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Photonic tunneling time in frustrated total internal reflection
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Frustrated total internal reflection is considered as the classical analog of quantum-mechanical tunneling.
Here the tunneling time in frustrated total internal reflection is discussed. It is shown that the phase time allows
for vanishing and negative barrier traversal times. The tunneling time is shown to be dominated by a time scale
based on the Goos-Ha¨nchen shift. The role of further nonspecular deformations of the transmitted beam is
addressed. The resulting tunneling times are compared with experimental data.

PACS number~s!: 03.65.Sq, 03.65.Bz
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INTRODUCTION

The quest for the tunneling time, dating back to the o
gins of quantum mechanics@1#, still awaits its final resolu-
tion despite many established devices like the tunneling
ode. In the last decade the idea of exploring the tunne
time mystery by analyzing photonic tunneling instead h
emerged. This strategy is based on the formal analogy
tween particle tunneling across square barriers and ele
magnetic waves crossing classically forbidden regions in
form of evanescent modes.~The analogy itself holds for frus
trated total internal reflection@2,3# and waveguides@4#.! The
interest in photonic tunneling, which exists in its own rig
for both fundamental research and technological appl
tions, gained tremendous impetus when superluminal vel
ties were reported in a series of experiments summarize
recent reviews@5,6#.

We discuss here the time scales of photonic tunnel
focusing on the time honored example of frustrated total
ternal reflection~FTIR! @7#. To be specific, we consider th
arrangement depicted in Fig. 1 showing two identical pris
separated by a gap of air representing the barrier.

For small gaps, the total reflection to be expected for
incoming TE-~or TM-! polarized beam hitting the prism-a
interface at an angleu with u.ucªarcsin 1/n becomes frus-
trated and photonic tunneling takes place. Previous phot
tunneling time experiments have shown that the phase
@8,9# does describe the barrier traversal time@5,6#. By anal-
ogy one would expect the phase time to describe the tun
ing time in FTIR also. A transmitted beam, however, exp
rienced apart from the phase shift several nonspec
deformations and shifts@10#. @The Goos-Ha¨nchen shift,
probably the most prominent example of these effects,
an angular deviation (d) are indicated in Fig. 1.# These de-
formations and shifts all define natural time scales which
principle could contribute to the tunneling time. It has be
suggested recently to identify the tunneling time in FTIR
the sum of the barrier traversal time described by the ph
time and a contribution from the Goos-Ha¨nchen shift@11#.
Following this suggestion, the present study focuses on
actual contributions of the phase time and the time associ
with the Goos-Ha¨nchen shift to the tunneling time. Apa
from the Goos-Ha¨nchen shift, an incoming beam could e
perience in FTIR an angular deviation, a beam-waist mo
fication, and a focal shift. Possible contributions of the
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effects to the tunneling time are checked also. The theore
tunneling times given below are computed from an expl
form of the phase shift experienced by the transmitted be
in FTIR. This phase shift, in turn, has been derived and v
fied experimentally@12#. The predictions are compared wit
experimental data for the phase time@13#, the Goos-Ha¨nchen
shift and the corresponding tunneling time@14–16#, and a
tunneling time defined by the angular deviation@15#.

The material is organized as follows. In the next secti
some basic facts about photonic tunneling in FTIR are
called before discussing the phase time. It is shown that
phase time allows for positive, vanishing, and unphysi
negative tunneling~i.e., barrier traversal! times as a function
of the angle of incidence. Since the phase time is a resu
boundary effects in regions of real wave numberk, the origin
of this unphysical result is identified in the Goos-Ha¨nchen
shift, which is shown to define an experimentally accessi
tunneling time in the form of a dwell time. Then further tim
scales that could be associated with nonvanishing nonsp
lar deformations of a transmitted beam in FTIR are a
dressed. The resulting predictions are compared with exp
mental data. Reasonable agreement in the case of the G
Hänchen shift is found for certain ranges of the paramet
~angles of incidence, beam width, and polarization!. The pa-

FIG. 1. Photonic tunneling in the double-prism experiment d
ing back to Newton@7#. The prisms with equal index of refractio
~n! are separated by a gap of widthd. The fate of an incoming beam
hitting the prism-air interface at an angleu.uc5arcsin 1/n is
shown, indicating the Goos-Ha¨nchen shiftD ~marked by a straight
arrow! and an angular deviationd as elucidated in the text.
©2000 The American Physical Society12-1
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per is concluded by a short summary listing some of the o
questions arising from the present analysis.

