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Superluminal advanced transmission ofX waves undergoing frustrated total internal reflection:
The evanescent fields and the Goos-hahen effect
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A study of X waves undergoing frustrated total internal reflection at a planar slab is provided. This is
achieved by choosing the spectral plane wave components of the in¥idente to fall on the upper interface
at angles greater than the critical angle. Thus, evanescent fields are generated in the slab and the peak of the
field tunneling through the slab appears to be transmitted at a superluminal speed. Furthermore, it is shown that
for deep barrier penetration, the peak of the transmitted field emerges from the rear interface of the slab before
the incident peak reaches the front interface. To understanddiincedransmission of the peak of the pulse,
a detailed study of the behavior of the evanescent fields in the barrier region is undertaken. The difference in
tunneling behavior between deep and shallow barrier penetrations is shown to be influenced by the sense of the
Goos-Hachen shift.
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I. INTRODUCTION of reshaping of the field transmitted through the tunneling
region before it emerges on the rear side of the barrier. The
In this work, we study the frustrated total internal reflec- analysis used in Ref8] has been extended to the caseXof
tion of a classical pulse; namely, tiewave[1-5]. Such a  waves tunneling through multilayered structures consisting
wave field is a three-dimensional dispersion-free localizedf alternating layers of evanescent and free-propagation re-
pulse that travels in free space without spreading out.Xhe gions[21]. The results obtained in RgR21] confirm that the
wave is synthesized of a superposition of polychromatiaraversal times foX waves transmitted through multiple bar-
plane wave components having wave vectors restricted to ders separated by propagation-free regions are independent
conic surfacd6,7]. One can then choose the apex ang#  of the length of the barriers as well as the propagation-free
the spectral conic surface characterizing ¥evave to be regions separating thef22,23. For such multilayered struc-
larger than the critical angle. Consequently, the spectraures, it has been shown that the peak of Xhwave appears
plane wave components of tikewave undergo total internal to be transmitted at a speed much larger than that of light.
reflection. Following this approach, it has been recently demFurthermore, it has been predicted that, for deep barrier pen-
onstrated that the peaks &f waves undergoing frustrated etration,advancedransmission of the peak of the pulse can
total internal reflection on the upper surface of a planar slalake place before the incident peak reaches the front surface
appear to be transmitted at superluminal spd&lisSuch a  of the multilayered stack21].
behavior is analogous to theoretical results predicted in rela- Although the behavior of the evanescent fields in the bar-
tion to the transmission of electromagnetic pulses throughier region plays an important role in the reshaping of the
undersized waveguidd®] and in situations involving the tunneling pulse, such fields were not studied in RgFsand
tunneling of photon$10,11. Several of these theoretical re- [21]. These earlier investigations have emphasized the nature
sults have been confirmed in recent experimga®-17. of the transmitted pulse when it emerges from the slab. Only
Similar predictions have been made in connection with frusthe transmitted fields beyond the rear surface of the slab were
trated total internal reflection from the front surface of a thincalculated 8,21]. In this work, we are primarily interested in
slab [8,18,19 and for pulses propagating through electro-the behavior of the evanescent fields inside the barrier re-
magnetic metamateria]20]. The latter are materials charac- gion. The Goos-Hachen effect will be used to explain the
terized by equivalent permittivities and permeabilities thatadvancedtransmission of the peak of thé wave and its
are smaller than the free space values. The aforementionatiperluminality[24,25. Furthermore, the time dependence
superluminal tunneling effect is usually explained as a resulof the buildup of the evanescent field in the barrier region
will be examined. Along similar lines, a recent study of the
evanescent fields associated with a Bessel beam tunneling
*On leave from the Department of Engineering Physics and Maththrough a planar slab predicted that the speed of the trans-
ematics, Faculty of Engineering, Cairo University, Giza 12211,mission of the field is extremely fa$26]. That prediction
Egypt. was based on phase velocity calculations. In contradistinc-
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tion, the current study establishes that the ultrafast transmis-
sion of theX wave is related to the temporal position of the
maximum of the evanescent field. In addition, the approach
used in this work highlights several interesting features of
the evanescent fields associated with the tunneling pulse.

