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ABSTRACT

“ . Two independe tly'tunable dye?laeers have been

used to examlne under high resolutlon two-photon sequen- h
‘tial absorptlon processes for molecular iodine. One laser
was used to pump'selected'rotat1onal levels of the B state
whlle the second laser EXc1ted transitions. from the pumped
level(s) to excited states of hlgher energy Five separate:
electronlc states wh1ch have 1on-pa1r character have been

\
jxamlned in -the 5 to 52 SeV energy reglon and thelr spec-

5t

troscoplc constants evaluated. Two of the’ exc1ted states

have 0+ symmetry as. identified by«rotat1onal analy51s, ;he:
remalnlng three are either- 0*, lg, or possibly- 2 ..4At
least. three of these excited gerade states have been

shown to likely contribute to previously report ission

spectra of iodine.

the sequential absorption studies described above. The

technique permits selective excitation of rotational band
» kY

structuré near the convergence Jlimit and 1is generally ap-

p11cable to molecules w1th vibronic states (E) accessible

|
by - 51ngle photon sequential. absorptlon from an intermediate
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nique has been applied to ana1y51s of/the B+—X iodine

value for the B state ‘dissociation limit. In additiom.

N
N
. :

\ N - ,

state (B). The amount of rotatlonal structure whlch can

be selectlvely dlsplayed by the method can be ad;usted by
varylng the ratlo of the bandw1dth of one of the exc1t1ng

dye lasers to the E state rotatlonal c?nstant ‘This tech-
tran31t10n near dissociation and has prov1ded an lmprov

vibrational and'rotatipnai constants for energy levéls

near,D are reported. and appliéd to ari investigation of the

-

" B state potential function at large -internuclear distances.
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CHAPTER 1

INTRODUCTION
s )ﬁ

Recentiy, optical spectroscopy has experienced

a remarkable resurgence 1in activity. This increased in-

" terest stems from a number of far-reaching developments,

foremost among these being the development of the wave-
length tunable laser and its application to:scﬁence and
engineering.

The unique spectral and temporal properties of

"tunable laser radiation have done more than enhance the

sensitivity and application range of classical spectroscop-

i¢ methods. The study of the interaction of intense laser
. |

radiatpon with matter has, in addition, reveated new

phenomena which have stimulated the development of new and
L

powerful techniques of modern optical spectroscopy. For

example,”uitra-high.resolution Doppler-free spectroscopy,

stimulated light scattering and coherent itransient effects

have been demonstrated with tunable laser sources (1).

At visible waveléngths tunable laser technology
is‘based on the broadband fluorescent emission of optical-
ly ‘excited organic dye compounds. Dye ‘lasers, by using

several different compounds as the gain medium, can provide
_ po! gain_ , can p

.

e 2B

%
SA VN

ER RN

T ew

o A

o



.continudusly tunable radiation from approximately 3500 to
7500 Angsﬁroms--a spectral region in which both atomic and
molecular electronic transitions are observed. Becaqge gf
this wide wavelength tunability, dye lasers applied to the
study of the electronic structure of matter have been ih
the forefront of‘receﬁt spectroscopic wdvanceél
The present study was initjated as fhe-sﬁectro-
.scopic potentialwa tunable dye laser technology becaﬁe
evident. Some of the experiments reportéd here were con- - .
ducted with the prototype to the first commercially mar-
keted nitrogen laser-pumped dye laser, but def1C1enc1es with
*) this device necessitated an instrumentational development
| program. In addition to modifying\the commercial instru-
ment an initial objective of the present sfudy was to de
'sign and construct a tw9—photon spectrometer based on two
independently tunable dye lasers. )

Historically, opticai spectroscopy has been per-
formed in the realm of linear optics where only a single
photon interaéts with an atomic or molecular system at a
. time. 'Now however, laser methods have made the observation

. of two-photon and higher order nonlinear interactions pos-
sible. These multi-photon processes are accompanied by ab-
sorption (or emission) or two of more photons from an intense

radlatldn field and induce tran51t1ons to quantum states

) : not usdglly acce551b1e to single ptfton studies. There is,




fherefore, strong academic interest in the study of the .
unknown eigenétates of matter by multi-phdton methods.
Keen rnteresg inumulti-photon‘stﬁdies has so been sparked -
by engineering apgl}cations such as.laser {sotdpe separa-
tion (2).

TWo-phogon spectroscopy (particularly singe the
advent of the tunable laser) has advanced considerably

since the first experimental observation of two-photon

transitions in 1961 (3).' For.example, in 1974 and early

1975, three laboratories (4, S, 6) independently demon-
strated the feasibility of Doppler-free two-photon spec-

troscopy following the original suggéstion of Vasilenko et

-al (7). Yet despite these advances, two-photon spectro-

scopy is still in its infancy,, Although many atomic sys-
tems have-been investigated by two- photon methods, most
notably Hansch's 1nvest1gat10n of the Lamb shift in atomlc
hydrogen (6), very few moZecuZar two—pho;on studies have

) .

been published.

There are two types of two-photon expériment that

"are relevant to molecular electronic spectroscopy. In

one type of experiment, termed -double photon absorption
speétroscopy, two photons (usually, but not necessarily)

of equal frequency 1nteract with the sample to induce tran-
sitions to an excited state at twice the photon energy.

The light frequency in this case may or may not be "near



-

resondance” with a single photon transition and experimen-

<ta11y only one laser source is required. The technique has

not seen widespread application because the low absorption

cross-section of double photon transitioms generally re-

quires a tunable laser source of high outﬁut‘power.
The second type of experiment is termed "stepwise

excitation'" and involve$ a resonant intermediate energy lev-

cl. One photon is used to populate an intermediate level

while a second phqton induces transitions to excited states

of higher enQQ%y. Thisifechnique generally requires Iwo ' .

laser sources éﬁd has also been termed sequential absorp-

tion épectroscopy or optical-optical double resonance spec-

tTPSéOpy by analogy to previous double resonance §tudies.
Recently, Field et al (8) and Danyluk and King

(9, 10, 11) demonstrated the high deéree of ngationql se-

lectivity inherent in high resolution'two-photon sequential

absbrption,stﬁdies., Unlike double photon spect?oscopy

(or conventional single photon methods), only a limited

-

number of rotational transitions are observed with the se-

-'quential method. This enables the assignment and inter-

pretation of spectroscopic parameters to be determined with

comparative ease. In addition, sequential experiments re-

'quire only modest laser power levels (11) and these re-

quirements can easily be met by the current generation of

ra
AN

e
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tunable dye lasers.

The present study undé}took a detailed two-
~phdton sequential absorption s;udy of molecular iodine as
a topic for original research for several reasons. It
was the objective of fhe research program not only to de-
monstrate a few experimental techniqde.but also to provide
useful information for a molecule which has attracted
spectroscopic atfention«since the early 1900's (12).
Iodine is perhaps the most thoroughly studied\diatomié

\

molecule; yet very 'little is known about its high energy
electronic states. In Eac£, considerable contro;ersy
exists with regard to the interpretation of thé 1imited
data currently available and the need.fér furtheriexpgri-
mentql investigation has been reéoénized (13, 14).
A brief comment on the organizétional structure

of the remainder of the text concludes tﬁis introductory
chapter. Chapter II reviews singlémphoton gpect%oscopic
investigations of the iodine méiecule which are relevant

to the current study. A more detailed discussion of two-photon
optical Spectroscoﬁy is, presented in Chapter III. Chapter
[V discusses the perférmance evaluatiod of a high resolution
tunable dye laser spectrometer des%gned and built speci-
fically for two-photon investigations. The application of

the spectrometer to two-photon sequential absorption studies

of the iodine molecule is discussed in -Chapter V. Spec-

(

Vs

-



troscopic constants for five prev1ously unidentified elec-
tronic sti&es are correlated with theoretical predictions
and a reassignment of the complex electric discharge emis-
sion spectrum of iodine is.also suggested in Chapter V.

| Chapfer VI describes a new two-photon technique
. for the experimental determination of moleéular dissoci-

ation limits (9, 15). The method overcomes many of .the

problems inherent in single-phofon methods by selective

.

excitation of "individual vibrational and retational levels.

L N
Moleculér constants and the form of .the long-range poten-

tial for iodine near the B state dissociation limit are
reported in Chapter VI.

Finally, Chapter VII presents a summary of the
more important conclusions derived from a two-photon in-

L

vestigation of molecular iodine.

b
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CHAPTER II

THE SPECTROSCOPY OF TODINE

N

1. Introduction ’ |

Molecular iodine is an ideal candidate for a
prototype demonstration of two photon sequential absorp-
L

r

tion spectroscopy. Both the ground state (X‘ZE) and a

low energy excited electronic state (B 3HOG)-Have been *
studied éxéensively by single photon methods. Yet, for

plodine, little is known oﬁ\thc hfgh energy gerade élec-
tronic states accessible to'two-photon spectroscopy.

In the present sequential study, sglected rota-
tionai B+;X transitions were pumped with a high resolution
tunable dye laser. »Transitions from B state levels to
highe; energy electronic statés (collectively referred 'to
as "E" statei) were simultaneously investigated with a
second indepeﬁdenfly tunablé dye laser. This Chapter sur-
veys the}publiéhed literature pertinent to the X, B and

"E' electronic states. No attempt will be made to include

topics not relevant to the present two-photon study.

s
S

.



2. Valence States of lodine

21 Term Manifold

The manifold of electronic states for a diatomic
molecple may be deduced from a consideration of the elec--
tron configuration assigned to various molecular‘orbiﬁals
(16). Consider, for example, the molecular orbitals il-
lustrated in Figure II-1 which are derived from an LCAQ
analysis of the Sp electrons of two ground state (ZP%,%)
iodine atoms (17, 18). The lowest energy arrangecment of
the ten valence electrons o’r*n*c® defines the ground
state of ‘the iodine molecule and is shown in Figure II-1.
Generally, fhé elecfron configurations ognﬁngog are abbre-
viated to the superscripts mnop in the following discus-
sion. The ground state for gxample is given by 2240 while
the lowest energy excited electronic configuration is 2431.

The classification of states derive& from a given
mnop configuration mést reSOgnize tpe coupling‘of‘flcctron-
ic and rotational angular momenta (16). For example, the
2431‘configuratiqp of iodine is best described as approxi-
mately Hund's casé (¢) because of 1argé spin'orbit coup-
ling interactions. In Hund's case (c), Figure II-2, the

axial molecular field is not sufficiently strong to break

down the atomic coupling and A (axial projection of the

P
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Figure II-1: Molecular Orbitals for the valence shell

configurations of I.. The ground state
configuration is illustrated and the energy
. scale is that estimated by Mulliken (13),

.

Figure I1-2: Hund's coupling case (c).



orbital angular momentum) and (éxiq} §bin projection)
are not well defined. Thus molecular states in case (c) -
must be classified according to @, the axial projection of
the total electronic angular momen d:> Mulliken (18) has

¢
classified the valence states of 1 ne according to case

(a) and case (c¢) notations and derived'en;;g;\expréssions
for the case (c) components (£ = 0, 1, 2) of the 2431 con-
figuration. His analysis has been successfully applied to
the interpretation of the intensity distribu%ion of the vi-
sible specfrum of [, and other halogens (19).
Mulliken (209 has also given cgrrelation rules

which predict the case (c¢) molecular sfates obtained from
separate atomicC terms. These<&f66€c correlation rules, as

N\

illustrated in Figure II-3, can by used to predict the prob-

able dissociation products of a molecular state. Figure

IT-3 shows the ;% molecular states\[case (c) 2 nétation]
derived from two 2P ground state iodiyie atoms and the cor-
relation with iiims artging from the fo lowest energy
electronic configurations The correlations are deduced
by rigorous application of the non-crossing rule which
forbids states of the saé> Q dnd g Oor u symmetry to Cross.
Diagrams analogous'to Figure II-3 can be constructed for
more energetic states which correlate with excited atams.
Atomic correlation diagrams are, héwevér,,quali-

tative and critically dependent on the relative energy of
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‘the molecular terms: For larger multiplet splittings‘the
re{ative positions of 2341 3H05 and 2422 325(05) may be
reversed, for example, in Figure II-3.‘ Then 2341 3H05
would cgrrelate with ZPS + 2Pi atoms rather than ZPQ + ZPQ
Atoms. It should be noted that 0f derived from'ZPi + 2Pg
atoms is uniquerand must correlate with 3Ho$, defined as
the B state in Figure II-3.

Recently Mulliken (13) has reviewed the valence
states of todine. The electron Configuraiions, term as-
signments, dissociation products and estimated potential
cufves as discussed by Mulliken (13) are shown in Figure
II-i. bnly the 2240 ‘Za(X) and 2431 3H03 (B) potentials
are known accurately from experiment. The other potential
curves in Figure II1-4 were derived from estimates of the
vertical energies [at r = Te(X) = 2.66&], from the dis-
sociation product energies and by application of the non-
‘crossing rule. Very recently reported pseudopotential cal-
culations (21) have yielded vertical energy vélues for
iodine which are slightly lower than Mulliken's predic-
tions. ) |

As discussed with regard to Figure II-3, when
states of the Qame symmetry species are estimated to be of
néarly equivalent energy the re%ative ordering of molecu-

lar terms in Figure II-4 may be in error. Despite its

qualitative nature, Figure II-4 does predict wﬁich elec-

C

i
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Figure 11-4: Estimated potential curves for valence-shell
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f111 lines, thosc :or
ungeradec states by dashdd lines. Only b
and. X are known quantitgtively. Although
the cxact position of the D curve is not

states of 1, (13).
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known, 1ts approximate’
]:

cated. Curves E and

osition is indi-
itre predicted from

the measwenments of reference (14).
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tronic states are to be expected for iodine and 'serves as

a valuable aid to the assignment of observed transitions.

2.2 Electronic States Accessible by Two-Photon Se-
quential Absorption

Sequential two-photon t}ansitions originating from
the ground state of iodine must termina%é~in an excited '
state of gerade symmetry. While this and other considera-
tions are discussed more full% in Chaéter ITI, it is worth
while, at the présent time, to discuss from a theoretical
point of view what is known about the gerade molecular
states of iodine. .

Table II-1 lists the gerade states of iodine
arising froﬁ various electronic configurations togethe} with
theoretical estimates of the vertical energies relative to
the ground state (13). There are a large number of stable
gerade states theoretically predicted to occur in the 5 to
8.5 eV region. The present étudy however was limited to
energies less than 5.7 eV, primarily due to instrumenta-
tional restrictions (see Chapter IV). Nevertheless, se-
veral states within the 2242 and 143£ configurations should
be amenable .to two-photon investigation if the energy es-
timates of Table II-1 are accuraté.

All of the states listed in Table IT-1, «except
those thch arise from the 2341 configuration,lcorrélate
with the ionic species I~ (!S) and.I+(‘S,3P0,1,2,‘D).

’ . . . (.‘“‘..M
. These and similar states in other molecules have been TR
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CONF I GURAT 1ON TERM TL (min)’ T
. -
0442 Lg 8.37 1.3
lng (~5.2) 8.1
i Mo+ 5.13 or 5.69 8.1
1432 Mo (~5.2) 8.
g
M, 5.0 7.4
. a g -
SRR N gy 5.13 or 5.69 7.6
A L E N 1A .
2242 Sl pee B2 ‘ 7.4
SRR A *TECh) (~5.0) 7.1
T4 3% (0%) ! 7.0
~ g .
o+ R 4.4
: 1 9 . b
2422 8 R 4.2
3z§<1> R 3.9
3L (0+) R 3.8
I 4.1
g
Mot 4.1
2341 M= 4.1
m R¥ 3.4
9
3H2 R¥* 3.2
g,
Table II-1: Approximate Energies (eV) of Excited Elec-

tronic Gerade States of I, (13).

]
Yy

T, is the estimated vertical energy evaluated

at the equilibrium internuclear distance of

the ground state, X. Tg(min) is an estimated

minimum energy for bound excited states, re-
R designates ‘repulsive states.
R* may possibly be 'shallow-bound states.

lative to X.

ST TR
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termed “ion~péir“ states because of this correlation.
Ion-pair states are characterized by large equilibrium
intefnuclear distanges and low we Vélues. Not all of the
potential curves for the ion-pair states of Table II-1

. . . R begs
are drawn 1in Figure II-4, in part because it is difficult
be

to unambiguously predict the dissociation products. For

example, application of the non-crossing rule suggests that
many of the ién-pair states may in praétibe shortcut to a
neutral atom and one excited atom (in a Rydberg state).at
large r (13).

A'review of spectroscopic studies of the gerade

states of iodine is deferred to Section S5 of ‘this chapter.

- \

3. The X lgﬁ;State of Iodine

For. the ground state of most diatomic molecules
spectroscopic constants for only a few low-1lying vibration-

al quanta ‘are generally known. The ground state of iodine

however has been studied extensively,
Several resonance fluorescence series (22, 23,

25(a),in particular those reported by Verma (22), have been

Ay

analysed to give rotationaliand vibrational constants up
to v" = 84, Recently LeRoy (24), in a critical re-analysis

of all available data, has calculated the spectroscopic

A

parameters given in Table II-2. LéRoy's expansions are

capable of reproducing.most'of the observed transitions

y
~ 7 Y,
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a) Data from LeRoy reference (24).
.b) Data from Barrow reference (25),

¢) Higher terms up to m=9 ace given in reference (24) for Gy .

7

Table .I1I-2: Molecular'Constants (c<m~!) for the Ground

State X‘Ea of 1,.

_ range Osv'"<82 @) range 04v"<5 b)
C, = 214.5481 : C, = 2143016
Cz = -.616259 C, = ~.614688
m
Gy = L,CalviDN’[Cs = 7.50 x 107°
Cy = =-1.263643 x 107"
Cs = 6.198129 x 10~° (¢)
Co = 3.7395 x 1077 Co = 3.73719 x 1072
Cy = -1.2435 x 107° C, = -1.1376 x 10~"
m . ) &
By = ngocn(wz)“ Cq = 4.498 x 107
Cs = ~-1.482 x 1078 .
- Cy = ~-3.64 x 10~}
. Co = 4.54 x 107° Co = 4.25 x 107°
Dy = gocn<v+5)n Cy = 1.7 x 107! 1l ¢y =321 x 1071
Ca = 7 x 10712
Do 12440 : 12440, 1

~
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to within %.05cm! and his mo%ecular constants were used

to calculate the ground stateirotationalAenergies, Fy(J),
for the presen§'study (see Chapter'V). ‘Small uncertainties
in the BU'vaIUes still exist (19), but until measurements

of greatler precision are reported it is unlikely that
LeRoy's analysis can be improved. It is.also possible, as
observed by Barrow for the B state of iodine (25), that a
low order polynomial expansion may not be capable of fitting
accgfately all the bound levels‘of the ground state.

Also included in Table II-2 are the gréund state
constants of iodine determined by Barrow (25) from absorp-~
tion experiments. The two parameter expansions given in
Table II-2 were found to adequately represént Barrow's
observations over the limited range 0 < v'" < 5 accessible
to his experiménts. Tﬁis data is presented here because .the

most extensive rotational analysis of the B state of iodine

(25) makes use of Barrow's ground state parameters.

7

4. The B3n03 State of Iodine

~The B gqéte of iodine gives rise to the extensive
Visiblg B+—X aHsorption band system which, because of its
strength and accessibility; is among the most studied of
molecﬁlar spectra (26, 17, 28, 29). Nonetheless detailed
aﬁa}ysis of th B state has progressed slowly. For‘exam-

ple, although the @bsorﬁtion band system has been known
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since 1923 (26), the correct vi%rational numbering was not
established untilytheblﬁzgiisotope was studied in 1965
(30). Several authors (31, 32, 33) have suggested that the
assignments and molecular constants of references (28, 29)
be re-evaluated. ' These difficulties have further led to
the erroneous identification and‘assignment of several re-
sonance fluorescence series (34, 35, 36, 37).

Recently the situation has improved consider-
ably. Barrow (.5) has reported a high resolﬁtion absorp-
gion study of 64 bands with 4 < v' < 77 and 0 < v' < 5.
Presented in Table II-3, the molecular constants obtained
from Barrow's analysis can reproduce some of the observea
unblended lines of the B—X band system to within *.02cm™ !,
However, neither the vibrational levels nor ;he centri-
fugal digydrtion constants can be adequately represented
by a single polynomial expansion in (v' +'4) for all bounds
levels. This behavior is not upique and has also, for
example, been-obsérved in H, (38). Accurate line posi-
tions for B—X transitions are besf determined from the term
value analysis given in Table 2 of Barrow's paper. The
B—X transition energies Tequired fo% thé:%iesent study ,
(see Chapter V) were thgrefore calculated from the term
values specified by Barrow and the molecular congtanﬁs

summarized in Table II-3. 1
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5 C, = 125.69708
Gy = I,Cnv+h)0 (C2 = -.764244
" Cy o= =1,77598 x 1073
0< v'< 50 Cy = =7.37943 x 10~%
Cs = 1.03060 x 108
. Co = 2.90387 x 10-2
By = L Cplv+d)n C, = -1.58190 x 10~"
C, = =3.36318 x 10~
0< v' <77 Cy = =4.77727 x 10~8
Cy = 3.26287 x 10~1°
1
Dy = _E,Calv+h)D Co = 5.43 x 107°
0< Vv €10 - Cy = 3.0 x 1071'°
Te 15769.01
Do 20043.2
Table I1I-3}

Molecular Constants (;m") for B 3H°$

of I. (25).

