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Abstract
We show how low-cost apparatus based on the use of commercial laser diodes,
inexpensive diffraction transmission gratings coupled with a smartphone
camera, can be assembled and employed to quantitavely measure the wave-
lengths of photons scattered inelastically as a consequence of the Raman
effect. In particular, we measured the Raman shift of water stimulated by
violet and green laser radiation.
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Introduction

The absorption and emission of electromagnetic radiation are fundamental concepts in science
with a wide range of technological applications and pedagogical implications. From an
experimental point of view, measurements of optical spectra to study the emission and
absorption of light by atoms and molecules have played an important role in atomic physics
since the end of nineteenth century.

In the last few years, spectroscopy has also started to play a central role in physics
education research (PER), which identified that atomic spectra constitute a golden opportunity
to study the concepts of quantum mechanics that teachers and students tend to form [1]. In
fact the interpretation of atomic spectra requires a correct conceptualization of the quanti-
zation of energy both in the microscopic constituents of matter and in electromagnetic
radiation, in addition to a model for explaining the interaction between them.
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Thus measurements of optical spectra are particularly engaging for undergraduate stu-
dents and prospective physics teachers also with the aim of understanding the stellar structure
and evolution [2, 3]. More in general, some research in physics education [4] showed how
applied optics offers a playground to teach fundamental concepts of radiation—matter inter-
action through interdisciplinary experimental activities.

In recent years, several inexpensive educational setups, based on the employment of
consumer digital photocameras (webcams, compact cameras or smartphones), were proposed
for spectral measurements [5—11], e.g. for analyzing fluorescent materials [12—15]. Most of
these devices are based on cheap diffraction gratings.

Moreover, in the last decade low-cost laser pointers, handheld devices with a laser
diode emitting a very narrow coherent low-powered laser beam of visible light, are easily
available. These devices emit light at some given wavelengths corresponding to different
colors (red, orange, yellow, green, blue and violet).

We combine the use of digital cameras as detectors and laser pointers as sources to
investigate the light emitted by a material; here, water, when it is irradiated with a mono-
chromatic laser to produce a spectrum consisting of scattered electromagnetic radiation at
many different wavelengths.

In this line, we designed an experimental setup for educational purposes, which can be
assembled very quickly from simple materials and allows performing wavelength measure-
ments with good accuracy (measurements have uncertainty below 4 nm as obtained from the
appendix). In this paper, we focus on how this apparatus can be used for quantitative mea-
surements of the wavelength of the scattered light from a target of water.

The relevant phenomenon, which can be discerned by these experiments focused on the
inelastic scattering is the Raman scattering [16]: when photons are scattered by a material, the
largest part of them are elastically scattered (Rayleigh scattering), and the scattered photons
have the same energy (wavelength) as the incident photons but different directions. However
in some materials, a small fraction of the photons are scattered inelastically, with the scattered
photons having an energy different from, and typically lower than, those of the incident
photons. These photons, located around the laser beam in transverse directions, can be
Raman-scattered photons or fluorescent-emitted photons. In the Raman scattering the incident
photon energy excites vibrational modes of the molecules, yielding scattered photons that are
diminished in energy by the amount of the vibrational transition energies. A spectral analysis
of the scattered light under these circumstances will reveal spectral satellite lines below the
Rayleigh scattering peak at the incident frequency. Such lines are called ‘Stokes lines’ [17]".

A simple energy level diagram that illustrates the electronic states of two molecules and
the transitions between these states comparing the Raman effect and the fluorescence is
shown in figure 1. Both fluorescence and Raman scattering involve the irradiation of a sample
with light and the detection of the light emitted by the sample. The main difference between
these phenomena is that the wavelength of fluorescence emission is generally independent of
the wavelength of the exciting light (see figure 1). In contrast, the wavelength of Raman light
scattering increases with increasing wavelength of the exciting light and the Raman-scattered
light exhibits a frequency shift usually expressed with respect to wavenumber (in unit cm™ ")
proportional to the energy shift.