In an earlier investigation dealing with the reflection and
refraction of an acoustiX wave from a planar interface
separating two media, an exact closed-form expression for
the evanescent field in the lower half-space has been deduced
[27]. Along the axis of propagation, the time dependence of
the evanescent field shows that the amplitude increases to a

Region (3)"/
n

maximum, starts decaying until it acquires negative values, Region (2 A =
goes through a minimum, and finally decays to zero asymp- i i

totically. A key attribute of such behavior is that, for all 2 ¥ z=d,
points inside the second medium, the maximum of the eva- Region (1) B

nescent field is attained before the peak of the incident pulse n *a“

arrives at the interface. Understanding this behavior is cru-
cial for explaining theadvancedransmission of the peak of
a tunnelingX wave. This is the case because evanescent
fields in a semi-infinite half-space can approximate the fields
generated in a slab for situations involving deep barrier pen-
etration. Therefore, thadvancedormation of the maximum
of the evanescent field, at all points along the axis of propa-
gation, alludes to the possibility that the same behavior FIG. 1. X wave incident on a slab of width.
might be observed for a pulse tunneling through a thick slab
(deep barrier penetrationThe details of this point are ex- ponent of theX wave is achieved by working with the Hert-
plored in this work, and conditions for deep barrier penetrazian potential
tion are established

The plan of this work is as follows: The analysis used to He(F, ) =W (F,1)i(2), (2.1
determine the evanescent field in the barrier region is intro-
duce_d in Sep. I.I' Furthermore, fqrmulas are provided for Cal'vvherel](z) denotes a unit vector along thez direction. The
culat!ng the incident an_d_trz_;m_smltte@/vaves._ln Sec._lll, the electric field intensity can be readily obtained, viz.,
special case of a semi-infinite half-space is considered and
closed-form expressions for the evanescent fields due to an - - -
incident electromagnetiX wave are derived. Also, the be- E(F,1)=—ZoV X ded ke(F,1). 2.2
havior of the evanescent fields in a semi-infinite half-space
and in a finite-width slab is compared. In Sec. IV, theHere,Z=\uo/e andc=1/\Jue assuming that the medium
evanescent-antievanescent series approximation of the fieisl honmagnetic. For ad wave normally incident on the slab,
inside the slab is examined and several features of its timthe Hertzian potential is defined in terms of a fourfold Fou-
dependence are elucidated. The Goosdhan effect associ- rier superposition as
ated with theX wave field in the slab is discussed in Sec. V.
It is shown, specifically, that the sense of the Goosithen _ - _
shift determines whether the tunneling pulse undergoes deep- ‘I’(')(F,t):f 1d(w/01)f JA%KA (K w)e™ "
or shallow-barrier penetration. Concluding remarks are made R R
in Sec. VI. x @ (kY o) (] cq)?— K — kG — K?),

(2.3

€15
s 2
Incident| X wave

Il. THE TOTAL X WAVE FIELDS IN A THREE-LAYER
MEDIUM wherec,;=cy/n, is the wave speed in region 1, agglis the

, . . speed of light in vacuum. The spectral amplitude of the in-
Consider the case of frustrated total internal reflection of gjqent X wave is given by

three-dimensionalX wave normally incident on the slab

shown in Fig. 1. Regions 1 and 3 have refractive indices A

equal ton; and the refractive index of region 2 is,. By A(K,w)= —l(w/wo)"e*(‘”“l)a&(kz—(w/cl)cosgl),
choosing the axicon anglg, of the incidentX wave to be ™

larger than the critical angl®.=sin"%(n,/n,), all spectral (2.4
plane wave components of th¢ wave will undergo total ) ) ) )
internal reflection and evanescent fields will be generated iMhereA, is a constant amplitude>0, andé, is the axicon
region 2. For propagation along the positizedirection, angle. The three integrations ovetk are carried out ana-
transverse electri€TE) polarization of the plane wave com- lytically to give
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_ % Fresnel reflection coefficient in region 2 due to the reflection
W(')(F,t):Alf d(w/cy)(w/wp)*Io((w/cy)p sing;) by region 3. To ensure the continuity of the amplitude of the
0 field across the interface=d;, the spectral amplitude in
x @~ (@/cy)[a—i(zcosé —ct)] (2.5 region 2 is chosen as

For integer values of, the integration over¢/c;) yields

A,
=_< —(wlcy)a _
the closed form of theuth orderX wave[1,3-5,2]. Using Ax(k,w) = —=(wl wo)*e 126k, (w/Cy)COSE)),

the analysis described in Sec. 2.1 in R&8], we calculate (2.1)
the total field in region 1 by adding a term due to the mul- )
tiple reflections from the region 2; specifically, where¢, is the apex angle of the spectral cone of the trans-

mitted pulse in the second layer. In the case of total internal

o flection, h
V(F)=A, f d(w/c)(wl o) Io((wlcy)p Sing;) reflection, we nave
0

=i sin® &, 1 Ny \/;2 212
—(wlcy)[a—i( £1-cqt)] COSér=1 ———1, Nyy=—= —. .
><{e cy)[a—i(zcoséy—cq 2 ngl 21 n, -
+Rype” (Welatizeostyt el (2.6)  The amplitudeA, in the region 2 is related t&, through the