State
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The study of energy transfer mechanisms has also
been an active area of research which bears relevance to -
2

the presentiFWthhoton study. For example, collisional

deactivation (39, 35), pho odissociation (40, 41) and

. ‘ llfetlme measurements (43 3, 44} have been feported for

‘the B state of 1od1ne Earl, lifetime measurements were

.particularly intriguing as thp observed radiative lifetime

—

showed large variations with fhe excitation wavelength.

Tellinghuisen ha§ shown - (45) that spontaneous predissoci-
agion from B to the underlying lnlu continuum depends not
only on the form OF overlap between the respectlvi radial
wavefunctions but also on the value of J(J+1). The neglect
of the J-dependence appears to be responsible for the appar-
ent dlscrepanc1es among the lifetimes reported in the liter-
ature. Although the magnitude of the mixing bebween the

B state and ', is low and no perturbations of the B state
levels are readily apparent*, a significanf fraction of the
B state population is lost by predissociation because of the
long radiative lifetime of this state (~107°%s).

. Finally it should be noted that ‘H1u+—X transi-
tions are competitive with the first step of the éequential

excitation process (B+—X}:and will therefore limit the at-

tainable two-photon signal., Hancock and Wilson '(46) have
3

-
£y

‘Recenfly, very weak perturbations have been found by
Comitand and Ducorse, Opt. Comm 21, 199 (1977)

. " }
f " h
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resolved the visible absorption spectrum of iodine into
threé contributing transitions. Their results, illustrated
in Figure II-5, show that the ‘Hlu state makes a larger
contribution to the continuous absorption above 20,000 cm™!
than does the B state. The unexpected strength of the
‘H1u+—X transition (which dissociates only to growund state
atgms) explains why it has not been possible to construct

a bhotodissociafion iodine laser operating on the [Zpé—wzpi}
atomic iodine transition.

5. Spectroscopic- Studies of the Gerade Flectronic
States of Todine

As discussed in section 2, a large number of sta-
ble gerade electronic states of iodine are expecfed to oc-
cur in the S to & eV region. Excited gerade states however,
are not normally accessible to single photon studies and
little experimental .data is available. This section sur-
veys the high temperature and emission studies which have
provided information, however limited, about the excited

gerade states of iodine.

5.1 U.V. Absorption Studies

At low temperature the U.V. absorption spectrum
of iodine consists of a broad continuum near 27008 which
blends ,into an extensive discrete system (Cordes Bands)

with maximum intensity at 1825A. .While it has been shown



.

Figure II-5:

Total absorption curve for iodine in the
visible region showing the relative contri-
butions of transitions to the A °*m, , 'm,
and B JHQG excited states. (46) Y Y
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therefore the electronic origin and molecular constants
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“that the 2700k system'arises principly from ’f{«'I§ tran-

sitions (47), the 18258 system has been subject to many /
interpfetations. Fo£ é;ample,V¢nkateswarlu (48) has as--

signed the Cordes Bands to two separate transitions, where-
as Wieland, in a private communication with Mulliken (13),q
has obtained a single formula which apparently fits all

the U.V. bands. However, Wieland's v’ numbering and

N
can not be regarded as réliably established. It is most

probable that the Cordes fstem arises from'the strongly

allowed 1441 ‘th(D)+vx transition (13).

. At high températuresnnpt only the ground state
but also vibrational levels. of the 2431 3H2U and 3n1u
states must become populated. Thus the so-called Skorko
bands which appear at 800,t01100bC as near continua éxcept

for features near 3427X and 3263A have been assigned to’

2, +—3n2u and 3nlg+f3n,u transitions respectively. By

9

.similar arguments one might also expect that 3H05+—3H°G(B)

would be observed at high temperatures, particularly as the
3ﬂo§—*3ﬂoz(B),emis§iog appears establisheé (14) . However,
Wieland:s 113Q°C spectra (13) show no indication of bands
in'the 38803'region ﬁhére this absorption would be antici-
pated. Mylliken conéludes le), in support of the 3nﬁfjn°ﬁ

assignmént, that the inverse absorption pr%gess is probably

N "
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tronic states are simultaneously populated and the emis-
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<

present but with weaker transition moment than anticipated.
To some extent this viewpoint is supported by the photolysis
experiments of Briggs anﬂﬁNorri%A(49) who apparently ob-

served 3“05*—3Ho§ absorption in Cl, and 'Br, but not in I,.

-

Although' 1432 'y and °Ng;  are expected to have

9
stable ion-pair potentials; absorption transitions. to these

states are not ‘expected because the appropriate lower state

potentials are repulsive. In emission these states are
expected to give rise to continuous emission, however. In
fact most of the information available about the excited

gerade states .of I, is derived from emission studies.

5.2 Emilssion Studies

Although the emission spectrum of iodine ranges
from the U.V. to the I.R. only the blue and U.V. bands are
considered relevant to the present study. Until recently

emission spectra.of iodine have only been observed with

thigﬁ energy excitation. Consequently several excited elec- -

sion spectra are very compleéex and difficult.to analyse.
Many questions remain unanswered and the need for further
study has beeﬁ well documentéd tlS).

" The U.V: e&isSiod spectrum of I,, excitea either
by atomic resonance liii§~or by autoresonance -has been ré-

ported by numerous auth®rs (12, 14, 50). The spectra are:

e S S o, AT 30y TS

~
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typically excited in I, vapor alone‘(SO) or a£ higher pres-
sures in mixtures .of I, vapor plus an inert gas (14): The

principle excitation in both cases is thought to be to (a)

vifrgtidnal-rotatioha} level(sgiof tﬁe 1441 1Z$(D) state

giving rise to a resonance fluorescence series on emission

to the ground state. Also observed but less well understoodd

are groups of diffuse bands extending to l$nger wavelength
as far as 4800A (Mclennan Bands). At higher pfessures
(AOOmm of‘Ar plus I, vabor], most of ;ﬁe broad_McLennan
Bands disappea},bué some features [see Plate I of reference,
(1491 increase in inténsity and display red degraded dif-
fuse band heads. These bands are thought to origiﬁate from
(am<xcited*e1ectronicLsgate(s) populated by collisional
transfer_at‘high pressure and have recently been assigned
to F—;X apd 3H057+B transitions in the isotope studies of
Tellinghuisen, Wieland-and Nob;'(14). Tellinghuisen,
Wieland and Nob's isotopic anaiysis of a third and stronger
system (D) near 34258 has indicated that a previously pub-
lished vibrational analysis of the 3425R system (51) is
likely in error. Although not conclusively,estaﬁlished,
it apbears that the observed emission has both DT+k and
3H29;*3H2u bands present. j .
v ' Venkateswarlu first 'suggested (52) that the dif-

fuse series observed in emission might be "fluctuation

am
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bands" ariéing from discreté-continuuﬁ transitions. Very
recently, Rousseau aﬁa Williams (53), clearly observeq
these internal diffraction bands in the emission following
sequehtial twolphoton absérption in moleculgr iodine. The
two-photon process was tﬂought to populate either the ‘Zog
or 3Ho§ state with subsequent discrete and diffuse emission
observed to the 3H°E (B) state. Transitions terminating in
the contiﬁuum.ievels of the B state give rise to the dif-
“fuse stfucture.k As predicted by Condoﬁ in 1928 (S4i, the
internal diffraction bahds arise because of the phase rela-
tionship between the initial and final wavefunctions and
are a direct measure of khe frequency fariatipn of the
Franck-Condon factor. The structured continuum because of
Fan apparent regular interval spacing can be easily mis-
interpreted as an upper state vibrational manifold.
Rousseau and Wil}iams suggest éherefofe (53) thét a‘re-

analysis of the I&'emission spectrum is mandatory, parti-

cularly in the 3300-4800A region.

N\

Rousseau has also measured the radiative lifetime

of the two-photon induced emission discussed above (55).

o

Of the two most probable assignments Rousseau argued that

the fully allowed 3H05¥+3H03_transition would have a short
¢ ! ) .

fluorescent lifetime whereas the spin forbidden ‘Z§—+3H0$

v

transition would have a longer lifetime. From the observed

“~lifetime of 27t 2nsec, Rouséeau concluded that qﬂe'two—phqtbn

excitation was to a 3Ho§ state and that this was probably
o ) -

FRvy T B At
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4

the same state (desrgnated E) observed by Tellinghuisen,
Wielahd and Nobs (14) in emission. In the present author'e
opinion a single 11fet1me measurement can not be regarded
as conclusive proof that Rousseau observed a 3H05 state
in his experiments. In case (c) both 3Ho+—+3ﬂ : and
'Tg—°n, + are formally 05—0% tran51t10ns and the seIec-
tion rule AS=0 no longer applles In addltlon_there are
several-lon-padr states predlcted to be of nearly equiva-
leht’energy to 3Ho§ and‘Roﬁsseau's e&periment need ﬁet ne-
cessarily have‘popurated the same state(s) observed b;fa“
Tellinghuisen, Wieland‘and Nobs, ©Nonetheless Rousseau's
éapers (53, 55) are important to the present study in that
they showed t at "two-photon sequential absorptlon studies
~of molecular iodine were possible.

Finally, it should be noted that there is by no
means universal agreement on the énalyeis of the U.V,-
Visible emission of iodine. For example, Verme's analysis
of the B system (56) at 3425% assumes that qH +(B) is, the
lower state; in which ca#e an elaborate explanation is re-
quired to interpret the overall emission spectrdm (13).
As concluded by Mulliken in "Iodine Revisited" (13): "A

-

final answer must await further study.'
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CHAPTER ITII

. -~

N !

TWO-PHOTON SEQUENTIAL ABSORPTION SPECTROSCOPY

1. Inttoduction

) ‘With the recent advent of high-péwer wavelength-
' tunable a;e‘iasers two-photon spectroscopy has emerged as
a.new and p§werful technique for phe study of the’elec=...
Ironi;ally excited states of atoms and molecules. This
cHapter ?EWie;§ sqme‘expe}imental and'tﬁgdretiCal aspects
of two-photon gbso;ptién processes which are relevant to‘
the present study. Emphasis is directed specificélly to- -
_ wards .sequential .absorption studies of the.vibronit struc-
ture of molecules. More detailed feview§ of two-photon
processes are presenged by Mahro(§7), Worlock (58) and
,McCla;n (59) while multiphoton pr&cessés in genérél are
surveyed by Bonch- Bruevich and\Khodpvoi (60) and Peticolas
. (61). ‘ | '

~

2. Theoretical Considerations

The basic theory~bf two-photon processes (which

includes two-photon absorption, two-photon emission as, well

(

29
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as combined absorption—emission processes) was first
formulated by Goeppert-Mayer tn 1931 (62). 1In time-
dependent second-ordér perturbation tﬁéory the tWo-photon
transition probability frgm the ground state g to an ex-
cited state f is expressed in terms of a virtual inter-
mediate state i.T The . transition probability‘is then

proportional to the square of composite matrix elements

of the form: -

o

Af2) (rgit@&)(ri¢-@;) (rgi-€2)(rif-€:) -
= + . -

fa = L atgmen) EECIFErTY e 50

’ |

where the transition g+f (of energy separatlon AE) is in-

3

duced by photons with angular frequencﬁes W) and w, (AE =
Hw,+thwjy) ‘and polarlzatlon vectors &, and &,, respectively.
In dipoLe approximation the rg; and rj¢ variables are
(51ngle photon) matrix elements like rg, = <i|r“g> between
the comb1n1ng states g, i and f. a

’fach term of equation (S-i)'can be intetpreted
as a probability amplitude for trahsitions from state g
to f via the virtual iﬂtermediéte state i and selection
>rules for the two-photon process can be derjvedvfrOm an

examination of the non-vanishing matrix elements. -This

leads to selection rules for double quantum rovibrefic

-
- . 1

~

tvirtual states are intermediate. in time not energy and do
not violate energy conservation bécause of the uncertainty principle.
Far very short times the uncertainty in the energy (AE 2 nW/At) car-be
very large and the classical concept of energy conservation becomes
physically meaningless; 'see 'discussion given by Peticolas (61),
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transitions in diatomic moleculest which are similar to

~

those for th¢ Raman effect (g#*g, u+zu, AJ=0,*2). Unlike
;ingle-photon transitions, both the i&itial'and final
state§ have the same parity in two-photon absorption pro-
cesses. ‘Excited states can therefore be sfudiéd by th-'
photon methods which are not accéssib}e (from the same
initial state) by sihglg-photon experiments.
QTwo—phofou fransition probabiiities in the p s -
eﬂce of a nearby (resonaﬁt) real ihtermediate state cannot
‘.ie evaluated diréctly from eéuation k3-1).' As resonancé
is gpproached w, or W2=—Wjg -and equaiion (3-1) diverges\
because l@ié-w1|—+02‘ T; valuate the perturbation expan-
sion various damping factors must be introduced (57,.60)
depending upon fhé re;atjve values of ]w;é-w1| and the
bandwidths y; and y; of 'the intermediate and final statei
'respectively. Mahr has shown.(57) tﬁaf for the resonant
condition Iwig;w11<yi the two-photon transition probabili-
ty Fé%) is given to'good‘approximation bf:
ri#) = P (rr{y) C . (3-2)
where (¥;)7! is the natural»lifettmeiof state i, apd ?é%)

and F?}) are the normal one-photon transitions probabili-

»
t

TFor polyatomic moJecules vibronic coupling mechanisms.
similar to single-photon Herzberg-Teller (16) interactions must also
be considered. ‘Honig (63) and more .recently Hoghstrasser (64) and
Metz (65) have approached this probiem.

~y,
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ties. The two-photon transitions g—f can here be %@Eérd-
“ed as two independent single-photon processes in which the
lifetime of the intermediate statg enters dominantly into

the overall two-photon -absorption cross-section. :Evalu-
ation of the noniyanishing symmetry products for the matrix
elements in equation (3-2) yields selection rules for
steprise two-photon absorption which are similar to those
discussed above for double quantumitransitféns.(
| For the non-resonant case, a two-photon g—f ’
process cannot be regarded asitwo independent'single-photon
transitions. Howe&er‘it,is useful to consider an effec-
. tive lifetime tes¢ for the virtual intermediate level
which describes the two-photon interaction. tgff is not *
determined- by relaxation phenomena bdf rather by the re-
quirgments of energy conservation within the limits of the
.uncertainty priqc;ple. For‘a g—f two-photon transition
with Iw;g-m1l3>yi (non-resonant state i), the absorption
of the first photon hw, must be followed by absorption of.
the second bhoton hw, within the period ﬁﬁf=|wig”wlf:l to
satisfy energy.conservatﬁon. The non-resonant transition
probability is then given (57) by: -

L ]

gt

réi) = ML/ (wigme)] x tert * THH) - (373)

and tef¢ can be.viewed as the limiting factor which leads
to very low absorption cross-sections for non-resonant
double quantum transitions.

t N '
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-

‘ To summarize the foregoing: two-photon absorp-
Qtion stud;es may or may not involve a resonant intermedi-
ate state. In the former case'three real ene;gy levels are
involyed and the process is tgrﬁed sequential or step-wise
two-photon absorption. The sample is excited in two steps
from an iﬁitial level to a final level by way of a real in-
termediate level. The intermediate level is momentarily
popdlatea}and its natural lifetime affects the two-photon
absorption cross-section. Two independently tunable dye
lasers are generally reguired experimentally to excite the

sequential resonances. In the latter case.only two real

energy levels are involved and the pfocess is called double

.'photon absorption.. The sample reaches an excited state

through a virt¥Mgl intermediate ievei by absorption simul-
taneously of two photons that are normally of equal frequen-

cy. .Only a single h1gh 1nten51ty dye laser is therefore
s

usually required for double-photon absorption experimentsn+

t

As the resonance condition is approached by decreasing

|“i97w1! the transition probability for double-photon tran-

sitions will increase significantly; see below.

THochstrasser in Chem. Phys. Lett. 48,1(1977) has distin-
guished between ftwo-photon sequential absorption and double photon ab-
sorption in terms of incoherent and coherent excitation processes, res-
pectively. In the present application there is no coherence between
the two counter-propagating laser beams used to excite the sequential
two-photon. resonances. The phase relationship between the ground and
excited states is not coupled by the incident radiation and a Kinetic
theoretical model is applicable. "y

e e -
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3. Literature Review

. Although seéuential absorption (49) and emission
(66) studies have beeﬁ\attempted with conventional incoher-
ent light sources, these experiments have met with only 1i-
mited success. Practical two-photon experimentation await-
ed the superior spectral brightness (intensity per unit
bandwiéth) of coherent laser sources. With the recent de-
velopment,of high power wavelength-tunable dye 135§TS, two -
photon‘sequential‘absorption spectroscopy has become a vi-
able experimental technique for the study of the excited
electronic states of both atomégand molecules.

Many different atomié species have been investi-

gated by sequential absorption techniques with lasers (67,
68,69,70) and the progress in this aréa has been quite re-
markable. For example, very high resolution Doppler-free
spectra have been obtained withcéounter-propagating laser

»

beams which excite 'selectively only those atoms within a

small velocity sub-group of the ground state velociéy dis-
tribution (2). One such experiment (71) has revealed
optically-induced level shifts (termed the AC.Stark effect)

in the two-photon sequential excitation of atomic sodium Y
vapor. Level‘shifts (which are proportiona} to the light
intéﬂsity) up to 1GHz weré reported for both the 3S ground
state and thei4D excited state of'sédiuT. AObtically-induced
level shifts must therefore be considered in high resolu- .

tion two-photon studies employing .intense laser radiation.’

Of particular interest to the present study are the experi-
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ments of Liao and Bjorkholm (72) who showed that tWo-phoﬁon
sequential absorption in a£omic sodium has an absorption E
cross‘ééction some seven orders of magnitude greater than
for non-resonant double quantum transitions. The:cnhanced
signal of the resonant case clearly demonstrated experimen-
tally the sen$itivity advantage of stepwise excitati6n.
Relatively few sequent&al absorption studies of
the‘g%c%ﬁed electronic states of molecules‘ﬁave been re-
ported previously and in large part this motivated the pfes~
ent study of iodine. Sequential absorption experiments on
IC1 (73), 1,(53,55) and BaO (8) are the oniy prior reports
to those' of Danyluk and King (9,10,11,15) which are detailed

3
in subsequent chapters.

&

The iodine experiments of‘Rousseéu and Williams

(53,55) have been described in Chapter II, section 5.2, and

need not.  be further discussed here. However it is of inter- "

_est to discuss both the IC1l and Bd0 experiments as well as

very recently published multiphotvﬁ ioni:atiﬁn studies of
molecplar 1odine. )

| In 1974 Barnes et al (73) employed two independ-
ently tunablg lasers (each with approximately 14 Bandwidth)

to excite by a two-step process fluorescence from the E vi-

bronic state of iodine monochloride. A commercial paramet-

ric oscillator laser was used to excite A«~-X transitions

while a nitrogen-laser pumped dye laser was used to excite

simulianeously E~—A transitions. It was only possible for
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the authors to excite unambiguously a few A«—X transitions

B e - N Y ,ﬁ‘.{ ’Va :

of iodine monochloride bécause of molecular iodine impuri-

ties in the ICl sample (I, exists in equilibrium with IC1).

The report did not provide accurate molecular constants for

any of the electronic states involved but. it did success-

fully demonstrﬁtexihe feasibility of two-photon sequential
excitation of moleé&iar fluorescence., ] -
. In 19%5\Field et al (8) published the first de-

;affed sequential absorption study of the vibronic struc-
ture of a molecular system.. The authors used a fixed .
wavelength (4380 or 4965K) axéon ion laser to pump optical-

ly single-photon fogational transitions of the A+—X absorp-
tion of Bal0 and a CW tunable dye laser to excite transitions
from the optically pumped level to (a) higher energy elet-
tronic state(s) of 'L symmetry. Nineteen sequential .absorp-
tion bands which exhibited irregulaf vibrational intervals
dnd‘rotational constants were observed between 36490cm™ and
38620cm’! (relative to Xyn=0,ym=0)- The rotational selec-”
tivity of the sequential technique was cléérly demonstrated:
cach band‘consisted.of only two rotational lines arising

from aJ=*1 transitions from the pdmped intermediate level.

The experiment also showed that vibronic states not observ:
able from the ground state beca&éq of prohibitive selection

N

rules or small Franck-Condon factors could be investigated

A preliminary report-of this work was given somewhat™ear!i-
er at the Twenty-ninth Sumposium on Molecular Structure and Spectrosco-
py, Columbus, Qhio, June 1974.

-~
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by two-photon methods.

