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C MOMOIIBIO YHCTICHHOM MOJIE/IN HAa OCHOBE CKAJIIPHOH MU(PaKIiN CHHTYJISIPHBIX ITy9KOB ITOKA3aHBl OCOOEHHOCTH
3BOJIOIMK ()a30BBIX CHUHTY/ISAPHOCTEH MPH OTPaXKEHWH OT MOBEPXHOCTH, OOJIaJaloIlell MUKpopesbe(hoM 3amaHHOM
BEICOTHL U (opMbl. [IpomeMOHCTPHPOBAHBI CiTydan BEIPOXKICHHS ,AApa“ BHXPS, (OPMUPOBAHUS TOIOJIOTUYECKUX
IWIOJICH W YIBOCHUS CHHTYJISIPHOCTEH IIpU BO3ACUCTBHM (DAa30BEIX HEOTHOPONHOCTEH HAa HCXOMHBI IyYOK C
€IMHIYHBIM TOMOJIOTHYecKHM 3apsnoM. [losTydeHHble pe3ysabTaThl HEMOHCTPUPYIOT NMPUMEHHMOCTb CHHTYJISIPHBIX
IMYYKOB B 3aadax aHaJIM3a pesbeda OTpaKaloIUX IOBEPXHOCTEH, NPOMOJIBHBIA MaciiTad HEOXHOPOTHOCTEH
KOTOPBIX COCTaBJISICT BEJIMYMHY INopsiika A/4, a momepedHslif pasmep OoJiblleé WM PaBeH AUAMETPY ITydKa B

IUIOCKOCTH ITOBEPXHOCTHU.
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JlazepHble MyYKH C CHHTYJISIPHOCTBIO BOJIHOBOIO (PpOHTa
(omTHYeCKe BUXPH) SIBISIOTCS MEPCICKTHBHBIM OOBEKTOM
UCCJIeIOBaHUi U1 3a[ay ONTHUYECKUX H3MepeHuil. M3Bect-
HO, YTO T'€OMETPHS BOJIHOBOTO (PpOHTA CKAJSIPHOTO OITH-
YeCKOro BHUXPS INPEICTaB/IAeT CO0OH IeIUMKOMA C 0co0oii
TOUKOi Ha ocu. Pa3a BOJHBEI B 3TOH TOYKE HE ONperesicHa
U HCHBITBIBACT CKAYOK, KPaTHBII 277 Ipu 0OXofe TOYKU
0o 3aMkHyTOMy KOHTYpY [l]. Takas BoJHOBas CTPYKTY-
pa CHHTYJISIPHOTO ITydKa OOJIagaeT ONpeleICHHOW YCTOM-
YUBOCTBIO NPU OU(PPAKIMK Ha aMIUIMTYOHBIX M (Da30BBIX
HEOTHOPOIHOCTSIX, 8 TAKKE MMEET XapaKTePHBII MUHAMYM
MHTEHCHBHOCTH, YTO CIIY’KUT CBOEOOPa3sHBIM MapKepoM II0-
JIOKEHHsT BUXPsS [2]. DTO MO3BOIMIO MPUMEHUTH BUXpE-
BBl IIyYKd B ONTHYECKHX MAHHUIYJIATOpax, a TaKke MJIs
U3MEpeHNst (U3NYECKUX BEJIMYMH, HAllpUMeEp ITOKa3aTesis
IPEJIOMJICHHS, TOJIIMH, BBICOTH pejibeda M IIepoxoBa-
Toctn moBepxHocTH [3-5]. OmHako omHEM U3 GapbepoB
UCIIO/Ib30BAaHUSl CUHTYJISIPHBIX IIyYKOB CJIEAyeT NpHU3HATh
CJIOKHOCTb aHATN3a HX (Pa3OBBIX MOPTPETOB C TOCTATOYHOU
TOYHOCTBIO. DTO OOYCJIOBJICHO CTPYKTYPHBIMH HCKaXKEHUS-
MU MHTCHCHBHOCTH 1 (ha3bl IIyYKOB B IIpoLiecce NU(ppaKiiun
Ha MTOBEPXHOCTHBIX HEOTHOPOOHOCTSIX U3MEPSEMBIX OOBEK-
TOB.

