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Mepiexopeva KepaAaiou 15

e XapakTnpPIoTIKA KUMATIKAG

e Eidn kupatwyv: Alapunkn kai Eykapoia

« MeTa@OPA EVEPYEIOG NE KUMOTA

e MaOnuatikn MNeprypa®pn Tng AiIadoong KUNATWY
 H E€Siocwon Tou KUpaTtog

 Kavovag YTrépOeong

 AvakAaon kai Aiadoon

*2UMBOAR, 2ZTaCINa KUMOTO KOl ZUVTOVIOMOG

2 kEOaoN Kal AiIaBAaon
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15-1 XapaKTnpIioTIKA Aiadoong Kuparog

OAd TO KUMOTO HETOPEPOUV EVEPYEIQ.
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‘Eva KUpa EEKIVAEL ME TNV
TAAGVTWON TS AKPNG MIOG
XopOn¢ kai d1adideTal €€ aITiag
TWV OUVAUEWYV CUVOXNS TOU
UAIKOU TnG XopOdNng

2uvexn Kupata (Continuous
waves,CW) dnuioupyouvTal
OTaV £XOUME CUVEXN
TaAdvTtwon TnG akpng. Eav n
TAOAGAVTWOTN €ival AOPUOVIKNA
TOTE N HOPYPN TOU KUNOATOG
gival NMITOVOEIONG



15-1 XapaKTnpIioTIKA Aiadoong Kuparog
XapakTnPIoTIKA KUupdaTwyv:

 [IAaTOG, A

* MNKog Kuparog, 4

e 2uxvotnTa, f kai MNMepiodog, T
e Tax0TNTA KOPOT1V = Af

- A




15-2 TOTtrOoI1 KUNATWYV: AIONAKN KO
Eykapoia

l ~—— Wavelength

Compression  Expansion

%

~— Wavelength —~

Eykdpoia: H Kivnon Twv cwpaTidiwy gival KABGETN
oTnv 01EUBuvon 01Ad00 NG TOU KUMATOG

Alapnkn: H Kivnon Twv ocwuaTtidiwyv gival KAaTa-
MAKOS oTnV 01eUBuvon 01000 NG TOU KUMATOG.
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15-2 TUtTOI KUMATWYV:. AIONAKN KO
Eykapoia

Ta NXNTIKA KUPOTA €ival OIOMAKN:

Drum C _ '
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15-2 TOTtrOoI KUNATWYV: AIONAKN KAl
Eykapoia

H TaxUTnTa EVOG EYKAPOIOU KUMOATOG Eival :

Fr
Maparnpoupue OTI v = w
OTav N TAON TNG
XOPONG MEYOAWVEI N
TOXUTNTA aQUAVETAL. Fp <—
O0co HIKPOTEPN Eival .
Mdga Tng xopdng Wb Y
TOOO HEYOAUTEPN N Fr )
TAXUTNTOA. VoS .
S
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15-2 TOTtrOoI KUNATWYV: AIONAKN KAl
Eykapoia

‘Eva KkaAwdio xaAkou, pnkoug 80.0-m Kai
OIaMETPOU, 2.10-mMm TEVTWVETAI HETALU
OUo TTOAWV. 'Eva 1TTOUAI KABeTOI OTO NECO
TOU KOAWOIOU «OTEAVOVTAG» TTAAMOUG
KUMATWYV TTPOS TOU OUO TTOAoUG. O
TTAAMOI QUTOI AVAKAOUVTAI ATTO TOUG
TTOAOUG Kal @Bavouv ava oTo TTOUAI O€
0.750 s. Bpeite TNV TAON TOU KAOAWOdIoU.
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APPROACH From Egq. 15-2, the tension is given by F, = wv’. The speed v is
distance divided by the time. The mass per unit length w15 calculated from the
density of copper and the dimensions of the wire,

