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' ‘ ABSTRACT.

\

The construction and development of a laser spectro-

. ) > . . .
5R,meter designed to generate multiphoton spectra is outlined.
Y
Th1> apparatus has been used suctessfully to record the \
re«onance enhancéd three photon absorption spectrum of the

2 : =
isotopic molecules 1"12 and 1~~IZ*~

Multiphoton spectra have beeﬁ obtTined under low
(dv ~+ 1.0 cmfl) and high .(4v ~ 0.12 cm_;) resolution, by
monitoring the undispersed fluorescence from highlyiexcited

\

stases, foliowing dve laser excitation over the greén-red
portion o0f the visible spectrum. The high resolutioﬁ spectr;
were obtained either through the use of a single'tunable dve
laser or alterna%ively with the use of two dye lasers in

tandem. In addition, spectra have been cbtained for the fir

0

time using a dve laser contfiguration which allowed 1t to

oscillate at two separate frequencies simultaneously, one of
which was tunable. R
(

-

The analvsis of the high resoluticn spectra for both

molecules has given evidence for at least five different

excited states in the 50000-55000 cm ! region {F‘hiing res-

ponsible for the observed specfrum. A detailed rotational

analysis has been possible for three of these states, all of
’ -

which are shewn to be ion-pair in nature and of Ou symmetry.

Ne prior rotational analyvsis has been given for one of these

{1i1i)



~

. ~ . ) .
states (the FOL (°P0)). The high resolution analysis was

facilitated by measﬁfing the polarization dependence of
the rotational transitionslunder linearly and circularly
polh;i:ed-excitation; 'Isofopic substitution has allowed
the assignment of absolute vibrational numbers.

The results of several investigations by previous
workers are also incorporated into the analvses presented
in this Study. Conclusions are drawn that raise serious
doubts about the validity of earlier reports concerning the
existence of bound states Tying néar 35000 ¢m ' above the

ground state.
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CHAPTER 1 - s
MULTIPHOTON SPECTROSCOPY =

A

1.1° Introduction

Goppert-Mayer [1], was the first to show .that the
§imu1tancous absorptiqb or emission of more than one photon
in a spectroscopic transition was predicted by quantum mech-
~anics. Her deductién was the result of an investig;tion
into the consequences of Dirac's dispersion theory [2]. Dirac,
himself had investigated, using second o;dér perturbétion
theory, the theoretical possibility of observingloptical phgn;.
omena due to the simultaneous abforption (at vl) and emission
(at vz) of a photon. The phenomena predicted by Dirac,

)

(Ralecigh (vl = vz) and ﬁaman (vl >_y2) scattering), though two
‘photon cvents, are lincar with respect to light intensity and
were experimentally verified before 1930 [3]. On the other
hand, the smali magnitudes of multiphoton, absorptivities
(Chapter 1.2) thwarted attempts to observe non-linear absorp-
tion until the development of sufficiently high photon density
light soﬁrccs. )

Not until 1961, after the development of the ruby laser
- was the first multiphoton (two photon) transition observed [4].

Initially, non-linear behaviour was monitored only in solid

samples.  The lower number densities of liquids and gases



hindered experimental observation of multiphoton transitions

of samples in these statés until much later. 1In 1974, .the
%E;St two photon spectra for a gaséous moleccular sample
{(benzene) were\téporced [S5]. Rapid deyelopments since that
time have led to the observation of two photon transitions

'in a variety of atomic [6,7], diatomic [8,9] and polyatomic
[10] specie;. In addition, other non-linear phenomena such

as three phqfon absorption [11], second [12] and third harmonic
gepe;ation [13], four wave sum mixing [14] and coherent anti-
Raman scattering [15] are now routinely studied.

In the following section of this chapter, a brief dis-
cussion of the cjéssical and quantum mechanical treatment of
light absorption is-given. This is followed by discussiohs.
of the selection rules governing multiphoton transitions as
well as the polarization and power dependence of thesec transi-

tions. A concluding section on some experimental aspects of

multiphoton absorption work is also Aresented.
]

1.2 Classical and Quantum Mechanical Treatment
.of Multiphoton Absorption

The fundamental relationship in classical absorption
spectroscopy is Lambert's Law (equation (1.1)), which states
Fhat the decrease in ligbz intensity (dI) due to absorption
1s proportional to the prodﬁct of the fotal absorption cross-
section (oT) of the sample, the intensity of the incident
radiation (I, photon‘c:m—Z 5"1), the population of the lower

level (N).and the absorption path‘lcngth, dx.
ﬁ .



7.

- dl a op I N dx | , ‘ (1.1)

This equation can be generalized to treat non-linear absorp-
tion by considering op to be the sum of the individual cross-
sections (_cm2 molecule'l) due to single photon and all

possible higher order transitions, as given by equation (1.2).

op = o)« 2100 e 51%6G3) W T (1.2)

In the above equation, o(l) represents the single photon cross-
section, which is typically 10—16 cm? molecule_1 for relatively
strong transit}ons. In comparison, the moleculér absorptivities
of two (0(2)) and three photon (0(3)) simultaneous transitions
arc on the order of 10-50 cm4 S photcm'l and 10-80 cm6 s*
photbn'l,respectively. Therefore, ;érge.photon fluxes are
necessary before even the lowest order intensity dependent
terms in equation (1.2) contribﬁgé to the absorption cross-
section of the molecule. Hence in the majority of céses, where
the incident radiation is of low intensity, these terms can

be neglected iﬂg only the single photon contributign to oT
need be’conéiderea.As a result there is a first order depend-
cnce on the intensity for the absorptivity of the sample
(equation (1.1)). This .truncated form of equation (1.1) forms
the basis of linear or classical spectroscopy. At large

photon densities, contributions from the frigher order terms

in equation (1.2) result in a deviation from linearity, giving

rise to non-linear, or, multiphoton spectroscopy.



Quantum mecﬁanically,'thc radiation ficld and the
irradiated sample can both be described by Hamiltonian
operators. The absorption of light energy by the sample can

be treated using perturbation theory by'introducing a coupling

Hamiltonian (H"),

H* = -p-E A (1.3)

where u represents the electric dipole operator and E is the
wave vector which describes the'pqlarization state of the radia-
tion field. It can be shown flﬁ] that the absérptivity

(o(n)) of an n photon transition is proportional to the Qquarc
of the transition dipole moment (Mab(n)), which in turn can be
expressced as the product of n individual matrix elements.

Each matrix element is in the form of equation (1.4),

.

Hig =<w; [HT] vy > (1.4)

where wi and wj are the zeroth order lower and upper state
wave functions respectively. For an n photon absorption step
between two real states (a=b), the molecule undergocs the
transition via n-1 intermediate states. In gencral, thesc
states are non-stationary (virtual) in nature. The wave f{unc-
tions of such levels can be represented as a time dependent
linear function of all @ﬁe bound and continuous real cigen-
functions of the molecule. Hence,-fqylexample, the expression

for the transition moment in the case of three photon absorption

is given by equation (1.5),



4 .

‘ 0'(3) i) (M(SJJZ = V[Z}: H;£ -H;m -Hi;lb B
ab /- om (Bap-0v) (Egn,-hv) TE -Bv)

2
] ~

- Y -
’

'('1... 5)

where a and b are the initial and final (3 photon excited).

.states respectively, the summations represent the expansions

——

of the one photon (&) and two photon (m) excited states. Eij, o
is the energy difference between ‘each pair of levels (i and j) in
equation (l1.5) and hv is the photon energy. The smaller the
sepératipn between Eij and hv, the greater the contribution
made by the real level being considered 'in_the summation. In
the case of exact resonance (Eij = hv), we have Fhe s?ecial
case of a-real intermediate state. In this instance, the
matrix element for the particular absorption step is given by
equation (1.4). When the resonance condition is fulfilled
at one or more of the intermediate levels, a significant
enhancement in the absérption'rate is observed.

Multiphoton transitions are classified as sequential
Lresonance‘enhanced), as simultaneous (virtural intermediates)

‘?r as a combination of each depending on the presence or
absence of real intéfmediate states.” The presence of both
types of transitions allows the total absorptivity of the mole-°
cule to be expressed as the product of a_sequ;ntial and a
simultaneous term.

1.3 Selection Rules

-

For a heavy molecule such as iodine, Hund's coupling

case 'c' 1is appropriate [17] to describe the interaction

——



between the various anﬁular'moméhtum véctors. Under this
cﬁgzijpg case there are only thrég good quantum numbers: the
internuclear projecgg;n of the clectronic angular ﬁomentum (),
the total angular momentum (J) and the 2J+I components of J
along a specified axis (M). In the absence of.exte}nal fields,
"the M sublevels are degenerate.

Application of the Born-Oppenheimer approximation
_allows electronic and nuelear-motion to be considercd separately.
This permits the molecular Hamiltonian to be written as the
sum qf electronic and ngclear {vibrational and rotational)
terms. The associated wave function is then a product of an
- expression describing electronic, vibrational and rotational
motion,respectively. With~H‘Epefined’as in equation (1.3),
the matrix elemenﬁs‘oTﬂequ‘tions (1.4) and (1.5) and hence the
absorption créss-section‘will be non-zero only if.the sclection
rules regarding eleétroniciand rotational transitions are
obeyed. These rules are obtained by considering the symmetry
properties of the above wave functions.. Table 1.1 lists the
selection criteria applicable to single photon transitions
in homonuclear diatomic molecules which tend towards Hund's
case 'c'. :

~ ‘ .

While no formal selection rule restricts vibrational
transitions, the relative intensities of these transitions are
governed by the overlap of the upper and lower state vibrational

wave functions.

For a multiphoton transition, the selection rules given



in Table 1.1 are applied to éach matrix eléﬁent, H;j in
cquations (1.4) and/or" (1.5) to determine if o(n) is non-
~zero (allowed transition). Though a transifion may be for-
bidden under the électronic dipole operator, it may be allowed
under a ﬁighcr order muléipole operaéor. However in such cases

the transition is usually very weak.

Table 1.1

Single Photon Selection Rules

L -

Electric dipole selection rules for homonuclear diatomics

1. Electronic transitions
AQ = 0, 11
- t:f-—hg’uﬁluu,gq-/a-g

+ - - -
<->+,.<-+’+q+

I1. Rotational transitions

+ -

Y
AJ 1 for an 0"¢e> 0" transition

AJ = 0, T1 for any other electronic transition
-4M =-0 for linearly polarized light

AM = *1for circularly polarized light

Detailed electric dipole selection rules have been
given for two [18,19], three [20-24] and four [24] photon

simultaneous transitions, for a number of symmetry point groups.



*
“Df particular interest are molccules which belong to point
groups cxhibitingAa center of symmetry. Absorption of an
odd>number of photons from a totally symmetéic ground state
‘allows excited states of ungerade (u) symmetry to be accessed,
-while excitégion by an even numbér of photons enables  upper
states of gerade (g) symmetry to be probed.

1.4 Rotational Transition Probabilities.in Linearly
and Circularly Polarized Light .

A detailed discussion of the dcrivati?n of transi-.
cional amplitudes is beyond the scope of this work. As such
discussions can be found in the literature [25-27], only those
points salient to the present study will be noted.

With the proper selection of the form of the dipole moment
operator [27,28], the rotational line strength for a given one
photon transition can be factored into two terms. The first
of these is dependent on the electronic transition (Aﬂ.for
case 'c') and the second involves tHe variables of the rotating
Hamiltonian (J and M) and also depends parametrically on Q.
Exact theoretical determinations of the first term arc not
generally possible as they require the knowledge of the upper
and lower state eclectronic wave functions. Therefore, thc f
matrix elements due to this term can be expressed as Uy and uy
to denote pgrallel (82 = 0) and perpendicular (4AQ = : 1)

transitions respectively. Values of ug and u, can bec obtained

1
from the experimentally observed line strengths. The matrix

eiements of the second, rotationally dependent term are, however,



=
well known functions of Q, J, M, AJ,_gndﬁAM [é%]. :

One photon signal amplitudes are obtained by sdua:ing
(s v a Mib)-the product of the non-rotaping ~ component (rep-
resented by'uotor ul) and the appropriate'tabu;ated rotational'
contribution., The sum of thesc squared products over all the
lower state M valués participatingrin the absorption transi-
tion gives the transitions probability. These probabilities
arc commonly known as the Honl-London line strength factors h
[20].

In the casc of multiphoton absorption the calculation
of rotational line strengths ié not as éfraightforward. All
the éossiblc excitation pathways that link a pair of upper
and lower state rotational levels via"allowg& transitions
thrdugh all the possible intermediate states must be taken into
account. For example, Braf and Hochstrasser [27] have given
the linc-gtrengths for the allowed rotational branches of a
two photon 0 - 0" transition. As this case is relevant to
this work, the treatment ig briefly outlined-below, fof an
0: - 0: transition.

The two photon transition is, assumed to be via a
virtual intermediate state. Application of the selection rules
in Table 1.1 to ecach of the resulting matrix elements
{equation (1.5)) dictates that the intermediate state be a

- . ) +
composite of real cigenstates of OQ and 1, symmetry only.

g
This situation is clarified in Figure 1.1, WRich clearly demon-

strates that the allowed two photon transitions are the



Figure 1.1 Allowed two photon rgta-tional
. branches for an 03-0, electronic
transition )
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0 °'(aJ=-2), Q (J=0) and § (AJ=+2) bramnches. It is also clear
that the trénsition'probability calculation of a ¢ branch '
liﬁe, for éxample, will involve the sguaring of a sum con-
taining five separate contributibns. Each of thesé contribu- °
tiéng involves the'sum of two (d@e photon amplitudes)-terms

each of which invelves an electronic (ua, ug, ui or gl) factor
and a rotétionally dependeht'term.‘ The collective contributions
of all real states of.Og character and the participation of
all real states of 1_ symmetrv to the non-stationary inter- -

g
mediate state are represented by uy (and ujy) and u, (and uy)

respectively. .
T -

The transition strengths for the two photon allowed
rotational branches are given in Table 1.2 for excitation in
linearly and circularly polarized light. These expressions
were obtained by again summing over all the lower state M
values (for absorption) following the squaring of the ahove
summations for each branch. o

Rather than considering ﬁbsolute line strengths 1t is
more instructive to consider the ratio (v) of the irunsition
probabilities in ciréuiarly polarized light té that in linecarly

polarized light as given in equation (l.0).

{M(n)]“ cir
_ ab
- (n}, 2 (1.0)
A <14
[Jab 1° lin ,
In the case of one photeon absorption (n=1!, it is alwavs true

that v = 1. However, for multiphoton transitions, in general,
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Table 1.2 .

Two Photon  Line Strengths-for
an 0;-0u Transition

Polarization

Branch Linear _ ‘ Circular

J2u-nd
N OEI L ENEDY)]

same x 3/2

22 = .2
(23+1) .2, (29+1) (3 (I+L)) 2 (23+1) (J(J+1))

v 45J(J+1) (2J3-1)(2J+3) 30J(J+1) (2J+3)(2J-1)
2 2
(J+1) " (J+2) _

S 20(J+1) (J+2) (2J+3) same x 3/2

: : v2

Ug =I -UOUO - ulul{

2 ' LY
Ul =l2ugug * wyupl”

3/2

for 0 and S branches vy

for Q branch y = 10J(J+1)(2J+31(2J-1)(3£) L2
3[J(J+1)]° s >
>



» + +
Y # 1.. For the above Ou "Ou

Hochstrasser calculated a value of y= 3/2 fof the O and §

transitidh,‘Bray and

branches, in accord with earlier investigations [25, 30].
However, for the Q branéh (and in general .for the Q branch‘

of any AQ = 0 two photeon fransition) the value of y was
predicted tc be less than unity. The exact value of y, while
ﬁomihally a function of J, 1is more dgpendent on the electronic
transition dipole factors denoted as“US and Uy in Table 1.2.
These factors are in turn functions of ub, ué, uy and ui
(Table 1.2). Hence, an experimentally obtained value of y of
less than one in a two phdton‘exﬁeriment indicaﬁes the presence -
of an 4@ = 0 transition. Conversely, measgring the polariza-
tion dependence of the resolved Q lines allows the relative

. . . ) +
contributions of real states ‘of, in this case, 0

g

and 1
£

character to the intermediate state to be obtained.

‘a

1.5 Power Dependence

-

The number of absorped quanta (n) responsible for a
particular multiphoton transition can be determined by consider-

ing equations (1.1) and CI.Z}, frem which,

Fa(ot™ 1271y 1x gx a1 (1.8
log T & n log I : (1.9)
where T is the rate of absorption. [ can be monitorecd bv

observing a related phenomena, such as fluorescence from the

final state. A plot of 1log I (or related parameter) versus log T .

-
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‘gives, in principle, the value.bf n:_ Usually, ﬂqwever{ the
slopc of the above plot-is lessgthén n becausc of optical
saturation of one or more of the transition steps. Sequen-
tial transitions (real intermediate state) ére.particularly
pronec to saturation at the high photon fluxes reﬁuired to
observe non-linear behaviour.

Contributions to the tétal abso}ption cross-section
from higher order terms (>n) in equation (1.2) are also 2
possibility at high light intensities and will increase the
apparent value of n.

- \

1.6 Experimental Techhiques

1.6.1 Introduction

Non-linear spectroscopy using visible iight can be
uséd to study molecular states whose excitation energies lie
;ﬁ'thc ﬁltraviolet, -Dye lasers designed to give pulses of
high intensity light are well suited to multiphoton studies.

The tunability of these devices allows spectra to be recorded

as a function of wavelength.

1.6.2 Dectection of multiphoton transitions

Various means of detecting the occurrence of multi-
photon transitions have been described in the literature
[31, 32].

Non-linear transitions can be signaled by monitoring



the intensity of the radiation traﬁ#mitfed by the sample.
This scheme has:the advanthge that it permits the diréct
calcﬁlation of multiphoton absorptivities (cquatlon (1. )).
A far more sensitive optlcal techn1que is the t
monitoring of the fluorescent llght emitted by the high lylng
excited state. This can be dccomplished by obscrv1n5 the
emission at right angles to the exciting radiation. In casés
where the multiphoton transition is resonance erhanced the

- \
termfoptigal - optical double resonance (00DR) is often used to

describe the experiment [33]. In géneral, fluorescence
detection allows a determination of relative absorptivities
only, -though absolute vaiues can be derived 'if the fluorescence
quantuﬁ,yield is known. 'UnYoftunately, many eicitcd states .

do not fluoresce efficiently. This has lead to the devclopment .
of a number of techniques that are not based on photon detec-’
tion. Of these methods, only the_oﬁc of intcrest.to this study
will be discussed here.

Excited electronic statés often have relatively large
ionization cross-sections that are independent of excitation
wavelength over a large spec%ral range. The ionization poten-
tial of most molecules can usually be exceeded by the overall
absorption of five photons &;; less in the visible region. As
a result, tﬁe initial multiphoton transition is often accom-
panied by subsequent ionization of the molecule. Ions and

electrons so produced can be collected across a pair of biassed

electrodes with efficiencies approaching 100% with a high signal-

P
s 3
“ -
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to-noisc ratio. This technique of monitoring multiphoton
transftioné,was first reported alm;st simultaneously by. Johnston
et 51. [34] and.Petty et al. [35]. More complex experi-
mcﬁtal designs include the incorporéiion ;f a ﬁaSS'spectro-
meter to differentiate be;weeﬁ the various atomic and mole-
cul;r ions produced by the laser radiation.

It haé been found (364 that multiphoton transitilons -

to states of Rydberg character are most likely to give rise

_to ionization spectra. -On the other hand, fluorescence detec-

tion appears to be more selective to the observation of transi-

tions to valence and ion-pair states.



CHAPTER 2
THE RELEVANT SPECTROSCOPY OF IODINE

2.1 Introduction

Although the iodine molecule has been one of the
most studied of all diatomic'molec&lés [37], elucidatioﬁ‘of
its ultraviolet gpectrum is far from complefe. This is due
in part to the heavy density of molecular eigenstgtes com-
mencing near 40000 cm ! -above the ground 'state, the region
of interest in this work. -The speétrﬁ produced by the mole-
cule are strongly dependent on the experimental technique
used, (absorptipn, copdensed discharge, high frequency dis-
charge, etc. ...) and the vapour pressure of; not only iodine
but of inert gases, when added. Unfortunately, as a result
the literature over the past half century or more has Dbeen
filled with often confusing and contradictory analvses, Oniy
rgcently, aided by a careful reexamination of eﬁrlicr“cmission
spectra, and laser based spectroscopy have definitive assignments
been made and some of ihe earlier conflicts resolved.
| As comprehensive reviews of the long and detailed
spectroscopic background of iodine exist elsewhere [38-407,
onlf those,st&dies relevant to the present work will be dis-
cussed hefe.

As mehtioned in Chapter 1.3, Hund's coupling case

'c' nomenclature [17] will be used tc designate the molecular

17
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terms, as is appropriate for a heavy molecule such 4% iodine.
In. some instanceg; to avoid ambiguity -concerning spectral -
assigﬁments, the Hund's case 'a' parent term will be given
in parentheses after‘the term symbol.: The' alphabetic pre-
fixes in common use for the better knowmstates are also
retained.
| The above eigenstates can also be desc%ibed in terms
of the molecular orbital (MO} configuration from which they
arise, and the dissociation p%oducts (separated'atbmé or_
ions) with which they correlate. Figure Z.i shows the
correspéhdence between the terms derived from the MO and
separateéd atom approaches. for the low lving valence states.
 These correlations can belmade_by applicatidn of the non-
crossing rule for terms of like symmetry.
The ground state MO configuration of molecular iodine

is given in equation (2.1).

!

&

> S ‘ : 0
(9, 19)7 (g,18) 7 ... (OgSS)"(ﬁUSp)4(TgSp)4[UuSS) ©(2.1)

A convenient shorthand notation, denotes the occupation
numbers of the four outer valence orbitals. The above con-

figuration is labelled 2440 and gives rise to the totally

-

symmetric ground state, kuq . The ground state dissociates

-

(Do = 12547 cm'l) [41] into a pair of normal iodine atoms
(‘Ps/a). However, 1n the separated atom approximation, a pair
"0f ground state iodine atoms can give rise .to a.total of ten.

melecular terms (Figure 2.1). All, but the X0g+ state



Figure

2.1

Correlation diagram for the low
lying valence states of molecular
iodime (not to scale) [40]

-3
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correspond to excited ‘MO configurations (Figure 2.1). With,
the exception of the molecular ground state thesc valence.

2 2 ' . R
states ( P3/2+ p3/2) are expected to give repu1;1vc or

weakly bound potential curves [42]. An important exception

3

are those states that are obtained from the case 'a'’
(2431) term. These states are ﬁommonlf denoted as; .
A‘ZQ(SH), Alu(sﬂ) and o;(sn) respectively.

The next higher lying atomic asymptote 1is that:cor-
,responding to a ground state plﬁs a spin orbit excited atom,
Zpl/Z (AES_O = 7603 cm';). Most of the terms arising from
these separéted-atoms (Figure 2.1) again exhibit dissociative
potential curves. A prominent exception 1s fhe remaining case
'c' component from the above SH term, which is designated as
the Bﬂ;.

The three terms derived from a pair of excited atoms

("Pl/ﬁ + 2Pl/.,) (Figure 2.1) are also expected to be unbound

Above the 23 low 1lying valence states, the next higher
states are those that diabatically dissociate into the separated
.o+ 3 1 -l '
ions I (7P, 1.0° D) + I (*S). These degply bound

-t
(De > 30000 cm-l) ion-pair stated are expected to display very
. similar potential curves, as the dominant term in the potecntial
»
function is simply -e/r2 for such states. Hence, the states
. tending to each ionic asvmptote will form a closely spaced

cluster [43], with the energy levels of the positive ion

determining the separation between adjacent groupings.
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Figure 2.2 shows‘the terms that arise from each pair of
separated ions and’'the relative energy spacing of each
cluster bf charge-transfer states. | ) &

The first excited configuration of the iodine
atom (Spgﬁs) results ‘in a'numb;};of atomic iefms, the two ‘
lowest lyigg of which are the (szjés[z]s/z'and_(3P2)6s[2]3/2.
Relative to the potential minimum of the molecular ground
state the separated atoms ZP_.S/2 + (szjﬁs[z]s/z and

2P_.)/2 - (JPZJﬁs[é]S/z have energies of 67180.5 ‘cm 1

1

and
68639.9 cm ~ respectively [44] (Figure 2.2).

The ground ()(3/2g ) and-firét excjged state (Xl/zg
of the I; molecule are obtained from the i430lconfighration.‘
Ryvdberg series converging to both of these states are expected
in the ultraviolet spectrum of iodine.

»

2.2 The Classical (One-Photon) Spectroscopy of lodine .

The room temperature.absorptidn spectrum of iodine
vapour shows a weak svstem in the near infrared (9600-80003),
an iqtense.banded region in the visible (SSOO-SOOOR), a weak
broad continuum near 2TQOR, a sgrong series of bands'with =z
maXimum about 18253 and below 17503, several Rydberglserie§

\l-

,——-
L] |

- - - Y . —-.., . + -
The infrared svstem is due to the A1u1°“)-xoa transi-

tfh
w
.

tion [43]. 1In emission thi vstem has been recorded between

0.8 and 1.7 .m [46]. L
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The visible system,which_is responsible for the

characteristic color of iodine vapour, is due primarily to-

the Bou*-XOQ system. ‘This system has been thorougﬂly

investigated in absorption and emission since the end of the

last century [38]. However, even for this well studied

transition the'correct upper state vibrationel dumbering qu.
not determlned until 1965 [47].

The strong ultrav1olet band svstem was first photov
graphed by Cordes [48] and now bears his name. Se\eral other)
weaker systems were also observed in this region of the

spectrum. Venkateswarlu [49] made the initial vibrational

analvsis of the Cordes bands, but it was later shown to be

incorrect [38]). Nobs and Wieland [50] were the first to show

‘that the band: recorded by Cordes and those phOtOgTaphLd at

'much higher temperatures {Sl, S-] were in fact due to thc

same transition., Wieland, as quoted bv Mulliken [38], found
thiat all these bandheads could be adequately répresented by

the following quantum formula.

v o= d0625,9 + 104.105v - 0.2422405 vite
- -3 .3 - -6 4
+ 0,453882 x 10 v - 0.70041 x 10 v ‘
v 6.31845 x 10720 3 L grpem
0 < V" o< 7. 898 < v' 1 250 ) (2.2}

where v' is an arbitrarily assigned vibrational guantum

number for the upper state and G"(v") is the ground state

LF]
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vibrational- term value relative to vto= 0. It'has since
Hccﬁ shown'[SS]‘that tﬁc upper state of this system is a
member of the lowest ion-pair group}hg‘{l+(3P2) + I"(1s)),
while the lower state is the ground state of the molecule.
In keeping with the nomenclature proposed by Viswanathan et
al. |54], this transition is denoted as the DOL(Ssz-XOE.
Recently, emission has been obtained oﬁ this system from the
.low.(v' = 0-5) leve£s of the upper state (55, 56]. As a
result, it has been suggested that the v' numbering in the
above expression is cither correct or too high by one unit
1577 . -

Ultraviolet excitation (A<21003) of iodine leads to
the appearance of a long proggession'of,diffuse bands in
emission from ZOOO-SOOOR [58, 59]. At room temperaeure‘these
so-called 'McLennan-bands' exhibit a maximum intensity near
32503, but these features exhibit a temperature and pressure
dependence [60,61]. Mulliken [38], interpreted these bands as
duc to a bound-free transition It was subsequently shown by
Telllnqhu1sen [53] that these bands uere indeed attrlbutable to
transitions. from hlqh lving levels of the DO ( P,) state to
the cont1nuum above the ground state dissociation limit.

The u.v, fluorescence spectrum excited by the lSaOA
atomle 1od1nc line was first studied by Verma [62] at high
rcsolution. Five fluorescence series are stimulated by this
emissidon line, enabling a calcﬁlation'of the molecular con-

stants characterizing the upper levels. A later reinvestigation
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[63] showed thét DOZ (322) wa% the_gxcited %tatp populated-
‘by the atomic line. ﬁigourous lecast squares anﬁlysig.of the.
resolved line poéitions yiglded a rotational constant of
0.612139 em” L for v' = 204 tequation (2.2)) and a local value
for the vibrational-rotational coupling constant of

5.43 x 107° em L.

Oldenberg [64], was the first, to show that upon the
addition of inert foreign gases, the diffusc ’'Mclennan bands'
are replaced by many seriés of sharp bands. This results from
" collisional population transfer from the DOS (SPZ) statcﬂ£o
several nearby ion-pair states and their.sugsequent relaxation
to the low lying valence states. By far the most inténse of
these svstems exfends from 3015-34GOR [39, 65, 66] and has
;ecently been shown {67] to be due jo' the D'Zg(spz) - A'Zutsn)
_trahsitiqn. Other prominent systems and their spectral assign-
ments are given in Table 2.1. In addi%ion to these transitions,
Guy et al. [43] have reported several other weaker systems in
the ultraviolet and claim.to have recorded emission from 12 of
the 18 ion-pair states arising from I+(3P2,1,0,1D] + I'(IS)_
Of particular interest to this current study is a system near
23803 which was believed to be/due to emission from theroa(lD)

1). Later, several members of

ion-pair state (T, v 51720 cm
the v' = b progression were photographed [75] in emission.

In 1958 Haranath and Rao [76] undertook a modc}ate
dispersion (6R/mm) study of the 1400-24OOR region in emission.

A total of 12 transitions were postulated to account for the
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Table 2.1

37$ystems_0bserved'in Emission in

the Presence of Foreign Gases

Transition

D'2g(°P,)-2u(38)

Eo;(spz)-ao
+.3
D0 (°P,) -X0

D'2g(°P,)-A"2u(°R)
g0 (°P1) -0, (°m)
1g(°P))-A1, (°m)
+:3
FO,(°Pg)-X0,

0 (i -
F Ou( D)-X0

+
u
-+

g

L

-

g

Reference

43, 64, 68, 69,

65, 66,
56, 65,

54, 66

65; 66,

26



'numeroug bands that were photographed;between 14SOR and

17903. A few of these appeared to be the samc as the frap- . N
lmentary gystems firstwreﬁorged by Cordes J{48] in absorption.
Most of the uppér states were assigned as Rydberg in nature
and the remainder as ion-paiii. A later attempt to rephoto-
" graph thié region-[??] failed to record any of the above
bands, although it should be noted that a different excita-
tion source was used. If the observations of Haranath and
Rao are genuine however, a reanalysis of their data is in
order, since several of the assumptions used in thc original
analysis are now known ts be in error. )

Although others have since réinvestigated the vacuum
ultraviolet spectrum of iodine [78-80], by far the most
comprehensive study‘ﬁés done by Venkateswarlu [81]. Analysis
of high dispersion. (n O.SE/mm) pHQtogrgphs taken between
'19§OR and 12003 in absofption resulted in the assignment of
more thgn 30 previously unreported band systems. Again, the
majority of the excited states were found to be Rydberg.
Analysis of these series led to a determination of the 1ion-
ization potential of the molecule (75814 10 cm’ ! or 9.399 I
~ev) and the magnltude of the spin orbit splitting in the
ground state ‘of I2 (5081 cm_lor 0.63 eV). Although this latter
figure is in good agreement with the result obtained from
photoelectron [82] and electron impact studies [83], the value
of the ionization potential (v~ 9.33 T 002 eV) dctérminéd ““\

by thése methods is not in accord with the ultraviolet study. |
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h‘\\\\\;\ 2.3 -~ Lasecer Spectroscopy of lodine
- ' - Many singlclphdton laser induced fluorescence B

+
u

. ' Tt ..
experiments have been.conducted on the BO_ - XOg,transrtlon.

) Recent high resolution Figrier-trénsform assisted studies [84-87]
and the subsequent datarréduction'[88?89] haﬁe yielded very
precise fibrational aﬁd rotational term values for the upper
(v' = 0-80) and lower states (v" i 0-9).

In multiphoton studies, high lying excited stafeg are

. . ‘W, - : + + .
conveniently accessed by pumping the intense BOu - xog transi-

tion, which 1s well matched to available dye and ion 13223
frequencies. Unless otherwise spated in the following dis-
cussion, the multiphoton transition is resonance enkanced via
the B0; state. ,

In 1976, inspired by earlier preliminary work [90],
an OODR study conducted by Danyluk and King [91] resulted in
the observation of 5 states near 40000'cm-% which were
arbitrarily labelled as the ¢, B8, ¥, 6 anﬁ €. Further
experimental work [92] provided evidence that these stétgs
were separate and distinct. Vibrational and rotational constants

127, o4 129

were ‘obtained for 1 I, [93]. Subsequently it was

2
determined that these upper states belong to the lowest ion-
pair cluster. The correlation between the states labelled
above and the terms belonging to the I+(3P2) + I'(IS) asymptote
is given in Table 2.2. The «, B and ¢ labelled states have

been further investigated in a number of subsequent OODR

studies [94-98]. 1In addition, ion-pair states correlating to

LR



;-

. - e | | 29

the I+(3P0,1) + I-(lé) ionic asymbtates have been obscrved
[99-101]. The findings of thesc studies arc suﬁmarized in
Table 2.2.

Multiphotor iohization investigations have identified.

a pair of relatively low lying qupefg'statcs at 48426 Cm'l

—

{1021 _and 53563 em™ L [103] with molecular symmetrics of 2g

and 1g re§pective1y. -In these particular studies, the cxcitg-'
tion frequencies used (v:> 22000 cm_l):did not allow resonance
enhancement, via the BOE' state (Figure 2.2). The observation

'of Rydberg states in this-spectral region is at odds with ‘the

analysis of Venkateswarlu [81].
Lehmann, Goodman and Smolarek [102] recorded a second
multiphoton spectrum (in addition to the 2g Rydberg transition)
' X

while scanning between S6SOR and. 5500A (i.e. pumping the
BO; - XO+ transition). The increased ionization rate in this

_ g . - : !
wavelength region was attributed to a second rcsonanip enhance-
ment via a real state at twice the phoion cnergy. Analysis of
the low resolution spectrum (Av=3.0 cmql) based on this
assumption led to the fellowing molecular constants for this
state.

1

T, = 35762 (4) em™* = 104 (1) em” ! (2.3)

'Polar}zation measurements indicated that this intermediate
state was totaily symmetric. Although the existence of a
repulsive state of 0; symmetry had long been known [104] in
this region, this study provided the first eﬁgdencc of a bound

state in this portion of the electronic manifold of iodine.
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In another MPI §tudy, Zandee‘and.Bernsteiﬁ [105]- employed

a mass.spcctromctér to diétingdish between I; and IV ions
formed as alresuig of multiphoton absorption. The ;bserved
Branghing fatio“whcn pumping in'thc"region of the so-called
'Goodman bands' was reconciled with a six-photén absorption
medhénism."ln the origiﬁal work, Lehmann et al. [102] had
measured a power index of less than two, thus indicating a
‘high degree of saturation. LatergDe Vries et al. [106]
measured the excess kinetic energy of iodine ions foilowing
multiphoton absorption in this same specﬁral'région. their.
observations supported the eiisténce of the ‘Goodm;n bands'.
By using a ddal,lasér_experiment, witﬁ vafia@le delay in the:
firing r#tes, they were aple‘to determine azlifetime of
1.1 us for this two photon excited state.

| In i973, Tai and Dalby [107] published the third
ha;monic gencration (THG) spectrum of molecular iodine in the
5600-5400% region. They also posﬁulated thattthe signal
intensity was enhanced by resonande at the two photon level.
- The fo}lowing constants were calculated from an analysis of
the spectrum for this intermediagi state.

T, = 35972.4 (5) cm™t wy = 132.9 (2) en”? (2.4)

As noted by the authors, the THG spectrum bear3 no resemblance
to the MPI spectrum in this wavelength region. The THG
spectrum, unlike the MPI spectrum, was found to be éxtinguished
when the sample was irradiated with circularly polarized light.

As the lowest ion-pair state has been convincingly shown to be
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'.the7ﬁ'2g Lspz) (Te,m 493é% cm'lj -[74], cqﬁtfove:sy has arisen
conéerniﬂg the Roséible existence of one or‘more bound .states
near.SSSOO cm'l.‘ This ﬁatter will be discussed later in this
thesis. N
| Chen et al. [108] in 19?8; recorded 2 low fe§olution

(Ax = ZR) three photon spectrum of iodine. Ultrav{o;ét
' fluoresceﬂce;wés monitored following excitafioﬂ fﬁ the visible
(1SQ00-17270 cm-¥). The broad bandwidth of the‘cﬂ dyve laser
'did not allow a satisfactory analysis. - However, thev believed

they weré accessing the‘Doz (?Pz) stgte. " | _
| In 1979, Williamson and Cdmpton [109], published the
results of a-éequential multiphoton 1ionization experiment. A
'narrowBand dye iaser (the pump) (aA ='6.013) was used to:
excite, various rovibronic levels of the BU; state. A
second, broadband dve laser (AX =-O.2531 (the pfobe) was
scanned to induce ionization fromAthe levels populated by the
first laser. It was found that resonances upon the absorption
of three photons (l.puhp + 2 probe) significantly increased
the ilonization rate. Two long progressions were observed in

the MPI spectrum, the stronger of which was fitted to the

following empirical, expression.
v = 58087.82 + 56.3701l n - 0.13152 n~
+8.1195 x 10°% n - 6.8462 x 107° n*

0 < n < 58 ' o (2.5
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These workers suggested that th1s ser1es was attrIbutable L

to-reSOnances 1nv01V1ng very hlgh v1brat10na1 1evels of ‘the -

-

( P ) state. The resonances recorded for the weaker
progress1on agreed well with bandheads calculated from equa-
~tion (2.2) and were tnerefore assxgned as due to the

(°P,) state.

. High‘vibrational_leveis'of the FOZ'(SPO) state were
alse accessed by Coope; and Wessel [110] in the course of an
ion dip experiment. Although no ana;ysts of the three photon
excited state was given, it appeafs that'the‘vibrationai levels

involved were much lower in energy than those observed by

_Willianson and Compton [109]. _

‘ Kawasaki et al. [111], in monitoring the dispersed .
fluorescence following multiphoton ex%itation in the 5400-
4QOOR regibn, observed }our-discrete systems_centered near
SSSOR, 3400&; ZQOdR and 27003. The firsq pair of transitions
were assigned to deuble nhoton absorption events anéldesignated- .
as the Blg(spzj - Alu(sn) and D‘ZQ(SPZ) - A‘Zu(;ﬁ) respeetivéIy.
However, the first assignment has si;Ee'been chailenged [43]
as incompatible with the analysis of spectra taken in the
presence of inert gases (Table 2.1). The other tables
observed by Kawasaki et al. were unassigned, but attributed
to three.photon transitions. It seems probable though,
that the 27OOR system corresponds to the well known

(SPO) - XOE transition. Tanaka [112] subsequently

. - O - -
reinvestigated the 2900A system and concluded it was in

fact due to a two photon absorption, but no spectral .
L ]

-

s
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transition to the recently observed g0

assignment was made. Again, it is tempting to assign this :

- (?PO)-0; 1) system
o g . . :

[74], which is centered ncar 2880A in ecmission with added
fereign gases.. Further experimental work is necessary before
a definite assignment can be made. -~ ‘ - , .

