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We have constructed an external cavity diode laser (ECDL), which is tunable over several nanometers
about a central wavelength of 633 nm for use in I2 spectroscopy. We built the ECDL using the Littrow
configuration and characterized its properties. We have tuned our ECDL to the Doppler broadened P(33)
transition in I2 which falls within 1 GHz of the HeNe gain curve, and measured a wavelength of 632.9915
nm at line center. Using a beat note with a frequency stabilized HeHe, we estimated an upper frequency
linewidth for our ECDL of 4.8 MHz. Using saturated absorption spectroscopy, we observed saturation dips
corresponding to the hyperfine components within the Doppler broadened feature. We have measured the
relative frequency spacing of 14 of these hyperfine components to have an average error of 1.9 MHz from
the accepted values found in [1].
INTRODUCTION

Frequency-stabilized lasers have been extremely important in metrology and the determination of physical constants. Definitions of units of length are determined by the
speed of light and optical frequency standards, which are
established by the frequency of stabilized lasers [2]. The
HeNe gas laser is one frequency-stabilized laser widely
used in metrology. It yields an optical frequency standard
with only 10−11 relative uncertainty. It has also been used
to determine the definition of a meter [3].
Hyperfine structures of molecules evident in saturation
spectroscopy are often used to frequency stabilize lasers.
HeNe gas lasers are stabilized to one of the hyperfine components of the R(127) 11-5 transition of I2 [4]. Due to the
complexity of iodine molecules, iodine has a wide range
of transitions, corresponding to different wavelengths, that
could be used to stabilize lasers. One of the most popular
iodine transitions used in metrology is the P(33) 6-3 transition, which is approximately 37 times stronger than the
R(127) 11-5 line used to stabilize HeNe’s. This transition
is only 1 GHz away from the stabilized HeNe laser frequency, allowing it to be compared to the HeNe through
analysis of beat notes between the two. Through saturation
spectroscopy, this transition has been highly investigated,
determining the frequency spacings of all the hyperfine features [5].
The last 10 years have seen substantial progress in frequency stabilizing External Cavity Diode Lasers (ECDL)
by locking them to hyperfine features. There has been
movement towards replacing HeNe gas lasers with frequency stabilized ECDL’s in the field of metrology because of their higher power, compactibility and tunability [3]. This allows for the development of portable frequency standards by locking ECDL’s to hyperfine features
of strong iodine transitions [4]
Our original goal for this project was to resolve the
R(127) hyperfine structure and identify the hyperfine component that is commonly used to stabilize a HeNe. However, we were unable to see the R(127) line due to its rel-

atively small signal. We therefore decided to resolve the
P(33) hyperfine structure which is about 37 times as large
as that of R(127) [3].
ECDL

As previously mentioned, ECDL’s (see figure 1) are often useful for spectroscopy due to their low cost and relatively wide range of tuning (several nanometers). By
controlling temperature, current, grating angle and cavity
length, one can take an unstable, large bandwidth laser
diode and fine tune the output to a usable frequency.

FIG. 1: An image of the external cavity diode laser with
the following components: a) housing for the laser diode
that includes both a heat sink and a collimating lens, b)
first order beam that is reflected back into the diode, c)
grating and PZT that allows for course tuning and
frequency scanning, d) zeroth order beam used for
spectroscopy, e) and f) mirrors that direct the zeroth order
out of the box.

Laser diodes naturally lase at a wide range of wavelengths. If one provides a laser diode with optical feedback by retro-reflecting a certain wavelength, however, the
diode will begin to lase at that wavelength. In order to se-
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lect the desired wavelength to feed back into the diode, a
grating is often used. When light hits a grating, it is split
into multiple orders. The zeroth order light is unaffected by
the grating and merely reflects off the surface as if it were a
mirror. The angle of higher order reflections, however, are
dependent on the wavelength of the light reflected. Shorter
wavelengths have smaller angles and longer wavelengths
have larger angles of diffraction. The dependence of the
diffraction angle on wavelength is given by the following
equation:

d sin θm = mλ.

