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Abstract

Narrowband laser sources are used in applications that require high-precision or stable optical
frequency. Such applications include high-resolution spectroscopy, long-distance measurement, and
coherent optical communication. The linewidth of a laser is a direct measure of the laser’s stabil-
ity, and therefore characterization of laser linewidth is essential. In practice, however, determining
a laser’s linewidth is not a trivial task and typically requires expensive equipment or a complex
experimental arrangement. This paper presents a straightforward, low-cost method based on un-
balanced interferometry, which allows us to determine the visibility of fringe patterns as a function
of the optical path difference and, consequently, the linewidth of the laser. As a test laser, we use
a tunable external cavity laser source at around 780 nm, where an interference filter is employed
for wavelength selection. Data obtained by applying the interferometric technique to this laser
and the analysis of these data, along with the resulting linewidth value, are presented. Given that
the described measurement setup is inexpensive, straightforward, and pedagogically accessible, it
is well-suited for an instructional physics laboratory experiment and will also be of interest to

laboratory researchers.



I. INTRODUCTION

Narrowband laser sources are needed in various high-precision measurement setups.
Common application areas include fiber-optic and interferometric sensors,! spectroscopy,
LIDAR,? atomic clocks,® and high-speed coherent communication systems.? In all of these
applications, the linewidth of the laser directly affects the precision of the measurements
that can be performed, making its accurate determination an essential task.

The linewidth of a laser is a measure that indicates the full width at half maximum
(FWHM) of the optical spectrum of light. Typically, this quantity is expressed in Hertz.
The linewidth is closely related to the temporal coherence of the laser light and its charac-
terization in terms of coherence distance or time. The finite linewidth of a CW laser is a
consequence of phase noise in the electric field, which can manifest as continuous frequency
drift or sudden phase jumps. The most fundamental component of laser noise arises from
its quantum mechanical nature, although this is typically very small, and in practice, the
noise source is primarily technical, such as environmental acoustic vibrations, temperature
fluctuations, and variations in the laser’s drive current. Thus, the linewidth directly reflects

the stability of the laser source, which is a critical characteristic in all applications.

II. MEASURING LASER LINEWIDTH

The simplest spectrum analyzers are based on a diffraction grating and an array of pho-
todiodes or one-dimensional CCD sensor. A scanning version of a spectrometer is a one- or
two-stage monochromator. The resolution of such diffraction-type analyzers is usually quite
modest, typically ranging in the tens of GHz at best. In practice, these analyzers are not
sufficient for characterizing the linewidth of a laser.

A widely used method for determining narrow linewidth involves mixing the light of the
laser under investigation with that of another reference laser with a known linewidth.> When
two mutually incoherent laser lights, each with a Lorentzian line shape, are mixed, the result
is a beat signal whose frequency is the difference between the frequencies of the lasers, and
the spectrum also has a Lorentzian shape”

Aft + Afr
[(f = fo)? + (Afi+ Af)? /4]

where Af; is the linewidth of the laser under investigation and A f, is that of the reference
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laser, and f, is the beat frequency. If the frequency difference between the lasers is small,
the beat signal can be directly measured with a fast photodiode, and the current it produces
can be analyzed with an electronic spectrum analyzer. If S(f) is measured and Af, is
known, Af; can be calculated from Eq. (1). The method is straightforward but has some
serious drawbacks. Firstly, another stable laser is needed, whose frequency is sufficiently
close to that of the laser being measured, and its linewidth must be known and must be
at most of the same order of magnitude as that being measured. In practice, the linewidth
measurement problem simply shifts to characterizing the reference laser. To some extent,
these problems can be circumvented by constructing two identical versions of the laser under
investigation, whose light is mixed together. If a stabilized reference laser is usable, it is

even possible to phase lock another laser into it.%

It is also possible to generate a similar beat signal using the laser being measured itself.
In this case, the laser light and its delayed version are mixed together to produce a beat
signal (the so-called delayed self-homodyne interferometric detection). The delay must be
long enough for the light sources to be mutually incoherent, in which case Eq. (1) is valid.
If the linewidth is very narrow, the optical path difference required for the delay, essentially
an optical cable, must be very long, even several kilometers. With long optical cables, signal
attenuation is inevitable, which complicates the method, especially at short wavelengths. A
long optical cable is also very susceptible to external interference. Another drawback is the
beat signal’s center frequency being at zero frequency, making the measurement particularly
sensitive to low-frequency environmental disturbances. This problem can be solved by using
an acousto-optic modulator in one arm of the mixing, which shifts the frequency of the second
source somewhat (delayed self-heterodyne interferometric detection). It is also possible to
use an optical delay much shorter than the coherence distance, but then determining the
linewidth requires complex calculations and assumptions about the shape of the laser’s

