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Abstract
The inverse-square decay law of the illuminance of a point light source with
distance is a common notion of basic optics theory, which is readily
demonstrated to be a direct consequence of the propagation of spherical wave
fronts with the centre at the light source. It is far less common to address the
experimental verification of this law and, even less, to study the illuminance
decay with the distance of extended light sources, which somehow represent
an unknown topic. We propose a scientific experiment where the light sensor
of a smartphone is used to collect illuminance data as a function of the source-
to-sensor distance and orientation. Through this procedure, students can rea-
lize the limit of validity of the inverse-square law and determine the luminance
flux of the chosen point-like light source (e.g. the white LED flashlight of a
smartphone). More interestingly, when dealing with extended sources (e.g. the
LCD of a laptop displaying a white image) subtle characteristics of the decay
trend emerge, particularly for distances lower that the source size. A detailed
analysis of these characteristics is presented though a process allowing student
engagement in a real scientific investigation, envisaging steps of data acqui-
sition through experimental measurements, model construction on the basis of
the observed patterns, and finally model testing. We provide a guided for-
mulation for the general modelling of planar emitters, starting from the
theoretical treatment of Lambertian sources. In this way, students are able to
quantify the luminous emission also for extended sources and their deviation
from a Lambertian behaviour.

Original content from this work may be used under the terms of the Creative Commons
By Attribution 4.0 licence. Any further distribution of this work must maintain attribution to the
author(s) and the title of the work, journal citation and DOI.

© 2024 The Author(s). Published on behalf of the European Physical Society by IOP Publishing Ltd 1
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1. Introduction

Teachers involved in fundamental physics courses share the common feeling that a serious
need is rising to integrate practical experimentation in theoretical courses, to cope with the
lack of dedicated spaces and limited budgets for instrumentation [1-5]. During lectures in
experimental physics (classical mechanics, thermodynamics, electromagnetism), students
learn new concepts and laws, however, the way these laws are discovered and how they can
be exploited to be predictive in new experiments is not clear. In a laboratory, current com-
mercial apparatuses and the quality of their software generally give the wrong impression of
‘perfect’ data acquisition, and students are not able to evaluate the uncertainties and
accuracies of the data they collect. The analysis of the experimental results is also difficult
because the students are not always in a position to develop critical thinking during their
studies. These problems pose limits to the possibility for students to develop modelling skills,
representing the most precious outcome of learning, regardless of whether they consist of
model evaluation through experimental activities, or model development and analysis through
theoretical activities [6]. For this reason, most laboratory activities possess a confirmatory
goal and foresee the achievement of a specific result. This feeds the general belief that
confirmation represents the primary goal of science learning, while facing a real scientific
investigation is just a prerogative of experienced scientists [7]. Moreover, the frustration
arising from the obtainment of a non-expected result, added to the desire to be done with the
experimental assignment, was demonstrated to engage students in questionable research
practices [8].

Our original goal was to offer students an ambitious lab approach that, on the one hand,
enforces the possibility of enhancing the conceptual understanding of the practice of model
testing, i.e. the evaluation of the degree of appropriateness of an ensemble of models, and, on
the other hand, stimulates to debate experimental data in view of developing experimentation
skills [8]. In this framework, the post-mortem analysis of ‘not expected’ results is the main
driver of this debate, leading to the development of reflective thinking and the belief that the
lab activity is not only an exercise of confirmation but allows experiencing how scientists
construct knowledge.

In recent years, the principles of the Investigative Science Learning Environment (ISLE)
method were purposely formulated to convey this message [9, 10]. ISLE is meant to
implement active-learning methods in such a way to guide the students as close as possible to
experience scientific processes. This comprises the ability to recognise reproducible patterns
in the collected data and from them devising adequate hypotheses, testing them, and finally
formulating a prediction. We present here a photometry experiment based on the use of a
smartphone light sensor and designed following an ISLE approach. Smartphones are wide-
spread devices among students in secondary school and university, offering a series of sensors
integrated in a portable device, which are demonstrated to allow for prompt and accurate
measurements of a group of physical quantities [11, 12]. The smartphone camera was used to
explore the limits of the thin-lens approximation [13] and to build a DIY spectrometer [14].
The smartphone light sensor was utilized to test Malus's law [15—17], to monitor the circular
motion of a light-emitting object [18], to measure the Brewster angle [19], to perform tur-
bidity measurements of sugar solutions [20] and transmittance measurements to verify the
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Lambert-Beer law [21-24], and to characterize point-like sources [16, 20, 25, 26] as well as
linear sources [27]. By adopting smartphones as measurement instruments, teachers have the
potential to design an experimental apparatus, enabling the testing of a physics law and/or the
investigation of a phenomenon starting from materials of immediate availability (objects
commonly adopted at home or in the classroom) and then ensuring very contained cost. Our
experiment aims at the investigation of the properties of planar extended light sources in
terms of the luminous intensity emitted and its dependence on the emission direction. On the
one hand, this experiment allows the testing of established laws describing the decay of
radiation intensity with distance and, on the other hand, an in-depth analysis of the collected
data and a guided mathematical modelling allow us to find out unexpected characteristics both
of the selected light sources and the employed sensors.

