Universitat Freiburg
Advanced physics lab, part 1
Holiday internship in the summer semester 2024

Experiment 2
Light runtimes

(Group 11)

November 5, 2024

Dates of experimental execution: August 29th to 30th, 2024
Tutor:“



Contents

1 Goal of the experiment 1
2 Experiment 1
2.1 Setup ... 1
2.2 Execution . . . . . . . .. 1

3 Evaluation and error analysis 2
3.1 Evaluation of used devices . . . . . . .. . ... ... ... ... ... . 2
3.2 Chopper . . . . . . . 2
3.3 Square wave function . . . . . . . .. ... 4
3.4 Beamsplitter . . . . . . .. 6

4 Discussion 7
4.1 Finalresults . . . . . . . . . 7
4.2 Comparison with expected results . . . . . . . . .. ... ... .. ..... 8
4.2.1 Chopper . . . . . . . 8

4.2.2 Square wave function . . . . . . . ... ... 8

4.2.3 Beamsplitter . . . . . . . ... 8

5 Attachment 10
5.1 Labbook . .. . .. . . ... 11

literature . . . . . . . 14



1 Goal of the experiment

The goal of this experiment is to measure the speed of light with light runtimes.

2 Experiment

2.1 Setup

The setup of the experiment is split into three parts, as shown in the lab book in the
attachments in figure 12. The photo diode as detector is always connected to an oscillo-
scope with a coaxial cable. The laser in the first experiment is powered by a power supply
set to 5 V. The chopper [1] used has 200 blades on its wheel. This setup is illustrated in
figure 1.
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Figure 1: Setup with chopper

The pulse Laser is used for the second and third experiment. It has its own power adapter
but needs always an external trigger signal, that is constantly set to f = 50 kHz, coming
from a function generator set to a square wave function. These setups are illustrated in
figure 2 and figure 3.
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Figure 2: Setup with the Square wave func- Mirror
tion Figure 3: Setup with the split beam

2.2 Execution

At first it is checked which devices are used for the experiments.

Then the real measurements start to determined the speed of light. Three measurements
have been made:



1. The cw-laser beam goes through a beam splitter and after that through a chopper.
Behind that are one ore multiple mirrors in some distance to bring the beam back.
In the beam splitter the beam is directed into the photo diode. The signal from
the diode is seen on the oscilloscope.

2. The pulsed laser is used with a square wave function trigger. The beam is send
through the beam splitter on the mirrors and the way back into the diode. The
function generator and the diode are connected to the oscilloscope and the time
difference between them is measured.

3. The beam is split with the beam splitter into two ways with different lengths. The
signals are again detected in the diode and the time difference between the resulting
peaks is measured.

3 Evaluation and error analysis

3.1 Evaluation of used devices

The evaluation of the devices used is on the first page of the lab book in figure 12. In
addition to that non of the amplifiers have been used because we had no beneficial effect
with them as seen in figure 10 and figure 11 in the attechment.

The comparison of the photo diodes in figure 12 shows the time width of the raise and
fall of the detected peak coming from the pulsed laser signal. For the Ixys and Osram
diode the total width of the peaks are in the magnitude of microseconds. The width of
the Thorlabs diode peak is in the magnitude of nanoseconds. Because of the much better
time resolution the Thorlabs photo diode is used for all experiments. The uncertainty
from the photo diode is expected to be very small compared to other factors. Because it
is constant we can filter it out with a fit.

The error on the length measurements with the tape measure is always ag = 0.05cm
triangularly distributed and comes from the uncertainty of reading the scale. Therefore
the uncertainty is
Ad =L ~0.02cm,
V6

3.2 Chopper

With the values set and measured as shown in figure 12 the frequency of the chopper
has an uncertainty of Afy &~ 1.2 Hz that comes from the fact that the frequency on the
display varied around a few Hertz.

When the laser beam passes through the chopper but is blocked on the way back from the
mirrors there is no signal visible on the oscilloscope. Then the speed of light is detected.
With the fastest frequency possible and multiple distances behind the chopper the results
look like this on the oscilloscope.
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Figure 4: Signal from the photo diode Voltage V depending on the time ¢

The peaks in figure 4 show, that the light beam came through the same gap of the
chopper on both ways. So the frequency or the traveled way is to small.

Because the speed of light is not detectable with this setup a low boundary can be set
where the speed of light has to be faster. This is illustrated in figure 5. The speed is
calculated by the formula

v=2-d-f=2-d- fo-200-2

with 200 the amount of blades in the chopper wheel. The uncertainty is so small that it
is not visible in the fit. It comes from the Gaussian error propagation and is calculated

by

Av = \/(800 - fo - Ad)? + (800 - d - A fo)*.
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Figure 5: minimum of the speed of light depending on the length of the way

At the end it is possible to say that the speed of light measured with this method is

¢ > (36423 + 7) km/s.

