XIX Xanbikapanbik XXayTbikoB Onumnuagacel/TeopusanbIk Typ c.1/24

TEOPHAJIBIK TYP/bIH ECEINITEPIHIH LIIEHIIMI
Ha3zap aynapsinbi3: ynasiaap 0arara 0eJsiiHOeiai
Tanceipma 1 (10.0 ymaii)

Tanceipma 1.1 (4.0 ynaii)
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| bapabIrbl 3.0

Tanceipma 1.2 (3.0 ynaii)
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Tanceipma 1.3 (4.0 ynaii)
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HOnuTepiH KO3FaabIChIH CIIEKTPOMETPMEH aHBIKTay MYMKIH eMec, Oipak o1 KyH yuriH ae skacamybl
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Ka3bIKThIKTa OpHaJacKaHAbIKTaH, Jlomiep a3gdexTiHiH popmynackl OOibIHIIA aHBIKTAY K€31H]I€ KeJecl mapT
OpBIHIAJIa]IbI

AL v,
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Byn pykcar omeMHiH opTypili eNiepiH/e WIbIFaphUIFaH KONTereH 3aMaHayd CIIEKTPOMETpIIEp YIIIH KO
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Tanceipma 2. @epmu yaeyi (10.0 ynaii)

HeaikTeH oTin 0apa :KaTKaH KeJIKTepre KaparaHaa Kapchl KeJle :KaTKaH KoJiKTep Kon?
21 1 YaKpIT ilIiHAe B KOoNTarbIHIaFbl KOTIK ©31HeH
F =1y =¥ — Ay P:l"'—."'nn'. (1)
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2.3 Kapcel kene aTkaH KOJIKTEpIIH CaHbIHA Kapail KO3Faly Ke3iHIe »OHe KaTapblHaH €Ki Ke3iecy
apachIH/IaFbl YaKbIT MBIHA (hopMymanap OOUBIHIIA €CenTeNe/i:
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N, =142, r,=42c;
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CepniMji COKTBIFBIC
2.4 IMImynibCTiH caKTally 3aHbIH

Y+ LW = LI Bl (8)

JKOHC MCXaHHUKAJIBIK SOHCPTUAHBIH CAKTaJly 3aHbIH Ka3aMbI3
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WV = I = I — Vs
.'i'?I "-I: .I'.IJII-I'l'I m:rr_;' .l'.l.':'l'é
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aJ1, eKiHII TeHAey/l OipiHIIire 6o, MbIHA HOTH)KECHI aJlaMbl3
¥, + My =y + W,
(11)
Ocsl TeqikTen “: = Vi +1 = Vs gpgekTen, MMIY/IBCTIH CaKTaly 3aHBIH TEHJIEYTE KOIMBI3

e, + o, Do [.-rr, — 1t I, + 2maLw
b

(12)

OCBIZAH IILIFaIbI

m, —m, 2m,
i, = =¥, + —,
m, +m, m, +m,

(13)
Exinmni mapasie xbeiaaMaslFbiH (13) dopmymnanarsl «1» koHE «2» MHIAEKCTEPIH ©3repTy apKbLIbl OHAi
ajyra 6onajpl.

_?IJJI ., =
i, = I'I T . I-'_-
m, +m, m, +m,
(14)
2.5 (13) dbopmynaHbl naigaIaHpII, KaKETTI TapaMeTpiiep apachlHAaFbl TOYCIIUTIKTIH alKbIH TYPIH aJlaMbl3
|- m, 2 m,
i L8 i, jn'fl ¥y T my v
—_ - + - —_ = - —_ —
GO K R - m, 1+ iy
i, Iy
l-p  2u
LT Tl
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Kak AJIbIHFAaH OpHEKTCH WIBIFATBIHAAM, ' MaccaiblK KATHIHACHIHBIE K3 KEJIICH MOHJEpi YIIiH
) TOYENIIri CBISBIKTHI, SIFHH. OHBIH rpaduri Ty3y Gonansl. Byn Tysymepain Gapisirer = 1171 = |

n =1

4. HYKTeCiHe Koaoey KodhduimeHTi HeJre

HYKTeCi apKbLIbl OTETIHIH Oailikay 1a KublH eMec.

YMTBITAABI, SFHM TOYeNIiNik rpaduri KeljeHeH Ty3yre YMThUIAfBl. e

TOYEJIUTIK YMTBLTA IbI:

HYKTECIH/IE KaJlaraH

m=-1+2n,

(16)

byn pynkuusnapasie rpaduKTIK TOOBI TOMEHET1 CYpeTTe KOPCETUITEH.
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-
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2.6 IllapapiH KHHETHKAIBIK YHEPTHSICHI, €Tep COKKBIAH KeWIHT1 JONTHIH KbUIIaM/IbIFBIHBIH MOYJI1 COKKbIFa
JEHIHT1 )KBIIAAMIBIK MOIYJTIHEH YJIKEeH 0oJica, SFHU TEHCI3IKTEp OphIHIAICA apTaIbl

]JJ, =]

ml=1 =
|_.I:|| < —]
(17)
"I 1mamace! yurin opusiHa (15) epHerin KO#bII, TEHCI3MIKTEP/I alaMbI3
[1-p 2
b
l+pn T+pu
|- 2p
H = n, <=l
1+ 1+p
(18)
By TeHci3aikTep keneci KaTbIHACTap apKbLIbI MISTIeI]:
a)
n, =1
(19)
SFHU OYJ1 IapTThI OPbIHIAY YIIIH KIHII JOI O1pIHIIICIH KYBIM XKeTyl Kepek;
6)
|
M = ——
H b
(20)

OyJ1 skaFaiiia eKiHIi JIoN Kapai KbUDKY KePeK KoHE OHBIH KbUIIaMIbIF bIHBIH MOYII KOPCETIIreH MOHHEH
aCBII KeTYl KepeK.

. m, 5 om o
2.7 I_HeKTey XaragaunbIHIA = COKTBIFBICKAHHAH KCHU1HI'1 6lleHIl JOIITHIH XbIJIdAaMABIFbI

-+ ll.'_
s

i, = —W,

(21)
SFHU OIpIHII JONTHIH >KbUIIAMIBIFBl TAaHOACKIH ©3repTe/l (0T MIAFbUIBICAIbI) HKOHE OHBIH MOAYJI eKiHIII
aybIp TONTHIH KBUIIAM/IBIFBIHAH €Ki €Cere e3repe/i.

JKeHin map e3iHiH KbUITAMIBIFbIH )KOHE, IEMEK, KHHETUKAIIBIK SHEPTHICHIH apTThIPAJIbI, erep:

a) aybIp JIOM OHBI KYbIIT )KeTei (apThiHaH COFy) '+ = .

6) aybIp 10T OFaH Kapaii xeumkuasr “r < W

®epmu yaeyiHiH eH KapanaibiM Mojesi
2.8 IlnuTaHbIH KO3FaJIbIC 3aHBIH JISCTYPIIL TYPAE Ka3aMbl3



XIX Xanbikapanbik XXayTbikoB Onumnuagacel/TeopusanbIk Typ c. 10/24

xli )= Acos(aw)
(22)
OHJIA KBUIIaMIBIKTBIH YaKbITKA TOYEIIUIITT (PyHKINSA apKbLIbI CUIIATTAIIAb]
wli ) = — A e sinloaw )
(23)
COHJBIKTaH IIaT(GOPMAHBIH MAKCHMAJIIBI JKbLIaMIbIFbI

. A
VF, = Am=2r —

(24)
2.9 byn cypakka »xayan Oepy yuiiH miuardopmansik Tepoemicrepid Oip Ke3eHIH KapacThIpy >KETKLTIKTI.
[Inarpopma KoOpAMHATACHIHBIH YyakbpITKa (22) TOoyenAUNriHiH TrpaduriH TYpFbI3allblK JKOHE OFaH

x=x,—ul . . ..
! TY3y OONBII KeleTiH TYCKkeH O6JIIeKTepaiH KOOpIWHATAIAPBIHBIH YaKbITKA TOYEIAUTIK

rpadUKTepiH canaubIk..

B S . i . T—

. ~
e | IS IF SN N

[

Cyperte xKarmail kepcetuireH. COKKbI HOTHXKECIHIE MuaTdopMa ~ OCIHIH OH OarbIThIHA

Kapail KbUDKBIFAH COTTEpHe TUIaTGOpMaMEeH COKTHIFBICATHIH OOIIEKTEep >KbUIIAMIIBIFBIH apTTHIPAIbI, OYIT
r

)KaF)IaI\/’I}Ia COKTLIFBICTAp 2 JKOHC T YaKbIT apaJibIFbIHAIA 6OJ'IYI)I KCPCK. I[CFCHMCH, COKTBIFBIC YAaKbITTApPhI

OipkesKi OeJIHTeH Ke3JeHCOK ImaMa emec, Oipak IUIaCTHHAHBIH ©31HE JKaKbIHAAy YaKbITTaphl O1pKENKi

GomiHreH, coHmbIKTaH * = | KA3BIKTBIKTBI KapacTEIpaMBbI3, KAKbIHIAAY YaKBITTaphl Oipieil BIKTHMAIL.
T
b . . |l = & ]
[TnarpopmMaMeH COKTBIFBICKAH OOJIIEKTIH KO3FaIbIC 3aHBIH CHIIATTAUTBIH TYy3y JKYPri3euik -
YaKBITBIHZA (CypeTTe — KyaH ChI3bIK). by 6emmex * = <! a3bIKTBIFRIMEH KeCill OTKeH yaKbIT MOMEHTIH
nern Oenrinerik. Ocbl HYKTEINeH KeiiH Iar¢)opMaMeH COKTHIFBICKAH OOIIIEeKTep >KbUIAaMIIBIFBl MEH
SHEPIUACHIH apTThIpaibl. bipak Oyi Oemmekrep ' xkoHe r VaKbIT MHTEpBAnbIHAa * = | Ka3BIKTEIFBIH
KecCin eTe/l, COHIBIKTaH Oy OeeKTepAiH yIeci Keleciaen ecenteneni
T —1,
n= X
T
(25)
ByJ1 GestiekTiH KO3Fajblc 3aHbIHAH ' YaKbIT MOMEHTIH Taly oHai
T 24
f,=—-—
2
b
(26)

OHJIa Y/IETUIreH OeNIEeKTepAiH yieci TeH 6oaabl
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-1 2.4 ¥
?;I=?= —

o

+—=
il

Il |
Bl | —

27)

'I_I

T

._
,-||..
[
i
el

Mynna (24) dbopmynanaH KeJaeTiH KaThIHACTBI KOJIIaHAMBI3.: . Kepcerinren

CaH/BbIK MOHIH AYBICTBIPCAK, MbIHAHbI aJIaMbI3:

I |
”=:+| .

= (L7

(28)

) ) T ) .
Temenzeri cyperTe KopceTiireH " -nme Gipmama 6acka yKaraai OpbIH alajbl.

ByJ1 skaraiiia yaeTiireH jKoHe TeKeITeH OoIIeKTep apachlHIarsl | «IIEKTepi» TOMEHIET] CypeTTe
KopceTuIreneil 1uatopMaHblH KO3FalbIC 3aHBIHBIH TpaduriHe jkaHaMa OONAThIH TYy3y CBI3BIKIICH
AHBIKTAJIAIbI.

Exi ¢ynkmumsaeiy rpadukrepi *  yakpIThIHIa THIN TypraHga, (QyHKIMSUIAPIBIH ©37EpiHiH e,
OJIap/bIH TYBIHIBUIAPBIHBIH J1a MOHIEPI COWKec Kelell, sSiFHU TuiaTrgopMa MEeH IIapblH KbUIIAMIBIKTaphl,
COH/IBIKTaH

— Amwsinlay, | = —u
b

(29)
onaH Ta0aMbI3
| .M I . M
{, = —arcsin = arcsin —
i dw 2n K

(30)
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v. = A cosaf, = .-f.,.ln'll —sinaw, = A —”—1
(1)
Byst eprextep * © 4 xa3spIKTBIKKA JKAaKBIHIAY yaKBITHIH aHBIKTAayFa MYMKIHJIK Gepei
h o f 5 %
A=x, ., w o F [, u”
=i - - ::n.:run‘—_—— | - Il—F
(32)

Ochbl yakpITTBIH TepOeric Ke3eHiHe KaThIHACKHI MIaT(opMaMeH COKTHIFBICATHIH, OHBI KYBII KETETiH
OeMIIeKTeP/IiH YIECIH aHBIKTaU Ibl, COHBIKTAH OJIAP/ABIH YHEPTUSICHl TOMEHACHII:
—

.o ; I
| = =—| argsin———| 1 - |]—ﬁ = (),
in V., wu L/
W, L A ,
(33)
COHJIBIKTaH COKKBIJIaH KEH1H YHEPTUSACH ©CETIH OOIIIEKTEPIIH YIeCl TeH
n = [t
(34)

2.10 3 TepGenicrin 6ip keseninne miardpopma 44 xombIMeH xKypei, COHIBIKTAH OHBIH JKbULIAMIBIFBIHBIH
MOJyJI1 TEH,
4.4

VF=—

(35)
2.11 IllapapiH KBUIIAMIBIFGI TIAT(GOPMAHBIH KBUIIAMIBIFBIHAH YIIKCH OOJIFaH Ke3/1e, COFy HOTHKECIHEC
SHEPTHUSACH apTKaH mapiapsiH yieci (27) popmynara ykecac hopmyna OoiibIHIIIA ecenTeNne/i:
-1 1 24 1 I

(36)
KOHE ColiKeC CypeT TOMEH 1€ KOPCETIIreH.
X \

A "u"

s
A1 4l

4

[Tnatrdopma KeUTIAMIBIFEIHBIH MOMYJI TYPAKTHI €M KaObUIMaHFAHIBIKTAH, COKKBIIAH KEWiHT1
OeJIIeKTepIiH KbUIIaMIbIFBIHBIH MOAYI1 TEH OOMabl

i, =i+ 2
(37)
O-men  ''-re gediHri yaxkpIT apajbifblHAa IUIATGOPMAaMEH  COKTBHIFBICKAH — OOJIIEKTEPIiH

KBUTTAMIBIKTAPhI TEH 0O0JIaIbI.

i =u—2F

(38)
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Ocpuraiinia, COKKbIIaH KEHIHT1 OOIeKTep IiH opTama YSHePrusiAChl TeH 00Ja bl

) i’ mu’ m(1 PO w1 P a3 |
3 L+ (1=n) | =+ — N+ 2V) 4 (u-2¢)
2 2 2\02  2uj L2 2u) J
y T AT, Ay ) , Fp
P | ] | | W | FIFEF 1
- le— 122 +l1-=]1-21] = I+H|—
4 1L al TR A T | i) M
(39
K9HE, IEMCK, OpTaHIa BHCPFI/ISIHI)IH ¥J'IFaIOI)I TCH
Y
E=]1+8] — = & i
Y,
(40)

