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Okazanoch, 4TO HEOOXOIUMBIMHU CBOMCTBAMM 00JIaaeT ABOMHUKOBAS I'PaHUIIA
OJHOOCHBIX KPHCTALJIOB. ABTOpPBHI [8] mocTynuiu emie npoiie. s cBoero
OTIBITA OHU CO3J1aJIU 0OBEKT COOCTBEHHBIMU pYKaMHM, CONIIM(OBAB U MPUBEIS
B ONITUYECKUM KOHTAKT JiBa Kpuctauia ¥V O4. Kak BUAHO U3 WILTFOCTPAIUH,
MM yIAJIOCh HE TOJBKO HArISAAHO MPOAEMOHCTPUPOBATH OTPHUIIATEIBHOE
MIPEJIOMJICHUE, HO U TTOJATBEPAUTH IpecKazaHue [9] 0 BO3SMOKHOCTH I10JIy4aTh
B OJIHOM M TOM K€ CUCTEME KaK OTPHUIATEIILHOE, TaK U MOJO0KUTEIbHOE
MPEJIOMIICHUE.
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BeimunHa nmokasareJisi npejomMaeHus n=(su)!/? He MeHsAETCS IIPH
O/IHOBPEMEHHOM H3MEHEHHH 3HAKOB Y BEJIMYHH € U |L.

Bonpoc:A 4o uzmeHnsiercs?
Bo3MoxKHBIE OTBETHI:

 Hu4vero He Mensiercsi. 10 03HA4aJ0 OBbI, YTO
JIEKTPOAMHAMMUKA HE 3ABHUCHUT OT OJJHOBPEMEHHOM
CMEHbI 3HAKOB Y € H L.

* CyumiecrBoBaHue MaTEPUAJIOB C OJJHOBPEMEHHO
OTPULATEIbHBIMU 3HAYCHUSAMH € U |l B IPUHIIUIIE
HEBO3MOKHO, TAK KAaK 3TO NPOTUBOPEYUT KAKUM-IH00
(pyHIAMEHTAJIBHBIM 3AKOHAM.
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336 -THE THEORY OF OPTICS - [cHAP. X1L

let dV/dA, be negative. As VA= Vod, we obtain by "differentiation
with respect to ¥ :

d. dA
N+ VIp=Vogps
P d)e d\
LAk P gy
or A yav-av .

As the second term on the left-hand side is negative, it follows
that A t—‘¥> A, which shows that the group velocity is in the opposite

direction to the wave velocity. If there is a convection of energy
forward, the waves must therefore move backwards. In al! optical
media where the direction of the dispersion is reversed, t.he:re is a very
powerful absorption, so that only thicknesses of the absorbing medinm
can be used which are smaller than a wave-length of light. Under
these circumstances it is doubtful how far the above resulf.s have
any application. But Professor Lamb* has devised mecha_mca.l ar-
rangements in which without absorption there is a negative wave

F

Fig. 179.

velocity. One curious result follows : the deviation of the wave on
entering such a medium is greater than the angle of mcldence_, s0 that
the wave normal is bent over to the other side of the normal as indicated
in Fig. 179. This is seen at once by considering that the traces on the
refracting surface of WF and W.F,, the incident and refracted wave-
fronts, must move together. If we were to draw the wave-front in the
usual way parallel to W, F) and the waves moved backwards in the
direction A'Q, the intersection O of the refracted wave a:nd surface
would move to the left, while the intersection of the mcldent. wave
moved to the right. By drawing the refracted wave-front in the
direction W, F, the required condition can be secured. The md}wd}l&l
waves move in the direction 4, but the group moves in the direction

AQ,.
* Proceedings London Math. Soc. Sec. ., Vol. 1. p. 473 (1904).

o
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CHAPTER XIV.
FURTHER DISCUSSION OF THE NATURE OF LIGHT -
AND ITS PROPAGATION. S

185. Preliminary Remarks. Light enters into our conscious-
ness through the effects on our sensitive organs whose powers may be
increased by suitable experimental appliances. When we speak of the
“nature” of light we try to form some mental picture of what consti-
tutes light before it has entered our spectroscopes or other optical
instruments, and it becomes necessary therefore to examine what modi-
fications light undergoes in passing through such instruments. If—as
an example—we were to look upon a spectroscope as an appliance
capable of analysing white light, in the manner a chemist analyses ‘a
compound body by separating the constituents it contains, we might be
led to believe that the highly homogeneous radiations which leave the
spectroscope have a real existence in the light that entered it: This
—as the late Lord Rayleigh pointed out—is an error: it is the spec-
troscope that converts the white light into homogeneous radiations,
Having satisfied ourselves with regard to instrumental eﬁ'éota, we have
to consider the ultimate receiving screen such as the retina or the
photographic plate. How much our judgment is affected by the
peculiarities of these receivers may be recognized if we try to imagine
how radically our impressions would be altered if our eyés were equally
sensitive to radiations of all kinds, so as to give us simply a measure
of their intensities*. What is"true of instrumental analysis is equally
true of its mathematical treatment. The process of the tréatment inay
affect our conclusions. ST

_136. Application of Fourier’s theorem. Gouy’s treatment.
This _theorem gives us the most powerful mathematical method of
treating variable functions, that without necessarily being periodic
oscillate between finite limits. We begin by considering in greater
detail the series that has already been mentioned in Art. 10. We con-
sider a ray of plane polarized light and fix our attention on a point P
over which the disturbance passes. If the velocity at P be », we may,
in the most general case, express it as a function of the time, £(2). Let;
us follow the motion from a time #=0, to a time ¢= 7' According to
Fourier’s theorem, which has already been explained in Art. 10, we may
write .

S (&) =ao+ a, cos (2mt/T') + a3 cos (4w¢/T) + @, cos (6mt/T)

. + by sin (2w¢/T) + by sin (4m/T) + b, sin (6nt/T) ...... .
Assuming that it is always possible to express » in terms of such a series
we may easily determine the value of any coefficient a, by multiplﬁng)

. * Bchuster, Phil. Mag. Vol. xxxvi. (1894), s
S 2 22—2

Schuster A., “An Introduction to the Theory of Optics”, (1904)
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A split ring structure etched into copper circuit board plus copper wires to give
negative L and negative € (courtesy David Smith and Shelly Schultz, UCSD).
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1-D L-H Structures: San Diego Approach

As predicted by Pendry 1(@)<0 in one SRR

Transmitted Power (dBm)}

4.7 4.5 4.9 L] 5.1 5.2 5,3 5.4 5.5

. . e . Freguency (GHz)

2-D composite medium : split ring resonators (SRR) provide w(w)<0, ; Y o
while metallic wires provide &(w) < 1, for overlapping w. e SRR e A e e
Lattice constant is 8 mm

SRR has its resonance at about 4.845 GHz, and the quality factor
has been measured to be @ = fo/Afags > 600, consistent with

numerical simulations,

h
S 0
g 1 A way to 3-D:

on
S -20p Y
a | U(@)<0 in SRR array
g 30
bl i
é —or both | ¥
-50 H(@)<0 and &(w) < 1 .
3 > FR.ESQ-SUENCY (GGHz) 6.3 4 Fig. 14. Building 3-D symmetry: each successive restacking of the structure

adds a ring to another side of the unit cell.
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Experimental Verification and Simulation of Negative Index of Refraction Using Snell’s Law

C. G. Parazzoli, R. B. Greegor, K. Li, B. E.C. Koltenbah, and M. Tanielian
Boeing Phantom Works, PO, Box 3999, Seattle, Washington 98124
Waveguide
Detector
(1.016em X 2.238cm)

Rotation Arm

MAGMNETIC

Y i J
X l3o5cm|  Variable (33cmto 66 em) |

FIG., 2. Schematic of the setup used in the Snell’s law experi-
ment showing the conical horn, lens, sample, and waveguide
detector. The measurements were made in the focused and
collimated mode at 33 and 66 cm away from the sample.

