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We describe the experimental implementation of a superlungirea| faster than lightn vacug
polarization current distribution that both oscillates and undergoes centripetal acceleration.
Theoretical treatments predict that the radiation emitted by each volume element of the
superluminally moving distribution pattern will compris&arenkov-like envelope with two sheets

that meet along a cusp. Correspondingly, the emission from the experimental machine is found to be
tightly beamed in both the azimuthal and polar directions. The beaming is frequency independent
and has a sharply defined and unchanging geometry determined only by the speed and path of the
moving distribution pattern, i.e., by the parameters governing the structure dfettemkov-like
envelopes. In addition, over a restricted range of angles, we detect the presence of cusps in the
emitted radiation. These, which are due to the focusing of wave fronts on a propagating space curve,
result in the reception, during a short time period, of radiation emitted over a considerably longer
period of (retardedl source time. The intensity of the radiation at these angles was observed to
decline more slowly with increasing distance from the source than would the emission from a
conventional antenna. The angular distribution of the emitted radiation and the properties associated
with the cusps are in googuantitativeagreement with theoretical models of superluminal sources
once the effect of reflections from the earth’s surface are taken into account. In particular, the
prediction that the beaming and the slow decay should extend into the far zone has been tested to
several hundred Fresnel distancéRayleigh ranges The excellent agreement between the
theoretical calculations and the data suggests that the apparatus achieves precise and reproducible
control of the polarization current and that similar machines could be of general interest for studying
and utilizing the novel effects associated with superluminal electrodynami@)0@ American
Institute of Physics[DOI: 10.1063/1.1833393

I. INTRODUCTION move faster than lighin vacuoif it is charged, because if it
did, it would give rise to an infinitely strong electromagnetic
Serious scientific interest in the emission of electromag{ield on the envelope of the wave fronts that emanate from
netic radiation by charged particles moving faster than thet.3
speed of lightin vacuobegan with the work of Sommerfeld By and large, this field remained dormant until Ginzburg
in 1904 and 1905.The timing of this work was perhaps and colleague’s® pointed out that, though no superluminal
unfortunate, as the special theory of relativity was publishedource of electromagnetic fields can be pointlike, there are no
within a few months; any known particle that has a charge physical principles preventingextended faster-than-light
has also a rest mass and so cannot be accelerated through Hveirces. The coordinated motion of aggregates of
speed of light. Moreover, an additional conceptual barriersubluminally-moving charged particles can give rise to mac-
discouraged further work: even a massless particle cannebscopic polarization currents whose distribution patterns
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move superluminally> Further relevant progress occurred description of the experimental considerations necessary to
with the theoretical prediction that extended sources thatinderstand the data from the superluminal source. Since
move faster than their own waves could be responsible fopractical superluminal sources are relatively novel, and since
the extreme properties of both the electromagnetic emissiothe raw experimental data are affected by the proximity of
from pulsargrapidly spinning, magnetized neutron 598750 the source to the ground in a way familiar only to commu-
and the acoustic emission by supersonic rotors andication engineer$! this section is by necessity rather de-
propellers’ Finally, theoretical treatments of a particular tailed; without a thorough explanation of these effects, the
class of source of this typg'were stimulated by the design experimental data are not readily understood. Within it, Sec.
and construction of the apparatus that is the subject of th# A describes how the polarization current distribution is
current paper. This apparatus implements an extended polatreated and animatgdet in motion at superluminal speeds
ization current distribution that has the time dependence of @ithin a curved strip of alumina. The experimental geometry,
traveling wave with centripetally-accelerated superluminaland in particular its relationship to the coordinate systems
motion and an oscillating amplitude. References 12 and 18sed in the theoretical pap&/$*°is discussed in Sec. I1 B,
point out several distinctive characteristics of the emissiorwhilst the detection system and the effects of interference
by such sources. from the ground are described in Sec. Il C. Experimental
L . results commence in Sec. lll, which describes data that con-
(1) The radla_tlon emltte_zd from e_ach_ volume element Of_ theclusively demonstrate the three-dimensional angular distribu-
Superlumlnally_-moijg polarlzz_atlon-current d|s_tr|but|on tions of theCerenkov-like envelopes emitted by the source.
pattern comprises &erenkov-like envelope with two ection IV describes range tests exhibiting the

sheets that meet along a cusp. The C°mb"?ed effect onspherically-decaying radiation close to the cusp; in spite
the vc_)Iumg elements Iea@s o a frequency-md-ependerbtf the nonideal nature of the experimental machine and the
beaming in both_the azlm_uthal and polar dlrecuonsmeasurement geometihich is complicated by interfer-
whose geometry is determined by the structure of theence from the groundt is possible to conclusively identify

Cerenkov-like enye|opeqs}2,13 . . this feature within the emission data. A discussion, conclu-

(2) The above-mentioned cusps, which spiral “g""ards and?ons, and summary are given in Sec. V. The paper ends with
outwards from_ the source th the far zdie, resqlt an Appendix describing the mathematical treatment of inter-
from the _centrlpetal acceleration of the source; W'thoutference due to reflections from the ground. In addition, the
accelt_aratlor_n, the wave frolnlts would merely p_|le up on aAppendix details the fitting methods used to obtain the ex-
two—Q|menS|_onaI envelop ' The.cusps res.ult.m the re- ponent of the nonspherical decay associated with the cusps,
ception, during a short time period, of radiation emmedand summarizes the parts of the theory given in Refs. 12 and

overa considerably Ionger pe_r|od (rfetarde@ SOUICe 13 that are used to model the beaming observed in the ex-
time. Consequently, the intensity of the radiation in theperimental data

direction of these cusps declines more slowly with in-
creasing distance from the source than would the emis-

sion from a conventional antenna. Note, however, tha}; expERIMENTAL DETAILS

energy conservation is not violated; large intensities on S ) o

the cusp are compensated by weaker radiation fielgd- Animation of a superluminal polarization current

elsewhere. The propagating cusp is being reconstructed The first step in investigating superluminal effects is to

constantly from conventiondi.e., spherically-decaying identify a source that can travel faster than the speed of light

waves that combine and then disperse. in vacuo without violating Einstein’s theory of special
(3) Under certain conditions, the emitted radiation containse|ativity? The required source explicitly appears in the

a broad spectral distribution of high frequencies that arexmpere-Maxwell equation, which underlies the emission of
not present in the synthesis of the moving, oscillatingejectromagnetic radiatiott:*°

polarization current. These originate from the centripetal

acceleration, and from space-time discontinuities forced vy « H = Jirge 9b = Jyeet 60E + 9P (Sl units.
on the polarization-current distribution by the con-

straints of its circular path. (1)

Based on the above ideas, we have constructed an ekere H is the magnetic field strengtldse. is the current
perimental realization of an extended, oscillating superlumidensity of free charge§) is the displacemenk is the elec-
nal source that undergoes centripetal acceleration. Theic field, andP is the polarization; the ter@iP/Jt represents
present paper describes the basic principles of the machinthe polarization current densityAn oscillating or accelerat-
and its use to demonstrate the first two theoretical findingsng current densityl;.. €mits electromagnetic radiatigne.,
listed above; the high frequency emission will be the subjecit acts as a sourgeand is well understood; this is the basis of
of a future work. We find that the emission of the source isconventional radio transmissibit’ and the use of synchro-
well described by the models of Refs. 12 and 13, confirmingrons as light source$.However, as a current density of free
the validity of extended superluminal polarization currents asharges is composed of particles such as electrons or protons,
precisely controllable sources of electromagnetic radiatiorEinstein’s theory of special relativity naturally forbids such a
with novel properties. source from traveling faster than the speed of light. By con-

The paper is organized as follows. Section Il gives atrast, there is no such restriction on a polarization current.
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of the time dependence imposed by movement, a traveling
wave of P/ dt). Note that this wave can move arbitrarily fast
(i.e., faster than the speed of lightecause the individual
ions suffer only small displacements perpendicular to the di-
rection of the wave and therefore do not themselves move
faster than the speed of light.

Thus far, the bulk of the theoretical analysis of superlu-
minal light sources has been carried out for rotating, oscil-
lating polarization current distributiorté;"* which possess a
polarization given(in cylindrical polar coordinatesby™®

@ GOPCBOBCHEBODSHOd
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@ 0000+ * 00

P(r,¢,z,t) = s(r,z)co§ m(¢ — wt) Jcost, (2)

FIG. 1. Left: experimental animation of a superluminal polarization current.