BenmexrepiH KbplUIIaMABIFbI TUIATGOPMAaHBIH JKbULAAMIBIFBIHAH a3 00Jica, OH/1a OapIbIK OeJIeKTep
maarpopMaMeH Kepi OaFrbITTa COKTBIFBICAIbI, COHJBIKTAH OapiiblK OeJIIeKTep >KbUIIAMIIBIFBl MEH

_H_l_'!l|'

SHEPTUSICHIH apTThIpaabl. COKTHIFBICKAHHAH KEHIH OOJIIeKTepAiH JKbUIIaM/IbIKTaphl =" xkoHe

OJIapAbIH SHCPIUACbIHA TCH 60nam>1

e |

. _ M apeyd _
E= 1{.'.'+_IJ =

=] s

1+ Ei— |
"y
(41)

JKOHE, JIEMEK, COKTHIFBICY/IaH KEHIHT1 )KOHE COKTBIFBICKA JICHIHT1 OOJIIEKTePAiH SHEPTUsIapbIHbIH KaThIHACHI
TEHp

/ oy
e=|1+2—]| =250

'y . o
Ma3smyHBbI ¥Ynaiiaap
Vi = niv 0.1
Dopmyna (2): ! ndvi
s 0.1
Cannwik MoHI popmyna (2)-1e: N - (.83
2.1 — | _ g
Dopmyia (3): ' mAv
bl 0.1
CaHJpIK MOHI (bOPMYJIa (3)-Te: Ly e 7le
2=y 0.1
®dopmyna (4): II’ nAw
i N, =083 01
Canzblk MoHI popmyna (4)-Te: -
2.2 0.4
= 0.1
®opmyia (5): 2 A
T, =0 W 0.1
Canpgpik MoHI popmyna (5)-te: by ! e
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N,,=n(2viAv)r 04
_ I
: 3.4 - [ .
2.3 ®Dopmyisl (6): n(2viav) 0.8
N,=142; r,=42¢; 0.4
Cannpik MoHI Gopmyina (7)-ae: Ny=I58 r,=38c
CDOpMyJ‘Ia (8) Y+ LW, = e+ L 0.1
My MLV ma g 0.1
SR
@opmyna (9): = = £ 2
2.4 ", =, 2, 0,2 0.6
i, = =, y,
Dopmyna (13): m, +m, mt, + i,
2m, m, —m 0,2
iy = |'I & |,'._
Dopmysa (14): m, + m, m, +m,
l=p  2u 0.2
®opmymna (15): l+p 1+u
JlmarpamMmana TeK Ty3y ChI3BIKTap 0ap, oiiTnece quarpamma OaragaHOa bl 0.2
2.5 o=l =1 . 0.4 1.6
Bapisik Ty3zynep I = '+ = 1 gykre apkpuis ereni
= 0.2
=1 Ty3y 6ap
i, = -1+ 2, Ty3y 6ap 04
=1 142 0,2
BapibIK chI3bIKTap | xone = 1 =1 apackiHga opHanackan
(1, =1 0.2
m =1 = ]| ; _
Tenciznik (7): [ < -
Terciznik (19): M = ! 0.1
2.6 0.4
I 0.1
m,<—-——
Tencizaik (20): H
®opmyna (21): = —v, + 2w, 0.1
2.7 Tenciznix a): '+ = ! 0.1 03
Tenciszik 6): *» =V 0.1
®opmyna (22): - (r)= Acoslex) 0.1
28 | popmyna (23): Vir)=—Awsinfex) 0.1 0.4
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A 02
V= Aw=2r—
dopmyina (24): T
S 0.3
Dopmyna (25): r
‘= T 24 0.3
®opmyna (26): 2
LE 03
n= : o —
Dopmyna (27): L mu
Caugpik MOHI popmyia (28)-xe: 1 =71 03
dopmyna (29): ~ Amsin{on, | = —u 0.2
| oesin = T aresin X 02
{, = —arcsin = o aresin
2.9 | dopmyna (30): o Aw  Zn a 27
u 0.3
'|_- = .'l III ——-
@opmyna (31): Vv K
]r . B F ;I I ”: V) 03
{ = arcsin—-—2| 1- [l-— |
L | . i I|I I .
®opmyna (32): \ ‘S
( 1) 0.3
|- =—| aresin ———2 1- [I-— ‘ ‘
2r| V, u 'lil e
®opmyna (33): \ ’ g,
Cangpik MoHi popmyna (34)-te: 1 = 0. 96 0.2
. dA 0.2
2.10 F=— o2
®opmyna (35): T
LY 03
J]‘ = — —_—
®dopmyna (36): 2 2u
CDOpMyJIa (37): . =u+2F 0.2
®opmyna (38); ¥ =u -2 0.2
: " 0.3
mu, I
E=n=+1-n)5
®opmyna (39): 2 2
(VY 0.3
2.11 - =] 4+8| — -
®opmyna (40): \ e )
CaHzpbik MOHI popmyia (40)-ta; & = 4.6 0.2
E=Z(u+2v) 0.2
Dopmyna (41): 2
f ¥ 0.3
E=|1+2—
dopmyia (42): \ Ty
Canzbik MoHI hopmyia (42)-me: & = 23.0 02
Bapabirsl -
0
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Tancsipma 3. MarneTpon
DJIEKTP 7K9HE MATHUT OpicTepiHaeri 31eKTPOHIAPABIH KO3FAIbICHI
3.1 BipTeKTi 271eKTp OpICIHIH 9CEPIHEH AIEKTPOH TYPAKTHI YIEYMEH KO3Falabl
el
L] , (1)

on * OcCiHIH Tepic OarbIThIHA OaFbITTATFaH, COHIBIKTAH KOJ JKETKI3UIreH KOOPAMHATAHBIH MaKCHMAaJIbl
MOH1 OpHEKITCH aHBIKTAJIA b

o =

My

'rlll.l'. -

2a 2eE 2)
3.2 biprekTi MarHuT epiciHae Ko3raiFaH ke3ae JIopeHIr Kyl aJIeKTpoHFa dcep eTell, TeH
Fo=eu 8
! : 3)
YKOHE OJ1 paInyChl R HproTOHHDBIH eKiHII 3aHBIHAH AHBIKTAIFAH meHOep OOMBIMEH KO3Fala bl
Uy
m—=F
R (4)
OnmaH nIbIFaasl
B = ML
el (5

byn sxkarnaiina KOOpIMHATaHBIH MAKCUMAJIJIbl MOHI TeH 0O0JIaTBIHBI aHBIK

LY
'y =R=—2=

- ©)
3.3 Ecenm 3eprxaHajblK aHBIKTaMAaJIBIK J>KyHene OHail IIemIieni, oHJa JSJIEKTPOH TeMeHri TypiHae (5)
(dhopMyIaMeH aHBIKTAIFaH YKUUTIKIICH eHOep OOMBIMEH KO3Falabl.
i, el

ff=—=
R m (7)
DNEeKTpOoHFa IIaMallbl KOCHIMINA >KBUIIAMIBIK OepiinreHse, of OacTanKblFa KAKbIH YKOHE OHBIMCH
IraMeTpaibal Kapama-Kapchl €Kl HYKTele KHUBUIBICATHIH IeHOep OoMbIMEH KO3Fajajabl, OyJ MEepUOATHI
XaOBIK €Ki eJIIeM/Ii TPaeKTOpHUsl OOMBIHINIA KO3FAJIBIC PETiH/IE KapaCThIPBUTYBl MYMKIH.

2 2mm
T ==
wm el ®
3.4 Koopmuuar -~ wmakcuManibl OoiraH keszme, M GemeriHiH JKeUIIaMABIFEIL £ oci OOWBIMEH

OarbITTaJIFaH ’KOHE YPHEPTUSHBIH CaKTaly 3aHbl OOWBIHIIA TEH

_ mu-

efx = —
£ 9)
Kosranbic TeHsIeyl ¢ OCbKe MPOEKIUIAa HIEKTI allblpMalIbIIBIKTap MbIHA TYPIHE Ka3bLIa]Ibl
L
= = el
A
(10)
Av=u A

ece0iMeH MbIHA KaTbIHAaCKa QKCJIG,Z[i

.'rJ_"..!r., = ¢ffAx
(11)

OJ1 K&KETTI MOMEHT YIIIiH MbIHA TYPAl KaObLIIai b1
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mu = efx
(12)
(9) xone (12) Terneynepin Oipre menrirn, 613 COHBIH/IA aJaMbI3
) 2mE
¥ o =
- el ,
(13)

3.5 Marsut epici )KYMBIC ICTEeMEHUTIHAIKTEH, JIEKTPOHHBIH JKbUIIaM/IBIFBI A0COTIOTTI MOHJIE TYPAKTHI OOJIBIT
KaJIaJpl )KOHE OacTalKbIFa TEH

UH=Nu,= (WA
(14)
u =dr/!dl u_ =rdp/d
TonbIK KBUTIAMIBIKTBL paguanabl kKoHe a3UMYTTBHIK KypaylIbUlapra
Oeseiiik. DIEeKTPOHHBIH 0acTanKbl HYKTEre KaTbICThl OYPBIIITHIK UMITYJIbCI QaHBIK TCH
.Ir. = H”-“._:
(15)
MKOHE COJI HYKTere KaTbICThl JIOPEHIl KYIIiHIH MOMEHTI
M =elu r
(16)
MowmeHTTep TeHeyi OOMBIHIIA aTaMbI3
i
=M
o
(17)
u_=dar/dl

naiaJaHyMEeH MbIHA KaTbIHACKA aJIbIT KeJel

d{mru )= ear dr

(18)

Ocbke AeHiHr1 KAIIBIKTBIK MaKCHUMyM OOJIFaH YaKbITTa paualiabl >KbUIAAMIBIK >KOFalajbl, aj
a3UMYTTHIK KbUIaMIBIK (14) dopmynara coiikec OacrankbiFa TeH, COHABIKTaH (18) KaThIHACTHI
MHTETpaniay TeHJIeyTe oKeNe/l.

[

mr, U, = e ——
. 3
(19)
OJIaH IIBIFAIBI
3,
F — |—
[[INE '||I| &
(20)
3.6 DnekTpoH OapiblK YakbITTa MIeHOEep OOWBIMEH KO3FanaTbiHABIKTaH, (7) TeHIey OOWMBIHIIA OHBIH
opOHUTaChIHAAFBI MATHUT OPici apTKaH CallblH UMITYJbCTIH TYBIHIBICHI 3aHFa COMKeC e3repei
) i
ke S R
ot i
21)

DNEeKTPOH KYUBIHJBI 3JICKTP OPICIHIH OCEPIHEH KO3Falabl, OHBIH KapKBIHIABLIBIFEl £ KaThIHACKIMEH
AHBIKTAJIA]TbI
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| dd

2ar ’

(22)
on @apaeii 3aHbpI OOMBIHIIA AIIEKTPOH OPOUTACH! APKBUIBI MATHUT WHTYKIIUSICHIHBIH, aFbIHBIH KAMTH/IbI, TCH

i = _[Hu 1 2rrd

(23)
OpOurtanarsl AJIEKTPOHHBIH YieyiHe apHaiFaH HBIOTOHHBIH €KIHIII 3aHBIHBIH TEHJEYl MbIHAJIal
TYpre ue
|
L. AP
el X
(24)
(21)-(24) TtenneynepiHiy OipecKeH IIENIIMI MarHUT ©pici YIIIH KeJecl TEeHJIKKE oKelledl, OJ
aCTBIHAAFbI OPHEK [UKJIOTPOH IIAPTHI JICTl aTanajbl

J.i'ﬂ Fi2ardr=2nr' B,

(25)

(25) popmynanaH OHBIH OPBIHIATYBI JIEKTPOH HMHIYKLHSMEH * MarHuT epici aiimMarbiHIa
KO3FallFaH JKarjaiiia raHa MYMKIH Oonlazbl JereH KOPBITHIHABIFAa KeJIeMi3, COHABIKTAH IIapTTa OepiireH
MarHuT MHIYKIUSCHIH KAIIBIKTHIKKA OaliJIaHbICTHI HHTETPAJIacaK, KaTbIHACTHI aJJaMbl3

H.JTJ'II - H_.:rlrx r) = EHJ'.H_.
(26)
OHBIH IIENIIMi MbIHA TYpiHAE O0Taab
i pt
L=]+=—
. r
(27)
DIEKTPOHHBIH HIEHOEP GOMBIMEH KO3FAbIChl HHAYKIHMACHL © TEH OONAThIH aylaHIa FaHa MyMKiH,
harar . . e .
SIFHUA © Ke3iHje, OYI KaXKeTTi KaThbIHAC MHTEPBAJI/IA kKaTy KepeK JereH i Oimmipeni
2. B ‘1 r
R, e
(28)

HuauHapIiKk MATHETPOH
3.7 UHunmuHApmiK KaToA TNEeH AaHOATHIH Y3BIHABIK OIpMIKTEpiHIH 3apsabl A _Fa TeH OONCHH, ai

TEKTPOATAP/BIE KaIIbl y3bHabiFsl | . Conma ayce Teopemachl GOMBIHINA KATOX TEH aHO apaChIHIAFbI
KEHICTIKTET'1 2JIEKTP OPICiHIH KepHEYIri TeH 1Y apKbUIbl aHBIKTAJIa/Ibl.
_ Al
EXmrd
&

i
b

(29)
OJlaH aJIaMbI3

(30)



XIX Xanbikapanbik XXayTbikoB Onumnuagacel/TeopusanbIk Typ c. 19/24

MyH/la " —MarHeTpoH OCiHE JEHIHI1 KalIbIKTbIK.
[ToreHumanaap albIpMachIHBIH © KAIIBIKTBIKKA TOYEJIJUIIr, aHBIKTaMachl OOMBIHIIA WHTErpaj
peTiHIe ®a3buIaasl

For a

Ine,

r'=j Fir = A I|'|£

(1)

Keke *=h yIrin oepemi

(32)
(31) xone (32) TeHueynepin Oipre MICIIIl, aTaMbI3
=y, W) g
In(h/a)

(33)

3.8 Paauycel R jxyKa cakMHaHbI KapacThIPAbIK, OJ1 apKbUILL | TOK OTEJli )KoHE CaKUHa OCiHiH HYKTeCiHzeri
MarHUT WHIYKIUSICHIHBIH [IAMAChIH €CENTEHI3, COJaH KeHiH O * KAIBIKTHIKTa OHBIH OPTAJIBIFBI 0OJIaIbI.

