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Introduction to Experimentation in Physics

1 Introduction

It doesn’t matter how beautiful your theory is.
It doesn’t matter how smart you are.
If it doesn’t agree with experiment, it is wrong.
Richard P. Feynman
There are several reasons physicists carry out experiments: to develop new knowledge, like the discovery and
usage of radioactivity; to test hypotheses and theories, think of the discovery and proof of Majorana particles
some 75 years after the prediction of its existence; and to explore and determine features of various systems.
One cannot simply carry out an experiment and call it a scientific experiment. There are many scientific rules
that must be adhered to. One must put a lot of work and effort into the experiment and in writing the report
before others (peers, other experts in the field) can be convinced that what was found is reliable and valid. Doing
the work thoroughly will also help to make sure that the values of quantities can be determined accurately.
The goal of the course “Introduction to Experimentation” is to give you a first glimpse of what it means to do
experiments in physics, and to demonstrate the rules that must be applied when doing such experiments. You
will work with equipment that is often used by physicists in labs. You will learn how to collect, process, analyse
and present experimental data. Explicitly, after following this course you are able to:

• understand what is required before you can start collecting data in a scientific, physics experiment

• collect, analyse and present empirical data for the purpose of scientific research

• write a concise report on a physics experiment

Rather than using extensive lectures, we provide all necessary information in this manual and make use of short
movie clips in each of the chapters (click the movie symbol). This allows more freedom and does not require you
to participate in aspects in lectures where the content is already familiar to you.
If you have ideas for improvement, let us know! You can make use of the Issue button at the top right corner.
I hope you will enjoy the physical experiments we have designed for you.
Freek Pols
Coordinator Physics Lab Courses
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1.1 Course content

The course consist of an introduction to measurement and uncertainty combined with an introduction to
Python and two introductory experiments. For each experiment, you will write a paper. You are allowed to
work together, however, your partner for the second experiment should be different from the person you worked
with during the first experiment. This is due to the fact that an important aspect of the minor is that you will
meet new people with different (educational) backgrounds. We want to stimulate this by forming new teams.
The final grade for the course is calculated by:

Grade = 0.2 · M&U + 0.4 · IE1 + 0.4 · IE2 (1)

If your grade for IE2 is lower than a 5.5, you will be allowed to hand in a second version. The grade for this second
version will not be higher than a 6.0, but in some cases that will be enough to allow you to pass the course.

What How Teamwork Percentage
M&U online test individual 20%
IE1 paper student pair 40%
IE2 paper student pair 40%

1.1.1 Measurement and uncertainty

Measurement and uncertainty is a chapter in this manual which you will have to read. There will be a number of
exercises, some of which will involve the use of Python. These exercises will prepare you for the test. There is an
afternoon scheduled where a TA is available for help if you have questions about measurement and uncertainty
and the use of Python. However, you are allowed to work at home and consult the TA using MS Teams.
Your knowledge of measurement and uncertainty will be assessed in an online test using Jupyter Notebooks. You
are allowed to bring this manual, premade scripts, notes etc. ,in other words, it is an open book exam. You are
not allowed to consult others during the online test.

1.1.2 Introductory Experiment 1

The first experiment is the same for everyone and involves determining the gravitational acceleration g within 0.5%.
You and your lab-partner ought to determine the fourth significant number of the gravitational acceleration. This
experiment will help you get acquainted with experiments in physics. During two pre-scheduled afternoons you
will work on a scientific paper using the RevTex-template. You are allowed to work at home, but it is mandatory
to at least show a draft version. This will help you to adjust major mistakes. Such a paper is different in many
elements from reports in other engineering subjects. The paper will be assessed.

1.1.3 Introductory Experiment 2

The second experiment will be done pairwise. There are several experiments (different experiments each year) of
which one is to be chosen. You should enroll yourselves at BrightSpace for the preferred experiment. Note that
we have only a limited number of equipment available and some of the groups will be quickly filled.
Please prepare the experiments for which you enrolled. This saves valuable time during the scheduled hours.
Preparation means that you read the chapter, carry out the assignments and start working on lab journal.
Determining the half-life of K-40
Two different methods are used to determine the half-life of K-40. The literature value is used to determine which
method yields the best value. However, one should consider the trade offs as well!
Spectral lines of Sodium or Mercury
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Table 1: Time schedule with deadlines and expected hours of homework.

Week Topic Deadline Time required Mandatory
1.1 Introduction - 2 + 2 (reading) V
1.2 M&U - 4 (assignments) X
1.3 M&U - 4 (assignments) X
2.1 M&U test Test 4 V
2.2 Experiment 1 - 4+2 (preparation) V
2.3 Report writing Hand in draft for

feedback
4 X

3.1 Report writing Hand in report 4+2 (finishing re-
port)

V

3.2 Experiment 2 - 4+2 (assignments) V
3.3 Experiment 2 - 4 V
4.1 x - - X
4.2 Report writing - 4 X
4.3 Report writing Friday before exam

week
4 + 2 (finishing re-
port)

X

Spectral lines can be determined to identify atoms and molecules of distant stars. In this experiment you will
determine the spectral lines of Sodium or Mercury using spectroscopy.
Boltzmann
This experiment consist of two parts. You will determine the Boltzmann constant by characterizing the (V, I)-
behavior of a silicium diode by a constant temperature. In the second part you will focus on the behavior of the
diode as function of temperature.
Water droplet
In this experiment you will investigate two aspects of a water droplet: the size and shape of water droplet and
the drag coefficient.
Surface tension
In this experiment you will investigate the surface tension of water. You are free to either compare two different
methods or investigate how a factor of interest (for instance temperature or sugar concentration) changes the
surface tension.
Millikan
In this historic experiment you will determine the elementary charge by emerging charged oil droplets between
two charged plates.

1.1.4 Schedule and deadlines

When you enroll in the Introductory Laboratory Course you will receive a personal timetable. This timetable shows,
amongst other things, the date of the lab safety test, the time and place of the experiments and the deadlines. If
you fail the online safety test, you will not be allowed to take part in the rest of the course.
The practical sessions cover the following topics: Python, IE1, writing a lab report, and IE2.
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1.2 Rules and regulations

This introductory laboratory course provides you with your first experience in conducting physics experiments.
This includes taking measurements, processing them, and recording the results in a short paper.

1.2.1 Rules of attendance

To ensure that all students can complete the Introductory Laboratory Course in time, it is essential that everybody
does what is asked of them. This has proved difficult for some students. This has forced us to make use of a
penalty system. When penalties are imposed, they can have serious consequences: they could result in you failing
the course and therefore failing the entire minor. (Below, the sanctions are indicated in italics.) For this reason,
we strongly advise you to take note of the penalties for infractions like late arrival and do all you can to avoid
them.

Illness, etc. As stated earlier, the smooth running of the Introductory Laboratory Course relies upon your
attending the sessions listed in your personal timetable. If you realize in advance that you will be absolutely
unable upon your attending a particular session, contact the course office as soon as possible to try to arrange
an alternative time and date. This is always subject to the availability of places, and you must have a legitimate
reason for rescheduling (a holiday, for instance, is not acceptable).
By notifying us promptly, you may also enable the course office to reallocate your place to another student in a
similar situation.
If you find yourself unable to attend at the last minute – due to illness, for example – you must inform the course
office no later than 8.30am on the day of a missed morning session and no later than 1.30pm on the day of a
missed afternoon session. To notify us, call 015 278 5886 or 015 278 2459 or e-mail adminnp-tnw@tudelft.nl.
You will need to arrange an alternative time and date as soon as possible. If you fail to do so, you will not be
able to continue the course.
You can cancel and reschedule attendance at lab sessions up to three times. If you try to do so a fourth time,
you are considered to have fallen so far behind that you will be unable to pass the course in the current academic
year and so are excluded from it.

Absences without notification If you fail to attend a lab session or experiment without giving advance notice
or informing us on time with a valid reason, you must report in person to the course office as soon as possible to
arrange a new time and date.
In this case, one full point is deducted from your final grade for the course. Only one unannounced absence of
this kind is permitted; if it happens a second time, you will be excluded from the course.

Lateness Lab sessions begin promptly at either 8.45am or 1.45pm.

1. If you arrive less than 15 minutes late, you are permitted to join the session.

2. If you arrive more than 15 minutes late, you will not be permitted to the session and must report in
person to the course office as soon as possible to arrange a new time and date. This due to safety issues
and instructions that are necessary to know how instruments work and what is expected of you during
the experiments.

The worst case scenario is that a full point is deducted from that specific experiment. Whether this penalty is
applied, will be discussed with the practical coordinator.

1.2.2 Handing in your work

The course includes a number of assignments, in the form of lab concise papers of the experiments you have
conducted, that need to be handed in. As stated, you are allowed to work in pairs but have to switch partner for
the second experiment.
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Your paper must be handed in using Brightspace, where it is grade using a rubric. This will be scanned for
plagiarism using TurnItIn. You ought to submit your digital lab notebook using Vocareum.
The deadlines for submitting both versions (and, if required, improved rewrites) are set by the course administrators.
In exceptional circumstances, you may be granted an extension of up to one week; to obtain one, you must apply
at least one day before the original deadline and in person or by e-mail (not by telephone), with valid reasons.
If your second lab paper is not good enough, you will be asked to submit an improved rewrite by a new deadline. In
this case, you must also provide the original version again. Without that, your revised paper will not be assessed.
If you fail to hand in and upload a paper on time, it will be marked 1 out of 10. Once you have missed the
deadline, there is no point in submitting the paper at all as it will not be assessed anyway.

Fraud and plagiarism To check that you have not copied somebody else’s work, or parts of it, your paper is
scanned for plagiarism. If one or more passages are found to be identical to another paper, that is treated as
fraud and the Board of Examiners is informed. The board has the power to impose very severe penalties, not
least excluding you from the course.

1.2.3 Software

You need to install Arduino. Furthermore, you will use LaTeX. A simple way to use LaTeX is using Overleaf. For
running the Jupyter Notebooks, we recommend VSC.

1.2.4 Contact

For advice, or to make complaints, please contact:
dr. ir. C. F. J. Pols
room A005
e-mail c.f.j.pols@tudelft.nl.

6

https://curvenote.com
https://www.arduino.cc
https://www.overleaf.com
https://code.visualstudio.com/
mailto:c.f.j.pols@tudelft.nl


Introduction to Experimentation in Physics

1.3 Lab journal

Before each experiment, you will do assignments to help you prepare for and understand the experiment. During
the experiment, you will collect data, write down settings of the equipment, make notes, etc. All this information
should be clearly organized in a single document, your lab journal. If you have used your lab journal considerately,
another researcher should be able to finish the experiment you started. Another researcher should also be able to
assess your work using your lab journal as well. Keeping up a lab journal is thus an important part of scientific
research and lab work. As we value it so high, as it is vital to establish the reliability and validity of a study, we
only grade your report when your lab journal is handed in through Vocareum.

Figure 1: A scan of a lab journal from a first year physics student.

1.3.1 Function

Your lab journal is an archive for ideas, considerations, methods, measurements, analyses etc. Everything that
is or could be important for the study should be written down in the lab journal. Unpublished experiments and
materials can be published after two years on the basis of your lab journal.
Keeping track of your work in a clear, well-structured manner, making your code and analysis available and
readable for others, is not easy. The following structure might help you in keeping track of your work. However,
not all fields can be applied to each and every experiment. There might be fields missing as well. You can and
may change the lab journal structures to better meet your demands.

1.3.2 Structure

The structure of the lab journal is very similar to that of a scientific report. It covers the following issues:
General
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Heading What to include
Title of the experiment Write down a concise, comprehensive title.
Start date Write the starting date of your experiment.
Expected end date Write down the expected end date of the experiment.
Partner If applicable, write the name of your partner.
Goal Write down the aim of the experiment.
Research question If applicable, write down the research question. If a

prescribed experiment does not have a concrete re-
search question, write a more elaborate goal.

Expectations Write down the expected outcome.
Desired accuracy How accurate do you want the outcome of the ex-

periment to be, e.g. difference between result and
literature value.

Preparation

Heading What to include
Task Write down the tasks involved in the prescribed exper-

iment.
Theory Write down the theory that is required to understand

and carry out the experiment, in a few very short sen-
tences.

Method Write down, in general terms, what the experiment is
like. A more precise description of the single steps is
noted in the procedure.

Independent variable The variable you change.
Dependent variable The variable that you want to measure.
Controlled variable Variables that might influence the outcomes of the ex-

periment and thus have to be kept constant (as pos-
sible).

Instruments & settings The instruments used in the experiment, and their set-
tings. These settings may change throughout the ex-
periment. Note the accompanied accuracy of the in-
struments for those particular settings in this section.

Procedure Describe the steps that have to be carried out, or have
been carried out, to do the experiment.

Set up An image, drawing or reference to the experimental
setup.

Comments Any comments about things that require specific at-
tention.

Accuracy Room for calculations addressing accuracy, measure-
ment uncertainty and error propagation.

Execution
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Heading What to include
Table Write down all measurements in a labeled table. Val-

ues that do not change should not be inside a table.
Observations Observations that are not quantitative in nature the

light bulb started to glow, producing visible light for
the first time.

Comments Further comments that might be important for the
collection of data.

Processing

Heading What to include
Graphs The graphs following from the data collection and pro-

cessing (described in the method section).
Trend The general trend that can be seen in the data, similar-

ities with expectations following from e.g. theoretical
models.

Analysis A further analysis of the data
Calculations Calculations of your final answers. Additional calcula-

tions with regard to measurement uncertainty.
Comments Further comments addressing the processing of data,

e.g. removing data points.

Evaluation

Heading What to include
Discussion Discussing your results when the description does not

fit within the processing.
Conclusion The final conclusion, the scientific claim you draw

which can be justified by your data.

1.3.3 Jupyter Notebook

We have made a Jupyter Notebook template available, you can download it at the top of this page. Jupyter
Notebook uses various online languages (Python, LaTeX, HTML, Markdown). Often used codes can be found
here. You are required to hand in your lab journal along with your report.
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1.4 Generative AI

With the introduction of openAI, the way we work quickly changed. Generative AI (GenAI) tools are becoming
increasingly prevalent in academic and experimental settings. While these tools can significantly enhance produc-
tivity, it is essential to adopt them responsibly. We outline below best practices for using GenAI in data analysis,
scientific writing, and maintaining transparency.

1.4.1 GenAI in Data Analysis

GenAI can assist with data analysis in Python, providing support in writing, debugging, and optimizing code.
However, researchers must ensure that any code generated is thoroughly understood and adaptable to the specific
needs of the experiment. Blindly relying on AI-generated code without comprehension can lead to misinterpretation
of data or overlooked errors. Researchers should:

• Review and understand each line of code produced by GenAI.

• Validate AI-generated scripts through testing with controlled data.

• Adapt and modify code as needed to fit the experimental design and objectives.

The goal is to use GenAI as a tool for efficiency, not as a replacement for analytical thinking and problem-solving
skills critical in physics research.

1.4.2 GenAI in Scientific Writing

When it comes to drafting reports, papers, or lab notes, GenAI can be a valuable resource for enhancing the
quality of scientific writing. However, to maintain authenticity and personal engagement with the material:

• Begin with your own draft to ensure that your understanding and voice are clearly represented.

• Utilize GenAI for specific tasks such as spell-checking, grammar correction, and assessing the clarity and
coherence of your text.

• Seek suggestions from GenAI on ideas to expand upon, alternative explanations, or improvements in
structure.

Remember, scientific writing is an integral part of the learning process, helping to solidify your grasp of concepts
and methodologies.

1.4.3 Transparency and Reflection on GenAI Use

Ethical scientific practice includes transparency about the tools and methods used throughout the research process.
When employing GenAI:

• Clearly acknowledge its use in data analysis, coding, or writing within your reports or publications.

• Reflect on how GenAI contributed to your work—did it help clarify concepts, improve code efficiency, or
enhance the quality of writing?

• Discuss any limitations or issues encountered with AI-generated content to provide a comprehensive view
of its role in your research.

By maintaining transparency, you contribute to academic integrity and help set standards for the responsible
integration of AI technologies in scientific disciplines.
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Note
The text above has been written with ChatGPT 4o using the prompt:
For an introduction course to experimentation in physics, write a page on responsible use of genAI. Cover:

• data-analysis in python can be used with genAI, but code should be understandable and adaptable
by the researcher.

• in writing genAI is of good use, but make yourself an initial text. genAI can be asked for spell check,
assessing the quality, hinting on ideas to include etc.

• being transparent on the use, reflect whether and how you used genAI.

The produced text has then been adapted to fit within the spirit and regulation of this course.
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1.5 Frequently Asked Questions

Is attendance mandatory?
Some of the course’ parts are mandatory. In Table 1, you can find which parts are mandatory.

I am not able to attend, e.g., illness..
If it is absolutely impossible to come in person (such as in the case of illness), you must report this inability
before 08:30 if the mandatory part is scheduled for the morning on that day. If the mandatory part is
scheduled for the afternoon, you must cancel by telephone (015-2785886 or 015-2786552) or by e-mail
(adminnp-tnw@tudelft.nl) before 13:00. Read more here.

I do not agree with my report grade.
Our teaching-assistants are all very competent and experienced. However, in case of any disagreement,
contact the coordinator. The coordinator will assign a second TA to check the grading. We want to state
that in previous cases, the second TA always agreed with the first, with a max difference of 0.3 / 10 in grade!

12

https://curvenote.com
mailto:adminnp-tnw@tudelft.nl


Introduction to Experimentation in Physics

1.6 About this book

This introductory course in physics experimentation has been redesigned in 2020. Many of the experiments were
redesigned and the ‘old’ manual (written in Word) was converted to a LaTeX pdf. In 2025 the materials have
been converted into an Open Interactive Textbook.

1.6.1 Licenses

This book is licensed under a Creative Commons Attribution 4.0 International License: Copyright Delft University
of Technology, CC-BY-NC-4.0

Figures & videos All figures and pictures have been made by the team of authors except for:

• the cover drawing which is published in Leerboek Natuurkunde; Horn & de Gast N.V. Joh. Ykema’s
Uitgevers. Den Haag - 1934

• the schematic https://contemporary-physicslab.github.io/TN2985/millikan

• ...

• the introductory youtube clip on diodes

1.6.2 Your contribution

An absolute advantages of Jupyter Online Books is the ability to have readers contribute. If you see a typo, if
something is not clear, or anything needs to be adjusted, click the FEEDBACK button at the top of the screen
and open an issue (you need to have a github account though).

1.6.3 Authors & contributors

Experiments: Many of the experiments are based on materials originally developed by colleagues and former
instructors of this course (mostly dr. Ad Verbrugge and Em. prof. Erik Lagendijk). All descriptions have been
thoroughly rewritten in 2020 and redesign and extended in 2024.
Python: The chapters on Python have originally been written by prof. Gary Steele in 2019. These notebooks
have been adapted ever since. A specific section on the origin of these notebooks are included
Safety: The chapters on safety have been adapted from the materials provided by the faculties Health, Safety and
Environment department.
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1.6.4 About the author

Freek Pols (1986) is an assistant professor in the Sci-
ence & Engineering Education group at the Faculty
of Applied Sciences at Delft University of Technology.
After his study in Applied Physics, he worked as a sec-
ondary school physics teacher for 10 years. Since 2019,
he has been working as a practicum coordinator at TU
Delft’s Engineering Physics program. In 2023 he ob-
tained his PhD on practicum education, specifically
on teaching scientific inquiry. His research remains
directed at the development of experimental physics
education, but now with a focus on university level.

1.6.5 How to cite this book

C.F.J.Pols, Introduction to physics experiments, TU Delft Open, 2025. [DOI]
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2 Safety

In the science labs, you often work with devices and procedures that are still unknown to you. This can have
consequences for you and for the devices you work with. It is also good to be aware of safety and risks because
it can certainly play a role in your working age.
In order to prevent the risks of possible accidents, a number of rules and guidelines have been drawn up that you
must adhere to. Eliminating all risks is not possible, which is why we use the definition: safety is the conscious
taking of acceptable risks.

Figure 2: We must try to prevent this... (picture generated with AI)

2.1 General

The risk of accidents can be a consequence of:

• not following safety rules such as not working according to instructions, incorrect handling of chemicals
or hazardous substances and not wearing personal protective equipment;

• working with electricity, high voltages and/or large currents;

• working with increased or decreased pressure and/or temperature;
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• the properties of applied chemical substances;

• performing tests with a usually unknown outcome;

• the large variety of equipment;

• not using machines or devices correctly;

• continuing tests after working hours (endurance tests), usually without continuous supervision;

• not working accurately and neatly.

You can reduce the risk or severity of accidents by:

1. Removing the cause of the risks.

2. Reducing the risks.

3. Limiting the possible consequences of the risks.

In the sciences lab this is tackled by our chance by having you take a number of tests on safety so that you
become aware of possible risks. In addition, we have a place in all lab rooms where you can put your coat and
bag. The supervisors have had training in seeing and estimating and acting on possible risks. The labs are also
set up in such a way that the risk is kept as small as possible.

Figure 3: A poorly designed workplace is an invite to accidents... [Photo by HSE - TNW - TU Delft]

On our side, a lot has already been done to reduce or completely eliminate the risks. We expect the same effort
from you, which includes:

• coats and bags in the right places
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• a tidy, organized workplace

• preparation for the experiment

• use the right working method

• use of personal protective equipment such as cryogenic gloves, safety glasses, a lab coat, etc.

• reporting any defects and unacceptable risks to the assistant

If an accident does occur, report it immediately to the assistant. If help is needed, you can always call the
emergency number for building 22: 015-2788888

Figure 4: It sometimes happens that students still have alcohol in their blood when they have to do a practical.
If this is the case, they are not welcome. (picture generated with AI)

2.2 Equipment & materials

2.2.1 Lamps, lenses & gratings

The gas discharge lamps that you use during practicals have a start-up time. You also cannot turn the lamps
back on immediately after you have turned them off. They have to cool down first. Turn them on in time. Do
NOT turn them off in between.
Some lamps, such as the mercury lamp, also emit UV radiation. So handle them with care, never look directly
into the lamp and do not leave it on unnecessarily after you have finished the experiment.
These gas discharge lamps become very hot. The housing also becomes very warm. Do not hold them but use
the base of the lamp.
The lenses and gratings that you use are very sensitive. They can quickly become scratched, which reduces the
functioning of the component. Never put the optical instruments on a table, only hold them by the metal base,
and when you use them, secure them immediately! This prevents them from falling and becoming damaged.
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Figure 5: When working with spectral lamps, know that some of the light that comes of is invisible (UV or IR).

2.2.2 Cryogenic substances

High temperature objects (furnaces, reactors, oil baths) and low temperature objects (solid CO2, cryogenic liquids
such as liquid nitrogen) pose a risk of burns. There is a thermal risk above 80oC and below -20oC in the event of
contact. Below -20oC, objects that are grasped will ‘stick’, with a risk of frostbite. At temperatures below -40oC,
the same effects as with heating occur. When the cryogenic gases escape, they remain low, which can cause a
dangerously high concentration that displaces the oxygen present. Any reduction in oxygen concentration below
21% is potentially dangerous. Inhaling oxygen-poor air can cause a person to lose consciousness.
In a (technical) scientific laboratory, liquid nitrogen is often used. The temperature of liquid nitrogen is -196oC
or 77K. When using liquid nitrogen, care must be taken and the prescribed personal protective equipment must
be worn, such as:

• a face shield or safety glasses with side protectors against splashes

• special cold-insulating gloves that are loose enough to be able to remove them immediately if liquid
nitrogen accidentally splashes in

• loose-fitting work jackets that can be removed immediately

Practical work with cryogenic substances with shorts, open shoes or loose-fitting boots is not permitted. The
risks are too high for that. Also see the extensive description on the theme cryogenic substances.

2.2.3 Lasers

In some experiments you work with lasers. Lasers can develop a large amount of energy. Never look into the
beam of a laser!

18

https://curvenote.com


Introduction to Experimentation in Physics

Figure 6: Proper working methods with cryogenic substances require, among other things, the correct clothing.

The (negative) consequences depend on the wavelength and intensity of the radiation, the duration of the exposure
and the part of the body that is exposed. The best-known harmful effects of exposure to electromagnetic radiation
are related to the development of heat in tissue (thermal effect). The skin and (especially) the eyes are the organs
that are most vulnerable.
The person who builds a setup with a laser must prevent reflections of the laser light. There are also lasers that
have an invisible beam (ultraviolet, infrared) but which can still cause damage to the eyes. These lasers are extra
dangerous precisely because of the invisible beam. Make sure there is sufficient shielding. In addition to shielding
the laser, you must also use laser safety glasses. Also see the extensive description on the theme laser safety.

2.3 Safety check

For each practical, you are expected to have done a safety check. Before starting, check the following points:

• I know what to do during the practical.

• I have done a risk inventory and know what can go wrong.

19

https://curvenote.com


Introduction to Experimentation in Physics

• Any risks are listed in the lab journal, including associated measures to reduce risks.

• The safety assessment has been checked by the supervisor.

• All necessary materials are present and intact.

• The desk is set up for the experiment: only the necessary materials are present.

• My coat and bag are stored.

• Food and drinks are put away.

If one of the above points cannot be checked, report to the supervisor.
A similar inventory will follow afterwards. You may only leave after you have signed out and shown the checklist.

• All materials have been cleared away, the space in and around the desk has been left ‘clean’ again.

• All electrical equipment has been switched off.

• Any defects (regardless of whether they occurred during the experiment) have been reported to the
supervisor.

2.4 Safetytest

Before you can do your first experiment, you must pass at least two tests. First, the general safety test, in which
you will learn the escape routes in the building, among other things. Second, the lab safety test. Both tests must
be taken on labservant, see Brightspace. Labservant is only accessible via a TUD IP. So the test must either be
taken at the TUD, or you must connect to the TUD network via a TUD VPN.
For a number of specific experiments, an additional test is required (cryogenic substances or working with lasers).
You will be notified if this is necessary.

2.5 Case study

In an experiment of the physics lab, research is done into the viscosity (stickiness) of glycerol. The setup to be
used is shown in Figure 7. Perform a risk analysis before performing this experiment. Consider what could go
wrong with the experiment, what the consequences would be, and how potential risks could be reduced.
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Figure 7: An experimental setup used in the first year lab
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Table 2: Shared responsibility

TU Delft is responsible for: You are responsible for:
a safe workplace; complying with the safety regulations;
providing you with the necessary information on safety; acting in a cautious and responsible way.
a safety expert at your disposal.

2.6 General Safety

2.6.1 General Safety & Security at Applied Physics (AP)

Responsibilities Although some safety regulations can be implemented, not all risks can be avoided. Hence,
there is a shared responsibility:

Emergencies and minor accidents

1. Call the internal alarm number.

2. The emergency centre of TU Delft will send the in-house emergency response team (Bedrijfshulpverlening,
BHV).

3. If needed, the emergency centre of TU Delft will contact the external emergency services.

When in doubt, always call the internal alarm number. Know where to find the emergency facilities (e.g. emergency
exits, assembly point).

Internal alarm number
+31(0)15 27 88888

In case of site alarm

1. First think of your own safety.

2. Secure your work station and leave the building as soon as possible, taking the nearest exit.

3. If possible, warn your colleagues and assist people with disabilities.

4. Go to the nearest assembly point/checkpoint, see signs: 5. At the assembly point/checkpoint, wait for
instructions of the in-house emergency response team ( Bedrijfshulpverlening, BHV).

5. Sometimes only a part of the building needs to be evacuated. If you hear a distant slow whoop you can
continue to work.

In case of gas, smoke or fire

1. First think of your own safety.

2. Press the red fire alarm button.

3. Extinguish small fires if you feel confident.

Danger
Keep in mind that a hand held fire extinguisher is empty after approx. 20 seconds.
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4. If possible, warn your colleagues and assist people with disabilities.

5. Go to the nearest assembly point/checkpoint, see signs: 6. At the assembly point/checkpoint, wait for
instructions of the in-house emergency response team ( Bedrijfshulpverlening, BHV).

Figure 8: *
At several places one can find signs with the nearest assembly point.

Assembly points in case of emergencies, Applied Physics

Incidents, accidents, near misses and unsafe situations Incidents, accidents, near misses and unsafe situation
are free lessons to learn from. Always report incidents, accidents, near misses and unsafe situations to the Health,
Safety and Environmental advisor of the faculty.

Working outside office hours Office hours Faculty of Applied Sciences: 7:30 – 17:00h During office hours all
categories in work activities are allowed.
Outside office hours:

• Valid personal campus card for the faculty building.

• Activities category A are allowed.

• Activities category B

• Activities category C are NOT allowed.

Categories in work activities:

• A – No-risk activities.

• B – Low risk experimental activities are allowed if a knowledgeable colleague is at hearing distance.

• C – High risk activities.
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Figure 9: *
At several places one clearly indicated signs of fire extinguishers, and alarms.
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2.6.2 Workplace at TU Delft

How to prevent Repetitive Strain Injury (RSI)

• Alternate between repetitive and non-repetitive work.

• Take regular breaks, use Workrave.

• Learn to deal with tension.

• Ensure healthy computer workstation ergonomics.

• Contact Facility Management Services to help you organizing your workplace.

2.6.3 Security at TU Delft

Awareness: Circle of 25 meters
The Circle of 25 is a metaphor for the 25 meters around you.
You take extra care of your surroundings and thereby reduce safety and security risks on the TU Delft Campus.
When something occurs in your circle:

1. Assess the situation.

2. • When someone is in direct need of help you call the TU Delft Internal Alarm Number
• For non-urgent matters you contact the Service Desk.

Warning
Call +31(0)15 27 88888 using a landline at TU Delft or your mobile phone
Save number in your mobile phone!

2.6.4 Campus card

Your campuscard is your personal identification card on the campus as it is connected to your NetID. It provides
access to:

• exams;

• printer and study facilities;

• entrances to areas (buildings, labs etc.);

• use of machinery after instruction.

Take care of your campus card and do not give it to others!
In case of loss/theft: Report to Service Desk immediately.

2.6.5 Advice on Safety & Security at TU Delft Conventional safety
• Anneke Koster-Ammerlaan

• Health, Safety and Environmental (HSE)

• Advisor, Faculty of Applied Sciences

• E-mail: M.J.J.Koster-Ammerlaan@tudelft.nl

• Advice on Safety & Security at TU Delft; Biological safety; Safety & security
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2.7 Lasersafety

2.7.1 Laser principle

LASER: Light Amplification by Stimulated Emission of Radiation.

Figure 10: A demonstration experiment with a laser

A laser consists of a gain medium, a mechanism to supply energy to it, and something to provide optical feedback.
The gain medium (1 in Figure 11 is a material with properties that allow it to amplify light by stimulated
emission. Light of a specific wavelength that passes through the gain medium is amplified. For the gain medium
to amplify light, it needs to be supplied with energy. This process is called pumping (2 in Figure 11. The energy
is typically supplied as an electrical current, or as light at a different wavelength. Pump light may be provided by
a flash lamp or by another laser. The most common type of laser uses feedback from an optical cavity – a pair
of mirrors on either end of the gain medium: reflector (3 in Figure 11 and output coupler (4 in Figure 11.
Light bounces back and forth between the mirrors, passing through the gain medium and being amplified each
time. Typically the output coupler is partially transparent and some of the light escapes through it. Depending
on the design of the cavity (whether the mirrors are flat or curved), the light coming out of the laser may
spread out or form a narrow beam (5 in Figure 11.

Figure 11: The principle of a laser, with a gain medium (1), pumping (2), a reflector (3), an output coupler (4)
and a resulting laser beam (5).

Characteristics of laser light are:
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• The light emitted from a laser is monochromatic, that is, it is of one wavelength

• The light from a laser is said to be coherent, which means that the wavelengths of the laser light are in
phase in space and time

• Narrow beam with small angle of divergence

Figure 12: Light emitted by a lamp (left) versus light emitted by a laser (right)

Lasers are also characterized by the duration of laser emission, continuous wave or pulsed laser.

• Continuous wave (CW) lasers operate with a stable average beam power;

• Pulsed laser refers to lasers in which the optical power appears in pulses of some duration (less than
0.25s) at some repetition rate. Pulsed lasers have a higher peak power than is possible in CW lasers.

Figure 13: The ouput of a continuous laser (left), a single pulse laser (center) and a repetitive pulse laser (right).

2.7.2 General safety

Behaviour in laser labs There are some general guidelines that always apply when working with lasers:

1. Only registered laser users or workers are allowed to enter a laser laboratory.

2. Make sure (at all times!!) that the laser bundle cannot leave the table.

3. Keep the laser bundle parallel to the table surface.

4. Use the lower power lasers during alignment of the optical setup.

5. Block the laser bundle during modifications of the optical setup.

6. Mount optical components using according the instructions.

7. Do not use chairs near the optical table.

8. Do not wear juwellery or watches or any other blinking objects.
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9. Always stay focused and adhere to the regulations.

10. Do not work alone in a laser laboratory outside office hours (8.00 – 17.00 h) without a written permission
and a second knowledgeable person within shouting distance.

11. It is not allowed to eat or drink in a laser laboratory.

Question
Which important safety measure is missing in the above?

Answer
Always use a laser safety goggle!!!

Warning
Do not touch optical surfaces with bare hands and keep unused optics covered.
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• The delicate nature of optical components requires that special procedures be followed in order
to maximize their performance and lifetime. Through everyday use, optics can come in contact
with contaminants such as dust, water and skin oils. These contaminants increase scatter off the
optical surface and absorb incident radiation, which can create hot spots on the optical surface,
resulting in permanent damage. Optical components, like filters and dichroic mirrors with coatings
are particularly susceptible to this sort of damage.

• ZnSe windows: Focusing with a high power laser onto the ZnSe-lens, toxic gasses may occur by heat
decomposition. When ZnSe is damaged by overheating, a large amount of gas and powder may be
released. In case of breaking a ZnSe-lens, please avoid touching the substrate with bare hands and
avoid breathing in powder and gas.

Figure 14: A laser set up

Entering laser labs Laser labs can be recognized from the door signs placed at the entrance next to the door
and the warning light “LASER ON”. A laser cannot be powered without this light being ON.

Figure 15: Warning lights above the doors indicate whether the laser in the room is in use.

Procedure to enter a laser lab:
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1. Protect your eyes. If the “LASER ON” light is switched ON, NEVER go in without proper eye protection.
Near the door is a box with proper laser safety goggles. Check the protection range of wavelengths before
putting them on.

2. Knock, wait for an answer before entering.

3. Enter. Laser labs have entrance control. Sweep your TUD key card to get in. You have 20 seconds to
get in before the laser shutters get automatically closed (which should be avoided while acquiring data).

Panic button
In case of emergency the red button inside the laser laboratory can be pushed to stop the lasers immediately,
and only the lasers. The emergency button wil be kept pushed in and you have to pul it back to start the lasers
again.

Laser shut down button
The white laser shut down button can be found outside the laser laboratories. Only the emergency response
team is allowed to use this button to shut down the laser in case of an emergency in the laser laboratory.

Responsible parties Three responsible parties within the group are distinguished: The local laser safety officer
(LSO), the area supervisors (AS) and the laser workers.
The LSO maintains contacts within and outside the group on laser safety. Their function contains the following:

• Maintaining inventory of all Class 3b and Class 4 lasers and verifying classification if necessary.

• Providing assistance in evaluating and controlling hazards.

• Maintaining records of Class 3b and Class 4 laser inspections.

• Participating in investigations involving lasers accidents.

• Suspending, restricting or terminating the operation of a laser or laser system without adequate hazard
controls.

The AS design the layout of the laser setup and make major changes after consulting the LSO. The responsibility
of the AS includes:
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• Must view and understand all available laser safety videos and manuals.

• Depending on the faculty, must sign forms affirming that they have read the laser safety manuals, seen
the available trainings videos, and understood them.

• Must provide specific setup information to complete SBD approval for use of Class 3B or 4 laser setups.

• Have to make a Safety Report, including:
1. A short description of the experiment/project.
2. A floor plan of the laser area (to scale).
3. Schematics of the laser system (including all beam paths).
4. Laser operation instructions.
5. Standard operating procedures.
6. Terms of use pertaining to the laser experiment.
7. Risk analysis.
8. List of laser users.

The laser workers are the day-to-day users. They use the given setup and typically make minor changes. The
responsibility of the laser workers includes:

• Must view and understand all available laser safety videos and manuals.

• Depending on the faculty, must sign forms affirming that they have read the laser safety manuals, seen
the available trainings videos, and understood them.

2.7.3 Laser classification

Lasers are divided into several classes depending upon the power or energy of the beam and the wavelength of
the emitted radiation. Laser classification is based on the laser’s potential for causing immediate injury to the
eye or skin and/or potential for causing fires from direct exposure to the beam or from reflections from reflective
surfaces.
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Figure 16: Different laserclasses based on their wavelength and power

• Class 1 lasers
Inherently safe; no possibility of eye damage. This can be either because of a low output power (in which
cases eye damage is impossible even after hours of exposure), or due to an enclosure that cannot be
opened in normal operation without the laser being switched off automatically, such as in CD players.

• Class 1M lasers
Are considered to be incapable of producing hazardous exposure conditions during normal operation
unless the beam is viewed with an optical instrument such as an eye-loupe (diverging beam) or a tele-
scope (collimated-beam); and are therefore exempt from most control measures or other than to prevent
potentially hazardous optically aided viewing; and are exempt from other forms of surveillance.

• Class 2 lasers
Emit radiation in the visible portion of the spectrum and eye protection is normally afforded by the normal
human aversion response (blink reflex: t = 0.25 s) to bright radiant sources; may be hazardous if viewed
directly for extended periods of time.

• Class 2M lasers
Emit radiation in the visible portion of the spectrum and eye protection is normally afforded by the normal
human aversion response (blink reflex: t = 0.25 s) to bright radiant sources; are potentially hazardous if
viewed with certain optical aids or for extended periods of time.

• Class 3R lasers
Are those that normally would not produce injury if viewed only momentarily with the unaided eye; may
present a hazard if viewed directly or using collecting optics (e.g. telescope, microscope, or binoculars),
but is normally not a diffuse reflection or fire hazard.
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• Class 3B lasers
Will cause damage if the beam enters the eye directly. This generally applies to lasers powered from
5–500 mW. Lasers in this category can easily cause permanent eye damage from exposures of 1/100th
of a second or less depending on the strength of the laser. A diffuse reflection is generally not hazardous
but specular reflections can be just as dangerous as direct exposures. Protective eyewear is always
recommended when experimenting with 3B-lasers. Lasers at the high power end of this class may also
present a fire hazard and can lightly burn skin.

• Class 4 lasers
Highly dangerous. Lasers in this class have output powers of more than 500 mW in the beam, or produce
intense pulses of light. These are cutting, etching and surgical lasers and can cause damage without
being magnified by the optics of the eye. Diffuse reflections of the laser beam can be hazardous to skin
or eye within the Nominal Hazard Zone.

2.7.4 Laser hazard

Generally one can state that a laser is more dangerous with:

• Higher power
Higher intensity means more power per time that can cause damage when the light is absorbed

• Less visibility of its wavelength
Infrared and ultraviolet light will not cause the blinking reflex (aversion response)of the human eye, This
means the retina will be exposed longer and the damage will therefore be greater.

• Higher intensity (stronger focus of the light)
Stronger focus means more power per area which means that the damage may be more but at the same
time worse.

Specific and non-specific laser hazards Specific laser hazards
Lasers can cause damage to the eye and to the skin, these are specific laser hazards:

• Photochemical damage
Light triggers a chemical reaction in tissue Photochemical damage occurs mostly with short-wavelength
(blue and ultra-violet) light and can be accumulated over the course of hours.

• Photothermal damage
Thermal damage or burn occurs when tissues are heated to the point where denaturation of proteins
occur. Photothermal damage occurs mostly with long-wavelength (infra-red) light.
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Non-specific laser hazards
Non specific laser hazards can be grouped into four general groupings:

• Chemical hazards which include those associated with dyes and solvents, compressed gasses and laser-
generated air contaminants (e.g. Ozone);

• Hazardous biological agents include cells and micro-organisms and some laser-generated air contami-
nants;

• Physical hazards are plasma radiation, collateral radiation (such as X-rays), electricity and noise;

• Other hazards include fires, explosions, ergonomics and robotics.

Laser radiation effects on the eye Our eyes are very vulnerable to laser light, even at low power. Since laser
light is typically bright, coherent and directive (think about a laser pointer), your eye will easily focus all this light
in a tiny spot on the retina, which can potentially create irreversible damages. A laser beam can be focused to
an intensity on the retina which may be up to 200000 times higher than at the point where the laser beam enters
the eye. Visible light causes burns of the retina, UV-light (300 – 400 nm) causes clouding of the eye lens and
infrared light mainly causes thermal damage to the retina.

Figure 17: A schematic illustration of a laser beam entering an eye.

Effects of lasers on the eye are wavelength-dependent:

• Ultraviolet-B and Ultraviolet-C (100 - 315 nm)
The surface of the cornea absorbs all UV of these wavelengths which produce a photokeratitis (welders
flash) by a photochemical process, which cause a denaturation of proteins in the cornea. This is a
temporary condition because the corneal tissues regenerate very quickly.

• Ultraviolet-A (315 - 400 nm)
The cornea, lens and aqueous humour allow Ultraviolet radiation of these wavelengths and the principal
absorber is the lens. Photochemical processes denature proteins in the lens resulting in the formation of
cataracts.

• Visible light and Infrared-A (400 - 1400 nm)
The cornea, lens and vitreous fluid are transparent to wavelengths. Damage to the retinal tissue occurs
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by absorption of light and its conversion to heat by the melanin granules in the pigmented epithelium or
by photochemical action to the photoreceptor. The focusing effects of the cornea and lens will increase
the irradiance on the retina by up to 100,000 times. For visible light 400 to 700 nm the aversion reflex
which takes 0.25 seconds may reduce exposure causing the subject to turn away from a bright light source.
However, this will not occur if the intensity of the laser is great enough to produce damage in less than
0 25 sec. or when light of 700 - 1400 nm (near infrared) is used, as the human eye is insensitive to these
wavelengths.

• Infrared-B and Infrared-C (1400 to 1.0 x 106̂ nm)
Corneal tissue will absorb light with a wavelength longer than 1400 nm. Damage to the cornea results
from the absorption of energy by tears and tissue water causing a temperature rise and subsequent
denaturation of protein in the corneal surface.

Laser radiation effects on skin The layers of the skin, which are of concern in a discussion of laser hazards to
the skin, are the epidermis, the dermis and the subcataneous tissue.

• The epidermis is the outer layer of skin. The thickness of the epidermis varies in different types of skin.
It is the thinnest on the eyelids at 0.05 mm and the thickest on the palms and soles at 1.5 mm.

• The dermis also varies in thickness depending on the location of the skin. It is 0.3 mm on the eyelid and
3.0 mm on the back. The dermis is composed of three types of tissue that are present throughout - not
in layers. The types of tissue are collagen, elastic tissue, and reticular fibres.

• The subcutaneous tissue is a layer of fat and connective tissue that houses larger blood vessels and nerves.
This layer is important is the regulation of temperature of the skin itself and the body. The size of this
layer varies throughout the body and from person to person.

Figure 18: A schematic illustration of the layers of the skin.

A sensation of warmth resulting from the absorption of laser energy normally provides adequate warning to prevent
thermal injury to the skin from almost all lasers except for some high-power far-infrared lasers. Any irradiance of
0.1 W/cm2 produces a sensation of warmth at diameters larger than 1 cm. On the other hand, one tenth of this
level can be readily sensed if a large portion of the body is exposed. Long-term exposure to UV lasers has been
shown to cause long-term delayed effects such as accelerated skin aging and skin cancer. Even so, damage can
occur if the lasers are not handled carefully. The effects depend on the laser type:
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• Exposure in the UV-B range (280 nm - 315 nm) is most injurious to skin. In addition to thermal injury
caused by ultraviolet energy, there is the possibility of radiation carcinogenesis from UV-B either directly
on DNA or from effects on potential carcinogenic intracellular viruses.

