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YBakaeMbI€ YJICHBI }KIOpI/I'

3a;[atn/1, MNPEAJIOKCHHBIC MIKOJBbHUKAM IJId PCIOCHHA HAa OJIMMIHAAC, HC CTAHAAPTHBIC U
JIOCTAaTOYHO CJOHbIE. [Ipe/uioxkeHHble 3/1ech BapUaHThI ITyTEH
pGHICHI/Iﬁ HE ABIIAIOTCS €IUMHCTBECHHO BO3MOXKHBIMU. YyacTHUKH
OJIUMITMAJIbl MOTYT MPEAJIOKHUTH CBOU CIIOCOOBI perienus. Ecnu atu
crocoObl MPUBOJAT K TPABHWIBHBIM OTBeTaM M (U3HYECKH
00OCHOBaHbI, TO 3ajada (UM €€ OTAEIbHBbIE IYHKTHI) JOJKHBI
OLIEHUBATHCSI MAKCUMAJIbHBIMU OajlsIaMH.

Kaxxnoe 3amanme compoBoxnpaercss Jlucramm OTBETOB, B
KOTOPBIC YHACTHUKHN OJIMMITHAABI JOJI?KHBI 3aHCCTHU OKOHYATCIIbHBIC
pe3yNbTaTHhI.

Ecnu  oxoHuaTenbHBIA pe3yiapTaT HE 3aHeceH B Jluer

OTBCTOB, HO COACPIKUTCA B OCHOBHOM PCIICHUU, TO 3TOT PE3YyJIbTAT
TaKXC HCO6XO,Z[I/IMO OIICHMBATDL.

He 3&6LIBaﬁTC, 4yTO BEI JOKHEI OLIEHUBATh HE TOJILKO KOHEUHBIS OTBCThI, HO U OTACJIBHBIC
IMMPpaBUJIBHBIC IIAaru B X0A¢ peIJ_ICHI/IH!

Yeaoswcaemuie konnezu! He ycaneiime 6annog (eciu, Koneuno, ecmp 3a umo!) 011 Hawux
MAanaHmMaUBbIX WKOJIbHUKOE!
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3amanue 11-1. «Pa3MuHka»

1. «IlocmoTpu um o00BsichHw» Ha Puc. 1 u3o0paxkeH mnomynsipHbIN
¢busnueckuil onbIT. BrIpe3aHHOE W3 MIACTUKOBOW OYTHUIKH KOJBIO
MOCTaBUJIM Ha IIMPOKOE TOPJBIIIKO MycToi OyThuiku. Ha Bepumuny
KOJIbIIa TIOJIOKUJIM HEOOJBITYyI0 MOHETY (WM Taiiky) (cMm. Puc. 1).
Pe3kuM ropu30HTANBHBEIM yIapoOM JIMHEWKH BBIOBEM ILTACTUKOBOE
KOJIBLIO M3-T10J1 MOHETHI IEPBBIM pa3 — Kak B cliydyae a), a BTOpOH pa3 —
Kak B ciaydae 0). OnuHakoBbl U OyIyT pe3yJbTaThl OMbITa B 00OMX
ciaydasx? Eciau HeT, TO 4To, MO BalleMy MHEHHMIO, IIPOM30HAET C
MOHETOI nanee B KaxaoM u3 ciaydaeB? IIpoananusupyiite Puc. 1, B
Jlucte OTBETOB KpaTKO OMMILIKTE BAaIllU BHIBOJBI U OOOCHYHTE UX C
(bu3MYECKOI TOUKHU 3PEHHUS.

2025/2026 yuebHbI# 1o

Puc. 1

2. «Ilepemenienue u nyTh 1 yacTuub» Yactuna (Puc. 2) nBmkercs: nMpsSMOIMHEHHO  paBHOYCKOPEHHO

(paBHOIEpeMeHHO). M3BeCTHO, YTO 3a HEKOTOPBIM MPOMEXKYTOK

BpeMeHH t; TyTh [, MpOWIEHHBIA 4YacTUIEH, U MOAYIb €&
-

nepemMenieHust S = |S | otnmyatorest B 177 = 3,00 paza. U3zBectHO

TAKXKE, YTO CKOPOCTH 4YaCTUIBI B MOMCHT BPCMCHU t1 MCHBIIEC I10

Puc. 2

MOJIYJII0 CKOPOCTH B HaualbHBIH MOMEHT BpemeHu (t = 0). Bo ckonbko pa3 17, OTJIMYAIOTCS MYTh,

MPOIIEHHBIN YacTHIICH, U MOYJb €€ TIEpEMEIICHHS 32 TPOMEKYTOK BpeMeHu 2t;?

3. «3epkanbublii map» CseroBoil n1yd AB (Puc. 3) or HemojBmxHOro jnasepa JI opueHTHpPOBaH

«TOPU3OHTAIBHOY. 3epKalbHbIN map paguycoM R = 12 cMm nBuxkeTcs
HNEepHEHIUKYISAPHO CBETOBOMY Jyuy AB («CBepxy BHH3») CO
ckopocteio U = 1,5M/c. Tlpm JBWKEHUH 3€pKAIBFHOrO IIapa
OTpa)XCHHBIN JIyd MOBOPAYMBAECTCS OTHOCHUTEIBHO «HETIOIABUKHOIO»
najampoero jgyda. YeMmy paBHa yrioBas CKOPOCTb @  BpallleHUs
OTPaXEHHOT'O JIyda B MOMEHT, KOT'/Ia MaJaroliui cBeTOBOM 1ydy AB
HAXOJUTCS Ha pacctossHud h = 6,4 cM (cm. Puc. 3) ot nnamerpa CD
3€pKAJIBHOTO 1Iapa MapajuieIbHO eMy?
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Bo3moskHbIE peleHus:
3aganmne 11-1. «Pa3MHHKA»

1. «IlocmoTrpu u o0bsichm» Ha Puc. 1 wu300paxeHs
MoaU(UKAIIMK ~ HM3BECTHOTO ompiITa MO  MEXaHHKe,
JEMOHCTPUPYIOIIEr0 0ocoOeHHOCTH JedopManuil Tena mpu
Pa3IMYHBIX MEXaHUYECKUX BO3/ICHCTBUSX.

Touka nmpuioKeHHusl CUIbl yAapa JUHEHKU BIUSET Ha BUJ
nedopMaIuu: B ciaydae a) 3To OymeT cxxaTHe MO TOPU3OHTAIN
(BBIITYKJIOCTH MO BEPTHUKAIN), a B Ciiydae 0) — pacTsDKCHHE IO
TOPU30HTANN (C)KAaTHE 10 BEPTHUKAIIH). Puc. 1

CoOOTBETCTBEHHO, MOHETa B Cllyyae a) HE IOMaJeT B
OYTBLIKY, a TIOJIETUT MO Napaboiie «BBEpX U BIEpPE», TOT/Ia KaK
B CiTy4ae 0) OHa OKa)KeTcsl B OyThIJIKE.

Cnyuait a) moapo6HO paccmoTpeH B 3aaanuu 9-1, a cimyuait 6) — B
3agagud 10-1.

2. «IIyTh 1 mepeMenienne YacTub» [10CKOIBKY NIPU MTPOU3BOJILHOM
IBUKEHUM dYacTHibl e€ myTh | Bcerma Oomnbiie (Iu00 paBeH) MOAYIS

.
nepemMenieHust S = |S , TO U3 YCIIOBUSI CIIEIyET, YTO K MOMEHTY BpEeMEHU ¢

MyTh YaCTHIIBI B TPH pa3a 00JIbIIe MOIYIS €€ epeMeneHHs
[ = 3|S| = 3S,, (1)
rae SO — MOAYJIb ICPEMCUICHUA YaCTHILIbI K MOMCHTY BPEMCHU tl'
B yciioBum 3a1aun He cKa3aHo, KaK «HAPABJICHO» YCKOPEHUE (4 JIBUXKYILEHCS YACTULIBL: «I10» €€
HavYaJbHOU CKOpPOCTH Vg HIHN «HIPOTUB.

