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First of all may I say how very deeply I am moved and how highly
honoured I feel to give the first Krishnan Memorial Lecture of the National
Institute of Sciences. How dear and neai Krishnan was to us, the scientists
of India, is borne out by the fact that not only the National Institute but also the
Physical Society and the National Physical Laboratory, of which he was
such a distinguished first director, have instituted lectures in his memory.
Perhaps the very first of such memorial lectures was the one arranged by the
Physical Society in early 1962 when I happened to be its President. The
lecture was given by Professor Robert S. Mulliken and was presided over by
Bhabha who paid an inimitable tribute to the memory of Krishnan. Last
year’s lecture at the National Physical Laboratory was given by Professor
Kathleen Lonsdale. I therefore realize the great responsibility and honour
that go with Krishnan memorial lectures.

Looking back over these nine years since his demise, one feels the absence
of Krishnan’s genial personality. He was always ready and willing to listen
to the work of his colleagues and students. He possessed the rare gift of
understanding and presenting their work in his own way of thinking so that
new facets of the problem usually arose out of his discussions. I am sure
everyone who has had such an experience with Krishnan feels the lack of
his type today in Indian science. As Professor of Physics in Allahabad
University he quickly built up, as we all know, a very active school of research.
If Krishnan were not taken away from Allahabad University to direct the
National Physical Laboratory, it is my conviction that the stature of Indian
Physics would have been much higher than what it is today.

Krishnan’s interests were not confined only to light scattering and crystal
magnetism (fields in which his outstanding contributions are very well known)
but generally covered a good part of the Physics and Chemistry of solids and
liquids. Therefore he could not but be directly interested in Spectroscopy.
As a matter of fact he initiated research in absorption spectra of free radicals
in Allahabad University. I have therefore chosen for this memorial lecture a
subject in which, I know, he would be keenly interested.
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1. INTRODUOCTION

The interplay between isotopy and spectroscopy, which is particularly
in evidence ever since stable isotopes were discovered, has resulted in several
important contributions not only to spectroscopy and isotopy but to science
and technology in general. Isotope effect in spectroscopy has been playing a
significant role in the understanding of spectra and structure of molecules.
Spectroscopy, on the other hand, has been responsible for the discovery of
several important rare isotopes. The following is an example:

The spectra of the oxygen molecule exhibited the presence of two rare
isotopes (170 and 180) where only one (180) was known to exist. A result
of this discovery is that the atomic weight of hydrogen as determined by the
mass gpectrograph does not agree with that determined by chemical methods.
This led to a renewed effort in the search for isotopes of hydrogen resulting
in the discovery of deuterium or heavy hydrogen, the isotope 2H or D. The
discovery of heavy hydrogen has been of fundamental importance for nuclear
physics and development of atomic energy. Deuterium has been an important
tool for the study of nuclear reactions, of chemical reactions, of molecular
structure and of certain biological phenomena. The consequent discovery of
the different reactivities of the isotopes of hydrogen was an important advance
in understanding the chemical behaviour of isotopes in general. Some out-
standing contributions to science are the following: A careful study of the
molecular spectra of the two isotopic molecules, 1°BO and 11BO, resulted in the
discovery that molecules possess zero-point energy of vibration whose magni-
tude is different for different isotopic molecules. This discovery came before
quantum mechanics predicted the existence of zero-point emergy. Again
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system of sulphur (Spectroscopy Labs., Bhabha Atomie
Research Centre (BARC), Bombay).
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the spectra of homo- and hetero-nuclear molecules formed from isotopes of the -
same element reveal the laws governing symmetry properties of rotational
levels. Similar experiments enable one to determine the kind of statistics
(Fermi-Dirac or Bose-Einstein) which holds for the nuclei of a given isotope.
It was this knowledge with regard to the nucleus of 14N derived from Raman
spectra that provided the experimental evidence for the presently held view
that the nuclei of atoms contain only protons and neutrons but no electrons.
Similarly, the absence of quadrupole splitting in the microwave spectrum of
OC 348 indicated that the quadrupole coupling constant and the quadrupole
moment of 348 are very small (Townes ef al. 1948). This provides an indirect
evidence that the spin of nucleus 348 is possibly zero. That it is in fact zero is
recently proved directly by the observation that alternate rotational levels
are missing in the electronic spectrum of the homo-nuclear molecule 348,
(Narasimham and Brody 1964). Fig. 1 shows the structure of °Q;; branch of
the 0-0 band of the transition 31T, — 3Z7 in S,. Even rotational lines are absent
in the spectrum of 34S;. Both odd and even rotational lines are present in the
spectrum of 32834S which is hetero-nuclear. In fact, spectroscopy has given
the best experimental support to quantum mechanics and in this service of
spectroscopy isotopes have played an important part. Lastly, the discovery
of the heavy isotopes (deuterium and tritium) of hydrogen and their fusion
reactions and the fission property of the rarer isotope of uranium (235U) have
ushered in the new atomic nuclear age with its sophisticated technology
which confronts man today. A portion of the responsibility for such a situation
must attach itself to the spectroscopy of isotopes. In this talk I propose to
take a general survey of the isotope shifts in atomic and molecular spectra
and discuss some of the recent typical applications of the isotope effect in
molecular spectroscopy.

2. Isorore ErreEcTsS IN SPECTRA OF ATOMS

2.1 Experimental Procedures

Atoms of the same element, i.e. having the same atomic number, which
differ in mass number are called isofopes of that element. Small shifts in
the spectral lines of different isotopes of an element were observed quite early
in the history of isotopes. At that time only naturally occurring isofopic
mixtures were available; experimental techniques to observe the very small
shifts had not been well developed. Therefore it was difficult to obtain
reliable and sufficient data for any adequate interpretation of such shifts.
The object of the experimental procedure is to obtain the relative positions
of the various components of a spectral line due to the various isotopes. Since
the shifts are very small, it is necessary to employ instruments of the highest
available resolving power. It is also a general practice to use lines in emission,

I
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The difficulty involved is then due to the selection of the proper method of
excitation of the spectral lines and to the analysis of the resulting intensity
distribution. A compromise has to be found between the conflicting require-
ments of sufficient intensity and narrow line width. The shifts are often of the
same order a8 or less than the experimental line width. Practical difficulties
increase towards the lighter elements since the shifts tend to be small and the
Doppler widths of the linés tend to be large. In the case of shifts involving
isotopes having non-zero nuclear spin (e.g.-all odd and a few even isotopes)
there is the further complication of the hyperfine structure of the line due
to the spin of the nucleus. Fig. 2 illustrates the analysis of observed isotopic
and hyperfine structure of the 6589 A line of samarium. This is the process
of finding the true positions of various components from the recorded intensity
distribution. Thus in Fig. 2 the experimental curve indicated by circles is