, . . o following expression 28|:
The first term in the integrand represents the incident wave. g &xp 28]
In the second termR;, is the generalized reflection coeffi- A T, pe (ki ka2)d
cient for the three-layer medium that relates the backward- A= 1— Ry Rys2¥ed 201 ° (2.13

traveling and the forward-propagating wave amplitudes in

region 1. It includes the effect of rear surface reflection agn gq.(2.10), the integration ovek, reduces the total field in
well as the reflection from the front surface of the slab. Thisregion 2 to the form

reflection coefficient is given explicitly b}28]

T12R23T2192ik22(d2_d1) Wo(F,t)= f d(w/cy)Ax(wlwg)*Io((w/cy)p sing;)
0

><{e—(w/cl)(a-%—zx/sin2 §1—n§1+iclt)

Here, T;; andR;; are the Fresnel transmission and reflection

coefficients at the interface separating regioasdj. For a TR, e (@lc)la—(z—2h) \sir? §17n§1+ic1t]}
TE wave incident on an interface separating two electrically 25 '
different nonmagnetic media, the Fresnel coefficients are (2.149
equal to
q whereh is the thickness of the barrier; i.dv=d,—d;.
e Kiz—Kj; Analogously, we can express the field in the third region as
Ri' = y (28)
! kiz+ ka o0
0= | CdlalepAswlag Il psing)
e 2kiz 0
Tij = ) (2.9 _
ki, + ka X @~ (@lc)(@-i(zcoséy—cyt) (2.15
where whereA; is given by[28,8|
ki, = J(w/c))?— (wlcy)? sif &= (w/c;)cosé; , AT T i gz
i=1,2,3. 37 1-RyRyge?kedd2mdy
In analogy to Eq.(2.4), the spectral amplitude in region 2 B iA12KK1, (216
depends only ok, andw. Using the results of Ref28], we ~ (K2,—K?)sinh Kh)+i2Kk,,coshKh) =
can associate a Hertzian potential with the field in region 2,
viz., Here,K = (w/c;) V/Sir? &—n2, andk;,= (w/c;)cosé;. To il-
lustrate the possibility of advanced transmission of the peak
‘I’Z(F,t)zwf d(w/Cl)f dk,Jo(p /(w/cz)z—ki) of the X wave, considgr a!x wave normglly incident on a
R R planar slab of refractive inder,=1, while the two sur-

A : ~ b e rounding media have refractive indicas;=n;=3. We
X Ag(ky, ) (€17 + Rygelelz it g1k, choose arX wave of apex angle;=85° and parametea
(2.10 =0.2mm. Note thaté;>sin 1n,;=19.47°; therefore, all
spectral plane wave components of Xievave undergo frus-
The first term of the integrand represents the forwardrated total internal reflection at the front interface. The total
propagating wave, whil®,3;= R,z in the second term is the field in all three layers is displayed in Fig. 2 far=0. The
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FIG. 2. Advanced transmission of the axial profile of the Hert- 2000 ‘
zian potential of arX wave incident on a slab of width=1 mm. N ol
The refractive indices of the three regions are equaite 1 and Z‘h ‘2 mm
o . . — L, h=)mm
n;=n3=3. The incidentX wave is characterized bg,=85°, a T s L , EREmommy
. 1500 : — - z=h=3mm
=0.2mm, and x=0. The total fields are plotted at;t= 2 =h =4 mm
—9cosé, cit=—-5co0sé, cit=0, cit=+5cosé, and cit= v

+9 cos¢é; mm. The amplitude of the transmitted field is multiplied

by a factor of 2 to emphasize the shape of the peak in region 3. The 1900
insets show enlargements of the Hertzian potential associated with

the evanescent field at different times.

500
width of the barrier region is chosen to eqtiat 1 mm. The

fields are plotted at five different timeg;t=—9 cosé;,
—5cosé;, 0, +5 cosé;, and +9 cosé; mm. At time cqt=

—9 cosé; mm, the peak of the transmitted field, shown mag- 0
nified by a factor of 2, has already emerged from the rear
surface of the slab. The evanescent fields inside the barrier » :
region are displayed in the insets included in the figure. The _g, i i j
plots show clearly that for deep barrier penetration, the peak -10 -5 0 5 10
of the transmitted pulse appears on the rear side of the barrier (b)
before the incident peak reaches the front interface. This be-
havior does not exist for small axicon angles, i.e., wkers FIG. 3. The time dependence of the Hertzian potential associ-
slightly larger than the critical angle8]. It should be noted ated with the evanescent field at the rear surfaces of slabs having
that the insets show that the evanescent field displays a cod#ferent widths. The incidenK wave and the planar slab are the
tinuous decay in amplitude as one moves from the front tesame as in Fig. 2. The apex angle of tKewave equals(@) ¢,

the rear interface. Far;t>—9 cosé&, mm, the amplitude of =85° and(b) &;=40°.

the evanescent field at=1 mm falls constantly with time.

