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Abstract. An experiment on laser-induced fluorescence of
the iodine dimer is reported. The experiment, meant for an
advanced undergraduate physics laboratory, requires
relatively simple and inexpensive apparatus yet it introduces
students to essential laser spectroscopy methods. Observation
of the molecular spectrum demonstrates basic principles of
quantum mechanics. Molecular parameters such as bond
length, force constant, anharmonicity of the interatomic
potential etc may be obtained from the analysis of the data.
Finer phenomena, such as intensity distribution of spectral
lines or collisional energy transfer between rotational levels,
can also be studied. Apparatus, specific results and various
stages of data analysis are described in the paper.

Streszczenie(In Polish). Przedstawiamy doświadczenie
dotycza̧ce badania widma cz¸asteczki I2 przez obserwacj¸e
fluorescencji wzbudzonejświat lem laserowym.
Doświadczenie to, przeznaczone dla pracowni
dydaktycznych, zapoznaje studentów z metodami
spektroskopii laserowej, mimȯze wymaga stosunkowo
prostej i taniej aparatury. Obserwowane widmo cz¸asteczkowe
unaocznia podstawowe zasady mechaniki kwantowej.
Analiza wyniḱow dóswiadczenia pozwala wyznaczyć takie
parametry cz¸asteczki jak d lugósć wia̧zania, sta la si lowa,
anharmonicznósć potencja lu cza̧steczkowego itd. Mȯzliwa
jest tėz obserwacja subtelniejszych zjawisk, takich jak
rozk lad natȩżén linii widmowych lub zderzeniowy przekaz
energii wzbudzenia mi¸edzy poziomami rotacyjnymi. Artyku l
przedstawia uk lad dóswiadczalny, przyk ladowe wyniki
pomiaŕow oraz kolejne etapy analizy otrzymanych rezultatów.

1. Introduction

Laser-induced fluorescence (LIF) of molecules is
probably one of the most spectacular and colourful
experiments in physics. At the same time, emission
spectra originating from molecular levels selectively
excited by laser light are relatively simple, yet provide
a wealth of information about the structure of the
molecules involved (e.g. bond lengths, force constants,
interatomic potentials). Demand for experimentally
determined molecular parameters coming from laser
chemistry, plasma physics, astrophysics and other
branches of science has brought about a renaissance of
optical spectroscopy in the past decades.

We believe that it is particularly important to adapt
experiments of contemporary significance to the under-
graduate student laboratory, so that future physicists can
become familiar with important phenomena and exper-
imental techniques. Accordingly, we have designed a
model experiment on LIF of the I2 molecule, which in-
cludes basic elements of advanced laser spectroscopy re-
search. Student experiments on the I2 molecule, dealing
with both absorption and emission spectra, have been

already reported [1–3]. However, we propose several
improvements leading to better accuracy and spectral
resolution. This, in turn, allows for deeper analysis of
the experimental data. The required apparatus is still
reasonably simple, inexpensive and is probably avail-
able in many laboratories training physicists. The ex-
periment is instructive from both a practical and theo-
retical point of view. It brings an advanced laboratory
student into intimate contact with lasers, spectrometers,
light detectors, lock-in techniques, computer data acqui-
sition and analysis. On the other hand, the connection
between the observed spectra and the structure of the
molecule provides a rather simple and concrete exam-
ple of quantum principles. The experimental results can
be exploited in a variety of ways, from a mere obser-
vation of spectra and the underlying quantum rules to a
lengthy analysis of the molecular structure. The student
can pursue the analysis depending on his talent and tem-
perament. We have found the experiment most effective
in motivating deep and interesting questions concerning
molecular and laser physics, at just the proper point in
the student’s career.
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Figure 1. View of the experimental apparatus: C, iodine fluorescence cell; L, lenses; M, mirrors; IRL, infrared lamp;
Ch, chopper; PMT, photomultiplier tube.