OPEN .
i —— NIM (EXP) 33cm
1 -« - - NI {EXP) 88cm
Tefion (EXP) 33cm
X u o8 - Teflon (EXP) 66cm
= 0.6
OPEN
2 0.4 1
2 0.2 -
o . . r
ELECTR 60 -40 -20 o 20 40 60 &0 100
Refraction Angle (Deg.)
(a)
1.2
= MIM (EXP) 33cm
= Teflon TFerm
* 9 —— I :mmja:nm
MAGNETIC E o
= 0.6
FIG. 1. Unit cell of the 901 HWD structure used in the o2
o : =

numerical simulations. The direction of propagation of the

an 100
electromagnetic field is along the x axis, the electric field is "“‘““:’;Anﬂ'“’“-l
oriented along the z axis, and the magnetic field is along the v
axis. C=0025cm, D=0030¢cm, G=0046cm. H = S S Ml S et e Sl
0.0254 cm, L =033 em, § = 0.263cm, T = 17.0 % 10~ om, Jes Sm fx Sacace sl o 2% e 8 g el O
W = ﬂ,mﬁ Cm, ﬂ]‘j[l V = U,ES_S CIm. compared to simulated results at 33, 66. and 238 cm ( 1DOA)

from the Teflon and 901 HWIED NIM wedges.



Experimental solution of negative refraction problem
D.R.Smith &al, Science, 292,77(2001)

78

Fig. 1. Photograph of the left-
handed ~metamaterial  (LHM)
sample. The LHM sample con-
sists of square copper split ring
resonators and copper wire strips
on fiber glass circuit board ma-
terial, The rings and wires are on
opposite sides of the boards, and
the boards have been cut and
assembled into an interiocking
lattice.

Fig. 2. Diagram of experimental
setup. The sample and the mi-
crowave absorber were placed
between top and bottom paral-
lel, circular aluminum plates
spaced 1.2 cm apart. The radius
of the clrcular plates was 15 cm.
The black arrows represent the
microwave beam as would be re-
fracted by a positive index sam-
ple. The detector was rotated
around the circumferance of the
circle in 1.5° steps, and the
transmitted power spectrum was.
measured 2s a function of angle,

0, from the interface normal The detector
standard X-band waveguide, whose cpening was 2.3 cm |

shown is positive in this figure

6 APRIL 2001

was a waveguide to coaxial adapter attached to a
n the plane of the circular plates. 8 as

i . R
quency, w, is the “magnenc plasma fre-

quency,” i = /=1, and

elw) wl — wl

€

o
5

Normalized powsr (inear scale)
e
£

of
-

Angle from nonval {deg)

Fig. 3. Transmitted power at 10.5 GHz as a
function of refraction angle for bath a Teflon
sample {dashed curve) and a LHM sample (solid
curve). The two curves were normalized such
that the magnitude of both peaks is unity. For
the Teflon sample, the refracted power peak
was measured to be 27°, correspending to a
positive index of refraction of 1.4 = 0.1. For the
LHM sample, the peak was.at —61°, from which
we deduce the index of refractiontobe 2.7 =
0.1. The beam width s set by diffraction at the
exit of the incident channel and the angular
sensitivity of the detector and is similar to the
beam width that is measured without a sample
in place.

VOL 292 SCIENCE wwwisciencemag.org

e Very important
problem - how
1sotropic are left-
handed composite
materials ?

* End second question -
how to decrease their
frequency dispersion?

23
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Device for direct observation
of negative refraction in composite material

VYAFLIL S0aites §aiman ass s mmmm— s

Fig. 1. Photograph of the left-
handed metamaterial (LHM)
sample. The LHM sample con-
sists of square copper split ring
resonators and copper wire strips
on fiber glass circuit board ma-
terial. The rings and wires are on
opposite sides of the boards, and
the boards have been cut and
assembled into an interlacking
lattice.

Fig. 2. Diagram of experimentat
setup. The sample and the mi-
crowave absorber were placed
between top and bottom paral-
lel, circular alurminum plates
spaced 1.2 ¢m apart. The radius
of the circular plates was 15 cm.
The black arrows represent the
microwave beam as woutd be re-
fracted by a positive index sam-
ple. The detectar was rotated
around the circumference of the
circle in 1.5° steps, and the
transmitted power spectrum was
measured as a function of angle,
9, from the interface normal. T

standard X-band waveguide, whose opening was

shown s pasitive in this figure.

Detector,

Microwave absorber

he detector was a waveguide to coaxial adapter attached to a
2.3 cm in the plane of the circular plates. 6 as

WLBLLL M2 e L ees rpgaemr e oo

quency, o, is the “magnetic plasma fre-
quency,” ¥ = V=1, and

go) o —w]

i
= 5 2
€4 w — w. + Iy (2)

ey

where w,, is the electronic resomnance fre-

T T L] '| L)

% = LHM
;' ' |-- Teflon
H

e
@
T

3

o
o

o
Y

£
N

Normalized power {linear scale)

(=]
T
1
*
'
]
I
-
r
1
'
1
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¥
1
1
)
]
i

Angle from normal {deg)

Fig. 3. Transmitted power at 105 GHZ as a
function of refraction angle for both a Teflon
sample {dashed curve) and 3 LHM sample (solid
curve). The two curves were normalized such
that the magnitude of both peaks is unity. For
the Teflon sample, the refracted power peak
was measured to be 27°, corresponding to a
positive index of refraction of 1.4 = 0.1. For the
LHM sample, the peak was.at —61°, from which
we deduce the index of refractiontobe 2.7 =
0.1. The beam width is set by diffraction at the
axit of the incident channel and the angular
sensitivity of the detector and is similar to the
beam width that is measured without a sample
in place,

6 APRIL 2001 VOL 292 SCIENCE www sciencemag.org
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VOLUME 92, NUMEER 7 20 FEERUARY 2004

