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We present an overview of experiments covered in two semester-length laboratory courses dedicated to laser spectroscopy and atom trapping. These courses constitute a powerful approach for
teaching experimental physics in a manner that is both contemporary and capable of providing
the background and skills relevant to a variety of research laboratories. The courses are designed
to be accessible for all undergraduate streams in physics and applied physics as well as incoming
graduate students. In the introductory course, students carry out several experiments in atomic and
laser physics. In a follow up course, students trap atoms in a magneto-optical trap and carry out
preliminary investigations of the properties of laser cooled atoms based on the expertise acquired
in the first course. We discuss details of experiments, impact, possible course formats, budgetary
requirements, and challenges related to long-term maintenance. The paper also includes appendices
that summarize the topics covered by supporting lectures and tutorials, useful references and a list
of equipment.
PACS numbers: 01.40.gb, 07.57.-c, 37.10.De, 37.10.Jk

I.

INTRODUCTION

We discuss two recently developed laboratory courses
that provide a detailed introduction to laser spectroscopy
and atom trapping. These courses, which have been
operational for seven years, have established excellent
performance indicators such as reliability of experiments
and high rates of completion. The courses were inspired
by the robustness of the most commonly used laserbased neutral atom trap, namely a magneto-optical trap
(MOT) [1, 2]. The simplicity in the design and construction of MOTs has led to its proliferation in research labs.
MOTs have become easy to operate, in part due to the
improvement in the stability of diode lasers [3, 4]. Diode
lasers have found widespread commercial use in DVD
players, scanners and optical communication, and can be
readily adapted for experiments in optical physics [3–9].
Typically, students entering the third year of study in
an undergraduate physics program have a background in
electromagnetism, optics, and modern physics. As a result, students can grasp the basic principles involved in
understanding and operating a MOT, making laser cooling one of the most popular subjects for research projects.
Another reason for this popularity is that the techniques
that students learn in this field are widely applicable
in other areas such as observational astronomy, experimental particle physics, biological physics, engineering
physics and in industrial labs dedicated to research and
development in photonics.
The typical upper year undergraduate curricula at
most universities have included classical experiments that
allow students to understand and test fundamental principles in physics. At York University, key experiments
have included measurements of the speed of light, the inverse square laws in gravity or electromagnetism, charge
quantization, discreteness of atomic energy levels, elec-

tron spin resonance, Fourier optics, gamma ray spectroscopy and alpha-particle scattering. These experiments have focused on equipment that is generally not
used in research labs. Although students learned about
pioneering measurements, it was clear that they would
benefit from a background that included exposure and
training in a research environment using conventional
techniques. With the proliferation of research labs dedicated to atom trapping, it has been fairly straightforward to provide training in this research area. This has
ensured that students acquire a thorough background in
experimental physics that has included training in advanced data analysis and hands-on skills with contemporary equipment. The technology that has lead the development of exciting trends in atomic physics including
MOTs provides an ideal background.
It is also significant that laser cooling and trapping
of neutral atoms has emerged as one of the most exciting areas of physics during the last two decades, with
several Nobel prizes awarded for developments related
to this field [10–17]. Atom traps containing ultra-cold
samples with characteristic temperatures of ∼ 100 µK
have resulted in high precision in experiments relating
to inertial sensing such as measurements of gravitational
acceleration [18, 19], gravity gradients [20], and rotation
[21]. These experiments have inspired the development
of portable sensors using cold atoms that can be utilized
for oil and mineral prospecting and for correcting tidal
charts [22–24]. Other fascinating results include precision measurements of the atomic fine structure constant
[25–28], tests of the equivalence principle by measuring
the differential acceleration of two laser cooled isotopes
[29], measurements of the gravitational redshift [30, 31],
and low-energy tests of the standard model [32]. Atomic
fountain clocks using cold atoms [33, 34] have replaced
atomic beam based national time standards and are used
to synchronize a network of global positioning satellites.
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The development of a femtosecond frequency comb that
can be referenced to an atomic clock has also made it
feasible to develop a new generation of frequency standards [35, 36]. Trapped atoms have also been cooled to
nanokelvin temperatures at which Bose-Einstein condensation (BEC) can be observed [37, 38]. Obtaining BEC
has made it possible to realize coherent sources of atoms
[39, 40] and carry out interesting tests of atomic and
condensed matter physics at a level considered impossible only a few years ago [41, 42]. Recent experiments in
which a BEC is dropped over a 100 meter path-length
have made it possible to consider precision tests of the
equivalence principle [43].
This paper provides a detailed overview of instructional experiments adapted for laboratory courses and
related to MOTs. We begin with a discussion of the
course format in section II and provide a brief overview
of home-built diode lasers and tapered amplifiers that
can reduce the cost of course development. In section
III, we discuss details of the experiments related to laser
spectroscopy and atom trapping with examples of typical
data. The paper concludes with a discussion of impact,
alternate approaches for course development, challenges
related to the training of teaching assistants, and longterm maintenance in section IV. The outline of supporting lectures and tutorials are included in Appendix A
and Appendix B. Appendices C and D provide a list of
useful references for students and instructors. Appendix
E consists of a compilation of the equipment used in each
of the experiments.

II.

COURSE FORMAT

At York University, two one-semester courses, designated as PHYS 4061 (Experimental Techniques in Laser
Physics) and PHYS 4062 (Atom Trapping Laboratory),
have been part of the curriculum since 2007. The introductory course (PHYS 4061) involves six laboratory
hours and two hours of classroom instruction per week
and nine experiments related to techniques in atomic
physics and laser spectroscopy. The experiments in
PHYS 4061 are based on a number of undergraduate research projects [44–53]. The objective of the course is
for students to acquire hands-on experience with conventional equipment and contemporary experimental techniques. Therefore, PHYS 4061 stresses short-form lab
reports with an emphasis on data analysis. Although
there are a number of platforms for symbolic computation, we have adopted Mathematica since it seems well
suited for batch processing and curve fitting. As a result, the course begins with a comprehensive Mathematica tutorial that is spread over four three-hour laboratory sessions. During these sessions, students complete
a laser safety tutorial and become familiar with the flash
card system for downloading data from oscilloscopes. For
the remainder of the course, students work in groups of
two and cycle through the spectroscopy experiments on

a weekly basis. Each of these experiments has been designed to be completed during two three-hour laboratory
sessions.
Topics required to understand these experiments are
covered in a variety of upper level physics courses such
as electromagnetism, modern physics and quantum mechanics. Additionally, a comprehensive laboratory manual [54] has been developed to cover theoretical concepts
associated with each experiment. The lecture component
of this course includes twelve lectures that cover theoretical background related to instrumentation such as gas
and diode lasers, LEDs, electro-optic and acousto-optic
modulators, Fabry-Pérot interferometers, and properties
of Gaussian beams. Each lecture is supported by a tutorial that covers the background for experiments. Appendix A gives the outline of the lecture and tutorial
topics in PHYS 4061. Appendix C provides a list of papers and textbooks relevant to this course. The course
has been designed to accommodate 20 students in one
section.
PHYS 4062 focuses on atom trapping and allows students to apply skills acquired in PHYS 4061 to trap atoms
in a MOT and carry out simple investigations of the properties of laser cooled atoms. The lecture component of
PHYS 4062 describes the formalism related to the radiation pressure force, magnetic trapping and the optical
dipole force. The tutorials describe techniques relevant
to cold atom experiments. Appendix B gives the outline
of the lecture of tutorial topics in PHYS 4062. Appendix
D provides a list of papers and textbooks relevant to
this course. Students are provided with two preassembled vacuum chambers for atom trapping that have been
pumped down to the required base pressure. This course
has a laboratory component amounting to six hours per
week for a period of eight weeks. During the last four
weeks of the term, students are required to complete a
long-form lab report as in traditional laboratory courses.
The student experience in this course closely resembles
a research environment with open-ended experiments.
Our approach has been different from atom trapping experiments at other universities because it provides students with a greater degree of hands-on experience.
Four of the nine experiments in PHYS 4061 are based
on the use of external cavity diode lasers (ECDLs). So
far, we have relied entirely on commercial diode laser
systems to support these courses. However, we have constructed home-built ECDLs to support course expansion
in the future. Graduate teaching assistants have found
the commercial systems to be straightforward to maintain since the only requirement is the replacement of laser
diodes and re-alignment of the laser head (typically once
in two years). However, investment in these systems can
have a significant impact on the equipment budget required to set up the courses, as discussed further in this
section and section IV.
ECDLs can be assembled from readily available commercial components from a number of robust and inexpensive designs in Refs. [3, 5, 7–9]. These lasers have
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III.

DESCRIPTION OF EXPERIMENTS

Four experiments in PHYS 4061 use Rb spectroscopy
and ECDLs operating at 780 nm. They involve topics
such as absorption and fluorescence spectroscopy, electrooptic modulation, Zeeman shift, laser linewidth, and
laser frequency stabilization. We have divided the article
into subsections that provide an overview of these experiments with each subsection concluding with remarks
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specifications that are similar to commercial systems,
such as an output power of up to 150 mW and a linewidth
of ≈ 1 MHz. We have built a number of laser heads based
on the design in Ref. [3], which uses a diffraction grating
in the Littrow configuration to provide optical feedback.
Additionally, we have developed temperature and current
control modules to stabilize the frequency of the ECDL.
Home-built lock-in modules for active frequency stabilization have allowed both peak locking and side locking
[50]. We have generally relied on commercial function
generators to scan the laser cavity using a piezo element
attached to a diffraction grating. We have found that the
equipment budget for a home-built laser system is about
1/20th of the cost of a similar commercial system, which
is approximately $20,000. The home-built lasers have
worked reliably in atom trapping experiments conducted
in a research laboratory, but require more expertise to
maintain than commercial systems.
Based on the design in Ref. [55], we have developed
a master oscillator power amplifier (MOPA) system that
produces an output power of ≈ 1 W for one fifth of the
commercial cost, which is approximately $30,000. The
MOPA relies on an ECDL output of ≈ 20 mW to seed a
semiconductor tapered amplifier. Although the ECDLs
provide sufficient power for atom trapping, power limitations due to optical losses and need for intensities that
are large compared to the saturation intensity for atoms
(≈ 1 mW/cm2 ) can restrict the diameter of the trapping
laser beams to a few millimeters.
The number of atoms that can be loaded into a vapor cell MOT with a laser beam diameter d is known
to scale as dx , where x is typically larger than 3 [56].
Therefore, alignment of a MOT can be made easier with
large diameter laser beams. A MOPA can be used to
provide sufficient power for a suitably large laser beam
(> 2.5 cm) in order to load a large number of atoms in
the MOT and achieve a high signal-to-noise ratio in cold
atom experiments. Therefore, the impact of a large beam
diameter for experiments in an instructional lab must be
considered.
ECDLs and MOPA systems must be protected from
optical feedback that can damage both laser diodes and
tapered amplifiers. In our experience, home-built Faraday isolators developed on the basis of an undergraduate
research project [53] have been cost effective solutions.
These devices have provided isolation of > 30 dB for one
third of the commercial cost.

