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Mepiexopeva Ke@aAaiou 37

* H kBavTiki utr60eon Tou Planck, AKTIVOBOoAia
TOU NEAQVOG (MOUPOU) CWHATOG

¢ OeWPIia TWV PWTOVIWYV YIA TO PWG KAl TO
DOwTonAeKTPIKO DaIvOuEVO

« Evépyela, Mala kai Opury ®wTtoviwyv
* To @aivopevo Tou Compton

 AAANAemIOpdocic Pwroviwyv. lNMapaywyn
ZeUYyoug «NAEKTPOVIOU- TTOJITPOVIOU»

 H duadikotnTa TnG UANG Kupa-Zwpuaridio. To
OiWMA TNS CUMNTTANPWHATIKOTNTOG



Mepiexopeva Ke@aAaiou 37

H KupgaTiKi uen TG UANG
HAekTpovika MiIKpooKOTTIO
ApXIKG MOVTEAQ yIa TO ATOUO

Atouika @aocuarta: To KA€10i TTpooOIOPICUOU
TNG ATOMIKNAG OOMNAG

To povtéAo Tou Bohr

To agiwpa Tou de Broglie kai n epapugoyn Tou
oTd ATOMO



37-1 H kBavTtikn utt60son Tou Planck,
AkKTIVOBOAia TOUu pEAOVOG (MOUPOU)
OWHMNOATOG

OAd T AVTIKEIMEVO EKTTEMTTOUV OKTIVOBOAIQ N
EVTaon Tng omroiag gival avaAoyn tng T4 6mrou T
gival n Ogpuokpacia Toug. H aktTivoFoAia auTn
aTToKaAgiTal Ogpuikn Kol (MEAAV) paupo cwua

gival ekeivo tTou eKTTEPTTEI MONO OgplIKA
OKTIVOBOAiaQ.

To @Aaoua TNS AKTIVOBOAIOG TOU HOUPOU OCWHATOG
EXEI METPNOEI. BpioOKOUME OTI N OUXVOTNTA TNG
MEYIOTNG EVTAONG TOU PACHATOG, QUCAVEI
YPOMUIKG ME TNV OEpUOKpOTial.



37-1 H kBavTtikn utt60son Tou Planck,
AkTIVOBOAia TOUu pEAOVOG (MOaUPOU)

2710 oXNMa BAETTOUME Gw”aTog <~— Frequency (Hz)
KOTOVOMEG TIG 10X 30X 20X 10 X

OKTIVOBOAiag paupou
OWHMATOG YIO TPEIG
OIOPOPETIKEG
Bepuokpacies. MpooigTe
OTI N CUXVOTNTA QUSAVEI
mpo¢ 1a apiorepa. H
oxXéon METAEU TOU HMAKOUG
KUMOTOG TNG KOPUPNG TNG
KOTOVOMNG KOl TNG
Bepuokpaciag dideTal
a1ro 10 VOouo Tou Wien:
AT = 290 X 107 m-K.
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37-1 H kBavTtikn utt60son Tou Planck,
AkKTIVOBOAia TOUu pEAOVOG (MOUPOU)
OWHMNOATOG

VLIS YEA N The Sun’s surface temperature. Estimate the temperature
of the surface of our Sun, given that the Sun emits light whose peak intensity

occurs in the visible spectrum at around 500 nm.

APPROACH We assume the Sun acts as a blackbody, and use Ap = 500 nm in
Wien’s law (Eq. 37-1).
SOLUTION Wien’s law gives

o e
o= 290 X 10" m-K _ 290 X 10" m-K ~ 6000 K.

Ap 500 X 10 ¥ m
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37-1 H kBavTtikn utt60son Tou Planck,
AKTIVOBOAia ToUu HEAOVOG (MOUPOU)
OWMNOTOG

SN IZNY PV Star color. Suppose a star has a surface temperature of
32,500 K. What color would this star appear?

APPROACH We assume the star emits radiation as a blackbody, and solve for Ap
in Wien’s law, Eq. 37-1.

SOLUTION From Wien’s law we have

90 X 10 m- 90 X 10" m-
N = 290 X 10 "m-K 290 X 10 :ﬂ K=89.2nm.
T 325 X 107K
The peak 1s in the UV range of the spectrum, and will be way to the left in Fig. 37-1.
In the wvisible region, the curve will be descending, so the shortest visible

wavelengths will be strongest. Hence the star will appear bluish (or blue-white).

NOTE This example helps us to understand why stars have different colors
(reddish for the coolest stars, orangish, yellow, white, bluish for “hotter” stars.)
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37-1 H kBavTtikn utt60son Tou Planck,
AKTIVOBOAia ToUu HEAOVOG (MOUPOU)

OWHATOG
|
, % | T = 7000 K
To @Aacua TOU 1 §:’
MOUPOU CWHATOG E,
dev Utropouoe va S, Planck
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37-1 H kBavTtiki utr60eon Tou Planck,

AKTIVO3OAia TOU NEAOVOG (MOUPOU) CWHATOG
https://en.wikipedia.org/wiki/Max_Planck

Mia AUon Trpotd@nke atro Ttov Max Planck 1o
1900. MNMpoTeIve OTI 01 EVEPYEIEC TWV TAAAVTWOEWV
MEOO O€E EVA HOPIO OEV UTTOPEI VA £XOUV
OTTOIECONTIOTE TIMEG, AAAQ €ival aKEPAIX
TTOAAQTTAQOIO TS OCUXVOTNTAC TNG TAAAVTWONG:

E = nhf, B o= 1.2 3.,

H otaBepa avaAoyiag h Twpa ovopddleTal
otaBepd Tou Planck.

Copyright © 2009 Pearson Education, Inc.