2. Experimental arrangement

Figure 1 presents the experimental setup. The
fluorescence spectrum of the B–X system of I2 (in a
full spectroscopic notation: the B 0+u − X 16+g system)
is recorded photoelectrically in the region 11 500–
17 000 cm−1 (figure 2). The fluorescence is excited
by a beam from a He–Ne laser (Carl Zeiss, Jena)
with a cavity length of 1.8 m, operating at 632.8 nm
and providing up to 20 mW output power. The use
of such a long cavity laser is clearly advantageous
in this experiment. Small mode spacing in the laser
spectrum causes several laser modes to overlap the
Doppler broadened absorption line and this assures
stable excitation. This cannot be achieved with a
short cavity laser with a small number of modes
which drift in or out of the absorption line profile.
Therefore we recommend the use of a laser with a
cavity length exceeding 3/4 m. The laser beam, chopped
mechanically at frequency of about 200 Hz, is focused
with f = 50 cm lens to about 100µm diameter inside
the iodine fluorescence cell made of a 5 cm diameter
glass cylinder. It has been filled with a few crystals
of iodine, evacuated to about 10−2 Torr using a simple
rotary pump and then sealed off. It is highly advisable
to use a liquid nitrogen trap when pumping out the cell
in order to prevent contamination of the pump with
iodine. The laser-induced molecular fluorescence of
I2 can be easily observed with a naked eye even at
room temperature. The concentration of molecules and,
consequently, the fluorescence intensity increase when

the cell temperature is raised to about 60◦C. This can be
done by blowing hot air from a commercial hairdryer.
To avoid noise in our experiment we used an infrared
lamp from a chicken incubator instead.

The molecular fluorescence was imaged with two
glass lenses (f = 12 cm) onto an entrance slit of
a 1.1 m grating double monochromator GDM-2 (Carl
Zeiss, Jena) with two 600 grooves/mm plane reflectance
gratings blazed at 500 nm. When operated with 100–
150 µm slits the monochromator provided resolution
of about 2 cm−1 in the first order of the gratings
(compared to the Doppler width of molecular lines equal
to approximately 0.01 cm−1). This was quite sufficient
to resolve all but a few lines in the I2 fluorescence
spectrum (figure 3). The use of a double monochromator
is not essential since the amount of laser light scattered
on the cell walls is quite low. Thus similar results could
be obtained with any monochromator with comparable
resolution; we used a double monochromator simply
because it was available. The monochromator was
equipped with an absolute angle encoder measuring the
wavenumber in 0.1 cm−1 steps. A photomultiplier tube
with a multi-alkali photocathode was used as a light
detector behind the monochromator. A signal from the
photomultiplier was measured with a lock-in amplifier
(Ithaco model 3981) and recorded in a PC together with
the wavenumber information. A computer code written
by a student read the data from the angle encoder,
controlled the lock-in amplifier and recorded the spectra.

The monochromator was calibrated with about
25 argon lines from a Plücker discharge tube, covering
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Figure 2. Fluorescence spectrum of I2 excited by the 632.8 nm line from the He–Ne laser (the laser frequency is
indicated by an arrow). The relative intensities have not been corrected for the spectral response of the
photomultiplier and the monochromator. The assigned vibrational progressions correspond to (a)
(v ′ = 11, J ′ = 128)→ (v ′′, J ′′ = 127, 129) and (b) (v ′ = 6, J ′ = 32)→ (v ′′, J ′′ = 31, 33) transitions.

in a uniform way the whole spectral region of interest.
The calibration procedure is an indispensable part of the
experiment allowing the student to get acquainted with
standard spectral line tables and the procedure itself.

3. Experimental results and discussion

The discussion included in this section is intended only
to aid the reader in understanding the experimental
results. Some crucial details are presented in the
appendices. Much more comprehensive presentations
of the theory of molecular spectra and structure are
available in the literature [4–7].

3.1. Observed LIF spectrum

The LIF spectrum observed in the experiment is
displayed in figure 2. When iodine vapour is illuminated
with monochromatic light from the He–Ne laser the
only levels excited are those whose energy of excitation
above one of the low-lying molecular levels populated
in the gas sample coincides with the frequency of the
laser line within the limits of Doppler broadening. It
has been experimentally verified [8] that the 632.8 nm
laser line excites in this way two transitions in the B–
X band system of I2, namely (v′ = 6, J ′ = 32) ←
(v′′ = 3, J ′′ = 33) and (v′ = 11, J ′ = 128) ← (v′′ =
5, J ′′ = 127). Note that in the spectroscopic notation

