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N3MEPEHUE CKOPOCTHU 3BYKA B BO3AYXE

Llens paboThl - U3MEPEHHE CKOPOCTU YJIBTPA3BYKOBOM BOJHBI B BO3JIyXE U
onpenenenne otHomeHuss C,/C,, rme C, - TEIIOEMKOCTh BO3IyXa IpH

IIOCTOAHHOM AaBJICHHUU, CV - TCINIOCMKOCTDL BO3/1yXa IIPU IMTOCTOSSHHOM o0BeMe.

BBEJAEHUE

Bonnamu Mbl  OyzneM Ha3blBaTh paclpoCTpaHEHHWE B TMPOCTPAHCTBE
U3MEHEHUH KaKoW-1u00 (pu3ndyeckoi BeIMUYUHbBL. 3/1eCh PACCMATPUBACTCS YaCTHBIN
CJIy4yai: paclpOCTpaHEHUE 3BYKOBBIX BOJIH B BO3/1yXE. 3BYKOBas BOJHA B BO3/yXE
NPEACTaBIAET COOOW pacmpocCTpaHEHUE CHKATUH U Pa3psLKEHHM  BO3/yXa,
MPOUCXOIAIINX TEPUOAUIECKH.

1. BBIBOJ ®OPMY.JIbl, OIIUCBHIBAIOIIIEA
PACITPOCTPAHEHHUE BOJIHBI B ITPOCTPAHCTBE.
ANPOPEPEHIIUMAJIIBHOE BOJTHOBOE YPABHEHMUE

HYCTB (1)I/I3HLI€CKaiI BCJINYHHA é:, PacIpOoCTpaHAromIasACaA B BUAC BOJHEBEI B

MIOJIOXKUTEIBHOM HamlpaBJIeHHMH OCU X , B Hayaje KOOPJAWHAT H3MEHSAETCS C
TEYEHUEM BpPEMEHHM IO TapMOHMYECKOMY 3aKOHY C KpPYTrOBOM 4YacTOTOH @
aMIuITy10i &, W HadanbHOM (a30l, paBHOU HYJIIO, T.€.

£(0t)=¢, sinat. (1)
B Touke, HaxoAsIIeNCa Ha pacCTOAHUM X OT Hadajla KOOPAWHAT, JaHHAas

¢u3nueckass BeIMYMHA HAYMHAET HM3MEHSTHCA IO TapMOHUYECKOMY 3aKOHY C
3anasjpiBaHueM Ha Bpems 7=X/V , rae V - CKOPOCTh pactpoCTpaHEeHHs BOJIHBI.

Taxkum obOpaszom, dasza konebaHuil PU3NUECKON BEIMYUHBI B TOYKE X B MOMEHT
BpeMeHu U Oyner coBmajgath ¢ ¢a3oi koyieOaHHW ATOM BEIWYMHBI B Hadale

KOOpJAMHAT B MOMEHT BpEMEHU (t — r), T.€. B MOMEHT Ha 7 = X/V GoJiee paHHUIA.
CrenoBaTteiibHO,

f(x,t):g(o,t—r):fosin{a)(t—3)} (2)

Beipaxkxenne (2) mnpencraBisier coboil  GopMyiy,  ONUCHIBAIOIIYIO
pacmpocTpaHeHHue IUTOCKOW BOJHBI, B KOTOPOH KOJICOAHHSI TPOUCXOIAT TIO
CHHYCOUJIATBFHOMY 3aKOHY. E€ MOYKHO 3amucarth B BHJIC

f(x,t):fosin{a)(t—éﬂ:fosin(a)tﬂp), (3)
rae
p=-—x (4)



npecTaBiIsieT coOoi HavanbHyr0 a3y B TOUKE ¢ KoopauHaTod X. PaccrosiHue
BJIOJIb HANpaBJIEHUs PACHPOCTPAHEHUS BOJHBI MEXAY OMMKaMIIMMU TOYKAMHU
MPOCTPAHCTBA, B KOTOPHIX BeIWYMHA & (X,t) KoJieOseTcss B ofHOM haze, HOCHUT

Ha3BaHuUe JIMHBI BoJHEI A . CornacHo Gopmyrne (4) HadanbHbIe (ha3bl KoJeOaHUI B
TOYKaX ¢ KOOpAMHATaAMU X, U X, PaBHbI COOTBETCTBEHHO

X
(01:_30)’ (02:_72(0- (5)

Ecnu Ha oTpe3ke X, — X, YKJIAIbIBA€TCs LEJIO€ YUCIIO JUIMH BOJH, TO (a3sl
KoJeOaHU @, U ¢, OTINYAIOTCS HA 27N

ol X, — X
(02_(01:%:2””- (6)
Orcrona crnenyer
27
X2 - X1 =N W . (7)
OTtHoI1LIEHUE
Z=k (8)
;=

Ha3bIBAETCS BOJHOBBIM YHCIIOM.
Yarie Bcero BOJHOBOE YUCIIO K BBIPAKAIOT Yepe3 JUIMHY BOJIHBI A.
o 2r 2z
22 (©)
Vo1 A
Ucnions3ys cootnomenue (8) Gpopmyiy (3) Tenepb MOKHO MPECTABUTH B
BHJIE

E(xt)=¢& sin(at —kx). (10)

N3 cootnomenuss (10) BHIHO, YTO BOJHOBOE YHCIO HMMEET CMBICT
MPOCTPAHCTBEHHOW YaCTOThI BOJIHBI.
Haiinem BTOphIe yacTHbIe Tpou3BoaHbIe (10) M0 KoopaMHATE X U BpEMEHU

d’ d’
Eg = —k*¢, If = -’ (11)
N3 dpopmyn (11) cnenyet
¢ @ d*&
i K ae (12)

Ncnonsiyst cootHomeHue (8), ypaBHeHue (12) M0oxHO miepenucaTh B BUIE

dZ
? - E =0. (13)

OTO ypaBHEHHE B YaCTHBIX MPOU3BOJHBIX HA3bIBAETCS BOJHOBBIM
ypaBHeHUEM. XOTS Mbl BBIBEM €ro, ucnoiub3ys ypaBHeHue (10) mns
CUHYCOUJATbHOM BOJIHBI, OHO OKa3bIBA€TCS BEPHBIM B CIIydae BOJHBI C
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MIPOU3BOJIBHON 3aBHCUMOCTBIO §(x,t), pacnpocTpaHsiomencss BA0IbL ocu X C
MTOCTOSTHHOM CKOPOCTHIO V . CMBICI 3TOTO YPABHEHHUS 3aKII0YAETCS B CIAEAYIOIIEM.
Ecnu u3 kakux-nmm6o Gu3n4ecKux 3aKOHOB JIsl HEKOTOPOU BEIMYHHbI §(x,t) npu
OTIPEJICICHHBIX YCIOBUAX MOJIYYUTCS ypaBHeHUE BUaa (13), TO Mpu 3TUX YCITOBUSIX
BEJIMYMHA §(X,t) pacrpocTpaHsieTcsl B BUJE BOJHBI BAOJb OCH X C MOCTOSIHHOM
CKOpOCThIO V .

