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We have developed an advanced undergraduate experiment to explore electric dipole radiation in the
optical frequency domain. A polarized laser beam is used to illuminate an aqueous suspension of
skim milk, and the light scattered from the suspension is measured in the plane perpendicular to the
laser beam as a function of the angleu with respect to the polarization direction and as a function
of the perpendicular distanceR from the laser beam. When the length of the scattering region,d, is
much smaller thanR, the measurements agree very well with the sin2 u/R2 dependence of electric
dipole radiation. Increasing the scatterer concentration increases the background of multiply
scattered light and decreases the degree of polarization of the scattered light with no appreciable
change in the observed sin2 u/R2 dependence. We discuss variations of the experiment for different
instructional needs and describe how an understanding of dipole radiation helps students to
appreciate a number of optical phenomena. ©2003 American Association of Physics Teachers.
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I. INTRODUCTION

Because of its abstract nature relative to mechanics, e
tromagnetism is usually considered to be more difficult
learn. Consequently, it is desirable to develop demonstrat
and laboratory experiments that vividly and effectively illu
trate various phenomena in electromagnetism. One such
nomenon is that an accelerated charge does not radiate i
direction of its acceleration. A related phenomenon is that
light scattered at 90° from an unpolarized beam becom
polarized. Still another one is that a charge rotating in
circle radiates circularly polarized electromagnetic~EM!
waves as observed from a point on the axis of the circle,
a linearly polarized wave when observed from a point in
plane of the circle. Understanding the physics underly
electric dipole radiation helps us to understand such phen
ena. Moreover, electric dipole radiation is the model for
strongest interaction between matter and light. For these
sons, it would be beneficial to have students perform a la
ratory experiment in which they can investigate dipole rad
tion.

The inspiration for the work described here came wh
one of us~NLS! was visiting a femtosecond laser pulse f
cility and noticed an interesting phenomenon. The path of
beam from a 5-W vertically polarized continuous wave arg
laser that was quite visible from the side becameinvisible
when observed from above the beam. This effect was v
intriguing for a few minutes; then it suddenly occurred to t
observer that the effect could be explained by the scatte
of light from the laser beam by air molecules acting as dip
radiators. The graduate students using the laser were s
cused on their projects that they had neither noticed
phenomenon nor could explain it. Although this effect is e
ily observed with a few watt argon laser in a relatively du
free room, we have subsequently found that a 50-mW po
ized He–Ne laser is sufficient for a visual demonstrati
With low power (,20-mW) lasers, this effect is barely ob
servable in air. To enhance this effect~especially with com-
monly available, few milliwatt lasers!, it is helpful to use a
medium that has a greater density of scatterers than a
readily available medium is an aqueous suspension of m
and we have found that using a 5- to 10-mW polariz
1294 Am. J. Phys.71 ~12!, December 2003 http://aapt.org
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helium–neon laser or even a diode laser~for example, a
hand-held laser pointer! is sufficient for a visual display in a
lecture demonstration.

We have developed an undergraduate laboratory exp
ment for quantitative exploration of electric dipole radiatio
in the optical frequency domain. In particular, a polariz
laser beam is used to illuminate aqueous suspensions of
milk. The resulting scattered light is analyzed for its angu
and radial dependence in the plane perpendicular to the l
beam. The experiment elucidates the main features of e
tric dipole radiation in a way that is easily observed a
could be used to augment the study of dipole radiation in
advanced undergraduate course in electromagnetism.
combination of rich physics and its easy observation led
to choose this experiment as the first of six experiments
we developed for a new undergraduate laboratory cours
modern optics.1 This experiment helped the students to u
derstand and appreciate many related phenomena that o
in subsequent experiments of the course.

Several light scattering experiments suitable for an
vanced undergraduate laboratory have been previously
scribed in the literature. Shaw, Hones, and Wunderlich st
ied the polarization of light scattered from an unpolariz
beam, but not the scattering of polarized light.2 There also
have been studies of scattering of polarized and unpolar
light from particulate suspensions with particle size grea
than the light wavelength based on an approximate form
Mie theory.3–6 The wavelength dependence of light scatt
ing has also been studied, both in the Rayleigh and M
regimes.7,8 Bohren studied the effects of multiple scatterin
which become significant only when the concentrati
and/or optical thickness of scatterers becomes large, with
help of a two-stream theory.9 The only study that we have
found that deals with the angular distribution of scatter
polarized light is by Georgeet al., who studied the scattering
of polarized light from gas atoms.10 This work, however,
contains a large discrepancy between theory and experim
which the authors did not explain.

In the following, we discuss the associated theory,
scribe the experiment, present the data, and discuss th
sults. We then discuss how the understanding of dipole
1294/ajp © 2003 American Association of Physics Teachers
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diation developed in this experiment can be applied to h
students build an understanding of related phenomena.

