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BII ABTOPA

®i3uka € HyHIaMEHTATBHOIO TUCHUTLTIHOIO, SIKA CIPUSE CTBOPEHHIO
HAYKOBOi 0a3u A GOopMyBaHHS Cy4yacCHOTO CBITOTJISLY JIOAMHU Ha OCHOBI
JIOCSTHEHh HayKd 1 TexHikd. OBOJOMIHHS 3HAHHSAMH cydacHOi (i3uku
(dbopMye CIpUHHATTA 1 pO3yMiHHA SBUII 1 mporeciB y npuponi. Pizuka €
0a30BOI0 JAHMCUUILTIHOO JIJIS IMiJrOTOBKH BHCOKOKBamiikoBaHHX (haxiBIliB
TEXHIIHOTO TIPOQiITIO.

Po3poOka i ynmpoBa/KeHHS JBOMOBHOI TPAKTUKH Yy HaBYAIBHOMY
mporeci NpW  BHUKIAAaHHI Kypcy 3araibHOi (i3UKH Yy TEXHIYHOMY
VHIBEPCHTET1 13 3aCTOCYBaHHAM OiTIHIBICTUYHOTO METOLY AO3BOJISIE
BBO)KaTH IHOro MPOTrpEeCHBHUM CY4YacHHM METOJOM HaBYaHHS, IIO Jae
MOJKJIUBICTD OiTBII MOBHO iHTETPYBAaTUCh MaOyTHIM (DaxiBLsIM B €IWHHHA
OCBITHiH 1 HAYKOBHI €BPOTIEHCHKHIA IPOCTIp.

Lle € TOIOBHOIO MPHYMHOIO, IO CHOHYKAJla HAMKMCAaTH JIBOMOBHHI
HaBYAIFHUI MOCIOHHK 13 CHHXPOHHUM TEPEKIIaIOM TeKCTY aHTITIHCHKOIO Ta
YKpaiHChKOI0O MOBaMH. HaBuanbHWI MOCIOHUK y3arajabHIO€ OaraTopiuHuiz
JIOCBiJT aBTOpa BUKJIAaNaHHS Kypcy (i3uku y 3anopi3zbkoMy HamioHATBHOMY
TEXHIYHOMY YHIBEPCHTETI CTYAEHTaM, 1[0 HABYAIOTHCS 32 CIICIiaTbHICTIO
«EnekTpoeHepreTrika,  €IEKTPOTEXHIKA Ta  €JEKTpOMeXaHika» 3
MOTNIMONICHMM HAaBYaHHSIM aHTJIHCBKOI MOBHM, a TaKOX CTyACHTaMm
crnerianbHOCTI «Ilepexmamy.

Jpyruii TOM HaBYANBHOTO TMOCIOHMKA MICTUTH 0a30Bi pO3IiIK
¢i3uKH, 10 BUBYAIOTHCA Y TEXHIYHOMY YHIBEPCHUTETI Ha MPOTSA31 OIHOTO
CEeMECTpy: KOJHMBAHHA 1 XBWJIi, OINTHKA, EIEMEHTH aToOMHOi (i3WKH 1
KBaHTOBOI MEXaHiKkH, (hi3MKH TBEpAOTo Tina, snepHoi ¢izuku. BuknameHi
po3auIu Kypcy (i3MKH BIIIOBIJAIOTh MporpaMi mo (i3uili A CTYACHTIB
HaBYAJILHUX 3aKJAiB BHIOI OCBITH TeXHiuHOro mnpodiaro. HapuanbHuii
MOCIOHMK  MICTUTh TaKOX UIFOCTpaTHMBHHN  MaTepian, KOHTpPOJIBHI
3alUTaHHs, IPEIMETHUH MOKAXKINK, TIEPEIiK JIiTepaTypH.

[Ipu HanmcaHHI HABYAIBHOTO MOCIOHMKA aBTOp OMUPABCS Ha JIOCBIJ
NOIaHHS MaTtepiany BiioMumHu QaxiBusmu 3 ¢izuxu [1-13].

ABTOp BHUCIIOBIIIOE LIMPY BISYHICTH pPELHEH3EHTaM 1 KoJieram
kadeapu ¢izuku HamioHanbHOTO yHIBEpcUTETY «3anopi3bka MOJTITeXHIKay,
110 MPUIMaNK Y4acTh B OOrOBOPEHHI 3MiCTy HaBYaJIbHOTO ITOCIOHHKA.
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4 OSCILLATIONS AND WAVES

Oscillations are processes of changing in the state of the
physical system, which are characterized by a certain recurrence over
time. There are different types of oscillations: periodic, quasi-
periodic, aperiodic, antiperiodic. We will consider periodic
oscillations. Oscillations are called periodic if the values of physical
quantities that characterize the physical system and change during
oscillations take the same values at equal time intervals.

Oscillations surround us everywhere: oscillations of water on
the sea surface, oscillations of the earth's crust, oscillations of strings,
oscillations of electric and magnetic fields, oscillations of atoms in
solids, etc. Modern branches of technology - radio engineering,
television, mobile communications based on laws oscillating systems.
A number of properties of solids, such as electrical conductivity, heat
capacity, change in aggregative states, cannot be explained without
considering the oscillatory motion of atoms around their equilibrium
state.

Proceeding from the nature there are mechanical,
electromechanical, electromagnetic oscillations, etc. Mechanical
oscillations are oscillations of pendulums, strings, parts of vehicles
and mechanisms, etc. Electromechanical oscillations are oscillations
of a telephone membrane, diffuser of electrodynamical loudspeaker,
piezoelectric, etc. Electromagnetic oscillations are alternating current,
change of electromagnetic field, etc.

Proceeding from external forces, that acting at the system, there
are free (or own), forced, parametric oscillations and self-oscillations.

Free oscillations occur at the expense of initially given energy if
there is no further action of force on the system. Forced oscillations
occur under the action of an external periodic variable force. Self-
oscillations occur under the action of external forces, the moments of
action of which are set by the oscillating system itself, i.e. the system
by itself controls the external action.
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4. KOJIMBAHHS TA XBUJII

KonvBaHHSIMHM Ha3MBAIOTHCS MPOIECH 3MIHM CTaHy (i3UYHOT
CHUCTEMH, JUII SKHX XapaKTepHa IeBHA IOBTOPIOBAHICTh Yy 4Yaci.
IcHyrOTH pi3HI BHUIM KOJWBaHb: NEPIOJWYHI, KBa3iMepioauydHi,
amepioguyHi, aHtunepioguuHi. Hamu  OyxyTe  po3risigaTuchk
nepioguyHi KonuBaHHA. KoJIMBaHHA Ha3MBalOTHCA HEPIOIUYHHMH,
SKIIO 3HAYCHHS (PI3UYHUX BEIUYMH, SIKI XapaKTepU3yIOTh (Pi3uuHy
CHUCTEMY 1 3MIHIOIOTHCS B IIPOIIECI KOJIMBaHb, MPUUMAIOTh OJIHAKOBI
3HAYCHHS Yepe3 piBHI MPOMIKKHU Yacy.

KonuBaHHs OTOYYIOTH HAac YCIOQU: KOJUBaHHS BOJU Ha
MOBEPXHI MOpS, KOJWBAaHHS 3E€MHOI KOpH, KOJHMBAaHHS CTPYHH,
KOJIMBaHHS €IEKTPUYHOTO 1 MAarHiTHOTO MOJIiB, KOJTUBAaHHS aTOMIB B
TBepauX Timax 1 T. A. CydacHi ramy3i TeXHIKM - pamioTexHika,
TeneOayeHHs, MOOUIBHMM  3B'I30K 3aCHOBAaHI Ha  3aKoOHax
KOJIMBAJILHUX CHCTEM. Ps BIaCTUBOCTEH TBEPAMX TiJ, TaKHUX, SIK
€JICKTPOIPOBIIHICTh, TEIJIOEMHICTh, 3MiHA arperaTHUX CTaHIB HE
MOJKHA MOSICHUTH 0€3 PO3IIISTY KOJIHBAIBHOTO PYXY aTOMiB HaBKOJIO
iX cTaHy piBHOBarH.

3anexxHo Bl (I3UYHOI NPUPOIU PO3PI3HAIOTH MEXaHIYHI,
€JIGKTPOMEXaHI4Hl, €JeKTPOMAarHiTHI KOJMBaHHA 1 T. J. MexaHiuHi
KOJIMBaHHS — 1€ KOJMBAHHS MAsTHHKIB, CTPYH, YaCTHH MAIlUH 1
MeXaHi3MiB 1 T. 7. EnexkTpoMexaHiuHi KOJUBAaHHS — II€ KOJIWBaHHS
MeMOpaHu TenedoHy, nudys3opa eIeKTpOAMHAMIYHOTO TYYHOMOBIIS,
m’e30eIeMeHTa 1 T. A. EnekTpoMarHiTHI KOJIMBaHHS — 1€ 3MiHHHUN
CTpYyM, 3MiHa €JI€KTPOMAarHiTHOTO MoJIf 1 T. [I.

3aneXHO BiJl XapakTepy [ii CHJ Ha CHCTEMY PO3PI3HSIOTh
BUIbHI (a00 BiacHi), BHUMYILIEHI, MapaMEeTPUYHI KOJIMBAHHA Ta
ABTOKOJIMBAHHSI.

BinbHI KONMMBaHHS BIOOYBAIOTHCA 32 PaxyHOK TOYATKOBO
HAJaHOI eHeprii 3a BIACYTHOCTI AANBIIOI [ii HA CHCTEMY 30BHIIIHIX
cui. BuMmymieHi KonwBaHHS BiAOYBAalOTBCS IiJl €0 30BHINTHBOT
NepiOIMYHOT 3MIHHOI CHJTM. ABTOKOJIMBAaHHS BiIOYBAOTHCS i AI€I0
30BHIIIHIX CHJI, MOMEHTH ii SIKHX 3aJal0ThCSI CaMOI0 KOJHBAJIBLHOIO
CUCTEMOI0, TOOTO CHCTEMA caMa YIPaBIIsie€ 30BHINIHBOIO TIETO.
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Parametric oscillations occur when any parameter of the system
changes under the action of an external force.

There are undamped and damped oscillations proceeding from
the energy changing. Undamped are oscillations with stable
amplitude without energy loss in oscillating system. Damped
oscillations are oscillations which amplitude decreases with the time
due to energy losses in oscillating system.

There are harmonic and inharmonic oscillations proceeding
from the functional dependence. Harmonic are oscillations during
which value of physical quantity changes with time by the sine or
cosine law. Inharmonic oscillations are oscillations that do not satisfy
the function of sine or cosine.

4.1 Mechanical Oscillations

4.1.1 Harmonic Oscillations and their Characteristics

The simplest type of oscillations is harmonic oscillations.
Harmonic oscillation is the periodic variation in a physical quantity
within the time which can be expressed as a sine or cosine function:

X = Asin(ogt + ¢p), (4.2)

where X is the displacement of oscillation point,
A is the amplitude of oscillatory motion,

o, is called the cyclic frequency,
@q Is the starting phase.

Characteristics of harmonic oscillations:

-the amplitude A is the maximum value of oscillating values;

-the period T is the time of one complete oscillation;

-the frequency v is the number of oscillations per unit of time:
1

vV=—,

T
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[TapameTpuuHi KOMUBaHHS BigOyBarOTbcd NpU 3MiHI OyIb-SKOTO
napameTpa CUCTEMH IIiJ JII€10 30BHINTHLOT CHITH.

3aseKHO BiJl 3MiHU €HEpTii KOJIMBAJIBHOI CUCTEMHU PO3PI3HAIOTH
He3aTyxawul Ta  3aTyXxawui  KOJMBaHHA.  Hesaryxawodyummu
KOJIMBAaHHSIMHM HA3MBAIOThCS KOJMBAHHS sKi BiIOyBaroThCsS 3
MOCTIHHOIO aMILTITY0r0 0€3 BTpaT eHeprii KOJWBaJIbHOI CHUCTEMHU.
3aTyxaruuMy KOJIMBAHHSIMH HA3MBAIOTh KOJUBAHHS, aMILIITyJa
SIKMX 3MEHIIYETHCS 3 YaCOM B HACIHIJOK BTPAT €HEPrii KOJUBAILHOI
CHCTEMH.

3anexxHo Big (QYHKLIOHAIBHOT 3aJIKHOCTI  PO3PI3HAIOTH
TapMOHIYHI 1  HETapMOHIYHI  KOJHMBAaHHA. | apMOHIYHUMHU
KOJINBaHHSIMH HAa3WBAIOTh KOJIMBAHHS, MPU SKUX 3HAYCHHS (Pi3UUHUX
BEJIMYMH 3MIHIOETBCS 3 YacOM 3a 3aKOHOM CHHYyca a00 KOCHHYcA.
HerapMOHIYHUMH KOJIMBAHHSMHU Ha3MBAaIOTh KOJIMBAaHHS SKi HE
3aJI0BOJILHSIOTH (PYHKIIIT CHHYCa a00 KOCHHYCA.

4.1 MexaHi4yHi KOJMBaHHSA
4.1.1 'apMoHiYHI KOJIMBAHHS TA IX XaPAKTEPUCTUKHU
HaiinpocTimyM TUNOM KOJMBaHb € TapMOHIYHI KOJIMBaHHS.
[Ipy rapMOHIYHMX KOJMBAHHAX BIJIOYBA€TbCA MeEpioJUYHA 3MiHA
(GI3UYHUX BEJIMYMH 3 YACOM 3a 3aKOHOM CHHYCa a00 KOCHHYCA!
X = Asin(o,t +¢,), 4.2)
Jie X — 3MIIIEHHS KOJIMBHOI TOYKH,
A — amMIIiTYZ1a KOJIMBAJIBHOTO PYXY,
0, — [UKJIIYHA YacTOTa,

(¢p — moyatkoBa ¢asa.
XapakTepUCTUKH TAPMOHIYHUX KOJIMBAHbB:
-aMILTITYa KOJUBaHb A — MaKCUMaJIbHE 3HAYEHHS BEJIMYHH,
110 KOJIMBAETHCH,
-IIepioJl KOAUBAHb | € YaCOM OJIHOTO IIOBHOT'O KOJIMBAaHHS,
-4acTOTa KOJIMBAHD V € KUTBKICTIO KOJIMBAHb 32 OJMHHUIIIO Yacy:

V==,
T
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[v] = Hz;

-the cyclic frequency w, is equal to the number of oscillations
per 2w seconds

0, = 2n =2nv,
T
rad
[@o] =—;
S

-the phase at the moment of time t:
O = oot +¢y;
-the initial phase of oscillations ¢q at the moment of time t = 0.

Any harmonic oscillation can be illustrated graphically by the
graph or by the vector diagram. Fig. 4.1 represents graph of function

. T T
x=23|n(gt+§). (4.2)
N
OEN N
i 9 12 15 &

Figure 4.1

5

The method of vector diagrams is that harmonic oscillations
can be represented as a vector rotating on a plane. To do this,
consider the rotation with angular velocity and the initial phase of

oscillations ¢ of the vector 4, the modulus of which is equal to the
amplitude of oscillations. The projection of this vector on the axis
performs harmonic oscillations. If the oscillating quantity is
represented by a complex number, then the equation of harmonic
oscillations (1.1) in the complex form is written:
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vl =T
-IUKJIIYHA YacTOTa (O, JOPIBHIOE KUIBKOCTI KOJMBAHb 3a 27
2n
CEKYH/I ®, = T =2nv,
pan
[0‘)0] = )
c

-(haza konuBaHE B MOMEHT Hacy t:

O = oot +¢y;

-movarkoBa (a3a KoquBaHb (g B MOMEHT dacy t = 0.

Bynp-sike rapMoHiIYHE KOJMBAaHHS MOXE OyTH 300pa)keHo
rpadiuHo 3a gormoMororw rpadika abo BeKTOpHOI giarpamu. Ha puc.
4.1. 300paxxeno rpadik GyHKmii

. ,TC T
X=2sin(=t+-). 4.2
(5t+5) (4.2)

——
: / \
- - ! J 4
W; 12 15 sc

Pucynok 4.1.

-

li'ﬂ- N
=
L)

Metoa BEKTOpHHUX Jiarpam IOJAra€ B TOMY, IIO T'apMOHIYHI
KOJIMBAaHHSI MOYKHA 300pa3uTH y BUTJISAI BEKTOpa, IO O00EPTAEThCS
Ha TwiomuHi. J[nsg 1poro posrisnaioTe o0epTaHHS 3 KYTOBOIO
MIBUJIKICTIO ®, 1 MOYaTKoBOIO (a30l0 KOJIMBaHb (o BeKTOopa A,
MOJyJb SIKOTO JOPIBHIOE aMIUTITYII KoiuBaHb. IIpoekmiss 1poro
BEKTOpa Ha OCh 3JIINCHIOE TAPMOHIYHI KOJIMBAHHA. SIKIIO BETUYHHY,

10 KOJMBAETHCS MPEJICTABUTH KOMIUIEKCHUM YHUCIIOM, TO PIBHSIHHS
rapMoHiuHHUX KomBaHb (1.1) y KOMIUICKCHOMY BHUIJISII 3alUIIEThCS:
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X = Aei((l)ot'l'(P())'

where i = v—1 is called imaginary unit.
Now let’s plot a vector diagram of harmonic oscillations that
occur according to the equation (1.2):
‘= Zei(gng)

The vector 4 is 2 m long and it is under the initial angle o, =£rad.

The vector rotates clockwise with angular velocity of o, :% rad

S
(Fig.4.2.).

Imaginary s

i

0 1 2 real axis

Figure 4.2

4.1.2 Velocity, Acceleration and Energy of Harmonic Oscillations
Respective formulas for velocity, acceleration and energy of
harmonic oscillations can easily be derived from the equation of
oscillations of material point
X = Asin(ogt + ¢p) .
The velocity of harmonic oscillation of material point is

v= % =0, ACoS(w,t + ).

The acceleration of harmonic oscillation of material point is
d 2X 2 . -
a=—F—=—0 ASIn((Dot+(p0).
dt 0
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X = Aei(w0t+(p0)’

ne i = vV —1 Ha3uBaeTHCs YIBHOIO OJMHHIICIO.
[ToGynyeMo BEKTOpHY Aiarpamy TapMOHIYHHMX KOJIMBaHb, IO
BiOyBarOThCs 3rifHO piBHAHHS (1.2):

iCt+T
x=2e 6 4

rd . o .
BexTop A Mae 10BxkUHY 2 M 1 pO3TallIOBAHUM IT1]] IOYATKOBUM KyTOM
Y . .
®o = pan. Bekrop 00epTaeThes MPOTH YaCOBOI CTPLIKU 3 KyTOBOIO

IMIBUAKICTIO @, :g par (puc.4.2).
c

VASHA
Sice

Pucynok 4.2.

4.1.2 lIBuaKicTH, NPUCKOPEHHS i eHeprisi rapMOHIYHMX
KOJIMBAaHb
BinnoBigHi Gopmynau uisi LIBUAKOCTI, IPUCKOPEHHS 1 €Hepril
TFapMOHIYHMX KOJMBaHb MOKHAa OTPUMATH 3 PIBHSHHS KOJHMBaHb
MaTepiaabHOI TOUKH:

X = Asin(ogt +@g) .
[IBUIKICTh TAPMOHIYHUX KOJIMBaHb MaTEPiabHOI TOUKH:

L= % = m,Acos(m,t +¢,).

[IpuckopeHHs rapMOHIYHKX KOJHMBaHb MaTEePiabHOT TOYKH:
d°x .
= — = —(D02A3|n((l)ot + ([)0)
dt
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The kinetic and potential energy of harmonic oscillations of the

material point:
2

272 2 2 52
E, - m; _ MapA 0032 (gt +¢5) _ Mey"A [L+cos 2wt + 2,)]
kx>  KAZsin? (oot + Mo, A?
Epot = 7 = (20)0 (00) = Do [1— COos 2((00t + (00)],
where
5 =02,k =me?
m 0> 0
Consequently, the total energy of oscillations of material point
is
2 72
mo, A
E=E;, +E,n= ; :

In the process of harmonic oscillations the potential energy
transforms into the kinetic energy and vise versa.

4.1.3 Spring Pendulum
Let’s consider the oscillations of the spring pendulum. It
consists of a load with mass m, which is fastened on absolutely
elastic spring and oscillates under elastic force F=—kx, where k is a
coefficient of elasticity (Fig. 4.3).

o

|

A 3

Figure 4.3
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Kinetnuna 1 mOTeHLiaJdbHA EHEPTis TapMOHIYHUX KOJIMBAHb
MarepianbHOI TOUKH:

2 202 2 2p2
m Moy A m A
£ - ; _ Mg COS2 (ot + o) _ Mg [1+ cos 2(wot + ) }
kA sin Mag~A
£ - k; _ kATsi (2(00t+<Po) _ Moy [1- cos 2(wot + @g)],

Ie
k 2 2
— = ’k=m(,0 .
m ’

OTxe, TOBHAa MEXaHIYHa €HEpris KOJWBAaHb MarepiabHOi
TOYKH JJOPiBHIOE:
22
mo,” A
E=E . +E, =—>—.
B mpomeci rapMOHIYHMX ~ KOJIMBaHb  IOTEHIlIaJIbHA  EHEPTis
NEPETBOPIOETHCS B KIHETHYHY €HEPTiI0 1 HABIAKH.

4.1.3 lIpy:KMHHUH MasITHUK
Po3rnsHeMo  KONMBaHHSA  TNPYXMHHOTO  MasTHHUKA. BiH
CKJIQ/IA€ThCS 3 BAaHTAXXy MAacol M, KU 3aKpiluieHui Ha abCOIOTHO
OPY)XKIM MpYXHHI 1 3A1HCHIOE KOJMBAHHA MiJ €0 MPYKHOI CHUIH
F =-kx, ne k — xoedimient npyxuocti (puc. 4.3).

“
= - i
P
o F

A

Emp

" Ty
T T

Pucynoxk 4.3.
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The friction force is considered to be negligible F,, =0, m and

k are known. We need to find the equation x = f (t).
The respective equation can be deduced from the Newton’s

second law:
_ >'F
a==—.
m

The only force along x-axis is the force of elasticity. Thus

D F =—kx.

Consequently,

d’x  k
Fra
if
ok
o Ty
then
2
& X rarx=0. (43)

This is the differential equation of spring pendulum oscillations as it
contains the second derivative of displacement with respect to time.
The solution of this equation may be written as:

X= ASin((Dot + (po) ,
where A, o, and ¢, are constants.

It can be easily proved:

% =wgAcos(ogt +@g).

d2X 2 A -
— =—ogAsin(wgt + ¢g). (44)
dt?

Substituting (4.4 ) into ( 4.3 ) we obtain:
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[Tpunyctumo, mo cuia TepTs He3HayHa Fmep =0, mik Bimomi.

Hawm HeoOxinHo 3HaiiTH piBHSAHHSA X = f (t).
BinmoBigHe piBHSHHS MOXKe€ OYyTH BHBEACHE 3 APYTOro 3aKOHY

HrrotoHna:
i)
o

€IMHOIO CUJIOIO Y3JIOBXK OCi X € TpyxHa cuia. Tomy

> K =—kx.
i

Toni
d?x k
—=——X,
dt? m
SAKITO
=X,
m
TO
2
% +m, x=0 (4.3)

Ile € nudepeHuianbHe piBHAHHSA KOJIMBAaHb IPYXHUHHOTO
MasiTHUKA, TOMY III0 BOHO MICTUTh APYry MOXIAHY 3MIILEHHS IO
qacy.

Po3B’430K 11bOTO PIBHSHHS MOXHA MPEACTaBUTH y BUTJISIIL:

X = Asin(ot +¢,),
ne A o, po — CTajl BETUYHHHU.
Ile MO’KHAa JIETKO JOBECTH:

dx
— =m,Acos(®,t +¢,),
dt
d*x
dt’
[Mincrausmm ( 4.4 ) B (4.3 ), MH OTpUMAEMO:

= -0, Asin(oyt + @, ). (4.4)
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— wg? Asin(wgt + @g) + @3 Asin(wgt + ) =0.
This proves that the solution of the differential equation is correct.
It should be emphasized that this solution isn’t the only one. The
following solutions are true also
X= ACOS(mot + (po) ;
in the complex form
X = Ag'(©et+0)

Value of w, is called a cyclic frequency of the spring

pendulum oscillations and it is defined by the formula:

LS
0 m '
The period of spring pendulum oscillations is defined by the

formula:

T=2n m
k

4.1.4 Physical pendulum

The solid body oscillating under the action of gravity force
around the fixed horizontal axis that doesn’t pass through the gravity
center of a body is called physical pendulum (Fig.4.4).

In equilibrium position, the center of mass C of the physical
pendulum is on a vertical line with the suspension point O and is
located below it. If you deviate the physical pendulum from the
equilibrium position by some angle o, then there is a torque of
gravity. In this position, the force of gravity is resolved into two
components: the restoring force F, which returns the pendulum to
equilibrium, and the force F,, balanced by the reaction of the support.
The restoring force F. is equal to

F, = —Psina = —mgsina.
The restoring force arm is |. Then the restoring moment
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—, > Asin(ogt +@,) +o,” + Asin(o,t +9,) =0.
Ile moBoaAWTH, 1O PO3B’SA30K JUGEPEHINIATLHOTO  PIBHIHHS
IIPaBUJIbHUN.
[ToTpiOHO BiAMITUTH, IO [EW PO3B’SA30K He eauHUi. HactymHwuit
PO3B’SA30K TEXK BIpHUI:
X = Acos(myt +,),
Yy KOMIUIEKCHIH (opmi:
X = Aei(mot+@0) .

BenmnunHa ©, Ha3UBa€THCS IUKJIIYHOI YaCTOTOI KOJIHMBAHb

MPYKHHHOTO MasiTHUKA 1 BUBHAYAETHCS 32 (POPMYIIOH0:

o — k
0 m '
[lepion KoJMBaHb TPYKUHHOTO MAasSTHUKA BU3HAYAETHCS 32
dbopmyoro:

T=2n m
k

4.1.4 ®i3uuHNii MAATHUK

TBepae TUIO, sIK€ KOJWUBAETHCA I €0 CUIU TSOKIHHS
HABKOJIO HEPYXOMOI TOPH30HTaJIbHOI OCi, 110 HE MPOXOAMUTH Yepe3
IICHTp Mac TiJia, HA3UBAEThCS (PI3UIHUM MASITHUKOM (puc.4.4).

VY crani piBHoBaru uLeHTp Mac C ¢i3MYHOro MasTHUKA
3HAXOJWUTHCA HA BEPTUKAIBHIA JiHII 3 Toukow miaBicy O i
pO3TalIoBaHUil HUX4Ye Bif Hei. Ko BiAXumuTH Gi3UuIHUNA MasTHHK
BiJl TIOJIO)KCHHS pIBHOBarM Ha JCSIKAW KyT 0, TO BUHHUKAE
o0epTanbHUN MOMEHT CHJIM TSDKIHHA. Y TakoMy IOJOXEHHI cuiia
TSOKIHHSL PO3KJIAAEThCSl HA JBI CKIAIOBi: 3BOPOTHY cuiy F;, 110
MOBepTa€ MasTHUK Yy CTaH piBHOBaru, 1 cuiy F,, 10
3pIBHOBAXXYETHCS PEAKINIEI0 OTIOPH. 3BOPOTHA CHIIa F; TOPIBHIOE:

F, = —Psina = —mgsina.
[Tireue 3BopoTHOI cuu F, mopisuioe |. Tozi obepraapauii MOMEHT
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Figure 4.4

of the force of gravity is
M =FI|=-mglsina,

where m is the mass of a the pendulum, I is the arm of restoring force,
it is equal to the distance between the point of suspension O and the
center of the body masses C, « is the deviation angle.

According to the main law of dynamics of rotational motion:

So,

where | is the moment of inertia of a body around the axis of rotation
which crosses the point O.
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Pucynok 4.4.

CHJIM TSDKIHHS JJOPIBHIOE!
M =FIl=-mglsina,

JIe M - Maca MasTHHWKa, | - Tede 3BOPOTHOI CHITH, IO JOPIBHIOE
BiJICTaHI MK Toukor miABicy O i neHTpoMm Mac Tinma C, o - KyT
BIIXMJICHHS.

3riTHO OCHOBHOTO 3aKOHY JUHAMIKU O00epTalbHOTO pyXy
TBEPJOTrO Tijla:

2
M=lg=19¢
dt
Otxe,
d%o .
I—2 =-—mglsina,
dt

ne | - MOMeHT iHepuii Tija BIIHOCHO OCi 00epTaHHS, 10 MPOXOJIATh
gyepe3 Touky O.
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If the deviation angle o is so small that sina. ~ o, we’ll obtain
the differential equation:

d?a  mgl
PO

Let’s denote
mgl
o =
then we obtain the differential equation of harmonic oscillations of
the physical pendulum:

where o, = ngl is the cyclic frequency.

The solution of this differential equation is
o= 0t Sin (@t +¢y ).
Therefore, at small deviation angles the physical pendulum

performs harmonic oscillations with frequency wg. The period of the
physical pendulum oscillations is equal to

T:E:2n /L:2n\/z,
o, mgl g
where the value of L= LI is called the reduced length of a physical
m

pendulum.

If we compare the formulas of the period of oscillation of the
physical and the mathematical pendulum, we can conclude that the
mathematical pendulum will have the same period of oscillation as
the physical pendulum, if its length is equal to the reduced length of
the physical pendulum.

The point O' is called the oscillatory center of the physical
pendulum. Points O and O' has the property of interchangeability. If
points O and O' change with each other the period of oscillations
will be the same.
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SIKI10 KYT BIIXHJICHHS 0 HACTIIBKY MaJIHiA, IO Sin o, = 0, TO MU
oTpuMaeMo audepeHItiaabHe PIBHSIHHS:

2
mgl
d—g L LYM,
dt I
[Mo3nauyusmmu
> mgl

®
0
I
OTpUMaEMO AuQepeHIliabHe PIBHSHHA TApPMOHIYHUX KOJHBAHb
(GI3UYHOTO MasITHUKA:

> mgl .
ac o, = T - OUKJI1IYHAa 94acToTa.

Po3B’s13k0M 11bOTO MH(EpPEHITIaTBLHOTO PIBHSHHS €:
o=y sin (ot +¢; ).
Orxe, mpu Manux KyTax BIAXWJICHHS (I3UYHHA MasSTHUK

31MCHIOE TAPMOHIYHI KOJMBAHHA 3 4acTOTOl . [lepioa xonmBaHb
(b13MYHOTO MasiTHUKA TOPIBHIOE:

T=2"_on /Lmﬁ
o, mgl g

I .
A€ BCIINYHMHA L= _l Ha3nuBaA€THCA 3BCACHOIO JOBXHWHOIO (1)13H‘1HOFO
m

MasITHHKA.

SAxmo nopiBHATH (GopMynu mepioAy KoJIuBaHb (DI3UYHOTO 1
MaTeMaTHYHOTO MasTHHKA, TO MOKHA 3pOOMTH BHCHOBOK, IO
MaTeMaTHYHUI MasTHHUK MaTUME TaKWil came IMepioJ] KOJIMBaHb, SK i
Gi3MuHUN  MasTHUK, $KIIO KHOTO JOBXWMHA Oyne JOpiBHIOBATH
3BeJIeH1! JOBXKHUHI (P13MYHOTO MASTHHKA.

Touka O' Ha3UBa€ETHCS LIEHTPOM KauaHHs (PI3UUHOTO MASITHHKA.
Touku O i O' MaroTh BIACTHBOCTI B3aeMo3aMiHHOCTI. SIkmio Touku O
1 O' 3aMiHMTH OJHAa OJHOIO, TO TMeEpioJ  KOJMBaHb (Pi3UUHOTO
MasTHUKA OyJie OJTHAKOBUM.
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4.1.5 Mathematical Pendulum
The point mass suspended by means of a weightless
inextensible thread that oscillates under the force of gravity is called
the mathematical pendulum (Fig. 4.5).
The restoring force is the projection of the force of gravity
P =mg in the direction of motion of the point mass. In this case
F =Psina=mg-sina,
where o is the deviation angle of pendulum from equilibrium
position.
From Fig.4.5 we can see that
sina = Ii .
If the angle a is so small that sina. ~ a,, then
F =mga
and oscillations are harmonic.

Since F force is always directed to the equilibrium position that is
why it has the opposite sign with respect to the displacement of x:
=—mgo.
The Newton’s second law is
ma = —mga. ,
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4.1.5 MareMaTHYHHII MasITHUK

ToukoBa Mmaca, sika TiJBIIICHA Ha HEBAroMii i He PO3TSKHIN
HUTII, IO KOJMBAETHCA I MHI€I0 CHIM TOKIHHS HAa3HBacThCS
MaTeMaTHYHUM MasTHUKOM (puc. 4.5).

3BOpOTHA CHJIa € TPOEKLIE0 CUIM TSKIHHA P=mg vy
HaIpsIMKy PyXy TOYKOBOi Macu. B manomy Bumnaaky:

F =Psina=mg-sina,

JI€ O - Ie KYT BiIXWJICHHS MasTHUKA BiJ] IIOJOXEHHS PIBHOBATH.

I3 puc. 4.5 BuaHo, 110

. X
Slna:T.

SIKIIO KyT 0L MAJIMA HACTLIBKH, 1110 SiN oL & oL, TOIi:
F = mga
1 KOJIMBaHHS € TAPMOHIYHUMH.

Pucynok 4.5.

Tak sk cuma F 3aBXkmu HampsMiIeHa 0 MOJOXKEHHsS PiBHOBATH, TO
BOHA Ma€ MPOTHJICKHUH 3HAK MO BIIHOIIEHHIO /IO 3MIIIEHHS X'
F =-mga.
Hpyruii 3akon HploTOHA 3anuIIeThes y BUTIISIL:
ma = -mga.,
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d?x
mF = —mg(l,
where x = la.
Then
da
e 9
2
d—? +94-0.
dt |
If denoted
9_y7

I
then we obtain the differential equation of the harmonic oscillations
of the mathematical pendulum:

The solution for this equation is
a=0ag Siﬂ(())ot + (po) .
The cyclic frequency of oscillations w is equal to

The period of the mathematical pendulum oscillations is equal to

TzZn\/I.
g

A physical system that is described by the differential equation
d?x
F + (,OOZX =0

is called the harmonic oscillator. Spring, physical and mathematical
pendulums are the harmonic oscillators.
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X
m? = —mg(l,
nex=la.
Toni
| d?a B
a9
d2
—g+g(l =0
dt |
SIKIO MO3HAYUTHU
92,

TO MH OTpUMAEMO JU(EpeHIliaibHe PIBHIHHA TapMOHIYHHUX
KOJIMBaHb MATEMaTUYHOTO MasTHHUKA!

Po3B’s13k0M 11bOTO TH(EPEHIIAIEHOTO PIBHSIHHSA €:
o =0 Sin((x)ot + (po) .

[{ukniyHa yacToTa KOJIMBaHb (M JOPIBHIOE:

Oy =]~ .

[lepion koMMBaHK MATEMATUYHOTO MAsITHUKA IOPIBHIOE:

T=2n l

g

®dizuyHa cUCTeMa, SKa OMNHCYEThCS  AU(epeHIiaTbHUM

PIBHSIHHSIM
2
d-x 2

—+w,"x=0,
dt
HA3MBA€THCSA TapMOHIYHUM ocuuastopoM. [lpyxunuuii, Qiznynmii,
MaTeMaTUYHUN MasTHUKU € TApPMOHIYHUMH OCLIUJISITOPAMHU.
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4.1.6 Addition of Harmonic Oscillations with the Same
Frequency and the Same Direction
Let the body take part in two harmonic oscillations. Let’s
assume that oscillations occur with the same frequencies in the same
direction. But amplitudes and initial phases of oscillations are
different. Equations of these oscillations are

X, = A sin(ot +¢@,)
{Xz = A, sin(ot + @,)

In complex form:
Xl — Alei(a)H-(pl)
X, = Ael+e) '
The resultant displacement is equal to the sum of independent

displacements. For addition of harmonic oscillations would be
advisable to use the method of vector diagrams (Fig. 4.6).

imaginary axis _ A
— A
-

£ o

) @ f:‘: j .
1A
[ 1 I

@ B 2 raal aats
Figure 4.6

Since vectors of amplitudes rotate with the same cyclic
frequency wo, the phase difference between them remains constant
and the resultant oscillation vector also rotates with frequency
o. Then the equation of resultant oscillation will also be harmonic:

X=X, + X, = Asin(oyt + @),
where A is the amplitude of a resulting oscillation; ¢ is its phase.
To determine the values of A and ¢, let’s consider AOAA, (Fig.
4.6). According to the theorem of cosines:
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4.1.6 lonaBaHHS rapMOHIYHUX KOJMBAHb OJJHAKOBOI YaCTOTH i
OJHAKOBOI'0 HANIPSIMKY
Hexaii tino Gepe y4acTp y JBOX TapMOHIYHUX KOJMBAHHSX.
[Tpunyctumo, 1m0 KONIMBAaHHA BiAOYBalOTbCA 3  OJHAKOBUMHU
4acTOTaMH B OJHAKOBOMY HAaIpsMKy. AJie aMIUNITyId 1 MOYaTKOBi
¢da3u KoMBaHb Pi3HI. PIBHSAHHS IUX KOJTMBaHb:
X = A sin(ogt +¢,)

X, = A, sin(@,t +¢,)
Y xomIutekcHiil Gopwmi:
— i(@ot+¢1)
X, =Ae™
— i(@ot+¢,)
X, = A"
Pesynbryroue 3MmilmieHHS Tijla JOPIBHIOE CyMi HE3AJICKHHX

3MimieHb. Jlnd  J0AaBaHHA TapMOHIYHMX —KOJHUBaHb  JIOLIJIBHO
3aCTOCYBAaTH METOJ BEKTOPHUX Aiarpam (puc.4.6).

¥awua aich ;f' “i
Aj e Y
— #
& 3§
-

#

i

i, ( ! o

i T

w4

~ -‘\T 1
i i |
(] ¥ o Peanina dice

Pucynok 4.6

Tak sK BEKTOpM aMIUIITYyd o00epTaloTbcs 3 OJHAKOBOIO
LHUKIIYHOIO YacTOTOI0 o, TO PI3HUL (Pa3 MK HUMU 3aJIUIIAE€THCS
CTaJIO0, 1 BEKTOP Pe3yJIbTYIOUOro KOJMBAHHS TAaK0X 00EepTAaeThCS 3
YacTOTOI (9. 1ol PIBHSHHS PE3yJbTYIOUOTO KOJWBAaHHS Oyre
TaKOX TapPMOHIYHUM:

X=X +X, = Asin(o,t + ¢),
ne A - aMIIiTy1a pe3ysbTyIouoro KOJIMBaHHS; ¢ - oYyaTKoBa ¢a3a.
Jlnst Bu3HayeHHs 3HaueHb A Ta @ posrisiHeMo AOAA, (puc. 4.6).
3a TeopeMOor0 KOCHHYCIB:
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A2 = AL+ AS —2A A cosf— (0 —91)] = AL + A +2A A c0s(92 — 1),
AF AD+DF
gp=——= :
OF OB+BF
_ Asing +Asing,
A cosg, + A, cos@,
Addition of two harmonic oscillations of the same frequency and the
same direction gives the resultant harmonic oscillation with the same
frequency and direction. The amplitude of the resultant oscillation

depends on amplitudes and the difference of initial phases of the
added oscillations.

4.1.7 Damped Mechanical Oscillations

Oscillatory motion as a rule occurs in the presence of friction
forces. These forces result in transformation of mechanical energy
into heat. As a result the amplitude of the oscillations gradually
decreases tending to zero.

Oscillations, the amplitude of which decreases with the time is
caused by energy losses of oscillating system, are called damped
oscillations.

Let’s consider the spring pendulum (Fig.4.3). There are two
forces acting on the body: the elastic force F =—kx and the friction

viscous force F,, =—rv. Consequently, according to the Newton’s

second law:
2

md—;( =-kx—ruo,
t

Let’s denote
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2 2 2 2 2

A" =A +A -2AA cos[n—(p, @)= AT + Ay +2A A, C0S(p, — ).
p— AP _AD+DF
OF OB+BF’

_ Asing, + A, sing,

A cosg, + A, oS,
I[O,HaBaHHH JABOX FapMOHi‘IHI/IX KOJINBAHb OI[HaKOBO'l' YacTOTH 1
OJTHAKOBOTO HAIPSMKY JIa€ PE3YJIbTyIOu€ TapMOHIMHE KOJMBAHHS
TaKoi CcaMOi YacTOTH 1 HampAMKy. AMIUITyAa pPe3yJIbTyIUuoro

KOJIMBAaHHS 3aJISKUTh BIJl aMIUNTYX 1 pI3HUII NOYaTKOBUX (a3
KOJIMBaHb, 110 JI0IAI0THCS.

9o

4.1.7 3aryxao4i MexaHIYHi KOJTMBAHHSA

KonuBanpHuii pyx, sIK NpaBHiIO, BiJOYyBAa€ThCS 3a HAsIBHOCTI
cuit Tepts. Ll cunm npuBoaATh 10 MEPETBOPEHHS MEXaHIYHOT eHeprii
B Temwno. B pe3ymprari  aMIuniTysa  KOJHMBaHb — MOCTYIIOBO
3MEHUIYEThCS, HAOIMKAIOUUCH J10 HYJIS.

KonmBanHs, aMIutiTy1a IKHX 3 9aCOM 3MEHIIYETHCS 13-3a BTpAT
eHeprii KOJUBAJIBbHOI CHCTEMM, Ha3HMBaIOTHCS 3aTyXar4uMu
KOJINBaHHSIMH.

Po3srnsHemo npyxuHHUN MasTHUK (puc.4.3). Ha Ti1o niroTh aBi

cunu: cwia npyxkHocti F =—kx i cuma omopyF,, =-rv. Tomy
3TiJHO 3 IPpYT'UM 3akoHOM HbroToHa:

[To3nauumo:
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The value of 6 is called the coefficient of damping, wo - its own
cyclic frequency of free oscillations of the system.
Then we obtain:

2
d—§+26%+m§x:0.
dt dt
Thus, we derived the differential equation of damped free mechanical
oscillations.

The solution of this differential equation may be expressed as:
X = Age " sin(wt + @p),
where o is the cyclic frequency of damped oscillations. We should
not confuse ®, and . Value of w, is the cyclic frequency of free

oscillations in the absence of friction. Value of o is the cyclic
frequency of the damped oscillations:

M=, ;
fn )
o=,—|—]|.
m 2m

Therefore, the cyclic frequency of damping oscillations is always less
than the cyclic frequency of free oscillations of the system o < .
The graph of damped oscillation is shown in Fig. 4.7.

x - Age™
N

.
L v
b
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Benuunaa O HaszuBaeThes Koe(iliEHTOM 3aTyxaHHS, g — BJIacHA
IMKIIIYHA YaCTOTA BIIBHUX KOJMBAHb CUCTEMH.
Tomi Mu oTprMaeMo:

2
9%, 259, wix=o.
dt> T dt
OTxe, MU BHBENH JuQepeHIiagbHe PIBHSIHHA 3aTYXalOUMX BUIBHUX
MEXaHIYHUX KOJINBAaHb.
Po3p’s130k  1pOro  auQepeHmianbHOro  PIBHSAHHA — MOXKHA

3aIluCcaTh y BUTJISIII:
,at -
X=Ae " sin(ot +o,),
Je O - MUKIIIYHA YacToTa 3aTyXauyux konuBaHHs. He Tpeba mimyratu
o 1 ®. 3HAYCHHS Mg € NUKIIYHOI YaCTOTOI BUIBHHUX KOJUBAHB IPH

BiZICYTHOCTI TepTs. 3HAYCHHS ® € IUKJIIYHOIO YaCTOTOIO 3aTyXal0uuX
KOJIMBAHb.

TOMy, III/IKJ'Ii‘IHa JaCTOoTa 3aTyXarOuuX KOJMBAHb 3aBXXAW MCHIIA Bi}]
UKJTIYHOI YaCTOTH BIACHUX KOJIMBAaHb CUCTEMH M < (.
['padik 3aTyxarounx KOJIMBaHb 300pakeHo0 Ha puc. 4.6.

a
;

[
o

Pucynoxk 4.7
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The period of damped oscillations is

T=2_’t= 2n

o Jol -8 -

4.1.8 Characteristics of Damping of Mechanical Oscillations
An oscillating mechanical system has definite characteristics of
damping.
1. The damping coefficient ¢ defines the velocity of damping
of oscillations:

5=
2m

The more is o the faster system oscillations are damping.

The unit of damping coefficientd:

[5]= K9 _s
s-kg

2. The relaxation time 7 is the time interval during which the

amplitude of oscillations decreases in e times. Then, whent =1

st =D
° e

The relaxation time t is a physical quantity inverted to the
damping coefficient 5.

3. The decrement of damping D is defined by the ration of the
amplitudes of two consecutive oscillations which occur with the
period T:

— A(t) — Aoe_i3t — ST
At+T) A,etD
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[lepion 3aTyxarounx KOJIMBAHb JOPIBHIOE

T:E: 21

2 2
@ ®y —0

4.1.8 XapaKkTepuCTHKH 3aTyXaHHS MEXaHIYHUX KOJIUBAHb
KonmBanpHa MexaHiYHAa CHCTEMa Ma€ MEBHI XapaKTEPUCTHUKH
3aTyXaHHS.
1. KoeodinieHT 3aTyxaHHs O BHU3HAYa€ MIBHUIKICTh 3aTyXaHHS
KOJIMBaHb:

_ r
S 2m’
YuM O1TbIIMM € O, TUM IIBUIIE BiIOYBA€THCS 3aTyXaHHS KOJIUBAHb
CHCTEMHU.
OnuHHILS BUMIPIOBaHHS KOSQIIi€EHTa 3aTyXaHHS 0 :

KT -
C-KI
2. Yac penakcaiii T - 1€ NPOMIKOK dYacy, MPOTSITOM SIKOTO
aMIUTITy/1a KOJIMBaHb 3MEHIIYEThCS B e pa3iB. Toni mpu t=1

UYac penakcanii t € (i3uyHa BeIMYMHA, OOepHEHa 10 KoedilieHTa
3aTyXaHHs .

3. JlekpemeHT 3aryxaHHs D BH3HAUYacThCA BIiIHOIIECHHSAM
aMIUTITYl JABOX IIOCHIJIOBHUX KOJIMBaHb, SIKi BiIOYBAarOThCS Yepes
nepion 7

AL A
At+T)  A,e®D
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4. The logarithm decrement of damping A is the natural

logarithm of damping decrement
A=InD=In Al :EST:I:i
At +T) t N’

T . . . . .
where N, =7 is the number of oscillations for relaxation time t

during which the amplitude of oscillations decreases in e times.
So, the logarithmic decrement of damping is a physical value
opposite to the number of oscillations N, in which the amplitude of

oscillations decreases in e times.

5. The quality Q of the oscillating system is equal to the
product of 2z by ratio of the energy of oscillations at the arbitrary
moment of time t by the decrease of this energy for the period T:

Q=2nEE2=2n E() ,
AE EX)-E@{+7)
where AE = E(t)—E(t+T) is the drop in system energy over the
period.
The quality Q can also be determined as

T
=—=7N_.
Q X e

So, the quality Q is proportional to the number of oscillations
Ne during which the amplitude decreases in e times. The quality is
non-dimensional quantity:
[QI=1.

4.1.9 Forced Mechanical Oscillations
The oscillations of a physical system under the action of a
periodic alternating external force are called forced oscillations. The
action of the external force can periodically replenish the loss of
mechanical energy of the system to work against the forces of
resistance. Let’s consider the forced oscillations of a spring
pendulum (Fig. 4.8).
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4. JlorapudMiuHUN JEKPEMEHT 3aTyXaHHS A — II€ HaTypaJbHUI
aorapuM JIeKpeMeHTa 3aTyXaHHS:

k:InD:In&:EST:I:i
Alt+T) t N’
ne Ne :_Ii_ - YHCIO KOJMBaHb 3a 4Yac peniakcamii 7, 3a SKAd

aMIUTITy/1a KOJMBaHb 3MEHIIYETHCS B € Pa3iB.

Orxe, snorapudMIyHHUNA JEKPEMEHT 3aTyXxaHHs € (i3uyHa
BeJIMYMHA, 00epHEHA 10 KUTBKOCTI KOomBaHb N , 3a sIKi aMInTiTyIa
KOJIMBaHb 3MEHIIIYETHCA B € PasiB.

5. [1oOpoTHicTe Q KONMMBaIBHOI CUCTEMH JOPIBHIOE TOOYTKY 2
7T Ha BiJIHOIICHHS CHEPTii KOJIMBAHb CHCTEMHU B JOBIILHUH MOMEHT
qacy t 10 3MeHIIeHHs i€l eneprii 3a nepiox 7+

Q-=2n EW) _,,  EO®
AE EX)—E@{+7)
ne AE = E(t)— E(t+T) € 3MeHIIEHHSIM €Heprii CUCTEMH 3a NEePIoj.

Jo6poTHicTs Q MOXe OyTH BH3HAYCHA TAKOXK SIK:
T
Q = X = TENe .

To6to, moOpoTHicTE Q MPsIMO TpOTOpITiiiHA YHCTY KOJUBAHb
Ne, 32 fKI aMIUNTyAa 3MEHUIyeThCs B € pasziB. J[oOpOTHICTH €
0e3p03MIpHOIO BETMYNHOIO:

[Q]=1.

4.1.9 Bumymieni MmexaHi4Hi KOJMBaHHS
KonmuBanns ¢i3udHOi CcHUCTEMH T JI€I0  30BHINIHBOL
Nepiogu4Hol  3MIHHOI  CHJIM  HAa3WBAIOTBCS  BHUMYIICHUMU
KonuBaHHSIMH. /Jlii 30BHINMIHKOI CHJIM JIO3BOJISIE  TIEPIOJMYHO
MOTIOBHIOBATH BTPATH MEXAHIYHOI €HEprii cucTeMHu Ha poOOTY IPOTH
cun onopy. PosrnsHeMo BuMyIIEHI KOJHMBaHHS HPYKUHHOTO
MasiTHUKa (puc. 4.8).
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Figure 4.8

The external force applied to the body varies according to
harmonic law and it is called forced:

F=F,cosnt,
where F, is the amplitude of force and  is its cyclic frequency.
Let’s assume that the values that characterize the oscillations of the

spring pendulum are given: k, m, r, 8 =L, 0, = \/E F,. o.
2m m

Our aim is to estimate A as the amplitude of forced oscillations
and ¢ as the phase difference between the force and the displacement
of the pendulum under consideration.

Applying Newton’s second law we obtain:

2
md_z(z—kX—r%-l-FoCOS(Dt,
dt dt
d?x r dx k F
——5+——+ —X=—~cosot.
dt m dt m m
Let’s denote
r
— =29
m
Kk =@
m 9
Fo
0 _ ¢
m 0.
Then
d?®x dx

——+ 28— +wox = f, coswt.
dt? dt
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Pucynoxk 4.8

30BHIIIHA cWa, WO NPHUKIAACHA 0 Tijla, 3MIHIOEThCA 3a
TapMOHIYHMM 3aKOHOM 1 Ha3UBA€ETHCS 3MYLIYIOUOIO:

F=F,cosant,
ne F, - ammitya 30BHIIHBOT CHiH, ® - 1i IMKITIYHA YaCcTOTA.

[TpumyctuMo, 10 BETMYUHM, SIKi XapaKTepU3yIOTh KOJUBAHHS
) r k
NPY>XUHHOI'O MasiTHUKA, 3aaH1: k,m,rd= 2— y Oy =, [—, FO, .
m m

Hama mera - 3HAWTH aMIUTITYy BUMYIIEHHX KOJHBaHb A i
3CyB (ha3u (¢ MixK 3MYIIYIOUOIO CHJIOKO 1 3MIIIICHHSIM MasTHUKA.
3acTocoByOYH Opyruii 3aKkoH HploTOHA, OTpUMaEMo:

2
md—f=—kx—r%+FOCOSmt,
dt dt
d’x r dx k_ F
—— +——+—-X=—Cosot.
dt m dt m m
ITo3naunmo:
r
— =29,
m
k 2
— = ;
m 0
Fo
-0 _ ¢
m 0.
Toni
d?x dx

——+28— +wox = f, coswt.
dt? dt
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This is the differential equation of forced mechanical oscillations. A
solution of this differential equation is the formula which corresponds
to stabilized forced oscillations:
X = Acos(wt — ).
Amplitude and phase difference may be expressed as

_ fO
\/(wg —0°)% + 46°w? 1
20

From this formulas we can see that the amplitude A and the shift of
phase depend on cyclic frequency o of forcing force.

The general solution of the differential equation of forced
mechanical oscillations consists of the sum of the solutions of the
corresponding homogeneous equation and the partial solution of the
inhomogeneous equation:

X = Acos(ot — ) + Aoe_f’t cos(w/oao2 ~5%t+ Q) -

The Fig. 4.9 represents the graph of this equation.
t
N

Figure 4.9

x

Let’s analyze the obtained results. The oscillating system
performs oscillations with the same frequency of » as the external
force. However, the amplitude of forced oscillations depends upon
the relationship between o and ,.
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Ile € nudepeHuianbHe pIBHAHHAM BHMYIICHHX MEXaHIYHUX
KOJMBAaHb. MOTO PO3B’A3KOM , IO BiANOBIZA€ YCTAICHHM
BUMYIICHUM KOJIMBAHHSIM, €:
X = Acos(ot — o).
Awmrutityzaa 1 3cyB a3 BUSHAYAIOThCS SIK:

_ fO
\/(wg —0°)% + 46°w? ’
20
(l)o -0

3 nux opMys BUILTUBAE, IO aMILTITYya A 1 3CyB (a3 ¢ 3auexarh Bij
[UKJTIYHOT YaCTOTH 3MYIIYIOYOI CHITU ©.

3aranpHui pPO3B’s30K T epeHIiaabHOro PiBHSIHHS
BUMYIIICHUX MEXaHIYHUX KOJIMBAHb CKJIQJAETHCS 13 CYMH PO3B’SI3KY
BIJIMOBIAHOTO OJHOPIAHOTO PIBHSHHS 1 YAaCTUHHOTO PO3B’SI3KY
HEOJTHOPITHOTO PIBHSHHS:

X = Acos(ot — ) + Aoe_g’t cos(w/(no2 ~ 8%t + 0p) -

Ha puc. 4.9 306paxeHo rpadik bOro piBHIHHS.
x - —
] 7\ ]\ A
t
"

Pucynox 4.9

[Ipoananizyemo orpumani pe3ynpraTi. KonuBanbHa cucrema
BUKOHYE BHMMYILIEHI KOJMBAHHS 3 TIE0 K YacTOTO ®, IO 1
30BHIIHA cuia. [IpoTe, ammIiTy]a BUMYIIEHUX KOJUBAaHb 3aJI€KUTh
BIJI CITIBBITHOIIIEHHS M Ta (.
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We should consider three intervals of frequency.
1. The force frequency tends to zero ® — 0.

\/(co% —032)2 +48%0°% ~ w%,

ato _Folm_Fo
o, k/im Kk
f F
A: :—0:_0.
% o K

In this case, the oscillations are absent. Value of A, is called
the static displacement of pendulum from equilibrium position under

the action of constant force F = F.

2. The force frequency tends to natural frequency ® — ®,. In
this case the denominator decreases and the fraction increases. So the

amplitude A reaches a maximum.

The sharp growth in the amplitude of forced oscillations when
the frequency of external force approaches the natural frequency of
the system is called the resonance. The respective frequency is called
the resonance frequency. Its value may be determined as

[(0F - ) +48°0°], =0,
~2(02 —0,°)?20, +85°w, =0,
—; +wf +28°=0,

©, = o) —25°.

Thuso, <®,. However, if §=0, then o, =0q.
Substituting o, in formula for A we obtain

f
Ar = 0

25, [wd —52
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PosrisiHemMo Tpu iHTEpBaIu YaCTOTH.
1. IukiyHa 9acTOTa CUIM HAOIMKAETHCS 10 HYIst @ — 0.

\/(coé ~0?)? +48°0° ~wl,

A=i= F,/m :i.
mg k/m k
f F

A: =—0=—_

A (Dg k

B upomy pasi KkonuBaHHS HE 3IIHCHIOIOTbCA. Benmunmna Ao
HAa3UBAEThCA CTAaTHYHUM 3MIIICHHSIM MAasTHUKA 3 IIOJIOXKEHHS
piBHOBaru mij giero cranoi cumn F = F,.

2. IlukiyHa 9acToTa CHITH HAOJIMKAETHCS IO BIACHOI YaCTOTH
®—> ®,. B nanomy BumasKy 3HaMEHHHK 3MEHINYETHCS, a ApiOd
30ibIIyeThCs. OTKE, aMInTiTY1a A T0CATaE MaKCUMYMY.

Pizke 3pocTaHHsS amIUIITyId BHUMYIICHHUX KOJIUBaHb, KOJH
YacToTa 3O0BHINIHBOI CHJIM HAOJIMKAETHCS JIO BJIACHOI YaCTOTH
CHCTEMH,  HAa3MBA€TbCS  PE3OHAHCOM. Bigmosigma  wacrora
HA3MBACTLCS PE3OHAHCHOK YacTOTOK. li BelIMuMHA MOXke OyTH
BH3HAUYEHA, SIK:

[(0? - 0*)* +45°w’], =0,
- 205 ~0,%)?20, +85%0, =0,
~f + o5 +25° =0,
©, = 1/0)(% ~ 252
Tomy ©,, < g. Ilpore, sxmod =0, 10 ®, = ).

SIKIIO MiACTaBUTH ), B GOPMYILy 1115 A, TO MU OTPUMAEMO

A, =0

- 26: B — 52
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3. The force frequency tends to infinity o — . In this case
\/(cog —®°)* +48°0® ~ Vo +458°0> —> o
and A tends to zero. The pendulum has no time for making
oscillations.

Resonance curves for various values of the damping coefficient
d are shown in Fig. 4.10.

l=]

Ao |
| 1

Figure 4.10

The more is o the less is the amplitude of oscillations A and the less
IS ,.
Suppose that the system performs the resonance oscillations.

We can see from formula tge = % that if ® = 0 then ¢ = 0.

When o — o,, then tge — oo. This means that x displacement lags

behind F force and the difference of phases between them is equal to:
T
= E .

When o >>a,, then @ — =, i.e. oscillation phase is almost opposite
to force phase. Fig. 4.11 represents the relationship of ¢ = f (w).
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3. [ukiriyHa 4acToTa CHJIM MPSMYE Y HECKIHYEHHICTb m —> 0.
VY upomy BUNIAJKY

\/(w% —coz)2 +48%°0° ~ \/004 +48°0° — o
1 A mpsamye 10 Hyna. KonmuBaHHS He BCTUTalOTh BiOyBaTHCS.

Pe3onancHi KpuBI Tpu pI3HUX 3HAYEHHSAX KoedirieHTa
3aryxaHHs O 300paxkeHi Ha puc.4.10.

®

Pucynok 4.10

Yum Oinblimii O, THM MEHIIOK € aMIUITyla KoJuBaHb A 1 TUM
MCHILIOKO € PE30HAHCHA YacTOTa M.

[TpunycTuMo, 1110 B CUCTEMI ICHYIOTh PE30HAHCHI KOJIMBaHHS. 3

dbopmynu tg(o=% BUTIKae, ko o = 0, To @ = 0. Konu

0
® —> ®g, Toai tgp — oo. Lle o3Hauae, 1m0 3MIMIEHHS X BIICTA€ Bif

cunu F 13cyB (a3 Mixk HUMU JTOPIBHIOE:

T
o=—.
2

Komn o>>wm,, Tomi@—>m, T00TO (aza KoiaMBaHb € Maibke

npotuiexHoro cuii. Ha puc. 4.11 306paxeno 3anexHictb ¢ = f ().
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P

R =T
b
Tl __¥__Jd
2 :
A

0 iy ZWU Li+]
Figure 4.11

4.2 Electromagnetic Oscillations

Periodic variations of the charge, current or voltage in an
electric circuit are called electromagnetic oscillations. The physical
nature of these oscillations is a conversion of electrical field energy
into magnetic field energy and vice versa.

In general an electric oscillating circuit contains a coil of L
inductance, a condenser of C capacitance and a resistor of R
resistance connected in series (Fig. 4.12).

1 2

Figure 4.12

4.2.1 Free Electromagnetic Oscillations in a L,C-circuit

Let’s assume that a resistance of electric oscillating circuit is
negligibly small, i.e. R~0 (Fig.4.12).

At the initial moment of time the capacitor is charged and
current is equal to zero (switch position 1). Only an electric field
exists between capacitor plates. Then the capacitor is discharged and
current begins to flow in the circuit (switch position 2). A magnetic
field arises in a coil.
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o
n =T
G|
i |
2 4 T 0
| |
0 iy 2y, i
Pucynox 4.11

4.2 EJIeKTpOMArHiTHI KOJIMBAHHSA

[lepiomnyni 3MiHM  3apsmy, CcTpymMy abo Hampyru B
CJIICEKTPHYHOMY KOJIUBAJIBHOMY KOHTYpI HA3UBAOTHCSI
€JIEKTPOMATHITHUMH KOJMBaHHAMH. Di3WYHa MPUPOJIA IUX KOJIMBAHb
- [l TEepPETBOPCHHSM €HEprii eJICKTPUYHOTO IOJII B CHEPrito
MarHiTHOTO TIOJIs 1 HABIaKH.

B 3aranpHOMYy BUMNAIKy CIEKTPUYHHIA KOJUBAIBLHUH KOHTYP
CKJIaJIA€ThCS 3 KOTYIIKH 1HAYKTHBHICTIO L, KoHmeHcaropa emuicTio C
i pesucropa onopoM R, 110 3’e€aHani mociigoBHO (puc. 4.12).

Y
T

R

Pucynoxk 4.12

4.2.1 BiabHi e1ekTpoMardiTHi kosuBanus B L,C-koHTYpi

[TpunyctumMo, 10 B KOJIMBAJIBHOMY €IEKTPUYHOMY KOHTYpI
OIOpOM MOXHa 3HEXTyBaTH, T00TO R~0 (puc.4.12). B mouaTkoBuit
MOMEHT 4Yacy KOHJEHCATOp 3aps/UKEHUH 1 CTpyM JOpIBHIOE HYIIIO
(monoxeHHs: mepemMukada 1). Mix oOKIaaMHKaMH KOHJEHCATopa
ICHY€ TUIBKU eneKTpuuHe noje. [ToTiM KoHAeHCcaTop po3psIKaEThCs
1 B KOHTYpl MOYMHAE TEKTU CTpyM (TOJOXKEHHS mepeMukaya 2). B
KOTYILLI BUHUKA€E MarHiTHE IoJIe.
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Later the process is repeated, but in the opposite direction. The
changing of charge g and current | over time is shown in graphs (Fig.

4.13).

g !

Figure 4.13

According to Ohm's law, for a circuit containing a resistor, a
capacitor and an inductance:

IR+U, =¢g, (4.5)

where IR is resistance voltage, U. is capacitor voltage, & is e.m.f. of

self-induction arising in an inductance.
For L,C-circuit:

2
R=0; UC:—%;SSi :—L%:—th?. (4.6)
Substituting these values from (4.6) into (4.5) we obtain:
d’q 1
—+-—0q=0
i’ L'
Let’s denote
o2 L
° LC
and we obtain the equation:
d2
F§+co§q ~0. 4.7)

This is the differential equation of free oscillations of charge in
L,C-circuit. Compare it with the equation for a spring pendulum:
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Jani mporiec TOBTOPIOETHCS, alié B 3BOPOTHOMY HAIPSIMKY.
3mina 3apsgy ( ta ctpymy | B waci 300pakeHa Ha Tpadikax

(puc.4.12).
o T

’ \’% /TI

qrf

Pucynoxk 4.13

3rizno 3akoHy Owma, Aisi KOHTYPY, KM MICTHTh PE3HCTOP,
KOHJEHCATOP 1 KOTYIIKY 1HIYKTUBHOCTI!

IR+U, =¢4, (4.5)
ne IR — nanpyra Ha onopi, U, — Hanpyra a KoHAEHcaTopi, & — €.p.C.
CaMOIHAYKIIii, [0 BUHUKAE B KOTYIII iHAYKTUBHOCTI.

Hns L,C — xoHTYpY:

di d%q

-0 q.
R=0;U,==;&j=-L—=-L—. 4.6
C SI dt dt2 ( )
[TincraBuBmM 3HaueHHs (4.2) B (4.1), MU oTprUMaeMo:
d’q 1
—+—0=0.
at? LC"
[Toznaunmo o, 2_ i
LC
1 OTPUMAEMO PIBHSIHHS:
d’q, .
Fﬂnoqzo. 4.7)

Ile € audepenuiaabHe PIBHAHHS BUIBHUX KOJHMBaHb 3apsy B
L,C-kontypi. IlopiBHseMO Moro 3 pIBHSHHAM JJsi TNPYXHUHHOTO
MasITHUKA:
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d?x

dt—z +® éx =0.
They are quite analogous, are not they?
The value
o L
° JLC
is called the natural cyclic frequency of electromagnetic oscillations
of electric circuit.
The solution of these differential equations is the same. The
differential equation (4.7) has the solution:
q =g, Cos(w,t + @, ). (4.8)
The changes of current and voltage can be expressed as

| = ((jj_? =mqdg COS((Dot + (po) = |0 Sin((Dot +@q +g),

U= % = qEOSin(OJot + (po) =Uy Sin((,Oot + ([)0).
Thus, current oscillations forestall the voltage oscillations in phase to
T

E.
The period of free oscillations in the circuit is given by

T_20_ 20 _, JLC.
o, 1

JLC

This relationship is called Thomson’s formula.

Consequently, in the absence of an ohmic resistance and any
energy losses, the electromagnetic oscillations in the circuit are
harmonic with a period, depending only upon the parameters L and
C. In the L,C-circuit there is a periodic change in the energy of the
electric field of the capacitor, in the energy of the magnetic field of
the coil and vice versa:
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d 2X 2
—2 + O)OX = O .
dt

Bonu abco0THO aHAJIOTIYHI, Y4 He TakK?

Bennuuna
o — 1
° Jic

HA3MBAETHCSA BJACHOIO [MKIIYHOK YacTOTOK eJNeKTPOMAarHiTHUX
KOJIMBaHb B €JIEKTPHYHOMY KOJIMBAITLHOMY KOHTYPI.

Po3B’s130k X audepeHIiabHUX PIBHSAHb TEK aHAJIOTIYHUM.
Hudepenmianbae piBHIHHEA (4.3) Ma€e po3B’sI30K

q = d, Cos(mot + Q). (4.8)

3MiHM CTPyMy 1 Hampyru MOXYTh OYTH BHpaXeHI HACTYITHUM
PIBHSHHSMU:

| = 2—? =—0,0, sin(m,t +¢,) = 1, cos(m,t + ¢, + g),
u=9_ % cos(w,t +¢y) =U, cos(w,t + @p).

ToMy KoIMBaHHS CTpyMy BHUIEpPEIKalOTh MO (a3l KOJMBaHHSA

T

HaIlpyry Ha 5

[lepion BIacHUX KOJIMBAaHb B KOHTYDI:

T2 _ 20, JLC.
0)0 1

JLC

Ile criBBigHOIICHHS Ha3uBaeThes Ghopmyioro TomcoHa.

ToMy y BIACYTHOCTI OMIYHOIO OmMOpy 1 OYyIb-SIKUX BTpaT
eHeprii, eNeKTPOMAarHiTHI KOJUBaHHS B KOHTYpl € TapMOHIYHUMH 3
nepioioM, SIKUM 3anexuTh TiAbKU Bix mapamerpis L 1 C. B L,C-
KOHTYpl Ma€ Miclle MepioJuyHa 3MiHA €Heprii eIeKTPUYHOro MOt
KOHJIEHCATOpa, B €HEPIil0 MArHITHOTO MOJIsE KOTYIIKH 1 HABITAKH:
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2

W—i:L—;O:const,

- 2C
The energy of the circuit in any moment of time will be equal
to the sum of the energy of the electric field of the condenser and the
magnetic field of the coil and doesn’t change with time:
2 2
W = a4 +
2C

= const.

4.2.2 Free Damped Electromagnetic Oscillations in a R,L,C-
circuit
Any real electric circuit always has a resistance. Due to this
resistance part of electric energy is transformed into heat and
therefore is lost. Thus, equations for R,L,C-circuit contains resistor,
inductance and capacitance in series, should be changed because the
losses of energy take place:

IR+U_ =¢,. (4.9)
Let’s substitute the values
UC:—%,
&si = _Ld_l
dt
into (4.9) and we obtain:
LI iR+ 9 0
dt C
Dividing this equation by L we obtain:
2
d'q Rdg q _
dt> Ldt LC
But here
R 1
0=— and o, =—.
oL T C
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2 2
— E — ﬁ — Const.
2C 2

Enepris  koHTypa B OyIb-AKMH MOMEHT dYacy Oyne
JOPIBHIOBATH CyMi €HEpriii eJNeKTPUYHOrO TMOJs KOHACHcaTopa i
MAarHiTHOTO TIOJIsl KOTYIIKH, i HE 3MIHFOBATHUCH 3 YaCOM:

@ L2
W =—+— =const.
2C 2

4.2.2 BinbHi 3aTyxaroui ejekTpomardiTai koiuBanus B R,L,C-
KOHTYpi

Bynb-ske peanbHe eJIEKTpUUYHE KOJO 3aBXKAU MICTUTH OIIp.
3aBASKM  I[bOMY  ONOpPY  YacTUHA  CIIGKTPUYHOI  eHepril
MEPETBOPIOETHCSI B TEIJIO 1 TaKUM UYWHOM BTpaydaeThcs. Tomy
piBasHHS s R,L,C-xoHTYpy, SIKMil CKIama€eTbcs 3 TOCHIJOBHO
3’€JHAHUX PE3UCTOpa, IHAYKTUBHOCTI 1 €MHOCTI, 3allUIIyThCA B
HACTYMHIN (opmi:

IR+U, =¢4. (4.9
ITizcTaBUMO BETHYNHU:
U.= ﬂ;
C
dl
ggj = —L—
si dt
B (4.9) orpumaemo:
dl

LY v iR+ o0
dt C

[ToninuBim 1e piBHAHHSA Ha L, Mu oTpuMaemo:

d’q Rdg q

+—— =0
dt2 Ldt LC
[Toznaunmo
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As a result we obtain the differential equation of free damped
electromagnetic oscillations in R,L,C-circuit:

((jj 3 +28(;q +0,q=0.
Usually & is called the damping constant and ®,is called the
natural cyclic frequency.
The solution of this differential equation is analogous:
q=q,e " sin(ot +¢@,).
The frequency of oscillations o may be expressed as

0= o, -8 = i—(ijz
° LC 2L

The cyclic frequency o is always less than the natural one, ® <, .

The period of oscillations is

T:2_“: 2m

© |1 (RV
I_C_(ZLJ

R
As 0= Zwe can see that the more is the resistance the more is

the damping and vice versa the more is the inductance the less is the
damping.
Oscillations are possible with the condition:
1 R? RZ 1

>0 <
LC 4L 4% " LC

R<2\/E.
C

If R is assumed to be zero all equations are turned into
equations of free undamped oscillations.
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B pesynprari orpumaemo audepeHLianbHE PpIBHAHHSA BUIBHUX
3aTyXar4yuX eJIeKTpOMarHiTHuX kosmBaHb B R,L,C-koHTYDi:
2

d d

—g+26—q

dt dt

3a3Buyaii O Ha3uBaeThCa Koe(illieHTOM 3aTyXaHHI 1 @

+co%q =0.

Ha3MBAETHCS BIACHOIO HUKJIIYHOIO YaCTOTOIO KOHTYpA.
Po3B’5130K 11bOTO TM(EPEHIIAIBHOTO PIBHIHHSA:

q= qoe_6t sin(ot + ¢g) .
I_[I/IKJ'Ii‘IHa JaCTOTa 3aTyXalo4duX KOJIMBAHb o MOKC 6YTI/I
BHUpaXXeHa, SIK:

[{ukimigyHa 4YacToTa o € 3aBKIM MCHIIOK 33 BJIACHY IUKIIYHY
4acToTy ® < (( .
[epion KoMMBaHb:

T= E — L’
© L (RY
LC \2L
Tak six 0= _—, To uuM OiNbIe omip, TUM OiNbIIe 3aTyXaHHS i

2L°
HABIAKHU — YUM O1JIbIIIE 1HIYKTUBHICTh, THM MEHIIIE 3aTyXaHHS.
KonuBaHHs MOXJIHBI IPH YMOBI:

1 R? R? 1

2 >0:>—2<
LC 4L 4L LC

R<2\/E.
C

Skmo BBaxkaTu, mo R JAOpiBHIOE HYIIO, TOAl BCl Il PIBHSHHS
MEPETBOPIOIOTHCS HA PIBHSHHS BUILHUX HE3aTYXalOUHX KOJIHBAHb
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4.2.3 Characteristics of Damping of Electromagnetic Oscillations

1. The damping constant d:

5=
2L

The unit of o is
QO QO OA V _1

Bl=—=""="= ==
H Vs Vs Vs s
2. The time of relaxation t:

1
T==.
o

Let t =7, then

c_%

q= qog8
Thus, the time of relaxation 1 is the time during which the

amplitude decreases by e-times.
3. The decrement of damping D:

_ A _ ge” e
At+T) g,e™®" '

4. The logarithm decrement of damping A:
a0 T

qT+t)  t© N,
Value of N, is the quantity of oscillations during which the

amplitude decreases by e-times. So, the logarithm decrement of
damping is inversely proportional to the number of oscillations
within the time the amplitude of oscillations decreases by e-times.

5. The quality Q:

A=In

_ E(t)
Q=M e Ets )’
Q=>=nN,
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4.2.3 XapakTepuCTUKHU 3aTYXaHHS eJIEKTPOMATHITHUX KOJIMBaHb
1. KoedimieHT 3aTyxaHHs 0.
R
60=—;
2L
OnuHUI BUMIPIOBAHHS O:
[g]z%z Om-A_ B
I'm B-c B-c
2. Yac penaxcarii t:

1
"

1
T=—.
)
Hexaii t =1, Tomi
q= qoei& =d .
e
Tomy, dac pemakcarii T € yacoM, MPOTIATOM SKOTO aMILTITyIa
3MEHIIYETHCS B €-pasiB.
3. dexpemeHt 3aryxanus D:
A 9
At+T) qetP
4. JlorapuMiuyHUI JeKPEMEHT 3aTyXaHHS A:
T 1
a=in—90__5r_T_1

q(T +t) T N
N, - 1me KimbKicTh KOJMBAaHb, TPOTATOM SIKAX aMILITyaa

3MEHIyeTbcd B e-pa3iB. Omxke, JjorapudMiuHuUN JAEKPEMEHT
3aTyXaHHs OOEpHEHO MPOMOPLIHHMMA KUIBKOCTI KOJMBaHb, 3a 4ac
SKHX aMILTITy/1a KOJIMBaHb 3MEHIITYETHCS B €-pa3iB.

5. lo6poTHicTs Q:

e

_ E(t)
Q=M e Etsr D)’
Q=E:nN
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Let’s compare mechanical and electromagnetic free damped
oscillations in table 4.1.

Table 4.1
System Differential Solution 551 o rad
equation ’ “s

. > ;
Spring L§+L%+£X:0 5= 0,= k
pendu- | dt* mdt m x=x0e’6tsin(oat+(p0) m m
lum
Electric | d’qg Rdgq 1 R 1
. ] g+——q+—q:0 s 5:7 mo_ﬁ
circuit | dt* Ldt LC q=0,e"" sin(wt +¢,) L

4.2.4 Forced Electromagnetic Oscillations in the R,L,C-circuit.

Alternating Current
Forced electromagnetic oscillations are generated in a circuit
when it is connected to a source of periodic voltage U:

U =U,cosmt,
where U, is the amplitude and o is the cyclic frequency of the

generator voltage.
Let’s examine the oscillations generated in the circuit, shown in
Fig. 4.14.

[ ]

Figure 4.14
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[TopiBHSIEMO MeXaHIYHI Ta €JIEKTPOMArHITHI BUIBHI 3aTyxarodi
KOJIMBaHHS B Ta0ui 4.1:

Ta6mus 4.1
Cucrema |[ludepenmianpae Po3B’s130k 5 o1 g, P&
PIBHSHHS c

Ipyxun d*x  r dx ko — yap Ol gi 5=

amit [d?  mdt m X=X " sin(at +o) =5 _ [k
MasITHUK "
Enextpu
-YHUMN d’g Rd 1 R 1
KOJIUBA- dt? f??+Eq:0 q = q,e ™" sin(owt + ¢,) 8=oL [T
JIbHUHN
KOHTYP

4.2.4 BumyueHi ejiekTpoMaruiTHi koiuBanus B R,L,C-koHTypi.
3MiHHMI cTPYM
Bumy1ieHi eJeKTpOMarHiTHi KOJMBaHHS BUHUKAIOTh Y KOHTYDI,
SIKIIO B1H 3'€JHY€ETHCS 3 JDKEPEIOM MepioandHoil Hanpyru U:
U= UO cos wt,

ne U, € ammiiTymorw i o € UUKIIYHOK YacTOTOK HAaIpyrH

reHeparopa.
Posrnsnemo konuBaHHS, siKi BUHHKaOTh R,L,C KOHTYpi, sSKuit

300paxkeHo Ha puc. 4.14.
L

Pucynok 4.14




68

Ohm’s law for this circuit is
IR+U, =¢, +U. (4.10)
After substitution of values:

u-= 3
c C’
&g = -Ld_l
dt
into (4.10) we obtain:
R+ 3413y, cosot.
C dt
Then
LOI q+qu+lq:U0c05wt,
dt? d C
2
d—?+5ﬂ+iq=$c05(ot.
dt® Ldt LC L
Let’s denote:
R_2s,
L
1,
Lc °°

As a result we obtain the differential equation of forced
electromagnetic oscillations:
d’ a9 +20— dg
dt? dt
The special solution of this equation is a harmonic function that
corresponds to the steady forced oscillations:

q =g cos(ot —q), (4.12)

U% (4.13)

Qo = ,
i \/((;)oz—co2 ) +48%w*

+m, 0= U—Locos ot . (4.11)

where
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3akon Oma Isg ObOro Kojia:

IR+U, =¢, +U. (4.10)
IMicas miaCTaHOBKU BEIUYHH:
u, = o,
C
&g = - Ld—l.
dt
B (4.6) Mu oTpUMaeMo:
R+ 3413y, cosot.
C dt
Tomi
LOI a9, qu +lq =U,cosot .
dt? dt
d? q qu 1 P UOCOSO)t
dt? L dt LC L
ITo3naunmo:
R
— =29,
L
1,
Lc °°

B pesynbrari oTpumaemo audepeHLianbHe PIBHSAHHS BHUMYILIEHHX
€JIEKTPOMATHITHUX KOJINBaHb:
2
9%, 2599 1 79 = Yo cosat. (4.11)
dt? dt L

YacTUHHUN pO3B’A30K I[HOrO PIBHAHHS € TapMOHIYHOIO
GbyHKIII€TO, 110 BIAMOBIIAE YCTAIEHUM BUMYILIEHUM KOJIMBAHHSIM:

q = gp cos(ot —@g), (4.12)

U% (4.13)

Qo = ,
i \/((;)oz—co2 ) +48%w*

e




20
990 =—
0y —O
Substituting values:
2%-R W, = 1
L LC
into (4.13) we obtain:
U0
qO = 1 ’
co\/R2 + (oL ———2)?
oC
R
tg(PO = 1 '
oL ——
®C

The current intensity is found if we differentiate (4.8) with respect to
time:

| = 2—? = -0 Sin(ot — ¢g) = 1§ cos(wt —@g +§) ,
where the current amplitude
l, =q,.
Then
| =1 cos(wt — @),

where ¢ =g —g is the phase shift between the current intensity and

voltage applied.

