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Abstract

CrossMark

Optics is probably one on the most exciting topics in physics. However,
it also contains some of the less understood phenomena by students—the
light spectra obtained from the diffraction of light. The experimental
study of light spectra for studying radiating bodies, usually requests
sophisticated and expensive equipment that is not normaly affordable for
schools, and only a few teachers know how to measure the wavelength
of light in a spectrum. In this work we present a simple and inexpensive
setup, with enough accuracy for measuring light spectra to be used

both in physics and chemistry classes. We show how freeware software
Tracker, commonly used for teaching mechanics, can serve to measure
wavelengths with about 2 nm of resolution. Several approaches to the
calibration of different setups are also provided, depending on the degree

of accuracy demanded.

1. Introduction

As teachers, we know how students are fascinated
by optics and optical phenomena. In Middle and
High school curricula, light spectra are discussed
several times in different contexts such as astron-
omy, chemistry, optics and communications. The
spectrum of a light source allows us to establish
many characteristics of that source. Students use
some simple spectrometers to see the different
color components of white light, learn the theory
of light emission and observe the emission and
absorption spectra of some chemical elements.
They also learn that the electromagnetic waves

0031-9120/16/014002+9$33.00

are classified by its frequency or wavelength, but
only a few teachers know how a spectrometer
really works, and how we can measure the wave-
length of each color.

Nowadays it is relatively easy to produce
a spectroscope and watch the light spectrum
of sunlight (the rainbow colors) or of artificial
light. There are lots of optical prisms and recy-
cled materials like CDs and DVDs, or diffraction
gratings in the market, at a low cost price that
can disperse the white light into its components.
However, spectrometers are usually expensive,
and schools are reluctant to spend a significant

© 2016 IOP Publishing Ltd
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part of their budget in such equipment. There are
very cheap spectroscopes in the market that allow
some measurements but they have usually poor
accuracy.

In this work we show how to build a low
cost spectrometer with a reasonable measuring
accuracy, using affordable components (e.g. com-
mercial diffraction grating) or recycled material
(DVDs), a digital camera and the free software
video analyzer Tracker.

2. Theory

The theory of light diffraction from a grating is a
very well explained phenomenon in every book of
general physics [1, 2].

Figure 1 shows parallel light rays crossing a
diffraction grating and hitting to a target. If d is
the spacing between centers of adjacent rulings
(grating spacing), D is the distance between the
grating and the target, big enough to consider the
two rays converging to the target parallels and x
is the distance from point P to the central point
O at the target plane, then the condition of (first)
constructive interference at point P is:

dsin(0) = A (1)

Where 6 = tan~!(x/D) and ) is the wavelength of
light. Therefore, the value x for each wavelength
of light is simply given by the relation

N dx @
\Jx? 4+ D?

This means that every time a polychromatic light
is diffracted, the different colors (different wave-
lengths) hit the target at different positions x (cor-
responding to different angles #). The accuracy
to distinguish each color depends on resolving
power and dispersion of the grating. This means
that accuracy is inversely proportional to the
grating spacing d and is directly proportional to
the number N of rulings in the diffraction grat-
ing. The accuracy of the spectrum lines obtained
depends on the slit width used to produce a coher-
ent source of light.

In this work the target will be a photograph
camera so the light rays coming from the dif-
fraction grating are focused by a converging lens
ensuring that they are parallel when exiting the
grating (Fraunhofer diffraction). So the distance
D is not important in order to guarantee that rays
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Figure 1. Scheme of the interference of light on a
target, after crossing a diffraction grating.

are parallel at point P. Point O is always the posi-
tion of slit image (zero-order).

3. Experimental

3.1. About Tracker and wavelength measure-
ment

Tracker is a video analyzer and modelling soft-
ware created by Douglas Brown [3, 4] and is a
project of the Open Source Physics [5]. This
software is frequently used for motion studies in
mechanics, but also optics as recently reported in
[6].

Tracker software has a tool called Line Profile
that allows users to measure the bright intensity
of the pixels’ colors of the image along a straight
line, with length defined by the user. One can
increase the line width by changing the spread
value; image pixels above and below the line are
averaged in order to reduce noise and/or increase
sensitivity. So we can detect the maximum and
minimum intensities of light along a line in an
image and measure the distance between them in
pixels, or after calibration in meters. This means
that we can use this tool to identify the peaks of
intensity of each color line in a light spectrum,
with more accuracy than the human eye!