A similar study to those outlined above, by Kasatani

et ai. [l113] resulted in the observation, in addition to the

o
above systems, of a weak ultraviolet transition (2500-3500A)

: 0
at lower excitation wavelengths (5500-6100A). However no

analysis of this system was offered.

In 1984, a relatively narrowband (av = 0.2 Cm_l

)
thfee'photon,spectrum of iodine was published by Ishiwata

et al. [114]. Fluorescence between ESOOR and 24003 wés
monitored as the dye laser was scanned. A total of eight
spectral lines were recorded in the 17130 - 17370 cm'l_rcgion.
Dispersion of the fluorescenE_light indicated the presence of
two radiative deca$ channels, one to a shallowly bound vaicncc

2 2
state ( P1/7 +

PS/Z) (A ~ SIOQR) and the other to high vibra-
tional levels of—£he ground state (i ~ 24003). Polarization
measurements determined that the three photon populated state
was of O: svmmetry. It was therefore assigned as the

F'O; (lD), the first state of this particular ion-pair cluster
to be positively identified. Analysis of the spectra gave g
estimates of the molecular constants for the weakly bound

valence and the ion-pair state (Table 2.2).

Recently, a repulsive state of 1u symmetry

o
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. | L
PS/Z §eparated atoms

'of iodinc and their “principal constants prior to the commence-

ment of this study.

) -
- .
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CHAPTER 3

EXPERIMENTAL DETAILS

Lt -
)
—

Excimer Laser

.1:1  Introduction

. L

* - The excimer laser for the multiphoton spectrometer

_ which was constructed and- developed during the“course of

this work was based on the 'Oxford' design {116, 117],

utilizing XeC2 as the gain medium. Previously, nitrogenll
lasers {a Moieétroh ﬂV'SOd and an NRG-0.6-8-300) haa been
emplo}ed‘in.;his iaboratory in sysfems buiit .to genqrafe
sequential absorption spectra. OODR studies (resonance
enﬁaneéd two photon absorption) were successfully completed
on 12 [118], IBr [119], IC% [iZO] and. Na, [121] with.experi~
mental designs incorporating the above nitrogen iasers. How -
ever, the‘higher peak powers offered by compéfable excimer

lasers permits an increase in signal strength relative

jto the earlier studies and enhances the probabilicty

of abserving multiphoton simultancous transitions.

An excimer is defined as a molecule that is bound in
an excited state (with a-typical radiative (1) lifetime of
10" si.but.which has a groﬁnd state that is dissociative or
weakly_bouné\(w << 10-8 s}). The relative lifetimes
of thé two.clectronic states allows the build-up of popula-

tion inversion, a necessary prerequisite for the observation

36
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Bf‘stimulafed emission. _. - - -

| - Although many classes of exciﬁérslﬁave been shown

to demogsppaée gain on at least one transiti;n, by fér‘the
most important, at this time are the rare as halides._ls}nEE
‘the first observation of stihulated‘Emj:;:fn in noble gas-
.halogen donour mixtures [122], rapid deveropmenf has been made
in excimer ;echnology;_ieéding to the production of lasers
with high peak and average,powefs‘in the ultraviolet, To date
1asihg has been.reportéd‘using XeF kSSl ﬁm), XeC2 (308 nm),
ieﬁr (282 nm), Kr¥f (248 nm), KrC2 (222 am), AfF QlQS nm) and
ArCe (175 nm) as the gaiﬁ media. . | : ' g

’ -

"" 3 " 3 . -
5.1.2 Design and Construction of the Excimer Laser
Excimer lasers contain high pressure gas mixturcs,

and discharges through these media are inherently unstable,

Under conditions of high.number density (N) and large eclectric

"fields (E), the impedance of the discharge decreases due to
the’ioniiétibn of €hé gas., Regions ‘of localized high E/N
ratios will tend to draw more current leading to u further
decrease in the resistance of that portion of the discharge.
Uneven heating of thé gas fill due to these striations

“create; inhomogenities in the gas density, predispésin; the
discharge towards arcimg with the next excitation pulse.
Because of this arcing betwéen the éléctrodes, the time 1in
which'eléctrical energy can be effectively channeled into

_ »
the formation .of electronically excited XeCi is limited to a



few nanoseconds. This meais that tranSverse electrical
“excitation and fast switching cifcuit:y capable of deliver-"
ing high voltages in a shortiperiod of time must be emplofed.
The onset of arcing canm bé held off (typically by 20 - 30 ns)
by homogeneously‘pre-ioﬁizing the gas.filf before the main
disbharge. Usually this is aécomplished By-using a series
of ?firk gaps adjacént to the main electrodes, aI%hough-
many "other séﬁemes have been presented [123]. 1In the present
design, a single_charging netwofﬁ generates both the pre-
ionizing anq main discharge, eliminating possible timing
jitter that often plagued earlier schemes which employved two
separate circuits. i

The laser electrodes, internal capacitors and pre-
icnizing pins were mountea on a pair of pafallel aluminum
plates (80 x 13 x 0.1 cm), as fllustrated in Figure 3.1.
Support pillars of Perspex rods 5.5 c¢m in length, were, .
posi;ioned.at each corner to separate the plates. An aluminum
rod, G‘mm_in diameter and 70 cm long attached along thé centre
of one plate served as-the cathode. The anode was secured
to the opposing plate and consisted of a 'half-round' cross-
scﬁtion of aluminum seated on an aluminuﬁ base 2.5 cm in
height. A row of twelve barium titanate 'doorknob' capacitors
(Steatite and Porcelain Products Ltd.) was mounted on either
side-of the anode. The separation between the electrode and

capacitors was approximately ¢ cm and the latter were equally

distributed along the length of the anode (70 cm). A series
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Figure 3.1 Cross-sectional view of the internal

o

s components of:the excimer laser
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‘of screws p;otruded-from tﬁe cathode supﬁb?ting plate
oppositg each cépacitpr_tq §efﬁé'és pre-ioniziné elcctrﬁdcs.
A gap of about O;S‘Cm was maintained bcfwecnieach‘pin and
'its opposing capacitor. The main electrode spacing was
approximately 2.0 cm.

.The lower threshold voltage required to break down
the gas in the pre-ionizing gap resulted in arc formation and
~ subsequent diséharging éf the 'doerknob' capacitors before
the breakdown of the gaspbetwng the main eiectrodes.-‘Thc
pre-ionizing radiation p;écedes'the main discharge by typically
. 100 - 200 ns [117]. The initidal population of cl@ctrons and
ions which it inducés dramatically stabilizes the«subsequent
discharge. The inductance of the pulse fofming line (P?N)
was minimized to allow as rapid a deposition of energy into
the }aser'medium as possible. The reverse sideé of both
support plﬁtés were  lined along their entire length with
electrical grade Mylar, 35 cm in width, over which was placed
a somewhat shorter and nar%ower section of aluminum foil
(Figure 3.1). All screws used.to secure the capacitors and
electrodes to the support plates, and the pre-ionizing éins
were ‘inserted through the foil and insulating sheet. Once
all components had been fastened in place, the Mylar sheet was
folded.over the foil to prevent accidental contact wifh the
opposite electrode. |

. The entire internal assembly was placed, with the

support plates positioned vertically, in a Pyrex pipe 36



41
inches long and 6'inches‘in diameter (Cornfhg 72-1410),
with an alumlnum flange (Cornlng 72-9450) at either end
Each flange was mated with a machlned brass end plate 10.5

1nches in diaméter. All electrical and gas connections were

‘made through these plates. TFE gaskets (Corning 72-9809)

‘were used to give a positive high pressure seal.

Each internéi support plate was fitted with a Perspex
extension wrapped in copper foil. )This foil in turn was in
electrical contact with the aluminum sheet lining the reverse
side of the support plate. These extensions enabled the
anode to be in electrical contact withlthe front brass platé
while the cathodic plate was positioned securely against the
grounded rear plate. | | .

Both terminating plates| were machined with axial
apertures 1.5 c¢m in diameter fof optical access. Extensions

of 1.75 inch 0.D. brass tubing were bra-ed to the central

apertures of each end piite. /Quart:z windows (5.0 cm in dia-

.-meter) were sealed with O rings mounted on flanges at the end

each brass appendage. In the case of the high voltage front
plate the total length of the brass extension was 5 cm. This
plate was also fitted with an adjustable pressure relief valve
{(Nupro B-6R-4M-10), The rear plate was provided with a longer
arm of 15 cm to allow coupling with th? vacuum line via a
sidearm (Figure 3.2). Gas inlet connections were made through
0.25 inch O-ring sealed apertures in the earthed back plate.

The external circuitry is shown schematically in



Figure 3.2

- Diagram of the external circuitry
- associated with the excimer laser

-
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Figure 3.2. A-variable transformer (Powerstat 246-Z-C)-A
1
modeérated the voltage from a 208V input'line. Thc'attenuated

'voltage was received by a dc 01l immersed powcr supply

(Un1versal Voltron1cs Corp. BPO-50- 100) rated at 50 kV and

a maximum current of 100 mA. Normally, an output voltagc of

24 kV was used. The high voltage output charged‘a large

7storage capacitor (0 I uF (CSI 60W333D rated at 60 kw via

a pair of 100 k& ceramic re51stors in serles

. Shltchlng of the PFN was accompllshed us:ng a grounded

'grid ceramic thyatron (EG & G HY3707) Voltage requ1rement9

for the cathode and reserv01r heaters of the thyatron were
met with separate c1rcu1ts Each circuit 1ncorporatcd a
variac (Powerstat 116), an isolation choke (EG § G TR-1724)
and a transfbrmer (EG & G TR-i863)} collectively these cle-
ments for each heeter are denoted as C and R in Figure_SrZJ

A water cooled aluminum platé (not shown in Figure 3.2) support-

~ed the thyetron via the earthed grid. A trigger box that

geﬁérated 3.5 kV pulses of negative polarity superimposed on )
a dc¢ bias_of + 200V switched the thyatron circuit. The
constant dc potential held the cathode of the thyatron posi-
tive relative to the anode between trigger pulses,. C1051ng

of the circuit and subsequent discharging of the storage
capacitor was only possible when a negative high voltage pulse
appeared at the cathode tab. The trigger box enabled con-
tinuously variable pulse repetition rates of 0.5 to 5 Hz to

be attained. Generally, the laser was operated at or near 3 Hz.
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- This mid-range value represented a compromise between .

~ feduced peak power at higher-fi(ihg frequeneies ehdithe

dncreased time'required to scad a spectrum'ex lower rates,

| The: thyatron. anode was, connected to the charglng
terminal of the storage capacitor byla w1de strip of copper
foil. . The energy released by the capac1tor (26 5 J at .
24 kV) was also conducted to the f;ont brass plate of the
laser housipg by'e“broad strip of foil. The back plate of
ﬁhe feser cavity was earthed through a similar bana-of copper

f01l, An r.f coil was soldered between the Cu strip lines

at both ends of the laser cavity to dissipate the storage ‘cap-.

-acitor when the laser was turned off.

- . . L4

The laser components with the exception of the trigger
power supply were enclosed in a housing of aluminum
shéeting. This was not only for sefety considerations but
to also limit the considerable r.f noise generated bv the laser.
A box fan was mounted in a blde panel of the hou51n°, orient-
ated 30 as to cool the ceramic resistors and btorage capacitor,
The entire la:er assemblv occupied one end of a 10' x
1" stainless steel table (NRC RS-410-12).
A concave reflector (Yadius of curvature = 0.93 m)
held in an gdjustable mount formed one end of the laser capity.
When properly aligned an intense rectangular lasing region
(1 cm wide by 0.5 cm high), superimposed on a broad backgrpund
of spontaneous emission was observed at the exit window.

.

Reflection of light from this uncoated front window was



L] - r

suff1c1ent to prov1de the - optlcal feedback nccessar) to
.aéhleve stlmulated em15519; -
o The laser was found to generate pulses of about
.lﬁwgpeak power and of 15 ns duration (FWHM). The output
was confined primarily to -the 6—1 (3080.03) and the 0-2
bafids ¢3082.58) of the B(3) - X() transitizmof xe>Sce
At a pulse repetltlon of 3 Hz, a mean output of 45 mW was
calculated. Under a charglng voltage of 24 kV and a

storage capac1tance of 0.1 pF this represents an effic-

lency of 0.2%, a value typical of lasers of this design [117].

3.1.3 Gas Fill o .
As mentioned gbové, XeC% was chosen as the gain medium

- for the laser. This decision Qas madg for a number of reasons.

'Eirstlyf the relatively long wavelength emission minimizes

photodegradation of the organic dyes and solvents ‘employed

in the dye lasers. Secondly, most dye molecules exhibit an

——

absorption band in the vicinity of 308 nm. Tﬁirdly, XeC2
*based lasers have consiitently demonstrated the 1ohgest gas
lifetimes before replacement is neéessitated through the build-.
up of contaminants. ?inally, the gas fill is much less
corrosive than for the fluoride containing excimers.

The gas handling line was fabricated from copper tubing
incorporating brass and stainless steel regulating valves. An -

isolation valve (Edwards 08-C333-04-000) separated the laser

cavity from the vacuum.line. The system could be evacuated to
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a pressuré of 100 m torr with a lérge‘capacity rotary pump
(Sargent-Welch lSQ?): Ohhe the laser_cav%t? and gas handling
line'haa'been'pumpe& down and the isolation valve closed,
55—35 torr of xenon (Matheson) and 3-5 torr of anhydrous

" hydrogen chlbride (Canadian Liquid.Air) were admitted to.
the cavity. High purity heliﬁm‘(Canadian Liquid Air) was
then allowed ﬁo enter the laser until a Eo;al pressﬁre of
33-36 psi wa; obtained. All gases were used without fdrtﬁqr
ﬁurification. | o |

In general, the gas fill wag‘%eplaced once a week,

Whiie, it was possible to operate the laser for 3-4 weeks
without changing the gas, it was fbund that the output power

gradually decreased over this period.

" The gas pressure fell by abvut 1 psi daily due to

L]

leakage but this had no discer ible effect on laser performance .

over the lifetime of the gas fill. Gas heating was also mini-

mal as evidenced by the small increase in pressure (v5%) noted"-

after continuous operation for several hours.-

3.1.4 Maintenance

Y

Once the initial debugging of the system had been

completed, the laser displayed outstanding reliability. Ovef

a three vear period and an estimated I X 10? shots, only 3

major failurgs occurred that necessitatéd periods of extended
“down time. By far the most prevafent minor problem was the

build-up of particulate matter on the quart: winows. Removal

)
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of thésé.depoFits.Qa§ imperative in-érdcrfto obtain thc
" high peak powers fequired to allow the subécqueﬁilobsérvaiiou
of multiﬁhotqn_phénomena. Cleaning was ca}ried out as o
required, usuaily about'onﬁé a mdqth. While the windows were

being replaced a positive pressure was maintained, by flow-

ing helium through the laser cavity.

.

Lasers

3.2 Grazing Incidence Dye

3.2.1 Introduction

The single pass spectral linewidth of a dye laser -

’ 1
can be expressed as .the product.of two factors. The first

of these 1s the inverse of the angular dispersion duc to the-

dispersive elements in the laser cavity..iﬁn expression for
the full angular dispéfsion due to a single grating is given
by equation (3.1} [124];

dg, _ (Sine+Sin¢) _ m ' -
(T © 77X Cosb "~ d Cos® _ (3.1

- -

where A 1s the wavelength of the radiation, m the diffraction
Iorder, d represent§ the groove spacing,and the angles of
incidence and diffraction relative to the grating normal are
given by 6 and ¢,respectiverly.

\Tﬁe second factor is the divergence or angular spread
of the beam emerging from the 'dye celi; Assuming a Gaussian
beam profile, the divergence can be given in terms of its

far field angle (equation (3.2))[125];
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‘In the above expression W is theé beam waist at the dye cell

(typically 0.1 mm). | 3
tbmbinéng~equations (3.1) and'(3.2) leads to the

follb@ing_formula for the passive iinewidth;

, .
A~ Coss _ d Coss

44 = = fSing+5ino) - Mw =

(5.3)

Until 1878, by far the most popular dve laser design |
was that due to Hinsch [125].: The end reflector was a grating
employed in'hikh order ttypically.m = 5) &nd large anglé of
fﬁcidence (typicall§78‘='60°)z which reduced the linewidth
of the fadiétion;ip accord with eguation (3.3). Further
narrowing of the linewidth could be obtained By expanding
“the beam fromitﬁe-dye cell before it impinged on the grating.
Expansion of the beam waist (typically §one with a telescope) ’
reduces the divergence and henee the spectfal width of the

‘radiation according to equatid@ (3.4),

I T ' (3-4)

where M 1s the magnification factor due to the telescope.
The beam divergence before and after expansion is given by
Ael and 42, respectively. In the Hansch scheme, tuning over

the dye profile is accomplished through rotation of the Littrow



copfiéufed (8 =¢) grating.

- In 1978, two_groupé simultaneously ﬁeveloped a new
dve 1aser‘geometry-[127, 128]'that has rapidly supplaqtéd -
" the Héﬂsch'design; Théir-approach was to increage the anglé
of incidence (8) at which the beam enters the gratlnq " This
so-called gravlng 1nc1dence ‘dye laser, operates with the
‘dispersive element at angles approachlng'§09 relative to
the incoming bean. TheAincrease in angulér dispersion due
t; this configuration alldws the’removal of the beam expand- .
ing element while maintaining a linewﬁdth comparéble to that
obtained with the Hinsch design. No longer emploved in
Littrow, optical feedback into fhe cavity 1s provided by a
mirror (or a gecond grating in Littrow) which redirects thc.
dispersed light back onto ﬁhe grating (Figure 3.3).  The
absence of the beam expandlng telescope 1is- addltlondll\ com-
pensated for by the magn1f1cat1on that coccurs whenever the
angle of incidence (¢) is greater than the angle of diffrac-
tion (9) as given by equation (3.5).l -
Al Cose

= — [

Lose

et
(7]
vy o
—

Rotation of the mirror (or the Littrow grating) tune; the
laser by selecting a2 certain bandwidth of tﬂe diffracted
radlation back aldng the optical axis for amplification. \
Advantages of the gra:zing incidence design over that \\

due to Hinsch are many, not the least of which is the case of

alignment. Enhancement of spectral puritv and brightness
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accompanying the resultlng shorter cavity are other advantages.
Large values of M are possible (equation (3.5)) as 8 .

approaches 90°, rgsultzng in a substantial reduction in the

-divergence of‘the beam. In addition‘the'grating is used

twice per pass in the graﬁlng 1nc1dence conflguratlon giving,

a two-fold increase’in the angular dispersion expected solely

on the basis of equation (3.1).

) Spectral linewidths were obtained with early cavity
designs that rivalled or even surpésseé those obtainable from
comparablejﬁﬁqs;h‘dye lasers. However, the inherently low
optical efficiency of the grazing in;idenee geometry resulted
in relatively low intensity outputs. Reflective losses cause
* the efficiency of the grating to fall sharply as the angle

of incidence (8) approaches 90°. Bﬁf such angles are required
to give output of low b#ndwidth. A solution to this problem
was offered by Duarte and Piper [1291, who suggested the use
of an intrajcavity prism assembly to anamorphically pfe- '
e¢xpand the beam waist prior to it striking the grating. Man-
nification of the beam’afforded by the prism assembly allows
the grating to be held at angles much less than 90°. The idea
was not a novel one as prisms had long been advocated as re- ‘

placements for the beam expanding telescope in Hinsch dve

lasers [130)]. Beam expansion due to a single prism follows

equation (3.8), - ’ -
- 2 o~ 2 1/2
_ Cosu n"-Sin-2 -
M=oy ¢ (o ) (3.6}
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;whcre £ is aﬁgle of <incidence and @ the angle of réffactidn‘
rélative to the normal to the prism face. The right hand
side‘of equatidn (3,6j is derived from’ Snell's Law, wlhere n'
is the'w#velength dependent:refractive index of the pris;?;"
substrate.' If the angle of emergence is normal to the exit
face (in practice accomplished by a céreful'scléction of
substrate and apex angle)_kﬁe beém does not undergo demag-
nification.upon leaving the prism.- Howevef, it ‘has been
shown [131]; that the‘reduction-in beam waist is within 5% -
of unity over a large range of conditions. As with gratings,
large increaSeé in the beam waist can be obtained- when the
prism is orientated at grazing incidence. Once agaih however,

. ' .
reflective losses. from the entrance face of the prism become
ptohibitive at such angles. The%!oss incurred for p-polarized
lighw (the component of the radiation whose electric vector
lies in the_plane of incidencel'which is preferentially bassed
by the vertical groS?es of the grating, is given by equatiqn

(3-7),

. ?
R = TIan"(8-v) (3.7)
P Tan” (6+¢) .
where 6 and ¢ are as defined above. In practic¢e, usually two

or more prisms with reduced angles of incidence are used in
tandem., Such an arrangement cnables a large overall magnifica-
tion of the beam (the product of the indiyidual ckpansion
factors) and a substantial reduction in reflective losses

compared to the use of A‘single prism. It has been shown [132]
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that even é{_high éngles of incidence}the'overall dispersion .
‘dué to a prismatic beam expander is typicalifzoﬁly 1 - 2%

of that due to thé'grafing. . However, the use of a multiple- .-
prism assembly affords the possibility of ei%minating-

prismatic achromaticity,-an additional advantage/ of employ-

‘'ing more than one prism.

. N
3.2.2 Narrowband Dye Laser Constructicn | e

The experimental design included a pair of grazing

incidence dye lasers (Figure 3.4). One of these was designed

1

to operéte with a relatively narrow bandwidth of 0.1 cm — and

g L .

the 6ther to give a broader spectral widéh of appfoximatgly
0.7 cm-l.- Both dye lasers were situated on the same optical
table as the excimer laser. The narrowband dye laser (NDL),
to be discussed below, is shown in Figure 3.3, L

A portion of the excimer pump radiation was directed
into the narrowband laser with a mirror (bsi in Figures 3.3
and 3.4). This reflectdr was mounted so that a portion of .
the pump beam passed beneath it and was used to’either pump
the second dye laser (Figure 3.4) or, as is shown in Figure
5.3, an amplifier cell associated with the narrowband dve
laser. Vertical adjustment of the mirror allowed a continu-
ous variation in the allocation of éxcimer ?a&iation between
the two dye cells employed.

That portién of the excimer beam used to pump the

NDL was focussed to a horizontal line across the front face



Figure 3.3

-
LI

Schematic diagram of the narrowband
dye laser. Amplifier cell is Shown
for completeness, in general it was
not emploved, see text :
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-

of the dve ce;l (Hellma 131-032J vig a cylindrical lens

(f = 10 cm). The lcﬁs could be:rofated in its mount to allow
‘the ‘angle of inclination c¢f the pump beam on. the dye cell ‘to
-be varied. The 1éns mount a156 permitted fine adjustmcgt
aleng the-x, y and z aXes.

Dye solutions were circulated through the rigidly
fixed quartz cells at rates of approximately 0.1 &/min by
means of a magnetic drive gear pump (Micropump Corp.). Table
3.1 outlines the concentrations and wavelength range of the
dyes employed.during the course of this work.

. A 1" diameter window formed one endfof the opt&cal
cavity, through which the laser radiation exited. Optical
feedback from the uncoated front ;urface of this window
{~ 4%)-#35 sufficient to givé'stimulated emission. Like the
dve cell, this window was wedged £§ prevent internal reflcc-'
tions aléng the oﬁtical path of the dye laser. As precise
positioning of this.element was crucial in the alignment of »
the laser, the window was secured in a high quality 5-axis
adjustable mount (NRC LP1).

The beam waist was ﬁégnified anamorphically with a -
prismatic expander consisting of a pair of right angle reflect-
ing prisms (Oriel 4606, 4607) with hypotenuse length of 2.1 cm
and 3.5 cm respectively. Both were construcfed of crown
glass (n = 1.5168 at A = 5876R). The prisms were arranged in
the so called 'compensating pairs' mode to partially offset

the dispersion due to each. Both were mounted on a compact



Dye
C-5404A
R6G

Kiton Red

Table 3.1

Laser Dyes ‘Used in .this. Work’

Concentration (M)

Frequency Range (cm’

- 55

L

1

S

All dves in methanolic

solution

17600
17040
17250

16400

18500
17380
17600
17000



aluminum ﬁlatform‘(7.5 cm x 4.5 ¢m) éf;cr the.dcsign of
Kasu}a.ét al. f133].'-0ricnxatibn of the prisms. was such
that they preéented appfoximately:equal angleg of inqidencc/g
té-the incoming béam. It has been shown f{134] that such '
an_arr#ngement_gives ﬁinimum'reflecfivc losses for any given
ovgrall-expansion‘facto;. “As anglés of about 309 (8) were
generally used in this-wofk; the beam wailst typically was
enlarged by a factor of 20 (equation (3.6)), while reflective
losses accddnted for a 46% reduc;ion in_ghé prpolﬁrized -
coﬁponent of the radiation field (equation (3.7)), on transit-
ting the.prismatic assembly.

. ‘The pre-expanded beanm w;s‘intercepted by a classically
ruled grating (Jobin Yvon, 5M 25R), with a groove spacing?of
1200 lines/mm, blazed at lOOOOR in - the fifst order at a | 4
blaze angle of 36°52'. The total ruled length of the grating
was 56 mm. A fabricated aluminum mount (7.5 cm x 7.5 cm)
which sgcured this element could belmanipulated to gllow variaj
tion in' the acceptance angle (6), the tilt and the inclination
of the.grating. By placing the mount on a translation stage,
~different segments of the mggnified beam waist could be inter-
cepted. The laser was operated using the grating in sccond
(m=2) order. This enabled a twofold reduction in the line--
width relative to the use of the first order output (equation
(3.3)).

" Diffracted light from the grating was reflected back -
along the optical axis of the dve lascr with a 100% reflecting

¥
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"mirror- (10 cm.x;lﬂ cm). This reflector was held in a mount

that allowed the mirror to rotate about.a vef£ic§i axis
thrpuéh its center. PreCise mofement gf the mirfqr was
'accomﬁli;hed‘usiﬁg an iﬁchwbrm ?ysﬁém (ﬁufleigh Ihstrﬁments
PZ "557). 1A‘ﬁiezofélectricg;ly‘actuated spindle was placed
in_cbntacf with phe'fear éfhghe mirrox- The sﬁfHHTE—GEE
‘trénsfated.in discrete .6 nm steps at aLzslééted rate {betwecn

1 '1)

0.01 um s = and 0.6 mm s , usually a t 0.1 ems L. A-

. o ‘ .
typical dye profile (~ 200A) could be scanned in less than

2 mm of spindle motion.

[

3.2.3 Alignment of Narrowband Dye Laser ) T

~

Alignment of the optical cavity of the dye laser
was based on the procedure outlined by Littman and Metcalf
(127]. ‘ | |

Once the ultraviolet radiation had bé€en centered on
the d?e cell by manipul;;iohrof the front mirror (bsl), the
cylindrical lens was introduced. The lens was rotated until
the beam at the dye cell was approximaterf)parallel to' the
surface of the table. Next, the output window was ﬁbsitiohed
by observing the single superradiant spot emerging from the
far side of the dye cell when properly aligned. The intensity

of this spot was then maximized by varying the separation
between the cylindrical lens and the dye cell. Next the plat-
form supporting the prisms was introduced. Rotational and’

lateral adjustment of each prism-resulted in an expanded beam



of hohogeﬁ;ops intensity -that filled the eiit face of the
shgifd.prism. The grating mount was then positioned to
‘allow the incident beam to fall across the full width of

the dispersive element. Light diffracted into second order

' by the grating was %ptercepted by the. tuning mirror. : Initially,

to facilitate aligﬁment, the reflector assembly was poesitioned
“several centiméiers'f&om the grating. A pinhole placed between
these elements aided in the simultaneous observation of the
original and reflected beams. Vertical oveflap was effected

by adjustment of the inclination angle of the grating. Coarse
horizontal correlation of the two be;ﬁs through manual rotd-
tion of the entire mirror assembly was then usu#lly sufficient
to inifiate.lasiné in - the cavity. The reflector mount was

then brought as-close to the grating as feasible (~ 1 cm).

Usually, a slightly vertical adjustment of the grating was

A

then necessary to maximicte the intensity of the dye laser output.

~ -

/

~ The spectral purity and brightnéss of the dye laser

emissiomsiere monitored by observing etalon: fringes broduced
by the cavity output. An etalon .having a free speétral range
of 0.56 cm > was mounted at the end of a telescope. ' The
telescqpe'was then trained on a white card which intcr;cptéd
a spatially filtered portion of the lasing spot.
Adjustment of the cavity to generate stimulated

emission-of high intensity (bright etalon fringes) or of

narrow linewidth (narrow frfnges) could be readiiy accomplished.

However, an arrangement that allowed both conditions to be met

./'
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'~ %..... . _simultaneously proved very difficult.

. . ~ oo ~ .
T I

3.2.4 Broadband Dye Laser Construction and Alignment

The'operating 1inewidth:of the broadband dye laser
* ., (BDL) was.almost an order of-magsétude greaterl{han'that,of
. | ' the NDL. _As a result construction and alignment of the
cavity was not nearly as qritiéal for optimum performance.

. As the dye. cav1ty was p051t;oned further from the

i

excimer laser than the NDL| T spherical quartv lens (£ =120 cm)

condensed’ the highly divergent beam that passed beneath the
'fronF mirror (bgl)r

The cylindrical lens, the dgé.cell and their respective.
mounts were as described earlier. A 5 cm diameter wedged
windOf:helé‘in a gimbal mount (Burleigh Instruments .SG-2G1) g
formed one end of the laser cavity. Only a single right angle

ke prism has~emploved to etpanaathe beam (¢ ~ 70°). The grating,
" -

v secured in a replica of "the mount desc*1bed earlier, was

e

holographically ruled (ISA spS0 HM) with 1200 lines/mm., The

first order beam, which was the mest intense diffracted beam,
. . q;
was used for feedback. A broadband reflegsor of the same type

as that employved in the.NDL was used. Rotation of the mirror
L } . T ' ) .
was agaln accomplished with thePuse of an Inchworm System

- - (P 530). ;e ..

. :
a o Allgnment of the cavity was as outlined previously.

_{/ ' Etalon fringes Wwere not menitored, as our interest lay in obtain-

1 ing meximum intensity (maximum signal strength), with the
C - ’ ) s . . '

.
v
N - . . - v
. .
. .
. - N .

.. . . . -
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- provision that the linewidth was to be less than 1 cm‘l.
As a result, alignment of the dye laser was relatively simple,
.~ rarely taking more than five minuteéﬁ

3.3 Wévelength Calibration of the Dye Lasers

3.3.1 Introduction

The different output bandwidths of thq two lasers
necessitated the use of separate wavelength calibration

schemes. These are outlined in the following sections.

T,

-3.3.2 Narrowband Dye Laser

.

The output of the NDL was calibrated by 51multaneou:
observatlon of the undispersed 51ngle photon laber induced
fluorescence(LIF)’of 1“’ I,. The hlgh re:olut1on {(0.015 cm 1)

LIF spectrum of this molecule over the frequentv range 14800—

20000 has been accurately measured.and llsted.[84-87]. Under

‘the relatively broad bandwidth of the NDL (0.1 cm™ ') most of

‘the individual spectral lines regorded above, are not resolved.

This is especially so in the vicinity of bandheads, particularly
- those of the strong v'" = 0 and Q”‘= } progressicens. In

general howéver, an averége of one calibration line every two

wavenumbers could be identified.

-1

b4

For scans of the multiphoton spectrum of up to 20 c¢m
a second order least squares fit satisfactorilvy described the
relationship between 'the frequencies and positions of the

. . C s : - -1
. @assigned calibration lines. Longer traces of up to 50 c¢cm
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-
required cubic aﬁd occasionally quartic exoressiohs to
describe the tuning curve of thc dye laser.
| The reproducibility of the frequency deté&m1nat1ons
of well resolved multiyhoton 1in¢s from different runs were
well within the bandwidth of the dye laser.

- -~

3.3.3. Broadband Dye Laser

In earlier work in thi;,laboratory the BDL was

calibrated aghkinst the emissiop lines from an Fe/Ne lamp

in' conjunction with a2 monochromator. An altérnative scheme
with several advantages over the above method has been
proposed [135] and.is incorporated in the present design.
Ipis calibration techniqgue 1s based on the opto-galvanic
effect (bGEf. This ehenomena occﬁrs when an electrical
~discharge is illuminated bf an external source of resonant
radiation. The energy levels of the gaseous species in the
discharge which are coupled by the radiation.generally
exhibit different ionization cross-sections, resulting in a
small but measurable impedance change across the discharge;
Our experimental arrangement was similar to that
discussed by other workers [13¢, I37]. An Fe/Ne hollow
cathode lamp operated at constant current (10 mA) served as .
the discharge source. Dyé laser emission tthe zeroth order
reflection from the grating) was directed and focussed down
- the bore of the hollow cathode (Figure 3.4). Care was taken

to avoild contacrt of the beam with the electrode itseif, as this
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gave rise to large photo-e;ec£ric'sigﬁals. Oﬁfo—galvanic
signals we}e_generated ﬁﬁen the frequéncy pf the irradiat-

ing dye laser coincided with an atomic transition in the
di;chgrge region. Under constant current conditions, the
impedance changes are manifested as voltage variations across
the lamp electrodes.® The 6GE induced ac voltage was monitored
at tde anode of the lamp through a coupling capacitor which’
served to block the dc component due to the lamp power supply
(Figure 3.4).

Three factors were found to be of imporgance in the
generation and detecfion of the OGE induced signals. Firstly,
the power supply had to be well regulated to keep tpe dec
ripple to é minimum., Secondly, ;igh;_focussing of the laser
radiation was necessary to generate detectable voltage éﬁﬁngcs.
Lastly, aﬂd perhaps most importantly, the lamp discharge
had to exhibit minimal electrical noise. Most of the OGE
induced signals displaved maximum amplitudes of less than 50 mV
aﬁd as a result were readily swamped by the noise generated
by an unstable discharge. Of all the lamps available to us,
only one proved satisfactory in this.regard. Fortunaﬁely,
this hollow cathode lamp had a Ne gas £ill, well suited to the
calibration of the spgctra taken dufing'the course of this
work.

The most advaniageous features of OGE calibration
comparea té the ﬁrior method used in this laboratory, lie

in 1ts simplicity and high accuracy.

LS
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Taple 3.2

Recorded OGE Calibration Lines for Ne Atom

C-540A Dve

A (vac)

5363.73902
5367.7150

5373
5376.470
5384

373.808°

.754

5402.0632
5411.630
5414.163
5420.064
5421.664
5435.162
5450.022
15495.930
- 5535.208
5564.3114
.5654.1352
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rem ref.

wavelengths given to

from ret.

138

139

- R6G -Dye

A (vacg) |

5749.
5762,
5766.
5771.
5806.
5813.
5818.
5821.
5830.
5854,
5870.
© 5874.
5883.
5900.
5904.

- 5908

8933

185
017
907

0595

028
258
7699
526
1101

044

4557
5254
041
128

0666
5915.
5920.

2718

5475

"Kiton Red Dye

A (vac)

5936.
5640.
5946.
" 5963,
5967.
5977
5984,
5989.
5993,
6002.
6031 .
6047.
6066 .
6076.
6097 .

102
965
4812
2748
1250

.1882

058
5664
3132
615
6667
8320
231
0194
8507

three decimal places obtained
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Ali'tﬁe.OGE induced signals reco}dcd in this study
w;re found to ‘be due to neon. The absence of any sfgnals
due to iron atomic transitions was compensated by the observa-
tion of many weak-neon lines. In addition, scveral other
lines were recorded which could not be reconcilcd with any
known single photon Fe or Ne transition. These iines were
found to be the result of two photon transitions in the rare
gas. ‘Such transitions have been recorded previously [137]
under conditions of tight focuésing...These transitions were
ﬁot used in-the calibration of the multiphoton spectfa. In
Table 3.2 are listed the single‘photon génerated OGE signals
observed during the course of this work.

The precision wiéh whi&h line'posifioﬁs could be
determined varied because of the uﬁeven distribution of fhe
OGE induced signals acfosé.the spectra. Typically, however,

a reproducibility of 0.5 cm'1 was attained. .

When the BDL was used in thé static mode (duai beam
experiments; Chapter 3.6.3) its output wavelength was deter-
mined with 5‘0.25 m monochromator (ISA HR320) (Figure 3.4).
The wavelength was read directly, from the wavelength dial,
which wés frequentl} recalibrated against the emission lines
of an Fe/Ne hollow cathode lampfﬂ In some instances the laser
was calibfated by photogfﬁphing the dye laser emission aibng
with atomic lines from the above lamp on a 1.5 m spectro-

graph (Bausch/Lomb).
L ]

Another method of calibration took advéntage of the



overlap of the d}e laser outputs in the double beam studies.
Both outputs could then bé monitored simultaneously with

~ the monochromator. Initialiy, the NDL would be set to the
wavelengfh of -interest, with reference_tbrthe 12712 LIF
spectrum. The signal generated by a photomﬁltipiie; tﬁbg__
(PMT) (not 'shown in Figure 3.4) attached-to the exit slit

. of the monochromator was ‘then maximized by manually rotating
the wavelength dial. At this point, the éial was locked to
prevent further movement of the monochromator grating. The
output from Fhe NDL was then blocked and therBDL scanned
untii‘tﬁe signal from the monochromator indicated the fre-
quencies of bogh dfe lasers ‘were identical (to within

~ 0.5 qm'l). This method had the advantage of not being
dependent on the absolute accurécy of the wavelength dial of

the monochromator.