Then

ol- -

1 _ oC _
990 R
From the last formulas it follows that the current is lagging in

phase from the voltage if oL > 1/oC, and is ahead of the voltage if
oL < 1/oC.

tge = tg(pg —g) =-
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20®
t9oo =
Oy —O
[TincTaBUBIIM 3HAYEHHS:
25N w,” = 1
L LC

B (4.13) Mu oTpuMaEmo:

UO

tgog =
1
—-—oL
oC
Cuity cTpyMmy 3HaiieMo, siKio npoaudepeniitoBaru (4.8) 3a yacoM:
d .
| = d—? = —oqp Sin(ot —@g) = lgcos(ot — g + g) :
JIe aMILTITyia CTPYMY
I, =q,.
Toni
| = Igcos(ot—o),

T : .
ne (P:(PO_E € 3cyB (a3 MK CWIOI CTPyMy 1 HPUKIAJEHOIO

HAIPYTOIO.
Toni

1 oL ———

tgp = to(eg —g) e~ R
0

3 octaHHiX (hopMyn BHTIKae, 10 CTPyM BijacTae mo ¢asi Big
Hanpyry, skmo wlL >1/wC, u Bunmepemkae Hanpyry, kmo wL <
1/wC.
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Let’s find the amplitude of the current intensity:
UO

l, =0, = 1 .
\/R2+(03L—)2
oC

Thus, we obtained the Ohm’s law for the alternating current.
The value

Z=\/R2+(mL—L)2
oC

is called the complex resistance of circuit or impedance.

Therefore, if the circuit is connected to the external variable
e.m.f. with a voltage U, then alternating current flows in it.

An alternating current is the current whose amplitude or
direction changes with time. Alternating current that changes
harmonically is widely used.

Instantaneous values of the alternating current and voltage are
given as:

| =1 cos(wt — ),
U =U,cosmt .

The effective value of an alternating current is the value of
direct current which develops the same power as the given alternating
current when flowing through the same active ohmic resistance.

In most cases ammeters and voltmeters show the effective
value of the current or the voltage. For sinusoidal currents:

o U,

Ieff - \/51 eff _Ev
where 1o, Uy are the maximum values of current and voltage
amplitude.

4.2.5 Addition of Resistances in the Alternating Current Circuit
Ohm’s law for the alternating current will be written in the
form of the following equation:
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3HaliIeMO aMILTITYly CTPyMY:
U 0

Iozo)qoz 1 .
\/R2+((DL—)2
oC

TakuM YHHOM, MM OTpUMaJIH 3aKoH OMa JUIsl 3MIHHOTO CTPYMY.
3HayeHHA

zz\/Ru(mL—L)z
oC

Ha3MBAETHCS IOBHUM OIIOPOM KOJ1a 200 IMIIEIAaHCOM.

OTxe, SKIIO KOJIO 3'€qHYEThCA 13 30BHIMHBOIO 3MiHHOIO EPC 3
Harpyroro U, To B HbOMY Te4e 3MiHHUH CTPyM.

3MiHHUM CTPYMOM Ha3MBA€THCS CTPYM, aMILTITya a0 Hampsm
SIKOTO 3MIHIOIOThCA 3 4acoM. IIMpOKO BHKOPHUCTOBY€THCS 3MiHHHMA
CTPYM, SIKUH 3MIHIOETBCS TAPMOHIYHO.

MuTTeEBI 3HaYEHHSI 3MIHHOTO CTPYMY 1 HaIlpyTry BU3HAYAIOTHCA,

AK:
| = lgcos(ot—o),
U =U,cosot .

EdexkTuBHEe 3Ha4YeHHS 3MIHHOTO CTPyMy € 3HA4YCHHSIM
MOCTIMHOTO CTPYMY, KMl PO3BUBAE TaKy K MOTY)XHICTb, K 1 JaHUU
3MIHHUNA CTPYM, MPOTIKAIOYM 4Yepe3 TaKWi K€ aKTUBHUU OMIYHHI
orip.

B Oinpmiocti BUMaaKiB aMIEpMETPH 1 BOIBTMETPH MOKa3ylOTh
edeKTUBHE 3HAUEHHS CTpyMmy abo Hampyru. i cuHycoigalbHUX
CTPYMIB:

T
e \/E’ Ed) \/5’

ne lo, Up € MakcuMalbHi 3HaU€HHS aMIUTITYId CTPYMY 1 HAalIPYTH.

4.2.5 lonaBaHHs ONOPIiB y KOJIi 3MiHHOT0 CTPYMY
3akoH Oma [uig 3MIHHOTO CTPyMY 3alMIIeTbCs y BHUIJII
HACTYITHOTO PIBHSHHS:
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UO

—
R? + (oL ——)?
JRroL= 2

The phase shift between current intensity and voltage applied is
denoted as

IO

oL_

tgp = ——2C
90 R

The values of Iy and ¢ should be substituted into:
| =1q cos(wt — ).
The value of o is known to be the frequency of an outside

generator. Consider the fact that there is a phase difference ¢ between
I and U. The complex resistance

zzJRﬁwwL—J;f
oC
consists of three values:
- the ohmic resistance R ;
- the resistance of a coil, i.e. inductive reactance X ;
- the resistance of a capacitor, i.e. capacitive reactance X, .

The resistance of a resistor does not depend upon . However
resistance of a coil and a condenser depends upon o:

X, =oL,
1

Xo =—.

¢ wC

Thus, the following formula is the rule of addition of
resistances in the alternating current circuit:

Z =\JR? + (X, — X )%
4.2.6 Addition of Voltages in the Alternating Current Circuit

The total resistance of resistors connected in series is the sum
of the separate resistances:

R=R +R, +R..
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Ug
lp = —
JR2+@m—V
oC

3cyB (a3 MK CWJIOIO CTPyMy 1 HPHUKIAICHOI HAIpPYyroro
BU3HAYAETHCS 5K

oL+

tgp = ——9C
go=——0

3navenns lg 1 ¢ migcTaBUMO B:
| = 1gcos(ot—@).
3Ha4YeHHS (® BiZIOME, BOHO € YacCTOTOI0 30BHIIIHBOTO TEHEpaTopa.
3BEpHITH yBary, 110 icHye 3cyB (a3 ¢ mix | Ta U.
[ToBHuii omip

1
YA :\/R2 + (oL ——)?
oC
CKJIQIA€ThCSA 3 TPHOX 3HAYCHb: OMIYHMI omip R; omip KOTYIIKH,
TOOTO pPEaKTWBHHMH IHAYKTUBHHH omip X, ; Omip KOHJIEHCATopa,

TOOTO peakTUBHUI eMHicHUI omip X .

Omip pe3uctopa He 3ajeXuTh Big ®. Ilpore, omip KoTymKu i
KOHJIEHCATOpa 3aJIe)KUTh BIJl ®:
1
X, =oL, X, =—.
oC
Tomy HactynHa dopMmyia € MPaBUIOM JOJaBaHHS OIOPIB Yy

KOJIi 3MIHHOTO CTPyMY

Z =R+ (X, —X.)2.

4.2.6 JlonaBaHHs HANIPYT B KOJIi 3MiIHHOTO CTPYMY
[ToBHUI omip pe3ucTOpiB, 3’€JHAHUX IOCIIOBHO, € CYMOIO
OKPEMHUX OIOPIB:

R=R +R,+R;.
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As the current | is the same in any of three resistors multiplying this
equation by current | we obtain:

IR=IR, +IR, +IR;,
U=Ug +Ug, +Ug;.
There is special rule for addition of voltages in an alternating

current circuit containing a resistor, a coil and a capacitor. Voltage is
determined as

Ug =RI,,

U, =oLl,
1

UC :EIO'

Let’s substitute these equations into Ohm’s law and obtain:

2
U2 U Uc
U°='°\/T§+[|—L_T] -
0 0 0

After the transformations finally we obtain:
Uy = Ui+ (U, -Uc) .
The vector diagram for voltages in Fig. 4.15 illustrates the rule
of addition of voltages.

l Uz
L

Figure 4.15

The phase shift ¢ between the current and voltage is determined
as
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Tak sk ctpym | oxHakoBuii B Oyap SIKOMYy 3 TPbOX PE3UCTOPIB,
IIOMHO’KUBIIN 1€ PIBHSAHHS Ha CTpyM |, oTprumaemo:

IR=IR +IR, +IR;,
U=Ug +Ug, +Ug,.
€ cneniangbHe MPAaBUIIO AJIS 101aBaHHS HAIIPYT B KOJII 3MIHHOTO

CTpyMy, IO CKJIAJAEThCS 3 PE3UCTOpPa, KOTYIIKH 1 KOHIEHCATOpa.
Hamnpyra Ha HUX BU3HAYA€THCA SK:

Ug =Rly,

ULZCOL|O,
1

Uec =—1p.

C oC 0

[TimcTaBuMO 111 piBHSHHS B 3aKk0H OMa 1 OTpUMaeMo:

2 2
UO = |0 U_R+($_£j .

I g I 0 I 0
[Ticnst mepeTBOPeHb OCTATOYHO OTPUMAEMO:
2 2
UO = \/UR +(U|_ —Uc) .
BexTopHa niarpama Ha puc. 4.15 110CTpy€e NpaBUiIo J0JaBaHHS
Harpyr.

l Uz
P

Pucynoxk 4.15

3cyB (a3 ¢ MK CTPYMOM 1 HAapyrot0 BU3ZHAYAETHCS, SIK:



78

4.2.7 Resonance of Voltages
The current amplitude in R,L,C-circuit is
UO

T
R+ (oL ——-)?

\/ ( coC)

The maximum amplitude of the current occurs if denominator

zz\/RZ+(w|_—i)2
oC

I, =

has minimum value (Fig. 4.16).
;EI

|
|
|
|
®, o}

Figure 4.16
In this case:
ol =1
oC
and
_ 1
" JLc

is called the resonance frequency. The circuit is said to be in
resonance and
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4.2.7 Pe3oHaHCc HANpPYT
Awmmutityna cunu ctpymy B R,L,C — KOHTYpi BU3HA4Ya€eThCs SK:
Ug

lg = .
1
\/ R? + (oL - )2
oC
AMHJ’IiTy,Z[a CTPYMY MaKCUMaJIbHA, AKIIO 3HAMCHHHUK

Z= \/RZ (ol ——1y?
oC
Mae MiHiMalibHe 3Ha4eHHsI (puc. 4.16).

iy

|
|
|
|

®, ®

Pucynok 4.16
B nanomy BUmaaxy

(;)L:i

0, =
r
vLC
HA3UBAETHCSA PE30HAHCHOIO YacTOTOKW. BBakaioTh, 110 KOJO € B
pEe30HaHCI 1
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_Y,
Fa
tgp=0,
¢=0.
In this case current varies in the same phase with the external

voltage. Voltage on the ohmic resistance Uy is equal to the external
voltage U:

IO

UR =U
and the voltages on the inductance and capacitor are equal in
magnitude, but opposite in phase:

U, =U..
The vector diagram for resonance of voltages is represented in
Fig. 4.17.

7, b

e

L]

Figure 4.17

The ratio of the voltages across a capacitor U, or across a coil
U, to the voltage U applied to the circuit equals:

U U,
U u

1
@T_ImrL
IR IR’
1 :er:Q.




g =20
R

tgp =0,

¢=0

B nanomy Bumajsky cTpyMm 3MIHIOETbCS B OJHAKOBIM ¢asi i3
30BHINIHBOIO Hampyrorw. Hampyra Ha omiyHomy omnopi Ur mopiBHIOE
30BHIIIHINA Hanpy3i U:

Ur=U
1 Halpyru Ha 1HAYKTUBHOCTI 1 €MHOCTI JOPIBHIOIOTH OJIHA OJHIM 3a
BEJIMYMHOIO, aJie TIPOTHIICKHI 3a a30ro:

U =U..
Bekropna nmiarpama i pe30HaHCY HAIpyr HpPEJCTaBIeHa Ha
puc. 4.17.

U h

P

Y

Pucynok 4.17
BigHomenHs Hanpyr Ha KonaencaropiU . a6o Ha xorymmiU
1o Hanpyru U, npukiageHoi 10 Koja, JOpiBHIOE:

Uc _UL

u U’
1

o,C loL
IR IR '
1 oL

o,CR R
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The value of Q is called the guality of the circuit. If Q >> 1
voltages across the capacitance and inductance may be considerably
higher than the applied voltage U, i.e.

U, =U.=QU.
That is why this phenomenon is called the resonance of voltages.

4.3 Elastic Waves
4.3.1 Wave Process

The process of distributing the oscillatory motion in a medium
is called a wave process or wave. Elastic or mechanical waves are
called mechanical excitations, that propagate in an elastic medium
between the particles of which the interaction forces exists.

During the wave process particles of the environment do not
move along with the wave, but they oscillate near the equilibrium
position. The main feature of the wave is the transfer of their energy
without the transfer of matter.

There are the following types of waves in nature: elastic,
surface and electromagnetic. Elastic waves depending on the nature
of the elastic deformation of the environment are longitudinal and
transverse (Fig.4.18).

U [ I
_—— . .
— e =
i
-_—l
Longitudinal wene Tramsverse wene
Figure 4.18

In longitudinal waves the medium particles oscillate along the
direction of wave propagation. Longitudinal waves propagate in solid
and gas-like environments in which elastic forces arise as a result of
compressive and tensile strain.
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Benuunaa Q HazuBaeThes 100pOTHICTIO Konma. Skmo Q >> 1,
TO Hampyra Ha €EMHOCTI 1 IHAYKTHBHOCTI MOXe OyTH 3HAYHO BHUIIOIO,
HiX npukiaaena Hanpyra U, To6To

U =Uc =QU.

Came TOMY L€ ABUIIC HA3UBAECTHCA PC3OHAHCOM HAIIPVYT.

4.3 IlpyxHi xBuJIi
4.3.1 XBWib0BHUI npomec

[Iporiec moOMmMpEHHS KOJMMBAJIBHOTO pPyXy B CEpeAOBHUIII
HAa3UBAETbCA XBHJILOBUM IporiecoM abo xBuiew. [IpyxHumu abo
MEXaHIYHUMHU XBWISIMH HA3WBAIOTHCS MEXaHIYHI 30Y/KCHHS, sKi
HOLIMPIOIOTECS Yy MPYKHOMY CEpPEelOBMILI, MK YAaCTMHKAMU SIKOTO
ICHYIOTh CHJIM B32€EMOII.

ITin yac XBHUIBOBOTO MPOLIECY YACTHHKHM CEpEJOBHIIA HE
pYyXamTbCs pa3oM 3 XBHWICKO, IMPOTE BOHH KOJMBAIOTHCS OIS
HOJIOXKEeHHS piBHOBaru. OCHOBHOIO BJIACTUBICTIO XBWJII € IEPEHOC
HEIO eHeprii 6e3 MepeHocy peuoBHHH.

B npupozi icHyroTh Taki BUAM XBWIb: HPYKHI, TIOBEPXHEBI 1
elekTpomarHiTHi. IIpyxHI XBWJI, B 3aJ€XKHOCTI B HPUPOIU
npyxHoi aedopmartii cepenoBuiia, OyBaroTh MO3I0BXHI 1 OMEPEYHi
(puc.4.18).

S  —— . "
-k — -
—_ -
Hozdosxoni xswti Honepeuni xsuti
Pucynoxk 4.18

VY MO3710BXKHIX XBHJISIX YAaCTHMHKH CEPEJOBHIIA KOJMBAIOTHCS
B3/IOBXX  HAMpSIMKy TomupeHHs xBwil. [lo3moBxHI  XBUIII
MOLIMPIOIOTECS B TBEPAMX 1 Ta30MOAiOHUX CEpeOBUIIAX, B SIKUX
NPYXKHI CUJIM BUHUKAIOTh B HACHIJIOK AeQopMallii CTUCKY 1 PO3TATY.
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In transverse waves the medium particles oscillate
perpendicular to the direction of wave propagation. Transverse waves
propagate in mediums in which the elastic forces arise as a result of
shear deformation, i.e. only in solids.

An elastic wave is called harmonic if oscillations of the particle
medium is harmonious. If the transverse harmonic wave propagates
along the Ox axis, the dependence of the displacement & environment
particle and their distance x from the source of vibrations O for a
fixed time t, has the form of the harmonic function (Fig.4.19).

=

F
) )

Figure 4.19

The wavelength A is called the distance between the two
closest points, oscillating in the same phase. The wavelength is the
distance covered by a certain phase of the oscillation for the period

A=uT,
where v is the velocity of the wave (phase velocity);

T is period of oscillation.

The direction of wave propagation is called a beam. The locus
of the points to which the oscillations reach at the time moment t is
called the wave front. The locus of points at which the particles
oscillate in the same phase is called the wave surface.

Depending on the form of the wave surface we distinguish
plane, spherical and cylindrical waves.
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Y momnepeyHuX XBWJISAX YACTHMHKHU CEPEIOBUINA KOJIHBAIOTHCS
NEPIEHINKYIISIPHO 0 HANPSMY TOIMMpeHHs XBuii. [lonepeuni xBuii
MOMIUPIOIOTHCS B CEPEIOBHUIIAX, B SIKUX MPYKHI CUITM BUHUKAIOTH B
HacIiA0K aedopMaliii 3cyBy, TOOTO JIMIIIE B TBEPUX Tilax.

[TpyxHa XBHUJIS HA3WBAETHCS T'APMOHIYHOIO, SKIIO KOJIMBAHHS
YaCTUHOK CEpelOBHINA € TapMOHIYHUM. SIKImIo  morepevHa
TapMOHIYHA XBUJIS TIOMIHPIOETHCS B3I0BXK Oci Ox, TO 3aJICKHICTh MiXK
3MIIICHHSAM & YAaCTHHOK CEPEIOBHINA 1 X BIJCTAHHIO X BiJ JKEpela
kosmBaHb O 1 (DIKCOBAaHOTO MOMEHTY dacy t, Mae BUIISA
rapMoHiuHoi GyHKIIT (puc.4.19).

; _
N/
0 B x
. A=ul
Pucynoxk 4.19

JIOB)KMHOK XBWJII A HAa3sWBAE€TbCA BiACTAaHb MiXK JBOMa
HAaOMMKYMMU TOYKAMH, IO KOJMBAIOTHCS B OJMHAKOBiM (asi.
JloBXkHMHA XBWJII JOPIBHIOE BIJICTaHI, Ha SIKYy IHOLIMPIOETbCS NEBHA
¢daza KoJMBaHb 32 MEPI0J

A=0T,

Je v - MBHUIKICTh PO3MOBCIOHKEHHS XBIII ((pa3oBa MBHIKICT), T —
nepioj] KOJMMBaHb.

HampsiMOK ~ pO3TOBCIO/DKEHHSI  XBWJII  HAa3WBAE€THCS  IIPOMEHEM.
['eomeTpuyHe Miclle TOUOK, O SIKUX JTOXOJSATh KOJIMBAHHS B MOMEHT
yacy { Ha3uBaeThCsi XBWILOBUM (poHTOM. ['eomerpuyne Micie
TOYOK, B SKHMX YaCTHHKH KOJHMBAIOTbCA B OJHAKOBIM (asi
HA3MBAa€ThCS XBUJIbOBOIO TOBEpXHEW. B 3anexHocti BiAg ¢dopmu
XBWJIBOBOI MOBEPXHI PO3PI3HAIOTH IUIOCKI, chepuyHi 1 HHUITIHIPUYHI
XBUJIL.
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The plane wave arises from a plane or remote source and its
wave surfaces look like a set of parallel planes. The spherical wave
arises from a point source in space and its wave surfaces look like a
set of concentric spheres. The cylindrical wave is a wave that radially
diverges from some axis in space or converges to it. The cylindrical
wave front is a cylindrical surface that continuously increases or
decreases its radius.

4.3.2 Equation of Travelling Wave

A travelling wave is a wave that carries energy in space.

The wave equation is called the displacement of dependence of
the particle upon coordinates and time:

%: %(X’y’z’t)'

To obtain the equation for the travelling wave let us look at the
plane harmonic wave which spreads over the Ox axis from the
vibration source at point O (Fig.4.20).

g

xX=u7T

Figure 4.20

In this case the particle displacement is & = & (x, t). If the
oscillations of particles in the plane x = 0 occurs according to the
equation

&= A sin(ot+@g ),
then oscillations of particles in the plane, which corresponds to an
arbitrary value of x will occur with the same law, but with a delay of

time 1. This time is equal tot = 5, where o - is the speed of wave
L

propagation. The time t required for a wave to cover the distance
from the plane x = 0 to the plane, which corresponds to an arbitrary
value of x.
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[Tnocka XBuJsI BHHHMKAa€ BiJ IUIOCKOTO abo BiJJAIEHOTO
Jokepena 1 11 XBUIIBOBI TIOBEPXHI MAalTh BHIJISAJ CYKYITHOCTI
napanenbHux TwiomuH. CdepruyHa XBUIIS BUHUKAE BiJl TOYKOBOTO
JOKepesla B MPOCTOpi 1 11 XBWIBOBI IOBEPXHI MAlOTh BUTJIS
CYKYIHOCTI KOHIIEHTpUYHHX cdep. Llmninapruyna XBuis - XBUJIS, 1110
paaiabHO PO3XOJAUTHCS BiJl IEAKOI OC1 B MMPOCTOPI 200 CXOTUTHCS 110
Hel. OPOHT UWIHAPUYHOI XBHJII - IWIIHAPHUYHA TOBEPXHS, IO
Oe3repepBHO 301IbIITye a00 3MEHIITY€ CBiM pajiyc.

4.3.2 PiBHsIHHA OiKy40l XBIJIi

Bixy4ol0 XBHJICIO  HAa3MBA€THCS XBWISA, SKa NEPEHOCUTH
EHEPTiI0 B IIPOCTOPI.

PiBHSHHAM XBWII  HA3UBAETHCI  3AJIEKHICTH  3MIIEHHS
YACTUHKH B1JI KOOpJUHAT 1 4acy:

= E(xy.2.).

Jns BuBomy piBHSHHS ODKYYOl XBWJII PO3IVISHEMO IUIOCKY
TapMOHIYHY XBUJIIO, SIKa TIOIIMPIOETHCS B3IOBXK oci Ox Bijx mKeperna
kosuBanb B Toulli O (puc.4.20).

g

X=LT

Pucynoxk 4.20

VY npoMy BUMAAKy 3MillleHHS 4acTUHKU E=&(X,t). SIKII0 KonMBaHHS
YaCTUHOK B IUIOIKHI X = 0 B11OYBA€ThCs 3T1IHO PIBHAHHSA

&= A sin(ot+q@p ),
TO KOJMBAaHHS YaCTHHOK B IUIOIIMHI, IO BiJNOBIJA€ TOBUIEHOMY
3HAYEHHIO X, OyAyTh BiIOyBaTHUCA 3a TaKUM CaMUM 3aKOHOM, alie i3

. o . X .
3all1I3HCHHAM Ha 4ac T. HGI/I 4Jac JOpPIBHIOE T=—, 1€ v - HIBUAKICTH
19

nomupeHHss XBwil. Yac t moTpiGeH Ui MPOXOIKEHHS XBUJICIO
BiacTraHi Big mrommHA x = 0 Q0 IUIOIIMHH, $Ka BIAMOBIZAE
JOBUIBHOMY 3HAU€HHIO X.
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Then oscillations of particles in the plane with the arbitrary
coordinate x will occur according to the equation:
& =Asino [o(t - T)+¢o |=

= Asin [ot - & + po]=
L

= Asin(wt—%+ 0y) =
To

= Asin(ot —z%x+ 0p)

The value of k=2xn / A is called the wave number
_om_2n_o
A ol v
Then the equation of the travelling plane wave propagating
along the positive direction of the Ox axis has the form:

&(xt) = Asin(ot —kx + @g)

where A is the amplitude of the wave;

o is the cyclic frequency of the wave;

@o is the initial phase of the oscillations in the plane x = 0.
The value (wt — kx + @) is equal to the phase of oscillations in an
arbitrary plane with the coordinate x and is called the phase of the
plane wave.

If the phase of oscillations is constant

ot —kx+ ¢, =const,

so after differentiation of this expression, we obtain

dt —ldx =0,
v
from which
dx
— =D
dt

Therefore, the velocity of the wave is a movement of the wave's
velocity phase and therefore it is called the phase velocity.



89
Tomli KoJMBAaHHA YAacTHMHOK B IUIOIIMHI 3 JOBUILHOIO

KOOPJIMHATOIO X OyIyTh BiIOYBaTUCS 3T1THO PIBHSIHHS:
& =Asino [o(t - T)+¢o |=

= Asin [ot - & + po]=
L
. 271X

= Asm(wt—iJr Qy) =
To

= Asin(ot —277{ X+ @)

Bennuuna K = 27t/A Ha3uBa€eThCA XBUILOBUM YUCIOM

A ol v
Tomi piBHAHHSA OiXKYY0i IUIOCKOI XBHJII, MIO MOIIAPIOETHCS
B3JIOBXK TIO3UTUBHOTO HANpPsAMKY oci OX, Ma€e BUTIISII:

&(x,t) = Asin(ot —kx + @) |

ne A — aMILTiTy1a XBHIIL;
- AKJIIYHA YacTOTa XBUIII;
(o — IOYaTKoBa (ha3a KOJIMBaHb B TUIOMUHI X = 0;
Bemmunna (wt — kx + @,) nopiBHioe ¢asi KoaMBaHb B JIOBIUIBHIM
TUTONIMHI 3 KOOPJIUHATOO X 1 HA3UBA€EThCA (ha3010 MIIOCKOT XBHIIL.
ko dasza konmuBaHb NOCTINHA
ot —kx+ ¢, =const,

TO npoaudepeHIliroBaB el BUpa3, OTPUMAEMO
1
dt — —dx =0,
v
3BIAKHU
dx
— =0
dt
OTxe, MIBUIKICTh TOUIMPEHHS XBHWJIlI €  IMIBUIKICTIO
nepemiteHHs a3y XBUIIl 1 TOMY 11 Ha3UBaOTh ()a30BOIO MIBUIIKICTIO.
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4.3.3 Wave Equation
Wave propagation in a homogeneous isotropic medium
described by the differential equation in partial derivatives, which is

called the wave equation
aZEJ 626_, 8263 i 62
2

0%
X

or

1
Aaz_z

_é
el
where A is Laplace operator,

v is the phase velocity.

The solution of the wave equation is the equation of any wave.
We can prove that the equation of a plane traveling wave

&= Asin(ot —kx+ ¢,) is a solution of the differential equation
azg 1 azg

x> 2 ot?

4.3.4 Standing Waves
Standing waves are formed by the superposition of two
traveling waves that spread to meet each other with the same
frequency and amplitude.
Let’s consider two waves propagating towards each other along
the x axis and having the same frequency and amplitude:
&, = Asin(ot — kx)
&, = Asin(ot — kx).
The result of their interference is the standing wave, equation
of which is:

From this equation it follows that the oscillations at each point of the
wave occurs with the same frequency ®. Standing wave amplitude
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4.3.3 XBWIbOBe PiBHSIHHS
[NommpeHHs: XBWIb B OJHOPIAHOMY 130TPOITHOMY CEpEeIOBHIII
ONHUCYETHCS TU(PEPEHIIAIbHUM PIBHSHHIM B YaCTUHHHUX IOXIIHUX,
SIKE€ Ha3MBAETHCSI XBUIILOBUM PiBHSIHHAM

o’ 0t 0% _1

0%
X

abo
10%
AE = el
ot?
ne A - oneparop Jlamiaca,
v - (ha3oBa MBUJKICTb.
P03B’s3K0M XBUJILOBOTO PIBHSHHS € PIBHAHHSA OY/b-SKO1 XBHIIL.
MokHa JOBecTH, IO PIBHIHHS IUIOCKOT  ODKydol  XBHUI

&= Asin(ot —kx+@,) € pimennsam qudepenianbHOro piBHAHHS
e _1 0%
ox? vt

4.3.4 Crosiui xBuJi
Crosiui XBWJII yTBOPIOIOTHCS NPH HAKJIaJEHHI ABOX ODLKYUHX
XBWJIb, SIKI MOIIMPIOIOTHCS HA 3YCTpIY OAHA OJIHIA 3 OJHAKOBUMH
YacTOTaMH 1 aMILTITyJaMHU.
PosrnsiHemo AB1 XBWIII, SIKI TIONIMPIOIOTHCS HA3yCcTpid OJIHA
OJIHI} B3JIOBXK OCl X 1 MaIOTh OJJHAKOBI YACTOTH 1 aMILITITY IH:
&, = Asin(ot —kx),
&, = Asin(ot — kx).
B pesynprari iHTepdepeHIlii 1UX XBUIbL BHHUKAE CTOSYA
XBUJISI, PIBHSIHHS SKOI:

3 11bOTO PIBHSHHS BUTIKAE, 10 KOJIMBAHHS B KOXKHIN TOYIII ITI€T XBUII
BiZIOYBA€THCS 3 TI€IO CaMOIO YaCTOTOIO ®. AMIUTITY/Ia CTOSYOT XBUII1
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] 2t . .
is Agt =2Acos TX it also depends on the coordinate x.

The graph of this function is shown in Fig.4.21.

=
A/

A2
Figure 4.21

At points of medium, where cosz—;xf_rl, X, =in%, (n=0,

1, 2, ...) amplitude becomes maximum. It is equal to 2A. These points
are called antinodes of the standing wave.

At medium points, where cosz—;x =0, x, =%x(n +%)%, (n=0,1, 2,

...) amplitude becomes zero and these points are called nodes of the
standing wave.

Thus, all the points of standing wave between two nodes
oscillate with different amplitudes but identical phases.

The distances between neighboring nodes (or neighboring

antinodes) is equal to % and is called the length of the standing

wave. The distance between neighboring node and antinode is %

There is no energy transferring in the standing wave. This is
because the incident and reflected waves, which form a standing
wave, carry the same energy in opposite directions.
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. 2n . .
nopiBHoe A, =2AC0S - X 13aJIe)KUTh Bl KOOPAUHATH X.

['padik miei pynkii mokazano Ha puc.4.21.

g
24
0 x
A2
Pucynoxk 4.21

2 A
VY Toukax cepeloBHINA, JI€ COSTX =11, X, = inE, (n=0,1,
2, ...) aMIUTITy1a KOJIMBaHb Ha0yBa€ MaKCHMAaJbHOTO 3HAYEHHS, IO
nopiBHIOe 2A. 1i Touky HA3UBAIOTHCS IIYYHOCTSIMU CTOSYOT XBUIIL.

VY Toukax cepenoBHINa, JI€ Cosz—}ztx =0, X, =%(n+ %)% , (n=

0, 1, 2, ...) ammunTyIa KOJMUBaHb JIOPIBHIOE HYJIO 1 KOJMBAHHS

MOBHICTIO BiACYTHi. [li TOUKM Ha3UBAIOTHCS BY3JaMH CTOSYOI XBUIIL.
TakuM 4YMHOM, BCl TOYKHM CTOSYOI XBWJII MK JIBOMa BYy3JaMu

KOJIMBAIOTHCS 3 PI3HUMH aMILTITyJaMH alie 3 OTHAaKOBUMH (ha3amH.
Bincranp Mk cycigHiMuH  By3siamMu  (abo  cycigHIMHU

. A . .
HyLIHOCTSIMI/I) JOP1BHIOE E 1 Ha3WBAETHCA OOBXKHWHOIO CTOAYO01 XBHIIL.

Biacranps Mk CYCIOHIM BY3JIOM 1 ITYYHICTIO JOP1BHIOE Z .

VY crosuiii XBuil mepeHoca eHeprii He BinOyBaeTbes. lle
MOSICHIOEThCSL THM, IO Tajaroua 1 BiAOWTa XBWII, SIKI YTBOPIOIOTH
CTOSIYY XBHJIIO, NEPEHOCATh OJHAKOBY EHEPril0 B MPOTHIIEKHUX
HanpsMKax.
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4.3.5 Sound Waves

Elastic waves propagating in a medium with the oscillation
frequency in the range of 16 — 20000 Hz are called sound waves.
Sound waves are limited by frequency range that act on the human
ear and brain and cause their audibility. This interval is called the
interval of earshot. The branch of physics that studies sound waves is
called acoustics.

Sound waves in gases and liquids are longitudinal, and in solids
they can be both longitudinal and transverse due to the existence of
compressive strain (tension) and shear.

Waves with frequencies below the range of hearing are called
infrasound waves and waves of higher frequency - ultrasound.
Infrasound waves are usually generated by large sources, for
example, the earthquake waves. High frequencies that are associated
with ultrasonic waves can be generated by elastic vibrations of quartz
crystals, introduced in resonance with the applied alternating electric
field (piezoelectric effect). You can generate ultrasonic frequencies
above 6:10% Hz. The corresponding wavelength in air is more than
5107 m. Sound waves arise in vibrating strings (such as violin,
guitar), vibrating air columns (organ, clarinet) and vibrating plates
and membranes (drum, speaker).

The speed of sound waves depends on the properties of the
environment. The speed of sound waves in gases depends on
temperature and molar mass and it is defined by the next formula:

C, . . -
where y = Ci is Poisson's coefficient;
v

J

R =831 is the molar gas constant;
mole-K K
- g 1.
w is the molar mass, [mole_K],

T is the temperature, [K].
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4.3.5 3BykoBi xBUJIi

[Tpy>xH1 XBUJII, IO HOIIMPIOIOTHCS B CEPEIOBUILI, 3 YACTOTOIO
KonmuBaHb B iHTEepBami 16 — 20000 I'm Ha3WBalOTh 3BYKOBUMU
XBWISIMH. 3BYKOB1 XBHJII OOMEKEHI IHTEPBAJIOM YacTOT, sSIKI JIIFOTh Ha
JFOICBKE BYXO Ta MO3OK 1 CIPUYMHSIOTH 1X 4yTHiCcTh. Llel inTepBan
HA3MBAETHCSA IHTEPBAJIOM YYTHOCTI. Po3nmin ¢i3uku, sSKUil BUBYAE
3BYKOBI XBHJII HA3UBAETHCS AKYCTHUKOIO.

3BYKOBI XBHJII B Ta3aX Ta PiJIMHAX € MO3JJOBKHIMH, & B TBEPAUX
TiIaX BOHU MOXYTh OyTH K MO3JO0BXHIMH TaK 1 HONEPEYHUMH, IO
MOB’SI3aHO 3 ICHYBaHHAM JAedopmariii cTUCKY(PO3TATY) Ta 3CYBY.

XBWIII 3 YaCTOTOIO HIDKYOIO 32 IHTEPBAJl YyTHOCTI HA3UBAIOTHCS
iHQpa3BYyKOBUMHU XBWISIMH, a XBWJII 3 BHIIOK YacTOTOK —
yIABTPa3BYKOBUMH. I[H(Pa3ByKOBI XBHJII 3a3BHYail TEHEPYIOTHCS
BEIMKMMHU Jukepenamu. Hampukian, xBuwiii 3emierpycy. Bucoki
YacTOTH, IO aCOLIIOIOTH 3 YJIBTPA3BYKOBHMHU XBWISIMH MOXYTb
reHepyBaTHCS NPYKHUMHM  KOJUBAaHHAMU  KpPUCTAly  KBapuy,
BBEJICHOTO B PE30HAHC MPUKIIAJEHUM 3MIHHUM EJIIEKTPHUYHUM TOJIeM
(m’e30enekTpuyHnii  edext). MokHa TeHepyBaTH YJIbTPa3BYKOBi
qacrotn monan 610° Tm. Bigmosimma noxnHa XBHI B MOBITPI
cknagae monax 5107 M. 3ByKoBi XBHII BHHHKAIOTH y BiOpyloumx
CTpyHax (HampuKiaj, CKpUIIKA, TiTapa), BIOpYIOUMX MOBITPSIHUX
KOJIOHaxX (OopraH, KJapHeT) Ta BIOpYyIOUMX IUIaCTHHAX 1 MeMOpaHax
(6apabaH, Ty4HOMOBEIIB ).

HIBUAKICTH 3BYKOBMX XBWJIb 3QJIEKHUTh B BJIACTHMBOCTEH
cepenouina. [IIBUIKICTh 3ByKY B Ta3ax 3aJ€XKHUTh Bl TEMIIEPATYPH 1
MOJISIPHOI MacH 1 BU3HAYa€ThCsl HACTYITHOIO (hOPMYJIOH0:

RT
Ugasz Y—
u
Co

neV= o, koedimient Ilyaccona;

Ik
R = 8,31 —— - MonsipHa razona cTajia;
MoJsib-K

L - MOJIIpHA Maca, [ﬁ]; T — remmnieparypa, [K].



96

That means that the higher the temperature, the greater the speed of
sound. The speed of sound in air is determined by the following

formula:
0. =0, 141 —To _ vy T 200647,
TO TO

where v, =331.6 m/s is the speed of sound at T = 0 °C; T is

temperature of air in Kelvin; To = 273.15 K.
The speeds of sound in some materials are listed in Table 4.2:

Table 4.2
Medium Speed, m/s
Air 343 (20 °C)
Water 1500
Steel 5000
Glass 4500

The perception of sound is determined by the following
subjective characteristics: pitch, timbre and volume. Definite physical
characteristics of the sound wave correspond to each of these
properties:

- the pitch of sound is determined by the frequency of
oscillations. In fact, the pitch of sound is determined by the main
frequency, which accumulates the greatest amount of energy. The
higher is the frequency, the higher is the pitch;

- the timbre of sound is determined by the relative intensity of
the so-called overtones, oscillations with higher frequencies, i.e.
forms of sound waves.

- the volume depends on the amplitude, energy oscillations, the
frequency composition of the sound signal, from the conditions of its
perception and the duration of exposure.

The objective characteristic of a sound wave is the intensity of
sound. The intensity of sound is equal to the energy W, which passes
through unit area S, perpendicular to the direction of propagation per
time unit t:
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ToOTo, ynM BUIIAa TeMmepaTypa, TUM Oijblla IIBUAKICTH 3BYKY.
[[IBuAKICTh 3BYKY B HOBITP1 BU3HAYAETHCS HACTYITHOIO (DOPMYJIOIO :

T | — 20,0647,
T

0

ne U, =3316 wm/c — ne wBuakicts 3Byky mpu T = 0 °C; T —

temriepatypa nositps y Kensinax; To =273,15 K .
[IBUIKOCTI 3BYKY y JESKMX MaTepiajlax HaBeleHI B TaOJHIIi

4.2:
Tabmuus 4.2
CepenoBuiie | IBuAKICTS,
M/C

ToBiTps 343 (20 °C)

Boma 1500

Cranb 5000

Ckio 4500

CrpuifHATTS 3ByKY BU3HAYA€THCSI HACTYITHUMH CYO €KTUBHUMH
XapaKTepUCTUKaMM: BUCOTA, TeMOp 1 ryyHicTh 3BYKY. IIeBHI ¢iznyHi
XapaKTePUCTUKU 3BYKOBOT XBWJII BIIMOBIJAIOTh KOXHIM 3 IIUX
BIIACTUBOCTEN:

- BUCOTA 3BYKY BH3HAUAETHCS YAaCTOTOIO KOJHMBaHb. Hacmpasi
BHCOTA 3BYKY BU3HAYAETHCSI OCHOBHOIO YacTOTOI, Ha SIKY MpPUIIAgae
HalOUIbIIa KUIBKICTh eHeprii. YuM Ouilbla yacTtoTa, TUM Ouiblia
BUCOTA 3BYKY;

- TeMOp 3BYKY BU3HAUA€THCS BIJTHOCHOIO IHTEHCHBHICTIO TaK
3BaHUX 0OEPTOHIB, KOJIMBaHb 3 BUILIMMH YacTOTaMH, TOOTO (HopMoI0
3BYKOBOT XBHJIL.

- TYYHICTh 3aJICKUTh BIJl aMIUNITYyId, €Heprii KOJIMBaHb,
YaCTOTHOTO CKJIaJy 3ByKOBOT'O CUTHAIIy, B1I YMOB HOTrO CIIPUMHATTS 1
TPUBAJIOCTI BILIUBY.

OO0’€KTUBHOIO  XapaKTEpPUCTHUKOIO  3BYKOBOi  XBWJIl €
IHTEHCUBHICTb 3BYKY. [HTEHCUBHICTb 3BYKY J0piBHIOE eHeprii W, sika
NPOXOAUTh Kpi3b OAMHUINO IUIOMI S, TEPHeHAMKYISIPHO [0
HaNpsMKY MOIIUPEHHS 32 OJAMHUIIIO Yacy i
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The unit of I'in Sl is
[1]= W/m?

The sensitivity of human ear is different for various
frequencies. For a sound wave there is the minimum level of intensity
that is called the threshold of audibility and its maximum level of
intensity is called the threshold of discomfort (pain). The intensity of
sound waves below the minimum level is not perceived by the human
ear. However, it causes a sensation of pain if the sound wave
intensity is above the maximum level. The Fig.4.22 shows the region
of audibility by the human ear [9].

100

Sound Level (dB)

Sound Intensity (W/m?2)

0 50 100 200 500 1000 2000 5000 10,000 20.000

Frequency (Hz)

Figure 4.22

The amplitude of the sound intensity 1o = 102 m2 atv=1000 Hz is

taken as the lowest level of sound that can be heard.

The personal perception of sound loudness according to Weber
— Fechner’s law is proportional to the logarithm of intensity ratio of a
given sound to lo. The level of sound intensity is the objective
characteristics of the sound loudness:

Lzlgll.

0




Opnunnis sumiproBanss | B SI:
[1]= Br/™

UyTnuBICTh JIOACHKOTO ByXa pi3Ha I pi3HUX 4YacToT. s
3BYKOBOI XBHWJII ICHYE€ MiHIMaJIbHUH DPIBEHb IHTCHCHUBHOCTI, SKHUH
HA3UBAETbCA  IIOPOTOM  YYTHOCTI, 1 MAaKCHMaJbHMHA DiBEHb
IHTEHCUBHOCTI, SIKHH Ha3UBalOTh OOJIbOBUM IMOPOroM. IHTEHCUBHICTh
3BYKOBUX XBWJIb HI)KYE MIiHIMAJIbHOTO PIBHA JIIOJACBKE BYXO HE
cripuiiMae. SIKIIO 1HTEHCUBHICTh BHUIIE MaKCHMMAaJIbHOTO PIBHS 3BYK
cpu4MHs€e BimuyTTst 60mro. Puc 4.22 moka3ye 001acTh 4yTJIMBOCTI
Jr0IChKOro ByXa [9].
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Pucynoxk 4.22

Bt
AMITTITY]a THTEHCHBHOCTI 3BYKY lg = 10'12F , mpu v = 1000 I'rg

NpUIHATA HAHMEHIIUM PIBHEM 3BYKY, SIKHUH MOYKHA MOYYTH.

Ocobucre CHpUMHATTA T'Y4YHOCTI 3TiHO 3 3aKOoHOM BebGepa-
®dexHepa mponopuiiHe A0 Jorapu@My BiJIHOIIEHHS 1HTEHCHBHOCTI
NEBHOTO 3BYKY 10 lg. O0’€KTUBHOIO XapaKTEPUCTHKOIO TYYHOCTI €
pIBEHB IHTEHCUBHOCTI 3BYKY:
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The unit of measurement of this quantity is bel: [L] =
Usually one can use a unit that is ten times smaller - decibels (dB).
The table 4.3 shows the sound intensity I, the ratio I/l and the sound
intensity level L in decibels for some sounds:

Table 4.3

The source of sound | I, W/m? | I/l L=10lIgl/I,,

dB

The watch 10" | 10° 20

Steps 10° | 10° 40

The loud conversation | 107 10’ 70

The orchestra 10% | 10" 100

An engine of airplane 10 10" 130

Reverberation is the process of gradual diminishing sound
intensity in premises after turning off its source as a result of repeated
reflections from walls, ceilings, etc. Reverberation time is the time
when the sound intensity in the premises, approximately decreases
10° times, and the intensity level becomes smaller by 60 dB relative
to its initial value. The acoustics in the premises is good enough if the
reverberation time is0.5—-1.5s.

4.3.6 Musical Sounds and their Characteristics
It is necessary to distinguish between musical sounds and
noises. The graph of musical sound repeats periodically (Fig.4.23):

fl

ANNATNE
J U U

Figure 4.23
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OnuHuielo BUMIiprOBaHHS wi€l BeaumunHu € Oem: [L] = B.
3a3BU4ail BUKOPHCTOBYIOTh OAMHHIIIO, IO B JAECATH pa3iB MEHIIA —
neuuben (nb). B rtabmuni 4.3 HaBeneHi iHTEHCHBHICTH 3BYKY |,
Bigaomrenus I/lp i piBeHb iHTEHCHBHOCTI 3ByKYy L y menumbenax s
JeSIKUX 3BYKIB!

Tabmuus 4.3
JI>xepesio 3ByKy I, Br/m® | I/lg L=10Ig I/ly,
nb

l'onuaHUK 10 10° 20

Kpoku 10° | 10 40

['yuna po3moBa 10” 10’ 70

Opxkectp 10 10" 100

JIBuryn aepormana 10 10" 130
PeBepOepartis — 1me mpouec MOCTYIMOBOTO — 3HIKEHHS

IHTEHCUBHOCTI 3BYKY B TMPHUMIIIEHHAX MICJIS BHUMHKaHHS HOro
JUKepena B pe3ysbrari 0araTropa3oBOro BIIOWTTS Bif CTiH, CTEIlb
tomo. Yac peBepOepallii - 11e yac, 3a KU IHTEHCUBHICTb 3BYKY B
OPUMIIIEHH] 3MEHIIYEThCS NPUOIU3HO B 108 pa3iB, a piBeHb
iHTeHCUBHOCTI Ha 60 dB BigHOCHO CBOr0 IOYATKOBOI'O 3HAYEHHS.
AKyCTHKa y NpPUMILICHHAX BBAXAETbCA JOOpOIO, SKIIO Yac
peBepOepartii cknagae 0,5 — 1,5 c.

4.3.6 My3uuHi 3ByKH Ta iX XapaKTepUCTUKHU
HeoOxigHO po3pi3HATH My3MuHI 3BYKHM Ta mymu. ['padik
MY3WYHHUX 3BYKIB Ma€ MepioauuHicTs (puc.4.23):

AN WA N
VR VAR VS

Pucynok 4.23

<

T
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On the contrary, the graph of a noise is unregulated.
Let’s consider the vibrations of the string of the length | where
formation of standing waves takes place (Fig.4.24):
[

2 _
n=] :r{rﬁ—_ﬁﬂn—u‘: 'x'liT’Vlilz.E'

v”F_'_'_‘__"‘\. | .
n=2 | \p/jl &:%,V&:l%.
H=3 (FJ*-\ r’”“w 113:%}1,3:3'2

! ~ ' 3 A

Figure 4.24

Such string oscillations originate when the half of the
wavelength holds with the string length | and makes the integer
number of times:

A
l=nZ,(n=1,2,3..),
5 ( )
|

}\’n = ZE
Every A, corresponds to frequencies of v, and o, :
L L
V,=—=—-0n,
Ay 2

n

0, :27:%:271:;—'&
n

where o is the phase speed of wave,
vn is the own frequencies of the string.
The lowest frequency corresponding to the largest wavelength

v, =Y s called the fundamental frequency. Other frequencies are

called overtones. Thus the oscillating string possesses the different
overtones at the same time. One can see that:

v, =nv,.
The total combination of overtones is called the acoustic spectrum.
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Ha npotunexuicts rpagik nrymy He Mae nepioguyHOCTI.
PosrnsiHeMO KoJMBaHHA CTPyHH JOBKHHOWO | B sKii
BiZIOyBaeThCst popMyBaHHs CTOSUMX XBHIIb (puc.4.24):

‘__,r-"_—_'—_'_ﬁ“‘&___ .3;-1:%1»'_13

2
T~ A 2 Y
n:2 I \p/j ‘ATQ—E = E
n=3 r’l‘\ Ty ,1?-2—! -3
— 3 A

Pucynok 4.24

B cTpyHi BHHHMKAIOTh Taki KOJHMBAHHS, TOJOBHHA JIOBXKHHU
XBUJII SIKUX YKJIQJIA€THCS HA JOBKUHI CTPYHH I[iJIe YHCIIO Pa3iB:

A
l=n>,(n=1,2,3..),
5 ( )

o, :2ni:2n£n,
A 21

ne v - (a3oBa MBUIKICTH XBUII, Vy - BIACHI YaCTOTU CTPYHHU.
Haiinmxya dacToTa, sKa BIAMNOBIZAac HaWOIIBIIIA TOBXKHHI

n

. L .
XBUIl V, :E Ha3UBA€ThCS OCHOBHOIO 4YacTOTOO. IHIII YacTOTH

Ha3UBaIOThCsl 00epToHaMu. TakUM YMHOM, CTpPYHA, 110 KOJIUBAETHCA,
BMIII[Y€ Pi3H1 00€PTOHU B OJUH 1 TOH ke yac. ToOToO :

n=Nv,y.
CyKynHICTh 00EpTOHIB HA3UBAETHCS AKYCTUYHUM CIIEKTPOM.
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The musical sounds have the linear spectrum, which consists of
separate frequencies. The noises have the continuous spectrum,
which consists of the uninterrupted set of frequencies. Oscillating
systems possesses a definite distribution of energy between
overtones. The timbre of musical instrument is determined by this
distribution. Hence any musical instrument creates a definite totality
of overtones with definite energy distribution. Usually the acoustic
spectrum of musical instrument is defined by the first ten overtones.
An example of acoustic spectrum of oboe is shown in Fig.4.25. This
is the reason that the sounds of musical instruments differ from each
other.

I,dB

Hm{hl

0 2 4 6 8 wiw
Figure 4.25

Consequently, the sound wave is superposition of some
oscillations with certain number of frequencies or overtones. All
diversity of musical sounds as well as all human voices exists due to
a combination of higher overtones.

4.3.7 Sound Location

The detection of the objects and determination of their size and
distances to objects by means of the sound wave reflection is called
the sound location. The size of an object must be of order of the
sound wavelength. For example a bat generates ultrasound
frequencies of v = 10° Hz. Since the speed of sound v =343 m/s at
T =20 °C, the wavelength is equal to
A=Y =38 _34310°m.

v 1

05
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My3uuHi 3ByKH MarOTh JIIHIHYACTUH CTIEKTP, SIKHH CKIIAJIa€ThCS
3 BigokpemieHuX 4actoT. lllymMu MaroTh CyLUIBHUN CHEKTp, SIKUM
CKJIaJIa€ThCsl 3 HemepepBHOro Habopy vacror. KonuBanpHa cuctema
3a0e3mevye TIEBHUH po3MOAin eHeprii MbK oOeproHamu. [lum
PO3MOAIIOM BU3HAYAETHCSI TEMOp MY3UYHOTO iHCTpYMEHTY. Bynb-
KU MY3WYHHUH THCTPYMEHT YTBOPIOE IMEBHY KIJIBKICTh OOCPTOHIB 3
NEBHUM PO3MOJAUIOM eHeprii. 3a3Buyail aKyCTHYHUN  CHEKTp
MY3UYHOTO 1HCTPYMEHTa BHM3HAUA€ThCS MEPUIMMH  JIeCAThMa
obepronamu. Hanpuknan, akyCTUYHUIN CIIEKTP AJisi TOOOK0 HABEICHO
Ha puc 4.25. lle 1 € NpUYUHOIO TOTO, HIO 3BYYAaHHA MY3UYHUX
IHCTPYMEHTIB BiIPI3HAIOTHCS OAMH BiJ] OHOTO.

£, nB

RERENN
0 2 4 8 B wfvr
Pucynok 4.25

OTxe, 3ByKOBa XBUJIS yABII€ COOOIO CYNMEPHO3MUII0 KUIBKOX
KOJMBaHb 3 TMEBHMM Ha0OpoM 4dacToT, abo oOepToHiB. Bcs
PI3HOMaHITHICTh MY3UYHUX 3BYKIB TaK, SIK 1 JIFOJICBKUX T'OJIOCIB, ICHY€E
BIJIMOBIAHO A0 KOMOiHaIli{ BUIIUX OOEPTOHIB.

4.3.7 3BykoBa JioKallist
BusiBnenns o0’€kTiB, BU3HAYEHHS 1X PO3MIpPIB 1 BiICTaHEH 10
HUX 32 JIOTIOMOTOI0 BiIOMTTS 3BYKOBOT XBUJII HA3UBAETHCS 3BYKOBOIO
nokartiero. Po3amipn 00’exkTa moBUHHI OyTH NMPUOINU3HO TaKUMHU SIK
JMOBKMHA 3BYKOBOi XBWil. Hampuknan, KakaH BUIPOMIHIOE
YJIBTPa3ByK 3 YAaCTOTOK V = 10° I'uy. Tak sK IIBHAKICTH 3BYKY
v =343 m/c npu T = 20 °C, To mOBXKMHA XBHUII TOPIBHIOE

=Y =383 1310°m.
v 10
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This is an insect size which is the food for a bat. A dolphin
generates sound frequencies of v = 10° Hz also. However the velocity
of sound in water equals to 1,500 m/s then the wavelength:

A= 15;0 =15-107%m.
It is a size of a small fish that is food for the dolphin.
The distance to an object can be calculated as
ut
S=—,

2
where o is sound velocity, t is time of signal passing to object and a
backward direction (time of registration of reflected signal). The
radars work on this principle. They are used for location of fish
shoals, submarines, estimation the depth of water basin etc. The
ultrasonic waves are used for these purposes.

4.3.8 Doppler Effect in Acoustics

When the sound source and the sound receiver are moving
relatively to each other the frequency of registered sound is changed.
The relation of the sound frequency, which is perceived by the
receiver, to source and receiver velocity in relation to the
environment is called Doppler effect. Let’s denote the following
values: v is the sound velocity in medium, os is the velocity of a
sound source, oy is the velocity of a receiver (Fig.4.26).

Y

Figure 4.26

In general, the frequency of the sound registered by the receiver
is defined as follows
L+0, oS0,

vV, =V, :
L+ U, COSO,

r
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Lle po3Mipu Komax, siKi € 3m00ouydro kaxana. [lenbdin reaepye
3BYKH YacTOTOIO V = 10° I'm Takox. OHAK, MIBHAKICTH 3BYKY Y BOA1
nopiBHIOE 1500 M/c, TOJII TOBKUHA XBUJIL:

1500
A=

0°

1,510 m.

Lle po3mipu manoi pudu, ska € Hkero ais aenbgiHa.
Bincranp 10 00’€kTa MOXKHA pO3paxyBaT TAKUM YHHOM:

ne v - Ie MBHIKICTH 3BYKY, { - 9ac MpPOXOJKEHHS CHTHANy Bij
reHepatopa 10 o0’ekTa i Ha3aj (dac peectparii BiAOUTOro CUTHAIY).
3a UM TIPHHIUIOM TIPAIIOIOTH JIOKATOPH. IX BHKOPUCTOBYIOT JJIs
3HAXO/DKEHHS PHUOHUX KOCAKIB, CyOMapuH, OIIHKA TJIUOUHU
BOJIOWMY, TOmo. B HUX HiJIX BHKOPHUCTOBYIOTHCS YIIBTPa3BYKOBI
XBUII.
4.3.8 Edexr Jloniepa B akycTuui

Skmo Kepeno 3BYKY 1 3BYKOBUM TMpHiiMau pyXxaroThCs
BIJIHOCHO OJIUH OJTHOTO, TO YacTOTa 3BYKY, IO CIIpUHMae mpuitmad,
3MIHIOETBCS.  3aEXKHICTh YacTOTH 3BYKY, IO CIPHIMA€EThCS
npuiiMauem, BiJl IMBUJKOCTI pyXy JDKepena 1 mpuiiMada BiTHOCHO JI0
Cepe/oBUINA, B SKOMY MOIIMPIOIOTHCS 3BYKOBI XBUJII, HA3UBAETHCA
edekrom Jlomnepa. [To3dHauMMO HACTYIHI BEIMUYMHU: 0 —ILIBUIKICTb
3BYKY Y CEpeAOBUIIl, 0s — HIBUJKICTh JPKEpena 3BYKY, Uy — IIBUAKICT
3BYKOBOTO npuiimaya (puc.4.26).

Pucynok 4.26
VY 3aragbHOMYy BHINAAKy 4YacTOTa 3BYKY, IIO PEECTPYETHCS
anﬁMaqu BU3HAYAECTHCA HACTYITHUM YHNHOM!
v+Uv, C0SO,

vV, =V .
" v+, cos0,
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4.4 Electromagnetic Waves
4.4.1 Properties of Electromagnetic Waves
Electromagnetic wave is an excitation of an electromagnetic
field propagating in space. These waves propagate in vacuum with a
velocity of ¢ = 3 10° m/s and in any substance:

vD=—= —,
n e
where n is called the index of refraction of medium.
Invacuum g=p=1and v=c.

Electromagnetic waves are transverse (Fig.4.27).

1)9%)

Figure 4.27

Vectors E and H are perpendicular to each other and vector o of the
propagation velocity is perpendicular to the plane of the vectors E
and H . Vectors E, H, & form the right-hand triple of vectors.

Vectors E and H oscillate having the same phase at any
moment of time. They change according to the harmonic law. The
direction of wave propagation coincides with v vector.

4.4.2 Maxwell’s Equations
Maxwell’s equations describe the basic laws of electromagnetic
phenomenon in any medium. They are the basic equations of
electromagnetism.
There are four equations of Maxwell.
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4.4 EleKTpOMaruiTHi XBuJi
4.4.1 BaacTuBOCTI eJIEKTPOMATHITHMUX XBWIb
EnextpomarniTHa XBUJIsl — 1€ 30yKEHHSI €JIEKTPOMArHiTHOTO
H0JIs1, 10 TIOUIMPIOEThCA y IpocTopi. Taki XBUII PO3NOBCIOIKYIOTHCS
y Bakyymi 3i mBrzkictio ¢ = 3 10° m/c, a B Gy/p-siKiii pedoBuHi:

V=—=—,
" e
Je N — 11e KoeimieHT 3aI0MIICHHS.
Y Bakyymi e=p=11v=c.
Enextpomaruiti XxBuii € nmonepeunumu (puc.4.27).

11957

Pucynok 4.27

Bekropy E Ta H B3aeMHO TepHEHIMKYISPHi, BEKTOD
IIBMAKOCTI U MepHeHIMKYISpHUIl 0 TIOMMHE BeKTOpiBE i H .
Bektopu E, H, U yTBOPIOIOTH MPAaBOTBUHTOBY TPiliKy BEKTOPIB.

Bekropu E i H komuBaroThes, Maroun ofHaKoBY dasy y 6y/b-
SKMH MOMEHT 4Yacy. BOHM 3MIHIOIOTBCS 3 4acoM BIAMOBIIHO [0
FapMOHIYHOTO 3aKoHy. HampsMok mnommMpeHHS XBWIII CIIBIAJAE 3
BEKTOPOM U .

4.4.2 PiBusinHsa MakcBeJsia
PiBsHHA ~ MakcBemia  ONMUCYIOTh  OCHOBHI  3aKOHH
€JIEKTPOMArHiTHUX SBMII JUIsl Oyab-SKOro cepeiosuia. Bonu €
OCHOBHHMMH PIBHSHHSIMH €JI€KTPOMAarHETU3MY.
Icnye yoTupu piBHSIHHS MakcBena.
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1. Maxwell's first equation: any variations of the magnetic field
generate the electric field.
In integral form:

fEdr =—[Zas,
L S
in differential form:
rotE = —a—B,
ot
i Kk
rotE = 9o 0 9|

ox oy oz
E, E, E

This equation indicates that not only electrical charges can be
the sources of the electric field but also magnetic fields that are
changed with time.

2. Maxwell's second equation: the magnetic field is created by
moving charges (electric current) as well as by an alternating electric
fields.

The Maxwell’s second equation may be expressed as
rOtH = jcond + jdispl’
where Lispl is called density of displacement current

. D
Jdispl - E :

The displacement current can’t originate the heat of Joule. It can only
create a magnetic field.
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1. Ilepme piBHsHHA MakcBemnia: Oynb-sKi 3MiHH MarHiTHOTO
HOJISL IPU3BOJIATH JI0 YTBOPEHHS €IEKTPUYHOTO TOJIS.
B inTerpanbHiii hopmi:

rotE = —a—B,
ot
i J kK
oE=| L 2 2
ox oy oz
E, E, E

Lle piBHAHHS BKa3ye Ha Te, IO JHKEPEIaMH EJIEKTPUIHOTO MO
KpiM ENeKTPUYHMX 3apsAliB MOXYTh OyTH TakoXK i 3MiHHI 3 YacoM
MarHiTHi MoJs.

2. Jlpyre piBHsHHA MakcBeiia: MarHiTHE I0JIE YTBOPIOETHCS
K PYXOMHMHU 3apsijiaMH (€JIEKTPUYHUM CTPYMOM), TaK 1 3MIHHUMHU
EJIEKTPHYHUMH TOJISTMH .

Hdl = [ (] +=2)dS,
i !(J+at)
rotI:I=j7+@.
ot

Jpyre piBHsHHSA MakcBesia MOKHa BUPa3UTH TaK:
rOtl:i = ]cond + Tdispl'
ze Tdispl - TYCTHUHA CTPYyMY 3MIILEHHS.
- oD
Jaisp1 = E :

CtpyM 3MIIIEHHS HE MOXE BUAUIATH JDKOyJeBe Temo. BiH moxe
JMIIIEe YTBOPIOBATH MarHiTHE MoJIe.
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3. Maxwell's third equation: electric charges are the source of
electric field. The force lines of the electric field originate and finish
in electric charges or at infinity:

§DdS = [pav,
S \%

divD = P,
. 0a, 0a, o0a,
diva = + + :
ox oy oz

This equation is the Ostrogradsky-Gauss theorem for the
electric field.

4. Maxwell's fourth equation: there are no magnetic charges in
nature. The magnetic field is always solenoidal. Force lines of
magnetic field are closed. They are not started and finished
anywhere:

§§d§=0,

divB=0.

This equation is the Ostrogradsky-Gauss theorem for the
magnetic field.

The Maxwell’s equations are completed with material
equations:

D=eg,E, B=pu,H, j=1E.

The most important result of Maxwell’s equations is the
following: alternative electric and magnetic fields uninterruptly
linked to each other and create the united electromagnetic field in
their locality.

rotE = -8
ot

Indeed even if j=0, and p=0: ass
- oD

rotH = —

ot
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3. Tpere piBHsIHHA MakcBemia: JKepPeaoM eIeKTPUIHOTO OIS
€ enekTpuuHi 3apsau. CuioBi JiHIT eIeKTpUYHOro TmoJyis OepyTh
MOYaTOK 1 3aKiHYYIOTbCSA Ha CIEeKTPUYHUX 3apsgax abo B
HECKIHYEHHOCT!I:

§ DS = [pdv
S \Y

diV[Szp,

Z

. . oa,6 Oa, oa
diva=—>+—+
oXx oy oz
Ile piBusHHA € TeopeMoro Octporpaiacekoro-l'aycca s

SJIEKTPUYHOTO TIOJIS.

4. Yersepre piBHAHHS MakcBelia: B MPHUPOAI HE ICHYE
Mar”HiTHUX 3apsAfiB. MarHiTHe T1oyie 3aBKAM COJICHOiJalbHE.
MarniTHi cuioBi JiHIi 3aMKHYTi. BOHM HE MarOTh Hi MOYATKY Hi
KIHLISA:

§%§=m

divB =0.
Ile piBasHHA € Teopemoro Octporpaacekoro-I'aycca st

MarHiTHOTO HOJISI.
PiBasanHs Makcsemia JIOIIOBHIOIOTE MaTepiaTbHUMHU
PIBHSIHHSAMU:
D=eg,E, B=pp,H, j=yE.
HaiiBaxnuBimmii pe3ynbrar piBHSHH MakcBenja MOJSArae B
HACTYITHOMY: 3MIHHE €JIEKTPHUYHE 1 MAarHiTHI IOJI1 HEPO3PUBHO
3B’3aH1 OJIMH 3 OJHUM 1 YTBOPIOIOTh €JJMHE €JIEKTPOMarHiTHe IoJe.

Hacripasi, Hagits sikimo | = 0,1 p = 0:; gy
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4.4.3 Differential Equation of Electromagnetic Wave
The existence of electromagnetic waves is the consequence of
Maxwell’s equations. Electromagnetic waves are transverse. The
vectors of the electromagnetic wave Eand H are mutually
perpendicular and lie in a plane perpendicular to the direction of
propagation of the wave, i.e. to the velocity vector v .
Let’s write Maxwell’s the first and the second equations as

rotE = —HpL, 88_H
a. (4.14)

rotH = 880E

ot
Let’s consider the projections of vectors E and H of the
electromagnetic wave in accordance with Fig.4.28. Suppose that at
first there is an alternating electric field Ey, which creates a

correspondingly alternating magnetic field 172.
v

E,
7 i x
Z
Figure 4.28
For projections of vectors Ey, H ; equations ( 4.14 ) are turned
into
oE, _ oH,
ox 0 a (4.15)
OoH, oE, - '
—_— £ = 880 _
OX ot

If we differentiate the first equation of system (4.15) by x and the
second equation by t, we get:
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4.4.3 ludepenuianbHe piBHAHHS €J1eKTPOMATHITHOT XBHJIi
Hacnigkom pIBHSIHB Makcgemia € ICHYBaHHS
€JIEKTPOMATHITHUX XBWJIb. EJEKTpOMAarHiTHi XBWIII € MONEPEUHUMH.

Bekropu E ta H  eJEeKTpOMAarHiTHOi  XBWJII  B3a€EMHO

NEepIEHANKYISPHI 1 JIeXaTh Yy IUIOIIMHI, NEPIeHAUKYISAPHIA 10

HAIpPsIMKY MOIIMPEHHS XBUIIi, TOOTO /10 BEKTOpPay IMIBUAKOCTI XBHJII.
3anuiieMo rnepiie i apyre piBHIHHS MakcBelia y BUTIISIL:

I’Otl§:—|,u,toﬁ
q&t , (4.14)
rotH = €€, &
ot
Po3ryisiHeMO MpoeKiii BekTopiB E Ta H eIeKTpoMarHiTHoi
XBWJI BiAMOBiAHO 10 puc.4.28. IlpumyctuMo, MO CIIOYATKYy iCHYE
3MiHHE E€JIEKTPUYHE II0JIe Ey, K€ CTBOPIOE BIAMOBIAHO 3MiHHE

. =
MarHitHe nosie H,.

Pucynok 4.28

Jns  mpoekiiii  BEeKTOpPIB Ey Ta H, piBusHHS  (4.14)
3aMUIIYTHCS Y BUTIISAIL:

aEy — aHZ
- 0
2 a (4.15)
OoH s aEy
£ — 80
OX ot

Sxmo npoaudepeniroBary nepuie piBHsHHS cuctemu ( 4.15 ) mo X,
a JIpyre piBHSIHHSA 10 t, TO MU OTPUMaEMO:
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O’E, - *H,
o’ TH aux
_O°H, 0°E,

= &g, 7
oxot ot
Consequently,

2 2
0B, _. . OE,
8X2 - OIJ‘IJ‘O atz ’
1
€ollo :F’

where c is the velocity of light in vacuum. Then we obtain the wave
equation for E, :

O°E, en 0°E,

e ¢ oat?
The wave equation for H; i.e. the intensity of magnetic field can

be equally deduced:

0’H, _eu 6°H

ox*  c* ot
AsE,=E,=0,soE,=EandasHy=Hy=0soH, =H.
Then

z

2=

se- L€
2

wi- Lo
v° ot

These equations are called the differential equations of an
electromagnetic wave or wave equations. Accordingly these
equations have the following solutions:

E = E, sin(wt —2—; X) = E, sin(ot —kx) ,

H =H, sin(wt _2_;)() =H,sin(ot —kXx) .
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0°E,  &°H,
Y™
OH,  OE,
oxot oot
OTxe,
O°E O°E
s R Tt 1
ox? LR G
1
SOHOZF’

e C — IIBHJIKICTh CBiTHAa y BakyyMi. Toai OTpUMaeMO XBHIIBOBE
PIBHSIHHS IS Ey:
OE, 0§
ox:  c? ot
XBUIILOBE DPIBHSHHS JUIS HANPY>KEHOCTI MarHiTHOro mois H;
MO>KHA BUBECTH aHAJIOTIYHO:

0’H, _eu 0°H,

ox? c? ot?
Tak sixk Ex=E; =0, 10 Ey = E 1 Tak six Hy = Hy =0, To H, = H.
Tomi

—

- 1 0°E
A=
- 10°H
Aquz ot

[{i piBHSHHS Ha3WBalOThCA IUDEpPEHIATEHUMU PiBHIHHIMHI
€JIEKTPOMATHITHOI XBWJIl 200 XBUJILOBUMHM PIBHSHHAMHU. BiamoBigHo
1l pIBHSHHS MalOTh HACTYIIHI PILLICHHS

E = E, sin(wt —2—; X) = E, sin(ot —kx) ,

H =H, sin(wt —2—;x) =H,sin(ot —kXx) .
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4.4.4 Energy of Electromagnetic Wave. Umov — Poynting’s
Vector

One of the important characteristics of the electromagnetic
wave is that it can transport energy. Energy concentrated in unit of
volume is called the volume density of energy. It is equal to the sum
of densities of energy of electric and magnetic fields:
ee,E” +HH0H i .

2 2
[o] = J/m?.

Given that the instantaneous values of E and H are related by
the relation \/eoeE = \/pouH, we obtain that the volume energy
density of the electric and magnetic fields at each instant of time is
the same, i.e. E = owH. Then the volume density of the energy of the
electromagnetic wave will be equal to:

0=0 +to0, =

w = 2wg = ggeE? = [/goeuouEH.
Given that the velocity of the electromagnetic wave is:
1 1 c .
= —=—,w in:
V= Tom e e e obta
1
w=-—FEH.

v
Let’s multiply the last equation by the velocity v of the wave
propagation in the medium and obtain the module of energy flux
density:
S =wv =EH.

Since the vectors E and H are mutually perpendicular and form
a rectangular system with the vector v, the vector of energy flux
density of an electromagnetic wave equals:

S =[E,H],

and is called the Umov-Poynting’s vector.

The unit of Sis:

sm’> m’

[s] = J2 w
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4.4.4 Enepris enekTtpomardirHoi xsuii. Bekrop YMmosa-
IloitnTinra
OpHi€0 3 BAXIIMBUX XapaKTEPUCTHK €IEKTPOMArHiTHOI XBHJI1 €
Te, 1110 BOHA MOXK€ MIEPEHOCUTH eHeprito. EHepris, CKOHIIEHTpOBaHa B
OJIMHUIII 00’eMy, Ha3WBa€ThCS 00 ’€MHOK T'YCTHHOK eHeprii. BoHa
JIOPIBHIOE CyMi 00’ €MHUX TYCTHH €HEpPrii eJeKTPUYHOIro 1
MarHiTHOTO TIOJIIB:

eg,E* | boH 2
2 2
[0] = Tx/M.
BpaxoByroun, mio wmutTeBi 3HaueHHs FE 1 H 3B’s3anHi

O=0 +0, =

CHIBBIAHOMIEHHSM /€9€E =/l oUH, oTpuMaeMo, 1o 00’eMHA
TYCTHUHA €HEePrii eIEKTPUYHOTO 1 MAarHITHOTO MOJIB B KO)KEH MOMEHT
4yacy OJHAaKOBa, TOOTO ®g = ®y. Toxi o0’eMHA TycTHHA EHeprii
€JIEKTPOMAarHiTHOI XBUJIi Oy/ie JOPIBHIOBATHU:

o = 2wy = gyeE? = [egep nEH.

3 ypaxyBaHHSM TOrO, II0 UIBUAKICTh EIEKTPOMArHITHOI XBHII

. 1 1 c
JOPIBHIOE: U = — = —, OTPUMAEMO:
p Jeo o VEr Vel p
1
w=—FH.
v

JIOMHOXMMO OCTaHHE PIBHSHHS Ha MIBUAKICTH V MOITUPEHHS XBUII B
CEpEeIOBHUIL 1 OTPUMAEMO MOJTYJIb TYCTUHU MOTOKY €HEprii:
S = wv = EH.
Tak sik BeKTOpH E i H B3aemuo MEePIEHIUKYISIPHI 1 YTBOPIOIOTh
3 BEKTOPOM U MPABOrBUHTOBY CHCTEMY, TO BEKTOP I'YCTHHH TOTOKY
€Heprii eJIEKTPOMAarHiTHOI XBUJI1 IOPIBHIOE:
S =[E,H],
1 HA3UBA€THCS BEKTOpoM YMoBa-IloifHTiHTa.
OauHMIS BUMIPIOBaHHS S:
[S] = Hx BT

C'M2 M2
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The direction of vector S coincides with the direction of energy
transfer by the electromagnetic wave, and modulus is equal to energy
which is transferred by an electromagnetic wave per unit of time
through the unit of surface area which is placed perpendicular to the
direction of wave propagation.

4.4.5 Spectrum of Electromagnetic Waves

The totality of electromagnetic waves is called the
electromagnetic spectrum (Fig.4.29). This spectrum is continuous
and it isn’t limited. All waves in the electromagnetic spectrum are of
the same physical nature and propagate in free space at the same
speed. Depending on the frequency or wavelength, as well as the
method of radiation and registration, there are several types of
electromagnetic waves: radio waves, optical radiation, X-rays and
gamma radiation.

ratdioweves infrarsd vltraviolet X-rays Y-raws w Hz
w1 ot w® | w? oM™ | ™ 10® W@
Am 1w ¢ w0 w* ot | wt | w® ot o

vizible

Figure 4.29

The sources that produce them and the instruments that are
used to measure them are rather different. The radiowaves are
originated from alternative current in R,L,C-circuit. Visible
electromagnetic waves are originated in molecules and atoms under
the effect of heat or electric discharge. X-rays are generated when
accelerated electrons strike with metal atoms. They are emitted as a
result of changes in the states of inner electron shells in atoms. y-rays
are originated by the atom nuclear and as a result of interaction of
elementary particles.
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Hampsimok BekTopa S 36iraetbes 3 HANPSMKOM TEPEHOCY
eHeprii eJIeKTPOMAarHiTHOI XBWJICIO, a MOJYJb JOPIBHIOE €Heprii,
Ky TIEPEHOCUTh EJIEKTPOMArHiTHa XBWJIS 32 OJUHHIIO 4Yacy depes
OJIMHUITIO TIJIONII TIOBEPXHi, MO0 PO3MIIICHA MEPIECHIUKYISIPHO [0
HAINPSMKY MTOIIUPEHHS XBUII.

4.4.5 CrieKTp eJIeKTPOMAarHiTHUX XBHJIb

CykymHiCTh €JIEKTPOMArHITHUX XBUJIb Ha3HUBalOTh
€JIeKTpOMarHiTHUM  criektpoM  (puc.4.29). Ileit cmektp €
Oe3nepepBHUM 1 HEOOMEKEHHUM. YCi XBWIl €IEeKTPOMArHiTHOTO
CIIEKTPY MaIOTh OJTHAKOBY (hi3MYHY IPUPOIY 1 PO3MOBCIOIKYIOTHCS Y
IPOCTOPi 3 OJHAKOBOIO IIBUIKICTIO. B 3amexHoCTi Big acToTH abo
JTOBKUHU XBHJII, @ TaKOX CIOCOOY BHUIPOMIHIOBAHHS 1 peructparii
ICHye JeKiTbKa BHUIIB E€JIEKTPOMArHiTHUX XBWJIb: PaiOXBUIIL,
ONTUYHE BUIIPOMIHIOBAHHSI, PEHTT€HIBCbKE BUIIPOMIHIOBAHHS 1 Tama
BUIIPOMIHIOBaHHSI.

) ) EHIQOMIHKEZHHET
_ F2OLOXEHTL indpagspeors vieTpadionsToE: peRTremiscer: rama Vg
w ot 1wt 10® | w? 1w* ) e® | we® w0® 10

CS N 2 [ [ (AN LA IS A S LA L

OMTHYHKE Tiamazon

Pucynoxk 4.29

Jlxepena, K1 iX T€HEPYIOTb, 1 MpUIaaH, KI BUKOPUCTOBYIOTh
JUTSE IX BUMIPIOBAHHS, € JOCUTH PI3HUMH. PalioXBHIII BHHUKAIOTh TIPU
30ymkeHHi  3MmiHHOTO  cTpymy vy R,L,C-xontypi. Bumumi
€JIEKTPOMArHiTHI XBWJII BUIIPOMIHIOIOTh MOJIEKYJIM 1 aTOMU MiJT €0
HarpiBaHHa a0o0 eJNeKTpUYHOro po3psay. PeHTreHiBchbki MHpoMeHi
TeHEPYIOThCS, KOJM TIPUCKOPEH1 €JEKTPOHU 3iIITOBXYIOTHCS 3
aToMaMu MeTaiay. BoHH BUIPOMIHIOIOTBCS B PE3yJbTaTl 3MIHH CTaHY
BHYTPILIHIX €NeKTPOHHUX OOOJIOHOK B aromax. l'ama mpomeHi
BUIIPOMIHIOIOTBCS  ApOM aToMa 1 B pe3yiabTaTi B3aeMOll
€JIEMEHTAPHUX YaCTHHOK.
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Control Questions

Oscillations and Waves
1. What oscillations are called harmonic?
2. Derive the formula for the velocity, acceleration, and energy of
harmonic oscillations.
3. What is called the spring, mathematical and physical pendulum?
4. What is a harmonic oscillator?
5. How are the periods of oscillation of spring, physical and
mathematical pendulums determined?
6. What oscillations are called damped?
7. What oscillations are called forced?
8. What are electromagnetic oscillations?
9. Write down the differential equation of free, damped, and forced
electromagnetic oscillations.
10. What are elastic waves? Give the definition of transverse and
longitudinal waves.
11. Write down the travelling wave equation.
12. Write down the wave equation.
13. Define a standing wave.
14. What are sound waves?
15. What is the Doppler effect?
16. What is an electromagnetic wave?
17. Write down the Maxwell’s equations for electromagnetic waves.
18. How is electromagnetic wave energy determined?
19. What is the Umov-Poynting’s vector?
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KonTpoabHhi 3anuranns
KoumnBanus Ta xBuJi

1. SIki KONMBaHHS HA3MBAIOTh TAPMOHIYHUMU?
2. BuBenite Qopmyny miis MBHAKOCTI, NMPUCKOPEHHS 1 €Heprii
TrapMOHIYHHUX KOJIMBAHb.
3. o Ha3WBalwOTh NPYKUHHAM, MATEMATHYHUM 1 (QI3HIHUM
MasITHUKOM?
4. 1o Take rapMOHIYHUIN OCIHIIATOP?
5. SIx BU3HAUAIOTHCS MEPIOAM KOJMBAHb NPYKUHHOTO, (pi3muHOrO i
MaTEeMaTUYHOTO MasTHUKIB?
6. SIxi KONMMBaHHS HAa3UBAIOTh 3aTYXAIOUUMHU?
7. SIki KONMBaHHA HA3UBAIOTh BUMYIIICHUMHU?
8. I1lo Take eneKTpOMarHiTHI KOJMBAHHS?
9. 3anmmite nudepeHIialbHe PIBHAHHSA BUIBHUX, 3aTyXalo4yux 1
BUMYIICHUX €JICKTPOMATHITHUX KOJIHBAHb.
10. Mo Take mnpyxkHi xBuii? JlaiiTe BH3HAYEHHS MOMEPEeYHOi 1
MO300BXHBHOI XBHUIIb.
11. 3anuuiiTe piBHAHHA O1KY4Oi XBHJIL.
12. 3anumiiTh XBUJIbOBE PIBHSAHHS.
13. JlaiiTe BUBHaUEHHS CTOSYOI XBHIII.
14. 11lo Take 3ByKOBi XBuIi?
15. B yomy nonsirae edext Jomnepa?
16. 11lo Take enekTpomMarHiTHa XBuis?
17. 3anuuiiTh piBHIHHA MakcBesia 11 e1eKTPOMarHiTHUX XBUJIb.
18. Sk BU3HaUa€THCS EHEPTisl €NEKTPOMArHITHUX XBHIIb?
19. o Take BexTOp YMoBa-IloiHTiHra?
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50PTICS
5.1 Wave Optics
Optics is a part of physics that studies the electromagnetic
waves of optical range. Physics uses two conceptions of the nature of
light in order to explain the light phenomenon: wave and corpuscular.
According to the wave theory the light emission represents
electromagnetic waves. Their range is
L=(0.4+0.76)-10"°m,
v=(0.75+0.39)-10"Hz
According to the corpuscular theory light emission is a flux of
special particles. These particles are called photons. Each photon
possesses a definite energy
E=hv,
where h is Plank’s constant (h = 6.63 - 10 Jss). In modern physics
both theories are correct. Light phenomena such as reflection,
refraction, interference, diffraction are explained by the wave theory.
The corpuscular theory helps to explain the laws of interaction
between light and substance.

