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Equipment list
Note: The following lists are for experiments shown during the workshop and not for the lab manuals
mentioned later in this document.
I2 Spectroscopy Equipment
•
•
•
•
•
•
•
•

Home built diode laser equipped with temperature control capabilities, current control
capabilities as well as a piezo electric transducer controlled grating.
A photodetector (Thor Labs model DET100A)
Oscilloscope
Function Generator (Instek model SFG-2110)
Piezo electric driver (Thor Labs model MDT-694)
Temperature controller (ILX model LDT-5901B)
Current controller (ILX model LDX-3412)
I2 cell (Thor Labs model CQ19100-I)

Wavemeter Equipment
•
•
•
•
•
•
•
•

Corner Cube
Air track with glider
1” Non-polarizing beam-splitter
2 reasonably fast photodetectors (>1MHz)
Oscilloscope
Counter (Fluke model PM6681)
Stabilized HeNe laser
Various mirrors and lenses

A picture of the home built grating stabilized diode laser. In the center of the picture is the grating, mounted with 5-minute
epoxy on a piezo-electric transducer and mirror mount. At bottom center is the laser diode and electronics; including a
temperature control transducer (Peltier cooler) and a simple protection circuit for the current injection.

A scope traced line of an absorption peak in the Iodine spectrum, which comprises several Doppler-Broadened hyperfine
lines. These hyperfine lines can be resolved with saturated absorption spectroscopy techniques shown in the lab project
manuscripts below.

The wavemeter set-up. Top: Scope, air track and stabilized HeNe. Bottom: top view of HeNe polarizer and lens system.

The set-up used for the wavemeter.

Introduction

The following pages are a compilation of several project manuscripts
completed by Bethel University undergraduates in PHY330, Optics
during spring semester of 2010. The first describes iodine spectroscopy
experiments using a New Focus Velocity tunable diode laser. The
second project is rubidium spectroscopy performed using a home-built
laser similar to the one used in the workshop. The workshop
spectroscopy demonstration is a combination of these two projects,
using a home-built stabilized diode laser at 633 nm to do simple Iodine
spectroscopy. The final manuscript below describes the wavemeter
work and operartion, written by a recent Bethel University physics
graduate, Sarah Anderson.

Iodine Spectroscopy
Brandon Brunkow, Carolyn Kan, David Swenson and Nicole Thom∗
Bethel University, 3900 Bethel Dr, St. Paul, MN 55112
(Dated: May 14, 2010)
This research involved the exploration of iodine spectroscopy using a tunable diode laser to observe
Doppler-broadened spectral features. A number of effects were investigated, such as heating the iodine
sample, along with setting up saturation spectroscopy to eliminate the Doppler broadening of the peaks
in the spectra. Theoretically, by heating the cell, the Doppler broadening should increase, but the number
of excited electrons should also increase, giving a more defined ro vibrational peak. The setup used in
this experiment allowed the peaks for the individual transitions, or the Lamb peaks, to be seen while not
heated above room temperature, but the Lamb peaks were no longer present while the I2 cell was heated
to 390 K. It is believed that the increase in temperature in the cell, caused an increase in pressure, which
broadened the peaks to a point that they were no longer visible.
INTRODUCTION

The iodine molecule (I2) has a rich spectrum of transition frequencies, because the energy levels of the molecule
are very complex and thus there is a wide range of energies
and electrons that can be excited. This spectrum can be
explored using a tunable diode laser to cause different excitations. Iodine is well studied and many of its transition
bands have been accurately mapped with high resolution
[1]. Some absorption transitions can be observed with the
naked eye by watching for fluorescence, and more closely
investigated using an oscilloscope to detect the transmitted
light. The observed fluorescence, due to the random emission of photons by decaying excited-state electrons, is actually a blurring of multiple individual transitions because
the iodine molecules are moving so fast. This effect, called
Doppler broadening, will be expanded upon later.
The study of these spectral transitions is known as spectroscopy. In this research, a type of spectroscopy called saturation spectroscopy will be used. Saturation spectroscopy
is a method of spectroscopy that helps to study the individual transitions by allowing them to be more easily located
and mapped. A variety types of spectroscopy have been
studied at Bethel over the years with some success [2]. In
an effort to maximize the Lamb peaks, allowing the further
study of the iodine spectrum, saturation spectroscopy was
done at varying temperatures.
THEORY: EXTERNAL CAVITY DIODE LASER

The first step in understanding spectroscopy is to become
more familiar with the versatile diode laser. In general
these lasers are capable of reasonable power outputs and
are electrically efficient [3]. For this project The Velocity
Tunable Diode Laser was used. This laser is an External
Cavity Diode Laser (ECDL), and operates using a semiconductor material in the actual diode, allowing it to be a clean
alternative to the messy dye lasers as well as compact and
efficient (Figure 1) [4]. The laser generates light by passing

current through the semiconductor material’s different layers, producing electrons and holes. Holes are the absence
of electrons, and when they are within the inner levels of
a molecule they effectively carry a positive charge. When
electrons transition to fill the holes, photons are emitted [3].
Every diode laser has a threshold current that needs to be
surpassed for it to lase, for the Velocity laser it is just over
50 mA.

FIG. 1. Pictured is the outer casing of our Velocity tunable diode
laser (ECDL).

Diode lasers naturally have large output frequency bandwidths, which is good for spectroscopy. For saturation
spectroscopy a controlled but varying narrow bandwidth
is desirable. To achieve a narrow frequency output, the
laser utilizes a diffraction grating, a PZT-controlled tuning
mirror, and a collimating lens (Figure 2). The broadband
frequency light comes out of the diode, passes through the
lens and hits the diffraction grating at a grazing angle. In
Figure 3 a geometrical representation of the external cavity
is shown. The majority of the beam is diffracted onto the
tuning mirror, but a small portion is reflected at the glancing angle θi to form the output beam. The different fre-
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quencies diffract at different angles, θd , and only one narrow band reflects at normal incidence to the tuning mirror.
It is this band that will make many cavity round trips and
amplify in intensity. The diode has a high-reflectance coating on it to form the other end of the cavity. By changing
the angle of the reflecting mirror different lasing frequencies (or wavelengths) are selected. On a finer scale the output frequency can be tuned by adjusting the cavity length
with the PZT [4].

and θi and θd are the incident and diffracted angles respectively, as in Figure 3.

λ = Λ(sinθi + sinθd )

(1)

Similarly, from Figure 3 it can be seen that the total
length of the cavity LT is given by equation 2.

LT = l1 + l2 = L(sinθi + sinθd )

(2)

From this result it was found that the cavity length divided by λ gives the following: L/Λ = constant. Where L
is the distance from the pivot point to the grating, and does
not change. This is an important result that was purposefully engineered into the design of the laser [4] ensuring
that the laser will not be mode hopping or switching polarization.
DOPPLER SPECTROSCOPY

FIG. 2. Pictured are the inside components of the Velocity tunable diode laser. The lens, the diffraction grating and the tunable
mirror make up the external cavity of our laser. [Model 6300
User’s Manual: The Velocity Tunable Diode Laser, New Focus,
Santa Clara, CA 1999.]

FIG. 3. Here is a geometrical representation of the critical angles
within the external cavity. It is these angles that define and allow
us to tune our output frequency. [Model 6300 User’s Manual:
The Velocity Tunable Diode Laser, New Focus, Santa Clara, CA
1999.]

The output frequency of our laser, or rather the output
wavelength, can be found using the law of diffraction equation 1, where Λ is the spacing between the grating grooves,

Spectroscopy is based on the absorption of the light by
the molecules. When the incident beam carries the appropriate energy to excite transitions, absorption occurs. The
excited electrons then decay and emit a photon of the same
frequency. This fluorescence can be seen with the naked
eye, inside the I2 cell. When a laser beam at the resonant
frequency is passed through the iodine cell and into the detector, the transmission viewed on the other side would be
less than that for a non-resonant frequency. By scanning
the laser frequency over a range that contains many possible resonances, a number of dips in transmission were
expected to be seen, one for each resonance passed in the
scanning.
This, however, is not what is actually observed. Rather
than seeing many dips closely spaced together when scanning, a few wide transmission dips are observed, each encompassing an entire range of resonances. This is due
to the effect of Doppler-broadening, because the iodine
molecules are moving around the cell with a non-negligible
velocity. The component of the velocity that is parallel or
anti-parallel to the laser beam shifts the apparent frequency
of the resonance, given by

v
ν = νo + νo
(3)
c
where v is taken to be positive if traveling towards the
beam, or anti-parallel to it [5]. This result implies a frequency distribution for each absorption line. Depending
on the component of the velocity parallel or anti-parallel to
the beam, different frequencies will be absorbed. When a
number of absorption lines are close to each other a single
Doppler-broadened spectral feature is expected, precisely
what is observed in iodine spectroscopy due to the wide
range of vibrational and rotational energy levels.
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The width of the Doppler-broadened features are described by the following equation [6].
r
2ln(2)kT
∆ν = 2νo
(4)
mc2
Each individual absorption line has a bandwidth ∆ν given
by equation 4, where νo is the absorption wavenumber for
zero velocity, k is Boltzmann’s constant, m is the mass of
the iodine molecule, and T is the temperature in Kelvin.
Molecular Theory and Heating

The I2 molecule happens to be an excellent sample for
study with the diode laser, because it has a large number
of electronic transitions in the range in which the laser is
able to excite. In order to understand experiments in spectroscopy, it is important to be acquainted in some detail
with the energy structure of I2 .

excited state, along with the vibrational states it contains.
Within each vibrational state are several closely spaced rotational states [7]. There are many possible transitions between the ground state and excited states, because the electron could move between any of the numerous vibrational
and rotational states contained in the ground and excited
states, limited by selection rules, as demonstrated in figure
5. These transitions are very close together, something that
becomes significant when the Doppler effect is considered.
One aspect of iodine spectroscopy that was investigated
was the effect of heating up the iodine sample. With the
wavelength of light being used, it is believed that the transitions being studied are those originating from the third
excited vibrational state. It was believed that be heating up
the iodine cell the Lamb peaks would become more prominent and the signal to noise ratio would increase.