SOLUTION Each wave pulse travels 40.0m to the pole and back again (= 80.0 m) in
(1750 s. Thus their speed is v = (80.0m)/(0.750s) = 107 m/s. We take (Table 13-1)
the density of copper as 8.90 > 10° ke/m". The volume of copper in the wire is the
cross-sectional area (rr?) times the length £, and the mass of the wire is the volume
times the density: m = p{7r’) € for a wire of radius r and length £. Then p = m/l is

p o= prrl/l = prr’ = (890 x 10°kg/m*)7(1.05 x 107 m)" = 0.0308 kg/m.
Thus, the tension is Fy = pe® = (0.0308kg/m)(107 m/s)* = 353N.

Copyright © 2009 Pearson Education, Inc.



15-2 TOTtrOoI KUNATWYV: AIONAKN KAl
Eykapoia
H TaxUtnTta S1apNAKN KUMATWY £§apTATAl ATTO

TNV OUVAMN ETTAVA@POPAG TOU UAIKOU Kal TNV
TTUKVOTNTA TOU.
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15-2 TOTtrOoI KUNATWYV: AIONAKN KAl
Eykapoia

Echolocation e€ival pia uE6odo tTrou
XPNOIMOTTOIOUV OPICHEVA (WA OTTWG
VUXTEPIOEC @aAaIveG Kal deA@ivia. Ta (wa
QUTA EKTTEMTTOUV NXNTIKA KUMATO TTOU
AVOKAOUVTOI ATTO OI1A@OPA AVTIKEIMEVA KAl
ETTIOTPEPOUV KAl AVIXVEUOVTAI ATTO TA (WA
¢ava. Eav n ocuxvoTnTeG TWV KUMATWY OQUTWV
gival 100,000 Hz. (a) Bpeite Ta MNKOG KUMATOG
g£vog echolocation wave. (b) Eav éva
avTikeipevo BpiokeTal 100 m atrd 1o {wo,
TTOCO XPOVO HETA TNV EKTTOMTIH) TOU KUHATOG
OVIXVEUETAI N ETTIOCTPOYN;
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APPROACH We first compute the speed of longitudinal (sound) waves in sca
water, using Eq. 15-4 and Tables 12-1 and 13-1. The wavelength is A = v/f.
SOLUTION (a) The speed of longitudinal waves in sea water, which is slightly
more dense than pure water, 18
o E B f 2.0 % 10°N/m?
- Np o V1025 x 100 kg/m’
Then, using Eq. 15-1, we find

, 1.4 % 108 m/s
A= = = { ,‘mﬁ} = 14 mm.
f (1.0 = 10° Hz)

(b) The time required for the round-trip between the animal and the object is

dist: 20100 m
; - distance _ 2 ,,} = 0.14s,
speed 1.4 = 107" m/s

NOTE We shall see later that waves can be used to “resolve™ (or detect) objects
only 1if the wavelength 15 comparable to or smaller than the object. Thus. a
dolphin can resolve objects on the order of a centimeter or larger in size.

= 1.4 % 10° m/s.
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15-2 TUTtrOoI KUMATWYV: AlauAKN Kal
Eykapoia

O1 ogiIoyoi TTAPAYOUV EYKAPOIA KOl SIapAKN KUMaTa. Kal
Ta OUO O10didovTal péoa aTrd oTEPEA UAIKA aAAG povo
AIAMHKH ptropouv va 810000000V JEoa atro «uypa»,
OI0TI TO UYPA OEV £XOUV OUVAUEIC ETTIOCTPOPNG KABETES
otnv O1evBuvon d1adoong

ETigaveiakd KOpaTa gival Kuparta trou di1adidovral Kata
MAKOG TNG JIAXWPEICTIKNAG ETTIPAVEIANG OUO NECWV (TT,X,
aEPa KAl VEPOU)

— =

~ \\ —-— Y/ e——

\_* e e

o,

~—

~—7
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15-3 MeTagopa Evépyelag pe Kupara