5.1.1 Interference of Light

A superposition of two or more light waves with the same
frequency and constant phase difference which cause redistribution of
light intensity in space is called interference. As a result there appears
alternation of maximum and minimum light intensity. Waves which
have the same frequency and constant phase difference are called
coherent.

Let's consider superposition of two coherent monochromatic
light waves which cause harmonic oscillations at a certain point:

X1 =M cos(wt + (pl)
Xo = Ay cos(ot + ¢@2).
The amplitude of the resultant wave is

A% = A2+ AZ + 27 A cos(92 — 1) -
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5 OIITUKA
5.1 XBujboBa ONTHKA

OnTuka — e po3ait (i3uKy, M0 BHBYAE SICKTPOMATHITHI XBHIII
onTu4yHoro miama3ony. IIlo0 moscHuTH CcBiTIIOBI sBHImA (i3uka
BUKOPHUCTOBYE JBa MEXaHI3MH IIOA0 MPUPOIU CBITIA: XBUILOBHH Ta
KOPIYCKYJISpHUH. 3riIHO 3 XBWIBOBOIO TECOPIEIO, CBITIIOBE
BUNIPOMIHIOBAHHS  ysIBII€ COOOI0  €JIEKTPOMArHiTHi XBum. Ix
mianasoH:

L =(0.4+0.76)-10"°wm,
v =(0.75+0.39)-10"TI'.
3rigHo 3 KOPIYCKYJISIPHOIO TEOpIE€lO, CBITJIOBE

BUIIPOMIHIOBAaHHS — II€ TMOTIK OCOOMMBUX YacTHHOK. Lli wacTHHKH
Ha3uBaroThCs poToHamu. KoxkeH POTOH Ma€e EBHY HEPTitO:

E =hv,
ne h — crama Inanka (h = 6,63 © 10% Jxc). Y cyuacHiit disuui
crpaBe/yBl  00mMaBi  Teopii. CBITVIOBI sBUIA - BiAOWBaHHA,

3JIOMJICHHS, 1HTepEpeHIlis, AUQPaKINs CBITIa MOSCHIOIOTHCS 32
JOTIOMOTOI0  XBUJIIbOBOi Teopii. KopmyckymsipHa Teopiss MOsCHIOE
3aKOHHU B3a€MO/III CBITJIAa 3 PEYOBUHOIO.
5.1.1 InTepdepenuis cBitiaa

Haknamanas nBox abo Oiibllle CBITJIIOBUX XBHIIb 3 OJHAKOBOIO
YacTOTOI0 1 CTajol PI3HUIEI (a3, AKe CIOPUUYUHSE MEepPepO3MOIia
IHTEHCUBHOCTI CBITJIa B NPOCTOPi, HA3UBAEThCs 1HTEepdepeHuien. B
pe3yibTaTi BUHMKA€ UYEPryBaHHS MAaKCUMyMIB 1 MiIHIMyMiB
IHTEHCUBHOCTI CBITJIa. XBWJII, [0 MAlOTh OJHAKOBY YacCTOTY 1 CTaly
pi3HuUIIO (pa3, HA3UBAIOTHCS KOTEPEHTHUMH.

PosrissHeMo HaklagaHHs JBOX KOTEPEHTHUX MOHOXPOMATHYHHX
CBITJIOBUX XBWJIb, fIKI B TMEBHIH TOYIll BUKJIMKAIOTH TapMOHIYHI
KOJIMBAHHS:

X, = A cos(ot +o,)

X, = A, cos(ot+@,).
AMIuTiTY1a pe3yIbTyI0Uu0i XBUIIL:
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A =N +A+2AA cos(9, —9,).

The wave intensity of light is | ~ A% and it can be found accordingly:

I =1y +1,+2{l115 cos(p, — 7).

At the points, where cos(p, — 1) > 0, the resulting intensity is
maximum: I > 1, +1,.

At the points, where cos(p, — 1) <0, the resulting intensity is
minimum: I <1, +1,.

If h=1=l, then

Imax =41, Inin=0.

The coherent waves may be received with separating the wave
in two parts. These waves pass different paths from the point of
separation to the point of interference. If division of the light wave in
two parts takes place then the first wave passes the way I in the
medium with the index of refraction n; and the second wave passes
the way I, in the medium with the index of refraction n,. In
superposition point the first wave stimulates the oscillations

x = A coso(t— ),
1Y)

1
the second wave -

I
X, = AZCOS(D('[—U—Z),
2

c C . .
where v; =—, v, = — are phase velocities of the first and second
m n,
waves; c is the speed of light in vacuum.
The difference of phases in superposition point equals:

| | 2 21 2n
d=w(-%--1)="=(,n,—=l.n)="=(L, -L,)===A,
(U2 01) k(zz ) x(z 1) .
where L =1 'n is called the optical path,.
A =L, —Ly is called the optical path difference,
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. . . 2 .
InTencuBHicTs xBwii ceimia | ~ A° i mMoxe 6YTI/I BU3HAYCHA
TaK:

=1, +1,+2,1,1, cos(p, - 9,).

VY Toukax, ne cos(p, —¢,) >0, pe3yabTyroua IHTCHCUBHICTb €
MakcuMasibHa: | > 1, +1,.

VY Toukax, ne cos(p, —¢,) <0, pe3yibTyroua IHTEHCUBHICTb €
MiHiManbHA: | <1, + 1.

Axmo ;=1 =1, 10

Imax = 41, Inin=0.

KorepeHnTHi XBHJII MOXHa OTpUMATH, PO3IUIMBIIM XBWJIIO Ha
JIBI YaCTHHH, 5K MPOXOJATh PI3HUM MUIAX BiJ TOYKH PO3IUICHHS JI0
TOYKH HakIanaHHs. [Ipu po3iaeHH] CBITIIOBOT XBHIII HA JIBI YaCTHHH,
nepia XBWISA MPOXOAUTh HUIIX l;  y cepeloBHINi 3 MOKA3HHKOM
3aJIOMJICHHS Nj, a japyra xBwis — umsx l, y cepemoBumi 3
MOKAa3HWKOM 3aJIOMJICHHS Np. Y TOYIl HaKJIaJaHHS Tepiia XBHIIA
BUKJINKA€E KOJTMBAHHS

|
x, =Acosot-—-=),
U
Apyra —

I
X, =A2c03w(t—u—2).
2

C C . . .. . .
nev, =—, U, =— — (pa30Bi MWBUAKOCTI MEPIIOI Ta APYTroi XBUII; C
1 2
— IIBUAKICTH CBITJIA y BaKyyMI.
Pizauus ¢a3 y Touni HakiIalaHHS JOPIBHIOE:
I I 2n 2n 2n
_ 2 1y _ _ —
d=o(*=-—-)= k_(lznz —ln) = X_(Lz -L)= K_A’
L, b 0 0 0
ne L= I'n — Ha3uBa€eThCs ONTUYHOIO JOBKUHOIO IIUISAXY;
A =L, — L1 — Ha3uBa€ThCS ONTUYHOKO PI3HUIICIO XO.1Y;
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A, is the wavelength in vacuum.

Therefore, if

A=+mh,

0=+2mm,
where m =0, 1, 2, ... , the oscillations in the superposition point are
in the same phase and the amplitude of the resulting oscillation is
maximum.

A
=+ -2
P A=+(2m+1) >

d=+(2m+1)m,
the oscillations in the superposition point are in the opposite phase
and the amplitude of the resulting oscillation is minimum.
Let’s examine an example of interference of light received by
the method of Thomas Young. The scheme of this experiment is
shown in Fig.5.1.

5

Figure 5.1
A beam of light falls on the screen with a small hole or a
narrow slit S. Then the beam of light splits into two parts while
passing through the holes or slits S; and S; in an opaque screen. As a
result there appear two coherent beams which overlap on each other
and create an interferential image on the screen E. So holes S; and S,
play the role of coherent sources of light.
Let’s consider the spreading of two coherent light waves from
sources S; and S, that are narrow parallel slits (Fig.5.2). The distance
between the sources of light S; and S, is equal to d.
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A, — IOBXKMHA XBUJI1 Y BaKyyMi.
OTxe, SKIIO
A=+mh,
0==+2mm,
e m =0, 1, 2..., To KOJMBaHHA y TOYIll HaKJaJaHHS OJHAKOBI IO

dasi i aMIuTITYAa pe3yNbTYI0YOr0 KOJIMBAHHS € MaKCUMAJIbHOO.
SIkmo

AziQm+Dﬁ;

d==x(2m+1)mx,
TO KOJIMBAHHSI B TOYIIl HAKJIaJIaHHS MPOTUIICKHI 11O (a3i i aMIuTTyaa
PE3yIbTYIOUOTr0 KOJIMBAHHS € MiHIMaJIbHOIO.
Posrnssmemo mpukian  iHTepdepeHIii  CBiTNIA, OTPUMAaHOI
metonoMm T. FOnra. Cxema ioro excriepuMeHnTa rnokaszana Ha puc.5.1.
E
8

8

Pucynok 5.1

[Ty4ok cBiT/Ia Majae Ha €KpaH 3 MMM OTBOPOM a00 BY3BHKOIO
nrinuHoro S. Jlami mydok CBIT/Ia MOAUISETHCS HA JBI YAaCTUHU TIPU
IPOXO/KEHHI 4epe3 OTBOpH abo INIIMHU S1 1 Sp B HEMpPO30poMy
eKkpaHi. B pe3ynbrari BUHMKAe JBa KOTEPEHTHI My4YKH CBITJA, SKi
HaKJIaJaloThcsd JpPYr Ha Jpyra 1 YTBOPIOIOTH 1HTepdepaiiiiny
KapTUHY Ha ekpaHi £. TakuMm 9uHOM, OTBOPH S1 1 Sy BIiZIrparoTh poJib
KOTE€PEHTHUX JIKEpe CBITIIA.

PosrnsiHeMO mommpeHHs! ABOX KOTEPEHTHHX CBITIIOBUX XBUJIb
BiJI JuKEpen Sp Ta Sy, sIKi YABIAIOTH COO0I0 BY3bKi MapaienbHi HIUTHHA
(puc. 5.2). Biactanp Mik JpkepenaMu cBitia S; ta Sy mopisHioe d.
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On the screen E that is placed in the interferential field on the
distance | from the sources of light (I >> d) the interferential image
will be observed that is a system of maximums and minimums in a
form of light and dark lines.

], £ E
Al
51— <=1
P,
N

Figure 5.2

Let’s consider an arbitrary point P on the screen that is located
on the distance x from the point O. The beams from S; and S; pass
distances I, and I, to the point P and are added. The intensity of the
point P is determined by the path difference of beams A=(l, —1,)n.
There are two cases:

- if the optical path difference of beams is equal to an even
number of half-waves then two beams at the point P have the same
phase and in this point we observe a maximum intensity.

A
A:iZm-?O,(mZO, 1,2.). (5.1)

6 = +2mm.
- if optical path difference of beams is equal to an odd number
of half-waves then two beams at the point P are in antiphase and in
this point we observe a minimum:

A=%(2m +1)-%’, (m=0,1,2.). (5.2)
§=+0C2m+ Dm.
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Ha ekpani £, po3mimeHnoMy B 1ouii iHTepQepeHIlii, Ha BiacTaHi
| Bix mxepen ceitia (I>>d) cnocrepiratumerses inTepdepeHiiiina
KapTHHA, SKa YSIBJISIE COOOI0 CHUCTEMY MAaKCUMYMIB 1 MiHIMyMIB Y
BUTJISIII CBITJIMX 1 TEMHHX CMYT.

Pucynok 5.2

PosrisiHemMo oBiUTbHY TOUKY P Ha ekpaHi, sika 3HaXOIUTHCS Ha
BifcTaHi x Bix Touku O. [IpomeHni Big S; Ta Sy mpoxoasiTh 10 TOUKH P
Bixcrani |1 ta |, 1 mogarorscs. IHTeHCHBHICTD B TOYL P BU3HAYAECTHCA
ontuyHOKO pizHuieo xoxy A= (I- 11)n. MoxuBi 1Ba BUMAIKH:

- SKIIO ONTHYHA PI3HULSA XOJy IMPOMEHIB JIOPIBHIOE MAapHOMY
YUCITy MIBXBWIb, TO JIBAa IPOMEHS B TOULll P MaloTh 0HAKOBY a3y i
B Hill CIIOCTEPIra€ThCsi MAKCUMYM 1HTEHCUBHOCTI:

A:izm.%(m=0,1,2,3...). (5.1)

6 = X2mm.
- SIKIO ONTHUYHA PI3HUIS XOJy NMPOMEHIB JOPIBHIOE HEMAPHOMY
YUCIy WIBXBWJIb, TO JBa MPOMEHS B Toulli P 3HAaXoOIThcid B
npoTtudasi i B Hilk COCTEPIraeThCsl MIHIMYM:

A
A=J_r(2m+l).?° (m=0,1,2,3..)). (5.2)

6 =+(2m+ m.
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A fundamental requirement for the existence of sufficiently
stable interference on the screen is the light waves that travel from S;
and S, to any P point must have a phase difference of ¢, — ¢; that
remains constant with time: ¢, —, =const.

Let’s find the path difference of beams I, — I;. From right-hand
triangles SS;P ; and SS;,P , we obtain:

2
,? = L2+(x+9] ,
2

2
" = L2+(x+9] .
2

, - B B 9 2_ _9 2:
L°—1"=(, Il)(I2+Il)—(x+2j [x 2) 2xd, (5.3)

I, +1, =2L.
Thus, dividing ( 5.3) by 2I at condition n = 1 we obtain:
axd
L
where x is the distance between O and an arbitrary P point. Thus,
conditions (5.1) and ( 5.2 ) may be rewritten as:

I

1.1
Xmin = i(m +E)a}\.

The distance between two nearest maximums or minimums can be
determined as

AL

A AL
AX = Xy,0y = Xor =[2(M +1)§—2m§]~a =—,

2m

The phenomenon of interference is applied for: lightness of
optics; measuring length with very high accuracy (up to 0.05 p);
examination and control of polishing quality of mirror surface;
determination of basic constants of substance:
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OCHOBHOIO BHMOTOIO /IO ICHYBaHHS J10Ope-yCTaleHOl KapTHHH
iHTepdepeHIlii Ha eKpaHi € Te, 110 CBITJIOBI XBWJII, SKI MPSAMYIOTH Bi
S1 Ta Sy 10 TOUKM P MOBHHHI MaTH Pi3HUIIO (a3, siKa € HE3MIHHOIO Y
yaci: @o—@1=const.

3Haitnemo pisHHIO xoxy npomeHiB l; — |1 3 mpsMokyTHHX
TpukyTHUKIB S, PP, 1 S; PP, oTpuMaemo:

2
1,7 :I2+[x+dj ;
2
2
1,2 :I2+(x—dj .
2

, - ) B 9 2_ _9 2=
L°—1"=(, Il)(I2+I1)—[x+2j (x 2) 2xd (5.3)

L, +1, =2l.
Toni, po3ainusim (5.3) Ha 21, npu ymoBi N = 1, MU OTpUMaEMO
S d

I
ne X — Bijgctanb Bifg Touku O 1o neskoi Touku P. Toai ymosu (5.1) Ta
(5.2) MOxHa 3anmKMcaTH TAKUM YHHOM:
I
=tm-—A

Xmax d 0;

1.1
X =x(M+ =) —A,.
min ( 2)d 0

Biacrans Mk ABOMa HAWOMMKYUMHU MaKCUMyMamHu abo
MiHIMyMaM# MO’XHAa BU3HAYUTH TaK:

Ao -
4
SABume iHTepdepeHmii 3acTOCOBYIOTH JJIsA: MPOCBITIICHHA
OIITUKU; BUMIPIOBAHHS JOBXHHHU 3 TyXe BEITUKOI0 TouHIcTIO (J10 0,05
MKM); MEpeBIPKM Ta KOHTPOJ SKOCTI HUTI(GOBKU A3E€pPKATbHUX
MIOBEPXOHb; BU3HAYCHHS OCHOBHMX KOHCTaHT PEYOBHHHU:

A Ao, |
AX = X —X =[2(m+1 70_2m 01. —
2(m+1) 2m [ ( ) 2 2] 7d
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the absorption coefficient, the index of refraction etc.; study of
spectrums of different substances.

5.1.2 Diffraction of Light

The set of phenomena observed in the propagation of light in
an environment with different optical inhomogeneities (for example,
when passing through small openings, at the boundaries of opaque
bodies, etc.) is called light diffraction. The bending of light around
different obstacles, i.e. deviation from the laws of geometric optics is
associated with diffraction. The diffraction of light is due to its wave
nature.

The phenomenon of diffraction can be explained by a
Huygens-Fresnel’s principle:

- all points of a wave front can be considered as coherent point
sources for the production of spherical secondary waves, an envelope
of these waves causes the position of a wave front in the next
moment of time;

- the intensity of the light wave is the result of the interference
of secondary waves from coherent wave front point sources of a
wave front.

The diffraction of spherical waves, in which the diffraction
image is observed on the final distance from the obstacle, is called
the Fresnel diffraction. The diffraction of plane wave, or diffraction
in parallel rays, is observed in the case when the light source and the
observation point are infinitely distant from the obstacle and is called
the Fraunhofer diffraction.

With the help of Huygens-Fresnel's principle we can explain
the phenomenon of diffraction, and also straight-line spreading of
light in homogeneous medium.

Fresnel solved this problem using the method, which is called
Fresnel zone method.

Fresnel zone method is the dividing the wave front into ringer
zones (Fig.5.3) so that the distances from zones' borders to the point
P differ by A/2:
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KoeillieHTa NMOTIMHAHHSA, MOKAa3HUKA 3aJIOMJICHHS Ta iH., BUBUCHHS
CIIEKTPIB Pi3HUX PEYOBHH.

5.1.2 Iludpakuis cBiTiaa

CyKyIHICTh SIBUII, IO CIIOCTEPIraloThCs MPH MOUIMPEHHI
CBITJIa B CEPEAOBWINI 3 PI3HUMH ONTHYHUMH HEOJIHOPITHOCTIMH
(HampuKIJIaJ TpU MPOXOPKEHHI uyepe3 Malli OTBOpPHU, OIS TpaHHIb
HEIPO30pUX TiJ TOIO) HA3WBAEThC AMbpakilielo cBiTaa. OruHaHHS
CBITJIOM pI3HHX TEPEIKoA, TOOTO BIAXWICHHS Bl 3aKOHIB
r€OMETPUYHOI ONTHKHU MOB’s3aH0 3 nudpakimiero. {udpakiis cBitia
3yYMOBJIEHA HOTO XBHJILOBOIO IPUPOJIOIO.

SBuie audpaxiii MOXKHA MOSICHUTH 3a JIOIIOMOTO0 IPUHLIUIY
['rolirenca-®peHens:

- KOXKHY TOYKY XBMJIBOBOTO (DPOHTY MOXKHA PO3IJISAATH SIK
JDKEpEJI0 BTOPUHHUX C(HEpPUYHHX XBWIb, a OOBiTHA IUX XBWJIb JIA€
HOJIOKEHHS XBUJILOBOTO (DPOHTY B HACTYIIHUN MOMEHT Yacy;

- IHTEHCHBHICTh CBITOBOI XBHIJII € Pe3y/lbTaTOM iHTepdepeHuii
BTOPUHHUX XBWJIb BiJI KOTEPEHTHUX TOYKOBHX JKEPEl XBUJIBOBOIO
GpoHTYy.

Judpaxuis chepuyHuX XBUIb, IpH SAKiH AudpakiiiiHa KapTuHa
CIIOCTEPIraeThC HAa  CKIHYEHHIA BIJCTaHI BiJ  TEPENIKOIH,
Ha3uBaeTbes audpakuieto Ppenens. Judpaxiiis mIOCKUX XBUIIb, a00
mubpakiis B HapajelbHUX IPOMEHSX CIOCTEPIraeThbcsi B TOMY
BUMAJIKY, KOJH JDKEPEJIO CBITJIA 1 TOUKA CIIOCTEPEXKEHHS HECKIHUEHHO
BiJlIaJIEH1 B1J] MEPEIIKO/IM 1 Ha3uBaeThes Audpakiieto @payHrodepa.

3a ponomororw npuHuuny I'roiireHa-Openens  MoxHa
HNOSICHUTH siBUILE TU(paKiii, a TaKoX MNPSMOJIIHIMHE MOMIMPEHHS
CBITJIa B OJJTHOP1THOMY CE€pETOBHILI.

®peHenb po3B’sA3aB 1[I0 3a7a4y, 3aCTOCYBABIIN MPHUIOM, KWK
HA3UBAETHCS MeT0/10M 30H Dpenens.

Meton 30H @peHens MoyidArae B TOMY, L0 XBHJIbOBUH (POHT
po30MBarOTh Ha KinbIeBi 30HU (puc.5.3) Tak, 10 BiJCTaHi BiA
IPaHUIlb 30H JI0 TOUYKK P BiIPi3HAIOTHCS HA A/2:




Figure 5.3

I, I, 1l are Fresnel zones. As oscillating amplitudes of
neighboring zones are in opposite phases the resulting amplitude in P
point equals

A=A -A +A —-..£A,,
where A, is amplitude of oscillation stimulated by m-zone.
For estimation of these amplitudes let’s define the area and
radius of Fresnel zones.
Let’s consider Fig. 5.4

Hl
b+mj
@ P 2
5 LN P
C
@
- - e
Figure 5.4

In this Figure S is the point source of light, a is the distance
from S to the wave front, P is the point at the screen, b is the distance
from the wave front to P, m is the number of Fresnel zones (m =1, 2,
3,...), rn isthe radius of Fresnel zone.



Pucynok 5.3

I, I, 1l — 30oun ®penens. SIKmoO aMIUNITyad KOJHBAHb Yy
CYCIIHIX 30HaX MaroTh pi3HI ¢a3u, TO pe3ynbTyroda aMIUITyda B
Toulli P TOpiBHIOBaTUME:!

A=A-A +A - A,
ne Ap — aMILTITYy/1a KOJIMBaHb, SIKi BUKJIMKaHI M-30HOI0.
JUIs OLIHKM IMX aMIUTITYJ] BU3HAUYUMO IUIOILY Ta pajiyc 30H

®penes.
Posriaaemo puc.5.4.

BK

b+ m'j

[} P 2

5 kB a5
c
)
- - -~
Pucynok 5.4

Ha npoMy pucyHKy S — TOUKOBE JIXKepelso CBITJa, a — BiJACTaHb
Bix S mo ¢poHTy XBWI, P — TOYKa Ha ekpaHi, b — BigcraHb Bij
bpoHTy XBHIi 10 Touku P, M — Homep 30HM Dpenens (M = 1,2,3...),

r, — paaiyc 3ouu ®penens.
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According to structure of Fresnel

BmP:b+m&.
2

From triangles SB,C and PB,C we have
a’—(a—h)’ = (ber%)2 —~(b+h)’ =

Given that A << a and A << b, we obtain
_ bma
~2(a+b)’
Find the radius of the outer Fresnel zone
r‘=a’-(a-h)’=

. [abma
" a+b’

The area of spherical segment is

S = 2nah =
(a+b)
and the area of m-th Fresnel zone:
AS =S, s =%
a+b

From this equation we can see that the area of Fresnel zone
doesn’t depend upon m (i.e. its number). Thus, areas of Fresnel zones
are approximately equal.

According to Fresnel's assumption the effect of zones in P point
decreases gradually if the number of zone m increases: A; > A; >...>
An. The radius of Fresnel zones is small and the amplitude of Fresnel
m-zone can be determined as an average value of neighboring zones:

+ + =
A = Pus : Ay
Then the amplitude of resultant oscillation at the P point equals
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3rigHo 3 MeTo0M 30H Dpenens

BmP:b+m&.
2

3 tpukytHukiB SB  C i PB  C maemo:
a’—(a-h) =(b+m%)2—(b+h)2 =

BpaxoByrouw, mo A << a i A << b, orpumaemo
he bmi .
2(a+b)
3HaiizieMo pajiiyc 30BHILIHBOT 30HU DpeHens
r‘=a’-(a-h)’=

. [abmi,
" Va+b

[Tnoma chepuyHOro CerMeHTy

S = 2nah =
(a+b)
a rroma m-i 30uu Openens
AS=S_, —g — Tk
a+b

3 [mpOro pIBHSHHSA BHJHO, IO Iuioma 30HU @DpeHens He
3anexuTh BiA i1 Homepa M. Takum umHOM, Twiomli 30H PDpeHens
MpUOJIM3HO OJHAKOBI.

3rigHo 3 npunyuieHHsaM PpeHens 1is 30H B Toulli P MOCTYIOBO
3MEHIIYEThCS, SIKIO HOMEP 30HM M 30utbmryeThes: A >A, ... >A .

Paniyc 300 @penens Manuii 1 aMIiTyaa m-voi 3ouu OpeHenst Moxe
OyTH BU3HA4YE€HA K CepeHE 3HAYCHHS aMILTITY T CYCITHIX 30H:
A = Avat Ay
5 .
Toxi ammuiTyna pe3yiabTyHOdOro KOJUBaHHS B Toumi P
JIOPIBHIOE
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A LA Ay A A
A=—=+(—- )+ (=-A, +2)...
SO AT ) (A
So, members in brackets are equal to zero and finally we
obtain:

A=t

2
Thus, the effect of the wave front ® may be substituted by the
effect of the central Fresnel zone. As the radius of Fresnel zones is so
small the light spreads inside a narrow channel along SP line, that is,
straight. Thus, the Huygens-Fresnel’s principle explains the linear

propagation of light in a homogeneous medium.

5.1.3 Diffraction of Fresnel at an Aperture
Let’s consider diffraction of light while it passes through an
aperture.
If a screen with an aperture is present in the path of the light
wave then the shadow zone is formed behind of this screen (Fig 5.5).

s 0

Figure 5.5

Light penetrates through the zone of the geometrical shadow
and forms alternative maximum and minimum of lightness. Let’s use
the method of Fresnel zones, having divided the wave front into
ringer zones, as it is shown in Fig.5.6
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_A A Ay A As
A_?+(?—AZ+7)+(7—A4+7)...

Bupasu B agyxkkax [OpIBHIOIOTh HYIIO 1 B pe3yibTaTi
OTPUMAEMO:

Orxe, ngis ¢pouty xBwi @ wmoxe OyTH 3aMiHEHaA i€lO
neHTpanbHoi 30HUM Dpenens. Tak sk pagiyc 3o0m DpeHens
MOPIBHSIHO MaJIMii, TO CBITIIO PO3MOBCIOKYETHCS Y BY3bKOMY KaHai
B310BXK JiHII SP, TOOTO TpsMoniHiiiHO. TakuM YMHOM, TPUHIHIT
['oitrenca-OpeHens MOsSCHIOE MPAMOJIHIMHE MOMIMPEHHS CBITIA B
OJIHOPITHOMY CEpPEIOBHIII.

5.1.3 Inppaxuiss @peHesist HA KPYIJI0MYy O0TBOPI
PosrnsneMo nudpakiiro cBiT/Ia IpU MPOXOMKEHHI HOTO Kpi3b
KPYTJIMH OTBIp.
SIKIIo expaH 3 KPYIJMM OTBOPOM JIEKHThH Ha IUIAXY CBITJIOBOI
XBUJI, TO 1033y 1IbOTO €KpaHy BUHHMKA€E TIHbOBA 30Ha (puc.5.5).

Pucynok 5.5

CBITIIO TpPOHMKAaE B 30HY TeOMETpUYHOI TiHI 1 ¢dopMmye
QIbTEPHATUBHI MIHIMYMH Ta MaKCUMYMH OCBITJIEHOCTI. 3aCTOCYEMO
MeTos 30H DpeHens, po3AUIMBIIM XBHJIbOBUH (POHT Ha KUIbLEBI
30HHU, K 300pakeHo Ha puc.5.6.
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Figure 5.6

If a and b satisfy the requirement

r,= a—bmk,
a+b

then the quantity of Fresnel zones on the aperture is

. (1.4
A la b
If an aperture is kept within odd numbers of Fresnel zones, then
the amplitude at P point is

A-B L Ap A Ae By B A LA

A2+—)+ A ( > T

If quantities of Fresnel zones are even numbers then the
amplitude equals

_ALVA A LA As _p o By A g A A
A—2+(2 A2+2)+...+( ) A+ 5 )+ 5 An—2+ 5 A, -

As amplitudes of two neighboring zones are practically equal
SO

Ans

An
5 :

_Am:_ >

A A
2 2
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Pucynok 5.6

SIkio a ta b 3a10BOIBHSIOTE YMOBI

= /_ab mA
a+b

TOJ1 9ucIio 30H DpeHens B 0TBOPI:

(1 1
=2 S+
A b
Sxmo oTBip BiAKpuBae HemapHe uyucio 30H Dpenens,
aMIUTITYy1a B TOYIl P

_ALA A LS Az Ay An AL A
A_2+(2 A2+2)+...+(2 _1+2)+2 +—.

2 2
SIK1110 uKCIo 1UX 30H MapHe, TOJ1 aMILTITyIa TOPIBHIOE:

ACA A LA Avs _ Ay A p A AL
A= (DA e (A e Dy D 20 B,

2 2
Tak sik aMILTITY/IM CYCIAHIX 30H MPAKTUYHO OJJHAKOBI, TO
A _p o A
2 2
A= A A

2 2
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Consequently,

AcA LA
2 2

The common rule is the following: there is a bright spot at the
center of a screen if the odd numbers of Fresnel zones are open, there
is a dark spot at the center of a screen if the even numbers of Fresnel
Zones are open.

The diffraction picture at the round aperture has a look of
concentric dark and light rings the intensity of which decreases with

the distance from their center (Fig. 5.7).

Even

Odd
I I
# N | ﬂ,??

Figure 5.7

If the diameter of the round aperture is relatively large, the
diffraction picture is not observed on the screen. In this case the light
propagates in a straight line.

5.1.4 Diffraction of Fraunhofer at a Single Slit

Let’s consider diffraction of plane light waves or diffraction of
Fraunhofer in parallel beams. Let’s assume that the diffraction of
light occurs at a long narrow slit with width b (Fig. 5.8).
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3aranbHe NPaBUIO Take: SKIIO BIIKPUTO HEMapHE YHCIIO
@penernsi, TO B LEHTPI €KpaHy BUHUKAE CBITIA IUISIMA, SIKIIO BiAKPUTO
napHe yucio 30H PpeHens, TO B IEHTPI €KpaHy BUHUKAE TEMHA
TIsIMa.

Hudpakmiiina kapTHHa Ha KpYrjoMy OTBOpI Mae€ BUTJIS
KOHI[EHTPUYHUX TEMHHX 1 CBITIMX KUIClb, IHTCHCHUBHICTH SIKHX
3MEHIIY€ETHCS 3 BIICTAHHIO Bif 1X 1ieHTpa (puc.5.7).

Herapus wucto 5on Spensta Hapue wucio son Ppensia

© ©
e

Pucynox 5.7

}

SIK1o niaMeTp OTBOpY MOPIBHSHO BENMKMH, TO audpakuiiHa
KapTHHAa Ha €KpaHl He CHOCTepiraeTscs. Y IbOMY BUIAJAKY CBITIIO
HOLINPIOETHCS MPSIMOITIHIHHO.

5.1.4 Inppaxuis @paynropepa Ha ogHii miTHHI
PosrnsimemMo nmudpakiiito TIOCKUX CBITJIOBUX XBHIIb, a00
mudpakiito Opaynrodepa B napanenbHux npomensx. [Ipumyctumo,
mo audpakiis CBITJIa BIIOYBAa€ThCS HA BY3bKIM JOBTIM IIUTHHI
mmmpuHoo b (puc.5.8).
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Figure 5.8

Parallel rays fall on the slit. According to the Huygens-Fresnel's
principle all points of the slit are secondary sources of waves, which
oscillate in one phase. We consider an arbitrary direction of
spreading of defragged beams at an angle ¢, which is called the angle
of diffraction. It is a variable value. The optical path difference
between the first and the last beams equals

A=bsing.

Let’s divide the slit into Fresnel zones as strips parallel to the
edge of the slit. During the interference of light from each pair of
neighbor zones the amplitude of the resultant oscillations is equal to
zero, as they oscillate with opposite phases. So, the result of the
interference of light is determined by the number of opened Fresnel
zones.

If the number of opened Fresnel zones is odd, then

bsin(p=(2m+l)%.

In this case the intensity of light is increased and there appears
the maximum of the diffraction.

If there opened an even number of Fresnel zones the beams
extinguish each other and there appears the minimum of the
diffraction.

The condition of minimum is
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Pucynok 5.8

[TapanenpHi TpoMeHI NaNalOTh HA IMUIMHY. 3TiIHO 3
npuHiunomM [roiirenca-dpenens, BCl TOYKU IIIJIMHU € BTOPUHHUMHU
JDKEepellaMH XBWJIb, IIO KOJIMBAIOTHCS B oaHIA (asi. PosrmsiHemo
BUIIA/IKOBUI HAIPSIMOK PO3NOBCIO/KEHHS IU(paroBaHUX IPOMEHIB
mig KyToM ¢, SKHA Ha3uBaeTbcsi KyroMm audpaximii. Lle 3minnHa
BennurHa. ONTHYHA PI3HULA XOMy MDK TMepHIIMM 1 OCTaHHIM
IPOMEHSIMU JI0PiBHIOE:

A=Dbsing.

Pozi0’emo miimmHy Ha 30HM @peHens y BUITISAL  CMYT,
napaneiabHux 10 peOpa wiinuuu. Ilpu inTepdepenuii cpitina Bix
KOXKHOI TMapu CYCIIHIX 30H amIUlITy/la pe3yJbTYIOUMX KOJIMBaHb
JIOPIBHIOE HYJIO, TaK SK BOHU KOJHUBAIOTbCS 3 MPOTHUIICKHUMH
dazamu. Tomy pesynapTaT iHTEepdEpeHIlii CBITIa BU3HAYAETHCS
KUTBKICTIO BIAKpUTHX 30H DpeHerns.

SKI10 KUIBKICTD BIAKPUTUX 30H PpeHens HenapHa, TO

bsincp:(2m+1)%.

VY TakoMy BMIAJKy IHTEHCHBHICTH CBITJIa 3pOCTAa€ 1 BUHHUKAE
TG paKIiiHII MAKCUMYM.

SIKIIo BIAKPUTO MapHe 4Yucio 30H PpeHelns, NPOMEHI racsiTh
OJIMH OJTHOTO 1 BUHMKA€E TU(GPaKIIHHUN MIHIMYM.

YMoBa MiHIMYMY:
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) A
bsing=2m—=,
?=-15

wherem=0,1, 2, ...
Fig. 5.9 shows the light intensity distribution in diffraction on
one slit in case of monochromatic light.

I
L L, SNO
25y | B
Figure 5.9

5.1.5 Diffraction Grating
A system of parallel equidistant slits placed in one plane on the
same distances from each other, is called a diffraction grating.
Opaque and transparent areas alternate with each other as it is shown

in Fig. 5.10:
J LI

a b

Figure 5.10

The value of d is called the grating constant (period). It is equal
to

d=a+hb.
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) A
bsing=2m—=,
?=-15

nem=0,1,2, ...
Posnosin iHTeHCUBHOCTI CBiT/Ia TTpu AUQPAKITIi HA OJHIA IIUTHHI
y BUMAJIKy MOHOXPOMATHYHOTO CBITJIa, ITOKAa3aHO Ha puC.5.9.

I

LA L, S
25y | 7%
Pucynok 5.9

5.1.5 Judpakuiiina rparka
CucremMa mapaljielbHUX OJHAKOBHX HIUIHH, PO3MIIICHUX B OIHIM
IUIOIMHI Ha OJHAKOBMX BIJCTAaHAX OJHA BiJ OJIHOI, HAa3UBAETHCS
mubpakniiiHolo  rparkoro. Hemposzopi Ta  mpo3opl  AUISHKH
4epryroThes, SIK M0Ka3aHo Ha puc.5.10:

Pucynok 5.10

Bemnunna d HaszumBaeThest cranor (mepionoM) aupakuidiHOT
rpatku. Bona nopiBHIOE:
d=a+h.
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A typical diffraction grating contains 12,000 slits per inch

(2.54 cm).
d= % =2.1210"°mm.

Two events occur if the parallel beams of light fall on the
grating. The first is the diffraction of light at each of N slits and the
second is an interference of these rays. The diffraction pattern is an
alternation of principal maximum and minimum. Subsidiary maxima
appear between the principal maxima (Fig. 5.11).

AW AW

1

Cengral

principal Subsidicry

maxinum Maiinwm
Figure 5.11

The condition of principal maximums is

dsing=+mi,(Mm=0,1,2...).

The condition of principal minimums is

asing=+mh.

Devices supplied with diffraction gratings are used for
determination of the light wavelength. In order to distinguish two
close spectral lines the grating should have a high resolution power
R:

R=1
AL
where A is the mean wavelength of two spectrum lines to be observed
as separate, AL is the wavelength difference between them. The
greater is R the smaller is AA and the closer are the lines that can be
resolved.
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3Buuaiini rpatku MaroTh 12000 minuH Ha qroiM (2,54 cm).
d=;=zum3MM

Ko mapasienbHi IpOMEHi CBITJIa TaIal0Th HA TPATKy, BUHUKAE
nBa sBuia. [lepme — e qudpakiis cBitiaa Ha kKoxHIA 3 N miimmH i
apyre — me iHtepdepeHiis 1nux npomeHiB. Judpakiiina kapTuHa
MpeICTaBIsIE COO0I0 YepryBaHHS TOJIOBHUX MAaKCUMYMIB 1 MiHIMYMIiB.
Mix rOJIOBHUMH MaKCUMyMaMH BUHHKAIOTh JOJATKOBI MaKCUMYMHU
(puc. 5.11).

[
Henmpatenut *“"'*-.-"'”f'

e Todammoei
ML MK

Pucynok 5.11

YMOBa roJIoBHUX MaKCUMYyMIiB:
dsinp=+mi (m=0,1,2...).
YMoOBa rojioBHUX MiHIMYMIB:
asing=+m\

[Tpunaau 3 nudpakuifHUMU rpaTKaMu BUKOPUCTOBYIOTHCS IS
BHUMIPIOBAHHS JOBXHUHU XBWJI cBitaa. [1lo6 po3pizHuTH AB1 OJIU3bKI
CHEKTpalbHI JIHII, TIpaTka IIOBMHHA MaTH BHUCOKY pO3AUIBHY
3maTHicTh R:

A
AL
o€ A — CcepelHsl JTOBXKHMHA XBHWJI JBOX CIEKTPATbHHX IIiHIN, SKi
PO3TIISIIAIOTHCS PO3AUTHHO, AN — PI3HUIIA TOBKUHU XBUJIb MK HUMHU.
Yum Oinpmia R, TuM Menma AX 1 OMMKYUMM € JIHIT, SIKi MOXKHA
PO3IIISIIATH PO3IITBHO.
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5.1.6 X-Ray Diffraction
X-rays were discovered by the German physicist W. Roentgen
in 1895. For twenty years after this discovery the nature of X-rays
was unknown. After investigation of X-ray diffraction it was
established that X-rays represent electromagnetic radiation. The
wavelength of X-rays is much less than the wavelength of the visible
light.

Light: A =(0.40-0.76)-10° m;
X-rays: A= (0.01-800)-107% m.

The ratio of its wavelengths equals

AXorays 04
Might
and the ration of its frequencies:
VX-rays q04
Vlight

That is why the energy of X-rays is relatively higher than light
waves. These rays have big penetrating ability and pass through
nontransparent bodies (paper, layers of metal, human body, etc.).

To obtain X-ray radiance electrovacuum X-rays tubes are used.
Electrons, which fly out of heated cathode accelerate with potential
difference to high energies and strike the anode, as a result X-ray
radiance is obtained.

To obtain a diffraction pattern, it is necessary that the
diffraction lattice constant should be of the same order as the
wavelength of the radiation. In 1912, the German physicist Max von
Laue discovered that crystalline solids are natural three-dimensional
diffraction gratings and on them diffraction of X-ray radiance can be
obtained.
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5.1.6 Indpaxuisi peHTreHiBCLKOIr0 BUNPOMiHIOBAHHS

PeHTreniBchbke BUIIPOMIHIOBaHHS OYyJIO BIAKPUTO HIMELBKUM
BueHUM B. Pentrenom y 1895 p. Ha mpots3i nBaausTu pokiB micis
HOTO BIIKPUTTS MPHUPOJIa PEHTTEHIBCHKUX MTPOMEHIB Oyjia HEBigoMa.
[Ticns  mocmimkeHHss Aupakiii pPEeHTTEeHIBCHKUX MPOMEHIB O0Yiio
BCTAQHOBJIGHO, 1[0 BOHU VSBISIIOTH COOOI0  EJIEKTPOMArHiTHE
BUITPOMIHIOBaHHS. HoBxuna XBUIT PEHTTEHIBCHKOTO
BUIIPOMIHIOBAaHHS Ha0arato MeHIla 3a JOBKUHY BHIUMOTO CBITJIA.

Caitiio: A =(0,40-0,76)-10° u;
PentreniBceki npomeHi: A = (0,01+800)- 1070 m.

BinHOMICHHS X JIOBXWH XBUJIb JIOPiBHIOE

A
penme le_A,
ceim
Ta BiAHOIIEHHS IX YaCTOT:
V penme ~10%
Vcel'm

Came TOMy eHeprisi pPEHTTEHIBCBKMX IPOMEHIB € BIAHOCHO
O1IIBIIIONO 32 CBITJIOBI MpoMeHi. Lli mpoMeHi MatoTh BETUKY MPOHUKHY
3/1aTHICTh 1 MPOXOASTh Kpi3b HEMpo30pi Tiia (mamip, miapu Meraity,
JIOJICBKE T1JIO, Ta iH.).

s OJIEp’)KaHHA  PEHTTEHIBCHKOIO BUITPOMIHIOBaHHS
BUKOPUCTOBYIOTh  €JEKTPOBAKYYMHI  PEHTIEHIBCBKI  TPYOKH.
Enexktponu, ki BWIITAIOTh 3 HArpiToro Karoja MNPUCKOPIOIOTHCS
pI3HHUIICI0 TOTEHINAliB 10 BEIMKUX EHEprid 1 3IMTOBXYIOTHCS 3
aHOJIOM, B pe3yabTaTi  4YOro  BUHUKAE  PEHTTEHIBCHKE
BUIIPOMIHIOBaHHS.

Jns orpumaHHsS AUQPPAKIINHOI KapTUHU HEOOXITHO, Mo0u
cTana AudpakuiifHOi rpaTku Oyna TOro X MOPSJAKY, IO 1 JOBXKHHA
XBWI BUNpOMiHIOBaHHA. Y 1912 p. Himenpkuil ¢izuxk Makc (o
Jlaye BiAKpHB, IO KPHUCTAJIUHI TiNa YSABIAIOTH COOOI HPUPOIHI
TPUBUMIpHI Ju(pakuiiiHi TpaTKM 1 Ha HHUX MOXHa OTPUMATU
JUQPaKLi0 PEHTI€HIBCHKOTO BUIIPOMIHIOBAHHS.
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5.1.7 Wulff-Bragg’s Formula
The interatomic distance d =~ 10 m of the crystal is the order
of X-rays wavelength:
d ~ 7\‘X—rays'
That is why a crystal is a natural grating for X-rays. We may say that
atomic planes reflect X-rays (Fig. 5.12).

incident diffracted
beams A beams
- L0

Figure 5.12

Segments of AB L BC and AD L CD. The path length difference is
equal to:
A =BC +CD,
BC =CD =dsin®.

The value of 0 is called the angle of slip, d is the distance
between atomic planes.

The diffraction maximum will be observed under the
condition, if on optical path difference the integer number of
wavelengths is placed:

2d-sin6=mir ,(m=1,2,3,...).

This relationship is the Wulff-Bragg’s formula.

The X-ray diffraction is a powerful tool to study the
arrangements of atoms in crystals and determination of their
structure.  If the value A is known, then by experimental
determination of 6, we can determine the value d. This method is the
basis of X-ray structure analysis.
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5.1.7 ®opmyaa Byaspa-bperra
B kpucrani mikatomHa Bigcradb d = 10%° M mae BEITUYUHY
HOPS/IKY TOBXUHU XBHJIl pEHTTEHIBCHKOTO BUIIPOMIHIOBAHHS:

d ~ }\‘peﬁme '

Came TOMy KpHUCTal € MPHPOTHOK NU(GPAKIIIHHOK TI'PaTKOKO
JUIS. pEHTTE€HIBCHKOTO BUIPOMIHIOBaHHSA. MOKHA ySIBHTH, 110 aTOMHI
IJIOIIMHHU BiIOMBAOTh PEHTTEHIBCHKI MpoMeHi (puc. 5.12).

NN
Madmoyi . f.lf Judpazosasi

R OMEHT

Pucynok 5.12

Otpisku ABLBC Ta AD_LCD. OnTtuuHa pi3HUIS XOAy

TOPIBHIOE:
A=BC + CD,
BC=CD=dsin0.

BennunHa 0 Ha3uBaeThCs KyTOM KOB3aHHS; O — BiZICTaHb Mik
ATOMHUMH TUIOIIMHAMH.

JudpakuiiiHi MaKCUMyMH CIOCTEpIraloThCsl 3a YMOBH, SKILO
Ha ONTUYHIN PI3HULI X0y BMILIY€ETHCS I[11€ YUCIIO JOBXKUH XBUJIIb!

2d-sinb=mk,(m=1,2,3,...).

Ie coiBBigHomeHHs € popmyrnor Bynbba-bperra.

Judpakiis peHTreHIBCbKOTO BUIIPOMIHIOBaHHS € €(PeKTUBHUM
3ac000M BHBUYEHHS pO3TalllyBaHHS aTOMIB B KpHUCTalaX 1 BU3HAUYCHHS
iX CTpykTypu. JSIKIo BigoMa BeIWYMHA A, TO BHMIPIOIOYU
eKCTIepUMEHTANBHO 0, MOXXHa BH3HAaYUTH BennuuHy d. L{g meTonnka
€ OCHOBOIO PEHTT€HOCTPYKTYPHOI'O aHaMli3y.
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We can determine chemical constitution of the substance
studying X-ray spectra during X-ray radiance on crystals. This
method is called X-ray spectral analysis.

X-ray structure and X-ray spectral analyses are widely used in
modern science.

5.1.8 Polarization of Light

Light is a transverse electromagnetic wave. The directions of
the oscillations of electric and magnetic vectors are at right angles to
the direction of light wave propagation (Fig. 5.13):

—y

E

il

H
Figure 5.13

However, light is emitted by an enormous number of atoms.
Each atom emits light waves independently of each other. That is

why the plane of oscillations of E vector is not kept the same in

space. The orientations of this vector as well as H are arbitrary (Fig.
5.14).

=

E

Figure 5.14
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BuBuaroun  peHTreHIBCbKI  chekTpu  npu  audpaxmii
PEHTTEHIBCHKOTO  BHUIIPOMIHIOBAaHHS ~Ha  KpHCTaJaX, MOXHa
BU3HAYUTU XIMIYHMHA cKiaa pedoBuHH. Lleil meron Ha3zuBaeTbes
PEHTIEHOCTIEKTPAIbHUM aHAIII30M.

PenTreHoCTpyKTYpHMIA 1 PEHTICHOCIEKTPAIbHUM  aHaNi3H
IIMPOKO 3aCTOCOBYIOTHCS B Cy4acHIM HayIll 1 TEXHII.

5.1.8 Ilonsipusanis cBitT/Ia
CBiTIO — 1e momepeyHa eJIeKTpOMarHiTHa XBwis. Hampsimu
KOJIMBAaHb EJIEKTPUYHOIO T4 MarHiTHOIO BEKTOPIB 3HAXOIATHCS IIi[
OPSMUAM KyTOM JI0 HampsIMKY PO3TOBCIOKEHHS XBuii (puc.5.13):

—

E

)

7
Pucynok 5.13

CBITIIO BUIPOMIHIOETHCS BEIMYE3HOK KUIBKICTIO aTOMIB.
KoxeH aroM BHIIPOMIHIOE CBITJIOBI XBWJII HE3AJEKHO OJUH BiJ

OJHOTIO. Came TOMY IUIOMIMHA KOJIMBAHb BCKTOPY E He € cTranor B

npoctopi. OpienTaris BekTopy E Tak camo, sk i BekTopy H,
BUMaiKoBa (puc. 5.14).

E
]

4 %

Pucynok 5.14
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The light wave in this Figure is moving toward the observer.
This is so-called natural light. If there is an interaction of light with
substance the effect of polarization occurs. A plane-polarized wave is
shown in Fig. 5.15.

- - - - - - - -

¥

Figure 5.15

In this case the plane of vector E oscillations is regulated. If

the plane of oscillations of vector E is constant the light is called
polarized. The polarization of light occurs while the light passes
through anisotropic substance, and also during the reflection and
refraction of light.

Substances are called optical anisotropic if their optical
properties vary in different directions. Substances for the
transformation of natural light into polarized usually tourmaline,
Iceland spar and quartz are used. The scheme of the device for
obtaining and investigating of polarized light is shown in Fig. 5.16:

Polarizer
Analpsar

Figure 5.16
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CeiToBa XBWJIS Ha 1LbOMY pHUCYHKY pYXa€Tbcs [0
crioctepirada. lle Tak 3BaHe mpupoaHE CBITIO. SIKIIO CBITIIO
B3a€EMOJIIE 3 PEYOBHMHOIO, TO MOXE BiIOYBAaTUCH IOJAPH3AILis.
[Tnockomnosnsspru3oBaHa XBUJIsA 300pakeHa Ha puc. 5.15.

Pucynok 5.15

Y 1npoMy BHIQAKY IUIOIIMHA KOJMBaHb BeKTopa E €
BIOPAIKOBAHOI. SIKIIO IUIONIMHA KOIMBaHb BeKTopa E €
BITOPSIKOBAHOIO, CBITJIO HA3UBAETHCS HNOJISpU30BaHUM. [lomsipusaris
CBITJIa BiI0OyBa€ThCA NPHU MPOXOHKEHHI CBITIAa Kpi3b aHI30TPOIHY
PEUOBHHY, a TAKOX MPH BiIOMBaHHI 1 3aJIOMJICHHI CBITJIA.

Pe4yoBuHM HaA3MBAIOTHCS ONTUYHO AaHI30TPONHMMH, SIKIIO iX
ONTHUYHI BJIACTUBOCTI 3MIHIOIOTHCSI Y PI3HUX HampsiMax. Y SKOCTI
TaKUX PpPEYOBUH Ui TEPETBOPEHHS NPUPOAHOTO CBITJIA B
NOJIIPU30BaHe 3a3BHYail BUKOPUCTOBYIOTh TypMaliH, 1CIaHACHKUI
mrat 1 kBapl. CxeMmMy HpPUCTPOIO JUIsl OTPUMAHHA 1 JIOCIIIKEHHS
MOJISIPU30BAHOTO CBITJIA 300paykeHo Ha puc.5.16:

Horspusamop Aunanizamop

o’l o

G/

Pucynok 5.16
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The first crystal (polarizer) is used for polarization of natural
light. The second crystal (analyzer) is used for investigation of
polarized light. The analyzer and polarizer are the same crystals. If
the analyzer rotates around the direction of the light beam the
transmitted intensity changes.

Malus’s law: the polarized light wave intensity of light
transmitting through the analyzer is proportional to the second power
of the cosine of the angle between optical axis of the polarizer and
analyzer:

| =1,-cos?0,
where | is a light intensity, transmitted through the analyser;

lo is the intensity of light, falling on the analyzer;

0 is the angle between optical axis of the polarizer and
analyzer.

If natural light falls on a reflecting surface (i.e. glass, water)
then the reflected and the refracted waves are partially polarized. The
directions of vector E in reflected and refracted waves are placed
under the right angle to each other, as it is shown in Fig.5.17. The
oscillation of vector E of the reflected wave is perpendicular to the
plane of incidence.

FETE

iz

| A &

|
Figure 5.17

Scottish physicist D. Brewster stated the law: if the angle of
incidence ig satisfies the condition

tgiB =Ny,
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[lepmmii  xpuctan (HOAAPU3ATOP) BUKOPUCTOBYIOTH IS
noysipu3aiiii mpupogHoro cBitina. Jpyruwit kpuctan (aHajizaTtop)
BUKOPUCTOBYIOTh  JUISl  JOCHI/DKEHHS TIOJSPHU30BAHOTO  CBITIIA.
AHaiizatop Ta TOJSIPU3ATOP € OJHAKOBUMH KpUCTalamH. SIKIIO
aHaJi3aTop 00epTaETHCS HABKOJIO HANIPSIMKY CBITJIIOBOTO IMTPOMEHS, TO
IHTEHCUBHICTH CBITJIa 3MIHIOETHCS.

3akoH Mantoca: IHTEHCUBHICTh TOJSPU30BAHOTO CBITIA, IO
NPOMIIIIO Kpi3h aHaNi3aTop MPONOPINifHA KBaJpaTy KOCHHYca KyTa
Mk ONITHYHUMH OCSIMH TIOJISIpU3aTOpa 1 aHaAIi3aTopa:

| =1,-cos?0,
ne | - 1HTeHCHBHICTB CBITJIA, IO MPOUIILIO KPi3h aHAII3aToD;

lo - IHTEHCHBHICTH CBITJIA, IO MMAJIA€ HA aHATI3ATOP;

0 - KyT M) ONTHYHUMHU OCSIMH TIOJISIPU3aTOpa 1 aHAII3aTopAa.

SIKmo mpuUpOJHE CBITIO MMajae Ha BigOMBAIOUy IOBEPXHIO
(ckio, Bomy), TO BIIOUTI Ta 3aJOMJIEHI XBWJII € YacTKOBO

NONAPU30BaHUMHU. HanpsMkm KonuBaHb BekTopa E y BimbmTid i
3aJIOMJICHIA XBWJISIX 3HAXOMATHCS IMiJ MPSIMHM KyTOM OJWH [0
OJIHOTO, SIK MOKa3aHo Ha puc.5.17. Konupanns Bektopa E y Binburiit
XBWJI1 MIEPIEHAUKYIISIPHI JI0 TUIOLIUHY MaIHHS.

gre

i
| TR
\

Pucynok 5.17

lornanncekuit ¢isuk J[. Bproctep BCTaHOBUB 3aKOH: SKILO
KYT MaIiHHS Ig 3aI0BOJIBHSIE YMOBI

tgiB: Mo,
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then reflected and refracted beams are completely plane polarized.

n, . . .
The value of n,, =—2 is the index of refraction of the second
n

1
medium with respect to the first one.
Polarization of the refracted beam at an angle of incidence ig is
maximum, but is not complete.
With incidence of light at an angle of Brewster reflected and
refracted beams are perpendicular to each other:
tani = Sl_n I_B =n,,,
sini,
sinig

sini,

n,,.

Then
cosiy =sini,,

. T . ..
Sln(E—IB)=SInI2,

Thus,
i +i, =—
B 2 2

Thus, the sum of the reflected and refracted angles is equal to
the right angle, so the angle between them should also be right
(Fig.5.17).

Polarization of light is used for determination of physical
properties of minerals, studying of mechanical stresses of crystals,
determination of concentration of solutions of optically active
substances.

Nowadays thin sheets of material that can polarize the light are
used. They are called polaroids.
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TO BIJIOUTHI MPOMIHB € TIOBHICTIO TUIOCKOMOISPU30BAHUM.

N

Bennuuna Noai=— - ITOKA3HHUK 3aJIOMJICHHA Apyroro
N

CepeIOBHUIIA BiTHOCHO MEPIIIOTO.

[Monsipu3aniss 3aJIOMJICHOTO TIPOMEHSI MpPU KYTi MajiHHA Ig €
MaKCHMAJIbHOIO, ajie He IOBHOIO.

[lpu manmigHi cBiTIa mix KyroMm bprocrepa Binbutuii i
3aJIOMJICHUH ITPOMEHI B3a€EMHO TIEPICHANKYJIISPHI:

. Sinie
tgls = — = Na
COSis
sinig
- . =n21’
sini,
ToAl
cosis =sini, ,
. ,T . - .
sin(—= —is) =sini,,
2
——s=1,.
OT1xe,

i, = 2

Cyma BiZIOMTOrO Ta 3aJOMJIEHOTO KYTIB JIOPIBHIOE INPSMOMY
KYTY, TOOTO KyT MK HUMHU T€X MOBUHEH OyTH npsiMuM (puc. 5.17).

[Tonsipu3zarito cBiTia 3aCTOCOBYIOTh JUIsS BU3HAUCHHS (Qi3UYHUX
BJIACTMBOCTEH MiIHEpaJiB, BHBYEHHS MEXAHIYHMX HAaINpYyXEHb
KpHUCTaliB, BU3HAYEHHS KOHIEHTpalii PO3YMHIB ONTUYHO AKTUBHUX
PEUYOBHH.

Ha croroHi BUKOPUCTOBYIOTh TOHKI IJTIBKU 3 MaTepiaily, SKHi
3ATHAN TIOJISIPU3YBATH CBITIIO. BOHM HAa3WBAIOTHCS MOISAPOiTaMH.
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5.2 Quantum Nature of Radiation
5.2.1 Thermal Radiation

Electromagnetic radiation excited by the thermal motion of
atoms and molecules is called the thermal radiation.

If the temperature of the body is constant, then a statistical
equilibrium is set between body and medium. In this case, the body
receives as much energy per unit of time as it gives. The following
characteristics of thermal radiation are used.

The radiation flux ® of a body is the energy emitted by the
heated body per unit of time is

oI
dt

The unit of @ is
[@]=2=w.
s
The integral radiancy Re is the energy emitted by the heated
body per unit of time from the unit area of a body is:

_dw
¢ dt-dS’
The unit of Reis
J W
Re]= = .
[Re] ssm* m?

The spectral radiancy (emittance) of a body r, ; is the ratio of

the energy emitted per unit of time from the unit area of body in the
wavelengths interval from A to A+ dA to the width of this interval at
a given temperature:

The unitof r, ; is
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5.2 KBanToBa npupojaa BUNPOMiHIOBAHHS
5.2.1 TenioBe BUNIPOMIHIOBAHHS

EnekTpomarHiTHe BHIIPOMIHIOBAHHS, BUKIWKAHE TEIJIOBHM
pyxoM  aTOMiB  Ta  MOJIEKYJ,  HAa3WUBAETbCA  TCIUIOBUM
BUIIPDOMIHIOBAHHSIM.

Skmio Temmeparypa Tija cTajia, TO TiJIO 3HAXOJUTHCS B
CTaTHYHIA pIBHOBa3l 3 HABKOJWIIHIM CEpEAOBHIIEM. Y IHOMY
BHITQJIKY T1JIO 32 OJIMHHUIIIO Yacy OTPUMYE CTUIBKH K €HEpPTii, CKUTbKH
1 Bigmae. BUKOPUCTOBYIOTh HACTYIIHI XapaKTEPUCTHKH TETJIOBOTO
BUIIPOMIHIOBAHHSI.

[orik BUOPOMiHIOBaHHA Tina @ — me eHepris, AKy
BUIIPOMIHIOE HArpiTe TUIO 32 OJUHUIIIO Yacy:

o=
dt

Onununs BumiproBaHas O:
K
[CD] = I[_ = Br.
C
IuTerpanpHa BUOPOMIHIOBAJbHA 3IaTHICTE TUla R — 1€

€Hepris, sKy BHUIPOMIHIOE OJMHUI IUIOIII HarpiToro Tija 3a
OJIMHUIIIO Yacy:

dw
Re=——.
dt-dS
OpnuHung BUMiproBaHHS Re:
_ Jdx _ Br
[Re]= > = —-
c'M M
CrieKkTpanbHa BUNIPOMIHIOBAlbHA 3JATHICTh Tinma Iy - 1e

BIIHOIIICHHSI €HEpPrii, SKa BUIPOMIHIOETHCA 3a OJMHHIIO 4Yacy
OJIMHUIICIO TUIOIII TiJIa B iIHTEpBaJli JOBXHUH XBHIb Bia A 10 A+dA, 1m0
NIMPUHY I[HOTO IHTEPBAITY 3a IaHOT TEMITepaTypH:
Lt = &
’ dr
bx  __ Br
2

Onuuuis BUMIproBaHHs T, ¢ [r/l,T] oo
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The spectral radiancy r,, characterizes the possibility of a

body to radiate the thermal energy. Its value depends on body
temperature and wavelength of radiation:
h:=FTQAT).
The spectral radiancy of a body can be determined for the
frequency range of dv:
., R
YTy
Values of r, and r,, are connected with each other by the

relationship:

c

r-=r . —.
T AT
Y v?

The heated body radiates a continuous spectrum (Fig. 5.18).

M maze )
Figure 5.18

The total energy of emitted radiation is the integral radiancy R,:
R, :J'rud xzj'rﬂd V.
0 0

The value of R, is determined as the square under the curve
r,=f() in Fig.5.18. In this case all possible wavelengths or

frequencies are taken into account.
As follows from Fig.5.18 . is the wavelength which

corresponds to the largest energy radiated by a heated body.
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CrekTpanbHa  BUIPOMIHIOBaTbHA  3JaTHICTH  Tima It
XapakTepyu3ye 37aTHICTh Tifa BHIPOMIHIOBAaTH TEIUIOBY €Heprio. li
3HAYCHHS 3aJCKUTh BiJl TEMIEpaTypH Tida Ta JOBXKHHU XBWII
BUIIPOMIHIOBaHHS:

rL=*1fAT).

CriekTpanbHy BUIPOMIHIOBJIBHY 3/JaTHICTh Tijla MOXHA
BU3HAYUTH JUIS iHTEpBay 4acToT dv:
_— dr,
T .
b dv

Bemuuunu Fj T ta I, T moeaHaHi CIiBBiJHOMIECHHSM:

Harpite Tii0 BUIpOMiHIOE CYIUTbHUM criekTp (puc.5.18).
Far

Pr b
mad

A e )
Pucynok 5.18

[loBHa eHepris BHUIPOMIHIOBAaHHS TUIa € IHTErPajbHOIO
BUIIPOMIHIOBAIBHOIO 3JITATHICTIO Re:

R, =Trud7»=Trv,Tdv_
0 0

Bemnunna R, BU3HAYa€ThCS  IUIOMIMHOK  IMiJ  KPUBOIO
1 =f() ma puc.5.18. V mupomy Bumamky BpaxoByHOThCS BCi
JOBKUHU XBWIL a00 BCl YaCTOTH.

Sk cmigye 3 puc.5.18 Anax € JOBXHHOIO XBHJII, sSIKa BiJMOBIIAE
MaKCHUMaJIbHIH eHeprii, 10 BUIPOMIHIOETHCSI HATPITUM TiJIOM.



168

However, any body has the absorptive ability. The spectral
absorptive ability (absorptance) a,,; of a body is the ratio of
absorbed flux to the incident flux of energy in the unit wavelengths
interval at a given temperature:

_ d® aps

d(Dinc .

QT

5.2.2 ldeal Black-Body
The body that absorbs completely all incident radiation of any
wavelength is called an ideal black-body. For this body the spectral
absorptive ability is equal to unity: a, ; = 1.
There are no ideal black bodies in nature but it is possible to

create a body whose properties will not practically differ from an
ideal black-body (Fig. 5.19).

Figure 5.19

The model of ideal black-body can be a closed cavity in the
form of the sphere the inner surface of which is black. A ray that
enters this sphere through a small aperture is reflected repeatedly
from internal walls. By every reflection the light wave energy is
partly absorbed by walls. There are no ideal black-bodies in nature. If
absorbance of the body is less than unit and is the same for all
wavelengths, then such a body is called grey. For the grey body:

O<a,; <1
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Bynp-sike Tino Mae NOMMHANBHY 31aTHICTh. CHekTpaibHa
HOrJIMHANIbHA 3[aTHICTh TiNa &, 7 — L€ BIJHOLIEHHS MOTOKY €Heprii,
10 TOTJIMHAETHCSA TIIOM 0 MOTOKY €HEeprii, 10 Majae Ha TUIO B
OJMHUYHOMY iHTEPBaJIi TIOBXKHH XBWJIb 32 JIaHOI TEMIIEPAaTypH:

noe

Yt =,

5.2.2A0¢€0/110THO YOpHE TiI0
Tino, M0 MOBHICTIO MOTJIMHAE BCE MAJAr04e BUIIPOMIHIOBAHHS 3
OyIb-sIKOI0  JOBKMHOK XBWIi, MpH Oyab-aKid Temmeparypi,
HA3UBAETHCA a0CONIOTHO YOpPHUM TiioM. Jljisg Takoro Tija
CHEKTpaJIbHA NOTJIMHAJIBHA 31aTHICTh JOPiBHIOE OfUHULI: @, ; =1.

Y npuponi He icHye aOCONIOTHO YOPHHX TiJI, ajié MOYKIJIMBO
CTBOPUTH T1JIO, BIIACTUBOCTI SAKOTO HE OYIyTh CYTTEBO BiAPIZHATHCS
BiJl BJIACTUBOCTEH 4OpHOTO Tina (puc. 5.19).

Pucynok 5.19

Mogemto abCOMIOTHO YOPHOrO Tiga MOXe OyTH 3aMKHyTa
MOPO’KHUHA Y BUTJIAI cpepu, BHYTPILIHS MOBEPXHS SKOI 3a4OpHEHA.
[Tpominb BXoauTh y 110 cepy Kpi3b Manuil oTBip i Garatopa3oBo
BIIOMBAETHCS BiJ BHYTPINIHIX CTiHOK. [Ipm KOXHOMY BiJOMBaHHI
€Hepris CBITJIOBOTO MPOMEHS YaCTKOBO MOTJIMHAETHCSA CTIHKaMH. Y
npuponi aOCONIOTHUX YOPHUX TUI HE ICHYE. SIKIIO MOTJIMHAIbHA
3aTHICTh TiJa MEHIIA 3a OJUHMIIO 1 OJJHAKOBA JUI BCIX JOBXKHH
XBWJIb, TO TaKe TIIO HA3UBAETHCS CipuM. [[7s1 ciporo Tina:

O0<a,; <1
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5.2.3 Kirchhoff’s Law
The ratio of the spectral radiancy of any body to its spectral
absorptive ability is the same for all bodies and is the function of
wavelength and temperature:

r
T — const,
ax,T

.

2L = f(\T)
a‘k,T

f (A, T)is called the Kirchhoff’s universal function.
In other words a body that radiates more absorbs more also. As for a
black body &, =1then I,; =T, .

Therefore the Kirchhoff’s universal function f(A,T) of any

body is the spectral radiance r; ; of an ideal black body for the same
wavelength and the temperature.

5.2.4 Laws of Black-Body Radiation
The experimental spectral radiance r,; versus A at different

temperatures of an ideal black-body is shown in Fig. 5.20.

T=4000 K
Fyr
3

Wi
T=3000 K

|
|
FANSN

S

0 Umi(_ml 760 E-; nm

violet visible fnfrared

Figure 5.20
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5.2.3 3akon Kipxroga
BinmHOIEHHS CHNEKTpaJIbHOI BUIPOMIHIOBAJILHOI  3/1aTHOCTI
OyIb-SIKOTO Tia JIO0 CHEKTPAIbHOI MOTJIMHAIBHOI 3JaTHOCTI €
OJIHAKOBUM [UII BCIX TII 1 € (YHKIIE JOBXHHH XBWI Ta
TEMIEPaTypH:

;
T — const,
aX,T

,

2L = £ (0T)
a?»,T

f (\,T) Ha3uBaeThCs yHIBepcanbHOW QyHKINER Kipxroda.

[HImMMU c10BaMH, Tiio, MO OLTBIIE BUMPOMIHIOE, TAKOXK 1 TIOTJIMHAE
Ounbwe. Tak sx i yopHoro tina &, 1 =1,10 1 =T, 1.

Otxe, nns Oynb-skoro Tina yHiBepcanbHa (yHkuis Kipxroda
f(\,T) € crneKkTpalibHOI BUIPOMIHIOBAJILHOIO 3/IaTHICTIO YOPHOTO

Tina I ; 175 OAHAKOBOI JOBKUHH XBHJII Ta TEMIIEPATYPH.

5.2.4 3axkoHun BUNIPOMiHIOBaHHS A0COJIOTHO YOPHOIO TijIa
ExcniepumenTanbHi 3aJIe)KHOCTI CIEKTPaJIbHOI
BUIIPOMIHIOBAJIBHOI 3AaTHOCTI [, ; BIA A IPU PI3HUX TeMIEparypax

a0COJIIOTHO YOPHOTIO Tija Mmoka3aHi Ha puc.5.20.

T = 4000 K
Far N
2 i %
Br/wr | "
’I T = 3000 K
S

L N
i
flre *-muf\

ff,f N

¥ “1—
t Y ‘-"H h T
L/ I —~

0 .mn[ "t-u'

Vaiempa- BHBEI_‘HS Indpauspeons
Ficaemoss

Pucynok 5.20
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Analysis of function r, =f (1) resulted in the following laws of

black-body radiation.

1. Stephan — Boltzmann Law.

Integral emitting ability of an ideal black-body or the total
energy emitted from its unit area per second is proportional to the
forth power of its absolute temperature:

R:=[r dh=0T",
0

where o is the Stephan-Boltzmann constant;c = 5.67 ~1OB%.

For real bodies that are gray, the Stefan-Boltzmann law is not
fulfilled and has a more complex dependence.

2. Wien’s Displacement Law.

The wavelength Anax corresponding to the maximum of the
spectral radiancy of an ideal black-body is inversely proportional to

its temperature:

where b is the Wien’s constant; b=2.9-10°m- K.

Indeed, the higher is the temperature the higher is the energy
and the higher is the frequency of radiation the shorter is the
wavelength. Thus a rise of temperature is accompanied by the
displacement of Amax to smaller values.

5.2.5 Planck’s Radiation Formula
Classical physics was unable to explain the laws of ideal black-
body radiation. Only quantum physics could do it. In 1900, Planck
proposed the hypothesis that emission and absorption of energy is
possible only in separate portion of energy - quantum. Energy of
qguantum is
E=hv,
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Ananiz 3anexsocti I, = f(A) npuBoguTh 10 HACTYmHHX

3aKOHIB BUIIPOMIHIOBAHHS a0COJIFOTHO YOPHOTO Tija:

1. 3akon Credana — bonpimana.

[HTerpanpHa BUIPOMIHIOBAJIbHA 3JIaTHICTh a0COJIOTHO YOPHOTO
Tija, ad0 MOBHA EHEPTis, IO BUIPOMIHIOETHCS OIMHHIICIO ILIOMII
YOPHOTO TijIa 32 CEKYHJy MPOMOpIiiHA YETBEPTOMY CTYIICHIO HOTO
a0COJIIOTHOI TEMIIEPATYPHU:

R: = [ dh=0T",
0

Br
MK*

Jns peanpHux Tin, siki € cipumu, 3akoH Credana-bonpiiMana
HE BUKOHYETHCS 1 Ma€ OUTBII CKIIA/IHY 3aJICKHICTb.

2. 3axoH 3MmimeHHs Bina.

JloBkuHA XBWJI Amax, SKa BIJAIOBigae MaKCHMAaJIbHII
CIIEKTPaJIbHIA BHIPOMIHIOBAIBHINA 31aTHOCTI aOCOIIOTHO YOPHOTO
TiJa, 00EpHEHO MpoIopLiiHa Horo Temmneparypi:

b

kmax:?’

. 3
ne b —crana Bina; b=2,9-10"m-K.

HacnpaBni, uum Ounblia TemmepaTypa aOCOIIOTHO YOPHOTO
Tia, TUM OUIbIIa €HEepris Ta YacToTa BHUIPOMIHIOBAHHS, 1 THUM
MeHIa JoBkuHa XxBwial. OTxe, 3poCTaHHS TeMmIepaTypu
CYMPOBOKYETHCS 3MIIIEHHSAM Amax 10 MEHIITUX 3HAYCHD.

ne ¢ - crana Credpana — bonbimMana; o = 5,67 10°®

5.2.5 ®opmyaa punpominoBanusa Ilnanka
Knacuuyna @i3zuka Oyna HeCHpOMOXHA TMOSICHUTH 3aKOHH
BUIPOMIHIOBAaHHS a0COIIOTHO 4YopHoro Tima. lle 3morna 3poOutn
mume kBaHToBa ¢izuka. B 1900 p. Ilnank 3amponoHyBaB rinoresy,
3TiITHO $IKOi, BUIPOMIHIOBAHHS Ta TOTJIMHAHHS €HEPrii MOMIJINBE
TUIBKH OKPEMUMHU MOPLISMHU €Heprii - kBaHTaMu. EHepris kBaHTYy:

E =hv,
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where h is the Planck’s constant. h=6.62-102*J-s.
Based on this assumption Planck derived the formula for the
spectral radiancy r, ; of an ideal black-body:

2nhv® 1
o= f(v,T): E—
e

where ¢ is the speed of light in vacuum, k is the Boltzmann’s
constant, T is absolute temperature.

Planck’s formula agrees well with the experiment. During
integration with all wavelengths from Planck’s formula one can get
Stephan — Boltzmann Law. The determination a maximum of
function 1, ; = f(A,T) allows obtaining Wein’s Displacement Law.

Other laws of an ideal black-body radiation can be explained by
using Planck’s formula.

5.2.6 Application of Thermal Radiation Laws. Optical
Pyrometry

Laws of black body radiation allow to determine the
temperature of a heated body. These methods are called optical
pyrometry. Devices whose operation is based on these methods are
called pyrometers. There are distinguish between radiation, color and
bright temperatures.

1. The radiation temperature T, can be determined by the
Stephan-Boltzmann law. Having measured the total energy of body
radiation R, we can calculate the temperature of a body as

T:4&_
' NG

The radiation temperature of the body may be determined by
using the radiation pyrometer. The scheme of the radiation pyrometer
is shown in Fig. 5.21.
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ne h — crana [lnanka. h=6,62-10*JIx-c.

Ha ocHoBi mporo mpumymieHHs [lmaHk BuBIB dopMyny s
BHIIPOMiHIOBAJIbHOT 3/[aTHOCTI aOCOIFOTHO YOPHOIO Tina I, ;
_ 2mh Ve 1

2 v

ekt —1

J¢ ¢ — IBHIKICTh CBiTJIAa y BakyyMmi; K — crama Bombivana; T —
a0coJIIoTHa TeMIeparypa.

®opmyna [lnanka mo0pe y3rOMKYEThCS 3 EKCIEPUMEHTOM.
[Ipu iHTerpyBanHi 3a BCciMa IOBXMHAMH XBWIb 3 (popmynu [lnanka
MokHa BuBecTH 3akoH Credana-bonbiiMana.  3HaXOKEHHS
MakcuMyMmy QyHKOii I, = f(k,T) JI03BOJISIE BHBECTH 3aKOH BiHa.

IF\/,T = f(V’T)

3acrocoBytoun Qopmyny Ilnanka MoXHA TOSCHUTH yci  iHII
3aKOHOMIPHOCTI BUIPOMIHIOBaHHS a0COJIFOTHO YOPHOTO Tija.

5.2.6 3acTocyBaHHsI 3aKOHIB TeIJIOBOI0 BUNIPOMiHIOBAHHS.
OnTryHa nipoMerpist

3aKOHM  BHUIIPOMIHIOBAaHHS ~ aOCOJIFOTHO  YOPHOTO  Tijla
JO3BOJIAIOTh BU3HAYMTU TeMIleparypy Harpitoro Tuta. L{i meronu
Ha3UBAIOThCSl ONTUYHOI mipomMerpieto. [lpumaau, pobota sKuX
3aCHOBaHa Ha LMX METOJax, Ha3MBAIOThCS  IIPOMETPAMHU.
Po3pi3HIOI0TH pajialiiiHy, KOJipHY 1 ICKpaBICHY TeMIepaTypH.

1. Papianiiina TemrepaTypa BUIPOMIHIOBAHHS |, BU3HAYA€THCS
3a gonomoroi 3akoHy Credana — bonbpivana. SKimo BUMIpSATH
IOBHY €HEprito R,, 110 BUIIPOMIHIOETHCS TLIOM, MOXHA BU3HAYUTH

TeMIEepaTypy Tijia K

R
TP =4 79.
o
Pagniamiiina TemnepaTypa Tila Moke OyTHM BH3Ha4YeHa 3a
JIOTIOMOTOF0 pajiamiitHoro mipomerpa. Moro cxema 300pakeHa Ha

puc. 5.21.
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Figure 5.21

The sharp image of an object should be focused on the receiver
R and completely cover its surface. In this case the receiver of a
definite area absorbs the same energy emitted by the same area of the
body under study.

The temperature of an object can be determined by the
recordings of G galvanometer that calibrated with an ideal black-
body.

2. The color temperature T, can be determined on the basis of
Wien’s displacement law. By definition, the concept of color
temperature is applied to gray bodies. For gray bodies the color
temperature is the same as the true temperature. If we measure the
wavelength of maximum spectral radiancy 2, , then according to

the law of displacement of Wien it is possible to determine the color
temperature of the body as

T, =—.
}"max
With this method, the temperature of the stars is determined. For
example the temperature of the Sun surface was determined in this
way (T = 6,000 K).

3. The brightness temperature Ty is the temperature of an
absolutely black body at which its spectral radiance 7, r is equal to
the spectral radiance of the body under study. Brightness temperature
can be determined by the visual comparison of the brightness of the
pyrometer incandescent filament with the brightness of the body
being heated. The Fig. 5.22 shows the scheme of the brightness
pyrometer with disappearing filament.
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Pucynok 5.21

UYitke 300pakeHHs 00’€¢kTa Mae OyTH C(OKyCcOBaHO Ha
npuiiMadi R 1 MOBHICTIO MOKPUBAaTH HOTO TOBEPXHIO. Y IHOMY
BUIAJKY MpUiiMad MEBHOI IUIOMNII MOTJIMHAE TaKy ) CaMy €HEepriio,
Ky BUIIPOMIHIOE TaKa X cama IUIONIa JOCiKYBaHOTO Tijla.

TemmnepaTtypa 00’ekTy Moke OyTH BH3HAUYE€HA 33 MOKA3HUKAMHU
ranpBaHoMeTpa G, SIKUii TPaIyIOIOTh 110 A0COIIOTHO YOPHOMY TiNTY.