250
200
150
100
50
0
-50
15.3

15.5

15.7

15.9

Time [ms]

FIG. 1. (a) Energy level diagrams for 85 Rb and 87 Rb. The
Rb reference cell contains the two naturally occurring isotopes in the number ratio of 72:28. (b) Oscilloscope trace
of Doppler broadened absorption spectra in 85 Rb and 87 Rb
observed by scanning the ECDL. The ground states corresponding to each peak are labeled. The frequency interval between the two ground states in 85 Rb is marked. The
time axis can be converted to frequency units based on the
known separation between energy levels. The full width at
half maximum (FWHM) extracted from a Gaussian fit of the
F = 3 → F ′ = 2, 3, 4 resonance is 735 ± 5 MHz. Based
on Beer’s law, I = I0 e−αl where α0 is the absorption coefficient, l is the length of the Rb cell, I0 is the incident
intensity and I is the transmitted intensity. We find that
the maximum absorption corresponds to an optical depth of
α0 l = 0.516 ± 0.003 where α0 = α(ν0 ) and ν0 is the resonance
frequency. (c) Oscilloscope trace of Doppler-free spectrum for
the 85 Rb F = 3 → F ′ = 2, 3, 4 transitions. The frequency interval between the F = 3 → F ′ = 4 peak and the adjacent
crossover resonance is 60.4 MHz. (d) An expanded plot of
the F = 3 → F ′ = 4 resonance line. A FWHM of 12.7 ± 0.9
MHz is obtained from a Lorentzian fit. In general, this value
should have contributions from the natural broadening (≈6
MHz), power broadening, and laser linewidth.

about the relevance of these experiments to atom trapping in PHYS 4062. Four additional experiments that involve diode laser modules operating at other wavelengths
are then described. These additional experiments are
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related to optical heterodyne detection, Gaussian beam
propagation, optical detectors, and optical tweezers. We
then describe a separate experiment that uses a pumping
station to introduce vacuum techniques. All experiments
reviewed in this section provide a suitable background for
experiments with atoms in a MOT. We provide a compilation of the equipment for each experiment in Appendix
E.
Most of the laser spectroscopy experiments in the
course are carried out in Rb vapor at room temperature
using ECDLs. The energy level diagrams for the D2-lines
in 85 Rb and 87 Rb are shown in Fig. 1(a). The Doppler
broadened absorption spectrum obtained by scanning the
ECDL several GHz over the Rb resonances in a 5 cm long
vapor cell at room temperature is shown in Fig. 1(b).
The Doppler widths of the individual transitions (for example, the F = 3 → F ′ = 2, 3, 4 resonances in 85 Rb)
can be obtained from background subtracted fits. The
calculated FWHM for an isolated two-level atomic system at a wavelength of 780 nm and a temperature of 300
K is 511.2 MHz. It is an interesting exercise to understand this discrepancy using known frequency splittings
between individual transitions that contribute to the fitted line shape and the corresponding transition probabilities. The Doppler-free saturated absorption spectrum
corresponding to the aforementioned resonance is shown
in Fig. 1(c). A fit to the F = 3 → F ′ = 4 resonance is
shown in Fig. 1(d).

A.

Emission and Absorption Spectroscopy and an
Introduction to Electro-Optic Modulators

Students are introduced to atomic structure and absorption and fluorescence spectroscopy in the first part
of the experiment. The two measurement techniques are
compared and contrasted. A schematic of the experimental setup is shown in Fig. 2. A weak probe beam is
scanned across Rb resonances in a vapor cell and the absorption is detected by photodiode A. In this manner, the
Doppler broadened absorption spectra from the ground
states of 85 Rb and 87 Rb can be measured. The spectra
are fitted using Gaussian functions is shown in Fig. 1(c).
The absorption of a weak probe beam in the presence of
a strong counter propagating pump beam is detected by
photodiode B showing Doppler-free resonances as shown
in Fig. 1(c). A Lorentzian fit to a single resonance line
is shown in Fig. 1(d).
In a separate experiment, an electro-optic phase modulator (EOM) is placed in the pump laser with the probe
beams blocked [47, 52]. This commercially available
modulator is tuned to a resonance frequency of 2.915
GHz. This value was chosen corresponding to the difference between the F = 3 → F ′ = 4 and F = 2 → F ′ = 3
transitions in 85 Rb, shown in Fig. 1(a).
In the EOM experiment, the pump beam intensity is
fixed and the fluorescence spectra from a detector at an
angle of 90◦ (photodiode C in Fig. 2) with respect to the
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FIG. 2. Saturated absorption setup used in emission and
absorption spectroscopy, Zeeman shift, and laser frequency
stabilization experiments. A quarter-wave plate represented
by λ/4 is used to produce circularly polarized laser beams. A
half-wave plate, represented by λ/2, is used to control the ratio of power reflected and transmitted by the polarizing beam
splitter. “A” and “B” represent photodiodes used for recording absorption spectra. The absorption of a weak probe beam
that serves as a reference is recorded by photodiode A. The
absorption of a weak probe beam in the presence of a strong
counter-propagating pump beam is recorded by photodiode B.
Electronic subtraction of the signals from these photodiodes
gives a Doppler-free spectrum shown in Fig. 1(c). Photodiode C is used to record right-angle fluorescence. Locations of
the EOM used in the emission and absorption spectroscopy
experiment and the solenoid used in the Zeeman shift experiment are shown by dashed lines. In experiments with the
EOM, the two weak probe beams are blocked and only the
pump beam remains on.

laser beam is monitored. Spectra are recorded with the
EOM turned on and off, as shown in Fig. 3. New spectral
features that are displaced by the operating frequency of
the EOM are produced. These features can be used to
infer the efficiency of the EOM [47]. In addition, is an
interesting challenge to interpret the relative changes in
amplitudes of other spectral lines [47].
This experiment can also be carried out using a homebuilt EOM with a resonance frequency of ≈ 20 MHz.
The cost of the home-built EOM is approximately one
sixth of the cost of the commercial EOM [52]. For experiments with low frequency EOMs, is necessary to measure
Doppler-free absorption spectra (in the presence of pump
and probe lasers) to resolve the sidebands.
A comprehensive introduction to atomic level structure, Doppler-free spectra, and cross-over resonances is
provided in the manual [54] so that students can interpret the results. A description of the line shapes due to
Doppler broadening and natural broadening is also provided. A brief description of electro-optic phase modulation and applications of EOMs is provided in connection
with the last part of the experiment.
Knowledge of atomic level structure and frequency
shifts of laser beams are crucial for experiments in atom
trapping since these experiments require frequency stabilization and frequency tuning of a laser beam with respect to an atomic spectral line. Trapping 85 Rb atoms in
a MOT requires a trapping laser to rapidly cycle atoms
between the F = 3 and F ′ = 4 states and a second (repump) laser to optically pump the F = 2 ground state.
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The laser frequencies can be derived from the same ECDL
using an EOM with an appropriate operating frequency.

B.

Zeeman Shift

In this experiment, the frequency shift of an atomic
transition in Rb is studied as a function of magnetic field
strength [57]. The saturated absorption setup shown in
Fig. 2 is used to observe the Doppler-free Rb spectrum
shown in Fig. 1(c). A solenoid is placed around the
Rb vapor cell (see Fig. 2) to produce a nearly uniform
magnetic field. The laser is scanned over the F = 3 →
F ′ = 4 atomic resonance as shown in Fig. 1(a) and
Fig. 1(d). To measure the Zeeman shift of this spectral
line, spectra are simultaneously recorded with reference
to a separate Rb vapor cell under ambient conditions.
This procedure is crucial for eliminating the effect of laser
frequency drifts. The magnetic field has been sufficiently
large (> 1 Gauss) to overwhelm the effect of the Earth’s
field, but not large enough (< 30 Gauss) to produce level
mixing. It is also important to ensure that the circular
polarization of both pump and probe beams are set so
that they drive the same transition.
An example of the measured Zeeman shift plotted as
a function of magnetic field is shown in Fig. 4. The
slope is consistent with the expected Zeeman shift for
the F = 3, mF = 3 → F ′ = 4, mF ′ = 4 transition. This
suggests that a system consisting of seven independent
transitions between the F = 3 and F ′ = 4 levels can
be modeled by a two level system. We attribute this
behavior to two effects [57]. Firstly, for circular polarization, the transition probabilities increase for transitions
with higher magnetic quantum numbers. For example,
the transition probability for mF = 3 → mF ′ = 4 spec-

40
Frequency [MHz]

FIG. 3. Fluorescence spectra from a pump laser beam passing
through an EOM and a Rb vapor cell. The laser is scanned
over several GHz and a fluorescence signal is recorded by photodiode C in Fig. 2. The black curve shows the fluorescence
with the EOM off. The grey curve is obtained with the EOM
on. The operating frequency of the EOM is 2.915 GHz which
represents the energy difference between the F = 3 → F ′ = 4
and F = 2 → F ′ = 3 transitions in 85 Rb.

tral line is 28 times larger than transition probability for
the mF = 3 → mF ′ = 2 spectral line. Secondly, if the
beam diameter is sufficiently large such that the transit
time is comparable to the optical pumping time, optical
pumping during the scan time of the pump laser can preferentially populate the F = 3, mF = 3 ground state. It is
instructive to record the Zeeman shifts of both Dopplerfree and cross-over resonances with different polarization
settings for the pump and probe and compare the measured shifts with theory.
It is notable that the narrow laser linewidth and
Doppler-free spectroscopy allow the Zeeman shift to be
characterized using a small wire-wound solenoid and a
compact setup. In contrast, the Zeeman shift is typically studied in upper year laboratories using discharge
lamp source and a large water-cooled solenoid to generate
magnetic fields of ≈ 1 T.
In the final part of the experiment, the dependence of
the width of a spectral line on laser intensity is studied.
In this case, the width of the Doppler-free resonance is
recorded as a function of the pump beam intensity, which
is varied by using a λ/2-wave plate and polarizing beam
splitter at the entrance of the saturated absorption setup.
Alternatively, optical neutral density filters can be introduced into the pump beam. It is possible to infer the
natural linewidth of the spectral line as well as the saturation intensity of the transition from this data if the
vapor cell is magnetically shielded.
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FIG. 4. The frequency shift of the F = 3 → F ′ = 4 transition as a function of magnetic field. The frequency shift is
obtained by recording the position of the spectral line in a Rb
cell placed in a magnetic field relative to the position of the
spectral line without a magnetic field. A value of 1.49 ± 0.08
MHz/G for the Zeeman shift is found from the slope of a
straight line fit. The expected value for the Zeeman shift of
the mF = 3 → mF ′ = 4 sublevel transition is 1.4 MHz/G.
The horizontal error bars are estimated to be ±5% and the
vertical error bars are comparable to the size of the points.

Background concepts related to the Zeeman shift, calculation of Landé g-factors and power broadening are described in the manual. The Zeeman shift is responsible
for the restoring force in a MOT. Additionally, the frequency shifts of laser beams used in atom trapping can
be controlled by Zeeman shifting spectral lines to which
the lasers are locked [57].
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C.

Faraday Isolator and Fabry-Pérot
Interferometry

Two separate experiments have been combined into
this lab. In the first part, the function of polarizing
elements such as linear polarizers and wave plates are
reviewed. Linearly and circularly polarized light are distinguished by measuring the transmission through a rotating polarizer attached to a compact motor. Since optical feedback can alter or damage laser diodes, the utility of using an optical isolator consisting of a polarizing
cube and λ/4-wave plate to reduce optical feedback is
demonstrated. This arrangement reduces optical feedback only for a particular polarization. Subsequently,
students align a home-built Faraday isolator [53], a device that eliminates optical feedback for all polarizations.
The rotation angle and the isolation ratio of the isolator
are measured in the experiment.

