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Preface

Integration into the single European higher education space
requires appropriate methodological support.

Laboratory work in the academic discipline «Physics» for
first-year (bachelor's) level higher education students of all technical
specialties corresponds to the approved syllabuses, includes the
sections «Mechanics», «Molecular Physics and Thermodynamicsy,
«Electrostatics», «Magnetism» and «Quantum Optics» and is aimed
at the practical assimilation of theoretical knowledge given in
lectures and practical classes.

The purpose of these laboratory works is to study physical
processes and phenomena. The task of laboratory works and
methodological instructions is to familiarize students with the basic
theoretical concepts, formulas and laws, to teach students how to
measure physical quantities, determine the accuracy of measuring
instruments and master the methods of processing measurement
results.

In the process of performing laboratory work, students must
consolidate theoretical knowledge from this section of the program,
learn to work with laboratory laboratory equipment and devices.
When preparing for laboratory work, the student writes down
theoretical material in a separate notebook. Students also need to
undergo a briefing on safety rules and register in a special journal.
Laboratory work is drawn up in the form of a report of the
established form developed by the department.

After completing each laboratory work, it is necessary to
defend it by answering the control questions placed at the end of
each laboratory work.

Laboratory work missed for any reason must be done with the
teacher on duty according to the schedule.



MNEPEIMOBA

IHTerpamis [0 €AMHOTO €BPONENCHKOTO MPOCTOPY BHIIOI
OCBITH mepeadavae BiAMOBigHE METOAUYHE 3a0€3MeUCHHS.

JlaGopaTtopHi poOOTH 3 HABUAIBHOT AUCHUILTIHU «Di3ukay ass
3m00yBadiB BHINOI OCBITH mepmioro (0akamaBpChKOTO) PIBHSA BCiX
TEXHIYHUX crieriapbHOCTeH BIJIITOBIIAIOTH 3aTBEPIHKEHUM
cunabycaM, BKIIOYaOTh po3aiin  «MexaHikay, «MonekynspHa
¢dizuka 1 TepMomuHaMiKay, «EjleKkTpocTaTHka», «Marfmetmsm» Ta
«KBaHTOBa oOmTHKa» 1 CHOPSAMOBaHI HA NPAKTHYHE 3aCBOEHHST
TEOPETUYHUX 3HaHb, IO JAIOTbCA Ha JIEKLISAX 1 NPaKTHYHHX
3aHATTAX.

Mertor nmaHux nabopaTOpHUX POOIT € BHBUEHHS (i3MYHUX
MPOLIECIB 1 SIBUIN. 3aBAaHHSAM J1a00OpaTOPHUX POOIT 1 METOTUYHUX
BKa3iBOK € O3HAHOMIIEHHsI CTYJCHTIiB 3 OCHOBHUMH TEOPETUYHUMH
MOHATTAMHU, (opMmymamMu 1 3aKOHaMH, HAaBYUTH CTYICHTIB
BUMIpDIOBaHHIO  (DI3MYHWUX  BENWYHMH, BU3HAYEHHIO TOYHOCTI
BUMIPIOBaJIbHUX TPHIAAIB 1 OBOJIOJIHHA MeEToJaMHu OOpOOKH
pe3ynbTaTiB BUMIPIOBaHb.

B mpomeci BukoHaHHS 1AabOpPaTOpHOI pPOOOTH CTYACHTH
MOBHHHI 3aKPIMIUTH TEOPETUYHI 3HAHHS 3 JAHOTO PO3JILTY MPOrPaMH,
HABUMTHCA TpalioBaTd 3 JIADOpaTOPHUM  OONIQJHAHHIM  Ta
npuwiagamu. [lpu migrorosii g0 nabopaTopHOi poOOTH CTYIEHT
3allUCy€ TEOPETUYHUH Marepial B OKpeMOMY 30muTi. Takox
CTY/ICHTaM HEOOXiHO TIPOWTH IHCTPYKTX 3 TPaBHI TEXHIKU
0e3mneKu i 3apeecTpyBaTHCs B CliellialbHOMY XypHaii. JlabopaTopHa
pobota odopmiseTbcs y BUTISAAI 3BITY BCTaHOBIEHOI (hopMmu,
po3pobiieHoi Ha Kadeapi.

[Ticas odopMIiIeHHST KOXKHOI J1aO0paTopHOi POOOTH HEOOXIAHO
i1 3aXMCTUTH, BiMIOBITaI0UM HAa KOHTPOJBHI 3alTUTaHHS, PO3MIIIEHHS
B KiHIIl KOXKHOT JJaOOpaTOPHOT pOOOTH.

[ponyieny 3 0yab-sIK01 MPUUKHY JIA00OpaTopHy poOOTY Tpeda
BiJIpOOJIATH 3 YePTOBUM BHKJIaJaueM 3TiTHO rpadika.



Laboratory 1.1. Atwood’s Machine

Objectives:

1) to study study basic principles of mechanics (only straight-
line motion by now): average and instantaneous velocity and
acceleration, Newton’s Laws of motion;

2) to find the acceleration of free fall g using Atwood’s
Machine.

Theory

As we know, Mechanics is the part of
Physics and its goal is to predict motion of the
bodies. Here we have no plenty of space, so we
suggest students use not only our paper, but
other educational courses and resources.

Note: the theory used in this lab is covered
in book University Physics with Modern Physics,
Chapters: 3 (velocity and acceleration), 4
(Newton’s Laws), 5.1-5.2.

Background

Uniform motion (pienomipnuii pyx) in
which the body covers equal distances in equal intervals of time.
This motion is with constant speed (without acceleration).

Non-uniform motion path of
(nepisnomipnuii pyx) is the motion with | travel o
acceleration, where speed is varied.

Displacement (nepemiwenns)
AS is the vector distance from some X
initial point x; to a final point x, of a
body movement. In cases of nondirect motion the displacement is
not equal to the path (uwax) of travel (distance), or even could be
equals zero in rotation motion.

Average velocity (cepeons wesuoxicms) is the ratio of
displacement to time:

displacement


https://ocw.mit.edu/courses/8-01sc-classical-mechanics-fall-2016/pages/week-10-rotational-motion/31-4-worked-example-atwood-machine/
https://xaktly.com/AtwoodsMachine.html

. displacement AX X,—X _AS
™ time At t,—t At
Average speed is the ratio of distance to time:
distance of path  Ad
time TAt
Note that velocity V is the vector value, because it depends on
displacement AS which is a vector (has magnitude and direction).

Speed is not a vector value, it does not have direction, just
magnitude.

speed =

The instantaneous velocity (mummesa weuoxicms, Bin
instant — muTh) is the velocity of a body at a particular moment in
time. Instantaneous velocity is the derivative of position dS with
time dt. Also, instantaneous velocity is can be defined as the limit
of the average velocity as the time interval At shrinks to zero
At —0:

_ .. AS dS
Vv=Ilim—=—.
At—0 At dt

The acceleration (npuckopenns) @ is the rate at which
velocity changes with time:
welocity _ AV

time At
The instantaneous acceleration (vummese npuckopenns) is

the acceleration of a body at a particular moment in time. The
instantaneous acceleration is the derivative of velocity dv with time

dt or the limit of the average velocity AV, as the time interval At

3=

approaches to zero At — 0:

T AV, dv
g ) R 5 _ avyg
W
Newton's 1%t Law_of motion
describes the behavior of a body when
no forces is acting (or it’s been
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https://www.youtube.com/watch?v=-luKN6mad5w

balanced, so net force (peszyromyroua cuna) Z F =0):

A body remains in a state of rest or constant velocity (é = O)

when no external force acts upon it.

Newton's first Law expresses the principle of inertia: the
velocity of the body is constant in the absence of external forces (a
straight line motion at v = constant).

The frames (cucmemu eioniky)
with no acceleration (a=0), where
Newton's 1%t Law is true, calls ‘The
Inertial frame  of  reference’
(inepyianoui cucmemu 6ionixy). The
frames where acceleration @ =0, calls
non-inertial frames of reference.

The Earth, in general, is the
Inertial frame but with some exceptions
because of rotation like Coriolis force. oo e
In everyday life we can neglect these forces from calculation and
take Earth as 'flat Inertial frame' or even take it curios, but for long

range artillery it is plays significant role.

Newton's 2" Law describes
behavior of a body when the force is

acting upon (Z F = O):

g | The rate of change of
N fiadmy  momentum of the body is proportional
to the force on a body.

g _d(mv)_dp

dt dt
The momentum P (imnyzec) is the product of the mass and
velocity of an object, and equals p=mv. Momentum is an
important vector value, sometimes it’s called ‘the quantity of

motion’. For a body with constant mass m, Newton's 2" Law can be
rewritten as:

F=ma



https://youtu.be/hSJmxVBWfEI
https://youtu.be/dt_XJp77-mk
https://kaiserscience.wordpress.com/physics/rotational-motion/coriolis-effect/
http://industrialmindworks.com/inwit/writings/coriolisforce.html
https://www.youtube.com/watch?v=mXaad0rsV38
https://www.mathscinotes.com/2017/12/earths-curvature-and-battleship-gunnery/
https://www.youtube.com/watch?v=sPZ2bjW53c8
https://youtu.be/hYiWuGiBZjs

where F —applied force, & — acceleration of a body.

Newton's 3™ Law is also
known as the law of ‘action and
reaction’. This law is important in
analyzing  problems  of  static
equilibrium, where all forces are
balanced, but it also applies to bodies
in uniform or accelerated motion.

When two bodies interact, they exert
equal and opposite forces on each other.

Example: when you are clapping
hands, the force of your left hand on your
right hand is equal and opposite to the
force of your right hand on your left hand.
Or when you are sitting on a chair, your
force of weight is balanced by force of
reaction of the chair, the forces are equal

and opposite, so net force Zlf =0 and
you are not falling down, but sitting still

(v=0).

Tension (ramse2) is the net force of
pulling on either end of a string. If forces
pull at both ends, they are additive. In
certain problems, the force at one end of a

: moving string is not a pulling force, but
works in the opposite direction. In that case, it must be subtracted
from the force pulling from the other end. (A string with two
‘pushing’ forces is not under tension).

Atwood’s Machine was invented by English mathematician
George Atwood in 1784 to demonstrate the dynamics of Newton's
Laws of Motion, uniform and uniformly accelerated movements of
bodies. The principle of the Atwood's Machine is very simple: it
consists of two weights, a string and a light pulley with low friction.
An example of Atwood’'s Machine can be found in our everyday
life — is an elevator with its cabin and counterweight.

9



https://www.youtube.com/watch?v=dCF--YOjiOw
https://americanhistory.si.edu/collections/search/object/nmah_1865665
https://www.youtube.com/watch?v=4ovhEkSIqV0
https://www.youtube.com/watch?v=CvY-G2FTbGM

The Lab device is shown in fig. 1.

A light pulley rotates freely around an @ O
axis fixed in the upper part of a vertical ®

rack. A string is thrown over the pulley, OQ

and hangs two cylinder weights A and B ]

with equal masses M at the ends, so the Al | ﬁ\
system is in balance. On the start position £=1 m

the weight B is lifted up (when the button
‘Start’ is not pushed and the Si
electromagnet is holding a pulley). When Ki
additional mass m (the ring) can be
placed on top of mass B (fig. 1), the
system of weights goes out of balance
and holds only by electromagnet. By P
pressing the ‘Start” button, the
electromagnet switches off and the
system of weight begins to move and
passes S; path with acceleration. At the
moment of passing the Photogate Ki, the
additional load m (overload) is removed by support, and the
movement becomes a uniform — S, path with no acceleration. The
time t of uniform movement S; is captured by Photogates K, Kz and
shown on the stopwatch display.

In the upper position the weight B with the additional mass m
will be equal M +m, so the gravity force on B will be equal

(M +m)g . Let us first consider the movement of B, it experiences

Stop Start
EET

Fig. 1

two forces: the gravity force (M + m)g and tension force T,
(fig. 2). So, Newton's 2" Law for B states that:
(M +m)§—f2 =(M +m)a,, @
where @, — an acceleration of a weight B.
For the mass A Newton's 2" Law states:
Mg - T, =-Ma,, @)
where &, —an acceleration of a weight A.

10



Consider we’ve got an ideal Atwood’s Machine, with non
frictional, massless pulley and non stretchable massless string. If this
is true, we can make two simplifications:

1. The acceleration of A is equal in absolute magnitude to the
acceleration of B and is directed in the opposite direction (we assume
that the string does not stretch)

a,=-4a =|a. 3)
2. If we neglect the force of pulley friction, then tension T
will be equal for masses A and B, so:
T,=T,=|T| (4).
Assuming for ‘ideal pulley’, we’ve got the equation (1) and

(2):

(M+m)g-T=(M +m)a, (5)
Mg -T=-Ma. (6)
Solving equations (5) and (6) the acceleration equals:
2M +m

As we see from (4), here we have the uniform acceleration
motion. Let’s find the displacement S; and S
from the kinematic equation:

at?
S =—, 8
15 (8)
S, =vt, =att,, 9)

where t; is the time of uniform acceleration on a
path S; and t; of uniform motion on a path
segment S; measured by a stopwatch.
Substituting a and t, from (7) and (9) into
equation (8), we’ve got
2
g, = S2(2M +m), )
2mgt,

Express the value g from (10):

11



S;(2M +m) (11)
2S,mt?
Procedure

1. Using the millimeter scale on the Lab rack stand, determine
the path S; of uniformly accelerated motion and S, — the path of
uniform motion of weight B and write them to the Table.

2. Write down the masses of weights M and m to the Table.

3. Place the additional weight on weight B and raise it to the
upper position.

4. Press the ‘Reset’ button of the stopwatch, then press the
‘Start” button.

5. Write down the time t, of uniform movement to the Table.

6. Repeat the experiment at least five times.

7. Determine the average value of t.

8. Estimate the errors of the values and write them to the
Table.

9. Use formula (11) to calculate the acceleration of free fall g.

10. Estimate the relative error £ of g according to formula (12).

11. Determine the absolute error Ag by the formula (13).

12. Record the result.

2 2 2 2 2
oo |[28S2) L [AS) (248 J{ 2AM ) L[ 2MAm (12)
S, S, t, 2M +m (2M +m)m

Ag=¢&-0 (13)
Table
= AMp = ASp =
= Amo = Ato =
No S1, mm S;, mm t, S
SI x10°m x10° m -
1
2
3
4
5
Average

12



Questions

1. Give the definition of the instantaneous velocity and
instantaneous acceleration vectors.

2. What physical quantity is called the displacement, average
speed, velocity, acceleration?

3. What motion is called uniform, non-uniform motion? Write
S(t), v(t), the velocity and path formulas for these movements.

4., Inertial frame of reference. What is that? Non-inertial?

5. Formulate Newton's Laws.

6. Draw and explain graphs of dependencies S(t), v(t), a(t)
for uniform and uniform movements.

7. *Write the equations for Atwood’s Machine in vectors and
derive the g formula.

Vocabulary
Atwood's Machine MaruHa ATByaa
Uniform motion piBHOMIipHHIT pyX
Non-uniform motion HEPIBHOMIPHHMIA pyX
Displacement ePEMIIIEHHS]
Path UIAX
Average velocity Cepe/THs IBUJIKICTh
Average speed cepe/Hs MBUAKICTh
Instantaneous velocity MUTTEBA MIBUAKICTh
Acceleration HPUCKOPEHHS
Instantaneous acceleration MHTTEBE MPUCKOPEHHSI
Newton’s Laws 3akoHu HproToHa
Net force pe3yJsibTyroua cuiia
Act s
Inertia iHepIis
Frame CHCTEMH BIJUTIKY
Inertial frame of reference iHepLiaJbHI CUCTEMH BLLTIKY
Non-inertial frames of reference | HeinepiiagbHi CHCTEMH BiLTIKY
Coriolis force cuna Kopiosica
Momentum IMITYJTBC

13




Tension HATSAT

Pull TSTHYTH

Push [ITOBXATH

Non frictional, massless pulley | HeBaromuii 6150k, 10 pyXaeTbes
0e3 TepTs

Non stretchable massless string | Hepo3TshKHA HeBaroMa HHUTKA

Kinematic equation PIBHSHHSA PYXY

Neglect 3HEXTYBATH

Stopwatch CEKYHIIOMIp

Rack stand Crilika

Photogate DOTOETEKTPUIHHI JaBad
(omrromapa)

Mamuna ATByaa
Meta po6oTH: BU3HAYNTH IPUCKOPEHHS BITLHOTO TIa/TiHHS.