(1)

where d is the slit spacing on the grating, m is the order
of the beam, θm is the diffracted angle, and λ is the wavelength. When light with a large bandwidth (in the case of
our laser diode, several nanometers) encounters a grating,
the first order will be spread out like a fan. The dependence
of angle on wavelength for the first order beam can be used
to select which part of the fan is fed back into the diode
(see figure 2).
The Littrow configuration is the simplest orientation of
the laser diode and grating and directly reflects the first order beam back into the laser as can be seen in figure 1. The
grating is mounted on a platform mount that can adjust the
angle of the grating both in the horizontal and vertical directions. Altering the angle of the grating using the horizontal adjustment changes the wavelength that is fed back
into the diode, coarsely tuning to the correct wavelength.
Once within several picometers of the desired wavelength,
the grating can be moved toward or away from the diode
using a Piezoelectric Transducer (PZT). Since the wavelength’s dependence on cavity length is given by:

2nL
(2)
q
where n is the index of refraction of the cavity material, L
is the length of the cavity, and q is an integer corresponding
to the longitudinal mode number, a change in cavity length,
dL results in a wavelength change, d λ given by:
λ=

2ndL
.
(3)
q
Thus scanning the PZT by applying a voltage ramp results in continous wavelength tuning on the order of 1.5
picometers.
In addition to adjusting the orientation of the grating,
both the temperature and current have an affect on the frequency of the light emitted by the diode. Due to this dependence, the laser diode’s temperature and current must
be carefully controlled to ensure stability. Adjusting these
parameters can also provide another means of tuning the
laser and are very useful in selecting the desired frequency.
dλ =

FIG. 2: Diffraction grating used to roughly tune the diode
to the right wavelength. Longer wavelengths (λ1 ) are
diffracted at a greater angle than shorter wavelengths (λ2 )
in the first order beam. The zeroth order beam contains all
wavelengths without separation.

THEORY

In order to perform spectroscopy on molecular I2 one
needs a sample of I2 vapor. One shines laser light through
the vapor, scans the frequency of the laser over a resonance
for the molecules, and observes the response of the substance being studied. Because the molecules of a gas will
have absolute temperature T , they will have a velocity distribution given by:
r
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where vx is the velocity component along the x direction,
m is the mass of the molecular species, and k is Boltzmann’s constant [6]. The molecules of the vapor that have a
non-zero velocity component along the direction of propagation of the spectroscopy lasers will experience a Doppler
shift in the frequency of the lasers. This results in a perceived frequency given by:
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where ν∗ is the Doppler shifted frequency of light seen by
a molecule, ν is the unshifted frequency of light in the
lab frame, v is the speed of the molecule (positive if the
molecule is approaching the light source, negative if it is receeding from the light source), and c is the speed of light in
vacuum [7]. By combining and analyzing these two equations, one can derive the frequency full width at half maximum (FWHM) of a Doppler broadened resonance spectrum. The broadened linewidth is given by:
r

∆νF W HM = ν0

8kT ln2
mc2

(6)
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where ν0 is the center frequency of the transition [8]. The
P(33) line in I2 has a center wavelength of 632.9915 nm.
This corresponds to an absolute frequency at line center of
474 THz. If we assume that the temperature of our sample
of I2 is about 300 K, we calculate a broadened line width of
370 MHz. However, a cursory inspection of figure 9 shows
that the Doppler broadened feature is actually on the order
of 1 GHz wide. This can be attributed to the fact that the
P(33) line is not a single molecular transition but rather a
set of hyperfine features. This line contains 21 hyperfine
transitions [3]. Because they are each broadened, at room
temperature their spectra overlap. The result is the P(33)
line with a width of about 1 GHz.
One common method for investigating the hyperfine
structures of a Doppler broadened line is saturated absorption spectroscopy. To do this one uses two counterpropagating laser beams instead of just one. A high power laser
beam, called the pump beam, is shone through the I2 vapor,
putting many molecules into an excited state; it “pumps” a
large population above the ground state. As the intensity of
the laser beam is increased, one will reach a certain intensity, called the saturation intensity.
This intensity is the point at which the probablity that a
molecule will absorb the laser light is equal to the probability that the laser light will stimulate the emission of a
photon from an already excited molecule. The saturation
intensity of a molecular transition is determined solely by
parameters of the molecular transition. It does not depend
on the density or number of molecules. For a two level
system, saturation intensity is given by:
Isat =

hνul
H
σul
τu

(7)