spectra.®

Fabry-Pérot interferometers can achieve very high frequency resolution, up to the order
of MHz.%'® When the length of the interferometer’s cavity is scanned with piezoelectric
elements, a tunable narrowband filter is created, which can be used like a spectrum analyzer.
However, the use of Fabry-Pérot interferometers is not quite simple. In order for the cavity
bandwidth to be narrow, the reflectance of the mirrors used in it must be extremely high

i.e., the finesse of the cavity very high), which is challenging to measure directly.'13 Tt can
(ie., y very high), ging y
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be determined by ringing measurements made with a pulsed laser, but this again requires
the use of a known laser. In any case, since the output signal’s spectrum is the convolution
of the cavity mode shape and the laser under investigation’s spectrum, the cavity must be
well known. The cavity’s free spectral range is also limited, and typically, the coating of
the required mirrors also only works in a very narrow frequency range. Another problem is
feeding the laser light into the cavity in such a way that only the cavity’s fundamental mode
is excited.

Sometimes it is possible to use the absorption spectrum of a suitable gas to estimate the
laser’s linewidth. A commonly used example is rubidium gas, which has easily recognizable
hyperfine splittings around 780 nm.'* In practice, a somewhat more accurate estimation
of the linewidth requires a Doppler-free saturation approach.!® In general, this approach
has very limited range of useful wavelengths. Determining the laser’s linewidth using an
absorption spectrum naturally requires that we know the absorption linewidth of the gas
used accurately, which usually isn’t possible without measurements first made with a known
laser. Thus, in this method as well, the problem shifts elsewhere.

An optical spectrum analyzer can also be constructed with a Michelson interferometer,
a method known as Fourier transform spectroscopy. By inputting the laser light under
investigation into the interferometer, whose arm lengths are varied in a controlled manner,
and measuring the output port’s intensity as a function of the optical path difference, a
so-called interferogram is formed. The Fourier transform of this interferogram yields the
laser’s frequency distribution. This method is flexible and inherently broadband and does
not require other precise information than the magnitude of the optical path difference.
In commercial wavemeters, the optical path difference, which is measured with a reference
laser, is changed mechanically several times per second across the entire measurement range,
but no more than a few tens of centimeters. This corresponds to a frequency resolution of
a few GHz. Achieving better frequency resolution would require much longer optical path
differences, which are difficult to implement continuously.

In this work, we use the principle of an interferometer to determine the linewidth of a
sample laser using significantly longer optical path differences. The interferometric method
has several advantages over the other methods presented above. This method is not based on
any other well-controlled laser source or gas absorption line, is easily feasible with the same

basic structure for very different wavelength ranges, and does not contain any particularly
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expensive optical components. With an interferometer, it is possible to achieve a good or
even excellent frequency resolution and this approach does not really require any calibration.
From a pedagogical point of view, it is easy to build and the principle of operation is simple.
In order to test this method, we use a sample laser with a less common external cavity

structure, in which the laser’s wavelength is adjusted by an interference filter.

III. INTERFEROMETRIC METHOD

We now show how to use the unbalanced Michelson or Mach-Zehnder type of interfer-
ometer in linewidth characterization. In this construction, we divide the input laser beam
into two beams using a fiber optic 50:50 beam splitter. We assume that both light beams
are equally linearly polarized. As the beams are originated from the same source, they have
equal spectral distribution. Next, we combine both beams in a second 50:50 non-polarizing
beam splitter, after one of the beams has traveled along a longer path than the other beam.

The electric output field is then
Eou(z,t) = Ey(z,t) + Ey(2,t + 1), (2)

where F 5 are the input fields propagating in the z-direction (the direction of the light beam)
and 7 is the time delay because of the longer optical path of the beam 2. The corresponding

averaged output intensity is (we omit the z coordinate)

Tout (1)) = (| Bout () = (Eout(t)" Eour(t)) = (11(1)) + (I2(t)) + 2Re(E1(t)" Ea(t + 7)), (3)

where I, o are the input intensities, the symbol * indicates the complex conjugate, and the

brackets ( ) time averaging over a long period

—jlgr;o/ 0 (4)

When (I,) = (Is) = (I;,), we obtain

(Lour(t)) = 2L ()){1 + Re gV (1)}, (5)

where the degree of the first-order coherence is (we omit the index of the electric fields)

(E*(H)E(t + 7))
(E*(t)E(1))
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We can now utilize the Wiener-Khinchin theorem, which states that the coherence (E*(t) E(t+

7)) and the power spectral density S(w) of the light are a Fourier transform pair®16-17
1 i -
(BB + 7)) = F56) =5 [ S, ™)
T J-
S(w) =7 YE*OE{t+71)} = / (E*()E(t + 7)e™Tdr. (8)

We can assume that the spectral density has either a Gaussian or Lorentzian form. If we

have a Gaussian spectrum!6

(w — wp)?

