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Frustrated total reflection: The double-prism revisited
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Geometrical optics prohibits any penetration of light into an optically rarer medium in the case of total
reflection. When sandwiching, however, the rarer medium between optically denser media, a transmitted beam
can be observed in the third medium. The experiment is often realized by a double-prism arrad@énieat
effect is called frustrated total reflection due to the enforced transmission. Amazingly, the reflected and
transmitted beams are shifted with respect to geometrical optics as conjectured by N&vetoth experimen-
tally confirmed by Goos-Hzchen 250 years lat¢B]. However, inconsistent results on the spatial shifts have
been reporte4—7]. Here we report on measurements of the GooseHan shift in frustrated total reflection
with microwaves. We found an unexpected influence of the beamwidth and angle of incidence on the shift. Our
results are not in agreement with both previous experin&nt$ and theoretical predictiorj8—10]. The topic
of frustrated total reflection is important for both fundamental research and applicgtibr3.
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When a beam of light hits an interface between different The experimental setup is shown in Fig. 2. The propaga-
dielectrics with indices of refraction;>n, under an angle tion time antenna-prism-antenna is longer than the signals
0,> 6.:= arcsinn,/n;, geometrical optics predicts total re- half-width of 8 ns. The experimental setup provides a perfect
flection of the incoming beam. In reality, however, the in-asymptotic measurement, i.e., transmitter and sample are de-
coming beam penetrates into the second medium and traveteupled. Between the prism surface and the horn antenna a
for some distance parallel to the interface before being scastanding wave could not form as we checked by varying this
tered back into the first mediuffrig. 1). The amazing shift distance up to half a wavelength.
of the reflected beam has been conjectured by NeWw2dn First we investigated the polarization influence on the
and measured for the first time by Goos anchefeen[3]. In  Goos-Hachen shift. Previous measurements and theoretical
the second medium the wave is characterized by the wawvgredictions[6,7] reported a polarization dependence of this
numberk,:=koyn sin 6 describing the propagation parallel to shift, with a magnitude about 90% larger in TM polarization
the interface and the imaginaky :=iko,yn?sir® 6—1 asso- than in TE polarization. For large beamwidtftsameter 190
ciated with an instantaneous spread perpendicular to the imam and 350 mm and ¢,=45°, the Goos-Hachen shift
terface and an exponential decay in this directioky ( reaches a constant asymptotic value with increasing the air
=2m/\g is the wave number in vacuujm. gap, which equals roughly the wavelength. The TE po-

If a third mediumnz=n, is used to probe the “evanes- larization results are in agreement with the theoretical expec-
cent” wave in the second medium, the reflection becomegations[6,8—10. But comparing the measured data of TE
“frustrated.” Photonic tunnelling across the second medium
to the third takes place as sketched in Fig. 1 for two prisms.

This realization of frustrated total reflectioi¥TR) has
been used for the first time by Bog] to study the trans-
mission of an incoming beam across the gap.

The Goos-Hachen shiftD is expected to be a delicate
function of air gap, of polarization, of angle of incidence,
and probably of beamwidth6,7,14,13. We measured the
influence of all these parameters and compare our new re-

= 4
sults with previous experimental data and with theoretical Q\\§\
predictions. \

The Goos-Hachen shiftD is commonly derived from § K

do \
Di=— (1) Q :
! FIG. 1. Sketch of the experimental apparatus showing the para-

) ) ) bolic transmitting antennaTl(), the prisms, the air gap of widit,
wherek; is the real wave number introduced aboyeis the  the homn antenna used as receiv),(and the symmetrical shifts of
phase shift of the bearfl6]. This formula leads to equal the reflected/transmitted beams, whete> 6.=arcsin 1h is the
shifts in reflection and transmissi¢6—10]. Here we report angle of incidenced, is the critical angle of total reflection. The
the results for the case of reflection, which actually are inshift of the evanescent wave parallel to the surface in air represents
agreement with those measured in transmission. the Goos-Hachen shiftD.
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FIG. 2. A picture of the experiment. The prisms, cut from a cube 04 ! ! : : ! ! : !
picture P P ; 0 001 002 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
of perspex with a side length of 400 mm, have an index of refrac- Air Gap [m]

tion n=1.605 (=60.=38.5°) at the frequency in questid®.15

GHz). Microwaves with\o=32.8mm, generated in a klystron  F|G. 4. The Goos-Hachen shift vs air gap for different beam
(2K25) are fed into a parabolic transmitter antenna guaranteeingliameters in TM polarization and faf;=45°: the shift measured
quasiparallel beams. The beam spreading is less than 2° as followsr the large beamsno aperture or an aperture of 190 mis
from sing=\/2bn with diameterbayenns=350 mm and all beam  roughly in agreement with theoretical predicti¢aot-dashed ling
components are in the range of total reflection. This was verified b¥8], while decreasing beam diameters lead to increasing shifts
measuring the transmission damping depending on the air gap beeaching the constant asymptotic value already for very small val-
tween 0 and 50 mm. The damping would be 1.8 dB in the case ofies of the air gap. The zero point was obtained by substituting the
normal reflection compared with our measured 36 dB for the casgir gap with a metallic plate.

