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We use a Michelson interferometer to explore the spectroscopic properties of laser diode emission

over a wide range of operational conditions. By studying how the interferogram changes with drive

current, we demonstrate the relationship between coherence length and spectral bandwidth. At low

injection current, the laser source operates more like an ordinary light-emitting diode (LED),

generating a relatively broad spectrum with short coherence length. In contrast, when the drive

current exceeds the single-mode lasing threshold, we obtain a steady sinusoidal interferogram

throughout the movable mirror scanning range, indicative of monochromatic light. At intermediate

injection, we observe a beating pattern due to the presence of multiple longitudinal lasing modes.

We verify that the beat distance, or optical travel between beats, is consistent with the spectrally

validated mode spacing. VC 2020 American Association of Physics Teachers.

https://doi.org/10.1119/10.0001487

I. INTRODUCTION

The Michelson interferometer is a ubiquitous spectroscopic
instrument in the undergraduate physics laboratory. The his-
torical significance of the Michelson interferometer, combined
with powerful capabilities for exploring the wave nature of
light, makes this apparatus a popular tool in experimental
physics courses. In most introductions to the topic of special
relativity, students learn about the seminal Michelson–Morley
experiment, in which the Michelson interferometer is used to
measure the relative motion between Earth and the luminifer-
ous ether.1 The implications of the null result obtained by
Michelson and Morley are used to support Einstein’s conclu-
sion that the luminiferous ether, or, in fact, any conception of
absolute stationary space, is superfluous to a complete descrip-
tion of the electrodynamics of moving bodies.2 The geometry
of the Michelson interferometer is particularly helpful in this
context because it can be used to derive a relativistic expres-
sion for time dilation.

Meanwhile, the diode laser has become a commonplace
device throughout everyday life. Familiar applications
include laser pointers, barcode readers, compact disc players,
and laser printers. Laser diodes spanning a broad range of
wavelengths, optical powers, and other physical characteris-
tics are inexpensive and readily available. Of particular rele-
vance for the purpose of this investigation, we note that
diode lasers also have a tunable mode of operation that dis-
tinguishes them from other laser systems. Like other lasers,
when a diode laser functions below threshold, broadband
spontaneous emission is generated. However, unlike other
lasers, carrier concentration and index guiding in the active
region of edge-emitting laser diodes constrains the optical
emission to waveguide modes that are efficiently directed
out of the device. Since it is easier to limit stimulated emis-
sion to a single transverse mode, the radiation patterns of
spontaneous and stimulated emission differ somewhat.
Nevertheless, they generally propagate uniformly in the
same direction, so the same optical collimation and align-
ment can be used to direct both forms of output into a
Michelson interferometer.

Laser emission has several unique characteristics that
depend on the gain medium and design of the optical cavity.
For example, solving Maxwell’s equations with the appropri-
ate boundary conditions can lead to a wonderful variety of

transverse beam patterns. More importantly for our work,
since multiple reflections within the cavity need to form a
standing wave for constructive interference, the emission is
limited to specific wavelengths km that satisfy mkm ¼ 2d,
where m is an integer, km is the wavelength inside the cavity,
and d is the length of the cavity. These discrete wavelengths
are called longitudinal modes. When computing the mode
spacing, it is easier to work with frequencies fm, which are
proportional to m,

fm ¼
v

km
¼ mv

2d
¼ mc

2dn
: (1)

In the final expression above, we substitute the speed of light
in vacuum c divided by the index of refraction n for the
wave velocity v in the cavity. Hence, the spacing of adjacent
modes is

fm � fm�1 ¼
c

2dn
: (2)

Interferometric studies of the mode structure of lasers,
usually helium–neon (HeNe) lasers, are regular activities in
the undergraduate advanced laboratory curriculum. A variety
of high-order transverse modes in the HeNe laser can be acti-
vated by slightly misaligning the mirrors,3 carefully adjust-
ing an intra-cavity crosswire,4 and/or obstructing other
modes with small defects on an intracavity microscope slide
at the Brewster angle.5 HeNe laser longitudinal modes can
also be studied with a Michelson interferometer,6 scanning
Fabry–Perot interferometer,7 fiber interferometers,8 and
radio frequency (RF) spectrum analyzers.5,9 Indeed, scan-
ning Fabry–Perot interferometry can be combined with RF
spectral analysis to distinguish between the speed of light in
air and in vacuum,9 and Michelson interferometry with the
HeNe laser has recently been used to demonstrate picometer
sensitivity in the undergraduate teaching laboratory.10