Lenpio HacTosimelr paboTHl ABJISIETCA OINpEesICHUue Ipa-
HHI NIPUMEHMMOCTH CHHTYJISIPHBIX IIYYKOB [JIl METPOJIO-
TMYECKUAX HCCIICIOBAaHUI MOBEPXHOCTEH, ICPOXOBATBIA pe-
Jbe) KOTOPHIX BHOCUT HCKaKEHHE B CTPYKTYpPYy OIITHYe-
ckoro BuXpsl. IIOoCKOJIBKY Ha MpakTHKE HEPEIKO BCTpeda-
I0TCS TIOBEPXHOCTH, pesibed KOTOPHIX MMEET CTYIEHYaTyIo
CTPYKTYpY, B Hacrosimeil paboTe Mbl OrpaHHYMMCST pac-
CMOTpEHHEM YUCJICHHOH Monesu IU(PaKIMi CHHTYISPHBIX
MYYKOB Ha HEOTHOPOTHOCTSIX OTPAKAMOIICH MOBEPXHOCTU

C MOBTOPSIIOIMMUCS NPSIMOYTOJIBHBIME BBICTYIIaMH M BIla-
nuHamu [6]. CxeMaTwdeckd JaHHAs MOJENb IpUBEICHA
Ha puc. 1.

Bocnosp30BaBIIMCh U3BECTHBIM BBIPAKEHHEM JUIA ITy4Ka
Jlareppa—I'aycca ¢ HyseBBIM pagualbHbIM MHIEKCOM M Iie-
peiins 11 ynoOCTBa MOZEIMPOBAaHUA K JEKapTOBOI cHCTe-
Me KOOpIMHAT, 3allMIlleM pe3yJbTUpylollee paclpeneicHue
KOMILJICKCHOM aMIUIUTYABI MOJIS MyYKa B MCXOMHOM IJIOCKO-
cti Z = 0 ¢ TOYHOCTBIO 10 HOPMHUPYIOLIETO MHOXUTENs [7]:

X2 +y?
E(X,y,z=0 —
vz =0) x exp( 5 )
x exp(il arctan(y/x)), (1)
e wy — MepeTsikKa rayccoBoil obpasymoueit, | — Toro-

Jiorrueckuii 3apsia Buxpst. [Tpoduiib miepoxoBaTtoCcT B BHJIE
MOJIOC Pa3/IMYHON IIMPUHBL M BBICOTHI 3a1aquM (yHKIHCH
nponyckanusi exp(ikA), rne kK — BosHOBOE umcito. [laHHast
(GyHKIEST 00YCIIOBIIMBAET TEOMETPUYECKYIO PA3HOCTH XOMa
BOJIH, OTPaXKCHHBIX YYaCTKAMH MOBEPXHOCTH, OTJINYAIOIIH-
mucst Beicotoit h (puc. 1,b).

B Hacrosieil paboTe MBI OTPaHHYMMCSI AHAJIM30M JIBY-
MEPHOTO pAacCIpeie/IeHAs] MOMIYJISl AMIUIATY/IBl BEKTOpa Ha-
OPSDKEHHOCTH 3JIEKTPUYECKOTO MOJIS U (pasbl CHHIYJISIPHBIX
[y4YKOB IPEUMYINECTBEHHO B NAJbHEH 30HE Iu(ppaKiuu
pamy TPUOIIKEHHOCTH K OKCIEPUMEHTAJIBHO peansye-
MBIM yCJI0BUSIM. [IpOCTPAaHCTBEHHYIO 3BOJIIONUIO OIS ITyd-
ka E(X,Y, z), pacnpocrpansiomerocs B CBOOOIHOM IIpo-
CTPaHCTBE Ha HEKOTOPOM PACCTOSIHMH Z OT IIOBEPXHOCTH
(puc. 1,a), IOIyYrM C IOMOIIBIO SBOJIONMOHHOIO HHTErPa-

1032



WUccnenoaHue npeobpa3oBaHus CUHIYNISPHbIX My4dkoB Jlareppa—Ilaycca rnpu oTpaxeHuu oT LuepoxoBatoi... 1033

~

b
~

_ i

Puc. 1. (a) Cxemarudeckoe n3obpaxenne popMUpOBaHUs U IU(PAKIMH CHHTY/ISIPHOTO ITy9Ka: TIPU MPOXOXKIEHNH mydka Laycca (/) depes
(asosolii TpaHcmapant (2), OTpaXKeHHs] OT MOBEPXHOCTH (4) M pacHpoCTpaHeHWsi Mu(pParupoBaHHOTO Mydvka (3) Ha paccTosiHHE Z [0
wiockoct Habumonerust (5); (b) mapamMeTpsl CTyHEHYAaTON OTPAXKAIOLICH IOBEPXHOCTH.

sa Openesnsi—Kupxroga [8]:

2] Jenrs

—0o0 —0O0

E(X.Y,z) =

X exp{g [(X =X)*+ (Y —y)*] }dxdy

+kexplkA // (x,
2miz y.0

X exp{% (X =Xx)?+ (Y —y)?] }dxdy

2mz// %,y 0

a; —oo

X exp{g [(X=X)*+ (Y —y)?] }dxdy. (2)

Pacuer pesynbTHpylomero pacnpeaeaeHus aMIUIATY/IBI TT0JIs
MPOBOJWJICS B BUAE CYMMBI 110 BCEM y4acTKaM HEOIHOPO[-
HOro pesibeda ¢ pa3dOMEHHEM NPEIeioB WHTErPUPOBAHUS
1o dX COTJIACHO YMCITY 3THX YYaCTKOB, MUHIMAJIbHOE YUCIIO
KOTOPBHIX PaBHO TPeM, HO HE OIPAaHUYEHO CBEPXY.

BxogHeMM mapameTpaMH MOJENU SBJIAIOTCS BEJIMYMHA
panuyca NepeTsHKKHI IayCcCoBOM oOpasyomeil wy B UCXOTHOM
mwiockoctu Z = (0, JuMHEHHBI MacmTad HEOTHOPOIHOCTEH
(6 = ap—a;), paccrosiHEe 0 IUIOCKOCTH HAOJIIONEHUS Z U
reomerpryeckast pasHocTh xoma A. IlpociequMm 3Bosonmio
aMIUTUTYABl ITy4YKa ¥ MPOCTPAHCTBEHHYIO AMHAMUKY CUHTY-
JIAPHOCTEH BOJIHOBOTO (PPOHTA MOCJIE OTPAKEHUS OT TaKOH
MOBEPXHOCTHU.

Ha puc. 2 mpencraBieH pe3yspTaT YHUCICHHOTO MOIC-
JIMPOBaHUSA AU(PPAKIMN BHUXPEBBIX IyYKOB C TOIOJIOTHYE-
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ckumu 3apsiiamu ||| =1 u ||| =2 Ha cryneH4YaToll KBasu-
IIEPUOANYECKON TPEXMEPHOU CTPYKTYpE BBICTYII-BIIAJUHA C
BBICOTOI pesibedpa h = A/2. [lepuon CTPyKTYpbl COCTABHI
26 = 2.4um, paccrossHAEC OT IUIOCKOCTH HCTOYHHKOB JIO
mwiockoctr HaOmomenust 0.75m B eguHUIAx AIMHBI Pases
(zr = ka)g/ 2). Paguyc HEpeTsHKKH HMCXOMHOrO IydYKa pa-
BeH wo = 37.0um. Ha ¢asoBom moprpere Habmomaercs
,l1erouKa™ (a3oBBIX CHHTYJISPHOCTEH B BUIE ,,BUIIOK® —
paciieruieHnii JMHANH paBHOW (ha3pl. McxomHBIA OceBoit
BUXPb COXpaHsSIeT CBOIO CTPYKTYpY B Buze (a30Boil crimpain
(puc. 2,a), mpu 3TOM €ro pacHpesie/icHHe aMILUIATYIB
1e(hOpMUPOBAHO COCETHMMH NMOPSAAKaMH AU(paKLuu. YiBo-
€HUE TOIIOJIOTUYECKOr0 3apsfa IPHUBOAUT K YBEJIMYCHHUIO
YHCJIa BUHTOBBIX TUCJIOKANMIA B TT0JIe ITy4Ka. B To ke Bpems
oceBasi CHHTYJIIPHOCTb, IIPEICTaBJIsioNnas coboil OBOMHYIO
crmpaitb Ha (pa30BOM MOPTPETE, IPETEePIICBACT BHIPOKICHUC
(puc. 2,b). BenencrBue 3TOr0 B OKPECTHOCTH OCH IMydKa
JIOKaJIM3yeTcsl Tapa ONTUYECKUX BUXPEH C CIMHUYHBIM MO
MOJYJIIO TOIIOJIOTMYECKUM 3apsAfoM. [laHHoe moBeneHue co-
IJIacyeTcsl C paHee MOJyYCHHBIMH pe3yJbTaTaMH KpaceBou
TPk ONTHYECKUX BUXpPEH Ha aMIUIMTYIHBIX U (a3o-
BBIX 9KpaHax rpymmoii A.fl. Bekmaesa [9-11].