TeoperuuHi BizomocTi
(Teopis no ganoi pobOTH omKcaHa B JIEKIIHHOMY KypcCi
(iaTepaxtuBHOTO KoMmIutekey U I, §1.2, §1.4.)

Mummeea weuokicmo xapaxmepusye 3MiHy pajilyc-BeKTOpa B
yaci. lle mBuakicTh B JaHWA MOMEHT 4Yacy ab0 B JaHId TOMII
TpaekTopii. BoHa nopiBHIOE mepiniii MOXigHINH pajiyca-BeKTopa 1o
Yacy i HampsiMiieHa B3JIOBXK TOTUYHOT JIO TPAEKTOPIl.

- dr
D=—o.
dt

Bexmop cepeonvoi wieudkocmi piBHUIA BiTHOIIEHHIO MPUPOCTY
paniyca-Bekropa AT pyxomoi TOYKH a0 4acy At, 3a skuil BiH

. - Ar
BiIOyBCS <O >=—o0.
At

Mummege nRPUCKOPEHHA Xapaxkmepusye 3MiHY IMIBUAKOCTI B

yaci. BoHO J0piBHIOE mepmIiii MOXiMHIA MIBUIKOCTI MO 4acy abo

IpyTiil MOXiAHIN paaiyca-BEKTOpa MO 4acy
o _d*
dt  gt2

a:

14




PignomipHum ROCHMYROIBHUM  HA3UBAEMbCA PYX 31 CTAIOIO
mBuKicTio (U =const).
Kinemaruka piBHOMIpHOTO pYXy : S=0t ;v =const; a=0.
Pigsnonpuckopennum  nazueacmvcia  pyx  3i cTanum
TIPUCKOPEHHAM (a=const).

KinemaTtuka PIBHOIIPHCKOPEHOTO pyxy: S =vpt+—;

v=yg tat: a=const.

Hepwuii 3axon Horomona: iCHYIOTh TaKi CHCTEMH BIIUTIKY B STKUX
MaTepiagbHa ToYKa (TiI0) mepe0yBa€e B CTaHI CIIOKOI0 a00 PyXa€eThCs
PIBHOMIpHO 1 TPSAMOJIHIHHO AOTH, MOKW [isi 3 OOKY IHIIMX TiJd HE
3MYCHUTb 11 3MIHUTH LIeH CTaH.

Hpyeuii  3axon  Hviomoua: IIBUAKICTH 3MIHH  IMITyJIBCY
MaTepiaabHOI ToUKa (Tijia), piBHA PIBHOIIIHIN BCIiX MIFOUUX CHI

- dp . = =
F :E' Jns cranoi macu F=ma.

Tpemiii 3axon Hviomona: cuny, 3 SSIKHMU B3a€MOJIIIOTH JBa TiJa,
PiBHI 32 MOIyJIEM 1 MPOTHIICXKH] 32 HATIPSIMKOM.

Fro=Fa.
Inepuianbhumu Ha3UBATHCS CHUCTEMH BiIJTIKY, BIIHOCHO SIKHX
BUKOHYEThCS NIEpIINA 3aK0H HproToHa.

HeinepyiansHumu  Ha3WBalOThCS  CHCTEMH  BIJUIKY,  SKi
PYXaIOThCS 3 MPUCKOPEHHSIM BiJJHOCHO 1HEPIIATBHOT CHCTEMH.

Onuc ycTaHOBKH
Ta BUBIA po0o4oi ¢popmyin

MamuHa ATByJa Tpu3HAYeHa /ISl BUBYEHHS TOCTYNalbHOTO
pyxy Ttin. IlpunHnun nii npuiaagy OCHOBaHMH Ha BHUKOPUCTaHHI
3akoHIB HploTOHA Ta PiBHSHB PIBHOMIPHOTO Ta PiBHONPHUCKOPEHOTO
PyXiB.

[lpunan 300pakenuit ©Ha puc. l. Jlerkuii OMOK BiIBHO
o0epTaeTsCsl HABKOJIO OCi, IO 3akpilUleHa Y BEpXHIH 4YacTHHI
BepTUKaNbHOI CTiiiku. Uepe3 ONOK NMepeKkWHyTa HHUTKA, HA KIHIX

15



SIKOT BUCATEH Tsrapii 4 i A 3 piBHuMu Macamu M. Ha mi Tarapiti
3BepXy MOXKHA ITOKJIACTH II€ OAWH a00 MeKiIbKa TATAPIIB PI3HUX
Mac (m). Cucrema TATapiiB MpHU IbOMY BHUXOAWTH 3 PIBHOBAard i
MOYMHAE PYXAaTUCh IPUCKOPEHO.

B MomeHT npoxomkeHHs dhoTomaTunka Ki J0JaTKOBUHN TATapeib
3HIMAETHCS, AN PyX TATapis b ctae piBHOMIpHUM.

Ha mkani cekyHIoMmipa BHCBIYYETBCS 4ac PIBHOMIPHOTO PyXy
Tarapit b Mk dhotomatunkamu Ki, K.

Posrnsnemo  cmowarky  pyx  Tarapus 5. Bbynemo
KOPHCTYBaTHCSI HEPYXOMOIO CHCTEMOIO KOOPAMHAT, LIEHTP SIKO1
cyMilieHuit 3 Biccto 61oka. Bice OX HanpaBumo BHU3. Hexaii m -
Maca J0AaTKOBOTO TATapIIs, 0 3HAXOAUTHCS Ha TArapi b.

Ha tsrapens B mitote 18i cum: cuna tsokians (M +m)g i cuna
HATSTy paBoi YaCTUHH HUTKHU 2. 3a Ipyrum 3akoHoM HeroToHa

(M+m)g-T,=(M +m)a,

)
1€ a — IPUCKOPEHHs Tsarapus b.
\ [Ipuckopennss Tsrapus A piBHE TIO

BEJIMYMHI TPUCKOPEHHIO Tsarapus b i

HampaBJIeHE B MNPOTHIEXKHUH  Oik
(BBaXKa€MO, 1110 HUTKA HE PO3TATYETHCS).

Hexali cuma wHarsary JiBOTO KiHII

HUTKH Oyne Tq, Toxi
Mg-T,=-Ma. (2
SIKIIIO 3HEXTYBATH CHJIOIO TEPTS, TO
i | —
Ky T =T,. (3)
3 piBasHb (1-3) oTprMaemo:
S a=_mg

N

(4)

f 2M +m’

I‘II | | K, 3 (4) BumHO, IO PyX B JaHOMY
— BUTIAJIKy  piBHONpHUCKOpeHuit.  Tsrapi,
PYXarouuch PIBHONPUCKOPEHO , TMPOUIYThH
0 0 IITSIX

16



_at

S , 5
1= ©)
ne ti — yac pIBHONPHUCKOPEHOTO pyXy. Tsrapii, pyxarduch
PIBHOMIpPHO, IPOHAYTH IUISIX
S, =ut, =att,,

Je U — MBUAKICTH PIBHOMIPHOTO PYXY, l2 - yac piBHOMIpHOTO pyXy
(BUMIPIOETHCS CEKYHIOMIPOM).
S
t,=—2%. (6)
at,
[MincraBmsroun a (4) ity 3 (6) B piBHAHHSA (5), OTpUMAEMO

S2(2M +m)
§ =222 7

8
2mgt? ®)
3 piBHsHHS (8) BU3HAYMMO MPUCKOPESHHS BUILHOTO T IiHHS
g= SZZ(ZM + m) ©)
2S5, mty?
Xin po6otu

1. BusHaumtH 1UIAX S;— PIBHOMPUCKOPEHOTO pyxy 1 Sp—

piBHOMIpHOTO pyXy Tarapus b 3a JONMOMOTor MiTiMeTpOBOi

IIKAJIM Ha CTINIIl TIpUIamy.

3anmcatu Macu TsarapiiB Mim .

HartucHyTti KHOTIKY «/lycK».

4. JlomaTKoBWi TATapelb IMOKJIACTH HA TATapelb b, MITHATH Yy
BEPXHE MOJ0XKEHHS 1 KHOIKY «//yck» BIITUCHYTH.

RN

5. Harucuytu mocnigoBHo kHomku “Cépoc” , “Ilyck” 1 3HATH
BiJUTIK yacy t, piBHOMipHOTO pyXxy Tsrapus b.
6. Harucuytu xnomkm “Cépoc” , nociin 3a nyHKTamu 4-5

MOBTOPUTH 5 pasiB.

7. BuzHauuTH cepenHe 3HaUCHHS {7 .

8. OuiHUTH MacHOPTHI MPHIIAZA0BI MOXUOKHU Ta MOXUOKH TaOIMYHUX
BEJIUYHH.
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9. 3a pobouoro hopmyroro (9) oOYHCIUTH TPUCKOPECHHS BLILHOTO

HaxiHHs.

10. OGuucnuTa  BiZHOCHY 1
KiHLIEBUH pe3ynbTarT.

el N =

o

aOCOJIIOTHY TOXWOKH, 3aIllucaTH

2AS, 24_ AS,
Sy

E =
5

I

2,
t2

“(2aM Y 2MAm
+|— | +| T/
2M +m (2M + m)m

Ag=¢-0.

Tabauus pe3yJbTaTiB BUMIPIOBaHb

M = AMo = ASo =
m= Amg = Aty =
Ne 3.mm. Sy, S, t2,
CI
1
2
3
4
5
Cp.

KoHnTpoabHi nuTanHsA

Jatu o3Ha4eHHs] MUTTEBOI MIBUJKOCTI.
Jlati 03Ha4YEHHS MUTTEBOTO MIPUCKOPEHHS.
Sky ¢i3nuHy BeITMYMHY HA3UBAIOTh CEPEAHBOIO IIBUIIKICTIO?

Ski pyxH Ha3MBalOTh PIBHOMIpHUM,

PIBHOIPUCKOPEHNM?

3anucaty GOpPMYIH MBUAKOCTI Ta MUISAXY JUIS IUX PYXiB.

SIki

CHUCTEMU

HeiHepIiaTbHUMU?
CdopmymnroBatu 3akonu HetoToHa.

BIJUTIKY

18

Ha3uBaroTh

iHepIiaIbHAMU,
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HamamoBatn 1 nosacHuTH rpadiku 3aleKXHOCTEH a:a(t),
U:U(t), S:S(t) JUIE PIBHOMIPHOTO Ta PiBHONPHCKOPEHOTO

pyXiB.
Busectu pobouy dopmyiy.
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Laboratory 2.1. Determination of liquid viscosity by the Stokes
method

Objectives: to determine the viscosity of the liquid.
Investigate: the conditions for the uniformity of the bead's
motion in the liquid under study.

Theory

Molecules of gases and liquids move continuously and
chaotically due to thermal motion. At the same time, they exchange
impulses and energies. If there is a spatial heterogeneity of density,
temperature, or speed of ordered movement of individual layers
(mapu) in the environment, then an ordered movement is
superimposed on the thermal movement of molecules, which leads to
the leveling of these inhomogeneities.

Transport phenomena (sBumma mepenocy) are the processes of
establishing equilibrium in the system through the transfer of mass
(diffusion), energy (heat conduction), and the momentum (imrmyisc)
of directional movement (internal friction (BuyTpimHe TepTs) Or
viscosity).

Background

The phenomenon of diffusion consists in the mutual penetration
and mixing of the particles of a substance due to the inhomogeneity
of the density or the difference in the concentrations of the
components of the mixture in different places of the volume (06’em).
Mass flow occurs in the direction of decreasing density or
concentration. The phenomenon is described by Fick’s empirical
law.

dM=—Dd—pS dt,
dz

where D — is diffusion, which is equal to the mass of matter
transferred through a unit of area per unit of time at a unit density

gradient; ‘:'j_/o — density gradient; S — surface area; dt is the transfer
zZ

time.
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If there is a temperature gradient ((jj—T along the Z axis, then a heat
z

flow occurs in the direction of decreasing temperature through a
surface with an area S perpendicular to the Z axis. The phenomenon
of heat conduction is described by the Fourier’s law.
dQ=-K ar S dt,
dz

where dQ is the amount of heat; dt — time interval; K - the thermal
conductivity of a substance is the amount of heat passing per unit
time through a unit area at a unit density gradient. The mechanism of
the phenomenon of heat conduction
consists in the transfer of energy of
thermal chaotic motion during the
collision of molecules.

In the phenomenon of internal
friction (viscosity), there is a
transfer of momentum of directional

Fig. 1 movement from molecules from

layers that move faster to slower

ones and vice versa. As a result, the faster layer slows down
(crioBineHIOBaTHCs), the slower one accelerates (mpuckoproBaTHCs)
(Fig. 1). From a mechanical point of view, this process can be
explained by frictional forces that slow down faster and accelerate
slower layers of molecules. These forces are directed tangentially to
the surface of the contact layers against the relative velocity. The
experiment shows that the movement momentum dp transmitted
from layer to layer through the surface is proportional to the speed

gradient of the layers (Z—U , the area of this surface S and the transfer
z

time dt:
do
dp = —y|—|Sdt.
dz
As a result, there is a force of internal friction between the layers
dp do
=|—| =y5—|S, 1
dt dz )
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where 7 is the viscosity, which depends on the nature of the
substance and its state. Equation (1) is Newton's formula for viscous
friction. From relation (1) we determine:
= @
—1S
dz
Viscosity # — numerically equal to the force of internal friction
acting between layers of a unit area at a unit velocity gradient.
Let the body move in the liquid that wets it. A layer of liquid
adheres to the surface of the body (due to intermolecular forces of
attraction), which will move faster than the adjacent layer. A velocity

gradient dv occurs between these layers and this leads to the

dz
appearance of a viscous force (internal friction), which is a resistance
force (cuma omopy). As is known, the force of internal friction
between adjacent layers is proportional to the velocity gradient:

dUS, 3)

dz

where S — the area of contact layers.

The layers that are distant from the surface of the body almost do
not move. Therefore, the velocity gradient is proportional to the
velocity of the body. Thus, the viscous force

F=k-u, (4)
where u is the speed of the body, k is the proportionality factor,
which depends on the nature of the liquid and on the shape and size
of the body. Stokes showed that for a bead that moves uniformly at a
low speed (in this case, the resistance of the liquid is determined only
by the force of friction)

F=n

F=6rrnpu, (5)
where r is the radius of the bead.
Let the bead fall in the liquid (Fig. 2). Forces act on it:

IfA — buoyant force (BumroBxysameua cmiaa); mg — the force of
gravity; Ifs — the force of viscosity. The modulus net force

(piBHOAiIHA cu) iS:
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R=mg-F,-F,. (6)
The speed of the bead increases until the net force becomes
zero, then

F, =mg—Fy Q)
mg=p Vg, (8)
Fa=pV0; (9)
4
~AF V=§7zl’3. (10)
Rl E After substituting ratios (5), (8), (9), (10)
A .
- | | in(7), we get
— )
- mg U:—'M, (11)

Sl 9 v

P where p; — the density (rycruna) of the bead,

— = po — the density of the liquid, V — the volume of

Fig. 2 the bead, g — acceleration due to gravity

(TpuCKOpEHHS BUTBHOTO A iHH).

The device for measuring viscosity is a cylinder with liquid
(Fig. 3), on which marks are made in the upper and lower parts. The
upper mark is at such a height that upon reaching it, the movement of

the bead could be considered uniform. If the

e distance between the marks is I, and the time of
= Mimea_ fall is t, then the speed.

s u=%. (12)
f— Z—_:-? [ Let's express the radius of the bead in
B terms of its diameter.

r=d/2. (13)
B By substituting (12), (13) into (11), we get

A the working formula:

_1g(p-pytd? (14)
18 | '
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Procedure

1. Measure the distance | between the upper and lower marks
on the beaker using a millimeter scale.

2. Measure the diameter of the bead d using a micrometer
(repeat the experiment 5 times).

3. Find the optimal bead throwing height.

4. Throwing the bead from a height above the surface of the
liquid, measure with a stopwatch the time of the bead travels a
distance |.

5. Record the values of p1, p2, 9.

6. To estimate passport instrument errors and errors of table
values.

7. Calculate the average value of d.

8. Calculate the liquid viscosity 7 using working formula (14).

9. Calculate the relative and absolute errors, record the final
result.

N

g (Pl — P2 )2 I f

Table
p1= A(p1)o = p2 = A(p2)o =
= Ago= Alp= Ado= Ato=
I II 111
bead bead bead Average

No d, mm d, mm d, mm
Sl 10°m 10°m 10°m
1
2
3

Average
s

f, s'm?