• Exposure in the shorter UV-C (0. 200 µm-0.280 µm) and the longer UV-A ranges seems less harmful
to human skin. The shorter wavelengths are absorbed in the outer dead layers of the epidermis (stratum
corium) and the longer wavelengths have an initial pigment-darkening effect followed by erythema if there
is exposure to excessive levels.

• IR-A wavelengths of light are absorbed by the dermis and can cause deep heating of skin tissue.

2.7.5 Laser labs

Laser environment The laser environment covers:

• Location of the laser equipment
e.g. inside a building within an enclosed and dedicated laser working area; inside within a more-widely
accessible or open-plan working area; outside;

• State of the working area from an equipment viewpoint
e.g., the influence on equipment of temperature, humidity, vibration, dust etc. and the possibility of
disturbances/damage by col isions with persons;

• State of the working area from a personnel viewpoint
e.g., spacious or cluttered; clean or dirty; wel -lit or dark; ease of use and ease of operation of the laser
and associated equipment;

• Level of access
e.g., localised restricted area within premises having no public access; unrestricted area within premises
having no public access; public access areas.

Laser labs requirements (basic)

• All rooms must have solid window shields, which can be lifted.

• A proper solid rim on the optical tables keeps eventual stray laser beams on the optical table, so computer
workplaces remain safe for the users.

• The laser interlock has to be connected to the panic button of the safety system

• The laser shutter or interlock has to be connected to the door.

• Laser shutters should shut down the main laser beam

• All lasers must be registered in the department’s web-based safety database and a laser safety report has
to be written for every laser-based setup

• Area Supervisors and the laser safety-coordinator share the responsibility of fulfilling these requirements

Laser control measures General control measures may be broken down to two types:

• Administrative controls such as signage, procedures, etc.;

• Engineering controls such as beam housing, shutters, interlocks.

The Checklist Laser Safety (ask your LSO or HSE advisor) provides a summary of these control measures. In
general:
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• Laser safety report is mandatory when purchasing a laser in Class 3B or higher; In a laser safety report
the hazards are identified, the risks are evaluated and the measures taken to reduce these risks to an
acceptable level are described.

• Each department has its own Laser Safety Officer. All laser users and workers need to be instructed and
registered by the Laser Safety Officer;

• Laboratories, in which lasers Class 3B or higher are operated, must comply with the IAVM 12 or NPR-IEC
60825 directives.

There is personal protection as well:
Eyewear requirements Laser protective eyewear shal be specifically designed to withstand either direct or diffusely
scattered beams depending upon the anticipated circumstances of exposure. The protective filter and frame shall
exhibit a damage threshold for a specified exposure time, typically 10 seconds.
Labelling of Laser Safety Eyewear Laser safety eyewear shall be label ed according to NEN-EN-207 with type of
laser, wavelength(s) and the maximum power the eyewear provides protection for or with the optical density and
the wavelength(s) the eyewear provides protection for. Additional labelling may be added for quick identification
of eyewear in multiple laser laboratories. Examples of eyewear labelling are shown in Figure 19 and in Figure 20.

Figure 19: An example of eyewear labelling.

Figure 20: An example of eyewear labelling.

2.7.6 Safety test

1. What is the primary hazard when working with Class 3B lasers?

• A) Electrical shock
• B) Skin burns
• C) Eye injury from direct or scattered radiation
• D) Auditory damage

2. Before starting an experiment involving lasers, what safety measure should be taken first?

• A) Ensure all optical components are properly aligned
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Table 3: *

Control measures as a function of the laser class
::label table:measureslaser

Laser class Nature of hazard Example of controlled
area

Outline of protective con-
trol measures

Class 1 & Class 2 Minimal (N.B. Embedded
lasers may present associ-
ated hazards)

Unrestricted; i.e., a desig-
nated laser area is not nor-
mally required

Follow warnings on la-
bels and manufacturer’s
instructions for safe use

Divergent-beam Class
1M & Divergent-beam
Class 2M

Localised eye hazard if op-
tical viewing instruments
such as eye-loupes are
used

Localised; can be open-
plan, if effective proce-
dural control is exercised
over the immediate area
around the laser

Training recommended;
Prevent use of eye-loupes
and other magnifiers in
the vicinity of the laser;
Prevent re-focusing or
collimation of the beam

Collimated-beam Class
1M & Collimated-beam
Class 2M

Long range eye hazard
if optical viewing instru-
ments such as binoculars
or telescopes are used

Enclosed or open-plan;
Acces to the ENOHA to
be controlled by proce-
dural means, i.e. by
the use of signs, instruc-
tions and training; Where
open-plan, public access
into the ENOHA must be
prevented

Training required; LSO
(Laser Safety Officer) rec-
ommended; Prevent use
of telescopes and binocu-
lars; Prevent re-focusing
of the beam

Class 3R Low-level eye hazard Unrestricted; i.e. safety
depends on responsible
use

Training recommended;
Prevent direct eye expo-
sure

Class 3B Eye hazard; Possible skin
hazard at higher levels of
class

Enclosed and interlock-
protected; i.e. access
controlled by engineering
means.

Training and LSO re-
quired; Ensure key se-
curity; Enclose as much
of beam as possible, us-
ing complete enclosure
where feasible; Imple-
ment safety systems of
work; Use personal pro-
tective equipment (PPE)
if exposure risk is unavoid-
able

Class 4 Eye and skin hazard; Pos-
sible fire and fume haz-
ards

Enclosed and interlock-
protected; i.e. access
controlled by engineering
means.

Training and LSO re-
quired; Ensure key se-
curity; Enclose as much
of beam as possible, us-
ing complete enclosure
where feasible; Imple-
ment safety systems of
work; Use personal pro-
tective equipment (PPE)
if exposure risk is unavoid-
able
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• B) Verify that the laser is operating within its expected parameters
• C) Conduct a risk assessment and implement appropriate control measures
• D) Turn on the laser to warm it up

3. Which of the following is NOT a recommended practice for laser safety?

• A) Wearing laser safety goggles that are specific to the laser’s wavelength
• B) Using beam shutters or caps when the laser is not in active use
• C) Keeping the beam at waist level
• D) Posting warning signs outside the lab when lasers are in use

4. What should you do if your skin is exposed to a laser beam?

• A) Immediately wash the area with soap and water
• B) Apply a cold compress to the affected area
• C) Seek medical attention and report the incident to the safety officer
• D) Continue working but avoid further exposure

5. Which of the following materials is safe to use in the vicinity of laser beams?

• A) Highly reflective surfaces
• B) Matte black materials
• C) Transparent glass
• D) Fluorescent materials

6. What is the purpose of an interlock system in a laser lab?

• A) To automatically adjust the laser’s power
• B) To ensure the laser only operates when the lab door is closed
• C) To keep the laser beam aligned with the optical components
• D) To monitor the temperature within the lab

7. How can you minimize the risk of fire in a laser lab?

• A) Use lasers with lower power ratings
• B) Ensure all materials near the beam path are non-flammable
• C) Keep the doors open to improve ventilation
• D) Operate lasers without continuous supervision

8. Which type of laser safety goggles should be used when working with a 532 nm green laser?

• A) Goggles rated for UV light protection
• B) Goggles that block or absorb green light specifically
• C) Any darkly tinted goggles
• D) Goggles rated for infrared protection

9. What action should be taken if a laser is malfunctioning?

• A) Attempt to repair it while it’s still powered on
• B) Shut down the laser and notify the responsible safety officer
• C) Continue using the laser but at a lower power setting
• D) Cover the laser with a cloth to diffuse the beam

10. Which of the following is a correct procedure for storing laser equipment after use?

• A) Leaving the laser on standby for quick reuse
• B) Disconnecting the laser and covering optical elements
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• C) Storing lasers without securing them in a designated area
• D) Placing reflective materials near the laser to protect it

11. Which laser class is considered safe under all conditions of normal use, including the use of
optical instruments?

• A) Class 1
• B) Class 2
• C) Class 3R
• D) Class 4

12. In case of a laser beam hitting someone’s eye, what is the immediate first aid step?

• A) Rubbing the eyes to reduce pain
• B) Washing the eyes with water
• C) Blinking rapidly to encourage tearing
• D) Avoiding any action and seeking medical evaluation as soon as possible

13. What is the significance of the Maximum Permissible Exposure (MPE) level in laser safety?

• A) It determines the highest level of laser radiation to which a person may be exposed without
harmful effect.

• B) It specifies the minimum required safety rating for laser goggles.
• C) It defines the maximum output power of lasers allowed in research labs.
• D) It indicates the highest level of noise generated by the laser equipment that is considered safe.

14. Which of the following practices is critical when aligning a laser beam?

• A) Using the highest possible laser power for visibility
• B) Wearing reflective clothing to easily spot any stray beams
• C) Aligning the beam at eye level for better accuracy
• D) Starting alignment at the lowest possible power and wearing appropriate eye protection

15. Why is it important to implement a beam stop or trap at the end of the beam path in a laser
setup?

• A) To prevent unauthorized use of the laser
• B) To capture and analyze the laser beam for quality control
• C) To prevent the beam from reflecting back into the laser and causing damage
• D) To safely absorb the laser energy and prevent stray reflections
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2.8 Cryogenes

Figure 21: *
Never store cryogenes in a closed system as pressure builds!

2.8.1 Introduction

A cryogenic liquid is defined as a liquid with a normal boiling point below –150 °C. The most commonly used
industrial gases that are transported, handled, and stored in the liquid state at cryogenic temperatures are argon,
helium, hydrogen, nitrogen, and oxygen.

There are a number of general precautions and safe practices that must be observed because of the extremely low
temperatures and high rates of conversion into gas for all the cryogenic liquids.
Within the TU Delft we mostly use liquid nitrogen and liquid helium in set-ups for cooling. Liquid nitrogen is also
being used for freezing of biological samples.

2.8.2 Definitions:

Dewar flask: open dewar flask smaller than 10 litres Dewar: is a closed vessel designed for holding cryogenic
liquids Liquid transport vessel : Is a closed dewar on wheels

2.8.3 Instructions for working with cryogenic liquids

• Prepare a safety report in the LabServant.
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• If you want to work with more than 10 litres of cryogenic liquids in a new lab / new set-up always contact
first your HSE- advisor to discuss safety measures and personal protective equipment.

• Make sure you have had the proper instructions from an assigned person of your department and that
you have read the procedures.

• After you have had the proper training and you have made the safety test you can get access to the
set-up.

• Contact your HSE-advisor for more information and working procedures

Physical properties of liquid nitrogen and liquid helium

• Both helium and nitrogen are a colourless, odourless gas at room temperature.

• Liquid nitrogen tends to initially settle on the floor and liquid helium tends to settle at the ceiling.

• When nitrogen or helium gas is released in substantial amounts, it displaces oxygen from the air and can
cause asphyxiation. Eg. the vaporisation of 1 litre of liquid nitrogen forms almost 700 litres of gas and
liquid helium almost 760 litres.

Warning

2.8.4 Hazards of liquid nitrogen and liquid helium

Warning
The cloudy vapor that appears when liquid N2 is exposed to the air is condensed atmospheric moisture. The
gas itself is invisible.
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Risk Explanation Precautions
asphyxiation When nitrogen gas is released it dis-

places oxygen from the air resulting
in a less oxygen

* Be aware of dispersals from de-
wars and the hazard of dispersals in
confined spaces such as elevators.
* Ensure adequate ventilation.
* Install stationary oxygen detec-
tors.
* Always handle liquid nitrogen and
helium in well-ventilated areas to
prevent excessive concentrations of
gas.
* Always calculate the risk of oxy-
gen deficiency in case of an acci-
dent.
Take measures to reduce the risk to
an acceptable level (i.e. increasing
ventilation, oxygen alarm)
* Know what to do in case of an
emergency.

Risk of burns, blistering and frost-
bite

* Liquid nitrogen and liquid he-
lium boils when into contact with
warmer objects or materials, which
can cause splashing.
* If in contact with exposed skin, it
can result in burns, blistering and
frostbite risking permanent injury.

* Avoid direct contact with liquid.
* Never touch an uninsulated pipe
or vessel.
* Never expose your self cryogenic
gasses.
* Always use personal protective
equipment

Risk of burns, blistering and frost-
bite

* Liquid nitrogen and liquid he-
lium boils when into contact with
warmer objects or materials, which
can cause splashing.
* If in contact with exposed skin, it
can result in burns, blistering and
frostbite risking permanent injury.

* Avoid direct contact with liquid.
* Never touch an uninsulated pipe
or vessel. * Never expose your self
cryogenic gasses
* Always use personal protective
equipment

Oxygen has a higher boiling point
than nitrogen (O2 = -183 °C; N2
= -196 °C). This means that atmo-
spheric oxygen can condense if it
comes into contact with liquid ni-
trogen, resulting in local increases
in oxygen concentrations. When
cooling flammable substances or or-
ganic materials, this can create an
explosion risk.

Increased oxygen concentration
(above 22%) will give an increased
ignition risk and faster combustion.

Write the precautions in your safety
report, because this can be differ-
ent per set-up.

% Oxygen Safe or not
<18 Alarm detector –>immediatley leave the room. Pro-

hibited to enter
<19 Calmly leave the room and do not enter the room
19-21 Normal ratio, safe to stay in the room
>22 Immediately leave the room. Prohibited to enter
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2.8.5 Risk of condensing oxygen

2.8.6 Precautions:

Hazards of liquid nitrogen (3)
Risk of high pressure caused by warming of liquid nitrogen and liquid helium

• Pressure can quickly build up in a sealed unit with risk of rupture of dewar.

• The function of the pressure release valve or the vent line can be defeated by the formation of ice.

Precautions:

• Do not put cryogenic liquids in closed vessels that cannot withstand the pressure.

• The use of house hold thermos flasks is prohibited

2.8.7 Hazards of liquid nitrogen and liquid helium (4)

Risk of rapid boiling / splashing of liquid nitrogen when inserting objects into liquids
Precautions:

• Always perform these operations slowly to minimize boiling and splashing.

• Use tongs to withdraw objects immersed in the liquid, and take care where both tongs and object are
then placed. (Note that objects soft and pliable at room temperature usually become very hard and
brittle at cryogenic temperatures).

2.8.8 Hazards of liquid nitrogen (5)

Risk of thermal stress caused by freezing of materials

• Materials frozen in cryogenic liquids may change characteristics e.g. materials may become brittle and
may shatter unexpectedly.

• In rapidly cooled down objects, stress will build up due to the thermal shock. This might damage the
object and will increase the risk of exploding vials.

Precautions:

• Pour liquid nitrogen only into containers suitable for holding liquid nitrogen (i.e. not glassware, no
household thermos flasks).

• Always place materials into liquid nitrogen slowly. The nitrogen vapor can be used to pre-cool the
material.

• Containers should be filled slowly to minimize thermal shock.

2.8.9 Hazards of liquid nitrogen and liquid helium (6)

Personal protection The following personal protection equipment is obligated when handling cryogenic liquids

• Face shield: Always use a face shield. Safety glasses won’t give you optimal protection

• Gloves: At the very least gloves suitable for handling cryogenic liquids. They will provide short-term
protection from accidental contact with the liquid.
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• Shirt: Arms should not be exposed- wear long-sleeved shirt or laboratory coat.

• Trousers: These are to be worn outside the shoes to prevent liquid spilling into shoes. Preferably without
cuffs.

• Shoes: Enclosed footwear, preferably safety shoes/boots, must be worn whilst handling liquid nitrogen

2.8.10 Decanting liquid nitrogen and/or siphoning liquid helium
• Before using the liquid-nitrogen / liquid helium dispensing system, new employees must be instructed in

its operation by an assigned user. Be aware of the existing procedures. The assigned user grants them
authorisation in Lab Servant. Only with this authorisation employees can gain access to the dispensing
room using their campus card.

• The TU clothing regulations apply when decanting liquid nitrogen and liquid helium. The prescribed
personal protective equipment – face mask, cryogenic gloves, lab coat – must be worn at all times.

• To prevent oxygen enrichment in open Dewar flasks, they must first be completely emptied before refilling
with liquid nitrogen.

2.8.11 Working with cryogenic liquids during normal office hours (07.30-17.00)

Transporting liquid nitrogen or liquid helium

• The elevator must be blocked for all other transport (using the campus) when transporting cryogenic
liquids.

• Entering the elevator during transport is prohibited.

• Avoid any contact with cryogenic liquids during transport. Helium can only be transported in a helium
dewar transport vessel (use a certified dewar vessel). Ideally, a closed Dewar flask or one with a handle
should be used for liquid nitrogen.

• When moving open Dewar flasks with liquid nitrogen, if at all possible use one with a narrow neck.

• Adhere to the TU clothing regulations Working with cryogenic liquids during normal office hours (07.30-
17.00)

2.8.12 Working with liquid nitrogen or liquid helium
• Make sure that the risk of asphyxiation from leaking dewars in the laboratory has been assessed and that

any additional preventive measures have been taken (for example, the installation of oxygen deficiency
monitors). Make sure that you have enough ventilation.

• Make sure that the risks of working with liquid nitrogen and/or liquid helium and the precautions taken
to mitigate them are described in a safety report, safety assessment sheet and/or working instructions.

• When working with open Dewar flasks, if at all possible use one with a narrow neck.

• Adhere to the TU clothing regulations and wear the required personal protective equipment.

2.8.13 Working with cryogenic liquids during normal office hours (07.30-17.00)

Outside normal office hours working with cryogenic liquids is not allowed (TU policy). Under certain circumstances
it is inevitable to work with cryogenics. Then the following rules apply. Outside normal office hours, a second
knowledgeable person must be at shouting distance during all operations involving cryogenic liquids. Using
cryogenic liquids in experiments

• Decanting liquid nitrogen and/or siphoning liquid helium is only allowed by authorised persons.

• Large Dewar flasks should only be filled and transported to the laboratory during normal working hours.
If an exception to this rule is necessary, enter into an agreement with your HSE-advisor.
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2.8.14 Working with cryogenic liquids outside normal office hours (17.00-07.30)

Working with liquid nitrogen and/or liquid helium

• The safety report of working with liquid nitrogen and/or liquid helium outside normal office hours must
be approved by the HSE advisor, the Area Supervisor and the relevant head of department.

• When working with open Dewar flasks, if at all possible use one with a narrow neck.

• Adhere to the TU clothing regulations and wear the required personal protective equipment.

2.8.15 Working with cryogenic liquids outside normal office hours (17.00-07.30)

Handling of Dewars

• Be aware of existing procedures in your building.

• If there are uncertainties or deviations, please immediately notify a technician!

• Make sure there is an emergency procedure.

• Ensure floor surfaces are free of obstructions and appropriate for moving Dewars.

• Ensure all parts of the Dewar (wheels, handles, etc.) are in proper functioning condition.

• Use proper hoses and / or fitting siphons which can withstand cryogenic liquids

• Cryogenic liquids, larger volumes more than 1 liter, must never be stored in areas other than the approved

Departmental storage facilities (ventilation, detection).

• Safe limit in an unventilated space: Calculate the room volume in m3 and the max volume of nitrogen
in m3 (1 liter of LN2 or LHe corresponds respectively with a volume of 0.7 m3 and 0.76 m3 gas @ 21 °C
and 1 atm). The ratio of gas volume/room volume should be <0.15.

2.8.16 Elevator procedure for transporting cryogenic liquids

You can call the goods lift to any floor using an authorised campus card.

1. Hold the campus card up to the card scanner in the hall. If the card has been scanned successfully, the
word Voorkeur / Service (Preference) will appear on the display screen.

2. You then have to present the campus card at the lift cage within 30 seconds. Once you have done this,
the words TU Transport will appear on the display screens on all floors. The lift will go to the correct
floor and wait there for the next action. If you do not present the campus card at the lift cage within 30
seconds, the lift will resume normal service.You can now proceed to load the lift.

3. Choose the floor you require in the lift cage.

4. Get out of the lift cage and hold the campus card up to the scanner in the hall. The lift will go to the
floor you have selected and will wait there with its doors closed.

5. You can open the lift doors on the selected floor by holding the campus card up to the scanner in the
hall on that floor.

6. You can now proceed to unload the lift. When you have finished unloading the lift, you can return it to
normal service by holding the campus card up to the scanner in the lift cage. The display screen will
now indicate the present floor. N.B. If you do not return the lift to normal service, it cannot be used by
anyone else. Repeat steps 4 to 6 if you need to transport several loads
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2.8.17 In case of an emergency

• In case of burns with cryogenic liquids immediately rinse with water for at least 15 min.

• In case of an emergency directly call the internal alarm number. This number is available 24/7 (so also
during the weekend). First aid people will quickly be at the place of the emergency and can directly help
during office hours. Outside office hours you have to wait for professional help.

• When there is a leakage in an elevator, close elevator and directly call the internal alarm number .

• In case of a big spillage of liquid nitrogen, directly evacuate the area and call the internal alarm number

47

https://curvenote.com


Introduction to Experimentation in Physics

3 Data analysis with Python
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3.1 Introduction to Python for Physicists

These files stem from the FYPLC repository which contain the source code of the material developed for an
introduction to Python for physicists that runs as a “minicourse” of 1.5 ECTS as part of the “First Year Physics
Lab Course” of the Applied Physics program at TU Delft. The materials ought to introduce you to Python if you
are not familiar with programming (at all).
The materials are designed for self-study and introduce one to the basics of python. The notebooks are self-
contained, and include an explanation of the concepts, example code to illustrate the concepts, and exercises
(with answers at the end) for testing your knowledge.

Notebook Description Type
Notebook 1 Python Basics Core material
Notebook 2 Functions Core material
Notebook 3 Program flow Core material
Notebook 4 Scientific computing Core material
Notebook 5 Data analysis Core material

the end of the course, you should be familiar with:

• Basic concepts in Python: What is Python and how does it work

• Functions in Python: How to write them and how to use them

• Program flow control: How to control the flow of execution of your code

• Scientific computing in Python: Introduction to the numpy library

• Data in Python: How to load, plot and fit data

• Measurement uncertainty and error propagation: Quantify measurement uncertainties and calculate how
these propagate to your final answer.

Each notebook of the first 5 Notebooks start with a pre-post test. If you have some knowledge of programming,
you can make the test and see whether you already know the content. If you can make the test without any
problems, skip the module. If you are not familiar with programming (in Python), go through the module, do
the exercises and finish with the test to see whether you mastered the content. Each notebook includes a list of
detailed learning objectives so you know what you should be learning. In addition, there is a “notebook for more
advanced programmers”, exploring additional programming concepts in python.

3.1.1 Feedback

Did you find a typo? Is there something that is not clear to you? Is there a mistake in the notebooks? We gladly
welcome feedback! To give feedback, the easiest for us is for you to submit an “issue” in our repository issue
tracker:
Submit an “issue”
In the message, please include:

• The notebook number

• Copy-and-paste the text from the notebook

• Optional: Describe your suggestion (with a typo not needed even)
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3.1.2 Developers

The first five notebooks were developed by Gary Steele g.a.steele@tudelft.nl with input and feedback from Jeroen
Kalkman J.Kalkman@tudelft.nl and Freek Pols c.f.j.pols@tudelft.nl. These notebooks were then developed further
by Freek. All other notebooks were developed by Freek Pols

Copyright Delft University of Technology and contributors 2019.

3.1.3 Contents

This work is licensed under a Creative Commons Attribution-NonCommercial-ShareAlike 4.0 International License.

3.1.4 Source code

Copyright (c) 2019, Delft University of Technology and contributors
All rights reserved.
Redistribution and use in source and binary forms, with or without modification, are permitted provided that the
following conditions are met:

• Redistributions of source code must retain the above copyright notice, this list of conditions and the
following disclaimer.

• Redistributions in binary form must reproduce the above copyright notice, this list of conditions and the
following disclaimer in the documentation and/or other materials provided with the distribution.

• Neither the name of TU Delft nor the names of contributors may be used to endorse or promote products
derived from this software without specific prior written permission.

Warning
THIS SOFTWARE IS PROVIDED BY THE COPYRIGHT HOLDERS AND CONTRIBUTORS “AS IS” AND
ANY EXPRESS OR IMPLIED WARRANTIES, INCLUDING, BUT NOT LIMITED TO, THE IMPLIED WAR-
RANTIES OF MERCHANTABILITY AND FITNESS FOR A PARTICULAR PURPOSE ARE DISCLAIMED.
IN NO EVENT SHALL DELFT UNIVERSITY OF TECHNOLOGY BE LIABLE FOR ANY DIRECT, IN-
DIRECT, INCIDENTAL, SPECIAL, EXEMPLARY, OR CONSEQUENTIAL DAMAGES (INCLUDING, BUT
NOT LIMITED TO, PROCUREMENT OF SUBSTITUTE GOODS OR SERVICES; LOSS OF USE, DATA,
OR PROFITS; OR BUSINESS INTERRUPTION) HOWEVER CAUSED AND ON ANY THEORY OF LI-
ABILITY, WHETHER IN CONTRACT, STRICT LIABILITY, OR TORT (INCLUDING NEGLIGENCE OR
OTHERWISE) ARISING IN ANY WAY OUT OF THE USE OF THIS SOFTWARE, EVEN IF ADVISED OF
THE POSSIBILITY OF SUCH DAMAGE.
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3.1.5 Software

Python is an interpreter programming language and thus needs an interpreter (some software). For programming
it is always useful to have some software that helps you in writing code and running it. For this course we
recommend you to install Mini-Conda, but provide instructions for other software as well.

VSC A popular code editor is Visual Studio Code. It allows you to program in different languages, where it
recognizes the commands in that language and adjusts the FONT so that it becomes better readable. Moreover,
it allows you to install various packages (such as Jupyter Notebook). It also integrates GIT and allows to code
using Co-Pilot, an AI pair programmer. We advise to use VSC as it allows for multiple programming languages.

Terminal The terminal in Visual Studio Code (VSC) is a tool that lets you interact with your computer’s
command line directly within the editor. It’s used to run commands, scripts, or programs without leaving the
coding environment. For example, you can compile code, run a development server, install dependencies, or
manage files. It’s very helpful for developers because it allows you to code and execute commands in one place,
streamlining your workflow.

Figure 23: The VSC terminal to interact with the computer using the command line

Install packages If you’re working with Python, you can install packages using pip. For example, to install the
requests library, run:

pip install requirements

requirements here refers to the packages that you want to install.

Note
On MAC’s you probably need the pip3 pipline. Hence, the code will be:

pip3 install requirements

For the data-analysis you at least need to install the following packages:

• numpy

• matplotlib

• scipy

Exercise 1: Install these packages using:

pip install matplotlib numpy scipy
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Extensions Extensions in Visual Studio Code (VSC) are powerful add-ons that enhance the functionality of the
editor by providing additional features, tools, and support for various programming languages, frameworks, and
technologies. Extensions allow you to customize and tailor VSC to suit your specific development needs.

How to Install Extensions:

• Access Extensions View:
– Click on the Extensions icon in the Activity Bar on the side (or press Ctrl+Shift+X / Cmd+Shift+X).

• Search for Extensions:
– In the Extensions view, you can search for the name or keywords related to the extension you want

to install.

• Install the Extension:
– Click the Install button on the desired extension, and it will automatically be added to VSC.

• Manage Installed Extensions:
– You can view, enable, disable, or uninstall extensions from the same Extensions view.

Popular Extensions in VSC:

• Python: Provides linting, debugging, IntelliSense, and more for Python development.

• Jupyter: Provides support for Jupyter notebooks within VSC.

• Arduino: Provides support for programming in Arduino.

• Code Spell Checker: Has a great spelling checker, also available for Dutch

• Github Copilot: Your AI pair programmer. Helps you in writing code.

• LaTeX workshop: LaTeX coding, preview, compiling.

• MyST-Markdown: The official Markdown syntax extension

Anaconda & MiniConda Anaconda and Miniconda are both distributions of the Python and R programming
languages, primarily aimed at simplifying package management and deployment for data science, machine learning,
and scientific computing. The main difference between these distributions is the amount of disk space required
(~4GB for Anaconda, 50 MB for Miniconda). Where Anaconda has already installed all main packages for you,
you control with Miniconda precisely what you want to install. Hence, Miniconda is a minimal installer for the
Anaconda distribution. It only includes the conda package manager (to install packages) and Python, along with
their dependencies. It does not come with any pre-installed packages except for these essentials. That also means
that it lacks a graphical user interface which is available with Anaconda.

Install Anaconda If you want to install Anaconda, see their website. Once installed, you can open Anaconda
and choose your interactive development environments (IDE), the interface in which you will write your code. We
most often use Jupyter Notebook or Jupyter Lab.

Install Miniconda We recommend, however, to install Miniconda since it gives you a better idea how your
computer works, have more control of what is being installed and takes far less disk space. To install Miniconda,
download and run the .exe file as described on their website

Warning
There are multiple download options at the site of conda. Be sure you download miniconda. Furthermore,
wait with continuing the instructions below until the miniconda is fully installed.
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Once installed, open the anaconda prompt. This opens a terminal (a text-based interface used to interact with
the operating system by executing commands, scripts, or programs). To check whether the installation is correct
and which version is installed, type:

conda - -version

and press enter, the terminal will return the conda version.
Since you installed the minimal installation, we need to install the IDE’s we want and the packages that we need.
We, at least, need Jupyter, numpy, matplotlib and scipy. A popular library that might come in handy is Pandas.
To install the IDE Jupyter and Jupyter lab, run the commands:

conda install anaconda::jupyter

conda install -c conda -forge jupyterlab

For the packages, run the commands:

conda install conda -forge::matplotlib

conda install conda -forge::numpy

conda install scipy

conda install conda -forge::pandas

or with a single sentence:

conda install conda -forge::matplotlib conda -forge::numpy conda -forge::scipy conda -forge::pandas

conda-forge
conda-forge:: specifies the source from which the packages are installed. It specifies that the packages
should be installed from the conda-forge channel, which is a community-driven channel that provides a large
collection of packages for conda.

Note that we did not install all packages. You will regularly come across packages that needs to be installed, with
the information above and the information provided by the Python community, you will manage to install these
interdependencies.

Using the command line
Normally we navigate through our folders by using a graphic interface and clicking through the folders.
However, there is another way to navigate through your folders, namely using the command line as we are
doing with Anaconda prompt.
When you run the command dir it returns the folders and files in the folder you are currently in. You can
go to another folder by running the command cd NAMEFOLDER. If you want to move to a higher folder, run
the command cd ..

Jupyter Notebook and Jupyter Lab In this course we make use of .ipynb files which are Jupyter Notebooks.
To run these notebooks we can use IDE’s as Jupyter Notebook or Jupyter Lab. Jupyter Notebook is a web-based
interface that allows users to create and share documents with live code, visualizations, and narrative text in
a linear format. JupyterLab, on the other hand, is a more advanced interface offering a flexible and modular
environment with multiple panels, including notebooks, terminals, and text editors, providing a more versatile
experience for interactive computing. I prefer to use Jupyter lab.
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To start Jupyter lab, open the Anaconda terminal (Anaconda Prompt), move to the folder where you want to
start Jupyter Lab in (where your files are located) and run the command jupyter lab in the terminal. A browser
is started with which you can open your Notebooks, see Figure 25. Our first notebook tells you exactly how
these notebooks work and how to develop and run code.

Figure 25: The Jupyter lab IDE

Git When writing code, especially larger projects, you want to keep track of your changes. Sometimes your
code breaks and you want to go back to a previous version where all these troubles weren’t there yet. For this
purpose we have version control software. Most popular is git. Git is a distributed version control system that
tracks changes in code or files, allowing multiple developers to collaborate efficiently on a project. GitHub is
a web-based platform that hosts Git repositories, providing tools for collaboration, code sharing, and version
management, often used for open-source and team projects. Here we don’t go much deeper than this, but direct
you to the manual of our colleagues at CiTG. You may want to check this out a bit later during your first year.

Vocareum We sometimes make use of Vocareum. Vocareum is a cloud-based platform designed for educational
institutions to provide hands-on learning experiences, particularly in coding, data science, and cloud computing.
It offers a virtual lab environment where students can complete assignments, receive automated feedback, and
instructors can manage and grade coursework efficiently. We make use of Vocareum to grade your work and
provide feedback.
If you want (online) help from the teaching assistants, you should upload your work to Vocareum. We can access
your work, make changes and help you out. Moreover, you are to upload your exam(s) to Vocareum so that we
can grade your work. Hence, get convenient with this platform.
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3.1.6 Python for physicists, an introduction

Pre/Post-test This test is for testing your current skills in Python. You can use it in two ways:

• pre-test: to test your skills beforehand. If you are already proficient in Python, and can do this test
within approximately 15 minutes, you can scan through this notebook rather than carefully reading each
sentence.

• post-test: to test your skills after Notebook 1. Check whether you learned enough.

If you have not done any programming before, you skip this test and use it as a posttest.
Fixing Python errors in a database
Eric has recently taken up a new job at the University. His first job is to work on the TU database. As the
previous programmer was a lazy basterd, the code has many flaws. Yes.... your job is to fix these.
In the TU database information on the building locations are stored. However, when printing the information,
errors are reported (see below).
1) Fix the errors so that the information is printed correctly.

Street_name = 'Lorentzweg '
Number = 1
Full_adress = Street_name + Number

print(Full_adress)

In building a larger database, Eric decides to store the data in a different way, much more convenient than the
use of multiple dubious variable names. Below, a first attempt is made. However, due to a typo, one address
needs to be changed. But the method used to fix the problem is not working.
2) Explain why it is not working in this way.
3) Fix the error(s).
4) Explain why the chosen type, written by the former programmer, is not completely nonsense.

Building = (22,58)
Streetname = ('Lorentzweg ', 'Van der Maasweg ')
Number = ('1','8')
Number[1] = '9'

Full_adress = Building[1] + Streetname[1] + Number[1]
print(Full_adress)

Learning objectives Python has become the standard programming language in physics research. To teach
you the basics of programming (in Python) we have prepared six notebooks for you, each notebook focussing
on a different aspect. The first three notebooks relate to the basics of programming. Notebook 4 and 5 relate
to data-analysis in physics using Python. The last notebook focusses on the statistics related to measurement
uncertainty.
In this course, you will work using a platform called “Jupyter Notebooks”. Jupyter notebooks are a way to combine
formatted text (like the text you are reading now), Python code (which you will use below), and the result of your
code and calculations all in one place. Go through these notebooks and run the examples. Try to understand
their functioning and, if necessary, add code (such as print statements or variable overviews) to make it clear for
you. In addition, there are exercises and practice cells where you can program for yourself. Don’t be afraid to
start coding yourself: writing code and making mistakes is the best way to learn Python.
In this notebook, you will learn the basic concepts of programming in Python. To get started, we will first explain
the basic concepts of what Python is and how it works.
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After completing this notebook, you are able to:

• start the python interpreter and run code in a notebook

• stop and start notebook kernels

• create variables

• use %whos to list the variables stored in the memory of the python kernel

• determine the type of a variable

• convert between different variable types (float, int, etc)

• collect user input using the input() command

• print variable values using the print() command

• use list, tuples and np.arrays and understand the differences

• combine arrays and insert data

We have embedded various YouTube clips in the first notebooks, which are NOT required to watch (we even
recommend to not look at these videos because these are time consuming!) but might provide additional help and
information when necessary. The last two notebooks include prerecorded lectures that we recommend to watch.
The solutions for the exercises in this notebook, and future ones, can be found at the bottom of the notebook,
so that you can check your answer or have a peek if you are getting stuck. But don’t look too quickly... thinking
about how to solve a problem rather than solving it using the answers is much more educational!

NOTE When programming in the browser, some of the exercise cannot be made. For instance, stopping and
rerunning the kernel is not possible. Also, it is not possible to ask input from the user. Once you have installed
the software, you can return to these exercises and try to run them again.
Also, your code will be lost when programming in the browser. Write down the code you want to keep!

What is Python? And what are Jupyter Notebooks? Python is an (interpreted) computer programming
language. Using Python, you can ask your computer to do specific things, like perform a calculation, draw a
graph, load data from a file, or interact with the user.
Every time you run Python, either by running it on the command line, or by running it in a Jupyter notebook like
you are now, a Python “kernel” is created. This kernel is a copy of the Python program (“interpreter”) that runs
continuously on your computer (until you stop it).
Jupyter notebooks are a way to interact with the Python kernel. Notebooks are divided up into “cells”, which
can be either a text cell (in a special text formatting language called markdown), like the one you are reading
now. There are also code cell (containing your code), like the cell below it.
The selected cell is surrounded by a box. If you press “ENTER” in a text cell you can start editing the cell. If you
push “Run” above, or push “Shift-Enter”, the code will be “run”. If it is a code cell, it will run a command (see
below). If it is a markdown cell, it will “compile” the markdown text language into formatted (HTML) text.
You can give commands to this kernel by typing commands using the Python language into the code cells of the
notebook. Here, you can find an example of a code cell that contains a simple Python command print, which
prints a text string to the command line.
To send this command to the Python kernel, there are several options. First, select the cell (so that it is either
blue or green), and then:

1. Click on the Run button above in the toolbar. This will execute the cell and move you to the next cell.

56

https://curvenote.com
https://en.wikipedia.org/wiki/Interpreted_language
https://en.wikipedia.org/wiki/Markdown


Introduction to Experimentation in Physics

2. Push Shift-Enter: this will do the same thing

3. Push Control-Enter: this will run the cell but leave it selected (useful if you want to re-run a cell a
bunch of times)

When you run the cell, the code will be sent to the Python kernel, which will translate your Python command
into a binary language your computer CPU understands, send it to the CPU, and read back the answer. If the
code you run produces an “output”, meaning that the kernel will send something back to you, then the output
that your code produces will be displayed below the code cell in the “output” section of the code cell. This is a
scheme of what this process looks like “behind the scenes”:

After you have run the code cell, a number will appear beside your code cell. This number tells you in which order
that piece of code was sent to the kernel. Because the kernel has a “memory”, as you will see in the next section,
this number can be useful so that you remember in which order the code cells in your notebook were executed.
In the example above, the code cell contains only a single line of code, but if you want, you can include as many
lines as you want in your code cell:

print("Hello")
print("world")
print("Goodbye")

Hello
world
Goodbye

In the above, the text in the code cell are all Python commands. In addition, if you start a line in a code cell with
a #, Python will ignore this line of text. This is used to add comments to your code. It is good programming
practice to use comments to explain what the code is doing:

# This will print out a message
print("This is a message")
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It might be hard at first to write proper comments. The comments should be short but still add information that
is of value. One can question the value of the comment above as it hardly adds information to what the code is
already saying... Some more information can be found here: https://stackabuse.com/commenting-python-code/.
Exercise 1.1
Print your own string to the command line. Can you print special characters as well?

# your code here

The Python kernel has a memory In addition to asking Python to do things for you, like the “Hello world”
example above, you can also have Python remember things for you. To do this, you can use the following syntax:

a = 5

In Python, the = symbol represents the assignment operator: it is an instruction to assign the value of 5 to the
variable a. If variable a already exists, it will be over-written with the new value (in fact, a is a Python object).
If variable a does not yet exist, then Python will create a new variable for you automatically.
For you, the cell above will create a “variable” named a in memory of the Python kernel that has the value of 5.
We can check this by printing the value of a:

print(a)

Besides numerical values variables can also be strings, which are sequences of characters. You make a string by
putting the text between quotes, as seen above in “Hello World”.
Note that we can also add a message if we add a string and a numerical value in the print() statement by
combining things with commas:

print("The value of a is", a)

Exercise 1.2
Combine multiple strings and numerical values in a single print statement using the , separator.

# your code here

Exercise 1.3
Change the value of a to 7 by executing the following cell, and then re-run the above cell containing the command
print(a) (the one with output 5). What value gets printed now in that cell?

# your code here

As you can see in notebooks that the location of your code doesn’t matter, but the order in which you execute
them does!!
We can also use variables to set the values of other variables:

b = 0
print(b)
b = a
print(b)

A ‘funny’ thing happens with the command b = a. As we say that b and a are the same, rather than creating a
new spot in the memory where the information is stored, the variables b and a obtain the same memory address.
If we call upon a, Python searches its memory, and obtains the data stored at that unique id. We can see this
using id function.

print(id(a))

58

https://curvenote.com
https://stackabuse.com/commenting-python-code/


Introduction to Experimentation in Physics

print(id(b))
a = 5
b = 10
print(id(a))
print(id(b))

This is important to know because if we say a = b and we change the value of b, the value of a changes as well!
We will go into more detail later on.
Sometimes, if you execute a lot of cells, or maybe even re-execute a cell after changing its contents, you might lose
track of what variables are defined in the memory of your Python kernel. For this, there is a convenient built-in
“magic” command called %whos that can list for you all the variables that have been defined in your kernel, along
with their values:

a=5
%whos

(Some notes about %whos: %whos is not a “native” command of the Python language, but instead a “built-in”
command that has been added by the creators of Jupyter. Because of this, you cannot use it outside of Jupyter
/ iPython...)
If we define some new variables, they will also appear in the list of defined variables if you execute %whos:

c = 10
d = 15.5

%whos

In this case the variables’ names are displayed, their values, but also their type. Type defines the format in which
a variable is stored in memory. In this case int stands for integer and float stands for floating point number,
which is the usual way in which real numbers are stored in a computer. We will learn more about Python variable
types below.

Starting and stopping the kernel When you open a notebook for the first time, a new kernel will be started
for you, which will have nothing in its memory.
Important to understand: if you close the tab of your browser that has the notebook, Jupyter will not shut down
the kernel! It will leave the kernel running and when you re-open the notebook in your browser, all the variables
you defined will still be in the memory. You can test this by closing this notebook right now, clicking on the link
to open it in the “tree” file browser tab of Jupyter, and then re-running the cell above with the command %whos.
How do I shutdown a kernel? And how do I know if a notebook on my computer already has a kernel running?

• First, as you may have noticed, when you closed this notebook and went back to the “tree” file browser,
the notebook icon had turned green. This is one way that Jupyter tells you that a notebook file has a
running kernel.

• Second: in the “tree” view of the Jupyter interface, there is a link at the top to a tab “Running” that
will show you all the running kernels and allow you to stop them manually.

Sometimes, you may want to restart the kernel of a notebook you are working on. You may want to do this to
clear all the variables and run all your code again from a “fresh start” (which you should always do before
submitting an assignment!!!! Kill the kernel, run all cells and kill the kernel again. Any errors show up
directly). You may also need to do this if your kernel crashes (the “status” of your kernel can be seen in the
icons at the right-hand side of the Jupyter menu bar at the top of the screen).
For this, there is both a menubar “Kernel” at the top, along with two useful buttons in the toolbar:
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• “Stop”: tells the kernel to abort trying to run the code it is working on, but does not erase its memory

• “Restart”: “kill” the kernel (erasing its memory), and start a new one attached to the notebook.

To see this in action, you can execute the following cell, which will do nothing other than wait for one minute:

from time import sleep
sleep(60)

You will notice that while a cell is running, the text beside it shows In [*]:. The * indicates that the cell is being
executed, and will change to a number when the cell is finished. You will also see that the small circle beside the
Python 3 text on the right side of the Jupyter menu bar at the top of the page will become solid. Unless you
have a lot of patience, you should probably stop the kernel, using the “Stop” button, or the menu item “Kernel
/ Interrupt”.
Exercise 1.4
List the stored variables using the %whos command. Subsequently, restart the kernel. What variables are stored
in the memory of the kernel before and after the restart?