2. Konipna Temnepartypa T, BU3HA4aeThCS Ha OCHOBI 3aKOHY
3MimeHHs BiHa. 3a o3Ha4YeHHSM MOHATTS KOJIPHOiI TeMIepaTypH
3aCTOCOBYETHCS 70 Cipux Til. [l cipux Tl KoJipHa TemrmepaTypa
CHIBIAJIAE 13 CIIPABKHBOIO TEMIEPATYPOIO. SIKIIO BUMIPATH TOBXUHY
XBUM  Amax, SIKQ  BIAMOBIZAa€ MaKCUMAalbHIM  CHEKTpalbHIN
BUIIPOMIHIOBAJIbHIM 37aTHOCTI, TO 3TAHO 3aKOHY 3MilleHHs Bina
MO’KHa BU3HAYUTH KOJIIPHY TeMIIepaTypy Tiia:

Te=— .

)”max

3a JOMOMOrOI Takoro METOLy BHM3HAUYalOTh TEMIIEPaTypy
3ipok. Hampuxman, Takum yuHOM Oyna BU3HAuY€Ha TemIepaTypa
noBepxHi Conust (T¢~= 6000 K).

3. SckpaBicHa Temmepatypa I, Iie TemIeparypa aOCOJIOTHO
YOPHOTO TiNa, HpU sAKii Horo crekTpajibHa BHUIIPOMIHIOBAJIbHA
30aTHICTE  Tjr  JOPIBHIOE  CHEKTPANbHIM  BHIIPOMIHIOBAJIBHIM
3IaTHOCT1 JIOCIIJDKYBAHOTO Tijia. SIcKpaBiCHAa TemIieparypa MOXe
OyTu BU3HAuU€HA 3a JI0NIOMOIOI0 Bi3yaJIbHOTO MMOPIBHSIHHS SCKPABOCTI
pO3IrpiToi HUTKHM MipOMETPY 3 SICKpaBiCTIO HarpiToro Tiia. Ha pwuc.
5.22 300paxkeHO cXeMy SCKPaBICHOTO MipoMeTpa i3 3HHUKAIYOI0
HUTKOIO.
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K
Figure 5.22

The principle of its work is the following: an observer watches
the body through the telescope and changes the value of R resistor
until the incandescent filament F disappears against the background
of the body. The temperature of the body is determined with the help
of the ammeter data, which is calibrated with the help of the radiation
of an ideal black-body.

5.2.7 Photoelectric Effect

Electrical phenomena, that originate at the illumination of
substances with light are called the photoelectric effect. There are
three types of photoelectric phenomena.

1. The external photoeffect, under the illumination of substance
the electron emission arises from its surface. It is used in work of
vacuum photoelements.

2. The internal photoeffect, when the number of free electrons
increases inside the matter but they don’t escape outside. It is used in
work of semiconductor photoelements or photoresistors.
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Pucynok 5.22
[Tpuniun #oro poboTH mosiArae B TOMY, IO cCIOCTepirad
JTUBUTHLCS HA TUIO CKPi3hb TEJIECKOI 1 3MIHIOE BETUYHHY Oropy R 10
TUX TMip, JOKHU posirpita cmipaib F He 3HuUKae Ha (oHI Tija.
TemmnepaTypa Tila BU3HAYA€THCS Ha OCHOBI MOKA3HUKIB aMIIEPMETPa,
SKMH TpagyloloTh 3a JONOMOIOI0 BHUIPOMIHIOBAHHS a0COJIIOTHO
YOPHOTO Tija.

5.2.7 ®oroenekTpuUHMIl edeKT

EnextpuuHi siBUILA, SKI BUHUKAIOTh IPU OCBITJIEHHI PEYOBUHH,
HA3MBAIOThCSl  (OTOENEKTPUYHUM edekToM. IcHye Tpu Ty
($OTOENEKTPUIHOTO €(PEKTY.

1. 3oBHimHINA (oTOoePeKT, 3a SKOTO MiJ TIE OCBITICHHS
pPEUOBMHM BHHHKA€E €JEKTPOHHAa eMicii 3 HOro IOBEpXHI.
3acTOCOBYETHCS B pOOOTI BAKYyMHUX (POTOEJIEMEHTIB.

2. BuyrpimHiii ¢doToedekT, 3a SKOro KUIbKICTh BUIBHUX
€JIeKTPOHIB 3pOCTa€, ajié BOHM HE TOKWIAIOTh TOBEPXHI Tija.
3acTOCOBYETHCS B POOOTI HaMiBIPOBIIHUKOBUX (POTOETIEMEHTIB 200
(dhoTOpE3UCTOPIB.
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3. The photovoltaic effect, when under the action of radiation
e.m.f. originates at the border of two semiconductors with different
types of conductivity. It is used in work of barrier-layer
photoelements to convert solar energy into electrical energy.

The external photoeffect was discovered by the German
physicist H. Hertz in 1887 and was investigated in details in 1888 by
the Russian scientist A. Stoletov. The Fig. 5.23 shows the scheme
being used to study the external photoelectric effect.

_%%:+

A
@ 2
R
i
&
Figure 5.23

Monochromatic light through quartz window falls on the
metallic cathode that will liberate photoelectrons which move to
anode by means of a voltage U and create photoelectric current,
which is measured by an ammeter.

Fig. 5.24 presents volt-ampere characteristics of photocurrent
i.e. the relationship of photocurrent to the voltage U between
electrodes at different radiant flux .
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3. ®otoBonpTaiunuii edekT (BeHTHIBHUN (oToedekT), 3a
SKOTO  TiJ  JI€F0  BUMNPOMIHIOBAHHS Ha  TpaHMIl  JBOX
HAMIBIPOBIIHUKIB 3 PI3HUM THUIIOM NPOBIAHOCTI BUHHKAE e€.p.C.
3aCTOCOBYEThCS B poOOTI BEHTWIBHUX (DOTOCIEMEHTIB JIs
NIEPETBOPEHHS COHSHOI €HEPrii B €JIEKTPUYHY.

3oBHimHIN doToedekT OyB BIAKpUTHN HiMEbKUM (izukom I
I'epuem B 1887 p. Ta BuBuUeHMH aeranbHO B 1888 p. pociiicbkum
BueHUM A. CroneroBuM. Ha puc. 5.23 300pakeHO cxemy, IO
BUKOPHUCTOBYETHCS JUISI BHBUCHHS 30BHIITHBOTO (poToedeKTy.

il

— +

O,

@
R

i

Pucynok 5.23

MoHoxpoMaTuyHe CBITJIO Yepe3 KBaplloBEe BIKHO MaJa€ Ha
METaJeBUi KaToJl, BUBLIBHIOE (DOTOECNEKTPOHH, SIKI PYXalOThCS 10
aHoJia 3aBAsgku Hampy3i U 1 yTBOPIOIOTH (OTOENEKTPUUYHUI CTPYM,
KU BUMIpIOETbCA amriepmerpom. Ha puc. 5.24 300paxeHO BOJIBT-
aMIIepHy  XapaKTepUCTUKy  (POTOCTPyMy, TOOTO  3aJEKHICTh
¢dorocTpymy Bia Hanpyrd U MK JBOMa €lEeKTpOJaMHM, NMPH Pi3HUX
CBITJIOBHX NoTOKax .
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Figure 5.24

As the voltage increases the current reaches the maximum
value and then remains constant. This means that all emitted
electrons reach the anode. This current is called saturation current lg,;.

At negative voltage Ug no current will flow between electrodes.
The value of Uy is called the stopping potential.

In 1888, A. Stoletov established the main laws of external
photoeffect.

1. The saturation photocurrent i.e. the number of electrons
liberated by light per second is directly proportional to the radiant
flux:

lsat =7vP.

2. The maximum kinetic energy of the photoelectrons depends
on the frequency of the incident light and does not depend on its
intensity.

3. Each material has a cutoff frequency below which the light
of any intensity doesn’t produce photoeffect.

From volt-ampere characteristics (Fig 5.24) it follows,
photocurrent exists at U = 0. It means that photoelectrons emits with
certain initial speed have kinetic energy, which is not zero and can
reach the anode in the absence of voltage between electrodes.

The photocurrent equals zero at applying stopping voltage Uy
so no one of electrons doesn’t reaches the anode.
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Pucynoxk 5.24

SIkmo Hampyra 3pocTae, TO CTPYM JOCSTa€ MaKCHMaJIbHOTO
3HAYEeHHSA 1 NOTIM 3aiumaeThest cranuM. lle o3Hauae, mo Bci
BUIIPOMIHEHI €JICKTPOHH JOCATAIOTh aHOy. Lleil cTpyM Ha3uBa€eThCs
CTPYMOM HacHY€HHS |4

[Tpu HeratuBHii Hampy3i Uy cTpym He Oyae HpPOTIKATH MiX
esiekTpogaMu. 3HaueHHs Ug Ha3UBa€eThCs 3aTPUMYIOUOI0 HAIIPYTOI0.

A. CroneroB y 1888 p. BIIKpHB OCHOBHI 3aKOHU 30BHIIIHEOTO
doroedexry.

1. dotocTpym HacWYEHHS, TOOTO KUIBKICTh €JIEKTPOHIB
3BUIPHEHA CBITOM 3a CEKyH]y, NpsIMO MPONOPLIHHUNA 10 HOTOKY
BUITPOMIHIOBAHHS:

2. MakcumanpHa  KiHETHYHA €Hepris  (POTOeNeKTpoHiB
BU3HAYA€ThCSI YAacTOTOK CBITJIAa 1 HE 3aleXWUTh Big Horo
IHTEHCUBHOCTI.

3. JIns KOXKHOi PEYOBHMHHU ICHYe TpaHMYHa YacToTa CBITJIA
(«gepBoHa MeXay), IpU  SIKIH CBITIO OYyJb-AKOI 1HTEHCHBHOCTI HE
BUKJIMKA€E (HOTOEPEKT.

3 BOJBT-aMIIEPHUX XapakTepUCTUK (puc. 5.24) BUXOIUTH, 11O
doroctpym icaye 1 mpu U = 0. ToOro ¢oToenekTpoHu
BUBUIBHIOIOTHCSI 3 TI€BHOIO IIOYAaTKOBOIO MIBUAKICTIO 1 MaroTh
BIIMIHHY BiJ HyJI KIHETUYHY E€HEPTril0 1 MOXYTh JOCITaTH aHo/a
OpU BIACYTHOCTI Hampyru MK enekTtpogamu. llpu mnpukiananHi
3atpumytodoi Hampyrd U, ¢GoTocTpym HOpiBHIOE HYJHO, TOOTO

KOJCH 3 CHCKTpOHiB HC MOXC JOCATI'TH aHOAA.
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Thus,

2
mo
2 =eU,.

2
While measuring U,, one can find the maximum value of

kinetic energy and speed of photoelecrtons.

5.2.8 Einstein’s Theory of Photoeffect

In 1905, Einstein succeeded in explanation of the photoelectric
effect with his quantum theory of light. Einstein assumed that light is
not only emitted, but also propagates in space and is absorbed by
substance in separate undivided portions-quanta, that are called
photons. The energy of the photon is equal to

E=hv.

According to the law of conservation of energy this energy is
spent on the work of the electron exit from the metal surface and
providing it with kinetic energy. This idea was the basis of the
equation for external photoeffect which was first proposed by
Einstein.

Einstein’s equation for external photoeffect :

2
hv:A+M ,
2

where A is so called electronic work function. This value is equal to
the minimum energy that must be given to an electron so that it can
escape from the metal surface into vacuum. The electronic work
function depends on the nature of the metal and the state of its
surface.

Einstein's equation explains all the laws of the external
photoelectric effect for metals.

In 1916, the American physicist R. Millikan proved
experimentally Einstein’s theory. It was established that the stopping
potential depends linearly on the frequency of the incident light (Fig.
5.25):
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OTtxe,

— = =eU,.
2 0

Bumiprotoun U,, MoxHa 3HaifiTH MakCHMalbHE 3HAYCHHS

KIHETUYHOI €Heprii i MBUAKOCTI (HOTOCTICKTPOHIB.

5.2.8 Teopis ¢poroedexTy Elinmureiina

[Tosicnenns ¢ortoedexry maB A. Einmrelin y 1905 pormi Ha
OCHOBI 3aITpONIOHOBAHOI iIM KBaHTOBOI Teopii cBiTiia. BiH mpumyctus,
IO CBITJIO HE JIMIIE BUIPOMIHIOETHCS, aje 1 TOUIMPIOETHCA Y
IPOCTOPi 1 TOTIMHAETHCI PEYOBHHOIO OKPEMHUMH HETOAUTBHIUMHA
MOPIIISIMU - KBaHTaMH, SIKi Ha3uBarThcs poronamu. Enepris ¢orona
JIOPIBHIOE:

E=hv.

3rigfHO 13 3aKOHOM 30€peXeHHs eHeprii 11 eHepris
BUTPAYAETHCS Ha pOOOTY BUXOY €JICKTPOHA 3 IMOBEPXHI METAIly, Ta
HaJaHHS HoMmy KiHeTnuHoi eHeprii. Llg imes Oyna moxnaneHa B
OCHOBY PIBHSIHHSA JIJIsi 30BHIIIHBOTO (hoToedeKTy, ke Brepiie Oyiio
3aIpONIOHOBaHO EMHIITEHHOM.

PiBusanns EifHmreliHa /uist 30BHINTHEOTO (OTOCEKTY:

2
mo
hv= A+ —
2
ne A - pobora Buxony enekTpoHa. Ll BemuumHa OpPIBHIOE

HallMeHII eHeprii, sKy TpeOa HaJlaTH €NEKTPOHY, 1100 BIH Mir
BUWTU 3 TMOBEpPXHI MeTally y BakyyM. PoOoTa BuXoay eleKTpoHa
3aJISKUTh Bl IPUPOAM METally 1 CTaHy HOro MOBEPXHI.

PiBusinast ElHmITEliHAa TMOSCHIOE BCl 3aKOHM 30BHIIIHBOTO
¢doroedexry 11 MeTaiB.

Y 1916 p. amepukancekmii ¢iduk P.  Miuuriken
eKCHepUMEHTaNbHO  MiATBepAMB  Teopito  EifHmreitna.  Byno
BUSBJIEHO, WLI0 3aTPUMYIOUMN MOTEHLIaNd JIHIKHO 3aJeXUTh BiJ
YacTOTH IMaJal04yoro cBitia (puc. 5.25):
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Figure 5.25
Ug =kv—o,
where k and ¢ are constants.
As
2
m
Vmax =eU 0>
2
Einstein’s equation may be expressed as
hv=A+eU,.
Thus,
U, = Dv - é
e e
Comparing the above equation with experimental one we obtain:
h
k=—,
e
and
A
¢=—.
e

The Planck’s constant was obtained by Millikan from
experimental results. Its value coincides with the theoretical value of
h=6.62-10"*J-s, which confirms the validity of Einstein's theory.
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Pucynok 5.25
Ug =kv—o,
nek, ¢ - koHCcTaHTH.
Skmo
2
mo
—mx — el
2
To piBHsAHHA EifHIITeliHAa MOKHA 3aITMCaTH TaK:
hv=A+eU,.
Otxe,
h A
Uy=—v——.
€ €
[TopiBHSIBIIM OCTaHHE PIBHSIHHS 3 €KCIEPUMEHTAIbHUM, OTPUMAEMO:
h
k=—,
e
Ta
A
¢=—.
e

3a pe3ynapTaTaMy MPOBEACHOTO EKCIIePUMEHTY MilTiKeHOM
oTpuMaHa ctana Ilmamka. [i BenuumHa chiBmazae 3 TEOPETHYHUM
sHagennsM h = 6,62-10* Jlx-c, mo MIATBEPIKYE CIPABEIJINBICTh
teopii EftHmrelina.
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The photoelectric effect doesn’t occur at a frequency less than a
certain cutoff frequency vp, which is called the photoelectric
threshold. According to the Einstein’s equation:

hv, = A,
VA
0 h

The cutoff frequency v, can be obtained from an experimental
curve. At the condition U,=0

_e
Vo k,
as
(-
e
then
vy _A
h h

It coincides with the theoretical value v, determined by Einstein’s
equation.

5.2.9 Photon

Hypothesis of light quanta existence was proposed by A.
Einstein in 1905.

According to this theory, light is emitted, propagated and
absorbed by certain portions — photons. The energy of photon is

E=hv.

According to the theory of relativity, the mass of a body, which

moves with a speed v is determined by the formula:

m=
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@DoTOENEeKTPUUHUI ePEeKT He BMHHMKAE 32 YACTOTH, MEHIIOI 3a
IIEBHOI TPAaHUYHOI 4aCTOTH Vo, SIKYy Ha3UBAlOTh «UYEPBOHOI0 MEKEIO)
doroedexry. 3rigHo piBHsHHA Elinmreiina:

hv, = A,
LA
0 h

I'paHnuHy d4acToTy Vo MOXHA OOYMCIUTH 3a JIOIIOMOTOIO
eKCIepUMEHTaIbHOT KprBOi. 3a ymoBu U,= 0

¢
Vo =7
° Kk
SAKITO
k="
e
TO
)
h h

Bona CHiBHa)IaC 3 TEOPETUYHOK BEIUYMHOK V,, BU3HAYCHOK 3a

JIOTIOMOT 010 piBHSHHS ElHIITEHHA.

5.2.9 ®oron

[more3a mnpo  iCHyBaHHS  CBITJIOBUX  KBaHTIB  Oyna
3anponoHoBaHa A. EitHmreiinom y 1905 pomi.

3rigHo i€l Teopii, CBITJIO BUIIPOMIHIOETHCH,
PO3MOBCIOKYETHCS 1 MOTJIMHAETHCS IEBHUMHU MOPIISMHU - (OTOHAMH.
Enepris ¢oToHa BU3HAYa€THCS

E=hv.

3riIHO 3 TEOpi€l0 BIHOCHOCTI, Maca Tijia, IO PyXaeTbCs 31

IIBUJIKICTIO V BU3HAYAETHCS (HOPMYJIOIO:

m=
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One can say that if v — ¢, then m —oo. It is a contradiction.
As a photon moves with the speed of light c, its mass of the rest is
zero m, =0.That is why a photon is assumed not to have mass of rest
and in the state of rest it does not exist. A photon can only exist in

motion at the speed of light c.
To apply the Einstein’s formula

E =mc?
and the formula of a photon energy
E = hv,
we can define the mass of a photon:
hv
m= C—2
Impulse of a photon is the product of its mass by its velocity:
p=mc= h—CV . (5.4)
The relation (5.4) can be written as follows:
_ hw _ 2mh .
P=" = T

where h = h/2m; k = 2m/A is module of wave vector.
In vector form, relationship (5.4) takes the following form:
B = hk.
Thus, a photon is the particle that has mass, impulse and
energy. These corpuscular characteristics of a photon are related to
the wave characteristic of light - its frequency.

5.2.10 Pressure of Light

As a photon has a definite impulse it could be expected the
light exerts the pressure upon bodies surface. It was first discovered
by the Russian scientist P. Lebedev in 1900. A great experimental
skill was demonstrated by the author. Very small and light wings
were the basic parts of Lebedev’s device that were suspended by the
thin elastic thread. One of the wings was black, and the surface of the
other was mirrored (Fig.5.26).
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ko v — ¢, To m — oo . Bunukae nporupivus. Tak sik GoToH
PYXa€eThCs 31 MBUAKICTIO CBITJIA ¢, TO HOTO Maca CIIOKO JIOPiBHIOE

Hyaro M, =0. To6To GpoToH HE Mae MacH CIIOKOIO i B CTaHi CIIOKOIO
BiH He icHye. DOTOH MOKE ICHYBAaTH TIJILKU B CTaHi pyxy 31

MIBUIKICTIO CBITJIA C.
3acrocoBytoun popmyny EifHiureitna

E =mc?
1 popmyiny s eneprii poTona
E = hv,
MOYKHA BU3HAYMTH Macy (OTOHa:
i hv
c?
Immynbe gorona — e 1o0OYTOK HOTO MacH Ha MIBUJKICTb:
hv
p=mc=—. (5.4)
C
CuiBBigHomieHs (5.4) MOXHa 3aMUcaTd HACTYITHUM YHHOM:
hw 2mh Ih
P= c X

neh = h/2n, k = 2m/A —MOAyh XBHJILOBOTO BEKTOPA.
VY BekTOpHii ¢opmi chiBBiHOmEHHS (5.4) HaOyBae HACTYNHOTO
BUTIIALY: p = hk.

Takum yuHOM, POTOH € YACTUHKOIO, SIKa Ma€ Macy, IMITyJbC 1
eHeprito. LI xopmyckynspHi XapakTepuCTUKH (DOTOHA 3B’sA3aHl 3
XBWJIBOBON XapaKTEPUCTUKOM CBITIIa — HOTO YacTOTOM.

5.2.10 Tuck cBitaa

Tak sk (HOTOHM MalOTh MEBHUH IMIYJIbC, TO CBITIO MOBHUHHO
YMHUTH THCK Ha MOBEPXHIO Tija. Bmepiue ekcreprMeHTaTbHO THUCK
cBiTia BuMIipsB pociiicekuil Buenuil I1. Jlebenes y 1900 p, sikuit
BUSIBUB BEJIMKY €KCIIEPUMEHTAIbHY MaiicTepHicTh. OCHOBHOIO
yacTuHOIO Tpmiany JlebeneBa Oynu gAy»ke TOHKI Ta JIETKI KPUIIBIL,
SK1 TiABIIIYBaJIM Ha TOHKIA mpyxHii HuTHi. OgHEe Kpuibie OyIo
3auepHeHe, a MOBEPXHs APyroro Oyia a3epkaibHOO (puc. 5.26).
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Figure 5.26

The light of big arc Volta was directed on to wings. As the
result a thread on which wings were suspended was twisted. Pressure
of light was determined by the measuring the angle of thread twist.
The pressure of light falling normally on to the surface may be
expressed by the formula:

P==t(+p)=olL+p),

where E, is the quantity of radiation energy that falls normally on
1 m? per second:;

p is the reflection coefficient;

o is the volume density of radiation energy.
The light pressure on mirror surface with the reflection coefficient
p=1 is twice as high as for an absolutely absorbing surface, for
which p=0. This fact was experimentally confirmed in Lebedev’s
researches.

The light pressure is a small value. For instance the pressure of
the Sun’s rays upon a black body surface is equal to about 4x10 Pa.

5.2.11 Compton’s Effect
In 1923, the American physicist A. Compton investigated
monochromatic X-ray scattering by substances with light atoms
(paraffin, boron).
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Pucynok 5.26

Ceitno Bix ayru Bosapra Hampsmisuioch Ha Kpwiblid. B
pe3yabTaTi OCBITIIEHHS KpWJENb HHUTKA, HA SKid Oy mMiaBimIeHi
KPWIBL, 3aKpydyBajach. 3a KyTOM 3aKpy4dyBaHHS  HUTKHU
BU3HAUABCsA THUCK CBiTJIAa. THCK CBITJIA, IO MMaja€ HOPMAJIbLHO Ha
HIOBEPXHIO, BU3HAYAETHCA 33 POPMYJIOLO:

P=%(1+p)=m(1+p),

ne E, - BennumHa eHeprii BUMPOMIHIOBaHHS, LIO MaJa€ HOPMAIbHO

na 1 Mm% 3a CEKYHZY;
p - KoeDiIieHT BIIOUTTS;
® - 00’€MHa T'yCTHHA €Heprii BUIPOMIHIOBaHHS.

Jns n3epkanbHOi MOBepxHI 3 KoedimieHTOM BiaOuTTs p= 1
THCK CBiTJIa BABIYI OLIBIINHM, HDK JUII aOCOJNIOTHO IOTJIMHAKYOT
noBepxHi, A skoi p= 0. ExcriepuMeHTanbHO 1€ MiITBEPAUIIOCH B
nociinax Jlebenena.

BenuunHa THCKY CBITJIA € JIOCHTh MAaJIOI0 BEITHYHHOO.
Hampuknan, THCK COHSYHHX MPOMEHIB Ha MOBEPXHIO YOPHOTO Tiia
npuOIU3HO JOPIBHIOE 4 107 Ia.

5.2.11 E¢dext KomnToHa
Awmepukancekuil pizuk A. Komnron y 1923 p. mocmixysas
PO3CISIHHS MOHOXPOMAaTHYHOT'O PEHTICHIBCHKOI'O BUIIPOMIHIOBAHHS
pEYOBHHAMHU 3 JIETKUMHA aToMamMu (mapadin, oop).
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Compton discovered that X-radiation scattered by substance
consists not only rays with an initial wavelength but also rays of
longer waves.

Compton’s effect consists in increasing of the wavelength of
the scattered X-rays in comparison with the wavelength of incident
radiation.

Compton’s experimental installation is shown in Fig. 5.27.
Narrow beam of monochromatic X-rays with a wavelength A falls on
scattering substance, scatterings at angle ¥, and enters the X-ray
spectrograph, which measures the wavelength A’ of scattered
radiation.

SPECIEN
. Il
Xeray > }s—_. >
mcident L H"--H &t
beam seattered :‘\ ‘n‘\._»n_-;m! analyzer
beam N
i
1
\
r!-"
| I
II- ll
detector
Figure 5.27

It was found that A'>A. Value of AAL=A"—X is called
Compton’s shift and does not depend upon wavelength A of incident
radiation and the nature of the scattering substance.

The Compton’s effect increases with increasing scattering
angle W and decreasing atomic mass. Compton explained the
experimental results on the basis of quantum theory of radiation,
supposing that an elastic collision between X-ray photons and free
electrons of substance occurs. The scheme of the interaction is shown
in Fig. 5.28:
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Bin BuABHMB, 10 pO3CiSHE pPEYOBUHOI PEHTTEHIBCHKE
BUIIPOMIHIOBAHHS MICTUTh HE TUIBKM MPOMEHI 3 IO0YaTKOBOIO
JOBKMHOIO XBHJII, @ TAKOXK 1 IPOMEHI TOBIIUX XBHJIb.

Edexr KomnroHna monsrae y 30UIBIICHHI JOBXHHH XBHII
PO3CIIHOTO PEHTIeHIBCHKOTO BHIIPOMIHIOBAaHHS y TOpPIBHSHHI 3
JIOBXKMHOIO XBHJIi MIA/IAI0Y0T0 BUIIPOMiHIOBaHHSI.

Ha puc. 5.27 300pakeHa cxema eKCIepruMEHTAIbHOI YCTaHOBKH
Komntona. By3pknii Imy4oK MOHOXPOMAaTHYHOT'O PEHTIE€HIBCHKOTO
BUIIPOMIHIOBaHHA 3 JOBXHHOIO XBWJII A MaJae HA PO3CIIOBAIBHY
PEYOBHHY, PO3CIIOEThCA Ha KYT Y 1 MOTpAILIsi€E JO PEHTI€HIBCHKOTO
cnekTporpada, SKUH BHUMIPIOE JOBXKMHY XBWJII A' PO3CIIOBAHOTO
BUIPOMiIHIOBaHHSI.

Ipazox
Penzenisceie ! o -
& MIHASHHA . - —~2V ,
e HM‘?E'{W Sy X A Fpucmanimuil
HpoMinE *\\‘H} “:’}1'-:11:'3-:2??10;:-
Poscianuil '"}\ P
MiHE i
Las flEII
X
\ | Hemexmop
|I |I
Pucynok 5.27

Bymo Bmshageno, mo A'>A. Bemmumna AL=L"-A
HA3UBAETHCS KOMIITOHIBCHKUM 3MIIIIEHHAM 1 HE 3aJIE€XKUTh BIJ
JOBKHHA XBWJII A  [QJAf040r0 BUIPOMIHIOBAHHS 1 TMPHPOIN
PO3CiIOBAJIbHOI PEYOBHHHU.

Edexr KomnrTona mnocumioerbest 31 30UIbIIEHHAM — KyTa
poscitoBaHHd ¥ 1 3MeHIIEHHSAM Macu atroMa. KoMOTOH MOsSICHUB
pe3ynbTaTH IOCHTITY Ha OCHOBI KBAaHTOBOI TEOpIii BUIPOMIHIOBAHHS,
NPUITYCTUBIIHN, 110 BiIOYBAEThCS MPYXKHE 3ITKHEHHS! PEHTI€HIBCHKUX
(GOTOHIB 3 BUIBHUMHU €JEKTpOHAMHU peuoBUHH. (Cxema B3aeMomii
300pakeHa Ha puc. 5.28:
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Figure 5.28

The energy of the X-ray quantum hv decreases as a result of its
collision with an electron in the state of rest. Thus, the energy of the
incident photon is greater than the energy of the scattered one:

E

scattered < Einitial.’
accordingly
hv' <hv,
No>A .
Two basic conservation laws are realized during these
collisions. The law of the energy conservation is

m v
v+ myc? = '+ —2— -2

-7

where hv is the energy of an incident photon;
mo ¢ is the energy of an electron at rest state;
hv' is the energy of the scattered photon;

2
My % is the energy of the moving electron.

1=

The law of the impulse conservation is:
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Pucynok 5.28

Eneprisi KBaHTa pEHTIEHIBCHKOrO BHUIPOMiHIOBaHHSA hv
3MCHIIYETHCS B PE3yJbTaTi HOTO 3ITKHEHHS 3 €JICKTPOHOM, SKUN
3HAXOJMUTHCS y CTaHI CHOKOK. TakuM YHMHOM, EHEpris Najardoro
¢doToHa OinbIIa eHeprii PO3CisTHOTO:

E <E

PO3CIAHO20 nadaiowoeo !
BIJIIIOBIAHO
hv' < hv,
Ao>A
JIBa OCHOBHMX 3aKOHM 30€peXEeHHS MAalOTh MiClle MpU LHX
31ITKHEHHSX. 3aKOH 30€peKeHHsI eHeprii:

hv+m,c® = hv' +

ne hv - enepris magaro4oro GoToHa;
2 . .
MoC” — eHepris eJIeKTPOHA B CTaHI CIIOKOO;

hv' - eneprist poscisiHoro ¢orona;
U2
o SHEepris eJIeKTPOHa, 10 PYXAEThCS.

3aKkoH 30epeKeHHS IMITYJIbCY:
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. . m, -
pphoton+0: P photon+ > ‘L.
1 19
-2
In this way we obtain the set of equations:
2
m v
hv+m,c* =hv+ —2— . —
v? 2
1- 2
c
~ - m, -
pphoton+ 0= plphoton+ ' v
1 1%
-z

It is possible to get the Compton’s effect basic equation proceeding
from these set of equations:
M=N—h=Dsine Y _ o sin? ¥
m,C 2 2

where A, =2.43-10"’m is the Compton’s wavelength of an electron.

The Compton’s equation is confirmed by the experimental data.
For this discovery Compton was awarded Nobel Prize in 1927.

5.2.12 Corpuscular-Wave Dualism of Light

Studied phenomenon of interference, diffraction and
polarization are explained by wave properties of light.

On the other hand the thermal radiation, photoeffect,
Compton’s effect is explained by quantum properties of light. And
such phenomena as pressure and refraction of light can be explained
as a wave as well as a quantum theory.

Therefore, light has corpuscular-wave duality that means that
light has both wave and corpuscular properties.
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pphoton +0= rj photon +

3 1i€i cucTeMu piBHAHb MOXHA OTPUMATH OCHOBHE PiBHSIHHS e(eKTy
Komnrona:
2h . .
A= —h="gin2 ¥ _ 2, sin? v
m,C 2 2

12 . .
ne A, =2.43-107° M € KOMNTOHIBChKA JTOBKUHA XBHJII CJICKTPOHA.

PiBHsHHs KoMITOHa MiATBEPIKYETHCS E€KCIIEPUMEHTAIBHUMU
pesyapTaTamu. 3a 1m0 pobory Kommron y 1927 p. Oys
HaropokeHnit HoGeniBCchKO0 npemiero.

5.2.12 KopnycKyJIsipHO-XBHJILOBHH AyaJIi3M CBIT/1a

PosrnsinyTi sBMma iHTepdepenuii, nudpakuii 1 moaspusamii
CBITJIa TIOSICHIOIOTHCS] XBUJIBOBUMH BJIACTUBOCTSIMH CBITJIA.

3 iHmoro OOKy TemjioBe BUIPOMiHIOBaHHS, (hoToedekT, edhekt
KomnToHa MOSCHIOIOTHCS KBAaHTOBUMM — BJIACTMBOCTSIMM CBIiTIIA. A
Takl SIBUINA, SIK THCK CBITJA 1 3aJOMJIEHHS CBITJIA MOYKHA MOSICHUTH
SIK XBHJIBOBOIO, TaK 1 KBAHTOBOIO TEOPISIMH.

OTxe, CBITJIO Ma€ KOPIYCKYJISIPHO-XBUJIBOBHUM Jyasi3Mm, TOOTO
CBITJIO Ma€ SIK XBUJIbOBI, TaK 1 KOPITYCKYJISPHI BIACTUBOCTI.
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Such light properties also reflect the equations that relate the
wave and corpuscular properties of light:

The wave properties of photons are mostly detected at low
frequencies. At large frequency values, its corpuscular properties are
more significant.

The corpuscular-wave dualism of light can be explained by
applying a statistical approach to the laws of light propagation. When
light passes through an optical system, such as a diffraction lattice,
photons are redistributed in space, resulting in a diffraction pattern.
Screen illumination is proportional to the probability of photons
hitting a unit of screen surface per unit of time. On the other hand,
according to the wave theory of light illumination is proportional to
the square of the amplitude of the light wave. Therefore, based on
these statements, we can conclude that the square of the amplitude of
the light wave at any point is a measure of the probability of the
photons entering this point. That is, the corpuscular and wave
properties of light complement each other and together characterize
the properties of electromagnetic radiation. Corpuscular-wave
dualism expresses the dialectical unity of opposites - discontinuous
and continuous in the structure of matter.

Thus, physics considers internal connection of corpuscle and
wave, connection between discrete and continuous, in other words
corpuscular-wave dualism of light.
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Taki BIacTUBOCTI CBITJIAa BiOOpa)kalOTh TAKOXX PIBHSHHS, SIKi
3B’SI3YIOTh XBUJIbOBI 1 KOPITYCKYJISIPHI BIIACTUBOCTI CBITJIA:

E =hv,
hv h

XBWJIBOBI BJIACTUBOCTI (POTOHIB HANOUIBIIE BUSBISIOTHCS MPHU
MalmxX yactorax. [Ipy BeIMKHUX 3HAYEHHSAX YaCTOTU OUTBII CYTTEBUM
€ MOro KOpIyCKYJISIpHI BIaCTHUBOCTI.

KoprmyckynsapHO-XBHILOBUH JTyajli3M CBiTJIa MOKHA TMOSICHUTH,
SKIIO 3acTOCYBaTH CTAaTUCTUYHUN MiAXiA Ul 3aKOHOMIpHOCTEH
PO3MOBCIO/KEHHS CBiTNA. [Ipy MpOXOKEeHHI CBITJIa Yepe3 ONTUYHY
cUCTEMY, HalpukiaJl AU(pakiiiiHy rpatky, BUHMKAaE HEpepo3noJil
¢doToHIB y TpOCTOpi, B pe3yibTaTi 4Oro BUHHUKAE Iu(paKiiiHa
kaptuHa. OCBITJIEHICTh  €KpaHa  MpomHopIiiiHa  HWMOBIPHOCTI
nomaianHs (DOTOHIB HAa OJMHUINIO IMOBEPXHI €KpaHa 3a OJUHUIIO
yacy. 3 1HIIOro OOKy, 3TiJJHO XBHJIBOBIHM Teopii CBIT/Ia OCBITJICHICTb
npornopuiiHa KBajapaTy amIUIITyau cBiTiIoBoi xBwil. OTxe, Ha
mificTaBl IMX TBEpPAKEHb MOXKHAa 3pOOMTH BHCHOBOK: KBajpar
aMIUTITY/IU CBITJIOBOI XBUJIl B OyAb-sIKIf TOYIIl € MIpOO0 WMOBIPHOCTI
nomnaaaHHs (OTOHIB B 1[I0 TOUKY. TOOTO KOPIMYCKYJSpHI 1 XBUJIbOBI
BJIACTUBOCTI CBITJIa B3a€EMHO JIOMOBHIOIOTH OJMH OJIHOTO 1 pa3om
XapaKTepU3yIOTh BIACTUBOCTI €JIE€KTPOMArHiTHOTO BUITPOMiHIOBAaHHS.
KopnyckynsipHO-XBUIIBOBHH Jyalli3M BUpa)xae TIaJeKTUYHY €IHICTh
HIPOTUJICKHOCTEH - IEPEBHOIO 1 HEMIEPEPBHOI'O B CTPYKTYpP1 MatTepii.

TakuM uwmHOM, (i3MKa pO3TIsAgae BHYTPINIHINA 3B S30K
KOPITYCKYJIM 1 XBMJI, 3B SI30K JUCKPETHOTO 1 HENepepBHOI0, TOOTO
KOPITYCKYJIIPHO-XBUJILOBH JTyasi3M CBITJA.
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Control Questions
Optics

1. What is light interference?
2. What is light diffraction?
3. What is the difference between Fresnel diffraction and Fraunhofer
diffraction?
4. What is a diffraction grating?
5. What is X-rays? What does the Wulff-Bragg’s formula describe?
6. What is light polarization?
7. Define thermal radiation and give its main characteristics.
8. What is an absolutely black-body? Formulate Kirchhoff's law.
9. Formulate absolute black-body radiation laws. Where are they
applied?
10. What is the quantum hypothesis and Planck's formula?
11. What is optical pyrometry and what is it used for?
12. What is a photoelectric effect and what are its types?
13. What is Einstein's theory of photoelectric effect?
14. Write down the Einstein’s equation for the external photoelectric
effect.
15. How is the mass, momentum and pressure of light determined?
16. What is the Compton’s effect?
17. Explain the corpuscular-wave dualism of light.
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KonTpoabHhi 3anuranns
OnrTuka

1. Ilo Take iHTepdepeHIis cBiTaa?
2. Illo take nudpaxiis ciTia?
3. Yum Bigpizuserbcs qudpakuis @Dpenens Big audpakuii
®paynrodepa?
4. Illo Take mudpakiiita rpaTka’?
5. lllo Take peHtreHiBchbke BunpomintoBanHsa? [1{o onucye hopmyna
Bynbda-bperra?
6. Illo Take monspu3aris cBiTia?
7. HaiiTe BU3HAYCHHS TEIJIOBOT'O BHIIPOMIHIOBAHHS 1 HABEIITh HOTO
OCHOBHI XapaKTEPUCTHUKH.
8. 1o Take abconroTHO YopHE Ti0? Chopmymtoiite 3akoH Kipxroda.
9. ChopmynroiiTe 3aKOHM BUIIPOMIHIOBaHHS a0OCOJTIOTHO YOPHOTO
Tina. Jle BOHU 3aCTOCOBYIOTHCS?
10. B yomy nonArae kBaHToBa rinoresa i popmyna [1nanka?
11. I{o Take onTUYHA MIPOMETPIA 1 JJISI YOTO BOHA 3aCTOCOBYETHCS?
12. Ilo Take dhoToenekTpuyHUM ePeKT 1 IKi ICHYIOTh HOTO BUAU?
13. B yomy nosnisirae teopis poroedexty EitHmreiina?
14. 3anumite piBHAHHA EHiHIITEHA U1 30BHIIIHBOTO (hOTOEPEKTY.
15. Sl Bu3HauYa€eTHCS Maca, IMITYJIbC 1 TUCK CBITIIA?
16. B yomy nosmsrae epext Komnrona?
17. TlosicHITh KOPITYCKYJSPHO-XBIJIOBUH Jyalli3M CBITJIA.
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6 ELEMENTS OF ATOMIC PHYSICS AND QUANTUM
MECHANICS
6.1 Atomic Physics
6.1.1 Thomson and Rutherford Models of Atom

Atomic physics studies atom structure and its physical
properties. From the old times there were two ideas of substance
structure: one was based upon uninterrupted structure, the other was
connected to the discrete structure. The latter one came from the
ancient times and is found in Greek philosophers' studies like
Democritus, Epicure, Lucretius.

The existence of the atom was proved in XVII-XIX centuries
in works of Lavoisier, Lomonosov, Dalton, and also by the
Mendeleyev's periodical system of elements. The discovery of the
English physicist J. Thomson in 1897 of the existence of the electron
proved that atom has its own internal structure and consists of
microparticles.

In 1903, J. Thomson suggested the model of the atom on the
base of experimental data. According to the Thomson's model, atom
consists of positive and negative charges distributed in sphere of
radius ~10*°m, where uninterrupted spreads positive charge, among
which there are electrons in a form of separate particles. The sum of
positive and negative charges is equal to zero and the atom is
generally neutral. But this model had a lot of drawbacks and appeared
to be wrong.

The further development of the image of atom structure is
connected to the research of British physicist E. Rutherford in 1911
studying the scattering of a-particles by the substance. a-particles are
nuclei of ,He* atoms. They are positively charged particles and their
charge is equal to two electron charges +2e, and the mass is 7300
times over than the mass of the electron. Rutherford irradiated thin
gold foil of ~ 1 micron thickness by a-particles (Fig.6.1).
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6 EJJEMEHTU ATOMHOI ®13UKHU I KBAHTOBOI
MEXAHIKHN
6.1 AtomHua ¢izuka
6.1.1 Mopeai atoma Tomcona i Pesepdopaa

AtoMHa ¢i3uka BuBYae OyAoBy aroma 1 Horo ¢i3u4Hi
BJIACTHBOCTI. 3 JaBHIX 4YaciB ICHyBaJIO JBa YSBICHHS MpO OymOBY
PEUOBHMHHU: OJHE TI'PYHTYBAJIOCh Ha HENEpPEpBHIH CTPYKTYypl, JIpyre
MOB’SI3YBAJIOCh 3 JIUCKPETHICTIO CTPYKTypu. OCTaHHE CBOIMH
KOPEHSIMH YXOJUTh 1€ B aHTUYHI YacH 1 3yCTPI4aeThCs y BUYEHHI
rpenpkux ¢inocodis Jemokpura, Enikypa, Jlykpertis.

IcuyBannsa atoma Oyno goBeneno y XVII-XIX cromitrsx B
pobotax JlaByasbe, JlomoHOCOBa, J[ambTOHA, a TaKOX BIAKPHUTTIM
MeHeneeBUM — NMEpiOJUMYHOI  CHCTEMM  €IeMEHTIB.  Biakpurrsa
aarmiicekuM  isukom JIx. Tomconom y 1897 p.  icHyBaHHS
€JIEKTPOHA MIATBEPAUIIO, IO aTOM Ma€ CBOIO BHYTPILIHIO CTPYKTYPY
1 CKJIaJIa€THCS 3 MIKPOYACTHHOK.

[Tepmia Mojenp aToMa Ha OCHOBI €KCIIEPUMEHTAIBHUX JAHUX
Oyna 3ampornoHoBaHa JIx. Tomconom y 1903 pomi. 3rigHo Mozeri
ToMmcoHa aTtoM ysiBisie coboro chepy paaiycoMm ~ 10" m, B sixiit
Oe3mnepepBHO PO3MOAUICHUN TO3UTUBHUH 3apsijI, MK SKOTO Y BUTIISII
OKpPEMHUX YaCTUHOK MICTAThCS €leKTpoHH. CyMa NO3UTHUBHHUX 1
HETaTUBHHUX 3apsiB  JIOPIBHIOE HYIIO 1 aroM B MUIOMY
eJIeKTpOHeHTpanbHUil. Ane 1 MoJenp Maja psii HEeNOoJIKIB 1
BUSIBJISUIACS TIOMIJTKOBOIO.

[Topaneimii po3BUTOK YSIBIEHB PO OYAOBY aTroma MOB’ sI3aHUM
3 pocniamu aHriaidcekoro ¢izuka E. Pesepdopma y 1911 p. mo
BUBYCHHIO PO3CISHHSAM 0-9aCTUHOK PEUYOBHHOIO. O-YACTUHKU €
sIpaMu aTOMIB 2He4. Ile mo3UTHBHO 3apsHKEHI YaCTUHKH, 3apsil
SKHMX JIOPIBHIOE JIBOM 3apsjaM ejekTpoHa +2e, a maca y 7300 pasis
OunbIIe 32 Macy enekTpoHa. Pezepdopa ompoMiHIOBaB TOHKY 30JI0TY
(boabry TOBIIMHOIO ~ 1MKM a-yacTUHKaMU (puc. 6.1).
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Almost all a-particle have passed through the foil almost
without deviation from its motion direction. Only a very small
number of a-particles (~ 0.01%) deviated at large angles, i.e. they
were reflected. The positive charge with great mass on which there
are reflections of a-particles concentrated in very small atom's

volume - in its nucleus.
A

®
©

.
o particles

=
*15°

Figure 6.1

On the basis of these researches Rutherford offered a nuclear
(planetary) model of an atom, according to which the electrons move
around the positive nucleus of the atom like planets move around the

Sun. The radius of the nucleus r, =10~** m is much smaller than the

radius of an atom r, ~10™° m. The ratio of these radii gives the
relative number of deviated a-particles:

-14
b iglo ~0.01%.
r

a

The nuclear model of atom developed by Rutherford allowed to
explain the results of the experiment and gave the possibility to
determine nucleus charge. It was established that the positive nucleus
charge equals to the atomic number Z of the element in Mendeleev's
periodical table. The number of electrons in the atom is also equal
to Z.
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[IpakTHYHO BCi O-YACTUHKU MPOXOAMIH Kpi3b (OJBry Maike He
BIIXWJISIFOUMCH BiJI HANpsIMKy CBOro pyxy. Jlumie myxke HeBelnka
KUTBKICTh 0-9acTUHOK (~ 0,01%) Biaxuisuiack Ha BEUKI KyTH, TOOTO
BOHHM BiIOMBaNUCh. [103UTUBHUIA 3apsi]] 3 BEIMKOK MACOI0, HA IKOMY
BiJIOYBA€ThLCS BITOUTTS O-4YaCTUHOK, 30CEPE/HKCHUIA B JIy’)KE€ MajoMy
00’eMi aToma — HOTO SIpi.

Au

o |®

a- a‘acmuﬂxzé : @
@
o—1—&

Pucynok 6.1.

Ha mincraBi uwmx pgochimkeHs Pesepdopn 3ampomonyBaB
anepHy (IUlaHeTapHy) MOJEIb aToMa, 3TIIHO SIKOi eJNeKTPOHU
PYXaroThCS HABKOJIO MO3UTHUBHOTO sipa aroma MOJIOHO IJIaHeTaM,

mo pyxawoTbes HaBkojo Conusd. Pamiyc sipa r, = 10-14M naGarato
MEHIIUH, HIX pazaiyc aToma I, = 10" m. BigHomenus ux pazniycis
JIa€ BITHOCHY KUJTbKICTh BIAXWUJICHUX 0.-YACTHHOK:

r 14
—}1:1-8—]_():0,01%.
r

a

SAnepna mozxens aroma, pozpoOiena Pesepdopaom mo3Bosmiia
MOSICHUTH PE3YJIbTaTH EKCIEPUMEHTY 1 JJajia 3MOTY BU3HAUUTH 3apsi]l
snpa. byno BCTaHOBIIEHO, IO MO3UTHBHUN 3apsn sapa JOPIBHIOE
aTOMHOMY HOMepy Z eNeMEHTY B MEepioJuYHIi CHCTeMi eJIEMEHTIB
MenneneeBa. Yncso enekTpoHiB B aTOMI TaKOX JIOPIBHIOE Z.



208

However, the Rutherford’s model has some contradictions.
According to the laws of classical physics an electric charge rotates
on an orbit around the nucleus of an atom (i.e. moves with
acceleration) and must continuously emit electromagnetic waves.
Because of this the energy of the electron must be decreased and the
orbit of the electron will approach the nucleus. Finally the electron
must fall on the nucleus and the atom will be destroyed. But we know
that this is not really happening, the atom is a stable structure.

6.1.2 Atomic Spectra
Gas atoms being stimulated by an electric discharge emit a so-
called linear spectrum, which consists of separate spectral lines. The
atomic spectrum of hydrogen atoms is shown in Fig. 6.2.

A

Ha Hﬁ Hv Hra

Figure 6.2

The atomic spectra have specific features. Every chemical
element has its own location of lines which are naturally
interconnected. Any line corresponds to the definite wavelength or
frequency of radiation. The distance between the lines decreases as
the frequency increases. The higher is the temperature the greater is
the intensity of lines. However, the location of the lines and the
corresponding wavelength do not change with rising temperature.
The set of spectral lines, the sequence of which and the intensity
distribution reveal a certain pattern, is called a spectral series.

A great contribution to the study of spectral patterns was made
by scientists I. Balmer, J. Ridberg, and V. Ritz.
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[Tpote, monmens Pesepdopaa mae aeski mpoTupivys. 3rizHO
3aKOHaM KJIACHMYHOI ()i3MKH EJNEKTPHUYHHUIA 3apsijl, PyXaeTbcs II0
op0iTi HaBKOJO sifpa aroma (TOOTO PYyXaeTbCs 3 MPUCKOPEHHSM) 1
Mae 0e3TlepepBHO BUIIPOMIHIOBATH €JICKTPOMArHiTHI XBUIi. Yepes 11e
EHEprisl eJeKTPOHA MOBUHHA 3MEHIITYBATUCH 1 OpOiTa eNeKTpoHa Oye
HaOMKyBaTuCs 10 siapa. HapemiTi, eJIeKTpoH MOBUHEH BIACTH HA
AOpO 1 aToM 3pYHHYETHCS. AJle MU 3Ha€MO, II0 HACHPAaBJi I[LOTO HE
B1JIOYBAETHCS, aTOM € CTa01IILHOIO CTPYKTYPOIO.

6.1.2 ATOMHI cieKTpH
Atomu Ta3zy, 10 30yIKYIOTbCS EJIEKTPUYHUM PpPO3PSAIAOM,
BUIIPOMIHIOIOTH TaK 3BaHUH JIIHIYACTHI CHEKTp, IKUH CKIalaeThes 3
OKPEMHUX CIIEKTPAJbHHUX JiHIA. ATOMHHUIH CHEKTp aTOMIB BOIHIO
300pakeHHi Ha puc. 6.2.

H, H, H, H,

—_
Ry

Pucynok 6.2

ATOMHI CHEKTpH MaroTh 0co0auBl BiacTuBoCTl. KokeH
XIMIYHUI €JeMEHT Mae CBO€ BIJIAaCHE pO3TallyBaHHsS JiHIM, sKi
3aKOHOMIPHO TIOB’si3aHI MDK c00010. bynb-sika JiHis BiAMoOBigae
MEeBHIN JOBXKMHI XBUIIi, a00 4acTOTi BUIIPOMiHIOBaHHS. Bifgctanp Mixk
JIHIAMUA 3MEHIIYEThCSI TMPHU 30UIbIIEHHI YacToTd. Yum Oinbiia
Temreparypa, THUM Oulblna  iHTEeHCHBHICTh  JiHiH.  IIpore,
po3TantyBaHHs JIiHIN 1 BIAMOBIIHA M TOB)KHWHA XBUJII HE 3MIHIOIOThCS
Opy MiABUINEHHI Temreparypd. CyKyHmHICTh CHIEKTpaJbHUX JiHIiMH,
MOCIIJOBHICT SIKUX 1 PO3MOJIJ 1HTEHCHBHOCTI BUSIBISIOTH IEBHY
3aKOHOMIPHICTb, HA3UBAETHCS CIIEKTPAIBLHOIO CEPIETO.

Benuknit BKJIaJ B IOCITIKEHHS CIIEKTPATBHUX
3aKoHOMipHOCTeil Oymo 3po6rmeno Buenmmu 1. Bamsmepom, M.
PinGeprom 1 B. Pitem.
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In 1885, the Swiss physicist Balmer proposed an empirical
formula which describes the spectral lines of hydrogen in the visible

region:
1 R’(%—%), n=3,4,5,...
A 2 n

where A is the wavelength of spectral line,
=1.097-10"m™ is the Rydberg’s constant.
These spectral lines in the visible region are called Balmer’s series.

1 1
V= R(ZZ Fj,

where R=R'c=3.29-10"s™ is called Rydberg’s constant too.

Later the spectral line series was discovered in the ultraviolet
and infrared regions. They are described by the similar formulas.

In the ultraviolet region the Lyman series is observed:

v= R(liz—n—lzj n=234...
In the infrared region several series are observed:

As v=£,then
A

the Paschen series v = R n=4,56..

2

the Pfund series V= R n=

2

the Bracket series v = R nl j n=

the Hamphreys series v = R(G " j n=7,8,9..

The Balmer’s generalized formula for any spectral series of
hydrogen atom may be expressed as:
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VY 1885 poni mBelinaperkuii ¢izuk 1. bansmep 3ampornonysas
eMIipuyHy (Gopmysy, sika OMUCYE JiHIT CHEKTPY BOIAHIO y BUIUMIM

00JIacTi.
lzR'(%—% ,N=3,4,5,...
A 2°n

. e e 7.1
ne A - mosxwuHa xBuii crekrpanbHoi minii; R'=1,097-10'M™ - crana
PinGepra. Lli cmekTpaibHi JiHIT y BUAMMINA 00JaCTi Ha3MBAIOTHCS

. c
cepiero banbmepa. Tak sk, v = o TO

1 1
R(Z_n_j

ne R=R'c=3.29-10"°c™" TakoX Ha3MBa€TLCA CTANOK Pindepra.
[TizHimme Oynu BUSIBICHI cepil CHEKTPAIbHUX JIiHINA BOJHIO B
ynbTpadioneroBiii 1 iHdpauepBoHiil obnactsx. Bonu ommcyroThcs
noaiOHUMU POpPMYyIIaMHu.
B ynbrpadionerosiit o6nacti cioctepiraetbes cepis Jlalimana:

11
v=Rl—-—1 n=2234..
n

12
VY iH(padepBoHiif 06J1aCTI CIOCTEPIratOThCS AEKIIbKa cepit:
Cepis [Tamena v=R iz—iz n=475,6..
3 n

. 1 1 a
Cepis bpekera v=R F_F n=>5,6,7..

: 1 1 _
Cepis [1pynna v=R 2 n==6,7,8..

Cepis Xemndpi V= (i—nij n=17,8,09..

VY3aranbHeny ¢opmyny banbmepa s Oyab-Kux —cepiit
CIIEKTPY BOJHEBOI'O aTOMa BOJIHIO MOXHA BUPA3UTH TaKUM YHHOM:
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11
v=Rl -,
)

where m = 1,2,3..., it determines the series; n = m+1, m+2..., it
determines the given lines in series.

Swedish physicist J. Ridberg has shown that in the linear
spectra of different chemical elements there are spectral series whose
line frequencies satisfy the conditions v="T (m) -T (n), where m and n
are integers. T (m) and T (n) are called spectral terms.

According to Ritz's combination principle, the frequencies of
the spectral lines of radiation of any atom can be represented as the
difference of two terms.

6.1.3 Bohr’s Theory

Spectral regularities of linear spectrums of atoms, Rutherford's
nuclear model of atom and quant character of radiation and
absorption of atoms gave the Danish physicist N. Bohr a possibility
to develop a qualitatively new theory of the atom in 1913. Bohr's
theory is based on two postulates:

1. The Bohr's first postulate (postulate of stationary states):
there exists the stationary states of atom in which atom doesn’t emit
energy.

2. The Bohr's second postulate (the rule of frequencies): the
transition of an atom from one stationary state into the another is
followed by the emission or absorption of one photon with an energy,
that equals the difference of energies of these two stationary states

hv=E,-E,.

N. Bohr also established the rule of quantization of orbits: in
the stationary state of the atom, the electron, moving in a circular
orbit, must have quantized values of the moment of impulse

L=mour=nia,(n=1,23,..),
where m is the mass of the electron, v is the velocity of orbital
motion of the electron, r is the radius of the electron orbit, 7 is
Plank's constant.
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1 1
V:R(rnz_an!

ne m = 1,2,3..., Bu3Hayae cepito; N = m+1, m+2..., Bu3Hayae NeBHI
JIHII B CePisIX.

IIsencokuii Qisux M. PinGepr mokasas, mo B miHiifuacTHx
CIIEKTpax PI3HUX XIMIYHUX E€JIEMEHTIB € CIEeKTPaJibHI cepii, 4acTOTH
JHIA SKUX 33J0BOJIBHSAIOTE yMOBU vV = T (m) — T'(n), ne m i n mimi
gucia. T(m) iT(N) Ha3UBAIOTHCS CIEKTPAIILHUMH TEPMaMH.

3rigHo KOMOIHAIIIHOTO npuammna  Pitma 4acTOTHA
CHEKTPAIBHUX JIIHIA BHUIIPOMIHIOBaHHS OYyAb-IKOTO aToMa MOXHA
NPEJICTaBUTH SIK PI3HUITIO JIBOX TEPMIB.

6.1.3 Teopis bopa

CrekTpanbHi 3aKOHOMIPHOCTI JIHIMYAaCTUX CHEKTPIB aTOMIB,
saepHa Monenb aroma Pesepdopma 1 KBaHTOBHUH — XapakTep
BUIIPOMIHIOBAHHS Ta TOIIMHAHHA aTOMIB Jald 3MOTY JaTCbKOMY
¢izuky H. Bopy y 1913 p. po3pobutu siKicHO HOBY Teopito aroma. B
OCHOBY Teopii bopa moknaaeHo aBa MocTyaaTH.

1. Iepmmii mocrynar bopa (mocrynar cramioHapHUX CTaHiB):
ICHYIOTh CTalllOHapHI CTaHU aToMma, MmepedyBaloyu B SKUX aTOM HeE
BUITPOMIHIOE €HEPrii.

2. Ipyruii nocrynar bopa (mpaBuiio 4acror):
nepexiJy aromMa 3 OJHOIO CTalllOHAPHOTO CTaHy B  IHIIUH
CYMPOBOKYETHCS BHUIPOMIHIOBAaHHAM a00 TOTJIMHAHHAM OJIHOTO
dboToHA 3 eHepri€lo, siKa JOPIBHIOE PI3HUII EHEpPrid IuX ABOX
CTaI[lOHapHUX CTaHiB

hv=E, -E,.

H. Bop ycTaHOBUB TakoX HpaBWJIO KBAaHTYBaHHS OpOIT: B
CTAal[lOHapHOMY CTaHI aToMa eJEeKTPOH, PYXalUYUCh IO KOJOBIH
opOiTi, TOBUHEH MaTH KBAHTOBaHI 3HAYEHHS MOMEHTY IMITYJIbCY:

L=mour=n#,(n=123..),
Je M -Maca eJIeKTPOHa, v - MIBUAKICTh PyXy €JIeKTpOHa 1o OpOiTi,
I - pagiyc opOiTH eneKTpoHa, / - crtana [lnanka.
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According to the Bohr's theory during the transition of an atom
from the state of bigger energy to the state of smaller energy the
radiation of a photon occurs and the electron moves from a distant
orbit on one closer to the nucleus. The absorption of energy is
followed by the transition of an atom into the state with bigger
energy, that corresponds to the transition of the electron onto more
remote orbit from the nucleus.

The set of probable frequencies v, = En ;E
transitions determines the linear spectrum of an atom.

Bohr's theory made it possible to explain the mechanism of the
appearance of the linear spectra of hydrogen atoms, the presence of
series of spectral lines, and the correspondence of the frequency of
each spectral line to quantum transitions.

m of quant

6.1.4 Franck and Hertz’s Experiments
Bohr’s theory found the experimental confirmation in
researches of German physicists D. Franck and J. Hertz in 1913.
They studied the collision of electrons with mercury atoms by the
method of the retarding potential and experimentally proved the
discreteness of the energy of atoms. The scheme of the experimental
installation is shown in Fig.6.3.

3 o B

& @

R

L|———||——+ =
Figure 6.3
Glass tube, filled with mercury vapor with a pressure around

13 Pa, contained the cathode K, the anode A and the grid G. Electrons
are emitted by the cathode as a result of thermoelectrical emission,



215

3riqHo 3 Teopiero bopa mpu mepexoni aroma i3 CTaHy 3
OULTBIIOID EHEPri€l0 B CTaH 3 MEHIIOK CHEPri€l0 BigOyBaeThCs
BUNIPOMIHIOBaHHA (POTOHA 1 EJIEKTPOH MEPEeXOAMTh 3 BiAJaJIEHOT
opOitu Ha Omkuy 1o sapa. [lornmHaHHS eHeprii CynmpOBOIKYETHCS
NepexoJ0oM aToMa B CTaH 3 OLIBIIOI EHEpri€ro, IO BiANOBIJIAE
Mepexo/y eJIeKTpoHa Ha OUIbII BiilaleHy BiJ spa opoiTy.

En—En

Habip MOXIMBUX YacTOT Vi = 7h KBAaHTOBUX TEPEXO/IiB

BU3HAYAE JIIHIHYACTHH CIIEKTpP aToMa.

Teopis bopa gana MOXIUBICT TOSCHHTH  MEXaHI3M
BUHUKHEHHS JIIHIHYACTHX CHEKTPIiB aTOMIB BOJHIO, HAasBHICTh Cepii
CHEKTPAJILHUX JIIHIA, a TaKOX BIANOBIIHICTh YacTOTH KOXKHOT
CHEKTPAIBHOT JIiHIT KBAHTOBUM IIEPEX0JIaM.

6.1.4 locnign @panka i I'epua
ExcniepumenTanbHe minTBep/pKeHHS Teopiss bopa 3Haiimma B
nociinax Himenbkux (izukiB JI. @panka i I'. I'epma B 1913 p. Bonu
BHBYAJIM METO/IOM 3aTPUMYIOUOT0 MOTEHIIIAy 31TKHEHHS €JeKTPOHIB
3 aTOMaMH PTYTIi 1 €KCIIEPUMEHTAIbHO JTOBEIH JUCKPETHICTh eHeprii
aTomiB. CxeMa eKCriepruMeHTaIbHOI YCTAHOBKM HaBe/IeHa Ha puc. 6.3.

NG

Pucynox 6.3

CxiisiHa TpyOKa, 3allOBHEHA Maporo PTYTI HMpU THCKY OJIM3BKO
13 Ila, mictuna xaton K, anox A4 1 citky C. Enextponwu, ski
eMITYIOThCSI KaTOJJOM BHACIII0K TEPMOEIEKTPOHHOI eMicii,
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were accelerated by the difference of potentials U, that is applied
between the cathode and the grid. This potential difference was
regulated by potentiometer R. Between the grid and the anode was
applied a small retarding potential difference of the order of 0.5 V,
which inhibited the movement of electrons. D. Frank and G. Hertz
obtained the dependence of the anode current | on the voltage U
which is shown in Fig. 6.4.

I A

Figure 6.4

It was found that with increasing voltage, the intensity of the
anode current increased gradually, reached the maximum at U = 4.9
V and then decreased sharply. A further increase in voltage led to a
reincrease in the intensity of the anode current, which again reached a
maximum at U = 9.8 V and then decreased sharply. Subsequent
maxima of the anode current were observed at a voltage multiple of
U=49V, namely 9.8V, 14.7 V, etc.

Received results are explained in such manner. When electrons
pass through mercury vapor, they collide with mercury atoms. While
electrons are accelerated by voltage less than U = 4.9 V, they
experience only elastic collisions with atoms, without loss of energy.
This time, their energy is enough for the passage of the retarding
potential between the grid and the anode, so as the voltage increases,
the anode current gradually increases. Sharp drop of anode current
intensity at U = 4.9 V means that inelastic collision of electrons with
mercury atoms takes place.
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MPUCKOPIOBATIUCH PI3HUICI0 ToTeHIiamB U, mo mpukiageHa Mix
KarogoM 1 citkorw. Il pi3HUIS MOTEHIIaNiB  perysroBaiach
noreHriomerpoM R. MiX CITKOIO 1 aHOJIOM NOJaBajd HEBEIHUKY
3aTPUMYIOUY PI3HUINO TOTeHIianiB nopsaky 0,5 B, sika raapmyBana
pyx enektpoHiB. JI. ®pank i1 . T'epn oTpumanu 3aJexkHICTh
anoaHoro crpymy | Bix Hanpyru U, sika HaBeneHa Ha puc.6.4.

1A ﬂ\
|

|

|

|

0 15 B

|
I

| ¥
i 3 1
Pucynox 6.4

Byno BcraHOBIEHO, M0 MNpH MIJBUINEHHI HANPYr'u Cuia
AQHOJHOTO CTPYMY MiJBHIYyBaJlach MOCTYIIOBO, AOCSATaNa MaKCUMYyMY
npu U = 4,9 B 1 ngani pi3ko 3menmryBanack. [loganpiie 3011bIeHHS
HAMpyrd MPU3BOIWIO O TOBTOPHOTO ITiIBUIICHHS CHJIM aHOIHOTO
CTpyMY, KM 3HOB focsiraB MakcumyMmy nipu U = 9,8 B 1 moTiMm pi3ko
3MEHIIyBaBcs.  HacTymHi  MakCHMyMH — @HOJHOTO  CTPyMY
criocTepiranucs npu Hampysi, kpatHiid 1o U = 4,9 B, a came 9,8 B,
14,7B1iT. 1.

OTtpumaHni pe3ynbTaTd MOSCHIOIOTHCA HACTYNMHUM 4MHOM. ITpu
IPOXO/DKEHHI EJIEKTPOHIB Kpi3b Mapy pTyTI B1IOYBalOThCS iX
3ITKHEHHs 3 aToMaMmH pTyTi. [IOKM €JIEeKTpOHM NPHCKOPIOIOTHCS
Hanpyroio, meHmow U = 49 B, BoHM 3a3HAIOTH JHILIE MNPYKHUX
3ITKHEHb 3 aTOMaMH, He BTpadarouu cBoei eHeprii. IIpu mpomy ix
eHeprii J0CTaTHBO JUIsI TMPOXO/HKEHHS 3aTPHMYIOUOTO TOTEHINATY
MDK CITKOIO 1 aHOJIOM, TOMY IpH 30UIbLICHHI HANpyrd aHOAHUN
CTPYM IOCTYTIOBO 301JIbLITYETHCS.

Pizke nmaninus cunn anojxHoro crpymy npu U = 4,9 B o3Hauae,
110 BiIOYBA€THCS HEMPYKHE 31TKHEHHSI €JIEKTPOHIB 3 aTOMaMH PTYTI.
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As a result, electrons completely lose their energy and can’t
overcome the retarding potential between the grid and the anode. The
energy of such electrons is spent on the transition of the mercury
atoms from the normal energetic state to the exited one, the energy
difference between which is equal to 4.9 eV. The existence of the
following maxima of the anode current at voltage values multiple of
4.9 V and its decrease after them is explained by the fact that
electrons undergo 2, 3 ... times inelastic collision with mercury
atoms, lose their energy completely and do not reach the anode. It is
important that mercury atoms absorbs the energy in certain discrete
portions, the value of which is multiple to eU; = 4.9 eV. So, atoms
when they collide with electrons can acquire not arbitrary, but only
certain values of energy. This confirms the validity of Bohr's first
postulate of the existence of stationary states of atoms.

It was found too, that at voltage between the grid and the
cathode less than 4.9 V the radiation of mercury vapor didn’t occur
in the tube. But at a voltage U = 4.9 V and multiple values, ultraviolet
radiation occurred with a wavelength of 0.2537 um.But at voltage U
= 4.9 V and multiple values ultraviolet radiation with a wavelength of
0.2537 um occured. The existence of such radiation is explained as
follows. Mercury atoms, acquire the energy AFE at the collision with
electrons and pass into the excited state. Then its transition in the
normal state occured, that is accompanied by the emission of light
quantum of frequency

AE
vV=—-.
h
As AE = 4.86 eV, then the corresponding wavelength of light is
2SN 02537um.
v AE

This value of the wavelength coincides with experimental one,
that proves the Bohr’s second postulate to be true.

Thus, the researches of Frank and Hertz experimentally
confirmed the basic statutes of Bohr’s theory.
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B pesynabTari 4oro eneKTpPOHM MOBHICTIO BTPAavyalOTh CBOIO
EHEPrif0 1 HE MOXYTh TOJIOJIATH 3aTPUMYIOUMN TOTEHINAT MiX
ciTkor0 1 aHojgoM. EHepris Takux eJeKTPOHIB BHUTPAYa€TbCsS Ha
nepexii aroMiB PTYTI 3 HOPMAJbHOTO EHEPreTUYHOIO CTaHy Y
30y/[UKeHUH, PpI3HMLS €Heprii Mk skumu JopiBHIoe 4,9 eB.
IcHyBaHHS HACTYNHUX MAaKCHUMYMIB aHOJIHOIO CTpyMy IIpH
3HAYCHHAX Hamnpyru, KpatHux 4,9 B, 1 oro 3MeHIIeHHS MiCisd HUX
HOSCHIOETHCS TUM, L0 €JIEKTPOHM 3a3HAIOThH 2, 3... pa3u HENpyxHe
3ITKHEHHS 3 aTOMaMH PTYTi, BTPayaroTh MOBHICTIO CBOIO €HEPTIIO 1 He
JOCATal0Th aHoAa. BaximuBo Te, IO aroMM PTYTI HOIVIMHAKOTH
€HEeprif0 TEeBHUMH JUCKPETHUMH TIOPLISMH, 3HAYCHHS SKOi €
kpatHoto e€U; = 4,9 eB. ToOrto, aromMu mnpu mnpu 3iTKHEHHI 3
CJICKTPOHAMHM MOXKYTh HAOyBaTH HE JIOBUIbHI, a TIIbKHA TICBHI
3HaueHHs eHeprii. lle mniaATBepIXKye CHpaBeUIMBICT MEPIIOTO
noctysary bopa mpo icHyBaHHS CTalliOHAPHUX CTaHIB aTOMIB.

Byno Takoxx BUSBJIEHO, IO MPHU HAMpPy3i MIX CITKOIO 1 KATOJIOM
meHmon 4,9 B BunpomiHioBaHHA mapy pTyTi B TpyOui He
BinOyBanoch. Ane mpu Hampy3i U = 4,9 B 1 kpaTHUX 3HaYCHHSIX
B110yBaJjoCh yabTpadioaeToBe BUNPOMIHIOBAHHSA 3 JOBXUHOIO XBUJI1
0,2537 w™xkM. IcHiBaHHS Take BHIIPOMIHIOBAaHHS MOSCHIOETHCS
HACTYITHUM YMHOM. ATOMHU DPTYTI, sIKI HaOyBalOTh NpPHU 3ITKHEHHI 3
esniekTpoHoM eHeprito AE, mepexomsts y 30ymxeHuil crtan. [lai
BIIOYBa€ThCS Mepexil iX B OCHOBHUM HOpPMAJIbHUN CTaH, SIKUN
CYIIPOBOJIKYEThCS BUITPOMIHIOBAaHHSIM KBAaHTa CBITJa 3 YAaCTOTOIO
_AE

-

Tak sk AE =4,86 eB, To BiamoBigHa JOBKWHA XBHJI CBITIIA
CTaHOBUTH

v

c c-h
A=—=—=0,2537 MxM.
v AE
Ie 3HAYECHHS JOBXWHH XBUII cIriBHagac 3

EKCIIEPUMEHTAIbHUM, 1[0 MIiATBEPAXKYE CIPaBEUIUBICTb IPYroro
nocrynary bopa. Takum uymnom, pocmiaun @panka 1 ['epua
eKCIepUMEHTAIbHO MiATBEPANIN OCHOBHI MOJ0XKEHHs Teopii bopa.
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6.1.5 Bohr’s Theory of Hydrogen Atom and its Spectrum

Bohr’s theory allowed to calculate the spectrum of the
hydrogen atom and hydrogen-like systems. The hydrogen atom is the
simplest system, which consists of one electron that moves in a
circular orbit around the nucleus. The hydrogen-like atom consists of
a nucleus which carries the charge of +Ze and one electron, for
example the ion He™.

Let’s consider the movement of an electron in a hydrogen-like
system. The Newton’s second law for such system is written with
such equation:

Ze® _ mo° | 6.1)
4me, r
According to the rule of quantization of orbits:
mor, =nh. (6.2)
We obtain the set of equations:
ze® mv’?
Arie,r o, (6.3)
mor, =nh

Solving the set of these equations we obtain the formula for the

radius of electron orbits:
2
r= 4“8072 n’ ,n=1,23... (6.4)
Zme

That is, the radii of electron orbits grow in proportion to the squares
of integers.

The radius of the first electron orbit (n = 1) of the hydrogen
atom (Z = 1) equals:

r, =0.528-10""m
and it is called the first Bohr’s radius.
The total energy of the hydrogen atom is the sum of the
potential energy of the interaction between electron and the nucleus
and the kinetic energy of electron’s movement:
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6.1.5 Teopist aroma BoaHI0 1o bopy i iforo cnektp

Teopis bopa mo3Bonmiia po3paxyBaTH CIIEKTp aTOMa BOIHIO 1
BOJIHETIONIOHUX CUCTEM. ATOM BOJHIO € HAUTIPOCTIIIO CHCTEMOIO,
sIKa CKJIAJIAE€ThCS 3 OJJHOTO €JICKTPOHA, SIKMW PYXa€ThCs MO KOJIOBIMH
opOiTi HaBKOJO sipa. BomHemomiOHWN aTOM CKIANa€eThCs 3 sjpa
3apsAIoM +Z€ 1 OJHOTO €JIEKTPOHA, HAPHUKJIad, 10H He".

PosrnsiHeMo pyx enNeKTpoHa B BOJHEMONIOHIN cucTemi.
KynoHiBcbka cuila B3a€MOJIii €JIEKTPOHA 3 SAPOM HAJA€ CIEKTPOHY
JIOLEHTPOBE TMpUCKOpeHHs. [lpyruii 3akoH HproroHa mist Takoi
CHCTEMHU 3alMIIEThCS HACTYITHUM PiBHSHHSIM:

Ze? mo?®
> = . (6.1)
dne,r, r
3riJHO 3 MPaBUIIOM KBaHTYBaHHS OpOiT:
mor, =n7 (6.2)
OTpuMaEMO CUCTEMY PiBHSHB:
Ze? mv?
;=
47[80 r M (6 3)
mor, = nh

Po3p’sa3aBimu cucreMy piBHSHB (6.3), oTpuMaeMo GpopMyity ass
pajiiyca eJeKTpOHHUX OpOIT:
B 4nsoh2 2

n“, n=1,2 3. 6.4
" Zme? (64)

To6to, paxaiycu eJIeKTPOHHHUX OpPOIT 3POCTAIOTh MPOMOPLIHHO
KBaJlpaTaM LIJIUX YHCEI.

Jns atoma BogHio (Z = 1) paamiyc nepmioi opOiTH eneKTpoHa
(n=1) nopiBHr0€

r,=0,528-10"" m

1 HA3UBAETHCS MEPUINM OOPIBCHKUM PaiycoM.

[ToBHa eHepris aToMa BOAHIO € CyMOIO NOTEHIIaJbHOI eHeprii
B3a€EMO/IIT €JIEKTPOHA 3 SAIPOM 1 KIHETUYHOT €HEPrii pyxy eJeKTpoHa:
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E=E,+E,
Ty Iy 2 2
E, =—| Fdr =| L 2= 2
. “dme, 4me,r,
Thus,
2 2
E_ mo®  Ze . (6.5)
2 Amgl,
Substituting in (6.5) the value for r, we obtain:
1 Z°me*
E =——-——-,n=1273... 6.6
n n2 8h2802 ( )

A minus sign indicates that the electron is in a bound state.

The number n in formula (6.6) determines the energy levels of
an atom and is called the principal quantum number. A state with n =
1 is called a ground (normal) state. If n > 1 it is called an excited
state. Fig. 6.3 illustrated the possible allowed orbits of the hydrogen
atom originated from formula (6.6):

1
E -~ F .
EeV n
E=0 oo
E;=-1.50 3
E=-338 2
E=-13.55 1

Figure 6.5
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E=E, +E,.
I} M 2 2
Ep=—.|.Fdr=I 1 ~Zizdr=— &
. “d4me, I 4ne,r
OTtxe,
2 2
mo Ze
E=-__— _
2 Amegry (6.5)
[TincraBuBim B (6.5) 3HaYEHHS A7 I, OTPUMYEMO:
2 4
=t EME =123 (6.6)
n° 8h%,

3HaK MiHyC O3Ha4ae, 110 €JIEKTPOH 3HAXOAUTHCS Y 3B’ SI3aHOMY CTaHi.

Yucno Ny popmymni (6.6) BU3HAUae eHEPreTUYHI PiBHI aToMa 1
HA3UBAETHCSA TOJOBHUM KBaHTOBUM umcioM. Cramn 3 n = 1
HA3MBA€THCS OCHOBHUM (HOpMaiabHUM) cTaHoM. SIkmo N > 1 cran
Ha3WBaeTbCsl 30y/pKkeHuM cranoM. Ha puc.6.5 300paxkeHi MOXKIUBI

CHEPreTHYHI PiBHI aTOMa BOJHIO, II0 MOXOIATh 3 popmyiu (6.6):

1
E -~ F .
E eB H
Enzﬂ ol
Ey=-1.50 3
E= 338 2
E=-13.55 1

Pucynok 6.5
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The energy of the hydrogen atom increases with increasing n,
as its negative value decreases. The energy levels of the atom
approach each other and tend to the boundary corresponding to the
maximum energy value E,, = 0 at n = 1. The maximum energy value
corresponds to the ionization energy of the hydrogen atom. The
minimum value of the hydrogen atom energy is E; = -13.55 eV at
n=1.

According to Bohr’s second postulate:

4

8h2802 m? n?
me* (1 1 1 1
=——| =-S5 |=R—=-= 6.7
v Shggoz(mz )R ) 6.7
where

4

R mez.

8h’,

Theoretical calculations of R value show, it coincides with
experimental one. That fact confirms Bohr’s theory to be true.

An atom can be transferred in an exited state with an electric
discharge. Due to this process energy of an electron increases
according to the equation (6.6). However the excited state is unstable.
Thus an atom makes a transition from one state E, to the state with
lower energy En, (n > m). This emits a photon with an energy that is
determined according to the Bohr’s second postulate:

hv=E, -E,.
Thus, the spectrum of hydrogen consists of series of lines (three
of which are shown in Fig.6.6 and is described by the formula (6.7)

which was obtained from Bohr’s theory and coincides with the
general Balmer formula:

1 1
V:R[F—FJ.
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Eneprisi atoma BOJHIO 3pOCTa€ i3 30UIBIICHHSIM 3HA4YCHHS N,
TakK sSK 3MEHINYEThCS 11 BiJ’eMHa BennuuHa. [Ipu 11boMy eHepreTuyHi
piBHI aromMa HAOMMXKYIOTbCA OJMH 10 OJHOTO 1 MPSIMYIOTh [0
TpaHuIli, IO BIAMOBi/Ia€ MAKCUMAIILHOMY 3Ha4eHHIO eHeprii E, = 0
npu N = 1. MakcumanbHe 3HA4YeHHs €HEPrii BIAMOBiNAaE €HEprii
ioHi3arii aroma BoaHIO0. MiHIMalbHE 3HAYEHHS €HEPrii aToMa BOJIHIO
nopiBHioe E; =-13,55 eB mpu n = 1.

3rigHo 3 npyrum nocrynarom bopa:

4
hv=E,—E,=——2 (i—iJ:

2 2

8h%, \m* n
me* (1 1 1 1
=——| == |=Rl=—-=| 6.7
Y 8h3802(m2 nzj (mz nzj (6.7)
me*
e R=——.
8h,’

TeoperuuHi po3paxyHKH BelMWYMHM R mokaszamm, 1o BoHa
CHIBHAJa€ 3  EKCIepUMEHTaJbHUM  3HaueHHsAM. Lle  dakr
HIATBEPKYE CIpaBeUIUBICTh Teopii bopa.

