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Mepiexopeva 14
 TaAavTtwoeig EAaTnpiou
o ATTAR} OPMOVIKN Kivnon
 EVEpyela aTTAOU APUOVIKOU TOAAVTWTA

e 2X€0N ATTAOU OPMOVIKOU TOAAVTWTN Kl
KUKAIKNAG Kivhong

* TO a1TAO EKKPEMEG
* TO PUOIKO EKKPEUEG KOI TO OTPOWPIKO EKKPEMES
« Epnouxacuog TaAdvTwong

 ECavayKaoNEVES TAAAVTWOEIG KAl ZUVTOVIOMOG



14-1 TaAavTtwoeig EAaTnpiou
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OT1av Eva aVTIKEIMEVO
ooveital N TAAAvTEUETAI
x=0 MTTPOG-TTIoCW O1aVUOVTOG
< Eva 01O TNUA OE TOKTO
_‘ " XPOVIKO d1aoTNHA N
AANAY) Kivnon ovopdZeral
L,r—.‘ mEPIOOIKA. To ouoTnUA
Madag Kal eAaTnpiou
: OTTOTEAEI Eva MOVTEAO
TTEPIOOIKOU OUCTHHATOG

|
=
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14-1 TaAavTtwoeig EAaTnpiou

YTTOOETOUNE OTI MIA ETTIPAVEIN EiVAI AVEU
TPIPNG. YITAPXEI EVA ONUEIO OTTOU TO EAATAPIO
OUTE CUMTTIECETAI OUTE TEVTWVETAI. TO OnMEio
QuUTO ovouadleTal onueio 1IcoppoTriag. H
METATOTTION METPIETOI OE OXEON ME TO ONMEIO
auToO (X = 0 oTNV TTPONYOUHEVN OI0@AVEIQ).

H dUvapn 1Tou aokKeital oTo EAATAPIO Eival
avaAoyn TnG METATOTTIONG:

F = —kx.
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14-1 TaAavTwoeig EAaTnpiou

* To apVvNTIKO TTPOCNMO ONAWVEI OTI n duvaun
gival eTTava@opac—onA KateubuveTral TTpog TO
ONMEIO ICOPPOTTIAG.

* K gival n oTtaBepd eAaTnpiou.

 H dUvapun dev gival oTaBepn, ETTOPEVWC N
EMITAYXUVON O¢gv gival oTaepn.



~ 14-1 TaAavTwoeig EAarnpiou

* H HETATOTTION METPIETAI ATTO TO
OTNMEIO ICOPPOTTIAG.

‘ o 2~ Al V= +00x

e e o To TIANATOG €ival N HEYIOTN

r METATOTTION.
" “— —  'Evag KUKAOC gival pia TTARPNGS
— o Kivrion a1rd Kal TTpo¢ TO ONMEIO
o I0O0PPOTTIOC
F-0

‘ AR AN —'U‘: ~Pmax

s e o H TTEPIOOOG EIVAI O XPOVOG TTOU
‘0 ATTAITEITAI VIO £va TTARPN KUKAO.

d rmlozo  H cuxvotnTa gival o apiOuog
TWV KUKAWV ava OEUTEPOAETTTO.

x=-A xi()
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14-1 TaAavTtwoeig EAaTnpiou

‘Eva eAaTRPIO KPEPETAI
KATOKOPU®PO, N MOVN
oaAAayn €ival OTO  OnNMEIo
ICOPPOTTIOG, OTTOU O€
OUTAV TNV TTEPITTTWON TO
OnNMEIO AUTO €ival EKEI
OTToU n dUVAMN TNG
BapUTNTOG ECICWVETAI ME
TNV OUVAMN TOU EAATnpPioU
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14-1 TaAavTtwoeig EAaTnpiou

Mia TeTpapeANG OoIKOoYEVEIQ UYICEl
200 kg, ka1 emiialovral oTo
QUTOKIVNTO TOUG TToU Cuyicel 1200-
kg. Kal Ta eAatipia Tou
OUTOKIVITOU (OQMOPTIOEP)
ouptriE(ovtal Kata 3.0 cm. (a) Eav
UTTOOECOUUE OTI TO TECOEPQA
EAATAPIO CUMTTEPIPEPOVTAI WG
£va, Trold €ival n oTafepa Tou
gAatnpiou (b) Noéco 6a
XOMNAWOEI TO AUTOKIVNTO €AV
@opTwOei pe 300 kg avTi 200 kg;
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APPROACH We use Hooke's law: the weight of the people, mg, causes a 3.0-cm
displacement.

SOLUTION (1) The added force of (200kg)(9.8m/s’) = 1960N causes the
springs to compress 3.0 % 107" m. Therefore (Eq. 14-1), the spring constant is

F 1960 N
—_— —_— —_— —_— 15 :}{ 4 .
e YRR 6.5 % 10° N/m

(b) If the car s loaded with 300 kg, Hooke’s law gives
F o (300kg)(9.8m/s?)

= — = = 4.5 % 107 m,
YTk T (65 x 10°N/m) "

or 4.5 cm.

NOTE In (), we could have obtained x without solving for k: since x is proportional
to Foaf 200 kg compresses the spring 3.0 ¢cm, then 1.5 times the force will compress
the spring 1.5 times as much, or 4.5 cm.
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14-2 ATTAR ApMOVIKN Kivnon
KaBe cuoTnua 1TTOU doveital 6TTou N duvaun €ivail

avAaAoyn TG apvNTIKNG METATOTTIONG ATTOTEAEI
OTTAN APUOVIKI KivNOo KOl CUYXVA OTTOKOAEITAI

ATTAOG APHOVIKOG TAAAVTWTNAG.

Otftovrag F = kx oTo OeUTEPO VOO TOU NeUuTwva
KATOANYOUME OTNV £EicWON TNG Kivnong:
d’x  k
+ — =
i m* Y

H AUon TnG €¢icwong auTnG givai.

x = Acos(wt + ¢).




14-2 ATTAR ApMOVIKN Kivnon

Me avTikatdoTaon BAETTOUME OTI N AUCH QUTH
£TaANBevel TNV €§icwon O1TOV:

5 k
) =
i

O1 oTaBepeég A Kal ¢
E - TPOGOLOPILOVTO UTTO TIG
| E 1 opkég cuvOnkec. A givan

TO TAATOG KOl @ N PAon
oTo Xpovot = 0.

| |
IT\3T /3T T a7
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14-2 ATTAR ApMOVIKN Kivnon

H TaxUtnta mrpoodiopileTal ATTO TNV TTAPAYWYO
TNG METATOTTIONG:

— % — % [A c()s((ut il (f))] = —wA Sin(wf =[P (ﬁ))

O pOAOG TNG PAONG @ POIVETOL GTO OLAypUUNOE

v

X
ar=-2

®
r/ x=A cos (0f + 0)




14-2 ATTAR ApMOVIKN Kivnon

Emeidn o =2#f = Vk/m,  10T1€




14-2 ATTAR ApMOVIKN Kivnon

MpoodlopioTe TNV TTEPIODO KAI TNV CUXVOTNTA EVOC
TaAAvTwong auTtokiviTou padag 1400 kg kal Tou
OTTOIOU TO AMOPTICEP £XOUV OTOOEPA EAaTnpiou 6.5 X
104 N/m a@dTou Tépaoe TTAvw atrd £Eva EUTTOOI0.
YTTOBETOUNE OTI TO QUTOKIVNTO TOAAVTEUETAI
KATAKOPU@A.

APPROACH We put m = 1400 kg and k = 6.5 > 10°N/m from Example 14—1a

into Egs. 14-7.
SOLUTION From Eq. 14-7h,
‘m | 1400 kg
| M f
T = 27,./— = 2m7,[= = 0.92s,
"Nk V65 x 10°N/m :

or slightly less than a second. The frequency f = 1/T = 1.09 Hz.
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14-2 ATTAR ApMOVIKN Kivnon

Displacement x

Velocity v

Acceleraton a

Copyright © 2009 Pearson Education, Inc.

H Taxutnta Kai n
EMITAYXUVON YIA TNV
OPMOVIKI Kivnhong
TEPIYPAPOVTAI ATTO TIG
ECICWOEIG:

v o= E = —wA sin(wr + (b)
d’x dv ,

= — = — )" —I— .
1 o w-Acos(wl + ¢)



14-2 ATTAR ApMOVIKN Kivhong

2€ EVA EPYOOTAOCIO EVAC MEYAAOGC NAEKTPOKIVNTAPOGS
TTPOKOAEI TO OATTEDO TOU KTIPIOU VA TPEUEI ME
ouxvorntag 10 Hz. To mTAdTO0g TG dO6vnong givai
mepiTTou 3.0 mm. BpEiTe TNV HEYIOTN ETTITAXUVON TOU
oaTtrédou.

APPROACH Assuming the motion of the floor is roughly SHM we can make an
estimate for the maximum acceleration using Eq. 14-9b.

SOLUTION Given w = 27f = (27)(10s7") = 62.8 rad/s, then Eq. 14-9b gives
Ay = @A = (62.87rad/s)*(0.0030m) = 12m/s".

NOTE The maximum acceleration is a little over g, so when the floor accelerates
down, objects sitting on the [oor will actually lose contact momentarily, which

will cause noise and serious wear.
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14-2 ATTAR ApMOVIKN Kivnon

O KWVOG £VOC NXEIOU TOAAVTEUETAI ME OCUXVOTNTO
262 Hz (“middle C”). To TTAATOG TOU KEVTPOU Eival
A=15x10*m, kai og xpovot=0, x = A. (a) Moia
gCiowon TepIypa@el TNV Kivnong Tou KéEvtpou; (b)
Mola gival n TaxuTnTa KAl N ETITAXUVON oav
ouvaptTnon Tou xpovou,; (c) Moia givail n
METATOTTION OTAV it =1.00 ms (= 1.00 x 103 s)?
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Copyri¢

APPROACH The motion begins (f = (1) with the cone at its maximum displacement
(x = A at = (). 50 we use the cosine function, x = A coswlf, with ¢ = (0.

SOLUTION (a) The amplitude A = 1.5 x 107" m and

w = 2mf = (6.28rad)(262s57") = 1650 rad/s.
The motion is described as

x = Acoswl = (1.5 % 107" m)cos(16501),

where 1 is in seconds,
(b} The maximum velocity, from Eq. 14-9a, is

Vpay = @A = (1650rad/s)(1.5 % 107" m) = 0.25m/s.
S0

v = —(0.25m/s)sin(16501).

From Eq. 14-9b the maximum  acceleration  is e = @A =
(1650 rad/s)*(1.5 x 107" m) = 410 m/s*, which is more than 40 g's. Then

a = —(410m/s?)cos(1650¢).
(c) At 1= 1.00 % 1077 s,
x = Acoswof = (1.5 % 107 m)cos[ (1650 rad/s){1.00 3 107 s)]
= (1.5 % 107" m)cos(1.65rad) = —1.2 x 1077 m.

NOTE Be sure vour calculator is set in RAD mode, not DEG mode. for these
cos wl calculations.



14-2 ATTAR ApMOVIKN Kivnon

‘Eva eAatipio tevtwvel Katda 0.150 m éTav pia paca
0.300-kg ouvdebei TTavw Tou. To cuoTNMA BPICKETAI OE
IcoppoTTia opIfovTiwg TTAVW o€ TPpaTTECI aveu TpIfNG. H
MAZa METATOTTICETAI ETO1 WOTE VO CUUTTIECEI TO EAATAPIO
Katd 0.100 m atré Tnv 0éon 1coppoTriag. [MpoodiopioTe:
(a) n oTaBepa TOU EAaTnpiou gival kK Kal N YWVIOKA
ouxvotnTa w; (b) To TTAATOG TNG OPICOVTIOG TAAAVTWONG
A; (C) To pEyeBog TnG MEYIOTNG TAXUTNTAG V,.; (d) TO
HEYEBOG TNG PEYIOTNG ETTITAXUVONG &, TNG HAag; (€)
TNV TEPiIodo T kal Tnv cuyxvotnta f; (f) TNV METATOTTION X
oaVv ouvapTnon Xpovou Kal (g) Tnv Taxutnta otav t =
0.150 s.
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APPROACH When the (0.300-ke mass hangs at rest from the spring as in Fig. 14-3b,
we apply Newton’s second law for the vertical forces: ZF =0 = mg — kx;. so
k = mg/x,. For the horizontal oscillations, the amplitude is given, and the other
quantities can be found from Eqs. 14-4, 14-5, 14-7, and 14-9. We choose x positive
to the right.
SOLUTION (a) The spring stretches (.150m due to the 0.300-kg load, so

F o omg  (0.300kg)(9.80m/s?)

k= — = _ — 196N/m.
Yo | X 0.150 m fm

From Eq. 14-5,

[k [196N/m

“ " Nm ~ V 0300ke

(h) The spring i1s now horizontal {on a table). It is compressed 0.100m from
equilibrium and is given no initial speed. so A = 0,100 m,

(c) From Eq. 14-9a, the maximum velocity has magnitude
Vmay = @A = (8.08s7)(0.100m) = 0.808 m/s.

() Since  F = ma, the maximum acceleration occurs where the force is

= B.08s.

oreatest—that is, when x = £ A = £ 0,100 m. Thus its magnitude is
A kA (19.6 N/m)(0.100 m) _ .
oy = —— = — = 0300 kg = 6.53m/s".

[This result could also have been obtained directly from Eq. 14-9b, but it is often
useful to go back to basics as we did here.]
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(e) Equations 14-7b and 14-2 give

T 2 F 2 \Xmmkg 0.777
p— _— = p— . 5
"k "\ 19.6 N/m
1

f =% = 129Hz.

(/) The motion begins at a point of maximum compression. Il we take x positive
to the right in Fig. 14-2, then at r =0, x = - A = —0.100m. So we need a
sinusoidal curve that has its maximum negative value at ¢ = 0. this 18 just
a negative cosine:

x = —Acosael
To write this in the form of Eg. 14-4 (no minus sign), recall that
cos @ = —cos(# — w). Then, putting in numbers, and recalling —cosfl =
cos(w — #) = cos(f — 7)., we have

xr = —(0.100m) cos 8.08¢

= (0.100m) cos(8.08r — 7).,
where 1 is in seconds and x is in meters. Note that the phase angle (Eq. 14-4) is
¢ = —m or — 1807,
(g) The velocity at any time £ is dx/dt (sec also part ¢):

vo= % = wAsinwl = (0.808 m/s) sin 8.081.

At 1 =0.150s, » = (0.8B08m/s)sin{1.21rad) = 0.756 m/s, and is to the right { +).




14-2 ATTAR ApMOVIKN Kivnon

To eAaThpi1o Tou TrTapadeiyparog 145
(61mou ® = 8.08 s1) cupmmiédeTan kKata 0.100
m a1ro Tnv 8éon 1IcoppoTriag (X, = -0.100 m)
OAAQ OEXETAI MIO ETITTAEOV WONON OTNV
010gUBuvon +X WOTE va TACEI TNV
TaxuTnrta vy = 0.400 m/s. NMpoodlopioTe (a)
TNV @aon ¢, (b) To TTAGTOG A, KaI (C) TNV
METATOTTION X OOV CUVAPTNON TOU XPOVOU,

X(t).



APPROACH We use Eq. 14-8a.at = 0, towrite v, = —wAsind, and Eq. 144
to write x; = Acos¢. Combining these, we can obtain ¢. We obtain A by using
Eq. 14-4 again at t = 0. From Example 14-5. @ = 8.08s7".

SOLUTION (a) We combine Eqgs. 14-8a and 14—4 at 1 = 0 and solve for the tangent:
. ~sing (vy/—wA) B vy 0.400 m/s
NPT s (xfA) | ox (8085 )(—0.100m)

A calculator gives the angle as 26.37, but we note from this equation that both the

sine and cosine are negative, so our angle is in the third quadrant. Hence

¢ = 263" + 180° = 2063° = 3.60rad.

(b) Agan using Eq. 14-4 at t = 0, as given in the Approach above,

J['” I::—n-Tﬂﬂ '[TI}

A= = = 0.112 m.
cos ¢ cos(3.60 rad) .

(¢) x = Acos(wl + &) = (0.112m) cos(8.081 + 3.60).

= ().495,
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14-3 H evépyela atrAoU appOVIKOU TAAOVTWTN

H duvapiki evépyela Tou eAartnpiou dideTal ATTO
TNV oXEoN:

U = —JF dx = kx>
H punxavikn evépyelag dideTal atro Tnv oxEon:
E = smv* + 3kx?.

Atroucia TPIBWV N OCUVOAIKN MNXOVIKH
gvEpyela diartnpeiTal.



Felia 14-3 Evépyela atrAou

UK

VAR |  appovikos TakavrwA

w-0, >TO 6pIa TNG

TOAAVTWONG OAN n

Yy J EVEPYEIA gival OUVAMIKN
EVEPYEIQ.

j 1
‘| WV WV VW W *'r m
|

x=-A x=0 x=A
(v=0)

L2y Ly 2 - [
‘ E=35mv=+5kx | ZTn eecrl IO'OppO'lqug

oA A A A A "I m - y y
NN KIVNTIKA.

x=—A x=10
X
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14-3 Evépyeia atTAOU OPMOVIKOU TAAOVTWTN

H cuvoAIKN KIVNTIKN EVEPYEIQG €ival, %k A’
ETTOMEVWIG:
%mv2 + %kxz = %kAz.

AUVOUNE WG TTPOG TNV TAXUTNTA KOl BPICKOUME:

6TToU Umax = (k/m) A%
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14-3 H evépyelag atrAoU TAAAVTWTN

fpa@IK TTOPACTAON TTOU ATTEIKOVICEI TNV
OUVOMIKN evéEpyela. BAETToupe OTI N
OUVOAIKN EVEPYEIQ Eival OTOBEPN

Energy

U(x)

U(x)
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14-3 Evépyeia atTAOU OPMOVIKOU TAAOVTWTN

Mo TO ATTAOG APHUOVIKO TOAQVTWTNA TOU
Tmapadeiyparog 14-5 (6mmou k= 19.6 N/m, A =
0.100 m, x =-(0.100 m) cos 8.08t, and v = (0.808
m/s) sin 8.08 t), TrpocdlopicTE (a) TNV CUVOAIKA
gvépyela (b) n KIVNTIKA KAl N OUVOUIKN EVEPYEI
oaVv ouvapTnon Tou Xpovou, (C) n Taxutnta
otav n pada Bpiokeral 0.050 m atrod Tnv B<on
Ic0ppoOTTiag, (d) TNV KIVNTIKA Kal OUVANIKI
EVEPYEIO OTO NMIOU TOU TTAATOUG. (X = £ A/2).



APPROACH We use conservation of energy for a spring—mass system, Eqs. 14-10
and 14-11.

SOLUTION (a) From Example 14-5, &k = 196N/m and A = 0.100m, so the
total energy E from Eq. 14-10a is

E = kA = 3{196N/m)(0.100m)* = 9.80 x 107°J.

(b) We have, from parts (f) and (g) of Example 14-5, x = —({(.100 m) cos 8.087
and v = (0.808 m/s) sin 8.08f, so

U = 3kx’ = 3(19.6N/m)(0.100 m)’ cos’ 8.08f = (9.80 x 107" 1) cos’ 8.08¢
K = $mv* = $(0.300kg)(0.808 m/s)?sin” 8.08f = (9.80 x 1072 J) sin’ 8.081.
(c) We use Eq. 14-11b and find
v o= Va1 — A = (0.808m/s)/1 — (3 = 0.70m/s.
(d) At x = A/2 = 0.050m. we have

U = 1tkx’ = H{196N/m)(0.050m)> = 2.5 x 1072]
K = FE—-U = 73x107).
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14-3 Evépyeia atTAOU OPMOVIKOU TAAOVTWTN

E = 1kA?

]
=

U K

e
== m

YTroB£oTE OTI EVa
EAATAPIO KTEVTWVETAI» OE
OITTAGCI0 TOU TTAATOUG
TaAAvTwong (oTo X = 2A).
Ti1 cupBaivel (a) oTnv
EVEPYEIO TOU OUCTAMOATOG
(b) oTN MEYIOTN TAOXUTNTO
TNG TOAOVTEUOMEVNG
padag, (C) TI MEYIOTN
TAXUTNTOS TNG
TAOAQVTEUOMEVNG MACOG



RESPONSE (a) From Eq. 14-10a, the total energy 1s proportional to the square ol
the amphtude A, so stretching 1t twice as far quadruples the energy {23 = 4], You
may protest, “I did work stretching the spring from x =0 to x = A. Don’t [ do
the same work stretching it from A to 247" No, The force you exert is proportional
to the displacement x, so for the second displacement, from x = A 1o 24, you do
more work than for the first displacement (x = 0 to A). (b) From Eq. 14-10b, we
can sce that when the energy 15 quadrupled. the maximum wvelocity must be
doubled. [t:m.ﬂ x VE x A,] (¢) Since the force is twice as great when we stretch
the spring twice as far, the acceleration is also twice as greal:a o« F o x.
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14-4 2x€0T APMOVIKOU TOAOVTWTH Kl
KUKAIKRG Kivnong

H TrpofoAn TnG YPOMHIKNG

S TAXUTNTOG TTAVW OTO Agova X
11 €EVOG AVTIKEIMEVOU TTOU KIVEITAI
0€ KUKAO Jg akTiva A JE
oTaBepn TaXUTNTA 0, ,
BpioOKOUUE OTI:

\/ -5
UV = Um - 5
Ad

H e€iowon auTtn gival id1a PE

LJJ TNV TOXUTNTO TOU OTTAOU

OPMOVIKOU TOAAVTWTA

v
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14-5 To a1rAO EKKPEMNES

To aTTAO EKKPEMEG
QTTOTEAEITAI ATTO MIA
MACO TTOU KPEMETAI
aT1rd AETTTO OXOIVi, TO
OTToi0 UTTOOETOUE OTI
ol OI0OTAOCEIGC TOU OEV
METABAAAOVTOI KAl N
Mada Tou gival
OMEANTEQ.
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14-5 To atrAO eKKPEMES

By
|

—mg sin 0,

[N JIKPEG Yywvieg Sin 6= 6.
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14-5 To atrAO eKKPEMES
ETTOMEVWG VIO HIKPES YWVIES

mg
F~-7x

otmou x =10

H 1Trepiodo¢ Kal n ouxXvoTnTa Eivai:

T = ZW\/Za
8

1 /g
f_z.w L’



14-5 To atrAO eKKPEMES

EtTropévwg eqpoooVv 1O
oxolvi dev £x&l pada Kal yia
MIKPO TTAATOG N TTEPIODOC
gival avegapTnTn TNG
padag!
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14-5 To a1rA6 eKKpEPES

‘Evag yewWAOYOG XPNOIMOTTOIEI EVA ATTAO EKKPEMEG ME
MAKog 37.10 cm ka1 cuyxvoTtnta 0.8190 Hz o< yia
OUYKEKPIMEVN TOTTOBECIa TNG YNG. TMola gival n
EMITAYXUVON TNS BapuTNTAG OTNV TOTTOOECIO AUTA;

APPROACH We can use the length £ and frequency f of the pendulum in Eq. 14-12b,
which contains our unknown, g.

SOLUTION We solve Eq. 14-12b for g and obtain
g = (2mf) = (6.283 x 0.8190s7')7(0.3710m) = 9.824 m/s’.
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14-6 To ®uoiIKO eKKpEMES Kal TO Torsional

mg

;
;
;
|
Sy
d|(=hsin 6)
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EKKPEMEG

TO QUOIKO EKKPEMEG Eival
OTTOIOONTTOTE TTPAYMATIKO
OVTIKEIMEVO TTOU TOAQVTEUETAI
MTTPOG-TTIoW.

H potrn TépIE Tou onueio O givail:
T = —mghsing.

Me avTIKATAOTAON OTO VOUO TOU
NeUTwWva BPICKOUME:

I = —mghsné.



14-6 To ®uUOIKO eKKPEUES KOI TO OTPOPIKO EKKPEMEG

Mo MIKPE YWVIEG EXOUME:

d*6 mgh )
_— 4+ [ — —
dt’ ( I / 0,

Mou TauTideTal JE TNV £§iCWON TOU
aTTAOU OPMOVIKOU TOAAVTWTKH OTTOU

0 = Opaxcos(wt + @),



14-6 To ®uUOIKO eKKPEUES KOI TO OTPOPIKO EKKPEMEG

‘Evacg eUKOAOG TPOTTOG YIO TOV
TTPOOOIOPICHO TNG POTTHG AOPAVEING EVOGS
OVTIKEIMEVOU YUPW ATTO OTTOIOONTTOTE
agova UTTOPEI VA YivEl HEOW TNG METPNONG
TNG CUXVOTNTAG TOAAVTWONG YUPW aTTO
TOV CUYKEKPIMEVA Aova. (a) Oewpoupue
Mia avopoloyevih pddo 1.0-kg TToU pTTOpPEi
KOl ICOPPOTTEI O ONMEIO 42 cM aTTd TNV
Mia adkpn. H ePiodog TaAAAVTWONG TTEPIE
TOU onueiov auTtou gival 1.6 s. Noon €ivail n
POTTA AOPAVEIOS YUPW ATTO TO ONUEIO
auTto; (b) NMoon sival n potrR adpaveiag
yia agova TTEPICTPOPNG TTOU TTEPVAEI ATTO
TO KEVTPO MACag Kal KaBeTo otn pafdo.
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APPROACH We put the given values into Eq. 14-14 and solve for I. For (b) we use
the parallel-axis theorem (Section 10-7).