HpellHOJ'IO)KI/IM, qTO «I10», T.€C. HpOGKHI/ISI yCKOpeHI/ISI Ha OCb HaanBHOﬁ CKOpOCTI/I IIOJIOKUTCIIbHA
(a > 0).

Torz[a qacTuua 6y,ueT YCKOPATBCA U ABUTI'ATHCA pr[MOJ'IHHCfIHO BCC BpEMs B OJHOM HAIIPABJICHUH.
O,Z[HaKO, B TAKOM CJIyda€ MOIYJIb INICPEMCUICHUA S HJaCTHULBI BCEraa GYI[GT paBCH NyTH l, HpOI\/'II[eHHOMy
€10, T.€. UX OTHOLIEHHE OYJET paBHO €IUHUIIE

1=S5, 2)
4TO MPOTUBOPCHUUT NAHHBIM YCJIOBUA.

CrnenoBarenbHo, 1 BhimonHenus (1) BekTOop yckopeHums d A4 Ug £ B So
YaCTHIIBI 0JUKEH OBITH HAITPABJIEH IPOTHUB BEKTOPA Uy €€ HadalbHON
ckopoctH. B Takom ciyqae Tpaektopus ABCD yactuisl OyaeT UMeTh
MPUMEPHBIA B Kak Ha Puc. 3.

Taxkum 00pa3oM, Ha IPOMEKYTKE BpEMEHHU t; YacTHIIA CHadaja JBHKETCS B oaHy ctopony (ABC), a
1I0CJIe OCTaHOBKH — B 00paTHyo (CD).

MeHb11ast BETUYMHA CKOPOCTH B MOMEHT BPEMEHU t; O3HAUYaeT, YTO YacTUIIAa HE YCIIEBAET BEPHYTHCS
B HavyabHyI Touky A (cm. Puc. 3).

U3 Puc. 3 cnenyer, uto AD = S,, canepoBarenbHo, BC + CD = 35S, — AD = 25,. IlockonbKy 3Tl
OTPE3KH PaBHBI, TO HAXOAUM
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BC = CD = S, (3)
rae Sp ecTh e€ ylajieHHe YacTUIIbl OT HauyajJbHOW TOYKU B MOMEHT BpEMEHH ;.
O0603HayuM BpeMsl JBMKEHHUS OT HAYAJIbHOM TOYKHU 10 TOYKU OCTAaHOBKHM C uepes t,, TOrjaa 1o
KMHEMATUYECKOMY 3aKOHY PaBHOYCKOPEHHOTO (PaBHOMEPEMEHHOI0) IBUKEHUSI UMEEM

at?

T = ZSO y (4)
t1—tg)?
a( 12 0) — SO- (5)
Permras cucremy (4) — (5), Haxonum
1

[TockosbKy ¢ MOMEHTa t, ¥ JJO MOMEHTa BpeMEHH 2t; YacTHIIA JIBHXKETCS B OJJHOM HAIPaBJICHUH,
TO 3a BpeMs (2t; — ty) IPOXOAMT IyTh l;, paBHBIN

Ly = 2E8 = 95, (V2 + 1)? = 2553+ 2V2) . %
Torna nosHbIA MyTh YaCTULBI 32 BpeMsl 2t; paBeH
l, =25, +1; = 45,(2 +2), (8)
a MOAYJIb NCPEMCIICHUS 34 5TO BPEMS pABCH
S, =1 — 2S5y = 4S5(1 +2) . (9)
Taxum 00pa3oM, HICKOMOE OTHOIIIEHHE ATHX JIBYX BEIIMYMH Yepe3 MPOMEKYTOK BpEMEHH 2t; PaBHO

_ L 4S0(2+V2) _
N2 =35, = as,00v2)

V2 =141. (10)
3. «3epkaabHblii map» CorlacHO TNPUHIUIY OTHOCUTENbHOCTH [ammnes (DiHIITEHHA), BCE
uHepuuanabHbele cucreMbl orcyera (MICO) TOXAECTBEHHBI B TOM
CMBICJIE, YTO peliaTh 3a7a4y MOXKHO B JIF0OOH U3 HUX.

B nanHoM ciiydae yaoOHO mepeTy B MHEPLMAIbHYIO CUCTEMY
OTCYEeTa, CBSI3aHHYIO C JBHXKYIIMMCS IiapoM. B Hell map Oyner
«TIOKOUTCS», a nasep (M ayd AB) — ABUTATBCS «CHU3Y BBEPX» C
ITIOCTOSIHHOM CKOPOCTBIO U.

PaccMoTpuM cBeTOBOM J1yd, MAymMi Ha paccTOSIHMM h oT
nuamerpa CD (Puc. 4).
3a MaItblif MPOMEKYTOK BpeMeHH At ITyd yoamuTcs OT JuaMeTpa Ha Majoe pacctostaue Ah, paBHOe
Ah = VAt . @
[Tpu 5TOM TOUKa MaACHUs MPOKAET MO 3epPKATLHOMY Iapy Mayioe paccrosiuue Al 1o mayre, KOTOpYIO
NPUOIN3UTENIEHO MOKHO CUMTATh XOpAoi. Toraa u3 COOTBETCTBYIOLIETO MPSIMOYTOJIBHOTO TPEYTrOJIbHUKA

MOJIy4rM (Ha PUCYHKE HE TTOKa3aH)
Al = Ah _ VAt (2)

cosa cosa '

I7ie @ — yroJl MaJieH!s CBETOBOIO Jyuya Ha 3epKaJIbHBIN 1Iap.
Marnoe yBenuuenue A yria najeHus CBETOBOIO JIyda COCTaBUT

Al VAt
Aag = — = ,
R Rcosa

©)

rae R — paguyc mapa.
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[Tpu yBenuueHUHU yria NajeHUs YBEIMUMBAETCS U YroJl OTPaKEHUs, IIO3TOMY IOJIHBIM MOBOPOT A@
OTPaKEHHOT0 Jiyya OyJeT B JjBa pa3a 0oJiblie

2VAt
Ap = 2Aa = . 4
4 Rcosa ( )
YrnoBas CKOPOCTbh BpalICHUS OTPAKEHHOTO Jy4a B 3TOT MOMEHT
A 2VAt 2v
w="=2= — , (5)
At Rcos aAt Rcosa
Y4auTeIBas, 4ToO
1/R2_h2
cosq = ——, (6)
R
MOJy4aeM OKOHYATEIbHbBIA PE3yJbTaT
2v R 2v
=— = . 7
R VR2-h2  +R2-p2 )
Pacuer paet
21,5 az aj
w = —=— (24) = (29,55414023} = 30 22 )
10,122-0,0642 \ ¢ c

B cootBercTBHEM ¢ mpaBWIaMH OKpYTJICHHS (CM. JaHHBIC YCIOBHS) OKOHYATEIBHBIA OTBET
MIPUBOJIUM C TOYHOCTBIO JIO IBYX 3HAUAIIHMX ITUQD.
3ametuM, uto ipu h = 0 ¢opmyna (7) nepexoaut B popmyiny (4) ans 3agaun 10 kitacca, MOCKOIbKY

3TO €CTh YAaCTHBIN ClTydai JaHHOM 3amauu (pu yrie nagenus a = 0) ©.
_2v
==
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3ananme 11-2. 3Byk u I'yk

W3 npocteix onbitoB (Puc. 1) cnegyer, yTo MeXaHUYECKHE B3aUMOJICHCTBUS (U 3BYK B TOM YHCIIC)
NepealoTcsl B YIPYyroi cpese (MpocTpaHCTBE) OT TOUKU
K TOYKE HE MIHOBEHHO, a IIEPEHOCSTCS YINPYTruMU
BOJIHAMH C KOHEYHOW CKOpOCThI0 ¢ (¢ < 00) 3a
HEKOTOPBIN KOHEUHBII IPOMEKYTOK BPEMEHHU.