37-1 H kBavTtiki utr60eon Tou Planck,

AKTIVOBOAia TOU NEAAVOC (MOUPOU) CWHATOG
https://en.wikipedia.org/wiki/Black-body radiation

O Planck mrpoodiépioe Tn OTAOEPA KAVOVTOG
TTPOCAPHUOYN TG CUVAPTNONG

2arhcA™
ST q

IANT) =

OTA TTEIPOAMATIKA @ACHATA, KOl BPNKE:

h = 6626 X 10 Jss.

H mrpotaon Tou Planck oT1 n evépyela givai
aképailo TToOAAaTTAGoI10 Tou hf, ONnA. n TIMEG gival
OIaKPITEC OVOMALETAI KBAVTWON TNG EVEPYEINQG.



37-2 H Oswpia Twv Owrtoviwy yia To Pwg Kal

TO QWTONAEKTPIKO DaIvouevo
https://en.wikipedia.org/wiki/Photon

Me dedopévn TV emITUXIO TNS BEWpPiag Tou
Planck, o Einstein TrpoTeIve OTI KAl TO QWG
Ba EKTTEUTTETAI OE MIKPA KTTOKETO EVEPYEIONGH
OnA. eTTiong KBavTiIoUEVA:

E = Af

AUTA TO MIKPA «TTAOKETO EVEPYEIONG TOU
PWTOGC» Ta ovoualoupe Pwrovia.
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37-2 H Oswpia Twv OwToViwyv yid TO
Dwcg Kal To PwrTonAekTpIikd Daivéuevo

To PWTONAEKTPIKO PAIVOUEVO: Lisht

Source

OTAV TO PWG TTPOCTTITITEI OTNV
ETTIPAVEIN EVOG HETAAAOU, TOTE
EKTTEMTTOVTAI NAEKTPOVIA.

To @aIvOuEVO OEV TTAPATNPEITAI
OTAV N CUXVOTNTA EAATTWOEI

KATW OTTO KATTOIA TIMN.

H KivnTIKA evépyeia Twv
NAEKTPOVIWYV AUCAVETAI ME TNV
au¢non TNG CUXVOTNTAG TWV %

’ |
PWTOVIWV. |
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37-2 H Oswpia Twv OwToViwyv yid TO
Dwcg Kal To PwrTonAekTpIikd Daivéuevo

Edv To @Wwg gival KUJa n Oewpia TTPOBAETTEL:

1. O apIBuOG TWV NAEKTPOVIWV KaI N EVEPYEIA
TOUG Ba augaveTal ME TNV AUENON TNG EVTAONG.

2. H ouxvoTtnTta dev €&l onuaoia.



37-2 H Oswpia Twv OwToViwyv yid TO

Dwcg Kal To PwrTonAekTpIikd Daivéuevo

Edv 1O wc¢ gival cwpaTidola (pwTtovia) n Bswpia
TTPORAETTEIL:

Mg TnVv augnon Tng Evraong augaveral o apiBudg
TWV NAEKTPOVIWV OAAG OXI N EVEPYEIA TOUG.

e [Iavw atTo Pia eEAAXIOTN EVEPYEIX TTOU OTTAITEITAI
YIO VO OTTACEI KATTOI0G ATOMIKOG OEOUOG, N
KIVNTIKN EVEPYEIQ OO aUEAVETAI YPOUMIKA ME TNV
ouxvoTnTa.

* YTTAPXEI £VA KATW@PAI CUXVOTNTOG KATW OTTO TO
OTTOIO OEV EXOUME EKTTOMUTT NAEKTPOVIWY,
AVECAPTNTA ATTO TNV EVTOON.



37-2 H Oswpia Twv OwToViwyv yid TO
Dwcg Kal To PwrTonAekTpIikd Daivéuevo

H Oswpia Twv pwTtoviwyv UTTo0ETEI KAOE
NAEKTPOVIO ATTOPPOPA EVA PWTOVIO.

[rpa@IKN TTAPACTACT TNG KIVNTIKNG EVEPYEIOG
ME TN CUXVOTNTA

g Acgixvel Eekabapa OTi
>< ) 4 r
3 § EXOUME oupq’Jwvm
N ME TNV Bewpia TV
kS PWTOVIiWV Kal 6l

TWV KUMATWV.

fo Frequency of light f



37-2 H Oswpia Twv OwToViwyv yid TO
Dwcg Kal To PwrTonAekTpIikd Daivéuevo

Photon energy. Calculate the energy of a photon of blue
light, A = 450 nm in air (or vacuum).
APPROACH The photon has energy E = hf (Eq.37-3) where f = ¢/A.
SOLUTION Since f = ¢/A, we have

he  (6.63 X 10 %7-5)(3.0 X 10°m/s)

E = hf =2C = = 44X 10777,
= (45 x 10 " m) |

or (4.4 x10"1)/(1.60 x 10 “J/eV) = 2.8eV. (See definition of eV in
Section 23-8, 1eV = 1.60 X 107"1].)
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37-2 H Oswpia Twv OwToViwyv yid TO
Dwcg Kal To PwrTonAekTpIikd Daivéuevo

SOV LRy ESTIMATE | Photons from a lightbulb. Estimate how many
visible light photons a 100-W lightbulb emits per second. Assume the bulb has a
typical efficiency of about 3% (that is, 97% of the energy goes to heat).

APPROACH Let’s assume an average wavelength in the middle of the wvisible
spectrum, A = 500 nm. The energy of each photon is E = hf = he/A. Only 3% of
the 100-W power is emitted as light,or 3 W = 3 J/s. The number of photons emitted
per second equals the light output of 3 J/s divided by the energy of each photon.

SOLUTION The energy emitted in one second (=3J)i1s E = Nhf where N is
the number of photons emitted per second and f = ¢/A. Hence
E  E) (31)(500 % 10 ?m)

N =—=—= ~ 8 x 10"
hf  he  (6.63 X 10*J-5)(3.0 X 10°m/s)

per second, or almost 10" photons emitted per second, an enormous number.

