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I. INTRODUCTION

The purpose of this paper is to describe an advanced un-
dergraduate laboratory course that our department has of-
fered in various forms since the mid-1980s. In addition to the
standard year of 1ab0rat0r¥ courses that is part of the intro-
ductory physics sequence, - physics majors at Miami Uni-
versity are required to complete three laboratory courses dur-
ing their sophomore year: One each on contem4p0rary
physics, electronics, computer interfacing and control, S and
computational physics. We also offer four advanced labora-
tory courses to upper-level physics majors and graduate
students”® on digital electronics, materials science,g"0 mod-
ern optics and laser physics,11 and atomic and molecular
spectroscopy. S

The spectroscopy laboratory makes a unique contribution
to our curriculum. Students observe atomic and molecular
spectra and are then challenged to understand how the spec-
tra relate to the structures of the associated atoms or mol-
ecules. A common student reaction to the course is that “it
makes quantum mechanics real,” a statement that indicates
that our goal has been attained.

The origins of both the modern optics and laser physics
laboratory, and the spectroscopy course that is the subject of
this paper, was an advanced undergraduate elective on spec-
troscopy and physical optics, which had no laboratory-based
component. The addition of a laboratory component began in
1984 when one of us taught this course using existing equip-
ment and borrowed time on research equipment. With the
addition of new faculty, collaboration on proposals to fund
advanced laboratories was initiated. The two new laboratory
courses on optics and spectroscopy were seminally funded
by two NSF Instrumentation and Laboratory Improvement
grants, with matching funds from the university totaling to
$124,000. The first grant largely funded the creation of the
two new courses, and the second was for enhancement of
these successful efforts.

The initial grant and matching funds were used to pur-
chase expensive equipment, most of which served as central
equipment items for both courses, including an Ar* laser (5
W, cw) an associated dye laser, a CCD camera/detector used
for imaging and spectroscopic detection, a scanning broad-
band Fabry—Pérot interferometer, an arc-discharge power
supply, a variety of arc discharge tubes (Osram lamps), a
three-grating spectrometer, optical tables, and several quality
lens kits. The second equipment grant was largely devoted to
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new efforts in both courses to implement diode laser sources
and associated new laboratories. In each case we were fortu-
nate to leverage additional funds from the university to pur-
chase associated items such as lenses and mirror mounts,
mirrors, and optical fibers, all of which are necessary but
difficult to fund externally. Such contributions totaled
roughly to $25,000, not including significant departmental
contributions via machine-shop stock and the time our in-
strument maker devoted to fabrication of posts and tie-downs
for directing light from source to detector. Many undergradu-
ates learned basic machine-shop skills, making such items in
an elective course. Periodic institutional awards of equip-
ment funds devoted to undergraduate instruction for both en-
hancement and replacement of laboratory equipment have
also benefited our efforts.

The initial offerings of the new spectroscopy course con-
sisted of general instruction in atomic and molecular physics,
coupled with student projects aimed at developing the pro-
posed experiments, and other experiments that developed
from faculty research interests, student initiatives and, occa-
sionally, serendipity. In addition to the formal course, many
undergraduate independent study hours and a number of
graduate student thesis topics were devoted to developing
and refining laboratory experiences for the course.

II. SPECTROSCOPY

We first give a brief description of the introductory discus-
sion sessions of the course because their content is pedagogi-
cally important and informed the basic approach that guided
the design of the laboratory experiences.15 Blackbody and
atomic and molecular spectra have been the subjects of sci-
entific curiosity since Newton.'® For example, Newton used
a large circular aperture (1/8 in.) drilled in the shade over his
bedroom window, the Sun as the light source, and his eye to
observe the solar spectrum.

In 1802, Wollaston reported the existence of seven dark
lines in the spectrum of sunlight. He passed sunlight through
a very narrow slit (~0.05 in.) prior to impinging on the
prism, and also used eye detection. Between 1814 and 1823,
Fraunhofer mapped the solar spectrum including 574 dark
(absorption) lines, the seven most prominent being labeled
A-G, as well as the underlying blackbody continuum due to
the Sun’s surface temperature. Observations dating to Fraun-
hofer helped form the basis for the Planck radiation formula
and the subsequent conclusions of Niels Bohr on the ob-
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served spectrum of the hydrogen atom. For nearly half the
time that blackbody and atomic and molecular spectra have
been known, the study of the optical spectra associated with
solids and atoms and molecules in the gas (or plasma) phase
was mostly empirical. Nevertheless, even the earliest spectral
observations acted as a general guide to developing our
course; that is, we employed robust light sources and ar-
ranged for sufficient resolution and optical detection sensi-
tivity.

