifugal gonstants*near dissocia-. *
S T « - .- N e . : ‘i,‘ - : : ~.\.‘ = . . tos
.y 17, ol tione The -use of-ca sim@ﬁelcombiﬁétioo” rule [36] -can-
. Lo ﬁ%cv&de h.faitly good estimate /1; oG L A P
‘ ‘l? N o ™ e ' - s e '~‘| . e ; N ;«.
v ‘ - - ." &p' .~n ) . . . . . . .
H }" -’ L —‘.' "9_' . :‘_, © -« ) 6 - 9 “
DI .\" ’ \,. - ) - . v ]
e-,-!/ » s L 4 - o . £, % : -
‘ 'é where a and “b are fhe atomic statlc dxpole polarlzablllty
- ] - ' . h
co - 7" fotr Cl and'f {371.» c_ and Ci.: are respectxvely “the C
o ¢ ’ ° - '| " > a " bb - ) 5 .
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Al statq of ICI is hen 1 ASaxloscﬁScm .

- . 5 » . b M
. - ’ . " B g "0 '
P - - s - - . F
-, ~ . . . o
L T ace - .

constani'gé?A' c’ . state for. Cl2 and gg(posxt{ve values

: 1n.respect aof e@uation 6.1) [38 ;397 i The estlmated C5 for

Table 6.2 Value of atomic static dipole polarzzabllitz

Vo ‘for. I “'and Ck, and Cg parametér of A' W
R .state of Clzhand I? ,
I} - S . . T - ) ' . '
. n‘: Ior1, j3Cl or €1, L fC} N
T e L3540 T 206k i o e
oG (10585 cii 2.09 - . 8.704 < 1.8
[ . o .Ar L. o f - ’. -

. .- —y T -

.

. b - M - . .
. L. .- .
. 3 <. N . .. . L »
% v » M P . . . . . . . -
) i ® ] ) ,

- ~ R :
According to the LeRoy theory, each cantrifugal

: ’ ) éf“é%rtlon constant ‘épould be llnearly related to. thes. "

. T ¢ -
« appropriate ‘power of (yD~vl Wlth\tbe data available. ie
. ’ was « ‘not poss1ble to detefming D, H and- L at these higﬁf

. v1brax10nal 1gvels and sO’ check thelr beha@xor. Inst@ada
. N . " s -! -t

- ve used the predlcted value of ‘these constants near disso-

P B . . v .

O 'ciation to guide ouraéxtr polatlon tQ- vibfatlonal leveis
v U larger ‘thar 32 (see Figur 6.4 »ﬂ; ;;”L‘u'i L
sl - ".%? We mugt keep in mznd‘that we have;assumed that Cg
f. N '. “‘

Y

I

holds where wa use the 1ong range theory. Should this'not

l\ Lo

be true, possxbly because the C con€%1butxon 1s larger Tat

6

- LN " o

TR E medxum~1ong-range, Lhe rdlatioas 6 2. to 6 8 are no longer
o 3 . (\ i

;Zﬂ/’_'the leadlng term xn th@ 1ong*range expansxon (g%gatﬁbn.

R Q)" ' the Al potential agd that this cogditlon still .
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. écmpletefy satisfactpry.. We .must bé:cafefq& “about the

- e
confidence of.<§ur extrapolated values ofJDv, -Hv and LV

bécapse our extrapolation is in a region whe:g‘.;he“ p-3/2-

v

curve changes greatly: at medium and small "internuyclear

distance (Vv<32) the.curve shows a pronqunced slope and in
- * ) . . 4

\the'lbng~range region (v>40), . the.curve hasdé@small slope
’ : 1 . Q

(predicted by theory)i
“In order to have the best estimation of the Dunham

! b ] .
parameters 'near- equilibrium, we made a partial fit of

“;levels from v=2 to 14, enéompass;ng both e and £ sublev;is

(see ‘Table 6.3). In so doing, the range covered. was

Y

approximately 46% of the potential depth, and the standard-

-

‘deviation was kept to a very acéegtable level (u=0.04cm™1)
These equiiibrium valués were used.to anchor Te andeekin

. further fits. Next, we made a fit of the data, 'indluding
e and f subleveIl, wup to v=28 with a reasonable standard

oS - : :
deviation ©of &).05cm"l (see Table 6.4). New trials to

’

extend - the - punhqﬁ expansion further dramatically

the problem from the‘pt§er side, by using a top—déwn,nqar—
_ . . N
{dissociat§on expansion (NDE) [40]

. ' De- -G (VJ)= (vD-v )w/%kp(ao+al~(vn-v)+a2('vD-v) 2'+. o)

, IS LT T
With the help of [the extrapclated D, H_ and L

R4 v’

L T

from v=23 to 38 were fitted to this near-dissbciation

g

endangered the valuewof the fit. We then opted to attack

- '_ 4f3. Fel: - "__. “ . )
(vy=v) _.{{Jfl)exp(bo+bxcyn vite.o). 6.10

the data

EES
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Table 6.3 Dunham parameters for the A' {2) state of

' : - %,
"1 *°Cl from a fit, of v=2-14 with 388 1lfnes ‘and a

g=0.04cn™l (all in units of cm~l )2

. 8 . ' - ‘
@ N . = - i g
~ T ) ‘:: . : ‘ b . 4 C.
. ‘ YOQ,O( Tg) : 12682.05“ t0.27) f‘:. )
Y1'0(=wé) 22@.5705& (0.15)@ ‘ Lt
, Yzlg’)(::—uexé).. - -l..8'8}53"(Q..029)
2 2 ;‘ R . _ . . - .
“10 Y3‘.0(- weye) ‘ i .1.0684 (0.2})
104y -3.228 0.70
4’0 * .( ?a
S £
° , \ » . . S
. e sublevel . , = 3 - .
[ " A * .
.," 2 ~ . ' ‘ /_
¢ = .647 .
‘ 10 YO,l( Be) | 8.6475 (0.048)
. ' .Y 4 e o e ' - .4 ’
Loty Tlemag) © -6.483  "(0.23)
. 6y (= - . -6.914 7 (3. ’
‘ 106y, L (=vg) 1 A 1 (3.2) g
. 8 _ .
L 108y 3.161  (1.3)
ﬁ“sublevel- ‘
. ‘102\(0'1(,%‘) E © . 8.6594 (0,038) .
104y (=-a ) T:7.011 - (0,100 ”
B l'l e .l.’ . - T o ULk . "..
] . .
106Y - - ——— o A. [
. 2,lf Yo ) N
107 -5
10T . . msiee2 (04D
' a) Stated fo reproduce the fit within ‘the standard
deviatioh (33]. '~ : . .
b) Relative to the ground state minimum. .
/' , c) Errors stated are 3ag. a ) :
. ’ "" ‘ . i ot - L
A , .
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Table 6.4

[ .
~
- \

i

4

Effective Dunham para+eters f@r a f1t of A'

(2) state,,$?7'28 1nclud1ng 710 l}nes, for 135Cl ( o

-

0.05 \cm\ll all parameters in units of cm -1)a
' b c "\ a

=T 12682.05 0.27

Yo o (=Te)” (0.27)

= ‘ 224.6526 - (0.013

:3;'0( wy) 526 - (0.01 )‘

¥, (= wexe) ~1.92809 (0.0030)
1o3y4 . ~1.%2127 (0.041)
10° 6.62881 (0..33)

5,0 . . :

6 ~1.52420 (0.085)¢
10%¢, 1. (0. 8v)’
100y ) 3.6767 (0.20)

8,0 .

e sublevel
"2 ‘ <=2 b \
109y, | (<B,)° . 8.6Q\75 (0.048)
1 4 - - :
Toty, .« a,) 6.4877 (0.032)

6 = -
108y, ;) (=7e) 8.519 (o.if)

8y - _ L
108y, . 1.4034 (0.14)

oly 4.55 3.6
1 5,1 ( )

- £ sublevel ;
. ¢ R -
102310 1( =B )P 8.6594, (0.038)
by (o EIPL S |
104y (=-ag) | 6.9724"7(0.057)

6 = - "

}o Y21A‘ Yo ) ~2.281 (}.4)_ ;

7 - . '
107y ~3.2597 (0.96)

3,1 2

9 .~7.067

107y, .06 (1.9)

a) Stated to reproduce the fit w1th1n the standard
deviation ([33].

b) Fixed to values in Table 6.3. .
c) Relative to the ground state minimum.

-d) Errors stated are 3o0.
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Y

£expansion’ (See Table 6.5). As the NDE fit overlapped‘quité_

I o -

well with the Dunham fit, we‘éid not. attempt further

adjustments on D, Hv'and"LV; _ I - e
) . . . S N~ .

We merged the two, fits by averaging the rotationless

term values and rotational-constants for v=25 and 26,
dropping the extreme two"vﬁbratibnai/leﬂels-of each fit to
. . . . 3 )
avoid ' the stress on the fit produced by the end~ levels.

Then we had an explicit list of t; and B, 'ffomfv:Z to 38

of A'(2) state. As the @ doubling was of the\ordér of (or-
. v . @ ‘ - o ‘ ) . !
smaller than) the standard deviation of. the fits, we,

. o ‘-
averaged the rotational constant oﬁ‘ﬁhg'two.subleveIS' in
each vibratienal level. It must be remembered thqg.the Al

term values were determined from a fit of D' state which
carried its owﬁ'sqandard deviation (0.04cm~1). The RKR ,

pétential,chering the entire range of our data of A' for
B 5

.I35C1 was ‘calculated (see Figure 6,5:and Table 6.6).

We sa%g earlier in this chapter that the A'(2) state.

‘ . R . . .

is, anharmonic: in other words, the outer wall’'of the RKR
’ - R : Il

potential is much less steep than the inner wall, as also

~reflected by -‘the magnitude of wéxe. Thus for A',- WeXy
=1.8815(290)cm™ ! is more than three -times .larger than w X,

r

for D', 0.5572(27)cm™}.' The »anharmonic factor" [13] x

= 'wéxe'/we is,3.2x10'3 for D' and 8.4x10-3 for a', .the

latter: being more than twg’and a half times larger than
,the formex. o L

- N -

From:equatiCns,2.2ﬁ £o 2.31, we can esﬁim&te ¢he equi-

/o




; f.'\ -
;r ‘ ‘
0L ) *f
T+ 7 Table® 6.5 - Y ong-range expansion parameters tLeRoy) '
" . for'a £it’ of A' (2) statg/of I33CL, from v=23' to 38
. including 250°lines_ﬂcﬁo.04cm“i-and parameters in units
- of em~1)2 Y
g . /‘ . 4
> Vpe 4 51,1
b, 17557.57P SR
s g ~q° -.’ T C R
3, ~-1.501312 - (0.76) , o
- 10 a, ~8.8062304  (2.2)° 3
. 10 a, o "1.13651308 (0.27% -
o 103a, ° ~7.81725662 (1.7)
s 10%a, 2.91272582 (0.60) - -~
Ny . -4 . o
1o5aS ~5.61003682 (1.1)
108a_ 4.3674797 © (0.87)
B e subleQel *
N - ' M Q CL &
b, -6.006643 (0.11) .
[V , , .
o> o b, ~1.165460 (0.18) , )
o '
’ 103p, o L 4.43974 (0.61%
103b, * ~6.51045 (0.85)
- f £ sublevel
- . by -6.04077° - {0.,086) '
- 100D, . ~-1.124376 " (0.12) N
-~ 3 -’ * ) ) - 4
, 10%b, 4.281719 (0.52)
10°p 5 .7 -6.31658 (0:77)

a) Stated to reproduqe the fit w1th1n the -standard

deviation [33].

b) Relative. to ground §tate minimum.

c) Errors stated are 30.

w
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Figure 6.5 RKR potential curve of A" state and other stgtes
in-the area for. 1*®Cl.




rotational c@nstant, .