SOLUTION (a) Given T = 1.6s, and & = 042 m, Eq. 14-14 gives
I = mghT*/47" = 0.27ke-m".
(b) We use the parallel-axis theorem, Egq. 10-17. The oM is where the stick
balanced. 42 cm from the end, so
Iy = I — mh® = 027kg-m™ — (1.0kg)(042m)* = 0.09kg-m".
NOTE Since an object does not oscillate about 1ts €M, we cannol measure [, directly,
but the parallel-axis theorem provides a convenient method to determine /..
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14-6 To ®uOIKO eKKPEUEG KOI TO OTPOPIKO EKKPEMES

Wire

Copyright © 2009 Pearson Education, Inc.

TO OTPOPIKO EKKPEMEG
gival Eva ToO OTToIo
«OTPIRE» avTi va
«KOouVvIéTal». H Kivnon givai
OPMOVIKI £QOCOV TO
EAaocpa (KaAwdio)
akKoAouBgi To VOUO TOU
Hooke

w = VK/I.

(K gival pia otabgpd Tou
KaAwodiou.)



14-7 Arooceon AppoVvikng Kivnong

OT1av aokoUvTal OUVAMEIG TPIBAG N AVTIOTACNG
n TaAdvTwon atrooBEvel, @Oivel, gival @Bivouoa
N ATTOCREVVUNEVD.

X

Eav Fdamping = —bv,

T0TE ma = —kx — bw.
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14-7 Arooceon AppoVvikng Kivnong
d*x dx
ETTOMEVWG m? + bE + kx = 0.
gav b gival HIKPO TOTE N AUON TTOU TTPOKUTTTEI
givai

x = Ae "cosw't
OEToupe Y = b
2m
J, k b’
), — - — = =
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14-7 Atmroéofeon Appovikig Kivnong

Edv b? > Amk, @’ yivetal ovTooTik, Kot T0
cvotnuo overdamped (C) ( peyain amoécpfeon).

Eav b? = 4mk, to ovotnpa sivon critically damped
(kpiown omécPeon) (B) —OTTOU TO CUCTHHA
PTAVEI OTNV KATAOTAOT ICOPPOTTIOG OTO
OUVTOMOTEPO OUVATOV XPOVO.

X
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14-7 Atmroéofeon Appovikig Kivnong

@ YITapYXouVv CUCTAMOTO OTTOU O
" “"““ ﬁﬁfﬂ o gNOUXOOHOG gival
AN | aveTIOUuNTOG, Tr.X. TA
N 1T By poOAdyIa.
:ﬁ\tf o Z& GAAEG TTEPITITWOEIG OTTWG
T TO OUOPTIOEP TOU QUTOKIVATOU,
e ) fluid A AVTICEIOMIKR OwpdaKion
Ny ——Audedio KTIDIWV 0 EQNOUXACHOG Eivan
~ ¥ . car axle

MEPOG TOU OXEOIOOMOU.
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14-7 Atmroéofeon Appovikig Kivnong

‘Eva a1rAd eKKpEMES BE MAKOG 1.0
m, TIBETAI O€ Kivnon ME MIKPO
TTAATOG. 5.0 AETTTA APYOTEPA TO
TTAATOG TOU €ival pévo 50% Tou
apxikou. (a) Noéoco gival To y TNG

21 TaAdvTwong (b) MNéoco

LA\ HETABAGAAETAI N CUXVOTNTA ', ATTd

\i“ " RV ouxvoeTnTta f drav  kivyeny dev
\

gyel anocfieon;




APPROACH We assume the damping force is proportional to angular speed, d8/d1.

The equation of motion for damped harmonic motion 1s

=¥ r r 'Ilk h?
x=Ae""cosw't, where Y=— and o =,/— — 3
2m i dm-
for motion of a mass on the end of a spring. For the simple pendulum without
damping, we saw 1n Section 14-5 that
F = —mg#

for small #. Since F = ma, where a can be written in terms of the angular
acceleration a = d°8/dr* as a = fa = £d4°8/dt’, then F = mdd*0/dt’, and

3

d*
b— + g = 0.
a8
Introducing a damping term, b{d8/dt), we have
de  df
: dt” b dt 80 = 0,

which 1s the same as Eq. 14-15 with @ replacing x, and £ and g replacing m and k.
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SOLUTION (a) We compare Eq. 14-15 with our equation just above and see that
our equation x = Ae¢” " cosw't becomes an equation for # with

b g b

AT R Y T

At =10, we rewnte Eq. 14-16 with # replacing x as
g, = Ae " cosw' 0 = A,
Then at = 5.0min = 300s, the amplitude given by Eq. 14-16 has fallen to
(.50 A, s0
0.50A4 = Ae™"HMY,
We solve this for ¥ and obtain ¥ = In2.0/(300s) = 2.3 2 107757,

(b)yWe have € =1.0m, so b=2¥1=2(23 % 107s7)(1.0m) = 4.6 x 107 m/s.
Thus (b*/4£°) is very much less than g/f (= 9.857°), and the angular frequency of

the motion remains almost the same as that of the undamped motion. Specifically
(see Eq. 14-20),

f-.=iE1_£(ff)tL El_u(ff*)
27\ & ela)| ~ 22 V1 2 g \af

where we used the binomial expansion. Then, with f = (1/2 7))V g/{ (Eq. 14-12b),
— f 1 & [ b
f-r 1t (—) - 27 % 107,
f 2 g\ 4
So f" differs from f by less than one part in a million.




14-8 E¢avaykaopévn TaAdvTwon Kal
2UVTOVIONOG
ECavayKaouEveS TAAAVTWOEIG TTOPATNPOUVTAI
oTav Opa TTAVW OTO CUCTNHA TTEPIODIKA OUVOUN.
H cuxvotnTa Tng duvapung dev gival amrapaitnTa
010 JE TNV QUOIKK CUXVOTNTA TOU CUCTHHATOG.

Otav o1 SU0 CUXVOTNTEG TAUTIOTOUV MIAQME YIO
OUVTOVIOHO, KOl TO TTAATOS TNG TOAAVTWONG
MTTOPEI VO PTAOCEI TEPAOTIEG TIMEG.
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14-8 E€avaykKaopévn TaAdvTwon Kai
2UVTOVIOHMOG

A H oTevoTnTa TG KOPUPNAGS

A TOU CUVTOVIOHOU
ggapTATAl ATTO TNV
atroofeon. Eav n
atroofeon gival pikpn (A)

/F\ £XOUVE OTEVEC KOPUPEG

, 7 EVW OTAV N A1TOooReon

fo gival ueydAn (B) n kopuon
External frequency f gival 110 TTAQTIA.

Amplitude of
oscillating system

H AsiToupyia opICHEVWY CUCTNHATWY BacieTal
OTOV OUVTOVIOHNO OTTwWS Mouoika opyava Kal
PadIo@WVa Kal TNAEOPATEIS (M KOAWDIAKEG).
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14-8 ESavaykKaopéEvn TaAdavTwon Kai
2UVTOVIOHMOG

H E€iocwon Kivnong givai:

ma = —kx — bv + F,coswt.

KainAbontng: x = Agsin(wf + ¢),

Fy
m\/(a)2 — w%)z + b*w*/m’

OTTOU Ao —

KOl
w% — W’
—1
ng = fan .

w(b/m)
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14-8 E¢avaykaopévn TaAdvTwon Kal
2UVTOVIOMNOG

To €0POG TNG KOPUPNGS
OUVTOVICHOU 5Fy
XOPAKTNPICETAI ATTO TOV

TTapayovrta Q- :

A()Y |
on

b

Q:
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KegaAaio 15

Kivhon Kupdatwyv
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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.

Copyright © 2009 Pearson Education, Inc.

‘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.

Copyright © 2009 Pearson Education, Inc



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

Copyright © 2009 Pearson Education, Inc.



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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[.0

0.5

0.0
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y (m)

o y (m)

1.0

e /\ o
OOXW%X 00 AJ

1.0 \A | B/ o} - A

N\ A/
\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).

— B - e — L —
e | e —
p— o ol | i " g— ,1"""——.- i R
P . _ il — - " / , — = — -
- : - —
J e - - —
- -~ — - R
il —_— _.f- -
- Water waves passing Stick in water Short-wavelength Long-wavelength
blades of grass waves passing log waves passing log
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KepaAaio3l
ECicwoegic Maxwell kai
HAekTpopayvnTiIKa Kopyarta
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Mepiexopeva KepaAaiou 31

e Ta METARBAAAOMEVA NAEKTPIKA TTEDIO TTOPAYOUV
MOyVvNTIKA TTEDIA.

*O Nopog Tou Ampere- PeOpa HETATOTTIONG

* Nopog Tou Gauss’s OTO NOAYVNTICMO
‘ESlocwoeig Maxwell

* [Mapaywyn HAekTpouayvnTikou KUpaTog

e Taxutnta HM kuparwyv

e Pwcg ka1 To HM @pdopua

« MéTtpnon tng Taxutntag Tou PwTog

 H Evépyeia HM kupatwyv 1o Aiavuopua Poynting
 H trieon TG akTivoBoAiag



31-1 Ta METOARBAAAOUEVA NAEKTPIKA
Tedia TTAPAYOUV HAYVNTIKA TTEDI

O N6pocg Tou Closed
path

Ampere Surface 2
OUOYXETI(El TO \
MOyVNTIKO TTEDIO N\
wEPIE NAeKTPIKOU _ 1
pevpartogc yeto (T
MOyVvNTIKO TTEDIO
MECO ATTO KATTOIX
ETTIPAVEIOQ.

Surface 1
[
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31-1 Ta HETABAAAOMEVA NAEKTPIKA
TEdIA TTAPAYOUV HayVvNTIKA TTEDIA

Na av iIoxuoel 0 VOUOG
TOU Ampere Ogv €XEl
onMaoia Trola ETIPAveIa
emIAEyoupe. NMpooédTe
OHWG TNV TTEPITTTWON
EKQOPTWONG TTUKVWTH:
UTTAPXEI PEUNA TTOU
TTEPVAEI TNV ETIPAVEIA 1
aAAG 61 HEOoO ATTO TNV
ETTIQAVEIA 2:

Copyright © 2009 Pearson Education, Inc.
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31-1 Ta HeTABAAAOUEVA NAEKTPIKA
Tedia TTAPAYOUV HAYyVNTIKA TTEDIA

1 TV AGyo auTO 0 VOHOG Tou, Ampere
TPOTTOTTOIEITAI VIO VO CUUTTEPIAABEI TNV
TTAPAYywYyn HayvnTikou 1Tediou, OTTWG OTNV
TTEPITITWON TOU TTUKVWTA:

— — d(I)E
B-di = Molenad T Mo€o It ;
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31-1 Ta HeTABAAAOUEVA NAEKTPIKA
Tedia TTAPAYOUV HAYyVNTIKA TTEDIA

‘Evacg TTUKVWTAG 30-pF £XEl aEPA METAEU TWV
KUKAIKWYV OTTAICHWY TTOoU £XOoUuV emigaveia A = 100
cm?. @oprTileTal amrd prrarapia 70-V péow
avriotaong 2.0-Q. Tnv oTiyd AHECWS META TNV
OUVOEDCT ME TNV MTTATOPIO EXOUME TO HEYIOTO PUBUO
PopTIoNG. Tn OTIYMA €KEivn BpEiTe (@) TO PEUHA TWV
OTTAICHWYV Kal (b) To puBuO peETABOANG TO NAEKTPIKOU
TTEDIOU TOU TTUKVWTA Kal (¢) To yayvnTiko 1Tedio TTou
TTAPAYETAI METAEU TWV OTTAICHWYV. YTTO00£0TE OTI TO

£dio TrepIopideTal NETAEU TWV OTTAICHWYV KAl OTI
€ival OJOYEVEG.
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APPROACH In Section 26—5 we discussed RC circuits and saw that the charge on
a capacitor being charged, as a [unction of time, 1s

0 = CVy(1 — 5O,
where V), 1s the voltage of the battery. To find the current at r = 0, we differentiate
this and substitute the values V, = 70V, C = 30pF, R = 2.0(L
SOLUTION (&) We take the dervative of (2 and evaluate it at ¢ = ()

Q| _ Vo] _ W _ 70V

= 2 = —— = 35A
dt |_, RC ., R 200

This is the rate at which charge accumulates on the capacitor and equals the
current flowing in the circuit at ¢ = (.

(b) The electric field between two closely spaced conductors is given by (Eq. 21-8)

p_ o _ QA

=Ty €0

as we saw in Chapter 21 (see Example 21-13).
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Hence

1E dQ/dt 35 A
on Ao, Ak — = 4.0 X 104 V/m-s.
flt eg A (8.85 X 1072 C3/N-m*)(1.0 x 1072 m?)

() Although we will not prove it. we might expect the lines of B. because of
symmetry, to be circles, and to be perpendicular to E, as shown in Fig. 31-4;
this is thc same symmetry we saw for the inverse situation of a changing
magnetic field producing an electric field (Section 29-7, see Fig. 29-27). To
determine the magnitude of B belween the plales we apply Ampére's law,
Eq. 31-1, with the current [, = :

— . ﬁ-r{l]f.'
B-di = —
‘% Hi€q At

We choose our path to be a circle of radius r, centered at the center of the plate,
and thus following a magnetic lield line such as the one shown in Fig. 31-4. For
r = 1, (the radius of plate) the flux through a circle of radius r is E(7r?) since E
18 assumed uniform between the plates at any moment. So from Ampere’s law
we have

d 2
B(2mr) = MlE[,E(ﬂr‘Ej

. dE

= EqTTF-——
Hp €y o
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A (face of
capacitor
plate)

E (out of paper)

FIGURE 31-4 Frontal view of a
circular plate of a parallel-plate
capacitor. E between plates points
out toward viewer: lines of B are
circles. (Example 31-1.)



i LE 3 3

We assume E = 0 for r = r,. so for points beyond the edge of the plates all the
flux is contained within the plates (area = wri) and &, = Emri. Thus
Ampere's law gives

|
B(2wr) = MUE(;:IT[HFEE]
= fn'rz—dﬁ
Mo €gTF At
01
T e
Mo€ory dE
B — * o=
2 dt [r =)

B has its maximum value at r = r, which, from either relation above (using
= VA/m=236cm),is
Ho€oly dE
B . =
e 2 dt
= (47 > 1077T-m/A)(8.85 % 1072 C*N-m?){5.6 >} 1072 m (4.0 % 10" V/m-s)
=12 % 107'T.

This is a very small ficld and lasts only briefly (the time constant RC = 6.0 x 107" 5)
and so would be very difficult to measure.
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31-1 Ta METOARBAAAOUEVA NAEKTPIKA
Tedia TTAPAYOUV HAYVNTIKA TTEDIX

O deUTEPOC OPOG OTO VOMO TOU Ampere €EXEl
VONAOEG PEUHATOG (TTEPAV TOU OPOU x), Kot
OVOLLACETO PEVLULO, LLETOTOTTLONC:

jgﬁd—} - .“’D(I ; lT]))f:l:ml

OTTOU
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31-2 O Nopocg Tou Gauss oTo HAyVNTIOMO

O vopog Tou Gauss ouvOEEl TO CUVOAIKO
QOPTIO TTOU TTEPIKAEIETAI ATTO IO ETTIPAVEIN
ME TO NAEKTPIKO TTEDIO TTOU TTEPVAEI HECO
OTTO TNV ETTIPAVEIQ.

To avTioToIX0o IoXUEI KAl YIO JOayVvVNTIKA
TedIA HEC ATTO KAEIOTEG ETTIQPAVEIEG.
E1reidon 0gv uTTAPYXOUV ATTOMOVWHEVA
MayvnTIKA TTEdia 0 NOopog Tou Gauss yia To
MOYyVNTIOMO Eival :

ﬂgﬁdi = 0,
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31-3 E§ilowoeigc Maxwell

Twpa EXOUME I TTARPNG CEIPA ECICWOEWYV
TTOU OUVOEOUV TO NAEKTPIKO KOI TO HAYVNTIKO
medio. O1 eCICWOEIC AUTEC oOvOUAlovTal
gCilcowoelc Tou Maxwell. T1a To Kevo ol
ECICWOEIC AUTEG Eival:

i
OE-d O

J €0

=
Tl
[

|

i

LS T
=
L
Tl

I

0

Ad ,

ﬂgEdf =

ﬁ‘dﬁ — ,U;DI == Ho€p

dd
dt
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31-4 Napaywyn HM kupatwyv

E@poocov HeTABAAAOHMEVA NAEKTPIKA
TEQIA TTOPAYOUV HOYVNTIKA KOl
METABAAAOMEVA HAYVNTIKA TTOPAYOUV
NAEKTPIKA, ATTO TNV OTIYMN TTOU
TTapayxOouv nuitovoeidn HM tredia, ToTE
auTd cuvexiCouv va dladidovTtal yova
TOUG (OUTOOUVTNPOUVTAI).

These propagating fields are called
electromagnetic waves.



31-4 Napaywyn HM kKupatwyv

TAAAVTWOEIC POPTIWYV ¥
mmapayouv HM kuuarta:
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31-4 Napaywyn HM kupatwyv

KovTd o€ J1a Kepaia

Ta TTedia siva +@
TTOAUTTAOKO KOl -
ovoudagovTal near i
field:
QD
: 1 0.0,
S
©
1] © &4
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31-4 Napaywyn HM kKupatwyv

2 & MEYAAEG ATTOOTACEIG ATTO TIG
KEPAIEG TA KUMATA Eival KATA
TTPOOCEYYION ETTITTEOQ:

/

o ©
Direction 1 |
— Of ®

wave travel
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31-4 Napaywyn HM kKupatwyv

Ta NAEKTPIKA KOl HAYVNTIKA KUMJOTO €ival
Kafeta otnv d1evBuvon d1adoong Tou
HM kOparog.

Direction
of motion
of wave




31-5 Taxutnta HM Kupatwy

ATTouCia PEUNATWY KOl POPTIWYV Ol,
gCilowoeic Maxwell TrpoBAETTOUVY:

ﬂ@

Ml
>
[

-

‘-—._e_‘}
tUl
>
I
-

_ AP
E-dl = ——~
a@ :
B-dl = i
— Mot Jf
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31-5 Taxutnta HM Kupatwy

To oxnua atreikovidel Eva HM KOpa pe pRKog
KUMOTOG A kKon ouxvoTnTad f. Ta niektpikd ko
LOYVITIKA TEOLO TTEPLYPAPOVTUL UTTO TIC GYECELS:

E A
; ,
E = E, = E;sin(kx — of) / T Ay T y
B = B, = Bysin(kx — o). / | I

sz .

B

=11 (=



31-5 Tayxurnta HM Kupatwyv

Epappolovrag To Nouo tou Faraday yia 1o
TTAPAAANAOYPAUHMO HE UWYOGS Ay Kot TAdTOS dX
Bplokovpe:

—>

E

=

/ "



31-5 Taxutnta HM Kupatwy

NMapopoiwg atmro Tnv 41
gCiowon Maxwell yia 1o
TTAPAAANAOYPOAUHO AZ
X dX, ppickovne

9B OF

dx B _MOEOST.



31-5 Taxurnta HM Kupatwyv

ATTO TIG OUO QUTEG OXECEIC BPIOKOUME OTI

OTroU, VvV Eival N TAaXUTNTA TOU KUMOTOG.
Me avTiKaTtaoTaon BPiOKOUNE,

1

v €0 Mo

Me avTikaTdoTaon n taxurnta €ivon 3.0 x 108
m/s — aKPIBWG ioN ME TN TAXUTNTA TOU
PwTOG! To ewg givalr HM kupua.

Copyright © 2009 Peal



31-5 Tayxurnta HM Kupatwyv

YT1roOETtoupe oT1 Eva HM KUpa ge ocuyxvoTnTa
60-Hz, gival nMITovoEeIdEG e diglBuvon
01adoong Tov Agova Z KAl TO HAYVNTIKO
Tedio £XEI KATEVUOUVON KATA MKOG TOU
agova x kal E; = 2.0 V/Im. N'payTe €§10WOEIG
YIO TO NAEKTPIKO KAl HAyvVNTIKO TTEdIO oav
ouUVvAPTNON TOU XPOVOU KOl METATOTTIONG.
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APPROACH We find A from Af = v = ¢. Then we use Fig. 31-9 and Eqs. 31-7
and 31-8 for the mathematical form ol traveling electric and magnetic flields of
an EM wave.

SOLUTION The wavelength 1s
¢ 300 % 10°m/s

A== — = 5.00 > 10°m.
f 6.0 5™
From Eq. 31-8 we have
2 21
k=% = = = 126 X 10 m™!

A 5.00 % 10°m
w = 2wf = 2wx(60.0Hz) = 377rad/s.

From Eq. 31-11 with » = ¢, we [ind that

F 200V /m ;
B, = — = _ “': = 6.67 % 107°T.
¢ 3.00 % 10°m/s
The direction of propagation is that of E % B, as in Fig. 31-9. With E pointing
in the x direction, and the wave propagating in the z direction, B must point in
the y direction. Using Egs. 31-7 we find:

E = i(2.00V/m)sin[(1.26 ¥ 10™"m™")z — (377 rad/s)1]

B = j(6.67 % 107" T)sin[(1.26 % 10 m™" )z — (377 rad/s )t
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31-6 To Pwcg givar HM kopa-To HM @aopua

H oxéon METAEU TG OUXVOTNTAG KAl
TOU UNKOUG KUMATOG TOU QWTOG €ival: ¢ = Af.

Wavelength (m)

3 X 104m 3m 3X 10%#m 3X108m 3 X 10712m
I i I i ! i { I } i
i ————— N —— m—
Infrared Ultraviolet Gamma rays
E Radio waves ~ Microwaves = X-rays
(e.g., radar) o
60 Hz ™M Cellular  Satellite i
(ac current) rt:(fi\;lo Lfl;}f( ]C]—!’—T};up phones TV
AP % S S S S ——
102 104 106 108 1010 1012 1014 1016 1018 1020
Frequency (Hz)
q y A=7.5X10"7m 4.0X10"m
f=4X10"Hz 7.5X1014Hz

Visible light
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31-6 To Pwcg givar HM kopa-To HM @aopua

BpeiTe TO MAKOG KUMATOG YIA
(a) HM kupa pe 60-Hz,
(b) Padio-kupa 93.3-MHz FM

(c) AKTivoBoAia laser ota 4.74 x 1014 Hz.



APPROACH All of these waves are electromagnetic waves, so their speed is
c = 3.00 % 10°m/s. We solve for A in Eq. 31-14: A = ¢/f.

3.00 X 10°m/s
SOLUTION (a) A = - = M/ _ 50 % 10°m.

f 6 s~
or 5000 km. 60 Hz is the [requency ol ac current in the United States, and, as we

see here, one wavelength stretches all the way across the continental USA.,
3.00 % 10°m/s

A= = 3.22m.
2 933 X 10°s" "
The length of an FM antenna is about half this (3A), or 14m.
| 3.00 % 10%m/s .
(c) A = = 033 % 107" m (=633 nm).

4.74 x 10" 7!

Copyright © 2009 Pearson Education, Inc.



31-6 To ®wcg givar HM kupa-To HM @daoua

H Kepaia EVOC KIVNTOU £XEI CUXVA NNKOG TO ¥4
TOU HNKOUG KUMATOG TNS aKTIVOBOAiag. Katrolio
Smartphone &xe&l 8.5-cm peTaAAIK paBdou
Kepaia. EKTIMEIOTE TNV OUXVOTNTA AEITOUPYIOG
TNG OUOKEUNG.

APPROACH 'The basic equation relating wave speed, wavelength, and frequency
is ¢ = Af: the wavelength A equals four times the antenna’s length.

SOLUTION The antenna is tA long, so A = 4(85cm) = 34cm = 0.34 m. Then

f=c¢/A=(3.0x10°m/s)/(0.34m) = 8.8 x 10°Hz = 880 MHz.

NOTE Radio antennas arc not always straight conductors. The conductor may be
a round loop to save space. See Fig. 31-21b.
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31-6 To Pwcg givar HM kopa-To HM @aopua

YTroB£0TE OTI CUVOMIAEITE NE KATTOIOV QiAO
oto Aovdivo. EkTIpyEioTE TTOCO XPOVO
Xpeladeral To «<onua» atmrod Tnv Néa Yopkn
ot1o Aovodivo gdv (a) ye oTaBepn ypauun

(b) MEOCW doPUPOPOU TTOU BPICKETAI OE
uypog 36,000 km.