3.4 Signal Generation and Detection

Radiation from the dye lasers (see Figure 3.4)
was directed to a second optical table (Ealing 24:§183), on
which ;he sample cells were mounted,'gy a series of mirrors
(ml - m3) in kinematic mounts. An optical delay line {odl)
was introduced when:operating in the dual laser mode (Chaptef
3.6.3) in order that the beams_be in the désired temporal
order., N

<
The relatively small size of mirror ml (I cm X' 2 cm)

el
allowed the outer portion of the NDL output to be transmitted

\
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. Figure 3.4  Schematic dfagram of the multi-

photon spectrometer .’ (not to

scale) B

.‘\
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directly into the‘127

i, reférence cell, At . the same time
however, the intense'lasing‘regiOn waé intercepted by
the mirror and directed*towards m2. Befdre entering the
'iodine calib%ation cell the.intehsity of the beam was
a;tenuated using a-neutral densitf filter (1% T) and ‘two
strips of dichroic film orientated to discriminate aga}nst
the appreciable'background spontaneous emission associated
wlth the dye laser. Single photon iodine fluoresence at
90° to the exciting radiatidh was monitored through a cut-
off filter (Corning 2-64) via an RCA phototube (lPZiJ. The
anode signal Jas receiveé'by a preamplifier (Molectron LP143)
which integrated and s@éﬁed the pulse to give a standard
nuclear waveform (Sus'§§§e tiﬁ§3150'us decay time). The
output signal was then procesggd'with a boxcar averager
(unit #1 in Figure 3.4) which'will_be described later. The
same boxcar channel was utilized to process the OdE calibra-
tion signal when the BDL was tuned. -

In the double beam experiments; the laser outputs
were counter prdpagated and focussed to the same spatial region
with lenses {21 and 12) of long focal length (f ~ 30 cm). ~
Once aligned,-the beam from each dve laser céuld be followed
‘along the oﬁtical path defined by the external mirrors
f%i-ﬁS) and lenses (&1 and 22), iﬁég the cavity of the othﬁy’*f
laser and ‘observed to exit via the zeroth ofder'fefleétion from
the grating. Optical coupling of the dve lasers was prevented

by using long optical paths {~ 6 m) and short pulse lengths

~
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(~ 10 ns}.
A quartz cell (to be described later, Chapter 3.7}'

filled with the vapo&r of the iodine isotope of interest

was positioned to straddle the focgl reglon of the beam(s)

.1t was found that spat1a1 filters (sfl, sf2) placed directly
in front of the iodine cell significantly increased the
signal-tc-noiée ratio (S/N). Fluorescent light emitted by

the sample folloﬁiﬁg multiphoton excitation was again moni-
tored at 90°, over a solid angle of 10°. The filter assembly
tfl) consisted of an interferenée filter centered at 310 nm
(4% = 20 nm, Optics Technology Inc.) and a pair of glass
filters, 6 mm thickness of UG-11 (Schott) and 4 mm thickness .
of 7-54 (bdrhing). This combination of filters prevented

the strong BOL-XOE emission and the scattered laser‘light
from reaching the photomultiplier tube (PMT) (EMI 9816QB),
while transmitting radiation emitted in the Slo.nm region. '
THTE_?TGE}escence.corresponded to transitions from states

in the 50000 cm * region to the shallow bdﬁnd states correlat-
ing to the I(zplsz + I(ZPS/Z) sepafated atoms (Figure 2.1}.
The transmitted u.v light was focussed via a quart:z ‘

lens (23) onto the front ﬁindow of the PMT (§-20 résponse,

14 szage). The detector was enclosed in an electrothermically
cooled (0°C) light tight housing (EMI D-50 MKIII) and was
operated at voltages ranging from 1600 to 1900 volts deperding

on the signal strength. The output at the PMT anode was

received by a fast broadband preamplifier (Ortec 9305) whose

{
\
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output, in turn, was'terminatediinto 50 ohms at fhe boxcar
averager.(unit #0). | _ |

Polarization studies of the individﬁal‘multiphoton
rotatienal lines were made using a rotatable double rhomb
(Spectra-Physics 310-21)- as a broadband pblaf}:a;ion rotator
and a single Fiesnel rhomb‘(Continéhtal Oﬁtieal Cérp.'FR /33)
‘to-aﬁt as a 1/4 wavé ré;;rder. This combination'(colIé;tiVely
dgnoted-gs 'polarization optics' in Figure 3.4) allowed the
polarization of the beam to be changed-from linear to circular
and back again by simply rotating the double rhomb. In this
manner, the polariczation state of the radiation field~could
be altered without affecting the path iength nor the intensity
of the beam [140]. .Calibration of the double rhomb was done
using a Glip laser ﬁolari:er {Karl Lambrecht Corp. MCSS .
10-BB-550) which analvsed the.polari:atiOn s;até of the trans-
mittéd_ radiation.  Polarization measurements were only
conducted in association with the NDL, as w111 be discussed
iater,

-~

.5 Signal Processigé

(72}

The boxcar assembly consisted of a pair of gatcd
integrator and boxcﬁr averager NIM modules (Stanfofd Research
Systems SR-250) and 2 power-supply/display module {SR-280)
noused in a standard NIM bin. One of the boxcar modules (unit
¢ 0) processed the input from the sample cell, while the

other (unit # 1) handled the signal from the appropriate

d
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calibration channel. Each -boxcar unit featured'&ﬁdepend-

ently adjustable gaté wiaths (2-15000 ns), delay times

- (25 - 1.0 x 108 ns) and gain (1-200). Signals on both

channéls were filtered, sampled over the duration of the
respective gates, exponentially averaged and amplified
prior to being output. Averaging was carried out over 30

laser pulses, for a time constant of 10 s at a repetition

r

rate of 3 Hz.

The boxcar moniteoring the multiphoton signal (unit

'_# Oj_was triggered by the output from a fast photodiode

(EG § G SGD-040A) qperated under a bias of -90 \' (photo-
conductive mode). This photodiode (Figure 3.4) intercepted a
portién df the spontan;ous emission emanating from one of
the dve lasers [usuélly the NDL). The adjacent boxcar‘
{(unit # 1) was then‘triggered via a TTL pulse internally
generated by the first uni; uponlreceivipg the photodiocde
signal. An oscilloscope (Tektronix 561B), which w#s also
triggered by this generated pulse, simultaneously monitored
the signaf waveform and the sampling gates of either channel
(unit % 0 in Figure 3.4).

A level shifter consi§iing of a Zener diode biassed
opSrational amplifier converted the averaged output. from the
boxcars. (0 - 10 V). to the Tis v input requirements of an

cn-line minicomputer ~Digital Corp. Minc-11 System)}. In

addition it reversed the polarity of one of the oulput

channels (unit # 1 in Figure 3.4) to permit the sigral and
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7

“~

-

refereﬂce-channels‘to‘oppose one another when displayed on
the chart Tecorder (Linear 285). «

L] . .

The Minc-11 system consisted of a VT-105 video

-

monitor, a dual floppy disk drive and a‘PDP-ll/OS proéessor

-under the RT-11 operating system. In addition the svstem

supﬁortéd an analog/digital converter (A/D) andia digital/
analog (D/A) module as well 25-a clock unit. Collection,

storage and subsequent processing of the boxcar outputs were

. effected through the use of the minicomputer emploving soft- v

ware previously written [141]. ' L
As the dye lasers were scanned, ;he‘averaged outputs

of both boxcar modules were samﬁied;at a constant rate by

the A/D converter. The resulting digiti:ed-Spect;gﬁ'ﬁés

displaved (both channéls)_on the vidgo monitor operatea in

the strip chaft mode and simultaneously written to filés

on disks for later procéssing. In the case of the BDL'%

sampling rate of approximately I h: was eﬁp;oyed. Such =z

rate c9upled with a scan speed of close to 8 cm_l/min enabled

a resolution of 0.08 cm'¥/data'poinx to be obtained. The .

boxcar units w?re interrogated-approximatelf.three Times &

second when the NDL was scanned. With'a typical tuning rate

cof 0.7 cm_l/mip., a resolution of nearly 0.004 cm */data

point wasfobtained. This resulted in a well dgfihed spectrum

and enabled a single data file (maximum 15000 pgints pen 7

. - _ o
channel) to record a scan of up td 60 cm L - :
‘ . Bl . K _ L
An algorithm based on that due to} Stavitsky [142}, “
. ' ; o : SOy
- - - »
- = LT
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was utilized to find the positions of the pecaks in the
recorded data files. These positions. were stored in a
separate data file that was subsequently accessed by a

least squares routine. Fits of peak poesition versus cali-

Bration wavelength (Ne lines, OGE) or frequency (I iines.

LIF) for the reference channel allowed subsequent {requency

determination of the peaks found in the multiphoton spectrum.

3.6 Modes of Operation

~

-

3.6.1 Introduction

The spectrometer could be operated in a variety of
configurations to vield spectroscopic information. Non-
linear spectra could be generated with either dye laser singly

and by using both lasers in tandem. ' (‘

/

1
7
!

Single Colour Spectro&copy

Multiphotonvipectrd‘of iodine were initially observed
using the BDL. Low resclution spectra from 16400-18700 cm—1
were recorded for both isotopes using. Kiten Red, Rhodamine 06
(R6G) and C-540A laser dves (Table 3.1).

After completion of the broadband scans the NDL wﬁs
emploved to reexamine the multiphoton spectra under higher
resclution. With this dve laser, scans for both 1sotopes were
recorded over the R6G dve profile. Extensive scans over the
higher frequency C-540A dve profile (17600-18200 em ) were

conducted for the lighter isotope, while a less exhaustive

0

tudy was carried out for 1791 (17600-17990 cm™'). The
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relative weakness of the multiphoton transitions recorded

using Kiton Red necessitated the use of an amplifier qye
cell (Figure 3.3) [143] to increase the intensity 'of the
beam emittéd by the NDL. Approximately 50% of the excimer
beam was used to pump the oscillator cavity (NDL) whi;e the
remainger was difefted from tﬂe BDL cavity, and directed
onto the front face of the amplifier cell. This radia®ion
was focussed(: =ing a c¢ylindrical lens (Figure S.Sf, to the
same -region gn the dye cell as the incoming radiation f=em —
the oscillator cell. The increased spectral brightness
enabled the observation of the.s;ronger lines recorded

1271, molecule

previously with the BDL. Only spectra for the
were recorded with this oscillator-amplifier arrangement.
High resolution single beam multiphoton spectra were
recorded under linearly and circularly polari:ed'excitation
. -~

tor both molecules over the R6G and C-540A dve regions scanned.

3.0.3 TIwe Colour Spectroscopy Using Two Dve Lasers
The multipheton spectra of iodine, using two beams,
were obtained in the following manner. The absorption of a

single photon (c;) from a2 fixed frequency beam (the pump)

1
. e . . - '._‘4-_4-
copulzated the B0, state. The spectral density of the bOu-kog
fpectrum assured that several transitions were pumped because

o the rinite bandwidth of the dve laser. A secend, scanning

J dve laser beam (the probe) then sampled the rovibronic

population disstributicn.of the 30, state provided by the pump

laser to effect twe photon simultaneous transitions to states
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in the 50000-55000 cm’!

region_(ci*ZOZJ.
In contrast to the seqﬁeﬁtiai two photon experiments
previously conducted in'this'laGQratory, the BDL was used to
pump the B0; state and'the NDL:utilized to act as the probe
laser. This arrangement.was emploved here for a number of
reasons. Unlike the earlier OODR studies discussed above,
both lasers could independently generate multiphoton spectra,
under the experimental conditions we emploved. As the BDL
mapped out an extensive multiphoton spectrum (see for eXxample

~

Figure 5.1), the observation of all but the strongest two

beam transitions would have been obscured. Although the same

-
situation existed when uging the NDL as the probe laser, the
increased resolving power of thils laser significantly alleviated

this problem. An additional advantage of the present experi-

mental arrangement was that spectral lines originating trom

rt

pumped levels of lower J could be resolved. Finallvy, the

precision to which the line positions could be measured was

Ta-

much greater using the NDL (*~ 1. LIF calibratien) than with

L gF]

the BDL (OGE calibration). %

A disadvantage of this optical arrangement was the
increased time required for data collec¢tion duc to the
respective scanning rates of the two dye lasers (Chapter 3.3).
Offsetting this however, were the increased number of pumped
58; levels in each run which lead zo 2 richér twe beum spectrum,

The spectrometer was set up in this mode by first

generating multiphoton spectra with the pump beam alcne (EDL).
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lenses ({1 and {1 in Figure 3.4).
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* The portion of excimer radiation allocated to this laser

was then decreased until the siénal strength was barely
dfscer&ible above the background. This ensured no con-
tamination of the two colour (beam) spectrum from spectral
"lines due to the pump laser alone.. The remaining excimer
emission (v 70%) was directed into the optical cavity of the

probe dye laser (NDL). Non-linear spectra were then obtained

using this dye laser alone with an optical delay line (odf) _

~in the light path. This consisted of three planar mirrors

{(mlI - m3 in Figure 3.4) spaced such that the pump beam
preceded the probe beam by 2 ns as viewed from tﬂe center of
the samplé cell. Both beams were then carefully aligned for
maximum overlap and focussed to a common focal sﬁot. Next

the pump beam frequency was set using one of the procedures
outlined earlier (Chapter 3.3.3) and the probe laser scanned.
Once a two beam signal was observed, the NDL was fixed and the

signal strength maximized by slightly adjusting the focussing

o

Two colour spectra were mainly obtained with R6G as

-

the lasing medium in both dve lasers. Spectra were also

recorded in this mode utilizing C-540A in the pump and probe
lasers.

All dual beam spectra were recorded using the linearly
rolarized light emitted by the dve lasers. Runs with ¢ircularly

polarized light were not done for two reasons. Firstly,

the rhombic assembly intrecduced unavoidable attentuation of
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the probe beam, severely réducing the two beam signal
strength. ' Secondly, polarization measurcments were not
as critical in interproting the spectra as in the one colour

experiments, as will be discussed later.

5.6.4 Two Colour Spectroscopy Using a Single Dye Laser

The most intriguing of all the operating modes was
the use of a single dye laser (NDL) to lasc at two frequencics
simultaneously and hence act as both the pump and the probe:
This dual frequency configuration was first suggested by
Prior [144]; however to the best of our knowledge, spectra
obtained_from thiéoptical arrangement have not previously
been reported. .

The dye laser was set up in the following manner.
Moving the tuning mirror further back from the grating (v 10 cm)
allowed light diffracted into the first order to be inter-
cepted‘by a second mirror in a precision kinematic mount.
Screening both mifrors in succession ecnabled the indepondent
alignment of both optical cavities in the manner described
earlier (Chapter 3.2.3). Slight adjustment of the second
mirror was usualiy all that was required to provide overlap
of the two output beams. The intensity of both beams suffered
once the alternate optical channel was opened due to mode
competition 1in the dye cell. To diminish thé reduction in the
probe beam intensity, the pump beam\was attenuated by introduc-

[

ing a beam stopper to partially occlude the light diffracted

P
+ —
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¥ . - ‘ . L
into first drde;. As thg frequency sepafatfon of‘ﬁhéffwb'
beams narrowed, the intengity of the weaker pump beanm ‘\-
diminished and eventually fell to zero. 5}thbugh this placed

.

restrictions regérding selection of pump 1ines_and the .
spectral regions that could be probed, the arrangement offered
some advantages. Partimioning of the excimef radiatién was
~no longer a concern as in the dual laser scheme. In additipn
alignm?nf of the external optics was simplified; not only
were the number of mirrors and lenses halved, but the co- ~ —
linearity of the beams assu;gd that they were focussed to the
same spot (ignoring the acliromaticity of the lens, &1).

The pump frequency kas tuned by adjustment of the
péision mirror mount. Wavelengths were determined with

the T15A monochromator, which als¢ served to show the presence

of twe frequencies in the dve\laser output, and their relative

s
=]
rt
]
=]
0
-
rt
[
1
th
.

1

3T Sample Cells and Sample Preparation

The sample cells were constructed of quart:, as
shown in Figure 3.5. The cells were fitted with sealed
windows orientated normal to the incident radiation. A series
of baffles were incorporated into each side arm te prevent

light piping. Scattering of strav laser radiation was alleviated -

by a Wood's horn opposite the viewing window. Fluorescent

[+
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rt
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ored through this centr

window (diameter = 5 cm).

-~
|
-

o 1ncrease the S/N ratio, this



Figure 3.5

Sample cells used in this work
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window was fittchwith a paper mask to restrict the viewing
cone of the PMT (Figure 3.5). The opening in the mask

(2 cm loné X 1 cm high) ailowe@ transmission of a. significant
portion of the emitted radiation while severely reducing the
amount of scattered laser light reaching the detector. The
" “total length of the cells was about 20 cm, giving a total
volume éf approximately 175 cms.

In the case of the 127 isotope, iodine (BDH 899.9%)
without further purification was sublimed into the cell in
vacuo and condensed in the cold finger. Once a sufficicnt
sample had been collected, the cell was isolated from the
vacuum line and allowed to warm to room temperature. An
ice bath was then placed around the cold finger and the cell
pumped on for about a minute. The remailning sample (eXcess
of I:(s]) was recondensed under liquid N2 aﬁd tﬁé cell
permanently sealed.

The radioactive isotope (£ emitter, t1>2 = 1.7 X 107
vr) was purchased as Nal in an NaHSO3 solution (Qak Ridge
National Laboratories). One millilitre oflthis.sample
(v 500 mCi) was oxidized with a solution of 0.1 M NaNO: in
1.0 M HNO.. The nascent iodine was selectively extracted with
ether. The organic layer was drawn off and placed on a |
vacuum line and the solvent distilled . off at ice temperature.
Prior to admission to the previcusly evacuated cell the iodine

sample was dried over .anhydrous P,OS. Once the isotope was

in the cell it was permanently scaled. _ -



CHAPTER 4

. : TREATMENT OF DATA

4.1 Dunham Coecfficients ~

T As mentioned in Chapter 1.5, the Born-Oppenheimer.
approiimation [17] allows the energy of a melecule to be
expressed as the sum of two contributions. These are terms
~duc to purely electronic and nuclear {vibrational and rota-
tional) motion.

The variation of the electronic energy with inter-
nuclear separation (r) gives (with the addition of a term due
to nuclear repulsion at - r) the form oflthc potential well
within which the nuclei are constrained. The energy of an
excited electronic state is conveniently measured by the
separation between the minimum of its poteﬁtial curve and
that of the ground state curve. This difference is usually
denoted as Tc. -

Dunham [145], proposed that the distribution of
quantized vibrational levels within a given.potential well
and the energy separation between adjacent rotational levels
for a particular vibrational level be expressed by the eigen-
values of the vibrating rotor. This model is given in equa-
tion (4.1);

. 1.¢ jre]
Y + BE(v,J) = £ I Y (vex) “(JI(I+1)) (4.1)
0,0 neQ =g %M Z

80
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- Table 4.1 §i~

.Correlation of Dunham Coefficients

with Designations in Common Usage

Dunham Coefficient
0,0 ' Te
Y1 o o
YZ,O “YeXe
3,0 veYe
Y4,0 “eZe
Yo,1 Be
\l,l -x
\':,1 Yo .
Yo,2 “Do
1,2 Se
Yo.s Hy v
Y0,4 Le
Yo s My
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~
v

where the-Yz,m's.represént the eigenvalues (Dunham qoefficiepfs)
which are to be determined from the exberiment:l data. YO,O
is the electronic excitatdion en’v and hence, to a fir.st
approximation, is_equivalent‘to Tee ¥ agd J in the above equa-
tion reﬁfesent the vibrational and rotational quantum numbers
respectivef&. . —_—
The correlation between the individual Dunham co-
efficients and the spectroscopic designations commonly used

.

to denote molecular constants (as used in Chapter 2) are given

-
L |

in Table 4.1. Although the correspondences are not exact
(145], for 3 heavy molecule such as iodine the differences are

negligible.

1.2 Isotopic Relationships

Under the Born-Oppenheimer approximation, the fornm
of the molecular potential curve is invariant with respect

rt
[

ot

isotopic substitution. Theretfore, values of Y
transferable from one isctopic molecule to ancther. This
situation does not hold for the eigenvalues of the nuclear
Hamiltonian as the vibratienal ané retational Dunham coeffic-

ents are cdependent.on the reduced mass of the melecule.

However, the coefficie

s |
Tt
7]
p.
)
o ]
[ ]
(9}
[
)
rt
[#]
H
=
0
)
£
o]
(b
1]
(#]
fu
'_l
4]
[
b=t
{3
rt
1]
[0

-

from these dertt€d freom the analvsis -of an 1sctepic molecule

by introducing the following mass scaling factor, o [146].

T
[]
~—
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) Table 4.2 -
~ T ' .

Reduced Masses and Scaling Factors for -lodine :

- Isotopes ©f InTerest to This Study
- ) 3 )
Mass Number . Atomic Mass (amu)
127 : 120.9044755  (36)
‘120 N ‘ 128.904989 . (7)
Reduced Masses:
\j ‘ . > {relative to 1"'I,)
Lot e3.4522378 (1) 1.0000000
117129, 03.948435 (11D 0.99011202
129 - .
1. o+ 432488 (4 Q.9azz1002
a data taken from reference [147) -
\
A
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In cquation (4.2), u is the reduced mass of a reference
moledﬁle and M the value for a given isotopic species.
The reduced masses and values cf p for the iodine molecule

127

used in this work (relative to I,) are listed in Table

4.2. The above definition of.p allows the dependence on
- - 7 .

the reduced mass For viBration (ul/') and rotation (u) to

be factored from equatioﬁ (4.1), to give the following

expression for the total molecular energy, ET.

.ET(V,J) = T Y fn__(V+%)R.(J(J+]))mp(2m+£)

T b Iy (4.3)
m=0 =0 - 7

Equation (4.3) allows the incorporation of data ffbm differ-

ent isotopic molecules, in a common leagt squares fit to

vield a‘set of Dunham coefficients for tﬁe reference molecule.
For anyADunham coefficient of a given molecule, the

. .1 ' . .
corresponding value (Y, m) for any isotopic molecule can be

obtained using equation (4.4)

L (2me) (4.4)

4.3 Least Squares Fitting of Spectroscopilc Data

Observed spectral lines are the result of fovibronic
transitions between a pair of electronic states. The energy
levels of each state are described by a set of Dunham coeffic-
ients. Least squares fits in polynomials of (v+%),_ J(J+1)
and ¢ to the observed line pdsitibns dllow estimates of the

upper and loweér state coefficients to be obtained. 1In some
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cases, the Dunham coefficients associated with one of the

electronic .states involved in the transition (assumed to be
-

the lower in the following discussion) were previouslj

determined ffom other experimental work with greater precision

than'the present experiment can offer. In these instancd
once the spectral asgignments have been made, it.is dpprapriatc
to add the lower state term value (as calculated from the
more precise coefficients) to ﬁhe observed-transition frequency.
This gives a set of term values for a particular range of *
upper state v and J values. A least squares fit based on
equation (4.3) thenm vields estimates of the molecular constants
that ;haracteri:e the upper stafe (i.e. a single set of
Dunham coefficients).

In matrix notation, the form of the linear regression

equation can be written as,

YV = X 3 + ¢ (4.53)

where ¥ 1is a vector containing the n upper state term values
and 3 1is an array containing the k 'true' molecular para-

meters (Dunham coefficients). X represents ann x % matrix

L ]

of knowd coefficients (1, c(v+d), = (w17, ..) that follow
from expansion of equation (1.3), and ¢ is a vector represent-
ing the error associated with each element of v. Under tae
assumption of linear regression theory these errors arc

normally distributed, have a mean of zero and a common but

unknewn variance. Minimization o

Hy

the scalar sum of sguares,
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resulting from equation (4.5) with respect to each element

of 8 gives an expression for the minimum-variance linear

unbiassed. (MVLU) cstimates of the 'true' molecular constants.

—

After rearrangement, these MVLU estimates are given by the _

following cquation; ' . >

b= (xTxy t xTy . (4.6)
7

where the vector b contains the least squares estimate.
The variance-covariance matrix (V) of the least

squares fit is given by;

1

vo=of Xy (4.7)

. :
where o  1s the variance of the least squares fit. The-
diagonal elements of the k x Kk V matrix are the standard
errors of the corresponding element of the array, b. The

of{f diagonal clements of V are the covariances associated

-

with cach pair of Dunham coefficients. 1In c¢onjunction with
the diagonal elements these values enable a calculation of

the normalized correlation coefficients using equation (4.8).

V..
- 1) Pz 3 s = 3 :
..o = 1 =1,2,3...k j=1,2,3...k
1] (V. .\ )1/2

33 (4.8)

i1

The values of Cij are solely dependent on the extent of data

and the model (number of vibrational, rotational and centri-

fugal distortion coefficients) used in the fit. A value of

+ . - . T N
Cii near - 1 indicates a strong correlation between the 1th
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and Jth Dunham coefficients and hence dlfflculty in obta1n~
. ing accurate estimates of both, The unbiassed estimate

of the variance (c ) can be shown to be given "by the follow-

ing formula [148];

=i oo ox) L)

where 'f, given by n-k, is the number of degrees of freedom

of the least squares fit.

4.4 RKR Potential Curves

A method of 6btaining internuclear poteﬂtial curves
from experimental data was first outlined by Rvdberg }n 1951
[149]. Soon after, Klein [150] showed that the classical
turning points of vibration (for J=0) cou%d be solved in
terms of a pair of amalvtical expressions. The relationship
of these so-called Klein action integrals (f and g) to the

turning points (rt) is;

r. = [g + lel/z T f ' (4.10)

where the + sign refers to the maximum separation ) and

Tmax
the - sign to the point of closest approach (rmin) cf the
nuclei , However the complexity of the functional forms of
f and g discouraged the widespread use of this method.

Not until a further si:blification of the technique

by Rees [151], did RKR (Rydberg-Klein-Rees) curve fitting

become commonplace. Rees showed_ that the action integrals
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could be expressed in terms of the experimentally determined

vibrational (Y2 0) and rotétional (YQ 1) Duthm coefficients.
¥ - - b

The Klein action integrals can be expressed as;

v
h T odv'.
f = ——— S
(81%cu) (E(v)-E(v'))1/¢
Vmin
- (4.11)
v
g = h s B(v') dv'
(81 cu) (E(v)-E(e1))/* ~
Vo,
min ’

where ¢ is the velocity of 1light, v' is a continuous variable

and v_.
m

in

refers to the bottom of the potential well (Vmin b

0.5). E(v) and E(v') are determined from the vibrational

Dunham coefficients as in equation (4.12);

2

E(a) = E YR,O (a + %)\ where a = v or v (4.12)

2=1

In equation (4.11), B(v') is the vibrationally dependent

rotational constant and is given By equation (4.13);

: L
'y = oy 1 ) =
B(V ) - EO YR.,]. (\’ + '2') . (4-13)
The integrals in equation (4.11) were.evaluated using
Simpson’s rule up to the point of singularity (v'=v). In
the region of the discontinuity, Guassian quadrature was used

to solve the expressions.

-
-
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4.5 Franck-Condon Factor Calculations

It can be shown [17] that the intensity of a vibronic

transition between a pair of molecular states is;
. T 2
Ivtv" o [va,wv" dT..fwé U, ?g dt]”™ . (4.19)

where v' and v" are the uppér and lower state vibrational

v

quantum numbers respectively. ¢ _ represents the vibrational
. A -

v
wavefunction associated_fith v and wé and wg are the electron-
ic wavefunctions of the upper and lower state respectively.
That part of the electronic dipole operator which depends on
the e;ectroﬁic,co—ordinates is given by, u,. It is usually
assumed that the ef@q&igniﬁ transition moment is a slowly
varving function of r. This allows the, second factor in

equation (4.14) to be replaced by-the average electronic transi-

tidn strength as in equation (4.15);

=2 : - 2 ,
Iorgrn @ 07 Lreav 0 de] (4.15)

The square of the vibrational overlap infegral in equations
(4.14) and (4.15), the Franck-Condon factor (FCF), determines
the relative intensities of vibronic transitiéns within a
given electronic transition.

The data required by the FCF routine consisted of the
turning points {as determined by the RKR routine) for each
vibrational level and U(r), the assoc{;ted term values

{evaluated at J=0) for the upper and lower states of the transi-

tion. This data was interpolated by the FCF routine using

~



S0
the method of Lagrange to obtain values of the internuclear -
potential (U(r)) at closely separated ‘intervals of r (Spac-

o _
ing < 0.001A).
The one.dimensional radial Schrodinger equation given by

equation (4.16)

%y, (r) | . |

—7— = (WD) - E() v, (x) » o {4.16)

T .

was numerically solved using the Numerov method T152] to give
the vibrational wavefunctions. The eigenvalues (E(v)) were
determined in an iterative fashion using the input experi-
mental ~walues-as initial estimates. The consistency of the
numerically calculated wavefunctions was tested by computing

<he rotational constant for each vibrational level from

-

equation (4:1?);

7 - .
v > : (4.17}
§7%¢cu

and comparing the result to the experimentally determined value.
Once the upper and lower state wavefunctions were
numerically obtained, an array of FCF's was calculated. The

-
overlap integrals (equ;tion (4.15)) were solved using Simpson's

Tule,
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CHAPTER §
DESCRIPTION\Qf OBSERVED SPECTRA

5)1 Introduction

In this chapter, a description of the spectra obtained
during the course of this work willlbe given. Comparison,
where applicable, to the work of earlier’worke;s will be
made. Thé chapte} is arrangé& in the chronological order
in which the spectra were taken, which was in the~folloking
order with respect to the operating modés of the spectro-
meter;

i)  broadband single beam spectra
11} narrowband single beam spectra
1i1) two beam spectra
While results are presented for the power and polarization
dependence studies, the bulk 6f the analysis is given in the
next cﬁapter. The assignmént of spectral lines, evident in

the figures referred to in this chapter,will be discussed

at that time. \\
. -

5.2 Low Resolution Spectra

As staﬁgd-earlier (Chapter 3.6), multiphoton spectra
were initially taken using the output from the broadband dye
laser (BDLi. Fluorescence from the highly excited final

state(s}) was monitored at 310 nm and recorded as a function

91
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of laser wavelength. Spectra were obtained for both the-

127 129
12 anq I2

length regions scanned were as follows; Kiton Red (6096-

molecules. The laser dyes and the wave-

5946 A), Rhodamine 590 (R6G) (5920-5749 R) and Coumarin

S40A (C-540A) (5700-5360 R) for 1271, and 5700- sszo)X for

17917 : . -t

The multiphoton spectrum excited using Kiton Red
was by far the weakest for the three dyes investigated. The
frequencies of the more 1ntense transitions are tabulated

in Table 5.1 for both 1sotop1c molecules. Figure 5.1

displays the recorded spectrum for the 12’1, molecule.

'

Previously, this spectral region had been investigated

under lower resolution (AA= 73) by Chen et al {108]. Though
the ultrav1olet fluorescence follow1ng multiphoton excitation
was observed in the same region (v 320 nm) as this work,

none of the stronger features reported by these workers match
' frequencies of the intense transitions‘ebserved in this
study. They did, however, note a marked decrease in signal
intensity relative to the spectral lines recorded over the
R6G dye profile. This is in agreement with our findinge. As
a joulemeter or a similar device was mot incorpeorated into
the present experimental design, normalization of the spectra
to correct for variations in the dye laser qutput power was
not possible. The spectra recorded by Chen et al. also were

r

not corrected for differences in laser intensity from one dye

the

to another,. It is probable however, that the relative weakness
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Table 5.1

Over the Kiton Red Dye Profile

rd

-

‘Stronger Spectral Features,for.12712 and. 1291

127

16779,
16774.
16676.
16614,
16523,
16445,

IZ-
remarks

8 ~——vs,b
7 S

2 m,b
2. m

8 m

8 m,b
~3S, Very strong

$, ~strong

m, ~ medium

b, broad

vb, very broad

a

129

I

2

" frequency (en™ Yy

16854.
© 16840,

16834,

-1
-~}
w
.

16

—
(o)
~1
(71}
(7}

166

h
w

16651.
16546.

2

4

5

)

1

16488 .1

remarks



Figure 5.1 Low resolution trace of the multiphoton
) spectrum recorded over_the Kiton Red
dye profile for the 1-717 molecule. o
Also -shown 1s the opto-gdlvanic calibra-
tion spectrum.

AN



Fe

Y

94

H%m:om_m.,_ HIASY

(T 08591 ’ "

T — T T T

T T T

y

-
—

By PU uOy

| fsw ?s\i_(_%)%z

L1 R T T

e

L

"o

HLONTTIAVM H3ISv1

(11} ]

SON3OS3HCNS

~ALISNSLINI

TYNDIS 20



95

Y]

of the Kiton Red spectrum is due to a decrease in the multi-
photon absorption cross-section rather than a reduction in

the dye laser intensify. ‘ !

The R6G multiphoton spectrum, like the Kiton Red
spectrum, exhibited a seeminﬁly random distribution of lines:
with no apparent bandheads or rotational branches. Table 5.2

lists the frequencies of the stronger.features for both

isotopes and Figures 5.2 and 5.3 display the spectra recorded

127 129

in this region for I, respectively. In this

spectral region, better agreement was found between the spectra
recorded in this work and those due to Chen and co-workers
(108]. Strong lines observed by these authors are as follows,

M [ %
with our measurements in parentheses for comparison:

17060.7 cm l  (17055.4 cm" 2 l

), 17178.0 cem™t (17184.6 cm 1)
“and 17267.0 c:m'_l (17262.4 cm-l). However, Ather intense
features which were previously observed near 17119 and 17225
cm—1 do not correspond to strong trénsitions in od} spectra..
gxcéiﬁgion spectra have also been obtained in this
wavelength region by Kasatani et al. [113] as outlined in
Chapter 2.3, Using an unspecified but very broadband

(av $3Acm'1) dve laser, they recorded a multiphoton spectruﬁ

between 16670 and 17540 cm by monitoring fluores;ént light
at 334 nm. Unfortunately, experimental frequencies were not
listed, but they can be estimated from Figure 6 in reference

[113]. Strong peaks were found near 16935, 17065, 171§3 -

and 17270 cm’ Y. The latter three of these lines appear to



Table 5,2

12
Stronger: Spectral Features for 127

-for R6G Dye Profile

I, and 1

B 4

12717' . 12%

frequency (cm 1) remarks ° frequency (em 1)
17396.8 m 17379.9
17300.5 vs 17305.2

17289.6 s 17277.4 -
17262.4 $ 17273.5 -
17214.1 m € 17203.2
17184.6 Vs 17193.5
17153.8 s 17173.7
17101.7 m 17170.8
17079.5 m,b 17152.¢
- 17055.4 s 17137.5
10952.2 m 17143.9
17008.7
170044
17048.8§
17045,0
17038.5
10980.3
10963.7
1o93l.0
10936.3

See Table 5.1 for explanation of svmbols

-
7

-

th

th

2 3



Figure 5.2 .Low resolution trace of the multiphoton
spectrum recordeil,over the R6G dve
profile for the *-‘I, molecule
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Figure 5.3

Low resolution trace of the multiphoton
spectrum recorde?,gver the R6G dve
profille for the ~~“I, molecule
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correlate with the :strong featuregi(Table 5.2) recorded
during this work at 17055.4, 17153.6 and 17262.4 cm'l
respectively. A signal ofkcombaréble intensity was not
obser;ed in our spectra in t@é vicinity of 16935 cm L.
Additionally, a very intense feature near 17300.0 cm';1
recorded in our laboratory did not have an analoéue"in the
spectrum recorded by Kasatani and cp-workeré (Chen et al.
[108]), recorded only as far as 17270 cm™T in the blue):
The extensive wavelength profile of the C-540A dye

laser requires two Figures f5.4 and 5.5) to display the
entire spectrum. The measured line positions of the stronger
peaks are listed in Table 5.3, for both isotopic molecules.

The most distinctive characteristic of the C-5404A-
multiphoton spectrum is the occurrence of strong, generally
broad features separated by approximately 50 cm L. Between
these intense peaks appear only a few, much weaker multiphoton
lines. For the lighter mdlecule, twenty-two such peaks were
found, of varying separation (45-55 cm'l) and intensity.

Lehmann, Smola}ek and Goodman'[lo ], scanned the
' 7

~1

2
- 1

5500-5050 A region (av = 3 cm'l) of the I, molecule
during the course of an MPI study. Though experimental
frequencﬁes were not given, except for the strongest obserﬁQ§
peak (17881 (2) cm-l), it is evident from their description
of the MPI spectrum that the same syvstem has been recorded .

here in fluorescence. Under low resolution, all ‘their recorded

features had the appearance o bandheads and were assigned as

2
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~Table 5.3 ‘ .
Stronger Spectral Features fér 127I2 and 1291,
' for C-540A Dye'Profile )
127Iz 12?12

frequency (cm'l) ' remarks ° 'ffequency (cm-l) remarks

18607.8 m 18633.3 m,b

18549.2 s | 17977.1 s

18504.7 m,b 17968.8 vs,b

18450.2 m 17920.3 s
183946 s 17874.4 vs

18293.7 s 17867.6 vs,b

18238.2 Vs . 17864.1 vs,b
©18188.3 m 17814.1 s

18137.4 ' . wvs - 17807.1 s

18090.3 s 17765.0 vs,b

18036.9 s . 17761.5 vs,b

17983.4 s 17754.0 s,b

17937.4 s 17713.6 vs

17928.5 m . 17671.5 m

17880.3 vs,b .. 17646.9 m

17827.1 s,b . 17643.3 m

17779.8 s o 17608.6 m

17767.0 Vs .

17747.4 m,b

17722.9 s,b

17676. 8 s

17660.6 s .

17617.9 m

17569.3 s

a See Table 5.1 for explanation of-symbols ) ;
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Figure 5.4

Low resolution trace of the multiphoton
spectrum recorded over the red fgd of
the C-540A dve proflle for the

molecule
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Figure 5.5

e

Low resolution trace of the multiphoton
spectrum recorded over the blue_end of
the C-540A dye profile for the 1271,

molecule -
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such to a two photon transition.. The observation of only

two, much weaker peaks on the low energy side of the most
' 1

intense peak (4v =.55 cm ~ and 106 cm™t respéctively)

prompted these earlier investigators to assign the 17881 cm”t

transition as the origin band. The analysis of the spectrum
based on this assignment led to the molecular constants
given in equatioh (2.3). Although the strong peak noted
by Lehmann and co-workers was recorded during this work '
(at 17880.3 cm'l, Figure 5.4), other transitiéns of comﬁarable
intensity were observea, in contrast to the observations of the_
eafyier investigators. Further, our study of the so-called
'Gpodman bands' resulted in the'recording of many additional
groupings of. lines to the red of the 'origin band'. While

: .
definite conclusions could not be drawn from these'spectra,
it seemed probable that either the 'origin band' was‘mis-
assigned (making Te too high in equation (2.3))or that
extensive hot-band structure ‘was being excited. This latter
alternative is a possibility due to the significant Boltzmann
population of the excited vibrational levels of iodine'at
room temperature. However, the recbrdihg of only a single
progression of 'bandheads', albeit of varying separation,
implies_either the first alternative is cdrrect (origin band
not at 17881.0 cm_l) or that the vibrational spacing of the

upper state i

"

about- the same as in the ground state. The
second alternative then suggests that .the upper state is

Rvdberg in nature (ion-pair states being characterized by



. ““,.

1b4 |
much ;pwér mé vaiues). -Such an assiéqment.is,in éctord
with the known propenﬁity of MPI studies towards transiiions
“involving R&dberg states as mentioned in Chapter 1.6.