# your code here

Python variable types As we saw above, in Python, variables have a property that is called their “type”. When
you use the assignment operator = to assign a value to a variable, Python will automatically pick a variable type
it thinks fits best, even changing the type of an existing variable if it thinks it is a good idea.
You have, in fact, already seen information about the types of variables in the %whos command again:

%whos

In the second column, you can see the type that Python chose for the variables we created. int corresponds to
integer numbers, float corresponds to floating-point numbers. You can see that for variable c, Python had to
choose a float type (because 15.5 is not an integer), but for a and b, it chose integer types.
(In general, Python tries to choose a variable type that makes calculations the fastest and uses as little memory
as possible.)
If you assign a new value to a variable, it can change the variables type:
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a = a/2
type(a)

Because 5/2 = 2.5, Python decided to change the type of variable a from int to float after the assignment
operation a = a/2.
When you are using floating point numbers, you can also use an “exponential” notation to specify very big or very
small numbers:

c = 1.5e -8

The notation 1.5e-8 is a notation used in python to indicate the number 1.5 × 10−8.
A third type of mathematical variable type that you may use in physics is a complex number. In Python, you can
indicate a complex number by using 1j, which is the Python notation for the complex number i:

d = 1+1j
type(d)

The notation 1j is special, in particular because there is no space between the number 1 and the j. This is how
Python knows that you are telling it to make a complex number (and not just referring to a variable named j...).
The number in front of the j can be any floating point number. For example:

0.5j

In addition to the mathematical variable types listed above, there are also other types of variables in Python. A
common one you may encounter is the “string” variable type str, which is used for pieces of text. To tell Python
you want to make a string, you enclose the text of your string in either single forward quotes ' or double forward
quotes ":

e = "This is a string"
f = 'This is also a string'
type(e)

print(e)
print(f)

You can also make multiline strings using three single quotes:

multi = \
'''
This string
has
multiple lines.
'''
print(multi)

Note here that I have used a backslash: this a way to split Python code across multiple lines.
Although it’s not obvious, Python can also do “operations” on strings, the + mathematical operators we saw
above also works with strings.
Exercise 1.5
Discover what the + operator does to a string, i.e. print the output of the sum of two strings.

# Your code here

A useful variable type we will introduce here is the “boolean” type bool. A boolean variable can have two values:
True or False. You type them in directly as True and False with no quotes (you will see them turn green).
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g = False
type(g)

We will use boolean types much more later when we look at program control flow, but a simple example using
the if statement is given below:
No panic if you don’t yet understand the if statement, there will be another entire notebook dedicated to them.
This is just an example of why boolean variables exist.

if True:
print("True is always true.")

if g:
print("g is true!")

if not g:
print("g is not true!")

You can try changing the value of g above to False and see what happens if you run the above code cell again.
Also, useful to know: numbers (both int and float) can also be used in True / False statements! Python will
interpret any number that is not zero as True and any number that is zero as False.
Exercise 1.6
Discover which numbers can be used as True and False in Python by changing the value of g above and
re-running the cells.

Lists & Tuples It often happens that you want to store data that belong together (a collection of items). You
have different options, we discuss lists & tuples, and subsequent (for numerical purposes) numpy arrays.
Let us think of storing personal data where we need to know: First name; Family name; Address; City. We then
can make a list, see below.

Person_1 = ['Feek','Pols','Lorentzweg',1,'Delft']
print(Person_1)
print(type(Person_1), type(Person_1[0]), type(Person_1[3]))

It is interesting to see that Person_1 is a list and that within the list other types exist (Note: the first item is
referred to by 0 as computers start to count at 0). If we make a mistake, we can replace an item in the list.

Person_1[0] = 'Freek'
print(Person_1)

Another way we can store data is using a tuple, see below. Note that the only difference with a list is the use of
the brackets.

Person_2 = ('Erik','Janssen','Lorentzweg',1,'Delft')
print(Person_2)
print(type(Person_2), type(Person_2[0]), type(Person_2[3]))

So, what is the difference then between a list and a tuple? The most important difference is that tuples are
immutable, you cannot change them:

Person_2[1] = 'Jansen'

a = [2,3,4]
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b = a
b[0] = -10
print(a)

In the example above, something strange happens. We did not change a, did we? But remember that b is not
a copy of a with a new location in the memory. Rather than that, b obtains the same location in the memory
(you can check with id(a)). If we change b, we thus change a! We can also make tuples with only a single item
stored. We have to make use of a comma, otherwise Python will not recognize it as a tuple.

#not a tuple
n_a_t = (1)
#a tuple
a_t = (1,)

#checking
print(type(n_a_t))
print(type(a_t))

Lists are mutable and are thus called variables. However, a tuple cannot be varied and is thus not a variable. It is
called an object. Since it is immutable, it requires less space. We can still make effective use of tuples (and lists):

a = [2,3,5]
b = (2,3,5)
print(a[0]*2)
print(b[0]*2)

Exercise 1.7
Try to change the first value of b. In order to do so, make sure b becomes a list! You can make use of b = list(a).

Numpy Arrays Until now, the variable types we have been working with in Python represent relatively simple
data types:

• int: integer numbers

• float: floating point numbers

• complex: complex-valued floating point numbers

• bool: boolean “truth” values (which can have True and False)

• str: strings

• list: mutuable list of variables

• tuple: immutuable list of variables

The first four are very simple data types, but actually the last one is more complicated than it looks . The list
is a vector like-variable type. However, unlike physical vectors, it cannot be multiplied, subtracted, etc.
Here, we will introduce a new datatype that is handy for Physics calculations and that comes from the Python
software package numpy called numpy arrays.
What are numpy arrays?
Numpy arrays are a way to work in Python with not just single numbers, but a whole bunch of numbers. With
numpy arrays these numbers can be manipulated just like you do in, for example, linear algebra when one works
with vectors:
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Row and column vectors
For example, a (column) vector a⃗ with 5 entries might look like this:

a⃗ =


1
2
3
4
5

 (2)

In linear algebra you are used to manipulate these vectors, this can be done in a similar way with numpy arrays.
We will use numpy arrays extensively in Python as vectors, like above, but also for storing, manipulating, and
analyzing datasets (like a column of an excel spreadsheet).
To use numpy arrays, we first need to import the numpy library, which we will do using the shortened name “np”
(to save typing):

import numpy as np

Now that we have imported numpy, we can use functions in numpy to create a numpy array. A simple way to do
this is to use the function np.array() to make a numpy array from a comma-separated list of numbers in square
brackets:

a = np.array([1,2,3,4,5])
print(a)

Note that numpy does not make a distinction between row vectors and column vectors: they are just vectors. But
what if we want an array running from 0 to 100, and only the even numbers? Do we type all numbers? Certainly
not! We can use for instance numpy’s linspace or arange:

array_evennr_1 = np.linspace(0,100,51)
print(array_evennr_1)

array_evennr_2 = np.arange(0,101,2)
print(array_evennr_2)

Note the difference between the two ways of making the array and their output!
Exercise 1.8
Make a list and a numpy array in which the values 2, 3, 5 are stored. Multiply the list and array by the value 2
and print the outcome. What is the difference between the mathematical operation on the list and numpy array?
Why do we, physicists, prefer numpy arrays?

#your code

In some cases we want to add items to our array or combine different arrays into a single one. There are different
ways to do that. To combine to numpy arrays, we can make use of the concatenate function. To add items at
the end of our array, we can use the append function.

a = np.array([1,2,3,4,5])
a = np.append(a,6)
b = np.array([6,7,8,9,10])
b = np.delete(b,0)
c = np.concatenate((a,b))
c = np.append(c,11)
print(c)
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Exercise 1.9
Below we have made two arrays, one with even numbers and one with odd numbers. Combine these two arrays
in a single array and sort them (see https://numpy.org/doc/stable/reference/generated/numpy.sort.html). Next,
delete the third element in the array.

even_nr = np.arange(0,10,2)
print(even_nr)
odd_nr = np.arange(1,11,2)
print(odd_nr)
#your code

Converting variables between different types We can also convert a value from one type to another by using
functions with the same name as the type that we want to convert them to. Some examples:

float(5)

int(7.63)

Note that when converting an float to an int, Python does not round off the value, but instead drops all the
numbers off after the decimal point (it “truncates” it). If we want to convert to an integer and round it off, we
can use the round() function:

b = round(7.63)
print(b)

a = 4.45
b = 4.55
a = round(a,1)
b = round(b,1)
print(a)
print(b)

There seems to be something odd happening here, as when we round to the first decimal number a and b obtain
the same value. Why this happens is covered in the last two notebooks. It has to do with always rounding down
or up results in a systematic error in the mean.

print(type(b))
print(b+0.4)

This works for conversions between many types. Sometimes, you will lose information in this process: for example,
converting a float to an int, we lose all the numbers after the decimal point. In this example, Python makes a
guess at what you probably want to do, and decides to round off the floating point number to the nearest integer.
Sometimes, Python can’t decide what to do, and so it triggers an error:

float(1+1j)

A very useful feature is that Python can convert numbers into strings:

a = 7.54
str(a)
b = a + 1
print(b)
%whos

That is actually what happens when you use the print() commands with a numeric value.
But also very useful is that as long as your string is easily convertable to a number, Python can do this for you
too! Note below that the quotation marks makes it a string!
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float('5.74')

int('774')

complex('5+3j')

We even can convert immutable tuples to mutable lists, and back again.

a = (4,5)
print(type(a))
a = list(a)
print(type(a))
a = tuple(a)
print(type(a))

Exercise 1.10
Define a list of parameters with as many types as possible, i.e. all the examples you see above and maybe a few
more. Use %whos to see how they look inside the computers’ memory. Try to change their format and re-run the
%whos command.

# Your parameters list
a=
b=

# Parameter formats in the computer
%whos

Names of variables So far we have not talked about the names of variables. Throughout the notebook we
used a and b for single variables, list, numpy arrays and so on. Each time the previous value is overwritten.
Furthermore, what does a refers to? Is it acceleration, is it a test variable? We have no clue.
If you want to be able to read your code next year, or if you want us to be able to read your code, you
have to come up with proper names for your variables. We advice you to look at the YT-movie clip be-
low as some conventions are clearly elaborated. Also, look at the PEP 8 – Style Guide for Python Code:
https://www.python.org/dev/peps/pep-0008/ for more related tips and conventions.

YouTubeVideo('Uw95Uc3xgWU', width = 600, height = 450)

Python can do math Python has a set of math functions that are directly built in to the language. You can
use Python as a calculator!

1+1

So from now on, don’t use your calculator or excel when working on calculations yourselves! Use Python!
Calculations also work with variables:

a = 5
print(a+1)

Exercise 1.11
Discover what the following Python operators do by performing some math with them: *, -, /, **, //, %. Print
the value of the mathematical operation to the command line in subsequent cells.

# Try out *

# What did it do? Add your answer here:
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# Try out -

# What did it do? Add your answer here:

# Try out /

# What did it do? Add your answer here:

# Try out **

# What did it do? Add your answer here:

# Try out //

# What did it do? Add your answer here:

# Try out %

# What did it do? Add your answer here:

Another handy built-in function is abs():

print(abs(10))
print(abs( -10))
print(abs(1j))
print(abs(1+1j))

You can find the full list of built-in math commands on the Python documentation webpage:
https://docs.python.org/3/library/stdtypes.html#numeric-types-int-float-complex

Sending data to Python using input() So far, we have seen examples of “output”: Python telling us stuff,
like in the first “Hello world” example above.
And we have seen examples of “code”: us giving instructions to Python to do things.
In addition, we can also send stuff to Python. Often in physics, we do this by having Python read data files,
which we will cover later, but we can also send information to Python using the input() command:

a = input()

print()
print("The input was:")
print(a)

Here something seemingly odd happens: even if we type a number into the input box, it will always return a
string variable of type str:

type(a)

If we want to use our input as a number, we have to convert it to a number, for example, by using the float()
function. Moreover, it might be handy to tell the user what he or she is supposed to do. You can specify text for
the label of the input box:

a = input("Enter a number: ")
a = float(a)
print("\nThe value of a is:", a)
print("a has the type:", type(a))
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A very useful tool is string formatting (https://realpython.com/python-string-formatting/). We can tell Python
that a number is comming, specify its type and later include the number:

print('The number given by the use is %.1f ' %a) #prints 1 dec float
print('The number given by the use is %d ' %a) #prints as integer
print('The number given by the use is %e ' %a) #prints with scientific notation

Exercise 1.12
Use the input function to get parameters of integer, float and string format into the computer. Have Python
check whether the proper type is assigned.

# Your code here

Tab completion in Jupyter Notebooks Computer programmers often forget things, and often they forget
what variables they have defined. Also, computer programmers always like to save typing if they can.
For this reason, the people who made Jupyter notebooks included a handy feature called “TAB completion” (which
is actually something that has been around for a long time in unix and ms-dos command line environments).
The idea is that if you start typing part of the name of a variable or part of the name of a function, and then push
the TAB key, Jupyter will bring up a list of the variable and function names that match what you have started to
type. If only one matches, it will automatically type the rest for you. If multiple things match, it will offer you
a list: you can either keep typing until it’s unique and press TAB again, or you can use the cursor keys to select
the one you want.
Here is an example:

this_is_my_very_long_variable_name = 5
this_is_another_ones = 6

Now click on the following code cell, go the end of the lines in this cell and try pushing Tab:

this_is_a

Handy! Jupyter did the typing for me!
If multiple things match, you will get a drop-down box and can select the one you want. So press Tab : after

this_is

You can also keep on typing: if you just type a after you hit tab and then hit tab again, it will finish the typing
for you.
Exercise 1.13

Use tab completion on the initial letters of a few of the commands that have been presented. Along the way you
will discover many more Python commands!

# Your code here

Understanding Python Errors Sometimes, the code you type into a code cell will not work. In this case,
Python will not execute your code, but instead print out an error message. In this section, we will take a look at
these error messages and learn how to understand them.
Let’s write some code that will give an error. For example, this is a typo in the name of the print() command:

a = 5
printt(a)

68

https://curvenote.com
https://realpython.com/python-string-formatting/
https://en.wikipedia.org/wiki/Command-line_completion


Introduction to Experimentation in Physics

After your code cell, you will see some colored text called a “Traceback”. This “Traceback” is the way that Python
tries to tell you where the error is.
Let’s take a look at the traceback:

The traceback contains three important details that can help you:

1. The type of error

2. Where the error occurred in your code

3. An attempt to explain why the error happened

For 1 and 2, Python is pretty good and will communicate clearly. For 3, sometimes you need to have some
experience to understand what python is trying to tell you.
In this specific case, the type was a NameError that occured on line 2 of our code cell. (By the way, in the View
menu, you can turn on and off line numbers in your cells.)
A NameError means that Python tried to find a function or variable that you have used, but failed to find one.
If you look already at the line of code, you can probably spot the problem already.
At the very end of the traceback, Python tries to explain what the problem was: in this case, it is telling you that
there is no function named printt.
You will also get a NameError if you try to use a variable that doesn’t exist:

print(non_existant_variable)

Another common type of error is a SyntaxError, which means you have typed something that Python does not
understand:

a = a $ 5

You can also get errors if you try to use operators that do not work with the data type you have. For example, if
you try to “divide” two strings:

"You cannot " / "divide strings"

Here, you get a TypeError: the division operator is a perfectly fine syntax, it just does not work with strings.
In Python, errors are also called “Exceptions”, and a complete list of all error (exception) types, and what they
mean, can be found here:
https://docs.python.org/3/library/exceptions.html#concrete-exceptions
Sometimes, you can learn more about what the error means by reading these documents, although they are
perhaps a bit hard to understand for beginners.
In last resort, you can also always try a internet search: googling the error message can help, and there are also
lots of useful posts on stack exchange (which you will also often find by google).
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Exercise 1.14
Run the following code and try to understand what is going wrong by reading the error message.

a=10
b=0
c=(a/b)

4 + practicum*3

d='practicum is great' + 2

If you are not sure what to do, what the function was called or need some help, there are two handy tools. First,
if you put a question mark (?id) before your variable or function, you get additional information.
The other tool is to type your variable, put a dot behind it and autocomplete using tab. This will produce a
dropdown menu with all the available actions that can be carried out.
Exercise 1.15
Try ?%whos below and see what information is given.

Exercise 1.16
Make a variable and an array. Use the second tool to find out what actions can be performed on the two different
types.

Solutions to Exercises Exercise 1.1

# You can print special characters:
print("My first message #1")
print("Another special character: one \ two")

# However, there are some special combinations such as \n that have another meaning.
# In this case, \n starts a new line.
print("Another special character: one \n two")

# If we wish to print the text \n, we should add another \ to indicate that we do not.
print("Another special character: one \\n two")

Exercise 1.2

print('The value is', 10)
# Note that a space is added in between the string and the number.

Exercise 1.3

a = 5
print(a) # this prints 5
a = 7
print(a) # this prints 7 as the current value of a is 7

Exercise 1.4

# After restarting the kernel all variables, such as a, are no longer stored and do not show up in %whos.

Exercise 1.5
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print('This is the first string' + 'and this is the second string.')
# The strings are joined.

Exercise 1.6

# Only 0 is False, some examples:
if 0:

print('0 is True')
else:

print('0 is False')

if 1:
print('1 is True')

else:
print('1 is False')

if -57:
print(' -57 is True')

else:
print(' -57 is False')

if 6/7:
print('6/7 is True')

else:
print('6/7 is False')

Exercise 1.7

#

Exercise 1.8

a = [2,3,5]
b = np.array([2,3,5])

print(2*a) # Multiplying the list is like adding the two lists such that it is repeated.
print(2*b) # Multiplying the numpy array multplies each value in the array.

Exercise 1.9

even_nr = np.arange(0,10,2)
print(even_nr)
odd_nr = np.arange(1,11,2)
print(odd_nr)

total = np.append(even_nr, odd_nr)
print(total)
total = np.sort(total)
print(total)
total = np.delete(total, 2)
print(total)

Exercise 1.10

#
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Exercise 1.11

print('7*3 =', 7*3)
print('7 -3 =', 7 -3)
print('7/3 =', 7/3)
print('7**3 =', 7**3)
print('7//3 =', 7//3)
print('7%3 =', 7%3)

Exercise 1.12

# You can chech that the input is always a string.
a = input('type input: ')
print(type(a))

Exercise 1.13

#

Exercise 1.14

# ZeroDivisionError: division by zero
# You cannot divide by zero, so this results in an error.

# NameError: name 'practicum' is not defined
# You cannot use an undefined variable, use a string to print text.

# TypeError: can only concatenate str (not "int") to str
# You cannot add a string and an integer. We can add two strings:
print('practicum is great' + str(2))

Exercise 1.15

#

Exercise 1.13

#
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3.1.7 Good coding practices

In this notebook, we outline some example of “good coding practices”: things you should do to make your code
robust and understandable to others.
Learning objectives:

• Student is able to write code that has a clear and understandable structure

• Student is able to write code with descriptive variable names

• Student is able to write code with explanatory comments

• Student is able to write code that avoids “hard coding”

Writing understandable code Once you become an expert at coding, it will become very easy to write code
that python can understand.
What is actually a big challenge in computer science is actually writing code that works, that is efficient, and
most importantly, that other people will understand!
You might think: but I’m writing this code only for myself, so I don’t really care about if my code is easy to
understand, right?
There are many reasons why this is incorrect:

1. In this course, your teachers and your TAs will need to understand your code in order to grade it. If
we can’t quickly understand what you have done, this will affect your grade!!! (One of our grading
criteria will be the clarity and readability of your code.)

2. You might, in the future, want to share your code with someone else. If they have to spend a lot of time
figuring out what you’ve done, then your code is useless to them. (In fact, this is the power of open
languages like python, and is why python is so fantastically successful: there is a huge amount of code
that other people have written that you can reuse!)

3. Weeks, months, or even years later, you might want to go back and re-use your own code. If your code
not written in a clear and understandable way, you yourself will waste a lot of time trying to figure out
what you did!

In preparing the lecture notebooks for this course, I personally experienced 3 myself: I went back to some simple
code that I wrote a few weeks earlier, and I realized I had no idea what the code did!
So how do you make sure that your code is understandable? There are two practices that can make this useful:

• Meaningful variable names and logical structure

• Comments explaining what you’re doing

As a concrete example, I will take the following code below and show how by using these two techniques, an
imcomprehensible piece of code that is them modified in two steps to be very easy to understand.

BAD code Here is the “bad” code:

foo3 = 2.0; foo1 = 10; foo2 = 0.0
def foo6(foo1):

return foo1**2
foo5 = 0.5*foo6(foo2) + foo6(foo3); foo4 = (foo3 -foo2)/foo1
for foo7 in range(1,foo1):

foo5 += foo6(foo2+foo7*foo4)
foo83 = (foo5*foo4)
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Can you figure out what this code does? It would take me personally a lot of time...
This code is a mess, but is technically correct: it will give the right answer. But correct code can also be terrible
code, and for me, the code above is really terrible!

Better variable names and logical structure

def f(x):
return x**4 - 2*x + 1

N = 10
a = 0.0
b = 2.0
h = (b -a)/N

s = 0.5*f(a) + 0.5*f(b)
for k in range(1,N):

s += f(a+k*h)

answer2 = (h*s)

Why is this better?

• Not all variables and functions are named foo, but have somewhat meaningful names like f(x), a, b, N

• The definition of the variables is in a logical order (a is after b, for example)

• The functions are defined at the top (a common convention to make your code understandable)

• There are blank lines separating different logical parts of the code:
– function definitions at the top
– then the defining the values of the input variables
– then the loop that does the actual work
– then the definition of the answer / output

When you work on the Integration notebook, you may also recognise this from the trapezoidal technique. The
variable names also match the formulas from a textbook we have used in the past, and if you had just read the
textbook section on Integration, you will also probably almost instantly recognize all the variable names from
those used in the derivation from the book, and also what it does.
However, if you come back at a later time when the integration section of the textbook is not so fresh in your
head (as I did recently while updating this notebook), you may immediately think “what was I doing here?”

Even better: Descriptive variable names The above code is already better. And if I am looking a textbook
where all the things above are clearly explained, then maybe the meaning of the parameters a, b, N etc are clear
to me. However, if you haven’t seen the code before, it may not be immediately obvious. Are a and b the slope
and intercept of a line y = ax + b? Or are they something else? Is N the number of points in my discretisation,
or is it the number of slices in my integral?
For this reason, it is better to use descriptive variable names that themselves already describe what the meaning
of the variable is:

def f(x):
return x**4 - 2*x + 1

N_slices = 10
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start = 0.0
stop = 2.0
step_size = (stop -start)/N_slices

running_sum = 0.5*f(start) + 0.5*f(stop)

for i in range(1,N_slices):
running_sum += f(start+i*step_size)

answer2 = (step_size*running_sum)

This is a bit more typing, but you can also use “tab completion” to save typing: just type the first few letters,
push the “tab” key, and the Jupyter notebook will automatically type the rest out for you.

Commenting your code By taking some time to explain what you’re doing and why, this code can now become
instantly understandable:

# Code for integration with the Trapezoidal rule

# The function we want to integrate
def f(x):

return x**4 - 2*x + 1

# The number of slices we will use, and the starting and end points of the integral
# Note that this is NOT the number of points for our discritisation: that is N_slices+1.
N_slices = 10

# The starting and stopping points of our integration range
start = 0.0
stop = 2.0

# The step size
step_size = (stop -start)/N_slices

# A running sum we will use
# We start by the half of the start and end points (trapezoidal rule)
running_sum = 0.5*f(stop) + 0.5*f(stop)

# Now a for loop that does the sum.
# range(1,N_slices) will give us 9 numbers running from 1 to N_slices -1
# For N_slices=10, we will get a list of 9 numbers: [1,2,3,4,5,6,7,8,9]
# Note that we do not need i = 0 because in the trapezoidal rule, we add it
# separately above with a factor of 0.5, together with the end point
for i in range(1,N_slices):

running_sum += f(start+i*step_size)

# The integral is then given by the produce of the sum and the step siz
answer2 = (running_sum*step_size)

Here, we explain what we are doing and why! This code is likely understandable by anyone who reads it, including
myself again in a year’s time.
In particular, we can point out some of the sneaky things, such as the difference between number of slices and
number of points, and also why our range() function starts at 1 and not 0.
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It is always a good idea to add comments explaning what you do. But, of course, you don’t want to write code
that is more comments than actual code! Where do I draw the line? When do I decide if I should add a comment
of if I think it is already clear enough without it?
Good guideline: if there is something that you had to fiddle around with for a while to get the code correct, add
a comment in your code so that you remember this and others get to learn from your hard work!
Using descriptive variable names also helps, as then you may not have to add a comment where you otherwise
would.
And, while it takes some time while you’re doing it, but adding detailed comments to our code will make your life
MUCH easier in the future, will make your code understandable for others, and will maximize your grade :)

Summary: Writing understandable code In summary, you can make your code much more understandable
for others if you:

1. Use descriptive variable names

2. Explain things in comments

Avoid hard-coding “Hard coding” is one of the coding practices we will be discouraging in this course, and the
use of “hard coding” can lose you points in your final exam.
What is “hard coding”?
Hard coding is when you fill in values repeated at multiple places in your code. For example, say your are asked
to make an array x that is 1000 points and runs from 0 to 10, calculate array y = sin(x), and then print out the
percentage of points in y that have a value of less than 0.3. In the code snippets below, we will take a look at a
BAD way of doing this with hard-coding, and then also proper ways of doing this that do not involve hard-coding.

BAD code with hard-coding Here is an example of a BAD piece of code that does this using hard-coding of
the number of points:

import numpy as np

# An example of hard coding (DO NOT DO!!!!)
x = np.linspace(0,10,1000)
y = np.sin(x)

num = 0
for i in range(1000):

if (y[i]<0.3):
num += 1

print("The percentange of points in y less than 0.3 is %.2f %%" % (num/1000*100))

In this example code, we say that we have “hard coded” the number of points in the array. Say we wanted to
then change the number of points in array x from 1000 to 1500: we would then have to go through all of our
code by hand and change 1000 each time into 1500.
This time that is not so difficult since it is a short piece of code, but when you build more complex programs, this
will become a lot more work, and the chance of getting a bug in your code will increase exponentially!

GOOD example with no hard-coding: replacing hard coded numbers with a variable Below, instead of
typing in 1000 each time manually, we will define a variable at the top that will define how many points x has.
This way, if we want to change the size of x, all we have to do is change this variable and everything will still
work.
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# An example THE PROPER WAY, using a variable
npts = 1000
x = np.linspace(0,10,npts)
y = np.sin(x)
maxval=0.3

num = 0
for i in range(npts):

if (y[i]<maxval):
num += 1

print("The percentange of points in y less than 0.3 is %.2f %%" % (num/npts*100))

The big advantage here is that you can just change npts and all the code works immediately with no further
changes!

Another GOOD option: replace hard coded numbers with automatically calculated values Here below
is also another option: instead of using a variable npts, we can also use the len() function to automatically
calculate the length of array x:

# An example using len()
npts=1000
x = np.linspace(0,10,npts)
y = np.sin(x)
maxval=0.3
num = 0

# For for loops, this is quite handy and easy to read
for i in range(len(y)):

if (y[i]<maxval):
num += 1

# However, for this line, I find the example above with npts a bit more readable: it is very obvious
# why I would divide by npts, but maybe not so immediately obvious why dividing by len(y)
# is the right thing to do...but it's fine, in particular if you add a comment explaining
# yourself.
print("The percentange of points in y less than 0.3 is %.2f %%" % (num/len(y)*100))

As mentioned in the code, this is quite common and probably always a good idea for the for loop: this way, you
never accidentally loop over the end of the array!
(In python, this will either give an error, or, in the case of slicing, will give strange results since slicing applies
“periodic” boundary conditions when indexing instead of giving an error...)
In the case of calculating the percentage, it is maybe a bit less obvious to a non-trained programmer that this
is the right thing to do, in which case it is a good idea to add a comment to your code explaining what you’re
doing.

Summary: How to avoid hard coding You will make your code much more robust and maintainable by
avoiding hard coding of values if you:

• Replace hard-coded values with variables

• Use functions that can automatically determine the appropriate value to use
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3.1.8 Functions in Python & basics of plotting

Pre/Post-test This test is for testing your current skills in Python. You can use it in two ways:

• pre-test: to test your skills beforehand. If you are already proficient in Python, and can do this test
within approximately 15 minutes, you can scan through the notebook rather than carefully reading each
sentence.

• post-test: to test your skills after Notebook 2. Check whether you learned enough.

Analysing some data

As Eric passed the first test, he is now exposed to a more difficult challenge. He obtained a dataset consisting
of five measurements. By plotting the data he expects that the underlying relation is y = a · x + b, with a and
b constants that need to be determined. As he still lacks the ability to have Python determine these coefficients,
he just tries values for a and b and produces the corresponding graph. He then visually assesses the correctness
of the values for a and b.

• plot the measurements in the graph as black dots

• make an educated guess for the coefficients a and b

• write a function that takes x, a and b as input and calculates y (

• make a test array in the given domain for x, using an interval of 0.1 (so [0.0, 0.1, ...])

• calculate for all values of x_test the value of y

• plot these data in the same graph as the measurements as red dashed line (r–)

x = np.array([0, 1, 2, 3, 4, 5])
y = np.array([1.2, 3.6, 6.0, 8.4, 10.8, 13.2])

### YOUR CODE

x_test = ...
y_test = ...

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
NameError Traceback (most recent call last)
Cell In[1], line 1
- - - -> 1 x = np.array([0, 1, 2, 3, 4, 5])

2 y = np.array([1.2, 3.6, 6.0, 8.4, 10.8, 13.2])
4 ### YOUR CODE

NameError: name 'np' is not defined

Learning objectives In this notebook, we will explore the implementation of functions in Python.
After completing this notebook, you are able to:

• define functions with input parameters to execute a piece of code (use functions as “methods”)

• create and use functions that return a value (or multiple values)

• import and use functions from libraries / modules
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• use Shift-Tab to bring up the help for a function from a library

• predict if a variable name in a function refers to a local variable or a global variable

• make a plot using the matplotlib library

Various functions

Functions to save typing In programming, you often want to repeat the same sequence of commands over
and over again.
One way to do this is to copy and paste the same piece of code over and over again. This is actually quite easy,
but runs quickly into a problem: let’s say you want to change a little bit what that code will do, then you need
to change it in many places. If you change it in one place but forget in another, then your program might crash
(ie. give an error). Or even worse, and even harder to debug the mistake may not give an error message but give
you the wrong answer!
For this reason (among others), programming languages allow programmers to define “functions”. Functions are
pieces of code that you can give a name and then enable you to them use over and over again, without having to
retype the code text.
As an example, let’s say that we want to print out the value of a variables named a and b using a long sentence:

a = 6
b = 4
print("The value of variable a is", a)
print("The value of variable b is", b)

a = a/2
b = 3
print("The value of variable a is", a)
print("The value of variable b is", b)

a = a+1
b = 1.5
print("The value of variable a is", a)
print("The value of variable b is", b)

a = a -20
b = -1e4
print("The value of variable a is", a)
print("The value of variable b is", b)

a = a+1j
b = 1
print("The value of variable a is", a)
print("The value of variable b is", b)

To save a lot of typing, one can define a simple function to do this work for us:

def print_status():
print("The value of variable a is", a)
print("The value of variable b is", b)

a = 6
b = 4
print_status()
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a = a/2
b = 3
print_status()

a = a+1
b = 1.5
print_status()

Or even more convenient:

def print_status(a,b):
print("The value of variable a is", a)
print("The value of variable b is", b)

a = 6
print_status(a+1,1.5)
print_status(a -20, -1e4)
print_status(a+1j,1)

To define a function, you use the following syntax:

def function_name():
...

Here, you replace the ... with the code you want to function to execute. The Python code inside the function
should be indented by starting each line with a tab. By default, adding a tab will produce 4 spaces in your code.
You can also “indent” your code by manually adding spaces, but you must make sure to add 4 spaces each time.
The Jupyter notebook will try to detect if you make a mistake in your indentation, and will sometimes color your
text in red if it detects a mistake.
Tabs in Python are VERY IMPORTANT: python uses tabs to know which code is inside the function and which
is not. If you make a mistake with the tabs in such a way that Python cannot understand what you mean, it will
give you an IdentationError.
In notebooks, you can also select a line, or multiple lines, and then use Tab to increase their indentation level, or
use Shift-Tab to decrease their indentation level.

def test_tab_and_shift_tab():
some code

that is indendented
try selecting this text
and then pushing tab
and shift -tab

In the given example, it may not be such a big deal, but you can imagine that as the code in your function
becomes more and more complicated, it will save you a lot of time. Also, imagine that I wanted to change the
wording of the sentence I print: in the case with the function, I would only have to do this once, while in the
example without function, I would have to manually change this at 5 different places.
Exercise 2.1
Write your own function that contains two lines of code. The first line should make a new variable var2 that
converts var to an integer. The second line of your code should print the value of var2.
Using this code, play around with the indentation (add extra tabs and spaces for example) to see how ‘crit-
ical’ Python is with indentation. For example: does three spaces work instead of Tab? Does one space
work? What about Tab on the first line and three spaces on the second line? Can you make Python trigger
an IdentationError?
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var=3.5

# Your function and out below

Functions with input variables Let’s say that we want to print out the status of variables that we do not know
the name of ahead of time, as in the example above. Say we wanted to make a function that could print out a
message with the status of value of ANY variable. How could we do this?
In the example above, our function explicitly printed out variables a and b. But this only works because I know
in advance that the person using my function has defined variables a and b. But what if I want to print the value
of variable c?
To allow functions to be more generic, and therefore more “reusable” in general, Python allows you to define
“input variables” for your function. The syntax for this is the following:

def function_name(x):
...

When you do this, for the code INSIDE your function, a variable x will be defined that will have the value given
by the input value given to the function by the user. Let’s look at a specific example:

def print_status2(x):
print("The value passed to the function is", x)

a = 1.5
print_status2(a)

a = 1+1j
print_status2(a)

print_status2(1.5323)

How does this work?
When the function print_status(a) is called, Python “sends” (“passes” in computer speak) the value of a to
the function. Inside the function, Python creates a new (temporary) variable called x, that is defined ONLY while
the function code is running. This temporary variable x is then assigned the value that was sent to the function,
and then the code is executed. When the function is finished, the variable x is destroyed. (Try adding the code
print(x) above outside the function and see what happens!)
Note, as you can see in the third example, the things you pass to functions do not even need to be variables! This
is fine because the function only needs the value of the argument that is passed to the function.
Exercise 2.2
Ask the user to type a number x, calculate its square x2 and return the value as a one-decimal float (peak at
notebook 1 how to properly do so using %f).

# Your code here

Functions with multiple inputs Functions can also take multiple input variables. To do this, you put them all
in between the brackets (), separated by commas. For example, with 3 variables, the syntax is:

def function_name(variable1, variable2, variable3):
...

You would then use this function in the following way:

function_name(argument1, argument2, argument3)
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When you do this, inside the function, variable1 will get assigned the value of argument1, variable2 will get
assigned the value of argument2, and variable3 will get assigned the value of argument3. This matching of
the position in the list is called matching by “positional order”.
Note that there are several different names used for the “input variables” of a function: often, computer scientists
will also use the name “input arguments” (or just ”arguments), or “input parameters” (or just “parameters”).

def print_status3(x, y):
print("The value of the first input variable is ", x)
print("The value of the second input variable is ", y)

print_status3(1,2)
print_status3(2.5,1.5)
print_status3(a, 2*a)

Exercise 2.3
Make a new function print_status4() that takes three variables as arguments and prints out messages telling
the user the values of each of them (as above, but with three input variables). Test it to make sure it works.

# Your code here

Functions that return a value In addition to receiving values as inputs, functions can also send back values
to the person using the function. In computer programming, this is called the “return value”.
When you create a function, you can use the return command to specify what value should be sent back to the
person using the function. Let’s look at an example:

def my_formula(x):
y = x**2 + 3
return y

In this case it could be more convenient just to type:

def my_formula(x):
return x**2 + 3

To “capture” the value returned by the function, you can assign it to a variable, or just directly “use” the result
of the function if you want:

result = my_formula(3.5)
print(result)
print(my_formula(4.6))

Note that as soon as python sees the return command, it stops running the function, so any code after it will
not be executed:

def myfunction(x):
print("This gets printed.")
return x**2 + 3
print("This does not.")

print(myfunction(5))

If you want to send back more than one result to the user of your function, you can separate the results with
commas when you use the return command.

def functie(x,y):
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return x**2, y**3

s, p = functie(2,4)
print(s,p)

Exercise 2.4 (a)
Write a function that takes two real numbers as input and returns the sum and product of the two numbers. In
your function, try to send both of the calculated numbers back as a return value.

# Your function here
def product_and_sum(...):

...

Exercise 2.4 (b)
Now USE your function to calculate the sum and product of a and b, “capturing” the sum and product in variables
s and p:

a = 1.5
b = 2.5

#...some code that uses the return value of your function to set variable s and p...

print("Sum is:", s)
print("Product is:", p)

Importing functions from libraries One of the big advantages of Python is that there are huge collection of
libraries that include code for doing a huge number of things for you! We will make extensive use of the library
numpy for numerical calculations in Python, and the library matplotlib for generating scientific plots. Beyond
this, nearly anything you want to be able to do on a computer can be found in Python libraries, which is one of
the reasons Python is so popular.
In order to make use of these libraries of code, you need to “import” them into the “namespace” of your kernel.
(“Namespace” is Python-speak for the list of functions and variable names that you can find in the running copy
of Python that is connected to your notebook.)
Here, we will show you a few examples of different ways of importing code into your notebook from a library
(also called a “module”). For this, we will take the example we used already in Notebook 1: in the module time,
there is a function called sleep() that will perform the task of “pausing” for a number of seconds given by the
its argument.
You can find out more about the time module by looking at its documentation webpage:
https://docs.python.org/3/library/time.html
and specifically about the sleep() function here:
https://docs.python.org/3/library/time.html#time.sleep

Importing a whole module The simplest way to be able use the sleep function of the time module is to
import it using the following command:

import time

You can see it has been imported by using the %whos command:

%whos

Once it has been imported, you can access all the functions of the module by adding time. in front of the
function name (from the time module) in your code:
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print("Starting to sleep")
time.sleep(5)
print("Done!")

If you import the whole module, you will have access to all the functions in it. To see what functions are in the
module for you to use type dir(time), which will generate this list.
Sometimes, if you will be using the functions from the module a lot, you can give it a different “prefix” to save
yourself some typing:

import time as tm
print("Starting to sleep")
tm.sleep(5)
print("Done!")

We will use this a lot when using the numpy module, shortening its name to np when we import it, and also for
the matplotlib.pyplot submodule, which we will shorten to plt. (These are also typically used conventions in
the scientific community.)

Importing a single function You can also import a single function from a library:

from time import sleep
from datetime import datetime

When you do this, the function sleep() will be available directly in your notebook kernel “namespace” without
any prefix:

start_timer = datetime.now()
print("Starting to sleep")
sleep(5)
print("Done!")
end_timer = datetime.now()
print(end_timer -start_timer)

Using %whos, we can now see that we have three different ways to use the sleep() function. We also used a
self-built stopwatch showing how long it took to run some code. This is a very convenient way to improve your
own code, speeding it up is especially important when using large chunks of code.

%whos

If you look around on the internet, you will also find people that will do the following

from numpy import *

This will import all the functions from numpy directly into the namespace of your kernel with no prefix. You
might think: what a great idea, this will save me loads of typing! Instead of typing np.sqrt() for example, to
use the square-root function, I could just type sqrt().
While true, it will save typing, it also comes with a risk: sometimes different modules have functions that have the
same name, but do different things. A concrete example is the function sqrt(), which is available in both the
math module and the numpy module. Unfortunately, math.sqrt() will give an error when using numpy arrays
(which we will learn more about in later notebooks).
If you import both of them, you will overwrite these functions by the second import, and if you’re not careful, you
will forget which one you are using, and it could cause your code to break. It will also “crowd” your notebooks
namespace: using the whos function, you will suddenly see hundreds or even thousands of functions, instead of
only just a module.
For these reasons, it is generally advised not to use import *, and it is considered poor coding practice in modern
Python.
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Shift-Tab for getting help Like the tab completion we saw in the first notebook, Jupyter also can give you
help on functions you have imported from libraries if you type Shift-Tab.
Say I forgot how to use the datetime() function. If I type the word “datetime” and then push Shift-Tab,
Jupyter will bring up a help window for that function.
Try it: click on any part of the word datetime in the following code cell and push Shift-Tab:

datetime

You can also find the same help as the output of a code cell by using the help() function:

help(datetime)

There are extensive online resources for many modules. The most used modules have helpful examples.
Exercise 2.5 a
Find help for the built-in functions abs, int, and input. Which of the help functions are easy to read? Which
one does not provide such useful information (compared to the online documentation page)? (Put each help
command in a separate cell)

# Your code here

# Your code here

# Your code here

Exercise 2.5 (b)
Import the function glob from the library glob and print its help information. What does the function
glob("../*") do?

# run the help here

# your code here

Global variables, local variables, and variable scope In our first functions above, we saw a couple of examples
of using variables inside functions.
In the first example, we used the variables a and b inside our function that we created outside our function,
directly in our notebook.
In the second example, we used the “temporary” variable x inside our function.
These were two examples of different variable “scope”. In computer programming, scope define the rules Python
uses when it tries to look up the value of a variable.
In the slightly simplified picture we will work with here, variables can have two different types of “scopes”: global
scope and local scope.
If Python looks for a variable value, it first looks in the local scope (also called “local namespace”). If it does
not find it, Python will go up into the global scope (also called the “global namespace”) and look for the variable
there. If it does not find the variable there, it will trigger an error (a NameError to be precise).
How do I create a global variable? By default, if you create a variable directly in your notebook (and not in
a function in your notebook), it will always be global. So, actually, you’ve already created a bunch of global
variables!
Any variables you define inside a function in your code will be a local variable (including the input variables
automatically created if your function takes any arguments).
If you want to create a global variable inside a function, or make sure the variable you are referring to is the global
variable and not the local one, you can do this by the global qualifier, which we will look at in a minute.
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Let’s take a look at this in more detail by analysing a few examples.
Example 1 Accessing a global variable inside a function

a1 = 5

def my_func():
print(a1)

my_func()
a1 = 6
my_func()

In this example, when Python is inside the function my_func(), it first looks to see if there is a variable a1 in the
local scope of the function. It does not find one, so it then goes and looks in the global scope. There, it finds a
variable a1, and so it uses this one.
Example 2 An example that doesn’t work (unless you’ve run the next cell, in which case it will only fail again
after you restart your kernel)

def my_func():
print(b1)

my_func()

This code gives a NameError because there is no variable b1 yet created in the global scope. If we run the
following code cell and try the code above again, it will work.

b1 = 6

Here you can see one risk of languages like Python: because of the persistent memory of the kernel, code can
succeed or fail depending on what code you have run before it... This is why you kill your kernel, clear all outputs
and re-run the entire script!!
If you want to see the error message above again, you can delete variable b1 using this code and run it again:

del b1

Example 3 Variables defined in the local scope of a function are not accessible outside the function

def my_func():
x = 5

my_func()

print(x)

Example 4 Variables passed to functions cannot be modified by the function (more on this later when we look
at more complicated data structures...sometimes this is different)

def my_func(a):
a = 6

a=5
my_func(a)
print(a)

This one is a bit subtle (mega-confusing?) because we re-used the same name a for the local variable in the
function as the global variable outside of the function. However, the operation is quite logical. When the function
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code starts running, it creates a local variable a to store the value it received. And now, because there is already
a local variable called a, using a in the function refers to the local variable a, not the global variable a we
define before calling the function.
Example 5 This one is a tricky one.

a = 6

def my_func():
a = 7

print(a)
my_func()
print(a)

It would seem that the function would refer to the global variable a and therefore change it’s value. However, it
is tricky since we first use a in the function in an assignment. An assignment in python will automatically create
a variable if it does not exist, and so python creates a new variable named a in the local scope. The name a
inside the function now refers to this newly created local variable, and therefore the global variable will not be
changed. In fact, this guarantees that you cannot change global variables inside a function, unless you use the
global qualifier shown in the next example.
Example 6 If you want to make sure that the a inside your function is referring to the global variable a, you can
include the line global a inside your function to tell python that you mean the global variable a.

a = 6

def my_func():
global a
a = 7

print(a)
my_func()
print(a)

Note that in general, it is considered bad programming practice to use (too many) global variables. Why? When
you write longer and bigger sections of code, it is easier to understand what is going on in your function if your
function uses only local variables and communicates back and forth using input parameter and return variables.
Using too many global variables in a function can be confusing because they are defined in a different place in
your code and so you don’t have a good oversight of them. (Bigger projects can easily have 10,000+ lines of
code!)
In computer science, this is a topic of often intense debate (resulting in what nerds refer to as a flame war), with
global variables being branded as “dangerous” like in this stack exchange post:
https://stackoverflow.com/questions/423379/using-global-variables-in-a-function
But I personally agree with the comments in this post that “global variables have their place but should be used
sparingly”.
Summary of the rules for global and local variables:

• If a local variable of the same name exists or is created by Python (by assignment, for example), then
python uses the local varible

• If you try to use a variable name that does not exist locally, Python checks for a global variable of the
same name

• If you want to change the value of a global inside a function, then you must use the global statement
to make it clear to Python than you want that name to refer to the global variable
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Exercise 2.6 (a) Make a function, dependent on one variable, that may be any differentiable function. You
can use any combination of standard functions (e.g. np.sin, np.exp). Use this function to print the values f(0)
and f(1).

import numpy as np
def f(x):

return ...