The BaO sequential absorption bands observed by
Ficld'etaz ‘arose most probably from transitions to two or
more perturbed clectronic states. The authors could not
investigate ‘the apparent éerturbations by a systematic
study of many different A+«—X pump lines with different J

values because only two pump frequencies were available from

the argon ion laser. Thus, - neither the magnitude of the

/ perturbations nor the accuracy of the calculated rotational

N

N

A

constants and band origins could be concluded., This—dtffi-

culty ijkely to be encountered in most two-photon sequen-

tial absorpfion studies (in which closely-spaced'excited
states perturb one another) and underlines the need experi-
mentally for two independently tunable lasers to excite svys-
tematically fhe two-photon Tesonances.,

Dalby et ol (74) have recently observed double-
photon absorption transitions from the ground state of mole-
cular iodine to a Rydberg state of lg symmetry. Intense
laser pulses near 26500cm™! were emgfoyed to excite the two-
photon resonances which were detected by observation of the
photoionization $ignal produced by the subsequent sequential
absorption of a third photon (the 1onization potential of
I,—I"+e is 75814cm"L from the same laser beam. Photoioni;
zation was detected with a proportional coﬁhter\which pro-
vided very high sensitivity becaQSC ihe produced ions could

be collected with 100 percent efficiency. The 2cm™! band-
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width of the .tunable dye laser used by:Dalby did not permit
Tesolution of individual rotational transitions so-that the[

. symmetry assignment of the excited state was conpludea from

C . T ! :
analysis of vibrational band contours and relative band in-

L tensities. The observed term values of the excited state

were fit by least squares to °

; - t(em ') = (53562.8:1.0) + (241.41:.04) (v+}) - . s
(0.58%.36) (v+3)? | :
. r l‘!’ )
“to provide values for T¢, wl and fugxg. As expected for

1

. Rydberg states, wg was about thirteen percent higher than

</

khat of the ground electroni;.sfate. )It should be noted
that the present study has undertaken to investigate the
valence states of 1odlne at somewhat lower energies.

For intense laser 1rrad1at10n of molecular 1od1ne
in the rangé w =25300 to 22200cm-! Dalby-and Tal((]S)_also
observed UV fluorescence and phofoionization of atomice
iodine. "The authors invoke a four-step, fivé«photon pro-

"cess which depends quadraticall} on the laser power:

(1) (2) A(B) - (4)

. X E E radlaflon'eSSI* ;I** ;I++e
ZQL Wi . . Wi Wy
'J o The steps 1nclude

(1) double- pho*on absorpfnon from the ground state of the mole-
‘> o cular ibdine to an gxcited Eg state (Rydberg or possnbly
) a valence state);

-
*
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(2)  sequential absorption by'single-photon absorption from E

] . 9
to a high energy molecular state Ey which predissociates

into one.excited iodine atom 1* and one ground-state atom
- I " . .

(3)  single-photon aTomlc transitions from 1% to haghly ex-
cited atomic states |¥*,
(4) ionization of atomic iodine by sequential abeorpfion ‘

from 1*¥* to the continuum,

3

It is of intérest to the present study that the

atomic fluorescence I*—]1 observed by Dalby was continuous

as ‘the laser frequency- was scanned below 4500K This sug-

’

|
gests a very dense level structure for the E gtate(s) in

this region since the laser bandwidth was approximately

2cm™'. Moreover, the Eg levels involved in Dalby's studies.

must have energies above 44715cm" (3 x 67072) becaﬁse the

minimum enérgy required to photodissociate I, into I* is

67072cm-'. [If Dalby's Eg levels correspond to any of the

states identified in Chapter V, theyomuét have very high

(vg~30 to 50) vg values.]
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CHAPTER IV
EXPERIMENTAL CONSIDERATIONS

1. 'Introduction

Dye lasers have uﬁdergone a remarkable trans-
formation since the first obi??vation of stimulated 1ight
emiééionlf}om_soiutions of organié dye compounds (76, 77).
From these initial observations hafe evolved sophisticaggd

: : r
sources of tunable laser radiation

which have_£ev01ution- 
i;ea modern optical spectfoscopy. The discussion of this
chapter .is restricted to a. brief survey of the niffogeﬁ
1éser-pumped dye laser and its application to two-photon
specfr&scopy. For more detailed information, including an
aécouﬁt of’Continuou§-wave.(CW) and flashlamp-pumped dye

' lasers the reader is referred to several recently published

reviews (78, 79). "

2. -Nitrogen Laser-Pumped Dye Lasers Vf\\\\\

a

Tunable dye lasers véry‘widely in their perform-

.ance and operating parameters. For example, bandwidth,

40
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tuning range and output power are determined not_only by
resonator design but also by "the optical source used to
excite the gain medium. Both pulsed and CW lasers as well

¥ ‘ o ,
as fiashlamps have been used to stimulate dye laser emis-

sion, but nitrogen laeer-pumped d;e lasers offer several'
*important edvantages for high-resolution speCtroscepy.

The. 33714 oetput of the nitrogen laser is weli(\
matched to‘the S,+—S, absorption of most organic dyes. In
addition,'friplet state quenching is minimized by the

jﬁehort pulse length (typically < 10nsec) -and fast risenfdme
.', of nitrogen lasérs. ngh conversion eff1c1ency and hlgh
pe;R output power can the?efore ge achieved. The low -

threshold and high gain o6f nitrogen laser-pumped dye lasers

also provades the largest tuning range (~3600 to. 9000R)

!
1

realized for a single excitation source.

The advantages of nitrogen daser-pumped dye .

lasers are particularly important for wc-pheton-spedtros-

copy. ‘Since the transition probability Xor two-photen
fransitions is small, high peak,pewer ﬂs g 'erally required
to render two photon interactions observable.
tuning range of these devices and the pulsed nat
laser dutput can be used to advantage (10 li).
.The present study employed. two 1ndependently

tunable nitrogen laser pumped dye lasars based on a de51

":“"”f““‘“ﬂlﬂ' Nt

SR,
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gure IV-1. As shown, a flowing dyé solution is transverse-
ly excited'by a repetétively pulsed nitrogen laser and
stimulated‘broadband‘fluorescence is collected and c01¥‘

limated by an intercavity telescope.‘ A Littrow-mounted

diffraction grating'and an optional Fabry-Perot etalon are

used as wavelength selectors in a long optical cavity. For

short pqlse-excitaﬁion no discrete axial mode structure is-
expected (80) and the output band@ia£h(of the dye laser is
then not much smaller than the bandpass of the inter- .
cavity dispersive elements. In principle thérefore, con-

tinuous  tuning without mode hopping can be achieved without

,thq'difficuit synchronous tracking of cavity length re-

quired to scan the'resonator modes of CW laégr- and
flashlamp-pumped dye 1ésers (81). In practice,\high resd-'
lution scanning of nitrogen-laser pumped dye 1aégrs still
requires the simultaneous tuning -of the érating(and inter-
cavity etalon..’This can beva difficult problem,pqrticg}ar;

ly as the grating and the etalon exhibit different nog\\

linear mechanical scanning characteristics. For limited

wavelength'intgrvals (~4 to 5R) Klauminzér (82) has dé-
scribed a cémputer—controlled stepper motor system for .the
simultaneous tracking of grating and etalon dispersive

elements 1in Hénséh-type dye lasers.

\,
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3. Design and Construction of a Pressure-scanned Nltrogen

Laser-pumped Dye Laser

_An alternative approach to the synchronous tun-

"ing of multlple dispersive elements in nltrogen laser-

pumped dye lasers was suggested

by Wallensteln and Hansch/

(83) and by Flach, Shahin ‘and Yen.(84). Schhronous scan-

ning‘was accomblished without mechanically moving parts by

Qarying the gas pie;sure in- a chamber which enclosed the

grating and Fabry-Perot interferometer. Although preésure

tuning of multiple interferometers is well established in

conventional high-resolution spectroscopy (55), it has

been less widely recognized tha

tune dlffractlon gratlngs in a

t it is also possible to

51mllar manner

For a medium of refractlve index n(p), the

vqéuum wavelength X (p) for,a d

Fabrszerot‘etalon is given by

(2D sine)/k

(2L cos¢)/1

respectively. Here k. and 1 are

grating_groove'spacihg and L is

'tion 6 and.¢ define the angle

1ng and the etalon, respectlvely.

1ffract10n grating and a

Ap)/mp) . ... (4D

. Qe

~.

X(p)/m(p) NRCY

integer values, D is the

the etalon plate separa-

of incidence for the grat-

Equations (4-1) and (A-QY
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‘by varying the pressure, P.
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both.&ave_the same functional depeﬁdence on the refractive
index which, in turn, is pressure dependent. Therefore, if
at some pressure P@ both the grating and etalon are -tuned
to resonance at Ay, then synchronous.tuning may be achieved :

The pressure scanning technique has two major

advantages over alternative methods of frequency, scanning

Hdnsch-type dye lasers. First, linear freqhency scanning

rd

over large wavelength intervals can be.achieved fairly

‘simply without the sophisticated computer control required

of méchanical tuning methods. Secondly, good beam quality
with constant output power can be maintained throughout

! .o
aﬁ??i?ly tilting the intracavity etalon, for example, leads

Fhe wavelengtw sGcan, in contrast to other methods. Mech-
to large‘"wa1k~off” losées which seriously degrades output
éower during the.anelength scan, Tﬂese considerdtion; en-
couraged the‘desigﬁ and cqhstruction of a High-fesolution-
pressure scanned dye laser sSystem suitable fér two-photon
investigations, .

' Thé-pressuré scanned dye laser built for the pre-
sent study was based on the opticél‘configufatidn indicated
in Figure IV-1 with the addition'éf a windowed pressure.
éhamber to énciose the grating and Fabfy-Perot etalon. ?he'
pressure chamber windew,was a A/20 éuartz plate-50mm in
diameter with brégdband antireflection coatings‘qnd 30-

»
~
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minute wedée aeglei An(18éd l/mh diffraetien‘graping, a
3mm.invar.spaced etaion:with broadband‘toatiﬁgs on’ Z25mm
.plates tréflectivity finesse of 30) and a 20X achromatic
" telescope produced a banawi th less than .07cm”!. Nar-
rower bandwidthegcould easily be achieved (but at reduced‘
output power) with ‘the use oflleyge%NeFalon spacers (L =
4, 5 or 6mm) and a 600 1/mm gfating used int high order.t
‘The_dyeccell windows were fabricated froﬁ plane and para-
llei quartz fiats, that were inclined at.appreximately 2
degrees to‘the 1aser axis to eliminate unwanted etalon ef-
fects. For high-gain dyes the output mirror .was simply an
uncoated quartz flae (A/20; 4% reflector) while a 50%
broadband reflector Qée‘used for low gain dyes. The outer
_ surfaces of both outpui mifrors had a 30-minute wedge angle
and were broadband entireflection coated. .

All optical components were mounted on a massive
invar stabilized frame'whth multi:axis translation or ro-
tation spéges%) The 40cm stabilized cavity censieted of

four 25mm diameter invar rods. The pressure chamber was
A

also supported by the invar rod, but in a manner such that

deformation offthé walls of the pressure‘zﬁémber (expected __

v

. . tAlthough not used in the present study, a pyéssure scanned
confocal interferometer (2Ghz FSR, 200 finese) was also\constructed’
from ifivar matérial., The confocal infterferometer may be used as an '
extracavity filter to the laser described in the main *ext. Bandwidths
of less than 25MHz have been achieved, but at greafly\reduced‘ﬁeak
power. : .

;
;
{
j
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auring pressure scanning) would not affect the opticél

.alignment of the :cavity. The pressure chamber was fabri-.

cated from 25cm diameter  aluminum pipe ana was equipped
with calibrated feedthiaughs for the angular adjustmegt of
the grating and intercavitygeta;on.‘ Thps,bofh the grating
and the etalon éou}d be cgg&enieﬁtly‘alignedito any\wave—
length without the need to open the‘bressure chambef (83,
84). | |

The laser was scanned by first adjusting the
grating and etalon to resonance at a selected;wavelength;
then leaking gas into the gvacdated pressure chamber:
through a calibrated needle valve. Aelérge pressure drop/\\
Qas maintained ac%oss the needle valve to assure é\%ea£{f- ‘\a\
linear préssure igcxgase as a function of time in ;he
pressure éhaﬁber‘(86). Althopgh designed to accommodate

pressures as high as 5 atmospheres, the pressure chamber
. R

was only -usually charged to 1-2 atmospheres pressure.

 Propane was used as the scanning gas and the laser could be

coTtinuouély scanned over 6 Angstroms with less than .3$%
nonlinearity by changing the pressure from 0 to 760torr.

Figures IV-2 to IV-4 illustfateithe operating -

characteristics and performance capabilities of the pres-.

. ’ N .
sure scanned laser.built for the present study. The fi- .
gures are repressnté{iﬁs~of test data obtained with a

Rhodamfng B-Cfés}l Violet mixture of dyes in ethandl and
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Figure IV-2:

-2l

Transmitted light intensity of a thermally
stabilized confocal interferometer (2GHz,
FSR)Y for a pressure-tuned (a) and mechanically-

.scanned (b) dye laser. ‘Additional .details

are provided in the main text.

v
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the dye laser operatlng with the 600 1/mm diffraction

.
A
-8 S MR TR N R AT

gratlng and 4mm etalon spacer. N
Flgure IV-2 clearly 111q§trates the two major

advantages of pressure scanned nitrogén laserlbumped dye
" lasers. Flgure JV-2 shows the transmitted llght 1nten51ty /‘
of a thermally stablllzed confocal lnterferometer with a
,Free Spectral ‘Range (FSR)bof 2GHz for both a pressure—.

scanned and a mechanically tuned dye laser The trans- ”
mltted llghtﬂpulses were detected, w1th a photo dlode and

‘averaged w1th a lsec time constant in a sing¥é-channel

!
i

Mo}ecpron LSDS box car avefagey. In Figuse'IV-Z(a)_the
dye laser frequency was pressure ‘scanned through several
transmfssion @axima of the coqfoéai interferometer. _Ex- - f
cellént s?ah linearity is demonstrated (nonlinearity;}ﬁ%)
at'cénstant output poyer‘for a bandwiéth of apﬁroximately

60Q0MHzZ (.026%") FWHM. For coﬁparison, Figure IV-2(b)
shows the output of the same donfpcal interferometer,'for

the same laser bandwidth, ‘as.the inte;eavity etalodn is ; R
mechanlcally tllted (at constant rate) through a small
angle. The scanning nonlinearity of m&cha31Ca11y tlltln&

fhe etaISn is demonstrated by thé convergence of the trans;
"m15510n peaks, .each equally spaced by ZGHZ Note also in .

. Figure IV 2(b) that the output dower durlng the scan is
~modulated by the’ gratlng gain profile of about 12GH:z

(.4cm™ 1) F_IWHM‘. ' ) ' ¢

.};‘
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?Figure IV-3 illustrates a iZcmj} infe%ﬁal of the
absorptioh spectrum of iodine near 6328& obtainéd with‘tﬁe
pressure-scannéd d;e laser as the ﬁ}essure was varied from

0 to 760torr. ' The absorbance of a 75cm cell containing -
‘iodine vgpor at .25torr is plotted as' a function-of the
laser output fréquency. Sample and reference laser pulses
were normalized and processed’ by a dual channel Molectron -
LSDs‘bog‘car‘s}gnal averager. The spedyrogram clearly
disp}ays the complex rotatipnﬁl structure of iodine and
illustrates a convenient ﬁeans_for determining absolute
intensity data. The observed liné»ﬁidths in Figure IV-3
arige from Doppler bfoadening of untésol&ed h}perfine
splittiné (87) and are not limited by'instfumenta} reso-
lution, see below. - o

An application of the brgssure-scanned dye laser
to a detailed lineshape study of the iodine spectrum near~
63288 is illustrated in Figure IV-4. Figure IV-4 was ob-
tained: as" a fluo}escence exgit;tion spectfum as ﬂhe dye
lase; Wa§ s{owlx pressure scanned through approximately

-1 It-is interesting to note that the Doppler broad-

, ) ~
ened line of iodine near 6328& (FWHM of .04cm ') has been

3Icm

resolved into 21 hyperfine components by saturated:absorp-

tion experiments with helium-neon lasers (88).
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4. Two-Photon Lasef Spectrometer

rs

+
-

‘The, pressurg scanned.dye laser described above
was aﬁ‘integrallelement of at high-resolution two—phofon
. I . ¢ ’
spectrometer constructed for the present study. A simpli-.

fled schematic oﬁ.tﬁ;'two-photon spectrometer is presented
" in- Figure IV-5 and will be discus;ed in the following secr
tiSn: |

Two 1ndependently tunable dye lasers, labelled
MDL and- PDL in F1gure IV-5, were simultaneously pumped by
xa 300kW n1trogen laser (MQlectron UV 300). " The nitrogen
laser produced 12nsec puyges at 33718 and was usually oper-
" ated at a repetition rate of 1SHz. Snsec light pulsest
from the two dye lgsefs were directed in opposite directions
through a“sample'céll and sequential two-photon transi-
'lions were monitoled by’the'fluofescence output detected
’by a cooledlphotqpultinier ;ube:

MDL was a 40¢m mechanlcally tuned dye laser
(modified prototype Molectron DLZQO) operated without an
intercavity etalon. MDL was oper;led'fh the 6th order of
a 600 I/mm replica grating and.pro*ided pulses ofvapproxi@
mately 1.5cm™! bandwidth thrgughout\the vi§ible region.

)

\

“The organic dyes used as the ggin media are excited ahove [
threshold for a period of time somewhat les$ than.the duration of the
pump pulse. Only for this reduced time per\od (~5nsec) is sufficient

pump power avallable fort laser. oscillation. \

\
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PDL was the pressure;ccanned dye laser descrioea in the.
previous section and was operated with an 1806 l/mn grat-
ing and an intercavity etalon with.Smm invar spacﬁr: In
this configuration the output bandwidth of PDL was less
than .07cm” | |

The output beams from MDL and PDL were oirected
along a colhnear counter- propagat1ng path and focused to '
a 300 m1cron spot 1n the center of the sample cell con-

e i /
taining iodine vapor at 25torﬁ This value for the beam

cross-section &as fonnd to give adeqnate two-photon signal
levels without the beam overlap instability problems which
resulted from tignter focusing.

PDL was used to pump selected rovibronic trensi—
tions of the 1od1ne B«+—X absorption systenm whlch were iden-
tified by monltorﬂng the .B—X broadband fluorescence from
an iodine ;eferende cell h coldector lens L,, fllter
F, (Corning 3-71,A{FZ;;;;:;zE;XE‘ﬁgioA) and pHotonultiplier'
‘ PMT, (RCA type 1P28). MDL was used to probe for transitions
from the intermediate B state co_electronic states of high-
er energy, herein collectively referred to.as "E'" states.’
Two-photon sequencial absorption was detected with a ther-
moelectrlcally cooled phototube PMT, (EMI type 9816QB) by
monltorlng the "E”—*B broadband fLuorescence through an

f/4 collector lens L, and filter assembly (Corning 7-54
s . ‘ o .
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plus Schott BG-12, transmission s 4000R).%

. Double photon ébsorption indUEéd by ‘either the
probe or pump beams could not be observed under the eXpefi-’
mental conditions described apove.' By élFernately block-
ing each beam it was:established that only sequential ab--
sorption signals were disc?rnable above the background
noise. The signal output of both photomultipliers was
processé@ by-a Molectron LSDS box-car averager and plotted
-on a two-pen chgrt recordgr. . Signal-to-noise ratios of
300:1 were typically achieved wiph an effective time con-

&

stant of .3sec.

2

Optimai'signaijleveis were'oqserved.when the op-
ticalpathé frpm eacﬁ laser téithe center of the sample cell
were bf equal lenéth. This gssured that the Snsec laser
pulses were coincident in time in the sample cell. To
.facili£ate an examinatioh.of relaxation processes in the
intérmédiate B state an optical delay liné was inserted
into, the probe beam path. The delay line consisted of a,
1.86m multiple reflection‘White\cell and éllowed'fhe de-
15& of tﬁe probe beam by integral multiples of 12.4nsec

by the adjustnient of only one mirror. However, scattering

-

tTwo~photon resonances could also be detected by monitor-
ing the decrease in the B—X fluorescence (typically 5 to 10%) when
"EN-B transitions were excited by the probe laser. However, better -
signal-to-noise ratios were obtained by measuring the £E—B emission
with PMT,. : '
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and abgsorption losses of the White cell aluminized mirrors
limited ¢ e-maximuh practical delay to 37.2nsec. It was

also necesé&ry to position the two dye lasers MDL.and PDL

so as to avold optical feedback. For laser dyes w;th LOVer-
Ny !
.lapping gain profrﬂes it was possible for one 1a,g;?go
. \ S
1nduce multlfrequency ofc1llat10n in the o&hqp;/’ln order
"\ /)4*“% =

to decouple the ﬁwo Tasers the tg;aiﬁapfical path &eparat-
Af/"“ﬁ‘
ing them’ was kept,gweater "thark? mé%&ng

. To make most, eff1c1ent use of the 11m1ted laser —~
\'power available, the beamsplitter (see Figure IV-5) was c?///\‘

chosen so that PDL pumped B-X transitions at slightly below

saturation. - Saturation conditions were determined with the

iaid of neutral density filteré'by measuring the B—X
1 e .

fluorescencé‘intensity as a function of the pump laser in-
tensity. For most of the experiments reported here a
beamsplitter with a reflectivity of 60% proved satisfac-

tory. .The beamsp;;t{ef'%hé”?ébricated from a 7.5cm diameter

.. quartz plate and partial}xﬁggg&ggamfth=@$vm&ﬁumﬁfﬁ“aﬁ*“'"

Edwards High'Vééu&h aluminizer, | \\\

A}

M . \\ - - ..
In sequential absorption experiments it is cri-

" tical that the pump laser e;hibif good\long-term frequency,

stability. The frequency stability of PDL w s determined -
by monitoring the B—-X fluorescence from the reference cell
du*ing,all two-photon exberiments. -These tests confirmed

a frequency stability, in the absence of large ambient tem-
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peratuyé fluctuations, of *200MHz for périqu of several.