APPROACH The signal 1s carnied on a telephone wire or in the air via satelhte. In
cither case it 1s an electromagnetic wave. Electronics as well as the wire or cable slow
things down. but as a rough estimate we take the speed to be ¢ = 3.0 x 10" m/s.
SOLUTION The distance from New York to London is about 5000 km.

(@) The time delay via the cable is 1 = d/c = (5 x 10°m)/(3.0 % 10 m/s) = 0.017s.
(b) Via satellite the time would be longer because communications satellites,
which are wsually geosynchronous (Example 6-6), move at a height of
36,000 km. The signal would have to go up to the satellite and back down,
or about 72,000 km. The actual distance the signal would travel would be a
little more than this as the signal would go up and down on a diagonal. Thus
t=d/c=72x10m/(3 % 10°m/s) = 0.24s.
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31-7 Mérpnon Taxutntag Tou PwTtdg

H Taxurnta Tou
PWTOGC NTAV
YVWOTO OTI gival
TTOAU JEYAAN
oAAd gival
TTETTEPACHEVN.

Mia onuavTIKi
METPNON OTTO TOV
Michelson, &kave
Xpnon
TEPIOTPEPOUEVOU
KATOTTTPOUV:

Copyright © 2009 Pearson Education, Inc.

Eight-sided #¥ Observer

rotating Stationary
mirror mirror I
(Mt. Baldy)

= Light
source
(Mt. Wilson)

< 35 km

Y



31-7 Mérpnon Taxutntag Tou PwTtdg

H «a1rodeKTN» TAXUTNTA TOU QPWTOG CNMEPT
givai

c = 2.99792458 x 180ml/s.

Kal XPNOIMOTTOIEITAI YIO TOV TTPOCOIOPICHO
(OpIOHO) TOU HETPOU.



31-8 Evépyeia HM KupaTwyv- 10
Alavuopua Poynting
H evépyela TTOU €ival ATTOONKEUUEV OTO

NAEKTPIKO KAl HayVvNTIKO TTEdIO TTPpOCdIopilEl TNV
ouvoAIkn evépyela Tou HM kUpaTog .
1 1 B?

U = ME+HB:§EOE2+2‘UJO

KaOg 1Tedio CUuVvEICPEPEI TO NUIOU:

1 2
i — EE[}E s




31-8 Evépyela HM kKupdatwv- To
Alavuopua Poynting

H Evépysia
METAPEPETAI ATTO
TO KUMO.




31-8 Evépyeia HM KupaTwyv- 10
Alavuopua Poynting

‘Evraon opi{oUulE TNV EVEPYEIA TTOU
METOWPEPETAI ATTO HIO HOVADA ETTIPAVEIOG
ava povada Xpovou:



31-8 Evépyeia HM kKupdaTwyv- TO
Alavuopua Poynting

2UVNOWCG pag evolagépel n Evraon S .

1 1 ¢ E@B{j
5 = "epelly = S— B =
QEDC 0 7 wo 0 ity
E s Bims
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31-8 Evépyela HM kKupdatwv- To
Alavuopua Poynting

H akTivofoAia atrd tov 'HAIo @Tdvel otn I'n pye pubuo
1350 J/s-m? (= 1350 W/m?). Edv utroBécoupe OTI
gxoupe Eva HM KUpa BpEiTe TIG MEYIOTEG TIMES TWV
mediwv E kai B.

APPROACH We solve Eq. 31-19a (S = le,cE}) for E, in terms of § using
S =1350J/s-m".

(2% ] 2(1350 J /s - m>
SOLUTION E, = ,-“E = ./ — [1 Ij )
Vege — V(885 x 1072C/N-m?)(3.00 X 10°m/s)

= 1.01 % 10° V/m.
From Eq.31-11, B = E/e, so

5 Ey _ 1.01 % 10°V/m 337 % 10T
! ¢ 3.00 % 10%m/s " |

NOTE Although B has a small numerical value compared to E (because of the

way the different units for E and B are defined), B contributes the same energy
to the wave as F does, as we saw earlier (Eqgs. 31-15 and 16).




31-9 lNieon Tng AKTIVOOAiag

EKTOC a1ro evépyela ta HM £xouv opun. Auto
oNMAivel 0TI NTTOPOUV VA ACKNOOUV dUvaun.

H trieon Tng akTivofoAiag gival avaAoyn Tng
gvraong. Eival eAaxiotn étav To KUHA
atroppo@nBei TTANPWCG :

P:—: EI T

F _1_dp 1 dU ES_
A Adf Ac dt i

[giggrbed]
Kal HEYIOTO OTNV TTEPITTTWON TNG TTANPOUG
avAKAaoNG :

P = E fully
T c reflected



31-9 lNieon Tng AKTIVOOAiag

H aktivoBoAia atrd tov 'HAlo @pTavel oTn 'n HETAPEPOVTOAG
evépyela ue puduod 1000 W/m2. Bpeite Tnv 1rieon Kai tn
OUVAMN TTOU OOKEITAI ATTO TOV NAIO OTO TTPOEKTETAMEVO XEPI
(oJo (of

APPROACH The radiation is partially reflected and partially absorbed, so let us
estimate simply P = §/c.

5 1000 W /m” :
SOLWUTION P = — = = 3 %X 107°"N/m".

c 3% 10°m/s /
An estimate of the area of vour outstretched hand might be about 10cm by
20cm, so0 A = 0.02m°. Then the force is

F = PA = (3x107°°N/m*)(0.02m?) = 6 % 107N,

NOTE These numbers are tiny. The force of gravity on your hand, for comparison,
is maybe a half pound, or with m = 02kg, mg = (0.2kg)(9.8 m/s*) = 2 N. The
radiation pressure on your hand 1s imperceptible compared to gravity.
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31-9 lNieon Tng AKTIVOOAiag

‘Exe1 rpoTtaBei n xpnon tng HAIOKAG
TiEONG yIa TNV TTpOoWONON

0100 TNMOTTAOCIWYV GTO NAIOKO CUCTNHA .
() TTOON OUVOMN OOKEITAI OE EVA «TTAVi-
KATOTTTPOO» dlaoTaocewv 1 km x 1 km,
Kal (b) Troo0 6a augnBei n TaxuTnTa £€vOog
dlaotTnuoTtTAoiou palacg 5000-kg, o€ eva
Xpovo; (c) Eav To d1a0TNMOTTAOIO ATOV
APXIKA aKivnTo TTOCO0 dIdoTnMa Ba g1XE
olavuoel oTov 1 XpoOvo;



APPROACH Pressure P is force per unit area, so F = PA. We use the estimate
of Example 31-7, doubling it for a reflecting surface P = 25/c. We find the
acceleration from Newton's second law, and assume 1t 18 constant, and then find
the speed from v = v, + at. The distance traveled is given by x = far’.
SOLUTION (a) Doubling the result of Example 31-7, the solar pressure is 25/c =
6 % 107°N/m’ Then the force is F = PA = (6 % Iﬂ‘“NﬁmE]{lﬂﬁmZ] = 6N,
(h) The acceleration is a = F/m = ﬁN}f{E[}{]ﬂ ko) = 1.2 % 107 m/s". The speed
increase is v — v, = af = (1.2 % 107 m/s*)(365 days)(24 hr/day)(3600s/hr) =
4 % 10°m/s (= 150 {H]ﬂ km;’h‘] [4: Starting from rest, this acceleration would
result in a distance of about zat” = 6 % 10" m in a year. about four times the
Sun-Earth distance. The starting point should be far from the Earth so the
Earth’s gravitational force is small compared to 6 N,

NOTE A large sail providing a small force over a long time can result in a lot of
motion.
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31-10 PadioTtnAeopaon-AcupuaTn
ETmikoivwyvia

To d1aypapa OEIXVEI TTWG EXOUME TNV
EKTTOMTT) paOIOPWVIKOU CHMaTOS. To onua
TTPOOTIOETAI OE KUNO HETAPOPAG.

Audio
signal

Audio
signgi]
Sound - (electrlcal)h
waves * d .
Microphone
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AF

> | amplifier

(amplified)

—_—

Mixer

Modulated
signal

RF
oscillator

RF signal = carrier

RF

> amplifier

Transmitting
antenna
—_—




31-10 PadioTnAedpaon-AcupuaTh
Emikoivwvia

H pi¢n onuartog Kail @opEa yiveral pe duo
TPOTTOUG. METARBOAN TOU TTAGTOUG TOU (POPEDG
aT1ro 10 ofua (AM):

N N

Program (audio)

Carrier

~

| - = 5 =S

- ~ ~y, -~
- ,

= - ~ .-/ . =

Total signal (AM)



31-10 PadioTnAedpaon-AcupuaTh
Emikoivwvia

MeTaBoAn TG CUXVOTNTAG TOU PPEAG ATTO TO
onua (FM):

/\/\/\

Program (audio)

Carrier

Total signal (FM)



31-10 PadioTnAedépaon-AcupuaTn
ETmikoivwyvia

2TNV TTAEUPA TOU OEKTN, TO KUMO ATTOCUVTIOETOI
EVIOXUETOI KOl OIOXETEUETOI OTO NXEio.

Receiving
antenna

RF

RF tuner
and amplifier

Y

signal
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Demodulator

Audio
signal

AF
amplifier

Loudspeaker

/,/




31-10 PadioTnAedépaon-AcupuaTn
ETmikoivwyvia

Antenna
H avTtéva Transistor

AQpBaveEl Tuping amplifier

KUMOTO ME circuit

TTOAAEG E ‘ @
ouxvorntes. H C
OUXVOTNTA TTOU

MO EVOIOWPEPEI
ETTIAEYETOAI ATTO 4
KATToIO0

OUVTOVIOTH.
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31-10 PadioTnAeopaon-AcupuaTn
Emikoivwvia

Mia euBUypapun Kepaia, ExXel HETABOARN TOU
PEUMATOG TNG AOYW TOU METUARBAAAOMEVOU
NAEKTPIKOU TTEQIOU. Z€ MIO KUKAIKN KEpaAia
EXOUME METARBOARN TOU PEUMATOS TNS AOYW TNG
METABOARG Tnipadyvnnkﬁg PONG.

0
J Current produced antenna B B
- T by electric field s
i nduce
curren
= Toreceiver
0
recei




31-10 PadioTnAeopaon-AcupuaTn
Emikoivwvia

BpeiTe TO NKOG KUMATOG YIO £€VO OTOONO TTOU
eKTTEMTTEI oTA 100 MHzZ.

APPROACH Radio is transmitted as an EM wave, so the speed is ¢ = 3.0 % 10°m/s.
The wavelength is found from Eq. 31-14, A = ¢/f.

SOLUTION The carrier frequency is f = 100 MHz = 1.0 % 10%s™!, so0

b
A= i — {3'{} <10 -mfs;l = 3.0m.
f (1.0 % 10%s7)
MNOTE The wavelengths of other FM signals (88 MHz to 108 MHz) are close to the
3.0-m wavelength of this station. FM antennas are typically 1.5 m long, or about a
half wavelength. This length is chosen so that the antenna reacts in a resonant
fashion and thus 18 more sensitive to FM frequencies. AM radio antennas would
have to be very long to be either A or A
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Ke@daAaio 32
dwg: AvakAaon Kai
Ai1aBAaon




Mepiexoupeva KepaAaiou 32
MewpeTPIKA Bewpnon Tou PwTog
AvakAaon
Anuioupyia e1I0WAoOU aT1Td KATOTTTPA.
AgikTng A1dBAaong
Noupog Tou Snell
Opatdé Pdopua kai AiaoTropd
EocwTtepIkn avakAaon
OTITIKEG iVEG

A1GBAaonN o€ CPAIPIKES ETTIPAVEIES



32-1 NewpeTpikn OTTTIKNA

To @Wcg KiveiTe eVBUYpapua (cuvROwg).
AvVOTTAPICTOUHE TO WG ME EVUOEIEC YPAMMEG
TTOU TTNYAlouV aTro KATrolda TTNyn.

This bundle
_ enters the eye




32-2 AvakAaon amro ETitredn Emi@aveia

NOMOG TG aAVAKAOONG: YWVIO TTPOCTITWOEWS
gival ion M€ TNV YWVIA aVAOKAACEWG.

Normal

to surface
|
|
|
|

|
Angle of | Angle of
. incidence ! reflection
Incident 0. ! o Reflected
light ray TS light ray

~——
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Normal

to surface
|
|
|
|

|
Angle of | Angle of
incidence : reflection




32-2 AvakAaon atro Etmritredn Emipaveia

OTtav n emi@aveia avakAaong eival adpn, TOTE O
VOHMOG avakAaong ouveXilel va 1I0XUElI aAAQ
EXOUME MIO KKATOVOMN» YWVIWV TTPOCTITWOEWV.
MiAoUueE yia d1axuTn avakAaon.




32-2 AvdkAaon oatro Emitredn Emi@dveia

Eye at both
3 positions sees
Ma’Tnv o1ayuTn ) ey positions
avakAaon $ light
”, O
«BAETTOUNE» TO e 4 7
OVOKAWHMEVO QWG Q
3 : SRS
OXEOOV O€ OAEG TIG AN
vywvieg. MNa
KKOVOVIK» The eye here
, ’ does not see
avakAoon, TO AT reflected light  The €¥e here
, oes see
MOGC TTPETTEI VA < % reflected light
BpioKeTal OTNV N <)

«OWOoTA» YIA VA
o€l pWG.
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32-2 AvdkAaon oatro Emitredn Emi@dveia

AUo eTTiTreda KATOTITPA €ival KAOETN METASU TOUG. Mia e1cepXOpEVN OEON
PWTOG TTPOCKPOUEI OTO TTPWTO KATOTITPO ME Ywvia 15° BpeiTe TN ywvia
avakAaong Tou SEUTEPOU KATOTITPOU.

15° 155 T~

SOLUTION In Fig. 32-5h, 6, + 15° = 90°, so #, = 757 by the law of reflection
A, = #, = 757 too. The two normals to the two mirrors are perpendicular to each
u::lh::r. SO 6, + 65 + 9" = 1807 as for any triangle. Thus

= 1807 — 90° — 75" = 15", By the law of rellection, 8, = 6; = 157, so
E:'J5 = 75" 18 the angle the reflected ray makes with the second mirror surlace.

NOTE The outgoing ray is parallel to the incoming ray. Red reflectors on bicycles
and cars use this principle.




32-2 AvdkAaon otro Emritredn Emi@adveia

To €iOWAO EVOG AVTIKEINEVOU O€ EVA £TTITTEOO
KAOPETTTN (KATOTITPO) Molalel oav va BpioKeTal
TTioW AaTTO TOV KAOPETTTN.

To €idwAo ovopadeTal
e KEIKOVIKO OVTIKEIMEVO»
Kal BpioKeTAI OE
aTTéoTAON iON ME TNV
ATTOCTOCN TOU
TTPAYMATIKOU
OVTIKEINEVOU ATTO TOV
KABPETTTN,.

Reflecting
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32-2 AvdkAaon oatro Emitredn Emi@dveia

Mia @oitATpia Uyoug 1.60

m kKaBpetrrifeTal. Molo To
gA\Gx10TO VYOG TOU o
KABPETTTN KAl TTO00 YnAd
TTPETTEI VA BPICKETAI ATTO
TO 0ATTEdO WOTE VA 1.50 m
MTTOPEI Vva «BAETTEI» OAO
TNG TO CWHA; YTToBEoTE
OTI TA MATIO TNG
BpiokovTtal 10 cm KATW
aT1TO TO TTAVW MEPOG TOU
KEPAAIOU TNG.

=]
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APPROACH For her to sce her whole body, ligm%m — ;
and from the bottom of her foot must reflect fr '
see Fig. 32-8. We don’t show two rays divergi
Fig. 32-7, where we wanted to find where the 1.50m
image is the same distance behind a plane mirrc
need to show one ray leaving point G (top of h
(her toe), and then use simple geometry.

Mirror

Fy

SOLUTION First consider the ray that leaves her foot at A, reflects at B, and enters the
eye at E. The mirror needs to extend no lower than B. The angle of reflection equals
the angle of incidence, so the height BD 1s half of the height AE. Because
AE =160m - 0.10m = 1.50m, then BD = 0.75m. Similarly, il the woman is
to see the top of her head, the top edge of the mirror only needs to reach pont E
which is 5Scm below the top of her head (half of GE = 10 cm). Thus, DF = 1.55m,
and the mirror needs to have a vertical height of only (1.55m — 0.75m) = 0.80 m.
The mirror’s bottom edge must be 0.75m above the floor.

NOTE We sce that a mirror, if positioned well, need be only half as tall as a
person for that person to see all of himself or herself.

Copyright © 2009 Pearson Education, Inc.



32-3 EiIOWAa Z@aipiIkKwv KaToTrTpwyv

O1 o@aIpIKOi KABPETTTEC NTTOPOUV VO AVAKAOUV
EITE ATTO TNV ECWTEPIKN TOUG ETTIQAVEIA (KOIAN-
concave) €iTe a1ro TNV eEWTEPIKN (KUPTA-CcONveX).

Normal —~ _
to surface ST
Gi /

Rays
from
distant
source

Convex
MmIrror
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’_9 =
Normal —___ 1,\/9’
to surface” 4

Concave
mirror



32-3 EIOWAa Z@aipIKwVv KaTtotrTpwy

AtopEG (OKTIVEG) TTOU TTHYAlOUV ATTO
MEYAAN atTOOTAON Eival OTNV OUCIA
TTAPAAANAEG.

Mirror
—7 )
—  These rays strike the

mirror, and they are
essentially parallel.
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32-3 EiIOWAa Z@aipiIkKwv KaToTrTpwyv

2PAIPIKO ZPAAuaQ:

-
Ol AVAKAQOEIG .
TTAPAAANAWYV -
OKTIVWV QPWTOG ATTO
KoiAo kartotrtrpo, AEN -
O1EpyxovTal atmrod 10 >
i

i010 onpeEio.
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32-3 EiIOWAa Z@aipiIkKwv KaToTrTpwyv

10 KATOTTITPO ME MIKPN KAMTTUAOTNTA TO
«OQ@AANO» (EKTPOTTH) €ival MIKPO KOl TO ONMEIO
TOMEIC TWV OVOKAACEWY OVOMALETAI EOTIA.

Principal
axis
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32-3 EiIOWAa Z@aipiIkKwv KaToTrTpwyv

ATTO TNV YEWMETPIA TOU CUCTAMATOS BPICKOUME
OTI, N EOTIOKNA ATTOCTOON €ival TO AMIOU TNG

OKTIVOG KAMTTUAOTNTAOG:

f = g |spherical mirror|

Ta ocpaipika ceaAuara umropeEi va BeATiwOouy ue
TNV XPHon mapaBoAIKwyv Karomrrpwy. To KOOTOC
KATAOKEUNG Eival OWC TTOAU UEYAAUTEPO KAl
ETTOUEVWC HOVO O€ ECAIPETIKEC TTEPITITWOEIC
Xpnoigorroiouvrail (1. X. O£ TNAECKOTTIA)
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32-3 EiIOWAa Z@aipiIkKwv KaToTrTpwyv

Mo Tov oXNUATIONO TOU £10WAOU
XPNOIMOTTOIOUME TPEIGC OKTIVEG PWTOG TTOU
TTNYAouVv aT1TO TO OVTIKEIMEVO.

1. Mia TrTapAAANAN OECUN META TNV OVAKAOON
OIEPXETAI OTTO TNV EO0TIA.

2. Mia O€oun TTOU DIEPYETAI OTTO TNV EOTIA
avakKAAQTal TTapAAANAG oTOV AEOVA TOU
KATOTTTPOU.

3. A£OMN KABETN OTO KATOTTTPO ETTICTPEPEI OTO
EQUTO TNG. .
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32-3 EiIOWAa Z@aipiIkKwv KaToTrTpwyv

0O 1
Ray 1 goes out from s .
O’ parallel to the axis (.: t F
and reflects through F. 1 O < F A

Ray 2 goes through F
and then reflects back
parallel to the axis.

Ray 3 is chosen perpendicular
to mirror, and so must reflect
back on itself and go

through C (center

of curvature).

Diverging rays
heading toward eye
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32-3 EIOWAa Z@aipIKwVv KaTtotrTpwy

H Toun Twv TpIiwyv deCHWYV TTPOoodIopPIlEl TV
0Eon ToU £10WAOU TOU CUYKEKPIMEVOU OTUEIOU
TOU aVTIKEINEVOU. [Na TO OXNUATICHO TOU
TTARPOUG EI0WAOU TOU OVTIKEIMEVOU
eTavaAauBAavoupe yia OAa Ta onuEia.



32-3 EiIOWAa Z@aipiIkKwv KaToTrTpwyv

[EWMPETPIKA NTTOPOUNE VO
TTPOCOIOPICOUUE TNV OXEON AVTIKEIMEVOU
£10WAOU KOl ECTIOKNS ATTOOTAONG EVOG
KATOTTTPOUV:
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32-3 EiIOWAa Z@aipiIkKwv KaToTrTpwyv

H peyébuvon (AOyog d1aoTACEWYV EI0WAOU Kl
AVTIKEINEVOU) OIOETAI ATTO TNV OXEON:

To apvnTIKO TTPOOCNMO ONAWVEI OTI TO EIDWAO
Eival OVECTPOAMMEVO.

Copyright © 2009 Pearson Education, Inc



32-3 EIOWAa Z@aipIKwVv KaTtotrTpwy

‘Eva diapavTtevio OakKTUAIdI Uyoug 1.5 cm
TotroBeteiTal 20.0 cm aT1rod £€va KoiAo
Katotrtpo pE akTiva 30.0 cm. Bpeite (a) Tnv
0<on Tou £10WAo0U Kal (b) To uEyeboG.



APPROACH We determine the focal length from the radius of curvature
(Eq. 32-1), f = r/2 = 15.0em. The ray diagram is basically like that shown in
Fig. 32-16 (repeated here on this page). since the object is between F and C. The
position and size of the image are found from Eqgs. 32-2 and 32-3.

SOLUTION Referring to Fig. 32—-16, we have CA = r = 30.0cm, FA = f =15.0 cm,
and OA = d, = 20.0 cm.

(a) From Eq. 32-2,
1

1
d ~ f d
1 |

- . _ _ _
15.0em  20.0 ecm 0.0167 cm™".

So d; = 1/(0.0167 cm™) = 60.0 cm. Because d, is positive, the image is 60.0 cm
in front of the mirror, on the same side as the object.



(b) From Eq. 32-3, the magnification is

m = — —

60.0 cm
= — = —3.00.
20.0 cm 00

The image is 3.0 times larger than the object, and its height is
hy = mh, = (—=3.00)(1.5em) = —4.5cm.

The minus sign reminds us that the image 1s inverted, as in Fig. 32-16.

NOTE When an object is further from a concave mirror than the focal point, we
can see from Fig. 32-15 or 32-16 that the image is always inverted and real.
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32-3 EIOWAa Z@aipIKwVv KaTtotrTpwy

Edv TO avTiKeEiyevo TOTTO0ETNOEI OTNV BEON
TOU £10WAO0U, TO VEO EiIOWAO o€ TTOI0 BE0N
0a oxNUATIOTEI;




32-3 EIOWAa Z@aipIKwVv KaTtotrTpwy

Edv TO avTiKEIiNEVO BPICKETAI OE ATTOCTOON
MEYOAUTEPN ATTO TNV AKTIVA KAMTTUAOTNTOG, EVOG
KOIAOU KATOTTTPOU, TO £i0WAO Ba gival
OVECTPOMMEVO, MIKPOTEPO KAl TTPAYHOATIKO.

Image %\
of your R |
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32-3 EIOWAa Z@aipIKwVv KaTotrTpwy

AvTIKEipeVOo Upoug 1.00-cm BpioKeTal O€ ATTOCTAON
10.0 cm atrd KoiAo KaBpErrTn pe akTtiva 30.0 cm. (a)
ZwWypa@ioTe TO EiIOWAO Kal TNV HeEyEBuvonN
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APPROACH We draw the ray diagram using the rays as in Fig. 32-15, page 844.
An analytic solution uses Eqs. 32-1, 32-2, and 32-3.

SOLUTION (a) Since f = r/2 = 15.0cm, the object is between the mirror and
the focal point. We draw the three rays as described earlier (Fig. 32-15); they are
shown leaving the tip of the object in Fig. 32-17. Ray 1 leaves the tip of our
object heading toward the mirror parallel to the axis, and reflects through F. Ray 2
cannot head toward F because it would not strike the mirror; so ray 2 must
point as if it started at F (dashed line) and heads to the mirror, and then is
reflected parallel to the principal axis. Ray 3 1s perpendicular to the mirror, as
before. The rays reflected from the mirror diverge and so never meet at a point.
They appear, however, to be coming from a point behind the mirror. This point

locates the image of the tip of the arrow. The image is thus behind the mirror and
is virtual. (Why?)

Copyright © 2009 Pearson Education, Inc.



