Spreadsheets for the teaching of Physics
Computers have been involved in the education process since the appearence of the first systems such as mini and personal computers. Computer Based Instruction (CBI) and Computer Aided Instruction (CAI) are the two main ways in using computer science in all levels and disciplines in education.

In the particular case of science education, studies on cognitive mechanisms have led to a scientific approach for the transfer of Knowledge and the teaching of problem solving and other intellectual skills1 .

Advances in information processing psychology, linguistics and artificial intelligence have changed the way people think. Furthermore, advances in computer science have given new tools to education2.

Physics, and especially physics education, is one of the sciences where information technology (IT) has found a wide field of applications. This is because physics deals with the laws of nature and how everything acts, has an experimental nature, and it is difficult for someone to perceive and understand its concepts and reach the level of problem solving.

Progress in information technology and the involvement of computer systems in academic and research institutions where teachers and students can have access to them, has changed the way physics is taught and presented to the students.

Physics curriculum, teaching environment and the skills students have to develop are continuously changing, and computers have allready found their role as a pedagogical tool.

Concerning curriculum, four main principles have to be considered3:

1. A high-level programming language for the students to be in command of information technology 

2. Acquisition of problem solving skills

3. Stimulation of the reorder and broadening of the subject taught, the building of physical intuition and the pursuit of independent study

4. The decoupling of physics learning from its mathematical formulation.

Teaching environment involves the means of improving the current teaching, the development and testing of innovative approaches and new learning environments4.

Computers in physics education can be used in many ways, such as course management, tutorials, practice, testing, programming, laboratory data acquisition, modeling physical phenomena, simulations, expert systems, and interactive environments.

The introduction of IT in physics teaching has also arised from practical issues. Among these are difficulties in the understanding of  concepts such as velocity5 and acceleration6 from student populations coming from different disciplines, physics students' preconceptions in introductory mechanics7, student difficulties in connecting graphs and physics8, and much more.

Alfred Bork in the Millikan lecture, posed the aspect of interactive learning through computers, where students become participants in the teaching process rather than spectators9.

Many educational environments have been developed towards this direction. Computer tutorials and demonstration programs including simulations of physical phenomena run in academic institutions. These include some basic characteristics of interactivity where users can change constants and parameters, see and judge the new results10.

A different approach includes the microcomputer-based laboratories where computers are used for data acquisition and students have the chance to manipulate them using spreadsheets, mathematical, and presentation tools11.

Spreadsheets follow the four principles mentioned above, and are one of the powerful tools in teaching and doing physics from the introductory12 to the research level13. 

So, programming languages through which algorithms describing problem solving are implemented, may be substituted by a spreadsheet. 

Acquisition of problem solving skills is attained through the readily processed results and the readily accessible and meaningful presentation of those results, as well as the processing medium which is sufficiently accessible for the majority of children12.

Stimulation of the reorder and broadening of the subject taught, the building of physical intuition and the pursuit of independent study are acheived through spreadsheets mainly by the graphical presentation of the data acquisition and manipulation, and the conclusions coming from them. Moreover, spreadsheets eliminate the need for repetitive mechanical calculations and there is more time for doing science, predicting, interpreting results and evaluating scientific evidence12.

The decoupling of physics learning from its mathematical formulation does not apply for the particular case of spreadsheets. In the contrary, spreadsheets play an important role in calculus-based introductory physics courses, since students can acquire skills in using tools of analysis such as algebra, geometry, trigonometry, and calculus to solve physics problems.

Spreadsheets are compared with parallel computers because of their structure which is similar with parallel computers architecture13. Spreadsheets consist of a number of cells each of them performing a single task such as the evaluation of a formula or storing data simulating an indpendent processor. Moreover, it carries the answer of the particular task like an independent memory, and finaly communicates with other cells. 

This kind of computerized tools increase teacher and student productivity and are analytic tools to ask "what if" questions of science phenomena. 