PHASE TIME IN FTIR

A TE- ~or TM-! polarized electromagnetic wave hittin
the air gap between the prisms under an angle of incide
u.uc is not totally reflected at the interface, but penetra
into the gap as sketched in Fig. 1. The wave in the ga
characterized by the wave numbers

ki5
vn sinu

c
, k'5ı

v

c
An2sin2u21, ~1!

where ki characterizes the motion parallel to the interfa
and the imaginaryk' associated with an evanescent wa
defines the penetration depth perpendicular to the interfacc
is the velocity of light in vacuum,v denotes the angula
frequency of the beam, andn is the index of refraction.@The
wave numbers~1! can actually be measured@17#.# The dis-
persion relation

v25c2~ki
21k'

2 ! ~2!

gives for the motions parallel and perpendicular to the in
face the group velocities

v i5
c

n sinu
, v'5ıcAn2sin2u21, ~3!

showing that the concept of a group velocity loses its me
ing for motion perpendicular to the interface.

When photonic tunneling takes place, the transmit
beam exhibits a phase shift. This phase shift, easily c
puted by analyzing multiple scattering of the incoming be
in the gap, reads@12#

F5arctanS tanhg~d!

tanw D ~4!

with

g~d!5
dvAn2sin2u21

c
; ~5!

the polarization-dependent phasesw read

wTE5arctanS 2n cosuAn2sin2u21

n2cos 2u11
D ,

~6!

wTM5arctanS 2n cosuAn2sin2u21

cos2u2n2~n2sin2u21!
D .

The phase shift of the reflected beam is given byF1p/2.
An evanescent wave cannot accumulate phase in the

rection characterized by an imaginary wave number@cf. Eq.
~1!# @18#. The phase shiftF thus seems to result from th
prism-air interfaces representing the entrance and exit of
barrier.~The contribution of the Goos-Ha¨nchen shift is com-
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mented on below.! As a consequence, the phase shift sho
become independent of the barrier thickness in the limit
opaque barriers. This prediction follows from Eqs.~4!–~7!
and has indeed be seen in an experiment@12#.

Previous studies of photonic tunneling identified t
phase time@8,9# to describe the actual tunneling time defin
as the barrier traversal time@5,6#. Experiments measuring th
phase time are in full agreement with those measuring
group velocity directly@5#. In the present case, the pha
shift defined in Eqs.~4!–~7! allows us to compute the phas
time @8#

tFªS dF

dv D ~7!

explicitly. Insertion of the phase shiftF leads to

tF5
g~d!

v

1

tanw

tan2w

tan2w cosh2g~d!1sinh2g~d!
~8!

for the transmitted and the reflected beam, whereg(d) andw
have been defined in Eqs.~5! and~7!. This result is plotted in
Figs. 2 and 3 as a function of the gap width using the para
eters of recent tunneling time experiments in FTIR in t
microwave@13# and optical@15# regimes.

The phase time obviously shows the Hartman effect
both cases in agreement with other photonic tunneling t
experiments@5,6#; the time saturates to a constant value
d;5l in the optical~Fig. 2! and atd;l in the microwave
~Fig. 3! regime. More important, however, is thenegative
tunneling time found for the microwaves. This negative tim
results from the frequency-independent factor 1/tanw in Eq.
~8!: for w,p/2, one obtains positive tunneling times d
creasing with increasing angle of incidence totF50⇔w
5p/2; for larger angles of incidence, the tunneling tim
changes its sign. The critical angle for the sign change
given by

us
TE5arcsinSAn211

2n2 D , us
TM5arcsinSAn211

n411
D .

~9!

In the case of the microwave experiment mentioned ab
@13#, this critical angle isus

TE558.39°,u, while it amounts
to us

TE560.14°.u in the case of the optical experiment@15#,
whereu is the angle of incidence.