(h) We use Eq. 32-2 to find d; when d, = 10.0 cm:

1 1 1 - 1 B 1 o 2-3 1
d; f d, 15.0cm 10.0 cm 30.0 cm 30.0 cm
Therefore, d; = —30.0cm. The minus sign means the i1mage 1s behind

the mirror, which our diagram also told wus. The magnification is
m = —di/d, = —(—30.0cm)/(10.0cm) = +3.00. So the image is 3.00 times
larger than the object. The plus sign indicates that the image is upright (same as
object), which is consistent with the ray diagram, Fig. 32-17.

NOTE The image distance cannot be obtained accurately by measuring on
Fig. 32-17, because our diagram violates the paraxial ray assumption (we draw
rays at steeper angles to make them clearly visible).

NOTE When the object is located inside the focal point of a concave mirror
(d“ < f’), the 1mage 1s always upright and vertical. And 1if the object O 1n
Fig. 32-17 1s you, you see yourself clearly, because the reflected rays at point O
are diverging. Your image 1s upright and enlarged.
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32-3 EIOWAa Z@aipIKwVv KaTtotrTpwy

Mo KUPTA KATOTTTPA TO

r V 4 Y 4 > : /’
gidwAo Elval TavTa L =5 -
EIKOVIKO, HIKPOTEPO KAl - 2FN C
op0i0.
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32-3 EIOWAa Z@aipiIKwv KaToTrTpwyv
NMwg AUvoupe TTPORBAAMATO HE CPAIPIKA KATOTITPO

1. Zxed1aloUME TNG OECHES PWTOG KAl BPiCKOUUE TO ONEio
TOMEIG.

2. E@apuOlOUNE TIG ESI0WOEIS TOU KATOTTTPOU KOl TNG
MEYEOuUvVONG.

3. 2ZUMBAOCEIC TTOCIMWYV: €AV TO AVTIKEIMEVO 1) TO €idWAO
BpioKeTal OTNV TTAEUPA TNG AVAKAAOTNG TO KATOTITPOU N
ATTOCTAOCEIG €ival OETIKEG. AIAQOPETIKA Ol ATTOCTACEIG
gival apvnTiKEG. H peyéBuvon gival OeTikA oTav 1O
giOWAO gival 6p0io Kal apvnTIKO OTaV gival
OVTECOTPOMMEVO.

4, ENEYXOUME OTI TO ATTOTEAECHO CUMPWVEI ME TO
O1AypaApMa TWV OECHWV.
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32-3 EIOWAa Z@aipIKwVv KaTtotrTpwy

O KaOpETTTNG EVOG
OQUTOKIVRTOU gival
KUPTOG ME akTiva 16.0
m. Bpeite TNV B€on ToU
£10WAOU Kdal TNV
MEYEBUVON YIa Eva
OVTIKEIMEVO OE€
ammréoTtaonl0.0 m.
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SOLUTION

1. Draw a ray diagram. The ray diagram will be like Fig. 32-19b, but the large
object distance (d, = 10.0m) makes a precise drawing difficult. We have a
convex mirror, so r 18 negative by convention.

2. Mirror and magnification equations. The center of curvature of a convex
mirror is behind the mirror, as is its focal point, so we set » = —16.0m so that
the focal length is f = r/2 = —8.0m. The object is in front of the mirror,
d, = 10.0m. Solving the mirror equation, Eq. 32-2, for 1/d; gives

1 | 1 1 1 —10.0 — 8.0 18

d~ f d, —-80m 10.0m 80.0 m  80.0m

Thus d; = — 80.0m/18 = —4.4m. Equation 32-3 gives the magnification

l’ii (_4.4 I'l'lj 10.44
m = —— = — = A
d, (10.0m)
3. Sign conventions. The image distance 1s negative, —4.4m, so the image is
behind the mirror. The magnification is m = +0.44, so the image is upright
(same orientation as object) and less than half as tall as the object,

4. Check. Our results arc consistent with Fig. 32-19b.
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32-4 Agiktng A1aBAaong

, TABLE 32-1 Indices of
['evika TO WG Refraction’

emIBpaduveTal OTAV

z 7 £ Material ==
TePVAEl HEGA ATTO aterta "
UAIKa. O BEI'KTr]g Vacuum 1.0000
O1d0AaonNG evOG UAIKOU  Air (at STP) 10003

- z Water 1.33
EIVG’| o )\OYOQ ™me i Ethyl alcohol 1.36
TAXUTNTAG TOU QWTOG Glass

4 Fused quartz 1.46

oTO ’KSVO )[4 'ITPOQ’TT]V Crown glass 152
TAXUTNTA TOU QPWTOG Light flin 58
péoa a1TTO TO UAIKO. Luc¥te or Ple)i;lglas 1.51
Sodium chloride 1.53

Diamond 2.42
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32-5 AlaBAaon Nopog Tou Snell

2& HI1a OIOXWPICTIKE ETTIPAVEIO N TTOPEIA TOU PWTOG
aAAadlel. To @aivopevo ovopacletal d1a0Aaon. H ywvia
O1a6Aaong gival n ywvia Tng véag dieubuvong pEoa aTtrod
TO UAIKO WG TTPOG TNV KABETO OTO ONUEIO TTPOCTITWOEWG
oTNV OIOXWPEICTIKA ETTIPAVEIQ.

Normal
| Normal
Source I |
fidert | Reflected E{efracted :
ray : ray ’ |
5} | 92 |
| Air (ny) | Air (n,)
I Water (1,) Reflected | Water ()
o, ray 0, £2§1dent
I
| Refracted :
| o | %Source
nz - nl nl > T’lz

Ray bends toward L
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32-5 AlaBAaon Nopog Tou Snell

Foot appears
to be herc ™.
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32-5 AlaBAaon Nopog Tou Snell

H ywvia d1a0Aaong trpoodiopileTal atrd
TOV VOuO Tou Snell:

nsme; = n,sino,.
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32-5 AlaBAaon Nopog Tou Snell

Air Glass Alir

Mia OEoUN PWTOG TTEPTEI
TTAVW OE EVA KOMMATI
(TrapaAANAeTTITTEDO)
YUOAIOU PJE ywvia 60° Eav
o O&ikTng d1aBAaong ival
1.50, (a) BpeiTe TNV ywvia
d1a6Aaong 4, (b) Tnv
Ywvia 6, E§0dou Tng
O£0MNG ATTO TO YUQAI.

Ray
from
object

/“Image” (where object
appears to be) when
viewed through the
glass
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APPROACH We apply Snell’s law at the first surface, where the light enters the
glass, and again at the second surface where it leaves the glass and enters the air.
SOLUTION (a) The incident ray is in air,so n, = 1.00 and n, = 1.50. Applying
Snell’s law where the light enters the glass (Ei] = 6{]“') gives

1.00

sinfl, = ﬁsin 60° = 0.5774,

so 0, = 35.3".

(b) Since the faces of the glass are parallel, the incident angle at the second
surface is just 6, (simple geometry),so sinf, = 0.5774. At this second interface,
n, = 1.50 and n, = 1.00. Thus the ray re-enters the air at an angle g [= Hg)
given by

1.50

sinflyp = msinHA = ().866,

and Ay = 60°. The direction of a light ray is thus unchanged by passing through
a flat piece of glass of uniform thickness.

NOTE This result is valid for any angle of incidence. The ray is displaced slightly
to one side, however. You can observe this by looking through a piece of glass

(near its edge) at some object and then moving your head to the side slightly so
that you see the object directly. It “jumps.”
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32-5 AlaBAaon Nopog Tou Snell

Ta yuaAid evog KOAUMBNTH £TTECAV OTOV
TTATO MIOG TTIoivag JE EvOelgn Badoug 1.0 m.
2TOV KOAUHBNTA OpWG TO BABOC poladel
TTOAU pIkKpOTEpO. TMaTi; Ti1 BaBog poiadlel va
EXEI N TIOIVA OTAV KOITAME KABETO OTNV
ETTIPAVEIO TOU VEPOU,;



APPROACH We draw a ray diagram showing two rays going upward from a
point on the goggles at a small angle, and being refracted at the water’s (flat)
surface, Fig. 32-25. The two rays traveling upward from the goggles are refracted
away from the normal as they exit the water, and so appear to be diverging from
a point above the goggles (dashed lines), which 1s why the water seems less deep
than it actually is.

SOLUTION To calculate the apparent depth 4" (Fig. 32-25), given a real depth
d = 1.0m, we use Snell’s law with n, = 1.33 for water and n, = 1.0 for air:

sinfl, = n;sinf,.

We are considering only small angles, so sinf = tanf = #, with # in radians. So
Snell’s law becomes

E: = H|H|_.
From Fig. 32-25, we see that

X
and #, = lanfl, = —

#: = lanf, = — .
: : d’ d

Putting these into Snell's law, 8, = n,8,, we get

LN
4 My

T
. d  10m )
' = - = 5= = 075m.

The pool seems only three-fourths as deep as it actually is.




32-6 Opato daocua AlaocTtropda

To 0paTO @ACHA TTEPIEXEI TTOAAEGC CUXVOTNTEG
TTOU Eival «OPATES» OTO AVOPWITIVO MATI.

400 nm 500 nm 600 nm 700 nm
YTrePIWOEG Y1épubpo

Ultra violet Ultra red
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32-6 Opato daocua AlaocTtropda

['a TTOAAQ UAIKAG 0 O€ikTnG O1a0Aaong aAAadel
oaVv CUvVAPTNON TOU NAKOUG KUMOTOG. AUTOG
gival Kal 0 AOyog TToOU OPICHEVA UAIKA, OTTWG TA
TTPICHATO NTTOPOUV VA XPpNOINOTTOINOOUYV YIa
VO OVOAUCOUNE TO WG OTIC CUVIOCTWOEG TOU.

1.7
E\\S@ate flint glass
- C
'qé ] - Borate flint glass
:ﬂg E— Qu!artz
:c_% — Silicate crown glass
< 1.5 '
& C —_ ; .
— used quartz o) ]
- Ct
- Wall or
1.4 SCreen
400 500 600 700
Wavelength (nm)
Violet Blue Green Yellow Orange Red
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32-6 Opato daocua AlaocTtropda

H avdAuon Tou @wTOG OTA ETTINEPOUG
«XPWHATA» (CUXVOTNTEG) ovoudaleTal dlaoTTOPA

These two rays

are seen by
observer (not
to scale)
Green
' Blue
& Violet
' Violet
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32-6 Opato daocua AlaocTtropda

TOo XpPWHO AVTIOCTOIXEI OE CUYKEKPIMEVO MNKOG
KUMOTOS. Edv KATTOI0 AVTIKEIMEVO EKTTEMTTEI
Pw¢ ota 650 nm, TTOU OTOV Oépa Ba NTaV
KOKKIVO, OTO VEPO, AOyw TOU OINPOPETIKOU
O€iKTn O1AO0AAONG TO «VEO-PAIVOUEVOAOYIKO»
MAKOG KUMaTog Oa gival 650 nm/1.33 = 489 nm,
TTOU OTO aépa Ba ATav pTrAe. MNarti Ouwg 10

MATI pag ouveXidel va TO AVTIAOQUBAVETAI WG
KOKKIVO;



32-7 ECWTEPIKN avakKAaon

OT1av n d100Awpevn ywvia gival 90° dnA n
eCEPXOMEVN OECHUN aKOAOUBEI TNV OIOXWPEICTIKN
EMIPAVEIN OUO UAIKWV, TOTE N YWwVid
TTPOCTITWOEWG OVOMAJETAI KPIOIMN YWvia

....
....
S

i
../



32-7 ECWTEPIKN avakKAaon

Mépav TNS KPIGIMNG YWViaG 6, V
N S1aXWPICTIKA ETTIQAVEIX Ny

Opa WG KATOTTTPO KAl o
EXOUME OAIK} avAKAaon. )

| |
ny (< ny) /g K L

0, O |

Source
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32-7 E@apuoyég EcwTeEPIKNG

Y 4
avakAaong
"“; ______________ \\\
! N
| I \\
! \
< ___, !
|
| |
\ =T
\\ [
N U
N\ \
M_T __________ I—.—Lﬁ
: !
=




32-7 OTrTIKEG ‘Iveg

Mia TTOAU ONMOVTIKA EQAPHOYN TNG ECWTEPIKNG
aVAKAQONG €ival Ol OTITIKEG iVEG. ETTITUYXAVOUME
01a000N PWTOG ME EAAXIOTES ATTWAEIES VIO TTOAU

MEYAAEG ATTOOTACEIG.



32-8 AIaBAaon og oPaIPIKA
ETTIQAVEIX

H KUPTEC DIAXWPICTIKEG ETTIPAVEIES
£0TIACOUV TNV OECHUN TOU PWTOG.




32-8 AIaBAaon og oPaIPIKA
ETTIQAVEIX

Mia KOiAn O10XWEICTIKA ETTIPAVEIQ
OTTOKAIVEI TNV OECHN.




32-8 A1dOAaon o€ ocPAIPIKA
ETTIQAVEIA
Mia TTnyn @wTtog BpiokeTal 25.0 cm a1rdé TO KEVTPO

MI0G YUAAivng o@aipag pe aktiva 10.0 cm. Bpeite
TO €idWAo0.

~

I } Source (.j\& '

R=10.0cm

I,



APPROACH As shown in Fig. 32-41), there are two relractions, and we treat them
successively, one at a time. The light rays from the source first refract from the
convex glass surface facing the source. We analyze this first refraction, treating it
as in Fig. 32-36, 1gnoring the back side of the sphere.

SOLUTION Using Eq. 32-8 (assuming paraxial rays) with »n, = 1.0, n, = 1.5,
R =100cm, and d, = 25.0cm — 10.0cm = 15.0cm. we solve for the image
distance as formed at surface 1, d;:

1 1({::1 n.}_ﬂ,)_ | (Ij—H}_ 1.0 ) I
diy N2\ I i, 1.5 10.0ecm 15.0em 9.0 cm

Thus, the mmage of the first refraction is located 90.0cm to the left of the
front surface. This image (/,) now serves as the object for the refraction occurring
at the back surface (surface 2) of the sphere. This surface is concave so

E = —10.0 cm, and we consider a ray close to the axis. Then the object distance 1s
dya = 900em + 2(100cm) = 110.0em, and Eq. 32-8 vields, with n, = 1.5,
n, = 1.0,

1 _ 1 (l,ﬂl - 1.5 l.5 ) _ 4.0

o 5 1.0 4 —10.0 cm 110.0 c¢m 110.0 cm

50 i = 28 cm. Thus, the final image is located a distance 28 cm from the back
side of the sphere.
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Ke@aAaio 33
dakoi Kal OTTTIKAG ZTolXEia

subtends_a-=

N when you “focus”

on the object *

part (b), in wh_i:;?w-""'"—r-
)

magnification or magnifying power, eye, Lo

" - = ; “gular
angle subtended by an object when using R atio of the
unaided eye, with the object at the nea i Subtended using the

J. : 74
normal eye): i the eye (N =25cm for a

(33-5)

‘ rite M in terms of the focal
where 6 and 6’ are shown in Fig. 3 33. ' = h/d, (Fig.33-33a), where

. length by noting that 6 = h/N (F1g —7/Agles are small so 6 and 6" equal
A o1 least eye strain), the image will

\, /2 is the height of the object and we assv/. ., s point: oo, Big:. 5354
Nheir sines and tangents. If the eye is ’
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Mepiexopeva KepaAaiou 33

o AetrToi Pakoi-Aladoon AKTivag

 ECicwon Aetrtou Pakou-MeyéOBuvon

e 2UvOUAONOG DaKwV

e O1 eiowon Tou OTTTIKOU

e Pwrtoypa@ikéc Mnyaveég : Wnelakég kai QIAp
e To AvBpwTrivo Mari,

cAlopOwTika NuaAida

MeyeOuvTiIKA TnAeoKOTTIO

2 UvOeTO MIKPOOKOTTIO

2 @aApata Katotrrpwy Kol Dakwv



33-1 Aetrroi @akoi-Aiadoon AKTivag

AETTTOC PAKOC €ival EKEIVOG TTOU TO TTAXOG TOU
gival TTOAU HIKPOTEPO ATTO TNV AKTIVA

KOMTTUAOTNTAG TOU. YITAPXOUV CUYKAIVOVTEG KAl
(a) aTrOK)\iVOVT

Double Planoconvex Convex
convex meniscus

(a) Converging lenses

1)

Double Planoconcave Concave
concave meniscus

(b) Diverging lenses
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33-1 Aetrroi @akoi-Aiadoon AKTivag

. »
i { X F__ Axis
—— \
.
EoTiaon \/ F |
I |

TTAPAAANAWYV
AKTIiVWV.
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33-1 Aetrroi @akoi-Aiadoon AKTivag

ATTOKAION OE0UNG
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33-1 Aetrtoi @akoi-Aiadoon AKTivag

H 10XU¢ evOog @aKkouU gival avTioTpo®n TnG
E0TIOKNAG ATTOCTAONG

H povadacg i1oxuocg gival n d10TrTpa, D:

1D=1m



33-1 Aetrroi @akoi-Aiadoon AKTivag

Center line
Object 1
1 Ray 1 leaves one point on object
going parallel to the axis, then
9) F.’ refracts through focal point behind

the lens.

Ray 2 passes through F' in front of the
lens; therefore it is parallel to the axis
behind the lens.

Ray 3 passes straight through the
center of the lens (assumed very thin).
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33-1 Aetrtoi Pakoi-Aladoon AKTivag

T1 0a cupPei edv KOAUWOUE TO
TTAVW HICO EVOC POAKOU ME XOPTOVI,

MOvVOo N PWTEIVOTNTO MEIWVETAI.
To €idWA0 TTaOPAMEVEI AVAAAOIWTO
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33-1 Aetrroi @akoi-Aiadoon AKTivag

['a atToKAIVvOovTa POAKO, TO €idWAO gival 6p0io
Kl EIKOVIKO.
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33-2 H €€icwon Tou AETTTOU POKOU-
MeyEObuvon

H e€iocwon Tou AeTTTOU OKOU £ival avaAoyn
TOU KOTOTTTPOU:

11
dy  d, = 7 == =




33-2 H €€iocwon Tou AETTTOU POKOU-
MeyEObuvon

Moia givail (a) n 8€éon kai (b) To pEyedog Tou
£10WAOU £vOG UAOU, UYoug 7.6-cm TTouU
Bpioketal 1.00 m a1rd OKO ME ECTIOKN
atrootaon +50.0-mm.

100 cm




Cop _

1. Ray diagram. Figure 33-11 is an approximate ray diagram. showing only
rays 1 and 3 for a single point on the leaf. We see that the image ought to be a
little behind the focal point F, to the right of the lens.

2. Thin lens and magnification equations. (a) We [ind the image position

analytically using the thin lens equation, Eq. 33-2. The camera lens is
converging, with f = +5.00cm, and d, = 100cm, and so the thin lens
equation gives

1 1 1 - 1 _ 1
d; fod, 5.00cm 100 cm
200 — 10 19.0
~ 100em  100cm
Then, taking the reciprocal,
100 cm
ff‘l - 190 = 5.26.cm,
or 52.6 mm behind the lens.
(£) The magnification 1s
o _di 526em
m = 1 T00om 0.0526,

S0
hy = mh, = (—0.0526)(7.6cm) = —0.40cm.



3. Sign conventions. The image distance d; came out positive, so the mmage 1s
behind the lens. The image height is f; = —0.40cm: the minus sign means
the image 1s inverted.

4, Consistency, The analytic results of steps (2) and (3) are consistent with the
ray diagram, Fig. 33—11: the image is behind the lens and inverted.

NOTE Part (a) tells us that the image 1s 2.6 mm farther [rom the lens than the
image for an object at infinity, which would equal the focal length, 50.0 mm.
Indeed. when focusing a camera lens, the closer the object is to the camera, the
farther the lens must be from the sensor or film.

O’ _ ]
F’ v

Leaf ‘
[ 100 cm -
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33-2 H €€iocwon Tou AETTTOU POKOU-
MeyEObuvon

‘Eva avTikeipevo BpiokeTal 10 cm aTtro
OUYKAIVOVTO (pOKO ME ECTIOKK ATTOCTAOT
15-cm. Bpeite TnVv 8€on Kal To pEyedog Tou
g£10wAou (a) avaAuTika Kal (b) pe
OIAYPAMMO AKTIVWV.




APPROACH We first use Eqs. 33-2 and 33-3 (o obtain an analytic solution, and then
confirm with a ray diagram using the special rays 1, 2, and 3 for a single object point,

SOLUTION (a) Given f = 15em and d, = 10cm, then

1 11 .
it 15 cm 10 cm 3 ecm
and o, = —30cm. (Remember to take the reciprocall) Because d; 18 negative,

the image must be virtual and on the same side of the lens as the object. The
magnification
d, —30¢cm
m=——=———— = 30.
d, 10} cm
The image is three times as large as the object and is upright. This lens is being
used as a simple magnifying glass, which we discuss in more detail in Section 33-7.

(b) The ray diagram is shown in Fig. 33-12 and confirms the result in part (a). We
choose point O on the top of the object and draw ray 1. which 1s easy. But ray 2
may take some thought: if we draw it heading toward F', it is going the wrong
way—so we have to draw 1t as if coming from F' (and so dashed), striking the lens,
and then going out parallel to the lens axis. We project it back parallel, with a dashed
line, as we must do also for ray 1, in order to find where they cross. Ray 3 1s drawn
through the lens center, and it crosses the other two rays at the image point, I'.

NOTE From Fig. 33-12 we can see that, whenever an object is placed belween a
converging lens and its [ocal point, the image 18 virtual.




33-2 H eiocwon Tou AstrToU @akou-MeyEBuvon

lNMou TTPETTEI VA KATOEI EVA MIKPOOKOTTIKO EVTOMO WOTE TO EI0WAO TOU ATTO

£éva atrokAivovTta 25 cm @ako, va oxnuaTtioTei 20 cm atrd To aKd oTnVv
010 TTAEUPA TOU QVTIKEINEVOU;

APPROACH The ray diagram is basically that of Fig. 33—10 because our lens here
is diverging and our image is in front of the lens within the focal distance. (It
would be a valuable exercise to draw the ray diagram to scale, precisely, now.)
The insect’s distance, d, . can be calculated using the thin lens equation.

SOLUTION The lens 1s diverging, so f 1s negative: f = —25cm. The mmage
distance must be negative too because the image is in front of the lens (sign

conventions), so o, = —20cm. Equation 33-2 gives
2 _rr___t 1 _“a+s5 ]
d,, f 25cm 20cm 100 cm 10{) cm

S0 the object must be 100 cm in front of the lens.
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33-3 ZUuVvOUOOTIKOG (POKOG

Ot1av cuvOUAOOUNE PAKOUG TOTE TO
g£I0OWAO TOU €VOG aTTOTEAEI
OVTIKEIMEVOU TOU GAAOU.

H cuvoAiki pey€EBuvon givai To
YIVOHEVO TWV HEYEOUVOEWYV TWV
QOKWV.
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33-3 ZUuVvOUOOTIKOG (POKOG

AUO CUYKAIVOVTEG QPAKOI, A Kal B, M€ EOTIOKEG
amrooTtaoelg f, =20.0 cm kai fg = 25.0 cm,
BpiokovTtal o€ aroéoTaon 80.0 cm. Eav 1o
avTikeipevo Bpioketal 60.0 cm Aa1TO TO TTPWTO POAKO
Bpeite (a) TNV B€on ka1l (b) Tnv peyédBuvon Tou
TEAIKOU €1I0WAOU €€ aITIOG TOU OCUVOUAOHOU TWV
POKWV.
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APPROACH Starting at the tip of our object O, we draw rays 1. 2, and 3 for the
first lens, A, and also a ray 4 which, after passing through lens A, acts as “ray 3"
(through the center) for the second lens, B. Ray 2 for lens A exits parallel, and so
is ray 1 for lens B. To determine the position of the image 1, formed by lens A,
we use Eq. 33-2 with f, = 20.0cm and d,, = 60.0 cm. The distance ol I, (lens
A’s image) from lens B is the object distance d, for lens B. The [inal image is
found using the thin lens equation. this time with all distances relative to lens B.
For (k) the magnifications are found from Eq. 33-3 for each lens in turn.
SOLUTION (a) The object 1s a distance d,, = +00.0cm from the first lens, A,
and this lens forms an image whose position can be calculated using the thin lens
equation:

1 1 1 1 1 3—1 - 1 |
30.0 cm

d; o fa  daa 200cm  60.0cm  60.0 cm

S0 the first mmage I, 18 at d,, = 300cm behind the hrst lens. This
image becomes the object for the second lens, B. It is a distance
dop = 80.0cm — 30.0ecm = 50.0em in front of lens B, as shown in Fig. 33-14b.
The image formed by lens B, again using the thin lens equation, is at a distance
i Irom the lens B:

| I | 1 _E—I_ 1
5000 cm

g I d,g 250em  S0.0cm  50.0em
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Hence dig = 50.0 cm behind lens B. This 1s the final image—see Fig. 33-14b.