% 3. A.
1541 152 %0 14 144
Fi1e. 2. Analysis of observed isotopic and hyperfine structure of

the 6589 A line of samarium (after P. Brix and
H. Eopfermann. Z. Physik, 126, 344 (1949)).

obtained from the microphotometer trace of an interferogram by converting
densities to intensity values in the usual way by proper plate calibration.
It shows five overlapping maxima due to the isotopes 144, 148, 150, 152 and
154 which are resolved into five components as shown by the five continuous
curves of similar shape such that the individual maxima are kept fixed while
the areas are made proportional to the respective abundances of the isotopes.
These are subtracted from the experimental curve and the resultant dotted
curve is taken to represent the superposition of the curves for the two odd
isotopes, 147 and 149, which have hyperfine structure. Measurement of the
position of the ocentre of gravity of such a hyperfine structure pattern with
respect to the line position of an even isotope is liable to a greater error than
the measurement of an even-even ghift. Thus the study of isotope shifts in
atoms requires the employment of involved experimental procedures which
vary with the nature of the individual problem. Since the advent of nuclear
age separated isotopes have become available. The enriched specimens,
available in relatively large quantities, have been used in dabeumnmg the
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These are also used to obtain less complicated structure patterns and accord-
ingly more reliable and accurate data. An example is the study of the
hyperfine structure of the neodymium line at 5525-7 A with samples of enriched
isotopes and employing a pressure scenned Fabry-Perot interferometric
equipment specially built in the laboratory for isotopic estimations (Saksena
et al. 1969). In Fig. 3, curve I is the trace of the structure of the neodymium
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line when the natural sample is used which consists of seven isotopes (142~
146, 148 and 150). It shows the peaks due to 148 and 150 free from overlap.
The other five peaks also can be seen but with considerable overlapping.
The component curves of the different isotopes calculated in the usual way
are shown in Fig. 3, II. Superposition of these curves gives the broken line
composite curve II which is radically different from curve I. This indicates
perturbation due possibly to an extraneous line. Fig. 3, IIl is the trace
obtained for a sample of neodymium enriched 969, in 14#2Nd. This clearly
shows the extraneous line A;. The same extraneous line accompanies all
other isotopic lines also and its position relative to line A; varies due to variation
in the isotope shifts of the line. This is shown in Fig. 3, IV in which the curves
for the two lines observed separately in all the enriched isotopes are individually
drawn and combined to give the broken line curve which is now seen to be
equivalent to the curve of the natural sample shown in Fig. 3, I.*

Considerable’ advance in experimental techniques involving improved in-
strumentation and altogether new methods has also taken place.. For example,
Szoke and Javan (1963) in an experiment with He—Ne maser measured the shift
due to 2°Ne and 22Ne isotopes for the line 25,— 2p, (Paschen notation) at 1-51 g, to
the value 0-0087+£0-0001 cm~. For this purpose, they prepared two masers
with isotopically enriched samples of 2Ne and 22Ne respectively, each maser
oscillating on a single axial mode. The oscillation frequency of each was
adjusted to coincide with the Lamb dip and the outputs of both were
heterodyned on the photo-cathode of a photo multiplier. The difference in
frequency was measured as the frequency of the beat note at the output of the
pboto multiplier using a radio receiver. Employmg the same method, the
isotope shift for the Ne line 3s,— 2p, at 6328 A has been measured by Cordover
‘et al. (1965) to the value 0-0292+40-0004 cm-!. Sakurai and Shimoda (1966)
have investigated the structure of the Xe maser line at 3-5 u, while a more recent
example is the study of the structure of the Hg line at 1-53 p using a Hg maser

* Separated isotopes have also been used for a similar purpose in molecular spectra. It has
thus been possible to propose revised accurate data on molecular constants for several spectra of
di-atomic molecules of copper halides (Asundi ef ol. 1961; Rao ef al. 1961, 1962, 1966, 1967).

Bpectra of the same band C (2, 0) of CuBr, excited with natural copper bromide and with ¢3Cu
* end 81Br enriched copper bromide, are given in Fig. 4 which shows how the complicated speetrum
with four heads and overlapping structure of the four isotopic molecules is simplified to obtain
just one single headed band due to the one isotope, 88Cus1Br, when enriched copper bromide is used.

A maore recent example concerns the electronic absorption spectrum of (Seq. Selenium has-
six stable isotopes. Therefore, (Se; synthesized from natural selenium contains 21 isotopie
species. All thess contribute to ite spectrum, which is rendered too complex to be analysed
under high resolution. By devising a method of synthesizing pure isotopic moleculsar species, it has-
been possible to compare and identify spectra dus to individnal species, Fig. 4A. A detailed -
vibrational analysis of the 4500 A absorption system of CSeg with species 0788e, and (50Seg hag -

bammadeandvdmblemfmmmmmgudmgthegrmndmdtbeexmdmdthmm
obtained (King and Srikameswaran 1969).
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by Chebotaev (1988). Another elegant method, described later, is the one based
on optical pumping methods combined with magnetic scanning techniques,
employed by Burger and Lurio (1969) to measure the isotope shift for the
helium line at 2-06 g. ' '

2.2 Mass Dependent Isotope Shifts .

The discovery of neutron in 1932 and the subsequent knowledge that
nuclei of atoms do not contain electrons led to the present view that different
isotopes of an element possess the same number of protons (net nuclear
charge) and the same number and configuration of electrons around the nucleus,
They differ only in the number of neutrons (mass, size) and the charge distri-
bution (shape) in their nuclei. The small but significant differences in atomic
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Fra. 4. The C (2-0) band of CuBr in natural sample and & sample enriched
in 93Cu%1Br (S8pectroscopy Labs., BARC, Bombay).

and molscular speotra have, therefore, to be intefpreted in terms of these two
characteristic nuclear properties of the isotopes. The first produces the mass
- dependent effect and the second the field effect. ‘In the case of atoms, the
mass effect introduces a small correction to the energy term, giving the well-
known Bohr reduced mass correchion. Thmbnngaaboutasmﬂwavalmgth_
difference (ahﬁ)mspeclmal lines due tod:ﬂ'mtmowpw
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For one-electron atom or ions these shifts can be exactly calculated and
are referred to as normal mass shifts. The .correction to the energy term
arises from the fact that the Rydberg constant depends slightly on the mass
of nucleus as & result of the relative motion of the nucleus and the electron
about their common centre of mass. It is this dependence that led to the
discovery of heavy hydrogen. Thus

R =R, [(1+m/M), e . .o (1)
where R is the Rydberg constant for an atom of mass M, R, the Rydberg
constant for an atom of infinite mass and m the mass of electron. If one
replaces the nucleus of H mass 1 by that of D (1 proton 4 1 neutron) mass
2, one finds that the resulting change in R gives a normal mass shift of
179 A in the wavelength of the H, line. This is shown in Fig. 5 which
represents the 3 — 2 transition and records the isotopic displacement (1-79 A)
for atomic hydrogen of mass 1 and deuterium of mass 2. The displacoment
(2-38 A) for hydrogen and tritium (T), the radio-active heavier hydrogen of
mass 3, is also recorded. Urey ¢f al. (1932) demonstrated the existence of heavy
hydrogen (deuterium) by messuring this difference. In the case of heavy

S
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F1e. 5. Isotope shifts in the 3 — 2 transition of atomio hydrogen,
showing Hy, Dz and T4 lines of the three isotopes (after
G. H. Dicke. Ann. Rev, Nuc. Sci., 1, 383 (1852)).
atoms with small mass difference between isotopes, the change in R and there-
fore the normal shift rapidly becomes very small. For example, for unit mass
differences the shift for a line at 5000 A is about 0-01 A for M = 16 and
becomes. negligibly small for higher mass.