Bohr’s results suggested that a single (principal) quantum
number is sufficient to account for the various observed se-
ries of spectral lines of the H atom. The beauty and simplic-
ity of this series belies the elegant complexity of the under-
lying structure. The hidden complexity is revealed by the
theoretical contributions of de Broglie and Schrédinger, and
the discovery of electron spin by Uhlenbeck and Goudsmit.

When applied to the stationary states of the H atom, the
full quantum mechanical treatment reveals two other quan-
tum numbers in addition to Bohr’s principal quantum num-
ber n. The electronic orbital angular momentum quantum
number / and the magnetic quantum number m (which quan-
tizes the z-component of the electron’s orbital angular mo-
mentum), together with the restrictions placed on them im-
plies n? different wave functions, which describe n” different
possible states for the electron for each principal quantum
number n. This degeneracy complicates the energy level dia-
gram for the electronic states of the hydrogen atom over the
simple case suggested by Bohr. The discovery of electron
spin added another factor of 2 to the complexity of the struc-
ture of the simplest of all atoms.

The result is that four quantum numbers (n, [, m, and s) are
required to specify a given stationary state of an electron
bound to a proton. This set of quantum indices, coupled with
the weak statement of the Pauli exclusion principle and its
generalization to other atoms, provides the foundation for the
Periodic Table of the elements. The challenge is to under-
stand why the spectrum of atomic hydrogen is so simple and
then to search for reasons that the presence of more than one
electron significantly increases the complexity of the spectra
of other atoms. The inclusion of the effect of nonzero net
nuclear spin completes the quantum structure of atoms. The
spectra of simple diatomic molecules are further complicated
by the addition of quantized vibrational and rotational mo-
tions. The effects of those additional degrees of freedom on
the observed spectrum of the homonuclear diatomic mol-
ecule N, comprises the introduction to molecular structure
contained in the course. A guided discovery approach is used
throughout.

III. THE COURSE

Spectroscopy of Atoms and Molecules is a one-semester,
four credit course that emphasizes experimental techniques
found in research. The course typically meets three times a
week, with two 1-h classroom meetings and one 3-h labora-
tory meeting. We use Herzberg’s classic Afomic Spectra and
Atomic Structure'’ as a textbook. Texts on reserve in the
department form important additional student resources, es-
pecially Haken and Wolf’s The Physics of Atoms and
Quanm,18 Svanberg’s Atomic and Molecular Spectroscopy19
and Herzberg’s Molecular Spectra and Molecular Structure
I: Spectra of Diatomic Molecules.™ Many handouts and the
individual laboratory handouts have been developed over the
years.

504 Am. J. Phys., Vol. 78, No. 5, May 2010

After the completion of each formal experiment, students
are required to submit a written report in the style of a pro-
fessional paper. Student assessment is based primarily on the
laboratory reports, with a small portion derived from perfor-
mance on periodic quizzes. The experiments are comple-
mented by classroom and other laboratory experiences,
which include group discussions, a variety of physical phe-
nomena explored via demonstrations, and oral presentations
by individual students.

IV. LABORATORY EXPERIENCES

A. Introduction to blackbody, atomic, and molecular
spectra

The initial laboratory experience uses a circa 1920 90°
constant-deviation prism spectrometer and eye detection.
Light sources include a clear, linear-filament incandescent
bulb powered by a variac, AC capillary discharge tubes filled
with hydrogen, water vapor, helium, mercury, and nitrogen.
These various light sources are inexpensive and durable. The
spectrometer has all the essential attributes of any optical
spectrometer: Entrance slit (variable width), dispersing ele-
ment (the prism), focusing elements (a telescope), and detec-
tion apparatus (the student’s eyes and an optional film plate
camera which allows spectra to be recorded). By using such
an instrument (even a hand-held plastic transmission grating)
and the available sources, students can measure blackbody
spectra at a variety of temperatures, the spectra of the two
simplest atoms (H and He), observe that a capillary discharge
in water vapor primarily yields the Balmer lines, view the
spectrum of a heavy element that is commonly found in
classrooms and commercial buildings (mercury-vapor
lamps), and gain an appreciation for the complexity of mo-
lecular spectra.

