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We have developed an experimental apparatus that makes it possible for students to make detailed
quantitative measurements of the Fresnel reflection coefficients for the reflection of light from a
plane interface. The experiment is made possible by the linear polarization, and impressive power
stability, exhibited by visible and near-infrared diode-laser modules, and it has been a very effective
addition to our sophomore electromagnetism laboratories. ©1999 American Association of Physics
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I. INTRODUCTION

When a beam of light encounters a plane interface
tween two dielectric media, it generates outgoing reflec
and refracted beams. For at least three centuries, stud
have been made familiar with thedirectionsof these outgo-
ing beams, and have had opportunity to investigate the
miliar laws of reflection and refraction that relate the ang
involved. But few students have been able to investig
quantitatively theintensitiesof the outgoing beams, despit
the rather dramatic angular and polarization dependencie
these intensities. We report here an experiment that ma
accessible to sophomore students in electromagne
courses not only the familiar ‘‘kinematic’’ properties of th
angles of reflection and refraction, but also ‘‘dynamic’’ pro
erties such as the reflection coefficients. The experimen
veals to students the importance of unexpected polariza
phenomena in a familiar environment, and the data it p
duces can be compared in detail with quantitative predicti
of historically important theories of light. The experime
also introduces students to some up-to-date technique
optics, and adds some refreshing novelty to an otherw
too-familiar investigation of well-established laws.

The experiment we report here has been made possib
the availability of low-cost visible and near-infrared diod
laser sources which deliver beams of light with good co
mation, very impressive power stability, and intrinsic line
polarization. We have adapted disused force tables, s
trometer tables, and optical elements to provide an arena
the reflection and refraction phenomena, and have used
cost silicon photodetectors to permit quantitative measu
ment of the relative powers of the incoming and outgo
beams.

The theoretical computation of reflection coefficients
light at a plane interface is a standard exercise in upper-l
electromagnetism texts,1 and methods for generalizing th
computation have appeared in this journal.2 Though the mea-
surement of Fresnel reflection coefficients has become
basis of the whole field of ellipsometry, there are few expe
ments adapted for student use that introduce this part of e
tromagnetic theory; one exception in this journal is Drive
paper3 describing a method of using a wide-area beam
sodium D-light to deduce the angular dependence of
Fresnel reflection coefficients. This paper is a modern la
realization of the same goal, and we will show that the use
606 Am. J. Phys.67 ~7!, July 1999
e-
d
nts

a-
s
te

of
es
m

e-
n
-
s

in
e

by

-
r
c-
or
w-
e-

r
el

he
i-
c-

f
e
er
f

diode-laser techniques materially simplifies the data-taki
and the conceptual accessibility, of the experiment we
scribe.

In this paper we review in Sec. II the history, and t
results, of electromagnetic theory’s prediction for partial
flection of light at a plane dielectric interface. We describe
Sec. III the apparatus and methods we have used to m
these theoretical predictions accessible to experimenta
vestigation by undergraduates, and in Sec. IV we pres
some of the possible results that can be readily obtained
Sec. V we contemplate other capabilities of the appara
and summarize our results.

II. THEORY

Though nearly every student knows that light can bere-
fractedwhen crossing from one transparent medium into
other, some students think that the entire transparenc
both media forbids anyreflectionat such an interface. Nev
ertheless the myth of Narcissus makes it clear that the p
nomenon of partial reflection of light at the plane interfa
between dielectric media has been known for millennia. T
degree to which light is reflected at such an interface was
subject of a great deal of discovery and research in 19
century physics, and it might be profitable here to review
chronology of discovery that lies behind what are now cal
the Fresnel reflection coefficients.