N M 1: A ; . ' ‘f : .
- I@b’le‘* Ef fective term valu ‘
' cent:%ﬁugél dfstgntibd constants

g

and turning points for-

b ‘ " the RKR pbtential up 'to v=38 for the A' (2) state of
1*%¢1l. The equilibrium bond distance is 2.665x10 7 lnm..
- .‘ '1" . i . J , .
N (in units of em™! ‘or 10%m)2 SR
v b 2 8t ~10l4y -1018 -
8 v ?‘.’ 1028, 109D -10tdE -10b8L  n L o e
0 12793.90 8.6196 5.27 S , 2.596 2.744
1 13014.68 8.5512 5.31 : - 2.550 7 2.809
. % ,13231.,58 8.4815 5.44 6.0 2.520 2,857,
3 13444.%1 8.4105 5.61 7.6 ¢ 2.497 2.899
4 13653.42 8.3377 5.80 . °7.6 2.479 2.938
5 13858.20 8.2633 6.99 = 9.0 T 2.462 2.974
. §
* 6 14058.75 8.1868 6.18 . 10.0 2.448 3.010
* 7 14254.96 8.1081 6.39- 10.8 2.436 3.044
8 14446.70 8.0269 6.64 12.2 *2.424 -3.078
9 14633.85 7.9430 6.91° 13.8 2.414 3.112
10" 14816.27 7.8558 7.22 15.8 . 2.404 3.145
11 14993.83 7.7653 7.57 18,2 - 2.395 3.1890
_ 12 15166.38 7.6709 7.97 - 21.5 2.387 3.214
& 13 15333.77 - 7.5723 8.42 25.5 2.379 . 3.249
14 15495.85 7.4692 9.93 30.6 - 2.372 - 3.285
15 15652.43 7.3610 9.49 36.8. 2.366 3.322
» .
16 15803.36 7.2473 10.12 44,2 T 2.360 3.361 x
17 15948.45 7.1278 10.85 52.9 - 2.354 3.401° .
18 16087.49 7.0019 11.70 63.1 2.349- 3.442
19 16220.29 6.8688 12.68 75.0 - 2.344 - 3.48%
20 16346.65 @7283 13.85 88.8 2.339°  3.532°

21 16466.35 6.579%9 15.23 105.4 18 2,335 3.582

: 22 16579.19 6.4225 16.85 125.0 25 2.331 3.634
gé 23 16685.00 6.2567 18.75 147.8° 34 2.328 3.690
© 24 16783.%9 6.0807 20.95 176.9 48~ 2.324 3.7751
.25 16874.90 5.8912 23.55 219.0- 69, 2.322 3.817
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R4

o T35

A -'57

™
&
N
ar
A
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L.

!

O
Lo

25 8
1028, 108p,

sld%

v—idut;

max

27
.;28
v29

’ s e N

=30

A'a.-v

EESEEEL|

T 32
o 33
34

; - 36
LTS 7 37 17466.35
c Y

¥7104.30
17166.29

17221.67

17270.94
17314.67

17353.37

17387.52
-17417..52

443.70

17485.760

: e
16958.76
117035.24

5.6919 26.56

5.4760 29.82
5.2579 33.27

'5.0350 36.78"
4.80%4 40.30 .

. 4.5829 43173
4.3571 47.2
4.133
3.911°
3.692

'51.4
55.8
61.5

4
261.9
304.8
355.4

.403.6 .

467.4

7559.9
679.3
874

1170

1540

2000

2400 -

2800

€G¥h 32,319

123
. 169
218
289

" 806

. 177
‘1120

”

2.317
2.315
2.313
2.311

2.310
2.308
2.307

2.30% -
2.306

2.305
€7.303 .

2.301

&

"3.889

3.968
4.056
4.151

4.370 -

- 4,493
4.627
4.771 °
4.928 .

5,101
5.292
5.506
-G

‘4.%56

'

s

“Stated €O reprcduce the flt wlthln the, standard
R deviation [331.-: :
% ‘' b) Relative to the.ground state minimum.



‘:'iibrxum "is more 1nterest¢ng in- the sense that it
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L tell us “if their computed values are in the correct’
‘ and shgw' the rlght trend. at'the bottbm of the~ po
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,Cléatly, ‘£he expectatxons are cohf1tmed

cand H, as listed, inaTable 5 6 "ls parallel to
. N . ‘
."’R" - ] "{ . L. I_, . “
:- . T , "4 % Ry .
) ] -
o . :
Y, s
5 : ¢ oo U )

. . . e ’ ﬁ :p.‘. RO ;
llbrlum value of“sogé Duhhaﬂ!parameﬁers~gLven‘the value of
“Qé! ‘we}%}~ B, and - aeanlfst,‘ee fr;m»the fit of the- lower
part of k' state .can be conaredfto 1ts predlctednvalue in .
a Motsé pstentxal B .ngwi . -qu '?m i
;'é 6m—82 )/w = 3 16"4cm:!' 6.11
U This _yalqe -of ag ié'be¥5h§3§q.£;oa.ﬁhé;éﬁserygﬁ . %o fdr
s béth sdbleveis, 6.48(2§f§i0;45§;} &ﬁd 7.01(10)x10*4cm‘1é.
-?"but‘ is nevertheless quite close go thelr vaiues. COHCJ}*
) ST
. reﬁtly wlth the size of w xé and x.q .tbls‘ confirms the
fanharmonlc:.ty of the A"state; : ‘
- \ The.levaluatloh oF«tH@ &entrlfugalnconstants at equi-

should
range

tentlal

6.14

The trend of Dv

their

PN




equilibrium vélues~e§£ime€éd by_eduétion5'6’12oaﬁa 6.13

The 'same ooint ié oonfﬁrmed"fot 1" eveh“ﬁhbugh the effeét

' of LV is 1n31gn1f1cant for the low->v1bbatlonel olevels'

'

where it has not been determined BRE ’; _ . o

A correction is glven 1n equatlon 2, 32 for T

R - . . _ l "l' .
Y50 3 ﬁ% T%“é' %ﬁe 0. 109 em™l | 6.15

This correction has not been applxed zo the values ‘given

in_ tables throughout thxs ﬁhesxs because 1t is smaller;_

1

=,

than the quoted uncertalnty (equlvalent to. 30) for T
A & -
An estxmatzon of . T at 12680(20)cm .apd g -at

226(4pcm” 1 by Splvey “and- others [11 must be éonsidered as

-~

an 1nsp1red guess. -In-- our‘calculatlon of the equillbrlum ,i-

. \ : - - t
Dunham parameters, 1t would naturally be'better to have

access to data down to:v=0$w but Ixmltatlons imposed by

am L

Y Franck-Condon factore pun'fhese levels out of reach. It.

would be . necessary to pump’ 7ibrational }evels of D' inthe

range v=30~40, and to use p‘ be energles of about 35000@11"l

(~25nm) .in order to access ,the v-0 level of A", - These“

In an attempt to dfecern'peftufbations in the higﬁer'
Y

~-requirements are beyond the)capabilities of our,equipment{ﬂ,

part of the A' potential,- we. Qurposely sought 37C1.data. at )

hlgh vibrational levels.- As nxne other valence states

- -

. converge to the first dissocxatzon lxmlt, it is more than’

pikely that perturbations will Qcour. From'our data. of A"

4
. P . /

] 3 L
- -
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N, . L - v o= e e

> . L : however, we did. not dlscern any sign of such effects JThie
may pe due go' the fact that, ‘using etate-selectlve
. ) 3

e s?eetrosccpy, large regions OE v and J are not‘ observed

N , ‘ @

-

The 1sotope relatlonshlp (equatlon 2 23 ‘and 2. 24) holds at -

. < R
'] - g

evidence “of perturbation phenomena. e

—a

ES

| . Lt

..The“nibwer electronic etatee of 149, Cls,. Br, and ICi.

..confirming the "wvibrational numberirg: and= glvxng RO

‘.

.

are prganized in quaiitétively the same manner [2,41]. In |

.1081lcm™ -1 below the ssvell known A fQ=l) state. It is charac~

. ¢ .

terized “by an electronic energy of 12682 OS(Z?)dﬁ”l P _d
. ~ ’ . s R Vs
-vibrational .frequency of "224.57(15)cm -1 "and show3‘ a

pronounced' ahharmonic character.- Its v1brat1q§al energy

and equillbrlum 1nternuclear dxstapce show some sxmilarlty

A

with the g}her relatively bound states haying ( 3

(aS.signature, .demeiy the A(l) and B£O+) (see Table 4.1).
curve has been determised, along wiéh- the centrijfugal
constants, D7 H~aﬁd L. The bond distance at equilibrium
was evaluated at 0.2665 nm (2.665 Ah No evidence of

pertgrbation was observed other than the expected small

47

'Q doubling. . o

S " the .ICl case, (9-2) is the first excited" state, 1yihg’

.« .

* the ‘bot'tom and the top (up to_v§34)~of_ the pote la}u ;,

o . -

) caSew.

'With . data covering 898 of the poteﬁtial depth, the RKR
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“ . : L v .. .
. We .suygcessfully  characterized the lower part of the
w S v = T

-ign-pai§3pstd;e"D' (8%2) of ICl, wusing a two-step, 't4,

polarizati®n-labelling éeqhnique in -qn Optical-Optical-

¢

. x R . N
Double%Regoﬁance. (OODR)-~ experiment. Transitions to D'

' stater were allowed by heterogeneous perturbaﬁion with the
ngighboring & =1) state. The main spectroscopic
- ~ . .. ' X u B ~ . ‘ .

. ‘constants and the‘Rydberg-KleinrRees (RKR) potential up to

the vibzational level v=28 for the D'(Q=2) state of I3 CI

ware 'détéfmined.‘fﬁt the same” time, extensive data weTe

™

cumulated to map two évoided'crossings between D'(2) and

“E(0") state at v=0 and 1. We have evaluated the electronic

~

-

interaction term Wo as1 between these states. By com-
l . - ‘% g~ .