Near-Perfect Imaging in a Focusing System Based on a Left-Handed-Material Plate

A N. Lagarkov and V. N. Kissel™

Different ways exist to ensure the effective dielectric
properties of a composite & << 0. A highly homogeneous ¥ mm

. - - B ]
medinm may he |:'|f'-.'|'1.1L1'5:I.3'1.1 using elements of one 1.':-']"!:". . /"_\‘-a (M 1 '% I l%
30 4 Y

namely, spirals arranged in a special manner [4].
i5 4
._.1_ o 4

Mo plate LHM plate

HF oacillakr

al
IEl, dH
E 3 =171 GHz:
50 0E iy 'n_,;,,.:‘f_\ 1 —no plate:
:/‘:/:, \\/ A 2 — quariz plate;
E " _ = — j/, SRR 3 —LHM plate;
- \ J=lead GHe:
-10 2; Y A_LHM glate
R4 SEEEE ETETE M FEEE
-30 -1& 0 16 an

¥, mm c}

FIG. 3. The results of measurements of the field amplitude on
different frequencies, with the receiving antenna moving par-
FIG. 2 Schematic of the experimental facility. allel to the plate.



HpI/IMCHCHI/IC MCTaMaTCpHuajia C OTPHULIATC/IIbHBIM I10KAa3aTCJICM IIPCJIIOMIICHUA IJIA
KOMIICHCAIINH YIJIOBBIX OHII/I6OK, BHOCHMBIX OOTEKaTeIeM aHTCHHBI

[MpenomneHune ny4a

Yrnosag ownodka
B CTeHKe obTekaTtens

KomneHcauus
YrNOBOW OLLNOKM

26
S.M. Schultz et al, 2004



JlyyeBaga kapTunHa, paccuYnuTaHHas B NpeanonoXxeHum R,>>A.,
Jlyum coOoTBETCTBYIOT HaNpaBreHNIO NePEHOCA SHEPTUN.
ObnacTb paanyca R1 ckpbiTa OT Habnwgarens.

JTtobon npegmeT, pasMeLleHHbIN BHYTPKU 3TOW obnacTtn, 0yaet HEBUOAUMbIM.
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[lepBbIN 3KCNEPUMEHT, NOATBEPKAAOLLINA
adopekT «HeBnaumocTtm» B CBY gnanasoHe

28



KomrieHcanusa HapyeHum
IJIOCKOCTH 3€pKajia

Broadband Ground-Plane Cloak
R. Liu, et al.
Science 323, 366 (2009);



KOHCTpyKIsA KOMIIEHCATOPA

Fig. 2. The design of
the nonresonant ele-
ments and the relation
between the unit cell ge-
ometry and the effective
index. The dimensions of
the metamaterial unit
cellsare f= 2 mm, wy =
0.3 mm, w = 0.2 mm,
and o varying from O to
17 mim.

www.sciencemag.org SCIENCE  VOL 323
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Cr

_ Cluartz

bhettttt

365 nm umination

Fig. 1. Optical superlensing experiment. The
embedded objects are inscribed onto the 50-
nm-thick chrome (Cr); at left is an array of 60-
nm-wide slots of 120 nm pitch, separated from
the 35-nm-thick silver film by a 40-nm PMMA
spacer layer. The image of the object is recorded
by the photoresist on the other side of the silver
superlens.

An arbitrary object “NANO” was imaged by silver

superlens. (A) FIB image of the object. The linewidth of
the “NANQO” object was 40 nm. Scale bar in (A) to (C), 2
mm. (B) AFM of the developed image on photoresist with
a silver superlens. (C) AFM of the developed image on
photoresist when the 35-nm-thick layer of silver was
replaced by PMMA spacer as a control experiment.

32



10 P

Figure 1 | Nanofabricated meduim with magnetic response at optical
frequencies. a, Scanning electron micrograph {viewed at an angle) of an
array of Au nanopillars, b, ¢, Mumerical simulation of the distribution of
dedric currents (arrows) inside a pair of such pillars for the symmetric and
antisymm etric resonant z-modes, respectively The non-coylindrical shape of
pillars is important to provide an efficient coupling to incident light, and was
intentionally introduced in our design through a choice of microfabrication
priocedures,

33



OCHOBHOH PE3yNbTaT — €CIIM Mbl HMEEM
MaTEpHaJl C OTPUILATCIIbHBIM
IPEIOMIICHAEM, TO OH MOXET OBITh OIIMCAaH
Ha S3BIKE, KOTOPbIA OCHOBAH HA MOHSITHUSIX
OTPULIATCIILHOIO N U OTPULATECIBHOTO K.



Ho — npu oTpuiareIbHOM N MHOTHE
M3BCCTHBIC (DOPMYJIbI DJICKTPOJAMHAMUKA 1
OIITUKH OKA3bIBAIOTCSA HEBEPHBIMU U
HOJLKHEI OBITh MOOU(DUIIUPOBAHBI — CMOTPH
CIICIYIOIIUN CIIan



YacTo npuMeHsIeMoe «<HEMarHUTHOE NPUOIMKEHUEY, TIPU

KOTOPOM IPUHHUMACTCS
CYILIECTBEHHBIM OIIIMOKaM

» MOKCT IIPUBOJIUTD K

DOUIHYCCKHH 3AK0H

Hemarunruoe npudinskenne

Tounas popmy.ia

Cuennunye, lonnaep,
Yepenkos

Y R

emHS,#{D,Tun{D

sing/siny =n,, =&,/ ¢,

sing/siny =n,, = \/52,:;2!51;11

POpenens

n = £—>11’z=-\/£/y

, _Ncosp—n,cosy
1
n,cos ¢ +n,cosy

, _2,C08p—2z cosy
1
Z,COS @+ Z, COS iy

Kospduunent orpakenns
NPH HOPMAJIBHOM MAIEHUH
CBETA HA IPaHULY pa3aena

r=(n -n)/(n+n,)

r=(z,-z)NI(z,+z)

Vceaosue oTreyrerBHn n =n, zZ =2z,
OTPAKEHH
bprocrep rg@ =N




The more complicated question 1s about negative
k. Does 1t mean, that instead of light pressure, like
in vacuum, we have in LHM, following relation
P=hk, light attraction?

* This problem could not be resolved, if we do not know,
what 1s a value of light pressure in more simple case,
namely 1n materials with positive n>1 and k=nw/c
>k, =wl/c

* Sorry, at present this problem has many approaches,
but not a single convincing decision.



energy, linear momentum and mass transfer from emitter to
recerver 1n vacuum, following Einstein’s paper

Ann. Phys..20, 627 (1906)

\% JA\Y |
X=Vt=pL/Mc

Am=pL/cL=E/c?




Return back to text on previous slide, namely to very
famous equation E=mc? .
E=mc?=m*c*c
What does it mean two chars “c” ?
“c” means only constants? Or they have some
definite physical meaning?
Answer — red equations on previous slide.
One “c” is “cyr - group velocity of light,

the second “c” is “cpn” - phase velocity.

May be “c

This result 1s very important !




