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Direct M easurement of the Wigner Delay Associated with the Goos-Hanchen Effect
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It is shown experimentally that the nonspecular reflection of light on an interface induces a time delay,
as predicted by Wigner's scattering theory. A differential femtosecond technique is used to directly
isolate this delay, associated with the Goos-Hanchen spatial shift produced by a grating near a resonant
Wood anomaly. A delay of 4.4 fsis observed between TE and TM pulses, in agreement with the expected
Wigner delay obtained from phase shift dispersion measurements.

PACS numbers: 42.25.Gy, 42.25.Ja

Because of the existence of an evanescent wave, a beam
undergoing total reflection exhibits a spatial shift, as sus-
pected by Newton's corpuscular theory [1] and demon-
strated by Goos and Hanchen [2]. This effect has since
been extended to many areas of physics, such as acous-
tics, plasma physics, guantum mechanics [3], and surface
physics and chemistry [4]. However, most of the work has
been theoretical while the experimental results concerning
the Goos-Hénchen (GH) effect are meager. In optics, it
is only recently that a direct measurement of the GH spa-
tial shift of awell-defined beam for a single reflection has
been performed [5]. Still, only the spatial aspect of the
GH shift has been investigated in stationary experiments.
Yet, it was recognized very early [6] that the best quan-
tum analysis of this effect is based on the scattering theory
of Wigner [7], Smith [7], and Froissart, Goldberger, and
Watson [7]. Indeed, the total reflection of light being con-
sidered a scattering process, the GH effect appears not only
asaspatial shift, but also asatempora delay which should
be of the order of 107! to 10~ 15 s[8]. By the time, such
a delay was clearly out of experimental reach. Now that
femtosecond lasers have become a common optical source,
one can wonder whether this delay may be observed in
a simple way, i.e., by analyzing the reflected beams. In
fact, it will be shown that, in the case of total reflection,
this time delay is not directly accessible on the reflected
beams, essentially because they stay in the denser medium.
Fortunately, other interface structures are expected to ex-
hibit GH spatial and temporal shifts where the beams are
reflected in the lower index medium. A peculiar case in
linear optics is the reflection of light by a metallic grating
in the vicinity of a resonant Wood anomaly [9]. There, a
GH gpatial shift has been predicted by Tamir and Bertoni
[10] on the basis of the resonant excitation of leaky-wave
fields [11,12], and recent calculations have indicated that
the associated delay remains of the order of a few fem-
toseconds [13]. Consequently, our aim in this Letter is to
search experimentally for a Wigner delay in the case of a
metallic grating by using a simple femtosecond technique.

Let us consider the total reflection upon a dielectric-
vacuum plane interface [Fig. 1(a)]. For al values z = 0,
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the space is filled with a dielectric medium of index =,
all values z = 0 corresponding to vacuum (n = 1). Then,
we treat total reflection as single-channel scattering of an
incoming wave packet on a potential wall at z = 0. The
incoming wave packet crosses over into vacuum, forms an
evanescent wave, and comes back into the original medium
as a reflected wave packet. From Wigner's scattering the-
ory, the corresponding elastic collision is described by a
scattering matrix S = exp(2;6) and leads to a time delay
7 given by the energy derivative of the phase shift §:
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while the displacement D of any incoming orbit in a nor-
mal direction isgiven by the derivative of the S matrix with
respect to the momentum transfer A p in the same normal
direction [7]:
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For a given angle of incidence i, the displacement Ax
along theinterfaceisequal to D/ cosi. Two different phase
shifts can be explicitly calculated for the two simple cases:
incoming electric field E perpendicular tothe planey = 0
(TE case), and E pardllel to the plane y = 0 (TM case)
[14]. This yields two different displacements Axtg and
Axtym aong the interface [Fig. 1(a)]. Following Ref. [8],
thetime delay 7 issimply given by the spatial shift Ax di-
vided by the group velocity v, = ¢/(nsini). This leads
to a differential time delay A7 = 7t — 715 equd to
(Axtm — Axtg)/v,. Now, we analyze the differentia
time of arrival A7, of the reflected wave packets onto
a detector. To obtain maximal temporal resolution, the
latter is placed perpendicular to the direction of propa
gation of the reflected wave packets. Curiously, the extra
time A7 spent by the TM wave packet along the interface
is exactly equal to the TE wave-packet propagation time
from point A to B [Fig. 1(a)] in the denser medium, i.e.,
(n/c) X (Axtm — Axte) X sini. Therefore, the two de-
lays compensate, and TE and TM pulses arrivein this case
simultaneously onto the detector and A7, = 0 [15].
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FIG. 1. (a) Total reflection of a wave packet by a dielectric-
vacuum interface. (b) Reflection of a wave packet by a grating;
only the zeroth and first orders of diffraction are represented.