primes denote the upper level and double primes the
lower level in the transition; also the higher energy state
precedes the state of lower energy. In the fluorescence
from the two excited levels(v′ = 6, J ′ = 32) and
(v′ = 11, J ′ = 128) of the B state back to the
electronic ground state levels any change1v in the
vibrational quantum number is permitted. On the other
hand, the fluorescence transitions should conform to
the fundamental selection rule1J = 0,±1, which
results from conservation of angular momentum in a
molecule+ photon system. However, since the B–X
band is of16–16 type,1J values are restricted toJ ′–
J ′′ = −1 (so called P lines) andJ ′–J ′′ = +1 (R lines).
An explanation of this restriction, reaching deeply into
the symmetry properties of wavefunctions of molecular
states involved in the transition, is given in appendix I.
Accordingly, in the experimental fluorescence spectrum
we observe two series of doublets, each consisting of P
and R lines (see figure 2). The fluorescence series form
vibrational progressions, corresponding to transitions
from a given laser excited (v′, J ′) level in the B state to
subsequent (v′′ = 0, 1, 2 . . . , J ′′ = J ′ ± 1) levels in the
ground X state. The series are easy to distinguish. They
originate from levels with very different values ofJ ′

and the P–R distance differs approximately by a factor
of four (see next section for details). Both series meet
at the laser frequency (though excitation proceeds via
P line in one and via R line in the other) and diverge
far from the laser line. The vibrational assignment is
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Figure 3. Fragments of figure 2, showing in detail
(a) the (v ′ = 6, J ′ = 32)→ (v ′′ = 5, J ′′ = 31, 33) and
(v ′ = 11, J ′ = 128)→ (v ′′ = 7, J ′′ = 127, 129)
fluorescence lines; (b) the
(v ′ = 11, J ′ = 128) → (v ′′ = 3, J ′′ = 127, 129) lines
augmented by molecular fluorescence from collisonally
populated levels: (v ′ = 11, J ′ = 130)—lines denoted as a
and b, and (v ′ = 11, J ′ = 126)—lines denoted as α and
β.

straightforward as we know levels excited by the He–
Ne laser. In fact this information is redundant for the
progression originating from the(v′ = 11, J ′ = 128)
level where doublets with measurable intensity begin
from v′′ = 0 (and extend tov′′ = 24 in our experiment).
For the series from the(v′ = 6, J ′ = 32) level a direct
assignment ofv′′ is not possible: fluorescence lines to
vibrational levelsv′′ = 0–2 are too weak to be observed
and the recorded doublets span onlyv′′ = 3–23 range.

3.2. Determination of the molecular constants for
the X 1Σ+

g state

The observed fluorescence spectrum of the B 0+
u →

X 16+g transition can be used to determine molecular
constants describing the ground electronic state of the
I2 molecule.

The total energy of the molecule in a given state is
well approximated by a sum of three components

Etotal = Eel + Evib + Erot. (1)

Eel is the electronic energy at the minimum of the
potential well,Evib is the energy of molecular vibration
andErot is the rotational energy. Modelling the molecule
as an anharmonic oscillator, we may write

Evib = ωe(v + 0.5)− ωexe(v + 0.5)2 (2)

where for the values of the molecular constants a
relation ωe � ωexe holds. (A simple argument for
the deviation from harmonic vibration is Coulomb
repulsion of the two nuclei, as a result of which the
internuclear distance can increase more readily than
decrease and thus Hooke’s law is not strictly obeyed.)
The vibrational constantωe, when measured in cm−1 (a
wavenumber unit of widespread use in spectroscopy),

can be expressed as12πc

√
k

µ
with µ being the reduced

mass of the molecule,k the force constant andc the
velocity of light. For molecular rotation a non-rigid
rotator model is appropriate, i.e. that of two point masses
connected by a spring. The rotational energy is in this
case

Erot = BJ(J + 1)−DJ 2(J + 1)2 (3)

with B � D. The rotational constantB (in cm−1)
equals toh/8π2cµR2

e whereh is the Planck constant
andRe denotes the equilibrium length of the molecular
‘spring’, i.e. the equilibrium distance of the nuclei. The
second term in (3), correcting the well known formula
for the energy of a rigid rotator, expresses the action of
centrifugal force on the rotating molecule. It causes the
internuclear distance to increase with increasing rotation
and diminishes the rotational energy. Finally, we have
to take into account that rotation and vibration take place
simultaneously and can influence each other. In the
simplest model the rotational constantB acquires av-
dependence of the form:

B = Be− αe(v + 0.5). (4)

A similar expression holds for the centrifugal distortion
constantD. However, as thev-dependent term is
very small in this case, we may approximate simply
D = constant and denote it asDe.