Physics teaching is a field of spreadsheet applications. Webb12 refers two classroom uses with examples from planetary motion with data from a secondary source (bibliography), and Boyle's Law geting data from experiment. Both manipuate data in tabular and graphical form and show the convenience and facilities this kind of software offers. Orvis14  describes the methods of linear and polynomial regression and a nonlinear direction set algorithm of fitting equations to data in the spreadsheet environment using the calibration of a thermocouple and thermal conductivity for gallium arsenide as examples. Error estimates in cases like the above are considered in error analysis using spreadsheets. Poshusta15 reports error analysis of least squares fitted models using Monte Carlo simulation, an extention of Orvis's article.

Another approach to spreadsheets is the use of new methods to solve equations from physics, and they are appropriate for integration problems. Dory16 gives an example of initial value problems with a second-order differential equation using Euler, backfire, and Runge-Kutta integration.

Spreadsheets also find applications in scientific research, with an example the computation and plotting of charged-particle trajectories in 3-D electrostatic fields by solving the Laplace equation13. 

Going back to physics teaching, spreadsheets are combined with mutimedia and hypermedia environments getting data either from experiment or from secondary sources. The Comprehensive Unified Physics Learnig Environment (CUPLE)4 is such an environment which combines computer-based tools with inputs from laboratory experiments, video recordings, and other sources. Data can be exported directly to a spreadsheet for analysis and modeling.

Spreadsheets in physics presented in this book are towards this direction. Topics covered are from geometrical and physical optics. The aim of the project is the understanding of physical concepts through the use of spreadsheets. It involves the finding out of the mathematical expression for physical laws, the behaviour of light, and the conclusions coming out from the mathematical study (calculations, graphs) of physical phenomena. With the recalculation capability of the spreadsheet one may test a hypothesis by examining the change of the results if the value of a variable is changed. It is also easy to examine mathematical formulae to see the influence in an equation because of the changing of one variable. The real value of spreadsheets is shown when students understand the logic behind them. Plugging data into cells is not enough without understanding why they are doing so.

Refraction of light

Refraction is the phenomenon where a light beam bends as it passes from one material into another. For the experimental study of refraction we use single light rays. Having in mind that the second law of reflection tells that the angles of incidence and reflection are equal, we will try to find the relationship between the angles of incidence and refraction. Figure 1 shows the pass of light from one medium (air) into another being into the tank. The experimental data are the various angles of incedence and the corresponding angles of refraction.
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 Figure 1. i: angle of incedence, r: angle of refraction.
ANGE OF INCIDENCE
ANGLE OF REFRACTION
ANGLE OF REFRACTION
ANGLE OF REFRACTION

FOR AIR i (DEGREES)
FOR AIR r (DEGREES)
FOR GLASS r (DEGREES)
FOR WATER r (DEGREES)

0.O
0.O
0.0
0.0

10.O
10.O
6.7
7.6

20.O
20.O
13.3
15.1

30.O
30.O
19.6
21.6

40.O
40.O
25.2
28.6

50.O
50.O
30.7
35.3

60.O
60.O
35.1
40.8

70.O
70.O
38.6
46.3

80.O
80.O
40.6
48.2

Table 1.

Table 1 shows the angles of incedence and refraction for three different materials, as they appear in a spreadsheet. We can see that when light just passes from air into air of the same density, i=r that is there is no refraction. Moreover, the angle of refraction of light passing from air to glass or water is always less than the angle of incidence (except when the latter is 0o). In order to investigate the relationship between the angles of incidence and refraction, we calculate the ratio i/r in the spreadcheet.

ANGE OF INCIDENCE
RATIO (GLASS)
RATIO (WATER)

FOR AIR i (DEGREES)



0.O
INDETERMINANT
INDETERMINANT

10.O
1.49
1.32

20.O
1.50
1.32

30.O
1.53
1.39

40.O
1.59
1.40

50.O
1.63
1.42

60.O
1.71
1.47

70.O
1.81
1.51

80.O
1.97
1.66

Table 2.