(8 A simplified dielectric solid containing negatiV®) and positive(®)

ions. In (b), a spatially-varying electric field has been applied, causing theWhere ¢ and t both range over-«, +«) but -7 < ¢-wt
positive and negative ions to move in opposite directions; a finite polariza< 77. Heres is a vector field describing the orientation of the

tion P has therefore been induced. If the spatially-varying field is made topolarization' it vanishes outside the active volume of the

move along the direction of the arrow, the polarized region moves with it. 2 . .
(c) Schematic side view of a practical superluminal source, showing meta?ourcel' The other parameters are defined in Table I. The

electrodes above a strip of dielectiishaded regionand a ground plate  €Xperimental superluminal source described in this paper
below it. “0” indicates that there is no voltage on that particular upperrepresents a discretized version of Eg). It consists of a
electrode; the symbol + indicates a positive voltage applied to the uppegqntinuous strip of aluminéi.e., the material to be polarized
electrode. The voltage on the electrodes produces a finite polarization of thB h lied el ic fi f which i | d
dielectric (darker shading (d) By switching the voltages on the electrodes y the applied electric fiejdon top o W Ic IS.p aced an
on and off, the polarized regiquarker shadingcan be made to move along array of metal electrodes; underneath is a continuous ground
the dielectric.(e) Top view, showing the curvature of the dielect(iighter plate. This forms what is in effect a series of capacifars
shaded region The curvature introduces centripetal acceleration in the P ; ; . « i
moving polarized region. Note also that the electrodédsck shadinycover scf:ematlc IS S.hown in Figs(d ]'(.e)]'. I.EaCh que.r. C?paCI.
only part of the top surface of the dielectric. In the discussion that foIIows,tor elect_rc_)de IS ConneCteq to an individual ampllfler, t_urnlng
we refer to this section of the sour¢electrodes, dielectric and groundplate the amplifiers on and off in sequence moves a polarized re-
as the “array”, for convenience. Right: a photograph of the experimentagion along the dielectri¢Figs. Xc) and 1d)].
array; the copper shields have been removed from the 41 amplifiers so that In practice. the dielectric in the experimental source is a
their components are visible. . P . o p .
strip corresponding to a 10° arc of a circle of average radius
a=10.025 m, made from alumina 10 mm thick and 50 mm
Figures 1a) and Xb) show a simplified dielectric solid con- across. Above the alumina strip, there are 41 upper elec-
taining negative and positive ions. In Figb), a spatially- trodes of mean width 42.6 mm, with centers 44.6 mm apart.
varying electric field has been applied, causing the positiv&Vhile the ground plate is the same width as the dielectric
and negative ions to move in opposite directions. A finitestrip, each electrode covers only the inner 10 mm of the
polarizationP has therefore been induced. If the spatially- upper surfacgshown schematically in Fig.(&)]. This has
varying field is made to move, the polarized region moveghe effect of producing a polarization in the alumina with
with it; we have a traveling “wave” oP (and also, by virtue both radial and vertical componerjsee Eq(2)]. In the dis-

TABLE |. Definition of the various frequencies and numbers used to describe the source and the emitted
radiation, after Refs. 12 and 13.

Symbol Definition

1) Angular rotation frequency of the distribution pattern of
the source.

Q The angular frequency with which the source oscillates

(in addition to moving. One of the two angular
frequencies used to drive the experimental soliEmg

©)8

f,f. Frequency of the radiation generated by the souiice;
=|Q+mo|/ 2.

n=2uf/w The harmonic number associated with a particular
radiation frequency.

m The number of cycles of the sinusoidal wave train

representing the azimuthal dependence of the rotating
source distributiofjsee Eq(2)] around the
circumference of a circle centerd on, and normal to, the
rotation axis.

7=Mw The second of the two angular frequencies used to drive
the experimental sourdé&q. (3)].
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FIG. 2. (a) The upper curve shows the
instantaneous values of the voltages
on the 41 upper electrodes of the ar-
ray; n/2mw=552.653 MHz and At
=140 ps, corresponding to~1.06%
for aA¢=44.6 mm[see Eq.(3)]. The
resulting polarizations under the elec-
trodes will be proportional to these
voltages. The lower curvéoffset for
clarity) gives the instantaneous volt-
ages 420 ps later; the polarization
wave has moved along the dielectric.
(Note that the coélt term in Eq.(3)
hardly changes during this time(b)
Example of the time-dependent volt-
ages on array electrodes 20 and 21
(upper curvepand 20 and 2Glower
curveg for the same parameters as in
(a8). Note that the lower-frequency
temporal modulation of each electrode

Voltage on electrode (V)
Voltage on electrode (arb. units)

-3.0 . , X X X . R . . . voltage produced by the second cosine
0 10 20 30 40 5000 10000 15000 term in Eq.(3) (dotted curvegis in
. . phase for all electrodes.
Electrode number j Time (ps)

cussion that follows, we shall refer to the assembly consistthe detected signal was dominated by the emission from the
ing of groundplate, dielectric, and electrodes as “the array’polarization current. Steps taken included proper encasing of
for convenience. all of the signal generation equipment, the enclosure of the

Each upper electrode of the array is driven by an indi-41 amplifiers inside thick copper shiel@isot shown in Fig.
vidual shielded amplifier just behind it; to simulate E8g), 1) and the correct impedance matching of connections.
thejth(j=1,2,3,..) electrode is supplied with a voltage

) B. The experimental geometry
V; =Vcod 7(jAt - t) Jcost. (3) S o
To map out the spatial distribution of the radiation from
Comparison with Eq(2) shows that the angular frequency the superluminal source, one would ideally position the array
n=mw;At=A¢/w, whereAp=7/(18x 40) is the angle sub- in empty space and move a detector to points around it,
tended by the effective center separation of adjacent ele@overing a comprehensive range of angles and distances.
trodes. The velocitw with which the polarization current However, practical experiments must be conducted close to
distribution propagates along the dielectric is set by adjustinghe earth’s surface, where reflections from the ground are a
At to givev=aA¢/At [see Fig. 28)]. Given the dimensions complicating factor* (see the Appendix numerous tests
of the experimental array,v>c is achieved for showed that highly reproducible data are obtained when the
At<148.8 ps.(At this point it should be stated that the “ground” under the path between array and detector is
modulation scheme used to animate the superluminal polasmooth, level, and of a uniform qualityAfter trials at sev-
ization current is quite distinct from any used thus far ineral locations, the bituminized macadam surface of an air-
conventional phased-array antenﬁ%e. field runway (Turweston Aerodrome, near Northampton,

The application of the electrode voltages produces daJK) was found to be almost ideal in providing a substantial
stepped approximation to a sinusoidal polarization-currentength of well-characterized surface. All of the experiments
wave that moves at speadalong the dielectridsee Fig. reported in the current paper employ the runway, which is
2(a)]. Detailed analysis of this type of wave forfeee Ref. =900 m long and 20 m wide. A change in slope about two-
12, Appendiy shows that the dominant emission is almostthirds of the way along the runway restricts the range tests
identical to that produced by a pure sinusoidal wave with theeported in Sec. IV to distances of 600 m or less. However,
same wavelength and amplitude. Most of the emission ocmeasurements of the angular distribution of the radiated
curs at two frequencie$, =|Q+ 7|/ 27=|Q+mw|/2m, asin-  power from the arraySec. lll) employed the full length of
dicated in Table I. 900 m.

As mentioned above, the speed of the souie, the The geometry of the runway dictates that the best con-
speed at which the sinusoidal polarization current wavdiguration for measuring the spatial and angular distribution
propagates along the dieleciriis set by the parametekt. of the radiation is to fix the position of the detecton the
Experimentally, this is done by observing the time depenfunway, at a distanc® from the sourcgand to change the
dence of the voltages on each electrgBey. 2(b)] using a  orientation of the array to access a full range of polar and
high-speed oscilloscope. azimuthal angles. This is accomplished by placing the array

Finally, it should be emphasized that great care wa®n a platform that tilts about a horizontal-axis pivot at one
taken to minimize unwanted radiation from the amplifiers,end; this is in turn fixed on a turntable that can rotate about
cabling and signal generators of the apparatus to ensure thatvertical axis.
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makes an angle), (in the horizontal planewith the line
connecting the detector 8 and the array centefHere, it is
assumed that the detector and array center are at the same
height from the ground, an assumption that is relaxed in the
Appendix) In the second configuration, the array plane is
initially horizontal [Fig. 3b)]; the array plane is then tilted
using the horizontal pivot to an angl®, with respect to
horizontal. The turntable is then rotated about a vertical axis
so that the projection of the long axis of the array on the
horizontal plane makes an angjlg with the line connecting
the detector aP and the array cente(Here, it is assumed
that the detector and array center are the same height from
the ground, an assumption that is relaxed in the Appendix.
Finally, to aid comparison of experiment and theory, it is
necessary to relate the experimental spherical polar coordi-
nates(R, ¥y, ¢y) and (R, ¥y, ¢y), which are measured rela-
tive to the array center, to the cylindrical and spherical polar
coordinates used to evaluate the integrals in the Appendix
and in Refs. 12 and 13. In the latter papers, each volume
element of the superluminal source distribution traverses a
complete circular orbit centered at the origin of the coordi-
nate system, and the radial distances to the individual source
elements and to the observation point (&, 6p,¢p) are
specified with respect to the common center of these circular
orbits [see Figs. &) and 3d)]. Although the experimental
source doegsotencompass a complete circle, the high degree
of symmetry represented by this coordinate system greatly
facilitates the computation of the integrals in the Appendix.
The relationship between the experimental coordinates and
the coordinate system used in the Appendix is shown in Figs.
3(c) and Id).