WuTynTnBHO HIOHATHO, 4TO CKOpPOCTh
pacnpocTpaHEeHHs YIPYTUX BOJIH (3ByKa) B JaHHOU cpesie
olpenensercs TaKUMHU eé MEXaHUYECKUMHU

XapaKTepUCTUKaMU, KaK YIIPYrocTb U MHEPTHOCTb.

B pamkax naHHOro 3ajiaHus BaM IMpeJICTOUT OoJiee MoAPOOHO pa3odpaTh MPOLEecC PacIpoCTpaHeHuUs
YIOPYTUX BOJIH (3ByKa) Ha JJOCTaTOYHO MPOCTHIX MOJIENISIX.

PaccmoTpum omHOpomHBIM ynpyruii crepkeHb (Puc. 2) HavambHOW aMHOW | M IUIOIIAIbBIO
MOTEPEYHOro ceueHus S, K CBOOOJHOMY KOHILy KOTOPOTO

-

IIPUITOKHIIA CI/IHy F ﬁ
7 S () ) >_"

Ilon  nmeiictBueM  CHIIBI CTEPXKEHb  YIUIMHUTCS
(mnedbopmupyercs)  Ha HekoTopyw Bemuuuny — dl (dl > 0), Puc ? ! dl
Ha3bIBaeMYyr0 abcooTHOM nedopmanueii odpasia (cM. Puc. 2).

[lpu nedopmamun CTEpKHS B HEM BO3HUKAET OOpaTHas CHia YNpyroctu Fj, KOTOpas CTpeMHTCS

CKOMIICHCUPOBATb HeﬁCTBHe BHEIIHEH cunbl F.
CormacHo 3dKOHY FYKa, npoeknus CUJIbl YHIPYIroCTH F, BO3HHKIIAA B CTCPIKHEC, IIPU MaAJIbIX

nepopmarusax (dl < 1) ecthb
FE,=—kdl =F, (1)
rae k — ko3 HuUIueHT ynpyrocTa CTepxKHs.

KoaddurmenT ynpyroctu k CTEp)KHS 3aBHCHT KaK OT €0 «I'€OMETPHH», TaK U OT YIPYTHX CBOHCTB
€ro MaTepuaia

S
k = E 7 y (2)
rae E —mooyne FOnea (ynpyeocmu) Matepuaia, U3 KOTOPOTO U3TOTOBIIEH CTEPKEHb.
Monyns FOnra Matepuana sipsercs TAONMYHBIM JJaHHBIM U u3Mepsietcs B [E] = Ila = H/m2.
JIefcTBHS CUITBI TSOKECTH U CUJI TPEHUSI U COTIPOTHUBIICHUS B JAHHOH 3a7aue HE YUUTHIBATh.
Cnpasounsie OanHble U napamempsl paccCmMampusaemol cucmemsl. MOJISIpHas ra3oBasi OCTOSIHHAS

R =8,31 Mi%, MOJISIpHasi Macca Bo3ayxa M = 29 ﬁ, CKOpOCTh 3BYKa B BO3JyX€ IIPH TEMIIEPATYype
M
C
20°C paBHa ¢ = 343 (%), ypaBHeHHe anuabarel: pVY = const, rae y = CLM , JUISl IByXaTOMHOTO
|4

raza (Bozayxa) y = 1,4, & —rpeueckasi OykBa «KCH».
Yacrtp 1. CkopocTh 3ByKa B YIIPYIOM CTEp:KHe \
B

tO

ITycte ynpyruii crepxenb AB HajleTaeT o HOpMaJIA CO

CKOPOCTBIO U Ha OYEHb JKECTKYI (HeaepopMHUpPYEMYIO) () A 5=0 )

HeronBWkHYI0 creHKy (Puc. 3). IlnotHocTh Matepmana
CTEpXkHS p, ero Moayib FOHra (ynpyrocrn) pasexn E. Puc. 3
uc.

Cpa3y nocne MEeXaHMYeCKOTr0 KOHTAaKTa CO CTEHKOH 10
CTepXHIO (OT CTEHKH) HaYMHAeT OeXaTh MPOA0JIbHAS BOJIHA
6

cxatus (BO3MYIIEHHS) CO CKOPOCThIO 3BykKa ¢ (cM. Puc. 3).
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[Ipr 5TOM K HEKOTOPOMY MOMEHTY BpEeMEHHU Je(hOpPMHPOBAHHOM OKa3bIBaeTCS JHIIL 4YacTe DB
CTEPIKHS, JI0 KOTOPOM ycCresa JOWTH BOJIHA YIpyroro Bo3myiieHus (cMm. Puc. 3). bynem cumrarsh, 4to
YaCTHUIIBI CTePKHS B 3TOM obnactu (DB) yxe octaHoBwinch (v = 0) moxa AeiCTBHEM CUIT YIPYTOCTH.

3aMeTHM, Y4TO B 3TOT K€ MOMEHT BPEMEHHU JPYrHe YaCTHIIbI CTEPXKHS (B €ro «aaibHei» yactu AD)

«KaK HHM B 4eM He ObIBaJIO» MPOJOJDKAIOT JBMKEHHUE BIepen (K CTEHKE) C MPEKHEH CKOPOCThIO U (CM.
Puc. 3).

1.1 Meroaom pa3zmepHOcTel osryduTe (GopMyiry 1uist CKOpocTd 3Byka ¢ = ¢ (E, p) B yipyrom cTepxHe
(c TOUHOCTBIO 710 Oe3pa3mepHOro ko3dduinueHta &), B 3aBUCUMOCTH ero Moy ynpyroctu (FOura) E u
IUIOTHOCTH p.

1.2 Haiigute cKOpOCTh 3ByKa C B YIIPYrOM CTEpXKHE, PAaCCMOTPEB M3MEHEHUE HMITYJIbCA CTEP)KHS B
IpoIecce €ro CTOJIKHOBEHHS C HeleOpMHPYEMOH CTEHKOW. YCTaHOBHTE 3HAaveHHE Oe3pa3MepHOro
kod(duruenta §.

1.3 Haiinure cuiny nasnenus F, crepxHs Ha Heae)OPMHUPYEMYIO CTEHKY B IIpoLiecce yaapa (BO Bpems

KOHTAKTa CTEPIKHsI CO CTEHOM ).

Yacrts 2. 3ByK n Jlamiac

CkopocTh 3ByKa B razax BoepBble Obuia paccuntaHa M. HeloToHOM B ero 3HamMeHHMTOH pabote
«MaremaTtndeckue Haudajga HarypaibHOU ¢umocodpun» (1687 r.).

OnHako pe3ynabTaT MacTepa OKas3aJCs CUJIbHO 3aHMKEHHBIM, U a) [ D
Oosee cra €T NpPUYMHA JAHHOHW «HECTHIKOBKHM» OCTaBaIach S() A Do ( )D B
HESICHOM. ..