Consequently, we describe the X16+g state of I2
using five molecular parameters:ωe, ωexe, Be,De and
αe (note that for the ground state we chooseEel = 0).
These parameters can be obtained from the measured
fluorescence spectrum in the following way. The line
positions ν(v′, J ′ → v′′, J ′′) of a fluorescence series
represent the difference between the upper state energy
E′(v′, J ′) (fixed for a given series) and the energy of
the (v′′, J ′′) ground state level:

ν(v′, J ′ → v′′, J ′′) = E′ − ωe(v
′′ + 0.5)

+ωexe(v
′′ + 0.5)2 − BeJ

′′(J ′′ + 1)
+DeJ

′′2(J ′′ + 1)2 + αe(v
′′ + 0.5)J ′′(J ′′ + 1). (5)

In the first step of the analysis we must note that the
spacing between the two doublet members(v′, J ′) →
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Table 1. Molecular constants for the X 16+
g state of I2

(all in cm−1) determined in this experiment, compared to
the best literature values. We treat results from [9] as
‘exact’ ones as their precision exceeds ours by several
orders of magnitude.

This experiment [9]

ωe 214.54± 0.10 214.5292
ωexe 0.63± 0.01 0.6130
Be 0.0375± 0.0005 0.037 368
De (7± 4)× 10−9 4.5354× 10−9

αe (1.24± 0.10)× 10−4 1.1382× 10−4

(v′′, J ′′ = J ′ + 1) and (v′, J ′)→ (v′′, J ′′ = J ′ − 1) of
the P–R fluorescence series equals

1νrot = 4(J ′ + 0.5)[Be− 1.5De− 2De(J
′ + 0.5)2

−αe(v
′′ + 0.5)]. (6)

Plotting1νrot/4(J ′ +0.5) against(v′′ +0.5) for each of
the two fluorescence series separately, we can determine
the constantsBe, De andαe.

To find the other two molecular constants,ωe and
ωexe, we have to consider spacings between pairs of
lines (v′, J ′)→ (v′′, J ′′) and(v′, J ′)→ (v′′ + 1, J ′′) of
the same fluorescence progression, given by

1νvib = ωe− αeJ
′′(J ′′ + 1)− ωexe(v

′′ + 1). (7)

With the αe value determined before, from the plot of
1νvib against(v′′ + 1) the two remaining vibrational
constants can be determined.

The molecular constants calculated from the experi-
mental spectrum shown in figure 2 agree within experi-
mental error with the highly accurate values obtained for
I2 by Fourier transform spectroscopy [9] (see table 1).
The precision of our experiment is sufficient to deter-
mine the vibrational constant to 0.05% [sic!], the anhar-
monicity to 1.5% and the rotational constant to 1.3%.
For the two other molecular parameters we get rather
an order of magnitude estimate.

The molecular constants can be used to calculate
physical quantities of a more direct, ‘classical’ meaning.
One has to remember, of course, that they are not
always to be taken literally. For example, for a
quantum oscillator even in the lowest state(v =
0) its position can be predicted only as a Gaussian
distribution of probability—in contrast to a motionless
classical oscillator resting at the equilibrium position.
Nevertheless, we found that calculating the ‘classical’
parameters is appealing to the students and helps them
to get a feeling about the phenomena involved. Thus
from the rotational constantBe = 0.0375 cm−1 we get,
usingµ = 1.05× 10−25 kg [10], the separation of two
iodine nucleiRe = 2.66 Å. This value can be compared
to the mean radius of the valence 5p orbital in a free
iodine atom,〈r〉 = 1.32 Å [10]. Re is nearly exactly
equal to 2〈r〉; this helps to visualize the extent of overlap
of atomic orbitals in the ground molecular state. The
frequencies of rotation in theJ = 1, 2, 3 . . . states are