’

R ﬂ;\ . oL - .’
that the three lowest ion-pair states of ICl, D', § and E,_
ére'"gbod exampies of Van Vleck pure precession case with

: . : 4 R e

-

RN

PRV

paring them to the pure precession values, we conclude .
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enabled us“ to‘probe g%e downward tran31tion u"ﬁ'gﬁwrhe

e 94
0 np' R a.ca

‘main speetroscoplc con§tant§_and the centrlfggql ¢ss§or~

;ion‘ constants wer; &etermined for the A"(Q%Z)-eééte\ of’
I1°%Cl,.with data up to ~7_Qcm"l from the first‘qi%socratlon
limit,:I (2 93/2) f €1 ( Ps/z . The anharmon1cit§ og the A'
state‘.ﬁeqessitated the use of twqiexpansxons {Onflt the
data: 7thé* usual ﬂunham axpan51on and a "top4dawg”. near-
dlssocxatxon expansion (NDE). The merge of thes% two fits
provided- us w;th the tetms needed for the . RKR potent1al up -
to v=38 for the A" (2) state of r*fei. . ...Q»tf.‘_,.:.“*’

Thxs :thesxs brought a 81gni£1cant ddzggon to the
knowledgé of the electroﬁlc states’ of Iel,"ynltiéted theA
characterization of thr;e prevxously u;obsbraeen s;ates,
';::%> é(l){ b(l) énd b'(2),'and the acquisxtion of data.pn hxgh

.vibmational Levels of the ground state X(O"’)g The.data Eor

A' state may be useful in. studylng the long-range poten-"

'~6

¢,'.: tial and in determlning the Cyn constants in;tbq#equaﬁion,
S Vir) = Dy ~ .G /" it 7.1
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D' (2=2) data for 1%°Cl at low vibrational levels
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f sublevel &‘
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e sublevel (upﬁer-root)
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2, e and £ sublevels
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- 21134.877

§

X PROBE G(V,J) .
17 19 15406,651° ~ 23136.959  39159.742 -
19 19 15406.651 23141.112 39163.895
25 27 15242.821.  23277.825 39179.382
.27 27 15242.821 23283.882 39185.439.
27 27 17556.930 20969.806 39185.472
29 27 17556.930  .20976.324 391°1.990
3f 33 15374.922,  23123.790 39198.909 -
33 33 .15374.922  ,23131.219 39205.338
37 39 15496, 592 22976.060 39222.451
39  39. 15496.592 ° 22984.786 39231.177
38 38 16024.761  -22841.526 39226.756 .
40 38 .+ 16024.761 22850.510 39235.740
38 40 15353.143 23114.772 39226.772
40 40 15353.143 23123.738 39235.738
739 39 16021.532 22840.309 39231.184
41 39 16021.532 22849.539 39240.424
39 39 15368. 050 23113.401 39231.250
41. 39 15368.050  23122.551"°  39240.400
40 40 16018.199 22839.067 . - 39235.710
42 40 16018.199  -22848.467 . 39245.110
.46 46 15996.365 22830.964*° 39265.144
48 46 15996.365 22841.534 39275.714
45" 47 15466.596 * 22964.798 39259.981
47 47 15466.596 - 2297%.183 , 39270.366
47 . 45 "15348. 460 23114.429 39270.425
45 45 15348.460  ,23104.035  39260.031
47 49 15970.360 22829.471 39270.393
49 49 15970.360 22840.210 39281.132
47 49 15458.250 22961.678 39270.470
49 49 15458.250 22972.431 - 39281.223
50" 52 15445.107 22956.367 39286.638
52 52 15445.107 22967.677 39297.948
‘52 52 15971;359%  22821.242 ©  39297.950
54- 52 '15971.359 22832.947 39309.655
53 53 . 15455.856 22950.861 39303.873
55 f57 - *15367.753 23380.061 39315.668"
57 ~ 57. 15367.753 23392.380 39327.987
56 56 15442.529 ° 22944.762 39321.774
58 56 - 15442.529 22957.345 39334.°357
64 64 ¥5353.290 » 23356.389 39374.539
66- 64 15353, 290 23370.660 39388.810
63 65 '15242.757 23066.226 39367.599
65 65 - 15242.757  '23080.248 39381.621,
71 73 15459.469 22782.556 39426.258 .
73 73 15459.469 - 22798.294" 9441.996
74 - 74 15473.553 ' 22775.492 9449.989
76 74 1%473.553 . 22791.977 39466.474
27 27" 17556.930 39350.543
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41 39
45 47
47 47
¥:] 46
47 49
49 - 49
52 52
54 52
53 .53°
55 53
58 58
60 58
63 65
65 65
68 68
70 68
71 73
73 . 73
74 74
76 74
46 47
43 47
50 51
52 51
62 63
64 63
64 65
66 65
70 71
72 |71
30 31
"32 31
44 95
46 45
48 49
50 49
49 - 50
51 50
17 19
19 19
31 733
33 33
47 47
49 49
49 49
50 52

OB OO0 PPN EHEIHOOOO OO OO O O b - b b bt et et el it ot b bt bk ot pd et i ot ot
S - ‘ . ' -

JD  JX

390 39

52 52

PUMP °

16021.532 -

16021.532
17485.157
17485.157
15996. 365

'15970.359

1597.0. 359

"'15971..359

15971, 359
160902961

16090.961.

16066.336

16066.336"
©16010.082
"16010.082

16010.044

- 22862101
22874.502"
22854,018
. 22868.416
22847.178 .
22861.737 1

16010.044 . .

15459.469

15459.469

15473.553

15473.553 . -

15473.288

¢ 15473.288
15456. 825

15456.825
15348.411

15348, 411"

15388.455
15388. 455
15353.989

©15353,989

16287.401,

16287.401

16119.177
16118.177

- 16102.07%6
- 16102.076

16097.571
16097.571

,//15406 651

15406.651
15374.922

0 15374.922 °

15466.595
15458.250

15870.360
5445.107
15445.107

_ PROBE
23005. 462
23014.697
21111.651
21122.321
23007. 321
22995.109
23006.152
22987.736
22999.920

22838.690

. 22854.163

22953.588

22969.561
122946.908
22963.416

. 22964, 411

[

22974.739
22957.155

22968.368

23362.303
23376.085
22927791
22%42.034
22913.368
22928.916

 22779.332

22786. 493
22881.962

N 22891 8505

- 23146. 442

23127:46%
23134.561

1 22976.832

22974.127
22841.960
22958.242

©+22969.874

"G(V,3)

©39396. 337

39405.572

39425.395
39436.065

39441.501

39436.030.

39447.073
39464.444
39476.628

."39470.459
39482.860.

39502.288

39515.786 .

39536.882
39551. 441
39573.995

39589. 468

39597.290
39613.263
39621.405

* 39637.913

39266..286

39276.614

39287.378

39298.591"°

39361.039

. 39374.8271
' .39374.842

" 39389,105
.39418.840

39434.388
39371.444

39378.305

39428.492
39438.385

139448.758

39459.502

-39454.061

-39465.014

*39165.205

39169.225
39202.585
39209, 680
39272.014
39282.919

39282.:882 .

39288.513

39300.145 .
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B

[

%

<
o

t

x

-

T JD

53

54
55
57

- 56

58
63
65

64 .

66
71
73
74
76
39
41

47

49
52

" 54

53
55
58
60
70
73
74

53
53
58

60

63
65
68

70

32
37
39
47
49

48.

50

53

PUMP

15455.856
15971:359

+15971.359
*15367.753

15367.753
15442.529
15442.529 -
15242.757
5242.757
5353.290
15353.290
15459..469.
15459.469°
15473.553.

15473.553

16021.532
16021.532

15%70.360

15970.360
15971.345
15971.345
16090.961
16090.961
16066.316
16066.316
16010.044
15459, 469
15473.553
15473.553
16090.961
16090.961
16066.336
16066.336
16010.076
16010.076
16010.051
16010.051
16287.401
16287. 401
16264.674

- '16264.674-
©16224.189

16224.189
16102.076

\/

[+

© -16102.076 .

pgoaﬁ

2953.250
22823.425
22835.%570
23382.919
23395.762
22947.881
22960.993
23071.349
23086.012
23361.862
23376.761

22790,§94'

22806.886
22784.488
22801.712
23014.882

. 23023.735

23002.729
23013.272
22994.086
23005.729
22868.157

-22880.015

22859.613
22872.586
22856.575
22972.263
22949.804
22966.840
23039.095
23050.917
23030.417
23043.313

'23021.145

v

23035.076
23011.254
23026.259

. 22950.651

22957.489%
22943.404

22951.771
22930.932
22941.4483
23047.237
23057.956

GV, )

=

39306. 262
39300.133
39312.278
39318.526

39331.369

39324.893
39338.005
39372.722
39387, 385
39380.012
39394.911
39434.096
39450.588
39458.985
39476.209

39405.757

39414.610
39443.651
39454.194

39470.780

39482.423
39476.515
39488.373
39506.963
39519.936
39591.880

- 39615.965
39624.301 -

39641.337
39647.¢53
39659.275
39677.787
39690.683
39710.843
39724.774
39746.5656
39761.571
39542.763

39549.601

39568.547

39576.914 ©

39614.541°
39625.057

39619.875 .

39630.594

s



.
N
\.
g

r
AV
. \%
A\d
“ N »
- .
I‘ .
o
A @”
\ .
. .
‘
‘ -
K
Q.
O . .
& :
. o ,
~ = . . . @&
a . ! ) ~ -
APPENDIX 2
-
.
- ° 1 .8
# £
'
o N
ot % . - *
AR v N
. t
< . )
Pl . ’ -
18 ‘ R Aot .
'
[ 3 - - =~
. . - , \
- .
-
;

D' (u=2)"data of ICl for higher vibrational-levels

from v=f5atoA28, e subleVél'

, @
.. f L. o . < -
v W f sublever
NOTE An asterlsk (=) 1n the last coiumn marks data.
for 1sotop1c molecule 1° Cl )
" .. . ' . K .
N - ' T ‘
. . ‘ , ~ ’
. ' b /-' ” ’
l' R .
oo ; - baod .
» t - Q ) oy . * . :
- . v - s :,:‘ - ) .1
N s - . N N - ! .
) |. A ‘I [l ' s
4 " -.n" o .
- A \ . & )] ‘
4 o f -
H - Ve " s 0 ;
. P 108 ‘ : e
' \‘ ,' -




£%

15

"1

‘e

21
21

22
122

23 30

JX -

# 32"

I_thMP

16683.190

-

'24557.518

PROBE

'24457,261

24463.804
24454.222

'24561.730

"24557.176

24562.227
24613.597
24620,109
24676.765
24565.398
24610.374
24620.378

' 24712.552

VD;-'JDs.p
30 .32 .- 16901 132
15 3232 16901.132"
15 47 . 047 . 16836.054 °
16" 019, 19 . 17006_028
. 16.7.21 .19 . 17006.028 - °
16723 23 16995.578 .
1. 725 723 ..16995.578 ..
730, 32 16901.132"-
16 32 32 .16901.1327
16 34 34 '16836.141
16- - 43° 43 - .16903,703
16-- 47 .47 - 1%836,054 -
16, 49 47 16 36 054 -
17 23,023 .. 16995.578"
1700 32 132" lGQO?xl32‘
S 174 L 47 16836.054
- 18 T 19 . 19% . 17006.028
18. 21 19 17006028
18 23 23 . :16995.578-:
18 41 7437 .. 16903.703,
18 41_ 41 16903.723
T 20 267 26 16522.553
"2Y Y721, " 16631.682
21 - 27.7 29 16604.284
21 - 28 .- 28 . <16580,564
21 - 297 297 . 1661l1.619.
21 29231  ~.16597.733
21 32 i34 - 7 16587.114
21 41 - 41 ng 16568.937
21 71, 69 © -7 16622.939
, 22 27.:.-29. | 16604.284
© 22 28 28+ 16580.564
22 29 ° 31 16597.733
29\fk29a‘g.16611 619
22 31.-29 © 16611.619
22 .30 30 " 16575.058
22 3Ll "31u . -.;17018.130
33 ¢ 31-1,»~17018 130
22+ 34 73477 16587.122
22 .-"36.. 36 ‘16676.596
22 38 38 16668.1
40 38 - 1{668.738
22. 67 69 - 16663.083
22 .69. "69. .- 16663.083
22, 69-% 69’ 16622.939
22 7  69. . 16622.939¢
22 .. 72 70 - 16668.134

24775, 431

24965.322
24867.304
24871.501
24866.946
24865.881
24833.000
25636.097
25693.567
2568%.356
25659.248

.25687.75¢

25687.734
25685.180

+25676.366
,25439.542

25839.615
25806.773
25837.984
25838.039

7

25844.154 ..