Interferometry with diode lasers is less common.
Libbrecht and Black note that diode lasers are not well-
suited for precision interferometry because they often have
poor beam shape, exhibit large frequency hops, run multi-
mode, and/or are sensitive to back reflection.10 Since the
diode laser cavity is relatively short (typically on the order
of 100 lm), longitudinal modes can be distinguished with a
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high-resolution spectrometer.11 Optical coherence tomogra-
phy (OCT) has also been used to study the longitudinal
modes of diode lasers, revealing sharp equally spaced inter-
ference peaks when the injection current exceeds the lasing
threshold.12 OCT employs a Michelson interferometer in a
more sophisticated configuration where a constant velocity
scanning mirror produces a Doppler-shifted signal for het-
erodyne detection. In Ref. 12, we note that the technique did
not produce a discernible OCT signal below the lasing
threshold.

While laser diodes may not be optimal sources for preci-
sion interferometry, they are vastly superior for investigating
coherence. When narrowband monochromatic light enters a
Michelson interferometer, bright interference fringes are
observed throughout the scanning range of the movable
mirror. A single wavelength of light that is split down two
paths and then recombined will maintain a definitive phase
relationship regardless of the travel difference between the
two paths. In contrast, when broadband light enters a
Michelson interferometer, the wide spectrum of component
waves generally produces a statistical mixture of construc-
tive and destructive behavior, washing out any discernible
interference features. Here, a special case arises when the
path length difference between the two arms of the interfer-
ometer is exactly zero, such that every wave returns to the
beamsplitter with matching phase and a bright, colorful
interference pattern is observed. This interference pattern is
diminished as the path length difference increases because
the phases of the constituent waves change at different rates,
producing phase uncertainty. Furthermore, the interference
of a broad spectrum fades more rapidly with changing path
length because the diverse combination of waves gets out of
sync more quickly as it propagates. The coherence length Lc

of an optical source is the total path length difference that
can sustain visible interference features, and it is inversely
proportional to the bandwidth Df of the optical source:

Lc ¼ c=Df : (3)

The interference pattern that is formed by the Michelson inter-
ferometer as the moving mirror is translated can be analyzed
to obtain the spectrum of the optical source. This powerful
contemporary application of the Michelson interferometer is
called Fourier transform spectroscopy.13

In a laser diode, as the drive current is increased, the opti-
cal spectrum steadily evolves from broadband spontaneous
emission to narrowband stimulated emission, and the
coherence length increases accordingly. Hence, the inverse
relationship between bandwidth and coherence length can
be methodically established. A Mach–Zehnder fiber inter-
ferometer has recently been used to demonstrate the differ-
ence between the two extremes: a highly coherent
Fabry–Perot laser diode is compared with a low-coherence
superluminescent diode.14 Even though the experiment was
limited to interference amplitude measurements, i.e., the
acquired data were not phase referenced, the Fourier trans-
form analysis produced very accurate results for both
diodes. But since the two devices were studied indepen-
dently with fixed operational parameters, the study did not
explore the trend between the two modes of behavior. In
this paper, we show that variable operation of a single diode
provides for a more efficient and systematic study of optical
coherence.

II. EXPERIMENT

We describe the direct application of Michelson interfer-
ometry for characterizing laser diode emission. The optical
emission from a nominally single-mode diode laser is colli-
mated and directed into an educational, commercially avail-
able Michelson interferometer fitted with a homemade
motorized drive mechanism for scanning the moveable
mirror. As we drive the scanning mirror, a single element
detector measures the intensity of the optical signal at the
center of the interference pattern that emerges from the inter-
ferometer. Thus, we generate interferograms of the incident
light. We test the laser diode over a broad range of injection
currents, from well-below the lasing threshold to single-
mode operation, investigating how the interferogram
depends on the coherence and mode structure of the diode
emission.