. The above interpretation is, however; based_dn
"the assumption that the strong fe#thres are indeed bandheads.
Under the reiatively higher resolition offered by our dye
laser (BDL), it soon became.aﬁparent that\mosi of the strong
features did not display typical bandhead structure, but
instead consisted of several closely grouped lines. Clearly,
further ihve;tigation of tﬁis spectral region under the higher
resolution offered by the NDL, was necessary before definite
conclusions could be made rggarding the 'Goodman bands'
In addition, 1t was felt that some of the earlier multiphotop—
work, for exaﬁple the studies conducted.by Chen et al. {108],
Kasatani and co-workers [113] and Tai, Dalby and Giles [107]

merited further investigation.

3

-~

5.3 Single Beam High Resolution Spectra

5.5.1 Introduction

Studies conducted using the NDL were not nearly as
straightforward as with the BDL. The alignment of the dve
laser to give output of high intensity and low bandwidth
(< 0.15 cm_l) simultaneously, proved difficult. The cffic-
iency of the cavity dropped significantly when the prisms

and grating were orientated to reduce the bandwidth of the
1

? .

-laser output. Even at linewidths approaching 0.1 cm’
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7

v

rqlétivdly_few of ;hg single Phﬂﬁ?“ rotational lines were -
_résolved, to allow their use in c;1;bréting‘the multiphoton
Spectra. TﬁrSugh a prdbess of trial aﬁd error, the per-
formancerof the NDL was refined to give optimal resolution
and signal to noise ratio (S/N)}. . B
—— .(

5.3.2 Kiton Red Dye Profile-

The relative weakness .of the multiphotén lines
recorded. in the Kiton Red re;;on made nécessary the use of
aléassive amplifier cell (Chapter 3.6.2) to amplify the out-
put of thé NDL. This arrang@mentléllowed the recording,
under higher resolution, of the stronger features listed in

-
1_7I7

Table 5.1 for the molecule. Figure 5.6, displays

the observed multiphoton spectrum and the LIF calibration

1 region. The difficulties mentioned

spectrum in the 16620 cm’
above concerning cdlibration of the NDL scans can be put in
persﬁective by noting that over the 28 cm—l region shown in
Figure 5.6, Gersterkorn and Luc- [86], assigned 135 individual
singlgmphoton transitions. The bandwidth of our dye laser
dictated that, of these kines only 13 were resolved suffic-
iently to allow their use iﬁ calibréting the above multi-
photon spectrum. -

Over the regions scanned using this dye, a total of
21 multiphoton lines were recorded for the lighter molecule,
and are tabulated in Appendix A. Spectra were not taken for

o112
o 129

th I, molecule in this region.



Ly

Figure 5.6

o)

High resolution single beam trace of
the 16606-10655 cpil region (Kiton.
Red dve) for the *~‘1, molecule.

. Spectrum was recorded” using the

amplifier dve cell (Figure 3$§). Also
shown is the single photon 171, LIF
calibration spectrum. N

~
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5.3.3 R6G Dye Profile -

b The mulfiphoton spectrum chited over the Ro6G dve
profile was the most Lhoroughl) studied of thc threc dvc
. proflles 1nvest1gated The \tudv of the 17000 17600 cm -1
reglon necessitated the use of two different concentrations
ef laser dye'(Teble 53.1). Non-linear spectra of both
isotopic molecules were investigated under lincafly and
circularly polarized radiation.

' Spectra observed using the NDL enabled rotational
resolution of the non- llnear tran51tlons previously obtalned

using the BDL, A strlklng example of this is given in

Figure. 6.6, which depicts the multiphoton scan

. - 127
near 17180 cm l‘ for the 1"’I.,, molecule. This trace

can be compared.to the same region. recorded under low resolu-
tion* (Figure 5.2). Though the enhancement in resolving

poweTr is obvious, it is also evident that not all fecatures

are fully resolved. 'Still, this tréce serves to show ‘that
conclusions based solely on low resoluelon spectra must bc
regarded as tenuous.

A small region of the multdphdton spectrum in the R6G
dye profile has been previously recorded by Ishiwatahet al.

[114] as described in Chapter 2.3. These workers noted ecight .

-1

spectral lines. between 17135 and 17372 cm as llsted in

Table 5.4. On the other hand, our spectra have revealed

69 transitions between these limits and a2 total of 130 lines

127.-
I,

over the entire dye profile for =

alone. The measured



N

. . Table 5.4

Comparlson of OQDR Lines Given by Ishlwata
et al. [114] and This Study

108

OODR Frequencies (cm'l)
Ishiwata et al. B This Work (- 0.08 Cm-l)

17371.9 17372.205

17568.8 17569.075

17301.2 17301.132

17299.5 17299.503

17220.6 ;

17216.2 17216.172

17138.6

1-135 3 -
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line positions of these transitions cin be found in
Appendix A. While three of our cxﬁ%rimental frequencices
agree within our estimataiuncerﬁainty (t 0.08 cm'l),‘

(17216.172 cm”?

, 17£§9.§03 em ! and 17301.132 em™ Ly with

those given by the earlief workers (Table_S.d), tﬁo‘othcfs -
(17368.975 em ™t aﬁd 17372.205 cm‘la lie outside these limits.
Tﬂese latter discrepancies can be bxplainéd‘by noting that |

Ishiwata et al. [114] -did not quote experimental frequencics

but instead listed the calculated frequencies of the B0 -

0 .
X0g transitions through which the upper state was allegedly

puﬁﬁed. However, the other lines observed by tﬂe previous
workers at 17135.3 cm Y, 17138.6 cm * and 17220.6 cm ! were
“absent in our spéct%a. This is somewhat puzzling aﬁ both
studies were &onducted,in a similar fashion, including moni-
toring the fluoreécence at 310 nm. Further-it 1s worth noting
thaﬁ many strong 'peaks, such as the lines in the 17‘180_cm'l
Tegion (Figure 6.6) were not reported by the earlier workers.
129

"1, over this dye

4

'Spectra,were also obtained for _
profile, and a total of 171 individual multiphoton transi-
tions observed. A scan.of the 17370 cm™ ! region for this
molecule excited with ciréuiarly polarized light-is given in

Figure 6.8. All the recorded multiphoton lines for this,

molecule are also listed in Appendix A.

5.5.4 C-540A Dye Profile
: _ .

As mentioned previously (Chapter 5.2), thg 'Goodman



L TTe

. bands' were reinvestigated using the NDL following prelim-
inary observatiois with the BDL. Extensiﬁe scans of the

- . : 2
17600-18200 cm 1 region were made for the 127

I2 molecule.
A total of 173 multiphoton transitions were obtained and are
listed in Appendix.A.‘ |

Figure 6.11, depicts fhe non-linear spectrum in
-‘the-vicinity of the 'origin bahd‘_assigned by Lehmann and
‘cowworkers (102].. Though it clearly illustrates a.high'
densify ;ﬁ spectral lines,'they are not indicative of a band-

head. , Further evidence is given in Figure 6.12, which shows

"l +6 the

the rotational structure of the 'l1-1 band', 55 cm
re% of the 'origin band'. Quite clearly, there is no band-
héad present but rather, several well spaced multiphoton
lines. In fact, the strongest éf,these‘lines can be dis-
cerﬂed'in Figuqe‘4,of reference [102j as well as in Figure
5.4 in fhis wWoTK. Excepﬁ in one instance, all the features
observed under low resolution in thi;-region wefé.subsequently
Jfound.to be due to locali:ed-congregétions'of-spectrgl iines
Qnd not bandheads. The oné_gxceptioﬂ was a broadband fea#ure
' at 18239.1 cm'l that quite cleafly coincided with the head
" of the 24-0 band of the BO:-KO‘Lg system (Figq:ﬁ's.lo) - ‘
« Spectra were also recorded using tﬁis dve for the.

129 -1 1

I, molecule between 17600 cm ~ and 17990 cm’ A total of
8§53 multiphoton frequencies were observed and are listed in
Appendix'A. These spectra also served to show that the regu-

larly cccurring features listed in Table 5.3 were not, in
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general, bandheads. The multiphoton spectra.wére again
recorded under both linearly and circularly polarized excita-

tion.

5.3.5 Power Dependence

Following the discussion of Chapter.l.s, a study
was conducted to’ﬁetermine the number of absorbed quanta
responsible for the observed spectra. The‘dye laser wars
tuned so as to give maximum signal strength for the strong
17299.505 cm™! transition of the 1271, molecule (Figure 6.7).
A series of neutral density filters were placed, in turn,
in the optical path of the NDL‘and the averaged signal from
the boxcar monitored. This was repeated several times for
each filter, after which thé'mean fluorescence signal for
each value ‘of the dve laser'attenuation-was cél;uléted. The
flucrescence‘and-la;er intensities were then normalized such
that the maximum'vaiue of each (obtaiﬁed with the unattenuated
beam) was 100. These.findings‘are summarized in Table 5.5.

In accord with equation (1.9), a plot of the logarithm of the

normalized fluorescence signal (7) versus the logarithm of

the normalized laser intensity (I) is'displayved in Figure

-

5.7. A least squares fit, determined the slope of theilinc

for this plot to be 1.93(11), thereby indicating absorption

of at least twe photons. wa'photon absorption can be, however,
definitely ruled-out by neting that if this were the case the

-~

upper state would lie near 33000 c.:m"l and be-of gerade symmetry.
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Table 5.5

- Data from Power Dependence Study

112

= 17299.523 cm’ !
| r 1

' . ' laser )
avr. output . attenua;lon
(dc volts). §T log(sT) ’ ($T) ~ log 5T
2.65 (5)2 100.0 2.00 100.0 2.00

. . .4 -~
0.81 (3) * 7 30.5 1.48 50.0 1.70
0.27 (2) 0.2 1.01 31.6 1.50
0.08 "(1) 3.0 0.48 15.8 1.20
0.00 (1) 0.0 - 0.0 -
a estimated uncgrtainty in last figure



‘Figure 5.7

-

Plet of logarithm of the normalized
fluorescence intensity versus the
logarithm of the normalized laser

intensity. Data for the plot is
given im Table 5.5.

-
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“As the excited state was monltored'by observ1ng radiation
emltted at 310 nm (32250 cm ) it 1mp11es (Table 2.2), that:
the lower terminus could only be the ground state of the-
‘molecule. However, such a transition (g-g) is rigourously
forbidden TUnder the electric dipole selec;ion rules outlined
in Chapter 1.3. ‘Ihe;efore, the lowest possible number Sf .
photons ébsorqu to give rise to multiphoton transitions in
this spectral fegion is three. This number cén.be reconciied
with the slope determined from the above plot by assuming

- that the multiphoton transition is resonance enhanced via

an optically saturated BO+ -XOE Single photonr transition.
This assumptlon 1s reasonable as the dye laser pulse intensity
at the center of the sample cell approaches a calculated peak
value of 500 kW/cm (1.5 X 10“’4 photons cm = s'l at bOOORJ.

In fact, an ideﬁtidal power aepéndence study using the I'-

LIF reference cell showed that even the unfocussed dve laser
emission was. capable of inducing partial saturation of the
30u’ -kOg transition.

A three photon absorption process places thé highly
excited state(s) near 50000.0 cm'}. This is in good agreement
“with the energy of the fiuoféscent light (35250 cm'l) plus
the I(~ P

+ I(ZFS/Z) dissoc@atipn limit (20147 cm'lj

/

2
L2).

LR I S

(Figure A finding of n=3 is in accord with the con-
‘clusions of Chen et al. (108] and with those of Ishiwata and
colleagues [114].

Higher order nonlinear phenchena may account for

some of the observed multiphoton lines, but they are expecrted
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.to be wecak given the relative magnitudes of the absorptiv-’
“fties (Chapfer 1.2) and the 'moderate’ exc¢itation infen-

sities employed in this work. Analysis of the.spectra' .
proccededhon the assumption that the multiphoton lin€s were.

due to resonance enhanced fhreé ﬁhoton abs&rption. Here-
after, OdDR spectré obtained with the use of a single dye

laser éfe_referred to as 3P1C. (3 photon,_single colour).

L

5.3.6 Polarization Dependence \

'“Since_fluorescence intensity is directly ﬁroportional
to the rate of\absorption of photons’at a given freduency-
and thus to the square of the_transition_momeﬁt (Chapter 1.2),
it can be used as a measufe of.the relative transition _ .

-

amp%itudes‘oﬁ multiphoton lines in linear ana_circular polar-

lzed light. ‘ |
Comparison of spectra recorded over the same spectral

region with ‘the dutput of the dye laser first‘linearly

polarized and then circularly poiarized indicated the presence

of at least one upper state.of ou’ symmetry. This was shown

by the reduction in intensity of certain prominent lines when

excited with circularly polarized light. .These éould be identified

as Q (4J=Q) branch transitions in a two photon AQ=0.e1ect-

ronic transition from the BOu state.. By far the majority-

of the stronger lines (in linearly polarized light) were

subsequently found to belong to Q transitions (Figures

6.7 and 6.14). However, definitive assignments of the
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‘spectral_iipes (Q or non-Q) we}e'not always possibi;.-‘this

was espécially the.case'ﬁith thc weaker.transitions, whose in;én;
'sities were ;pafticularly sugggptiblekﬁo short term fluctua-
tions in the dye laser outbﬁt power. “Relétivcly large varia-
tions in peak amplitude were:féﬁnd'for these Iings: Other

‘liﬁes were blenaed? which made'unambiggous branch assignments

. difficult. Hdweger; experiment indich:ed that the tgcbrqtical

value of vy = 3/2 (Tab}erl.Z) was not exhibited for some.of

. the §nrongef'0 and S branch linés. For example< the intenéity

“of the multiphoton transition observed at 17301.814 cm'l

v . AY
(Figure 6.7) appearedinvariant to the polarization state of
the radiation field, even'thoughvén'eﬁhan;ement'in signal
strength is predicted,based on the assignment of the
line, when'the mu}tibhoton transition 1s excited by
circularly polarized light. Repeated scans of the region
shown in Figure 6.7 verified the relative magnitudes of all

~\_\\‘the transitions shown.

Many of the non-Q branch assignments based on the

L)

polarization dependence of the transition (as given in Appendix

A) were only possible because the reduction in intensity when

irradiated with circularly polarized light was so pronounced for

-the transitions which cbuld be definitely identified as Q lines.
In agreement with Ishiwata et al. {114}, our observa-

tions of the polarization dependence of the five lines in

common with theif study indicated they were due to 4J=0 trans-

itions. The earlier workers quoted an average value of 0.2

_3



for y (cquatlon (1 7)), by measurlng the 1nten51t1es of the'-‘_
c1ght lxnca {(all Q branch) in linearly and czrcularly polar?
ized 11ght. Qur study conducted on the five llnes in common
resulted in a mean value of 0.22(:) for Y-' A value of vy for

- the Q branch lines, though nomlnall) J dependent (Table 1 2)

- could be determined prlor to the analy51s of the spectra .
(i.e¢. the rotational analysis) by using the limiting form of
.the expression for y valid at high J™ Given in equafibn tS.l).
this formula can be appliea to a molecule sncn‘as iodine where

high J levels (J>30) are routinely encountered.

y = __-_EU;_; (valid.forAQ'brancn transitions) (S5.1)
2+40 (=) I
U

The experimental value of y enables the ratlo of the
square of the electrdnic transItion amplitudes, (U /US) R
to be estimgtgd as 0.29, Tnis value implies that the |
intermediate virtual state is predominantly of 0;
character [27].

The reason why Bray and Hochstrasser's [27] relation-
ships are obefed qualitatively rather than quantatively may
" be as follows. In their study it was 1mp11c1t that the
M bublevels associated with the J level of the lower state
were cqually populated prior to the-two photon excitation to
the higﬁ.lying states; In our case, however, the absorption

of an initial photon to the BOZ state gives rise to an



anistrqﬁic M population distribution due to the sélection
fuiés;oﬁflined in Table 1.1. If the simulténeous absorption
of two photons should occur beforé the M sublevels can |
equilibrate then this would have—to be taken into account in-
the derivézion of relative transition strengths in linear

and ciréular polarized light. It has been suggested, that if
thé initial sequgntial absorption étep is saturated‘tbeﬁ the
population of the upper state levels becomes independent of

M [153]. _Ii this were the case then the theoretical values of
Yy given in Table 1.2 should hold true in our work. ‘The'fact
that they do.not implies the initial absorption step plays
some role in determining the relative transition amplitudes.
While investigations of the polarization dependence of simul-
taneous three photon transitions have been conducted [22]

2
) ‘ . N
none have considered the role of resonance enhancement on

individual rotational transitions.

5.3.7 Discussion of Single Beam Spectra

The total absorption-cross-éection (cT), following
the discussion presented in Chapter 1.2 for a resonance
enhanced (at the single photon level) three photon transition,
1s given by the expression Selow;

- (1) - (2) '
°T ~ °SEqQ  9sIM , ' (5.2)
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In equati PICO - | *. yo*
n equation (5.2) QSEQ is the cross-section of the Bou_xog
. (2) ) ‘

-tranaition and-csIM fepresents the

ross-section for the
'twd-photoﬁ simultaneous traﬁsition out Jof .the real inter-
~mediate state. To be allqwed, transifions must satisfy TWo
sets of selection rules (Table '1.1) Such that the segupntial
and the simultaneous cross-sections are noﬁ-zero. A further
‘constraint on possible 3P1C transitions is the requirement

-that the resonance criterion, given in equation (5.3}, must

be fulfilled.

2(Ey(vy,d5) - Ej(vy,J5)) = E3(vs,Jds) - Ep(v,,d,) -

-

. © 205 T 93y | (5.3),

F 4

* In the above equatiocn, El’ E, and E3 are the term values

‘of'tﬁngfound, intermediate and final states reépéctively.

) These engrgies ire functions of the vibratioﬁal‘(vl, Vs, vSJ
hn&:ro{ational-(ql, SER Js) quantum numbers \\(equationﬁ4.lj).
The siﬁglé photon transition fregquency (which is also the
frequency at whichsthe non-linear transition is oﬁseryeq in
the spectrum) is given by ;21,and csz-'represents thélgre_
qucncf'of the two photén transition fromgphe Bb; ~state to the
highe£ lying states. The selectien rule’s and resonance crit-
erion combine to give rise tu the Seemingly‘random frequency
distribution of the ogserved 5P1C lines, which is particularly

evident in the spectra in the R6G and Kiton Red dve regions.

Z
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- " The ana1y51s of classical (linear) spectra is based -

on the separatlon of regular spectral features, be thev

~bandheads (v1brationallana1ysis) or adjacent lines within a

given .rotational branch., Such features are usually readily

discernible and offer a relatively straightforward analysis

of the spectrum to yield molecular constants (Dunham co-

afficients) for the upper and lower electronic states. The
situation is much more complicated in multiphoton spectra

whén one or more of the absorption steps is resonance enhanced.
Al;hough_relationships can be derived to calculate the
frequencv dlstrlbutlon of the allowed rotational branches,

thev are of limited use in the direct analysis of the spectra

-

due to the paucz*» of observed lines in an\ glven branch. It

-

is instructive, however to see how these formulae are developed

through consideration of the rotational selection rules

applicable to the observed absorption pathwayv ahd the reson-

ance constraint (equation {5.3)). For example, a single

photon R transition followed by a two photon Q transition

would be given as in equation (5.4);
F

ES(VS,J1+1) = S(EZ(VZ,J1+1) - El(vl,JlJT + El(rl,Ji)

) (3.4)
The term values can be expressed in terms of the molecular
constants of each state fbllowing equatdon (4.1). Upon
sub:tltutlon inte the aporonrlate equation (35 4)-1ike express-

ion and sub:equent rearrangement, the branch relationships for
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tranaztlons were con51dered from v

~0r-oF

the 51t allowed branches (Flgure 1 1) of an 0 a0y

£.

-three photon tran51t10n (o, Q, or S two photon line pre-

ceded by either -an R oTr P pump tran51tlon) can be evaluated
These etpre551ons are listed in Table 5.6.

The initial step in ‘the analysis was to calculate

. - + o
~all the possible resonance BO -tog.tran51tlon> ‘'within a

certaln bandw1dth of, each experlmental 3P1C frequencv This

was convenlently done using a Fortran.routlne (SORTCH) that

calculated single photon transition ffequencies and compared

these values with the observed 3P1C transition energies,
, _
Transition frequenc1es were calculated using. the ground state

Dunham coefficients glven by Tromp and Le-Roy [89]) 'and the

constants of Hutson et al. £88] for the BOu state. The validity

& N y . . . )
of using sets of parameters: from different sources was checked

by comparing calculated line frequencies against the exper}/‘ﬂa

mental values listed by Gerstenkorn and Luc [86]. EXcellent
agreement, to within-> 0.005 em * was found in all cases.

This finding is not surprising as both studies u:ed the same

-

set of mea:ured line positions with which to determlne molecular

parameters. The correspondlng DupE?m coefficients for“the
12912 molecule were derived from the above constants using
equation-(4.4) and the appropriate value of thc mass scaling
factor from Teble 4.2,

in selecting possible resonance lines, single pjoton

1=0-4. Transitions originat-

ing from excited ground state vibrational levels were considered
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.. for two reasons. First, an appreciable fraction of the e

‘molecules are vibrati;nally excited at room témperature-i .
(v 35%) and sébdnély:.tfansitions frdm these excited.leVels:
to the éQ; state are favored 6n Franck-Condon grounds in

this regionlofﬁthe‘spectrﬁm. This lattfer point is espegiaily
relevant with respéct"td-the multiphoton épéctrum recorded

“with Kiton Red dye. AFQ? well-determined, unblended 3P1C
lines a tolerance éf Y 0.15 em™t was usedfiﬁbseleCtihS
pQSj;ble pump levels. This arbitraf}'limit not“only took
into account the bandwidth .of the dye laser but élso acknow-
ledged the possibility thét'in some instances, perhaps the
pump f;equencvaas slightly off resonaﬁce. With the above
tolerance limit (ranging to 0.3 em’t for broad 3PI1C features)

an average of ten possible.pﬁmp lines was found EB}\bvery

s
- -

experimental frequency.

As t;adifiondl methods of anaiysis.kere of little.
ﬁse in unraveling - the 3P1C spectrum, a varieiy of novel
approaches were tried in an'attempt to assign spectral features.
While tentative assignments could be made for localized
regions of the spectra, an overall, consistent analysis
was not found. Aside from the overwhelﬁing number of possible
J assignments for each 3P1C line, “the main obstacle lay in

not knowing the number of upper states contributing to the

observed ‘spectra.



5.4 Two Beam'Spectra

Only one report of two beam mu1t1photon abaorptlon
(n>2) "had been published concernzng the iodine molecule
[(109] prior to this‘study. Desplte the high resolution of
this MPI study, a rotational analysis of the spectrum was
not offered. ﬁote recently,-OODR studies of a similar
nature és those discussed here have been reported for the
Bry [154] and Cl, [155] molecules. |

As stated earller (Chapter 35.6.3), the BDL was used
to pump the BOu state while the NDL was scanned to induce
two photon absorptlon from the populated intermediate levels
to the higher lv1ng states. Hereafter, the two beam spectra
are denoted as 3P2C (3 photon, 2 colour). The advantage in‘
employving two beams to stimulate multiphotoﬁ transitions is
the extra experimental degree of freedom it dgfers relative
to the single beam work, since the pump and probe frequeﬁcieb

: <
can be varied independently.

Extensive spectra were taken using a2 common dye (RoG
or C-540A) in each laser. The details regarding the spectral
regions covered by these scans are given in the next chapter

Double peam spectra were not easy to obtain expeti—

N ]
mentally.” This was primarily because of the limited amount

of excimer radiation available for distribution between
the two dye lasers. Unless both lasers were operated near

.. s . —mm o, - . g
maximum efficiency, 3P2C signals were not observed. Indeed,

it was often difficult to record even 3PIC lines generated
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by the probe laser aloné when the excimer raaiation was &ivided -
between fhc two dyc lasers. The problems iﬁ obtaining 5P2C
spectra are clcarlf demonstrated by the few, relatively

lng, molecule. This was in

-

weak traces }ecorded for the
spite of the facg that the single beam spectra were quite
intense. E#perimcntal difficulties in'the preparation of the
radioisotopic molecule were believed responsible fo; the
rclative weakness §f the double beam spectra. It is well
known that th;—BOZ state is.efficiently quenched ﬁy foreign
gases [156], particﬁlarly large polar molecules [157] such

;2917 sample.

as ether, which was used to extract the nascent
Trace amounts of this solvent wouldjteﬁd to depdpulate the

BOZ "state and hence reduce‘therthree photon-signal strength.
This would in particular, adversely affect the two beam transi-
tién amplitude becausé of the temporal delay petween the pump
and probe pulges. In addition, as outlined in Chapter 1.2,

the ion-pair states of iodine also undergo rapid collisional
energy transfer when excited in the presence of foreign gases.
Indeed even trace amounts of impurities have been shown to be
effective in bringing about population redistribution [S56].

In general,'the double beam specfra exhibited much
lower S/N ratio thaﬁ the narrowband single beam studies,
because of the lower intensity of the NDL output ana the
unavoidable jitter in the overlap of-the two beams. The later
introduction of an amplifier cell iﬁto'the probe beam and the

resulting easc with which 3P2C spectra were obtained (after



gompletion'of.this work) unequivocally showed that the

e ¥

‘attenuated NDL output was mainly responsible for the difficulrey

in observing 3P2C transitiops. On average, the 3?26 lines
were found to be less intense than the 3PIC transitions recorded
on the same trace. However, the rclative signal strengths
'were'found to be reversed when the svstem was operated in the
alternate two colour mode-(i.e. single dve laser). This is
perhaps because factors influencing the relative spatial orienta-
tion of the tyo beams (i.e. thermal gr#dionts in dyelcell)
affected both beams in a similuf fashion thus increasing the
observed 3P2C signal intensity relative to the dual dve laser
approach. The reversal of the relative signal strengths of the
- 3P1C and 3PIC iines when cperating in this mode is clearly
shown 1in Figure 6.5, in which the probe laser :cun includes
the S?IC lines near 17180 cu'l {Figure 6;6). However only a
few traces were recorded with this configuration ow{ng to
experimental difficulties associated with mode campcritiun'bct;
ween the two beams along the common optical path through the
dve ceil. The following description refers then, to the dual
dve laser approach, unless otherwise stated.

: —

Many‘SPlC transitions, excited by the NDL alonc, were

conspicuous .in the double beam spectra.  The {reaucncies of
these linés, in contrast to the 3P2C lines, were of course
invariant with'respect to the pump laser frequency. The singie
colour lines could also be readily identified by comparison of

[

- - - f .
5PiC and 3P2C spectra recorded over the same spectral region.
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Thosc‘SPZC traﬁsitions"ofiéinating from ﬁ‘éémmon 30;. rqvibra;
tional lecvel tqﬁéisted of_a,strong line'fianked'on eiphgp
side by a much wgakér line (Figure 6.3). The observed érip—'
let structure was consistent with vﬁé-oz symmelry assignment
of the three photon excited ;tate(s) from the pdlarization‘
analysis of the 3P1C spectrak. . ‘

| When the lasers were operating satisfactorily,
3PZC spectra could be obtained for any given pump laser fre-
qﬁency within the dye profile. Indeeé, if the NDL scan was
cxtensive (>30 cm'l),at least two BOL rovibronic levels could
usudally be identified a§ giving rise to two beam spectra. ‘
This was a consequence of the high densify'of lines in the
BOG-XOE_ single photon spectrum and the rel;fively large
bandwidth of the BDL. At any one pump frequency, a bandﬁidth
of 0.7 cm'l enabled, in princ}ple, the simultaneous pﬁmpiné of
abouf 20 individual Boz-xq:trénsitioqs (for vi = 0-2, J1 =
0-150). Most of'thése pumped transitions did not give rise
to subsequent two-photon transitions due to such reasons as
selcctioq rules, Franck-Condon factors and the limited spectral
. région covered.By the probe laser.

| Generally, for each pump freduency, the NDL was
scanned over as long a wavelength interval as possible. This
greatly facilitated the subsequent analysis of the spectra,
as each 0, Q, S line grouping was separated from the adjacent

triplet structure (due to the next vibrational level of the

upper state) by approximately one half the energy difference -

,—---\
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of the rotationless levels.

-

. The most useful of the 3P2C experiments were those
conducted with thg pump laser set ét a_frequency correspond-
ing to the.bandhead of a BOG—XOE vibronic transition. Each
banﬁhead'consists of a number of closely spaced lines of .low
J, and when these lines were pumped simultanéously, the ‘
corresponding 3P2C speétra showed a ser}es of broad ﬁead‘like
feétures which could be easily distinguished from lines due
‘to transitions betweeﬂ levels of high J. The most compre-

hensive of these studies were performed pumping the heads of

the 14-0 (Figure 6.1) and 20-0 {Figure 6.2)-bands of 27y
f 129

-

as well as the 15-0 band o I,. These readii§'disccrn-
ible features enabled the vibrational intervals of the three
photon excited states to be approximatelv determined. fhis
was to prove invaluable to the analysis of the single and™~
double beam spectra, as will be made evident in the next

L

Chapter.
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CHAPTER. 6 - - PRI -
_RESULTS AND DISCUSSION

0.1 3P2C Bandhead Analysis

‘As mentioned in Chapter 5.4, the 3P2C ‘spectra obtained

~ with the pump laser set at the low J-value heads of various

BOG-XOF bands showed a number of head-like features. The -

lower energy 3P2C heads for both molecules were observed

' while pumping the respective 14-0 bands. An example is shown

in Figure 6.1,in which three such features. are evident for the
1271, ngfecule, The higher energy OODR heads for the lighter

molecule were recorded when the 20-0 band was pumped, as shown

~in Figu}e 6.2.

Almost all-of these characteristically broad JPZC

features (llqtailn Table 6.1) were 1dent1f1ed as components of

onc of two main progre551ons. Both of these series were observed

for each isotopic molecule

The most extensive progre551on of aPZC heads (for con-
venicnce, temporarily denoted as the ¢ system) demonstrated an
' 127

average spacing of 37 cm™? for the I, molecule. Eleven,

non-consecutive, members of this system were observed for 12’12

~and three for the heavier molecﬁlc as'listed in Table 6;2. One

of the.lower lying 3P2C heads of this systeh‘is shown in
Figure 6.1, while Figure 6.2 depicts the four highest lying

>

members of this system. .These latter heads were separated by

129
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- Table 6.1 . -~
Observed.3P2C Head-like' Featutes,
dpum‘p (en™ ) “probe (em™h _ E-S-.(Cm-h.-

17515.8 173517.8 - 52088.4

o 17304.0 © 52050.9

" 17292.5 52007.9

; v 17279.5 . 51981.8
; -(?// 17243.5 51909.8
T , 17240.7 51904 .2
" 17239.1 S s1901.2

" 17174.6 - 51772.1

oo 17167.2 51757.4

K 17163.9 51750.7
" 17124.7 51672.3,

" 17091.3 151605.4

" 17086.0 51594.9
17345.6 52214.9

17884.3 $3768.5

. 47848.8 53697 .6

17812.8 53625.5

17776. 53552.8

17311.8 52035.0

173077 52026.8

17305.4 52022.2

17384.6 52280.8

17564.7 52240.9

173697 52251.4

17331.7 52174.9

17321.2 52153.9




Figure 6.1

/

3P2IC spectrum of the-lj/ > mo}ecule‘
Pump frequency = 17315.84 cm’ (14-0
BOu -X0% bandhead). -Indicated are
3P2C héads originating from the ¢

- (Table 6.2), ¢ (Table 6.4) and F'D
(Table 6. a) upper states. :
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Table 6.2 E ¢

Assigned 3P2C Heads for ¢ System

7. . T 129. .
IZ : ) Iz

) . ‘ Esﬁ(;m-%)

—————

51594.9 k 52022.2

u
=
h
~J
[§9
[#2]
-~
+

[§¥)

52174.9

[ #3]
(]
~J
.
<
=~
W-
+
[#] ]

52251.0

w1
e
w
o
=
g%

un
[¥2]
[y}
U
-4
o

%4}
(92
~1
o
[7e]
w

n is an arbitrarv integer.

kK 1s an unknown integer to be determined.
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Figure 6.2

Pump frequency = 17892.9 “cm-l (20-0
u-X0% bandhead). Indicated are the

T : e
SP2C spectrum of the %“’Tg molecule

_four -“highest observed 3P2C heads

originating from the ¢ state. A$ will
be shown in Chapter 6.3.4, thev are due
to emission from v=78-81 of the FOJ

state. Note the interrupted frequenC\
scale.
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-1 in the double beam bpectrum correbpondlng to,

| aBéut 36 cm
an uppcr state V1brat1ona1 1nterval of approxlmatcly 7’ em” l
'Most of the intervening aP’C heads werée not observed u::ng the - -
. above B0 -XO bands, due to the llmlped extcnt of the probe
44f‘QUency scans..rﬁnfoftunately,_pgmpiﬁg‘iﬁtérmcdiqtc v, lcvcls-
at I§w J kas ‘nét very successful in giving 3P2C head-like
features as the required. pump frequencies could not be pumped
strongl\ This was .a consequence of the dye concentrat1ons
employed (RﬁG and C-540A) and the resultlng wavelengthb over
which the cav1ty lased efficiently. '

The upper state term values given in Table 6.1 were-
-Jcalculatgd (using equation (6.1)) frdm-£he positions of the
3P2C heads, on the assumption that the high frequency edge of

the feature coincided with the two photon band origin,
‘ Eg = 2 (Gprobe) + E; (v,,0) o (6.1)

where ¢ was the frequency of the NDL at which a given

probe _
3P2C bandhead was observed. E,(vz,O) represents the BOL state

rotationless term valué (equation (4.12)) relative to the pot- -

ential minimum of the ground state. A least squares fit to

2 ' : ‘
l"/I2 data in Table 6.2 yielded the following constants

with a standard deviation of 0.86 cm"l;

the -

Eg(n) = 51594.18(69) + 78.24(19) n - 0.12(6) n°
-~ (6.2)

where n is an arbitrary integer (n=0-29). The rclatively

low value of the vibrational .interval suggests that this -
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progression is due to transitions that terminate on highly
cxcited levels of a lower lfing,(Tc <<.51594 Cm-l)e1ectronic
state, such as one of the gfn-péir states correlating to the
I+(°P, or.JPl) + I'(IS) diabatic dissociation limit.  As only
IZQI

three  3P2C heads were observed for the molecule, the

yA
assignment of .absolute vibrational quantum numbers was not

' possible on the basis of these spectra alone.

A second series of 3P2C heads exhibited a spacing of

about 65 Cm'l

in the OODR spectrum for bpth'molecﬁles.. This
corresponds to an actual energy sepération of approximatelf '
13.0_c'm°l between adjacent vibrational levels in the final

state. Thrce members of this system were observed for each
isotopic ‘molecule,as listed in Table 6.3. These heads were
accessed via the respective low vz béndheads of both molecules.
Comparison of the 3P2C headrfrequencies to the values derived
'from the vibrational term valueé cdlculated using the constants
given by Ishiwata et al. [114] for the 127I2 molecuie, identified
the upper state of this:progression as F'OG. The lowest
;ying member &f our series of heads (shown in Figure 6.1) was.
tentatively assigned to v;=0 (in agreement with Ishiwéta and
co-workers), as no member of this progression Qas observed to
the red of this feature. This was despite the fact #hat strong
heads were recorded for other systems in this region of tﬁe
spectrum using the §éme pump frequencies. All E3 values cal-

culated from the observed 3P2C heads of this progression for

both isotopic molecules were fitted to a common expression (using
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Table 6;%

Assigned 3P2C Heads for Transitions
to the F'0] State

7 i
12/17 1...9I7
-1 Sl
v E: (em ™) v E3 (em ™)
0o - 51772.1 2 52026.8
1 51901.2 3 52153.9
2 52030.9 4 ' §2280.8
>
o«
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the mass reduced scaling factor, ») to give the following =~ - -

127 .

‘constants (applicable to the I, molecule);

N
E5(v3) = S1707(1) +129.85(92) (v5+0.5) - 0.32(18) (v5+0.5)2 ™

- | - 6.3) -
- Although experimental evidenée strongly supported the above
vibfational.numbering.scheme (v3=0-4j, a 'rotational analysis
was necessaryrﬁo unequivocally determine absolute assignments.
For‘instance, it was found'by trial and erfor, that  increment-
ing the numpering by one unit yielded a slightly lower standard
deviation for the fit. e

Aside from gbe,abové systemé, several othef heads
were observed in the 3P2C s?ectra for both moleculeé. Three
such features separated by about 150 em L were observéd for
‘the 127§2 molecule (Table 6.4). These bands were nearly
coincident with every other fransitiﬁﬁ of the ¢ system, as
can be seen in Figﬁre 6.1. Another very intense feaéure,

“ N - - - 2‘
for which E; = 52007.9 cm ! vas also recorded for the ! ‘1,

129 . C
I, molecule, two unassigned bands were

moiecule. For the
observed @ﬁich gave E3 values of 52035.0 and 53240.9 crrfl
respectively. It could not be determined on the basis of these
spectrd if one or the other belonged to either of the frag-
mentary systems of the lighter molecule.

Wifh a prgliminary vibrational (low J) analysis cSmﬁleted,

as

I

ignment of the high J lines in both the 3P1C and 3P2C
spectra could be attempted. The remainder of this Chapter is

subdivided into sections dealing with each of the observed

/ ;
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K. - Table 6.4 .-

Assigned 3P2C Heads'ggr Frag: -
I .

mentary system of 12

n Es (Fm-l)“’r'
o £ 51605.4
1 51757.4
2 51909.8

. 138
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3-photon excited states.

6.2 ~The F'0 State

6.2.1 The High J 3P2C Analysis

fhe fifsf of the three photon excited stateé to bé
discussed will be the one designated as F'OZ by
Ishiwata and co-workers [114]. A presentation of the dpuble
beam analysis will be given prior to the discussion of |
the 3PIC results,as the spectra were interpreted in this
order. Much of the discussion given in the two following
sections will be pértinent to the analyses of the other
three photon states';o be presented in subsequent sections
of this Chapter. .

All of the observed 3P2C transitions ferminating
on the F'O; state were found to be the result of using
pump and probe frequencies within the R6G dye profile. The
strongest of these OODR lines originated from individual
rotational transitions comprising the respective 14-0 bands.
A summary of the 3P2C spectra collected for the F'OS state
is given in Appendix B which includes the BDL freguency and

- -

the pumped single photon lines ‘as well as the probe . fre-

quencies for which é;;igpments were made. 1
As noted in Chapter 5.4, the 3P2C high J transitions

were assigned to line triplets, corresponding to the aJ=-2

(0 branch), aJ=0 (Q branch) and aJj=2 (S branch) two photon
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transitioqs f;om the pumped BU+ ievél. ‘The ﬁrobe fréequencies
of the assigned transition§ in con;unct1on ‘with the calculated
-~ energy [88] of the rov1bron1c level of the BO level being

‘pumped (E, (vz, 2)), we?% used to halculdtc .the upper state
term value fof €ath &qlhe of J5 from the rotationally depend-
ent form éf equation (6.1).