2. CKOPOCTbh PACIIPOCTPAHEHMUS 3BYKOBOM BOJIHBI
B TI'A3E

Pacnpoctpanenue 3Byka B raze OT OAHOM TOYKH K APYTrOM IPEACTABISAET
co0o¥i mpo1ecc pacrpocTpaHeHus1 KoJieOaHWl MOJIEKYJI Ta3a B HAIIPaBJICHUU
pacnpocTpaHeHus BOJIHbI (IIPOoAoJIbHAsA BoaHA). [Iponcxoasuiue npu 3ToM CHKaThs
U pa3pexeHHs] CONPOBOXKIAIOTCA U3MEHEHUAMU AaBiieHus. Tak Kak cxaTus u
pa3peXeHus B 3ByKOBOM BOJIHE COBEPIIAIOTCS OYEHb OBICTPO, TO TEMIEPATYPHI
MEX/y C)KaThIMH U Pa3peKEHHBIMU 00JIaCTSMHU ra3a He YCIEBaIOT BbIPAaBHUBATHCA.
CrnenoBarenbHO, 3TH IIPOLIECCH] B pACCMAaTPUBAEMOM JIEMEHTe o0bema V,
MPOUCXOJAT 0€3 TEMI000MEHA C COCETHUMHU O0JaCTAMM, T.€. aluadaTUUECKU U
JUTS X OMTMCaHUS MOXHO NMPUMEHNUTDH ypaBHeHue [lyaccona

PV, =const, (14)
rae P, - atMocdepHoe naBieHHe.

[Ipn mpoxokneHHH 3BYKOBOW BOJIHBI JaBJIE€HUE U OOBEM, 3aHUMAEMOU
HEKOTOPOW TIpyHIONd MOJIEKYJ, HW3MEHATCI W CTaHyT paBHbiMU P, +AP n

V, + AV . BenmmunHa AP Ha3bpiBaeTCsi U30BITOUHBIM, WM 3BYKOBBIM, JABJICHUEM.
BenuunHa 3ByKOBOTO 1aBJICHUSI OUYEHb MaJla [0 CPAaBHEHUIO C J1aBlieHueEM rasa Py B

pPaBHOBECHOM cOCTOsSHMW. Hanmpumep, mns cuibl 3Byka, B IIECTh pa3
MIPEBBIMIAIONICH TOPOT CIABIIIUMOCTH YE€JIOBEYECKOTO yXa, YTO COOTBETCTBYET YXKE
JIOBOJILHO CHUJILHOMY 3BYKY, BEJIMYMHA 3BYKOBOTO naBienus AP cocrasiser 2 -
10” Ila, a HOPMaJIBHOE NABICHHE BO3LYXa P, y noBepxHocTH 3eMJIM COCTABIISAET

10° Ia.
Hcnonb3ys ypaBHenue IlyaccoHa, MOXKHO 3ammcarb CIELyIOLIEe
PaBEHCTBO:

PVy =(R,+AP)(V, +AV) . (15)

N3 pasenctBa (15) HaiinmeMm BbIpakeHWE [JIs1 WM30BITOUYHOTO naBieHus AP B
o Y

3BYKOBOM BOJIHE. [[J11 3TOT0 BhIpaKEHUE (VO + AV) Pa3IoXKUM B psif TI0 popMmyie

st OuaoMa Herotona. Paznoxenue OyaeT uMeTh CIeIyIonui BU/

(Vo +AV) =V + N/ AV . (16)



UneHbl pa3noxeHus1, cofepkaimue 0osiee BeiIcokue CreneHn AV , OTOpOIIeHBI B
cuiy ux Manoctu. [loacrasnss pasnoxkenue (16) B ypaBHenue (15), mocie
HECJIOKHBIX MMPEOOPA30BAHMIA TTOTYINM

AP :—)/PO?/—V. (17)

0
Ecnu paccMmarpuBaeMblii 37€MEHTapHbIi 00beM V, IpU MOXO0XKICHUU

3BYKOBOM BOJHBI JedOpMHUpYETCs TakK, YTO IUIONIAJb €ro CeyYeHus S,
NEPHEHANKYIAPHOTO HAMpPaBICHUIO PAaCcHpOCTpaHEeHHs, Npu JAedopMalvu He

U3MEHSeTCs, TO OTHomeHne ——B (¢Qopmyne (17) MOXHO 3aMEHHUTH
0

OTHOCUTEJIbHON nedopmarueit uHBI AX 3TOoro o0ObeMa B HamNpaBICHUU

pacnpoctpaneHnus. [Iycte

V, = SAX. (18)
Torna
AV =SA(AX)=SAE, (19)
rac
A& =A(Ax) (20)

MpeACTaBIACT cO00M n3MeHeHue IuHbl AX 1ipu aedopmanuu. CiaeaoBaTeabHO,

AV SAE A&

PaBencTBo (17) MOXHO Teneps NepenucaTb B BUE
AP =—yP BS (22)