The test laser for this investigation is an AlGaInP multiple
quantum well (MQW) laser diode with a nominal lasing
wavelength of 635 nm. The Hitachi HL6320G is designed to
generate 10 mW of optical power in a single transverse and
single longitudinal mode, with a typical operating current
of 70 mA. The laser is mounted in an ILX Lightwave
LDM-4412 temperature-controlled laser diode mount cou-
pled with an LDT-5412 temperature controller and an LDX-
3620 current source. A collimating lens and two right-angle
steering mirrors are used to direct the diode emission into a
Pasco OS-9255A precision interferometer. The movable mir-
ror on the interferometer is controlled by a micrometer,
which is coupled to a lever system that is built into the inter-
ferometer base. Turning the dial translates the mirror 25 lm
per micrometer dial revolution. According to the manual, the
amount of mirror movement per dial turn of the micrometer
is constant to within 1% near the center of movement and
1.5% through the full distance of travel, with most of the
error occurring at the extreme ends of the mirror’s total pos-
sible movement. However, FFTs of our interferograms have
small center wavelength offsets that reveal calibration dis-
crepancies between scans, presumably due to mechanical
variation in the operation of the lever system.

Since the micrometer screw translates along the drive axis
as it is rotated, we designed an extendable rotating drive
shaft to couple the micrometer to a fixed gearbox, which is
driven by a DC motor (see Fig. 1). The translation of the
micrometer is accommodated by a free sliding mechanism
within the extendable drive shaft along the drive axis. The
15:1 gearbox between the motor and the micrometer, a PIC
Design Cat. No. DQ-1 worm and wheel assembly, reduces
the rotation speed of the micrometer. The DC motor is a
Pasco ME-8750 mechanical driver operated at 6 V, which
produces a rotation rate of 6.15 radians/sec. A Pasco rotatory
motion sensor (CI-6538) is used to measure the motor rota-
tion, which is used to compute the micrometer rotation and
mirror travel. All scans are acquired with micrometer rota-
tion in the same direction to avoid backlash.

The output of the interferometer is directed through an
aperture to a New Focus 2031 Photoreceiver, which produ-
ces an analog output voltage that is proportional to the inten-
sity of the incident light. Interferograms are obtained by
recording this voltage as the movable mirror is scanned. We
use a data acquisition rate of 200 Hz which yields over 30
points per optical fringe as shown in Fig. 2.

When preparing the Michelson interferometer for charac-
terization of narrow bandwidth sources, the movable mirror
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must be secured in an optimal position, where the zero path
length difference (ZPLD) falls near the center of the 1 mm
scanning range. Broadband sources will have a short interfer-
ogram with maximum amplitude at ZPLD, so low-current
interferograms are used for centering. Since displacement
adjustments on the order of 0.1 mm are required, finding and
fastening the mirror in the correct position presents a signifi-
cant experimental challenge. Informed trial and error, per-
haps with the aid of a well-placed Vernier caliper, and plenty
of patience are essential for this task.

Most of our optical spectra are recorded with an Ocean
Optics Flame S-Vis-NIR fiber optic spectrometer, which has
a spectral resolution of approximately 1.5 nm. High resolu-
tion spectra for measuring high-current linewidths and distin-
guishing individual longitudinal modes are obtained using a

Horiba Scientific Triax-320 monochromator fitted with a
Sygnature linear CCD array. The slit width was set to
0.055 mm, which yields a theoretical spectral resolution of
0.3 nm for the 600 grooves/mm grating. This calculation
compares favorably with the narrowest measured spectral
linewidth of 0.4 nm. The laser light is scattered through a
piece of wax paper before entering the monochromator to
reduce the coherence and directionality of the incident light.