In the case of atoms containing several electrons the mass shift is no
longer given by the normal reduced mass correction. The calculations for
term correction become rapidly more complex, because the motion of the

individual electrons is not independent of other electrons. This introduces, in
- addition to the normal reduced mass correction, also the specific mass polariza-
tion effect which is inversely proportional to nuclear mass and depends on
the spectroscopic state of the atom. Accurate wavefunctions are therefore
necessary to determine its magnitnde. Heliu, an atom with only two elec-
: trons is tha simplest to deal with. Extensive experimental work has been
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done on the isotope shifts of many lines in several series of singlet spectra of
helium. Recently Pekeris et al. (1968) have calculated accurate wavefunctions
for the low levels of helium, thus making it possible to calculate precisely the
specific mass effect. Burger and Lurio (1969) have measured the isotope shift
in the 21P; —» 218, 2-06 ¢ line employing a modified zero-field level crossing
method (Hanle effect). In this experiment a beam of ‘He metastable atoms,
produced by electron bombardment, passes through a uniform variable
magnetic field where it is irradiated by 2-06 u radiation from a microwave
excited 3He discharge lamp. The applied variable magnetic field shifts the
= -1 sub-level of the 21P, state so that the 2-06 . ¥He resonance line can be
scanned. The excitation of 21P, state is detected by monitoring the 584 A
photons arising from the decay of the state to the ground level 118, of the
atom. The required isotope shift is obtained from the maximum in the
scanning signal. The observed shift, 0-140040-0045 cm-1, is in good
agreement with the calculated (Pekeris 1962) shift, 0-1419 e¢m-1, Similar
calculations for heavier atoms are much more complex and no simple rules exist
to derive the specific mass effect in elements with many electrons. In certain
individual cases it is estimated from a comparison of the total relative
isotope shifts observed experimentally in several suitable spectral lines. The
total mass shift, however, decreases rapidly with increasingly heavier atoms and
is probably justifiably ignored in those cases.
Incidentally, the results with helium show that an accurate measurement of
isotope shifts can be used to test the accuracy of the wavefunctions employed.

2.3 Field Dependent Isotope Shifts

The field dependent isotope shifts arise in the following way: First, the
addition of neutrons causes the volume occupied by the charge distribution
to increase. Secondly, the spatial arrangement of protons in the nucleus will
change giving rise to the possibility of deformation of the nucleus to a non-
spherical shape which changes as neutrons are added. Therefore, since in
the case of large nuclei the net charge can no longer be regarded as a point
charge, the energy of the electrostatic field between the nucleus and the
electron shells will depend on the size and shape of the nucleus, i.e. nuclear
charge distribution. As this varies from one isotope to another, there results a
small difference in wavelengths of the spectral lines of the isotopes. In the
basic theory of field effects, spherically symmetrical nuclear charge distributions
of simple form are assumed and the term shifts calculated by perturbation
methods. More rigorous methods have been employed in recent years and
the relative shift from one isotope to another is expressed as the product of
two factors; one associated with the electron configuration and the other
specifically with the property of the nucleus, namely the charge, the size and
the shape or deformation of the nucleus,
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Thus, another important use of isotope shifts in atomic spectroscopy is
that in heavy atoms, particularly in the actinides, isotope shifts give the most
useful information for the term analysis of their complex spectra and for the
assignment of electron configuration to the energy levels of these atoms
(Fred 1967).

In order to study the field shifts, it is necessary to allow for the total
mass effects in the experimentally observed shifts. In the case of the lighter
elements (mass up to about 50 or 60) the larger part of the observed shift is
due to mass effects. In these elements the field effect can be detected by the
irregular manner in which the shifts between successive even isotopes of the
element vary. This is because the mass shifts between adjacent isotopes
change smoothly from one isotope to the other for all the even isotopes of
the element. The odd isotopes exhibit a stagger in this regularity. These
effects are illustrated in Fig. 6 which shows the relative isotope positions in
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Fi16. 6. Relative isotope positions
in (a) Hg, (b) Pb and (c) Sm.

Hg, Pb and Sm. Since, however, it is not generally possible to evaluate sepa-
rately the contributions of mass and field effects, experiments aimed at
investigation of field effects generally use only the heavier elements. In the
case of medium heavy elements, the mass shifts although not negligible are
smaller than the field shifts in spectral lines involving transitions to or from
low § states. In such cases semi-empirical methods for allowing for mass
effects have been applied. These require investigation of several lines of the
elements in which the field effects are large and by comparing the shifts observed
one derives empirically the contribution of the mass shifts. Such analyses
have been carried out in a fow cases. Similar allowance should also be made,
in- principle, for the heavier elements, However, on the basis of experimental
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evidence, it is regarded as fairly safe to neglect the mass effects entirely in
comparison with field effects for elements heavier than the rare-earths (mass
about 140 or more). This is shown in Fig. 7 which shows the relatively large
displacement (0-251 A) for 235U and 238U which is mainly due to field effects.

2.4 Isotope Shift in Relation to Nuclear Properties

Comparisons of isotope shifts are often made with data obtained from
other types of experiments. Results obtained in high energy electron scatter-
ing, isomer shifts in Méssbauer effect, or energy of X-rays emitted by a muonie
atom, all give a measure of the value of the mean square radius of the nuclear
charge spherical distribution. Similarly Coulomb excitation experiments
on low lying nuclear states allow one to derive nuclear deformations while

4244122 A 4244-]3733.
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Fre. 7. Isotope shifts in the line 4244 A of uranium enriched
to percentages as shown. (Courtesy of Dr. M. Fred
‘and Dr. F. 8. Tomkins.)

data on hyperfine splitting of atomic spectral lines enable one to derive aceu-
rately the differences in deformation between nuclei with spin I > 1/2 of
different isotopes from the ratio of their quadrupole moments. Finally, the
observed phenomenon of giant resonance for photon absorption eross-section
for the heavy elements enables one to calculate nuclear deformation values,
particularly for strongly deformed nuclei. On the basis of the hydro-
dynamical model of the nucleus the resonance energy in deformed nuclei is
assumed to split into two, so that a relation between deformation and the
ratio of the two split resonance energies may be obtained.

