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Traversal time of acoustic plate waves through a tunneling section
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~Received 10 February 1997; revised manuscript received 6 November 1997!

Experimental evidence is given for the unnoticeable time delay undergone by an acoustic Lamb wave pulse
in penetrating a forbidden barrier, represented by a narrowed plate region in the propagation path. Measure-
ments, which use a technique unique to Lamb waves overcoming typical objections made in wave packet
experiments, have been performed in various aluminium plates for several frequencies and different barrier
lengths and show a value of the traversal time close to zero that appears to be independent from the barrier
length.@S1063-651X~98!50405-9#

PACS number~s!: 43.20.1g
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The problem of traversal time in tunneling phenome
has been tackled since 1932@1#, though only recently has th
problem drawn the attention of researchers in different fie
of physics, both for its intriguing connections with superl
minal velocity of signals and for its implications in mode
electronic tunneling devices. At first, a quantistic approa
was attempted@2–4#, giving rise to nonunivocal results bot
in theory and experiments. In this field, the definition
traversal time depends on the particular way it is determin
indeed it can also be associated with completely differ
physical concepts: for example, one possible definition is
interaction time between one or more physical clocks an
tunneling particle@5–7#, while another derives from theore
ical studies that use the path integral approach@8–10# and
this results in a distribution of times rather than a single ti
value.

Another approach to the analysis of this problem use
semiclassical model that simulates a particle with a w
packet@11#; in this case a unique definition of delay time
achieved and the practical problem of measuring very s
times is reduced by bringing traversal time measureme
from the femtosecond range typical of the Josephson ju
tion experiments to the nanosecond range in guided mi
wave ones. The final limitation in the time scale range in
latter case, derives from the fact that if the barrier len
were to be extended excessively, the signal would decay
low the sensitivity limit of an experimental measureme
Experiments of this kind have indicated that the traver
time seems to be, under certain assumptions, indepen
from barrier section length, thus leading to superluminal
locity of wave packets@12–14#.

In the present paper, the effect of a wave packet tunne
through a barrier is studied and experimental evidence
given of almost ‘‘instantaneous’’ traversal time of plate ela
tic waves~Lamb waves! through forbidden propagation se
tions. In the case of acoustic waves, not only is there a
ther scaling down of the typical traversal times from t
nanosecond range of microwave radiation to the micros
ond range in the acoustic case@15# but, by using a property
unique to a specific Lamb mode a typical objection, tha
based on the strong distortion of the wave packet in sim
experiments, can be avoided, as will be shown below.
571063-651X/98/57~5!/4907~4!/$15.00
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addition, elastic waves also allow the direct probing of t
acoustic field within the barrier using laser probe techniq
@17#.

Although, in the present case, errors due to the acous
wave packet arrival time determination greatly exceed a
real possibility of ascertaining true superluminal velocity
the wave, nevertheless, on the acoustical time scale, the m
sured traversal times definitely demonstrate that the co
sponding velocity of the wave packet through a forbidd
barrier is far higher than the velocity of any acoustical mo
and in particular of any bulk propagating wave. Based on
identity of the formal problem, this corresponds to a veloc
of an electromagnetic perturbation within a forbidden barr
greater than its speed in vacuum.

The objection mentioned above is due to the fact t
higher frequency components have a higher velocity~group
velocity in the quasimonochromatic approximation@11#!
with respect to lower frequency ones and so they consti
the front part of the wave packet during propagation. Th
components could reach the barrier and pass beyond it e
before the arrival of the main part of the packet; furthermo
this effect is enhanced because higher frequencies are m
energetic and undergo smaller or even a negligible atten
tion. The objection is that, in this case, there is no causa
relation between the input and output signals, so that an
going peak could be observed beyond the barrier prior to
arrival of the main part of the packet at the barrier interfa
@4,16#.