Copyright © 2009 Pearson Education, Inc.
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Photoelectron speed and energy. What is the kinetic
energy and the speed of an electron ¢jected from a sodium surface whose work
function is W, = 2.28 eV when illuminated by light of wavelength (a) 410 nm,
(b) 550 nm?

APPROACH We first find the energy of the photons (E = hf = he/A). If the
energy is greater than W, then electrons will be ejected with varying amounts of
kinetic energy, with a maximum of K., = hf — W,.

SOLUTION (a) For A = 410 nm,

h
hf = TC — 485 %107 or 3.03eV.

The maximum kinetic energy an electron can have i1s given by Eq. 37-4b,
K = 3.03eV — 228eV = 0.75¢V, or (0.75eV)(1.60 X 10 "7 J/eV) =
1.2 X 107"J. Since K = 3mv* where m = 9.11 x 10 *' kg,

Vmax = 2K = 5.1 X 10°m/s.
m

Most ejected electrons will have less kinetic energy and less speed than these
maximum values.

(b) For A = 550nm, Af = he/A = 3.61 X 107Y] =2.26eV. Since this photon
energy is less than the work function, no electrons are ejected.

NOTE In (a) we used the nonrelativistic equation for kinetic energy. If » had
turned out to be more than about ().1¢, our calculation would have been inaccurate
by at least a percent or so, and we would probably prefer to redo it using the
relativistic form (Eq. 36-10).




37-2 H Oswpia Twv OwToViwyv yid TO
Dwcg Kal To PwrTonAekTpIikd Daivéuevo

) Picture
OpiouéEveg Sound track
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37-3 H gevépyeia, n yada Kai n opHun Tou

dwToviou
https://en.wikipedia.org/wiki/Photon

To @WTOVIO TTPETTEI VA KIVEITAI ME TNV TAXUTNTA
TOU (PWTOG, TTPAYMO TTOU UTTOPEI VO CUMBEI
Movo gav n padla eivar MHAEN (6swpia
OXETIKOTNTAG).

N'vwpilouphe ONWG RON OTI N EVEPYEIA ICOUTAI ME
hf. A0 TNV Bewpia TNG OXETIKOTNTOG
Bpiokoupue OTI:

Copyright © 2009 Pearson Education, Inc.



37-3 H evépyela, n pada Kai n opun

TOU ®dWwTOViou

T TET AN ESTIMATE | Photon momentum and force. Suppose the 10"
photons emitted per second from the 100-W lightbulb in Example 37-4 were all
focused onto a piece of black paper and absorbed. (a) Calculate the momentum of
one photon and (b) estimate the force all these photons could exert on the paper.

APPROACH Each photon’s momentum is obtained from Eq. 37-5, p = h/A.
Next, each absorbed photon’s momentum changes from p = h/A to zero. We
use Newton’s second law, F' = Ap/At, to get the force. Let A = 500 nm.

SOLUTION (a) Each photon has a momentum

h 6.63 X 103 ]-s
= —_— = — . 4 27 - 3.
P A 500 X 10 " m 1.3 > 10" kg-m/s

(b) Using Newton’s second law for N = 10" photons (Example 37-4) whose
momentum changes from h/A to 0, we obtain
Ap Nh/x — 0 h

7 = == — = 19 1 7 ko A 8
F=— - N~ (10s1)(10 *"kg-m/s) ~ 10 ®N.

This 1s a tiny force, but we can see that a very strong light source could exert
a measurable force, and near the Sun or a star the force due to photons In
electromagnetic radiation could be considerable. See Section 31-9,

Copyright © 2009 Pearson Education, Inc.



37-3 H evépyela, n pada Kai n opun
ToU PwToviou

Photosynthesis. In photosynthesis, pigments such as chlorophyll
in plants capture the energy of sunlight to change CO, to useful carbohydrate.
About nine photons are needed to transform one molecule of CO, to carbohydrate
and O,. Assuming light of wavelength A = 670 nm (chlorophyll absorbs most
strongly in the range 650nm to 700 nm), how efficient is the photosynthetic
process? The reverse chemical reaction releases an energy of 4.9 eV/molecule

of CO,.

APPROACH The efficiency is the minimum energy required (4.9 e¢V) divided by
the actual energy absorbed, nine times the energy (/f) of one photon.

SOLUTION The ecnergy of nine photons, each of energy Ahf = hc/A is
(9)(6.63 X 10*#J-5)(3.0 X 10° m/s)/(6.7 X 10 "m) =2.7 X 107 or 17eV.
Thus the process is (4.9eV/17eV) = 29% efficient.

Copyright © 2009 Pearson Education, Inc.



37-4 To @aivopevo Tou Compton

O Compton eKTEAECE TTEIPAMATA OKEDAONG
aKTIVWYV X a1ro di1agopa UAIKA. MNapatnpnoe OTi
N oKedAJOMEVN OKTIVOBOAIO €iXEe MAKOG KUMATOG
Aiyo JEYOAUTEPO ATTO TNV TTPOCTTITITOUCA, KA
giXe e€apTnon atrd Tn ywvia okEdaong:

AN o=+

(1 — cosdg).

e C



37-4 To @aivopevo Tou Compton

BEFORE AFTER
COLLISION  COLLISION

Y4 Scattered

To paivouevo gival photon (1)

EVa aKOUa Incident

TTAPAdEIYUO TTOU photon (1)

EPMNVEUETAI ATTO ~o~~ -
TNV Bswpia Electron i
PWTOVIWV Kal OXlI at rest

KUMATWV. initially
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37-4 To @aivopevo Tou Compton

DOUNLIRRY BT X-ray scattering. X-rays of wavelength 0.140 nm are scattered
from a very thin slice of carbon. What will be the wavelengths of X-rays scattered at
(a) 0°,(b) 90°, (c) 180°7?

