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AHOTAIIS

Kynisap B.B. OOIrpyHTYBaHHS TIapaMeTpIB €JIIEMEHTIB JIA3€PHUX CHCTEM
1HIIIFOBaHHS BUOYXY 3 BUKOPHUCTAHHSIM CBITJIOYYTJIUBUX KOMIIO3UTIB MPU PyHHYBaHHI
ripcekux nopin. — KBamidikariiina HaykoBa Tparisi Ha MpaBax PyKOIUCY.

Hucepraltiss Ha 3100yTTS HAyKOBOTO CTymeHs jJokTopa ¢urocodii 3a
cnemianpHicTIo 184 T'ipaunTBo — HarioHanbHUN  TEXHIYHUNA  YHIBEPCHUTET
«/lninpoBcrka momiTexHikay, aimpo, 2021.

Mema pobomu — BCTAaHOBUTH 3aKOHOMIPHOCTI 1HII[IIOBaHHS TEPBUHHUX
CBITJIOUYTJINBUX BHOYXOBHUX KOMITO3UTIB BY3bKUMHU JIA3€PHUMH ITyIKaMH IS
CTBOPEHHS €KCIIEPUMEHTAILHOTO 3pa3ka ONTHYHOTO JETOHATOpa Ja3epHOi CHCTEMHU
IHIIIFOBaHHA.

06 exm docnidcenns — P13UKO-XIMIYHI IPOLIECH, 110 PU3BOAATH /10 ACTOHAIII1
CBITJIOUYTJIMBUX BUOYXOBHX KOMITO3UTIB MPH JIii Ja3€pPHOTO BUIIPOMIHIOBAHHSI.

IIpeomem Oocniddicennss — Ja3epHl CUCTEMHM IHII[IFOBAHHS JIETOHALlIl 3apsiiB
BUOYXOBHUX PEUOBHUH.

Memoou oOocnioxcensv. TlapameTpu nazepHoi il Ta 4acCOBl XapaKTEPUCTUKH
MPOIIECY 3amlajiOBaHHS BH3HAYAIHMCS KAIOPUMETPUYHUMH ¥ OINTOCICKTPUIHUMU
MeToJaMH BUMiproBaHHs. [1pyu BU3HAYEHH1 MOPOTY 3amaitoBaHHs BUOYXOBUX PEYOBHUH
BUKOPHCTOBYBAIKCS MMOBIPHICHI METOIU OOPOOKH Pe3ysbTaTiB BUIIPOOYyBaHb. OKpiM
I[OT'0 3aCTOCOBYBAJIMCSI METOJIM KOJOIAHOI XiMIi Ta YUCETbHUM METOJ JJIsl BUBYEHHS
BUITAJIKOBUX TporieciB — metoq Monte-Kapio.

bynu mnpoanamizoBani poOOTH, SKI NPUCBAYEHI MpoOJieMaM 1HIIIFOBAHHS
BUOYXOBUX PEYOBUH JIQ3€pHUM MOHOIMITYJIbCOM, Ta 3pO0JIeHI BHUCHOBKH, MWIO:
YYTJIMBICTh CBITJIOUYYTIMBUX BUOyxoBuX Kommno3uTiB (CBK) go nii inimirorogoro
Ja3epHOT0 MOHOIMITYJIbCY B JCKIJIbKA pa3iB BHUILA 32 YYTIUBICTh YUCTUX BUOYXOBUX
pedoBUH; 3HIDKEHHA nopory iHiniroBaHHs CBK mosxe OyTH 311iliCHEHO 3011bIIEHHIM
IIBUIKOCTI BBEJCHHS C€HEprii JIa3epHOrOo BUIPOMIHIOBAHHS; TPU IHIIIIOBAHHI
neronanii CBK cmig BpaxoByBaTH poO3MIpHHM e(pEeKT — 3alIeKHICTh IOPOTY

HILIFOBaHHS Bl TEOMETPIi JIa3epHOTO My4yKa Ta JOBXHHHU XBWJI BUIPOMIHIOBAHHS;



ITaTHI 1H1iI004Y1 BUOYX0B1 peuoBuHH (IBP) mposBisioTh BUCOKY UyTIUBICTh 10 1ii
JIA3€PHOTO IMITyIECY IIPH BUCOKMX THCKax npecyBanns (>108 I1a), mo ynemoxmmBioe
BUKOPUCTAHHS iX SIK TIEPBUHHUX PEYOBHH B ONTHYHHX JCTOHATOpax; pPOOOTH,
COpsIMOBaHI Ha MIJBUILNEHHSA YYTJIMBOCTI INTATHUX mNepBUHHUX BP 1o nazepHoro
BUIIPOMIHIOBaHHS, Ha BiAMIHY Bix BTOopuHHMX BP, mpoBommmucs B He3HauHIN
KUTBKOCTI JIOCHTIKEHBb; €(eKTUBHE BUKOPHUCTAHHS JIA3€PHUX CHCTEM I1HIIIIOBAHHS
3apsiaiB BP mig gac macoBux BHOYXIB MOXJIMBE IMPH 3aCTOCYBaHHI CBITJIOUYTIHMBHUX
BUOYXOBHUX KOMITO3HUTIB.

Bukonanuii anamiz (i3zuko-MaTeMaTHYHOI MOJENI PO3CIIOBaHHSA CBITJIA B
CEpeNOBUIII J€ BUKOPUCTOBYBABCS YncelbHUN MeTo] MonTe-Kapiio s Bu3HaueHHs
3aKOHOMIPHOCTEH OCBITJIEHOCTI B JU(PY3HO-PO3CIIOI0OUOMY CEPEIOBHUIIl 3 BEIUKOIO
HIUTHHICTIO PO3CIIOBaviB. 3aBISKH 1bOMY 3pO0JIEHO KOpPOTKEe (opMytoBaHHS
(G13MYHOI MOJIENI 3aMajoBaHHs BUOYXOBUX PEYOBHUH JIA3EPHUM MOHOIMITYJIBCOM IS
CTBOPEHHSI ONTHYHOIO JIETOHATOPY: OCEPEIKOBE 3alallfOBaHHS CBITJIOUYTIMBUX
BUOYXOBHUX PEUYOBHH 31MCHIOETHCS B YMOBax 0araTOKpaTHOTO PO3CiIOBaHHS (POTOHIB
Ha TrpaHsx kpuctaiiB BP, ske 3Ha4HO MiBUINYE 00'€MHY OCBITJIEHICTH, a, OTXKE, 1
e(deKTUBHICTh BBEJICHHS EHEPTii JIa3epHOTO IMMYJbCY B MIKPOHEOIHOPITHOCTI
PEUYOBUHU; MIJIBUIIIEHHS OCBITJIICHOCTI B rnMOuHI BP € ogHum 3 HalieekTUBHIIINX
Croco0iB  3HMKEHHSI  TMOpOTry  3amajioBaHHS  BHOYXOBHX  PEYOBHH, IO
BUKOPUCTOBYIOTHCS B ONITUYHUX JIETOHATOPAX 1 CBITYUTH HA KOPUCTH 3aCTOCYBAHHS B
3acobax miapuBaHHS 3apsafiB BP mnepBUHHUMH CBITIOYYTIMBUMH  BUOYXOBUMU
KOMITO3UTAMH.