Cakunanpl @ kimn snementTepre Gesemis, OHIAa MarHUT MHAYKOUSCH Keieci buo-CaBappa 3aHbIMEH
aHBIKTAJIA/bI
B i F .I'.;'.'r' r
df = Lol &
4z ¥

(34)

ouma " Bekrophl TOK “ dlIeMEHTIHIH OpHANACKAH YKEPiHEH MATHHUTTIK MHIAYKIHUSA i31enerin O HyKTeciHe
NEH1H ChI3bLIaIbI
Byt reoMeTpUsIIBbIK KaTbIHACTAPIaH TyBIHAANIbI
dl =r =l ,
(35)
’KOHE aJIbIHFAaH MAarHUT MHIYKIUACHI CAaKWHA 0C1 O0bIMEH OaFbITTaIFaH/IbIKTaH
i i sin o

b

(36)
conas Keiiig & = rsino TEOMETPUSIIBIK KaThIHACHIH KOJIAAHBIN, €H COHbIHA ajlaMbl3
T ]
dg =tud B
’ dx
(37)
dB. =l
or"
2\
\
-\.lh r

(37) dopmynara eHri3iIreH apakalbIKTHIKTAP TYPAKTHI )KOHE



XIX Xanbikapanbik XXayTbikoB Onumnuagacel/TeopusanbIk Typ c. 20/24

r=R4+z ,
(38)
CO/IaH KeHiH caKWHAHBIH OapiIbIK AIEMEHTTEPiH KOCKaHHAH KeiliH TabaMbI3
I R’
g =Ml L
2 (RP+z7)"

(39)

Enmi coneHOMITHIH IEHTPIHJAETI MAarHUT OPICIHIH HHIYKIUSCBIH €CeNTeiik, eWTKeHl Oy xkepiae
MarHeTpoH InaMbl opHajackaH. O yurH nenTpaeH = Gacram = d= _ka neifiHri KAIIBIKTHIKTA OpHaJacKaH
OypBUIBICTAP/IBI KAPACTHIPANBIK, OJIap apKBLIBI TOK OTE/I

M
e.l':." = — ¢z
£ .

(40)

byn OypbuibicTappl MarHuT UHAYKUUACHL (opmyna (39) OoifbIHIIA aHBIKTATIATBIH CAaKWHA PETiHAE
KapacTeIpyFa 0omanbl, ofgaH 013 anambI3

NI R
ap=t= = 4
2L (RO+27)°
(41)
OJ1 UHTETpalusIaH KeHiH COHFbI OpPHEKTI Oepei
H=;.r,."l..".|'E" J 1:9':. _ r;.n:,."..l'
2L 1. (R +27) L1+ D 1P
(42)

myuma U=2R puamerp yurin epHek konmaHbuiasL.
MarHneTpoH1arbl 2IEKTPOHAAPABIH KO3FajbIchl YiliH (18) ¢popmynara ykcac »koHE TOMEHT1 TypiHJeri
bopmyra xapam/bl
dimru )= eBrdr

(43)
TYPAKThl MATHUTTIK WHAYKIIHS KaFIalbIH/Ia MHTETpaaay Oepei

mrn = —efh
L i

-

(44)
Exinmni JKarblHAH, DOHCPI'UAHBIH CAKTAJy 3aHbIHAH IIbIFaTbIHbI

.-rJ1 g -:I ¥
—u +u =2
y -

(45)
TOKTBIH KPHUTHUKAIBIK MOHIHE JKETKEH Ke3/l¢ AaHOATHIH JKAaHBIHIAFBl MATHUTTIK WHIYKITHS
AEKTPOHIAPIBIH PAIUAIIIBI KBUIIAM/IBIFBI YKOWBUTIATBIHIAW 00J1a b, OYJT JKaF/IaiFa oKee/i.

u =0, r=h, V=¥

b

(46)
(44) >xone (45) epHEKTEpiH NaiiJananblll, MATHAT ©PICIHIH KPUTHKAIBIK MOHIH Oepei
B
B= |—
I'J eh*
(47)

(42) dopmynaHbl maianaHbII, COCHOUATAFBI COMKEC TOKTHI TAOaMBbI3
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| =
- IF-.IHJ_ A+ DL

il =1} Tk
) V e L, N

(48)
3.9 Karomka »akplH IIamMIarbl JIEKTPOHIAPABIH OacTamKbl SHEPTUSACHl KATOATHIH TEeMIIEpaTypachiIMEH
aHBIKTAJIaAbI )KOHE

E. =kT
(49)
By sHeprus aHOATHIH JKaHBIHIAFbI JJICKTPOHIAP IbIH SHEPTUACHIHAH dJ1/IeKai1a a3 00Iybl Kepek L , SFHU
E U E,
(50) |
MyHJa s = €V , OJIaH 13/eJIiHreH OaraHbl ajlaMbI3
ra B _g70.10°
ky
(51) |

Oyl IIBIH MOHIHIAE TMalJaJaHbUIFAH KYBIKTAy[Abl KOJIJIaHy MYMKIHAITIH OuUIIipeni, ©WTKeHI Karo[
TEeMIIEPaTypachl SJIETTE KeM JeTeHe €Ki peT TOMEH.

Ma3MyHbI Ynaiijia
. el 0.1
a=—
®opwmyia (1): m '
3.1 : 0.2
£ =t 0.1
®opmyna (2): ™ 2eE
®opmyra (3): Fy =eu,d 0.1
m'!;—'e' =F, 0.1
) 4):
32 pRopwyma () 0.4
i
R=—0>" 0.1
dopmyna (5): el
e = R =2 0.1
dopmyna (6): el
o="0_ 02
) 7): R m ’
33 (oopyma () - 0.4
r_ 3_"' _ e 02
dopmyia (8): w  ef '
Eq mu’ 0.2
Lo =% .—..l\. =T .
®opmyna (9): 2
3.4 2 B 0.2 1.0
— = i . .
) ®opmyna (10): A
Popuyna (11). M- = €BAT 0.2
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Dopwyna (12): " e 0.2
. 2 02
l"I.l!. = -4 .
dopmyna (13): el
®opuyna (14): 1~ o = COm! 0.2
L=mn
®dopmyna (15): "y 02
1. =F 3
®opwmyna (16): f =edu 0.2
il
—=M
dopmymna (17): ' 02
3.5 1.4
®opmyna (18): d(mru, )= ear dr 0.2
s 0.2
mr, i, = e — .
®opmyna (19): u
I'i-'rru,, 02
II-;II.I'i = M
dopmyna (20): V e
dap f i, 02
—_— =
dopmyma (21): i ol '
| 4@
= 0.2
dopmyna (22);  Lar i
:]1=IH[J V2 rd 0.2
®opmyna (23): 0
wlf _
— =gk 0.2
dopmymna (24):
3.6 ) 1.6
IH: rF)2rrdr = 2xr B, 0.2
®opmymna (25):
dopmyana (26): Hlm'lm ' H."ﬂ"" "'|~] = j"f"m""'r_- 0.2
B r
| +— 0.2
®opmyna (27): B, fi
2 2tcte 0.2
®opmyna (28): B, fi
E2mel A 0.1
dopmyana (29): Ea ’
A
k= 0.1
Ve .
3.7 | ®opmyna (30): o L0
A f
V= — I 0.2
Ame, 4

®dopmyna (31):
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b= - ! I“ III:' 0.2
®opmyna (32): <k, d

oy Iria) 0
dopmyia (33): In(h/ a) .
CanpnpIK MoH dopmyna (33)-xe: V=816 0.2

pMYy.

dff = Mol dLxT 02
dopmyna (34): T .
Mopmysa (35): el =r = dl-r 0.2
Dopmya (36): dB_=dBsina 0.2

B e § Rl 0.2

i =———— )
®opmyna (37): T
®opmysa (38): * =R 4= 0.2

I R

3_:‘}1' s 0.2
dopmymna (39): < (A +27)

i = ﬂ az 0.2
®opmyna (40): L

NI R

u.a:*”j'f s 0.2

dopmyia (41): L (R +27)
3.8 Ill'_,f'r'.l' 3.2

e N NT] 0.2
®opmyna (42): [N1+ D" /L
dopwmyna (43): d(mru, ) = eBrdr 0.2

mre_ = l-l"H-' : 0.2
dopmyna (44): 2

[ 5 )

— +r|L_ll=|'I1- 0.2
dopmyma (45): £

= a— I = ’
dopmyna (46): u =0, r=b, Fy 0.2
[Bm

H: | ”J:' 02

dopmyna (47): \ eb
| I \ \

o= 3mh Gy 02
dopmyna (48): . Ho Vb
Canppik MoH dopmyna (48): L =B 101 0.2
Dopmyna (49): £ =k 0.2

CEE 0o
3.9 ®dopmyna (50): 0.8
n €Ly
't k 0.2

®opmyna (51):
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SOLUTIONS TO THE PROBLEMS OF THE THEORETICAL
COMPETITION

Attention. Points in grading are not divided!
Problem 1 (10.0 points)
Problem 1.1 (3.0 points)
It follows from the first law of thermodynamics that
00=dU +dA, (1)
where 6Q is the amount of heat supplied, dU is the change in internal energy, dA is the work done by the
as.

: For one mole of an ideal gas, these quantities can be written in terms of a change in volume dV and
temperature d7" at a known pressure p in the following form

0A=pdV, (2)
dU =C,dT . 3)
By definition of heat capacity, we have
c=-22 )
dT
then from relations (1)-(4) one obtains
dv
—=C-C,, 5
pP AT v (&)
at the molar heat capacity of a monatomic gas at a constant volume equal to
3
C = ER . (6)

From the graph given in the problem statement, it can be seen that at a temperature
T =350 K (7)

the heat capacity is C=C, and, accordingly, Z—‘;=O. When passing through this temperature, the

derivative sign changes from plus to minus. This means that at this temperature the gas volume reaches a
local maximum: 7 =7, =350 K.

At a temperature
T, =500 K (8)

the derivative Z—; also equals zero, and when

passing through this point, the sign of the
derivative changes from minus to plus. This

means that 7, is the point of the local minimum
of the volume: T, =T, =500 K.
In the section from 7, =350K to

T, =500 K, the gas receives heat Q, numerically

equal to the area under the dependence C(7), i.e. L3
the area of the figure ABCDE. The change in |
internal energy AU =C, (T, —T,) is numerically ra

I

m an 07 e 1 vee Ty

equal to the area of the rectangle ABDE.
According to the first law of thermodynamics, therefore, the work on the gas from 7, to 7, is numerically

equal to the difference in the areas of the rectangle ABDE and the figure ABCDE, i.e. area of the shaded
figure BDC:
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~T_)=31217. )

max

A:lR(T
4

Note: Exact dependence V(T):

712
T-T
K:(ZJ exp(— ATIJ ,at 7, =300 K<T <T, =400 K and A7, =100 K ;

Vi 1 I
v (T (1-1
—=|—1| exp L1 ,at T,=400 K<T <T, =600 K and AT, =200 K.
v, 7, AT,
Dependences V(T') and P(V) in the process of gas heating are shown in the figures below.
v(T) P(V)
e o S
3 1:00 i 4 ‘ T ——
> o8 \- 7 o 10 >
0‘96 \“ ’f
0:94 rH—rT 0,5
200 250 300 350 400 -:,5(')( 500 550 600 650 700 0,94 0,96 0,98 \:I,:I‘:) 1,02 1,04 1,06
Content Points
Formula (1): 6Q =dU +dA 0.2
Formula (2): 6A = pdV 0.2
Formula (3): dU =C,dT 0.2
0.2
Formula (4): C = 5—Q
dT
av 04
Formula (5): p—=C-C
S):p AT v
0.2
Formula (6): C, = %R
Formula (7): T, =350 K 0.4
Formula (8): 7, =500 K 0.4
Formula (9): A= %R(Tmax -T...) 0.4
Numerical value in formula (9): A=3121] 0.4
Total 3.0

Problem 1.2 (3.0 points)
The equivalent circuit of the bridge is shown in the figure below, which takes into account that the
non-ideal inductance circuit is equivalent to an ideal coil L and resistor r, connected in series, whereas the

equivalent circuit of a leaky capacitor is a resistor 7. connected in parallel to an ideal capacitor C .
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Solution 1. The bridge balance condition in complex numbers is written as
Z,Z.=RR,, (1
where the impedances are respectively
Z, =1, +ioL (2)
and
fe
= 3)
“ l+ioCr,
After some transformation we get from expressions (1)-(3):
RR
io(L-RR,C)=r,———=. 4)
’

C

While varying the frequency, this equality is not violated if both sides of the equation are equal to

zero, therefore

c=-L _os5.F,

172
RIR2

.

7. = =2 MQ.

C
Solution 2. Let the voltage across the capacitor be
U.=U,coswr,
then current through it is found as
I.=—Cowsinat
and the current through its leakage resistance is
_ U, cos wt
Ic *

e

The total current through the upper arm containing the capacitor is
L=1.+1_,

and since the bridge is balanced, the same current flows through the resistance R, therefore

U, =IR.

On the other hand, this voltage is equal to the voltage drop across the arm with the inductance

U, =Uyg,

for which the voltage drop is given by
dl

UL = L7t2 + Ier ,

in which the current is determined by the balance equation
U
L=1, =—%.
2 Ry R,

since

U, =U,.

2

S

(6)

)

2)

3)

4

®)

(6)

(7)

8)

)
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Collecting equations (1)-(9) together, we obtain
oL . R
[——+Ca)RI]Uosma)t=(—1—r—LJUocosa}t. (10)

r

2 C 2

It can be seen from this equality that the frequency-independent balance condition is satisfied if both

sides of the equation are equal to zero, that is, one obtains the final answer

L
C=——=0.5 uF, (11)
1772
re _RR, =2 MQ. (12)
rL
Content Points
Solution 1
Equivalent circuit: All elements are correctly connected 0.5
Formula (1): Z,Z. =RR, 0.3
Formula (2): Z, =r, +iwL 0.3
Formula (3): Z,. = r—c 0.3
1+ioCr,
Formula (4): io(L-RR,C)=r, _RR& 04
Ie
L 4
Formula (5): C = 0
R1R2
Numerical value in formula (5): C =0.5 uF 0.2
Formula (6): r. = RR, 04
rL
Numerical value in formula (6): 7. =2 MQ 0.2
Total 3.0
Solution 2
Equivalent circuit: All elements are correctly connected 0.5
Formula (1): U, =U cos ot 0.1
Formula (2): 1. =—Cwsin ot 0.1
Formula (3): I, :M 0.1
C rc
Formula (4): 1, :IC+IrC 0.1
Formula (5): UR] =R 0.1
Formula (6): U, =U, 0.1
1
Formula (7): U, :%Jrlzq 0
]
1
Formula (8): I, =1, _Ye 0
2 R2
Formula (9): UR2 =U,. 0.1
0.4

2 2

L . R
Formula (10): (—%+ Ca)RI]U0 sin @r = (—l—r—LJUO cos ot
Te
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0.4
Formula (11): C = L
Rl 2
Numerical value in formula (11): C =0.5 uF 0.2
0.4
Formula (12): 7. = RiRy
rL
Numerical value in formula (12): 7. =2 MQ 0.2
Total 3.0

Problem 1.3 (4.0 points)

Let a planet of mass m move around the Sun in a circular orbit of radius R with a speed v, then the
equation of motion of the planet in the projection onto the radial direction is written as

2
my mM
which results in
M
V= GYS, (2)

with G being the gravitational constant.
Writing formula (2) for Jupiter with the index J and Earth with the index E, we get after dividing

v R
= (3)
VE RJ

and, on the other hand, we have according to Kepler's third law for the ratio of rotation periods
TZ R3
L @
TJ RJ

The motion of Jupiter cannot be detected with a spectrometer, but it can be done for the Sun, since it
also moves around the center of mass of the Sun-Jupiter system. The speed of the Sun is easy to find from
the expression

MJ
Ve =V, —. (5)
S J MS

Since the Sun moves around the common center of mass of the system, and the observer is located in

the same plane, according to the Doppler effect formula, the following condition is satisfied for detection

AL 2vq
i 6
R (6)
Putting together equations (3)-(6), we get the final answer
1/3
ML © 150407, (7
M, \T,) 2v,

Such resolution is achievable for many modern spectrometers manufactured in different countries of
the world.