A light source is defined as a device capable of emitting electromagnetic radiation visible
to the human eye, i.e. with a wavelength approximately in the range 400 — 700 nm (and
correspondingly frequencies of the order of 10'> Hz or 10° THz). The light sources differ
according to the power emitted in the form of electromagnetic waves, their size, and the
direction of their emission. According to the International System, the total luminous flux
emitted by a source is defined as lumen (Im). 683 Im corresponds to a power of 1 W, emitted
in the form of light radiation with a frequency of 540 THz (perceived as green-yellow light;
see the new definition of the units of measurement of the International System promulgated in
2020) [28]. This frequency (corresponding to a radiation propagating in a vacuum with a
wavelength of about 555 nm) is taken as a reference, being the one to which the human eye
shows maximum sensitivity. Sensitivity progressively decreases until it vanishes towards the
lower frequencies of the visible spectral range (red light) and the higher ones (violet light). In
order to be able to define the luminosity of a white light source (i.e., composed of a con-
tinuous spectrum of visible radiations), it is necessary to integrate the emitted power of all
visible radiations weighted by the photopic sensitivity curve [29]. With the term illuminance,
it is defined as a physical quantity that expresses the luminous flux across a unit surface. The
unit of measurement of illuminance is Im mfz, a combination that gives rise to the lux (Ix). It
is natural that for non-collimated, i.e., diverging radiation sources, the illuminance decreases
as a function of the distance from the source. In the case of point sources, or for distances
from the source much greater than the dimensions of the source itself, the luminous flux is
evaluated by integrating the illuminance across a spherical surface, whose centre coincides
with the position of the source itself. The luminous flux emitted by the source in all directions
(¢o) is transmitted through spherical surfaces with an area equal to 47d”, where d is the
distance between the surface and the source. Therefore, the decay of illuminance E with
distance is expected to follow the relation:

47d?

ey

In the case of extended sources, the variation of E with the distance d is much more
intriguing, depending also on the size and shape of the source [30]. Planar emitters can be
approximated as a dense array of point sources uniformly distributed over the surface. The
illuminance dependence as a function of the distance from the emitter plane can be evaluated
by an integration over the whole surface. For circular surfaces (disk with radius R) with a
Lambertian emission pattern, the illuminance decay with distance from the centre of the disc
follows the relation [31]:
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EP-L = WL[L] )

>+ R?)

where L is the source luminance (Im m* Sr—' = nit), representing the proper quantity to be

used to express the emission properties of extended sources. For a Lambertian emitter, the
luminance is independent on the line of sight.

The instrument capable of carrying out illuminance measurements is called a lux-meter
and is commonly used to evaluate the illuminance levels of inhabited environments (the
normal sources adopted for domestic lighting should reach a luminosity of the order of
300-400 Im for each square meter of surface). The lux-meter installed in smartphones, aimed
at optimizing the user’s visual experience in relation to the ambient light conditions, is
proposed here as a practical instrumentation to allow students to measure the illuminance
variation as a function of the distance from freely chosen light sources among a group with
point-like characteristics (e.g., the white LED flashlight of a smartphone,) and a group of
planar extended sources (e.g., the LCD of a laptop PC or a TV displaying a white image). The
experimentation with point-like sources serves to reveal immediately how critical the deter-
mination of the illuminance at short distances is, which allows the operator to individuate the
validity range of equation (1) and become aware of the possible achievement of the saturation
limit of the sensor. Once these aspects are addressed, the student will be able to obtain the
best estimate of the luminous flux ¢q [26]. In the case of extended sources, the student must
be invited to pay particular care in the mapping of the illuminance data for distances lower
than the size of the source, where deviations from the trend predicted by equation (1) are more
pronounced. Once data is correctly acquired using the LCD as the source, it is highly probable
that the collected pattern significantly deviates from that predicted by equation (2). We
provide here the results of a simple mathematical modelling of planar extended sources,
showing that not only the size of the source influences the trend, but also the acceptance of the
sensor and the level of collimation of the emitted light. By setting an ISLE problem, we
describe how guiding students to understand the elements of this modelling, starting from the
analysis of qualitative and quantitative patterns observed in the collected data, the formulation
of appropriate hypotheses, and the testing of such hypotheses, to finally arrive at the esti-
mation of the properties of the chosen sources and instrumentation in terms of luminance, its
dependence on direction, and acceptance of the detector.