where h is Planck’s constant, νul is the frequency of the
H
transition, σul
is the stimulated cross section, and τu is
the upper state lifetime [9]. The saturation intensity of
the studied iodine line is about 6.0 W/cm2 [10]. When
the pump beam is near saturation intensity, the effects of
saturation become readily noticeable.
One now introduces a second beam, a probe beam,
which counterpropagates the pump beam. The power of
the probe beam after it exits the iodine-vapor is then monitored on a photodetector. As the frequency of the laser,
which is the source of both the pump and probe beams, is
swept through the resonance, the light is absorbed by the
molecules and the power on the photodetector decreases.
Observing the change in power of a probe beam after it
passes through an absorptive medium is known as absorption spectroscopy.
When the intensity of the pump beam is sufficient to induce saturation effects in the iodine-vapor, the probe beam
will pass through the vapor with increased transmission for
frequencies of light corresponding to the hyperfine transitions. This is because the same atoms are being adressed
by the two laser beams when the laser source is tuned to a

hyperfine resonance. Because the two beams propagate in
opposite directioin, when the laser is detuned slightly, the
two lasers interact with different velocity classes of atoms.
When the laser is tuned directly to a hyperfine resonace,
the population inversion created by the pump beam will
now affect the absorption of the probe beam. The iodinevapor will be more transparent to the probe beam. The result is a slight increase in power on the photodetector. The
absorption spectrum will now have slight features known
as inverse Lamb (saturation) dips [3]. This effect can be
seen clearly in figure 10 The ability to resolve the hyperfine transitions within the Doppler broadened P(33) line,
which lies within 1 GHz of the HeNe gain curve, allows
one to make precise measurements, useful as stable frequency references [3].
PROCEDURE
ECDL Setup

Before beginning spectroscopy, we constructed our
ECDL. The first step was to find a temperature that would
center the naturally emitted spectrum of the diode at 633
nm. This was accomplished by adjusting the temperature
while looking at the spectrum of the laser diode using an
Ocean Optics Spectrometer (see figure 3). It was found
that the peak wavelength at 23.00 o C was 632.92 nm. This
was close to our desired wavelength of 632.9915 nm so we
operated our ECDL around 23 o C during the course of our
research.
After temperature characterization of the diode, we attached the grating with epoxy to the copper base plate. A
threshold current needs to be reached in order to overcome
losses in the cavity and achieve lasing. At currents above
threshold, the diode power is directly proportional to the
input current. This “PI curve” can be used to verify that

FIG. 3: Output of Ocean Optics Spectrum Analyzer. The
peak wavelength of the diode at 23.00 o C was 632.92 nm
so we operated the ECDL near this temperature.
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FIG. 4: PI curve for our laser diode after rotation with the
grating installed. The threshold current was measured to
be about 32 mA.

the diode is operating properly. We increased the current at
1mA increments and measured the power output with and
without the grating. Our first attempt revealed that the output power in the zeroth order beam (with the grating) was
about 23% of our original power (without the grating). After learning that the grating is polarization dependent, we
rotated our diode by 90o and were able to get 82.1% of the
diode’s full power into the zeroth order. Figure 4 shows our
PI curve after rotating the diode.
Aligning the grating vertically in addition to horizontally
helps to prevent laser frequency instability known as mode
hopping. A mode hop refers to a switch between longitudinal laser modes, whcih can be quite detrimental to experiments with ECDL’s. “Hats” is a common technique used
to optimize the vertical alignment of the grating. The current is lowered to slightly below threshold and modulated
with a triangle wave while the output power is observed
via a detector and oscilloscope. This allows the current to
rise above threshold for a short time, producing at triangle
or “hat” on the detector (see figure 5). The goal with this
technique is to maximize the width of the “hat” by adjusting the vertical component of the grating. When the width
is at a maximum, the threshold current is at a minimum
and the grating is optimally aligned vertically. We used
this technique every time we turned on the laser or made
major adjustments with the grating or temperature.
The final step of the ECDL setup was tuning the diode to
the correct wavelength. Using a flip mirror, we directed the
the laser’s output into a fiber coupler that was connected to
the wavemeter by an optical fiber (see figure 6). We were
able to use the wavemeter to get a wavelength measurement
with up to 0.1 pm of precision. We then varied the injected
current and temperature of the diode until we measured a
wavelength that was within about 1 pm of 632.9915 nm.