- hours.

. 5. Wavelength Calibration of the Two—photon.Spectra

A precise knowledge of both the pump and probe
laser wavelength is required for the accurate wavelength

calibration.of two- photon sequentlal absorptlon spectra.

In the present study the- probe laser wavelength was deter-

mined spectroscopically, while the pump laser wavelgngth

was inferred from the iodine fluorescence excitation spec-

tra obtained .by pressure scanning PDL. The4detaiLs of these
calibration procedures are outlined below.

" For the probe laser (MDL) a switch actuated

J‘";ip : B .
aﬁy the grating sine drive mechanism provided a wavelength

marker at approximately 4.2 Angstrom intetvals. The wave-

.. length corresponding to each marker was determined photo-

graphicwlly on a 1.5 meter B/L spectfograph by comparing. the

laser output witQ the emission lines of an Fe¢/Ne hollow
. . - * B g ) .
cathode-Lamp. These calibration spectra were taken immedi-

ately before. and after each two photon experlment to assure

[ )

reproduc1b1e results. A 1ea§t squares f1t of the calibra-

tion data provided a, polynomial equgtlon whlch was used to

N
1

N L ' ' 6 L
calclilate the laser wavelength betwezn markers by inter-
P v ’

pola ion. The procedure allowed fre*ﬁency calibration of

~

the Aro?ﬁﬁigser to within #.2Zcm”!. This uncertainty arose

\\, ‘

-
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AEEN

e b bty oy



~ . -
" primarily from mechanical limitations of the grating drive

mechanism.

An absolute frequency calibration for the pump
laser PDL was détermined from high-resolution spectra of
the B-X transition 1in iodine. B—X fluorescence excitation

spectra were obtained from the reference cell by pressure

scanning PDL. Relativeé frequency shifts durlng the.séan

were determined to within L.OOScm ! by photoelectrlcally

monitoring the output of PDL thtrough a 6mm~(nom1na1),sol1d
. \ ah

quartz etalon. Transmission fringes were thereby produced

every .557cm'“:and were simultaneously plotted‘with the

‘
*l

excitation.'spectra on a two-pen chart récorder. B—X Yo-

tational tran51t10ns in the iodine spectra were 1dent1£1ed

‘from the molecular constants of Barrow and Yee. (25) and the-

absolute frequency of PDL determined to within %.05cm™! by
1nterpolat10n between unblended rotational lines. This
1nd1rect procedure for the absolute calibration of PDL
'prov1ded the accuracy: requlred for the present study and
eliminated the need for add1t1onal calibration 1nstrumen%a-

tion.

Yo
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tWo- photon ‘absorption are specified by (v'",J"), vg,Jg)

CHAPTER V

TWO -PHOTON SEQUENTIAL ABSORPTION SPECTROSCOPY
-OF THE' TODINE MOLECULE

1. Introduction

Figure V-1 shows schematically the application of
two-photon sequential absorption spéctroscopy to the ex-
cited elecgroﬁic states of molecular iodine.® The frequency
of the pump laser PDL (see'Chdpter'lV) was chosen to
selectively populate a single (VB,,JB) Jovibronic }evel
o% the B state manifold py one-photon absorpﬁionh- The
frequency ,of ,the probe laser MDL was then scanned.to excite
the molecufé‘from thé (vg, Jg) ievel to- other highly ex-
cited elecgronic states, herein collectively referred to
as "E" states. As detailed in'Chaptér IV, E—B f1ﬁ0r§5u
cence was used to detect the two-photon resonances, while
B—X emissioncﬁas used to monitor the pumped.inteymediate
level’’ Ihrogghoui this chapter the gfound'ﬁtéte levei,
the intermediadte 1evel and the leVei structure probed by

A}

and (v', J'),‘respectlvely
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Figure V-1: Two-photon sequential absorption spectroscopy
as applied to the excited electronic states
of iodine. e ’
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It is advantageous if the pump laser excites only

a single (vg,Jg) intermeaiateﬁlevel. Thi§ generally re- ’ | !
quires a puﬁp laser with narrow bandwidth, but greatly
simplifies the analysis of the twojphoton spectra since
‘then oﬁly a lﬁMited number of rotational transitions
@J=0,+1) can be excited by.the probe laser. In the present
stddy the pump laser PDL was operated with a bandwidth

of .07cm-!. Althgugh somewhat greater than the Doppler
broadened linewidth'of B+X rotational“%ran;itions, this
value for the pump laser bandwidth provided‘an optimum
qompromise between\peék power(anderesoiution which ‘gave

4

adequate two-rphoton signal levels. The probe laser MDL

. s e ey Y

was operated without an inter-cavity etalon and provided ' :

[

light pulses of approximéﬁely 1.5cm™! bandwidth. For all.
but very low-J values this bandwidth was suf%icient to:

~resolve the rotational structure observed,in;the two-photon
spectTa of the iodine molecule.

‘

2. Selection and Identification of B+—X Pump Lines

Y e p § s i At e

The assignment of two-photon seduential absorp-
tion spect}a requires the accurate idéntification of tﬁe .
infqrmediate pump level(s). It was therefore neceésary
to spectrally isolate and ideﬂéifx”selepted B+-X rovibron-
ic transitions prior to deta{led two:photon skudies of

molecular iogine.

MRS P e
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Barrow and Yee's (25) recent high resolution
fnves;xgatlon of the B+—X absorption system has provided
accurate molecular constants which were applied to .the
present stu&y. The single-photon B«+—X absorptien spectrum

of iodine was excited by scanning the pump laser across the

-absorption and recording fluorescence emission from the

reference cell (Chapter IV). The iodine fluorescence ex-
citation spectrum was then assigned using the specgfoscopic
constants and term values published by Barrow and Yee "(25).

A computer program was used~io calculate line"
¢ «

\
N

frequencies in an attempt to predict which lines in the / i
iodine excitation spectra should be unblended and free
from overlap. It was hoped that the calculation would

successfully identify potential'pqmprlines which would

* v g A 2 oF AT, 32

yield ‘two-photon spectra with only limited and readily

assigned rotational,structufe. Unfortunately, the pro- .

(A

T

cedure- was not very successful and relatively few lines

. ' |
identified in this manner gave acceptablé two-photon spec-
tra.

- N -

Many more transitions than reportedfin~Barrom

va
¢

and Yee's analysis were revealed by the RKigh resolution

-
v
B S PR e PSR S A

and sensitivity of the laser excitation technique. Most

B+—X "lines" consisted of many blended and overlgpéed comr

.ponents. Pumping on these lines gave-rise to two-photon

- 1 N ’
spectra which were complex and unresolved becayse several .,

.

(&)
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- . i .
B state levels were populated simultaneously. It is also

pos51b1e that re-absorption of B—+X emission may have

L4

populated several B state levels in addition to the pumped
level, thereby adding to the complex1ty of the sequential

two-photon spectra. However, 1t is not likely that energy

transfer within the B state manlfold through collisional

~

deactivation contributed to the complexity of the two-

'photon spectra.+ . ‘>

Pump lines which provided strong, rotationally

-

resolved two-photon spectra were best found empirically by
the proceduré illustrated in Figure V-2. The probe laser

MDL was first tuned approx1mately ‘to_an E«—B resonance,

P .

identified by the procedure ou;lmned above ’ The wavelength
lllll X ,
of the pump laser. PDL was then scanned across a portion of

the B«X abéorption and the single-photon excitation spec-

[}

trhm recorded lline (b), Figure V2] .from ‘the reference

cell. Simultaneously the E—B emission was also recorded
[line (c¢), Figure V-2) from the sample eell as the pump

laser was tuned across the B+—X.spectrum. A strong two-

' photon resonance was indicated by a sharp increase in the

.

1 At 300mtorr sumple kuneflc theory predicts approximately
'5x10% eallisions per molecule per second for |, at 300°K. However,
‘the probe and gump beams only had a temporal averlap of 5nsec during
which, time fewer than 2.5X107 2 collisions were, possrble. For experi-
ments in wh:ch the probe pulse is delayed with respect to the pump
pulse or for CW laser experlmenfs coll:s:onal energy transfer may be -

" significant. . . . . -

4 - "
' . « » ~ .
f » ' \
.
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‘Fighre V-2: Location and 1dent1f1cat10n of B—X pump.

. lines--
Q, (a) Monitor etalon fringes used for fre-
, quency calibration;

n . (b) <&+—X fludvestence signal recorded from
X : the reference cell as the _pump laser
frequency was scanned;

(c) E;+B fluorescence?signal recorded from
the reference cell simultaneously to
o (b) above.  Two strong E«—B resonances
- : are shown coincident with B«*X pump
. ‘ ' cL lines. . |
. . ‘.' R )

e -
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E—B signal level at the corresponding pump laser frequency.
Calibration of the pump laser frequency for spectra like

that rllusfrated fn‘Figure V-2 was discussed in Chapter.
1V, ’

At resonance_the two-photon signal was maximized
by making slight warelength adjustments élternately to the
probe and pump lasers. Although the method was tedious

many pump lines so discovered yielded clean rotationally e

resolved two-photon spectra. . ’ }

The pump 11nes were assigned with the aid‘of a
computer program which calculated all p0551ble transitions
from the known molecular constants within *.2cm™! of the
pump line frequéncy. The accuracy of the programs written

to evaluate these transitions was determined by comparison

-with published‘assignments tZS 33) and was found. to repro-

duce reported frequenc1es wnthln +,05cm™t, In»most cases
L‘;‘v

the pump line could be a551gned by 51mp1y ch0051ng the

celculated transition whose frequency most closely matched

o

_ L T s
that of the pump line. However, as.discussed below-the

assignments were.also verified by other means.

Table V-1 lists’ the. a551gnment and frequency of
I
each pump line chosen for intensive study. A suitably wide.

range ‘of J values was’ selected to enable an'accurate de-
termlngtlon of the E state(s) rotat10na1 constants (see’

Section 4) .. : l . L
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Trans.i'rion Transition Energy \Pumped Level Level Energy
Xyg(d) 51 : Jvg Tlvg,Jg)
(cm™1)* (em™ 1)’

R7g(7) 20037.77 J78(8) - 26039.8§ ~
ngizl) 1?888.43 J59(22) 19905, 66
Ry (41) 19976.68 C 9, (42) s 20040.92
P7y(43) 19870.37 ‘k J74 (42) : 20040.92
P16(66) 88.43 J76(65) . 20054.24
Pe3(104) %4' - Jeat103) 20061.57

|
|
Table V-1: B+X Tr%nsitions Used as PumptLines in the

Two~photon"Sequentiil Absorption Studies,

energies of the B-s

"“The
) ate levels populated by the
- pumped transitions are relative. to v'=0,

Ji=0
in the ground X state and are equal to the. '

_transition energies in column 2 plus F{(J).
. . + \

|
1

-

[P PR WP S

»
e I T NP P L

SR

e



68

' :The‘pumpulines Ryﬁ(4l)-and P79(43) each pumped
the same B-state level and produced identical two-photon
spectra. %ﬁis p;ovided a useful cbnfirmation of[the
'(VB,JB) a551gnment for this 1evel Thé pump 1ével J78(8)
was within 4cm ! oof the B staFe dlssoc1at10n limit and could
‘not be assigned using Barrow's molecular constants since
his ana1y51s is restricted to vgs<77. A technlque was de-
veloped which enabled not.only thi; pump»level to be 1den-
tified, but.also rggulted in the assignment of much of the
rotational level spructufe from vg=77 to the'ﬁissqciation :

"limit, D. The technique is discussed in greater detail in

>

Chapter VL "

.. As 111ustrated ;@ Table V-1 both the J;¢ (65)

| .

%nd,J53(103)‘1evels have energles abqve-the 20043.2cm™!
B state dis?ociatibn limit. The'successful use of these

. \ ~ .
- mental evidence for an’ effective rotational potential

quasibound levels for twg-bhotbn studies %eﬁresents experi-
,ba}riér (16) to 'dissogiation for these levels. "It ié qf'
interest to .note +that the 11fet1mes of such energy levels
~have, in the past only ‘been deduced 1nd1rectly frqm scat-}
'terlng exper1ments (89). -U51ng the equations derlved by
LeRoy and Berns%gin (96) and Barrow's (25) RKR potential,
the liféﬁimé-of'the“Jea(le) level was calculated ta be
abproximately 1QOﬁéecf Experiménts:in which the prébe

pulse was delayed with respect to the pump-pulse confirmed

" that tﬁe.Jgg(LOS) 1eveillifptime was éreater than 36nsec.,
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but could not pr0V1de an accurate lifetime determlnatlon
Unfortunately, optical scattering and absorption. losses 1i-
mited the maximum practicel delay to 36nsec. However, the
experimenfel technique could in ﬁfihciple’be refinee to
enable the direct determinafion_of lifefimes of such
qua51bound energXJ&evels. o

Both the probe and the pump lasers wére- pumped
by a relatively low power nitrogen laser (300kW peak) Wthh

11m1ted their 51multaneous operation to efficient  high- %aln
i

r

‘laser dyes. The best two-photon spectra were therefore ob-

s,

, tained with coumarin-type dyes which emit at wavelengths

near the short wavelength end of the B+X absorption’ system.
Most of the B state levels.phmped in the‘present study

therefore have high VB values because of this 1nstrumenta1

L3

11m1tat10n. ' e p )

3. The Two-Photon Sequential Absorptich Spectra

- This section presents a qualitative introducﬁion

to the two- photon sequentlal absorptlon spectra’ obtalned in *

i .

the present 1nvest1gat10n. A more detalled quant1tat1ve

‘

analysis of the spectra follows 1n Section 4

‘ A1l of the twoephoton spectra-weee obtained'wigh
a constant probe‘beam.ﬁandeidtﬁ of about 1.5cm ', There-
fore the two—pﬁofpn épectge diecussed‘here do not differ

in'effec{iveresqlution,'but may differvin dispersibn.dea .
pending on the: wavelength inteérval illusfra;ed. Unless

- B
Al
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. explzg}tly stated otherwise the two-photon spectra were -

’drlft of'thé'pump laser off resonance with the selected pump‘

70

~ obtained with no time delay between the probe,and‘the pump

laser pulses That ‘is, both laser pulses-were coincident

in tlme in the region of the absorption cell viewed by

)

the detectlon syﬁtem
When more than one probe laser dye was requlred

to scan a speC1f1ed wavelength 1nterva1 a continuous re-

'cord of. the two-photon spectrum was always. thalnﬁd_bX~mhvw_m‘ﬁ_ﬁg*_

overlapplng the wavelength coverage of each laser dye.
The spectra were not normalized to constant laser power so

that the 1nten51ty profile of the two- photon spectra tended

‘to map the gain profilé of each probe laser dye(s)

B—X fluorescence:induced by the puhp laser was *

continuously monitered at the reference cell during all .

. two-photon studies. The fluprescence signal nrorided a

measure of'the frequency stability of the pump laser. Any

line could be detected by a change in the Bi+x fluores‘

cence 1nten51ty

[

A typ1cal two photon sequential absorptlon speg- E

trum § presented in F1gure V-3. . The spectrum was obtained

by\ Fann1ng the probe laser frequency whlle pump1ng the

14
J7u(b2) 1eve1 in -the B .state W1th the. R7H(41) pump)llne ‘

'
An 1dent1cal spectrum to that 111ustrated was also obtained -

.w1th the P7&(43) pump line whlch populated the .same: anter- ;

Al
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Figure'Vyiz, A portlon of the two-photon sequent1a1 absorpa'
o ,tién spectrum for the R7u(41) pumped B+—X '
. o 7..,tran51t10n-1

-

i}

‘(a) ‘the first nine. members of the Y progres-
' 51on, . .

(b)Y 31mu1t§neous B-+X fluorescence intensity
' monltored from the referenFe cell
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mediate level.

Figure'V-S(b).is a record of the B—X emission
during the two-photén experiment. Its‘conékant amplitude
indicateé-fhat the frequeﬁcy of the pump laser was stable
and that the (pump laser did’not drift off resonance with
the pumﬁ line. Figure V-3{a) depict§‘nine vibrational

' qu;nta of an‘E state reached by two-photon absorpgion. The
.vibrational progreséion is madé up of bands which‘havé only
two rotational lines because of Ihe‘AJ=tl‘seléction ?ule.
So, in this example only E sfgte levels with J=41 and 43

are observed " | |

As discussed preV1OUS1y the two-photon spectra
reflect the gain profile of the probe: laser dye. In the
‘exaﬁple of-Figure vla, 7;diethylamino-4—methy1-conarin'
was_the laser dye used in the probe laser and the anomal-
ouslyqlowfinIEnsity of ‘the v"*=9 band is instrumental(in

©origin. On the Sthér Hand'intqnsity variations between ad--

15}

jacent bands are genuine. The v'=6 member of the progres-

g

sion in Figure'v-SXhas a‘rélatively l?w inténsit% and was
so observed forx all fwoLphoton‘experiments.‘

'F;Lufé V-4 presents Qnder high disLersiqﬁ the
first four members of the progre551on 111ustrated in F&—
gure V-3 and more clearly 111u$trates the rotational se- |

lect;v1ty Qf ‘the two-photon method. The relﬁtive jnténsi-

ties of the P and R branches vary slightly in the bands of.



Figure

The first four members pof the Yy progression
under high dispersion~| Like Figure V-3 the
pumped B state level was J7,(42). Each'vi-
brational band consists of only two rota-

tional lines which cdrrespond to AJ=%1 .
.transitions from the J,,(42) B state level

to- the upper y state.

o At
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Figure V-4. This ariseé from random amplitude fluctuations
in the output of the nitrogen laser used to pump the tun-
able dye lasers, but does’mot seriously affect the two-
photon spectra. As illu;trated the rotational structure
Qas cleariy resolved -and excellent signa; levels were typi-
cally obtained, ’

N For io&ﬁne several electronic statés are theore-
tically predicted to occq} in the 5eV energy region (13) .
In accord with these theoretical.ene%éy estimates, the

r

two-photon spectra have revealed five separate vibrational

progressions, each representative of a different electronic

state, in the. 5 to 5.5eV region. The five vibrational pro-

gressions have been labelleda, 8, v, 6§ and ¢ according to
the frequency of the first observed member of Qaéh progres-
sion. o denotes ihe'lowesy frequency~progressi6n, B the,,

v N

increasing frequency. _ _ R

{ While the previous examples have illustrated only
the vy bands,‘the o, B, v, and § bands are illusf;hted col-
lectively.in Figure V-5. This two-phaton spectrﬁm was
obtained withfthe R75(7)ﬂgump line. For pump levels with

low J values, E+B rotational transitions wefe too closely

spaced to be resolved with the probe~lasgr used in the pre-

sent study (1.5¢m™! bandwidth). Thus the rotational struc-
ture is not resolved in Figure V-5 and each vibrational .

¢

A .
.
- * ~
- * d
. “
N

&?‘\

" next higher frequency progression, and so on in order of

o



Figure V-5:

.
.
8

Cut

The o, B, § and y progressions under low .
dispersion. The B state level pumped was

'J25(8). Edch vibrational band appears only

as a gingle peak because the AJ=t1 rotational
transitions are not resolved for this low Jp

value. . o
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band appears only as a_siﬁgle liné. The twpgihteqsity
maxima oBserved in ihe spectrum reflect the gain profiles
of the two probe laser dyes'required to scan the'illusprat-
ed wavelength region. ~ |

To shorter wavelengths the higher members of. the
o, B and y progressdons are joined by the ¢ bands. This
is illustrated in Figure V-6 which, like Figure V-5, Wwas
also obtained withuthe,R7g(7) pump line. Here tdoo the ro-
tational structure is hot resolved and each vibrational
band consists of simply one line.. Figure V-6 1llustrates
in a single spectrum all of the vibrafional progressions
observed in the present study.

A1l five of the.vibrational progressions6oSserved
by two-photpn séquential absorption had a vibragional in-
terval spacing of approximately 95 to 105cm‘;. The series
of a and B'bands,(pach with over twenty observed members,

formed extensive progressions., The & bands were very weak

~and only six members were-observed for this progression.

TheAY and ¢ bands were the strbngest, witH the intensity of
the ¢ bands increasing rapidly to Higher'frequencies.
Although the strong y and ¢ bands were observed

for all pump lines fsee Table V-1), the o, B8 and ¢ progres-

sions were only observed for pﬁmp lines of low J value

1

within approximately Scm™ " of the B.state dissociation lim-

it. Figures V-5 and V-6 are typ;cél of such spectra, ‘with .

N\



Figure V-6: A portion of the two-photon spectrum to the
blue of Figure V-5. All five identified pro-
gressions are visible in the spectrum for which -
the B state pump level was J;g(8). Each vibra-
tional band appears only as a single line since
the AJ=*1 rotational structure 1s not resolved.
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the J,4(8) bump level just 3.26cm™' below D. BX transi-
tions to levels near D, although very weak, wheh success-
fully pumped yielded exceptionally sharp and clear two-
photon spettf;.' This observation support% the contention
givgn earlier that reabsorption of B—X fluérescence can
populate levels othér than the pumbed level and so degrade
the Sequentiai absofption spect}a. Near D, Franck-Condon
factors restrict_the intensity of the B—X emission and
levels other than_ the pumb level are not significantly
populated by reabsorption. |

It is -also probable that Franck-Condon factors
favored transitions froﬁ-pump‘levels near D fo the ionic
E states which héve large equilibrium iﬁternuclear dis-
tances (see Chapter II).‘ For example, ;he outer turning
point of the J,5(8) level is abdut-ll& és determined from
the B staté RKR potential (25). (This is prébably £hg main
reasonethat the o, B and § progréssions could only be ob-
éerveﬁ using pump 1evel§ near D.) |

.Since only low J values could be used tp excite
the a, B and § bands, individual rotational tradsiti;ns
coulé not be resolved and a detailed rotational analysis
for these pfogressions was nog pbssible. However,fhe vi-
brational molecular coné@ants‘were deduced and areirepofted ‘

in Section 4.