3.3 Square wave function

The pulsed laser used has a time delay [2| from the trigger input until the laser beam
output of At; = (35+5) ns. This delay and the time the signal travels through the coaxial
cables has a significant impact on the measurement. Because those values do not change
between the different travel distances, they are systematical errors that are removed by
fitting the data. Therefore those errors do not have to be quantified.



Ak
11|1M1n0uu

Figure 6: delay of the photo diode signal compared to the trigger function

In figure 6 the times when the peaks occur are measured on the oscilloscope. The
measurement is taken from the begin of the raise or from 0V to the peak. The value is
then averaged and triangular distributed with the two boundaries measured as peak and
zero point on the oscilloscope.
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Figure 7: Minimum of the speed of light depending on the length of the way

In figure 7 the resulting data is plotted. The measured values are illustrated with error
bars and a confidence band. The error comes mainly from the big selected interval on
the oscilloscope where the data was collected.



According to this measurement the speed of light is
¢ = (291567 + 45829) km//s.

It is calculated by the inverse of the fitted slope shown in red. The green line is the
literature speed of light. The fit is quite fitting but the errors are way too big estimated.
The reduced x? = 0.02 is extremely small. That means we estimated the errors to big.
This is seen as well in the plot, because the error bars are way bigger than the difference
between the fit and the real value.

3.4 Beam splitter

The difference in the distance between the two ways is dg;fy = 2 - p2 — 2 - p1, where p;
is the short path with d; and po is the long path with da (to dy4). The time difference
between the detected peaks is tg4;¢f = t2 — t1. The speed is then calculated to
Y daif !
taiff
The uncertainties come through the Gaussian error propagation with

Atgipp = \/(Atl)z + (Atl)z

and

Adaigs =/ 2 Ap2) + (2- Apy)”.
Finally for the speed, the uncertainty is combined to

Av = ( 0 Ad, >2+( LN >2
Dilgsy;  Daiss Dhasy;  aits ) -

The two peaks, each coming from one of the split ways are seen on the oscilloscope in
figure 8.
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Figure 8: time delay between the peaks of the split laser beam



The measured values are plotted with their error bars and illustrated in figure 9. The
speed of light is also calculated by the inverse of the slope of the red fit. The green line
is the literature speed of light. The fit is fitting quite okay. The x? value is high, but not
that important with just five measurements. More important is that roughly two thirds
of the points are on the fit, and the speed of light is determined quite neatly.
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Figure 9

According to this measurement the speed of light is

¢ = (291955 & 5511) km/s.

4 Discussion

4.1 Final results

With the Chopper setup the speed of light is
c> (36423 £ 7) km/s.
With the trigger setup the speed of light is
¢ = (291567 + 45829) km/s.
With the beam splitter setup the speed of light is

¢ = (291955 & 5511) km/s.



4.2 Comparison with expected results
The speed of light [3] is defined to the value

cit = 299792.458 km/s.

4.2.1 Chopper

The measured value of ¢ is smaller then the literature value. The measurement leads to

£ ~129%
Clit

of the real value. The uncertainty is calculated by

A(c)_AC%O%.

Clit Clit

It was not possible to get a better result, because the length of the way of the laser beam
is limited by the size of the laser protection box in which the experiment was made. On
top of that only four mirrors were available. This limits the possible length of the way
as well. On top of that the chopper frequency was limited with 20 kHz. From figure 5
follows, that with a higher chopper frequency or a longer way, higher speeds can be
measured. Therefore with an expanded setup the speed of light should be measurable.

4.2.2 Square wave function

The measurement leads to

N 9T£15)%
Clit

of the real value. The value itself is good but the uncertainty is very high as expected

after the evaluation of figure 7.

With a t-test

| é—cit | ~
Ac

the measured value is compatible with the literature value.

t= 0.18

4.2.3 Beam splitter

With a t-test

| ¢—cut | _
Ac

the the measured value is again compatible with the real value. The t-test value is not

so good as the value from the previous setup. This is because the uncertainty is very

t= 1.4



small and therefore the t-test is not so good although the measured value is better with
this setup. The value itself is close to the speed of light with

L N (974£18)%

Clit
and the uncertainty is reasonable for this setup.

It was expected to get the best result with this setup, because there should be no error
coming from the connection to the oscilloscope, because the difference is only in the split
way of the laser beam. Maybe the result will get even more precise with longer ways the
light has to travel. Furthermore, it could help to read the times of the peaks with an
error at full width half maximum.



5 Attachment
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Figure 11: Thorlabs diode with amplifier
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5.1 Lab book
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