Recently isotope shifts in the spectra of elements covering the range
between the magic neutron numbers 50 and 82 are discussed in terms of nuclear
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charge distribution. Comparison with results from Coulomb excitation
shows that for some elements the variation of field shifts within the sequences
of even-even isotopes cannot be due solely to deformation effects. It also
appears that the odd-even stagger cannot always be attributed to deformation
effects.

Values of radial changes are obtained from isotope shift results and
compared with values predicted from electron scattering data. A quantitative
treatment shows that, due to purely radial effects as distinet from deformation
effects, the increase of nuclear volume or change of charge distribution occurs
in markedly unequal steps as neutron pairs are added. The evidence is
particularly striking in Sn and Cd where deformations are small and vary
little among the even isotopes ('Sta,cey 1966).

The main difficulty involved in such comparisons, however, arises because
the shifts have their origin in small variations in nuclear properties, whereas
non-spectroscopic experiments are largely concerned with absolute measure-
ments on nuclear matter in bulk. A more recent approach to isotope shifts,
is to correlate them to particular nucleon configurations.

3. Isorore ErrFECTS IN SPEOTRA OF DiaTomMroc MOLECULES

In atoms the isotope shift can only be an electronic effect, which, whether
due to changes in mass or nuclear structure and electron configuration or
both, is always very small. Sometimes the shifts due to the two effects are
opposite in sign. The shifts being therefore generally very small, their study
involves elaborate and highly refined and sensitive experimental methods.
Moreover, except in the simplest cases where these can be understood in terms
of the mass effect, the shifts that depend equally also on structure changes
are not well understood on any suitable model.

In molecules we have the following situation in regard to the electronic
isotope effect. The potential energy functions of two isotopic molecules are
identical to a high degree of accuracy. This is because they depend only on
the motions of the electron and Coulomb repulsion of the nuclei. The latter is
independent of nuclear mass and so is the former also, if the Born-Oppen-
heimer approximation which aggumes fixed nuclei of infinite mass holds good.
In a great majority of molecules this appears to be so because the electronic
isotope effect is found to be negligible and well within the errors involved
in such determinations. However, for several diatomic hydride molecules an
accurately determinable difference in the electronic energy of isotopic mole-
cules (hydride and deuteride), i.e. an electronic isotope effect, is established.
Two of the well known such examples are the hydrides of boron and copper.
Thus for the B1Y - X1 system of BH and BD the observed effect is 12-7 cm-1
and for the A1Y — X1¥ system of CuH and CuD it is 22:2 cm-1. Recently
Bunker (1968) has discussed the problem, without the B-O approximation of



14 R. K. ASUNDI

fixed nuclei of infinite mass. Instead, the so-called adiabatic approximation
is used and diagonal corrections are made for the motion of the nuclei in each
electronic state. As these depend on the masses of the nuclei, the potential
curves s0 derived also depend on nuclear masses. It is shown that for diatomic
hydrides electronic isotope shifts of a few tens of cm-! are possible between
the hydride and the deuteride. These are of frequent occurrence but the
accuracy of their experimental determination being indirect, is probably no-
better than about 1 cm-1 in the most favourable case. g

In this respect the electronic isotope effect in molecules differs strikingly
from that in atoms. The shift in atoms can be directly obtained experimentally
by measuring the wavelengths of the lines of the isotopes. Although the
shift is very small it can therefore be determined to an estimated accuracy as
great as the experimental technique can achieve. For some elements, for
example Xe, Sn, Ba, shifts of the order of 0-001 ¢m-! have been measured.
The quoted standard errors are in many cases 0-0002 cm-! or less. In mole-
cules the electronic isotope effect is not & quantity directly measured from
experimental observation and its accuracy is not easy to estimate. To
calculate the shift, it is necessary to determine zero-point energies of the upper
and lower states of both isotopic molecules, Each of these determinations
is made by an extrapolation of the vibrational energy levels so that the accu-
racy obtained is not high. The uncertainty of the experimental determination
of the isotope shift even for hydrides of the first row, for singlet states of which
good experimental data are available, is probably of the order of 1 cm-1. Hence,
in general, except for the hydride molecules, the Born-Oppenheimer approxi-
mation of fixed nuclei may be adopted so that the relative positions of minima
of potential curves of different electronic states being the same, the electronic
energies in the normal and excited states of the isotopic molecules are also
the same to a very good degree of approximation. This means that the
electronic isotope shifts may be regarded as negligible.

However, the molecule possesses also rotational and vibrational energy
and isotopes can differ from one another in these two types of energy. Rota-
tional energy depends primatily on internuclear distance and mass, vibrational
energy, on force constant and mass. In the Born-Oppenheimer approximation
the internuclear distance (r) and the force constant (k) being entirely deter-
mined by electronic structure are exactly the same for isotopic molecules in
any electronic state. However, the reduced masses (u) of isotopes are different

. . . __h
and therefore the rotational constants in cm-1 glven— by B= Srtcprt and
the vibration frequencies (in em-1) given by o = 511:5 J T]i (assuming harmonic
vibrations) are different and bear to one another the following relations:

o=+ pf=p .. . .. . @
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and
BYB = p/ut = p? .. .. .. o (3

where, if the superscript ¢ indicates the heavier isotope, p will be less than 1.
In this way the mass difference affects the rotational and vibrational energy of
the isotopic molecules in all electronic states.

3.1 Isotope Shift in Rotation Bands
The rotational term is given by ‘

F;=BJ(J+1) .. .. .. @)
The wave-number of the line J+1— J is therefore given by the expression
vy = BJ+ )T +2)—BI(J+1) =2BI(J+1) .. .. (5)
The corresponding expression for the line of the isotopic band is
‘ V= 2BU(J+1) =2Bp?J(J+1) .. .. .. (B
The shift is given by .
. vp—v, = 2BJ(J +1)(1—p?) .. .. .. 7

An accurate measurement of the shift can be used to obtain p? and thus the
ratio of the masses of the two isotopic atoms. In favourable cases the accu-
racy of the ratio this obtained is comparable with that obtained in mass
spectrometry. The rotational shift is, in general, small compared to the
vibrational shift. For. example in the (3-0) band of H3%(Cl and H37Cl
the rotational shift is < 0-2 ecm-1 while the vibrational shift is 5-8 cm-1.