In order to avoid this effect a characteristic that is uniq
to Lamb modes has been exploited, that is the contradire
phase and group velocity behavior of one particular mo
the first symmetricalS1 mode in isotropic plates, within a
specific range of frequencies@18#. The dispersion law of
modeS1 in aluminium plates is given in Fig. 1, where th
dependence of parametervb/pVs versusbb is shown, with
b52p/l f , v being the angular frequency,l f the spatial
periodicity along the propagation direction in the plate,b the
thickness of the plate, andVs the velocity of the shear waves
From A to B, the dispersion curve refers to waves who
energy flow is contradirected with respect to the direction
the phase progressive wave, whereas fromB towards in-
creasing values of the abscissa, it refers to waves wh
energy flow is in the same direction. In our experimen
case, within the frequency range fromf B51.42 MHz to f A
51.52 MHz and forbb,1.52, modeS1 propagates with its
R4907 © 1998 The American Physical Society
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wave vector towards the positive axis, while its group velo
ity is directed backwards. Indeed, a wave packet constitu
by the S1 mode has been generated in theAB zone of the
dispersion curve. In this case the situation is such to ov
come the objection we mentioned above deriving from d
tortion effects: here the components with a frequencyf
.1.52 MHz have a velocity opposite to that of the packe
carrier frequency~e.g.,f carrier51.47 MHz!; furthermore, the
components with a frequency higher than the carrier’s
slightly lower than 1.52 MHz have a smaller velocity tha
that of the carrier, thus overcoming the problem that
higher frequency components could constitute the front p
of the packet before it reaches the barrier, and produc
strong alteration of the outgoing packet shape.

Elastic Lamb waves in the indicated frequency range
with proper value of the propagating wave vector compon
(b,760 m21) are generated and received in an aluminiu
plate of thicknessb52 mm ~40 cm long! through mode
conversion of bulk longitudinal waves impinging at an a
propriate incidence angle to the plate from a lower veloc
medium, by mean of wedge transducers. These were pl
at a distance of more than a dozen wave lengths from
narrowed zone so as to ensure the generation of La
waves.

Wave packets, few tens of microseconds long, of a
lected Lamb mode are generated in the plate and suc
sively detected after traveling through a forbidden section
variable lengthd and thicknessb851 mm, where the cut-off
frequency valuef cut-o f f8 52.84 MHz is well above their fre-
quency~see Fig. 2!. The time delay undergone by the wav
packets along the path from the transmitting to the receiv
transducer is measured and corresponds to the overall tr
time of the acoustic pulse through the coupling media,
free propagation regions of the plate and the forbidden
gion; this enables a relative determination of the barrier

FIG. 1. Dispersion curve for theS1 Lamb mode: the mode gen
erated with a value for the adimensional parameterbb,1.52 and
within the proper frequency range, has the unique property tha
group velocity is contradirected with respect to the phase veloc

FIG. 2. Geometry of the experiment: the incident and the eme
ing waves are generated and detected with wedge transducers
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versal time keeping all other propagation parameters u
tered.

Measurements of the pulse arrival time were perform
by determining the arrival time of the half value of the r
gime signal amplitude, for three different cases of the bar
length d50,5,10 mm, and three different values of th
acoustic central frequencyf 51.460,1.465,1.470 MHz. Fig
ure 3 shows the oscillograms of the detected signals
f 51.465 Mhz, in the case of~a! free propagation through th
plate and~b! propagation with an additional path of 5 mm
through the forbidden zone. From this it is possible to s
that the signal detected after tunneling is only negligibly d
torted and slightly attenuated~from 36 to 7 mV! thus vali-
dating the current procedure of taking the half amplitu
arrival time of the packet as the packet arrival time@19#. The
figure shows that the arrival times of the two packets are
same within 0.5ms. The traversal time, that is the differenc
between the arrival times in the two cases of free propaga
and tunneling, is so short that it falls within the error interv
of 0.5 ms.

The time so measured, corresponds to what is known
phase time. An analytical estimate for the phase time can
really be done through any modeling with classical or qu
tum waves, since it would require to define univocal ima
nary wave number, that is not the case of Lamb waves,
cause of their composite nature resulting from superposi
of shear vertical~SV! and longitudinal (L) modes. However,
an order of magnitude of the traversal time can be drawn
computing the~extreme! two values obtainable through mod
elling Lamb waves either with pure longitudinal or pu
shear waves. The traversal time is obtained from the ph
displacementDf undergone by the complex transmissio
coefficient. The dispersion relation for pure modes in
waveguide of thicknessb and bulk waves velocityV is

k25S v

VD 2

2S np

b D 2

~n50,1,2, . . .!. ~1!

e
y.