AX

PaccmoTpuM pacripocTpaHeHre 3ByKOBOI BOJIHBI B TPYO€ € IJIOLIAIbIO
nonepeyHoro ceuenust S. HampaBum koopauHatHyto ock X BH0Jb TpYOHI. [TycTh
3JIEMEHTapHbIN 00beM V,, ra3a B 3TOH TpyOe OrpaHMUYEH CEUECHUSIMH,
HEePICHIUKYJIIPHBIMUA OCH TPYOBbI X UIMEIOIIIMMHU KOOPAUHATHI X, U X, (puc. 1).
TpeHunem Mex1y ra3oM U CTeHKamMu npereOpexem. Takum oOpazoM, CTEHKH OyayT
MPEnsTCTBOBATH MONEPEYHOMY JBUKEHHUIO Ira3a, HE MeIasi €ro MpoI0JIbHOMY
IBMKEeHHI0. Macca rasa, 3aKJIFOUeHHOTO B €r0 3JIeMEHTapHOM 00beMe, paBHa

m= p,SAX, (23)
rac
AX=X, — X, (24)

! TIpu packperrin cko6oxk (Po + AP) (V] +v V' 1 AV), urien, conepxammii mpomssenenue APAV, creyer
OTOPOCHTH KaK MaJIbIi



Po - INIOTHOCTH ra3a B HEBO3MYIICHHOM COCTOAHMH. HYCTB BJOJIb OCHU TPY6I>I B

HaIpaBJI€HUU OCH X PacOpoOCTPaHSETCs YNpPyroe BO3MYLIEHUE, BBI3BAHHOE
3BYKOBOM BOJHOM. [Ipu mpoXOXIae€HHM 3TOr0 BO3MYIIECHUS 4Y€pe3 BBIACICHHBIN
00bEeM Ha JaHHBII 00BEM B CEUEHHAX X, M X, CO CTOPOHBI COCEJHMX 4yacTell rasa

OyIyT AEHCTBOBAThH CUJIBI

f.=(P,+AR,)S (25)
f,=(R+AR,)S (26)

He mMs BO3MOKXHOCTH CJIICIUTb 3a ABUXCHHCM KEDKI[OI\/JI N3 OI'POMHOI'0 YHCJIa
MOIJICKYJI, HaXOIAIIUXCA BHYTPH oboBeMa VO’ BOCIIOJIB3YCMCA TGOpeMOﬁ 0

JBW>KECHUM LIEHTPA MacC MaTEpUANBbHBIX TOYEK. COTIIACHO ATOM TEOpEMeE

S :P °° o.Pz. S ma,, = ZE )
—> % g €— 27)

rie M - wmacca BCeil CHCTeMbl, &, , -
> YCKOPEHHE €€ IIEHTpa Macc, a ZFi - cymMMa

X X : ‘
1 2 BHEIIIHUX CHJI, JEHCTBYIOIIMX Ha cucTeMy. B

HaIlleM cjIyJae macca omnpesesnsercs: GopMyJion
Puc. 1 (23), BHelIHME CHUJIBI, ICHCTBYIONIUE BIOJb OCH
He. X - ¢opmynamu (25), (26), a yckopeHHe

IICHTpa MAacC CHCTEMbI MPEACTABIACT COOOM

BTOPYIO  ITIPOM3BOJHYKO CMENIEHMs &  IIEHTpa MacC  PaccMaTpHBaeMOro

aneMeHTapHoro ooOwema. CrenoBarenbHo, ¢opMyny (27) MOXHO Tenepb
nepenucaTh B BUIE

2
pOSAx%: f,—f,=S(P,+AP,)=S(P,+AR,)=S(AP, —AP,).  (28)

3nak munyc nepen f, oznauaer, uto naBnenue P, melicTByeT B HampaBJICHUH,
IIPOTHUBOIONOKHOM ocH X . AP, u AP, - 3ByKOBbIE 1aBJICHUS B CEUEHUAX X, U X,,

COOTBETCTBEHHO [cM. ¢opmyny (22)]. Ilocne nenenus mpaBod M JieBOW dYacTei
paBeHcTBa (28) Ha MpOU3BEICHUE P,S W MOACTAaHOBKH 3HaueHUst AP momyuum

& A L{(ﬁj _(Ejj, (29)

dar’ o Ax|\Ax/, \Ax




A
Nupexcer “1” u “2” npu (Eéj O3HAYalT, 4YTO BBIPAXEHUS B CKOOKax

BBIUHCJISIOTCS B OKPECTHOCTH KOOpAMHAT X, M X,. YpaBHeHHE (29) MOXKHO
nepenucaThb B BUIE

= (30)

A A
3nech A(f} - U3MEHEHHUE BEJINYUHBI (Efj Ha y4acTke AX.

Ecin Tenepb OT pacCMOTPEHHUs] MaJOro, HO KOHEYHOIO IIO BEIUYHMHE
AIIEMEHTApPHOTO 00beMa BBICOTOM AX TEepedTH K BJIEMEHTapHOMY OOBbeMY
Oeckoneyno manod Benmumubl 0V =SdX, To mnsa Takoro obwema & =&, a

)

AX

BCINYHWHA

MIPEBPATUTCS BO BTOPYIO MPOM3BOJAHYIO & 1o X. B 3TOM ciydae w3 ypaBHEHUS
(30) cnenyer

s B &

dtZ - po dx2 - (31)

Takum 00pa3oM, ABMKEHUE YACTHUIl Ta3a B TPyOe MPU pacHpOCTPAHCHUH B
HEl 3BYKOBOW BOJHBI OIMUCHIBACTCS YPaBHEHUEM, AaHAJIOTUYHBIM BOJHOBOMY
ypaBHeHuto (13). CpaBuuBas ypaBuenus (31) m (13) Haiimem, 4TO CKOpPOCTH
pacnpocTpaHeHHs 3ByKOBOW BOJIHBI B ra3e paBHA

(32)

