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Possibility of superluminal behaviors for X-like and Zenneck waves
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The possibility of observing superluminal behavior, in phase and group velocities, over distances of several
wavelengths is demonstrated at the microwave scale, where we obtained evidetdikeofvaves, and is
discussed for the radio frequencig&enneck waves [S1063-651%98)10311-2

PACS numbgs): 03.40.Kf, 41.20.Jb, 73.40.Gk

I. INTRODUCTION ([ m/2+ 00, — wl2]:[ — w2,ml2];[ w2,ml2—i]) is de-
formed into the steepest-descent path, which is given by the
Superluminal effects for evanescent modes have beetlescending branch of the equation
demonstrated and interpreted in a number of tunneling ex-
periments both in the optical domain and in the microwave cogx—a)cosly=1, v
range[1-5]. What clearly emerges from these works is that ) )
the group delay in crossing a barrier — whose width is of theVhich crosses the real axis at the observation angle. If
order of the wavelength — is considerably shorter than thé\(2) has poles aB’s angles situateddepending orw) in-
time employed by traveling at the light speed in vacuumSide the path deformation, the solution to the intedfal
This implies that this effect can be revealed over short dismMust take the pole contributions into account, thus giving
tances: in the case of microwaves these distances are of tH§€ 10 complex waves. The solution to the integral can be
order of a few centimeters. The question as to whether it iéherefore expressed as a superposition of a cylindrical wave
possible to extend these effects over larger distances nat{the “normal” contribution, of the A(a)\/pexHi(kp
rally arises: the purpose of the present work is indeed to~7/4)] type, and a sum of the pole contributions of the type
investigate such a possibility. 9
In a recent papef6], Saari and Reivelt reported the ex-

perimental evidence oX-shaped localized light waves in a 2miA(B)exikpcos B, — a)coshp,
centimeter rang — a notable one given the smallness of the _ _
optical wavelength — thus demonstrating a practical way of +Kkpsin( g, — a)sinhBi], (©)]

obtaining these kinds of waves, that have been theoretically .

predicted since the 198(03] and even before, especially in where A(8) =Re$A(z— B)] and 8= 8, +iB; is the com-
connection with their superluminal behavi8]. We have plex coordinate of the pole. Formu(&) represents a com-
reported results relative to anomalous short-delay in microplex wave propagating in thg, direction whose amplitude
wave propagatiorf9] and we interpreted them within the attenuates with increasing and p, but for a— 8, if B;
framework of a complex wave model. In Sec. Il we report—0, can be attenuated very little, and can survive even at
the salient features of the complex wave model together withelatively long distances. As for the phase factor in ).

the results of an experiment connected with complex wavesye note that, also recovering the time dependence
in close analogy with theX-shaped wave propagation. The exp(—iwt), it exhibits a propagation velocity along a path
possibility of extending this kind of investigation to the do- with the angle @ (phase-path velocily vpp/C=[Ccos(B;

main of radio frequencie&Zenneck wave$10]) is consid-  —a)coshB]~* which can be greater or smaller than light ve-
ered in Sec. IIl. locity c, the borderline being Eq2). We wish to note that,
in nondispersive situationdike that of open-air propaga-

Il. COMPLEX WAVE MODEL AND X-LIKE WAVES tion), this result holds true also for the group-path velocity.

) ) _ ) Indeed, in Ref[9], experimental results showing superlumi-
Let us consider the field emitted in the half-space0 3| pehavior in pulse delay measurements were interpreted in
from an aperturdin a conducting plane,{)] defined as  terms of a couple of complex wavgk?], a simplified model
infinite along¢ and of finite size along. According to the  that can explain the essential features of the experiment. The
steepest-descent representatdrl], the field can be ex- pnysical reality is, however, more complicated, since an im-
pressed by adopting the same notations as in[Réfwith a  portant role is played also by the “normal” contribution, and
contour integral in the complex plane pfx+iy angle as  the resulting scheme is almost the same one adopted in the
optical experiment of Refl6], which demonstrates thX-
: _ shaped waves.
ch(Z)ekapCOE{Z a)]dz @) We measured the field amplitude, in the near-field region,
emitted by a pyramidal horn fed by a generator inXieand
whereA(z) is the amplitudep and a are the polar coordi- at a frequencyr~10 GHz. The field amplitude was de-
nates of the observation poinf€ pcosy, n=psina), andk  tected by an open-end waveguide connected to the receiver,
=2m/\ is the wave number. The original integration pathas a function of the displacemelntfor several values of the
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FIG. 2. Amplitude function, as results from the interference of
three waves, evaluated as the absolute value of (Eg.for 6
=0.6(=34°), k=2w/A=2 cm!, B=4, A=Aexd(KkLsing
29 +| llcos)sinhd], with Ag=1, §,=—0.05 (~—3°). Theampli-
tude vs| shows a peaked structure with a perigd=\/siné
-15 -10 -5 0 5 10 15 =5.7 cm. The positions of the peaks change wittvith a period

I(cm) p1~N/(1—cos)=18 cm.