) ~ C. Detector system, array and detector heights,
FIG. 3. Top: the coordinates used to measure the spatial distribution Oénd interference from ground reflections
radiation from the array. In the experimerjt®),(b)], the detector is at a
fixed pointP, distanceR from the array; the array is placed on a platform The detector was a Schwarzbeck Mess-Elektronik UHA
tilting about a horizontal axis pivot that is in turn fixed to a turntable rotating - L
about a vertical axis. Iga), the array plane is vertical; its long axis is tilted 9105 half-wave tuned deOIe antenna, optlmlzed for the fr_e_
to an angled, with respect to horizontal. The turntable is rotated about aduency range 300 MHz-1 GHz and mounted on a mobile
vertical axis so that the array plane makes an arfglgin the horizontal ~ wooden tower that allowed it to be fixed at varying heights
plang with the line connecting and the array center. id), the array plane hD above the ground. The antenna was fitted with an internal

is initially horizontal; the array plane is then tilted to an anglg with . . . .
respect to horizontal. The turntable is rotated about the vertical axis so theﬁoaXIal BAL-UN to ensure good impedance matching with

the projection of the long axis of the array on the horizontal plane makes a@n external load and was connecteda v 6 m long
angle ¢, with the line connectind® and the array cente(Here, it is as-  impedance-matched coaxial cab{&0()) to an Anritsu
sumed that the detector and array center are at the same height from ”RﬂSZ?llB portable spectrum analyzer. The background noise
ground) Note that the coordinate systems are not equivalent;¢tan fl ith thi . b '_120 d -130 dB
=tan¢y/cosdy and sindy=sin9,cos¢y. (c) The array and detector posi- oor Wlt. this equipment Wasl etween - .an m,
tions in terms of the coordinate system used in the Appendix and Refs. 1@lepending on weather conditions at the airfield.
and 13. In the model, each volume element of the sourse moves on a circular  |n the current paper, the settings of the experimental ma-
path centered at the origil;  typical path is shown, with the array being  cyine gre such that the emitted radiation is polarized chiefly
represented by thicker shading. The array center g 41,0), and the tan- . . .
gent to the array is parallel to theaxis; the distances to the detector from M d'reCt|0nS parz_illel_to the plane of the array. When th? array
O (Rp) and from the array centdR) are compared(d) Definition of the IS orientated as in Fig.(8), the detector aerigkee belowis
spherical polar coordinatd®, 6, ¢p used in the Appendix. The arrow in-  grranged to detect vertically-polarized radiation; if the array
dicates the direction of propagation of the polarization current distribution : : : : -
in the experimental array. Bottom: the array in use during the experimentzi.S orlentat_ed as in Fig. ,(B)' the .de.tector IS Conflgured to
detect horizontally-polarized radiation.
For the measurements described in the following sec-
It is possible to mount the array on the platform in two tions, the array turntable was mounted on a scissor lift that
configurations. In the first, the array plane is vertiflalg.  allowed the height of the center of the array above the run-
3(a)], so that its long axis can be tiltédbout the horizontal way to be varied betweeh,=3.3 m and 5.0 m; for each
pivot) to an anglep, with respect to horizontal; the turntable measurement, the heighlts and hy were measured to an

is then rotated about a vertical axis so that the array planaccuracy of £5 cm. An accurate measurementodndhy is
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The effect of the interference on the signal received from
a simple horizontally-polarized dipole aerial is shown in Fig.
4(b). Firstly, clear fringes are seen in the detected intensity as
a function of distance. A second consequence of the interfer-
ence is less obvious. Figure 4 shows received power in the
logarithmic units Belm versus lgg distance; the gradient of
the plot should be ¥, where(received powere(distancg .
Naive expectations based on the emission of a dipole sur-
rounded by infinite empty space lead one to preglie? (the
inverse square lat¥); in practice, the interference leads to
v=4 [see Fig. 4b)]. Such a dependence is familiar to radio
engineers as the penultimate term of the “Egli” relationéhip
describing the power lost for frequenciem the hundreds of
MHz range when transmitting over a path close to the earth’s
surface:

path losgdB) = 113 + 20 log,f

Signal (Belm)
o
=)

9.5t
100 + 40 log,{ path lengtkmiles)]
‘ ~ 20 logi(hahp) (4)
-10.5¢

T 2-0 2-2 2-4 2-6 S8 The effects of interference obviously complicate the search
) o ( distance (m')) ’ ’ for the nonspherical decay associated with the ¢asp Sec.
2 1 L i )

IV). One criterion used in the experiments was to look for
FIG. 4. (a) Geometry of the interference between a direct wave from theSIQm,ﬁca‘mIy smaller path losses than Eﬁﬁq. @1 .more
sourceS, heighth, above the ground, and a wave reflected from the ground.d€tailed analysis was then used to model the detailed behav-
The detector, at height, above the ground, is labeled By The direct  jor of the data.
Wavels_ t“’;‘Ve' tf; F:ath 'de?”gtth detﬂofted@tfhe path Stourc?'gff;%”g‘;geticgor is Reflections from the ground complicate also the model-
equal in length to a direct path from the source to an ima . The . o .
length of this equivalent path is denotedRy The other symbols shown are Ing of t_he angmar distribution of th_e emission from the a_rray.
used in the Appendixb) Effect of interference on the power received from A detailed treatment of the coordinates needed for delineat-
a horizontally-polarized dipole aerial excited at 598.696 MHz as a functioning the direct and reflected rays is given in the Appendix, as

of distance(hy=5.12 mh,=5.0 m. The points are data, and the straight are the equations from Refs. 12 and 13 required for modeling
line is a least-squares fit to the data beyond the final interference fringe; thﬁ”le data

gradient isy=-3.8.

. EXPERIMENTAL RESULTS: INTENSITY
important because the intensity received at the detector redISTRIBUTION OF THE RADIATION
sults from interference between signals traveling along a di-, . . ,
rect path between array and detector and reflections from thAe' Intensity as a function of 3y at fixed ¢y
ground.14 The situation is shown in Fig.(d). This process is The array was mounted in the configuration shown in

covered in detail in the Appendix. Fig. 3@ and the detector antenna placed at a fixed distance

6.0X10-9 T T T T T T T 3.0)(10-8 T T T

@ . (b

FIG. 5. (a) The effect of varying the source speed,
=alAe/At on the angular distribution of the radiation
1 ] from the array. For each data sek,=2° and the array
1 to detector distance B=600 m. Data are points, iden-
otk | tified as follows: filled circles: v=1.063,h,
=3.7mhp=4.1 m; crossesv=1.25,h,=hp=5.0 m;
diamonds:w=2.0c,h,=hp=5.0 m. The curves are fits,
E using the mode]Eq. (A35)] described in the Appendix.
4 ] For each data set, n/27=552.654 MHz{}/2mT
s =46.042 MHz, and the observation is made at the
1 higher of the two emitted frequenciesf,=|(Q
+Mmw)|/27=(Q+7)/27w=598.696 MHz. Note that the
| peak emission moves out to higher valuesigfas the
1 source speed increasdb) Power detected versus,
over a wider angular range thana); here, R
=400 mh,=hp=5.0 m,¢»,=2° and the frequency is
the same as ia). The points(diamond$ are data; the
model(using the experimental source spgidthe con-
tinuous curve.

i d
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_
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0.0 4 ' 0.
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-8 g? =(n—Q)/27=506.614 MHZ(filled circles for two dif-

ferent source speeds. I@), v=2.0c,R=400 mhy
=3.32mhp=3.71m, and ¢,=25° In (b), v
=1.25,hp,=hpy=5.0 m,$,=2°, andR=600 m. For all
data sets, the values 6f and » are the same as those in
Fig. 5, and in all cases the curves are generated by the
model[Eg. (A35)] using the experimental values &f
andv/c. Note that, in agreement with E¢p), the emis-
sion is peaked at higher values @ for f, than forf_.
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R away; detector and array were fixed at heighisandh,,  the length of the array onto a plane normal to the observation
respectively, above the level runway. The anglewas setto  direction is comparable to or smaller than the radiation
a series of fixed values with an accuracy of +0.5° using avavelengthandthe observation is made at many hundreds of
Suunto clinometer, and then the andlg was varied using Fresnel distances, most of the power is transmitted in a beam
the turntable. The measurementdf was made to an accu- around 20° wide, with small side lobes. This beam structure
racy of +0.5° using a graticule on the turntable. At eachis reproduced very well by the mod@ppendix, Eq(A35)],
value of (dy, ¢y), the intensity of the signal at the detector ysing the experimental source speed as an input parameter.
antenna was measured using the spectrum analyzer. (In the case of the present emission mechanism, the side
Figure %a) shows the effect of varying the source speedjobes are caused mainly by interference from the ground; it
v=aAe/At on the intensity distribution as a function 6f.  follows from Eq. (A35) that in free space they would be
Data forv/c=1.063, 1.25, and 2.0 are shown; for each datayych weakey.
set, n/2m=552.654 MHz()/27=46.042 MHz, and the ob- Whilst Fig. 5 shows data for the emission ft=|(Q
s_ervation is made at the higher of the two emitted frequeny. )|/ 2, the description of the source, EQ), leads one to
C'es*f+:|(9+m?’)|/2775(9+’7)/2”:_598'696 MHz. Asthe  gypect simultaneous emission at a second frequehcy,
source speed increases, the peak in detected power mongQ_n)“ZW_ As f, and f_ have different harmonic num-