This indicates that the peak is transmitted into region 3. Irto predict when the peak of the transmitted pulse emerges
contrast, the initial increase in the amplitude of the evanesfrom the barrier region and to determine when dees

cent field at the front interfacez& 0), followed by a nega- vancedtransmission occur.

tive flip, is a sign of the arrival of the incident pulse and its  In Fig. 3(a), the time dependence of the Hertzian potential
subsequent reflection. Consequently, the time at which thassociated with the evanescent field is shown at the rear in-
evanescent field attains its maximum amplitude can be userface of various slabs having different widths, i.e.,zat

¢, (mm)
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=h. One should note that for all widths the evanescent fieldsator. As for the axial time evolution of the evanescent field,
attain their maximum amplitudes at negative times, i.e., atonsider the real part of the expression given in Bd3) for
times prior to the arrival of the peak of the incident pulse atp=0, specifically,

the front interface. This behavior determines the condition

for deep barrier penetration, viz;>sin"'n,,. To appreci-

ate the importance of such a condition for attaining deep RV alp=02z1)}

barrier penetration, we have calculated the time dependence

of the evanescent field faf; =40°. The Hertzian potentials

associated with the resulting evanescent fields are shown in _ 2Aj[acos & +T coséy(zcosé;—cyt)]
Fig. 3(b). For the chosen barrier widths, the maxima of the - [(cit)2+(a+zl)?])(1—n3)
evanescent fields occur at positive values of time. This

means that, fof;=40°, the peak of the transmitted field

will appear after the incident peak reaches the front interfacehis function has a null that propagates at a speed equal to
and noadvancedransmission takes place. Nevertheless, the:, /cosé; . In Fig. 4a), the time dependence of the Hertzian
peak of the pulse is transmitted at a superluminal speed bgpotential associated with the evanescent field is shown for
cause the peak arrival time{/cosé;)t,<h for the four bar-  the semi-infinite half-space at different depthgrom the

(3.9

rier widths considered in Fig.(8). interface. One should note that for all distances from the
interface the evanescent fields attain their maximum ampli-
. THE EVANESCENT X WAVES tudes at negative times, i.e., at times prior to the arrival of

the peak of the incident pulse at the front interface. The
Consider the case of an electromagn&tiwave normally  shapes of the Hertzian potentials shown in Fip) 3liffer

incident on a planar surface of discontinuity separating twdrom those shown in Fig. (4) because of the effect of the
different media with refractive indices; andn,, respec- antievanescent components reflected from the back interface
tively. Assume that the interface separating the two media igf the finite-width slab. It appears from Figs(@Band 4a)
situated az=0. Choosingn;>n,, the spectral plane wave that the reflection from the interface separating regions 2 and
components of th& wave will undergo total internal reflec- 3 affects primarily the trailing edge of the field. On the other
tions and evanescent fields will be generated in region 2. ThRand, the time dependence around the rising edge and the
Hertzian potential associated with the transmitted field carield’s maximum has the same shape in both cases consid-
be derived directly from Eq(2.15 after removing the term ered in Figs. 8) and 4a). The crucial point, here, is that the
responsible for the reflection from the rear interfad®y(  maximum amplitudes of the evanescent fields are attained at
=0), specifically, negative times. Fo&;=40°, the Hertzian potentials associ-

ated with the evanescent fields are shown in Fg).4Jnlike

R * ) the evanescent fields associated with the finite-width [slab
Wtfan(r't):fo d(w/c)ArTido((w/cy)p singy) Fig. 3(b)], one should note that for the semi-infinite half-
space all maxima are attained at negative times.
x @~ (@/c) (@t zysi £ —n3 +icst) (3.1) To establish the conditions leading advancedransmis-

sion, we have calculated the axial time dependence of the
evanescent field at different points inside a slab of width
=4 mm. Figure ) shows the time dependence of the eva-
nescent field fo;=85° at distanceg=1, 2, 3, and 4 mm.