As the BDL frequency‘decreased (pumping highef J for
a given BOZ-XOE band) the strong, readily discernible, Q braﬁch
‘lines of a given-vs-v,-v, transition were observed to shift
to the red. This indicated that the rotational constants of
the pumped vibronic levels of the BOZ state were greater than
thosg of the vibrafional levels of the F'OG state accessed by
the probe lasé;. An example of.this behaviour is shown in
Figures 6.1 and 6.3 and 6.4, for which the pump frequencies
are 17315.8, 17282.1 and 17248.5 Cm'l,respectively. These
-frequencies excite successively higher J values of the 14-0
BOU-XOE band, from which subsequent two photon transitions
are observed to the corresponding rotational levels of the
uppér state (v3=0). |

~Figure 6.5 shows a 3P2C spectruﬁ obtained using the
NDL alone to generate the pump and probe beams, which clearly
“shows the 0, Q and S two photon branch lines to the first excited
v1brat10nal level of the F' 0 state follow1ng single photon
excitation of the v2=14,J2=98 rovibronic level of the BOU state.

The broad bandwidth of the BDL (dual dye laser mode)

when pumping in the range Jl = 25-100, usually resulted in one

R and one P branch line being excited simultaneously for each
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Figure 6.4  3P2C spectrum of the

pump frequency (cm *) v,
o 2
17248.672 14
17248.475 214

A
l'II-, molecule.
v J J, E (cm'l)
1 2 2 .
0 75 76 17466.862
0 82

81 174906.096
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- differed by no more than the linewidth of BDIL. gddltlonallv

. v -.p-

pumped BO., ng v1bron1c tran51tlon as ev1denced by Figures
6 3 and 6.4 - : : ' . S ' .

Due.-to “the uncertaiﬁty in the determination of the
pump laser frequency with the usual method of chlibration

(vra monochromator Chapter 3.3, o) at Ieest two alternatlve

betS of J values for these P and R lines could be initially

'a551gned as’ serv1ng to populate the intermediate state. It was

- <

therefore possiblée at this stage to be in error by one, or '
even, two quante in Jl (and hence J7 and suosequentlv Jo )

rn the asszgnment of pump 11nes. Fortunately, any such
mzsassrgnment had only a small effect on the calculated upper
state- molecular constants. ThlS was because an increase (or
decrease) in the assigned ~value of J- relative to the actual
val¥e YEbUItS in a compensating decrease (or ificrease) in the
BOL state contribution (E-(g_ J )), equation (6.1)) ‘to the
calculated energy of the upper staﬁEVlevel As the analvsis.

proceeded the probabllltv of sucﬂ errors was reduced by.con-

blderlng the followlng tests. First, the tentative pump
assignments for a particular 3P2C spectrum were -required to

cerrespond 'to single photon tEan51t10n frequencies that

as more 3P2C llnes for a glven upner state v1bratlona1-level
. e 1}

uere abblgned plots of E-(w~,J } versus J (J +1) could be made.

.
A
g
-~

7 -9 -l

<For the puﬁpose-of these plots a value of Yo 5 =-3.0 x 10 » cm

> 0,2

was assumed, to correct for noh - 11near1tv due te centrlFugal

o

.(,? | :

~distortion. Howgver, such corregtlons werd very small (O 3 emt

1a'



Figure 6.5
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» .

at‘J3=100) for the range of_J3 values_encoun;Ered_in the

-

analysis. In order to obtain the best linear fit, a2 renumber-
ing of one or .more of the rriplet cluster; (0, Q and S'lines)
was sometimes in order. These plots were most useful 1E the
v1brat10nal level had been previously recorded as a head- 11rb
feature in the low J 3P2C scans. Though there etlbted a
high degree of uncertdinty in the pump line .assignment for
these‘scans, it made ihéignificant changes {(>0.2 cm'l) to the
upper state terﬁ‘felues (and hence the band origin) over a
large range of Jl values. Indeed, it-was this fact that enabled
the head-1like features to dlsplav‘thelr characterrbtrcallv
broad structure. These runs allowed the banﬂ origin, and
hence the absolute J numbering to be uell determlned As a

final cheLk on the 3P2C 3551gnments the Dunham coefficients
obtained from the concurrent SPlC-analysi;_(in conjunction
with the ‘constants given earlier for.tﬁe BOZ [88] and XOE
[89] states) were used to predict the position of the 3p2C
lines for each ﬁump line used and, where necessary, reaégignments
of the observed double beam lines were made. The wholc analy:
sis consisted of successive minor refinements that converged

upon a self-consistent set of J: values and their associated
rotational term values. In this respect, it was analogous .
to the classical analfsis of a high resolution single photon

-

.spectrum. »
Table 6.5 gives the number of 3P2C lines and .the range

of J values assigned for each 'vibrational level of the
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Table 6.57 - Summary of the 3P2C Assignments
'~ for the F'0] State
127.12 129]:.2
Numi;er’of Range , Number of Range
Assignments of J _ Assignments of J
81 . - 2-84 ' 0 . -
40 2-128. . . 0 -
37 2112 10 6-40
22 14-112 . 11 6-93
17 10-52 8 6 24
0 - 2 95-85
28 6-79 4 80-87
24-90 0 0
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respective P;O+ states of both isotopic molecules. The

upper state term values (E (v5,J5)) were fltted to vield . -
~ the low order Dunham coeff1c1ents (equat1on (4.1)) bv means

of a multlvarlate least squares routlne (“ULREG) Wthh was
based on the prlnc1p1es outlined in Chapter 4.1. AS the .
SPZC data was not extensive enough to yield a precise deter-
mination of the first order centrifugal disfortipn constant
(YO,Z)’ tﬁis-parameter was constrained to its'thgoretical

value, given in the Dunham approximation by,equation (6.1);

c

-9 -1

- , | L
Y0;2 = -4(Y0,1JJ/(Y1,0)" = -2.5 x 10 . cm (6.4)

The Dunham coefficients obtalned from the 3P2C analysis

of both molecules for the ET Ou state are listed in Table o0.on.
To facilitate caﬁparison'of the constants obtained from the
separate analyses, tha parameters given are applicable to the -
normal nolecule The relative imprecision of the constants

129

I, analysis is a direct result of the

derived from the
dearth of 3P2C data garnered for this molecule. A cilculutiun.
of the normalized correlation coefficients indicated a high
degree of.correlatioﬂ between eachlpair of coefficients, again
a result oF the limited extent of the data for ‘this molecule.
The Tresults of the combined 3P2C analvsis (incorporating'data
for both molecules) are also given in Table 6.6.‘ As expected,
these constants bear close résemblance'to those obtained from

127 i
I, analysis.

.

the more extensive
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Table 6.6
. +
The 3PZC Analysis of the F'0, Statg
Dunham _ _ e a'
(Coefficient 127, 129, 127, 129,
fcm 7)) n ) 2 2. 2 )
Y, , - - 51706.360(56)°-  51705.4(13) 51706.331(62)
Y, 130.790(36) 131.01(66) 130.750(37)
Y, - 0.4400(50) - 0.460(83) - 0.4327(53)
c,:: l .
LA 0.021942(11) 0.02210(14) 0.021969(11)
Y, -8.19(44)x107°  -1.20(33)x10°% - 9.39(40)x10"
. C =9 -9 -9
Y, , -2.5x10 L ©2.5x10 -2.5x10
o8 (el 0.29 0.34 0.34
_ _ 127 . 129
a constants refer to I, molecule, constants for. I,

7]

- e

molecule can be calculated using equation (4.4}

b numbers in parentheses correspond to one standard
deviation :
€ YO 5, Was constrained to its theoretical value of
4

.5x107Y en™! (equation (6.4))

d standard deviation of fit as calculated from equation (4.9)

b
-
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6.2.2Z The 3P1C Analysis

_ The analysis of the complex 3P1C spectra was facilitat- -

ed through the use of a Fortran routine (FINDI2). ‘This pro-
~éram, using (initiallf} fﬂe upper state constants obtaimed
from the prior 3P2C analysis, calculated (using equation
(4.1)) three photon term values over an appropriate range of
vy values and coﬁpared these values tp those derived‘using the
appropriate form of equationl(3.4)_for all the possible Js
-asSignments (J3=J2—2, JZ,J2+2)-for each,BOJ-Xog
transition, as found by SORTCH,‘for every observed 5PlC fre--

resonance
quency. If the difference between a derived and a calculated
term value for parpicular va%ues of vy anle3 was iess than .
a specifieé limit, the resonance t{igsition was selected for ]
further scrutiny before a definite spectral assignment was‘
. ' ' «
made. In searching for likely single photon_pump transitions,f‘
account was taken of the polarization analysis of the 3P1C
'l;net~.For exampIe, only term values for which J3=J2 were
cgl;ulated if the multiphoton line had previously been designated
as belonging to a‘two photon Q transition.

Several criteria were used when assigning one or more
resonance lines to an egperimental 3P1C frequency. The first,
as-mentioned-above,was the difference (AES):betwcen the
derived and.calculated three photon term values. This limit

was arbitrarily set to AES(cm’l) < 11.0+0.01 J5|. A sliding scale

was used to recognize the fact that the 'true' and calculated

three photon energies 3}' well deviate as J increaseds, where
. 1

2

&
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any discrepancies in fhc.SPZC derived constants would become
moré evident. Also taken into account was the ené}gy differ-
ence (pEl} between the single photon resonance freddency.

and the measured 3P1C freguency- For example, strong lines
wer¢ not normally assigned_t6 pump transitions for which

%g The value of v, and J; from which the

[AEI| >0.15 cm
resonance line originated was also considered. Thus, intense
5P1C lines were not assigned to single photon'pump lines

‘that emanated from vy > 2 or from J; > 120, even if the values
pfﬁdEl and AEg favored the designation.

In many instances more thaﬁ one assignment could be
made for'a giyen 3P1C frequéncy that satisfied the above
selection criteria. I1f, as was often the case, the line was
broa&, all of these assignments were incorporated into the
subscquent reduction of the. data. 1If, however, the multiphkoton
line was not noticgaply_broad the assigrment was éenerally_made

. + ' : .
to the Bou-xog resonance line of lowest v

-

1°.

.Once resonance frequencies for several 3PIC lines
had been assign;ad, it became apparent that eaéh measﬁred Q
transition energy was‘cqnsistently either slightly higher
. (or lower) than the -culatéd single photon Fraﬁsition fre-
quency (i;c} pump lines slightly off resonance). It was the
cxpcrimental frequencies, therefore, rather than the calculated

pump frequencies that were used to determine the upper state

term values, from equation (6.5);

. E5(¥5.95) = 30, + Ej(v],J) | : (6.5)

&
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where 95, is the dye laser frequency at which the 3P1C line
" was observed. As more 3PIC transitions were assigned, the
values"of,vs,..}3 and.ER (vS,JSQ were entered, along with
~the previous single beam assignments and the 3P2C data, into
the data file used by the least squares fitting program
(MULREG). The slightly revised Dunham coefficiohts obtained
from the subsequent multivariate fit were then used by the

FINDIZ routine to search for further 3PI1C transitions terminat-
. - o

ing in the rovibronic manifold of the F{OJ state., -This

-
X,

iterative procedure was repeated many times before arriving 7

2 T

at the final set of assignments.
The‘assignment of the 3P1C lines was aided by the fact
that multiphoton lines originating from a.common gq:-xq;
vibroric transition, if observed, fell with 0-20 cm"1 (depend-
ing on J,) of each other (Figures 6.6, 6.7 aﬁd 6.§). ‘The
relative magnitudes of the respective rotational constanfs
(B1>BZ>B3)l dictated that these lines usually occurred in the
following order with increaéing laser frequéncy: (R,O)*, (Pib),
(R,Q), (P,Q), tR,S), and (P,S). As notéd previously {Chapter
5.4), the strongest of. these transitionsiyqrc those that wé%e

associated with the two photon Q'branch ({R,Q) and (P,Q)),

as evidenced by the spectra shown in Figures 6.6 and 6.7.

-

* i.e. a single photon R branch transition followed by a two
photon O transition. '

Sa
..

IS -
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Figure 6.6  High reselution 3P1C trace for the 12

molecule over the 17175-17205 cm-1
region-in linearly. polarized light.
Assignments are indicated for transitions
to the F'0] (v=1) and FO (v=56,58) states.

I,
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Figure 6.7

ized

.
o e o 1275
High resolution 3P1C trace for the I,

molecule over the 17290-17300 cm-!

region in linearly and circularly polar-
light. ’

o

-
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As also observed in the 3P2C spcétra. the O and S two photon
branch lines kere,‘to.n first approximation, symmetrically
positioned aﬁout the Q line. At low J (J{15) many trahsi: =~ “—
tions of a given branch (e.g. (R,S)) became simultaneously
possible. Cougled with the relatively small scparation‘
between the pump lines, this resulted in giving rise to a
3P1C_head-like féature. One such featurc was observed ncar
17;33 cmhl for the 12912 molecuie for the 1-Lé-1 (v3~v2-vi)
tranqition Resonances aleIightlv higher J values (Jz15-25),
while permitting the excitation of multiple transitions of a
given type, resulted in a muchlnorc extended spectral feature
due to the increased separation beTWeen adjacent pump lines.
These e;sily recognized resonances tvpically displaved two
broad, closely spaced peaks sometimes followed at-slightly

lower energies by one or morge narrower transitions of much

weaker intensity. These features, such as the one observed
for the - 9I: molecule near 17595 cm b (9-17-0) proved
‘invaluable to the analysis of the 3PIC spectrum. As Jy
increased, the individual 3P1C branches became resolved, due

in part to the fact that fewer resonances occurred: the

relatively large energy separations between the respective
. . R L+ - . +

adjacent rotational levels in the xog,_sou and F'Q,

precluded the simultanecus fulfillment of the resonance .

states

requirement (equation (5.3)) and the rotational selection rules

for a3ll six branches. As Jl further increased, fewer and

- . - - -
fewer of the three photon branch lires from a common BOU-XOS
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vibreonic transition wefe observed. Abave Jy~120, usually
juss ane of the possible 3P1C lines was observed. This made
assignments involving high J transitions tenuous. Slight
changes in the assumed value of t;; centrifugal distortion
constant resulted.in a completely new set of high J assign-

ments. For any reasonable value of'YO 5, & set of 3P1C assign-
2

ments could be made that appeared to supporf this value. So,
the same approach as adopted for the two beam analysis was
used, and YO,Z was held to its theoretical value (equation
(6.4)) of -2.5 x 1077 cm L.

Extension of the 3PIC analysis above vs=% (the highest
vibrational level observed in the 3P2C bandhead traces) was
also difficult. Without 3P2C determined band originslto
anchor the 3P1C analysis, a number of plausible assignment
pathwavs were evident. Hampering the analysis above v.=4

~

act that only a few Q0DR lines were observed for

rt,

was the
each value of vy (with the exception of the low J assignments

. 12¢ .. ; X o
£OT vo=9, [.}. The final analvsis was arrived at by con-

s 1)

sidering the selection criteria carefully fer each 3P1C fre-

quency and deciding on which of the possible assignment routes
¢st described the data. In the end, the final analvsis
lncorporated data ranging up to vi=1ll. Most of the 3PIC
assignments (Appendix A) involved lines recarded in- the ROG
dve region. Only for the higher levels (v3>8) were transi-

tions excited by the C-540A dve laser assigned as terminat-

. - -
1ng on the F'0, state.



Figure 6.8

High resolution 3P1C trace for thf Lady

molecule over the 17350-17385 cm”
region in circularly polarized light.
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- ’ Table 6.7 . . -

Summary of 3P1C Assignments for P'O; State

127I7 ' 12917
Number of _ Number of
Lines Found Range of J Lines Found  Range of J
2 38-91 6 §2-120
9 36-99 19 0-91
8 33-132 6 10-93
5 58-110 g 43-138
4 60-117 7 15-110
0 - 5 6l-135
2 77 3 TS-100
2 120-128 5 75-122
0 - 1 1213
. 35-30 13 17-85
g - 2 Q0-95
4 52-70 2 57-538
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Table 6.8
The 3P1C Analysi§ of
the F'OL State
- ' )
~ --
Dunham .
Cocfficient 127 15% a 5o o )
(cm-l) = Iz\ = IZ 1~7IZ+1~912
. b

Yo 0 51706.07(23) 51705.95(18) 51705.98(14)

Yi 0 130.84(11) 130.937(82) 130.911(62)

Ys 0 -0.455(78) -0.462(68) -0.4599(49)

YD 1 ‘ 0.021966(28) 0.021971(20) 0.021970(16)

. -9.59(60)x10"" -9.97(39)x10°° - 9.88(32)x10">

- . : -Q

Yy o -2.5x107° -2.5x10°° -2\sx107°
o(em™ M) 0.41 0.49 0.46
a constants are given w.r.t. normal molecule
b uncertainty in the last digits that correspond to

one standard deviation

C parameter constraired to theoretical value (equation

(0.4)).
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A summary of the SPIC analysis of both molecules is oo
given in Table 6.7. The Dunham cocfficients gained from the
ieast squares anélysis is presented in Tabié 68, where as
before, the molecular pqrhmctcrs arc cxpressed for the normal

molecule. The excellent agreement between the two sots of

data indicated that the tentative vibrational numbering

. : < . 29
scheme presented in Chapter 6.1 was correct. The 129,

2

assignments (such as those shown in Figuro‘é.S) were compatible
with the criteria given carlier regarding spectral designations
and fully supported fhc above vibrational analvsis. Morc thun

twice as’ many 3PIC lines were assigned to this upper state
\ 129 - 127
tor the 1 molecule compared to the

[

I2 molecule, This
was primarily because of the two sets of low J assignments
for v3=1 and Q-rc;pcctively,for the heavier diatomic.
] - - ~

0.2.3 Discussion of the 3P1C and 3P2C Anhlyscs

Despite the relatively poor S/N ratio of the 3P3C
spectra, the standard deviations of the least squares {its

using the two beam data alone (Table (0.0) were lower than

.

_those-usihg‘ohly the 3P1C data (Table 6.8). This was the

result of a number of factors. First, the inclusion of many
low J(J=U-10) assignments for cach vibrational level enabled
more precise vibrational energies (and hence vibrational
Dunham coefficients) to be calculated from the 3P2C than from Vs

the 3P1C lines. This explains the relatively poor agreement

between the Yi 0 (i¥0-2) constants obtained from the combined
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- Table 6.9
- Fihal Dunham' Coefficients for F'OG State N
Dunham . __; , a
tOCfﬁCient 1271 12917 .
) 2 2
b —-- . .
Yv,0 51706.129 (59) 51706.129 (59)
Y, 130.932 (26) 129.912 (26)
Yy g -0.4614 (25) -0.4542 (25)
Yy 1 0.0219750 (92 . 0.0216340 (91)
. ~1.008(22)x10"? -0.836(21)x10"°
- -Q
Y, 4 ~2.5x10° 7 22.4x10°°
0 Lcm_L) 0.41
constants valid for v = 0-11

a calc., from those given for normal molecule uclng
equation (4.4)

b rel. to pot. min. of ground state

C uncertainty in last dlglts corresponding to one standard
deviation

d. coefficient constrained to its theoretical value
(equation (6.4)). f
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. . _
(1291, + °""'1,) single beam analysis and those from the

overall double beam analysis. The tﬁo beam operating mode also

~

allows the resonance requirement (equation (5.3)) to be

-

satisfied exactly, hence the observed-minus-calculated three
photon energies would be expected to be lower on average than

“those differences based on the 3P1C assignments. In instances

S

where relatively large deviations were observed, the 3P2C
assignment in question was often excluded from subscquent
fits, especially if it was a weak {usuzlly O or S§) line. On

the other hand, there was more confidence in the assignments of

the generally more intense 3P1C freoquencics as most were

recorded and measured on at least two separate traces.  As

a result, larger values of AE; were more likely to be tolerated,
which tended te incrcase the standard deviation of the fit.
The results of a global fit, which included the 3P1C

and 3PIC data gathered for both molecules are given in Table

. . . . 29
6.9, Prior to this fit, the 1 I, data were mass scaled

{equation (4.3)) to allow the melding of the data scts. The

a7
1“'1, Dunham coefficients were then converted to
129 .
I, molecule using

resulting
the corresponding constants for the

equation (4.4), and these parameters are also listed in Table

6.2.4 RKR and FCF Calculations -

The vibrational and rotational constants in Table
6.9 were used to generate an RKR potential curve {Chapter 4.4)

+ - - . .
for the F'Ou state. The derived semi-classical turning
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peints and the associated energies for each vibrational level
(vy=0-11) are given in Table_6.10. |

‘ B The potential curve obtained, in conjunction witﬁ
the corresponding curve for the BOJ lstate generated from: ~..
the-data of Hutson [88], was used to calculate a set 6} FCF's
for the two photon F'OszOS transition. -The potential curves
of both states are plotted in Pigu?e 6.9. As this electronic
transition is not saturated under the experimental conditions
employed in this study, (Chapter $;§.5) the FCF's are useful
in determining which spectral transitiéns will be observed. -
An array of FCF's for this system is given in Table 6.11 for
vs=0-11 and v,=10-26 (the levels involved in this study).

—

These values jere‘calculated for the hvpothetical J2=0-J3=0
transition, ind in the followiﬁg discussion are assumed to

be independent of J. The relative magnitudes of the FCF's

in Table <!l for the most part describe the observed 3PIC

and 3P2C spectra. For example, a decrease in the transition
strength is predicted between vi=1 and 3> when pumping va=14.

It was }ndeed found that transitions to v3=0, 1 and I gave

rise to 3P2C bandhead formation while pumping this intermediate
level (via the 13-0 BOG—XOE band). No such head was observed

for vs=3, despite the fact that the probe dyve (R6G) laser was f\\‘
still operating efficiently in the region (17367 cm™t) for

which the transition to v3=3 was expected to occur.

From Table 6.11, the value cf vs’which gives the

maximum overlap for a given v, level rises at a much siower

» S
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v Table 6.10
RKR Tufning Points for.
the F'0; State
0
U(r) 1-min(‘:") >
0.0 3.377 (15)
65.405 3.417
. 195.414 3.376
324.501 3.350 i
432,664 3.330
579.905 5.315
706,223 3.299
$31.619 —— 3.286
956.091 3.274
1079.641 3.264
1202.268 3.255 B
1323.9753 3.246
1444.754 5.238
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Figure 0.9 RKR potential curves of the F'0. and BOZ
‘ states. Indicated sye-the vibritionzl
- term values of the F'0F state and a few
T of those of—the BOG stite.
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rate than that with which the dye laser scales the vzbrat:onal.man!—
fold of the F' 0 staqg‘ For example. pumping the rotational

levels of v;=14 allow;-the possibility of recording, in the

-3P1C mode, - transitions to §3=0‘(J3m130), v3=1 (J$§9§? and

vg=2 {J;mdo) These upper and lower state levels aré also

coupled by relatlvely large FCF's (Table 6.11). However, when
pump1nélv'¥£0 the 51ng1e beam study results in the accessing
of_vsmls (from vl—O), well above thg FCE maxlmum at v3=o. _
This explains the absence of bandhead features for this system
in the 3P2C spectra when puhpihg v,=20 in this study. During
this work,.for those pump lines which excited transitions to

the f,;ZO level (Appendix B), the probe laser was only scanned
over the 17%70-17900 cm'% region, whereas to observe the

3-20 F'O:—BOZ transition would have requiréd a probe frequency-
near 17080 cm L.

- The FEF's of the F'OG—BOG system are not, alone,

however, sufficient to explain the occurrence or absence of
transitions in the multiphoton spectra. Two further points

were found to be of importance and are discussed below. Firstly,
the two photon transition to a given vy level might not be
energetically ﬁermitred from the pumped v, level (i.e.
.E313021+E1). In the 3P2C mode, of course, this point can be
surmounted by simply increasing the probe laser frequencyt
Secondly, .if the multiphoton transition is energetically

possible but involves resonaﬂces at high J tJ{lSO], the low

Boltzmann population of the Jl level and the fact that relatively

4
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. Table 6.11

+ ot 1275
CF's for FtOu-BOu Ianystem

1 - 2 3 4 5

. F
VZ/V- 0
10  .0668
11 .1256
12 .1858
13 .2131
14 .1851%*
15 J1171%
16 .0507
17 .0132
-18 -0015
19 .0000
20 .0000
21 .0000
22 .0000
23 .0000
24 .0000
5 .oodd
26 . 000"
* indicates
Y1

=

1047 ©.0725  .0208  .0000  .0116
.1040  .0220 .0017  .0278  .0419
0505 . .0024  .0420  .0472 :brsp
.0011  .0538 .0544  .0073 - .0057
.0405% .0804* .0056  .0175 041

.1518* ,0201* .0262* _.0521* .0113

.2100% .0184* _0732* .0070% .0158*
1535 .1533 _ .0143  .0289*% .0450*
0595 .2295  .0434  .05S6  .0004*
0094 1386  .2194  .0000  .0450
0001 © L0307  .2249  .1438 0190
0002 .0005  .0703  .2840  .0028
.0000  .0009% - .0166 .1273  .3001
.0000 0003 .0027  .0042  .1840
0000 .0000  .0010  .0055 0083
.0000 0000  .0000  .00Z5  .0133
0000 .0000  .0000  .0002  .0052

—

those levels which can be accessed from

=0,1 (J1<140) in a 3P1C study.
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- Table 6,11 (continued) -

Vy/Vg a6 7 8 9 10 11

- 10 .0294  .0335  .0233 .0090 .0008 ’.0013‘
11 .0282 - .0076 .0000 .0067  .0171  .0217
12 -0000  .0102  .0242  .0297  .0142  .0033
13 .0283  .0303  .0132  .0007 .0033 .0132
14 .0219  .0010  .0063  .0204 .0222  .0119
15 00352  .0245  .0268  .0100  .0000  .0O0SS
16 .0378% .0165  .0000  .0102  .0217  .0173
17 .0046 - .0086* .0275% .0192% .0025  .0021
18 .0275% _0315*% ,0045*%* 0039  .0192% ,0195%
19 0271 .0005%  .0227% ,0246* .0053* ,0012*
20 0084 0400  .0119  .0014* _QIS3* .0203*
21 0376 .0024  ,0197 0276  .0062  .0017
22 0150 L0282 L0250  .0015  .019% 10202
23 3759 L0008 .0077  .0381  .0039  .0040
24 L2590 .2206  .0009  .0002 . .0339  .0148
A 0152 L3111 L1797 L0014 L0131 0182

-0 L0253 L0175 L3421 L1362 .03000 L0385
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few three hhg;on resonances occur Between_such-highly
excited rotational levels (as discusgcd in Chaptér 0.2.2-
lessens the probability of'observiﬁg Lhcsé trangitions fn
the 3P1C and 3P2C spectra. The interplay between the FCF's,

energetics_and resonance J values is best illustrated

“+

through a few examples. While the FCF for the 0-13 F'0);-B0,

transition’is relatively large, it can be shown using equation.

(6.5) that it is not possible to access any vibronic levels
of the F'U; state (let alone v;=0) from v,=13 wheﬁ operating
in the 3P1C mode. However, in pumping v,=13 and scanning the
probe laser to higher frequencies this transition can be
observed in the dual beam mode. While tﬁe 0-14 F‘OE—BOL
transition is energetically possible in a 3P1C scan and also
exhibits a {arge ECF, thé resonance condition (equation (5.2))
is fulfilled near J=130. Hence these transitions arc expected
to be few and of weak intensity. Indeed none were observed
in this study.

Those vy levels that can be accessed from ecach v,
level in a 3P1C study have been marked with an asterisk in

Table 6.11 (for transitions from v.=0-1 and J1=0-140).

1

6.2.5 Dissociation Products

As outlined in Chapter 2, earlier studies [91] have

L

shown the existence of many lower lying (Y, o~40000-47000 cm’
. b4
lon pair states correlating to one or the other of the I'(IS)¢

+ .3 . .. L . .
[ (°P7 1 0] dissociation limits. The question arises; can
i ] »

s
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r

the F'O+ state also be confldcntly ass1gned to 1o:£c atomlc

products at large internuclear separations, based ‘data

-

‘obtained at small values of r? T

LI

A simple but accurate method of determining dissocia-

tionencrgies from an analysis. involving the vibrational levels

"near the bottom of the potential well has been given [158],

and is outlined below. It has been shown to be particularly

accurate when applied to electronic states that dissqciate
‘ o

" ionically.

Long range theory [159,160] predicts that near
dissociation, the attractive (right hand) limb of an ion-pair

potential curve is given by the following equation;

-

c
U(r) = D _rl. ) (6.6)

where D is the dissociation energy_réiative to the potential.
minimum, C, is a knrown constant (1.161413:10S cm™t R%_and r
is the internuclear separation. This theory also predicté
that the vibrational term wvailues (G(v)) in this region can

be represented as in equation (6.7);

-2

G(v) = D - Xo (1) (vp-v) (6.7)

- 2= .
where X (1) is a constant (1.2693x1010 cm 1 for l"’fI,) and
D 1s a negative integration constant.

In the general treatment for the determination of

dissociatlon energies .[158], an auxillary function - is intro-

duced'in-equatfoﬁ (§.3J to describe the behaviour of the
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vibrational levels further down the‘potential well, Howevér

- -

for a heavy molecule such as 1od1ne, this factor is effectlvely

unity [158]. ’

For levels well removed from dlssoc1at10n,,equat10n

(6 7) can be expanded in terms of v to.give equation (6 8):

LG = DX vyt - 2 Xo(1) vy v - 53 X (1) vyt v
& N - sy
The experimentally observed vibtaﬁion#l térm values can also
be expréésed ip.termé of powers of ‘v as in equation (6.9);

G(v) =
i

il t1 2

, Ci v | (6.9)

Each expansion coefficient, Gi, can be exp;essed in terms of
.the vibrational Dunham coefficients (Y 0 i=0,1,...). By
equating like powers of v in equations (6.8) and (6.9), a set
of simultaneous equations are obtained which can be solved to
yiéld D. A simplificatioﬁ.;f this method, which has been
shown to lead to little loss in accuracy [158], is to truncate
the above expressions at N=2 (i.e vz). This -approach (the
so-called G3 approximatioﬁ) leads to tﬁe following exbression

for D;

| . -2 . 1 1. . -2
D= Gg * XLy vp™ =¥y 0 * 7Y 0" F ¥z,0* X1 ¥p

where vy is given by equation (6.11);
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1/3 _ 1/3

vp = - 12X (/61 < - 2xg /vy g ¢ Y, )
: . (6.11)
From the data given in Table 6.9, a value of;vD = ;579.5

was obtained from equation (6.11), which enabled a diabatic
dissociation energy, D, of 89570-;m'1 to be calculated.
This value 1s about 4% larger than the nearest ion-pair

* asymtote limit, 1*(1p) + 17(!s) at 85930 cm™l. As the nexﬁ
possible set of.idnic dissociation products occurs near

104000 em” 1

, (all the OJ states having been assigned to the
lower lying D < 85930 en™! ionic limits), the assignment of
this state as F'OG(lD) is reasonable. This conclusion was
also reached by)Ishiwata et alu[f14].

The possibility exists, however, that the F'OJ is
covalent or Rydbérg in nature, though  the observed vibra-
tional frequency ;rgues against the latter alternative. The
method présented above does not give accurate values of D.for
states that dissociate covalently: In faét'the approach fares
littlc better than the Birge—Sponef [17] methed of extrapolat-

ing to the dissociation limit. Application of this treatment

allows D to be calculated from equation (6.12);

b=ar— * Yo,0 (6.12)

Using this formula and the data in Table 6.9 a value of

60995 cpm L is obtained for D. The nearest atomic asymtote

2 !

(Figure 2.2) is the.“P5,; + (°P)6s([2]5,, limit which occurs

-
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1

at 67180 cm ~ relative to the potential minimum of the ground

‘state. Givew the fact that the Birge-Sponer approach
‘invariably leads to an overestimation of D [17] (for example,
a value of 18890 em™! for D was*éalculated using equation
(6.12) for the X0  ground.state, whereas the actual value

g
is 12547 cm'l),'the assignment of the F'OJ state to the

1°(*s) + 1*(*D) ionic products is all but certain.

-
.

-6.2.6 Discussion ‘ -
Subsequent to the preliminary report of this work
[161], a further study by Ishiwata et al. [162] appeared in
the literatﬁre concerning the.F'G; state. A two beam study
conducted in a similar manner as our investigation resulted

5=
in levels as high as v; = 38 being accessed for the l"1,

1128

molecule. No spectra were recorded for the I2 molecule nor
were the frequencies of further 3P1C lines in addition to
those given earlier (114] reported. The Dunham coefficients
quoted by these Qorkers are listed in Table 6.12. Comparison
of the vibronic energies and rotational constants for the
levels (0-11) common to our and the above study showed x>
good agreement (Table 6.13), especially for the lower (v<d) d
levels for which the bulk of.our assignments were made. A
spéctral simulation, which ut;ii:ed the latest Durham coeffic-
ients for the F'qj state (Table 6.12), and the relevant con-

. )

stants of the BQI [88] and XOg [89] states, was used to cal-

- culate the frequency distribution of the 3P1C spectrum.



Table 6.12

Dunham Coefficients for the F'OG State
from the Work of Ishiwata et al. [162]

™~

gcm'l)

Yy o 51706.237 (2)

Y, 131.00041 (83)
:

Y2 0 | -0.516270 (143) _
Yo 4.2640 (104) x 10°°
Yo -4.5797 (330) x 1077
Ys o 2.8381 (376) x 107/
Yy 1 ' 0.02194899 (46)

_ ) : -3
Yy g 9.2508 (99) x 10_
Yy 4 8.359 (79) x 107/

. e . -9
Y51 $.550 (167) x 10

Y, 5 -2.652 (57) x 107°

o (cm_l) = 0.031

Digits in parentheses correspond to one

standard deviation in the last quoted
digits

173



_Table 6.13

174 °

Comparison of Calculated Vibrational and Rota-
tional Constants Obtained from our Study and
-that of Ishiwata et al. for 5‘0; ‘State.

Our gtudz

Es(cmfl)a'
0 51771.480(50)"
i 51901.489 (38)
2 "52030.575 (34)
. 52158.739 (36)
4 52285.980 (40)
S 52412.298 (44)
6 52537.693 (49)
7 52662.165 (55)
8§  52785.715(66)
9 52908.342 (82)

10 53030.046 (104)
11 53150.827 (133)
a rel,

- - b

Ishiwata et al.

I SRS NS |
.Bsx}o {em ) Es(cm )

2.1925 (8)
2.1824 (7)
2.1723 (6)
2.1622(5)
2.1521(6)
2.1421(7)
2.1320 (9)
2.1219 (10)
2.1118 (12)
2.1017 (14)
2.0917 (16)

C
51771.609(2)

-

51901.580(2)

52030.576(3)

52158.590(4)
$2285.655(5)
52411,791(7)
52557.020(9)
52661.361(11)
52784.832(14)
52907.452(18)
53029.238(22)

2.0816 (18) “S3150.206(27)

to pot. min. of ground ‘state

Bsxloz(cm'l)

2.190294(46)
2.181208(48) .

2.172281(52)

2.163509(58)
2.154885 (66)
2.146406 (75)
2.138066(86)
2.129859(98)
27121782(112)
2.113827(127)
2.105992(145)

2.098269(163)

uncertainties (1o) calculated by propagating uncertainty

assoclated with the Dunham coefficients in Table 6.9

and Table 6.12-

¢ uncertainties were calculated neglecting the cross terms
in ‘the error calculation as the covariances between the
Dunham coefficient were not listed by these authors
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While not all these predictéd transitions were observed in
our sfudy (because of Boltzman and Franck-Condon reasonglg
those that were, had been as§iéned in accord with the calculated
épectrum. . '

lThe present study of the F{Os state Tas 1lncorporated .
experimenfal data obtained in the 3P1C and 3P2C operating
modes for 1271, and '?°1,. While Ishiwata et al. [114],
.made a strong case for th% assignment of absolute vibrational
quantum numbers on the basis of the agreement between the
observed and calculated FCF distribution for the F'O;-X0g+
sygiem, oﬁly through studies involving isotopic substitution
can the numbering be absclutely determined. |

The present isotopic study has also confirmed the
provisional numbering (v3=0).given by Viswanathan [75] for the
upper level observed in emission to several high lying levels

of the ground state.

[o )
LV

Upper State of the ¢ Svstem

.1 Introduction

a
wi

The analysis of the high resolution spectra of the ¥
system was aided by the inclusion &g a 3PI1C head-like feature
(Figure 6.10) near 18239 em ! (24-0, sinéle photon bandhead)
for the ';TIZ molecule into the previously given‘SPZC.band-
head analvsis (Chapter 6.1). An excellent fit resulted when
the upper state vibrational level for this head was assigned

as n=44 (equation (6.2)). - Excited state vibrational term



‘Figure 6.10

3?1& béndhead recorded fgI the -

.
1-117

molecule near 18239,1 cm in res-~
onance with the 24-0 BO3-X0p bandhead).
Upper level assigned to n=44 of the ¢
state. As will be explained in Chapter

6.3.4 this level corresponds to v=96 of

the FO7 state.
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values could then be‘E;iculated over a :large raﬁge of fre-
queﬁcies (51500{54800 cm'l) for fﬁe~norma1-moieéﬁle. These
rotationless energies (Es) were_Eompa}ed to those chicﬁlatcd B
previously from all the numerous-locdl fits to the 3P1C line
frequencies. Two of these earlier analyses were found to giﬁc
vibrational term values that agreed wcll-wiih those generated
when the 3P1C bandhead was included in the above fit. A .local

1

L -
fit to six 3PIC lines in the vicinity of 17780 cm © resulted

in an E3 value of 53479.61 c:m_l and a rotational constant

1 The former value agreed well with the

interpolated energy of the n=25 level (E3=534SO.1 cm'l).

(B3) of 0.01844 cm
Another group of fivé 3P1C lines clustered about 185290 cm"l
could be éssigneq as terminating on n=47. A least squares
analvsis of thése lines lead to a rotational constant of 0.01678
en L.

Preliminary Dunham cocfficients obtained from the
bandhead data and the above pair of local‘fits were then employed
in the FINDII program to search for further 3Fl1C transitions
terminating on the upper state of the ¢ svstem. As the band-
head data had fortuitously included both the low and high
energy regions of the recorded spectrum, the 3P1C analysis did
not involve extensive extrapolation of the observed low J heads.
The anaiysis was therefore much more straightforward than that
of the F'0, statc,where only data at low v were available

from the bandhead runs.



made using the original assumed value, is unknown.

6.3.2 The 3PIC Analysis of the 12712 Mqlecﬁle e

‘ ;Due,tq~the.exten$ive ana ﬁdvantageous_dis;ribution
of e ﬂéad-iiké three photon featﬁ}és, the 3PIC anal&sis
.could %c conducted without an inifiél 3PZC high J analysis.
Iﬁ&cc;&-most of the 3P1C assignments were made prior to the
commencqmgntiof the analysis of the two‘beam high J spectra.

