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1 Course Goals

The goal of the IIT General Physics laboratories is for yoletrn to be experimental scientists. For this reason, ydu wi
notice that the laboratory manuals are short and do not rod&ails of the experimental procedures. You will be asked
to devise your own experimental procedures and make dasisis to how thoroughly to acquire data during the laboratory
session. As the semester progresses, you will develop afgebidg as to how much data to take and how many trials to run
for each set of conditions. Your report will suffer if you dotrobtain sufficient data to convincingly report your expegntal
findings.

The Teaching Assistant is present as a resource, she witeligtou what to dobut guide you to an understanding of the
experiment so that you can make the decisions yourself.

The experiments have been designed to relate with prircya learn in the lecture portion of the courséere is always a
connection! If you apply the analysis tools you have learned in lectuie lamework, the experiments will usually become
clear and your understanding of the physics will be stregmgghl.

2 Good Laboratory Practices

Scientists keep laboratory notebooks in which they recesfyhing they do during an experiment. Everything is eritt

in pen, not in pencil and nothing is erased, just crossed tut. must develop good laboratory habits by keeping complete
laboratory notebooks. The best kind of notebook is one whages cannot be accidentally torn out, but any bound nokeboo
is acceptable. Keep all your notes about the lab proceduckdaa in this noteboak pen. You should never write in pencil

in a lab notebook since this becomes a permanent record whrithe valuable. If, for instance, you discover a new prieacip
which is patentable, you need to prove when you first disevérand you have to have the ideas witnessed by an external
observer. This is the only way you can protect your intellatproperty. It does not matter if you make mistakes in the
notebook, just scratch it out and move on. The only requirdgnsethat you write complete notes so that you can understand
exactly what you did and measured when you return to writéetheratory report later.

It is always best to read the laboratory manual and lay ountatige experimental procedure before class. You will un-
doubtedly change the procedure as you learn the quirks @ftharatus but if you have done some advance work, the whole
laboratory session will proceed much more smoothly!

The expectation is that you will work in groups of two or thre@ess there are too few experimental setups and that you
will change lab partners for each experiment. Each of youwyite a single report (“article”). The format of the repast
described in the document entitl€neral Physics Guidelines for Laboratory “ArticlestWe have also provided an example
“article”.

We do not want you to transcribe your raw data into the lalooyateport. You must, however, make sure that the Teaching
Assistant hasigned the data sheets in your notebook before you leave the labrgrathese sheetsust be attached to the
report so that the Teaching Assistant can check your asdfysecessary.

3 Safety

All laboratories have a strict, enforced dress code, owsardifferent. If you don't follow the following code, you ivhot
be permitted to enter the laboratory.

1. no shorts;

2. women may wear skirts, but they must be below the knee,



3. no sandals, no open-toed shoes; and

4. absolutely no food or drink allowed in the laboratory.

In addition there will be personal protective equipment(sas safety glasses) required for certain experimentswbbe
informed by the Teaching Assistant when these are necessary

4 Understanding Experimental Error

There are two types of errors that can occur when taking nmeasnts in a laboratory experimei®ystematic errorsccur
when a measuring device is not properly working or is miscated. For example, an experiment may be carried out a numbe
of times, giving an inaccurate result every time. If thera iarge, constant variation between the expected and experi

tal result, then the error is systematic. Systematic errarsbe removed by a proper understanding of your experithenta
equipment and you should always try to do this through cédefperimentation and observation.

Even though a piece of equipment may be in good working oedests can still occur due to inaccurate readings. Thessstyp
of errors are called random errors. Random errors occur \ah@aeasuring device is improperly read. Random errors may
cause different results each time an experiment is perforihés impossibldéo completely eliminate random errors, however,
you can minimize their effect on your experimental resujtaeraging.

As an experimental physicist it is important to account éord report your errors. This tells the world how certain yoriaf
your results. In all of the physics labs you will perform teismester (and in coming semesters) you will be expecteceto us
basic statistical tools for the analysis: arithmetic mearefage) and standard deviation. The arithmetic mean isetkéis:
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whereN is the total number of measuremengs, is the then® measurement amulis a running index. Averaging a measure-
ment should have the result of compensating for randomserror

The standard deviatiow, is defined as:
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When you have a measurement that has random errors, thbutisin of values for the measurement will fall in what isledl

a Normal or Gaussian distribution and it looks like a "belh@i. The standard deviation is the parameter which charies
such a distribution (it describes a width of the "bell cujveWe generally make the assumption that your measurements
will follow this behavior (although we do not check it) andeuthe standard deviation to determine the consistency of an
experiment. A large standard deviation means that thereaagie spread in the values of the experiment.