3.2 Isotope Effect in Vibration Bands

Restricting ourselves to the non-rotating molecule, we shall now investi-
gate the vibrational isotope effect. The term for the harmonic oscillator is
given in quantum mechanics by

s

Gg = we(v"l"%) e e . .o (8)
If unharmonicity is taken into account, calculations become rather complicated

but to a very good degree of approximation the vibrational term can be re-
presented by

Gy = wy(v4-1)— wze(v+1)2 .. .. o9
" [Old quantum theory gave for the similar vibrational term
Gyp=ow. v—ax . ve .. . .. .. (10

which reduced to zero for v = 0].
The wave-number of the vibration band (v-0) is therefore

vy = {we(v+1) —weTe(V+ )2} {wg . }— oty . }} = Wev—wee . v(v+1) (11)
for the isotopic band

W= o o=zl vo+1) =p. w,. v—pt. 0, v(v+1) .. (12)
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*. The shift for (v-0) band is given by
vo—v. = (1—p) . we . v—(1—p?) . wee . v(v41) .. .. (13)

The vibrational isotope effect was first discovered in the vibration-rotation
absorption spectrum of HCl by Loomis (1920) and independently by Kratzer
(1920). Many of the lines of the (2-0) band at 1'76 p had an asymmetrical
shape characteristic of an unresolved doublet consisting of a principal maxi-
mum with a secondary maximum on its lower frequency side. These two
components were shown to be due to H235Cl and H37Cl, the observed average
separation being in fair agreement with the theoretically predicted separation
and the intensity ratio of the two maxima being of the same order as the
abundance ratio of the two molecules. Actually with sufficient resolution a
doubling of all the lines has been recorded (Fig. 8) and the measured shifts for
the three bands, (1-0), (2-0) and (3-0), are compared in Table I with the cal-
culated shifts. | ' . '

Wave Number (mm)

’ 550 560 570
AR, el el
AU, -4 -
€0 1 Mcmq‘ -5 2 0 1
50 { -6 6
7
4ot -7 8
30} -8 9
2o | . .
10 ¢
182 178 176 174 172
Wave Length (M)

Fie. 8. Fine structure of the (2-0) vibration band of HCl, showing
doubling of the lines due to the two isotopes of chlorine
(after Mayer and Levin).

Tasrre I
Isotope shifts Aw in the vibration spectrum
"of H35Cl and H37Cl
{Herzberg and Spinks 1934)

Av (em-—1) -
Band
Observed  Calculated
{1-0) 2-01 2-105
(2-0) 4-00 4-053

(3-0) 5-834 5-845
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Another example of the sufficiency of the theoretical interpretation is the
following: Soon after the discovery of heavy hydrogen the infrared spectrum
of the isotopic molecule DCl present in minute concentration in ordinary HCl
was investigated (Hardy et al. 1932). In this case p? is nearly 0-5 and so the
isotope shift between HCl and DCl is so great that the bands lie in quite differ-
ent spectral regions, e.g. (1-0) bands of the two molecules lie at 3-46 p and
4-78 u respectively. It is found that the shift is exactly given by the above

theory.
3.3 Isotope Shift in Electronic Bands -

Quite generally a transition between two electronic states of a molecule
gives Fise to a system of bande, the wave-numbers of whose spectral lines
are given by

p= T D" = (T, =T )4 (G =G ) 4 (F' = F") = vt vp+ 9y .. (14)

where T, G and F denote electronic, vibrational and rotational terms respec-
tively and single primed letters refer to the upper state and double primed to
the lower state.

For a given electronic transition (7,—17,) = v, is a constant and since
F is small compared to G we may neglect it by confining ourselves to rotationless
states so that F' = F" = 0. Thus we get the following equation for the
rotationless vibration structure of an electronic band system (see eqn. 9):

v = vk {0 + P =Wz P — {0+~ 0 DT .. (15)

neglecting cubic and higher terms. Similarly for the isotopic molecule we get

V= o)+ {pw (v +3)—p2 . w0 + D} —{pw 0"+ 1) —p? . wiz, (" + 3T} (16)

But in Born-Oppenheimer approximation ¥ = ». The isotope shifts are
therefore given by

vt = (L=p){o,(t"+ 1) — (0" + D} = (1= p2) {0 + 32—z 0"+ (17)
For the (0-0) band v’ = »" = 0 and

v—yt = (1 -—p){w;/2—-w:/2}—(l —p’-){w;x;/ti—-w:x:/‘i} .. (18)
which, in general, is 5 0, whereas according to old quantum theory where
Gy=w.v, v—if =0,

The above treatment shows that it is just the vibrational shift that is
prominent and that it is strictly applicable when shifts are determined for
‘the origins of the bands. Usually, however, direct measurements of shifts
are made on the so-called heads of bands. In such cases it is assumed that

the relatively small rotational shxfts are approximately the same for all bands
of an electronic system.
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The simple theory briefly outlined above works remarkably well. It could
of course be improved by taking into account several terms which are neglected
in the above treatment, These are, for example, the anharmonicity terms,
terms due to the interaction of different electronic states, and the terms neg-
lected in the Born-Oppenheimer approximation discussed above. Lastly,
deviations from the Coulomb field near isotopic nuclei which give rise to shifts
of the order of 0-2 em™1 or less can be observed in those favourable cases for
which the mass shifts are also of small order. These are actually observed as

nuclear mercury isotope shifts in the spectra of HgH, HgH* and some other
cases.

4. AprricaTioNs or IsororE EFFECT IN MOLECULAR SPECTRA
4.1 Discovery of Rare Isotopes

The part that the isotope effect in spectroscopy has played in the develop-
ment of quantum mechanics and in the discovery of several important rare
isotopes has already been referred to. That the isotope effect in molecular
spectra provides a powerful method for the search for rare isotopes was first
demonstrated by Mulliken’s discovery (1925b) of 308i, an isotope which the
mass spectrograph had left as doubtful. Several other isotopes which because
of their rarity had eluded the mass spectrograph have been subsequently
discovered. Among such may be mentioned the isotopes of oxygen, nitrogen,
carbon, indium and beryllium, previously regarded as single masses. The
discovery of the oxygen isotopes 170 and 180 may be particularly mentioned
here. Close to the lines of the (0~0) band in the red atmospherie absorption
bands of Op, Dieke and Babcock (1927) observed several lines of a weaker
band which had apparently the same structure but could not be included in
the same system. Giauque and Johnston (1929) showed that the weaker
lines are due to a rarer molecule 180160, the stronger being due to the more
abundant molecule 18Q,, the calculated isotope shifts being in agreement
with the observed separations from the strong lines. Babcock also recorded
a further set of weak lines in the same range which Giauque and Johnston
showed to be due to 170180, As we have seen, this discovery led to the techni-
cally more important discovery of heavy hydrogen. It also inspired a vigorous
search for new isotopes by this powerful method. Thisresulted in the discovery
of 1N by Naudé (1930), 13C by King and Birge (1930) and 8Be by Watson
and Parker (1930) by the shifts they produced in the electronic spectra of
Nj, C; and BeH respectively. '