AtoM Moxxke Oyt mepeBeieHURl |y 30y/KeHMH CTaH
CIEKTPHYHUM  PO3PSIIOM. 3aBASKH I[bOMY TIPOIECY CHEepris
€JIEKTpOHA 30UIbLIYEThCS 3TiHO piBHAHHA (6.6). [IpoTe 30ymKxeHmit
crad HecTiiikuil. ToMy aTtom 3aiiicHIOE niepexin 3i crany E, mo cramy

3 MeHmow eHepriero E. (1 > m). [lpu upoMy BHIPOMIHIOETHCS

GOTOH 3 eHeprielo, sika BU3HAUYAETHCS 3TIAHO 3 JIPYTHM MOCTYIAaTOM
bopa:
hv=E, 6 -E,.
ToMy cHeKTp BOJHIO CKIIAJA€Thbcs 3 Cepiil MiHIM (Tpu 3 SKUX
300pakeHi Ha puc.6.6 1 onucyerbes Ghopmysor (6.7), OTpUMaHOIO 3
Teopii bopa, sika criiBnagae 3 y3araibHeHOI0 hopMynoro bansmepa:

1 1
v=Rl ——-—|.
(mz nzj
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Figure 6.6

Bohr's theory was of great importance for the development of
atomic physics. But it has internal contradictions because it combines
laws of classical physics as well as quantum images. Bohr’s theory
could not explain the intensity of spectral lines and the reason of
atom transition to different states. The biggest failure of Bohr’s
theory was in inability to describe more complex atomic systems than
hydrogen atom. Despite of its own drawbacks, Bohr’s theory was an
important step towards the creation of quantum mechanics.

6.2 Elements of Quantum Mechanics
6.2.1 Wave Properties of Particles
In 1924, the French physicist Louis De Broglie was the first to
put the hypothesis that there is an analogy between corpuscular-wave
dualism of light and the properties of material particles. He assumed
that any particle just like photons has not only corpuscular, but also
wave properties. The quantitative relationship between the
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,um

Teopis bopa mana Benmuke 3HaUYEHHS Ui PO3BUTKY aTOMHOI
¢bi3uku. Ane BOHa MICTUTh BHYTPILIHI MPOTUPIYYS, TaK SK MMOETHYE
3aKOHM KJIACUYHOI (DI3MKHU 3 KBaHTOBUMH ysaBJIeHHsAMHU. Teopis bopa
HE 3MOIJIa MOSCHUTH 1HTEHCUBHICTb CIEKTPAJIbHUX JIHIN 1 MPUUUHY
MepexoJiiB aTOMIB B Pi3HI cTaHu. Haitbuibmioo HeBgader Teopii
bopa Oyna HeMOXXITUBICTh OmucaTH OUMBII CKIAJHI 32 aTOM BOIHIO
aTomH1 cuctemu. He 3Baxkaroum Ha cBOi HeoJiku Teopis bopa Oymna
B)XJIUBUM I1arOM JI0 YTBOPEHHS KBAHTOBOI MEXaHIKH.

6.2 EsleMeHTH KBAHTOBOI MeXaHIKH
6.2.1 XBHJIBOBI BJIACTHUBOCTi YACTHHOK

Opanny3pkuii  ¢izuxk Jlyi ne bpoitne y 1924 p. Bmoepiue
BHUCYHYB TIIOTE3y MpPO ICHYBAaHHS AHAJIOIl MK KOPIYCKYJSPHO-
XBWJIBOBUM JIyaJi3MOM CBITJIa 1 BIJACTUBOCTAMHU MaTepialbHUX
yacTUHOK. BiH mpumyctuB, 1o Oyap-sfiKi YaCTUHKH, TaKk camo SK 1
¢oTOHM, MarOThb HE TUIBKM KOPIYCKYJSpHI, a ¥ XBHJIbOBI
BiacTUBOCTI. KibKICHI CITIBBIIHOIIEHHS MiX
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corpuscular and wave properties of particles should be the same as
for the photon. So the wavelength of a particle with mass m that
moves with velocity o is determined by the formula, which is called
the de Broglie formula:

WL (68)
p mo
This relationship is true for any particle with impulse p.
According to this formula the wavelength of the electron, which
accelerates in an electric field with a difference of potentials Ao, is

determined as follows. Since its kinetic energy is equal to
2

mv
E, = —— =eAQ,
k 5 ¢
then
h h h
}\‘e = —= = .
p 2mE, /2meAqp
Calculations of A, for Ap = 10 V give the value of the

wavelength of the order of ~ 10" m. For comparison, the wavelength
of a football the speed of which is 10 m / s, equals A~ 107 m.

Bohr's postulate of stationary orbits based on de Broglie
formula can be written as

h
mor =n—
21

2nr=n L: na
mo
That is, the stationary states of an electron in an atom are such
states if an integer number of de Broglie waves is placed along the
length of their orbit.

De Broglie’s hypothesis was experimentally confirmed in 1927
by American physicists K. Davison and L. Germer. They found
diffraction of the electron beam in the crystals of nickel. The
diffraction maxima corresponded to the Wolf-Bragg’s equation:



229

KOPITYCKYJIIPHUMU 1 XBHJIBOBUMH BJIACTUBOCTSIMH YaCTUHKH MAlOTh
OyTu Taki cami, K 1 s poroHa. ToOTO, MOBKMHA XBHJII YaCTUHKH
Macor M, sika PyXaeTbes 31 MBUAKICTIO 0 BUSHAYAETHCS PIBHSHHSM,
sIK€ Ha3uBaeTLCA (opmys10ro jie bpoits:

poh b (63)
p mo
Ile CHiBBIIHOIICHHS CIPaBEIJIUBO I OyJIb-AKOi YaCTHHKH 3
IMITYJIbCOM .
3rigHo 1i€i GopMynu JIOBKHHA XBHII €INEKTPOHA, KU
IPUCKOPIOETHCS B €ICKTPUIHOMY IO 3 PI3HHUICIO MOTEHIIANIB AQ,
BU3HAYAETHCSI HACTYITHUM YHHOM. Woro kinerndna exepris
2

Ek=mTU=eA(P.

:£= h _ h
p J2mE, [2merop

Pospaxynku A mns Ag = 10 B naroTh 3HaUeHHS IOBXKHHH XBHUII
HOPAIKY ~100 M. s MOPIBHSHHS, JAOBXHHA XBUJIl (PyTOOIBHOIO

Toni

e

M’si4a, MBHUAKICTH sikoro 10 M/c, nopiBHIOE AL 103 M.
[Toctynar bopa mnpo cramioHapHi OpOiTH 3 ypaxyBaHHIM
dbopmynu e bpoiins MmoxkHa 3anucaTu

h
mor =n—,
27
2nr:nlznx.
mo

To6To cramioHapHUMH CTaHaMHU €JEKTpOHAa B aTOMi € Taki
CTaHW, SKIIO Ha JOBXHHI IXHBOI OpOITH YKJIAIA€ThCS IUJIE YHCIIO
XBWIb J1e bpoiis.

I'imote3y ae bpoiins ekcniepuMeHTalbHO MiATBepawIn y 1927
p. amepukanchbki ¢izuku K. JleBicon i JI. xepmep. Bonu BusiBmim
TUGpPaKIil0  €JIEKTPOHHOTO  IMy4YKa Ha  KpUCTallaX  HIKEINo.
Judpaxuiitni MakcUMyMH BiJTOBianu piBHsAHHIO Bynbda-bpera:
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2d -sinf=nA.

So, electrons show wave properties, and the wavelength A
coincided with the wavelength of de Broglie according to the
equation (6.8).

Further researches discovered the diffraction of neutrons,
protons, atom and molecule beams.

The practical usage of wave properties of particles is found in
the development of modern methods of research - electrographic,
neutronography and others.

6.2.2 Uncertainty Principle
In classical mechanics to describe the motion of the body
concepts such as coordinate and speed of the body, the trajectory of
its movement are used. Coordinates of the body and its speed can be
simultaneously expressed with any precision. Certain values of
accuracy of coordinates Ax,Ay,Az and impulse Ap are measurement

errors and can be maximally reduced, that is Ax, Ay, Az — 0,Ap — 0.

In quantum mechanics the motion of a microparticle is
regarded as the propagation of the de Broglie wave. Due to the wave
properties of a microparticle it doesn’t have a clear trajectory of
motion and simultaneous accurate determination of coordinates and
impulse is impossible to find. Thus, if the impulse of a microparticle
is known exactly, then its location, that is, the coordinate, becomes
quite uncertain.

This idea was first formulated by German physicist Heisenberg
in 1927 as the uncertainty principle: a microparticle can’t
simultaneously have a definite coordinate and a definite relative
impulse projection, considering that the uncertainties of these values
satisfy the condition:

AX-Ap, 21
Ay-Ap, >7.
AZ-Ap, =2 h
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2d -sinO=nA.

ToOTO eNeKTpOHM TPOSIBIISIM  XBHJIBOBI  BJIACTUBOCTI, a
JIOBKMHA XBWJI1 A CIiBajajia 3 JIOBXKUHOK XBWJII jJe bpoimns 3rigHo
dopmynu (6.8).

B nmomanemux mocmigax Oyna BUsBIeHA AUGPaKIlisi HEUTPOHIB,
IPOTOHIB, aTOMHHUX 1 MOJICKYJISIPHUX ITyYKiB.

[IpakTU4YHE 3aCTOCYBaHHSI XBHJIBOBHX BIIACTHBOCTEH YaCTHHOK
3HAWIIIO B PO3BUTKY CYYaCHHUX METOMIB  JOCITIDKEHHS —
enekTpoHorpadii, HeHTpoHorpadii Ta 1HIIHX.

6.2.2 CoiBBiZHOLIIEHHS HEBU3HAYEHOCTEH
Y kjacWuHIA MeXaHili s XapaKTepUCTUKHA pyxXy Tija
3aCTOCOBYIOTh TakKi MOHATTA, SK KOOpJAMHATAa 1 IIBHIKICTH Tila,
TpaekTopist Horo pyxy. KoopauHatu Tina 1 HOro MBHAKICTH MOKHA
BU3HAYUTU OJHOYACHO 3 OyIb-sKOK TO4YHICTIO. [IeBHI 3Ha4YeHHs
TOYHOCTI KOOPIUHAT AX,Ay,Az 1 IMIOyjJca Ap BBaXarmOTbcAd SK

NOoXMOKa BHUMIPIOBAHHS 1 MOXYTb OYTM MaKCHUMajbHO 3MEHIIEHI,
TOOTO AX,Ay,AZ — 0,Ap — 0.

VY KBaHTOBIM MeXaHIlll pyX MIKpOYaCTUHKU PO3IIIAAETHCS, K
nomupeHHst XxBuil ae bpoitng. BHacnigok XBUIBOBUX BIACTUBOCTEN
MIKpOYaCTUHKA HE Ma€ YiTKOi TPAeKTOpii pyXy 1 OJHOYACHE TOYHE
BHU3HAUEHHS KOOPAMHAT 1 IMITYJbCy HeMoxuuBe. OTxe, SKIIO TOYHO
BIZIOMUH IMIYJIbC MIKPOYACTHUHKH, TO ii MICLENOJOXEHHS, TOOTO
KOOpJIMHATA, CTA€ IIJIKOM HEBU3HAYCHOIO.

Ifro imero Bmepme cdopMmynoBaB HiMeUbKUH ¢i3uk  B.
[eitzenGepr y 1927 p. y BUrIsi/l CIIBBIIHOIICHHS! HEBU3HAYEHOCTEH !
MIKpOYaCTUHKAa HE MOXE OJIHOYAaCHO MAaTH IE€BHY KOOpAMHATY 1
MEBHY BIJMOBIAHY MPOEKLIIO IMIYJIbCY, TPUUOMY HEBU3HAYEHHOCTI
X BEJIMYHMH 33JJOBOJIbHAIOTH YMOBI:

AX-Ap, = h
Ay-Ap, =1
AZ-Ap, >h
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That is, the product of the uncertainties of the coordinate by the
corresponding projection of the impulse cannot be less than the
Plank’s constant. On the basis of this principle the coordinate of a
micoparticle and its impulse cannot be simultaneously measured
exactly. Actually, if AXx— 0 then Ap — o and contrary if Ap —0

then AX — co. The impossibility of simultaneous determination of the
coordinate and the corresponding projection of the impulse is
determined by the corpuscular-wave nature of the microparticles and
isn’t related to the capabilities of measuring instruments.

On the basis of the uncertainty principle it is impossible to
speak of the motion of an electron in an atom along a certain
trajectory and apply the laws of classical mechanics to its
determination. The quantum theory leads also to the relationship of
uncertainties of energy and time:

AE-At>h,
where At is the time of receiving energy AE by the particle.
This relationship means, that the shorter the existence of a certain
state, the greater the uncertainty of the energy of this state.

So, the frequency of radiation of a photon has uncertainty

Av = A—E ,
h
which is proved by blurring of all spectral lines. If we measure the
width of the spectral line, we can determine the time of existence of
the atom in the excited state.

The uncertainty principle is the proof for atoms stability

existence. Let's assume that an electron approaches to a nucleus, then

Ax — 0. Accordingly, Ap, — o, thus the velocity and the energy of

an electron increases. As a result an electron moves away from a
nucleus and the atom is in a stable state.

The uncertainty principle cannot be interpreted as a relationship
that establishes the limit of knowledge of the universe. It
characterizes the limits of the application of the ideas and laws of
classical physics to the knowledge of the objects of the microworld.
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ToOTo MOOYTOK HEBU3HAYCHOCTEH KOOPAWHATH 1 BIAMOBIIHOI
MPOEKITli IMIyJabCy HE MOXe OyTH MeHImHM 3a ctany Ilnanka. Ha
miicTaBi IbOTO KOOPAMHATH MIKPOYACTUHKH 1 11 IMITYJIbC HE MOXYTh
OyTH BH3HAYeHI OJHOYAacHO TO4HO. JlilicHo, skmo AX—0, To
Ap — oo 1 HaBmaku, Ko Ap —0, To AX—>o0. HemoxiuBicTh

OJTHOYACHOTO BHM3HAYEHHS KOOPAMHATH 1 BIAMOBIAHOI TMPOEKIii
IMITyJIbCY BU3HAUYAETHCS  KOPHYCKYJISIPHO-XBHJILOBOIO MPHPOIOI0
MIKpDOYaCTUHOK 1 30BCIM HE TIOB’Si3aHA 3  MOJKJIMBOCTSMHU
BUMIPIOBAJILHUX TIPHJIAIIB.

Ha migcrasi CIIBBIIHOIIEHHST HEBU3HAYEHOCTEH HE MOYKHA
TOBOPUTH MPO PyX EJIEKTPOHa B aTroMi IO TMEBHIM TpaekTopii 1
3aCTOCOBYBATH JIJIsl HOTO BH3HAYCHHS 3aKOHU KJIACUYHOT MEXaHIKH.

KBantoBa Teopiss TakoX MPHU3BOAUTH JO CIIBBIAHOIICHHS
HEBU3HAYCHOCTEH eHeprii Ta yacy:

AE-At>1,
ne At - yac oTpuMaHHs MiKpOYacTUHKOIO eHeprii AE.
Ile cmiBBiAHOIICHHS O3HA4Ya€, 110 YMM MEHIIMA Yac ICHYBaHHS
MEBHOTO CTaHy, TUM OlJIbIlIa HEBU3HAYCHICTh €HEPrii IbOTO CTaHY.
ToOTo0, yacToTa BUMPOMiHIOBaHHS (DOTOHA Ma€ HEBU3HAYEHICTh
Av = AE
h
10 MiATBEPAXKYETbCS PO3MUTICTIO BCIX CHEKTpaJbHUX JiHIM. SKio
BUMIPSTH IIUPHUHY CIEKTPATbHOI JiHII, TO MOXHa BHU3HAYUTH 4Yac
ICHYBaHHsI aToMa y 30yI)KEHOMY CTaHI.

CriBBiHOIIIEHHS] HEBU3HAYEHOCTEH JIOBOJAUTH CTaOUIBHICTD
icHyBaHHs atoMmiB. IlpumycTumo, 1m0 eneKTpoH HaOJIMXKaeThCs A0
sapa, toxi AX— 0. BimmoBigHo Ap, —> o0, OTXe, IBHAKICTH i

€Hepris eJeKTpoHa 30UIbINYyIOThCA. B pe3ynbTari  elneKTpoH
pyxaeTbes BiJ AApa 1 aTOM 3HAXOUTHCS B CTa0LIbHOMY CTaHI.

CriBBiTHOIIICHHS HEBU3HAYEHOCTEW HE MOXKHA TPAKTYBaTH 5K
CIIBBIJTHOIIICHHSI, III0 BCTAHOBIIIOE MEXY IMi3HAHHSA BCeCBITY. BoHO
XapakTepu3ye MeXi 3aCTOCYBaHHSA YsBIEHb 1 3aKOHIB KIACHYHOI
Gb13uKH 1715 Mi3HAHHS 00’ €KTIB MIKPOCBITY.
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6.2.3 Wave Function

The location of a material point is determined in classical
physics by means of three X, y, z coordinates. According to the
uncertainty principle the precise determination of the coordinates is
impossible as the concept of the trajectory has no any physical sense.
The wave function ¥ is introduced in quantum mechanics to
characterize the microparticle state and it depends on time and
coordinates: ¥ = ¥ (x,y,z,1).

The concept of the wave function was introduced by the
German physicist M. Born in 1926 on the basis of electron diffraction
experiments. He suggested that according to the wave law the value
of ¥ = ¥ (x, Yy, z, t) changes, which is called the probability
amplitude, or the wave function. He argued that the probability of
finding an electron at that point was proportional to the square of the
wave function. That is, the state of the microparticle is described by
the wave function and has a statistical, probabilistic character.

The square of the modulus of the wave function multiplied by
an elementary volume dV is equal to the probability of a
microparticle being inside volume dV:

do=|¥["dV =" -¥dV,

where W~ is the complex conjugated function with ¥ .
Thus, the wave function ¥ has no physical sense by itself, the

physical sense has the value |‘I’|2 , as it makes the sense of probability

density, that it determines the probability of the microparticle
location in the elementary volume dV:
o = 57
dv
Correspondently the probability of a microparticle location in a
finite volume V at a time t according to the theorem of probabilities
addition is equal to

o=[do=[¥av.
\Y \Y
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6.2.3 XBuiaboBa pyHkuis

3HaXO/KEHHSI MaTepiaJiIbHOI TOYKM B KJIACH4YHIA  (i3uIli
BU3HAYAETHCS 32 JIOMIOMOTIOI0 TPHOX KOOpPAMHAT: X, Y, Z. 3TiAHO 3
CHIBBIJJHOIICHHSM HEBU3HAYCHOCTEH TOYHE BH3HAYCHHS KOOPIUHAT
MIKPOYaCTUHKM HEMOXIIMBE, TaK 5K MOHATTS TPAEKTOPIii B KBAHTOBIN
MexaHili He Mae (izuyHoro 3wmicty. 1106 Bu3HauMTH CTaH
MIKpOYACTUHKU B KBAaHTOBI MEXaHII[I BBOJUTHCS XBUJIHOBA (PYHKIIiS
WV , sKa 3aJeKUTh Bix KoopauHar i yacy: W = W(X,y,z,t).

[TonsarTss  XxBuIbOBOI (yHKIII OyJa0 BBEACHO HIMEIBKUM
bizukom M. bopun y 1926 p. Ha miacraBi pochiaiB Aaudpaxiii
€JIEKTPOHIB. BiH MpumycTuB, M0 32 XBHJILOBUM 3aKOHOM 3MIHIOETHCS
senmunHa W = W(X,y,z,t), ska Ha3UBAETHCS aMILTITYI010 HMOBIPHOCTI,
abo XBWIBOBOIO (QyHKIi€0. BiH cTBepmKyBaB, MO HMOBIPHICTH
3HAXO/DKEHHsI CJIEKTPOHAa B JaHId TOYIll NpOMOpIiliHA KBaJapaTy
XBWIbOBOi  (pyHKIii. ToOTO, CcTaH MIKPOYACTUHKH OIHUCYETHCS
XBUJIBOBOIO (DYHKIIIEIO 1 MA€ CTATUCTHYHUMN, IMOBIpHICHUIN XapakTep.

KBagpar  momyms xBuwiboBOi (yHKIII, TMOMHOXKEHUH Ha
enemeHTapamii 00'em dV JgopiBHIOE WMOBIPHOCTI 3HAXOKCHHS
MIKpPOYaCTHHKU B MOMEHT 4acy t B cepennHi 00'emy dV:

do=|¥["dV =" -¥dv,

ne VY - gynkiis, KoMIuiekcHo crpsbkeHa 3 W .
Taxkum uynHOM, (Pi3UUHUI 3MICT Ma€e He camMa XBUJIIbOBA (DYHKIIIS

e 2 . .
VY, a xBampar i1 Momyns |‘P| , TaK SK BIH Ma€ 3MICT TyCTHHU
HMOBIPHOCTI, = TOOTO  BHU3Ha4Ya€  IMMOBIPHICTP  3HAXO/KEHHS
MiKpOYaCTHHKH B eJieMeHTapHoMy 00 emi dV :

2 do
=
dv

BinmoBigHO WMOBIpHICTh 3HAaXO/KEHHS MIKPOYACTHHKH B

CKiHYeHHOMY o00’emi V B MOMEHT dyacy ! 3rilHO 3 TEOpeMOro
J0JIaBaHHsI KMOBIPHOCTEH, TOPIBHIOE

m:Idmzj|‘P|2dV.
\

\
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Analogically to the wave the wave function Y can be
considered as the amplitude of possibility, and a square of its

modulus ||’ determines the intensity of de Broglie wave, which
corresponds to a certain microparticle.

Since the microparticle must be located somewhere in space,
the wave function ¥ must satisfy the normalization condition:

T‘I"P*dv =1.

This formula means that the existence of a microparticle in space and
time is a reliable event, the probability of which is equal to one.

The wave function must be finite, unambiguous and
continuous.

The wave function satisfies the principle of superposition:

if there are different states of the system with wave functions ‘V,,

then there may be a state with a function ‘“Ythat is a linear
combination of these functions:

Y= Zci‘Pia

where c; are some complex numbers.
Addition of the wave functions ¥, (probability amplitudes)

rather than square modulus of the wave function (probability)
principally distinguishes quantum mechanics from the principles of
classical statistic theory in which the probability summation theorem
holds.

The average values of physical quantities are calculated with
the help of the wave function in quantum mechanics. For example,
we can find the average distance of an electron from a nucleus in an

atom:
oo 2
r={[[r]®dv.
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[To anamorii 3 xBWie XBWIbOBY (QyHKLII0O W MOXHa
. o . . voso 2
pO3MIIAIaTH K aMIUTITYAy WMOBIPHOCTI, a KBajpaT il MOIys |‘P|

BU3HAUYAE IHTCHCHBHICTh XBWJII Ji¢ Bpoiins, sika BiANOBigae MeBHIN
MIKPOYaCTHHIII.

Tak sk MiKpO4aCTUHKA MOBUHHA 3HAXOJUTHCH JIECh Y IPOCTOPI,
TO XBWIbOBa (GYHKIS ¥  TOBHHHA 3aJOBOJBHSATH YMOBI
HOPMYBaHHS:

Tw*dv =1.

s dopmyna o3Hauae, MO ICHYBaHHS MIKPOYACTHHKH B
MPOCTOPi 1 Yaci € JOCTOBIPHOIO TOJIi€10, HMOBIPHICTD SKOi JTOPIBHIOE
OJIMHHUIII.

XBuiboBa (PyHKIIIS MTOBUHHA OYTH CKIHYEHHOIO, OJHO3HAYHOIO
1 HeTIepEepPBHOIO.

XBUIIbOBA (QYHKIIiS 330BOJIbHSIE IPUHIIUI CYTICPIIO3HIIIT
SKIIO ICHYIOTh Pi3HI CTaHU CHCTEMH 3 XBWIIbOBUMH (pyHKHisMu V,,

TO MOXe icHyBaTH cTaH 3 @QyHkmieto W, ska € miniliHOIO
KOMOIHaIl€r0 IUX QYHKIIIH:

¥=>c¥,

ne C; - mesKi KOMIUIEKCHI YHCIIa.
CxiaganHs XBUIbOBUX (yHKIIM W, (amMIUIiTya HMOBIPHOCTI),

a HE KBaJapaTiB MOJYJiB XBWIbOBUX (yHKUINA (MIMOBIpHOCTEMN)
OPUHIUIIOBO  BipI3HA€ KBAHTOBY MEXaHIKy BiJ TNPUHIMIIIB
KJIACHYHOT CTaTHCTHYHOI Teopli, B SKIi CHOpaBennBa Teopema
CKJIaJJaHHs KMOBIpHOCTEH.

3a J0MOMOror XBWJIBOBOI (PYHKIII y KBaHTOBIM MexaHili
O0YMCIIOITh CepefHl 3HaueHHs (i3uuHuX BenuuuH. Hampukinan,
MO>KHA 3HAWTH CEPETHIO BIJICTaHb €JIEKTPOHA BiJ siipa B aTOMI:

oo 2
F= [ ffri¥l av.
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6.2.4 Schrodinger's Equation

In classical mechanics the motion of a body is described by
Newton's laws. Since microparticles have wave properties, in
qguantum mechanics their motion is described by other equations.

The basic equation of quantum mechanics was formulated by
the Austrian physicist Schrodinger in 1926 on the basis of ideas about
the wave motion of an electron in an atom. This motion must be
defined by the wave equation, which Schrodinger wrote as

h: o*Y
2m  ox’

=U¥Y-EY,

where 7 = h/2r is Plank's constant;

m is the mass of the particle;

A is Laplass operator;

Y = Y (x,y,z,t) is the wave function;

U is potential energy of the microparticle;

i is the imaginary unit.

This equation is called the general Schrédinger's equation.

The Schrodinger’s equation, like all the basic equations of
physics, is not deduced but postulated. The Schrodinger’s equation
holds for any particle moving at a low velocity » << c.
Mathematically, it is a linear differential equation with partial
derivatives. Such an equation has many solutions, and that linear
combination of any set of solutions of the equation will also be a
solution of the equation.

For the case when the potential energy U doesn't depend on the
time t the stationary Schrodinger's equation is used:

A\|J+il—r2n(E—U)\|1:0,

where E is the total energy of the microparticle;
WV = VY (x,y,2) is the wave function.
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6.2.4 PiBusinus Llpeninrepa

B ximacuuHiii MexaHill pyX TijJa OINKHCYEThCS 3aKOHAMU
Herorona. Tak sk MiKpOYaCTUHKH MalOTh XBUJIbOBI BIIACTHBOCTI, TO B
KBAaHTOBIM MEXaHiIli iX pyX ONMUCYIOTh IHIIUMH PIBHSIHHSIMH.

OcHoBHE piBHSHHS KBAaHTOBOI MEXaHIKH Oyi0 copmyliboBaHe
aBcTpiiickkuM (izuxkom Ipeminrepom B 1926 pormi Ha mijacraBi
ySBIIEHb TPO XBWJIBOBHH pyX e€JEKTpoHAa B aromi. Takwii pyx
MOBMHEH BH3HAYAaTUCh XBHWJILOBUM piBHSIHHIM, sike Lllpexinrep
3aMmcaB y BUTIISI:

2
—h—A‘P+U‘P:iha—\P,
2m ot

h
e h=— crana IInanka,
27

M - Maca YaCTUHKU,

A - oneparop Jlannaca,
WY =¥(X,Y,z,t) - XBIIb0Ba QYHKIIL,
U = U(X,y,z,t) — moTeHIiiaibHa €HEPTish MIKPOYACTHHKH
I — ysBHA OOUHULI.
Ile piBHAHHS Ha3UBAETHCS 3arayibHUM piBHAHHIM [lpeninrepa.
PiBusinns Ulpeaunrepa, sik 1 yci OCHOBHI pIBHSHHS (Di3UKU He
BUBOJMTHCS, a MOCTYOeThes. PiBHsHHES [lIpenuarepa cripaBeminBe
Uist Oyab-SIKO1 YaCTUHKH, SKa PYXae€TbCsd 3 MAajol MIBUAKICTIO
v<<c. MarematuuHo BOHO  YysBIsle  coOOIO  JIiHiHE
mudepeHiianbie pIBHAHHA 3 YaCcTUHHUMH MOXiAHUMHU. Take
PIBHSIHHS Mae€ OaraTo poO3B’sI3KiB, TaKHWX, IO JIIHIMHA KOMOIHAIlIA
OyAb-KO1 CYKYITHOCTI PO3B’SI3KiB PIBHSHHS TaKOX Oyze po3B’sS3KOM
PIBHSIHHS.
s BUMaaKy, KO MOTeHIlianbHa eHepriss U He 3aneXuTh Bijl
yacy {, 3acTOCOBYIOTH cTaiionapHe piBHgHHS [{Ipeninrepa :
A\|/+2h—T(E—U)\|/:O,

ne E — noBHa eHeprisi MIKpOYaCTHHKH,
V= VY (X,Y,z) — XBUIbOBa QyHKIIIs.
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The Schrodinger's equation has solutions at certain values of
energy E,, which are called their own energies and correspond to the
stationary states. The wave functions y, corresponding to these
values of energy are also called own functions. The own values of
energy E, can form both a continuous and a discrete series.
Depending on this, we speak of a continuous or continuous spectrum,
respectively.

Schrodinger’s equation allows to find the wave function W
(x,y,z,t) and its change over the time and thus determine the state of
microparticle at any moment of time.

At their significance Schrédinger’s equation in quantum
mechanics is analogous to the fundamental law of classical
mechanics - Newton's second law. The validity of the Schrodinger
equation is confirmed by the experimental results of many
experiments.

6.2.5 Motion of a Free Particle and its Energetic Spectrum
A particle is called free if its motion isn't limited in space and if
its potential energy doesn't depend upon coordinates U = 0. In this
case the total energy E of the particle coincides with the kinetic one.
The stationary Schrodinger's equation for a free particle is

Ay + ZmZE\V=O,
h
as
ZmE:ka
h2
then
Ay +k*y=0.

The partial solution of this differential equation for a particle, that
moves along x axes is a function:

v =Ae"™ +Be ™,

where A and B are constants; k is a wave number.
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PiBusnns Upeninrepa Mae pilleHHS NMPU MEBHUX 3HAYEHHSX
eHeprii E,, sAKi Ha3WBAaIOThCA BJIACHUMH 1 BIINOBIIAIOThH
CTaI[lOHApHUM CTaHaM. XBHJIbOBI PYHKIIIT p, SIKI BIAOBIAIOTH UM
3HAQYCHHSM CHEprii, TaKOXX Ha3MBAKOThCS BIACHUMHU (DYHKIISIMH.
Bnacui 3HauenHs eneprii £, MOXYTh YTBOPIOBATH SIK HETEPEPBHUM,
TaK 1 JUCKpeTHHH psin. B 3aimexHOCTI Bil IIbOrO TOBOPSITH PO
HerepepBHUI a00 CYLTBbHUN CIIEKTP BiAMOBIIHO.

PiBusinnsa [peninrepa mae 3Mory 3HaWTH XBUJIBOBY (YHKIIIFO
Y (x,y,z,t), ii 3mMiHy B Yaci i TaKMM YHHOM BH3HAYHTH CTaH
MIKpOYACTUHKH B Oy/Ib-sIKUH MOMEHT Yacy.

3a cBoiMm 3HaueHHAM piBHAHHA Illpeninrepa B KBaHTOBIi
MEXaHIIli € aHaJIOrOM OCHOBHOTO 3aKOHY KJIACHYHOI MEXaHIKH —
npyroro 3akoHy Herorona. CrnpaBemnuBicts piBHsHHs Llpeninrepa
MiATBEPKYETHCS  CKCIICPUMEHTATBHIUME pe3yJIbTaTaMu  0araThbox
JOCJIIIB.

6.2.5 Pyx BiIbHOI YACTHHKH i il eHEPreTHYHUI CHEKTP

YacTrHKa HA3UBAETHCS BUIBHOIO, SKIIO il pyX HE 0OMEXKY€EThCS
y mpoctopi 1 ii moTeHumiadbHa eHepris JopiBHioe Hymo U = 0. VY
IbOMY BUIIAJKy [TOBHA eHepris E yacTuHKY cniBnanae 3 KIHETUYHOIO.

Cramionapue piBHAHHS IllpeniHrepa Juist BIIbHOI YaCTHHKH
HaOyBae BUTIIANY.

Ay + Zir;Ew:O,
TaK K
2mE:k2’
K2
To Ay +kAy=0,

YacTKOBUM pO3B’SI3KOM LIBOTO JUGPEPEHLINHOTO PIBHSIHHS AJIs
YAaCTUHKH, KA PYXa€ThCS B3/I0BX OC1 X € (DYyHKIIS:

y(x) = Ae™ + Be ™,
ne AiB - crami; K — xBuan0Be umcIIo.
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The general solution of the Schrédinger equation can be
E

obtained if the function y(x) is multiplied bye_i(F)t

kx+Et)

i i kx5 -
Wt =) e = ael w4 g
E
I3

as =,

then
(x,t)= Agitet) 4 ggrillot),

The function Y (x,t) is a superposition of two plane
monochromatic waves with the same frequency ®, which spread in
opposite directions.

From the equation 2mE =k? we find that the particle energy is

hZ
2
E =h—k2 _h .
2m 2m

From this equation it can be seen that the energy of the free particle is
a quadratic function of the wave number k. It depends on its impulse
as in classical mechanics and can takes arbitrary values. The graph of
relationship E = f(k) for a free particle is shown in Fig.6.7.

E

0 k

Figure 6.7

Thus, the energy of a free particle can acquire arbitrary values,
that is, its energy spectrum is continuous.
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3aranpHuil po3B’si30k piBHsAHHSA Illpeninrepa MoxkHa OTpuUMaTH,

E
—i()t
SKIIO QYHKIIFO Y(X) TOMHOXHUTH Ha € :

Y )=y(x)- e—i% _ Aei[kx—%t) N Bei(kx+§tJ’

E o
TaK sIK — =0,
h
TO
Y(x,t) = Ag!lmet) 4 ggillcrat)

Oyukitis Y (X,t) ysaBise cob0r0 CYNEpHO3HINI0 JABOX MIOCKUX
MOHOXPOMATHYHHX  XBHJIb ~ OJHAKOBOi ~ YacCTOTH @, IO
PO3MOBCIOKYIOTHCS B IIPOTUIICKHUX HANPSIMKAX.

. 2mE .
3 piBHSHHS PO K® 3HaXomuMmo, IO €HEpris YaCTHHKU
JIOPIBHIOE
2
E-" 2B
2m 2m

3 1bOro piBHSAHHS BHUJAHO, IO €HEPris BUIbHOI YAaCTHMHKH €
KBaJIpaTUYHOIO (YHKIIEIO XBUIBBOTO 4yrciaa K. Bona 3amexuts Bix ii
IMIYJIbCY TaK, K 1 B KJIACMUHIN MeXaHilli 1 MO)ke HaOyBaTH JIOBUIbHI
3HaueHHs. ['padik 3amexnocti E=f(k) mis BimpHOI wacTHHKH

HaBeJIeHO Ha puc.6.7.
E

0 k

Pucynok 6.7

TakuM YMHOM, €Hepris BUIbHOI YAaCTUHKU MOXe HalOyBaTH
JOBUTBHUX 3Hau€Hb, TOOTO 1 eHEPTeTUUHUI CIIEKTp € HEeTIePEPBHUIA.
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6.2.6 Particle in One-Dimensional Infinitely Deep Potential Well
Let’s consider the motion of the particle in a potential field,
which is determined by the function

00, X< 0
U(x)=:0,0<x<I
00, X > |

and looks like an infinitely deep potential well (Fig.6.8.).
Ux) | !

=
\’
B

|::‘j Tow w e e o e e e o

! x

Figure 6.8

The movement of the particle in this case is limited in space
and occurs only within a potential well, it can’t go out its borders. We
use the stationary Schrodinger's equation to describe the motion of a
particle in a one-dimensional well:

o*y  2m
g‘f + ?(E ~U)y=0.

As the particle moves only within the segment OlI, the
probability of its existence and wave function  outside this interval
is zero. Under the condition of continuity of the wave function at the
boundaries of the potential well, it must turn into zero. Thus, we have
the boundary conditions as
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6.2.6 YacTuHKA B 0/IHOBUMIipHIiii HeCKiHUeHHO ITNOOKIi
NOTEeHIiaNbHIH AMI
PosrnsiHeMO pyx YacTMHKM B MOTEHI[IAJILHOMY TIONi, SKe
BU3HAYAETHCH QYHKIIIEIO:

00, X< 0
U(x)=:0,0<x<I
00, X > |

1 Ma€e BUTJISIT HECKIHYEHHO TIIMOOKOT MOTEHIIabHO1 MU (puc.6.8.).

Ux) | !

o ! x
Pucynok 6.8

Pyx 4YacTMHKM B LIbOMY BHUIAJKy OOMEXEHMH B MpPOCTOpI i
B1IOYBA€ETHCS TUIBKK B MEXaX MOTEHIIAIbHOT MM, 32 TPAHUIll SIKOT
BUWTH BOHA HE MOXE.

3actocyemo crarioHapue piBHsHHS [IIpeniarepa st omucaHHs
PYXy YaCTHMHKHU B OJTHOBUMIpPHINA MOTEHILIAJIbHIN sIMI:

2
oV L 2N (e _y)y=o.
ox* h

Tak sk yacTHHKA pyxaeThCs TUTbKU B Mexax Biapizka Ol, To
HMOBIpHICTD ii iCHYBaHHS 1 XBHJIbOBA (DYHKIIIS \y 32 MEXKaMHU I[bOTO
BIJIpi3Ka JOPIBHIOIOTH HYJO. 33 YMOBHM HENEPEPBHOCTI XBUIHOBOI
GyHKIIT Ha TpaHUIEMX TOTEHIIANbHOI SMH BOHA IOBHWHHA
NIEPETBOPIOBATHCH B HYIIb. OTKe, MA€MO TPAaHWYHI YMOBH y BUTJISII:
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v(0)=w(1)=0.
The Schrodinger’s equation within borders of the potential well is
written in the form

oy 2m
— 4+ —Ey=0,
ox: i v
or
62
a—\g‘i‘kz\ll:O,
X
where
kZ:Zh—TE

The total solution of this differential equation is
y(x)= Asinkx+ Bcoskx.

From the first boundary condition y(0)= 0 we obtain B = 0.
Thus,
y(x)= Asinkx.
Let’s use the second boundary condition w(l)=0, then
y(l)= Asinkl =0,
Kl =nm,
nrm
k == T
Let’s find the own values of the particle energy that satisfy the
Schrodinger’s equation:
n’k?  wtn’
" om  2ml?
Therefore, the energy of a particle moving in a potential well
acquires only discrete values, i.e. it is quantized. The number n
determines the energy levels E, of the particle and is a principal
guantum number.

n*,(n=1,2,3..).
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y(0)=wy(1)=0.
Piusuas Illpeninrepa B TpaHUIX MNOTCHILIATBHOI SMU
3aMUIICTHCS Y BUTJISII:

2
g%+§2_TEW=O’
abo
(ZZTTJrka:O,
ne
o 2me

3aranpHUI PO3B’A30K IBOTO AM(EPEHIIaTBHOTO PIBHSHHS :
y(x)= Asinkx+ Bcoskx.
3 nepioi rpaHuYHOI YMOBU \|/(O) =0 orpumaemo, 1o B= 0.
OTtxe,
y(x)= Asinkx.
3acTocyeMo Ipyry rpaHU4YHy yMOBY \V(l ) =0, Toxi
y(l)= Asinkl =0,
kl = nmr,
nm

k:T.

3HaiiileMO BJIaCHI 3HAU€HHsS E€Heprii YaCTHHKH, SIKi 3aJI0BOJBbHSIOTH
piBHsaHHS llpeaunrepa:

21,2 232

_Rh°k® w'h

n— - 2

2m  2ml

O1xe, eHepris YaCTHHKHU, 110 PYXAEThCS B MOTCHITIATBHIN sMI,

HaOyBae JHIle AMCKPETHI 3Hau€HHs, TOOTO KBaHTyeTbcs. Hucimo N

BHU3HAUa€ €HepreTHyHl piBHI En YaCTUHKU 1 € TOJIOBHUM KBaHTOBUM

YHCIIOM.

n’,(n=1,2,3..).
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Taking into account k, the wave function is
Y= Asin% X.

The A constant may be determined with the help of

normalization condition:
|

IAzsin2$de =1,

0
A= 2
|

wn(x):Jlgsin%x, n=1,2,3,...

The graphs of this function are represented in Fig.6.9a.
Accordingly, Fig. 6.9b shows the probability density of the particle
location within the potential well.

Consequently,

& ) LI s ()]

B[~ ~ - ez B

Figure 6.9

From these graphs it follows that the probability of the particle
location in different places of the segment Ol is different. With
increasing quantum number n, the number of maxima in Fig.6.9b
increases, the probability of a particle being within the potential well
is almost the same as for a quantum particle.
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3 ypaxyBaHHM K, XBUJIbOBa (DYHKITis
. Nm
y = Asin T X.
Crana A Mmoxe OyTH BU3HaUEHA 3a IOTIOMOT'OK0 YMOBH HOpMaJTi3arlii:

|
IAzsin2$xdx =1,
0

OTtxe,

Wn(X)=\/|§5in¥X1 n=1,2,3,...

I'padiku miei ¢pynkmii 300paxeni Ha puc.6.9a. BinnosinHo, Ha
puc.6.90 HajaHa TycTHHA WMOBIPHOCTI 3HAXO/DKCHHS YACTHHKU B
MEKax MOTEHIIaIbHOT SIMU.

P -
B e LI I 2
/ _\\‘ / '“\'\ B
\ / \ \
o s / Y / \ / \
Bl T e B AW ] s
.“"*_.- -~
AN e ~
g N -
B| ~— s & \_ S .
)/r .,
~ -,
g — T L .
g e ——=ain=l B n=
N 4
0 a) ! 0 5 i
Pucynok 6.9

3 uux rpadikiB BUIUIMBAE, M0 HMOBIPHICTh NepeOyBaHHS
YaCTMHKU B pi3HHX Micugx Biapizka Ol € pisHor. I3 3pocraHHsIM
KBAaHTOBOTO YHCIa N, YUCJIO MAKCUMYMIB Ha puc. 6.90 30UTbITyeThCS
1 HIMOBIpHICTh Mepe0yBaHHS YACTUHKH B MeXKaX MOTEHLIAIbHOI sIMU
CTa€ MPAKTUYHO OJHAKOBOIO, SIK JUII KBAHTOBOT YaCTHHKH.
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The energy difference between neighboring energy levels is:

°h?
AE =——(2n+1).
" 2m|2( )

With large quantum numbers relative portion of this difference is

AE B 2n+1

n

E n?

n

<1

the denser are the energy levels the larger is n. That is, the energy
spectrum becomes almost continual.

Presented results correspond to the Bohr's correspondence
principle, according to which the laws of quantum mechanics at large
qguantum numbers are transferred into the laws of classical physics.

6.2.7 Tunneling the Particle Through a Potential Barrier. Tunnel
Effect
Let’s consider the motion of a particle along the Ox axis in the
potential field determined by the function:

0,x<0
Ux)=<U,0<x<I,
0,x>1

and has a form of a rectangular potential barrier of height U and
width | (Fig.6.10):

i)

! 2 3
0 i x
Figure 6.10
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PisHuis eHeprii MK CYCiAHIMH €HEPreTHYHUMH PiBHSAMH
JIOPIBHIOE:

252

°h

AE, = >

2ml

(2n+1) .

[Ipy BenWKUX KBAHTOBUX 4YHCIAX BIJHOCHA 4YaCTHHA i€l
Pi3HMIT

n
E, n?
1 eHepreTUYHi piBHI PO3MILIEHHI TUM rycTimme, yuM Outbme N. TodTo
C€HEPreTUYHUN CIEKTP CTA€ MPAKTUYHO HEICPEPBHUM.
Hagenenni pe3yabTaTu BiJI0OpakarTh HOPUHIIUT
BlInoBigHOCTEH bopa, 3rigHO 3 SKUM 3aKOHU KBAaHTOBOI MEXAaHIKU
IPH BEIUKUX 3HAYCHHSX KBAHTOBUX YHCEN TMEPEXOMATh B 3aKOHU

KJIACUYHOT (Q13HKH.

AE 2n+1
= <1

6.2.7 IlpoxoxkeHHsI YACTUHKU KPi3b MOTeHUiaJIbHUI 0ap'ep.
TyHenbHUH epeKT
Po3rnsiHeMoO pyx 4acTUHKHM B3J0BXK oci Ox B NOTEHIIAIbHOMY
T0JI1, IKE BU3HAYAETHCS (PYHKIIIEIO!

0,x<0
U(x)=qU,0<x<I
0,x>1

1 Mae BUIVISIT NMPSMOKYTHOIO TMOTeHIlanbHOro Oap'epa Bucotu U i
wupuau | (puc.6.10).

1 2 3
0 7 x

Pucynok 6.10
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According to the laws of classical mechanics, a particle can
only be found where the potential energy U is less than its total
energy E. This is due to the fact that the kinetic energy of the particle
must always be a positive value:

Exk=E-U>0.

That is, a classical particle with energy E < U can move in
region 1 or 3. It cannot be in region 2. If the particle moves along the
positive direction of the Ox axis, it will not pass through the potential
barrier and will be reflected from it. If E > U, then the particle will
pass over the barrier. But for a microparticle quantum mechanics
gives a completely different result. At E < U, the particle is likely to
pass through the potential barrier, and at E > U, the particle is likely
to get away from the potential barrier.

Let's write the Schrodinger’s equation for every of three

regions of the potential field:
2

2y,
aXZ

+kly =0,

82
ax‘iz"'kg\l’z =0,

0%y 2
ang"'k 3V =0,
where
kS’ =k,* = Z;Ian for region 1,3;
. 2m(E-U)
==
The total solution of the Schrodinger's equation for different
regions is wave functions:

\Vl(X)Z Aieiklx + Ble_iklx ,
\IIZ(X) — Azeikzx + Bze—ikzx ,
\|/3(X) — ABEik3X + Bse—ik3x .

k. for region 2.
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3rigHo i3 3aKOHAMHM KJIACMYHOI MEXAaHIKM, YaCTHHKA MOXKE
3HaXOAUTHUCH TIIBKH TaM, JI¢ MOTeHIiaapHa eHepris U menma Bif 1i
noBHoi eneprii E. Ile oOymoBIeHO THUM, IO KiHETMYHA EHEPTid
YACTUHKH 3aBXIU Ma€ OyTH JOJaTHOK BEITHUYHNHOIO:
Exk=E-U>0.
To6To, KTacuuHa yacTuHKA 3 eHepriero E < U moxke pyxaTuch
B aingHmi 1 ado 3. B auisgHni 2 BoHA 3HAXOIUTHUCH HE MOXe. SIKIo
YaCTUHKA PYXa€ThCS B3J0BXK IO3MTUBHOTO HAampsMKy oci Ox, TO
BOHA HE Mpoiiie Kpi3b NOTEHIIaTbHIIA Oapep 1 BilliO €ThCS Bi HBOTO.
Sxkmo E > U, 10 wyactmka mpoiine Han OapepoMm. Aje s
MIKpOYAaCTUHKMA KBAHTOBA MEXaHIKa JIa€ 30BCIM IHIIUN pe3yJbTarT.
[Ipu E < U icHye iMOBIpHICTH TOTO, II0 YaCTUHKA MpOiiie Kpi3b
noTeHIianpHui Oapep, a mpu E > U icHye WMOBIpHICTH TOTO, IO
JaCTHHKA Bi/110’€ThCs BiJ MMOTEHIIAILHOTO Oapepa.
3anmmmiemo piBHsHHA lllpemiHrepa s KOXHOiI 3 TphOX
o0JiacTel IMOTEHIIAIBHOTO IIO0JIS:
0%y,

aXZ

+k21\|/1 =0,

2

0
ax\l';z‘i‘kg\lfz =O,

0%y 2
8)(23 +k3\V3 =0,
e kl2 = k32 = zhsz g obmacrti 1, 3;
k., = w JUIs 001acTi 2.

3aranbHUM po3B’s30K piBHAHHA Illpeninrepa nns pi3HuX
oOacTeil € XBUIIbOBI (DYHKIIIT:

vi(x)= Ae" + Be ™,
v, (X)= A"+ Be e,
\Vs(x) = Aseik3x + Bse_iksx '
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The total wave function for every region is:
-iEy : :
\Pl(x,t) _ \Vl(x)' e o= A]_el(klx_wt) + Ble_l(klx+wt),
_iEy _ _
le (X,t) v, ()() o = _ A2e|(k2x—mt) T Bze—l(k2x+mt),
-E
‘P3(x,t):\|/3(x)-e S Asei(ksx—mt) N Bse—i(k3x+mt).
These equations are the result of superposition of two waves that are
spreading in opposite directions.

The graph of the wave function in different regions is shown in
Fig.6.11:

¥ (x) I

e ’ " \/A *
1lx yr, (%) y, (x)

|
|
| |
| |

Figure 6.11

Analysis of this graph shows, that the wave function in region 2
doesn’t equal zero, and in region 3 has the form of a de Broglie wave
with the same impulse but with the smaller amplitude. If energy of
microparticle E < U then there is a probability of passing through the
potential barrier. The phenomenon of a microparticle passing through
the potential barrier is called the tunnel effect.

Calculations prove that the probability of passing of a
microparticle through a potential barrier is determined by the
formula:
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[ToBHa XBUIKOBA (DYHKIIIA U151 KOKHOT 007aCTi Ma€ BUTIISA:
.E

1P:I_(X,t) = \Vl(x)- eilgt — Al-ei(klx—wt) + Ble—i(k1x+mt) ’

W, (0t) =y, ()¢ 7

0 )= yp(x)-e 1 = A 4 gt
[li piBHSHHS € pe3yabTaToOM CyINEPIO3UIlii JIBOX XBWJb, SKi
PO3TMOBCIO/KYIOTHCS B POTHIICKHHUX HAMPsSIMaXx.
['padix xBumboBOi PyHKLIT 1Sl pi3HUX 00JACTel 300pakeHui

Ha puc. 6.11:
W (x

|

W) wey | \/ )
|
|

—i—t

— Azei(kzx—mt) + B e k2X+mt),

it

) |

l
|

Pucynok 6.11

Ananiz nporo rpadiky mMoka3ye, 110 XBHUJIbOBAa (YHKIS B
obyacTi 2 He JNOPIBHIOE HYJIO, @ B 00JIacTi 3 Mae BUTIISA XBHJI JI€
Bbpoitng 3 TMM caMMM IMIIyJIbCOM, ajieé 3 MEHIIOK aMIUTITYIO0.
Orxe, axmo eneprig yactuaku E <U, 10 icHye BinminHa Bix Hyns
HMOBIpHICTh TPOXOKEHHS 11 Kpi3b NOTEHUINHUN Oap'ep. SBuie
NPOXO/KEHHS YacCTUHKU Kpi3b MOTEHIINMHMN Oap'ep Ha3UBae€ThCA
TYHEJILHUM €(DEKTOM.

OOuucneHHss JOBOAATH, M0 WMOBIPHICTh IMPOXOKEHHS
MIKpOYAaCTUHKM Kpi3b MOTEHILIaNbHUN Oap’ep BU3HAYA€ThCA 3a
dbopmyoro:
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®= exp{—%l,mm(u - E)]

The basis of the theory of tunnel transitions is formed by Soviet
scientists L. Mandelishtam and M. Leontovich. The tunnel effect
occurs in contact phenomena, cold electron field emission from
metals, a-radioactive decay and other phenomena. The phenomenon
of the tunnel effect lies in the principle of work of tunnel diodes, a
tunnel electron microscope.

6.2.8 Hydrogen Atom in Quantum Mechanics
In quantum mechanics the Schrédinger’s equation is used to
determine the energy levels of an electron in a hydrogen atom. Its
solution is a wave function .
The electron moves in the hydrogen atom around the nucleus
in the potential field of Coulomb’s force:
1 ze

2 H

F=
dre, r

Let’s find the potential energy interaction of the electron and the
nucleus:

du =—Fdr,
2
du=-"1_2 g
dne, 1
PN
L dme,r

We use the Schrodinger's equation to find out the electron state in the

atom:
2m Ze?
Ay +—| E+ =0.
v hz( 4n80r]\v

The Schrodinger's equation has a solution only with own values of
energy of the electron:
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®= exp{—%l,/Zm(U - E)]

OcHOoBU  Teopii  TyHENbHHUX  TEpEXOMdiB  pO3pobIeHi
paasHcekuMu BueHuMmH JI. Manpensmramom 1 M. JleoHTOBHYEM.
TynenbHuii edexT BiZOYBA€TbCSI B KOHTAKTHUX SIBUIAX, IPH
XOJIOJIHIN eMicii eJeKTPOHIB 3 METalliB, SBUIIAX PaJAI0aKTHBHOTO O.-
po3mnanay Ta iHIMX. SIBHINE TYHETBbHOrO €(EeKTYy JISKUTh B OCHOBI
poOOTH TYHETFHUX J10/1iB, TYHETBHOTO €IEKTPOHHOTO MIKPOCKOTIA.

6.2.8 ATOM BOJHIO B KBAHTOBIIl MexaHimi
B kBaHTOBIl MexaHilll i1 BU3HAYEHHS €HEPreTUYHUX PIBHIB
€JICKTPOHA B aTOMi BOJHIO 3aCTOCOBYEThCS piBHsHHS Ilpenunrepa,
PO3B’SI3KOM SIKOTO € XBHJIbOBA (DYHKIIIST .

B aromi BOAHIO €IEKTPOH pyXaeThCsl HABKOJIO SApa B
MOTEHI1aJIbHOMY TOJ1 KyJOHIBCHKOT CHIIU:

1 ze
F= =
dne, r
Bu3HaunMo noTeHwianbHy eHEeprito B3aEMO/IT €JIeKTPOHA 3 SAPOM:
dU =-Fdr,
1 Ze?
du = T dr ,

dne, ¥

5 —

r 2 2

pof g 2
cd4me, r 4me r

3actocyemo crarionapHe piBHsHHs [lpeminrepa nis BU3HAYCHHS

CTaHy €JICKTPOHA B aTOMi:

2
A\|;+il—T E + ze

=0.
4mer v

PiBusnns Lpeninrepa mae pilieHHs TUIBKU MIPHU BIACHUX 3HAYEHHSX
€Heprii eJIeKTpoHa:
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Z’me* 1
E, ToRa n=1,23,... (6.9)
where n is the principal quantum number.

The discreteness of energy levels is the result of the solution of
the Schrodinger’s equation. Obtained own values of energy coincide
with the results that are given earlier in Bohr’s theory.

The state with n = 1 is the base state of an electron. If n > 1,
these are excited states.

The formula (6.9) gives directly the energy values of the
allowed stationary states (Fig.6.12).

B
E=0
] ¥
EB
E2
El
Figure 6.12

The upper level when n = oo corresponds to a state at which the
electron is completely removed from the atom (i.e. E = 0,r =o0) and
becomes free. Region E > 0 corresponds to the ionized atom. The
energy of ionization of the hydrogen atom is

4
T ——1355eV.
8h°e,

E, =—

6.2.9 Quantum Numbers
The solution of the Schrodinger's equation for the hydrogen
atom shows that the state of the electron in the atom is determined by
four quantum numbers: the principal quantum number n, the orbital I,
the magnetic m;, and the magnetic spin quantum number ms.
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n

Z’me* 1
8h%,” n?
1€ N - TOJIOBHE KBAaHTOBE YHUCIIO.
JIMCKpEeTHICTh €HEePreTMYHHUX DPIBHIB € Pe3yJlbTaTOM PIIICHHS
piBasiHHs  [penunarepa. OpnepkaHi BiacHI 3HA4YCHHS CHEPrii
30iraroThCs 31 3HAUCHHSIMH, HABEJACHUMHU paHilie B Teopii bopa.
CraH enekTpoHa, SKHii BiAmoBinae N = 1, € OCHOBHAM CTaHOM.
Slkmo N> 1, To Takuii CTaH € 30yHKCHUM.
3a  dopmymoro (6.9) 00YHCIIOETECS 3HAYCHHS CHEpPril
JTI03BOJICHUX CTAI[IOHApHUX CTaHiB (puc.6.12).

. n=1,23,... (6.9)

ET
E=0
[0 ¥
EE
EQ
El
Pucynok 6.12

BepxHiil piBeHb, MpPU N =oo0 BIANOBIJAE CTaHy, B SKOMY
€JIEKTPOH MOBHICTIO BiJAANS€THCS BiJ aToMa 1 CTa€ BUTbHUM (TOOTO,
E = 0,r=). O6nacte £ > 0 BiamoBijae i0HI30BaHOMY aToOMY.
Enepris i0oHi3a1ii aToMa BOJHIO JOPIBHIOE:

4
me
E = - = 13,55 eB.
8h°e,
6.2.9 KpanToBi uncia
Po3p’s30k piBHsHHSA Lllpeninrepa mist atoma BOAHIO MOKAa3ye,
0 CTaH €JEeKTPOHAa B aTOMi BHU3HAYAETHCS YOTHPMA KBAHTOBUMHU
YHCIaMH: TOJOBHUM N, opOiTambHUM |, MarHiTHUM M| i MarHiTHUM
CITIHOBUM M.
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1. The principal guantum number n determines energy levels of
the electron in the atom. The electron in the hydrogen atom has a
discrete energy spectrum and own values of energy of the electron
depend mainly upon this number:
_ meZ® 1
" 8e2h? n*’
where n can only be equal to integer: n=1, 2, 3,...
2. The orbital quantum number | determines moment of

impulse L of an electron in an atom, which is determined by the
formula:

L=n 10 +1). (6.10)

The moment of impulse of the electron L takes only discrete values
multiple to 7 i.e. quantizes. This is the difference between classical
and quantum mechanics. The value of | at given n can be equal to 0,

1, 2, ... (n-1), that is, n total values. Numerical values of | are
denoted by letters as shown in Table 6.1.
Table 6.1
n I Notations
1 0 S
2 0,1 S, p
3 0,12 s, p, d
4 0,123 s,p,d,f

Accordingly, the electron may be denoted as 1s, 2s, 2p, 3s, 3p,
3d...

3. The magnetic guantum number m; determines the projection
of an electron moment of impulse in a given direction of the external
magnetic field.

An electron moving in orbit in an atom has an orbital magnetic
moment p,, in addition to the orbital momentum of impulse. There is
the following relationship between them:
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1. TonoBHE KBaHTOBE YMCIO N BU3HAYA€E CHEPreTHYHI PiBHI
eNIeKTpoHAa B aroMi. ENEKTpoH B aroMi BOAHIO Ma€ JUCKPETHUH
SHepreTUYHUI CIEKTp 1 BJIACHI 3HAYEHHS EHeprii eJIeKTpoHa
3aJIe)KaTh TIJBKH BiJl TOJIOBHOTO KBAHTOBOTO YHCIIA!

. me‘z? 1
" 8e2h? n?’
Jie N MoXke HaO0yBaTH TUIBKH IIJIOUYMCIOBUX 3HaYeHb N =1, 2, 3...

2. OpOitanbHe KBaHTOBE YKca0 | BU3HAYa€ MOMEHT IMITYJIbCY
€JIEKTPOHA B aTOMI, SIKUH OOUHCITIOIOTH 32 (POPMYIIOH0:

L=7ayl(l+1). (6.10)
MoMmeHT iMmynbCcy elekTpoHa L HaOyBae TUTbKH JTUCKPETHHX
3Ha4Y€eHb, KPAaTHUX /i, TOOTO KBaHTYEThCA. B 1IbOMY TOJISrae pisHUIS
MK KJIACHYHOIO 1 KBAHTOBOIO MeXaHikor0. Bennuuna | npu 3amanomy
n nabysae 3uauensr | = 0, 1, 2...(n-1), To6TO BChOTO N 3HAYEHb.
3nauenns | mo3HaYarOTHL CUMBOJIAMHU, SIKi ITOKa3aHo B Ta0I. 6.1.

Tabmuus 6.1
n | ITo3nauenus
1 0 S
2 0,1 S, p
3 0,12 s, p, d
4 0,123 s,p,d, f

BiamoBigHO, eneKTpOH MOXke OyTH Mo3HA4YeHHi sk 1S, 2S, 2p,
3s, 3p, 3d...

3._MarHiTHe KBaHTOBE YUCIIO M| BHU3HAYAE MPOEKIIF0 MOMEHTY
IMOYyJbCY €JIEeKTpOHAa Ha 3aJaHdd  HampsMOK  30BHIIIHBOTO
MarHiTHOTO MOJIS.

Enextpon, skuil pyxaerbcs 1o oOpOITI B aromi, KpiMm
OpOITaTLHOTO MOMEHTY IMITYJILCY Ma€ Iie 1 OpOiTATbHUI MarHITHHI
MOMEHT Py,. MiXk HUMH iCHY€ TaKe CITiBBiIHOIIEHHS:
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P = —%L = —glL, (6.11)
where g = e / 2m is the gyromagnetic ratio of the orbital moments.
The vectors p,, and L are opposite in direction.

Given formula (6.10), the relation (6.11) can be written in the
following form:

e
Pm = ﬁh l(l + 1) = I.I_B\/l(l + 1),

where pug = %h is called a Bohr’s magneton.

A space quantization occurs in quantum physics. The vector L
of the momentum of the electron can have only such an orientation,
at which its projection to the direction Z of the external magnetic
field acquires discrete values, multiples of 7 :

L,=h-m,.
The magnetic quantum number m; at given | possesses integer values
from zero to £1:
m;=+1,42... +1.
There are 2| +1 values of the magnetic quantum number m; at given
I. Fig. 6.13 shows the possible orientations of the vector L, for

electrons at | = 2.
Ll’

Figure 6.13

If the atom is placed in an external magnetic field new energy
levels occur and the splitting of spectral lines in the atom spectrum is
observed. The level with main quantum number n is split into 21+1
sublevels. This phenomenon was discovered by the Dutch physicist
P. Zeeman in 1896 and it is called the Zeeman effect.
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N e — —
Pm = —%L = —gL, (611)
ne g = e/ 2m — ripoMariTHe BiJIHOIIECHHS OpOITAIbHIX MOMEHTIB.
BeKTopH Py, 1 L MpoTHIIeKH] 32 HAIIPIMKOM.

3 ypaxyBanHsMm ¢opmymu (6.10), cmiBBigHOmEeHHs (6.11)
MOJKHA 3allMCaTH Yy TAKOMY BUTJISII:

e
Pm = ﬁh l(l + 1) = I.I_B\/l(l + 1),

e
e Ug = —h — Ha3uBaeTLCA MAarHETOHOM Bopa.
B 2m

VY kBaHTOBIN (pi3uii BiIOYBa€TbCA MPOCTOPOBE KBAHTYBAHHS.
Bektop [ MoMmeHTy iMmyibCy eleKTpoHa MOKe MarH JIMIIE TaKy
Opi€HTAIi0, IPU AKiM HOTO MpPOEKIlis Ha HAampsSMOK Z 30BHIIIHBOTO
MarHiTHOTO TOJIs Ha0yBa€ JUCKPETHUX 3HAYCHb, KPATHUX i

L,=A-m,.
MarHiTHe KBaHTOBE YMCIIO M| Tpu 3agaHoMy | HaOyBae 3HaYCHB Bif
Hyms g0 1

m==x1,+2.. + L

Bcporo marniTHe KBaHTOBE YHCIO My mpu 3agaHoMy | HaOyBae 21+1
3HaueHb. Ha puc.6.13 HaBeneHi MoxuBi opieHTanii BekTopa L, mis
CNIEKTPOHIB y BUMaAKy | = 2.

L.

2h

Pucynok 6.13
SK110 aToM po3MICTUTH B 30BHIIIHBOMY MarHiTHOMY IOJi, TO
BUHUKAE PO3UICTIJICHHS CIEKTPAJbHHUX JIHIM B aTOMHOMY CIIEKTpi.
PiBeHb 3 TOJIOBHMM KBaHTOBHM YHCIIOM N PO3LICIUIIOEThCs Ha 21+1
niapiBHiB. lle sBuiie Oyno BUSABIEHO TroUIaHACBKUM (¢izuxkom I1.
3eemanoMm y 1896 p. 1 orpuMmano Ha3By edekT 3eeMaHa.
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4. The magnetic spin quantum number ms determines the
projection of the electron's own impulse at a given direction of the
magnetic field.

In 1922, German physicists O. Stern and V. Gerlach discovered
that a beam of hydrogen atoms in s-stats splits into two parts in an
inhomogeneous magnetic field. In this state the moment of impulse
of the electron is zero, and the magnetic moment of the atom is equal
to zero too. The magnetic field should not affect the hydrogen atom
in this state. But the use of high-precision optical spectrometers
indicated that emission lines of hydrogen have two very closely
spaced lines.

To explain this result American physicists S. Godsmith and G.
Uhlenbeck in 1925 assumed that the electron rotates around its axis
and has its own moment of impulse Ls that is called electron spin.
Due to the common laws of quantum mechanics, spin is the quantum
value that is determined by the formula:

L, =h./sis +1i,

where s is the spin quantum number.
The momentum of an electron impulse has only one value:

L =h 1(1+1j _3,
22 2

On the analogy of the orbital moment of impulse the projection
of L, in the direction of the external magnetic field is quantized,

vector I:S can take 2s+1 values. In O. Stern and V. Gerlach’s

researches there were only 2 values of orientation: 2s + 1 = 2 =5
=1/2

The projection L, into the direction Z of the external magnetic field
Is quantized and is determined by the formula:

L, =7am,
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4._MarsiTHe CcHOiHOBE KBaHTOBE 4HclO [T, BU3HAYa€ MPOEKIIIO

BJIACHOTO IMITYJIbCY €JIEKTpOHA Ha 3aJaHU{ HANpPSIMOK MarHiTHOTO
TOJISL.

VY 1922 p. nimenspki ¢izuxu O. Hltepn i B. 'epnax BusiBuin,
110 YYO0K aTOMIB BOJIHIO B S-CTaHI PO3IICIUTIOETHCS HA JIBI YACTUHU B
HEOJHOPITHOMY MarHiTHOMY M0JIi. Y I[bOMY CTaHi MOMEHT IMITYJIbCY
€JIEKTPOHA JIOPIBHIOE HYIIO 1 MAarHiTHHH MOMEHT aroMa Tex
JOpIBHIOE HYJI0. MarHiTHEe MoJjie HE TOBMHHE BIUIMBATH Ha aToOM
BOJIHIO B I[bOMY CTaHi. AJie¢ BUKOPUCTAHHSI BUCOKOTOYHUX ONTHYHUX
CIIEKTPOMETPIB IMOKA3aJI0, IO CIIEKTPaJIbHI JIiHIT BOJHIO CKJIAAAI0THCA
3 IBOX JyXe OJM3bKO PO3TAIIOBAHUX JIIHIH.

Jlnis MOsICHEHHSI IBOTO pe3ysbTaTy aMepukaHchki ¢izuku C.
laygemit 1 I'. YnenGexk B 1925 p. mpumyctuiu, MO eIEKTPOH
00epTaeThCsl HABKOJIO CBOET OCI 1 Ma€ BJIACHUN MOMEHT IMITYJIbCY Ly,
KUl HA3WBA€THCS CIIIHOM EJIEKTPOHA. 3TiJHO 3arajJbHUX 3aKOHIB
KBAaHTOBOI MEXaHIKH, CIIIH € KBAHTOBOIO BEJIMYMHOKO 1 BU3HAYAETHCS

3a (hopMyIIOIO:
L = h,/sis +1i,

e S - CIIIHOBE KBAaHTOBE YHCJIO.
BracHuii MOMEHT IMIYJIbCY €J€KTPOHA Ma€ JIUILE OJITHE 3HAYCHHS:

L,=% 1 l+1 :ﬁh.
2\ 2 2

3a aHanoriero 3 opOITATILHUM MOMEHTOM IMITYJIbCY HPOEKIis
L., Ha Hampsimok Z kBaHTyeThes 1 BekTop L, mMoke HaOyBatu 25+1

3Ha4yeHb opieHTauii. B nocnigax lltepHa i 'epnaxa cnocrepiranoch
Juie 2 3Ha4YeHHS opieHTallii, T00T0 25 +1 =2 =s=1/2.

IMpoekiuis L, Ha HanpsMok Z 30BHIIIHBOIO MAarHiTHOTO OIS
KBAaHTYETHCS 1 BUBHAYAETHCS 3a (POpMyIor0:

L, =7am,



266

where m; :i% is called the magnetic spin guantum number, that

gets only two values.

In this way the projection of the spin magnetic moment of
impulse into the the direction of the external magnetic field gets only
two values (Fig. 6.14):

L =_lh.
2

SZ

z

12h
0
-1/2h

Figure 6.14

The electron also has its own magnetic moment p,,,; corresponding to
the spin. From the experiments of O. Stern and V. Gerlach it follows
that the projection p,,, of the electron's own magnetic moment to
the direction of the magnetic field is equal to the Bohr’s magneton:
pmsz =Up = 2m’
where e and m are the charge and mass of the electron, respectively.
The ratio of the projections of the own magnetic moment and the
own moment of the impuls is equal to:
e

Prns: -

L m =0s-
It is known that the ratio of the numerical values of the projections of
vectors directed in the opposite direction is equal to the ratio of the

numerical values of the vectors themselves:



267

ne mg = +1/2 - marHiTHe CHiHOBE KBAaHTOBE YHUCIO, SKE€ HaOyBae
TIJTBKU JBOX 3HAYCHb.

TakuM YHHOM, MPOEKIlis CIIIHOBOTO MEXaHIYHOTO MOMEHTY
iMITy/bca Ha HAMpPSIMOK 30BHIIIHHOIO MAarHiTHOTO MAarHiTHOTO MOJIS
Ha0yBa€ TUIbKU ABOX 3Ha4YCHb (pHuC.6.14):

L :ilh.
2

SZ

1/2h
0
-1/2h

Pucynox 6.14

EnexTpoHy BiacTUBMI TakoX BJIACHUM MarHiTHUH MOMEHT
P.., mo BimmoBizae cminy. 3 mocmixis O. IlTtepna i B. I'epnaxa

BUIUIMBAE, IO MPOEKIUS Py, BIACHOTO MArHITHOTO MOMEHTY
€JIEKTPOHA HAa HANpPSIMOK MAarHiTHOTO TOJS JOPIBHIOE MarHETOHY
bopa:
e

Prs: =5 th’
JIe € 1 M 3apsij1 i Maca eNeKTPOHa BiJIMOBIIHO.
BiHoleHHsT MPOEeKIIiil BIAaCHOTO MarHiTHOO MOMEHTY 1 BJIAcCHOTO
MOMEHTY IMITYJIbCY JIOPiBHIOE:

msz _©
p_:_= gs'

L, m
Bimomo, 1m0 BigHOIIEHHS YHCIOBUX 3HAa4eHb MPOEKIIA BEKTOPIB,
HanpSIMJICHUX  B3AaEMHO TPOTHJICKHO, JOPIBHIOE BiTHONICHHIO

YHUCJIO0BUX 3HAYCHb CaMHX BCKTOpiBI
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Pus _€ _
==

S

In vector form:

— = e
Prns :_gsLs1 g, =—.
m

The value of gs is the spin gyromagnetic ratio.
Thus, gs = 2g, that is, the spin gyromagnetic ratio is twice that
of the orbital gyromagnetic ratio.

6.2.10 Types of Wave Functions
The state of an electron in an atom is described by the wave
functionvy, its view depends on the set of quantum numbers. The
probability of an electron being placed at some distance from the
nucleus is determined by the square modulus of wave function | ¥ |~
The probability of location an electron at the distance r from the
nucleus for the states 1s and 2s is shown in the Fig. 6.15.

v’

0,53 3,12 r107°

Figure 6.15
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Pu &
L, °
VY BekTOpHIH hopmi:
— — e
pms - gs Ls ’ gs m :
Bennuuna Qs - criiHOBe TipOMarHiTHE BiTHOIIICHHS.
Takum umHOM, Qs = 2Qg, TOOTO CIIHOBE TipOMarHiTHe

BITHOIIEHHs  BIBIYl Oinblme 3a  OpOiTabHE TipOMarHiTHE
BiJTHOIIICHHS.

6.2.10 Buau xBuboBux QyHKuii
CraH eneKTpoHa B aTOMi OIUCYETHCS XBUIIBOBOIO (DYHKIIIEIO ,
BUJ SKOI 3aJIeKUTh BiJ HAOOpYy KBAaHTOBUX YHCEI. ﬁMOBipHiCTL
3HAXOJPKEHHS €JICKTPOHA Ha AEAKiHM BiJICTaHI Bif Aapa BU3HAYAETHCS

. 2
KBaJ[PaTOM MOJYJISl XBHJIbOBOI (PYHKITi1 |‘P| . Ha puc. 6.15 naBeneno

pO3MOi WMOBIPHOCTI 3HAXODKEHHS €JEKTpOHA Ha BIACTaHI I' Bij
anapa s 1S 1 2S craHiB.

2
¥ |

|

|

ls: |
x | \

|

0.53 p, 1 0-10

0,53 312 r1o™0 m

Pucynok 6.15.
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For an electron in 1s state the distribution of probability has a
spherical symmetry with an uneven density. The maximum

probability of location of an electron is at r,=0.53-10""m that

coincides with the Bohr’s radius. For an electron in 2s state the
distribution of probability has the form of two concentric spheres
with two maxima.

In other states the distribution of probability is nonspherical.
For example, for 2p-state electron with | = 1, the function | ¥ |* takes
the form of eight, that orientates along the axis according to different
values of the magnetic quantum number m; (Fig.6.16).

z
z

m =0 m =+1
Figure 6.16

Consequently, the form of the wave function and the
probability of location of an electron on distance from the nucleus is
determined by the set of quantum numbers.

6.2.11 Pauli’s Principle. Distribution of Electrons in Atom at
States
Application of quantum mechanics for describing more
complicated atom systems than the atom of hydrogen requires
considering of interaction of electrons not only with the nucleus but
among themselves. To solve such problems Austrian physicist W.
Pauli in 1925 proposed the fundamental principle of quantum theory.
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Hns enektpona B 1S craHi po3monin MMOBIPHOCTI Mae
chepuyHy CHUMETpPII0 3 HEPIBHOMIPHOK T'yCTHMHOKW. MakcumasibHa
HMOBIpDHICTb ~ 3HAaXOJDKCHHSI ~ €JICKTPOHA  BIAMOBITaE  BiacTaHi
r, =0,53-10 "%, sixa cniBnazac 3 pajiycom bopa.

s enekTpoHa B 2S CTaHi pO3MOALT HMOBIPHOCTI Ma€ BUTIISA
JIBOX KOHIIEHTPUYHUX c(ep 3 JBOMA MAKCHMYMAaMH.

B iHmmx cranax po3momin HMOBIpHOCTI Mae HechepHyHHit
xapakrep. Hanpuknan, st enextpona B 2p craui nipu | = 1, ¢pyHkuis

2 .. .
|“P| Ma€ BUITIAA BICIMKH, dKa OPI€EHTOBAHA Y3IOBK KOOPAWHATHHUX

BiCeH BiJMOBIHO JIJIsl PI3HUX 3HAYCHb MAarHiTHOTO KBAHTOBOT'O YHCIIA
m, (puc.6.16).

>4
Z

m =0 m =+1

Pucynok 6.16

Takum dYMHOM, BMJ XBWJIbOBOI (yHKIIT 1 HMOBIPHICTH
3HaXO/KEHHS €JEeKTpOHAa Ha BIJCTaHI B SApa BHU3HAYAETHCA
Ha0OpOM KBaHTOBHX YHCEI.

6.2.11 Mpunnun Iayai. Po3noain ejiekTpoHiB B aTOMIi 110 cTaHax
3acTocyBaHHS KBAaHTOBOI MEXaHIKM JUIs OINMCAHHS OUIbII
CKJIaTHUX aTOMHHX CHCTEM HIXK aTOM BOJHIO MOTpeOy€e ypaxyBaHHS
B33a€MO/Ii1 €JIEKTPOHIB HE TUIBKHU 3 SIIPOM, a TAKOX 1 MiXK coboro. s
PO3B’sI3aHHS TakuX 3ajad aBcTpiicbkuit ¢izuk B. [laym B 1925 p.
3arpornoHyBaB (pyHAaMEHTaTbHUM MPUHIUI KBAaHTOBOI TEOPIi.
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Pauli’s principle states that in any atom system there can’t be
more than one electron with identical four quantum numbers n, I, m;,
M.

Based on the Pauli’s principle, it is possible to calculate the
maximum quantity of electrons in an atom that are located at
different energetic levels, in other words in different orbits. As the
magnetic quantum number at given | can have 21 +1 different values

and taking into account that mg =i% a total number of electrons in

the state with given main quantum number n is equal to

n-1
Z= 22I+1

1=0

The community of electrons in the state with the same n value
is called an electron shell. The distribution of electrons to their first
four shells is shown in the Table 6.2:

Table 6.2
n Shell Z=2n°
1 K 2
2 L 8
3 M 18
4 N 32

An electron shell consists of subshells, which correspond to a
given value of the orbital quantum number I. The number of
subshells equals n, as | takes values from 0 to n-1. The number of
electrons in subshells is determined by the magnetic and magnetic
spin quantum numbers and is equal to 2(21+1). The distribution of
electrons in the atom in shells and subshells is shown in Table 6.3:
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[Mpuammn [Tayni monsrae B ToMy, 0 B OYIb-IKOMY aToMi He
MOXe OyTH OLIbII OJHOTO €JIEKTPOHAa 3 OJHAKOBUM HabOpoOM
YOTHPHOX KBAaHTOBUX ymcen N, |, my, M.

Ha mincraBi mnpuanuny Ilaymi MOXXHa pO3paxyBaTH
MaKCHMaJIbHE YUCIIO €IEKTPOHIB B aTOMI, SIKi 3HAXOATHCS Ha PI3HUX
EHEePreTUYHUX PIBHAX, TOOTO Ha pi3HMX opOitax. Tak K Mar”iTHe
KBaHTOBE YKCJIO TIpH 3aaHoMy | HaOyBae 21+1 3HaueHb, 1 B3SIBLIM 10
yBaru, 110 MarHiTHE CIiHOBE KBAaHTOBE YHCJIO HAOyBa€ IBOX 3HAYCHb

1 . . . .
mg =+ —, 3arajJjbHa KUIBKICTh CJICKTPOHIB, IIO nepe6yBa€ B CTaH1 31
2

3HAYCHHSAM I'OJIOBHOI'O KBAaHTOBOT'O YMUCIa N, ,Z[OpiBHIO€I

n-1
Z=>2(21+1)=2n?,
1=0
CyKyInHICTh €JEKTPOHIB, fKI nepedyBalOTb B CTaHi 3
OTHAKOBHM TOJOBHUM KBaHTOBUM YHUCIOM N, HAa3HUBAETHCA
CIIEKTPOHHOIO 00OJOHKOI. Po3Mofin  eJIeKTpOoHIB M0  MepuIuM
4OTUPHOM O0OJIOHKAM i IX MO3HAYEHHS HaBeJCHO B Ta0u. 6.2.

Tabmums 6.2
n O6ononka Z=2n"
1 K 2
2 L 8
3 M 18
4 N 32

EnexktponHa 00070HKAa CKIaJa€ThCs 3 TMiJOOOIOHOK, SIKi
BIJIMOBIIAIOTh TAHOMY 3HAYEHHIO OpOITaIHbHOTO KBAaHTOBOTO uucia .
Yucno migo00J0HOK JOPIBHIOE N, OCKUIbKK | MpuiiMae 3HAYCHHS Bij
0 mo n-1. KugbKicTh €NEKTPOHIB B IMiJ00OJOHKAX BH3HAYAETHCS
MarHiTHAM 1 MarHiTHUM CITIHOBUM KBaHTOBHMMH YHCIIAMU 1 JOPIBHIOE
2(21+1). Posmomin eneKTpOHIB B aromi MO OOOJOHKaM i
mi1000JI0HKaM HaBeAEeHO B Tabd. 6.3.
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Table 6.3

n 1 2 3

Shell K L M N
symbol

Max.number | 2 8 18 32
of electrons
in shells

Orbital 00 1 0 1 2 0 1 2 3
quantum
number |

Subshell 1s| 2s | 2p | 3s | 3p | 3d | 4s | 4p | 4d | 4f
symbol

Max.number | 2 | 2 6 2 6 10 2 6 10 | 14
of electrons
in subshells

Thus, on the basis of the Pauli’s principle the periodicity of the
location of the elements in Mendeleev’s table can be explained.

