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This experiment tests the theory for frustrated total internal reflection
using light in the visible spectrum. A decaying exponential relationship
between the intensity of a transmitted light beam and the distance between
two media was found. The results are relevant for an undergraduate optics
physics course or quantum mechanics course where it is analogous to
barrier penetration.

INTRODUCTION found that the intensity of the transmitted light
J. C. Bose was examining the wave naturencreases as the distance the wave penetrates into
of the radiation of microwaves in 1897. Histhe barrier regiorincreases. He also observed
experiment consisted of a beam of microwavethat the penetrated distance increases as the
directed at a right angle asphalt prism. Thadices of refraction of the two media decrelse.
microwaves were totally internally reflected by The transmission coefficient in terms of
the hypotenuse of the prism. However, when the distance between the two identical materials
second right angle prism was placed in contagtas found using Maxwell's equations. They were
with the first, hypotenuse to hypotenuse, the beanerified using centimeter wave radiation and the
of microwaves passed through. The distanoexperiment first used by Bose. Hall’s theoretical
between the two prisms was increased, but keptork was extended by Eichenwald, Foersterling,
significantly smaller than the wavelength of theand Arzelies. They examined the energy flow,
microwave. A portion of the beam wasand found that the evanescent wave decayed
transmitted through the prisms and across the gapponentially in the barrier? With the
between them. This confirmed the wave nature afevelopment of quantum mechanics, barrier
microwaves. penetration was found to be analogous to the
In order for this to occur, the wave passingrustrated total internal reflection of optics.
through the first prism must have penetrated into
the air gap between the prisms. When the gap THEORY
small enough, the wave is able to pass through the A beam of light that is incident on a
second prism as well. The wave that iseflective surface at an andewill be reflected at
penetrating the barrier of air between the twan angle 6, according to the Law of

prigms isdc?lfled t(?ehevanescent wavarniglia - Reflections, =6,. The angles are measured from
g.r;f I\/Ia? fe our? that evanescent wavers] areﬂ?me normal to the surface. Both the incident and
Irerent Irom homogeneous waves, Wnen Weafiacted beams of light lie in one plane, the plane

photoelectric emission of a bound charge is undefk incidence. However. if a beam of light is

the |nfllli|er“:e Otf %r] ec\l/argﬁscent wave. tal gincident on a surface that is not completely
1alt studie € gexperimental  andyafiactive, the beam will “bend” as it crosses the
theoretical ideas of the transmitted wave an{, nqary. The light does not actually bend, but
published it in1902" His method consisted of jts"sheed changes, resulting in the transmitted

introducing a third material identical to the flrstight traveling at a different angle, the
#ransmittance anglé. The medium that the plane

incidence lies in has the index of refraction of

., and the medium the transmitted plane is in has

(the prisms in Bose’s experiment) and placing i
very close to the first, creating a thin area betwee
the identical materials. The thickness of th
material between the two identical materials mu e index of refraction of n The angle of

be on the order of the wavelength of the wav cidence and the transmitted angle relate to each

used. The total reflection of light is frustrated. . P -
The materials used are assumed to be transpare(ﬁtlt.]er by their respective indices of refraction

Hall studied the distance that the wave penetraté§cording to Snell's Lawn, sin(g) = ngsm(et).

into the barrier with respect to the angle of In the case of internal reflection (where n
incidence and the polarization of the incidenn) all the incoming light is reflected back into the
radiation beam for several different materials. Héncident medium when the incident angle is
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greater than or equal to the critical angle, the prism to the glass flat through the liquid

(which is the incident angle for which thematerial, it will not deflect. In order for the

transmitted angle is equal to 90 degrees). transmitted light beam to exit the glass flat and be
While it does not appear that there is @bserved, a second prism needed to be attached to

transmitted wave, it does exist, it just cannot carrihe glass flat in the stationary holder. See Figure

energy across the boundary. The intensity, |, of. The second prism was the exact same as the

the transmitted light is given by first prism, and attached to the glass disk in the

) same manner.

| Oe %, (1) HeNe
where laser
ﬁz

2
a= 471nE)1‘—25in2 a-1g0, (2 Reflected I.’l_ncident
mn, 0 light beam‘ ! light beam