Jlums B 1816 1. m3BecTHBI (PpaHIy3ckuii Matematuk IIbep 6) Puc. 5
Cumon pne Jlammac ucnpaBuwil «HETOUHOCTh» HbIOTOHA, KOTOpBIH () P {) E\ID
CUMTAJI, YTO 3BYK PACIPOCTPAHSETCA «M30TepMUYEcKn». Jlarurac LS
MOCTPOMII a1abaTHYIO MOJIeNb paclpOCTPaHEHHsI 3BYKa M TIOTYIHIT po +dp Al

OJiecTsiee COBIACHNE TEOPUU U TTPAKTUKH !
Jns moctpoenust Mmoaenu Jlamnnaca HEOOXOAMMO BBISICHUTD: Kakasi BEIMYMHA UTPAET POJIb MOIYIS
IOnra E s razos?
PaccmoTpum ujeanbHbIi ra3 moJ 1aBICHHUEM P, B HEMOJBIKHOW Trnaakoit Tpyoe AB niauHON | u
IUTOMIA/BIO TIOTIEPEYHOTO CEUCHUs S, 3alePThIi MOABMKHBIM repMeTHUHbIM mopinHem D (Puc. 5, a)).

2.1  IIpunoxum K NOJBMKHOMY HOPILHIO cuity F, cxxuMaroltyto uaeansHbsii ras3 (Puc. 5, 0)). [ycts nmon
JEHCTBUEM 3TOH CHIIBI TIOPIIEHb cMecTIIICs BiieBo Ha Masioe dl (dl « 1), a maBieHue ra3a yBeIUIHIOCH
1o 3HaueHus (pg + dp), npuuem dp K p. Ucnonssys (1) u (2), Beipazute moayns FOura E rasza BHyTpH
TpyOBI uepe3 Benmmuunsbl (dp,dV,V), tne dV = Sdl ects n3amMeHeHrne odbeMa ra3a 1oJi JSHCTBUEM CHITBI,
aV = S| — HayanbHbI 00beM rasa.

2.2 TlpumeM BO BHUMaHHE TOT (PaKT, YTO HPU PANPOCTPAHEHHWU BOJH (B TOM YHCIE U 3BYKOBBIX)
OTCYTCBYET MEpeHOoC BemlecTBa. MHBIMU ClloBaMHM Macca BBIJIEIEHHOrO o0beMa rasa B IpoIecce ero
nedhopmanuu (CKATUSL WM PACTSHKCHUS]) OCTaeTcs MOCTOSHHON (m = pV = const) mpu MajbIx
n3MeHeHnsx oobema dV u tuioTHOCTH dp Taza. Mcmonb3ys paHee MoydeHHbIC Pe3yabTaThl, JOKAKUTE

d
YHUBEpPCaIbHYIO (GOPMYITY JUIsl CKOPOCTH 3BYKa B raszax (M *HUAKOCTAX) B BUJIE C = d_i , Tne dp —
M3MEHEHME JaBJICHMS Ta3a MpU €ro YIJIOTHEHMH (pa3pexeHuu), a dp — COOTBETCTBYIOLIEE ITOMY

U3MCHCHUC IIJIOTHOCTH Ta3a.
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2.3 CoruacHo npeanoioxenuro Jlamaca mporecc paciupoCTpaHEHUs 3ByKa B ras3e CiedyeT CUMTaTh

'
anuabatuyeckum (pVY = const,y = c_M)' [Tonyuure popmyny Jlamnaca anst CkopocTu 3Byka Cj B Tasax.
|4

2.4 Tlo ¢popmyne Jlanmaca BEIMHCINTE CKOPOCTh 3BYKa C;; B BO3ayxe npu temmeparype t° = 20°C.

Bo3moskHbIE pelieHus:

Yactb 1. CkopocTb 3ByKa B YIPYIOM CTEPiKHe
KI KI
11 YuursiBas pazmeproct Moxyist Oura [E] = [la = — = — 1 IUIOTHOCTH p = —; U3 HUX MOXKHO
M M-C M

E
COCTaBUTH TOJIBKO OJHY «KOMIIO3HUI[UIO», UMECIOIYIO PasMEPHOCTb CKOPOCTU: C = \/% . CHGHOB&TCHLHO,

C TOYHOCTBIO JI0 HEKOTOpOoro 0e3pazMepHoro kodpduirenta ¢ UCKOMYIO GopMyIy JUIsl CKOPOCTH 3BYKa

czf\/g. 1)

1.2  PaccMOTpuM CTOJIKHOBEHHE CTEPXKHS ¢ BooOpakaeMoil Hepedopmupyemoii crenoit. [Ipu atom 3a

B CTCPKHC MOXKHO 3aIIMCaTh KaK

BpeMs dt OCTaHOBWJIACH YacTh CTEpkHsA JuHOU | = cdt (kyma moOexan 3Byk). COOTBETCTBEHHO, 3a
MPOMEKYTOK BpeMeHH dt TOralieH UMITYJIbC dp 3TOTO e y4acTKa CTepKHS IIHHON | = dAt .
CornacHo BTopoMy 3aKoHYy Hpr0TOHa B UMITYJIbCHO# (popme
dp = Fdt. 2
[ToraimeHHBIH UMITYJIEC MOKHO BBIPA3HTh KaK
dp = dmv = pSlv = pS(cdt)v, 3)
rie S — IIomaab MomepeyHoOro CeUSHUs CTEPIKHS, U — CKOPOCTH CTEPIKHS.
CornacHo 3akony ['yka
F = kdl = EZdl = E> (vdt). (4)
[Toncrasnss (3) u (4) B (2), nonydaem
pS(cdt)y = E=(udt)dt = E ——(vdt)dt. (5)
N3 (5) nomyuaeM uckoMyro (opmyiy s CKOPOCTH IMPOJOJIbHBIM YINPYruX BOJIH B YINPYroM
CTEpIKHE
E
Cc = ; . (6)
CpaBnuBas (6) u (1), HaX0IUM 3HAYEHHE HEM3BECTHOTO Oe3pa3mMepHoro kodduimenrta
§=1. ()
CrnenoBaTenbHO, HaM TOBE3JIO, U METOJOM pa3MEPHOCTEH MBI Cpa3dy OINPEIeTHId TOYHYIO
(bopMyITy sl CKOPOCTH 3BYKa B YIIPYTOM CTEPIKHE.

13 Cuna naBneHust CTEpXKHS Ha CTEHY B Ipoliecce yaapa (Bo BpeMsi KOHTaKTa) HaieTcs u3 (2) kak
__dp _ pS(cdtyv _ _
&—E—T—pSCU—vS,/pE. (8)

Yacts 2. 3Byk u Jlanuiac
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2.1 Cuny F MOXHO IIPEACTaBUTh, C OJHOW CTOPOHBI Kak cuiy ynpyroctu (—kdl), a ¢ apyroi — kak
W3MEHEHME CHIIBbI JaBiicHus ra3a (dpS)

F = —kdl = dpS, 9)
s .
rne k =FE i KO3 PUIUEHT YIPYrOCTH «T'a30BOH MPYKHHBI.
N3 (9) monyunm
Sdl = — el e Vg _y
EZdl=—dpS = E=—-—dp=—-—dp=-V_. (10)

2.2 Toxacrasnss (10) B (6), momyyaem JiIsi CKOPOCTH 3BYKa B rase

_ydp
CZJE: iy _ LK@. (12)
p p pav

[TockonbKy IHpH pacHpOCTpPaHEHMHM  3ByKa IIEPEHOCA BEILECTBA HET, TO ISl HEKOTOPOro
BBIJICJIEHHOT0 00beMa CIUIOIIHON CPeibl 10JIKHO BBIIOJIHATHCS PABEHCTBO

m=pV = (p+dp)(V+dV). (12)
N3 (12) naitnem (mpenedperasi 06CKOHEYHO MaJILIMK 00JIee BBICOKOTO TIOPSIIKA)
dpV + pdV =0 = V=—pZ—Z. (13)