There is a natural question - what happens if the space
between the emitter and the receiver does not fill the
vacuum, but a substance with the phase and group velocity
Von and V,?

Should not we in this case replace the equation
E=mc?on E=mVphV?

And what about sign of E if Vpn and V. has opposite

directions.



PacrnipocTpaHeHHe CBETa B MPO3PAYHOM

BCIICCTBC C ITOIVIOTHUTCJICM HA KOHIIC

S S
—> —>
—> —>

Go r]GO
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Figure 2 | Experimental reflection spectra for owr nanostructured

media. Green and red carves are for Thi and TE polarications of mormal
incident light, respectivdy., Micrographs of the studied samples are shown
on the right. For all the samples, pillars have the same separation

s = 140 nm, height i = 90 nm and average diameter o = 1 10 nm, Spectra
a, b, are for the sample of ©, d, but covered with an optically thin layer of
glvcering for o, d, the lattice constant @ = 400 nm; for e, f, o = 00 nm;

&, h, are for isolated pillars with @ = 00 nm, The top photographs show
images of the sample a, b, in white light for bwo polarizations.
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CusyxuH [.B.,Ont. u Cnektp., 3, 308, (1957)

m————r e prisasasaessn

. - 2 e Sk G
cpemax HampapieHusi gasoBOM W IpynnoBOH CKOpocTed MOJKUBL COBIANATDL
(¢ omHOH OroBOopKO, 0O KOTOPOH CHKA3zaHO HHMKE). HelicrsaTensHo, naor-
HOCTh BJIEKTPOMArHHUTHOH sgeprmm (7) — CYLIECTBEHHO DOJOKETEJLHAS Be-
B cayuae miOCKOH OJHOPONHOM MOHOXPOMATHYECKON BOJIHEI

AP9dOHA.
:(EE™) = uw (HH"). IlosTomy
glws) 4 # dlap) (13)
dw £ dw )

910 HepaBeHCTBO MOJMKHO coGaIofaThes A JMOGHX Cpel, Y KOTOPHIX SHAKH :
I ¢ COBONANAIOT, IOCKOJBKY OHO BBIBEIEHO B NPENUOIOKEHHM, UTO B CPEUC
MOKET PAacHpPOCTPAHATHECA ONHOPONHAA MOHOXpOMAaTHYecKas BOJIHA, JJIs

. s w?
KoTopoit A?=—-2p>0. B ToM ’Ke NIPENNOJIOMEHUH HMeeT CMBICI I'OBOPWTL

312 . B. Cusyrun

w2

0 r 7 . § :
pynmosou cropoct. C momMoisio kzchsg MOMHO npeobpasosars (13)

(14)

K BURY
o (im
3 T J -B-—T e [J.Z'q,?",-> (),
rac vy — : a v : ¥
I o dasosasn, a r — IPYHIIOBaA cropocru. Kesn n >0, a, cuaejona-

T = —
)?5239’ e >0, to vgv, >0, T. . HalpaBileHns ($asoBOH II IPYOOOBON cK
I M cosmamawTt. B aToM caygae BoaHoBOI BOKTOD Hpomenined Boiy

HALPpABIeH OT TrpaHMIbl pasfela B CTOPORY BTOPOH CpeJHI.

O~

ol k,

Ecmu p <70, a cnemoBartesbHo, =<0, To0 vpvr < 0, 1. ¢. (pazonas wu

! PyunoBasi CKOPOCTH HampaBieHE OPpOTHBONONOMHO. Ecau 661 3ToT
OBIJI BO3MOYKEH, TO BOJHOBOMH BEeKTOp mpoluennicit Bonusr k, Guin Guf
IO K rpaHHLe pasgesa, T. e. g CTOPOHY NIepBOii Cpeﬂbgl Cpennr ¢

4 <0 HemsBecTHHI. Bompoe o IPHMITOIATHHEOT 1303310;;{3.0(*1'11 cvnip

BaHHA TaKnx cpead He BbIACHEeH.

TN e— —

ciyaan
Hanpan-
=<0

CTBO-

43



IIpoxoxeHne cBeTa HACKBO3b YePE3 IMPO3PAYHOE,

Fi

HeoTpakarouiee Tesio (reomerpus 1)

Fs=

0

Do o

F>



[IpoxoxaeHue cBeTa BHYTPU MIPO3PAYHOTO,
HeoTpakaromiero teaa (reomerpus 1I)

F.= F.= —

O O F>

Do o



[IpoxoxkaeHre KOPOTKOTO BOJTHOBOI'O ITAKETA YEPE3 TPAHULLY
IPO3payHOro HeoTpaxkarouero tena (reomerpus 1)

Po =(1-n)W/c, ummysc,
MEPEIaHHBIN OT MO K
MPO3PAYHOMY TEITY

das3oBasi CKOpOCTb Vph=c/nTrpynnosa;| ckopocTb Vgr

OHeprusa naketa W , umnynsc P=Wn/c=W/Vph

OHeprua naketa W , nmnynsc P=W/c



(B )= }‘—

Schuster, 1904
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Mangensmram, JKOTO, 15, 475, 1945

MaTepuarnbl C NPOCTPaHCTBEHHO
MOAYJIMPOBAHHLIMW NapamMeTpamu,
NO COBPEMEHHOWN TEPMUHOIIOINN
9TO — (POTOHHLIE KpUCTanbI

= (b

ph
v

)=
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Lamb H., Proc. London. Math.Soc. 1, 473, (1904)
Pocklington H.C. Nature, 71 , 607, (1905)

MaTepunarnbl ¢ NPOCTPAHCTBEHHO y
MOAYNNPOBaHHBIMM NapameTpamu,| — ('B ph )
No cCoBpEeMEHHON TEPMUHOMNOTNn Vor

9TO — (POTOHHLIE KpUCTanbI
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Mamoxunen I'. /1., KTD, 21, 940, (1951)

Bameuanue no nosoay NPUHUUNG USAYUCHUA 941

o=

goUYKa H3 KOHAGHCATOPOB H camounAykunii (puc. 1), B To BpeMsa Kax
¢ vpaBuenus (4) Takoil MOAEADPIO ABAAETCS LENOYKA HHOTO BUAA (puc. 2).

i13BecTHO, 4TO HMPaBHABHOE PEWEHHE AAA YyCTAHOBHBLINXCA korebaHuii,
3 aHHBIX HMCTOYHHMKOM B O€ckOHeyHOH o00AacTd, MOKHO NOAYUHTb, KaAK

e lCA
Lt

™ a(x, y,z)= lm v(x, y, z, t; ty),

lg~>—@®

.4t 0(x, y, z, t; t,) — pelleHHe BOAHOBOIO YPaBHeHHA AN CAYyYasA, KOTJAa
wn t<t, Bo BCeR 06AACTH MMEA MeCTO NOKo#H, a ¢ mMomenTa {== f, Hayaa
«@CTBOBATb W3AYHaTeAb, COsEpuaomiuil koArebaHus MO 3aKOHY et

JAAsi TMOAyYEHHs WHTEPECYIOULEro HAac BbIBOAZ MOKHO OrpaHUYMTDBCA
vanoMepHbiM cayuaem. Pacemorpum B oGractn x >0 n npu t >, peueHun
spaBHEHMH (4)‘ u (5) npu ycroBusix: npu t =t; v=ov =0 u opn t >t
i =0; vo=¢"".