APPROACH This is an example of the Compton effect, and we use Eq. 37-6a to
find the wavelengths.

SOLUTION (a) For ¢ = 0°,cos¢ =1 and 1 — cos¢ = 0. Then Eq. 37-6 gives
A" = A = 0.140 nm. This makes sense since for ¢ = 0°, there really isn’t any
collision as the photon goes straight through without interacting.

(b) For ¢ = 90°, cos¢p =0, and 1 —cos¢p = 1. So

6.63 X 10 *J-s
= 0.140nm +
MieC (9.11 x 107" kg)(3.00 X 10°m/s)

= 0.140nm + 24 X 10 ®"m = 0.142nm;

No= A+

that 1s, the wavelength is longer by one Compton wavelength ( = 0.0024 nm for
an electron).

(c) For ¢ = 180°, which means the photon is scattered backward, returning in
the direction from which it came (a direct “head-on™ collision), cos¢ = —1, and
1 —cos¢p = 2. So

h

mec

A=A+ 2 = 0.140nm + 2(0.0024 nm) = 0.145 nm.

NOTE The maximum shift in wavelength occurs for backward scattering, and it is
twice the Compton wavelength.




37-5 ANAnAemidpaoceic Pwroviwyv MNMapaywyn
ZeUYoUG <NAEKTPOVIOU- TTOJITPOVIOU»

Ta @WTOVIA KATA TNV OIEAEUOT) TOU NECO ATTO UAIKA UTTOKEIVTAI
OoTIG £€NG AAANAETTIOPACEIG:

1. PWTONAEKTPIKO PAIVONEVO: TO pWTOVIO ATTOPPOPATAI
TTARPWG KAl EKTTEMTTETAI EVA NAEKTPOVIO.

2. TIAAPNG atTopPOPNOT TOU PWTOVIOU OTTO TO NAEKTPOVIO

OAAG QVETTOPKNG EVEPYEIA YIO TNV ATTOBOAR TOU ATTO TO

UAIKS. To NAekKTPOVIO «OIEYEIPETAI NAEKTPOVIKAY.

To @WTOVIO OKEDAJETAI ATTO £VA ATOMO KOI XAVEI EVEPYEIQ.

To ewTOVIO TTapAayeEl Eva {EUYOG «NAEKTPOVIOU -

TTolITPOViOU»

B W

Copyright © 2009 Pearson Education, Inc.



37-5 AAAnAemmidpdoeic Pwroviwyv Mapaywyn Zeuyoug
«NAEKTPOVIiOU- TTOJITPOVIOU»
https://en.wikipedia.org/wiki/Conservation_law

Katd Tnv mapaywyn {e0youg «nAekTpoviou- TTolITpoviou», n
EVEPYEIA, TO NAEKTPIKO QOPTIO, KAl N opuK diaTnpouvTal.

H evépyela diaTtnpeital pEoa

e OTTO TIG MACEG KAl KIVNTIKEG
EVEPYEIEC TOU NAEKTPOVIOU Kl
mmoliTpoviou. Ta avTifeTa

Photon
oto POPTIO TOU £§a0'(pd)\ic0UV ™mv
) diaripnon Tou @opTtiou. H
Nucleus SlaTAPNON TNG OPHNG

e~ ETMITUYXAVETAI ME TNV

METABOAN TNG OPMNS TOU
TTUpnNVA.
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37-5 AAANAeTTIOpaocEIc PwTOViwy
MNapaywyn Zeuyoug

BECYITEETECN Pair production. (a) What is the minimum energy of a photon

that can produce an electron—positron pair? (b) What is this photon’s wavelength?

APPROACH The minimum photon energy E equals the rest energy (mc?) of the
two particles created, via Einstein’s famous equation E = myc¢® (Eq. 36-12).
There is no energy left over, so the particles produced will have zero kinetic
energy. The wavelength is A = ¢/f where E = hf for the original photon.

SOLUTION (a) Because E = mc®, and the mass created is equal to two electron
masses, the photon must have energy

E = 2(9.11 x 103 kg)(3.0 X 10°m/s)’ = 1.64 X 1073] = 1.02MeV

(1MeV = 10°eV = 1.60 x 107 °J). A photon with less energy cannot
undergo pair production.

(b) Since E = hf = hc/A, the wavelength of a 1.02-MeV photon is
he (6,63 X 107*7J-5)(3.0 X 10°m/s)

A= — = = 1.2 X 10 2 m,
E (1.64 X 107517) "

which is 0.0012 nm. Such photons are in the gamma-ray (or very short X-ray)
region of the electromagnetic spectrum (Fig. 31-12).

NOTE Photons of higher energy (shorter wavelength) can also create an electron—
positron pair, with the excess energy becoming kinetic energy of the particles.

Copyright © 2009 Pearson Education, Inc.



37-6 H duadIkoTNTA KUMATOS-CWHATIOIOU.

YITapXouVv @aIvVOHUEVA OTTWGS N TTEPIOAaCN Kal n
oUuBoAN TTou OgiXVvouVv OTI TO PWG Eival KUMA, Kal
AVTIOTOIXO TO PWTONAEKTPIKO PAIVOUEVO KOl TO
@aivopevo Tou Compton 1rou dgixvouv OTI givai
owpMaTidlo.

T gival AoItTov;

H amrdvrnon otnv epwtnon €ival «Kal Ta OUoy.
To WG, OTTWG KAl N QUON YEVIKOTEPA Eival
ouadikn, OnA. TauTOXpOVA KUHO KOl CWHATIOIO.



37-6 H duadIkoTNTA KUMATOS-CWHATIOIOU.
To ASiwHua TNG CUNTTANPWHATIKOTNTAG

To aCiWNA TNG CUMNTTANPWHATIKOTNTOG
OnAwvel 0TI TOOO N KUMATIKA Hop®r 600
KOl N CWHATIOIOKA €ival BgPeAIWOEIS YIa
TNV TTEPIYPAPN TNG PUONS TOU PWTOG.