FIG. 5. Represented above is a visualization of the energy levels
of the different vibrational and rotational states. [G. W. Flynn
et al. Vibration energy transfer, Journal of Physical Chemistry,
100 (1996), 12817-12838.]

FIG. 4. Pictured is a diagram of two electronic states of iodine.
The horizontal lines represent vibrational levels. Within each vibrational level several rotational levels are contained. [R. Eisberg
and R. Resnick, Quantum Physics of Atoms, Molecules, Solids,
Nuclei, and Particles: Second Edition, John Wiley and Sons,
1974.]

Figure 4 shows the electron states for a set of energy
levels in molecular iodine. The first, lower potential energy dip represents the ground state, while the horizontal
lines within that dip are divisions in the ground electronic
state due to vibrational energy states. The higher dip is an

The Maxwell-Boltzmann speed distribution,
 m 3/2
2
F (v)dv = 4π
v 2 e−mv /2kT dv
(5)
2πkT
describes the normalized probability density for the speeds
of molecules in thermal equilibrium at temperature T [8].
The Maxwell-Boltzmann distribution has such a dependence on temperature that the most probable speed becomes larger as the temperature increases.
It was believed that by heating the iodine, the number of
molecules containing electrons excited to a higher vibrational state, shown in Figure 4, or saturate that state. The
population of electrons in the higher states increases with
temperature. From the Quantum Physics text written by
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FIG. 7. Our original set-up that allowed us to observe the large
Doppler-broadened features. The beam passes through the cell
where it is absorbed and the transmission signal is detected.

detector. The power of the beam incident on the detector is
then reduced when we have absorption and we see a large
dip in our signal, as shown in Figure 8.
FIG. 6. The Maxwell-Boltzmann probability distribution is plotted for velocity at three different temperatures that were tested.
The leftmost curve is at 296.1 K, the middle one at 338.3 K, and
the rightmost at 394.0 K.

Eisberg and Resnick the ratio between the populations in
the ground vibrational state and that of the third excited vibrational state can be calculated [9]. The formula is given
by

n3
N3 −∆E
=
e kT
(6)
n0
N0
but because it is a diatomic molecule there is no degeneracy
for the vibrational states, thus, N0 = N3 = 1. This equation leads us to believe that when the temperature is raised
there will be a larger population of in the excited states.
Single Pass Spectroscopy

The first set-up was very straightforward and is shown
in Figure 7. The tunable laser emits the desired frequency
of light, which for our purposes was around 471.7 THz, or
636 nm. From there it passed through an optical isolator
to minimize feedback from reflected beams, which could
enter back into the laser cavity and undesirably alter the
operation of the laser. Lenses optimize the amount of light
power that passes through the isolator and keep the beam
collimated. Lastly, the beam passes through the quartzwindowed iodine cell and onto the detector.
In order to observe multiple portions of the spectrum,
we need to minutely vary the frequency of the laser. We
did this by ramping the PZT with a triangle wave sent from
a frequency generator. The PZT periodically shortened and
expanded the cavity length of our laser, fine-tuning the output frequency. If our scanning range was wide enough we
could observe many transitions in the iodine. When the frequency of the laser was tuned far from the transition energy
frequencies, most of the beam power was incident on the

FIG. 8. Plotted is a transmission plot of many Doppler-broadened
features.

These large dips are Doppler-broadened spectral features, actually built up of many individual absorption transition lines of I2 . In Figure 9, we have zoomed in on just
one of these features.
The spectroscopy setup just described is easily constructed and effective for viewing the Doppler-broadened
absorption features. As expected, we do not see the individual transitions in detail. We then turned our attention
to the effects of heating the iodine gas used in our spectroscopy.
Results of Doppler Broadening and Heating

In the case of Doppler-broadened spectroscopy, heating
the iodine cell provided a significant improvement in feature size but did not seem to improve the signal to noise
ratio. Figure 10 shows three views of the same spectral
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cited vibrational state population. This effect should cause
increased resolution in our spectroscopy. When comparing
both of these results, the peaks will be broader at elevated
temperatures, but the effects of the increase in population
of the excited state should outweigh the those effects.
SATURATION SPECTROSCOPY

FIG. 9. Plotted is a single Doppler-broadened spectral feature.

feature at the same three temperatures used to calculate the
Maxwell-Boltzmann distributions of Figure 6.

Regular methods of spectroscopy allow us to find
the Doppler-broadened absorption features of the iodine
molecule. As explained previously, the wide absorption
peaks are actually a smearing together of a number of finer
transitions that are very closely spaced. In order to view
these constituent transitions, we turn to saturation spectroscopy to investigate individual transitions within a larger
dip.
Theory of Saturation Spectroscopy

To summarize the single-pass method of spectroscopy, a
laser beam is passed through the iodine cell while its frequency is repeatedly scanned through a small range known
to contain resonances in iodine. A dip in voltage will be observed on the oscilloscope connected to the photodetector
in the setup when the laser frequency matches a resonance
in the iodine. As described, velocity considerations are not
negligible and alter the expected absorption spectra. Some
particles encounter Doppler red- or blue-shifted light, causing them to absorb off resonance. A number of closely
spaced resonances may become “smeared” together into
one broad dip, which is what we observed. Viewing the
Doppler-free resonances require some special techniques,
expanded upon next.
In the simplest implementation of Doppler-free saturation spectroscopy, two counter-propagating beams of identical frequency are directed through the same space in the
gas cell, as shown in Figure 11.

FIG. 10. Plotted above is one single spectral feature at three different temperatures.

From Equation 4 it is clear that an increase in temperature T will cause the width of the feature to widen, as
is visible in Figure 10. This calculation was done for
the saturation peaks around 636.7 nm. For T = 296.1,
∆ν = 0.518 GHz, while ∆ν = 0.594 GHz for 394.0 K.
The values for fine energy state splitting in iodine, which
were published by J. S. Muenter [10], were recorded. From
these values the energy change can be calculated, ∆E =
0.0764 eV. Plugging into Equation 6 and comparing the ratio of the ground state electrons to the excited electrons for
our two temperatures. For T = 296.1 K, nn30 = 0.0501,
and when the iodine was heated to 394.1 K the ratio increased to nn30 = 0.106, there was a doubling in population.
Thus, heating the cell should greatly increase the third ex-

FIG. 11. Here is a schematic diagram of how saturation spectroscopy works. The pump beam passes through the cell and excites the electons. The probe beam then passes back through the
cell and the electrons that have zero velocity parallel to the beam
are then already excited so the probe beam passes through onto
the detector. It is this increase in transmission that creates the
Lamb peaks.
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Molecules moving at relativistic speeds at the intersection point of the beams will encounter the two at different
frequencies. Thus only one beam is able to be on resonance
at a time for these fast-moving molecules, and the absorptions observed will be smeared like those in the original
setup. Particles moving relatively slowly, however, will respond to both beams simultaneously on resonance and will
be easily moved to an excited state. In saturation spectroscopy, one beam is called the pump beam, referring to
its function of moving the slow molecules to the excited
state. This is the “saturation” referred to in the name. When
the second beam, or probe, passes through the saturated regions of the gas, less absorption occurs at resonances due
to the action of the pump. This results in a visible bump, or
“Lamb peak” in the Doppler-broadened resonance feature
at the Doppler-free absorption.
Saturation Spectroscopy Setup and Results

In our saturation spectroscopy setup, pictured in Figure
13, the pump beam is passed twice through the cell, while
the probe is merely the same beam reflected exactly back
on itself. The purpose of the double pass is to increase the
amount of the cell that is intersected by both beams simultaneously. The setup includes multiple focusing lenses to
maximize the laser power in the iodine cell, as well as a
half- and quarter-wave plate to control the light polarization. The polarizing beam splitter is included to ensure that
only the probe beam enters the detector once it has passed
through the iodine cell, but not before. Two optical isolators prevent feedback into the laser.