[Toncramnss (13) B (11), momyuaem

— [_Yaér _ |_lap( _av)_ [dp
C_\/ pdV_\/ pdV( pdp)_ dp ' (14)

M
2.3 3anmuieM ypaBHEHHE anuabaTHOro mpolecca ypaBHeHue amuabarel pVY = const (y = ZLM'
|4
JUISl ABYXaTOMHBIX ra3oB y = 1,4).
VYpaBHeHue aguadaThl MOXKHO IPUBECTU K BUY
ypdV +Vdp =0. (15)
ITockonbKy MIOTHOCTB T€NA P~ %, TO MOXEM 3aIucaTh, 4To
av
dp~ 5 . (16)
CootBeTcTBeHHO, (15) MOXKHO TIepenucaTh B BUIC
ypdp — pdp = 0. 17)
N3 (17) nony4um, 4To A aauadbaTH4ecKoro mpoiecca
o _p
Pl y . (18)

C yuerom (18) u3 (14) nonyuaem popmyny Jlamnaca 1i1st CKOpOCTH 3ByKa B BO3yX€, BHIBEICHHYIO

uM B 1816 T.
_ [dp _ p_ RT
c= /dp— /yp— /yM. (29)

24 W3 (19) nns Bo3gyxa (M = 29 $) npu Temiepatrype t° = 20°C nosiyyaem 3HaY€HUE CKOPOCTH

3ByKa
1,4:831-293 (M) _ _ M
¢ = /W (;) = {342,8462006} = 343 (c) . (20)

[TosryueHHBIN pe3yabTaT HAXOAUTCA B MPEBOCXOJHOM COTJIACHM C JAaHHBIMU SKCIEPUMEHTA IS
Bo3ayxa (343 m/c) mpu Temneparype t° = 20°C.

Teopernueckuii Typ. Bapuanrt 1.
11 knacc. Pemenus 3anau. biaank mis xropu.



Tpetnii aTan pecnyOIMKaHCKOM OMMMIIHMAIBI IO yuyeOHOMY MpenMeTy «Pu3uKay
2025/2026 yuebHbI# 1o

11-3. 3apsixeHHBIH Iap

ONEeKTpOCTaTUYECKOE IMOJE, CO34aBaeMO€ BO BCEM  IIPOCTPAHCTBE
3apsHKEHHBIM 10 00BEMY TMAIIEKTPUYECKUM IIAPOM B BaKyyMe, SBIISICTCS OJHON U3

Tyl

OITIOPHBIX Moneneﬁ HpHKHaﬂHOﬁ OJICKTPOAMHAMUKHU.

PaccmoTpuM HanpsKEHHOCTD E AJIEKTPOCTATUYECKOTO MOJISL TUIIEKTPUIECKOTO

mapa (Puc.1) pagmyca R, paBHOMEpPHO 3apsDKEHHOTO 1O BcemMy oObemy V ¢

Puc. 1 MOCTOSTHHOM 00BbEMHOM TJIOTHOCTBIO 3apsina P (p = const) B HEKOTOPOH TouKe A.
Cucrema HaxoAUTCA B BaKyyMe.

. Aq
OOBemMHas TUIOTHOCTH 3apsijia MPeCTaBiseT coO0M 3aps eNUHHIBI 00beMa AUAIICKTPUKA O = A
Kn

T.€. IMEET Pa3MepHOCTS [p] = —.
M

Ecnu 3apsnpl pacmpesneneHbl IO TMOBEPXHOCTH S (Hampumep, MNPOBOAHUKA), TO TOBOPST O
o A Kn
MMOBEPXHOCTHOM IUIOTHOCTU 3apsiga O = ﬁ, KOTOpasi MMeeT pa3MepHocTh [0] = —. TloBepxHOCTHAs
M

INIOTHOCTD 3apsaga o IPCACTABIACT coboit 3JI€KTpPI‘ICCKPIﬁ 3apsaa CAUMHUIBI IIOIaanu paCCManHBaeMOﬁ
IIOBCPXHOCTHU.

- —
B oramume OT OpOBOAHMKOB, BHYTPU KOTOpbIX Tnone paBHo Hymo (E =0), mnone

—

E Takoro mapa OTJIMYHO OT HYJIS BHYTPH I1apa, Harpumep B Touke A (cMm. Puc. 1).

B nanHO# 3amade BaM NPEACTOUT OMUCATh I10OJIE 3apsKEHHOIO 11apa U PaCCMOTPETh €r0 HEKOTOPBIE
MPUIIOKEHHUS.

Jns  ommcaHus  ANEKTPOCTATUYECKUX TOJeH  ymoOHO
UCIIOJIb30BaTh menechbiil yroi. TemecHbiit yroa () — 4acth
MPOCTPAHCTBA, OIPAHUYECHHAs JIydaMH, BBIXOISIIUMU U3
Hekotopoi Touku O (Puc. 2).

Enuuuienn usMepeHns TeIeCHOro yriia siBJIIETCS CTepainaH
(«cTepeo pamuan»): [Q] = cTp. [1o aHATIOTHH € TUTOCKUM YTIIOM, B KAYECTBE MEPHI TEJIECHOTO yriia GepeTcs
0e3pa3MepHOEe OTHOIICHHME IUIOIIAAU BBIPE3aHHOIO CQEpPUUYECKOro CerMeHTa K KBajpaTy paauyca

OIMCAHHOM OKPY)KHOCTHU. J[J1s1 MaNbIX TeNECHBIX YIJIOB ClipaBeiuBa (Gopmysa
AS AScosa
AQ = 25k — 25C0sd ()

r2 r2

ﬂul’lOJleM Ha3bIBACTCA CUCTEMA U3 ABYX JJICKTPUYCCKUX 3apsa10B, OJUHAKOBLIX I10

BEeJIMYMHE, HO pa3HbIX MO0 3HaKy (+q;—q). 3apsapl HaXOAATCS Ha MaJoM oO———0O

¢bukcupoBaHHoM paccrostaun [ (tiedo aunods, [ < R) apyr ot apyra (Puc. 3).

o o Puc. 3

JleHCTBUAMM CHIIBI TSKECTH M CHJI TPEHHS M CONPOTHBIIEHUS B JAHHON 3ajade
npeHeOpeyb.

Cnpagounvie — Oaumvie U  nApamempvl  PACCMAMPUBAEMOT cucmensi:
>IeKTpudeckas MocTosHHas €, = 8,85+ 10712 ®/M; o6bem mapa V = EnR3; T =
3,14.
Yacrs 1. [Tose mapa

Puc. 4
10
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=

HpI/I BBIYHUCJIICHUH HAIIPSKCHHOCTH E SJICKTPOCTATHUYCCKOI'O IIOJIA «CJIOXKHBIX) 3apsKCHHBIX

y A

CUCTEM JIOCTATOYHO YacCTO HCIIOJIb3YETCSl IMPUHLUII CYNEPHO3ULINH IEKTPUUECKUX
noJiei 6oJee «IIPOCTHIX» CHCTEM, MOJISI KOTOPHIX XOPOIIO N3BECTHHI.

1.1 Paccmotpum ToHkyro chepy (Puc. 4) Hekoroporo paaumyca R, paBHOMEpPHO

3apsHKCHHYIO C MOBEPXHOCTHOW IUIOTHOCTBIO 0 (0 = const). Jlokaxwure, 4T0 15t

Takoi cdepbl, paBHOMEPHO 3apsDKEHHOM MO MOBEPXHOCTU, HANpPSHKEHHOCTh  E

3JIEKTPOCTaTUUECKOro 1mojsi BHYTpU He€ (x < R) paBHa nHymo (E = 0) B moboii
Puc. 5
TOUKE.