Af, sm?
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Questions

1. What phenomena are transfer phenomena? Specify the
characteristic features of each of these phenomena.

2. What is the essence of the phenomenon of viscous friction?
Write down the expression for the force of internal friction.

3. What is the physical meaning of viscosity?

4. Explain the mechanism of the viscous friction force (cuma
Tepts) acting on a bead moving in a viscous medium.

5. Write the Stokes formula. Derive the working formula (14).

6. How does the speed of a bead change when it falls in a
liquid? What is the reason for this? Derive the formula for the
constant velocity of the bead.

Vocabulary
accelerate PUCKOPIOBATHCS
acceleration due to gravity PUCKOPEHHS BIILHOTO TIa TiHHS
buoyant force BHUIITOBXYBaJIbHA CHJIA
density I'yCTHHA
diffusion Judysist
internal friction BHYTPILITHE TEPTS
friction force CHUJIA TepTs
heat transfer Terionepeada
liquid pinuna
mass transfer Macormepeiava
momentum IMITYJIbC
net force piBHOIIHA CHIT
non-equilibrium process HEPiBHOBAKHHI MPOIIEC
resistance force CHJIa OIopy
slows down CIIOBLJIbHIOBATHCS
transport phenomena SIBUILIA IEPEHOCY
uniform motion piBHOMIpHHUH pyXx
viscosity B’SI3KiCTh
volume 00’eM
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Busznayennsi B’si3kocTi pimuau Mmetonom CTokca

Meta po60TH: BU3HAUNTH B’ SI3KICTH PiAWHH.

JocaianTu: yMOBU PIBHOMIPHOCTI PyXy Kyqi B AOCIHiIKyBaHii
PIIAHI.

TeopeTuuHi BiToMOCTi i onuc ycTaHOBKHU

Monekynu Ta3ziB Ta PIIMH BHACHiIOK TEIUIOBOTO PyXY
OesnmepepBHO 1 XaOTHYHO pyxawThcs. [lpm  mpoMy BOHH
O0OMIHIOIOTBCS IMITYJTECAMHE Ta €HEPTisIMH. SIKIIIO B cepeloBUILI iCHYE
MPOCTOPOBa HEOAHOPIAHICTh TYCTHHH, TEMIIEpaTypH ado IIBUAKOCTI
BIIOPSIIKOBAHOTO PYXy OKpPEeMHX IIapiB, TO Ha TEIIOBHH pyX
MOJIEKYJl HAaKJIaIa€TbCsl BIOPSANKOBAHUHM pyX, SKAH Bexe 10
BHUPIBHIOBAHHS ITUX HEOTHOPITHOCTEH.

Aseuwa nepenocy — ye npoyecu 6CMAHOBNEHHS DI6HOGAU 8
cucmemi  WiasAXoM — nepeHocy — macu  (Ougpysis),  emepeii
(mennonpogionicms) ma iMnyabCy HANPAMIEHO20 PYX)Y (GHYMPIUHE
mepmst abo 8 SA3Kicmy).

SABumie Ougysii momsrac 'y B3aEMHOMY TPOHHKHEHHI 1
MepEeMINTyBaHHI YaCTHHOK PEYOBHHM BHACHIIOK HEOJIHOPITHOCTI
TYCTHHU 4YM Pi3HMII KOHLEHTpaliil KOMIIOHEHT CyMillli B Pi3HHX
Micisx 00’emy. IloTik Macu BHHMKae B HampsIMKy 3MEHIICHHS
TYCTUHM 4YH KOHIIEHTpamii. SIBUIE ONHCYEThCS EMITIPHYHAM
3axoHOM Dika.

d
dM =-DLs dt,
dz
ne D — mudysis, sxa JOpiBHIOE Maci peYOBWHH, IO MEPEHOCUTHCS
4yepe3 OJMHUIIO IUIONII 32 OJWHHII0 Yacy TPU OJWHUYHOMY

TPaIi€HTI TYCTHHHU; dp TPaJIieHT TYCTHHH; S — IJIOIIa OBEPXHI;
dz

dt — gac mepenocy.

. . . dr
Sxmo BHOBXK oci Z iCHye Tpami€eHT TeMIepaTypu d—, TO B
Z

HanpsIMKy 3MEHIIEHHsS TEMIIepaTypd BHHHUKAE IOTIK TEIUIa 4Yepes3
MOBEPXHIO IUIOMICI0 S TMepneHAuKYJsIipHy 10 oci Z. SBuime
menionpogionicmi onucye 3akoH Pyp’e.
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dQ:—Kd—TS dt,
dz

ne dQ — ximekicte Ttermotd; dt — mpomikok wacy; K —
TEIIONPOBITHICTh PEUOBUHU — II€ KUIBKICTh TEIUIOTH, 1110 MPOXOINUTh
3a OJIWHMIO 4Yacy 4Yepe3 OJUHWYHY IUIONIy TNPH OJHMHUYHOMY

rpajieHTi TYCTHHH. MeXaHi3M SBHUIA TEIUIONPOBIIHICTI MOISATAE B
nepeAayi eHeprii TEIIOBOTO XaOTHYHOTO pyXy MNpH 3iTKHEHHI

Z MOJIEKYJL.
VY asuwi eHympiunvbo2o mepmsi
(B’s13K0CTI) CITOCTEPITAETHCS

MIEPEHOC IMITYJIbCY HAMPSMIICHOTO
PyXy BiIl MOJEKyN i3 mIapiB, SKi
PYXaroThCs HIBHIIIIE IIo

Y MOBUIBHIMIMX 1  HaBIOAakd. Y
pe3yybraTi OibIIl IIBUAKUN IIap
TabMYETbCS,  MEHII  NIBUIKUHN
npuckoproetrbest  (puc. 1). Takuit
Puc. 1 IpoIeC 3 MEXaHIYyHOI TOYKH 30py

MOJKHA IIOSCHUTH BHHUKHEHHIM

CHJI TePTs, SIKi CIOBUIBHIOIOTH OLMBII IIBUIAKWAN 1 MPHCKOPIOIOTH
MOBUIBHIIIUE mapu MoJiekyJ. 11i criu HanpsMIICHHI 110 JOTUYHIH 10
MOBEPXHI CTHUYHUX INapiB TPOTH BigHOCHOI mmBHIKOCTI. Jlocmizg
MoKasye, 10 iMIyJbc pyxy dp, o mepemaeThes i3 mapy B miap

v

cy o . . 19 .
4YCepe3 MOBCPXHIO NPOMOPHIMHHUU T'PAJIEHTY IBUIAKOCT1 d_ rapis,
YA

IO I1i€l moBepxHi S Ta yacy mepenocy dt

dp = - %Yt
dz
B pe3ynbTaTi MiXk IIapamMu BUHUKAE CHJIa BHYTPIIIHEOTO TEPTS
dp do
=|— = —_— S y 1
dat| "z @)

Je 77 — B’SI3KICTb, SIKa 3aJI€KUTH BiJ NPUPOIM PEUOBHHHM i ii
crany. I3 cniBBigHOMIEHHS (1) BU3HAYMMO:
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F

n=r—-: )
do
—S
dz
B’azkicmb 3 — uucenbHo OOpIGHIOE CUNli BHYMPIUHBLO2O

mepms, Axa Oi€ Mixc wapamu OOUHUYHOI NAOWi NpU OOUHUYHOMY
epadienmi WeuoOKoCmi.

Hexaif Tino pyxaerbcs B piamHi, 1o #oro 3mouye. Jlo moBepxHi
Tijla TPWINMAE Map piauHU (BHACHITOK MDKMOJEKYISPHUX CHII
NOpUTSATaHHs), KM Oyde pyxaTHch HIBHIIIE HiXK CYMDKHIM map.

. . . do .
MiX MU [IapaMy BUHUKA€E TPATi€HT OIBUIAKOCTI 0 1 e Bene 10
yA
BUHUKHEHHSI CHJIH B A3KOCTi (BHYTPIITHBOTO TEPTS), SIKA € CHIIOIO

ormopy. Sk BiIOMO, cula BHYTPIIIHBOTO TEPTS MK CYCiTHIMH
HrapaMu IpoTopIiiiHa TpaJieHTy MIBUIAKOCTI:

dov
— — F=n-—S, 3
Fe dz
= _,:_> ne S — moma CTHYHHX [IapiB.
» A [Mapu, mo BimmameHi Bix TOBEpPXHI Tina,
_ B u Maibke He pyxaoTbca. OTke TpalieHT
— = . ‘o o .
mg MIBUAKOCT! IIPONOPUIMHUNA IIBHUIKOCTI PyXY
- Tina. TakuM 4MHOM, cHJIa B’SI3KOCTI
s F=k-u, 4)
= = ae U — mBHAKICT Tima, K — koedimieHt
Puc. 2 MPOTIOPIIIAHOCTI, SKAW 3aJIeKUTH BiJl MTPUPOTU

piauau 1 Big ¢opmu Ta posMmipi Tinma. CTOKC
MoKa3aB, 10 JJIsl KyJIbKH, sIKAa PyXaeThCsl PIBHOMIPHO 3 HEBEIIMKOIO
MBUAKICTIO ( B IOMY BUNAJAKY OIip PIAWHA 3yMOBJIEHO JIWIIIE
CHJIOIO TEePT)
F=6rrnu, (5)
ne I — paziyc KyJbKH.
Hexait kynbka najiae B pinusi (puc. 2). Ha Hel qitoTh cuimu:

F, — Apximena, mg — cwra Tsokines, F, — cmma B’s3KocrTi.

Moynb piBHOAIMHOT IIMX CHIT
R=mg-F,-F,. (6)
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LIBuaKkicTh KyNbKH 3pOCTa€ 10 TUX IIip, TMOKH PIBHOIIWHA HE
CTaHe PIBHOIO HYITIO, TOM1

F,=mg—Fp; @)
mg=pVg; (8)
Fa=p,V0; (9)
V=%nﬁ. (10)

[licns mizcranoBku B (7) cmiBBimHOmEHH (5), (8), (9), (10)
OTPUMAEMO
2 r2g(p, - p2)
n=<——
9 v
A€ p; — FYCTUHA KYJIbKH, O, — I'yCTUHA PiMHH, V — 00’ €M KYJIbKH,

(11)

g — IPUCKOPEHHS BUIBHOTO TaliHHS.

YcTaHoBKa JiJ1s1 BUMIPIOBaHHS B SI3KOCTI — 1€
_ aopxa — OWrHAp 3 piguHoro (puc. 3), Ha SKOMY ¥y
i BEpXHil 1 HW)KHIA dYacTHHAX 3pOOJIEHI MITKH.
BepxHst MiTKa 3HAaXOIUThCS Ha TaKili BHCOTI,
mo6 mpu ii AOCATHEHHI pyX KyJIbKH Mir Ou
BBKATUCHh PIBHOMIpHHM. SIKIIO BiZICTaHb MiX

T MiTkamu |, a yac magings t, TO MBHIKICTE
HUWXHA — I
— Mimka —

Py gl
~

:“__‘“;‘;‘;‘ U= { . (12)
? Bupazumo pazgiyc Kynbku depes il miamMerp
' r=d/2. (13)
[Mincrasusmmu (12), (13) B (11) orpumaemo pobouy dhopmyiy:
_19(p-py)td? (14)
18 | '
Xin pobotu

1. Buwmipstu Bigmans | Mk BepXHBOI 1 HIDKHBOIO MITKaMH Ha
MEH3YpIIi 32 JOMOMOTOI0 MUTIMETPOBOI IIIKAJIH.

2. BuwmipsTu niamerp Kyibku d 3a I0IIOMOTOI0 MiKpoMeTpa (J10CIig
MMOBTOPHTHU 5 pasiB).
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3HaliTH ONTUMAJIbHY BUCOTY KMIAHHS KyJIbKHU hy .

Kupmatoun Kymbky 3 BHCOTH hyHax TOBEpXHEIO piJHHH,
BUMIPSTH CEKYHIOMIPOM Yac MPOXOHKEHHS KYJIbKH Bimaai |.
3amucaT 3HAYCHHS p1, P2, J.
OIiHATH TTACTIOPTHI MPUITATOBI TOXHOKH Ta MOXHOKH TaOTHIHIX
BEJIMYHH.
OOYHCIUTH CepeHE 3HAUCHHS BeTUYuHU (.
O6uncautu 3a pobdodoto Gopmynoro (14) B’SI3KiCTh piguHU 77 .
OO6uncnut  BimHOCHY 1 aOCONMOTHY TOXHWOKH, 3amucaTd
KIHIIEBHIA pe3ybTaT.
2 2 2 2 2
e J(A_g |/ lonf elongl (2 (a1
g (o1 = p2 ) ! f
An=¢-n
Tabauus pe3yJbTaTiB BUMIPIOBaHb
pL= A(p1)o = p2= A(p2)o =
g= Ago= Alo= Ado= Ato=
I I 11
KyJbKa | KyJbKa KyJbKa Cp.
Ne d, Mmm d, MM d, mm
CI
1
2
3
Cp.
t,
f,
Af,
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KoHTpoabHi 3anuTaHHsA
Sxi sBUmaA BiTHOCATBCA 1O sBHUIL TepeHocy? Bxkazatu
XapaKTEePHI 0COOIMBOCTI KOMXKHOTO 3 ITUX SBUIII.
B womy momnsrae cyTh sBHIIA B’A3KOro TepTs? 3amucaTH BHpa3
JUISL CUITH BHYTPIIIHBOTO TEPTH.
Sxwii piznmaHwMit 3MiCT B’ SI3KOCTI?
[loscHuTH MexaHi3M BHHUKHEHHS CHJIM B’SI3KOTO TEPTS, IO i€
Ha KYJIbKY, SIKa PyXa€ThCA y B I3KOMY CEPETOBHIIIL.
3ammcatu popmyry Crokca. Busectu pobouy dpopmymy (14).
SIK 3MIHIOETBCS MBUIAKICTH KYJIBKH MpH MaAiHHI B piauHi? Yum
e 3ymoBieHo? BuBectu Qopmyny st MOCTIHHOI MIBHAKOCTI

PYXY KYJbKH.
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Laboratory 3.1. Measurement capacitance of a capacitor by a
ballistic galvanometer

Objectives: to determine the electrical capacity of the
capacitor.
Theory
Note: the theory used in this lab is covered in book
Young H.D., Freedman R.A. University Physics with Modern
Physics, Chapter 24, p.788-795.

Background
The electrical capacity
(emexrpoemuicts) C of a conductor . )
(mporinnuk) is a physical quantity AN pd
that is numerically equal to the /
charge (zaps1) that must be given to — \\ A
the conductor to change its potential ~ Conductor TN (
by one volt: /RN O\
c-4 c=2  ({tlmE
@ -,\ \\ '-_\\ '\ \-.\ |I I| _a"l :,:' /’J J.’"I
.. ; N\ S S ML S /
(Ukrainian) (English), A Q—/f’//
where @=V is the conductor 7/ |\ - Conductor
potential, g =Q is the charge of a ) / \\\
conductor. A N
The SI unit of potential is volt . ‘
(V), the SI unit of capacitance Fig. 1

(emuicts) is farad (F), the SI unit of
charge in coulomb (C).

Farad (1F) is the electric capacity (or simply the capacity) of such
an isolated conductor, the potential of which changes by one volt,
when a charge of one coulomb is given to it.

One farad is equal to one coulomb per volt:

1F=1farad =1 C/V =1 coulomb/volt.

One farad is a very large capacitance. In many applications the
most convenient units of capacitance are the microfarad

(1 4F =10°F ) and the picofarad (1 pF=10"2F).
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A system of conductors that has a large capacity for small
dimensions (maiti posmipn) is called a capacitor.

Any two conductors separated by an insulator (mienextpuk) (or a
vacuum) form a capacitor (Fig. 1).

A capacitor is a device for storing electric charge. Practical
capacitors exist in many forms, but each basically consists of two
conducting sheets (ctpymorposinai obkinanku) or plats (ruactummn)
separated by an insulator(mienextpuxk). If a potential difference Vg, is
applied between the plates, these will acquire (mabymyrs) equal
charges of opposite sign, the value of each charge being proportional
to the applied voltage.

The ratio of charge to potential difference does not change. This
ratio (the constant of proportionality) is called the capacitance of the
capacitor:

C= @ _9 C= Q (definition of capacitance),
O =0, u Vab
(Ukrainian) (English)

where ¢, —@, =U =V, is a potential difference; U is the applied

voltage.