The angle-dependent values of the phase time allow
for vanishing as well as negative tunneling times are diffic
to interpret.~The same result follows from independent de
vations of the phase shiftF via stationary phase theory@19#
and ray theory@20#.! This unphysical result is caused by th
Goos-Hänchen shift elucidated in the next section. This sh
is a motion parallel to the prism-air interface~cf. Fig. 1!
described by a real wave number. In the course of this m
tion, the wave can accumulate phase before tunneling.
Goos-Hänchen shift thus contributes to the total phase s
F in addition to the contributions from the two interface
limiting the gap.~This is the main difference from photoni
2-2
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FIG. 2. Phase time predicte
by Eq.~8! for an optical tunneling
time experiment @15# with
n51.409,u545.5°, l53.39mm
~i.e., n50.884 95631014 Hz).
t1(d) @ t2(d)# denote TE-@TM-#
polarization of the beam. The
phase time is given in femtosec
onds.
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tunneling in undersized waveguides: the phase shift obse
there @5# results solely from the entrance and exit of t
barrier.! The negative tunneling times show that the pha
time approach is not an appropriate tool to determine
tunneling time in FTIR. The phase time does not contrib
to the tunneling time, contrary to a recent suggestion@11#.

GOOS-HÄNCHEN SHIFT

In total reflection, the reflected beam is shifted with r
spect to geometrical optics. This shift, foreseen by New
@21# and demonstrated for the first time by Goos a
Hänchen@22#, plays a prominent role in many application
@23#.
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The Goos-Ha¨nchen shift is given by the relationship

D0ª2
]a

]ki
, ~10!

where the wave numberki has been defined in Eq.~1!. Upon
insertion ofa, the phase of the Fresnel reflection coefficie
one obtains an explicit form ofD0 which has been verified
experimentally in the vicinity of the critical angle@14#.

In the case of FTIR, nonspecular deformations of elect
magnetic beams hitting multilayered media predict eq
shifts and deformations in reflection and transmiss
@10,24#. Applied to the Goos-Ha¨nchen shift, this suggests fo
the shift of the transmitted beam the ansatz
d

n

FIG. 3. Phase time predicte
by Eq. ~8! for a microwave tun-
neling time experiment@13# with
n51.49, u560°, n59.53109

Hz. t1(d) @ t2(d)# denotes TE-
@TM-# polarization of the incom-
ing beam. The phase time is give
in picoseconds.
2-3
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FIG. 4. Tunneling time de-
rived from the Goos-Ha¨nchen
shift according to Eq.~13! result-
ing from the parameters of the op
tical experiment @15# with n
51.409,u545.5°, l53.39 mm.
t1(d) @ t2(d)# stand for TE-@TM-#
polarization. The dwell timetD is
given in femtoseconds.
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Dª2
]F

]ki
, ~11!

whereki has been introduced above andF is the phase shift
introduced in Eqs.~4!–~7!. The explicit forms ofF @cf. Eqs.
~4!–~7!# and of ki @cf. Eq. ~1!# show that this ansatz doe
indeed lead to equal shifts of the reflected/transmitted be
~Derivations of the Goos-Ha¨nchen shift via stationary phas
theory @19# or ray theory@20# led to the same result.! The
Goos-Hänchen shiftD0 introduced in Eq.~10! is recovered
in the limit of large air gaps via the relationship

lim
d→`

D5D0 , ~12!

which is verified by computingD andD0 defined explicitly
in Eqs.~10! and ~11!.

The actual path of a beam in the air gap shown in Fig
has been overemphasized to honor Newton’s foresight of
Goos-Hänchen shift; the vertical path between the pris
symbolizing the tunneling process should not be taken li
ally since an evanescent wave cannot be observed@25#. ~Eva-
nescent photons do not existper se, but should be interpreted
as virtual photons@26#.!

Since the velocityv i parallel to the interface is conserve
one can associate a time scale with the Goos-Ha¨nchen shift
via

tD5
n sinu

c
D, ~13!

in accordance with earlier observations of the equivale
between spatial and temporal shifts@27,28#. Strictly speak-
ing, this time should be called a dwell time describing
motion along the boundary of the barrier and not the tunn
ing time required for crossing the barrier. The dwell tim
defined in Eq.~13! are plotted in Figs. 4 and 5 using th
01211
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same parameters as in Figs. 2 and 3 to allow a compariso
the two approaches.

Some results are obvious:~i! the tunneling time defined in
Eq. ~13! is always positive and saturates to a constant va
~Hartman effect!; ~ii ! the tunneling times for TM-polarized
beams@ t2(d)# are bigger than those for TE-polarized beam
@ t1(d)# in the optical experiment, while the situation is o
posite in the case of microwaves due to the large angle
incidence chosen there;~iii ! the recent suggestion to identif
the phase timetF defined in Eq.~7! with the dwell timetD
defined in Eq.~13! @15# has to be rejected since the two tim
scales give substantially different results. Unlike the ph
time tF , the experimentally accessible dwell timetD defines
acceptable tunneling times in FTIR forall angles of inci-
dence.