(a)

(b)

FIG. 6. Transmission peaks obtained by operating the diode
laser at a fixed frequency and scanning the FPI. (a) FPI peaks
without grating feedback. The measured FWHM is 133.3 ± 5
MHz. (b) FPI peaks with grating feedback. The measured
FWHM of 66.7 ± 3 MHz is comparable to the calculated resolution of the FPI. The value of the free spectral range of the
spherical mirror FPI (c/4L), calculated on the basis of the
known cavity length of L = 7.5 cm is ≈ 1 GHz. Since the
separation between adjacent transmission peaks is equal to
the free spectral range, it is possible to convert the time axis
into frequency units.

ties and characteristics of narrow linewidth ECDLs that
are used for atom trapping.
Laser system
Grating

D.

Laser diode
Removable
mirror

FIG. 5. Experimental setup for measurement of the laser
linewidth using a FPI. The grating in the ECDL cavity is
bypassed by inserting a mirror attached to a removable mount
so that the linewidth of the free running laser diode can be
determined. This configuration is shown by the dotted box.
When the mirror is removed, the linewidth of the laser is much
smaller (≈1 MHz) due to the presence of grating feedback.
Since the FPI resolution is ≈ 60 MHz, only the instrument
limited linewidth is measured in this case.

In the second part of the experiment, light from the
ECDL (linewidth ∼1 MHz) is sent through a Fabry-Pérot
interferometer (FPI) with a resolution of ∼ 60 MHz. The
ECDL grating that provides optical feedback is bypassed
so that the linewidth of the laser becomes larger than
the FPI resolution. The laser frequency is fixed and the
transmission spectrum of the FPI is recorded by scanning
the spacing between the cavity mirrors. The linewidth of
the free-running laser diode can be estimated from the
transmission spectrum of the FPI. The experiment is repeated after the reintroduction of the grating. In this
case, the instrument limited resolution rather than the
laser linewidth is measured. A schematic of the experiment is shown in Fig. 5 and representative FPI spectra
are shown in Fig. 6. The mode characteristics of the
ECDL can also be investigated by varying the diode current and temperature.
The operating principles and design of a Faraday isolator and essential properties of the FPI are reviewed in
the lab manual. The students are exposed to the proper-

Laser Frequency Stabilization and the Lock-In
Amplifier

This experiment focuses on the use of a lock-in amplifier for frequency stabilization of a diode laser. The saturated absorption setup used in this experiment is shown
in Fig. 2. The schematic for the feedback loop required
to lock the laser frequency to the peak of an atomic spectral line is shown in Fig. 7.
To experiment
Laser

Error
signal

Modulation

Saturated
absorption
setup
Absorption signal
(modulated resonance peak)

Lock-in
amplifier

FIG. 7. Setup for laser frequency stabilization using a lock-in
amplifier. The modulation was provided by a function generator operating at ∼ 7kHz. A scan controller is used to scan
the laser frequency at a rate of ∼ 10Hz. An example of the
saturated absorption setup is shown in Fig. 2. A trace of the
saturated absorption signal obtained by scanning the laser
over a single Doppler-free transition is shown. For illustrative
purposes, this trace was recorded with a large amplitude for
frequency modulation. The output of the lock-in amplifier
generates the corresponding dispersion shaped error signal.
To lock the laser to the peak of this resonance line, the laser
frequency is centered on the resonance peak, and the scan amplitude is gradually reduced (ideally to zero) before engaging
the feedback loop.
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FIG. 9. Lock-in output (error signal) obtained by scanning
the laser across a resonance line for various phase shifts between the absorption signal and the modulation: (a) φ = 0◦ ,
(b) φ = 90◦ and (c) φ = 180◦ .
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FIG. 8. Schematic diagram showing the essential components
of a lock-in amplifier.

Atom trapping experiments require frequency stabilized lasers to drive specific atomic transitions. The lab
manual presents both a physical model of the error signal
[44], as well as a more mathematical treatment [50].
E.

(a)
Lock-in signal [arb. units]

In the first part of this experiment, students are guided
through the essential components of a lock-in amplifier,
shown in Fig. 8. Exercises include studying the performance of a phase shifter and radio frequency (RF) mixer.
The phase shifter consists of an analog circuit with a variable resistor that allows the phase shift imposed on an
RF waveform to be varied and calibrated. Two RF inputs, consisting of the output of the phase shifter and
the modulated absorption signal, are used as inputs to
the mixer. The mixer output is verified to scale as the
cosine of the phase difference between the two RF inputs.
In the second part of the experiment, a commercial
lock-in module attached to the laser controller is used to
study the dispersion-shaped error signal shown in Fig. 8.
For this experiment, the modulated saturated absorption
signal and the modulation from a built-in function generator are used as inputs to the lock-in. The dependence
of the error signal on lock-in phase is studied by scanning
the laser across a suitable atomic resonance, as shown in
Fig. 9. To lock the laser, the error signal is first minimized by varying the phase, as shown in Fig. 9(b). The
phase is incremented by ±90◦ to maximize the error signal, as shown in Fig. 9(a) and 9(c). It can be determined
that the laser will remain locked for one of these settings
and that it will be forced away from resonance for the
other setting. To lock the laser, the scan amplitude is
reduced and the feedback loop is engaged by sending the
error signal to the laser. After locking the laser to a particular spectral line, the frequency stability of the laser is
determined by recording the fluctuations in the DC level
of the error signal, as shown in Fig. 10. This figure also
illustrates the frequency excursions of the laser without
feedback.

Radio Frequency Components and Optical
Heterodyne Detection

Students are introduced to the function of RF components in the first part of this experiment. Simple
experiments that utilize a voltage-controlled oscillator
(VCO) are used to understand working principles of amplifiers, mixers, power splitters, frequency doublers, and

FIG. 10. Lock-in error signal recorded with and without engaging the feedback loop. For both parts of the trace, the
scan amplitude has been turned off, whereas the modulation
remains on. The amplitude variations are mainly due to laser
frequency fluctuations, which are greatly reduced with the
feedback loop engaged (lock on). Under typical operating
conditions, the diode laser remains locked for about 30 minutes.

transistor-transistor logic (TTL) switches. For example,
students can design a frequency doubler by connecting
two outputs of a power splitter into a mixer and filtering
out the low frequency component. Other experiments include measuring the frequency range and power output
of a VCO and measuring the on/off ratio of RF pulses
using a mixer or a TTL switch.
In the primary experiment, a continuous wave (CW)
RF signal from an amplifier is used to drive an
acousto-optic modulator (AOM). Light from one of the
ECDL-based experiments described previously is aligned
through the AOM. The first order diffracted beam is ren-
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dered co-propagating with the undiffracted beam using
a combination of mirrors and a 50/50 beam splitter, as
shown in Fig. 11(a). The undiffracted beam from the
AOM serves as an optical local oscillator (LO). A photodiode placed in the path of overlapped beams records a
heterodyne beat note at the RF frequency used to drive
the AOM. Under typical operating conditions, the intensity of the diffracted beam is comparable to that of the
undiffracted beam. If the AOM is driven at low power,
the diffracted beam can represent a weak signal. With
the LO blocked, the photodiode can be used to detect the
signal as a change in intensity. With the LO unblocked,
the signal can be detected by the presence of the beat
note. Other extensions of this experiment could include
studying the size of the beat signal versus the power in
the diffracted beam and comparing the smallest signals
that can be measured using heterodyne and intensity detection.
The remainder of the experiment involves pulsing the
RF signal driving the AOM and recording the diffracted
pulse detected by the photodiode. Pulsing the amplitude of the RF signal from a VCO is accomplished using
a function generator and a TTL switch, as shown in Fig.
11(a). The photodiode records a time-delayed optical
pulse, as shown in Fig. 11(b). The envelope of the optical pulse exhibits the heterodyne beat note. The time
delay between the trigger pulse used to drive the AOM
and the corresponding optical pulse is measured. The
distance between the transducer attached to the AOM
crystal and the laser beam is recorded. These measurements allow the speed of sound through the AOM crystal
to be inferred. The rise time of the diffracted pulse can
be used to measure the size of the laser beam passing
through the AOM. Additional exercises relating to this
experiment could include demonstrations of setting up
AOMs in a dual pass configuration [46].
The background covered in the lab manual includes the
theory of Bragg diffraction in an AOM and a derivation
of the frequency shift of the diffracted beam based on
the first order Doppler shift for sound waves. In the
atom trapping course, students use an AOM to derive
the frequency-shifted trapping laser beam from a diode
laser locked to an atomic spectral line. The trapping
laser can be amplitude modulated for a range of cold
atom experiments.

F.

VCO

Switch

(b)

FIG. 11. (a) Heterodyne detection setup. The incoming beam
is generated by an ECDL operating at 780 nm. The optical
local oscillator (LO) is the undiffracted beam from the AOM.
The first order diffracted beam from the AOM is rendered copropagating with the LO using a beam splitter and mirrors
so that a heterodyne beat signal can be detected by the photodiode. The RF input to the AOM is either CW or pulsed,
and the control electronics are shown. The output of the TTL
switch is an RF pulse that drives the AOM. (b) The square
pulse used to amplitude-modulate the AOM and corresponding time-delayed optical pulse detected by the photodiode.
The square pulse is the signal input to the electronic TTL
switch, which also triggers the oscilloscope. The optical pulse
exhibits a beat note at the AOM drive frequency. The time
delay between the onset of the square pulse and the beginning
of the optical pulse is 3.45 ± 0.05 µs. This delay is consistent
with the estimated time for an acoustic wave to propagate
from the transducer at the edge of the AOM crystal to the
location of the laser beam passing through the AOM.

Optical Detectors

This experiment is designed to provide a working
knowledge of three different optical detectors: photodiodes, photomultiplier tubes (PMT), and charged coupled
devices (CCD cameras). In a preliminary experiment,
CW light intensity is measured using both photodiodes
and PMTs so that the dynamic range, saturation characteristics, and signal-to-noise ratios associated with these
detectors can be estimated. Using an AOM, it is also
possible to demonstrate pulsed detection. The response

time of an optical detector with a 1 MΩ termination resistance is measured. The time constant of the detection
system is modified by changing the termination resistor
so that the rise time of the optical pulse from the AOM
can be measured.
A triggered CCD camera and frame grabber are used to
measure the fluorescence generated by an electron beam
moving across the phosphor screen of an analog oscilloscope, as shown in Fig. 12. The characteristic de-

9

CCD image after trigger

shutter open

shutter closed

FIG. 12. A CCD camera and frame grabber are used to measure the fluorescence of an electron beam as it sweeps across
the screen of an analog oscilloscope. A pulse generator is used
to generate a TTL pulse that controls the shutter of the CCD
camera.

Triggering the CCD prepares students for atom trapping experiments since photographing the electron beam
fluorescence is analogous to photographing the ballistic
expansion of a cloud of laser cooled atoms after turning off the confining forces. CCD imaging is a standard
technique used for measuring the temperature of trapped
atoms [51]. PMTs and photodiodes are also extensively
used in atom trapping. For example, a PMT can be used
to measure trap fluorescence and estimate the number of
trapped atoms and a photodiode can be used for measuring the absorption spectrum of the cold sample [49].
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FIG. 13. Intensity of fluorescence due to an electron beam
sweeping across the screen of a line triggered oscilloscope
recorded by a shutter-controlled CCD camera. The dips in
intensity correspond to the grid lines on the oscilloscope. The
spacing between the grid lines is determined by the time base
setting of the oscilloscope, thereby allowing the pixel axis to
be converted to a time scale. The solid curve is the best fit
to the data based on a decaying exponential. The fit gives a
decay time of1.30 ± 0.03 ms.