Ota ¢dopmyna BrepBbie Oblia BhiBegeHa Jlammacom. Tak kak mpu JaHHOM
TEMIEPATYpEe NaBleHUE P, U INIOTHOCTh O, MPONOPLMOHAIBHBI IPYT APYTY, TO,
KaK TMoka3biBaeT Gopmyina (32), CKOPOCTh 3ByKa HE 3aBUCUT OT JIABJICHHS B rase.
U3 sToit xe PopMysbl ClelyeT, YTO CKOpPOCThb 3BYKa CYIIECTBEHHO 3aBHUCHUT OT
TEMIIEpaTypbl cpeabl. JJelCTBUTENBHO, U3 YPABHEHUS COCTOSIHUAS UICAIBHOIO ra3a
MO>KHO MTOJIYYUTh CJIEIYIOIIEE COOTHOILIECHHUE:

o 52 (33)



rac 4 - MOJEIpHAass MaccCa rasa, R - YHHUBCpPCAJIbHAA ra3oBas IIOCTOAHHAA, T -

temneparypa raza no KenbBuny. [loacrabmss (33) B (32), nmoayuum dopmyiy,
OTIPEIETISIONTYI0 CKOPOCTh 3BYKa B ra3e B 3aBHCHUMOCTH OT TEMITePaTyphl:

v= & (34)
Y7,

3. METOJ] OMPEJEJEHUSI CKOPOCTHU 3BYKA B
BO3JIYXE

B 3T0i1 paboTe 17151 HaX0XKJIEHUA CKOPOCTU YIPYTUX KOJIeOaHUM B BO3/IyXe
UCITIOJIB3YIOTCSl KOJICOAHMs], YaCTOTa KOTOPBIX JIEXKHUT B YIBTPA3BYKOBOM JUANa30HE
(v > 20000 I'm). CkopocTh yIbTPa3ByKOBBIX KOJICOAHHMI pPaBHA CKOPOCTH 3BYKa.
Hcnonb3oBanue ynbTpa3ByKa B JaHHOW 3a7ade O0O0yCIOBJIECHO B OCHOBHOM JIBYMsI
npuyuHaMH. Bo-mepBhIX, OH HE BOCHPUHUMAETCS YEJIOBEYECKMM YXOM U 3TO
MO3BOJISIET pacmnoJjiaraTb B OJJHOI J1a00OpaTOPUU HECKOJIBKO YCTaHOBOK; BO-BTOPBIX,
Majasi JUIMHA YJbTPa3BYKOBOW BOJIHBI (TIOpSAJKA HECKOJBKUX MM) J1aeT
BO3MOYKHOCTh ~ 3HQUMUTEJIbHO  YMEHBIUIUTh  pa3Mepbl  3KCHEPUMEHTAIBHOU
YCTaHOBKH.

Konebanuss Bo3ayxa CTONb BBICOKOM 4YacTOTBl OOBIYHO MOJYYalOT C
MOMOILBIO MHE30IEKTPUUECKUX MTpeoOpazoBaTesei.

Ecnu kpucTai KBapua, BbIpe3aHHbIM ONpeIeIeHHBIM 00pa3oM, 3aXKaTh MEXKIY
JBYMSI METaJUIMYECKUMU TUTACTUHKAMU (JIEKTPOJaMu), a 3aT€M MOJBEPTHYTh €ro
CKaTHUI0, TO Ha BJIEKTPOAAX MOSIBISIOTCS PA3HOUMEHHBIE SJIEKTPUUYECKUE 3aPSIbI.
B pe3synbrarte Mexay MmIacTUHKAMU BO3ZHHKAET PA3HOCTh NOTEHIIUATIOB
(anexTpuyeckoe HanpsbkeHue). [Ipu pacTsbkeHnn KpucTaiia 3HaKu 3apsioB Ha
ANEKTPOAAX U3MEHSIOTCS HAa IPOTUBOMOJIOKHBIE. ITO SIBJICHHE HOCUT Ha3BaHUE
npsmMoro nbe3odddexra. ObpaTHbIM MThe307((PEKTOM HA3BIBAETCS BOSHUKHOBEHUE
nedopmali KpucTajia Ipyu CO31aHUU 3IEKTPUUYECKOT0 HAPSLKEHUST MEXTY
anekTpoaamu. [Ipu nepeMene 3Haka HaNPsHKEHUST U3MEHSIETCS Ha
MPOTHUBOIIOJIOXKHBIN U 3HAK JedOpMAaLIHH.

B kayecTBe wuCTOYHMKA M TPUEMHHKAa 3ByKa B JaHHOM paboTte
UCITIOJIB3YIOTCSl TaK HAa3bIBAEMbIE aKyCTHUECKHE TOJOBKUA. OCHOBHOM YaCThIO 3THX
TOJIOBOK SIBJIIETCSI KPUCTANl KBapla C HAHECEHHBIMH Ha €ro MOBEPXHOCTh
aneKkTpoAamMu. ['0JIOBKM pacCUMTaHbl HA ONPEICIICHHbIC Y3KME UHTEPBaJIbl YACTOT B
JTAHHOW yCTaHOBKE 0K0J10 60 kI'I.

OT re"eparopa NEPEMEHHOTO AJIEKTPUUECKOTO HAMPSKEHUS HA AIEKTPOAbI
KpUCTaJlJIa KBapla U3JIy4yarolle roJ0BKU MOJAETCA HANpsHKEHUE, U3MEHSIONIEECs
10 CHHYCOUJAJIBHOMY 3aKOHY

U,(t)=U,sinat (35)

C YacTOTOH, Ha KOTOPYKO paccuMTaHa TOJIOBKAa. BcnenctBue oOpaTHOTO
nbe309(Qdekra BOZHUKAIOT KOJEOAHHWS KpPUCTAIUIA, KOTOPBIE TEpeaaroTcs
CBSI3aHHOM C KpHUCTaJUIOM MeMOpaHe, oOpasyromieil pabdouyyi0 MOBEPXHOCTh
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rojoBku. B pesynbrare konebGanuii mMeMOpaHbl BOMM3M pabouell MOBEPXHOCTU
TOJIOBKA BO3HHMKAeT M30BITOYHOE IO OTHOIICHHIO K aTMOoc(epHOMY JaBleHHE
BO3ayXa AP, n3mensiomnieecs mo 3aKoHy

AP(t)=APR, sinat (36)

C 4YacTOTOM @, paBHOW YACTOTE MOJABAEMOIO Ha KPUCTAT HAMPSIKCHHUS.
M3meHeHus: maBieHUs OyAyT paclpoOCTPaHITHCS B BO3AyXE IO HAIPAaBJICHUIO,
NEePICHINKYIAPHOMY  pabodell TOBEPXHOCTM TOJIOBKM B BHJIC  BOJIHBI,
OTnuchIBaeMor (HopMyIioi

AP(t)=APR;sin(at —kx), (37)
rzae
—kx=¢ (38)
IPEICTaBISIET COOON HAaudalbHYIO (pa3y AABJIECHUS B IUIOCKOCTH, HAXOMALIEHCS Ha
pPacCTOSIHUM X OT paboyeil MOBEPXHOCTU FOJIOBKH.