of §,=45° and a 50-mm gap. The measured value of 7.2 dB/10 mm

is in agreement with the theoretical transmission R&%]. The  ang TM polarization, both the predicted and previously mea-
signals have been picked up by a microwave horn and fed across afy e polarization dependence of the beam shift was not ob-
amplifier to an oscilloscopgHP 54825A. A metallic reflector served(see the insert of Fig.)3For smaller beaméliameter

placed at the base of the first prism to determine the position of th%0 mm and 80 mmthe shift of the TM-polarized beam was
reflected beam in the case of geometrical optics. The results Pr&nlv about 20% larger than the shift of the TE-polarized
sented here are averaged values of several runs with error(Bars. y o larg p

the photo we put the various components near together to preseﬁ?am(see F!g. 3 ObVIOU§|y, deviations between TM' and
all of them in one picture. e TE-polarized beams disappear for large beamwidths. The

results show, that the width of the incoming beam with re-
spect to the wavelengtky is an important parameter for the
Goos-Hachen shift in FTR, a property which was neglected
in theoretical discussiorl8—10] so far.

0.05 e Therefore we have investigated the influence of the beam-
® TM Polarization width on the Goos-Hachen shift at the angle of incidence
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FIG. 3. The Goos-Hachen shift vs air gap for TE and T™M e 0.02 0.04 0.06 0.08 04
polarizations for a small beafaperture 80 mm the shift measured Air Gap [m]

for a TM-polarized beam is obviously larger than the shift for a

TE-polarized beam qualitative but not quantitative in agreement to FIG. 5. The Goos-Hachen shift vs air gap for different angles
previous experiments,7]. The 60-mm beam not included in the of incidence(aperture 190 mm, TE polarizatipriThe displacement
figure behaves in the same way. The insert shows the Goo®f the shift on the leg of the prism is displayedhe dot-dashed
Hanchen shift for a TM- and a TE-polarized beam using a largerlines represent the asymptotic values of the calculated shift accord-
aperture(190 mm. The plotted values are the shifts of the reflecteding to Renard’s formul§20]. The dashed lines show the calculated
beam by scanning the leg of the prism. data of Ghatak10].
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0,=45°. This experiment was carried out by limiting the decreases about 50% and f@=66° more than 75%. The
diameter of the broad incoming bearbfenns=350 mm)  theoretical predictions[8,10], however, differ for large
with three circular aperturgsliameters 190 mm, 80 mm, and angles and even display the opposite dependenag .ofihe

60 mm. The results are summarized in Fig. 4 and clearlyasymptotic values for the Goos-hizhen shift 1—=) by
demonstrate the influence of the beamwidth on the shift of @omparison exhibit the observed behavior when derived
TM-polarized beam.(A TE-polarized beam produced the from Renard’s Eq(5) [20].

same results.We found a totally different behavior than  The dependence of the beam shift in FTR on large angles
predicted beforg6,14,15,18 The Goos-Hachen shift in- of incidence, especially for the case of small gagsong

creases with decreasing beam dimension. Moreover, the qiration obviously cannot be accounted for by current
smaller beams reach the constant asymptotic value alrea odels

for very small air gaps. The beamwidth has been taken into We carried out a comprehensive study of the Goos-

accountin the vmmty_of the critical angle on[@,l4,15,1$ anchen shift vs the air gap as a function of polarization,
for large angles of incidence as used here the classical results

of Artmann[19] neglecting the beam width are recovered. eamwi.dth, gnd angle of i_ncidence in an asymptptic experi-
Diffraction effects cannot be in charge of the pronouncedﬂe_nt with microwaves. Mlcrowe}ves b_ehave I|I§e infrared or
Goos-Hachen shift depending on beam size. The form ofoptical waves, can be used to mvest.lgate opt.|cal problems,
the reflected or transmitted beam was unchanged and th?é‘d are easier to handle. The peammdth was identified as an
observed diffraction pattern did not show significant sidelMportant parameter for the shift never minded before away
lobes within the Goos-kHehen shift. from the critical angle. In addition we measured for the first
Another finding: The beam shift is a sensitive function for time the Goos-Hachen shift in FTR as a function of large
large angles of incidence. For angles far away from the criti@angles of incidence. The experiments revealed a strong shift
cal angle inconsistent theoretical predictions for the Goosdecrease with increasing angle of incidence. Most of the ob-
Hanchen shift exist[4-6,8—10,20 Former FTR studies servations presented here contradict the theoretical descrip-
were performed at angles of incidence near the critical angléons and experimental studies of this historical problem, the
only [4,6,7]. Our results for large angles of incidence re- Goos-Hachen shift conjectured already 300 years ago by
vealed a strong decrease of the Gooswtteen shift with in-  Newton[2,4,5,21—23 Our results challenge current descrip-
creasing angle¢see Fig. 3. tions of the Goos-Hachen shift in FTR and its applications
For 6;=45°, the measured shift is in agreement with the-in both fundamental and applied reseafth—13.
oretical prediction$6,8—10. However, forg;=57° the shift
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