S H Evépyela ToU
M METAPEPETAI ATTO EVA
KUMO Eival:
A
t=wi E = kA = 2mmf*A
Edv utrofécoupe OTI TO HEOW E€ival OJOYEVES Kl
TTUKVOTNTA P TOTE: P
I = S - 2mtvpfr AL

H évraon evog KUMATOC €ival CUVETTWGS avaAoyn
TWV TETPAYWVWYV TOU TTATOUG KOI TG OUXVOTNTAG
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15-3 MeTagopa Evépyelag pe Kupara

Otav 10 KUpa d100ideTal O€ 3-O100TACEIG KOI OTAV
TO MECO Eival OJOYEVEG, TO KUMO OVOMACZETAI
O QAIPIKO.

Mo c@aIPIKA KUMATO YIO
AOYOUC YEWHMETPIAG ICYUEL:

Source
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15-3 MeTagopa Evépyelag pe Kupara

H évraon evog oeiopikoU KUpaTog P 100 km
a1ré TNV £oTia gival 1.0 x 10° W/m?2. NMéon
Oa gival n évraon Tou 400 km a1ré Tnv
EOTIq;

APPROACH We assume the wave is spherical, so the intensity decreases as the
square of the distance [rom the source.

SOLUTION Al 400 km the distance is 4 times greater than at 100km, so the
intensity will be (3} = 17 of its value at 100km, or (1.0 x 10°W/m?)/16 =
6.3 X 10° W/m?.

NOTE Using Eq. 15-8b directly gives
I = Lri/rs = (1.0 > 10" W/m?)(100 km)* /(400 km)* = 6.3 x 10" W/m".
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15-4 MaOnuaTtikn ECicwon KUpaTIKAG

Edv £éva KUMJA TTEPIYPAPETAI ATTO TNV
ggiowon:

.2
D(x) = AS]I‘I;TJC.

wave at




15-4 MaOnuaTtikn ECicwon KUpaTIKAG

MeTd atro xpovo t, To KUJa £x&l O1aVUOEl
ATTOCTAON Vi, KOl CUVETTWG:

D(x,t) = Asin[Z;T (x — 'vt)].
n: D(x,t) = Asin(kx — wt),

omou w =27wf, k = Z;T



15-4 MaOnuatikn E¢icwon KUpaTIKAG

To apIoTEPO AKPO HIa XOPONS TAAAVTEUETAI APMOVIKA ME
ouxvornta f = 250 Hz ka1 TTAdT0¢ 2.6 cm. H Tdon Tng
XopoNn¢ eival 140 N Kal £XEl YPOAMMIKR TTUKVOTNTA i =
0.12 kg/m. Zgt =0, TO AKPO TNG XOPONGS £XEI KATAKOPU®PN
METATOTTION 1.6 cm KaI TTEQPTEL. Bpeite (a) TO MANKOG
KUMOTOG TTOU TrapayeTtal Kai (b) Tnv e§icwon Tou
KUMOTOG

)J

m—p Wave velocity
Hand Va VR

¥ 4

=)/
l:z = - - X
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APPROACH We first find the phase velocity ol the transverse wave from Eq. 15-2;
then A = »/f. In (b), we need to find the phase ¢ using the initial conditions.

SOLUTION (a) The wave velocity is

F; | 140N
b = 4= = yf——— = 34m/s.
TN T Voizkg/m m/s

v 34 m/s
A = 7 S Ss0Hz 0.14 m or 14 ¢m.