1.2 Paccmotpum muanextpuueckuii map (Puc. 5) HekoTroporo paauyca R, paBHOMEPHO 3apsiKCHHBIN €
MOJIOKUTEIILHOM 00beMHO# TIIOTHOCTBIO p (p = const > 0). Haiinure 3aBucumocts E (X) mpoekuuu Ha
ock  Ox HanpsHKEHHOCTH AJIEKTPOCTATHMYECKOTO MMOJisi BHYTpU (x < R) Takoro mapa, paBHOMEPHO
3apsHKEHHOTO 10 BceMyY 00beMy, Kak (DYHKIIUIO paCCTOSHUA X OT ero neHtpa 0. YKaxuTe MaKCUMalbHOE
3HauYeHHe E, MOJy4yeHHOM 3aBUCUMOCTH HA JAHHOM HMHTEpPBAJIE.

1.3 HaiinuTe 3aBucuMocTh E (x) mpoekunu Ha och OX HanpsHKEHHOCTH DIIEKTPOCTATHYECKOTO TOJIST BHE
Takoro mapa (x > R), paBHOMEpPHO 3apsHKEHHOTO 10 BceMy 00beMy, Kak (DyHKIIUIO PACCTOSIHUS X OT €ro
nearpa 0. YKaXUTe MaKkCHMalbHOE 3HA4YE€HHE ITOJIy4YCeHHOW 3aBHCHUMOCTH Ha JaHHOM HHTEpBAJE U
cpaBHuTE €ro ¢ Ej.

1.4 JIns mocTpoeHUs CyMMapHOTO rpaduKka TIOIydYeHHBIX 3aBHCHMOCTEH BBeleM Oe3pa3MepHbIe

BEJIMYMHBL: 111 HanpspkeHHocTH E* = E(x)/E, , nns paccrosinuss  x* = x/R. 3anonnure Tabnuny 1 u
Ha BeIaHHOM biianke 1 moctpoiite rpaduk 3aBucumoctu E*(x™).

Yacts 2. [Iposer B mape

PaccMoTpuM nanee HENMOABMXKHBIN PaBHOMEPHO 3apsKEHHBIH MO 00BbeMY AMAJIEKTPUYECKHUM miap,
MoJie KOTOPOro BbI omucanu B myHkTtax 1.2 — 1.4. [lpeamomnokum, 4To BIOIH

JMaMeTpa miapa MpOCBEPIICH JHOCTATOYHO TOHKUW KaHAJ, yepe3 KOTOPBIA MOTYT
cBOOO/IHO TpoJieTaTh HebobIINe 3apshHkeHHbIe yacTuIlsl (Puc. 6).
2.1 Yactumy maccoii m, ¢ OTpUIATENbHBIM 3apsoM ¢ (10 MOJIYIIO),
(@) °

yaepxuBaroT B Touke A Ha ocu Ox Ha paccTossHUM R oT neHTpa mapa (cMm. Puc.

5). B HekoTOpBIit MOMEHT BpeMeHH (t = 0) yacTHIly OTITYCKAFOT, U IO ISHCTBHEM

aJIeKTpocTaTuueckoro mojisi E  mapa oHa HaumHaer nBuratbes. Uepe3 kakoit
MPOMEXKYTOK BpPEMEHH t; YacCTHIlAa OKaXETCs Ha TPOTHUBOIOJIOKHOM KOHIIE

2 Puc. 6
auaMmerpa B Touke B

2.2 Kakyio MakCUMaJbHYIO CKOPOCTh U; Pa30BBET YAaCTHUIIA MPH IBMKEHUHU? B Kakol TOUKe TpaeKToOpun
OHa OyzeT 10CTUraThes?

2.3 C xakuM MaKCHMaJbHBIM YCKOPEHUEM @, OyJeT ABUTaThCS YacTHIA TPU
CBOEM JBMKEHUHU? B KakuX TOUYKaX TPaeKTOPUH OHO OyJIeT TOCTUTATHCS?

2.4 ]JIumoiib, COCTOSIIIMMA U3 IBYX IMAPHKOB MAcCCOW M KaKIBIH, yICPKUBAIOT
B Touke A Ha ocu Ox Ha paccTossHMM R OT neHTpa mapa (cMm. Puc. 7). 3apsiabt
IIapUKOB PaBHBI [0 MOAYJIO q. B HeKoTopblit MOMeHT Bpemenu (t = 0) qunois

=

O_O/T\
o Puc. 7
OTIIYCKAIOT, U TIOJT IEUCTBUEM 3JIEKTPOCTATHYECKOrO ol E' 1m1apa oH HaunHaeT
11
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BTATHMBATHCS B IIap. YKAXKHUTE 3HAKH 3apsijia KaKI0ro U3 maprukoB (OJIMKHETo K mapy U JanbHero). Yepes
KaKOM MPOMEXYTOK BPEMECHH t, JUTOIL OKAKETCS Ha MPOTUBOIIOJIOKHOM KOHIIE TUaMeTpa B TOUke B?

2.5 Kakyio MakCUMaJbHYIO CKOPOCTh U, Pa30BbET JAUMOJb IPH ABMKEHHH? B KaKoil Touke TpaeKTopuu
OHa OyzeT 10CTUraThes?

2.6 Kakoe MakcumanbHOE YCKOPEHHE (1, Pa3OBBET AUIONb MPU IBMKEHUU? B Kakol TOUke TpaeKTOpUuu
OHO OyJeT JoCTUraThCs?

Bo3moskHbIE pelieHus:

Yacrts 1. Ilose mapa

1.1  PaccmoTpuM npou3BONBHYIO TOYKY A BHYTpH cdepsl, He / N
coBrnajammyo ¢ e€ neHTpoM. [loctpoum Manble BepTUKaIbHbIE (T.€. AS)
paBHbI€) TenecHbIe yriabl A() ¢ BepIIMHON B TOUKE A.

OTH TeNecHble YIJIbI BBIPEKYT Ha IOBEPXHOCTU CQEpbI

v 2 2
— . — . AS
IJIOMIAKK Pa3IMUHbIX Tuiomaae AS; = AQ-r{f u AS, = AQ-r;. e /\\\ e L
COOTBETCTBEHHO, AIEKTPUYECKUE 3apsiibl 3TUX IUIOMAAOK OyayT 3apsikenHas . 3apia g
" 0)
oAS; u gAS,. chepa i

BGKTOpH HaprI)KCHHOCTeﬁ, CO31aBaCMbIC OTHMH 3apsadaMH, B3aUMHO ITPOTHUBOIIOJIOKHBI MU HX
OTHOIICHHEC, COITIACHO 3aKOHY Ky.]'IOHa

1 oASy 1 AQ
AE, — 4TEQ T% — 4TEQ — 1 (1)
AE; 1 9851 L _AQ '

4TEQ r2 4TTE(

1
CrnepnoBarenbHo, coriacHo (1), cymma 3TUX BEKTOPOB paBHa HYJIIO, IOCKOJIBKY OHH PaBHBI IO

MOJIYJIIO U TPOTHUBOIOJIOKHBI 110 HAPaBICHUIO
AHaJIorn4HOE CBOMCTBO OyJET CIIPaBEUIMBO U AJIS JIF0OOOH Maphl MaJIbIX BEPTUKAIBHBIX TEJIECHBIX
yrioB A(), HIOBEpHYTHIX HAa HEKOTOPBIN MIIOCKUN yroia a oTHocuTenbHO mpsimoit OA (Puc. 2).