Content Points
2
my mM
Formula (1): ' G RQS 0.2
M
Formula (2): v= ?S 0.2




XIX International Zhautykov Olympiad/Theoretical Competition c. 6/19

VJ RE
Formula (3): —=,[— 0.2
VE R.]
2 3
Formula (4): T_52 = R—§ 0.4
R
J J
M 1.0
Formula (5): vy =v, —
MS
2 1.0
Formula (6): M =
A c
1/3 0.5
Formula (7): R, = %(T—’J .
M, \T, 2v,
Numerical value in formula (7): R . =1.20-10’ 0.5
Total 4.0

Problem 2. Fermi acceleration (10.0 points)
Why are there more oncoming cars than overtaking cars?
2.1 Within the time period ¢, a car in lane B overtakes only those cars that are located at the distance no
longer than

I=(v—(v—Av)k=Avt. (1)
Therefore, the number of those cars is
N,=nl=nAvt=0.83. (2)
The time between overtakes is found as
TI=L=0.02h=728. 3)
nAv

2.2 Similar reasoning leads to the conclusion that the number of overtakes and the time between overtakes
remain the same, i.e.

N, =nl =nAvt = 0.83, 4)
72=L=0.02h=72s. 5
nAv

2.3 When driving towards oncoming cars, the number of cars and the time between two consecutive
meetings are calculated by the formulas
N, = n(v+(EAv))=n2v+Av)
I ’ (6)
M n(2v £ Av)
and numerical calculations give the following values
N,=142; 7,=42s;

: (7)
N,=158; 7,=3.8s.
Elastic collision
2.4 Let us write down the momentum conservation law as
my, +m,v, =nmu, +m,u, (8)
together with the conservation of kinetic energy
i i o

2 2 2 2
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" m "
i, 1 z -
| ¥, ¥,
E :}_=._ .
m, : m.
il X TH
G X

Rewriiting these equations in the following form
my, —mu, = nyu, —nm,v,

2 2 2 2 (10)
my, — i, =myi, —n,v,
and dividing then, yields the relation
VU =, . (11)
From this equality, we express u, =v, +u, —v, and substitute it into the equation of conservation of

momentum
(ml +m, )”1 = (ml —-m, )Vl +2m,v,, (12)
from which it follows that
u, = il v, + 2m, v, . (13)
m, +m, m, +m,
The speed of the second ball can be easily obtained by changing the indices "1" and "2" in formula
(13)
o) _
w, = ——y M (14)
m, +m, m, +m,
2.5 Using formula (13), we obtain an explicit form of the dependence between the required parameters
m m
ﬂ=m1_m2+ 2m, Yy _ m‘+ m, v, N
vl ml+m2 ml+m2 vl 1_ﬁ 1+@Vl . (15)
m, m,
1- 2
S ey T
1+u 1+u

As follows from the resulting expression, for any values of the mass ratio ., the dependence is
linear, i.e. its graph is a straight line. It is also not difficult to see that all these lines pass through the point
n, =17, =1. When u— 0, the slope coefficient tends to zero, that is, the dependence graph tends to a

horizontal straight line 77, =1. At x — oo, the desired dependence tends to
m=—1+27,. (16)
The set of graphs of function (15) is shown in the figure below.
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2.6 Kunernueckasi 3Heprus IIapuKa YBEIHYUTCS, €CIIH MOJYJIb CKOPOCTH IIapHKa IOCJE yJapa CTaHeT
00JIbIlIe MOJTYJII CKOPOCTH 10 yAapa, TO ecTh IpH BbinosHeHnu HepaBeHCTB The kinetic energy of the ball
increases if the modulus of its velocity after the collision becomes greater than the modulus of its velocity
before the collision, that is, if the following inequalities are fulfilled

m|>1 = {771>1

Substituting expression (15) for the quantity 7,, we obtain the following two inequalities
1—u N 2u

I+ 1+u

) (17)
n, <-1

m>1
(18)

The solutions of these inequalities are the following relations:
a)
n,>1,
(19)
that is, to fulfill this condition, the second ball must catch up with the first one;;
b)

1
n, <——, (20)
u

in this case, the second ball must move towards the first one and the modulus of its velocity must exceed the
above specified value.
2.7 In the limiting case m, = m,, the speed of the first ball after the collision is
U, =—v, +2v,, (21)

that is, the speed of the first ball changes sign (the ball is reflected) and its modulus changes to twice the
speed of the second, heavy ball.

The light ball increases its speed, and, consequently, its kinetic energy, if:
a) the heavy ball catches up with the light ball (hit from behind) v, >1;
0) the heavy ball moves towards the light ball v, <0.

The simplest Fermi acceleration model
2.8 We write the law of motion of the plate in the traditional form

x(t)= Acos(ar), (22)
then the dependence of the velocity on time is described by the function

v(t)=—Acwsin(ar), (23)
thus, the maximum speed of the platform is

Vs :Aa):27z?. (24)

2.9 To answer the question posted, it is enough to consider one period of plate oscillations. Let us plot the
dependence of the plate coordinates on time (22) and plot on the same graph the dependences of the
incoming particle coordinates on time, which are straight lines x = x, —ut .
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X

T. 1
The figure shows the case u >V,. As a result of the collision, balls that collide with the plate

d4

increase their speed at those time moments when the plate moves towards the positive direction of the axis ,

while collisions must occur in the time interval from B to T . However, the collision times are not

randomly and uniformly distributed, but the times of approach to the plate itself are uniformly distributed, so
we consider a plane x = A, the times of approach to which are equally probable. Let us draw a straight line

that describes the law of motion of a ball colliding with the plate at the moment of time ¢ = g (the thick line
in the figure). Let us denote #, as the moment of time when this ball crosses the plane x = A. Balls that

collide with the plate after this moment of time increase their speed and energy. But these balls cross the
plane in the time interval from ¢, to T, so the fraction of these particles is obtained as

T -1,
=1 25
- (25)
The moment of time ¢, is easy to find from the law of the ball motion
T 2A
=22 26
"2 u (26)
then the fraction of accelerated particles is equal to
_T-4_ 1,24 1V, 27)
T 2 ul 2
Here we use the relation that follows from formula (24): 2714 W . Substituting the specified
V4
numerical value u =1.5V,, we get:
1 1
=—+——=0.71. 28
=2 sn %)

A somewhat different situation is realized at u <V, which is shown in the figure below.
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In this case, the "border time" f, between accelerated and decelerated balls is determined by a

straight line, which is tangent to the graph of the plate law of motion, as shown in the figure below.
X

) I5
When the graphs of two functions touch at the moment of time 7,, the values of both functions
themselves and their derivatives, that is, the speeds of the plate and the ball, coincide, therefore
— Awsin(at, )= —u, (29)
which gives rise to

t, = —arcsin o Larcsin iy (30)
0] Aw 217

0
2
x, = Acosat, = Ayl —sin’ wt, = A ’1—%. (31)
0

These expressions allow us to determine the time of approach to the plane x = A

A_ 2
=t A% T en 2 Yol o2 || (32)
u 2 Vo u Vs

The ratio of this time to the oscillation period determines the fraction of particles that collide with the
plate, catching it up, such that their energy decreases:

2
== aresin e~ Yo| 1— 1= ||~ 0.04, (33)
27 V, u v

therefore, the fraction of balls whose energy increases after the collision is equal to

7~0.96. (34)
2.10 In one period of oscillation, the plate travels a path 4A, so the modulus of its speed is equal to
4A
V=_" 35
T (35)

2.11 When the ball speed is greater than the platform speed, the proportion of balls that increase their energy
as a result of the collision is calculated by a formula similar to formula (27):
Toy 1,24 LV
T 2 ul 2 2u’
and the corresponding figure is shown below.

(36)
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X |

A

Since the modulus of the plate velocity is assumed to be constant, the ball velocity modulus after the
impact becomes equal to

u, =u+2V. (37
The velocities of balls that collide with the plate in the time interval from O to ¢, are equal to
u =u-2V. (38)

Thus, the average ball energy after the collision becomes equal to

E=p™ +(1_77)”"_“3=ﬂ(6+;_uj(u+2v)2 +G—2%j(u—2v)2j _

2 2

m ((V vy’ % AR vy’ ’ )
= [1+—J(1+2—) +(1——J(1—2—j = 1+8(—j
4 u u u u 2 u
and, consequently, the increase in the average energy is equal to
2
g:1+8(zj ~4.6. (40)
u

If the speed of the balls is less than the speed of the plate, then all the balls collide with the plate
when it moves in the opposite direction, so all the balls increase their speed and energy. After the collision,
the particle velocities become equal u, =u + 2V, and their energy

m > mu’ VY
E=—(u+2V) =—|1+2—|, (41)
2 2 u
and, consequently, the ratio of the ball energies after and before the collision is equal to
2
g=(1+2zj =25.0. (42)
u
Content Points
Formula (2): N, =nAvt 0.1
Numerical value in formula (2): N, =0.83 0.1
2.1 0.4
Formula (3): 7, = 1 0.1
nAv
Numerical value in formula (3): 7, =0.02 h=72s 0.1
Formula (4): N, = nAvt 0.1
Numerical value in formula (4): N, = 0.83 0.1
2.2 0.4
Formula (5): 7, = 1 0.1
nAy
Numerical value in formula (5): 7, =0.02h=72s 0.1
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N,,=n(2v£Av)t 0.4
Formulas (6): 1
Ga=
2.3 n(2vEAv) 0.8
) ) N,=142; 17,=42s5; 04
Numerical values in formula (7):
N,=158; 7,=38s.
Formula (8): mv, + m,v, = mu, + m,u, 0.1
myp | myvs _mug | m 0.1
Formula (9): + = +
2 2 2
24 | Formula (13): u, = il v, + 20y v, 0.2 0.6
m, +m, m, +m,
Formula (14): u, = 2m, v, + My~ v, 0.2
m, +m, m, +m,
- 0.2
Formula (15): 7, = 1=u +2—'u772
I+u 1+u
There are only straight lines on the graph, otherwise the graph is not 0.2
graded
2.5 | All lines pass through the point 77, =1;77, =1 0.4 1.6
There is a straight line 77, =1 0.2
There is a straight line 77, =—1+2n, 0.4
All lines are located in between 77, =1 and 7, = —1+2n, 0,2
.. n >1 0.2
Inequalities (7): [,|>1 =
n, <-1
2.6 | Inequality (19): n, >1 0.1 0.4
A
Inequality (20): 7, < 1L 0
7
Formula (21): &, =—-v, +2v, 0.1
2.7 | Inequality a): v, >1 0.1 0.3
Inequality b): v, <0 0.1
Formula (22): x(t)= Acos(cx) 0.1
,g | Formula(23): v(t)=—Awsin(er) 0.1 04
Formula (24): V, = Aw = 2;;? 0,2
Formula (25): 77 = % 0.3
Formula (26): ¢, = r_24 0.3
2 u
1V 0.3
2.9 | Formula (27): n= St ”—Ou 27
Numerical value in formula (28): 7= 0.71 0.3
Formula (29): — Awsin(ar,)=—u 0.2
Formula (30): ¢, = larcsin s 0.2
0
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2 0.3
Formula (31): x,=A |[1-—
VO
2 0.3
Formula (32): ¢, =1 arcsini—& 1- 1_u_2
2 V, u V,
2 0.3
Formula (33): 1-77=——| arcsin - Yo/ 1— [ %
2 Vo, u Vs,
Numerical value in formula (34): 17 = 0.96 0.2
2.10 | Formula (35): V = % 0.2 0.2
Formula (36): 7 =+~ 0.3
2 2u
Formula (37): u, =u+2V 0.2
Formula (38): u_ =u—-2V 0.2
2 2 0.3
Formula (39): E = + (1—77)%
V) 0.3
2.11 | Formula (40): ¢ =1+ 8(—] 2.2
u
Numerical value in formula (40): ¢ ~ 4.6 0.2
Formula (41): E:%(mzv)2 0.2
v’ 0.3
Formula (42): ¢ = (1 + 2—)
u
Numerical value in formula (42): € =25.0 0.2
Total 10.0
Problem 3. Magnetron
Electron motion in electric and magnetic fields
3.1 Under the action of a uniform electric field, an electron moves with a constant acceleration
eE
a—fE (1)
m

which is directed in the negative direction of the x axis, so the maximum value of the achieved coordinate

is determined by the expression

2 2
_ Wy _ i,
Xnax = 5 .
2a  2eE
3.2 When moving in a uniform magnetic field, the Lorentz force acts on an electron, equal to
F, =eu,B.
and it moves in a circle whose radius R is determined from Newton's second law
2
u
m EO =F,
which yeilds
R = Mo

eB

It is obvious that the maximum value of the coordinate in this case is equal to

2)

3)

4)

®)
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mu,
. 6
eB ©
3.3 The problem is most easily solved in the laboratory reference frame, in which the electron moves along
the circle with the frequency determined by formula (5) in the form
_uy, _eB

R m (7)
When an electron is given a small additional speed, it begins to move along a circle that is close to
the original one and intersects with it at two diametrically opposite points, which can be considered as
motion along a closed two-dimensional trajectory with the period
=27 _2mm )
w eB
3.4 B MOMeHT, KOT/1a KOOpJIMHATa X MaKCHMalbHa, CKOPOCTh YaCTUIBl i HAaIpaBlieHa BJIOJIb OCH Z W IO
3aKOHY coxpaHeHHs sHepruu paBHa At the moment when the coordinate x is maximum, the particle

velocity u is directed along the z axis and, according to the law of conservation of energy, is equal to