25805.142
25423.634
25430.137

25842.062 -

25743.444
25741.803

25749.696
25520:986,
25534,758 -
25574,874

.25588.958

25535.094

28897.397°

*

- G(V,J)

'4i670 388

41676.931 "
41738,780
4179é,§90
41802.802
41807. 381

. 41812.432

37CL

V

41826.724
41833.236

41840.150
41876.210
41894.932

- 41904.936

41962.757
41988.558
42049. 880
42108.376
42112.573
42117,151
42176.693
42112.111
42430.353
42569.629
42584.466
42516.029
42590.201
42590.178
42599,538
42633.075
42803.406
42734.725
42663.554.
42740.428
42740.484
£2746.599

42669.280 *

4274¢. 47&
42752.978,
42756. 428

427712030

#42778.503

. 42763.443

.429824.994- -
42938.766 .

42938.738

42952.822 .
42960.042

42892.582

“
..
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o ™

VD

23
23
23
23

;23

24
24
24

24 7

24
24
24.
24
24
24
24
24
24

24

24
24
24
24
2¢
24
24

.24 .
24 -

25
25
25
25
25
25
25
25
25
25

- 25
25 .

25
25
25
25
25
25
25

PUMP

. 16676.596
16663.083 .

16663.083

- 16668.134

16668.134
16684.875

17050.73¢ . .

17057.236
17057. 236
17057.236
17057.236
17052.050
16629.592
17018.130
17018.130

'16622.652

16622.652

"16767.891

16767.891
16836.141

16836.141
'16966.441

16966.441.
16933.2009
16848.937
16848.9237

16933.011
1 16933.011

17050.734
17057.236
17057.236
17057.236

©17057.236

17057.236, -
17057.236,
17052.050
16863.980

- 16863.980°

17090.579
17090.579
17129.127
17129.127
17057.696
17057.696
16966.229
16966.229 -
17111.064
17111.064

PROBE.

. 25892.637
| 25669.629

25683.274

25669.284

25683.540
25721.440
25721.-374
25721.262
25725.310

2572%.287
. .25725.324 -
25721.227

25669.930

0 25721.18%

25727.654
25721.220

[25727.686

25963.094

25969.956
25890.466 °

25897.526
25669.623
25676.582
25769.713

25824.183

25832.649
25722.348

.25731.394
25868.787

25868.757

» 25872.818 -

25868.749
25872.761
25868.682

25872.746

25868.642
26043.188

.26047.831

25824.,340

25829.178 -

25785.830
25790.685
25768.417
25773.238
25918.573
25924.374
25787.104
25792.940

o G(VaT)
42912.636

43073.637
43087.282
43094.232
43108.488

.43006.580

43011.706
43013.542
43017.590
43013.567

43017.604

43017.657
42961.328
43044.025
43050, 495
43044.069
43050.535
43050.491
43057.353
43053.851
43060.911
42977.022
"42983.981
43072.265
43080.229

43088.695 -

43093.174
43102.220
43159.119
43161.037
4316%.098
43161.029
43165.041
43160.962
4316%5.026
43165.072
£43167.259
43171.902

43169.546.

‘§3174.384
43169.584
43174.439
43090.338
4309%5.159
431827457
43188.258
43182.392
43188.228

&
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25

25
25

25"

25
25

25

25
25
25

25,
25
25

. 25

25 -
25

25
25
25
25
26
26

26 -

26

26
26
26

26 °

26
26
26
26
26
26

. 2%
26
26

26 .

26

26 -
‘26 ”

26
26
26
26

JD

30
34

36

' 38

36
38
39
41

44

46

- 45

- 47
47
49
48
50
55

56
58
15
17
18
19
21
19
21
19

21

22

T 23

25
.29
30
32
31

+ 3%
38
36
38

39

41
50

52,

53
56
58

JX '
32.

34

- 38
38

38.

38
39
39
46

46.

45
45
47
T 47
48
48
57

57 -

58
58

19

20
19
19

19

19
19
~ 19

24

23

31
32

“32-

© 31

31.
.38 -

38
38

39
39
52
52

33,

56
56

.

PUMP

17051.022 -

16836.141
15836.141
17057.519
17057.519
17057.519
17657.519

" 16933,211

16933.211
16932.977
16932.977
16847.30
16847.30
16836.048

16836.048 -

16830.224
16830.224
16854.903

16854.903 |

16846.926

"16846.926

17184.652
17201.117

*17050.73¢

17057.236
17057.236
17057.236
17057.236
17057.236

17057.23¢6 "

17184.032
17090.579
17090.579

17153.512

17081.022
17051.022
17181.751
17181.751

17057.519 -.

17057.519
17057.519

- 17057.519
- 16933.209
16933.209-

16847.280

"16847.280
I6836.166 -
16829.603.
16829.603

PROBE

. 25825.244

26037.733
26044.753
25790.158°

© 25797.589

25790.192
25797.613
25916.930
25924.951

'25869.447

25878.456

.25870.096

25979.315
25969.401
25978.999
25969.091
25978, 887
25872.019°

. 25883.200

25872.371
25883.735
25896.872
25867.572
26015.284

.26015.164

26019.195

" 26015.243
-26019.250

26015.206 .

26019.230
25869. 591
25970.726
25975.543
25873.337
25971.599

' 25977.823

25851.226
25857.633 .
25936. 491

.25943.875

25936, 468
25943.846
26063.128
26071.110
26061.922
'26072.063
26005.599

26061.689; -

26073.050

»

43188.261

_43201.118

43208.138
43208.146
43215.577 -
43208.180
43215.601
43219.484
43227.505
£3240.239

0 43249.248

43244.756
43253.975
43253, 953
43263.551
43258.735
43268.531
43294.776
43305.957
43300.331
43311.695
43300.627

43303.733

43305.616

. 43307.444

43311.475

43307.523 .
43311.530

43307.486
43311.510"
43313.714
43315.932
43320.749
43331.560
43334.616
43340.840 "
43337.688

©43334.095

43354.479
43361.863
43354.456
43361.834
43365.680
43373.662
43414.551
43424.692 -

43341.303 ¥
43446.193

434572554

!
(" 4

g
;

TG (v,J) 37CL

-
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it

VD

27

27

.27 .
.. 27
-27

27
27

27

27

57
- 27

27
27

.27

27
28
28
15
16
16
16
16

17 .

18
18
21
21
21

22

22

- 22
23

23

23
23
23
23
23
23

23

23
23
23
23

<23

23
23

JX

15 -

16
16
20

"20

19
19
19
19
21
21
24
24
26
26
31
15
15
32
32

32

42

- 50

32
42
50

- 29

34
39
29
34
54
40

. 40
47 .

47
49

49

49
49
51
51

54

54
57
57
60

A3

. 63

b

LY

-

PUMP .

17184:.652
17259.661
17259.661
17050, 734
17050.734
17057.236
17057.236
17057.236
17057.236
17052.050
17052.050
17184.011
17184.011
17057.696
17057.696
17153.521
17184.652
17184.652
16904.482
16904.482
16904.482
16913.3%6
16911.072
16904.482
16913.376
- 16911.072
16607.863
16591.295
-16659.812

© 16607.863
16591.295

.16838.313

" 16904.411

16904.411
16867.428
16867.428
16871.987
16871.987

16871.987
16871.987

16858.931 .

16858.931

16838.313

16838.313
16816.430
16816.430
16743.649
16768.826

PROBE

26042. 348

25965.227

25968.662
26160.752
26164.581
26160.634

26164.671

26160.669

26164.687

26160.553
26164956
26015.083
26015.083

26055.108.

26059.912
26018.727
26186.885
26190.052
24457.061
24613.431
24620.078
24565.398
24511.793
24768.69%4
24865.881
24820.715
25688.514
25684.222
25591.767

25838.770 -

25834.463

25472.132 -

25574.965
25582.760
25573.658
25582.805

. 25620.988

25630.905

25621.008
25630.909
25620.975
25631.306

- 25621.044
25631.971"

25621.183

'25632.676
25683.377.

25622.107

16768.826 . 25634.825

43446.103
43447.635

43451.070

' 83451.084.

43454.913

© G(V,J) 37CL

43452.914

43456.951
43432.949

43456.967

43456.983
43461.386
43459.185
43459.185
43377.029
43381.833
43476.959
43590.640
43593.8Q7

41673.538 °

41829.908

41836.555"

41876.101
41904.796
41985.171
42176.584
42213.718
42587.203
42602.761
42620.922

'42737.459

42753.002
42840.117
42845.831
42853.626

1 42874.641

42883.788
42963.537
42973.454
42963,557
42973.458
42973.433
42983.764
42989.029
42999.956
43005.467
43016.960
43035.098
43041.258

43053.976

R B W




1 NS

'_A- .V24':~

- 24

’\‘. ‘- 2 4_~?‘.