B N A R e e
R e TSr  T8T TYS

Mbl BMAHM, 4TO BO BTOpOM CAyyae, B MPOTHBONOAOKHOCTb MEPLOMY,
w\HBl PAaCHPOCTPAHAKTCA HE OT H3AYYaTeAd (PacmoAOAEHHOrO B Touke
4=0) B 6eckoHeuHOCTb, & HAYT U3 OECKOHEYHOCTH K M3AyHaTeAlo. Jror
#3VABTAT COPABEAAMB AAsl ypaBuenns () Takxe B ABYX- H TPEXMepHOM
wvuanx. Moxno cuutatb, uTO cpepa 00AafaeT B MEPBOM CAYyyae MOAO-
ea1eAbHOH (Da30BOH CKOPOCTbIO, @ BO BTOPOM — OTPHLATEAbHOI.

{Tpw (OpMyAMpOBKE YCAOBHA H3AYYEHMS B 3aAa4aX AHQOPAKIHH
#NyCOHAAABHBIX BOAH OOBIUHO [OApa3yMesaercs [MHOTAZ MOAYaAMBO,
x\it OTCYTCTBYET cChirka Ha ypasHenue (4)], uro gasosas ckopocts noao-
sxreAbna, Mexgy Tem, xak mokasbiBacT npuseAenubif npHMeEp, BO3MOXEH
WOTHBOMOAOKHBIA cAyuadl. B 10 ke Bpema HampasAeHue PacnpoCTpaHeHHA

mCcpIHE BCETAd NOAOKHTEADHO, T. €. coBnajaer C HAIIpaBACHHEM, OT: 50
®TUYHHKA.




Transmission line also may be left !

[.Eur» LH TL as the DUAL of the RH TL
Conventional RH TL (lossless) LH TL (lossless)
Z'= jol (Qfm) = ]/ f’fJf ) (€3fm)
— "
Y'= jooC" (Sfm) == it o m
low - pass HH DUAL> g / JoL) S ?hlgh-mas
dz length dz length

i =NZY = jod I 1= B =NZV == /(0T
S =wAlL'C' — linear S =— l/(ru [T )_} I’lonlinearl

[1{” =wff = l/\/ L'C">0 [F;» ——a*JLC <0
v, =dafdp=1/L'C" >0 v, =+’ JL'C" >0

v, =V, =csle — non- dispersive vV, =—V, = fet(w) — dispersive

1 =NZT7 =G WG =TT | 5= fGoc) [Gal') " =TI

J1l




LHM, peaau3oBaHHBINI
HAa OCHOBE 3JIEMECHTOB
JIMHUHU Nepeaadun

&

A
=,
R

Fig. 1. Unit cell for the 2-D) transmussion line NRI metamaterial

Fig. 3. Experimental prototype. The PRI region measures 21x21 cells (1051 03mm), and
the adjacent NRI region measures 21¢40 cells (103mmx200mm). The mset maguifies 2 simgle
NRI unit cell, consishng of a microstnp grid loaded with surface-mounted capacitors and an
inductor embedded inio the subsirate t the ceniral node. The near-field detecting probe is also
depicted. and the arrow indicates the location of the vertical excitation probe,
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BaxHo — BeJIMYHUHBI E,11,N —
SABJAIOTCH CKajJsApamMu!
Marepuaja U30TponeH!
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O BO3MOKHOU KJIaCCHU(PHUKAILINU

54



Meramarepuaibl B 3aJaYHUKE 10
pu3uke

§ 3. dnekTpuyeckoe none B BewecTse.
JHEeprus 3NeKTPUYecKoro nons.
JHEPreTHYECKHH METOJ BbIYMCACHHS NOHAEPOMOTOPHBIX CH

3.1. Ha ckonbko oTiMuaeTcd 0T CAMHMUBI AMIICKTPUYECKAS MOCTO-
SHHAS & «MACATBHOTO ra3ady, COCTOAMICTO M3 0OJIbIIONO KOJIMUYECTBA TPO-
BOXAIWMX WAPUKOB paguycoM r. [[nOTHOCTS (KOHUEHTpAIMs) LIAPHKOB
n Mana, Tak uro ron<<l,

6.26. Hackonpko oTamuaeTcd OT COAMHMIbLI MAHWTHAS IOCTOAHHAH
W «MACAJTBHONO rasa», COCTOSLICTO M3 OONBIIOr0 4MCId CBCPXIIPOBOAA-
HIMX LMIApUKOB paanycoMm r? KoHueHTpauust WAPMKOB 1 Maja, Tak uTo
nri<<l,
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HepBaﬂ CraTbi ¢ YHOMUHAHHUEM O BOSMOKHOCTH CO3TaHUSA
KOMIIO3UTHBIX )II/I3JICKTpI/IKOB?

SOVIET PHYISICS JE TP VOLUNME 21, NUMBER S NOVEMBER, 1965

PAINT T E MMETATZ IS AR TICIES LN AN EI.RECTROMNMA GINEZIC Frel.rn

L. P. GOR'KOV and G. M. ELIASHBERG
Institute of Chemical Physics, Academy of Sciences. U.S.S.R.
Submitted (0o JET P ed.tor December 2, 1964
J. Exptl. Theocret. Phye. (UJ.S.8. R.) 48, 1407 -1418 (May, 1965)

We consider some properties of metallic particles with dimensions so0 sm=all that the spec—
trum of the electronic excitations becomes discrete. The existence of microscopic rough-—
nesses on the particle surfaces makes 1t impossible 1o calculate the detailed level distraibution
in the spectrum of each 1ndividual particle. At the same time, the mear level dens.ty is still
determined by the macroscoepis characteristics of the metal. This circumstance allows us to
describe the level distribution statastical.y, in & manner simiialr to that emploved inp nuclear
rhysics to find the distribution of the highly excited levels of the atomic nucleus. The formu-—
las obtained forxr the electric polar.zability in a hAigh-freqguency field, especially the part of the
polarizability responsible for the absorption, comntain explicitly the binary coxrelation function
mixoduced 1n Dyson’s well -kpovwn papers. It is shown that 211 toxse types of level sStallistacs
proposed by Dyson are realized in the objects ander stuady under different conditions. It
therefore becomes poss.ible to observe in the level scheme of a randomm system = long-—range
order that leads to strong oscillations of the sbsorption when the fie.d freguency 1S varied.
Formulas are also obtained for the gpecific heat and for the paramagnetic -rescnance inten —
=ity in minute metmllic particles. The possibility of experiment=a_ly obsexving the phenomena
in guestion is discussed. '

647 L. P. GOR'KOV ana G. M. ELIASHEBERG

elactran travels from wall to wall {~v/a), and crently gtrong to mix the evels of the systam. In
the field intensitiee are small compared with the these fields the system will have the vsual metallie
internal fields properties. Vas far as we know, co one has called

attent:on {o the anamalcuﬁl:, large values of the
e ﬂalarmabimy ol miaute metaliic particles 1 weak
the interaction of & ““metallic’’ small particle witk | fields. Yet, apparently, this circuristance uncovers
tne field can be considered by using pertarbation a possibility of producing artificial dielectrice with
theory for & g iantan, system. In thm range of largs- uﬂlﬂtmuahlﬂ dielectrie cn'n.stants.