TO0O TO KUMATO 000 KOI TO CWHATIOIN
gival ol OIKEC MOG «AVTIAQWEIS» KAl
KEPMNVEIES» TNG CUUTTEPIPOPAS TOU
PWTOG.



37-7 H KUMATIKR UON TNG UANG

OTTWG Kal HE TO WG, Kal N UAN
OUUTTEPIPEPETAI TOOO OOV CWHATIOIO 6000 Kl
oav KUMA.

To NAKOG KUMATOG TTOU TTEPIYPAPEI TNV UAN
givai:

NMNaparnpoUue OTI AUTO TO PNKOG KUMOTOG YIO
TIGC OUVNOIOHEVEG TIMEC TNG MAlag/opuNG ival
TTOAU MIKPO.



37-7 H KUMATIKR UON TNG UANG

ETEEETEITN Wavelength of a ball. Calculate the de Broglie wavelength
of a 0.20-kg ball moving with a speed of 15 m/s.

APPROACH We use Eq. 37-7.

j i 6.6 % 107 ] -5
SOLUTION A = — = — [: )

= =22 % 10 m.
| pomv (020kg)(15m/s) 0m

Copyright © 2009 Pearson Education, Inc.



37-7 H KUMATIKR UON TNG UANG

IETYTET TN wavelength of an electron. Determine the wavelength of
an electron that has been accelerated through a potential difference of 100V,

APPROACH II the kimnetic energy 1s much less than the rest energy, we can
use the classical formula, K = {—.mbz (see Section 36-11). For an electron,
me” = (0.511 MeV. We then apply conservation of energy: the kinetic energy
acquired by the electron equals its loss in potential energy. After solving for v, we
use Eq. 37-7 to lind the de Broglie wavelength.

SOLUTION Gain in kinetic energy equals loss in potential energy: AU = eV — (.
Thus K=¢V, so K=100eV. The ratio K/me’=100eV/(0.511x10°V) =~ 107,
s0 relativity 1s not needed. Thus

1

Em-u? = eV
and j —

eV 2316 = 10 "C)100Y
P o= 4 <= ,'{ A — X ) = 5.9 x 10°m/s.
Nom N (9.1 x 107 kg)
Then y
.63 = 10 718
A= i { } = 1.2 % 10 "'m,

mo (9.1 > 10" kg)(5.9 % 10°m/s)

or (.12 nm.

Copyright © 2009 Pearson Education, Inc.



37-7 H KUMATIKR UON TNG UANG

NMapaTtnpoUue OTI YIA MIKPA CWHATIOIN OTTWG T
NAEKTPOVIA, N KUMOATIKA UON TOUG ival
ONMAVTIKA.

Ta MAKN KUMOTOG TWV NAEKTPOVIWYV EUKOAQ
AapBdvouv TIHéEG TNG TAgeWS Twyv 1019 m, Kai
OUVETTWGS, OUVATAl VO UTTOOTOUV TTEPIOAaOT
ATTO KPUOTAAAIKEG OOMNEG, OTTWG CUMBaivEl Kal
ME TIG aKTiveg X.



37-7 KupaTtikn @uon tnG UANG

Electron diffraction. The wave nature of electrons is
manifested in experiments where an electron beam interacts with the atoms on
the surface of a solid. By studying the angular distribution of the diffracted
electrons, one can indirectly measure the geometrical arrangement of atoms,
Assume that the electrons strike perpendicular to the surface of a solid (see
Fig. 37-12), and that their energy is low, K = 100eV. so that they interact
only with the surface layver of atoms. If the smallest angle at which a diffraction
maximum occurs is at 24°, what is the separation d between the atoms on
the surface?

SOLUTION Treating the electrons as waves, we need to determine the condition
where the difference in path traveled by the wave diffracted from adjacent
atoms is an integer multiple of the de Broglie wavelength, so that constructive
interference occurs. The path length difference is  sin #; so for the smallest value
of # we must have

dsinfl = A,
However, A is related to the (non-relativistic) kinetic energy K by
2 4
h..
K — p = 3 .
2m, 2m, A
Thus
h 6.63 > 10 *J-s
A ( ) = (.123 nm.

CN2mo K A\/2(9.11 X 107 kg)(100eV)(1.6 X 107 J/eV)

The surface inter-atomic spacing is

A 0.123
d=— — 2222 e
sin # sin 24°
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37-8 HAekTpOVIKA MIKPOOKOTTIO

To MAKOG KUMATOG TOU NAEKTPOVIOU OAAGCEl UE
TNV EVEPYEIA TOU, AAAQ TTOPAMEVEI TTOAU HIKPO.
Ta NAeKTPOVIO PTTOPEI VO XPNOIMOTTOINOOUYV Yia
TNV ATTEIKOVION TNG OOMNG TNG UANG
(MikpookoTria). YTrevOupioupe OTI N OIAKPITIKA
IKOVOTNTA €ival TNG TASEWGS TOU HAKOUG KUMATOG.
2T NAEKTPOVIKA MIKPOOKOTTIO TO NNKOG KUMOTOG
TWV NAeKkTpoviwy gival Trepitrou 0.004 nm.



37-8 HAekTpOVIKA MIKPOOKOTTIO

Hot filament
(source of electrons)

High
1 —voltage

+INF Condensing
—/G‘ICHS,’

HObject

Objective
“lens”

Projection
Gélens, 2
(eyepiece)

5T

Image (on screen, film,
or semiconductor detector)
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HAEKTPOVIKO HIKPOOKOTTIO
O1EAevong. H déopun Twy
NAEKTPOVIWV ECTIACETAI JE
MOYVNTIKA TTNVid.