Here, the Fresnel transmission coefficient, which is ex
pressed explicitly as

2Ky, 2(wlc,)cosé; Apart from_ e>_<pepted differences in amplitudes_, one should
TlZ:k =Tl 7 note the similarity between the temporal profiles of these
12T Koz (0/Cy)C0SE;+(w/C3)C0SE, plots and the ones provided in Fig(at A striking feature
2 cost that should be pointed out is the peaking of the evanescent
= = , (3.2 field at deeper distances inside the slab before occurring at
COSE +i/Sin & — n%l distances closer to the front interface. This behavior, which is

an attribute of evanescent fields formed in a semi-infinite

does not depend om. Consequently, the integration in Eq. half-space, is the reason fadvancedransmission. In Fig.
(3.1) can be evaluated using formui&.611) in Ref. [29], 5(b), the time dependence of the evanescent field associated
yielding the closed-form expression with an incidentX wave havingé; =40° is plotted at differ-
ent distances inside a slab of width 4 mm. It is interesting to
DA, COSE; note that, similar to the semi-infinite half-space, the evanes-
, cent field peaks at negative times for 1, 2, and 3 mm. This
(cosé&y+il)Vp?sir £+ (a+zl +icyt)? behavior is expected to take place when the barrier is wide
3.3 enough to be approximated by a semi-infinite half-space.
However, at the rear surface of the slab=(h=4 mm) the
where I'= \/sir? gl—nzzl. This evanescent field exhibits a maximum amplitude is achieved at a positive time. Further-
transverse wave motion along the interface through the terrmore, in contrast with th&,;=85° case, the peaking of the
p? sir? & —(cqt)? appearing in the square root in the denomi-evanescent field occurs first at distances closer to the front

Wirar F,1) =
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Re(P, (c,t,p=0,2§=285) Re(W,(c,t, p= 0,z & =85")
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-80 |-
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. L. . (®) ¢,t (mm)
FIG. 4. Same as Fig. 3 but for ahwave incident on a semi-

infinite half-space. The time dependences are calculated at different £|G. 5. Same as Fig. 3 but for awave incident on a slab of
distances from the interface separating two regions having refraGyigih h=4 mm. The time dependences are calculated at different
tive indicesn; =3 andn,= 1. The apex angle of th& wave equals  gjistances from the interface. The refractive indices of the three re-
(a) £,=85° and(b) §;=40°. gions aren;=n;=3 andn,=1. The apex angle of thX wave
equals(a) £&,=285° and(b) &, =40°.

interface and moves forward towards the rear surface of the
barrier. waves having; =40°, negative-timadvancedormation of

In a study of the tunneling of Bessel beams, it has beefthe peak of the evanescent field takes place over most of the
predicted that, immediately after the front interface of theslab, except for a small region close to the rear interface.
slab, the wave motion is extremely fast when compared tahis result agrees in essence with the predictions made in
the wave speed at the rear surface, i.ez=ah [26]. For X  Ref.[26]; namely, that wave transmission through an evanes-
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cent channel is initially very fast over most of the slab until ¢z, (mm)
the antievanescent components become significant close to
the rear surface. Howeveagdvancedpeaking of the evanes- S
cent field within the slab was not discussper sein the P O
aforementioned reference. Such a phenomenon reflects the :
extraordinary speed of peak transmissiorXataves through

the evanescent channel. This behavior was not captured by
the phasdor group velocity analysis used in Ref26] for .
continuous wave Bessel beams. For lageangles,ad-
vancedpeaking of the evanescent field of Arwave extends
over the whole slab with the field peaking first at the rear
interface. As such, the peak of the evanescent field appearsto_4 |-
be anomalously moving backwards with time from the rear
to the front surface of the slab. The two situations considered
in Figs. 5a) and gb) show distinct behaviors as far as the
peaking times are concerned. Fgr=85°, the peaking times 6 -
are negative for all distances from the front interface, and
there is a negative shift in the temporal position of the peaks
aszincreases, i.e., the peak of the evanescent field appears tc : | _ _ :
be moving backwards. As fof; =40°, forward motion of 8 L | i I i i
the peak takes place. Figurébpshows that the peaking time 20 30 40 50 60 70 80 90
of the evanescent field occurs initially at a negative time; (a) £, (degree)

henceforth, it exhibits positive shifting with distance until it !

acquires maximum amplitude at a positivg,, value at the ¢t (mm)

surfacez=nh.

The preceding discussion indicates that the time at which 0-5
the evanescent fields acquire their maxima determinad-if
vancedtransmission will take place. To clarify this point, we
have calculated the dependence of the peaking tihe of
the evanescent field on the axicon angle From the dis-
cussion in the preceding section, we expect that for an inter- —0-5 |-
mediate value 40%£,<85°, a zero peaking time a=h
will occur. This is confirmed in Fig. @) that displays the
peaking time as a function @, at the rear edge of the slab
for different barrier widths. It is interesting to note that,
acquires negative values féy>48.19° independently of the  -1.5
barrier width. The same result holds even when the barrier
width is increased to the relatively large valaeh=1 m. 0y
This suggests that deep barrier penetration depends only on
the axicon angle, i.e., transmission through a thick barrier is

not sufficient to cause thedvancedunneling of the peak of -2.5
a X wave. Furthermore, one can show that the peaking time : : 5 5
is also independent of the value of the paramateharac- 0 ; i i i i i \
terizing the incidenX wave. To establish this point, plots of 5 30 40 50 60 70 80 90
the peaking time for differena values are provided in Fig. ()
G(b) &1 (degree)
FIG. 6. Peaking time;t, vs £, for different (a) slab widthsh
IV. THE EVANESCENT-ANTIEVANESCENT SERIES and (b) parametera values. The circles and squares represent
APPROXIMATION sample points calculated using E@.6) for h=1 and 4 mm, re-
spectively.