The different polarization dependance of the tunnel
time in the optical and the microwave experiments no
above results from the polarization dependance of the Go
Hänchen shift: for an angle of incidenceu with u,Q
ªarcsinA2/(n211), TM-polarized beams lead to large
shifts than TE-polarized beams; for u.Q
ªarcsinA2/(n211), the situation is opposite.~The angleQ
evaluates to 54.9° in the optical and 52° in the microwa
experiment.! This angle dependence accounts for the diff
ent polarization-dependent tunneling times depicted abov

TIME SCALES OF NONSPECULAR DEFORMATIONS

In reflection at multilayered media, the reflected bea
experiences 20 nonspecular deformations and shifts not
counted for by geometrical optics@10,24#. Some of these
effects are also seen in total reflection withu.uc . For sym-
metry reasons, these shifts can also be expected to be ob
able in FTIR. ~The Goos-Ha¨nchen shift is an example o
such a symmetrical shift.! Since these deformations an
shifts all take time, they could contribute to the tunneli
2-4
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FIG. 5. Tunneling time de-
rived from the Goos-Ha¨nchen
shift according to Eq.~13! result-
ing from the parameters of the mi
crowave experiment@13# with n
51.49, u560°, n59.5 GHz.
t1(d) @ t2(d)# stand for TE-@TM-#
polarization. The dwell timetD is
given in picoseconds.
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time like the Goos-Ha¨nchen shift does. The most pronounc
effects apart from the Goos-Ha¨nchen shift are the angula
deviation, the beam-waist modification, and the focal s
discussed in the following.

In reflection at multilayered media, the plane wave co
ponents of a wave packet experience different phase sh
This results in an angular shift of the beam axis of the
flected beam with respect to geometrical optics. This ang
shift is approximately given by@10,24#

du5
2

~kw!2

d ln r ~u!

du
, ~14!

where r (u) is the Fresnel reflection coefficient,w is the
beam half width at the waist, andkª2pn/l0 is the wave
number with the free space wavelengthl0. As in the case of
the Goos-Ha¨nchen shift, the transmitted beam in FTI
should also experience an angular shift. It is thus natura
associate a time scale with the angular deviation via@15#

td5
2w

nc sinu

2

~kw!2

d ln t~u!

du
, ~15!

with the transmission coefficientt(u).
This ansatz, however, bears an intrinsic problem. For

case of total reflection it has been proved that the ang
shift vanishes foru.uc . The symmetry arguments used b
fore in the context of the Goos-Ha¨nchen shift show that the
angular shift should vanish in FTIR also@10,24#. The tunnel-
ing time of Eq.~15! defined by the angular shift thus shou
not contribute to the tunneling time.

The so-called beam-waist modification describes
angle-dependent narrowing of the beam width in reflection
a single interface or multilayered media. Like the angu
deviation, this deformation vanishes in total reflection w
01211
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u.uC . Any contribution from the beam-waist modificatio
to the effective tunneling time in FTIR thus should be ne
ligible also.

A converging Gaussian beam experiences a shift of
focal point in total reflection@10,24#. The magnitude of this
shift can be derived from the phase of the reflected beam

Fª
1

k

d2a

du2
, ~16!

wherek52pn/l0 anda is the phase of the Fresnel refle
tion coefficient. Apart from the Goos-Ha¨nchen shift, this is
the only nonvanishing nonspecular deformation in the c
of total reflection. The focal shift thus should be observa
in FTIR also upon replacing the well collimated beam no
mally used by a focused beam. The magnitude of this s
follows from Eq.~16! upon replacinga by the phase shiftF
defined in Eqs.~4!–~7!. Both shifts, the focal shift and the
Goos-Hänchen shift, would then contribute to the total tu
neling time in FTIR. Experimental data on the focal shift
FTIR are, however, missing so far, thus leaving an eval
tion of the associated tunneling time an open question aw
ing experimental clarification.

