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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-iHahen shift. The role of further nonspecular deformations of the transmitted beam is
addressed. The resulting tunneling times are compared with experimental data.

PACS numbsgps): 03.65.Sq, 03.65.Bz

INTRODUCTION effects to the tunneling time are checked also. The theoretical
tunneling times given below are computed from an explicit
The quest for the tunneling time, dating back to the ori-form of the phase shift experienced by the transmitted beam
gins of quantum mechanid4], still awaits its final resolu- in FTIR. This phase shift, in turn, has been derived and veri-
tion despite many established devices like the tunneling dified experimentally12]. The predictions are compared with
ode. In the last decade the idea of exploring the tunnelingxperimental data for the phase tifis], the Goos-Hachen
time mystery by analyzing photonic tunneling instead hasshift and the corresponding tunneling tifié4—16, and a
emerged. This strategy is based on the formal analogy baunneling time defined by the angular deviatids].
tween particle tunneling across square barriers and electro- The material is organized as follows. In the next section,
magnetic waves crossing classically forbidden regions in thgome basic facts about photonic tunneling in FTIR are re-
form of evanescent mode@he analogy itself holds for frus-  called before discussing the phase time. It is shown that the
trated total internal reflectiof2,3] and waveguidef4].) The  phase time allows for positive, vanishing, and unphysical
interest in photonic tunneling, which exists in its own right negative tunnelingi.e., barrier traversatimes as a function
for both fundamental research and technological applicaof the angle of incidence. Since the phase time is a result of
tions, gained tremendous impetus when Superluminal Ve|0Cboundary effects in regions of real wave numkethe Origin
ties were reported in a series of experiments summarized igf this unphysical result is identified in the GooSsi¢hen
recent reviews5,6]. shift, which is shown to define an experimentally accessible
We discuss here the time scales of photonic tunnelingunneling time in the form of a dwell time. Then further time
focusing on the time honored example of frustrated total inscales that could be associated with nonvanishing nonspecu-
ternal reflection(FTIR) [7]. To be specific, we consider the |ar deformations of a transmitted beam in FTIR are ad-
arrangement depicted in Fig. 1 showing two identical prismsiressed. The resulting predictions are compared with experi-
separated by a gap of air representing the barrier. mental data. Reasonable agreement in the case of the Goos-
For small gaps, the total reflection to be expected for arHanchen shift is found for certain ranges of the parameters
incoming TE-(or TM-) polarized beam hitting the prism-air (angles of incidence, beam width, and polarizatidrhe pa-
interface at an anglé with 6> 6.:=arcsin 1h becomes frus-
trated and photonic tunneling takes place. Previous photonic
tunneling time experiments have shown that the phase time
[8,9] does describe the barrier traversal tifgeo]. By anal-
ogy one would expect the phase time to describe the tunnel-
ing time in FTIR also. A transmitted beam, however, expe-

rienced apart from the phase shift several nonspecular g §§§§\§\Q
deformations and shift§10]. [The Goos-Hachen shift, SN S X

probably the most prominent example of these effects, and
an angular deviationd) are indicated in Fig. 1.These de-
formations and shifts all define natural time scales which in
principle could contribute to the tunneling time. It has been
suggested recently to identify the tunneling time in FTIR as
the sum of the barrier traversal time described by the phase
time and a contribution from the Goos-htzhen shift[11].

Following this suggestion, the present study focuses on the giG. 1. photonic tunneling in the double-prism experiment dat-
actual contrlbutlgns of the phase time and the time associatgflg back to Newtor{7]. The prisms with equal index of refraction
with the Goos-Hechen shift to the tunneling time. Apart (n) are separated by a gap of widthThe fate of an incoming beam
from the Goos-Hachen shift, an incoming beam could ex- hitting the prism-air interface at an angl> 6,=arcsin 1h is
perience in FTIR an angular deviation, a beam-waist modishown, indicating the Goos-lHahen shiftD (marked by a straight
fication, and a focal shift. Possible contributions of thesearrow) and an angular deviatiod as elucidated in the text.
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per is concluded by a short summary listing some of the opemented on below.As a consequence, the phase shift should

guestions arising from the present analysis. become independent of the barrier thickness in the limit of
opaque barriers. This prediction follows from Ed4)—(7)
PHASE TIME IN FTIR and has indeed be seen in an experinj&gt.

