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Lasers find extensive applications across a spectrum from academic research to industrial use. In various
instances, understanding the intensity profile of laser light is of paramount importance, specifically how its
intensity changes along its propagation path. In this study, we introduce an economical and alternative technique
for determining the waist of a Gaussian laser beam, leveraging the capabilities of a Smartphone camera. Our
methodology entails directing a CO» laser onto a thermochromic liquid crystal sheet for specific exposure duration,
resulting in a color pattern that evolves over time. This evolving pattern is captured by a Smartphone camera,
and selected frames from the recording are processed and analyzed to quantify the beam’s waist, denoted as w(z).
Our measurements are compared with those obtained through the traditional knife-edge method, demonstrating
a substantial degree of agreement. Furthermore, by interpolating the waists calculated through our approach,
we were able to ascertain the beam waist at the focus and the focal point of a converging lens, yielding results
consistent with the reference method. Our findings underscore the viability of this approach as a cost-effective
alternative for characterizing Gaussian beams, with potential applications in optics, laser technology, and studies

related to light propagation.
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1. Introduction

Since its invention in the 1960s by Theodore Maiman,
the laser has emerged as an increasingly indispensable
tool in both academic research and everyday problem-
solving applications [IH3]. Its name is an acronym for
“Light Amplification by Stimulated Emission of Radi-
ation,” and its operational principles were introduced
to the world by Albert Einstein in the early 20th
century [, Bl p. 4].

The defining feature of laser light is the stimulated
emission of photons within an optical cavity. In other
words, laser light does not occur naturally and must
be generated under specific conditions determined by
the physical system, known as the active medium, the
geometry of the optical cavity, and the energy input into
the active medium, referred to as the pump energy [0 [7].
As a result, laser light has four unique characteristics:
(i) high coherence (both spatial and temporal), ensuring
a high level of predictability of the electric field E(7, ¢);
(ii) high directionality, resulting in a minimal beam
divergence; (iii) high intensity; and (iv) monochromatic-
ity, characterized by a narrow spectral bandwidth [, [9].

All these characteristics have rendered laser light
highly significant in various applications across different
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fields of science and engineering. In academia, lasers are
employed in research related to quantum optics [I0, [11],
quantum computing and information [12} [I3], atomic
and molecular physics [I4HI6], astronomy and cosmol-
ogy [I7, [I8], cellular biophysics and biomedicine [19,
20, p. 5], nanotechnology, and new material develop-
ment [2T, 22], as well as material spectroscopy and
characterization [23H28], among others. In industry,
lasers find application in high-precision cutting [29] 0],
alignment and imaging systems, various sensors [31], 32],
and more.

For all these applications, understanding the intensity
profile of laser light is crucial, i.e., how its power varies
along its propagation path. Through experimental mea-
surements (laser light characterization), it is possible to
determine how the intensity changes from the center of
the beam to its edge at different positions along the prop-
agation path. The size of the beam at different positions
is referred to as the beam waist, and in the focal region,
where the beam achieves its maximum convergence, its
waist reaches a minimum value. However, these exper-
imental measurements typically require costly equip-
ment, such as profilometers (~ US$ 10,000.00) that
provide high-precision intensity profiles, or a method
known as knife-edge, which involves numerous experi-
mental measurements, leading to extended measurement
times and posing risks to experimenters, particularly
when dealing with high-power lasers [33] [34].
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In this work, we propose an alternative low-cost
method for determining the waist of a Gaussian beam
using a Smartphone camera (SCM). In this method,
a COq laser is directed onto a thermochromic liquid
crystal sheet for a specific exposure time, generating
a color pattern that evolves over time. This pattern is
recorded by a Smartphone camera, and specific frames
from this recording are selected, processed, and analyzed
in order to measure the beam waist(w). As a reference
technique, we use the knife-edge method (KEM) to
compare the measured w values. The results obtained
by both methods are compared, and good agreement
is observed, particularly at distances far from the focal
point. By interpolating the waists measured by the SCM
we were able to calculate the w (beam waist) at the focus
and the focal of a converging lens. These values were
the same as those calculated by the KEM, the reference
method.