Gaussian Beam Propagation and Optical Fiber
Coupling

This lab builds on earlier experiments in second year
optics where students are introduced to techniques for
obtaining the spatial profiles of laser beams. These techniques include scanning a pinhole or knife edge across the
profile while measuring the transmitted intensity or measuring the intensity through a series of calibrated apertures centered on the beam. In this paper, all measurements of the spatial profile are carried out using a commercially available scanning knife-edge beam profiler.
In the first part of the experiment, the spatial profile
of a focused He-Ne laser is measured along two orthogonal directions perpendicular to the direction of propagation of the laser beam. The measured beam size of a
focused laser beam as a function of position is shown in
Fig. 14(a). The Rayleigh range and beam divergence can
be determined from fits to the beam profile as a function
of the distance from the position of the focus.
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cay in fluorescence intensity as the beam sweeps across
the screen is shown in Fig. 13. We find that the decay
time of the phosphor coating on the oscilloscope screen is
strongly dependent on both the electron beam intensity
and the oscilloscope time-base settings. For this measurement, we used an oscilloscope with a P31 phosphor.
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FIG. 14. (a) Beam radius, w, orthogonal to the direction
of propagation as a function of distance (z) from a 20 cm
focal length plano-convex lens. The beam size was measured
using a scanning knife edge beam profiler. The position z = 0
represents the focal spot. The solid line is a fit to the equation
w = w0 [1 + (z − z1 )2 /z02 ]1/2 , where z0 = πw02 /λ. Here, w0 is
the minimum beam radius, z0 is the Rayleigh range and z1
is the offset that specifies the location of the minimum beam
radius from the origin. The fit gives w0 = (58.7 ± 1.3) µm,
z0 = (5.8 ± 0.2) cm, and z1 = (4.6 ± 0.8) mm. (b) Spatial
profile of a laser beam before (black) and after (grey) passing
through an optical fiber. The profile at the entrance to the
fiber was obtained by distorting the beam using a scratched
cover slide. The profiles represent the analog outputs of a
scanning knife edge spatial profiler.

The second part of the lab demonstrates how spatial
filtering can be used to improve the beam profile. Both
pinhole filtering and optical fiber coupling are demonstrated. Since the experiment involves very few optical
elements and the laser beam propagates over a limited
distance on the optical table, a scratched cover slide is
used to distort the beam profile. The effect of spatially
filtering this beam using an optical fiber is shown in Fig.
14(b).
Further appreciation of spatial profiles is emphasized
in the atom trapping experiment since the number of
atoms that can be trapped in a MOT depends critically
on the beam profile.
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H.

Vacuum Components and Pumping Techniques

This experiment provides a working knowledge of some
vacuum pumps and pumping techniques. The experimental setup is shown in Fig. 15. In the first part of the
experiment, students use a roughing pump to pump on a
vacuum chamber with a volume of ≈ 13 L. The pumping
speed is investigated with different bellows hose lengths,
apertures and leaks. In all these cases, the decrease in the
fore line pressure is measured as a function of time using
a Pirani gauge and a stopwatch. We find that the change
in pressure can be suitably modeled as a decaying exponential immediately after the pump down commences.
For the geometry with the highest pumping speed, the
transition from the viscous flow regime to the molecular
flow regime is estimated to occur for pressures less than
10 mTorr. In the second part of the experiment, the vacuum chamber is pumped using a roughing pump in series
with a turbo pump to a pressure of ≈ 10−6 Torr. The
effect of out gassing is illustrated by valving off the turbo
pump and by heating parts of the vacuum chamber.
Ion
gauge
Valve A

Bellows

Roughing
pump

Chamber

Pirani
gauge

Valve
B

Turbo
pump

Valve
C

FIG. 15. Vacuum system used in the experiment. In the first
stage of the experiment, valves B and C are closed and the
chamber is pumped directly using the roughing pump. In the
second stage, valve A is closed and the chamber is pumped
by the turbo pump in series with the roughing pump.

The theoretical background in the laboratory manual
includes a discussion of both continuum and molecular
flow regimes, mean free path, and the effect of the diameter and length of a hose on conductance. The principles
of operation of roughing pumps, turbo pumps, diffusion
pumps, and entrapment devices such as ion pumps and
cryogenic pumps are reviewed. A few common types of
pressure gauges are discussed.
This experiment provides a suitable background to
understand the conditions in the small volume vacuum
chamber used for atom trapping experiments.
I.

Optical Tweezers

We have also introduced an optical tweezers experiment based on Ref. [58]. A suspension of polystyrene
beads (≈ 1−2 µm in diameter) in saline solution is placed
in a channel on a cover slide attached to a translation
stage (shown in Fig. 16). The beads can be viewed on
a CCD camera using a backlight for shadow imaging, as

shown in Fig. 17(a). The beads are trapped using light
from a diode laser that outputs ≈ 50 mW of power at a
wavelength λ = 532 nm. Most of the laser light incident
on a dichroic mirror (oriented at 45◦ as shown in Fig. 16)
is focused onto the sample using a microscope objective.
A lens mounted on a rail is used to adjust the size of
the beam at the entrance to the objective. A small fraction of the back-scattered light from a trapped bead will
pass through the dichroic mirror, along the line of sight
associated with the backlight. The position of the bead
can be tracked using the CCD camera. A LabVIEW interface displays an image of the trapped bead obtained
by subtracting background light, as shown in Fig. 17(b).
The interface allows the data associated with the trapped
bead to be displayed either in real time or after the acquisition of a number of frames. Figure 17(b) also displays
the spatial profiles of light reflected off a trapped bead
along two orthogonal directions. These plots represent
pixel readouts along directions marked by cursors placed
on the image of the trapped bead. Due to the relatively
slow processing time of the CCD camera, the data representing the bead positions are well separated in time (≈
15 ms) so that correlation effects can be ignored.
Figure 18(a) shows the mean-squared displacement of
the bead (calculated in software) as a function of the
inverse laser power. The spring constant, ks , of the
harmonic potential associated with the dipole force trap
is proportional to laser intensity. Therefore, the meansquared displacement is inversely related to laser power
in a manner consistent with expectations. The spring
constant of the dipole force trap as a function of the
laser power is shown in Fig. 18(b). The spring constant
was calculated by using the equipartition theorem and
the measured mean squared displacement. As expected,
we find that the spring constant varies linearly with laser
power.
The same setup can also be used to measure the autocorrelation function of a trapped bead. In this case, a
position sensitive detector (PSD) with a response time
of ≈ 100 µs is used to track the bead position. The
PSD is placed at the location of the back light. To ensure a sufficient signal-to-noise ratio, an iris is placed in
front of the PSD to eliminate background light. Figure 18(c) shows the bead displacement measured by the
PSD over a time-scale of 45 ms. An autocorrelation function can be calculated from this data, as shown in Fig.
18(d). The correlation time τc is inferred by fitting the
data to a Lorentzian function [58]. Figure 18(e) shows
the correlation time τc as a function of the laser power.
The inverse dependence is consistent with the prediction
forτc = γ/ks . Here, γ is the rate of collisions between the
solute molecules and the trapped bead.
The lab manual provides an introduction to the origin of the optical dipole force (ODF) on glass beads and
discusses the mechanism by which the ODF can trap
neutral atoms. The techniques used in this experiment
are widely applied in biophysics to manipulate proteins,
DNA, and other organic molecules that can be tethered
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FIG. 16. Schematic diagram of the optical tweezers experiment. The laser source is a diode laser operating at λ = 532
nm. The dichroic mirror ensures that most of the laser light
reaches the microscope objective. The rail lens is used to vary
the size of the laser beam. The objective focuses the laser
beam to a spot size of ∼ 3 µm. The sample of polystyrene
glass beads in saline solution is placed at the focal spot of the
laser. The sample is uniformly illuminated by a backlight.
Light from this lamp source passes through a condenser lens
and the sample. After passing through the microscope objective, it is imaged on a CCD camera. With the laser blocked,
the CCD camera can image the glass beads suspended in solution. When the optical dipole force trap is aligned, the
dichroic mirror and dichroic filter ensure that a small fraction of the light scattered by the trapped beads reaches the
CCD camera. The scattered light follows the same optical
beam path as the backlight and is sufficiently intense for the
trapped bead to be imaged.

to glass beads [59, 60]. This experiment has additional
relevance to atom trapping since neutral atoms that are
laser cooled and trapped in a MOT can also been loaded
into an ODF trap, also known as a far off resonance trap
(FORT). FORTs can be designed to have large potential well depths and have the advantage of low scattering
rates in comparison to MOTs.

J.

Atom Trapping in a MOT

The overall goals of the atom trapping course (PHYS
4062) is to provide students with hands-on expertise and
experience that is similar to that of a research lab. The
equipment used in PHYS 4061 is redeployed for PHYS
4062. PHYS 4062 is an elective course with an enrollment
of approximately ten students. The course operates with
two independent setups consisting of two groups of five
students. Each student group is guided by a teaching
assistant. We find that students routinely trap atoms

FIG. 17. (Color online) Display of the LabVIEW interface
used to record and analyze CCD images of the trapped beads.
(a) Image of beads suspended in solution. (b) The upper
frame shows the image of a 2 µm diameter trapped bead.
The corresponding intensity profile is displayed in the lower
frame.

in three to four weeks and can focus on cold atom experiments for about four weeks. After the completion
of laboratory work, students are allotted three weeks to
submit a formal long-form lab report that requires interpretation of data and a comprehensive discussion.
Figure 19(a) shows a picture of the atom trapping apparatus. The stainless steel vacuum chamber has eight
symmetrically aligned viewports in the horizontal plane
and two viewports along the vertical axis. Six viewports
are used by the three pairs of orthogonally directed trapping beams. Two viewports in the horizontal plane are
used for CCD imaging of the atom cloud [shown in Fig.
19(b)] and detection of trap fluorescence using a photodiode. The two remaining viewports can be used for experiments such as absorption spectroscopy with a probe
laser.
Typically, it takes a few weeks to prepare a vacuum
system that is suitable for atom trapping. Therefore, it
is preferable for students to work with a chamber that has
already been pumped out. The vacuum system is initially
pumped down using a turbo pump and baked at ≈ 100◦ C
for a few weeks so that the base pressure is ≈ 10−9 Torr
at the end of the bake-out. The turbo pump is then
disconnected and an ion pump with a pumping speed of
8 L/s is used to maintain the vacuum. The Rb source
consists of a sealed ampoule that is fused to a glass-tometal adapting flange. The Rb source can be fabricated
in a glass shop using a commercially available ampoule
and a glass-to-metal adapter. The seal can be broken in
vacuum by using a magnet to manipulate a glass-enclosed
magnetic striker. During the atom trapping experiments,
the typical vapor pressure of Rb atoms in this chamber
is ≈ 5 × 10−8 Torr.
The number of atoms that can be accumulated in a
MOT can be optimized by maximizing the laser cooling
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FIG. 19. (a) A portion of the atom trapping setup. A pair of
anti-Helmholtz coils is used to apply a magnetic field gradient.
Two pairs of the trapping beams are aligned in the horizontal
plane between the anti-Helmholtz coils. An orthogonal trapping beam is aligned along the vertical. (b) Image of trapped
85
Rb atoms recorded by a CCD camera. An optimized trap
has a 1/e2 cloud radius of ≈ 1 mm and holds ≈ 107 atoms.
The CCD image of the trap in (b) is saturated causing blooming.
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FIG. 18. (a) Mean squared displacement as a function of inverse laser power. The power represents the measured value
at the entrance to the microscope objective. Only ≈ 50% the
light reaches the sample. (b) Spring constant of the dipole
force trap as a function of laser power. The horizontal axis
has not been corrected for the power loss at the microscope
objective. The points representing the spring constant are
calculated from the data in (a) on the basis of the equipartition theorem. (c) Signal from the PSD, which represents the
position of the bead as a function of time. (d) Autocorrelation
function (black) calculated from the PSD signal by fitting to
a Lorentzian (grey) for a small section of the data such as
in (c). The horizontal axis represents the time lag between
the data points in the record. The fit gives a correlation time
τc = 0.422 ± 0.005 ms. (e) Correlation time as a function of
laser power.