2. Description of the experiment

The smartphone to be used as a lux-meter must be equipped with a suitable app enabling the
reading of the illuminance. We downloaded and installed Photometer PRO by Przemek
Pardel, free version (figure 1). The app offers different possibilities that, in principle, can be
explored. Here, we focus our attention on the basic operations that can be found in the app
utilities which are related to the use of an ambient light sensor, which is separated from the
smartphone camera. Illuminance is displayed with the precision on a tenth of a 1x and
saturates at 10° 1x. Operators must be wary about the importance in knowing this value. The
results of the calibration of smartphone light sensors was recently reported by Tongjan &
Sirisathitkul [20]. They showed that smartphones ensure a perfect linear response and pre-
cision within 1%; whereas, their accuracy is much affected by the sensitivity to IR radiation,
providing for certain source illuminance overestimation as high as 30%.

The position of the light sensor of the smartphone can be located by opening the photo-
meter application and, in a lighted environment, probing the surface of the phone with a
fingertip. Before each measurement, the light source and sensor area must be properly
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Figure 1. Example of the experimental setup used for illuminance-distance
measurements: smartphone boxes are used as support for the source (flashlight, left)
and the sensor (photometer, right) is placed on the surface of a table; a meterstick is
used to evaluate distances. On the right side, a screenshot of the free version app
Photometer PRO is displayed.

cleaned. With the aid of a smartphone support, the light sensor is placed on a table i) at the
same height as the point-source or ii) at the height level of the centre of the planar extended
source (oriented orthogonally to the table plane and displaying a uniform white image). The
distance of the sensor from the source must be varied carefully, keeping the plane of the
smartphone screen used as a sensor always perpendicular to the sensor-source direction. The
sensor-source distance can be measured with a meterstick. The illuminance value must be
recorded at each sensor-source distance under dark conditions (i.e., ensuring that light sources
in the environment other than that to measure have negligible intensity), and this procedure
can be repeated at least 5-6 times to evaluate both the average value and the standard
deviation of the illuminance. If the smartphone display is too close to the source screen to
allow for the reading of the illuminance, one can use the record function of the software to
store the data in a transferrable file.

3. Results and discussion

3.1. Point light source

Figure 2 shows the trend of illuminance E measured by a Huawei P Smart 2019 as a function
of distance d from a LED flashlight of a Huawei Y3II (size: 3 mm). Uncertainty on the
distance was estimated to be =3 mm. This uncertainty is mainly due to the supports used to
sustain the two smartphones, which leave a certain amount of backlash to their positioning.

In agreement with equation (1), figure 2(a) shows the rapid decay of E with distance.
Figure 2(b) reports E as a function of 1/d* in order to verify the linear trend predicted by
equation (1) [25, 26].

Figure 2(b) clearly shows that, if data mapping is sufficiently dense in proximity to the
source, for distances less than 30 mm, substantial deviations from the trend expected for a
point source are evident. This behaviour is due to the fact that the point-source assumption
becomes inadequate when the photometric limit distance is reached, i.e., when the source-
sensor distance becomes lower than about ten times the physical size of the source (3
mm X 10 = 30 mm). The equation of the dashed straight regression line in figure 2(b) is
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Figure 2. (a) [lluminance as a function of source-sensor distance of a flashlight of a
smartphone. The abscissa data uncertainty is within the size of the symbols. (b)
Illuminance as a function of 1/ d*. The dashed red line represents the linear regression
of experimental data excluding those at 1100 and 2500 m™2 (see the main text for
details).

