Direct visualization of evanescent optical waves
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The existence of evanescent optical waves is usually demonstrated by the observation of transmitted
light in frustrated total-internal-reflection experiments that make use of two closely spaced prisms.
The main characteristic of a monochromatic evanescent plane wave is the exponential decay of its
amplitude in the direction perpendicular to its surface of generation. This decay, however, is not
what is seen in the usual experiments when the gap between the prisms is small. Only when the gap
is sufficiently large does it gradually approach the exponential dependence. We use a different
technique that uses a local probe to reveal the presence of an evanescent wave. The results come
closer to the ideal of the exponential decay of the wave amplitude, and the presence of the
evanescent wave can be seen directly, making it a suitable demonstration for pedagogical purposes.
© 2003 American Association of Physics Teachers.
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I. INTRODUCTION the gap. This simplification only becomes approximately
valid as the gap width is further increased which, in our
It may be argued that the existence of evanescent opticalpinion, makes frustrated total internal reflection a less use-
waves was first demonstrated in the work on frustrated totaflul candidate for demonstrating the properties of evanescent
internal reflection by Isaac Newtdreven though he strongly waves. To obtain a simple exponential distance dependence,
opposed the notion of waves in optics. With the techniqueve should ideally do away with the second medium and try
used by Newton it became possible to observe the transmise access the generated evanescent wave in a more passive
sion of light across a narrow gap that separates two planemanner. Hafl saw no way to reduce the influence of the
parallel surfaces of dielectric mediprismg when a beam of second medium on the field distribution, and thereby verify
light is incident at an angle that exceeds the critical angle imjs predictions for a single evanescent wave at optical wave-
the first medium. The reason Why the term frustrated is USE[éngths, a|th0ugh he did demonstrate that a field was present
is that the I|ght will be tota”y intel’nally reflected at the first beyond the boundary of total internal reflection. Other
interface, and no light will be transmitted to the observer,gthor€ have confirmed the presence of this field by use
unless a second medium is present in the vicinity of the firsg¢ absorption techniques. Studies aimed at observing
one. Thus, the presence of the second medium_ is necessaryt presence of a single evanescent microwave have been
reveal the presence of the evanescent wave field. realized by use of a local detector probe in order to perturb
Many experiments have been performe.d to examine .thﬁnd thereby modify the evanescent wave field less than
transmission properties of frustrated total internal reflectloquth an extended medium as prob€uriously, these authors

.(se.e Refs. 2—)5.incl_uding its erendence on the_ an_glel OfWrote that “this kind of detector probe cannot be imagined
incidence, polarization, gap width, and the refractive |nd|cesat optical wavelengths.” Such a probe of evanescent

of the three-layered structure. Initially, some confusion ap-, .o\ fields has, however, already been realized with
pears to have existed as to the suitable definition of an un;

ambiguous penetration depth of the evanescent wave field..?e technlque O.f scanning near-field optical microscopy
n the configuration often referred to as a photon scanning

was deterr_nined. by gradually increasing the gap Widt-h unti{unnelin microscope or a scanning tunneling optical
no transmitted light could be wsually_observed, and it was icroscg 89 Unfortﬁnatel ox erimen?s with theg,e kri)nds
therefore concluded that the penetration depth depended . pe: ) Y, Exp . .

of microscopes typically depend on a high level of technical

the polarizatiof and intensity* of the incoming light. Even- . . : ; .
tually, a proper theoretical analysited to a simpler defini- expertise and instrumentation that is probably not readily

tion of a penetration depth without contradicting the already"“""‘”"jlble to students. On the other hand, it is essential to
established results. have physics students become familiar with the concepts of

A common feature of most frustrated total internal reflec-8vanescent waves because in recent years there has been
tion experiments is that the intervening gap is exceedingh@ large glcr)owth_ in their applications such as in optical
narrow (typically only a fraction of the wavelengtiin order Imaging°and integrated optical componerits.
to assure a relatively large transmission efficiency. In this In this paper we provide direct experimental evidence of
case, however, the intensity of the transmitted light does ndhe presence of an evanescent wave by incorporating a local
display a simple exponential dependence on the gap widttprobe to perturb and thereby allow the observation of the
Obviously, the presence of the second medium alters the coffield similar to the techniques used with near-field optical
figuration to such a degree that the experiment does nanicroscopy. Our approach also provides sufficiently strong
merely illustrate the presence of a single evanescent wave srattering of light to be observed directly by the eye or a
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Fig. 1. Schematic of the experimental setup used. P: polarizer, BS: beam splitter, S: sensor of reference beam, MS: circular microscope sEgeX¥ith pri
YY': motion axes of the stage, ST: separate stand, L: light prgb&he angle of incidenceayp: the angle of rotation of the microscope stagethe angle
between the prism hypotenuse and the’Xaxis, WS: wall scale for measuring the angle of incidence.