6.2.12 Structure of Electron Shells in Mendeleyev’s Periodic
System of Elements

In 1869, the Russian scientist D. Mendeleev proposed the
periodic system of the elements, in which he arranged the chemical
elements in such a way that their properties were periodically
repeated as the atomic mass of the elements increased. Pauli's
principle makes it possible to explain the periodicity of the
arrangement of elements in the periodic table. The main parameter is
the atomic number of the element Z in Mendeleyev’s table. It is equal
to the number of protons in the nucleus or the number of electrons in
an electron shell of the atom, which in the neutral atom are equal to
each other.
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Tabmnus 6.3

n 1 2 3
CumBon K L M N
000JIOHKH
Makcumanpae | 2 8 18 32
YHUCIIO
€JICKTPOHIB B
000JIOHIII

OpbOitanbHe 0,0 1]0 1 2 |10 1 2 3
KBaHTOBE
upcio |

CumBon 1s | 25| 2p | 3s | 3p | 3d | 4s | 4p | 4d | 4f
11000JI0HKH

Maxkcumanene | 2 | 2 6 2 6 | 10| 2 6 | 10 | 14
YUCIIO

€JICKTPOHIB B
I111000JIOHIII

TakuM uynHOM, Ha mifcTaBl npuHIMIy [layni Mo)KHaA MOSACHUTH
NEepIOIMYHICTh PO3TAIlyBaHHS €JIEMEHTIB B Ta0aui MeH eneena.

6.2.12 CTpyKTYpa eJ1eKTPOHHUX 00010HOK y NepioaudHii
cucreMi ejeMeHTiB MeHaes€eBa

VY 1869 p. pociiicbkuii Buennit J[. MeHzeneeB 3amponoHyBas
[lepioguuHy cUCTEMY €JE€MEHTIB, B SIKIMl BiH yNOpPSAKYBaB XiMIuHI
€JIEMEHTH TaKUM YHMHOM, M0 iX BJIACTUBOCTI MEPIOAMYHO
MOBTOPIOIOTHCS TIPH 30UTBIIIEHH] aTOMHOI MacH enemMeHTIB. [IpuHImn
[Tayni mae MOMXIMBICTH MOSICHUTH TEPIOJUYHICTH PO3TAIIyBaHHS
eneMeHTiB B Tabmuii MenaeneeBa. OCHOBHUM MapaMeTPOM, SKUI
BU3HAYa€e BJACTUBOCTI €JIEMEHTIB € TOpSIKOBUH HoMep Z iX B
tabnuui MenneneeBa. BiH JOpiBHIOE 4YMCITy NMPOTOHIB B sApi ady
YHUCIy eNIEKTPOHIB B EJIEKTPOHHIM 000MOHII aroma, sKi B
HEUTpaJIbHOMY aTOMI JIOPIBHIOIOTH OJIHE OJIHOMY.
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So, the chemical elements are located in the periodic table
depending on the structure of the electron shells in the atom. To
explain it let’s consider the sequence of filling electron shells in
atoms.

The first element in Mendeleyev’s periodic table is a hydrogen
atom H (Z = 1). Its electron shell consists of one electron only in 1s*

state (n=1,1=0, m=0, ms :;). Electron configuration of the

hydrogen atom is 1s.
The next element is the helium atom He (Z = 2). Its electron
shell consists of two electrons in 1s state which have antiparallel

spins(n=1,1=0,m=0, m=+ ;). Electron K-shell consists of two

electrons and is filled up completely. Electron configuration of the
helium atom is 1s°.

In the atom of lithium Li (Z = 3) the electron shell consists of
three electrons, two of which are in 1s state and have antiparallel
spins, the third one is located in 2s state (L-shell). Electron
configuration of the lithium atom is 1s°2s".

Beryllium atom Be (Z = 4) the electronic shell consists of four
electrons. Two of which fill up K-shell and they are located in 1s
state, other two fill up L-shell and are located in 2s state. Electron
configuration of the beryllium atom is 157257,

Further, the following six elements starting with Bohr (Z = 5)
and till Neon (Z = 10) the filling of 2p takes place and L-shell (n = 2)
turns out to be filled completely. Electronic configuration of these
elements is the following.

B: 1s?2s?2p' , C: 1s%25%2p?, N: 1s22s22ps3, O: 1s?2s%2p* | F;
15%25%2p°, Ne: 1s%2s%2p°.

Filling of electron shells in other elements is analogical.

The structure of electron shells for chemical elements of the
first three periods is shown in Table 6.4.
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ToOTo XiMi4HI €JIEMEHTH PO3TAIIOBaHI B MEPIOAMYHIN TabmuII
B 3aJI)KHOCTI BiJI CTPYKTYPH €JIEKTPOHHUX OOOJOHOK B aTomi. Jlyst
NOSCHEHHS  [bOTO  PO3IJSHEMO  MOCTIJOBHICTD  3aIllOBHEHHS
€JIEKTPOHHUX 00OJIOHOK B aTOMaX.

[lepmmM enemMeHTOM B TepioanyHid Tabmuii MeHpeneeBa €
atom BoxHio H (Z = 1). Horo enextpoHHa 0GOJIOHKA CKIANAETHCS
JUIIE 3 OJHOIO €JEKTPOHA, SIKHM 3HAaXOIWUThCS B 1s' crani (

n=L1=0m =0,m, = ;). Enexrponna kondiryparis atoma H: 1s.

Hacrynaum enementom € arom remiro He (Z = 2). B Hbomy
€JIEKTPOHHA O0OJIOHKA CKIIAJIA€ThCs 3 JBOX €JIEKTPOHIB B 1S craHi,

. . . 1
AKi MaroTh aHTUmapanensHi cmimn (N=11=0,m, =0,m =+ 5 ).

Enextponna K-000J0HKa MICTHTh JBa €JICKTPOHA 1 ITOBHICTIO
3aitaaTa. EnexTponna koHdirypamis atoma He: 1s2.

B arowmi mirito Li (Z = 3) enekTpoHHa 000JIOHKA CKIAA€THCS 3
TPhOX EJICKTPOHIB, JiBa 3 SKHUX 3 AaHTUINAPAJICIbHHUMU CIHiHAMHU
3HaxXo/ATbcs B 1S cTaHi, a TpeTii eNeKTPOH PO3MILLY€EThCS Ha OUIbII
BUCOKOMY cTaHi 2S (L-o0ononka). EnektporHa koH(piryparis aroma
Li: 15%2s.

B aromi Oepwrito Be (Z = 4) enekrpoHHa 00010HKA
CKJIAJIA€EThCSI 3 YOTHUPHOX EJIEKTPOHIB. [[Ba 3 HUX 3amoBHIOWOTH K-
000JIOHKY 1 3HAaXONAThCA B 1S cTaHi, a JBa IHIIUX 3aMOBHIOIOTH L-
000JIOHKY 1 3HaxoAATbcsd B 2S craHl. EnekTpoHHa KOHQIiryparis
atoma Be: 152252,

Jlasii B HaCTYNHMX ILIECTH €JIeMEHTax, ounHatouu 3 6opa B (Z
= 5) i go Heony (Z = 10) BinOyBaeThcsa 3a0ynoBa 2p craHiB 1 L-
06os0oHKa (N = 2) BUSBIAETHCS 3alIOBHEHOIO MOBHICTIO. EneKTpoHHA
KOHq)iryIZ:)auiﬂ IUX €TIEMEHTIB HAacTymHa. B: 1322322p1 , C: 1822322p2,
N: 1s°25°2p°, O: 15%25%2p*, F: 1522s%2p°, Ne: 1s%2s522p°.

AHaJOTiYHO ~ BiAOYBa€TbCs ~ 3allOBHEHHS  EJEKTPOHHUX
000JIOHOK 1 B IHILIUX €JIEMEHTaX.

CTpyKTypa €neKTpOHHHMX OOOJIOHOK Ui XIMIYHHX €JIEMEHTIB
NepluX TphOX MepioiiB HaBe/eHa B Ta0. 6.4.
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Table 6.4.

Peri | Z | Eleme

od nt 2s | 2p | 3s [ 3d [3p | 4s [4p [ 4d | 4f

@)
NN PNPNPNPNPDPNPDNDNDNDNDNDPNDNDNDDNDIND R - R

PRERPRRRRERRE R

ONoOUAWNRO®®©®PNOOAWNE
(=]

NN PNPNPNPNPDNDNDNDNDPNDDNNNDPNNDNDDDNDDND PP

DO UTAWN R

NN PNDDDNDDN -

oOUThWN K

Atoms with the same structure of the external electron shell
have the same chemical activity. For example the external electron
shell of alkaline metals consists only of one s-electron and they show
bigger chemical activity. The external electron shell of inert gases
consists of eight electrons (s and p- states are filled up completely)
and they show less chemical activity.
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Tabmuns 6.4
Ilepi | Z | Eneme | K L M N
oA HT 1|25 |2p|3s |3d|3p|4s|4p|4d | 4f
S
I 1 H 1
2 He 2
I 3 Li 2 |1
4 Be 2| 2
5 B 212 |1
6 C 212 |2
7 N 212 1|3
8 @) 212 | 4
9 P 21215
10| Ne 212 |6
I {11 Na |22 |6 |1
12| Mg [2]| 2 |6 | 2
13| Al 212|621
14 Si 212|622
15 P 212|623
16 S 21216 |2 |4
17| CI 212|625
21216 |26

ATOMHM 3 OJHAKOBOIO CTPYKTYPOIO 30BHIIIHBOI €JIEKTPOHHOI
O0O0OJIOHKM MaloTh OJHAKOBY XIMIUHy akTHBHICTb. Hampukmnan,
30BHINIHS €JEKTPOHHA OOOJOHKA IJIY)KHHUX METaJiB CKJIAJaEThCs
JMIIE 3 OJHOTO S-eJIEKTPOHA 1 BOHU HPOSBIAIOTH OUIBLIY XIMIUHY
AKTHUBHICTh. 3OBHIIIHA €JEKTPOHHAa O0OOJOHKA I1HEPTHUX Ta3iB
CKJIQ/IA€THCS 3 BOCBMH €IIEKTPOHIB (S 1 P- CTaHU 3aMIOBHEHI MOBHICTIO)
1 BOHH MPOSIBIISIFOTh MEHITY XIMIYHY aKTUBHICTb.
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Periodicity is also found in the physical properties of atoms.
For example, in the structure of the linear spectra of radiation. The
spectra of all alkali metals have the same spectral series and differ
only in the wavelengths of the spectral lines. Such regularities are
characteristic of other groups of elements, due to the fact that the
nature of the line spectra is determined by the radiation of electrons
of the outer electron shells. The periodicity of the ionization potential
of the elements is also detected. Thus, inert gases with completely
filled outer shells have the highest ionization potentials. The elements
to the left of them in the periodic table, with less filled shells, have
lower ionization potentials by location.

So, the regularities of filling up electron shells of chemical
elements explain the periodicity of their chemical and physical
properties. Quantum mechanics explained the principle of structure
of Mendeleyev’s periodic table of elements and opened the
opportunities for synthesis of new elements.
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[lepionnyHicTe BUSBIAETHCS 1 B (DI3MUHUX BIACTHBOCTSIX
aromiB. Hampuknan, y  CTpyKTypi  JIHIAYACTUX  CIIEKTPIB
BUnpoMiHioBaHHA. CIEKTPH BCiX JIY)KHHUX METaJliB MalOTh OJHAKOBI
CIIEKTpaJbHI cepil 1 BIAPI3HIIOTHCA JIUIIC JOBXUHAMU XBHJIb
CHEKTpaNbHUX JiHiIA. Taki 3aKOHOMIPHOCTI XapaKTepHU 1 Ui 1HIINX
Ipyn €JIeMEHTIB, 110 MOSCHIOETHCA THM, L0 XapakTep JHIHYacTHX
CHEKTPIB BHU3HAYAETHCS BHUIIPOMIHIOBAHHSIM EJEKTPOHIB 30BHILIHIX
€JICKTPOHHUX OOOJIOHOK. BHUSBISETBCS TaKOXK 1 TNEPIOJUYHICTH
3aJISKHOCTI MOTeHIiany ioHi3amii enemeHTiB. Tak, iHepTHI rasu, y
SKMX ITOBHICTIO 3allOBHEHI 30BHIIIIHI OOOJIOHKHM, MAalOTh HANOIIbII
BHCOKI 1oHI3amiiini moreHiiand. EileMeHTH, 10 3HAXOOSATHCSA 3JIiBa
BiJl HUX B TMEPIOAWYHIA TaONMI, 3 MEHII 3allOBHCHHUMH
000JIOHKaMM, MAlOTh MEHII MOTEHIaaM 10Hi3amii BIAMIOBIAHO IO
pO3TallyBaHHS.

TakuM YMHOM, 3aKOHOMIPHOCTI 3allOBHEHHS E€JIEKTPOHHHUX
000JIOHOK XIMIYHMX €JIEMEHTIB MOSCHIOIOTh TEPIOJUYHICTh iX
ximMiuHUX 1 (i3nyHEX BiIactuBocTed. KBaHTOBa MexaHiKa MOSICHUIA
MPUHIIMIIN TOOYJOBH NepioanyHOol Tabmulli eaemMenTiB MeHaeneena i
BIJIKpHJIa MOXKJIUBICTh CUHTE3Y HOBUX €JIEMEHTIB.
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Control Questions

Elements of Atomic Physics and Quantum Mechanics
1. What are the Thomson and Rutherford atom models?
2. Formulate Bohr's postulates.
3. Explain the experiments of Franck and Hertz.
4. What are the wave properties of particles and how is the
wavelength of de Broglie determined?
5. Write down and explain the Heisenberg’s uncertainty principles.
6. What is a wave function and what does the square of its modulus
determine?
7. Write down and explain Schrodinger's equation.
8. What is a tunnel effect?
9. What quantum numbers do you know?
10. What is the Pauli’s principle and what way are electrons
distributed in an atom by states?
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KoHTpoJsbHi 3anuTaHHs

Enementu aTroMHoI izMKH | KBAHTOBOI MeXaHiKH
1. B yomy monsratote Mmozeni aroma Tomcona i Pesepdopna?
2. Chopmymroiite moctynatu bopa.
3. Hosicuith mocniau ®panka i 'epima.
4. B 4yoMy mnosfraroTb XBWJIBOBI BJIACTUBOCTI YAaCTHMHOK 1 SIK
BU3HAYAETHCS TOBKUHA XBUIIL J1e bpoimns?
5. 3amuunTe 1 IMOSCHITH CIIBBIJHOIIEHHS HEBU3HAYEHOCTEN
['eitzenOepra.
6. lI{o Take xBUJIHOBA (DYHKIIIA 1 IO BU3HAYAE KBAAPAT 11 MOTys?
7. 3anumriTh 1 nosicHiTh piBHAHHSA [lpeninrepa.
8. I1lo Take TyHenbHUN ePeKT?
9. SIki KBaHTOBI YKCIIa B 3HA€TE?
10. B yomy monsarae mnpusHuun Ilaymi i sK po3MOIUISIOTHCS
SJICKTPOHH B aTOMI 110 CTaHax?
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7 ELEMENTS OF SOLID STATE PHYSICS
7.1 Elements of Quantum Statistics
7.1.1 Phase Space. Function of Distribution

Quantum statistics is a part of statistic physics which deals with
systems that contain a huge number of particles described by the laws
of quantum mechanics.

Quantum statistics is based on the principle of non-
differentiation of identical particles: we cannot experimentally
distinguish two identical particles. Identical particles have the same
physical properties, for example all electrons have the same mass,
charge, spin. The main problem of quantum statistics is to determine
the function of distribution of system particles by physical parameters
such as coordinates, impulses, energies and calculate the average
values of these parameters of macroscopic state of the whole system.

Let’s consider the system of N particles. In order to describe this
system the six-dimensional space is used with coordinate axis X, Y, z,
Px, Py, Pz It is called the phase space. According to the uncertainty
principle the elementary cell dt of phase space is equal to

dt = dxdydzdp,dp,dp, .

The volume of this elementary cell isn’t less than h®:
dt>hs.
The probability of system state dW may be expressed by the
function of distribution f:

dw = f(x, Y,Z, P, Py pz)dr: fdz.
Thus, the function of distribution is the probability density of a
system state:

_dw.
dr
The function of distribution satisfies the normalization
condition:

f
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7 EJIEMEHTHU ®I3UKHU TBEPJ1OI'O TLJIA
7.1 EleMeHTH KBAaHTOBOI CTATHCTHKH
7.1.1 ®a3oBwuii npocrip. ®yHKLisE po3noaiay

KBaHTOBa CTaTHCTHKA — II€ PO3/iJI CTATUCTHYHOI (i3UKH, IO
PO3TISAAE CUCTEMH 3 BEIMKOKO KUTHKICTIO YACTUHOK, SIKI OMIHCYIOTHCS
3aKOHAMH KBaHTOBOI MEXaHIKH.

KBanToBa CTaTUCTUKA 3aCHOBaHa Ha MIPUHIIAITI
HEPO3PI3HEHOCTI TOTOKHUX YACTHHOK: HE MOYKHA €KCIIEPUMEHTAIILHO
BIIPI3HUTH [IBI TOTOXHI YAaCTHHKU. TOTOXHHMH HAa3HBAOTHCS
YaCTHHKH, K1 MalOTh OJTHAKOB1 (hi3UYHI BJIACTUBOCTI, HAIIPHUKJIAI, BC1
CJICKTPOHU MAarOTh OJHAKOBY Macy, 3apsi, cmiH. OcCHOBHa 3aaada
KBAaHTOBOI CTAaTUCTUKU MOJIATAE Y BU3HAYEHHI (QYHKIT pO3MOALTY
CUCTEMH YaCTHHOK 3a MEBHUMHU (DI3MYHUMHU TIapaMeTpaMu, TAaKUMH,
K KOOPAMHATHU, IMIYJIbC, CHEPris, a TAKOXK y PO3PAXYHKY CEpPEIHIX
3HAa4YEeHb [IUX MapaMeTPiB MAaKPOCKOIIIYHOTO CTaHy BCIET CHCTEMH.

Posrnsinemo cucremy 3 N wactunok. [[nst Toro, mo6 ommcatu
TaKy CHCTEMY, BHKOPUCTOBYETHCS WICCTUBHUMIPDHUH TMPOCTIp 3

KoopauHatamMu X, Y, Z, px,py p,. Bin Ha3uBaeTbCsH q;aSOBI/IM

OpPOCTOPOM.  3riIHO 3  CHIBBIJHOIIEHHSM  HEBU3HAYEHOCTEH
eleMeHTapHa KoMipka (a3oBoro mpocrtopy 0t JOpiBHIOE:
dt = dxdydzdp,dp,dp, .
OG'eM I1i€i eTeMEHTapHOT KOMIpKH He MOYe OyTH MeHuHii Bix h’:
dr>h3,
ﬁMOBipHiCTL crany cucremu 0W MokHA BHpa3uTH 3a
JIOTIOMOT0r0 (DYHKIIIT po3moiny f:

dw = f(x, ¥,Z, P, Py, pz)dr: fdt.

OT1xe, (yHKIIS pO3MOALTY — Il TYCTMHAa MMOBIPHOCTI CTaHy
CHCTEMHU:

_dw
dr
OyHKIIIs] pO3MOLTY 33J0BOJIbHSE YMOBI HOPMYBaHHSI:

f
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T fdt=1.

With the help of the function of distribution we can determine
the average values of macro system parameters.

7.1.2 Quantum Statistics of Fermi-Dirac and Bose-Einstein

If particles obey the principle of Pauli then the quantum
statistics of Fermi-Dirac is used to describe the ideal gas of these
particles. Such particles are called fermions and the ideal gas of
fermions is Fermi-gas. Fermions are individualists, as in a quantum
state there may be no more than one particle. The function of
distribution of fermions according to their states is called Fermi-
Dirac’s function of distribution:

ekl 41

where E is energy; p is the chemical potential; k is the Boltzmann
constant; T is absolute temperature.

The distribution function f___ is equal to the average number
of fermions which are in the state with energy E.

The chemical potential p is equal to work that is required to
increase the number of system particles per unit at given conditions:

_U-TS+pV
N

where U is internal system energy, S is entropy, T is absolute
temperature, p is pressure, V is system volume, N is amount of
particles.

The graph of the Fermi-Dirac function of distribution is shown
in Fig.7.1:
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T fdt=1.

3a pomoMorow (GYHKIII pO3MOMAITY MOXHA po3paxyBaTh
cepeiHi 3HaYCHHS ITapaMeTPiB MaKPOCUCTEMH.

7.1.2 KBanToBa cratuctuka ®epmi-/lipaka i bo3e-Eiinmreiina

SKm0 YacTUHKM 3aJ0BOJIBHSIIOTH mnpuHOmy [laymi, ToO
imeanbHUH  Tra3  TaKMX  YaCTMHOK  OIHCYEThCS  KBAaHTOBOIO
cratucTukor  Depwmi-Jlipaka. Taki YaCTMHKM  Ha3UBAIOTHCS
dbepmionamu, a ineanbHMi Ta3 GepmioHiB € dhepmi-raz. DepMioHU €
IHIUBITyaTicTaMH, TaK SK B JAHOMY KBAaHTOBOMY CTaHI HE MOXeE
OyTu Oinpine oAHOT YacTUHKU. DyHKIIA PO3NOALTY (epMiOHIB MO iX
cTaHaM Ha3WBaeThCs QYHKIIE po3noainy Pepmi-/lipaka:

1

fon = Ew 7
el +1

ne E — enepris; U - ximiyaui norenmian; K - crana Bonbimana; T —
abCcoMI0THA TeMIleparypa.

®yukiis posmoniny f, 4 JOPIBHIOE  CEPEIHBOMY YHUCITY
dbepMioHiB, 110 3HAXOATHCA B CTaHI 3 eHeprieto E.

XiMIYHUH TOTeHLian L JOpIBHIOE poOOTI, SKy HEOOX1THO
BUKOHATH I 30UIBIIEHHS KIJIbKOCTI YAaCTUHOK CHCTEMH Ha
OJIMHUITIO 32 JAHUX YMOB:

_U-TS+pV
N )

ne U — BHYTpIIIHS €Heprisi CUCTeMH, S - eHTporis, T — adcoioTHa
temneparypa, P - Tuck, V — 06’eMm cuctemu, N — KiTbKiCTh YaCTHHOK
B CHCTEMI.

I'padix ¢ynkuii posnoainy Depmi-/ipaka 300paxkeHo Ha
puc.7.1:
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Jroo

1 \./T

0 n E
Figure 7.1
The Fermi — Dirac distribution function at absolute zero
temperature T = 0 K:
fe p=LE<p
f. ,=0E>p

All states with energy E < p are filled with fermions and states
with energy E > p are free. The graph is blurred in the area E = p
when temperature increases E > 0 K as a result of thermal excitation.

If particles aren’t subordinated to Pauli’s principle the Bose-
Einstein quantum statistics is used to describe its ideal gas. These
particles are called bosons and their ideal gas is called bose-gas.

The distribution of bosons as per states is called Bose-Einstein
distribution function:

[EEN

fB—E T E-p

el -1
Bosons are collectivists as in given quantum states there may be
more than one particle. It means that the number of particles may be
arbitrary.
Fermi-gas and bose-gas are described by quantum statistic.
Their properties are significantly different from classic ideal gas and
therefore they are degenerated.
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Jroo

T=0K

0 [ E
Pucynok 7.1

[Tpu abcomotnomy Hyni T = 0 K ¢ynkuis posnoainy depmi-
Hipaxa:
fo,=LE<p

f(pfﬂ=0,E>u'

Bci cranu 3 eneprisimu E < p 3ammoBHEHi pepMioHaMH, a CTaHH 3
e”eprismu E > p - BinpHi. 3 migBumenasM Temmneparypu 7 > 0 K
BHACJIIZIOK TEIJIOBOTO 30y KeHHS Tpadik po3MHUBaeThCs B 00nactTi £
=p.

SIKI10 YacTHMHKM HE MiANOPSIKOBYIOThCs nmpuHuuny Ilaymi, To
iX 17ea’dbHMIl Tra3 ONHCYETbCS KBAaHTOBOK CTaTHCTHKOI bose-
Ednmreiina. Taki 4aCTHHKH Ha3MBalOThHCS 0030HAMHU, a X iJeaIbHUN
ra3 — 603e-razom.

Posmomin 0Oo30HIB 1O iX craHaM HAa3UBAE€THCA HKI[ICIO
posnoainy bose-Efiniireiina:
P 1
bh-FE E
ekt -1

Bo30HU € KOJIeKTUBICTaMH, TaK K y JJAHOMY KBAHTOBOMY CTaHi
Mo3ke repeOyBaTH OiIble OJHOT YACTUHKHU, TOOTO TX KIIBKICTh MOXKE
OyTHU TOBUIBHOIO.

®depmMi-ra3 i 603e-ra3 OMUCYIOTHCS KBAHTOBOKO CTATHUCTHKOIO.
Ix BmacTHBOCTI iCTOTHO BIJIPI3HSIOTHCS BT KJIIACHYHOTO 17€aJIbHOTO

raszy i, TOMY, BOHU € BUPOJKCHUMMU.
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E-n
If the exponent e X >>1, then the distribution of Fermi-Dirac
and Bose-Einstein transfer into the classical Maxwell — Boltzmann
distribution:
_E
fup =Ae ¥,
L
where A =e is parameter of degeneracy.
The degeneracy temperature Ty is the temperature below which
the ideal gas has quantum properties stipulated by identical particles.
If T>>T,, the ideal gas is described by the classical distribution

function.

7.1.3 Energy Distribution of Electrons in Metals. Fermi Energy
We consider electrons in metals as ideal gas that is described by
the quantum statistics of Fermi-Dirac. The function of distribution of
electrons as per states with a different energy:

1
fF—D E—p
el +1
All quantum states with energy E <p are filled with electrons
at T=0K, butif E >p they are free (Fig.7.1). The value of u is the

maximum Kinetic energy of conductivity electrons in metal at T =
0 K and is called Fermi energy:

E-r =pn.

The highest energetic level that corresponds to Fermi energy is
called Fermi level.

If T > 0 K the function of distribution f-_p is changed in the
region of Fermi energy (Fig.7.1). It can be explained by the transition
of electrons with energy E < E, that is excited at the expense of

heat motion and transfers to states with higher energy E >E_ .
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E—n
SIkmo excronenta € KT >>1, 1o posmoxmimum Pepmi-Iipaka i
boze-EiinmreliHa nepexoasTh Y KJIACHYHHN po3moail Makcpeia-
bonpnmMana:
-E
_ kT
f, =4,

n
ne A = eXT - mapaMeTp BUPOKEHHS.

Temneparypa BUpOJDKEHHS 1 — L€ TeMIeparypa, HUXKYe SKOL
i7lealbHUN Ta3 Mae KBAHTOB1 BIACTHBOCTI, OOYMOBJIEHI TOTOXHICTIO
gacTHHOK. Skmo 7 >> Tp, ifealbHUIA Ta3 OMUCYETHCS KIACUYIHOIO
(GYHKIIEIO pO3MOALTY.

7.1.3 Po3mojis eleKTpoOHIB B MeTas1ax 3a eHeprisimu. Eneprist
®epmi
EnekTpoHM NpOBIAHOCTI y MeTalax MOXHA pO3IJISIATH SIK
iIealTbHUN Ta3, 10 OINHCYEThCS KBAaHTOBOK CTATUCTUKOI Depmi-
Hipaka. @yHKIS pO3MOAUTY EJIEKTPOHIB 3a CTaHAMH 3 PI3HOIO
€Hepriero:
P 1
o-70 E-p
ef +1
ITpu T = 0 K Bci KBaHTOBI CTaHu 3 eHeprielo E < 3amoBHEHI
€JIeKTpOHaMHM, a CTaHu 3 eHeprieo E >p  BuibHI (puc. 7.1).
MakcumManbHe 3Ha4eHHsI KIHETUYHOT €Heprii eJIEKTPOHIB MPOBITHOCTI
B Metam npu T = 0 K, Axa Bianosinae |L, Ha3UBAETHCS EHEPrIEI0
Depmi:
Er=n.
HaiiBumuii enepreTMdyHuil piBeHb, IO BIANOBIZA€ eHeprii
®epmi Ha3uBaeThCs piBHEM Depmi.
Ipu T > 0 K dynkuis posnoxniny f, , 3miHioeTses B o6macTi

eneprii ®epmi (puc. 7.1). lle mOSCHIOETRCS THUM, IO YacTHHA
CNIEKTPOHIB 3 eHeprismu E < E_ 30yIKyeTbCd  3a PaxyHOK

TEIJIOBOTO PYyXY 1 MEPEXOAUTh y CTaHU 3 OUIBIIONO eHepriewo £ >E, .
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The distribution of electrons as per energy in the metal is determined
by the formula:

N| =

3
dn _4n(2m)2 E
dE -~ pd =

e kT +1

Figure 7.2 shows a graph of this function, which shows the
dependence of the number of electrons in a unit metal volume that is
found in a unit energy interval.

dn dn
dE| T=0K dE

/’/ 4 \
. / A\

Figure 7.2

At absolute zero temperature T = 0 K the Kinetic energy of
electrons isn’t zero. It changes within interval 0 <E <p .
Fermi energy that is equal to p can be determined by the

formula:
> 2
£ - h_(3_“j3 |
2m\ 8

where n = vﬁ is the concentration of electron gas in metal.

At the room temperature Fermi energy is equal to Er =~ 3 — 10
eV. Molecules of ideal gas have such energy at the temperature of
T ~ 10* K. Therefore, the electron gas in the metal is in a degenerated
state.
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Po3nofin enexTpoHiB 3a EHEpPrisiMK y MeTalli BU3HAYAETHCSA 32
dbopmyIoro:

N~

3
dn _4n(2m)2  E
e n®  E
el +1
Ha puc.7.2 300paxeno rpadik mi€i ¢QyHKmii, sika mokasye
3QJIOKHICTh YHCIA EJICKTPOHIB B OJMHHUIN 00’€My MeTamy, M0
NPUIIAAAa€ Ha ONMHUYHUM IHTEpBal eHeprii.

an dn
dE| T=0K az| T=O0K
, :
/ / N
£ u E
Pucynok 7.2
IIpu aOcomtotHomy Hymo T = 0 K xkiHeTMuHa eHepris

€JIEKTPOHIB BiZIMiIHHA BiJ HYJs. BoHa 3MiHIOETBCA B iHTepBami 0 < E
<u.
Eneprito @epmi, fika BIANOBIZa€ [, MOXXKHAa BHU3HAUUTH 3a

dbopmyroro:
2
h? (3n)3
Er=—1—1 .
2m\ 8=nt
e n= v KOHIIEHTpAIlisl eJIEKTPOHHOTO Ta3y B METAJII.

ITpm xiMHaTHINM TemnepaTypi enepris @epmi nopiBHIOE E. = 3-
10 eB. Taky eHepriro MOJIEKYJIH 1J€aIbHOTO Ta3y MalTh TNpH

temrneparypax 1 = 10* K. ToGro €IeKTPOHHUI Ta3 B MeTall
3HAXOJIUTHCS Y BUPOJKECHOMY CTaHi.
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The relationship of the electron gas energy to temperature may

be expressed by the graph shown in Fig.7.3
E

0 T T
Figure 7.3

At the temperature of T < Ty that is lower of the degeneracy
temperature the electron gas energy doesn’t depend on the
temperature and it is degenerated.

At the temperature of T > T, the electron gas energy is
proportional to the temperature and the gas is not degenerated.

7.1.4 Internal Energy and Heat Capacity of Electron Gas
The Internal energy of an electron gas is determined by the
average energy of electrons and their number:
U=E-N,
where N is the number of electrons; E is the average energy of an
electron.
The internal energy of one mole of electron gas is

U,=E-N,,

The total energy of the electron gas can be determined by the
formula:

w

0

47[(2m )? J-

N\w

E-n
Oek 41
The average energy of an electronat T=0Kis

E= TEdn(E)
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I'padik 3anmexxHOCTI  €Heprii  eNeKTPOHHOrO Ta3y  BifJ
TeMIlepaTypu 300pakeHo Ha puc.7.3.

E

Pucynoxk 7.3

[lpum TemmepaTypi, OI0 MEHIIA 3a TEMIIEPATYpy BUPOJKECHHS
T < To, eHepris eIeKTPOHHOTO ra3y He 3aJeKUTh BiJl TeMIEpaTypH i
BiH € BUPO/KCHHM.

[Ipu Ttemneparypi 7 > Ty eHeprisi eJIeKTPOHHOTO Ta3y
IPOMOopLiKHA 10 TEMIIEPATypH 1 BiH € HEBUPOKEHHUM.

7.1.4 BHyTpilIHA eHepris i TENI0EMHICTD €JICKTPOHHOIO ra3y
BHyTpimiHsS  eHeprisi  €JeKTPOHHOTO Tra3y BHM3HAYa€ThCS
CepeIHbOI0 EHEPTIEI0 eNEKTPOHIB Ta IXHBOIO KUIBKICTIO:
U=E-N,
e N - KinbKicTh enexTpoHiB; E - cepesHs eHepris eneKTpoHa.
BHyTpilHs eHepris 0fHOro MOJIsl €IeKTPOHHOTO ra3y:
U,=E-N,
[ToBHY eHeprifo eneKTPOHHOTO Ta3y MOKHAa BHU3HAYHTH 3a
dbopmyoro:
J<

0ekT +1

Cepenns enepris enektpona npu 7'= 0 K:

N\w
M\oo

41t(2m

EzTEdn(E)—



3 3 2
2 K 2 2 3
E:E:J;4M§W IEE (Ez3.h(aq3z35P
N N h 5 5 2m\8n 5
et +1
Then UungF-NA.

The molar heat capacity of the electron gas is equal to

ou
C, =| =~ .
oT ),

If V=const, n= g =const, Er =const, then

n°R KT
“E e
3
C{ ==R,
Vo2
2
C\c/| =”_.k_Tz0_01.
cd 3 E,

The heat capacity of the electron gas is less than heat capacity
of the crystal lattice. It is connected with the fact that only a little
number of free electrons is subjected to thermal excitation, i.e. only

those electrons energy of which is in the vicinity to the Fermi level.

7.1.5 Heat Capacity of Solids. Phonons

Atoms in solids oscillate nearby of equilibrium positions. The

atom displacement is described by the equation of the wave:
& = Acos(ot —kx),

21 .
where k = 7 IS @ wave vector.

Different waves propagate continuously along a crystal

(Fig.7.4).
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0eKT 11
. 3
Toni U“=§EF~NA.

ModnsipHa TEIJI0EMHICT €IEKTPOHHOTO Ta3y JOPIBHIOE
c, - (aumj |
aT )y

Sxmo V =const, n= % =const, ErF =const, To

n?R kT
YT e
. 3
l\.’7=_R’
&' =3
2
C:/a:”_.k_Tzo,m.
c’ 3 E

TernnoeMHICTh €IEKTPOHHOTO Tra3y MEHIIA 3a TEeIIOEMHICTh
KpuctamiyHoi rpatku. lle moB’si3aHo 3 TUM (akTOM, MO0 TUIBKH
HE3HayHa KUIbKICTh BUIBHUX €JEKTPOHIB TMIJA€THCS TEIIOBOMY
30yKEHHI0, TOOTO 30y/KYIOTHCS TUTBKH Tl €IEKTPOHU, CHEPTIS IKUX
6nu3bka 10 piBHA Depmi.

7.1.5 TensoemHicTh TBepaAMX Til. POHOHHU
ATOMH B TBEpIUX TilaxX KOJIWUBAIOTHCS OLIS MO3UINT pIBHOBArH.
3MillleHHsI aTOMa OMUCYETHCS PIBHIHHAM XBUIIL:

& = Acos(ot —kx) .
2n .
ne k = o XBHJIOBHI BEKTOP.

Pizni  xBwm  Oe3nepepBHO  PO3MOBCIOJKYIOTHCS — B3I0BXK
kpuctana (puc.7.4).
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Figure 7.4

Since at the distance | lies an integer number of half — wave
lengths

then
_2
-
Due to the discrete structure of the crystal lattice in solids and

with consideration of n= ! there is a minimum wavelength:

a
Ain :IE-ZI =2a.
a
A maximum frequency corresponding to ., is
L) L)
Viex =7 =5
A 2a

min
The waves having frequency of v > v can’t exist in the crystal
lattice.
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L L] L]

.. * e e P = 2_1
L—J n
2a
Pucynox 7.4
Tak six Ha BifcTaHi | ykgamaeThest 1ijie YUCIo AOBKUH MMiBXBHJIb
A
l=n-=—,
2
TO

2l
-
3aBISKM JAMCKPETHIH CTPYKTYypl KpUCTaJI4HOI TpaTku B

}"n

. | . ..
TBEPAMX TiJax, 3 ypaxyBaHHSIM n=—, ICHy€ MiHIMQJbHA JIOBXHHA
a
XBUIL:

Mo 2l=2a.

1

=T
a

MakcuMalipHa 9acToTa, 110 BIAMOBIAAE A, -

V_U_U
™AL 2a

min

XBuWii, MO MaKoTh YacCTOTYV > Vmx , HE MOXYTh ICHYBaTH B
KpHUCTaTIuHIli rpatii.
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According to the classical theory of heat capacity, the crystal
contains N atoms, each of which has three degrees of freedom. Each
degree of freedom has an average energy of E =kT (1/2 kT of kinetic
energy and 1/2 kT of potential energy). The average energy of the
atom is 3KT. The energy of one mole of a solid is

U, =3kTNa =3RT,
aSR =KkNa.
The molar heat capacity of a solid is

ouU J
C, =—*=3R=25 )
oT mole - K

This law was experimentally established by French physicists
P. Dulong and A. Petit in 1819.

The Dulong and Petit law: the molar heat capacity of all
monoatomic solids is equal to 3R.

But it was established experimentally that the heat capacity of
solids is related to temperature and at low temperatures deviation
from the Dulong and Petit law occurs.

The Fig. 7.5 represents the relationship between the heat
capacity of silver and temperature:

%

e

0 100 =200 300 400 T.X

Figure 7.5

Classical physics couldn’t explain these results. The
imperfection of classical theory is caused by two reasons.
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3riJHO KJIACHYHOI TeOpii TeINIOEMHOCTI, KPUCTAJ € CHCTEMOIO 3
N aroMiB, KOXEH 3 SKHX Ma€ TpU CTymneHi cBoboau. Ha kokeH
CTYIiHb CBOOOAM B cepennboMy npunagae edepris E=KT (1/2 KT
kinetnuHoi 1 1/2 KT notenuianbHol eHeprii). CepeaHs eHepris aroma
nopiBaioe 3KT. Eneprist 01HOr0 MOJIst TBEPAOIO Tija, M0 MicTUTh Ny
aTOMIB, JTIOPIBHIOE:

U, =3kTNa =3RT,

TaKk 5K R =KNa.

MorsipHa TEMJIOEMHICTH TBEPJOTO Tijia TOPIBHIOE:

oU
C, = Zn _3r-p5 K
oT

Motb- K

Lleit 3akoH  OyB  €KCHEpHUMEHTAJIbHO  BCTAHOBICHUU
¢dpanmy3pkumu izukamu [1. romorrom i A. Itiy 1819 p.

3akon Jlromonra 1 [IITi: MoJspHAa TEIJIOEMHICTH BCIX
OJTHOATOMHUX TBEPIUX TiII HopiBHIOE 3R.

Alle eKcIiepuMEHTaIBbHO OyJI0 BCTaHOBJICHO, IO TEIUIOEMHICTh
TBEPAUX TUI 3aJCKUTh BiJl TEeMIEpaTypu 1 TpPHU HHU3BKUX
TemIeparypax BiJJOyBaeTbCsl BIIXMJICHHS BiA 3akoHa J{ronmonra i IIti.
Ha puc. 7.5 HaBeneHO 3aleXHICTh TEIJIOEMKOCTI cpibia Bij
TeMIeparypu.

%

£

|
|
|
|
|
|
i
|
|
i
; ; | ;
0 w0 200 300 400 7K
Pucynok 7.5

Knacuyna ¢i3uka He 3MoIVIa TMOSCHUTH I  pe3yJbTaTu.
HenockoHnanicTh KJIaCHYHOI TEOPii BUKIIMKaHA ABOMA IPUUMHAMHU.
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1. In the classical theory it is supposed that atoms oscillate
independently to each other with equal frequency. But the atoms in
the crystal are bound to each other and oscillate as one system.

2. The energy of atoms in solids can be calculated according to
the laws of quantum mechanics, therefore the atom is to be
considered as a quantum oscillator.

In 1907, A. Einstein presented the quantum theory of heat
capacity of solids. Einstein considered that energy of the quantum
oscillator i.e. atom is quantized:

E, :[n+%jhv, (n=0,1,2,...).

The average energy that corresponds to one degree of freedom
of the quantum oscillator may be expressed as:

= hv
E = Th
e -1
Then, the internal energy of one mole of a solid is
U, =3N,E=3N, V.
e —1

So, the molar heat capacity of a solid is equal to

hv
oU 2w
C, = “=3R(m] S
ot KT) [
ekt -1

hv . .
The value 6 = ?V is called the characteristic temperature.

Thus,
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1. B xnacu4Hiii Teopii NPUIYCKAETHCS, 10 ATOMH KOJIHBAIOTHCS
HE3JIC)KHO OJIH BiJl OJTHOTO 3 OJIHAKOBOIO YaCTOTOK. AJIe aTOMHU y
KpHUCTal 3B’43aHi OJIMH 3 OJHUM 1 KOJMBAIOTHCA, SIK OJTHA CUCTEMA.

2. Emnepris aromMiB B TBepAuX TiJJaX BH3HAYAETHCSA 3a
JIOTIOMOTOI0  3aKOHIB KBaHTOBOI MEXaHIKM, TOOTO arom Tpeba
PO3MIISIIATH SIK KBAHTOBHIA OCLIUIISITOP.

VY 1907 poui A. EifHIuTeiH 3amporoHyBaB KBaHTOBY TEOPIiO
TEIUIOEMHOCTI TBepAUX TUI. EWHIITEHH B3sIB 0 yBaru, mo eHepris
KBaHTOBOT'O OCIIHJIATOPA, TOOTO aToMa, KBaHTYETHCSL:

E, :[n+%jhv, (n=0,1,2,...).

CepenHro eHepriro, sika BiAOBIa€ OJHOMY CTYNEHIO BIILHOCTI
KBAaHTOBOT'O OCLIMJISATOPA, MOKHA BUPA3HUTH SIK:

= hv
E= T
et -1
Tomi, BHyTpIlIHS €HepTis 0THOTO MOJISl TBEPIOTO Tija JOPIBHIOE:
= hv
UH :BNAE :3NAT
et -1

OT1xe, MOJISIpHA TETUIOEMHICTh TBEPJIOTO Tijla TOPIBHIOE
hv

au S
C,=—* =3R(h"] —

oT kT o2
ekt —1
hv
BCJ'II/ILII/IHE[ 9 = ? Ha3UBaA€THCA XAPAKTCPUCTUYHOKO
TEMIICPATYPORO.
0
, ]
0 e’
Tomy C, :3R(—j —
T 0
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In the region of high temperatures KT >> hv:
C, =3R
and it corresponds to the Dulong and Petit law.
In the region of law temperatures kT <<hv

2 0
C, =3R(9j e T,
T
Above is the exponential relationship.

The results of Einstien’s theory don’t coincide with the
experiment in the region of low temperatures. This is related to the
assumption that solid body atoms oscillate with the same frequency.

In 1912, the German physicist Debye assumed that atoms in a
crystal are connected with each other and form the common system.
The oscillations of N atoms in this system may be presented as
standing waves with frequenciesv,. These types of oscillations are
called normal oscillations. The energy of normal oscillations is

E = [ni + %jhvi (n=012,...).

The total energy of a crystal is
3N 1 3N
E= Z(ni +Ejhvi =E, +Z:nihvi ,
i=1 i=1

13 : I
where E, = —Zhvi is the energy of zero oscillations.
i=1

Consequently, the energy of normal oscillations is quantized. A
portion of energy i.e. quant is called a phonon. The energy of a
phonon is E = hv.

Therefore, a quant of normal oscillations in a crystal is a
phonon. The velocity of a phonon is equal to the velocity of a sound
in crystal. The impulse of a phonon is

hv Kk
= hk = ——=— y
P v A
where k is a wave vector.
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B o6nacri Bucokux temneparyp KT >>hv:
C, =3R,
110 BianoBigae 3akony romonra i I1ti.
B o6mnacti Husbkux Temneparyp KT <<hv:

2
C, :3R(9j e T,
T
TOOTO TEIJIOEMHICTH 3MIHIOETHCS 110 €KCITOHEHTI.

Pesynpratn  Teopii  EnmTeiina < He — cmiBmajaooTh 3
eKCIIEpUMEHTOM B 001acTi HHU3BKHX TemrepaTyp. Lle 3B’s3aHo 3
NPUITYIICHHSM, 10 aTOMH TBEPAOTO TiJIa KOJIMBAIOTHCS 3 OJTHAKOBOIO
Y4acTOTOIO.

VY 1912 poui Himenupkuii ¢izuk 1. Jlebaii mpumycTUB, Mo aToMu
B KpPHUCTaJl 3B’53aH1 OJIUH 3 OJJHUM 1 YTBOPIOIOTH CYLJIBHY CUCTEMY.
KommBanus N atomiB B 1iil cuctemMi MOKHA TPEACTABUTH SIK CTOSYI
XBWII 3 YacTotamu V;. Lli THIM KOJIMBaHb HA3MBAIOTHCS HOPMAJIb-

HUMH KOJIMBaHHAMHU. EHEprisi HOpMaJIbHUX KOJHUBAHb JOPIBHIOE:
1
3 :(ni +2jhvi (h=012...).

[ToBHa eHeprist Kpucrana:
3N 1 3N
E= ZLHi +Ejhvi =E, + Z:nihvi ,
i=1 i=1
3N

ne E, = —Zhvi € EHEePri€r0 HYTbOBUX KOJIUBAHb.
i=1

OTxe, eHeprii HOpPMaJbHUX KOJIMBaHb KaHTyeTbcs. Ilopiiis
eHeprii, ToOTO KBaHT Ha3uBaeTbcsa (oHoHOM. Enepris Qonona
TOpiBHIOE E = hv.

@®OHOH € KBAaHTOM HOpPMAIFHUX KOJHBAaHb B KpPHUCTAJI.
HIBuaKiCT (OHOHA JOPIBHIOE MIBHJIKOCTI 3BYKY B KpPHCTAI.
ImITynibe poHOHA BU3HAYAETHCS 32 (HOPMYIIOHO:

p=rnk= m = X , 1e K — XBUIIbOBHI BEKTOP.
v
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A phonon is a quasiparticle as it can exists only in a crystal
lattice. A phonon can’t exist in a vacuum. Unlimited number of the
same phonons may exist in a crystal so they are bosons. The spin of a
phonon is equal to zero. Phonons are submitted to the quantum
statistics of Bose-Einstein. The energy of a crystal may be
determined as the energy of the phonon gas. The number of phonons
dn with frequencies in the range from v to v+dv is determined as:

dn= dg

hv !
e —1
where dg is the number of normal oscillations in a crystal volume V
or number of quantum states.

4nV

dg =3-—; vidv,
L)
where v is the velocity of sound in a crystal.
Thus,
12nVvidv
dn=

hv )
U3[ekT — 1J

Then the internal energy of a crystal is
12xVh I vidv

3 o
0 okt _1

1

(o)

Vi =0 —— | .
4nV

To calculate U, the characteristic temperature of Debye is
introduced:

U= V].axhvdn =
0

hV o

Kk
1. In the region of high temperatures (T >6,) for one mole of

solid N = N, and the molar heat capacity is:

0p =
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@DOHOH € KBa314YaCTUHKOIO, TaK SIK BiH MOXXE iCHYBaTH TUIbKH B
KpucTaimiyHii rpatii. DOHOH HE MOXE ICHYBaTH Y BaKyyMi.
HeoOmerxeHa KijbKiCTh (POHOHIB, MOXKE iICHYBaTH B KPHUCTaJi, TOMY
BoHH € Oo3oHamu. CriH ¢QoHOHA fAoOpiBHIOE HYI0. DOHOHH
HiAIOPSAKOBYIOTECS ~ KBAaHTOBIM — cratuctuii  bose-Exmireiina.
Eneprito kpucTaimy MO)KHa BH3HAYUTH K €HEPTit0 ()OHOHHOTO rasy.
Yucino ¢ouonie dn 3 wyacroramm y Mexax Big vjao Vv-+dv
BU3HAYAETHCS SK:

dn= dg

=
ekt -1

ne dg - Yucio HOpMalbHHX KOJIMBaHb B 00'eMi kpucramy V, abo

YHCJIO KBAHTOBUX CTaHIB.

47V
dg =3- n3 vidv,
v
Jev - MBUAKICTb 3BYKY B KPUCTAI.
Tomy
12nVvidv
dn=———<
vl el -1

Toni BHYTpPILIHS €HEPTis KpUcTana JOPIBHIOE:
12zVh f* vidv

v e
0 ekT -1

1

(SN jB

Viex =Y 7| -
4V

Hns toro, mo6 obumcnutu U, BBOAUTHCA XapaKTEPUCTHYHA
temriepatypa [ebas:

U= v].axhvdv =
0

1. B oGnacTi BUCOKHX TeMIIepaTyp (T > GD) U1 OTHOTO MOJIA
TBepAoro tina N = N, 1 MOJIsIpHA TEIJIOEMHICTb JOPIBHIOE:
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oJ
C, =—=3N,k=3R.
YooeT A

2. In the region of low temperatures (T <<6,,):

5
U =KV g
5h°v
oU  16m°k*V
e, L 5
V' oaT  5h%° b

In this case function of C, = f(T) is in agreement to

experimental results (Fig.7.5). This relationship is called Debye’s
law.

7.1.6 Quantum Theory of Metal Electronic Conductivity
German physicist Sommerfeld carried out the calculation of the
electronic conductivity of metals based on the quantum mechanics
and Fermi-Dirac statistics. The formula for specific conductivity was
obtained:
_ ne*k.

Y —,
Mo,

where n is the concentration of electrons conductivity in metal; A is
the average free path of electron, energy of which is equal to Fermi
energy; v is the average velocity of electron heat motion.

This formula is an analogous to the formula of specific
conductivity in classical theory but physical sense of parameters is
different. So, in classical physics v ~+/T , but in quantum theory it
doesn’t practically depend upon temperature. There is a significant
difference in the sense of the electron free path length XF. In

classical theory it is believed that there is a continuous collision of
electrons with nodes of the crystal lattice and the electron is free to
travel a distance approximately equal to the period of the crystal

lattice A .
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ou
Cy =7 =3Nak=3R.

2. B o6unacti uusbkux temneparyp (T <<0,) :

4’k _,
Us—55T,
5h°v
oU  16m°k*V _, 3
= PR Vs _pr8,
Vooar 5h3y3 P

B janomy Bumanky, ¢yukuis C, = f(T) sianosimae

EKCIIePUMEHTALHUM pe3ynbratam (puc.7.5). lle cmiBBigHOMEHHS
HA3UBAETHCS 3aKOHOM Jlebasl.

7.1.6 KBaHTOBa Teopisl eJ1IeKTPOHHOI MPOBIAHOCTI MeTAaJIiB

Himenpkuit  ¢izuk A. 3ommepdenb BHKOHAaB PO3PaxXyHOK
€JICKTPOHHOI IPOBIIHOCTI METaJliB HA OCHOBI KBAaHTOBOI MEXaHIKH 1
craructukn Pepmi-/lipaka. byna orpumana dopmyna s TUTOMOT
€JICKTPOIPOBITHOCTI:

ne’i.
Y=—""—":
Mo,
e N — KOHULEHTpalis eJEeKTPOHIB MHpPOBIAHOCTI B MeETali; XF -
cepeliHd JOBXHMHA BUIBHOTO NpPOOITy €JIeKTPOHA, EHEepris SKOro
JopiBHIOE eHeprii DepMi; U - cepeHs IBUIKICTh TEMJIOBOTO PyXy
TaKOTO €JIeKTPOHA.

I[ls ¢dopmyna €  aHamoriuHoro  (GopMmMyai  OUTOMOL
€JIEKTPONPOBITHOCTI B KJIACUYHINA Teopili ane (i3uyHuil 3MmicT il
napamerpiB 1HmMH. Tak, B kmacuuHid (i3umi O ~JT, ame B
KBAHTOBIM Teopli Up MpPAaKTUYHO HE 3ajexaTb Bl TeMIEpaTypH.
CyTTeBa pi3HULS ICHYE Yy 3MICTI BEIMYMHU JOBXKUHU BUIBHOTO
mpoO0iry eneKTpoHa 7_»F. B xmacuuHiii Teopii BBaXaeThCs, MO
BiI0OyBaeThCsl Oe3mepepBHE 3ITKHEHHS €JNEeKTPOHIB 3  BY3JaMH
KPUCTAIIIYHOI TPaTKH 1 €NEKTPOH BUILHO MPOXOJIUTH BIJICTAaHb 7_»,:,

110 TPUOIU3HO JOPIBHIOE MEPIOy KPUCTAIIYHOI IPaTKH.
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In quantum theory the motion of an electron is examined as the
process of propagation of electron waves in a crystal lattice, whose
length is determined by the de Broglie formula.

The scattering of electron waves, which is the reason for the
existence of electrical resistance, occurs with inhomogeneities of the
crystal lattice. Inhomogeneities can be impurities, vacancies,
inhomogeneities due to thermal fluctuations. The scattering of
electron waves by inhomogeneities due to thermal oscillations can be
considered as collisions of electrons with phonons. The dimensions
of the inhomogeneities must be greater than the electron wavelength.
The fluctuations of density in the crystal are also centers of scattering
of electron waves. Its existence is the reason for resistivity for
absolute pure metals. The scattering of the electron wave can be
estimated by the scattering coefficient:

1
oa=—".
Ae
On the other hand calculations show:
_ kT
Ed
where E is the Young’s modulus, d is the period of the crystal lattice.
Therefore, the average free path of an electron in metal is
T, =9
mkT
Substituting this value of A into Sommerfeld's formula, we obtaine:
e’Ed
y=——x.
Mo kT

Therefore, the electrical conductivity is inversely proportional

to the temperature:

1
=2

This result is in a good agreement with experimental data.
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Y KBaHTOBIH TEOPIl pyX €NEKTPOHIB PO3TIAAAETHCS, K MPOLIEC
PO3MOBCIO/KEHHS €JIEKTPOHHUX XBHWJIb jA¢ bpoins y kpucramivnii
rpatii. Po3citoBaHHS €IEKTPOHHUX XBHJIb, IO € TPUYUHOIO
ICHYBaHHS €JIEKTPUYHOTO OTOpPY, BiIOYBA€ThCS HA HEOTHOPITHOCTSIX
KpUCTamiuyHOi rpatku. HeogHOpimHOCTAMU MOXYTh OYTH TOMIIIKH,
BaKaHcli, HEOHOPITHOCTI, 110 00yMOBIIeH1 TEIUIOBUMU
KOJINBaHHAMH. PO3CISIHHS €eKTPOHHUX XBWJIb HA HEOJHOPIIHOCTSX,
O00OYMOBJICHUX TEIJIOBUMH KOJIMBAaHHAMH MOKHA pO3TJISAIATH SIK
3ITKHEHHSl €JEKTpPOHIB 3 (oHOHaMHU. Po3mipum HEOAHOPITHOCTEH
MOBUHHI OyTH OUTBIIMMHU 33 JOBKUHY XBWII elekTpoHa. Diykryarii
TYCTHHH B KPHCTali € TAKOX LECHTPAMU PO3CIIOBAHHS CICKTPOHHUX
XBHIIb. Ix 1CHyBaHH51 € MPUYHHOIO EIEKTPUYHOTO OMOopY aOCOIIOTHO
YHCTUX METalliB. PO3CifoBaHHS €IeKTPOHHOI XBHJII MOKHA OI[IHUTH 32
JIOTIOMOTO10 KOE(IIIIEHTY PO3CIIOBaHHS:

o==.
A
3 iHII0r0 OOKY, pO3paxyHKH IOKa3yIOTh, LIO:
nkT
Ed
ne E - monyns FOHra, d - mepioa KprcTaniqHol TpaTKH.
Tomy 10BkHHA BUIBHOTO NMPOOITY €JIEKTPOHA y METalll I0PIBHIOE:

= Ed
Ap =——.
mkT
SIKuo mificTaBUTH 1€ 3HAYEHHSA Ay popmyiy 3ommepdenbaa, To
. e’Ed
MU OTPHUMAEMO: =
P Mo kT
O1xe, mMUTOMA €EeKTPONPOBIIHICTH OOEPHEHO MPOTMOPITIAHA 10
1
TEeMIEpaTypHu: Y~ =

Lleit pesynpTar 1m00pe Y3TOMKYEThCS 3 EKCIIEPUMEHTATbHUMU
JTAHUMH.
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7.1.7 Superconductivity
The phenomenon of disappearance of electric resistance of
substance at low temperatures is called superconductivity. The
phenomenon of superconductivity was discovered by the Dutch
physicist Kamerling-Onnes in 1911. He studied mercury and found
that its resistivity sharply decreases to zero at T = 4.2 K (Fig.7.6).

R

-
-
-

0 42 T, K

Figure 7.6

The temperature at which the substance from normal state
transfers into superconductivity state is called the critical temperature
T.. The specific electrical resistivity of superconductive materials is
very small:

p< 10% Om'm.

The superconductivity state has a set of specific properties. In
1914, Kamerling-Onnes discovered that closed-circuit electric current
can exist for several hours. Subsequently, experiments were
conducted to induce current and control its attenuation in circular
superconductors. It has been found that the superconductivity
damping time exceeds many years.

Kamerling-Onnes also  discovered that the state of
superconductivity is destroyed by magnetic field whose magnetic
induction exceeds the critical value B.. The dependence B. on
temperature is shown in Fig.7.7. The area of existence of
superconductivity state is below this curve. The critical magnetic
field which destroys the superconductivity state can be formed by
current itself in the superconductor. If a current exceeds a value
which is called the critical current I, then the state of
superconductivity is destroyed.
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7.1.7 HapnposiaHicTh
SIBuIle 3HUKHEHHS EIIEKTPHUYHOTO OIOpY PEYOBHHHU TIPU
HU3BKUX TeMIepaTypaX Ha3UBA€ThCA HAANMPOBIIHICTIO. SIBUIIE
HAJIPOBIAHOCTI  OYyJ0  BIAKPUTO  HIAEPJIAHIACHKUM  (I3UKOM
I'. Kamepmiar-Onnecom y 1911 p. Bin BusiBUB, 110 omip pTyTi mpu
T« = 4,2 K pizko manae 1o nyns (puc.7.6).

R

0 42 T. K

Pucynox 7.6

Temnepatypa, mpu skiii BinOyBaeTbcs NEpexili PEUOBUHU B
HAJMPOBITHUIA CTaH, HAa3WBAETHCS KPUTHYHOIO TeMIeparyporo 7.
[TuTomuii omip HAAMPOBIAHUKOBHUX MaTepiaiiB AyxKe Majuii:

p<10?°0Om-M.

HaanpoBiguuii cran mae psa cneuu@iuHux BiacTuBocTeil. B
1914 p. Kamepnianr-OHHeC BHSBHB, IO EJIEKTPUYHMHA CTPyM B
3aMKHYTOMY KOJII MOK€ ICHYBaTH Ji¢ KUIbKa roauH. B moganemomy
Oynu MpOBEAEHI €KCIIEPUMEHTH 110 HaBEJIEHHIO CTPYMY 1 KOHTPOJIIO
Horo 3aTyxaHHs y KOJOBUX HaJaIpOBITHUKAX. Bysao BcTaHOBIEHO, 1110
qac 3aTyXaHHs CTPYMY HaJIIPOBIIHOCTI NEPEBUIILY€e OaraTo poKis.

Kamepninr-OHHec BHSBUB TakoX, LI0 HAJIpPOBIIHUM CTaH
PYHHYETHCS MAarHiTHUM I10JIEM, MarHiTHA IHAYKIS SKOTO MEPEBUIILYE
KpUTHYHE 3HaYeHHS By 3aJIeXHICTh By Bl TeMIepaTypu 300pakeHa
Ha puc. 7.7. O6nacTh iCHyBaHHS HAJIPOBIHOTO CTaHY 3HAXOJIUTHCS
nig kpuBoto. KputnuHe marsitHe mosje, sike pyilHye HaaIpoOBITHUMN
CTaH, MOXKE YTBOPIOBATHUCh 1 CaMUM CTPYMOM B HAJAINPOBITHUKY.
SIKmo CcTpyM TepeBHIIyE JesSKEe 3HAYCHHS, SKE Ha3WBaEThCS
KPUTUYHUM CTPYMOM I TO HAANPOBITHUM CTaH PyHHYETHCA.
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In 1933, German physicists V. Meissner and R. Oxenfeld
discovered that at a temperature lower the critical the magnetic field
is pushed out of the volume of the superconductor. The induction of
magnetic field inside the superconductor is equal to zero B = 0
(Fig7.8). So, the superconductor is an ideal diamagnetic. This
phenomenon is called Meisner’s effect. The physical nature of the
Meissner effect is that in the surface layer of the superconductor 10”
- 10® m thick in a magnetic field, there are shielding circular currents
that form such a magnetic field that completely compensates for the
external.

@

T>T; T<Te
Figure 7.8

The superconductivity phenomenon is observed in some metals,
alloys and metal oxide ceramics. Some of them are shown in table
7.1. Metal oxide ceramics demonstrate superconductivity at
temperature of liquid nitrogen T =~ 100 K. The transition of a
substance into a superconductivity state is the phase transition of the
second order and it is accompanied with a sharp change in heat
capacity.
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Pucynok 7.7

B 1933 p. mimenski ¢izuku B. Meticaep 1 P. Okcendenbn
BCTAaHOBHJIU, IO MPHU TEMIEpaTypl, HUKUii BiJ KPUTHUHOI, MarHiTHe
10JIe BUIITOBXYETHCS 3 00'€eMy HaANpoBigHWKA. MaritHa iHIYKITiS
BCEpelIMHI HAJIIPOBIHUKA y IIbOMY CTaHi JOopiBHIOE Hym0 B = 0
(puc.7.8). Omxe, HaOAUPOBIAHUK € ijeanbHUM JiamarHeTukom Lle
SIBUIIC Ha3WBAa€ThCs edekToM MeiicHepa. ®Dizuyna npupona epekra
MeiicHepa monsirae B TOMY, IO Yy TIOBEPXHEBOMY Imapi
HAJIIPOBITHMKA 3aBTOBIIKH 107 — 108 ™ y MAar"iTHOMY [OJIi,
BUHUKAIOTh EKPAaHYIOUl KOJOBI CTPYMH, $Ki yTBOPIOIOTH Take
MAarHiTHE MoJIe, 1110 MOBHICTI0O KOMIIEHCY€ 30BHIITHE.

O

=T T=Ta

Pucynok 7.8

SIBume HaIMPOBIIHOCTI CIIOCTEPITa€ThCsl Y JESKUX METaIB,
CIUTaBiB 1 METATOOKCUAHMUX Kepamikax. Jleski 3 HUX HaBeJeH1 B TaOIl.
7.1. MetanookcuaHl KepamiKy BHSBISIOTh HAAMPOBIIHICT MpHU
temneparypax piakoro azory 7 = 100 K. Ilepexin pedoBuHH B
HAAMPOBIAHUM CcTaH € (a30oBUM MEPEXOJ0M JIPYroro poAay, BiH
CYMPOBOIKYETHCS CTPUOKOTOIOHOIO 3MIHOO TEIUIOEMKOCTI.



316

Table 7.1
Material T, K H A
Y m
Hg 4.2 -
Al 1.2 -
Sn 3.7 8.103
Pb 7.2 64-103
NbsSn 18.0 20-10s
La-Ba-Cu-O 30.0 -
La-Sr-Cu-O 40.0 -
Y-Ba-Cu-O 100 -

The superconductivity theory was developed by American
physicists J. Bardeen, L. Cooper and D. Schrieffer in 1957. The
physical nature of superconductivity states is the following: at T < T
some electrons form pairs. These pairs are called cooper pairs. The
charge of this pair equals q = —2e. The distance between electrons in

cooper pair is large enough, it is bigger than distance between atoms
and it is of the order of 10° m.

In cooper pairs attractive forces, which are bigger than Coulomb
repulsion force, originate due to electron-phonon interaction.
Electrons in cooper pair have the opposite spins. So the spin of
cooper pair equals zero and it is the boson. At lower temperatures
cooper pairs are accumulated into basic state. There is a so-called
condensate, from which it is difficult to remove a single pair. To
transmit the cooper pair into an excitation state it is necessary to
destroy the cooper bond and spend Ecqop €nergy. That is why there is
slot of Ecoop in energetic spectrum of electrons of superconductivity
state. That is found in the vicinity of Fermi level.
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Taomums 7.1
Marepian T., K H A
" M
Hg 4,2 -
Al 1,2 -
Sn 3,7 8.103
Pb 7,2 64-103
NbsSn 18,0 20-108
La-Ba-Cu-O 30,0 -
La-Sr-Cu-O 40,0 -
Y-Ba-Cu-O 100 -

Teopis HaampoBigHOCTI Oyna CTBOpeHa aMEpPUKAaHCHKUMU
¢izuxkamu JIx. bapainum, JI. Kynepom i k. pidepom y 1957 p.
®i3nyHa mpuposa HAANPOBIAHUX CTaHIB MOJSATa€ B TOMY, L0 IPH
T < T nmeski eNeKTPOHM YTBOPIOIOTH MapH. Taki mapu eNeKTPOHIB
Ha3MBAIOTHCS KYNEPIBCBKUMH TapaMu. 3apsi Li€l mapu JOPiBHIOE
g=-2e. Biacranp MK €JIeKTpOHaMH B KYIEpIBCbKil mapi

JIOCTaTHHO BeNIMKa, BOHA Habarato Oiiblle BiACTaHI MDK aTOMaMH 1
JocATae BENMIMHY Hopsaky 10 °m.

B kymnepiBchbKUX Mapax 3aBAsKH €JIeKTPOH-(OHOHHOT B3a€MOIi
BUHUKAIOTh  CWJIM  TPUTSATAHHS, SKI  NEPEeBUINYIOTh  CHIIA
KYJIOHIBCBKOI'O BIJIITOBXYBaHHs. Taka B3aeMOJlii € KBaHTOBHM
epexkroM. EnexTpoHM B KyNepiBCbKIM Mapl MaroTh IPOTHIIEKHI
cnian. OTke, CIIH KyNepiBCbKOi Mapu JOPIBHIOE HYJIIO 1 BOHA €
6030H0M. Ilpm HHU3BKHX TemIepaTypax KyINepiBCbKI  IMapu
HaKOMUYYIOThCSI B OCHOBHOMY CTaHi. BuHUKae Tak 3BaHMi
KOHJICHCAT, 3 SKOTO BUAAIUTH OKpeMy mapy Baxkko. s Toro, mob
NEPEeBECTH KYIEPIBCbKY Mapy B 30y/KEHUH CcTaH, HEOOXiTHO
3pyHHYBAaTH KyNEPIBChKIN 3B'I30K 1 BUTPATUTH €HEPIiIO Eyyn. Tomy B
€HepreTUYHOMY CIIEKTpl €JIEKTPOHIB B HAJANPOBIIHOMY CTaHi €
IIIJTMHA IMUPHHOKO Eyyy, SIKa po3TamioBaHa Outd piBHA depwmi.
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The system of cooper pairs of low motion speed is not excited,
that means cooper pairs are moving through the crystal lattice freely.
That is why electrical resistance is zero. As the temperature increases
the width of the slot Ec.op decreases and approaches zero at the
critical temperature T.. At temperature T > T all cooper pairs are
destroyed and matter transfers into normal state.

The phenomenon of superconductivity underlies the operation
of devices for the accurate measurements of weak magnetic fields up
to 108 T, low current up to 10™ A and low voltage up to 10™ V.

Superconductors are used to make high-speed logic elements,
amplifiers and other electrical devices.

The development of new high temperature superconductors is
one of the most important tasks in modern science and it has
importance for progress in electromechanics, electronics, computer
technology, and in creation of fundamentally new cars.

7.2 Band Theory of Solids
7.2.1 Band Structure of Solids

In the band theory of solids body is considered as a periodic
crystalline structure consisting of ions in the field of which electrons
move. There are two methods that consider the nature of the
interaction of an electron with an atom and give practically the same
results. The application of these methods allows us to describe the
behavior of electrons in the periodic field of a crystal.

The first method is the approximation coming from the bound
electrons or the the strong bond approximation. This method assumes
that the binding energy of an electron to an atom is much greater than
its kinetic energy of motion in the crystal. During the formation of
crystals from individual isolated atoms the energy spectrum of
electrons changes and only the valence electrons can move from one
atom to another.
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Cucrema KymnepiBChKHUX Map MPH MAIUX MIBUAKOCTAX PyXy HE
30y/DKY€EThCS, a II€ O3Hayae, MO0 BOHM PYXAKThCS Kpi3h TPaTKy
KpucTana 0e3 omopy, i TOMy €NeKTPUYHHHA OIip JOPIBHIOE HYIIO.
[Tpu 361IbIIEHH] TEMIIEPATYpH IIUPUHA IUTHHU Ey 3MEHIIYIOTBCS 1
HaOMIDKAETbC 1O HyNs NpH KputuuHid Ttemmeparypi 7, Ilpu
temriepatypi T > T BCl KynepiBCbKi IMapu pyWHYIOTHCS 1 peYOBHHA
MEPEXOIUTh B HOPMAIBHUH CTaH.

SBuIe HAPOBIAHOCTI JIGKUTH B OCHOBI pOOOTH MPUIIAIIB JIJIs
TOYHUX BUMIPIOBAHb CIIAOKUX MAarHITHUX TOJIB (70 1018 Tn), manux
CTpyMIB (110 107 A), Manux Hampyr (10 10" B). Hagnposinuuku
BUKOPUCTOBYIOTh IS BHTOTOBJICHHS IIBHJKOIFOYMX JIOTIYHHUX
€JIEMEHTIB, B MICHJIFOBAYaX Ta IHIIUX EJICKTPHYHKUX TPUIIAIax.

Po3poOka HOBUX BHCOKOTEMIIEPATYPHUX HAANPOBITHHUKIB €
OJTHIEI0 3 HAMBAKIMBINIMX 3aJa4 Cy4yacHOI HayKH 1 Mae BEIIUKE
3HAUEHHS Ui PO3BUTKY PI3HHX Tally3ei: EIIeKTPOTEXHIKH,
CJICKTPOHIKH, KOMIT'IOTEPHOI TEXHIKH, CTBOPEHHS MPUHIIMIIOBO
HOBHX TPAHCIIOPTHHX 3aCO0iB.

7.2 3oHHa Teopisi TBepAMX Tij
7.2.1 30HHA CTPYKTYpa TBEPAUX TiJI

B 30HHII Teopii TBepAe TUIO PO3IISAAETHCA SIK KpUCTaliuHa
nepioMyHa CTPYKTypa, IO CKJIAaJa€ThCs 3 10HIB, B TMOJI SKUX
pYyXarTbCs eNeKTPOHH. ICHYIOTH J1Ba METOMIHU, SKi PO3TISNAIOTH
XapakTep B3a€MO/Iii €JIEKTPOHA 3 aTOMOM 1 IPUBOJATH MPAKTUYHO J10
O/IHAKOBUX PE3yJIbTAaTiB. 3aCTOCYBAaHHS IIUX METOJIB JO3BOJISIE
OTKCATH MOBEJIIHKY €JIEKTPOHIB B NEPIOANYHOMY MOJ1 KpUCTaa.

[Tepmmit mMeton — HAOMMKEHHS, 1O BUXOAHWTH 13 3B'I3aHUX
eIEeKTpOHIB a00 HaOMIKEHHS CHIBLHOTO 3B’si3ky. B 1bomy metoni
NPUITYCKAIOTh, IO €HEpris 3B’s3Ky €JEKTPOHa 3 aTOMOM 3HAa4YyHO
OispIIIa 32 HOro KIHETUUHY €Heprito pyxy B kpuctaii. [Ipu yrBopenHi
KPUCTAJIIB 3 OKPEMHX 130JbOBAaHUX aTOMIB EHEPreTUYHUN CIEKTp
€IEeKTPOHIB 3MIHIOETbCS 1 JIMIIE BaJCHTHI EJIeKTPOHU MAaroTh
MO>KJIUBICTB TIEPEMIIIYBAaTUCh BiJl OJTHOTO aToMa JI0 APYroro.
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The second method is based on the approximation of free
electrons or the approximation of a weak bond. It is assumed that the
kinetic energy of electron motion is much greater than the binding
energy of the atom. The electron moves in the periodic field of the
crystal lattice and is considered free.

Both of these methods lead to almost identical results.

Let’s consider the strong bond approximation. If isolated atoms
are at a big distance from each other L >> d, where d is the diameter
of the atom, then the potential barrier for valence electrons is wide
enough and possibility of their penetration through the barrier is
almost zero (Fig. 7.9).

L
Figure 7.9
As atoms approach to the distance L =~ d there occurs
interaction between atoms and the potential barrier is reduced and

narrowed. The electrons bhecome able to move from one atom to
another due to the tunneling effect (Fig.7.10).
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Figure 7.10
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Jlpyruii MeToa BUXOAUTH i3 HAOMMKEHHS BUIBHUX EJIEKTPOHIB
abo HabJawKeHHs ciiabkoro 3B’sa3ky. IlpumyckaroTh, MO KiHETHYHA
EHepris pyxy eJeKTpoHa HabaraTo OiNbIna 3a €HEepriro 3B S3KY 3
aToMOM. ENEKTpOH pyXaeTbcs B MEPIOAUYHOMY IMOJII KPUCTATIYHOI
IPaTKH 1 BBAKAETHCS BUTHHUM.

OOuaBa 1mi METOAM MPHUBOIATH MPAKTHYHO JIO OIHAKOBUX
pe3yJbTaTiB.

Po3rnsiHeMO HAOIMKEHHSI CHIIBHOTO 3B’s3KY. SIKIIO 13071h0BaHi
aTOMH 3HAXOIATHCS Ha BENHUKIHM BifgcTadi oauH Bixg ogHoro L >> d, ne
d — miamerp aroMa, TO TMOTEHI[AAbHUA Oap’ep A BaJCHTHHX
€JIEKTPOHIB JIOCTaTHHO IMHUPOKUH 1 WMOBIPHICTH iX MPOHUKHEHHS
yepes Oap’ep MPaKTUYHO AOPiIBHIOE HYIIO (pHUC.7.9).

d

L

Pucynok 7.9

[Tpu HaOnukeHHI aTOMIB /10 BiJicTaHi L =~ d BUHUKA€E B3aEMO/Iis
MDK aTOMaMH 1 MOTEHIIAJbHUNA Oap’€p 3HMKYETHCS 1 3BYXKYETHCS.
EnekTpoHN OTPUMYIOTH MOXKIUBICTH MEPEXOAUTH BiJl OJHOTO aToMa
JI0 IPYroT0 BHACIIOK TyHEIbHOTO eekTy (puc.7.10).
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Pucynok 7.10
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Let’s consider a formation of a crystal from separate atoms.
The energy spectrum of an isolated atom is discrete. If atoms
approach each other, interaction forces arise between them, that leads
to the formation of a crystal lattice and the energy spectrum changes.
Energy levels shift, split and expand into zones, forming a band
energy spectrum (Fig.7.11).

. T
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crystal approdaching of atoms 4 Jree atom

Figure 7.11

The levels of external valence electrons mostly split and
expand, the binding energy to the nucleus of which is the lowest.
Valence electrons can move from atom to atom, overcoming the
potential barrier due to tunneling effect.

The average lifetime of a valence electron in a given atom is

equal to ~ 10® s. According to the uncertainty principle AE > E, e
T

the energy levels of the valence electrons expand and form energy
bands. Thus, the formation of the band energy spectrum in the crystal
is a quantum effect.

The value of the energy bands in the crystal is AE~ 1 + 10 eV
and they contain as many closely located levels as many atoms are
there in the crystal.
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PosrnsiHemMo mporec  yTBOPEHHST KpUCTajda 3  OKPEeMHUX
1301b0BaHUX aToMiB. EHepreTnyHuil crnekTp 130JIbOBAHOTO aroma
muckpetHuid. [Ipu HaAOMMKEHHI aTOMIB OJUH 10 OAHOTO MiX HHUMHU
BUHUKAIOTh CHJIA B3a€EMOJIi, 10 NPUBOAATH JO YTBOPEHHS
KPUCTATIYHOI TpaTkku 1 EHEPreTUYHHH CIEKTP 3MIHIOETHCS.
Enepreruuni piBHI 3MIIIYIOTBCSI, PO3IICIUTIOIOTHCS 1 PO3ITUPIOIOTHCS
B 30HH, YTBOPIOIOUM 30HHUI €HepreTuyHuil criektp (puc.7.11).
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Pucynok 7.11

HaiiGuipiie  po3UIEIUIIOIOTBCS 1 PO3IIMPIOIOTBCA — PIBHI
30BHIIIHIX BaJEHTHHUX E€JEKTPOHIB, €HEpris 3B’A3KYy SKUX 3 SIPOM
HaiiMeHIIa. BalleHTHI €JIeKTPOHM MalTh MOXMIIUBICTH INEPEXOIUTH
Bil aToMa K aToMy, JIOJIAl0UM TOTEHIlaTbHUI Oap’ep BHACIITOK
TYHEJIBHOTO €(EKTY.

CepenHiil yac >KUTTS BaJEHTHOTO €JIEKTPOHA B JIaHOMY aTOMI
JIOPIBHIOE ~10% ¢. 3rigHO 3 CIIIBBIOHOIIEHHSM HEBU3HAYEHOCTEH

h o . .
AE > — , CHCPTCTUYH1 P1BH1 BAJICHTHUX CJIICKTPOHIB PO3MINPHOIOTHCA 1
T

YTBOPIOIOTh €HEPreTU4Hi 30HU. TakuM YWHOM, YTBOPEHHS 30HHOTO
€HEPreTUYHOT0 CIIEKTpa B KPUCTaJIl € KBAHTOBUM €(DEKTOM.

BennunmHa  eHepreTMYHMX 30H B KpUCTalli  JOPIBHIOE
AE=1+10eB 1 BoHM BMIIIYIOTh CTIIBKH OJM3BKO PO3TAILIOBAHHUX
PiBHIB, CKUJIBKH aTOMIB 3HAXOIUTHCS B KPUCTAI.
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If the number of atoms per cubic centimeter is equal to 10% -
10%, then the distance between the energy levels that they create in
the energy area is AE; ~ 102 — 10 eV. So, energy bands can be
considered almost continuous.

By the degree of filling allowed energy bands can be of two
kinds.

The valence band is the highest allowed zone, which is
completely filled with electrons and formed from the energy levels of
electrons of the inner shells of free atoms (at T = 0 K).