II. THEORY

We begin this section by briefly reviewing light scatterin
We then introduce the radiation fields produced by an e
tric dipole or an accelerated charge and describe the scat
light as the radiation from induced electric dipoles driven
the incident light.

Light scattering is so ubiquitous that virtually every asp
of wave optics is an example of scattering.11 In general, scat-
tering involves energy–momentum exchange between
systems while the two systems interact. The special cas
scattering in which there is no energy exchange is ca
elastic. Otherwise, the scattering is inelastic. Elastic sca
ing is useful for studying the size and spatial arrangemen
system constituents, as is the case of diffraction of light fr
slits or x-ray diffraction from crystals. Inelastic scatterin
often is used to study the internal dynamics~for example,
energy levels in an atom! of one of the systems if that of th
other is simple and known, as is the case for photolumin
cence and Raman scattering.

An atom not only scatters light but creates its own light
various characteristic frequencies. If the frequency of in
dent light does not match any of these characteristic frequ
cies, then the electrons of the target atoms are driven
forced oscillations about the positively charged nucleus
the electric field of the incident EM wave, that is, the ele
trons oscillate in the direction of polarization of the incide
wave with a frequency equal to that of the incident lig
These oscillating charges produce their own~electric dipole!
radiation, which is elastically scattered incident light. As t
frequency of incident light approaches one of the resona
frequencies of the atoms, the amplitude of oscillations of
charges and the probability of scattering becomes large.

The intensity distribution of light that is scattered depen
on the intensity, frequency, and state of polarization of
incident radiation and on the concentration, spatial arran
ment, size, and optical properties of the scatterers. The e
form of the angular distribution of the scattered light is go
erned by the superposition of the fields generated by
electric and magnetic multipoles induced in the scatterers
the incident light, and will in general depend on the state
polarization of the incident light. In dense uniform materia
such as transparent liquids and solids, that is, materials
atomic separations much less than the wavelengthl of the
incident light, the scattering of light is very weak. This
because the number of oscillators in a cube of linear dim
sion l is very large, and the wavelets that these oscillat
emit tend to interfere destructively in all except the forwa
direction.12 The phenomenon of forward scattering is an e
ample of coherent scattering, which occurs when the osc
tor spacing is much smaller than the wavelength of incid
light. Reflection and refraction at oblique incidence are a
special cases of coherent scattering.11 An example of a uni-
form, dense medium in which there is hardly any scatter
is pure water. However, the presence of density fluctuati
or of randomly located and sparsely dispersed~separation
much greater thanl! impurities in transparent liquids an
solids enhances light scattering. In this case, the lack
phase correlation among wavelets scattered from rando
distributed impurities results in incoherent scattering,
which the total intensity is the sum of the individual wave
1295 Am. J. Phys., Vol. 71, No. 12, December 2003
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intensities. For atomic or molecular scatterers with charac
istic sizes smaller than aboutl/20, the dominant part of the
scattered radiation at large distances (r @l) is the contribu-
tion due to the electric dipole part of the charge oscillatio
with a typical 1/l4 wavelength dependence and is call
Rayleigh scattering. This wavelength dependence lead
preferential scattering of blue light and is responsible
both the blue sky and the reddish-yellow sunrise/sunset.
for the same reason that a glass of water mixed with a
drops of milk acquires a blue tinge when observed at ang
greater than 90° from the direction of a flashlight beam pa
ing through the milk suspension. The remaining transmit
light then appears to have a yellow-red tinge.

If the size of the scatterers is comparable to or larger t
the wavelength (s'l), the contributions due to quadrupo
and higher order multipoles induced by the incident fie
have to be taken into account. These multipole contributi
change the wavelength dependence and angular distribu
of the scattered light.13,14As s increases, the wavelength de
pendence weakens. Whens'20l, there is hardly any wave
length dependence left, and the scattering is known as
scattering.15 Scattering from clouds, fog, or skim milk ar
examples of Mie scattering. The weak wavelength dep
dence of Mie scattering can be demonstrated with a glas
hot water fresh from a faucet in which tiny air bubbles a
present: it appears whitish until the bubbles escape. As
size of the scatterers increases further, the particles beg
scatter preferentially in the forward direction. If the conce
tration of these large scatterers is high, there will be multi
scattering~that is, scattering of scattered light! as well. In the
case where the scatterers are transparent, multiple scatt
is responsible for the bright whiteness of snow, salt, a
powdered glass~even from colored bottles!, all of which are
comprised of a dense collection of millimeter size transp
ent grains suspended in a transparent medium.9

In the rest of this paper, we assume that the size of
scatterers is small compared to the wavelength of the i
dent light, that is,s!l. Consequently, we limit ourselves t
the study of the electric dipole contribution to the scatte
light.

