Introductory Optics

MIT Department of Physies
(Dated: April 3, 2007)

The purpoae of this experiment 18 to give yon practice in optical measurements in a astudy of
three fundamental phenomena of geometrical and physical optics: image formation, interferencoe
and diffraction, and polarzation. You are expected to dig most of the relevant theory out of the
referenees, perform data analysis to learn about errors, and write a paper aboat it

1. PREPATORY QUESTIONS

l. Imape formation: (a) Proedict the relation be-
twoern the measured mapge distance £ and object

distanee s for a lens with focal length 10 cm in the
form of a plot of £ against 5. (b)) If the object is

12.0 4+ 0.5 cn sway, whoere would you Bind the im-
ape with 68% probability”

2. Interference: A narrow beam (diameter =2 1 mm)
of plane waves of wavelength 632.8 nm from a laser
is incident on a reflection grating (sce Figure 2 be-
low) at a grasing angle of o« LO*. The grating
has penodie prooves separated by 0,06 cm. The
riefloctoed bemns strike a seroen onented perpendic-
ular to the plane of the grating and located 200 cm
from the arca of reflection. Prediet the pattern of
bright spots on the sereen. Give the intensity pro-

file: of a double slit of HS0pm slit width separated by
100pm on A sereen lm away for an incident laser

operating at 632.8 nm.

3. Polarization: A parallel beam of light of intensity
Io passes through two wdeal hnear polanzens with
thoir transmission asxes rotatod through an angle @

with respoect to one another. Predict the intensity
I{0) of the cmergent beam as a funetion of the angle

# in the form of a plot of T against 0.
4. Read section 131 of Referenoe [l] (available from

the Junior Lab E-Library) and desceribe in general
terms how a laser works., Desonibe, quantitatively,
the difference in ontput betwoeen a | mW HelNe laser
and a 100 W incandescent hghthbalb.

9. Having two lenses of 50 and 5 cm focal length, de-
scribe bow yon would build a telescope. Give a
guantitative sketch and caleulate the magmbeation.

CAUTION While optical equipment is senerally
not hazardous except when it involves high-power
or hirh-intensity light sources, it is frequently
frapile. Take special care not to drop optical com-
ponents, set them down so their surfaces can be
marred, or touch their surfaces with your fingers.
Also, treat the HeNe lasers with respect; remem-
ber that the beam can travel to all parts of the
room 50 be copnizant of who might be affected.
Be particularly aware of potential reflections fromn
objects located at some distance away from the
experiment. Be sure to make use of beamstops.

2. IMAGE FORMATION

The lens cguation for an ideal thin lens 15

1, 8 -
5 F

whore 5 and £ are the distances of the object and 1magc
from the center plane of the lens, nespectively, and f s
the focal length. The focal leneth s a property of the
lens that depends on its shape and composition.  The
sipn of & 1 positive if the dircction of propagation of
the light 5 from the object to the lens; the sipn of £ 1
poesitive if the light propagates from the lens to the meage.
This relation holds for convex, or “positive™ (f = 0],
lensaes andd for concave, or “negative”, lenses (f < 0).
The sarme: cqguation and sipn conventions also describe
the object-image relations of coneave (f = 0) and comeex
(f < 0) spherical mirrors. An image is called real ifE = 0,
virtual if £ < 0. Note that if an imapge s virtual, the ight
o= not pass through it. Other desagnations you moght
come seross are Cplano-convex” or “bi-convex” referming
to whether or not both lens surfaces possess curvature.
Typically, plano-convex lenssas are wsexd when imagEinge: an
object located an infimity and bi-convex lenses are usod
when s/t < 5

2.1. Observing Heal lmages

Set up a 40-watt frosted-balb heht souree illominating
the object (an arrow-cross works well), a *positive’ {con-
vex or bi-convex) lens, and a frosted glass viewing sereen.
From the optics rack, sclect a lens of focal length = 5 40
cm.! Project an image of the objoct onto the frosted
glaes and vary the positions of the clements until it s
“sharp” . Exmmine this moapge with another more power-
Ful lens (e, shorter focal length lens) used as s magni-
fving plass, Remowe the screen and examine the nagc
plane in cmpty space dircctly both with your naked cye
and with a magnifying plass. Desenbe your observations