Bynu mpoBeneHi ekcriepuMEHTaldbHI JOCHIPKCHHS 1HIIIIOBAaHHS JETOHAIlIl
CBITJIOUYTJINBUX MEPBUHHUX BUOYXOBHUX KOMITO3UTIB BY3bKHMH IyYKaMH JIA3EPHOTO
MOHOIMITYJIbCYy. OTpuMaHi pe3yJbTaTH, sIKi CBiI4aTh, IO MPH 3MEHIICHHI PO3MIpIB
Ja3epHOro IMy4YKa (30HU B3a€MOJil) MiABUINYEThCs onTuyHa noTyxkHicth CBK. Ile
MOB'SA3aHO 13 3MEHIICHHSIM KIJIBKOCTI TOTIMHAIOYUX MIKPOHEOTHOPIAHOCTEH
KPUTUYHOI BEJMYMHHU, 1 CYMPOBOKYETHCSA PI3KUM 301TBIICHHSIM CTATUCTUYHOTO
PO3KHUY EKCIIEPUMEHTATBLHUX JaHuX. [Ipy 3MEHIIICHH] liaMeTpy MpOoMeHs d KpUTHYHA

CHepris 1HIMIFOBAaHHS a3y CBUHIIO 3MCHINYEThCS 1 B miyiomy npu d—0 KpuTHYHA



eHepris inimitoBanas Wy 3MeHIIyeTbes 10 MiHIMaiabHOTO 3Ha4deHHS Wi—>Wpin.
Cratuctruunuit po3kus BeanunHu Wy He 3aJIeKUTh BiJl TUIOII OMPOMIHIOBAHHS.

BcranoBnieHo, 1o mpu 3MEHIIEHH! JiaMeTpy JIa3epHOro IydKa, KpUTHYHA
HIUIBHICTB eHeprii iHimiroBanHs 3apsiaiB CBK Ha 0CHOBI a3uy CBUHIIIO 3MEHIIYETHCS.
[TounHarO4HM 3 AiaMeTpy J1a3epHoro myudka 3x10~ ¢cM cIocTepiraeThesi aCHMITOTHYHE
HaOJMKEHHS I1i€1 KPUBO1 10 3HAYCHHS Jiesikoro MiHiMymy. [Ipu aiamerpi nmpoMeHs
2x1073 cM 1inbHICTH eHeprii ininiroBanHs cknagae 18x1073 [Ix/cm?,

[IpoBeneHi [OCHIKEHHST WIOJ0 CHPALIOBaHHS JabOPaTOpPHOTO  3pas3Ky
ONTUYHOTO JIETOHATOpa Ta BCTAHOBIICHO, 10 YyTIHMBICTH gociimkeHoro CBK nHa
OCHOB1 a3WJly CBHHIIO 3aJ€KHUTh BIJI MacoBOi KOHIIEHTpaIlii MOJiMepy: MpHU
30UTBIIEHH] MOTO BMICTY HIUIBHICTh €HEPrii 3alaltOBaHHS 3MEHIIYETHCS 1 JOCATAE
MIHIMQJIBHOTO 3HAYE€HHS, a MOTIM 3pOCTa€ MPHU MOAAIBIIOMY 30LIBIIEHHI BMICTY
nomepy.

Bceranosneno, mo uytiauBicts CBK Ha 0CHOBI a3u1y CBUHIIIO /10 11 JIa3€pHOTO
MOHOIMIYJIbCHOTO BUIIPOMIHIOBAHHS 3aJICKUTH Bl PAJilyCy JIA3€pHOTO MydYKa: YUM
MEHIIIE pajilyCc, TUM OLbIIa MUIbHICTh €HEPril MOTPIOHA /IJIs 3amafOBaHHS.

HaitBaxnuimmmu  akTopamMu, 10 BHU3HAYAIOTh PO3BUTOK MPOLECY
sanmamoBanHs CBK nazepHuM MOHOIMITYJIBCOM, € OCBITIEHICTh B 00’ emi CBK 1 xBuIIi
PO3BaHTAXKEHHS, 0 MOIIUPIOIOTHCS 3 00Ky BIIBHOI (BIAKPHUTOT) TOBEPXHI.

VYhepie eKCnepuMEeHTaIbHO BCTAHOBJIEHO 3aJIEKHOCTI YYTIMBOCTI 10 Ali
J1a3€pHOTO MOHOIMITYJIBCY CBITJIOUYTIUBUX BUOYXOBUX KOMITO3UTIB HA OCHOBI a3y
CBUHLIIO BiJl MACOBOI KOHLIEHTpALli OJIIMEpY.

VYnepiie BCTaHOBJIEHO, IO 3aTprUMKa vacy 3anaintoBanHsd CBK Ha ocHOBI a3uy
CBUHIIIO 301IBIIYETHCS SK MPU 3MEHIIICHHI MAacOBOi KOHIIEHTpAIlii MojimMepy, TakK 1
P 3MEHITIICHH] TOBIIIMHM APy KOMITO3HTY.

Hayxosi nonosicenns, wo UHOCAMbCA HA 3aXUCT

1. 3arpumka yacy 3anamoBaHHs HoBoro CBK Ha OCHOBI a3uay CBHHINIO 1
nomimepy [IMBT-3M 3 koHueHTpartiiero macu 5 — 25 % BiJ MOYaTKy Jli JJa3€pHOTO
IMITYJIbCHOTO BUTIPOMiHIOBaHHS ckiianae (4—50) MKC, IpH 1[bOMY, 3MEHITIICHHST BMICTY

nomimMepy Bif 25 no 5% nns 3anamoBanHss CBK notpeOye y nBiul OiibInoi eHeprii



BUIIPOMIHIOBaHHS, aJie, SIKIIO BMICT MOJIMepy ckianae MeHie 5 %, TO 3analtoBaHHA
CBK He BinOyBaeTbcs, IO MpH 3aCTOCYBaHHI HAJa€ MOXKJIHUBICTh BHKOHYBAaTH
KepoBaHe 1 mpenusiiiHe iHiniroBanHs aetoHarii CBK B ontuunomMy netonartopi.