' In this work we will neglect the anti-Stokes lines. These lines appear above the incident frequency when there is

significant excitation of vibrational excited states of the scattering molecules. In this case the vibrational energy is
added to the incident photon energy but these lines are generally so weak that our experimental setup is unable to
reveal them. We will also neglect the effects of the light polarization, which sometimes could be very relevant. In fact
when a material is exposed to linearly polarized light, it may interact differently than it does for depolarized light
depending on how the material is oriented relative to the polarized light axis.
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Figure 1. A simple energy level diagram (Jablonski diagram) useful to discuss Raman
effect and fluorescence.

In more detail, when light (left green arrows and violet arrows in figure 1) is incident on a
molecule at an initial ground state, it can be prompted to a virtual energy level (very short-
lived, unobservable quantum state) and quickly return to the initial state. Since there is no
energy level transition, photons are emitted at the same energy as the incident light (Rayleigh
scattering). Raman scattering also involves an intermediate virtual energy state even if, in this
case, there is an energy transfer between the incident light and molecule. The Raman emission
occurs as two possible outcomes, Stokes or anti-Stokes scattering. Stokes scattering occurs
when a molecule is initially in the ground state, is transitioned to a virtual energy level and
then relaxes to an excited state (thus for a green absorbed photon we have a red emitted one
and for a violet absorbed photon we have a blue emitted one). Anti-Stokes scattering occurs
when a molecule is initially in an excited state prior to irradiation with and is promoted to a
virtual energy level, then relaxes to the ground state with after scattering (thus for a green
absorbed photon we have a blue emitted one and for a violet absorbed photon we have a UV
emitted one). Also fluorecence photons irradiated on the substance cause the transition of
electrons when they have a sufficient amount of energy (right blue and violet photons in
figure 1) in molecular orbitals from the quantum ground state to an excited state with higher
energy by the absorption process. Subsequently, the energy can be emitted through photons,
with a lesser energy than the absorbed ones (green photons from the final excited to the
ground state), and converted in thermal energy by lattice quantum vibrations (phonons) with
the mechanism labelled as internal conversion and vibrational relaxation, a mechanism which
involves excited states [18].

In this paper, we illustrate a low-cost apparatus that employs commercial laser diodes as
light sources, and, as detectors, inexpensive diffraction transmission gratings coupled with the
smartphone camera. This setup can be easily assembled and employed to quantitatively
measure the wavelengths of photons scattered inelastically as a consequence of the Raman
effect and both the equipment and the proposed experiments seem suitable for introductory
physics students and high school students laboratory work.
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Figure 2. The spectrographs setup. We show the top and side views. The laser beam
enters the water in the cuvette and the scattered light is detected by the smartphone
camera after passing the diffraction grating.
Equipment

In figure 2 we show the apparatus. The equipment employs a 300 1 mm ™' transmission grating
and a cellphone camera, the smartphone required to perform the experiment has to be able to
acquire, in manual mode, long-exposure photos, i.e. images taken with a camera whose shutter
remains open for a long time. The amount of light that reaches the image sensor is proportional
to the exposure time, thus with long exposure the sensor is able to capture more light, which
leads to bright images. Moreover it is advantageous that a cellphone is also able to save the
photos as raw files®. Thus we use a Huawei MATE20PRO, but some models of cell phones
and many digital cameras have these requirements.

A transmission grating is attached with adhesive tape to the cellphone’s photo camera.
The cellphone is fixed using a selfie stick and the camera frames a cuvette filled by distilled
water. A laser beam enters the cuvette from the left so that the camera gathers the light
scattered orthogonally to the direction of the laser. A black cardboard screen with a narrow
window (3 mm width) is placed between the cuvette and the cellphone just to reduce the
scattered light mainly coming from the cuvette’s edges. The transmission gratings disperse
the beam of light into spectral lines with different colors at different angles, thus the spectrum
is acquired as a digital photo both in raw and jpeg formats.

The use of laser light ensures that only approximately collimated light is focused by the
camera lens on the detector so that it does not need the narrow slit usually required for
homemade spectrometers [7, 8].