Lens A Lens B

(b) "‘!Iﬂ.-’l. 44'— f'Ei."'l. —"l"i dnH 'I" nlI'IH-

Copyright © 2009 Pearson Education, Inc.



(b) Lens A has a magnification (Eq. 33-3)

d‘i.-’i. 3{][} cIm
= — = — = —().50M).
i d. 60.0 cm
Thus, the first image is inverted and is half as high as the object (again Eq. 33-3):
hin = muyhy,, = —0500h,,.
Lens B takes this image as object and changes its height by a factor
dig 50.0 cm
= ——= = = —1.000.
B d.n 50.0 cm

The second lens reinverts the image (the minus sign) but doesn’t change ils size.
The hnal image height 1s (remember fig 18 the same as h;,)

hig = mphyg = mghiyn, = mgmyh,, = ['mlma]}huﬂ~

The total magmfication 18 the product of m, and myg, which here equals
Mgl = My g = (—1.000)(=0.500) = +0.500, or half the original height. and
the linal image 15 upright.
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33-3 ZUuVvOUOOTIKOG (POKOG

Mo ToV TTPO0OIOPICHO TG ECTIOKAG ATTOCTAONG EVOG
OTTOKAIVOVTOG (pOKOU, XPNOIMOTTOIOUHE EAV CUYKAIVOVTO
POKO O «ETTAPN» ME EvaV aTTOKAivovTa. EAV N €0TIOKNA
amrooTaon Tou ouykAivovta givail f- of 16.0 cm 100N
gival N ECTIOKNA ATTOCTAOT) TOU ATTOKAIVOVTO €AV O
ouvOUAOTIKOG PAKOG £0TIAlEl oTA 28.5 cm. YTTo0€TOUNE
OTI KAl 01 OUO (PAKOI gival AETTTOI KOI AMEAOUME TNV
ATTOCTOO METALU TOUG.

Image point

A made by first lens
/ (object point

> / <= for second lens)

> { il

i \ ==

> \ —= Image made by

N second lens

, \\/ (final image)

Jo—

fr=285cm ———
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APPROACH The image distance for the first lens equals its focal length (16.0 cm)
since the object distance is infinity (2c0). The position of this image, even though
it is never actually formed, acts as the object for the second (diverging) lens. We
apply the thin lens equation to the diverging lens to lind 1ts focal length, given
that the final image is at , = 28.5 cm.

SOLUTION If the diverging lens was absent, the converging lens would [orm the
image al ils focal point—that is, at a distance f- = 16.0cm behind it (dashed
lines in Fig. 33—-15). When the diverging lens 1s placed next to the converging lens,
we treat the image formed by the first lens as the object for the second lens. Since
this object lies to the right of the diverging lens, this 1s a situation where d,, 1s
negative (see the sign conventions, page 871). Thus, for the diverging lens, the

object 1s virtual and o, = —16.0 em. The diverging lens forms the image ol this
virtual object at a distance d;, = 28.5cm away (given). Thus,

1 1 1 1 1

— = —+ = = -+ = —0.0274 cm™".

fo  d, d  —160cm  285cm “m

We take the reciprocal to find f = —1/(0.0274cm™) = —36.5cm.

MOTE If this technique 15 to work, the converging lens must be “stronger”™ than
the diverging lens—that 1s, it must have a focal length whose magnitude 1s less
than that of the diverging lens. (Rays from the Sun are focused 28.5 cm behind
the combination, so the focal length of the total combination is f; = 28.5cm.)
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33-4 H e€icwon Tou Pakou

Mia xpAoi1un £§icWoN TTOU CUVOELEI TIG OKTIVEG
KOMTTUAOTNTAG EVOG (POKOU HE TOV OEiKTN O1A0Aaong
KOl TNV £€0TIOKA a1TO0TAON EivVal

1 1 1
Fows 1)(& : RQ)
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33-4 H e€icwon Tou Pakou

‘Evag yUGAIVOG (pOKOGC «KUPTOG MNVIOKOG» EXEI N =
1.50. H akTiva TG KUPTN TTAEUPAC €ival 22.4 cm
Kal TNG KOiANG 46.2 cm. (a) MNMoia gival n €0TIOKNA
atmrootaon;(b) NMou 8a oxnuaTioTel TO EIODWAO £vOG
OVTIKEIMEVOU TTOU BpiokeTal ota 2.00 m;




APPROACH We use Eq. 33—4, noting that R, is negative because it refers to the
concave surface.
SOLUTION (a) R, = 224cm and R, = —46.2 cm.
Then
1 1 |
— = (1.50 — 1.00 ( — )
f { ) 224 cem 46.2 cm
= 0.0115em™.
S0
I = ! = 87.0cm
C00115em™
and the lens 15 converging. Notice that if we turn the lens around so that
R, = —462cm and R, = +224 cm, we gel the same result.
(b)) From the lens equation, with f = 0.870m and J, = 2.00m, we have
Lottt 1
il fd, (.870 m 2.0 m
= (.649m™",
so d; = 1/0.649m™ = 1.54m.
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33-5 QwTtoypapikEc Mnyxaveg

Baoika otoixeia:
D Viewtinder
« DaKOG —
] ) Iens . , ,,\ mpelalat &
e 2KOTEIVO KOUTI ‘

 Ip1da/d1a@payua p— hils

) ] opening
* QIAY R cioBNTHPOG T \ /
. . N 1
Iris diaphragm N\ Sensor
or “ StOp” Shutter or film



33-5 QwTtoypapikEc Mnyxaveg

H , Cplor
YnNPIlakeg pixel
HNXaVES

XPNOIMOTTOIOUV
aiocbnTRpeg CCD

(charge coupled
devises) avrTi yia

QIAM.

Electrodes
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33-5 QwTtoypapikEc Mnyxaveg

PuOUicEIC pTOYPAPIKWY NNXOAVWV:

e TaXUTNTA TNS PWTO@PAXTN (Shutter): eAEyXel
TO XPOVO OTO OTTOIO0 EKTIOETAI TO ECWTEPIKO TNG
MNXOVAG OTO (PWIG.

o f-Stop: €AEYXEI TO PEYEOOC TOU OIOPPAYHATOG.

 EcTiaon: puBuicel TNV atTTOCTOON TOU (PAKOU
WOTE TO EIOWAO VO OXNUATIOTEI TTAVW OTO
Q@IAN/a100NTAPA.



33-5 QwTtoypapikEc Mnyxaveg

YTITapXEl TTEPIOPICHOG OTIC ATTOCTACEIG
OTTOU MIO PWTOYPAPIKN MNXOVI MTTOPEI VO

EOTIAOCEL.
Rays from
nearby object -
(in focus) \ A I — ﬂi—/j;
' R 1 -1 | ¥ “Circle of confusion”
Rays from i — for distant object
distant object R m << ' “ (greatly exaggerated)
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33-5 QwTtoypapikEc Mnyxaveg

[Moco TTPETTEl VA METAKIVNOEI O PAKOG MIOG MNXOVAG
ME €0TIOKN arooTaon 50.0-mm, amo Tnv BEon «,
TTPOKEIMEVOU VA E0TIACEI EVA AVTIKEIMEVO TTOU
BpiokeTal ota 3.00 m

APPROACH For an object at infinity, the image 15 at the focal point, by definition.
For an object distance of 3.00 m, we use the thin lens equation, Eq. 33-2, to find
the image distance (distance of lens to film or sensor).

SOLUTION When focused at infinity, the lens is 50.0 mm from the film. When
focused at d, = 3.00m, the image distance 1s given by the lens equation,

1 1 1 1 1 3000 — 50 B 2950
(3000)(50.0) mm 150,000 mm

d f d, S00mm 3000 mm

We solve [or d; and lind 4; = 50.8 mm, so the lens needs to move 0.8 mm away
from the film or digital sensor.
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33-5 PwTtoypa@ikec Mnyaveg

NMpoKeIgEVOU va BEATIWOOUME TNV IKAVOTNTA
£0TIOONG MIOG MNXOVAS, MEIWVOUME TO dIApPAYHa
atro f o€ /4 kai /8. NpokeIpEvou va d1ATNPNOCOUUE
TNV i010 QWTEIVOTNTA TTOCO TTPETTEI VA YIVEI N
TAXUTNTA TOU OI10@PAYHUATOG;

RESPONSE The amount of light admitted by the lens 1s proportional to the area
of the lens opening. Reducing the lens opening by two f-stops reduces the
diameter by a lactor of 2, and the area by a factor of 4. To maintain the same
exposure, the shutter must be open four times as long. If the shutter speed had
been =i s. you would have to increase the exposure time to TS,
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33-5 QwTtoypapikEc Mnyxaveg

Mia yneilakn pnxavin pe 6-MP (6-megapixel) €xel pEyioTn
O1akpITIKA IKavoTnTa 2000 X 3000 pixels pe aioOnTApa 16-mm
X 24-mm. No6oco «ypRYOPOGS» TTPETTEI VA gival PAKOG yia va
EKMETAAAEUTEI AUTA TNV OIAKPITIKN IKAVOTNTA;

APPROACH We find the number of pixels per millimeter and require the lens to
be al least that good.

SOLUTION We can either take the image height (2000 pixels in 16 mm) or the
width (3000 pixels in 24 mm):

3000 pixels
24 mm

= 125 pixels/mm.

We would want the lens to be able to resolve at least 125 hines or dots per mm as
well, which would be a very good lens. If the lens 1s not this good, fewer pixels
and less memory could be used.

NOTE Increasing lens resolution 1s a tougher problem today than is squeezing

more pixels on a CCD or CMOS. The sensor for high MP cameras must also be
physically larger for greater light sensitivity (low light conditions).




33-5 PwTtoypa@ikec Mnyaveg

Mia peyeOupévn pwroypa@ia £Xel «<KOAR» EUKpPiveEIa OTav £xeEl avdAuon
TouAdayiotov 10 dots/mm. Edv pia gwTtoypa@ia TTou TPaRAXTNKE HE TNV
pnxavi Tou Trapadeiyparog 33—-10, peyebuvOei o€ 8 x 10-inch Ba eivai
gukpIvng; MNMolo 1o péyioTo pEyedog piag eiIkovag 2000 x 3000-pixel woTe va
gival EUKPIVAG;

APPROACH We assume the image is 2000 > 3000 pixels on a 16 % 24-mm CCD
as in Example 33-10, or 125 pixels/mm. We make an enlarged photo
8 > 10in, = 20cm X 25 cm.

SOLUTION The short side of the CCD 1s 16 mm = 1.6em long, and that side ol
the photograph is 8 inches or 20 cm. Thus the size is increased by a [actor ol
20em/1.6em = 12.5% (or 25 em/2.4 cm = 10x). To fill the 8 x 10-in. paper, we
assume the enlargement is 12.5%. The pixels are thus enlarged 12.5%; so the
pixel count of 125/mm on the CCD becomes 10 per mm on the print. Hence an
8 > 10-inch print is just about the maximum possible for a sharp photograph
with 6 megapixels. If you feel 7 dots per mm 1s good enough, you can enlarge to
maybe 11 > 14 inches.
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33-5 QwTtoypapikEc Mnyxaveg

YTrapyxouv O1a@opol TUTTOI PAKWYV

Telephoto lens: ®Pakoi ueydAng €C0TIOKAG
ATTOOTAONG, MEYAAEG EIKOVEG.

Wide-angle lens ( peyeuvTtikog): HIKPN
EO0TIOKN ATTOOTAON, MEYAAEG EIKOVEG.

Zoom lens: @AKO¢ METABANTAS ECTIOKNG
ATTO0TAONG

Digital zoom (in digital cameras): Mey&éOuvon
pixel MEIWON EUKPIVEIAG.



33-6 To avBpwTTIVO HATI

To avlpwTTIvo HATI £XEI TTOAAEC OHOIOTNTEG ME
TNV QWTOYPAPIKA MNXaAVA.

Ciliary
muscles

Pupil

Ciliary
muscles
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33-6 To avBpwTTIVO HATI

Focal point of lens and cornea

Object :
H repicodTepn d1Gd0Aadon > <

oupuBaivel oToV
KEPATOEION,.

O @aKOG KAVEI MIKPES
O10pOWOEIG WOTE VA Focal point of lens and cornea
EMITEUXOEI KAOAUTEPN

gUKpivelq. Dbt
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33-6 To avBpwTTIVO HATI

Near point : n TTANCIEOTEPN ATTOOTACN OTNV
oTroia To MATI uTTOPEI Vva eoTiaoEl. lNepittou 25
cm.

Far point : n MEYIOTN ATTOCTOON OTNV OTroid
MTTOPOUME VO OIOKPIVOUME OVTIKEIMEVA.

Nearsightedness ( puwTria): far point is too
close.

Farsightedness ( UTTEPMETPWTTIO): Near point Is
too far away.
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33-6 To avBpwTTIVO HATI

H 16p0won TG HUWTTIA ETTITUYXAVETAI
ME ATTOKAIVOVTEG (PAKOUG

i

AN
Object " (
at oo .




33-6 To avBpwTTIVO HATI

H 516p0won TNG UTTEPUETPWTTIOG
ETTITUYXAVETAI ME OCUYKAIVOVTEG (POKOUG

. A
Object Object (
VvV




33-6 To avBpwTTIVO HATI

H Sue €ival UTTEPUETPWTTAG ME TO near point
ota 100 cm. Ti yuaAla xpeiaceral yia va
olafadel ota 25 cm; YTroBEToUupuE OTI N
ATTOOTOON TOU YUOAIOU KOI TOU MOTIOU E€ival

aMEANTEQ.

Image

——
-_-———'
——__
_—
— e

- d
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APPROACH When the object is placed 25 cm [rom the lens, we want the image to
be 100 ¢cm away on the same side of the lens (so the eve can focus 1t), and so the
image is virtual, as shown in Fig. 33-29, and 4; = —100cm will be negative. We
use the thin lens equation (Eq. 33-2) to determine the needed local length.
Optometrists’ prescriptions specily the power (P = 1/f, Eq. 33-1) given in
diopters (1D = 1 m™).
SOLUTION Given that d, = 25cm and o, = —100cm, the thin lens equation
oives

! 1 1 ! 4 —1 1

— ] o == - = = -
f d, 25 cm — 1) cm 100 cm 33cm
So f=33cm = 033m. The power P of the lensis P=1/f = +3.0D. The
plus sign indicates that it i1s a converging lens.
NOTE We chose the image position 1o be where the eye can actually focus. The lens
needs to put the image there, given the desired placement of the object (newspaper).

1
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33-6 To avBpwTTIVO HATI

2 cm~+|
. o Object r
Eva HUWTTIKO JATI EXEI near at- _ _ﬁ
kai far points oTa 12 cm Kol ————=——
17 cm, avTtioToixa. (a) Ti 17cm———
(Far point)

PAKOG ATTAITEITAI VIO VA

BAETTEl KOAG pakpid; (b)

OO0 YIVETAI TWPO TO near

point; YTroB£oTE OTI O PAKOG 5 ;
TOU YUOAIoU BpiokeTal 2.0 ————
CM o1ré TO HATI. L 2 em

e e

(Near point)
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APPROACH For a distant object (d, = m:-jl, the lens must put the image at the
far point of the eve as shown in Fig. 33-30a, 17 ¢cm in front of the eye. We can use
the thin lens equation to find the focal length of the lens, and from this its lens
power. The new near point (as shown in Fig, 33-30b) can be calculated for the
lens by again using the thin lens equation.

SOLUTION () For an object at infinity {fin = :x:} the image must be in front of

the lens 17 cm from the eve or (17cm — 2em) = 15em from the lens: hence
diy = —15cm. We use the thin lens equation to solve for the focal length of the
needed lens:

1 ] 1 ] ] 1

_— = m— ok m— = e— = — .

f d,, ; 00 —15¢cm 15 cm

So f=—15cm =—015m or P=1/f= —67D. The minus sign indicates
that it must be a diverging lens for the myvopic eve.

(b) The near point when glasses are worn is where an object is placed (d,) so that
the lens forms an image at the “near point of the naked eve,” namely 12 cm from
the eve. That image point is (12cm — 2cm) = 10cm in front of the lens, so

d; = —0.10m and the thin lens equation gives
B Lo _—2*t3 1
d, 4 0.15m  0.10m 0.30m 0.30 m

So d, = 30cm. which means the near point when the person is wearing glasses
is 30 ¢cm 1n front of the lens, or 32 cm from the eve.
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33-6 To avBpwTTIVO HATI
O AOGyo¢ TTOU Ta aVvTIKEIiMEVA ep@aviovTal OoAa
KATW a1To TO VEPO gival O10TI n O1ABAaon oTnv
OIOXWPEICTIKN ETTIPAVEIN AEPA-MATIOU EivVal
OIOOPETIKN OTTO AUTHV TOU VEPOU-HaTiou. OTav
QopapE Haoka BAETTOUHE Cava KaBapda.

Object\.\lati ‘J " i

n=1.33

1

Object Water v
\( ‘ \\(
Face mask—=—
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33-7 MeyeOuvTIKOG PaKOC

O peEYEOUVTIKOG POAKOG €ival OUYKAiIivOVTOG
(PAKOG TTOU ETTITPETTEI TNV ECTIOON
OVTIKEIMEVWY OE KOVTUTEPEG ATTOOTACEIG ATTO
TO near point . ‘ETol Ta avTIKEigeEva @aivovTal
MEYOAUTEPO KOl MOIA(OUVE TTOIO EUKPIVA.
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33-7 MeyeOuvTIKOG PaKOC

H 10XUg evOog peyeBUVTIKOU (paKOU TTPpoadlopileTal
OTTO TNV YWVIOKN TOU pNEYEBuvON:
o

M =
0

Otav 1o paTi gival XaAapo (N eival To near point
Kal f n €o0TIOKA atTOOTACH)):

_0 _nWf _ N
M =5 /N f [

eye focused at oo;
N = 25 cm for normal eye

OTav 1o paTt €eoTIAdEl OTO Near point

N
M = — 1.
F [

eye focused at near point, N;
N = 25 ¢m for normal eye
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33-7 TnAEOKOTTIO

‘Evag ouykAivovTag @akKoOg HE 8-Cm €CTIOKK ATTOCTAON
XPNOIMOTTOIEITAI ATTO £va Xpuooxoo (“jeweler’s loupe,”) vyia
MEYEBUVTIKO @aKO. Bpeite (a) TNV HeyEOBuvon OTavV TO MATI Eival
XaAapo (b) 6Tav To paTi eoTiddel oTo near point N =25 cm.

APPROACH The magnilication when the eye is relaxed 1s given by Eq. 33-6a.
When the eye is focused at its near point, we use Eq. 33-6b and we assume the
lens is near the eye.
SOLUTION (a) With the relaxed cye focused at infinity,

N 25 cm

M= S - ~ 3x
f 8 cm

!

(b) The magnilication when the eye is focused at its near point (N = 25¢m),
and the lens is near the eye, is

N 25
M=1+—=1+=
8

f

4.

i
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33-8 TnAeoKOTTIO

‘Eva 0100A00TIKO TNAECKOTTIO ATTOTEAEITAI
aTro OUO (PAKOUG OTIC AKPESG EVOS CWANVA.

H peyéBuvon dideTal atmrd Tnv oxéon

oo W) o

0 (h/f) fe

[telescope]



33-8 TnAeoKoOTTIO

Parallel
rays from
object at oo

Objective
lens 20"

1

1

1

|

i

1

i

|

1

) ¢
i
1
v
I
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33-8 TnAeoKOTTIO

Ta TNAECKOTTIO TWV ACTPOVOMWYV TTPETTEI VA
OUYKEVTPWVOUV 000 TO OUVATOV TTEPICOOTEPO
PWS. 'ETOI1 O AVTIKEINEVIKOG PAKOGC (O TEAEUTAIOG
TTPOG TO AVTIKEINEVO) OXEDIACETAI ME TNV
MEYOAUTEPN OUVATOV OIAMETPO KOl aKpifcia.

Concave mirror
(objective)

\

Parallel

rays from Secondary A
distant mirror -
object Eyepiece
Eyepiece A
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33-8 TnAeoKOTTIO

ETTiveiad TNAEOKOTTIO XPNOIMOTTOIOUVTAI
Yia TNV pwTOoYpAPNOon (XapToypaenon)
TNG ynS. KaAo eival Ta €idwAa va gival
op0Bia. Yirapyxouv duo povTéAa: Galilean

Kal spyglass:

Final image (virtual
74 B ) Final image (virtual) \\

S
o
S \\

~

Objective Third Eyepiece
lens lens

Parallel
rays from
distant

object

Objective
lens

Eyepiece
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33-9 20vBeTo MIKPOOKOTTIO

To OUVOETO NIKPOOKOTTIO MOIAEl ME TO
TNAECKOTTIO ME TN O1APOPA OTI TO AVTIKEIMEVO
BPioKETAI TTOAU KOVTA OTOV OVTIKEIMEVIKO

POKO
d, 4 —]
i"'_fe _"‘
' ¥ Eyepiece
Object Objective I
\ lens _
=~% & _
e}
Fo - ‘ :
v II
2,
o~ //
~
” 7
2w
o
L2
P
<7
A
27
e
A
2%
: %
-’
-~
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33-9 20vBeTo MIKPOOKOTTIO

H peyéBuvon Tou pIKpooKoOTTiou dideTal ATTO
TNV oXEon

M = M.m, = (Z)(g ;Ofe) |microscope]|

M
fefo

[fo and fo << 4]
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33-9 ZuvOeTo MIKPOOKOTTIO

A compound microscope consists of a 10X eyepiece an d a 50X objective
17.0 cm apart. Determine (a) the overall magnificat  ion, (b) the focal length
of each lens, and (c) the position of the object wh  en the final image is in
focus with the eye relaxed. Assume a normal eye, so N =25 cm.

Copyright © 2009 |

APPROACH The overall magnification 1s the product of the eyepiece magni-
fication and the objective magnification. The focal length of the evepiece is found
[rom Eq. 33—6a or 33-9 for the magnilication ol a simple magnilier. For the
objective lens, it is easier to next find d, (part ¢) using Eq. 33-8 before we
find f,.

SOLUTION (a) The overall magnification is (10X )(50x) = 500,

(b) The eyepicce focal length is (Eq. 33-9) f. = N/M, = 25cm/10 = 2.5 cm.
Mext we solve Eq. 33-8 for d,,, and find

{— f. (17.0cm — 2.5¢cm)
ﬂ.n = : = = = (.29 cm.
i, 50

Then, from the thin lens equation for the objective with , = £ — f, = 14.5¢cm
(see Fig. 33-40a),

= I_+L= 1 + : = 3.52em™h
fi.'l ”‘n ﬂri (.29 cm 14.5 cm o L

so f, = 1/(3.52em™) = 0.28 cm.

(c) We just caleulated d, = 0.29 em, which is very close to f,.



33-10 ZpaApata Dakwyv Kal KardétmrTrpwy

2PAIPIKO CPAAMA: AKTIVEC O€ MEYAAN OIAUETPO
(ATTOCTAC ATTO TO KEVTPO TOU (PAKOU) OEV
E0TIACOUV OTNV £OTIA. C

AUonN: CUVOUUOTIKN QAKOI KOl
TTEPIOPICHUOG XPNONS HOVO OTO KEVTPIKO
KOMMATI TOU (POKOU.



33-10 ZpaApata Dakwyv Kal KardétmrTrpwy

NMNapapopewon: HETAaBOARN TNG MEYEBUVONG
ME TNV ATTOCTOCN ATTO TO KEVTPO TOU
POKOU.

AXis



33-10 ZpaApata Dakwyv Kal KardétmrTrpwy

2PAApa XpwHa (XPWHATIKA EKTPOTTH). TA
O1A@OPA XPWHATA EXOUV OINPOPETIKN ECTIOKN
ATTOOTAON £ AITIOG TWV OIAPOPETIKWY OEIKTWV
O1a6Aaong.

White




33-10 ZpaApata Dakwyv Kal KardétmrTrpwy

Auon: XpnOIMOTTOIOUE CUVOUOOTIKOUG (POKOUG
PTIOYMEVOUG OTTO OIN@POPETIKA UAIKA




KepaAaio 34
Kupatikn ®uon Tou PwToG;
2UUBOAN
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KepdAaio 34

e Kbparta kol cwpartidla-AidOAaon Kol n apxni
TOUu Huygens

2UuBoAnN-To Treipaupa Tou Young- OITTAN
oXIOMN.