Oth-order

Fortunately, other interface structures exhibit GH-like
phenomena where reflection takes place in the rarer
medium and leads to a non-null Ar,. In particular, we
consider now an optical beam impinging from vacuum
onto a metallic grating [Fig. 1(b)]. For peculiar values of
the incidence angle, adip in the diffracted beam intensities
is observed due to strong absorption of the incident beam.
This phenomenon, known as Wood anomaly, occurs at an
angle of incidence slightly above the so-called Rayleigh
angle, for which a diffracted beam disappears at grazing
emergence by passing off the edge of the grating. This
anomaly has been interpreted as a forced resonant excita-
tion of aleaky surface wave by the incident beam [11,12]
which, in the case of ametallic grating, is a surface plas-
mon. It occurs only in TM polarization since an electric
field component of the incident beam perpendicular to
the grating surface is needed to create a surface density
of oscillating electrons. This resonant Wood anomaly is
accompanied by a phase shift § for the TM zeroth-order
reflected beam, which depends strongly on both the angle
and the wavelength. Therefore, according to Egs. (1) and
(2), this scattering process must lead to GH-like spatial
and temporal shifts.

To be more specific, let us consider a pulsed optical
beam of wavelength A diffracted by ametallic grating with
a groove spacing a [Fig. 1(b)]. The Rayleigh angle asso-
ciated with the disappearance of the first-order diffracted
beam is

ip = arcsin(l — A/a). 3)

For an angle of incidence i below iy, no phase shift oc-
curs; thus no delay is expected. Just at i = iy, the en-
ergy of the disappearing first order is redistributed into
the propagating orders and leads to a sharp variation of
the zeroth-order efficiency. This second type of Wood
anomaly is not resonant and does not lead to GH shifts.
Conversely, for i just above iy, the zeroth-order beam
acquires a phase shift due to the wing of the resonant
anomaly. For a small range of angles above iy, the pre-
dominant roleis played by the phase which varies strongly
and hence induces spatial and temporal shifts, while the
absorption by the grating remains small. Therefore, our
working angle range is the wing of the resonant anomaly
around iy. As stated by Tamir and Bertoni, the GH shifts
can be explained by the propagation of evanescent waves
[10Q], just as in the case of total reflection. Indeed, a por-
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tion of the TM incident energy penetrates in the form of a
leaky-wave field, progresses along the structure, and radi-
ates back in the reflected beam direction. Because of this
energy leakage, the TM reflected beam is delayed and spa-
tially shifted with respect to the TE one, which is instan-
taneously and specularly reflected since it cannot excite
leaky waves [Fig. 1(b)]. Therefore, we choose the differ-
ential delay between TE and TM reflected pulses as our
observable.

In order to check these predictions experimentally,
we send a well-collimated short pulsed optical beam at
A = 800 nm onto a commercia ruled aluminum grating
with 600 grooves/mm. This grating has a blaze angle at
750 nm and is coated with a 48 nm protective layer of
MgF,. Usually, GH spatial shifts are of the order of afew
microns; therefore, we can infer that the expected delays
are of the order of a few femtoseconds. To observe them,
we could use pulses as short as possible, idealy shorter
than the delay. But the corresponding large spectrum
of the pulse would average the spectra features of the
Wood anomaly, leading to a dramatic decrease of the time
delay. On the other hand, very long pulses would result
in alack of tempora resolution. Thus, pulses of 100 fs
duration seem to constitute a good tradeoff. The incident
pulse impinges on the grating with an angle of incidence
i and is polarized by a Glan prism at 45° to the plane
of incidence. After reflection, the TM pulse is expected
to be delayed by a few femtoseconds with respect to the
TE one. To detect this differential delay, we modify a
commercia autocorrelator (Fig. 2). We choose to use this
autocorrelator in the so-called intensity detection mode.
As usual in this mode, the incident pulse is separated by a
beam splitter B into two arms where translatable hollow
cubes C;, act as delay lines. Into each arm, we insert a
sheet polarizer P, one aigned with the TE direction, and
the other with the TM one. Both TE- and TM-polarized
pulses are then focused onto a thin KDP nonlinear crystal
Cr and a photomultiplier PM detects frequency-doubled
photons.