Figure 2 shows the Line Profile with spread
value of 20 pixels over an interference spectrum
of monochromatic light (a He-Ne laser), pro-
duced by diffraction grating at a distance of 1.000
m from the screen, and the graph of the intensity
versus position x along the light spectrum. The
central peak and four constructive interference
maxima for both sides can be easily identified,
respectively at x = 0cm, x =2.7cm, x = 4.0cm
and x = 5.4cm.
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Figure 2. Image obtained from Tracker, for a pattern analysis of a constructive interference. On the left we see
the light spots inside a red rectangle (the Line Profile tool) and the calibration ruler in blue. On the top right it is

presented the intensity of light as a function of the x position with relation to the central peak [6].

Using equation (2), we obtain the nominal
grating spacing d = 46.8 pum with an accuracy of
0.3 pm [6].

The same measuring technique is here used
to find the wavelength A of each color line in the
spectra, as we will show in the following.

3.2. Spectrometer construction

The spectroscope can be built using a recycled
piece of DVD or a commercial transmission dif-
fraction grating (the typical setup for a pocket
spectroscope), replacing the eye with the camera
(figure 3). There are two ways of obtaining spec-
tral lines. The first and most simple one is placing
a grating in front of the camera lens (with some
adhesive tape), and then make a thin slit to put it
in front of the light source, in order to create a
thin line spectrum. In our case we used two razor
blades close to each other. This setup usually
requires a darkened room.

The other way is creating an opaque tube
with a thin slit at one side, and the other side is
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Figure 3. Basic experimental setup. C—digital
camera; TG—transmission grating; S—screen; SL—
spectral lamp; A—aperture.

assembled to the camera lens where the diffrac-
tion grating is placed with adhesive tape (figure 4).
With this we eliminate the problem of the disper-
sion of light around the slit, providing beautiful
photos of spectra even in the presence of daylight.
It has also the advantage to require the calibration
procedure only once.

The slit aperture must be narrow enough to
resolve the spectral lines detected by the camera.
The width of the lines is important in determining

PHYSsIcS EDUCATION
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Figure 4. Photos representing the opaque tube with a slit at one end, the camera with the diffraction grating and
both parts assembled. The tube guarantees that distance D remains constant for all images as well as the relative

position of the slit in the images.

the correct wavelength of each line. The half-with
of the each line of the spectrum (A6y,,) at angle
0, is inversely proportional to its number of rul-
ings (N), to the distance d between rulings and to
cos(f), and is directly proportional to the wave-
length of light [7]:
A

b Ndcos 0 ®)
This explains why the width (2A#,) increases
progressively from blue to red spectral lines for
each spectrum order. Therefore, when using a dif-
fraction grating it is better to assure that it covers
the entire camera lens, thus increasing the number
N of rulings in order to reduce the width of the
spectrum lines.

The positions of the colors on the screen,
as seen from the camera, correspond to the dif-
ferent wavelengths within the light beam. These
wavelengths can be computed using Tracker
tools, after calibration of the device (shown in
the following). The transmission grating needs to
be chosen according to the camera lens: a high
number of lines mm ™! increases the spectral reso-
lution, but it also increases the diffracting angle
which can be a problem if the spectral lines go out
of the optical field of view.

The novelty in our work is that with very
simple, common and affordable materials such as
a camera and a diffraction grating, we can build
a spectrometer with very good resolution (in our
case using a 14 Mpixel Panasonic Lumix FZ100
camera and a diffraction grating of 530 lines
mm~! we have a resolution of about 2nm/pixel,
however the resolution depends on the quality of
the image). This can be calibrated using only one
well-known light source, and used for qualitative
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and quantitative teaching purposes, by means of
freeware video analyser software.

So far we have considered the ideal situation
when all spectral lines are aligned in the plane of
the screen. However this may not be entirely true
because of the lens distortion.

Most lenses have some distortion, either
pincushion or barrel, which usually decreases
with the quality of the lens design and the num-
ber of elements that compose the lens. This
aberration can be approximated by a parabolic
change in the scale, positive or negative, as we
move from the center to the border. For good
photo cameras this effect can be negligible (for
first order lines), in the order of other experi-
mental errors but it can be important in cheaper
cameras. To correct this effect we can make
a quadratic fit centered at the image center or
use proper software to correct the image distor-
tion like the Radial Distortion filter available in
Tracker or a correction lens tool in other image
treatment software. A spectrum image formed
near the center of the lens helps to minimize
the distortion error. Lines near the border of the
images have a significant error due to the distor-
tion lens effect.

3.3. Spectrometer calibration

The calibration is done using a light source with a
well-known spectrum.