(b) Let x = 0 at the left-hand end of the cord. The phase of the wave at 1 = 0
is not zero in general as was assumed in Eqgs. 15-9, 10, and 13. The general form
for a wave traveling to the right is

Dix,t) = Asin(kx — wl + o),

Then

where ¢ 15 the phase angle. In our case, the amplitude A = 2.6cem: and at
=10, x =10, we are given D = 1.6 cm. Thus

1.6 = 2.6sind,

so ¢ = sin~'(1.6/2.6) = 38° = 0.66rad. We also have o =27f = 157057
and k = 27/A = 27/0.14m = 45m™~". Hence

D = (0.026m)sin[(45m™)x — (1570s)r + 0.66]
which we can write more simply as

D = 0.026sin(45x — 1570 + 0.66),

and we specify clearly that [2 and x are in meters and [ in seconds.
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15-5 H eCicwon Tou Kuparog

OQewpoUpEe THAHA XOopONGS TTOU BPICKETAI UTTO

TAon
TAxrf b
0,
M x

ATTo TOV 2° VOO TOU NeUTWVA YPAPOUME

Y

EFy = ma,

I
T
>
i

Frsm6, — F;sin 6,



15-5 H eCicwon Tou Kuparog

YTTOBETOVTAG MIKPEG YWVIEG KOOI OTO OPIO  AX
— 0, ppiokovpe (ne xaumoon apBOunTiKn) oOTL:

#D 19D

0x? v’ ot?

AuTtn €ival KAl N €SiICwWOoTN TOU NOVOOIACTATOU
KUMaTogS. Eival pia ypauuikn O1a@opiki
gClowon 0suTéEPoU BaBuou wg TTPOG ToV XPOVO
Kal TNV JeTaTOTTIoN. O1 AUCEIG €ival
NUITOVOEIDOEIC CUVAPTNOEIGS.



15-6 O Kavovaocg YmrepBeong

YmwépOBeon: H perardémion o€

OTTOI08TTOTE ONEio gival /\Dl(x, )
TTPOKUTTTEI ATTO TO x
SIAVUGHATIKO G0poioua 6AwV \/

TWV KUMATWYV TTOU dIEpYOVTaI
a1ré TO OUYKEKPIYEVO onpgio |/ N\ %7

o€ KGOE XPOVIKH OTIYMN. v
Oswpnua Fourier: KaBe iiert) A~
MIYadiko TTEPIOBIKO KU vV vV v

MTTOPEI VO YPAPTEI WG TO
a0poICHO NUMITOVOEIOWYV
KUMATWYV (OUVOPTAOEWV)

P , Sum of all three
O10POPWYV CUXVOTATWYV

X
TTAATWYV KAl PACEWV. \/
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D(x, 1) = D (x, 1) + Dy(x, 1) + D3(x, 1)




15-6 O Kavovaocg YmrepBeong

2e 1 =0, Tpia KUpaTa D; = A
cos kx, D, = -1/;A cos 3kx, kal
D, = Y/-A cos 5kx, 61TOoU A =
1.0 m ka1 k =10 m-1. Kdvre
YPO®IKN TTOPACTAON TWV
TPIWV KUMATWY OTTO X = -
0.4 m pexpt +0.4 m. (Ta
TPIO AUTA KUMOTO €ival Ol
TPEIG TTPWTOI OPOI TNG
avaTtrTru¢ng Fourier yia Eva
KTETPAYWVO KUMOA.”)
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y (m)
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\VAR Vv

0.4 -1.0 &U x(m)

04 -02 00 02 04

y (m)
RESPONSE The first wave, D;, has amplitude of 1.0m and wavelength
A=2m/k = (2x/10)m = 0.628m. The second wave, [y, has amplitude of
(.33 m and wavelength A = 27/3k = (2%/30) m = 0209 m. The third wave, D;.,
has amplitude of 0.20m and wavelength A = 2#/5k = (2#/50)m = 0.126 m.
Each wave is plotled in Fig. 15-17a. The sum of the three waves 15 shown in
Fig. 15-17b. The sum begins to resemble a “square wave,” shown in blue in Fig, 15-17b.
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15-7 AvakAaon kai Aiadoon

i sl A - OTav Eva aVvTIKEIMEVO
~ PTACEI OTNV AKPN TOU
G /7| péoou (Tng Xopdnc), To
Va KUMO aVOKAGTOI KOI TO
\/ KOO ETTIOTPEPEI PE iD10
= TTAATOG (TTPOONMO).
s a G (Trpoonpo)
_