D is the distance between the two media, B Vo .’e} __Reflected
the wavelength of light in a vacuum. N light beam

So, if the angle of incidence and the s \ e
indices of refraction of the two media are known, A
the graph of the intensity of the transmitted light 1)
beam versus the ratio of the distance between two N

media to the wavelength of light would follow an

exponential decay. Equation 2 can be used to find sTransmitted

.
the value ofa which can be compared to a Bhoto j lght beam
calculated value from an exponential fit of a graph diodeD
of the intensity of the transmitted light beam
versus the ratio of the distance between the two -=——-Light beam
media to the wavelength of light. ————Normal
FIG. 1. This was the arrangement of glass flats, prisms,
EXPERIMENT HeNe laser, and photo diode. Some of the light from the

The method used consisted of two flatHeNe laser is reflected off of the surface of the prism while
glass Fabry-Perot mirrors (ﬁ:l 51509) secured the rest of it goes into the prism and glass flats. At the
into holders on a Hilger &Wétté translation stag' terface between the glass flat and the air of the gap, some
with their coated sides facing each other. Th&nts r?lﬂﬁge,\‘jlgﬁg's Griot HeNe laseh£633 nm)

lass flats were cleaned thoroughly using len - -
gaper so that there were no debrisgorglthe flgts. ag moved mlore fperpend_lcularl to thg glass d]lSkS’
make sure the flats were parallel to each other, at an ?n?t% of_aptpro_X|mat$_ﬁ/_ 10 eﬁrede_s trﬁm
Melles Griot HeNe laser was used to roughl)} € normai of @ HIrst prism. IS resutted in the
align them, followed by a Hydrogen-Deuterium r}mdent %ngle (lncklldent OB the mtehrface fr(l)m
source placed at the focal point of a lens. A filte aé? toof tthee 6}'.5;3 tb eea%aEns(iaé\get?]net gleagvsvot g %ZS
was placed in between the lens and the glass fla ater than the critical angle. This makes sense

which were aligned so circular fringes wer ecause in order for total internal reflection to

observed. As the flats were moved close "
. - . - “occur, the angle of incidence must be greater than
together, the interference fringes (which look lik r equal to the critical angle.

concentric rings getting smaller then disappearing, A photo diode connected to Hnited

while other rings appear on the outside) occur.

the point where the fringes stop, the distanc etector ‘I;]echnolog_y o%tokr]neter was ugelql r’:o

between the flats is approximately less than o easure the intensity of the transmitted light
eam. The photo diode was positioned so that its

half thexg%xg:Ienr%tﬂto;l]iglgt.prism was attached t%‘creen was perpendicular to the transmitted light

the glass disk in the movable translation hold eam, making sure that the whole beam was

; P : jitting the screen.
using decahydronaphthalene, a liquid material th . . : :
has a similar index of reflection as the prism an The intensity of the transmitted light beam

the glass. The decahydronaphthalene was ad t different distances between the glass flats was

; ; asured, starting when the glass flats were
g;ot% gyp(rjirsonp] lésr:ggtﬁér?ogsggﬁ etg t&? mgostﬁﬂg uching. Because Fabry-Perot flats were used,

tension of the liquid. The prism and glass flat will, intensity of the light increased, then decreased,
then act as a s?ngle materr)ial with th% same indeyc" increased again, then decreased again, and so

of reflection, so when the light beam passes fro as the glass flats were moved apart. The
-2
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reason for the interference fringes, and therefore -
the variation in the intensity of the transmitted 7 |
light beam, was the coating on the glass flats. The }
coating is partially reflective, so light bounces in 1
between the glass flats, only some of the light -
getting out each time. In order to compensate far
this while taking data, intensity measurements
were only taken at the peak intensities, when the '3
beam was at its most intense. While looking at 7

the screen of the photo diode, the distance -

between the glass flats was increased very slowly o T o e

until the intensity of the beam was at its greateSk,; , this is the araph of the second set of «
At this time, the maximum intensity reading an T grap

the distance between the glass flats were recorded.  The graph in Figure 2 is the intensity of