Electric dipole radiation. An oscillating, localized charge
distribution of sizes!l produces fields in the radiation zon
(r @l) that are given by the electric–dipole radiation fields16

E~r ,t !5
m0

4pr
r̂ÃF r̂ÃS d2p

dt2 D
t2(r /c)

G , ~1!

and

B~r ,t !5
1

c
r̂ÃE~r ,t !, ~2!

wherep is the induced dipole moment of the charge dist
bution andt2(r /c)[t ret is the retarded time.

For a single point chargeq, the dipole moment is given by
p5qs, wheres is the position vector ofq at timet. Equation
~1! may then be written as

E~r ,t !5
m0q

4p

@ r̂Ã@ r̂Ãa~ t ret!#

r
, ~3!

where a5 s̈5(1/q)d2p/dt2 is the acceleration of the poin
chargeq. We denote the component of the accelerationa that
is perpendicular to the field position vectorr by a' . The
1295Sharma, Behringer, and Crombez
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relationships betweena, r , and a' are shown in Fig. 1. It
follows that r̂Ã@ r̂Ãa#52a' , and the substitution of this
relation into Eq.~3! yields17,18

E~r ,t !52
q

4pe0c2

a'~ t ret!

r
. ~4!

The correspondingB field is obtained by inserting Eq.~4!
into Eq. ~2!.

If the direction of observationr̂ makes an angleu with the
direction of accelerationa as shown in Fig. 1, thena'

5a sinu and the magnitude ofE becomes

E~r ,u;t !5
q

4pe0c2

aretsinu

r
, ~5!

wherearet5a(t ret).
Now suppose that the chargeq is an electron in an atom

driven into oscillations about the positively charged nucle
by the electric fieldẑE0 cosvt of an incident light wave. If
we neglect damping, the equation of motion of the chargq
is

mz̈5qE0 cosvt2mv0
2z, ~6!

wherem is the mass andv0 is the smallest atomic resonanc
frequency ofq. A solution to this undamped driven harmon
oscillator is given by

z5
qE0 cosvt

m~v0
22v2!

, ~7!

as can be verified by substitution. Consequently, the ac
eration of chargeq at t ret is

aret5 z̈~ t ret!52v2
qE0 cosvt ret

m~v0
22v2!

. ~8!

For most transparent materials, the resonance frequencv0

@v, if v corresponds to the visible region. Therefore, if w
neglectv in comparison tov0 in the denominator of Eq.~8!,
we obtain

aret52
q

m

v2

v0
2 E0 cosvt ret. ~9!

If we substitutearet from Eq. ~9! into Eq. ~5!, we obtain

Fig. 1. The relation betweenaret5a(t ret), (aret)' , r , andE(r ,t) for an ac-
celerated chargeq. Note that the acceleration vector at the retarded timt
2r /c give rise to the electric field vector at timet; also,E(r ,t) is opposite
to (aret)' .
1296 Am. J. Phys., Vol. 71, No. 12, December 2003
s

l-

E~r ,u;t !52
v2

v0
2

r 0

r
sinuE0 cosvt ret, ~10!

wherer 05q2/(4pe0mc2) is the classical electron radius ifq
is the electron charge.

In a neutral atom with atomic numberZ, there areZ elec-
trons. If the wavelengthl of the incident light is much large
than the atomic size~dipole approximation!, all the Z elec-
trons are driven in phase and the resulting electric field
to an atom of atomic numberZ is

E~r ,u;t !52Z
v2

v0
2

r 0

r
sinuE0 cosvt ret. ~11!

The intensity distribution of the light scattered by an atom
dipole is then

I ~v,r ,u!5e0c^E2&5I incZ
2
v4

v0
4

r 0
2

r 2 sin2 u, ~12!

whereI inc5
1
2 e0cE0

2 is the intensity of the incident wave; th
factor of 1/2 arises from the time averaging of cos2 vtret.
Equation ~12! contains thev4 frequency dependence pre
dicted by Rayleigh.19 Note that the angleu is measured from
the dipole axis, which in our case is the same as the direc
of polarization of the incident light, that is, along thez axis.
The scattered intensity increases as sin2 u. A polar plot of this
angular distribution is shown in Fig. 2. Because of cylind
cal symmetry, the radiation is independent of the azimut
angle and the angular distribution in three dimensions
quires a doughnut shape that is obtained by rotating Fig
about the dipole axis. The oscillating dipole radiates m
efficiently around its ‘‘waist,’’ or equator (u5p/2); there is
no radiation along its axis (u50). The intensity of radiation
varies as 1/r 2 from the location of the dipole.