Y

OT1av £éva KUPO TTPOOKPOUCEI O€ EVa
EMTTOOI0, avakAATal AAAG PE AVTIOTPOPO
TTAATOG (avTiOETO TTPOCGNMO).
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15-7 AvakAaon kai Aiadoon

Light Heavy
section / \ section

e
Transmitted
pulse

— N\
T —
Reflected

pulse

OT1av Eva KUPJO OUVOVTAOEI VA TTUKVOTEPO
MECO, TOTE THAMO TOU KUMATOG O1a0idETAI KA
TMAMO avakAdTal. Eav n TaxutnTd OTO
TTUKVOTEPO HECO Eival MIKPOTEPIN, TOTE TO NNKOG
KUMOTOG €ival MIKPOTEPO.
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15-7 AvakAaon kai Aiadoon

Kupata TToAAATTAWY OI100TACEWYV
ATTEIKOVI(OVTOI ME METWTTO KUMATOG, ONA.
ETTIPAVEIEG OTTOU OAA TA KUMATO £XOUV TNV

010 aon.

Ray

- Ray

S} qu SININY

Ray
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SlIIO.Iﬂ SABAMN

pauMEC KAOBETEG OTA
METWTTA ovopadovTal
OKTIVEG Kal OnAwvouyv
TNV KAateubuvon
010000 NG TOU KUMATOG.



15-7 AvakAaon kai Aiadoon

Kavovag avakAaong: H ywvioag TTpoTTTwWoew  gival
ion ME TNV YWVia avakAaong

Incident

Reflected




15-8 ZupoAn
2UHQWVa ME TOV Kavova utrépBeong: H petardémion o€

OTTOIOONTTOTE ONMEIO €ival TTPOKUTTITEI ATTO TO OIOVUCMATIKO
a0poioua OAWYV TWV KUNATWYV TTOU dIEPXOVTAI ATTO TO

OUYKEKPIMEVO ONMEIO O€ KAOE XPOVIKN OTIYMN.

(a) KataoTpetrTikl cupfoAn and (b) Evioxutikiy ZUupfoAnR

—_—

i -
Pmonioa” —/ \ VS dheaedins

Y
Time
Pulses overlap

precisely
(for an instant)

e ~— ——
Pulizsc (;fgli*nagl:)art, CI:\/“ /\E A f\z

o
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15-8 ZupoAn

O1 ypa@IKEG TTAPACTACEIG OEIXVOUV

afpoiouarta OUO KUpATWYV. (a) EVIOXUTIKO
afpoioua. (b) KataoTpemrTikO afpoioua Kai

(C) MEPIKWCS KATACTPETITIKO aABpoioua

ANMVANNA

N\

N\

AV EAVERV

N\ N\
YA VAN

N\ N\
AV VAR

TANNANNA

I I

JANVANVA

"\ \V U

VvV VvV V

F NN

AVAWAWA

AN AWVA

L VV
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15-9 ZTtaciya Kuparta, 2UvTovIONOG

21aoipa Kupara
Antinode onuIioupyouvTal 6TAV T
——— AaKpa TNG XOPONG givai
) otabepa. 2Tnv
TEPITITWON AUTH TA NOVA
Antinode KOIJGTG Trou
— EMITPETTOVTAI EiVAIl AUTE
TTOoU OnNUIoUpPYyOUV
KOMBOUC OTIC AKPEG KAl
| o€ O1@POPU ONMEIN KATA
Node Antinode . )
~J AL MNKOG TNG Xopong.
) s — 2TOUC KOMBOUG TO
TTAATOG TOU KUMOTOG
givat MHAEN.