37-8 HAekTpOVIKA MIKPOOKOTTIO

Electron source

N\
Magnetic lens
¥ e V|
Central
electronics
Y Y VY /
Sweep
Scanning
) CRT
cotls ™4 Electron
collector
> Grid
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electrons
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2TO NAEKTPOVIKO
MIKPOOKOTTIO
oapwong — n 0Eoun
TWV NAEKTPOVIWYV
«OAPWVEI» TNV
ETTIPAVEIA TOU
OVTIKEIMEVOU TTOU
BEAoupe va
OTTEIKOVIOOUME.



37-9 Apxika MovTtéAa Tou ATOUOU
‘Htav yvwoTo OTI TO ATOMA ATAV NAEKTPIKWG
oUdETEPA, AAAQ OTI dUVATAI VO IOVTIOTOUV
(popTIOTOUV) KOI ETTOMEVWCS TTEPIEIXOV BETIKA KAl
OPVNTIKA (POPTIO KATTOIN EK TWV OTTOIWYV
MTTOPOUC OV VO a@aIpeOouv.

~10%m——

|

‘Eva dnpo@IAEC apXIKO
MOVTEAO ATAV TOU “plum-
pudding”

Positively
charged
material
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37-9 Apxika MovTtéAa Tou ATOUOU

2UM@WVA JE AUTO TO MOVTEAO, TO ATOMO
QTTOTEAEITAI WG ETTI TO TTAEICTWYV ATTO BETIKA
@opPTIa (KPEMA) KAI EUPUTEUMEVA OIACTTAPTO
ATAV TA APVNTIKA NAEKTPOVIA.

Ta reipaparta Tou Rutherford £dgigav 611 0
BETIKOG «TTUPAIVOCY EiXE TTOAU MIKPOTEPO
MEYEOOG ATTO TO UTTOAOITTO ATOMO. 2KEQALOVTOG
TTupveS HAiou (He) (cwpaTtidia «aA@a») atrod
Eva METOAAIKO EAaoa, TTAPATAPNOCE OTI Ol
YWVIEC OKEDAONGS NTAV TTOAU HEYOAUTEPEG ATTO
TIG TTPORBAEWYEIC TOU povTEAOU “plum-pudding”.



37-9 Apxika MovTtéAa Tou ATOUOU
H povn €€nynon yia TiI¢ HEYAAEC YWwVieg OKEOOONG
TTOU TTAPATNPOUCE, ATAV VO UTTOBE0EI OTI OAO TO
BETIKO POPTIO EiVAI CUYKEVTPWHEVO OE £VA TTOAU

MIKPO XWpPO.

Viewing screen
2NMEPT

YVWpPIi{ouuE
OTI N aKTiva
TOU TTUpRVa
givar 10.000

MIKPOTEPN
\ aTTd AUTHA TOU
* o ;article = dTé[.IOU .

Nucleus

containing
radon




37-9 Apxika MovTtéAa Tou ATOUOU
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37-10 Atopika Qdaopuara:
To KA&10i TNG ATOMIKAG OOMNG

Ot1av £va aEpIo o€ TTOAU XaunAnN trieon, OeppavOei
MECW MIOG NAEKTPIKNG EKKEVWONG, EKTTEUTTEI PG
ME XOPOAKTNPIOTIK OUXVOTNTA.

(4]
\B | High
T voltage




37-10 Atopika Qdaopuara:
To KAE€10I TNC ATOMIKNG OOMNG

To aTouIKO Ao Eival «KPACTHO YPOMMWV», ONA.
MOVO OPICHEVEC OUXVOTNTEG EP@aviovTal. AEUKO
QWG TTOU TTEPVAEI MECA OTTO TETOIA AEPIN

aTopwyV, atroppo@d MONO auTEG TIG CUXVOTNTEG.




37-10 Atopika Qdaopuara:
To KA&10i TNG ATOMIKAG OOMNG

Ta MAKN KUPOTOG TWV QPWTOVIWYV TTOU EKTTEUTTEI TO
ATOMO TOU UOPOYOVOU, OKOAOUBOUV TNG CEIpa:

1 1 1
X = R(? — —2>, n = 3,4,“'.
n

H akoAouBia autr ovouadletal ocipa Balmer. R
gival n otaBepa Tou Rydberq:

R =1.0974 X 10"m".



37-10 Atopika Qdaopuara:
To KA&10i TNG ATOMIKAG OOMNG

YTrapxouv Kal AAAEG O€IpEG OTTWG TOU Lyman:

lzR(l— 1), no= 2,3,




37-10 Atopika Qdaopuara:
To KA&10i TNG ATOMIKAG OOMNG

‘Eva KOJMATI TOU QACHOTOG TOU YOPOYOVOU (PAIVETAI
oT10 oXNMaA. O1I ypaUuES OEV UTTOPEI VA £EnynBouV
OaTTO TOU aTOMIKO MOVTEAO TOU Rutherford.

Wavelength, A -
=
& = = & =
£ & = = = A
=
N Ve O o o~
— O N N o0
A\ — o O o0 —
\f/ A& =7 s i
Y Y
Lyman Balmer series Paschen series
series
- X =
~ s # 5 = 2 g >

uv Visible light IR
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37-11 To MovTéAo TOoU Bohr

O Bohr mrpdTeIve TNV «KBAVTWON» TWV
EVEPYEIOKWYV KATOOTACEWYV TWV NAEKTPOVIWYV
MECO O€ EVA ATOMO, ONA. HOVO CUYKEKPIMEVEG
TIMEG EVEPYEIAG EiVAI ETTITPETTTEG YIA T
NAEKTPOVIA. TO @ACHA TOTE EPUNVEVUETAI WG
METATTTWOEIC METACU OUTWYV TWV EVEPYEIOKWV
ETTITTEOWV. EU



37-11 To povtéEAO TOU Bohr
https://en.wikipedia.org/wiki/Bohr_model

O Bohr BpRke 0TI EKTOG ATTO TNV EVEPYEIA, KA
N CTPOPOPHN TWV NAEKTPOVIWYV ATAV
KBAVTIOMEVN:.