To be able to differentiate between deep and shallow bar-
rier penetration, we have to determine why the peaking timgonents. This is done by expressing the amplitude given in
changes from positive values for smégjl angles to negative Eq. (2.13 in terms of a series expansion, viz.,
values for¢;>48.19°. One also has to figure out what is so _ (kg ko 2ikyy(dp—dy)
special about the angle f(ﬁl=§(l°)=48.19° corresponding Ap= ATy 2B 1+ RygRyge™ 22 '
to zero-tunneling time. Specifically, why is it independent of +R2,R2g4kazd2=d) .. 4.1
both the width of the barrier and the parametér Along
such direction, we examine an approximation of E3j14) Retaining only the first term, Eq2.14) acquires the follow-
that involves the first order evanescent-antievanescent conng form:
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WH(F) = J d(w/C) AT 10 220wl wg)Jg((wley)p sin g e (e @ 2ybine =niyiest
0
+~R23e—(w/c1)[a—(z— 2h)+/sir? gl—nglﬂclt]}_ 4.2

\If(zl)(F,t) is the first order approximation oF ,(F,t) when ~ Sampled values of,t, calculated using EqA4.6) are shown
only the first term in the series given in E.1) is retained.  in Fig. 6@a. The zero-tunneling-time anglg® can be cal-
Physically, this approximation is equivalent to working only culated by setting,t,=0 in Eq. (4.6), thus, obtaining
with the first order evanescent and the antievanescent fields.

All other higher order pairs arising due to successive reflec- ) 1—n§l
tions are neglected. Although this approximation may not be coséy = o
accurate for all parameter values of interest, working with

the first order of evanescent-antievanescent pair clarifies se\ghich is independent of both anda, as anticipated by the
eral aspects oAdvancedpeak transmission. plots shown in Figs. @ and &b). For ny=2%, Eq. (4.7)

. The integration given in Eq4.2) can be carrieq out_ to yields §(1°)=48.19° as predicted by Figs(# and @b). The
give a sum of two terms analogous to the one given in Eq; ; 0) :
(3.3 for a semi-infinite half-space. Specifically, far=0, expression for the anglﬁ given in Eq.(4.7) could also be

. : : . obtained upon settingre=v,. Although the expression
ghaeti:rﬁ);i)srogmitstertman potential along the axis of Ioroloagiven in Eqg. (4.7 is derived within the limits of the first

order evanescent-antievanescent approximation, we claim
that it can be used as a condition for deep barrier penetration

(4.7)

vD(pr=02z1)= Z_Al €oséy i of an X wave tunneling through a planar slab. This claim is
2 (P y 1t) . . . . .
(cosé; +il)(a+zl'+icyt) valid because all higher order pairs satisfy the same condi-

; tion. To improve this first order approximation, we can in-

2A, cos¢gq(cosé —il ) . . . : X .
_ 1 . ¢1(cos¢y 1T i i clude higher order pairs. Using the series expansion given in

(cosgy +il)Ta—(z=2hI+icyt] Eq. (4.1), we obtain the following expression for the time

4.3 dependence of the evanescent fields at the rear edge of the
barrier region:
Rearranging terms, the real part of the above expression be-

comes equal to WV,(p=0,z=h,t)
R (p=07,1)} _ AAT coté, - exp(—id,)
. (1-n3) &4 [a+(2€—1)hT +icyt]
_ 2A;c08 ¢ [(1-n3)[a+T(z—vet)] .83
~ (1-n3)? (ct)?+(a+2l)? '
(o€ &, 3T)[ — (a+2hT)+ T(z+v,1)] Here,
2 2 ’ (44)

(cit)*+[a—(z=2h)I'] ®,=(4¢—2)tan }(T'/coséy) +(7/2).  (4.8D
where the velocities of the evanescent and antievanescemhis is a particularly simple expression describing the time
nulls, denoted by, andv,, are given by dependence of the evanescent field at the rear surface of the

barrier. The summation in E@¢4.8) is over terms represent-
! ing the time variations of all multiply reflected evanescent-
Ve™ cosé;’ (4.58 antievanescent pairs. Apart from the phase factor, the indi-
vidual terms have simple time dependence analogous to that
(3cod¢,-T?) ¢ of the half-space evanescent field. Thel (2L)hI" term in
Va= ! ! (4.5p  the denominator of each term represents the different dis-