We may begin with the invention, by Thomas Young
1802, of a wave theory of light to account for ‘‘Newton’
rings,’’ and the discovery, by Malus in 1809, of the pheno
enon he called ‘‘polarization’’ of light. It is interesting to
note that the production of~partial! polarization of light in
Malus’s observations was due to oblique reflection at an a
glass interface, and interesting too to note that these phen
ena were immediately interpreted in terms of a transve
wave theory. By 1815 Brewster had announced the total
larization of light reflected at the angle since named a
him,4 and had also formulated some empirical formulae
the reflection coefficients at general angles. The Fresnel
mulae still known by that name were published in 1825,5 and
were derived on the assumption that light could be mode
as the propagation of a single transverse displacement i
elastic solid, the ‘‘luminiferous ether.’’6
606© 1999 American Association of Physics Teachers
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In fact Fresnel’s derivation was not the result of a fu
mechanical theory applied to the elastic-solid hypothe
rather, in the words of E. T. Whittaker,6

His method was to work backwards from the known
properties of light, in the hopes of arriving at a
mechanism to which they could be attributed... . The
‘displacement’ of Fresnel could not be a displace-
ment in an elastic solid of the usual type, since its
normal component is not continuous across the in-
terface between the two media.

Instead, the two boundary conditions that Fresnel used
equivalent to the assumption~1! that the tangential compo
nent of the displacement is continuous across the interf
and ~2! that energy is conserved at the interface.

Nevertheless the theory gave the now-familiar resu
Given a beam of light propagating from one medium of
fractive indexn1 to another of refractive indexn2 , and form-
ing angles~measured with respect to the normal! of u1 and
u2 in the two media, then the fraction of energy reflected
the interface is predicted to be the reflection coeffici
R(u1 ,u2), whose form depends on the orientation of t
‘‘displacement’’ with respect to the plane containing the
cident, reflected, and refracted beams. In the case tha
displacement is assumed to be perpendicular to the p
containing all the beams~s polarization!, the prediction is

Rs~u1 ,u2!5S sin~u12u2!

sin~u11u2! D
2

5S n1 cosu12n2 cosu2

n1 cosu11n2 cosu2
D 2

,

~1!

whereas if the displacement is assumed to lie in the pl
containing all the beams~p polarization!, the prediction is

Rp~u1 ,u2!5S tan~u12u2!

tan~u11u2! D
2

5S n2 cosu12n1 cosu2

n2 cosu11n1 cosu2
D 2

.

~2!

Here the anglesu1 and u2 are not independent, but are r
lated by Snel’s law,

n1 sinu15n2 sinu2 . ~3!

The form of Eq.~2! immediately explains Brewster’s law
since at the angle defined by

u11u25
p

2
, ~4!

the reflection coefficient for thep polarization is predicted to
vanish. It is not clear when the quantitative predictions of
reflection coefficients, Eqs.~1! and ~2!, away from Brew-
ster’s angle were first confirmed to contemporari
satisfaction.7,8,9 What is clear is that the matter was regard
as settled long before the formulation of Maxwell’s electr
magnetic theory for light. This was published in finish
form only in 1864, and led to the celebrated prediction
the velocity of light in free space; but it did not lead imm
diately to a rederivation of the Fresnel equations.10 As Whit-
taker says,~see Ref. 6, Chap. VIII!:

It may seem strange that Maxwell, having success-
fully employed his electromagnetic theory to ex-
plain the propagation of light in isotropic media, in
crystals, and in metals, should have omitted to apply
it to the problem of reflection and refraction.
607 Am. J. Phys., Vol. 67, No. 7, July 1999
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Once again, the problem lay in boundary conditions; Ma
well ‘‘was not able to satisfy himself regarding the cond
tions which should be satisfied at the interface between
media.’’ Textbooks nowadays derive these boundary con
tions directly from Maxwell’s equations~continuity of the
tangential components of the fieldsE andH, and of the nor-
mal components ofD andB!, where the electric field of the
light plays the role of Fresnel’s ‘‘displacement;’’ then a
suming thatE of the light lies perpendicular to the plan
containing the light beams yields Eq.~1!, while assumingE
lies in that plane yields Eq.~2!.