L = mvr, = n—> no= 1,23,

2t



37-11 To povtEAO TOU Bohr

https://en.wikipedia.org/wiki/Bohr_model

H KUKAIKA TPOXIG TOU NAEKTPOVIOU €ival CUVETTEIQ
TNG KEVTPOMOAOU duvaung Coulomb:

1 (Ze)(e)
dmey 12




37-11 To povtEAO TOU Bohr
https://en.wikipedia.org/wiki/Bohr_model

Me Tov vopo Tou Coulomb ptropoupe va
TTPOOOIOPICOUME TIC TPOXIES TWV NAEKTPOVIWV.
h2E0

Tme?

}Vlz

= @3:509 ¢ 10711,

nehles 7%

amZe®: 7




37-11 To povtEAO TOU Bohr

E=0

Ionized atom
n?4 \ (continuous energy levels)

—{0.83 b
—1.3

|
9

Energy (eV)

R
>

R R ) >Excited
S—— states
Paschen
BE A 1
Y Y y series g
Balmer
series

To XOUNAOTEPO EVEPYEIAKO
EITTEOO AVTIOTOIXEI OTN
BaoIKA KATACTAON KOl OAd T
UTTOAOITTO € DIEYEPMEVECS
KOTOOTAOEIG.

Ground state

~13.6 |

-15
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37-11 To povtEAO TOU Bohr

SOV Y BN EN Wavelength of a Lyman line. Use Fig. 37-26 to determine
the wavelength of the first Lyman line, the transition from n =2 to n = 1. In
what region of the clectromagnetic spectrum does this lie?

APPROACH We use Eq. 37-9, hf = E, — E, with the energies obtained from
Fig. 37-26 to find the energy and the wavelength of the transition. The region of
the electromagnetic spectrum is found using the EM spectrum in Fig. 31-12.

SOLUTION In this case, hf = £, — E, = {—3.4¢V — (—13.6 EV}} = 102eV
=(102eV)(1.60 x 107" 1/eV) = 1.63 % 1071, Since A = ¢/f, we have

: he 6.63 % 107 J-s)(3.00 = 10°m/s ]
r=fate | )< ) 125 % 107 m,
f E,—E 1.63 x 1075

or 122 nm, which is in the UV region of the EM spectrum, Fig. 31-12. See also
Fig. 37-22.

NOTE An alternate approach would be to use Eq. 37-15 to [ind A, and 1t gives
the same result.

Copyright © 2009 Pearson Education, Inc.
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37-11 To povtEAO TOU Bohr

ETYTIEETEITE Wavelength of a Balmer line. Determine the wavelength

of light emitted when a hydrogen atom makes a transition from the n = 6 to the
n =2 energy level according to the Bohr model.
APPROACH We can use Eg. 37-15 or its equivalent, Eq. 37-8, with
R =1.097 x 107m™".
SOLUTION We find

1 1 1

R — [ o — A _..—1
) (I.ﬂﬁl?xlﬁmj(4 36) 244 % 10°m ™"

So A =1/(244 x 10°m™") = 4.10 % 10 "m or 410 nm. This is the fourth line in
the Balmer series, Fig. 37-21, and 1s violet in color.

EXERCISE F The energy of the photon emitted when a hydrogen atom goes from the n = 6
state to the n = 3 state 15 (a) 0.378 eV (b) 0.503 eV (c) 113 eV: (d) 3.06eV: (&) 13.6eV.

Copyright © 2009 Pearson Education, Inc.



37-11 To povtEAO TOU Bohr

n=>5
IETTEESEE Absorption wavelength. Use Fig. 37-26 to determine the =
maximum wavelength that hydrogen in its ground state can absorb. What would E=_00_85 T
be the next smaller wavelength that would work? ~15 [n=3
APPROACH Maximum wavelength corresponds to minimum energy, and this would |
be the jump from the ground state up to the first excited state (Fig. 37-26). The next Rl
smaller wavelength occurs for the jump from the ground state to the second excited =~ s
state. In each case. the energy difference can be used to find the wavelength. 2
SOLUTION The energy needed to jump [rom the ground state to the [lirst excited Z
state is 13.6eV — 3.4eV = 102eV; the required wavelength, as we saw in =
Example 37-13,15 122 nm. The energy to jump from the ground state to the second
excited state 1s 13.6eV — 1.5eV = 12.1 eV, which corresponds to a wavelength 10
A= & o he he
f hf E:'i - 'El —13.6_ n=1lyyy
(6.63 » 10 **J-5)(3.00 x 10°m/s) 03 . Lyman
= = 11111, - series
(12.1eV)(1.60 x 107" J/eV) e e

Copyright © 2009 Pearson Education, Inc.




37-11 To povtEAO TOU Bohr

BETYTET BT He ionization energy. () Use the Bohr model to determine

the ionization energy of the He" ion, which has a single electron. (b) Also
calculate the maximum wavelength a photon can have to cause 1onization.

APPROACH We want to determine the minimum energy required to lift the
electron from its ground state and to barely reach the free state at E = 0,
The ground state energy of He' is given by Eq. 37-14b with n = 1 and Z = 2.

SOLUTION (a) Since all the symbols in Eq. 37-14b are the same as for the
calculation for hydrogen. except that Z is 2 instead of 1, we see that E, will
be Z? =2° = 4 times the E, for hydrogen:

E, = 4(—13.6eV) = —544eV.

Thus, to ionize the He" ion should require 54.4 eV, and this value agrees with
experiment.