. ) o Previous studies of photonic tunneling identified the
A TE- (or TM-) polarized electromagnetic wave hitting phase timé8,9] to describe the actual tunneling time defined
the air gap between the prisms under an angle of incidencgs the barrier traversal tini8,6]. Experiments measuring the
0> 6. is not totally reflected at the interface, but penetratephase time are in full agreement with those measuring the
into the gap as sketched in Fig. 1. The wave in the gap igroup velocity directly[5]. In the present case, the phase

characterized by the wave numbers shift defined in Eqs(4)—(7) allows us to compute the phase
nsing time [8]
w w
k”= , kl=|—\/nzsin20—1, (1)
c c dod
T¢==(%> )

wherek characterizes the motion parallel to the interface
and the imaginark, associated with an evanescent wave

explicitly. Insertion of the phase shife leads to
defines the penetration depth perpendicular to the intertace; PHCIRY P

is the velocity of light in vacuumw denotes the angular d) 1 tar?
frequency of the beam, antis the index of refraction.The To= 14 ¢ . (8)
wave numbergl) can actually be measuréd?7].] The dis- @ tane tarfe costty(d) + sintfy(d)

persion relation
for the transmitted and the reflected beam, wheie) and¢
w2=c2(kﬁ+ k?) (2)  have been defined in Eq&) and(7). This result is plotted in
Figs. 2 and 3 as a function of the gap width using the param-
gives for the motions parallel and perpendicular to the intereters of recent tunneling time experiments in FTIR in the

face the group velocities microwave[13] and optical[15] regimes.
c The phase time obviously shows the Hartman effect in
- _ Zai both cases in agreement with other photonic tunneling time
vj=——, v, =lcyn’sirre—1, 3 : .
" hnsing + @ experimentd5,6]; the time saturates to a constant value at

, ] ) d~5\ in the optical(Fig. 2) and atd~X\ in the microwave
showing that the concept of a group velocity loses its meanrig. 3) regime. More important, however, is thegative
ing for motion perpendicular to the interface. tunneling time found for the microwaves. This negative time

When photonic tunneling takes place, the transmitteqegyts from the frequency-independent factor 14an Eq.
beam exhibits a phase shift. This phase shift, easily comg): for < 7/2, one obtains positive tunneling times de-
puted by analyzing multiple scattering of the incoming beamcreasing with increasing angle of incidence t9=0< ¢

in the gap, readgl2] =m/2; for larger angles of incidence, the tunneling time

tanhy(d) changes its sign. The critical angle for the sign change is
<I>=arctar{ —) (4)  given by
tane
ith TE ; n’+1 ™ ; n’+1
wi 6:E=arcsi . 6M=arcsi :
2n? n*+1
dwnZsirfo—1 9
vd)=——F—-i 5
In the case of the microwave experiment mentioned above
the polarization-dependent phasgesead [13], this critical angle is9{F=58.39°< 4, while it amounts
to 91F=60.14>> ¢ in the case of the optical experimdns],
2n cos@n’sird—1 where ¢ is the angle of incidence.
pre=arcta N2c0s 20+ 1 , The angle-dependent values of the phase time allowing

® for vanishing as well as negative tunneling times are difficult
to interpret.(The same result follows from independent deri-
2n cosénsirf6—1 ) pret( b

vations of the phase shid via stationary phase theof9]
and ray theory20].) This unphysical result is caused by the
Goos-Hachen shift elucidated in the next section. This shift
The phase shift of the reflected beam is givendby /2. is a motion parallel to the prism-air interfacef. Fig. 1)