PasBuBas maHHyo 3agady, chOKycHpyeM Halle BHUMaHUE
Ha 3BOJIIOLN CHHTYJISIPHOTO Iy4Ka, PacIpOCTPAHSIONIEroCs
BOJIM3M Kpasi HeopHoponHocTU. [lapamerp reomerpuyeckoi
pasHocTH Xona A BeIOMpasics KpaTHeIM A /2, Oiarogaps yemy
IOCTUTaJIOCh HauOosiplliee BO3MYLIEHHE TI'€IMKOMAAILHOTO
BosHOBOro (ponra [12]. Ilapamerp a, orBedarommii 3a
CMeIlleHHe Kpas HEOOHOPOOHOCTH OTHOCHUTEJSIbHO IIEHTpa
MyYKa, PACCUATHIBAJICS B 3HAUYCHUSX pajilyca MEPeTsHKKH U
[PUHUMATT 3HAYCHHSI OT SIUHUI (KOTIa Kpal JIOKaIu3yeTcst
Ha mepudepud Mydka) A0 HYJIss (B 3TOM cilydae Kpai
[epeceKaeT Myv0K MOCEPEerHe).

[lpn mocrymarenbHOM CMENICHHH Kpasi HEOTHOPOIHO-
CTH B CEYCHMM IydYKa (B HANPaBJICHUU CIpaBa HAJICBO)
BIOJIb OCH aOcmucc MOmyJb aMIUIMTYAB U (aza Imydka
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0.3% 0.3%
0.41 0.5 0.4n 0.5
Puc. 2. YucreHHbI pacyeT MONEPEYHOro paclpelesieHHsT MOMYJs aMIUATyabl M (assl audparnpoBanHoro myuka Jlareppa—Iaycca ¢
TonosornyeckumMu 3apsmamu | =1 (a) u | =2 (b) Ha cTymeHYaToOll KBa3HIIEPHOIMYECKON TPEXMEPHOI CTPYKType BBHICTYI-BIaiiHA C

BBICOTOH pesbeda, paBHOi h = A/2. IlepuoguaHOCTb CTPYKTYpHI cocTaBiisieT 2.4 um. PaccTosiHue OT IIOCKOCTH HCTOYHHUKOB [0 IIIOCKOCTH
Habmonenust ~ 40zg (0.75 m). Paguyc mepeTspKKU HCXOIHOTO IMydKa paBeH wo = 37.0 um.

Puc. 3. YucsneHHbI pacyeT MOIEPEYHOTrO pAaclpelesICHUs] MOMYNs aMIUIMTYAbl U (assl audparupoBanHoro mydka Jlareppa—Iaycca c
TOIOJIOrHYeCKUM 3apsiioM | = 1 B 3aBucHMOCTH (d) OT IOJIOXKEHHsSI Kpasi CTYNEHYaTON HEOIXHOPOMHOCTH (IOKa3aH CBETJION IOJIOCOM)
¢ BBICOTOI penbeda, paBHOi h = A/4, u mmpuroit § = 0.9wo, (b) OT 3HaYeHUs BEICOTH pesbeda h ¢ pacrmonoxeHneM Kpast IO LCHTPY
my4ka, (¢) z-mudppakums myvka Jlareppa—Ilaycca Ha cTymeHn ¢ BeiCOTO# penbeda h = 1/4. Pammyc mepeTsDKKA ITyYKa MPHHAT PaBHBIM
wo = 225.0 ym.
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Jlareppa—Taycca (puc. 3,a) mpeTepreBalOT CyIIECTBEH-
HBIC W3MCHEHHUS: OCEBOM ONTHYCCKUII BHUXPh CMEIIAacTCs
Ha mepudepuio Iydka, MpH 3ToM Ha (pasoBom mopTpere
0OHapy;KUBaeTCsl TaK Ha3bIBAEMBII TONOJIOTMYECKUI AUTIONb
(mpu a = +0.5wy). B 10 xe¢ Bpemst dasoBasi crmpaiib HC-
IBITBIBAET MOBOPOT Ha 7T paglaH OTHOCUTEJIbHO Ha4aIbHOTO
MOJIOKEHHUS, YTO MO3BOJISET IETEKTUPOBATh BBICOTY CTYIECHU
B A/4. C ToukH 3peHMs COXpaHEHUs1 (GOpPMBI BHUXPEBOIO
My4Ka B BUJIE KOJIbLA IIONIEPEYHBIN pa3Mep HEOMHOPOTHOCTH
BbIOpaH paBHBIM 6 = 0.9wy.