Equation ~12! describes the intensity distribution in th
radiation zone (r @l) which results from a single point di
pole or a finite size dipole source~of size d) that satisfies
d!l!r , as for an atomic or molecular dipole emitting vi
ible radiation. In the experiment described in Sec. III, ma
scatterers are illuminated by a polarized laser beam

Fig. 2. Polar plot of the angular distribution of electric dipole radiation. F
an accelerated chargep is replaced bya. The symmetry axis is the dipole
axis or the direction of acceleration for an accelerated charge.
1296Sharma, Behringer, and Crombez
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thereby contribute to the intensity of scattered light. To si
plify the analysis, we make two assumptions here. First,
detector area and the size of the scattering region are s
enough~compared tor ) so that the variation inr andu from
the detector to various dipole scatterers can be neglec
thus enabling us to use a common value of sinu/r for all the
dipoles, evaluated from the center of the scattering regio
the center of the detector. Second, the spatial distributio
the scatterers in the suspension is assumed to be random
random distribution of scatterers implies incoherent scat
ing ~no interference effects!, and the total scattered light in
tensity is simply obtained by multiplying the scattered inte
sity due to a single dipole by the total number,N, of dipoles
involved. We then obtain from Eq.~12! the total scattered
intensity

I ~R,u!5NZ2I inc

v4

v0
4

r 0
2

R2 sin2 u, ~13!

where we have replacedr by R in the plane perpendicular t
the beam, as in the experiments described in Sec III. A sm
detector with effective areadA and located at (R,u) will
then register an average power given bydP(R,u)

5I (R,u)dA"R̂, whereR̂ is the unit vector pointing from the
center of the scattering region to the center of the detec

III. EXPERIMENT

We used a horizontally polarized laser beam~with its E
field along thez axis! traveling vertically down along the (x)
axis of a test tube to illuminate an aqueous suspensio
skim milk and measured the angular and radial distributi
of light scattered into the plane perpendicular (yz plane! to
the beam. We also measured the degree of polarization o
scattered light as a function of concentration. Because
used a fixed frequency laser as the light source, we did
study the frequency dependence of the scattered light in
sity. In the following, we describe the equipment and pro
dures used to make the measurements.

To measure the angular distributions, we used an old pr
spectrometer with the following modifications~see Fig. 3!.
First, we replaced the prism table with a glass test tu
mounted in a cylindrical aluminum sleeve specially m
chined to snugly fit with the prism table holder. This mod
fication allowed us to align the axis of the test tube with t
axis of the spectrometer. Second, we removed the teles
in the rotating arm and replaced it with an assembly for
optical detector. This assembly consisted of a steel cylin
that snugly fit into the rotating arm, and two aluminu
pieces to support the Newport Model 818-SL detector t
was used with a Newport Model 840-C Optical Pow

Fig. 3. The polarized laser beam travels downward and impinges on
microscope slide covering the test tube. An old prism spectrometer t
holds the test tube in place and enables the rotation of the optical detec
the plane perpendicular to the beam.
1297 Am. J. Phys., Vol. 71, No. 12, December 2003
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Meter.20 An aperture, approximately 4 mm in diameter, w
attached to the detector to reduce the amount of stray l
entering the detector. The polarized beam was obtained f
a polarized He–Ne laser.21 The beam was directed verticall
downward toward the test tube by either mounting the cy
drical laser head vertically or by using a polarizing bea
splitter cube to deflect a horizontal beam into the vertica
downward direction. The beam was made to travel along
axis of the tube containing the aqueous suspension by ad
ing the two tilt screws in the laser mount. A homemade be
dump cavity consisting of a cylindrical aluminum tube and
1/4-in.-20 screw was placed on the bottom of the test tub
eliminate retroreflection from the bottom of the tube. A
shown in Fig. 4, the end of the screw is ground at an angl
diffusely scatter the beam into the cavity.

The test tube was filled to the brim and then covered w
a microscope cover slip to prevent focusing of the beam
the liquid meniscus and to decrease the rate of evaporatio
piece of black paper that extended beyond the cover slip
the test tube was wrapped around the output end of the l
to prevent light scattered from the edges of the cover
from reaching the detector. Finally, most of the test tube w
covered with black electrical tape except for a portion ce
tered on the axis of the detector. The length of the expo
scattering region was typically 3 mm, but was later vari
from 0.6 mm to 5 cm to observe the effect on the angular a
radial distribution of the scattered light. To measure the
gular distribution of the scattered light, the arm carrying t
detector was rotated in a horizontal circular path around
tube. The measurements were made at 5° intervals ov
range of about 250° while rotating the arm in one directio
The measurements were immediately repeated in revers
der while rotating the arm in the opposite direction. In th
way, the scattered power at each angular position was
corded twice, and these two values were averaged to c
pensate for any settling of the suspension, especially if it w
freshly prepared. The measurements were performed
completely dark room with the backlit power meter held u
der the table.