24

.24

) . o ¢ 113
N [} !. . N
- .~ * .
VD . Jp  JX PUMP proBY .. - G(v,3) 37CL
23.. 63 64 16760, 383 25622, 299 43047.542
24 18 19 17055.266 25721.363 . 43011.673-
247 21 22 16911.102 '25784.966 . 42938.924"
24.. 23 . 22 469117102 25789.258" 42943.216
.25 26 "16653.210 25721,;073, 43026.901.
24 27 26 16653.210 25726.324 43032.152
24 - 28 29 16973.008 25771 2121 '43034.,955
24 30 29 16973.008 25777.024 43040.858
28 29 17023.058  2572L.0% 43034.951
24.°.30 29 17023.068 25726, 95 43040.842
24 37 38 17117.924 255862092 . 43064.485 °
24+, 43 42 17002.018 25689.439 43088.784
43 44 16949.345  25722.269 43088.731 |
24 . 45 44 16949.345  -.257%1:129 - 43097.591
45 46 16922.631 25669.757  43015.705
24 " 47 46 16922.631 25678.649 " 43024.597
28 - 48 49 16871.987  25769.050-  43111.599
., 24, 50, 49 16871.987 25778.919 . 43121.468 i .
24 . 48 . 49 16904.538 5669.833 °  43029.152 = ®
24 50" . 49 16904.538 5679.418." 43038.637 *
b 28 49 0 50 16911.072 25773.458 43116.461
©.24 [ 5X.7 50 16911.072 25733:528°  43126.531
S24¢°. 49 50 . 16865.519 - 257269.002 43116.452
.24 51~ 50 16865.519 25779.872. 43126.522
2¢ 53 54 16838.313 25769.022 43137,007
- 55 54 16838.313 - .25779.894 43147.879
24 56 57 16816.430 25769.115. 43153.399
24 62. 63 16768.826 . 25769.825 43188.976
24°°.64- 63 16768.826 25782.512 43201.663
- 63 . 64 16766383 25769.979 43195.222
24 - 65 --64 16760.383 25782.848  43208.091
.25 .18 19 17055.266 25888, %85 43159.095
25 .18 20 17078.035 - 25768.321 43079.834 °
25 21 22 17046.987 25868.665 . 43165.042
25 - 23 22 17046.987 25873.160 43169.537
25 : 25" 26 17078.107 25824.542 . 43174.352
25 27 26, 17078.107 25829.805 ' . 43179.615
"25 ..25- 26 17116.350 25786.346 43174.399
25 271 .26 17116.350 25791.622 43179.675
25 25.- 26 17116.350 - 25786.325 43174.378.
25 © 27 26 17116.350 - 25791.621 ~ 43179.674.
25 7 28 29 16973.008 - 25918.4 43182.292
25-. 30" 29 16973.008: 25924.336 43188.170 %
25 28 29 17023.058 - 25868.426  43182.310
25 30 29 17023.058 25874.291 . . 43188.175
25 ' 38  39° 17004.729- - 25769.797 43132.264
25 .40 39 17004,729 . 25777.307  43139.774 * -
"25  .38. 39 -17054.945 - 2679%.325°: 43215.613. .
40 25799.162

25"

39

17054.945

43223.450" -~

~



D0 Y26
1. .26

25

25

25

25

25
25

25

25

- 25

25

.25

26
26
26

26 -
%26

.- 26
. 267

26

26"
226

1
26
26

S 028
T 26
26 .
26 -

27

27
- 27
27

27
27

- 27

JD

39
41

46 °

48

49 .

S1

- 49

51 .

50

52 .
53

55
13

15..°

18

21 ¢

.23
. 25

27
27 .

28

.30
28,
.30 -
30 -

32

. 38
40

38

40
39

41
50
52
13

. 15

25

27
- 27
29

31
38

JX

40
40
47

47"

48
50

50
51
51

5¢

54

50

PUMP .

. 16924.002

16924.002
17004.610

: . 17004.610°

16910.705

16911.072

16911.072
16865.519

16865.519"
'/16858.931
.'16858.931
16838.313

+16838.313"
-17111.670 "

17111.670
17055.266
"17046.987
17046.987
17116.350
17116.350

. :17052,926 °

17023.058
17023.058
16973.008
16973.008

-

17115.625

17115, 625
17054.945
17054.945
17111.877
17111.877
16924.002

16924.002 .
 16858.931
. 16858.931

.17111.670
17111.670
17116.350

17116.350 .

17052.926
17052.926
17019.125
17111.877

-

PROBE

25917.038

_25925.042

25796.157

--25805.593

25814.275
25870.452
25880.494
25916.065
25926.080
25916.030
25926.217

'25915.978
025926, 762

25970.382
25973.272

. 26015.297

26015.119
26019.579

.25932.763

25937.997
25912.389
26014.824
26020.669
26064.885
26070.744
25838.299
25844.266
25937.585
25945. 395
25880.622
25888. 444
26063.292
26071.291
26062.052
26072.255

+ 26115.901

26118.766
26078.208
26083.422
26055.263
26060.654
26166.320
26025.906

GV,

432L9.é€4'

43227.488

43249.271
43238.707

43168.989 %

43263.455
43273.497

43263.515"

43273.530
43268.488
43278.675

43283.963 °

43294.747
43297.739

43300.629
43305.607

43311.496 -

43315.956

43320.816
43326.050 -
43241.532 *
- 43328.708

43334.553
43328.719
43334.578

43249.762 *
43255.729 *

43361.873
43369.683
43361.842

43369.?5T_“- .
43365.738 S

43373.737
43414.510
43424.713
43443.25R
43446.123
43466.261
43471:.475

43384.406 * -
43389.797 *

43483.100
43507.126




APPENDIX 3

N

Al (u=2) data for ICl

from v=2 to 38, e sublevel

? <%

f subleVel

»> v

" NOTE An asterisk (*) in the last column
. fosw isotopic molecule 1’’c1.
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marks data

3.



<
>

UPPER TERM

42746.492 -

42746.492
42749.700
42938.738
42938.738
42945.742
42925.029
42931.834
42952.846
42960.048 °
42967.350
42974.751
42873.787
42876.183
42878.679

- 42878.679

42883 .971
42883.971
42886.767
42886.767
42889.663
42889.663
42881 .275
42881.275
43090.311
43090.311
42746.492
42746 .492
42898.951

. 42898.951

42737.471
42740.378
42753.009
42743.385
42743.385
42749.700
42749.700
43116.548
43116.548
43093.177

43097.653

43102.226

43106.902

43111.675
43111.675.
43121.520

.43121.520

43126.590

PROBE

29436.07¢

. 29425.410
294347,100 -

29310.481
29287.036
29282.086
29296.771
29291.961
29277.088
29271.994
29266 .848

T 29261.577

29386.770
29385.305

29383.769°

29375.202
29380.479
29371.211
29378.718
29369.134
29376.,901
29386.956
29382.110
29373.204
29617.164
29609.282
29223.792
29213.192
29370.977
29360 4076
29229.436
29227.611
29219.785
29225.760
29215.437
29221.808

29210.816

28474.518
29457.918
29489.735
29486.818
29483.859
29480.817
29477.721
29461..447
29471.267
29454.363
29467.945

G(V,J)

13310.418
13321.082

37CL

13315.600-

13628.257
13651.702
13663.656

' 13628.258

13639.873

13675.758

" 13688.054

13

13700.502
13713.174
13487.017
13490.878
13494.910

.13503.477

13503.492
13512.760
13508.049
13517.633
13512.762
13522.707

.13499.165

13508.071
13473.147
13481.029
13522.700
13533.300
13527.974
13538.875

'13508.035

!

13512.767
13533.224

13517.625 .

.13527.948

13527.892
13538.884
13642.030
13658.630
13603 .442
13610.835
13618.367
13626.085
13633.954
13650.228
13650.253
13667..157
13658.645
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-

-

4

<
>

JA

68
70
65

68
57,
69
69
71
70
18
120

W ke W W W W W W W W W

.

>

11 12
12 13
13 4
1

31

66 °

JX

69
69
66
67
67
68
68
70
70
71
19
19

4
4 15
4 15 16 °
4 16 17
4 17 18
4 19 18
4 19 20
4 21 20
4 22 21
4 23 22
4 24 23
4 25 24
4 27 26
4 29 28
4 30 29

4 31 30
4 32 31
4 33 32

.4 23 26
4 25 26
4 198 22
4 20 23
4 21 24
4,. 23 24
4 © 22 25
4 24 25
4 . 24 27
4 - 26 27
4 25 28
4 27 28
4 28 29
4 29 30
4 30 31
4 32

——

UPPER TERM

42938.738
42938.738
42918.323
42925.029
42925.029
42931.834
42931.834"
42945.742
42945.742
42952.846
43013.596
43013.596
43002.462
43003.754

-43005.146 -
43006.636

43008.227
43009.917
43011.706
43011.706
43015.584
43015.584
43017.673
43019.861
43022.148
43024.535
43029.609
43035.080
43037.965
43040.950
43044.034
43047.217

43090.311

43090.311
43081.749

.43083.747

43085.840
43085.840
43088.028
43088 .028
43092 .690
43092.690
43095.163
43095.163
43097.732
43100.395
43103.154
43106.008

PROBE

29100.881
29077.676
29114.111
29109.774
29087.189
29105.357
29082 .457
29096.393
29072.791
29091.819
29331.642

29325.157

29338.057
29337.288
29336.556
29335.719.
29334.801
29333.825
29332.795
29326.674
29330.438
29323.658
29322.057
29320.377
29318.653
29316.882
29313.116
29309.077
29306.972
29304.800
29302.552
29300.239
29412:731
29404.920
29417.926
29416.749
29415.448
29408.195
29414.131

29406.632 .

29411.284
29403.153

29409.796
29401.335

29399.401

'29397.442

29395.414
29393.281

G(V,J)

37CL

13837.857 -

13861.062
13804 ,212
13815.255
13837.840
13826.477
13849.377
138'49.349
13872.951
13861 .027
13681.954
13688 .439
13664.405
113666 .466
13668.590
13670.917
13673.426
13676.092
.13678,91F
13685.032
13685.146
13691.926
13695.616
13699.484
13703.495
13707.653

13716.493

13726.003
137306.993
13736.150
13741.482
13746.978
13677.580
13685.3%1
13663.823
13666.998

13670,392
13677,645

13673.89
13681.
13681 .406

. 13689.537
13685.367
13693.828
13698.331
13702.953
13707.740
13712.727

¥ o % % %o %o B o ¥ X F ¥ ¥ o

117

My



«t

A

. . &

JA

32
33
35,
25
217
31
33
48
564
40
41
42
43
44
45
46
.48
° 47
49
51

52
53
54
18
20
14
15
16
17

© 19
21 .
20
23
24 -
22
48
50

70
67

*32
48

45
46

30

50 -

JX

33

.34

36.
28
28

30

- 49

49

41

42
43
44
45

47
47
48
50
50

51
52
53
19
19
15
16
17
18
18
20
20
21
26
27
25
49
49
69

69

68
31

31

49
49
46

47

30 -

UPPER TERM

43108.956

' 43112.000

43118.372
42881.275

- 42881.275

42898.951
42898.951

" 43116.548’

43116.548
43080.346
43084.524
43088.801
43093.177
43097.653
43102.228
43106.902
43106.902

. 43111.675

43121.520
43121.520
'43126.590
43126.590"
43131.760
43137.029
43013.596
43013.596
43006.636
43008.227"
43009;9%7
43011.706
43011.706
43015.584
43015.584"
43017.673
43090.311:
«43092.690
243088.028
43116.548
43116'.548
42938.738
42938.738
42931.834
42746.492
42746.492
43116.548
43116:548
43102.228
43106.902

o

.