Important experimental considerations such as the relative
spectral response of spectroscopy systems can be easily ad-
dressed by investigating the various optical components and
considering, most importantly in this case, the spectral sen-
sitivity of the detector (the human eye). It is easy to argue
that the average electron energy in AC capillary discharge
tubes is small compared to the separation between the
ground and first excited states of atomic hydrogen. Thus, the
Boltzmann factor results in decreasing excited state popula-
tion with increasing n. Asking students to compare the
brightness of the Balmer-a and 8 lines almost always results
in the consensus opinion that they appear to be roughly the
same intensity. The population argument based on the Bolt-
zmann factor suggests that H-a (n=3-2) should be brighter
than H-B (n=4-2). The conclusion is that their eyes must be
more sensitive in the blue-green region than in the red. The
observation of the H-atom spectrum with CCD-array detec-
tors during the first formal laboratory experiment shows a
more realistic intensity distribution for the Balmer lines. The
important discovery is that the relative spectral response of
the entire spectroscopic system needs to be known so that the
appropriate corrections to observed spectra are made if nec-
essary.

The applicability of a blackbody source at a known tem-
perature as a tool for relative spectral response calibration of
a spectroscopy system can be easily motivated with the same
simple instruments. Visual comparison of the spectra of hy-
drogen and helium provides a convincing argument that the
addition of a second electron enormously complicates the
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emission spectrum. The observation of a discharge in mo-
lecular nitrogen emphasizes that molecular spectra are even
more complex. In this case, the effect of the entrance slit
width is striking, demonstrating both the concept of spectral
resolution and the reason molecular spectra are said to con-
sist of bands. The results are qualitative, and no formal labo-
ratory report is required.

B. The spectra of atomic hydrogen and deuterium

The first quantitative laboratory experiment for which stu-
dents are required to write a formal report involves the iso-
tope shift observed in an AC capillary discharge in a mixture
of hydrogen and deuterium. A hydrogen/deuterium capillary
discharge tube is only slightly more expensive than a pure
hydrogen-filled source. By using a CCD camera placed at the
focal plane of a spectrograph (acquired from surplus
sources), the wavelength shift due to the difference between
the finite nuclear mass of a proton and a deuteron can be
directly observed. Careful simultaneous measurements of the
Balmer lines in the two spectra yields, via Balmer’s empiri-
cal formula, the small difference in the Rydberg constant for
H and D and, via the Bohr model, allows the calculation of
the difference in the ionization potentials for these isotopes.
Very accurate measurements of the spectra of H and D yield
decent estimates of the binding energy of the deuteron. The
H-D isotope shift is the largest possible because it involves
the maximum fractional difference in the nuclear mass. Not
only does this laboratory show the effect of a purely classical
mechanical effect (different reduced masses for the two
atomic systems) in a quantum mechanical system, but it also
suggests the possibility of laser isotope separation techniques
(ionize one isotope, but not the other, and then separate using
electric fields).

The relative intensities of the various Balmer lines are
apparent in the measured spectra, and students are reminded
of the discussion of the energy distribution of the electrons in
the discharge mentioned previously. The isotope shift is re-
visited later in the course when the absorption spectrum of
rubidium vapor is measured.

A simplified version of this experiment has been imple-
mented in the sophomore contemporary physics laboratory,
which uses less expensive hydrogen capillary discharge
tubes, and recently available lower-resolution and much-less-
expensive CCD spectrometer systems (see, for example,
fixed grating CCD spectrometers with USB power/input-
output available from Ocean Optics). The latter approach
also allows the direct viewing of low-resolution optical spec-
tra projected on a screen in a typical classroom environment
where the number of students depends only on the room
capacity. This example illustrates how advanced laboratory
developments can be used in a simplified way to benefit
introductory courses with a modern physics component, as
well as sophomore-level contemporary physics laboratory
courses.

C. The spectrum of helium

In another simple laboratory experiment the spectrum of
an AC capillary discharge in helium is recorded using an-
other scanning monochromator (0.5 m Jarrell-Ash) acquired
through surplus sources and photomultiplier (PMT) detec-
tion. The details of the spectroscopy system used are unim-
portant as long as reasonably accurate emission wavelength
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measurements are possible. The major advantages of using
PMT detection are the easily adjustable gain, and the dem-
onstration of the ability to follow the AC time variation of
the light source, although the latter capability is not required
for the purposes of this laboratory.