'xmax = R =

2
mu
eEx = . 9
max 2 ( )
In the projection onto the z axis, the equation of motion is written in finite differences in the form
m _ opu (10)
At
which, with account of Ax =u At, leads to the relation
mAu, = eBAx, (11)
which for the time moment sought takes the form
mu =eBx,__ . (12)
Solving equations (9) and (12) simultaneously, we finally obtain
2mE
X . =—, 13
max €B2 ( )

3.5 Since the magnetic field does not perform any work, the electron velocity remains constant in absolute
value and equal to its initial value
U =1u, =Cconst. (14)

Let us divide the total velocity into radial u, =dr/dt and u, =rdp/dr azimuthal components. The

angular momentum of the electron relative to the origin is obviously equal to

L=mru,, (15)
and the torque of the Lorentz force about the same point is

M =eBu,r. (16)

According to the moment equation, we have

dL

—=M, (17)

dt
which together with the use of u, = dr/dt provides to the relation

d(mru,) =ear’dr. (18)

At the moment of time when the distance to the z axis is maximum, the radial velocity vanishes, and
the azimuthal velocity is equal to the initial one in accordance with formula (14), so the integration of

relation (18) leads to the equation
3

mr. uozea%, (19)

max

which finally gives rise to

rmax = 3mu0 * (20)
V ea
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3.6 Since the electron moves all the time along a circle, then, according to equation (5), with an increase in
the magnetic field B, at its orbit, the derivative of the momentum changes according to the law
d, dB
P _ o 0,
dt dt

The electron is set in motion due to the vortex electric field, whose strength E is determined by the
relation

21)

1 do
2zr dt

which, according to the Faraday law, includes the flux of magnetic induction through the electron orbit,
equal to

(22)

® = [ B(r)2zrdr. (23)
0
The equation of Newton's second law for the acceleration of an electron in orbit has the form
ap _ eE. (24)
dt

The joint solution of equations (21)-(24) leads to the following equality for the magnetic field, which
is called the cyclotron condition

j B(r)2xrdr =27r*B,. (25)
0

From formula (25) we conclude that its satisfaction is possible only in the case when the electron
moves in the region of a magnetic field with induction Bj=B,, therefore, integrating the magnetic

induction given in the formulation as a function of distance, we obtain the relation

Bxr +Ba(r’ —17)=27r’B,, (26)
whose solution has the following form

B 2

2ioe D 27)

B, h

The motion of an electron in a circle is possible only in the area in which the induction is equal B, ,

that is, at r; <r <r,, which means that the ratio sought must lie in the interval

2
12

2B (28)
B, h
Cylindrical magnetron
3.7 Let the unit length of the cylindrical cathode and anode have a charge equal to A, and the total length of
the electrodes is . Then, according to the Gauss theorem, the electric field strength in the space between the

cathode and anode is determined by the equation

E2zri =21, (29)
80
which immediately yields
A
E= . (30)
2meyr

Here r stands for the distance to the magnetron axes.
The dependence of the potential difference on the distance r, by definition, is written as an integral

V=| Edr= Al 31)
’ 2me, a
which in particularly for r =b gives rise to
V,= 4 In b . (32)

2re, a
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Solving equations (31) and (32) together, we obtain
In(r/a
= 0¥:57.6 V. (33)
In(b/ a)
3.8 PaccmMoTpuM TOHKOE KOJIBLIO pajguyca R, MO KOTOPOMY NPOTEKAeT TOK j, U PAaCCUUTAEM BEIUUYHHY
MarHMTHOH HMHIYKIIMM B TOYKE HAa OCH KOJIbIIA, OTCTOSIICH TO €ro LEHTpa Ha PacCTOSHHUU Z . Pa3oObem

KOJIBLIO Ha Majible JIeMEHTHl dl , Torja MarHUTHas MHAYKIHS ONpEIeNseTcs CIeAyIOIIUM 3aKOHOM buo-
Casappa Consider a thin ring of radius R, through which the current j flows, and calculate the magnitude
of the magnetic induction at a point on the axis of the ring, which is located at a distance z from its center.
Let us divide the ring into small elements dl , then the magnetic induction is determined by the following
Biot-Savart law
B =0l AT (34)
4T r

in which the vector 7 is drawn from the location of the current element d/ to the point O where the
magnetic induction is sought.
It follows from geometric relations that

dl xr=dl-r, (35)
and since the resulting magnetic induction is directed along the axis of the ring
dB, =dBsina, (36)
then, using the geometric relation R =rsina , we finally obtain
dB, = o) Rl 37)
A r
dB.| = dB
o1
i r
-\-\____.:____,--
)
Considering that the distances included in formula (37) are constant and
r2 =R2 +Z2, (38)

then after summing over all elements of the ring one finds

. 2
B = £ 2 K 2332 (39)
2 (RP+2)
Let us now calculate the magnetic field induction at the center of the solenoid, since this is where the
magnetron lamp is located. To do this, consider the turns located at a distance from the center from z to
7 +dz, through which the current flows

dj = % d. (40)

These turns can be considered as a ring, whose magnetic induction is determined by formula (39),
such that

B = M R®

dz, 41
2L (R2 + ZZ )3/2 ( )
which after integration gives the final expression
2 L/2
5 MNIR de_____ N “2)

2L 4, (R*+2°)" L\/1+D2 /I?
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where the expression D =2R is used for the diameter.
For the motion of electrons in a magnetron, a formula is valid that is similar to formula (18) and has
the form
d(mruw) =eBrdr, 43)

whose integration under the conditions of constant magnetic induction and a <<b gives
|
mru,, = EeBr . (44)
On the other hand, it follows from the law of conservation of energy that
m
E(uf+u;)=eV. (45)

At the moment when the critical value of the current is reached, the magnetic induction near the
anode becomes such that the radial velocity of the electrons vanishes, which leads to the conditions
u =0, r=b, V=V, (46)

which, using expressions (44) and (45), results in the critical value of the magnetic field

= 2 (47)
eb

Using formula (42), we find the corresponding current in the solenoid
8 L
I, =\/ "o (14D )
e H,Nb
3.9 The initial energy of electrons in a lamp near the cathode is determined by the temperature of the
cathode itself and is on the order of

=0,701 A. (48)

E, =k,T. (49)
This energy is obviously must be much less than the energy of electrons near the anode, i.e.
E, = E|, (50)
where E, = eV, , whence we obtain the desired estimate
E
T4 0 =870-10° K, (51)

B
which actually means the applicability of the approximation used, since the cathode temperature is usually at
least two orders of magnitude lower.

Content Points
Formula (1): a = @ 0.1
m
3.1 - 0.2
Formula (2): X, =—— 0.1
2eFE
Formula (3): F, =eu,B 0.1
2
Formula (4): m% =F, 0.1
3.2 0.4
Formula (5): R = mj;o 0.1
e
Formula (6): x, =R = mzo 0.1
e
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33 R__m 0.4
Formula (8): T = 2—7[ = 27m 0.2
w eB
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t
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Formula (12): mu =eBx,,, 0.2
Formula (13): x,_ = 21E 0.2
eB
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Formula (15): L= mru, 0.2
Formula (16): M =eBu,r 0.2
L
Formula (17): ij— = 0.2
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3mu,
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1 do
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2rr dt
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0
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0
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B, h
2
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&
A
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2me,r
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2me, a
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Formula (33): V = v, (/@) 0.2
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Formula (34): dB =Mdl—>;r 0.2
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' 2 (R°+2z2°)
Formula (40): djz%dz 0.2
2
Formula (41): dB = HoN > R =54z 0.2
2L (R*+z°)
3.8 Formula (42): B= _ N 0.2 3.2
IN1+D* /1
Formula (43): d(mru ) = eBrdr 0.2
Formula (44): mru, =%eBr2 0.2
Formula (45): %(uf+u;):ev 0.2
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3.9 Formula (51): T »& ¢k 0.2 0.8

B
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PEIIIEHUE 3A4/]AY TEOPETHYECKOI'O TYPA
BHuManue: 0aJJIbI B OIIEHKAX He JeJsaTcs!
3agaua 1 (10.0 6anua)
3agaua 1.1 (4.0 6a71a)
3 IIEpBOro Hayajia TCPMOAMHAMHKU CICOYECT, YTO
00=dU +dA, (1)
rae 0Q mnpeacTaBisieT co0OH KOJIMYECTBO MOJBOJMMOTO Teria, dU — W3MEHEHHE BHYTPCHHEH SHEpruw,
dA — coBepllieHHas razoM pabora.
I[J'IH OIHOT'O MOJIA UACAJIIBHOI'O I'a3da MOXKHO 3aIllMCaTh 3TH BCIIUMYHWHBI YE€PE3 USMECHCHUC O6’b€Ma dV n
TEMIIEPATYPhbL dT IIpU U3BCCTHOM JAaBJICHUHU p B CICAYIOLICM BUIC

SA=pdV, (2)
dU = C,dT . 3)
ITo onpeaeneHuto TENI0EMKOCTH UMEEM
c=22. 4
dT
torja u3 cootHomenuit (1)-(4) nomyuyaem
dv
—=C-C,, 5
P T v (&)
MIPU MOJISIPHOM TETNIOEMKOCTH OJIHOATOMHOTO r'a3a IPH MOCTOSIHHOM 00beMe PaBHOM
3
C, = 5 R. (6)
W3 npuBeAcHHOTO B yCIOBHH rpaduka BUIAHO, UTO IIPH TEMIIEpaType
T, =350 K (7)

dv
TCIIIIOCMKOCTD C=CV H, COOTBCTCTBCHHO, —=0. HpI/I nepexoae 4Yepe3 3Ty TEMIICpATYpPY 3HAK
dT

dv .
MMPOU3BOJHOU d_T HU3MCHSACTCA C IIJIFOCA HA MHUHYC. 3HaLII/IT, IIpU 3TOU TEMIICPATYypC 00BEM Taza A0CTUTACT

nokanbHoro Makcumyma: T =T =350 K.

IIpu Temneparype
T, =500 K (8)

Vv
MMpOU3BOJAHAA d_T TAK¥XC PABHACTCA HYJIO, a4 IIPpU

nepexoae 4epe3 3Ty TOUKY 3HAK €€ HpOI/I3BOILHOI71
HU3MCHACTCA C MHHYCa Ha IIIIOC. 910 O3Ha4acrT,

qTO0 T; SBJISIETCS TOYKOM JIOKaJbHOTO MUHHUMYyMa
o6béma: 7. =T, =500 K.
Ha yuactke ot 7, =350 K no 7, =500 K

1
1
i
1
ra3 mnojJy4acTt TCIUIOTY Q, YUCJICHHO PAaBHYIO .
1
i
1

mromaad mojx 3aBucumocteio C(T), TO ecTh %
wiomaan  ¢urypst  ABCDE.  W3menenue | r
BHYTPCHHEH SHCPruH AU =C, (T; _T{*) :I:I:I:l:l a7 e 1. Fii YLK

YUCJICHHO PpPAaBHO IIIoMaad MpsAMOYTOJIbHHUKA
ABDE. Tlo nepsomy Hauany Tepmoaunamuku A =AU —Q, nostomy pabora Han rasom ot T, 1o T,

YHUCJICHHO paBHA pa3HOCTU IUiomaned mnpsmoyroiabHuka ABDE u ¢urypet ABCDE, T.e. miomanu
3amTpuxoBaHHou ¢urypst BDC:
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A:iR(T;—Tl*):?)lZ JIx . )
Jlonoanenue: Slnas 3asucumocts V(T) :
772
T T-T,
Y_|L exp| — L | ,mpu 7, =300 K<T <T, =400 K u AT, =100 K;
v 7, AT,
v (1" (T-T
— == exp| — | ,mpu T, =400 K<T <T, =600 K u AT, =200 K.
v, \T, AT,
3aBucumoctu V(T') u P(V) B mpouecce Harpesa ra3a rnoka3aHbl Ha pUCYHKaX HUXKE.
v(m) P(V)
e oS
S 1’00 N\ g I B = au
> 0:98 \ _-"‘ [ 1,0 >
0,96 \“
0’94 et 0,5
200 250 300 350 400 -:’5(')( 500 550 600 650 700 3 0,96 0,98 \;I,:)/(:) 1,02 1,04 1,06
Conep:xanue Bajibl
Dopmyna (1): 60 =dU +dA 0.2
®opmyina (2): 6A= pdV 0.2
®opmyna (3): dU =C,dT 0.2
o0 0.2
®opmyna (4): C=—
pmyna (4) T
dv 0.4
®opmyina (5): p—=C-C,
puya (3): p—r v
2
®opmymna (6): C, = %R 0
dopwmyina (7): T, =350 K 0.4
®opwmymna (8): 7, =500 K 0.4
Dopuyna (9): A= R(T; ~T)) 04
YucnenHoe 3Hauenue B popmyne (9): A =312 Ix 0.4
Hroro 3.0

3agava 1.2 (3.0 6as1a)

DKBUBaJICHTHAS CXE€Ma MOCTa ITI0Ka3aHa Ha PUCYHKE HMIKE, HA KOTOPOM YUYTCHO, UTO S3KBUBAJICHTHAsA
cxXeMa HeHuJealbHOI HHAYKTHBHOCTU — 3TO MOCJIICAOBATCIBHO COCAMHCHHBIC HJICAJIbHASA KaTyIIKa L n
PE3UCTOP 1 ; OKBHUBAJCHTHAA CXEMa KOHACHCATOpa C YTGQKOP'I — OJTO PpEe3ucCTop 7. IMapaJlicIbHO

MOJICOEAMHEHHBIN K UeaTbHOMY KOHAeHcaTopy C .
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Pemenue 1. Yciaosue 0ananca MOCTa B KOMIUIEKCHBIX YHMCIIaX 3alIUCHLIBAETCS B BUIE

Z,Z.=RR,, (1)

IJIe UMIICTAaHCHl PaBHBI COOTBETCTBEHHO
Z, =r, +ioL (2)

u
rC
=, 3
° l+ioCr, ©)
[Tocne npeobpazoBanuii u3 Beipaxenuii (1)-(3) momyyaem:

RR

io(L-RR,C)=r,——=. (4)

e

[Tpy U3MEeHEHUH YacTOThI 3TO PABEHCTBO HE HAPYIIAETCs, €CIM 00€ YacTH ypaBHEHUs PaBHBI HYJIIO,
IIO3TOMY

L
C= =0.5 MkD, (5)
1772
RR
_ 172
.= =2 MOwm. (6)
rL
Pemenne 2. [TycTs HanpskeHUE Ha KOHJEHCATOPE PaBHO
U.=U,coswr, (1)
TOT/J1a Ye€pe3 HETO NMPOTEKAET TOK
I.=-CU,wsin et , 2)
a TOK 4epe3 €ro CONPOTHUBIICHNUE YTEYKU COCTABIISET
U, cos ot
L = 3)
C
e
ITonHbIN TOK Yepe3 IIIeH0, COAEPIKaAIee KOHIEHCATOP, PaBEH
L=I.+1,, “4)
a TaK KaK MOCT cOaJlaHCUPOBAaH, TO TaKOMU ke TOK UJET uepe3 CONPOTUBIIEHHE R,, mO3TOMY
Ug =1R. (5)
C npyroit CTOpOHBI, 3TO HAIPSKEHUE PAaBHO MAJACHUIO HANIPSDHKEHHS Ha TJIe4Ye C MHAYKTUBHOCTHIO
U,=U,, (6)
JUIsL KOTOPOH MaICcHUE HAIIPSHKEHUsS ONIPEAEIIAETCS BbIpAKECHUEM
dl
U =L—2>+1Lr,, (7)
L dt 2°L
B KOTOPOM TOK OIpe/eNseTcs ypaBHEHHEM OaaHca
U
L=1, =—¢. (8)
RZ

TaK KakK
U, =U,. )

2



XIX MexayHapoaHas XaytbikoBckasi Onumnuaga/TeopeTnyeckum Typ c. 4/19

Cobupas coBmectHo ypaBHeHUs (1)-(9), momyuaem

oL . R 7
[——+Ca)R1]UO 51na)t:£—1——L]U0cosa)t. (10)
2 Te 2
U3 3TOr0 paBeHCTBa BUIHO, YTO YCIOBHE OajlaHCa, HE3aBHUCSIIETO OT YaCTOTHI, BBIIOJIHACTCS, SCIIH

00e yacTH YpaBHCHUA paBHEBI HYJII0, TO €CTh I10JIy4ac€M OTBET

C= L =0.5 Mx®D , (11)
1R2
I"C=ﬂ=2MOM. (12)
rL
Conep:xanue Bbasibl
Pemenne 1
DOKBHBAJICHTHAs CXEMa: BCE DJIEMEHTHI PACIIONIOKEHBI IPABUIIBHO 0.5
®opmyna (1): Z,Z. =RR, 0.3
®opmyina (2): Z, =r, +iwL 0.3
7 0.3
®opmyna (3): Z, =——
pryna (3): Ze 1+iwCr,
0.4
®opmyina (4): io(L-RR,C)=r, _RR,
e
L 0.4
®opmyna (5): C =
pmyia (5) RR,
Uucnennoe 3Hauenue B popmyie (5): C =0.5 mxd 0.2
0.4
®opwmyia (6): r. = RR,
rL
UYucnennoe 3HaueHue B popmyie (6): 7. =2 MOm 0.2
Hroro 3.0
Pemenue 2
DOKBUBAJICHTHAs CXEMa: BCE AJIEMEHTHI PACIOJI0KEHBI MPABUIHHO 0.5
opmyna (1): U, =U, cos ot 0.1
®opmyna (2): 1. =-CU wsin ot 0.1
0.1
®opmyina (3): 1, =M
c rc
Gopmyna (4): [, =1.+1, 0.1
®opmyna (5): Uy =1,R 0.1
®opmyna (6): U, =U, 0.1
dl 0.1
®opmyna (7): U, = 72 +Lr,
1
1
Qopmyna (8): I, =1, = Ye 0
2 R2
®opmyna (9): Uy =U, 0.1
R 0.4
®opmymna (10): _a)_L+ CoR, |U,sinwt = AL U, cos wt
R, . R,
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0.4
®opmyna (11): C = L
1772
UYucnennoe 3nayenue B popmyine (11): C =0.5 mxd 0.2
0.4
®opwmymna (12): r. = RR,
rL
YucnenHoe 31auenue B popmyie (12): 7. =2 MOm 0.2
Hroro 3.0

3apava 1.3 (4.0 6ay1a)

ITycte nanera maccel m ABuxkerca Bokpyr ConHa 1o KpyroBoi opoure paauyca R €O CKOPOCTBIO
V, TOrJla ypaBHEHHUE JBUKCHHS IIJIAHETHI B IIPOCKLMHU Ha PaJUalbHOE HAIPABJICHNE 3aIIUCHIBACTCS B BUJIE
2
my mM ¢

®UR ™

M
V:'/GTS’ )

rac G — I'paBUTalUOHHAA [MOCTOSAHHA.
3amuceBas hopmyny (2) mist FOnmurepa ¢ mHmekcom J m 3emun ¢ WHIEKCOM FE, TOCTe JEICHUS
MoJIy4aeM

OTKyJa

Voo |Re
== (3)
VE J
acC L[pyroﬁ CTOpOHLI I10 TpeTLeMy SaKOHy Kennepa JJIA OTHOLLICHUA HepI/IO,ZLOB BpaH_[eHI/I}I TE nu TJ HMEEM
2 3
L _R @
TJ RJ

Juwxenne IOmuTepa Henb3s 0OHAPYKUTH C MOMOIIBIO CIIEKTPOMETPA, 3aTO 5TO MOXKHO CIENATh JUIst
ConHia, Tak Kak OHO TOXeE JBHraeTcsi BOKpYr HeHtp macc cuctemsl Conuie-tOmurep. Crkopocts Conaila
JIETKO HANTH U3 BHIPAKEHHS

M
v =v, —L. 5)
MS

Tak kak CoJHIE ABHraeTCsi BOKPYT OOIIEro LEHTPa MacC CHCTEMBI, a HabII0aTelb PACIIOIOKCH B
3TOH e MIOCKOCTH, TO cornacHo popmyie addexra Jloriepa npu 0GHAPYKEHHH BBITTONHACTCS CIISIyOLIEe
ycioBue

AL 2v
ek (6)
A c
Cobupas BMecte ypaBHeHUs (3)-(6), moy4aeM OKOHYATEIbHBIN OTBET
1/3
=M L €007 @)
M, \T.) 2v,

Takass paspemiaromas CHOCOOHOCTh  JIOCTYIIHA MHOTMM  COBPEMEHHBIM  CIEKTPOMETpam,
MIPOU3BOIMMBIM B Pa3HBIX CTpaHaX MUPA.

Conep:xanue Baibl

my* mM
_ 7

dopmyna (1): T G—2 0.2
/ M
®opmyna (2): V= GTS 0.2
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VJ RE
®opmyna (3): — =, | 0.2
E RJ
T R,
dopmyna (4): L& =—£L 0.4
pmyJia (4) R
M 1.0
®opmymna (5): vy =v, M_:
2 1.0
®dopmymna (6): At =Y
A c
1/3 0.5
@opmyna (7): R, = %(T—’j <
M, \T,) 2v,
Yucinennoe 3uauenne B opmyse (7): R =1.20-10 0.5
Hroro 4.0

3agaua 2. Yckopenue @epmu (10.0 6amna)
IMoyemy BeTpeYHBIX MAIIMH 00JIbIIE, YeM MOMYTHBIX?
2.1 3a Bpemst t aBTOMOOMJIb B 1osoce B OOrOHUT TOJIBKO T€ aBTOMOOWJIM, KOTOpPbIE HAXOASTCS OT HEro Ha
pacCTOsIHUN

I=(v—(v—Av))=Avr. (1)
CrenoBaTenbHO, YHUCIIO STUX aBTOMOOHIICH PaBHO
N, =nl=nAvt=0.83 . 2)
Bpewmst Mex 1ty 00roHaMu COCTaBIseT
2'1=L=O.02 yac=72c. 3)
nAv

2.2 AHanoruyHble pacCy>KIEHHs MPHUBOJIAT K BBIBOAY, YTO YHMCIO OOFOHOB M BpeMsi MEXIy OOroHamu
OCTarOTCA MPEKHUMH, TO ECTh

N, =nl=nAvt =0.83, 4)
72=L=0.02 qac=72c. &)
nAv

2.3 Ilpu [BWKEHHH HABCTPEUYy UHUCIO BCTPEYHBIX AaBTOMOOWJIEH M BpeMsl MEXIy JABYMs
MOCNe0BaTEIbHBIMU BCTPEUAMHU PACCUUTHIBAIOTCA MO popmymam
N, = n(v + (v + Av))t = n(2v + Av)t
1 , (6)
n(2v + Av)
a YMCIIEHHBIE PACUETHI Ial0T CIECAYIOLIUE 3HAUCHUS
N,=142; 7,=42c¢;
N,=15.8; 7,=3.8¢c.~

T34 =

(7)

Ynpyroe cToJIKHOBeHHE
2.4 3anumieM 3aKOH COXpaHEHUS UMITYJIbCca
myv, +m,v, = nmu, +m,u, (8)
Y 3aKOH COXPaHEHHUSI MEXaHUYECKOM YHEPTUHr
2 2 2 2
my;, m,v, U, MU,

= + . 9
2 2 2 2 ©)
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" m "
i, 1 z -
| ¥, ¥,
E :}_=._ .
m, : m.
il X TH
G X

[lepenuineM 5T ypaBHEHUS B BUJIE
my, —nmu, =nm,u, —m,v,

(10)

m1V12 _m1”12 = m2”§ - m2v22
Y, pa3JelMB BTOPOE YPABHEHUE Ha IIEPBOE, B PE3YJILTATE HOIYYUM
v, +u =u, +v,. (11)
N3 »sToro PaBCHCTBA BbIPA3UM u2 :Vl +I/t1 —V2 U IIOACTaBUM B YPABHCHHUC 3aKOHA COXPAHCHUA

UMITYJIbCa
(ml +m, )”‘1 = (ml —m, )V1 +2m,v,, (12)
13 KOTOPOT'O CIIEAYET
m, —m 2m
u=—"—7=v + —v,. (13)
m, +m, m, +m,

CKOpOCTh BTOPOTO LIAPUKA JIETKO MOJTYYHTh, €CIH MOMEHATh HHIACKCH «1» U «2» B popmyite (13)
2m m, —m
u, = Ly, +—=—"Lv,. (14)
m, +m, m, +m,

2.5 Ucnonw3ys popmyiry (13), momydum siBHBINA BUJ] 3aBUCHMOCTH MEXIY TPEOYEMBIMH ITapamMeTpaMu

mm
wo_m-m 2m, Vo__ My _m Yy
vioomptmy omptmy v My 1, (15)
m m
l-u  2u
ﬂl=m+mf72

Kak cnegyer u3 MOIYyYEHHOrO BBIPAXEHHUS, MPH JIIOOBIX 3HAYEHUSX OTHOILEHUS Macc i
3aBHUCHUMOCTh 77,( 2) ABJIIETCS IUHEHHOM, T.€. ee rpa@uKoM sIBIsSETCS MpsiMas JUHUSA. Takke HE CII0KHO
3aMETHTh, YTO BCE ITU HPSAMbIE MIPOXOAAT uepe3 Touky 77, =1;7, =1. Ilpu g — 0 xoddpdunnent HakiIoOHA
CTpEeMHUTCS K HyIO 77, =1, TO ecTb rpaduk 3aBUCUMOCTH CTPEMHUTCA K TOPU3OHTaIbHOW mpsimoi. [lpu
M —> %0 MCKOMasl 3aBUCUMOCTb CTPEMUTCS K

m=-1+2n,. (16)

CewmelicTBO rpauKoB 3TUX (QYHKIHMI TOKa3aHO HA PUCYHKE HIDKE.

. /
.

]
_—

—

Tl

7 i’f:
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2.6 Kunernueckas sHeprus IIapuKa YBEIMYUTCS, €CIM MOIYJb CKOPOCTH IApHKa IOCIE yAapa CTaHET
OoJiblIe MOJYJISl CKOPOCTH JI0 yapa, TO €CTh IIPU BBIIIOJHEHUN HEPABEHCTB

n, >1

m[>1 = (17)

m<-1

IToncrasiss Bepaxkenue (15) Ui BeMUUuHBI 77, , HOTy4YUM HEPABEHCTBA

(18)

I+u 1+u
PemienneM 3TUX HEPABEHCTB SIBJIAIOTCS CIEAYIOIHUE COOTHOLIEHUS:
a)
mn>1, (19)
TO €CTb JUIsl BBIIIOJHEHUS 3TOT0 YCIOBHsI BTOPOH IIAPUK JOJHKEH JOTOHSTH MEPBBIN;
6)
1
n,<-—, (20)
)7

B 9TOM CIIy4ae BTOPOW MIAPHK JOJDKSH JBUTATHCS HABCTPEUY W MOIYJb €r0 CKOPOCTH JIOJDKEH MPEBHINIATh
yKa3aHHOE 3HAYCHUE.
2.7 B npenensHOM ciiydae i, = mi, CKOPOCTb IIEPBOr0 IIapHKa MOCIIe CTOJIKHOBEHUS PaBHA

u, =-v, +2v,, 21)
TO €CThb CKOPOCThH IIEPBOrO INApHKa M3MEHSET 3HAK (IIApHK OTPAXKACTCS) M €ro MOAYJb M3MEHSETCS Ha

YABOCHHYIO CKOPOCThb BTOPOI'O, TAKEJIOTO IIapUuKa.
Jlerkui IIapuK yBCJIIMYUT CBOXO CKOPOCTD, 4, CJICA0BATCIIbHO, U KHHCTUYCCKYIO SHCPIruto, €CJIu:

a) TsDKENbIH AapUK ero A0oroHseT (yaap c3amu) v, >1;
0) TsDKeIbI MIapuK ABUKETCS eMy HaBcTpedy v, < 0.