2. 31 3MEHUIECHHSM J[laMeTpPy JIa3epHOr0 MPOMEHS 3 AOBXKHUHOIO XBHII 1,06 MKM
3 TpHBamicTIO MoOHoiMmyimbca 22x10° ¢ moBepxHeBa INIIBHICTH MiHIMaIIBHOI
MOBEpXHEBOi eHeprii iHimiroBaHHA Wy HOBOTO CBITJIOYYTIMBOIO BHOYXOBOIO
koMmmo3uty (CBK) Ha 0CHOBI a3u]ly CBUHITIO 3MEHIIYEThCS, TIPU LIOMY, IOYUHAIOYH 3
miamerpy 1,5x10% M, KpWBa 3aI€KHOCTI AaCHMIOTOTHYHO HAOIMKAETBCS IO
MiHiMaJIbHOTO 3HaYeHHs 18 MJ/cM?, a OpOroBa IIiILHICT eHeprii iHililoBanHa Ex
cranoButh 85 MJIx/cM? mpu mgiamerpi mydka 0,5 MM, IO J03BOJISE BHOpATH
pallioHalibHI TapaMeTpu JaszepHoro mydka s iHimiroBanHds CBK y 3acofax
1IpPUBAHHS.

OcHoeHi HayKo6l pe3yibmamu ma ix HO8U3HA

1. OTpumana nogaublInil pO3BUTOK YKCEIbHA MOJEIb MOLIUPEHHS Ja3€pPHOTO
BUIIPOMIHIOBaHHS B 00’ €M1 CBITJIOUYTIUBOIO BUOYXOBOI0 KOMIIO3UTY Ha OCHOBI a3UIy
CBUHI[IO, IO JIO3BOJIMJIO BIIEpIIE OTPUMATH BIPOTIAHI PE3yJbTaTH PO3MOALTY
OCBITJICHOCTI MO TJIMOMHI BHUOYXOBOTO KOMITO3UTY Ta 3pOOUTH BHUCHOBKH I10JI0
ocepenkoBOro MexanizMy 3anantoBanHsi CBK Ha oCHOBI a3uay CBUHIIIO.

2. Ynepiie eKCIepuMEHTAIbHO BCTAHOBIIEHO, 1110 3MEHIIIEHHS TOBLIUHU 3pa3KiB
CBK Ha oCHOBI a3ujy CBHHITIO a00 3MEHIICHHS MacoOBOI KOHIIGHTpaIlli Iomimepy
3HIKYE OCBITJIEHICTh B 00’emi mapy CBK 3a paxyHok BTpatu (OTOHIB Ha
MPOTUJICKHIN TPaHUIl KOMITO3UTY, TOOTO dYacTka (OTOHIB CTa€ HE 3aJISTHOI0 B
3arajJbHOMY TIpoleci (OpMyBaHHS OCEpEAKIB 3alalioBaHHsA, W0 NOTpedye
30UTBLIECHHS €HEPTii JIJA3epHOTO BUIIPOMIHIOBAHHSI.

3. VYnepie BCTaHOBIEHO, IO 3aTpuMKa vacy 3anamoBaHHs CBK Ha ocHOBI
a3uJly CBUHIIIO 30UIBIIYETHCS SIK MPU 3MEHIIEHHI MacOBOi KOHIIEHTpALll MoJIMepy,
TaK 1 MPU 3MEHIICHHI TOBIIMHM IIapy CBITJIOYYTIUBOTO BUOYXOBOI'O KOMIIO3UTY Ha
OCHOBI a3U/ly CBUHIIIO.

4. VYmnepie eKClepUMEHTAIbHO BCTAHOBJIEHO, IO TapaHTOBAHWNA MIAPUB

NEPBUHHOTO CBITJIOUYTJIMBOIO BHOYXOBOTO KOMIIO3UTY B 3aco0ax MiApWUBaHHS



Ja3epHUX CHUCTEM 3JIHCHIOETHCS 3a YMOB OOOB’SI3KOBOTO TMEPEBUILECHHS TMEBHUX
MiHIMaJbHUX 3HAY€Hb TOBIIMHU IIapy nepBuHHoro CBK, macoBoi koHIeHTparii
noimepy B CBK Ta eHepreTHYHNX 1 reOMETPUYHUX XapaKTEPUCTHK JIA3EPHOTO IyJKa.

Ipakxmuuni pesynomamu pobomu

Po3po6ieHo  ekcreprMEHTanbHy TEXHOJOTII0 OTPUMaHHS TEPBHUHHOTO
HIIIIOIYOT0 CBITJIOUYTIMBOI0 BUOYXOBOTI'O KOMIIO3UTY Ha OCHOBI a3U 1y CBUHIIIO JJISI
BUKOPUCTAaHHA B 3aco0ax MIAPUBAHHS 3apsAiB BUOYXOBUX PEUOBUH JIA3€pPHUMU
CHUCTEMaMHU.

CTBOpEHO EKCIepUMEHTaIbHI 3pa3Kd ONTUYHUX JIETOHATOPIB MUTTEBOI i,
IPOBENICHI BUMPOOYBAHHS 1HILIIOIOYOI CIPOMOKHOCTI 32 METOJAMKO BUIIPOOYBaHHS
HITaTHOTO KamcCyJs-I1eTOHATOPA.

PexomeH0BaHO TpU BUKOPUCTAHHI TEXHOJOT1i OTPUMAHHS CBITJIIOUYTIMBUX
BUOYXOBHUX KOMIIO3UTIB 3aCTOCOBYBATH BUXIJAHI MIKPOKPUCTAIM a3UAYy CBHHIIO 3
nedekTaMu KpUCTaIiyHoi OyJ0BH 1 MIKPOHEOHOPITHOCTSIMU Ta MIKPOBKITIOUEHHSIMU
PI3HOT'O OXO/KEHHSI, OCKIJIbKHA IIPH L[bOMY 30LJIbITY€THCS BIPOT1IHICTD 1HILIFOBAHHS
JIA3epHUM IMITYJILCOM 13 33JIaHOI0 CHEPTIEIO.