transition to optically pump atoms out of the F = 2
ground state. The recommended power in the trapping
laser is > 50 mW. For the trapping beam diameter used
in the experiments (∼ 5 mm), with 50 mW of power, we
find that a repump laser power of ∼ 1 mW is sufficient.
We find that the experiments described in the next section of this paper can be carried out without the need to
actively lock the repump laser due to the high amount
of power in the repump beam. However, the repump
laser frequency is carefully monitored to ensure that it
coincides with the resonant frequency. The number of
trapped atoms can be maximized if the repump laser is
combined with the trapping beams along all three axes
using polarizing beam splitters. However, it is possible
to operate the MOT even if the repump laser is aligned
along a separate axis through the center of the chamber.

force and the atom trapping force. The trapping beam
diameter, which is set by the available power and laser
detuning, determines the laser cooling force [61]. Typically, the atom trapping force can be maximized under
conditions in which the Zeeman shift is comparable to
the Doppler shift. For 85 Rb atoms, this is achieved using a magnetic field gradient of ≈ 10 G/cm. The antiHelmholtz coils of the MOT shown in Fig. 19(a) (diameter ≈ 20 cm, ≈ 140 turns) can produce the required
magnetic field gradient with an operating current of ≈ 5
A. The coils can be constructed by winding magnet wire
on a plastic or metal frame.
For a multi-level atom such as 85 Rb exposed to a highintensity laser beam, the laser cooling force is maximized
[62] for a trap laser detuning of ∼ 15 MHz below the
F = 3 → F ′ = 4 cycling transition (see Fig. 1(a)). A
second (repump) laser is tuned to the F = 2 → F ′ = 3

For a multi-level atom such as 85Rb exposed to a high
intensity laser beam, the laser cooling force is maximized
[62] for a trap laser detuning of∼ 15 MHz below the
F = 3 → F ′ = 4 cycling transition [see Fig. 1(a)]. A
second (repump) laser is tuned to the F = 2 → F ′ = 3
transition to optically pump atoms out of the F = 2
ground state. The recommended power in the trapping
laser is > 50 mW. For a trapping beam with 50 mW of
power and a diameter of ≈ 1 cm, we find that a repump
laser power of ≈ 1 mW is sufficient. We find that the
experiments described in the next section of this paper
can be carried out without the need to actively lock the
repump laser due to the power available (≈50 mW). However, the repump laser frequency is carefully monitored
to ensure that it coincides with the resonant frequency.
The number of trapped atoms can be maximized if the
repump laser is combined with the trapping beams along
all three axes using polarizing beam splitters. However,
it is possible to operate the MOT even if the repump
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laser is aligned along a separate axis through the center
of the chamber.
The trapping laser is aligned along three orthogonal
directions of the trapping chamber using polarizing cube
beam splitters and λ/2-plates to control the relative intensities in each direction. At the entrance to the trapping chamber, each incident beam is circularly polarized
using a λ/4-wave plate and aligned through the centers of
the viewports. After passing through the chamber, each
beam is directed through another λ/4-wave plate and
retro-reflected. This alignment ensures that the polarization of the MOT laser beams is set to a σ + σ − configuration along each orthogonal direction. The incident and
retro-reflected beams have opposite angular momentum
with respect to the axis defined by the incident beam.
Due to quantum mechanical selection rules, these beams
drive atomic transitions between hyperfine states with
magnetic quantum numbers that differ by ∆mF = ±1,
provided that the quantization axis is collinear with the
axis of propagation.
Maxwell’s equations ensure that the magnetic field gradients along the three orthogonal directions satisfy the
condition that ∇ · B = 0. Therefore, it is necessary to
ensure that the two incident trapping beams in the horizontal plane have the same angular momentum due to
cylindrical symmetry. The third incident beam (along
the vertical axis in this case) is set with the opposite angular momentum. The orientations of the first λ/4-wave
plate in each of the incident beams should be set carefully
to ensure circular polarization. However, the σ + σ − configuration for a MOT can be achieved for any orientation
of the second λ/4-wave plate.
The MOT is formed at the location where the magnetic field is zero. Therefore, it is important to align the
anti-Helmholtz coils so that the field is zero at the center of the apparatus. It is also important to ensure that
the laser beams are centered at this location. Ideally the
Earths magnetic field, which shifts the position of zero
field, should be canceled at the center of the chamber
using three pairs of Helmholtz coils. However, cancellation of ambient fields is generally not required in an
instructional experiment.
We have described the standard configuration used for
a vapor cell loaded MOT [1] in which the repump laser
is derived from a separate diode laser. The advantage
of this approach is that the experimental setup is well
suited to develop hands-on experience and promotes an
interactive approach. In this arrangement, we find that
students are able to make mistakes and correct them with
relative ease.
Other possible configurations include a system of pyramidal mirrors that ensure the MOT is automatically
aligned if the incident beams are directed along the appropriate axis [63]. It is notable that miniaturized vacuum chambers using epoxied glass sheets have been used
[64]. It is also possible to introduce an EOM in the trapping laser to generate a sideband that corresponds to the
repump transition frequency.

We now provide a step-wise description of the stages
involved in the atom trapping experiment. A small fraction of laser light is required for setting up saturated absorption for both trap and repump lasers. The repump
laser is tuned to resonance with the F = 2 → F ′ = 3
transition in 85 Rb. The trap laser is locked to the
peak of a crossover transition ≈ 60 MHz below the
F = 3 → F ′ = 4 transition in 85 Rb [see Fig. 1(c)].
Most of the trap laser light is aligned through a single pass AOM operating with a frequency upshift of 45
MHz so that the laser frequency of the diffracted beam
is ≈ 15 MHz below theF = 3 → F ′ = 4 resonance.
The diffracted beam serves as the trapping laser and
it can be conveniently amplitude modulated using the
AOM. This beam is combined with the repump laser using a polarizing beam splitter. The combined beams are
split into three paths and aligned through the vacuum
chamber. Ideally, the retro-reflected beams should be
aligned collinear within a few milliradians with respect to
the incident beams. Spatial filtering of the beams using
fibers can result in a significant increase in the number of
trapped atoms. However, we avoid the use of fibers since
there is a 50% reduction in laser power and increased
experimental complexity. The polarization of the three
orthogonal trapping laser beams can be conveniently determined throughout the beam paths by measuring the
optical transmission through a rotating polarizer.
The next step involves the calibration and alignment of
the anti-Helmholtz coils. The Rb source is gently heated
so that the fluorescence associated with laser beams passing through the vacuum chamber is visible on a monitor
or on a hand-held view scope sensitive to near-infrared
light. If the frequencies of the lasers are adequately controlled and the optical alignment is satisfactory, a MOT
can be observed with very few permutations to the experimental configuration. These involve switching the polarization state of the vertical trapping beams between two
orthogonal circular polarizations and reversing the direction of current through the anti-Helmholtz coils.

K.

Experiments with Laser Cooled Atoms

After optimizing the MOT, students carry out a number of straightforward experiments relating to the properties of cold atoms. All these experiments can be carried
out by monitoring the fluorescence of the MOT using a
PMT or amplified photodiode and determining the cloud
radius using steady-state images captured by the CCD
camera, similar to Fig. 19(b). Examples include tuning the lasers to trap 85 Rb and 87 Rb isotopes, studying
the atom number as a function of the magnetic field gradient and laser frequency, measuring the atom number
and atomic density using the trap fluorescence and cloud
radius, determining the temperature of trapped atoms
and gravitational acceleration by photographing the ballistic expansion of the trapped cloud, investigating optical pumping by turning off either the trap or repump
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FIG. 20. (a) Steady state atom number as a function of trap
laser power. The atom number is inferred by recording the
trap fluorescence on a photodiode. The voltage recorded by
the detector can be converted into atom number. The maximum voltage corresponds to an atom number of ≈ 107 . Since
the trap laser is retro-reflected through the vacuum chamber, the laser power incident on the atoms is approximately
twice the trap laser power. (b) Atom number as a function
of repump laser power. For both of these experiments, the
trap laser detuning was fixed at 15 MHz below resonance, the
trapping beam radius was ≈ 0.90 cm and the magnetic field
gradient was ≈ 7 G/cm.

Figure 20(a) shows the steady state atom number,
Nss ,as a function of trap laser power for a fixed trap
laser detuning and trapping beam diameter. The experiment is carried out with trap laser intensities that are
significantly larger than the saturation intensity Isat for
85
Rb atoms (Isat = 1.67 mW/cm2 for the F = 3, mF =
3 → F ′ = 4, mF ′ = 4 transition). Under these conditions, it has been predicted that the optimal detuning
should∆ = −2.5Γ [61, 62], which is the value used in this
experiment. The data shows that the atom number saturates as the trap laser power is increased. This is a result
of the excited state population saturating for intensities
I ≫ Isat . The ratio I/Isat can be used to quantify the
radiation pressure force on atoms.
To understand the steady state atom number, we note
that the MOT operates by slowing and trapping atoms
in the low velocity tail of the speed distribution of the
background Rb vapor. The trapping beam diameter determines the maximum velocity of atoms (the capture
velocity, vc ) that can be trapped. The steady state
atom number is related to the capture velocity through
Nss = (d2 /σ)(vc /u)4 [34, 56], where d is the diameter of
the trapping beams, σ is the cross-section for collisions
with “hot” background atoms, and u is the most probable speed of the background atoms u ≈ 242 m/s for 85 Rb
at T = 300 K).
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The repump laser is combined with the trapping laser
along all three orthogonal directions. Figure 20(b) shows
Nss as a function of the repump laser power. Under these
conditions, atoms can be cooled over the entire volume
of Rb vapor that is illuminated by both trap and repump lasers. The data shows that the atom number saturates with an increase in repump laser power, thereby
confirming that the atom number is not limited by repump laser intensity. Under these conditions, the experiment achieves complete optical pumping out of the
F = 2 ground state.
Peak Atom Density [ x10 /cm ]
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lasers, measuring the effect of collisions from the loading
rate of the trap, probe laser spectroscopy, and investigation of the spring constant of the trap. The results help
students understand important properties of atom traps
that were first revealed in several classic papers in the
field [1, 4, 34, 39, 56, 61, 65–67]. We now review a selection of experiments performed by students using 85 Rb
atoms.
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FIG. 21. (Color online) (a) Variation in average density as a
function of atom number. The atom number, inferred from
trap fluorescence, was varied by changing the trap laser power.
The trap laser detuning was fixed at 15 MHz below resonance,
the trapping beam diameter was ≈ 0.90 cm and the magnetic
field gradient was ≈ 7 G/cm. Three different repump laser
powers were used, 0.6 ± 0.06 mW (red squares), 1.0 ± 0.1 mW
(green circles), and 50 ± 5 mW (blue triangles). The cloud
radius was determined from fits along two dimensions that
were summed in quadrature. (b) Spatial profile of the cloud
obtained from a CCD camera image for trap laser power of
75±7 mW, repump laser power of 50±5 mW, and a magnetic
field gradient of ≈ 7 G/cm. The vertical axis represents the
intensity obtained by integrating pixel values. A Gaussian fit
gives a 1/e2 cloud radius of 0.66 ± 0.01 mm.