Hanbonee mHTEpeceH MOMEHT HPOXOXKICHUSI Kpasi HEOM-
HOPOTHOCTH dYepe3 IIeHTp IydKa, B pe3yJbTare d4ero B
OaJIbHEM IoJie AN(pPaKIMOHHAs KapTHHA MPEICTABIsET CO-
Ooii ymBoeHHBIN MCcXOomHBEIN BuXpb. Ha (asoBom moprpere
JIOKJIN3YIOTCA OnMQypKaluy JIMHAN paBHOH (asbl, CBHIE-
TEJIbCTBYIONHE O (OPMUPOBAHIH ,,KOIUHK* HCXOTHOTO OITH-
YEeCKOro BUXPS, CMEIICHHON 3E€PKaJIbHO OTHOCHTEJIBHO IICH-
Tpa (puc. 3,b). JlaHHBI PHUCYHOK HAIISHO MILTIOCTPHPYET
CMEIEHUE OCEBOr0 ONTUYECKOrO BUXPS C POCTOM BBICOTHI
HEOTHOPOIHOCTHU HOBEPXHOCTH N, OTVIOKeHHOM 1o ocH abc-
LMCC B €IMHUIAX UIMHBI BOJIHBL MakcumasibHasi BeJIMYMHA
CMEIIECHUS COOTBETCTBYET TAaKOH BHICOTE, MPH KOTOPOM 1O-
CTUraeTCsl reoMeTpuuecKas pasHocTh xona A = 1/2 Mexny
Y4acTAMH ITy4Ka, OTPa)KECHHBIMH OT IUIOCKOCTEH CTYNEHYaTOon
HeonHoponHocTH (puc. 1, b).

OBOJIIOLIMOHHO 3TOT CJIydail ynoOHO IPOCJIENUTb Ha pas-
JIMYHBIX PACCTOSTHUAX, H3MEPSEMBIX B CIUHUIAX [JIMHBI
Paness oT miiockocTH MCTOYHMKOB, B KOTOPOI HaXOmUTCS
mepoxoBaTass moBepxHoctb. Ha pwmc. 3,c¢ mpm 3adukcn-
POBaHHBIX TNapaMeTpax BHICOTHI M CMEIICHUS] HEOTHOPO.-
HOCTH TIOKa3aHO NpeoOpa3oBaHHE pPACIpENesICHNUs] MOMYJIS
aMIUTUTYAbl 10JI1 U (a3bl Ha PacCTOSHUSAX Z MHOpsaKa OT
HECKOJIBKMX CaHTHMETpPOB 10 onHoro Mmerpa. ITo dazoBomy
MPOQUITIO MOKHO IPOCIIEAUTh MOMEHT ()OPMUPOBAHUS MapPhI
ONTUYECKHX BHUXpeil, HaunHas ¢ 0.5Zgr, B TO BpeMs Kak pac-
HpefiesieHe MOAYJIsl aMIUIUTYAbl prodperaeT N-o6pasHoe
ouepraHue. B nanbHell 30He MU(paknuu OH NpeBpalaeTcs
B COBOCHHBII BUXPEBOH IYy4OK C OOIIMM LIEHTPOM B BHJE
MaKCUMyMa aMILIUTYABI MOJIA.

Takum 0Opa3om, ¢ TOMOIIBIO YUCIICHHON MOEH An(pak-
IIMM TIOKa3aHbl KadeCTBEHHBIC OCOOEHHOCTH IpeoOpa3oBa-
HUS aMIUTUTYBI 1 (pa3bl CHHTYIISPHBIX ITy9YKOB, OTPayKEHHBIX
OT IIEPOXOBATOH IOBEPXHOCTH, YTO MEPCHEKTUBHO IS
Ppa3paboTKN HOBBIX ITOIXOMOB HEPA3pYIIAONIET0 KOHTPOJISL
[TosrydeHHbIe pe3ysabTaThl JEMOHCTPUPYIOT MPUMEHUMOCTD
CHHTYJIIPHBIX ITy4YKOB B 3a7a4ax aHaju3a pejibeda oTpaxaro-
XX MOBEPXHOCTEH, MaKCUMaJIbHBIN IIPONOJIbHBINA MacITad
HEOTHOPOOHOCTEH KOTOPHIX COCTaBJIAECT BEJIMYUHY MOPSANKA
A/4. B 3TOM cilydae coXpaHsieTCs BO3MOXHOCTb H3BJIcYE-
HUA MHGOpPMALUKM O XapakTepe MOBEPXHOCTH U3 (a30BOro
MOpPTpeTa CHHTYJSIPHOIO IIydyKa U HEMOCPEACTBEHHO U3
XapaKTEpPHOro paclpeesieHusl aMILUTUTY/bI OJIS.

®uHaHcupoBaHue pa6oTbl

Pabota BeinonHeHa pu noiepkke Poccuniickoro HayvHO-
ro ¢ouna (rpant Ne 24-12-20013).
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