4.2 Identification of Emitters

The use of isotopes for fundamental molecular spectroscopy itself has
been manifold, e.g. for the identification of the emitter of the spectra, for the -
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correct assignment of quantum numbers, and in various ways. An account of
some interesting and important examples of such applications will now be
given. An isotopic displacement for the (0-0) band was first shown to exist in
the electronic spectra of 1*BO and 1BO, thus forestalling the existence of
zero-point energy of vibration later postulated by quantum mechanics
(Mulliken 1926¢, b). The isotope shift for {0-0) bands is usually small and in
some instances is too small to be certain. But the difference between the old
and new quantum mechanics is well shown not only by the shift in the (0-0)
band but also by the observed shifts in all other bands of the « system of
10BO and 11BO some of which are given in Table II.

Tasrte IT

Isotope skifts (Av) in the electronic specira of 1°BO and 11BO
(Jenkins and McKellar 1952)

Av (om~7)
Band )

Calculated Calculated

Observed Q.m. 0.Q.T.

(0-0) — 86 - 908 0
(1-0) + 267 + 26-29 -+ 85-69
(2-0) + 608 + 60-36 + 70-09
(3-0) + 936 4 93-14 --103-20
(4-0) +125-2 +124-63 +135-01

This example is important also for the fact that it showed for the first
time that the isotope effect can be very conveniently used to determine unmis-
takably the emitter of the band gystem. For instance, these bands were
originally attributed to BN because they were produced when the vapour of
BCl; was passed over active nitrogen. The observed isotope shifts, however,
agree with the calculated ones only if the emitter is taken to be BO instead of
BN. A further proof that the observed spectra are due to BO is that their
fine structure analysis shows that they involve transitions between electronic
levels of even multiplicity. This is possible for BO an odd electron emitter
and is not possible for BN an even electron emitter whose electronic levels
must have odd multiplicity. Since then the isotope shift has been employed
‘to determine unmistakably the emitter in the case of several band systems.

An interesting case was the problem of emitter of Swan bands. These
were attributed variously to CO, C.H,, O, -, ete. King and Birge (1930)
proved, by the shift observed between the two (1-0) bands of the isotopic
molecules 12C, and 12C!3C, that the emitter of the Swan bands is the C,
molecule. Fig. 9 shows in emission the same two (1~0) bands and also the
(1-0) band due to 13C,.
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Several other interesting examples may be mentioned also in polyatomic
molecular spectra. The first astronomical spectrum to be ascribed to a tri-
atomic species was the feature at 4050 X in the spectrum of comets, also
referred to as the nuclear bands of comets. Its initial identification as due to
CH; was based on the experimental conditions under which it was observed
in the laboratory. When, however, deuterium was substituted for hydrogen in

O
o~ o~
o o o

o] o] o
4737 1A 4744-6A 4752'3A

(1-0) SWAN BAND

F1e. 9. The (1-0) bands of C; Bwan system in emission, showing the three
isotopic heads due to 12C,, 12C13C and 13C,, A, B as in Fig. 10
{Bpectroscopy Labs., BARC, Bombay).

the discharge tube, no isotope shift occurred. Thus it was clear that the
emitter cannot contain hydrogen. When, however, carbon enriched (509%,)
with the isotope 18C was substituted for natural carbon, isotope shifts were
observed and the feature now showed six heads instead of the one head observed
with natural carbon (Fig. 10). This established that three carbon atoms
are present in the emitter responsible for the 4050 A feature. Fine structure
analysis of the bands then showed that no other atoms are present. This
established unequivocally that the emitter is indeed the free C; radical
(Douglas 1951). Similarly the spectrum of CH; was definitely identified by
the existence of four isotopic bands in a mixture of equal parts of hydrogen
and deuterium and of an isotope shift due to 13C (Herzberg 1961).

4.3 Elusidation of Basic Properties and Structure of Molecules in Ground and
Ezxcited States

Mention may be made here also of the remarkable effect on the appearance
of absorption band structure of molecules containing hydrogen when it is
replaced by D. In the 2160 A absorption band of CHj the line width is so
large that the individual structure lines overlap one another and are not
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F1a. 10. The spectrum of the strongest band of the 4050 A group. A shows the band from
a source containing natural carbon. B shows the same band from a source containing
carbon enriched in the 12C isotope.  (Courtesy of Dr. A. E. Douglas.)
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recognizable, whereas in the corresponding band of CD; at 2140 A, even
though still broad, the lines are recognizable (Herzberg 1961). A similar ex-
ample is of CH; and CD, (Fig. 11). Several interesting results are proved by the
spectra of 13CH; CD; and CHD. All have a recognizable fine structure
whereas in 120H, such a structure is wiped out. Fig. 11 also shows that in
CD, and CH, slternate lines are weak and strong, thus proving that the two
molecules are symmetrical. The observed intensity alternation—odd ones

1414-5 8

R P

Fia. 11. Ultraviolet absorption spectrum of 12CH,, 13CH,, ¥CHD and »*¥CD; in
the region 1410-1420 A. Lines of 12CH, are very diffuse while those of
13CH, are muoh sharper. (Courtesy of Dr. G. Herzberg.) -



THE KARIAMANIRKAM SRINIVASA KRISHNAN MEMORIAL LECTURE 23

stronger in CD; and even ones stronger in CH,—is, however, opposite to that
in similar infrared bands of C,D; and C,H,. This shows that the ground
electronic state is not a 13} state (totally symmetric) as in CyD, and C,H,
but must be either = or Z,. CHD being unsymmetrical, exhibits no alternat-
ing intensity in its fine structure. In all such cases the diffuseness is brought
about by predissociation due to tunnel effect. The diffuseness differs widely for
the isotopie molecules and the line width is significantly reduced when H is
replaced by D. This is due to the presence of tunnel effect and to the fact that
D atoms go through a given barrier much less easily than H atoms and that the
width of the barrier through which the D atom has to tunnel is greater than for
the H atom, since the vibrational level of the upper state of the deuterated
molecule lies Jower on account of the lower zero-point energy.