2 and results in

obtained by excluding the data with abscissa higher than 1000 m™
E = (60 £ 40)Ix + [(31.5 £ 0.3)1m]%, with a correlation coefficient R = 0.9988. From
the angular coefficient of the regression line, it is possible to obtain the point source luminous
flux. In fact, (31.5 + 0.3)Im = f—o, from which we obtain ¢g = 396 + 4 Im. The luminous

T
flux value obtained, of the order of 400 Im, is fully consistent with the expected nominal one
for a white LED diode, usually included in the range 200 — 300 Im per watt [32].
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Figure 3. llluminance as a function of source-sensor distance of a 15” LCD displaying a
uniform white image. The abscissa data uncertainty is within the size of the used
symbols. The black dashed curve corresponds to the illuminance calculated for a
Lambertian discoidal emitter with radius R = 14.6 cm, having the same surface area as

that of the 15” LCD. The grey dashed curve corresponds to the illuminance calculated
for a Lambertian discoidal emitter with radius R = 37 cm.

3.2. Extended light source

3.2.1. Experimental measurement and identification of qualitative and quantitative patterns.
Figure 2 reveals that, when the point-source approximation becomes too drastic, detected
illuminance is lower than expected. In order to investigate the deviation of the illuminance
trend in detail, from that which is predicted by equation (1), the mapping of illuminance can
be performed using a well-defined planar emitter such as an LCD. Figure 3 shows the trend of
illuminance measured as a function of distance from a 15” LCD (19.5 cm x 34.5 cm)
displaying a uniform white image. The distance uncertainty was estimated to be +2 mm.

In the experimental trend displayed in figure 3, one can identify the following relevant
patterns: 1) the illuminance as a function of the distance does not follow a simple power law;
2) for distances from the screen below 0.05 m, the illuminance is almost constant, and reaches
a maximum at (233 + 2) Ix. This represents a saturation value which is characteristic of the
adopted screen and the brightness level; 3) in the distance range 0.05 — 0.2 m, the
illuminance significantly decreases; finally, 4) beyond 0.2 m, the illuminance continues to
decrease but with a progressively slower rate. It is evident from figure 3 that £ undergoes a
continuous variation of its trend with d. It is interesting to note that, for lengths comparable to

the screen size (19.5 cm x 34.5 cm), the decreasing rate seems to reach its maximum.

It is worth comparing the experimental trend with that predicted in the case of a
Lambertian emitter [31, 33], expressed by equation (2) (see also passages bringing to
equation (A10)): EP~L = 7L __Rr . In accordance with it, the illuminance trend is

(d*+ R%»
regulated by two parameters: the screen luminance L and the screen surface area. The screen
output can be approximated by that of a disk having the same surface area, i.e. with radius

7
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R = [(19.5 X 34.5)/7r]1/2 = 14.6 cm (see appendix and figure A9)). At low distances,
illuminance is predicted to saturate to the value of the screen luminous exitance, 7L (Im m ).
If we set 7L = (233 + 2) Ix, we obtain L = (74.2 4+ 0.6) nit.

Even though it is possible to verify the saturation behaviour of the illuminance, figure 3
shows that equation (2) highly underestimates the experimental illuminance for the whole
range of explored distances.

At this stage of the experiment, students are in the condition of realising that equation (2)
is regulated by two parameters, L and R. L is fixed by the saturation value of E measured near
the screen surface, whereas R can be considered a fitting parameter. Hence, students can be
invited to identify what the effects of changing the value of R are, starting from the actual one.
It can be immediately realized that by increasing R, the interpolation of the experimental
results improves to a great extent. On the basis of the data reported in figure 3, a good
interpolation is obtained by setting R = 37 cm, i.e. 2.5 times higher than the actual radius.

3.2.2. Hypotheses formulation for the observed behaviour. The results reported in figure 3
allow the conclusion that LCDs are non-Lambertian emitters. However, their emission is very
well reproduced by a Lambertian emitter with substantially larger size. On the other hand, this
conclusion assumes that the collected data is not affected by the response of the light sensor,
which might be non-ideal.

Hence, to explain this behaviour, two hypotheses can be devised:

(1) The LCD is a non-Lambertian surface, able to ‘concentrate’ light in a forward direction.
The directionality of its emission makes it equivalent to a Lambertian surface with a
much larger size.

(2) Following a symmetry principle, the directionality is an effect due to the light sensor,
which, similarly to a proximity sensor, is more sensitive to on-axis light intensity, and
less sensitive to off-axis light intensity.