An evanescent wave cannot accumulate phase in the didlescribed by a real wave number. In the course of this mo-
rection characterized by an imaginary wave nunfleérEg.  tion, the wave can accumulate phase before tunneling. The
(1)] [18]. The phase shiftb thus seems to result from the Goos-Hachen shift thus contributes to the total phase shift
prism-air interfaces representing the entrance and exit of thé in addition to the contributions from the two interfaces
barrier.(The contribution of the Goos-htahen shift is com-  limiting the gap.(This is the main difference from photonic

Py =arcta -
™ r(cosza—nz(nzsmza—l)
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FIG. 2. Phase time predicted
by Eq.(8) for an optical tunneling
time

experiment [15] with
n=1.409,0=45.5°,A=3.39 um
| (i.e.,

v=0.884 956< 10'* Hz).
t1(d) [ty(d)] denote TE-[TM-]

polarization of the beam. The
phase time is given in femtosec-
onds.

d[um]

20 25
tunneling in undersized waveguides: the phase shift observed The Goos-Hachen shift is given by the relationship
there [5] results solely from the entrance and exit of the
barrier) The negative tunneling times show that the phase
time approach is not an appropriate tool to determine the

Jda
tunneling time in FTIR. The phase time does not contribute
to the tunneling time, contrary to a recent suggesfiti.

0= TkH,
GOOS-HANCHEN SHIFT

(10
where the wave numbég has been defined in E¢L). Upon
In total reflection, the reflected beam is shifted with re-

[23].

insertion of«, the phase of the Fresnel reflection coefficient,
one obtains an explicit form dDy which has been verified
experimentally in the vicinity of the critical ang[d.4].

In the case of FTIR, nonspecular deformations of electro-
spect to geometrical optics. This shift, foreseen by Newtormagnetic beams hitting multilayered media predict equal
[21] and demonstrated for the first time by Goos andshifts and deformations in reflection and transmission
Hanchen[22], plays a prominent role in many applications [10,24]. Applied to the Goos-Hachen shift, this suggests for

0 T

the shift of the transmitted beam the ansatz

FIG. 3. Phase time predicted
by Eg. (8) for a microwave tun-

neling time experimenf13] with
n=1.49, 6=60°,

v=9.5x10°
Hz. t;(d) [t»(d)] denotes TE-
[TM-] polarization of the incom-
4 ing beam. The phase time is given
in picoseconds.
1 1 1
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FIG. 4. Tunneling time de-
rived from the Goos-Hachen
shift according to Eq(13) result-
ing from the parameters of the op-
tical experiment [15] with n

20 -

=1.409,6=45.5°,A=3.39 um.
7 t1(d) [to(d)] stand for TE{TM-]
polarization. The dwell time, is
given in femtoseconds.
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P

D:=—a—kH, (11)

wherek has been introduced above afds the phase shift
introduced in Egs(4)—(7). The explicit forms ofd [cf. Egs.

20 25

same parameters as in Figs. 2 and 3 to allow a comparison of
the two approaches.

Some results are obviou@) the tunneling time defined in
Eqg. (13) is always positive and saturates to a constant value
(Hartman effedt (ii) the tunneling times for TM-polarized

(4)—(7)] and ofk; [cf. Eq. (1)] show that this ansatz does beamgt,(d)] are bigger than those for TE-polarized beams
indeed lead to equal shifts of the reflected/transmitted beanht1(d)] in the optical experiment, while the situation is op-
(Derivations of the Goos-Hehen shift via stationary phase Posite in the case of microwaves due to the large angle of

theory[19] or ray theory[20] led to the same resultThe
Goos-Hachen shiftD, introduced in Eq(10) is recovered
in the limit of large air gaps via the relationship

||m D:Do,

d—oo

12

which is verified by computind andD defined explicitly
in Egs.(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 th
Goos-Hachen shift; the vertical path between the prisms
symbolizing the tunneling process should not be taken liter

ally since an evanescent wave cannot be obsd2&d(Eva-
nescent photons do not exjstr se but should be interpreted
as virtual photon$26].)

Since the velocity | >
one can associate a time scale with the GooseHan shift
via

nsiné@

D= D,
™ ¢

13

incidence chosen theréii) the recent suggestion to identify
the phase time4, defined in Eq(7) with the dwell timerp
defined in Eq(13) [15] has to be rejected since the two time
scales give substantially different results. Unlike the phase
time 74 , the experimentally accessible dwell timg defines
acceptable tunneling times in FTIR fall angles of inci-
dence.