Table 2 shows the results for glass and water. The ratio i/r is not constant for all the angles of incedence, but it is only for very small angles. Moreover, the ratio is defferent for different materials. So, the conclusions we reach from the experimental data and their manipulation through the spreadsheet is that the angle of refraction depends on the material, and that for small angles of incedence the angle of refraction is proportional to the angle of incedence. That is,

r = constant * i, or r = n * i

for small i

where the constant n depents on the material and is the index of refraction of the particular material, when light of a specific color (wavelength) passes from air to that material.

These results can also be seen in figure 2, which shows the graph of r versus i. It was made easily from the experimental data, with the help of the spreadsheet. This is the reason that the numbers appearing on the two axes are in the form of the experimental data (e.g. 10.0). In order the spreadsheet to make the three curves, draws a curve connecting the points and not fitting them using some mathematical formulas.
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  Figure 2.

We found a relationship between i and r for small angles of incedence, and we may find the angles of refraction for various angles of incedence using the curves of figure 2. But it is more convenient to have a single law, a mathematical expression describing the phenomenon of refraction. This is done by Snell and Descartes who studied the geometry of the experiment. The only thing we may notice is that the so called Snell's law has to become the same with r = n*i for small i. The function with this property is sine. So, Snell's law can be written as:

 EQ \F(sini,sinr)  = n.

In order to check Snell's law with the experimental data of table 1, we calculate the angle of refraction for glass puting the above mathematical formula into the spreadsheet (table 3). Figure 3 shows the graphs of r versus i for both the experimental and calculated data. The differences between the two curves are because of the experimental errors and the value of the index of refraction used in Snell's law (n=1.5). The index of refraction for glass depends on its composition and varies between 1.5 and 1.9. 

ANGE OF INCIDENCE
ANGLE OF REFRACTION

FOR AIR i (DEGREES)
FOR GLASS r (DEGREES)

0.O
0.0

10.O
6.6

20.O
13.1

30.O
19.1

40.O
24.6

50.O
29.3

60.O
33.1

70.O
35.9

80.O
37.6

Table 3. 
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Figure 3.
An interesting phenomenon concerning the refraction of light is that of total internal reflection, and it happens when light passes from a medium with a higher absolute index of refraction to a medium with a lower index. The index of refraction of any substance in  vacuum is called the absolute index and its value is close to that for air.

Let us consider the case where light passes from glass of index of refraction 1.5 to air. Snell's law can be written as:

sinıair  = n * sinıglass

where ıglass is  the angle of incedence and ıair the angle of refraction.

Table 4 shows the calculated angles of refraction for this case for various angles of incedence. Two different elements are appeared compared to the previous tables. Firstly there is the angle of incedence of 41.81030, and secondly the symbol "#NUM!" corresponding to the angles of refraction larger than 41.81030. This is not an error message of the software showing a weakness in the calculations. Looking carefully at Snell's law, we can see that the sinıair  takes the value of 1for this angle of incedence, that is ıair  becomes 900. One, is the maximum value for the trigonometric function of sine and there is no mathematical meaning in the calculation of the angle of refraction for angles of incedence above  41.81030. This does not mean that Snell's law does not work in cases like these, but there is something else going on. A new physical phenomenon appears. At 41.81030 (the so called critical angle for glass) the refracted light propagates parallel to the surface separating the two materials (ıair = 900), and this is the largest possible angle for refraction. There is no refracted light going out of the glass for angles of incedence larger than the above as is indicated in table 4. Instead, light is totally reflected back into the glass. From Snell's law it is clear that the critical angle has different value for different substances since it depends on the index of refraction.      

ANGE OF INCIDENCE
ANGLE OF REFRACTION

FOR GLASS (DEGREES)
FOR AIR  (DEGREES)

0.0000
0.0

10.0000
15.1

20.0000
30.9

30.0000
48.6

40.0000
74.6

41.8103
90.0

50.0000
#NUM!

60.0000
#NUM!

70.0000
#NUM!

80.0000
#NUM!