2 Raw file analysis allows the adding, subtracting and averaging of many images taken in the same condition in
order to increase the signal-to-noise ratio. The latter procedure is not possible with files saved in jpg format, as the
camera processes the native images in a different way to compress them to jpg files.
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Both the laser diodes are easily available and are very cheap, with wavelengths of 405 nm and
532 nm.? The violet laser produces a laser beam with an output power smaller than the green
one; in fact the Raman scattering cross-section of liquid water for the excitation wavelength
corresponding to green is many times smaller than for the excitation wavelength of violet
light as reported in [20] where the authors presented measurements of the wavelength
dependence of the 3400 cm™' Raman scattering cross-section of liquid water for excitation
wavelengths between 215 and 550 nm. The latter study showed how the cross-section reduces
when the excitation wavelength increases. Thus the Raman scattering cross-section of liquid
water for the excitation wavelength corresponding to green is many times smaller than for the
excitation wavelength of violet light. Thus the exposure time will be larger for the green laser.

Calibration

For the wavelength calibration of the spectrograph, we use two subsequent orders of dif-
fraction (the first and the second) and we base the measurements on the nominal wavelength
of the laser diodes. The small angle approximation, which allows us to assume a linear

. . AN . . . . .
dispersion (m = const. where X is the wavelength in nm and px/ is used for pixels ) a priori

is not exactly established, even more so if we use two subsequent orders of diffraction for
calibration. Thus, as we show in the appendix, using a spectrograph similar to the one
proposed in [7, 8] and a fluorescent lamp with several lines, we can prove that the 300 1 mm ™"
grating ensure a good linear dispersion up to the third order of diffraction and we measure the
dispersive power :\d ~ 1%.

When we will analyze the raw photos (thanks to a Imagel software [21]) we can
straightforwardly obtain a measure of the light intensity (gray value) for each pixel [22], the
same results can be roughly obtained starting from the RGB value in color space. To obtain the
measurement of light luminance from RGB values for a typical gamma-corrected (jpeg) image

generated by a photo camera, we use the formula implemented in tracker video analysis [15]:

Yineasured = 0.2126 RY + 0.7152 G7 + 0.0722 B, (1)

where Y is a measure of luminance, which is proportional to emitted light intensity per unit
area, and v = 2.2 is the ~y-correction factor (see also [7, 8]) expressing how the luminance on
the screen depends on the 8-bit RGB color values [23]4.

However the value of light intensity obtained, both from the Jpeg and from raw image,
also depends on the overall response of the apparatus (CCD camera, lenses and so on),
therefore we should evaluate the relative sensitivity [24] (spectral response) of the apparatus
by measuring the light spectrum from a known source. This deep analysis of the images is
beyond the aims of this work where we just focus on the wavelengths measurements.

3 These Class 3B lasers, where output power is between 5 and 499 milliwatts, are hazardous for eye exposure. They
can heat skin and materials but are not considered a burn hazard. Thus, the use of laser protective eyewear is
recommended especially when the experiments are done by students. Even if the sellers (typically found on the
websites of giants of the ecommerce industry) declare that these laser pointers have power less than 5 mW we
employed the 1918-C—Newport Optical Power Meter to measure the actual power. We found ~25 mW for the laser
pointer at 405 nm and ~180 mW for the 532 nm one. For the latter laser pointer we also introduced a Schott type IR
filter (the S-KG whose technical characteristics are reported in [19] with the aim of measuring the visible fraction of
the emitted radiation and we obtain just 28 mW. Since the low-cost commercial laser diodes could emit unexpected
and hazardous non-visible radiation the laser diodes have to be carefully analyzed before using them with students.
When it is needed filters can be used to cut off the unwanted radiation (here a Schott-type filter for IR radiation)
students always need to be provided with the appropriate protection goggles.

4 This is only true if the signal is above a threshold value while measurements based on jpeg images are ineffective
and overtaken by noise when the signal is weak, as often happens for the Raman emission.
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Measurement and results

In order to detect the Raman emission, we use the setup in figure 2 and we employ both green
and violet lasers as light sources.