15-9 Zrdoipya KopaTta, ZUVTOVIONOG

e
et B S
e B
o= e ]
— -E = ;L
! |

P ¢ - Fundamental or first harmonic, f;

s umﬂ‘“x.,_ A (€= 1,
O1 ouXvoTNTEG TWV W ’{
0' TdO‘l u wv KU IJ dva First overtone or second harmonic, f; = 2f)
oVONAZovTal OUXVOTNTEG w“” %# ,
OUVTOVIOMOU N OPHOVIKEG | — |
, Second overtone or third harmonic, f3 = 3f]
OUXVOTNTEC.

H xapunAotepn ocuyxvoTnTa
ovopaceral OgpeAIwdNGg
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15-9 Zrdoipya KopaTta, ZUVTOVIONOG

Ta yAKN KUMATOG KAl Ol CUXVOTNTEG TWV
OTACINWY KUMATWYV Eival:

20
A, = : n = 1,23
n
Kal
fn = v n2 = nf,, n = 1,2,3,--.



15-9 Zrdoipya KopaTta, ZUVTOVIONOG

H xopdn evog mTidvou £xel unKog 1.10 m
Kal paca 9.00 g. (a) Moéon Tdon arraiTeital
WOTE N Xopodn va doveital uE OgpeAIWON
ouxvornta 131 Hz; (b) lNMoigg givai ol
OUXVOTNTES TWV TTPWTWV TECTAPWYV
OPMOVIKWV;



APPROACH To determine the tension, we need to find the wave speed using
Eq.15-1 (v = Af). and then use Eq. 15-2, solving 1t for F;.

SOLUTION (&) The wavelength of the fundamental is A= 2f = 2.20m
(Eq. 15-17a with n = 1). The speed of the wave on the string 1s v = Af =
(220m)(131s7') = 288 m/s. Then we have (Eq. 15-2)

Eo g = Mo ('Q.ﬂnx 10~ kg
roR Tt T 1.10m

[
(h) The Irequencies of the second, third, and fourth harmonics are two, three, and
[our times the fundamental [requency: 262, 393, and 524 Hz. respectively.

NOTE The speed of the wave on the string 1s not the same as the speed of the
sound wave that the prano string produces in the air (as we shall see in Chapter 16).

)(233 m/s)? = 679N,
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15-9 Zrdoipya KopaTta, ZUVTOVIONOG

AUo KUpaTa TTOU TASIOEUOUV ME
avTIOETEG POPEG HIaG XOPONG ME
oTa0epo6 onueio oto X =0
TTEPIYPAPOVTAI ATTO TIG
ouvapTnoelg D, = (0.20 m)sin(2.0 x
— 4.0t) kau D, = (0.20m)sin(2.0 x +
4.0t)

(0TTOU X Eival o0e M, t O€E S),
TTAPAYOVTAG OTACIHNA KUMATA.
Bpeite (a) TnV ouvApTnon Tou
OTACIMOU KUMATOG, (b) TO pHEyioTO
TTAATOG O0TO onMEio X = 0.45 m, (c)
TToU BpiokeTal TO AAAO OTOBEPOS
onpeio Tng Xopdng (x > 0), (d) oe
TTIO ONMEIO £XOUME TO MEYIOTO
TTAATOG

Copyright © 2009 Pearson Education, Inc.

— x

£ =157 m

g

{=3.14m

e

¢ =(nm/2.0) m=n(1.57 m)




APPROACH We use the principle of superposition to add the two waves. The
given waves have the form we used to obtain Eq. 15-18, which we thus can use,
SOLUTION (a) The two waves are of the form D = Asin(kx £ wf), so

k= 20m™" and w = 4.0s7".
These combine to form a standing wave of the form of Eq. 15-18:

D = 2Asinkxcoswl = (040m)sin{2.0x) cos(4.0r),

where x is in meters and t in seconds.
(b)) At x = 0.45m,

D = (040m)sin(0.90) cos(4.0t) = (0.31 m) cos(4.0¢).