It is worth pointing out to students that the Fresnel form
lae which are the subject of this laboratory exercise were
derived from Fresnel’s transverse-displacement theory wh
we now regard as supplanted, and that the succe
transverse-electromagnetic theory of Maxwell made no n
prediction for the coefficients. To knowledgeable stude
this will help to illustrate the problem of the ‘‘underdeterm
nation of theory by data’’ that is of such concern to philos
phers of science.

III. APPARATUS

The goal of this experiment is to provide to students, ty
cally in sophomore-level laboratory courses in electromag
tism, the apparatus required to measure experimentally
values of the Fresnel reflection coefficients, for one wa
length, over a wide range of angles and for both states
polarization. There are further desiderata, including that
equipment should be reliable, simple, and robust; happ
these goals can all be met at reasonable cost.

A. Light sources

Our experiments depend on beams of collimated li
from diode laser sources, of nominal wavelengths near
or 780 nm in the red and near-infrared~IR! spectral regions,
respectively. The beams carry total power of 3–5 mW,
collimated to a few milliradians’ divergence, and have
cross-sectional area of about 2 mm34 mm. From a student’s
perspective, they form a fair approximation to an idealiz
‘‘ray’’ of light; but they are of sufficient area and collimatio
that their partial reflection are well approximated by t
Fresnel coefficients derived for plane waves of infinite tra
verse extent. The choice of wavelength is somewhat a
trary; since the 670-nm laser beams are visible, they m
the apparatus easier to align, and the measurements eas
perform. The 780-nm laser beams, because they are ne
invisible,11 add some complication to the setup and measu
ment, but also add a certain novelty to the experiments;
dents tend to enjoy working with the IR beams.

A bit of detail about the properties of diode lasers w
help to explain the features of the light beams important
this experiment. Laser radiation in these devices originate
a waveguide structure of transverse dimensions of or
1mm33mm, and length about 0.2 mm, buried inside a sem
conductor chip in turn mounted inside a windowed packa
These laser packages also contain an internal photod
used to monitor the power output of the laser. The elec
magnetic wave that propagates inside the waveguide st
ture is linearly polarized, so the laser output is nearly 10
linearly polarized at birth. But because of the tiny transve
dimensions of the waveguide structure, the output diver
dramatically and unsymmetrically, with angular full-width
half-maxima of order 20°360° in two transverse angles
607Dekkeret al.
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Thus diode laser sources are nearly always placed at
focal point of a lens of short focal length, typically yieldin
a beam well collimated in angle, but of elliptical cross se
tion. The character of the waveguide mode inside the di
laser is such that the electric field vector of the light li
along the short axis of that ellipse; this is not in any se
obvious to students, and in fact the experimental data
Fresnel reflection, together with an interpretation based
Maxwell’s theory, provides the empirical confirmation
this statement.

The output wavelength and power of such a diode-la
source depend on both the temperature of, and the dc cu
passing through, the semiconductor chip. There are two w
often used to control a diode laser. First, if the diode lase
temperature and current are both kept controlled, then b
the output power and wavelength will be stable; this is
common control system used when both the intensityand
wavelength of the laser must be controlled precisely. A s
pler and more direct alternative chosen for our experime
uses the signal from the internal photodiode to stabilize o
the output power of the laser, using a feedback loop to v
the diode-laser current to compensate for changes that w
otherwise be caused by temperature~this is known as auto-
matic power control or APC!.12 This choice leaves the diode
laser wavelength subject to temperature changes, but the
of shift is only about 0.3 nm/°C, which is perfectly tolerab
for this experiment. In either method, the diode-laser out
may also possess multiple longitudinal modes, spaced a
0.2 nm away from the dominant wavelength, but again
the purposes of this experiment, the output may be take
be monochromatic. The actual wavelength emitted may a
be several nanometers longer than the nominal wavele
of the device; students may in fact be motivated to meas
the actual wavelength by a suitable diffraction-grating e
periment.