Commercial spectrometers are usually fac-
tory calibrated. Spectral calibrating lamps are
supplied for checking long term calibration. Error
differences can be uploaded to provide correc-
tion. Most suppliers sell mercury-based lamps for
UV and visible calibration, argon or neon for red

PHYSsics EDUCATION
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Figure 5. Spectra lines for a compact fluorescent lamp. (a) High light intensity into the camera originates bright
spectral lines, but the spectrum is blurred; (b) Low light intensity masks the spectra and only the brightest lines
can be observed. In these two photos, only the shutter speed was changed. Calibration must be done with a simple

laser light or a reference spectral lamp.

and IR calibration, and a mixture of mercury and
argon for the whole spectrum.

The calibration must be done before meas-
uring the spectra of any light source, because it
depends on the experimental conditions of the
setup—usually a simple shot with a calibrating
light source is enough.

In schools, teachers can also use any avail-
able spectral lights like sodium or helium lamps,
but we do not recommend hydrogen lamps due to
the complex spectrum of H,. Teachers can also
use other available light sources, such as com-
mercial He-Ne lasers. Usually the manufacturer
gives the wavelength information of the ray and
the error value. We don’t recommend pointing the
laser directly into the camera lens because this
can damage the camera CCD; instead point it to
a white background (e.g. a white sheet of paper)
behind the slit.

After capturing an image of the spectrum,
Tracker can be used to calibrate the image dimen-
sions as described before. Depending on the accu-
racy needed for the experiment, it is possible to
consider approximately a linear relation between
the wavelength and the distance x or we can con-
sider the truly non liner relation between them
given by equation (2).

3.4. Experimental measurements

The first thing to implement is the experimental
setup. We can place the camera with the grating in
front of the aperture from which light comes from
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the spectral lamp, as represented in figure 3. The
relative positions of the camera and screen must
not move along all the experiment (otherwise,
calibration must be restarted). Using the opaque
tube setup we avoid this problem. Photo resolu-
tion must also be fixed for all the photos.

We need to control the light intensity coming
into the camera using the shutter speed: high light
intensity creates bright spectral lines but can blur
the spectra (figure 5(a)); however with very low
light intensity, some lines can become ‘masked’
in darkness (figure 5(b)). Therefore some photos
must be taken in order to know the best experi-
mental shooting conditions and for identifying
the spectral lines. The photos can be taken in
normal room light or in a dark room for more
beautiful spectrum photos. The darker the image
background the more visible the intensity peaks
of the spectrum lines are. With the tube setup we
don’t need to look for a dark room.

Starting with the simplest spectra, the
Sodium, the yellow spectral line (which, in fact,
are two) at 590nm corresponds in figure 6 to an
average displacement x from the central line of
about 330.4 pixels. The average displacement
was used to minimize the misalignment between
the camera, the grating and the plane of the slit.
From equation (2), we can calculate the effective
distance D in pixels, which will be fixed for the
whole experiment and corresponds to our most
important calibration parameter.

The conversion from pixels to wavelength
can be done using an Excel sheet, or in a more

PHYSsicsS EDUCATION
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Figure 6. Plot of Tracker main view showing the central and the yellow spectral lines of sodium, and the
corresponding light profiles. In the photo (left side), the distance is measured in pixels; in the plot (right side), the
distance is converted to wavelength via equation (2). The spectrum was obtained with a grating of 530 lines mm~".
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Figure 7. Data Builder window, showing the parameters to be inserted and the Data Function, namely wavelength

calculated from equation (2).

easy way with Tracker using equation (2) in the
Data Builder tool. As shown in figure 7, the user
has only to insert: (1) the average distance (in
pixels) between the reference line and the cen-
tral line in the pixel_ref parameter; (2) the cor-
responding wavelength of the reference light in
the lambdaref parameter, and (3) the number
of lines per mm (numberlines parameter) of the
diffraction grating used. Tracker automatically
calculates the wavelength according to equa-
tion (2), for each distance x measured. This pro-
cedure allows students to analyze spectrum light
directly in the Tracker’s plot window, as shown
in figure 6.
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Depending on the students level of knowl-
edge, the teacher may however decide to imple-
ment a more simple and easy way of calibration,
considering that the wavelength has approximately
a linear relation with the position x in the spectrum.

4. Results and discussion

The analysis of the spectra obtained for several
light sources is presented in figure 8. Figure 8(a)
shows the spectra of a helium lamp and figure 8(b)
the spectra of a mercury lamp. These spectra were
used to confirm the calibration of the spectrom-
eter. The spectra were obtained with a grating

PHYsIcs EDUCATION
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Figure 8. Spectra of (a) a helium lamp, and of (b) a mercury lamp, obtained with a grating of 530 lines mm™".