We measured the radial distributions using two sets
apparatus. The first set of apparatus consisted of the p
spectrometer and laser described above and an optica
with a component carrier. The Newport detector was
moved from the rotating arm of the spectrometer a
mounted on the component carrier, thereby enabling the c
trolled radial positioning of the detector. The detector ap

he
le
in

Fig. 4. Schematic diagram of the beam dump cavity. The cavity is m
from a cylindrical piece of aluminum and tapped for a 1/4-in.-20 screw
one end and with a through hole just larger than the laser beam on the
end. A screw that is ground at an angle serves to diffusely reflect the b
into the cavity and reduces the background light in the experiment.
1297Sharma, Behringer, and Crombez
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ture opening was carefully aligned with the exposed beam
the slit opening in the test tube using a second laser.
scattered power measurements were made at regular i
vals over a range of about 10 cm. The power at each ra
position was recorded twice: first, while translating the d
tector away from the test tube, and again while translat
the detector back toward the test tube. As before, the
measurements were averaged to compensate for any se
of the suspension while the data were collected over sev
minutes. The two readings were found to agree within 1%
the suspension was dilute~about 1%! and already settled
Although the Newport Power Meter can be used to meas
optical power as small as 0.1 nW, we could cover only
radial interval of about 10 cm before this limit was reache
Consequently, we used a second set of apparatus in w
the spectrometer was removed and the suspension car
test tube was mounted in a post holder on an optical rail.
Newport detector and power meter were, respectively,
placed with a photomultiplier tube and a hand-held dig
multimeter.22 The photomultiplier tube housing was attach
to a component carrier using a homemade coupling. Beca
of the higher sensitivity of the photomultiplier tube, we we
able to measure scattered light intensities over a radial in
val of about 50 cm. One or more variable apertures w
used to limit the size of the scattering region and the ang
acceptance of the photomultiplier tube. We us
Kaleidagraph23 to plot and to generate fits to the data.

The degree of linear polarization of the scattered light a
function of concentration was measured using the same
paratus as for measuring the angular distributions. The
gree of polarization is defined as (I max2Imin)/(Imax1Imin).
The corresponding scattered powers were measured in
direction of maximum scattered light (u5p/2) by mounting
a polarizer in front of the Newport detector and rotating t
polarizer to obtain the maximum and minimum power me
readings. The detector-to-beam distance was kept at 8.0
and only a 3-mm-wide portion of the test tube was unc
ered. The concentration was varied from 0.25 to 10%
volume.

The suspensions were prepared by mixing skim milk w
distilled water. Skim milk contains mostly water and soli
such as lactose and protein, and smaller amounts of mine
acids, enzymes, gases, and vitamins.24 Lactose, a disaccha
ride, is composed of the monosaccharides glucose and g
tose, each of which has a carbon ring structure. The lin
dimension of lactose is slightly less than 1 nm. Most of t
protein in milk is in the form of caseins, long chain mo
ecules that form micelles with diameters in the range of 1
300 nm, with a mean diameter of 15 nm.25 The mean diam-
eter of 15 nm is well belowl/20 for the He–Ne wavelength
of 633 nm and hence meets the criteria of Rayleigh sca
ing.

IV. RESULTS AND DISCUSSION

The initial angular measurements were performed with
a slit/aperture in front of the test tube, andd'5-cm-long
region of milk suspension~1% by volume! was exposed to
the detector, located a distance of 6 cm from the beam ce
As shown in the plot labeled~1%, 5 cm! in Fig. 5, the nor-
malized power data fit well toA1B sin2(u2u0) with a non-
zero constant offsetA. This offset, which is the minimum
scattered light, is about 18% of the maximum scattered
nal. Its nonzero value implies that some light is radiated
1298 Am. J. Phys., Vol. 71, No. 12, December 2003
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the direction of the dipole axisu5u0 . To understand the
origin of this offset, we first checked the purity of polariz
tion of our laser and found it to be better than 400:1.21 When
we repeated the measurements on 1% milk withd53 mm
~by wrapping black tape around the test tube except fo
3-mm region centered on the axis of the detector!, the offset
value decreased to about 6% of the maximum signal
shown in the curve labeled~1%, 3 mm! in Fig. 5. After
repeating the measurements withd53 mm but increasing the
milk concentration to 8%, the offset value jumped to 34
This result is shown in the curve labeled~8%, 3 mm! in Fig.
5. Because decreasing the exposed tube length or the
centration reduces this background, we conclude that a l
part ~though not all! of the constant offset arises from
multiple-scattered background light, that is, mostly the lig
from scatterers outside the region illuminated by the bea
From Eq.~4! we see that theE field of the induced dipoles is
horizontal, that is, in the plane containing the dipole and
detector and perpendicular to the detector axis. Therefo
sheet polarizer, with its transmission axis horizontal a
mounted in front of the detector, further reduced the ba
ground by allowing only the horizontally polarized light t
pass. This result is shown separately in the lower curve
Fig. 6 for d53 mm and a 1% milk suspension. The upp
curve shows the measured power without the polarizer w
an offset value of 6%. The offset with the polarizer~the
lower curve! is reduced to merely 2.3%~or 3% after dividing
by the transmission efficiency 0.76 of the HN-38 sheet p
larizer!. These curves are not normalized for the sake
clarity.