Exercise 2.6 (b) We want to find the tangent line at a given value of our function. For this, you may
approximate the slope by ∆y

∆x = f(a+ϵ)−f(a−ϵ)
2ϵ , where epsilon is a sufficiently small number (note that Python’s

float type is limited to a number of digits, so ϵ should not be smaller than 1e-8) and a is the point at which we
want the tangent line. Make a function that, given a certain point, returns the slope.

def determine_slope(a, epsilon):
dy = ...
dx = ...
return dy/dx

Exercise 2.6 (c) We want to write the tangent line in the form y = mx + b. Make a function that, given a
point, print outs the tangent line. Hint: use your previously defined functions.

def print_tangent(a, epsilon):
m = ...
b = ...
print(...)

epsilon = ...
a = ...
print_tangent(a, epsilon)

Plotting data and functions with Matplotlib We already encountered a plot in one of the first assignments.
Physicist always want to plot the data to see what it looks like! The Matplotlib library allows us just to do that.
https://matplotlib.org

Plotting basics Specifically, we will need the pyplot module of matplotlib:
https://matplotlib.org/api/_as_gen/matplotlib.pyplot.html#module-matplotlib.pyplot
We will import it with the shortcut / “name” / “prefix” plt:

import matplotlib.pyplot as plt
import numpy as np

The routine for making line plots of your data is plt.plot():
https://matplotlib.org/api/_as_gen/matplotlib.pyplot.plot.html
We present you a plot with some additional features. Read the code, change values, colors and so on and see the
result. Try to understand how each of the changes affect your plot (predict - observe - explain). Note that we
included many optional elements, without these Python can perfectly create a proper graph for you.

x = np.arange(0,10,1)
y = 2*x**2
z = 15*x+2

plt.rcParams['figure.dpi'] = 300 #used to set proper display resolution
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plt.figure(figsize=(5, 4))
plt.xlabel("$x$ (m)")
plt.ylabel("$t$ (s)")

plt.plot(x,y,'k.',markersize='4',label='quadratic function')
plt.plot(x,z,'r+',label='linear function')

plt.legend(loc='upper left')

plt.xlim(0,10)
plt.ylim(0,180)
plt.grid() #adds a grid to the plot, not always appreciated by scientists.
plt.axhline(0, ls=' -', lw=1, c='grey')
plt.axvline(0, ls=':', lw=1, c='grey')

plt.savefig('my_first_fig.pdf')
plt.show()

If you look in the file browser, you will now see a file my_first_fig.pdf. If you open it, you will see that is a
high-quality vector graphics PDF.
Exercise 2.7
Below we have a dataset where we expect the data to be based upon the formula y = a · x + b. To check whether
this is correct, carry out the following tasks:

• plot the raw data as black dots

• write a function for the formula with input variables a and b

• make an estimated guess for the values of a and b

• use the test variable as input to calculate the corresponding values for y

• plot these values for x and y in the same graph, use a red dotted line

x = np.array([1.1, 3.4, 4.7, 5.3, 6.8])
y = np.array([1.05, 1.62, 1.95, 2.10, 2.47])

x_test = np.linspace(0,1.2*max(x),1000)

def func(x,a,b):

Exercise 2.8 (a)
Coulomb’s law reads F = ke

q1·q2
r2 in which ke is Coulomb’s constant ke = 8.988*109 N m2· C−2, q denotes the

magnitude of the charge (could be negative value as well!) and r the distance between the charges.
Write a function that calculates the force between a given number of (opposite) charges and the distance between
them.

def F(q1,q2,r):
#your code

Exercise 2.8 (b)
Make a plot that shows the force as function of distance between a proton and an electron in the range 0.5 - 6
ångström.
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#your code

plt.figure()
#your code

Solutions to Exercises Exercise 2.1

var=3.5

# Example: one space is actually enough! But is discouraged, as you can see
# by the fact the the notebook made it red colored.
def myfunction():
var2 = int(var)
print(var2)

# Once you've started a code block though with a specific indentaton, then you cant change
# it anymore.
def myfunction():

var2 = int(var)
print(var2)

Exercise 2.2

def myfunction(var):
var2 = int(var)
print(var2)

Exercise 2.3

def print_status4(x, y, z):
print("The value of the first input variable is ", x)
print("The value of the second input variable is ", y)
print("The value of the third input variable is ", z)

print_status4(1,2,3)

Exercise 2.4 (a)

# Your function here
def product_and_sum(a,b):

return a*b, a+b

(b)

a=1.5
b=2.5

p,s = product_and_sum(a,b)

print("Sum is:", s)
print("Product is:", p)

Exercise 2.5 (a)

help(abs)

help(int)
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help(input)

(b)

from glob import glob
help(glob)

glob("../*")
# It returns list of files and folders in the parent directory of that
# in which this notebook is stored

Exercise 2.6 (a)

def f(x): # All differentiable functions are correct
return np.sin(x)

print(f(0), f(1))

Exercise 2.6 (b)

def determine_slope(a, epsilon):
dy = f(a + epsilon) - f(a - epsilon)
dx = 2 * epsilon
return dy/dx

Exercise 2.6 (c)

def print_tangent(a, epsilon):
m = determine_slope(a, epsilon)
b = f(a) - m*a
print("The tangent line of the function is: y = {}x + {}".format(round(m,3), round(b,3)))

epsilon = 0.01 # Depending on the function, a larger epsilon may also be sufficient or a smaller one may be required.
a = 0 # Again, an arbitrary choice.

print_tangent(a, epsilon)

Exercise 2.7

x = np.array([1.1, 3.4, 4.7, 5.3, 6.8])
y = np.array([1.05, 1.62, 1.95, 2.10, 2.47])

x_test = np.linspace(0,1.2*max(x),1000)

def func(x,a,b):
return a*x+b

y_test = func(x_test,.27,0.7)

plt.figure()

plt.plot(x,y,'k.', label='measurements')
plt.plot(x_test,y_test,'r - -', label='fitline')

plt.xlabel('$x$')
plt.ylabel('$y$')
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plt.xlim(0,1.1*max(x))

plt.show()

Exercise 2.8 (a)

k = 8.988e9
def F(q1,q2,r):

return k*q1*q2/r**2

Exercise 2.8 (b)

r = np.arange(0.5E -10,6E -10,0.1E -10)
F_q = F(1.602E -19, -1.602E -19,r)
plt.figure()
plt.plot(r,F_q,'k.')
plt.xlabel('$r$ (m)')
plt.ylabel('$F$ (N)')
plt.show()
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3.1.9 Program flow control with Conditional Statements and Loops

Pre/Post-test This test is for testing your current skills in Python. You can use it in two ways:

• pre-test: to test your skills beforehand. If you are already proficient in Python, and can do this test
within approximately 15 minutes, you can scan through the notebook rather than carefully reading each
sentence.

• post-test: to test your skills after Notebook 3. Check whether you learned enough.

Including password protection

Although the supervisors are impressed by the work Eric is doing, his co-workers are not as happy by the quick
progress Eric is making. Due to the large number of error messages in his code recently, he is convinced someone
is messing with his code... Therefore he decides to write a program that asks the user to enter the password and
checks whether it is correct. As a typo might occur, the user has three tries, after which the program should shut
down. After every try tell the user whether the password is correct or not and how many tries are left. If the user
has not provided the right passwork within the required number of attempts, provide a warning message.
Write the code.

password = 'practicum123'
tries = 0

### Your code

Learning objectives In this notebook, we will learn how to control the flow of execution of Python code using
conditional statements and loops.
After completing this notebook, you are able to:

• create conditional branching statements using if, elif, and else

• formulate conditions using ==, <, >

• combine logical conditions using and and or

• create a while loop that exits on a particular condition

• create a for loop that loops over a range of numbers using the range() command

• exit loops using the break command

• skip the rest of a code block in a loop using continue

Conditional statements A powerful concept in programming languages are pieces of code that allow you to
control if segments or your code are executed or not based of the value of variables in your code.
In this section, we will look at some of the features of the Python language for conditional execution of your code.

The if statement We have already seen an example of the if statement in the previous notebook. The syntax
of the if statement is as follows:

if expression:
code block to be executed if the expression is "True"

Here, expression is a piece of code that evaluates to either the value True or False. Here are a few simple
examples:
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if True:
print("True is true")

if True:
print("The code block")
print("after 'if' statements")
print("can have multiple lines.")

if False:
print("False is not True (this will not be printed)")

if not False:
print("not False is True")

Exercise 3.1
Try out the following conditional statements, filling in the values specified to replace the --- in the code cells.
Check if the integer 1 is true:

if - - -:
print('The expression is true')

Check if 103.51 is true:

if - - -:
print('The expression is true')

Check if -1 is true:

if - - -:
print('The expression is true')

Check if condition statements work with boolean variables:

a = True
if - - -:

print('The expression is true')

Check if conditional statements work with numerical variables:

b = -73.445
if - - -:

print('The expression is true')

Comparison and test operators In the above, the expression in the if statements were all directly values
that are either True or False (except for the example of not False).
More generally, however, the expression can also include comparisons. Some examples of numerical comparisons
are given here below:

if 5 == 5:
print("A double equal sign '==' compares the two sides of itself and gives the")
print("result 'True' if the two sides have the same value")

a = 5
if a == 5:

print("== also works with variables")
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a = 5
if 5 == a:

print("The variable can be on either side")

a = 5
b = 5
if a == b:

print("and == also works with two variables")

a = 5
if a = 5:

print("This will give an error! A single = is an assignment operator, not a conditional test")
print("To check if a is equal to 5, you need to use the double equal sign ==")

a = 5
if a == 6:

print("This will not be printed.")

a = 5
if 2*a == 10:

print("You can also use mathematical expressions")

In addition to the == operator, there are also several other comparison operators such as <, >, >=, <=, !=
Exercise 3.2
Test the operators <, >, >=, <=, != by trying them in an if statement with numerical values.

if - - - < - - -:
print('The expression is true')

if - - - <= - - -:
print('The expression is true')

if - - - > - - -:
print('The expression is true')

if - - - >= - - -:
print('The expression is true')

if - - - != - - -:
print('The expression is true')

Logical operations Python also allows you to build the expression out of logical combinations of several
conditions using the keywords and, or, and not. The value of these operators is as follows

• and evaluates to True if both conditions are True

• or evaluates to True if either condition is True

• notevaluates to True if condition is not True

Below are a few examples.

if True and False:
print("This will not be printed")

if True or False:
print("This will be printed")
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if not 5 > 6:
print("We have already seen 'not' in previous examples. Here, we also combine with an comparison")

if not 5 != 5:
print("This is a very silly example (hard to read, bad coding!)")

if 5 < 6 and 10 > 9:
print("An example of combining conditional expressions with 'and'")

Exercise 3.3
Try out the following examples using the if statement form from above for the conditions
(a) Check if 5 is smaller than 6, AND 10 is smaller equal than 9:

# Your code here

(b) Do you think that the statement not False or True evaluates to True or False? Try it out and see:

# Your code here

To understand what happened in part (b), we have to know if Python first performs the operation False or
True or if it performs the operation not False first. The rules for which order Python does things, in can be
found in the documentation for operator precedence. In the example above, we can see that the not operator
had precedence and Python performed the not before it performed the or.
What if I wanted to have Python perform the or first? You do this by enclosing True or False in brackets:

if not (False or True):
print("not (False or True) is False so this will not be printed")

The elif and else statements In Python, you can combine the if statement with elif and else commands
in a chain in order to allow you to take actions in the case that the starting if statement was false.
elif (else if) is a command that allows you to check another condition if the condition of the starting if is
False. Note that if the if criterion is True, the elif statement will be skipped and not checked.
else is a command that allows you to execute some code if all of the if and all the elifs are are False.
Note that to be part of the “chain”, all the elifs and the last else must follow directly after each other’s code
blocks with no other code in between. And a new if always starts a new chain. You can see how this works in
the following examples:

a = 5
if a < 6:

print("a is less than 6")
else:

print("a is not less than 6")

a = 5
if a<6:

print("the 'if' statement found that a is less than 6")
elif a<6:

print("this will never get printed!")

a = 5
if a<6:

print("the first if found that a is less than 6")
if a<6:

print("unlike elif, a second if will get executed.")
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Since the code inside your if code block is just regular code, you can also add another if statement inside that
code block. This creates a nested if statement inside your first one:

# example of a nested if -statement
a=4
if a<6 and a>=0:

if a>3:
print("the value of a is 4 or 5")

else:
print("the value of a is 0, 1, 2, or 3")

else:
print("none of these are the case")

Exercise 3.4
Practice the use of the if-elif-else statement with the following exercise by filling in the missing conditional
statements. You must use all three of if, elif and else. You also can not use the end operator.

def check_number(a):
...conditional statement number 1...

print(a, "is less than or equal to 5")
...conditional statement number 2...

print(a, "is between 5 and 10")
...conditional statement number 3...

print(a, "is greater than or equal to 10")

# Testing your function
check_number(1)
check_number(5)
check_number(7)
check_number(10)
check_number(15)

Loops Loops are a construction in a programming language that allow you to execute the same piece of code
repeatedly.
In Python there are two types of loops: while loops and for loops. We will look at while loops first and then
move on to the more common for loops.

The while loop Using the while command, you can specify that a block of code gets executed over and over
again until a certain condition is satified:

while expression:
code...

As long as expression is true, then the code block will be executed over and over again.
A simple example where we use a while loop to count to 10:

i = 1
while i <= 10:

print(i)
i = i+1

In this example here, we use a while loop to add up all the numbers between 1 and 10:

i = 1
s = 0
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while i<= 10:
s = s + i
i = i+1

print("Sum is", s)

Note that with while loops, you have to be careful to make sure that your code block does something that results
in your expression becomes false at some point, otherwise the loop will run forever.
For example, when initially I wrote the above cell to calculate the sum, I forgot the i = i+1 line of code:

i = 1
s = 0

while i<= 10:
s = s + i

print("Sum is", s)

This code will never finish: it will go into an infinite loop! (You can see that it is still running because the
* beside the In text never gets turned into a number.) Note that for this will have to manually stop the kernel
using the stop button in the toolbar or it will run forever...

When should I use a while loop? For both of the examples above, one would typically use for loop, which
we will see in the next section. One place where while loops are very useful is if you do not know ahead of time
how many iterations of the loop you will need.
For example, let’s consider the following sum:

S(n) =
n∑

i=1
sin2(i) (3)

Let’s say we want to know: for which n does the sum exceed 30? We can easily check this with a while loop:

from numpy import sin

i = 1
s = 0

while s<30:
s += sin(i)**2
i += 1

print("Sum is", s)
print("i is", i)

Note here I have also used a new operator +=: this is a special assignment operator that increments the variable by
the specified amount. a += 1 is equivalent to a = a + 1 (it just saves a bit of typing, remember: programmers
are lazy...).
Exercise 3.5
Write a function to calculate the factorial of a number using a while loop. The factorial, denoted with !, is the
product of all numbers up to that number, i.e. 4! = 1 · 2 · 3 · 4. Note that perhaps unexpectedly for you 0!=1 for
which your function also have to give an answer.
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If your code doesn’t seem to stop running, you may need to “debug” your code to see where your mistake is (I
did). A handy way to do this, for example, is to add a print(i) statement inside your while loop: it will enable
you to see if the variable i is doing what you think it should be...

def factorial(a):
...
while(...)

print(factorial(4))
print(factorial(0))

The for loop The for loop is designed to execute a piece of code a fixed number of times. The syntax of the
for loop is:

for i in (a, b, c, d, ...):
code block

In each subsequent iteration of the for loop, the variable i is assigned next value that is supplied in the list values.
We can repeat our sum calculation above using the following for loop:

s = 0

for i in (1, 2, 3, 4, 5, 6, 7, 8, 9, 10):
s += i
print(s)

It would, however, be much more convenient if we would not have to type all the numbers. Our could be something
like this:

s = 0
i = np.arange(1,11)
for i in i:

s+=i
print(s)

And that brings us to the range function...
Exercise 3.6
Calculate the sum

∑n
i=0 sin2(i) for n=10 using a for loop.

# Your code here
for...:

The range() function You can imagine that if we wanted to perform this sum up to 100, it would be very annoy-
ing to type out all of the numbers. For this, Python has a convenient function range(), than can automatically
generate ranges of numbers for you!
The range function can be used in a couple of different ways, which we will look at here. We will see, however,
that range does some funny things, which is related to the fact that Python “counts from zero” (more on this
later).
But let’s look just at some concrete examples for now:

range(N): Print a range of N numbers starting from zero If you give range only one argument, it will give
a range of numbers starting from 0, and a total number of numbers determined by the argument.
As an explicit example, range(10) is equivalent to (0,1,2,3,4,5,6,7,8,9):
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for i in range(10):
print(i)

range(N,M): Print a range of numbers starting from N and ending at M-1 If you give range two arguments
range(N,M), it will give a range of numbers starting from N and stopping at M-1.

for i in range(1,11):
print(i)

You might ask: why not stop at M? If you say the words “range from N to M”, you would think that this range
should include M?
There are two reasons I can think of:

1. For programmers, it is nice that range(0,10) and range(10) do the same thing

2. It will be handy later that range(j, j+N) will then always give you N numbers in the range

Maybe there are more, I’m not sure (you’d have to ask the nerds who wrote Python...). But in any case, you just
need to remember that range(N,M) stops at M-1...

range(N,M,S): Print a range of numbers less than M, starting from N, with steps of S This is like the
last one, but now with the chance to change the steps:

for i in range(1,11,2):
print(i)

Note that the range function works only with integers: range(1,11,0.5) is not allowed. (For floating point
ranges, you can use the numpy function arange, more on that later...)
Exercise 3.7
Calculate the sum of all numbers from 1 to 100 using a for loop with the range() function. Compare it to the
famous value that Gauss calculated in class as an elementary school student.

# Your code here

Using for loops with things other than ranges of numbers In the examples above, we looked at using for
loops to iterate through a list of integers.
In Python, however, for loops are much more flexible than only iterating over numbers: for loops can iterate
over any iteratable object, including 1-D numpy arrays, which we will see in later notebooks.
But, as an example, here is a piece of code that uses the numpy random number generator to calculate the sum
of 10 random integers between 0 and 100:

from numpy.random import randint

s = 0
for x in randint(0,100,10):

print(x)
s += x

print()
print("Sum is ", s)

Manually exiting or skipping a loop using break and continue In addition to the examples we saw above,
Python offers two extra commands for controlling the flow of execution in a loop: break and continue
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break is a command you can use to force the exiting of either a for loop or a while loop. For example, you can
replace the while loop above using something like this:

s = 0
i = 0
while True:

s += sin(i)**2
i += 1
if s > 30:

break

print(s)

It looks funny at first, because while True looks like you will loop forever! But of course, you are saved by the
break statement.
Using break statements can sometimes make your code more readable, particularly if you want to be able to exit
the loop under different conditions, or have an exit condition trigger a certain piece of code. Here is an example
of two conditions:

from numpy.random import randint

i = 0
found_five = False
max_tries = 10

while True:
i += 1
n = randint(0,30)
if n == 5:

found_five = True
break

if i >= max_tries:
break

if found_five:
print("We found a 5 after", i, "tries")

else:
print("We didn't find a 5 in the maximum number number of tries (", max_tries, ")")

The statement continue is used if you want to skip the rest of the code in the code block and restart the next
loop. This can sometimes be useful if as a way of avoiding adding an else statement. (Remember, programmers
are lazy typers...and it can be useful if you have a big long complicated block of code...)

s = 0
for i in randint(0,30,100):

if (i % 5) == 0:
continue

s += i

print("The sum of +/ -100 random numbers between 0 and 30 excluding those that are divisible by 5 is:", s)

This is probably not a great example (if you are smart you can do this with less typing), but in any case, you now
know what continue does.
Exercise 3.8
Write code that creates a variable i with an initial value of zero. Use a while loop that increments i by one as
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long as i is less than one million. Have your loop stop if i satisfies the condition i(i − 10) = 257024. Have your
code print the i that satisfies this condition (if there is one).

# Your code here

Exercise 3.9
In order to make sure that the seasons stay aligned with our calendars, leap years of 366 days have been introduced.
A leap year is a year which is an integer multiple of 4 (except for years evenly divisible by 100, but not by 400),
Leap year.
Make a function to check whether a certain year is a leap year using if/else statements to return True for leap
years and False for normal years.

def leap_year(year):

return

# Check if your function works. The years 4, 2000, 2012 are examples of leap years,
# whereas the years 2021 and 2100 are not.
years = [1, 4, 100, 400, 2000, 2012, 2020, 2021, 2024, 2100]
for year in years:

print(year, leap_year(year))

#autotestingscript
import numpy as np
test = []

for year in years:
test.append(leap_year(year))

answercheck = [False, True, False, True, True, True, True, False, True, False]

#auto check
np.testing.assert_array_equal(test, answercheck, 'error', True)

Exercise 3.10
Sometimes we want to find the peaks in our data. One way to do this is to go through the array and check for
every value if the values left and right are smaller.
Write some code that finds the peak(s) of the array and that prints the index and value of all peaks.

y = np.array([2, 2, 3, 4, 5, 4, 3, 8, 6, 4]) # dummy data

# your code here

Exercise 3.11
To keep your computer safe from others, it is probably password protected. Usually you have a few tries before
the password entry is disabled for some time.
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You can enter your password three times before a timeout is given. If the timeout (sleep) is over, you have three
other tries. The timeout time in seconds is given by T = 60 + i3, where i is the number of tries.
Write the code. 3pt

#your code here

password = 'practicum123'
tries = 0

Solutions to exercises Exercise 3.1

if 1:
print('The expression is true')

if 103.51:
print('The expression is true')

if -1:
print('The expression is true')

a = True
if a:

print('The expression is true')

b = -73.445
if b:

print('The expression is true')

Exercise 3.2

if 5 < 5.1:
print('The expression is true')

if 5 <= 5:
print('The expression is true')
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if 5.1 > 5.1:
print('The expression is true')

if 5.1 >= 5.1:
print('The expression is true')

# "!=" is "not -equals"
if 5 != 5.1:

print('The expression is true')

Exercise 3.3 (a)

if 5 < 6 and 10 <= 9:
print("i don't think this is true")

(b)

if not False or True:
print("it is true?")

else:
print("it wasn't true?")

Exercise 3.4

def check_number(a):
if a <= 5:

print(a, "is less than or equal to 5")
elif a < 10:

# note we don't need to test if it's greater than 5 since the first if already took
# care of that for us
print(a, "is between 5 and 10")

else:
print(a, "is greater than or equal to 10")

# Testing your function
check_number(1)
check_number(5)
check_number(7)
check_number(10)
check_number(15)

Exercise 3.5

def factorial(a):
# f = our factorial result
f = 1
i = 2
while(i<=a):

f *= i
i += 1

return f

print(factorial(4))
print(factorial(2))

Exercise 3.6
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# Your code here

s = 0
for i in range(11):

s += np.sin(i)**2

print("Sum is", s)

Exercise 3.7

s = 0

# Note the range should end at 101!
# It should also start at 1: range(101) will also execute
# the loop with i=0 (which won't matter here...)
for i in range(1,101):

s += i

print(s)

Exercise 3.8

# Solution

maxnum=1e6
i=0
while i <= maxnum:

if i*(i -10)==257024:
break

i+=1

print(i)

Exercise 3.9

def leap_year(year):
if year % 4 == 0:

if year % 100 == 0:
if year % 400 == 0:

return True
return False

return True
return False

Exercise 3.10

## Solution
import numpy as np
y = np.array([2, 2, 3, 4, 5, 4, 3, 8, 6, 4])

for i in range(1, len(y) -1):
if y[i -1] < y[i] and y[i+1] < y[i]:

print('index:', i, '\t value:', y[i])

Exercise 3.11
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password = 'practicum123'
tries = 0

from time import sleep

while True:
input_pw = input('What is the password?')
if input_pw == password:

break
if (tries+1)%3==0:

sleep(60+tries**3)
tries += 1
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3.1.10 Scientific Computing in Python with Numpy

Pre/Post-test This test is for testing your current skills in Python. You can use it in two ways:

• pre-test: to test your skills beforehand. If you are already proficient in Python, and can do this test
within approximately 15 minutes, you can scan through the notebook rather than carefully reading each
sentence.

• post-test: to test your skills after Notebook 4. Check whether you learned enough.

Calculating a derivative Eric is asked to develop a tool for people that need to do some mathematical calculations.
He is asked to write a function that calculates and plots the derivative of a given function. The derivative of
a continuous function f(x) can be approximated by f ′(x) = f(x+ϵ)−f(x−ϵ)

2ϵ for some small value of ϵ. As Eric
knows that the derivative of f(x) = sin(x) is f ′(x) = cos(x), he uses this function to test whether his function
works correct.

• Make an array in the domain [0, 2*π] with 1e4 even spaced values.

• Plot the function f(x) for this domain.

• Write a function that calculates the derivative using the approach above.

• Plot the graph of the derivative in the same figure.

• Test the correctness of the function by using any other input function.

### Your Code

Learning objectives Numpy (Numerical Python) is a library designed for performing scientific computing in
Python.
In this notebook, we will introduce numpy arrays, a data structure introduced in numpy for working with vectors
and matrices. We will explore how to create them, how to manipulate them, and how to use them for efficient
numerical calculations using numpy functions.
After completing this notebook, you are able to:

• create (multidimensional) numpy arrays from a list of numbers

• use indexing and slicing with (multidimensional) numpy arrays

• iterate over a numpy array

• perform mathematical operations on numpy arrays

• use functions for creating arrays (eg. np.zeros(), np.linspace(), np.random.random()

• use numpy functions for vectorized calculations

• to demonstrate the speed increase of vectorized calculations using time()

Numpy Arrays You have encountered numpy arrays in previous notebooks. If you don’t remember, open the
first notebook and read the section where we introduce numpy arrays.
To use numpy arrays, we first need to import the numpy library, which we will do using the shortened name “np”:

import numpy as np
import matplotlib.pyplot as plt
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Now that we have imported numpy, we can use functions in numpy to create a numpy array. A simple way to do
this is to use the function np.array() to make a numpy array from a comma-separated list of numbers in square
brackets:

a = np.array([1,2,3,4,5])
print(a)

Note that numpy does not make a distinction between row vectors and column vectors: they are just vectors.
Look at the cell below, what is the difference with the cell above?

a = np.array([1,2,3,4,5],dtype=float)
print(a)

Indexing arrays (and counting from zero) One useful thing about arrays is that you can access the elements
of the array using square brackets:
a[n] will give you the n-th element of the array a.
This process of extracting a single element from the array is called indexing.
Note that here we encounter for the first time what is known as the python counting from zero convention.
What is the counting from zero convention? In the example above, we created an array:

a = np.array([1,2,3,4,5])

The first element of a is 1. You might think that if you want to access the first element of a, you would use the
notation a[1]. Right?
Let’s try it:

print(a[1])

WRONG! Why? Because the makers of Python decided to start counting from zero: the first element of a tuple
a is actually a[0].
(This is a long-standing discussion among computer scientists, and the convention is different in many different
languages. There are advantages and disadvantages of both, and even essays written about it...but in any case,
Python chose to start arrays at zero.)
This also helps better understand the range() function: for example, to loop over all the elements in a, I can
use this code:

for i in range(len(a)):
n = a[i]
print('a[%d] is %d' % (i,n))

Here the len function returns the length of the array a. As we saw before, Python has very smart for loops that
can automatically iterate over many types of objects, which means we can also print out all the elements of our
array like this:

for n in a:
print(n)

In Python, if you try to index beyond the end of the array, you will get an error:

a[5]

(Remember: indexing starts at zero!)
Python also has a handy feature: negative indices count backwards from the end, and index -1 corresponds to
the last element in the array!
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a[ -1]

a[ -2]

We can also use indexing to change the values of elements in our array:

print(a)
a[2] = -1
print(a)

Exercise 4.1
Set the first three, and the last two, entries of the following array to zero:

a = np.array([1,2,3,4,5,6,7,8,9,10,11,32,55,78,22,99,55,33.2,55.77,99,101.3])

#some code to set the first three and last two entries to zero

print(a)

Slicing numpy arrays Numpy arrays also support a special type of indexing called “slicing” that does not just
return a single element of an array, but instead returns a whole part of array.
To do this, I put not just a single number inside my square brackets, but instead two numbers, separated by a
colon :

a[n:m] will return a new tuple that consist of all the elements in a, starting at element n and ending at element
m-1.
Let’s look at a concrete example:

a = np.array(range(10))
print(a)
print(a[0:5])

The notation a[0:5] has “sliced” out the first five elements of the array.
With slicing, you can also leave off either n or m from the slice: if leave off n it will default to n=0, and if you
leave off m, it will default to the end of the array (also the same as m=-1 in Python indexing):

print(a[:5])

print(a[5:])

Also handy: you can can have Python slice an array with a “step” size that is more than one by adding another :
and a number after that. Find out its operation using:

print(a[0:10:2])

Fun: you can also use negative steps:

print(a[ -1: -11: -1])

And finally, unlike indexing, Python is a bit lenient (merciful) if you slice off the end of an array:

print(a[0:20])

Exercise 4.2
Slicing can also be used to set multiple values in an array at the same time. Use slicing to set first 10 entries of
the array below to zero in one line of code.
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a = np.array(range(20))+1
print(a)
#some code that sets the first 10 entries to zero

print(a)

Exercise 4.2*
The same exercise as 4.1 but now code in a smarter way.

#your code here

Mathematical operations on arrays An advantage of using numpy arrays for scientific computing is the way
they behave under mathematical operations. In particular, they very often do exactly what we would want them
to do if they were a vector:

a = np.array([1,2,3,4,5])
print(2*a)

print(a+a)

print(a+1)

print(a -a)

print(a/2)

print(a**2)

What about if I multiply two vectors together?
In mathematics, if I multiply two vectors, what I get depends on if I use the “dot product” or the “outer product”
for my multiplication:
Row and column vectors#Operations
The “dot product” corresponds to multiplying a column vector by a row vector to produce a single number. The
“outer product” (also called the “tensor product”) corresponds to multiplying the column vector by the row vector
to make a matrix.
Question: If I type a*a, or more generally a*b, does Python use the inner or outer product?
It turns out: it uses neither! In Python, the notation a*a produces what is commonly called the “element-wise”
product: specifically,
a*b = [a[0]*b[0] a[1]*b[1] a[2]*b[2] ...]

(Mathematically, this has a fancy name called the Hadamard product, but as you can see, despite the fancy name,
it’s actually very simple...)
We can see this in action here:

print(a*a)

What if I actually want the dot product or the outer product? For that, Python has functions np.dot() and
np.outer():

print(np.dot(a,a))

print(np.outer(a,a))

A useful mathematical operator is the cross product (Cross product) where one calculates a vector which is
perpendicular to vectors x and y.
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x = np.array([1,0,0])
y = np.array([0,1,0])
z = np.cross(x,y)

Pretty much all operators work with numpy arrays, even comparison operators, which can sometimes be very
handy:

print(a)
print(a>3)

Exercise 4.3
Generate a sequence of the first 20 powers of 2 in a numpy array (starting at 20).
Your output should be an array [20, 21, 22, 23, ...].
(Hint: Start with a numpy array created using an appropriate range function that makes an array [0,1,2,3,...])

# your code that makes the desired array

Functions for creating numpy arrays In numpy, there are also several handy functions for automatically cre-
ating arrays, see https://numpy.org/devdocs/reference/routines.array-creation.html. We provide some examples:

a = np.zeros(5)
print('zeros', a)
a = np.ones(5)
print('ones', a)
a = np.eye(5)
print('diagonal')
print(a)
a = np.tri(5)
print('ones below and on diagonal')
print(a)

np.linspace To automatically generate an array with linearly increasing values you can use np.linspace():
https://docs.scipy.org/doc/numpy/reference/generated/numpy.linspace.html
np.linspace takes three arguments: the starting number, the ending number, and the number of points.
This is a bit like the range function we saw before, but allows you to pick the total number of points, automatically
calculating the (non-integer) step size you need:

a = np.linspace(0,20,40)
print(a)
print()
print("Length is: ", len(a))
print("Step size is: ", a[1] -a[0])

Note that if we wanted to have a step size of exactly 0.5, we need a total of 41 points:

a = np.linspace(0,20,41)
print(a)
print()
print("Length is: ", len(a))
print("Step size is: ", a[1] -a[0])

Exercise 4.4
Generate an array that runs from -2 to 1 with 20 points using linspace.
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a = your code
print(a)

np.arange() If we want to have more control on the exact spacing, we can use the np.arange() function. It
is like range(), asking you for the start, stop, and step size:

a = np.arange(0,20,0.5)
print(a)
print()
print("Length is: ", len(a))
print("Step size is: ", a[1] -a[0])

Here, we already see a small quirk of arange: the stopcondition. It does not include this specified number (rather
<than <=). If we want to get a range that stops at 20.0, we need to make the stop point any number a bit
bigger than 20 (but smaller than our step size):

a = np.arange(0,20.00000001,0.5)
print(a)
print()
print("Length is: ", len(a))
print("Step size is: ", a[1] -a[0])

For this reason, I do not find myself using np.arange() very often, and mostly use np.linspace(). There are
also several other useful functions, such as np.geomspace(), which produces geometrically spaced points (such
that they are evenly spaced on a log scale).
Exercise 4.5
Generate a numpy array that has a first element with value 60 and last element 50 and takes steps of -0.5 between
the values.

a = your code
print(a)

Random numbers Numpy can also generate arrays of random numbers:

a = np.random.random(40)
print(a)

This will generate uniform random numbers on the range of 0 to 1, but there are also several other random
number generator functions that can make normally distributed random numbers, or random integers, and more.
Exercise 4.6
Generate a numpy array, rounded_grades that contains 300 random grades that have a distribution of a bell-
shaped curve that might represent the final grades of the students in this course, with an average grade of 7.5
and a standard deviation of 1. Make sure your grades are rounded to a half point.
(You may find it useful have to look at the help of the np.random.normal() function.
(Because of the properties of a normal distribution a small pecentage of the grades may be above a 10, you may
leave this for now.)

#Your code here that results in a numpy array rounded_grades
...some code...
print(rounded_grades)

Exercise 4.7
There are various ways in which you can analyse your grade distribution.
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You can plot a histogram of the grade distribution. Make sure that the width of our histogram bars is 0.5,
corresponding to our rounded grades.

import matplotlib.pyplot as plt

... some code ...

Multidimensional arrays (matrices) We have looked at 1D arrays especially. However, numpy also supports
two-dimensional (or N-dimensional) numpy arrays, that can represent matrices. To make a 2D numpy array, you
can use the zeros() function, for example, but with a two-entry list of numbers specifying the size N and M of
the matrix:

m = np.zeros([10,10])
print(m)

For two dimensional matrices, the usual function len() is not enough to tell us about the shape of our matrix.
Instead, we can use a property of the numpy matrix itself called its shape:

print(len(m))
print(m.shape)

Indexing two dimensional arrays works by using commas inside square brackets to specify the index of the first
and second dimensions:

a = np.array(range(1,6))
m = np.outer(a,a)
print("Initial matrix:")
print(m)

# First index in the row number (counting from zero), second index in the column number
m[2,3] = -1
print("\nAfter changing entry [2,3] to -1:")
print(m)

You can also use slicing to to assign values to an array from a vector, which can be a handy way to enter a matrix
by hand:

m = np.zeros([3,3])
m[0,:] = [1,2,3]
m[1,:] = [4,5,6]
m[2,:] = [7,8,9]
print(m)

Similarly, slicing also can be used to extract rows, columns, or blocks of the matrix:

# A row
print(m[1,:])

# A column
print(m[:,1])

# Extract a block as a sub -matrix
print(m[1:,1:])

There are several functions for making matrices which you may find useful someday:
https://docs.scipy.org/doc/numpy/reference/routines.array-creation.html
including this one which is used often:
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# The identity matrix
print(np.eye(10))

# A band diagonal matrix
print(np.eye(10,k= -1))

Exercise 4.8
Use Python to calculate the following matrix multiplication:

1 1 0
0 2 1
1 0 1

1 3 0
3 1 1
1 1 1

 (4)

To perform this multiplication, you will need to use the matmul or dot routine of numpy:
https://docs.scipy.org/doc/numpy/reference/generated/numpy.matmul.html https://docs.scipy.org/doc/numpy/reference/generated/numpy.dot.html
(For the nerds: do these two matrices commute?)
(For the real nerds: have your program check if they commute and inform the user!)

m1 = np.zeros([3,3])
some code to fill the matrix
m2 = np.zeros([3,3])
some code to fill the matrix

# Check the matrices
print(m1)
print()
print(m2)
print()

product = some code
print(product)

do nerd stuff if you want...

We can do seemingly smart things using these ‘special’ vectors and matrices. For instance, what if we want to
take the sum of all values in an array? We can use the dotproduct:

[
1 1 1

]
·

1
2
3

 = 6 (5)

ones = np.ones(3)
array = np.linspace(1,3,3)
print(np.dot(one_diag,array))

Moreover, if we want to create a cummulative sum of values in an array, we can use the tri matrix:

1 0 0
1 1 0
1 1 1

 ·

1
2
3

 =

1 · 1 + 0 · 2 + 0 · 3
1 · 1 + 1 · 2 + 0 · 3
1 · 1 + 1 · 2 + 1 · 3

 =

1
3
6

 (6)

tri = np.tri(3)
print(np.dot(tri,array))
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Another way to do so is to use a for-loop:

a = np.linspace(1,3,3)
sum_a = 0
cumsum = np.array([])

for x in a:
sum_a += x
cumsum = np.append(cumsum,sum_a)

print("The sum is", sum_a)
print("The cummulative sum is", cumsum)

Exercise 4.9

Below we have a set of repeated measurements. We want to understand how the average value of our repeated
measurements evaluates over time, that is, how does the average value change as function of N repeated mea-
surements? To investigate this: calculate and plot the average value as function of the number of measurements.

measurements = np.random.normal(5,1,20)
print(measurements)

#your code here

But wait... is there not a more direct way to do all of the above... Sure! We can make use of Numpy functions.

Numpy functions For many common (mathematical) operations, fuctions exists. For instance, we can calculate
the average value of our measurements of above using a for loop, but also using the function np.average:

sum_meas = 0

for measurement in measurements:
sum_meas += measurement

print(sum_meas/len(measurements))
print(np.average(measurements))

This is very handy: it saves us loads of thinking and typing! From the function name, it is also easy to understand
what you are doing, making the code clearer and easier to read. However, the purpose of numpy functions is not
only to save lots of typing: they also can often perform calculations MUCH faster than if you do program the
calculation yourself with a for loop, as we will see in the next section.
Python also has many other useful functions for performing calculations using arrays:

# Calculate the standard deviation
print(np.std(measurements,ddof=1))

# The square root
print(np.sqrt(a))

# Numpy also has max and min, here is an example of min
a = np.linspace( -10,10,100)
print(np.min(a**2))

Good question for you to think about: why is the minimum value not zero? And what would I have to change
above to get the code to return zero?
In addition to finding the minimum value in a vector, the function argmin can tell you where (what index number)
the minimum is:
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# Find the index number of the minimum of the array
i = np.argmin(a**2)
print(i)
print((a**2)[i])

Note also here that we used round brackets () around the a**2 in the print statement to be able to then index
the resulting array a**2 array using square brackets [].
You can find the full list of mathematical numpy functions on the documentation website:
https://docs.scipy.org/doc/numpy/reference/routines.math.html
and the full list of all functions in the reference guide:
https://docs.scipy.org/doc/numpy/reference/index.html
Exercise 4.10

a) Create an array with values ranging from 14 to 42, skipping the odd numbers.
b) Make an array x that runs from 0 to 4 with 20 points, and calculate an array y whose entries are equal to the
square root of the entries in x.

your code to make the requested arrays x and y
print(y)

Vectorisation” and fast code with numpy functions In the first example above, we showed two ways of
calculating an average: one using a for loop, and one using the numpy function.
Functionally, they are equivalent: they do exactly the same thing.
A curious feature of Python is that if you use functions instead of coding loops yourself, often things are MUCH
MUCH faster.
To show this quantitatively, we will use the time library to calculate the time it takes to find the average of a
pretty big array using both techniques:

# The time() function from the time library will return a floating point number representing
# the number of seconds since January 1, 1970, 00:00:00 (UTC), with millisecond or even microsecond
# precision
#
# We will use this to make a note of the starting time and the ending time,
# and then print out the time difference
from time import time

# A pretty big array, 50 million random numbers
a = np.random.random(int(50e6))

# Set timer
t1 = time()

# Caluclate the average
avg = 0
for x in a:

avg += x
avg /= len(a)
t2 = time()
t_forloop = t2 -t1
print("The 'for' loop took %.3f seconds" % (t2 -t1))

116

https://curvenote.com
https://docs.scipy.org/doc/numpy/reference/routines.math.html
https://docs.scipy.org/doc/numpy/reference/index.html


Introduction to Experimentation in Physics

t1 = time()
avg = np.average(a)
t2 = time()
t_np = t2 -t1
print("Numpy took %.3f seconds" % (t_np))

# Now let's compare them
print("\nNumpy was %.1f times faster!" % (t_forloop/t_np))

Why is numpy so much faster? The reason is that Python is an interpreted language. In each of the steps of
the for loop, the Python kernel reads in the next step it has to do, translates that into an instruction for your
computer processor, asks the computer to perform the step, gets the result back, reads in the next step, translates
that into a processor instruction, sends that as an instruction to the computer processor, etc, etc.
If we did the same test in a compiled programing language like C, there would be no difference if we used a library
function or if we wrote our own for loop.
When you use smart functions in Python libraries, like (many of) those in numpy, numpy will actually use an
external library compiled in a language like C or Fortran that is able to send all of the calculation in one step to
your computer processor, and in one step, get all the data back. This makes Python nearly as fast as a compiled
language like C or Fortran, as long as you are smart in how you use it and avoid having “manual” for loops for
large or long calculations.
(For small calculations, Python coded for loops are perfectly fine and very handy!)
In the language of interpreted programmers, finding smart ways of getting what you need done using “compiled
library functions” is often referred to as vectorisation.
Note that even normal mathematical operators are actually “vectorized functions” when they operate:

# This is actually a vectorized 'for' loop, it involves multiplying 50 million numbers by 5
b = 5*a

Here is a nice example of a vectorized way of counting the number of times the number ‘5’ occurs in a random
sample of 100 integers between 0 and 20:

nums = np.random.randint(0,21,100)
print("There are %d fives" % np.sum(nums == 5))

To see how this works, we can look at the intermediate steps:

nums = np.random.randint(0,21,100)
print(nums)
print(nums == 5)
print("There are %d fives" % np.sum(nums == 5))

Note that in this case, np.sum() will convert the bool value True into 1 and False into 0 for calculating the
sum, according the the standard convertion of bool types to int types. You can see this in action if you want
using the function astype() that is built into numpy arrays:

print(nums == 5)
print((nums == 5).astype('int'))

Another neat feature that numpy has is that is can ‘vectorize’ normal Python functions so that they can take
numpy functions and make them a bit faster (10-20%). This is done using the np.frompyfunc function. An
example is given below.

def fac(N):
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if (N == 1) or (N == 0):
return 1

return N * fac(N -1)

#As you can see applying the following array does not work
N = np.arange(9)

try:
print(fac(N))
print("This works")

except:
print("This does not work \n")

#Now if we make this a numpy function is will work
#(the numbers in the frompyfunc represent the input and output values)

numpy_fac = np.frompyfunc(fac,1,1)

try:
print(numpy_fac(N))
print("This works")

except:
print("This does not work")

Monte Carlo Simulation A commonly used method for numerical calculations is a Monte Carlo simulation
(named after the (in)famous casino district). Simply stated, the method consists of generating a great number
of random points and checking afterwards which points satisfy the boundary conditions of the calculation.
For example: to calculate the area of a circle with radius one, one can generate a great number of random points
within a square of size 1 by 1, and check for each points whether they fall within the circle r < 1. The area of
the circle can then be obtained by multiplying the area of the square with the number of points that are within
the circle divided by the total number of points.
This may sound a bit cumbersome, and of course in this example calculating π · r2 is a lot faster. There are
however many applications where the Monte Carlo method proves to be very useful; for example in calculating
integrals that cannot (easily) be solved analytically.