. Initially, an asﬁumed value of YU,Z = -5x107° cm',1
was used as calculatea.from equation (6:4) in-searching for.
further %PIC assignments. Unlike the corresponding analysis
of the F'OZ state, this Dunham coefficient was statistically
~determined, albeit poorly, éue to the large number of high J3

. L | -
assignments which could be made. However, whether this least

~~ Tsquares value was an accurate estimate of the 'true' distor-

tion coefficient or simply a reflection of the high J assignments
By far the majority'of-tgz 3P1C frequencies assigned to

.this upper state were excited using C-540A dye. df the 173
single beam OOﬁR transitions recorded over this ﬁ;rticular dve
‘prdfile, 106 were eventually assigned to the upper Staté of

fhe ¢ system (some more than once). Examples of spectra

recorded ovcn’Phis dve profiie are éhown in Figures 6.11 and .
0.12.° A further 54 3P1C frequencie§ in the R6G dye region
werc'also assigned to ihis,state, a few of which are evident

in Figure 6.6. In ;ssigning_the single beam transitions, the
sclection criteria given pretiousl§ (Chapter 6.2.2) were followed.

Data were collected for all but 10 vibrational'levels



Figure 6.11

=
High resolution 3P1C trace for the 1"1,
molecule recorded in the region of -
Goodman's 'origin band' {102] with linearly
polarized light. DO vibrational number-
ing made using Wieland's [38] scheme. All
other assigmments -are due to the F0; state
which will be shown (Chapter 6.3.4) to be
the identity of the ¢ state (v.=n+52).

The DO state will be discussed in Chapter
6.4.

PR
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Figure 6.12

-
High resolution 3P1C trace for the l"71.,.
molfcule recorded over the 17815-17840 -
cm’* region in linearly polarized light.

DO, state numbering made using Wieland's
[Sg] scheme. All other assignments are

due to the FO0 state which will be shown
(Chapter 6.3.3) to be the identity of the

¢ state (v.=n+52). The DOJ state will be
discussed iR Chapter 6.4.
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6ver_the rénge,.n=-1-50. A summary of the 3P1C assignmehts

for the normal molecule is givgn in Table 6.14. The molecular
| constants, obtained from the 3P1C assjignments to_thiéjstate
are listed in Table 6.15. These parameters are given with
tespect to the lowest obéerved level for which data was
colle;téd {(n=-1). - As this level, in all probability, did'not
correspond to v=0, the constants ;n Tabie 6.15 are not,
s;ricily speaking, Dunham coefficients. This has- been indicated
by using lower case letters to denote these guantities inr

this table.

6.3.3 The 3P2C Analysis of the 12712 Molecule

With the single colour aﬁalyéis wéli underwéy'before
the start of the 3P2C analysis, the inifial'uncerfainty
in ‘the pump assignments was not as gréat as had been the case
for the F'O;~BOZ-X0; system.‘ The 3P2C lines were ﬁgain
observed to oécur An triplets, verifying the 0; electronic
symmetry assignment made'on the basi;'of the 3PiC polarization
measurements. As with the single beam spectra, the 3P2C
analysis spanned the 366 and C-540A (Figure 6.13) dye‘profiles.
In the former dye region, the probe laser often excited transi-

tions: from a common pumped BOJ level to both the F'OJ {1

D)

state and the upper state considered here, as for example,

shown in Figures 6.1, 6.4 and 6.5. |
The pump aﬁd probe frequencies for-which 3P2C lines

were assigned as terminating on the upper state are given in

RTpeIe
-“_'_;::"4"2..

)
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Table 6.14

Summary of the 3P1C and 3P2C

—

Assignments for the 12712 Mo;écule
~ 3PIC - 3P2C l
Number of o Number of
Assignments Assignments ,
n_ Made Range of J . Made Range of J
-1 1 ' 131. . 0~ -
0 4 43-54 6 Y 6-10
1 0 - 6 6-62
2 2 54-64 34 2-62
3 0 - 21 2-61
4 8 36-139 8 2-61
5 1 66 11 2-54
6 3 53-100 9 4-75
7 0 - 0 -
8 2 37-134 5 '34-44
9 *° 2 64-73 15 15-50
0 1 28 4 10-43
11 0 - 2 41-98 -
12 15 10-101 6 6-51
13 0 - 3 _6-10
14 0. -
15 1 68
16 1 79
17 5 47-64 ) i
18 1 62
19 0 -
20 1 81 e =
21 7. 18-103
22 1 72
23 6 34-108
2 3 §4-116"
25 9 39-138
26 6 70-148 . 8 0-22
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Table 6.14 (continued)

27 19 6-130

| 22 - 0-59
28 5 68-77 33 0-92
29 . 9 26-123. 30 1-96
30 48-87 5 65-58
31 - 10 60-120 8 65-86
32 7 54-68 10 72-118
33 1 95 0 -
34 5 29-96 1 105
55 5 29-86
36 6 48-137
37 4 52-117
38 4 52-155
39 6 23-138
40 6 33-86
41 "0
42 2 100-139
43 2 56
44 1 121
45 1 i 99
46 0 -
47 6 41-121
48 0 -
49 1 88.
50 30 95-121
247

Total 188
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Table 6.15 - a

Molecular Constants from the 3P1C and 3P2C
" Analysis of 12712 Mclecule for the Upper

State of the 9 System (rel. to n = -1)
Molecular ' ~
Constants _
G 3P1C ‘ 3$2C  3PIC + 3P2C
Yoo - 51477.62(23)% 51477.76(12) 51477.890(95)
"Y1 o 78.107(52) 78.142(31) 78.098(18)
Y> o .. -0.0910(14) -0.0945(22) -0.09166(83)
Ys o -0.191(17)x10°2 -0.132(45)x107° . -0.177(11)xl
Yo 1 0.019647(26) 0.019685(28) - 0.019659(16
i1 4 -0.6245(58)x10"*  .0.620(11)x10" % -0.61590(44) x
Yo.2 -0.42(11)x10"8 -0.67(26)x10°% " _0.522(77)x1
o (en 1) 0.53 0.37 0.46
a ‘figures in parentheses correspond to one standang

deviation in the last quoted digits.
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Figure 6.13 127

- —

3P2C trace for the I, molecule in the

C-540A dye region. The assignments are
all made to the FO, state which will be
shown (Chapter-6.3.4) to be the identity

of the ¢ state (v3=n+52)

pump freq. (cm +) v, vy J,
17888.342 200 0 16
17888.341 20 0 22
17888.405 21 0 84
17888.49¢6 21 0] 94

17
21
85
89

E,(cm
17899.639
17905.678

18160.908
18187.067

1)




~{9) AON3ND3YA -3804d

o

8§ . 0 n_u o 087 T 1Ze A _ . — S 4] 0
A _ —'.|.|_lll .Il*
3 .O . S e FHeT U120 A . : ’ g ; ||H Q

09« 'A
1 :
m (o] . SDO
—— e e 224D afa — e w
T I._ . P Fl-ll-
) 8SD0O . 500 gy +'A
199 N S, L)
' [ERRT] dnd -
!

A.LISNE.L_NI



LT DT

186.

o -

-

.' . -'. \ ) ) "
- .Appendix B. The summary of the 3P2C assighments.is' included in

"Table 6.14: The derived molecular constants from the 3P2C analy-

sis are listed in Table 6.15,.again with respect to n = -1.

6.5.4 §Epctra1 Assignment of the Upper State

- )
An independent analysis (3P2C iESJﬁ?IC) of the

IZQIZ spectra was not feasible due to ﬁbﬁ small ‘number of-

observed 3P2C head-1like features for this three photon excited

127

state. Mass scélgng of the 12 constants was also not

possible as the vibrational numbering was not known. Therefore,

129

as a precursor to the I, analysis, a study was undertaken

to attempt to assign the upper state to the e;cited vibrational
levels o%ﬂé lower lying ion-pair state. In particular,‘the
.0; states (DOE&SPZ) and fo&(épo)) were c§nsidered as likely.
candidates in view of the polarization analysis.

Previous work concerning the DOu state [38, 48] suggested
the vibrational spacing of thls state to be much less than
the ~ 75 ¢m -1 observed in this region of the spectrum. Hence
our attention was .concentrated on the FOJ as the probable
assignment of the upper state of the ¢ system.. Speétroécopic
data for the low vibrational levels of the POJ state has becﬁ
127

I

molecule [39, 66, 72]. A previous investigation had also
' ' 129

obtained in emission by a number of workers for the
" studied this system (FOJ-XOE) in emission for the I2 mole-
cule [72]. An MPT study by Williamson and Compton [109]

resulted in the recording of an extensive series of bands that
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they'tentatively assigned to resonaﬂéﬁé.jnvolving very hiéhly

excited levels of, the FOJ'state-(equétion'(ZlSJD. The vibra-

tional spacing {m75~cm'l) observed in our work fell between .

i

-

those reported at low v (297 cm';) and at very high v (~58 Cm-l).

In view of this, attempts were made to match our data with
'/

‘that of Viswanathan [75], obtained at low v (0-8) and with

that'gf Wiliiamson and Compton [109] at high v (m=(0+k)- (58+k) ,
where.m 1is t?e absolute vibrational quantum number and k is an.
integer éonstant to be determined).

As an-initial step, the lgw'vs.data were infegrated into
our analysis, The experimental-term values given by Viswanathan
[TS]Iare given in Table 6.16. Polynomial fits were made for
a number of alternative numbering schemes (bylletting the lewel
designated as n=0 assume the values v=40-60 inclusively). The
fits were judged not only on their standard deviations but
also on how well the calculated values.of YO,O and Y1,0 compared
with the values cobtained from the loy v data alone (Table 6.16).
While increasing-the'order of the polynomials in (v+1/2)
had little effect on reducingrthe standard deviation, better
agreement for the above constants waS'found'tompared to the
values réturned by the lower order (Srd and 4th) expressions.

In the end, a sixth degree fit was found to Beél represent the
amalgamation of both sets of data with n=0 set equal to v=52!
The results of this final fit are listed in Table 6.17. To

avoid listing a large number of insignificant figures for the

higher order terms (to ensure the faithfulness of the equation
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Table 6.16_

Viswanathan's [?S] Low @ Data for

- o~
. ) . the Fou State o

Dunham Coefficient (cm %)
Yo o 47217.64 (38)
Y, o 96.53 (20)
Y, - 10.477 (21)

¢ = 0.37 em?

v o E{cm ™)

0 17158.52

1 4725422

2 17349,18

3 47442.92

4 17534.7¢

5 17026.89 .
& 17717047

7 47808.12

8 47886.42

R 4

b ]
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Table 6.17
Dunham Coefficients Resulting from Amaigama-

‘tion of the Low v({0-8) and Intermedlate v
(52-102) Data for the F! 0 State

4

anhémLCoefficient (em™ 1y ]

Yo,0 .47217.70j_(31)
Y 0. | | 96.967 (3)

Y, 20.64303 (6) -

. Y50 0.01408 (2)

Yy o . -0.182 (7) x 1077
Ys o g 0.117 (3) x 107>

Ye0 o 0.5 (1) x 1078
Yo,0 -7 0.022855 (22
Y, -0.6248 (26) x 10°°

Yy, -0.483 (63) x 1078

o= 0.46 cm:l

Yl 0 - Ytj 0 inclusive were constrained in fit, see text. '
b ] ' .

-
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in reproducing the upper state.enefgieg the following approach,
orlglnally due, xo Le Roy (as quoted in reference [57]) was used. The:
highest order term was successively rounded off to the least

significant figure, ‘and with® this term held fixed, the data “were

refitted, and the procedure was repeated until only YO 6 was

"allowed to float.

‘The conclusion regardihg the absolute numbering of

127

the upper state was the 'same whether all the I, data (as

in Table 6.17) or just the bandhead data were used. In addition

the calculated 12°

’
I, fibronic energies (equation (4.4)) based
on this numbering scheme were in good agreement with the
previously ohtained‘experimental results [72]) at low v. As a
result of these'findinés, the ¢ state was assigned as being
the,EOL:(SPOJ. fhis’agsignment‘meant that the current study
represgnged the first rotational analysis of this ion-pair
state, as ali previous work.had been confined to vibrational
analvses. . A o

The Dunham- coefficients listed in Table 6.17 also

129

enabled the talculation of the higher lying I, vibrational

term values. Comparison of these calculated vibronic encrgics

with the observed values.(Table 6.2) fixed the upper state

vibrational quantum numbers of the recorded 1291, 3P2C band-

-

heads as v=58, 60@@%.61 respectlvel}

129

6.3.5 35P1C and 3P2C Analysis of I, Molecule for FOJ State

With the absolute vibrational numbering determined, the




3P1C transitions terminating on the FOJ (°P0) state could be

readily determined using the mass scaléd Dunham coefficients

derived from the analysis of the 12212 Spectra;‘_Again; most

of the assigned 3P1C lines wcre due to lines excited over the

C-540A .dye profile. Figure 6.14 shows the.spectral

1

assignments ma@e'in'the 17710 cm region in linearly and

circularly polarized light. Assignments were also made in the

R6G dye.region as évidencé by Figure 6.8.

The assigﬁmeﬁts aﬁpééred to confirm the adopted
viBra;ional numbéring-scheme, aé eviden;ed,lfor example by
the observation of a strong SPIQ line where a (P,Q) or (R,Q}

transition was predicted on the basis of the L2/

129

I, constants.

4

A summary of the
ianahle 6.18, and the derived constants are listed in Table
6.19. The Dunham coefficients were calculated relative to
v3=0, and since the lowest vibrational level for which data

wére ﬁbtginéd was v3=§2, the vibratioﬁal canstants, particularly
YO,O' areiﬁoorly determined.

128

The 3P2C analysis of the FOJ state for the I,

-

molecule was agaiﬁ hindered-by the }ack of experimental data.
The pump and probe frequencies-at whf%h 3P2C transitions were
obscTved are again listed in-Appendix B. The limited ektent
of two beam data necessifatéa the constraining of the
centrifugal distortion constant to i£s theoretical value

: -9 - . e . : .
(5x10 cm l),as—lt was not statistically determined when

allowed to float. The Dunham coefficients.returned by -zhe

I, single beam assignments is given

\ . ‘ E 191
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Figure 6.14  High resolution 3P1C trace for the 1'917
molecule over the 17705-17730 cm~1 =~ <
region in linearly and circularly polar-

ized light. All assignments are made to
the FO) state.

-
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' - Table-6.18 ‘
Summary of the 3P1C and 3P2C e
Assignments for the 12912 Molecule
' SP1C o - 3p2C
Number of ' Number of
Assignments . Assignments .
Made - Range of J Made Range of J
1 109 '
1 78
0 - -
1 80 -
2 30-49
v 0 - 1 57
1 56 . 2 5-10
1 118 0 -
7 31-145 9 2-26
2 75-76 10 - 0-93
4 52-130 1 93
1 69
7 17-102
4 71-121
1 - 131
-2 104-111
4 88-124
1 114
- 4 85-148
6 51-103
1 79
0 -
1 105
0 -
O - -
5 41-52
0 -
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Table 6.18 (contirnued)

-

79 2 95
80 3 70-79
81 - 5 _  30-125
82 3 60-108
83 3 64-88
84 1 92
85 5 8-90
86 2 68-86
- 87 7 , 43-109
88 1 “— 25 =
89 2 84-119 |
91 1 90
92 3 87-129
93, 1 59
96 1 118 - L
Total 115 ° 23
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Table 6.19 : .o~
Results of the 3P1C and 3P2C
Analysis of the. FOE.State,lngz
Dunham )
Coefficient .
. -1 . ' . . . _ .
(em ) .~ 3P1C 3P2C .. Overall
. = - a . . .
Yy o 47283, (13) . 47311. (144) 47280.(12)
Y1 o 85.90(55) 85. (5) 86.03(52)

Yy o -0.062(76) -0.076(41) -0.064(71) .
Y5 -0.187(34)x10" > | -0.177(32)x1073
Yy 1 ; 0.023038(69) 0.0239(20) 0.023022(55)
Y] 4 ~ -0.6538(87)x10"* -0.77(¢33)x10"* -0.6518(75)x10"

} o b
Yo 2 -0.31(13)x10° 8" -0.500x10° 8 _0.30(12)x10'8_
o(emh) 0.47 0.24 0.44

Dunham coefficienti ?valuated with respect to v.=0 and are. ,
applicable to the z I, mqlecule and are valid ~ for vy = 52-96

h

a  figures in parentheses correspond to one standard
deviation in the last digits

b - value fixed due to limited amount of data
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MULREG routine are listed in Table 6.19.

6.3.6 OQOverall Fit of the 3P1C and 3P2C Data

—

A least squares fit that incorporated the single
N ) ,

-—

and double beam data of both molecules yielded the Dunham

coefficients shown in Table 6.20. As before, the 12912 data

-was mass scaled before the global fit that included a total

of 583 individual assignments. The resulting Dunham coeffic-

: 27 \
ients, applicable to the 1 ’IZ molecule, were then converted

129

to the correspohd;ng values of the I, molecule using

equation (4.4). The relati#ely large uncertainty in the

vibrational coefficients is again the result of the extrdpola-

tion frdm the lowest level for which data was_collecte&
(v=51) to the bottom of the patential well.

\It was found that-the variation of the,tptational
constant with v+1/2 could be described well by a first order
fit even though data was collecteq:pvef a rénge of 51 upper-
state vibratiéﬁal-levels.“_Extrapolation to the bottom of the
well predicted a rotational constant (0.022867 (27) cm'l)
somewhat 1argér‘(§ls%)'than the other known values for the

ion-pair states of I, (Table 2.2).

Stu

oL N ) .
0.3 Incorgoratlon of 'Data from Some Previous
i di

s_into the Current FO; State Analysis - -

!

Follohing the completion of the 3P1C and 3P2C analysis
for both molecules, an altempt was made to incorporate the
MPI data of Williamson and Compton [109] into the analysis

/ . ’
/ . o

T
RN
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Table 6.20'

| Dunham Coefficients for 12712 and 12912
for the Fo; State, Relative to v =0

Dunham

s - b
Coefflc;ent 1271 ‘ . 129I
(cm ) 2 2
- c
YO,O 47282. (4) o 47282 (4)
Y _ 85.85 (15) 85.28 (1%
1,0 : .
Y, , -0.630(200x10"Y -g.620(20x10"}
Yz o | -0.1835(87)x10"> -0.179(85)x10"3
£ .
YO 1 0.022867 (27) 0.022512 (27) ‘
Yy 1 . -0.6264(35)x10°% . -0.6129(34)x10"¢
Yo, -0.471(64)x10"°"  -0.456(52)x107"
-1 _ "
.o (cm 7) ’ 0.46
a constants valid for v=351-102
[o} coefficients calculated from 12?12 results using
equation (4.4) .
c uncertalnty corresponding to one standard deviation

in the last quoted digits.
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of the FOE state. As a pfeliminary-step, only our'bandhead data

and the.calcﬁiated'frequencies of the highly excited vibra-

tional term values from the formula given by thgse'ﬁbrkers (equa- -

tion-(Z.S)_and_ in Table 6.21) were used in the fits. Excellent -

low order (48 and S?E)polynomial fits were obtained when the
lowest ieve; observed in the MPI study was assigned to

v3=150.' The same conclusion was‘regched“when the bandhead data
' 127 '

was replaced by the I, 3P1C and 3P2C data. These particular

fits were far more convincing than the similar study conducted
‘previously on-the low v data {75] and our data.
Following this encouraging initial fit, the data of

Viswanathan [75], all our data for both molecules and the

+ __..high vibrational data. were fitted to a common expression in

polynomials of v+1/2. Instead of using thg'calculated term
values fo représent the MPI data, another approach was used. -
The calculated v1bfatﬁonallenergies were takeq as exact, and

to each term value was added a randomly generated, normally
distributed error consistent with the quoted standard deviation

1 [199]. Several sets of data svnthesized in this

of ~0.5 cm_
manner were constructed, and the conclusions to be discussed
below were found to be invariant with respect to which set of
high v data was Lsed. Each genergted“array'of term values

was fitted to a polynomial, of the same order(sth)used originally
by Williamson and Compton to represent their experimental

findings, as a check on the validity of the data set. Table

6.21 shows the result of cne such fit, and for comparison the

f‘\ﬁ__\\\ - ] e

LN
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- . Table 6.21

* A Sample Synthesized Data'Set_ h

for Williamson and Compton' s
MPI Data-\;;og] - e

Calculated Coeff1c1ents from
-Generated Data (cm‘l)

~Williamson-Compton

. ) ) . . *

Yo o = 53166.36-(2Q) : 58166.84

- ¥ . - - - - ) R

Yi g =  56.508 (68) 56.3701°
Yoo = -0.1331 (47) o -0.13152
. ¥ .
¥y g0 = 0.84x107° (12) +0.8119x10

Y, o = -0.71x107° (10) - K -0.68462x10

o = 0.44 cm’1 s § < 0.5 em”!
*

the potential minimum of the ground state

-2

-5

Wllllamson and Compton gave the 0-0 bandhead frequency

\1(:8087 92 cm™+), the above value of Yo. 0 is relative to



¢

»alues given by W1111amson and Compton are also d1splayed.
- A scries of polynomlal f1ts ranging from. 4th toﬂgth i\l'

ordcr in (v+1/2) were conducted u51ng the low v{0- 8) data

our’ intermediate v (3P1C and 3p2C data for both molecules, wzth

‘numbering fixed such that n= 0 equaled v*SZ) data, and 2 f .

5vnthesized set of high v data (for which the lowest level |

i

was allowed to assume the values v=140-755 inclusively). The
minimum standard deviation® for each degreg of fit ;as conszstentlx
given with the lowest member of the MPI progression sep.at

v=150. It was féund that.an 8th order fit best descriBed.the

variation of the above data with v+1/2, as determined by the

criteria outlined in Chapter 6.3.4. The results of one overall

fit (utilizing the high v data set summarized in Table 6.21)

are given in Table 6.22. As done previously, the higher order
vibrational coefficients were rounded off successively and the
data refitted.

In conclusion, the MPI data almost certainly represent

~.an extension of the upper state of ¢ system, with a separation

between the resbeqtive lowest observed levels of Av=99 (150-51).
Less certain, but highly likely was the assignment of this
upper state fg the FOL,(SPO) ion-pair staté. The difficulrty
in being more certain was mainly due to the paucity of data
at low v (Table 6.16).
In-the course of a multiphoton ionization dip study

127

of the I, molecule, Cooper and Wessel [110] observed four

single beam transitions that were resonance enhanced at the



Table 6.22

- Data forvthe FOE State

_Results of ls Fit to All the Available

Dunham Coefficients (cm’

= 1

Yy o 47218.419 (29)
Y, o 96.588 (3)
. -* - =
Y5 g 0.0131131 (2)
Y4 o -0.18331 (7) x 10°°
Yo o 0.149 (1) x 103
) P -8
Eé’o '0.1’10 (8) X 10

- o Yo o 0.184 (3) x 10710

- o \ : -13

Ys o -0.2 (1) x 10
\d L -0.022835 (30)
i -6.221 (38) x 1079
Y, , 4,61 (72) x 1077

Vibrational constants valid for v=0-208

>

Rotational constants valid for v=51-103

Higher order vibrational coefficients constrained. 'Seec text.
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Table 6,23 )

Assignment of Multiphoton Ionization Dip Transi-
tions Observed by Cooper and Wessel [110]

Single Photon .

Observed OQur Assign- :
freq. Re§onance+ ed Value Three Photon_:
(cm'1)+ _ A551gnmept of Vs, J3 Energy )
a b
fg il - V2 Yy Vs 'ii Eobs ' Ecalc
18395.1 16 17 26 0 103 16 55304,315 55304.244
18593.9 24 23 26 0 103 24 §5309.456  55309.625
18350.4 S8 59 26 0 102 58 55288.404  55288.957 -
0 65 64 26 0 102 65 55304.130 55303.219

18347,

+ values given are from Table 1,  reference
-,

[110]

‘a derived from single photon resonance assignment using

: equation (6.5), emergy rel.
state

“ c;lchated+eﬁergy from our 12'1
for the FG, .stdte (Table 6.15)
in..each of the calculated energ

to pot. min. of ground

-

o |

molecular constants

Estimated uanrtainty
. :

ies is - 0.5 QQ .

-3

L]
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one photon (BOG)-and thfee ﬁﬁpton levels: The unknown three

photon staté was labelled as k. The frequencies 5nd the - -
51ngle photon a551gnmea{5 of the above lines are listed in -~
Table 6.25. At the time of their btudy these workcrs

postulated that the lntermedlate (4 photon absorpt:bn process
overall) k state was, in fact,'h;gh vibrational levels of the
FO;‘sthte. Our extensive rotational anaiysis has allowed‘fhe
verificé%ion of this assumption. After considerafion of the

\ .
calculated 'three photon term values (equation (6.5)) based on

thelr a551gnments and the range of permlsSIble J- values

(J J +2 Jz+1).. J2 ; it was concluded that the resonant
traQ51t1qns involved . V3=102 and 103 of the FOG state

(Table 6.23).

6.5.8 Discussion -
-After our conclusion had been‘reached regarding the
absolute‘vibrational numbering of the FD: 'state levels, we
recei}ed a preprint of a further MPI'study of the 127I2 mo1e-
cule. In this work, Hoy and Brand [163] were able to gather
rotationally resoived spectra for a large range of upper state
vibrational levels, which they tentatively numbered from v=0
to §=220. They were able to show that this upper state was the
same one regpbnsible not only for the ¢ system 3P2C bandhead
observed in this work [161], but also the multiphoton resohanccs

first reported by Williamson and Compton [109]. In accord

with our conclusiong, Hoy and Brand labelled this upper state



as the IOu ( PO) Th&ir anai}sis.aISO'dbnfirméd‘the'relative"
‘_VJbratlonal numberlng %cheme we ‘had- determined for the low

v

ldntermed1atc and hlgh Vs data.,'But, as with the F'Ou‘( D) state.

analysxs, only our 1sotop1c work was abie to conflrm the. absolute
v:brat1onal aSblgnmentb. - - ]

- This latest MPI study also gave ev1dence for a strong
pertﬁrbation in the range v;=15-40, as indicated by anomaldus
3'valucs of Eg'and B in‘this:region. This_explained';he,high

"order fit needed to merge the low vsrdata‘with tﬁose gained
from this work. It also eﬁplained the difficulty we expgrienced‘
in asgigﬁing the SPIC lines excited in the Kiton Red regioﬁl
Several-attempts were made to assign these transitions torfhe_‘
FOE state with several'différeﬂt vibrational numbering séﬁeme;,
(besides the one adopted above) but with no success. As Hovy
and Brand [163] were not able to record resolved rotational
structure in this region, their results were not dlrectly
applicable \to our hlton Red analfgls In connection with the
previously mcntloqed relative weakness of the Kiton ﬁed excited
transitions, it is interesting ;o.note th;t the cut off in
emission for the FOG-XOE sygtem occurs near v=15 [72], jﬁst

at the onset of the perturbation. ' |

-

By default, the.perturbing state responsible for the
anomalies in,thé-;§;ibronic manifold‘of the FOJ state was

assigned to the.highef'lying_P'O; (lp) state by Hoy and Brand.
Their spectral simulations predgﬁtéd that while the POS state

. . . . . - - +
15 heavily perturbed due to this interaction, the F'0, state
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Je\hxbltb a meUth var1at10n of 1-

et al. [162] were. Their analysis'yicldcd aYa

a typlcal‘lon-palr state, the Eog { Pz); for wh1ch Y-

B_ \\lth y:.

N -

;Thev did, however expect ‘that the andl\kls of rhe I'Ou stqtu,

uould yield relatlvcly largc leUCb for the Dunham LOCfflCILnt\

Y~ 0 (L9x10 "2 em” ] and Y7 1 (ml\lo ﬁ,cmrl)., Whllc our data

'were not extensive enough for the F° 0u state to pcrmit a, .

valid test of this cxpectation, the .data obtained by Ishiwata

3,0 value of

4. 3»:10'3 em”t and a - Yzli value of 8. 4x10 7-cm'.l. These'requltq
¢an be compared to those galncd from an cxtenb1vc analvsla of

. J’0=5.7x10
cm-l and Y2’1=2.4x10-8 cm";. As can be sccn,.thcfcomprehchsivc
analysis of the F'O+ state appcars to support the suspicions

of Hoy and Brand, regardlng the pcrturblng state. lowever,

as these workers mentioned, interaction with a state of

Rydberg character . rather than with the F'OG state cannot be

e

rulgd out; | - o . //H\‘

"6.3.9 RKR and FCF Calculations.

. - + . - -
An RKR curve for the F0,, state was obtaincd using
the vibrational constants glven in Table 6.22., Rotational

data were available only for the 11m1te3‘range of vy values
51-103, and hence turning points could only be determined for

these Vs values. In order to extend the potential curve to

the true minimum (re=3.SSR), the valuec of Y - as found by

0,1

- . * -
Hoy and Brand [3153] was - -constrained in a least squarcs fit

of all the data; and the higher order. rotational coefficients



up to and iﬁtiuding Y-.l*wére detefhinedi-to'smooth the
'var1;t1on of Bs- w1th vs. The. re5u1£ing tu;hing points aré
‘11ated in Table 6 24. These values are in good agreement
(within-< 0. UZA) with those given, by Hoy and Brand [163]

Tne wavefunct1ons descrlblng the exc1ted FO vibra-

§
tional levels ob:erved in thls study are highly osc1llétory.

) a relatively large

'hese excited leve1§ also span (rmax min

interval of r. Together, these facts result 1in e'fluorescence
from ihe exéited Vs levels being more or less evenly distributed
- over an :?tensive range of lower state'leﬁels. As a consequence,
‘the individﬁal FCF's are expected to be small and to show rela-
tivciy little variation with v, for a.given vs,p;ogressiOn. These |
expectations were bqrne out when the FCF's for trans;tions bet-
ween v3=51-103 and v2$10-2?'(Boa‘state)‘weré calculated$\\£n
cdntrast to. the FCF's déterﬁiﬁed'for the F'OG-BOJ\transition

{Table 6.11), for a given v.

5 progression the maximum FCF was,

typically, >0.0i.and the difference between the largest and
smallest vaiqes was only abouﬁ two ordefs of magnitude.

It was found that for the FOS-BOG system, 1t was not
the FCF but rather whether or not a transition was energetically
possible that determined the form of the obsérved speﬁtrum.
For cxamplg, in ;he single beam spectra for whicﬁ the rotational
transitions of the 20-0 band were in resonance with the dye
laser frequency, only transitions to y3=76-81 were energetically
possible (over the range J=0-150). The analysis of the 'SPIC-

-

traces resulted in the assignment of transitions to va= 7-81
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Table 6.24

RKR Turning Points for
the FO (°P)State
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from the pumping of various J, values within the .20-0 band.
The 76-20-0 three photon transition involves tﬁansitions
near Jv150, and theseé were not observed due tc their sparcity

and relative weakness.

-

‘e

6.3.10 Reinterpretation of the "Goodman" Bands |

There has been considerable controversy in the litera-
ture over the past few years concerning the existence of bound
excited electronic states of 12712 between 30000 and 40000 cm 1.
‘While some experimental evidence has implied that such states
exist, as outlined in Chapter 2.3; other work has resulted in
conclusions to the contrary [74]. One of the moré prominent

-

studies that claimed to give proof for bound states 'in this
region was the MPI study of Lehmann, Smolarek and Goodman
[102]. The apparent bandhead features recorded under low
resolution by these workers have been found in this study
under high resolution to be composed of individual transitions
which 1in the méin involved high tJ3>25) Totational excitation.
These groupings of spectral lines have been shown in the
preceding sections to be attributable to three photon transi-
tions terminating on exéited vibrational levels of the FOG |
(SPO) state. For example, Goodman's 'origin band' at 17881.0 em™ 1
has been shown to be primarily due to the £1-20-0
transition, for which 8 3PIC lines were assigned over the range
J3=26-36 (Figure 6.11). .

However, it remains to show how the characteristic
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appearance qf tﬂé loﬁ resolution single beaﬁ.MPL.tand' -
fluaréscence) spectra arises, which - led the earlier investi-
gators to erroneous conclusions. The follohiné argumeq;-has
been foﬁhd satisfactorz in explaining the appearance of the
FOJ-BOJ-XO& spectrum recorded over the C-540A dye prof11e
For any oPlC transition, the resonance requlrement
" must hold (equatlon {(5.3)), which can be-expressed as beloq,

(6.153)

: *
2[T2+B J (T +31JA)] = T~ + B JA - (T2+BZJA).

* ’ -
where . JA.-represents the product, JA(JA+1), and JA is the J
value of the hypothetical three photon Q branch transition,
i.e. Ja “JaJda- The‘followihg treatment ignores the small effects

of centrlfugal distortion.. Expansion of equation (6.13) lcads

* \
to an expression (equation (6.14)) for JL'
s 3T,-2T -Tg . |
A 7 TIE, s (6.14)
FA )

If this K6 value . is negative,then‘the transition wvg-v,-v;'is
not energetically_possible:

If will be assumed that each of the rotational con-
stants is invariant over a few'adjacent vibrational levels
land that the respective vibrational separations are also con-
stant over this limited range. These approximations allow the
rotational term values of any neighbouring vibrational level

to be given with respect to a dhosen reference level as in
1

ST . .:' BERCEE o :f'. :Jl.',“‘:\:'ni\_‘t{_a.‘

Phe-s
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cquation (6.15);

- - ‘..

.-

i=1,2o0r3
where ny is the difference betyeen the réspective'vibratioﬁai
numbers éf_a'givgp'level and the reference level, and AGi
represents the local vibratioﬁal separation for state i. The
above definitions allow‘the J %alue tJB) for which any other

three photon resonance, transition occurs, to be calculated with

‘respect to an arbitrarily chosen VymVytVq transition;

(6.16)
1 73 _- '

Y

This equation corréctly predicts that for a specific-BOJ-XOé
transition (i.e. n1=n2=0), the J value at which resonance
occurs in the upper state decreases (due-to the last term -
in the numerator) as Vs (ns) increases, when the denominator
is positive. i
‘ * * '

The expressions for JA and JB c¢an then be substitu;ed
scparately into the follbwing exp}éssion te give the single
photon frequency (021) at which the three photon resonance

occurs.

* *
Goy = E27El = T2+B2Jx.- [TliBle] . (6.17)

where x = A 6r B
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The . energy difference, «, between the Teferencc 3P1C . .
VS(JA) - v,(JA) - (JA\ frequency ahd the general v. 303 (JB) -
vi+n2(JB) - 1+n1(JB) 51ng1e beam.three photon transztlon

frequency is given by equation (6.18).
-SnZAG2+2n1AG1+n3AG3 6 18
~3B,+25 %8, ] (6.18)
2 1 73

Equétion (6.18?'a110w5 the gtudy of the relative spparatibn
of 3P1C transitiong (with respect to a chosen reference
transition) as a function of ny, N, and né. For example, if
we consider the v3+llv2-v1 three photon transition-(i.c.
ny=1l, n,=n;=0) the spacing of the 3P1C line grouﬁingg_will be

given by (for vy=0, v, =20 and \,—80)

0+0+72 (6.19)

.O'. = 0 0-0.012 [m] -52 ¢m

-1

Hence the 81-20-0 and 80-20-0 transitions are predicted to .~ |

be separated by approximately 52 cm'l, in good agrecment
.with the experimentally observed valuc of 50.9 cm™* between
the respective (P,Q) transitions.

O0f further interest is the case where n1=0, =1 and

i:
n3=2.which results (again for the above reference level) in

a value of 1.6 em™! for a«. Therefore the Vi+Z2-vatl-vy

transition will lie in the' same spectral region as the

V3-V,-vy transition. This can be scen in Figures 6.11 and

b

6.12. The combination of the above examples~predicts a series
of 3PIC lines separated by approximatéT?ziE;§mfl for transitions



i

_emanéféng.frém a_commpﬁ“value of vy - Fufﬁher,‘if we consider
the vs+2 -v2+2'-v1+15tfahsition,a value bf 1i cm51-for'a‘is
-_calcuiated'frdm equation (6.18?: Hence, at least a partial
‘overlgp of the reference 3P1C tfanSitidns from‘vléo
. expected with those_that originate fr&m v1=1 for wyich n2=2
-and nz=1. An ekamble of this is given in Figure;6212, in whicﬂ
© 3P1C lines dﬁe to the 80-20-0 and 3;522-1 transitions are
.idcntified. ~Although only a single reference 1eﬁe1 has been
‘tonsidered:in this discussion, t@g extent of the-observed
spectra (Figures 5{4 and 5.5) argues that equation (6.18) holds
over a large1§§nge of Vs and Vo values. |

. Equation (6.18) predicts a separation of 80 cm-l_
between.;hefv3+1-v2-v1 aﬁd Vi-Vy-Vy Fransif%pns for the
F'OL-BOZ-XOE system.  Such a progression was not observed
for at least two reasons. First, the single beam energetically
accessible vshievels did ndt, in general,.exhibit large FCF's
for the two photon transition from a given v, level. In other
words the FCF parabola dia not coincide with;tﬁe.vs—vz
‘transitions marked with an asterisk in Table 6.11. Second,
the overlap with the FOJrBOG—XOE system and the fragmentafy
systems in the R6G dye region obscured any regular structure
due to the F‘0+—B0*-X0£ system alone.