The conduction band is either free (at T = 0 K) or partially
filled with electrons (at T > 0 K) and formed from the energy levels
of the electrons of the outer shells of atoms.

Allowed energy bands are divided by the forbidden bands
(band gaps), in which electrons can’t be located (Fig.7.12).
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Figure 7.12

7.2.2 Metals, Dielectrics and Semiconductors

Band theory explains the existence of metals, dielectrics and
semiconductors. Differences of electrical properties of these types of
materials associated with the degree of filling by electrons of allowed
energy bands and the width of the forbidden band.

1. Metals.

Conductors are solids in which the valence band has free,
unoccupied with electrons levels. Conductors are also
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SIKIIO KUTBKICTh aTOMIB B KyOIYHOMY CAHTUMETPi JOPIBHIOE
10% - 10%, 1o BizcraHb Mix €HEPreTUYHUMHU PIBHIMH, SIKI BOHHU
YTBOPIOIOTh B eHepreTHumiii somi AE; ~ 107 - 10 eB. Tomy
EHEepreTHYHI 30HU MOYKHA PO3IJIAaTH MPAKTUYHO Oe3NepEepBHUMMU.

[lo crymeHto 3amOBHEHHS 103BOJICHI €HEPTeTUYHI 30HU MOXKYTh
OyTH BOX BUJIIB.

BajneHntHa 30Ha € caMOI0 BEPXHBOIO JTO3BOJICHOI 30HOIO, IO
MOBHICTIO 3allOBHEHOIO €JEKTPOHAMHU 1 YTBOPEHA 3 E€HEPreTUYHHX
PIBHIB €JIEKTPOHIB BHYTPIIIHIX 000JIOHOK BUTbHUX aTOMIB (pu 7 =
0 K).

3ona nposigHocTi abo BimbHa (mpu 7 = 0 K), a6o wacTkoBO
3anoBHeHa enektpoHamu (pu 7' > 0 K) i yrBopeHa 3 eHepreTHyHux
PIiBHIB €JIEKTPOHIB 30BHILITHIX 00OJIOHOK aTOMIB.

Jlo3BOJICHI  €HEpreTWYHi 30HW PO3JUICHI 3a00pOHCHUMH
30HAMH, B SIKUX €JICKTPOHU 3HAXOJUTUCH HE MOXYTh (puc.7.12).
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Pucynok 7.12

7.2.2 MetaJu, aieJIeKTPMKH i HAIBIPOBiTHUKH

30HHa TeOpis MOSICHIOE ICHYBaHHS METaJiB, MIE€JIEKTPHUKIB 1
HaIIBIPOBITHUKIB. BIiIMIHHOCTI €NEKTPUYHHX BIACTHBOCTEH IIUX
BUIB MaTepiasliB MOB’5I3aHi 31 CTYNEHEM 3allOBHEHHS eJIEKTPOHAMHU
JTO3BOJICHUX CHEPreTHYHHX 30H, a TaKOX IIMPUHOK 3a00pOHEHOi
30HH.

1. Merann.

[TpoBigHMKaMuU € Taki TBEpMi TiJla, Y SIKUX BaJECHTHA 30HA M€
BUIBHI, HE 3aiHATI eJeKTpoHamH piBHI. [IpoBiIHUKaMU € TaKoXK
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Figure 7.13

solids in which the valence band overlaps with the conduction band.
Such band structures are characteristic of metals that are conductors
of electric current.

The band structure of metals is shown in Fig.7.13. If the
valence band is partially filled with electrons (Fig. 7.13a), then it is
sufficient to give the electron a small bit of energy (for example, to
heat, illuminate, or attach an electric field) so that it can pass to a
higher energy level. The electron becomes free and can be involved
in the conductivity process when an external electric field is applied.
Solids with this structure are metals.

Electrical conductivity in solids also exists if the valence band
overlaps the conduction band, which results incomplete filling of the
zone (Fig. 7.13b). In this case a hybrid zone is formed, which is
partially filled by valence electrons. It is the typical structure for
alkaline-earth elements of the second group of Mendeleev's periodic
table: Be, Mg, Ca, Zn..., which are also metals.

2. Dielectrics.

Solids that aren’t conductors of electrical current belong to
dielectrics The band structure of dielectrics is shown in Fig.7.14.
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Pucynok.7.13.

TBEpAl TiNa, B SKUX BaJICHTHA 30HA MEPEKPUBAETHCS 13 30HOIO
npoBigHOCTi. Taki 30HHI CTPYKTYpH XapakTepHi JUIi METaNiB, SKi €
MPOBITHUKAMHU EIEKTPUYHOTO CTPYMY.

30HHA CTPYKTypa JJIsi METalliB HaBeAeHa Ha puc. 7.13. Skmo
BaJICHTHA 30Ha 3allOBHEHA €JIEKTPOHAMU 4YacTKoBo (puc.7.13a), To
JOCTaTHbO HAJATH CIICKTPOHY HEBEJIMKY C€Heprito (Hamukiaa
HArpiTH, OCBITUTH 200 MPHKIACTH CICKTPHYHE IO0Jie), 00 BiH 3Mir
nepelT Ha OLIbIl BUCOKUN €HepreTMYHuil piBeHb. EnekTpoH crae
BUTPHUM 1 MPHU HAKJIAJaHHI 30BHIIIHBOTO €IEKTPUYHOTO TOJS MOXKE
Opatu y4acTh y MpOIIECi eNeKTPONpPOBIAHOCTI. TBep/l Tijia 3 TaKow
CTPYKTYpPOIO YSIBJISIFOTH COOOI0 METallu.

EnexTpryHa mpoBiIHICTh B TBEPAUX TIJIaX ICHYE TAKOXK B TOMY
BUNAJIKY, SKIIO BaJICHTHA 30HA MEPEKPUBAE 30HY MPOBITHOCTI, IO
MPU3BOJIUTH JI0 HEMOBHOTO 3amoBHEHHs 30HU (puc.7.130). YV upomy
BUMNAJKY YTBOPIOEThCS TiOpHIHA 30HA, sKa 3alOBHIOETHCA
BAJICHTHUMH €JIEKTPOHAMH YacTKOBO. Taka 30HHa CTpPYKTypa
XapakTepHa JUIsl JTY’KHO3EMEJIbHUX €JIEMEHTIB JIPpyroi rpymnu Tabuii
MenneneeBa: Be, Mg, Ca, Zn..., ikl TEX € METaJlaMHu.

2. JlieNneKTpuKHy.

TBepai Tina, SiKi HE € MPOBIAHUKAMH EJIEKTPUYHOTO CTPYMY
BITHOCSITBHCS 10 AICNEKTPUKIB. 30HHA CTPYKTypa JJsl JTiEIeKTPUKIB
HaBejeHa Ha puc.7.14.
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dielectric

AE_ 21 eV

Figure 7.14

The valence band is completely filled up with electrons. The
conduction band is completely free. Width of the forbidden band is

AEgz 1eV . Thermal excitation and the electric field aren’t able to

transfer electrons from the valence band to the conduction one.
Therefore, the external electric field doesn’t cause electric current to
flow. These solids are dielectrics.

3. Semiconductors.

Solids occupying the intermediate state between metals and
dielectrics by electrical conductivity belong to semiconductors. The
band structure of semiconductors is shown in Fig. 7.15.
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Fi'gure 7.15

The valence band at T = 0 K is completely filled up with
electrons, but the band gap is smaller than that of the dielectrics

AEg <leV.
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Pucynok 7.14

Banentna 30Ha 3alOBHEHAa E€JEKTPOHAMH  IOBHICTIO. 30HA
MPOBIAHOCTI MOBHICTIO BinbHA. [IIupuHa 3a00pOHEHOT 30HHM CKJIaziae
JeKiIbKa eNeKTpoH-BoIbT AEy > 1leB. Temnose 30ymkeHHS 1
eJIEKTpUYHE T0JIe HEe CIPOMOKHI MEePEBECTH €JIEKTPOHU 3 BaJCHTHOI
30HM B 30HY HpPOBiAHOCTI. TOMy 30BHIIIHE EJEKTPUYHE MOJIE HE
MOJK€ CIIPUYMHHUTU MPOTIKAHHS €NeKTpUYHOro ctpymy. Taki TBepai
Tija € JieIeKTPUKAMH.

3. HamiBpoBigHUKHY.

TBepai Tima, sKki 3aliMalOTh 3a  EJIEKTPOIPOBLIHICTIO
MPOMDKHUI CTaH M MeTalaMH 1 JieNeKTPUKAMU BiTHOCSTHCS JI0
HaANIBIPOBIIHUKIB. 30HHAa CTPYKTypa [UIsl  HaIiBIPOBIIHUKIB
HaBeJleHa Ha puc. 7.15.
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Pucynok 7.15

Banentna 3ona mpu T = 0 K 3amoBHeHa eJIeKTpOHaMHU MOBHICTIO, aje
mMprHa 3a00pOHEHOT 30HM MeHIIa Hix y nienektpukis AE, <leB.
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There is the possibility of transferring of electrons from the
valence band to the conduction band under the influence of external
factors-thermal excitation, lighting, etc. As a result of these transfers,
the conduction band is partially filled, and in the valence band free
spaces-holes originate. The external electric field causes the flow of
electric current. Solids with such a band structure are
semiconductors.

7.2.3 Semiconductors
Semiconductors are solids the valence band of which is
completely filled by electrons at T = 0 K and the width of the

forbidden band is less than AE  <1eV. Semiconductors are placed

between metals and dielectrics in electrical conductivity. The specific
resistivity of semiconductors is p = 10 + 108 Om'm. A special
feature of semiconductors is that its conductivity increases with
increase of the temperature. There are intrinsic and extrinsic
semiconductors.
7.2.3.1 Intrinsic Semiconductors

Intrinsic semiconductors are chemically pure crystals that don’t
contain impurities. The most common semiconductors are silicon Si
and germanium Ge. They have a crystal lattice of a diamond. Four
valence electrons of each atom create covalent bands with the
electrons of neighboring atoms (Fig.7.16).

Figure 7.16
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BuHukae MOXIJIMBICTh TEPEXO/AY EIEKTPOHIB 3 BAJCHTHOI 30HU B
30Hy TMPOBITHOCTI TMiA Ji€0 30BHIMHIX (aKTOPiB-TEIJIOBOTO
30y/UKeHHS, OCBITJIEHHS 1 T.J. B pe3ynbraTi Takux mepexoiiB 30Ha
MPOBIAHOCTI CTa€ 4YacTKOBO 3allOBHEHOK, a Yy BAJICHTHINH 30HI
BUHUKAIOTh BUIbHI MICHS-JIpKH. 3OBHIIIHE ENEKTPUYHE TI0JIE
CIPUYHHSE MPOTIKaHHS EIEKTPUYHOTO CTpyMy. TBepIi Tijia 3 TaKOO
30HHOIO CTPYKTYPOIO € HaIliBIIPOBITHUKAMH.

7.2.3 HaniBnpoBigHMKHN
HamiBnpoBifHMKKM — I TBEpAl Tija, BAJCHTHA 30HA SKHX
IIIIKOM 3amoBHeHa enekTpoHamu npu 1 = 0 K 1 mmpuna

3a00poneHoi 30nn MeHma 3a AE < 1 eB. 3a enekTponpoBiaHicTio

HaITIBIPOBIIHUKU 3HAXOJATHCSI MDK MeETaJlaMH 1 ,Z[ieJ'IeKTpI/IKaMI/I
IIuroMuii omip HamiBIPOBiAHUKIB ckaamae p = 10° + =10° Om " m.
Oco0nMBOIO ~ PHCOI0  HAMIBOPOBIIHUKIB €  Te, WO  iX
EJIEKTPONPOBIIHICTh 30UIBIIYETHCA 31 30UIBLICHHSIM TEMIIEpaTypH.
IcHYIOTB BNacHi 1 IOMIIIKOBI HAITIBIPOBITHUKH.
7.2.3.1 BiacHi HaniBIPOBiTHUKH

BracHi HamiBIpoBIAHUKN —11€ XIMIYHO YMCTI KPUCTAJHU, IO HE
MICTATh JOMIMIKiB. HaiOiapIl MOMMpPEHUMH HAMiBIPOBITHUKAMU €
KkpeMmHili Si 1 repmaniii Ge. BoHr MaroTh KpUCTalllyHy IrpaTKy TUILY
anmasa. YoTupH BaJICHTHUX €NEKTPOHA KOXXHOTO aTOMa YTBOPIOIOTH
KOBAJICHTHI 3B SI3KH 3 €JIEKTPOHAMHU CYCiJIHIX aToMiB (puc.7.16):

Pucynok 7.16
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There are no free electrons in Si at T = 0 K, so it is a dielectric.
In this case all levels of the valence band are filled by electrons, but
there are no electrons in a conduction band.

Under the action of the external factors (heating, radiation and
strong electric fields) the electrons from the highest level of the
valence band transfer to the lower level of the conduction band. As a
result there appear holes in the valence band (Fig.7.17).

N\
N

Figure 7.17

If one applies an external electric field the electrons move
against the field, and the holes move along the electric field. The
conductivity of an intrinsic semiconductors due to the electrons is
called electronic conductivity of n-type. The conductivity of an
intrinsic semiconductor due to the holes is called hole conductivity of
p-type. So, there are two types of the conductivity mechanism of
intrinsic semiconductors: electron and hole ones.

The concentration of electrons and holes is the same: ne = n,,.

The Fermi level in the intrinsic semiconductor is situated in the
middle of a forbidden band (Fig.7.18). This is due to the fact that the
transition of the electron to the conduction band requires energy
equal to the width of the band gap. But when the electron is excited
and it appears in the conduction band, a hole arises in the valence
band. Therefore, this energy is split in half.
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[Ipu 7 = 0 K y kpemHil0 HEMae BUIBHUX €JIEKTPOHIB 1 BiH €
JieJeKTpuKoM. B nmaHoMy BUITanKy BCi piBHI BaJICHTHOI 30HHU
3arOBHEHI €JIEKTPOHAMH, a B 30H1 IPOBIAHOCTI €JIEKTPOHIB HEMAE.

[Tin niero 30BHIMHIX (hakTOpiB (HarpiBaHHS, ONMPOMIHIOBAHHS,
CHJIPHUX €JIEKTPHUYHUX IOJIiB) €NEKTPOHH MEPEXOIATh 3 HAMBHIIOTO
pPiBHS BAQJICHTHOI 30HM HA HWXXYHMKA PIBEHb 30HH MPOBIIHOCTI. B
pe3yibTaTi y BaJICHTHIH 30H1 3'IBIsAIOTHCS Aipku (puc.7.17).
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Pucynok 7.17

SIKIIO MPHKIIACTH 30BHIIIHE €JIEKTPUYHE T0JIE, TO €IEKTPOHHU
PYXaTUMYThCS TPOTH MO, a JIPKH PYXaTUMYThCS B3JIOBXK
enekTpuyHoro mons. [IpoBinHICTP BJIACHUX HaIIBIPOBIAHUKIB,
00yMOBJIEHA €JIEeKTPOHAMHU, Ha3UBAETHCS €IEKTPOHHOIO MPOBIHICTIO
N-tuny. IIpoBigHICTH BIACHHUX HAMIBOPOBIIHUKIB OOYMOBIJIEHA
JipKaMH, Ha3UBAEThCA JIIPKOBOIO MPOBIJHICTIO p-TUIly. OTXKe, BIAcHI
HaIlIBIPOBIIHUKKA MAalOTh JIBA THUIU MEXaHI3My IMPOBITHOCTI:
€JIEKTPOHHY 1 JIIPKOBA.

KonnenTpaiiis €1eKTpoHIB B 30HI HPOBIIHOCTI 1 JIPOK Yy
BAJICHTH1H 30H1 OIHAKOBA: Ng=N,,.

PiBenp @epMi y BIaCHOMY HamiBIPOBITHUKY 3HAXOAUTHCA Ha
cepenuHi 3a00poHeHoi 30HU (puc.7.18). Lle moB’sa3aHO 3 THM, 11O IS
MEepEexo/ly €JNEeKTpPOHAa y 30HY MPOBIAHOCTI HEOOXIiTHA €Hepris, sKa
JMOpIBHIOE IUPUHI 3a00poHEHOi 30HU. Ause Tpu 30yIKEHHI
€JIeKTpOHa 1 MOfABI HOro y 30HI MPOBIAHOCTI y BaJIEHTHIH 30HI
BUHUKAE Aipka. ToMy 1151 eHeprisl TITUTHCS HABIILIL.
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J1X1]
J1X1]

Figure 7.18

A characteristic feature of the intrinsic semiconductors is an
increase of their electrical conductivity with increasing of
temperature. Band theory explains this by the fact that with
increasing temperature, the number of electrons increases, which due
to thermal excitation pass into the conduction band and participate in
the formation of electric current.

The temperature relationship of specific electron conductivity

may be expressed as:
AE,
= e — ,
Y=Y, XD KT

where vy, is the constant characteristic for the given semiconductor.
The graph of this relationship in half-logarithmic coordinates is

shown in Fig. 7.19.
Iny
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Figure 7.19
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Pucynok 7.18

XapakTepHOI OCOOMBICTIO BIACHWX HAITIBIPOBIIHHUKIB €
30UTBIIEHHST 1X IHUTOMOI EJIEKTPONPOBIAHOCTI 13 IiJIBHILCHHIM
TeMIeparypu. 30HHA TEOpIs MOSCHIOE 1€ TUM, IO TPH MiABUIICHHI
TEMIIepaTypy POCTe KUIbKICTh €JIEKTPOHIB, 1[0 BHACIIIOK TEIJIOBOTO
30y/UKEHHSI TIEpEXOAATh B 30HY NPOBIAHOCTI 1 OepyTh ydacTh B
YTBOPEHHI €JIEKTPUYHOTO CTPYMY.

TemmepaTrypHa 3aJeXHICTb THTOMOI  €JIEKTPOIPOBIIHOCTI
BU3HAYAETHCS TaK:

AE,

kT

Jie Yo - CTaja, XapakTepHa JJIs JaHOTO HaIIBIPOBITHUKA.
I'padik 11poro piBHSHHS B HamiBIOrapu(MIYHUX KOOpIUHATAX
300pakeHo Ha puc. 7.19:

Y =70 EXP
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Pucynok 7.19
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From this graph we can calculate the width of the forbidden
band AE,:

AE,
|n'y=|nyo—m,

AE, ¢
— 9 — a’
2k J

AE, =2k -tga.
For example, the width of the forbidden band for Si is AE; = 1.2 eV,
for Ge -AE,=0.72 eV.

7.2.3.2 Extrinsic Semiconductors

An important feature of semiconductors is the noticeable
dependence of their conductivity upon presence of impurities and
insignificant amount of impurity sharply increases the conductivity of
semiconductors. For example, one atom of boron B per 10° atoms of
silicon Si increases conductivity by 1000 times.

The electrical conductivity of the semiconductor, is due to
impurities, is called impurity electrical conductivity, and the
semiconductor itself is called an extrinsic semiconductor.

Impurities can be as atoms of foreign elements and various
defects in the crystal lattice.

If the valence of impurity per unit is higher than the valence of
basic atoms, then electron impurity conductivity of n-type appears.
Semiconductors, with this type of conductivity are called electronic
or n-type semiconductors. Impurities that give electrons are called
donors.

If the valence of impurity is one less than the valence of basic
atoms, there appears a hole that can move through the crystal. There
occurs a hole electrical conductivity of p-type. Semiconductors with
this type of electrical conductivity are called hole or p-type.
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3 uporo rpadika MoKHA 00UMCITUTH WIMPHHY 3a00poHEHOT 300 AE
AE,
2kT

Iny=Iny, -
AE

g

2k
AE, =2k -tgo..

Hanpuknan, mupuna 3a60ponenoi somn s Si nopiBHioe AE, =
1,2 eB, ms Ge -AE; = 0,72 ¢B.

=tga,

7.2.3.2 loMinikoBi HAMIBIPOBITHUKH

BaximBoro  0COOJIMBICTIO  HAMIBIPOBITHUKIB €  IMOMITHA
3QJICKHICTh IXHBOI EJIEKTPOIPOBITHOCTI BiJi HASBHOCTI JIOMIIIIOK,
HE3HaYHa KUIBKICTh JOMIIIOK PpI3KO 30UIbIIyE TPOBIAHICTH
HamiBIpoBiaHUKIB. Hampuknan, ogun atrom 6opy B Ha 10° aromis
KpeMHito Si 30ibirye enexTponposinHicTs B 1000 pa3is.
EnexTponpoBiiHICT HAIIBIPOBIJHUKA OOYMOBJIEHA JOMIIIKaMH,
HA3WBAETHCA  JIOMIIIKOBOIO  EJIGKTPOIPOBIAHICTIO, a  cam
HAMIBIPOBIIHUK - JOMIIITKOBUM HAMIBOPOBITHUKOM.

JloMilIkaMy MOXKYTh OyTH SIK aTOMH CTOPOHHIX €JIEMEHTIB, TaK
1 pi3Hi JeQeKTH KPUCTATIUYHOI IPaTKH.

SIKIII0 BaJIEHTHICTH JOMIIIKYA Ha OIWHUINKO OLIBIIA BaJIE€HTHOCTI
OCHOBHUX  aTOMiB, TO BHHHMKAa€ €JIEKTPOHHA JOMIIIKOBA
€JIEKTPONPOBIAHICTE N-TUNy. HamiBOpOBIAHMKM 3 TaKUM THUIIOM
€JICKTPOIPOBITHOCTI HA3WBAETHCS €IEKTPOHHUMHU, ab0 N-THUILY.
JloMimku, sSiKi BiIIAaI0Th €IEKTPOHHU Ha3UBAIOTHCS JJOHOPAMHU.

SIKII0 BaJIEHTHICTH JOMIIIKK Ha OJWHUIIO MEHIIA BAJIEHTHOCTI
OCHOBHHUX aTOMiB, BUHUKAE JIIPKa, KA MOKE PyXaTUCh 1O KPUCTAITY.
Bunukae mipkoBa elIeKTpONpPOBIIHICTh p-TUMY. HamiBOpoBiTHUKHU 3
TaKUM THUIIOM €JIEKTPOMPOBIAHOCTI HA3WBAIOTHCS JIPKOBUMHU, ab0 p-
THUITY.
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Impurities that create holes are called acceptors.

Let’s consider impurity atoms of arsenic As¥ in silicon Si'
(Fig.7.20). Arsenic As' is the donor impurity and forms the
semiconductor of n-type, because valence of As” is greater than the

valence of Si' per one unit.
An unpaired electron can leave the arsenic atom and move

freely through the crystal. As the result, the impurity conductivity of

n-type appears.
O8
Figure 7.20

Now let’s consider atoms of boron B"' in silicon Si" (Fig. 7.21).

@\e O
oo

Figure 7.21
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JloMiIlTKH, IO YTBOPIOIOTH AIPKH HA3WBAIOTHCS AKIEHTOPAMHU.

Po3rnsHeMo MOMIIIKOBI aTOMU MUII'SIKY As’ B KpeMHii Si'v
(puc.7.20). Mum'sk AsY - me JIOHOpPHA JIOMIIlIKa, TOMY IO
BanenTtHicTh As’ Gimblua 3a BaneHTtHicTs Si'Y Ha OJIMHMITIO 1 TOMY
Horo BBEZICHHS B KPEMHIH YTBOPIOE HAIIBIPOBIAHUK N-THUITY.

Hecmapenuii enekTpoH MOXKE 3aUIIUTH aTOM MHUII SKY 1
BIIBHO TIepecyBaTHCh 10 KpucTainy. B pe3ymbraTi BHUHHKae
JIOMIIIIKOBA €JICKTPONPOBIIHICTh N-THITY.

@\® B
oo

Posrnsinemo gomimkoBi atomu 6opy B B kpemHii SiV (puc.

@\ep
7N\

Pucynok 7.21
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The valence of B atom is less than the valence of Si atom by
one unit. So, boron is the acceptor impurity in silicon. One electron
of silicon is non-paired and as a result a hole arises. Holes can move
in a crystal lattice. As a result, the hole conductivity arises and a
semiconductor of p-type is formed.

The existence of impurities in a semiconductor leads to arising
of additional energetic levels. These levels are in the forbidden band
and they are called impurity donor levels in n-type semiconductor
and impurity acceptor levels in p-type semiconductor (Fig. 7.22).

AN 7z 7
—o——¢ 4 14F

impuirity donors level " impurity acceptors level
S

n-type p-ype
Figure 7.22

As AE, <AE, and AE, <AE_, that is the reason why impurities can

affect the conductivity of the semiconductor. Fig. 7.23 shows the
relationship of Fermi level with the temperature: in extrinsic
semiconductors of n-type and p-type.

B E
B b
T EF_._ .7_&4
’ rLype ’ ’ p-iype T

Figure 7.23
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BanenTHicth aToMa B MeHma 3a BasieHTHiCTH atoma Si Ha
omuamIo. OTke, OOp — akuentopHa aomimika B KpeMmHii. OauH
€JIEKTPOH KPEMHII0 € HeCHmapeHHM 1 B Pe3y/lbTaTi BHUHUKAE JipKa.
Hipku MOXYTh pyxXaTHUCSd B KPHUCTAIIYHIA TpaTii i €0
€JIEKTPUYHOTrO TOJs. B pe3ynbrari BUHMKAe AipKOBa MPOBITHICTH 1
YTBOPIOETHCSI HAMIBIPOBIAHUK P-THITY.

IcHyBaHHS JOMINIOK B HAMIBIPOBIAHUKY NPUBOIAUTH IO
BUHWKHEHHS  JOJATKOBMX €HepreTuyHux piBHIB. [li  piBHI
3HAXOMATHCS B 3a00POHEHI 30H1 1 BOHH Ha3WUBAIOTHCS JJOMIMIKOBUMU
JOHOPHMMHM PIBHSAMU B HAIMIBOPOBIAHUKY N-THIY 1 JOMIIIKOBUMU
aKIENTOPHUMH PiBHSAMH B HAIIBIPOBIAHUKY P-THITY (puc. 7.22).

v,
W AE {{{u:ﬁ/ﬁ/a{{e/gﬂpﬂuu

COMIMKOSUT COHOPHUL pisens
plsetib * f * : M‘t
—_— ———————
H-THLUHY By
Pucynok 7.22

Tax sx AE, <AE; i AE, <AE,

JOMIIIKM MOXYTh BIUIMBAaTH Ha IPOBIJHICTh HamiBOpoBigHMKA. Ha
puc. 7.23 300paxkeHo 3MiHYy TmoJio)keHHS piBHI Depmi BiA
TEMIEpaTypu: B JOMIIIKOBUX HAIMIBIPOBIAHUKAX N-TUILY 1 p-THILY.

TO O€ € MNPUYMHOKO TOro, Mo
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Pucynok 7.23
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When the temperature increases the concentration of charges
carriers arises, the impurity levels become empty. The semiconductor
approaches the state of the intrinsic semiconductor and Fermi level
deviates to the middle of the forbidden band. The temperature
relationship of extrinsic conductivity is shown in Fig. 7.24.
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Figure 7.24

At low temperatures in region 1 dominates the extrinsic
conductivity. Conductivity in this region for n-type semiconductors is

_Eo
Yo = yoDe a0,
for p-type semiconductors:
Ea
Ya= V(/)\e o,

With increasing the temperature the impurity concentration of
charge approaches saturation and impurity levels are emptied. The
temperature relationship of the electrical conductivity of the region 2,
which corresponds to the region of impurities exhaustion, s
determined by the mobility of charge carriers. The decrease in
electrical conductivity in this region is explained by the decrease of
carrier’s mobility as the result of scattering by thermal vibrations of
the crystal lattice.
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[lpu mizBUIIEHHI TeMIepaTypu KOHIEHTpalis HOCIiB 3apsay
30UTBIITYETHCS, @ JJOMIIIKOBI PIBHI CITYCTOIIYIOThCS. HamiBnpoBigHUK
HaOJMKY€ETHCS 710 CTaHy BJIACHOTO HAIIBIIPOBITHKKA 1 piBeHb DepMi
3MIIIYEThCS IO CEpPEeauHH 3a00poHEHOi 30HU. TemmepaTypHa
3aJICXKHICTH JIOMIIIKOBOI €JIEKTPOIPOBITHOCTI HABe[CHA Ha puc. 7.24:

ny

/ eracua npogidrxicmo
N

Pucynok 7.24

[Ipn HU3BKHMX TeMmmepaTypax Ha JUISHOI | Mae wmicue
JIOMIIIKOBA €JIeKTPONpPOBIIHICTh. [InTOMa MPOBIAHICTS B 11iif 06sacTi

JUUIS1 HAIIBIPOBITHUKIB N-THUITY JOPIBHIOE:
Ep

o fo
Yo =Yo€ ",

JUIs HaMliBIPOBIIHUKIB p-TUIY:
_Ea
Ya= Yg e 2

[Ipy miABMIEHHI TeMIepaTypd KOHIEHTpAlisl JOMIIIKOBUX
HOCIIB 3apsiy HAOMKAETbCS 10 HACHYCHHS 1 JOMIIIKOBI pPiBHI
CIYCTOIIYIOThCS. TemmnepaTypHa 3alIeKHICTh €IEKTPOIPOBIAHOCTI Ha
IUIgHII 2, sKa BIiANoBigae o0JlacTi BHCHAXXEHHS  JIOMIIIOK,
BU3HAYAETHCS  PYXJMBICTIO  HOCIiB  3apsfy. 3MEeHIIEeHHS
€JICKTPOIMPOBITHOCTI Ha I AUISHIN TOSCHIOETHCS 3MEHIICHHSIM
PYXJIMBOCTI HOCIiB 3apsiy NpU PO3CisSHI Ha TEIUIOBUX KOJIMBAHHSX
KPUCTAJIIYHOI IPATKH.
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With further increase in temperature (region 3) impurity levels
are devastated and electrical conductivity becomes the main one,
which is determined by the transition of electrons from the valence
band to the conduction band:

By

Ya="Y0® 2T

Thus, the excitation energy of intrinsic conductivity is larger
than excitation energy of the impurity conductivity:

AE, > AE ,.

7.2.4 P-n Junction

The border of two regions of a semiconductor with electron and
hole conductivity is called electron-hole junction or p-n junction. P-n
junction is a thin layer with thickness about 10°-10" m on the border
of the same semiconductor crystal that has different types of
electrical conductivity. Let’s consider physical processes at the
contact between an electron and a hole type regions of a
semiconductor crystal (Fig. 7.25).

o j:: — &
H & — 4| —® p
Figure 7.25

The concentration of electrons inside the n-type region of a
semiconductor is much higher than inside p-type region. This results
in a diffusion of electrons from n-type into p-type. Consequently,
there occurs diffusion of holes from p-type, where their concentration
is bigger than in n-type. As some electrons left n-type semiconductor,
a positive compensative charge arises in n-type, but p-type becomes
negatively charged.
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[Ipu mnopanmeIIOMy MiABUIICHHI TeMIeparypu (AuUisHKa 3)
JIOMIIIIKOBI  PiBHI CITYCTOIIYIOTBCSI 1 OCHOBHOIO CTa€ BjacHa
€JIEKTPOINPOBIAHICTh, SIKa BU3HAYAETHCS MEPEXOAOM EJEKTPOHIB 3
BAJICHTHOI 30HU B 30HY IPOBIJHOCTI:

By

Otrxe, eHeprisi 30y/DKEHHS BJIACHOI €JIEKTPOIPOBIIHOCTI
OinpIIa HiXK eHeprist 30yKeHHS JOMIIIKOBOI €JIeKTPOIIPOBITHOCTI:

AE, > AE ,.

7.2.4 P-n nepexin

I'pannus aBoX oOnacTeil HamiBIPOBITHUKA 3 EIEKTPOHHOIO 1
JTIPKOBOIO  INPOBIJTHOCTSIMM ~ HA3UBAETHCA  €JIEKTPOHHO-IIPKOBUM
MepexoIoM, ado p-N TEPEX0IOM.

P-n mepexiz ysisie co60o ToHKHIA map 3aroBukn 10°+107
M Ha TpaHMIl MDK JIBOMa O00JacTIMH OJHOTO 1 TOTrO
HAMIBIPOBIIHUKOBOTO  KPHUCTANly, SIKI ~MamOTh  DPIi3HWA  THII
eJIEKTPONpOBIAHOCTI.  PosrmsHemo  ¢i3uuHi  mpomecu, — fKi
BIIOYBAIOThCSI Ha KOHTAaKTI MDK €JIEKTPOHHOIO Ta JIIPKOBOIO
00J1acTsIMH B KpUCTaJIl HalliBIPOBiAHMKA (puc.7.25).
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Pucynok 7.25

KoHnnentpartiis enexkTpoHiB B N-o0yiacti Habarato OuIbIIEe HDK iX
KOHIIEHTpalliss B p-obnacti. B pesynbrari BinOyBaeTbes audysis
€JIeKTPOHIB 13 N-00yacti B p-00iacth. BiamoBigHO BiAOYBa€eThCS
Tudy3ig Jipok 3 p-obiacTi, e iX KOHIeHTpallis OibIia, B N-001acTh.
Bracniiok mepexoy €NeKTpOHIB 1 JIpOK B CycCimHi oOiacti, N-
001aCTh 3apsAKAETHCS MO3UTUBHO, a p-00JIaCTh — HETAaTUBHO.
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On the border of two regions the double electric layer
originates which is characterized by the contacting potential
difference that grows until the dynamic balance is reached. The
potential barrier arises in the area of p-n junction. The value of
contact difference of potentials is ¢; ~ 0.1 V.

The energetic diagram of p-n junction is shown in Fig. 7.26.

Figure 7.26

The contact layer of p-n junction has high resistance and is
therefore blocking. Its resistance can be changed by the external
electrical field.

If a voltage is applied to the p-n junction so that the plus is
applied to the p-region and the minus is applied to the n-region, an
electric field is formed, which is directed opposite to the field of the
contact layer (Fig. 7.27).
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Figure 7.27
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Ha rpanuni aBox obnacteil BUHMKA€E MOABIHHHIA €IEKTPHUYHUIMA
map, KU XapaKTepu3yeTbCcs KOHTAKTHOIO PI3HHUIICIO MOTEHLIANIB,
sKa 3pOCTa€ J0 BCTAaHOBJICHHS JIMHAMIYHOI piBHOBaru. Benmuumna
KOHTAKTHOI pI3HMIN MOTEHIamB ckiaagae @~ 0,1 B.

B obnacti p-n mepexony yTBOPIOEThCS MOTEHLIAIbHUNA Oap’ep
eQx. 30HHA CTPYKTYpa p-N nepexoy HaBelleHa Ha puc.7.26.

Pucynok 7.26

KoHTakTHUIl map p-n mepexoqy Mae BUCOKHH omip i ToMy €
3amipHUM. 3MIHUTH HOTO OmNip MOXKHA 32 JIOIIOMOTOI0 30BHIIIHHOTO
€JIEKTPUYHOTO MOJIS.

Sxmo 1o p-N mepexomy MPUKIACTH HANPYTY Tak, MO TUTIOC
NOJAEThCS 10 p-001acTi, a MIHYC — 70 N-00JIaCTi, TO YTBOPIOETHCA
EJIIEKTPUYHE TI0JIe, SIKE HANPSMIICHE MPOTHIICKHO MO0 KOHTAKTHOTO
mapy (puc.7.27).
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Pucynoxk 7.27
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Such connection causes the decreases of the potential barrier
for major charge carriers ek - ep. The thickness of the layer and its
resistance decreases and the current intensity through p-n junction
increases. Such current is called a direct current.

If a voltage is applied to the p-n junction in the opposite
direction, plus applied to the n-region, and minus to the p-region, an
electric field is formed, the direction of which coincides with the field
of the contact layer (Fig. 7.28). This connection causes the rise of the
potential barrier for the major charge carriers by epx + e¢. The
thickness of the contact layer and its resistance increases. Electrical
current almost doesn’t pass through p-n junction. This direction of
the electric field is called blocking (reversed). Electrical current in
this case is found by the flux of the minor charge carriers (Fig. 7.28).

il
3
+++
oy
—

Figure 7.28

The relationship between the current intensity | and external
applied voltage U is
Ly
| = |s(ekT —1},

where | is a saturation current, which is determined by the minor
charge carriers. The graph of this relationship is shown in Fig. 7.29.
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Take MIOKIIOYEHHS BHUKIMKAE IIOHMIKEHHS IIOTEHIIaJILHOIO
Oap’epa UIs OCHOBHMX HOCIiB 3apsny €@y —€¢. TomuHa
KOHTAKTHOTO IIapy 1 MOTro Omip 3MEHIIYETHCS 1 EIEKTPUYHUN CTPYM
yepes p-n nepexif 3poctae. Lleit ctpym Ha3uBaeThCs NPIMUM.

SIKmo 110 p-nN mepexoiy NPUKIACTH HANpyry B 3BOPOTHOMY
HaIpsMKy, IUIIOC MOAATH 10 N-00iacti, a MiHyC 0 p-00JacTi, TO
YTBOPIOETHCS EIEKTPUYHE T0JI€, HAPSIMOK SKOTO CITIBIAJA€ 3 OJIEM
KOHTakTHoro mapy (puc.7.28). Take MAKIIOYCHHS BHUKIHKAE
MiJBUIICHHS TOTEHI[IATBHOTO Oap’epa AJisi OCHOBHUX HOCIIB 3apsiay
Ha €@y +€p. ToBmmMHA KOHTAKTHOTO IMapy 1 #oro omip
30UTBIIYIOTECS. ENeKkTpuuHUil cTpyM 4epe3 p-N mepexia MpakTUIHO
HE TpoxoauTh. Lleil HampsMOK 30BHIMIHBOTO EIEKTPUYHOTO MO
HA3MBAETHCSA 3alMparoyuM (3BOpOTHUM). EnexkTpuunuii ctpym B
bOMY BUIIQJIKy BU3HAYAETHCSI IIOTOKOM HEOCHOBHMX HOCIIB 3apsfy,
SIKUM MOYKHa 3HEXTYBATH.

eq

Pucynok 7.28

CriBBITHOIIEHHS MIXK CHJIOIO CTPYMY Ta 30BHIITHHOIO
MPUKIIAICHOI0 HANpyrow U BU3HAYAETHCS:
Ly
=1 e ¥ -1},

ne ls - cTpyM HaCHMYeHHS, KW BU3HAYAETHCS HEOCHOBHIUMHE HOCISIMU
3apsany. ['padik miei 3anexxHOoCTI 300pakeHo Ha puc’.29:
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Figure 7.29

This graph is called voltage-ampere characteristics of p-n junction.
Such properties of the p-n junction may be used in order to
rectify alternative current.
The p-n junction has a great use in practice. On its basis there
are created a lot of devices, which are the basis of modern electronic
engineering.

7.2.5 Semiconductors Photoconductivity

The semiconductor photoconductivity is an increase in the
electrical conductivity of a semiconductor under the action of
electromagnetic radiation. The photoconductivity of semiconductors
arises as a result of the internal photoeffect. In the semiconductor,
under the influence of light additional non-equilibrium carriers of
electric current appear.

The band theory explains photoconductivity of semiconductors.
According to this theory, if the photon energy is greater than the
width of a forbidden band of the semiconductor

thAEg,

(7.1)

an intrinsic _photoconductivity occurs which is characterized by
electrons passing from the valence band to conduction one (Fig.
7.30).
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Pucynok 7.29

Lleit rpadik HA3UBAETHCS BOJIBT-AMIIEPHOI) XapaKTEPUCTHKOO
p-n mepexony.
Taki BIIacCTHBOCTI P-n MEPeX0,1y BUKOPUCTOBYIOTH JUIS CIIPSIMIICHHS
3MIHHOTO CTPyMY.
P-n nepexin Mae BeJMKe MPaKTUYHE 3aCTOCyBaHHs. Ha fioro
OCHOBI CTBOPIOIOTH 0araTo MpuiIaIiB, SKi € OCHOBOIO CydacHOL
€JeKTPOHHOI TEXHIKH.

7.2.5 ®oTONpoOBiAHICTH HANIBIIPOBITHUKIB

DOoTONPOBIAHICT,  HAMIBOPOBIAHUKIB — 1€  30UILIIECHHS
€JIEKTPOIPOBIHOCTI HAIiBIPOBIAHUKIB IMiJT A1€0 €IEKTPOMArHiTHOTO
BUIIPOMiIHIOBaHHS. DOTOMPOBIIHICTE HAMIBIPOBITHUKIB BUHHUKAE B
pe3yibTaTi BHYTpIlIHBOro ¢oroedexra. Y HamiBOPOBIAHUKY MiA
JI€0  CBITJIA  BUHHUKAIOTh  JIOJAATKOBI ~ HEPIBHOBaXHI  HOCII
€JIEKTPUYHOTO CTPYMY.

30HHa Teopis MOSICHIOE (HOTOMPOBIAHICTD HAMIBIPOBITHUKIB.
3riIHO 3 1LI€I0 TEOpi€ro, SKIIO eHepris (OTOHIB OibIla 33 IIUPUHY
3a00pOHEHOIT 30HU HAIIBIPOBIAHUKA

hv> AE, (7.0)

TO BHWHHKAaE€ BlacHa (POTOMpOBiAHICTE, OOYMOBIEHa MEPEXOAOM
€JICKTPOHIB 3 BAJICHTHOI 30HU Y 30HY TpoBigHOCTI puc. (7.30).




352

\'LL\‘ ﬂEE

Figure 7.30

In extrinsic semiconductors the impurity photoconductivity
arises if the energy of a photon is greater than the activation energy
of impurity:

hv>E,. (7.2)

In an n-type semiconductor electrons pass from donor levels to
the conduction band. In an p-type semiconductor electrons pass from
the valence band to the acceptor level (Fig. 7.31).

v
En

i . &

Figure 7.31

The activation energy of the impurity photoconductivity is
smaller than activation energy of an intrinsic photoconductivity
AE, < AEg.

From conditions (7.1) and (7.2) the cutoff wavelength can be
determined, which is the maximum wavelength, because of which the
photoconductivity is still excited.

The cutoff wavelength can be determined from the following
conditions for intrinsic semiconductors:

7\'0 = ﬂ :
AE,
The cutoff wavelength for extrinsic semiconductors is
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Pucynok 7.30

Y  JIOMIIIKOBHX HAaIlIBIPOBIIHMKAX BHWHUKAE JIOMIIIKOBA
bOTONPOBIIHICTE, TPU YMOBI, SKIIO €Hepris ¢oToHa Oimblna 3a
EHEepPTiI0 aKTHBAIlli JOMIIIKU:

hv>E,. (7.2)

Y  HamiBOpOBITHUKY N-TUIY €JIEKTPOHH MEPEeXOoIsiTh 3
JIOHOPHOTO DPIBHS B 30HY MPOBIAHOCTI. Y HamMiBIPOBIIHUKY P-TUIY
€JIEKTPOHU TIEPEXOMATh 3 BAJICHTHOI 30HM Ha aKUENTOPHUN DPiBEHb
(puc7.31).

7%
En l

g ”

Pucynok 7.31

Eneprisa aktuBarii JOMIMIKOBOI ()OTOMPOBIIHOCTI MEHINIA 3a
eHepriro akTuBalii BaacHoi poronposimnocti. AE, <AE, .

3 ymoB (7.1) 1 (7.2) MOXHa BU3HAYUTH YEPBOHY T'PAHMILIO
dboTONpOBITHUKA, SIKA € MAKCUMATbHOI JIOBXHHOIO XBHWIIL, TIPU SKIi
(bOTONPOBIIHICTS 111€ 30YIKY€ETHCS.

YepBoHa  rpaHUls Ui BJIACHUX  HaIiBIPOBIAHMKIB
BHU3HAYAETHCS HACTYITHUM YHHOM

_¢ch |
0~ 1
AE,

YepBOHA TPAHMIIS JIJISI TOMIIIKOBHX HAMiBIPOBITHUKIB!
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The cutoff wavelength of the intrinsic semiconductor lies in the
visible region and for the extrinsic semiconductors it lies in the
infrared region. Fig.7.32 represents the relationship of the
photoconductivity y and the absorptive factor o with respect to
electromagnetic radiation wavelength.

oY

Figure 7.32

If L >, then the photoconductivity doesn’t exist. The decrease

in photoconductivity when A<A ., is related to big velocity of

recombination of charges and big absorption in the surface layer of a
semiconductor.

Absorption of light can cause excitons. Excitons are quasi-
particle that represent binding exited electron and a hole. Excitons
occur if energy of excitation is less than the width of the forbidden
band. The level of excitons is close to the band of conductivity. Since
excitons are electroneutral, their appearance doesn’t cause an
increase in the photoconductivity of the semiconductor.

The operation of photoresistors, the electrical conductivity of
which is very sensitive to electromagnetic radiation, is based on the
phenomenon of photoconductivity of semiconductors. Semiconductor
crystals PbS, CdS, PbSe and other are the basic materials of
photoresistors.
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_ch
° AE,

UepBoHa TpaHUIS IS BJIACHOTO HAIMIBIPOBIIHUKA JICKHUTH Y
BHJIUMIM 00J1acTi CHEKTpa, JUIsS JIOMIIIKOBOTO HAIIBIPOBIIHUKA — B
iHppauepBoHiii oOmacti. Ha pwuc.7.32 mnoka3zaHa 3aJeKHICTh
dboTonpoBiTHOCTI Y 1 KoedilieHTa MOTIMHAHHS 0 BiJl JOBKUHU XBUII
€JIEKTPOMArHITHOT'O BUTIPOMIiHIOBAHHSI.

oY

?l'max - 34) h
Pucynok 7.32

Ilpu A>LA, doronpoBiAHiCTH HE BHHUKAE. 3MEHIICHHS

¢oromposiaHocTi mpr A <A, TOB’s3aHE 3 BEJIMKOK IIBHIKICTIO

pexkomOiHamii HOCIIB 3apsay 1 BEJUKMM HOIJIMHAHHSIM B
MIOBEPXHEBOMY IIapi HaMiBIPOBIIHUKA.

[TornmuHaHHs CBiTIa MOXE BH3MBAaTH BHHUKHEHHS EKCUTOHIB.
ExcuToHM — 11 KBa31YaCTHHKH, SIKI YSABISIOTH COOOIO 3B’s3aHI MIK
co0or0 30ymKkeHuN eneKTpoH 1 AipKy. BOHM BHHMKAIOTh, SKILIO
eHepris 30y KeHHs MEHIIa HDK IIMpHHA 3a00poHeHOi 30HU. PiBHI
eKCUTOHIB 3HAXOIAThCA OUIA JHA 30HUW TPOBITHOCTI. Tak sK
€KCUTOHU eJIEKTPOHEUTPaJIbHI, TO IX MOsIBA HE BUKJIMKAE 301IBIICHHS
(GOoTONpPOBITHOCTI HAMIBIPOBIIHUKA.

Ha saBumii QoTompoBigAHOCTI HaMIBIPOBIAHUKIB 3aCHOBaHA
pobota (poTOpe3nucTopiB, EIEKTPONMPOBITHICTh SKHX € JIyXKE
YyTIMBOIO O €JIEKTPOMArHiTHOTO BUIPOMiHIOBaHHSA. OCHOBHUMHU
MaTepiagamMu Ui (HOTOPE3UCTOPIB € HAMIBIPOBITHUKOBI KPHCTAIU
PbS, Cds, PbSe ta inmi.
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7.2.6 Luminescence of Solids

Luminescence is an nonequilibrium radiation, excess heat
radiation upon given temperature, which has a duration greater than a
period of light waves.

There are several kinds of luminescence, depending on the kind
of excitation:

- photoluminescence occurs under the action of light radiation;

- X-rayluminescence occurs under the action of X-ray
radiation;

- cathode-luminescence occurs under the action of the electron
radiation;

- electroluminescence occurs under the action of an electric
field;

- radioluminescence occurs under the action of y-radiation,
neutrons, protons;

- chemiluminescence occurs as a result of chemical reactions;

- triboluminescence occurs as a result of the destruction of
crystals.

The duration of the luminescence is distinguished by short-term
luminescence - fluorescence (t < 10® s ') and phosphorescence ( t >
10® s ), which can continue for a long time after excitation.

In 1852, the English physicist G. Stokes discovered that the
spectrum of luminescence differs from the spectrum of exciting
(absorptance) radiation (Fig.7.33).

Absorptance Luminescence
I spectrum spectrum

Figure 7.33
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7.2.6 JIromiHecueH1ist TBepAUX TiJI

JIromMiHECIICHITis —  HEpIBHOBWXHE BHUIIPOMIHIOBaHHS,
HQ/JIMIIKOBE HAJ TEIUIOBUM BHIIPOMIHIOBAaHHSM TIpU  JaHil
TeMIIepaTypi, sIK€ Ma€ TPUBAIICTh OUIBIIY 3a TMEpioj] CBITIOBUX
XBWIb. 3aJIe)KHO BiJl crocoOy 30yMIKEHHS pO3PI3HAIOTH JEKiIbKa
BU/IIB JFOMIHECLIEHIT:

- (GOTONIOMIHECICHIIISI BHHHKAE TiJ J€ CBITIOBOTO
BUIIPOMIHIOBaHHS;

- PEHTTEeHOJIIOMIHECLIEHIisl BUHUKAE M1 Ji€I0 PEHTTEHIBCHKOTO
BUIIPOMIHIOBaHHS;

- KaTOJIOJIIOMIHICUEHIISI BHHHUKA€E T JI€I0 EJIEKTPOHHOTO
OTIPOMIHCHHS;

- @JIEKTPOJIOMIHECUEHI[isl BHHUKAE TIIiJ MI€I0 EIEKTPHYHOTO
HOJIs;

- PaIioMIOMIHECIICHITIS BUHUKAE i JIIEI0 Y-BUIIPOMIHIOBAHHS,
HEHUTPOHIB Ta MPOTOHIB;

- XeMUTIOMiHECLICHIiSl BAHUKAE B PE3yJbTaTi XIMIYHUX PEAKIIiii;

- TpUOONIOMIHECIICHIIIS BUHUKA€E B pe3ylnbTaTi pyHHYBaHHA
KpPHUCTAJIIB.

3a TPUBAIICTIO CBIYEHHS  PO3PI3HAIOTH  KOPOTKOYACHY
JTIOMIHECIIeHITI0 - (iyopectentio (T < 108 ¢ ) 1 dhocdopecteHirito
(t > 10® ¢ ), sxa moxke IPOJIOBXKYBaTUCh TPHUBAIUI dYac Micis
30yKeHHS.

Awnrmiiicekuit ¢pizux Jx. Crokc y 1852 poui BHsBHB, IO
CHEKTp JIIOMIHECHEHIIT BIAPI3HIETbCA BIJ CIEKTpa 30YyHKYIHOUOro
(mornuHyTOTO0) BUMpOMiHIOBaHHSA (puc. 7.33).

Cnexmp Cnexmp
NO2NUHAHHA TIOMiHecyeHyii’

Pucynok 7.33
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Stokes’ rule: the wavelength of luminescent radiation is always
bigger than the wavelength of exciting radiation.

According to the quantum theory it proves that the energy of a
photon, that is being excited, is spent on luminescence excitation and
other intramolecular processes:

hv=hv,,, +AE.

From this equation it follows that v, <vand A,,, >A.

In 1924, the Russian physicist S.I. Vavilov introduced the basic
energy characteristic of luminescence - the energetic output. This is
the ratio of the emitting energy of luminophore upon full emit to the
energy which it absorbed:

The quantum output of luminescence is defined as the ratio of
number of luminescence quanta to absorbed quanta:
N

lum

N abs

The energetic output depends on the wavelength of exciting
radiation (Fig.7.34):
MNe

Ng =

4 v
4 AY

Figure 7.34
The energy output first increases directly in proportion to the
wavelength of the exciting light to some maximum value, and then
rapidly drops to zero (Vavilov's law).
The direct proportional increase in the energetic output with
increasing wavelength of the exciting light is explained by the fact,
that the quantum output of the luminescence is constant.
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[IpaBmwio  Crokca: MJOBXKMHA  XBWII  JIFOMIHECIICHTHOTO
BUIPOMIHIOBAHHS 3aBXKIU OuIbIla 3a JOBXKUHY 30YyIKYHOUYOTO
(MTOTIIMHYTOTO) BUITPOMIHIOBAHHS.

3riIHO 3 KBAaHTOBOIO TEOPIEIO 1I€ O3HAYaE, 10 eHepris GOoToHA
30y/KYIOUOTO BHUIIPOMIHIOBAHHS BUTPAYAEThCSI HA 30y/KEHHS
JIIOMIHECIIEHITIT Ta Ha 1HII BHYTPIIIHBOMOJICKYJISIPHI MPOIECH:

hv=hv__ +AE.

JIom

3 BOTO PIBHSHHS BUIUIUBAE, IO Vioy < V 1 Agon > A

Pociiiceknii ¢izuxk C. 1. BapinmoB y 1924 p. BBIB OCHOBHY
CHEepPreTUYHy XapaKTePUCTHKY JIIOMIHECHEHLIi - eHEepreTHYHUI
Buxija. Lle BiTHOMIEHHS eHeprii, 0 BUIIPOMIHIOETHCS JIFOMIHO(DOPOM
[IpY MIOBHOMY BUCBIYYBaHHI, 10 €HEPrii, Ky BiH HOTJIMHYB:

77e:E

n

KBaHnToBHIi BUXiJ JTFOMIHECIIEHIIIT BU3HAYAETHCSA BIIHOIIEHHAM YUCIIa
KBAHTIB JIFOMIHECLIEHIIIT 10 YKCTIa MOTJIMHYTUX KBAaHTIB:

g

N

n

77)('3 =

EnepreTnunuii BUXiJ 3aJ€XUTh BiJl JOBXKUHHU 30Yy/KYIHOUOTO
cBitna (puc. 7.34).

Ne

/ Y
/ \

IS

Pucynok 7.34
EnepretTunuii BuXiJl CHOYaTKy pOCTE€ MPSIMO MPOMOPLIHHO
JIOBXKUHI XBHJII 30yKYIOUOTO CBITSIa JIO JI€SIKOTO MaKCHMAaJlbHOTO
3HAYCHHsI, a MMOTIM IIBUIKO Najac 10 Hy s (3akoH Basinosa).
[Tpsmo mpomnopiiiiHe 30UTbIIEHHS €HEPreTUYHOr0 BHUXONY 13
3017BIIEHHSAM JOBKHUHU XBHJII 30y/KYIOUOTO CBITJIA TMOSICHIOETHCS
THM, 10 KBAHTOBHI BUXiJ JIOMIHECIIEHIIT € HOCTIHHUM.
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The sharp decrease in energetic output after the maximum value is a
consequence of the fact, that at such wavelengths the energy of
incident photons is insufficient to excite the phosphor atoms.

From the band theory point of view luminescence mechanism
is the following: the electron under the effect of light transfers from
the admixture level of A activator into zone of conductivity moves
freely along the crystal until it collides with the activator ion and
recombines with it, transferring to the admixture level again (Fig.

7.35).
ol T

Figure 7.35

Electron recombination is accompanied with luminescent radiation.
Such glowing is short and disappears fast after the termination of
radiation.

Artificially made crystal luminophores with impurities are
called crystalline phosphors. As such crystals used ZnS, CdS and
others, with impurities Ag, Cu, Mn, etc.

Longer luminescence (phosphorescence) occurs in crystal
phosphors with capture centers or traps for electrons. Their levels are
found in the vicinity of the conductivity band (Fig 7.36).

I/ G L he/ /A
e ]

Figure 7.36
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Pi3ke 3MeHIIEHHS EHEPreTHYHOTO BHUXOIY IICIS MaKCHMAJIbHOTO
3HAYEHHS € HACIIIJTKOM TOTO, IO TIPY TaKMX JOBXHHAX XBUJIb CHEPTis
nagaruux (OTOHIB BUSBISETHCS HEAOCTATHBOIO JUISL 30YIKEHHS
aToMiB JTroMiHOdOpa.

3 TOYKH 30pY 30HHOI TeOpii MEXaHi3M JIFOMIHECIICHIIT TOJIsrae
B HACTYITHOMY: €JIEKTPOH ITiJI JII€I0 CBITIA 3 JOMIIIKOBOTO PiBHS
aKTUBATOPA MEPEXOIUTH B 30HY HMPOBIAHOCTI, BUIBHO MEPEMILIYETHCS
10 KpHUCTalIy IIOTH, JIOKM HE 3YCTPIHEThCS 3 1OHOM akTUBaTopa i
peKOMOiHye 3 HUM, MEPEUIIOBINM 3HOBY Ha JOMIIIKOBUH piBEHb
(puc. 7.35).

/

Pucynok 7.35

PexoMOiHaliss  €JleKTpOHA  CYNPOBOJKYETHCS  JIFOMIHECLIEHTHUM
BUIIPOMIHIOBaHHAM. Take CBIYEHHS € KOPOTKOYACHUM 1 LIBUJAKO
3HUKAE MICIS IPUITHHEHHS ONPOMIHIOBAHHS.

HITy4HO BUrOTOBJIEHI KPUCTAJIIUHI JIOMIHO(OPHU 3 TOMILIKAMH
Ha3MBalOThCs Kpucranodochopamu. B sKocTi Takux KpHUCTaJiB
3acTOCOBYIOTh ZNS, CdS Ta intmi, 3 momimkamu Ag, Cu, Mn i T.1.

binemr  TpuBane cBiueHHs (QocdopecueHIlis) BHUHUKAE B
kpuctanopochopax 3 IMEHTpaMu 3axBary aboO MacTKaMH JUis
eJIeKTPOHiB. IX piBHiI 3HAXOAATHCA i 30HU IPOBiAHOCTI (puc. 7.36).

e a e Y
r *

k 1
i“%’. T,

Pucynok 7.36
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Under the effect of light electrons from the extrinsic level of
activator A transfer into the zone of conductivity. When they are
moving through the crystal they can be caught by traps. In this case
the radiation of the luminescence photon doesn’t happen. Being some
time on the level of a trap, electrons under the action of thermal
excitation can transfer to the conductivity zone again, from where
they may move to the level of the activator. This transition
corresponds to the recombination of the electron with the activation
ion, resulting in the emitting of the luminescence photon. The
duration of phosphorescence is determined by the time of the electron
being caught in a trap and can last for several hours.

7.2.7 Absorption, Spontaneous and Induced Radiation

Under the action of external radiation the atom may transfer
from the base E; energy state to the exited E; energy state (Fig.7.37)
because of absorption of the energy of photon E=hv .This process is
called the absorption.

absorption
EE i
hv
— AN
E,
Figure 7.37

An atom from the excited state of E, energy can spontaneously
transfer to the ground state of E; energy after some time without any
external influence. During this transition a spontaneous (self-made)
radiation of the photon occurs, its energy is determined by the
relationship hv = E, — E; (Fig.7.38). Spontaneous transitions aren’t
interconnected, so spontaneous radiation is incoherent.
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[Tig miero cBiTIA €IEKTPOHM 3 JIOMIIIKOBOTO PIBHS aKTUBATOpa
NepeXoAsTh B 30HY MPOBITHOCTI. [lepemimryrouuch Mo KpuCTaly,
BOHM MOXYTh 3aXOIUTIOBAaTUCh macTkamu. I[lpum 1pomy HE
B11I0YBA€THCS BUMPOMIiHIOBaHHS (oTomoMinecteHIli. [lepedyBaroun
JNeSKUA Yac Ha pPIiBHI TACTKH, EJNEKTPOHU TMiJ €0 TEIJIOBOTO
30y/DKEHHSI 3HOBY NEPEXOSTh B 30HY IPOBITHOCTI, 3 SKOI BOHHU
MOXYTh HIEepEHTH Ha piBeHb aKkTHBaTopa. Takuii mepexin BiAMOBigae
pekoMOiHallii eJIeKTpOHa 3 10HOM aKTHUBAaTOpa, B pPe3yJbTaTi 4OTo
BUIIPOMIHIOETHCS ¢doron JFOMIHECUEHITI]. TpuBanicts
docdopecuieHiii BU3HAYAETHCS YyacoM TepeOyBaHHS —EJIEeKTpOHa B
MacTKax 1 MOXe B1I0yBaTUCh JEKiJIbKa TOIMH.

7.2.7 IlorJMHAHHS, CIIOHTAHHE | BUMYILICHE BUNIPOMIHIOBAHHSA
[Tin fi€r0 30BHINMIHBOTO BUIPOMIHIOBAHHS aTOM  MOXE
3IMCHIOBATH BHMYLICHUH IEpexiJy 3 OCHOBHOI'O EHEPreTUYHOIO
crany Ei; mo 30ymKeHOro eHepreTM4HOro crany E; B pesynbrari
nornuHaHHs eHeprii  gorony E = hv (puc.7.37). lLleit mporec
HA3UBAETHCS NOTJIMHAHHSM.

MOZTUHAHHA
E, i
hv
— A
E
Pucynok 7.37

ATOM 13 30y/IKEHOTO CTaHy 3 eHeprieio E, Moxke depes ACsTKUi
4ac CIIOHTAHHO TeperTH 10 OCHOBHOIO CTaHy 3 eHepriero Ei 6e3
OyIb-sIKOro  30BHIMIHbOrO  BIUIMBY. Ilpu Takomy mepexoni
BiI0OYBa€ThCS CIIOHTaHHE (CaMOYMHHE) BUIPOMiHIOBaHHS (OTOHA,
€HEprisi [KOr0 BU3HAYA€ThCS CIHIBBITHOMIEHHSIM hv=E, —E,
(puc.7.38). CroHTaHHI TepeXxOoJW B3a€EMHO HE 3B’s3aHi, TOMY
CIIOHTAHHE BUTIPOMIHIOBaHHS HEKOT'CPEHTHE.




364

spontaneous radiation

E,
hv
—NAS .
E
Figure 7.38

In 1916, A. Einstein noted that in addition to absorption and
spontaneous radiation, there must be a third type of interaction, the
so-called induced transition. If an atom being in the excited state is
influenced by external radiation with frequency which satisfies the
equation hv =E, — E;, then there exists induced transition to the base

E; state with the same energy of photon’s radiation (Fig.7.39).

E stirulated radiation
) hy — A hy
AN
— A by
E'l ¥
Figure 7.39

Einstein and Dirac proved, that induced radiation is identical to
initial radiation. Thus, these two types of radiation are coherent with
respect to each other. They have the same frequency, phase,
polarization and direction of spreading, that is why they are coherent.
This peculiarity of induced radiation is the basis of the making of
amplifiers and generators of light called lasers.

It is necessary to create the nonequilibrium state of the system,
where the number of excited atoms will be greater than the number of
atoms in the normal state to amplify the initial radiation. Such state is
called the state of population inversion. The process of creation of
such a state is called pumping. Pumping can be realized optically,
electrically and by other methods.
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CROHMTHHE EUNPOMINIOETHHA

2

hv
— A -

B
Pucynoxk 7.38

VY 1916 poui A. EifHmTelH 3a3Ha4mB, M0 KPiM MOTJIMHAHHSA 1
CIIOHTAaHHOTO BHIIPOMIHIOBAaHHS IIOBUHEH ICHYBaTW TPETiH THI
B3a€MO/Ii1, TaK 3BaHMHM BHUMYIICHMH mepexin. SIKIo Ha aToM, SKui
nepedyBae y 30yIKEHOMY CTaHi, Ji€ 30BHIIIHE BUIIPOMIHIOBAHHSA 3
4acTOTO0, SKa BIJNOBiAa€ pIBHAHHIO hv=E, —E,, BUHHKaE

BUMYIICHUN MEpexXil 10 OCHOBHOTO CTaHy E; 3 BHIIpOMiHIOBaHHSIM
¢doTona Takoi camoi yactoTH (puc.7.39).

E" SUMVUEHE SUNDOMINGSIHMA

By —tnon
—e

E, -

—" e e

Pucynok 7.39

Eitnmreiin 1 [ipak noBenu, 1m0 BUMYILIECHE BUIPOMIHIOBAHHS
TOTOKHE 3MYIIYIOYOMY BHUIIPOMIHIOBAaHHIO. BOHM MaroTh OJHAKOBY
4acToTy, a3y, NOJISApU3alil0 1 HANpsIMOK IOIIMPEHHS, TOMY €
KorepeHTHUMH. [{t0 0coOMMBICTH BUMYIIEHOTO BHUIIPOMIHIOBAHHS
MOKJIQJIEHO B OCHOBY poOOTH MiICHIIIOBaUiB 1 F€HEPATOPIB CBITIA, SIKI
Ha3MBAIOTHCS Ja3epaMu.

[Ilo6 cepemoBuile MIACUIIOBAIO Tajarde Ha  HBOTO
BUIIPOMIHIOBAHHS HEOOX1JIHO CTBOPUTH HEPIBHOBAXHHM CTaH
CHUCTEMH, B SIKOMY 4YHCIO 30y/DKeHUX aToMiB Oyne OuIblIo 3a
KUIBKICTh aTOMIB y OCHOBHOMY CTaHI. Takuil CTaH Ha3MBAEThCS
CTaHOM 3 IHBEpCHOIO 3acelieHicTio. [Ipolec cTBOpEHHs TaKoro cTaHy
HA3WBAETHCs Hakaukol. Hakadky MoOHa B3IIHCHHTH ONTHYHHUM,
€JIEKTPUYHUM Ta 1HIIMMHU CIIOCOOaMHU.
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In the medium with a population inversion, being called active,
the incident beam of light is amplified. In Bouger’s law coefficient a

changes its sign on the opposite one | =1,e™

For the first time Soviet physicist V. Fabricant in 1940
proposed the light amplifier in active medium. His works made the
foundation for quantum electronics.

7.2.8 Laser

In 1954, Soviet scientists M. Basov, A. Prohorov and
independently from them the American scientist Ch. Townes applied
induced radiation to amplify the electromagnetic waves of microwave
range. They created the quantum generator of electromagnetic waves
in centimeter range — maser (Microwave Amplification by Stimulated
Emission of Radiation).

In 1960, T. Meiman (USA) created analogical device working
in the optical range — laser (Light Amplification by Stimulated
Emission of Radiation) or the optical quantum generator.

There are solids, gas, semiconductor and liquid lasers
accordingly to the type of an active medium. The basic components
of the laser are an active medium, system of pumping, optical
resonator. The scheme of the laser is shown in Fig. 7.40.

2 1 3

1- active mednon;
2- miirrar:
3- semitransparent wirrar.

Figure 7.40
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B cepenmoBumii 3 iHBEPCHOIO 3aCENCHICTIO, SIKE HA3UBAIOTh

aKTHUBHUM, TaJal0YUil MPOMIHb CBITJIa MIACHIIOEThCA. B 3akoHi

Byrepa koedilieHT o 3MiHIO€ CBiii 3HaK Ha npormwiexkuuit | = 1,6,

[TlincuienHs  cBiTia B aKTHUBHUX  CEPEAOBUINAX  yIepIie
3anporioHyBaB B 1939 p. pansucekuii ¢izuk B. dabdpukant. HMoro
pPOOOTH JISTIIN B OCHOBY CTBOPEHHS KBAHTOBOI €JIEKTPOHIKH.

7.2.8 Jlazep

Y 1954 p. papsuceki Bueni M. bacoB 1 O. IlpoxopoB Ta
HE3aJICKHO BiJ] HUX aMepuKaHChkuii BueHnid Y.TayHc 3acTocyBanu
BUMYIIICHE BHUIIPOMIHIOBAHHS JIUISl MIJCHJICHHS EJIEKTPOMArHiTHUX
XBWIb Y MIKPOXBHJIBOBOMY Jiama3oHi. BoHH CcTBOpWIM KBaHTOBHIA
TeHepaTop EeJIEKTPOMArHITHUX XBHJIb CAHTUMETPOBOT'O JIialla30Hy —
maszep (Microwave Amplification by Stimulated Emission of
Radiation).

Y 1960 poui T. Meiiman (CILIA) cTBOpHB aHaJOTiYHUIA
NPUCTPiN SKWIl MpaIoBaB B ONTHYHOMY Jmianma3zoHi — sazep (Light
Amplification by Stimulated Emission of Radiation), abo onTuunuii
KBaHTOBUU T€HEPaTOp.

3a TUIIOM aKTHUBHOTO CEPEIOBHINA JIa3epH MOIUISIOThCS Ha
TBEPAOTUIbHI, Ta30Bi, HAMIBIPOBIMHUKOBI 1 piguHHI. OCHOBHHUMU
CKJIaJIOBIMHU KOMITOHEHTAaMH Jla3epa € aKTUBHE CEPEIOBHIIE, CHCTEMA

HAaKaYKH{ 1 ONTHYHHI pe30HaTop. Cxema Jla3€pa IOKa3aHa Ha pHC.
7.40.

2 1 3

*. & * & »

1- axmusHe cepedosiitie
2- dzeprano
3- Hanisnposope dzeprano

Pucynoxk 7.40
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The active medium amplifies light. The system of pumping
realizes transition of medium to the state with population inversion.
For the selection of direction of laser radiation the optical resonator is
used. For example, a pair of parallel mirrors facing each other being
on the common optical axis between which optical medium exists.
One of the mirrors is semitransparent through which amplified flux
of photons laser radiation escapes.

Let’s consider the principle of operation of the He-Ne laser
(Fig.7.41).

He Ne -

I 2

Figure 7.41

Population inversion of levels is realized by an electric gas
discharge: electrons formed in gas discharge collide with He atoms.
As a result, He atoms excited and transfer to the higher level 3. Then
excited He atoms collide with Ne atoms and excite them. As a result,
Ne atoms transfer to the higher level that is situated near the level of
He atoms. Passing of Ne atoms from the higher level 3 to the lower
level 2 causes laser radiation with a wavelength of A = 0.6328 um.

Laser radiation is characterized by:

- high time and space coherence;

- rigid monochrometism (AL <10™'m);

- high intensity of radiation;

- very small angular discrepancy of the beam.

The laser is widely used in science and engineering. It is used
in communication, location, machining the materials, measuring
devices, medicine and researches in different branches.



369

AKTHBHE cepeloBHUIIE MiICHIIOE cBiTIIO. CucTeMa HaKadku
3MIMCHIOE TEepeXij] CepeIOBHINA 10 CTaHY 3 IHBEPCHOKO HACEJIEHICTIO.
Jis  BUAUIGHHS ~— HANpsAMKY  JIa3€PHOTO  BHIIPOMIHIOBAHHS
3aCTOCOBYETBhCSI ~ ONTHYHHMA  pe3oHaTop.  Hampukimax,  mapa
napajebHUX J3epPKal, HalpPaBICHUX OJHE HA OJHE 1 PO3MIIICHUX Ha
CIIIIBHIA ONTHYHIA 0Cl, MDK SKHMH 3HAaxXOJUThCA ONTHYHE
cepenoBuie. OmHe 3 A3epKall HAIBIPO30pe 1 KPi3b HHOI'O BUXOAHUTH
MIJICUJICHUH TIOTIK JIa3€PHOTO BUITPOMIHIOBAHHS.

Posrmstaemo npunnun pobotu He-Ne nazepa (puc.7.41).

He

e ao06328um
2

Pucynok 7.41

IuBepcHa HaceleHICTh PIBHIB 3IHCHIOETBCS EJIEKTPUUHUM
PO3pSAAOM: E€JIEeKTPOHH, SIKI 3 SBISIOTHCS B PO3PsAl, NMPH 3ITKHEHHI
30ymkytoTh aromu He, siki mepexonsars B craH 3. Ilpu 3i1TKHEHHI
30ymkeHnx aroMmiB He 3 aromamm Ne, ocTaHHI 30ymXKYHOThCS 1
NEepexXo/aTh [0 BHILOTO PIBHS, SIKUM pPO3TALIOBAHUNM OIS pPIBHA
atomiB He. Ilepexoau atomiB Ne 3 BHIIOTO piBHS 3 7O HHUXKYOTO
PiBHS 2 CIPUYMHSIOTH Ja3€pHE BUIPOMIHIOBAHHS JTOBKHHOIO XBHJIL
A =0,6328 MxMm.

JlazepHe BUNIPOMIHIOBAHHS XapaKTE€PU3Y€EThHCA:

-BHCOKOIO YaCOBOIO 1 TPOCTOPOBOIO KOT'€PEHTHICTIO;

~-CYBOPOIO MOHOXpOMATHUHIcTIO (AL <10 7'M );

-BEJIMKOIO IHTEHCUBHICTIO BUIIPOMIHIOBAHHS;

-Ty’KE€ MaJHM KYTOBUM PO3XOKEHHSIM;

Jlasep MMPOKO BHKOPHCTOBYEThCA B Hayli i TexHimi. Moro
3aCTOCOBYIOTh Ul 3B’S3Ky, JIOKalii, oOpoOKuM MarepiamiB, Yy
BHUMIPIOBAIbHUX TPUCTPOSAX, MEIUIIMHI, A TOCIIHDKEHb B PI3HHUX
ramys3sx.
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Control Questions
Elements of Solid State Physics
1. What is phase space and function of distribution?

2. What does the quantum statistics of Fermi-Dirac and Bose-
Einstein describe?

3. What is Fermi energy?

4. What are the properties of the phonon?

5. What is the quantum theory of electron conductivity of metals?

6. Explain the phenomenon of superconductivity.

7. Explain the basic principles of the band theory of solids.

8. Explain the difference between metals, dielectrics and
semiconductors based on the band theory.

9. What are intrinsic and extrinsic semiconductors?

10. Explain the principle of operation of p-n junction.

11. Explain the phenomenon of photoconductivity of semiconductors.
12. What is luminescence of solids and what types of it exist?

13. What kind of radiation is called induced?

14. Explain the principle of operation of an optical quantum
generator.
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KoHTpoJsbHi 3anuTaHHs

EnemenTn ¢izuku TBEpaOro Tijsia
1. o Take ¢azoBuii mpocTip 1 GyHKLI pO3MOALTY?
2. Illo ommcye kBanToBa craructuka PDepwmi-Iipaka 1 bose-
Eitnmreiina?
3. lllo Take enepris depmi?
4. SIxi BnactuBocTi (hoHOHA?
5. B YoMy momnsdrae KBaHTOBa TeOpis EJNEKTPOHHOI IPOBIIHOCTI
MeTaiB?
6. [TosicHITH SIBUITIC HAAMPOBITHOCTI.
7. I1osICHITh OCHOBHI ITOJIOXKCHHS 30HHOT T€OPii TBEPAMUX TiJI.
8. IlosicHITP Ha OCHOBI 30HHOI TEOpii PI3HMINKO MK METaJaMH,
JieNIeKTPUKAMH 1 HaIliBIIPOBITHUKAMH.
9. Illo Take BJIacHI 1 TOMIIIKOB1 HAMIBIIPOBITHUKH?
10. TlosicHITH TPHHIIATI POOOTH P-N TIEPEXOy.
11. ITosicHITh siBUIIE (POTONMPOBIAHOCTI HAITIBIPOBIIHUKIB.
12. Ilo Take JTFOMIHECIICHIIIS TBEPIAUX T 1 K1 11 BUIN ICHYIOTH?
13. SIxe BUIIPOMiHIOBaHHS HAa3UBAIOTh BUMYIICHUM?
14. TlosicHITH TPUHLIKIT POOOTH ONITUYHOI'O KBAHTOBOT'O I'€HEPATOPA.
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8 ELEMENTS OF NUCLEAR PHYSICS
8.1 The Structure of Atomic Nucleus

In 1932, the Soviet scientist D. lvanenko suggested a proton-
neutron model of the atomic nucleus, which was developed by W.
Heizenberg. According to that model the atomic nucleus of any
chemical element consists of protons and neutrons, which are called
nucleons.

A proton has positive charge and numerically is equal to the
electron charge

q, =+e=+1.6-10"°C,
The mass of a proton is m, =1.67267-107"kg and it is much

bigger than the mass of an electron m =1836.2-m, .

A neutron is the neutral particle and its electronic charge equals
zero: g, =0C. The mass of the neutron m =1.67492.10%'kg is

close to the proton mass.

The atomic nucleus has the following characteristics: electric
charge, mass, spin, magnetic moment etc.

The electric charge of the atomic nucleus is positive. It is
determined by the number of protons inside the nucleus and is equal
to + Ze, where Z is the atomic number of element in Mendeleyev's
periodic table, e is elementary charge.

The mass of the atomic nucleus is almost identical with the
mass of the atom as the electron mass is small. The mass of the
atomic nucleus is expressed in atomic mass units (a.m.u.). 1 a.m.u.

equals 1/12 the mass of the nuclide of carbon*:C :

la.m.u.=1.66-10""kg.
The nucleus mass in a.m.u, that is approximated to an integer,
is called the mass number A.
The mass number is equal to the sum of protons and neutrons
inside the atom nucleus:
A=Z+N,
where Z is number of protons, N is number of neutrons.
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8 EJIEMEHTH SIJIEPHOI ®13UKHN
8.1 Cku1ag aTOMHOrO siApa

VYV 1932 p. papsacekuit BueHuit [. IBaHeHKO 3amporoHyBaB
MIPOTOHHO-HEHUTPOHHY MOJIe]Ib aTOMHOTO Spa, sika Oyiia po3BUHYTA
B. Teiizernbeprom. 3rigHO Ii€i MOJENI aTOMHE SAPO OyIb-SKOTO
€JIeMEHTa CKJIQJA€ThCsl 3 MPOTOHIB 1 HEWTPOHIB, sIKI HA3UBAIOTHCS
HYKJIOHAMH.

[IpoToH Ma€e TO3WUTHUBHUN 3apsij, IO YHCEIBHO OPIBHIOE
3apsay eNeKTpoHa

q, =+e=+16-10""Ku.
Maca nporona M, =167267 -107"kr maGarato Ginbma 3a Macy
enextpona m, =1836,2-m,.
HelTpoH € HENTPAIIBHOI YaCTHHKOIO, EJIEKTPUYHUM 3aps]l AKO1
nopisnioe Hymo: 0, =0Ki. Maca Heiitpona m =1,67492-107"" kr

0JiM3bKa 10 MacH MPOTOHA.

ATOMHE SIIp0O Ma€ HACTYIHI XapaKTEPUCTUKU: ENEKTPUYHUN
3apsiji, Macy, CIliH, MarHITHUM MOMEHT Ta 1HIIII.

Enextpuunuii 3apsq aTOMHOIO sipa € TO3UTHUBHUM. BiH
BU3HAYAETHCS KUIBKICTIO TMPOTOHIB B siApi 1 AopiBHIOE +Z€, ne Z €
MOPSIIKOBUM HOMEPOM XIMIYHOTO eJeMEeHTa B MEePIOJUYHIN TaOIHIl
MenneneeBa, e - eTleMEHTapHUN 3apsil.

Maca aroMHOro sipa MPaKTHYHO 30Ira€ThCsl 3 MacoK aTroMma,
TaKk SIK Maca eJIeKTpOHIB He 3HayHa. Macy aTOMHOro sjpa
BUPAXaIOTh B aTOMHUX OJMHUILIX Macu (a.0.M.). 1 a.0.M. JOpiBHIOE

1/12 macu HyKTiAa BYTTIEIIO 1§C :
1 a.0.M = 1,66-10 2’ KT.
Maca aToMHOro sjpa B a.0.M., 3a0KpyrjieHa IO IUIOrO 4YHcCIa,
HA3MBAETHCS MAaCOBUM YHUCIIOM A.
MacoBe 4ucio JOpiBHIOE CyMi IMPOTOHIB 1 HEHTPOHIB B sapi
aToMa:

A=Z+N,

ne Z - KUTbKICTh MPOTOHIB, N — KUIbKICTh HEHTPOHIB.
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A given atomic nucleus is denoted by its chemical symbol 2 X,
where X is the symbol of the chemical element in Mendeleyev's
periodic table, Z is the atomic number and A is the mass number (the
number of nucleons in the nucleus). For example:

A=235
U 5 N =143,

Atomic nuclei differing in the number of protons Z and
neutrons N are called nuclides.