out to higher values ofdy, in line with expectations; the bersn their angle of emission will differ slightlysee Eq(5)

contributions that are received from different source ele'and Table ]. This effect is shown for source speedsvdt

ments, by an observer in the far field, are in phase whea =2.0 in Fig. §a) andv/c=1.25 in Fig. 6b). In each case, the
the Appendix, Eqs(A14) and(A38)] emission aff, is peaked at a higher value &f, than that at
f_, as predicted by Eq(5) and the solid curvegsee the
>, Appendix.
It has already been mentioned in the discussion of Fig.
5(a) that the beam is rather sharply defined as a function of
or %y, even though the projection of the length of the array on
R mc) 2|12 the plane perpendicular to the observation direction is com-
Yy = arcsi R_[l_(n_v> } : (5 parable to or smaller than the radiation wavelength. This
P characteristic is independent of distance over the range mea-
Heren=2=f/w is the harmonic number of the emitted radia- sured, as shown in Fig. 7, which plots dafaointy for
tion with f=f, or f_ andm= 7/ w is determined by the angu- 200 m<=R<900 m. For all of thesR values, each repre-
lar frequencyw=v/a=A¢/At of the rotation of the source senting hundreds of Fresnel distances, the central part of the
(see Table)L'? Note that the data are well reproduced by thebeam preserves its overall width and general shape. This
model[(see the Appendix, EGA35)] using the experimental development of beam structure wikhis reproduced by the
source speeds. theoretical descriptioriFig. 7, curves; see Appendix, Eg.
Compared to the emission of a conventional antefina, (A35)], using the experimental source speed as input param-
the rather small side lobes are a further characteristic of theter.
beaming produced by an accelerated superluminal source. To Note that all of the data sets plotted in this section in-
show this more clearly, a single data set, corresponding twolve small values ofp(~2°). The reason for this con-
v/c=2.0, is shown in Fig. &). Although the projection of straint is that, as well as having a peaked structure as a func-

[ mc
0p = arcsin —
nv
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model in the Appendix[Eq. (A35)]. The frequency isf,=(n+Q)/27
=598.696 MHzy=1.06%,hy=hp=5.0 m.
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away; detector and array were fixed at the respective heights
of hp andh, above the level runway. The angtg, was set

to a series of fixed values to an accuracy of +0.5° using a

Suunto clinometer, and then the anglg was varied using

the turntable. The measurementgf was carried out using

v‘ a graticule on the turntable to an accuracy of £0.5°. At each

v value of (9, ¢y) the intensity was recorded.

Figure 8 shows the beam profile as a functionppffor
¥y=30°, 35°, and 40° and distanc&-=200 m and 900 m.
Note that the peak emission is centered arodpd0, as
expected from theorﬁl/z, variations of ¢ of around +10°
away from zero do not affect the intensity much, but there-
after, the intensity falls away rapidly.

Taken in conjunction with Fig. 5, the data in Fig. 8 show
that the emission from the superluminal source is tightly
beamed in both the azimuthal and polar directions. The ob-
servation of a peaked emitted power distributisee Fig. 6
at two frequencies shows that this effect is frequency inde-
FIG. 7. (8) The 9, dependence of the detected power R=200m  pendent, depending instead on the speed of the source and
(ﬁirfr:tzsaSt%%tr:étri%r\l\?elfsfoa;_d%gomm((giir;\?er;dzn(db)&%e zv(igsgggget?ice the geometry of the array. Once again we contrast this with
gngles. " bothp iy f+:(77+ﬂ)/2(1r=598.696 MHZo 22,05, hyzhe the case of a conV(_antlc_)naI anterfrighe beaming occurs
=5.0 m, andg,=2°; points are data and curves are fits to the model in the€V€N though the projection of the length of the array onto a
Appendix[Eq. (A35)]. plane normal to the observation direction is comparable to or
smaller than the radiation wavelengihd the observation is

tion of the polar angled, the emission of the source is also made at many hundreds of Fresnel distances.

Power (Belm)

10 20 30 40 50 60 70 80 90
9, (degrees)

peaked in the plane of rotatige., aroundgy=¢y=0), as Finally, we remark that the evolution of the beam profile
expected in the theoretical descriptig’ This observation ~as ¥y and ¢y vary is in good agreement with the expecta-
will be described in the following section. tions of theory?” Figure 9 shows thes, dependence of the

detected powe(linear scalg for several values ofyy. The
evolution of the beamshape, including the development of a
precursor(a side maximury is well reproduced by the

The array was mounted in the configuration shown inmodel [Appendix, Eq.(A35)], using the experimental value
Fig. 3(b) and the detector was placed at a fixed distalRce of v/c.

B. Intensity as a function of ¢ at fixed 94
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model predictiongEq. (A35)]. In both (a) and (b) R
=400 m, the  frequency is f,=(9+Q)/2=
=598.696 MHzy=1.06c,h,=hp=5.0 m.
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IV. NONSPHERICALLY-DECAYING COMPONENT spherical decay described in the Appen@inrve), especially
OF THE RADIATION at larger distances where the finite array size is much smaller
A. General properties thanR. This suggests that the emission of the array running

) , .. Subluminally is entirely “conventional”; the detected power
_The precedlng € ction has shown that the angular (.j'smébeys the inverse square lgance the effects of interference
bution of the emission from the experimental source is in . )
- . . - are taken into accouptand at large distances the source
good quantitative agreement with theoretical predictions for S
: L2 . appears pointlike.

a rotating, oscillating superluminal sourcg¢see the .
Appendi><).12'13 However, the most controversial aspect of Figure 1Qb).shows detegted power versus Jg(@) for
the model of Refs. 6, 12, and 13 has been the prediction of Ebe source. running superluminally/c=1.063, for arra)-/-to-.
component of the emission that decayansphericallyi.e., detector dlstan.ceR measured a.Iong.the e.xp.ected Q|rectlon
as 1R, rather than 1®2.”® This component is due to an of t_he cusp |_OCI. The contras_t Wlth F!g.CE()IS immediately
effect, only possible in the case of an accelerated superlum}Sible, and involves three distinct differences.
nal source, whereby waves that were emitted over a finitrﬁ) The interference fringe visible at around lg@R) =2
interval pf emission time arrive at the detector du.rlngla much in Fig. 1Qa) is absent in Fig. 1®).
shorter interval of reception time. The constructive interfer- i
ence of such superposed waves is strongest if their emission
time interval is centered at the instant at which their sourc%ii)
approaches the detect@long the radiation directionwith
the wave speedthe speed of lightand zero acceleration.
The locus of the series of points for which this occurs for a
single volume element of the source constitutes the propa-
gating space curve which we have here calledaingp®*®

In this section, we describe the location and the chara
teristic features of this emission for a source speed of
=1.06% and the frequency,=(Q+ 7)/27=598.696 MHz;
the theoretical predictions for this speed lead one to expe

At larger distances, the detected power falls off with
distance more slowly in Fig. 1B) than in Fig. 10a).
The data in Fig. 1) possess a much greater “scat-
ter” than those in Fig. 1@). This scatter occurs in
spite of the fact that the detected power~$0 dB
above the noise floor; moreover, the scatter is to a
large extent reproducible.

“The last point can be understood by noting that the cusps
represent emission by those volume elements of the source
épat travel towards the detector at zero acceleration and the

that the cusp loci will be found close t8,,=20° at small speed of light, vcilsume elements t_hat collectively function as
values of by For a source that is centered @0 and an a coherentsource.” The power emitted by a coherent source
observation point that lies in the far field, H49) of Ref. 13 ©ftén contains reproducible variations known as “speckfe”;
reduces togp=-37/2,0p=arcsific/ (rw)], in which re the.reprodumble scatter seen in Fig(W0Omay be due to a
similar phenomenon.