FIG. 1. Structured field amplitude, emitted by a pyramidal horn
(flare angle of 30°) at-10 GHz, detected by an open-end wave-
guide (X band, as a function of displacemehtin the H plane for
several values of the distande Vertical bars indicate the peak

tions of the peaks of Fig. 1 in thd,() plane. In the same
plane, we represent a system of wave fronts that, according
to the above analysis, are expressed, as couples of tilted seg-

positions of the structure. ments, as

. . . . nA
distanceL. The results are shown in Fig. 1, and display a I:tcota(L— __Lo)- n=0,12.... (5)
structure that is characteristic of interference processes. For coyy

greater values of (=30 cm) this structure is less evident
and tends to disappear. The alternating of maxima an
minima at nearly the same value bffor differentL, sug-
gests that the interference of at least three waves has to
considered. In fact, the interference of only two plane wave
of the same amplitud@, propagating with angles 6 with
respect to the axis, gives rise to an amplitude functien
=v4,+v,=2Aexp(kLcosd)cosklsing) with maxima and
minima of the|v|? intensity placed at constant positions
along thel coordinate, with a periog=\/2sind. By adding

a third wavev ;= Bexp(kL) we obtain an amplitude function

his system of wave fronts appears as a mesh in which each
not corresponds to a maximum of the field intengh?.

g’@e wave fronts of the “normal” contribution are approxi-
ated, also in same Fig. 3, by vertical segmentspaced.
hen they coincide exactly with the knots of the tilted wave

fronts, Eq.(5), the peaks of the intensity are enhanced. A

reasonable fit of the observed peaks is obtained with

(=By)==30°.

Our wave system is substantially the same as that of the
optical experiment of Ref6], where there is the interference
of BesselX waves and a plane wave. There, the axial sym-
metry is obtained with an anular slit, exciting tikewave,
and a concentric pinhole for the plane wave. In our case, this

+BexdikL(1—cos)]}, (4)  axial symmetry is lacking, and our wave scheme refers only
to the n(=1)é(=L) plane, since in the analysis we assumed
which exhibits maxima and minima along thecoordinate an infinite size for the exciting aperture along theaxis.

with a period, in the amplitude as well as in the intensity However, any real system has finite size and the observed

[V|?, that is twice as large as the previous one, thapis, behavior in the §,¢) plane could be extended to each plane

=\/sinf. More important, the maxima and the minima containing the¢ axis. So, we can conclude that also our

change position by varyind. with a period p;=A/(1  results can give evidence &Fshaped waves. The superlu-

—cos). This behavior is shown in Fig. 2, which qualita- minal nature of these waves arises from thegadspendence

tively reproduces the experimental results of Fig. 1 by idenin Eq. (5), which makes the phase velocity equalci@osh.

tifying the real angled with 3, of Eq. (3). For evaluating the From the results of Fig. 3, we obtained a velocity 15%

patterns of Fig. 2, we also introduced a suitable factor intggreater tharc. Higher velocities were demonstrated in Ref.

the amplitude in order to take into account the attenuation if9] when a#0 directions were considered: the effect in-
the expressiont3): That is, we multipliedA by exgk(Lsind  creases as cg3(—«) and, for a==*25°, we observed an
+|l|lcosd)sinhg ], where g;, the imaginary part of when it  increase in the velocity of up te-40%. However, such an
becomes complex, has a negative value of a few degf@es. effect tends to disappear for distances of the order of{fore
factor cosi#;, which should multiply cog and sirg, can be a wavelength of 3 cior a few (for a wavelength of the
disregardefl A fitting of this model over the experimental order of 10 cm meters, that is, within the near-field limit
results can be done as follows. In Fig. 3 we place the posiconventionally defined bR=2D?/\, whereD is the width

V=v+vz=expikLcos#){2Acogklsing)
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~ parametem= o, /wky. When the conductivityr;—«, the curves
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FIG. 3. The peak positions of Fig. 1 are indicated by circles in ) )
the (L,1) plane. They almost coincide with the knots of the mesh oftransmitted wave entering the Earth plane; however, for a
the wavefronts derived from Eq5) with A=3 cm, 6(=45,) critical value of the incidence anglghe Brewster angle
=30°, andL,=—2 cm. The dashed lines rouhgly fix the bound- there is no reflected wave. This conditigrequired for the
aries of the field. The wave fronts of the “normal” contribution are existence of Zenneck waves verified when, by denoting
approximated by vertical segmentsspaced: only those that coin- by ¢ the angle of incidence and by its imaginary part, we
cide with the knots of the tilted wave fronts are shown. This repre-have[13]
sents the experimental evidenceXsfike waves at microwave scale
and their superluminal behavior. Whénincreases by 18 cm, the tan ¢—iy) =V, —im, (6)
tited waves are one wavelength in advance with respect to the

“normal” wave. where k, = 1/, is the relative permittivity of the Earth

_ (medium 2 with respect to air(medium Q and m
of the launcher aperture andthe wavelengtlisee Table | in

Ref.[9(b)]]. For a fixedD, R increases with decreasing 1.2
however, sinceD is typically a number of\, R actually
increases at longer wavelengths provided tbas properly vpplc
augmented.