FIG. 13. Pictured is a schematic diagram of our saturation spectroscopy set-up. The beam passes through two isolators to prevent feedback. Then it is sent through a half-wave plate to rotate the polarized beam appropriately so the beam is completely
transmitted through the polarizing beam splitter. The beam then
completes a double pass through the cell to maximize the number
of excited electrons that are pumped up. The quarter wave plate
effectively rotates the polarization of the beam perpendicular to
its original direction. On the return path through the polarizing
beam splitter it is reflected onto the detector.

FIG. 14. Plotted is successful saturation spectroscopy for a room
temperature cell.

FIG. 12. Pictured is the labratory set-up. The components are
shown and explained in Figure 13.

Using the setup of Figure 13, small Lamb peaks were observed within a single Doppler-broadened resonant feature,
clearly visible in Figures 14 and 15.
Next, heating the iodine cell was attempted with the saturation spectroscopy. The result, however, was not an increase in the size of the saturation peaks as expected. In

fact, at high enough temperatures the Doppler-broadened
absorptions seemed to become smoother as the saturation
peaks shrank and eventually disappeared. The disappearing of the Lamb peaks can be seen by comparing Figure 14
to the same heated feature in Figure 16. Further investigation aimed to see if heating actually causes the saturation
peaks to vanish, or if we were simply unable to observe
them due to noise or some other factors.
Additional papers have been found that suggest the addition of heat to the saturation spectroscopy will increase the
size of the Lamb peaks, as the calculations of populations
led us to believe. The difference being that they applied
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Lock-In Amplifier Setup

FIG. 15. Plotted is a close-up view of the Lamb dip features from
Figure 14.

a cold finger to the stem of the iodine cell. The cold finger will help to relieve the higher pressure inside the cell
caused by the higher temperature. When the temperature is
increased, the pressure inside the iodine cell increases [8].
The larger pressure causes an increase in probability that
the molecules will collide. If a collision occurs when the
excited electrons are decaying the emitted photon will have
a shifted phase. This more complex light wave requires
a larger bandwidth of frequencies, thus we have pressure
broadening in our frequency spectrum.

In order to get a better look at the Lamb peaks we used
the lock-in amplifier. The lock-in amplifier measures a
phase difference of its two inputs. For the first input we
used a reference signal of 100 KHz. This signal also modulated the current of our Velocity tunable diode laser. This
creates sidebands that are present 100 KHz on either side
of the dominant frequency. The second signal for the lockin amplifier came from our detector, carrying these three
frequencies. The output is a derivative like signal, see Figure 18. This signal results when our three frequency laser
signal sweeps across our spectrum because they excite the
transitions at slightly different times. This allowed the hyperfine rotational transitions of the iodine spectrum to be
more accurately mapped. This signal becomes important
in many other applications, such as, locking and stabilizing
a laser on the specific transition frequency [12]. The electronics set-up is pictured in Figure 17. The inputs to the
lock in amplifier can be traced backwards to the detector
and the frequency generator. As before, the Lamb peaks
seemed to disappear when the iodine cell was heated. This
can be seen by comparing Figure 19 to Figure 20. Once
again, initial research indicates pressure broadening could
be the problem. Further, investigation is needed to make a
confident assessment.

FIG. 17. Schematic of the lock-in amplifier set-up. The two inputs to the lock-in amplifier can be seen. The detector signal
passes through a summing amplifier that allows us to remove the
offset of the detector signal.
FIG. 16. Plotted is the same doppler broadened spectral feature
from Figure 14, except the cell had been heated to about 400 K.
CONCLUSION

In this research, iodine spectroscopy was explored in
depth using the Velocity tunable diode laser. Utilizing
a single pass set-up through the iodine cell, Doppler-
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FIG. 18. Pictured above is a Doppler broadened spectral feature
on Ch1. The Ch2 signal is the derivative output from our phase
sensitive lock-in amplifier.

FIG. 20. Here is the same feature from Figure 19, except the cell
has now been heated to 397.1 Kelvin. The location of the Lamb
dips can no longer be seen due to the effects of heating.

predictions showing that the Lamb peaks got smaller as the
temperature was increased, and eventually became undetectable altogether. A lock-In amplifier system was also
implemented to use phase sensitivity detection. With the
goal of obtaining a better signal containing the location of
the Lamb peaks. We were able to see the Lamb peaks at
room temperature, but once again when heated they became undetectable.
In the future, saturation spectroscopy will be attempted
using a the heated iodine cell with the cold finger on the
stem. This will prevent the pressure from increasing along
with temperature. Allowing the results of this study to be
more accurately compared with the others [11].

∗

FIG. 19. Above the location of the Lamb dips can be seen on the
output signal of the lock-in amplifer (light blue). This plot was
taken at room temperature (296.1 K).

broadened spectral features were observed. Upon increasing the temperature of the cell the spectral features became much larger, while the signal to noise ratio stayed
about the same. The third excited vibrational population
had clearly been increase as predicted. The setup was then
altered to accommodate a double pass through the iodine
cell. This allowed us to see the Lamb dips at room temperature. From other sources and through predicted calculations, the Lamb peaks were expected to increase in amplitude as temperature increased. Data conflicted with these
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Diode Lasers for Rubidium Spectroscopy
J. Johnson, B. Clark, and J. Seaberg
Bethel University
St. Paul, MN 55112
(Dated: May 14, 2010)
It is demonstrated that a home-built, external-cavity laser diode system can produce continuous,
stable wavelength tunability, sufficient for Doppler-broadened spectroscopy of rubidium vapor. It is
also shown that hyperfine structures can be resolved simply from back-reflection off of the windows of
the rubidium cell. Experimentally observed spectra were successfully matched with their respective
resonance frequencies via the observation of hyperfine features. Quantitative analysis of the spectra
was successful in estimating the frequency difference between resonance frequencies within 0.1 GHz.
PACS numbers:

INTRODUCTION

The use of diode lasers in atomic spectroscopy is a
common practice today. Nevertheless, it is a valuable
technique for the study of atomic energy levels, with the
capability to resolve hyperfine structures. Moreover, it
represents a unique opportunity to learn about several
areas of physics, intersecting the disciplines of optics and
atomic physics. This paper presents an undergraduate
study of rubidium spectroscopy, done with a home-built
external cavity diode laser (ECDL). We first outline the
concepts and theories underlying the operation and characteristics of the laser diode and absorption spectroscopy.
In each case the general theory is presented along with
the specifics of our experiment. We then give our results
in terms of absorption peaks correlating to the appropriate atomic transitions. More figures relevant to spectroscopy data and laser characteristics are included in the
results section.
The ultimate goal of the project was to obtain spectral
data of Rb absorption peaks around 780 nm, and then
match these peaks with known atomic transitions in Rb.
However, an intermediate and antecedent goal was the
construction of the external cavity diode laser, capable
of producing these resonances in the Rb vapor. We desired to demonstrate the tuning capability of our laser
across the frequency of the known atomic transitions of
rubidium.

DIODE LASER

Diode lasers are increasingly being used in many
atomic and optical physics experiments, particularly in
the undergraduate laboratory. These lasers provide coherent light and have reasonable output power, high electrical to optical efficiency, continuous wavelength tunability and are relatively small and low cost [1]. For
these reasons, they are particularly appealing for atomic
physics. Because, however, these bare diodes have a large
linewidth (50-100 MHz) and a majority of experiments

need linewidths less than 1MHz, diode lasers have been
manipulated and studied in order to optimize their frequency stability and absolute frequency. These diodes
are also extremely sensitive to optical feedback (as little as 10−6 of the output light fed back can affect its
frequency stability). In order to significantly reduce the
bandwidth of a diode laser, an external or extended cavity that has frequency selecting optical elements is usually needed.
A cutaway view of the Sharp 780 nm diode laser,
LT025MD0, that we used for our experiment is shown
in Figure 1 [2]. The actual semiconductor device is an
LD chip bonded to a heat-sink, in which wires are connected to the outside of the housing. While most of the
light is emitted through the front facet, a fraction still
comes out the back facet. The main beam, out of the
front facet, is elliptical and strongly diverging. A closer
view of a typical laser diode is shown in Figure 2. Current is driven through the chip from top to bottom, which
creates electron-hole pairs that recombine in the active
layer, and light is emitted in the process. The light is confined in the chip to a narrow channel (about 2 microns
high, 10 microns wide, and 400 microns long), shown as
a wavy line in Figure 2. At the ends of the channel are
the facets of the chip, which act as partially reflecting
mirrors that enclose the laser cavity [2].
When a laser is being injected with low levels of current, the optical losses are greater than the gain and population inversion is not achieved. The light output is
therefore broad-band, spontaneous emission. When the
current is above a threshold current, however, a coherent beam is emitted that increases linearly with injection
current. Laser diodes are generally very efficient compared to other sources of laser light, outputting power
in coherent radiation as high as fifty percent of the input
electrical power [2]. Frequency of a laser is also a function
of temperature, so as the temperature is increased, the
wavelength of the laser increases. A power versus current
plot of our stabilized Sharp 780 diode at both 12.7 and
20 degrees Celsius is shown in Figure 3.
The diode laser housing and lens collimation set-up
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FIG. 1: Cutaway view of Sharp 780 nm laser diode where
the chip is mounted. The glass window, cap, heat sink, laser
chip, and stem positions are shown. Semiconductor physics
determine the behavior of the p-n junction in the Laser chip,
which has PIN connections that connect the laser chip outside
of the housing. J. Swihart,Indiana Advanced Laboratories
(2009).