FIG. 5: An image of the oscilloscope trace during a
“Hats” alignment. Maximizing the width of the triangle
bases optimizes the vertical alignment of the grating.
Also, the internet is made of hats.

Spectroscopy Setup

Once the ECDL was operational, we began work on our
setup that would enable us to see saturation dips (see figure
6). Immediately after the ECDL, we installed a set of optical isolators which prevent light from being reflected back
into the diode and causing instability. In order to minimize
loss through the optical isolators, we used two lens to focus
the beam through the isolators and collimate it on the other
side. Using a power meter, we optimized the alignment of
the isolators and achieved 80.2% transmission.
Downstream of the isolators, we installed a flip mirror
to enable quick measurements with the wavemeter as mentioned in the previous section. Following the flip mirror,
we added a λ/2 waveplate and a polarizing beam splitter
(PBS). This allowed us to control the ratio of the power
in the pump and probe beams very precisely. The pump
beam was S polarized and was sent through an acoustooptic modulator (AOM) which was driven by a 40 MHz
RF signal. To counteract the diverging beam coming out
of the AOM, we inserted a converging lens which both collimated and separated the spacial modes of the diffracted
beam. The first order (which was frequency-shifted by 40
MHz) was optimized and allowed to pass through an aperture while the other orders were blocked. By chopping the
40 MHz driving signal, we were able to modulate the pump
beam. Even after optimization, we were only able to get
about 65% efficiency through the AOM into the first order.
This is likely due to the poor spatial quality of the beam
from the ECDL which had discontinuities and higher order
spatial modes.
The probe beam was P polarized and passed through the
PBS toward the iodine tube. In order to get the best signal
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FIG. 6: Completed setup used for spectroscopy. The pump beam is directed into the AOM while the probe beam
continues toward the iodine tube.

to noise ratio, we used a fisheye technique to both focus the
beam and create a double pass system. Focusing the beam
increases the intensity while the double pass allows us to
double the number of atoms addressed. After leaving the
iodine tube and fisheye setup, the probe beam is reflected
through another PBS and onto a detector. The pump beam
also encounters the PBS, but is reflected back toward the
iodine tube where it is antiparallel to the probe beam. In
order to make these two beams collinear, the pump beam
is “walked” around using the second mirror after the AOM
and the small mirror after the fisheye setup. These same
two mirrors were later used to optimize the lock-in signal
that displayed our saturation dips.
In order to get a relative frequency reference, the light
from the pump beam was interfered with a frequency stabilized HeNe which enabled us to measure beat notes limited only by the bandwidth of the 1 GHz fast detector. After passing through the AOM and fisheye setup, the pump
beam encountered the PBS from whence it came and was
reflected away from the AOM. Using another mirror and
a non-polarizing beamsplitter, we interfered the stabilized
HeNe and the pump beam onto a fast 1 GHz detector. This
detector was connected to a spectrum analyzer which displayed beat notes with frequencies between 0 and 1.5 GHz.
Figure 7 displays all the main frequencies present in the
system including a beat note between the ECDL and stabilized HeNe.
The final stage of our setup involved adding a lock-in
amplifier which greatly increased our ability to resolve hyperfine features. The pump beam was modulated with a
100 kHz, 4 Vpp square wave by connecting the output of
a function generator to the video input of a AOM driver.
The probe-beam detector is connected to a bias tee which

FIG. 7: Various frequencies present in the system as
observed by a fast detector and spectrum analyzer: a) 40
MHz signal from AOM modulation, b) ECDL beat note
with higher frequency (and lower intensity) mode, c)
HeNe beat note between its two longitudinal modes, d)
ECDL beat note with lower frequency mode, e) and f) 40
MHz sidebands on main beat note due to AOM
modulation, g) first harmonic of HeNe longitudinal mode
beat note.

separates the DC and AC components of the signal. The
DC portion of the signal is connected to the oscilloscope
and allows us to view the absorption spectrum from the I2 .
The AC portion of the signal and the 100 kHz square wave
are both sent to the lock-in amplifier. Figure 8 shows the
electronics schematic of our setup.
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RESULTS