Ecnu mpuemMHyr0 aKyCTUYECKYI0 TOJIOBKY, PACCUMTAHHYIO Ha Ty K€
4acTOTy KoJieOaHUM, TOMECTUTh TaK, YTOOBI €€ paboyasi MOBEPXHOCTh HAXOAMJIACh
Ha PacCTOSIHUM X OT paboyeil MOBEPXHOCTH M3IIyHArOUIeil TOJOBKH, TO U3MEHEHUS
JaBJieHus1 BOIM3M paboydeil MOBEPXHOCTU MPUEMHON TOJOBKH BBI3OBYT KOJIEOAHUS
MeMOpaHbl, 4TO, B CBOI OY€pe/lb, MPUBEAET K MNEPUOJUYECKON aedopManuu
KpUcTayula KBapua. B pe3ynbrate Ha 3J€KTpOJax, HAHECEHHBIX Ha MTOBEPXHOCTH
KpHUCTaJUIA, BOSHUKHET 3JIEKTPUUECKOE HAIIPSIKEHUE, U3MEHSIOIIECECS 110 3aKOHY

U, =U,sin(at +¢), (39)

rie ¢ - HadanbHasg (asza, COBMajarolias ¢ HadyalbHOU (a3oi (38) m3mMeHeHus
U30BITOYHOTO JaBJICHHS BOJIU3U paboyeii MOBEPXHOCTH TPUEMHOM TOJIOBKH.

JIns perucrpauuy HamnpsDKEHWW Ha  JJIEKTPOJAx KPUCTAJLIOB KBapla
U3Ty4arouiel 1 MpUeMHOM aKyCTHUYECKUX TOJIOBOK HCIOJIb3YeTCsl ocuuiuiorpad.
Hampsoxenue (35), momaBaeMoe OT TE€HEpaTopa Ha M3JIyYarollyl0 TIOJIOBKY,
OJHOBPEMEHHO TMOJAeTCs Ha TOPU30HTAJIBHO  OTKJOHSAIOIIME  IUIACTHUHBI
ociuiorpada (Bxoa X ). DTo HanIpsKEHUE BBI3BIBACT CMEIICHHUE Jyda Ha IKpaHe
ocuwiiorpaga B TOPU3OHTAJIBHOM  HAMpAaBICHUU,  IPOMOPLMOHAIBHOE
HaIPSHKEHUIO U TPOUCXOAIEE MO 3aKOHY

X (t)=X,sinat. (40)

Hanpspokenue (39), Bo3HUKarolllee Ha 3JIEKTPOJAaX KpuCTalula KBapla
NPUEMHON TOJOBKH, TIOJA€TCI Ha BEPTUKAIBHO OTKJIOHSIOIINE IJIACTUHEI
ocruiorpada (Bxo Y ) ¥ BeI3bIBAET CMEIICHUE JIyda Ha dKpaHe ociuiuiorpada B
BEPTHKAIBHOM HampaBICHUH, TPOUCXOIAIICE 10 3aKOHY
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Y(t):Y0 Sin(a)t+(p) (41)

Takum oOpa3zoMmM, mayd Ha 23KpaHe ociwuiorpaga OJIHOBPEMEHHO
UCIIBITHIBACT JBA CMEIICHHS, MPOUCXOJSIINE BO B3aWUMHO TEPIICHIUKYIISIPHBIX
HAIpPAaBICHUSIX U MPEICTABISAIONINE COO0N TapMOHHUYECKHUE KOieOaHus, HMEIOIINe
OJIMHAKOBYI0 YacTOTy @, HO OTIMYAIOIIKMEcs APYr OT jApyra mo ¢asze Ha
BeMMYMHY ¢@. B pesynpTaTe CIOKEHHS O3THX KOJEOaHW JIyd Ha OJKpaHe
ocuusuiorpada OIKCHIBACT, BOOOIINE TOBOPS, 3aMKHYTYIO KpPUBYIO JIHHHIO (IO
IPOXO0XJICHUN TTPOMEKYTKA BPEMEHH, PAaBHOTO MEPUOTy KOJIeOaHUH,
koopauHatel Jayda (40) u (41) npuoOperaroT mpexHue 3HadeHus). Dopma
TPAeKTOPUH JIyda 3aBHCHUT OT pasHocTu (a3 Mmexnay xonedanusamu (40) u (41), B
YaCTHOCTHU, TP @ = 27N

Y (t) =Y, sin(wt +27n) =Y, sinat, (42)

T.€. HaIPsDKEHUsI Ha 3JICKTPOJIax KPUCTAIIOB KBapIa M3Iydarolied U MpUEeMHON
aKyCTUUYECKHUX TOJIOBOK KOJICOJIIOTCS B oJiuHaKoBOM (paze. Paznenus (42) Ha (40),
HaliJIeM ypaBHCHHE TPACKTOPHH JIyda Ha dKpaHe

y=Joyx. (43)
><O

Kak wu3BecTHO, 3TO ypaBHEHHME MPAMOM, NPOXOISIIIEH U3 IEPBOrO
KBaJIpaHTa JEKapTOBOM CUCTEMbI KOOPJMHAT B TPETH KBapaHT (puc. 2,a).

Ilpu @=(2n+1)z Y (t)=-Y,sinwt, T.c. HANPsDKEHNUs HA DIEKTPOJAX
KPUCTA/UIOB KBapra W3Iydaromied W TPUEMHOW TOJIOBOK KOJCOMIOTCS B
npotuBodaze. B atrom ciaydae u3 hopmyin (40) u (41) cienyer ypaBHEHHE

Y=-—0X. (44)

A1 A 2 A
/}’) TN (\%\
('T/ -

3

a 7] 6 2 0

Puc. 2 OcuumiorpaMmbl
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MIPEICTaBIISIONIee COO0N YpaBHEHHE MIPSAMOM, TPOXOASINEH U3 BTOPOTO KBaJpaHTa
B YETBEPTHIA KBaApaHT (pucC.2,1). MOXHO TMOKa3aTh, YTO BO BCEX OCTAIBHBIX
ClIy4asx TpaeKTopus Jiyda Ha 3KpaHe uMmeeT dopmy siutuica (puc. 2, 0, B, T).
CBsi3p MEXIy pa3HOCTHIO (pa3 HANPSOKEHUH Ha aKyCTHYECKUX TOJIOBKAX U
UX B3aMMHBIM TIOJOKEHHEM (KOOpAMHATaMHU TOJOBOK X, U X,) YCTaHAaBIMBACTCA
dbopmyioii (6)
?, — :a)(xl_XZ)
2 1 V '
CornacHo »TOM (opMyne IJJaBHOE W3MEHEHHE B3aHMMHOTO PACIIOIOKCHHS
aKyCTHYECKHUX TOJOBOK IMPUBOJIUT K TAKOMY >K€ IJIABHOMY U3MEHEHHIO c/BUra (a3
@, — @, , @ BCIEICTBUE 3TOT0 U (POPMBI TPAEKTOPHUHU Jyya Ha SKpaHe ocuuiuiorpada.