frot = 2cBe
√
J (J + 1 = 3.2, 5.5 and 7.8 × 109 s−1,

respectively (see appendix II for a simple derivation
of the above formula), which corresponds to rotation
periods of order of 10−10 s= 100 ps. We can compare
these numbers to the vibrational frequencyfvib = cωe =
6.4× 1012 s−1 and vibrational period 1.5× 10−13 s =
0.15 ps. Thus the period of molecular rotation turns
out to be greater than the period of oscillation by few
orders of magnitude. This could be expected from the
hierarchy of molecular energies: the rotational levels are
usually much more densely spaced than the vibrational
levels. From the vibrational frequency and the reduced
mass of the molecule we can evaluate the force constant
k = 1.7× 102 N m−1. Surprisingly, this is about the
same force constant as for a kitchen spring balance, with
a spring stretching by 5 cm under 1 kg weight. But from
our everyday experience the vibrational frequency of the
balance may be of order of few Hz only. It is mass of
the atoms which makes the difference!

3.3. Intensities of the fluorescence lines

The absolute intensities of I2 fluorescence lines are
difficult to measure as it would require precise
calibration of the spectral response of our optical
system. In particular, in the 590–850 nm spectral range
covered in the experiment, the quantum efficiency of our
photomultiplier tube changes dramatically. However,
we would like to comment on a feature of the spectrum
which can be recognized even without calibration,
namely why some lines in a fluorescence progression
are strong whereas others cannot be observed at all.

The observed fluorescence intensity for a transition
from a fixed upper state level(v′, J ′) to the ground
state levels(v′′, J ′′) is proportional to the population
of excited molecules and the spontaneous emission
coefficientA(v′J ′ → v′′, J ′′) for the transition. The
ratio of intensities for two members of the same
fluorescence series is given by

I1

I2
= A(v′, J ′ → v′′1, J

′′)
A(v′, J ′ → v′′2, J ′′)

. (8)

With the molecular wavefunction factorized according
to (AI.1) and assuming that the electronic transition
moment [4] does not depend on the internuclear
distance, the fluorescence intensity ratio may be
rewritten as

I1

I2
= ν3(v′, J ′ → v′′1, J

′′)FC(v′, v′′1)
ν3(v′, J ′ → v′′2, J ′′)FC(v′, v

′′
2)
. (9)

Hereν is the frequency of the transition andFC(v′, v′′)
is the Franck–Condon factor for the transition defined
as the square of the vibrational overlap integral

FC(v′, v′′) =
∣∣∣∣ ∫ ψvib(v

′)ψvib(v
′′) dR

∣∣∣∣2

(10)

whereψvib(v
′) andψvib(v

′′) are the upper and lower state
vibrational wavefunctions.

Now we shall restrict our analysis to a specific
problem: why the(v′ = 6, J ′ = 32) → (v′′ =
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5, J ′′ = 31, 33) lines are so strong, whereas the
(v′ = 6, J ′ = 32) → (v′′ = 9, J ′′ = 31, 33) lines
are missing from the spectrum (cf figure 2)? Since
the frequencies in equation (9) are very close, the
answer must follow from the values of the Franck–
Condon factors for both transitions. Calculation of exact
wavefunctions for the anharmonic potential, assumed
for I2 in this work, is rather a formidable task for
a student. However, we can get qualitatively correct
results by using a much simpler harmonic oscillator
model. The vibrational wavefunctions are given in this
case by analytical formulae (see appendix III). Even
then the integrals (10) are much easier to calculate
numerically. The necessary parameters for the X state
wavefunction have been determined in section 3.2.
For the B state we have to use the literature values
ωe = 125.67 cm−1 and Re = 3.027 Å [9]. The
results turn out to be quite instructive. Figure 4 shows
the wavefunctions, their products and the accumulated
integrals for both transitions under consideration. Note
that the equilibrium distances for both electronic states
are much different and the vibrational wavefunctions
occupy quite different regions in the R-space. For the
(v′ = 6) → (v′′ = 5) transition the wavefunctions are
in phase in the region of overlap and it is clear that the
integral accumulates in this region to a high value. For
the (v′ = 6) → (v′′ = 9) transition the wavefunctions
are clearly out of phase. Therefore their product changes
sign several times and the contributions to the integral
cancel, giving the net value close to zero. The ratio
of the Franck–Condon factors obtained from this simple
model is about 190, accounting well for the absence of
the (v′ = 6) → (v′′ = 9) lines in the experimental
spectrum.