IIpocreiimas Moaesb yeckopenusa ®@epmu
2.8 3anuiem 3aKOH JBIKEHUS TUIUTHI B TPAIUIIMOHHOM BU/IE

x(t)= Acos(ax), (22)
TOTJa 3aBUCUMOCTb CKOPOCTH OT BPEMEHH ONUCHIBAETCS QyHKIMEH
W(t)=—Awsin(ar), (23)
MMO3TOMY MakKCUMaJIbHas CKOPOCTb ABHUKCHUS HHaT(l)OpMLI paBHa
A
Vo=Aw=27 . (24)

2.9 YtoOBbl OTBETUTH Ha IOCTABJICHHBII BOIPOC, JOCTATOYHO PACCMOTPETh OJUH IEPUOJ KOoJeOaHH
wiatgopmsel. [TocTpouM rpaduk 3aBUCHMOCTH KOOPJAMHATHI IUIaTGOpMbl OT BpeMeHH (22) U HaHeceM Ha
HEero rpauky 3aBUCUMOCTEH KOOpPIMHAT HAJIETAIOIIUX YAacTHUIl OT BPEMEHHM, NPEICTABIAIOLIMNX COO0M
MPSAMBIC TAUHAN X = X, — Uf .
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d4

A | |
2
Ha pucynke nzobpaxen ciyyail u >V,,. CBOIO CKOPOCTb B pe3yjbTaTe yJaapa yBeIudaT YacTHIIbI,

KOTOPBIE CTOJKHYTCS C IUIAaTGOpMOil B T€ MOMEHTHI BPEMEHH, KOT/a Iiatdopma IBHKETCS HABCTPEdy B
[TOJIOXKUTEIIbHOM HAIIPaBICHUU OCU X, IIPU 3TOM CTOJIKHOBEHMS JOJDKHBI IIPOU30MTU B UHTEPBAJIE BPEMEHU

T . . N
oT B no T . OgHako BpeMeHa CTOJIKHOBEHUN HE SIBJISIIOTCS PAaBHOMEPHO PACHpPEENICHHOM CilydalHOU

BGHHHI/IHOﬁ, d PAaBHOMCPHO pacCHpCaAcCIICHbI BPEMCHA IMOAJICTa K caMou IUIaCTUHE, IMO3TOMY pPacCMOTPUM
IINIOCKOCTBb X:A, BpEMCHA IIOAJICTA K KOTOpOﬁ PAaBHOBCPOATHLI. HpOBeI[eM MNpsAMYHO, OIHUCBIBAIOIIYHO

. T
3aKOH JIBMD)KEHUS YaCTHUIlbl, CTAJIKUBAIOLLYIOCS C IUIAT(GOPMON B MOMEHT BPEMEHHU f = By (Ha pucyHke —

kupHas IuHUS). O003HAYMM f, KaK MOMEHT BPEMEHH, KOTJa 3Ta YaCTUIA MEePEeCceKaeT IIIOCKOCTh X = A.
YacTuipl, KOTOpbIE CTOJKHYJIUCh C IUIATGOPMOM IOCIEe 3TOr0 MOMEHTa, YBEJIUYaT CBOIO CKOPOCTh U
sHepruto. Ho 3T yacTuipl mepecekyT INIOCKOCTh X = A B MHTEpBalie BpeMeH OT f, 10 T , mo3ToMy H0is
3TUX YaCTHUIl PACCUUTHIBAETCS KaK

T -1,
= : (25)
7 T
MoMeHT BpeMEHH {, JIETKO HAWTHU U3 3aKOHA JIBHXKCHHS DTON YaCTHIIBI
T 2A
t=———1, (26)
2w
TOTJ1a 10JIs1 yCKOPUBILNXCS YaCTHI] paBHA
_r-4 _1.24_1 % 27)
T 2 uT 2 m
2A 'V,
31ech HMCHOJIb30BAHO COOTHOLICHHUE, cienyroliee u3 ¢Gopmynsl (24): Eet IToncraBum
V4
yKa3aHHOE YUCIEHHOE 3HaueHue u =1.5V,, nomyuunm:
1 1
n=—+——~=0.71. (28)

2 157
HeckoibKo nHast CHTyanus peanusyercs npu u <V, KoTopas OKa3aHa Ha PHCYHKE HUKE.
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ANV

B »stom cjlydyac «rpaHuna» tl MCXKAY 4YaCTUullaMM YCKOPUBIIMMHUCA W 3aTOPMO3UBIINMUCH

OTpesieNIsieTCsl MPSIMOM, KOTOpas SIBJSETCS KacaTeslbHOM K TpaduKy 3aKOHa ABMXKEHUS MIIAT(OPMBI, Kak
MOKa3aHO HAa PUCYHKE HUXKE.

HpI/I KaCaHuHu Fpa(I)I/IKOB ABYX q)YHKI_II/Iﬁ B MOMCHT BpPCMCHHU tz COBIIaAAOT 3HAYCHHUA KaK CaMHUX

(GyHKIUH, TaK U UX IPOU3BOJIHBIX, TO €CTh CKOPOCTEN ABMKEHUS IIIATQPOPMBI U IIAPHKA, TOITOMY
— Awsin(at, )= —u, (29)
OTKYJa HaXO0uM

t, = larcsin Ao Larcsin . (30)
w Ao 2r V,

x, = Acosat, = A\l—sin’ wt, = A, [l - — . (31)

t=t, 222 = % | aresin — — 20| - . (32)

OTHo1IEHHE ITOr0 BPEMEHHU K NepUOAY KoJeOaHUl onpeensieT H0I0 YacTUll, KOTOPbIe CTOIKHYTCS
¢ mIat(opMoii, JOroHss ee, IO3TOMY MX SHEPrusl YMEHBIIUTCS:
~0.04, (33)

1
1-n=—
T 27

CJICAOBATCIIbHO, AOJI YaCTHUIL, SHCPI'Ud KOTOPLIX YBCIMYUTHCA ITOCJIC yapa, paBHA

7~0.96. (34)
2.10 3a oguH nepuoa KonebaHuit miaTGopma IpoXoauT MyTh 4A , IO3TOMY MOAYJb €€ CKOPOCTH paBeH
4A
V=—. 35
T (35)

2.11 Ilpu ckopocTH 1mapuka 60JbIIe CKOPOCTH MIaTGOPMBI OISl HIAPUKOB, YBEIUYUBIINX CBOIO SHEPTHUIO B
CIIeICTBUE yJapa, pacCUUThIBaeTcs 1o (opMmyJie, aHaoruuaHoi popmyne (27):



XIX MexayHapoaHas XaytbikoBckasi Onumnuaga/TeopeTnyeckum Typ c. 11/19

polzh_ 1,24 1.V (36)
T 2 uT 2 2u
a COOTBETCTBYIOIINN PUCYHOK TIOKa3aH HIIKE.
K 3

A

Tak Kak MOJyJb CKOPOCTH IUIAT(GOPMBI MPUHUMACTCS MOCTOSHHBIM, TO MOJYJIb CKOPOCTH YaCTHI]
1ocJie yJapa CTaHeT paBHbIM
u, =u+2V. (37)
CkopocTH 4yacTull, KOTOpbIE€ CTOJKHYThCA ¢ IIaTdGopMoii B MHTepBase BpeMeHu ot 0 go ¢, OyayT
paBHbI
u =u-2V. (38)
TakuMm oOpa3om, cpeliHsIs SHEPTUs YaCTUIl II0CIE yAapa CTAaHET PaBHOM

E =77mui +(1_T7)m_uf =ﬁ((l+1j(u+2v)2 +G—;—uj(u—2v)2j =

2 2 2\ 2 2u

e e ) o (0

a, CJICAOBATCIbHO, YBCIIMYCHUC CpeHHeﬁ OHCEPIUr paBHO

2
g:1+8(Kj ~4.6. (40)

u

Ecnu, ckopocTh 4acTHIl MEHbIIE CKOPOCTH IUIaT(HOPMBI, TO BCE YAaCTHUIIbI CTOJIKHYTCS € MIATPOPMOi
Ha BCTPEYHOM [BIDKEHUH, IIO3TOMY BCE YAaCTHUILBI YBEJIMYaT CBOK CKOpPOCTb U 3Hepruto. Ilocne
CTOJIKHOBEHHSI CKOPOCTH YacCTHIL[ CTAaHYT PaBHbIMU U, = U + 2V, a uX 3Heprus

m mu’ VY
E==(u+2v) =——[1+2=|, (41
2 2 u
a, CJIeJI0BATEIbHO, OTHOIIEHHE YHEPTUN YaCTHII TIOCTIE U IO CTOJIKHOBEHHUSI PAaBHO
2
g=(1+2zj =250. (42)
u
Conep:xanue Bajbl
®opmyna (2): N, =nAvt 0.1
Yucnennoe 31auenue B popmyne (2): N, =0.83 0.1
2.1 0.4
®opmyna (3): 7, = 1 0.1
nAv
Yucnennoe 3navenue B popmyne (3): 7, =0.02 yac=72 ¢ 0.1
®opmyna (4): N, =nAvt 0.1
2.2 : 0.4

Yucnennoe 3HaueHue B popmyiie (4): N, = 0.83 0.1
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Dopmyna (5): 7, = 1 0.1
nAv
Yucnennoe 31auenue B popmyie (5): 7, =0.02vac=72 ¢ 0.1
N,,=n(2v£Av)t 0.4
®opmybl (6): 1
z-3,4 =T A AN
2.3 n(2vEAv) 0.8
N,=142; 7,=42¢; 0.4
Uucnennoe 3HaueHue B popmyne (7):
N,=158; r,=38c.
@opmyna (8): myv, +m,v, =mu, +m,u, 0.1
dopmyiia (9) m1V12 + ’712‘}22 _ mlulz + m2”22 0.1
Y 2 2 2 2
2.4 ®opwmymna (13): u, = M v, + 2m, v, 0.2 0.6
m, +m, m, +m,
®opwmyna (14): u, = 2m, v, + M v, 0.2
m, +m, m, +m,
- 2
Dopmyna (15): 7, :1—’u+2—‘uf]2 0
I+u 1+u
Ha rpaduke ToJIbKO MpsIMbIEC JIMHUU, HHAYE TPapUK HE OIICHUBACTCS 0.2
2.5 | Bce npsiMbie mpoxoaar uepes Touky 77, =1;77, =1 0.4 1.6
Nmeercs npsamas 7, =1 0.2
Nmeetcs npsmast 7, =—1+2n, 0.4
Bce npsimble pacmionokensl Mexay 7, =1 u 1, =—1+2n, 0,2
n >1 0.2
Hepasenctsa (7): |771| >1 =
m <1
2.6 | Hepasenctno (19): 77, > 1 0.1 0.4
A
Hepasenctso (20): 77, < 1L 0
U
®opmyma (21): U, =-v, +2v, 0.1
2.7 | HepaBencto a): v, >1 0.1 0.3
Hepagenctso 0): v, <0 0.1
dopmymna (22): x(t)= Acos(ar) 0.1
28 ®dopmyna (23): v(t) = —Aa)sin(at) 0.; 0.4
Dopmyna (24): V, = Aw = 27[? 0,
®opmymna (25): = r-1 0.3
Dopmyna (26): ¢, = % 24 0.3
u
29 2.7
®opmyna (27): n = 1 + Yo 0.3
2 nu
Yucnennoe 3nauenue (28): 77 ~0.71 0.3
dopmyna (29): — Aa)sin(atz) =—u 0.2
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®opmyina (30): ¢, = l arcsin Mo l arcsin u 0.2
1 Ao 2« 1A
u’ 0.3
®opmyna (31): x, = A, [1-—
Vo

T u oV u’ 0.3
®opmyna (32): t, =—1| arcsin———| - [1-—
2r Vo, u Vi
0.3
1 u Vv u’
®opmyna (33): 1-n=—1| arcsin——-2| 1- [1-—
pmyna (33): 1-717 27[( v u[ 1/ VOQJ]

Yucnennoe 3nauenue (34): 7 =~ 0.96 0.2
4A 0.2
2.10 | ®opmyna (35): V = - 0.2
dopmyina (36): 7 :l+1 0.3
2 2u
@opmyna (37): u, =u+2V 0.2
®opmyna (38): u_ =u—-2V 0.2
2 2 0.3
®opmyna (39): E=n it (1 — n)%
VY 0.3
2.11 | @opmymna (40): e =1+ 8(—] 2.2
u
UucnenHoe 3HaueHue B popmyie (40): & ~4.6 0.2
Dopmyna (41): E:%(sz)2 02
VY 0.3
®opmyna (42): & = (1 + 2—)
u
Uucnennoe 3HaueHue B popmyie (42): £ =25.0 0.2
Hroro 10.0

3amaua 3. Marnerpon
I[BI/DKCHI/IC JJIEKTPOHA B JIEKTPUYECCKOM U MATHUTHOM IMOJISAX
3.1 HO,[[ ﬂeﬁCTBHCM OOHOPOJHOTO SJICKTPHUYCCKOTO MOJIA JICKTPOH ABUKCETCA C IIOCTOAHHBIM YCKOPCHHUEM

a=‘E, (1)

m
KOTOPO€ HaAIpaBJICHO B OTPULATCIIBHOM HAIPAaBJICHHU OCH X, IIO3TOMY MAKCHUMAJIbHOC 3HAYCHUC
HOCTHFaeMOﬁ KOOpAWHATHI OIMMPEACIIACTCA BRIPAXKCHHUEM

u  mu
0 0
X =-2=-_"0 (2)
"™ 2a 2eE
3.2 TIpu JBMIKEHUH B OJHOPOJAHOM MAarHUTHOM IIOJI€ Ha JIEKTPOH AeiCTBYeT cuita JIopeHIa, paBHas
F, =eu,B. 3)

U OH COBEPIIAECT JIBMKEHUE IO OKPYKHOCTH, paguyc R KOTOpPOH OINpeNensercss W3 BTOPOTrO 3aKOHA
HrroTtona

2
u
mEOZFL9 (4)

OTKY/Ja IoJIy4acm
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mu
R=—21". )
eB
OueBUAHO, YTO MAKCUMAJIbHOE 3HAYCHUE KOOPAUHATHI IIPU 3TOM PaBHO
mu
0
x =R= . (6)

3.3 3agava mpolie BCero pemaercs: B JIa0OpaTOPHOUM CUCTEME OTCYETa, B KOTOPOM 3JIEKTPOH JBUTACTCS IO
OKPY>KHOCTH C YaCTOTOM, onpenessieMon hopmyJioit (5) B Buae
w=to -8 (7)
R m
[Tpr cooOeHnn SIEKTPOHY MajloW JOMOJIHUTEIBHOM CKOPOCTH OH TEpeHeT Ha JABIKEHHE IO
OKPY’KHOCTH, OJIU3KOM K TIepBOHAYalbHOW M TMepeceKamoleics ¢ Heil B JABYX JUaMeTpalbHO
MPOTHBOMOJIOXKHBIX TOYKAX, YTO MOYKHO pacCMaTpuBaTh KakK JBWKCHHE II0 3aMKHYTOW JIBYMEpPHOM
TPACKTOPHUU C IEPUOJIOM
r= 272 ®)
w eB
3.4 B MOMEHT, KOrJja KOOpJuHaTa X MaKCHUMallbHa, CKOPOCTb YAacTUIIbI 1 HAmpaBjeHa BJIOJb OCH Z U MO
3aKOHY COXpaHEHUs YDHEPTHH paBHA

2
E mu
e 'xmax - 9

B npoekiuu Ha OCh 7 ypaBHEHHUE IBUIKECHUS 3aIMCHIBAECTCS B KOHEUHBIX PA3HOCTSIX BUJIE
Au
m—==eBu_, (10)
At
4TO ¢ yueToM Ax =u Af IPUBOAUT K COOTHOLIEHUIO
mAu, = eBAx, (1T)
KOTOpOE JUIsl ICKOMOI'0 MOMEHTA IPUHUMAET BUJ
mu=eBx_, . (12)
Pemas coBmectHo ypaBHenus (9) u (12), okoHUaTEeNIbHO MOIyYaeM