-

FIG. 3. Oscillograms of the detected signals forf 51.465 MHz
in two cases:~a! free propagation,~b! 5 mm long barrier.
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In a narrower section of lengthd and thicknessb8, the wave
number becomes:

k825S v

VD 2

2S np

b8
D 2

~n50,1,2, . . .!. ~2!

and by defining quantitiesq5ık8 and

k05AS np

b8
D 2

2S np

b D 2

, ~3!

the expression for the phase time can be computed thro
the complex transmission coefficient of a forbidden poten
wall in quantum mechanics, by simple substitution of t
particle momentum with the wave momentum@15,20#; one
then obtains

tf5
1

vg

]~Df!

]k
5

1

vgq

2qdk2~q22k2!1k0
4sinh~2qd!

4k2q21k0
4sinh2~qd!

,

~4!

wherevg5V2k/v is the bulk wave group velocity.
Values oftf would, then, result to be equal to 0.296 a

0.304ms for L and SV second mode~n52, corresponding to
Lamb S1 mode!, respectively, if they both would have th
same group velocity of the Lamb wave used in our exp
ment. Of course, pureL or SV waves would not propagate a
separate modes in a plate waveguide with free boundary
could only exist in case of complex boundary condition
Pure shear modes, however, are realistic in case of a
plate if their displacement is parallel to the free surfa
~shear horizontal waves SH!. In the approximation, then, tha
a SH wave substitutes our Lamb mode, the behavior can
computed of the phase time vs the barrier length. Figur
shows the phase timetf vs frequency for a SH mode (n
52) in the same conditions of the experimental case fo
barrier section 5 mm long. For a shear wave, then, t
would have the same group velocity of our Lamb mode,
theoretical estimate of the phase time is 0.304ms, which is
within the experimental error; identical values are also
tained in the case of a 10-mm-long barrier so that the
versal time is unaffected by the barrier length@15#.

FIG. 4. Theoretical estimate for the phase time of a SH m
(n52); the oscillating part of the curve is above the cut-off fr
quency.
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Figure 5 reports the experimental arrival times vs barr
length for three different values of the central frequencyf .
The shortest time has been taken as the reference ont
50), and it corresponds to the casef 51.470 MHz with no
barrier present (d50). It is evident that no appreciable dif
ference is obtained by changing the barrier length, which
consistent with the interpretation of an almost ‘‘instan
neous’’ velocity penetration of the pulse through the barri
Particularly, it is worthwhile to note that the changing
frequency sensibly affects the delay time, at any bar
length, in a way that is bound to the dispersion effects, wh
the changing of the barrier length is almost uneffective
the delay time, at any used frequency. This fact is rema
able, considering that, at these frequencies, we meas
times of 4ms and 8ms for a wave packet propagating di
tances of 5 and 10 mm, respectively, through a uniform
mm-thick plate; conversely, in case of tunneling, the delay
less than 0.5ms in both cases. Our experiment does not all
a precise value for traversal time to be derived, but surel
sets an upper limittf50.5 ms with respect to a measure
delay time for normal propagation of several microsecon

In conclusion, experimental evidence has been giv
showing that a classical wave, penetrating through a reg
where no real propagation vector is permitted, crosses
region in a time which is much shorter than the expec
one, were it to travel as a propagating wave. The case
has been investigated is that of an elastic wave in a
plate, where in a selected region the thickness is made
enough for a specific mode to be under the cut-off frequen
The result is a confirmation of several experiments done w
electromagnetic wave packets@12–14,20#, but using a Lamb
mode with contradirected phase and group velocity avo
the effect of strong distortion of the tunneling wave pack
and the consequent lack of causal relation between ingo
and outgoing signals. This gives meaning to the procedur
measuring the delay time between the transmitted and
ceived pulses on the basis of the half maximum amplitude
the rising edge of the pulse shape. The complete analog
the acoustic case with the electromagnetic one favors
interpretation of superluminal propagation of light pulse
giving a contribution to a question that is still under discu
sion: the possible violation of Einstein’s causality princip
@14# by finite duration pulses in a waveguide.

The present work has been partially supported by the I
tuto Nazionale di Fisica della Materia, Genova, Italy.

e FIG. 5. Relative arrival times vs barrier length for three freque
cies: 1.470 MHz~squares!, 1.465 MHz~triangles!, and 1.460 MHz
~circles!.
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