Se(w) = See 207 (9)

where wy is the central frequency and o determines the full width at half maximum

FWHM = 20+/21n(2) of the spectrum, we obtain
(Lt (£)) = 2(Tin ({1 + €727 cos(wpr) }. (10)

Without the exponential factor in front of the cosine term, Eq. (10) is well-known result for
the interference of monochromatic light: the output intensity varies between 0 and 4(I;,(t))
as a function of the delay 7. If we have more realistic spectrum, in general the exponential
term represents the wisibility of the interference. For example, if the delay 7 is large, the
visibility approaches zero and the interference disappears completely. By measuring the
visibility as a function of the delay we can determine the spectral width o of the laser light.

In the case of a Lorentzian spectrum®®

51(6) = So s (1)

where 27 is the FW HM of the spectrum, we have similarly
(It (1)) = 2(ILin (1)) {1 + €771 cos(wor)}. (12)

The original frequency distribution of laser light emitted by the gain medium can indeed be
Lorentzian, especially in idealized conditions. The gain medium’s natural emission linewidth,
also known as the Lorentzian linewidth, characterizes this distribution. The Lorentzian
distribution arises from the inherent quantum mechanical properties of the gain medium,
where the emission of photons is governed by the energy levels and transition probabilities
within the medium. In an idealized scenario with perfect homogeneity and coherence within

the gain medium, the emission linewidth would follow a Lorentzian distribution.
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FIG. 1. Interferometer construction.

In practice, however, the frequency distribution of a laser is often Gaussian (or approx-
imately Gaussian) due to several factors. In a laser, amplification of light occurs within a
gain medium, such as a gas, liquid, or solid. The gain medium’s properties can lead to a
Gaussian distribution of photon frequencies. This effect can be due to the distribution of
energy levels within the gain medium and the statistical behavior of particles interacting
with photons. Thermal effects within the gain medium can cause a broadening of the fre-
quency distribution. As the gain medium heats up, atoms or molecules within it gain kinetic
energy, leading to Doppler broadening. In a laser cavity, the resonant modes can influence
the frequency distribution of emitted light. These cavity modes often have a Gaussian inten-
sity profile, which can shape the laser’s spectral output to be approximately Gaussian. And
finally, various noise sources and fluctuations in the laser system, such as electronic noise,
mechanical vibrations, or fluctuations in the pump power, can contribute to a Gaussian-like

distribution of frequencies in the laser output.

The interferometric linewidth measurement setup is depicted in Fig. 1. Light from the
external cavity laser is coupled into the interferometer using a fiber collimator package
(Thorlabs F230FC-780) and split into two arms using a fiber optic 50:50 splitter (narrow-
band single mode coupler/splitter Thorlabs TN785R5F2). Since a fiber is used to implement
the optical path difference, the splitter is fiber optic-based rather than a conventional beam

splitter. One arm of the splitter is terminated directly with a collimator, while different
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lengths of optical fibers are inserted into the other arm. Finally, this arm is also termi-
nated with a collimator. The beams from both collimators are combined using a 50:50
non-polarizing broadband cube beam combiner (Thorlabs BS011) to generate interference
pattern.