2. Theoretical Concepts

In 1879, James Clerk Maxwell presented a system of
equations describing the relationships between electric
and magnetic fields. These equations are known as
Maxwell’s equations. In general, Maxwell’s equations for
vacuum and in the absence of charges and currents are
expressed as follows:

1

V-E=0 (1)
V-B=0 (2)
. OB
VXE——E (3)
S OF
VXB—.UOEOE (4)

Using appropriate mathematical manipulations, it is
possible to derive the differential equation describing the
propagation of an electromagnetic field in a vacuum, as
presented in, as follows:

L 10%E
2
VE- G5z =0 5)

applying the Laplacian operator in cylindrical coordi-
nates in Eq. , it is possible to obtain the equation
describing the Gaussian beam:

E(?‘,Z) _ Me—rZ/wZ(z) . e—i[kZ—W(Z)-&-QkR%(iJ (6)
w(z)

In this equation, the magnitude of the electric field
has a Gaussian shape. This means that as the radial
coordinate denoted by r increases, the field exponentially
decreases, following a Gaussian pattern. This behavior
can be observed in Figure I} representing the mathemat-
ical behavior of the field as the coordinate r increases.

Additionally, in Eq. @, it is possible to extract the
spatial propagation behavior:

Ry == (1+ (2)) g
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Figure 1: Transverse intensity distribution of the Electric Field.
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Figure 2: Propagation of a Gaussian beam.

and
w(z):wm/l—i—(Z_Zc) (8)
ZR
In Eq. @, the term zp = mnw3/\ is known as the

Rayleigh length. In Eq. (8)), when r = w(z), the field
intensity decreases to 1/e of its value, and at z = z,
w(z) = wp, and this point is known as the beam waist.
Figure 2] shows the spatial behavior of the beam.

3. Materials and Methods

3.1. Optical setup

The optical setup (Figure [3) consists of an industrial-
class CO4 laser, model GEM-100, produced by COHER-
ENT, with a power of 130 W, a wavelength of 10.6 pm,
and an approximate beam waist of 2.3 mm near the laser
output (~ 20 cm). The beam passed through a set of
ZnSe lenses to allow for different waist values. First, the
beam passed through a telescope formed by a divergent
lens (F1 = —2”) and a convergent lens (F2 = 7.5”),
expanding the beam by a factor of 3.8, resulting in awaist
of 8.6 mm approximately. Then, the beam was focused
by a lens F'3 = 250 mm and collimated again by another
lens F'4 = 250 mm. Afterward, the beam was incident
on the power meter, with its diameter slightly reduced
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Figure 3: Optical setup.

by a convergent lens F'5 = 100 mm. A knife, made of a
sharp metal piece, was attached to a translator with a
precision of 0.05 mm, and this translator was positioned
between lenses F3 and F4 to measure the beam at six
different positions relative to lens F3.

3.2. Knife-edge method (KEM)

The knife-edge method consists of measuring the power
of a beam partially interrupted by a sharp metal piece.
Mathematically, this power can be calculated by inte-
grating the radiation intensity I(r,z) = |E(r, 2)|? over
the exposed area Eq. @D In particular, since the knife
interrupts the beam by moving in one direction, we
need to integrate I(r,z) up to a distance x, as shown

in Figure [4] obtaining Eq. (10):
e I2w2 2,2
j2) _ 00 —2(z—z.)*/w(z)
(=) /.1: w? ()" & ®

P(2) = Pogpoet + P {1 —erf [%(w - xc)} } (10)

In this equation, P is the total power, z. is the
Gaussian central point, z is the knife position, and w(z)
is the beam waist, the quantity we intend to determine.

For power measurements we use a OPHIR broad-
band thermal sensor, model 30(150)A-BB-18, 30/150 W,
air-cooled and aperture of @¥17.5 mm coupled to a
power meter model NOVA, total equipment cost about
US$ 7,000.00. Figure [5| presents a measurement made
by the KEM. The black points represent the measured

Power Meter
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|

Figure 4: Knife-Edge method.
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Figure 5: Knife-edge method performed at a distance of 183 mm
from Lens f = 250 mm. Measured waist w = 2.22 + 0.06 mm.

powers for a given knife position. As = increases, the
beam is blocked by the knife. In this measurement,
the beam was cut at a distance of 183 mm from Lens
F3 = 250 mm (Fig. . The red line represents the fit
made by equation 10. The measured waist was w(z =
183 mm) = 2.22 + 0.06 mm. In this measurement, the
laser power was normalized, and a small residual power
(Pofyset) remained on the meter even when the beam
was completely blocked due to an offset.