* H évTraon Tou atroTeAECHATOG TNG CUMBOANG
TNG OITTARG OXICHUNG.

e 2UMBOAR AETTTWYV UMEVIWYV

 To ouyoAopueTpo Tou Michelson



34-1 H apyxn Tou Huygens

H apxnl tou Huygens:

KGBe onueio Tou

METWTTOU €£VOG KUHMATOG
CUMTTEPIPEPETAI OAV Source
TNYN KUHATOoG. To S
OUVOAIKO HETWTTO gival
EQATTTOMEVO OTA

ETTINEPOUG HETWTTA TTOU
OnMIoUpPYEi KaBe

onueio.
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34-1 H apyxn Tou Huygens

H apxn Tou Huygens gival cUM@WVO UE TO
PAaIVOMEVO TNG d1aBAaoNGg

Vi ‘]\ : )>
y




34-2 H apyxn Tou Huygens

Ray . e&@“‘
N
B V!
)

A A Medium 1
vzt D Medium 2
C (v, < vp)

Ray




34-2 H apxn Tou Huygens

H apxi Tou Huygens &¢nyei Kal To QpAIVOUEVO
TNG d1d6Aaong.

Ta deutepoyev HETWTTO O1adiIdOVTAI TTIO ApYya
O€ UAIKA PNE HeyaAuTepoO O€ikTn O100Aaong.

AUTO £XEl OOV CUVETTEIO VO KKAMTTTETAI» TO
METWTTO TOU KUMOTOG ME ATTOTEAECHA N AKTIVA
va «oTpIiel» (aAAadel dieuBuvon).



34-2 H apxn Tou Huygens —
Noupoc AidBAaong

OT1av 10 WG TTEPVAEI HECO OTTO UAIKA N
ouxvoTnNTa TOU PWTOC OV ueTaBaAAsrar aAAadlsi
ONWC TO UNKOC KUUATOC.

h _wt_n_om

)Ll (2] ! ™ o



34-2 H apxn Tou Huygens —
Nopog AiaOAaong

O1 oTTTa0IEC TNG AC@PAATOU OPEIAOVTAI OTNV
METABOAR TOU O€ikTN O1ABAOONG TOU P
KaBw¢ autog BeppaiveTal.

Direct ray _
Ray directed
/ / slightly downward
Observer /
. 1 A ( - / .

e L ls o o
O fro, 1 > Sk M
Cre
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34-3 ZupBoAn-leipapa Young

H KupaTtikil ouon Tou WTOC Ba odnynoel o€
PaIvopeva cudBoANG.

‘Eva treipapa TTou £TIRERAIWVEI TNV KUMATIKI
PUOT TOU PWTOG Eival TO TTEipApA Young:

Y

Ll |

’ =
Sun’s
rays —

YYY

Viewing screen Viewing screen Viewing screen
(particle theory (actual)
prediction)
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34-3 ZupBoAn-leipapa Young

Wave fronts



34-3 ZupBoAn-leipapa Young

H aitia Tng cupBOARG £YKEITAI OTO YEYOVOG TO ONUEia
TNG 0006VNG «AViIXVEUONGS», OEV ICATTEXOUV ATTO TIG OUO
OXIOHEG.

KaTtd ocuveETTEia Ta KOPOTAO OTTO TIG OUO TTNYEG MTTOPEI va
OUMBAAOUV ETTOIKOOOMUNTIKA (PWTEIVA ONMEIA) N
KOTOOTPETITIKA (OKOTEIVA ONMEIN)

Bright

- Dark
(constructive (destructive
interference) i'nterference) ;
Bright (constructive .
interference)
Sy S :
T T T W
g L= d 7 EO——L- — — — — d d 0% 7]
_L —L L \ _L 3 S
S, Extra distance M E"‘,tm distance \
2 =X = ;/\. 81 —52
2 =d sinf
Screen Screen | Screen

6 = 0°
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34-3 ZupBoAn-leipapa Young
ATTO TNV YEWUETPIA TOU TTEIPAMATOS BPICKOUME:

constructive
dsing = ma, m = 0,1,2,. interference
(bright)

Kdl

destructive
dsing = (m - %))\., pr = LDl 2w, | interfenente
(dark)
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34-3 ZuppBoAn-Meipapa Young

MeTaCU TWV KOPUPWYV KOl KOIAGOWYV N EVTAOT TOU

PWTOC METARBAAAETAI KOMOAQ.

m=3 2 10 2 3
\
h i
/\/\JUUHH\/\A
m=2 1 B0 1 2 3

Constructive interference Destructive mnterference
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34-3 ZuupBoAn-leipapa Young

(a) Eival ATTeIpa Ta CKOTEIVA KOl PWTEIVA
onMEia Tng oBoévng oTo TrEipapa Young;
(b) O1 ATTOCTACEIC METASU PWTEIVWV KAl
OKOTEIVWYV ONMUEIWV gival oTaBEPN;

a. E1re1dn 10 sin 6<= 1, n YEYIOTN TIMWN TOU M €ival
ion JE TO TTANCIECTEPO OKEPAIO aTO Aoyo d/A.
b. O1 atTOOTACEIC AUCAVOUV JE TNV Ywvia 0.



34-3 ZuppBoAn-Meipapa Young

AvUo oxiopég atréxouv 0.100 mm ka1 1.20 m a1rdé Tnv
006vn avixveuongs. Na ew¢ e MAKOS KUMATOG A =
500 nm BpPEITE TNV ATTOCTAON TWV KPOCOTWV

OUMBOANRG (PWTEIVWYV KOI OKOTEIVWV ONMEIWV) OTNV
o0ovn.
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APPROACH The angular position of bright (constructive interference) fringes is
found wsing Eq. 34-2a. The distance between the first two fringes (say) can be
found using right triangles as shown in Fig. 34-10.

SOLUTION Given d = 0.100mm = 1.00 = 107 m, A =500 % 107" m, and

£ = 120m, the first-order fringe (m = 1) occurs at an angle & given by

mA (1)(500 % 107" m)
infl, = — = = 500 % 107
. il 1.00 = 107 m

This is a very small angle, so we can take sin f = #, with # in radians. The first-order
[ringe will occur a distance x; above the center ol the screen (see Fig. 34-10), given
by x;/f = tanfl, = 8,, s0

(9, = (1.20m)(5.00 % 107%) = 6.00 mm.

i

Xy

The second-order fringe (m = 2) will occur at

=

2A
Xy = 0, = EF = 12.0mm

above the center, and so on. Thus the lower order fringes are 6.00 mm apart.

NOTE The spacing between [ringes is essentially uniform until the approximation
sin == #1s no longer valid.
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34-3 ZuppBoAn-lfeipapa Young

(a) Eav oTO TTPONYOUMEVO TTAPADEIYMA TO HAKOG
KUMaTog yivel 700 nm, TTwg aAAalouv o1 KPOOOOi
ocuuBoAng; (b) Eav To NAKOS KUNOTOG TTAPAMEIVEI TO
1010 AAAQ N ATTOCTAON METAEU TWV OXICHWYV augnoOei
TI 0 cupBei TwpAa;

RESPONSE (a) When A increases in Eq. 34-2a but d stays the same, then the
angle @ for bright fringes increases and the interference pattern spreads out.
(£) Increasing the slit spacing d reduces @ for each order, so the lines are closer
together.
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34-3 ZuppBoAn-Meipapa Young

BAETTOUME OTI YIO AEUKO QPWG, HE €EaipEOn TOV
KEVIPIKO KPOOOoO, OAol o1 daAAol Kpooooi

TTEPIEXOUV TA XPWHATA TNG ip100G.

~<-2.0 mm >
| 3.5 mm >

White




34-3 ZuppBoAn-Meipapa Young

AEUKO QWG TTEPVAEI ATTO OXIOMEG ME
atmrocTtaon 0.50 mm MeTASU TOUG KAl
avaAueTal og 006vn TToU BPICKETAI OE
atroéoTaon 2.5 m amo TiI§ oXIoOMEG. H TTpwTn
TAEN KPOO OO MOIALEI ME OUPAVIO TOEO ME TO
MW KAl ToO KOKKIVO OTIG OUO akpes. To pwf
Kal TO KOKKIVO atréxouv 2.0 mm kai 3.5 mm
AVTIOTOIXO OTTO TOV AEUKO KEVTPIKO KPOO OO.
BpeiTe TO TO uAKN KUMOATOG TWV OUO
XPWHATWV.
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APPROACH We find the angles for violet and red light from the distances given
and the diagram of Fig. 34-10. Then we use Eq. 34-2a to obtain the wavelengths.
Because 3.5 mm is much less than 2.5 m, we can use the small-angle approximation.

SOLUTION We use Eq. 34-2Zawith m = 1 and sinf =~ tan & = #. Then for violel
light, x = 2.0mm, so (see also Fig. 34-10)

L _dsing do dx _ (5-{}:3: 107 m (2.0 x 107 m
m  om mil 1 2.5m

or 400 nm. For red hight, x = 3.5 mm, so

) = 4.0 » 107" m,

5.0 = 107 3.5 =% 107
LT ( m)( '“) ~ 7.0 % 107" m

J00 nm.

1

2.5m
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34-4 "Evtaon Twv KpooowvV ZUhBoAng

To NAEKTPIKO TTEDIO
oTo onueio P dideTai
QTTO TIG OXECEIG

El = Elosinmr
EZ = Ezosin(mr s {S)

Screen
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34-4 "Evtaon Twv KpooowvV ZUhBoAng

To O1IaVUOUATIKO
afpoiocua Twyv dUo
TEQIWV pag divel
(otav E,,=E,):

o o
Ey = QEOCOSESin(mr i 5)
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34-4 'EvTaon Twv Kpooowv ZUMBOANG

H péon évraon gival avaAoyn TOU TETPOAYWVOU
TOU TTEdIOU:

o)
Iy = I 2 —
4 5 COS 5
B Icosz(qrdsinﬂ)
0 A

2
Iy = I{}[CDS(:—?})>] : v <<, d << {]
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34-4 "Evtaon Twv KpooowvV ZUhBoAng

To oxnua dgiXVel TNV £€APTNON TNG
EVTAONG ATTO TNV ywvia.

2 coherent

sources

Iy 2 incoherent
sources

S —4wm 3w 2w -w
—SAL 2A€ -3A0 AL -A[
2d d 2d d 2d 2d  d 2d d 2d

T 2@ 37 4w S
: : | | -y (if y << £)
A A 3AE 200 5S\/¢

iy
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34-4 "Evtaon Twv KpooowvV ZUhBoAng

AUo Kepaieg padlo@WVOU ATTEXOUV METAEU TOUG d.
EKTTEéuTTOUV O€ cUp@WVia (id1a oTaBepr @Aaon) akTivooAia
ME EvTaon |, Kal KOG KUHaTOG 4. (a) BpeiTte TV EvTaon cav
ouvAapTnNon TG YWVIOG 0 yIa HEYAAEG ATTOOTACEIS ATTO TIG
Kepaieg. (b) MNa d =4, Bpeite To | Kal BpeiTe TIGC KATEUBUVOEIG
OTTOU £XOUME MEYIOTN ME EAAXIOTN EvTaon.(c) ETTavaAdaeTe

>/
@ @ > X

~—|d—~
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APPROACH This setup is similar to Young’s double-slit experiment.

SOLUTION (a) Points of constructive and destructive interference are still given
by Egs. 34-2a and b, and the net intensity as a function of # 1s given by Eq. 34-6.

(b) We let d = A in Eq. 34-6, and find for the intensity,
I = I,cos*{msind).
I1s a maximum, equal to [, when siné@ = 0, 1, or —1, meaning & = (), 90°, 1807,

and 270°. ['is zero when sinf = 3 and —3, for which @ = 30°, 150°, 210°, and 330°.

(c)For o = A/2, [ 1s maximized for # =0 and 180° and minimized for 90°
and 2707,
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34-5 2uuBoAn AeTTwyV YPEVIWY

OT1av Tavw o€ JIA ETTIPAVEIN UTTAPXEI EVA TTOAU
AETTTO OTPWHA (UMEVIO) KATTOIOU UAIKOU, TO TTAXOG
TOU OTToiouU €ival TNG Ta¢NG MEYEBOUC TOU HAKOUG
KUMOTOG TNG AKTIVOBOAIOG, TOTE N «avAKAaon»
aTro TIG OUO ETTIPAVEIEG TOU UMEVIOU UTTOPEI VO
odnynoel o cupfoAn. To @AaIVOUEVO QUTO gival
EMPAVEC OE OCATTOUVOPOUCKEG Kl O€ KNAIOES OTTO
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34-5 2uuBoAn AeTTwyV YPEVIWY

TO NNKOG KUMATOG OTO
Aadl Kal oTov aEpa Oa
gival OIa@POPETIKO KAl
AVOKAAQCEIG ATTO T
onueia A Kai B
OuvVNTIKA PTTOPEI Va
TTPOKOAEGOUV
METABOAN OTNV @AON
TNG AVAOKAWMEVNG
aKTIVOBOAiag.

Ailr
Oi1l
Water
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34-5 2uuBoAn AeTTTwyV YUeviwy

AakTuAidla Tou Newton: n di1atagn 1o
oXNHATOG ONMIOUPYEI KPOOOOUS CUMBOANG.




34-5 2uuBoAn AeTTwyV YPEVIWY

Mia SECUN @WTOG TTOU
OVOKAATOI OTTO UAIKO UE
OgikTn d1a0Aaong
MEYOAUTEPO ATTO TO NECO
01a000NG, UTTOKEIVTAI O€
aAAayn @aong kata 180°
N % KUKAO.

n2>n1

Y
aVaV
YaV,
VAV




34-5 2uuBoAn AeTTwyV YPEVIWY

‘Eva AeTrTO oUpua OlapETPOU
7.35 X 102 mm ToTro0ereiTe
METAEU OUO £TTITTEOWV
Tapadupwyv atrd yuali. Pwg
ota 600 Nm TrE@TEI KABETA
TTAVW OTA TTOPABUpa Kai
ONMIOUPYEI EVa OXNUATICHO
OKOTEIVWYV KAl PWTEIVWYV
Taiviwyv. Nooceg Taivieg
oxnuartiovral, AiTTAa oTO
oUpMO N TTPWTN TAIVia Ba gival
OKOTEIV | QWTEIVA,
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APPROACH We need to consider two effects: (1) path differences for rays
reflecting [rom the two close surfaces (thin wedge ol air between the two glass
plates), and (2) the 3-cvcle phase change at the lower surface (point E in
Fig. 34-20a). where rays in air can enter glass. Because of the phase change at the
lower surface, there will be a dark band (no reflection) when the path difference
1s 0, A, 2A, 3A, and so on. Since the hight rays are perpendicular to the plates, the
extra path length equals 21, where 1 15 the thickness of the air gap at any point.
SOLUTION Dark bands will occur where
2t = mA, m = 0,12,

Bright bands occur 1;-.ha-n 2t = (m + 3)A. where m is an inlegEr Al the
position of the wire, = 7.35 % 107°m. At this point there will be 2i/A =
(2)(7.35 x 107" m)/(6. ﬂ[} % 1077m) = 24.5 wavelengths. This is a “half integer.”
s0 the area next to the wire will be bright. There will be a total
of 25 dark lines along the plates, corresponding to path lengths of
DA, 1A, 2A, 3A. ..., 244, including the one at the point of contact A (m = 0),
Between them, there will be 24 bright lines plus the one at the end, or 25,

NOTE The bright and dark bands will be straight only il the glass plates are
extremely flat. If they are not, the pattern is uneven. as in Fig. 34—-20c. Thus we
see a very precise way ol testing a glass surlace [or [latness. Spherical lens
surfaces can be tested for precision by placing the lens on a flat glass surface and
observing Newton’s rings (Fig. 34-18b) for perfect circularity.
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34-5 2uuBoAn AeTTwyV YPEVIWY

|
Mia catrouvo@ouoKa n=135-18 f

gM@avileTal TTpacivn (A
=540 nm). Eav o Incident ray
O€iKTNG O1AOAAONG €ival Reflected rays> o
n = 1.35 1ro10 €ival TO o Bubble

, , Outside air 1nterior
EAAXIOTO TTAXOG TNG = 1.00 n=1.00
CATTOUVOPOUOTKAG; |

— t —
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APPROACH Assume the light is reflected perpendicularly from the point on a
spherical surface nearest the viewer, Fig. 34-21. The light rays also reflect from
the inner surface of the soap bubble film as shown. The path difference of these
two reflected rays is 2, where [ is the thickness of the soap film. Light reflected
from the first (outer) surface undergoes a 180° phase change (index of refraction
of soap is greater than that of air), whereas reflection at the second (inner)
surface does not. To determine the thickness ¢ for an interference maximum, we
must use the wavelength of light in the soap (n = 1.35).

SOLUTION The 180° phase change at only one surface is equivalent to a 3 A path
difference. Therefore, green light 1s bright when the minimum path difference
equals 5A,,. Thus, 2t = A/2n, so

A (540 nm)
4n  (4)(1.35)
This is the smallest thickness; but the green color is more likely to be seen at the
next thickness that gives constructive interference, 2f = 3A/2n, because other
colors would be more fully cancelled by destructive interference. The more likely

thickness is 3A/4n = 300 nm, or even 5A/4n = 500 nm. Note that green is seen
in air,so A = 540nm (not A/n).

= 100 nm.

[ =
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34-5 2uuBoAn AeTTwyV YPEVIWY

[M6oco gival To TTax0¢g Coating
MIOG ETTIKAAUWYNG EVOG

Glass \

OTITIKOU OTOIXEIOU ATTO i

MgF, pue n=1.38 ) |
oxedloouévo WoTE var ! ?\>Ea“rsa§£“ed
EAOXIOTOTTOIEI KABETES Incident ray Y

550 nm; To utréoTpWHA

AVOKAQOEIC KOVTA OTO \
gival yuaAi pe n = 1.50. \ /
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Copyrigt

SOLUTION

1. Interference effects. Consider two rays reflected from the front and rear
surfaces of the coating on the lens as shown in Fig. 34-23. The rays are drawn
not quite perpendicular to the lens so we can see each of them. These two
reflected rays will interfere with each other.

2. Constructive interference. We want to eliminate reflected hight, so we do not
consider constructive interference.

3. Destructive interference. To eliminate reflection, we want reflected rays 1 and
2 to be 5 cycle out of phase with each other so that they destructively interfere.
The phase difference is due to the path difference 21 traveled by ray 2, as well
as any phase change in either ray due to reflection.

4. Reflection phase shift. Rays 1 and 2 both undergo a change of phase by 4 eycle
when they reflect from the coating’s front and rear surfaces, respectively (at
hoth surfaces the index of refraction increases). Thus there is no net change in
phase due to the reflections. The net phase difference will be due to the extra

ath 2t taken by ray 2 in the coating, where n = 1.38. We want 21 to equal
5 A, 50 that destructive interference occurs, where A, = A/n is the wavelength
in the coating. With 2f = A,/2 = A/2n, then

Ay A (550 nm)
YT T T (4)(1.38)

NOTE We could have set 2t = (m + 3)A,, where m is an integer. The smallest

thickness (m = 0) 1s usually chosen because destructive interference will occur

over the widest angle.

NOTE Complete destructive interference occurs only for the given wavelength of

visible light. Longer and shorter wavelengths will have only partial cancellation.

= 99.6 nm.



34-6 2uuoAoueTpo Michelson

To oupyBoAopueTrpo Michelson BacileTal o€ Eva
dlaxwpioTh 0éoung (beam splitter), Trou €XEl
TNV 1010TNTA VO avakAAQ TTepiTrou TO 50% TNG
O£0MNG KAl VA TTEPVAEI TO UTTOAOITTO.

M; (movable mirror)

Source

| M,
{7/ Eye (fixed mirror)
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KepaAaio 35
[MepiOAaon kal [MTOAwoON




Mepiexopeva KepaAaiou 35

 [lepiOAaon atrARg oXICMNG | OiOKOU

e Intensity in Single-Silit Diffraction Pattern
 [lepiOAaon OITTANG OXIOMNG

o AlakpPITIKN IKOVOTNTA; KUKAIKEG iPI0EG

o AIOKPITIKN IKAVOTNTA THAECKOTTIWYV KAl
MIKPOOKOTTIWV; To 6p10 TOU A Limit

* AIOKPITIKA IKOAVOTNTA AVOPWITTIVOU HATIOU-
MEYEOUVON

 Ppaypa MepiOAaong



Mepiexopeva KepaAaiou 35

QaocupatopeTpa Kol PacuaTOOKOTTIO

AI0KPITIKR IKAVOTNTA KAl I0XUS PpAYHATOG
mTePiOAaong.

AKTiveG-X Kal TTEpiOAaon akTivwy X
NMNéAwon

2KEOOAON PWTOC ATTO TN ATHOCPAIPA.



35-1 MNepiOAaon atrAng oXIouNS 1 dioKoU

AOyw TNG KUMATIKAG @UONG TOU pWTOG, TTAPATNPEITAI TO
PAIVOMEVO TNG TTEPIOAAONG, ATTOKAION ATTO €UOUYPAMMN
010001, YUPW OTTO AVTIKEIMEVA KAl OXIOMEG.

/
Shadow \\
Solid A
disk -
Bright 4
spot )
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35-1 MNepiOAaon atrAng oXIouNS 1 dioKoU

H eikova mrepiOAaong gival o oXNUMATIOCNOG TTOU
onuIoupyeiTal Adyo TnG TTEPiBAaoNG.




35-1 MNepiOAaon atrAng oXIouNS 1 dioKoU

H mrepiOAaon cuufaiver ereidn Ta
OEUTEPOYEVI METWTTA OTO AVOIYMA TG OTTAG
UTTOKEIVTOI OTO (PAIVOUEVO TNS CUMBOANG.

—o—

e
Y

g MI\P: /P
Y/



35-1 MNepiOAaon atrAng oXIouNS 1 dioKoU

Ta eAaxioTa oTnVv €IKOVA CUMBOANG aTTANG
OoXIOMNG N OiOKOU TTapaTnpeouvTal 0TV

Dsin® = mA, m = £l 3 428, = |minima |
Intensity
A 24 A oA 3 SInf



35-1 MepiOAaon atrAng oXIouNS 1 dioKoU

dw¢ pARKoug KUparog 750
nmM TTEPVAEI ATTO OXIOHNAS
mwAdToug 1.0 X 103 mm.
Méoco gival To EUPOG TNG
KEVTPIKNS KOPUPNS (a) o€
Moipeg kal (b) oge cm oTav
n oBovn BpiokeTal o€
atmréoTaon 20 cm;

Y Y ¥ Y Y VY Y

intensity \ |
on screen
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APPROACH The width of the central maximum goes from the first minimum on
one side to the first mimimum on the other side. We use Eq. 35-1 to find the
angular position of the first single-slit diffraction minimum.

SOLUTION (a) The first minimum occurs at

A 7.5 % 107" m
sinfl = — = = 0.75.
D 1.0 X 10™°m
So 6 = 49°. This is the angle between the center and the first minimum,
Fig. 35-5. The angle subtended by the whole central maximum, between the

minima above and below the center. is twice this, or 98°,

(b) The width of the central maximum is 2x, where tan# = x/20cm. So
2x = 2(20cm)(tan 49°) = 46 cm.

NOTE A large width of the screen will be illuminated, but it will not normally be
very bright since the amount of light that passes through such a small slit will
be small and it is spread over a large area. Note also that we cannot use the
small-angle approximation here (f =~ sinf =~ tan#) because 6 is large.

Copyright © 2009 Pearson Education, Inc.



35-1 MNepiOAaon atrAng oXIouNS 1 dioKoU

Mia TTapaAANAOYpANHN OXIOHA TOU OXAMOTOG
QwTIiCeTal. (a) Z€ TTol1a OIEUBUVON AVOMEVETE VA gival
TTEPICOOTEPO EKTETAMEVN N TTEPIOAaoN; (b) pE Baon
QUTO TTWG TI OXAMA TTPETTEI VA £XEI EVA NEYAPWVO
OVOKOIVWOEWYV O€ Eva YATTEDO;
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RESPONSE (a) From Eq. 35-1 we can see that if we make the slit (width D)
narrower, the pattern spreads out more. This is consistent with our study of
waves in Chapter 15. The diffraction through the rectangular hole will be wider
vertically, since the opening is smaller in that direction. (b) For a loudspeaker, the
sound pattern desired 1s one spread out horizontally, so the horn should be tall
and narrow (rotate Fig. 35-6 by 90°).

Copyright © 2009 Pearson Education, Inc.



35-2 ‘Evraon lNepiBAaong

H @aon kKal n Evraon TnG akTIVOBOAIaG €€
aiTiag Tng TrePiBAaong dideTal Ao TnNG

oxXéong:

2t

Kdl

: 2
J-.rg = 10(51252/2> .



35-2 ‘Evraon lNepiBAaong

BpeiTe TIG EVTACEIC VIO TA TTPWTA OUO HEYIOTA
EKATEPWOEV TOU KEVTPIKOU PEYIOTOU OE MIA EIKOVA
TEPIBAAONG.

APPROACH The secondary maxima occur close to halfway between the minima,
at about

B wDsiné

2 A

The actual maxima are not quite at these points—their positions can be determined
by differentiating Eq. 35-7 (see Problem 14)—but we are only seeking an estimate.