OTtpumaHni B poOOTi pe3yJabTaTH MOXKYTh OYTH BUKOPHUCTAHI Y TAKUX TaTy3sIX K
ripHU4oBU00yBHA, KOCMiYHA, MalIMHOOY11BHA, BiliCbKOBa, Oy/iBelibHA, a TAKOXK 1 B
TaKMX, JI€ 3aCTOCYBaHHS TPAAMIIIMHUX CHUCTEM IHIIIIOBaHHS a00 MPHUHIIUIIOBO
HEMOJKJIUBE, a00 MOB’s13aHE 3 BETUKUMH TPYIHOIIAMHU IPAKTUYHOTO XapaKTepy.

Obrpynmosanicms | 00OCMOBIPHICMb  HAYKOBUX NONONCEHb, BUCHOBKIB |
pekomenoayitl pooomu MATBEPKEHI KOPEKTHICTIO 3aCTOCYBAaHHS (PyH/IaMEHTAIbHUX
3aKOHIB (I3MKH, Yy TOMY YHCIl, XIMIYHOI (I3UKH, IMITAllHHO-MAaTEMATUYHOTO
MOJICTIOBaHHS, pe3yJibTaTaMU €KCIIEPUMEHTAILHUX JTOCIIIKEHb 1 33I0BUIBHOMY 301Ty
PE3YNBTATIB YHCEIBHOTO MOJICITIOBAHHS 3 €KCIIEPUMEHTATHBHIUMH.

Hayrxose 3nauennss pobomu monsira€ 'y BCTAHOBJICHHI 3aKOHOMIPHOCTEH
MONIUPEHHS JIA3EPHOTO IMITYJIBLCHOTO BHUIPOMIHIOBAHHSA B 00’€Mi CBITJIOUYTIUBOTO
BUOYXOBOT'O KOMIIO3UTY Ha OCHOBI a3U]ly CBUHIIIO, @ TAKOX y BCTAHOBJIICHHI (h13UKO-
XIMIYHOTO MeEXaHI3My YTBOPEHHS OCEpElKiB 3alajlOBaHHs, IO MNPU3BOAUTH 0

IHIIFOBAHHA CTIMKOI JeTOHAaIl.



Ilpakmuune 3nauenHss pooomu TONATAE€ y BCTAHOBJIICHHI Ta OOIPYHTYBaHHI
(b13UKO-TEXHIYHUX MAPAMETPIB 1 TEOMETPUIHUX XaPAKTEPUCTUK Ja3€PHOTO MPOMEHS
Ta 1HIMIFOIOYOTO CBITJIOYYTIMBOTO KOMIIO3UTY, BHUKOPHUCTAHHS SIKUX JIO3BOJIMJIO
CTBOPUTH ¥ BHUMPOOYBaTH MPHHIIMIIOBO HOBHH 3pa30K ONTHYHOTO JCTOHATOPY IO
Ja3epHUX CUCTEM IHILIIOBaHHS 3aps/iB BHOYXOBUX PEUOBHUH.

Knrouosi cnosa: cBITIOUYTIMBI BUOYXOB1 KOMIIO3UTH, ONTHYHUN JE€TOHATOD,
Ja3epHa CHCTEMa IHIIIIOBAaHHS, 3aTpUMKa 4acy 3alaJiOBaHHS, JIa3epHUN MPOMiHb,

(b13UKO-TEXHIYHI TapaMeTpH, OJTIMED.
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ABSTRACT

Kulivar V.V. Substantiation of the parameters of certain components of the blast-
initiation laser systems involving light-sensitive composites in the process of rock
breaking. - Qualifying scientific work as a manuscript.

Thesis for the degree of Doctor of Philosophy in the specialty 184 Mining. -
Dnipro Polytechnic National Technical University, Dnipro, 2021.

The purpose of the work is to establish the regularities of initiation of primary
light-sensitive explosive composites by narrow laser beams to create an experimental
sample of a laser initiation system optical detonator.

The object of study - physico-chemical processes that lead to the detonation of
light-sensitive explosive composites under the action of laser radiation.

The subject of research - laser systems to initiate detonation of explosive
charges.

Research methods. Laser action parameters and time characteristics of the
ignition process were determined by calorimetric and optoelectric measurement
methods. While determining the ignition threshold of explosives, probabilistic methods
of processing test results were used. In addition, the methods of colloid chemistry and
the numerical method for studying random processes - the Monte Carlo method - were
used.

The works devoted to the problems of initiating explosives by laser monopulse
were analyzed, and it was concluded that: the sensitivity of light-sensitive explosive
composites (LSEC) to the action of the initiating laser monopulse is several times
higher than the sensitivity of pure explosives; lowering the initiation threshold of the
LSEC can be done by increasing the rate of energy input of laser radiation; when
initiating the detonation of the LSEC should take into account the dimensional effect -
the dependence of the initiation threshold on the laser beam geometry and the
wavelength radiation; standard initiating explosives (SIE) show a high sensitivity to
the action of the laser pulse at high compression pressures (> 108 PA), which makes it

impossible to use them as primary substances in optical detonators; work aimed at
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increasing the sensitivity of regular primary explosives to laser radiation, in contrast to
secondary explosives, was carried out in a small number of studies; effective use of
laser systems to initiate explosive charges during mass explosions is possible with the
use of light-sensitive explosive composites.

An analysis of the physico-mathematical model of light scattering in a medium
where the numerical Monte Carlo method was used to determine the patterns of
illumination in a diffuse-scattering medium with a high density of scatterers was also
performed. Due to this, a brief formulation of the explosives ignition physical model
with a laser monopulse to create an optical detonator was performed: focal ignition of
light-sensitive explosives is carried out under conditions of photons multiple scattering
on the faces of explosive crystals, which significantly increases the bulk illuminance
and, consequently, the laser pulse energy efficiency in the matter microhomogeneity.
Increasing the illumination in the depth of explosives is one of the most effective ways
to reduce the ignition threshold of explosives used in optical detonators and in favour
of the use in means of detonating explosive charges with primary light-sensitive
explosive composites.