PRatda ks cxwddcle Bal soaa %F-. - FESERSERL T\ EES I N | TR B L & al SCERESN | | AERCECR A



Graphic of the Technical Concept: The &(w) —(w) Diagram,
or a simple classification

Plasma: g
- electronic in metals q
- ionic 1n 1onosphere

EM waves reflected totally

n has imaginary part because ep <0
n=(epn)”>=n’+in"’

Usual dielectrics,
ferroelectrics

I 1 positive: n=(en)"2 >0
EM waves propagate through

»

S mE x : i | e R ha
eEQ >

No isotropic material exist
with u<0

L-H matter
n=-(ep)"? <0

Victor Veselago

predicted in 1967 Anisotropic Ferromagnets

%
/A g7 1n Magnetic field:

n* =g (W+- )
n<0 at i, <p,

V//4
Negative n
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3axkon CHe/uinyca cnpaBeajuB Bcerja !
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3Hak J/lonmiepoBCKOro CABUIa
YaCTOTHhI OIIpeaeasIeTCHd 3HAKOM
K033 (MUIHEHTA P EIOMICHUS







e Ilytu nyyen B

JIMH3aX,BBIIOJIHCHHBIX
\ - 13 mMarepuana ¢ n<0
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* OTO YCTPOMCTBO MOXKET
(OKyCHpOBaTh B TOUKY
| U3JIyYEHUE TOYEUYHOTO

- Ao MCTOYHUKA, HO 3TO HE
Y IR : JINH3a — OHA HE MOKET
/I choKyCcUpoBaTh B TOUK
p Y ycHupoBar. y
g mapaIeIbHbIA ITydeK
.17 | JIy4eii, 1 OHa HE UMEET
Y OITHYECKOM OCH
fom e o] =

Ho 310 ycTpoHCTBO SABJISETCH HACAJTbHBIM
ONTHYECKHMM HHCTPYMEHTOM - OHA
npeoopasyer 3D o0bekT B 3D n3odpaxenue o0e3
KAaKHX-JIH00 HCKAKEHUH o






0
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BeimunHa nmokasareJisi npejomMaeHus n=(su)!/? He MeHsAETCS IIPH
O/IHOBPEMEHHOM H3MEHEHHH 3HAKOB Y BEJIMYHH € U |L.

Bonpoc:A 4o uzmeHnsiercs?
Bo3MoxKHBIE OTBETHI:

 Hu4vero He Mensiercsi. 10 03HA4aJ0 OBbI, YTO
JIEKTPOAMHAMMUKA HE 3ABHUCHUT OT OJJHOBPEMEHHOM
CMEHbI 3HAKOB Y € H L.

* CyumiecrBoBaHue MaTEPUAJIOB C OJJHOBPEMEHHO
OTPULATEIbHBIMU 3HAYCHUSAMH € U |l B IPUHIIUIIE
HEBO3MOKHO, TAK KAaK 3TO NPOTUBOPEYUT KAKUM-IH00
(pyHIAMEHTAJIBHBIM 3AKOHAM.

e DJIeKTPOAMHAMMKA MaTepHaoB ¢ <0 u pu<0
CYLIECTBEHHO OTJIHYaeTCH OT ciayuas 0 u >0



YacTo npuMeHsIeMoe «<HEMarHUTHOE NPUOIMKEHUEY, TIPU

KOTOPOM IPUHHUMACTCS
CYILIECTBEHHBIM OIIIMOKaM

» MOKCT IIPUBOJIUTD K

DOUIHYCCKHH 3AK0H

Hemarunruoe npudinskenne

Tounas popmy.ia

Cuennunye, lonnaep,
Yepenkos

Y R

emHS,#{D,Tun{D

sing/siny =n,, =&,/ ¢,

sing/siny =n,, = \/52,:;2!51;11

POpenens

n = £—>11’z=-\/£/y

, _Ncosp—n,cosy
1
n,cos ¢ +n,cosy

, _2,C08p—2z cosy
1
Z,COS @+ Z, COS iy

Kospduunent orpakenns
NPH HOPMAJIBHOM MAIEHUH
CBETA HA IPaHULY pa3aena

r=(n -n)/(n+n,)

r=(z,-z)NI(z,+z)

Vceaosue oTreyrerBHn n =n, zZ =2z,
OTPAKEHH
bprocrep rg@ =N




OTpHULIATETIBHOE MTPETOMIIEHUE BO3MOKHO

TOJIBKO B CPEJI€ C YaCTOTHOU JUCIIEPCUEH

Bripazenue 1018 SHEPruu

- ~
ew) O\ uw
W — _E2 4 (ﬁ )HE
cw el
A’ A’

" @°

IIpH TAaKOM HhIﬁE‘JpC BBIPAMCHHC I W ﬁ}',?lL?'I' FABCIOMO MO HTCIEHBIM.
AE
. 2 2 2
Ecim noaosuTh A — A — A .To = 1 e
el mag 2
()
C C

T. a rpyIirnoBaA Vap — T

-4 1.4
@’ "

C
ITH IBE CKO POCTH CBASAHLl COOTHOITCHHEM + = 2

Vo Ve

Mazosas CKOPOCTEL 1PH ATOM OVIeT paha V & =




3HAKM MHUMBIX YaCTEH Y «3ICUIIOH» U «MIO)
MEHITHh HE HAIO!

Jkz I Pt
Januuem MPOCTPAHCTBCHHY HY 3ABHCHMOCTE BOJIHBI B BHJIEC e " .rie k — k + _,l'k .

—k*z

_ ) jkz __ Kz o L
[Tpu Takoi 3ammucu BoJHA HPOHOPHHOHATLHA e =g e " .uro COOTBETCTBYET 3aTVXAHUIO

BOJIHEL B MOJOAHTCIIEHOM HATPABICHHH OCH Z
COOTBETCTRBCHHO 3arMIICM

c=&+f"au=u"+ju"

OUeBHIHO. UTO

K=K+ K" =J(e'+je") (' +ju") = Jeu 1% i—+%

r ’ -

IIpH CMEHE 3HAKOR & M ‘,L[ JACHCTBHTEIIBHAA MACTh 3TOND BRIPAMKEHHA MEHACT 3HAK, A MHHMOA
HC MCHACTCH. H TEM CAMBIM BOJIHA MO-TTPEHHEMY ﬁ}',-'LC'I' FATYNATE B MOJTOKHTC/TEHOM
HANnpaBIcHHH OCH Z.