! This is casily checked o Grst order by holding up the lens in
front of a window and noling the distanee ol which an olsject al
infinily (g o peighboring boilding) s [oosesd gpon o paeo: of
while paper.
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i your lab notebook with carciully drawn ray diagrams
that show the critical rays from the souree throngh the
lens to the image on your cye'’s retina (your oye is A cam-
cra). Use a straight cdge and a schematic “object™ in
the form of an arrow with its foot on the optical axs, as
lustrated in Figure 1.

2.2. The Focal Length of a Lens

Tabulate a =series of messurcments of the object-lens
dhstance, s, amnd the lens-image distance, £, at six differ-
ent positions.  For cach paar of measored  values com-
pute amnd tabulate as voun go along the corresponding
values of i according to the lens cguation.  Estinatao
and record the error (measurement uncertainty ) of cach
si and ;. Keep the random error (from at least 10 re-
peated measurements) separate from the systematic or-
rors (uncertainties in the exact location of lens oonter,
cte.) amd give an cstimate of the total ermor cxprossed as
J =5 X140 4 rays. As you go along, plot 1/5; against
1/t; in your lab book next to the accumulating table of
measurernents. In the data sanalysis apply the techmegues
of error propagation {(consult Reference [2]) through the
lens ogquation to ind the errors 1m0 the caleulated walues
of ;. Finally combine vour individoal messurements of
i to obtain a bost estimate of the lens’s focal length and
the error. The sample mean g and error of the mean o of
a set of measurements x; cach with its crror o arce given
by the formulas in [2]

Yoxifo”
A E J-,I'r'l'-"'z 2 {E:]

g ﬁ (3)

In carrving out a sct of measurcments like those above
it 15 penerally wise to explore as wide a range of the var-
ables as you can, even thougeh the fractional meassurcment
uncertaintios may be relatively larpe at the extremes. Roe-
member o, and oy are obtained from repeated, imdepen-
dent (your partner) measurements. IF you kecp s Hxoed,
vou pot g only! Make sure you have > 10 idependent
measuremnents at one or more set of [H,_: E,,}.

2.3. Moeasuring Magnification

The rys that go through the conter of an ideal (i
negligible thickness) thin lens, from whatever part of the
object they anse, are not bent. From thes fact it 15 ob-
vions that the magmibeation of a lens 5 M ki f 8.
Make a measurcment to test this, Given a magmifyving
glass of 3= power, observe your image and evaluate the
total magmuheation of this “microscope” .
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3. YOUNGS'S INTERFERENCE EXPERIMENT

The onginal cxpernment by Young in 180D, “dis-

proved” Newton’s particle theory of ight by demonstrat-
ingE wave interference. Note today’s “wave-particle dual-
ism”, where photons and clectrons (de Broglie) all can

behave like waves or particles. In LS00 the souree of heht
to tlluminate the two pinholes was itself 2 pinhole ilom-
nated by sunlight (why was the first pinhole csential?).
To et interference all three pinholes have to e quite

small, 50 the resulting fringe pattern = very famt. With
A laser as the bt source the experiment does not reguire

a first pinhole (why?) and is casy to do.

For your imterference experiments, s metal slides
manmufactured by Loybold-Didactic company (which can
be wdentifiesd by the “LID7 in the upper left and the
“469927 in the wpper right). The measurcments of
the shit widths and spacings should be specificd on the
back of the shdes. Mount a laser to the optical rail
amd direct the laser beam paralle]l to the optical rail
amd onto the small screen at a distance of ~ lm. BE
SURE THAT YOUR BEAM DOESN'T ENTER
ANYONE ELSES WORK SPACE! USE BEAM-
STOPS! Attach the laser (or the slits) to the l-axis
translating stage (4 0.2 inches) mounted on the optical
rall. Mount the diffraction grating “transparcncy”™ i the
“plate holder™ and position it into the beam close to the
laser s0 the beam illuminates both slits. Do you see two
mterferenee patterns?  If so, make sure you anderstand
which s which., Obeserve and measure the interference
fringes on the screen. The imterference pattern s small,
=0 you will probably need to measure it wsing a8 gaupc
micrometer over a fow penods. You should also stick a
small piece of white paper on the sereen and meark the
poeations of the Imopoes on the sheot with a penal. Be
sure to tape the paper into your notebook as data! Moea-
surc the distance from the shits to the projection screen
or detector. Determine the wavelength of the laser hght
from vour data, and assess the error.