Table 4. The angle of incedence has four decimal digits in order critical angle to be calculated accurately.
The index of refraction of a material also depends on the colour (wavelength) of light. Table 5 shows the index of refraction of a kind of glass for various colours of light, and the calculated angles of refraction for a specific angle of incedence for light passing from this glass to air. The angles of refragtion are different for the various wavelengths, as expected from Snell's law. That means that we can use the phenomenon of refraction to separate a beam of light into its colour (spectral) components. This is the case of white light (sun, incandescent light bulb) passing through a prism where light is analyzed into its components, each of them deviating at different angle. This deviation is determined by the angle between the surfaces through which light passes, by the direction of incedence on the first face, and by the index of refraction of the prism. 

COLOUR
INDEX OF REFRACTION
ANGLE OF REFRACTION



(DEGREES)

RED
1.513
49.16

ORANGE
1.514
49.20

YELLOW
1.517
49.33

GREEN
1.519
49.42

BLUE
1.528
49.82

VIOLET
1.532
50.00





ANGLE OF INCEDENCE (DEGREES):

30

Table 5. 

Diffraction of light

Diffraction is the phenomenon of bending of a light beam coming from a point source on an obstacle such as the edge of a slit. The result is an intricate shadow made up of bright and dark regions unlike anything one might expect from geometrical optics. Interference and diffraction are two similar phenomena. We speak of interference when considering the superposition of a few waves and diffraction when treating a large number of waves. The study of diffraction follows Huygens-Fresnel principle stating that "every unobstructed point of a wavefront, at a given instant in time, serves as a source of spherical secondary wavelets. The amplitude of the optical field at any poind beyond is the superposition of all of those wavelets" (figure 2).
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 Figure 4.

Because of its simple mathematical formulation, we consider Fraunhofer diffraction. That means that the light source and the plane of observation are far from the object causing the diffraction (the slit in figure 4). So, waves coming on the object and on the plane of observation are plane waves.

Single slit diffraction

A measure for the diffraction pattern on the screen, is the irradiance (intensity) which is proportional to the square of the amplitude of the optical field, and for a single slit of width d is given by the formula

I(ı) = I(0)( EQ \F(sina,a) )2,           where    a =  EQ \F(ðd,Ï) sinı.

I(ı) is the irradiance at any angle ı on the screen, I(0) the maximum irradiance, and Ï is the wavelength of the light.

The intensity distribution of the light on the screen and thus the intricate shadow made up of bright and dark regions can be easily  shown using the spreadsheet. Table 6 shows the intensity on different points on the screen (different angles ı).  


SINGLE SLIT



d/Ï
1





ı(DEG)
a
I(ı)/I(0)

-20
-1.074
0.670

-18
-0.971
0.723

-16
-0.866
0.774

-14
-0.760
0.822

-12
-0.653
0.866

-10
-0.546
0.905

-8
-0.437
0.938

-6
-0.328
0.965

-4
-0.219
0.984

-2
-0.110
0.996

0
0.000
#DIV/0!

2
0.110
0.996

4
0.219
0.984

6
0.328
0.965

8
0.437
0.938

10
0.546
0.905

12
0.653
0.866

14
0.760
0.822

16
0.866
0.774

18
0.971
0.723

20
1.074
0.670

 Table 6. I(ı)/I(0) is the normaized intensity, according the maximum intensity I(0).

The result for ı = 0  is indeterminant as it is shown by the spreadsheet (#DIV/0!). Of course, the intensity oposite the slite is not zero but has its maximum value I(0) and it is called the main (central) maximum of the diffraction. This is explained mathematicaly by the L' Hospital rule stating that

lim ( EQ \F(sina,a) )2 1, a 0.