When it is not possible to make multiple measurements of afifyait is useful to estimate the measurement error. An
example of this is when you use a meter stick calibrated itim@lers as the smallest quantity. It is reasonable to asshat
any measurement reported to the nearest 0.5 millimeterrhasar of no more that 0.2mm.

The errors described above are caidxdolute errorsand they have same units as the quantity itself. By conventie assign
a /A symbol to denote absolute error. For example, the absaldeia a quantityr is calledAr. When determining the error
in a quantity which is a function of two or more other measugadntities which have error, it becomes useful to define the
relative error of the quantity:
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Note that thed symbol is used for such relative errors. When graphing atifyait is always important to show thebsolute
error in the quantity using error bars.

5 Propagation of Error

Often it is necessary to determine the error in a quantityctvtis computed from two or more independently measured
variables, each with it's own error. In this case, we needaeeha method for propagating the error in the independent
variables to the final computed quantity. This is done bygasiifferentials in the following way.

Suppose a quantityis a function of the independent variablesx, andy.



z= f(wx,y) (4)

The full differential ofzis given by:
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This expression can be rewritten in terms of the absolutegto show the relationship between the erraramd the errorsiin
x andy, with the condition that errors in the independent varialolen never subtract to give a smaller error in the computed
guantity. Therefore we have for the absolute erraz, in
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This can be extended to any number of independent variablete that we have assumed that a standard deviation for a
guantity measured multiple times is treated exactly as aimated error, that is, as an absolute error. There is a rdetho
error propagation which can be used more accurately whemedisured quantities have true standard deviations. This is
called the “quadrature formula” (Equation 9) and will résala slightly different error propagation (actually snealthan our
estimates here!). See the Appendix if you are interestediimgithis. For the purposes of these laboratories, we yshalle

a mix of standard deviations and estimated errors and ioipgarto use the kind of error analysis developed here.

Let us see how this works for several simple cases.

5.1 Sum of Variables:z=w+x—y

In this case

ﬂ
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and therefore
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The relative error is complex.

5.2 Multiplication by a Constant: z= Cx

Here
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5.3 Product of Variables: z= xy

The partial derivatives are given by
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and we have, for the relative error (which is much simplehis tase
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The quotient of variables works out the same way (try it yelifs

5.4 Variables Raised to a Powerz = x3

This is a generalization of the product
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In general, itis possible to develop an error form for antaalby function of as many variables necessary with a bit tiEpae.

6 Significant Digits

The most common mistake students make is to report a numblertea many significant digits. Thprecisionof your
measurement is determined by the number of significantsthigit this depends on your measured quantities and theis.erro
Itis nonsense to report a measured value for the accelemdtie to gravity ag = 9.8103+ 0.05. The error would dictate that
the value be reported gs= 9.81+ 0.05. Furthermore, if you measure two quantites 3.251 andb = 2.2, their product can
only be reported to the smallest number of significant digits have measured (in this case @}; 7.2. Your calculator may
produce 10 digits, but they are meaningless unless all yeasorements have this many significant digss.careful!

7 Graphing

Scientists often try to present their results in a grapHaah because it communicates much more information thamzben

or a verbal description. The most common mistake is to ptasany graphs, resulting in a loss of meaning. Your job, as a
scientist, is to determine which graphs are absolutelysssag. Err on the side of too few rather than too many but males s
that you provide enough to make your case in the report. Asrdthportant facet of presenting data in the form of graphs
is to choose your axes correctly as to extract the maximuornmdition for discussion. An example of this can be found in
the sample laboratory “article”. Here we have measured ldqesed time for free fall from various heights. We chose ti pl
each data point rather than an average value for each haightgrror bars, of course) and we chose to plot the heigim fro
which the ball is dropped vers%ssz. This was done because we know that %gt2 for free fall and by using this choice of
abscissa, we can obtain a straight line fit to the data. 3iréiftes are easiest to fit with most spreadsheet programsamd
be easily confirmed by eye. The right choices can make for ehrbatter report, ask your Teaching Assistant for advice if
you are unsure.



8 Appendix: The Method of Quadratures

In the case where all the independent variables which maleeygir computer quantity are measured in multiple trials, it
possible to develop an expression for the standard dewiafithe computed quantity in terms of the standard deviaifdhe
variables. We start with the full differential expansiomg(ftion 5) and treat the quantitidg, dy, anddzas differences (Note

that for simplicity, we have dropped the dependencevdiut these results can be extended to any number of independen

variables). That is, the deviations of individual measuzata from the meamlx = x, — (x). In this context, we can define the
standard deviation of the computed quantity as (from Equat):
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Substituting Equation 5 for the quantity— (z), we obtain:
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We can expand the quantity on the right side of the equatiobtain
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If the independent variables are truly independent, thescterms such &gy, (X — (X)) (Yn — (y)) = 0 and we simplify, using
the definition of the standard deviation to
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and the quadrature formula for standard deviations is
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