1 oASp 1 AQ
AE, _ 4me€o 13 4megcosa 1 2
AE,  _Lohsi T 1 A~ 2)
ameg 12 4TEQ COS @

1
Takum o6pa3om, pa3OuBas BCIO MOBEPXHOCTH c(epbl Ha MOI00HBIE aphl U CYMMHUPYS IO HUM,

MOJIy4aeM CyMMY OOJBIIIOTO KOJTUYECTBA «HYJIEH». ITO TOBOPUT O TOM, UTO B JTFOOON BHYTpEHHEH TOUKE
PaBHOMEPHO 3apsKEHHOW MO MOBEPXHOCTH Cepbl HAMPSIKEHHOCTh AJIEKTPOCTATHUUYECKOTO IOl paBHA
HYJIIO.

L, 1
WutepecHo, uro (1) u (2) cripaBeIUBbI TOJIBKO JIs1 KYJIOHOBCKUX TOJIeH (~ r_2)’ HaIpPsKEHHOCTh KOTOPBIX
yOBIBaeT 00paTHO MPOTOPIIMOHATBHO KBAIpaTy PaCCTOSHUSI 10 TOUEYHOTO 3apsa. IHpIMU CIIOBaMH, €CITH

1 .
Obl B 3HameHarene 3akoHa KynoHa Obut ky0O paccrosHus (~ r_3)’ TO JJAHHOE CBOMCTBO OBLIO OBI yXkKe

HECIIpaBCIJINBO.

1.2  IlpoBenem BHYTpU paBHOMEPHO 3apsiKeHHOTo m1apa cdepy panuyca x (Puc. 00). Dta cdhepa nenut
Iap Ha JiBe 00JIaCTH TI0 OTHOIICHHIO K TOYKE A: BHYTPEHHIOI (1 < X) ¥ BHEIIHIOWO (7 > X).
Buemnss o0nacte mapa npeactanisieT co0oil cepruyeckuil ciioil, KOTOpbIi MOXHO pa3OUTh Ha
JOCTaTOYHO TOHKHE (OECKOHEYHO TOHKHE) PAaBHOMEPHO 3apsiKEHHbIE Cephl.
12
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CoryacHO IpeapIAyLIeMy IMYHKTY 3a/aud, 3TH cepbl HE CO3JAar0T 3JIEKTPOCTATUYECKOTrO IO
«BHYTPH ce0s1», T.€. Jajiee NX MOXHO HCKIIFOYUTh U3 PACCMOTPEHHUSI.

Taxum 00pa3zoM, MPUXOIUM K BBIBOJLY, UTO JIEKTPOCTATHIECKOE IOJIE B TOUKE A CO3/1aeTcs TOJIBKO
BHYTPEHHHMH 3apsi/1aMH, TIONAaBIIMMHU B IIAPHK PAJIYCOM X.

Cornacho 3akony Kynona nonyunm

4
1 qx) 1 pv 1 P§7Tx3_ P

—X. )

4TTEQ X2 4TTE X2 4mey x2 3€p

E(x) =

Kak cnenyet u3 (3), HanpsLKEHHOCTD AJIEKTPOCTATUYECKOTO MOJISI BHYTPH IIapa BO3pacTaeT MpsSMO
MPONOPLUMOHAIBHO PACCTOSIHUIO X  OT ero IeHTpa. ClenoBareabHO, MaKCHUMAJIbHOE 3HA4Y€HUE
HAMPSHKCHHOCTH TI0JIsl BHYTPH 11apa OyIeT TOCTUTaThCs Ha €ro MOBEPXHOCTH (pu X = R)

E,=ER) =2 (4)

3€p’
1.3  DuekTpocTaTH4ecKoe IoJie BHE IIapa COBIAAET C IOJIEM TOUEYHOIO 3apsjia, HaXOMAIIUMCS B
LOCHTPC HIapa. CHCﬂOBaTeHBHO, B JaHHOM CJIy4ac

4 p3
1 gq 1 pv 1 PR PR3 1 R?
EX)=—g5=7"-5= = = Eo . (5)

Kak cienyer u3 (5), makcumasbHoe 3HaueHue E (x) BHE 1mapa Takke J0CTHraeTcesi npu x = R, T.e.

4Ty X2 4TE( X2 4TTEy X2 3€o x2

OITATH JK€ Ha €ro TTOBEPXHOCTH
2
Emax = E(R) = B = Ey . (6)
Kaxk Bumum, (4) u (6) COBIAmAIOT, a 3TO 3HAYUT, YTO B TOUke X = R (yHkuus 3aBucumoctu E (x)
(u ee rpaduk!) He OyAeT UCTIBITHIBATH Pa3phiBa, T.€. OyAeT HempepbIBHOU. [ paduk m0060i HenpephIBHOIM
(GYHKIMKM MOXXHO HapHCOBaTh «OJHUM JIBKCHHEM», HE OTpBIBas KapaHjama ot Oymaru. Hampumep, ¢
1apaboIIoil 3TO MOIYYUTCS, & BOT € THIep0ooil — yxe Het. ©
3aMeTHM, 4TO CHJIOBBIC JIMHUM TIOJIS IIapa BHE IIapa HUKAK HE OTIIMYAIOTCS OT CHJIOBBIX JIMHUH
TAKOT0 YK€ TOUEUHOTO 3apsa, HaXOAIIErocs B €ero LeHTpe.

1.4 TIlpm mnocrpoennn rpaduka ¢yHKIUU | E*
1

y106HO HCII0JIb30BaTh 0e3pa3mMepHbIe
KOOpAUHATHI, IMOCKOJIBKY OHH 3HAYUTCIBHO 0,8 Puc 13
YIPOINAIOT PAacyeThl M MPU 3TOM «COXPAHSIOT» / \\
XapakTep i 0COOEHHOCTH HccenyeMoit dyrkimm. | *° /

B  namem  cinyyae  Ge3pa3smMepHOE | g4

paccrosiHue (MpuBeACHHas anuHa) X° = Xx/R N‘\o\o\o\“
02

u3Mensiercs B uaTepBasie 0 < x* < 3.

HpI/IBe,[[eHHaSI HAIIPS’KCHHOCTDb E* mons [ e e L T B s o o e e e

mapa Juis uHTepBasia BHyTpu Hero (0 < x* < 1)

0 02040608 1 12141618 2 22242628 3 x*

COOTBCTCTBYCT rpa¢)1/n<y HpHMOfI MMPOMOPHIUOHAIIBHOCTH

p

* *_E(x)_ﬁx_x_ *

E(x)—Eo—ﬂ—R—x. (7)
3€p

Bae mapa (1 < x* < 3) momydaem 0OpaTHO-KBaJpaTHYHYIO 3aBUCHMOCTH, COOTBETCTBYIOIIYIO

3akoHy Kynona
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2025/2026 yuebHbI# 1o
o2
2 _Fr_ 1
E ( ) - E(] - ﬁ - (x*)z' (8)
R2
BeorunciisieM Ha HHXEHEPHOM KaJIbKYJIATOPE U 3anojHseM Tabmuiy 1.
Tabmuna 1. Pacuer 3aBucumoctn E*(x™)
x* 0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9
E* 0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9
x* 1,0 1,1 1,2 1,3 1,4 1,5 1,6 1,7 1,8 1,9
E* 1 0,826 0,694 0,592 0,510 0,444 0,391 0,346 0,309 0,277
x* 2,0 2,1 2,2 2,3 2,4 2,5 2,6 2,7 2,8 2,9 3,0
E* 0,250 0,227 0,207 0,189 0,174 0,160 0,148 0,137 0,128 0,119 0,111

I'paduk urorosoii 3aBucuMocTy npegocrasieH Ha Puc. 13.