COMPARISON WITH EXPERIMENTS

The photonic tunneling time in FTIR has been measu
on several occasions; additional values of the tunneling t
can easily be derived from experimental data for the Go
Hänchen shift via Eq.~13!. The phase time in FTIR has bee
measured recently without taking the Goos-Ha¨nchen shift
into account@13# and a tunneling time oftF;5 ps has been
reported. However, an inspection of Figs. 3 and 5 shows
this time is not accounted for by the phase time or the t
neling time based on the Goos-Ha¨nchen shift. This makes an
interpretation of the data via the phase time ansatz~7! im-
2-5
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possible. The Goos-Ha¨nchen shift, in turn, predicts a tunne
ing time of the order 70–90 ps in accordance with previo
measurements of photonic tunneling times reporting val
of t;l0 /c, wherel0 is the free space wavelength of th
respective experiment@5#.

The tunneling time associated with the Goos-Ha¨nchen
shift has been measured in an optical experiment@15#. Here,
asymptotic constant tunneling times oftD;40 fs for TE
polarization andtD;70 fs for TM polarization have bee
reported for a gap width ofd520 mm. An inspection of Fig.
4 shows that these experimental data are reproduced by
ansatz~13! when using the same parameters as in the exp
ment @15#. This time is, however, of the ordertD;5l0 /c,
contrary to previous experimental data. It remains to be s
if this indicates a genuine difference between tunneling tim
of FTIR in the optical and the microwave regimes.

This ansatz for the tunneling time is far from being co
plete, however, due to the sensitivity of the Goos-Ha¨nchen
shift to several parameters. This shift is an intricate funct
of the polarization, the angle of incidence, the beam widthw,
and the beam geometry itself@16#. The definition~11! of the
Goos-Hänchen shift predicts values for the shift in FTIR th
cover experimental data only for angles of incidence near
critical angle @14,15# and for relatively large ratiosw/l0
with w/l055 –10. Limiting the value ofw/l0 to values
w/l050.95–2 results in values for the Goos-Ha¨nchen shift
@16# not covered by any model so far. The experimenta
motivated claim that TM-polarized microwave beams alwa
lead to Goos-Ha¨nchen shifts that are bigger than those
TE-polarized beams@14,15# does not hold, as the angle d
pendence elucidated above, new experimental data@16#, and
a computation of the Goos-Ha¨nchen shift via Eq.~11! show.
The impact of these parameters on the tunneling time~13!
deserves further study.

The time scale associated with the angular deviation p
sented in Eq.~15! has been introduced recently@15# and
large tunneling times have been reported@15#. This observa-
tion is in conflict with existing models of nonspecular defo
mation in FTIR as discussed above. A resolution of this c
flict cannot be offered here; more experimental data
required to settle this question. A similar statement can
made for the focal shift, which is impossible to observe
well collimated beams. Any measurement of the focal s
in FTIR would show immediately that this effect defines
01211
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time scale whose relevance for the photonic tunneling ti
deserves further study.

CONCLUSIONS AND OUTLOOK

The time scales of photonic tunneling in FTIR have be
discussed. It has been shown that the phase time use
previous studies of photonic tunneling describing the bar
traversal time allows for positive, vanishing, and negat
tunneling times as a function of the angle of incidence
givenn. Since this time thus does not give a unique result
a given barrier, it does not provide a reasonable measure
the barrier traversal time, contrary to a recent sugges
@11#. The unphysical prediction of the phase time is caus
by the neglect of the Goos-Ha¨nchen shift, which provides an
independent time scale for the tunneling time in the form
a dwell time. A measurement of the Goos-Ha¨nchen shift ef-
fectively amounts to measuring the phase shift governing
observable tunneling time in FTIR. Reasonable agreem
between theoretical values oftD and experimental data ha
been found. Discrepancies between theoretical values of
Goos-Hänchen shift based on Eqs.~4!–~7! and ~11! and ex-
perimental data@16# originate from the sensitivity of this
shift to certain parameters not yet adaequately incorpora
in any model of this shift. The most pronounced nonspecu
deformations in FTIR to be expected by analogy with refle
tion at multilayered media have been discussed. The fo
shift, if measurable in FTIR, can be expected to contribute
the tunneling time. The measurement of the angular de
tion reported recently@15# poses a puzzle that can only b
resolved by further experiments.

The tunneling time in FTIR thus appears to be govern
by several time scales originating from nonspecular deform
tions, where only the Goos-Ha¨nchen shift has been uniquel
identified so far. The barrier traversal time, i.e., the tim
required for crossing the air gap, is not known despite
long history of this phenomenon.
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