Substitution of deuterium for hydrogen in the water of crystallization
in several uranyl and rare-earth salts as well as in several organic molecules
brings about remarkable changes in fluorescence lifetimes and quantum
yields (Pant and Tripathi 1968). The effects observed are rather complicated.
It is possible that some of them may be understood on the basis of tunnel
effect. ‘ \

Isotope shifts are also useful in assigning correct vibration quantum
numbers for the bands of an electronic system. In several cases it happens
that a unique assignment is not possible on the basis of the vibrational ana-
lysis alone. Sometimes this is due to the position of the bands with low
quantum numbers being in a region not easily accessible, e.g. the infrared or
the vacuum ultraviolet. In such cases the correct assignment of the vibration
quantum numbers can be obtained by the isotope shifts observed for the
various bands. Many instances are well known but two recent examples of
this use of isotopes may be given. A study of isotope shifts in the second
negative bands of O; showed that the vibrational quantum numbers of the
final level which is the ground state of O] have to be increased by one unit
(Bhale and Rao 1968). This changes the molecular constants Te, we, weZe
and 7.. An immediate result was a correction in the value of ionization
potential of 0; from 12-063 to. 12-059 eV (Asundi 1968). This also changes
~ the transition probabilities for the process of ionization. Revised transition

probabilities show that on photo-ionization the first two vibrational levels of
the ground state of Of are populated by direct process only while to the
popalation of the third level also the process of auto-ionization contributes
(Asundi and Rao 1969).

Similar studies of isotope shifts in the spectra of NS reveal that all the
four bands proposed to form a new (B2/7 - X*IJ) system show shifts which prove
that the proposed analysis of the bands is incorrect. This is shown in Table
IIT which gives the observed shifts for NS and those calculated on the basis
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that the bands are due to the (0-0) and (0-1) vibrational transitions of a
proposed new system (B - X).

TasrLe 111

Lsotope shifts Av in the band heads of NS and 15NS in the wrongly proposed
(B > X) system (Narasimham and Srikameswaran 1962)

v Av (cm—1) Av (em-1)
0 Cal ! Cal
al- . -
o Observed culated Observed culated
43082-7 —27-8 ~51 41879-1 - 54+5 —-33-7
429584 — 37 —5-1 41752-1 +38-3 —33:7

Of these, the band at 417521 cm-1 with a shift at - 38-3 em-1 is really the
(2-0) band of the already known B system of NS for which the calculated
shift is 385 cm-1. The band at 42958-4 cm-1 has indeed an isotope shift
which is close to that expected for a (0-0) band. However, it is likely that
it is a band due to NS+ measured by Dressler at 42956-9 cm-1. The remain-
ing two bands form along with six other bands a new (2Z — 2[7T) system in NS,
These results have been further confirmed by the isotope shifts in the spectra
of N32S and N348 (Narasimham and Subramanian 1969). Therefore there is
no evidence for the existence of a (B — X) system. Similarly isotope studies
show conclusively that another new system (B’ - X) also proposed in NS has
no existence. The bands proposed to form that system also do in reality
belong to the new (2X - 2J7T) transition mentioned above. This example shows
how important isotope effect can be for the correct determination of electronic
energy levels and therefore the elucidation of the structure of molecules.

Another interesting example of a similar use of isotope shifts concerns
the so-called high pressure carbon bands. The emitter of these bands was in
doubt till Johnson and Asundi (1929) proved that the lower electronic level of
these bands is the same as that of the Swan bands. The Swan bands were
just about the time, proved by isotope effect, to be due to the molecule C,.
The high pressure carbon bands form a single i)rogreasion and, since they are
very selectively excited practically to the exclusion of the Swan bands (Fig.
12), they were regarded as forming a separate system. Herzberg (1946),
however, showed by vibrational extrapolation and on considerations of ob-
served intensity distribution that they can be satisfactorily regarded as the
v’ =='6 progression of the Swan system. The mechanism of selective excita-
tion of just this one progression, however, is not clear so that one would like to
prove conclusively whether they form part of the Swan system or a separate
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system. This has been recently tested by a study of the isotope shifts of these
bands using enriched !3C (Dhumwad and Narasimham 1968). If the bands
formed a new v’ = 0 progression the isotope shifts will be given by (see eqn. 17)

v—vt = (Lmplo, (2= (0" + D}~ (1 —p{wz 4~z 0"+ )2} .. (19)

SWAN BANDS
@0 (vlu) ;0 or1) G
G | (29 ) 62 | (-9
«g) e o]l & el
b . -'
| | |
. . (589934) 4234)
(e E:-! ‘g A) G f:-% )z A) Pt 6 4(5. 3

HIGH PRESSURE C2 BANDS

d) IN CONDENSED DISCHARGE THROUGH CO AT Gmn.yg
b) 7] 7 " ”w 30mm.ﬂg

Fic. 12. Selective excitation of high pressure carbon bands (Spectroscopy Labs.,
BARC, Bombay).

where ¢” takes values 0, 1, 2, etc. The second term on the right-hand side is
relatively small and may be neglected for the present argument for low o”
values. The bands being shaded towards the shorter waves w, is greater
than w, and (1—p) being positive, the (0-0) band should show a small positive
shift. However, w,(v"+3}) increases very rapidly whereas «,/2 remains
constant. So one expects all other bands (with v” > 1) to show increasingly
negative shifts. But even the band with v" = 5 shows a positive shift (Fig.
13) so that (w,/2—1lw;/2) should be positive. For this to happen, since
w, is known from the Swan bands to be 1641 em™1, w, shall have to be greater
than 18,051 cm™1 or 16,670 em™ (if the contribution of the 2nd term in (19) is
not neglected), which is an impossibly high value for vibration frequency of
a molecule. On the other hand, one can caleulate from eqn. (17) the isotope
shifts to be expected if the bands form the v’ = 6 progression of the already
well-known Swan system. Table IV which compares the observed shifts with
those thus calculated proves that indeed the high pressure carbon bands do
belong to the Swan bands and form the v* — 6 progression of that system.

The selective excitation of these bands, almost to the exclusion of other
bands of the Swan system to which they do belong, is indeed very striking.
Another instructive oase, this time s polyatomic molecule, is the spectrum of
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HCO where the isotope shifts establish not only the vibrational numbering but
also the nature of the excited electronic level (Johns et al. 1963).
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Fie, 13. Isotope shifts in bands of »” = 6 progression of the Swan system of Cy (high pressure
carbon bands), A, B as in Fig. 10 (Spectroscopy Labs., BARC, Bombg.y).

TasrLe IV
Isotope shifts Av of the high pressure carbon bands

Av (15C,-120180); (om-3) A (2203-1Cy); (om-1)

(v'—t") Band head

(A) Ohbserved Calculated  Observedf Caleulated
(6-4) 4368-8 +54-3 +54-3 +117-9% 41106
{6-5) 4680-2 +24-8 +-26-8 + 546 -+ 550
(6-8) 5899-3 —50-¢ —50-2 —104-4 —101-0
{6-9} 6442-3 737 —74-1 - -

* Value uncertain. -
t From R. K. Dhumwad, Ph.D thesis, Bombay Univ., 1968.