Depending on the shape

Wire| Platea,arcad  (popma) of the plates, flat,
y —~ A cylindrical, spherical and other
tQ s capacitors are distinguished

(pO3pi3HAIOTHC).

AN
|

L0 4
/ e 7
Potential ‘-/—Q___ —___ 58 /jd

difference = V,,,

at
l Wirc“ Plate b, area A

Fig. 2

Arrangement of the capacitor
plates is on Fig. 2.

We call this arrangement a
parallel-plate capacitor (rurocko-
mapajeinbHUi KOHICHCATOD).

The electric-field magnitude

E for this arrangement we can see on Fig. 3.



=
E, E, + El - E, E,
PP —-— b N e
a B——E> 1 «
------------------ >
In the idealized case " | =
we ignore “fringing”
at the plate edges and
treat the field between >
e + E .
the plates as uniform. Ss
. . . + .
Cylindrical Gaussian
3 i + -
surfaces (seen from So Sy
the side) ‘ ~ ———
—
e
. -~ =
Fig. 3

We found that £ =< where &, (“epsilon-nought” or “epsilon
&y

zero”) is the electric constant or the permittivity of free space
&, =8.854-10" C*/N-m* or F/m; o is the magnitude (absolute

value) of the surface charge density (mosepxmesa rycruna sapsy)
on earch plate. This is equal to the magnitude of the total charge Q

on each plate divided by the area A=S of the plate, or o = 9 , S0 the
A
. — c Q
magnitude of electric field E can be expressed as: £ = —=——.
& &A

The field is uniform (mosre oxuopinue) and the distance between
the plates is d so the potential difference (voltage) between the two

. 1 Qd
plates is: V,, = Ed _1Qd
& A
From this we see that the capacitance C of a parallel-plate
o i A .
capacitor in vacuum is: C = g = EOE (capacitance of a parallel-
ab

plate capacitor in vacuum):
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- A .
C:ﬂ:go§ (Ukrainian) :g:go— (English)
U d b d
If two conducting plates are separated by an insulator, the
capacitance of a parallel-plate capacitor is given by the
expression(supas):

C— £8,5 eg,A

(Ukrainian) C= (English),

where g, is the electric constant or the permittivity of free space, ¢

is the dielectric constant of the material between the plates
(permittivity), A=S is the area of the plate, d is the distance between
the plates.

Capacitors are manufactured with certain standard capacitances
and working voltages. You can obtain the values you need by
combining capacitors; many combinations are possible, but the
simplest combinations are a series connection and a parallel
connection.

Capacitors in Series

(a) Two capacitors in series (b) The equivalent single capacitor
Capacitors in series: a
. -"l'.hc-cnmcilca_r.\ hm, the same charge Q. 7 *r— EL]Ui\ alent Cilp’.lcilillk\‘
» Their potential differences add: i v 2
Vot V=V, is less than the indi-
. - Charge is 10 vidual capacitances:
N the same
T 1€ Same 0
+ Qs vV . ot the 22( 2
—O=—T—= CI 1{((‘ =V, fl\ .mi N6 e Y vV
individual -0
Vp =V 9 capacitors. I 8
( eq C, (
i — T S F
R R b
b

Fig. 4. A series connection of two capacitors

In circuit diagrams (esiextpruna cxema) a capacitor is represented
by either of these symbols:
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A e

Figure 4a and 5 show the schematic diagrams of the series
connection.
Two capacitors are connected in series (one after the other) by
conducting wires between points a and b.
Both capacitors are initially

C, C, uncharged. When a constant
I I I = positive potential difference is
U; U, applied between points and

capacitors become charged.
e || The Figure 4a shows that
the charge on all conducting
plates has the same magnitude.
Fig. 5 The top plate of C;
acquires(madbysac) a positive
charge Q=gq. The electric field of this positive charge
pulls(nmputsarye) negative charge up to the bottom plate of C; until all
of the field lines (cumosi minii) that begin on the top plate end on the
bottom plate. This requires that the bottom plate have charge — Q.
These negative charges had to come from the top plate of C, which
becomes positively charged with charge +Q.

Thus, in a series connection the magnitude of charge on all
plates is the same (oanaxosi).

Referring to Fig.4a and Fig.5, we can write the potential
differences between pointsa and ¢, cand b, and aand b as

Vac:UIZCi;Vcb :Uz :Ci;

2

1
q q 1 1
vV, =U=U,+U, =—+—=0(—+—
ab 1 2 Cl C2 q(Cl CZ)
and so
U 1 1
—=(=+) ®
qa ¢ G
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The combination can be replaced by an equivalent capacitor of
capacitance C=Ceq. For such a capacitor, shown in Fig. 4.b:

c=% oLt Y (2)
U C q
Combining Egs. (1) and (2), we find
1 1 1
+_
c C1 C,

We can extend this analysis to any number of capacitors in
series.

1 L .
= Z— (capacitors in series)

1
+—+....
C, —~C

1 1 1
J— _+_
c C G,

The reciprocal (3Bopornsi Besmmumna) of the equivalent
capacitance of a series combination equals the sum of the
reciprocals of the individual capacitances.

In a series connection the equivalent capacitance is always less
than any individual capacitance.

Capacitors in Parallel

The arrangement shown in Fig. 6a is called a parallel connection.
Two capacitors are connected in parallel between points a and b.

(a) Two capacitors in parallel (b) The equivalent single capacitor
* The capacitors have the same potential V.
* The charge on each capacitor depends on its .

speianee: @) = £4%. 8 =0F o Charge is the sum of the

. +Q individual charges:
v ch+++ +++Q_Q’+Q:
++]+ 4+ = £ ST £ ) )
Vp =V Cl=—= Cl—_‘r 2 i -0 Equivalent capacitance:
—— Cq=C+ G

o b
Fig. 6. A parallel connection of two capacitors
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In this case the upper plates of the two capacitors are connected
by conducting wires to form an equipotential surface, and the lower
plates form another.

Hence in a parallel connection the potential difference for all

individual capacitors is the same and is equal to V,, =V =U

The charges Q,and Q, are
not necessarily equal, however,

C .
I I since charges can reach each
Us capacitor independently from the
*— —e source (such as a battery) of the
C, | | voltage U .
Uz Ui=U,=U The charges are
Fig. 7 ¢=CU and
g, = C2U

The total charge g of the combination, and thus the total charge
on the equivalent capacitor, is

=0, +Q, :(C1+C2)U
SO 3=C1+C2 (3)

The parallel combination is equivalent to a single capacitor with
the same total charge q =0, +0, and potential difference V =U as
the combination (Fig. 6b).

The equivalent capacitance of the combination C=Cq, is the same

as the capacitance g of this single equivalent capacitor.

So, from Eq. (3),
C=C+C,

In the same way we can show that for any number of capacitors in
parallel,

C=C+C,+C, +...= ZCi (capacitors in parallel)
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The equivalent capacitance of a parallel combination
equals the sum of the individual capacitances.
In a parallel connection the equivalent capacitance is always
greater than any individual capacitance.
As we have already found out the capacitance of the capacitor is

c=—9% -1 (4)
p—¢, U

Thus, to determine the capacity of the capacitor, it is necessary to
find its charge and the potential difference between the plates.

The quantity of charge is determined by the use of a ballistic
galvanometer in this laboratory work. For a ballistic galvanometer,
the charge ¢ that passed through the device is proportional to the
first deviation of the moving part of the galvanometer, that is, the
largest angular deviation ¢ of the "bunny" from the equilibrium
position is

q=K,-a,
where k, is a proportionality constant that is characteristic of the
galvanometer.

Considering that the angle & is proportional to the number of
divisions n on the scale of the galvanometer, it is possible to write

q=k-n, )
where K is the ballistic galvanometer constant.

So, from Eq. (4) and (5),

C-U=k-n
Let us have a standard capacitor with a known capacity C, and a

test capacitor with an unknown capacity C. Let's charge them one
by one to the same potential difference and discharge them through a
galvanometer.

So: C,-U=k-n, and C-U=k-n, (6)
where n, and n are the largest deviations of the "bunny" during the
discharge of the standard and test capacitors, respectively.

Solving the system of equations (6) with respect to C, we obtain
the working formula:
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c=c, 1. )
nO

The electrical circuit description
The electrical circuit shown in Fig.8 are using for
implementation of this work.

Fig. 8

In circuit we have the following devices:

b - a source of direct electric current (DC source); IT -the rheostat,
turned on according to the potentiometer circuit;

V - avoltmeter that measures the potential difference on the test and
standard capacitors; K1 - a key to turn on the DC source; K> - a key
for charging and discharging capacitors; K3 - a switch for connecting
one of the capacitors to the circuit;

G - a galvanometer; Ks - a key to calm the moving system of the
galvanometer.

A ballistic galvanometer is a galvanometer of a magnetoelectric
system.

The oscillation period of the moving part of the galvanometer is
much longer than the time of passage of the pulse of the measured
current.

Ballistic galvanometers are manufactured with a long period of
own oscillations. This is achieved by increasing the mass and,
accordingly, the moment inertia moment of its moving part.
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Oscillations of the moving system decays very slowly. To calm
the galvanometer coil, it is short-circuited with a key. This is
explained by the fact that in a coil rotating in a permanent magnet
field, an electromotive force of induction and an induction current
arises, which, according to Lenz's rule, opposes the coil moving.

Procedure

1. Make the electrical circuit shown in Fig. 8.

2. Set the "bunny" line of sight on the zero mark of the
galvanometer scale.

3. Close the key K; and set the voltage specified by the
teacher using a potentiometer 7.

4. Connect the Co standard capacitor to the circuit using a key
K3. To charge the capacitor, turn the K> key to position 1 for 2-3
seconds. Switch K; to position 2 and fix the maximum deviation of
the "bunny" line of sight from the equilibrium position. Record the
Ny obtained values in the table.

Repeat the experiment at least 5 times.

5. Connect the tested capacitor C to the circuit using a Ky
key. While charging and discharging the capacitor similarly to the
actions of point 4, record the readings of n in the table.

6. To estimate passport instrument errors and errors of table
values.

7. Calculate the average values ng and n.

8. Calculate the electrical capacity of capacitor C according to
working formula (7).
9. Calculate the relative and absolute errors, record the final

result.
2 2 2
AC, (An) An,
&= + — | +— ,
C, n No

AC=¢C.
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Questions

1. What is called the capacitance of a separated conductor,
capacitor?

2. In what units is electrical capacity measured?

3. Name the types of capacitors.

4. Derive the formula for the capacitance of a parallel-plate
capacitor.

5. How does the capacitance of a capacitor depends from the
dielectric permeability (permittivity) of the substance between its
plates?

6. Derive formulas for the electric capacity of a battery of
capacitors connected in series and in parallel.

7. Describe the structure and explain the principle of operation
of a ballistic galvanometer.

Vocabulary
capacity of the capacitor €MHICTh KOHIEHCATOPa
capacitance €MHICTh
conductor TPOBITHUK
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charge

3apsin

isolated conductor

BiIOKpEMJICHUH TPOBITHUK

sheets or plats

OOKJIaIK1 abo IUIACTUHU

(koHAeHCaTOpa)

arrangement

NPUCTPiH

parallel-plate (flat) capacitor

IJIOCKO-TIapajeabHUM
KOHICHCATOP

surface charge density

MOBEpXHEBA I'YCTUHA 3apALy

potential difference (voltage)

PI3HUIIA TOTEHITiaiB HATIpyTa

. . . [IOCJIIJOBHO CIIOJTYYCHI
capacitors in series
KOHJICHCATOPH
. . rnapaieiabHO CIIOJIyY€EH]
capacitors in parallel P yi
KOHJICHCATOPH

parallel combination

napayieibHe 3’ € JHAHHSI

series connection

IIOCHIIOBHE 3’ €THAHHS

reciprocal

3BOPOTH: BEJINYHWHA

equation

PIBHSHHS

measurement results

pe3yJibTaTh BUMIiPIOBaHb

Busznauenns eﬂeKTpOCMHOCTi KOHJeHCaTOopa OaJIicTHIHUM
rajbBaHOMETPOM

Meta po60OTH: BU3HAYUTH CICKTPOEMHICTh KOHJIEHCATOPA.

TeoperuuHi BizomocTi
(Teopis 10 maHoi poOOTHM oOmUCaHa B JIEKIMIHHOMY Kypci
(intepaktuBHOro Komiutekcy U I, § 3.6-3.8).




Enexmpoemuicme npogionuxka — 1e (izudHa BEIUYHMHA, SKa
YHCENBFHO piBHA 3apsiiy, SKUH HEOOXIAHO HalaTH MPOBIAHUKY, 1100
3MIHUTHA MOTO MOTEHIIAI HAa OIUH

. BOJIBT:
\\\
N\ c=4 C= 8
Cnnduct;;-}?"-k | ®
— L (Vkp.) (Anrm.),
e @=V —  moTeHwmiai
npoBimHuka, (=Q — 3apsn
IIPOBITHUKA.
B CI opuHunero BUMiproBaHHS
noTeHiiany €  BoibT  [B],
CNEKTPOEMHOCTI  (emHOCTI) — —

dbapan [D], 3apsay — kymaon [Ki).
Puc. 1 Ormxe, omun  dapag  1e
eJIeKTPOEMHICTh (a0  mpocTo
€MHICTB) TaKOTO BiJIOKPEMIIEHOTO TPOBITHMKA, MOTEHI[aN SKOTO
3MIHIOETbCS Ha OAMH BOJBT NPH HAJaHHI HOMY 3apsiity B OIUH
KYJIOH:
1 papan= 1 Ki/B = 1 kynoH/BOJIBT.

OnuH dapan — ue ayxe BelIMKa €IEKTPOEMHICTb. Y OLIBLIOCTI
BUIIAJKIB  HAHOUIbII  MOINMPEHOK)  OJWHUIICKD  BUMIPIOBaHHS
enextpoemuocTi € Mikpodapan (1 Mx®=10° ®) rta mikodapan
(1 n®=10"?®).

CucreMy NpOBIJHHKIB, sKa Ma€ BEJIUKY €MHICTh 3a MaJlHX
pO3MIpiB, Ha3UBAOTh KOHOeHCcamopom. JIBa OMU3bKO pPO3MillEH]
MPOBITHUKA, PO3JiJICHI AieNeKTPUKOM (200 BaKyyMOM) YTBOPIOIOTH
konzaeHcarop (Puc.1). Omxe, KOHIEGHCATOp — i€ MPUCTPiil Juis
HAKOMWYEHHS eJICKTPUIHOTO 3apsiy.

Konnencaropu mMaroTh pi3Hi GopMH, aie BCi CKIANAIOTHCS 3 TBOX
CTPYMOTIPOBITHUX OOKJIaJOK a00 IUIaCTUH, PO3IUICHUX IIapoM
JUEIEeKTPUKA.

SKIO MDK MJaCTHHAMHU IMPHKIAJACHA PISHHLS MOTCHINATIB Vap,
BOHM MalOTh PiBHI 32 MOAYJIEM 1 NPOTHJICKHI 32 3HAKOM 3apsiiu
OpUYOMy, BeJIMYMHA KOXXKHOrO 3apsiay Oynme  mpomopuiliHa
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MIPUKIIaeHiil Hampy3i. BiqHOeHAS 3apsay [0 pi3HMII TOTEHITialiB
€ TOocCTiiHHOIO (KOoe(iIieHT TPOIMOPIIHHOCTI) 1 HA3HBAETHCS
SJIEKTPOEMHICTIO KOHJIEHCATOPa:

c._4 a4  -_Q
D =P, U Vab
(Yxp.) (Anrm.)

ne @ —@,=U =V, — pisHuIA noTeHmiamiB MiX OOKIaIKaMH

KOHJIeHcaTopa abo U — nmpukIiajieHa Harpyra.

3anexxHo BiJ dhopmu
Wire| Platea,aread  0OKIIQJOK PO3PI3HSIIOTH IUIOCKI,
S T 7 MWTHIPWYIHI, cepuyHi Ta iHIIi
d KOHJICHCATOPH.
+Q
/{ 5 Ha Puc. 2. moka3ano 0ynoBy
Potential \£Z€ d IJIOCKO-TIAPAJIEIbHOTO

R
Afiore—ie KoHzeHcaTtopa. Ha  Puc. 3

300paXCHOHO  CHJIOBI  JIiHIi,
T0OTO  JMiHII  HaAMpPYKEHOCTI

Wire Plate b, area A

Puc. 2 CIIEKTPUYHOr0 1MoJsi £ TII0CKO-
napajienbHOr0 KOHICHCATOpa.
1 2
E:I Etz + El—— Ez E:l
R h& " —~———
a g E> 1 e

In the idealized case*

we ignore “fringing”

at the plate edges and

treat the field between

the plates as uniform.