As a reference point, Fig. 18 shows the detected Turning to the other differences between Figsial@nd
power versus array-to-detector distarReboth plotted on  10(b), the absence of an interference fringe is expected if the
logarithmic scales, for the case of the source moving sublutadiation along this direction is tightly beaméithe loci of
minally; the velocity isv/c=0.875. Note that the data the cusps are expected to have narrow angular Mﬂfﬁ SO
(pointg are very similar to those shown in Fig. 4 for the that it is not reflected from the ground close to the array; a
emission of a dipole aerial; indeed, the data are well fitteddetailed treatment of this effect is given in the Appendix
using the interference model for a pointlike source andEgs.(A9) and (A10)]. The slower decrease in power with

=v.
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FIG. 10. (a) Detected powetlogarithmic scalgvs logR), whereR is the array-to-detector distance for a subluminal source, veloéity0.875hy=hp

=5.0 m,py=0,94=35°,f,=(+Q)/27=598.696 MHz. The points are data; the curve is the interference model described in the Appendix; the refractive
index isN=1.074.(b) Detected power vs lgg(R) for the superluminal source close to the expected cusp direction. The source veladit=ik.063 hy
=hp=5.0 m,py=-5°,9,=20° ,f,=(5»+Q)/27=598.696 MHz. Data are points; the dotted curve is a fit to B&) (Appendi¥. This model is valid for
largerR and assumes both no beaming and an intensity proportionalR#.1Fit parameters arex20.90 andN=1.074. The solid curve represents a fit to
Egs.(A9) and(A10) that uses a Gaussian beam of widtk; Zit parameters are/2=1.05,2v=4.18°, andK=16.6.(c) Detected power vs Iqg(R) to one side

of the cusp direction; all experimental details are the same &s) iexcept¢,=0. Data are points, the dotted line is a fit to E48) (2x=1.41 N=1.074.

The solid curve is a fit to Eq$A9) and(A10) (2k=1.47,2v=6.69° K=17.3. (d) Same asc) but with ¢;=-10°. Data are points; the fit to EGA8) is dotted
(2k=1.47 N=1.074. The solid curve is a fit to Eq$A9) and(A10) (2x=1.48,2v=6.56° K=14.6. (The data shown here are limited <600 m because

the runway at the Turweston Aerodrome dips sharply in its last 300 m.

increasing distance is another consequence of the propertiéise., intensity<1/R?<). In each case, we shall find thak 2
of the cusps; we shall return to the exact exponent describingr 1, in agreement with theoretical expectati&]l%.
the decrease below.

As mentioned above, the cusps occupy only a small an-
gular range; morover, this range is expected to become nar- L )
rower, the further one goes from the source. Some idea of: Determination of the rate at which power falls off

. . . ) .. ._with distance using models of the interference

this effect is gained by rotating the array by 5°; whereas Fig.
10(b) has ¢y=-5°, Figs. 1Qc) and 1@d) show similar data Comparison of Figs. 1@)-10d) shows that the detected
for ¢y=0 and ¢=-10°, respectively. Note that the small power decreases most slowly with increasing distance in the
shift in direction has resulted in data that exhibit a smallercase of superluminal velocities and measurements along the
degree of scatter compared to those in FigbiQespecially cusp directior{Fig. 1Qb)]. However, obtaining the exponent
at largerR), and that the detected power falls off more rap-2« for this decrease is complicated by the effects of interfer-
idly with increasing distance in Figs. (d) and 1@d) than in  ence from the ground; we have already seen that even the
Fig. 1Qb). The first observation is entirely expected; onceemission of a simple dipole does not decrease &8 IFig.
one is off the cusp loci, the source no longer appears a4(b)] in proximity to the ground. The part of the radiation
coherent® and so the speckle effects should decrease. Alongorresponding to the cusps provides a further complication in
directions that differ appreciably from that of the cusp loci, that it is expected to be tightly beam&d’ the current ex-
the emitted power has the same dependence on distance aperimental machine agrees with these predictions in that the
Fig. 1Qa), i.e., as in the case of a subluminal source or abeam width of the nonspherically-decaying component is ap-
conventional dipole. preciably(by an order of magnitude or morearrower than

Having identified the distinct features of the the beams observed in the spherically-decaying part of the
nonspherically-decaying component of the radiation, we deradiation(as shown in Figs. 599A narrow beam will not be
scribe in the following sections three experimental methodsppreciably reflected from the ground when the detector is
for determining the exponentx2that describes the rate at close to the array; hence, features due to interference will be
which the intensity of this component decays with distaRce suppressed.
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FIG. 11. (a) and (b): Ratio PSP/ PSP [see Eq.(9)] of the detected power with the source running superlumin@ity /c=1.063 to that with the source
running subluminally(v/c=0.879 vs R, measured on two separate occasions. Both data sets follow paths close to the expected direction of the cusps;
=hp=5.0 m,py=-5°,94=20° ,f,=(»+Q)/27=598.696 MHz. Data are points; the lines are fits to @y with x~ 1. A linear fit through the origin implies

that the power in the superluminal case would decline in free spaceRagsé@é Eq(9)]. (c) and(d) show similar plots just off the cusp directiop;;=0 in

(c), andpy=-10° in(d). All other parameters are the same asanand(b). The fits(solid curve$ are to Eq(6) with ©=0.62 in(c) andx=0.52 in(d); i.e.,

the power ratio increases more slowly with distance, and cannot be fitted with a line through the origin.

Two treatments for this problem are included in the Ap-and 1@d), which show the detected power versus distance
pendix[Eqgs.(A8)—Al10)]. If the beam has an angular spreadfor ¢3=0 and ¢y=-10° [rather than thep,=-5° used in
2w, then at distanceR=h,/w, a substantial proportion of Fig. 1Qb)]. The power falls off more quickly at large dis-
the beam will be reflected from the ground; therefore a relatances in Figs. 1@) and 1@d) than in Fig. 1Qb), and this is
tively simple treatment of interferencizq. (A8)] can be reflected in the fits. For example, in Fig.(&f) the simple
used. The only input parameters are the power law of thenodel[dotted curve; Eq(A8)] yields 2«<=1.41[with N con-
decay of the radiation with distangmtensity «1/R?) and  strained to be 1.074 to match the fit in Fig.(4Q, whereas
N, the refractive index of the grourjdiready constrained to the more sophisticated EqeA9) and (A10) (solid curve
be N=1.074 by fitting the interference fringes of the sublu-give 2«=1.47,2v=6.69°, andK=17.3. Both fits suggest an
minal emission—see Fig. 1#]. This method[Fig. 1Qb),  intensity that is approximately1/R>® and the latter is sug-
dotted curvg yields a value 2=0.90, i.e., an intensity pro- gestive of less beaming of the radiation. Similar consider-
portional to 1R%%, ations apply to the fits to the data in Fig.(dip

For smaller values oR, a more sophisticated fitting
method[Appendix; Eqs.(A9) and (A10)] takes account of C. Determination of the rate at which power falls off
the beaming by using a Gaussian beam of angular wigth 2 With distance using intensity ratios

and also allowing for the presence of residual spherically-  An alternative, model independent way of determining
decaying waves close to the array. This function is shown aghe exponent 2 is to divide the power detected along the
a solid curve in Fig. 1®); the fit parameters arex2 cusp by that detected when the source is run subluminally
=1.05,2v=4.18°, andK=16.6[see Eq(A10)]. This implies  under similar conditions. Such a comparison can only be
that the nonspherically-decaying part of the radiation has amade beyond the region containing the interference fringes
intensity that decays as R} and that it is confined to an (i.e., R>150 m), becausgas mentioned aboyéhe cusp has
angular width~4°. The fact thatk, which depends on the a distinctly “beamed” character, whereas the radiation from
geometry and perfection of the source, is substantially largethe subluminal source is much more isotropic. This compari-
than 1 implies that the dominant emission from the experison is shown in Figs. 14) and 11b) for data taken on two
mental machine is spherically-decaying, with a small comseparate occasions with differing weather conditions. Each
ponent of nonspherically-decaying emission. data set represents the detected poW&fP along the ex-
The narrow angular width of the nonspherically- pected cusp direction with the source running superluminally
decaying part of the radiation is emphasized by Figgc)1l0 (v/c=1.063, divided by the detected powés“ with the
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source running subluminallfp/c=0.875. In both sublumi- V. CONCLUSION
nal and superluminal runs, all other experimental parameters

were identical. In summary, we have constructed and tested an experi-
The data were fitted to a function mental implementation of an oscillating, superluminal polar-
peusp ization current distribution that undergoes centripetal accel-
= CR¥, (6)  eration. Theoretical treatmeffd®lead one to expect that the
radiation emitted from each volume element of such a polar-
wherey andC are fit parameters. The fits yielded~1, i.e.,  ization current will comprise &erenkov-like envelope with

a straight line through the origin, implying that the power W0 sheets that meet along a cusp. The emission from the
ratio is roughly proportional t&R [Figs. 11a) and 11b)]. expenmental machine hgs been found .to be in good agree-
This result can be explained as follows. Once the interferment with these expectations, the combined effect of the vol-

ence fringes have been passéd‘® will obey an approxi- Ume elements leading to tightly-defined beams of a well-

mate relationship defined geometry, determined by the source speed and
ub trajectory. In addition, over a restricted range of angles, we

PSUR) =~ , (7) detect the presence of cusps in the emitted radiation. These

R” are due to the detection over a short observation time period

whereC"is a constant or a very slowly varying function of of radiation emitted over a considerably longer period of

R. There are many precedents for the use of such power lawiource time. Consequently, the intensity of the radiation at
in the empirical functior$'?>?>for describing radio trans- these angles was observed to decline more slowly with in-

mission[e.g., Eq.(4)]. The straight lines through the origin creasing distance from the source than would the emission
seen in Figs. 1) and 11b) will only occur if the power from a conventional antenna. The angular distribution of the
PeusPfollows the relationship emitted radiation and the properties associated with the cusp
are in goodquantitativeagreement with theoretical models

cusp
Peusp ¢ —, (8)  of superluminal sources once the effect of reflections from
R” the earth’s surface are taken into account. In particular, the
so that prediction that the beaming and the slow decay should ex-

tend into the far zone has been tested to several hundred
ius')z QUSPR 9) Fresnel distances.
psub - gsubT The above results have implications not only for the in-
. . . . terpretation of observational data on pulsars, which origi-
This again suggests that the power in the nonsphericall nally motivated the theoretical investigation of the present

decaying component_ of t_he radiation ngd decay in freeemission proces%}O but also for a diverse set of disciplines
space more slowly with distandethan 1R-.