-118

"PROBE G(V,J) 37CkL
129291.135 13817.821 *
.29388.934 13723.066 *
 29384,268 - 13734.104 *

- 29173.637 13707.638

29164 .806 13716.469

. 29162.788 13736.163
"29152.002 13746.,949
29267.332 13849.216
29250.888 13865.660
29290.326 137903020
29287.686 13796.838
29285.001 13803.800

29282 .195._ ' 13810.982
29279. T 13818271 vt
29276.462 13825.766 .~
29273..481 13833.421
29257.631 13849.271
29270.449 13841.226
'29264.141°  13857.379
29247.377 13874.143
29260.896 13865.694
29243.790 13882.800
29240.112 13891.648"
29236.416 13900.613
29127.125 13886.471:
29120.691 13892.905. -
29131.079 13875.557
29130.213 13878.014
29129.244 13880.673"
29128.223 13883.483
29122.162 13889.544
29125.954 13889.630
2911%.182  13896.402
29124.732  13892.941 .
29212.248 13878.063 * °

29210.860 13881.830 *
29213.635 13874.393 7% .
29064 .351 14052.197-
29048.046 14068.502
28694.062  14244.676
28671.246 14267.492
28698.333 14233.501
28416.149  14330.343
28405.953 14340.539
28671.220 14445.328
286552191 14461 .357 .
28679.665 14422.563
28676.941 14429.961

53



i18

¢

v 4 ‘
. .
K .
N

~— —__ VA, JA JX UPPER TERM - PROBE @G“(V,J) 37CL
' 77 47 .48 . 43111.675 _ 28674.096 14437.579°
7 49 48 v43111.675 28658 .379 14453.296
7 49 58« |, 43121.520 . 28668.264 14453,256,
. 7 51 50 43121.520 28651.898  14469.622
.7 52 51 43126.590° 28648.544 14478.046
. 7 68 69 42938.738 28304.728 14634.010
» 7 70 69 42938.738 28282.360 14656..378
o! 67  66. 42918.323 28295,269 14623.054 -
7 68, 67 42925.029 28291.026 14634.003 .
"~ 1. 69 68 42931.834 28286.734 14645.100
7 69 7o 42945.742 28300.631 14645.111
. 7 71 70 42945.7.42 28277.949 14667.793
72, 71 42952.846'% 28273.473 14679.373
7 73 72 42960.048 " 28268.940 14691.108
-8 30 31 42746.492 28225.185 14521.307
8 32 3177 42746.492 28215.105 14531.387
~ 8 29 . 30 42743.385, 28226.916 14516.469
8 131 32 y 427%9.700 28223.412 . 14526.288
8,7 48 49 . 43116.548 28481.407 . I4635.1¢%
w 8 ° 50 - 49 43116.548 28465.556 14650, 992
8 47 .48 43111.675 - 28484.228 14627 .447 .
: 8 49 590 43121.520 28478.529 "  14642,991
8 51 50 43121.520 28462.395 ‘14659.125
8+ 52 51- 43126.590 28459.091 14667 .499
8 ° 68 69 42938,738 _ 28116.897 14821.841
» 8 70 - 69 42938.738 28094.746 14843.992 .
-8 71 70 °  +42945.742 - 28090.48%L - 14B55.261 !
9 25, 28 42881.275 .,28195.723 .14685.552
. 9. 48 ' -49 . 43116.548.  28296.263 14820285
9. 50, 49. -  43116.548 28280..6 10 '14835.938 o
' 9 47 46 43102.228°  28289.501 - 14812.727 ‘
- 9 . 46 . 47 43106.902 28301.705 . 14805.197
. 9. 48 47 43106.902 28286.569 14820.333
- . 9. 47 .48 43111.675 ° 28299.022° 14812.653
§ 49 48 43111.675 - 28283.58X% 14828.094 -
g 51 50 43121.520 28277.485 14844.035
- 9 50 51 43126.590 ° 28290.689 14835.901 -
.10 18 19 - 43013.596 28170.469 14843.127 ¢
10, 20 19 ~  43013.596 28164.337 14849.259
"10 48 49  43116.548- 28113.927 15000.621
' ‘ 10, 50 . 49  43116+548  28100.449 15016.099 . .
B 10 45, 46 43102.228 . 28123.757 14978.471 o
—_— o 10 46’ 47 | 43106.902 28121 .,240 14985.662 -
t o 10 48 47 43106.902 28106.264,  15000.638
S 10 49 48 43111,.675 _28103.3837 . 15008.292
ST 10 49 50 43121:520 28113.295  15008.225
10 . 51 50 . 43121.520 28097.444 15024.076

10 ’ ?0; 51 . 43126.590 . 28110.544 15016.046 .




50

JA

68

70
67

"66
68 -

67
69

69-

71
70
72

" 73

48

38
40
48
50
51
53
68
70
67
69
69

(31
70

72 .

73
38

40

38
37
39

© 39

41
40
42
51

38
40
32
33

.34
36 -

35
37

JX

69

69

66
67
67

- 68

68
70.
70
71
71 -
72
49
49
39
39
49
49
52
52
69
69
68
68
70
70
71
71
72
39
39
37
38
38
40
40

" 41

41
52
52
39
39
33
34
35
35
36
36

2

A
‘- UPPER TERM PROBE G(V,J)

42938, 738 27755.492 15183.246
42938.738 27733.870 15204.868
42918.323 27745.663 15172.660

© 42925.029 27762.821 - 15162.208
42925.029 27741.803 15183.226
42931,834 27759.159 15172.675

~42931.834 27737.858  15133.976
42945,742 27q54.763 15193.979
142945742 27729.834 15215.908-
42952,846 27747.991 15204.855
. 42952 ,846 27725:736 15227.110
42960.048 27721.589 .15238.459
43116.548 27940.588 15175.960
43116.548 27925.270 15191.278
39405.794 24125.805 15279.989
39405.794 24113.758  15292.036
43116.548 27770.183 ~ 15346.365
43116.548 27755.085 15361.463
39297.963 23928.689 15369,274
39297.963 23912,709- 15385.254
47938.738 .. 27414.336 15524 ,402
42938.738 ¥+* 27393.194 15545.544
42931.834 = 27417.762.  15514.072
42931.834 27396.973 -15534.861
42945.742 27410.861 15534881
42945,742 27389.462 15556.280
42952.846 27407.336 _  15545.510
42952.846 - 27385.655 . 15567.191
42960 .048 ~27381.787 15578.261
39405.794 23960.000 15445.794
39405.794 23948.083 - 15457.711
39397.426  °23951.607 15445.819
.39401.556 23961.465 15440,091
39401,.556 23949.843 15451,713
39410.141 123958.429 15451.712
39410.141 23946.209 15463.932
39414.597 23956.853 © 15457.744
39414.597 23944 .338 15470.259
39297.963 23763.994 15533.969
39297.963 23748.,186 15549.777
39405.794 23799.504 15606.290
39405.794 23787.758 15618.036
39381.994 23807.355 15574.639 -
39385.689 23806.149 15579.540.
39389.493 .23804,925 15584 .568
39389.493 23794 .343 15595.150
39393.405 23803.584  15589.821:
39393,405 23792.734 . 15600.671

37CL




VA

14
14
14
14

14
14
14
14
14
14
14
14
14
14
14

14 .

14
14
14
14
14
.14
14
14
- 14
14
14
14
15
15

15

15
15

15
‘15
15
15

15 .

15
15
15
15
15
15
15

Ja

36
38
37
39
39
41
40

41
43
42
44

45 .

46
47
46

48
50
43
45
46
48

47

49
49
50
51
53

38

40
30
31
32
33

34

36

.35
.37
15 -

36
38
37
39
39

41

40
42
41

JX

37
37
38
38
40
40

. 41

41
42
42
43
43
44
45
46
49

49 -

49
49
44
46
47
47
48
48
56
51
52

52.

39
39
31
32
33
34
35

.35
36

36

- 37
" 37 .
38

38
40
40
41
41
42

42

‘-,

c

3

UPPER TERM

39397.426

© 39397.426

39401.556
39401.5586
39410.141
39410.141

39414.597 .

39414.597
39419.161
39419.161
'39423.834
39423,834

/3942é,616
39433.507

39438.506
39270.388
39270.388
43116.548
43116. 548
43093.177
43102.228
43106.902
4p106.902
43111.675
43111.675
43121.520
43126.590
39297.963
39297.963
39405.794
.39405.794
39374.930
39378.408
39381.994
39385.689
39389.493
39389.493
39393.405
39393.405
39397.426
38397.426
39401.556
39401.556

39410.141 .

39410.141
39414.597
39414.8597
39419.161
39413.161

12

PROBE

23802.252
23791.078
23800.854
23789.425
23797.998
23785.946
23796.508
23784.155
23794.950
23782.327
23793.380
23780.467
23778.554
23776.642
23774.652 -
23613.431
23599.338
27445.555
27430.898
27456 .377
27452.197
27450.023

27435.980

27447.830
27433.471
27443.258
27440.918
23604.715
23589.156
23644.570
23632.979
23654.107

. 23653.057

23651.962 -
23650.786

23649.628 _

23639.219
23648 .411
23637693

G(V,J) ' 37CL

15595.174

\

‘v

23647.141 -
23636.129 -

23645.860
23634.563
23643.129
23631.247
23641.750
23%29.573

- 23640.268

23627.831

-

© ©15766.993 .
- 15767.012

15606 .348

15600.702 .

15612.131
15612 .143.
15624.195
15618" 089
15630.442
15624 ,211
156 36.834
15630.454
15643 .367
15650.062
15656.865
15663.854
15656.,957 .
15671.050

© 15670.993

-

15685.650 "

15636.800
1565Q.031
15656.879
15670.922
15663.845
15678.204
15678262

15685.672 .-
15693.248 .

15708.807 -
15761.224

15772.815

:15720.823

15725.351
15730.032°
15734.903
15739.865
15750.874

15755.712
15750.285
15761.297
15755.696

15778.894
15772.847

15785.024 .

15778.893
15791.330
’ “ ~ .

L

K

.- 15744.994 “w-.




UPPER TERM

39427.834.

39423.834
39270.388
" 39270.388
3927.0.388
\'39265.151
39265.151

39281.137 -

39286.649
39292.257
39297.963

39303.768

39270.388
39270 .388
43116.548
392%7.963
«392&7gas3

+PROBE

23638.,793

23626.065 -

23459.147

. 23445,264

23459,168
23460.688
23447.079
23441.535
23439.585

~23437.635
"+ 23435.568

23433.510
23459.251

23445.324

3

G(v,J)

15785.041

15797.769
15811.241
15825.124
15811.220
15804 .463

15839.602
15847.064
15854.622

15862.395"

37CL

15818.072. .

g

15870.258

15811,137
15825..064
15824..982
15847+ 028

i -15862 334

:
>

92&%»9%3 %

” 15846 978
89291 963, »2}4%5 5

v&ﬁ@ez 373

39297, 963k

39297.963
39405.794

39405.794

39397.426
39397.426
39401.556
39410.141
39410.141
39414.597

39414.597 -

39270.388
39270.388
39265.151
39275.717
39275.717
'39281.137
39281.137
39286.649
39286.649
39292.257
39292 .257
39297.963
39237.963
39303.768
39309.674
39315.683
39321.797
39328.015

' 23481, o,
¥934354%697
" 23495.313

23483.936
23497.769

6§52,

23485.456
23493:997
23482.346
23492.674
23480.738
23310,757
23297.073
23298.734
23309.268
23295,347
23307.813
23293,576
23306.246
23291.,748
23304.671
23289.884
23303.034
23287.973
23286.025
23284.030
23282.039
23279.943
23277.814

15846 442
‘158&2¢§86

15910.481

15921.858,"

© 315899.657

15910.474

"15916.100

15916.144

15927.795
15921.923

15933.859"

15959.631
15973.315
15966.417
15966.449
15980.370
15973.324

+15987.561

15980.403

15994.901
15987.586

16002.373
15994.929
16009.,990

16017,743 "

16025.644
16033.644
16041.854

16050.201




Y

JA ' JX
46 - ' 49
48 49"
‘46 47
45 48
47
49 .50
‘ 5Q. « 51
53 54
36 49
48 49
51 52
52
51 52,
. 53. 52
39" 50
50 ;.5L
52 51
.52 " 53
i54 53¢
53 54
- 55 54
56 . 55
51 52
53 52
38 o 39
40 39
38 39
40 39
35 36
37 36
36 37
38 37
37 38
39 38 .
39 40
41. 40
40 41
42 41
43 42
44 43
46 49
48 49
46 49
48" 49
48 49
50 49 -
51 52
53 .52

' UPPER TERM
©7 1 39270.388

39270.388
~%39260.006
39265.151
. 39265.151
'39275,717
39281 .137

. °38292.257

3%9297.963

v .739270.388
" '39270.388

39297.963
39297.963
39297.963
39297.963
. 39286.649
39292.257
38292.257
39303.768
39303,768
39309.674 -
39309.674
.39315.683
39297.963
39297.963
 39405.794
39405.794
39405.794
39405.794
39393.405
39393.405
39397.426
39397.,426
- 39401.556
* 39401.556
39410.141
39410.141
39414.597
.39414.597
39419.161
39423.834°
39270.388
-+ 39270.388
39279.388
39270.388
. 39281.137
39281.137
39297.963
39297.963

.
. .