The different polarization dependance of the tunneling
time in the optical and the microwave experiments noted
jabove results from the polarization dependance of the Goos-
Banchen shift: for an angle of incidencé with 6<®
_-=arcsin\/2/(n2+ 1), TM-polarized beams lead to larger
shifts  than TE-polarized beams; for >0
:=arcsiny2/(n?+ 1), the situation is oppositéThe angle®
evaluates to 54.9° in the optical and 52° in the microwave

parallel to the interface is conserved experimend. This angle dependence accounts for the differ-

ent polarization-dependent tunneling times depicted above.

TIME SCALES OF NONSPECULAR DEFORMATIONS

In reflection at multilayered media, the reflected beam
experiences 20 nonspecular deformations and shifts not ac-

in accordance with earlier observations of the equivalenceounted for by geometrical optidd0,24. Some of these

between spatial and temporal shif&7,2g. Strictly speak-

effects are also seen in total reflection witkr 6.. For sym-

ing, this time should be called a dwell time describing ametry reasons, these shifts can also be expected to be observ-
motion along the boundary of the barrier and not the tunnelable in FTIR. (The Goos-Hachen shift is an example of

ing time required for crossing the barrier. The dwell timessuch a symmetrical shift.Since these deformations and
defined in Eqg.(13) are plotted in Figs. 4 and 5 using the shifts all take time, they could contribute to the tunneling
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time like the Goos-Hachen shift does. The most pronounced 6> 6. Any contribution from the beam-waist modification

effects apart from the Goos-Hehen shift are the angular to the effective tunneling time in FTIR thus should be neg-

deviation, the beam-waist modification, and the focal shiftligible also.

discussed in the following. A converging Gaussian beam experiences a shift of the
In reflection at multilayered media, the plane wave com-focal point in total reflectiori10,24. The magnitude of this

ponents of a wave packet experience different phase shiftshift can be derived from the phase of the reflected beam via

This results in an angular shift of the beam axis of the re-

flected beam with respect to geometrical optics. This angular 1 d?«
shift is approximately given bj10,24] Fa=p FYeL (16)
2 dinr(6)

——— ——— (14) wherek=2mn/\qy and « is the phase of the Fresnel reflec-
(kw)2 de ’ tion coefficient. Apart from the Goos-iHahen shift, this is
the only nonvanishing nonspecular deformation in the case
where r(6) is the Fresnel reflection coefficienty is the  of total reflection. The focal shift thus should be observable
beam half width at the waist, anid=27n/\, is the wave in FTIR also upon replacing the well collimated beam nor-
number with the free space wavelengih As in the case of Mmally used by a focused beam. The magnitude of this shift
the Goos-Hachen shift, the transmitted beam in FTIR follows from Eq.(16) upon replacingy by the phase shii®
should also experience an angular shift. It is thus natural télefined in Eqs(4)—(7). Both shifts, the focal shift and the

associate a time scale with the angular deviation Y& Goos-Hachen shift, would then contribute to the total tun-
neling time in FTIR. Experimental data on the focal shift in

FTIR are, however, missing so far, thus leaving an evalua-
2w 2 dint(e) _ ; U . .

Ts (15)  tion of the associated tunneling time an open question await-

ncsing (kw)2  do ing experimental clarification.
with the transmission coefficient ).