Since diode-laser modules are now familiar items of re
commerce, it is worth mentioning a few features of the s
tems used here. The modules commercially available h
been designed to accept power from a dc source of 3–6
and are often engineered to be supplied by batteries~as in
common laser pointers!; but since batteries’ finite lifetimes
are a nuisance, we have instead arranged to power the m
ules by wall-transformer units as shown in Fig. 1. Dio
laser devices are notoriously vulnerable to damage by
verse voltage, or excessive current, and even when prote
by the APC circuits hidden inside the modules they can s
be damaged by transients; this is the motivation for
simple Zener-diode circuit shown in Fig. 1. Since the mo
ules are typically cylindrical in cross section, we have bu

Fig. 1. The electrical circuit used to operate a visible diode-laser mo
from a wall-transformer power source. The wall transformer delivers
unregulated dc supply at the required current of about 60 mA; the res
and the 5.1 V Zener diode regulate this to some extent. The resistor is p
in the negative lead because the positive lead of visible diode-laser mo
is typically in common with the module’s case.
608 Am. J. Phys., Vol. 67, No. 7, July 1999
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aluminum blocks of square cross section, and mounted
laser modules inside with their polarization vectors lyi
parallel to one pair of edges of the square.13 Thus packaged,
the modules are robust enough for students’ use; the focu
lens in front is left adjustable, but the power setting is fixe

It is worth mentioning here why familiar helium–neo
lasers are not good choices for optical sources in this exp
ment. These devices operate on an atomic neon trans
with wavelength fixed at 633 nm, and emit a beam of cyl
drical symmetry and good optical quality, but they donot
display constant output power. Typical HeNe lasers are ‘‘u
polarized,’’ and in fact display a time-varying mixture of tw
linear polarizations; HeNe lasers forced to operate in o
linear polarization~by a Brewster plate internal to the las
cavity! are also available, but both types display competit
among multiple longitudinal modes. As a result, the outp
power displays a marked time variation, typically of ord
610% on a time scale of about a minute, related to
thermal expansion of the cavity. Naturally, one could us
two-detector geometry in an experiment, and normalize
these variations, but that would considerably complicate
experiments discussed here. In addition to these essentia
ficulties, HeNe lasers are also disadvantageous in t
greater bulk, expense, and fragility, leaving diode lasers
the clear choice for light sources in these experiments.

B. Light detection

The experiments discussed here require that the powe
various optical beams be measured. Happily, measurem
of the absolute power is not required, since the theoret
predictions for reflection coefficients are the ratios of tw
measured powers; thus expensive laser power meters ar
required~although a calibrated power meter is handy for in
tially setting the power output of the laser!. All that is needed
is a device which is polarization and wavelength insensiti
but which produces an output proportional to incident opti
power. This need is very well met by a simple siliconp-n
junction photodiode~better known in its application as a
energy-generating ‘‘solar cell’’!. Under illumination, such
devices produce a short-circuit current which is very ac
rately linear in the optical power absorbed, with a convers
efficiency described very nearly by one electron–hole p
produced per photon absorbed. The main inefficiency is
loss, to reflection, of the incident light; but if the photodiod
is used near normal incidence, this loss is a polarizati
independent constant fraction of the incident light. As a
sult, a given photodiode can be treated as a converter f
optical power to dc electrical current, with a fixed and u
derstandable conversion ratio.