Table 1. Wavelengths of spectral lines of mercury and helium lamps, after calibration with the sodium lamp.

Mercury Helium
Experimental Literature Error Experimental Literature Error
Colour (nm) (nm) (%) Colour (nm) (nm) (%)
Blue 441 436 1.1 blue 453 447 1.3
Ggreen 548 546 0.4 green 506 502 0.8
Yellow 580 579 0.2 yellow 588 588 0.0
red 664 668 0.6

Note: The resolution is about 2nm. The experimental values are compared with those found in literature (http://hyperphysics.
phy-astr.gsu.edu/hbase/quantum/atspect.html#c1 for helium; http://hyperphysics.phy-astr.gsu.edu/hbase/quantum/atspect2.

html#c2 for mercury).

of 530 lines mm~! (distance between rulings,
d = 1/530mm).

The maxima light spots for each spectrum
were measured with Tracker’s measuring tool
Line Profile as described in figure 2. The aver-
age distances from the central line to each line
of the first constructive interference pattern for
all lamps, was measured based on the calibra-
tion with the sodium light, and the corresponding
wavelengths calculated. The values are compared,
in table 1, to the different spectral lines referred in
literature, for confirmation.

We can now look to the compact fluorescent
lamp spectrum, measure the wavelength of each
spectral line and try to identify a particular pat-
tern of lines, corresponding to the presence of
a particular substance. Figure 9 shows that the
spectrum obtained contains relevant lines at blue
(442nm), light blue (492nm), green (547nm),
yellow (587nm) and red (612nm). The relevant
data are shown in table 2.

Results above confirm that the major mer-
cury lines are easily identified on the compact
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fluorescent light spectrum, which means that
compact fluorescent lamps have mercury in their
composition. A simple educational consequence
of this result is that commercial compact fluores-
cent lamps can be used to calibrate the low-cost
spectrometer, and therefore schools do not need
to acquire helium, mercury, sodium lamps or any
other expensive calibration system.

5. Strategic implementation at school

Our spectrometer, because of its simplicity, can
be used to introduce diffraction phenomena and
spectra study. There are many ways to implement
this setup: for example, teachers can take some
photos of spectra and give them to their students
for analyzing; maybe the best way is to make a
video with the photos to provide one single file.
However we recommend that students, individu-
ally or in group, make their own photos after some
planning with the teacher’s help. This will engage
students to this experiment and provide motiva-
tion and hopefully a more significant learning.
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Figure 9. Spectrum of a compact fluorescent lamp, obtained with a grating of 530 lines mm™".

Table 2. Wavelengths of spectral lines of a compact
fluorescent light source, after calibration with the
sodium lamp.

Economizer Mercury

Experimental ~ Literature  Error
Colour (nm) (nm) (%)
Blue 442 436 1.4
Light blue 492
Green 547 546 0.2
Yellow 587 579 1.4
Red 612

Note: The resolution is about 2 nm. The experimental values
are compared with those found in literature for the mercury
light.

They can even build their own spectroscope tube,
use it with their camera or cellphone, and discuss
the relevant parameters for the construction of
their spectroscope.

The spectrum analysis can be made with
Tracker, in the way shown in this work. Teachers
must help students in their task according to their
grade level.

There are several activities that can be
done with this experiment, for example: (1) the
study of emission light spectrum of substances
and materials that act like light sources, (2) the
reflection spectrum of surfaces, and (3) the light
absorption spectrum in solutions. Teachers can
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implement this experiment as a school project,
as homework, or as a laboratory activity. In the
classroom, teachers can talk about spectra and/or
diffraction phenomena, and simultaneously show
how a spectrometer works.

6. Conclusions

The main idea for the development of this setup
is to provide an easy and low-cost experiment for
teaching light spectra in schools and universities.
If a school cannot afford a reference spectral lamp
such as sodium or mercury, teachers can impro-
vise with a compact fluorescent lamp since the
major mercury lines are easily identified on its
spectrum. Therefore teachers and students can
use compact fluorescent lamps to calibrate the
spectrometer.

The advantage of this setup is to provide an
instrument that anyone can build and use every-
where, either as a school project, as homework or
as laboratory activities. Students can even show to
their family the difference between light sources
such as LEDs, fluorescent lamps and street lamps.
The spectroscope helps to learn better about spec-
tra and/or diffraction phenomena, to investigate
the characteristics of light sources (continuous or
discontinuous), to study the light spectra of ele-
ments (the identity card of elements) and how

PHYsIcs EDUCATION
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scientists know the constitution of matter (for
example, chemical solutions or astronomical bod-
ies and stars).
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