Atomic nuclei with the same number of protons Z, but with
different mass numbers A, are called isotopes. For example, hydrogen
has three isotopes:

1H - protium,

2H - deuterium,

3H - tritium.

Uranium has fourteen isotopes from %,U to %5 U.

Atomic nuclei with the same mass A, but with different
numbers of protons Z, are called isobars. Atomic nuclei with the
same number of neutrons N are called isotons. Radioactive nuclei
with the same number of Z and A, which differ in their half-life are
called isomers.

The spin of the nucleus is determined by the vector sum of the
moments of the impulse of nuclides. Nuclei with an even value of A
have a whole or zero spin, nuclei with an odd value of A - half-whole
spin.

The magnetic moment of the nucleus is determined by
_¢h

4nmp ’
where e is the charge of the proton, h is the Plank's constant, m is the
mass of the proton. The magnetic moments of nuclei are negligible.
For their measurement the method of magnetic resonance is used.

The radius of the nucleus is determined by the empirical
formula:

Hn
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A
I[J'ISI IMMO3HA4YCHHA aTOMHHUX SAJACP BUKOPUCTOBYIOTH CUMBOJI X )

ne X - CHMBOJI XIMIYHOTO €Je€MEHTa B MepIOJuYHINd TaOauIll
MenneneeBa, Z - aroMHHl HOMEp, 4 — MacoBe YHUCIO (YHCIIO
HYKJIOHIB B si7pi). Hampukman:

s A=235
sUe o N=143.

ATOMHI szpa, MO BIAPI3HAIOTHCA YHCIOM NPOTOHIB Z i
HelTpoHiB N, Ha3MBaIOTHCS HYKIIIAMHU.

ATOMHI siipa 3 OJHAKOBOI KUIBKICTIO TNpPOTOHIB Z, aje 3
pPI3HUMH  MacoBUMH 4YHCIaMU A4, Ha3UBAIOTHCS  130TOHAMH.
Hampukiazn, BoJIeHh Ma€ TP 130TOIH:

1H - npoTiif,

2H - neitrepiit,

$H - TpUTIN.

. .. 221 240
YpaH Mae 40THpHAASATH i30TomiB Bix g, U mo "9, U.

ATOMHI sJipa 3 OJJHAKOBOIO Macoio A, ajie 3 pi3HOI KiJIBKICTIO
MPOTOHIB Z, HAa3WBAIOThCS 1300apamMu. ATOMHI sJipa 3 OJIHAKOBUM
yricioM HelWTpoHiB N Ha3uBaroThCs 130ToHaMu. PanmioakTuBHI siapa 3
onHaKOBUMU Z 1 A, K1 BIIPI3HSIOTHCA 32 MEPIOJIOM IMIBpO3Mady,
HA3MBAIOTHCS 130MepaMu.

ChniH  sapa  BU3HAYAE€THCS BEKTOPHOI CYMOKO MOMEHTIB
IMIYJIbCIB HYKJIiIB. SIipa 3 MapHUM 3HaYeHHSIM 4 MaroTh LUINH, a00
HYJIBOBHI CIIiH, Spa 3 HENApHUM 3HaUYEHHSAM A — HamIBUUIMH CITiH.

MarHiTHUN MOMEHT sIpa BU3HAYAETHCS

_eh
Ha 4dnm, ’

Jie e- 3apsi mpoToHy, h-crana Ilnanka, M, - Maca npoToHy. MarHiTHi

MOMEHTH siiep He3HauHi. J[J1s iX BUMIpIOBaHHS 3aCTOCOBYIOTH METO]T
MarHiTHOTO PE30HAHCY.
Paniyc siipa BU3HaYa€THCSl eMITIPUYHOIO (HOPMYIIOHO:
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1

R, = R,A?,

whereR, = (1.3-1.5)-10°m.
The average density of nucleus substance is enormous and

equals p ~10" k—gs due to the nucleus forces.
m

8.2 Binding Energy and Mass Defect of Nucleus

Protons and neutrons are strongly bonded to each other in the
atomic nucleus by means of specific attractive forces that are called
nuclear forces. Nuclear forces are much bigger than Coulomb's one,
and the atomic nucleus is a stable system.

The binding energy of a nucleus is equal to the energy required
to split the nucleus into nucleons, that is, protons and neutrons. Mass-
spectrometric measurements discovered that the mass of the nucleus
is always less than the sum of masses of nucleons, forming the
nucleus:

m <Zm,+Nm,.

nucleus
The difference in masses Am is called the defect in mass:

Am = (Zmp + Nmn)— m
According to the Einstein’s equation E = mc? the binding energy is
determined as

nucleus*

2
Ebinding = [(Zmp + Nmn>_ mnucleus}: .
The important characteristic of the nucleus is the specific

bounding energy. It is equal to the average binding energy per
nucleon in a stable nucleus:

Ebinding
A
Fig. 8.1 shows the relationship between the specific bounding

energy o and the mass number A:

W =
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ne Ro=(1,3-1,5) 10 m.
Cepenns ryctuHa s/I€pHOI pEUOBHHA BEIMYE3HA 1 JOPIBHIOE p =

10’ INER 11 00YMOBJICHO €10 SIICPHUX CHIL.

8.2 Enepris 3B’s13Ky Ta gedexkT Macu siapa

[IpoToHu 1 HEUTPOHH B ATOMHOMY siIpi 3B‘s3aHI MiX COOOIO
cenupiYHIMHA CUJIAMH, SKI Ha3WBAIOThCS SACPHUMHU CHJIAMHU.
SnepHi cunu 3HauHO OLMBII 32 KYJIOHIBCHKi, 1 aTOMHE SIIPO €
CTa0LIILHOIO CHCTEMOIO.

Enepris 3B’A3Ky sapa JOpIBHIOE eHeEprii, sKy HeoOXiaHO
BUTPATHUTH IS PO3IICIUICHHS SIpa HAa HYKJIOHU, TOOTO HA MPOTOHH 1
HEUTPOHU.

Mac-ceKTpoMeTpHuyHi JTOCIiKEHHs TTOKa3ald, 0 Maca siapa
3aBKJM MEHIIA 32 CyMY Mac HYKJIOHIB II[0 YTBOPIOIOTh SIIPO:

my; < Zmy, + Nmy,.
Pizumis Mac Am Ha3uBaeTbes ASHEKTOM MacH siapa.
Am = (Zmp + Nmn) —m,.

. . . . 2 .
3rizo piBHsnHEs Eiinmreitna E =MC” enepris 38’s3ky sgpa
BHU3HAYAETHCS

E,, = [(Zm, + Nm,,) — m,]c?.
BaxxnmuBoro xapakTepUCTHKOIO sIpa € MUTOMA EHEPris 3B’ SI3KY.
Bona nopiBHIOE cepesiHiii eHeprii 3B 3Ky, SKa MpUMalae Ha HYKJIOH
B CTa0ILHOMY SIIPI:

— b
R
Ha puc.8.1 HaBeneHa 3aneXHICTh MATOMOI €HEPrii 3B A3KYy O
BiJ] MacOBOT0 uucia 4.
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0 SO0 100 130 200250 A

Figure 8.1
We can see that value of @ grows rapidly for a light nuclei (A <
12) up to 6-7 MeV. Then slowly increases and reaches value of w =
8.6 MeV for nuclei with mass numbers of 40< A<120. Further, with
the increasing of A the specific binding energy decreases, due to the
increasing numbers of protons in the nucleus and increasing of
Coulomb’s repelling forces.

8.3 Nuclear Forces

Extremely strong attractive forces that bind nucleons together
exist inside the nucleus. They act over the distance that is less than
10 m and are of sufficient magnitude to overcome electrostatic
repulsion between protons. These forces are called nuclear forces.

There are some features of nuclear forces.
1. Nuclear forces are forces of attraction.
2. Nuclear forces are quite significant, so such interaction is called
strong. The specific bounding energy in the nucleus reaches
~ 8.6 MeV, which is much higher than other types of interaction.
3. Nuclear forces are so-called short-range forces occurring at a
distance of less than 10™*°*m and sharply decrease with the distance
growth.
4. Nuclear forces have the property of independence charge of
nucleons. They don’t depend upon electrical nucleons charge.
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0 S0 100 150 200250 A

Pucynok 8.1
3HaYeHHs ® MBUIAKO 3pocTae s jerkux suep (4 < 12) no 6-7
MeB. IloTim moBiTbHO 30LTBIIYETHCS 1 AOCSATaE 3HAUYEHBb ® ~ 8,6 MeB
U1 simep 3 MacoBuM unciiom 40 < 4 < 120. [auni, 31 30inblIeHHESIM 4
OUTOMa EHEprisi 3B’A3KYy 3MEHINYEThCS, MO TOB’S3aHO 31
30UTBIIEHHSAM  KIJIBKOCTI  MPOTOHIB B siApI 1 3POCTAHHSIM
KYJIOHIBCHKOT'O BiZIIITOBXYBAaHHS Mi’K HUMH.

8.3 Snepni cuin

HeliMoBIpHO BeNHKI CHJIM TPUTSATAHHSA 3B’SI3YIOTh HYKIOHH
BCEpeauHi sapa. BoHm miroTh Ha BixcTtami, meHmoi 3a 10 °m, Ta
3HAQUYHO  TMEPEBUIIYIOTh  KYJIOHIBCHKE  BIJIITOBXYBAHHS  MIXK
npoTtoHamH. L{i cvim HA3UBAKOTHCS SUIEPHUMU CHIIAMH.

IcHye nekinbka 0coOMMBOCTEH SACPHUX CHIT:

1. SInepHi cuiM € culaMu TIPUTSATAHHS.

2. SlpepHi cunaM  JOCUTh 3Ha4yHI, TOMY Taka B3aeMOJIA
Ha3WBAEThCS CUIBbHOIO. [IMTOMa €Hepris 3B’s3Ky B sIpl JIOCSATAE ~
8,6 MeB, 1110 3HaYHO MEepPEeBUIIYE 1HIIT BUTU B3a€MO/III.

3. SlnepHi CHIIM € KOPOTKOIIFOUMMH CHJIaMH, aJPKE BOHU JIIFOThH
Ha Bixcrami, Menmoi Hix 107'°M, Ta PI3KO 3MEHINYIOThCS 3i
30UIBIIEHHSIM BiJICTaHI.

4. SlnepHl cuiu MarOTh BJIACTUBICTH 3apsAI0BOI HE3aJIEKHOCTI
HYKJIOHIB. BOHM He 3aneXath BiJl €JIeKTPUIHOTO 3apsiay HYKJIOHIB.
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Thus, nuclear forces act between a neutron and a proton or two
protons and two neutrons, and are the same.

5. Nuclear forces have the property of saturation. The nucleon
interacts only with a limited number of nearest nucleons and specific
binding energy of nucleons is approximately constant if the number
of nucleons increases.

6. Nuclear forces depend upon the orientation of nucleons spins.

7. Nuclear forces are not central. They act between nucleons along
the line that doesn’t connect nucleons centers.

To explain the properties of nuclear forces, Heisenberg
hypothesized the exchange nature of nuclear forces. That is, the
nuclear forces between two nucleons exist due to the third particle.

In 1934, the Soviet physicist I. Tamm supposed that nuclear
forces exist due to an exchange between nucleons by virtual particles.
In 1935, the Japanese physicist H. Yukawa hypothesized that the
nuclear interaction is due to the exchange of particles between
nucleons, having the mass 200-300 times the electron mass and
having the energy of about 130 MeV. These particles were called
mesons. These particles were later found in cosmic rays and called =n-
mesons or pions.

There are neutral and charged n-mesons: °,n, . The charge
of m-meson is equal to the electron charge. Charged n-mesons have
the mass of 273-m, . The neutral =-mesons have the mass of 264-m..

The spin of m-mesons equals zero. m-mesons are unstable particles.
The time of exchange for the -meson is about 102 s.
As a result of virtual processes

psn+rt
N p+z
pe p+a°

nen+ 7l
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OTxe, sepHI CHIM JIIOTh MK NMPOTOHOM Ta HEUTPOHOM, abo
JIBOMa NMPOTOHAMU Ta JBOMA HEUTPOHAMHU, Ta € OJJHAKOBUMHU.

5. SnmepHi cuiaM MaloTh BIACTUBICTh HacWuyeHHA. HykiioH
B3a€MOJII€ TUIBKHA 3 OOMEXEHOIO KUIBKICTIO HAWOMMKYMX IO HBOIO
HYKJIOHIB, a TIMTOMa C€HEprisi 3B’S3Ky HYKIOHIB 3aJHIIAETHCA
MPUOJIM3HO MOCTIHHOIO 31 3POCTAHHIM KUTBKOCTI HYKJIOHIB.

6. SlnepHi cuim 3anexaTh Bl Opi€EHTAIli] CIIHIB HYKJIOHIB.

7. SlmepHi cwiM HE € UEHTpaIbHUMH. BOHHM [il0Th MIiX
HYKJIOHaMH HE B3JIOBXK JIiHii, sIKa 3’ €JHYE LIEHTPU HYKJIOHIB.

Jlnsi  TOsSICHEHHSI BJIACTUBOCTEH simepHUX cuin  [elizenOepr
BUCYHYB TiIIOTE3y PO OOMIHHUI XapakTep siaepHux cui. TobTo, mo
AEpHI CHJIM MDK JBOMAa HYKJIOHAMU ICHYIOTh 3aBJISIKU TpPETid
YaCTHHKH.

B 1934 p. pansucekuii ¢izuxk I. Tamm mnpumyctus, 110
B3a€MOJIISI MK HYKJIOHAMH 3JIMCHIOETHCS 32 JOIMIOMOTOI0 SIKUXOCh
BipTyaibHUX 4acTUHOK. B 1935 p. amoncekuii Buenuii X. HOkaBa
BUCYHYB TilOTE3y, WO SACpHA B3aEMOJisA MK HYKJIOHAMHU
o0yMoBIIeHa OOMIHOM YacTHUHOK, 110 MaiTh Macy y 200-300 pasis
OuTBIITY Macu eneKkTpoHa 3 eHeprieto 0au3bpko 130 MeB. i yacTuHkmn
Oynu Ha3BaHi Me3oHamu. [li3Himie BoHM Oynu 3HaWIeHI B CKIal
KOCMIYHMX IIPOMEHIB Ta Ha3BaH1 T-Me30HU, a00 MiOHAMH.

o . . 0 -

[CHYIOTh HEHTpaJIbHI Ta 3apAHKEH] T-ME30HU: T, T , 7T . 3apsn
T-ME30HIB JIOPIBHIOE 3apsifly €JEeKTPOHIB. 3apsiKeHl T-ME30HU
MaloTh Macy 273-m,, wuedtpanpHi - 264-m,. CoiH 7-Me30HIB

JIOPIBHIOE HYIIO. T-ME30HU - HECTaOUTbHI YaCTUHKHU. Yac oOMiHY Ist
T-ME30HY CKJIa1ae 10%c.
Baacninok BipTyalbHUX MPOIIECIB

pen+r’
ns p+rz
pe p+a°

nen+z°
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the nucleon is covered by a cloud of virtual m-mesons, which form
the field of nuclear forces. The absorption of these mesons by other
nucleons causes a strong interaction between nucleons, for example
according to the following scheme:

p+nen+n +nan+p.

The proton emits m-meson and transforms into a neutron. The
meson is absorbed by the neutron, which thereby transforms into a
proton. The process is repeated but in the opposite direction.

8.4 Radioactivity

A spontaneous transformation of unstable nuclei into nuclei of
another element which is accompanied by the emission of some
particles is called radioactivity.

There exists natural radioactivity associated with existence of
unstable isotopes in nature and artificial radioactivity that exists as
the result of nuclear reactions.

For the first time the French physicist A. Becquerel discovered
radioactivity in 1896. He studied the fluorescence of uranium salts
and found that they emit rays of unknown nature that act on the
photographic plate, penetrate through thin layers of substance.

Later, in 1898, Pierre and Marie Curie discovered that other
heavy elements are radioactive too: polonium, radium, actinium and
thorium.

There are three types of radioactive radiation:

1) a - decay;

2) B - decay;

3) vy - radiation.

The process of o - decay accompanied with the emission of a-
particles. a-particles are deflected by electric and magnetic fields, are
easily absorbed by thin layers of substance and have little
penetrability. a-particles carry the charge of +2e and represent nuclei

of helium atoms ; He.

The process of B - decay accompanied with the emission of B-
particles that are deflected by electric and magnetic field, possess
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HYKJIOH BHSBISIETHCS OXOIUICHHMM XMAapol BIPTyaJbHHX T-ME30HIB,
SKi YTBOPIOIOTH IOJie siiepHUX cwil. [lormmHaHHS IMX ME30HIB
IHIIMMHU HYKJIOHAMHU 3yMOBIIIOE€ CHIIBHY B3a€EMOII0 MIX HYKJIIOHAMH,
HaINpHKJIaA 32 TAKOIO CXEMOIO:

p+non+n  +nan+p.

[IpoTOH BUIPOMIHIOE T ME30H i MEPETBOPIOETHCS B HEWTPOH. Me3oH
HOTJIMHAETHCS. HEUTPOHOM, SIKMI BHACHIJIOK LIHOTO TIEPETBOPIOETHCS Y
npoToH. IIporiec NOBTOPIOETHCA alle Y 3BOPOTHOMY HAIPSMKY.

8.4 PagioakTHMBHICTH

CrnoHTaHHMI Tmepexi HecTaOUIbHUX SAep y slIpa IHIIOTO
€JIIEMEHTY, SIKUH CYIPOBODKYETHCS BUIPOMIHIOBAHHAM JESIKUX
YaCTOK, HA3UBAETHCS PAI10AKTUBHICTIO.

IcHye mpuponHa pagioaKTUBHICTH, TOB’S3aHA 3 ICHYBaHHSIM
HEeCTalOlIbHUX 130TOMIB y MPUPOII, Ta MITYyYHA PaTl0aKTUBHICT, 1110
ICHY€ BHACIIJIOK SIICPHUX PEAKIIi.

Brnepuie panioakTUBHICTH BiAKpuB (paHIy3pkuil (izuk A.
bekkepens B 1896 p. BiH BuBYaB JIOMIHECHEHIIIIO COJIEN ypaHy Ta
3’CyBaB, 1110 BOHU BUIIPOMIHIOIOTh IIPOMEH1 HEB1IOMOI IPUPOJIH, SKi
Ii0Th Ha (oTorpadiuHy MIIIBKY 1 MPOHUKAIOTh KPi3b TOHKUH IIap
peuoBuHu. Iliznime, B 1898 p. II’ep 1 Mapi Cknanoscbka-Kropi
BUSIBUJIM, IO 1HII BaXKKi €JIEMEHTHU PaJi0aKTHUBHI TAKOX: TOJIOHIH,
pajii, akTuHI| Ta TOpii.

PanioakTuBHE BUIIPOMIHIOBaHHS OyBa€ TPbOX THUIIIB:

1) o - po3ma;

2) B - po3man;

3) Y - BUNIPOMIHIOBaHHSI.

[Ipouec o — po3naay cynpoBOIKY€ETbCS BUIPOMIHIOBAHHSAM O —
YAaCTUHOK. 0L — YACTMHKH BIAXWISAIOTHCS MArHITHUM Ta €JIEKTPUYHUM
MOJISIMH Ta JIETKO TIOTJIMHAIOTHCS TOHKUM IIapOM PEYOBHHU, MAIOTh
MaJly TMPOHUKHICTh. 0. — YaCTUHKAM BJIACTUBHH 3aps] +2€, 1 BOHH

. . 4
NPEJCTaBIAIOTH SJIpa aTOMIB Tedfito , He.

[Tpotiec P — po3mamy CympOBOIKYETHCS €MICIEI0 [3—4aCTHHOK,
10 Bi)IXI/IJ'ISII-OTI)CSI MAargiTHUM Ta CJIICKTPUYHUM IIOJIIMH, Ta MarOTh
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a higher penetrability than a-particles and carry a negative charge — e.
B-particles represent a flux of fast electrons. Thus B - decay is the
electron emission from the nucleus of an atom.

vy - radiation isn’t deflected by electric and magnetic fields and
posses a very high penetrability. y - radiation represents a flux of
photons with very short waves of A <10™°m.

8.5 Radioactive Decay Law

Radioactive decay is called natural radioactive transformation
of atomic nuclei, which occurs independently. The decaying atomic
nucleus is called the parent nucleus, and the decaying nucleus is the
child nucleus.

The theory of radioactive decay is based on experiments, that
confirm its statistical nature. Since the individual radioactive nuclei
decay independently of each other, a certain part of the radioactive
nuclei dN decays over time dt:

dN =—-ANdt,

where A is decay constant, [A]= s7L,

Decay constant A is equal to the relative decrease in the number
of radioactive nuclei per unit of time or the probability of nuclear
decay per unit of time:

dN

CNdt

Integrating this equation we obtain the law of radioactive
decay:

N =Nge™",
where Ng is the number of nuclei at initial time t = 0;
N is the number of nuclei which remained after time t.

So, the number of nuclei of radioactive substance is decreased
with time by the exponential law (Fig. 8.2).
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BUIILY IPOHUKHICT HIXK 0L — YACTUHKHU 1 HECYTh HETaTUBHUI 3apsia —€.
BoHu npencTaBisioTh MOTIK MIBUAKHUX €JICKTPOHIB. TakuM dnHOM, 3
— po3maj — 1e eMicis eeKTPOHIB 3 spa aToMa.

Y — BWIIPOMIHIOBaHHS HE BIIXWISETBCA CICKTPUYHUM 1
MarHiTHUM TIOJSIMH Ta Ma€ MOYyXe BHCOKY IPOHHUKHICTh. Yy —
BHUIPOMIHIOBAHHS YSBIISIE COOOIO MOTIK (POTOHIB 3 JTy)KE€ KOPOTKHMH
xBuyssMu A <107°7 .

8.5 3akoH pagioakTUBHOIO po3naay

PagioakTuBHUM po3mnajgoMm HA3WBAETHCS IpUPOIHE
pagioaKkTHBHE TIEPETBOPEHHS AaTOMHHUX sJep, sKe BigOyBaeTbCs
CAMOYMHHO. ATOMHE SIpO, SKE PpO3MAJAEThC  HA3UBAETHCA
MaTepUHCHKHM, a SApO, LI0 BHUHHUKJIO BHACTIJOK po3Mmagy —
JOYIPHHM.

Teopist pagioakTHBHOTO po3nary I'PYHTYETHCS HA JOCIiIaX, IO
HiATBEP/KYIOTh HOTO CTaTUCTHYHHUI Xapaktep. Tak K OKpemi
paTioaKTHBHI sIpa PO3MANAIOTHCS HE3AIEKHO OJHMH BiJl OIHOTO, TO
neBHa 4YacThHa pamioakTuBHUX sjep ON po3magaeThcs MPOTIroM
vacy dt:

dN =—ANdt,
Je A — TocCTiiiHa po3mnany, [/1]=C_1.

[TocriiiHa po3many A JIOPIBHIOE BIJIHOCHOMY 3MEHIIEHHIO
KUTBKOCTI sIep palioaKTUBHUX aTOMIB B OJMHUINO dYacy, abo
HWMOBIPHICTD SIIEPHOTO PO3MAAY 32 OJAUHUITIO Yacy:

dN
Ndt

[aTerpyroun 1e piBHSHHS, OTPUMAEMO 3aKOH PaJliQaKTUBHOTO

po3nany:

N =N,e™,
ne No — e KutbKicTb sifep Ha mouatky vacy t = 0; N — KiIbKIiCTb a7ep,
110 HE PO3MaIKCh Yyepe3 vac t.
OTxe, KUIBKICTD siZiep paJi0aKTUBHOI PEYOBUHU 3MEHIIYETHCS 3
4acoM 3a €KCIIOHEHITIAIbBHUM 3aKOHOM (puc.8.2).
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N
Ay
N% L :
|
0 T}i’ £
Figure 8.2
Time T}/2 is the time during which the initial number of

radioactive nuclei decreases twofold. Ty is called the half-life.
2

As

—O:Noefﬂ}/2 ,
then

T _In2 0,693

o2 a7

The activity of radioactive element A is the number of nuclei
that disintegrate in one second:

Az‘d—Nz/IN,
dt
A_NIn2

Ty,

The unit of activity is a becquerel (Bq). This is such an activity,
when one disintegration per second occurs.
Non-system unit of curie (Ci) is used also:
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X
Pucynoxk. 8.2

Yac Ty - 1€ Yac, 3a SIKUH MOYaTKOBa KUIBKICTh Pa/li0aKTUBHUX
2

s7iep 3MEHIIY€ThCS BIIBIYi. Ty HA3WBAETHCS NEPI0JIOM MiBPO3MATY.
2

ko
& — Noeim—%’
TO
T = IniZ B 0,693
B A

AKTHBHICTb Pa/ilOaKTUBHOTO €JIEMEHTY A - 11€ YHUCIIO SIep, SKI
pO3MasarThes 3a OAHY CEKYHIY:

dN
dt

Ao NTIn2.
b2

Opunnist akTuBHOCTI - O6ekkepens (bk). Ile Taka akTHUBHICTB,
KOJIU BiIOYBA€THCS OJTMH PO3MAJ B CEKYHTY.
Takox BUKOPUCTOBYEThCSI HecucTeMHa oauHuIs Kropi (Ki):

A= =AN,




388

1Ci=3.7-10"Bq.

Radioactive decay process submitted to the displacement laws,
that on the basis of laws of conservation of matter and electric charge
permit to establish the mass number and charge of the nucleus of a
new element which is produced from a - or 3 - decay:

o-decay: 5 X—53Y+;He,

The nucleus of atomic number Z and mass number A at the

decay transforms into a nucleus with atomic number Z-2 and mass

number A-4, is shifted two places to the left in the periodic table of
elements.

At B - decay, the positive charge of the nucleus increases by
one and the nucleus shifts to one place to the right in the periodic

table: B-decay: 2X—,4Y+ Je.

8.6 Nuclear Reactions
Nuclear reactions are processes of transformation of atomic
nuclei at interactions with elementary particles or with each other.
Nuclear reactions are realized as the result of interaction of particles
under nuclear forces.
For the first time Rutherford performed artificial nuclear
reaction in 1919:

“N-+3He—'O+H.

The artificial transformation of nuclei by bombarding them with
a- particles led to the discovery of the neutron. This nuclear reaction
was carried out in 1930 by W. Bothe and G. Becker, and explained it
in 1932 by J. Chadwick:

2 Bet+;He—>PC—>2C+in.

Neutrons have been widely used for nuclear reactions. Nuclear
reactions under neutrons are the most wide spread and are of great
practical use in nuclear power.

The general scheme of nuclear reactions is

X+a—->Y+b,
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1Ki=3,7-10"Bk.

I[1pouec pasioakTUBHOTO PO3MAY MiAMOPSIKOBYETHCS 3aKOHAM
3MIIEHHS, $KI Ha TiACTaBli 3aKOHIB 30€pe)KEHHS PEYOBUHH 1
CJIEKTPUYHOTO 3apsiy, JO3BOJSIIOTH BCTAaHOBUTH MAacOBE YHCIO i
3apsi sApa HOBOTO €IeMEeHTa, IKUH BUHHUKAE TIcIs o, 3 - po3nany:

o - posman: » X—5 5Y+5He.

Snpo 3 aToMHUM HOMEPOM Z 1 MAaCOBUM YHCIIOM A TPH po3naji
HEPETBOPIOETHCS B SIPO 3 AaTOMHUM HOMEPOM Z-2 1 MaCOBUM YHUCIIOM
A-4, ToOTO 3MIIIYETHCS Ha JIBA MICIIS JIBIIIEC B MEPIOAUYHIN cucTeMi
€JIEMEHTIB.

[Tpu B — pos3maai MO3UTHUBHHIA 3apsf sapa 30UIBIIYETHCS Ha
OJIMHUIIIO 1 PO 3MIIIYEThCS HA OJIHE MiCIIE MpaBilllie B MePiOANYHIN
CHCTEMi: B - posman: ; X—>,5Y+ Je.

8.6 Anepni peakuii
SlpepHi peakiii — 1€ MpoIecH TEPETBOPEHHS aTOMHUX sIIEp
IIpU B3a€MOJIII 3 eleMEHTapHUMU YaCTUHKaMH, abo APYr 3 APYrom.
SnepHi peakirii BiOyBalOThCS B pe3yJabTaTi B3a€MOJIT YACTUHOK i1
TEIO SIISPHUX CHUIL.
Brnepie snepny peakuito 3aiiicauB Pezepdpopa B 1919 p. :

14 4 17 1
7N+,He—>; O+ H.
Ityyne mnepeTBOpeHHs sjep npu OomOapayBaHHI iX o —
YaCTUHKAMH TPHUBEIIO JI0 BIIKPHUTTS HEUTpOoHA. TaKy sSepHY peakilito

snificannu B 1930 p. B. bore i I'. bekkep, a nosichuB ii B 1932 p. JIx.
UYengik:

. Be+;He—'C—"2C+.n.

Heiitponu modanu MmMPOKO 3aCTOCOBYBATH JIs MPOBEIACHHS
SAIEPHUX peakiii. SmepHi peakiii mia A€o HEUTPOHIB € HAMOUIBII
MONIMPEHUMH 1 MalOTh BEJIHMKE MPAKTUYHE 3aCTOCYBaHHS B SJICPHIN
€HEepreTHIL.

3aranpHa cxema SIEPHHUX PeaKIliii Mae HACTYITHUN BUTIIS;

X+a—->Y+b,
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where X and Y are the initial and final nuclei,

aand b are bombarding and emissive particles.

It is interesting that ancient alchemists were right. It is possible
to turn chemical elements into gold.

The following reaction proves this fact:

200 1 197 4
s HO+ P—> 5 Au+,He.

Unfortunately, the real process is expected to be very
expensive. Such production of gold would be a dead loss.

During nuclear reactions the basic physical laws are obeyed-—
the laws of conservation of the charge, energy and the mass.

If the nuclear reaction releases energy, such reactions are

exoenergetic. For example:
TH+ILi—>Be—>jHe+;He+Q (Q =17.2 MeV).
Endoenergetic reactions are called the reactions with the
negative energy of a nuclear reaction:
“N+;He—>"SF—>IH+'0—-Q (Q =-5.5 MeV).
The probability of a nuclear reaction is characterized by an
effective cross section o:

dN

° T INdxc
where N — the number of particles incident per unit time per unit
cross-sectional area of substance, which has n nuclei in the unit of
volume;
dN — the number of particles involved in nuclear reactions in
the layer thickness dx.
The unit of effective cross-section: 1 barn = 102®m?.

Nuclear reactions are classified according to the following
criteria:

1. By the nature of the particles involved in nuclear reactions:
under the action of neutrons, charged particles, y-rays.

2. By the energy of particles: with small energies (~ 1 eV) with
neurons; with average energy (up to 10 MeV) with y-quantum and
charged particles; with high energies
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ne X 1Y — [1e moYaTKoBI 1 KIHIIEBI A/Ipa;
aib- 6omGapayBanbHa Ta BUIPOMiHIOBAIbHA YACTHHKH.
[ikaBo, 1m0 cTapojaBHi anxiMiku Oynau TMpaBi, aJKe MOXKIUBO
MEPETBOPUTH XIMIYHI €JIEeMEHTH Ha 30J0T0. HacrymHa peakinis

JIOBOJUTH 1IeH (paKT:

200 1 197 4
soHO+ P> Au+,He,

Haxanp, Takuii peanpbHUN mporec Oyme ayxke moporuM. Take
BUPOOHHUIITBO 30J10Ta OYJ10 6 YMCTUM 30UTKOM.

[lin yac simepHUX peakiiii BUKOHYIOTHCS OCHOBHI (i3MuHi
3aKOHU - 3aKOHH 30epeXeHHs eHeprii, 3apsi1y 1 MacH.

Skuio B pe3ynbTaTi siAepHOi peakilii BUIUISIETbCS €HEpris, TO
Taki peakuii € ek3oeHeprernyHnMu. Hampuxman:

tH+lLi>'Be—>jHer;He+Q  (Q=17,2 MeB).

EnjoeHepreTHYHUMY HAa3WBAIOTBCS peakiii 3 Bl €MHUM

3HAYEHHSM €HEPTii sIepHOl peaKIii:
“N+;He—> F—>H+{0-Q (Q=-5,5MeB).

VIMOBipHiCTb 37iliCHEHHS s/IEPHOI Peakiii XapaKTepH3yeThCs

e(heKTUBHUM NEPEPI3OM C:

dN
c= ,
nNdx
ne N — 91cio 9acTHHOK, 10 MaJar0Th 38 OJWHUI0 Yacy Ha OJJMHHIIIO
IUTOILI MONEPEYHOro Mepepiy peuoBUHH, IKE Ma€ B OJUHMII 00’ €My
n siep;
dN — 4mcii0 YacTHHOK, O OepyTh Y4acTh B SIICpHIN peakiii B

1rapi 3aBTOBIIKH OX.

Onununs edexkTuBHOrO nepepizy: 1 6apu = 1028 M2,

SnepHi peakuii kacu(ikyroTh 3a HACTYITHUMU O3HAKAMU:

1. 3a poom YacTHHOK, 110 OepyTh y4acTh B SACpHIN peakiii:
1] 11€10 HEUTPOHIB, 3apsIKEHUX YACTUHOK, Y — KBaHTIB.

2. 3a eHepri€ld 4acTUHOK: IpU Manux eHeprisx (~leB) 3a
Yy4acTIO HEHUTpPOHIB; mpu cepeaHix eneprisx (no 10 MeB) 3a yuactio
Y — KBaHTIB 1 3aps/PKEHUX YaCTUHOK; IIPU BUCOKHUX EHEPTiAX




392

(10-100 MeV) with the birth of elementary particles that are absent in
the free state.

3. By the kind of nuclei, that take part in reactions: reaction
with light nuclei (A < 50); with medium nuclei (50 < A < 100); with
heavy nuclei (A > 100).

4. By the nature of nuclear transformations: reactions with
emission of neutrons; reactions with emission of charged particles,
capture reactions.

8.7 Nuclear Fission Reactions

Nuclear fission reactions proceed when a heavy nucleus under
the action of neutrons is divided into two lighter nuclei with the
emission of secondary neutrons.

German scientists O. Hahn and F. Strassmann discovered the
nuclear fission reaction in 1938. They found that an uranium nucleus
is divided into two almost equal fragments of Ba and La during
collisions with a neutron. The fission reaction is accompanied by the
release of a large quantity of energy up to 200 MeV order per
nucleus. As a result 2-3 secondary neutrons are liberated during one
act of nuclear fission. The mass number of fragments lies within the
limits from 79 to 165. There are several variants of fission reactions
of uranium. For example:

U+ N Xe+52Sr +2.n.

The unstable fragment '3Xe during three B - decays

transforms into the stable isotope of lanthanum*3)La:
139 B~ 139 B~ 139 B~ (139
., Xe >::Cs > s Ba >, La.
The fission reaction of uranium can be accompanied by the

emission of three neutrons:

235 1 139 94 1
o Ur +, n—>7:Ba+ Kr+3;n.

Nuclei of **U and %*°Pu are divided under the action of fast
as well as slow neutrons, but under the action of slow neutrons

reactions proceed better. Nucleus of 2381 s divided only by the fast
neutrons with energy more than 1.8 MeV.
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(10-100 MeB) 3 Hapo/KEHHSM EIIEMEHTApHUX YACTUHOK, IO
BIJICYTH1 y BUIPHOMY CTaHi.

3. 3a pomom sizep, mo OepyTh ydacTh B peakiii: peakimii Ha
nerkux sapax (4 < 50); Ha cepennix sapax (50 < A < 100); Ha
Bakkux sapax (A > 100).

4. 3a xapakTepoMm SJICPHUX IEPETBOPIOBAHb: peakiii 3
BUITYCKAHHSM HEUTPOHIB, 3 BUITYCKAaHHSIM 3apsPKEHUX YaCTHHOK,
peaKiii 3axXOIJICHHSI.

8.7 SInepHi peakuii mominy

SnepHi peakiii MoaUTy BiOYBAIOTHCS, SKIIO BAXKKE PO ITiJT
JII€0 HEUTPOHIB JIJIUTHCSA HA JBa OLIBIN JIETKI siipa 3 BUAUICHHIM
BTOPUHHUX HEHTPOHIB.

Himenpki Bueni O. Xan 1 @. UltpaccMan BIOKpWIN SAEPHY
peakiito oty B 1938 p. Bonu BusiBUiIH, 0 AP0 YpaHY AUTUTHCS
Ha JBa Maibke piBHI ¢parmeHTH Ba 1 La mixm 4dac 3iTKHEHb 3
HEUTpOHOM. Peakiiist moairy CynpoBOIKY€ETHCSI BUIUICHHSM BEJTHKO]
kinbkocTi eneprii 1o 200 MeB na sapo. Ilporsirom ogHOro akrty
AIEPHOTO TOJUTY 3BUIBHAIOTHCS 2-3 BTOPUHHI HEUTpoHHU. Macose
YHCI0 (PparMeHTIB JIOKUTh B Mexkax Bl 79 mo 165. IcHye nmekinbka
BapiaHTIB MPOTIKAHHS sSAEpHOI peakuii noauty ypany. Hanpuxian:

2 U+ N> Xe+325r +2,n .

Hecrabinpruii GparMeHT oy X€ MmpOTSAroM TpsoX P - po3majis
TIepeTBOPIOETHCA B CTAGITBHMIT i30TOM oyl a :
oXe— L 05— Ba Ll a.
Peakiiiss moainy ypaHy MOXE CYINPOBOJIKYETHCS BUIIUICHHSIM
TPbOX HEHTPOHIB:

23U+ N3 Bat g Kr +34n

235 ) . .
Sapa “"U ta **°Pu ginarees mig miero Sk IIBHAKUX Tak i

MOBUTHPHUX HEUTPOHIB, aje MiJ JI€0 MOBUTFHUX HEHUTPOHIB peakilii
BimOyBaroThca kpame. Smpo U OinMThCS TINBKM NIBUIKUMH
HelTpoHamu 3 eHepriero Oinbm Hix 1,8 MeB.
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The secondary neutrons may produce fission reactions of other
nuclei of uranium, which under certain conditions lead to the
development of the chain fission reaction.

8.8 Chain Fission Reactions

The chain fission reaction of division is a nuclear reaction of
the separation of heavy nuclei by neutrons, resulting in the formation
of secondary neutrons that cause the division of other nuclei with
subsequent progressive increase in the number of acts of division.

The chain fission reaction is of large interest for practical
purpose, because it allows to obtain a great amount of energy.

The theory of the uranium fission chain reaction was developed
by Soviet physicists J. Zeldovich and Y. Khariton in 1939.

The chain reaction is characterized by the coefficient of

reproduction k of neutrons, which is equal to the ratio of number N,

neutrons in a certain generation to the number N, neutrons in the

previous generation: k= N n,
n-1

When k < 1, the number of divisions per unit of time decreases
and the chain reaction is damped. When k =1, the number of fissions
per unit of time is constant and the chain reaction is sustained with a
constant velocity, it is a self-maintained reaction. When k > 1, the
number of fission acts increases exponentially, in this case the
developing reaction occurs and it may become explosive. That is, a
chain reaction is possible, whenk >1.

The coefficient of reproduction depends upon the nature of
fissionable substance, its quantity, dimensions and forms of the active
zone.

The critical mass of fissionable material is equal to the
minimum mass required to carry out a chain reaction. If the mass of
fissionable material is greater than the critical one, then k > 1 and the
chain reaction develops.
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BropuHHI HEHTPOHM MOXKYTh BUKIIMKATH PEAKIIii MOALTY 1HIINX
aaep ypaHy, s[Ki 3a MEBHMX YMOB TIPHBOJAATH [0 PO3BUTKY
JIQHITFOTOBO1 PeaKIIii MoAiTy.

8.8 Jlanuorosa peaxuisi noainy

JlaHitoroBa peakiliss Moy — I sJepHa peakilis MOILTy
BOXKHUX fJep HEHTPOHAMH, BHACHTIJIOK SKOI YTBOPIOIOTHCS BTOPHHHI
HEHTPOHU, $KI BHUKIUKAIOTh IOJAUT IHINMX sIEp 3 HACTYITHUM
IPOTPECUBHUM 3POCTAHHSAM KUIBKOCTI aKTiB MOJILTY.

JlaHIIOrOBa peaKIlisl MOALTY MPECTABIISE BEITUKUHN THTEpeC IS
MPAKTUYHOTO BUKOPHUCTOBYBAHHS, TaK SK JO3BOJISIE OTPHUMYBATH
BEJIMKY KUIBKICTh €Heprii.

Teopiss maHIIOrOBOI peakiii moauTy ypaHy Oymna po3pobieHa
pansHcbkumu ¢izukamu . 3enpaosuueM 1 FO. Xapuronom B 1939 p.

JlaHmoroBa  peakiis — XapakTepU3yeThcs  KoedimieHTOM
PO3MHOKEHHS K HEHTpPOHIB, KM JOPIBHIOE BiIHOMICHHIO KiIBKOCTI

HeliTpoHiB N, B HEBHOMY HOKOIIHHI /10 KibkocTi HelWTpoHiB N, | B

HOoTNepeIHbOMY OKOJIIHHI:
k= N, .
Nn—l

[Ipu k < 1, ymcino MoAiNiB 3a OAMHMIKD Yacy 3MEHIIYEThCS i
JIAHIIOTOBA peakilist € 3aryxatodoro. [Ipu K = 1 uucrmo moginis 3a
OJIMHMIII0O Yacy cTajie 1 JIaHIIOroBa peakiis BiOyBaeTbCcs 3
HOCTIHHOO IIBUJKICTIO, 1€ caMomiaATpuMyroda peakiis. [Ipu k > 1
YHCII0 MOJLTIB 30UIBIIYEThCS €KCIIOHEHLIANbHO, 1 B JAHOMY BUIAAKY
Ma€ MiCIle HapoCTaro4a peakiis, sika Moke cTaTH BUOyxoBoro. ToOTo
JIAaHITIOTOBA PeaKiliss MoxkymBa mpu K >1.

KoedimieHT po3MHOXKEHHS 3aJIeKUTh BiJ IPUPOAM PEUOBHHH,
IO JUTUTBCS, WOTO KUIBKOCTI, a TakoX BiJ po3MipiB 1  ¢opmMu
AKTUBHOI 30HMU.

Kputnuna wmaca pedyoBHHH, 1[0 JUIMTBCS  JOPIBHIOE
MiHIMaNbHII Maci, TOTpiOHIN [uId 371MCHEHHS JaHIIOrOBOT peaKiii.
SIk1io Maca pedoBHHHM OiTbllia, HiXK KpUTHYHA, TO K > 1 1 JaHIOroBy
peaKIlisi pO3BUBAETHCS.
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There are controllable and uncontrollable chain reactions. The
explosion of an atomic bomb is the result of the uncontrollable chain
reaction. The nuclear charge of an atomic bomb consists of the two

separate parts of “**U, mass of which is less then critical one. As a

result, chain reactions doesn’t occur. If these two parts are united
together, for example with the help of a simple explosion, uranium
mass becomes bigger than critical one, the explosion chain reaction
elaborates. As a result of the atomic bomb explosion, a large amount
of energy is released.

Controllable nuclear reactions are used in nuclear reactors.

8.9 Nuclear Reactor

Controllable chain nuclear fission reactions with a regulated
fission rate occur in nuclear reactors which are widely used for
energy production in nuclear power stations.

For the first time the Italian physicist E. Fermi created the
nuclear reactor in 1942. In USSR the nuclear reactor was developed
under the guidance of I. Kurchatov in 1946, and the first nuclear
power station with power 5MW was constructed in 1954,

Fissionable elements *3>U, 22Pu, 32U are used now as
nuclear fuel. Uranium is mostly useable. The natural uranium

contains mostly two nuclides®:Uand®>U. The principal part of

natural uranium consists of isotope >5;U , which only fissions under

the action of fast neutrons. Nuclide ?5U fissions by both fast and

slow neutrons (thermal) and is found in natural uranium in a very
small amount ~ 0.7%. The fission reaction on slow neutrons is better.

So, the enriched uranium 23U with a concentration of 5% is used as
a fuel for the nuclear reactor.

One of the possible reactions of uranium 23U fission is the
reaction that occurs according to the following scheme:
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IcHyroTh KepoBaHI i HEKEpOBaHI JIAaHIIOrOBI peakuii. BuOyx
aTOMHOI OOMOM — pe3yJbTaT HEKEPOBAaHOI JIAHITIOTOBOI peakIlii.
Snepuuii 3apsa aTOMHOI O0OMOM CKIIAA€THCS 3 TBOX BIJOKPEMIICHHX

yactTuH 2*U, Macu SKMX MEHII 3a KPUTHUYHY. BHacIiloK 4oro

JIAHITIOTOBA PeaKilisi He Bi0yBa€eThCs. SIKIO 111 B YaCTUHU 3’ €THATH
pa3oM, HaMpUKIaa 3a JOMOMOIOI 3BUYAHOTO BHOYXY, Maca ypaHy
cTae OLIbpIe 3a KPUTHYHY 1 PO3BHBAETHCS BUOYXOBA JIAHIFOIOBA
peakiis. B pe3ynprari BUOyXy aroMHOI O0OMOM BUAUISETHCS BETHKA
KUTbKiCTh eHeprii. KepoBaHi NaHIIOrOB1 peakilii BUKOPHUCTOBYIOThCS
B SIJICPHUX PEaKTOPaAX.

8.9 Anepumii peakrop

KepoBani  maHioroBi  peakmii  simepHOTO  MOALTY 3
pPEerylbOBaHOK IIBHUJKICTIO TMOAUTY BiIOYBAarOThCS B  SIEPHHUX
peakTopax, SKi IMUPOKO BHUKOPUCTOBYIOTHCS JUISS BUPOOHHIITBA
eHeprii Ha aTOMHUX €JIeKTPOCTAHIIISIX.

B 1942 p. iramiicekmii ¢izuk E. ®epmi Bmepiie CTBOPHB
anepuuii peaktop. Y CPCP snepuuii peaktop OyB BBEACHHII B JIif0 B
1946 p. ming kepiBauurBoMm . KypuaroBa, a B 1954 p. Oyna

no0y0BaHa Mepiia aTOMHA eJIEKTPOCTAHIIS MOTYKHICTI0 5 MBT.
. 235 239 232
Enementn noxiny “5,U, “,Pu, “30U BHKOpHCTOBYIOTBhCS SIK
anepHe nanuBo. HaiiGunbin BuUKOpuUCTOBYeThCs ypad. Ilpuponnuit

. : 238 . 235
ypaH MICTUTh HEpeBaXHO JBa Hykmgum 4,U i “,U. OcHoBHa

. 238 .
9qacTHHA MPUPOJHOTO YpaHy CKIQJAEThCS 3 HYKIny “o,U, sxuid

PO3ILIETUTIOETHCA JIUIIE T 1€ MBUAKUX HEUTpoHiB. Hykimi 2325 U

PO3IIEITIOETHCS K IIBUJKUMHU, TaK 1 TMOBUIBHUMH (TEIJIOBUMH)
HEUTpOHAMH Ta 3HAXOJIUTHCA Y NMPUPOAHOMY ypaHi y Jyxe Mauii
kutbkocTi ~ 0,7%. Peakmis momiry Ha TOBUIRHUX HEHUTpOHAX
BilOyBaeThcst  Kpame. ToMy B AKOCTI  SJIEPHOTO  IalMBa

~ 235
BUKOPUCTOBYIOTH 30araueHuii ypan “3,U no koHneHTparii 5%.
. cu : 235 :
OnHi€r0 3 MOXIIMBHX peakiiil moairy ypany “5,U € peaxuis,
sIKa BiJOYBa€THCS 32 TAKOIO CXEMOIO:
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235 1 236 137 97
U+ N> U Tet, Zr+2n.

Let’s consider the principle of an operation of a nuclear reactor
with the slow neutrons. The scheme of the nuclear reactor is shown in

Fig. 8.3

I R

Figure 8.3

The main parts of the nuclear reactor are: fuel rods — heat-
generating fuel elements (1), moderator (2), coolant (3), reflector (4),
control rods (5).

235

Fuel elements contain nuclear fuel - uranium “;,U and are in

moderator environment. To slow the neutrons a moderator containing
the substance with light atoms is used — graphite, beryllium, heavy
water. Fuel elements are heated as a result of the fission chain
reaction. A cooler (gas, water) is used to cool the fuel rods and
transfer thermal energy to the generator. The active zone of a nuclear
reactor is surrounded by a reflector that reduces neutron leakage.

The chain reaction is controlled by means of special control
rods made of materials that strongly absorb neutrons. The materials
of control rods are boron and cadmium. The chain reaction is
developed when control rods are put out, when control rods are put in
the chain reaction stops.
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235 1 236 137 97
U+ N> U Tet, Zr+2n.

PosrnsiHeMo mpwHOMO Iii SASPHOTO peakTopa Ha IMOBLIBHUX
HeliTpoHax. Cxema sIepHOro peakTopa 300pakeHa Ha puc. 8.3.

7

I R R
Pucynoxk 8.3

['00BHUMH YacTUHAMHU SJIEPHOTO peaKkTopa €: MaluBHI
CTep)KHI — TETUIOBHIUISIOUl eneMeHTH (TBenw) (1), croBiIbHIOBaY
(2), oxonomxkysad (3), BinOuBau (4), kepyrodi cTpuxHi (5).

TennoBUAUISAIOYl €JIEMEHTH MICTITh SJAEpPHE MAJIMBO — ypaH
2 . . .

PUi 3HAaxomATbCA B CEPENOBHIN  CNOBibHIOBaua.  Jlyist

VIOBUIBHEHHSI ~ HEUTPOHIB  BUKOPHUCTOBYETHCS  CHOBUIbHIOBAY,
MaTepiajioM SIKOTr0 € PEYOBHHH 3 JIETKUMHU siipaMu — rpadit, 6epuiiii,
BaXKa BoJa. TeIUIOBUIUISAIOYl €JIEMEHTH pO3IrpiBaloThCsi B
pe3ysbTaTi JIAHIIOroBOi peakiii moauny. Jlias 0X0noaKeHHs TBEMIB 1
nepegavl  TEIJIOBOi €Heprii [0 TeHeparopa BUKOPHCTOBYIOThH
OXOJIOKYBa4 (Ta3, BOJA).

AKTHBHA 30Ha JIEPHOTO peakTopa OTOYeHa B1AOMBaYeM, KU
3MEHIIIY€ BUTIK HEHTPOHIB.

KepyBaHHs  JAHIIOTOBOIO  PEAKI[IEl0  3/IMCHIOETHCS — 3a
JIOTIOMOTOI0  CHIEIialIbHUX KEepYIOUUX CTPIKHIB 3 MaTepialiB, IO
CIIIFHO TIOTJIMHAIOTh HEHUTpOHHM. MarepianaMu sl KepyHOUuux
CTPMXHIB € Oop 1 kKaamii. JlaHIroroBa peakiis BiTOyBa€eTbCs, SKIIO
Kepyloul CTPHXHI BHJAJICHI. SIKIIO BOHU OITYCKAaIOTBCS, PEaKIIis
3YIUHSETHCS.
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Nowadays the nuclear power engineering is highly developed
in many well developed countries, it is the cheapest and the most eco-
friendly way of receiving electrical energy.

8.10 Nuclear Fusion

A nuclear reaction of synthesis of light atomic nuclei in which
a heavier nucleus is formed with the release of big value of energy is
called nuclear fusion. Synthesis reactions of atomic nuclei occur at
very high temperatures of ~ 10’ K and are therefore called
thermonuclear reactions. Under such conditions any substance can
exist only in the form of high-temperature plasma. Thermonuclear
reactions occur in the star depth. This reactions might be the base
source of energy of radiation of stars and the Sun.

The energy released per nucleon in these reactions is much
greater than in fission reactions of heavy nuclei. The emission of
energy during nuclear fusion is ~ 3.5 MeV/nucleon, when in fission
reactions the energy equals 0.85 MeV/nucleon.

At first uncontrollable thermonuclear reaction was received in
hydrogen bomb in USSR (1953), in which the nuclear fusion reaction
was realized:

TH+3HHergn +17.6MeV .

The explosive substance was the mixture of deuterium and
tritium. The required temperature was received during the explosion
of the atomic bomb.

The basic problem of a controlled thermonuclear reaction is the
formation and storage of high-temperature plasma in the working
volume. So, in 1950, Soviet scientist A. Sakharov and I. Tamm
introduced the idea of maintenance of high-temperature plasma with
the help of a strong magnetic field. This method is most effective for
thermal insulation of plasma. That is why the efforts of scientists all
over the world today are aimed at the implementation of controlled
thermonuclear fusion, which can become a practically inexhaustible
source of nuclear energy for humanity.
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Ha cporomni aroMHa eHEpreTHKa MIMPOKO PO3BHUBAETHCA Y
0araTbOX BHCOKO PO3BHHYTHX KpaiHax, BOHA € OJIHUM 3 HaWOUIbII
JENICBHX 1 €KOJIOTIYHO YHCTHX CIIOCO0IB OTPUMAHHS EIEKTPOSHEPTii.

8.10 SInepumii cuuTe3

SlnepHa peaxiisi 3JIUTTS JISTKUX aTOMHHX SJep 3 YTBOPEHHSM
OUTBII BAXKUX SJ€p, B pE3yIbTaTi sKOI BHIUISETHCS BEJIMKA
KUIBKICTh €HEPrii, HAa3MBAETHCS SACPHUM CHHTE30M. Peakilii cuHTe3y
ATOMHIX si7Iep BiIOyBAIOTHCS 3a TyXke BHCOKHX Temmeparyp ~ 107 K
1 TOMYy Ha3MBaIOTHCS TEPMOSJICPHUMHE peakitisimu. [Tpu Takux ymoBax
Oyap-fika  pedyoBMHA MOXKE ICHYBaTH JIMIIE Yy  BHUIJILII
BHUCOKOTEMIIEpaTYpHOI Mmia3Mu. TepMmosiaepHi peakiii BiiOyBaroThCs
B NMOWHAX 3ipoK. MOXJIHMBO, IIi PEaKIiii € TOJIOBHUM JKEPEIIOM
eHeprii BunpoMiHtoBaHHs CoHIIS 1 31pOK.

Enepris, sika BUIUISETHCS HA OAWH HYKJIOH MPH IIUX PEaKIisX,
3HaYyHO OuIbIAa, HIK B peaklisX MOAUTy BaXKKHX  sep.
EneproBuaineHHs npu peakiii cuHTe3y ckianae ~ 3,5 MeB/nyxkion,
TOJ1 SIK MPH peakiii moAiny Baxkux saep ~ 0,85 MeB/HykioH.

Brnepiie HekepoBana TepMosiZiepHa peakilisi Oyna 3/aiiicHeHa y
BonHeBi 6om61 B CPCP (1953 p.), B skiii Oyna peanizoBaHa
HACTYITHA PEaKIlis SAEPHOTO CHHTE3Y:

2H+3H—>,He+,n+17,6MeB.

BuOyxoBoto pedoBHHOIO Oyna cywmill AelTepito 1 TpUTIiIO, a
HEeOoOXiJJHa JIJIs1 TepMOSIEpHOI peakiii Temrneparypa Jaocsraiach npu
BUOYXy aTOMHOI O0MOH.

OCHOBHOIO 3aJauero JJIs 3/11HCHEHHsI KEPOBaHOI TEPMOSIEPHOL
peakiii € yTBOpeHHS 1 30epeKeHHs BUCOKOTEMIIEPATYPHOI IUIa3MH Y
pobodyomy 06’emi. Tak B 1950 p. paasacbki Bueni A. Caxapos i L.
Tamm 3amoyaTkyBajiu 11€0 YTPUMaHHS BHCOKOTEMIIEPATYpPHOT
IUIa3MHU 32 JIOTIOMOTOI0 CHJIBHOTO MarHiTHoro moisi. Takuii Meton €
HalOUIbI eeKTUBHUM i1 TepMOI30JisLii Mmia3Mu. TomMy ChbOroJH1
3yCHJUISI BYEHHX YChOTO CBITY CHpSIMOBaHI Ha 31MCHEHHS
KEPOBAHOI'O TEPMOSJIEPHOIO CUHTE3Y, SIKMM MOXE CTaTU NMPAKTUYHO
HEBUUEPITHUM JKEPEJIOM SJIepHOI eHeprii Is JH0ACTBA.
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8.11 Elementary Particles

Elementary particles are undivided particles which have no any
intrinsic structure.

Now we know about 400 elementary particles. More of them
are unstable. Elementary particles can be transformed into other
particles when they collide. Elementary particles have mass, electric
charge, spin and other quantum characteristics. Special particles
called antiparticles correspond to each elementary particle. A particle
and the corresponding antiparticle have the same mass, spin and
lifetime. But the electric charge and magnetic moment of this pair of
particles are opposite in sign.

The process of interaction of a particle and an antiparticle is
called annihilation. The formation of y-quanta or other particles is the
result of annihilation. For example, annihilation of an electron and a
positron is accompanied with the transformation of these particles
into two y-quanta:

e'+e —2y.

These interactions are characterized by constant of interaction
and average life time or characteristic time of transfer. Constant of
interaction characterizes the intensity of the interaction between
elementary particles. It is the dimentionless value, which determines
the probability of interaction processes. There are four types of
fundamental interactions between elementary particles: a strong
interaction, an electromagnetic, a weak and a gravitational ones.
Table 8.1 shows the comparative description for the four types of
fundamental interactions.

Table 8.1
Type of Constant of Average Radius of
interaction interaction lifetime, s interaction, m
Strong 10 10 107
Electromagnetic ~10” 107° %
Weak ~10™ 10™...107" 107"
Gravitational ~10% - o
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8.11 EnemeHnTapHi 4yacTHHKH

EneMeHTapHi YaCTMHKU - HENOJIbHI YaCTUHKH, SIKI HE MalOTh
HISKOT BHYTPINIHBOI CTPYKTYpH. 3apa3 Bimomo Osmsbko 400
€JIEMEHTApHUX YaCTHUHOK. bBIIbIIICTh 3 HUX € HECTIHKHMH.
EnemeHTapHi YacTUHKM MOXXYTh IEPETBOPIOBATHUCH B iHINI NpHU
3ITKHEHHsX. EneMeHTapH1 4acTKu MaloTh Macy, eJIeKTpUYHUHN 3aps/l,
CHiH 1 iHII KBaHTOBI XapakTepucTHKH. KoXHIN eneMeHTapHiH
YAaCTHHII BIANOBIAAIOTh CcHELiaJbHI YACTUHKH, IO Ha3UBAIOThCS
AHTUYAaCcTUHKaMU. YacTWHKA 1 BIANOBiHA AHTHYACTHHKA MAlOTh
OJIHAKOBY Macy, CIIIH 1 4Yac XUTTS. Ale eJIeKTPUYHUN 3apsan 1
MarHiTHUA MOMEHT IIi€i Tapy YaCTUHOK MPOTUIICXKHI 32 3HAKOM.

[Ipouec B3aemojii YAaCTUHKH 1 AHTHUYACTHHKU HA3UBAETHCS
a”irismiero. B pe3ynpTari aHIrUIANT yTBOPIOIOTBCS Y - KBaHTH a00
IHIII YacTUHKW. Hampukian, aHITUIAIS €JIEKTpPOHAa 1 IO3MTPOHA
CYIIPOBOJIKYETHCS MEPETBOPEHHSIM [IUX YACTUHOK Ha J[BA Y-KBAHTA!

e'+e —2y.

B3aemoniss  eneMEHTapHHX  YaCTHHOK  XapaKTEPH3YETHCS
KOHCTAaHTOIO  B3a€MOJMii 1  CepeaHiM  YacoM  XHUTTS  abo
XapaKTepUCTUUYHUM 4YacoM mepexony. KoHctanta B3aemonii
XapakTepu3ye 1HTEHCUBHICTh B3a€EMOJII eJeMeHTapHuX 4acTok. Lle -
0e3po3MipHa BEIMYMHA, 10 BHM3HAYa€ IMOBIPHICTH TPOIECIB
B3aemonii. IcHye dotupu BuaM (yHIAMEHTANIBHHUX B3AEMOIIN
eJIeMEHTapHUX YaCTOK: CHJIbHA B3a€EMO/IIS, €JIEKTPOMAarHiTHa, ciiadka
1 rpaBitaniiiHa. B tabn. 8.1 HaBeeHO MOPIBHAIBHY XapaKTEPUCTUKY
YOTHUPHOX BUAIB QyHIAMEHTAIIHUX B3a€MOIIN.

Tab6mums 8.1
Tun B3aemonii Koncranra | Cepenniit uac Paniyc
B3aeMOJIi1 JKHUTTS, C B3a€EMOJIIT, M
CunbHa 10 105 10"
EnextpomarniTHa ~10” 10°"® o0
Cnabka ~10™ 10™...10" 107
['pasiTariiina ~10% - 0
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The strong interaction exists between nucleons in a nucleus. It
is characterized by the higher constant of interaction k ~ 10. The
radius of interaction is r ~ 10> m. The strong interaction is the
reason for existence of stable elements in nature.

The strong interaction between two nucleons is caused by
exchange particles being called mesons.

The electromagnetic interaction is weaker than the strong

interaction. The constant of interaction equals ~107. The radius of
interaction is unlimited r =oo. The electromagnetic interaction exists
between the electron and the nuclear, between atoms in the molecule.
The exchange particle of the electromagnetic interaction is a photon.

The weak interaction is responsible for the processes of B -
decay of nuclei, decay of particles and the interaction of neutrinos
with substances.

The constant of interaction is of small value ~ 10™°, the radius
of interaction is of the order of r ~10™¥m.

The gravitational interaction is the weakest interaction. The
constant of interaction is of the order of ~ 10™. The radius of
interaction is unlimited r =co.

The gravitational interaction exists among all particles. The
relative part of this type of interaction is very small and it is
negligible one.

Elemental particles are classified according to their properties
and characteristics. There exist four types of elementary particles:
photons, leptons, mesons, baryons. All elementary particles are
divided into weakly interacting (leptons) and highly interacting
(hadrons - mesons, baryons). The table 8.2 presents the groups of
elementary particles and their basic characteristics.

In addition to these types of elementary particles, there are
short-lived particles with a strong interaction, which are called
resonances. These particles correspond to the resonance states being
formed as a result of the interaction of several particles. The average
lifetime of resonances is of the order of ~ 102 — 10 s. The physical
nature of resonances is unknown today.
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CunbHa B3aeMofis iCHye MK HYKIOHaMH B sapi. Bona
XapakTEPU3YEThCS HANBHUINOK KOHCTaHTO B3aemoii K ~ 10. Pamiyc
B3aemonii ckmagae r ~ 107%° M. CuibHa B3aeMOmis € MPUYHHONO
ICHYBaHHS CTIMKHX €JIEMEHTIB B IIPUPO/II.

CunpHa B3a€EMOJIS MDK JBOMa HYKJIOHAMHU 3iHCHIOETHCS
YaCTUHKaMH OOMIHY - ME30HAMHU.

EnexTpoMartiTHa B3a€MOIisI CIa0KiIna, HK CHIbHA B3a€MOIIS.

KoHcTranTta B3aemomii € MOpSAKY ~1072, Panmiyc B3aemognii
HEOOMEXKEeHHI I =co. EnekTpoMarHiTHa B3aEMOJIS ICHYE MK
CJICKTPOHOM 1 SIpOM, MiX aroMamMud B MoJekym. OOMiHHOIO
YACTUHKOIO €JICKTPOMArHiTHOI B3aeMOii € (hOTOH.

Crnabka B3aeMOJisl BIAMOBiJaNIbHA 3a TporecH B - po3mamy
a1ep, po3mnay YaCTHHOK 1 B3a€EMOJIi1 HEUTPUHO 3 pEUOBUHAMMU.

Iocrifia B3aemouii Mae ManeHpke 3Hauenus ~ 1070, paniyc
B3a€MO/II1 € OPSAIKY I ~ 1078 .

['pasirtaiiiina B3aemMois - HalcimaOkima B3aemonis. Koncranra
B3a€MOJII € MOPSAKY ~107°, Paniyc B3aemonii HeoOMexeHH I =o0.
['paBiTaniiina B3a€EMOMist iCHye MK BCiMa 4YacTMHKaMu. BimHocHa
YacTWHA I[bOTO BHJIy B3a€MOIl OyXe HE3HayHa 1 HE MOXKHA
3HEXTYBATH.

KnacugikyroTs enemMeHTapHi YaCTMHKH 3a iX BIJIACTUBOCTSIMH 1
XapaKTePUCTHUKAMHU. ICHYIOTh YOTHUPH TPYNU  EJIeMEHTapHHX
YaCTUHOK: (DOTOHH, JIEMTOHM, ME30HM, OapioHH. Bci enemeHTapHi
YACTUHKHM TOJAUIAIOTHCS Ha CJIa00B3a€MO/III0Ul (JIEITOHU) 1 CHIIBHO
B3aeMOAI0Yl (aApoHH — Me30HH, Oapionu). B Tabn. 8.2 HaBenmeHi
TPYIH eIEMEHTAPHUX YACTHHOK Ta 1X OCHOBHI XapaKTCPUCTUKH.

KpiM 1mux BHIIB €JIEMEHTapHUX YaCTUHOK  ICHYIOTb
KOPOTKOKHBYY1 YaCTHHKH 3 CUJIBHOIO B3a€EMOJIIEI0, K1 Ha3UBAIOThCS
pe3oHancamu. [li 9aCTUHKM BiMOBIJAIOTh PE30HAHCHUM CTaHaM, SIKi
YTBOPIOIOTBCSI B pe3yJbTaTi B3a€EMOJII  JIEKUIPKOX YacCTHHOK.
Cepenniii yac iCHyBaHHS pPE30OHAHCIB CTaHOBUTH  MOPSIKY

-23 —22 . . .
~10" -10™c. @i3uyHa OpHUpPOAAa PE30HAHCIB HA CHOTOJHI e
HEBioMa.
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Table 8.2
Group Particle Symbol | Rest | Charge | Spin | Average
mass lifetime,s

Photon Photon Y 0 0 1 stable
Leptons Electron e 1 -1 1/2 stable
Positron e’ 1 +1 1/2 | stable
Neutrino Ve 0 0 1/2 stable
Antineutrino v, 0 0 1/2 stable
Muon w 206.8 | +1 12 | ~10°
(u-meson) W 206.8 -1 1/2 ~10°
Mesons | m-meson 0 264.2 0 0 ~107"
(pion) I 2732 | +1 0 ~10°
m° 273.2 -1 0 ~10°
k-meson k* 966.5 | +1 0 ~10°
k 966.5 | -1 0 ~10"
K’ 974.8 0 0 ~10™"
KO 974.8 0 0 ~107"
Baryons Proton p 1836.1 +1 1/2 stable
Antiproton p 1836.1 -1 1/2 stable
Neutron n 18386 | O 1/2 ~10°
Antineutron n 1838.6 0 1/2 ~10°

Lambda
hyperon A0 2182 0 1/2 | ~10"°
Sigma >0 2324 0 12 | ~10"

hyperon
> 2327 +1 172 | ~10"
> 2341 -1 172 | ~10™
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TaOymms 8.2
I'pyna YactuHka Cum- | Maca | 3apsan | Cmin | Cepenniii
BOJI CIIOKOIO qac iCHy-
BAaHHI,C
®dotonH ®dotonH Y 0 0 1 CTIMKHH
Jlenro- Enextpon e 1 -1 1/2 CTilKui
HU ITositpon e’ 1 +1 1/2 CTIMKUIA
Hefitpuno Ve 0 0 1/2 CTIAKHI
AHTIHEHTPIHO | v, 0 0 1/2 CTIMKHIA
MiooH uw | 206,8 +1 1/2 ~107°
(L-Me30H) W 206,8 -1 1/2 ~10°
Meso- TT-ME30H P 264,2 0 0 ~107P°
HU (o) 0 273,2 +1 0 ~10°
n | 2732 -1 0 ~10"
k-me30H kK" | 9665 | +1 0 ~10°
k | 9665 -1 0 ~10"
kK | 9748 0 0 ~10"
Ko | 9748 0 0 ~10"
bapio- [Iporon p 1836,1 +1 1/2 CTIHKHI
HU
AHTIIPOTOH p 1836,1 -1 1/2 | criiikunit
Heiitpon n | 18386 0 1/2 ~10°
Amnrineiitpon | N | 1838,6 0 1/2 ~10°
JIamOma
rimepon A0 | 2182 0 1/2 ~10"°
Cirma rinepon | 3° 2324 0 1/2 ~10"
> | 2327 +1 1/2 ~10™
- | 2341 -1 1/2 ~10°




408

Control Questions
Elements of Nuclear Physics

1. What does an atomic nucleus consist of?

2. What is binding energy and mass defect?

3. What are the properties and nature of nuclear forces?

4. What is called radioactivity?

5. Formulate the law of radioactive decay.

6. What are nuclear reactions and what are their types?

7. What is a chain fission reaction?

8. Explain the principle of operation of a nuclear reactor.

9. What is nuclear fusion?

10. What are the properties and types of elementary particles?
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KoHTpoJsbHi 3anuTaHHs
EnemenTu sinepHoi ¢gizuxku
. 3 4Oro CKJIaJIa€ThCA aTOMHE p0?
. o Take enepris 3B’s13Ky Ta AeheKT Macu?
. SIki BIaCTUBOCTI 1 IpUPOAA SACPHUX CHII?
. lllo Ha3uBaeThCs PagiOaKTUBHICTIO?
. ChopmymroiiTe 3aK0H paJioOaKTHBHOTO PO3MAY.
. Illo Take simepHi peakiii 1 siKi X BUIW iICHYIOTBH?
. llTo Take maHIrOroBa peaxilis MoaAuTy?
. [TosicHiTh pUHIIKIT pOOOTH AAEPHOTO PEaAKTOPA.
. o Take snepuuii cunTe3?
10. SIki B1aCTHBOCTI 1 BUAM €IEMEHTAPHUX YaCTUHOK?

O 00 1N DN K~ W —
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Subject Index
IIpenmMeTHUIT MOKAKINK

Absorption of light 168
Absorptance (spectral absorptive
ability) 168

Acceptor level 340
Acceptor 338
Acoustics 94
Alpha-decay 382
Annihilation 402
Antineutrino 406
Antiparticle 402
Atomic bomb 396
Atomic spectrum 208

Band theory of solids 318
Barion 404

Binding energy of nucleus 376
Becquerel 386
Beta-decay 382

Bohr's postulates 212
Bohr’s theory 212

Bohr’s magneton 262
Boson 288

Bouger’s law 366
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Brewster’s law 160
Balmer’s series 210
Balmer’s formula 210

Coefficient of reproduction 394
Coherency 124

Chain fission reaction 394
Charge carriers mobility 342
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3parHicTs 169
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3akon byrepa 367
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dopmyna baimemepa 211
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KorepenTnicts 125
Jlantrorosa peakitist moiry 395
PyxnuBicTh HOCIB 3apsny 343



Compton’s effect 192
Conduction band 342

Cooper pair 316
Corpuscular-wave dualism 198

Crystal grating 154
Critical mass 394
Critical temperature 312
Cutoff wavelength of
photoconductivity 352

Damped oscillations 38
de Broglie formula 228
Debye’s law 308
Degenerated gas 288
Degeneracy temperature 290
Dielectrics 324
Diffraction grating 148
Diffraction of light 134
Donor level 340
Doppler’s effect 106
Dulong-Petit law 300

Einstein’s equation for external
photoeffect 184

Einstein’s theory of photoeffect
184

Elastic wave 82

Electron conductivity 336
Electron work function 184
Electron-hole junction (p-n
junction) 344

Electronic work function 184
Elementary particle 402
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Edext KomnTona 193

3oHa npoBigHOCTI 343
Kymnepiscoka mapa 317
KopnyckynsipHO-XBUILOBUIA
myamizm 199

Kpucraniyna rpatka 155
Kputnuna maca 395
Kputnuna temmneparypa 313
YepBoHa rpaHuIs
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3aryxaroui KonuBaHHA 39
®opwmyna [le bpoits 229
3akon Jlebas 309
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185
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[TpoBignicTs enexkTpoHHa 337
PoGota Buxony enextpona 185
EnextpoHHO-AIpKOBUI NIEpexif
(p-n mepexim) 345

PoGota Buxomy enexrpona 185
Enemenrapna yactunka 403



Emission ability 164

Energetic band 322

Energy flux density 118

Energy of an electromagnetic
wave 118

Energy of binding of nucleons in
the nucleus 376

Excitone 354

Extrinsic semiconductors 336

Fermi energy 290

Fermi level 290

Fermion 286

Fluorescence 356

Forbidden band (band gap) 324
Forced oscillations 44

Franck and Hertz’s experiments
214

Fraunhofer’s diffraction 134
Fresnel’s diffraction 134
Fresnel’s zones method 134
Function of distribution 284

Hadron 404

Half-life 386

Harmonic oscillations 16
Hemphrey’s series 210

Hole conductivity 336
Huygens-Fresnel’s principle 134

Hydrogen atom 220
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BunpomiHioBasibHa 31aTHICTh
165

Eneprernuna 3ona 323

I'yctuna notoky eneprii 119
Enepris enekTpoMaruitHoOi XBHII
119

Enepris 3B 3Ky HYKJIOHIB Yy siApi
377

Excuton 355

JloMiIIKOBI HaIiBIPOBITHUKH
337

Eneprisa ®@epmi 291

PiBenp ®depmi 291
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®dnyopecuenis 357
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Hocmign ®panka i ['epma 215
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Anpon 405
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Cepis Xemppi 211

JipkoBa nposinHicTs 337
[Tpunnumnu I'rolirenca-Openens
135

AtoM BomHIO 221



Ideal black body 168

Impurity conductivity 336
Impurity level 340

Impurity photoconductivity 340

Induced radiation 362
Integral emission ability164

Intensity of sound 96
Interference 124

Intrinsic conductivity 330
Intrinsic photoconductivity 350
Intrinsic semiconductors 330
Isobars 374

Isomers 374

Isotones 374

Isotope 374

Kirchhoff’s law 170

Laser 364
Law of radioactive decay 384

Lepton 404
Luminescence 356
Lyman’s series 210

Magnetic quantum number 260
Magnetic spin quantum number
264

Main quantum number 260
Malus’ law 160

Mass defect 376
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AGcomoTHO yopHe Tiio 167
HowmimkoBa mpoBiaHicTh 337
JomimkoBuii piens 341
JomimmkoBa (oTOnpOBIIHICTH
341

Bumyiene BUpoMiHIOBaHHSI
363

[HTerpabHa BUIPOMIHIOKOYA
31aTrHicTs 165

InTencuBHicTh 3ByKa 97
Iarepdepenmis 125

Bnacha npoBignicTs 331
Brnacna ¢oronposinHicTs 351
Brnachi HamiBnpoBigauku 331
[306apu 375

I3omepu 375

I30ToHU 375

I30Tomm 375
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Jlazep 365

3aKoH Pa/ll0aKTUBHOTO PO3Maay
385

Jlenrron 405

Jlrominecuentis 357

Cepis Jlaiimana 211

MarsxiTHe KBaHTOBE 4HCIIO 261
MaruiTHe CIIiHOBE KBaHTOBE
qpcio 265

I'onoBHe kBaHTOBE yucio 261
3akon Mamroca 161

Hedexr macu 377



Mass number 372
Maxwell’s equations 108
Metals 324

Meisner’s effect 314
Meson 380

Muon 380

Natural light 158
Neutrino 406

Neutron 372

Nuclear fission reaction 392
Nuclear forces 378
Nuclear fusion 400
Nuclear reactions 388
Nuclear reactor 396
Nucleon 372

Nucleus of atom 372
Nuclides 374

Optical path difference 126
Optical pyrometry 174
Optical resonator 368
Orbital quantum number 260
Oscillatory contour 54

Paschen’s series 210
Pauli’s principle 270
Pfunda series 210
Phase space 284

Phase velocity 88
Phonon 296
Phosphorescence 356
Photoelectric effect 178
Photoluminescence 356
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Macose uucio 373
PiBusaHsa Maxkcseia 109
Mertanu 325

EdexT Meiicaepa 315
Me3son 381

Miroon 381

[Tpupoaue cBitio 159
Heiirpuno 407
Hetitpon 373

Peaxuis ssmeproro moximy 393
Snepni cum 379
Snepuwnii cunres 401
Snepni peakmii 389
SAnepunii peakrop 397
Hyxnon 373

SAnpo atoma 373
Hyxminu 375

Onrtuyna pisHULg Xoxy 127
OnTuuna nipomertpis 175
Ontuynuii pe3onarop 369

OpOiTanbHe KBaHTOBE YHCIO 261

KonuBanbHuit KOHTYp 55

Cepis [lamena 211

[Mpunmun [Taymni 271

Cepis @ynaa 211

dazoBwuii mpoctip 285
®da3oBa mBHUAKICTL 89

®donon 297

dochopecuentris 357
dotoenekrpuunuii edpexr 179
doromominecueHIis 357
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Physical Pendulum 26
Plane-polarized wave 158
Plank’s formula 172
Polarization of light 156
Polarizer 160

Population inversion 368
Positron 402

Pressure of light 190
Proton 372

Pumping 368

Quality of oscillatory system 44

Quantum 172

Quantum mechanics 226
Quantum numbers 258
Quantum statistics of Bose-
Einstein 286

Quantum statistics of Fermi-
Dirac 286

Radioactive decay 384
Radioactive decay law 384

Radioactivity 382
Recombination 360

Resonance of voltages 78
Resonances 404

Roentgen 152

Rutherford’s model of atom 204
Rydberg’s constant 210

Saturation current 348
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®i3uyHMi MasTHUK 27
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[Tozutpon 403

Tuck cBitia 191
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Hakauka 369

J1oOpOTHICTH KOJIMBAITLHOL
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Ksant 173

KBanroBa MexaHika 227
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Enmrretiina 287
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PanioakTuBHMI po3nax 385
3aKoH pa/liocaKTUBHOTO PO3MATy
385

PamioaxktuBHicTs 383
Pexomb6inaris 361
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Pesonancu 405

Pentren 153

Monens atroma Pesepdopma 205
Crana Pin6epra 211

Crtpym HacuueHHs 349



Schrodinger’s equation 238
Semiconductor
photoconductivity 350
Semiconductors 330

Sound 96

Sound waves 94

Sound location 104
Spectral lines 208
Spectrum of electromagnetic
waves 120

Spin 264

Spin quantum number 264
Spontaneous emission 362

Spring pendulum 22
Standing wave 90
Stephan-Bolzman’s law 172
Stokes’ rule 358

Stoletov’s law for external
photoeffect 182

Strong interaction 404
Superconductivity 312
Superposition principle 236

Thermal radiation 164
Thermonuclear reaction 400
Thomson’s model of atom 204
Thomson’s formula 58
Transverse wave 82

Traps 360

Travelling wave 86

Tunnel effect 250

Ultrasound 94
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PiBusinus lpeninrepa 239
DOTONPOBITHICT
HamiBIpoBiAHUKIB 351
HamiBnpoBigauku 331

3Byk 97

3ByKOBI XBUJi 95

3BykoBa jokamis 105
CrnexrpaibHi JiHii 209
CriexTp eneKTpoMarHiTHUX
XxBUJIb 121

Cmin 265

CmiHOBE KBaHTOBE YHUCIIO 265
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363
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Crostua xBuis 91
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[Tactku 361
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Umov-Poynting’s vector 118
Uncertainty principle 230

Uranium 392

Valence band 324
Volt-ampere characteristic of p-n
junction 350

Wave 82

Wave equation 90

Wave function 234

Wave number 88

Wave optics 124

Weak interaction 402

Wien’s displacement law 172
Wulff-Bragg’s formula 154

X-ray analysis 156
X-ray diffraction 152
X-rays 120

Zeeman effect 262

417
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VYpan 393
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