The diffraction pattern depends on the ratio d/Ï, that is on the relation between the opening of the slit and the wavelength of the light, or more general the size of the slit. And as it can be seen from the mathematicl expression for I(ı), this seems to be the cause for the phenomenon of diffraction. Figure 5 shows the intensity distribution on the screen for various values of the angle ı, and different values for the ratio d/Ï. The graphs correspond to the formula for I(ı). The negative values for angle ı correspond to the left side of the central maximum, and the positive ones to the right side.
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Figure 5.
The intensity starts modulating with the angle ı as the width of the slit increases in relation with the wavelength, with the secondary maxima having low intensity. For large widths (d = 100Ï) the modulation is too narrow, and the result is only one maximum oposite the slit (figure 5d) confined in small angles ı. So, for large slit there are no intricate shadows made up of bright and dark regions, and light follows the rules of geometrical optics propagating linearly. The phenomenon of diffraction happens only for small slits comparing with the wavelength of the incident light. 

The function that gives I(ı) has minima when a = mð (m = 1, 2, 3, ...), that is when dsinı = mÏ. From the geometry of diffraction (figure 4) one can see that the distance between two consecutive dark areas ¢x is given by

¢x =  EQ \F(ÏL,d)  .

Since ¢x depends on the wavelength, different colors of light diffract in a different position on the screen. If the source emits white light, the higher-order maxima show a succession of colors. Each different colored light component has its minima and maxima at angular positions characteristic of that wavelength (table 7). Only in the region about ı = 0 (opposite the slit) will all of the colors overlap to give white light. So, diffraction can be used for the analysis of light into its spectral components, or as a means for the computation of the wavelength by measuring the value of ¢x.

COLOR
Ï(m)
¢x(m)

Violet
4.00E-07
0.07

Blue
4.60E-07
0.08

Green
5.30E-07
0.09

Yellow
6.00E-07
0.10

Red
6.70E-07
0.11

Infra-red
7.20E-07
0.12

Table 7. The calculation of ¢x by the spreadsheet is for d = 6*10-6m and for L = 1m.

Double slit diffraction

The phenomenon of diffraction combines with that of interference in the case of the double slit. Interference is the phenomenon where two or more waves overlape with the result of changing their intensities between a maximum and a minimum value. There are regions where the waves cancel partialy or even completely each other, and other regions where the resultant troughs and crests are even more pronounced than those of the constituent waves. Interference can be simply studied by using Young's experiment. Light diffracts through a small slit with a diameter q (q<<Ï) and passes through two other slits having the same diameter q and center to center separation d. The condition of geometrical optics does not hold since q<<Ï, and there are no geometrical shadows. Instead, the two slits act as sources of equal inphase surfaces, according to Huygens principle. The intensity distribution on a screen is given by:

Iint(ı) = Iint(0)cos2‚,       ‚ =  EQ \F(ðd,Ï) sinı.
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Figure 6.

Figure 6 shows the relative intensity distribution for several angles for two slits having a separation of 50Ï. All the fringes have the same intensity because of the very small aperture of the slits (q<<Ï), which is an ideal condition. For real experiments where q<<Ï does not exist, the results are different since the phenomenon of diffraction appears. Fringes position is the same but their intensity is not. The intensity of the diffracted waves is given by 

Idif(ı) = Idif(0)( EQ \F(sina,a) )2,           where    a =  EQ \F(ðq,Ï) sinı.

Combining the two equations for interference and diffraction, we get the mathematical expression for the intensity of the diffracted wave for double slit where its amplitude is variable:

I(ı) = I(0)cos2‚( EQ \F(sina,a) )2,
I(0) being  4Idif(0) or 4Iint(0)
Table 8 shows all the factors included in the calculation of the intensity of the diffracted wave for double slit having taken in mind the L'Hospital rule for ı = 0. As one might see, the resultant intensity distribution is a combination of a rapidly varying double slit interference system, modulated by a single slit diffraction pattern. This can easily be seen from the graphical representation of the results (figures 7 and 8). These figures as figure 6 are for q/Ï = 5.

Figure 7 shows the diffraction factor for the double slit diffraction, and figure 8 the product of the two factors (figures 6 and 7) which is the result for double slit diffraction.  Light intensity at any point on the screen for any slit separately, is given by the diffraction from that slit. The diffraction patterns for the two slits considering them separately coinside. This is because of the Fraunhofer diffraction where parallel light rays are focused at the same point. Since the two diffracted waves are coherent, they interfere and interference redistributes the light energy on the screen giving the final pattern (figure 8). For q<<Ï interference predominates, energy is almost the same at any point on the screen, and the interference maxima have almost the same value (figure 6). Far from q<<Ï diffraction starts playing its role, the light energy is not uniformly distributed on the screen, and it is given by the diffraction pattern for a single slit with width q.