Experimental studies of initiation of light-sensitive primary explosive
composites detonation by narrow beams of a laser monopulse were carried out. The
results obtained show that when the size of the laser beam (interaction zone) decreases,
the optical power of the LSEC increases. This is due to a decrease in the number of
absorbing microhomogeneities of critical magnitude, and is accompanied by a sharp
increase in the statistical scatter of experimental data. As the beam diameter d
decreases, the critical initiation energy of lead azide decreases, and in general at d—0
the critical initiation energy W decreases to the minimum value Wi—>Whpin. The
statistical scatter of Wy does not depend on the irradiation area.

It is established that as the diameter of the laser beam decreases, the critical
initiation density energy of lead-based azide charges decreases. Starting from the
diameter of the laser beam 3x10-3 cm, an asymptotic approach of this curve to the value
of some minimum is observed. With a beam diameter of 2x10- cm, the initiation

energy density is 18x1073 J/cm?.
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Studies on the operation of an optical detonator laboratory sample and found that
the sensitivity of the studied LSEC based on lead azide depends on the polymer mass
concentration: with increasing its content, the ignition energy density decreases and
reaches a minimum value, and then increases with further increase in the polymer
content.

It is established that the sensitivity of lead-based azide to the action of laser
monopulsed radiation depends on the radius of the laser beam: the smaller the radius,
the greater the energy density required for ignition.

The most important factors that determine the development of the process of
ignition of the LSEC by a laser monopulse are the illumination in the volume of the
LSEC and the unloading waves propagating from the free (open) surface.

For the first time, the sensitivity dependences to the action of a light-sensitive
explosive composites laser monopulse based on lead azide on the mass concentration
of the polymer were experimentally established.

It was found for the first time that the ignition time delay of LSEC based on lead
azide increases both with a decrease in the mass concentration of the polymer and with
a decrease in the thickness of the composite layer.

Scientific statements submitted for defense

1. The delay of the ignition time of a new LSEC based on lead azide and polymer
IIMBT-3M with a mass concentration 5 — 25 % from the onset of action of laser pulsed
radiation is (4-50) us, while reducing the polymer content from 25 to 5 % requires to
ignite the LSEC twice as much the radiation energy, but, if the polymer content is 5 %
or less, the ignition of the LSEC does not occur, which in use makes it possible to
perform controlled and precise initiation of the detonation of the LSEC in the optical
detonator.

2. With decreasing diameter of the laser beam with a wavelength of 1.06 pum
with a monopulse duration 22x107° s, the surface density of the minimum threshold
energy of initiation Wy of a new light-sensitive explosive composite (LSEC) based on
lead azide decreases, while starting from a diameter of 1,5x10* m, the dependence
curve asymptotically approaches the minimum value of 18 mJ/cm?, and the threshold
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energy density of initiation Ey is 85 mJ/cm? with a beam diameter of 0,5 mm, which
allows you to choose the rational parameters of the laser beam to initiate the LSEC in
the means of detonation.

Main scientific results and their novelty

1. Numerical model of laser radiation propagation in the volume of light-
sensitive explosive composite based on lead azide has been further developed, which
allowed for the first time to obtain reliable results of light distribution along the depth
of the explosive composite and to draw conclusions about the focal mechanism of
ignition of LSEC based on lead azide.

2. For the first time it was experimentally established that reducing the thickness
of the LSEC samples based on lead azide or reducing the mass concentration of the
polymer reduces the illumination in the volume of the layer due to loss of photons at
the opposite boundary of the composite, that is, the fraction of photons becomes not
involved in the overall process of ignition cells formation, which requires an increase
in the laser radiation energy.

3. It was found for the first time that the ignition delay time of lead azide-based
LSEC increases both when the mass concentration of the polymer decreases and when
the layer thickness of the light-sensitive explosive composite based on lead azide
decreases.

4. For the first time it was experimentally established that guaranteed detonation
of primary light-sensitive explosive composite in means of laser systems detonation is
carried out under obligatory exceeding conditions of certain minimum values of
primary layer thickness, mass polymer concentration in LSEC and energy and laser
beam geometric characteristics.

Practical results of research

An experimental technology for obtaining a primary initiating light-sensitive
explosive composite based on lead azide for use in means of detonating explosive

charges by laser systems has been developed.
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Experimental samples of instantaneous optical detonators were created, tests of
initiating ability were carried out according to the testing a standard detonator capsule
method.

It is recommended to use the source microcrystals of lead azide with defects of
crystal structure and microhomogeneities and microinclusions of different origin when
using the technology of obtaining light-sensitive explosive composites, as this
increases the probability of initiation by a laser pulse with a given energy.

The results obtained in this work can be used in such areas as mining, space,
engineering, military, construction, as well as in those where the use of traditional
initiation systems is either fundamentally impossible or associated with great practical
difficulties.

The wvalidity and reliability of scientific statements, conclusions and
recommendations are confirmed by the correct application of the fundamental laws of
physics, including chemical physics, simulation and mathematical modelling, the
results of experimental research and the satisfactory coincidence of the results of
numerical modelling with data of experiments.

The scientific significance of the work is to establish the patterns of propagation
of laser pulsed radiation in the volume of light-sensitive explosive composite based on
lead azide, as well as to establish the physicochemical mechanism of ignition centres,
which leads to the initiation of stable detonation.

The practical significance of the work is to establish and substantiate the physical
and technical parameters and geometric characteristics of the laser beam and the
initiating light-sensitive composite, the use of which allowed creating and testing a
fundamentally new model of optical detonator for laser systems initiating of
explosives.

Key words: light-sensitive explosive composites, optical detonator, laser
initiation system, ignition time delay, laser beam, physical and technical parameters,
polymer.
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BCTYII

AKTyajbHicTb po0oTH. [3 3acTocyBaHHSM BHOYXOBHX  TEXHOJIOTIH
TIPHUYOBUIOOYBHUMHU MIANPUEMCTBAMH B CEPEAHBOMY BHI00YBA€THCS OIU3BKO
70 % BCi€l Macu KOPUCHUX KOMAIHMH. Y IUIOMY K FpHUYA IPOMUCIIOBICTh € OCHOBHUM
CHOXXKMBAa4eM BHUOYXOBHX PEYOBHMH, C€HEPrOHACMYECHUX KOHICHCOBAHUX CHCTEM 1
3aco0iB MIIPUBAaHHS Pi3HOrO Mpu3HadeHHs. [lianmpueMmcTBa, 10 CHEIiadi3ylOThCA B
00JacTi po3poOKH 1 BUTOTOBJICHHSI 3aCO01B 1HII[IFOBAaHHS JIETOHAIIIT 3apsi/iiB BUOYXOBHUX
peuoBuH (BP), Benmuky yBary NpuauIsiOTh SIK BUPIIMIEHHIO MHTAHb TEXHIYHOIO
PO3BUTKY, TaK 1 BUPIINICHHIO aKTyaJlbHUX 3aJa4 OXOPOHHU Tpaili, Oe3meku poOiT Ta
€KOJIOT1i HABKOJHUIIIHBOTO CEPEIOBHIIIA.