The visibility can be determined by slightly varying the delay in Eq. (10) or Eq. (12).
In practice, this can be done by changing the distance of another collimator from the beam
combiner using a platform that can be moved with micrometer adjustments. If the inter-
ferometer is perfectly aligned, i.e., the beams perfectly overlap within the beam combiner,
the interference pattern is a dark or bright spot, or something in between, depending on the
magnitude of the delay. By measuring the intensity of this spot as a function of delay, we get
a series of measurements to which we can match the function given by Eq. (10) or (12) and
determine the visibility from it. Since such a series of measurements will inevitably take a
considerable amount of time, typically several minutes, the laser being studied must be com-
pletely stable for the measurement time period to have meaningful results. As we will show
in Sec. V, the frequency of the laser can jump on the timescale of a few seconds, which is
why we chose another method of measurement. In this alternate method, the beam splitter
is slightly rotated and tilted so that a fringe pattern consisting of a few lines is formed on the
camera, from which visibility can be directly determined. Pedagogically, this is also a more
beneficial approach, as the student can see directly from the interference pattern how the
visibility decreases as the path distance difference increases. In our setup, the interference
pattern is projected onto the surface of the camera chip (digital monochrome camera IDS
U1-1242L, 1280 x 1024 pixels) and the resulting image is viewed on a computer. A neutral
density filter (Thorlabs NE10A) is placed in front of the camera to maximize the camera’s

dynamic range. The capture time should be kept as short as possible, less than 50 ms.

Since the polarization state of light after the optical fibers is practically unknown, linear
polarizers (Thorlabs LPNIRE050-B) are placed in front of both input ports of the splitter
at 0° angle (or any other fixed angle). If the polarizations were not exactly the same, it
would directly affect the observed visibility. The light after optical fibers is, in general,
elliptically polarized, but complete correction for the fiber birefringence is not needed. Half-
wave plates (Thorlabs WPHO5ME-780) in front of the polarizers are used to adjust the
intensities to be exactly the same in both arms. This needs to be done carefully to ensure

that the measured visibility reflects only the properties of the laser light. If the light is
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FIG. 2. Frequency-dependent components of the external cavity laser. The total transmission is
the product of the transmission of diode cavity and external cavity, the semiconductor gain profile

and the transmission of the interference filter.

nearly circularly polarized, an additional quarter-wave plate (Thorlabs WPQO5ME-780) is
needed.

The optical path difference is adjusted by adding varying lengths of optical fibers, or
combinations thereof, to one arm of the interferometer. To ensure a simple interference
pattern, only one spatial mode of light should be used in interference formation. Therefore,
theoretically, all fibers should be single mode (SM) fibers.'® However, long single mode fibers
are quite expensive (about $4/m). In experiments, we found that it is also possible to use
multimode (MM) fibers (less than $1/m), as long as the final segment of the fiber is single
mode. The coupling efficiency from multimode fiber to single mode fiber was surprisingly
good, about 10-20%. We used 10 m single mode fibers (2 pc, Thorlabs P1-780A-FC-10),
50 m single mode fiber (Thorlabs 780HP), and 100 m multimode fiber (Thorlabs GIF625-
100). The longest fibers (50 and 100 m) are terminated with universal bare fiber terminators

(Thorlabs BFT1).

IV. LASER SETUP

The most common structure of a tunable external cavity laser follows either the Littrow

or Littman—Metcalf configuration, where wavelength selection occurs through a diffraction



Test

Mirror
Beam Piezo ring
Laser splitter
diode
Collimating Interference Cateye
lens filter

Output

FIG. 3. Setup of the filter tunable external cavity laser.

grating.!%2? In the Littrow configuration, the grating acts as the cavity’s end mirror. A
drawback of this structure is that the direction of the output beam changes as the grating
is rotated. In the Littman-Metcalf configuration, the grating orientation is fixed, and an
additional mirror is used to reflect the first-order beam back to the laser diode, resulting
in a constant direction of the output beam. Both structural types require careful optical
alignment and are therefore sensitive to external mechanical disturbances. It is also possible
to implement a very simple external cavity laser using just a microscope cover glass as a

feedback reflector, but frequency adjustment is then very limited.?!

A narrowband interference filter provides an alternative way to implement external cavity
wavelength selection. Various factors dependent on the frequency of the external cavity laser
are presented in Fig. 2.22 The semiconductor chip of the laser diode forms a Fabry-Pérot cav-
ity, typically with a length of L; = 0.25 mm. In this case, the frequency difference between
two cavity modes is ¢/2nL,; = 125 GHz, where the refractive index of the semiconductor is
n = 3.5.2 When the laser output signal is reflected back from the end mirror of the external
cavity, the laser has the possibility to operate on one or more external cavity modes because

the laser gain curve is quite broad Gaussian.

The external longitudinal mode can be selected by a diffraction grating or a filter. The re-
quired filter should be very narrow-band, with the emission bandwidth significantly narrower
than 1 nm in practice.?® Such filters are difficult to find in commercial ranges. However,
much wider filters can also be used, if their emission bandwidth decreases steeply enough.?*
Together with the gain curve, the filter effectively selects one external mode. By rotating
the filter, the filter’s transmission band can be altered, and the desired external mode can

be selected.?’ In practice, the laser will oscillate at the frequency for which the product of
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all the factors shown in Fig. 2 is greatest.