In our experiments we have used simple and inexpen
unencapsulated photodiodes with large enough active are
capture on the photodiode the whole of the laser beam
that we measure total power rather than power per u
area.14 We incorporate these photodiodes directly into
metal structure that clamps them into proper position on
optical tables we’ve chosen. Our devices display a conv
sion efficiency of about 400mA ~550 mA! of current per
milliwatt of incident optical power, representing about 74
~87%! quantum efficiency for the 670-nm~780-nm! system.
Using diode laser modules of under 5-mW total power yie
dc currents in the 0–2 mA range. Thus the entire ‘‘detec
circuit’’ consists of attaching the photodiodes to the input
a digital multimeter used as a 2-mA dc ammeter; there is
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amplification, bias supply, zero offset, or power sour
needed. Our digital multi-meters have~on this range! an in-
put impedance of 100V, small enough that the meter dis
plays very nearly the current that the photodiode would
liver in a true short circuit.15

With this detector setup, it is easy to verify that the pow
stabilization of commercial diode lasers is very good inde
for the modules we’ve used, with the power supplies no
above, the signal resulting from sending the full laser be
into the detector is typically near 1.4 mA; after a few mi
utes’ warm-up, this current exhibits a stability of61 mA
over a time scale of seconds to hours.16 Thus there is no
need, in our experiments, for frequent checks of the ‘‘f
scale’’ reading of the lasers. As a further convenience,
find that, under perfectly adequate illumination of our lab
ratory by fluorescent lighting, the ‘‘background’’ light inten
sity on the detectors produces a signal of only 10–20mA.
This represents less than 1% of the total light signal,
since the precision obtainable is higher still, and since
zero offset may vary as the detectors are aimed in diffe
directions, we instruct students to take readings in pairs,
fering only in that the laser beam is blocked near the la
source for one of the readings.17

C. Angle measurement

A final part of our experimental apparatus is the arena
which we hold the laser source, the optical element, and
detector. In the 670-nm experiment, we have adapted s
old force tables of diameter 40 cm for this purpose, sin
these are marked with a 0–360° angular scale easily rea
an accuracy of about 0.5°. To hold the laser sources, we h
built ‘‘arm’’ structures which rotate about the vertical sha
supporting the horizontal tables; these allow the angle
incidence of the optical beam to be varied at will, meanwh
ensuring that the laser beam remains aimed at the cent
the table, and propagates horizontally about 5 mm above
table surface. On the table surface, we can place a varie
optical elements, insuring that the plane interface illumina
by the incoming beam lies right at the center of the opti
table. At the edge of the table, we can position white pa
cards~to note the angular position of incoming or outgoin
laser beams!, or clamp the detector structures mention
above~to measure the optical power!.

In the 780-nm experiment, we use an old spectrome
table with peripherals removed which has been adapted
this experiment~see Fig. 2!. It was chosen mainly because
provides a convenient and precise means of measuring
angles. The slit and objective arm have been replaced
60-cm-long aluminum arm which holds the laser light sou
described above. The eyepiece arm has been replaced
second aluminum arm, also 60 cm long, which holds
light detector. As the detector arm is rotated about the ce
of the spectrometer table, the angles can be read with
deg precision from the vernier scale which is inscribed in
base of the spectrometer. The spectrometer’s prism has
replaced by the dielectric plane surface, which is a 1-
diam by 1-cm-thick disk of quartz, Pyrex™, Plexiglas™,
other material held in place on the prism platform by a t
axis mirror mount which facilitates setup and adjustmen
The relatively large thickness was chosen to allow for a cl
differentiation between reflections from the front and ba
surfaces of the disk.

For both experiments, we view it as an important pe
gogical point that the entire experimental arena is free of
609 Am. J. Phys., Vol. 67, No. 7, July 1999
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device that looks like the ‘‘Polaroids’’ that students associ
too exclusively with polarization phenomena. Naturally t
laser sources are producing nearly 100% polarized light,
this is not at all obvious to the naive user; naturally t
oblique incidence of this light on a plane interface produc
angle- and polarization-dependent reflection coefficients,
we leave the discovery of these facts as a surprise for
students.