[lepexon nBMXKEHMSI Jiyda OT TpPAEKTOpUHM, H300paXE€HHOM Ha puc. 2a, K
TPAaCKTOPHH, H300pPAKEHHOW HA pHUC.2J, COMPOBOXKIAECTCS H3MEHEHUEM (pa3bl
KoneOaHul @, —¢@, B NPUEMHON aKyCTHYECKOH TOJIOBKE, PaBHBIM 7. Takum

00pa3oM, CKOPOCTh paCIIPOCTPaHEHUs BOJIHBI, COTIacHO Gopmyie (6), paBHa
w
V=—(X —X%)=2(X —X, )v=2Axv, (45)
T

rie v - TUHEelHas 4yacToTa paboTkl reHepaTopa.
CrnenoBaTeslbHO, U3MEpSAsS OIBITHBIM IIyTEM BEIUYUHY  AX =X, — X,

MO’KHO BBIYHCITUTH CKOPOCTh 3BYKOBOM BOJIHBI V .
OIIMCAHUE YCTAHOBKHU

B cocraB 3KCniepuMEHTAIbHOW YCTAaHOBKH JIJIS U3BMEPEHUSI CKOPOCTH 3BYKa
B BO3/lyXe (pHC. 3) BXOJIAT:

a) MACCUBHOE OCHOBAHUE C aKyCTHYECKUMU T'OJIOBKAMU ;

0) reHepaTop CUTrHaJOB HU3KOM yacToThl / 3-118;

B) ocmmumiorpag CI-76.

M3nyyaromiass akycThueckas TOJIOBKA YKpEIJIEHa Ha HENOJBUKHOM
Jiep)karene, MpUEMHas aKyCTUYecKas TOJIOBKA pAacloJiO)KeHa Ha CTOJHKE.
[TogBukHAsT 4acTh CTOJIMKA TEPEMEIIAeTCsl BMECTE C TOJOBKOM MpH MOMOIIU
MUKPOMETPUYECKOTO BUHTA, C KOTOPBIM CBsI3aH OapabaH C HAHECEHHOW Ha HEM
mikano, umeronieit 50 nenenuii. [lpu BpaieHnn BuHTa OGapabaH mepemeniaeTcs
BJIOJIb OCHOBHOM HEMOJBW)KHOM WIKaJbl, IIEHA NEJIEHUs] KOTopou paBHa 1,0 mm.
Hang ocHOBHOW mikanol pacmoyioKe€Ha BCIIOMOTATelbHAsA IKala, PacCTOSHUE
MEXKJy HEJICHUSIMA KOTOpOM Takxke paBHbl |1 MMm. BcmomorarenbHas mikana
CMeIlleHa OTHOCUTENbHO OcHOBHOU Ha 0,5MM. Takum 00pa3om, paccTOSTHUE MEXTY
COCEIHUMHU JICTICHUSIMU OCHOBHOM U BCIIOMOTATENbHOM IIKaJbl cocTaBiusier 0,5 M.
[ITar MUKpOMETPUIECKOTO BUHTA (MTOCTYIMATEILHOE TIEpEeMEIeHne Kpasi 6apabaHa
npy moBopore BuHTa Ha 360°) paBen 0,5 MM, T.e. paBE€H DPACCTOSHHIO MEXIY
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COCEIHUMHM JICJICHUSIMHM OCHOBHOM M BcmoMoraTelnbHOM mkan. CiemoBaTeibHO,
IIEHa OJTHOTO MAJIOTO JieJIeHUs IIKaibl Ha Oapabane paBHa 0,01 mm.

I'enepaTop curuajioB Hu3Kkoi yacrtorsl 1'3-118
ABJSICTCA HCTOYHUKOM IICPEMCHHOI'O HAITPSIKCHUSA, ITOAaBACMOT'0O Ha MU3JTy4JarOol[yTO

FeHepamop Ocyunnoepagp
r3-118 C1-76 {)
a
lNpuemHas
JUVVVVWW > 20J108Ka
SV
SV
Uznyyarowas l_'
20/108Ka ]
==
Mukpomempuueckut
8UHM
CKkambsi

Puc. 3 OOmuii BUa yCTaHOBKH

aKyCTHYECKYIO0 TOJIOBKY W TOPHU30HTAJIBHO OTKJIOHSIONIWE IIACTHHBI (BXOJ X)
ocmmtorpaga CI-76.

Puc. 4 I'enepatop 1'3-118
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Buenrnuii Bu nepeHeil maHeau reHeparopa npeacTaBieH Ha puc. 4, rae
1 - CETH - TymOiiep BKIIOUECHHUS CETH,
2 - CETeBOM MHIUKATOP BKIIIOUEHUS T€HEepaTopa,
3 - “Hz” - mepexioyarenu yCTaHOBKH YacCTOTHI,
4 - “AdB” - mepekmovaresib ¢ CTYIIEHYaTOro OCJIa0JICHUS BHIXOIHOTO
HaIpsHKeHUS,
5,6 - BBIXO/IHBIE THE3/a TEHEPATOPA,
[ - - pyyKa IUIaBHOW YCTAaHOBKH BBIXOJJHOTO HAIMPSKEHUS,
8 - PACCTPOMKA - pydka IIaBHOM yCTAHOBKH YacTOTHI,
9 - MHOJKHUTEJIb - nepexiovarelb JUana3oHoB YacToT.