This ansatz, however, bears an intrinsic problem. For the
case of total reflection it has been proved that the angular The photonic tunneling time in FTIR has been measured
shift vanishes fom> 6.. The symmetry arguments used be- on several occasions; additional values of the tunneling time
fore in the context of the Goos-lHahen shift show that the can easily be derived from experimental data for the Goos-
angular shift should vanish in FTIR al§©0,24]. The tunnel- Hanchen shift via Eq(13). The phase time in FTIR has been
ing time of Eq.(15) defined by the angular shift thus should measured recently without taking the Goosadlaen shift
not contribute to the tunneling time. into accoun{13] and a tunneling time of;,~5 ps has been

The so-called beam-waist modification describes ameported. However, an inspection of Figs. 3 and 5 shows that
angle-dependent narrowing of the beam width in reflection athis time is not accounted for by the phase time or the tun-
a single interface or multilayered media. Like the angulameling time based on the Goos4itdnen shift. This makes an
deviation, this deformation vanishes in total reflection withinterpretation of the data via the phase time ang@tzam-

COMPARISON WITH EXPERIMENTS
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possible. The Goos-highen shift, in turn, predicts a tunnel- time scale whose relevance for the photonic tunneling time
ing time of the order 70—90 ps in accordance with previousdeserves further study.
measurements of photonic tunneling times reporting values
of 7~\q/c, where\ is the free space wavelength of the
respective experimer5]. _ _ . The time scales of photonic tunneling in FTIR have been
The tunneling time associated with the Goosatleen  giscussed. It has been shown that the phase time used in
shift has been measured in an optical experini#Bl Here,  previous studies of photonic tunneling describing the barrier
asymptotic constant tunneling times of~40 fs for TE  traversal time allows for positive, vanishing, and negative
polarization andrp~70 fs for TM polarization have been tunneling times as a function of the angle of incidence for
reported for a gap width af=20 wm. An inspection of Fig.  givenn. Since this time thus does not give a unique result for
4 shows that these experimental data are reproduced by tleegiven barrier, it does not provide a reasonable measure for
ansatz13) when using the same parameters as in the experthe barrier traversal time, contrary to a recent suggestion
ment[15]. This time is, however, of the ordet,~5\,/c, [11]. The unphysical prediction of the phase time is caused
contrary to previous experimental data. It remains to be seeBy the neglect of the Goos-iHehen shift, which provides an

if this indicates a genuine difference between tunneling time§dependent time scale for the tunneling time in the form of

This ansatz for the tunneling time is far from being com-féctively amounts to measuring the phase shift governing the
plete, however, due to the sensitivity of the Googittzen observable tunneling time in FTIR. Reasonable agreement
shift to several parameters. This shift is an intricate functiorﬁew"een theoretical values of and experimental data has
of the polarization, the angle of incidence, the beam width een fq_und. Dlsqepanmes between theoretical values of the
and the beam geometry its¢If6]. The definition(11) of the ~ G00S-Hachen shift based on Eqgeh—(7) and(11) and ex-

Goos-Hachen shift predicts values for the shift in FTIR that P&rimental datg 16] originate from the sensitivity of this
éhift to certain parameters not yet adaequately incorporated

in any model of this shift. The most pronounced nonspecular
deformations in FTIR to be expected by analogy with reflec-
w/\y=0.95-2 results in values for the Goos#ithaen shift tion at multilayered media have been discussed. The focal
[16] not covered by any model so far. The experimentaIIySh'ﬂ’ if measurable in FTIR, can be expected to contribute to

motivated claim that TM-polarized microwave beams alwaysthe tunneling time. The measurement of the angular devia-

lead to Goos-Hachen shifts that are bigger than those fortion Irep(;)rtt)edf r?ﬁentlils] _posets a puzzle that can only be
TE-polarized beamfl4,15 does not hold, as the angle de- resoived by urtner experiments.

pendence elucidated above, new experimental [d#ik and b The turllr;ellng I'Te n .F'TIFi'thufs appears to ble gotlnvferned
a computation of the Goos-lHahen shift via Eq(11) show. y severalime scales originating from nonspecuiar deforma-

; ; tions, where only the Goos-lHahen shift has been uniquely
The impact of these parameters on the tunneling tifr® . e . ) : i
deserves further study. identified so far. The barrier traversal time, i.e., the time

The time scale associated with the angular deviation prer_equired for crossing the air gap, is not known despite the

sented in Eq.(15) has been introduced recentl{5] and long history of this phenomenon.
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CONCLUSIONS AND OUTLOOK

critical angle[14,15 and for relatively large ratiosv/\g
with w/Ay=5-10. Limiting the value ofw/\y to values
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