We had originally intended on resolving the R(127) 115 hyperfine structure that lies under the HeNe gain curve.
However, we realized that the absorption curve we were
seeing was the P(33) 6-3 transition. The R(127) transition
signal is about 37 times weaker than the P(33) transition
according to [4]. Due to the sensitivity limitations of our
setup, we were unable to see the R(127) hyperfine features
and decided to resolve the P(33) hyperfine structures instead. Figure 9 compares our P(33) absorption curve with
that of [3].
After we found the P(33) curve, we optimized the alignment of the pump and probe beams in addition to changing
the power ratio to search for saturation dips. We did eventually see saturation dips, but the signal was quite weak and
we were unable to resolve the peaks or accurately measure
the frequency spacings. This was likely due to the loss in
the AOM and instability in our diode laser frequency. We
were able to see about six saturation dips and compared
them to the figure in [3]. These curves are seen in figure
10. We qualitatively identified the b12 saturation feature
and saw similar frequency spacings. This gave us hope that
we were on the correct transition.
In order to further resolve the hyperfine features of the
P(33) transition, we implemented a lock-in amplifier in our
setup. This enabled us to drastically increase our SNR by
eliminating the doppler broadened background. By again
adjusting the power into the pump and probe beams and optimizing alignment, we were able to clearly see the hyperfine features with the lock-in signal. Figure 11 displays the
signal from the lock-in amplifier and the absorption spectrum.
In order to calibrate the horizontal axis on the saturation

FIG. 8: Electrical setup for the lock-in amplifier.

(a)

(b)

FIG. 9: (a) Our P(33) absorption curve. Frequency is
relative to absorption minimum which we measured to be
632.9915 nm. (b) P(33) absorption curve taken from [3].

plot, we decreased the scanning frequency until we could
resolve the limits of the beat note of the ECDL with the
stabilized HeNe on the spectrum analyzer. Since the HeNe
was stabilized, the motion of the beat note was entirely
due to the change in frequency of the ECDL. By finding
the upper and lower limits of the scan, we were able to
measure the total frequency difference of one sweep to be
379.28 ± 23.7 MHz. This information was used to convert the horizontal axis in figure 11 from units of time to
frequency. Table I lists both the Comite International des
Poids et Mesures (CIPM) frequencies and our measured
frequencies for the b8 through b21 hyperfine components.
Using our data from figure 11, we identified individual
hyperfine transitions and calculated their relative frequency
spacings. These calculations were compared to the CIPM
1997 values and can be seen in table II.
We calculated an average error of 1.9 MHz between
our frequency separations and those of CIPM. This corresponded to a 5.5% difference. The source of our error is
likely due to the uncertainty in our frequency calibration.
When calibrating our relative frequency, the laser was drifting due to temperature instabilities in the room. Figure 12
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(a)

Hyperfine
CIPM
Measured
Difference
Component Frequency (MHz) Frequency (MHz) (MHz)
b8
-487.074
-483.3
3.8
b9
-461.3
-456.5
4.8
b10
-453.21
-449.2
4.0
b11
-439.01
-433.9
5.1
b12
-347.354
-338.4
9.0
b13
-310.3
-299.0
11.3
b14
-263.588
-256.2
7.4
b15
-214.53
-210.7
3.8
b16
-179.312
-178.8
0.5
b17
-153.942
-154.7
0.8
b18
-118.228
-119.4
1.2
b19
-36.73
-39.2
2.5
b20
-21.98
-24.7
2.7
b21
0
-3.8
3.8

TABLE I: Comparison of our observed frequencies of
hyperfine components and the accepted values from CIPM
1997 [3].

(b)

FIG. 10: (a) Our saturation spectrum without a lock-in
amplifier. The saturation dips are identified by the arrows
and some imagination. (b) Saturation spectrum taken from
[3].