SOLUTION Using these values for 8 in Eq.35-7 or 35-8, with sin(m + 3)m = 1, gives

fﬁl _ fnl — m = 1,23,
(}ﬂ + 5)"?1" o

~ (m + 3)m. m=1,2,3,-
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For m =1 and 2, we get

— — s . 5 —_—
Iy 522 0.0451, [m 1]
L, = 0 _ 00161 [m = 2]
T 617 "

The first maximum to the side of the central peak has only 1/22, or 4.5%, the
intensity of the central peak, and succeeding ones are smaller still, just as we can
see in Fig. 35-4 and the photo of Fig. 35-2c.
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35-3 MepiOAaon dITTARG OXICUNAC

INa OUO OXIOUEG EXOUME

sinﬁﬁ) S

Egg = QED( 5/2 cosa-

H Evraon TTapauEvel avaAoyn Tou
TETPOAYWVOU TOU TTEDIOV.



35-3 MepiOAaon OITTANG OXIOUAG

O TTapdayovTag TNG

meEPIOAaoNGg ﬂ\
(eSapTdaTal atré TO P o
B) eppavileTal ocav o ot

“ paxelog” TTOU NWW\M ﬂ
TPOTTOTTOIElI TOV , .
TOXEWG S
METARBAAAOMEVO

TTAPAYOVTO MHH[\M
oUMBOARG (mov S

eCaptdTol amod Tov 9J).

M|C/)
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35-3 MepiOAaon OITTANG OXIOUAG

AgiTE OTI N KEVTPIKN KOpUuPN TTEPIOAaONG
TOU oxnuatog yia d=6D =604, TrepiExer 11
KPOOOOUG CUMBOARNG.

Intensity, Iy vs. 6



(c) Intensity, Iy vs. 0

APPROACH The first mmimum 1in the diffraction pattern occurs where

_ A
smi = —-

D
Since d = 6D,
. A
dsinf = GD(H) = HA.

SOLUTION From Eq. 34-2a, interference peaks (maxima) occur for dsinfl = mA
where m can be 0,1,--- or any integer. Thus the diffracion minimum
(dsinf = 6A) coincides with m = 6 in the interference pattern, so the m = 6
peak won’t appear. Hence the central diffraction peak encloses the central
interference peak (m = 0) and five peaks ( m = 1 to 5) on each side for a total
of 11. Since the sixth order doesn’t appear, it 1s said to be a “missing order.”




35-4 Opi1a OIOKPITIKAG IKAVOTNTAG-
KUKAIKEG ipIOEG

A10KPITIKA IKAVOTNTA €ival N ATTOCTOON OTNV
OTToid EVO PAKOG MTTOPEI MOAIC VA OIOKPIVEI
OUO OINPOPETIKA AVTIKEIMEVA.

H S1aKpITIKEA IKavoeTnTa TTEPIOPICETAI ATTO
o@AApaTa (EKTPOTTEG) Kal TrEPiBAaon. Ol
EKTPOTTEG MTTOPEI OuVNTIKA va di1opOwbBouv, n
mePIOAaoNn OpwGg Ox1. H trepiOAaon £xel
OXEOT ME TIC OIOOTACEIG TOU (POKOU OE OXEON
ME TO MAKOG KUMATOG TNG OKTIVOBOAIQG.



35-4 Opi1a OIOKPITIKAG IKAVOTNTAG-
KUKAIKEG ipIOEG

Na KUKAIKEG ip10&G HE OIAMETPO D, TO KEVTPIKO
MEYIOTO £XEI EUPOG:

1.22A

6:
D

|6 in radians]

Intensity

122X 0 1.22A 0
D D
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35-4 Opl1a OI0KPITIKAG IKAVOTNTAG-
KUKAIKEG ipIOEG

To kpiTRp1o Tou Rayleigh Aggl 611 dUoO
TTAPACTACEIG Eival OIAKPITEG OTAV TO KEVTPO TNG
MIOG €ival TOUAAXIOTOV OTNV ATTOCTOON TOU
TTPWTOU EAAXIOTOU TNG AAANG.




35-4 Opi1a OIOKPITIKAG IKAVOTNTAG-
KUKAIKEG ipI1OEG

To diaoTnUIKO TnAgokdTtio Hubble BacileTal oTnv
avakAaon Kal gival o€ Tpoxia TEPIE TG yns. H
OIAKPITIKF) TOU IKOVOTNTA ECOPTATAI <K MOVO» ATTO TO
oTPORBIAIOHO TNG aTuooc@aipag. H dIaueETPOG TOU
OVTIKEIMEVIKOU aKoU Tou gival 2.4 m. Na opatn
akTIvoBoAia 1r.X. 4 =550 nm, BpeiTe TTOON €ival n
BeATiwon oTNV JIAKPITIKA IKAVOTNTA TWV ETTIYEIWV
TNAECKOTTIWV TTOU TTEPIOPICOVTAI ATTO TNV TTEPICTPOPI
TNG ATMOOPAIPAG TNGS YNGS ~1/2 arc-s. (KaBe poipa £XEl
60 minutes kail KaBe minute 60 seconds, &TTOpEVWG 1°
= 3600 arc-s.)
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APPROACH Angular resolution for the Hubble is given (in radians) by Eq. 35-10.

The resolution for Earth telescopes is given, and we first convert it to radians so
we can compare.

SOLUTION Earth-bound telescopes are limited to an angular resolution of

1 \°/27 rad
§ = ( )(“a)zz.atxm—ﬁrad.

bd | —

3600 360°

The Hubble, on the other hand, 1s limited by diffraction (Eq. 35-10) which for
A = 550nm is
1224 1.22(550 x 107" m)
= T = = 2.8 X 107" rad,
’ D 2.4m e

thus giving almost ten times better resolution (2.4 X 10™°rad/2.8 X 107" rad = 9x).
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35-4 Opl1a OIOKPITIKAG IKAVOTNTAG-
KUKAIKEG ipI1OEG

BpiokeoTte o€ Eva agpotrAdvo o€ Upog 10,000 m. KoltTwvTtag TTpog TO
£00(@OG EKTIMEIOTE TNV EAAXIOTN ATTOOTAON S HETASU AVTIKEINEVWYV TTOU
MTTOPEITE VA dIaKpPiveTE. MTTOPEITE VO HETPEIOTE AUTOKIVNTA O€ £va OTAOUO
parking ; OQwpeiote povo TTePiOAaon Kal UTTOOEOTE OTI N iP1OA TOU HATIOU
oag gival 3.0 mm o€ diIAueTpo Kal A = 550 nm.

APPROACH We use the Rayleigh criterion, Eq. 35-10, to estimate 6. The
separation s of objects is s = £f, where £ = 10°m and 6 is in radians.

SOLUTION In Eq.35-10, we set D = 3.0mm for the opening of the eye:

1.220 (10°m)(1.22)(550 x 10~ m)
D 3.0 X 103 m

Yes, you could just resolve a car (roughly 2 m wide by 3 or 4 m long) and count them.

= 2.2m.

s = [0 = {
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35-5 AIaKPITIKA IKAVOTNTA TNAECKOTTIWYV
Kal MikpooKoTTiwv; To 6pIO TOU A

10 TNAECKOTTIO TO OPIO0 Eival AUTO TNG
mePIOAaong OnA. .

1.22A
D

|6 in radians]

o MIKPOOKOTTIA, UTTOBETOVTOG OTI TO
OVTIKEIMEVO BPICKETAI OTNV ECTIA TOU PAKOU,
n S10KPITIKA IKAVOTNTA JIOETAI ATTO TNV

OXeon. 1.22Af
RP = s = f§ = ——*
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35-5 AIGKPITIKA IKAVOTNTA TNAECKOTTIWYV
Kal MikpookoTriwv; To 6plo TOU A

Mola gival n eAaxioTn amroéoTaon OUo ACTPWYV TTOU
MTTOPEI va dlakpivel (a) To 200-IvTOWYV TNAECKOTTIO OTO
Bouvo Palomar kai (b) To Arecibo padIOTNAECKOTTIO, ME
O1apeTpo 300 m Kai akTiva KaptruAotntag 300 m.
YtroBéoTe A = 550 nm yia 1o (a), Kai A =4 cm yia 1o (b).

A T R, TR Nt Al oy M
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APPROACH We apply the Rayleigh criterion (Eq. 35-10) for each telescope.
SOLUTION (a) Since D = 200in. = 5.1 m, we have from Eq. 35-10 that

1220 (1.22)(5.50 X 107" m)
D (5.1m)

g =

= 1.3 x 107" rad.

or 0.75 X 107 deg. (Note that this is equivalent to resolving two points less than
1 ¢cm apart from a distance of 100 km!)

(b) For radio waves with A = 0.04 m emitted by stars, the resolution is

_ (1.22)(0.04 m)

= 1.6 X 10 *rad.
(300 m) 1.6 X 10" rad

The resolution is less because the wavelength is so much larger, but the larger
objective collects more radiation and thus detects fainter objects.

NOTE In both cases, we determined the limit set by diffraction. The resolution
for a visible-light Earth-bound telescope 1s not this good because of aberrations
and, more mmportantly, turbulence in the atmosphere. In fact, large-diameter
objectives are not justified by increased resolution, but by their greater
light-gathering ability—they allow more light in, so fainter objects can be seen.
Radiotelescopes are not hindered by atmospheric turbulence, and the resolution
found in (b) is a good estimate.

Copypss——



35-5 AIaKPITIKA IKAVOTNTA TNAECKOTTIWYV
Kal MikpooKoTTiwv; To 6pI0 TOU A

Ev YEVEl N €0TIOKN ATTOOTOON EVOG
(POKOU MIKPOOKOTTIOU Eival:

i
RP =~ -
2

Agv givar duvarov va OIaKpivouueE
AETTTOUEPEIEC MIKPOTEPEC ATTO TO UNKOC
KUuaro¢ tn¢ akrivoBoAiag mou
XPNOIUOTTOIOUUE.
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35-

6 H J1aKPITIKI IKAOVOTNTO TOU aVOPWITIVOU
MOTIOU KOl N Xpnon MeyEBuvong

To avOpwITIVO HATI OIOKPIVEI AVTIKEIMEVO
mTou atréxouv 1 cm ota 20 m, R 0.1 mm
oTNV amroocTaon Tou near point (~ 20 cm).

AUTO repiopilel TNV «xpACIUN» UEYEBUVON
EVOC OTTTIKOU HIKPOOKOTTIOU ETaéU 500X—
1000x.
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35-7 @payua MepiBAaong

To epayua TTePIiOAAONG ATTOTEAEITAI ATTO TTOAAEG
ICATTEXOUOEC OXIOMEG N YPOAMMEG/EYKOTTEG. To
PPAYHA O1AO00NG £XEI OXICMES KOI TO PPAYMO
avdkAaong £xel YPOMMEG/EYKOTTEC TTOU
OVOKAOUV TO pWG.

‘Oo0 peyaAuTepn N /\ /\/\

TTUKVOTNTA TWV YPOANHWYV AR
TOOO OTEVOTEPEG Ol (a)
KOPUPEG.




35-7 @payua MepiBAaong

Ta pEYIOTA OTO «PACHO» (EIKOVA) TOU
O1a@PPAYMATOG Eival

WA o .
sinf = s om o= 0,1,2, [dlffragtl.ongra‘gng,]
d T principal maxima
m=2 m=2m=1 m=1 m=0 m=1 m=1m=2 m=2

700 400 700 400 Both A 400 700 400 700
nm nm nm nm nm  nm nm nm

Rainbow Rainbow White Rainbow Rainbow
(fainter) (fainter)
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35-7 @payua MepiBAaong

Na gpaypa repiOAaon pe 10,000
YPOMMEG/cM, BpeiTe TIG BECEIC TWYV
MEYIOTWY KOPUPWYV TNG TTPWTNG KAl
QEUTEPACG TACNGS VIO WS ME MAKN
KUparog 400 nm kai 700 nm



APPROACH First we find the distance d between grating lines: if the grating
has N lines in 1 m, then the distance between lines must be d = 1/N meters.

Then we use Eq.35-13,sin # = mA/d, to find the angles for the two wavelengths
for m =1 and 2.

SOLUTION The grating contains 1.00 X 10*lines/cm = 1.00 X 10° lines/m,
which means the distance between lines is d = (1/1.00 X 10°)m =
1.00 X 10™"m = 1.00 wm. In first order (m = 1), the angles are

mA (1)(4.00 X 107" m)

b0 = =7 = o0 x10°m 4%
_ (1)(7.00 X 107" m)
Sin By, = 100 X 10-°m = 0.700

SO flyy = 23.6° and 64y, = 44.4°. In second order,

A (2)(4.00 X 107" m)

S0 = T = o0 x 10°m 080
_ (2)(7.00 X 107" m)
Sin B4y, = 100 X 10-°m = 1.40

S0 By = 53.1°. But the second order does not exist for A = 700 nm because
sin # cannot exceed 1. No higher orders will appear.




35-7 @payua MepiBAaong

AguKO Qwg TTEPIEXEI MAKN KUMATOS aT1rd 400 nm péXpl 750 nm Kal
avaAuveral atrd gpaypa pe 4000 ypappég/cm. Agigte 611 yia To UTTAE 4 = 450

nm n Tpitn Tad¢n TOU ACHATOG ETTIKAAUTTITEI TO KOKKIVO oTa 700 nm aTtrd
TNV deUTEPN TAEN the second order.

SOLUTION The grating spacing is d = (1/4000) cm = 2.50 X 10™°m. The blue
of the third order occurs at an angle 6 given by

mr  (3)(4.50 X 107" m)

d (250 X 10 m)

Red in second order occurs at

(2)(7.00 x 107" m)
(2.50 X 107 m)

which is a greater angle; so the second order overlaps into the beginning of the
third-order spectrum.

sinfl =

= (.540.

sinf = = ().560,
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35-7 @payua MepiBAaong

OT1av KoITASTE TNV £mIPAvelIa evog CD,
@aivovTtal Ta XpwHATA TNG ip100G¢. (a)
BpeiTe TNV a1TOCTACN METALU TWV
KMOUCIKWV>» YPAMHWY TTOoU dl1afdaclel To
laser. (b) Bpeite TNV A1ITOOTACT METOASU TWV
YPOMHWYV UTTOBETOVTAG OTI TO CD TrEpPIEXEI
80 MIin MOUOCIKAG KAl TTEPIOTPEPETAI ME
TaxuTnTa atro 200 pExpt 500 oTpo@Es/min,
Kal TO MOVO Ta 2/3 a1rd Ta 6-CM AKTivVd
gival «XOPAYMEVO».



RESPONSE (a) The CD acts like a reflection diffraction grating. To satisly
Eq. 35-13, we might estimate the line spacing as one or a few (2 or 3) wavelengths
(A = 550nm) or 0.5 to 1.5 um. (b) Average rotation speed of 350 rev/min times
80 min gives 28,000 total rotations or 28,000 lines, which are spread over
(3)(6cm) = 4cm. So we have a sort of reflection diffraction grating with about
(28,000 lines)/(4 cm) = 7000 lines/cm. The distance d between lines is roughly
[ 1cm/7000 lines =~ 1.4 X 107°m = 1.4 wm. Our results in (a) and (b) agree.
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35-8 PaocpaTOuETPO KAl PACHATOOKOTTIO

‘Eva @aOUATONETPO METPAEI ME OKPIBEIO TO
MAKOC KUMOTOG TNG OKTIVOBOAIOG ME TNV
BonOsia TTpicCHATOC | PPAYMATOG TTEPIBAOONG

-
- _\_\_\""\-\.\_

.-"'-.J-. B \\\
Source f;’" “"\
 — Gratin '
[Collimator, >*"& \\,

-
o

/
..I'

[ig]
|

o |
=
|
|
-




35-8 PACHATOMETPO KAl
daopparooKoTria

To MAKOG KUMATOG ETTIAEYETAI i
TPoodIopifeTal NE HEYAAN akpiffeia aTrd TNV
YWVIid TOU TTPICHATOC 1) TOU PPAYMATOG:

i — T, m o= 01,2, [diffraction grating,]

principal maxima
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35-8 OACUATOUETPO KAl
daopparooKoTria

ATOoNO KOl HOPIA «aVAYVWPEICOVTAI» ATTO TIG

XOPOAKTNPIOTIKEG KYPAMMES» atTTOPPOPNONG
N EKTTOMTTAG!.

Atomic hydrogen

Solar absorption spectrum
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35-8 OACUATOUETPO KAl
daopparooKoTria

To ATOMO TOU YOPOYOVOU EKTTEUTTEI WG
TO OTroio avaAuvueTal ye pdayua 1.00 x 104
YPOMHwYV/cM. O1 @OCHATOOKOTTIKEG
YPOMMEG AaTrO TO KEVTPO (09 gival W OTIG
24.2° MTTAE OTIG 25.7°, UTTAE-TTPACIVN OTIC
29.1° Kal KOKKIVN oTIG 41.0° a1rd TO
KEVTPO. Bpeite TO KN KUNOTOG QUTWYV
TWV YPOUMWV.



APPROACH The wavelengths can be determined [rom the angles by using
A = (d/m)sin@ where d is the spacing between slits, and m is the order of the
spectrum (Eq. 35-13).

SOLUTION Since these are the closest lines to 6 = 0°, this 1s the first-order
spectrum (m = 1). The slit spacing is d = 1/(1.00 X 10*em™) =1.00 X 10~ m.
The wavelength of the violet line 1s

00 x 1078
A= (%) sinf = (1 00 llU m) sin24.2° = 4.10 X 107" m = 410 nm.

The other wavelengths are:

blue: A = (1.00 X 107°m)sin25.7° = 434 nm,
blue-green: A = (1.00 X 10™"m)sin29.1° = 486 nm.
red: A = (1.00 X 107" m)sin 41.0° = 656 nm.

NOTE In an unknown mixture of gases, these four spectral lines need to be seen
to identify that the mixture contains hydrogen.
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35-9 AlakpITIKN IKavoTnTa
DpayudTwyv

O00 HEYOAWVEI O APIONOGC TWV YPOAUMWYV EVOG
PPAYMATOG TO PACHATOOKOTTIKO EUPOG TNG
KEVTPIKNS OKTIVOBOAIQG YyiveTal EAAXIOTO:

A
Ay =~
H S10KPITIKE IKAVOTNTA EVOS PPAYMATOG
opieTal ATTO TNV EAAXIOTHN O10POPA MNKOUG
KUMOTOG TTOU UTTOPEI VA OIOKPIVEIL:

A

B o= = N
AX o



35-9 AlakpITIKN IKavoeTnTa
DpayudaTwyv

To NATpI0 £XEI HIO XOPAKTNPIOCTIKR «OITTAR
YPOMMN» OTA , 4, = 589.00 nm Kai 4, =
589.59 nm, Bpecite (@) TNV MEYIOTN TAEN M
ToU B eppavioel Eva @PAyMa VIO TNV
vpauun auth Tou Natpiou (b) Ta
XOPOAKTNPICTIKA TOU pPAYMATOG TTOU
OTTAITOUVTAI YIO VO OIOKPIVEI Ta OUO uNAN
KUMOTOG.



APPROACH We first find d = 1em/7500 = 1.33 X 10™°m, and then use Eq.35-13
to find m. For (b) we use Egs. 35-18 and 35-19.

SOLUTION (a) The maximum value of m at A = 589 nm, using Eq. 35-13 with
sinf =1, 1s _
d d 133 X 10" m

- Lne<=S = — 2.26.
T Y = N T 589 X 107 m

so m = 2 18 the maximum order present.

(b) The resolving power needed is
A 589 nm

R = AA B 0.59 nm = 1000.

From Eq. 35-19, the total number N of lines needed for the m = 2 order is
N = R/m = 1000/2 = 500, so the grating need only be 500/7500cm™' =
0.0667 cm wide. A typical grating is a few centimeters wide, and so will easily
resolve the two lines.
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35-10 AkTiveg-X kai lepiOAaon AKTivwv-X

Ol aTTOOTACEIG METOLU ATOMWYV OE KPUOTAAAIKA
TTAEYHATA €ival IOAVIKEG VIO TNV TTEPIBAACON
OKTIVWV-X




35-10 AkTiveg-X kai legpiOAaon AKTivwv-X

MepiBAaon pe aKTiveg-X gival iCWG O OUCIACTIKOTEPOG TPOTTOG avVAAUo NG
TWV KPUOTAAAIKWY SOHWYV OXI HOVO avopyavwy UAIKWY aAAd Kal
BioAoyiKwvV popiwv.

Heater

III“.\. I
Targel
(anode)

l._x

High voltage

+\
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35-11 NMoéAwon

Mpappika NMoAwpévo
PWG. OTav TO £TTiTTEdO
TAAGVTWONG TOU
NAEKTPIKOU TTEQIOU
TTAPaMEVEI OTABEPO OE
oxéon ME TNV O1gUBuvon
010000 NS TOU PWTOG.
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IHolA®won Tov POTOS

['poppikd molouévo @mc, O0tav mn 0ELOLVON TOAAVTMOGNC TOV
NAEKTPIKOV TEOIOV TapaUEVEL oTOOEPT

= @
)

E:Ex+Ey /
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E=E, {fsin[z%(z—ct)} + fsin{%(z—ct + O)}}




Kvkhikd moAopevo ¢@mc, otav m oevbvvon ToAdvTmGNS TOV
NAEKTPIKOV TEOIOV TTEPIGTPEPETAL YOPW OO TOV AEOVH, O1O0GTG

E=E, fsin{%(z—ct)} +j sin{%(z—ct i%ﬂ}
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o mTég

Tpomol mapay®myYNG YPOLUIKE TOADUEVOL PMOTOC

« Avaxhaon * Ayypoikol KpOGTOAAOL
e YKEOOOM e AutthoOAocTiKol KpOGTOALOL
Avaxkiaon

* H avaxkiopevn déoun civanr todopévn KAGETA 6710 eninedo npoonTmONC.

e To emineoo mpodonT®ONg opileTar amd TV d1evOVVG™ TNC APYIKNG OEGUNC KOl
NG KaBETOL GTO EMinedo 6TO GNUEIO TPOGTTWOGOTC.

<....y/.... ..... > 2

\\

tanHB — & Mo aépo/yvohi

r I4 Br
"o yovieg mpoontmong Brewter N, 0,~56,3
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Ykéoaon

To pwg mov exmépumeton and Eva detypo KAOETA oty diebBuvon dtddoong g
apyIKNG 0EGUNG eivar ypoap ik moAmpévo pe modwon KAGETH oty oebbuvon

O1A00GNG TNG UPYIKNG OECUNG X
WZ\A
v Z

['vopiCovpue OTL Yoo LOVOPMTOVIKEG LETATTAOGELC TO €00V TV MAII yvouevo apytkng
KOl TEAMKNG Kupotosuvaptnong mpenel va nepiExel MAII mov va mepiéyovv 1o X, Y,
Z. Ed&v n 010061 100 @OTO¢ £ival 0 Z, T0te Lovo petomtmcels X, Y Qo emrpémovial
(E,=0). T'wa exkmoumn xotd pnxog tov dEova X, EL=0 kot eropévaoc 10 pog tvor Y-
TOA®UEVO Kol avtiotoyo  kotd pnkog tov déova Y, Ey=0 kol emopévoc to @og
etvor X-ToA®UEVO Kol avTioTOT(O
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Aypoikot Kpvotailon

KpbOotailot mTov amoppo@odv gmg GUYKEKPILEVNG TOAMGNG, ONA, EXLTPETOVTOL
LETATTOGELS LOVO HE Y N X TOA®UEVO POC.

3 e

AvAAoYO0 e TO €av Bempnoovpe Eva TAEYLO LLE KOTAKOPLQX, Oy (Y LLLOL
KoA®OL YoAkoV . H mdéAwon tov pmto¢ mov eknéuneton eivor KAGOETH ota
KOAMOL0L 010TL 1] GAAT GLVIGTMOGO ATOPPOPATOL

—
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Awmho0iaotikol Kpvotairion
KpbOotailot mov otaympilovv ymptkd v Y moAmuévn Kot X-ToA®UEVT] CUVIGTOGEC.
4

) $.3 4

BAémovpue 6Tt | X-moAwEVN CUVIGTOGO, LETOTOTTICETOL Qtd TNV aPYIKT) d1evBvuvon TG
oéoung (extraordinarygvo n Y -moAoUEVT) GUVICTMOGA, OEV LETOPAAAETOL.

Ipiopora Glan Laser

A [TeprotpéPoviac T0 KPUGTOAAD YOP®
x 4 and Tov AEova Z, aAAALEL Ko 1] TOA®O)

NG 0EGUNG TTOV EKTEUTETOAL.
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Kvkika IToAopévo ®mg

[ va mopoyBel KOKAIKE TOAOUEVO QOC At YPAUUIKA TTOA®UEVO, YV®PILovuE OTL

mpémet o1 6Yo cvvictdoeg (E, M E,) Tov niektpucon nediov va £xovv diapopd

pacem¢ /2. Tovto emtvyydveton pe ta Agyouevo A/4 waveplates.