Once again, the narrowness of the region occupied b?nd technologies in which these findings have potential prac-
y A . . 6 .
the cusps can be demonstrated by shiftifig by only 5° ical appl|cat|on§. One such technology is long-range and

[Figs. 1Xc) and 11d)]. The power ratio increases more high-bandwidth telecommunications.

slowly with distance, and the data can no longer be fitted b¥ . Slpce all of tthg_pt“_)g etsses |nv|<_) ved in g de'?r? rac?_ng :_he pc])c-
a straight line through the origin: instead=0.62 in Fig. 'anzation current distribution are linear, and the direction o

11(c) and 0.52 in Fig. 1(d) [see Eq(6)]. the emitted_“beam” only depends on the source speed, it
should be simple to use an array to broadcast several beams
in different directions simultaneously. This could be

D. Summary achieved by applying voltages which are sums of terms such

The various methods of characterizing the rate at whict®S in Eq.(3), each WiFh a_different spegd, to the electrodes of
the detected power falls off witR shown in Figs. 10 and 11 a0 array. The beaming is frequency independent, and so an
suggest that the intensity of the nonspherically-decayin%rray could potentially be used to transmit multiple directed

component is roughly proportional to B/in agreement with P€ams at several frequencigghe very small side lobes,
theoretical prediction*® Moreover, the relatively small an- €Specially in free space, are a further characteristic of the
gular range over which this R dependence is observed Pe€aming produced by the present emission mechanism that
[compare Figs. 1®) and 1@c)] emphasizes the narrowness facilitates this type of transmission.
of the region occupied by the cusps. Of particular practical significance are the properties of
Note that in the present experiments, the Fresnel disthe nonspherically-decaying component of the radiation that
tance(Rayleigh ranggis of the order of a few meters. The We have observed: the fact that its intensity decays likg, 1/
maximum length of the array that can be projected onto dather than 1R?, with the distanceR from its source, and
plane perpendicular to the propagation direction lis that its beamwidth is less than5° at ~500 m. This radia-
=1.74 m and the shortest wavelength used\#0.50 m. tion mechanism could thus be used, in principle, to convey
These together yield a maximum Fresnel distaRgel?/N  electronic data over very long distances with very much
=6.0 m. There is no parameter other than the Fresnel didewer attenuation than is possible with existing sources. In
tance to limit the range of validity of the above results, andthe case of ground-to-satellite communications, for example,
these, as we have seen, have been testeR¥oR:. the above properties imply that either far fewer satellites
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would be required for the same bandwidth or each satellitéeature in the interpretation in all sections of the paper. It is
could handle a much wider range of signals for the samé¢herefore logical to collect all of the discussions of these
power output. phenomena in one place.

The excellent correspondence between the experimental The Appendix is divided into two main sections, treat-
data and theoretical predictions supports the proposal thaent of interference due to reflections from the grogseke
polarization current distributions act as superluminal sourcefig. 4) and use of the theory contained in Refs. 12 and 13 to
of radiation, and that they can be used for studying and utimodel the emissions of the experimental artayd in par-
lizing the novel effects associated with superluminal electroticular the beaming of the radiatiprFinally a shorter section
dynamics. The apparatus described in this paper represerdsals with the robustness of tiifemall number of fitting
just one possible geometry and excitation scheme. In prinparameters used to model the data.
ciple, a whole class of superluminal sources are possible,
corresponding, for example, to a rectilinearly accelerated po-
larization currerft (rather than a centripetally accelerated B. Interference caused by reflections from the ground
one), or to a medium that is polarized by impinging laser
beams(rather than by applied voltagesand so on. It is
hoped that the publication of this paper will stimulate further
work along these lines.

It is well known from the telecommunications
literaturé**"?>?5that interference is a significant complica-
tion in the propagation of radio waves close to the ground;
the detected signal is the result of the interference between
the direct and the reflected waves, i.e., between the waves
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Rf = (R2 + 4hAhD)1/2 (Az)
APPENDIX: PROCEDURES USED IN MODELING [see Fig. 4a)]. WhenR is large enough for the curvature of

AND FITTING THE EXPERIMENTAL DATA the wave fronts to be negligible, the reflected and the inci-

dent waves are related via the Fresnel coefficients

A. Introduction Ereflected= QLEincidenb (A3)
This Appendix contains the procedures used to modeg)r
and fit the experimental data. It is necessary to be rather

rigorous in treating the radiation from a superluminal source  Brefiected™ diBincident (Ad)

and the effects of interference from the ground, and S0 Wesee Ref. 1y The vectorsE andB in these relations are the
have described the mathematical techniques in some detail,gactric and magnetic fields of the incident and reflected
level of detail that would impede the discussion of the eX-yaves and

perimental data if it were included in the main body of the , o
paper. Moreover, some effects described in the Appendix, _ cosa - (N’ sirf a) (A5)
such as interference caused by reflections from the ground, = cosa+ (N2 - sir? a)*/?’
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N2cosa — (N2 - sirf a)'/?
N2cosa + (N? - sirf )2

o= (AB)
are the Fresnel coefficients fdE;,qent PErPENdicular or
Eincident Parallel to the plane of incidence, respectively; the
magnetic permeability of the ground is here set equal to
unity. (Note that the index of refractioN and so the coeffi-
cientsq, andgq, are in general complex. However, for waves
of frequencyf, the imaginary parts of these quantities are
negligible when 2/(ef) <1, whereo and € are the conduc-
tivity and the dielectric constant of the reflecting medium,
r'espective'ﬂ'_7 The latter condition appears to encompass allFIG. 12. Relgtionship between the positions of the source, the detector, and
of the experiments described in this paper. the notional image detector.

Hence, in the case of the spherically-decaying radiation
that is generated by a pointlike aerial in the vicinity of the take account of beaming. When modeling the data for ranges
ground, the observed power at the detector is given, to withilR=150 m, we have consequently replaced the coefficients

a constant of proportionality, by q,. by
- expikR) . explikR) |2 (A7) QL= qH,LeXF{_ (%Tf‘ “)Z/WZ]’ (A9)
Il, II, L )
R R wherea is the angle between an incident ray and the normal

where the subscripts iS and PS refer to the common po- 10 the reflecting surfacesee Fig. 12 andw represents the
larizations of the incident and reflected waves: parallel ofGaussian half-width of the beam. The exponential factor
perpendicmar to the p|ane of incidence. By measummg)r multlplylng the Fresnel coefficients greatly reduces the am-
PS as a function of the distande and fitting the resulting plitudes of the r2e7flected waves for whiehdiffers from 7r/2
data to the above equation, it is possible to deterrrfer by more thanw.

the groundi.e., the airfield runwayunder a particular set of As R tends to a value much larger thahw along this
weather conditiongsee Fig. 4b)]. This is then used in Eqs. narrow beam, the nonspherically-decaying component of the

(A8) and (A9) (see below to model the emission of the radiation dominates over the conventional component. At
superluminal source. shorter distances from the source, however, the detected

power receives contributions from both of these components.
If the fitting includes data for relatively small values Bf

D. Th(_e effects of interference on t_he nonspherically- [see, e.g., the solid curves in Figs.(W0and 1@c)], both
decaying component of the radiation from a spherically-decaying and nonspherically-decaying contribu-
superluminal source tions must be combined as follows:

The radiation by a superluminal source consists of two
components: a spherically-decaying component whose inten- Py | *
sity has the dependené&? on R (as does any other radia-
tion) and a nonspherically-decaying component. To treat the exdi(kR + w/4)]  exdi(kR)]