Figure 3(A) shows the jpeg spectra with an exciting laser at 405 nm, acquired with a long
exposure (10s and 1000 ISO). Figure 3(B) shows the jpeg conversion of a raw image’
obtained in the same experiment (10 s and 1000 ISO), processed by employing ImagelJ, by
summing four raw photos and subtracting the background (the background measurements
were done just by closing the narrow window in the black cardboard screen). The latter raw
file can be analyzed straightforwardly by using ImageJ to obtain the gray value versus
position (figure 3(C)).

In both images there are some violet spectral lines corresponding to the different dif-
fraction orders of the laser source (see figure 3(A), where we underline the different orders of
the laser light). Once we acquire the pictures of the spectral lines, we can accurately measure
the positions of their peaks by using the free video analysis software Tracker [15]. Comparing
the experimental findings with the known wavelength of the laser times the order of dif-
fraction we can obtain the calibration curve which represent the peak positions (measured in
pixel) versus the known wavelength. These curves are adequately fitted by straight lines as
shown in the appendix (R* > 0.998 for the linear regression of position versus order of
diffraction).

Thus from each jpeg image analyzed with Tracker and from each raw file series (four
images of the spectrum and four images of the background) we can obtain from 1 to 4 (left-
right and first-second order) different values of the wavelength corresponding to the Raman
peak. Typical data acquired in many trials are reported in table 1.° The wavelengths were
obtained starting from the plots like the ones in figure 3(C) by measuring the positions of the
peaks (maximum values) and calibrating using the known laser’s wavelength. Since una-
voidable random errors affect the measurement mainly caused by inherently unpredictable
fluctuations in the experimental apparatus, we obtain a significant spread of data set coming
from repeated measurements.

Sometimes in the photos we notice a small deviation from the horizontal (=~1.5° in
figure 3). This effect is due to a small misalignment between the grating and the laser beam.
However the analysis with software such as Tracker allows us to correct the errors in esti-
mating the peaks’ wavelengths.

In figure 3(C) we also can observe that the spectrum is not symmetric about the central
peak. This is mainly due to the fact that we employ blazed gratings [25] (also called echelette
gratings or sawtooth gratings), a special type of transmission diffraction grating that is
optimized to achieve maximum grating efficiency in one given diffraction order. Since the
grating lines possess a triangular, sawtooth-shaped cross-section, forming a step structure,
there is a left-right asymmetry mainly clear in the intensity of transmitted light.

From the data reported in the left sector of table 1 we can evaluate the Raman wavelength
for the violet (405 nm) stimulating source as A = 469 + 5 nm.

Raman shifts are typically reported in wavenumbers, which have units of inverse length.
To convert between spectral wavelength and wavenumbers of shift in the Raman spectrum,
we use the relation

S This is not the file analyzed to obtain the measurements in figure 2(C) and in table 1. The latter data was acquired
straightforwardly analyzing the raw files with Imagel.

S Once calibrated, the spectrograph the Raman lines position can be measured. In table 1 we report the results
obtained by analyzing five different trials and measuring up to four peaks (first- and second-order, left and right) both
using raw and jpeg images.
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Figure 3. Spectra acquired with the smartphone camera for the exciting laser at 405 nm.
(A) The jpeg spectra acquired with a long exposure. The Rayleigh ‘violet’ line is
diffracted and visible up to the IV order. The Raman line ‘blue’ is just visible up to the
IT order. (B) The jpeg conversion of a raw image obtained in the same experiment,
processed by employing Image], by summing four raw photos and subtracting the
background. The same lines of panel (A) are visible. (C) The Imagel analysis of the
raw file: the gray value versus position shows clearly four orders of the Rayleigh
diffraction and two orders of the Raman peak. This kind of analysis, after a wavelength

calibration, enable us to find four measurements of the Raman peak wavelength.

Av = 11
Ao M

@)

where Av is the Raman shift expressed in wavenumber, )\ is the excitation wavelength, and
A is the Raman spectrum wavelength. Most commonly, the unit chosen for expressing
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Table 1. Data of the wavelengths of the Raman peak. Results of measurements obtained using different photos.
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639
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637
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wavenumber in Raman spectra is inverse centimeters (cm™"). The value of A\ = 469 + 5 nm
corresponds to a Raman wavenumber Avg,, = 3.4 + 0.2 x 103 cm™!.