FIG. 2: Close-up schematic view of a laser diode chip.
The current is driven from top to bottom through the chip.
Electron-hole pairs are created and recombined in the active
layer, emitting light that is confined in a narrow channel in
the chip. The facets at the ends act as partially reflecting
mirrors enclosing the cavity. K. Libbrecht, Caltech Advanced
Atomic and Optical Physics Laboratory,1-7 (2010).

used is modeled after the external cavity design used
at the National Institute of Standards and Technology
(NIST) in Boulder, Colorado. A schematic of the diode
housing is shown in Figure 3. A protection circuit is
incorporated in order to remove current transients and
protect from static discharge or back-currents [3]. A
thermistor monitors the temperature of a diode housing
that is thermally isolated from any other elements. The
thermistor is read by a commercial temperature control
source, which controls a Peltier thermoelectric cooler at

FIG. 3: Plot of power versus current of the Sharp 780 nm
diode. When the current is above threshold, the laser emits
a coherent beam, which increases in intensity linearly with
injection current. The power is also increased with increasing
temperature, shown by the power of both 12.7 and 20 degree
Celsius temperatures.

the base of this housing so that the temperature of the
diode is constant and known. The alignment of the collimating lens is of particular importance; therefore, a separate housing with fine adjustment capabilities is incorporated. This housing contains two concentric, slip-fit, adjustments that are slightly offset so that the collimation
of the beam can be optimized. There is an additional
screw on the diode housing that finely adjusts the distance that the lens is from the face of the diode, which is
denoted the Z-direction adjustment. Optimal positioning
requires that the diode be at the focal length of the lens.
A piezo-electric transducer (PZT) is secured between the
grating and its mount, which is used to modify the cavity
length for fine frequency tuning [3]. The diode housing
then sits on a copper plate, which serves as a heat sink.
The entire set up is enclosed in an aluminum, covered box
that shields the laser from air currents, dampens acoustic
vibrations, and improves temperature stability.

External Cavity Stabilization

For the rubidium spectroscopy experiment described,
we have used the Littrow configuration, shown in Figure 4. In this set-up, the first-order beam diffracted
from the grating is coupled back into the diode and the
zeroeth-order light, directly reflected, forms the output
beam. This configuration increases the output power
while also reducing feedback, thus, overall improving ef-
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FIG. 4: Schematic of laser diode housing and external cavity.
The Littrow configuration is used, in which the first-order
is reflected off of a grating back into the diode, while the
zeroeth-order is reflected off of a mirror and is then used as
the output beam. A protection circuit, temperature control
components, and a PZT are incorporated for added control,
stability, and tunability.

ficiency. When the first order is reflected back into the
diode, the linewidth is significantly reduced to less than
1MHz, and by adjusting the grating angle, the lasing
wavelength can be selected. A drawback, however, from
this configuration is that the output beam is wavelength
dependent which leads to alignment problems while tuning the laser.
Originally, we used a 2400 line/mm grating which
was blazed for visible light in order to take advantage
of a larger grating angle and more convenient reflection of the zeroeth-order output beam, determined by
the Grating Equation found in Equation 1, where a
is the spacing between grating slits, calculated as a =
1
.
1200 lines/mm ∗1000 mm /m
2asin(θ) = mλ

(1)

The grating angle for the first-order of 780 nm light incident on a 2400 lines/mm grating to be coupled back into
the diode in Littrow configuration, therefore, is about
69.4 degrees, and 27.9 degrees for 1200 lines/mm. We had
significant trouble using either the 2400 or 1200 lines/mm
gratings that were blazed for visible light. When first
stabilizing a diode, we aligned the grating by eye so that
the first-order was approximately reflected back into the
diode. Then, using a photodetector, we monitored the
power of the zeroeth order while systematically adjusting
the grating. Evidence of stabilization using this method
includes an overall increase in power of the zeroeth order
(where we ultimately try to obtain the maximum power
possible) and jumps in the power of this beam, which are
evidence of the laser changing between modes.
A second method of stabilization, which we have called
the hats method, is then implemented. We reduce the

FIG. 5: A scope-view of the hats method of stabilization is
shown. When the current is above threshold, signal representing the power of the diode takes on a triangular shape. The
broader that the base of the triangles are, the more quickly
the laser gets off of the threshold current, and the more stable
the laser is. Both the vertical and z-components are used to
optimize the stability in this way.

current of the diode so that it is near threshold and modulate the current by connecting a frequency generator to
the current source. We modulate the current with a triangle wave of frequency 320 Hertz and a peak-to-peak
voltage of 100mV. We can then view the power of the zeroeth order as seen in Figure 5. The section of the figure
that resembles a triangle is representative of when the
diode is lasing above threshold, while the sections that
resemble a DC voltage show when the laser is operating
below threshold. By adjusting the vertical component
of the grating and the Z-component of the lens housing,
we can optimize the stabilization of the diode. This is
visualized by making the base of the triangle sections as
wide as possible, which indicates the laser getting off of
threshold quickly. By reducing the current, more precise
adjustments of the hats can be made.
A laser diode contains four main properties of interest when considering tunability. The first is the medium
gain, which depends on the properties of the semiconductor material that the laser is made of. This gain is
a broad peak, and it’s position is mainly dependent on
temperature. It is useful to set the desired lasing wavelength in the center of the medium gain in order to optimize the power and stability of the lasing frequency.
Secondly, the internal cavity of the diode junction forms
a small optical cavity, like a Fabry-Perot etalon. The
net gain of this cavity is frequency-dependent and periodic in frequency. The period of this is the free spectral
range (∆νF SR = c/2Ln) and the cavity gain function will
shift in frequency when the temperature or current of the
diode is changed. Typically, this shift is 3MHz/µA for
a fixed temperature. A third property that effects diode
tuning is the grating feedback. Gratings disperse light,
so only light from a narrow wavelength band is fed back
into a laser for a fixed, horizontal grating angle. The
spectral width of the grating feedback, therefore, can be
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approximated by ν/∆ν = N , where ν is frequency and
N is the number of grating lines. In our set-up, for example, we have about a 0.1-cm wide laser beam, so for
a 25 mm, 1200 line/mm grating and a 780 nm laser, the
spectral width is about 320 GHz. Finally, similar conceptually to the internal cavity, the external cavity formed
between the grating and the laser cavity plays a role in
tuning. Since the external cavity is much larger than the
internal, however, the curve shifts by moving the grating
position with the PZT [4].

Tuning

Then, by observing the tunability of the laser, we can
further diagnose stability. For this, we use an Ocean Optics optical fiber, spectrometer and Spectra Suite software, which is precise to about 0.5 nm. By adjusting the
horizontal component of the grating, we can adjust the
frequency of the laser and view the diode tune on the
Spectra Suite program. While using both of the gratings that were blazed for visible light, we had difficulty
obtaining more than 1 or 2 mW of power from the first
order. Being that Sharp 780 diodes operate at around
40 mW, our output beam was significantly reduced. In
order to make wavelength measurements, at least 1 mW
is needed, and because of loss in optical elements such
as the optical isolator, mirrors, and lenses, this was not
possible. In addition, the signal from the zeroeth order seemed to contain significant noise during the initial
photodetector and hats stabilizations and we had much
difficulty tuning the frequency of the laser. We experienced instability and inconsistency in the frequencies selected during tuning. We hypothesized that this was due
to the fact that the gratings were blazed for visible light,
whereas we were working with a near infrared source. An
additional conclusion was that because, at most, 2 mW
was emitted in the zeroeth order, a considerable fraction
of the remaining power was being reflected back into the
diode. Though diodes have an anti-reflection coating on
the face to reduce the effects of feedback, diode lasers
are still very sensitive to feedback, so when a significant
amount of the lasers power is being fed back it can interfere with stabilization and tunability.
After experiencing instability with both gratings
blazed for visible light, we tried a third 1200 lines/mm
Edmund Optics grating blazed for 750 nm. Without feeding back the first-order, we obtained about 15 mW in
the first-order and 5 mW in the zeroeth order. We then
stabilized and optimized the laser using the above techniques, and obtained approximately 8 mW in the zeroeth
order, an improvement of about 7 mW from the gratings
blazed for visible light. We observed a reasonable increase in the power of the laser when stabilized and no
longer detected feedback. Further, we were able to tune
over a 9 nm range using the grating alone. This tuning

FIG. 6: Coarse tuning of the Sharp 780 nm diode laser using
only a grating. We scanned approximately 9 nm by frequency
selection using feedback from the first-order.

is depicted in Figure 6.