. : +Q +K
latter component in the presence of reflection from the L R R
ground, we rewrite EqA7) as follows:

explikR) explikR) |2 _
e T R* : (A8)  Here, the constarK stands for the relative strengths of the
sources of the two components, ané4 is the phase differ-
In other words, the exponert describing the rate at which ence between theigsee Refs. 12 and 1.3
the amplitude of each componefdirect and reflecteddi-
minishes with increasing, has become an adjustable param-
eter. The theoretically predicted valuefor a centripetally
accelerated superluminal source is 1$2e Refs. 6 and 13
Equation(A8) will only be valid if the amplitudes of the
radiation traveling via the direct and reflected paths are simi- The modeling of the data is based on the same coordi-
lar. However, in the present experiment, the beamwidth ohates as those used in the theory papetdshown in Figs.
the nonspherically-decaying component is appreciéimjya  3(c) and 3d). In these coordinates, the source consists of the
factor of 10 or morg smaller than that of the spherically- arc —7/36<¢<w/36 of a circular strip, centered on the
decaying component. This results in a substantial differencerigin, with the radiusa=10.025 m and the thicknessr
between the amplitudes of the direct and reflected rays when0.05 m. The source velocity points in the direction of in-
the detector is close to the sour¢k.is this phenomenon that creasinge [see Fig. 8); its angular velocity points in the
is responsible for suppressing the interference fringes imlirection of positivez]. Since the position of the source in
Figs. 1@b)-10Q(d).) UnlessR is large, therefore, the Fresnel Fig. 3a) is such that its velocity points from the left to the
coefficients in the above expression should be modified teight, the spherical coordinatéRp, 65, ¢p) Of Refs. 12 and

exdi(kR+ m/4)] N Kexp(ikR)
R¥ R

2

(A10)

ns
P

E. Extension to a volume source: Description of the
direct and reflected rays in terms of the
experimentally measured coordinates
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13 have to be based, in the present case, on a Cartesian Having expressed the position vecigr=(Rp, 0p, ¢p) Of

system whose axis points downward, as in Fig(@8. [The
midpoint of the source arc lies on tleaxis of this underly-
ing Cartesian system; see Figcg]

the detector in terms of the experimentally measured coordi-
nates, we now know how to determine the characteristics of
the direct ray xp—x that links each source elememnt

For comparing the data with the theoretical predictions=(r, ¢,z) of the array to the observation poiRt The next

we need to expresRp, Op, ¢p) in terms of the experimen-
tally measured coordinate®R, 9y, ¢y) and (R, 9y, ¢y) of
Figs. 3a and 3b).

The Cartesian systertx’,y’,z’) corresponding to the
spherical coordinate®R, 9y, ¢y) of Fig. 3a) differs from the

Cartesian systerx,y,z) corresponding to the spherical co-

ordinates(Rp, Op, ¢p) Of Fig. 3(C) in that its origin is shifted
by the array radius along the positivex axis, itsx andy
axes are interchanged, and tsxis is inverted:

!

x'zy, y=x-a, Z=-z (Al11)

step is to determine the corresponding characteristics of the
reflected rays that readh from various volume elements of
the array. As we have already seen in the treatment of a
simple dipole aerial, both the angtethat a given reflected
ray makes with the normal to the grourgg, and the distance
R, that this wave traverses to reach the detectét @ee Fig.
12) can be easily inferred from the position vecigr of the
image P’ of P with respect to the ground. We proceed to
determinexp, in terms both of the coordinate®R, 9y, ¢v)
and of the coordinate@R, 9y, ¢y)-

Suppose that the plane of the array is vertical, as in Fig.

The Cartesian and polar coordinates of the observation poird(@, and that the upward-pointing normal to the ground at

P in the reference frame shown in FigiaBare related by

X" =Rcosth, cosgy, Y =Rcosdysin gy,

Z' =Rsin Yy,. (A12)

These, together with the corresponding coordinateP af
the reference frame shown in FiggcBand 3d),

X=Rp Sin 6o cOSpp, Y =RpSIN Op Sin ¢p,

z=Rp coSbp, (A13)
yield the first required transformation:

Rp = (R? + a® + 2aRcos 9y, sin ¢) 2,

t-gan
0p = arcco$— —sin vy |,
Ro
3m/2 arctaf(tanqb\ﬁ a )
=—omll— S T—
i R cosdy cosgy,
(A14)

In Fig. 3b), the position vector of the observation point
P is projected onto théx’,z’) plane of the shifted Cartesian

system(x’,y’,z’'), so that

X' =Rcosg¢y cosdy, Y =Rsin ¢y,

Z' =Rcos ¢y sin Jy. (A15)

Rewriting these expressions fdix’',y’,z’) in terms of
(Rp, 0p, ¢p), Via (x,y,2), and solving forRp, 6p and ¢p, we
obtain the second required transformation:

Rp = (R? + a2 + 2aRsin ¢y) Y2,

R
Op= arcco{— —CO0S ¢y Sin ﬁH) ,
Re

tandy a )

op=—3ml2 - arctaf<
cosdy Rcos¢ycosdy

(Al6)

the point of reflectiong,, makes the angley, with the posi-
tive x axis of the(x,y,z) frame(whosez axis is in this case
parallel to the grounyli.e.,

€y = COS o8 — SiN oy . (A17)
(For a smooth and perfectly horizontal grourf, is related
to ¢y via ¢y—dy=arcsii(hy—hp)/R].) Then the position
vector, in the(x,y,z) frame, of the imagé’ of P across the
earth’s surface, can be written as

Xpr = R+ aéx - 2hDég, (A18)
whereR is the position vector oP in the (x’,y’,Z') frame,
the frame whose origin lies at the midpoint of the arfage
Figs. 3c) and 13.

The following expressions forp: and R in terms of
their components in théx,y,z) and the(x’,y’,z’) frames,

Xpr = Rp/SiN 0p/(COS@p &, + SiN p/ @) + Rp/COSHp/&,,

(A19)
R =Rcosd(cosh e +sin @) + Rsind&,,
(A20)
together with the relationships
éX’ = éy! éy’ = é)(! éZ’ == éZ (A21)

between the base vectors of these two frafses Eq(A1l)]
therefore yield

Rp: =[R?+ a2 + (2hp)? — 4ahp cos ¢y
+ 2aRcosdy sin ¢y
- 4hpR cosdy sin(¢y — ¢o) V2,

R
Opr = arcco{— —sin ﬁv) ,
RPI
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= —3/2 1 tp—t—|Xp—x|/C
¢pr = = 3m E:—zjd3xdt5(P e =xlle)
_arctar<Rcosﬁvsin¢V+a—2hDCOS¢o) ¢ bxp =
" : ) R
RCOS@V COS¢\/ 2hD S|n¢0 X(n X _J), B=n X E. (AZG)
(A22) gt

for the spherical coordinates of the image pditin terms ~ Here te is the time at which the field is measured at the
of the angleg 9, &) of Fig. 3a). observation poinP, andx andt are the position of a source

To determinexp: in terms of the coordinate®, 9, br) element and the retarded time, respectivélyxp/|xp| is a
of Fig. b), suppose that the upward-pointing normal to theunit vector along the direction linking the source that is lo-
grouna at the point of reflection, makes the angfewith calized in the vicinity of the origin and the observePatFor
the negativez axis of the(x,y,z) frame (whosex axis is in the polarizationP described in Eq(2) whose distribution
this case parallel to the groupd.e pattern both rotategvith an angular frequency) and oscil-
o lates (with a frequency(), the source term in the above
&y =~ sin ol — CoS V8. (A23)  expression is related to the cylindrical componestss,,s,)
of the vectors that designates the direction of the current
(Here, too, 9, is related tody via 9y—9y=arcsin(hy  densityj=dP/dt by
-hp)]/R when the ground is smooth and horizontal. A . _1 2 T
Inserting this alternative expression f@y in Eq. (A18) A X (A X 9j11) = J0°2 ey w XA~ (1o~ Qelw)]
and using Egs(A19) and (A21), and the following version X{[s,cospsin(¢ - ¢p)
of Eq. (A15), o
~ SC0S6pCO ¢ ~ @p) + S;SiN Op]€,

R= RCOS¢H(COSﬁHéXI + sin ’l?HéZr) +Rsin ¢Héyr, + [S[SIH((P _ (PP) + SQDCOSCP _ QDP)]Q\}

(A24) +m—-mQ -0, (A27)

we obtain where the cylindrical coordinates, ¢,z) and(rp, ¢p,zp) Of
2. .2 2 . X andxp are with respect to thé&,y,z) frame shown in Fig.