3.4. Inelastic collisions of excited molecules

A close inspection of the experimental spectrum reveals
that the resonance fluorescence series are augmented
by additional weaker emission lines (see figure 3(b)).
These lines are due to iodine molecules losing or
gaining rotational energy in inelastic collisions with
surrounding atoms or molecules. The collisions lead to
the population of levels other than those directly excited
by the laser light and consequently to fluorescence from
these levels. It can be easily observed that the ‘extra’
fluorescence originates from the B state levels lying
close to the laser excited(v′, J ′) levels. Such transitions
are clearly seen around(v′ = 11, J ′ = 128)→ (v′, J ′′)
fluorescence series (figure 3(b)) where high rotational
number allows the resolution of closely spaced spectral
features. In this case we observe weak P and R lines
originating from the(v′ = 11, J ′ = 128± 2n) levels
wheren = 1, 2, . . . . The selection rule1J = ±2n in
collisions is based on symmetry properties of molecular
levels and reflects the basic rule that the nuclear spin
states are not affected by collisions. A somewhat more
detailed discussion is given in the appendix IV. It is
interesting to note that the first experimental observation
of this rule dates from far before the laser age and was
accomplished in the same B–X system of I2 [11].

Figure 4. Vibrational wavefunctions, their products and
the accumulated overlap integrals for the B 0+

u → X 16+
g

transitions discussed in the text: (a) (v ′ = 6)→ (v ′′ = 5)
and (b) (v ′ = 6)→ (v ′′ = 9).

4. Concluding remarks

So far, the model LIF experiment on I2 has been
carried out at Warsaw University by approximately
twenty pairs of students. The standard analysis consisted
of the determination of molecular parameters; better
students have been encouraged to explore finer details
of the experimental results. Operating the laser,
monochromator and detection system has proved to be
well within the capability of senior undergraduates. On
the average we have allowed 4 four-hour sessions for
the experimental part followed by data analysis done by
students by themselves.

Appendix I

The ground molecular state of I2 is customarily labelled
as X 16+g . 6 means here that the orbital angular
momentum of the electrons is equal to zero; the
superscript 1 is the spin multiplicity of the state written
as 2S+1 whereS refers to the total spin of the electrons
(S = 0 here):+ and g signs refer to the symmetries of
the molecular wavefunction [4–7]. The excited B state
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Figure 5. Symmetries of levels and exemplary allowed rotational transitions in the B 0+
u → X 16+

g system of I2 after
laser excitation of the (v ′ = 11, J ′ = 128) level in the B state. The collisional energy transfer and following
fluorescence are also shown.

can be described properly rather in a so-called Hund’s
coupling case (c) as 0+u ; however, its level structure and
symmetry properties are identical to that of a16+u state.
(Understanding of Hund’s case(a) → (c) transition
is a challenge for ambitious students.) To explain the
B→ X fluorescence spectrum, we must discuss in some
detail symmetries of molecular levels and selection rules
governing radiative transitions between them.

The total wavefunction of a molecule on a given
energy level is, to a first approximation, a product
of an electronic, vibrational, rotational and nuclear
wavefunctions

ψtotal = ψel · ψvib · ψrot · ψnucl (AI.1)

where the first three functions depend on coordinates of
the electrons and nuclei (hence their product is often
referred to as a coordinate function) and the last one on
orientation of nuclear spins. The molecular levels are
classified as positive(+) or negative(−) according to
the behaviour of the coordinate wavefunction when the
laboratory coordinate system is inverted about the origin
(i.e. when for all particles composing the moleculex is
replaced by−x, y by −y and z by −z): for positive
levels the wavefunction remains unchanged and for
negative ones it changes the sign. Each of the three
factors in the coordinate wavefunction behaves in a well-
defined way. Inversion always leaves the vibrational
wavefunctionψvib unaltered since it depends only on
the magnitude of the internuclear distance. For the
simplest model of a rigid rotator, whose wavefunctions
are spherical harmonics,ψrot remains unchanged for

even values of theJ quantum number but changes to
−ψrot for odd values ofJ . Concerning the electronic
wavefunctionψel, its general symmetry properties are
beyond the scope of this paper. As we limit our interest
to the electronic states labelled as6+ it is enough to
quote the textbook result that for such statesψel remains
unaltered when inverted about the origin; for further
details we refer a curious reader to the literature (see
e.g. [4]). Two fundamental selection rules specify the
allowed electric dipole transitions between molecular
levels: 1J = 0,±1, mentioned in section 3.1, and
+ ↔ − (the latter reflects the fact that the electric dipole
moment operator changes its sign upon inversion).