D. Safety

Finally, it is worth considering the ocular-safety issu
associated with this laboratory. Compared to the familiar 6
nm wavelength of HeNe lasers, the human eye is l
sensitive18 to radiation at 670 nm by a factor of about 5, an
at 780 nm by a factor of 12 000, so that the sources use
these experiments are more powerful than they appear to
Nevertheless it is easy to ensure that the laser sources ca
used with safety, provided only that all users are instruc
~and all apparatus is arranged! to avoid pointing a collimated
beam into anyone’s eye. The applicable safety standard19 at
670 nm for exposure of indefinite duration is an upper lim
on flux of 63mW/cm2: Thus a full laser beam of over 3 mW
falling on an eye is clearly unsafe; but if that same 3-m
beam falls onto a white card which diffuses the light overp
steradians, the bright spot is safe for viewing of indefin
duration even at a card-to-eyeball distance of 3 cm. Beam
780 nm fall into a different safety classification, and here
applicable safety standard for exposure of indefinite dura
is an upper limit on flux of 465mW/cm2: Thus a full laser
beam of over 3 mW falling on an eye is again unsafe; bu
that same beam falls onto a white card which diffuses
light over 2p steradians, the bright spot is safe for viewing
indefinite duration even at a card-to-eyeball distance of o
1 cm. To meet these safety standards, we arrange the op
tables such that all the beams involved stay in a horizo
plane well below chest height, we warn students about
hazards of specular reflecting surfaces, and we instruct
dents on the safety issues involved, so as to prevent the
rect encounter of the collimated laser beams with anyon
eyes.

IV. RESULTS

We now describe two kinds of experiments that this s
of experimental apparatus makes possible: The first requ

Fig. 2. Experimental apparatus for the Fresnel reflection experiment u
the 780-nm diode laser. An old student laboratory spectrometer has
adapted for this purpose. It provides a convenient and precise mean
measuring angle of incidence for the laser beam. The dielectrics used
quartz, Pyrex, or Plexiglas. For each measurement, the position of the
is kept fixed, the detector is placed at the desired angle of incidence, an
dielectric is rotated to give maximum intensity.
609Dekkeret al.
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a special sort of optical sample, and takes angular data
refraction, and intensity data for reflection; the second
quires only a plane interface, and takes only intensity dat
reflection.

The first experiment is motivated by the existence of ite
common to ‘‘blackboard optics’’ kits; the samples used a
right semicircular cylindrical prisms made of glass or plas
and in this experiment they are used with the center of
plane face of the prism placed right at the center of the
gular arena. With this geometry~easily aligned by requiring
laser light incident from the 0° position to be reflect
straight back to the laser!, the light refracted into the prism
emerges purely radially at the semicircular surface of
prism, and thereby suffers no additional refraction upon
iting. The angular position of the refracted ray can thus
read at the periphery of the angular table. Thus far such
experiment is a traditional test of Snel’s law, moderniz
only by the use of a beam of laser light; the added featur
this experiment is to measure the intensities of the incid
and reflected rays.

Our method of choice is to measure the intensity of
incident ray by removing the prism entirely, and allowing t
laser beam to propagate across the diameter of the force
to the photodiode detector. The current resulting~corrected
for the current generated by room light! is a measure of the
optical power that would result from a 100% reflection of t
light at a surface at the center of the force table. Now w
the prism replaced at the center of the table, we choose n
measure the intensity of the refracted ray~since this is sub-
ject to additional Fresnel-reflection losses upon exiting
sample, and absorption losses inside the sample!; rather, we
measure the intensity of the reflected ray, at the edge of
force table, using the same detector on a beam that has
eled the same distance as in the measurement done o
incident beam. The ratio of photodiode currents~each of
course separately corrected for ambient room light! is then a
direct measurement of the reflection coefficient of the pla
interface, for the wavelength, angle, and polarization use

The refraction data obtained by this method is wholly t
ditional, and ranges over angles of incidence from270° to
70°; we have students plot the data they obtain on vari
scales, including u refracted vs u incident, tan(urefracted) vs
tan(uincident), and sin(urefracted) vs sin(uincident). Typical data
plotted in the last of these ways is shown in Fig. 3. The p
also shows a linear fit, whose slope, according to Snel’s l
gives the inverse of the refractive index of the prism for t
wavelength used~nominally 670 nm!. The resulting index of
refraction, n51.5160.01, can then serve as the measu
value of the input parameter in the Fresnel equations,
according to Fresnel’s theory it ought to predict fully th
results for reflection coefficients.