PROBE

23310.730
'23297.055

23300.451
23312.118

23298.795.

23295,33%
23293.574

23289.896 -

23287.943
23310.733
23297.069
23303.116
23288,.011
23303.122
23288.019

23306.338 °

23304.737

23289,917
23301.398

23286.01%2

23299.704 -

23284,018
23281.980
23303.182
23288.093
23351, 924
23340.708
23352.060
23340.854

23355.429

23345.057

23354.350
123343.685
23353.199"

23342.300
23350.865
23339.371
23349.611
23337.871
23336.348
23334.768

" 23168.334°
23154.863

23168.272
23154.862
23165.570

© 23151.609

23161.222

G(V,J) 37CL
15959.658
15873.333
15959.555
15953.033

. 159%66.356
'15980.383
15987, 563
16002 .361
16010.020
15959.655
15973.319
15994.847
16009.952
15994.841

.16009.944

15980,311
15987.520

- 16002.340

I3

4

23146.364 °

. 16002.370

*©16017.756
16009.970 -
16025.656
16033.703
15994.781
16009.870
16053.870
16065.086
16053.734
16064.940
16037.976
16048.348
16043.076
16053.741
" 160487357
16059.256
16059,276
16070.770
16064 . 986
16076.726 -

- 16082,813

*716089.066

16102.054

" 16115.525

16102.116

. 16115.526

'16115.567

- 16129.528 -
16136.741
16151.599




“vAa  Ja  Jx

17 51 52

17 53 52
18 38 39
18 40 39
18 33 34
18 34 35
18. 35 36
18 36 37
18 37 38
18 39 38
18 39 40

18 41 40 .

. 18 40 41
18 42 41
18 41 42
18, 42 .43

18 43 -44

- 18- 45 44
18 46 - 45
18 46 49

18 -* 48 49 i
& 18 48 49

‘18 50 49
‘18  S51° .52
18 5% 52
. 18 53 52
19 38 39
19 40 39
19 31 32

19 32 33
19 33 34

19 34 35

19 35 36
19 36 37

19 37 38
19 39 38
19 39 40
.19 41 40
19 40 41

19 42 41

19 41 42
19" 46 49
20 38 39
20 -40 39
20 ¥ 35

20 35 3%

20 37 36

2

UPPER TERM

39297.963
39297.963
39405.79¢
39405:794
39385.689
39389.493

39393,405
39397.426 -

39401.556

39401.556~

39410.141
39410.141

39414.597
39414.597

39419.161
39423.834
39428 616:
39428, 616"
39433, 507

'39.270.388"__
39270388

39281.137
39281 .137
39297.963

© 39297.963

39297.963
39405.794 .

39405.794 "

39378.408
39381.994

39385.689
39389.493
39393.405
39397.426
39397.426

39401.556 -

39401.556
39410.141
394'10.141
39414.597
39414.597
39419.161
39270.388
39405.794
39405.794
39389.493
39393 .405
39393.405

PROBE

23161.303 -

23146.456
23214 ,806
23203.788
23219, 847
23218.931

.23217.950

23216.944
33215.924
23205,204
23213.752
23202.443
23212.603
23201 .077

 23211.465"
23210,277
©'23209:052 -

. 23196.685
: 23195.197

23032.053

23018,853
23029.615
23015.896

23025.614

23025.654 .

- 23011.084
. 23083.972 .
23073.197
23090.158
©+23089.390
23088. 591 -

23087.695

23086.827 -

23085.930

23075.692
. 23085.008
23074.477-.

230683.055
23071.992
23082..006

23070.699 .
23080.955 |

22902.104

22958.725

22948.179
22963 .055

22962.301

22952.509

LGVIdY

16136.660
16151.507

16190.988 .

16202.006
116165.842
16170.562

"161754455 -

16180.482
. 16185,632
16196..3
"16196.3
16207.6

16327.679

16327086
15338.149
6332.591
16343 .898
6338.206
16368.284
16446 .069
16456.615
16426 .438

16440.896

16431.104%¢

124

-

37cL




6\

VA

20

20

‘20

20
20

20

20
20

.20
120

20

. 20
20

20

120 " -
20 ¢
. 20.
2L .
2l

21,
21
21
21
21
21
21
21
21
21
21
21
21
21

.2k

21
21
21

21 -

21
21.
21
21

21 -

23
23

JA

36

37
39

39
41

40

42
- 41
42 -
68 -

70

. 67

66

.68 -

67

69 -

71
72,
68

70
64
65

s 66

65
67
66
68

Y
.69

69

~ 71

70
72
71

'73

72
74
73
75
74
76

. 77,.

78
79

80 °
- 70

JX

37

38

38

40
40
41 ..
41

42

43

6%
69 -
66
67
67
68
68

70
70

69

69
63
64
65

66
67

68"
68
10
¢ -
71

L TL

72
72
73 .-
73
74
74
75
75

¢

77 -
78
79

€9

UPPER TERM

39397:426

39401.556 - .

39401.556
39410.141.
39410.141
39414 .597

39414.597 °

39419.161
39423 .834
42789.236
42789 .236
42768.740

42775.472 ..
42775.472 . -
42782 .304 , .
. 42782.304"
42796.268 .

42796.268"
42803.399
42789.236 -
42789.236:
42749.142
42755.575
42762 .107
42768.740

42768.740

42775.472

. 42775.472
- 42782 304
42782.,304 -

42796.268
42796.268"
42803.399

42803.399

42810.630
42810.630

42817.961

42817.961

42825,.391
42825.391
1 42832.921"

42832.921
42840 .551

42848.280

42856.108
42864 .036
42789.236

-42789.236

PROBE -

22961.476

22960.648

22950.366

22958.880"
22948.051 -

22957.995
22946,902
22957.091
22956.127
26130.106
26111.784

: 26116.310

26011.8%3

" 26009.885
26007,893..
26023.080 -

26005.902
26021.284
26003.890
2601S.494

-26001.855-

26015.825
125997.705
. '26013.965
- 25995,588
26012,071
25993.461

26010.130 °

25991.309
26008. 224
25989,133
26006.273
25986.943
25984.731
25982.490
25980.239
.25977.982
25814 ,950

_25798.071 °

26118.554
26134.193.

26132159
| 26114.064%
.. 26128.052
426109452 .
1263107093
w26017,634-
25999.742

G(V,J) 37CL -
16 435 .950
16440.908
16451.190
16451 .261

116462.090

16456.602
16467.695
16462.070
16467.707
16659.130-
16677.452

o~

16650.186
. 16641.279

16659.162
16650.145 ¢

16668.240 .
'16668.216 ,
: 16686.816 -
.16696.306° '

16771602 -,
16789.494. .

. 16737.299 -

16945.690
16954.214 .

'16745.660-
- 16762.838

16754 .188
16771.582
16762.810
16780 .449

. 16780.443

16798.563

 16789.434

16807.811

© 16798.559

16817.169 -
16807.831
16826.652
16817.167
16836.258
16826.648
16845,978
16855.820
16865.790
16875.869
16886.05¢4
16974.286

16991.165



.27

VA

24
24

24

24

. 24

24
24
24 -
24
24

24

25

25

25 -

25,
26
26
27,
27

27
27

. 27

28
28
28
28
28
28
28
28
29
29
29
29
29
29
29
29
29
29

29

29
29

- 29

JA

30
32
68
70
67
68
62
71
72
73
68
70
30

32 .

48
50
68
70
68
70
30

320 -
48

50 °
©.68°

70

25

27
31

33 .

48
50
68
70

.18

20
30
32

50

68
70
7L
73
70
72
69
71

JX

31
31
69

69

66
67
68
70

.71

72
69

69

31
31
49
49¢
69

- 69 .

69
69

31,

31
49
49

.69
. 69

69
72
72
71
71
70
70

UPPER TERM

42746, 492
42746 .492
42938.738
42938,738
42918.323
42925.029
42931.834
42945.742

42952.846

42960°,048
42789.236
42789.236
42746. 492
42746 .492
43116.548

" 43116.548 -

42938.738
42938.738
42938, 738
£2938.738

" 42746492

42746:492

43116.548 -

43116.548

42938,738°

42938.738

" 42881.272

'42881.272
42898 .951

© 42898.951

43116.548
43116.548
42938.738
42938.738
43013.596
43013.596
42746.492
42746 .492
43116.548
43116.548
42938.738
42938.738
42960.048
42960 .048,
.42952.846
42952.846
42945.742
142945.742

4

PROBE

25906. 489

. 25898.896

25874.600

25858 .302

25862.183
25860.910
25859.644

. 25857.024

25855.706
25854 .354
25725.150

' 25708.833

25816. 957
25809, 627
26104.364
26092.942
25792 .791
25777.093

1 25718.992

25703.908
23660,645

25653.807
25954,099

25943.529

- 25653.232

25638.758
25743.036
25737.500
25742.751
25735.975
25890.326
25880 .273
25595.119
25581 .418
25830.068
25826.156
25533.754
25527 .488
25833.812
25824.168
25544 ,433
25531.470
25546.217
25532.797
25545.599
25532 .355
25545.016
25531.941

'(E(VIJ)

16840.003
16847.596
17064.138
17080.436
17056.140

37CL

17064.119 -

17072.190
17088.718
17097.140
17105.694
17064.086
17080.403

. 16929.535

16936.865

" .17012.184

17023.606
17145.947

17161.645

17219.746
17234.830
17085.847
17092.685
17162.44°9
17173.019
17285.506
17299.980
17138.236
17143.77

17156.20

17162.976

17226.222

17236.275
17343.619
17357.320
17183.528
17187 .440
17212.738
17219.004
17282.736
17292.380
17394.305
17407.268
17413.831
17427.251
17407.247
17420.491
17400.726
17413.801



-

n .