ABSORPTION SPECTROSCOPY

The physics of the laser diode aside, spectroscopy plays
an essential role in our understanding of the structure of
atoms and molecules. In fact, much of what we know
about the structural nature of atomic matter comes from
spectroscopic investigations. Through the absorption
and emission spectra that are emitted when electromagnetic radiation interacts with matter we can understand
the way that the components of molecules and atoms
interact [5]. Before detailing our setup and results, it
is important to develop a basic understanding of what
takes place on the atomic level when light is absorbed by
atoms. We examine the case of rubidium in particular.

Absorption and Emission of Photons

The component of the atom that is most closely tied
to the emission and absorption of radiant energy is the
bound charge, electrons that are contained within atoms
(as opposed to free electrons). The electrons form a cloud
around the nucleus of the atom which is composed of
various levels. If an atom is in its ground state configuration, the electrons fill all the lowest possible energy
levels. However, if an atom experiences an increase in
energy, the electrons will move to higher energy levels,
causing the atom to be in its excited state. The excited
state is a condition that is temporary, as the electrons
will eventually return to their lower energy levels [6].
As electrons move from higher energy levels to lower
energy levels (and the atom moves from an excited state
to ground state), the atom must release the energy in
some form, which often times corresponds to the emis-
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sion of a photon. Conversely, the absorption of a photon
can cause an atom to move into an excited state. These
processes are pictured in Figure 7. The latter is the case
in absorption spectroscopy, the phenomenon we observe
in this experiment. The emission of photons by atoms is
actually regarded as the principal source of light in the
universe. Because the electrons move from energy level
to energy level in a seemingly instantaneous fashion, their
movement is termed a quantum jump, as the difference
in energy stored in the atom between the initial and final
states can be quantized [6].
When an atom emits a photon, the energy of the photon is exactly equal to the decrease of energy in the atom.
This change in energy, ∆E, is related to a particular frequency ν by way of the equation ∆E = hν. This light
frequency is termed a resonant frequency of the atom.
Each atom has different resonant frequencies at which
it emits light. Furthermore, these resonant frequencies
correspond to light that the atom can easily absorb, because of the correlation between the frequency ν and the
quantum jump that the atom experiences. The resonant
frequencies for a particular atom depend on the various
ways in which the outer electrons of the atom can transition to higher energy levels. Each resonant frequency in
turn corresponds to a particular wavelength. By examining the atomic structure of rubidium, we can correlate
observed absorption spectra with specific resonant frequencies (and hence, wavelengths) of the electromagnetic
radiation interacting with the matter [6].
It is important to note that the movement of electrons in atoms is far more complicated than the simplistic model outlined above, involving characteristics of the
electrons such as electron spin and angular momentum,
in addition to changing orbitals. For a more thorough
treatment of these ideas, see [7]. A further characteristic of the atom that influences the energy of the atom
is the nuclear spin. The influence of nuclear spin on the
atomic structure of the atom is known as hyperfine structure. That is, hyperfine structure is due to nuclear spin
and its interaction with other spins. In the absorption
of a photon, the hyperfine structure of the atom can be
observed in both the ground state and the excited state
[8].
We now focus on the possible electron transitions of
rubidium. There are two rubidium isotopes (85 and
87) whose different structures (and consequently different
quantum jumps) allow for different resonance frequencies. Each of the isotopes have two hyperfine ground
states whose resonance frequencies are spaced on the
order of GHz. The hyperfine excited states are more
narrowly spaced (the resonant frequencies are separated
on the order of MHz) [9]. In both isotopes, the transitions observed at the 780-nm spectral line are of the form
52 S1/2 → 52 P3/2 (see Figure 9). Due to our experimental
setup, our spectra exhibit a phenomenon called Doppler
broadening, which would normally prevent us from re-

solving the hyperfine features in the excited states. The
hyperfine features of the ground states, because they are
spaced by frequencies on the order of GHz, are easily resolved with our experimental setup, and we thus expect
to see four resonance frequencies if both rubidium isotopes are present in the gas used in our setup (as seen in
Figure 10) [8]. In order to resolve the hyperfine features
of the excited states one must employ a technique called
saturation spectroscopy.
The experimental setup for spectroscopy is shown in
Figure 8. Saturation spectroscopy is generally conducted
experimentally by directing a second laser through the
gas in the opposite direction of the first. Though this was
not an initial goal in our experimental setup, due to the
reflection of the initial beam on the glass of the rubidium
cell, we were able to produce saturation spectroscopy and
thus observe the hyperfine structure of the excited state.

Doppler Broadening

Though theoretically each resonance frequency of rubidium corresponds to a particular natural linewidth,
that is the width of frequency that corresponds to the
quantum jump, the spectral dips produced by absorption
spectroscopy are subject to the phenomenon of Doppler
broadening. Because of doppler broadening, we do not
observe a rigid frequency region over which absorption
occurs, but rather a gradual dip that contains the resonance frequency (as can be seen in Figure 10).
The gradual dip stems from the fact that the gas atoms
are moving with respect to the electromagnetic radiation.
Assume that an excited atom is moving with velocity v
relative to a stationary observer (located at the detector).
Assuming the central resonant frequency for a given absorption line is ω0 , the apparent absorption frequency
(due to the Doppler effect) is ωa = ω0 + k · v, where k is
the wave vector corresponding to the absorbed electromagnetic wave. Therefore, the observed absorption frequency ωa is increased when k · v > 0 (atoms moving in
the same direction as the light is traveling) and decreased
when k · v < 0 (atoms moving in opposite direction of the
light). Thus by way of Doppler broadening, we observe
resonant frequencies over a continuous dip, in which lies
the central resonant frequency ω0 [5].

SPECTROSCOPY METHODOLOGY

In order to obtain higher precision wavelength measurements we utilized Bethel’s Michelson wavemeter built
by Sarah Anderson. The operation of the wavemeter is
involved and will not be discussed here, but for a detailed description see [10]. Beam alignment within the
wavemeter proved to be troublesome, since tuning with
a Littrow configuration alters the beam direction. Af-
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FIG. 7: The interaction of electromagnetic radiation with an atom. (a) Energy is approaching an atom in its ground state.
(b) The energy is absorbed by the atom because it matches the required energy needed for the atom to reach an excited state
and reach a higher energy level. (c) The atom loses the energy through the emission of a photon. (d) The atom returns to its
ground state. E. Hecht, Optics, 4th ed., 64 (2002).

FIG. 8: Experimental setup for rubidium spectroscopy. An
optical isolator is implemented to minimize unwanted feedback into the diode. A flip-down mirror allowed for rapid
transitions between wavelength measurements and resonance
scanning.

ter realignment, however the wavemeter provided the picometer resolution needed to tune to the rubidium resonances. Even when stabilized, tuning of the LD was very
sensitive, and subject to numerous mode hops. We found
it helpful to use a combination of adjustments in grating
angle, current, temperature and PZT offset to tune to
the desired wavelength.
As detailed in the theory behind the diode laser, we
employ a piezoelectric transducer (PZT) to scan the cavity length and consequently scan the range of optical frequencies in which lie the resonance frequencies of rubidium. In order to perform quantitative analysis of the
spectrum, it was necessary to compute the range of frequencies scanned by the PZT. Using a function generator
we programmed the PZT to scan over 120 volts, from 10
V to 130 V. According to the PZT specifications, the
physical distance the PZT moves is 3µm per 200 volts
(which is equivalent to 15 nm per volt). In order to relate change in optical frequency with the scanning of the

FIG. 9: A diagram depicting the energy levels for the 780nm resonance transitions in rubidium. For both isotopes,
the transition is 52 S1/2 → 52 P3/2 . The hyperfine splittings
are depicted for the ground states of both isotopes as they
can be resolved experimentally without the use of saturation
spectroscopy. The hyperfine splittings for the excited states
are omitted as they are not resolved without saturation spectroscopy. K. Razdan and D.A. Van Baak, American Journal
of Physics 67, 832-836 (1999).

PZT, we derive here the relationship between change in
cavity length and change in optical frequency.
For a particular cavity mode q, we have the following
expression for optical frequency:
qc
2L
where L is the cavity length. Taking the partial of νq
with respect to L yields
νq =

∂νq
qc
= − 2.
∂L
2L
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FIG. 10: The four Doppler broadened resonance frequencies
for the 780-nm resonance transitions in rubidium. The horizontal axis represents a frequency range of approximately 10
GHz, and the frequencies pictured are on the order of 384,000
GHz. K. Razdan and D. A. Van Baak, American Journal of
Physics 67, 832-836 (1999).