1. MarHuTHBIE NOJYIIPOBOAHUKH, HATIPUMEP IINUHEIb
CdCr,Se,

IIpo0Jsiembl

*CJ10:KHas1, 1OJTOBPEMEHHAS TEXHOJIOT U

*boJibmias Juccunanmus NPoXoaAsiel BOJHbI

2. CMeCh JIeKTPUYECKUX U MATHUTHBIX 3apsi/10B
(3K30THKA)
IlpenmyniecTBo:
IoHast u3oTponus
IIpoodJaema:

Hukro He 3HaeT, r1e ¥ Kak J0CTaTh MATHUTHBIE 3apsi/Abl
(MOHOITI0JIN)



Exotic Left-Handed Material

The mixture of electron plasma and
gas of magnetic monopoles

2

. 47rNege
m

2

0= 47 N q .

2
m.
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FIG. 3 (celor online). The magnetic field of the Gaussia
beam undergoing reflection and refraction for (a) r = 2.5y
(byt =458, (c) t = 105, (dy ¢ = IS5k, and (e) r = 3. 20
is the time difference between the outer and the inner rays t
reach the interface: £, = L.5T7, where T is the period 27/ w.

in Fig. 3(e). We present the results in terms of the tim
difference., 2f;. between the arrival of the outer and th
inner rays at the interface. Figure 3(a) shows the result
for r= 2.5¢, = 3.77 = 500&¢. Notice that no refracte
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Refraction in Media with a Negative Refractive Index
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PRl

FIG. 4 {color online).

The magnitude of the Poynting vector

for an EM wave propagating along a 30° direction, The time is
6200 simulation steps, and is the same as the one shown in

Fig. 3(e).
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Il10ckast TMH3A TOJIKHA YAO0OBJIETBOPATH 3aKOHAM
reOMeTPUYECKOHM ONITUKH, HHAYE 3TO HE JIMH3A, A
corjiacymiiee yCTpomucTBo

a=b+c
a,b,c>)\>5
A — OJNIHA
n= - BOJIHbI

= 0
n=1 : O — MOCTOSTHHAS
peleTKu

...‘l.




Wave in RHM

e




Wave in LHM

1

A A
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Tommmuaa nuactunbl L=0.14)A coorBercTByeT 80 AX
Yacrora mopsiaka 10 I'ru

— T ¥ T T T T T T T —]
. e
- e

TF ﬂT.E:E'::@—E!:g:BCE—”D—D_D_D——D‘/D (= =

[~ : 1 ]

[ £ = 7

| 5 i
“ <

— — : 1 -
I . 1
S 1

o1 _Lﬂ. Ii'-l -

- ": " w = 0,01 .

- Y - —— L = a0 i

n = — D— L= 80.,x i

. - — e — = &
. [ A S0 e |
1 1 1 1 1
= L. (=] = 10
F{___ S Fq_;_
FlIds. = Transter function for ITLHNRD slalss (o 1l for alls

of different thicknesses as a function of normalized transverse
wrasTe nuinlber & S f&n

76



What is the overcoming of diffraction limit
or subwavelenght resolution?

Diffraction limit or subwavelenght
resolution can be determined by nonequality
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Crossection of the
waveguide

Matching screws
5 it

Detector

Waveguide H H I F ‘




Transfer function of LHM slab as a function of normalized wave

number. Thickness of slab is L=0.142, y is dissipation value.
From X.S.Rao and C.K.Ong, cond-mat/0304474
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Focusing by Plano-Concave lens using Negative Refraction
P. Vodo, P. V. Parimi, W. T. Lu, and S. Sridhar
cond-mat/0502595

Absorber

| 4
—
—
P
Source —_—

Scanned area

Fig. 1 Schematic diagram of the mucrowave focusing
experimental set up.
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Focusing by Plano-Concave lens using Negative Refraction
P. Vodo, P. V. Parimi, W. T. Lu, and S. Sridhar

cond-mat/0502595
A clear focusing point is observed

in the frequency range 9.265-9.490 GHz.

(B ]

Fig. 2 Focusing by a plano-concave PhC lens having radiu
of curvature 13.5 cm. The focus point observed at 9,31
Ghz is 10.1 cm from the concave lens surface. A

photograph of the Ph( is supenmposed on two Matlab
surface plots to obtamn the final figure. Dark strip 1n the
center is a schematic representation of the area between th
lens and the mcoming wave. On the left side_ field map of
the incoming plane wave 1s shown (real part of transimissic
coefficient) and on the right side_ intensity  of the focus

point. Scale: on the left. from — (L0255 1o 0.025 . on the
right side from 0 to 1.6 = 10~ . Dimensions of the figur

are 49 > 34 cm?. PhC lattice spacing 15 1.8 cm and the
packing density of the square lattice is determined from th

ratio I/a =0.175 .

Ta validate that focusing 1s due to negative refraction an
mverse experiment is carried out. in which a point source is

kept at the observed focal point of the lens.

L ]
#
-
L]
[ ]
-
-
-
L
L
L]
-
-
L]
L3

& & @ B 8 B 0 0 BEA RN E

FRE R R R TN Y
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DOTOHHBIA KPUCTAJLJI, COCTOS LU
U3 AJTIOMUHHUEBBIX IIThIPed B
reKCaroHaJbHOM HJIM KYyOM4eCKoM
paCnoJIKeHU U

Yactora~ 14 I'rx

Hoaoxkeno E.Ozbay, K.Guven,
K.Aydin, K.B.Alici Ha

KoH(epeHuuu B JInjiie, HOAOPH
2004

Fig.2 Schematic top view of the refraction experiment setup consisting
of emitter (horn antenna), 2D PC (cubic or hexagonal), receiver
{monopole antenna) and the network analyzer.

(a) Negative Refraction

—s ~With FC (Exp)
=+ —Without PC {Exp)
—With PC (Sim)
wussns YWthout PC {Sit)

T
6 4 2 0 2 4 86

Positive Refraction

—pm B e )
A1'0_ o=VY b Siab (Exp} i :

— ¥ ithout Sla (Exp)
=5 ——¥Rh Siab B} 7
N. 0.8 = —ViEbovt QU Bim) 57 .