camera. To our knowledge, this type of direct demonstration,

A
suitable for educational purposes, has not been carried out d(¢)= —————. 2
previously. 2mynZsirf o—1
The intensity of the evanescent wave is
Il. THEORETICAL BACKGROUND I(y)=C|A|2exp( — 2y/d), ®)

We study the total internal reflection of a beam of light atwhereC is a constant for a given polarizatiér®
the inner surface of a prisitsee Fig. 1L For simplicity, we The evanescent wave of E@l) will be probed in our
do not take account of the finite width of the incident beam,experiment, and we expect our results to agree with the in-
but simply consider the total internal reflection of a mono-tensity dependence expressed in 8). Obviously, how ac-
chromatic plane wave at a glass—air interface. Thus, the s@urately our results are in agreement with E8).depends on
lution for the fieldE beyond the surface is that of a single how well Eq.(1) expresses the actual field in the system. The
evanescent wave as described in most textbooks on optiggesence of a probe or a second prism as in standard frus-
(excluding its time dependenc¥ trated total internal reflection perturbs and thereby modifies
_ . _ the field. We shall make the assumption of a passive probe

E(x,y)=Aexpikx)exp( —y/d), @ which has been found to be adequate in many instances of
wherek=(2n/\)n sing is the component of the wave vec- near-field optical microscopy when the sample is a
tor parallel to the interface) is the vacuum wavelength of dielectric* This assumption simplifies the theory consider-
the light, andn is the refractive index of the prism. The ably and is consistent with the experimental results.
vector amplitude of the transmitted field, depends on the
amplitude and the polarization of the incoming field, and they;; APPARATUS AND METHOD
angle of incidencegp, but only the latter enters into the ex-
pression of the field penetration depth,defined by The experimental setup is shown in Fig. 1. The linearly
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Fig. 2. Microscopic photographs of the scattered light produced by the interaction of the probe with the evanescent wave field. The lower imagjeeof the pr
is the direct one, while the upper one is produced by reflection at the surface of the prism. The probe-to-surface distance has been decreasethgradually
series of imagefa—(d)]. Images(d) and(e) have been obtained at the same probe-to-surface distance, but with the laser illumination on and off, respectively.
The distance between the two line markers isdf. The small circle ine) indicates the area imaged on the radiometer sensor used when estimating the
intensity of the evanescent wave.

polarized beam from a 10-mW HeNe laser\ ( To better observe the scattered light produced by the in-
=0.6328um) is incident on a right angle high quality BK-7 teraction of the probe with the evanescent wave, the micro-
prism (n=1.515) which is fixed on a glass substrate andSCOPe was equipped with a 20objective (NA=0.4 and
mounted on the stage of a measuring microsdm Carl WD=3.3 mm) and a video camera together with a TV moni-
Zeiss Jenn The angle of incidence on the hypotenuse facdor (not shown in Fig. 1 for simplicity Using the conven-

of the prism is chosen to be only slightly larger than thetional under-the-stage illumination, two images of the probe
critical angle of~41.30° to assure a large penetration depthare produced as shown in Fig. 2. One is the direct image,
of the evanescent wave, and thereby reduce the demands fahereas the other image results from reflection on the hypot-
accurate positioning equipment. The probe of the evanescegnuse surface of the prism. Note that even though the prism
wave is the carefully rounded tip of a th{n-50 um) steel ~ surface cannot be distinguished in the figure, the simulta-
wire mounted on a separate stand. This blunt probe ensuregigous appearance of two probe images permits an easy mea-
relatively large volume of interaction with the evanescentsurement of the probe-to-surface distangeyhich is equal
wave in order to produce sufficient light scattering for ourto half of the distance between them. When the probe is
observations, and it is less vulnerable to damage than theithin a few microns from the surface of the prism, light
narrow fiber tips commonly used in near-field optical micros-appears at its apefsee Fig. 2 This is scattered light pro-
copy. The position of the prism with respect to the probe isduced by the perturbation of the evanescent wave by the
controlled by moving the microscope stage along:thexis  presence of the probe, and hence it becomes more pro-
at divisions of 3um (after modification, along they axis at  nounced as the probe-to-surface distance is decreased further.
divisions of 10um, and rotated at divisions of 0.1°. Both the As expected, the bright areas are composed of interference
x-axis translation and the rotation have been motorized fofringes because of the coherent illumination. We should men-
accuracy and convenience. Angular increments down tdion that to avoid extraneous light scattering, great care
0.017° are readable by use of the displacement of the spshould be taken to eliminate dust contamination at both the
produced on the opposite room wall by the totally internallyprism and the probe, and it proved necessary for us to clean
reflected bean(Fig. 1). This readable angle on the wall cor- them several times in the course of the experiments.
responds to an angular resolution of approximately 0.010° Probe-to-surface distance measurements were carried out
for the angle of incidence at the hypotenuse face of then the TV monitor during the playback of a video recording.
prism. To adjust the probe-to-surface distance, the prism igVith the distance calibrated by use of a micrometric reticle,
moved with the stage along theaxis, but inclined at an the conversion from monitor to object plane was found to be
angle ofe=10°, so thatAy=tan(10°Ax~0.176\X. 0.584 um/mm (corresponding to an overall image magnifi-