3.3. Smartphone camera method (SCM)

The alternative method for measuring w using a
Smartphone camera was developed as follows: First, a
thermochromic liquid crystal sheet (purchased on the
website www.adesivisicurezza.it, cost of 12.25€)
was positioned at the respective distances from Lens
F3 where the knife had been placed. When the laser
hit the sheet, it generated a color pattern in response
to the temperature variation, which was recorded by
a Samsung Galaxy S23 Smartphone camera positioned
behind the sheet. For a laser exposure time of approx-
imately 500 ms, we observed a pattern that evolved as
shown in Figure[6] The laser exposure time was precisely
controlled by a TTL pulse generated by a function
generator coupled to the laser control box. This figure
displays some frames from the recording ranging from
a)0b) 1.5sc)3.2sd)5.0se) 7.4s,and f) 9.5 s from
the laser turns off. According to this figure we observe
a recovery time of approximately 10 s before we can
perform the next measurement. For each position of the
sheet, the laser was triggered at least 10 times at 10 s
intervals during a single recording. A millimeter scale
was placed just above the pattern to calibrate the pixels
during the analyses.

Next, we created a standardized analysis method.
Firstly, we chose a frame that could provide consistent
w values compared to those obtained by the knife-
edge method. The selected frame was the one shown
in Fig. [6[b) i.e. the 1.5 s frame. We chose this frame
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Figure 6: Evolution of the color pattern on the thermochromic
sheet when the laser was exposed for 500 ms. Pattern recorded
by a Smartphone camera. Figures (a) to (f) correspond to the
following frames: (a) 0, (b) 1.5s, (c) 3.2s, (d) 5.0s, (e) 7.4 s,
and (f) 9.5 s.

because it had a shape closer to a Gaussian distribution
compared to the other frames. In the selected frame,
we applied specific brightness, contrast, and saturation
adjustments to obtain an image pattern like that in
Figure a). After the adjustment, the images were
digitized to form a matrix where the rows and columns
of the matrices represented positions (pixels), and their
values were their intensity, which we directly correlated
with radiation intensity. The color scale ranged from 0
for darker regions to 50000 for brighter regions. Using
the central line of the matrix, specifically the line passing
through the pattern’s center, we obtained the shape of
the black line in Fig. [7{b). To obtain this pattern, we
inverted the colors by multiplying the pixel intensities
by —1 and subtracting the offset. To calculate the
w(z), we fitted the data with the Gaussian function

I(z) = ﬁwj) e=2(@=<)’/w*(2) within the region delimited
by the blue dashed line. The red line corresponds to
this fit. Furthermore, in Fig. [7[b), it can be noticed
that the measured pattern does not have an exactly
Gaussian shape. However, this is expected since the
pattern produced on the sheet is related to thermal
effects that respond to both the laser intensity and the

temperature of nearby surroundings.

4. Results

We applied the knife-edge method to a beam focused
by a convergent lens with a focal length of 250 mm.
The beam hit the lens’s surface with an initial w of
approximately 8.6 mm. Thus, we were able to produce
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Figure 7: (a) Selected frame treated with specific brightness,
contrast, and saturation adjustments. (b) Pixel intensity as a
function of position (black line). The red line represents the
Gaussian fit. The blue dashed lines delimit the region used for
the fit. In this example, a w = 4.2 mm was calculated.

various waists due to the longitudinal profile created by
the lens. The beam was cut at six different positions
as shown in column 1 of Table [[l Four cuts were made
before the focus, and two cuts were made after the focus.
In column 2 of Table[T} we have the waists calculated by
the KEM. The smallest value obtained was w = 220 pm,
which is closer to the lens’s focus position. It is essential
to note that the KEM starts losing precision near the
focus region due to the challenges in positioning the knife
accurately.