Rdtatidnalkanalysis of the y and ¢ bands was
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péssible and&reﬁealed several interesting features for
theserp?ogressions. Oniy the first 13 members of the ¥
p?&gressign were observed for all Sump levels. Higher mem-
bers of the series were .only observed for pump levels of
low J value, like J;4(8).\ For pump leéelg:of higher(J
value, there was an apparent discontinuity iﬁ the regular
vibrational interval spacing 0f the y.bands. Above v'=12
the 'y bands were apparently pertu;béd or at least weakened
so that the progreésion seemed to break off with only the
strong ¢ bands observed to higher frequencies. Thi; is
illustrated in Figure 9-7. |

. Also shown in Figure V-7 is the complex multi-
iined struc;ure.usually'dbserved for the & bands. Figure
V-7 was recorded with the same_ pump level, J,,(42), asy
Figures V-3 and V-4. Even though the y bands display.a
simple~two-line rotatiqnal structure (and despite very-
careful control of the pump‘laser"s frequency Stépility)
the ¢ bands in the sé@é‘sbettfum revealed a complex multi-
lined structure in which'suqceésiQe bands differed in both
intensity and rotational pattern. The complex structure
was observed for all twq—phot%n spectra of the e bands.

Initially, it was thought that two ingerleaved

progression; were responsible for thé observed spectra;
However following more detailed anéiysis, it waS'éoncludéd

that only one progression was in.fact present, The strong



Figure V-7: Two-photon spectrum showing the apparent
s "break-off of the y progression and the ap-
pearance of the multilined ¢ bands. Transi-
tions are identified according to Jx-(JB),-
. Je.  The B'state pumped level was J;,(42).
e, was recordéd.at lower gain, the actual

relative intensity was approx1mately 100x"
that of the vi, band .
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multi-lined ¢ bands have been assigned to sequential ab-

sorption transitions, following multi-frequency pumping of

" - several (vg,Jg) levels. These considerations are discussed

more fully in Section 4.

Every attempt-was.made to establish conclusively
the origin bands and verify the vibrational numbering for
each of the five progressions observéﬁ in the present
study. Different pump 1ines and probe laser dyes revealed
no additional bands to the‘red of those reported heréin.'
The vibfatioqal assignments have therefore assumed that the
first observed member in ‘each series is the origin band.
For the vy series:in which the v'=D band is relatively strong
the assignment is probably not in error.. For the weaker
pfogressions; especially the § series, it is pbssible thﬁt
the actual 0-0 band lies to the red of the first observed

member,

4. Analysis and Assignment of the Two-Photon Spectra

Conventional spectroscopic studies (13,14) of
the E states of molecular ipdine have proviged very complex
spectra which have pregluded detailed analysis. However,
the prese;t two-photon invesgjgatién of iodine has revealéd

five separate electronic states in the 5 to 5.5eV region :

o
P
T

for which spectroscopic constants may now be determined.

In general the term value for a specified ro- - . .

-
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‘vibronic level in an excited electronic state is given by:

Teyryry = Tg # G (v) + F,(J) - . . . (5-1)
l ‘
where TS, G'(v) and FJ(J) are the electronic, Qibrational
and rotational energies, respectively (16). In the present
stﬁdy the term values T' relative to thé (v"=0,J"=0) level

of the ground state are given by:
T(v;J') = o1 + g2 *+ Fy(J) <. (5-2)

where ¢, is the puﬁp frequency, o, is the probe frequency
and Fy(J) i; the rotational term for the(v'=0,J") level
from which the pumped B+«—X transition(s) AriginM£(sL Fo (1)
was calculated from LgRoy's molecular constants which are
‘tabulated .in Table II-2. For low J balues Barrow's simpler
. eduations, also given in Table I1I-2, gave nearly identical
results. o, the fréquency of the pumped B+—X transition,
'was determined as described in Section 2 of this chapter.
o2 for each observed E+-B transition was determined by the
probe calibration procedure reported in Chapter IV.

The term values determined in this manner were
used to calculate the mole;ul&r constants for the E states
of molecular iodine. For example, the vibrational constants
were determined from a least squares fit of equations of

the form (16): '

\
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CTo(v',J1R0) = Ty * wl(ved) + wexg(v+i)? :

+toweyel(v+d)?d + o L L, .o (5-3)
A third, order polynomial fit of the observed band origin
To(v',J'=0) to(v'+}) yielded the electronic energy T¢,
the vibrational frequency wé? and the anharmonicity con-
stants wexg and weYé. |
Similarly, linear regression of the observed term

values to J'(J'+1) according to:

T(v',J") = Te(v',J'=0) + Bl J'(J'+1) . . . (5-4)
provided the E state(s) band origins (relative to v"=J"=0)
and the rotational constant By . Higher order distortion
terms in.equation (5-4) were not conéid&{ed because the
probe laser Enéquency calibration limited the accuracy of
T' to ¢.2¢m™ !, Trial fiks to a quadrati¢ in J'(J'+1) were
attempted but the uncertainty in T' was too large to pro-
vide reliable centrifugal distortion constants.

Finally, the vibrationless rotational- constant
B¢ was obtained from the observed B, by linear regression
of equations of the form:

*

By = Bl + ag(v¥d) * . . . . L (5-5)
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Note that the anafj!es outlined above made use *
of all the available spectroscopic data. For example, B
was not' determined from a single combination difference

3

(16). Instead, all of the observed E+~——B rotational transi-

tions for ecach B state pump level were included in the cal- -

culated fit of equation (5-4). For the R,4(7) pump line

the L state rotational structure could not be resolved and
1t was necessary to use the mean line frgquency as an ap-
proximate value for the P and R branch components. ﬂhis
assumption howeéver did not contribute a significant error to
the rotational analyses (see Sections 4#

L]
2
Sections 4.1 to 4.3 present t&e molecular con-

and 1.3).

stants deduced from the two-photon spectry by the proce-
3
dures outlined above for* the a, B, §, vy ang & excited

states. A discussion of the electronic state assigament

of all five excited states is presented in Section 4.4,

J.I The a, 8 and § Band Systems

As mentioned above it was not possible to rota-
tionally resolve the «, 8 and § bands because these pro-
gressions could only be excited from pump levels near D
with low Jg value. Although rotational analysis of these
three systems was not possible, the vibrational constants
were determined and are reported herein.

Tables V-2 to V-4 summarize the vibrational ana-

lysis of the a, B and § band systems. The vibrational
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F 4
TS 40281.8
wd 104..83
wex'e . 320
weyd 3.9x107° .
vity Tbs Teale Tdbs=Tealc
J (cm-1) (em=1) (e~ 1)
.5 40334.5 40334, 1 +.39
1.5 438.7 438.3% +.39
2.5 541, 4 541.9 -.49
3.5 644 .4 644.9 ‘ -.50
4.5 747.3 747.4 -.07
5.5 848.9 849.3 -.21 )
6.5 950.5 950.7 -.18
7.5 41051.9 41051 .6 +.39
8.5 152.1 1521 +.04
9.5 251.5 2521 -.56
10.5 352.3 351.7 +.64
11.5 451.2 450.8 |, +.35
12.5 549,9 549, 7 . +.22
13.5 649, 3% 648.2 +(1.1)
14.5 -~ 748,73 -~ -<
15.5 - 845.8 - -
16.5 - 943,4 - -
17.5 - - - )
18.5 42136,5 42136, 1 +.39
19.5 232.7 232.9 -.26
20.5 329,3 329.7 -.37
21.5 425,27 (426.2) (+1.0)
22.5 523,71 (522.7) S (=1.0)
23.5 619, 1 518.9 +.23
24.5 715.3 715.1 +.24
25.5 811.1 811.2 +.10
Standard Error for Tl o = t.ddem™}

Table \.-2:

Vibrational Constants for the a Excited State.
T' values are expressed relative to Xyr=q, j"=
The B state level pumped was J,;5(8). odps val-
ues labelled with an ~ sign are not accurately
known from experiment. T/, values labelled

with a + symbol could not be accurately fit to
a single polynomial expansion and were also ex-
cluded from the least squares calculation of
the vibrational constants.

~

" agn i

cripr o
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B8
T4 40925. 1
$ wd 104.07
weXe .219
weYd 1 8.6 x 107°
vty Tobs Teale - Tobs~Téalc
(cm=1) (cm™1) (cm™ 1)
.5 40976.9 40977.1 -.15
1.5 41080.9 41081.1 +.21
2.5 41184.1 41184.3 +,22
3.5 41286.7 41286.7 -.07
4.5 41388.6 41388.3 -.35
5.5 41490.4 41489.,9 ~-.44
6.5 41592.4 41592.5 P+,
7.5 41693.3 41693.3 -,01
v 8.5 41793.9 41793.9 | +.01
9.5 41894.5 41894.9 +.46
10.5 ~41995 B -
11.5 42093.5 42093.9 +.,43
12.5 42191.9 42191,9 ° 0.0
13.5 42289.8 42289.2 -.53
14.5 ~42387 - -
15.5 42485.5 42485 .1 . -.37
16.5 42582 .- ) . i
17.5 42679.9 42680.2 +.29
18.5 42775.6 42775.2 -.39
19.5 42871.9 42871.9 +,05
20,5 42967.9 42968.5 +.63
21.5 " 43062.4 43062.5 +.14
22.5 43156.4 43155.9 ~-.42
Standard Error for Tlyjc = *.36cm™! -
. “
Tabie V-3: Vibrational Constants fbr the 8 Excited State.

T' values are expressed relative to X n=g yn=gp.
The B state pump level ‘was Jy4(8). Tlps values

labelled with an ~ symbol could not be -accurat-
ly determined from experiment and were excluded

‘from the numerical analysis.
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Td 41682.9
we 100.41
wexd .180
vit: Tdbs Tealc Tébs‘Téalc
(em™ 1) (em™1) . (em™ 1)
.5 41733.0 41732.0 - 11
1.5 41833.2 41833,2 +.04
2.5 41933,2 41933,5 +.35
3.5 42031.9 42931.,6 -.28
4,5 42131.0 42130,8 -.15
5.5 ‘42229.9 42230,0 +,13
. Standard Error for Tl = t.ZAcm"A
]

Table V-4: Vibrational Constants for the & Excited State.
' T' values are expressed relative to Xyw=qg, jv=q-.
The B state pump level was J,4(8).
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constants for the excited state detefmined from a least
squareé fit of the observed terms, T',,s, to- equation (S—Sj
is presented in each téble.+ The term values calculated
from the derived vibrational constants, T'. 5., aré also

~ given for comparative purposes. The derived vibra;ional
constants were found to represent‘adequately the ai_B and §
band systems (see Tables V-2 to V-4) although irregulari—
ties apparently due to pertﬁrbations were noted between
T'obs and T'cyje (experimental uhcertainty t.2cm” ). This
is not unexpected as the upper states of all five of the
progressions obsérved in this.study are closely interleaved 5
and may pérturb each other.

The vibrational constants }or the a and B progres-
sions were remarkably similar, and each B band was aﬁpﬁgﬁi-
mately 642cm”! to higher frequency than the corresponding
o band with identical v' numbering. It might be suggested
on the ‘basis of these observations that both the d and B
series represent transitions to a single E state. ~The B

bands might then be assigned to E+-B transitions from (a)

B state level(s) 642cm”! lower in energy than the pump level

+I‘r was necessary to use T(v',J'=8) rather than Ty(v',J'=0)
in evaluating equation (5-3) for the o, 8 and § bands. This procedure
does not significantly affect wfl, wgxg or wgyd but may yield a T{ value
slightly in error. Since B for these excited states is less than
.02cm™!, the error in the calculated T4 is probably less than lem™!.
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and bopulated by‘vibrational rela*ation within the B state
manifold.r This contention however is-imﬁrobable for sever-
al reasons. ’ .

First, the relaxafion mechanism would have to be
remarkably selective because only limited énd gdnstant
J' values are ob§erved'for both the a and B bands. Seéond-
ly, .the relaxation pro;ess would h;vg to take place in less
than Snsec, the overlap peridd 6f thelpyobé and- the pump
iaser pulses. Fewer than 2x10°2 intermolecular collisions
are possible in this period (see footnote page 64).

E*periments-in which the probe pulse was delayed
optically by ﬁp to 24nsec with respect to the pump pulse
did not reveal any change in the relative intensities of
fhe ¢ and B bands. The intensity of both‘progressions was
reduced but only by the same relative amount for each band.
Moreover, for the time delays investigated, no additional
bands were obgerved in the two-photon spectra.

In addition it should be noted that use of either
the ay B or v bénés in the two-photon experiments described
in Chapter VI gave identical results. That is either the
o, B or y bands (at least in the 21200 to 21700cm‘.1 region)
yielded identical rotational s%ructure for the B state near
dissociation and gave the samé value of D for all three
series. .

These observations are not consistent with a

w
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proposed B state vibrational relaxation mechaﬁism which

must, therefore, be coﬁsiaered an unlikely explanation

for the 8 sqries.. It'is most brobable.‘on both experiment- ¢
al and theorefical grpunds,_tﬁat the a and B,progregsions

arise simply from transitions to similar but separate elec-

tronic E states of iodine.

4.2 The y Band System

The y bands could be excited tfrom pump levels of
sufficiently high Jg value to permit resolution of indivi-
dual rotational transitions. ~Therefore, it was possible
to determine not only the vibrational constants but also
the rotational parameters for the excited state.

In the two-photon spectra the first observed -
membér of the y\progression was probably the origin bapd.
No additional vy transitions were observed to the red of
the apparent origin band for.all the pump levéls investi-
gated. The intensity éistriqution of the progression
changed markedly with differént pump levels, but no addi-
tional y bands were observed even at very high detection
senéitivity. It is unlikely that unfavorable Franck-Condoﬁ
factors would obscure the &rigin band forlall pump levels.

Table V-5 illustrates some-of the experimental

two-photon data .and the assignments concluded for ‘the y'

-

. ’,.,*‘;q.e’ -
-~

adiea
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‘progressionri~/%or a giveﬁ pump line Table V-5 lists{the

Mys values deduced from the two-photon spectra according
to equation (5-2). The dafa'pyesénted in Table V-5 re-
presents the first successful rotational analysis of an
excited gerade state of iodine. Note that the R;4(7) pump
line did hot provide rotationally resdlved spectra and that
an average value J'=8 was assigned to these Tébs values.
This treatment introduceés only a noﬁinal uncertainty in
T' (<.05cm™ ') because of the small rotatio;al constant of
the excited state. .
Other than R,4(7), all pump lines illustrated
in Table V-§ yielded rotationally resolved two-photon spec-
tra. In principle, the excited state rdtational constants
could have been estimated from the combhgation differences
(16). of*phe.tfaqsitions listed in the table, However, op-
timal use ofgthé available data,.including unresqlved

transitions, was achieved by a simultaneous least squares

fit of ‘the T' values to J'(J"+1) according to equation

(5-4). This is illustrated graphically in Figute V-8 which

displays Tébs versus J'(J'+1) .for the first four vibrational

quanta of ‘Table V-5. The slope and intercept of the lines’

¢

Tin the detailed analysis of the two-photon spectra, data
in addition to that illustrated in Table V-5 was considered. For
example in addition to the R4 (41) pump line, the P7,(43) 'pump line
was used to populate the same'B state level, J,4(42). This provided
an independent determination of T'(v', J'=41 or 43) for each v' level.

i
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re V-8 yield the rotational constants By and £he
band) orjgins T, (v',J'=0), respectively. 3 ana the mole-
vibrational cdnstants (wé, weXg, €tc.) then follow
dirgc iy from application of equations (5-5) and (5-3).

The rotational constants and band origins for
the y excited staFe of iodine are given in Table V-6,
while the vibrational constants are collected in Table
V-7. The molecular constants in Tables V-6 and V-7 are
average quant;ties which can rggroduce the pbserved.two-
photon transition energies to within experimental uncer- -
tainty in most cases. However some of the y excited state
levels .are apparenfiy perturbed and transitions to these
levels cannot bé caléulatedfexactly. )

For example, thé v'=6 band has anomalously low
intensity and is displaced from its anticipated frequency
in all two-photon spectra. The v'=6 baqd w;s therefore
excluded from Ehe fit for B} gnd T¢ for the y excited
state. In view of the many electronic states observed in
the samé’spectral region, perturbations 5re expected; But
nothing mor'e can be conclusively stated with régard to per-
turbations, until more detailediinvestigatibns are under-

taken. .
Finally, Table V-8 presents an approximate RKR
. potential curve (91) for®*the .y excited state, The poten-.
tial functionﬂwds calculated from the spectroscopic con-

stants given previously (in Tables V-6 and V-7) with a
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vl Tov!,d1=0) B!
- ‘ (em=1) ‘ (10% cm=t)
0 41561.23 + 49 | 1.9764 = 73
| 41656.33 £ 13 | 179645 % 19
2 | 41750.82 = 17 1.9561 + 26
3 41844 .23 * 23 1.9608 * 34
4 41937.860t 27 1.9506 + 33
5 42030.97 * 26 1.9493 37
"Pe | 42124.47 £ 133 11.9506 & 172
7 | 42215.40 £ 21 1 1.9579 + 24
8 42307.55 * 21 "1.9502 29
o | "42399.10 = 25 1.9459 = 35 ,
10 42490.25 % 10 1.9582 £ 10
) ¥ 42581.82 + 34 1.9664 + 41
2 | w2123 22 | 1.9250 £ 35
Bé = 1,9664 x 1072 qg = 1.79 x 107°

¥) The v'=6 level is perturbed and was
excluded from the fit for Bg.

T;%le V-6: Band Origins -and Rotational Constants for] the
y Excited State of Iodine. ;
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TS 41513.6
we 95.53
Wexe .3091
o weye . ° .0067
v+ g Tgob5<vﬂJ'=o§ Tdca|c(vﬁjr:-0) Tgbs - Thalc
(cm=1) o (af’{zzﬁzzb _ ‘\§
5 41561.2 41561, -0 ‘
1.5 41656.3 41656.3 . 06
2.5 " 41750.8 41750.6 .18
3.5 41844.2 41844.5 .27
4.5 41937.9 41937,9 -.02
5.5 42031.0 42030.8 .14
6.5 42124.6 42123.53 (1.32)1
7.5 42215.4 42215.6 .14
8.5 42307.5 S, 42307.5 .09,
9.5 42399. 1 42399.1, .04
10.5 42490.2 42490.4 -7
11.5 42581.8 42581.6 .22
12.5 42672.5 42672.6 -.09
Standard Error for Thyc = *.18cm™!'

lye is perturbed and was excluded from the

P
B

fitting procedure,

pressed relative ta Xy"=Q,J"=0.

Y

TR S

Table V-7: Vibrational Molecular Constants for the y

Excited State of Iodine. T' values are ex-
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Table V-8:

Gy AG,, Rmin Rmax

(em= 1) (em™ 1) (&) (A)
0 47.5642 | 94,9346 | 3.6024 | 3.7516
b | 142,4987 | 94,3770 | 3.5500 | 3.8093
2 |"236.8757 | 93.8598 | 3.5145 | 3,8501
3 33037355_ 93,3829 | 3.4860 | 3.8840
4 424.1\84\ 92.9464 | 3,4616 | 3.9138
5 | 517.0648 | 92.5503 | 3.4399 | 3.9409
6 | 609.6151 | 92.1945 | .3,4203 | 3.9659
7 | 701.8095 | 91.8790 | 3.4023 | 3.9893
5 | 795.6885 91,6039 | ‘3.3856 | 4.0115
9 | 885.2925 | 91.3692 | 3.3699 | 4.0325
10 [#976.6617 | 91.1748 | 3.3552 | 4.0527
11 |1067.8365 | 91.0208 | 3.3414 | 4.0720
12 11158.8574 | 90.9072 | 3.3282 | 4.0906

Equilibrium Internuclear Distance rg=3.6757

RKR Potential Curve for the y Excited State

of lodine.

Tables V-6

and V-7

potential function.

97

The molecular constants given in
were used to evaluate the

/
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computer program similar to that described by Tellinghuisen
(92). Both the low vibrational interval (w,~95cm”') and
the large equilibrium internuclear distance (re~3.7ﬁ) shown

in Table V-8 are typical of an ion-pair excited state (13).

4.3 The ¢ Band System

The complex multi-lined ¢ bands (see Figuré V-7)
were perhaps the most intriguing feature of the two-photon
spectra. Even for spectra in which the y bands displayed
a simple two-lined P and R branch rotational structure, the
¢ bands exhibited a complex multi-lined rotational pattern.
Even-numbered memsers of Fhe gvbrogression showed a differ-
ent rotational pattern'from the odd-numbered members and
the intensity of each band also appeared to alternate in
similar fashion (even-numbered members strongest).