Other experimental evidence has been offered for the

existence of a stable electronic state between 30000 and
40000 cm_l. In particular, a third harmonic generation (THG)

spectrum obtained by Tai et al. [107] over the 17900-18600 c:m'l



region for the‘l27

I2 molecule was proposed to have 1nvolved
.resonances at the one photon (BO state) and the two photon level'-
w1th--a bound state | Based on- thlS assumpt1on molecular
constants were derived (equat1on (2.4)) for the two. photon.,~

.8 .
Tai et al. was not duplicated in this laboratory, a couple

exc1ted_0 ~ state. Although the THG spectrum.reqprded by

of points. concernifg their analysis are worth noting."Fgrst,
. [ v . . N
the bandwidth of the "dye laser used in their single beam study

was 0.5 cm'l, almost as broad as the output of the‘ﬁDL
emplofed in our low.reséluti;n'stﬁdies.' We have alrgady shown
that spectral analyses'based on such'investigatioﬁs-are suspect.
A review of the épehtralja;sigqmenté'(single pﬁaibﬁ fesonance
ffequencies) in Table I of feféfénce [107], shoﬁsrthat éevéféff_

-

of their pump assignments differ from the observed resonance

-1

frequency (4E,) by&more than-1.5 cm = or 3 times the laser
h

. linewidth. On t other hand, the pump aS;Egnments ﬁa@e in

the present study aMere - usually, within one and'ccrtainly

no.greater than two linewidths of the NDL, of the experimental

3P1C frequency. Our lations show that on average, 40

-1

individual pump assignments a possible within ¥ 1.5 cm

‘of the observed multiphoton frequency, in this - region of the

spectrum, if transitions/from v, = 0-2 and Jl = 10-150 are

1
considered. In our eXperience, any one of a number of sets

of results are possiblle when the number of plausible resonance

assignments is so large. A least squares fit of Tai and co-

¥ —

T -

' N - - - - - -
workers data based on'their assignments (ignoring the obvious

-



“'state and a real three photon terminus..

fypggigﬁhical gffors}{shpwed that almost 30% of the assign-
ﬁéntslrcéultea_in bbséfved-minﬁ%-calculaﬁed values of -
8E,>|1.0 Cm'%l, which was the arbitrary cutoff limit used

in the present study. -

An alternative inferpretation of.thé THG - offered

" by .Tai"et al: was the poésibiliiy of a virtual two photon

However, this was

rejected by these ﬁérkers on the grounds that the Cordes bands

_(Chapter 2.2) do not occur 1in the spectral region probed by

the dye laser, (m53700 55800 cm l)' \well known

that they do extend into this region [58]. Thesejfworkers also
failed to comment on the possibility of another ion-pair or

a2 Rydberg state serving as a final bound state. - However,

iﬁ“ﬁIllfairness; extensive data were not available for .these

states at the time of their THG stﬁd&.
| Milch was made of the 100 cm * separation between the
stronger features in the THG spectrum, which was attributed

to ‘hot band structurevdrising from the ground state (v half

" the vibrational interval of 213 cm-l) and cited as evidence .

for a real two photon excited state. But, as was showﬂ‘above;

the separation of spectral features in a low resolution

resonance enhanced single beam study must be regarded'cautiously.
Tai et él. also recorded an MPI spectrum of this

region (17900-18600 cm'l), which curiously bears no apparent

resemblance to the MPI spectrum observed by Lehmann et al.‘\

[102] ‘and which was later recorded during the‘preSent'study using

fluorescence detection. A preliminary analysis of this
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-

- .

spectrum by Tai and colleagues on the asSﬁmption the upper

NP . + 3 ’ 1 y
terminus was the.DOu (’P,) state resulted in a B; value of
. :

0.0338 ¥ 0.0010 em™? for vy = 15. Bdf, it is now well

establi'shed that the rotational constant (Y l)ﬂfdr théfnﬂa

1

state i§ >0.021 cm . [57]. Heﬁce, it would scem that a

-

”{ reinvestigationm of the THG and MPI spectra recorded by Tai

-

ret al. uhéer high resglution is in order. .

A strohg, broad feature_iﬁrthe‘THG spectrum near

"18064 cﬁrl tFigure 2 of reference [167]) has the appearance
of a bandhead. This frequency coincides with the low J
transitions of the 22-0 BOG-XOE band. Based on this pump
aséignment an ES value of about.§4210 cm_-l (relative to v1=0,

- §1=0) is opﬁained, in good agreemEnf with the calculated E,
value of 54204 cmhl,for v=194 of the uppér state of the Cordes
bands, as giveniby Wielg%g's [EE] Q?éntum formula (equation
(z.2n. - - _

In summarf, while a number of in;estigations (outlined -~
in Chapter 2,3) have purported to show the instehce‘of stable
electronic states in the 30000-35000 cm % region for the
lodine ﬁblecule, they are all dependent on the validity‘of
the conclusions reached by Lehmann et al. [102] and Tai et al.
[1@?]. In this work, it has been shown unequivocally that .
the dﬁgiysis of Lehmann and colleagues is in error. Further,
serious doubts can be raised about the 5nalysis of the THG

spectrum offered by Tail and co-workers.
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6.4  The DO, State

L

6.4.1, Introduction. - . _

Following the conclusion of'ﬁhe singlelbead analfses
of the F!OG and EOE ion-pair-s;ates'there remained many un-
assigned 3p£c lines. Attémpts were made to asﬁigﬁ these linesl
to three photon transitions terminating on other electronic
staées. In particulgr, the third and last remaining low -
iying ionjpair sta;e_of-oz symmetry (DOZ(SPZJj was considered
a likely candiaa;e. Certainly other studies [109,.163) have
demons&rated that multiphotoﬂlresonances can be observed to -
populate the FOS and DOZ states- under the same experimental
conditionsL

Due to tﬁe relatively low elettrqnic excitation energy
of the DO” state (Yg o ~ 41027 em™ 1) [57], three photon
transitions within the range of'singlé photon frequencies used
in this.Stu§y would result in high vibgééional excitation
(vs > 150, ba;ed on Wieland's bandhead formula given'in‘eﬁua-
tion (2.2)). The only previous rotationé; analysis invqlving
these high 1yiﬁg levels was made possible by calculating the
energies of the upper state levels populated by the_$ﬁ30.4g
atomic iodine line [62, 63]. As only five DOZ rovibronic
levels are excited (Table 6.25), a rigdurous least squares
analysis to yield vibrational and rotational Dunham coefficients
was not possible. However, these studies offered a co;venient

starting point for the preSent.ahalysis,
”

=4
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* Table 6.25
‘Summary- of Analysis of the Rovibronic Levels  *
Populated by 1830.48 Atomic Line [63]

- vy - 3- . ﬁ; \E_b'
Vs S A S
204 o 22 ' 54761.001 (16)°
204 - :"".‘ : 25 54762.860 (15)
205 T 46 T R 54824.596 (14)
205 a9 o 54828.055 (16) _
208 ~ 87 55019.440 (13)

a original numbering of Wieland [38].
b rel. to pot. min. of ground state.

¢ _one standard deviation-in last Quoted‘f;gures.



0.4.2 - The 3PIC Analysis of the‘DO+ gtate .

' molecule were the 1n1t1al target “of our investigation._

'(0-540A) end of the OODR spcctrum,recorded.for the °

L
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Thé una§51gned 3P1C l1ncs in thc hlgh frequenC)

12 7I

.
'-(Thé

prellmlnary stage of the analys1b 1nvolved looklng for pairs
of closcly spaced unass;gned 3P1C tran51t10ns. On the assump-
tion they were due to (R,Q) and (P,Q) branch lines, values
of TS and Bq mere_calculated for_plau51ble pump assignments.
The value of By was thenICOmﬁared to the correspondihg value
estimated by Tellinghusien et al. {63] which was 0.012139 cm_¥-
for v~“— 704 (equat1on (2.2)).. A few such sets of assignments
gave. rotatlonal constants that were of similar magnitude to
thc_aboye value. However, one particular pair of assignments
merited further cansigeration{ 'The°00DR lines recorded at the

. -1 -1

frequencies 17921.545 cm ~ and 17910.816 cm - were assigned

to the (P(68),Q) and (R(78),Q) transitions respectively

.(bumped via BOZ-XOE 21-0 band). - A tw0‘point fit gave a 33

value of 0.012784 em”t -1,

gnd a T; result of 53881.11 cm The
latter value was . found to.be in very good égreement with the
calculated value of Ty for vg = 187 (T; = 53882.50 cm™l) from
Wieland's [38] bandhead formula (equation (2.2)). Tﬁese two
assignments in conjunction with the threé photon term values
in Table 6.25 allowed the cal;ula;ion of a preliminary set of

Dunham coefficients. For the purpose of this and all succeed-

~ing fits, Y4 , was constrained to thée theoretical value of
, .

. -C - o .
-4 x 10 P emt (equation (6.4)). The preliminary coefficients



lﬁerefused by the FINDié‘program to seafth'éer-fﬁ}thef 3PAC
transitions-infeivinglthe DO"T state.fer‘v- = 185 208 Once
all plau51ble ass1gnments weTe made for ‘the 1nterven1ng V3
levels the search was gradually extended to encompass

) lowet'and higher 1evels In making aPlC aSS1gnments, the
criteria putlined in Chapter 6.2.2 were again fotlowed. A .
total of 31 3551gnments were made for the-l;?Iz molecule,
most of which involved weak, previousiy unassigned multiphoton
;ines. Two of these assignments are evident in Figure 6.11 -
‘Alsummary of the'single beam assignments is given-in Table 6.26.
The results of the least squares analysis on the Es values .
derlved from ‘the above OODR transitions plus the five upper
state term values given by Telllnghulsen et al. (Table ©.25),
are p;esented in Table 6.27. The first column of results #n
this'tab}e 1s based on ﬁieiand's ﬁumbeqing scheme (equation
"(2.2)) for the vy levels. The second column gives the cal- -
culated parame:ers that were obtained from the same data when
the lowest observed level (vs = i?O) was designated as v=0.
These- latter constants are differentiated from the bunhnm
coefficients given in the first éolumn, by the use of lower
case letters.

129

No lines in the I, single beam spectra could be definitel

. + . .
assigned to the DO, state, though there remained many unassigned
3P1C frequencies. In view or the relative weakness\pf the
127

3P1C lines assigned for the I, molecule and the limited

5 . _ .0 :
extent of the high resolution C-540A spectrum recorded for.
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o " Table 6.26. .

Summary of 3P1C Asﬁiggments for .
I

. 1
the DOG Stanf of

- .

Number of Lines Assigned

1
4

L2

'y

t~> [ g% ] 2 [¥2]

[ V]

I~

1

~Total .31

numbering according to Wieland [38].

" Range of J

69
26-42
85-98
58-71
67
32-44
75-110
46-46
107-119
67-79
33-46
25-37

87

220



Table 6.27

Dunham Coefficients from Analysis of the
3P1C Lines of the 12?12 Molecule

Relative to vz=0 (cm %) . Relative to v;=170 (ém™l)
Y. @ 41558, (258) v, S 53144.36 (22)°
0,0 : ! _ 70,0 018%.20. L2
Y1 o 88.3 (41) Y1,0 149.905 (40)
- : ‘ -2
. - -4 ) . . : - -
Y5 g 0.67(38)x10™% = Y30 0.62(39)x10 4
Yo 1 0.01852(27) Yo.1 ©0.013269 (65)
N s -4 : . . - . -
Yp -0.511(15)x10 Y11 -0.312(15)x10‘4
' d B} 9-8 o re1n-8
YO,Z 0.4x10 yo,z - -0.4x10 3
. i ,
o= 0:33 em L o= 0.35 cn }
o~
a rel. to pot min. of ground state. Fit used original
numbéring given by Wieland (v.=170-214). Fit includes ,
upper state term values given by Tellinghuisen et al.

(65] for v;=204, 205 and 208.

b: numbers in parentheses correspond to one standard deviation
C constants evaluated relative to the lowest observed level,
i.e., v-.=170 becomes v=0. Constants rel. to pot. min..

of ground state. '

d value constrained to theoretical value (equation (6.4)).

-



the 129 IR | . ' C .. : -
" The 9e1ect1on of pump and probe -frequencies used in -

the double beamabxper1ments did not allow the sampling of

the Vs levels (17@ < vy < 214) observed in the 3P1C study.

Carc%ul scrutiny of the 3P2C spectra failed to give evidence

for unassigned O, Q, S 1iﬁes separated by approximately 25 Cm"1

‘(probe dye_laser‘fégquency) froﬁ similar triplet sequences.

[ ]

6.4.53 Incorporation of the Results of Emission Studies

Tellinghuisen ISSJ and Koffend et al. [56] have pub-
,lished investigations of t?e D0;-X0; system in which emission
from the low vibrationaidiéﬁels of the upper state has been
observed. The former study also included observation of the -

. ‘- 2
corresponding transitions for the 129

I, molecule. Table 6.28
summarizes the findings of these two studies. The result of

an unweightéd leést squares fit in powers of vy + 1/2 is also
given in iable 6.28. A weighted fit was not possible as-
Koffend et al. [56] did not quote the standard errors of their
results. On the basis of the number of significant figures
quoted, their values were apparently ah order of magnitude more
precise than Tellinghuisen's. _Pfesumably this was because
Koffend et al. did a rotational analysis and thus gave the
positions of the band origins, whereas Tellinghuisen's analysis
was based"on bandhead data. In the combined leasﬁ éqﬁares fit,
presented in Table 6.28, and in all subsequent fits incorporat-

ing the emission data this distinction was ignored (separation

of bandhead and band origin ~ 0.05 em™ 1)

.I2 molecule this was not.surprising. S e s



Table 6.28

c'\

Summary of Erevious“woxk_Concerning

+ +
DOu-KOg System

in Emission

. g
Dunham Coefficient (Cm'lﬁ'

Tellinghuisen ([55].

a - -
Yo,o S 41027.3 (1.3)
| Yl,O : 85.32 (96)
o -_Y?_,0 -0.16 (13) ..
¢ = 2.035 cm !
12717
- - ‘ .
Koffend et al.[56] Tellinghuisen [55]
- -1 -1, | -1
v E3 (ecm ™) E3 (cm ™) .E3 calc, (e¢m ™)
b - . .
0 - 41074.9(6)" 341074.9
1 - 41169.5(4) 41169.9
2 41266.49 41264.2(7) 41264.0
3 - 41358.0(7) , 41359.0
4 - - 41453.0
5 41545.29 - ' 41540.8
s 41641.23 - 41040.2‘
12917
Tellinghuisen [335]
—— i -1
v ES (em ) X ES calc. {cm 7)
0 41074.8(4) 311074
1 41167.3(5) 11168
2 41264,7(15) 41262
. b 1
a results of unweighted fit to data belgw, l"9I7 data mass
scaled, coefficients applicable to ““‘I, molelule.
Uncertainties correspond to one standard deviation.
b uncertainty (one standard deviation) as quoted by
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- system, Tellinghuisen [57] concluded on the basis of spectral

Subsequent to his emiésion study of the DOG-XO

simulations of théjDOS-Xog_bound-free emission'and Wiéland's

,_fénalysis [SQ]; that the numbering used in the latter work wé;
either correct or too high by a single unit. Although he

was unable to dctermihe which of the alternativé schefics was

correct, he slightly favoured the lowe:-numbering Schéme. ‘

In an attempt to determine the true absolute number-
ing of the upper state levels., least squares fits in Vs +1/2
were undertaken, which incorporated the Ilow Vs emission data
'l(Table 6.28) and those obtained for high vy, i.e. the results
given by Tellinghuisen (Table 6.25), those obtained in
this study and the bandhead data obtained from Wieland's
absorption work.

Synthetic data sets were generated, in the manner
previously given {(Chapter 6.3.7), for Wieland's bandhead fre;
quencies. These data sets were obtained by setting the desired
standard deviation of the generated values in the range

1, following the example of Tellinghuisen [577.

1.0 - 1.5 em”
Again, the synthetic sets of data were fitted to polynomials
in vy o+ 1/2, and the'{;ast squares coefficients compared to the
original constants given by Wieland [38]. Table 6.29 dis-
plavs the results of one such fit The appafént lack of agree-
ment between the two sets of constants can be traced to the
'extrapolation'iﬁvolved from the lowest observed level, v3=98,
to v3=0.

In the least squares fits that encompassed all the
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Table 6.29
- - .
- ”% . T -
Synthetic Data Set for DO, Levels v3=98-259
Based on Formula Given by Wieland ~[38]
1 s. Fit to Syn- .
thesized Data Set Wieland's Constants
s -
40492. (105)° .  40731.0
110.2 (32) © 104.165
-0.314 (38) ~0.2422465
0.88(22)x10°° 0.453864x10 >
: - -'6 - - '6
-0.195(63)x10 -0.70641x10
0.206(71)x10" S 0.641845x10°2. -

o = 1.20 em’?

rel. to pet. min. of ground state,

" numbers in parentheses represent one standard deviation.
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Table 6.30

Dunham Coefficients from Simultaneous Fit - .
of All Data Pertdining to DOfj} State and

Comparison to Parameters Obtained by

-Tellinghuisen [57] .

-t
‘ . . -
This Study L Tellinghuisen [57]
Dunham Coefficients (cm?l) Dunham Coefficients (cm'l)
Yy o*  41027.363 (249)° . 41026.4 (4)
Y. o 94.9875 (14) ' 95.66 (21)
Y2 0 -0.10777 (2) -6.1345_(50)
Ys,0 -0.599(3)x10"°> -0.214(43)x1073
0 0.388(6)x10"° 0.13(2)x10"°>
Ys g -0.99(1)x10"8 0.17(2)x10°8
Yo o 0.10(2)x10" 10 -
YO,IC 0.020775 ’ 0.020775 o
Yo -0.514(2)x10° %" -0.5x1074
Y, ¥ 0.4(2)x10°7 0.372x10° 7
Yo,zd ~4.0x10"° ~-4.8x10"7 for v3e=203 )
o =1.14 em}

rel. to pot. min. of ground state, all vibrational
cocfficients constrained except YO 0 and Yl 0-
2 b

uncertainty in final digits that corresponds to one stand-
ard devia}ion. )

fixed to value given by Tellinghuisen [57].

theoretical value'(equatibn (4.4)).

numbering-a&op%ed*iﬁ“fﬁfs study and [57]: i.e. reduction by one
unit of that used by Wieland T[38]. Dy given by Tellinghuisen

et al., [63].



'

o
~
-

available data for thé_D0+‘.staté- thé*numberiﬂé at low V3
was kept fixed and the relat1ve numberlng of the h1gh Vs
-levels var1ed. .Wh11e a fifth order fit for the v1brat10na1
_ coeff1C1ents (thg same degree fit as used by Wicland) was
inconclusive as to the cefrect'nﬁmberiné, a sixth degree fit
slightly favoured the reduction by one unit of the number1ng
used by Wleland [38] This was 1nd1cated by comparlbon of
the.standard deviations of the fits employing diffcrcnt
numbering schemes and the agreement of the least squares
estimates of YO,O and Yl,O with those values determined from
the low vs data (Table 6.28). This-preferred numbe;iﬂg scheme
was invariant with reépect to which of the synthesized data
sets were used. It also made no dlfference 1f the YO 1
coefficient was held flxed to the value given by Koffend et al.
[S6] and Tellinghuisen [57] or allowed to float. The results
~of a typical sixth order fit, which used the synthesized data
given in Table 6.29, are presented in Table 6.30. As done
previously, the higher order terms have been rounded off to

the least significant digit add constrained to those values in

all subsequent fits. For comparison the constants obtained by

Tellinghuisen [57] are also displaved on Table 6.30.

6.4.4 RKR Curve OF ihe DO State

The vibrational and rotational constants given in
- +
Table 6.30 were used to construct an RKR curve for the Do,

state. The RKR turning points and associated energies (for



J=0) for'selected v1brat10na1 levels in the range e 0 210

.(new numberlng) are listed in Table 6.31. ¢ o ',':,
' The comments made earller EChapter 3.9) regardlng

the calculatlon of FCF's for the PO BOE sysgpm are even -

morg pértinent to the’ DO -BO ‘tran51t10n and‘hence these

values were not determlned for- the latter .system.,

-

-
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' Table” 6;.':".]~ -
RKR Turning Points._f‘or-the D0:'x State
. e
v ; U(r) em”t 1'min(‘?\) T ' Tnax (A) e
-0.5 0.0 3,576 e
: + 47.805 3.504 © 3.653
10 - 989.378  3.277 . 5.967
" 20 ~1902.835 3.179 4.158
30 ' 2787.528 3.110 4.320
40 ‘ 3642.721 3.055 4.470
50 .. 4468.166 3.010 4.613
60  5263.784 2.971 4.753
*70 6029.7 2.936. 4.890
g0 6766.2 2.904 5.027
90 . 7473.913 2.876 5.165 -
100 8153.319 2,850 5.301
110 3805, 254 2.826 5.439 )
120 . 9430.550 2.803 5.579
130 10030.161 2.782 5.721
140 10605.151 2.762 5.864
150 11156.568 2.745 6.010
160 11685.505 2.725 6.157
170 . 12193.061 2.709 6.307
180 12680.319 2.693 6.459
190 13148.527 2.678 6.613
200 13598.077 2.664 6.769
210 14030.482 2.651 6.928

f
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. .CHAPTER 7 |
CONCLUSIONS S g -

- )

I this chapter, the conclusions derived from this
study will be. summarized, and some suggestions for future

work outlined. ) . . . .

A laser spectrometer has been developed that has

L

proven to be a useful tool for the study of non-linear‘tgéiié-

-

tions in gaseous species. .Specifically, this system has been-

emploved to obtain the most extensive three photon excitation

spectrum of molecular iodine yet reported. Rotationally res-

olved single (3P1C) and double (3P2C) beam spectra have been
127

“«

2 L
observed for I, and 1“917. Analysis of the high resolution

traces has ?ésg}ped in a combihéﬁ'total of nearly 1000 3P1C

and 3P2C assignments, which have ean%:H the three lowest ‘
lying 0: lon-pair states: to be characterized. In a&ditioﬁ,

~he results of sevéral investigations b?'prior workers have

been incorporated, to extend and consolidate the-pfesent ana-’

123

lysis. The three photon spectra of the I, molecule are ..

- L . . : ‘L _
reported for the first time, and have enabled absoBute vibra-

tional QUantum numbénS-t& be éssigned, This work'has.aLEo

‘result®d in the building of a strongucése agains{ the' existence

Sl e e . . 20 20 S
of bound states Iving Qeguegn\;?é- Pl/Z + Pl/z.aS}mp&Oth‘
limit and t@ﬁ'lowest cluster of ion-pair states‘gFigure 2.2).
Mueh work temains to be dorfe, however. From the’

~ -
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-

3P2C bandhead data along-(hhépter 6.1), at least three more-
highly excited states are con;ribﬁting_to the therved spectra.
Our-attempté to correlate "the unassigned heads to the
undesignétéd-SPlC and 3P2C lines.wére'not conclusive. Further
work 1is already underway.in this laboratory to characterize
these unknown states. The complexity of the three photon
excifa;ion spectrum is born out by the fact that monitqring
the £luorescénce from the -upper states at a diffgfent'wave-
length has resulted in the observation ofhatlléést'séﬁ new
5P2C progressions [164].. Two of these exbiﬁit'a separation

of about 75 cm-¥ between cbnsécutive heads similar to the
spacing of the fraémenfary_system Tecorded auring this work 

o

(Table 6.4). . L
'Besides further.investigation into the three photon

spectrum, a study of‘fhe four photon absorption épectruﬁ

would be very 1nterest1ng and 1s quite fea51ble. The BDL

outnuf—eould be set to a frequencv correspondlng to an assigned

35P1C transition. Fluorescence from the Dopulaued three photon

level tan be blocked using a filter assembly that only

transmits below 200 nm. The NDL tould then be scanned over

the 14000-20000 cm'l‘regidnf(usiﬁg-1271’-frequencv cdlibrétion

[84-87]) to induce single’ photon transitioms from the three

photon levels pumped by the BDL This 4P2C experiment would.

result in the observation of fluorescence from molecular states

- -4

in the 70000 cm™* region. While this region is well known

to be spﬁdtrélly dense (Chapter B.2), few ¢efinite assignments

. .o . . ’ v
- ' [ . N -~
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h;ve'béen made. Speétfa obfained in the above manner wili,
howéver; be'simble and-easily interpreted. This. would be
because, despi#é the relatively broad bandwidth of the BDL,‘
only a few 5P1C lines are pumped at any given frequency. In
some cases;_only a singlejthree photon‘ievel'would be photo-
selecfed., If the pump.lines are choéen carefully, and ther
output power of the NDL is minimised; thére should be no
interferénce due to 4P1C transitions. As the NDL i::jcanned,
allowed siﬂgle phoEpd transitioﬂs (Table 1.1) will b€ induced
from the 3P1C ;eﬁélg pumped by the BDL. The spectrum will ‘
Eonéist cf groups of lines (2 or 3 depending on the symmetry
of the four photon state), separgteﬁ'ﬁy the vibrational inter-
val ?f'the lermiﬁating state; The aSs;gﬂ&ént dfirotational\
quantum numbers will be simple as‘the pumped 3P1C assignment
will be known. Conversely, once.the four photon ftates have
been identified,. unassigne& 5P1C lines can.be pumﬁed, and the
spacing of the resulting 4P2C lines can be\ﬁ%ed to déterminé
the three photon pump energy and hence assign the pump iine.
Another advantageous feature of this experiment is that the
peak prér of the NDL is not of critical impbrtanhe; on the
contrary, it would be kept as low as possible to avoid indﬁc-
ing multiphoton absorption of higher ofders (5P2C, 6P2C,
etﬁ.f).l Any such higher order proéesses could be studied
separately by using an appfopriate interference filter.

Three photon resonance enhanced spectra in other

molecules are also a possibility. Unfortunately, the number



P

Kl

t

= . . i ' L
.of diatomics that can be studied in a static cell at room '

temperature is limited. It may be possible to use part of

the excimer emission to volatize a sotid sample such'as Se,
in‘é séaled cell. However, such studies would probably be
limited to single beam work due to the figite amount of v
excimer radiation available. Future experihénta} designs -
could include a.flow system ‘and a discharge. region to allow
the study of transieﬁt species. Polvatomics are also a
possibility for study; certainly a few have visible absorp- ‘
tion systémé (e.g. CrOZCI2 and NOZ) suitable for_single photon
pumping. A drawback to ﬁolyatqmic studies would be the
increased Eomplexity of the.multiphoton spectfum under high
resolﬁtion.._Another impecrtant consideration would be the
accuracies with which the spectroscopic constants of the ground
and intermediate states are known. Without well-determined
‘Dunham coefficients for the calculation of possiSle pﬁmp fre-
quencies, the analysis of the single beam spectrum would be
extremely difficult.

A suggested equipment change is the replaccment.of
the red sensitive FMT (EMI 9816QB) now used, with a solar
blind'or equivalent PMT. This would allow the removal of
the glass filters currentiy required to block the scattered
laser light and.the inténse single .prhoton fluorescence. .
T@e absence of these filters would more than compensate fof
the generally lower gain of the uv - only detector.

‘ In summarf, the prognosis fof futurélwork appearé

promising based on the results obtained in this studyv.
. D

-
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APPENDIX A ' i
an?I,, 12912 3P1C Lines and Assignments
-]
“~
Legend: )
symbol © meaning
4 J r
VW very weak
W _ © weak
m - medium
s . 'stroné
Vs very strong ° -
db \ " double
b _broad 2' )
vb very broad
NQ non-Q line'as indicated
! by po £ analysis ) -
Q o Q line ds ‘indicated by ?
pog. analysis:
\

Vibrational numbering of DO upper state assignments based -
s fats u ! : - &
on Wieland's [38] scheme.. N : . A

\
s . ® :
:% - -— . , R @ ‘



LINE(em~1)

18308.527

18304.840
18300.676

18296.486

18295.276
©18294.636
"18294.300

18292551
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1
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h

| 39]

I
w
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Q

[ 15 ) <

€3

) €O
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P

p—t

-

-

LINES AND ASSIGNMENTS

J3
25
37

F
o]

ot

J2

27

37 -

[¥]
LY

(¥'Y]
(N &)

(W1
[o 5

(‘J\ i
4 le g

P+ L2

Ly B4

ol L)
LY ¢ FY]

I L
PN

J
2
3

1
8

6

STATE
D(Qu+)

D{Ou+) "

F(Ou+)
D{0u+)
F(Qu+)
F(Ou+)
F{0u+)

Flou+)

- o \
Pl S
-_— h -'_\
SLUa
o s
T .
- b
= Ou-.-\
i s
s\\-«u“
- 1
4-"‘0-_
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R DY
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Toe2
- A,
- et
SLa
T Nt
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[ &)
ra
[#]]

REMARKS
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A
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Vi, D
L

Vw, O
e T
e g
. ~t
b A
- -
LA AR S
- -
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w
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o, - .

-
g ey N ?



LINE(em-1)
18094.080
18090.801
18086.475

18039.319

16036.915
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88
g8

o
s

LYo IRY ¥

oyt
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Y IR¢ 7l
t.) €0

(6 7]
D

v2 vl
23 0‘
23 0
23 0
33 3
22 0
23 0
22 0
22 0
35 4
24 0
27 1
29 2
24 Q
23 0
22 Q
23 1
=5 2
24 1
22 Y
22 Q
21 C
2l 2

1

J3_

68
68

76
07

. 48

L.

92

48
56

D
wn

66 -

68

76
105

n
h

0
[#7]

Jz.

1

f

Jy
67
69

75
06

L S
93

49

53

O en
10D (4

o tn
wn 10

o

STATE ;'
F{Ou+)
F(Ou+)

F(Qu+)
F(Ou+)

F(Qu+)
D(0u+)

F(Qu+)
F(Ou+) .
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REMARKS
w,b,NQ ?-
s$,Q
m,b,Q ?

w,b,NQ

2
“}



LINE(em=1)
17957.117
17947.531

17943.633
17940.221
17939.441
17938.742
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86

88
93
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[ (S | 4%
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A

STATE
D(Qu=+)
F{Ou+)

F(0u+)
F(0Ou+)

F(Qu=+)
F(Ou+)
F(Ou+)
F(Qu+)

F(OQu+)

F(Qu+)

F(Qu=~+)

F(Ou+)
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246

LINE{cm~1) vy vy vy J3 - J2 J] -~ STATE REMARKS

17882.245 81 20 0 .26 26 -27 . F{Ou+) . vs

87 .25 2 36 34 33 F(Ou+)
.1788r.857 - 81 20 0 27 27 28 F(Ou+) . m

81 20 0 35 33 32 F(Ou+)

87 24 1 106 108 107 F(Ou+)

87 25 2 29 29 30 F(Ou+)
17880.859 . 81 20 0 26 28 29 F(Ou+) s,b

87 25 2 28 30 31 F{Ou+)
17880.198 81 20 0 27 29 30 F(0u+) vs,Q

81 20 0 35 35 34 F(Ou+)
17879.713 81 20 0 36 36 35 F(Ou+) W

83 21 0 86 88 89 F(Ou+)
17865.693 182 20 0 ., 46 44 45 D(0u+) w, NQ
17663.349 182 20 0 36 46 47 D(Qu+) m,Q
17834.715 80 20 0 686 66 67 F(Qu+) vs,Q ?

.82 21 0 106 106 107 F(Ou+)

17832.238 86 25 2 72 72 T F(Ou+) wv,Q ?
17831.326 S0 20 0 S - 68 69 T(0u+) vs,Q
17829.247 §2 21 0 106 108 109 P{Qu+) w, NOQ
17827.816 S0 20 0 68 70 71 F(Qu+) m, NQ
17826, 451 3 20 0 T T F(0u+) s, NQ

§2 22 1 1 € 47 F(Ou+)
1TS23. 991 83, 27 1 48 a8 19 F(Ou+1 M, 0

§2 2o 1 s 54 33 F(ou=)
1TE2.530 S0 20 Q A B ={0u=) =, NQ

g 23 3 §2 80 81 Fi0u-)

“§20.e28  1ss 2% Q 119 117 116 D{0u+) w, NQ
1TTER. 130 §35 28 2 93 93 92 F(O0u-) W, vh
TTTNg 904 e 20 C 93 91 o2 T(Qu-) S, N0

§3 23 ; 108 108 199 F(0u~)
17781840 T 1o 0 3¢ 3T 38 F(Qu=) @, NG
TTTEOLILD Te 2¢ ¢ T er gg F(Qu-) vs,Q

Ll
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LINE(em™)  v3. .va v J3" 3 Jy . STATE REMARKS
. - ¥ N -
17799899 777 19 0 39 39 F(Ou+) vs,Q
17779.318 77 19 0 48 46 < F(Qu+) s, NQ
83 23 1 108 110 {111 F(Ou+)
17778.695 81 217 0 123 125 W26 F(0u+) ‘m,b,NQ
81. 22 =1 78 7 77 .
. . 83 23 1 116 116 115
17777.809 77 19 0 39 41 42 . F(0u+) m
17776.965 s,Q
17776.387 77 1 _ .. 49 49 a8 F(Ou+) m,5,Q
K / .
17775.565 79 20 0 93 95 9§ F(0u+) m,b,NQ
17774.555 g1 22 1 8 78 79 F(Qu+) m,0
83 24 2 52 2 53 F(Ou+)
83 24 2 60 58 57 F(Qu+)
17773.855 77 19 0 9 51 s F(Ou+) s, NQ
17772.881 83 23 1 116 118 117 F{Qu+) vw,vh,NQ ?
17770.650 . w,NQ ?
17770.041 ' w,Q
17768.652 73 20 0 102 104 103 F(0u+) @, NO
83 24 2 §0 62 &1 F{Qu+)
17767.745 79 21 1. v - 5 F(0u+) s,vb,Q?
~ - s 21 1 a 7 5 T{Qu+)
79 21 1 6 g 9 F(Ou+)
e 21 1 § . 8 a F{0u+)
e 2 1 15 13 12 F(Qu+)
se o 1 16 14 13 T(Qu+)
17767.050 79 21 1 : ¢ 10 F(Qu+) s,ve,00
e 21 1 g g 10 S{0u~)
o 21 1 § 10 11 F(Qu+)
T 21 1 17 15 14 F(Qu+)
e 21 1 16 16 15 F{0u+)
1T766.022 T 21 1 13 13 14 T(0u~-) =
7o 1 17 12 1s F{Qu~)
§1 22 T €6 S8 &7 F0u=)
17765.754 ~

poi
-~
-1
un
1
L]
h
o
i
b}
O



LINE(em™l) vz vz v J3 Jz J) - STATE REMARKS
17756.8p8 176 19 0. S8 S8 59  D(Out) " w,b,Q ?
17753.791 176 19 0 58 60 61 - D(Ouwt)  w,NQ

179 21 1 32 32 33 D(Ou+)
17750.883 176 19 0 70 68 67 D(0u+) w,NQ
90 30 3 _ 146 14¢ 145 F(Ou+)
17748.311 179 21 1 44 44 43 D(Out) - w,b,Q ?
17746.404 176 19 0 71 71 70 .D(0u+) w,NQ ?
179. 21 1 44 46 45 D(0u+)
17742.111 80 21 0 138 136 137 F(Ou+) W s B
17735.368 - mNQ ?
17731.79 84 26 3 53 52— 51 F(Ou+) w.b,NQ
17729.004 78 20 - 0 121 119 118 F(Ou+)  w,b

81 26 3 5¢ 5% 53 F(0u+)
17728.055 s,Q
17726.977 76 18- 0 §< 84 82  F(0u+) $,Q
17726.815 82 2:¢ 2 57 85 84 F(ou+) S, NQ
17722.751 _ s.Q
17721.682 78 21 1 §s1 59 &0 F(0u+) m,Q 2
17718.255 82 24 2 §7 89 88 F(0us+) s.Q
17517.378 75 18 0 85 87 86 F(Ou+) s, NQ
177140373 88 29 -3 137 137 138 F(Qus) w
177130921 T8 21 1 0. T0 e F(ou-) N
17712, 950 "
17712.016 17§ 21 1 67 65 66 Dlous)  w
17710.423 T8 21 1 00 72 T P (ue) W, NQ
17710.21T 85 26 2 143 143 142 F(0u+) .
17708.654 175 19 0 85 85 86  D(Qus) 2,0
17704.240 0 175 1o g 85 8T g8 D{0u~) .
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'STATE
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LINE(cm™1) v va v J3  Jy - I STATE REMARKS
17663.770 77 20 0 138 140 139 F(0u+) w,vb
75 20 1 35 33 34 F{Ou+)
17662.706. 75 20 1 34 34 35 F(Out)  vs.Q
: 77 21 1 96 96 95 F(Ou+)
17661.199 11 18 0. 62 60 61 F°(Ou+) w,NQ ?
17660.758 79 23 2 7T 11 76 F(Ou+) m,b,NQ ?
17660.133 75 20 1 35 37 38 F{Ou+) mdb
75 20 1 43 43 42 - F(Ou+)
17658.195 11 18 0 62 -~ 62 63 F°(Ou+) s,Q
75 20 1 43 45 44 F(Qu+)

17655.717 11 18 0 70 70 69 FT(O0u+)  s,Q
17654.961 11 18 0 62 64 65  F (Ou+ty  m,NQ
17646.924 . ' | m,Q
17643.369 ~ 170 18 0 69 71 72 D(Ou+) w,b,NQ
17634.859 78 22 1 132 130 131 F(Ou+) m,Q
17628.772 72 18 0 §1 79 80 F{Ou+) m,Q 2
17624.334 . w,Q ?
17623.209 | : m,Q 2
17620.648 "8 22 1 140 140 139 F(Ou+) w,b,Q ?
17617.664 T2 1% 0 a1 o1 90 F(Qu+) s, Q

6 21 1 108 105 109 F(Ou+)

76 21 1 116 114 113 F(Ou+)
17611.5809 T4 20 1 T2tz 73 F(Qu=) 5,2
17590.357 - w
17587564 s 17 Q 50 50 49 T {0u+) s
17585.591 w



251

LINE{cm~1) v3 ‘vz vy J3 J2 Jy - STATE REMARKS
17573.620 69 17 0 S5 55 56 F(Ou+) s
17572.802 69 17 0 64 62 61 — F(0us) m

17570.752 69 17 0 55 . 57 58 F(Ou+) w
17568.988 - 79 25 3 97" 97 96 F{Qu+) w,b
17568.026 w |
17563.580 _ m
17556.718 71 19 1 48 48 49 F(Ou+) m, b
17554.140 73 20 1 105 105 104  F(0u+) w,b

' 17532.902 ' s
17470.137 - 65 16 0 60 60 61 F(Ou+) w,Q7
17468.857 | v . W, NQ
17465.252 65 16 - 0 70 70 69 F(Ou+) m,Q?
17460.900 vw, NQ
17455.977 w
17455.295 w
17452.344 69 a 1 104 104 105 F(Ou+) w

78 26 3 148 150 150 F(0u+) w
17450.055 s 20 2 33 35 36 F {0u+) w
17442.813 & 16 0 T 7T 38 F{0u~) 5,1 -
57 18 1 65 T0 &9 T 0u~) \‘*-____u;
17432.843 69 20 2 4T 45 36 F(Ou+) €07
17438.760 6 16 0 7T T8 80 T (0u~) ™, NG
17437.661 717 0 120 120 121 FT(0u~) s,
62 20 2 55 53 32 F(Ou=)
17433.276 17 0 128 128 127 F(0u-) s,
17415.013 ' s
17410.926 70 20 1 154 152 151 T(0u-) "
1740[F 028 =
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LINE(cm™1) « vy ' vy --wg J3 J2 0N ' STATE REMARKS
17404.735 ' - . ' ; vw
17404.078 | L m
17403.111 66 16 0 101 103 102  F{OQu+) m
17397.311 64 17 1 10 10 11 F(Ou+) vs

64 17 1 ~~"12 710 11 F(0Qu+)
64 17 1™ 11 11 - 12 F(Ou+)
. 64 17 1 19 17 18 F(Ou+)" "
.
17396.313 64 17 1 11 13 14 F{Ou+) s.b’

. 64 17 1 20 20 19 F(Ou+)

17396.025 64 17 1 12 14 1% F(Ou+) s,b
64 17 1 21 21 20 F(Ou+)
17390.580 68 20 2 79 77 78  F(0u+) ~w
17378.309 70 22 30 62 64 65 F{Ou+) w,Q?
17377.681 w,Q?
17373.279 i 15 0 68 66 &5 F (Qu+) w , NQ
73 24 3 133 131 132 F{QOu+)

p—t
~1
{4
-~
>
rJ
(]

n
~

0

17369.075 4 15 0 6 62 63 F{Qu+) m,Q?
17368.975 w,NQ
17366.394 m,Q
17365.723 61 15 0 73T 70 F(Ou+) @, NQ
$ 15 0 69 71 70 F’(0u+)
17355.438 | : T, Q
17362.955 61 15 0 65 66 67 Flou+) w, NQ
17361.193 61 15 0 T8 T4 73 F(0u+) s.Q
17302.827 20 14 0 33 31 32 T F7(Ou+) o, NQ
17301.813 2 14 0 41 39 33 T (0u+) w, NQ
1T301.132 7z g 0 33 33 34 F{0u+) $,0
17299,503 2 14 0 42 iz 41 T (0x+) vs,Q



LINE(em™l) vy wva\ vy J3 Jz- Jy °  STATE.
17296.909 2 14 0 43 45 44 F(Ou+)
17204.842 3 15 0 110 108 107 F‘ﬁ{§+)

66 19 1 152 154 155 FOUY¥)
17293.028 "

17291.486
17289.482 60 16 1 37 .37 36 ° F(Ou+)
17289.047 ‘

17271.459 62 18 2 28 28 29 F(Ou+)
17266.324 .