HaliBa)xyiuBill MOKa3HUKH BUPOOHUITBA TIPHUYOBUIOOYBHUX MIATIPUEMCTB —
TakKi, K pIBE€Hb OE3MEKH Mparlli 1 MPOAYKTUBHICTh POOIT, 0COOIMBO B CKIIATHUX YMOBaX
M1JI3EMHO1 PO3POOKHU POJOBUILl KaM’ STHOTO BYTUUISI - 3aJI€kKaTh TOJIOBHUM YMHOM BiJ]
TIPHUYO-TEOJIOTIYHUX 1 TEXHOJOrIYHUX (akTopiB, 1m0 HAOYyBalOTh OCOOJIMBOL
aKTyaJIbHOCTI IiJT Yac MiATOTOBKM, OpraHi3allii Ta MpoBeACHHS MIAPUBHUX POOIT.

CyvacHi BUMOTH A0 €(EKTHUBHOCTI PYyMHYBAaHHS TIPCBKHX MOpia, O€3neku i
MPEU31HHOCTI BUKOHAHHS BUOYXOBHUX POOIT 00YMOBIIIOIOTH HEOOX1THICTh CTBOPEHHS
HOBHUX 3aC001B 1HILIIOBaHHS 3apsiB BUOYyxoBux peuoBuH (BP), MeHm HeOe3neuyHnx
nepBuHHUX BP, cucreM iHiliOBaHHS 3apsAiB BUOYXOBUX PEUOBUH 3 BEJIHMKUM
GI3UYHUM TIOTEHINAIOM, O€3MEeYHUX y TIOBOJKEHHI Ta i 4ac MOHTaXY IiIPUBHOT
Mepexi, TOOTO cucTeM, siki 0a3yl0ThCsl HA HOBUX (DI3UYHUX MPUHLIUIIAX.

OpHi€l0 3 TakMX CHCTEM, IO MalTh BHUCOKY CTIMKICTh A0 PI3HOMaHITHHUX
€JICKTPOMArHITHUX JiH, € ONITUYHA CUCTEMA 1HII[IFOBAaHHS 3apsi/iiB BUOYXOBUX PEUOBHH,
nepumi 3pa3ok skoi OyB po3poOneHut 'y 1995 p. daxiBusgmu HarioHanbHOTo
TEXHIYHOTO YHIBepcHUTETY “‘/IHIMpOBChKa MOMITEXHIKA .

JlazepHe iHILIIOBaHHS 3a0e3neuye HaWBUIIMKM PIBEHb 130JIbOBAHOCTI ONTUYHOIO
JIETOHATOpa BiJl MCEBIOIMITYJIbCIB, L0 MEPEAAIOTHCS MO JiHIi 3B'A3KY 3 IMITYJIbCHUM
Ja3epoM TOMY, III0 B ONTUYHOMY J1aria30H1 BICYTHI BUTIAJIKOBI JpKEpeEsa 3 MOTYKHICTIO,

sKa € JOCTaTHHOIO /IS TMIAPUBAHHS JeToHaTopiB. ONTHYHI I€TOHATOPH HE YYTJIUBI J0
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€JIEKTPOMArHITHUX HaBEJCHb 1 3apsi/iiB CTATUYHOI €IEKTPUKHU. [ OJIOBHUM €JIeMEHTOM
Ja3epHOI CUCTEMH IHIIIIOBAaHHS € CBITJIOYYTJIMBI BUOYXOBI KOMIO3UTH — HOBHUH KJIAc
iHimirorounx BP, mo BXomasaTh 10 CKJIaAy ONTHUYHUX JIETOHATOPIB Ta 1HIIMX 3ac00iB
T JpUBAHHSL.

3a JaHUMH JiTepaTypHUX JKEpel 1 MaTeHTHOT iHpopMaIlil TeXHIUHI pillleHHs 32
CBOIMH (PI3MUHMMHU XapaKTEPUCTUKAMU 1 MapamMeTpaMyd €KOJIOTIYHOI Oe3neKu
HaOJIMKAIOTHCS /10 HalOe3MeyHIT0T CUCTEMHU 1HII[IFOBaHHS, HA ICHYBaHHS SIKOi HE OJTUH
pa3 3BepTaju yBary y CBOiX HayKOBHUX mparisax ¢axisili JHITPOBCHKOT MOMITEXHIKH (Ta
Cankr-IleTepOyp3cbKOro TEXHOJIOTIYHOTO YHIBEPCUTETY).

OnHuUM 3 HAMBaXJIUBIIMIMX €JIEMEHTIB ONTUYHOI CUCTEMH 1HII[IFOBAHHS 3apsiIiB
BP € ontuunuii neroHaTop, (pi3MKO-TEXHIYHI Ta BHOYXOB1 XapaKTEPUCTUKHU SIKOTO
MalOTh IIUPOKUH CIIEKTP BIUIUBIB HE TUILKM HA OE3MEKOBY CKIIAJIOBY MIJPUBHUX POOIT
B3araji, CTyMNiHb MPEHU31iHOI J1i 0COOJMBO NMpPH MAcOBOMY IIJIPUBaHHI, aje ¥ Ha
¢dpakuiiiHuil ckiag 3pyHHOBaHOI Tipchbkoi mopoau. CHpalbOBYBaHHS ONTHYHOIO
JIETOHATOPY 3AIACHIOETHCS MUISIXOM MiJpUBaHHS MEPBUHHOTO CBITIOYYTIMBOTO
BUOYXOBOT'O KOMIIO3UTY JIa3€pHUM IMITYJIbCHUM BHIPOMIHIOBAHHSM, SIKE TIEPEAAE€THCS
ONTOBOJOKOHHUM KaOenem. BuOyx CBITIOYYTIMBOTO BHUOYXOBOTO KOMIIO3HUTY
(nepsunHa BP) Haxiiino 30y1Kxye nertoHailiro y BropunHiii BP. Ha neit vac orpumana
JOCTATHsI KUTBKICTh CBITIOUyTIIMBUX BP, mpote st iX mMpakTHYHOTO BUKOPUCTAHHS
MOTPiOHI EeKCTIEPUMEHTAJIbHI JTOCIIIJKEHHS Ta PO3PAXyHKOBI YUCEIbHI (KOMI IOTEPHI)
MO, IO JAO3BOJISTh BHU3HAUATH IMapaMeTpy JIa3epHOTO BUIIPOMIHIOBAHHS Ta
3aKOHOMIPHOCTI B3a€MOAIl BHUIIPOMIHIOBaHHS 3 CBITJIOUYTJIMBUM BHUOYXOBUM
KOMITO3UTOM. TakuM UYMHOM, aKTyaJdbHICTh POOOTH MOJIATAE y CTBOPEHHI HAYKOBO
OOIpYHTOBAaHHUX HOBUX 3aCOO0IB MiIPUBAHHS 3apsi/iiB BUOYXOBUX PEUOBUH.