The novel feature of this experiment is the reflectio
coefficient data that it provides, and some data for angle
incidence from 10° to 85° are shown in Fig. 4. The two s
of data plotted differ only in the rotation through 90° of th
block containing the laser module between the two sets
readings; we find that the students are best surprised if
are guided to take first the datanot exhibiting the Brewster-
angle zero. The quite different results obtained for the t
orientations of the laser source illustrate as clearly as p
sible that effects attributable to polarization are dramatica
visible in an experiment that uses no Polaroids or other o
‘‘polarization components.’’ Overlaying the data in Fig.
are the curves predicted by Fresnel’s theory, evaluatednotby
610 Am. J. Phys., Vol. 67, No. 7, July 1999
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fitting using any adjustable parameters, but rather by ev
ating the Fresnel predictions using the index of refract
deduced from the angular data in the refraction meas
ments. The agreement between the theory and the mea
ments is intended to show students that a single param
called the index of refraction, fully characterizes not on
angular properties of refraction, but also intensity propert
of reflection. The apparatus described is clearly able to m
sure reflection coefficients over the wide range of 0.005
0.5 or higher, and the measured coefficients for one of
polarizations clearly support the existence of a null reflect
at Brewster’s angle. The detailed agreement between
and theory is not perfect, however; the reflection coefficie
measured are systematically a bit smaller than those
dicted by theory. Nevertheless the agreement is quite s
ing, given that Fig. 4 is a comparison between data a
theory using no free parameters. We attribute the imper
tions of the agreement between data and theory to the im
fection of the glass prism used; the plane surface of the pr

Fig. 3. Angular data obtained using 670-nm laser-beam illumination o
right semicircular prism, plotted so as to reveal Snel’s-law behavior. T
slope of the best-fit line~0.660! gives the ratio of indices of refraction of ai
and of the glass of which the prism is made.

Fig. 4. Reflection-coefficient data obtained using 670-nm laser-beam
mination of the plane interface between air and the glass prism used in
3, plotted as a function of the angle of incidence, for two orientations of
~linearly polarized! laser source. Overlaying the data are curves genera
from the Fresnel reflection formulae, evaluated not by best fit but rathe
using the index of refraction deduced from the refraction data shown
Fig. 3.
610Dekkeret al.
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is not polished to optical-imaging standards, and striation
the surface cause visible imperfections in the reflected be
so that it is plausible to attribute to scattering some of
deficiencies in the measured reflection coefficients.

The second sort of experiment involves no refraction d
at all, and obtains only reflected-intensity data, making
of any sample with one plane surface. Again the appara
makes it possible to measure, at the wavelength of the l
used, and for the two orientations of the laser source,
reflection coefficients applicable at the air–sample plane
terface. All that is required of the sample is that any refl
tions from its back face, or other faces, be separable from
main reflection from its front face, and that its face be lar
enough fully to contain the laser beam’s area even w
illuminated obliquely. A wide range of samples fulfill thes
conditions, including exotic ones such as semiconductor
fers, gem stones, nonisotropic materials such as calcite,
In Fig. 5, we show a typical data set for this experiment fro
the 780-nm setup obtained for reflection from the front s