At first these observations appeared to indicate
that two interleaved progressions were responsible for the
two-photon épectrn. However a detailed rotational analysi§
has strongly suggested that only one progression is in fact
active, and that the observed transitions share a common
upper electronic state,

Most of the ¢ bands were very ‘intense, even rela-
tive to the strong y bands. For example in Figure V-7, ¢,
was about 100 times the intensity of y,,. The intrinsic

intensity of the € progression suggests that these multi-

lined bands arise from sequential absorption processes
" ,



99

rather than, for example, double quantum transitions or
e .
higher order three-photon interactions. The rotational
structure in each ¢ band was limited so that double-photon
transitions were echLded on this basis also. (For iodine
double quantum transitions would yield Qory complex rota-
tionally unresolved spectra since rotational levels up to
J"=100 are thermallf populated at room temperature.)
- I't was therefore considered most probable that
the multilinéd ¢ bands could be assigned to transitions
which originate from several intermediate B state levels.
A computer search of all possible B+—X rotational transi-
tions produced a list of approximately 10 to 20 additional
transitions within *.5cm™! of each pump line listed ih
Table V-1 g@Most of the calculated transitions were not se-
parately included in Barrow's analysis of the B—X absorp-
tion system (25) and because of overlAp could not be easily
recognized in tge sinéle-photon Iaser excitation specgya of
the present study. The exact freduedcy 65 the calculated
-

transitions could not therefore be determined experimental-

ly, but there is certainly™a very high density of potential

pump lines throughout the visiple absorption system of
iodine. Given the finite bandwidth of the pump laser,

multifrequency pumping of several B state levels can readily

\
occur.,

The ¢ bands were therefore considered to result'

e

from multifrequency pumping of various B«<-X transitions

T e AR TRy
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calculated to.lie within *.5cm™! of each of the pump lines.

Pl

presented in Table V-1. 1In all cases the two-photon rota-
tional(structuré could be successfully assigned to E«—B
transitigns from éeverai B state levels populated by
multifrequency pumping of B«—X transitions identified in

this manner.

~e ’ For example, fables V-9 and V-lO‘fllustrate the

\ .
rotational analysis of the € bands observed for pumping the

Ry, (41) transition at 19976.68cm~'. Table V-9 lists sever-

al additional transitions which were calculated to lie near

*19976cm™ ! and that, following rotational analysis-of the ¢

Bands, account for the multilined nature of the. two-photon:
spectrum. Table V-10 detpiis the rotational analysis for

pumping at 19976cm~!. The traqsitions Res(7), Rege(19),

. .
Pgs(29), and P;4(35) as well as R,4(41) are shown in the

table to ontrlbute to the sequentlal absorption spectrum

of the ¢ bands for pumplng at 19976cm” !. Table V-10 also
{ncludes data for multifrequency pumplhg of transitions near
19888 . dcm™ ! . ‘

Linear regression of the T}y values to J'(J'+1)
according to équation (S-ﬂ) provided_the¢rotation F con-
stants and band drigins for the € excited state. .Figure
V-9 displays graphlcally Tébs versus J'"(J'+1) for the flrst‘

five vibrational quanta of the example dlSCUSSGd above The

(;;cellent fit 111ustrated in the figure serves to confirm

the assignments given in Table V-10.
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Xy () o ! Ao ? E3 AE Relative Intensity>
(em™?) | Cem™ D | (em) | (em™h) €2 €3 .

Res(7) | 19976.44 | +.235 | 19978.53 | 62.39 10 | 10

Ree(19) | 19976.82 | -.135 | 19991.00 | 49.92 9 5

Pes(29) | 19977.11 | -.432 | 20009.59 | 31.33 | = 2 3

P,6(35) | 19976.86 | -.180 | 20023.89 | 17.03 3 3

Ry, (41) | 19976.68 | 0.0 20040.92 0.0 1 10

! g = calculated transition frequency.

2 =
AG = Opump

w
m
£}

Y -
b€ = Epump

- ¢. . Note that Ao is’'targer than the pump bandwidth of
.07cm=1 (FWHM) ,

- E.

B-state level energy with respect to Xy"=Q,yr=0 = o + Fy{J).

Sestimated relative intensity of observed two-photon transitions

(AJ"=0,2) in €, and €3 bands.

Table V-9:

B+—X Transitions Nearly Coincident with R, (41)
observed to be active in the two-photon sequen-

tial absorption spectra of the ¢ bands.

’

St
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| The ¢ bands'frmnpgmping at other frequencies (see .
Table V-1) were analysed in~simi1ar fashion énd the molecu-
lar constants were then derived from the line frequencies
obtained from all two-photon spectra. The rotational con-
stants and band origins for thé € excited state are pre-
sented in Table V-11, while the vibrational constants are
tabulated in Table V-12.

In general the standard error for the molecular
constants‘of the € excited state are greater than the un-
certainty reported for the y state conétén?s.’ This is
partly due to the unceftainty~introduced by Everlap of in-
dividual rotational lines in the € bands,'but also likely
arises from perturbations between levels of the y and ¢

excited states, see below.

For the ¢ exci Table V-13 presents an

“approximate- RKR potential function culated from the

spectroscopic constants given previbugly. "The € state has.

~

'1 and large internu-

a low vibrational interval (wg~95cm™ .
clear equilibrium distance (fe=3.5ﬁ)'and, like the y stéte,
is typical of an ion-pair éxcited sfate as described by
Mulliken'(lS). |

” The lower éortion of the € and Yypotential furc-
.tions are schematically illustrated in Figure V-lO,’togeth-
er with the vibrationai levels observed By two-photoﬁ‘se-

quential absorption. To higher energies the potential

' fgnctions.are not accurately known; this is indicated by
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Table V-11: Band Origins and Rotational Coﬁstanté for
-the ¢ Excited State of Iodine.

vr To(v!,d'=0) B!
' (em™ 1) (lozlcém“l)
0 .. 42541.80 £ 30 2.076 + 24
1 42636.89 + 45 2.123+ 53
2 42732.63 + 22 2.196 ¢ 18
3 42828.36 * 36 2.183 £ 27
4 42923.63 £ 16 2161 £ 13
5 | 43017.93 + 45 2.176 * 50
6 43113.11 £ 25 2132 £ 19 |
7 43207.54 + 28 2.114 £ 32
8 43300.33 29 2.134 % 22
9 43394.78 £ 71 2.077 % 102
10 43487.55 '+ 46 2.053 £ 35
Bg = 2.153 x 1072 ag = 5.07 x 107°

105



Td 42493.7
: we'_ 95.75
WeXe' . 0265
_ weye -7.4 x 1073
vl o+ 4 Td obs(v',d1=0) To calc(v',d '=0) The - Taid
.5 42541,80 42541,57 +.24
1.5 - 42636.89 ’ 42637.24 -.35.
2.5 42732.63 02732.79 -.16
3.5 42828. 36 42828.18 +.18
4.5 42923.63 42923.36 +.27
5.5 43017.93 43018.29 -.36
6.5 4311301 43112.92 +.19
7.5 ‘43&07.54¢ / 43207.21 +.33
8.5 43300.33 O 43302.12 -.78
9.5 - 43394.78 43394,59 £.19
10.5 | 43487.55 . 43487.59 .03
?Tandard Error for Tly|c = + 44cm-?
Ta@le V-12: Vibrational Constants for the ¢ Excited

State of Iodine. T' values are 'expressed
relative to the ground state Xyn=p jr=q.

\
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v! ‘ Gy 4By Fﬁzmin Rmax
(cm!) (em= 1) (R) (R
0" 47,8657 95, 6695 3.4403 ‘( 3.5893
1 1435352 95,5495 3.3900 3.6482
2 239.0847 95.3849 3.3567 3.6903
3 .| 334.4696 95,1756 3.3304 | 3.7253
R 429.6452 94.9216 3.3081 3.7563
5 524.5668: 94,6229 3.2886 3.75463
6 619.1897 94.2796 3.2740 3.8109
7 | 713.4693 93.8916 3.2550 3.8358
o le 807.3609 93.4589 3.2402 - 3.8595
9 900.8198 92.9815 3.2263 3.8823
10 | 993.8013 92,4595 3.2133 3.9043
Equilibrium Internuclear Distance = 3.5126A

107

Table V-13: ' RKR Poten'tial Curve for thé ¢ Excited State
“ The molecular constants given in

of Iodine.

Tables V-11 and V-12 were used to evaluate

the potential function.

A
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the. dashéd lines in the figure. Since both excited states

-

are likely of 05 symmetry (see“sectidn 4.4) an avoided
crossing of the respective potential functions is antici-
pated at higher energies. Perturbations are also expected

as the energy levels of the y state at higher energies

phase into those of the e state, see Figure V-1Q!.

-

Multifrequency pumping of several‘B stare levels -
was firmly established as the origin of the complex rota-

tional structure of the ¢ bands by the rotational analysis

-discussed above. Multifrequency pumping can readily oc-

cur because of the extreme density of the B state level

.structure. The fact that simplé two-photon spectra could
be obtained at all for the o, 8, § and vy states is perhaps
the more surprising obseryatién. The Franck-Condon factors
to these excited states from the assigﬁed single pump
levels mugt be very selective.

| It might be argued dhatileVel shifts (Ag Stark
Effect) induced py the strong pump‘lgéer radiation might
shift seveéal B state levels in}otsimgltaneous resonance . -
with the pumping freqdency.. Such level shifts hafe‘been
obserqu'in very high resolution two’photon'studies (72)
but would only be of the order of a few GHz (<:1tm") under
the present expetrimental conditions. Note in the eXample
of Table V;7, that although several B-X transitibn freduen-
cies are pearly.coincidgnt, the borrespondigg B state ener-

gy levels are not degenerate. Thus it is unlikely that
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N

level shifts within the B state contribute significdnt}y
to the complexity of the two-photon spectra reported
herein. | |

It ismk%so improbable that the multilined struc-

~

ture of the ¢ bands arises from near resonant intensity

sses (see Chapter III).

i

enhancement of double pho
’ 14

From equation 3-2, absorption of “the second photon in a

non-resonant two-photon process must occur within a

period te=|wjg-wi| ' to satisfy energy conservation. For
: <
non resonant excitation within *.,Scm”

state this time corresponds to an extrémely short period of

' of an--intermediate

1

approximately 10~ sec., The two-photon transition rate

\

would then be given byy:

~

(2) - (1) ~11yp(1l)
I‘gf Pgi ¢ )Pif

d

for the nonresonant process. Since the radiative life-

“

time of individual rotational lewvels in the B state are
approximately 10°% sec. (93, 44), Fg$ for two-photon exci-

tation involving a resonant intermediate B state_lévég 1s

¥ hY

P oy \
s S

. 2 _ (1) -5 (1) )
rgf ng (10 )I‘if ( /

given by:

a~
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about a factor of 10° smaller than that for resonant pump-
ing. Thus near resonant intensity enhancement can not ac- .
count fér fhe strong multifrequency two-photon transitions
observed for the € bands.

It is most likely that all the € bands arise from
sequential transitions pumped not only by fre&uencies with-
in the .07cm” ! FWHM Eandwidth of the pump laser, but also
by frequencies within the tails of the pump laser, output
profile.  The marked variationAof intensity of individu-
ai rotational lines in the ¢ bands (see Figure V-7 and
Table V-9) arises most probably from a superposition of
several factors. The most significant factor is likely
the Franck-Condon integrals for the B—X and E-B transi-
tions, because these integrals have been shown to have a .
étrong J dependence (94). But the pump energy available
at differént frequencies, the lifetime of the pumped inter-
mediate level and the magnitude of the dipole matrix ele-
ments connecting all three combining states may also play
an important role.

4.4 Symmetry Assignments for the Electronic States
S Observed In Two-Photon Absorption

It is of interest to correlate the upper elec-
tronic states of the five progressions observed in the cur-
rent two-photon experiments with the theoretically predic-

ted valence states of iodine, see Table II-1.

n
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For the strong y and ¢ bands only AJ=*1 rotation-
al transitions were observed. Assuming that only formally h
allowed electronic traﬁsitions (g=-u, AQ=0,%1, etc.) wérc
active in the two-photon spectra, then under case (c)
coﬁpling conditions both the Y\aﬁd € excited states would
be of 05 symmetry (16). Mulliken's theoretical arguments
(25) support this conclusion. A number of ion-pair type E
states [e.g. 14323n05 and 2242'L§(0g) 1 with 0} symmetry
are predicted for iodine in the 5 to 8eV energy region‘and
are expected to yield intense E—B bands.

For the weaker a, 8 and 8§ bands the 'assignment
of the upper state is ﬁot so clear. The rotational struc-
ture was not resolved and it was not possible to establish
whether or not Q branches (AJ=0) were present in the ob-
served bands. Strict application of selection rules [case
(c)] require that the upper state for the o, 8 and § bands
be either 05 or 15. However it is difficult to unambiguous-
ly correlate this assignment with the valence states of

iwdine predicted by Mulliken (Table II-1). As discussed

below it is also possible that one or more of the weak pro-

gressions involve transitions to an excited state. in viola-
tion of strict selection rules. /F\\\\\__,,,////

Consider, for example, Tellinghuisen's very re-
cent reassignment of the 34008 emission spectrum of iodine

(95). Tellinghuisen attributes the emission (electric dis-

DA SN
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charge with .Satm of Ar gas) to 1432ﬁhg 7*24313H2u transi-
tions in which ’Hzg is most probably the lowest energy
ion-pair excited state of iodine. The vibrational fre-
quency (wg&=103.97) and anharmonicity constant (wgxg'=.205)

for the 3nzg state bear a striking similarity to those de-

_.duced for both the o and B8 excited states in the present

investigation. Moreover, Tellinghulsen's estimate of
'20500cm™! for the electronic term T, is very near the
40281.8cm™! value for the « state and the 40925.1 value

for the B state. ,

If as an example Tellinghuisen's vibrational con-

stants are .used together with the electronic term of the

a excited state, theg the calculated term values for the

a progression reproduce the first 13 members pbserved in
the two-photon spectra within a standard deviation of

£1.13cm™ ', The close agreement is quite remarkable.T It

is therefore possible, if not likely, that either the a or

B (perhaps even §) excited states could have 24 symmetry, Tt

and that the high sensitivity of the ‘two-photen technique

3]

renders transitions to Zg states observable in violation

of strict selection rules.

e a is indeed the lowesT energy ion-pair excited state of
iodine then the lower 3H2U state of the “3400A emission has an electron-

ic term very near to 9940cm™!,
++Tellinghuisen's_analysis could not exclude the possibitity

of axsecond electronic transition contributing to the emission below
3250A.
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S. Correlation: of the Two Photon Spectra with Previous
- Emission Studles

X
Wieland, Tellinghuisen and Nobs (WTN) have re-
cently éssigned fhe 4000- to &38QK‘emission spectrumtéf
1od1ne (14) to E—B transitiens originating frem levels
of a' szngle ion- palr E state. The E state was assigned
3H:g symmetry and the electronic term (T gnd.the yibra-

tional constants (wl, weXh) were reported to be 41411.8cm™ %

101.59cm™! and .2380cm™!, respectively. Using these mole-

‘cular constants Rousseau and Williams (S3) assigned the

energyk}evel(s) reached by two-photon stepwise excitation
and also reported (55) the radiative lifetime of what was
thought to be the 3H05 E state. Tellinghuisen gubsequently
(95) employed Rousseau's fluorescence data (53) to calcu-
late an approximate pofentiaI curve for the 3ﬂ05 exéited
state of iodine. - |

The present study has revealed five separate E

states for iodine in the SeV energy region. This raises

questions about the validity of WIN's -interpretation of the
iodine emission spectfum (assigned'to 6n1y one excited E
Qtate) and a re—examinatién of their‘spectralﬂdata wasﬂ
therefore undertaken. ‘

Unfortugately, the emission spectra reported by
WTN are ve;y cémplex in the 4000 to 4380& region and much

~

of the vibrational structure is either diffuse or sevérely

b
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overlapped. Numerous N, and CN impurity bands are also
apparent. The authors do not report the precision of their
bandhead (red degraded) measurements but the uncertalnty is
probably large (+Z to 3cm™?!) in view of the nature of the
spectra.

New nseignmenfs for the emission bands were de-
termined with the aid of a cemputer program*‘wHich calcu-
lated all possible E-B transitions arising from the E state
levels observed in the present two-photon study.’ Althouéh
ali five excited E statés were considefed, only calculaeed
E-B trans@tioes originating from fhe Y, & and ¢ excited
states appeared compatible with the observations of ;TN.
For  these states it was possible to identify E—B transi-
tions whose calculated frequency and isotope shift were in
satisfactory_agrEement witﬁ most of the reported emission
bands.

Table V-14 presents several prominent progree510ns
obsaxved by WTN but rea551gned in accord with the present
study. The table includes most of'the strong lines reborted
by WTN and accounts for greater than 70 percent of all the
observed emlsgn bands in’ this reglon The average dif-

ference between the calculated frequency of the assignments

|

+The transitions were calculated from the E state (a, 8, v,
6 and ¢€) molecular constants presented in Section 4 and the B state

term values given by Barrow (25). Note that the assngnmenfs proposed
by WTN are based on the less pirrecise B state parameTers given by
Steinfeld et aZ (28).

W
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given in Table V-14 and the bandhead measurements of WTN

is £1.56cm™!. -

In many cases the new assignments avoid the com-

_plexity of WTN's originai interprépation. For example, in

the 4100 to 4200& région, WTN assigned a vibrational series
to fgur different vg progressidns(i.e, v’;z, 3 or 4 with'
v8f13,14,15 or 16). By compgfison, the'reassignment pro-
posed here aécounts for the same series as a single vg'pro-
gression (%'=1 with vg=12 to 20)'arising‘from the y excited
state. ’ '

v It was also pdsgibie to use to adyantage thé
emission da£a~reported for the I}2° isotope. bonsider,
for example, the strong band at 24140.5cm" ! éssigned to
(2-15)_f9r 1127 by ?}NT’ For the y excited state this band

is reassigned (1-16) for which an isotope shift of 11.52cm™}

o

- 1s anticipated. 1In the I}?° emission spectrum an analogous

-

band is indeed observed at 24152cm”™! [but assigned as
(3226) by WTN] in good agreement with the calculated iso-

tope shift. 1In general, the calculated isotope displace-

ments for the new assignments were within *2cm”! of the

-values tabulated by WTN. Without access to the.original

emission'spectra it is difficult to derive more precise
comparisons.
Finaliy, in support of the 3ssignméntsdpresented

in Table V-14 consider the relative intensities of the

-emission bands reported by WIN. Classically the Franck-
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e E’“
Condon principle states that the most intense transitiqns
betwegn:two electronic sfate; may be represeﬁted schemati-
cally by vertical lines joining the respective potential
energy curves (17).. The more intense transitions occur at
constant ntern&clear separation and will therefore likely
havé/clas ical turning points (Ry,;, -or Ry ) which aré ap-
p;oximatel equaltfor each combining state. For iodine
the turning points for the B state'popential are well
known (25) and an approximéte potential function for the
Yy state is presented in Tab}e'V—8a : - .
Consider bné of the strongést bands observed in
emissién.[see Figure 1 of reference (14)1 whicﬁ ié ascribéd~
to. (7-34) in.Table V-14 and driginates.ig the y excited
state. The outer turning points for vy apd'vB are 3.898X ’
and 4.068&, respectively. Similarly forngnothgr intense‘ '
emission band, reassigned to (1-17), the inner turning
poiﬁt of vy is 3.550&8 and the outer tu}nihg point for vg
.is 5.582&. Thus the relative intensity of these transi-
tions (as well as others in Table V-14) jis consistent with

.Franck-Condon expectations and fqrthér supports the pro-

posed Teassignment of the emission bands.’
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CHAPTER VI

I~

ENERGY LEVELS OF IODINE NEAR THE
B STATE DISSOCIATION LIMIT

1. Introduction

Durlng the course of the experiments described"
in Chapter V, it was obseryed that energy levels near the
B state dlssoc1at10n limit D could be successfully pumped
to yield two- photon sequentlal absorptlon spectra of the
E states of mplecular iodine. The pumped B state level
J7e(8), for-example, was just 3.2cm”?! below D. The J7a(é)
level was typical of ‘other pumped Ievels near D whlch gave
stqong'two—photon resonantes‘desplte the fact that the
single-photon B—X emission was relatively weak.

The interpretation of these sequential absorp-

tion experiments required the asSigﬁment of individual

B+—X transitibns to rovibronic energy levels ﬁeér‘D. Un-
fértungtely, the s'ingle-photon Be—X absorption spectrum
of iodine, even at high-resolution, appeafs nearly con-
tlnuats w1th1n about 10cm-! of D because of the very high
density of rOV1brat10nal states close to the d1550c1at10n

energy. For example, in the high-resolution B+—X absorp-

121
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tion spectra of Steinfeld et al (28) the last discrete line
which could be .observed was some llcmjl below D.

" This behéyiour is typical of other heav} molecules
in which the generally weak (for'Franck-Coﬁdon reasons)
transigions to rovibronig‘states near D are essentially
indistihguishable from the adjoining:continuaﬁ. The con-
vergence limit in such cases can only be deduced by extra-
polation from-the observed discrete bandé and the level
structure near D is not known from experiment,

A two-photon techniqué’is reported in this -
chapter which enables the dissociétion limit of moigcules
_to be determined directly-without recourse to extrapola-
tion prqcedures; The method permfts selective excitation
to rovibronic leVeLigpear D and has led to the aés?gﬁment ‘ ¢

of much of the rotatidnal level structure of iodine érom

vg=77 to.vg=83. The origin for v8=83.is just 0.36cm-!' be-

[y

low the B sta%e dissoEiatiQn limit. The highest level
analysed préviously (25) by Eonyentional apsorptioh spec-
troscopy was vB=773‘5pproximately Scm-! below D. '
The vfbrational and rotational constants ‘deter-
mined for the erergy levels near D were applied not only
.to the identification of -B state pump levels, but also to-

an investigation of the B state potential function at large

inter-nuclear distances (9, 15).