For dilute traps (optical depth less than unity), photons that are absorbed and emitted by trapped atoms are
not re-absorbed by other trapped atoms. Under these
conditions, the density of the trap should increase as the
atom number is increased [51]. As radiation trapping becomes important, the density of the cloud is expected to
saturate, indicating that the cloud volume increases with
an increase in atom number due to the outward pressure
from re-scattered photons [65]. The data in Fig. 21 is
consistent with these expectations. Here, the atom number is varied by changing the trap laser power. Figure 21
also shows that the data is independent of repump laser
power. The average density is calculated by combining
the atom number measured from trap fluorescence and
the cloud radius measured using a CCD camera. Since
the trap density is relatively low, the power requirements
for the repump are very modest.
It is possible to obtain atom numbers that are 100
times larger by using larger trapping beam diameters.
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Under these conditions and low repump laser power, it
is possible to observe a “bounce trap”[68] since the repump laser intensity is highly attenuated at the center
of the cloud due to absorption. Only atoms in the outer
shell are cycled on the F = 3 → F ′ = 4 transition by
the trapping laser, leaving the atoms at the center of the
cloud predominantly optically pumped into the F = 2
ground state. Under these conditions, only the atoms in
an outer shell contribute to the trap fluorescence. As a
consequence, the trap fluorescence can scale linearly as
a function of the surface area of the cloud. In contrast,
if the repump laser intensity is large, the trap fluorescence can scale linearly with the cloud volume. However,
to study these trends, it is important to consider a suitable method of changing the steady state atom number
without independently changing the cloud size.
It is possible to obtain atom numbers of ≈ 109 by using larger trapping beam diameters. Under these conditions, it is possible to observe a “bounce trap”[68] if
the repump laser intensity lowered. In this situation, the
repump light is highly attenuated at the center of the
cloud due to absorption. Only atoms in the outer shell
that are cycled on the F = 3 → F ′ = 4 transition by the
trapping laser contribute to the trap fluorescence, leaving the atoms at the center of the cloud predominantly
optically pumped into the F = 2 ground state. As a
consequence, the trap fluorescence can scale linearly as
a function of the surface area of the cloud. In contrast,
if the repump laser intensity is large, the trap fluorescence can scale linearly with the cloud volume. However,
to study these trends, it is important to consider a suitable method of changing the steady state atom number
without independently changing the cloud size.
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FIG. 22. (a) Atom number as a function of iris diameter, d.
The data shows a sensitive dependence on the beam size. For
a well aligned trap and a well centered iris, the atom number
can be expected exhibit a power law dependence shown by
the solid line. For this experiment, the trap detuning was
set to 15 MHz below resonance, the trap laser power was
≈ 65 mW, the repump laser power was set at ≈ 15 mW,
and the magnetic field gradient was ≈ 7 G/cm. (b) Cloud
radius (1/e) as a function of magnetic field gradient along the
vertical direction. For this data, the trap laser power was
fixed at ≈ 75 mW and the trap laser detuning was ≈ 15 MHz
below resonance with a beam diameter of ≈ 1.0 cm. The
repump power was ≈ 12 mW.

The capture velocity for a MOT is a non-linear function of the trapping beam diameter. As a consequence,

the atom number is predicted to scale as dx , where d is
the trapping beam diameter and x typically ranges ≈ 3
to 4 [56, 61]. The variation in x arises because the atom
number must be optimized for a given trapping beam
diameter by varying the detuning, trap laser intensity,
and magnetic field gradient. The sensitive dependence
of the atom number on the trapping beam diameter can
be studied by varying the size of an aperture that is centered on the trapping beam. Figure 22(a) shows a strong
dependence of the atom number on beam diameter. The
atom number falls to zero for a finite beam diameter due
to misalignment.
For small atom number, the linear variation of the density with atom number in Fig. 21(a) suggests that radiation trapping does not affect the cloud radius for this
data set. As a result, we assume that the temperature
of the trapped atoms is not affected by the absorption of
re-scattered photons [51]. Careful measurements of the
temperature in Ref. [51] suggest that the effects of radiation trapping influence the temperature even in the
linear regime.
The linear variation of the density with atom number
in Fig. 21 suggests that radiation trapping does not affect the cloud radius for this data set. As a result, we
assume that the temperature of the trapped atoms is not
affected by the absorption of re-scattered photons [51].
Under these conditions, the equipartition theorem can
be
p used to argue that the cloud radius should scale as
(dB/dz) [51, 69]. This is because kB T = ks r2 , where
ks is the spring constant of the trap (which is directly
proportional to the magnetic field gradient [62]) and r
represents the cloud radius. Although it can be challenging to confirm the predicted trend, typical data shown
in Fig. 22(b) qualitatively confirms expectations that
the cloud radius decreases monotonically with increasing
magnetic field gradient. This is because the stiffness of
the trap is proportional to the magnetic field gradient.
For an optimally aligned trap, the position of the centroid of the cloud should not change when the magnetic
field gradient is increased. Therefore, studies as a function of magnetic field gradient are also useful as a test of
alignment.
If the temperature is assumed constant, the equipartition theorem can be
p used to argue that the cloud radius should scale as (dB/dz) [51, 69]. This is because
kB T = ks r2 , where ks is the spring constant of the trap
(which is directly proportional to the magnetic field gradient [62]) and r represents the cloud radius. Although it
can be challenging to confirm the predicted trend, typical
data shown in Fig. 22(b) qualitatively confirms expectations that the cloud radius decreases monotonically with
increasing magnetic field gradient. This is because the
stiffness of the trap is proportional to the magnetic field
gradient. For an optimally aligned trap, the position of
the centroid of the cloud should not change when the
magnetic field gradient is increased. Therefore, studies
as a function of magnetic field gradient are also useful as
a test of alignment.
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FIG. 23. Fluorescence from the F = 4 → F ′ = 3 transition
as a function of time after blocking the repump laser. An
exponential fit gives a time constant for the decay of 42.42 ±
0.05 µs. The trap laser power was 75 ± 7 mW, the repump
power was 50 ± 5 mW, and the magnetic field gradient was
≈ 7 G/cm.

Figure 23 shows the decay of the fluorescence from the
trap after turning off the repump light reaching the trap
using an AOM. The AOM has a switching time of < 1
µs. The decay represents optical pumping to the F = 2
ground state. Atoms in this state do not interact with the
trap laser. The data are fitted to an exponential decay to
determine the optical pumping time. The value obtained
from the fit is consistent with the expected time for optical pumping based on a three-level model. This data
is a clear signature of optical pumping as the timescale
for atoms to leave the trapping volume is much longer.
This experiment also illustrates the importance of using
a repump laser. An important precaution for this experiment is the time for shutting off the repump laser must
be much shorter than the optical pumping time.
(b)

Atom Number [arb. units]

(a)

Background Rb Fluorescence [mV]

FIG. 24. (a) Loading curve for the MOT. The data was
recorded for a fixed nRb . A fit to the functional form described in text gives Γ−1 = 1.17 ± 0.03 ms. (b) Variation
of the collisional rate with background fluorescence which is
proportional to nRb .

Figure 24(a) shows a measurement of the loading time
of the trap obtained with a separate setup. To record
this data, the magnetic field gradient was initially turned
off, with the trap and repump lasers on. In this manner, the trapped atoms were allowed to escape from the
trapping volume. The magnetic field gradient was then
turned on and the atom number was recorded as a function of time. Alternatively, the magnetic field gradient

and repump lasers can be left on, and the trap laser can
be amplitude modulated. This approach makes it easier
to trigger the experiment. However, it is necessary introduce a RF switch and pulse generator for amplitude
modulation.
The loading rate of a vapor cell loaded MOT can be
modeled by a differential equation of the form dN/dt =
R − ΓN [1]. Here, N is the atom number, R =
nRb d2 vc4 /u3 is the capture rate of atoms from the background, nRb is the background density of Rb atoms and
Γ is the collisional rate of cold atoms with background Rb
vapor. This equation assumes that there are no collisions
between cold Rb atoms that can also result in a change in
the atom number. The solution to this differential equation is N (t) = Nss (1 − e−Γt ), where Nss = R/Γ is the
steady-state atom number. The data shown in Fig. 24(a)
is well modeled by N (t). The collisional rate Γ can be
extracted by fitting the data to the prediction for N (t).
Loading curves such as those shown in Fig. 24(a)
can be recorded for different background Rb densities
by varying the temperature of the Rb source. Since Rb
has an appreciable vapor pressure at room temperature
(3 × 10−7 Torr) and since the melting point of Rb is
312.5 K, only a small variation in the temperature of
the Rb source is required to affect a significant change
in the background density. Figure 24(b) shows that the
collisional rate is a linear function of the background Rb
density, nRb . The relative density was monitored by measuring the fluorescence at the center of the cell. The
measured trend is consistent with expectations, since the
variation of Γ as a function of density can be described by
Γ = nRb σvrel . Here, σ is the cross-section for collisions
between background and laser cooled Rb atoms and vrel
is the relative velocity between colliding atoms.
It is also an interesting exercise to monitor Nss as a
function of the change in background fluorescence due to
an increase in the temperature of the Rb source. For low
background density, Nss increases because the increase
in the capture rate R is larger than the increase in the
collisional rate Γ. As the background density increases
further, the trap loads faster, and Nss can be observed
to decrease.
If the MOT is carefully aligned, it is possible to observe
an optical molasses due to the damping force of the laser
beams by turning off the magnetic field gradient. Figure
23 shows the molasses decay time for typical operating
conditions. The decay is monitored by recording the fluorescence associated with cold atoms after the magnetic
field gradient is turned off. The relatively fast decrease
in trap fluorescence is primarily due to imbalances in the
forces due to trapping beams and background magnetic
fields. Typically, the molasses decay time can be extended to several seconds by improving the alignment
and canceling background magnetic fields such as the
Earth’s field. For these reasons, monitoring the molasses decay time can be a sensitive test of MOT alignment. This experiment was carried out by turning off
the power supply driving the anti-Helmholtz coils. The
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cold atoms. Absorption spectroscopy can be carried out
by scanning the frequency of a probe laser across Rb
resonances and comparing with the saturated absorption
spectrum at room temperature. Alternatively, fluorescence measurements can be carried out by slowly sweeping the trap laser across resonance after the atoms have
been trapped.
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FIG. 25. (a) Measurement of the optical molasses decay time.
A fit to a decaying exponential gives a 1/e time constant
of 0.165 ± 0.002 s. (b) Measurement of the temperature of
trapped atoms using the release and re-capture method. The
vertical axis represents the fraction of re-captured atoms. The
horizontal axis is the free expansion time. A determination
of the most probable speed u from the fit gives a temperature
T = 420 ± 20 µK.

time constant for turning off the current is determined
primarily by the self-inductance of these coils. However,
this timescale is generally much smaller than the time
constant associated with molasses decay. It should be
noted that in research labs, magnetic field gradients can
be turned off on sub-millisecond time scales using field
effect transistors (FETs) or insulated gate bipolar transistors (IGBTs).
Figure 25(b) shows a measurement of the temperature
of the trap using the release and re-capture technique
[70]. With the repump laser and magnetic field gradient on, the trap laser is pulsed off, allowing atoms to
leave the central region of the MOT before the remaining atoms are recaptured by the trap light turning back
on. The atom number remaining in the central region is
measured by varying the “off” time of trap laser light and
recording the fluorescence at the time of trap laser turn
on. For this experiment, the central region is carefully
imaged on an optical detector. Ideally, the repump laser
and the magnetic field gradient should also be turned off.
However, it is not critical to do so since these parameters
have a small effect on the temperature. Turning off the
magnetic field gradient and repump laser requires additional equipment. The temperature of the trapped atoms
T , is determined by fittingpto an expression of the form
[Rd /R(t)]3 , where R(t) = R02 + (ut)2 . Here, Rd is the
radius of the
p detection volume, R0 is the initial cloud radius, u = 2kB T /M is the most probable speed, and M
is the atomic mass. A more complete expression for R(t)
can be derived on the basis of Refs. [45, 48].
We note that there are several methods for measuring the temperature of the trapped atoms. For example,
Refs. [45, 48] describe time of flight techniques used in
Refs. [51, 69]. However, these experiments require additional lasers, changes in alignment, and synchronized
timing for CCD imaging. Therefore, we find that the
release and re-capture technique is generally best suited
for an instructional environment.
MOTs are also well suited for several additional experiments including trapping 87 Rb and spectroscopy of

IV.