In the next exercises, you are going to calculate the integral of the function f(x) = ex2 in the interval [0,1] using
the Monte Carlo method.
Exercise 4.11
First, make a plot to get an idea of what the function looks like.
What is the maximum value of f(x) in the interval [0,1]?
Make a (rough) estimate of the value of the integral by looking a the graph

import matplotlib.pyplot as plt

#First we define our function
def f(x):

return np.exp(x**2)

Now we are going to generate random samples in a square that has an area that is greater than the integral that
we want to calculate.
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For this, we will use the np.random.uniform() function, which generates random float in the interval [a,b) - notice,
this is an half-open interval so b is not included.
Moreover, it is wise to define the area by four points: xa, xb, ya and yb.
Exercise 4.12
Complete the code below to generate a random sample of y-values in an appropriate range.

N = int(1e6) #number of points that we are going to use in our calculation
x_a =
x_b =
y_a =
y_b =
#Generate samples:
random_x = np.random.uniform( , ,size=N)
random_y = np.random.uniform( , ,size=N)

Next, we want to determine the number of points in our sample that fall within the area under the line f(x).
Exercise 4.13
Determine the number of points that satisfy this condition using a for loop and calculate the value of the integral.

from time import time

t1 = time()

### your code ###

solution_integral =

print('The solution of the integral is %.6f' %(solution_integral))
print('Time for calculation: %.3f s' %(time() -t1))

1.464291
The solution of the integral is 1.464291
Time for calculation: 5.187 s

We have a solution of the integral (much easier than on paper, right?)! But how do we know how accurate our
solution is? First, compare your result to your estimate from the previous exercise. Does it make sense?
To make a substantiated claim about the accuracy of our solution we have to determine the uncertainty in our
result. As we are basically performing a count, Poisson statistics tells us that the uncertainty in the counted
number of points that satisfy the condition is the square root of the counted number: u(Ncounted) =

√
Ncounted.

We can then determine the uncertainty in the area using the calculus approach.
Let’s check our solution by comparing it to the answer given by another numerical method from the scipy library.

from scipy.integrate import quad

Area = np.abs(x_b -x_a)*np.abs(y_b -y_a)
err_solution = Area*np.sqrt(s)/N #estimated error of our solution, which is the area of our random uniform box divided by the number of points used in the calculation times the poisson uncertainty

scipy_solution = quad(f,0,1) #calculating integral using quad function from scipy, returns: value of integral and estimated error

abs_difference = np.abs(solution_integral -scipy_solution[0]) #determine absolute difference between solutions
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assert abs_difference <= 2*np.sqrt(err_solution**2 + scipy_solution[1]**2), 'The results are not in agreement' #check if the values are in agreement

print('Our solution: %.3f +/ - %.3f' %(solution_integral, err_solution))
print('Scipy solution: %.14f +/ - %.14f' %(scipy_solution[0], scipy_solution[1]))
print('Difference between the solutions: %.6f' %(abs_difference))

Our solution: 1.464 +/ - 0.002
Scipy solution: 1.46265174590718 +/ - 0.00000000000002
Difference between the solutions: 0.001639

Looks pretty good!
Our method gives a reasonable answer, but as you can see the uncertainty is relatively high...If we want to improve
our result we should use more points to lower the uncertainty (which scales with

√
N). However, the for loop we

used is already quite slow. More points would mean an annoyingly long calculation.
We should therefore try to avoid the use of a for loop and instead use a comparison operator to speed up the
calculation.
Exercise 4.14
Again, complete the code below and calculate the integral, this time without using a for loop

t1 = time()

s = np.sum( <= )

solution_integral =

print('The solution of the integral is %.6f' %(solution_integral))
print('Time for calculation: %.3f s' %(time() -t1))

This is much faster!
Now lastly we want to plot our random generated points that are within the area underneath f(x) and those that
are not in the same graph with a different colour. For this, we need the actual values of the points that satisfy
the condition.
As you have seen before, a comparison operation on a numpy array returns a type boolean array:

array = np.array([4,2,6,8,5,4])

boolean_array = array > 4

print(boolean_array)

We can subsequently use this boolean array to get the values of the array that satisfy the condition:

new_array = array[boolean_array]

print(new_array)

Or, more simply:

new_array = array[array > 4]

print(new_array)
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Exercise 4.15
Make a figure in which you plot:

• the function f(x)

• the random points that are within the area under the line f(x)

• the random points that are outside this area (in a different colour)

We will generate new random samples with fewer points, otherwise we cannot distinguish them.
Don’t forget to label your axes!

random_x = np.random.uniform( , ,1000)
random_y = np.random.uniform( , ,1000)

#your code

Exercise 4.16
One way to ‘improve’ the quality of your data, making it less noisy, is the use of a moving average filter. The
moving average filter calculates the average value of N elements, N often being 3 or 5. This smooth out any
abrupt changes and allows a better focus on long term trends. Of course you will lose two elements of the entire
dataset (think yourselves why).

The filtered data is stored in an array: F (i) = p(i)+p(i+1)+p(i+2)
3 , looped over all elements p(i). More precise:

F (i) = 1
k

∑i+k−1
i p(i)

Z = np.arange(1,20)
#def moving_average_1(p, k):
# F = np.empty(len(p) -(k -1))

print(Z)
print(moving_average_1(Z,3))

Solutions to exercises Exercise 4.1

a = np.array([1,2,3,4,5,6,7,8,9,10,11,32,55,78,22,99,55,33.2,55.77,99,101.3])

#some code to set the first three and last two entries to zero

# A bit tricky, but these work
a[0] = 0
a[1] = 0
a[2] = 0

# We could count forwards (a[19] = 0 and a[20] = 0), but is much
# easier to count backwards from the end
a[ -2] = 0
a[ -1] = 0
print(a)

Exercise 4.2:

a = np.array(range(20))+1
print(a)
a[0:10] = 0
print(a)
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Exercise 4.2∗:

a = np.array([1,2,3,4,5,6,7,8,9,10,11,32,55,78,22,99,55,33.2,55.77,99,101.3])
a[ -2:]=0
a[:2]=0
print(a)

Exercise 4.3:

n = np.array(range(21))
out = 2**n
print(out)

Exercise 4.4:

a = np.linspace( -2,1,20)
print(a)

Exercise 4.5:

a = np.arange(60,49.9, -0.5)
print(a)

Exercise 4.6:

raw = np.random.normal(7.5,1,300)
rounded_grades = np.round(raw*2)/2
print(rounded_grades)

Exercise 4.7:

import matplotlib.pyplot as plt
bins = np.arange(np.min(rounded_grades),np.max(rounded_grades)+0.5,0.5)

plt.figure()
plt.hist(rounded_grades, bins=bins)
plt.xlabel('Grade')
plt.ylabel('#')
plt.show()

Exercise 4.8:

m1 = np.zeros([3,3])
m1[0,:] = np.array([1,1,0])
m1[1,:] = np.array([0,2,1])
m1[2,:] = np.array([1,0,1])
m2 = np.zeros([3,3])
m2[:,0] = np.array([1,3,1])
m2[:,1] = np.array([3,1,1])
m2[:,2] = np.array([0,1,1])

# Check the matrices
print(m1)
print()
print(m2)
print()
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product = np.matmul(m1,m2)
print(product)

Exercise 4.9:

import numpy as np
import matplotlib.pyplot as plt

measurements = np.random.normal(5,1,20)
print(measurements)

average_n = np.cumsum(measurements)/np.arange(1,len(measurements)+1)

plt.figure()
plt.plot(np.arange(1,len(measurements)+1), average_n)
plt.xlabel('average')
plt.ylabel('n')
plt.show()

Exercise 4.10:

import numpy as np

array_skip = np.arange(14,44,2)
print(array_skip)

x = np.linspace(0,4,20)
y = np.sqrt(x)
print(y)

Excercise 4.11

import matplotlib.pyplot as plt

#First we define our function
def f(x):

return np.exp(x**2)

x = np.linspace(0,1,1000) #generate an array with x values

#make the figure
plt.figure(figsize=(6,4))
plt.plot(x,f(x))
plt.xlim(0,1)
plt.ylim(0)
plt.ylabel('f(x)')
plt.xlabel('x')
plt.show()

print('Maximum value of f(x) in the interval [0,1] is %.3f' %(np.max(f(x))))

The area under the graph is roughly equal to half of the total area of the square 1x3, i.e. 1.5.
Exercise 4.12
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N = int(1e6) #number of points that we are going to use in our calculation
x_a = 0
x_b = 1
y_a = 0
y_b = 3
#Generating our samples:
random_x = np.random.uniform(x_a,x_b,size=N)
random_y = np.random.uniform(y_a,y_b,size=N)

Exercise 4.13

from time import time

t1 = time()

s = 0

for i in range(len(random_x)):
if random_y[i] <= np.exp(random_x[i]**2):

s+= 1

solution_integral = (x_b -x_a)*(y_b -y_a)*s/N

print('The solution of the integral is %.6f' %(solution_integral))
print('Time for calculation: %.3f s' %(time() -t1))

Exercise 4.14

t1 = time()

s = np.sum(random_y <= np.exp(random_x**2))

solution_integral = 3*s/N

print('The solution of the integral is %.6f' %(solution_integral))
print('Time for calculation: %.3f s' %(time() -t1))

Exercise 4.15

random_x = np.random.uniform(0,1,1000)
random_y = np.random.uniform(0,3,1000)

points_within_area = np.array([random_x[random_y <= np.exp(random_x**2)],random_y[random_y <= np.exp(random_x**2)]])
points_outside_area = np.array([random_x[random_y > np.exp(random_x**2)],random_y[random_y > np.exp(random_x**2)]])

plt.figure(figsize=(6,4))
plt.plot(points_outside_area[0],points_outside_area[1], '.',c='red')
plt.plot(points_within_area[0],points_within_area[1], '.', c='green')
plt.plot(x,f(x),linewidth=3,label='f(x)')
plt.xlim(0,1)
plt.ylim(0,3)
plt.ylabel('f(x)')
plt.xlabel('x')
plt.legend()
plt.show()
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Exercise 4.16

def moving_avg(p, k):

F = np.empty(len(p) -(k -1))

for i in range(len(p) -(k -1)):
F[i] = (1/k)*np.sum(p[i:i+k])

return F

Z = np.arange(4,20)
print(Z)
print(moving_average(Z, 3))
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3.1.11 Data in Python: Loading, Plotting, and Fitting

Pre/Post-test This test is for testing your current skills in Python. You can use it in two ways:

• pre-test: to test your skills beforehand. If you are already proficient in Python, and can do this test
within approximately 15 minutes, you can scan through the notebook rather than carfefully reading each
sentence.

• post-test: test your skills after Notebook 5. Check whether you learned enough.

Doing an analysis Eric so far survived the first weeks of his employment. As he showed some true skills, he is
asked to help in building an RC-filter. First, some initial data needs to be analysed. He receives a datafile called
‘pretestdata.csv’. Once he retrieved (loaded) this data, he plots it first. He then uses the theoretical formula that
should describe the pattern in the data: UC

Umax
= 1√

1+(wRC)2
, where w is the angular frequency given by w = 2πf .

RC can be considered a constant which can be found using least-square fitting.

• Retrieve the data and plot these using a log-scale on the x-axis. Think about the scientific rules for
making plots.

• Find the best estimate of RC and plot the fitfunction on top of the dataset.

• Carry out a residual analysis.

# Your code

Learning objectives In this notebook, we will explore how to load and save datafiles in Python using Numpy,
how to plot data and functions with a plotting library called Matplotlib, and how to fit a model to data and
analyse the results.
After completing this notebook, you are able to:

• load data from ASCII text files

• save data to ASCII text files

• generate plots of data and functions

• fit a model to data using “fitting by hand”

• use curve_fit to perform a least-squares fit of a model to a dataset

• analyse the residuals to determine the quality of the fit

• calculate the statistical error in the parameters of a least-squares fit

import numpy as np
import matplotlib.pyplot as plt

Data management Here, we will explore some functions provided by numpy for loading data from files into
python, and for saving data from python to files. We consider it good practices that you save a raw data (CSV)
file somewhere on your computer and then copy this file for further processing. If any mistake has been made,
you can always rely on your stored raw data file.
During the experiments that you encounter in this course you can write your measurements in an excel file, and
store this file as a CSV file. When processing the data, you will load the data in your Jupyter Notebook file.
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Loading data with Numpy Until now, we have seen how to generate data inside python, for example
by assigning values to arrays, or, for example, by using functions like np.zeros(), np.linspace(), and
np.random.random().
However, what if we want to use Python to analyze data from an experiment? How do we get the data into
python?
Sometimes, we might have just a small number of data points that we have measured by hand and wrote down
on a piece of paper: say a list of measured fall times for different heights. In this case, you can just “load” the
data by defining Python arrays that contain your measured values:

# Drop heights in meters
d = np.array([0, 0.5, 1.0, 1.5 , 2.0, 2.5])
# Measured times
t = np.array([0, 0.2, 0.3, 0.44, 0.6, 0.89])

In a computer controlled experiment, though, you may have, for example, a data file of voltage measured as a
function of time from an acquisition card or oscilloscope which may have hundreds, thousands, or even millions
of data points. Moreover, if you manually take measurements it is often more convenient to do so using excel.
You can then save your data and load them using Python. If done so, your raw data is always safely stored.
If we want to look at the datafile, to get an idea of what is inside, whether there are comments included and so
on, we can open the file and read it.

with open("v_vs_time.dat") as file:
for i in range(5):

print(file.readline())

We can also read (and print) the entire file using print(file.read()).
Typically (if you’re lucky), the measurement software will save its data in an (ASCII) text file. (Or at least there
will be software for converting the data to an ASCII text file...) For example, let’s think about an experiment
where we measure a voltage as a function of time. In this case, the data will often be recorded in two columns of
numbers in the text file, separated by a space. The first number would represent the time of the measurement,
say in seconds, and the second the measured voltage, in volts:
File: v_vs_time.dat:

0.000000000000000000e+00 -4.881968419624156397e -01
1.001001001001000992e -02 6.574038838172248100e -01
2.002002002002001985e -02 -4.868767180890223312e -01
3.003003003003002977e -02 -8.581352351530058264e -01
4.004004004004003969e -02 1.605962930324425164e+00
5.005005005005004615e -02 -5.458119271515118331e -01
6.006006006006005954e -02 -1.910121935716198927e+00
7.007007007007007293e -02 -8.213606665035044774e -01
8.008008008008007939e -02 -1.724982388182002335e+00
...

This is an example of a file format called Delimiter-separated values (DSV). In the example above, the “delimiter”
(ie the thing that separates the values) is a space.
Another common delimiter is a comma , or ;, often named a .csv file for “comma separated value” file. This
is a common “export” format from spreadsheets like excel. A third common value is a “tab separated value”
file (often saved with a .tsv file extension, also available as an export option from some spreadsheets), which
separates the values in the file be tab characters (which in Python strings show up as special character \t, a bit
like the newline \n).
For reading in CSV files, Python has a very simple routine np.loadtxt():
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https://docs.scipy.org/doc/numpy/reference/generated/numpy.loadtxt.html
It can handle any type of delimiter: the default is any whitespace (tab or space), but this can also be configured
using the delimiter= keyword argument. It also does not care about the file extension: for example, it is fine if
a CSV file does not have a .csv extension (it doesn’t even have to have an extension!). A typical convention is
to name the files containing ASCII text data with an extension .dat.
Let’s give it a try using the file v_vs_time.dat:

data = np.loadtxt("v_vs_time.dat")

If the first line would have been the names of the variables, we could have skipped the first row (see again the
documentation). Here we have assigned the return value of np.loadtxt to a variable data, which is a numpy
array. But what exactly is our variable data? We can find out more by looking at the shape of the returned data
array:

data.shape

When np.loadtxt() loads a file, it will return a 2D numpy array with of shape (n,m), where n is the number
lines in the file and m is the number of columns (here, we have 1000 points and 2 columns).
As I mentioned above, the first column represents the time that the measurement was taken, and the second
column represents the measured voltage in volts. We will typically want to extract these into two vectors t and
v, which we can do using slicing:

t = data[:,0]
v = data[:,1]

We can look at the first 10 points and see that we have successfully loaded the data from the file!

print('t = ', t[0:10])
print('v = ', v[0:10])

We can check that the data is correct by opening the data file itself from the Jupyter file browser: Jupyter can also
directly load and edit text files. (Another way of loading hand-recorded data into Python is just to use Jupyter
to create an ASCII .dat file yourself.)
Exercise 5.1
Load the data from the file exercise_data.dat. The first column represents a measurement time in seconds,
and the second represents a measurement voltage in volts. How many points are in the dataset?
(Important: make sure that you use different variable names than t and v for the data you load, since we will
continue to use the data we loaded in the example code in the sections below!)

#your code here to load the data

Saving data with Numpy We can also save data using a numpy routine np.savetxt()
(https://numpy.org/doc/stable/reference/generated/numpy.savetxt.html). To do this, we have to “pack”
the data back into a numpy array of the correct shape.
Let’s take a look at an example where we calculate the square of the measured voltage and save this back into a
new file:

v_squared = v**2

To “pack” them together into a matrix like the one returned by np.loadtxt(), we can first create a 2D matrix
of the correct size and then use slicing with an assignment operator = to give the columns the correct values:

# Create empty array
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to_save = np.zeros([len(v), 2])

# Fill columns with data
to_save[:,0] = t
to_save[:,1] = v_squared

Now we are ready to use np.savetxt() in the current folder:

np.savetxt("vsquare_vs_time.dat", to_save)

If you go back to your workspace in a new tab, you will can see that this file has been created, and if you click
on it, you can see what is inside it.
Exercise 5.2
Make a testarray x running from 1 to 100 with an interval of 0.1. Write a function y = 3.05 ∗ x + 0.95. Use
this function to make a new array for y. Save your data in the file ‘testfile.csv’ using ; as a delimiter (NOTE:
delimiters are sometimes “;” and sometimes “,” Always inspect the datafile first.). If all went well, when running
the subsequent cell your data are loaded and shown in a plot.

x =

def function

y =

imported_data = np.loadtxt('testfile.csv', delimiter=';')

plt.figure()
plt.plot(imported_data[:,0],imported_data[:,1],'k.',markersize='1')
plt.xlabel('$x$')
plt.ylabel('$y$')
plt.xlim(0,100)
plt.show()

Plotting data and functions with Matplotlib We loaded a dataset but haven’t given it a proper look yet.
You already learned how to plot data, but here we give it a more thorough look. We will use our previous data
loaded, and a fake dataset.

# A "fake" dataset to illustrate plotting
v_fake = np.random.normal(10,0.5,1000)

plt.figure()
plt.plot(t,v,'k.',markersize=1)
plt.plot(t,v_fake,'r+')
plt.xlabel("Time (s)")
plt.ylabel("Voltage (V)")
plt.show()

Matplotlib will automatically change the color of the second dataset (you can also control them manually, see
the documentation). But it can be hard to tell which one is which, and for this reason, it can be useful to add a
legend to your plot. Furthermore, if you want a really big figure, you can also adjust the figure size:

plt.figure(figsize=(12,8))
plt.plot(t,v, 'k.',markersize=1, label="Voltage 1")
plt.plot(t,v_fake, 'r+',markersize=1, label="Voltage 2")
plt.xlabel("Time (s)")
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plt.ylabel("Voltage (V)")
plt.legend()
plt.show()

Exercise 5.3
Make a plot of the data you loaded from exercise 5.1.

#code to plot the data you loaded in exercise 5.1

Exercise 5.4
As you may have noticed the data from exercise_data.dat does not seem like straight line, but instead looks
like a power law function V = atp with power p.
One way to test for such power law relations is to make a plot with an x-axis that is not t but instead tp: if you
get the correct p, then the data plotted will form a straight line.
Write code to plot V against tp and then put in different guesses at the power p to see if you can see what the
power is.

#code to plot data from exercise 5.1 with t^p on the x -axis

Also handy to know: you can use LaTeX commands to add mathematical symbols and equations to your plot.
Important: when you do this, it is a good idea to add an r before the quote of your string (see below) to prevent
the common backslash \ commands of latex as things like tab characters or newline characters.

plt.figure(figsize=(6,3))
plt.plot(t,v, 'k.',markersize=1, label="Voltage 1")
plt.plot(t,v_fake, 'r+',markersize=1, label="Voltage 2")
plt.xlabel(r"Time $\tau$ (s)") # random greek symbols
plt.ylabel(r"Voltage $V_\alpha$ (V)") # subscripts
plt.legend()
plt.show()

As explained earlier on, we can plot functions as well. It is useful to plot both your data and a function describing
that data. For example, with our voltage data above, if we want to plot a straight line function over over the
data:

line = 2*t
plt.figure()
plt.plot(t,v, '.')
plt.plot(t,line, ' - -', lw=4)
plt.xlabel("Time (s)")
plt.ylabel("Voltage (V)")
plt.show()

Here, we also used the linewidth parameter (which can be shorted to lw to save typing) to make the line a bit
fatter so it is easier to see, and used the ‘–’ plot format specifier to make it a dashed line.
Exercise 5.5
Another way to get the exponent is to plot log(V ) vs log(t) (a log-log plot). If the data really follows a power
law relation, then this should give a straight line with a slope determined by the exponent. Try this, and then
add a straight line log(V ) = p ∗ log(t) to the plot. Play around with the value of p until the line has the same
slope as the data. For this plot, use solid filled circle for the data and a solid line for the theory.
(Do you get a warning message? Why?)

#your code
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Fitting In experimental physics, one of our primary goals is to try to figure out if our observed experimental
measurements match the theoretical predictions that we can make from mathematical models. If it does, then
we are happy and we have confirmed that our mathematical model is at least one way to explain our data! (We
typically say that the experimental observations are consistent with the predictions of theory.) If that all works,
we try to take this a step further, and extract values for our theoretical parameters from our data.
In this section of the notebook, we will discuss how to fit a mathematical model to your experimental data and
extract both the best-fit parameters of your model for the given dataset, and also the estimated (statistical)
uncertainties in these fitted parameters.

Fitting by hand A first important step in any fitting is to make some plots of your experimental model and find
out if there are parameter regimes where it can at least come close to the data. By “fitting by hand”, you can
already get an idea whether your model is a good description of your data, and approximately what the values of
the model parameters are.
In the last plot above, we saw an example of plotting a function on top of some data. If we look at the data,
even without looking at the plotted function, we can see that our experimental data of voltage vs. time seems to
be a straight line. This suggests that we can model the data with a linear function:

V (t) = at + b (7)

where a is some parameter with the units of V/s representing the slope of the line, and b (in V) is a parameter
describing the value of the voltage at t = 0.
The fact that the the line V = 2t (the orange dashed line) seems to pass through the middle of our blue data
already suggests that for our data (the blue points), a = 2 V/s and b = 0 V seems like pretty good parameters
for our model to describe the data.
We can also see that a = 1.7 and b = 1.7 are also OK (they go through a lot of the data points), but are
probably not as good:

line1 = 1.7*t+1.7
line2 = 2*t

plt.figure()

plt.plot(t,v, '.',c='k', ms=2)
plt.plot(t,line1, ' - -', c='b', lw=4, label="y=1.7$x$+1.7")
plt.plot(t,line2, ' - -', c='r', lw=4, label="y=2.0+0.0")

plt.xlabel("Time (s)")
plt.ylabel("Voltage (V)")

plt.legend()
plt.show()

Now that we have a ‘good’ estimate of our parameters, how can we find the best parameters (a and b in this
case) for our data? And how do I know how accurately my parameters fit the data?
For that, we can use a procedure called least squares fitting. In the remaining part of this notebook, you will
learn more about least squares fitting and how it works - the video below is a very short introduction to the least
squares method. Here, we will look at how to code it in Python, how to use it to get the best fit parameters of a
model for you data, and how to find out what the statistical error is on the parameters of your model given the
data you are using for the fit.
Exercise 5.6
Using the data you loaded in exercise 5.1, try fitting the function V = atp “by hand” to the data by manually
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adjusting a and p and replotting the function until you think you have the best fit. What are the values of a and
p that you find?

#code to fit data "by hand" to a power law

Least squares fitting To have Python automatically find the best parameters for fitting your data with a given
function, you can use the curve_fit() routine from the scipy (scientific Python) package:
https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.curve_fit.html
Since we will use only the curve_fit routine, we will import it on its own:

from scipy.optimize import curve_fit

To use curve fit, we first need to create a Python function that returns the mathematical function that we want
to fit. Our function is:

f(x) = ax + b (8)

It has one variable, x, and two parameters, a and b. For using curve_fit, we will need to make a Python
function that takes three arguments: the first is the variable x (for the above, it will be time), and the other two
arguments are the fit parameters a and b, and which should return the predicted voltage:

def function_fit(x,a,b):
return a*x+b

In the simplest case (and it will always work when you are fitting a stright line), you can just then directly send
the function and your x and y data and it will do the fit for you:

values, covariance = curve_fit(function_fit, t, v)

Tada! curve_fit actually returns two things. The first is an array containing the optimal fit values:

print(values)

The first one corresponds to the first parameter of the function and the second to the second: in our case, a and
b:

a_fit = values[0]
b_fit = values[1]
print(a_fit)
print(b_fit)

We can actually see that our fit by hand is a pretty good approximation of the values Python returns using the
least squares method. We can now check what the fit looks like. To do so, it is useful to create a testarray for x
first, and calculate our corresponding values for y. We will see why this is a good idea in a minute.

x_test = np.linspace(0.8*min(t),1.2*max(t), 1000)
y_fit = function_fit(x_test,*values)

plt.figure()

plt.plot(t, v, '.', c='k', ms=2)
plt.plot(x_test, y_fit, 'r - -', lw=2, label="Fit (y = %.2f $x$ + %.2f)" % (a_fit, b_fit))

plt.xlabel("Time (s)")
plt.ylabel("Voltage (V)")
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plt.legend()

plt.xlim(0,10)
plt.ylim(min(v),max(v))
plt.show()

Cool! Also, it turns out that the best statistical fit of the slope to our data is not exactly 2 but slightly higher
(about 2.0148)
In addition, sometimes in measurements, we also have error bars on the each of the individual black data points
in the plot, and sometimes some data points could have more error than others. In these cases, the fitting routine
can take these individual error bars into account when performing this fit: we will see more about this later in the
course.
Exercise 5.7
Perform a least squares fit to of the data from exercise 5.1 to the function V = atp. Make a plot of the function
with the values of p and a from the fit on top of the data. How close are the fitted values to your attempt at
fitting by hand?

#code that performs a least square fit to the exercise data

Test array and some ideas for plotting It was mentioned that it is a good idea to make a testfunction before
plotting our fitline. Why is that so? If our fitfunction is not a straight line, and we have not that many measure-
ments, the dots are connected. That is, our fit is not continous. Below we illustrate this with the red dotted lines,
making sharp turns at each new datapoint. The blue dotted line shows our test variable with many more datapoints.
Moreover, we can improve our plot by including values for the xlim, where our fitfunction nicely starts at the bor-
ders of the graph. To better compare our graphs, we make use of subplots. It requires some adjustments, but the
manual is very helpful: https://matplotlib.org/stable/gallery/subplots_axes_and_figures/subplots_demo.html

x = np.arange(1,9,2)
y = 0.25*x**2

#fitting our data
def fitfunction3(x,a,b):

return a*x**b

val, cov = curve_fit(fitfunction3,x,y)

#making a test array for our fit
x_test = np.linspace( -0.2,1.2*max(x))
y_fit = fitfunction3(x_test,*val)

#plotting of the data and fit in a subplt
fig, (ax1, ax2) = plt.subplots(1, 2)

ax1.plot(x,fitfunction3(x,*val),'r - -',label='fit')
ax1.plot(x,y,'k.',label='measurements')
ax1.set(xlabel='$x$', ylabel='$y$')
ax1.legend()
ax1.set_xlim([0, 7.5])
ax1.set_ylim([0,15])

ax2.plot(x_test,y_fit,'b - -',label='fit')
ax2.plot(x,y,'k.',label='measurements')
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ax2.set(xlabel='$x$', ylabel='$y$')
ax2.legend()
ax2.set_xlim([0, 7.5])
ax2.set_ylim([0,15])

fig.subplots_adjust(wspace=0.4)
plt.show()

Initial guesses The curve fit routine has the option to provide initial guesses on your parameters using a keyword
argument p0:

initial_guesses = (2.5,1)
values2, covariance2 = curve_fit(function_fit, t, v, p0 = initial_guesses)
print(values2)
print(values)

In this case it (nearly) did not make a difference: and in fact, for fitting a linear function, least squares fitting will
converge to the same set of values, no matter what initial guess you provide.
This is NOT true for functions f(x) that are not linear in x. In really bad cases, the parameter values that
curve_fit finds can even be highly sensitive to the initial conditions. For this reason, it is always a good idea,
and sometimes absolutely necessary, to first do some “fitting by hand”, and then ideally provide these initial
conditions to the curve_fit routine.
And even if you do not provide hand-tuned initial guesses (which you may not if you are automatically fitting a
huge number of datasets), it is important that you always make a plot of the fitted curves that you find on top
of the data just to make sure nothing goes wrong.

Residuals But how good is our fit? That is difficult to say by only lookig at the plot above. But we can
investigate our residuals: R(x) = D(x) − F (x) where R(x) are our residuals as function of x, D(x) are our data
(measurements) as function of x, and F (x) our fitfunction at x. If our functionfit perfectly matches our data, our
residues are 0. But as our data often includes some noise, we expect that our residuals are normally distributed
(Normal distribution).

R = function_fit(t,*values) -v

plt.figure()

plt.plot(t, R, '.', c='k', ms=2)

plt.xlabel("Time (s)")
plt.ylabel(r"$\Delta$ Voltage (V)")

plt.show()

plt.figure()
plt.hist(R,bins=40,density=True)
plt.xlabel(r"$\Delta$ Voltage (V)")
plt.ylabel('pdf')
plt.show()

Well... it sure looks likes a normal distribution. But can we visualize it even better? We can try to fit using a
normal distrubtion. The details about the normal distrubution will be discussed in Notebook 6. The scipy norm
library is here of good use!

from scipy.stats import norm
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x_test = np.linspace(np.min(R),np.max(R),1000)
distribution = norm.pdf(x_test,np.mean(R),np.std(R))

plt.figure()
plt.hist(R,bins=40,density=True)
plt.plot(x_test,distribution,'r')
plt.xlabel(r"$\Delta$ Voltage (V)")
plt.ylabel('pdf')
plt.show()

What did we do here? We created a test dataset and for each of these values we calculated the return value from
the pdf, using the average and standard deviation calculated from our residuals. We then plotted this function
on top of our histogram. We can see that the distribution of the residuals can be described reasonably well with
a normal distribution!

Uncertainty in the parameters We found above that the best statistical fit to our data was not our initial
estimate of a = 2, but actually more like a = 2.0148. But the line with a = 2 also looked pretty good, right?
How much better is the fit with a = 2.0148?
To find this out, we can use the other variable that curve_fit returned: the covariance matrix. With two
parameters, the covariance matrix is a 2x2 array:

values, covariance = curve_fit(function_fit, t, v)
print(covariance)

The most important two for us are the diagonal elements: the first diagonal element tells us the square of the
standard error σa of parameter a and the second diagonal element gives us the square of σb:

a_err = np.sqrt(covariance[0,0])
b_err = np.sqrt(covariance[1,1])
print(a_err)
print(b_err)

Or more quickly:

a_rr, b_err = np.sqrt(np.diag(covariance))
print(a_rr,b_err)

(The standard error σa is also sometimes also written as ∆a, and is also sometimes called the parameter “uncer-
tainty” instead of the parameter “error”).
We can now quote the full values of the parameters from our fit, including uncertainties:

print("The value of a is %.2f +/ - %.2f V" % (a_fit, a_err))
print("The value of b is %.2f +/ - %.2f V" % (b_fit, b_err))

Reminder: as earlier shown, we use a placeholder format %.2f designating that we want to print as float with
two decimals. There are a lot of other ways to format your string.
Note that typically when you quote an uncertainty, you should pick only one significant digit. And also, when you
quote the value of a parameter, you should also quote it with the same number of decimal places as your error.
So in this case, I quote the value of a as 2.015, and not its “exact” value of 2.0148415283012246. Why? The
reason is that doesn’t make sense to quote more digits on the value of a than a number of digits corresponding to
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the size of the statistical error, and so physicists and scientists truncate the accuracy of the numbers they report
to a level comparable to the error.
Exercise 5.8
Below we have made a fake dataset for you. The parameters are known to you. But still, it is your task to
‘deconstruct’ the dataset and find the parameters as if these were unknown to you.

x_meas = np.arange(0,10.1,0.3)
y_meas = 0.2345*x_meas**2 + 3.045*x_meas + np.random.normal(0,1.5,len(x_meas))

#your code here

Exercise 5.8*
Calculate the errors on the fit parameters from your fit in exercise 5.5. Was your estimate of p from exercise 5.4
within the statistical error margins from you fit? Were the values for a and p you found from “fitting by hand”
within the statistical error margins?

#code to calculate the parameter uncertainties (errors) and check if your earlier
#estimates agree with the least -square -fit values
#to within the error margins of the fit

Exercise 5.9
In ‘dataset.csv’ we have made you a dataset where you have to find the formula describing it. Find the parameters
and their associated uncertainties. Don’t forget to analyse your residuals to see whether you found the proper
formula.
Note! This excercise consumes a lot of your time...

Solutions to exercises Exercise 5.1:

# You can also use the option "unpack=True" to have loadtxt send back all columns separately
t2,v2 = np.loadtxt("exercise_data.dat", unpack=True)

print("Loaded", len(v2), "points")

Exercise 5.2:

x = np.arange(1,100.1,0.1)

def function(x):
return 3.05*x+0.95

y = function(x)
data = np.zeros([len(x),2])
data[:,0] = x
data[:,1] = y
np.savetxt('testfile.csv',data,delimiter=';')

Exercise 5.3:

plt.plot(t2,v2)
# ALL PLOTS MUST HAVE LABELS WITH UNITS!!!!
plt.xlabel("$t$ (s)")
plt.ylabel("$v$ (V)")
plt.show()
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Exercise 5.4:

# p = 2 looks ok
p = 2
plt.plot(t2**p,v2)
# A decent label(we can use the variable value automatically, and use latex for superscripts)
plt.xlabel("$t^"+ str(p) + "$ (s$^" + str(p) +"$)")
plt.ylabel("v (V)")
plt.show()

Exercise 5.5:

# p = 2 looks ok
plt.plot(np.log(t2),np.log(v2),'o', label="Data")

# Now a straight line
# This is a bit tricky, we need the same x -range as the data
# My best estimate of the slope is 2.3
x = np.log(t2)
p = 2.3
y = p*x
plt.plot(x,y, label="Slope = " + str(p))
plt.legend()

# A decent label(we can use the variable value automatically, and use latex for superscripts)
plt.xlabel("log(t) (log(s))")
plt.ylabel("log(v) (log(V))")
plt.show()

Exercise 5.6:

a=2
p=2.34
plt.plot(t2,v2, 'o', label='Data')
plt.plot(t2,a*t2**p, label='Model')
plt.legend()
plt.xlabel("t (s)")
plt.ylabel("v (V)")
plt.show()

Exercise 5.7:

def f2(t,a,p):
return a*t**p

values, covariance = curve_fit(f2, t2, v2)

a_fit = values[0]
p_fit = values[1]

print(values)

plt.plot(t2,v2, 'o', label='Data')
plt.plot(t2,f2(t2,a_fit,p_fit), label='Model')
plt.legend()
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plt.xlabel("t (s)")
plt.ylabel("v (V)")
plt.show()

Exercise 5.8

x_meas = np.arange(0,10.1,0.3)
y_meas = 0.2345*x_meas**2 + 3.045*x_meas + np.random.normal(0,1.5,len(x_meas))

#your code here
plt.figure(figsize=(3,3))
plt.plot(x_meas,y_meas,'k.')
plt.show()

#first guess
def function_fit(x,a):

return a*x**2

val, cov = curve_fit(function_fit,x_meas,y_meas)
x_test = np.linspace(min(x_meas),max(x_meas),1000)

plt.figure(figsize=(3,3))
plt.plot(x_meas,y_meas,'k.')
plt.plot(x_test,function_fit(x_test,*val))
plt.show()

plt.figure(figsize=(3,3))
plt.plot(x_meas,y_meas -function_fit(x_meas,*val),'k.')
plt.show()

#there is a pattern in the residuals, so our formula does not sufffice

#second guess
def function_fit(x,a,b,c):

return a*x**2+b*x+c

val, cov = curve_fit(function_fit,x_meas,y_meas)
x_test = np.linspace(min(x_meas),max(x_meas),1000)

plt.figure(figsize=(3,3))
plt.plot(x_meas,y_meas,'k.')
plt.plot(x_test,function_fit(x_test,*val))
plt.show()

plt.figure(figsize=(3,3))
plt.plot(x_meas,y_meas -function_fit(x_meas,*val),'k.')
plt.show()

plt.figure(figsize=(3,3))
plt.hist(y_meas -function_fit(x_meas,*val),bins=int(len(x_meas)/3))
plt.show()

#looks a bit gauss distributed
print('the formula is: a*x**2+b*x+c with parameters a = %.2f +/ - %.2f, b= %.1f+/ -%.1f, c=%.1f+/ -%.1f' %(val[0],np.sqrt(cov[0,0]),val[1],np.sqrt(cov[1,1]),val[2],np.sqrt(cov[2,2])))
#Note that the number of decimal placed can differ as each time a new dataset is made!

138

https://curvenote.com


Introduction to Experimentation in Physics

Exercise 5.8*

a_err = np.sqrt(covariance[0,0])
p_err = np.sqrt(covariance[1,1])

# Uncomment to debug :)
#print(a_err)
#print(p_err)

# A bit nerdy but cool: automatically format the string output with the
# correct number of digits :)

# (you can also just read off the number of digits by hand and "hard code" it...)

a_dig = -(int(np.log10(a_err)) -1)
p_dig = -(int(np.log10(p_err)) -1)

# Uncomment to debug :)
#print(a_dig)
#print(p_dig)

a_fmt = "%." + str(a_dig) + "f"
p_fmt = "%." + str(p_dig) + "f"

# The units on a are a bit funny, so we'll skip the units on this one...
a_msg = "a has the value %s +/ - %s" % (a_fmt, a_fmt)
a_msg = a_msg % (a_fit, a_err)
print(a_msg)

p_msg = "p has the value %s +/ - %s" % (p_fmt, p_fmt)
p_msg = p_msg % (p_fit, p_err)
print(p_msg)

Exercise 5.9

y = 2.064 * np.cos(0.25*(2*np.pi)*x+0.45)+0.0075*x

#load our data
data = np.loadtxt('dataset.csv',delimiter=';')

x_data = data[:,0]
y_data = data[:,1]

x_test = np.linspace(min(x_data),max(x_data),1000)

#see what it looks like
plt.figure()
plt.plot(x_data,y_data,'k.')
plt.show()

#First guess:
def functie(x,a,b,c):

return a*np.cos(b*x+c)

val, cov = curve_fit(functie,x_data,y_data,p0=(2.05,1.57,0.5))
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print(val)
#see what it yields, playing with the inital guesses is required!
plt.figure()
plt.plot(x_data,y_data,'k.')
plt.plot(x_test,functie(x_test,*val))
plt.show()

#looking at the residuals
plt.figure()
plt.plot(x_data,y_data -functie(x_data,*val))
plt.show()

#Our data clearly shows a hidden pattern!!!
#second guess

def functie(x,a,b,c,d):
return a*np.cos(b*x+c)+d*x

val, cov = curve_fit(functie,x_data,y_data,p0=(2.05,1.57,0.5,0.05)) #estimate for d from slope
print(val)

plt.figure()
plt.plot(x_data,y_data,'k.')
plt.plot(x_test,functie(x_test,*val))
plt.show()

#looking at the residuals
plt.figure()
plt.plot(x_data,y_data -functie(x_data,*val))
plt.show()

x = np.linspace(0,6*np.pi,200)
y = 2.064 * np.cos(0.25*(2*np.pi)*x+0.45)+0.0075*x

dataset = np.zeros([len(x),2])
dataset[:,0] = x
dataset[:,1] = y
np.savetxt('dataset.csv',dataset,delimiter=';')
plt.figure()
plt.plot(x,y,'k.')
plt.show()
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3.2 The value of values

Note
This is meant as an interactive notebook, click the ON-buttom (enable compute) at the right to see and
interact with the code and the output!

What is, in science, the value of a value? In physics, this depends on how certain you are of this value. As
quantities are determined using experiments, and these experiments are subject to error and uncertainties, the
value can only be determined to some degree. We are never 100% sure of the exact value. Therefore, values are
given with their uncertainty: g = 9.81 ± 0.01 m/s2. So how do we determine to what extent a value is certain?

3.2.1 Errors and uncertainty

Uncertainties in values can arise from the precision of the instruments used in the experiment, errors made by the
person doing the experiment, vibrations, temperature effects, and fundamental errors related to the phenomenon
being studied. Some of these uncertainties can be reduced, others just have to be accepted. Whatever their cause,
these effects influence experiments and their outcomes of the experiments and therefore influence the uncertainty
in the quantities we want to determine.

Gaussian noise Random errors will usually conform to a Gaussian distribution. The probability of an error of
some sort occurring can be calculated through:

P (x) = 1
σ

√
2π

e− (x−µ)2

2σ2 (9)

In this function, µ is the average value of the error, σ the standard deviation, a measure of the spread of the
error, x is the value of the error. In section Repeating measurements we assume that the errors we have to deal
with are following a Gaussian distribution. The graph below shows what Gaussian noise looks like, following the
probability density function shown in the second graph.