_ S _ |
I'(cos’ ¢&,—3I'%) cosg, tances traversed by thgh order evanescent-antievanescent

) . pairs after undergoing multiple reflections at the front and
The peak of the time dependence of the evanescent field giar interfaces of the barrier. This factor is also responsible
the rear edge of the barrier region(h) can be deduced by for reducing the amplitudes of the higher order terms and
equating the time derivative of E¢4.4) to zero. This proce- increasing their temporal spread.
dure yields the following expression for the peaking time: Notice that all terms in the series given in E4.8) peak

at c4t=0 when the following condition is satisfied:
(cos§;—T')

Cltp:(a+ ZF) W

(4.6 ®,= (40— 2)tan X(T/coséy) + (w/2)=Lm. (4.9
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After some manipulation, it can be shown that E49) re- amplitudes of the azimuthal pulsed components is deduced
duces to the same condition given in E4.7). The evanes- from Eq.(2.16), viz.,

cent field on the rear interface peaksat,=0 when &, 5

=¢"=48.19°. This condition applies separately to each <I>=arctar{ cos ¢ —T tanh(Kh) (5.2
evanescent-antievanescent pair in the seted). 2I" cos¢, ' ’

. The derivative in Eq(5.29 yields
V. THE GOOS-HANCHEN SHIFT AND ADVANCED

TRANSMISSION O 2dI'? cotéy(cod &,—1'?)
It has been recently pointed out that the Goositteen cost(Kh){(2I cosé;)+[(cos &—TI?)tani(Kh) 7}
shift causes the superluminal transmission of pulses in situ- (5.3

ations involving frustrated total internal reflection at a double,

prism[24,25. In this section, we apply a similar procedure . . . 2
: ; acquire negative values except the quantity {épsI™) in
to the pulsed plane wave representatioXafaves{3,30] in the numerator. Consequently, the Gooseteen shift alters

order to understand how the transmitted peak is formed. We_~_. .
demonstrate that, besides being responsible for the superlﬁ—S sign depending on whether

No terms in this expression for the Goos#ghen shift can

minality of the transmission, the Goos-htzhen shift ac- cog ¢;,—I'2>0=Negative shift
counts for the difference between deep and shallow barrier
penetrations. or
It is well established that th& wave solutions can be
synthesized as a superposition over Bessel bda6is Ad- cos' é;—I'?<0=Positive shift.

ditionally, it has been recently shown that Arwave can be _ N B0 _ 2 gir? £O)_ 2
represented as an angular superposition of pulsed fields trajle borderline condition, ¢ g==sir’ &’ —n3,, leads
eling at a tilted angle; with respect to the axis of propaga- directly to the result given in E¢4.7).

tion of the peak of theX wave[3,30]. This view leads to a In order to understand the reason that the sense of the

wave representation in the form of a superposition of tilted®00s-Hachen shift leads to the condition given in £4.7),
pulsed fields, viz., we introduce in Fig7 a schematic representationXfvaves

that clarifies theiradvancedtunneling. We have previously

27 shown thatX waves can be synthesized of pulsed waves

‘If(x,y,z)=f doF(¢p)g [cit—zcosé; traveling along the propagation vectors lying on a circular

0 cone[3,30]. In the case under consideration, the half apex
—(xcosgp+ysing)sing;], (5.19  angle of the cone is equal # . This is illustrated in Fig.

7(a) where only two propagation vectors are shown in a ver-
over the azimuthal anglg in the plane normal to the direc- tical section of the conic surface. The peak of ¥ieave is
tion of propagation of the synthesized pu[86)]. Here, formed at the intersection of the pulsed wave components. In
region 1, two intersecting pulsed wave®V{ ,W;;) and
PPN O () (Wo; ,W;) are sketched at different times andt,. In the
97 (= ;JO d(w/cy)e" ™ G(wlcy),  IM(£)>0 sketch, we have chosén to be the time at which the trans-
(5.1p  mitted pulse appears at the rear interface of the barrier re-
gion. The evanescent fields associated with the obliquely in-
is a complex analytic signal, with{=c;t—zcosé cident plane wave components are represented by
—(xcosg+ysing)sing;. For the case of axisymmetri¥ (Wi, Wi) and W ,W5.). The transmitted pulsed plane
wave solutions, we havE(¢)=1. The incident and trans- wave components are indicated byw{;,W;,) and