III. RESULTS

Interferograms for a broad range of drive currents are
shown in Fig. 3. For currents I � 41 mA, where the device
behaves more like an ordinary LED, we observe narrow
interferograms that become wider as the current is increased
and the device approaches laser operation. The beautiful pat-
tern that emerges above 41 mA is due to the presence of mul-
tiple longitudinal modes, which interfere to produce beating.
When the current reaches 45 mA, single-mode operation is
achieved and the beat pattern fades away. The tapering of
the single-mode signal as the mirror moves away from
ZPLD is due to incremental alignment deviations in the
interferometer. Representative optical spectra (acquired with
the Ocean Optics spectrometer) for the low current regime
are shown in Fig. 4, where asymmetry is primarily due to
thermal occupation of high-energy states (i.e., a Boltzmann
distribution is observed). Above 41 mA, we use the higher
resolution Triax-320 to obtain accurate spectra.

The Wiener–Khinchin–Einstein theorem can be used to
link the envelope of the interferogram to the spectrum of the
light source.15 In particular, we can use the power spectral
density S(f) to compute the bandwidth Df of the spectrum in
the following way:

Df ¼ 1

2p

ð1
�1

Sðf Þdf

� �2

ð1
�1

S2ðf Þdf

: (4)

This expression enables us to determine the bandwidth of
any optical spectrum irrespective of lineshape. However,

Fig. 1. Diagram of the experiment. The DC motor turns the flexible shaft,

which turns the micrometer dial via a 15:1 gearbox and extendable drive

shaft. The micrometer controls the position of the movable mirror in the

Michelson interferometer, which can be determined from the angle of rota-

tion on the rotary motion sensor.

Fig. 2. An example of the interference fringes that are recorded by the pho-

toreceiver. This pattern was recorded near ZPLD with a drive current of

45 mA.

Fig. 3. Interferograms of the laser diode emission over a wide range of drive

currents. The pattern evolves from narrow spike-like bursts through oscillat-

ing envelopes to a broad steady band as the current is increased.
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implementation of this approach requires numerical integra-
tion, which can introduce error when the measured spectrum
is not entirely accurate. We find that Eq. (4) works well at
low current where the spectrum is relatively broad, but sig-
nificantly underestimates the coherence length at high cur-
rent where the spectrum is sharper. Hence, we proceed with
a lineshape specific determination of the coherence length.

We compared our spectra to a variety of lineshapes and
deduced that the Lorentzian spectral function provides the
best fit because it is narrower in the middle and has wider
wings. For example, when we fit the 40 mA experimental
spectrum, the Lorentzian peak yields a reduced chi squared
value of 3� 10�4 (see Fig. 4), while the Gaussian peak pro-
duces a value of 3� 10�3. We note that a monochromatic
waveform with phase jumps at random times, as might be
expected for quantum emission in a laser, is characterized by
a Lorentzian lineshape.15 Hence, we use the following
expression for the coherence length of a source with a
Lorentzian power spectral density:16

LFWHM ¼
2 ln ð2Þ

p
k2

0

Dk
: (5)

For each spectrum, we measure the center wavelength k0 and
the Full Width at Half Maximum (FWHM) linewidth Dk to
compute the Lorentzian coherence length LFWHM. The results of
these calculations are shown in Fig. 5 along with interferometric
measurements of the optical travel (i.e., double the mirror travel)
between positions where the signal contrast falls to 50%.
Excellent agreement is observed throughout the transition from
broadband LED operation to the onset of laser action.

Due to the close spacing of longitudinal modes, we had dif-
ficulty obtaining clear spectral evidence of multimode laser
emission under intermediate drive conditions. However, we
were able to isolate clear single-mode behavior at high current,
where the dominant longitudinal mode depends on the current.
Figure 6 shows four single-mode spectra in this regime, where
incremental mode hops are observed with increasing current.
The shoulders that appear on some of the peaks are not realisti-
cally resolvable features and represent artifacts of the measure-
ment. Even though wax paper is used to scatter and disperse
the incident laser light, residual directionality and coherence
persist in the monochromator. Since Fermi filling would cause
the peak to shift to higher energy with increasing current, the
shift to lower energy with increasing current is probably due to
thermal bandgap reduction or charge carrier density-dependent
bandgap renormalization.17 Regardless of the underlying
mechanism, these mode hops enable us to estimate the longitu-
dinal mode spacing: km�1 � km ¼ 0:47 6 0:07 nm, where we
use multiple measurements to assess the uncertainty. For this
analysis, it is important to note that when the injection current
is changed, the properties of the laser cavity change.18 A
higher current increases the temperature, and thereby the cav-
ity length. In addition, higher currents increase the carrier con-
centration, which changes the index of refraction. Therefore,
comparing peak positions at different currents may not give an
accurate measure of mode spacing. A better measure of this
spacing can be obtained from the beating between modes at
fixed current, as observed in our intermediate current
interferograms.