By this time in the course, we develop spectroscopic no-
tation (L-S coupling) n>*'L,, where n is the principal quan-
tum number of the excited electron, S is the total electronic
spin angular momentum with multiplicity 25+1, L is the
total electronic orbital angular momentum, and J represents
the total electronic angular momenta, J=L+S. Prediction of
ground and excited state terms has been discussed, and di-
pole selection rules have been established. The energy level
diagram for He is provided to students along with a table of
the observed emission wavelengths and the corresponding
(singlet and triplet) electron configurations for the upper and
lower levels of each transition wavelength. Students are
asked to determine the spectroscopic notation of the levels
involved in each observed transition, verify that the dipole
selection rules are followed, and to discuss the general char-
acter of the term diagram in conjunction with the observed
relative intensities of the various recorded transitions.

Positive outcomes of this experiment include students con-
cluding that two term diagrams are necessary to explain the
spectrum of He, given that both singlet and triplet excited
states are possible once an electron is excited out of the
ground (n=1) level; no intercombination (the AS=0 rule)
lines are observed; the lower the orbital angular momentum
of the excited electron, the lower the energy of the term (the
I-degeneracy in hydrogen is broken); the higher the multi-
plicity, the lower the energy for a given electron configura-
tion; the various sublevels predicted by L-S coupling are not
observable in the He spectrum; and as with the spectrum of
the H atom, the higher the energy level, the lower the
electron-impact-excited population. The prediction of long-
lived (metastable) levels in He is also motivated. The major
atomic-structure-related  observations are that the
[-degeneracy found in the H spectrum is broken in He, but
the spin-orbit interaction is still too weak in helium to show
fine structure splitting.

In this way, the simplest example of the addition of
electron-electron interactions to an atomic structure is re-
vealed. The effect of the additional electron in the n=1 level
is to screen the nucleus from the excited electron. The lower
the orbital angular moment of the excited electron, the more
time it spends in the vicinity of the nucleus, resulting in a
stronger interaction with the nucleus (that is, lower L implies
more tightly bound). In contrast, high angular momentum
states for the excited electron more effectively shield the
excited electron from the nucleus, giving less tightly bound
levels. Additionally, for high n the one degeneracy is largely
recovered. These observations are reinforced by the next
laboratory experiment in the course sequence.

D. Alkali spectra: Fine structure splitting and selection
rules for dipole transitions

The alkali metals, like atomic hydrogen, are one-electron
atoms because each has one electron outside closed shells,
giving each a total spin of S=1/2 and a multiplicity of 2
(doublet terms). They represent the simplest analogs of the
template hydrogen atom and also represent a sequence of
ever-larger nuclear charge Z. The brightest lines in each of
the alkali spectra are the D lines (after the Fraunhofer lines

Blue, Bayram, and Marcum 505



02‘ 4 Cs
.0 nm
:‘? - separation 3_5 nm 42.2nm
<] Rb
ST 14.7 nm
N
= I
]
L1
2
N
=
o)
=
600 700 800 900
Wavelength (nm)

Fig. 1. The alkali D lines. Note the progression toward longer wavelength
and the significant increase in spacing for the heavier atoms.

that he originally labeled D). Fraunhofer’s highest resolution
solar spectra showed that the D line was actually two closely
spaced absorption lines, which he labeled D; and D,.

Light sources used for this experiment are arc discharge
tubes (Osram lamps) filled with solid sodium, potassium,
rubidium, and cesium and a low density of argon; they pro-
vide the various alkali emission spectra without significant
broadening. Unfortunately, such lamps are expensive relative
to those sources mentioned so far, and all of the heavier
alkalis are found to be slightly contaminated with sodium.
However, they are robust, having survived many hours of use
since their purchase in the early 1990s, and they are bright.
They also operate well in strong external magnetic fields,
which allows investigation of the magnetic quantum number
via the Zeeman effect (see the following).

The CCD camera and three-grating spectrometer work
well for this investigation. The spectrometer (Jarrell-Ash
Monospec 26) used in the experiment is compact (0.26 m)
with interchangeable fixed entrance slits and three gratings
(150, 600, and 2400 grooves/mm) mounted on a turret that
provides roughly 240, 60, and 15nm bands, respectively, to
impinge on the 512X 512 CCD array. The CCD array is
sensitive over the range of 300-1100 nm. The highest reso-
lution grating is necessary to resolve the Na D lines, which
are separated by only 0.6 nm. K and Rb D lines are easily
resolvable with the medium resolution configuration, and the
lowest resolution grating is satisfactory for the large spin-
orbit splitting observed in Cs. The D lines are simple to
identify given that they are by far the brightest emission lines
from each lamp.