The role of directionality is then the main aspect students must recognise to regulate the
deviation from a Lambertian behaviour. This directionality can be due both to the emitter and
the sensor. Its impact on the measured illuminance is the same.

In order to test the two hypotheses, adequate experiments must be designed. We present
below a possible set of experiments and the related modelling scheme.

3.2.3. Investigating the angular response of the photometer. In order to test hypothesis 2),
the angular response of the photometer can be investigated by performing illuminance
measurements keeping the source-sensor distance fixed and varying the angle 6 between the
direction normal to the plane of the smartphone-source and that one of the sensor (figure 4).
The experiment foresees the employment of a point light source. Figure 4 shows the polar

. . . . . . h
diagram of the illuminance measured as a function of the azimuthal angle § = sin~! — for the

same source adopted in figure 2, where d is the source-sensor distance and 4 is that of the
source from the optical axis.

The illuminance as a function of angle 6 is reported in figure 5(a) on a Cartesian diagram,
where, for comparison, the function E = Eg[cos’ (9)] (with i = 1, 2, and 3) is also shown. E,
is the illuminance measured at § = 0°.

The case with i = 0 would correspond to a response of the photometer independent on
the incidence angle of the light rays coming from the source, which is unfeasible. The
expected response is described by the case with i = 1, which takes into account the projection
of the sensor active area orthogonally to the line of sight (figure 4(a) and see appendix).

8
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Figure 4. (a) Top-view of the experimental geometry adopted to evaluate the angular
response of the lux-meter and (b) the polar diagram of the illuminance measured as a
function of the azimuthal angle 6, and at a fixed source-sensor distance of 33.5 cm. The
experimental uncertainties are within the size of the adopted symbols. The dashed
circle represents the expected response of the photometer since the detector area
projected on a plane normal to the sensor-source direction follows the function
E = Ey[cos (0)]. The black solid line reproduces the function E = Ey[cos’ (9)].

However, as the angle of incidence increases, the experimental illuminance decay is observed
to move away substantially from the i = 1 curve. The function E = Eg[cos’ ()] is observed
to represent the best approximation of the illuminance angular dependence. This effect is the
result of a limited acceptance of the employed photometer. The estimate of its angle of
acceptance within the horizontal plane is provided by the width at half maximum of the
function, resulting in 75°, in comparison with 120° corresponding to the expected one.

In order to model the effect of a reduced acceptance on the measured illuminance, it is
clear that, mathematically, a term of the type cos' (§) with i > 1 must substitute the term
cos (f) appearing within the function to integrate over the whole screen surface. The result of
this operation is described in the appendix, and provides the result expressed by

9
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Figure 5. Illuminance (black dots) measured by the sensor of a smartphone as a
function of the azimuthal angle (see the main text for details) and at a fixed source-

sensor distance of 33.5 cm. The dotted curves represent the trend of the function
E = E, cos'(f), with i = 1, 2, 3, as displayed by the legend.
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Figure 6. [lluminance versus source-sensor distance of a 15” LCD displaying a uniform
white image (black dots) and illuminance versus source-sensor distance calculated with
equation (A13) for a Lambertian emitting disk with radius 14.6 cm.

d1+i

_ @R | Figure 6 shows the illuminance
behaviour in accordance with equation (A13) compared with the experimental data (figure 4).

equation (A13): EP—L—i = ZﬁL.
a+1i

It is evident from figure 6 that, even though all the curves of

EDLA already for distances
greater than 0.1 m, still substantially underestimate the experimental data, from a purely
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Figure 7. Illuminance as a function of the source-to-sensor distance of a 15” LCD
displaying a uniform white image (black dots), and illuminance as a function of the
source-to-sensor distance calculated with equation (A15) with i = 3 and for an emitting
screen consisting of a distribution of light sources with progressively more collimated
emissions (dashed lines with n = 1, 2, ..., 8; thicker dash for n = 1 (Lambertian screen)
and n = 6).

mathematical point of view, powers of the cosine with i > 1 improve the interpolation of the
experimental trend. Moreover, this procedure suggests that powers of the cosine with i > 3
would further improve the interpolation. However, this occurrence is unjustifiable for the
adopted sensor.