I | ] I I I I
Detuning (cm)
Fig. 3 (a) Refraction through the photonic crystal. Grey dots (grey
curve) denote the measured (simulated) average intensity at the at the
air-PC interface without PC. Black dots (black curve) denote the

measured (simulated) power at the PC-air interface. (b) Same as in (2)
but refraction through a crystal of polystryene pellets
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C.Luo, S.G.Johnson,J.D.Joannopoulos, J.B.Pendry, PRB 65, 201104, (2002)
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HEHINEM, OCYIIECTBIACTCA MMEHHO ATOT TpeTHil caywair. Hyino nogueprmyrs
MTO JI0 CHX IIOP HET HU OHOTO DKCHEePHMERTA, B KOTODPOM HAGTIOIATHCE mi
BEI[[EBTEH ce="0mn == 0. Onrako ceiivtac MOMKRO REICKA3ATE PAJX coohpame-
IHIT O TOM, Ifie i Kak Takue pentectha nckath. Tak Kak daexTpogmBaMmKa
BpeiecTs ¢ & == 0w p =7 0, ma wam BITJAD, DPEICTARIACT HECOMHENHET WHTe-
pec BHE JABHCHMOCTH OT HAJTHYKRA B HANIMX PYEAX TAKHX ReNECTR Cerons
TO MBI BHARATIE PACCMOTPHM €@ 4HCTO GopMadbio. JaTeM Bo BTOPOI HﬂJ‘IID;H{Hu;

CTATEM OYIYT PACCMOTPEHH BONPOCH, CBAZAHAEE ¢ (UIHUECKHM OCYLIeCTRIIe-
HHeM BenecTB ¢ & <= O u p = (),

Becenaro B.I'., 1967
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11. PACIIPOCTPAHEHHE BONH B BEH[ECTBE Ce < 0 H u < 0,
«IPABBIE» U «JIEBLIE» BEI[ECTBA

HAan Toro Wrofu BHARATL BIEKTPOAWHAMUYECKHE BAKOHOMEPHOCTH, €Y
CTBCHHO CBABAHHEIE CO 3HAKOM & M [, CNOXyeT OOpPATHTHCH K TEM COOTHOIIe
AM, B KOTOPHX € M |4 BHCTYNAKT PasNeNbHO, a8 He B BHAe NPOH3BENCHHR,
or0 mMeer Mecto B (1) — (3). Takumu COOTHOMEHNAMH ABIMIOTCH Npe

Prc. 1. a) Jlomnxep-adpdexr 'n NPABOM  BEIIECTBO.
6) Jomnaep-adepert B memom pemecrse.
ByKbofl 4 0003HAYEE WCTOWEMK MIJydemMsa, Oykuoll B —

HEHHA
1 4B
rot Bt —— ]
1 3D 1
rot He ==
B = pH,
D=c¢E.
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WHACHANBHE g} (R:—6D " gripa
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Figure 4: From the famous review paper by Prof. V.G. Veselago (1967) [9].
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Figure 5: Wire media in the 1960s [12].
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Figure 6: Split rings in the 1950s [13].
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let dV]/dA, be negative. As VA= VA, we obtain by “differentiation
with respect to ¥

d I\
Ao+ Vﬁl\;= VogT}-s
V2 dhe 4 dA
or , A pav=Vav )

As the second term on the left-hand side is negative, it follows

that A %l;> A, which shows that the group velocity is in the opposite
direction to the wave velocity. If there is a convection of energy.

forward, the waves must therefore move backwards. In all optical
media where the direction of the dispersion is reversed, there is a very
powerful absorption, so that only thicknésses of the absorbing medium
can be used which are smaller than a wave-length of light. Under
these circumstances it is doubtful how far the above results have
any application. But Professor Lamb* has devised mechanical ar-
rangements in which without absorption there is a negative wave

F
W
o
Q' A 70 @
oy A
7 P
Q2
Fig. 179.

velocity. One curious result follows: the deviation of the wave on
entering such a medium is greater than the angle of incidence, so that
the wave normal is bent aver to the other side of the normal as indicated
in Fig. 179. This is seen at once by considering that the traces on the
refracting surface of WF and W, F,, the incident and refracted wave-
fronts, must move together. If we were to draw the wave-front in the
usual way parallel to W, F} and the waves moved backwards in the
direction A'Q, the intersection O of the refracted wave and surface
would move to the left, while the intersection of the incident wave
moved to the right. By drawing- the refracted wave-front in the
direction W, F, the required condition can be secured. The individual
waves move in the direction A€, but the group moves in the direction

AQs. .
* Proceedings London Math. Soc. Sec. 1. Vol. L. p. 478 (1904).

o

{55 a8 Wt

T

o RO

R0

TRTTTT

"CHAPTER XIV.
FURTHER DISCUSSION OF THE NATURE OF LIGHT -
AND ITS PROPAGATION. are T

185. Preliminary Remarks. Light enters into our conscious-
ness through the effects on’ our sensitive organs whose powers may be
:?crea.sed by s_uita,ble experimental dppliances. When we speak ofythe

nature ” of light we try to form some mental picture of what consti-
tutes light before it has entered our spectroscopes or other optical
mst;r.umen.ts, and it becomes necessary therefore to examine what fnodi-
fications light undergoes in passing through such instruments. If—as
an example—we were to look upon a spectroscope as an appliance
capable of analysing white light, in the manner a chemist analyses ‘a
c.ompounq body by separating the constituents it contains, we might be
led to believe that the highly homogeneous radiations which leave the
spectroscope have a real existence in the light that entered it: This
—as the late Lord Rayleigh pointed out—is an error: it is the g Iec'-
troscope that converts the white light into homogeneous radia.tiﬁns;
Ha.vmg_sahsﬁed ourselves with regard to instrumental effects, we have
to consrder‘ the ultimate receiving screen such as the reﬁil’la”c}r the
phqtqgre?.]::hlc plate. How much our judgment is affected by th
peculiarities of these receivers may be recognized if we try to nni ine
how .rz.adma.lly our impressions would be altered if our eyes were 'ugalllr'3
sensitive to radiations of all kinds, so as to give us simply a mega,snrﬁ

~ of their intensities®. What is true of instrumental analysis is equally

true of its mathematical treatment. The pro J i
affect our conclusions, T ow Vpr sonsof the treatggnt. fnay-
186. Application of Fourier’s theorem b .

d L . Gouy’s treatment.
E‘rh;s_theorerp gives: us the most powerful mathematical method of
eating variable functions, that without necessarily being periodic

oscillate between finite limits. We begin by considering in greater

d'eta.il the series that has already been mentioned in Art. 10. We eon-
sider a Tay of pla._ue polarized light and fix our attention on a point P
over which t];e dlgturbance passes. If the velocity at P be », we may
in the most gener_al case, express it as a function of the time, ,}' ® ’Lef’:-
;s fo}loyv :ﬁe motion from a time #=0, to a time ¢= 7 A::cordi-ng to’
ourier’s i ined in
Hou! e.orem, which has already been explained in Art. 10, we ma;
S@B)=a,+a, cos 27t/ T) + @y cos (47t/T) + a3 cos (6=t/T)
: : + ?)1 sin 27t/ T") + by sin (47/T) + by sin (6m2/T) ... (1)
Assuming that it is always possible to express » in terms of such a series
= 2

- we may easily determine the value of any coefficient a, by multiplying

. * Schuster, Phil. Mag. Vol. xxxvrs, (1894),
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