Ill. ZENNECK WAVES

We now reconsider the question posed in the Introduction

regarding the possibility of observing superluminal behavior 1
over longer distances, let us say over hundreds of meters or
more. 0.2
To this purpose, an old long-debated question is related to = 1
the presence or not of Zenneck wavagype of fast wavkein a .

the surface wave of broadcastinf@]. Here, we are not in-
terested in searching for a definitive answer to this question.
Rather, assuming that such waves can dxisthat case, the

guestion is how to excite theimwe wish to explore the pos-
sibility of observing superluminal behaviors at radio frequen-

cies. Let us consider a system consisting of an antenna 9] /V=1°MHZ V;ZMHZ V=1MHZ\
placed over a flat ground in the presence of finite losses due I l [ I | ! | 1

to the noninfinite conductivity of the Earth plane. In these 0 2 4 6 8 10 12 14 16 18 20
conditions, the wave fronts are not perpendicular to the "

ground, due to an electric-field component along the surface, FiG. 5. Phase-path velocity,,/c (upper curvesand attenua-
and their inclination produces an increase in the phase velogon constant (lower curves for the Zenneck waves as a function
ity along the interface between Earth and air. In general, &f m for different values ofx, . The values, fowr;=10"% mho/m,
wave of this type will give rise to both a reflected and athat correspond to frequencies of 1, 2, and 10 MHz are indicated.
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=o;/wky; oy is the conductivity of the Earth and=27v =300 m). At the lowest values of, we should obtain su-

is the angular frequency of the wave. The locus of theperluminal velocity up to~10% faster than light and with
Zenneck-wave pole, that is, E€6), is represented in the moderate attenuatior&0.05), so as to make this behavior
(¢.x) plane in Fig. 4, for different values of;. In each  gpservable also for distances of several wavelengths, exactly
curve, parametem varies from zerdon the lefi to infinity 5 iy the microwave experiment described above. In this situ-
when the curves tend asymptotically to the straight lineytinn however, the involved distances should be of the order

crossing the abscissa gt=90°. The latter represents the of hundreds of meters or more, even if the smallness of the
tangent to the steepest-descent path,(Bg.for an angle of effect makes detection difficult

observatlom:qo , that is, that of an observer staying over We can conclude, therefore, that, in the hypothesis that
the Earth plane: this is the extreme position of the steepes

descent path. The Zenneck pole is always situated beyong?e Zenne_ck waves can be properly excied] s_uperluml- .
therefore, it is never captured by the path deformation ag'al behav_lors could be o_bserved even at rad|0_ frequencies
evidenced in Fig. 4 where the Zenneck pole is situated at and explained on the basis of the same mechanism that gov-

values greater than 90° — the extreme angle of observatiofif NS the microwave experiments. Moreover, we wish to note
— that is, penetrating the grouridd]. It, however, contrib- that ;uperlqmlnal behaviors come t_o be understood even in
utes in the steepest-descent representation as a correctiofiations different from those considered here and pose no
term that is significant if the pole is not too far from the €ssential problems for the physics7,18.
steepest-descent pdthv]. The novelty of this work lies in the fact that we are no
The analysis of the propagation velocity and of the attenulonger dealing with true evanescent waves — which disap-
ation factor of the Zenneck-wave contribution is exactly thepear over distances of the order of the wavelength — but
same as that reported above for the complex waves. In parather with complex waves that can survive up to distances
ticular, by identifying the angle of incidence¢ with 90  of several wavelengths, distances that at radio frequencies
— B, andy with B; in (3), the phase path velocity is given by could reach remarkable values.
upp/c=(sinl//cosh()*l and the attenuation factor, multiply- In this paper we have analyzed phase-path velocities, and
ing kp in the same espressidaB), is a=cossinhy. These not group-path velocity. However, in nondispersive media,
quantities are represented in Fig. 5 as a functioomdfor ~ or in the presence of moderate dispersions such as the situ-
different values ofk, . Taking for the Earth’s constants the ation considered here, the two velocities tend to coincide.
values relative to a “poor ground[15]: o;=10"2 mho/m,  Our results can therefore be extended also to group velocity,
k=5, (ko=8.84x10 2 F/m), m ranges from~2 at »  while the controversial question as to whether these results
=10 MHz A\=30 m) to ~20 at v»=1 MHz (A can be extended to signal velocity remains open.
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