The value of the fitting parameteru0593.3° in Fig. 6
corresponds to the orientation of the dipole axes of the
duced dipoles, which is the same as the direction of po
ization of the laser beam as was verified by checking
beam polarization before it enters the suspension. As we
creased the concentration of scatterers from 0.25% to 1
for d/R50.05, only the value of the constant offsetA in-
creased with no change in the sin2 u angular distribution.
Evidence for this is shown in the fits for the 8% and 1
suspensions in Fig. 5.

Fig. 5. Plot of normalized power vs angle for three experimental situatio
The open symbols represent measurements and the solid curves rep
fits of the functionA1B sin2(u2u0) to the data. These data show the vari
tion of the offsetA due to either increasing the test tube slit size or
increasing the concentration of the aqueous suspension of skim milk.
concentrations by volume and the slit sizes are indicated.
1298Sharma, Behringer, and Crombez
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Next, we consider the distance dependence of the inten
of scattered light. These measurements were mainly don
the direction of maximum scattering (u590°) in order to
have the maximum signal reach the detector as the dete
was moved away from the test tube. Some sample fits to
data obtained with the Newport Power Meter are shown
Fig. 7 for three typical concentrations. These data were ta
with the test tube completely covered except for ad
53 mm section facing the detector. We could cover only
distance range fromR52 cm to about 12 cm in this cas
because the Newport meter could not discern small chan
in power with distance at larger distances. The data for

Fig. 6. Plot of power vs angle for a 1% by volume aqueous suspensio
skim milk, measured with~‘‘horizontally polarized’’! and without~‘‘total’’ !
a sheet polarizer in front of the detector. The open symbols represent
surements and the solid curves represent fits of the functionA1B sin2(u
2u0) to the data.

Fig. 7. Plot of power vs distance for three aqueous suspensions of skim
of different concentrations by volume. The symbols represent measurem
and the solid curves represent fits of the functiona/(r 1b)2 to the data. The
power measurements were made with a Newport Power Meter.
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three concentrations~and others in between! fit reasonably
well to I (r )5a/(r 1b)2. The parametera depends on the
beam intensity and the concentration of scatterers and h
different value for each of the data sets. In contrast, the
ting parameterb comes out to be the same,b52(0.67
60.03) cm for all three fits. Most of the negative offset~sys-
tematic error! in the distance measurements can be accoun
for as follows. To prevent stray light from entering the d
tector, the detector head was covered with black paper c
taining a 4-mm-diam hole in the center and situated appro
mately 0.9 cm ahead of the detector diode chip.
distances, however, were measured from the beam cent
the detector diode chip. It appears as if the detector chi
effectively located close to the 4-mm-diam aperture its
because the size of the aperture~4 mm! is smaller than the
chip size~about 1 cm!, and hence all the light that enter
through the aperture ultimately arrives at the chip and g
measured. We have consistently observed this apparent
in detector location in all the cases where we used an a
ture in front of the detector, including measurements empl
ing the photomultiplier tube.

The radial data in Fig. 8 were collected using a 1% so
tion with a photomultiplier tube and much smaller apertu
(0.6 mm30.6 mm instead of 3 mm slit! next to the test tube
to realize the conditiond!R even better. With the photomul
tiplier tube, we could cover a broader range of distan
~20–70 cm! because of its high sensitivity. Over this broad
range and with the smaller aperture, our data fit extrem
well to I (r )5a/(r 1b)2 with b52(0.7560.06) cm. For
these data, we did not use an aperture in front of the ph
multiplier tube. All distances were measured from the be
center to the axis of the photomultiplier tube. In our si
mounted photomultiplier tube, however, the cathode surf
was approximately 0.75 cm ahead of the photomultipl
tube axis, thus completely accounting for the fitting para
eterb50.75. We did notice a departure from the 1/r 2 radial
dependence as we increased the size of the exposed sc
ing region beyond a few millimeters and/or the detector w

of

a-

ilk
nts

Fig. 8. Plot of photomultiplier tube signal vs distance for different slit a
aperture arrangements, as described in the text. The signal was measu
u590°, the direction in which the intensity of the scattered light is a ma
mum. The symbols represent measurements and the solid curves rep
fits of the functiona/(r 1b)2 to the data.
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brought too close to the source ford!R to hold. An example
of this departure, whend55 cm, is shown in the secon
curve in Fig. 8.