672 Am. J. Phys., Vol. 71, No. 7, July 2003 D. A. Papathanassoglou and B. Vohnsen 672



I3
(au.) { | |
I = 196.0exp(-0.7996y)

20 \

1 0.3um

15

" | \

y(1um)

Fig. 3. Intensity of an evanescent waveys the probe-to-surface distange,measured value§lots and best theoretical fifine). The results have been
obtained for a fixed angle of incidenge~41.344°.

cation of 171X). Very close to the point of contact between glowing tip. The photometric measurements were facilitated
probe and prism y{(<0.5um), the distance could not be by the fact that, contrary to the image of the probe produced
measured in this manner because of the lack of resolution ihy reflection, the direct probe image remained steady when
both the optical and monitored images. In this case we inthe prism underwent translations. The center of the sensor
stead used the readings of tkeaxis motion control. The area was displaced 4.25 mm from the apex of the imaged
actual point of contacty(=0) was found with sufficient ac- probe corresponding to 2.&m in the object plangFig.
curacy by gradually moving the prism toward the probe until2(e)]. This quantity was added to the measured valugstof
a simultaneous lateral displacement of both probe imagegbtain the distance between the center of the sensor and the
became noticeable. prism face. When this distance is used in the comparison of
To compare the observations with the theoretical predicthe measurements with the theoretical predictions, the inten-
tions for a single evanescent wave, photometric measuresity variation across the sensor must be linear. For the eva-
ments were carried out on the monitored images. We prorescent wave this linearity is only approximately valid, but
jected(with unit magnification the direct image of the probe we found our results to be satisfactory because of the large
from the TV monitor onto the circula6.5 mm diam sensor  penetration depth used.
of a laser radiometer so that it detected a small part of the The direct use of the radiometer readings for the intensity
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Fig. 4. Same as in Fig. 3 but on a semi-log plot. For comparison, different theoretical lines for other angles of incidence have bgelotsibimes.

of the evanescent wave was avoided because these were difave was measured as the inverse of the reading of the sepa-
ficult to interpret because of the nonlinearities of the systentate sensor. To reduce the source of possible noise, the main
(gain variations, TV phosphor saturation, blooming of thevoltage was stabilized for all apparatus by the use of a volt-
charge coupled device, etc.Instead, the following tech- age stabilizer.

nique, which is free from calibration problems, was applied:

For each measurement the intensity of the incident beam w3y EXPERIMENTAL RESULTS AND DISCUSSION
attenuated with a linear polarizer and the TV image dimmed

until the radiometer showed a predetermined very low read- To examine the correspondence between our measure-
ing, the same in all cases. Another fraction of the incidentments and the theoretical predictions for a single evanescent
beam was directed toward a separate sefiBay. 1) that  wave in greater detail, we carried out measurements by vary-
measured the relative intensity of the incident beam. With théng in turn the parameteng and ¢. The reason for varying
beam attenuated, the relative intensity was a measure of tHwth of these parameters stems from the fact that by the
attenuation needed for the radiometer to reach the predetesubstitution of Eq.(2) into Eq. (3), the intensityl (y,¢) of
mined level. This signal, as can be easily shown, is inverselyhe evanescent wave can be expressed in terms ofytzuid
proportional to the intensity of the evanescent wave beforeo. As mentioned, the angle of incidence was chosen to be
attenuation. By this technique the intensity of the evanesceninly slightly larger than the critical angle in the prism. Thus,
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Fig. 5. Probe-to-surface distance vs the angle of incidence for a constant level of intensity. Other details are the same as in Fig. 3.