17263.057 57 14 0 66 66 67 FlOu+)
17262.944 57 13 0 75 73 72 F(Ou+)

17261.543

17261.156 3 16 1 66 64 63 F(Ou+)
17260.234 3 16 1 58 58 759 F ' (Ou+)
17259.638 i 171 116 114 113 F'(0u+)
17258.712 ,
17258.027 . .

, ‘\‘,
17257.078
17254.084 3 16 1 67 6% 68 F*(Ou-)
17246.512 i1 1 117 119 11§ F{0u+)
17236.772
17231.15¢ 59 15 1 83 83 82 F(Ou-)
17216.172 1 14 0 9 99 -3g F(0u~)
17206.731 2 1S 0 132 134 135 FO(0u=)
17205.746 o
17198.213
17187.742 115 1 As 36 33 T (0u~)

56 15 1 36 34 33 F(Cu+)



LINE(cm~1) V3 vy W) 53' J2 0 .- STATE
17187.115 1 15 -1 39 35 36 Frious)
- 56 .15 1 37 35 36 F(Ou+)
17186.703 -1 15 .1 4. a2 4i F*(Ou+)
17185.9902 1 15 1 ' 45 43 42 F {0u+)
17185.604 - l
17185.402 1 15 1 37 %7 38 F~(Ou+)
56 0 15 1 37 37 38 --  F(Qu+)
17185.076 56 15 1( 36 - 44 43 F(Ou+)
171647306 \
17184.248  ~1° 15 1 45 a5 ag 7 0ue)
17183.811 |
17163.375 -1 .15 1 37039 40 F°(Ou+)
: 56 15 1 37 039 40 F(0u+)
17182.682 5§ 16 1 100 100 101 F(Ou+)
17181.746
17181.500 1 15 1 46 48 47 F(0u+)
17179. 756
17179.400 56. 15 1 3§ 30 - 49 F(Ou+)
17162.845 53 13 g 67 65 &6 F(0u-)
17158,373 s§ 17 2 53 s3 32 F{Ou=)
17158.712 \
17155.090 $3 - 13 @ §  To 71 F(0u+)
17154.651 .
17153.404
17149.954
17148.841 53 13 o0 Te 81 30 T(Lu-)
2 17 2 55 53 56 T (Cus)



LINE(em™d)  py3l va vy I3 I, 5 _STATE
17146.328 | \ |
17144.345
17143.203 _ }
17105.535 0 15 1 91 81 92 F (0u+)
17100.688 ' | |
17099.047
17092.051

~J

080.56

un

-1
[+,
P [Fa)

1
1708«.

17081.827 52 14 1 327 40 4l F{0u+)
17079.297 52 14 1 33 33 44 F{Qu+)
7078,.944 52 1 1 52 50 49 F(Ou+)
W076.961 32 18 —1 43 15 16 F(Ou+)
17G75.824 52 14 1 53 53 52 F(ou+}
17073.246 \ Sg 16 1 139 139 "140 _F(Qu+)
17072.473 52 14 1 33 S6 5% F{Qu=+)
17071.255 Q 16 2 38 38 39 F{0u+)
17069.825 0 16 2 46 46 45 TO(0u+)

-
17066.088
1708¢,322
17053,3501 Ss 16 z 34 34 33 FQu~)
34 16 2. &3 61 . 60 T{Qu-
170494342 S4 16 2 &4 €4 €3 T{0u-)
17048776 38 12 3 agc 37 ag ={Qu~
—
1T034.248 s 13 0 131 28 128 T{0u~)
\
1T0sl.s3¢ ~
16682 .12¢



. T T s
LINE(cm—1) v3 Qz vy J3 J2 1 i STATE REMARKS
16691.053 . | o Wb
16681.109 | | ‘ " m,b
16680.535 - ‘ . . | .m,b
16678.835 _- R . T m
16677.135 X T s
16676.796 | / ' - mo

6676.438 T T ' m
16675.721 | S " w,b
16625.801 . ‘ s
- 16620.324 ' ; s
16616.451 | o m
16615.498 ) . ' vw
16613.949 = ~ s

©16542.01 w

16538 - vs
16534.815 W
16530.375 . m
16530.084 w
16524.656 x
16520.797 w,vh



o
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. »
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1297, . 3P1C LINES AND ASSIGNMENTS
‘' _LINE(em™}) vz vy v J3 32 N STATE  REMARKS
17985.586 | ' ; ~ ww,b
17981.983 ' . wvw,b .
17976.984 91 25 1 90 92 93 F{Ou+) w
17974.822 : w, b
: S
17970.329 89 23 0 119 119 118 F(Ou+) m, b
[ 4
17970.214 87 22 0 80 80 81 F(Ou+) s
17966.864 85 21 0 6 8 9 F{Ou+) s,b
-85 21 .0 8 8 9 F(Ou+)
85 21 0 16 14 13 F{Ou+)
17965.90%6 g5 21 0 5 11 12 F(0u+) s,vb
85 21 0 17 17 16 F{Ou+)
87 22 0 8 g2 83 F(Ou+)
17965.527 85~ 21 0 18 18 17 F(Qu+) m
-85 21 0 10 12 13 F(Ou+)
17875.564 89 26 2 s4 81 83 F(Ou+) w
17874.551 87 24 1 101 101 102 F(Ou+) v
17874.070 ) §7 24 1 106 107 106 F(Ou+) .
176873.729 -
17872.604 e w
17871.801 §s3 21 0 ss  ss§ &7 F{Qu-) -
17§70.267 a2 11 3 131 129 130 F{Cu~) .k
17868.532 87 24 1 109 109 108 T{0u~) .0
22 29 3 93 92 o1 T{0u-)
17868.268 92 -+ 2o 3 §7 87 . S8 S0u-) W
17867.482 81 2 0 30 28 29 F(Qu~) <
33 21 0 §6 8  so S 0u-)
17866.020 §1 20 0 36 30 31 Y P(Cu-) s



LINE(cm~1)
- 17864.464

. 17863.717

17863.255
17824.&57
17823.249
17818.609

17818.

L
[£8)
o

17818.067
17815.220
17814.011
17812.644

17811.560

(oY)
9]
()
un
0

81
87

8l
B7

87

88

80
86

82
86

80

80

[F2)
Ly ~}

o 8]
[a3}

v2
20

- 25

20
25

24

27

20
25

21

N O N O

vl

b

N O

KO

(1)

1

J3

30
43

39
34

09
25

70
68

1

p—r

pod
L
Ly

08

g
[

G I
LV o8

42 B

G N

1

1

-

—
L
w

32
41

39

11
25

€8
68

08

o
w

o
[ pW]

o
B o

1

1

—t
L
da

J1
33

- 40

38

37

10
24

69
69

09

LSl VY ]

[sA W)

STATE

F(Ou+)
F(Qu+)

F(Ou+)
F(Qu+)

F{Ou+)

F{0u+)

F(Ou+)
F(Qu+)

F{Qu+)

_F(Q0u+)

F(0u+)
F(0Ou+)
F(0u+)
F(Qu+)
F(Qu+)
F({Ou+)
F(Qu+)
F(0u+)
F(Qu+)}

F{lu~+)

258
REMARKS

vs



,LINE(em~1)
{j731.750
17730.908
17727.445
17726.389
17724.373
17720.318
17719.315
17718.455
17718.096
17716.297
17713.348
17712.576
17711.363
17709.850

-

17707.914

~J
~1

17661.570
1786C.902
17660.684

17658.3506

v3

86

86

80

B2
76

76

78

v2

27

27

21

23
19

20

21

=
O

ta -
M

—

148

134

86

123

J2

84

91

146

134

84

123

64

Jl

90

145

133
78
83

122

65

o
RN
o~

STATE

F{Ou+)

F(Ou+)

F{Qu+)

F(Ou+)

F(Ou+)

F(Qu+)

F(Qu+)

F{Ou+)

3
[an]
[

i

P]’

(Qu+)

“(0u+)
(Ou=+)

tij 1y



LINE(cm~1)

17658.030

17657.442

17655.655
17655.072
17652.145
17651.058

17647.371
17646.889
17646.286

17598.022

17595.742

175%5.407

17594.860
¢

—
~J
(¥
o
LV ]
WO
~)
~4

—
~TI
wn
O
L
.

i 29
2
o

p—t
~1
un
[t
L)
.

[eo]
-~
(]

v3

77
81

77 -~

75

72

O W0 2 WO AD WO W

(o] NaluVal

Vs

-]

0

~1
D

~1
¥ &

v2

18

20
24

21

20

vi

N O

[0 B

O

: I3
60

131

38

93
-7
19
25
83

18
26

27

17
19

o
~1 O

o
w)

38

Ji
59
134

t105
89

39

STATE

F(Ou+)

F(Qu+) -

F(Oou+)
F{0u+)

F{Qu+)

s,b,NQ?

s,db,Q

vs,Q

W, NQ

w, NQ

s.,4b,Q
5,8b,Q

s.Q7?



. LINE(em™l)
17588.961
17546.717
17545.718
17544.482
17542.178
17541.484
17539.520
17538.596
17537.991
17534.527
17531.826
17524.547
17523.639
17520.891
17519.686
17518.772
17515.740

17514.,768

1751C.131
17508.12¢9

1

~I
Ut

06.07¢

— —
-4 ~1
s w
O [an]
o =
»

(Ve (ts]
h -
(o] g

H
-~
oy
[¥e]
]
L]

L)
1]
()]

73

71

71

68

V2

20

19
19

v~

J3

98

51
60

38

“88

98

92

88

e

. J]

52

‘0
-

(s 9]
-~

o 4}
pta)

STATE

F(Ou+)

F{Ou+)

F{Qu+)

cl0u~-)

F(Ou+)

m,b,NQ
w,b,Q7

vw, b



LINE{em™1) ' v3 7 vy v J3 32 J1 STATE REMARKS
' 17496.824 '. | w
17496.706 74 22 2 105 103 104 F(0u+) w
17494.260 70 19 1 83 81 82 F(0u+) w
| 72 20 1 126" 124 123 F(Ou+)
17492.890 ‘ | w,b
17490.233 70 19 1 83 83 8% F(Ou+) m,b,NQ3
, 5 19 1 85 83 84 F°(Ou+) S
17486.228 70 19 1 83 85 86  F(Ou+t)  m,b" "
9 19 1 85 85 86 F°(Ou+)
17484.674 70 13 1 92 92 91 F(Ou+)  s,b
17483.811 o ) w,NQ?
17483.087 | w,b
17481.733 | | s.Q
17480.995 72 21 2 79 717 76 F(Ou+) m, b, NQ?
17479.555 - | v
17478.936 - w,NQ
17476.227 : vw, NQ'
17472.766 oo | s,Q
17471.635 | w,b
17470.106 | v
17468.065 ’ W
17468.203 w,b
17465.890 . m,Q
17463.355 - o $,Q
17460.068 10 21 2 90 88 87 F7(Ou+)  w,Q?
1745%.270 ' w,Q?
17458.621 . m,o,Q



LINE(cm~1)

17456.473

17455.697

17453.235
17452.368
17451.918
17451.529
17451.024
17449.899
17449.277
17447.550
17446.867
17446.259
17446.000
17444.307
17443.430
17442.445
17440.191
17439.221
17438.717
17438.289
17436.523
17435.787

17433.022

d
[

[+)
OO WD WD WO WD WD

[2)]

67

17
16

17

16

19

i8

V1

jeRoN e NN

o

J

w

W

12
14

66

~115

75

120

~1
(¥1]

114

61

TN s s ol
Uy

69. 68
14 13
14 13

64 65

113 114
75 74
120 119
77 76
112 111
61 62
108 109

STATE

F"(0u+)

F(Qu+)
F ' (0Ou+)
F (0u+)

F™(0u+)

"T’

“{Ou+)
F (0u+)

F(Ou+)

F(Ou+)

263

REMARKS

m,Q

w,b,NQ

vs;NQ?
w,b
w,Q

s.Q
m,b,NQ?
s,b,0?
w,NQ?
w,NQ?
vs,Q
s,Q

m, NQ

ry



LINE(cm~1)

17432.351
17431.873
17431.488
17428.104
17426.869
17422.690
17415.221
17413.857
17411.105
17409.943

17409.425

17408.010

17406.834
17405.399
17403.482
17401.219
17396.639

17395.803

173%20.670
17390.102
17389.310
17388.9¢90

17388.381

17387.709

V3

71

71

v2
17

21

21

18
18
18
18

18

17

20

Vi

h

J3 32
123 125
103 101
103 103

75 75

83 83

75 77
123 123

76 78
130 12§
148 146
124 124
120 118

Ji
124
100
102

76

82

78
122

79

129

STATE

F°{Qu+)
F{O0u+)

F({Ou+)

F (0u+)
F“(0u+)
F“({Qu+)
F (Qu+)

T (0u+)

F(Ou+)

F{Qu+)

264
REMARKS

m,vh

w,vb,NQ
W,b,NQ‘
m,Q

vw, NQ

VW
vw-

vw

W

s,vh

vw, b

W



LINE(cmTl)

17384.910
17384.079

17382.562
17380.666

17379.800
17378.055
17377.425

17376.978

17375.984
17374.825
17374.000
i7373.158
17372.129

17370.207

17359.038
17358.486

17357.246

17356.42%

V3
64

64
64

64

v2
17

17
17

17

15

17
15

135
15

Vi

=

Lol o |

17

17
26

27
53

28

45

45
54

J2
15

17
24

27

51
30

47
54

Jf

16

18
23

26

S50
29

46

48
53

.

STATE
F{0u+)

F(Ou+)
F(0u+)

. F(Ou+)

°F° (Ou+)
F(Qu+)

F (Qu+)

-

Qu+)

] hy

Ou+)

vw, I



LINE({em™1) | v3
17353.472
17352.566
17349.410 61
17348.932

117348.061 -
17347.4;@
17344.783 61

6

17343.936 5
17341.127 5
17338.925 5
17337.884 5
17337.232
17336.899‘
17336.184
17335.441
17332.672
17332.006 6

65
17330.472

17329.71¢9 63
17328.840
17327.615 67

17326.825 [ 63
63

v2 vi-

15 0
15 0
18 1
17 1
17 1
17. 1
17 1
18 1
18 1
13 0

20 2
17 1
18 1
17 1

P

J3

75

76
109

62

62

70

62

110
12

104

69
112

~1
[¥a)

Ja

75

78
107

60
62
70

64

112
112

80

102

-

i

114

77

.-108

61

63-

69
63

113

113

81l

103

72
115

g0

STATE

F{0u+)

F(Ou+)
F (Qu+)

F°(Ou+)

F (0u+)

P {0u+)

FO{0u+)

T (0u+)
F(Qu+)

F{Qu+)

F(Qu+)

266
REMARKS

vw,(Q

m,NQ?



. L.Il_\TE(crn'l) N3 v J3 Jz2 I | STATE ’ REMARKS
17306.430 -\ vw,b,Q
17306.010 ~ - vw,b,Q
17305.638" . - ' m,NQ
17305:081 s,Q
17304.161 vs,Q

. 17304.016 vs,Q
17302.248 7 20 116 118 117 F (0u+)  w
17297.048 315 103 103 102 F(Ou+) 5,0
17295.652 315 95 97 98 P (0us)  w,Q
17293.775 w,NQ
"17292.854 Q? 4
17290.508 43 15 104 106 105 P (Qu+) s,NQ?
17285.082 Q,vb,No
17282.924 62 17 96 94 95 F(Ou+) w,b,NQ
17280.650 60 16 31 29 30 F(Ou+) W, NQ
17279.095 60 16 31 31 32 F(Ou+) m,sh,Q
17278.867 60 16 40 38 37 F{Ou+) s,NQ
17277.430 60 16 31 33 34 F(0u+) W, NQ

| 62 17 105 103 102 F(Ou+) W, NQ
17276.492 60 16 41 41 40 F(Ou+) 5.5,Q
17273.954 60 16 42 44 43 F(Ou+) m,NQ?
17271.605 5 18 135 133 134 F (Ou+) W, NQ?
17270.401 3 16 43 41 42 F’(Ou+) m, NQ
17269.103 3016 51 49 48 F (0u+) w0
17268.270 3 16 43 43 44 FT(0u+)  s,NQ?
17266.253 316 43 45 46 T (0u+) 5,0
17264.685 317 102 102 103 F (Cu+) s.Q



LINE(em~Ll) vj

17264.264

17261.051 .

17258.935

17256.731

17254.590 .,

k]

17250.519
17246.949
17245.273
17244.426
17240.481

17239.748

- 17233.139

17231.158
17230.602
17228.793
17224.573
17218.943
17198.164

17193.956

4

62

59

4
4

4

5 .

59

e e e e S Sl S e I SR Sy SV

v2

17

18

15

18
18
18
18
16

[
U Lo un

P2 pt s

Vi

(g

el el e e e =l S Se S e

110

32

118

56
64
56

104

O AL ~ UL S PN W LN ONO

110
32

118

S6
64
S8

106

A AUTU U s Wi W N DO O

109
33

119

57
63
59
107

76

UT UV A e e s Lo G L) R RS B - 2 e
» .

STATE -

F (Qu+)

F({0u+)

F{Ou+)

F {0u+)

F (0u+)

F (0u+)

F (0u+)

F(Qu+)

t) 13) vap b i) g dsy by by exg b ng mg e e v g

"
K

268
REMARKS
m,NQ?

m,b



1

LI&E(cmfl) vy
17192.434
17192.164
17191.279 -,
.17190.811
17190.101 2
17188.964
17188.301 56
17186.981
17183.381 -
17179.663
17176.607
17176.034 56
17174.029
17173.609
17173.246 56
17171.508 56
17170.923
17170.371
17169.92;
17168.518
17162.3609 88
17159.238 2
17158.140 2
17157.338 2
1T156.811 80

v2

15

16

14

15

15

b4
~1

b
~1

§-4 e

vy

—

)

ha

[ (9]

. b

[

33-

9

9

L

3

=

[¥ 10N £

da

13

3

9

0

0

(e s gw ] ) (o] 2% ]

(92}

Jo .’

15

93

101

~J

L

F

s
tJ

—
-4
~J

Jy
14

94

102

da
T

F(0u+) .

F

F

F

. F

¥

]

Hynp ny

l]]

STATE

“(Ou+)

{Ou+)

{Qu+)

{Qu+)

{Qu+)



LINE(cm~1)

17155.506

17¥54,721

"17153.146
T17147.782

17147.525

17144.416

17143.886

17142.693
17118.572
17116.434
17114.816

17112.47%5
17107.033

17090.324

53
58

v V] J3
17 2 40
19 2 130
14 0 117
17 2 49
13 0 78

2 47
17 2 56

15 1 82
15 1 90

) %5? 1 82
5 1 80

15 1 91
13 0 109

. Jz‘

42
132

115

51

Ex

56
126

80
88

82
82

o
LV ]

—
[an]
~I]

Jl ’

43
133

116

50,

75
50

55

125

81
87

83
83

2 STATE

F {0u+)

F(0u+)
F " (Qu+)
F ' {0u+)

F{Ou+)
F{Qu+)

F{Ou+)’

F'(Ouf}

“F 7 (0u+)

)

F {0u+)
F(Qu+)

F ({0u+)

F(Qu+)

“(Ou+)

- 270

REMARKS

m,b

m,vbh



APPENDIX B

SP2C Lines and Assignments



-

PUMP(cm~1)

17248.475
17248.475
. 17248.475
17248.672
17248.672
17248.672

17248.672

17248.672

17248.672
17249.435
17265.986
17265.986
17266.138
17266.138

17267.447

v2

14
14
14
14
14
14
14

14

14

15

14

V1

1277,
J2 J1
82 81
82 8l
g2 81
75 76
75 76
75 76
75 76
75 76
75 .76
126 125
71 70
71. 70
64 65
64 és
70 69
61 60
61 60
# 60
54 S5
54 55
54 55
54 55
114 113
60 39
60 59
56 59

.3P2C LINES AND ASSIGNMENTS

J3=Jp=2
17219.820
17284.000
17155.123
17222.690
17286.963
17157.924

17157.947

17148.082
17159.553
17288.629
17161.738
17291.260
17289.055
17162.895
17163.264
17162.943
17165.111
17165.091

17150.628

17165.072
17154.883

17163.264

17163.255

-

PROBE{cm~1)

J3=J2
17223.369

17287.599
17158.@95”

17225.934
17290:180
17163.227
17296.930
17220.389
17161.197
17153.463
17162.553
17291.586

117164.389

17283.941
17281.920
17165.502
17165.576
17165.602
17167.463
17167.458

17132.872

bt
~r

1

[#)]
~)

.47

[ and

~J

()

tn

(e

.

ah

0

(5] —

=
~J
—
[
'_l
7

~1
o
(9] ]

17165.3810

J3=J2f2
17226.856
17291.236
.17162.320
,17229.293

17133.537

17164.756

17164.522
17158.695
17165.713
17294.742
17167.287
17296.647
17295.082
17168.488
17168.580
17168.565
17169.889
17169.808
17154.883

17169.%22

17168.580

17168.488

s
1 .F‘(0u+)
2 F7(0u+)
0 F"(Ou+)
1 F (0u+}
2 F (Ou+)
0 F’EOu-*)
F{Ou+)
F(Qu+)
0 F’(0u+)
1 F {0u+)
0 F {Ou+)
2 F7(0u+)

.54

58
56

271

v State

2 F{0u+)
2 F7{0u+)
0 F (Qu+)
0 F’(Qu+)

Q0 F ' (Qu+)

0 F {0u+)

0 Pooue)
F(Qu+)

0 F {0u+)

1 F’(Ou+)
53K~E{Ou+)

0 F (Ou+)

0 F7(0u+)



PUMP(cm—1) vy V)

'17280.859
17280.859
17280.859

. 17280.859

17280.97%

17280.975

17280.975

17280.975

17281.331

17282.080

17282.080

17282.080

17282.080

17282.080

17282.193
17282.193
17282.193
17282.193
17282.193
17284.565
17284.565
17284.565
17284.
17284.565
17284.565
17284.883

17284.883

365 .

14

4

14
14
14

14

14
14
15
14
14
14
14

14

14
14

14

14

14

14

14

0

o IlID o

-

)

60

-50

60
60
53
53

53

53
107
58
5%

59
59

52

J1

59
59
59
59
54
54
54
54
108

J3=J2=2

17292.467

17148.109
17163. 264
17148.030
17165.602
17294.404
17165.502

'17165. 404

17158.848

17226.120

17163.924

©17148.900

17187.730

17228.450

17230.600

1726?.130
17165.96i
17190.720
17152.0886
17166.516

17295.688

17199.510
17263.281

Taw

PROBE(cm—1)

T J3=3g

17295.051

17150.332
17165.875
17150.220
1716;:721
17296.699
17167.664
17167.721
17162.916
17228.450
17166.453
17151.199
17189.780
17231.290
17233.090
17269.490
17168.199
17192.660
17154.051

17168.611 .
17297.721

17231.781
17233.484
37154.543
17193.353¢
17200.990

17264.¢908

J3=Jo+2.
17297.738
17152.863

17168.565

17153.120

©17170.131

17299.088
17170.006
17170.107
17167.940
17230. 600
17169.023
17153.637
17192.050
17233. 860
17235.240
17271.490
17170. 490

17194,

17195.146
17202.

717

17266-.607

v3

54

54

L8]

56
0
54
35
1
1
57

0.

w
¥

w
L

{9V

272
State

F (Qu+)

F{Qu+)

F " (Ou+)
F(Ou+)
F " (Ou+)
F {Ou+)
F (Ou+)
F (0u+)
F”(bg+)
F(Ou;)
F (0u+)
\F(0u+)
F(Ou+)
F {Qu+)
F (0u+)
F{Ou+)
F (0Ou+)
F(0u+)
F(Ou+f
£ 0u+)
PO{0u+)
F(Ou+)

™
3'(0u+)

F(Od+).

i \\-.



PUMP(cm~1)

17284.883
17284.883
17284.883
17285.512

"17285.512

17285.512
17285.512
17285.512
17285.519
17285.519
I7285.519
17285.519
17285.615
17285.754
17289.567
17289.776
17297.972
17297.972

17298.092

17302.020
17305.574
17305.574
17305.626
173035.626
17305.626

17306.232

Lo
o

v2

vl

—

[

Ja J1
36 37
36 37
36 37
42" 41
42 41
42 41
42 41
a2 41
112 111
112 111
112 111
112 111
)56 55
35 36
37 36
30 31
23 22
23 22
16 17
16 17
3233
34 33
319
27 28
27 28
27 28
33 32

J3=J2-2
17288.395
17211.652
17326.130
17286.64é
17324.162

'17325.607

17171.461

17198.092°

17164.520
17327.254
17263.332
17264.502
17265.807

PROBE(cm™1)

J3=J2

'17289.797

17213.315
17327.529
17288.147
17325.607
17327.529
17173.350
17199.898

17298.918

17160.475
17288.395
17224.900
17166.910
17328.902
17264.873
17265.900
17266.752
17266.750
17267.311
17267.371
17275.658
17198.236
17159.566
17199.764
17161.137
17172.6

17171.6

0
b e}

wn
h

J3=J2+2
17291.500
17214.572
17328.902

17289.797

17327.254
17329.268

'17174.961

17201.663

17169.426

'17266.461
17267.041
17267.742
17267.723

17268-039
17268.053
17276.703
17189.578
17160.90%
17200.818
17162.188
17173.863
17173.246

V3

60
58
61
60

61

57

60

State

F(Ou+)
F(Qu+)
F(Ou+)
F(Qu+)
F(0Ou+)
F {0u+)
F(Ou+}
F {0u+)
F(0ﬁ+)
F (0u+)
F{Ou+) -
F’(0u+)
F’(Ou+)
F(Qu+)
F " (0u+)
F (Ou+)
(Qu+)
F{Qu+}
F(0u+) "
F {0u+)
Ff0u+)
F{Ou+)

F(Ouf)

l;]

{Qu+)
F(Qu+)
F {0u=+)

F (Qu+)



PUMP(cm™1)

17306.283
17306.283
17306.371
17306.869
17306.869
17306.959
17315.053
17315.422
17315.422
17315.682

- 17315.682 -

17315.682
17315.682
17315.682
17315.943
17315.943
173€5.943
17315.943
17315.943
17315.943
17315.943
17315.943
17315.943
17317.167
17317.167
17392.413

17409.858

v v1 J2 Jp
14 0 26 27
14 0 26 27
15 0 103 102
14 0 32 31
14 0 32 31
1S 0 96,97
15 0 99(_l$'
14 0 10 9
14 0 10 9
14 0 8 7
14 0 8 7
14 0 8 7
14 0 8 7
14 0 '8 7
14 0 4 3
14 .0 4 3
14 0 4 3
14 0 3 3
14 0 4 3
14 0 a4 3
14 0 4 3
14 0 4 3
14 0 4 A3
15 0 98 97
15 0 98 97
15 6 50 49
15 0 ~28 27

d3=J2-2
17171.359

17198.453

17160.477

17170. 406
17158.430
17163.902
17162.350
17173.658
17162.635
17085.197
17162.545
17317.434
17085.563
17124.030
17240.393
17303.332
17174.111

17279.301

1728%1.398"°

17202.010
17238.828
17163.443
i7317.950

1716

(g

.861
17227.484

17373.160

17378.256 .

e -

PROBE(cm~1) -

J3=J2
17172.682
17199.797
17164.996
17171.840

17159.768

17168.012
17166.826
17174.115
17162.859
17085.596
17162.947
17317. 654
17085.781
17124.428
17240.664
17303.641

17174.3€5~ 17174.

17279.451

17291.506
17202.350
17239.131
17163.
17317.

17167.

J3=Jp+2
17173.867
17200.793
‘17169.510
17173.221
17161.125
17172.379
17171.381
17174.578
17163.397
17086.076
17163.430
17.318.
N 506,

17124,

000
017
721
17240.800
T17304.031
584
17279,
17291.
17202.

17239.

—t
~t
y—
()9
L

406

17380

447

- V3

55

52
54
58

52

53
56"

54

S5B

i 39

274
‘' State

F“(Ou+)

"F(Ou+)

F " {0u+)
F*(Ou+)
F(Ou+)
F ' (Qu+)
F (0u+)
F (Ou+)
F(Ou+)
F{Ou+)
F(Qu+)
F(0u+)
F({Qu+)
F(Ou+)
F(Qu+)
F (0u+)
F (Quw+)

F{0u+)



275,

PUMP(cm~1) v vi Jz2 J} PROBE(cm~1) - , v3 State -
o ' J3=Jz-2 J3=J2 J3=J3+2 :

17409.968 15 0 21 22 17379.106 17380.119 17380.918 4 "F(0u+)

17413.996 15 0 12 13 17380.330 17380.824 17381.300 4 F°(Ou+)
17414.190 16 0 98 97 15373.255 63 F(Ou+)
17414.589 15 0 17 16 17380.330 17380.824 17381.400 61 F(Ou+)
17414.650 15 0 10 11 17419.561 -17419.893 - 62 F(Ou+)

17454.171 16 0 77 76 17440.391 17443.598 17446.875 6 F°(Qu+)
17473.904 16 0 64 63 17445.187 17447.803 17450.525 6 F°(Ou+)
17474.374 16 0 57 58 17447.803 17449.787 17452.205 6 F°(Qu+)
17484.550 16 0 49 50 17450.076 17451.674 17453.717 6 F (0Ou+)
17484.702 18 1 26 27 17421.088 17422.109 17423.402 -7 F°(Qu+)
17487.621 16 0 53 52 17433.883 17436.244 17438.225 64 F(Ou+).
17487.621 16 0 53 52 17448.621 17450.754 17452.973 ° 6 F’(0u+)
17487.996 16 0 46 47 174504g54 17452.332 17454.260 6 F (Qu+) —
17492.955 16 0 48 47 17321.909 17323.759 17325.970 61 F(Ou+).
17493.266 18 1 g 9 17387.168 17387.516 17387.936 65 F(Ou+)
17433.266 18 1 8 9 17349.322 17349.722 17350.195 64 F(Qu+)
17493.266 18 1 .8 9 17360.864 17361.178 17361.777 6 F’(Ou+)
17493.282 16 "0 41 42 17362.996 17364.344 17365.660 62 F(0u<)
17493.289 16 0 41 42 17401.762 . 63 F(0u+)
17493.289 16 0 41 42 17324.833 17326.268 17327.685 61 F(Ou+)
17501.143 16 0 3% 38 17452.365 17453.925 17455.375 6 F-(0u+)
17502.195 16 o0 31 32 17453.654 17454.873 17456.184 6 F-(0u+)

17512.466 16 O 20 19 17455.654 17456.369 17457.486 & F(Ou+)

17512.571 17 0 80 981 17449.350 17452.268 17456.764 i F (bU*)
17512.587 16 0 13 14 17457.141 & F(0u+)
17512.587 186 0 13 14 17445.197 17445.857 64 F{0u+)

17856.216 23 1 85 84 . 17835.609 17838.527 84 F(Ou+)



PUMP(cm—1)

17856.508
17856.508

17857.110

17857.110
17857.110
17857.361

17857.361

17857.361
17860.724
17866.724
17860.945
17860.945

17877.696

17877.727
17883.271
17883.271
17885.211
17885.687
17885.810
1¢888.104
17888.405
17888.405
17888.405

17888.405

20
<3
21

21

21

Vi

o o W

[= R = B o

J2

79

79

51
51
51
57

57

57.

9¢

96 .

48
48

74

J1

J3=Jp-2

80
52
52
52
56
56
56

97

49

49
73
33
30
30

27

17836.061
17872.641
17836.920
17800.842
17798.447

17870.525

17838.965
17801.910
17838.020
17838.617
17879.756
17879.736
17843.957
17844.686
17846.260

17844.68%6

PROBE(cm~1)

~ vy State.
J3=J2* —

J3=J2

17803.219

17838.527
17874.570

'17838.527

17802.498
17800.410
17872.443
17836.529
17806.170
17841.975

17803.580

17839.729
17841.440
17880.897
17880.940
17845.084
17845.678
17847.002
17845.861

17809.262

17778.268
17849.850

17813.757

-17841.193

17876.943
17840.492
17804.779
17802.498
17874.570

17838.498

17845.438
17805.380
17841.975

17882.078
17881.902
17846.240
17847.002
17847.559

17847.002

17888.279

17781.295

83

84

g1l
80
79
79
81
80
8l
g2
79
g0
g4
81
81

8a,

80
80
80
83
g3
80

82

81

276

F(0u+)
F(Ou+)
F(Qu+)
F{Ou+)
F(Ou+)
F{Ou+)
F(Ou+)
"F(Ou+)
F(Ou+)
$(0u+)
F{Qu+)
F{Qu+)
F(Qu+)
F(Qu+}
F(Qu+)
F(Qu+)
F(Qu+)
F(Ou+)
F(Ou+)
F(Ou=+)
F(OQu+Y
F(du*)\
F(Ou+)

F(0u+)




PUMP(cm™1)

17888.405
17888:496
17888.496"
17889.342
17889.342
17889.441
17889.441
17889.731
17889.731
17889.731
17889.749
17890.027
17890.034
17890.034
17890.034
17890.914
17892.582
176892.

178922,

17892.

vz vy J2
21 0 84
21 0 90
21 0 90
20, 0 16
20 0 16
20 0 22
20 0 22
200 0 19
20 0 19
20 0 19
23 1 67
24 1 105
200 0 12
20 0 12
20 0 12
22 0.116
20 0 2
200 0 2
200 0 2
200 0 2

Jl

. 85

89
89
17
17
21
21
18
18
18
66
104
13
13
15
117

J3=J2-2
17811.102
17807.373

"17771.295

17774.688

17811.102

17810.310
17773.910
17846.565
17810, 244
17882.856
17807.03%

17811.115

17847.307

e
17850.842

17776.178

-

17812.436 .

17848.529

%

f"

PROBE(cm™1) .

J3=J3
17814.117
17810.301
17774.529
17775.426

17811.816
17811.020
17774.688

17847.307

17811.049
17883.111
17§09.541
17852.014
17811.830
17847.998
17883.904
17854.734
17776.379
17884.856
17812.

17848.777

752

J3=J2+2
17817.172
17813.527
17777.779
17776.066
17812.389
17811.816
17775.426
17847.598
17811.830
17883.904
17811.830

17812.439
17848.584
17884.300

1785%8.264

3

v
.4\'

8l

- 81

80
78

79
79
78

80

79

8l
83
86
79

80

277
Stafe
. 4

F(Ou;)
F(Qu+)
F({Ou+)
F(Ou+)
F(Ou+)
F(Ou+)
F(Qu+)
F(0u+)
F(Ou+)
F(Ou+)
F{Qu+)
F(Ou+)
T{0u+)
F{Qu+)
F(Qu+)
F(Qu+)
F(0u¥)
F(Qu+)
F(0u+)

F(Cu+) [



PUMP(cm™1)

17317.168
17317.168

17317.711
17317.711
17317.711

17415.41¢

17415.419

F e

v2

15

15

15
15
15

15
15

vl

1273,

J2

g8
98

91

91

14

14

Ji1

97

97

13

3P2C LINES AND ASSIGNMENTS

..
K

J3=Jp~2

17162.926

17166.205

17316.452

17343.589

PROBE (em~1)

J3=J2
17167.193

17193.799

17170.082
17198.574

17234.209

17316.967

17343.074

(Excited by single dye laser)

J3=Jo+2

17171.533
17197.522

'17174.121

17202.090

17317.531

17342.590

278

vy State
1 F (Qu+)
57 F(Qu+)
1 7 (0u+)
57 F{(0u+)
2 F(0u+)
37 F (Qu+)
60 F{0Ou+)



PUMP(cm~1)

17304.044
A

17304.044

17304.762

17304.762

17304.771

17304.771

17400.714 -

17400.731

17400.731
117400.731
17400.731
17400.814
17400.814
17400.814
17403.385
17403.385
17403.513
17405.246

.246

V2

15
15
14

14

14
14
18
15
15
15
15

15

15

15
15
15
18
15
15
15

15 -

15
16

15

1291,

Vi
0

0

. 7

93
93

10

82
24
24
24
24
"17
17
17
17

17

[£ SR ¢e]

wn

({9 ]

Il

g4
94

83
23
23
23
23
18
18
18
ig
16

86

~1

~1

%

-

3P2C LINES AND ASSIGNMENTS

J3=J2-2
17297.709

17346.553
17319.301
17366.216
17328.514
17382.208
17320.1%1

17367.797

17383.410

17384.107
17321.080

17331.504

17369.732

"173

PROBE(cm—1)

J3=J2
1730L.592.
17338.722

17305.426.

17307.719
17267.668
17306.113
17350.023
17320.121
17367.464

17329.633

17383.222
17320.883

17368.534

17330.699
17368.459
17384.124
17348.225
17384.606
17321.193

Gt

1.70

(v

~]

17331.70

~J
L)
(|
ek

17369.732
17365.216

17378.025

J3=J2+2

s
]

17353.969

17321.662
17368.534
17330.6%99

17321:662

17369.420

©17384.818

17384.908
17321.450
l?331-éb0
17331.900
17362.732

17382.208

v3

61
58

61
60

60
60
61
63

un

279

State

F;(0u+]
f(0u+)'
F(Ou+)

F {Qu+)

F(Qu+)

- F{Ou+)

F (0Ou+)
F {0u+)
F({Qu+)

T{0u+)

CF7{0u+)

F (0u+)

F{0u+)

!

F{Ou+)

F(Ou+)

i

“{Qu+)

“{Qu+)

Hj

13

“(Ou=+)

“(Qu+)

|

F{O0u+)
F(0u+)
F{Ou+)
F(Ou+)

T (Cu+)