VA

29
29
29
29

29
29
29

29

29
30
30
30

30
30 °

30

30

30
30
31
31

31

31
31
32
32
32
32
32
32
32
32
33
£33
33
33
34

34

34
34
35

35

36
36

- 36

36
36
36

JA

67,
69
66
68
65
67
64
66
63
65,
23
25
68
70
73
72
71
69
68,
18" |
20
20

- 22

27
18
20
20,
27
23
25
48
50
20
22
23
25
20
22
23
25
20
22
20
22
20
19
21
21

23

JX

68
68
67
67
66
66
65
65
64
64
26
26
)
69
L 72
71
70
68
67
19
19
21
21
28

‘19

19.

21. ¢

21
26
26
49
49
21
21
26
26
21
21
26

e

21
21
21
21
19
20
20
22
22

+

UPPER TERM

42931.834
42931.834
42925.029
42925,029
42918.323
42918 .323
42911.717
42911.717
42905.210
42905.210
43377.023
43377.023
42938, 738"
42938.738
42960, 048
42952.846

-, .42948,742
-42931.834

42925.029

-43013.596

43013.596

 42112.580

42112.5890
42881.272
43013.596

. 43013.596

42112.580
42112.580
43377.023
43377.023
43116.548
43116.548
42112.580

42112.580

43377.023
43377.023

© 42112.580

42112.580
43377.023
43377.023
42112.580
42112.'580
42112.580
42112.580
42108. 405

" 42110.442
42110.442

42114.820
42114 .820

PROBE

/25543 ,845
25531.088
25543,343
25530.736

T 25542.84%1

25530 .389

25542 .367°

25530.069
25541,935
25529.773
26164.647
26160 .035
25500.510

25488 .263.

254%0.760
25489.916

2548%9.077 :

25487.526

25486.775

25726.983
25723.432
24822.411

. 248%8,497

25575.987
25684.047
25680.679
24779.683
24775.987

26068.468

26064 .277
25702.031
25693.888
24741.909
24738.412
26028.361
26024 .385
24708.646
24705.343
25992 .916
25989.205
24679.637
24676 . 462
24654.353

24651 .431

24650.198
24653.602
24650.796
24655.192
24652.125

~

\

* .17400.746

-~ G(V, Ty 37CL

17387.989

17381 .686

- 17394 .,293

/‘i-

17375.482
17387.934
17369.350
17381.648
17363.275
17375.437
17212.376
17216.988
17438.228
17450 .475
17469.288

17462.930 "

17456.665
17444 .308
17438.254
17286.613
17290.164
17290.169
17294.083
17305.285

17329.549"
17332.917

17332.897
17336,593
17308,555
17312.746
17414.517
17422.660

17370.67¢

17374.168
17348.662
17352.638
17403.934
17.407 .237

17384.107.

17387.818
17432.943
17436.118
17458.227
17461.149
17458.207
17456.840
17459.646
17459 .6 28
17462.695



<
b
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'UPPER TERM

42117.162
42119.606
42122.152
42124.799
42112.580
42112.580
42108. 405
42110.442
42114 .820
42112.580
42112.580

43035.038

43035.038
43032.228
43032.228 °
43035.012
43035.012
43037.89%
43037.895
43040.878
43040.878
43043.960
43043.960
43047.142

. 43047.142

43050.424

. 43050.424

43053.805
43057.285
43126.532
43126.532
43116.480

- 43121 .456

43131.708
43131.708
43136.98¢
43142.360
43035.038

" 43035.038
. 42999.950

43005.547
43011.244
43017.042
43017.042
43022.940
43022.940
43028.939
43028.939

PROBE ~

24656.041
24656.932
24657.873
24658.861
24632.597 .
24629.854
24628.415
24629.1:16 -
24630.687

\124614=Q44_
24611.519

29493.750
29472.997
29528.705

29527.003
29517.422
29525.161
29515.265
29523.272
29513 .034
29521.321 .
29510.740 -
29519:298 "
29508.376
29517.213
29505.,968
29503 .,481
29500.920
29467.945
29450.703
29457.893
29454 .315
29464,558
29446.965
29443.192
29439.342
29283,399 -
29262.826
29306.164
29302.526
29298.854
29295,083
29275,494
29291.247
29271.338
29287.352
29267.121

-

~29519.498 .

a

G{(V,J)

17461.121
17462.674

*17464.279
- 17465,.938
©17479.983

“17501.061 -
" 13541.288

17482.726
17479.990
17481.326

17484.133 -

17398.536

13562.041

©13503.523

13512.730
13508.009
13517.590
13512.734
13522.630"
13517.606
13527.844
13522.639
13533220
13527.844
13538.766
13533,211
13544.456
13550,.324
13556.365
13658.587
13675.829
13658.587
13667.141
I3667.150
13684.743
13693.792
13703.018
13751.639
13772.212
13693.786
13703.021
13712.390
13721.959
13741.548
13731.693
13751.602
1¥741.587
13761.818

-

‘37CL

1228

R



[}

JA

61

63"

62
64
63
65
29
31

19
20

21

.22

24
25

26 -
27

29
28
30
30
32
31
33
34
35
36
37

38 .
39

40
41
42
43
44
45
46
47
48
52
41
42
43
44
45
46
47

JX

61
61
62
62
63
63
31

31

20
21
22
23
24
25

26

27
28
29
29
30
30
32
32
33
33
34
35
36
37
38
39

40

41
42
43
44

45

46
47
48
50
41

42 .

43

% o8

L3
46
47

UPPER TERM

43041.237
43041.237
43047.537

43047.537 -

43053.938
43053.938
43040.878
43040.878
43013.540
43015.528
43017.615
43019.802
43022.088
43024 ,474

43026.959.

. 43029.544
43032.228

43035.012--
43035.012 °

.43037.895
43037.895
43043.960
43043.960
43047.142
43047.142

43050.424°
43053.805 =

43057.285
43060.866
43064 .545
'43068.325
\43072.204
43076.183
43080.261
43084.440
43088.718
43093 .095
43097.573

43102.150°
43106.827 -

43126.532
43084 .440
43088.718
43093.095
43097.573
43102.150
43106.827
43111.603

PROBE

29279.384
29258 .475
29275.293
29254 .048
29271.135
29249.559
29314,948
29304.798
29331.669
29330.437

29329.241

29327.907
29326.529
29325.085

29323.577

29321.990
29320.342
29318.636
29309.106
29316.848

29307.018"

29313.0685
29302.590

29311.126.

29300.271
29297.901
29295.439
29292.923
29290.352
29287.701
29285.002
29282.233
29279.393

29276 .468 .

29273.505
29270.453
29267.348

29264.185

29260.949

29257.640
292 4 3., 3538
29287.679 .

29284.979
29282 .197
29279.379
29276 .442

, 29273.469

29270.432

G{v,J) 37CL

13761.853 .
13782.762
13772.244
13793.489
13782.803
13804.379
13725.930
13736.080
13681.871
13685,091
13688.374

-13691.895

13695.559

- 13699.389

13703.382
13707.554

.13711.886

13716 .376
13725.906

137261 .047
l3g§%,877
13730.875
13741.370
13736.016
13746.871
13752.523
13758.366
13764 .362
13770.514

., 13776.844

13783.323
13789.973
13796.790
13803.793
13810.935
13818,265
13825.747
13833,388
13841.201

. '13849.187
-13882.735

13796.761
13803.739
13810.898

13818.194

13825.708
13833.358
13841.171



<
>

P
[ 8]

14

14
18
18
18
18
18
18
18

A 18
g 18
18

- 18

18

18

18

—
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- .52

JA

48
49
53
54
56

58

60
61
62
64
65
60
62
27
29
29

31.

27

. 29

28
30
30
32
31
33
50

- 52.

27
29
60
62
50
52
53

54
53
55
54
56.
55
57
56
50

- 52
49

51

UPPER TERM

43116.480
43121.456
43131.708
43136.984
43147.836 -
43159.088
43164.863
43170.739
43176.715
43182.791
43195.242
43201.619
43035,038

43035.038 °

43328.780
43328.780,

- 43040.878
- 43040.878

43035.012
43035.012
43037.895
43037.895
43043.960
43043.960
43047.142
43047.142
43126.532
43126.532
43328.780
43328.780
43035.038
43035.038
43126.532
43126:532
39470.675

©39476.436.

39476.436
39482.305
39482 .305
39488.284
39488.284
39494 .371
39494.371
39500.566
39465.023
39465.023
39459.479
39459.479

PROBE

29267.335
29264.169
29240.165
29236.464
29228.846
29220.984
29216.953
29212.875
29208.702
29204.476
29195.850
29191.409
29077.156
29056.761
294083048

.29398.68¢-~

29110.857
29100.774
29114.385
29105.003
29112 .663
2%102.925
29108.967
29098.592
29107.007
29096.317

29058.017. .

29041.061
29208.049
29198.745
27588.988
27570.265
27440.880
27425.614
23183.774,
23196.839
23182.033
23195.358
23180.295
23193.832
23178.512

- 23192.227

23176.621
23190.722
23199.783
23185.350
23201.161
23187.160

A

G (V,J)

13849.145
13857.287
13891.543
13900.526
13918.990
13938.104
13947.910 |
13957.864
13968.013
13978.315
13999.392
14010.210
13957.882
13978.277
13920.732
13930.093
13930.021
13940.104
13920.627
13930.009
13925.232
13934.970
13934,993
13945,368
13940.135

©-13950.825
14068.515 »

14085.471
L4120.731
14130.035
15446.050
15464.773
15685.652
15700.918
16286.901
16279.597
16294 .403
16286.947
16302.010
16294 .452
16309.772
16302.144
16317.750
16309.844
16265.240
16279.673
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42593.127
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25745.470
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25953.689
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37CL
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16840.022
'16843.748
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16855.696
16855,692
16864 .252
16859.919
16868.722
16873.324
16878.016
17047.702
17060.475
17035.368
17047.704
17041.473
17054.032
17054.041
17067.031
17060.461
17073.690
17087.361
17101.407
17022.294
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17018. 564
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~17137.667
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17131.471
17143.979
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43040.878
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43328.780
43328.780 -
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25803.226
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25824.966
25832.465
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25824.139
25687.271
25676.600
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25642.657
25631.605
26023.436
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- 25584.615
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25585.853
25595.901

25586 .485
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43331.642

43334.602 .
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43337.660-
43040..878
43040.878
43084 .440 >
43084 .440,
43126.532
43126.532 *
43121.456
43121.456
43131.708
43131.708
42999.950 .
42999.950
43005.547
43011 .244
43017.042
43022.940

+ 43035.038

43035.038

43084 .440.

43084.440
43126.532 *
43126.532
43116 .480
43116.480
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43131.708
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431427360"
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25590.922.,
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25977.515
25688,.639
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25702.831
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25704.785
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2555Y.027
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25554074
25555,152 -
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28668 .665
2%661.024
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17427.735
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17345.029
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17357.441
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17395.471
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"17477.590
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17455.497
17463.441
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17455.456
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17469.609
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17490.629
17494.170
17508.353
17511.63§
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