+ 4
S3
¥ o . +
Cylindrical Gaussian 4 {
surfaces (seen from S> Sa
the side) ‘ + =
+
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HampykeHicTh eNeKTpUYHOTO TMOJSI MK JBOMA IUIACTHHAMHU DPiBHA

o .
E = —, ne &=8,854-10'? Kn%/H-m? a6o ®/M (encinoH Hyab0Be) —
€9
CIICKTPUYHA CTalla; 0 — ITOBEPXHEBa TYCTHHA 3apsay Ha KOXKHIH
miactuHi. [loBepxHeBa TycTHHa 3apsiAy [IOPIBHIOE BiIHOIICHHIO
cymapHoro 3apsny Q koxkHOl miactuHU A0 rmionli A=S i€l

IIaCTHHU, TOOTO O = E Tomi HampyXeHICTh IO MOXHA

3almcaTu Tak:

gy &S
OCKibKH TIOJIe MK TTACTHHAMH TIOCKOT'O KOHJICHCATOPa MOXHA
BBaXXAaTH OTHOPITHHMM, BiJICTaHb MK IUTaCTHHAMH O, TO Pi3HHUI
MOTEHIIaTIB MK JBOMA TUIACTUHAMH 3aITUIIEMO Y BUTJISII:

1Qd
v, —Ed =94
& S
3 1€l  GopMyaHM  EIEKTPOEMHICTh  IUIOCKO-TIAPaJICIbHOTO
KOHJICHCATOpa Y BaKyyMi:

C:—:goE
V d
Q

ab
c=9_ 502 (Vi) C= = gOEA (Anra)

U ab
TakuM 4YMHOM, SKIIO JIBI MPOBIJHI IUIACTHMHH PO3JIJICHI
JICIEKTPUKOM, TO €JIEKTPOEMHICTb TUIOCKO-TIApaIeIbHOTO
KOHJICHCATOPA 33/]Ia€ThCSI BUPA30M:
£6,S gg A
C =2 (Vkp.) C =2~ (Anrn),

ne &, — CIEKTPUYHA CTajla a00 BiIHOCHA Ji€JIEKTPUYHA IPOHUKHICTh

BaKyyMy, & — BiTHOCHA [ieJIEKTpWYHA NPOHUKHICTH IieNeKTpHUKa,
IO 3HAXOOUTHCSA MK IUIACTHHKAMH KOHAeHcaropa; A=S — moma
IJIACTHHOK; 0 — BiJICTAHb MIXX HMMHU.
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Konaencaropu BUPOOJISIOTH 3 IEIKMMH 3aJaHUMH CTaHIapTHUMH
3HaYeHHSIMH €MHOCTel Ta Hampyr. MokHa OTpHMaTH HEOOXimHi
3HAUYCHHs, KOMOIHYIOYM  KOHJCHCATOpPH;,; MOXJIHBI  0ararto
KOMOiHaIliif, aje HalmpocTimi — I TOCHIIOBHE Ta NapajieibHe
3’€THAHHS KOHICHCATOPIB.

Ha enekTpuuHMX cxemMax KOH/ICHCATOPH MTOKAa3yIOTh CHMBOJIAMHU:

H- e

IocainoBHe 3’€qHAHHSA
(a) JBa xommencaropu 3’emnHani (0) ExBiBameHTHa cxema

IIOCJIIIOBHO
Capacitors in series: a
* The capacitors have the same charge Q. U AE— [‘k]Ui\ alent L"llTlL‘il‘lllL‘C
* Their potential differences add: = Kane i e 1o
7 ;o= 1S 1€§S than the 1ndi-
Vae ¥ Ve = Vap idual :
"haree 1 vidual capacitances:
a Charge is +0 I
K T the same 1. . 0
i —— C — v asforthe =—=="Ceq= —
—o=T="1 V.=V, ke -—-- 1 V
individual -0
Vb =V 9 capacitors. L I
Ceq C Gy
o TS LN DU
AIL b
b

Puc. 4. TlocnioBHe 3’€JHAHHS ABOX KOHJICHCATOPIB

Ha puc. 4a ta 5 moka3aHa NPUHIMIIOBA CXEMa IOCJIJIOBHOTO
3’ ¢IHAHHA KOHJICHCATOPIB.
Oo6wunBa KOHIEHCATOPHU
| | criouaTky He3apskeHi. Komm
Mk Toukamum a Ta b
| MIPUKIIAIAETHCS MocTiliHa
|

pi3HHUIA MOTEHIIAJIIB,
KOHJICHCATOPH  3apsKAIOThCA.
3 puc. 4a BUIHO, IO 3apsa Ha
BCiX TMPOBIMHUX TUIACTHHAX
oAHakoBui. BepxHs mmiactuHa
KOHJICHCaTopa HaOyBae mo3utuBHOro 3apsay Q=0. Enexrpuune

Puc. 5
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[0JIe IHOTO TIO3WTHBHOTO 3apsiiy MPUTATYE HETATUBHUM 3apsl 10
HIKHBOI IUTACTHHU KoHAeHcartopa Ci IOTH, IOKHM BCi CHJIOBI JIiHIT
CJICKTPOCTATUYHOTO IOJISA, IO MOYUHAKTHCS HA BEPXHIM TUIACTHHI,
HE 3aKiHYaThCs Ha HWKHIA. B pe3ynpTari MbOTO HIKHS IUTACTHHA
HaOyBae 3apsin «— Q». Ili HeraTuBHI 3apsay TOBUHHI HAIXOIUTH 3
BEPXHBOI IUTACTHHM KOHAcHcatopa C,, sKa cTa€, BIiAMOBIIHO,
MTO3UTHBHO 3aPsKEHOIO0 3 3apsaaoM «+ Q.

OTxe, Tpy TOCTIIOBHOMY 3’€JHaHHI KOHAEHCATOPiB 3HAYECHHS
3apsAAiB BCIX IIACTWH OJHAKOBE 1 [IOPIBHIOE 3apsiay Oartapei
KoHjeHcaTopiB. I3 Puc.4a Ta Puc. 5 MoHa 3amucatd pi3HHIIO
IOTEHIiaIiB MI>XK TOYKaMHU A Ta ¢; c Tabiata b sak:

V, =U, = gvb_u a.

1 C,’
1 1
Vp=U=U+U, =3+ 9 g+
C G C G
U 1 1
a, OTXKe: —=(=+) Q)
9 G G
CriomryueHHs KOHJICHCATOPiB MOXKe Oyt 3aMiHEHO
CKBIBAJICHTHUM KoHJeHcaTopoM 3 eMHIicTi0 C=Ce, — €MHICTB

Oatapei koHneHcaropiB. [y Takoro KOHIEHcATopa, 10 TOKa3aHUit
Ha Puc. 40 enekTpoeMHICTh:

c=-9 o 1Y ©
U C q
3 gopmy (1) Ta (2) orpumaemo:
1 1 1
=+
c C, C,

Mu MOXeMO TONIMPHUTH I aHaii3 Ha OyJab-Ky KUIBKICTb
MIOCJTIZTOBHO 3’ €THAHUX KOHJCHCATOPIiB

1 1 1 1 ) ,
—+—+—+...= Z— (mocnigoBHE 3’ €THAHHS)
c c ¢ G —C
3BOpoTHAa BeJMYMHA €KBIBAJEHTHOI €MHOCTI (€EMHOCTI
O0aTapei) MOCAIIOBHO CMOJY4YEHNX KOHIEHCATOPIB AOPIBHIOE cyMi
3BOPOTHHX BEJTHMYNH €EMHOCTEH OKpPeMHUX KOHIEHCATOPIB.
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[Ipu mocnmimoBHOMY 3’€IHAHHI 3HA4YEHHS EKBIBAJIEHTHOL
€MHOCTI (eMHOCTI Oartapei) 3aBXIHM MEHIIE 3a HaWMEHIIy OKpeMYy
€JIEKTPOEMHICTD, 1110 BXOAMTH B L0 OaTapero.

IMapanenbHe 3’€THAHHS
(a) Isa xoumencatopu 3’emHani (0) ExBiBajeHTHa cxema

napajicjibHO
* The capacitors have the same potential V.
* The charge on each capacitor depends on its i

i £, =E%. 18 =0 o Charge is the sum of the

: +0 individual charges:
+4+ + |+ 4+ +
Vv ch _Q*Ql +Q1
Rl Enlsm = ;
Vp =V C==2 Cl—_‘r 0, -0 Equivalent capacitance:
— Ceqq=C + G

b

o

Puc. 6. [TapanenbHe 3’€HaHHS JBOX KOHJICHCATOPIB

Ha puc. 6a Tta 7 mokazaHa OPUHLMIOBA CXEMa HapajieIbHOTO
3'€IHaHHS KOHJAecaTopiB. 3 puc. 6a BHIHO, IO BEPXHI OOKIAIKH
JIBOX KOHJICHCATOpIB 3’€JHaHI TMPOBITHHKAMHU, YTBOPIOIOUU OJIHY
EKBIMMOTEHINIaTbHY TIOBEPXHIO (3 OAHAKOBUM TOTEHITIAIOM), a HIDKHI
— YTBOPIOIOTH iHHmIYy moBepxHO. OTXe, NpH HapaJeIbHOMY
CIOJIYYCHHI PI3HUI MOTCHINAIIB JIJIs BCIX OKPEMHUX KOHICHCATOPIB
€ OJTHAKOBOIO Ta PiBHOIO:

V,=V=U

Bapsau Q1a Q, He 00OB’SI3k0BO piBHI; KOKEH KOHIEHCATOD
MOXKE€ MAaTH CBIfl 3aps He3aJeKHO BiX JpKepena (Takoro sk
akymyJstop) Hanpyru U . 3apsiau Ha okpeMux KOHIEHCaTOpax:

0, = C1U g, = C2U
CymapHhuii 3apsa 6arapei a, oTke, 1 eKBIBaJEHTHOTO KOHAEHCATOpa!

=0, +Q, :(C1+C2)U

Ta

TOOTO,

%:Q+Q @3)
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[lapanensHe 3’€mHAHHS €KBiBaJIEHTHE OJHOMY KOHAEHCATOPY 3
TaKUM CaMUM CyMapHuUM 3apsgoM (=0, +(Q, Ta pi3HULEO

norennianis V =U sk npoimocrposano na Puc. 6 6.
ExBiBajeHTHA €IICKTPOEMHICTH

c, Oatapei mapauienbHO 3’ €THAHUX
I l koHaeHcaTopiB C=C¢q € Takomw x
U;
*—— ——e SIK €MHICTD a OJTHOTO
Cay | U
U, oy 1=U,=U €KBIBaJIEHTHOIO KOHIEHCATOPA.
3 popmymnu (3):
Puc. 7 C=C,+C,.

AHanorivHO MOXeMo OaduTH, MmO I OyAb-KOi KUTBKOCTI
KOHJICHCATOPIB, 3’€IHAHKX MapajebHO:

n
C=C+C,+C, +...= ZCi (mapasenbHe 3’€IHAHHS)
1
ExBiBasienTHa  emHicTh  (eMHicTh  OaTapei) mnpm
napajejbHOMY 3’€IHAHHI [OPIBHIOE CyMi eJIeKTPOEMHOCTEMH
OKpeMHUX KOHJAEHCATOPIB
[Ipu mapanensHOMY 3’€THAHHI €MHICTH Oarapei 3aBxknu OiibIa,
HIXK EMHICTB OY/Ib-IKOI'0 OKPEMOT0 KOHICHCATOPA.
Sk Mu BXe 3’SICYBalU eleKmpOEMHICMb KOHOeHcamopa — 11
(hi3nuHa BeMMYMHA, KA PiBHA BiTHOIIECHHIO 3apsay ( KOHIEHcCATopa
JI0 PI3HUII MOTEHIIaNIB (1—@2) MK HOTO OOKIaIKaMu:

c-—34 -9 (4)
»—p, U

TakuM umHOM, 100 BU3HAYMTH €MHICTH KOHJIEHCATOPA
HEOOXiIHO 3HATH WOTO 3apsa Ta PI3HUIIO MOTEHINANB MK
0OKJIaIKaMHU.

B naniii po6oTi BenmmunHA 3apsay BH3HAYAETHCS 32 JOMOMOTOIO
OayicTH4HOrO TanmpbBaHoMeTpa. [[ist OamicTHYHOrO TaabBaHOMETpA
3apsii ( TPOMOPLIHHHUN TEPUIOMY BiIXWJICHHIO PYyXOMOi YacTHHH
rajbBaHOMETpa, TOOTO HAHOINBIIOMY KYTOBOMY BIJIXHIICHHIO
“3aifunka’ BiJl MIOJIOKEHHS PiBHOBAru

q=XK,-a,
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ne Ko — koeQimieHT NponopUiHHOCTI.

BpaxoBytoun, mo KyT ¢ NOpOHOPUIHHUM YUCIy MOALIOK N Ha

MIKaJT PUIIATY, MOXKHA 3alHCATH
g=k-n ()
ne k — crama 6agicTHYHOrO TajbBaHOMETDA.

Ha ocnogi (4) Ta (5) otpumaemo

C-U=k-n.

Hexait MmaemMo eTajoHHHN KOHAEHCATOP 3 BimoMoro eMHicTIO Cp i
JOCHIPKYBaHUH KOHAEHCATOpP 3 HeBiIoMOr0 eMHicTIO C. 3apsauMo ix
o uep3i A0 0JHAKOBOI pi3HUI moreHianiB U 1 po3psaumo yepes
rajJbBaHOMETp. Y TaKOMY BHIAJKY

C,-U=k-n, tra C-U=Kk-n, (6)
A€ Ny 1 N — HaWOLIbIII BIAXWIECHHA “3aiyMKa” NMpH PO3psAIKEHHI
€TAIOHHOTO 1 TOCIiPKYBAaHOTO KOHICHCATOPIB BiAIOBIIHO.

Po3B’s3ytoun cuctemy piBHsAHL (6) BigHOCHO C, OTpHUMaEMO
pobouy hopmymy:

C=C,—. )

Puc. 8
Jlis BUKOHAaHHS JaHOiI POOOTH BUKOPHCTOBYIOTH EIEKTPHUYHY
cxeMy 300pakeHy Ha puc. 8. Y cxemi: b — Kepeno MOCTIHHOro
cTpyMy; I1— peocTar, BBIMKHEHHH 3a CXEMOIO MOTeHIoMeTpa; V —
BOJIBTMETP, SKAM  BHUMIPIOETHCS  DPI3HUISI  TOTEHI[iaiB  Ha
JOCTI/DKYBAaHOMY 1 €TaJOHHOMY KOHJEHcaTopax; Ki— KIto4 Jyis
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BMUKAHHS JKepela MOCTIHHOro cTpymy; Kz — KiIrou I 3apsiiky i
PO3PAIKH KOHACHCATOPIB; K3 — mepeMuKad I i € JHAHHS B CXEMY
OJHOTO 3 KoHIleHcaTopiB; G — ranbBaHoMeTp; K4 — KIII0Y A7 3aCTio-
KOEHHS pyXOMOi CUCTEMH T'aJIbBAHOMETPA.

bamicTuaHuii TabBAaHOMETP — II€ TaIbBAHOMETP MAarHiTOCIICK-
TPUYHOI CUCTEMH, NIEPiOJ KOJIMBAaHb PyXOMOI YaCTHHH SIKOI'O 3HAYHO
OlTBIIME Bi yacy MPOXOPKEHHS IMITYJIbCY BUMIPIOBAHOTO CTPYMY.
bamicTiyHi TalbBaHOMETPH BHTOTOBIIIIOTH 3 BEIIMKUM IIEPioIoM
BIaCHUX KojuBaHb. lle pgocsraeTbcs 30LIBIICHHIM MAacH 1,
BiJNIOBiZTHO, MOMEHTY 1Hepuii HOro pyxoMoi YaCTHHH.