CONCLUSIONS

The development of these courses was made possible
by the participation of six graduate students who validated experimental concepts, completed troubleshooting,
and developed a laboratory manual [54]. This model for
course development was inspired by an earlier experience
in which a number of undergraduate students were able
to revitalize second year laboratory courses on electromagnetism and optics with the introduction of several
new experiments.
Although the impact is difficult to measure in quantitative terms, it is evident that students who have completed these courses are better prepared in advanced data
analysis techniques and have adequate exposure in experimental physics for graduate studies or industrial careers.
Students who enter major graduate programs after completing these courses are routinely exempted from laboratory requirements due to their strong experimental
background. Due to its impact, the introductory course
on laser spectroscopy is currently a compulsory requirement for all physics streams at York University. Demand
for this course has led to an expansion to two sections,
each of which can accommodate 20 students. The follow
up course on atom trapping has consistently experienced
enrollments close to its capacity of 10 students.
The popularity of these courses seems to be related
in part to the accessibility of the background material
and the reliability of experiments. Students find the
introductory course to be demanding, but describe the
hands-on experience as both new and rewarding. The
follow-up course on atom trapping seems to replicate a
typical research lab environment. This course encourages students to develop data taking strategies and data
interpretation skills through intense discussions. Therefore it is clear that students develop the independence
and teamwork required in a research laboratory. Both
courses have consistently received superior student evaluations in comparison to traditional lab courses and have
been repeatedly described as one of the most consequential courses within the physics program. These outcomes
and positive student feedback are due in part to the nature of the experiments, emphasis on data acquisition
techniques, and troubleshooting experience that are notably different from other upper-level laboratory courses.
The individual experiments described here have served
as effective platforms to guide upper-level students in design concepts and research topics related to ECDLs [3],
tapered amplifiers [55], Faraday isolators [53], electro-
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optic modulators [52], and analog circuits for laser frequency stabilization [50]. Other examples of developing
relevant instrumentation such as Fabry-Pérot interferometers are described in Ref. [71].
These courses have had an unmistakable impact on recruiting and imparting training relevant to research in
ultra-cold atoms. The course has contributed to the professional development of 30 undergraduate and 10 graduate students associated with a single research group over
an thirteen-year period. The quality of these students
can be inferred because 80% of these graduate students
and 70% of these undergraduates have been recipients
of some of Canadas most exclusive scholarships. These
students have completed a variety of research projects
at the undergraduate level [44–53]. The contributions of
graduate students are reviewed in Ref. [72].
The average operational budget required to maintain
these courses is approximately $3,000 per year. Such an
allocation is sufficient for minor equipment and for covering expenses associated with equipment failure. Typically, items that require replacement are laser diodes
(costing $1,000 for commercial lasers) and control electronics such as power supplies. Additionally, ion pumps
(costing $1,000) that are used in the atom trapping vacuum chambers may need to be replaced on a timescale
of 10 years. This budget is comparable to the cost of
maintaining other upper year laboratory courses.
Ideally, two trained graduate teaching assistants with a
research concentration in atomic physics and one technical support staff member would be required to maintain
these courses. A key requirement for sustaining these
courses is the availability of suitably trained teaching assistants. We find that a small fraction of graduate students who have enrolled in the courses can be retained as
teaching assistants. In our experience, five graduate students have developed suitable skills to serve as teaching
assistants over a seven-year period.
We estimate that the cost of equipment required to set
up all experiments described in this paper (based on commercially available components) is $150,000. The bud-

get is dominated by the cost of four diode laser systems
($80,000). The equipment budget can be substantially
reduced by using home-built ECDLs and MOPAs as described in section II. Other home-built components could
include Faraday isolators, locking circuits, and Rb reference cells. The laboratory manual [54] for these courses
is available upon request.
In conclusion, we expect that this paper will serve as
a useful model for developing contemporary experiments
related to laser spectroscopy and atom trapping. A few
leading institutions such as California Institute of Technology, University of Michigan and The State University
of New York at Stony Brook and several liberal arts
colleges have also developed courses in related areas.
Although we have described a comprehensive approach
in which a range of experiments are carried out over
fixed laboratory hours, alternative formats that may be
equally effective could involve the introduction of even
a small subset of these experiments. For example, a
single home-built ECDL can be a cost effective tool to
carry out many of the laser spectroscopy experiments
described here. A laboratory course with one or two
ECDLs and open hours as in the traditional format,
may be well suited to expose students to the key topics.
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Appendix A: Outline of Topics Covered by Lectures
and Tutorials in PHYS 4061
1.

Transmission Function of Fabry-Perot Interferometer
Connection with Laser Resonator
Longitudinal Modes
Lecture 8: Resolution of Fabry-Perot Interferometer
Estimate for Frequency Resolution
Free Spectral Range

Outline of Topics Covered By Lectures

Lectures introduce theoretical concepts related to instrumentation used in laboratory experiments
Lecture 1: Characteristics of Lasers
Review of Atomic Processes in the Gain Medium - Spontaneous Emission, Simulated Absorption and Stimulated
Emission
Coherence
Temporal Coherence - Coherence Time, Linewidth
Spatial Coherence - Transverse Coherence
Brightness
Lecture 2: Review of Terms used to describe light-matter
Interactions
Intensity
Poynting Vector
Energy Density
Radiation Pressure
Spectral Density
Atomic Lineshape Function
Spontaneous Emission and Einstein A coefficient
Lecture 3: Two level Atoms in Thermal Equilibrium
Relationship between Einstein A and B Coefficients
Interpretation of Spectral Density in terms of Electromagnetic Mode Density, Photon Energy and Occupation
Number
Stimulated Emission Rate
Lecture 4: Electromagnetic Mode Density Calculation of
Electromagnetic Mode Density for 1D Cavity
Stimulated Emission Rate- Relationship to Atomic Line
Shape Function and Incident Intensity
Lecture 5: Gain Coefficient- Requirement for Light
Amplification
Fractional Change in Light Intensity in Amplifier Population Inversion
Gain Coefficient and Interpretation
Absorption of Light - Beer’s law and Absorption Coefficient
Gain Narrowing
Lecture 6: Inversion Threshold for a Laser
Mirror-less Laser
Optical Feedback
Calculation of Threshold Density and Interpretation
Lecture 7: Laser Resonator- Fabry-Perot Cavity

Lecture 9: Laser Transverse Modes
Properties of Gaussian Spatial Mode Characteristics of
Gaussian Beam Propagation
Lecture 10: Gas Lasers and Semiconductor Lasers
Optically Pumped Gas Laser- He Ne Laser
Band Gaps in Semiconductors
Direct and Indirect Band Gap Materials
Connection to Laser Diodes/Light Emitting Diodes
(LEDS) and Optical Detectors
Lecture 11: The p-n Junction
Junction Barrier, Depletion Zone
Forward and Reverse Bias
Current versus Voltage Characteristics
Lecture 12: Laser Diodes and LEDs
Characteristics
Threshold Current for Diode Laser
Lecture 13: Photodetectors
Vacuum Photodiodes and Photoconductive Detectors
Shot Noise and Johnson Noise

2.

Outline of Topics Covered By Tutorials

Tutorials provide the background for laboratory experiments in laser spectroscopy.
Tutorial 1: Operational Details of Diode Laser Spectroscopy
External Cavity Diode Lasers
Faraday Isolators
Rubidium Reference Cells
Tutorial 2: Saturated Absorption
Absorption and Fluorescence
Doppler Broadening
Doppler Free Resonances
Pump-Probe Spectroscopy and Experimental Setup
Tutorial 3: Rubidium Spectroscopy
Energy Levels in Rubidium Fine Structure and Hyperfine Structure
Saturated Absorption Spectrum involving F=3 ground
state in 85Rb
Crossover Resonances
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Tutorial 4: Frequency Modulation Spectroscopy
Applications Lock-in Detection
Heterodyne Detection
Laser Frequency Stabilization with Lock-in Amplifier
Tutorial 5: Acousto-Optic Modulators (AOMs)
Bragg Scattering
Frequency Shifts
Dual Pass AOMs

Techniques for Slowing Atoms
Lecture 4: Force Due to Absorption of Light Model
Based on Classical Harmonic Oscillator
Power Absorbed
Rate of Photon Absorption
Frequency Dependence of Force
Maximum Acceleration

Tutorial 6: Polarization
Linear Polarizer
Polarizing Cube Beam Splitters
Quarter Wave and Half Wave Plates
Mirror Reversal and Time Reversal

Lecture 5: Motional Damping Due to Laser Cooling
Force
Effect of Doppler Shift
Net Force for Laser Cooling
Damping Coefficient
Time Constant for Motional Damping

Tutorial 7: Electro Optic Modulators (EOMs)
Phase Modulation
Intensity of Sidebands
Applications to Laser Frequency Stabilization

Lecture 6: Heating Rate Due to Spontaneous Emission
Fluctuations in Laser Cooling Force
Equilibrium Temperature
Polarization Gradient Cooling

Tutorial 8: Optical Detectors, Zeeman Shift and Spectroscopic Designation
Termination and Rise Time
Comments on Zeeman Shift
Comments on Rb Atomic Structure

Lecture 7: Atom Trapping Force
Effect of Zeeman Shift on Laser Cooling Force
Damped Harmonic Motion
Spring Constant of MOT

Tutorial 9: Gaussian Beams
Techniques for Spatial Profiling Gaussian Beam Focusing
and Collimation

Appendix B: Outline of Topics Covered by Lectures
and Tutorials in PHYS 4062
1.