mitted X waves, considered in Sec. Il, have the spectrgW,,,W,,). The negative and positive Goos+htden shifts
Gind(@) = (A1/2) (0wl wg)*e™ ¥V and Gy.{w)=(As/2)  are illustrated in Figs. (8 and Tb), respectively. In both
X(w/ figures, we have assumed that the time taken by the evanes-

wo)*e  (?/CV3  respectively. The azimuthal superposition cent fields to tunnel through the barrier is much smaller than
given in Eqg.(5.1) can be used to calculate the Goosaklaen  the propagation times in regions 1 and2%]. For the nega-
shift for all pulsed field components. In particular, the Goos-tive Goos-Hachen shiftiwhen &; < g‘lo)), the intersection of
Hanchen shiftD can be calculated by evaluating the deriva-the incident pulsed plane wavestais well beyond the front

tive of the phase shift exhibited by the azimuthally pulsedsurface of the barrier slab. This indicates that the incident
fields transmitted into region 3. Specifically, we need topulse has already passed the front interface before the trans-

evaluate[24] mitted pulse exits the barrier region. The intersection of the
dashed pulsed plane waves inside region 2 specifies the po-
D= _ @ (5.23 sition of the peak of th&X wave traveling in free space. The
ax’ ' X wave pulse transmitted into region 3 is shown to be

slightly ahead of the free-space one. However, there is no
where y= (w/cq)sing; is the wave vector component paral- advancedtransmission in this case because the transmitted
lel to the interface. The phase shift of the various spectral pulse exits the barrier region after the peak of the incident
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behavior is due to classical wave transmission through eva-
nescent channels. It has been argued that in this regpect
waves fall in the same category as plane waves going
through resonant media, or undersized wavegui8&k This
kind of behavior cannot violate special relativity in a global
sense, because the transmitted peak is formed inside the lead-
ing portion of the extended field structure of tkewave.
Moreover, the wave front of th& wave propagates at the
speed of lighf31-33. The point that we would like to stress
n, here is that the ultrafast transmission of the peak is a nonfic-
titious effect and is accompanied by an observable transfer of
the electromagnetic energy surrounding the peak. Whether or
W not such peaks can carry signals is a matter of def&ite

36].
Region 3 A crucial point in our analysis is that for axwave inci-
3= dent on a semi-infinite half-space, the evanescent field at all
axial points inside the barrier becomes maximum before the
incident peak reaches the interface separating the two elec-
trically different media. Thus, one expects a similar behavior
Incident to be observed for ai wave tunneling through a barrier of

large width. However, it is established in Sec. IV tleat-
Region 1 vancedtransmission of a tunneling wave is independent of
the width of the barrier, but depends on the axicon angle of
the X wave and the refractive indices of the various regions.
The condition given in Eq(4.7) can thus be used to differ-
entiate between deep and shallow barrier penetrations for
which &> &% and £,< £?, respectively. We have also es-
tablished that the Goos-lHahen shift plays a crucial role in
the ultrafast transmission of the peak of the pulse through the
barrier region. In particular, we have shown that the sense of
the Goos-Hachen shift determines whether the tunnelig
wave will undergo deep or shallow barrier penetration. Con-
sequently, this condition decides whether advanced transmis-
sion of the peak takes place or not.

For deep barrier penetratior¢,(>¢£{”)), the advanced
peaking of the evanescent field of Xnwave extends over
the whole slab, with the field peaking first at the rear inter-
face. Subsequently, the peak of the evanescent field appears
to be anomalously moving backwards with time from the

S P X . Pear to the front surface of the slab. This unusual behavior is
contradistinction, Fig. () shows that for the positive Goos- similar to negative group velocities associated with light

Hanchen shift(when §1>_§(10)) the transmitted pulse & ronaqation in media exhibiting anomalous dispers@n-
emerges from the rear side of the barrier before the mmderggl The interesting point here is that the slab through which
pulse reaches the front surface. the X wave is tunneling is nondispersive. The backward mo-
tion of the peak of the evanescent field of Anwave is
purely an interference effect.

Negative Incident
Goos-Hanchen ™ ‘
Shift Region 1

ny

(a)

Positive
Goos-Hanchen
Shift

Region 3
ny=n,

Transmitted
X wave

FIG. 7. Ultrafast transmission of the peak of Anwvave pulse
exhibiting (a) negative andb) positive Goos-Hachen shifts.

pulse has passed through the front interface of region 2. |

VI. CONCLUDING REMARKS

We have established that waves tunneling through a
planar slab can produ@vancedransmission. Specifically,
that the peak of the transmitted pulse emerges from the bar- The authors are grateful to E. Recami for valuable re-
rier before the incident peak reaches the front surface. Thimarks and continuous exchange of ideas.
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