To get around this bottleneck, one has to realise that a directionality term of the type
cos’ (0) can be applied not only to the sensor, but also to the emitter. This translates into a
non-Lambertian emission [34-37]. Indeed, in a Lambertian emitter, the luminance is
independent on the emission direction, whereas deviation from a Lambertian behaviour can
be expressed by a luminance angular dependence of the type: L = Ly cos” ™V (¢) (the case
n = 1 representing that of a Lambertian emitter), which mathematically brings us to the same
result expressed by equation (A13).

3.2.4. Investigating the directionality of the screen emission. In order to test hypothesis 1),
we can adopt a generalisation of equation (A13), in which we indicate an additional exponent
n quantifying the emission directionality. This brings us to equation (AlS):

27Lo [1 ditn

EP—im — (see appendix).

(i+n (d? + R*)+m/2

Figure 7 shows the trend predicted by equation (A15) (with i = 3), compared with the
experimental data.

As the light source collimation increases (i.e., as the value of n increases), the plateau
becomes more pronounced, while the decay with distance becomes less steep. Within the
limits of the proposed model, we consider the n = 6 curve as the best interpolation of our
experimental data. As a consequence, this result validates a model where light emission from

11
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the LCD is partially collimated. The level of collimation can be estimated from the width at
half maximum of the curve, E = E; cos® (#), being equal to 55°.
From the saturation value (233 4 2) Ix, we can obtain from equation (A15) the frontal

UM pbin por i — 3 and n = 6, Ly — (334 % 3) nit. Note that this

luminance Ly = at

luminance level is much higher than the one estimated in section 3.2.1, being (74.2 % 0.6) nit.
Indeed, this latter represents an average value of a quantity which reaches its maximum value
along a direction orthogonal to the screen surface.

By comparing figures 3 and 7, one might observe that a better interpolation of
experimental data is achieved using equation (2) rather than equation (A15). This can be
attributed to the fact that even though the cosine powers allow the introduction, with a very
simple mathematical function, of the directionality both in the source emission and in the
sensor detection, the actual emission(acceptance) pattern of the source(sensor) might not be
cosinusoidal, but probably elliptic [38].

As a countercheck, one can verify if our emission model is in agreement with technical
data available for the LCD. Actually, it was recently reported that the partial collimation of
the LED light used in the backlighting of LCD brings significant advantages in terms of
contrast ratio and the reduction of colour shift with varying viewing angle [38—40]. On the
other hand, a better trade-off can be obtained with displays adopting active-matrix organic
light-emitting diodes (AMOLED). By testing these screens with the described procedure, one
might expect to detect a relatively lower level of illuminance but the illuminance trend with
distance might be consistent with a much more constant illuminance level with the viewing
angle (Lambertian behaviour) [41, 42].

Finally, we observe that, as the curves shown in figure 7 do not show unique features at a
distance equal to the diameter of the screen (about 0.3 m), the trend of the illuminance with
distance is the result of a combined effect produced by the angular dependence of the
photometer acceptance and the luminance of the light source.

4. Students’ reactions and recurrent caveats

The illustrated experiment was tested in two classes of first-year undergraduate students, one
in an Engineering School and one in a Science School, composed by a group of twenty
experimenters each. A common reaction of students who performed the experiment is actually
the impression of facing an ‘unexpected’ result. With the term unexpected it is meant that, in
regards particularly to the measurements performed on extended light sources, no single
equation is available to reproduce experimental results as in other more common experiments.
The results seem to totally deviate from a theorized behaviour, giving the feeling that no tool
is available for their interpretation. Actually, the behaviour of the extended sources is hardly
discussed in physics courses [30], and results appear as extremely source-dependent. With the
scope to guide students along a research-like path for the interpretation of their results, after
the individuation of qualitative and quantitative patterns of the illuminance trend as a function
of distance (section 3.2.1), we invited them to test known models of planar emitters
(equation (2)). Students recognised that the available models for Lambertian emitters
apparently fail to reproduce the measured trend and readily realised that LCDs behave like
Lambertian emitters with a substantially larger size. At this stage, students were invited to
devise a hypothesis to explain the observed behaviour (section 3.2.2). Most of them realised
that LCDs behave like ‘shrunk’ Lambertian sources, providing the same emitted intensity of a
larger screen but concentrated along a frontal direction. However, understanding that this
brings to the same effects of a reduced acceptance of the sensor appeared to be more difficult.
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To test the devised hypotheses, the angular response of the lux-meter was then explored
(section 3.2.3), and we mathematically showed how this response can be incorporated within
known laws, underlying that the same mathematical result is accomplished by assuming
directional emission. With the modified mathematical model, students determined the
acceptance level of their light sensor, the collimation level of their LCD and its frontal
luminance. We underline that no fitting procedure was recommended; model testing is
undertaken by the manual variation of the free parameters.