For the B → X transition under consideration,
the symmetry properties of the rotational levels for
the X 16+g and B 16+u states follow from the above
considerations and are shown in figure 5. Taking into
account the selection rules on symmetry andJ , only
the P and R branches are allowed. The+ 6↔ + and
− 6↔ − selection rules automatically rule out the Q
branch (1J = 0).

Appendix II

The frequency of molecular rotation can be determined
from the following consideration. According to
quantum mechanics, the angular momentumM of the
molecule can have only discrete values

M = h

2π

√
J (J + 1) (J = 0, 1, 2 . . .). (AII.1)
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On the other hand, as in classical mechanics

M = 2πfrotI = 2πfrotµR
2
e. (AII.2)

From comparison of both formulae (using the rotational
constantB = h/8π2cµR2

e) we get

frot = 2cB
√
J (J + 1). (AII.3)

Appendix III

The wavefunctions of harmonic oscillator are given by
[4]

ψvib(v) = Nv exp(−1/2αx2)Hv(
√
αx). (AIII.1)

Here

Nv =
√

1

2vv!

√
α

π

is a normalization factor,α = 4π2µcωe/h and x =
R − Re denotes displacement of the nuclei from their
equilibrium distance.Hv(z) are Hermite polynomials
of the vth degree. Their explicit form can be easily
derived from the recursive formula [12]

Hv+1(z) = 2zHv(z)− 2vHv−1(z) (AIII.2)

with H0(z) = 1 andH1(z) = 2z.

Appendix IV

Even if we neglect weak influence of nuclear spins
on molecular energy levels (the so-called hyperfine
structure), they can considerably affect molecular
spectra. The reason lies again in the symmetry
properties of molecular levels. In a homonuclear
diatomic molecule in which both nuclei are the
same isotope the total wavefunction of the molecule
ψtotal must be symmetrical with respect to exchange
of the two nuclei if the nuclear spins are integral
(0, 1, 2 . . .—boson nuclei). For half-integral nuclear
spins (1/2, 3/2, . . .—fermion nuclei) ψtotal must be
antisymmetrical. Again, each of the four factors
in the total molecular wavefunction (AI.1) has well-
defined symmetry properties under nuclear exchange.
A detailed discussion can be found in the literature
[4–7]. In particular, for the B16+u state of I2, ψel

changes to−ψel (note that the electronic wavefunction
depends also on nuclear coordinates!). The vibrational
wavefunctionψvib is always unaffected by exchange
of the nuclei since it depends only on|R|. The
rotational partψrot is symmetrical for even values ofJ
but changes to−ψrot for odd J values. The symmetry
of the nuclear wavefunctionψnucl depends on the mutual

orientation of two nuclear spins; both symmetrical and
antisymmetricalψnucl are possible for a given molecule,
but not at the same time. Moreover, since the probability
of a reorientation of nuclear spins is extremely small (in
the absence of magnetic fields and catalytic agents the
mean lifetime for such orientation may be of order of
months [4]), a molecule with, say, symmetricalψnucl

will remain in this state practically forever. As a
result molecular gas can be regarded as combination of
two components: the ortho molecules with symmetrical
ψnucl and the para molecules with antisymmetrical
ψnucl, which stay alongside without mixing with each
other. To maintain a required symmetry ofψtotal, each
modification corresponds either to even or to oddJ
values.

In the particular case of our experiment, the rules
quoted above show that the coordinate part of the
molecular wavefunction for the B state(v′ = 11, J ′ =
128) level is antisymmetrical with respect to exchange
of the nuclei. Since the nuclear spin of iodine is 5/2 [10],
ψtotal must be antisymmetrical. Therefore only ortho
molecules are excited by the laser radiation (figure 5).
The collisional transfer can proceed exclusively within
the ortho modification and therefore collisions carry the
molecule from the levelJ ′ = 128 only to other evenJ ′

levels. As the probability of inelastic collisional transfer
between two levels falls rapidly with their increasing
energy mismatch, theJ ′ = 126 andJ ′ = 130 levels are
primarily populated.
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