In column 2 of Table [T, we have the results of the
waists calculated by the SCM. The average w value
was obtained by applying the procedure described in
section 3.3 to 10 different images while maintaining
the same exposure time (~ 500 ms) and laser power
(~ 1 W). The measurement error was calculated as the
average deviation. The waists calculated at positions 61,
122, 305, and 366 mm were consistent with the KEM
considering the error margin calculated by the SCM. The
relative error between the methods starts to increase as
the beam waist begins to decrease. In the case of the
measurement taken near the focus, there is a relative
error of 263%, indicating that the method is not suitable
for measuring waists on the order of several hundred pm.
The main reason is that the increased beam intensity
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Table 1: w(z) values obtained by both methods. For SCM we
used the 1.5 s frame for all measurements.
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Figure 8: Comparison of the waists obtained by both methods.
The red line represents a linear fit with a linear coefficient of
0.5 £ 0.1 and an angular coefficient of 0.83 & 0.04.

near the focus causes the thermochromic sheet to burn,
creating irreversible damage.

Figure[§|shows a comparison of the waists obtained by
the SCM vs. KEM. A linear relationship can be observed
between the two techniques. The red line corresponds to
a linear fit with a linear coefficient of 0.5 + 0.1 and an
angular coeflicient of 0.83 = 0.04.

Although the SCM diverges for waists near the focus,
it is possible to use these points to determine the value
of the focus waist (wg) and the focus position (z.). For
this calculation, we adjusted the points in Table [I| using
the equation for the longitudinal profile of a Gaussian
beam Eq. . Figures @(a) and (b) show, respectively,
the waists measured by the KEM and SCM as a function
of distance. The red line represents the fit of the points
by Eq. . The values obtained for the beam waist
and focus position in both fits, considering significant
number, were exactly the same: wy = 96 + 2 pym and
Ze = 252 £ 2 mm. It is important to note that in the
analysis of the beam profile by the SCM, we excluded
the point with the highest relative error, which is the
point measured at z = 244 mm. For comparison, the
theoretical value of the focus power of a lens for a
Gaussian beam can be estimated using Eq. :

~ 2
~ (11)

where ) is the wavelength (10.6 pm), f is the lens’s focal
length (250 mm), and D is the beam diameter at the lens

Wo
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Figure 9: Longitudinal profile of the beam created by a 250 mm
lens. (a) Profile determined by KEM. (b) Profile determined by
SCM. Both methods calculated wo = 96 £ 2 um and z. =
252 + 2 mm.

(D = 2wpens, approximately 17.8 mm). The estimated
value for wy was 94.8 pym, which is consistent with the
values obtained by both techniques. The M? factor, also
called beam quality factor or beam propagation factor, is
a common measure of the beam quality of a laser beam.
M? factor can be defined as Eq. :

0= M2 (12)
TWo

where 6 is the half-angle beam divergence which can
be calculated as the derivative of the beam radius with
respect to the axial position in the far field, i.e., at a dis-
tance from the beam waist which is much larger than the
Rayleigh length. For a single mode TEMq, (Gaussian)
laser beam, M? is exactly one. In our experiment we
calculate 6 from the average of the slope module (from
both sides of the focal region) of the red line in Figure @
We obtained § = 36 mrad and a M? = 1.023 from both
techniques.

5. Conclusion

Based on the results obtained using the knife-edge
(KEM) and Smartphone camera (SCM) methods, we
were able to analyze the behavior of Gaussian beam
waists in relation to the lens’s focal distance. The
measurements showed good agreement between the two
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methods, especially at distances not too close to the
lens’s focus. However, we observed that the MCS tends
to diverge when measuring waists near the focus, mainly
due to the increased beam intensity. By comparing
the results obtained by both methods, we established
a linear relationship between the waists measured by
the SCM and KEM. Furthermore, despite obtaining
divergent w values near the focus region, it was still
possible to use the SCM to estimate consistent values for
the beam waist at the focus (wg) and the focus position
(zc). These values were consistent with those obtained
by conventional methods, reinforcing the validity of the
SCM for determining Gaussian beam characteristics.
In summary, our experiments demonstrated that the
SCM can be applied under certain conditions for char-
acterizing a Gaussian beam, providing consistent results
compared to the KEM. This method could be a low-cost
alternative for various applications in optics, lasers, and
other fields related to light propagation involving the
characterization of Gaussian beam longitudinal profiles.
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