(a) A scatter plot of the noise. Although most data are in between -25 and 25, one can find data points with values >50.
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(b) A histogram of the noise. One can easily see that roughly 2/3 of the data is within µ \pm \sigma and 90%

Systematic error If there is, e.g., a calibration error of the instrument, a systematic error occurs with each and
every measurement. If your ruler starts at 0.2 cm but you didn’t notice, this will cause a systematic error.

Figure 26: A not calibrated instrument will probably result in a systematic error.

If you suspect a systematic error, you can look for it using e.g. Python. If the to be fitted function is F = α
r4

and you suspect a systematic error in the distance, r, you can try to fit the function F = α
(r+∆r)4 . You still have

to validate whether the systematic error is within a sensible range and whether there is indeed a systematic error.
Figuring out whether you have the problem of a systematic error can be done by analysing the residuals. If M(x)
are the values of your measurements at certain point x, and F (x) is the value of the fitted function at the same
point x, the residuals are defined by:

R(x) = M(x) − F (x) (10)
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(a) A curve fit using least square method without compensation for a systematic error $y = a \cdot x^2$

(b) A curve fit using least square method with compensation for a systematic error $y = a \cdot (x + \Delta x)^2$

3.2.2 Repeating measurements

Repeating a measurement helps us determine the ‘exact’ value. The best estimate of the exact value is the mean:

x =
∑N

i=1 xi

N
(11)

in which xi is a measurement and N is the number of repeated measurements.
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In the analysis of experimental data, an important parameter is the standard deviation, σ. If the experiment is
done again, the chance that the value is between x ± σ is 2/3. The standard deviation is calculated by

σ =

√∑N
i=1(xi − x)2

N − 1
(12)

There is another way to determine the standard deviation more quickly, but this is somewhat less accurate (the
rough-and-ready approach). The standard deviation is roughly 2

3 (xmax − x).
If the same experiment is repeated, the average value will differ slightly each time. This means that their is an
uncertainty within the average. This parameter is called the standard deviation of the mean, α:

α = σ√
N

(13)

This uncertainty tells you that if the entire experiment is repeated, there is a 2/3 change that the average value
is within x ± α.
The average, standard deviation and standard error as function of N noise samples. It can be seen that the average
and standard deviation do not change much and only get better determined. The standard error decreases with√

N .

(a) The average value of N noise samples. It can be clearly seen that the value converges to 0.
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(b) The standard deviation of N noise samples. It can be clearly seen that the value converges to 25.

(c) The standard error of N noise samples. It can be seen that the uncertainty decreases.

Chauvenet’s criterion What if a measurement is repeated ten times, and one value is very different from the
rest? Can it just be discarded? To decide whether a value can be discarded, one can use the theory above and
extend it. To start, you calculate the mean and the standard deviation. Subsequently you calculate the occurrence
of the outlier Pout, using the error function: Pout = 2Erf(xout, x, σ). You can use this site to use the error
function
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If N · Pout is smaller than 0.5, the measurement may be discarded. Disregarding a measurement should be
mentioned in the report! You also have to calculate a new mean value and uncertainty as the data set has
changed.

Error Function(s) There are two types of error functions, the erf(x) and the Erf(x, x, σ). Which are defined
like this:

erf(x) = 2√
π

∫ x

0
e−t2

dt (14)

Erf(x, x, σx) = 1
2

[
1 + erf

(
x − x√

2σx

)]
(15)

The easiest way is to use the error function is to import it from the scipy package. A plot of both functions can
be seen in the graph below.
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What can be seen is that the function Erf(x, x, σ) is basically a shifted version of the the erf(x) function. As
by dividing it by two and adding 0.5 shifts it up and makes it smaller. The xout − x shifts it so that the mean is
at the center of the function and dividing it by σ ‘stretches’ the function so that it is in the right range. What
one also can see if that when you have an outlier which is higher than the mean the Erf will return a value
higher than 0.5 which will always result in a value which cannot be discarded. When this happens you have to
do 1 − Erf(xout, x, σ), this you multiply by 2N , or one can use:

1 − erf

(
|xout − x|

σ

)
(16)

This you still have to multiply by N (not by 2).

3.2.3 Significant figures

Significant figures are essential to physics. Most of you are probably already familiar with them. Significant figures
are important because they indicate the uncertainty of a value. The number of figures after the comma of x and
α are always the same!

20 ± 1 (17)

0.25 ± 0.02 (18)

10.25 ± 0.20 (19)

A brief reminder on how to determine the number of significant figures:

• All non-zero digits are significant: 2.998 · 108 m/s has four significant figures.

• All zeroes between non-zero digits are significant: 6.02214179 · 1023 mol-1 has nine significant figures.

• Zeroes to the left of the first non-zero digits are not significant: 0.51 MeV has two significant figures.
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• Zeroes at the end of a number to the right of the decimal point are significant: 1.60 · 10−19C has three
significant figures.

• If a number ends in zeroes without a decimal point, the zeroes might be significant: 270 might have two
or three significant figures.

Rules For most numbers, it is not hard to round of to the correct number of significant figures:

6.626.6 (20)

5.675.7 (21)

However, always rounding up 0.5 to 1 will result in a higher rounded value. So the rule is: even numbers before
a 5 are cut, odd numbers before a 5 are rounded:

3.453.4 (since 4 is even) (22)

3.553.6 (since 5 is odd) (23)

With adding and/or subtracting the least number of figures after the comma is decisive. This also means that
the total number of significant figures might change:

1.23 + 45.6 = 46.8 (24)

8.2 + 3.5 = 11.7 (25)

100.5 − 2.5 = 98.0 (26)

With multiplication or division the least number of significant figures is decisive:

1.2 · 345.6 = 4.1 · 102 (27)

5/2.00 = 2 (28)

This last example needs perhaps a further explanation: 5 / 2.00 = 2.5. However, one figure is allowed. 2 is an
even number, so the last decimal is cut.

3.2.4 Error propagation

If the uncertainty is known for one value, and that value is used in an equation, the result of that equation will also
have some degree of uncertainty. Often, we have multiple variables each having their own degree of uncertainty.
There are two ways to calculate this uncertainty: the functional approach, which involves propagating P ± α
throughout the function, and the calculus approach, which is a linearization of the function.
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Functional approach When a function Z only depends on a single variable A, the uncertainty αZ can be
calculated using:

αZ = f(A + αA) − f(A − αA)
2

(29)

Note
You just measured the radius of a circle and want to calculate its circumference using O = 2πr. The
measured radius is 2.0±0.2 cm. The circumference will thus be: O = 2πr = 13 cm. Its uncertainty is given
by: αO = 2π2.2−2π1.8

2 = 1 cm
The circumference will thus be: O = 13 ± 1 cm.

When a function Z depends on multiple independent variables, like for instance (P = UI), the uncertainty needs
to be calculated separately for each value using (30), (31) and (32). This method can be used for any number of
independent variables.

αP,U = P (U + αU , I) − P (U − αU , I)
2

(30)

αP,I = P (U, I + αI) − P (U, I − αI)
2

(31)

αP =
√

αP,U
2 + αP,I

2 (32)

Note
You measured the voltage over and the current through a light bulb. The voltage is 6.0 ± 0.2 V, the current
0.25 ± 0.01 A. What is the electrical power of the light bulb?

αP,U = P (U + αU , I) − P (U − αU , I)
2

= 6.2 · .25 − 5.8 · .25
2

= 0.05W (33)

αP,I = P (U, I + αI) − P (U, I − αI)
2

= 6.0 · .26 − 6.0 · .24
2

= 0.06W (34)

αP =
√

αP,U
2 + αP,I

2 =
√

0.052 + 0.062 = 0.08W (35)

P = 1.50 ± 0.08 W

Calculus approach The calculus approach uses a linearization to determine the effect a measured value A has
on the value Z. For a single variable function Z(A) the uncertainty in Z is given by:

αZ = ∂Z

∂A
αA (36)

Note
You just measured the radius of a circle and want to calculate its circumference using O = 2πr. The
measured radius is 2.0. The circumference will thus be: O = 2πr = 13 cm. Its uncertainty is given by:
dO
dr αr = 2παr = 1 cm
The circumference will thus be: O = 13 ± 1 cm.
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The linearization will result in an error that becomes noticeable when the error of A is relatively big and there is
a lot of curve in the function in that area of A.
The general form for the calculus approach of Z(A, B,...) with uncertainties (αA), (αB),... is given in (37).

αZ =

√(
∂Z

∂A
· αA

)2

+
(

∂Z

∂B
· αB

)2

+ ... (37)

An example of the calculus approach for (P = UI) is given in (38).

α2
P =

(
∂P

∂U
· αU

)2

+
(

∂P

∂I
· αI

)2

(38)

Resulting in (39).

α2
p = (I · αU )2 + (U · αI)2 (39)

Dividing both sides of the equation by P (U, I)2 yields us a simple and direct equation for αP :

(αP

P

)2
=
(αU

U

)2
+
(αI

I

)2
(40)

More general, for a function f(y, x) = cynxm the uncertainty in f can be calculated by:

(
αf

f

)2

=
(αc

c

)2
+ n2

(
αy

y

)2

+ m2
(αx

x

)2
(41)

Advantages of both methods The advantage of the functional approach is that it does not use the approxi-
mation of a linearization and is therefore more accurate. This is usually only noticeable when the uncertainty of
a measured value is large and the function has a lot of bend. The advantage of the calculus approach is that it
gives a clearer relation between the uncertainty of a variable and how it propagates into the uncertainty of the
determined value

3.2.5 Error in function fit

You have plotted your data (yi) with their uncertainties and are now looking for a function y(xi) that best describes
the data set (Note: earlier we talked about a measurement M and function F , this is the same principle). You
make an educated guess (or use a theoretical framework) to predict the function. An estimate of how well your
function predicts the data is given by:

χ2 =
∑

(yi − y(xi))2 (42)

If there is a perfect match between data and fit, the sum will be 0. Most curve fitting tools use this principle and
are looking for the values for the variables for which this sum is minimal. A good fit goes at least through 2/3 of
the error bars.
We can learn a lot about our data by looking at the residuals: yi − y(xi). There might still be a detectable
pattern, hidden in the noise. Using Python is an excellent way to find out what your data is telling you...

from ipywidgets import interact
import ipywidgets as widgets
import numpy as np
import matplotlib.pyplot as plt
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# Data
x = np.linspace(0, 11, 10)
y = np.random.normal(0, 2, 10)

# Function
def f(a):

chi_square = np.sum((y - a) ** 2)

# Subplots
fig, axes = plt.subplots(1, 2, figsize=(12, 5))

# Left: Data and fit
axes[0].plot(x, a * np.ones(len(x)), 'r - -', label=f'a = {a:.1f}')
axes[0].plot(x, y, 'k.', label='Data')
axes[0].set_title("Data en lijn")
axes[0].legend()

# Right: Chi -square as function of a
a_values = np.linspace( -5, 5, 100)
chi_square_values = [np.sum((y - a_val) ** 2) for a_val in a_values]
axes[1].plot(a_values, chi_square_values, 'b -', label="chi^2(a)")
axes[1].plot(a, chi_square, 'ro', label=f'Current chi^2 = {chi_square:.2f}')
axes[1].set_title("chi^2 als functie van a")
axes[1].set_xlabel("a")
axes[1].set_ylabel("chi^2")
axes[1].legend()

plt.tight_layout()
plt.show()

# Interactieve widget
interact(f, a=widgets.FloatSlider(min= -5, max=5, step=0.1, value=0))

interactive(children=(FloatSlider(value=0.0, description='a', max=5.0, min= -5.0), Output()), _dom_classes=('wi…

<function __main__.f(a)>

3.2.6 Poisson distribution

We covered so far the Gaussian distribution. However, there is also the Poisson distribution which is important
when counting, e.g., radioactive decay. The Poisson distribution is a discrete probability distribution.
The chance of k counting events in a certain amount of time, with the expected value λ is given by:

P (X = k) = λke−λ

k!
. (43)

The standard deviation of the Poisson distribution is given by the square root of the expected value: (σ =
√

λ).

Example
In a restaurant there are on average 20 people per day. How does the probability distribution of the number
of people look like?
The probability of the number of visitors is given in Figure ??. The chance is given by:
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P (X = k) = 20ke−20

k!
(44)

The shape of the function resembles the Gaussian distribution. This is not really strange as for large numbers of
λ the Poisson distribution indeed becomes similar to the Gaussian distribution. However, for small numbers of λ,
the Poisson distribution is not symmetrical.

3.2.7 Practice

These questions will help you digest the information described above. The answers can be found at the end of
this manual. Do not forget to look at the python assignments!

3.2.8 Assignment

The final assignment for Measurement and uncertainty consists of a Python Jupyter Notebook with questions.
You are allowed to bring code, this manual, notes. If it concerns a morning session the assignment is available
from 8:45. Handing in your work, using Brightspace, can be done until 11:30. If it concerns a afternoon session,
the assignment is available from 13:45. Handing in your work, using Brightspace, can be done until 16:00. This
information will be provided before the test as well.
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3.3 Exercises

Some exercises to practice for the exam. The difficulty of the exercises are representative for the exam.
You don’t have to make all assignments, however, you should feel comfortable with Python and get well acquainted
with measurement & uncertainty.

import matplotlib.pyplot as plt
import numpy as np
from scipy.special import erf
from scipy.optimize import curve_fit

3.3.1 Mean and standard deviation

You probably know the np.mean and the np.std commands. However you can also do them yourself using the
definitions:

x = 1
N

N∑
i=1

xi (45)

σx =

√√√√ 1
N − 1

N∑
i=1

(xi − µx)2 (46)

Use these on the following dataset and see if you get the same results as the np.mean and the np.std commands.

Exercise 1 The dataset is a measurement from 1 single flat by 11 different persons.

Measurement Number Total Height (m)
1 141.02
2 148.15
3 157.27
4 115.81
5 149.22
6 207.52
7 180.20
8 161.92
9 164.28
10 206.80
11 42.50

Questions
a Calculate in two different ways the mean value, the standard deviation.
b How would you as a physicist write down the size of the flat?
If you notice a difference between the np.std function and the manual function I would encourage you to look
at the documentation of the np.std function Here.

L = np.array([141.02,148.15,157.27,115.81,149.22,207.52,180.2,161.92,164.28,206.8,42.5])

Exercise 2 A shop owner wants to know how many people visit his shop. He installs a device that counts the
number of people that enter the shop every minute. In total 1000 measurements were done.
Questions
a Import the data_1.dat file.
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b Determine the average value as well as the standard deviation
c Plot the data in a histogram. What kind of distribution do you think the data is best described by, and why?

Data = np.genfromtxt("data_1.dat")

3.3.2 The Error Function and Chauvenaut’s theorem

For using Chauvenaut’s theorem you need to use the error function. The error function is defined as follows:

erf(x) = 2√
π

∫ x

0
e−t2

dt (47)

This is a so called non elementary function. It can be approximated numerically, luckily you don’t have to do
this yourself because scipy already has a function for this. The Erf is a function (more formally called the cdf
function) which is more often used in statistics and is used in the Chauvenaut’s theorem.

Erf(x, x, σx) = 1
2

[1 + erf( x − x√
2σx

)] (48)

Exercise 3 a Use from scipy.special import erf and make a plot of the error function in the range [-3,3]
to see how the function behaves.
b Use this to plot the Erf function, with the σx and x found in exercise 1(for this you have to change the domain
of your plot). This function is the same as the one that can be found on this site.
c Use the dataset from exercise 1 to see if the last value (with length 42.5 m) can be discarded. And if so, what
kind of influence does this have on the mean and the std.
d What are the pros and cons of removing a point from a dataset?

from scipy.special import erf

#Erf function
def Erf(x,mean_u,sig):

return 0.5*(1+erf((x -mean_u)/(np.sqrt(2)*sig)))

#plot for error function

#plot for Erf function

#check whether the outlier can be discarded

Exercise 4 Height vs. weight Attached is a csv file which contains the length (first column) and the weight
(second column) of a (male) person.
a Convert the data to metric units as it is now in inches and in lbs.
b Make a scatter plot and see if you if you can fit a linear relation.
c Find the mean and std of both the height and weight.
d Make a histogram for both and overlay a Gaussian to see if the data follows a normal distribution.

from scipy.optimize import curve_fit
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from scipy.stats import norm

#import data
data = np.genfromtxt('weight -height.csv',delimiter=',',dtype=float,skip_header=1)
height = data[]
weight = data[]

#convert to metric units

#calculate mean and std

#linear function to fit

#curvefit

#plot
plt.figure(figsize=(12,4))

plt.show()

#Histogram plot #1

#Histogram plot #2

Exercise 5 In an experiment 10 measurements were taken of the voltage over and current through a Si-diode.
The results are displayed in the following table together with their uncertainties:

I (µA) αI (µA) V (mV) αV (mV)
3034 4 670 4
1494 2 636 4
756.1 0.8 604 4
384.9 0.4 572 4
199.5 0.3 541 4
100.6 0.2 505 4
39.93 0.05 465 3
20.11 0.03 432 3
10.23 0.02 400 3
5.00 0.01 365 3
2.556 0.008 331 3
1.269 0.007 296 2
0.601 0.007 257 2
0.295 0.006 221 2
0.137 0.006 181 2
0.067 0.006 145 2

diode is expected to behave according to the following relation: I = a(ebV − 1), where a and b are unknown
constants .
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a Use the curve_fit function to determine whether this is a valid model to describe the dataset.
Hint: use a logscale on the y-axis

I = np.array([3034,1494,756.1,384.9,199.5,100.6,39.93,20.11,10.23,5.00,2.556,1.269,0.601,0.295,0.137,0.067])*1e -6
a_I = np.array([4,2,0.8,0.4,0.3,0.2,0.05,0.03,0.02,0.01,0.008,0.007,0.007,0.006,0.006,0.006])*1e -6
V = np.array([670,636,604,572,541,505,465,432,400,365,331,296,257,221,181,145])*1e -3
a_V = np.array([4,4,4,4,4,4,3,3,3,3,3,2,2,2,2,2])*1e -3

#Function to fit
def current(V,a,b):

return a*(np.exp(b*V) -1)

#Make fit

Exercise 6 A student measures the position of a simple mass-spring system. Unfortunately, he accidently moves
his measuring device during the experiment. He is not sure if the device was put back in the right position and
wants to know if there is a systematic error in his data. The dataset consists of 400 position measurements (in
cm) over the course of 5 seconds. The data is expected to follow a sine function with an amplitude of 4.5 and a
period of 10π.
a Import the data_2.dat file.
b Plot the raw data, calculate and plot the residuals and determine whether there is indeed a systematic error in
the data.
c If so, approximate the magnitude of the systematic error and the time at which the occurs.

t = np.linspace(0,5,400)

#sine function to fit the data
def sine(x):

return 4.5*np.sin(x*5*np.pi)

#plot of data and sine function

#calculate residuals

#plot of Residuals

Exercise 7 Functional vs. Calculus Approach You have both seen the functional and the calculus method in
calculating the propagation of an error.
Apply both methods on the following functions:

Z(x) = x − 1
x + 1

(49)

With x = 3.2 ± 0.2
Z(x) = ex2 (50)

With x = 8.745 ± 0.005

Exercise 8 The gravitational force between two bodies can be described with Newton’s law of universal grav-
itation: F = Gm1m2

r2 , where G is the gravitational constant, mi the masses of the bodies and r the distance
between the bodies.
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Suppose that a meteorite of mass (4.739±0.154) ·108kg at a distance of (2.983±0.037) ·106m is moving towards
the earth. Determine the attracting force between the meteorite. Use both the functional and the calculus
approach to calculate the uncertainty in F and compare the results. You can use the following values:
Earth mass: (5.9722 ± 0.0006) · 1024kg
Gravitational constant: (6.67259 ± 0.00030) · 10−11m3 s-2 kg-1

#function for gravitational force
def FG(G,m1,m2,r):

return G * m1 * m2 /(r*r)
#values
G = 6.6759e -11
u_G = 0.00030e -11

m1 = 4.739e8
u_m1 = 0.154e8

m2 = 5.9722e24
u_m2 = 0.0006e24

r = 2.983e6
u_r = 0.037e6

#value of gravitational force

#calculus approach

#Calculate difference between methods

Exercise 9 The behaviour of many gases can be well approximated by the ideal gas law: PV = nRT , where
P is the pressure, V the volume of the gas, n the amount of substance in moles, T the temperature of the gas.
R is the ideal gas constant, which is actually just the Boltzmann constant multiplied by the Avogrado constant,
with a value of 8.314 J.K-1.mol−1.
A student performs an experiment with a closed containter of 3.23 ± 0.01 litres filled with 0.172 ± 0.001 mol
Helium gas. The volume remains constant throughout the experiment and no particles can enter or leave the
container. The student slowly heats the gas and measures the change in pressure. The results are shown in the
following table.

Temperature (K) Pressure (kPa)
293.2 128.57
304.4 134.44
313.8 137.93
327.3 145.33
335.0 187.97
348.3 155.16
359.1 158.85
371.6 164.08

uncertainty in T is 0.2 K for all values.
a Calculate the uncertainty in P using the calculus approach
b Fit the data to the model. What do you see? Is the data well described by the ideal gas law?
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def Press(V,n,R,T): #ideal gas law
return n*R*T/V

#values
R = 8.314

n = 0.172
u_n = 0.001

V = 3.32e -3
u_V = 0.01e -3

#data
T = np.array([293.2,304.4,313.8,327.3,335.0,348.3,359.1,371.6])
u_T = np.ones(len(T))*0.2

P = np.array([128.57,134.44,137.93,145.33,187.97,155.16,158.85,164.08])*1e3

#model

#plot

c One data point seems to be an outlier. Use Chauvenet’s criterium to determine whether the point can be
discarded.

Exercise 10 When measuring there is always a very real possibility of a systematic error. One of these systematic
errors can be found in a mass-springsystem. Normally the period of a mass-spring system is given by: T = 2π

√
m
C .

Here m is the mass and C is the spring constant. However this formula assumes that you have a massless spring,
this is not true unfortunately. This means that the mass of the spring is also vibrating, we should thus change
the formula to take this into account. This gives the following equation: T = 2π

√
m+∆m

C , where ∆m is the
systematic error.
With the measurements that we have we can find both the spring constant and its uncertainties. The array m is
an array with the values for the measured m and the array T is an array with all the measured data for the period.
You can disregard the invalid use of significant figures.
a Plot the data
b Find the parameters ∆m and C with its corresponding uncertainties
c Plot the fitted function over the data and look at the residuals

from scipy.optimize import curve_fit

m = np.array([50,100,150,200,250,300])
T = np.array([2.47,3.43,4.17,4.80,5.35,5.86])

3.3.3 Error in the Error

There is always an error in the error. This number tells you whether you use 1 or 2 significant values for your
uncertainty.

errror in the error = 1√
2N − 2

(51)
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Exercise 11 See if you can reproduce the plot shown above, use a logarithmic scale on the x-axis and make the
horizontal and vertical dashed lines (you can only do one point to show that you know how to do it).
Hint: use plt.hlines and plt.vlines to make it a bit easier (look at the documentation to see how the
functions work).

def err_err(N):
return 1/(np.sqrt(2*N - 2))
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3.4 Answers

Some exercises to practice for the exam. The difficulty of the exercises are representative for the exam.
You don’t have to make all assignments, however, you should feel comfortable with Python and get well acquainted
with measurement & uncertainty.

import matplotlib.pyplot as plt
import numpy as np
from scipy.special import erf

3.4.1 Mean and standard deviaton

You probably know the np.mean and the np.std commands. However you can also do them yourself using the
definitions:

x = 1
N

N∑
i=1

xi (52)

σx =

√√√√ 1
N − 1

N∑
i=1

(xi − µx)2 (53)

Use these on the following dataset and see if you get the same results as the np.mean and the np.std commands.

Exercise 1 The dataset is a measurement from 1 single flat by 11 different persons.

Measurement Number Total Height (m)
1 141.02
2 148.15
3 157.27
4 115.81
5 149.22
6 207.52
7 180.20
8 161.92
9 164.28
10 206.80
11 42.50

Questions
a Calculate in two different ways the mean value, the standard deviation.
b How would you as a phyisicst write the size of the flat down?
If you notice a difference between the np.std function and the manual function I would encourage you to look
at the documentation of the np.std function Here.

#Data from the table
L = np.array([141.02,148.15,157.27,115.81,149.22,207.52,180.2,161.92,164.28,206.8,42.5])

#Calculate mean and std 'manually'
Flat_av = np.sum(L)/len(L)
Flat_std = np.sqrt(np.sum((L -Flat_av)**2)/(len(L) -1))
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print('Tree height is {:.0f} +/ - {:.0f} m'.format(round(Flat_av, -1),round(Flat_std/np.sqrt(len(L)), -1)))

#Compare values with numpy functions, if true, nothing happens
assert Flat_av == np.mean(L), 'The results for the mean are different'
assert Flat_std == np.std(L,ddof=1), 'The results for the standard deviation are different'

Tree height is 150 +/ - 10 m

Exercise 2 A shop owner wants to know how many people visit his shop. He installs a device that counts the
number of people that enter the shop every minute. In total 1000 measurements were done.
Questions
a Import the data_1.dat file.
b Determine the average value as well as the standard deviation
c Plot the data in a histogram. What kind of distribution do you think the data is best described by, and why?

#Import data
Data = np.genfromtxt("data_1.dat")

#Calculate mean and std
Pers_mean = np.mean(Data)
Pers_std = np.std(Data,ddof=1)

print('Average value: %.3f \n\
Standard deviation: %.3f ' %(Pers_mean,Pers_std))

#Make the plot
f,g,_ = plt.hist(Data,bins= 12)
plt.xlabel('Number of people per minute')
plt.ylabel('Occurence')
plt.show()

print('It looks like a Poisson distribution. It concerns a counting experiment, so that makes sense.')

Average value: 3.885
Standard deviation: 1.925
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It looks like a Poisson distribution. It concerns a counting experiment, so that makes sense.

3.4.2 The Error Function and Chauvenaut’s theorem

For using Chauvenaut’s theorem you need to use the error function. The error function is defined as follows:

erf(x) = 2√
π

∫ x

0
e−t2

dt (54)

This is a so called non elementary function. It can be approached numerically, luckily you don’t have to do
this yourself because scipy already has a function for this. The Erf is a function (more formally called the cdf
function) which is more often used in statistics and is used in the Chauvenaut’s theorem.

Erf(x, x, σx) = 1
2

[1 + erf( x − x√
2σx

)] (55)

Exercise 3 a Use from scipy.special import erf and make a plot of the error function in the range [-3,3]
to see how the function behaves.
b Use this to plot the Erf function, with the σ and x found in exercise 1(for this you have to change the domain
of your plot). This function is the same as the one that can be found on this site.
c Use the dataset from exercise 1 to see if the last value (with length 42.5 m) can be discarded. And if so, what
kind of influence does this have on the mean and the std.
d What are the pros and cons of removing the point from the dataset.

from scipy.special import erf

#Erf function
def Erf(x,mean_u,sig):

return 0.5*(1 + erf((x -mean_u)/(np.sqrt(2)*sig)))

#Make linspace so it runs from [ -3,3] with 100 steps
x = np.linspace( -3,3,100)

#plot for error function
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plt.figure(figsize=(12,4))
plt.plot(x,erf(x))
plt.axhline(c='grey',linestyle=':')
plt.xlabel('x')
plt.ylabel('erf(x)')
plt.xlim(min(x),max(x))
plt.show()

#Make another linspace for range [0,30] with 100 steps
x2 = np.linspace(50,250,200)

#plot for Erf function
plt.figure(figsize=(12,4))
plt.plot(x2,Erf(x2,Flat_av,Flat_std))
plt.axhline(0.5,c='grey',linestyle=':')
plt.xlabel('x')
plt.ylabel('Erf(x)')
plt.xlim(min(x2),max(x2))
plt.show()

#Find outlier
out = np.min(L)

#Check whether the outlier can be discarded
P = 2*Erf(out,Flat_av,Flat_std)

if P*len(L) < 0.5:
print('The measurement may be discarded.')

else:
print('The measurement may not be discarded.')

L_new = np.delete(L,np.where(L == 42.5))

Flat_av_new = np.mean(L_new)
Flat_std_new = np.std(L_new,ddof=1)

print('Tree height is {:.0f} +/ - {:.0f} m'.format(round(Flat_av_new, -1),round(Flat_std_new/np.sqrt(len(L)), -1)))
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The measurement may be discarded.
Tree height is 160 +/ - 10 m

The pros of removing specific parts of the dataset is that your mean and your std don’t get influenced heavily by
specific outliers. But by removing specific parts it is also possible that you are influencing your mean and std for
the worse. Especially in small datasets you do not know if something went wrong with measureing or if the std
of the measured value is just very large.

Exercise 4 Height vs. weight Attached is a csv file which contains the height (first column) and the weight
(second column) of a (male) person.
a Convert the data to metric units as it is now in inches and in lbs.
b Make a scatter plot and see if you if you can fit a lineair relation.
c Find the mean and std of both the height and weight.
d Make a histogram for both and overlay a Gaussian to see if the data follows a normal distribution.

from scipy.optimize import curve_fit
from scipy.stats import norm

#Import data
data = np.genfromtxt('weight -height.csv',delimiter=',',dtype=float,skip_header=1)

#Extract height and weight from dataset
height = data[:,0] #Extract first column
weight = data[:,1] #Extract second column

#Transform to metric
height = height*2.54
weight = weight*0.4536

#Calculate mean and std
height_mean = np.mean(height)
height_std = np.std(height,ddof=1)
weight_mean = np.mean(weight)
weight_std = np.std(weight,ddof=1)

#Linear function to fit
def lin(x,a,b):

return a*x + b

#Find parameters a and b (in val)
val, cov = curve_fit(lin,height,weight)
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#Make x -and y coordinates to plot the fit
x = np.linspace(np.min(height) -10,np.max(height)+10)
y = lin(x,val[0],val[1])

#Plot the data
plt.figure(figsize=(12,4))
plt.title('Height and weight of a male person')
plt.plot(height,weight,'.',label='data')
plt.xlabel('Length (cm)')
plt.ylabel('Weight (kg)')
plt.xlim(min(x),max(x))

#Plot the fit
plt.plot(x,y,label='fit')
plt.show()

### Histograms with gaussians ####

N=200
x2 = np.linspace(np.min(height),np.max(height),N)

#Histogram plot #1
plt.figure()
plt.hist(height,bins=100,density = 1) #Note the density=1 , this rescales the histogram

#Make values for the Gaussian plot
dist = norm.pdf(x2,height_mean,height_std)

#Plot the Gaussian
plt.plot(x2,dist,'r')
plt.xlabel('Length (cm)')
plt.ylabel('Occurence')
plt.show()

#Make a x array to use in the Gaussian
x2 = np.linspace(np.min(weight),np.max(weight),N)

#Histogram plot #2
plt.figure()
plt.hist(weight,bins=100,density=1) #Note the density=1 , this rescales the histogram

#Make the Gaussian
dist = norm.pdf(x2,weight_mean,weight_std)

#Plot the Gaussian
plt.plot(x2,dist,'r') #Plot the Guassian
plt.xlabel('Weight (kg)') #xlabel
plt.ylabel('Occurence') #ylabel
plt.show() #Show plot
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Exercise 5 In an experiment 10 measurements were taken of the voltage over and current through a Si-diode.
The results are displayed in the following table together with their uncertainties:
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I (µA) αI (µA) V (mV) αV (mV)
3034 4 670 4
1494 2 636 4
756.1 0.8 604 4
384.9 0.4 572 4
199.5 0.3 541 4
100.6 0.2 505 4
39.93 0.05 465 3
20.11 0.03 432 3
10.23 0.02 400 3
5.00 0.01 365 3
2.556 0.008 331 3
1.269 0.007 296 2
0.601 0.007 257 2
0.295 0.006 221 2
0.137 0.006 181 2
0.067 0.006 145 2

diode is expected to behave according to the following relation: I = a(ebV − 1), where a and b are unknown
constants .
a Use the curve_fit function to determine whether this is a valid model to describe the dataset.
Hint: use a logscale on the y-axis

from scipy.optimize import curve_fit

#Data
I = np.array([3034,1494,756.1,384.9,199.5,100.6,39.93,20.11,10.23,5.00,2.556,1.269,0.601,0.295,0.137,0.067])*1e -6
a_I = np.array([4,2,0.8,0.4,0.3,0.2,0.05,0.03,0.02,0.01,0.008,0.007,0.007,0.006,0.006,0.006])*1e -6
V = np.array([670,636,604,572,541,505,465,432,400,365,331,296,257,221,181,145])*1e -3
a_V = np.array([4,4,4,4,4,4,3,3,3,3,3,2,2,2,2,2])*1e -3

#Function to fit
def current(V,a,b):

return a*(np.exp(b*V) -1)

#Make the fit
popt, pcov = curve_fit(current,V,I)

#Make x -and y coordinates for plotting
x = np.linspace(0.1,0.7)
y = current(x,*popt)

#Make plots
plt.figure(figsize=(8,4))
plt.errorbar(V,I,xerr=a_V,yerr=a_I,linestyle='none',marker= '.',label='data')
plt.plot(x,y,label='fit')
plt.yscale('log')
plt.xlabel('Voltage (V)')
plt.ylabel('Current (A)')
plt.xlim(0.1,0.7)
plt.show()
print('The model is in good agreement with the measurements, it is therefore a valid model.')
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The model is in good agreement with the measurements, it is therefore a valid model.
2.3796115208119935e -09 20.983641479652693

Exercise 6 A student measures the position of a simple mass-spring system. Unfortunately, he accidentally
moves his measuring device during the experiment. He is not sure if the device was put back in the right position
and wants to know if there is a systematic error in his data. The dataset consists of 400 position measurements
(in cm) over the course of 5 seconds. The data is expected to follow a sine function with an amplitude of 4.5 and
a period of 10π.
a Import the data_2.dat file.
b Plot the raw data, calculate and plot the residuals and determine whether there is indeed a systematic error in
the data.
c If so, approximate the magnitude of the systematic error and the time at which the occurs.

#Import data
data = np.genfromtxt('data_2.dat')

#Make linspace based on text given
t = np.linspace(0,5,400)

#sine function to fit the data
def sine(x):

return 4.5*np.sin(x*5*np.pi)

#Plot of data and sine function
plt.figure(figsize=(12,4))
plt.plot(t,data, '.', label='data')
plt.plot(t,sine(t), label='$4.5\sin(5\pi x$)')
plt.xlim(min(t),max(t))
plt.ylabel('Position (cm)')
plt.xlabel('Time (s)')
plt.legend()
plt.show()

#Calculate residuals
R = data - sine(t)

#plot of Residuals
plt.figure(figsize=(12,4))
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plt.title('Residuals')
plt.plot(t,R)
plt.ylabel('Position (cm)')
plt.xlabel('Time (s)')
plt.show()

Explanation: Shift seems to occur around t = 1.7 s and has a magnitude of 0.3 cm

Exercise 7 Functional vs. Calculus Approach You have both seen the functional and the analytical method
in calculating the propagation of an error.
Apply both methods on the following functions:

Z(x) = x − 1
x + 1

(56)

With x = 3.2 ± 0.2
Z(x) = ex2 (57)

With x = 8.745 ± 0.005

#First function
def func1(x):

return (x -1)/(x+1)

#Second function
def func2(x):

return np.exp(x**2)

#Function for the functional method
def functional(x,sig,f):

return (f(x+sig) - f(x -sig))/2
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#First function
x_1 = 3.2
sig = 0.2
error_functional = functional(x_1,sig,func1)
error_calculus = sig*((x_1+1) -(x_1 -1))/(x_1+1)**2 #Derivative was calculated by hand

print('First function \n\
Value of Z: %.2f \n\
Error with functional approach: %.2f \n\
Error with calculus approach: %.2f \n\
' %(func1(x_1),error_functional,error_calculus))

#Second function
x_2 = 8.745
sig = 0.005
error_functional = functional(x_2,sig,func2)
error_calculus = sig*2*x_2*func2(x_2)

print('Second function \n\
Value of Z: %.1e \n\
Error with functional approach: %.0e \n\
Error with calculus approach: %.0e \
' %(func2(x_2),error_functional,error_calculus))

First function
Value of Z: 0.52
Error with functional approach: 0.02
Error with calculus approach: 0.02

Second function
Value of Z: 1.6e+33
Error with functional approach: 1e+32
Error with calculus approach: 1e+32

Exercise 8 The gravitational force between two bodies can be described with Newton’s law of universal grav-
itation: F = Gm1m2

r2 , where G is the gravitational constant, mi the masses of the bodies and r the distance
between the bodies.
Suppose that a meteorite of mass (4.739±0.154) ·108kg at a distance of (2.983±0.037) ·106m is moving towards
the earth. Determine the attracting force between the meteorite. Use both the functional and the calculus
approach to calculate the uncertainty in F and compare the results. You can use the following values:
Earth mass: (5.9722 ± 0.0006) · 1024kg
Gravitational constant: (6.67259 ± 0.00030) · 10−11m3 s-2 kg-1

#function for gravitational force
def FG(G,m1,m2,r):

return G * m1 * m2 /(r*r)

#values
G = 6.6759e -11
u_G = 0.00030e -11

m1 = 4.739e8
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u_m1 = 0.154e8

m2 = 5.9722e24
u_m2 = 0.0006e24

r = 2.983e6
u_r = 0.037e6

#value of gravitatonal force
F_m = FG(G,m1,m2,r)

#Calculus appraoch
r2 = r**2
u_F2 = (m1*m2/r2*u_G)**2 + (G*m2/r2*u_m1)**2 + (G*m1/r2*u_m2)**2 + ( -2*G*m1*m2/(r2*r)*u_r)**2
u_F_calc = np.sqrt(u_F2)

#Funcional approach
U_F2 = ((FG(G+u_G,m1,m2,r) -FG(G -u_G,m1,m2,r))/2)**2 + ((FG(G,m1+u_m1,m2,r) -FG(G,m1 -u_m1,m2,r))/2)**2 + ((FG(G,m1,m2+u_m2,r) -FG(G,m1,m2 -u_m2,r))/2)**2 + ((FG(G,m1,m2,r+u_r) -FG(G,m1,m2,r -u_r))/2)**2
u_F_func = np.sqrt(U_F2)

print("F = %.2f +/ - %.2f 10^10 N \n" %(F_m/1e10,u_F_func/1e10))

diff = np.abs(u_F_calc -u_F_func)

print("Uncertainties \n\
Caluculus approach: %f 10^8 N \n\
Functional approach: %f 10^8 N \n\
Difference: %f 10^8 N" %(u_F_calc/1e8,u_F_func/1e8,diff/1e8))

F = 2.12 +/ - 0.09 10^10 N

Uncertainties
Caluculus approach: 8.680952 10^8 N
Functional approach: 8.681935 10^8 N
Difference: 0.000984 10^8 N

Exercise 9 The behavior of many gases can be well approximated by the ideal gas law: PV = nRT , where P
is the pressure, V the volume of the gas, n the amount of substance in moles, T the temperature of the gas. R is
the ideal gas constant, which is actually just the Boltzmann constant multiplied by the Avogrado constant, with
a value of 8.314 J.K-1.mol−1.
A student performs an experiment with a closed container of 3.23±0.01 litres filled with 0.172±0.001 mol Helium
gas. The volume remains constant throughout the experiment and no particles can enter or leave the container.
The student slowly heats the gas and measures the change in pressure. The results are shown in the following
table.
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Temperature (K) Pressure (kPa)
293.2 128.57
304.4 134.44
313.8 137.93
327.3 145.33
335.0 187.97
348.3 155.16
359.1 158.85
371.6 164.08

uncertainty in T is 0.2 K for all values.
a Calculate the uncertainty in P using the calculus approach
b Fit the data to the model. What do you see? Is the data well described by the ideal gas law?

def Press(V,n,R,T): #ideal gas law
return n*R*T/V

#values
R = 8.314

n = 0.172
u_n = 0.001

V = 3.32e -3
u_V = 0.01e -3

#Data
T = np.array([293.2,304.4,313.8,327.3,335.0,348.3,359.1,371.6])
u_T = np.ones(len(T))*0.2

P = np.array([128.57,134.44,137.93,145.33,187.97,155.16,158.85,164.08])*1e3
u_P2 = (R*T/V*u_n)**2 + (n*R/V * u_T)**2 + ( - n*R*T/(V*V)*u_V)**2
u_P = np.sqrt(u_P2)

#model
P_calc = Press(V,n,R,T)

#plot
linT = np.linspace(0.9*np.min(T),1.1*np.max(T),100)
plt.figure(figsize=(8,4))
plt.errorbar(T,P,xerr=u_T,yerr=u_P,label='data',linestyle='none') #data
plt.plot(linT,Press(V,n,R,linT),label='Ideal gas law')
plt.xlabel('Temperature (K)')
plt.ylabel('Pressure (Pa)')
plt.xlim(np.min(linT),np.max(linT))
#plt.legend()
plt.show()
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c One data point seems to be an outlier. Use Chauvenet’s criterium to determine wether the point can be
discarded.

#Calculate mean,std and value
Press_mean = np.mean(P)
Press_std = np.std(P,ddof=1)
Press_val = np.max(P)

#Use Erf which was defined before
Q = Erf(Press_val,Press_mean,Press_std)

#It is a higher outlier so 1 -Q
if Q > 0.5:

Q = (1 -Q)

#Use Chauvenets criterion
N = 2 * len(P) *Q

if N < 0.5:
print('The value can be discarded.')

else:
print('The value cannot be discarded.')

The value can be discarded.

Exercise 10 When measuring there is always a very real possibility of a systematic error. One of these systematic
errors can be found in a mass-spring system. Normally the period of a mass-spring system is given by: T = 2π

√
m
C .

Here m is the mass and C is the spring constant. However this formula assumes that you have a massless spring,
this is not true unfortunately. This means that the mass of the spring is also vibrating, we should thus change
the formula to take this into account. This gives the following equation: T = 2π

√
m+∆m

C , where ∆m is the
systematic error.
With the measurements that we have we can find both the spring constant and its uncertainties. The array m is
an array with the values for the measured m and the array T is an array with all the measured data for the period.
You can disregard the invalid use of significant figures.
a Plot the data
b Find the parameters ∆m and C with its corresponding uncertainties
c Plot the fitted function over the data and look at the residuals
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from scipy.optimize import curve_fit

m = np.array([50,100,150,200,250,300])
T = np.array([2.47,3.43,4.17,4.80,5.35,5.86])

#Define Function to fit
def Per(m,dm,C):

return 2*np.pi*np.sqrt((m+dm)/C)

#Make figure
fig = plt.figure(figsize=(10,5))
ax = fig.add_subplot(121)
ax.errorbar(m,T,linestyle='none',marker='o')
ax.set_xlabel('m [kg]')
ax.set_ylabel('T [s]')

#Make Fit
vals, uncmat = curve_fit(Per,m,T)

#Make linspace
linm = np.linspace(0.7*np.min(m),1.1*np.max(m),200)

#Plot the fitted line
ax.plot(linm,Per(linm,*vals))

#Set the x -limit
ax.set_xlim(np.min(linm),np.max(linm))

#Finde the uncertainties
u_dm, u_C = np.sqrt(np.diag(uncmat))

#Print the values gotten and its uncertainties
print('dm = {:.1f} +/ - {:.1f} m'.format(vals[0],u_dm))
print('C = {:.1f} +/ - {:.1f} kg m/s^2'.format(vals[1],u_C))

#Make a residual analysis
r = T - Per(m,*popt)

#Plot the risiduals
ax2 = fig.add_subplot(122)
ax2.plot(m,r,linestyle='none',marker='o')
ax2.set_xlabel('m [kg]')
ax2.set_ylabel('R [s]')

#Make it a bit pretier
plt.tight_layout()

dm = 4.1 +/ - 0.2 m
C = 349.9 +/ - 0.4 kg m/s^2

C:\Programs\Anaconda3\lib\site -packages\ipykernel_launcher.py:9: RuntimeWarning: invalid value encountered in sqrt
if __name__ == '__main__':
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3.4.3 Error in the Error

There is always an error in the error. This number tells you whether you use 1 or 2 significant values for your
uncertainty.

errror in the error = 1√
2N − 2

(58)

Exercise 11 See if you can reproduce the plot shown above, use a logarithmic scale on the x-axis and make the
horizontal and vertical dashed lines (you can only do one point to show that you know how to do it).
Hint: use plt.hlines and plt.vlines to make it a bit easier (look at the documentation to see how the
functions work).

def err_err(N):
return 1/(np.sqrt(2*N - 2))

#Make logspace and fill in y values
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x = np.logspace(0.4,5,100)
y = err_err(x)

#Make plot
plt.figure(figsize=(6,4))
plt.plot(x,y)
plt.xscale('log')
plt.ylabel('Fractional Error in the Error')
plt.xlabel('Number of Measurements, N')
plt.xlim(1,1e5)
plt.ylim(0,0.5)

#For point (5,0.35)
plt.plot(5,0.35,'o',c='red')
plt.hlines(0.35,1,5,linestyle=':')
plt.vlines(5,0,0.35,linestyle=':')

#For point (50,0.1)
plt.plot(50,0.1,'o',c='red')
plt.hlines(0.1,1,50,linestyle=':')
plt.vlines(50,0,0.1,linestyle=':')

plt.show()
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3.5 Exam Data-analysis in Python

This assignment has to be made individually. You can start at 13:30h, it has to submitted before 17:30h.
You are allowed to use previous materials you made and used in Python.
Important:

provide enough information so we can understand what you are doing.
you can create cells (as markdown) to create comments and explanations.
you can use # as well to comment.
always use significant figures and units (if given) for your final answer

You are allowed to calculate things by hand as well, but then show or explain your final answer.

import matplotlib.pyplot as plt
import numpy as np

from scipy.optimize import curve_fit
from scipy.stats import norm

3.5.1 Task 1

In this task you will show that you understand the basics of Python.