Rearranging, we establish the following expression for
the change in νq in terms of the change in cavity length:
∆νq = −

qc
∆L.
2L2

By taking account the θ of the diffraction grating (since
the PZT drives the diffraction grating in the direction of
the vector normal to the grating surface), we can rewrite
the above equation as follows:
∆νq
qc 15 nm cosθ
=− 2
.
V
2L
V
By definition,
qλ
=L
2
thus
q=

2L
.
λ

Substituting this into our equation for

∆νq
V

yields

∆νq
c
=−
15 nm cosθV
V
λL
which after substituting the appropriate values for our
∆ν
experiment yields V q = −0.146 GHz per V. This value
is important in quantitatively analyzing the plots of the
Rb spectra as it provides a way to convert from the volts
we are scanning with the PZT to the optical frequency
observed between resonance frequencies.

In order to adequately produce spectra near the 780nm wavelength, it was important to properly tune the
laser with the wavemeter, which calculates the wavelength of an unknown coherent light source through comparison to a known Helium-Neon source. The vacuum
wavelength for the 780-nm transition in Rb is 780.241
nm [11]. Wavelength of light, however, is dependent on
the matter it is propagating through, therefore we must
take into account the specific conditions of the environment that the experiment is being conducted in. Our
laboratory operated at about atmospheric pressure with
a temperature of about 22 degrees Celsius and humidity
of 29%. We used this information to calculate the index of refraction of specific wavelengths of light in these
conditions using the NIST Metrology Toolbox [12]. We
found the index of refraction of our laser to be n780nm
= 1.000268352, while the wavelength of the known HeNe
laser was n633nm = 1.000269675. Therefore, nn780nm
=
633nm
0.999998677. We can multiply the vacuum wavelength of
interest by this ratio to account for the index of refrac780nm
tion of the air in our lab, 780.241 · nn633nm
=780.242. In
order to observe rubidium resonances, then, we needed
to observe a wavelength of 780.242 nm on the wavemeter.
We recorded four successful wavelength measurements
before proceeding with spectroscopy. After averaging
these four measurements we obtained a mean wavelength
of 780.242 nm with a standard deviation of 0.08 pm.
Upon the proper tuning of the laser, we sent the laser
through the Rb cell and obtained the spectra pictured
in Figures 11 and 12. The plots in these two Figures
are separated by a mode hope. Because of the mode
hop, we were unable to image all four resonant frequencies at the same time. Because our experimental setup
did indeed produce saturation spectroscopy (albeit unintentionally), we were able to identify the four peaks due
to their hyperfine features. The expected hyperfine features for each transition are pictured in Figures 13 and
14 which can be found in [13]. Figure 15 displays our
experimental data for the first two of the four peaks and
is included so that the reader can compare the hyperfine
features in our plots to the expected hyperfine features
found in [13] (see Figures 13 and 14). Finally, Figure 16
displays the observed spectra from our experiment combined together so that all four resonance frequencies are
visible. This plot can be compared to Figure 10.
∆ν
By utilizing the results for V q from the previous section we are able to estimate the optical frequency differences between resonance frequencies. However, due
to the mode hop we could only observe two peaks at the
same time, thus we could only estimate the frequency differences between each pair. The literature contains relatively precise values for the frequency difference between
the transitions for each isotope. That is, there is data
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FIG. 12: The 85 Rb, F = 3 and 87 Rb, F = 2 absorption peaks
with the PZT scan. We estimated a frequency seperation
of 2.2 GHz based on the manufacturer’s specifications of the
change of length per volt for the PZT.
FIG. 11: Plot showing the 87 Rb, F = 1 and 85 , F = 2 absorption peaks together with the PZT scan (bottom). The relative
frequency separation is estimated to be 1.9 GHz. Hyperfine
features are also visible.

available in [13] that gives the frequency difference between the two peaks corresponding to 87 Rb and the two
peaks corresponding to 87 Rb. We, on the other hand,
could only quantitatively analyze the frequency differences between peaks corresponding to 87 Rb, F = 1 and
85
Rb, F = 2 as well as the peaks corresponding to 85 Rb,
∆ν
F = 3 and 87 Rb, F = 2. By using the value for V q calculated above, we estimated the frequency difference between the first two peaks (87 Rb, F = 1 and 85 Rb, F = 2)
to be 1.9 GHz. Similarly, we estimated the frequency
between the latter two peaks (85 Rb, F = 3 and 87 Rb,
F = 2) to be 1.9 GHz. It should be noted that these are
relatively coarse estimates, as we are merely utilizing the
oscilloscope’s grid to scale the frequency. According to
[13], the frequency difference between the two resonance
frequencies of 85 Rb is 3.036 Ghz, and the frequency difference between the two resonances of 87 Rb is 6.835 GHz.
Utilizing one of the frequency differences reported in the
literature, we can use our experimentally observed data
to estimate the other. Specifically, the frequency difference between the two peaks corresponding to 87 Rb is the
sum of the three frequency differences between consecutive peaks. Using our two observed frequency differences
along with the reported value of the frequency difference
between the two peaks corresponding to 85 Rb, we can
estimate that the frequency difference between the two
87
Rb peaks is 1.9 GHz + 3.0 GHz + 1.9 GHz = 6.8 GHz,
which is a reasonable estimate.

CONCLUSION

We found that a home-built ECDL system is sufficient
to obtain the resonances of rubidium at 780 nm. Provided the appropriate controls over temperature, injection current, grating angle, and cavity length, the wavelength can be tuned within a standard deviation 0.08 pm,
which is sufficient to produce spectra of the Rb vapor. An
essential component of such a tuning system is a highresolution wavelength measuring device, in our case provided by a wavemeter that uses Michelson interforometry
concepts to measure the wavelength of coherent light to
a tenth of a picometer. More surprisingly, we discovered
that a rubidium cell with highly parallel windows can induce saturation spectroscopy despite Doppler broadening
effects. In our experiment, the reflection of the first beam
off the cell windows served as a pump beam to resolve
hyperfine features within the absorption peaks. These assisted in correlating each feature with the known atomic
transitions of rubidium. Mode hopping was a significant
factor in our experiment. A mode hop within the range
of the PZT scan meant that only two out of the four absorption peaks could be observed in a single scan. With
slight adjustments to the injection current we could toggle between adjacent lasing modes to resolve the opposite
two peaks. Ideally however, we should be able to view
all four peaks in a single PZT scan. The elimination of
mode hops would be an important future step for further
experimentation. Additionally, it would be beneficial to
correlate the hyperfine structures we resolved to the spin
orbit coupling transitions of rubidium.
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FIG. 14: Pronounced hyperfine feature in 85 Rb, F = 3. Correlates to the hyperfine features observed in Figure 15. K.B.
MacAdam, A. Steinbach, and C. Wieman, American Journal
of Physics, 60, 1098-1111 (1992).

FIG. 13: Representative results of saturated absorption
curves for Rb. The widths and relative heights are affected
by beam alignment, beam intensities, electronic damping constants, and absorption cell pressure. K.B. MacAdam, A.
Steinbach, and C. Wieman, American Journal of Physics, 60,
1098-1111 (1992).
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A low-cost Michelson wavemeter with
picometer-level accuracy
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An inexpensive Michelson interferometer-based wavemeter was developed for use in
atomic spectroscopy experiments, with the goal of attaining wavelength measurements with picometer accuracy. A commercial frequency stabilized helium-neon
laser was used as a reference laser. The wavemeter was tested using an external
cavity diode laser referenced to resonances in iodine at 636 nm. Measurements were
within one picometer of the known vacuum wavelengths.
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I. Introduction
Wavemeters are useful tools for precision spectroscopy, where a tunable laser is used to excite a
particular transition of interest in an atom. In order
to use the laser to excite this transition, however, its
wavelength should be known with an accuracy that
can resolve an atomic transition, a few parts in 106 [3].
The wavemeter provides an accurate and convenient
method for determining the wavelength of the laser.
There are various designs for a wavemeter setup,
including designs based on a Fizeau (Fabry-Perot)
interferometer and a Michelson interferometer. The
Fizeau interferometer-based wavemeter design utilizes a Fizeau wedge, where two optical flats are inclined with respect to one another such that their
inner faces form a small angle. Monochromatic light
passing into the Fizeau wedge will form interference
fringes with a constant spacing and with a certain
phase. If the fringe period and phase are analyzed,
the wavelength of the light can be accurately determined [5, 8].
Another design operates on the principle of a
Michelson interferometer that is simultaneously detecting interference fringes for two copropagating
laser beams as the length of one interferometer arm
is varied. One of the copropagating lasers is a reference laser with a well-defined wavelength, while the
other is a laser of unknown wavelength. The unknown
wavelength can be determined through the ratio of
the number of fringes and the wavelength of the reference laser [3].
A commercial wavemeter can be an expensive piece
of equipment for an undergraduate laboratory. The
purpose of this project was to develop a wavemeter
that is affordable for use in experiments in our lab,
while still attaining an accuracy that enables us to
resolve atomic transitions. Our goal was to achieve
a wavelength accuracy of one picometer. A picometer resolution would allow us to distinguish between
nearby atomic transitions. For example, the two required laser frequencies for cooling 7 Li are separated
by ∼800 MHz (1.2 pm) at ∼671 nm.