The uncertainty in the measurement of the position of the Raman peak is smaller than the
experimental width observed in the spectrum (see figure 3(C)). In fact the full width at half
maximum (FWHM) is typically larger (10-20 nm) than the uncertainty obtained by the sta-
tistical analysis (5 nm).

Figure 4(A) shows the jpeg spectra with exciting laser at 532 nm, acquired with a long
exposure (30 s and 1000 ISO). The image was analyzed straightforwardly by using Tracker to
obtain the luminance versus position (figure 4(C)). Figure 4(B) shows the jpeg conversion of
a raw image obtained in the same experiment, processed by employing ImageJ, by summing
four raw photos and subtracting the background. In this image we can also distinguish the II
order Raman, which is not detectable in the jpeg photos.

In the photo there are green spectral lines corresponding to the different diffraction orders
of the laser source (also here we underline the different orders of the laser light). Then we can
notice that the spectral line, due to the Raman scattering, is now in the red region of the
spectrum. The comparison of the different colours of the Raman lines (blue and red) when we
change the laser source shows how the Raman scattering is different from the typical pho-
toluminescence phenomena. In fact in the Raman scattering the wavelength of the scattered
photon is proportional to the wavelength of the excitation photon.

Also in this case we acquired many photos both in jpeg and raw format. Thus from each
jpeg image analyzed with Tracker [15] and from each raw file series analyzed with Image]
[21] we can obtain different values of the wavelength corresponding to the Raman peak. Thus
also in this case we obtain a tenth of measurements and typical data acquired in many trials
are reported in table 1. Notice that in this case we were never able to distinguish the II order
Raman lines.

From the data reported in the right sector of table 1 we can evaluate the Raman wave-
length for the green (532 nm) stimulating source as A\ = 641 £ 4 nm. This value corresponds
to a Raman wavenumber 3.2 & 0.1 x 1073 cm~! compatible with the one obtained for the
violet laser.

Also in this case the uncertainty in the measurement of the position of the Raman peak is
smaller than the experimental width observed in the spectrum (see figure 4(B)). In fact the
full width at half maximum (FWHM) is typically larger (10 nm) than the uncertainty obtained
by the statistical analysis (4 nm).

Finally we summarize all the results obtained above in order to compare the Raman shift
measured with our rudimental apparatus and the one known from literature [26, 27]. Thus
with the aim of depicting our results we plot a Gaussian function depending on the Raman
shift (we use the Gaussian function following the authors of [27] who employed this kind of
function for the fit of the asymmetric O-H stretch band around 3400 cm ™' in liquid water),
centred in the mean value of the Raman shift and with a width corresponding to the average
width of the peaks shown in figures 3 and 4. In such way all our results can be outlined in a

plot in the plane Raman shift intensity. Therefore in figure 5 we plot the function
Av—Avp)?
g(Av) = Goe’( e , which approximates the Raman peak as a function of the Raman

shift. This function is centred in the mean value of the two measurements as they result from
equation (2). Thus the center is placed at 3.3 x 103 cm~!. The FWHM can be evaluated as
0.4 x 10°cm™!, thus starting from the properties of the Gaussian function, FWHM =
242 1n20 = 2.3550, we estimate o ~ 0.2 x 103 cm~L
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Figure 4. Spectrum acquired with the smartphone camera for the exciting laser at
532 nm with a long exposure (30s and 1000 ISO. The Rayleigh ‘green’ line is
diffracted and visible up to the IV order. The Raman line ‘red’ is just visible at I order
in the jpeg file (A) while can be observed in the processed raw image (B). (C) The
Tracker analysis of the jpeg file: the luminance Y versus position shows clearly four
orders of the Rayleigh diffraction and 1 order of the Raman peak. This kind of analysis,
after a wavelength calibration, enable us to find two measurements of the Raman peak
wavelength.
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Figure 5. Green line. Raman scattering spectrum of pure water from the literature
[26, 27]. The shoulder at ~3250 cm ™' corresponds to the asymmetric —OH stretch, and
the most intense feature at ~3410 cm™" corresponds to the symmetric —OH stretch
[28]. The results of our measurements are summarized in the Gaussian plot, which
approximate the light intensity versus the Raman shift just using the average position of
the peak and the average linewidth. The Gaussian peak centered at 3.3 x 103 cm~! has
a FWHM ~04 x 103cm~'Z.