M4 M2
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1aDI@ 8.3 ....L.ﬁ)_._l_..____ ERISTIVE UF UP WAL MATERIALD

Useful Trurumizsion Renge
{ 2 10% transmission ) Index of Refraction Knoop Melting Paint
aterinl tn 2-mm Thickness [wavelength  jsm) in parentheses] Hurelness {("C)
LiF 0.104-7 LB0D.125), 1.34(4.3) 100 870
MgF, 0.1216-0.7 n, = 13777, n, = 1.35950(0.559)" 43 1396
CaF, 0.125-12 1.47835(0.2288), 1.307536(0.724) 158 1360
BaF; 0,1345-15 L51217(0.3652), 1.39636( 10.346) 63 1280
Sapphire (A1.0;) 0.15-63 n, = LARIBI 2A520), n = L5ABABATT),!  1525-2000° 240 + 10
n, slightly less than n,
Fused silica (5i0,) 0.165-4° 1L54TIH0.20254), 140601(3.5) 615 1600
Pyrex 7740 0.3-27 1474(0.589), = L5(2.2) = i) B20#
Vycor 7913 026-27 1.455(0.359) - 1300
AssS, 0.8-0.13 2B4(10), 2.4(8) 109 300
RIRZ =0 d-a7 1.75(2.2) = 600 =K
RIR 20 =04-35 1822.2) ML 760
NaF 0.13-12 13930, 185), 0.24(24) i 440
RIR 12 =04-57 1.62(2.9) 504 = 500
Mg 0.25-85 L7120 B2 2800
Acrylic 0.340-16 1.5066(0.4101), 1.4892/0,6563) & Distarts at 72
Silver chloride (AgCD 0.4-32 2.134(0.43), 1.90148(20.5) 95 43
Silver bromide (AgBr) N.45-42 23130486y, 2.2315(0.671) 295 432
Kel F 0.34-34 - - -
Diamaond (type 1[A) 0.23-200+ 2.7151(0.2265), 2 4237(0.5461) 5T00-10.400° =
NaCl 0.21-25. r%ﬁﬁ@. 1.3403(22.3) 18 BO3
KBr 0.205-23 1.55005(0.538), 1.46324(25.14) 7 730
EC 0.18-30 1.78373(0.19), 1.3632[23) - 716
sl 0.18-=30 1.5226(0.226), 1.6440(0.535) - 46
CsBr 0.21-30 1.75118(0.365), 2.55000(39.22) 18.5 Gi30
Kl 0.25-40 B 1548(0.248), 1 6IR1(1.083) 5 ™M o,
Csl 0.235-60 LUST04{0.297), LE1925(33.12) - 621
5¢Ti0;, 04-74 2.332.2), 2.18(4.3) 820 A0
5¢F, 0.13-14 1.438(0.538) 130 1450
Rutile (TI0,) 04-7 n,=2510), n, = 27(L0) 880 1825
Thallium bromide {T1Br) 0.45-45 2.852(0.436), 2.3(0.73) 12 480
Thallium bromoiodide (KRS-5) {).56-6) 2627380,377), 221721(39.35) 40 4145
Thallium chlorobromide (KRS-6) 0.4-22 ZA6TI0.560), 20752024) 1] 4235
InSe 0.5-2 2,40 10.6) 130 -
Iriran 2 (ZuS) 0.6-136 2.26(2.2), 2.254.3) 354 B0
8 L1-13" 3425.0) 1150 1420
Ge 1.85-30¢ 4.023(4.0, 4.002{12.0 92 36
Cals I-15 3.5(1.0y, 3135 10:6) a0 . 1238
CiTe 0.9-16 0 8% 0, 267(10.6) 15 1043
Te 148+ n,=637(43),n, = 44343 - 450
CaC0, 025-3 n, = 1902840200, n, = |.5TT96(0.198)" - -
n, = L630FK1TE), n, = LATIN3.324) 135 B 4"
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TABLE 42
Common continuum sources
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Xenon e Arc discharpe in Quartz 00« LN nm 1!
>l am Xe

*Values ate towgh approximations al specific wavelengehs: for Nermst glower and ghobar, & = 10 i for lungstem, b o 500 nes for quarts
odint: with fodise scavenger, b - 400 nm for Hy, A = 250 am; for Xe arc, b — 506} e (75-W lamp).
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2. Is the acceleration of a simple harmonic oscillator ever
zero? If so, where?

2. The acceleration of a simple harmonic oscillator is momentarily zero as the mass passes through the
equilibrium point. At this point, there is no force on the mass and therefore no acceleration.

7. If a pendulum clock 1s accurate at sea level, will it gain or
lose time when taken to high altitude? Why?

At high altitude, g is slightly smaller than it is at sea level. If g is smaller, then the period 7 of the
pendulum clock will be longer, and the clock will run slow (or lose time).

12. Does a car bounce on its springs faster when it is empty or
when it is fully loaded?

12

Empty. The period of the oscillation of a spring increases with increasing mass, so when the car is
empty the period of the harmonic motion of the springs will be shorter, and the car will bounce

faster.

17. Why can you make water slosh back and forth in a pan only
if you shake the pan at a certain frequency?

17. Ifyou shake the pan at a resonant frequency, standing waves will be set up in the water and it will
slosh back and forth. Shaking the pan at other frequencies will not create large waves. The individual

water molecules will move but not in a coherent way.



-ao - -

10. (IT) A mass m at the end of a

- - -

spring oscillates with a

frequency of (.83 Hz. When an additional 680-g mass is
added to m, the frequency is 0.60 Hz. What is the value

of m?

10. The spring constant is the same regardless of what mass 1s attached to the spring.

1

k

k

f=y= >

——=mf” =constant —> m [ =m,f, —
2w \'m

4r’

: 0.68ke ) (0.60Hz)’
by e OB RO ) ~[0.74 kg

(0.83Hz) —(0.60Hz)"

(mkg)(0.83 i—[z}2 =(m kg+ 0.68 kg )(0.60 Hz)

R TR

8. (II) Construct a Table indicating the position x of the mass
in Fig. 14-2 at times ¢ = 0,7,37,37, T, and 37T, where T
is the period of oscillation. On a graph of x vs. [, plot these
six points. Now connect these points with a smooth curve.
Based on these simple considerations, does your curve

resemble that of a cosine or sine wave?

8.

The table of data is
shown, along with
the smoothed graph.
Every quarter of a
period, the mass
moves from an
extreme point to the
equilibrium. The

time position
0 -A
T/4 0
T2 A
3T/4 0
T -A
5T/4 0

graph resembles a wave (actually,

the opposite of a cosine wave).

position / A

time/ T




16. (II) The graph of displacement vs. time for a small
mass m at the end of a spring is shown in Fig. 14-30. At
f=0 x=043cm. (a) If m=295g, find the spring
constant, k. (b) Write the equation for displacement x as a
function of time.

X

(.82 cm (0.82 cm

=7 1\
(43 ¢cm
T _/

- 0.69s

FIGURE 14-30 Problem 16.



16. (a) From the graph, the period is 0.69 s. The period and the mass can be used to find the spring

constant.
; ,» 0.0095k
=2;.-«.-\F - k=dr' " 4 ———2-0.7877N/m =[0.79N/m
(0. 695)
(b) From the graph, the amplltude 15 0.82 cm. The phase constant can be found from the initial
conditions.
2
w=digos] =i ¢ |=(0.82cm)cos i : ]
T 0.69
, 0.43
x(0)=(0.82cm)cos ¢=0.43cm — ¢=cos” i +1.02 rad
Because the graph is shifted to the RIGHT from the O-phase cosine, the phase constant must be
subtracted.

X = (U.SZCH}]CDS[%I—I.U] or (0.82cm)cos(9.1¢1-1.0)
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24. (I1) A block of mass m 1s supported by two identical
parallel vertical springs, each with spring
stiffness constant k (Fig. 14-31). What will be
the frequency of vertical oscillation?

MOPIO ME AINAO AEXMO!

FIGURE 14-31 m
Problem 24.

24. Consider the first free-body diagram for the block while it is
at equilibrium, so that the net force is zero. Newton’s F, 1 ]
second law for vertical forces, with up as positive, gives this. ----- .
ZE-=51+FE_”'5‘8'=U — F,+F,=mg i morSten
Now consider the second free-body diagram, in which the I .-
block is displaced a distance x from the equilibrium point.
Each upward force will have increased by an amount —kx,
since x < (0. Again write Newton’s second law for vertical forces.

ZF =T ‘:F;"'Far_”i'g:FA‘LT+F3“E‘:’(‘”?£=—2LT+(Fa-i-Fa—mg)=—2ff_r

This is the general form of a restoring force that produces SHM, with an effective spring constant of
2k . Thus the frequency of vibration is as follows.

1 [2k

2T N m
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37. (II) Agent Arlene devised the following method of
measuring the muzzle velocity of a rifle (Fig. 14-33). She
fires a bullet into a 4.648-kg wooden block resting on a
smooth surface, and attached to a spring of spring constant
k = 1427 N/m. The bullet, whose mass 1s 7.870 g, remains
embedded in the wooden block. She measures the
maximum distance that the block compresses the spring to
be 9.460 cm. What is the speed v of the bullet?

e B

-

! ¥ N W

= D4nllcm -

M+m 1 =




37

We assume that the collision of the bullet and block 1s so quick that there is no significant motion of
the large mass or spring during the collision. Linear momentum is conserved in this collision. The
speed that the combination has right after the collision is the maximum speed of the oscillating
system. Then, the kinetic energy that the combination has right after the collision is stored in the
spring when it is fully compressed, at the amplitude of its motion.

m
— V. = ¥V

¥V
Ian X 0

m+ M

pbrfurt = pu!’L‘..'r —F mv’ﬂ = (”T s Iw )

Lim+ M)V, =ikd — —;(n?+fvf)[ & 1-’D] =Lkl -
) i ) m+ M )

9.460x10™
1:ﬂ=i,/k(nr+,.-14)=( e m)\/(142.?N/m)(?.3m><10'1’kg+4.643kg]

m (7.870x107kg)

= 309.811‘1/5




52, (II) A student wants to use a meter stick as a pendulum.
She plans to drill a small hole through the meter stick
and suspend it from a smooth pin
attached to the wall (Fig. 14-34).
Where in the meter stick should
she drill the hole to obtain the
shortest possible period? How
short an oscillation period can she
obtain with a meter stick in this
way?

FIGURE 14-34
Problem 52.




52. The meter stick used as a pendulum is a physical pendulum. The period is given by Eq. 14-14,
f /
T =21 —f Use the parallel axis theorem to find the moment of inertia about the pin. Express
mgh

the distances from the center of mass.

e [ il emi: 2n( 22\
I =l +mh =i mé +mh™ — T=2rx =2 ikl i - LZ 4k
: = mgh mgh ,}g =8

dTl -

N E .
= zx(g][ﬁ—m] (-gh—zﬂ]:u — h=\%£=02887m

dh h

Il

x=1{—-h=0500-0.2887 =|0.21 I m| from the end

Use the distance for / to calculate the period.

| i)

(&Y 2 1.00m)’ '
Tz—i(g—w] =—H[¢ﬂ+[}.2887mJ =[1.53s

\/g h [9.80m/s’ #0.2887 m




56. (II) A 0.835-kg block oscillates on the end of a spring whose
spring constant is k = 41.0 N/m. The mass moves in a
fluid which offers a resistive force F = —bv, where
b = 0.662N-s/m. (a) What is the period of the motion?
(b) What 1s the fractional decrease in amplitude per cycle?
(¢) Write the displacement as a function of time if at
t =0, x=0, andat t = 1.00s, x = (0.120 m.

56. (a) The period of the motion can be found from Eq. 14-18, giving the angular frequency for the
damped motion.

B L. (41.0N/m) (0.662Nes/m) — 6,996 rad/s

m 4m’ \ (0835kg)  4(0.835kg)’

2 2r

w  6.99%rad/s

(b) Ifthe amplitude at some time is 4, then one cycle later, the amplitude will be 4e™" . Use this
to find the fractional change.

T = 0.898s

_ ; (16625 -5/m)
Ae = 4 " T 1 __(0898s)
. =¥ 2{0E3Ske
fractional change=————=¢ —1 =g 2" —]=¢ ‘%%
A

And so the amplitude decreases by 30% from the previous amplitude, every cycle.

—-1={-0.300
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(¢) Since the object 1s at the originat ¢ =0, we w;ll use a sine function to express the equation of

motion.
_(682N-g/m) -

x=Ade"sin(wt) — 0.120m= Ae A sm(b 996rad) —
A= — e v 120m = 0273m ; y=b o (0O2NSM) ) oe e

”—I—k 00s) 2m 2(0835kg)

0833k sin(6.996rad)
-(039657 | .
x=(0.273m)e sin[(7.00rad/s)¢]
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61. (III) (a) Show that the total mechanical energy,

= Imv® + 3kx’, as a function of time for a lightly
damped harmonic oscillator is
E = %kAEE (bt _— E[].E fh,-’m}i"
where Ej is the total mechanical energy at £ = (. (Assume
w' == b/2m.) (b) Show that the fractional energy lost per
period 18
AE 2mh 2

E mw, — Q

where wy = Vk/m and Q = mwy/b is called the quality
factor or Q value of the system. A larger O value means the
system can undergo oscillations for a longer time.



b’ k

(a) For the “lightly damped” harmonic oscillator, we have b* < dmk — <— — o=,

dm*  m
We also assume that the object starts to move from maximum displacement, and so
bt t_i b ht bt b
e ’ X By o ’ g ’ g TR ’
x=Ae ""coswt and v=—=——4e " coswi—-wAe *sinwt=—-wAe "sinwi.
dt 2m
b it

E=Llkc® +imv’ =Lkd’e ™ cos’ wi+Lmw A e " sin’ Wi

- 3 o I
1742 F N S Wl v <2 142
=kdje "cos Wi +kAde "sin" wt =3kAdje " =|Ee "

(b) The fractional loss of energy during one period is as follows. Note that we use the

oL b 2 bT bT
approximation that — k@, =— — —<47r — —<I.
2m T 1 n
b B 4T} bt _bT
&EzE(I)—E(H-T)zEﬂe n~Eg ™ =Feg®|l-gn | =
R g
Ee™ 1-e™ o
AE — bI'\ bT b2m |27
E = - =]l—-e " =]—-|1- = = = Q
- — m m o mo
Ee™ L




84. In some diatomic molecules, the force each atom exerts on
the other can be approximated by F = —C/r? + D/,
where r is the atomic separation and C and D are positive
constants. (@) Graph Fvs.r from r = 0.8D/C to r = 4D/C.
(b) Show that equilibrium occurs at r = ry = D/C. (c) Let
Ar=r —ry be a small displacement from equilibrium,
where Ar << ry. Show that for such small displacements,
the motion is approximately simple harmonic, and (d) deter-
mine the force constant. (¢) What is the period of such
motion? [[Hint: Assume one atom is kept at rest.]



84. (a) The graph 1sshown. The

(b)

spreadsheet used for this problem
can be found on the Media
Manager, with filename

“PSE4 ISM CHI14.XLS,” on tab
“Problem 14.84a.”

Equilibrium occurs at the location
where the force is 0. Set the force
equal to 0 and solve for the
separation distance .

c D

F{I:J)z——_l'l'—:;:ﬂ ~—
hooh

C D ;

—=— — Cr’=Dr, —

N ’

1] {

N L

0.5

1 1.5 2 25
r as afraction of D/C

3.5

This does match with the graph, which shows £ =0 atr= D/C.




(c) We find the net force at » =, + Ar. Use the binomial expansion.

N R G VS
—Cr;;‘(H—F] +Ds;1'[l+—}‘}
I i

% 0. i

Bl BB e} Gl o odn) By ohr
% ot % y 5 i L 7

e
17
We see that the net force is proportional to the displacement and in the opposite direction to the

displacement. Thus the motion is simple harmonic.
(d) Since for simple harmonic motion, the general form 1s £ = —kx, we see that for this situation,

¢ |&
the spring constant is given by k = — = =)

fy

F(r,+Ar)==C(r, +Ar)" +D(r,+Ar)”

[—r +2Ar +1, = 3Ar] = EJ[—M] — F(r, +ﬁ:*)=—£3&r

fa o

(e) The period of the motion can be found from Eq. 14-7b.

3
Fedp 2 = i 0
\ % c*




86. Carbon dioxide is a linear molecule. The carbon—oxygen bonds
in this molecule act very much like springs. Figure 14-43 shows
one possible way the oxygen atoms in this molecule can oscil-
late: the oxygen atoms oscillate symmetrically in and out, while
the central carbon atom remains at rest. Hence each oxygen
atom acts like a simple harmonic oscillator with a mass equal
to the mass of an oxygen atom. It is observed that this oscilla-
tion occurs with a frequency of f = 2.83 x 10" Hz. What is
the spring constant of the C— O bond?

@ e d
FIGURE 14-43 — —

Problem 86, the t(} -’rf,,;"@ :“.. ‘{9

CO-, molecule.

86. The effective spring constant is determined by the frequency of vibration and the mass of the
oscillator. Use Eq. 14-7a.
I [k

0 B
/ 27\ m

840 N/m| (3 sig. fig.)

I.GGXIO'ETkg} L

lu

k=47 f*m =47 (2.83x10"Hz(1 6.0011](



9. Two linear waves have the same amplitude and speed, and
otherwise are identical, except one has half the wavelength
of the other. Which transmits more energy? By what factor?

9. Iftwo waves have the same speed but one has halfthe wavelength of the other, the wave with the
shorter wavelength must have twice the frequency of the other. The energy transmitted by a wave
depends on the wave speed and the square of the frequency. The wave with the shorter wavelength
will transmit four times the energy transmitted by the other wave.

et

16. Can the amplitude of the standing waves in Fig. 15-25 be
greater than the amplitude of the vibrations that cause them
(up and down motion of the hand)?

16. Yes. A standing wave is an example of a resonance phenomenon, caused by constructive
interference between a traveling wave and its reflection. The wave energy is distributed around the
antinodes, which exhibit large amplitude oscillations, even when the generating oscillations from the
hand are small.

— e e womr mr oo me o e o wrw we maawy

*19. If we knew that energy was being transmitted from one place
to another, how might we determine whether the energy was
being carried by particles (material objects) or by waves?

19| Waves exhibit diffraction. Ifa barrier is placed between the energy source and the energy receiver,
and energy is still received, it is a good indication that the energy is being carried by waves. If
placement of the barrier stops the energy transfer, it may be because the energy is being transferred

by particles or that the energy is being transferred by waves with wavelengths smaller than the
barrier.




8. (II) A sailor strikes the side of his ship just below the
surface of the sea. He hears the echo of the wave reflected
from the ocean floor directly below 2.8 s later. How deep is the
ocean at this point?

The speed of the water wave 1s given by v= «fB/p ,where B isthe bulk modulus of water, from
Table 12-1, and p is the density of sea water, from Table 13-1. The wave travels twice the depth of

the ocean during the elapsed time.

L 2
B _28s | 20x10 l?w/m _[2oxim
p 2 \1.025x10 kg/m



10. (II) P and S waves from an earthquake travel at different
speeds, and this difference helps locate the earthquake
“epicenter” (where the disturbance took place). (@) Assuming
typical speeds of 8.5km/s and 5.5 km/s for P and S waves,
respectively, how far away did the earthquake occur if a
particular seismic station detects the arrival of these two
types of waves 1.7 min apart? (b) Is one seismic station suffi-
cient to determine the position of the epicenter? Explain.

10. (a)

(b)

Both waves travel the same distance, so Ax=v,¢, =, f,. We let the smaller speed be v, , and
the larger speed be v,. The slower wave will take longer to arrive, and so 1, 1s more than ¢, .
t=t,+17min=4,+102s — v (t,+102s)=vt, —
V, 5.5km/s
t, =——(102s) = /
8.5km/s—5.5km/s

(1025]=187s

2
v, =V,

Ax =v,t, =(85km/s) (187s) =|1600 km

This 1s not enough information to determine the epicenter. All that is known 1s the distance of
the epicenter from the seismic station. The direction is not known, so the epicenter lieson a

circle of radius 1.9x10°km from the seismic station. Readings from at least two other seismic
stations are needed to determine the epicenter’s position.



19.

19,

— e e I e e — T

(II) A small steel wire of diameter 1.0 mm is connected to an
oscillator and is under a tension of 7.5 N. The frequency of
the oscillator 1s 60.0 Hz and it is observed that the amplitude
of the wave on the steel wire 1s 0.50cm. (a) What 1s the
power output of the oscillator, assuming that the wave is not
reflected back? (b) If the power output stays constant but
the frequency is doubled, what is the amplitude of the wave?

(a) The power transmitted by the wave is assumed to be the same as the output of the oscillator.
That power is given by Eq. 15-6. The wave speed is given by Eq. 15-2. Note that the mass per
unit length can be expressed as the volume mass density times the cross sectional area.

-_ 7 iy e 2 -f:'-| g a3 o F 3 ) g o 5
P=2mpSvf A =2m pS ’—Tf‘;i'“ =271 pS ’—;f‘A‘ =27 [ A +|SpF.
H P

2 2

=27"(60.0Hz) (0.0050m) Jﬁ(5.0x10_3m] (7800 kg/m’)(7.5N) ={0.38 W

() The frequency and amplitude are both squared in the equation. Thus is the power is constant,

and the frequency doubles, the amplitude must be halved, and so be [0.25¢cm|.




35, (11) Docs the function D(x, 1) = ¢ """ satisfy the wave
equation? Why or why not?

—

35. To be a solution of the wave equation, the function must satisfy Eq. 15-16, E;_‘? = : aa 7
X v o
-y OD ai)?
D= ; — = 2k(kx—at)e™™
ox
D (k- m][—?k (ke — )™= |4 (<282 ) == = 24 [2 (loo—ax)’ =1 e =
‘(2 | |
9D =2w(kx— ax) e ]
ot
d°D " (-t} | R N 2 2 ~{ kx-ax)’
o =,_w(kx—wz)[2m(kr—m]e | J+(—2w ) et =2ar[2(kr—ax) —l]e -
0°’D 1 9°D : 5 T e L _
=— — 28 2(ke—ax) =1 e = 207 | 2 (ke —ax)’ —1 |
ox® v o [ ( ) ] V [ -I
o
i
Vv
4]

Since v= i we have an identity. [Yes, the function is a solution.



51. (II) Show that the frequency of standing waves on a cord of
length £ and linecar density p, which is stretched to a
tension Fr, is given by

. n frf‘_'T
= — . [—
/ 2N p

where n 1s an integer.

51. The speed of the wave is given by Eq. 15-2, v=, HFT/,M. The wavelength of the fundamental is

; . / 1 B s ;
/A, =2¢. Thus the frequency of the fundamental is f, = 1— =— [—L. Each harmonic is present in
A 20\ U
SE— . A R
a vibrating string, andso [ =nf, =|— |—|, n=1,2,3,....

20\ u




71. A sinusoidal traveling wave has frequency 880 Hz and phase
velocity 440 m/s. (a) At a given time, find the distance
between any two locations that correspond to a difference
in phase of /6 rad. (b) At a fixed location, by how much
does the phase change during a time interval of 1.0 X 107 s?

71. The frequency is 880 Hz and the phase velocity is 440 m/s, so the wavelength 1s

r 440 m/s
G 2 PO g ot
[ 880 Hz
(a) Use the ratio of distance to wavelength to define the phase difference.
£_H6 - A 00 eem
A 2z 12 12

(b) Use the ratio of time to period to define the phase difference.

! Q - 2mt i
—=— — @=—=2mf =2x(1.0x10 s)(880Hz) =|0.55rad
—=o— = ¢="—=2mf =2x( ) (880 Hz)




78. A uniform cord of length £ and mass m is hung vertically
from a support. (a) Show that the speed of transverse waves
in this cord is Vgh, where i is the height above the lower
end. (b) How long does it take for a pulse to travel upward
from one end to the other?

78. (a) The speed of the wave at a point /7 above the lower end depends on the tension at that point and
the linear mass density of the cord. The tension must equal the mass of the lower segment if the
lower segment is in equilibrium. Use Eq. 15-2 for the wave speed.

F

T

(b)

given above as v=

h

I

hg.

Moo B=—Mg | A

We treat /1 as a variable, measured from the bottom of the cord. The wave speed at that point is

The distance a wave would travel up the cord during a time dt is then

dh = vdt =+ hg dt. To find the total time for a wave to travel up the cord, integrate over the
length of the cord.

dhzvdfz\/%dr — dt = ﬂ — _{ ;___{

total

L

dh
hg

=2

.:.l_—.—ir-

h
&1,

ch

e

—

2

E




91. For a spherical wave traveling uniformly away from a point
source, show that the displacement can be represented by

D = (ij sin(kr — wt),

j‘-.-

where r i1s the radial distance from the source and A is a
constant.

91. Because the radiation is uniform, the same energy must pass through every spherical surface, which
has the surface area 477, Thus the intensity must decrease as I/rz. Since the intensity is

proportional to the square of the amplitude, the amplitude will decrease as 1/r. The radial motion

. . . 7
will be sinusoidal. and so we have D= (—] sin (ﬁ;r— ﬂI]
r