Then, the distance was again increased Vefje transmitted light beam plotted on a log scale
slowly. The intensity of the next maximum fringeqy the y-axis and the ratio of the distance, D
and the distance between the flats were recordggatyeen the glass flats to the wavelength of light.
The intensity for the fringes and the distancegpg general trend for the graph appears to be a
between the flats were recorded in this manngg, pje exponential. If it was a single exponential,
until there was little change in the maximumpen the data would form a linear pattern. There

intensity of subsequent readings. appears to be two different linear patterns for this
graph, one ranging from where D/wavelength is
DATA AND DISCUSSION zero to approximately 150 or so. The other linear

_The value for the angle of incidence in the,atiern ranges from where D/wavelength is about
first interface was found using geometry. A mete{sq through 750.

stick was placed a measured distance away from It is speculated that one exponential

the first prism, but not as far away as the HeNgnction describes the reflective coating of the
laser. The distance between where the light beaghpy-perot glass flats while the other describes
entered the prism and the zero point of the metghe jntensity of the light beam as a function of the
stick was the measured distance the meter sti¢kiio of D divided by the wavelength of light
was away from the prism. Knowing these lgor Pro 4.01 was unable to fit a
distances and the distance between the meter stigkistactory double exponential curve to this data
and the prism, the angle of incidence wagn jts own. So, one of the parameters of the
calculated to be 9.33 function needed to be set for it. Since one of the
The procedure that was used to take thexponential functions describes the intensity of
data necessitated the advancing of the distangght as opposed to the reflective properties of the
between the glass disks at a very slow speed % ss flats’ coating, Equation 2 was used to find
the advancing could be stopped at the maximutie value ofr. The value of alpha then relates the
intensity of the light beam hitting screen of thﬁntensity of the light beam to the ratio of D

photo diode. Since the maximum comes and gogs, i
so quickly, the instant that the maximum%EE/L%%gnbl)_/ the wavelength of light through

occurred, the intensity reading needed to be taken. The transmitted angle for the first interface
Instead of watching the photo diode screen to SBetween air and the first prism) was found using
when the maximum intensity occurred, thesne|'s Law, with the angle of incidence and the
intensity meter was watched. This allowed thg,gices of refraction as stated earlier. Using this
maximum intensity of the light beam reading to;ngle, the angle of incidence for the second
be made for each of the intensity fringes. Thgierface (between the first glass flat and the air of
second set of data taken verified that this procegse gap) was found to be 51.3 This angle is

worked because there were no outlying intensitye cessarily greater than the critical angle, which is
measurements. 41.3.

RESULTS
The value for the variable in Equation 1
was found using Equation 2 with the angle of
incidence and the indices of refraction for the
second interface (between the first glass flat and
the air of the gap) stated earlier. The calculated
- 3
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value ofa (a=7.92) allowed Igor Pro 4.01 to ‘Ghose, ParthaTesting Quantum Mechanics on New
find a double exponential function that fit theGround Cambridge University Press: Cambridge, England,
graph of the intensity of the transmitted light1999, p 29.

beam versus the ratio of the distance between tffearniglia, C.K. and L. Mandel, "Quantization of
evanescent electromagnetic waves,” Physical Review D. 3

glasslfla}tsltol tr!e yvav?lenqth, of Iilghlt (1), 280-296 (1971).
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FIG. 3. This is a plot of the second set of data. The ratio of
D to the wavelength of light is plotted on the x-axis and the
intensity of the transmitted light beam is plotted on a log
scale on the y-axis. A double exponential curve was fit to
the data:

D —0.006E

-7.92—
| =9.57x10% * +4.64e % +0.431.

CONCLUSION

This experiment yielded sufficient data
that supported the theory for frustrated total
internal reflection using visible light. Good
guantitative results were not obtained, but a
decaying exponential relationship between the
intensity of a transmitted light beam and the
distance between two media was found. In order
to yield accurate quantitative results, the distance
between the two glass flats needed to be
measurable at distances less than one wavelength
of light. The Hilger & Watts translation stage
used only had resolution to one micrometer
instead of ten nanometers (which would be a
sufficient division of the wavelength of light).
The translation stage was, however, able enough
to yield a good qualitative picture. Another factor
that halted a deeper exploration into the
transmission coefficients of the tunneled light
beam was the crude accuracy of tometer,
which measured the intensity of light.
Quantitative results may also be able to be
obtained with glass flats that did not have any
reflective coating on their surfaces.