&
g
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2. The Two-Photon Method

.The two-photon technique for the determination of
molecular'dissociation 1imits evolQed from the pump line
calibration procedufes descriped previously in-Chapteg(V,
section 2.  The experimeﬁtal‘set-up was the same as that
illustrated in Figure IV-5 in which B—+X‘fluore§cen;e°was
confinously monitored at the reference cell and E—B emis-

sion following sequential two-photon ahsd?gzion was de-

_tected at the sample cell. The pﬁmp and probe laser band-

widths were respectively .07cm-! and 1.5cm-!, as for the

p?ev1ously reported.g'perlmgnts. ; ' . P
In the sequential absorption experiments of

Chaptéryy, the pump laser frequency {opump) was fixed in

resopdnce with a selected B+—X pump line(s) while -the

probe laser frequency (oprobe) was scarned through various

E«—B resonances, see Figure V-1. 1In the present applica-

tion oppope Was fixed in resonance with a E+—B transition

while ¢ was scanned through the spectral‘region neér

pump
the B state‘dissociétion limit.. This teThnlque has enabled
transitions to rovibronic levels neadr D to be selectlvely S
exéited and analysed and has permitted the direct experi—

mental observation of the conVerggﬁEe limit for the B state BN

of iodine.

Figure VI-1 illustrates schematically how the.

-~
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" Figure VI-1:

-

Successive stages in the convergence of the
pump laser frequency upon the-dissociation
limit D.

Stages .(a) to (B) result from ;teps'(iii)
and (iv) as described in .the main text.

»
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el

frequency of.the pump laser was successively adjusted to X

~

converge upon the dissociation energy D. The procedure is

outlined below:
i) was adjusted to a B+«—X absorption near D
( 5080 Opump Was positioned by monitoring
B—X fluorescence from the reference cell and
served to excite iodine molecules from the
- v, =0 ground state to a (vg,Jg) level(s) near the
convergence limit,

ii) Oprobe Was then tuned to an E«—B resonance by
monltorlng the E—B emission from the sample
cell.

iii) with oprgpe held fixed, opymp wWas increased to
the highest frequency for which an E«~—B resonance
could still be observed. The 1.5cm~! bandwidth:
of the probe laser encompassed several Jg levels
(By for the E states is typically <.02cm-!) so
that several E«—B resonances could be.excited as
Opymp wWas tuned. However, rotational selection
rules limited the observed E«~—B resonances to
AJ=*1 transitions.

iv) Oprobe was decreased by a small incremental
amount (~.5cm™') and step (iii) repeated.

The above procedure results in the convergence
of oyymp UPON transitions to eigenstates with low Jg and
high vg value because of the restriction imposed by the
4J=%1 rotational selection ruie. That is, ogymp tended
towards the B state dissociation limit as steps iiii) and
(iv) were applied alternately. For single-photon excita-
tion near D, B—X fluorescence was very weak, but £E—B
emission following two-photon sequential absorption was

generally strong and enabled D to be etper1mentally deter-"

‘mlned,to be 20043,7.5cm". The finite bandwidth of the N

AT ST
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probe laser determined the precision with which D could
be determined experimentally. |

E—B fluoresceﬁce From the sample cell was re-
corded as a function of the frequency of the‘pump(laser as
steps (iii) and (iv) were alternately fepeated. For each -
different (but fixed) probe laser frequency the recorded
spectra exhibited selective rotational structure for a
B—X band of high vg value near D. A spectrum obtained in
this Fashion is illusirated in Figure VI-2. 1In this exan-
pie rotational transitions up to J=15 are selectively en-
hanced for the vg=78 band. For comparative purposes the
single-photon B«—X absorption spectruﬁ}(obtained from a
fluérescent excita{ion experiment) is also illustrated in"-
Figure VI-2. The rotational selectivity of the method
described above 1is readily apparent from comparison of tge
complex single-photon spectrum (p}actical.résoiving power
~800,000) with the much simpler two-photon recording.” In
contrast to the xwo-pﬁotoh spectrum aiso note that for.
Franck-Condon reasons the single-photon spectrum is not °
discernible above the signal Eackground in the immediate
vicinity of the dissociation limit.

]
Different frquﬁncy settings for Torobe while -

\

Opump was’ scanned ‘through “the spectral region near D yield-

ed enhanced rotétional lines for different Vg bands in a

manner similar to Figure VI-2. Figures VI-3 to VI-5 il-
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Figure VI-2: ‘.Rotational, structure near the dissociation
limit of the -B~—X transition of iodine.

(a) B—X fluorescence from singlévphoton’ab—
sorption obtained by scanning the pump
lasér frequency Opump- .

(b) E—B fluorescence from two-photon absorp-

tion obtained Wy fixing oprope and scan-

ning Opympe 1he probe. transition .termi-
nated on %he v2-band for this run. The
rotational structure of the vpg=78 band
is-labelled in the figure. a

\ .
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Figure VI-3: Enhanced rotational structure of the vg=77
‘ band.

The spectrum was obtained in a manner similar
to Figure NI-Z(b)v
] L0 s .
The probe transition also terminated on the
Y2 band for this run, but displaced slightly
v to higher frequency than the run illustrated
in Figure YVI-2(b).
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FLUORESCENCE INTENSITY

Figure VI-5:

N :
, § Vg=19
- - R
o 14 13 12 1" 10 9 -8 7 65 l}; ! )
»
2 1 1 1 - 1 1 1 1 | L ? 2
20035 20040 . emV’

PUMP FREQUENCY -

Rotational structure of the vg=79 band,
showing the intensity decrease of the ‘P
and R lines with increasing J. This in-
tensity variation is. discussed in the
main text with the aid of Figure VI-6.

~
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’ \
lustrate enhanced two-photon B-X-bands for vg=77, .82 and

79, respectively. All of the vibrational® levels from

- vg=17 to vp=83 were observed in various two-photon spec-

tra, but the 1ipe§ correspoﬁding to vp=83 were only weakly

observed and could nSt béireliably analysed. No head Form-

ation wés observed for the‘r?tational lines because of the

marked difference befweeq the ground state and B state‘ro-

tational constants; The intensity alteration afising froﬁ

nuclear statistics (16) was readilf obéerved, with lines of
. ‘ .

odd J strong and lines of even J weak. However it was ap-

parent that other factor% also. affected the observed inten-

: , x
sities, as discussed below.

The rotational selectivity and the intensity dis-
tribution of fhe two-photoﬁ B«—X bands may be interpreted
in terms of the rotational level structure of the three
combining eiectronic'Stateé.‘ Consider fof example, Fi-

gure VI-6 which illustrates schematically the rotational

ievels for the X, B and E states. For a-fixed probe fre-

~

3

“of low JE valhe, the figure illustrates the effect of scan-

ningvopump from D to lower frequenciesT yhile recording

T1+ was generatly more convenient fo tune opyump from D 1o
lower frequenties because the pressure~tuned dye |aser PDL scans
toward lower frequencies with, increasing propane pressure.

o o
- . .\ﬂ‘

i
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Figure VI-6: Three successive stages in the two-photon
. process for a'single.vp-level as the pump
frequency decreases. The totational level
' .separations are greatly exaggerated in the
figure and are not drawn to scale.’ In- prac-

tice the rotational level separation of the
B state is relatively much smaller than the
corresponding level separations in the E
state. U ‘
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E—B fluoresCenpe. The left-hand portion of Figure VI-6
illustratﬁs that for a given vibrational level QB, the
first"(highest frequency) B+;X‘resqnance excited‘by the‘
pump laser will be the R(0) transition wﬁlch populates'the
Jg=1 level. From the th, Jg=1) level.sequentfal transi;
tions to J;=0 and JE-Z are induced by the probe laser.
Broadband E—B emission was employed to.detect the R(0)
B+—X tran51t10n.,

As the pump frequency decreases successive B—X
tran51t10ns are detected in similar fashlon by the E—B
fluorescence. For example, t&e R(5) and P(5) transitions
when excited‘by the pump laser populate the Jg=6 and Jg=4
1evels as illustrated in the central portion of Figure
VI-6.. For vg=79 these Jg levels are iust .O6cm‘{ apart.
Since the pamp laser has a‘bandwidth of .07cm™?! the R(S)
and Pcﬁ) transitions for vg=79 are just reselvable see
Figure VI-S, Subsequent‘probe induced "transitions to the
E state levels (YE,JE=5 or 7) and‘(VE,JE=3 or\S) have
separations r~0 52 and p~0.36, respectively, 51nce B, for.
the excited E state is approx1mately 02¢m- ! .. Thes“&§e-

- parations are well within the 1.5cm™! bandwidth ${; ”} '
probe laser :and so the R(S) and P(S) B+—X tran51%1o:§\ar

revealed ' by strong E—+B em1551on (see Figure VI- 5, TEoT

vB=79). Slmllarly, as indicated in the right-hand por-

\

tiop of Figure VI-6, the separations r and'p have,increased

. ..i%%ﬁé%‘}%‘!‘o P e e

e

N
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to 0.92 and 0.76cm”! for the R(10) and P(10) B«—X lines,
resﬁectivély. These r and p values are still within the
probe laser bandwidth but as Lévels of higher Jg are ex-
cited .by the pump laser fhe separatiogs beé;n to exgeed‘
theil;SEm'lkprobe bandwidth: With increasing J the‘re-
sult 1is thaf the separation r first exceels the probe laser
‘. bandwidth so that the E-fB fluoresceﬂce signal for R(J)
linés will decrease. The E—B signal for P(J) lines w?Il
also decreasg with higher J values as the separation -
increases and the number of molecules excited to the E
state declines. Eventually, -at stili_highéf J values the
‘£—+B signal drops to zero because no allowed t}ansitioh§,
are acceﬁsible within the,fihite frequency bandwidth of
the probe laser. _ .

The observed E—B fluorescence sig¢a1 will
_therefore be selective and limited .to only fhose alloWed
‘E+—B-trénsftions (AJ=:1) whose frequencies fall within the
' EroBe laser.béndwidth. The intensity distribution of the
two-photon B+X bands will be modu1a£e¢ accordingly. Near
"D where BV—+0.£he upper Jg limit, for t%e B+—X ;E%ational
transitions ogserved in the two-photon spectra is deter-’
mined by .the fafio of the ﬁrobe laser bandwidth to thg'E
stafeﬁrotational conétant. Onlf B«—X transitions of low
Jg wére obsérved.héfein because of the comparatively small

bandwidth of ﬁhe prabe laseriz In principle increasing the
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bandwidth of the probe laser would permit transitions to

levels of high Jg to be excited but this would also in-

crease the line density and complexity of the observed -

spectra.

Most of the two-photon B-X spectra reported here

were obtained with the probe laser freqﬁency held in re-
. sonance with one of the f@fsf four membevaof the y ser-
ies. These probe transitions were conveniently acces;ibie'

' to ‘the high—gain'laser dye 7~diethyiamihoj4-m¢thyl couhariﬁ
and yielded excellent two-photon signal levels. Members
of the o and B-series in the 21000 ‘to 21700cm™? region

were also employed in° these studies. Identical B<+—X tran- -

v .

‘'sitions were developed by applidati3¥ of the two-photon

technique to any of the o,B8 or y bands in this spectral:
region. This obserVation supports the conclusion presented
! . ‘ .

-

in Chapter V that the o and B bands arise from transiéions

to two:similar but separate electronic states and donot

\ o ..
result from vibrational relaxation within the B state mani--
fold. If vibrational transfer processes within the B

state were qeépons le for the a, B8 or y bands then they

Y

could not yield the same value for D nor produce similar

rotational structure as observed for the two-photon B+X

bands near D. ) ’ ' ' .

Y

1*‘ °puﬁg was monitored by a ﬁmm‘{nominal) solid

quartz g;aloﬂ'duripg the pump laser frequency scans which

r

.

s

B
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3 v,

foovided the two-photon B«+—X spectra. The etalon's trans-
mission fringes, spaced every .556cm™} (at-SOOUK), were

photoelectricaliy recorded and plofted simultaneously'With

-

the B~—X spectra on a two-pen chart recorder.? The rela- .
'

\

‘tive frequency of the observed transitions could, then be
determined to within t.OQScmf1 by interpolation between
the known frequency separation of the marker fringes. An
‘absolute frequency calibration to within ;.02cm‘1 was most
conﬁeniently obtained by calibfating thé markér fringes
! 4

against well resolved rotational lines in the vg=77 band
of the single-photon B«—X spectrum.4 The single photon ;6-
_tational lines were identified from the molecular constants
of Barrow and Yee (25).iPeriodica11y‘the pump, laser fre-
quency detexpined in this fashion was verified spectro-

A
graphlcally by comparlson with the known emission llnes

1

from an Fe/Ne hollow cathode lamp.

|

3. Analysis and Assfgnment of the Two-Photon B~—X Spectra

Once the two-photon mechanism which provided the
. )
B«+—X spectra near D was understood, it was a relatively
“straightforward task to, identify and assign the’ observed

rotational structure. The two-photon method selectively

Y

: .TThe short vertical lines at the fop of Figures VI-2 tfo
"VI-5 correspond to monitor etalon fringes every .556cm™?

1
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revealed only B«—X transitions of low Jg value for one or

more adjacent vg levels. This selectivity enabled assign-

ments to be mede with comparative ease by standard methods
using combipatiow differenees (16)7
.Using these known methods of adalxsis;~value§
for [R(J-1) + P(J) ] were fitted by least squares to J? ac-
cordin; to t
y [R(J-1) + P(J) ] .= 20, + 2(BL-BU)J% . . . (6-1)
4

to provide the band origin oo and the rotational parameter

‘(B'-Bﬁ) Estimates. for oo determlned in this fashlon are

1

indicated in Figures VI-2 to VI-S.
' In equation (6-1) the B state rotatlonal constant
can only be determined 1nd1rect1y by dlfference from the

(known) ground state rotatiohal constants.T It was con-

\51dered preferable in the present study to "determine both

the band origin and rotational constants directly and an
alternative treatment was therefore employed which mini-
mized .the uncertainty in the derived molecular-constants.

The “analytical procedure is illustrated in

Tin principl'e, albeit with lower accuracy, the rotational
constant could be defermlned from the combination relation (16):
[R(J) ~ RPJ) = 4B, ( J+§)] applled directly to the observed frequencies
of P and R branches.

/
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Table VI-1 for the vg=78 band. The observed terms
Tops(Vg,Jg) Telative to Xvn=0!Jn=O were E%tted to
. T(ve,Jg) = Gy + B, Jg(Jg+l) ... (6-2)

to obtain the B state vibrational energy-and the rotation-
51 constant By. The term values T(vg,Jg) were determined
as the sum of the observed line frequencies and the éround
state rotational term F9(J) ‘calculated from LeRoy's (24)
molecular constants for vi¥=0. The procedure is‘aﬁalogous
to that reported in Chapter .V. for the rotationalianalysis
of the vy and ¢ bands. Centrifugal distortion terms could
not be accurately ‘determined from hfgher order terms in

8 | equation (6-2) because only lines of low J were observed
in the two-photon experiments. .

Bands with vg=77 to vg=82 were analysed in si-

milar fashion to determine G, and B, as the dissociation

limit was approached (vo=87).4 Only the vg=77 band has been

previously rotationally analysed and the results determined

here agree favarably with Barrow's (25) values for these ’
molecular constants, The molecular constants for the re-
_— maining levels have enab%ed the long-range potential fuec—
% - ‘ tion neath to be éxa@ined in grea?er-eetail.g Section 4
reports G,-and B, for the range vg=77 to 82 and examines
the region near the convergence limit in the light of these

new observations.
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- Table VI-1:

tational term.

The table presents T ug
P and R line as the sum of the observed tran-
sition frequency ¢ and the ground X state ro-
The vibrational energy

v (J).

R(J) P(J)
Jg K F3(3) |Tops(va, Ip)] o B | Tops(vEsdp)
(cm~ Y (em™~Y) | (em™1) (cm~ b (cm™ 1) (cm=1)
2 1120039.5707] .0787] 20039.6454{[20039.1941 .4480{20039.6421
3 4173]  .2240 L6413 -- 7467 . --

.4 .2397| .4480 .6877 8.5635 | 1.1199]. 6834
5 8.9733| .7467| . 7200 .1645 | 1.5680 L7325
6 8a25| 1.1799 7624l 7.6928 | 2.0906 ..7834
7 .2557| 1.5680 .8237 1341 | 2.6880 .8221
8 7.8045| 2.0906 .8951 6.5319 | 3.3599 .8918
9 . .2304| 2.6880 .9184 5,8130 | 4.1066 .9196
10 6.6445| 3.3599 40. 004 L0686 | 4.9279 .9965
0 5.9605| 4.1066 40.0671 4.2521 | 5.8239]  40.0760
12 24711 4.9279 .1750 3.3877 | 6.7946 . 1823
13 4.4574| 5.8239 .2813 2.4243 | 7.8399 ,2642
14 3.5858| 6.7946 .3804 1.4178 | 8.9599 .3770
15 2.6334| 7.8399) 4733 (30.2317)]10.1546 (.3863)

16 1.6633] 8.9599 40.6232 - - -

17 30.4293[10. 1546 .5839 -- -- --

18 29.4084| 11.4239 .8323 -- - --

© G, = 200396086 * 73cm} B, = .003577 & 49cm~?
Rotational Analysis of the vg=78 Band.

calculated for each

-Gy and the rotatjonal constant B, were ob-
tained by linear regression of the observed
. - terms to equation 6-2.
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4. The B State Long Range Potential f L

-

The'distrlbution cf.energy levels and the form /
bf‘the long-raﬁge jnteratomic potential near the dissocl-
ation limit of diatomic moleculas has.recéived coﬁsider-
able theoretical atfention in recent years (96,97,98).
Interactlon potentlals and dlssoc1at10n energle@ have been

derlved for the electronic states«of several d1atom1cs, T

PR

1nc1ud¢ng the B state of Jodlne (25, 99).

As mentloned in section 1, experlméhtal meaaure~
ments in the region near D aré very difficﬁlt so.ghat : X
theoretical studies typicallf involve extrapolatioh of

) .
only limited Gy and By.spectroscopic data to the converg-
ence limit - In practlce the rellablllty of the ‘theoretical
analysis is determlned by several factors.‘ The prox1m1ty |
to the dissociation limit of the highest observed energy
levels determines the range "Over which the extrapolation .
must be made. Other lmportant factors -are the accuracy
wit wh1ch the energy levels near D are known and the val-
idity of the(model assumed.to represent the 1nteratom1c-
potential. ‘ o

_Under the assumptlon thaf the atoms comprlslng
the d1atom1c molecule are suff1c1ent1y far apart that  their

electron clouds overlap neg11g1b1y, then the 1ong range

potentlal may be expéessed as a sum of inverse power terms:
?
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‘'where, for short intervals in R, n assumes some generally
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V(R).= D - 'L Cpn/R" ( ... (6-3)

1

In equation (6-3)Jr D is the dissociatioﬁ limit and R 1is

- the internuclear separation. For a given diatomic mole-

cule the dissociation products of jﬁe electronic state in
questionddeterhine which values of the index m contribute
to equation (6-3) (98). The coefficients Cp can be ob- \
fﬁined from perturbation tﬁeqry, fut recently'ﬁairly re-
liable experimental vaiues for these constants have also
become available (9%). |

The analysis of experimental data usually makes
use of an effective single term potpntiél

W V(R) ~ D - Cp/R" L (6-4).

| \

.nonlinteger:(wéighted average) value representative of

®

the locally important terms. At the asymptotié limit D,
n.assumeé tﬂe'integral value n wﬂich correspondg‘to the
leading term in equation (6-3).

| Various formulae have been:derived from equation
(6-4)_for the'distribqtion of“vibrapiénal and rétational'

levels near D (97).. For example, the distributioh of vi-

>

+All,significan‘r contributions to equation (6-3) are as-
sumed to be-attractive in the following discussion.

N\
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brational terms is given to good approximation by:.
(D-G,) ("=2)/2n < g (vp-V)., n=2 ... (6-5)

where vy is the vibraticnal index at the dissociation

limit. The parameter H, is. given bf:
‘ o
H, = F{n/[ué(cn)”]

where u is the reduced mass and the coﬁstants H, are nu-
merical factors listed in reference (97). .
Values for the four parameters D, n, Cﬁ and vp
may be obtained by a 51multaneous 1east squares fit of the
experimental eneréles to equation (6-5), but v1rtually
.1dent1cal results can also be obtained by simpler graphi-
cal metheds. For example, prOV1ded the value of n is known
then the experlmehtally observed v1brat10nal terms for .the
asxmptotlc region may be substituted 1etq
:
(8B, /k,) 2"/ n+2) - DGy | foo. (6-6)
were 4Gy = 3(G,,,. - G,.,) and K, = [ZL/(n-Z)]H . The dis-
sociation limit may then be obtained by linear regression.