1. Make an array “x_raw” running from 0 to 100 (including both 0 and 100) with an interval where all
elements are integers (so [0,1,2,3...100]). (1pt)

2. Now use x_raw to make a new array “x_even” which consists of all even numbers in the array “x_raw”.
(1pt)

3. Define a function f(a, x) that returns a · x2. Use it to make an array y = f(2.0, x_even). (1pt)

4. Now, replace y = f(2.0, 20) by 2500. Note, counting to the index corresponding to f(2.0, 20) by hand
is not allowed! (1pt)

We now have a distorted dataset.

5. Use curve fitting to find the best value of a and the uncertainty in a. Present the two values as an
experimental physicist would do. (3pt)

6. Make a test array from 0 to 100 with an interval of 0.1 and use this test array to graph the function fit
into the data. Show the function fit as a dotted red line. (3pt)

### YOUR CODE

3.5.2 Task 2

A physical quantity A has been measured in order to calculate a different physical quantity Z. The value of A is
1.075 ± 0.003.
Calculate the physical quantity Z and its uncertainty using the calculus approach for:

1. Z = 2.5 · sin(2πA) (3pt)

and the functional approach for:
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2. Z =
√

3 · A4 (3pt)

(Disregard the unit(s))

### YOUR CODE

3.5.3 Task 3

Eliza is taking repeated independent measurements using a digital multimeter. However, she notes that every time
the same value is showing up. Does this mean that the quantity she is measuring has no uncertainty? Explain.
(1pt)

### YOUR ANSWER

3.5.4 Task 4

In your final project you received a dataset stored in ‘data.csv’. You are asked to (1) investigate the pattern in
the data, (2) define a function that probably fits that pattern, (3) use curve fitting to present the values of the
parameters and their uncertainties, (4) plot the fit on the data and study the residuals: investigate whether this
these are random noise that can be described using a Gaussian distribution and if so, what the standard deviation
is of that noise.
First load the ‘data.csv’ file. Then carry out this data-analysis. (9pt)

### YOUR CODE
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4 Writing your report

4.1 Goal of writing a report

Report writing is important – for you!
In this Lab Course, you practice not only conducting experiments but also writing reports about them. When
doing this, you have to arrange your data logically, summarize what you have done and develop a feeling for what
is really important and what is not. Your written lab report is the natural culmination of the experimental process,
enabling anyone who is interested to learn about your findings.
But writing a good lab report is much more than that. In many ways, this written account of a single experiment
is very much like other scientific texts: journal articles, conference papers and so on. In terms of structure, they
are all quite similar. So practising with lab reports also starts preparing you to compile those other documents.
In your future scientific career, there is a good chance that you will spend a fair amount of time producing – and
assessing – such papers, so you need to learn to do that well and efficiently.
That may seem a long time off, but remember too that lab reports have a very personal component. They describe
what an individual has actually been doing. For the writer, producing a good report should be matter of pride.
The reader of a poor report will not think much of the person responsible, whereas a good one demonstrates that
the author has understood their subject and is able to convey it clearly and comprehensibly. This makes readers
more likely to take that person seriously. So written reports give you the chance to make a good impression.
When applying for a job, for instance, a good account of your graduation project makes for an excellent “calling
card”.
This course is about writing reports of your experiments during the Introductory Laboratory Course. These
experiments will be limited in scope, in that you are not making any new discoveries, but the basic principles
that you learn here apply equally to simple lab reports and ground-breaking articles revealing important scientific
breakthroughs.

4.2 Structure and content of a report

We provide a LaTeX template. If you adhere to this template, all necessary content, described below, is covered.
Title + title page:
Complete and concise. Contains no pagination errors. Provides an overall picture of the report. Front, core and
back matter are numbered correctly.
Summary/abstract:
Correctly and concisely summarizes the report in the order topic, problem, method, results, discussion, conclusion
in not more than 250 words. Can be read independently by someone with little time. No references.
Introduction:
Provides background information. Includes a definition of the problem, a key question and the reason for the
experiment. Explains the importance of the outcome. Briefly introduces the experimental principles and method
used. Briefly describes the structure of the report. Can include a boxed text.
Theoretical framework:
A brief theoretical framework is presented which is necessary to understand the experiment. It should be clear
how the research question can be answered using this theoretical framework. All symbols are explained.
Experimental method:
Describes the experimental method and setup used, preferably with a clear sketch. Only a limited number of
essential formulas are included, with correct references. A working formula derived from these can clarify the
experiment and introduce a brief error analysis; any longer error analyses are provided in an appendix.
Results (can be combined with Discussion; tables and graphs are assessed separately):
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Contains the results of the measurements explained under “Experimental method”, in the form of tables and
graphs. These are introduced in the text. The reader is informed of the outcome. In a short report, a discussion
of the results can follow immediately (see “Discussion”). The number of significant figures is correct for the error
found. Good distinction between main text and any appendices; the main text can be read without referring to
the appendices. Appendices are numbered and the main text contains references to them.
Discussion (can be combined with Results):
The results actually obtained are compared correctly with those expected or obtained in previous experiments.
Discusses or suggests the likely causes of any anomalies. Describes the implications of the results in a way that
shows that the student understands the topic.
Conclusion (and recommendations, if relevant):
Answers the key questions. Conclusions follow naturally from the contents of the previous sections and are
presented concisely but fully. Any recommendations follow on logically from the conclusions. Can be read as a
text in its own right. Contains no references.
Literature/References:
Entries comply with the format requirements. Contains only titles referred to in the text, and contains all of them.
Figures (graphs):
Figures are numbered, are referred to in the text and do not have a title. Comprehensible in black and white.
Include an informative caption (underneath). Axes are labelled with value symbols, units and possibly some text.
Symbols and lines are explained in the caption, and preferable not in a legend. Error flags are either included
or their absence is discussed. Scale marks (“ticks”) are legible. Only multiples of 1, 2 or 5 are used, with axes
preferably including an “0” point. Figures are not “print screen” cut and paste.
Tables:
Tables are numbered, are referred to in the text and have an informative caption (above). Rows and columns
are clearly “headed” with symbols and units. None contain constant values. (The number of significant figures
is assessed under “Results”.) Tables with no more than 5 measurements should be within the text. Tables with
more than 5 measurements should be given in the Appendix.

4.3 Structure of writing

Writing a report is difficult. Many students struggle with it. We can not teach you how to write a report within
a three-week course. However, we can provide some tips.
Try to reverse engineer writing the report. That is to say, start with the conclusion, the claim you want to make
and are able to defend. It can be very short: In this free-fall experiment, the gravitational acceleration is found to
be 9.813 ± 0.002 m/s2, what is in strong agreement with the literature value of 9.812 ± 0.002 m/s2. If that is the
claim you can and want to defend in the study, you can figure out what graphs and calculations (results section)
is to be provided to have peers agree with you. Write, in bullet point format, what graphs will be included, what
you will say about the graphs, what additional calculations are provided etc.
Then it is probably time to write, again in bullet point format, the introduction. Use the V-shape structure, i.e.,
introduce the topic of interest in a general way, making clear how it is important to many. As the introduction
proceeds, it should become more and more specific and end to the specific issue addressed in the study.
Since you have analyzed your data, you will be able to provide the theoretic content that is required to understand
the experiment. This should not be a big problem to write down.
In the method section you write down what you did, but more important, why you made specific choices (range /
interval / measurement instruments). In other words, substantiate every choice and elaborate why other choices
result in less reliable/valid data or were not an option. This might be a limitation in financial resources, time
constraints, limitations to the given equipment, etc.
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4.4 Resources

The best resource is probably the TA. However, the available time is limited. Provide an discuss an outline as
quickly as possible. Do not produce many pages of text if there is no agreement on what should be in the report.
There are other resources as well, we provide some:
Reporting results van Van Aken & Hosford provide a concise book with unwritten rules of presenting results.
The book also provides a clear overview of measurement and uncertainty.
A guide to effective writing offers guidelines for various texts. Although the focus is on Industrial Design, the
essence of writing a clear and concise report is the same.
Nature Physics offers, as many other journals, a list of requirements addressing text, length, figures, tables,
lay-out etc. You can click on submit article and see the author’s guidelines.
Physics review: provides as well a list of requirements and guidelines.

4.5 Checks

There are two scheduled day-parts were you ought to work in the first report. The first day-part is voluntary, you
can agree with your partner to work at home. However, the second day-part has a mandatory aspect. You need
to show your report or draft version at least once to a TA. The TA will help you by providing feedback. This
prevents you from making often made mistakes or mistakes that could be easily avoided, such as forgetting to
write a clear, concise subscript for each figure.
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5 First experiment
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5.1 Determining g

This experiment doesn’t introduce you to any new physics that you aren’t familiar with already... it is used to
help you think about setting up an rigorous physics experiment.

5.1.1 Experimental goal

In this experiment you will determine the gravitational acceleration on earth, g. Find the fourth significant figure
and determine g within 0.1% accuracy of the value established by scientists. The determined values should be
compared to the literature value.

5.1.2 Learning goal

The physics involved is pretty easy, but devising a proper method, analyzing the data, calculating the uncertainties,
presenting you data in a convincing matter, writing a proper paper, probably is not. With this experiment you
will learn how to:

1. Devise a proper method.

2. Process, analyse and present your data.

3. Write a concise, scientific paper on your findings.

Figure 28: The same setup can be used for both experiments

5.1.3 Introduction

The gravitational force causes you to fall (accelerate) back to earth when you jump. The value of the gravitational
acceleration g is well known. Near the surface in the Netherlands it has a value of 9.812 m/s2. How can we
determine this value with simple methods but high precision ourselves?

5.1.4 Theory

The pendulum According to the theory of a simple physical pendulum which consists of a point mass hanging
on a mass-less wire, see figure 1, the period of this pendulum is described by:
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T = 2π
√

l/g (59)

When the period and the length are determined, the gravitational acceleration can be calculated.

Free-fall The movement of a falling object in a vacuum can be described by:

y(t) = y0 + v0t + gt2

2
(60)

If the fall time for different heights is measured, this expression can be used to determine the gravitational
acceleration.

Agreement analysis Experimental values can be compared with the known empirical value and with each other.
Two values a and b are not in good agreement when:

|v| = |a − b| > 2
√

u2
a + u2

b = 2uv (61)

5.1.5 Method

Preparation phase

1. Choose either the Pendulum or the Free-fall experiment

2. Install the free Arduino software on your laptop: www.arduino.cc and download the script for the experi-
ment from Brightspace.

3. Do a trial run for the experiment using the stopwatch on your mobile phone.

4. Carry out the experiment five times for a fixed length or height.

5. Determine the average measured time, the standard deviation and the measurement uncertainty.

6. Is the measurement uncertainty in time small enough to determine g within 0.5% accuracy?

7. Use the break-beam sensor to determine the time for five repeated readings. Compare this result with
the values determined before.

8. The provided theory is only valid for specific conditions. For the required accuracy in this experiment,
the theory should be extended. Identify what is missing and needs to be added.

9. Develop a plan for the experiment to determine g within the required accuracy. Substantiate each choice
you make, identify and validate assumptions. Carry out extra trials if necessary.

10. Have your plan checked by the TA.

11. Prepare a Python script to carry out the data analysis.

Experimental phase Carry out the experiment using the approved plan.

Evaluation phase

1. Process your data according your plan.

2. Carry out the agreement analysis.

3. Present your findings in a ‘scientific’ paper. You will write most of this on two scheduled afternoons.
You are allowed to write in pairs and hand in a single paper.
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5.2 Lab journal

Note
Template for lab journal. See here on using markdown.

5.2.1 General

Name:
Title of the experiment:
Starting date:
Expected enddate:
Partner:
Goal of the experiment:
Research question:
Expectations or Hypothesis:
Desired accuracy:

#import necessary libraries
import matplotlib.pyplot as plt
import numpy as np
import math
from scipy.optimize import curve_fit

5.2.2 Preparation

Assignments:
Method:
Theory:
Independent variable:
Dependent variable:
Controlled variablen:
Measurement instruments & Settings:
Procedure:
Setup(drawing or picture):
Notes:
About accuracy:

5.2.3 Execution

# Measurements: Explain the names of variables provide only raw data in np.arrays!

Observations:
Notes:

5.2.4 Processing

Description of processing of raw data into scientific evidence:

#Data processing and analysis:

#Data processing and analysis:

#Data processing and analysis:

Describing the pattern in the processed data:

185

https://curvenote.com
https://jupyter-notebook.readthedocs.io/en/stable/examples/Notebook/Working%20With%20Markdown%20Cells.html


Introduction to Experimentation in Physics

#Calculations of e.a. measurement uncertainties, and providing final answers.

Notes:

5.2.5 Discussion

5.2.6 Conclusion

5.2.7 Additional notes, remarks, explanations, thoughts etc

186

https://curvenote.com


Introduction to Experimentation in Physics

6 Second experiment

In the second experiment you can choose one of the experiments below. You will have to explicit your choosing
by enrolling for the experiment through BrightSpace.
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6.1 Boltzmann

6.1.1 Goal

This experiment consists of two parts. The goal of these experiments are to get acquainted with electronics and
electronic instruments. These instruments are often used in more advanced physics labs.
Part 1: Boltzmann constant
The goal of the experiment is to gain experience with Digital Multi Meters (DMMs) with an experiment in which
you determine the Boltzmann constant. We use a frequently used setup, the “voltage divider”.

Figure 29: *
This video is a great introduction to this experiment.

6.1.2 Background

Measurements using DMMs DMMs are versatile measuring instruments. These instruments are used to
measure voltage, current, resistance, frequencies, periods, capacities, induction, temperature, features of diodes
etc. Advanced DMMs have the option to be controlled using a computer.
The difference in price is often determined by its functionality, resolution and sensitivity. The resolution of a
digital instrument is the ratio between the smallest counts and the largest counts that can be displayed. This is
determined by the number of counts that can be displayed. A simple DMM often has 3 1

2 digits, which means
that the DMM can display three whole digits (0-9) and an additional (first) digit which has the value 0 or ± 1.
As such, this DMM can display the number 0-1999, a total of 2000 counts. The resolution of this DMM is thus

1
2000 or 0.05%.
The sensitivity is the smallest change that still can be noted. A sensitivity of 1µV implies that signals smaller
than 1µV can not be detected. The sensitivity does depend on the amplitude of the signal we want to measure.
Suppose we want to measure a 15V signal using a 3 1

2 DMM, the best range is 20V. This means a sensitivity of
10mV. Using a 5 1

2 DMM, we can get a sensitivity of 0.01mV. The ultimate sensitivity of a DMM depends on the
resolution and the smallest range. Example: the sensitivity of a 6 1

2 digit DMM with the smallest range of 200mV
is 0.1µV.
However, measuring 0.2µV does not mean this is the exact value you measure. This does depend on the accuracy,
and the accuracy is not determined by the last digit of the DMM alone. The accuracy is often defined as ‘’..%
reading + ..%range + .. counts”.

Example
Suppose we use a 3 1

2 digit DMM and read a value of 1.234V. For the Dynatek D9100 with a 2V range is
stated that the inaccuracy is given by: ±0.5% of the reading + 1 count. So: 0.5% of the reading yields 6mV
+ 1 digit (1mV) gives an accuracy of 7mV. The reading should be written as: 1.234 ± 0.007V.

1. The accuracy of a DMM in the range of 10V is defined as: 0.0015% of the reading and 0.0004% of
the range. The reading on the DMM is 5.00000V. What is the accuracy of the measurement?

2. What is the sensitivity of a measurement using a 4 1
2 digit DMM with a 200mV range?

Ideal instruments A DMM can be used as a voltmeter or ammeter. In the ideal case a voltmeter has an infinite
internal resistance and an ammeter no resistance. In many cases these assumptions are valid. However, in cases
where the circuit resistance is approximately 0 or ∞, we can not neglect the features of the meters. Using these
meters inevitably changes the features of the circuits itself, see Figure 30.
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Figure 30 shows two circuits in which the current through and voltage over a diode is measured.

1. Which circuit do you use when the resistance of the diode is very small? Explain why.

2. Which circuit do you use when the resistance of the diode is very large? Explain why.

3. How does the resistor R1 prevent blowing up the fuse of the Ammeter?

Figure 30: Two ways of measuring current and voltage through a diode

In this experiment we will determine the (U, I)-characteristics of a silicon diode. However, during the experiment
the current through the diode easily changes with 6 decades (10−2A −→ 10−8A). Therefore we measure the
current indirectly, using a voltage divider.

Voltage divider In this experiment we use a voltage divider circuit to make a (U, I)-characteristic of a diode,
see Figure 31. A simple voltage divider is a circuit with two resistors in series “sharing” the voltage of the source.
If you do not remember the rules that apply in series circuits, look these up yourselves. The formulas are given
below.

Tip

Series circuit

It = I1 = I2 = Ut

Rt
= U1 + U2

R1 + R2
(62)

U1 = R1

R1 + R2
Ut (63)

Parallel circuit

It = I1 + I2 = U1

R1
+ U2

R2
(64)

Power dissipation

Pt = UtIt = U1I1 + U2I2 (65)
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An advantages of this circuit is that we do not measure current directly. As the current changes a few decades,
we approximate the original circuit (without instruments).

Figure 31: The experimental setup to determine the (U, I)-characteristic of the diode

Exercise 3: Explain how you will obtain the current running through the diode using circuit Figure 31.

Exercise 4: Suppose we have a voltage divider consisting a 330Ω and a 1000Ω resistor.

1. Calculate the maximum current through the 330Ω resistor if the maximum dissipation in the resistors
is 1W.

2. What is the maximum source voltage which can be applied such that the maximum permissible
dissipation is not exceeded?

3. Calculate the voltage over the 330Ω resistor if the source voltage is 20V.

Exercise 5: A voltage divider is used as a sensor for an automatic night lamp. It circuit consist of an Ohmic
resistor and a light dependent resistor (LDR) in series. The LDR has a resistance of about 1MΩ in the dark
and a resistance of about 1kΩ in the light. The sensor works best when a small change in the resistance of
the LDR changes the voltage of the Ohmic resistor as much as possible.

1. What value should the Ohmic resistor ideally have? [hint: Physicist often use extreme cases to
calculate what happens (0,∞,RLDR)].

2. In our experiment the diode has a resistance of more than 1MΩ. Why is it not wise to choose
R1 >1MΩ?

Semiconductor diode A diode is a semiconductor. In a semiconductor the energy of the electrons are distributed
according the Boltzmann distribution. The average energy of an electron is kBT , where kB is the Boltzmann
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constant and T is the absolute temperature. The current flowing through the circuit depends on the height of
the energy barrier relative to kBT . On its turn, the height of the barrier depends on the the applied voltage. The
higher the applied voltage the lower the energy barrier.
The Boltzmann distribution of the energy of the electrons, and the presence of a barrier is given by a theoretical
formula that relates the applied voltage over and the current through a diode. This is an exponential function
given by:

ID(UD) = I0

(
e

− qU
nkB T − 1

)
(66)

where q is the charge of an electron, −1.602 · 10−19C, n an ideality factor which is 2 for Si, I0 the reverse current
when VD is strongly negative. For more (background) information, refer to Wolfson and others (2007), chapter
27-28.

Figure 32: The (U, I)-characteristic of the diode as determined by two first year physics students (2019). The
slope is used to determine the Boltzmann constant.

In order to enable us to determine the (U, I)-characteristics of a silicon diode (over a range which is as large as
possible), we should consider a number of topics before we actually conduct the experiment. We note that we
aim to determine Boltzmann’s constant using a logarithmic plot. To do this accurately, it is key to distribute
measurements evenly along the range of the variables (diode current I and diode voltage U). In practice, it is
convenient to start at (or near) the maximum value for the current and subsequently decrease the current with a
constant factor for each measurement. However, it might be simpler to measure, plot and choose the next value
based upon your findings.

6.1.3 Method

Preparation phase Prepare you python script in which you collect and process your data. Carry out the following
steps:

1. Load the various libraries. (single cell)

2. Make numpy arrays for your raw measurements. (single cell)

3. Make numpy arrays for the processed data and their uncertainties. Use the manual of the DMM to
calculate the uncertainties. (single cell)
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4. Make a single cell in which you plot the (U, I)-characteristics of the diode.

5. Setup a single cell for curve fitting.

6. Setup a single cell for calculating the Boltzmann constant and its uncertainty.

Experimental phase Determine the exact resistance of the resistors you will use, calculate the uncertainty.
Build the circuit shown in Figure 31. Start your measurements with a 6.0V source voltage. Slowly decrease the
source voltage using the plot. Make sure you have at least 15 measurements in the range 0.1V − 0.6V for Udiode.
Take care of an even spread interval.

Evaluation phase Run your script and determine the Boltzmann constant accordingly. You should be at least
within 5% accuracy.

6.1.4 Part 2 As function of temperature

https://contemporary-physicslab.github.io/NP-new-style/main/Deel5/BoltzmannT.html
In the experiment described above it is possible investigated the (U, I) characteristic of a diode at a constant
temperature. However, the Boltzmann energy distribution also includes a temperature dependence. Based on this
experiment, the effect of temperature on the characteristic of a diode and an Ohmic resistor can be determined.

6.1.5 Introduction

Both the classical free-electron model and the quantum mechanical free-electron model lead to Ohmic behavior
for the conduction of metals and semiconductors. In this experiment, the resistance is measured as a function of
temperature for a metal (which satisfies the criteria of a free electron gas) and two semiconductors. By the end
of the project, you are expected to interpret the measurement results according to the microscopic conduction
model, where the concepts of electron mass, electron density, electron charge, and relaxation- (or collision-) time
are addressed, along with the influence of temperature on these quantities. The conduction models must be
verified or falsified through interpretation.
In the microscopic picture of electrical conduction, Ohm’s law results in a relationship (eq 38.12, page 1235 Tipler
and Mosca (2007)) between the specific resistance (ρ) and the effective electron mass (me), charge carrier density
(n), elementary charge (e), and the time between two successive collisions (τ):

ρ = me

ne2τ
(67)

In a metal, the electron density does not strongly depend on temperature T , but the time between two successive
collisions (τ) is crucial for conduction.
Classical conduction theory predicts a temperature dependence proportional to the square root of the temperature
(ρ ∼

√
T ).

The kinetic energy Ekin of the electron is given by three degrees of freedom (i.e., movements in the x, y, and z
directions), each contributing 1

2 kBT to the total energy (equipartition theorem, p 544 Tipler and Mosca (2007)):

Ekin = 1
2

mv2 = 3
2

kBT (68)

where v is the velocity of the electron, and kB is the Boltzmann constant.
In the quantum mechanical model, lattice vibrations primarily limit the collision time. Because the number
of quantized lattice vibrations increases linearly with temperature at low temperatures, the collision time and
therefore the specific resistance also increase linearly with temperature.
For conduction in semiconductors, temperature changes in collision time are much smaller than changes in charge
carrier density. Due to the forbidden band gap, the occupied valence bands and unoccupied conduction bands
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are separated. Conduction occurs through electrons in the conduction band and holes in the valence band. The
probability that a valence electron can be thermally excited from the valence band to the conduction band is given
by the Fermi-Dirac distribution (eq 38.45, p 1257 Tipler and Mosca (2007)):

P (E) =
(

e
Eg

kB T + 1
)−1

(69)

where E is the electron’s energy, and Eg represents the bandgap energy.

6.1.6 Equipment

Cryostat Temperature-dependent measurements are usually performed in a cryostat. This device consists of
several compartments. The innermost compartment is the sample space, where the sample to be measured is
located, optionally with a small oven for heating. Surrounding the sample space is a compartment for the coolant
(liquid nitrogen or helium). In this experiment, liquid nitrogen is used for cooling. Nitrogen has a boiling point of
77K at an atmospheric pressure of 1010hPa.

Figure 33: The cryostat with electronics.

Between the space for the liquid nitrogen and the outer wall, there is an insulation compartment that is under
vacuum, so that no heat is transferred to the liquid nitrogen through convection. Additionally, there is an
absorption pump in this space that starts pumping once the compartment for the coolant is filled. The surfaces in
this insulation space that face outward are also provided with a layer of super insulation that has a high reflective
ability for thermal radiation.
One or more samples can be attached to the sample rod in an IC socket. A heating tape wrapped around the
sample holder acts as a small oven to set the temperature from the boiling point of liquid nitrogen to 350K. A
thermocouple sensor weld is also attached to the sample rod, which records the temperature of the sample holder.

Thermocouple The temperature is measured using a thermocouple and a readout unit. This unit measures the
thermoelectric voltage of the measuring junction (a metal/metal contact) and displays the temperature in degrees
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Celsius on the screen. The voltage of the reference junction is automatically compensated. The reference table
for a copper/constantan (type T) thermocouple is stored in the memory of this unit. With a type T thermocouple,
the temperature can be reliably measured in the range from −250C to +400C.

Power Supply and DMM A power supply is available to drive the heating tape. The inventory of this experiment
includes three digital multimeters to measure the resistance of the choke coil and the operating points of the diode.

6.1.7 Tasks

Exercise 6: The classical free electron model How does this model cause the temperature dependence in
conduction? Derive the temperature dependence from equations (68) and (69). Sketch the expected behavior
of the specific resistance of a metal as a function of temperature according to this model.

Exercise 7: The quantum mechanical free electron model How is the temperature dependence expressed in
this model? Sketch the expected behavior of the specific resistance as a function of temperature for a metal.

Exercise 8: Fermi-Dirac distribution in semiconductors Using (67) and (69), show that the number of charge
carriers increases with increasing temperature, thereby reducing the resistance in a semiconductor.

DC current in a diode is determined by the probability that the electrons can make the potential step from n →
p. The current I in a diode is therefore given by:

I = I0

(
e

qU
kB T − 1

)
(70)

Here, I0 is the dark current, which is determined by the probability that electrons are thermally excited from the
valence band to the conduction band:

Ae
− Eg

kB T (71)

From (70) and (71), it follows that:

qU = Eg − kBT ln
(

A

I

)
(72)

For a constant current I, the voltage across a diode in the forward direction is linear with temperature.

Exercise 9: Sketch the voltage behavior as a function of temperature and indicate how the bandgap can be
determined from this.

Tip
In the original experiment, the resistance of the choke coil and diodes in the cryostat had to be measured in
the temperature range from 100K to 300K with steps of 5K, and heated at a rate of 2 degrees per minute.
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6.2 Determination of the half-life of Potassium-40

6.2.1 Goal

In the first part of this experiment you will determine the half-life of the naturally occurring radioactive atomic
species 40K, an isotope of the element potassium. You will do this by establishing of the activity and the number
of radioactive nuclei of 40K samples. In the second part you will establish a histogram of the number of measured
decay processes and you will fit a Poisson probability function to the histogram. The fit will also yield a value of
the half-life of 40K, which should be compared with the value resulting from the first part. The question is which
method yields the best result and whether there is a trade-off.

6.2.2 Introduction

The natural background of ionizing radiation Although not generally known, everyone is exposed to ionizing
radiation of natural origin. This radiation originates from both cosmic and terrestrial sources. Terrestrial radiation
arises from several kinds of radioactive substances. Some of these substances are present because of human activity
(nuclear tests, nuclear power plants). A substantial part of these substances, however, occurs naturally and
comprises radioactive nuclides with a long lifetime. This category includes uranium isotopes and the radioactive
decay products of these isotopes, including the noble gas radon. The natural composition of potassium also
includes and isotope with a very long lifetime: 40K.
This potassium isotope dominantly decays to 40Ca by emission of an electron, so-called β−-decay. Further
processes are β+-decay (emission of a positron, i.e. a positively charged electron) or capture of an electron from
an electron shell close to the nucleus (electron capture, EC). In these cases the decay product is 40Ar. A decay
scheme of 40K is given in Figure 1 U.S. Department of Health, Education, and Welfare (1970).
The lifetime of 40K must be of the same order of magnitude as that of the lifetime of the Earth. Otherwise, the
40K formed in creation of the Earth would have disappeared already by radioactive decay.

Figure 34: Decay scheme of 40K. Vertical lines correspond to emission of gamma radiation. EC: electron capture.

Equivalent dose from background radiation In expressing the potential risks due to radiation the equivalent
dose is often used. This is the radiation load due to ionizing radiation. The equivalent dose is the absorbed dose
(absorbed energy per kg material) multiplied by a factor representing the biological effectiveness of the radiation.
The SI unit of equivalent dose is the Sievert (Sv).
In the Netherlands, the equivalent dose resulting from natural sources is roughly 2mSv per year of which roughly
10% is due to the decay of 40K. In comparison, having an X-ray in a hospital also gives an equivalent dose of
several tenths of mSv. A skiing holiday or a transatlantic flight, since one is higher up in the atmosphere, give
equivalent doses of one hundredth to one tenth of a mSv.

6.2.3 Theory of the radioactive decay

Average behaviour Suppose we have a number of N(t) nuclei of a radioactive nuclide at time t. It is reasonable
to assume that the number of nuclei that decays (∆N) on average in a time span ∆t is both proportional to
N(t) and ∆t:
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∆N = −λN(t)∆t (73)

Here, the proportionality factor λ is called the decay constant. Equation (73) is in fact a differential equation for
N(t). Its solution,the law of radioactive decay, is an exponentially decaying function in time:

N(t) = N(0)e−λt (74)

The inverse of λ, i.e. τ = 1
λ , is called the average lifetime of the nuclide. This is the time it takes for the number

of parent nuclei to decrease to 1/e of its initial value. Additionally, the half-life t1/2 is often used. This is the
time it takes for half the original nuclei to decay. By substituting in Eq. (74) the value 1

2 N(0) for N(t), it easily
follows that

t1/2 = ln(2)
λ

= τ ln(2) (75)

The decay constant (and hence the average lifetime and the half-life) is a characteristic of a radioactive nuclide,
for example 40K. The activity of a radioactive source is the number of nuclei that decay per unit of time:

A(t) =
∣∣∣∣dN(t)

dt

∣∣∣∣ = λN(0)e−λt (76)

The activity also decays exponentially in time, again with constant τ = 1
λ . The activity has the dimension t−1

and thus can be expressed in s−1. However, there is a distinct SI-unit for activity of a radioactive source, the
becquerel (Bq). In this context, we note that a count rate should be expressed in the unit in s−1 or a similar unit
(e.g. minutes−1). A count rate only becomes an activity with unit Bq after correction for a number of effects,
such as background radiation and the efficiency of the setup.

Statistics of the decay Equation (74) describes the average behaviour of radioactive decay. On a short time
scale, however, the decay has a random character. The number of decay processes taking place in a time interval
∆t varies in time and shows a statistical behaviour around the mean µ. The statistical probability that k nuclei of
the N(t) nuclei present in the sample decay in the time interval ∆t is given by the Poisson probability distribution
Pµ(k):

Pµ(k) = µk

k!
e−µ (77)

The parameter µ is the mean number of decay processes in a time interval ∆t. The value of µ can be calculated
from the values of k measured for a very large number of in-dependent time intervals ∆t (of equal size). The
function k! (pronounce: k faculty) is the factorial function given by k! = 1 × 2 × 3 × ... × k (with 0!=1).
Although Eq. (77) gives a relatively simple function, it is difficult to remember how µ and k are placed in the
expression (Advice: keep on paying attention to this!). From Eq. (77) it follows that the Poisson probability
distribution is determined by only a single parameter µ, the mean of the distribution. Figure 2 shows the plot of
a Poisson distribution for µ = 3. It can be noticed immediately that the Poisson distribution is not symmetric, a
property most easily seen for µ ≤ 5.
An expression for µ based on the average behaviour of the radioactive decay can be obtained by multiplying the
average decrease of the number of radioactive nuclei per unit of time [i.e. the activity, Eq. (76)] with the time
interval ∆t:

µ =
∣∣∣∣dN(t)

dt

∣∣∣∣∆t = λN(0)e−λt∆t = λN(t)∆t = ln 2
t1/2

N∆t (78)
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Figure 35: Poisson probability distribution for µ = 3, plotted together with the histogram to which the distribution
has been fitted. The probability distribution is asymmetric. The curve has been plotted as a continuous curve,
but in reality the distribution only holds for integer values of k.

Omitting the time dependence of N in the last part of this equation indicates that the number of radioactive
nuclei only decreases negligibly in the time interval ∆t. (N.b.: usually, the notation for a time interval is ∆t;
generally, t denotes a point in time.)
Typically, in measuring radioactive decay, a counting experiment is performed. In such an experiment the number
of decay processes in the time interval ∆t is counted by detection of the decay products. By repeating the counting
many times and making a histogram of the count totals in the time intervals ∆t, a distribution is obtained. This
distribution will confirm the Poisson distribution. Apart from the mean, the standard deviation σ is an important
characteristic of the Poisson distribution. In particular, σ determines the width of the distribution. From the
definition of the standard deviation and Eq. (77), one can derive:

σ = √
µ (79)

Thus, the parameter µ is not only the mean of the distribution, but also determines its standard deviation.
Equation (79) is often generalised to the square root rule for an individual counting experiment (not limited to
radioactive decay; for example the number of babies born per month in a hospital): the uncertainty in a counting
experiment with a count total of k is

√
k. The fractional uncertainty then is

u(k)
k

=
√

k

k
= 1√

k
, (80)

implying it pays off to score a higher count total, for instance by using a source of higher activity or by measuring
during a longer time period.
We now address two more topics about the Poisson distribution: the normalisation of the distribution and the
calculation of the mean using Eq. (77).
Normalisation: For a probability distribution the sum of all probabilities equals unity. This applies to the Poison
distribution as well:
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∞∑
k=0

Pµ(k) = 1. (81)

The correctness of Eq. (81) immediately follows from the Taylor series expansion of eµ : eµ =
∑∞

k=0
µk

k!

Calculation of the mean: the property that µ is the mean number of decay processes can be proven by summing
over all possible value of k, each multiplied by the probability of its occurrence:

k̄ =
∞∑

k=0

kPµ(k) =
∞∑

k=0

k
µk

k!
e−µ = µe−µ

∞∑
k=1

µk−1

(k − 1)!
= µ (82)

The Poisson distribution typically holds for a probability experiment with a very large population and a small
probability of success. Here, success means that a nucleus decays; k in Eq. (77) counts the number of successes.
For radioactive decay the population is the very large number of radioactive nuclei (here: N ∼ 1018), while the
probability of success is given by the small number w = ∆t

τ (here: w ∼ 10−16). In the terminology of statistics,
each individual counting experiment during a time period ∆t can be seen as N attempts (since there are N
nuclei). In each counting experiment, the count is made how many of N attempts lead to success.
In the limit of very large µ, the asymmetric Poisson distribution turns into the symmetric normal distribution,
which in general is determined by two independent parameters (the mean and the standard deviation). For rare
and random decay processes, however, only the parameter µ of the original Poisson distribution determines the
resulting normal distribution (again with: mean = µ and standard deviation = √

µ ).

6.2.4 Determination of the Half-Life of 40K

From the preceding chapter it follows that the half-life of a nuclide can be determined by measuring the activity
as a function of time. One could measure the count rate and, if needed, correct it for background radiation. The
corrected count rate is proportional to the activity. If the corrected count rate is plotted on a logarithmic scale
versus time, then within the measurement uncertainty a straight line results with a slope −λ, from which τ can
be calculated using Eq. (75).
However, a sample containing 40K is not expected to show a decrease of activity during any realistic measurement
time, given the half-life of billions of years. Therefore, our first method to obtain the half-life is based on Eq.
(76), by determining A(0) and N(0). Indeed, according to Eq. (76) we have

λ = A(0)
N(0)

(83)

And from Eq. (75) it follows

t1/2 = N(0)
A(0)

ln 2 (84)

The other way of determining τ is by experimentally obtaining the histogram of count totals, each total measured
during the time interval ∆t. By fitting a Poisson distribution to the histogram the mean µ is obtained, which via
Eq. (78) leads to τ .

Determining the number of 40K nuclei in one gram of KCl The quantities N(0) and A(0) in the equation
for the half-life relate to the same number of 40K nuclei. This situation can be realized by reducing measurement
results from different samples to the mass of one gram of KCl. When we redefine N(0) as the number of 40K
nuclei in one gram of KCl, then N(0) can be expressed in p, NA and M . p is the fraction of the presence
(abundance) of the isotope 40K in the natural isotope mixture, NA is the Avogadro constant, M is the molar
mass of KCl. The values of p, NA and M can be looked up in a data compendium, for example James and Lord
(1992).
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Determining the activity of one gram of KCl To determine the activity of one gram of KCl, we use the
setup depicted in Figure 36. The heart of the setup is a Geiger-Muller (GM) detector, applied in this experiment
to detect electrons.

Figure 36: Geiger-Muller counting setup for determining the half-live of 40K. Sample holders are available to
accommodate different thicknesses of KCl powder. The holder should be placed in the uppermost slot.

Typically, the number of detections induced by the KCl sample is counted during a certain time period, using
a counter/timer. The count rate R is obtained by dividing the count total Ncount by the measurement time
∆t : R = Ncount/∆t. Since the count rate is not equal to the activity, it is therefore expressed in s−1 and not
in Bq. The count rate is recalculated into the activity by making several corrections. The discussion below is
limited to those corrections that give a significant contribution.
1. Background radiation
The count rate R should be corrected for the background radiation. To determine the background, a count is
made without the sample in place. The count is taken over a time period as long as reasonably possible, to
minimize the relative uncertainty of the correction. The resulting count rate Rcorr corrected for the background
then is

Rcorr = Ncount

∆t
− Nb

∆tb
, (85)

where Nb is the count total for the background and ∆tb the duration of background counting. From Rcorr the
count rate per gram is given by

rcorr = Rcorr

m
(86)

with M the mass of the sample in grams.
2. Efficiency
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Since not each decay induces a detection, further correction of the count rate is needed. The ratio of the count rate
to the activity is called the efficiency. The total efficiency is determined by three factors: (a) the self-absorption
in the source, (b) the β-efficiency of the GM detector and (c) the geometric efficiency of the setup.
a. Self-absorption.
With increasing sample thickness, more decay products will be absorbed in the source itself and will thus not
reach the detector. This effect of self-absorption can be corrected for by measuring the rate rcorr as a function
of sample thickness d and by extrapolating the results to zero thickness. To enable this, sample holders are
available to accommodate different thicknesses of KCl powder. The extrapolation including uncertainty analysis
is performed in Python, using a least squares fit of a polynomial to the data points and taking into account the
error bars of the points. When using a polynomial, the following relation between rcorr and d is assumed to hold:

rcorr(d) = a0 + a1d + a2d2 + . . . (87)

The least squares fit yields the coefficients a0, a1, a2, ... of the polynomial. Extrapolation to zero thickness implies
setting d = 0 in the fitted polynomial, thus obtaining rcorr,0 = rcorr(0) = a0. Thus, rcorr,0 is the self-absorption
corrected count rate of 1 gram of KCl, obtained via determining the count rate per gram as a function of sample
thickness including correction for the background. In the symbol rcorr,0 the index “corr” denotes correction for
the background, while the index “0” denotes extrapolation to zero sample thickness.
b. The β-efficiency: ϵ

This is the ratio of the number of detected β-particles to the number of β-particles reaching the GM-tube. The
value of ϵ is given in the data sheet of the setup.
c. Geometric efficiency: G
This is the ratio of the number of electrons reaching the detector to the number of electrons that are emitted
by the source. Since electron emission from the source is omnidirectional and the detector does not completely
enclose the source, only a fraction of the electrons will reach the detector. This geometric efficiency relates to the
solid angle under which the detector “sees” the source (solid angle is the three-dimensional equivalent of angle in
the plane). For a point source the solid angle can be easily calculated. In our case, however, the source is not a
point source, resulting in a rather complex expression for G:

G = 0.5 ×

[
1 − 1

(1 + β)1/2 − γ
3
8

β

(1 + β)5/2 − γ2

(
− 5

16
β

(1 + β)7/2 + 35
64

β2(
1 + β9/2

))− . . .

]
(88)

Here β = (Rd/s)2 and γ = (Rs/s)2, with s the distance between the source and the detector window, Rd the
radius of the circular and flat detector window and Rs the radius of the circular and flat source (see Figure 37).
You can verify that:

s = 6.7mm, u(s) = 0.1mm(highest position),Rd = 14.5mm,
u (Rd) = 0.3mmRs = 15.00mm, u (Rs) = 0.05mm (89)

Equation (88) is rather complex, making the complete uncertainty analysis for the efficiency G rather involved.
Therefore, the value of G and the corresponding uncertainty are given here: G = 0.215, with u(G) = 0.006.
3. Fraction of β−-decay
The last correction to be discussed relates to the property of the GM detector of only detecting the β−-decay.
The very few positrons emitted in the β+-decay (see Figure 34) annihilate with electrons of the K+ and Cl− ions
and thus will not reach the detector. This positron annihilation results in γ-radiation, for which the detector has
a very low efficiency. Electron capture (EC, see Figure 34) will mainly result in X-ray photons, of which a very
high fraction is absorbed in the source. It follows that of the three decay channels only the fraction of β−-decay
is seen by the detector. This fraction is denoted by the symbol f .
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Figure 37: Geometry of the source and detector, with indication of relevant dimensions.

6.2.5 Assignments

For the formulation of the problem, see the chapter GOAL. A separate afternoon will be scheduled to work on
the problem analysis aad a measurement plan. For data processing and data plotting you will use Python. In
particular, you will use Python for making least squares fits of functions (polynomial and Poisson distribution) to
the experimental data.

Part 1: Determining the half-life from the activity and the number of nuclei Before equation (84) can
be applied to determine the half-life, the number of nuclei N(0) and the measured activity A(0), both per gram,
should be expressed. These can be calculated from the measuring data or taken from literature. The related
assignments are:

1. Express N(0) in p, NA and M .

2. Look up the values for p, NA and M , including their uncertainties, and write these down.

3. Write A(0) as a function of the quantities rcorr,0 , ϵ, G and f . You will calculate the value of rcorr,0 in
assignment 9 below, the three other quantities can be looked up.