We noted that most students expressed difficulties in reproducing a polar plot. On this
basis, we explicitly invite teachers to stress the importance of this measurement step and to
guide students to get familiar with the management of polar plots.

By analysing the range of student results, we realized that there is another critical step of
the measurement procedure: students often fail to map near-source values of illuminance.
Their typical behaviour is that of mapping the illuminance at distances that are multiple to a
fixed interval. As a consequence, the deviation of illuminance as a function of 1/ d? in the
proximity of point sources (figure 2) and the saturation of the illuminance in proximity of
extended planar sources (figure 3) cannot be visualized, missing the fundamental character-
istics that distinguish extended sources from point-like ones. In relation to that, since illu-
minance increases rapidly by approaching the source, students must be aware of the saturation
value of their lux-meter, which might differ from smartphone to smartphone. On the contrary,
sensitivity and acceptance are rather uniform among devices [20].

As stated above, this experiment allows students to witness unexpected behaviour, which
is represented by the interruption of the increase of illuminance while approaching an
extended source. This measurement is even more surprising if undertaken after that involving
point-like sources, which, regardless their tiny dimension, make the illuminance explode for
short distances. The experimental session is undertaken by ensuring dark conditions, which
makes the measurement experience even more exciting. The experiment also stimulates in
students the desire to compare different screens, giving a sense to possess a solid metho-
dology to test, in terms of intensity and divergence level, the quality of the monitors adopted
in everyday life.

5. Conclusions

LCDs represent useful models of planar emitters, a subject traditionally overlooked within
programmes of physics experimentation. The measurement of the illuminance as a function of
distance from a LCD highlighted the presence of unique patterns, with substantial differences
in respect of the response of Lambertian sources, requiring the formulation of a predictive
model. Assuming a significant role played by the angular acceptance of the photometer and
angular emission of the light source, the explanation of the experimental illuminance decay
behaviour is possible. Using the light sensor of a smartphone, the luminous flux of a point-
like source and the luminance of an extended planar source can be estimated with an accuracy
within 2%.

The described experiment represents an example of application of the ISLE principles,
proving that a correct approach allows the acquisition of data of scientific value even though
adoptingimmediately available instruments and rustic apparatuses. This requirement is basilar
for experiencing not only a simple confirmation of established models, but a thorough pre-
dictive modelling process of the observed phenomena though guided critical reflections.
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Data availability statement

All data that supports the findings of this study is included within the article (and any
supplementary files).

Appendix : Influence of the photometer acceptance and directionality of the
emission pattern on illuminance measurements

We can assume that the extended planar source is represented by a continuous and uniform
radiating rectangular surface with area A = a x b (6.73 x 107> m?* for a 15" LCD) in the x-y
plane (a and b represent the dimension of the sides of a 16:9 screen), and the centre at the
origin of the reference system. Each infinitesimal flat portion of the screen of extension 6xdy
can be considered an isotropic point emitter, radiating a flux 6¢g ~I proportional to the overall
flux ¢o: 6(;5‘00 = %“6x6y. The related infinitesimal luminous flux areal density at a distance d
P—I
o
27 (x* + y? + d?)
minance can be obtained after a proper integration over the entire emitting surface, and

considering that at an angle ¢ , i.e. the angle between the surface element normal and the
direction of observation (figure Al), the detector receives a flux reduced by a factor

cos(p) =

. The illu-

along the z-direction (sensor axis) follows the law 6®F~1 =

()C2 +y2 4 d2)1/2'

a/2 pb/2
EP-1 = f f Po d by "
—a/2J-b2 27A (x? 4 y? + d?)3/?

bringing us to:

EP-T = 2¥%atan ab 73
R CRIORYS

To simplify the calculus, without changing the physical problem, we assume a circular
(non-rectangular) emitting surface with radius R, but having the same area A (R =
1.46 x 10~ m for a 15 LCD). Under this new geometrical conditions, considering that a ring

[Rectangular isotropic emitter]. (A2)

contributes to a fraction of the total intensity of light emitted equal to 6¢; = 227rér, where

27rér represents the infinitesimal area of a ring of radius r and thickness ér, the luminous flux

areal density of an isotropic concentric emitting ring of radius r of infinitesimal thickness is
¢y,

o1 — % (figure Al).