The expression for the intensity distribution for double slit diffraction shows that the envelope curve is the curve of the single slit diffraction. This is shown in figure 11 where the single slit (diffraction) and double slit (product) diffraction patterns appear.

Again, all figures do not represent the diffraction patterns exactly, because of the restrictions of the spreadsheet. So, the values of the intensity are not shown for all the angles but the spreadsheet connects the values taken from the calculations. This is the reason for the values appearing on the axes.

ı(DEG)
‚
Iint(ı)/I(0)
a
Idif(ı)/(I0)
I(ı)/I(0)

-20
-53.7244
0.9026
-5.3724
0.0216
0.0195

-19
-51.1401
0.4112
-5.1140
0.0324
0.0133

-18
-48.5403
0.0237
-4.8540
0.0416
0.0010

-17
-45.9256
0.1325
-4.5926
0.0467
0.0062

-16
-43.2970
0.5994
-4.3297
0.0459
0.0275

-15
-40.6552
0.9660
-4.0655
0.0385
0.0372

-14
-38.0010
0.9116
-3.8001
0.0259
0.0236

-13
-35.3352
0.5077
-3.5335
0.0117
0.0059

-12
-32.6587
0.1038
-3.2659
0.0014
0.0001

-11
-29.9722
0.0161
-2.9972
0.0023
0.0000

-10
-27.2766
0.2940
-2.7277
0.0217
0.0064

-9
-24.5727
0.7178
-2.4573
0.0662
0.0475

-8
-21.8613
0.9832
-2.1861
0.1395
0.1372

-7
-19.1432
0.9162
-1.9143
0.2419
0.2217

-6
-16.4193
0.5738
-1.6419
0.3691
0.2118

-5
-13.6904
0.1867
-1.3690
0.5121
0.0956

-4
-10.9573
0.0015
-1.0957
0.6586
0.0010

-3
-8.2209
0.1287
-0.8221
0.7941
0.1022

-2
-5.4820
0.4842
-0.5482
0.9038
0.4376

-1
-2.7414
0.8482
-0.2741
0.9752
0.8272

0
0.0000
1.0000
0.0000
1.0000
1.0000

1
2.7414
0.8482
0.2741
0.9752
0.8272

2
5.4820
0.4842
0.5482
0.9038
0.4376

3
8.2209
0.1287
0.8221
0.7941
0.1022

4
10.9573
0.0015
1.0957
0.6586
0.0010

5
13.6904
0.1867
1.3690
0.5121
0.0956

6
16.4193
0.5738
1.6419
0.3691
0.2118

7
19.1432
0.9162
1.9143
0.2419
0.2217

8
21.8613
0.9832
2.1861
0.1395
0.1372

9
24.5727
0.7178
2.4573
0.0662
0.0475

10
27.2766
0.2940
2.7277
0.0217
0.0064

11
29.9722
0.0161
2.9972
0.0023
0.0000

12
32.6587
0.1038
3.2659
0.0014
0.0001

13
35.3352
0.5077
3.5335
0.0117
0.0059

14
38.0010
0.9116
3.8001
0.0259
0.0236

15
40.6552
0.9660
4.0655
0.0385
0.0372

16
43.2970
0.5994
4.3297
0.0459
0.0275

17
45.9256
0.1325
4.5926
0.0467
0.0062

18
48.5403
0.0237
4.8540
0.0416
0.0010

19
51.1401
0.4112
5.1140
0.0324
0.0133

20
53.7244
0.9026
5.3724
0.0216
0.0195

Table 8. 
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Figure 7.
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Figure 8.
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Figure 9.
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Figure 10.
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Figure 11.

References for the topics presented can be found in [17, 18, and 19].
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