Ocumiiorpag C1-76 wucnomssyercs s u3MepeHus  (a3oBBIX
COOTHOIIEHUM  MEXIy  HaNpsHKEHHEM, IOJaBaeMbIM Ha  IEpeJarolIyo
aKyCTUYECKYIO TOJIOBKY Y HAIPSKEHUEM, CHUMAEMBIM C IPUEMHOM TOJIOBKU.

17 6 15
([ (_ocunnnorrae ci76 ) wt’““""*ﬁ"q _@‘j‘"%;‘f% )
w14
13
12
11
10
18
2 3 4 S 6 7 8 9
Puc. 5 Ocummnorpad C1-76
Bremmuii Bua nepenHei maHeaw ocmuuiorpada mpeAcTaBieH Ha pHC. 5,
re

1 - CETH - Tymbiiep BKIIOUCHHUS CETH,

2 - I'PYFO, IIVIABHO - pydku niepeMenieHus n300paxxeHust o TOpu30HTalH;
3 - pyudka (HOKyCHPOBKU M300paKECHHUS,

4 - JIOHUCK JIVYA - kHOTKa JJ1s1 OTBICKAHUSI JIyda Ha DKpaHe,
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S — pyyka TMEpeKIIOYEHUs] COCTOSHMSI BXOJIa YCUIMTENS BEPTUKAIBHOTO
OTKJIOHEHHS,
“1” - BXOJ yCUJIUTENA 3aMKHYT HAaKOPOTKO,
“~” - Ha BXOJ YCWJIUTEJIA MOKHO MTOJaBaTh NEPEMEHHOE HaIPSKEHHUE,
=" - Ha BXOJ YCWJIUTEJISI MOXHO MOJIaBaTh U MOCTOSIHHOE, U MIEPEMEHHOE
HaIpsHKeHUE,
6 - pydka TIUIaBHOM pETyIHpOBKH Kod(duIMeHTa YCHICHUS YCHUINTENS
BEPTUKAJILHOTO OTKJIOHEHHS,
7 - BXOJHOE THE3/I0 YCHUJIMTES BEPTHKAILHOTO OTKIIOHEHUS (BXxo1 Y),
8 — pyuKa miIaBHOM peryJaupoBKU YaCTOThI pa3BEPTKU,
9 — KHOIIKM MepeKITIoYaTeNsi MHOKUTENS JUIUTETbHOCTH Pa3BEPTKH,
10 — pyuka cTyneH4aToro nepekitodaresns kKodhduireHTa OTKIOHEHUS,
11 - pyuka MEpPEeKIIOYECHUS] COCTOSIHUS BXOJa YCWJIMTENS TOPU30HTAIBHOIO
OTKJIOHEHUS (B MOJOKEHUU “X° Ha BXOJ MOJAETCS HAIpPSKEHHE, MOABEICHHOE K
rae3ny 14),
12 — pyuka cTyneH4aToro U3MEHEHHUS YaCTOTHI pa3BEPTKH,
13 - “X” - BXOZAHOE THE3/I0 YCHUJIMTENS TOPU30HTAIBHOTO OTKJIOHEHHS (BX01 X),
14 - n§epexiaodaresb ~ BXOJHOTO  JICIHUTENSI  HANpPSOKEHUS  YCUIIUTEIS
TOPU30HTAIBLHOTO OTKJIOHEHUS (mojoxenue “1:107, “1:17),
15 — pyuka u3MeHEeHUs1 ypPOBHS HANPSKEHUs CTa0MIN3alUH,
16 - “[” - pyuka mepememnieHust N300pakeHUS MO0 BEPTUKAIIH,
17 - xaomku 0,5, “x17, “x2”, mepekmroyartesis MHOXHUTENS Kod(duimeHTa
oTKJIoHEeHUS - “V\ewm”,
18 - pyuka peryjaupoBKHU SIPKOCTH U300paKEHUS.

(13

9. MIOAT'OTOBKA YCTAHOBKHU K J3KCIIEPUMEHTY

B ycraHoBke, cxema KOTOpOil mpejacTaBiieHa Ha pHC. 3, BCE HEOOXOIUMBIE
DIIGKTPUYECKUE COCNWHEHHUS BBIMOJHEHBI CTAIl[MOHAPHO, W TOITOMY JJIs
NPUBEACHUS €€ B pabouee COCTOSHHE HEOOXOAMMO TOJIBKO BKIIOYUTH MPHUOOPHI U
MOJIYYUTh Ha DKpaHe ocuwuiorpada dYeTkoe H300paKeHHEe OJHOU u3 Quryp,
M300paKEHHBIX HA puC. 2.

IMoaroroBka k padore reneparopa 1'3-118

1. Pyuky miiaBHOW YCTaHOBKHM BBIXOAHOTO HANPSDKEHHS] 7 MOBEPHYTH MO YAaCOBOM
CTpEJIKE J0 yIopa.

. Pyuxy 8 PACCTPOUKA yCTaHOBUTH B CPETHEE MOJIOKEHHE.

3. Ilepexmtouaresib  CTYNMEHYATOTO OCIA0JICHUS BBIXOJHOIO HamlpsbKeHus 4
YCTaHOBUTH B NoJIOKeHHeE 1.

4. C nomompto niepexmodatens 9 MHOKUTEJIb v pydyek 3 yCTaHOBKH YacCTOThI
“Hz” ycraHoBuTh pabouee 3HaueHUEe 4acTOThl. Pabouass yacTora yka3zaHa Ha
ocHOBaHUM ycTaHOBKU. TymOnepom 1 CETH BKIIOUUTH TE€HEPATOP U MPOTPETH
€r0 B TEUEHUE HECKOJIBKUX MUHYT.

N
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IloaroroBka k padore ocunsiorpaga C1-76

. Tymb6nepom 1 CETH BKIIOUNTH ocmwiorpad M MPOTPETh €ro B TEUCHHE 5
MUHYT.

. Pyuku nepekiiroueHust cocTossHus BxoAa 5 U 11 ycTaHOBUTH B MOJI0XKEHUS
“X”’ COOTBETCTBEHHO.

. [lepexntouaTens BXOJHOTO AEIUTEIS HANpsiKeHUs 14 yCTaHOBUTH B MOJIOKEHUE
“1:17.