The D lines for each of the four alkalis are shown in Fig.
1. Simple wavelength measurements of each pair of D lines,
followed by conversion to photon energy and subtraction,
yield the spin-orbit interaction energy for electrons in the
first excited states of each alkali. Because the energy splitting
is given by twice the Bohr magneton multiplied by the mag-
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Fig. 2. (a) Alkali principal series showing the decrease in the magnetic field
felt by the electron with increasing principal quantum number. (b) The ex-
cited state structure that gives rise to the spectra in (a).

netic field due to the orbital motion of the excited electron,
the magnetic field experienced by the electron in the first
excited state of each alkali is easily calculated. The students
are told that the energy splitting is proportional to Z raised to
some power divided by the principal quantum number cubed
and are asked to discover the Z-dependence. Plotting the ob-
served energy splitting versus Z*/n? yields a beautifully
straight line. Table I summarizes the relevant experimental
results. Note that extrapolation of the observed splitting to
Z=1 or 2 answers the question why spin-orbit splitting is not
easily observed in hydrogen. The [-degeneracy in H is al-
ready understood due to the lack of screening in the pure
Coulomb potential in the H atom (or any hydrogenlike ion).
Further results that are easily obtained by identifying the
principal series of the three heaviest alkalis (the brightest
series emanating from each lamp) are shown in Fig. 2(a).
Two observations are apparent: Each series converges to a
limit, just as the Balmer series (hydrogenlike). Furthermore,
the splitting of the principle series doublets decreases with
increasing n. The latter is consistent with diminishing mag-
netic field due to more distant orbital motions. Figure 2(b)
shows the principal series portion of an alkali energy level
diagram that results from the trends apparent in Fig. 2(a).
Other interesting measurements that are possible during
such an experiment include, for example, the 7 2D, to 6 >D,,

Table I. Spin-orbit splitting of the alkali D lines and the measured magnetic fields involved.

Atom (n) Na (3) K (4) Rb (5) Cs (6)
Wavelength (nm) D, 589.592 769.896 794.760 894.395
D, 588.995 766.490 780.023 852.124
Energy (eV) E, 2.1031 1.6161 1.5602 1.3864
E, 2.1053 1.6178 1.5897 1.4552
Difference (eV) 0.0021 0.0072 0.0295 0.0688
B (T) 18 62 254 594
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Fig. 3. A pair of sodium emission lines with and without an externally
applied field.

transitions in atomic cesium. Such transitions allow the veri-
fication of the AJ=0, =1 dipole selection rule and the pre-
diction of the intensity ratios within doublets (using statisti-
cal weights and the sum rule).

E. Zeeman effect in sodium

The experimental apparatus consists of a sodium discharge
tube, a low-cost linear polarizer, a focusing lens coupled to
an optical fiber and coupled, in turn, to the entrance slit of a
3/4 m spectrometer, and a CCD array attached at the focal
plane of the spectrometer. The spectrometer (Jarrell-Ash) is
capable of operating in third order, achieving the resolution
necessary to observe Zeeman splitting with the modest field
achievable (maximum 5 kG, short duration) with the avail-
able magnet/power supply. The sodium lamp is positioned
between the pole caps of an (uncooled) electromagnet (dis-
carded from our Department of Chemistry) and powered by
an old high-current, low voltage DC power supply. The ob-
servation of sodium emission lines at right angles to the field
without and with an external field applied is shown in Fig. 3.

Sodium exhibits the anomalous Zeeman effect. Full reso-
lution of the Zeeman components (not shown) is possible by
inserting a linear polarizer in front of the optical fiber and
rotating it by 90°. This experiment offers a direct demonstra-
tion of the atomic origins of polarization.