The setup of the filter tunable external cavity laser is shown in Fig. 2. It consists of a
laser diode (Thorlabs L780P010, wavelength 780 nm, and output power 10 mW at a current
of 20 mA, no temperature control), an aspheric collimating lens (focal length 4.51 mm),
an interference filter (Iridian 785nm BPF, bandwidth 2-3 nm), a cube-type non-polarizing
beam splitter (Thorlabs BS011), and finally, a cat’s eye reflector (aspheric lens with a focal
length of 4.51 mm and a silver mirror glued on a piezo ring Thorlabs P44M3KW). All optical
components are assembled using Thorlabs 30 mm optical cage system. Due to the cateye
reflector, the mirror’s alignment is not highly critical, and therefore, the stability of the
cavity and the entire laser to external mechanical disturbances is reduced.?® The length of
the external cavity is 50 mm in air and the corresponding mode separation 3 GHz.

The laser wavelength can be adjusted by rotating the interference filter.?* The cavity
length can be tuned with a piezoelectric element, enabling fine frequency adjustment. The
direction of the laser output beam remains constant, which facilitates the use of the laser.
The output power of the laser is about 6 mW, but some of the light also exits from the
other side of the beam splitter (Test output, power approximately 3 mW). This output can
be utilized, for example, for laser monitoring or locking. Adjusting the laser to operational
mode is quite easy without any spectrograph or wavemeter. The laser output power increases
sharply when the laser beam is focused precisely on the mirror’s surface with the cat’s eye

reflector lens. In practice, micrometer-level adjustment is necessary.

V. RESULTS

The output spectrum of the laser without an external cavity and with the external cavity
and interference filter is shown in Fig. 4. Without an external cavity, the laser has multiple
modes. The frequency difference between the modes is about 125 GHz. It is clear that with
an external cavity, the laser operates on only one longitudinal mode corresponding to the
wavelength of 781.92 nm. However, no conclusions can be drawn about the linewidth of the
laser from the latter, as the resolution of the used wavemeter is only about 4 GHz.

When the laser output is coupled to the interferometer and its beam splitter is adjusted
appropriately, an interference pattern consisting of a few fringes can be captured by the

camera (see Fig. 5 top). From this pattern, an intensity distribution can be further derived
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FIG. 4. Spectrum of the diode laser output measured with a wavemeter (a) without any external
cavity and (b) with the external cavity. Note the different (but comparable) intensity scale in the

figures (a) and (b).

(see Fig. 5 bottom). The interference visibility must be calculated from this distribution. To
make the measurement more accurate, a suitable function should be fitted to the pattern.
The intensity distribution of a single laser beam after the fiber collimator is Gaussian, and
therefore the interference pattern also has a Gaussian envelope. Since the interfering beams
travel almost parallel to each other, the interference can be described by a simple cosine

function. Thus, the intensity distribution of fringes is modeled with a function

I(x) = Iyexp <9” ;5“”0) [1+ Fcos(yz)] (13)

where z is the pixel number of intensity, I is the intensity of the Gaussian distribution, x
its center point, 0 the width of the distribution, F' the visibility, and ~ the spatial frequency
of the interference pattern. The measurement is conducted with optical fiber lengths of 0,
20, 60, 110, and 160 m, a single mode fiber of length 10 m is always the last section. As light
travels through the optical fiber, the actual optical path difference is the refractive index of
the fiber multiplied by the length of the fiber. The refractive index of the fibers is assumed
to be 1.45. Ten intensity distributions are recorded for each optical path difference, each
fitted according to Eq. (13), and the visibility is determined. The visibility as a function of
the optical path difference is shown in Fig. 6. Gaussian [Eq. (10)] and Lorentzian [Eq. (12)]
visibility functions are further fitted to the data points using error weighted data values.

With Gaussian fitting, the linewidth of the laser was determined to be 0.48 +0.02 MHz and
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FIG. 5. The interference pattern captured by a digital camera and the corresponding intensity
distribution measured along the horizontal dashed line. Pattern is measured with zero optical path
difference. The interference pattern has been produced in a situation where the second beam is

slightly tilted.

Lorentzian linewidth is 0.15 4+ 0.02 MHz. These results can be considered quite good for a
laser that is not locked in any way.