2mE (13)
X = ,
max €B2
3.5 Tak kak MarHWTHOE ToJie PabOThl HE COBEPIIAET, TO CKOPOCTh JJEKTPOHA OCTAETCSA MOCTOSHHOM IO
MOJYJIKO ¥ PAaBHOW Ha4aJIbHOMN
U =1u,=const. (14)

9)

Pa300beM MOJHYHO CKOPOCTb Ha pajuanbHyro u, =dr/dtr wn asumyrtansHyto u,=rde/dr

cocTapisromue. MoMeEHT HMITYJIbCa 3JICKTPOHA OTHOCUTCIIBHO HaYajla KOOPAUHAT OYCBUIHO paBCH

L=mru,, (15)
a MOMEHT CHJIbI JIopeHI1a OTHOCHTENTHO TOH K€ TOUKU COCTABIIAET

M =eBu, r. (16)

CoracHO ypaBHEHUIO MOMEHTOB HMEEM

dL

—=M, (17)

dt
9TO C UCHOJB30BAaHUEM U, = dr / dt IpUBOIUT K COOTHOIICHHIO

d(mruw) =ear’dr. (18)

B MoMeHT BpeMeHH, KOrjia pacCTOsSHUE /10 OCH Z MaKCHMaJbHO, pajlaibHas CKOPOCTh OOpalaercs
B HOJIb, a a3sUMyTajbHas CKOPOCTb pPaBHA HAyaJlbHOW B COOTBETCTBHM C ¢opmynoil (14), mostomy

MHTETpUpOBaHUE COOTHOLIEHUs (18) mpuUBOAUT K ypaBHEHUIO
3

mr, U, =ear‘“?, (19)
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H3 KOTOPOro CaeayceT, 4To

3mu
_ 0
rmax - . (20)
ea
3.6 Tak Kak DJIEKTPOH BCE BPEMs JBUIKETCS 110 OKPYKHOCTH, TO, COTJIACHO YpaBHEHHUIO (5), MpU HapacTaHUU
MarHuTHOTI'O IOJIsI Ha ero opoure B, mpou3BOIHAS UMITYJIbCA MEHSETCA IO 3aKOHY
d dB
P _ o Q1)
dt dt
DNEKTPOH MPHUXOAHUT B JIBIKEHUE 3a CUYET BHXPEBOTO SJCKTPHUECKOTO IMOJISA, HANPSIKEHHOCTh E

KOTOPOro onpeaciaeTCsa COOTHOIICHUEM

1 do

E=—-—, (22)

2y dt
B KOTOpOE 110 3aKony Papajiest BXOJUT MOTOK MAarHUTHOM MHAYKLUH Yepe3 OpOUTY 3JIEKTPOHA, paBHBII

D= IB(r)Z;rrdr. (23)

0
VYpaBHeHHe BToporo 3akoHa Hpl0TOHA A1 yCKOpEHUs 3J1€KTPOHA 10 OpOUTE UMEET BUJ]
dap =eE. (24)
dt

CoBMecTHOE pelieHue ypaBHeHUl (21)-(24) npuBOIUT K CIIEAYIOIIEMY PABEHCTBY JUIsi MarHUTHOTO
10J15, KOTOPOE Ha3bIBAETCS LIUKIOTPOHHBIM YCIIOBUEM

[B(r27rdr =27r°B,. (25)
0

U3 popmynsl (25) 3akimoyaeM, YTO €ro BBHIIOJHEHHUE BO3MOKHO TOJBKO B Cllydae, KOTJla AJIEKTPOH
JBMOKETCSI B 00JIACTM MarHUTHOI'O MOJIA C MHAYKIMEH B, = B,, M103TOMy MHTErpUpysl 3aJJaHHYIO B YCIOBUHU

MarHUTHYIO UHIYKIHIO KaK QYHKIUIO PACCTOSHUS, OTy4aeM COOTHOIICHUE

Brr’ +B,x(r’ —1’)=27r’B,, (26)
pelieHre KOTOpOro MMEET BUJL

B, r’

— =1+—. 27

B r’ (27)

JIBuKeHHe SJIEeKTPOHA MO0 OKPYXHOCTHM BO3MOXHO TOJIBKO B TOW 00JacTH, B KOTOPOM WHIYKIIHS

paBHa B2 , TO €CTh IIPH 1 <r< 7, , 4 3HAYUT UCKOMOC OTHOLICHUEC JOJDKHO JICXKATh B MHTCPBAJIC

2
7.

B
2<—L<1+3. (28)
2 h
uauHaApUYECKUIT MATHETPOH
3.7 IlycTh Ha eTUHUIIBI JUTHHBI [AIMHAPHIECKOTO KaToa U aHO/Ia TIPUXOAUTCS 3apsijl, paBHBIA A , a moHas
JUTMHA DJIEKTpoaoB coctaBisier [. Torma mo teopeme ["aycca, HampsHKEHHOCTH SJIEKTPHUECKOTO TONS B

IMPOCTPAHCTBEC MECKAY KaTOAOM M aHOAOM OIPCACIACTCA YPaBHCHUCM

E2mr =L, (29)
80
OTKy,Z[a nonyqaeM
A
o , (30)
2meyr

3,Z[CCB r —PacCTOAHUC 1O OCU MArHeTpoOHaA.
3aBUCHUMOCTh Pa3HOCTHU MOTCHIOHUAJIIOB OT PACCTOAHUA 1 II0 ONPCACICHUIO 3allMChIBACTCA B BHUIAC
HHTETrpajia

A Il 31)

V=] Edr=
/ 2me, a
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KOTOPBIN B YaCTHOCTH IS 7 =b maer

V,= A In b . (32)
2re, a
Pemias coBmectHo ypaBaenus (31) u (32), nosydaem
V:%M:57.6B. (33)
In(b/a)

3.8 PaccMoTpuM TOHKOE KOJBIO paauyca R, IO KOTOPOMY MPOTEKaeT TOK j, U PAacCUUTAeM BEIMUUHY
MarHMWTHON HMHIYKIIMM B TOYKE HA OCH KOJIbIIA, OTCTOSAIICH TO €ro IEHTpa Ha paccTosHUU Z . PazoObem
KOJIBIIO HAa MaJIble DJIEMEHTHI d/ , TOrJja MarHWUTHAs WHAYKIHUS ONpPEaeseTcs CICIYIOINUM 3aKoHOM buo-
Casappa
= My jdl x¥
B = a7z
B KOTOPOM BEKTOp 7 MPOBEJICH U3 TOYKH PACHOI0KEHHUs dieMeHTa Toka dl B Touky O, B KOTOPOUW HIIETCS

MaravMTHas MHAYKIOUWS.
3 TCOMCTPHUUCCKUX COOTHOIICHUM CJIeayeT, 4To

(34)

dl xr=dl-r, 35)
a Tak KaK pe3yJIbTHPYIoIIas MAarHUTHAs MHYKIIMs HalpaBJieHa BJIOJIb OCH KOJIbIIa

dB, =dBsina, (36)
TO, MCIOJIb3Ysl TEOMETPHUYECKOE COOTHOIIICHHE R = rsin ¢ , OKOHYATEILHO MOTydaeM

i Rdl
dB, = £ T2 37)
A or
dB. = dB
o%,
@

-
=

Y4uThIBasA, 4TO pacCTOAHUSA, BXOAdIIME B hopMyy (37), SIBISAIOTCS MOCTOSHHBIMU U

R4 (38)
TO IIOCJIC CYMMHPOBAHUS 11O BCEM 3JICMCHTAM KOJIbIIa HAXOJUM
. 2

z 2 (R2+Z2)3/2
PaccunTaeM Temeps WHAYKIMIO MArHATHOTO TOJS B IICHTPE COJIGHOMJA, TaK KaK WMEHHO TaM
pacroyio’keHa Jjiamiia MarHeTpoHa. J[jis 3Toro pacCMOTPHUM BHTKH, PACIONIOKCHHBIC HA PACCTOSHUU OT
[IEHTpa OT Z 10 7+ dz, MO KOTOPBIM MPOTEKAET TOK
. NI
dj=—dz. (40)
L
OTH BUTKM MOXKHO paccMaTpHBaTh KaK KOJIBIIO, MarHWTHAas HMHAYKIUS KOTOPOTO OMpEAeseTCs
dbopmyoii (39), u3 KOTOPOH ToTydaeM
Nl R’
B = ran 42
2L (R*+7)
YTO MMOCI/IE HHTEIPUPOBAHHS JaeT OKOHYATEIIbHOE BhIpaKEHHE

2 L/2
B H,NIR dz _ Mo NI 42)

2L —L2 (Rz + 22)3/2 L1+ D*/I? ’

(41)
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IJIe UCIOJIb30BaHO BEIpaXKEHUE UTd quamerpa D =2R.
Jlns mBYDKEHMS JIGKTPOHOB B MarHeTpoHe cripaBeminBa Gopmyina, aHamoruuHas (opmyse (18) u
HMEIOILAst BUJ
d(mru,,) = eBrdr, (43)

WHTETPUPOBAHUE KOTOPOU MPHU YCIOBUHU MTOCTOSIHCTBA MArHUTHOM MHAYKIMU U a << b JlaeT
1
mru_=—eBr*. (44)
2
C npyroit CTOpOHBI, U3 3aKOHA COXPAHEHUsI SHEPTUU CIEAYET, YTO
m. ., 2
E(ur +u,)=ev. (45)

B MOMEHT [IOCTH)KCHHS KPUTHYCCKOH BEJIMYMHBI TOKA MAarHUTHAs WHIYKIMS BOJIM3M aHOIA
CTaHOBHTCS TAKOU, YTO pagraibHast CKOPOCTh JIEKTPOHOB 00paIacTcs B HOJIb, YTO MPUBOJHUT K YCIAOBHIM
u =0, r=b, V=V, (46)

YTO C UCIIOJIb30BaHUEM BbIpakeHU (44) u (45) naeT KpUTHUECKYIO BETMYMHY MAarHUTHOTO MOJIS

B= /Sm‘;" : 47)
eb

Hcnons3ys Gopmyiy (42), HAXOIMM COOTBETCTBYIOLIYIO BETMYMHY TOKA B COJIECHOMIE
I =\/8mvo (1+D? /1)L
e H,Nb

3.9 HauanrHas OHEPTIHUA SJICKTPOHOB B JIAMIIC BOJIM3H KaToJa OIpCACIIACTCA TeMnepaTypoﬁ CaMoOro Karoga u
COCTAaBJISACT MOPAAKaA

=0,701 A. (48)

E, =k,T. (49)
Orta SHEPrusid, O4YCBUIHO, JOJ’KHA OBITH MHOI'O MEHBIIIE OHCPIUH SJICKTPOHOB B6JII/I3I/I aHoa EO , TO €CTh
E, = E,, (50)
rae E, =eV,, oTkyna noiny4aeM HCKOMYIO OLEHKY
E
T 220 =870-10° K, (51)

B
4qTo (baKTI/I‘IeCKI/I O3HA4YaCT NPUMCHHUMOCTb HCIIOJIb30BAHHOI'O HpI/I6HI/I)KCHI/I${, TaK KaK TEMIICpaTypa KaTtola
OOBLIYHO MHWHUMYM Ha JiBa NMOpAJKa MCHBIIIC.

Conep:xanue Baybl
®opwmyna (1): a= £ 0.1
m
31 - 0.2
@opmyna (2): X, = —— 0.1
pmyia (2) SoE
®opmyna (3): F, =eu,B 0.1
2
®opmyna (4): m% =F, 0.1
3.2 0.4
®opwmymna (5): R= mIL;O 0.1
e
®opmymna (6): x,, =R= mj;o 0.1
e
®opmyna (7): w= u—lg _B 0.2
m
3.3 0.4
®opmyna (8): T = 4 = 27m 0.2
W eB
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mu’
®opmyna (9): eEx,, = 0.2
®opmyna (10): m AAMZ =eBu, 0.2
1
34 T Gopmyna (11): mAu_ = eBAx 0.2 10
®opmyna (12): mu =eBx, 0.2
®opmyra (13): x,_ = 2’"'3 0.2
eB
®opmyna (14): u =u, = const 0.2
®opmyua (15): L=mru, 0.2
®opwmyna (16): M =eBu,r 0.2
®opmyna (17): fZ_L = 0.2
3.5 J - 14
®opmyna (18): d(mru,,) = ear dr 0.2
3
©opmyna (19): mr,, u, = e == 0.2
3mu,
®opmyna (20): 7, = 0.2
ea
B
®opmyina (21): ap _ erh 0.2
at dt
o 22) 1 do 02
opmyJa L= .
Py 2rr dt
®opmyna (23): © = JB(F)Zﬂrdr 0.2
0
dp
®opmyna (24): = =¢eE 0.2
3.6 dt 1.6
dopmymna (25): IB(r)Z;zrdr =27r’B, 0.2
0
®opmyna (26): Bxr’ +B,x(r’ —17) =21r’B, 0.2
B 2
®opmyna (27): —+ =1 r_2 0.2
B, h
. Bl r22
®opmyrna (28): 2< —L<1+-= 0.2
B, h
®dopmyna (29): E27zr1 = A 0.1
€y
A
®dopmyna (30): E= 0.1
2me,r
3.7 1 . 1.0
®opmyna (31): V = In— 0.2
2re, a
A b
®opmyna (32): V, = In— 0.2
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In(r/a)
@opmyna (33): V =V,
pmyaa (33) "I/ a) 0.2
UrcneHHOe 3HAYCHHE B (1)0p_MyJIe (33): V=576 B 0.2
dopmyna (34): dB = Hof dl fr 0.2
dr  r
@opmyna (35): dl xr=dl-r 0.2
®opmyna (36): dB, =dBsina 0.2
®opmyna (37): dB, = Hol chl 0.2
" Adror
®opmyna (38): r* =R*+7° 0.2
i R
®opmyna (39): B. = 0.2
pmyna (39): B. 2 (R +2)"
®opmyia (40): dj = %dz 0.2
Nl R
®opmyna (41): dB = dz 0.2
pmyuna (41) 2L (RE+2)"
3.8 ®dopmyna (42): B= _ N 0.2 32
L1+ D/ I
®opmyna (43): d(mru,) =eBrdr 0.2
®opmyna (44): mru,, = %eBr2 0.2
®opmyna (45): %(uf +u;) =eV 0.2
®opmyna (46): u, =0, r=b, V=V, 0.2
8mV,
Dopmyna (47): B = / ad 0.2
eb
g8mV,
dopmyna (48): 1. = \/ "1+ D1 1) 0.2
e U, Nb
Yucnennoe 3HaueHue B popmyne (48): 1 . =0,701 A 0.2
®opwmyna (49): E, =k, T 0.2
®opmyna (50): E, = E, 0.2
3.9 0.8
®opmymna (51): T -5 ekﬂ 0.2
B
Yucnennoe 3Havenue B popmyie (51): 7 = 8.70-10° K 0.2
HTroro 10.0
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