27w (r? 4+ d?)

By using the relation cos(y) = the illuminance value measured by the

d
(r2 4 d2)1/2’
photometer at a distance d along the axis of a ring source of radius r is:
1
ooy, d

SETT = :
2 (r2 + d??

(A3)
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Figure A1. Schematics showing the geometry for deriving equations (A2) and (AS). A
luminous plane (P) of sides a and b is separated by a distance d from the light sensor
(S). An infinitesimal plane element of area éxdy illuminates the sensor along a direction
forming an angle ¢ with the disc surface normal. The luminous plane is approximated
by a concentric luminous disc (D) of radius R = [(a x b)/7]'/2. An infinitesimal
concentric ring of radius r and thickness ¢r illuminates the sensor along a direction
forming an angle ¢ with the disc surface normal.

Hence, the illuminance produced from the entire isotropic disk results in:

R ¢ d
D—1 _ 0 -
E = L A 02T dn rér (A4)

bringing us to:

_ %
A

EDfl

[l — W] [discoidal isotropic emitter]. (AS)

In the case of a Lambertian emitter [31], the luminous flux areal density displays an
angular decay in accordance with the law:

r

6oL = cos (). (A6)

S
27 (r? + d?)
The illuminance measured by the photometer modifies into:

6oy, d? oy d?

SETL = =— A7
27 (r? + d?) (r* + d?) 21 (r* + d*)? e
The illuminance produced from the entire Lambertian disk results in:
R 2
ED*L — (b() d (AS)

So__d° s
0o A (r2+d2)2r "
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which, after integration, brings us to:

2
EP-L = ¢—0 __Rr . (A9)
2A| (d* + R?)
Equation (A9) represents a special case of the more general equations obtained by
Ivchenko [33] and assuming the disc luminance L = ﬁ:
7r
R2
EP—L = 7| ————— |[discoidal Lambertian emitter]. (A10)
@+ R?

In accordance with the results illustrated in figure 5, the effect of a reduced acceptance is

that to introduce a factor of cos' () = [ﬁ] in the integrand of equation (AS8),
r
which can be rewritten in the general form:
) R ¢) d1+i
D—L—i _ 0 .
E = 0 prér, (Al 1)
bringing us to:
[ W dar | (A12)
(1+0nA (d? + RH)(I+D/2
or, equivalently:
DL _ 2wl 1 — diti ‘
1+ i) (dZ + R2)(1+z)/2
[discoidal Lambertian emitter with reduced acceptance]. (A13)

It is worth noting that equation (A10) and equation (A13) correctly approximate to
E = %o for d — oc.
27d? . .
In the case of a non-Lambertian source, we can assume that the ensemble of the point

sources emit intensities preferentially along an orthogonal direction, following an angular
n

. . " _ d .
dependence described by the function cos” () = W (n > 1) [34-37]. This
modifies the luminance in accordance with the relation L = L cos”~D (), and the illumi-

S i+n
nance according to the function 0E" = %% d which is obtained by multi-

; r? + d2)(2+i+n)/2’

. . nen d 5
plying the second member of equation (A6) by the factor cos” () = [m] .

Following the same integration steps as before, we obtain:

i+n
gp—in — 0 [1 d ]; (A14)

(+mA| (@ + R/
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Figure A2. Normalised illuminance as a function of relative distance predicted by
equation ((A2), rectangular isotropic emitter with sides a x b = 7R?), ((A5), discoidal
isotropic emitter with radius R), ((A10), discoidal Lambertian emitter with radius R),
((A15), discoidal non-Lambertian emitter with with radius R setting i = 3 and n = 3).

or, equivalently:

D—i 27TLO di+n
EP-in — - .
(i + n) (d2 + R2)(t+n)/2

[discoidal non—Lambertian emitter with reduced acceptance]; (A15)

which still approximates to £ = % 5

for d — oo.

Figure A2 shows the comparison of the illuminance trend with the distance calculated with
equations (A2), (AS), (A10) and (A15). Normalised illuminance is expressed with the ratio
E/E;_o, whereas relative distance is the ratio d/R, where R is the radius of the actual
discoidal emitter or the radius of a discoidal emitter having the same area of an actual
rectangular emitter. It is worth noting that the two curves comparing the response of two

isotropic emitters having the same area but different shape (discoidal and rectangular) are
virtually identical.
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