Rer =[R"+a"+ (2hp)” + 2aRsin ¢, 3(c), p=¢-wt ranges over(-m,m), p.=(Q/w)tm,§

- 4hpR cos ¢y sin(9y — 9o) Y2, =&, (which is parallel to the plane of rotatipand &, =i

X @ are a pair of unit vectors normal to the radiation direc-
. tion N, and the symbojm— -m, ) —-Q} designates a term
R -2h . S . .
Opr = arcco{— COS SmgH D COS"(}O), exactly like the one preceding it but in which and Q are
P/

everywhere replaced bymand ), respectively. This is Eq.
(14) of Ref. 12.
Rsingy +a We are interested in the context of the present measure-
R cos ¢y cosdy + 2hp sin 15‘0) ’ ments in the radiation that is polarized parallel to the plane of
the array; note also that the componeptis zero in the
(A25) experimental array described in the current paper. Hence, the
relevant component of the source term in E427) is

opr =—3m/2 - arctar(

for the spherical coordinates of the image poRit with

respect to théx,y,z) frame in terms of the angldsY, ¢y) & -[A X (A X 9j/at)] = 255iN(¢ — pp)R{Z.(Q £ Mw)?
f Fig. 3(b).
of Fig. Ib) xexpli[(Q + mw)t T mell},

-—r<op<m, (A28)

F. Theoretical treatment of the spherically-decaying
component of the emission from the
experimental array

where R{Z} denotes the real part oEZ. The fact that
the array has the form of an arc means that the domain of
integration in Eq(A26) consists, in the present case, of the
We now describe the use of the theory of Refs. 12 and 18ylindrical ~ strip -5°<¢<5°,10.00 m<r<10.05 m,
to model the emissions of the experimental array. Our pur—0.005 m<z<<0.005 m, that bounds the volume occupied
pose is to predict the beaming of the spherically-decayindpy the array(see Fig. 1. Since the andz dimensions of this
component of the radiation; relevant data are shown in Figsvolume are appreciably shorter than the wavelengths at
5-9. (The detailed behavior of the nonspherically-decayingwhich the radiation is generated and measured in the present
component will be left for a future workThe same math- experimentg0.50 m and 0.59 m the integration with re-
ematical notation as that in Refs. 12 and 13 is used; fospect to these two coordinates may be omitted when evalu-
consistency with the original papers, we employ Gaussiamting the integral in Eq(A26) without introducing any sig-
electromagnetic units. nificant error(It must be emphasized that this approximation
We commence with the following far-field expressions may only be used in the case of the spherically-decaying
for the electromagnetic fieldE and B in the absence of component of the emission; it is necessary to include the full
boundariedEq. (14) of Ref. 12: volume of the source when calculating the nonspherically-
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decaying component. For the current purposes—modeling Next, we need to find the power that is receivedPdty

the spherically-decaying data of Figs. 5-9—the approximaan observer whose detector only picks up radiation of a

tion is adequateg. given polarization, e.g., a polarization along the unit vector
Inserting Eqg.(A28) in Eqg. (A26) and performing the p. This can be done by adding the compongit&(f,) and

trivial integration with respect to, we find that the electric p-E,(f,) of the electric-field vectors of the direct and the

field of the radiation that is detected at either the frequencyeflected waves and averaging the square of the resulting

f,.=Q+mw=n, e or the frequency_=|Q-mo|=|n_|o (see  expression over the observation time The result when

Table | and Refs. 12 and 18 given by n,>1is
/36 7136
E(f.) = R exp(- in.otp) de sin(e Ppo(f) o |p .é‘PPf de sin(e — ¢p)
—/36 -7/36
~ ep)exli(n,R+ me)[6(¢ - wtp+ R+ m) xexdi(n,R+ me)]/R
~ -~ /36
- 6(¢- wtp+R- w)]/R} € (A29) +q, . p- érWJ de sin(e — ¢pr)
—7/36
to within a constant of proportionality depending on the A . |2
source strength, wheris the Heaviside step function. Here, Xexdi(n.R +me)J/R |, (A35)

R=[xp~x|w/c= [R% +12-2F Resin Gpcod e — ¢p) ', a general result that applies to both frequencies, irrespective
(A30) of whether the radiation is polarized parallel or perpendicular
. A . . . S to the plane of incidence.
in which rszrw/cz |ls/2the source speed in units cszP When the array is positioned as in Fighg the gener-
EARPw/CZ(rP *z7)"%,  and  fp=arccoezp/Rp)  [ie., ated radiation is polarized horizontally, i.e., in a direction
(Rp, 6p, ¢p) comprise the spherical coordinatesRfn units  normal to the plane of incidence. In this cageg, and
of the light-cylinder radius/w]. - o p-&,, in the above equation are equal and so can be factored
The expression in EqA29) yields the electric-field vec- oyt and absorbed in the constant of proportionality. But when
tor of the wave that propagates from the source to the detegne plane of the array is vertical, as in Figag the electric-
tor directly. The corresponding expression for the electricfie|d vectors of the generated and reflected waves, though
field vector of the reflected wave is given by a similar hoth in the plane of incidence, are no longer parallel to each
expression in which the coordinateBp, 6p,¢p) of P are  gother. In such experiments, we have used a receiving antenna
replaced by the coordinatéR,, fpr, ¢p:) of the imageP’ of  \yhose polarization is vertical, i.e., for whi@=8&,. Accord-
P and the integral is multiplied by one of the Fresnel coef—ing to Eqgs.(A17) and (A34), therefore, the factors in ques-

ficientsq, or g, (see the preceding sections ton have the valuesp-&, =-singp+¢o) and p-&,
_ /36 _ =-sin(pp: + ¢) in these experiments.
E,(fy) « R g exp(=in wtp) de sin(e = ¢p1) Note that the emission is beamed when the phase of the
36 rapidly oscillating exponential in the integrand of £29)
XeXF{i(nif?r + me)|[6(¢ — wtp + ér + ) - 6o \rllvarl]ser? stationary point within the domain of integration, i.e.,
- wtp+ R = MR & A31 9 =
PR R’} " (A3D 7o MRE Mo~ gp)] (A36)

where . . . .
vanishes for a value ap in —7/36< ¢ < 7r/36. This station-

R =[RZ, +2-2F Rpssin Bpicodo - ¢p) ]2, (A32)  ary point would be degenerate, and so the beaming would be
tighter, if
F
ew=8,, (A33) a—(pz[niRi m(¢ — ¢p)] (A37)

The reflected radiation is polarized along

if E(f,) is normal to the plane of incidence, and along vanishes at the same time. The above two conditions are

&= z(ég . é%,)ég - équ, (A34) satisfied simultaneously when

~ 1/2
if E(f,) is parallel to the plane of incidence, wheggis the of _ m [ 1 -n?/(n,Rp)® ] (A38)

upward-pointing unit vector perpendicular to the grolisele = ¢ In| o _ B )2

Eqgs.(A3) and(A4)]. The coordinatefRp/, 0p:, @pr) have the " sirf 6 = me/(n:Re)

values derived in EQ(A22) when the array is positioned as and so the phase in question is stationaryeatep+2m
in Fig. @), and those derived in E¢A25) when the array is  —arccofn?/ (n,_,szp)] (cf. Refs. 12 and 13 The parameters
positioned as in Fig.(®). The values ofy, andq, appear in in our experiments are chosen such that the value iof-

Eqgs.(A5) and (A6). plied by Eq.(A38), for an observer in the far field, lies
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within the radial thickness 10.00 #or <10.05 m of the ar- precedents, the reflection coefficient in simulations of the

ray. beaming involving distancé2=< 300 m was scaled by a fac-
tor g, representing the loss of signal on reflection due to the

G. Adjustable parameters: Effects of the array curved wave fronts.

orientation and surface corrugations on the modeling

of the beaming data *A. Sommerfeld, Nachrichten der Kgl. Gesellschaft der Wissenschaften zu

. . ._Géttingen, math.-naturwiss. Klasse, 99-130, 363-4B%04); 201-235
There are no truly adjustable parameters in the analy5|s(1903f‘]J K

of the beaming datd&Figs. 5-9 in this paper, especially 2ror a historical survey, see chapters and papers by A. Einstefhén
whenR=300 m. The speed of the source is constrained by Principle of Relativity edited by W. Perrett and G. B. Jeffeover, New

the setting of the experimental machine and the refractive,'°'k. 1958. _
B. M. Bolotovskii and V. L. Ginzburg, Sov. Phys. Usg5, 184 (1972.

m_dex of the groun_d IS dete_rmmed by ancillary eXPe”me”ts“v. L. Ginzburg, Theoretical Physics and Astrophysi¢ergamon, Oxford,
with the dipole aeria(see Fig. 4 The measured heights, 1979, Ch. VIIl.
andhp and distanc® are also used as input parameters. TheZB. M. Bolotovskii and V. P. Bykov, Sov. Phys. Us83, 477 (1990.
remaining uncertainties come from the difficulties involved 72- ﬁrde}vEn,PI:]hys.RRev.BSE:'aZS,?’%%iSZ%%%&

. . . . Aewisn, yS. ReV. . .
ywth modefllng. the reflection of curv_ed wave fronts and small s;" Hannay, Phys. Rev. B2, 3008(2000.
inaccuracies in the angular coordinates. We treat the lattePy. ardavan, Phys. Rev. B2, 3010(2000.
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