(£) The maximum wavelength photon that can cause ionization will have energy
hf = 544 ¢V and wavelength

¢ he (6.63 % 10 *J-5)(3.00 x 10°m/s)
A== = — = - = 22.8 nm.
f ht (54.4eV)(1.60 x 107" )/eV)
NOTE If the atom absorbed a photon of greater energy (wavelength shorter than
22.8nm), the atom could still be ionized and the freed electron would have kinetic

energy of its own. If A = 22.8 nm, the photon has too little energy to cause ionization.

Copyright © 2009 Pearson Education, Inc.



37-11 To povtEAO TOU Bohr

 CONCEPTUAL EXAMPLE 37-17 | Hydrogen at 20°C. Estimate the average
kinetic energy of whole hydrogen atoms (not just the electrons) at room temperature,
and use the result to explain why nearly all H atoms are in the ground state at room
temperature, and hence emit no light.

RESPONSE According to kinetic theory (Chapter 18), the average kinetic energy
of atoms or molecules in a gas 1s given by Eq. 18-4:

K = 3kT,
where k = 1.38 x 10 ¥*J/K is Boltzmann's constant, and T is the kelvin
(absolute) temperature., Room temperature is about T = 300 K, so

K = 3{1.38 x 10 2 J/K)(300K) = 6.2 x 1072'],
or, in electron volts:

_ 62x10%) |
= = . ‘\"rr
K= Texiomgev ~ "M

The average kinetic energy of an atom as a whole is thus very small compared
to the energy between the ground state and the next higher energy state
(13.6eV — 34eV = 102eV). Any atoms in excited states quickly fall to the
ground state and emit light. Once in the ground state, collisions with other atoms
can transfer energy of only .04 ¢V on the average. A small fraction of atoms can
have much more energy (see Section 18-2 on the distribution of molecular
speeds), but even a kinetic energy that is 10 times the average 15 not nearly
enough to excite atoms into states above the ground state. Thus, at room
temperature, nearly all atoms are in the ground state. Atoms can be excited to
upper states by very high temperatures, or by passing a current of high energy
electrons through the gas, as in a discharge tube (Fig. 37-19).

Copyright © 2009 Pearson eaucauon, Inc.



37-11 To povtEAO TOU Bohr

‘OTav o1 SI0POPES OTNV EVEPYEIN METAEU TWV
EVEPYEIOKWYV «KBAVTIKWV» ETTITTEOWV, €ival TTOAU
MIKPOTEPES ATTO TNV ATTOAUTN TIMN TNG EVEPYEING,
TOTE TO CUCTNUO apXilEl VO CUMTTEPIPEPETAI
KAOOIKA. ApXN TNS AVTIOTOIXIOG.



37-12 To agiwpa Tou de Broglie ka1 n eapuoyn Tou ot
aToua
https://en.wikipedia.org/wiki/Louis_de Broglie
To agiwpa Tou De Broglie ouvdéel TO HAKOG

KUMOTOG ME TNV OPMI EVOG CWHATIOIOU.

2T TTEPITITWON KAEIOTWYV TPOXIWV, OTTWG ME TO
ATOMO OTO MOVTEAO TOU Bohr, utréBeoe 611 Ba
onuIoupyouvTo uévo oTaocipa Kupora. H
UTTO0E0Nn aUTA KATAARYEI OTIC iDIEC OXETEIG TTOU
TTPOTEIVE KAl 0 Bohr o€ 6,TI agpopouUCE TNV
KBAVTWON TOU ATOMOU.

EmitrAéov, £€nyei «kKaAUTeEpa», yiaTi TO
NAEKTPOVIO OEV EKTTEMTTEI AKTIVORBOAIa OTTWGS O
OVOMEVOTAV ATTO £VA (POPTIO TTOU ETTITAXUVETAI.

Copyright © 2009 Pearson Education, Inc.



37-12 To agiwpa Tou de Broglie kai n
gQAppOYyN OTA ATOMA

2TACINO KUMOTO VIO
TPOXIEC ME

n=2 3, and 5.




MepiAnwn KepaAaiou 37

* YIT60e0n Tou Planck: ol popilakég
TOAQVTWOEIG €IVl EVEPYEIOKA KBAVTIOMEVEG:

E = nhf, n o= 1,2 3,

* To QWG gival CWHATIOIO PE EVEPYEIQA:

E = nf

* PWTONAEKTPIKO Qaivopevo: lNMpooTitTrTovTa
PWTOVIO ATTOBAAAOUV NAEKTPOVIA ATTO
UAIKQ.



MepiAnwn KepaAaiou 37

* To @aivépevo Tou Compton Kai n Tropaywyn
CeuywyvV uTtrooTNPICEl TNV Bewpia TWV PWTOVIWV.

* AuadIKOTNTA TNG UANG: £XEI XOPOKTNPIOTIKA
CWHMaTIOIOU KAl KUMATOG.

* To MAKOG KUMATOG EVOG AVTIKEINEVOU:



MepiAnwn KepaAaiou 37

* ASiWMA TNG CUNTTANPWHATIKOTNTAG: N TTARPNS
KOTOVONONS TNG UANG ATTAITEl TNV KUMATIKA KAl
OWHATIOIOKN TTEPIYPAPN TOU CUCTHHMATOG.

* O Rutherford €£0¢&1&e OTI TO ATOMA £XOUV £V
MIKPO BETIKA QOPTICHEVO TTUPAVA.

* Ta @ACHATA YPOANMWYV, EENYOUVTAI ATTO TO
YEYOVOC OTI T NAEKTPOVIA KIVOUVTOI MOVO O€
OUYKEKPIMEVEC TPOYXIEG.

* H BaOIKN KOATAOTAO £XEI TNV XOMNAOTEPN
evépyela. OAeg o1 AAAEG KATAOTAOEIG
ovOoHalovTal OIEYEPHEVEG.