The maximum amplitude at this point is D = (.31 m and occurs when cos(4.0f) = 1.
(¢) These waves make a standing wave pattern, so both ends of the string must be
nodes. Nodes occur every half wavelength, which for our string is

A 1 2 ™

- = —— = — = 1.5 .
5 > I 1“111 1.57Tm

[f the string includes only one loop, its length is £ = 1.57 m. But without more
information, it could be twice as long, £ = 3.14 m, or any integral number times
1.57 m, and still provide a standing wave pattern, Fig. 15-27,

(e} The nodes occur at x = 0, x = 1.57m, and, if the string is longer than
£ =157Tm, at x=314m, 471m, and so on. The maximum amplitude

(antinode) is 0,40 m [from part (b) above] and occurs midway between the nodes,
For £ = 1.57 m, there is only one antinode. at x = 0.79 m.
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15-10 A1aBAaon

Otav £éva KUJO CUVOVTAOEI JIa O10XWEICTIKN
ETTIQAVEIO OUO HECWYV PE OINPOPETIKI TTUKVOTNTA,
TOTE N KATEUOBUVON 010000NG TOU KUMATOG OAAGCE!
oUNPWVA UE TN OXEON:

sin 6, v,

Sil] 91 (%]
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15-10 AiaBAaon

H K6kKivn ypapun ocixvel Tnv HeTaBoAn étav
TTEPVAMUE ATTO HEOW ME XOMNAR TOXUTNTA O£ NECW ME
MEYOAUTEPN TAOXUTNTA. H TpOXIA E€ival AVTICOTPETTTA
OTaV OKOAOUOOUUE TNV AVTIOTPO®PN TTOPEIA.




15-10 A1aBAaon

‘Eva oeIOMIKO KUMA P TTEpVAEI ATTO YEWAOYIKO
TETPWHA ME TOXUTNTA 6.5 Km/s o€ TTETPWMA ME
Taxutnta 8.0 km/s. EAv n ywvia TTpOGTTTWONG OTH
Ol1aXwpPIoTIKA eTIQAvela gival 30° TTO0N givail n
vywvia d1a0Aaong;

APPROACH We apply the law of refraction, Eq. 15-19, sinfy/sin @, = /v,
SOLUTION Since sin 30° = 0.50, Eq. 15-19 vields

(B.0m/s)
(6.5m/s)
So 6, = sin”'{0.62) = 38"
NOTE Be careful with angles of incidence and refraction. As we discussed in
Section 15-7 (Fig. 15-21). these angles are between the wave front and the
boundary line, or—equivalently—between the ray (direction of wave motion)
and the line perpendicular to the boundary. Inspect Fig. 15-30b carefully.

sinfl, = (0.50) = 0.62.
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15-11 NepiBAaon

OTav éva KUua
OUVOVTNOEI EVa
OVTIKEIMEVO OTNV TpOXIA
TOUG, TO KUMO O®PRAVEI TO
TTPOOCTTEPVAEI APNVOVTAG
MIO «OKIGA» TTICW A1TO TO
OVTIKEIMEVO.
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15-11 NepiBAaon

O BaBuoC¢ TTEPiIOAAONG eCapTaTAl ATTO TO HEYEDOG
TOU £UTTOOIOU (OVTIKEIMEVOU) OE OXEOCT ME TO
MAKOG KUMaToG. Edv Ta avTikeipevo gival NMOAY
MIKPOTEPO a1é 10 NNKOG KUMATOG TO KUMO
AEN EMIPEAZETAI (a). Oco mrepiocoTEPO
TTAnoi1adouv ol SIOOTACEIC TOU AVTIKEIMEVOU OTO
MAKOC KUMOTOG TOOO TTEPICOOTEPN TTEPIBAACN
Exoupe. (b, c, d).
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- Water waves passing Stick in water Short-wavelength Long-wavelength
blades of grass waves passing log waves passing log
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