In figure 5 the Gaussian function that summarizes our measurements is finally compared
with the Raman spectrum of the water as it is reported in literature [27]. The asymmetric O-H
stretch band around 3400 cm ™' is often broken down into a few Gaussian peaks, i.e. the
Raman spectra can be deconvoluted into some peaks with two main subbands at ~3250 cm ™
(asymmetric —OH stretch), and ~3410 cm ! (symmetric —OH stretch [28]). These peaks
cannot be resolved or distinguished using our rudimental apparatus where the spectral lines
are large and the uncertainties are huge. In figure 5 we just show that a one-peak Gaussian
function built with our experimental parameters (dashed line in figure 5) matches well the
experimental data of [27].

Conclusions

In summary, we have discussed how a low-cost apparatus based on the use of commercial
laser diodes and inexpensive diffraction transmission gratings coupled with a smartphone
camera, can be assembled. This homemade apparatus provides a simple way to perform
quantitative measurement of the frequency properties of light, which in current classrooms is
either done with expensive equipment, or only talked about but never experienced.

11
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We employed this simple setup to quantitatively measure the wavelengths of light
scattered inelastically as a consequence of Raman effect. Thus, after a calibration, we mea-
sured the Raman shift of water stimulated by violet and green laser radiation obtaining values
of the Raman shift with small uncertainty (few nanometers) in good agreement with the
results known from the literature. Thus the experiment proposed seems suitable for intro-
ductory physics students’ and high school students’ laboratory work, and the advantages of
our device in terms of the potential wide spreading in high school and undergraduate
laboratory courses are manifest.

Appendix. A wavelength calibration and linear dispersion

In figure Al we show the apparatus that employs a 300 1mm ™" transmission grating used to
verify the linear dispersion of the spectral lines. The spectrometer is assembled using a black
cardboard frame. A narrow window with a width of approximately 2 mm is opened at the
distal end of a cardboard tube, and a collimating slit is formed by placing two pieces of black
electrical tape over the window. The transmission gratings, on the opposite side of the tube,
disperse the beam of light entering through the slit into spectral lines with different colours at
different angles.

The tube, in combination with the slit, acts to ensure that only approximately collimated
light is focused onto the detector by the camera lens. For the calibration measurements, the
spectrometer is pointed at a fluorescent commercial lamp.

The images of the spectra are acquired by a camera, then analysed with Tracker video
analysis software.

The spectrum shows many peaks distributed over the range of wavelengths of visible
light. We accurately measure the positions of their peaks using Tracker. For the reference
value of the wavelength corresponding to each peak we use the results of measurements

2000
[arowsi ]
Light Source 1800 y=-0,8367x + 62,489 y=08776x+6734 &
— R*=0,9995 fg
— R*=0,9982 &
Collimated light 1400 -
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Figure A1. The spectrometer setup: a parallelepiped cardboard box with a hole for the
lens of the camera on one side and a narrow window made affecting the cardboard with
a cutter on the other side. Two pieces of black electrical tape are placed over the
window to form a collimating slit. The light source is placed in front and properly
centered with respect to the collimating slit. (B) The wavelength—pixel calibration
curves of the 300 I mm ' grating, based on the fluorescent lamp spectrum.
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carried out with a high-resolution commercial spectrometer [29]. In figure A1 the positions of
the peaks are plotted against their reference wavelengths and the points are shown to be
adequately fit by a straight line and wavelength—pixel calibration curves show a coefficient of
determination, R? of nearly 1. The uncertainty in the wavelength measurement inferred using
this fit is a few nanometers.
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