3’830k po00THM 3 HAYKOBHMH IMporpaMaMu, IUIAHAMH | TeMaMHu.

JHuceprailisi BUKOHaHA 3TAHO 3 MJIaHOM poOiT HaykoBo-HaBYaNbHOTO LEHTPY
GI3UKM  CHeproHAaCHMYCHUX MartepiajaiB 1 TMpPOIeciB, BIAMOBIIHO O OJHOTO 3
MPIOPUTETHUX HAMPSAMIB HAYKOBO-IIOCHIIHUX POOIT B 00JIACTI CTBOPEHHS HOBHUX
3pa3KiB TEPBUHHUX BHUOYXOBUX pPEUOBHMH, 3ac0o0iB migpuBaHHSA 3apsaiB BP Ta

CTBOpEHHS e(EeKTHBHMX 1 OUIbII O€3MeYHUX y BUKOPUCTAHHI OypOMiAPUBHUX
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KOMILJIEKCIB SIK TEXHIYHUX CHUCTEM.

Merta i 3ana4i 10CJTiI2KEHb.

MeTta — BCTaHOBUTH 3aKOHOMIPHOCTI 1HILIFOBaHHS IEPBUHHUX CBITJIOUYTJIMBHX
BUOYXOBUX KOMIIO3UTIB BY3bKUMHU JIA3€pHUMH Iy4YKaMd I CTBOPEHHS
eKCIIEPUMEHTAIBHOTO 3pa3ka ONTUYHOTO IETOHATOPA JTa3€PHOT CUCTEMH 1HIIIFOBAaHHSI.

JI71s1 HOCSITHEHHS TTOCTaBJICHOI METH HEO0OX1/THO BUPIIIMTHA HACTYITHI 3a/1a4i:

1 — BUKOHATH aHaJI3 ICHYIOUHNX KOHCTPYKI[IH ONTUYHUX JIETOHATOPIB 1 (h13UKO-
XIMIYHMX BIACTHBOCTEH TMEPBUHHUX CBITIOUYTIMBUX BHUOYXOBHX pPEYOBUH 1
MOB'A3aHUX 3 HHUMH MeEXaHI3MIB 3anaigroBadHHs BP 1 omiHUTH X MOXKIHMBICTD
BUKOPHCTAHHSA B MPOIEecax Ja3epHOro 30y KECHHs IeTOHAIIIT;

2 — 3ampONOHYBAaTH MEXaHI3M IHIIIIOBaHHS JIETOHAILIMHOTO MEPETBOPEHHS y
azufax MeTaliB;, BHUKOHATU (I3UKO-MATEMAaTUYHE MOJEIIOBAHHA PO3CIIOBAHHS
¢oToHIB y Jaudy3HO po3cirodoMy cepenoBuill (y BHUOYXOBIM pPEYOBHHI) 3
BUKOPHUCTAaHHAM iMiTalliiinoi moneni Mounre-Kapiio;

3 — BCTQHOBUTH 3aKOHOMIPHOCTI [ii BY3bKMX IMy4YKiB Ja3e€pHOTO
MOHOIMITYJIbCHOT'O BUIIPOMIHIOBaHHS Ha MPOLEC 3aMaIFOBaHHsI BUOYXOBUX PEUOBHUH;

4 — cTtBOpUTH O€3MEYHUIN Yy TMOBOJKEHHI JIAOOPATOPHHUI 3Pa30K ONTUYHOTO
JIETOHATOpa, TMPOBECTH EKCIEPUMEHTANIbHI JOCHIIKEHHST MOro  1HIIIIOBaHHS
IMITyJIbCHUM JIa3€pHUM TPOMEHEM Ta MPOBECTH BUIIPOOYBAHHS MOTrO 1HIIIIOIOYOi
CIIPOMOJKHOCTI.

O00’exT gocaimkeHb. PI3UKO-XIMIYHI MPOLIECH, IO NPU3BOAITH 10 AETOHAILI]
CBITJIOUYTJIMBUX BUOYXOBHX KOMIO3UTIB IPH i1 JIa3epHOTO BUIPOMIHIOBAHHSI.

Ipeamer pociigzkeHb — Ja3epHI CUCTEMU IHIIIIOBAHHS JETOHAIlll 3apsiiB
BUOYXOBHUX PEUOBHUH.

Metoau pocaimkenn. [lapamerpu naszepHoi Aii Ta 4acoBi XapaKTEpPUCTUKU
IpoIecy 3amaliOBaHHS BHU3HAYAIUCS KAJIOPUMETPUUYHUMHU M ONTOCIEKTPUIHUMHU
MeTOoaMu BUMiproBaHHs. [1pyu BU3HAYEHH] MOPOTY 3amaitoBaHHs BUOYXOBUX PEYOBHUH
BUKOPHCTOBYBAIHCS MMOBIPHICHI METOIM OOPOOKH Pe3ysbTaTiB BUIIPOOyBaHb. OKpiM
HOTO 3aCTOCOBYBAJIMUCS METOAM KOJIOIAHOI XiMii, a TaKOXX METOJ] KOMIM'IOTepHOi

CUMYJISILIT 17151 TPUOIM3HOTO BIATBOPEHHS peajbHUX SIBUI, 30KpeMa, MeToa MoHTe-
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Kapo.

Ines poGoTu monArae y BHKOPUCTaHHI JIa3€pHOTO HAHOCEKYHIHOTO
MOHOIMITYJIbCY SIK €()eKTHUBHOTO (paKkTOpa, IO 1HIIII0€ XIMIYHE IEPETBOPEHHS y GOopMi
JIeTOHAIlI{ CBITJIOYYTIMBUX BUOYXOBHUX KOMITO3HUTIB.