Fig. 5. Typical experimental results for the Fresnel reflection experim
with l5780 nm. The value ofn shown on the plots is the result of th
one-parameter fit described in the text. The theory curve~the solid line! is
generated using the fit value forn. The triangles show experimental value
In both cases the actual index of refraction ratio isn/nair51.4540~wherenair

was measured in a separate experiment!. ~a! Results forp polarization~elec-
tric field parallel to the plane of incidence!. ~b! Results for thes-polarization
mode~electric field perpendicular to the plane of incidence!.
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face of a 1-cm-thick disk of quartz. The solid curves on the
plots are the results of one-parameter fits to the experime
data using the software programMAPLE ~version 3!. Data
have been normalized by the intensity measured atu1590°
with the quartz disk removed. The major sources of error
the measurement of the relative intensity come about fr
uncertainties in the angle of incidence, and fluctuations in
laser intensity, which when combined result in an uncertai
of about 0.5% in the relative intensity. We have found tha
straightforward method for performing this nonlinear
which is accessible to undergraduate sophomores is to in
duce the chi-squared function for the curve in question. R
writing Eq. ~1! or ~2! in terms of onlyu1 and n5n2 /n1 to
obtainR(u1 ,n), we have

x25(
i 51

N
~Ri~u1!2R~u1 ,n!!2

s i
2 , ~5!

whereRi(u1) are the measured values for the relative inte
sities,s i are the uncertainties in those measurements, anN
is the number of data points. We letMAPLE take the deriva-
tive of this function with respect ton, then usingMAPLE to
evaluate this derivative, find the value ofn for which the
derivative is nearly zero, minimizing the deviations betwe
the fit and the experimental data. Reduced chi squaredxn

2

5x2/(N21), for these fits are typically between 1.0 an
1.5. The uncertainty inn is given by20

dn5Axn
2 F(

i 51

N S 1

s i

]R

]n D 2G21/2

, ~6!

where R5R(u1 ,n), and the factor in front of the squar
brackets represents the correction todn in cases wherexn

2

.1. In the data shown, the values for index of refracti
found are 1.449660.0090 and 1.455060.0055 ~for the p-
and s-polarized case, respectively!. In both cases the actua
index of refraction ratio isn/nair51.4540~wherenair is mea-
sured in a separate experiment!. These results clearly illus
trate both the precision and the accuracy that can be obta
with this experiment.

There are no doubt many other experiments beyond th
two sorts that can be performed with this apparatus; we ha
for example, used the semicircular glass prisms to perfo
experiments ininternal reflection, in which we can take dat
both short of, and beyond, the critical angle. We have c
templated reflection experiments on anisotropic materials
metallic reflecting surfaces, or on sample surfaces with t
dielectric coatings. All of these experiments have a pla
somewhere in the electromagnetism curriculum, but we h
found the experiments of either type described above
accessible to sophomore-level students, and can be re
performed in a 2- or 3-h laboratory period. Since the ap
ratus required is not expensive, and since the experim
illustrate some features of considerable conceptual and p
tical importance, we feel that this exercise in Fresnel refl
tion serves as a valuable addition to our electromagnet
laboratories.

V. CONCLUSIONS

In summary, we have described how the introduction
diode-laser light sources, and simple but very effective p
todetectors, into otherwise familiar experiments on reflect
and refraction, can revitalize these experiments and ma

t
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i-
ally enlarge the scope of the phenomena they can reveal
find that an otherwise mundane laboratory exercise mea
ing the ‘‘kinematic’’ angular properties described by th
laws of reflection and refraction is changed dramatica
when ‘‘dynamic’’ intensity properties can also be measur
We find that the use of diode-laser sources offer a good
to surprise students with the unexpected properties that a
in an environment seemingly lacking polarization comp
nents. We find that photodiode detectors offer an easy wa
make measurements of light intensity, and that a simple
paratus is sufficient to provide an arena in which the det
of the Fresnel equations for reflection coefficients can
studied. At rather low cost, an otherwise aged experiment
easily relegated to ‘‘ray optics’’ can be turned into a sligh
glamorous laser-based demonstration of unexpected p
ization properties of light and a test of some of the dynam
predictions of Maxwell’s theory; given the importance
electromagnetic theory in physics, engineering, and tech
ogy, this seems to us to be an important pedagogical
provement.
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