5. Isororr ErrecTs ix SpEcTRA OF PoLyAToMIC MOLECULES

Some of the important results of isotopic studies in the spectra of poly-
atomic molecules are already mentioned. Such studies make it possible also
to test the validity of Raman and infrared spectra and offer additional data
needed for finding the forms of molecular vibrations. Although substitution
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of isotopes does not change the force constants, it brings about a change in
frequency because of the alteration in the masses participating in the
vibration. It is easy to see how such frequency changes can be used to obtain
information about the form of a vibration. If, for instance, an atom remains
at rest during a normal vibration, substitution of this atom by an isotope
does not change the frequency. The stronger the participation of the substi-
tuted atom in a vibration the greater will be the resulting change in frequency.
Simple rules exist concerning the ratio of products of frequencies before and
after isotopic substitution. The exact form of these rules depends on molecular
symmetry and thus the results can be used to verify assumed symmetries.
Such considerations are particularly important for the electronic spectra of
large molecules. The absorption spectra of molecules like the aromatic and
substituted aromatic molecules, condensed ring molecules, etc., exhibit a
large number of bands which are often attributed to.excited state frequencies
of different vibrations of the molecules by correlating them with the ground
state frequencies known from infrared andjor Raman spectra. Such
correlation is usually proposed on considerations which depend on the nature
of the electronic transition (allowed or forbidden) and on the intemsity and
number of quanta associated with the vibration depending on the geometric
form of the molecule in the two electronic states. Quite often mere considera-
tions of numerical values of the frequencies relative to the ground state fre-
quencies form the basis of assignments. Such analysis is of little scientific
value and may even be misleading. Isotopes can be usefully employed to
arrive at correct assignments for these complicated spectra. There are several
instances of such applications of isotopes particularly for the ground state
frequencies. The following is a recent example of particular significance for
assignment of excited state frequencies (Padhye 1969).

Fig. 14 shows the long-wave vapour absorption spectra of two isotopes of
2-aminopyridine, the two atoms of hydrogen in NH, in the lighter isotope
being replaced by deuterium in the heavier isotope. Measurement shows that
the spectra contain several bands which suffer only small shifts on isotopic -
substitution. For instance, the band B,, corresponding to frequency 525 cm™1
in the lighter, suffers only a small shift showing itself as having frequency
© 514 em™ in the heavier isotope. This band therefore represents a ring fre-
quency and may be identified as an excited frequency of vy, in the ground
state. In contrast, there is the band C; which shows a large shift, its position
from (0-0) band being 352 cm™! in the lighter and 271 cm™ in the heavier
isotope. This band has therefore to be correlated to an NH, frequency.
The nature of the transition and the intensity of the band show that it belongs
to a totally symmetric vibration. The corresponding vibration in the ground
state can be identified as the wagging mode which out of all the totally sym-
metric vibrations has a frequency of the right order.



ASUNDIL Proc. Indian natn. Sci. Acad., Vol. 36, A, Plate X1

It is important to note that the position of the C; band from (0-0) band
A, viz. 352 cm™1, however, does not represent the magnitude of the frequency
of the wagging mode in the excited state. Due to inversion type splitting of
the vibrational levels, and the relevant vibrational selection rules, the (0-0)
transition gives rise to two bands. One of these arises out of the transition
between the two lower of the split components and is called (0-0) and is re-
presented by band A. The other is due to the transition between the two upper
of the split components. This is the band denoted as C;. 352 em™! is thus
the difference between the splittings of the zero vibrational levels of the
ground and excited electronic states. Comparison of the spectra of the two

<t
—

-
-

©
o
=)

0,0 (33465)
0,0+ 968

2- NHz-Py

2-ND,- Py

Fie. 14. Long-wave vapour absorption spectra of 2.aminopyridine. (Courtesy
of Dr. M. R. Padhye.)

isotopes then enables one to pick out the bands which involve this mode of
vibration and with the aid of the selection rules assign them to transitions
between the correct components of the split levels in the two electronic states.
Thus the spectra of the two isotopes together yield important information
regarding the wagging mode vibration of NH; in 2-aminopyridine.”

6. SPROTROSCOPY IN ISOTOPIC ANALYSIS

Let me now talk of some of the spectroscopic methods which have proved
useful for isotopic analysis. One of these is the estimation of deuterium in
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samples of heavy water by an atomic spectroscopic method based on the
relative intensities of Hy, and D, lines (Broida and Moyer 1952). Another is the
more direct molecular spectroscopic method based on the relative intensities
of the vibration-rotation absorption bands of H,0, HDO and D,O (Gaunt
1954; Kartha and Sethuraman 1964), This method allows continuous, on-line
checking of the concentration of heavy water used in certain types of nuclear
reactors. The relative concentrations of 18N, 14NN and 14N, in a given
sample of nitrogen can be estimated by an absolute method based on the
intensities of certain selected electronic bands of nifrogen (Broida and
Chapman 1958). Finally the enrichment of B in samples of BF;3 used in
neutron counters can be estimated by a similar method based on the relative
intensities of the (0—0) bands of 1°BO, and 11BO,. The spectra of a microwave
oscillator discharge through a mixture of BF; and argon shows several intense
bands whose emitter is conclusively proved to be the triatomic radical BO,. It
was observed that even in the (0—~0) band of this system the isotope shift of the
two bands due to 9B, and 11BO, is sufficiently large to be used for establishing
a method of isotopic analysis employing common spectroscopic equipment
(Krishnamachari and Vengsarkar 1965). While for the estimation of depleted
or slightly enriched uranium and other fissile materials the mass spectrograph
offers a more sensitive method, optical spectroscopic methods employing inter-
ferometric techniques although less sensitive are less time consuming. On the
other hand, the methods developed for heavy water and boron based on optical

. spectroscopy employing the usual ordinary techniques are sufficiently sensitive
and fast.

7. CoNCLUSION

Sufficient has been said to bring out the importance of isotopes as tools
in the investigation of problems of basic spectroscopy such as the structure
of nuclei, atoms and molecules and the laws that govern their properties.
Spectroscopy in turn has been instrumental in discovering a number of new
isotopes of very small abundance, which escaped the scrutiny of the mass
spectrograph. Some of these are the isotopes of oxygen, hydrogen, 'nitrogen
and carbon. Each of these rare isotopes has brought about an enrichment in
our knowledge of the structure of the homo- and hetero-nuclear molecules of
these elements. The discovery of oxygen isotopes was a big and basic sur-
prise to the chemist. The discovery of heavy hydrogen has contributed
largely to the development of atomic energy. Isotope shift studies have
proved useful for accurate determinations of the content of emriched fissile
isotopes in materials for nuclear power and of heavy water used in ocertain
types of nuclear reactors. The interrelation of isotopes and spectroscopy

has thus yielded altogether a very rich scientific and technological harvest
indeed.
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