In order to extract delays without data accumulation,
the following homodyne detection is used. First, in the
absence of a delay between TE and TM pulses at the in-
put of the autocorrelator (i < iy = 31.2° on the grating),
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FIG. 2. Differential autocorrelator used to measure the Wigner
delays.
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the position of C, is adjusted to obtain temporal coinci-
dence of the TE and TM pulses in the KTP crystal and
thus a maximum PM signal Spy. Then, the position of C,
is sinusoidally modulated around the coincidence position
at frequency fy = 34 Hz. Thus, Spy is modulated at fre-
quency 2 X fo [Fig. 3(a)]. Now, if a delay between TE
and TM pulses is introduced at the entrance of the auto-
correlator, the coincidence position of C; changes and a
nonzero component at frequency fo appearsin Spy. This
is clearly shown by the arrows in Fig. 3(b) where, as an
illustration of the technique, aknown delay A7 = 18 fsis
induced by a quartz plate of thickness 0.65 mm inserted
in front of the autocorrelator with its fast and slow axes
parale to the TE and TM axes, respectively. The f, com-
ponent is extracted by a lock-in amplifier LIA; and gives
asigna S; proportiona to A7 X A for smal A7, where
A isthe amplitude of Spy. Since A can vary, we extract it
by demodulating Spy @ frequency 2 X f with a second
lock-in amplifier (signal S,). Then the ratio R = §,/S>,
solely proportional to AT, is reconstructed by a ratiome-
ter RA. R iscalibrated by simply displacing C, of 1 um,
leading to a delay of 6.7 fs.

Let us now rotate the grating from the initial angle
i < ip. As expected, when the first-order diffracted beam
passes off the edge of the grating (i = i), adelay isin-
duced by the grating and appears as an unambiguous com-
ponent at fo in Spy [Fig. 3(c)]. Figure 4 shows the delay
A7 extracted from R as a function of i. Around i = iy,
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FIG. 3. Full line: signa Spy of the photomultiplier versus
time: (a) no delay (case i < ip); (b) case i < iy with a quartz
plate inserted in front of the autocorrelator; (c) case i > iy
(without plate). The arrows show the appearance of the fy
component. Dashed line: signal proportional to the displacement
of C,.

the delay increases sharply over an angle range of 0.4°.
This is due to the gradual disappearance of the first-order
diffracted beam which has an angular width of 0.4°, re-
lated to the spectral width of the pulse (AA = 10 nm). A
maximum temporal shift of A7, = 4.4 fs between TE
and TM pulses is obtained. Finally, due to the increasing
absorption of the TM wave by the grating, the delay de-
creases smoothly when i is further increased.

We have performed complementary experiments to con-
firm the fact that the observed delay can be fully interpreted
interms of aWigner delay. Withthisaimin view, the phase
retardance induced by the grating between TE and TM po-
larizations is measured with a simple polarimetric method.
The same laser source is used, but run in cw mode. As
previously, the laser beam is linearly polarized at 45° from
the TE and TM grating axes. The zeroth-order reflected
beam acquires an ellipticity which is analyzed by a sec-
ond Glan prism, and the phase retardance 6ty — d71E IS
finally extracted. At fixed i, this retardance is measured
versus A varying from 780 to 820 nm by tuning the laser.
Then, we estimate the expected value A7 for this angle i
according to the right-hand side of Eq. (1) averaged over
the spectral width of the pulsed beam. The expected val-
ues are reported as open circles in Fig. 4 for four angles.
The agreement between the measurement of A+ and the
expected values is quite good. Therefore, this shows un-
ambiguously that the observed delays are Wigner delays
associated with the interface.

To conclude, we have isolated a Wigner delay for an
optical reflection on an interface. In the case of a grating
near a resonant Wood anomaly, a delay of 4.4 fs has been
observed between the TE and TM pulses reflected in the
zeroth-order diffracted beam. This result lies within the
same order of magnitude as the calculation of Ref. [13]
performed for an idealized sinusoidal grating. Just as the
GH gspatial shiftiswell known to be given by the derivative
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FIG. 4. Full line measured delay At as a function of i — ij.
Open circles: delays expected from phase retardance measure-
ments. Measured and expected delays. uncertainty +0.4 fs.
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of the phase shift with respect to the momentum transfer,
we have shown experimentally that the GH delay is equal
to the derivative of the phase shift with respect to energy.
Since ultrashort pulsed optical experiments benefit from a
high temporal resolution, it makes observable the time de-
lay induced by a single reflection. Therefore, the Wigner
delay on an interface could lead to applications in surface
physics in a manner much easier than those suggested for
the GH spatial effect. Indeed, the present method could
be applied to study the delay induced by other diffractive
structures [16—19] and the Wigner delay on interface could
have implications in other domains such as nonlinear op-
tics and seismology [3,20]. Depending on the considered
prablem, the Wigner theory thus provides complementary
investigation techniques based on spatial, temporal, or el-
lipsometric measurements. Besides, the Wigner delay of
the GH effect should be of use in the design of spatial-
temporal processing techniques [21].
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