KonuBanHsS pyxoMOl CHCTEMH 3racaroTh Jayxe noBinbHO. 1100 ii
3aCMOKOITH, KOTYIIKY rajbBaHOMETpa 3aKOpodyloTh Kirouem. lLle
MOSCHIOETBCS. THUM, IIO B KOTYIIIi, siKa 0OepTaeTsCs B IOJI
MOCTIHHOTO MAarHiTy, BHHUKAa€ €JIEKTPOpYyIIidHA cuia iHAYKLIi Ta
IHAYKOIHHAR CTpyM, KOTPHH 3rimHO 3 mpaBwioM JleHIa mpoTtumie
PYXOBI1 KOTYIIIKH.

Xix podotu
CKITacTH eNeKTPUIHY CXeMy 300pakeHy Ha puc. 8.
2. BcraHoBUTH Bi3MpHY JiHiIO “3ali4MKa” Ha HYJIBbOBIH MO3HAYII
LIKAJIU TallbBAHOMETPA.
3. 3amMkHyTM Kmou K; Ta BCTaHOBUTH 33JlaHy BHKJIAJaueM

=

HaTpyTy 3a JIOTMIOMOTOI0 MoTeHIioMmeTpa 17 .
4, Tlix’emnat 10 CXeMH eTaJloHHMUA KoHjeHcatop Cp 3a
nonomMororo kimoda K. Jis 3apsaku KoHJeHcaTopa NepeBecTr

kmou K> y nonoxenHst 1 Ha 2-3 cexynam. [lepemknytn K> y
nmojioxkeHHss 2 Ta 3adikcyBaTh MaKCUMaibHE BiJXWICHHS
BI3MPHOT JIiHIT “3aifunKa” BiJ MOJNOXKEHHs piBHOBaru. Otprumani
3Ha4YeHHA Ny 3anucatd B Tabmumro. Jlocnmix MOBTOPUTH HE

MEHIIIE 5 pa3iB.

5. Ilix’egHat nmo cxemu JAOCHiKyBaHWi KoHaeHcatop C 3a
nornoMoror kmoua Kg. 3apsjukaroud  Ta  pO3ps/UKAIOUuM
KOHJICHCATOp aHAJIOTIYHO [isM II. 4 3amMcaTd IOKa3d N B
TaOJIHUIIIO.

6. OuiHuTH NacTOpTHI MPUIAJ0BI MOXUOKU Ta MOXUOKU TaOJINYHUX
BEJIMYMH.
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abkrwn

OGuncnuTH cCepeani 3Ha9€HHS Ny Ta N.

O6uncimutn 32  pobodoto dopmyry (7) e€IEeKTPOEMHICTh
koHnencaropa C.

OOuucnmuTd  BITHOCHY 1 aOCONIOTHY TIOXWOKH, 3alucaTH
KIHIIEBHIA pe3yIbTaT.

2

AC, AnY [ An,

&= +— | + 2,
C, n N,

AC=¢C.

Tabauus pe3yJbTaTiB BUMIPIOBaHb

Co = A(CO )0 = A(n)o = A(nO )o =
Ne Ng n
1
2
3
4
5
Cp.

KouTtpoabHi 3anutanus
[Ilo Ha3MBaIOTh ENEKTPOEMHICTIO BiJOKPEMIICHOTO IPOBITHHKA,
KOHJIeHcaTopa?
B SIKMX OJUHUIISIX BUMIPIOETHCS CIEKTPOEMHICTD?
HasBatu Buam KOHIEHCATOPIB.
Busectu (hopmyity eneKTpOEMHOCTI TIIOCKOTO KOHJICHCATOpa.
SIk 3aJIeKUTh CIEKTPOEMHICTh KOHJCHCATOPA BiJl JICIIEKTPUUHOL
NPOHUKHOCTI ~ PEYOBMHM, IO  3HAXOAUTHCS  MDK  HOTO
oOxagkaMu?
Buectn ¢opmynu enekTpoeMHOCTI OaTapei KOHIEHCATOPIB,
3’€IHAHKX TTOCIIIOBHO 1 MapajienbHo.
Onumrite OynoBY 1 MOSICHITE NPUHOMN Jii  OagicTHYHOTO
rajbBaHOMETpA.
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Laboratory 4.2. Verifying of Ampere's law

Objectives: 1) to verify Ampere's law. 2) to calculate the
magnitude of the magnetic field.
Theory
Note: the theory used in this lab is covered in book University
Physics with Modern Physics, Chapter 27.6, pages 898-900.

Background

Ampére’s law, one of the basic relations between electricity
and magnetism, stating quantitatively the relation of a magnetic field
to the electric current or changing electric field that produces it.

When considering historical discoveries in magnetism, we
have to mention Oersted’s finding that a wire carrying an electrical
current caused a nearby compass to deflect. A current-carrying
conductor (mposimuuk 3i crpymom) produces a magnetic field
(marnitHe mone) around it. i.e. behaves like a magnet and exerts a
force when a magnet is placed in its magnetic field. Similarly, the
magnetic field also exerts equal and opposite force on the current-
carrying conductor. This is because when two magnetic fields (the
magnetic field produced by the current-carrying conductor and the
magnetic field due to the nearby magnet) interact with each other,
there can be an attraction or repulsion between them. This attraction
and repulsion are based on the direction of the external magnetic
field and the direction of the current in the conductor. If the direction
of the magnetic field and the electric
current is perpendicular to each
other, then the force acting on the
conductor is perpendicular to both
the current and magnetic field.

A conductor is placed between
the north and south pole of a
horseshoe magnet with an upward
magnetic field and is connected in
series with the battery as depicted
below (Fig.1). When an electric
current (emekTpuyHHH CTpPyM) is
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passed through the conductor by switching on the plug key, the
conductor moves away from the horseshoe magnet indicating that the
force from the magnet is acting on the conductor. Now, if the
polarity —of either Dbattery or the horseshoe magnet
(migkoBomomiOHMiT MarHiT) is reversed and the electric current is
passed, then the conductor will move towards the magnet indicating
the direction of the force is reversed.

Experiments show that on element (dl) of a conductor with
electrical current (1) which is in the magnetic field (B) acts the force.
This force calls Ampere's force:

dF, = I[dl xB], 1)

or in scalar form

dF, =I1dIBsina, )
where a is the angle between the direction of the electrical current
and the direction of the magnetic field.

For any given combination of current and magnetic field
strength, the Ampere's force is
greatest when the direction of the
current is 90° to the direction of the
magnetic field. It is important to note
that a current-carrying conductor will
experience no force if the current in
the conductor is parallel to the field.

The direction of the Ampere's
force can be found using the left-hand
rule (Fig. 2): if the left hand is
placed so that the lines of force of the Fig. 2
magnetic field enter the palm, and the
extended four phalanges of the fingers indicate the direction of the
electrical current, then the thumb bent at 90° will show the direction
of Ampere's force, which acts on the conductor.

Ampére’s Law has many practical applications. It can be used
to know what magnetic field is generated by an electric current. This
is useful in building electromagnets, motors, generators, transformers
and more.
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In this lab work, the
laboratory plant is a physical
pendulum that oscillates between
the poles of an electromagnet,
perpendicular to the lines of
magnetic induction. The scheme
is shown in Fig. 3.

In general, physical
pendulum  (masgraumk) IS a
A pendulum in which an extended

object hangs from a pivot point
that is displaced from the center
of mass, about which the object is
free to rotate. When the pendulum oscillates with large amplitude, it
is NOT in simple harmonic motion. The larger the amplitude the
greater the deviation from the equation of an oscillator.

There are three main types of Simple Harmonic Motion

e Damped Oscillation
e Forced Oscillation
e Free Oscillation

Oscillations (xomusanus) that occur due to energy provided
only at the initial moment of time are called free. Such oscillations
can be harmonic or damped (BumytiieHi).

Oscillations in which the change of a physical quantity over
time occurs according to the law of sine or cosine are called
harmonic.

The oscillation that fades with time is called damped
oscillation. Due to damping, the amplitude of oscillation reduces
with time. Reduction in amplitude is the result of energy loss from
the system in overcoming external forces like friction or air
resistance and other resistive forces. Thus, with the decrease in
amplitude, the energy of the system also keeps decreasing. There are
two types of damping

e Natural Damping
e Artificial Damping

When a body oscillates by being influenced by an external

periodic force, it is called forced oscillation. Here, the amplitude of

Fig. 3
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oscillation, experiences damping but remains constant due to the
external energy supplied to the system. For example, when you push
someone on a swing, you have to keep periodically pushing them so
that the swing doesn’t reduce.

The main characteristics of harmonic oscillations and their
measurement units are given in the table

Terms Definitions Units Symbol

The time taken for
one complete
oscillation is called Second T
the period of
oscillation.

Period Of
Oscillation

The number of
cycles/oscillations
per second is

called the Hertz f
frequency
(gacrorta) of
oscillation.

Oscillation
Frequency

The maximum
displacement from
Oscillation the mean position
Amplitude is called the
amplitude of

oscillation.

Metre A

One of the objectives of laboratory work is to determine the
magnitude of the magnetic field B created by electromagnets. This
quantity is the force characteristic of the magnetic field. The
magnetic field B is a physical quantity that is equivalent to the
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maximum Ampere's force acting on a single current-carrying
conductor:

dF
B = = lnec. 3)

The unit of magnetic field induction is Tesla (T): T=N/A-m.

Procedure
1. Connect the laboratory equipment to the mains
2. Measure the time of the specified number of oscillations of the
pendulum both without current (to) and with specified current values
(t). Write measured values in table 1. WARNING! The key must be
closed to exclude the influence of Foucault currents.
3. Calculate the Ampere's force for each value of the current.
4. Plot the diagram Fa vs. I.
5. Choose from the diagram three experimental points that lie on the
graph or are closest to it.
6. Calculate the magnetic field for these points. Write the results in
table 2.
7. Determine the average value of magnetic field induction.

Table 1
No. 1 2 3 4 5 6 7
I(A)
t(s)
Fa(N)
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Table 2

No. I(A) Fa(N) B(T)
1
2
3
Average
Questions

1. Formulate and write down Ampere's law.

2. How is the direction of Ampere's force determined?

3. At what orientation of the current-carrying conductor in the
magnetic field is Ampere's force maximum?

4. What is a physical pendulum? Will the oscillations of the
pendulum be harmonic at large amplitudes?

5. What oscillations are called free, harmonic, dumped,
forced?

6. Define the main characteristics of harmonic oscillations
(amplitude, frequency, period).

7. Define the vector of magnetic induction, specify the units of
measurement in the Sl system.

Vocabulary / CaroBHuK

current-carrying conductor | mpoBiIHUK 3i CTPYMOM
electric current CIICKTPUYHHI CTPYM
magnetic field MAarHiTHE T0JIe

pendulum MAasiTHUK

oscillations KOJINBAHHS

damped BUMYIIICHI

frequency JacroTa

induction IHAYKILS

horseshoe magnet MAKOBONIOAIOHMHA Mardit
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IlepeBipka 3akony Ammnepa
Merta: 1) nepeBiputu 3aKoH AMrepa; 2) 00UUCIUTH IHIYKIIIO
MarHiTHOTO TTOJISI.
Teopis
[IpuMiTka: Teopis, BUKOpPHCTaHA B IIiif TabopaTopHiA poOOTI,
Bukiagena y kHu3i "University Physics with Modern Physics",
po3ain 27.6, cropinku 898-900.

Beryn
3akoH Amnepa — OIHE 3 OCHOBHHX CITiBBIJIHOIICHh MIiXK
CJIEKTPUKOIO T4 MAarHETH3MOM, SIK€ KUTBbKICHO BH3HAYa€e 3B’SI30K MiXK
Mar"HiTHAM TIOJIEeM Ta €IeKTPUYHAM CTPyMOM abo 3MiHHHM
€JIEKTPUYHUM II0JIEM, L0 HOTO IOPOIIKYE.
loBopsiun mpo iCTOPHYHI BIOKPUTTS B MAarHETH3Mi, CIiJ
srafgatu BigkputTs Epcrema, skuii BCTAaHOBHB, IO TPOBIAHUK 3i
CTPYMOM BHKIIMKA€ BIAXWIEHHS CTPUTKH KoMIaca MoOmu3y.
[IpoBigHWK 31 CTPyMOM CTBOPIOE HAaBKOJO cebe MarHiTHe IIoJe,
TOOTO MOBOAMTHCS SIK MAarHiT 1 YMHUTH Iil0 3 MEBHOIO CHJIOK Ha
MarfitT, pO3TallOBaHWN y WOTO MAarHITHOMY TOJi. AHAJOTI4HO,
MAarHiTHE TOJE€ TaKOX Ji€ 3 PIBHOIO W MPOTHJIEKHOI CHJIOK Ha
MOpOBIAHUK 31 cTpymMoM. lle TOSICHIOETBCS THUM, HIO KOJIH JBa
Mar”HiTHUX T1ons (MarHiTHe II0JIe, CTBOPEHE NPOBITHUKOM 3i
CTPYMOM, i MarHiTHe IOJIe CYCiTHbOTO MarHitTa) B3a€EMOJIIOTh, MiX
HUMH MOXKE BUHUKATH

MIPUTATAHHS abo
BIJIITOBXYBaHHSI. Lle
MIPUTATAHHS abo

BiJIIITOBXYBaHHS  3aJICKHUTh
BiJl HANpPSMKY 30BHIIIHHOTO
MAarHiTHOTO oIS Ta
HaTPSAMKY CTpyMy B
NPOBITHUKY. SIKIIIO HANPSIMOK
MAarHiTHOTO TOJISt Ta
CJIEKTPUYHOTO CTpYyMY
NEepIeHINKYSIpHI, TO CHJa,
IO Ji€ Ha MPOBIJHMK, TAKOX
NepreHIuKyIsipHa 1 [0
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CTPyMY, 1 0 MarHITHOTO TIOJISL.

[IpoBimHUK pO3MIIIYETbCA MK TIBHIYHAM 1 TIBACHHUM
MOJIFOCAMU  ITiTKOBOMOAIOHOTO MarHita 3 HaMpsIMKOM MarHiTHOTO
TIOJISL BrOPY Ta MiJ’ €IHYETHCS MOCIIIOBHO 3 OaTapeero, K MOKa3aHo
Ha puc.l. Komn wyepe3 NpOBIAHMK TPOMYCKAIOTH EIEKTPHIHHMA
CTPYM, 3aMKHYBIIM KIIOY, TPOBIAHWK  BIIXWISETBCS  BiX
MiTKOBOMOAIOHOTO0 MarHiTa, IO CBIAYUTH NP0 M0 CHIM Ha
MPOBIAHUK.  SIKmIo  3MIHATH  TOJApHICTE  Oarapei  abo
I TKOBOIIOIIOHOTO MarHiTa Ta 3HOBY MPOITYCTUTH CTPYM, POBITHUK
BIIXWUJIUTBCS y MIPOTHIICIKHUN OiK,

10 BKa3y€ Ha 3MiHY HANPSMKY CHJIH.

ExcrieprMeHTH OKa3yIoTh, 1m0 Ha eneMeHT (dl) mpoBigHuKa 31
crpymom (1), sikmii epebyBae B MarHiTHOMY Tomi iHAykuii (B), mie
cwia. L1s cuna Ha3MBa€eThCS CUIIOKD AMITEpa:

dF, = I[dl xB] 1)
abo B ckanspHiii popmi
dF, =1dIBsina 2

Je o — KyT MK HampsIMKOM €JEKTPUYHOTO CTPyMY Ta HAIPSIMKOM
MAarHiTHOT'O MOJIs.

Hnst Oyap-sikoi KoMOiHAIl CHIM CTPYMY 1 HampyKEHOCTI
Mar”iTHOro mojisi cuia Awmmepa
HaNO1ITBIIIA, KO HAMPSMOK CTPYyMY
NEPIEHIUKYISAPHUN 10 HANPSIMKY
MarHiTHOTo moJisi. BapTo 3a3HaunTy,
0 TPOBIAHUK 31 CTPyMOM HeE
3a3Ha€ [Oil CWIM, SKIO CTPYyM Yy
MPOBIIHUKY MapaielbHU JI0 TOJS.

Hampsimoxk cunu  Amnepa
BU3HAYAETHCSA 32 NPABUWIOM JBOI
pyku (puc. 2): SIKIIO JiBY PYKY
po3ramyBatd  Tak, mo0  JiHil

Puc. 2 MarHiTHOrO  MOJS  BXOAWIH B

JIOJIOHIO, a BHUTATHYTI YOTHPHU

NIl BKa3yBaJlM HANPSMOK EIEKTPHYHOTO CTPYMY, TO BEIHKHIMA

nayienb, BigirHyTuil mig kyroMm 90°, nokaxe HanIpsIMOK CHIIM AMIepa,
IO JIi€ Ha TIPOBiTHUK.