To summarize, the measured angular and radial distr
tions of light scattered into the plane perpendicular to
incident polarized laser beam are consistent with the sin2 u/r2

dependence of electric dipole radiation. We conclude t
for a dilute suspension for which the individual scatter
satisfy the ideal dipole approximation (s!l), the radiation
from the macroscopic system of sized!R mimics dipole
radiation.

Finally, Fig. 9 shows how the degree of linear polarizati
of scattered light decreases with increasing concentratio
the scatterers. This depolarization of scattered light migh
expected for two reasons. First, if there is molecular anis
ropy, every scattering event will change the linear polari
tion of the incident light to an elliptical polarization. Secon
because of multiple scattering, which increases with the c
centration of scatterers, a given molecule may be driven
only by theE field of the primary light, but also by differ-
ently orientedE fields of scattered light from various direc
tions. Consequently, the electrons in the molecule will
brate more or less in all directions transversely to the line
sight from the detector. At very small concentrations,
scattered light is polarized horizontally as is the incide
light, and the degree of polarization in Fig. 9 is close
unity. As the concentration of scatterers is increased, m
and more vertically polarized scattered light is created,
the degree of polarization deteriorates. For similar reas
wax paper depolarizes the incident polarized light up
transmission. With a further increase in the concentrat
milk molecules start to coagulate, forming larger size sc
terers that scatter preferentially in the forward direction.
addition, a further increase in concentration results in
creased absorption. The end result of all these effects is s
ration of laterally scattered light. At high concentrations t
beam seems to disappear in a kind of fog.

V. APPLICATIONS

We now briefly describe other versions of the experim
to address different instructional needs. A lecture demons
tion version of the experiment has already been discusse
Sec. I. Measurement of the angular distribution can even
performed with an inexpensive photodiode detector26 and a
digital multimeter. In hindsight, we know that only a sma

Fig. 9. Plot of degree of polarization vs concentration by volume of milk
aqueous suspension. The solid curve, which is a second-order polynom
to the data, is a guide for the eye.
1300 Am. J. Phys., Vol. 71, No. 12, December 2003
u-
e

t,
s

of
e
t-
-

n-
ot

-
f

e
t

re
d
s,
n
,

t-

-
tu-

t
a-
in
e

portion (d!R) of the scattering region in the middle shou
be used and a horizontal polarizer should be mounted
front of the detector to reduce the multiply scattered ba
ground. Instead of skim milk, we can also use a suspen
of silver nitrate in distilled water. We used a drop of 5
silver nitrate solution in a test tube filled with distilled wat
and obtained results as good as those presented in Sec
We have not presented the silver nitrate results here in o
to avoid repetition, and because silver nitrate is not as rea
available as skim milk or milk powder.

There is a variation in which the prism spectrometer is
required. In this version, one rotates the beam polariza
instead of the detector to measure the angular distributio27

The beam polarization can be rotated by rotating a h
waveplate mounted between the laser head and the test
carrying the suspension. When a polarized beam pa
through a half waveplate whose optic axis is oriented at
angle f with respect to the input polarization, the outp
polarization of the beam is rotated by 2f with respect to the
input polarization~see Ref. 12, Chap. 8!. Of course, we
could directly rotate the laser head itself, but that is relativ
inconvenient. In this variation, only an optical rail is require
for both angular and radial measurements.

An interesting extension of our experiment would be
carry out angular measurements in a plane perpendicula
the direction of polarization of the laser beam, where
expect an isotropic distribution becauseu590° everywhere.
To perform this extension, we would need a spherical gl
container with flat end caps instead of a test tube. In ano
possible extension, the test tube carrying the milk suspen
could be replaced by a cylindrical vapor cell for studyin
scattering in gases.

Finally, we comment on how the understanding of dipo
radiation helped students to appreciate other related phen
ena. A directly related example that students encounter in
lab is the polarization of unpolarized light when scattered
90° from the beam direction. They check this polarization
replacing the polarized laser with an unpolarized one. If
take the beam direction along thex axis, the electric field of
unpolarized light will be oriented~though randomly chang
ing! somewhere in theyz plane and will drive the scattere
charges along its direction. If one is looking at light scatter
along they direction, the only light one will receive is from
the component of charge oscillation is in thez direction. This
light will be completely polarized along thez axis.