Although the statistical deviations of visibility values are moderately large, the mean
values follow the Gaussian distribution [Eq. (10)] especially well. This finding may mean
that we can provide a reasonably reliable estimate of linewidth, even though we have not
measured visibility with very long delays, i.e., we have stopped well before the delayed light
beam is completely incoherent with the original one. This feature is a distinct advantage
over methods based on Eq. (1), where laser light must be mixed with a clearly incoherent

version of itself and much longer optical fibers are needed.

The frequency distribution of the laser should be Lorentzian, but clearly, the experimen-
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FIG. 6. Visibility of the fringe pattern as a function of the optical path difference. The error
bars represent one standard deviation. The solid line represent the numerical fitting of Gaussian

visibility and the dashed line Lorentzian one.

tally obtained result does not directly support this assumption. The measured visibility
is a combination of the laser’s own internal frequency distribution and all external distur-
bances. External disturbances, such as mechanical and acoustic vibrations directly affecting
the laser, and on the other hand, influences induced by the interferometer and especially
its long optical cables, obviously manifest as Gaussian spectra. Since it is difficult to assess
the impact of different sources on the measured linewidth, the obtained linewidth can be
considered as a pessimistic upper limit for the laser itself.

In addition to measuring linewidth, the interferometer setup can also be used to directly
characterize laser stability in time. In experiments, especially with the longest optical path
difference, the visibility of the interference pattern do not change much over time, but the
entire pattern seen by the live video does occasionally jump. These jumps are obviously
due to sudden changes in the laser’s output frequency. According to Eq. (13), a shift of one
fringe in the interference pattern corresponds to a frequency change of Af = 1/(27), which
for a 160 m optical cable (optical time delay 770 ns) is 0.65 MHz. Larger changes cannot be
measured with this measurement system because we do not know how many complete cycles
the cosine function has gone through. For stability analysis, the interferometer is adjusted so
that the interference pattern consists precisely of one spot, the intensity of which is measured
with a photodiode. The spot intensity as a function of time is presented in Fig. 7. Based

on this, we can estimate that on the scale of a few seconds, the frequency fluctuates +0.1
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FIG. 7. Intensity of the single interference spot as a function of time when the optical path
difference is due to 160 m of optical fiber. The dashed horizontal lines present the intensity level
corresponding the brightest and darkest spot. Fluctuations in the intensity reflect changes in the

laser frequency.

MHz, but the intensity occasionally jumps abruptly, for which a corresponding frequency
change cannot be determined. It is possible that these jumps are related to mode hops
of the external cavity. Nevertheless, the result indicates that the laser frequency changes
differently on different time scales. Obviously observed frequency jumps partly contribute

to statistical deviations of the visibility at long optical path differences.

VI. CONCLUDING REMARKS

The linewidth of the laser is a key parameter in many applications, as it directly reflects
the laser’s short-term stability. With advancements in technology, linewidths of lasers have
already reached the sub-Hz level. Characterizing such laser sources is extremely challenging.
However, these lasers offer an unprecedented way to measure very small path differences, for
example, for the detection of gravitational waves. Building an external cavity laser in the
instructional physics laboratory is not difficult, but measuring the laser’s frequency distribu-
tion typically requires quite expensive equipment or a complex experimental arrangement,
especially when the linewidth is very narrow.

The direct measurement of visibility as a function of the optical path difference presented
here provides students with a concrete approach to this topic, as the visibility of the inter-

ference pattern is easy to understand and can be observed even with the naked eye. Our
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method is versatile and can be easily applied to other wavelength ranges as well. The ex-
perimental setup is moderately affordable with the most expensive components being the
collimators ($150 each), beam splitter cubes ($150) and fiber splitter ($200). Almost any
device can be used as a camera, as the number of pixels or sensitivity is not critical. The
cost of optical fibers depends on the linewidth of the laser and therefore the optical distance
difference required, but the typical cost is clearly less than $400. By comparison, a stabilized
laser source with a very narrow linewidth that we could use as a reference source costs tens

of thousands of dollars.

The measurement method presented here as a teaching tool can also serve as an al-
ternative for research use in determining the linewidth of a laser source. In the delayed
self-homodyne/heterodyne interferometric detection method, the optical fiber must be long
enough for the mixed beams to be incoherent with each other. With our example laser, it
would mean a cable of about 500 m in length, while the approach used here can have a suf-
ficient length of up to 100 m. A shorter cable is a significant advantage, as the attenuation

is smaller and the stability of the whole measurement system is better.

tom.kuusela@utu.fi
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