Yacrs 2. [Iposer B mape

2.1 PaccMOTpuM IBMKEHHUE 3apsUKCHHOW YacTHIBl. [1OCKONBKY ee 3apsia
OTPULIATENIbHBIN, a 3apsA] L1apa MOJOKUTEIbHBIN (II0 YCIOBUIO), TO MOJIE I1apa
OyzeT BTSATMBATh YaCTUILy B KaHAJL.

[TycTh yacTHIla HAXOJUTCS HA PACCTOSIHUU X OT IIEHTpa IIapa, Tornaa © -
BTOpOI1 3ak0oH HpI0TOHA IpUMeT BU
ma = —qE(x) = —ﬂx 9)
TJIe a — MPOEKIHS YCKOPEHHUS YaCTUIIBI. Puc. 01
VuurteiBasi, 4ro  yckopenume a(t) ecThb BTOpas MPOU3BOIHAS OT
KOOpAMHATHI 110 BpeMenu a(t) = X(t), nepenuriem (9) B Bujie
mi(t) = — f_:) x(t). (10)
Hanee nomydaem
X(t) to x(t) =i(t) + w?x(t) = 0, (11)
e w = ;nps -

MBeI nony4nsau ypaBHEHHE rapMOHUYecKuX kosebanuii (11) ¢ meprogom

3mso
qap

T =2n (12)

Takum oOpazom, cormacHo (12) oTpumarenbHO 3apsHKeHHash vacThla OyJaeT CoBepIlaTh
rapMoOHHYECKHe KojiebaHus ¢ nepuogoM T | ¢ TOJ0KEHHUEM paBHOBECHS B LIEHTPE IIapa.

B Ttouke B Ha ApyroM KOHIIE AMAMETPa OHA OKAXETCS 4epe3 IMPOMEKYTOK BPEMEHH, PaBHBII
MTOJIOBHHE TepUOa KOJIeOaHU
T 3meg
2

=71 |—. (13)

t, =
1 ap
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2025/2026 yuebHbI# 1o

2.2 Ilpu rapMOHHMYECKHX KOJICOAHUAX MaKCHUMalbHasi CKOPOCTh OCHMJUIATOPA JOCTUTACTCS MPH
MIPOXOXKJICHUH UM TIOJIOKEHUSI paBHOBECHS. DTO O3HAYAeT, YTO €r0 MaKCHUMaJbHasi CKOPOCTh YaCTHIIBI
OyzeT mocTurarbes B HieHTpe miapa (touke 0).

[Tockonbky KosebaHus rapMOHUYECKHE C aMILIUTY 10l A=R, TO MakcuMalbHasi CKOPOCTh YaCTHUIIbI

_ _ ’ qp
U = wR =R _3m£0' (14)

2.3 MakcumanbHOE YCKOPEHUE (4 YaCTUIIBI JJOCTUTACTCA B TOYKAX JEHCTBUS MaKCUMAaJIbHON CHIIBL, T.€. B

IIpHU 5TOM paBHa

TOYKaX OCTAaHOBKH IIPU MAKCUMAJIbHOM YIAJICHHUU OT LICHTPA 3apsA>KECHHOI'O IIapa. CJ'ICI[OB&TCJ'IBHO,

qpR
F, 3eg R
a, = max _ 3€0 _ qap . (15)
m m 3egm

2.4  Kak cneayer u3 (3), HANPSKEHHOCTh IEKTPUIECCKOTO IMOJS BHYTPH
OJIHOPOJIHO 3apsKEHHOTO 11apa

E(x) = ;’Tox (16)

o—-0 °
Ha aumonb B 3IeKTPHYECKOM I0Jie JIeHCTBYeT paBHOAEHCTBYIOIIAS
JIBYX KyJIOHOBCKHX CHII. JIJIsl BTSTUBAHMS JUIIONS B AP JANBHUH OT IEHTpa
3aps]l JOJDKEH OBITh OTPUIIATENILHBIM (T10JI€ CUibHEe!).
B Takom ciydae HcKoMas paBHoOJeHCTByromas aByx cun Kysona Puc. 00
Oyzner paBHa
Fx)=q(E(x+ D) —-E()) = Z—: = const, (17)

Il q — MOAYJb 3apsa]a Kax/J10ro U3 HIapuKoB.
Takum ob6pazom, cormacHo (17) aumonb OyAeT pa3rOHATHCS A0 LIEHTpa Iapa ¢ MOCTOSHHBIM
YCKOPEHHEM a

a= Fx) _ alp
2m 6meg

[Tocne mposnera neHTpa mapa (CUUTaeM, YTO 3TO HMPOUCXOAMUT JAOCTATOYHO OBICTPO!) MPOEKIMs

= const, (18)

HaIpPsDKEHHOCTH TIOJIS 1Iapa MEHSIET CBOM 3HaK, Tak Kak I0JI€ BCEerja HampaBieHO OT LeHTpa. OnHako u
HIAPUKH TUTIONS «MEHSAIOTCS» POSIMU — JAJIbHUM TENepb CTAHOBUTCS MOJOXKHUTEIbHBIHN HIapukK!

3T0 00CTOATENBCTBO (MUHYC Ha MUHYC JIa€T IUTIOC!) COXpaHsAeT HalpaBJeHUE pe3yIbTHPYIOLIEH
CWJIBI, JIEHCTBYIOIIEH Ha JUIOJb, T.€. «IOCJIE IIEHTpa Liapa» OH IMPOJOJDKAET YCKOPATHCS B TOM K€
HAIPABJIEHUU C NIPEKHUM YCKOPEHUEM.

CrnenoBarenbHO, MOXHO pacCMOTPETh MPOXOXKACHUE BCEro AuaMeTpa d mapa Kak «OJHO LEeJIoey
PaBHOYCKOPEHHOE JIBU)KEHUE

2 2
d=2R =% _ 4tz (19)

2 12me,

13 (20) HaxonuM BpeMms POJIETA IUTIOJIEM JUaMeTpa Iapa

24megR 6emegR
= /— =2 /— 2
L2 alp alp (20)

3ameTM, 4TO npHu BbIBoJE (20) MBI IpeHEOPEran BpeMEHEM MpoJIeTa JUMOJS Yepe3 LEHTp 1apa,
MOCKOJIbKY, COTJIACHO YCJIOBHIO, | Majio, W JAWIOIbL K 3TOMY MOMEHTY IPHOOPEN HEKOTOPYIO CKOPOCTb.
2.5 TlocKONBbKY ABMKEHHE AMIIOINS PABHOYCKOPEHHOE, TO €r0 MaKCHUMAIIbHAs! CKOPOCTh U, JOCTHTACTCS B
KOHIIE IBWJKEHUS, T.€. B Touke B. CnenoBaTenbHoO,
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v, = at, = 22 -2\/6’”50R = ZJq’pR (1)

6me, qlp 6meg’

2.6 HpI/I PaBHOYCKOPCHHOM JABHUXKXCHHUHU YCKOPCHUE JUIIOIA BO BCEX TOUKAX OAWMHAKOBO. CJ'IeI[OBaTeJ'IBHO,

€ro YCKOPEHHE MaKCUMAaJIbHOE «BO BCEX TOUKAX» U PABHO HAYAITBHOMY YCKOPEHUIO
qlp
a, =a= . (22)

KoHTtakTHBI TenedoH A BOIIPOCOB U KOHCYJIbTAUN B I€Hb MPOBEICHUS OJTUMITHAIBL:
+375 29 766 12 87
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