F. Hyperfine structure of rubidium

The final major component of the atomic structure in-
volves the nuclear analog of spin-orbit splitting. Nuclei can
also possess a net spin, but the nuclear magneton is roughly
2000 times smaller than the Bohr magneton, which is impor-
tant in the splitting of electronic energy levels. The total
electronic angular momentum is quantified by the quantum
number J=L+S, and the total atomic angular momentum is
represented by the quantum number F=/+J, where [ is the
total nuclear spin angular momentum and J is the total elec-
tronic angular momentum. Given the magnitude of the
nuclear magneton relative to that of the Bohr magneton, the
spin-orbit splitting due to a net nuclear spin is about 2000
times smaller for hyperfine splitting, which implies that spec-
tral resolution requirements are best met by using very nar-
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Fig. 4. A sample hyperfine spectrum showing transitions in rubidium-85
from F=3 to F'=2, 3, 4.

row linewidth lasers as a probe of the hyperfine structure.
The hyperfine structure shown in Fig. 4 was obtained using a
locally built external cavity tuned diode laser in a standard
saturated absorption spectroscopy setup.

G. Raman scattering in liquid nitrogen

The first molecular spectroscopy experiment also uses a
laser light source.?! Raman scattering spectroscopy is a pow-
erful technique for determining the internal structure of mol-
ecules and is an ideal demonstration of the vibrational tran-
sitions of gas and liquid phase molecules and crystals. We
designed a straightforward and highly visual experiment for
an advanced undergraduate spectroscopy laboratory to dem-
onstrate Raman scattering spectroscopy by measuring the vi-
brational energy spacing of nitrogen molecules in the liquid
phase. We used a pulsed Nd:YAG laser with high peak
power, which leads to a plethora of nonlinear optical phe-
nomena. The presence of highly visible stimulated Raman
scattering greatly enhances the normal Raman-shifted signal,
allowing for a more engaging laboratory experience in com-
parison to traditional Raman scattering experiments. The
technique permits direct visual observation of nonlinear op-
tical effects such as four-wave mixing including coherent
Stokes and anti-Stokes Raman scattering, stimulated Raman
scattering, and the associated cascaded multiorder stimulated
Raman scattering, and thermal blooming. Full details of this
experiment are in Ref. 21. The most relevant measurement
from the viewpoint of molecular structure is that of the spac-
ing between the ground and first excited vibrational levels in
the ground electronic state of N,. The direct demonstration
of inelastic scattering of a photon is also an important peda-
gogical outcome.

H. Vibrational structure of N,

The goal of this experiment is to assist students in under-
standing the vibrational structure of diatomic molecule and
the deviation of real molecular potentials from the simple
harmonic oscillator model. The complexity of typical mo-
lecular spectra can be daunting. Our solution is to selectively
excite particular electronic bands using DC discharges in
noble gas-N, mixtures, making use of energy pooling in
noble gas metastable levels as in the He—Ne laser. In the
experiment, the selectively excited nitrogen molecules
formed in a low pressure DC discharge give emission bands
primarily involving a single upper electronic state. Students
must first determine the upper and lower vibrational quantum
numbers associated with each observed bands and then de-
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termine the energy spacing between these levels. This deter-
mination must be informed by the Franck—Condon principle,
which governs the intensity distributions in electronic
bands. >

We use a DC discharge containing roughly 1% N, and an
Ar—N, mixture at a pressure of around 5 Torr. The excitation
mechanism is direct electron-impact excitation of the argon
atoms. Because argon has metastable states at 11.5 and 11.7
eV, large populations of these metastable states accumulate.
These metastable states have energies that are resonant with
the C state in neutral N,. Therefore, the efficient population
of those electronic levels in nitrogen proceeds by the excita-
tion exchange reaction,

Ar*(M) + N,(X,v =0) — N,(C,v’") + Ar, (1)
and is followed by spontaneous emission via
N,(C,v") — Ny(B,v") + hv. (2)

In these reactions, v’ varies from O to 4, and v” can vary
between 0 and 6 or 7, giving rise to emission bands between
about 330 and 440 nm. Thus, the medium resolution configu-
ration of the same spectroscopic system used for the explo-
ration of the alkali spectra can be used to measure the spec-
trum of electronic transitions from a single upper state to a
particular lower electronic state. Because a number of vibra-
tional levels are populated in the upper electronic state, al-
lowed transitions to all possible vibrational levels in the
lower electronic state provide, via the resulting emissions,
sufficient data to determine the vibrational structure of the
lower portions of both potential wells. The student’s goal is
to quantify deviations from the prediction of the simple har-
monic oscillator model for the vibrational level spacing.