. DIIEMEHTBI PerylupoBKH Kod(pduiventa otkioHeHus 17, 10 u 6 ycTaHOBUTH
COOTBETCTBEHHO B CIIEYIOIIHNE MOJIOKEHUS:

- HakKaTh U 3a()UKCUPOBATh B HAXKATOM COCTOSIHMM KHOIIKY “X17’;

- mepekiovaresb “V\em” mocTaBUTh B MOJIOKEHHE 1]

- PyuKy 6 OBEpHYTH IO YaCOBOI CTpEJIKE JI0 yIopa.

. Pyuky perynupoBku sipkocTH u300paxeHuss 18 mocTtaBUTH B CpenHee
MOJIOKEHUE.

. [Ipu mosiBieHnH Ha 3KpaHe ocumuiorpada ogHou u3 Guryp, N300pakeHHON Ha
puc.2, pyukamu 18 u 3 1D0OHMTBCS JOCTATOYHOM SPKOCTH M YETKOCTH
U300paKEHHUS.

. IIpu oTcyTcTBUU M300paXkeHHs Ha 3KpaHe HaxkaTh KHONKY [IOUCK JIVYA u, ve
OTITyCKas €€, BpalieHneM pydek 2 u 16 OThICKaTh Jyd, yCTAHOBHUTH €T0 B IIEHTPE
HKpaHa U BBIMOJHUTH yKa3aHus 1I. 6.

.Ilpu HeoOXoAMMOCTH PYYKOH pPEryIUpOBKH KOdIDPHUIIMEHTA OTKIOHEHUS
TOOUTBCSI TOTO, YTOOBI pa3Mep H300paKEHUS MO BEPTUKAIM COCTaBIsUT 3-4
OOJBIMX JETCHHS Kbl IKpaHa .

[T 324
~

n

HPOBEJEHUE JKCIHEPUMEHTA U OBPABOTKA
PE3VJIbTATOB U3MEPEHUI

. BpamieaneM MUKpOMETpHUYECKOTO BHHTA YCTAaHOBHUTH Kpal OapabaHa MpOTHB
HYJIGBOTO JIEJICHUS OCHOBHOM INKaJIbl, TaK YTOOBI HOJIb Ha ImKane Oapabana
pacriojarajicsi MpOTHB TOPH30HTAIBHON JMHWH. [3-3a HamuM4us 3aMETHOTO
modTa B MPUBOE OTCUET IO MIKAJIC MEKPOMETpa CIASAYET MPOU3BOIUTE TOIBKO
TOTJIa, KOTJla HAMEYCHHOE COCTOSHHE JOCTHUTAETCS TpHU ABWKCHUU OapabaHa
cnpaBa HajneBo. Eciau B Hy)XHBIM MOMEHT OapabaH HE yJaJloCh OCTaHOBHUTH, TO
CJIEIyeT MOBEPHYTh €ro Ha OJWH OOOPOT B OOpaTHYIO CTPOHY HM IOBTOPHTH
ycTaHoBKy. IIpu Takoil ycTaHOBKE MpHUEMHAas aKyCTHYeCKas TOJIOBKAa OyIeT
HaXOJIUTHCS Ha MaKCUMaJIbHOM PACCTOSIHUH OT TIEPEIAFOIICH.

. MemyieHHo cOnvkasi TOJOBKM JOOUTHCS TaKOTO COCTOSIHHS, KOTJa Jyd Ha
sKpaHe ocuuuiorpada mepeMmerniaeTcs Mo NPSAMOHN JIMHUU B IIEPBOM-TPEThEM
VI BTOPOM-YETBEPTOM KBaJIpaHTaX.

. 3ancaTh B TaOIHITYy ¢ TOYHOCTHIO 0 COTBIX JOJIeH MUJUTUMETPA KOOPAUHATY X1
OPUEMHON  aKyCcTH4YecKoil roioBku. Pekomengyemas ¢opma  TaOmuibl
MIPUBOJIUTCS HIKE.
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4. TIponomkuTh COMMIKEHNE TOJIOBOK JI0 TE€X TOp, MOKa Jyd Ha dKpaHe HE CTaHET
BBIYEPUMBATH MPAMYIO JIMHUIO, JIEKAILYIO B IPYTOM MMape KBaJIPaHTOB.

5. 3anucath B TabJIUIly C TOH € TOYHOCTHIO KOOPJUHATY X; HOBOTO IMOJIOXKEHUS
MIPUEMHOMN aKyCTUYECKOW T'OJIOBKH.

6. OnucanHple B NI. 2-5 U3MEpPEHUs: MPOBOJUTH 0 TEX IOP, MOKAa YUCIO TaKUX
M3MEpPEHUN HE CTaHeT paBHbIM 11.

Tabnuua as 3anKcy pe3ynbTaToB U3MEPEHUs

[ xi (Mm) Ax (Mm) V (m/c) Ve £ AV

11

[Tociie okOHYaHMSI W3MEPEHUN BBIYMCIUTH 3HAUYCHUSA AX = Xjrq - X 4
BCeX 3HaueHuul AX mo Qopmyne (45) HalWTH CKOpPOCTH 3BYKOBOW BOJHBI V. Bcee
pe3yabpTathl 3amnucath B Tabnuiy. I[lpu oTuere mpeacTaBuUTh cpeHee 3HAUYCHUE
CKOPOCTH 3BYKa C yKa3aHUEM JIOBEPUTEIIHLHOTO HHTEpBasia AV U COOTBETCTBYIONIEH
JIOBEPUTEILHON BEPOSTHOCTH Ol.
OTHOIIEHNE TETUIOEMKOCTEH Y BRIUUCIUTH MO PopMyJie

y= (URT)V2

Ota popmyna aBisierca cieactsuem opmyinsl (34). I[lpu pacyeTe UCHOIB30BATH
CJIEAYIOIINE YUCIIOBbIC 3HAUCHUS:

Hyosx = 29,2-10° kr/momp; R = 8,31 Jix/mous K.

Temneparypy Bo3ayxa 7 ONpeaennTs 0 NOKa3aHUI0 TEPMOMETPA,
HaXOJAIIEroCs B KOMHAre. Pe3ynbrarsl BBIYMCICHUH Y IPEACTABUTD C YKa3aHUEM
norpemHocTy. [IorpenHoCTH YUCIOBBIX 3HAUCHUH L U R HE yYUTHIBATh.
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