the smallest allowable angle was dictated by the requirememainge already established. A small undulation appears to be
that all of the incident beam should undergo total internalsuperimposed on the distribution of the measured values, but
reflection when not perturbed by the probe. We found thait is not pronounced enough to reveal its cause. An alterna-
the smallest angle of incidence should be 41:88°01° to tive representation can be obtained in a semi-logarithmic plot
ensure that neither stray light nor the divergence of the beanm which case the experimentally obtained data should be
(1.2 mrad should have any noticeable influence on the redistributed along a straight line in order to reflect an expo-
sult. The estimated spread in angle values is mainly a resulential dependence. This representation is shown in Fig. 4
of inaccurate positioning of the probe within the center of thefor the same set of data. For comparison, a number of other
area illuminated by the beam. This choice of angle corretines corresponding to slightly different angles of incidence
sponds to a maximum penetration depth df(2.78 have also been drawn. The penetration depth of the evanes-
+0.41) pm. cent wave can be easily determined from the slope of the
In Fig. 3 measurements ofy) for the minimum angle of line.
incidence are shown together with a theoretical fit based on In the following experiment we tried to maintain a con-
Eq. (3) for ¢=41.344°. The dispersion in the values ypf stant level of the measured intensity, by adjusting in uni-
was estimated as0.30 um by repeated measurements. Theson the probe-to-surface distance and the angle of incidence.
fitted curve corresponds to an evanescent wave with a peff-he outcome of this experiment is shown in Fig. 5 together
etration depth ofd~2.56um, which is within the error with a theoretical fit based on tienly approximately valig
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Fig. 6. Intensity vs angle of incidence for a constant probe-to-surface distance. Other details are the same as in Fig. 3.

assumption that the exponential term in E8). contains all tance. This requirement was not easy to do with our equip-
of the changes in the intensity through the dependence of thment and the measured data seem to suffer as a result.
penetration depth on the angle of incidence. This assumption

becomes worse as the angle of incidence departs further fro

the critical angle, and may in part explain the slight deviation(?' CONCLUSIONS

seen in the right part of the figure. To examine this point \we have presented an experimental method that allows
further, the variation in/A|? with the angle of incidence one to directly observe the presence of an evanescent wave.
would have to be taken into account, which, for the presenthe technique relies on the observation of light scattered by
purpose, would complicate the issue unnecessarily. ~a metallic probe in close proximity to the surface where the
In the final experiment the probe was held at a fixed diseyanescent wave is produced by total internal reflection. As
tancey~3.00um while the angle of incidence was varied to only low-cost components are used, the method is highly
estimate the dependenblgp). The results are shown in Fig. suitable for educational purposes and, with minor additional
6 together with a theoretical fit based on E8), again with  efforts, it can be used to examine the properties of evanes-
the assumption that all variations can be attributed to the&ent waves in more detail. We have found that for only small
exponential term for small excursions from the critical angleexcursions from the critical angle of incidence, the experi-
of incidence. To realize these measurements the axis of rotanental results compare reasonably well with a simple theo-
tion of the microscope stage has to coincide exactly with theetical model where the probe is considered to be a local and
tip of the probe to maintain a constant probe-to-surface dispassive intensity detector of the evanescent wave field. More
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D-DAY AND RADAR

Under the stormy skies of D-Day itself, the Rad Lab’s state-of-the-art radar systems stood
watch, guaranteeing the Allied troops fire support during the landing and security from surveil-
lance. On June 6, 1944, the largest amphibious invasion force ever mounted hit the beaches at
Normandy. They were accompanied by a total of thirty-nine SCR-584 radar sets, which would
help protect the infantry from air attacks as they advanced through Europe. In the darkness of the
early morning hours, 450 airplanes equipped with H2X radar systems bombarded the HKrench
coastline, cloaking the beach in clouds of smoke and dust as five Allied divisions—two Ametfican,
two British, and one Canadian—struggled ashore through the surf and dodged enemy fire as they
headed for the shelter of the cliffs. It was a precisely timed operation, allowing only five minutes
between when the last bomb fell and the first swarm of infantry debarked. While no Allied trpops
were felled by misdirected bombs, the fear of releasing payloads on their own men compounded
a variety of other errors, resulting in hundreds of bombs being dropped onto fields behind German
front lines and leaving thousands of American soldiers to be slaughtered at the water’s edge on
Omaha beach. The air bombardment was more successful at Utah beach, where radar beacons
successfully guided parachute troops and glider-borne infantry to their targeted drop zones. The
Rad Lab’s precise navigation system, known as landing craft cofit@C), was also used to
control the landing of the invasion force, directing wave after wave of assault troops to| pre-
arranged points on the sixty-mile-long beach.

Jennett Conanffuxedo ParkSimon & Schuster, New York, NY, 2002p. 270.
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