is a visual summary of tables I and II with error bars.
Because our calibration to frequency space only gave
a relative frequency scale for our data, we needed a way
to place our data on an absolute frequency scale. In order to do this in the fairest way possible, we superimposed our data such that the edge hyperfine features of our
data were equidistant from the corresponding features in
the CPIM measurements. Their measurements put the frequency spacing between the b8 and b21 features at 487.074
MHz. Our measurements have this spacing as 479.5 MHz,
7.6 MHz smaller the accepted standard. So, we placed our
data in the frequency space of the CPIM measurements
such that our b21 was 3.8 MHz lower than the accepted
value and our b8 was 3.8 MHz higher than the accepted
standard. This seemed to be the fairest and least arbitrary
way to compare our data to the accepted standard. Additionally, this choice of absolute frequency referencing does
not affect our measurements of the relative frequency spacing of the hyperfine components of the P(33) line.
Our final goal was to measure the linewidth of the
ECDL. This was accomplished by turning off the voltage

ramp to the PZT and measuring the width of the beat note
between the stabilized HeNe and the ECDL. Because the
linewidth of the HeNe is around 300 kHz, the FWHM of
the beat note is the linewidth of the ECDL. The beat note
was very unstable, however, at the MHz level due to mechanical oscillations and drifting. We were unable to get a
precise measurement, so we made a rough estimate on the
upper limit of the ECDL linewidth using one of the widest
beat notes observed (seen in figure 13). This upper bound
was found to be 4.8 MHz.

FIG. 11: Hyperfine components as revealed by the lock-in
amplifier under the absorption spectrum. Due to
temperature fluctuations in the room producing mode
hops, this figure is composed of two overlapping scans.
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Hyperfine Measured Frequency CIPM Frequency Difference from % Difference
Components
Spacing (MHz)
Spacing (MHz) CIPM (MHz)
b8 - b9
26.8
25.774
1.03
3.98
b9 - b10
7.3
8.09
0.790
9.77
b10 - b11
15.3
14.2
1.10
7.75
b11 - b12
95.5
91.656
3.84
4.19
b12 - b13
39.4
37.054
2.35
6.33
b13 - b14
42.8
46.712
3.91
8.37
b14 - b15
45.5
49.058
3.56
7.25
b15 - b16
31.9
35.218
3.32
9.42
b16 - b17
24.1
25.37
1.27
5.01
b17 - b18
35.3
35.714
0.414
1.16
b18 - b19
80.2
81.498
1.30
1.59
b19 - b20
14.5
14.75
0.250
1.69
b20 - b21
20.9
21.98
1.08
4.91

TABLE II: Comparison of our observed frequency spacing between hyperfine components and the accepted values for
frequency spacing from CIPM 1997 [3].

FIG. 12: Lines from CIPM and observed hyperfine
structure with error bars. The short blue lines are our
measured hyperfine components and the long red lines are
from the CIPM standards. The b21 component is set to
zero and on the right-hand side of the graph.

FIG. 13: Image of beat note spread out in frequency. Due
to the instability present in our system, we are only able to
give a rough upper estimate of 4.8 MHz for the linewidth
of the ECDL.

Future Work
CONCLUSION

We have successfully constructed an ECDL, in Littrow
configuration, which can be tuned to several nanometers
around a wavelength of 633nm. We tuned this to the P(33)
6-3 transition which is 1 GHz away from the stabilized
HeNe laser frequency. Through saturation spectroscopy,
we resolved 14 out of the 21 hyperfine components of the
P(33) transition and measured their frequency spacing with
an average error of 1.9 MHz from the accepted standard
values. We also placed an upper limit of 4.8 MHz on the
linewidth of the ECDL by measuring the linewidth of its
beat not e with a HeNe laser.

We had originally intended to resolve the hyperfine components of the R(127) 11-5 transition because HeNe lasers
are stabilized to one of these hyperfine features. However,
we were only able to resolve the hyperfine features of the
P(33) transition due to the weak signal of the R(127) transition. Resolution of the hyperfine components of the R(127)
transition could be achieved by using an intracavity HeNe
gain cell instead of an ECDL. The frequency spacings of
these hyperfine transitions could then be compared to the
well known accepted standards [1].
Due to laser instability we were unable to resolve all
21 components of the P(33) line. With a relatively small
amount of work toward increased laser stability, future
groups could resolve the remaining 7 components.
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Our average error was 1.9 MHz from the standard frequency spacings between the hyperfine components of the
P(33) transition. This error could be decreased by using the
Lock-In Amplifier to lock to each individual hyperfine feature. This would decrease the frequency instability of the
diode laser and overcome long-term drift effects, allowing
for more precise frequency measurements of the hyperfine
features. Other improvements to our current set up would
be to increase the SNR and the power of our laser by operating at a higher current and achieving higher diffraction
efficiency through the AOM.
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