61



3akoH Awmrepa Mae
bararo TIPaKTHIHUX
3acTOoCyBaHb. Moro MoxHa
BUKOPHUCTATH JIJIsl BUBHAYCHHS
Mar"iTHOTO TIOJIsI, CTBOPEHOTO
EJEKTpUYHUM cTpymoM. lle
KOPHCHO TIpH  CTBOPCHHI
€JIeKTPOMArHITiB, JBHUTYHIB,

TeHepaTopiB,
l &, = TpaHc(OpPMAaTOPIB TOIIO.
A Y  npawiii  pobori
Puc. 3 1a00paTOPHOK0 YCTAHOBKOIO €

GI3MYHUE  MaATHHUK,  SIKAH
KOJIUBAETHCS MK TOJIIOCAMHU €IEKTPOMArHiTa, MepreHIuKyIISPHO 110
NMiHIA MarHiTHOI iHAyKmii. Cxema mmoka3zaHa Ha pwuc.3. 3araiom
(hi3UYHUI MasgTHUK — I TiJTO, SIKE MOXKE KOJHMBATHCH HABKOIO OCI,
0 HE MpoXOoauTh uepe3 Horo ueHtp wMac. Komm wmasTHHK
KOJIMBAETHCS 3 BEIMKOIO aMILTITyI010, ioro pyx HE € rapmoniuauM.
UumM Oinmboia aMIutiTyna, TAM OLUTbINEe BIOXWICHHA Bifl PIBHSHHS
OCLIUIISATOPA.

IcHY€e TpU OCHOBHHMX THUIM TAPMOHIYHUX KOJIMBAHb:

e 3racaroyi KOJIMBaHHS
e BumylieHi KOJTUBaHHS
o BijbHI KOJMBaHHS

KonuBanus, sKi BHHUKAIOTh JMIIE 33 PaxyHOK €Heprii,
HaJaHOI B TIOYATKOBHMI MOMEHT 4acy, Ha3MBalOThCs BUIBHUMU. Taki
KOJINBaHHSI MOXKYTh OyTH rapMOHIYHHMH 200 3racalodnMu.

KonuBanus, npu sikux 3MiHa ¢i3u4HOi BEIMYUHHM 3 4YacoM
BiIOyBa€eThCsl 32 3aKOHOM CHHyca ab0 KOCHHYcCa, Ha3HMBAIOThCS
rapMOHIYHUMU.

KonuBanHs, 1110 3racaioTh 3 4aCOM, Ha3MBAIOTHCS 3racalouuMu
KOJNMBaHHSIMU. Yepes 3racaHHs aMIUIITy1a KONMBaHb 3MEHIIYETHCS 3
yacoM. 3MEHINCHHS aMIDNTyId € HacHiIKOM BTpaTH eHeprii
CHCTEMOIO TIPH TOJIOJaHHI 30BHINIHIX CHJ, TaKWX SK TEPTS, OMIp
MOBITPsL Ta iHIII CUIM onopy. ToMmy 3i 3MEHIIEHHAM aMIUTITYAH
€HEepTisi CHCTEMH TaKOX 3MEHIIY€EThCs. ICHY€ 1Ba TUITH 3racaHHs:

e [lpuponne 3racanns
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e [lITyuHe 3racanHs.

Komm Timo komwBaeThcst Tix  BIUIMBOM  30BHIIIHBOT
MepiOaUYHO] CHIIH, 1€ HAa3WBAETHCS BUMYIICHHMHU KOJIWBAHHSIMH.
TyT aMIutiTy1a KONMBaHb 3a3HAE 3TaCaHHs, aje 3aJHIIAE€THCSA CTAJIO0
3aBISKM 30BHIINIHBOMY JDKepedy eHeprii. Hampukman, komu Bu
po3roiilyere KOrochb Ha TroWjmammi, NOTPiIOHO MepioguIHO
i IITOBXYBATH, 00 Toi1aKa He 3yTTHHAIACS.

Jlo OCHOBHHMX XapaKTEPHCTHUK TapMOHIYHHUX KOJHMBaHb
BiTHOCATBCS:

Amnaimyoa Konueany — MaKCUMalbHE BIIXWUJICHHS KOJHUBHOT
TOYKM BiJ TOJOXKEHHS piBHOBaru. BumiproeTbcs B merpax (M),
MO3HAYAETHCS JITEPOIO A.

Ilepio0 Konueanb- Yac OAHOrO TMOBHOIO KOJUBAHH.
BusHauaeTbes B cekyHnax (c), mo3HadaeThest Jiteporo T.

Yacmoma Koaueans — KiIbKiCTh KOJMBaHb 32 OJMHUIIIO Yacy.
Busnauaerses B ['epriax (I'mr), mo3HadaeThest 1aTeporo v (HIO).

OmauM 13 3aBmaHp JabopaTopHOi poOOTH € BH3HAUEHHS
IHAYKIOIT MarHiTHOTO  MOJisi, CTBOPEHOTO  EJIEKTPOMAarHiTaMH.
BenuunHa wmarHiTHOI iHAYKIII — 1€ CHJIOBAa XapaKTEPUCTHKA
Mar"iTHOro mois. [HAyKIis Mar"iTHOro molsi — 1e ¢izudHa
BEJIMYMHA, IO JOPIBHIOE MaKCHMAJIbHIA CHi AMIlepa, sKa Ji€ Ha
OJTMHUYHUH MPOBITHHK 31 CTPYMOM:

_dFAmax
Codl

OIUHUISE BAMIPIOBaHHsI MarHiTHOI iHAyKIi — Tecma (Ti):
Tn=H/AMm.

©)

Xing po6oTn
1. Ilix’ennaiiTe maboparopHe OOIaTHAHHS IO MEPEXKI.
2. BuwmipsiiTe dYac 3alaHOi KiNBKOCTI KOJNMBaHb MasTHUKa 0e3
cTpyMy (to) 1 TpW 3aJaHMX B3HAYEHHSX CTpymy (t). 3amumnith
BuMipsaHi 3HaueHHa y Tabmumio 1. YBAI'A! Kmiou mae Oytu
3aMKHEHHH JJ1sl BUKITIOYEHHS BIUTMBY cTpyMiB Dyko.
3. O6umcniTh cumy AmIiepa Jjisi KOYKHOTO 3HAYEHHS CTPyMY.
4. [Tobynyiite rpadik 3anexHocti Fa Big I.
5. OGepiTh 3 rpadika TpU EKCHEPUMEHTAIbHI TOYKH, 10 JIEKATh Ha
padiky ab0 HalOIMKYI 10 HHOTO.
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6. O0GUHUCIITH IHAYKIIFO MArHITHOTO TOJSI TSI IIMX TOYOK. 3aluIIliTh
pe3yIbTaTH y TaOIHIIo 2.
7. BuzHauTe cepeaHe 3HAYCHHS 1HIYKIi1 MAarHiTHOTO MOJISI.

Taoauns 1

Ne 1 2 3 4 5 6 7

I(A)
t(c)
Fa(H)

Taoauus 2

Ne I(A) Fa(H) B(Tn)

Cp.

KoHTposbHi 3anuTaHHsA
1. CdopmymroiiTe Ta 3anMIIITh 3aKOH AMIiepa.
2. Sk BU3HAYAETHCS HANIPSIMOK cuiin Amrepa?
3. [lpwu sixomy posranryBaHHI IPOBiAHHUKA 31 CTPYMOM y MarHiTHOMY
ToJti cuiia Amrnepa MakcuMalbHa?
4. o Take Qiznunmnii MasTHUK? Y OynyTh KONMBaHHS MasTHHKA
rapMOHIYHUMH ITPH BEIMKUX aMILTITyAax?
5. SIki KoNWBaHHA HA3WBAIOTHCH  BIIBHUMH, TapMOHIYHUMH,
3racaloyiMHy, BUMYIICHAMH?
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6. JlaliTe BH3HAYCHHS OCHOBHHUX XapaKTEPHCTHK TapMOHIYHHX
KOJIMBaHb (aMILTITy/1a, 4aCTOTa, MEPiof).

7. JlaliTe BW3HAUEHHs BEKTOpAa MarHiTHOI IHAYKWil, BKaXiTb
onuHUIl BUMiproBaHHs B cucteMi Cl.
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Laboratory 5.8. Experimental study of the photoelectric effect

Objectives:

1) to investigate the volt-ampere characteristics of a photocell;

2) to confirm the inverse

Note: the theory
University Physics with
1266.

cathode WV

square law.

Theory
used in this lab is covered in the book
Modern Physics, Chapter 38.1, pages 1261-

Background
A phenomenon of emission of
electrons from the metal surface when
light radiations of suitable frequency fall
of them is the photoelectric effect
(pomoegpexm). The emitted electrons
(sunpomineni abo eupsani enexmpoHu)
are called photoelectrons
(pomoenexmponu) and the resulting
current is called a photoelectric current
(pomoenexmpuunuii ~ cmpym).  Alkali
metals such as lithium, sodium and
potassium exhibit the
mode  photoelectric  effect  when

Evaculated quartz tube

magnesium exhibit the effect
when exposed to ultraviolet

\9
exposed to visible light, whereas
’/g Eleclronso—P 9‘ other metals such as zinc and

i)
\V/

[—(IH-}—

light. In order to escape the
surface, an electron must absorb

sufficient energy from the
@ incident light in order to

overcome the attraction of the

Fig. 1. A schematic diagram of positive ions within the material.

the photoelectric effect s

etup These attractions constitute a
potential energy barrier, and the

light provides the 'kick' that enables the electron to escape.
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Fig. 1 shows a schematic representation of the apparatus that
we will use to investigate this phenomenon. The apparatus consists
of an evacuated glass tube containing a metal plate called a cathode,
which is connected to the negative terminal of a battery. The anode is
connected to the positive terminal. A voltmeter V measures the
potential difference between the cathode and anode and an
amperemeter A detects a current when the light hits the cathode and
generates electrons.

A plot of the photoelectric current (or photocurrent) versus
the potential difference between the cathode and anode is shown in
Fig. 2 for two light intensities.

For large voltage values, all of the photoelectrons are
collected at the anode, resulting in a maximum current, known as the
saturation current (cmpym nacuuenns). Additionally, increasing the
light intensity results in an overall increase in current. When the
battery in the circuit is reversed so that the cathode is positive and

the anode is negative, the

S photoelectrons are repelled by
High intensity the negative plate.  Only
electrons with kinetic energy

Low intensity greater_than some eV value are
| — "~ energetic enough to reach the

photocurrent

anode. Eventually, the value of ¥
. becomes so high that no current
_v voltage 1S Observed; that is to say, no

S

photoelectrons have enough
Fig. 2. Photocurrent as a function €nergy —to overcome the
of the voltage opposing potential difference

and reach the anode. The value
of V at which the current becomes zero is called the stopping
potential (zampumyroua nanpyea) Vs.

When the photoelectric effect was first observed towards the
end of the 19" century, several of its features could not be explained
by the wave theory of light:

e no electrons are emitted if the frequency of the light falls
below a cutoff frequency, which is a characteristic of the
material being illuminated,;

67



e the stopping voltage Vs is independent of the light intensity;
o the stopping voltage Vs increases with the light frequency.

One way to explain these observations is to assume that light
exists as discrete energy bundles, or photons, The energy E of each
photon is proportional to its frequency v. This relationship is given
by:

E=hf, 1)
where h is Planck’s constant (cmana Inanxa) and f is the frequency
of light (vacmoma ceimna). Since only one electron is ejected by one
photon incident on the metal surface, this experiment is an
illustration of the quantization of energy.

Each material has a characteristic energy threshold
(enepeemuunuii nopic) for the photoelectric emission of electrons,
i.e., there is a minimum energy and a corresponding photon
frequency which will be able to release an electron from the metal.
Any photon of lower frequency than the minimum frequency will not
be able to release an electron. This minimum frequency is known as
the cutoff frequency (minimanena uwacmoma). If the incoming

photon has energy h f and the out-going electron has Kinetic energy
2

mv
K _ =—™m then;

max

hf =K +4. )
Equation (2) is Einstein’s photoelectric equation. Here ¢is

called the work function (po6oma suxooy) of the metal. It is the
minimum energy required by an electron to escape the metal.

Electrons embedded at some depth in the metal may lose
energy by collisions during their escape. Once out of the metal, they
may also lose energy by collisions before reaching the collecting
electrode located in the photocell. Equation 2 applies to an electron
released from the surface of the metal, which travels to the collecting
electrode without any collisions. Therefore, the kinetic energy in
equation 2 represents the maximum possible kinetic energy of the
ejected electron (without any collisions with surrounding electrons
and atoms in the metal).

The maximum Kinetic energy of the electrons can be found
by measuring the work necessary to prevent any electron from
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reaching the anode. This condition is achieved if the photocurrent
drops to zero under the application of a potential difference Vs
between the photosensitive surface (cathode), and the collecting
electrode (the anode). The photocurrent can also be reduced to zero
when the photons have a lower frequency than the cutoff frequency
of the metal, and thus not enough energy to excite the electrons on
the metal surface to escape.

Electrons in the photocell receive sufficient energy from the
incoming light to reach the anode without an accelerating potential.
Hence, to stop the electron flow, the anode must be made negative
relative to the cathode. Under these conditions:

eVy =K (3)
where Vs is the electric potential difference applied, Kmax is the
maximum Kkinetic energy of an electron ejected from the metal
surface, and e is the charge of an electron. Combining equations 2
and 3:

eVy =hf —¢. 4)

Eq. (4) shows that the \/, increases with increasing frequency f.
The intensity doesn’t appear in Eq. (4), s0 vy is independent of
intensity.

Thus, the key experimental facts about the photoelectric effect
(laws of the photoelectric effect) are the following:

1. The emission of photoelectrons will not occur at all, if the
frequency of the incident electromagnetic radiation is less than a
certain frequency called the cutoff frequency. Below the cutoff
frequency there would be no photoelectrons regardless of the
intensity of the incident light.

2. If the frequency of the incident radiation is larger than the
cutoff frequency, the number of emitted photoelectrons is
proportional to the intensity of the radiation.

3. The maximum Kinetic energy of the emitted photoelectrons is
independed of the intensity of incident light but depends on both the
frequency of the incident electromagnetic radiation and the metal
itself.
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4. There is no delay between illumination and the emission of
photoelectrons (the photoelectric emission is an instantaneous
process).

The photoelectric current for the large positive values v/ is
directly proportional to the incident light. Since the illumination of
the cathode is inversely proportional to the square of the distance r
from the illuminator to the cathode, the saturation current (lsa) will
also be inversely proportional to r%

2
sat 1 :(ij , ©)
sat,? n

where 1., and I, , are saturation currents for the distances r; and
ry, respectively.

Procedure
1. Switch on the lamp, move it from extreme position toward the
photocell and measure the distance r1 between them.
2. By increasing the voltage between cathode and anode from zero to
the maximum value, establish the volt-ampere characteristic of the
photocell at the given illumination.
3. Change the distance between the lamp and photocell (r2) and
repeat step 2.
4. Write measured values in tables.
5. Plot two diagrams | vs. U on one plot.

6. Determine the saturation currents ., and |_. , from diagrams

sat,1 sat,1

2

. . [
and calculate their ratio. Also calculate the ratio (—2] )
rl

7. Compare obtained values and state the conclusions you draw from
this experiment.
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Table 1

Table 2
=

L

vV,

Questions
1. What is the photoelectric effect? Which nature of light can be
explained by photoelectric effect?
2. What are the main points of the photoelectric effect (laws of the
photoelectric effect)?
3. What happens if the intensity (i.e., amplitude) of ultraviolent
radiation is increased?
4. Could we increase the intensity of the light to cause
photoelectricity?
5. Give a definition of cutoff frequency.
6. Please continue: photon energy depends on ...
7. What is saturation current in the photoelectric effect?

Vocabulary / CioBauk

photoelectric effect doroedekT

frequency yacrora

cutoff frequency MiHiMaJIbHa 4acToTa
incident radiation 11a/IaF0Y¢ BUIIPOMiHIOBAHHS
emitted photoelectrons BUpBaHi (HOTOCIEKTPOHU
energy threshold CHEPreTUYHHIA TTOopir

work function poboTa BUXOAY

stopping potential 3aTpUMyloua Hampyra
saturation current CTPYM HaCUYCHHS
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ExcnepuMeHTanbHe A0cTiTKeHHsT GOTOETEKTPHIHOTO
edekry

Meta poGotu: 1) AOCTIAUTH BOJBT-aMIICPHI XapaKTECPUCTHKH
(hoToeneMenTy; 2) MATBEpANTH 3aKOH O0OEpHEHUX KBaPATIB.