After students determine the upper and lower vibrational
quantum numbers associated with each observed band, they
are asked to construct an energy level diagram showing the
resulting vibrational structures and then discuss any devia-
tions from the prediction of equal spacing. We provide stu-
dents the identities of the upper and lower vibrational levels
involved in the formation of the brightest observed band.
Students are given the hint that the brightest band connects
v’ =0 in the upper electronic state to v”=0 in the lower elec-
tronic state. A typical spectrum is shown in Fig. 5(a), with
the resulting energy level diagram appearing in Fig. 5(b).
Note that the spacing between vibrational levels decreases
slightly as the vibrational quantum number increases, in
agreement with the anharmonic nature of molecular poten-
tials.

L. Rotational structure of N,*

We focus on the rotational structure of the nitrogen mo-
lecular ions. Selective excitation of a particular molecular
ion state is accomplished by Penning ionization. Penning
ionization occurs when an atomic metastable state (helium in
this case) is sufficiently energetic to cause ionization of a
collision partner (ground state N, here). If the ion that is
created in that way is in an excited electronic state, the re-
sulting spontaneous emission to a lower electronic state of
the ion forms the electronic spectrum that is of interest in this
experiment.

The same discharge apparatus used in the previous experi-
ment is used with helium substituting for argon. Helium has
metastable levels at 19.8 and 20.6 eV, which are resonant
with the N,*(B,v’) state, where the vibrational level v’ =0 is
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Fig. 5. (a) Observed N,(C,v’)—N,(B,v") emission bands. Above 380 nm,
the intensity has been multiplied by a factor of 3. (b) Vibrational energy
level diagrams derived from the band spectra shown in (a).

most heavily populated by the Penning reaction. The subse-
quent emission to the ground electronic ion state proceeds by

N,*(B,v' =0) — N,"(X,v"=0) + hv, (3)

forming an emission band near 391.4 nm.

Because molecular rotational energy spacings are small
compared to typical vibrational spacings, higher resolution is
necessary to resolve the rotational structure associated with
any molecular transition. The same spectrometer/detector ar-
rangement used for the Zeeman structure laboratory is suffi-
cient for this task. A typical spectrum obtained in this experi-
ment is shown in Fig. 6. Measurable quantities include the
rotational inertia of nitrogen molecular ions. The distribution
of intensity over the well-resolved rotational branch is gov-
erned by Boltzmann statistics, assuming that the discharge
gas is in thermal equilibrium. The resulting rotational inertia
(or rotational constant) agrees very well with published
values.”> Because the lamp operates at near room tempera-
ture, a Boltzmann plot yields a temperature of 32020 K.
The details of extracting the rotational temperature and the
rotational constant are given in Ref. 23.

V. CONCLUSIONS AND COMMENTS

Our goal as a department, and for the most part our prac-
tice, is to continually update the physics content and tech-
niques in our upper-level laboratory courses. Therefore, we
try to adapt the advanced laboratory activities to the
sophomore-level laboratory course and adapt sophomore-
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He(m) + N, (X,v=0,J) ~ He + N;Bv=0,") —~N;(X,v=0,J"") + photon

Fig. 6. High-resolution emission spectrum near 391.4 nm resulting from the
reaction shown. Note that two helium lines conveniently provide the wave-
length calibration necessary to extract measurements from the spectrum.

level activities for the introductory laboratory course. The
practice requires periodic infusions of capital from the de-
partment and the university to fund additional equipment.
Some of the simpler equipment items can be fabricated in
our machine shop, but the time of our instrument maker is
valuable.

We have found that sustaining our advanced laboratory
course in atomic and molecular spectroscopy has resulted in
as much work as was its implementation. The course requires
a large time commitment from the faculty. Due to staffing
limitations, the department offers two of our four advanced
laboratory courses each year on an alternating basis so that
advanced undergraduates and master’s students have an op-
portunity to take all four courses during a two-year period.
The expensive nature of much of our equipment means that
we can accommodate only four students in a laboratory sec-
tion; we cannot afford to buy or make 12 setups for each
activity. If the course is popular, we need to offer multiple
laboratory sections. In recent years, the course has had as
many as 12 students, which has necessitated three 3-h labo-
ratory sessions in addition to the two 1-h discussion sessions.
As a result, the professor teaching the course has had 11
contact hours a week, plus setup time, for which he or she
gets the same credit as a professor teaching a 4-h lecture
course.

Because of our belief in the importance of providing ex-
cellent laboratory experiences for our students, we accept the
costs of doing so. The efforts needed to obtain both external
and internal funding, and the hours of our own time, are well
spent to “make quantum mechanics real” for our students.
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