Fl(:. 2: Sehematic diagram of a reflection grating and repre-
aentative incident and reflected raye.

3.1. DNultiwave Interference

ReHection and transmission gratings produce the phe-
nomenon of “mmlt-wave” interforence which s cmployed
in grating spoctrometers for the analysis of atomic spoec-
tra. (Mical gratings gencrally have many grooves per
mm, typically 600 to 3600 mm ', and are commonly
used near normal incidence. Howewver, a reflection grat-
g with only a few grooves per cm can be used at a
small prazing angle of incidenee to produce the same phae-
nomenon Oof multiwave interference.

This toechmigue = specially usclul e the X-ray region
of the spectrum, where wavelenpths are of the order of
A reflectivity is vanishingly small except for very small
pracing angles of inadence, and transmesson gratings for
X-ray speotroscopy must have =2 30,000 groves em ' with
no X-ray absorbing material in the openings.©

A machinist™s steel rule with a periodic enpraved sealo
makes an cifective grazing meidence reflection grating for
visible laser light. Following a procodore deseribed by
[3], you can determine the wavelength of a laser beam by
making a fow simple measurements with such a rale. Fig-
ure 2 depicts a grating that consists of alternate stnops of
higrh and low refectivity matenal running perpendicalar
to the page. Also shown are two parallel rays of an mei-
dent plane wave and two reflected, nearly parallel, s
of the Hoypens wavelets sproading from reflection points
separated by the distance 5.

At a given spot toward which the rays arce comerping
on & distant seroen, the amplitudes of the two Huypeens
wavelets will interfere constructively provided the differ-

2 Sawch gralings are now being manubetured for X-ray astoonomy
ab Lhe MIT Microstnetures Laboratory. Dillcetion of X-rps
from ruled gratings al grazing incidence is of fopdamenial m
porbance in Lhe absolole delerminalion of Lhe wavelengihs of
X-ray emission lines which can then bae used in Brage reflecbion
resasurenents Lo delermine Cthe siees of Gl anil cells of crpstals
and Lhe value of Avigmudro's munbeer!
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FIG. 3: Arrangement for messuring the interference pattern
of parallel light reflected from a raled grating.

enee in the path lengths along the rayvs from the inoadent
plane wave front represented by the line ac s an integer

number of wavelengths, e

oo 1) = nA. (4)

S(eoes o

For smmall angle this cquation can be approximated by

gt -t

S5
2

LA (5)
Since the amplitude of every wavelet that contnibutes

to the optical disturbance at the spot on the seroen can
b paired up with another cmeanating from a point a dis-

tance S away, the condition for constrmctive interferenee
must hold for all the hght that reaches the spot. From
Foguation 5 one can cxpect to obserwe a series of spots
on the sereen at positions correspomnding to the reflection
angrles.

o = =2 } a2 (6)

The experniment consists of measuring: o and Gy for n
1,0,1,2.3, ... amd checking: the constancy of the

2 z
quantity 5 (FT“:} which 15 & measure of the wavelength
of the light. (A more complete theory of the multivave
interference is given in Appendix A

g1 1. Mulfiwawe mierference - Procedure

Mount the laser amd a steel roler on the optical rail
separated by ~ (L. Tilt the ruler shightly so that the
besun strikes the 17327 (or finer) scale at graczing inci-
dence near the tip of the roler, allowing a portion of the
beammn to cscape relection. Place a sereen at a distance of