4. Look up the values for ϵ, G and f , including their uncertainties, and write these down.

5. Write the half-life t1/2 as a function of the quantities p, NA, M , rcorr,0, ϵ, G and f using Eq. (84) and
the expressions derived for N(0) and A(0)

6. Derive the equation for the relative uncertainty of t1/2 using the expression for t1/2 just obtained. De-
termine those contributions to the total uncertainty that can be neglected.

7. Study the measurement setup. The sample holders should be placed in the upper-most slot, since the
G-value given in paragraph 4.2 holds for this position.

8. The raw count data, measured as a function of sample thickness, must be converted to count rates rcorr.
Based on Eqs. (85) and (86), write rcorr as a function of quantities that either can be measured directly
or can be set to a certain value.
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9. To determine rcorr,0, make a plot in Python of rcorr as a function of d and extrapolate the polynomial fit
to d = 0. Include the error bars for the data points in your plot, for which you will need the uncertainty
of rcorr. Derive the expression for the uncertainty of rcorr and determine which contributions can be
neglected.

10. What is the literature value of the half-life of 40K in literature?

Part 2: Determining the half-life from the Poisson distribution You will repeatedly count the number k of
decayed nuclei during a time interval ∆t and determine the Poisson distribution Pµ(k) corresponding to the count
totals. The resulting fit parameter is µ, which is related to the half-life according to Eq. (78). Assignments:

1. To obtain an accurate approximation of the Poisson distribution, you have to perform at least 200
individual counts. Choose the time interval ∆t such that the average number of counts in the interval is
less than 10. Choose the sample holder with the most shallow cavity (why?) and again use the uppermost
slot.

2. Determine the mean from the count totals, using Python. This will be your first estimate of µ. A logical
way for this is by putting the count totals in a vector N . Additionally, use:

min(N)
max(N)
len(N)
mu = sum(N)/len(N)

3. With Python, plot a histogram of the count totals. Then add the Poisson distribution for the value of
µ (from assignment 12) to the same plot. For the plot you may approximate the Poisson distribution by
replacing k! in Eq. (77) with the gamma function for the argument (k + 1). By doing so, Pµ(k) can also
be calculated for non-integer values of k. Don’t forget to add to the top of the script:

from scipy.special import gamma

For calculating and plotting a histogram, with 25 bins, with the centers corresponding to the number of
counts within ∆t (here 0 to 24), the input in Python will be

n = plt.hist(N, bins=25, range=[ -0.5, 24.5], rwidth=0.9)

We like to add the theoretical distribution corresponding to the value of µ of Assignment 12 to the plot.
To this end prepare an array with closely spaced values kf. For instance:

kf = np.linspace( -0.5,24.5,100)
Pois = len(N)*(mu**kf)*np.exp( -mu)/gamma(kf+1)
plt.plot(kf,Pois,color='k', linestyle='dashed')

If needed, you can adapt the axes: range, labels, font size.

1. Then, use curve_fit to fit the frequencies (= the number in the bins) to the Poisson distribution. The
fit function is:

def func(x,a):
y = len(N)*(a**x)*exp( -a)/gamma(x+1)
return y

NOTE: It’s not possible to directly multiply func() in the argument of curve_fit with len(N). There-
fore, we have to incorporate len(N) in the function definition. You could fit this as a parameter as well,
but this is not required. This yields the fitted µ(= a), as well as the extreme values of µ determined by
the error in the fit.
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2. Plot the Poisson distribution corresponding to the µ just obtained in the same plot that already has the
histogram and the previously derived distribution (assignment 13). Evaluate the similarity of the two
distributions to the histogram.
Is the figure complete? Save it.

3. Compare the obtained half-life to the value of Part 1, and compare each result to the literature value.

Measurement Plan Before performing the measurements, you have to set up a measurement plan. Discuss
the plan with the assistant, whom you can also ask about issues that remained unclear. If needed, perform a test
measurement. After approval by the assistant, you will execute the measurement plan on the afternoon scheduled.
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6.3 Spectral lines of Hg and Na

6.3.1 Goal

In this experiment, we will study the light emitted by a mercury lamp (Hg) and sodium (Na). The spectrum
for such lamps is comprised of a few clear spectral lines. The goal for this experiment will be to determine the
wavelengths of those lines as accurately as possible. We will use a diffraction grating to do so. One of the
questions related to this experiment is: how small can the difference in wavelength of two spectral lines be for
those lines to still show up separately on the setup?

6.3.2 Preparation

Before you arrive at the practical, you are expected to have properly studied this chapter of the manual, and to
have written down the answers to the twelve questions that are noted in your lab journal. If any questions came
up during your preparation, write them down in your journal and ask them at the beginning of the experiment.

Theoretical Background

What is a diffraction grating? A diffraction grating is a plate with a very large number of parallel lines on it,
which are spaced an equal distance from each other. A schematic representation is shown in Figure ??.

Figure 38: Schematic representation of a diffraction grating. Typical measurements are 5x5 cm. The number of
lines per mm is in the range 100-1000.

Typical measurements are 5x5 cm and a typical value for the number of lines per mm is in the range 100-1000. A
diffraction grating can be either transmissive or or reflective, known, respectively, as a transmission or a reflection
grating.

What does a diffraction grating do? A diffraction grating is an optical instrument which diffracts light.
The larger the wavelength, the larger the diffraction. Figure 39 shows what happens when ‘white’ light with
a continuous colour spectrum between blue and red falls on a transmission grating. A part of the light goes
straight ahead and remains white. This is the 0th order diffraction pattern. Under and above of this order we see
spectacular ribbons of which show a colour range from red to blue”. These are the 1st order diffraction patterns.
These patters can repeat itself multiple times (2nd order, 3rd order, ...).
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Figure 39: A transmissive grating in operation. White light with a continuous colour spectrum from blue to red
is split into multiple colours and orders.

The purpose of a diffraction grating is to study the colour spectrum of a light source. As seen in Figure 39, the
vertical distance on the screen is a measurement for the wavelength of a certain colour. A diffraction grating also
allows one to select a desired colour from white light.

Light rays and wavefronts This experiment focuses on the wave characteristics of light. The terms interference
and diffraction are central to this. The Huygens Principle is often used to explain diffraction phenomena. This
principle relates to the extension of wavefronts. A wavefront is a collection of points where the “vibration” is
in the same phase. Waves in water are in fact wavefronts. If we throw a stone into the water, then we see
wavefronts that extend in a circular fashion. If we look at waves washing up at the beach, we see a series of
parallel wavefronts. These characteristic wavefronts are shown schematically in Figure 40.

Figure 40: Two characteristic wave patterns. Left: the extension of circular (spherical) shaped wavefronts. Right:
plane (flat) waves moving to the right (= parallel light bundle).
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The relation with light rays is that the propagation direction of the light in a certain point is displayed by a light
ray. If a wave propagates in an isotropic medium, then the direction of it is perpendicular to the wavefront. See
Figure 40.

Huygens principle (Wolfson, ch. 32.5) All points on a wavefront work like point sources for spherically
shaped ‘waves’ which propagate with lightspeed in the medium. A short time ∆t later, a new wavefront is formed
by the surface that touches all ‘waves’ which propagate in the previous direction of propagation.
Figure 41 shows how this works. On the left we see how a spherically shaped wavefront at t develops itself to a
new spherically shaped wavefront at t + ∆t. For four points on the wavefront at t = t is shown how the waves
develop themselves in a time interval ∆t. The new wavefront at t + ∆t is the ‘tangent’ line to these waves.

Figure 41: Propagation of a wavefront according to the Huygens principle. Left a spherically shaped wavefront
and right a plane wavefront.

The image on the right in Figure 41 displays the same way of propagation for a plane wavefront. As said, the
Huygens Principle explains the diffraction of light. For the first application, we look at what happens when a
plane wave falls on a screen with a hole in it. The diameter of the hole is comparable with or smaller than the
wavelength of the light. See Figure 42.
In Figure 42 a plane wave falls on the screen from the left side. The light that falls in the hole, emits spherically
propagating waves according to the Huygens principle. If the size of the hole is of the same order as the wavelength,
most of the light is diffracted. To see a demonstration with a tank filled with water, look up ‘ripple tank diffraction’
on YouTube. In Fig. 32.33 (c) of Wolfson and others (2007) you can also see how the intensity of the light.

Interference The next question is: what happens if there are two holes in the screen? This is shown in Figure 43
where a plane wave falls perpendicularly from the left side on a screen with two holes (diameter ≥ wavelength).
The distance between the holes, d, is three times the wavelength for instance. The plane wave causes the holes to
emit spherically shaped waves in phase. The light in a point P (See Figure 43) is a superposition of the light that
is emitted by the two sources. Both sources of light interfere with each other. The distance between the upper
hole and P that is covered by the light is not the same as the distance between the bottom hole and P covered
by the light. The length of the path covered by the light is different, meaning that the phase of the two waves
at P is not equal. However, it is possible that the phase difference is exactly the same as a whole number times
2π, as shown in Figure 43. The phase difference is 2π and the waves interfere constructively in P. For points just
above and below P, the phase difference is different and there is no longer 100% constructive interference. Thus
the light intensity will be lower.
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Figure 42: A plane light wave falls on a screen with a hole with a diameter comparable to the wavelength.
According to the principle of Huygens, the hole acts like a point source that emits spherically extending waves.

Figure 43: A plane light wave falls on a screen with two holes. These holes work like point sources that emit
spherically propagating waves in phase. Both waves interfere constructively in point P in this situation.
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Exercise 1: Light from both sources arrive at point M. What is the path (phase) difference? What does this
mean in terms of constructive or destructive interference? Does this depend on the wavelength of the light?

It can be deduced from Figure 43 that the path difference can be approached by d sin θ. The angle θ determines
the place of P (and vice versa). Constructive interference occurs when:

d sin θ = mλ (90)

with m an integer that we call the order.

Exercise2 : m can also be negative. What does this mean for θ? What is the location of P in this case?

Exercise 3: What consequences does a change in d, m and/or λ have on the angle in the case of constructive
interference?

Interference in “a point far away”. Multiple sources. In Figure 43 the distance between the screen and a
source is of the same order as the distance between two sources. This concerns distances of the order 10 µm. In
practice we work with distance in the range of 10 − 100cm. So, we are interested in what happens in points that
are far away from the sources.

Figure 44: The upper part of this figure is identical to Figure 43, the only difference is that the point P is now
infinitely far away from the sources. There is constructive interference in point P. The bottom right part of the
figure shows that extra holes with spacing d also contribute to the constructive interference. The slanted striped
lines on the right side of the figure indicate the development of plane wavefronts (parallel bundle).

Figure 44 shows that the paths from the sources towards P now run parallel to each other. Because of this, the
condition for constructive interference (eq. (90)) is exact.
It is not hard to imagine what happens if we add an extra hole. We make sure the third hole is located on the line
that goes through the two other holes and that the mutual distance is d (see Figure 44 above). The third source
also emits, in phase, a wave that contributes to the amplitude in the far point P. The correlated path runs parallel

208

https://curvenote.com


Introduction to Experimentation in Physics

to the other path. The path difference is λ or 2λ. So the contribution of the third source interferes constructively
with the other sources.
We can continue this reasoning for 4, 5, .., N holes that lie on a line with mutual distance d. In this manner
we construct the theoretical description for a diffraction grating with N lines. The amplitude of the electric
(magnetic) field of the light in P is N times as large as the amplitude that is produced by a single hole.
If we look at Figure 44, it is tempting to drawn lines that go through the points where the drawn waves run
in phase (the dotted lines on the right side in Figure 44). These lines are perpendicular to the direction of
propagation and you might be inclined to conceive these lines as wavefronts of a parallel bundle. That thought is
fine, but you must be sure that for instance the points on the dotted line between the points a and b (in Figure 44)
vibrate in phase with the vibrations in a and b. Close to the sources this is a difficult matter, but far away from
the sources this is certainly the case. You can determine this using Huygens’ principle. This also follows from
the wave equation. For light waves that are possible in a uniform medium, the direction of propagation is always
perpendicular to the wavefronts.

Exercise 4: The direction of the first order diffraction of light with one certain wavelength is drawn in Figure 44.
How do you construct the direction of the second order diffraction? Do this (in Figure 44).

From transmission to reflection grating. Grating equation. Up until now, we have discussed the operation
of a diffraction grating according to a transmission grating. However, reflection gratings are more commonly used.
These have accurate grooves instead of translucent lines. Everything that has been said above about plane waves,
point sources, including (90) is also true for reflection gratings.
At the derivation of eq. (90) it is assumed that the incoming plane wave falls perpendicular into the diffraction
grating. That restriction does not have to be made. The plane wave can also fall at an angle with the normal of
the diffraction grating. Figure 45 demonstrates how the angles of the exiting bundles can be found for a parallel
bundle that falls at angle i with the normal of the diffraction grating.
In Figure 45a, a parallel bundle falls at an angle i with the normal of the diffraction grating. A plane wavefront will
first reach grating point 1 and, according to Huygens, that point emits spherically shaped waves. A time ∆t later
the wavefront reaches grating 2. From Figure 45a it turns out that ∆t = (d sin i)/c (d is the distance between
two grating lines and c is the speed of light). In Figure 45b we see how far the spherical wave from grating point
1 has propagated. As said, the phase of points on a wavefront is by definition equal, but in this case the vibration
in grating point 2 is also in the same phase. We can now draw a line which goes through grating point 2 and
touches the spherical wave. This line is cut by the perpendicular line that goes through grating point 1 and the
point where the first line touches the spherical wave. These two lines can be seen as the “precursors” a wavefront
/ direction of propagation pair before the exiting wave (as discussed at Figure 44). Just like in Figure 44 more
grating lines can be added to this consideration.
Figure 45b is special because in the way that it turns out from the figure that d sin u = d sin i. In this case the
exiting bundle is called the 0th order diffraction bundle.
Of course not only the drawn wavefront in Figure 45b has the same phase as the phase in grating point 2.
Wavefronts belonging to spherical waves that have left earlier,have the phase as the phase in grating point 2 as
well (apart from a difference of 2πn of course). In Figure 45c you can see a bundle emerge from the sketching
of the tangent line on the wavefront with radius (d sin i) + λ. It turns out from the figure that in this case
d sin u1 = (d sin i)+λ. Of course we can also do this for wavefronts with radius (d sin i)+mλ, with m an integer.
For an incident angle i we can determine the angles um from possibly exiting bundles with:

d sin um = d sin i + mλ (91)

This is the grating equation. It follows from this equation that, if a plane wave with a certain wavelength falls
on the diffraction grating under an angle i, different plane waves are reflected with the same wavelength under
different angles um. We can determine the wavelength of a certain component by accurately measuring i and
um, and using eq. (91).
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Figure 45: construction of the angle of reflection for a reflection grating. a) a plane wave falls at an angle i
onto the diffraction grating. The wavefront g reaches grating line 1. This incites the development of a spherical
wavefront from 1. A time interval ∆t = (d sin i)/c later reaches the plane front g grating line 2. b) at this point
the spherical wavefront from 1 has the radius d sin i. The vibrations on this wavefront and the ones in point
2 are in phase. The line that goes through 2 and touches the spherical wavefront determines the direction of
propagation of the 0-th order exiting wavefronts (wavefront is perpendicular to direction of propagation) and c)
the construction of the direction of the 1-st order exiting bundle.

Exercise5 : m can also be negative. What does this say about the relation between i and um?

Exercise 6: When does eq. (90) equal eq. (91)?

Processing and generating light with a flat wavefront A direct measurement of the direction of a parallel
bundle will not be very accurate. It is far more effective if we first let the bundle fall on a positive lens. The
bundle then converges to a point in the focal plane. See Figure 46.

Figure 46: The course of the wavefronts at the focusing of a light bundle with a plane wavefront. On the right,
the relation between the direction of the bundle and the position of the focal point is shown.
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When the focal point is placed on a screen, the position of the spot can be used to determine the direction of
the bundle. The relation between the direction of the bundle and the position on the screen is shown on the right
side in Figure 46.

Incident light bundle. Optical system. At the derivation of eq. (91) we assume that the incident light is a
parallel bundle. This assumption is not justified for the lamp used in this experiment. The light of the mercury
lamp is divergent by nature. To counter this, we will need to collimate the sources.
Collimation is easily done for a point source. You only need to place the source in the focal point of a convergent
lens. In fact, the exact opposite of what is happening in Figure 46. Unfortunately, the lamp used in our experiment
is not a point source. A small slit placed in the focal point of a lens will be needed to collimate the source, see
Figure 47.

Figure 47: By placing the lens at the right position, the source is collimated.

The narrower the slit, the better the light from the lens can be characterised as one plane wave with one sharp
direction. A disadvantage is of course that the intensity of the light that falls on the diffraction grating diminishes
as the slit is narrowed.
Our setup for the determination of the wavelength of spectral lines with a diffraction grating now consists of: a
source (lamp), a slit, a collimating lens, the diffraction grating, an image lens, and a screen. These parts will be
setup in such a way that an image of the slit is formed on the screen.

Exercise 7: What determines whether the size of the slit is reduced or magnified in the image? What
is beneficial to the accuracy of the determination of the wavelength of a spectral line: a reduction or
magnification? Explain.

Method

Setup The setup that we will use for the determination of the wavelength of the visible spectral lines of the Hg
lamp is shown in Figure 48. This setup is also called the monochromator setup. The only moving part of the
setup is the diffraction grating. The grating will be mounted on a turntable with an angle distribution that makes
it possible to measure the angle (See Figure 48).
Using a slit directly behind the lamp, and a lens F1 produce a collimated (parallel) light bundle. This bundle hits
the diffraction grating. We have seen that, because of the diffraction of the light through the grating, depending
on the wavelength, parallel bundles are reflected at different angles. By changing the angle of the diffraction
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Figure 48: Setup for measuring the wavelength of spectral lines.

grating in respect to the incident light bundle, we can make a certain colour fall on a set point on the screen or
the camera with the help of lens F2. From the according angle, we can calculate the wavelength of the light.
At one specific angle for the diffraction grating, it seems like the light is conveyed. At this angle it seems like
the light is portrayed by a normal mirror (via the lens F2) to the set point on the screen. In fact, the 0th order
diffraction pattern is portrayed in the set point. This does not change with the wavelength of the light. This
position is shown in Figure 48 by the dotted line. The angle between the normal on the diffraction grating and
the direction of the incident light is α (thus the angle between the incident and reflected wave is 2α). Note that
α is determined by the positions of the lamp, the lens F1, the lens F2, and the point on the screen.
If we want to use a certain setup in practice for, for example, the measurement of a number of spectral lines, then
we measure the angle between the normal of the diffraction grating and the ‘mirror position’. In Figure 48 this
angle is ϕ.

Elaboration If we call the incident angle i and the reflected angle u, then the following formulas apply (see
Figure 48)

i = α + ϕ

u = α − ϕ
(92)

Exercise 8: Show that when you fill in eq. (92) in the grating formula (91), you get the following condition
for light with wavelength λ that falls on the set point.

2 cos α sin ϕ = −mNλ (93)

In which N is the number of lines per length unit, λ the wavelength and the order of diffraction m. Note that m
can be either positive or negative.

Exercise 9: For the situation drawn in Figure 48, is m positive or negative? Does this correspond to your
answer from question 5?
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Exercise 10: From measurements of α and ϕ we can use eq. (93) to calculate λ. If we call the uncertainties
in α and ϕ, u(α) and u(ϕ) respectively, derive the law of propagation of errors for the uncertainty in λ, u(λ).

If the difference between two spectral lines is very small, they cannot be distinguished by the naked eye, and the
diffraction grating cannot be rotated accurately enough.
To still be able to measure the little wavelength difference, we replace the screen by a camera. The enlargement
of the camera allows us to be able see and accurately measure the separation between the spectral lines.
The procedure for this is as follows. From the grating equation (91) follows that with a set angle of incidence i,
a small change in the wavelength λ is paired with a small change in the angle of reflection u. The relation is:

∆λ = cos u

mN
∆u (94)

We calculate ∆u from the distance of the spectral lines on the camera and the focal point of f2. The unit of ∆u
is radian.

Exercise 11: With eq. (94) we can determine ∆λ from measurements of u and ∆u. Of course you want to
know uncertainty in ∆λ. If you use the law of propagation for errors in the common way, you encounter a
notation problem. Thus, call the angle of reflection v (was u) and the change in the angle of reflection ∆v
(was ∆u). If we indicate the uncertainties in v and ∆v with u(v) and u(∆v), derive the law of propagation
of errors for the uncertainty in ∆λ, u(λ).

Resolving (separating) power Spectral lines have a certain width. It is clear that when the distance between
two separate lines decreases, they will overlap and become indistinguishable from each other, at least with the
naked eye. The intensity of the light as function of the wavelength is shown in Figure 49.

Figure 49: Resolving power

The resolving power of the setup is characterized by the quantity R:

R = λ

∆λ
(95)
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in which ∆λ is the smallest observable difference in wavelength. This equation only holds for the first order. For
higher orders we expect more spacing between spectral lines. Therefore the resolving power is higher at higher
orders.
In practice, we make a prediction for ∆λ based on a picture of two nearby spectral lines. We use this estimated
value and the average value of the two spectral lines. We can compare this value with the theoretical upper limit:

Rtheor = λ

∆λ
= mNtot (96)

in which m is the order of the spectral lines. Ntot is the total number of grading lines involved in the interference
process. If the entire grating is used, Ntot resembles the total number of lines of the grating.

6.3.3 Method

Preparation phase First and foremost: visor trusts that you will use the equipment with care at the practicum.
This applies especially to the handling with the diffraction gratings and lenses. Do not be clumsy! Read the
following instructions and apply them!

• ONLY HOLD THE DIFFRACTION GRATINGS AT THE RECTANGULAR FRAME OR AT THE
STEM OF THE FRAME. A fingerprint or a scratch can not be cleaned or repaired. Diffraction
gratings are very expensive.

• The spectral lamps become hot when they are turned on. Only hold the stem of the lamp. Otherwise
you can get burned badly.

• Hold the lenses and other optical components at the stem of the frame.

• Make sure that all components are tightly secured with the clamp and screw on the breadboard.

• Again: Do not touch the lenses and diffraction gratings in the central part.

• Do not leave equipment on the edge of the table. Secure them. Things can fall on the ground
and break.

• Do not leave components on the table. This way you prevent damage.

• Do not look into the lamp directly. This can damage your eyes.

• Turn the lamp, camera and computer off when you do not use them.

A tip: When setting up the experiments, you have to make sure that the entirety of the optical system is in line.
Make sure that the elements that have to be in line, really do line up. Look at your setup from above and use
the lines on the breadboard. Also make sure all elements are at the same height. Look from the side and use the
height indicator.

Experimental phase

1. Build the monochromator setup. Use the Hg lamp and the 600 lines per mm diffraction grating. Start
with the screen. Hold enough distance to be able to replace the screen by the camera. Control the
collimation and assure yourself that the screen is in the focal point of f2.

2. Rotate the diffraction grating such that i(= α + ϕ) = 0. (use autocollimation, ask the assistant). Read
the angle from the angle scale. This the zero point. Pick a point on the screen and rotate the diffraction
grating such that the 0-th order falls exactly on that point. How do you recognise the 0-th order here?
Read the angle scale and determine α. Do not forget to estimate the uncertainty in the angle. Play
around with the width of the slit.
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3. Now rotate the diffraction grating systematically and notate the angle for each spectral line that falls on
the chosen point on the screen. Do this for as many orders as possible. Make a table with the headings:
colour, order, reading, ϕ, λ, u(λ) and the result from preparation question 10. How do you get ϕ? Use
Python to help you fill in the last three columns. Also note that a set of colours represents one order.

4. Make a plot in which you plot the calculated wavelength on the vertical axis with its respected uncertainty
against the order m on the horizontal axis. Plot the literary values as horizontal dotted lines in the same
figure.

5. Calculate the weighted average of the wavelength for each measured spectral line and calculate the
uncertainty in this average value. Take as weight w = 1/(u(λ))2. Use the given formulas from the
Appendix for this. Does the result contradict the literary value?

6. Next, study the splitting of the yellow Hg lines. Replace the screen by the camera. Portray an order of
the yellow lines on the camera (note: The colour can be different on the screen. Pay close attention.).
(Think about the width of the slit and the use of the filter). Save the result for the report. (Use the save
icon at the middle top.) Determine the distance between the lines on the screen in pixels. Calculate the
difference in the angle of reflection ∆u from this. Check if your value of u is still current. Calculate the
difference in the wavelength ∆λ with eq. (94). What is the uncertainty u(∆λ)?

7. Replace the Hg-lamp with the Na-lamp and use the camera instead of the screen. Measure the angels of
the visible spectral lines. What is the angle that corresponds with the 0th order? Specify the orders to
the measured angles and calculate for each order the wavelength and its uncertainty. Again try to find
splitting for all lines (except the 0th order of course). Do the individual results agree with the literature
values? Calculate the weighted average and its uncertainty.

Evaluation phase Determine the difference in wavelength of the two Na lines. Try to do this for all the orders.
What is the associated uncertainty? At what order do you obtain the best results? Are the results in agreement
with the literature values?
What is the smallest difference in wavelength that you can determine using this set up? What is the resolving
power of this set up? What is the expected, theoretical value for the resolving power? What can be done to
improve the results?
Finally Suggestions for the improvement of the experiment and the manual or ideas about what you would like
to research with the used instruments, please mail to: c.f.j.pols@tudelft.nl

6.3.4 Appendix

For the calculation of the weighted average you need to first calculate the weights, this is done in the following
way:

wi = 1
u(λi)2 (97)

This means that datapoints with a high uncertainty get a lower weight. And datapoints with a low uncertainty
get a high weight (thus are more important). To find the final value for λ we use the following equation:

λ =
∑N

i wiλi∑N
i wi

(98)

The final error/uncertainty in λ is equal to:

u(λ) =
√

1∑N
i wi

(99)
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6.4 Falling waterdroplet

6.4.1 Goal

What is the velocity of falling water droplets, how strong is the drag force exerted on these droplets by the
surrounding air and what is their shape? These questions are addressed in this assignment. The primary goal of
the experiment is to determine the drag coefficient, which is a measure for the drag force experienced by a falling
water droplet in air.

6.4.2 Background

Introduction Newton’s second law provides the equation of motion for a falling water droplet in air:

m
dv

dt
= mg − FD − FB (100)

Here m is the mass of the droplet, v the velocity of the droplet, g the gravitational acceleration, FD the drag
force and FB the buoyant force. The velocity is defined relative to the stationary air, taking downward as positive.
The drag force is the result of friction of the droplet with the air. The buoyant force is described by Archimedes’
principle.
In the rest of this manual FB is neglected. It can be expected that FD depends on the velocity of the droplet.
In this experiment you will determine FD for a range of occurring velocities. To this end, you will perform two
experiments:

1. with a drop test, you will determine the position-time relation of the falling droplet

2. with a visualization experiment you will take photographs of a floating droplet to determine its shape.

Falling droplet and fluid mechanics It is generally assumed that the drag force FD is proportional to the
velocity squared of the moving particle, in this case a water droplet:

FD = 1
2

CDA⊥ρairv2 (101)

Here CD is the drag coefficient, A⊥ the cross-sectional area of the droplet perpendicular to the direction of the
velocity and ρair the air density. The value of CD, in turn, can also depend on the velocity. Furthermore, CD

depends on the shape of the droplet.
In the field of transport phenomena, one often uses characteristic numbers (in Dutch: kentallen). These are
dimensionless parameters that describe a system in a general way. The Reynolds number, Re, is the most
important characteristic number in fluid mechanics. It is not only used to determine whether a flow is laminar or
turbulent, but also to realize similarity between two different flows. The Reynolds number is defined as:

Re = ρvd

µ
, (102)

with d is a characteristic dimension, here the largest diameter of the droplet perpendicular to the velocity, and
µ the dynamic viscosity of air. Figure 50 gives the dependence of CD on the Re-number, for a spherical and a
cylindrical particle.
For a low Re-number (Re < 1) Stokes’ law applies:

FD = 3πµdv (103)

On the basis of the above, it follows for Re < 1:
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Figure 50: Drag coefficient CD as a function of the Re-number, for a sphere (—-) and a disk (- - -).

CD = 24
Re

(104)

Figure 51: Flow pattern around a sphere as a function of the Re-number.

With increasing Re-number, vortices arise at the rear of the particle (see Figure 51). A wake is created; the
boundary layer is “released” from the particle as a result of the inertia of the surrounding medium, that prefers to
move straight on. N.b.: This line of reasoning assumes a medium flowing around the particle, but that situation
turns out to be equivalent to the situation of the particle moving through the medium, as in the present experiment.
For larger Re-numbers, the vortices increase in size and the location where the boundary layer is released moves
to the front side of the particle. For even larger Re-numbers (103 - 2 · 105, Newton regime) the wake becomes
irregular and turbulent. Vortices are then carried along by the flow and new vortices are generated at the rear of
the particle. Eventually, for very large Re-number, the boundary layer becomes turbulent and the location where
the boundary layer is released moves back to the rear of the particle. In the transition range from the Stokes to
the Newton regime, we can use the Schiller-Naumann relation:

CD = 24
Re (1 + 0.15Re0.687) (105)

For objects moving with high velocity through a thin medium (103 < Re < 2 × 105), Figure 50 shows that CD is
approximately constant.

Solution of the equation of motion Using (101) and β = CDAρ/2, (100) can be rewritten as follows:
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m
dv

dt
= mg − βv2 (106)

Here FB is neglected, as indicated earlier. This way of writing of the equation suggests that the parameter β is
constant. In that case the drag force would be proportional to the velocity squared. In general, however, this is
not true, since CD yet depends on the Re-number (see Figure 50). Equation (106) is a non-linear (and therefore
difficult to solve) differential equation in the velocity of the droplet. To illustrate the velocity behaviour, we have
plotted in Figure 52 the exact solution of eq. (106) for a situation representative of this experiment. Herein, it
has been taken into account that β depends on the velocity, through CD. This solution has been obtained using
numerical methods. In the Figure it can be seen that the droplet after approximately four seconds almost reaches
its saturation velocity of 12.9 m/s. This exactly equals the value vsat =

√
mg/β following from Eq. (106) for

CD = 0.4. As will become clear, the maximum drop time in the experiment is about 0.6 s. Thus, the saturation
velocity is far from reached.

Figure 52: The velocity of a falling water droplet in air as a function of the drop time. The diameter of the
droplet, taken here as spherical, is 6 mm. After about 4 s, the saturation velocity is almost reached. The curve
is the exact solution, obtained by numeric integration of Eq. (106).

An approximate solution of Eq. (106), satisfying the present goal, can be obtained in the following globally
sketched way. Integration of Eq. (106) gives

v(t) = gt − 1
m

∫ t

0
β(v(t′))v(t′)2dt. (107)

This did not help much yet, as we have expressed v(t) as an integral of the function v(t), and that is just
the quantity we are looking for. However, by repeated substitution of the expression for v(t) “in itself” and by
assuming that β is time-independent, the following approximation for the drop velocity v(t) is found:

v(t) = v0 + gt − 1
3

β

m
g2t3 + 2

15

(
β

m

)2

g3t5 + ... (108)

The four terms in the expression for v(t) are the initial velocity, the free drop term, the first order correction and
the second order correction, respectively. From further theory, it follows that for this experiment the first order
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correction is sufficient, provided t < 0.7 s. In that case, the second order correction is negligibly small compared
to the first order correction. It turns out that the this condition for the drop time is met in the experiment.
In Figure 53 curves for the drop velocity and the drop distance have been plotted, indicating the error with respect
to the exact solution if only the first order term in Eq. (108) is included. In this, for the first order term CD = 0.4
has been taken, the constant value for a spherical droplet also used for Figure 50. Given the maximum drop time
of about 0.6 s, the error is less than 1% for the drop velocity and less that 0.3% for the drop distance. In this
experiment we neglect these errors. Note that the larger values of CD, occurring for the smaller velocities at the
start of the drop trajectory, apparently do not play a significant role.

Figure 53: The relative error in the drop velocity and the drop distance of the water droplet with respect to
the exact result, when only taking into account the effect of the drag force to first order. The diameter of the
spherical droplet is 6 mm for both curves.

Experimental approach Integration of Eq. (108) with neglect of the second order correction leads to

s(t) = s0 + v0t + 1
2

gt2 − βg2

12m
t4 (109)

where s0 is the travelled distance at t = 0. When we design the experiment such that at t = 0 both the traveled
distance and the velocity are zero, then eq. (109) reduces to

s(t) − 1
2

gt2 = − βg2

12m
t4 (110)

In words, this says that the drop distance in air at any time is reduced with respect to the drop distance of a free
fall by an amount proportional to the drop time to the fourth power. The proportionality constant includes the
parameter β, which in turn is proportional to CD. This result immediately suggests the experimental approach:
for various drop distances si measure the corresponding drop times ti (i = 1, 2, 3, ..., n) and put the measured
data points in a plot with the quantity ∆ = s(t) − gt2/2 on the vertical axis and t4 on the horizontal axis. A
linear fit to the data points then has the slope −βg2/(12m). Since we have β = ρairA⊥CD/2, CD can be
determined from the slope, provided that m and A⊥ are known. The mass m is determined through weighing,
while the perpendicular area A⊥ is determined in a visualization experiment of a floating water droplet (see the
next paragraph).
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Figure 54: Schematic of the drop test. The droplet falls a distance s.

Figure 54 gives a sketch of the setup. Using a pipette, you will make a droplet, which is released once it is big
enough. With two optical detectors you will measure the time t it takes for the droplet to fall s meter. The
drop distance s equals the distance between the two detectors. The first detector is located at s = 0, as close as
possible to the point where the droplet is released from the pipette. The position of the second detector can be
varied. The detectors consist of a laser and a photodiode, together forming a light gate. When a droplet passes
a light gate, the laser beam is briefly interrupted, causing a pulse in the signal of the photodiode. A counter
connected to the light gates measures the time difference between the two pulses, i.e. the drop time t.

Visualization experiment When you ask somebody to draw a droplet, it is very likely that the person asked
will draw the shape of a tear: thick at the bottom and converging to a tip at the top. A falling water droplet,
however, is rather flat than elongated. A falling droplet resembles an “M&M”. To establish the shape of a droplet
that is subject to air drag and to determine its cross-sectional area A⊥, and from this the drag coefficient CD,
you will take photographs of the droplet. To enable this, you will float the droplet by placing it in an upward air
flow in the setup depicted in Figure 55.
Position the pipette a few centimeters above the wire mesh, with the blower set to about 20 Volt, and create
a droplet. Try to keep the floating droplet stable in the air flow long enough to take sharp photographs. This
requires some trial and error and optimization with (among other things) the blower voltage and the pipette’s
position relative to the mesh. A transparent cylinder is available to guide the air flow, if necessary. Dry the mesh
with a tissue if a droplet has fallen onto it; otherwise the setup is not ready for the next attempt.
While floating a droplet, it is difficult to press the camera button and at the same time keep the camera setup
stable. Therefore, use the camera’s remote control to take the photographs. Take quite a number of photographs
and view them on your laptop or on a computer of the laboratory course.
Determine the cross section and volume of the droplet. Determine the droplet’s absolute dimensions using an
object of known size in the photograph. The floating droplet is heavier that the falling droplet, but we suppose
that its shape is the same. Beware: after the experiment, all data on the memory card of the camera will be

220

https://curvenote.com


Introduction to Experimentation in Physics

Figure 55: Setup to float a droplet.

deleted. Therefore, copy photos to a memory stick or to your laptop. Otherwise, you will not have a photograph
for your report.

6.4.3 Assignments

For the formulation of the problem see chapter 1, GOAL, and chapter 2, section 2.1. A separate afternoon has
been scheduled for the problem analysis and setting up the measurement plan.
Do the following assignments.

1. Find literature values for g, ρ and µ.

2. Prove with a calculation that the buoyant force can indeed be neglected.

3. Derive eq. (5).

4. The upper detector is positioned such that the droplet will be detected immediately after release,
meaning this detector does not require any adjustment. Position the lower detector as low as possible.
Subsequently, you can vertically align the setup with a plump line. Perform the alignment and “lock”
this by carefully raising the plateau of the lab jack, so as to make it touch the bottom of the tube
with gentle but sufficient force. For proper alignment, a large fraction of the droplets will be detected
and will result in the correct drop time on the display of measuring device.

5. Determine the uncertainty in s and t.

6. Find a way to measure the mass of a droplet. Practice generating droplets and judge your skill
from the width of the mass distribution of generated droplets (histogram). How does the measured
standard deviation of the droplet mass compare to the uncertainty of a reading with the Mettler
Toledo balance (0.1 mg)? What is your final estimate for the uncertainty of the mass of the droplets
used in the drop tests and how did you obtain it?

7. Find out how the camera and remote control work.

8. Find out what information can be obtained from the photograph of the droplet, and how you can
determine a scaling factor to correct for the difference between the falling and floating droplet. The
scaling factor α is defined by relating the volume the falling droplet to that of the floating droplet:
Vfall = α3Vfloat. This translates to mfall = α3ρw

1
6 πD2h. Herein mfall is the mass of the falling

droplet and ρw the density of water. D and h are the long and short axis of the ellipse visible in the
photograph of the droplet, respectively.
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9. Why is the floating droplet heavier than the falling one, and why are their shapes identical?

10. Determine the uncertainty in A⊥. For this use A⊥ = 1
4 π(αD)2.

11. Express the drag coefficient CD in quantities you have measured or obtained otherwise, and derive
the equation for the uncertainty of CD.

12. Make an estimate of the (range of the) literature value of CD, use Figure 50 for this.

Set up a measurement plan and discuss this with the teaching assistant (TA). After approval by the TA, execute
the plan on the scheduled afternoon.
Determine the drop time for at least 10 positions of the lower detector. The lower detector cannot be positioned
above the edge of the table. Handle the setup very carefully and calmly, to prevent that you have to re-align it.
Use Python for the data processing. Ask the TA for help, if necessary.
Write a report on the experiment, according to the guidelines of the Physics Laboratory Course. The deadline for
handing in the report and the lab journal is known at the administration of the Physics Laboratory, room A001.

6.4.4 Addendum taking a picture

To take a good picture of the droplet, light is required. It must be really bright as the droplet is still moving and
you get only a good picture if the shutter speed is really high. To obtain a useful picture without wasting much
time, we should make the decisions rather than the camera. The camera is therefore set to manual with a shutter
speed of 1/320 s, a diafragma of f9, and an ISO value of 400. The flashlight is turned off.
Setting the camera to manual also requires a manual focus. Choose the largest focal distance possible (55mm)
and focus on the tip of the needle of the pipet. Move the camera as close as possible towards the setup. Focussing
should still be possible.
By taking the picture from a small angle, you will have a light spot from one of the lamps in the background.
This gives an excellent contrast to determine the circumference of the drop. Keeping the shutter release button
pressed while letting the pipette drip gently gives the best chance of a usable image. Note that the drop may
come towards or float away from the camera. If so, the pipette needle is in focus sharp. However, the water
droplet will be out of focus. This will contribute to the measurement uncertainty.
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6.5 Millikan

Note
This is an old experiment that lacked documentation. If any information is missing or incorrect, please let us
know!

Millikan’s experiment is a classic physics experiment. The idea is that you can levitate small oil droplets between
two capacitor plates. Because the charge is quantized and the mass and the applied electric field can be determined,
you can determine the electric charge quantum.

Figure 56: *
Schematic setup of Millikan’s test, figure via Wikimedia Commons (commons)

6.5.1 Theory

For this experiment we use charged oil droplets that move with a constant velocity.

Constant velocity When the droplets move at a constant speed, there is a frictional force at play. The
magnitude of this force is given by Stokes’ law:

Fw = 6πηrv (111)

Here, η is the viscosity of air, r is the radius of the droplet and v is the velocity of the droplet. This equation only
holds under certain conditions. Since the droplets are small (0.5 ∗ 10−6)m, this is on the order of the free path of
gas molecules (0.07 ∗ 10−6m) and a correction factor must be taken into account. This ensures that the no-slip
condition does not apply at the edge of the droplets. The viscosity must therefore be divided by a correction
factor of k = 1 + b

p·r where the correction factor is b = 80µm · hPa, p is the pressure in Pa and r is the radius of
the droplet (in m).
For the droplet’s radius it holds:

r =

√
18ηvg

4g(ρd − ρl)
(112)

where vg is the velocity without an external electric field.

Exercise 1: Show that the above equation applies to the radius of the oil droplet.

A trick we can use is to reverse the electric field. By adding the force balance for a cooperating electric field and
a counteracting electric field (against gravity), the gravitational term is eliminated.
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Figure 57: *
The forces acting on a charged oil droplet moving at a constant velocity.

Exercise 2: Perform the above exercise and give the equation you get for the electric charge.

6.5.2 Equipment

The equipment present includes:
a. A Millikan cell with illumination possibilities.
b. An adjustable DC voltage source.
c. A voltmeter.
d. A microscope with an eyepiece slide with calibration scale.
e. A calibration scale.
f. An oil sprayer.
g. A telephone holder or webcam

6.5.3 The experiment

In this experiment, the times are measured that a charged oil droplet needs to travel a certain distance in air,
both with and without an electric field. The oil is atomized in the condenser by squeezing the oil atomizer. These
droplets can then be followed with the eyepiece. The distance to be determined corresponds to the distance
between two pre-selected lines on the calibration scale in the eyepiece.
To perform the experiment accurately, it is important to select droplets of different sizes and with charges (q)
smaller than about 10 times the elementary charge. This means that you should focus your measurements on
droplets whose transit times fall within specific intervals. Since the exact value of the elementary charge (e) is
not yet known, these intervals cannot be calculated directly. In theory, a rough experimental estimate of e would
first be needed to determine these intervals. Since there is not enough time for this, e = 2 · 10−19 C is assumed
in the preparation of the experiment.
In addition, the following data from the Millikan device are required:

• Distance between the plates of the Millikan cell: (6.36 ± 0.02) · 10−3 m.

• Distance between the lines on the calibration scale: (≈ 1/20) · 10−3 m.
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• Density of the oil: see measurements

• Viscosity of air at room temperature: 1.8 · 10−5 kg/m·s.

• Voltage difference between the plates: adjustable from 0 to 600 V.

Exercise 3: Are all of the above values correct? Check!

6.5.4 Preparation

As part of the preparation, calculate in which intervals the transit times must be approximately so that the charge
of the droplet is smaller than approximately 10 electron charges.
Determine the transit times for a number of droplets and calculate their charges q from this. If necessary, apply
the correction to Stokes’ law. The constant that plays a role in this has a value of approximately 8.2 · 101 Nm-1.
Calculate e from the charges found. Do this graphically, for example. Remember that q = ne with n integer, so
that q plotted against n must yield a straight line through the origin. To find this straight line, plot the found q
values vertically and n horizontally. All points (n,q) in the plane are possible points of this straight line. Draw a
straight line through the origin so that q = ne is satisfied as well as possible. e follows from the slope coefficient
of this line.

Exercise 4: Is this always correct? Explain.

6.5.5 Measuring oil density

### Siliconenolie

V_so = np.array([0, 1.9, 1.7, 1.55, 1.40, 1.10, 1.0, .75, .55, .4, .25]) #mL
m_so = np.array([3.48, 5.56, 5.36, 5.20, 5.00, 4.73, 4.54, 4.36, 4.12, 3.94, 3.80 ]) - 3.48 #g

# Petroleumolie

V_po = np.array([4.4, 4.5, 5.3, 6.8, 7.2, 9.3, 9.4, 11.6, 13.9, 14.6, 16.9, 18.9]) #mL
m_po = np.array([3.40, 3.56, 3.95, 5.30, 5.57, 7.15, 7.36, 9.06, 10.89, 11.57, 13.38, 14.9 ]) #g
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