II. Theoretical Principles
The wavemeter described below is a Michelson interferometer. A Michelson interferometer, Fig. 1, is
composed of a beamsplitter and two mirrors. The
beamsplitter divides the light equally into two parts
between the two arms of the interferometer and then
recombines them to form interference patterns at the
detector. Without the introduction of other polarizing optics, it is necessary that the beamsplitter be

Figure 1: Michelson interferometer. A laser beam is
split between two arms. After recombination the irradiance corresponds to the difference in path lengths
of the two arms.
non-polarizing to get the interference effects when the
partial beams are recombined. One of the mirrors
in the interferometer is movable, and if the mirror
is moved through a distance d, interference fringes
will pass at the detector as there is constructive and
destructive interference, depending on the relative
path difference between the two arms. The number
of fringes that pass at the detector as the mirror is
moved a distance d can be expressed as N = 2nd
λ0 ,
where λ0 is the vacuum wavelength of the light and
n is the index of refraction.
The conditions for interference at the detector
based on the relative path difference can be seen
by analyzing the electric fields for the partial beams
from the two arms. The two fields can be expressed
E1 eiφ1 (x,t) and E2 eiφ2 (x,t) , where φ1 (x, t) and φ2 (x, t)
are the phases of the two waves, and the total field
incident on the detector is the sum of the two individual fields, ET = E1 eiφ1 (x,t) +E2 eiφ2 (x,t) . The intensity
incident on the detector is proportional to the square
of the total field, I ∝ |ET |2 = E21 + E22 + 2E1 · E2 cosθ,
, and ∆x is
where θ = k∆x, k is the wave number 2π
λ
the relative path difference between the two arms. If
|E1 | = |E2 | and the field polarizations are identical,
the terms in the intensity add to produce constructive interference when θ is a multiple of 2π and ∆x
is correspondingly a multiple of half the wavelength
of the light. The terms cancel producing destructive
interference when θ is an odd multiple of π and ∆x is
then a multiple of a fourth of the wavelength. Therefore, the condition for constructive interference in the
interferometer is that the path difference between the
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two arms is a multiple of half of the air wavelength
of the light, and the condition for destructive interference is that the path difference is an odd multiple
of a fourth of the air wavelength [10].
A wavemeter is a Michelson interferometer that
is simultaneously counting fringes for two counterpropagating beams that travel identical paths. One
laser is of unknown wavelength, while the other is a
reference laser with a well-defined wavelength. As the
mirror is moved a distance d, a number of fringes will
pass at the detector for the laser of unknown wavelength, NU = λ2dU , and a number of fringes will pass at
the detector for the reference laser, NR = λ2dR , where
the wavelengths of the two lasers are the wavelengths
in air. Since the beams are propagating through the
same interferometer and have the same relative path
difference d, the unknown wavelength can be determined from the ratio of the number of fringes and the
wavelength of the reference laser,
λU =

NR
λR .
NU

(1)

The calculation for the unknown wavelength will
be more precise as more fringes are counted. It is
beneficial to the overall uncertainty, therefore, to have
a longer movable arm which allows for the counting
of more fringes. We expected that our movable arm
of the interferometer, being 1.4 m in length, would
allow for many fringe counts (∼ 106 for λ = 632.8 nm)
and contribute to the accuracy of the our wavemeter
measurements.

III. Setup
Our wavemeter layout can be seen in Fig. 2 and was
based on a design by Fox and coworkers [3]. In the
setup, a reference laser and a laser of unknown wavelength are collimated before entering the interferometer. The non-polarizing beamsplitter divides the reference and the unknown laser beams into two beams
that enter the separate arms of the interferometer.
One set of partial beams travel the constant path
from the beamsplitter to mirrors M3 and M4, then
back to the beamsplitter. The other set of partial
beams travel to mirror M5 and are reflected to the
corner cube, which retro-reflects the beams back to
M5 and the beamsplitter. The corner cube ensures
that each beam is reflected parallel to the incoming beam, but with a transverse displacement [2].
The corner cube is mounted on a cart that is situated on a standard introductory-phyiscs laboratory
air track of length 1.4 m. After returning to the
beamsplitter, the partial beams are recombined to

Figure 2: Wavemeter layout. The reference laser was
a commercial HeNe laser. The laser of unknown wavelength was an external cavity diode laser that was
coupled to the wavemeter via fiber optic coupling.
The corner cube was mounted on a cart straddling
an air track. The lenses were used to collimate and
enlarge both beams. PBS: Polarizing beamsplitter.

produce two collinear output beams. The output reference and unknown beams are incident on detectors
connected to an oscilloscope where the interference
fringes are observed. The detectors are also connected to a high resolution programmable counter
(Fluke PM6681) that counts the number of fringes
for both the reference laser and the laser of unknown
wavelength.
The reference laser used for our wavemeter was
a frequency stabilized helium-neon (HeNe) laser
(Spectra-Physics Model 117A), the specifications of
which include a beam diameter of 0.5 mm and a divergence of 1.8 mrad [11]. The laser of unknown wavelength was a tunable diode laser (New Focus Velocity
Model 6300) that had a wavelength of approximately
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636 nm. The diode laser light was brought into the
wavemeter by an optical fiber. This coupling had the
benefit of producing a spatially clean beam.

IV. Alignment
Collinear output beams are essential to the accuracy
of the wavemeter. Our procedure began with aligning
the wavemeter layout for the HeNe, then using the
HeNe beam as a reference for aligning the laser diode.
Alignment for the HeNe began with the air track
arm. It was necessary to adjust mirrors M2 and M5
until the retro-reflected beam did not wander as the
cart glided back and forth on the air track. This was
accomplished through the use of a diaphragm as a
reference at different locations on the air track as the
mirrors were adjusted. Once the retro-reflected beam
from the air track arm was stable, mirrors M3 and M4
of the stationary arm were adjusted until the beam
from that arm was collinear with the beam from the
air track arm.
To verify that the beams were in fact collinear and
not simply overlapping at one point in space, the
beams were analyzed at a close location, just on the
other side of the beamsplitter, and at a location several meters downstream. The detector was removed
from its location in the setup and the beams were
reflected off one mirror across the room to another
and ultimately were observed on a card close to the
beamsplitter. By observing the HeNe beams at two
locations, it was possible to ensure that they were
collinear.
In order to align the diode laser, the aligned HeNe
beam was used as a reference. With the diode beam
blocked from entering the optical fiber, part of the
HeNe beam from the beamsplitter was mode-matched
and aligned into the fiber, and the precision mount
holding the fiber was adjusted until the HeNe coupling through the fiber was optimized. The diode
beam was then coupled through the fiber in the other
direction. This process produced a pre-aligned port
for the light of unknown wavelength. In the future,
light need only be coupled into the fiber with slight
collimation adjustments.

V. Operation of the wavemeter
In order to take a measurement of the unknown wavelength once the wavemeter was aligned, the air pump
was turned on, and the cart was given a push to
travel the length of the air track. The oscilloscope
displayed the interference fringes as the cart traveled
back and forth. The counter had a pre-programmed

math function that computes the ratio of the number of laser diode and HeNe fringes and multiplies it
by the wavelength of the HeNe, a number input by
the user. The counter then displayed the wavelength
of the diode laser. For our measurements, we used
a HeNe wavelength of 632.991 nm, which is the vacuum wavelength of an I2 -stabilized HeNe laser [6, 9].
The displayed measurement therefore corresponds to
the vacuum value of the unknown wavelength. The
indices of refraction of air for the laser diode and the
HeNe were not important, since the wavelengths of
the laser diode and the HeNe laser are so close that
the change in the index of refraction of air between
them is negligible. However, in other cases when the
unknown wavelength is much different from the reference wavelength, the indices of refraction of air must
be taken into consideration, as discussed below and
is shown in Eqn. 4.
The wavelength measurement displayed on the
counter was not always stable, and depended greatly
on the quality of the signal from the detectors. If the
signal was noisy or too small, the counter struggled
to accurately count fringes. For example, the reading
for the wavelength was unstable when the speed of
the cart was too fast, or when the cart bounced off
the ends of the air track. An approximate speed of
the cart needed to obtain stable readings was around
20-40 cm/s. On the counter, the gate time could
be adjusted, changing the time interval over which
the device counted fringes. We found that a gate
time producing stable readings was 1 second. As discussed below, improvements to the air track to obtain
more stable measurements are envisioned and include
a new custom-made air track and cart.