Another example of how dipole radiation is used occurs
the second experiment of our lab course, in which stude
measure the reflectance of polarized light from a glass
face as a function of incidence angleu i . For light polarized
parallel to the plane of incidence, they find that the refle
tance becomes zero at a certainu i5uB , known as Brew-
ster’s angle, that is,Ri(uB)50. It is important to emphasize
here that while the transmitted light is mainly the incide
light plus some light generated by the oscillations of char
in the glass, the reflected light is entirely created by the gl
charges only. If these charges happen to vibrate in the di
tion of the expected reflection, there would not be any refl
tion because the charges do not radiate EM energy in
direction of their vibrations. That is exactly what happens
u i5uB , because at this angle theE field of the transmitted
beam that drives the glass charges is in the direction of
pected reflection. AtuB then, the transmittance become
100%. This phenomenon is used in Brewster’s windows

l fit
1300Sharma, Behringer, and Crombez
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polarized lasers.~This phenomenon is very rare, and the on
other example occurs at the critical angle where the refl
tance becomes unity; it is the basis of step-index fiber
tics.! For unpolarized light incident atuB , the reflected light
will come only from vibrations of charges driven by theE
field perpendicular (E') to the plane of incidence, and it wil
be completely polarized perpendicular to the plane of in
dence.

Note thatRi andR' are continuous functions ofu i , with
the same value atu i50 ~there is no difference between pa
allel and perpendicular polarizations atu i50), and both ap-
proaching unity atu i590°. But becauseRi drops to zero at
uB , R' is much greater thanRi , especially arounduB . For
this reason, rainbow light is polarized tangential to t
bow—horizontally near the top and vertically near the tw
lower ends. Sunglasses~polarizers with their transmissio
axis vertical! eliminateE' which is horizontal when reflec
tion occurs from a horizontal surface such as sand or w
on a beach.

Similarly, the intensity and the polarization of radiatio
from nonrelativistic charges undergoing uniform circu
motion can be predicted using dipole radiation concepts.
a charge moving along a circular trajectory, the centripe
acceleration vector of the charge also undergoes a circ
motion. If we remember thatE}a' , the E vector of the
radiation field observed at a distant point on the axis of
circle, also will undergo a circular motion about the ax
giving rise to circularly polarized electromagnetic radiatio
On the other hand, the radiation field observed at any dis
point in the plane of the circle of the rotating charge will
linearly polarized along the diametric projection of the c
cular trajectory as seen from that point. This linear polari
tion is observed because the projection of the rotating ac
eration vectora along a diameter of the circular path is a
oscillating vector. For charges moving in a circle at relat
istic velocities, as in a synchrotron, the low-speed dough
pattern sin2 u angular distribution becomes distorted to
sharply peaked ‘‘headlight’’ in the direction of the velocity.28

Similarly, the low-speed doughnut pattern of a charge ac
erating or decelerating~as in bremsstrahlung! in its direction
of motion is tipped forward more and more and increase
magnitude as its speed approaches that of light.29 At this
point, students can be introduced to bursts of polarized e
tromagnetic waves from astronomical objects such as pul
and spiraling electrons trapped in radiation belts surround
the planet Jupiter.

Phase changes on reflection of polarized light from a
electric surface can similarly be explained. For perpendicu
polarization there is an instantaneous phase change ofp on
reflection because of the negative sign in Eq.~4!: Eref(r ,t)
}2a'(r ,t)}2Einc(r ,t). For the parallel polarization ther
is a phase change ofp only whenu i becomes greater tha
uB . This is due to a reversal in the direction ofa' at uB .30

Finally, as discussed earlier, thev4 dependence of the dipol
radiation explains the blue color of the sky away from t
sun and fiery sunrises and sunsets. On the other hand, i
absence of an atmosphere, the lunar sky is pitch-dark.

VI. SUMMARY

We found that the measured angular and radial distri
tions of light scattered by aqueous suspensions of skim m
into the plane perpendicular to the incident polarized la
1301 Am. J. Phys., Vol. 71, No. 12, December 2003
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beam are consistent with the sin2 u/r2 dependence of electric
dipole radiation. We are led to conclude that if the individu
scatterers of a random collection satisfy the ideal dipole
proximation (s!l), then the radiation from the whole co
lection of macroscopic sized!R mimics dipole radiation. In
the limit d!R, the sin2 u/r2 dependence is found to hol
over a range of concentrations~0.25 to 10%! except for an
increase in the background due to multiple scattering.

In addition to presenting variations of this experiment th
may serve different instructional needs, we have also s
gested some possible extensions. Finally, a number of
amples related to this study have been discussed.
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