Teopist
[IpumMiTka: Teopis, 1o 1abopatopHOi poOOTH, OITHMCaHa B KHHU3I
University  Physics  with  Modern
\ f Physics, posmin 38.1, cropinku 1261-
* ! 1266.
/ JoBigkoBa ingopmanis
i ®oroedeKT — sBUILE BUOMBAHHS

) (] Y . . . .
'q. .p’ Ob. €JICEKTPOHIB 3 PEYOBUHU 17 JI€I0 CBITIA
® e ¢ > Y . . . :

BiJIIOBiAHOT 4acTOTH. Buburi

(BUNpPOMIHEHI) ENEKTPOHH HA3WUBAIOTHCS (IOTOETEKTPOHAMH, a

CTpYM, IO BHUHHUKAE B PE3yJbTaTi TAKOTO MPOLECY HAa3UBAETHCA

doroenexkTpuunum crpymom. JlyxHi Meramm, Taki SK JTiH,

HATpil, KaJlid, BUABJIAIOTH

g v .

N / o anode (b.OTOCJIGKTpII/IlIHI/II/I edexT mig

\ Ti€10 CBITJIA BUJIUMOTO

. o> + Jiana3oHy, a METaIu SK IMHK,
Electrons Q= [

MarHii  TOIIO,  BHUSBISIIOTH

E"“”'a“*’/"ga"z‘“be (boroenekTpuuHUil edekT Tixa

W, pistade} ynbTpadioaeToBoro

ceitiia. Illo6 BupBaTuCs 3
MOBEPXHi, EJIEKTPOH TIOBUHEH

[—(I)—ill}j—®~ HOTIMHYTH JIOCTATHIO
KiJIbKICTB eHeprii BifI

naIal0voro CBiTIIA JUTsL
NOJIOJIAaHHA ~ TPUTATAHHS 70
MO3UTUBHUX 10HIB Y MaTepiai.

Ha puc. 1 moka3aHo cxeMy eKCIIepUMEHTAIbHOI YCTAHOBKH.
BoHna ckiagaerbes 3 (hoToeneMeHTa — BaKyyMHOI CKIISIHOI TPYOKH,
IO MICTUTh METaJeBYy IUIACTHHY, SKa Ha3UBA€TbCS KATOAOM, IIO
MiKIIOYeHa JI0 MiHyCOBOTO Toioca Oarapei. AHOM TiAKITIOYCHUN

Puc. 1. Cxema
EKCICPUMEHTAIIbHOT YCTAaHOBKH
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10 TIO3UTHBHOI KJIeMHU. BobT™MeTp V BEMIPIOE PiI3HUITIO ITOTCHITIATIB
MDK KaTOAOM 1 aHOJOM, a aMmepMeTp A BHUMIPIOE CHIY CTPyMY,
KOJIM CBITJIO IOTpPAIUISE HA KATOJI 1 TEHEPYE CICKTPOHH.

I'padix 3amexxHOCTI QoToenekTpuyHoro crtpymy (abo
photocurrent 4 ¢porocTpymy) Big pisHHLI
MOTEHITIaTiB MK KaTOJOM 1

High intensity N
———— aHOJOM  ToKasaHWi  Ha
puc. 2 TUTS JTIBOX
Low intensity IHTEHCHUBHOCTEH CBITIIA.
[lpn BenMKHMX 3HAYCHHSX
HanpyTu BCi
(hOTOENEKTPOHH TOCTAIOTh
Vg voltage  apoma, 1 crpym  mocsrae
. . MaKCUMaJIbHOT'O 3HA4YCHHA,
Puc. 2. I'pacdixu | BAIEKHOCTEH h spanoro  crpymy
oroctpymy s dymxkuii Hanpyrn HacuveHHsi. Kpim Toro,

3arajJbHUN CTpyM
30iNbIIyeThCA TPU 30iNbIIEHHI i1HTEHCHBHOCTI cBiTina. Komu B
EJIEKTPUIHOMY KOJIIi 3MIHUTH TOJSPHICTH OaTapei, ToOTo M00 KaToxn
CTaB TMO3UTHUBHUM, a aHOJl — HETaTHBHHUM, TO (OTOENEKTPOHH
BiJIIITOBXYBATUMYTHCS BiJl HETaTWBHOI IUIACTMHHU. Tilmbku Ti
SNIEKTPOHHM, SIKI MAIOTh KIHETUYHY EHEPrilo, IO TEPEBUILYE JesKe
3HaueHHs eV MOXyThb JOCSATTH aHojxa. B pesynbraTi mpu Jesikomy
3HaveHHi V, cTpyM He (iKkCyBaTUMEThCs, TOOTO (OTOETIEKTPOHU HE
MarTh JOCTaTHBOI €Heprii, 100 MOAOJaTH 3aTPUMYIOUY DPI3HHUIIO
MOTEHIIIATIB IS TOTO, MO0 MOCITTH aHoJa. 3HaueHHS V MU SKOMY
CTPyM CTa€ pIBHEUM HYJIO, HAa3WBAE€ThCA  3aTPUMYIOUYUM
noreHuianom (sampumyioua nanpyea ) Vs.
doroedekT Brepiie crocrepiraay HampukiHimi 19 cromitrs,
KOJIM XBHJIbOBA TEOPisl CBiTJa HE MOIJa MOSCHUTH Kijibka HOro
0COOIMBOCTEN, a came:
® CIEKTPOHH HE BHPHBAIOTHCS, SKIIO YACTOTa I1aJar0yoro
CBITJIa € HIDKYOIO JIESKOT TPAHMYHOI YacTOTH, XapakTEpPHOIO
IUIs1 MaTepiaity, IO OCBITIIOETHCS;
e 3zarpuMmyroya Hampyra Vs He 3ajIe)KHTh BijJl iHTEHCHBHOCTI
CBITIIa;
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e 3arpumyrodya Hampyra Vs 3pocTae 3i 30iIBIIEHHAM YacTOTH
Ma/1al040To CBITIIA.
Lli oco6nMBOCTI MOXHA MOSCHHUTH, SIKIIO MPHUITYCTUTH, IO
CBITJIO TIOMIMPIOETHCS Y BATIIA/I TUCKPETHUX CHEPTETUYHUX ITyYKiB,
ab6o doroniB. Emnepris koxsaoro ¢orona E mpomopriitna ioro
yacrorti f, To6TO:

E=hf, (1)
ne h — mocritina ITnanka, f — yacrora cBitina. Ockineku oquH (GOTOH,
IO Majae Ha TOBEPXHIO MeTajly, BUOMBAE JIUILE OAWH EJIEKTPOH, TO
el eKCIIEPUMEHT € SICKPaBOIO UTIOCTPAIi€l0 KBAHTYBaHHS €HEPTii.

Koxxern Marepian Mae XapakTepHUUI eHepreTHYHHH mopir
U (DOTOENEKTPUIHOI eMicii eleKTpOHIB, TOOTO iCHye MiHiMaiabHA
SHepTisl Ta BiAMOBITHO MiHIMallbHA YacToTa (DOTOHIB, SIKi 3MOXKYTb
BUBUTLHUTH €IIEKTPOH i3 MeTany. byab-akuii (OoTOH 3 YacTOTOIO
HIKYOI0 32 MiHIMadbHy HE 3MOXK€ BHOHWTH €NeKTpPOoH. SIKIno
namarounii poToH Mae eHeprito hf, a BuUOWTHII €JEKTPOH Mae

2
: : K —_ mUmaX .
KiHETH4HY eHepriro K .= =——-,T10:

2
hf =K, +¢. (2)
Pipastrrs (2) €  (oToeJIeKTpUYHUM  PiBHAHHAM
Eiinmreiina. Bennunny ¢ Ha3uBarOTh POGOTOI0 BUXO/Y CICKTPOHA

3 MeTaiy, TOOTO I1e MiHIMaJIbHa €Heprisl, HeoOXiIHA eNEKTPOHY IS
BUXOJY 3 METaIy.

EnexkTponu, 1o 3HaXOJAThCS HA JACSKIN IIMOWHI B MeTalll,
3aTpayvaroTh CHEPril0 uepe3 3iTKHEHHs IiJ| Yac BUXOay. PiBHsSHHS 2
3aCTOCOBYETBCS IO €JIEKTPOHA, BUBLILHEHOTO 3 MOBEPXHI MeTany, 1
SKHH PYyXaeTbcs JI0 eNeKTpojga 0e3 Oynab-iKHX 3iTKHEHb. ToMy
KIHeTUYHA EHeprisi B piBHAHHI 2 — 1€ MaKCUMallbHO MOXIIUBA
KiHETHYHA €HepTis BUPBAHOTO eleKTpoHa (0e3 Oy/b-sSKUX 3iTKHEHb 3
OTOYYIOUMMH €JIEKTPOHAMH Ta aTOMaMH B METaJi).

MakcuMaiabHy KIHETUYHY CHEpPril0 EJIEKTPOHIB MOXKHA
3HAWTH BU3HAYMBIIM poOOTY, sIKa HEOOXiZHA AJS TOro 100 >KOJACH
CJIEKTPOH HE [JOCSATHYB aHomy. Ll yMmoBa nmocsraeTbcs, SKIIO
dorocTpyM mangae 10 HyJs MPH 3aTPUMYIOUil Pi3HUIN TOTEHITIAIB
Vs Mik (OTOYYTIMBOIO MOBEPXHEK (KAaToJoM) 1 30HpalbHUM
esekTpoioM (aHogoM). DoTocTpyM TakoK MOKe OyTH 3MEHILCHHN
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IO HyIsd, KOJNHM YacToTa IMagalodoro CBITIa HIKYa HIK poboTa
BHUXOJy €JEKTPOHIB 3 MeTaly, i, OT)Ke, HeIOCTaTHhO €HEeprii, Mmoo
MEPEBECTH EJIEKTPOHM HA MOBEPXHIO METAly Ta AJIsi TOro 100 IIfo
MOBEPXHIO MTOKUHYTH.

Hexaif enektpoHn y (oTOeIeMEeHTI OTPUMYIOTH TOCTATHIO
SHEprif0 BiI IMMAmalo4yoro CBiTIa, ImOO0 JOCATTH aHoma Oe3
npucKoprodoro mnoreHmiany. Omke, 100 3yNMUHUTH MOTIK
€JIEKTPOHIB, aHOJ TIOBWHEH OyTH HETaTUBHUM BiJHOCHO KaToja. 3a
X YMOB:

eV, =K, 3

ne Vs — mpuxianeHa pisHuus morenuianis, K — MakcumaneHa

KIHEeTUYHA CHEPTis eJIEKTPOHA, 1110 MOKUHYB MIOBEPXHIO METAITy, a € —
3apsizl eNeKTpOHa. 3 piBHSAHB 2 1 3 0OTpUMaEMO:

eVy =hf —¢. 4)
Pipasiras (4) mokasye, mo Vs 3pocTae 3i 30UTBIICHHSM
4yacToTH f. [HTeHCUBHICTH HE Qirypye B piBHAHHI (4), a ToMy Vs He

3aJICKUTh BiJl IHTEHCUBHOCTI.

TakuM YMHOM, 32 ONMUCAHUMH EKCIEPUMEHTAILHUMHU JaHUMH
MO>KHa c(OPMYITIOBATH HACTYITHI 3aKOHH (oToedeKTy:

1. BunpowmiHroBaHHS (DOTOENEKTPOHIB HE BiIOYBAaTHMETHCS
B3arajli, SKIOIO  YacToTa  Majardoro  eJIeKTPOMAarHiTHOTO
BUTIPOMIHIOBaHHS OyJie MEHIIIOIO 32 IIEBHY YacTOTY, SIKa HA3UBAETHCS
TPaHUYHOIO (MIHIMAIIEHOIO) YacTOTOK. Hikue rpaHMYHOi 4acToTH
(OTOCNIEKTPOHN HE OylayTh BHIIPOMIHIOBATHCS HE3aJEKHO BiJl
THTEHCUBHOCTI Ma/1al040T0 CBITIA.

2. Slxkmo wacrora Maaardoro BUIIPOMIHIOBaHHsS Oiiblla 3a
TPaHUYHY  YacTOTY, KUIBKICTh  BUpPBaHUX  (DOTOENEKTPOHIB
MPOIOPITifiHA IHTEHCUBHOCTI BUIIPOMIHIOBAHHSI.

3. MakcumanpHa KiHETHYHA €HEepris BUPBaHUX (OTOECIEKTPOHIB
HE 3aJIe)KHUTh BiJl IHTEHCUBHOCTI TIa/Ial040T0 CBITIA, aJie 3aJIeKUTh 5K
BiJl YaCTOTH MMAJal090T0 eJIEKTPOMArHiTHOTO BHITPOMIHIOBAaHHSI, TaK 1
BiJl pEUOBHHU METAITY.

4. MiX OCBITIIEHHSIM 1 BUIPOMIHIOBaHHAM (POTOEIEKTPOHIB
HeMae 3aTpUMKU ((OTOENEKTPUYHE BHUIIPOMIHIOBAHHS € MHUTTEBHM
MIPOTIECOM).
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@DOTOECNEKTPUYHUI  CTPYM JUIA  BEIIMKUX  ITO3UTHUBHHX
3HaYeHb Vs MPSMO TPOTMOPUIHHUN IMagarodoMy cBITIHY . OCKUTBKH
OCBITJICHHS KaToJja 00epHEHO MPOIOpLiiiHe KBaApaTy BiAcTaHi I' Bix
OCBITIIIOBaYa 110 Karona, To cTpyMm HacuueHHA (lss) Takoxx Oyxe
00epHEHO TPONOPLIHHMIA I 2

2

sat,1 rg
— =" ®)
Isat,2 r-1
ne |y, i lg, ,— crpymm HacuyeHHs IS BigcTameit i i I
BIAIIOBIIHO.

Xix po6orn
1. VBIMKHITH JamIty, epeMicTiTh 11 3 KpailHbOTO MOJIOKEHHS B OiK
¢doToeneMeHTa i BUMIpsiiTe BiICTaHb I'1 MiXK HUMH.
2. 30imbIIyIOYM HAMpyTy MDK KaroloM 1 aHOIOM B HyIsS 10
MaKCHUMAaJIbHOTO 3HA4YEHHS, JOCTITITh BOJIBT-aMIIEPHY
XapaKTepPUCTUKY (POTOCIEMEHTa IPH JIaHiii OCBITICHOCT.
3. 3MiHITH BiCTaHP MiX JamIow Ta (oroeremMeHToM, ToOTO 2 i
MOBTOPITH KPOK 2.
4. 3anumriTe BUMIpsHI 3HAUYEHHS 10 Tabmums 1 Ta 2.
5. [ToOymyiite rpadiku 3anexnoctei | sk Gpynkmii U.

6. Busnaute 3 rpadikis ctpymn Hacuuens | i |, ,, obuncnmits ix
2

. I,

BiJIHOIIIEHHS a TAaKOXX BETUUUHY | —=

h
7. TlopiBHsiiiTe OTpUMaHi 3Ha4eHHsI Ta C(HOPMYJIIOITE BUCHOBKH Ha
OCHOBI OTPUMaHHX JaHUX.

Tao6aunsa 1
=

18

v,

76



Taoauus 2

KoHTposbHi 3anuTaHHA
1. o Take ¢oroedexr? fAKy mpupomy CBiTIa MOXKHA MOSCHUTH
tdhoroedexrom?
2. Copmymroiite 3akoHU PoToedekTy.
3. Hlo BinOymeTbes, SIKMIO 30UIBIIMTH I1HTEHCHUBHICTH (TOOTO
aMILTITY1y) YABTPadhioleTOBOTO BUIIPOMIHIOBAHHS?
4. Yn MOXHa BHUKIHKATH (DOTOENEKTPUIHUN e(eKT 301TpIIBIIN
IHTEHCHUBHICTD [TaJar04Y0ro cBiTia?
5. JlaiiTe BU3HaYCHHS TPAHUYHOI YaCTOTH.
6. [IpomomxTe pedyeHHs: eHepris POTOHA 3aJIeKUTH BiJI.
7. llo Take cTpyM HacU4eHHs pu GoToedexTi?
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