Fig. 4. Optical spectra of the diode emission obtained with the Ocean Optics

spectrometer. (The dashed line is a Lorentzian fit to the 40 mA spectrum.)

Note how the peak narrows as the diode transitions from LED-like operation

towards laser action.

Fig. 5. Coherence length vs drive current. Measurements of the FWHM of

the Michelson interferograms are compared with calculations that rely on

the spectral linewidth. Optical spectra are obtained with the Ocean Optics

spectrometer in the low-current regime and the Triax-320 in the high-current

regime.
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When multiple waves with comparable amplitude but
slightly different equally spaced wavelengths km interfere,
the beat distance is given by

Lbeat ¼
k2

0

km�1 � km
: (6)

Using the 42–44 mA interferograms, we measure an average
beat separation of 387 6 4 lm, where we again estimate the
uncertainty with multiple measurements. Since this distance
gives the difference in mirror positions, we double the mea-
sured separation to account for the roundtrip travel distance
in the interferometer: Lbeat ¼ 77368 lm. Applying this beat
distance with k0 ¼ 634 nm in Eq. (6) yields km�1 � km

¼ 0:520 6 0:005 nm relative uncertainty, confirming that the
beat pattern can be attributed to multimode behavior at inter-
mediate drive currents. The reduced uncertainty in this deter-
mination of the mode spacing comes from the high-level of
precision in the beat distance measurement.

But is the longitudinal mode spacing consistent with the
device dimensions and specifications? Using jdf j ¼ ðc=k2Þdk,
we can convert km�1 � km into frequency space, giving
fm � fm�1 ¼ 4� 1011 Hz. While we do not know the exact
composition or refractive index of the AlGaInP alloy in the
active region of the device, most III-V semiconductors have a
refractive index between 3 and 4 in this region of the spec-
trum.19 If we assume an approximate index of 3.5, Eq. (2) indi-
cates an expected cavity length d of about 0.1 mm for the
observed mode spacing of 4� 1011 Hz. The manufacturer does
not specify the cavity length, so we removed the can from the
HL6320G diode package to get a closer look at the laser chip,
which measures approximately 0.69 mm in length. The large
discrepancy between this measurement and the expected cavity

length suggests that the actual cavity inside the chip is much
shorter than the external dimensions. This conclusion is sup-
ported by representative lasing spectra provided in an early
datasheet for this device.20 This document from the manufac-
turer shows multi-mode emission with mode spacing of approx-
imately 0.5 nm when the output power is low (10% of the rated
value) as reported here.

IV. CONCLUSION

We have described an investigation of the coherence
properties of optical emission from a laser diode. We
show that the coherence length deduced from Michelson
interferograms is consistent with the corresponding spec-
tral linewidths. For the specific laser under investigation,
we also demonstrate that multimode laser action under
intermediate drive conditions produces a wonderful beat
pattern that can be observed when the ZPLD is centered
and the interferometer remains aligned throughout the
1 mm travel of the mirror. The experiment utilizes a
familiar experimental tool, the Michelson interferometer,
to explore the diverse optical properties of light-emitting
diodes, including lasing behavior. As LEDs supersede
other forms of lighting and laser diodes find new applica-
tions in our daily experience, this experiment gives stu-
dents a unique opportunity to gain new physical
appreciation for the opto-electronic semiconductor devi-
ces that populate our world.
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