‘of G, as a function' of" AG for fixed n. The value of D

once determlned may then be used in equatien (6—5j’to ob-

v:-#‘(\

-t
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. tain Ch and vy as the slope and'intércepp, %espectively,
from plots of v-against (D-G,)(n=2)/2n,
For the B state .of iodine the'asymptotie'term
in equation (6-3) has 2=5 because this‘state dissociates
into uncharged zpi adezPé atoms §?7).'-Using n=5 seve?al
au;hors (25, 28, 98) have obtaided_values for D, Cs and vp
from analysis of B+X absorption transitions Tﬁe present
1nvest1gat10n has revealed previously unobse;Ved lgvels-
near D and has pfov1ded an opportunlty to extend and 1m-
prove upon these previous results for the B state of I,.
Publlshed values of D, Cs and vy fot 'the B ‘state
pf iodine are glven in Table VI-2 tegether with values

f. determined from the present study.

" The value for ) (see Table VI-Z).giyen by

. - 143

-

"Steinfeld et al (28) was derived from Verma's estimate (22)

of tHe ground state dissociation energy and :the known -
.energy separation for the atomic_diesociation products for

the B state. LeRoy has since shown (31) fhat,Verda's X
state'dissociation energy is erroneously ‘large so that the-

vp and Cs values derived by Steinfeld et at cad not now

o

be considered reliable

LeRoy and Bernsteln s ana1y51s of the B state (98)
long- range potential employed Brown's (100) band head meas-
urements for the region vg=55 to vg=72. . A least squares

3

fit of the.observed band heads to equation (6-5) was used‘

by the authors to derive the constant$ listed in Table VI-2.
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N

Improved estimates of D and Cs for the B state of iodine
. were subsequently obtained by Barrow and Yee (25) who em-
ployed Gy values from their analy51s of the visible B«X
abSQrptlon up to.vg=77. With- the graph1ca1 procedures
described aﬂove, Barrow and Yee determined the revised’
constants D, Cs and vp also presented in Table VI-2.

| The present anaiysis ﬁas mede ‘use of similar
graphlcal methods to obtain 1mproved values for the long-

range constants for the B state ‘of iodine. Table VI-3

lists G, and B, values included in the analysis. Levels up,

to ve=82 were included so that the required extrapolation
interval to D is reduced and ‘the asymptotic value n=5 can

. be‘assumed with greater confidence in comparison with pre-

vipus studies. - The present analysis also followed LeRoy's
recommended procedure (97) in which the lowest energy level

was suhcessively omitted from, repetitive least squéres'fits

'to‘equations (6-5) and (6-6). Although the stanaard e}ror
for Gs, vp and D dincreases as fewer data points are in-
cluded, a (1/¢2%) weIghted least squares analy51s of all
Icalcuiated parameters,y1e1ds/ mal values for the long-
range constants (97). - ‘

. Figures VI-7 an I-8 illustrate the analytical-
procedure. f;gure VI-7 presents e%uation (6-6) in gfaphi;
cal form, in which AGylis ploﬁted.égainst G, fof the:raﬁge
v8;72 to vg=82., In Figure VI-7, Barrow's data (25) was
used over the sub—interﬁal vg=72 to vg=76, while G, valees

1
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‘Figure VI-7¢

6v1(18/7)em-1

"G, versus AG)®/7 for vibrational levels near

the B state ﬁiséociation limit. The plot il-

. lustrates application of equation_(6-6) to

the experimental data of Table VI-3 to deter-
mine the dissociation limit D.
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Figure VI-8: Calculated values of D, Cs and Vp as a func-
o tion of the lowest level included in the
least squares-fits. The error bars repre-
/ sent one standard deviation (to). The _
S values at D were determinéd from a weighted %
A .. . (1/a*) fit to the points in each plot. The
- points in (a) were determined from equation
(6-6), -those in (b) and (c) from equation " ,
_ - (6-5). :
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from the present analysis were uséd for the levels vg217.

As the lowest énergy level was éucéessively omitted (vg=72
L. to vg=79) from fhg analygis,,see”Figure Vf-8, the calculat-
ed value of b declined slightly. LeRoy ‘and Bernstein (58)
have observed a similar trend in thelr calculated D values -
! L for the B state of both Iz and Cl,. A weighted least

squares fit of the data points given in Figure VI-8 pro-

ey

vided the value of 20043.063 = ,OZOCﬁ" for the converg-

ence limit for the B state‘of iodine.

With this value for D, applic;tion of similar
- procedures to equatlon (6-5) prov1ded vdlues for Cs and
Vg Flgure VI-9 illustrates a plot of v against (D- G ﬂ%

for the range V8=72 to vg=82. Here too Barrow s data was

k o used for energy levels below vg= 77" and Cs and vp were re-’

' ay;& ‘“ peatedly claghlated while the 10West energy level was suc-
ce551ve1y omitted from the analy51s See’Figure VI-8. A
(1/02) weighted least squares extrapélatlbn of {he calcu-

) . ' lated parameters to D prov1ded the Cs (2.776 *+ 1.018 x

AN

105cm 185) and VD(87 183: . 012) constants llsted in Table
VI-2. As shown in the table there is good agrﬁementibe-
tween the Ioﬁg-range constants of the present study and the
' upper bound Qalues derived by Barrow and Yee (25) from a
7fc’:m"l extrapolatioﬁ from.v8=76 to the dﬁssbciation limit.
Although the abovg disqussion has considered only

the di§pribution of vibrational levels near the convergence

p Iimit, the rotational level distribution has also been

’
PN
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Figure VI-9: Applicafion of equation (6-5) to the experi-
mental data of Table’V]-3 to determine the
vibrational index vp and the: coefficient Cs.
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theoretically exdmined. LeRoy (97) has shown that in the
absence of centrifugal distortion, the rotational constants

¥

near D are given by:
B{n=2)/4 = {n=2)/%(vp-v) , n=2 e (6-7)
where
Qn = Qn/TuN(C) 211/ (M2 = Py (Hp)*/(n=2)

and vp and H, are as defined for equation (6-5), The con-
stants Pn and Qn, are numerical constants tabulated in
reference (97).

As discussed by:LeRoy'(97j equation (6-7) is a
less accurate approximation than the analogous equation for
the vibrational energy levels. The value for C, determi;ed
by fitting experimental B, values to equation (6-7) will,
in general, tpqﬁiﬁo be too large.. Conversely, if known C,
values [derived from equation (6-5)) are used with equétigh
(6-7) to predict the rotational constants B,, then the lat-
ter are expected to be higher than the expeyimental values.

Subject to this limitation, the main'application
of equation (677) has been to estimate unknown B, values for
energy levels near D (iS; 97). For the B state of iodine

. {
Barrow and Yee (25) have employed equation (6-7) (as well

as polynomial expressions) to predict B, values for the

-
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then unknown levels above vz=77. As expected their predic-
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ted values for B, are larger than those determined here
experimentally. Similarly, the long:range parameters

of the present study (C,, vp, D) yield calculated B, values

“which are larger than the observed rotaticnal constants,

see Table VI-3. (The calculated vibrational energies in
Table VI-3 agre; quite favourably with the observed val-
ues. )

Throughout the precgding discussion it was as-
sumed that only the leading term (§=5)‘Zn equation (6-3)
need be’considered in the analysis of the B state inter-
atomic potential near D. Several authors have shown
(25, 99, 101) that both the second and third terms (R™® and
R"®) in equation (6-3) contribute to the potential function
for molecular iodine. These authors have used theoretical
analyses of RKRGturning points to derive values for the Cg
and C, coefficients. LeRoy has shown that fortuitously for
iodine, the correction to the Cs level distribution for--
mul;e (equations (6-5), (6-6) and (6-7)] precisely vanishes
even if the Cg term contributes up to 50 percent of the
total binding energy. For iodine then the level spacing
for a [%% + %%) potential is equivalent to that for a
pure %% function. Cancellation does not occur for the
third term (Cg) correctioh, but this factor contributes on-
ly a minor f?éction of the total binding energy at large R.

LeRoy bresents'an expanded discussion of these points in

)

- s S
‘wW
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reference (97). The result‘is that the second and hig@ér-
order inverse power terms in ecquation (6-3) have only/an
insignificant effect on the Cs coefficient and the Cg/val—
ue reported herein is probably reliable within its ﬁtaxed
error limit. /

For the energy levels near D revealed by the pre-
sent investigation it was of interest to examine the RKR
turning points as well as the Cs and’Ce coefficients of
equation (6-3). Table VI-4 lists the RKR turning poin&s
for the B state levels vg=70 to 82 calculated by the
weighted quadrature procedure of Tellinghuisen (92). The
RKR EAand‘g integrals for vgsS0 werezevaluated (with a
convergence threshold of 10°%) from the polynomial expres-
sions for B, and G, given by Barrow and Yee (25). For
ve=51 to 82 where the rapid variation of G, and B, can ﬁot
be accurately represented by a’single polynomial expresgion
in vg, the RKR turning po{nts were evaluated by a’ cubic
sbline fit to the experimental constants. The turning >
points for vgs76 were derived from Barrow and Yee's ex-
perimental G, and B, constants and agree well with their
reported RKR values (25). For the range vp=77 to 82 the
outer turning points reported here are slightly éreater
than those predictedvby Barrow and Yee (;S)f

As the convergence limit 1s approached, the cal-

culated tupning points become increasingly sensitive to
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v G¥<cm")\ Rmin(R) Rmax (R)
. 70 435321 . 2.62673 - 7.34978
71 ,4358.26 2.62627 . 7.60342
72 4362.64 2.62586 7.88607
73 4366.40+ 2.62550 8.20494 ’
. {74 4369.56 2.62520 8.56847
75 4372.23 2.62495 - %8.96151
\\\\ 76 4374.48 | ™ 2.62473% 9.41267|
7 7. 4376.25 2.62457 9.97782
78 4377.70 | 2.62443 10.59063
79 4378.78 2.62439 11.38076
g0 | ;379.65 T 2.62431 12.23407
81 4380.25 2.62426 i3.5355
. 82 4380.62 1 2.62422 15.217
; B . 438115

4

~ Table-VI-4: RKR Potential Turning Points for the Vi-
’ brational Levels of- Iodine near the, . |
L B State Dissociation Limit ™

», L3 - N B
) " A N
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sﬁall errors in the experimental constants G, and B,. The
repulsive limb of the(potential is particularly sensitive
to uncertaiqties in Bvlwhich are generally known with less
precision tﬁan the corresponding vibrational energies near
D. This was observed in the present stud} where for lev-
els above vB=SQ the calculated Ry, values were observed
to increase slightly. As described by LeRoy (97) reliabl?
turning points can s%ill be obtained im such céses by
applying the extrapolafion procedutes first uged by

Verma .(22). .

The Ry, were smoothed by a cubic ﬁdlynomial and
the inner turning points for vg=79 td 82-calculated by
extrapolation. The extrapofation is valid be&ause the
;qner wall of the. ﬁotential rises very steeply and can be
accurately represented by a low-order polynomial. Im-
proved values for Rpzx were then obtained.difectly from the
turning point differenceg (i.e. (Rmax-Rm]n)J‘which wefe
determined gccuratgiy ffom the knqwn vibratio éy,qu;gies.

The values reported )in Table VI-4 have been ‘cor-

v

rected agcofding.to’this procedure in order to' provide the

L .
" best possible estimates..for the turning points in the-

asymptotic reg_ix_on.Jr

TFor the vp=82 level where the fnolecular constants -are known
with least accuracy the uncertainty in BX and G, introduces an error
bound of *.009R and t.OéR,_respecTively, in the'calculated vatue Rpax.

ot
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LeRoy has. given (99) expressions for the analysis

of long-range RKR turning points which yield Vé;ues for the
major-coefficients in equation (6-3). For the B state of
iodine when Cs is known; the coefficients Cg and Cg may be

cetermined from«

{Rv[@-cv).-cs/gs}}-a - cie -K'[ace/cé”a’]ms‘ RO

~

wnere R, is -the outer turning noint of the vTh

v vitrational

"level. The exponent a is given by:

_ 2C,0/Cs _
Ca;Cs -

and is-g measure of whether higher terms in equation (6-3),
céilqctively denoted by.Clo, cohntribute to the long;rangg
potential. The B state of iodine has been analysed with.
both a=-1 (101) and u¥p"(99) for levels QBs77 an Rvsloﬁ
to yield values for the Cq and Cg coefficients. It was of
interest to examine these coeffi#ients'fo} the highef ener-
gy leveﬂsv(up to VB=82) and larger internﬁcléar ;epéra-
tions (up to 15%) reported.here.

For the B state of iodine Table'VI-5 sumarizes
. published values for the long-range potential coeffiqienis
':CS, C%‘and Ca.- The valugs given by Yeé (101) {line (a), ’

Table VI-S] assume g=-1, but LeRoy has since concluded (99)

1

.
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that the long-range potentials for the B states of. halogen

e E A D SO o

molecules are best reprgsented by a=0 in eqﬂation (6-8).
LeRoy's recommended values [iine (b), Table VI-S5] were
derived on this assumption from a re-analysis of the ex-
perimental data of'Baﬁrow and Yee (25) and their best
estimate for.Cs (2.8861 x 10.cm“§f).

In the preséﬁt study the coeffiﬁients Ce and'ﬁ:8
were obtained by linear régréssion of the turning points of

Table VI-4 to equation (6-8) with Cs =.2.776 x 10%cm~'%3,

The calculation was repeatedly evaluated over the range

P N IR L

a=1 to affl, in 0.1 steps, as the lowest energy levels weFe
successively dfoppéd. (The procedurg was similar to that
‘described previously for the calculation of Cs, vp aﬂd D.)
The standard deviations for the fits to equation (6-38)
alwa?s were a minimum for o=0 and the present study sup-
ports LeRoy's recommendation that o=0 for the B state halo-

gens.

b
N

The standard deviations fér the calculations de- . !
scribed above increas%d markgdly as fewer levels were in-
cluded. At large R, (high vg) (D-G,)—0 so that equatioﬁ . ?
(678)_betomes iﬁcreasingly,sensitive io errors. The best |
probable values for the lqng-rénge constants were\derived
from data for VB=72‘to'82 and are presented in Table VI-S.

The values for Cq and C, areé coﬁsistenq with previoﬁsly , CN

reported values, but due Ep the sensitivity of equation
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(6-8) to slight errors in R, D and G,, it is difficult to
evaluate their accuracy quantitatively.

<
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- . CHAPTER VII

CONCLUSIONS

>

~

*This study was undertaken with two primary ob-
jectives: (1) to build a.two-photon laser spectrometer

"and (2) "to investiéate two-photon. sequential absorpéion
*frénsitions in molecular iodine- These objecfivqs haQe
been meé sucessfully and this con;luding chapte;'briefly »
highlights the results of the present investigation énd
suggests areas for continued research.“ .

Tﬁe laser spectrometer designed and constructed
for thig work ﬂaS'performed satisfactorily and is expected
to see continued use for spéctroscopic research at McMaster
University. However seéveral refinéﬁents‘can be suggested
which would improve tHe convenience and range of .applica-

. tion of the spectrometer. ‘

A nitrogén laser of only 300kW peak power was

available to.excite both of the tunable dye lasérs in the

two-photon spectrometer. This limited optimal simultaneous

operation of//both dye lasers to only that.spectrai region
,acceésible to the high;gain coumarin-type laser ‘dyes. A

nitrogen laser with higher output power (peak outputs in

I
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excess of IMW.are commercially a&ailable) would consider--'
~ably improve the wave}eﬁgth.tunihg;range.of the instrument
by permittiﬁg<the.gse of low efficiency léser dyes. .Al--

ternatively, botﬁ dye:lasers could be operated with nar- _
rower bandwidths than were used here and higﬁer resolution
studies could then be undertaken. In principle nearly
Doppler-free spectra could be obtained and‘hyperfine struc-
ture resolved. In thé*preéent application'gven a modest
improvement in the bandwidth of the probeﬂléser would have
énabled resolution of thg rotational “structure of the aq,

B and ¢ bands This‘would assist the  unambiguous assign-
ment of the upper electronic state for these bands and is-
#a suggested topic for further research. - |

One additional instrumentational improvement is-

suggested. The spectroscopic application of tunable lasers

requ1res a convenient and accurate means of ﬁrequency cali-

brat1on of the laser output. "It was p0551b1e in the pres-
eng,appiication to detefmfne the frequency‘of the pump
laser inﬁifectly.from the known B—X‘rotafional'tran;itions
graphically calibrdtioﬂ spectr% before and after each run,
Although adequate for the present purpose these procedures
were also quite tedious and tlmé consuming. Two very re-
“cent publications have suggested different methods for the

convenient calibration of tunable  dye" lasers which could
: ' ' !

. .
i » .
. ) .
~ : N ) ' \

of iodine and that of the pfobq laéer by recording spectro-.
* \ . ’

e,
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be readily applied to the spectrometer used here. The
First method, described by D. S. King et al.(102), employs
the pptoéalvanic effect' in hollow cathode lamps and can be
used .to pyovide direct and accurate spectral calibrations.
Hinsch has suggested.é second mgthod (103) based&on a new
self-galibrating type of grating which ﬁay soon become. com-

meréiﬁlly available.

. aa -
—-—

The sequential absbrption experiments reported
here are among‘the/firsthdeta;;eq two-phéton investigations
of‘a molecular system . Iodine is ﬁerhaps an ideal candi-
date for a prototype demonstratlon of twowphoton sequential
‘absorption 5pectroscopy but thé technlque is qulge general
and applicable to other.molecules

Therg are two maJor advantages of sequentjial gb-
sorption spectroscopy that are illustrated by the pr&sent
study. First, eigenstates not accesgible to single-photon
me thods may now be'invéétigated. In the présent,dpplica4
tﬂon to iodine, five separate eleétronic statés have been

i -

examined in the § to 5.5eV region and their spectroscopic

Y

constants evaluated. All f ;e of the excited'geradé
states (labeled &, 8, 8§, vy and &) are of ion-pair type
',dmrmxeraqd have energy leQels which are closely inter-
ieaveﬁ: At least three-of [these excited states have been
shown to likely contribute ko previously reported emission
ﬁspectra of 1od1ne

s

The second maJor advantage 111ustrated by the

* L

-
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pr#senf study is "‘the high degree of rotational s@lectivity ” é
inherent to sequential absorption experiments. Rotational

assignments for the two-photon spectra may be‘derived with

comparative ease provided tge J numbering of the inter-

mediate pump level is known.' For the y and s~bands of -

iogine only AJ=tl transitions originated from the inter-

mediate pump level(;). ‘This observation has supported a

05 symmétry ass;gnmenk gnﬂ rotational analysis has pro-

vided rotationai CPnstants for the coqresponding excited

states.-

For the weak o, B and § bands the symmetry as-
: a

'signment of the upper state is not so clear because these

bands were notrotationally resolved. Strict application of

selection rules would suggest that only Oa or'lg‘ assign-

ments are probable for these excited states. However an

exémination af Tellinghuisen's (95)'rea$signment‘of the
34OOR'emissiop of iodine suggests that either the « or B

excited states (or both) could have 2g sfﬁmetry and ﬁhat the

ﬂigh sensitivity of the two-photon technique renders tran- : ?

sitions to 2g states observable in violation of strict

[4

selection rules.

In addition to the high resolution ébsorbtion

,stuq;és suggested above, it would be an'area of further
. R ﬁj"; . R . . ] .
. interesting Tesearch to speétrally re%qlve the emission
. . . “ v

from-the « and B states excitpd'by'tWOrthton absorption:

Direct comparisons could then be drawn with Tellinghuisen's

& Vs pt w2
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emission spectra and it may be possibie to conclude a
symmetry assignmeﬁt for the excitedvstage(s) accordingly.
A two-phb£0n technique for the direct determina-
tion of molecular dissociation limits was developed from
thé‘seqdential absorption‘studies summarized above. The
method permits selective excitation of rotatioﬁal band

A

structure near the convergence limit and has provided
L

values for the long-range potential const?nts (b, Cs, Cqg,
Cs) for the B state of iodine out to.an internuclear .
sepéfation of 158, The technique is generally applicable
to othey molecules with high €ﬁergy vibronic statés (E)

accessible by single-photon absdrption from an intermédiate ¢

state (B).

‘'The main advantage of the new two-photon method

is its.rotational selectivity which yields simple spectra

that ‘can- be readily analysed. By comparison, single-photon

studies of the region near D yield very complex spectra

‘that are often 1nd1st1ngu1shable ( ecgyse of mdltlple over-

lapplng tran51t10ns) from thke adjo nlnchogtlnuum For

the new method, the upper J |limit of the rotational strué-

ture selectively gxcited nedr D can be adjusted by varying
tﬁe ratio of the probe lase width to the E statenro-
tational éonstant. AnyAdegree of line densityland com- ™~
plexity can ﬁherefoye be selected by ;ppropriate adjuz;ment‘

of the probe laser bandwidth. For the B state of iodine
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rotational structure within about 0.36cm™' of the converg-

ence limit was studied in this manner.

-

The future for two-photon spectroscoﬁy appears
excellent. Continued improvements and the wider commercial )
availability of tunable 1aser'sources will likely see ex-
panded application and refinement of laser-based spectro-
scﬁpic techniques in general. ~Less time need be spent on
instrumentatjonal development and the innovative spectro-
scopist will have improved opportunities to contribute to

the\development of modern optical spectroscopy.
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