Outline of Topics Covered By Lectures

Lectures discuss laser cooling and atom trapping and
introduce the theoretical framework required for understanding the radiation pressure force and the optical
dipole force.
Lecture 1: Laser Cooling
Classical Doppler Shift
Net Force due to Absorption and Spontaneous Emission
Differential Absorption due to Doppler Shift
Optical Molasses
Advances Related to Laser-Cooled Atoms
Lecture 2: Atom Trapping
Effect of Magnetic Field Gradient on Magnetic Moment
Zeeman Shift
Working Principles of a Magneto-Optical Traps
Lecture 3: Maxwell-Boltzmann Velocity Distribution
Doppler Width
Speed Distribution

Lecture 8: Semi-classical Description of Atom-Field
Interaction
Rabi Frequency
Time Dependent Evolution of Probability Amplitudes
for Weak Fields
Atomic Response to Pulsed Excitation
Lecture 9: Review of Strong Field Solution
Rabi Flopping
π Pulse
Overview of Bloch Vector Model
Coupled Equations for Populations and Coherences
(components of dipole moment)
Lecture 10: Components of Dipole Moment - Harmonic
Oscillator Model
Coupled Equations and Steady State Solutions-Slowly
Varying Envelope Approximation
Damping Rates for Energy and Dipole Moment
Connection between Absorption and In-quadrature
Component of Dipole Moment
Lecture 11: Force Due to Absorption of Light-Predictions
of Bloch Vector Model
Phenomenological Inclusion of Damping
Steady State Solutions
Intensity and Frequency Dependence of Force
Lecture 12: Optical Dipole Force
Physical Origin
Connection between Index of Refraction and In-Phase
Component of Dipole Moment
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Predictions of Harmonic Oscillator Model
Lecture 13: Optical Dipole Force Predictions of Bloch
Vector Model
Intensity and Frequency Dependence of Force
Scaling Laws in the Far Detuned Limit
Loading FORTs from MOTs

Loading Time
Optical Pumping
Molasses Decay
Tutorial 9: Applications of Laser-Cooled Atoms
Atomic Clocks
Appendix C: Useful References for PHYS 4061

2.

1.

Outline of Topics Covered By Tutorials

Tutorials discuss experimental techniques relevant to
investigations of the properties of cold atoms.
Tutorial 1: Overview of Experimental Setup for realizing
a MOT
Benchmarks and Timelines
Review of Techniques Related to Saturated Absorption
Spectroscopy
Amplitude and Frequency Modulation of Trap Laser
Remarks on Repump Laser
Tutorial 2: Requirements for Polarization of Trapping
Beams
Effects of Polarizers and Waveplates
Mirror Reversal and Time Reversal
Tutorial 3: Laser Frequency Stabilization
Saturated Absorption Spectra
Lock-in Amplifier
Lock Points
Technique for Setting the Lock-in Phase and monitoring
lock jumps
Tutorial 4: Atom Number and Density
Trap Fluorescence and Atom Number
Cloud Size and Density
Tutorial 5: Review of Suggested Cold Atom Experiments
Scaling Laws for Atom Number and Cloud Size
Loading Rate
Optical Pumping
Temperature Measurements
Tutorial 6: Discussion of Lab Report
Requirements
Sections
Grading Scheme
Tutorial 7: Techniques for Measuring the Temperature
of Laser-Cooled Atoms
Time of Flight Techniques based on Dropping Atoms
through a Probe Laser
CCD Camera Imaging of Cloud Expansion
Release and Recapture
Tutorial 8: MOT Loading

Papers
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Textbooks
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1. W. Demtroder, Laser Spectroscopy (Springer)
2. P. W. Milonni and J. H. Eberly, Lasers (Wiley)
3. L. Allen and J. H. Eberly, Optical Resonance and
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5. C. J. Foot, Atomic Physics, (Oxford)
6. A. Yariv, Quantum Electronics (Wiley)
Atomic Physics
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Textbooks
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24
Emission and Absorption Spectroscopy and an Introduction to Electro-Optic Modulators
Category
Laser

Quantity
Item
1
Toptica DL100 Laser
1
Controller (scan, temperature, and current control)
Faraday Isolator
1
Isolator assembly
1
Half waveplate
2
Polarizing beam splitting cubes in rotating mounts
3
Mounts, posts, post holders and bases
Apparatus
2
Dielectric mirrors
1
Polarizing beam splitting cube
1
Glass slide
1
Rubidium vapor cell
1
50-50 Beam splitter
1
Newfocus 3 GHz EOM
1
Thorlabs DET-210 photodiode
2
10 cm Lenses
1
Half wave plate
1
Quarter wave plate
1
Neutral density filter
13
Mounts, posts, post holders and bases
Electronics
1
Tektronix 2110 oscilloscope
1
256Mb Flash memory card
1
12 Volt power supply (Floating 12V, silver box)
1
5 Volt power supply (Floating 5V, blue box)
1
Variable voltage supply (Blue box)
1
Voltage controlled oscillator (1-5 GHz) (Grey box)
1
Minicircuits ZVE-8G RF amplifier
4
SMA & BNC connectors, Banana wires
TABLE I. Parts list for Emission and Absorption Spectroscopy and an Introduction to Electro-Optic Modulators experiment.
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Zeeman Shift
Category
Laser

Quantity
Item
1
Toptica DL100 Laser
1
Controller (scan, temperature, and current control)
Faraday Isolator
1
Isolator assembly
2
Polarizing beam splitting cubes in rotating mounts
1
Half waveplate
3
Mounts, posts, post holders and bases
Apparatus
2
Polarizing beam splitting cubes
2
Quarter waveplate
8
Broad band mirrors
2
Glass plates
2
Rubidium vapor celsl
2
50-50 Beam splitters
1
Spinning polarizer
1
9.5 cm Diameter solenoid (labeled “Zeeman Lab”)
3
Neutral density filters (each different attenuation)
2
Photodiodes (silver boxes)
22
Mounts, posts, postholders and bases
Electronics
1
Tektronix 2110 oscilloscope
1
256 Mb Flash memory card
1
15 Volt power supply (grounded 15 V, silver box)
1
Protek 300 variable current supply
1
Addition circuit (silver box)
1
Newport power meter
TABLE II. Parts list for Zeeman Shift experiment.

Faraday Isolator and Fabry-Pérot Interferometry
Category
Laser

Quantity
Item
1
Toptica DL100 Laser
1
Controller (scan, temperature, and current control)
Faraday Isolator
1
Isolator assembly
2
Polarizing beam splitting cubes in rotating mounts
3
Mounts, posts, post holders and bases
Apparatus
1
Quarter-wave (λ/4) plate
2
Half-wave (λ/2) plates
2
Polarizing beam splitting cubes
5
1/2′′ broad-band dielectric mirrors
1
Rubidium vapor cell
1
Neutral density filter
1
DL100 Fabry-Perot interferometer
1
Stretch of heating tape
1
Spinning polarizer
13
Mounts, posts, post holders and bases
Electronics
1
MiniScan 100 scan generator
1
Tektronix 2110 oscilloscope
1
Power supply
TABLE III. Parts list for Faraday Isolator and Fabry-Pérot Interferometry experiment.
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Laser Frequency Stabilization and the Lock-In Amplifier
Category
Laser

Quantity
Item
1
Toptica DL100 Laser
1
Controller (scan, temperature, and current control)
Faraday Isolator
1
Isolator assembly
2
Polarizing beam splitting cubes in rotating mounts
1
Half waveplate
3
Mounts, posts, post holders and bases
Apparatus
4
1/2′′ Dielectric mirrors
1
Polarizing beam splitting cube
1
Half waveplate
1
Rubidium vapor cell
1
50-50 Beam splitter
1
Glass slide
1
Neutral density filter
2
Photodiodes (grey boxes)
12
Mounts, posts, postholders and bases
Electronics
1
Tektronix 2110 Oscilloscope
1
256 MB Flash memory card
1
±15 V Power supply (silver box)
1
OpAmp circuit box (grey box)
1
Newport power meter
1
Home-built lock-in amplifier
(phase shifter, mixer and low pass filter)
BNC connectors, banana wires
TABLE IV. Parts list for Laser Frequency Stabilization and the Lock-In Amplifier experiment.
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Radio Frequency Components and Optical Heterodyne Detection
Category
Quantity
Item
Laser (shared with Zeeman lab)
1
Toptica DL100 laser
1
Controller (scan, temperature, and current control)
Apparatus
5
Dielectric mirrors
1
50-50 Beam splitter
1
Half waveplate
1
ADM-40 acousto-optic modulator
1
Photodiode
Electronics
1
Tektronix 1002 digital oscilloscope
1
Function generator
1
Newport power meter (shared)
1
RF Voltage Controlled Oscillator (VCO)
2
RF filters (BHP-25, BLP-100)
1
ZP-5 RF mixer
1
ZSC-2 RF power splitter (50/50)
3
RF attenuators (30 dB, 5 dB, 3dB) model 15542 HAT
1
MK-3 RF frequency doubler
1
ZDC-10-1 RF coupler
1
ZFL-500LN amplifier
3
50 Ω terminators
1
ZYSWA-2-50DR TTL switch
1
15 Volt Power Supply
2
5 Volt Power Supplies
BNC cables, tees
TABLE V. Parts list for Radio Frequency Components and Optical Heterodyne Detection experiment.
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Optical Detectors
Category Quantity
Item
Laser
1
Thorlabs HeNe diode laser
1
Power adapter for laser
Apparatus
2
Silvered mirrors + mounts
1
Beam block
3
Lenses (f = 20, 10, 5 cm)
1
Acousto-Optic modulator
1
Photo multiplier Tube
1
Photodiode
1
Hitachi KP-M3AN CCD camera
8
Mounts, posts, postholders and bases
Electronics
1
Tektronix 2110 digital oscilloscope
2
Function generators
1
Metermaster 65610 analog oscilloscope
1
Newport power meter
1
RF Modulator
1
Spellman MP1.5N24 High voltage supply (700 V)
1
Dell desktop computer + CCD camera software
1
24 V power supply (grey box)
1
5 V power supply (blue box)
1
Oscillator circuit (59.94 Hz)
TABLE VI. Parts list for Optical Detectors experiment.

Gaussian Beam Propagation and Optical Fiber Coupling
Category Quantity
Item
Laser
1
HeNe laser (λ = 632.8 nm)
Apparatus
1
3 mm diam. Optical fiber (Optical Cable Corp. AX01-030N-SLS-900)
2
Fiber coupling lenses and mounts
2
1/2′′ silvered mirrors + mounts
4
Plano-convex lenses + mounts (f = 100, 250, 300 mm)
1
Neutral density filter + mount
7
Posts, post holders and bases
1
Newport model 900 spatial filter with 50 µm pinhole
Electronics
1
Tektronix 2110 oscilloscope
1
250 Mb Flash card
1
Thorlabs MW100 Omega meter
TABLE VII. Parts list for Gaussian Beam Propagation and Optical Fiber Coupling.
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Vacuum Components and Pumping Techniques
Category
UHV Hardware

Quantity
Item
1
Turbo Pump (Varian Turbo-V 70D) and controller
1
UHV Vacuum Chamber
1
Pirani Gauge and controller
1
Ion Gauge and controller
Vacuum Hardware
1
Roughing Pump (Varian SD90)
1
ISO CF to ISO KF/QF adapter
2
Bellows hoses of different lengths
3
Viton Seal Valves
4
KwikFlange clamp, o-ring
Electronics
1
Stopwatch and/or oscilloscope to record gauge outputs
TABLE VIII. Parts list for Vacuum Components and Pumping Techniques experiment.

Optical Tweezers
Category Quantity
Item
Laser
1
Diode laser (λ = 532 nm)
Apparatus
1
Silvered mirror
1
Dichroic mirror
2
Rotating polarizers
1
Rail lens (f = 35 mm)
1
Condenser lens (f = 1 cm)
1
XYZ translation stage
1
Microscope objective (f = 2.74 mm)
1
Neutral density filter
1
Polarizing beam-splitting cube
1
Half-waveplate
1
iris
Electronics
1
Halogen lamp
1
CCD camera
1
Position-sensitive photodector
TABLE IX. Parts list for Optical Tweezers experiment.