VI. Results
We compared a wavemeter measurement to a known
wavelength. Our absolute frequency reference came
through the use of iodine spectroscopy. Previous
work done in a lasers course (PHY 430) lab project
involved first using the diode laser to develop a map
of resonances in iodine, then labeling the peaks with
the known wavelengths for those resonances as published in an atlas by S. Gerstenkorn [4]. The resulting
map is shown in Fig. 3. We used the map of the iodine resonances as a guide to tune the diode laser to
a particular peak.
The wavemeter was tested against three known resonances. The first was for the peak labeled number 1 in Fig. 3, which has a known wavelength of
636.817400 nm. For this peak, the wavemeter measurement read 636.816±0.001 nm. The second was for

Page 4

Figure 3: Map of the iodine absortion resonances made by the lasers course lab group. Peaks one and 19 are
636.817400 nm and 636.940963 nm, respectively [4].
the peak labeled number 9, which has a known wavelength of 636.872266 nm. The wavemeter measurement read 636.871 ± 0.001 nm. The third resonance
was labeled number 18 in the figure, with a known
wavelength of 636.934455 nm. For this resonance, the
wavemeter measurement read 636.933 ± 0.001 nm.

VII. Error
The accuracy of the wavemeter has several limitations with contributions from wavefront curvature,
misalignment of the beam, uncertainty in the frequency of the reference HeNe, uncertainty in the index of refraction of air, and fringe counting error. The
total relative uncertainty is a quadrature sum of these
individual relative systematics [3]:
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Wavefront curvature adds a contribution to the error because of diffraction effects, and the contribution is discussed at length by Monchalin et al. [7].
The wavefront curvature error can be estimated by
diffraction theory to be
∆λWC
λ2
∆θ2
=
=
λ
4π 2 ω02
4

(2)

where ω0 is the beam waist and ∆θ is the divergence
half-angle of the beam [3]. The measured divergences
of our HeNe and the laser diode beams were so small
that this contribution to the error is negligible.
Misalignment of the system will contribute to error
in the measurement of the wavelength since the reference and unknown lasers will travel different path
lengths. The error can be expressed as

∆λalign
∆L
1
=
=
λ
L
2



∆x
L

2

,

(3)

where L is the optical path length and ∆x is a transverse displacement [3]. The optical path length for
our wavemeter layout is 6.64 m, and a conservative
estimation for ∆x is 1 mm. Therefore, the contribution to the error for our wavemeter from misalignment
of the system is
∆λalign
= 3 × 10−9 .
λ
The uncertainty in the HeNe wavelength has two
factors: the Doppler-broadened emission linewidth
and the unknown mixture of isotopes in the gain
medium.
First, there is an uncertainty in the HeNe frequency
due to the Doppler broadened linewidth of the transition. Direct frequency measurements performed on
HeNe lasers report a frequency of 473.612 THz, and
we used the corresponding vacuum wavelength for
our measurements as discussed above [6, 9]. However, these frequency measurements were made using
I2 -stabilized HeNe lasers, and it is unclear in the reporting papers where this iodine stabilized line falls in
comparison to the emitted lines of our reference laser.
An estimate of the uncertainty in the HeNe frequency
due to the unknown location of the I2 -stabilized frequency measurement is then the full width at half
maximum of the gain curve, which is calculated to be
approximately 1.2 GHz (1.6 pm) [10].
Second, there is an uncertainty in the frequency
due to the unknown mixture of neon isotopes in the
gain medium of the HeNe laser. Slight differences in
the number of neutrons in the nucleus cause a difference in the energy levels of the atom, which in
turn shifts the center line frequency of a transition.
The estimated uncertainty due to the unknown mixture of Neon isotopes in the gain medium is therefore
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the isotope shift between Ne20 and Ne22 , which is
1 GHz [10].
Therefore, the total uncertainty in the HeNe frequency can be conservatively estimated by the addition of the uncertainty in the isotope mixture and
the uncertainty in the location of the iodine stabilized
laser line.
∆νHeNe = ∆νisotope + ∆νFWHM
∆νHeNe = 1GHz + 1.2GHz = 2.2GHz
The contribution to the error due to uncertainty in
the frequency of the HeNe is therefore
∆λHeNe
= 5 × 10−6 .
λ
It is important to note, however, that if it were possible to eliminate the uncertainty due to the unknown
mixture of isotopes in the laser, the error would be
greatly reduced. The isotope of neon used in the
direct frequency measurements of the I2 -stabilized
HeNe laser was Ne20 [6]. This fact, coupled with
the observation that our test results of the wavemeter
were within 1 pm of the known values, indicates that
it is probably valid to eliminate the Ne22 isotope from
consideration, thus decreasing the HeNe uncertainty.
Our frequency stabilized HeNe laser cavity produces two orthogonally polarized modes that are symmetric about the gain curve due to the particular
method of stabilization. In our layout, a polarizer
situated at the output of the HeNe allows us to select between the two oppositely polarized modes. By
rotating the polarizer while observing a beat signal
from a high-speed (2 GHz) photodetector, we were
able to measure the free spectral range of the laser
cavity to be 640 MHz.
Although we can distinguish the polarizations of
the two possible modes from the reference laser as
well as their frequency separation (640 MHz), we do
not yet know their relative absolute frequencies. A
measurement of these frequencies is envisioned for the
wavemeter. In this test, a wavemeter measurement is
taken using one mode from the reference laser, then
the polarizer is rotated and another wavemeter measurement taken using the other mode. A highlight
of this test is that if the wavemeter is able to resolve a difference in the wavelength between the two
measurements, then we have demonstrated that our
wavemeter is capable of obtaining high precision (subpicometer) values.
The fourth contribution to error in the unknown
wavelength is uncertainty in the index of refraction
of air. Eqn. 1 yields the unknown wavelength in air;
however, in order to find the unknown wavelength

in a vacuum, the indices of refraction of air must be
taken into account.
 
NR
nU
λU0 =
λR0
(4)
NU
nR
The equation modified to find the unknown wavelength in a vacuum is shown in Eqn. 4, where nU and
nR are the indices of refraction and λU0 and λR0 are
the vacuum wavelengths of the unknown and reference lasers [3].
The index of refraction of air depends on the pressure, the temperature, and the partial pressures of
H2 O and CO2 [2, 1]. The error due to uncertainty in
the indices of refraction of air is [1]
∆λair
∆r
1
1
=
= (4×10−9 +2×10−9) 2 − 2 , (5)
λ
r
λU
λR
where r is the ratio of the indices of refraction of air,
U)
, and where λU and λR are in µm. The
r = n(λ
n(λR )
two terms in Eqn. 5 are due to uncertainty in the air
density and uncertainty in the water vapor density respectively [2, 1]. For our wavemeter, λU is 0.6368 µm
and λR is 0.6328 µm, and therefore the uncertainty
due to the unknown index of refraction of air is
∆λair
= 2 × 10−10.
λ
The final contribution to the overall error is the
fringe counting error. For a typical run of the
wavemeter, there are 700, 000 ± 1 fringes counted per
second for the HeNe laser, and 704, 000 ± 1 fringes
counted per second for the laser diode. This corre1
= 1.43 × 10−6 for
sponds to an uncertainty of 700,000
1
−6
the HeNe and 704,000 = 1.42×10 for the laser diode.
The total contribution due to error in the number of
fringe counts is then
∆λcount
= 3 × 10−6 .
λ
The accuracy of the fringe counting is limited in our
current wavemeter setup since in order to get a stable
measurement from the wavemeter, the cart must be
gliding relatively slowly. Whenever the cart bounces
off the ends of the air track, the counter struggles
to count fringes due to the extra noise on the signal,
and it takes some time for the counter to recover its
stable reading after bouncing off the ends. When the
cart is moving at a fast speed, the reading does not
have time to recover its stability the reading before
the cart hits the other end of the air track.
Summing all the error terms, the total relative uncertainty of the wavemeter is 5 × 10−6 , which corresponds to an uncertainty of about 3.5 pm in our
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measurement of the laser diode wavelength. The uncertainty in the frequency of the HeNe and the error
in fringe counting have the largest contributions to
the overall error. The fact that our results are better than our estimated error may have origins in the
isotope contribution to the error, as discussed previously. If the isotope contribution to the error is eliminated, we obtain an uncertainty in our measurement
of about 2.5 pm.

VIII. Further Work
Improvements envisioned for the wavemeter include
adding a second corner cube to the cart and a new,
custom-made air track and cart [3]. The addition of
another corner cube would enable the currently stationary arm of the interferometer to change in path
length. In this setup, the second corner cube would
be mounted on the cart to face in the opposite direction of the current corner cube. The beam from
the now stationary arm of the interferometer would
be brought around to the second corner cube, where
it would be retroreflected back to the beamsplitter.
This change from one stationary arm to two variable
arms would allow for more fringe counts and thus improve the precision of the wavemeter measurements.
A new design for the air track and cart could improve the accuracy in two ways. First, the current
track is bowed slightly in the middle which interferes
with the alignment of that arm. Also, the current
air track has holes across its surface through which
the air blows and floats the cart. Turbulence from
the blowing air along the axis of the track could alter the index of refraction of air, causing a change
in optical path length of the beam and producing an
inaccurate calculation of the wavelength. In the new
design for the air track and cart, the air would blow
through holes in the interior of the cart, instead of
through the track itself. This method would reduce
the turbulence along the length of the track.
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