HayxkoBi nos10:keHHs, 1110 BAHOCSITHCS HA 3aXUCT

1. 3arpumka yacy 3anamoBaHHs HOBoro CBK Ha ocHOBI a3umy CBUHLIO i
nomimepy [IMBT-3M 3 koHnenTpaiiero macu 5 — 25 % BiJ oyaTKy Aii JIa3€pHOIrO
IMITYJICHOTO BUITPOMIiHIOBaHHSI cKiafae (4—50) MKC, IpH IIbOMY, 3MEHITIICHHS BMICTY
noimMepy Bif 25 no 5% s 3anamoBanHss CBK notpebye y aBiuil OiibInoi eHeprii
BUIPOMIHIOBaHHS, aJie, SIKIIO BMICT MOJIIMEPY CKiadae MeHie 5 %, TO 3anaatoBaHHS
CBK He BiaOyBaeTbcs, 11O MpU 3aCTOCYBaHHI HAaJla€ MOXKJIMBICTb BHUKOHYBaTU
KepoBaHe 1 mpenu3iiiHe iHimitoBanHs aeroHamii CBK B ontuynomy neToHatopi.

2. 31 3MEHIICHHSM Jl1laMeTpy Ja3epHOr0 MPOMEHS 3 JTOBXKUHOIO XBUii 1,06 MKkM
3 TpUBANICTIO MoOHOiMmynbca 22x107° ¢ mnoBepxHeBa MNIUIBHICTH MiHIMAIBHOI
MOBEPXHEBOI eHeprii 1HiuitoBaHHA Wy HOBOro CBITJIOYYTIMBOIO BHOYXOBOIO
komno3uty (CBK) Ha 0CHOBI a3uly CBUHIIIO 3MEHIIIYETHCSA, IPU 1IbOMY, TOUMHAIOUH 3
miamerpy 1,5x10* M, KpHMBa 3al€XHOCTI AaCHMITOTUYHO HAOIMXACTHECS IO
MiHiMaJIbHOTO 3HaueHHs 18 mJx/cM?, a MOPOroBa MIUIbHICTh €Heprii iHiItoBaHHs Ex
cranoButh 85 MJx/cM? mpu giamerpi mydka 0,5 MM, IO HO3BOISC BHOpaTH
palioHaJIbHI TIapameTpu JazepHoro mydka Ui iHimitoBanHs CBK y 3acofax
1IPUBAHHS.

OcHOBHI HayKOBI pe3y/IbTaTH Ta IX HOBH3HA

1. Orpumana noJagplIdii pO3BUTOK YUCEIbHA MOJIEb MTOIIMPEHHS JA3€PHOTO
BUIIPOMIHIOBaHHS 1 00’ €M1 CBITJIOUYTJIMBOTO BUOYXOBOT'O KOMITIO3UTY Ha OCHOBI a3uIy
CBUHIIIO, MO0 JO3BOJHMJIO BIIEPIIE OTPUMATH BIPOTIAHI PE3yIbTaTH PO3MOALTY
OCBITJICHOCTI MO TJIMOMHI BUOYXOBOTO KOMIIO3UTY Ta 3pPOOUTH BUCHOBKU OO
ocepenkoBoro Mexanismy 3anantoBanHs CBK Ha ocHOBI a3u1y CBUHIIIO.

2. Ynepiiie eKkCrepuMeHTaTbHO BCTAHOBIICHO, IO 3MEHIIICHHS TOBIITUHU 3Pa3KiB
CBK Ha ocHOBI a3uay CBUHIIO Bil | MM (SIK 1 3MEHIIIEHHS MacOBOi KOHIIEHTpaIlli

noJiiMepy) 3HUXKY€ OCBITIIeHICTh B 00’ eMi mapy CBK 3a paxyHok BTpaT (GOTOHIB Ha
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MPOTWICKHIN T'paHUIl KOMIIO3UTY, TOOTO 4YacTka (POTOHIB CTa€ HE 3aJliF0OBAaHOIO B
3arajJpHOMY TIporeci (OpMyBaHHS OCEpEAKIB 3alaliOBaHHSA, IO TOTpedye
301JIbIIIEHHS €HEPTii JTa3epHOTO BUIPOMIHIOBAHHS.

3. Ymepuie BCcTaHOBJIEHO, IO 3aTpuMka vacy 3anamoBaHHs CBK Ha ocHOBI
a3uy CBUHITIO B Mexkax (4—50) MKC 301IbIITYEThCS TPX 3MEHIICHHI 3HadeHb (25+2) %
MacoBoi koHIeHTpallii nojgimepy IIMBT-3M.

4. VYmnepie eKCIepUMEHTAIbHO BCTAHOBJIEHO, IO TapaHTOBAHWNA TMIAPUB
nepsuHHOro CBK Ha OCHOBI a3ujay CBUHIIIO B ONTHYHUX JETOPHATOPAX JIA3epHHUX
CUCTEM 3J1HCHIOETHCS 3a YMOB 000B’SI3KOBOT'O MOABIMHOTO NEPEBUILEHHS TOPOrOBOT
IiIBHOCTI eHeprii iHimiroBanns 1o 170 mIx/cM? pu giameTpi mydxa 0,5 MM, TOBIIMHI
mapy CBK He MeHie 3 MM, Ta MacoBoi KoHIeHTpalii noaiMepy [IMBT-3M 20 %.

IIpakTnuHi pe3yabTaTH podoTH

Po3po0ieHo  eKCIepUMEHTAIbHY  TEXHOJIOTII0  OTPUMAaHHS  MEPBHUHHOTO
1HIIIFOF0YOTO CBITIIOYYTINBOrO BUOYXOBOI'O KOMIIO3UTY Ha OCHOBI a3U 1y CBUHIIIO JJISI
BUKOPUCTAaHHA B 3aco0ax MIAPUBAHHS 3apsAliB BUOYXOBUX PEUOBUH JIA3€pPHUMU
CHCTEMaMHU.

CTBOpEHO EKCIIEpUMEHTAIbHI 3pa3Kd ONTHUYHHMX JICTOHATOPIB MHUTTEBOI ii,
MIPOBE/ICHI BUMPOOYBAHHS 1HILIIOIOYOI CIPOMOKHOCTI 32 METOJUKOI BUIIPOOYBaHHS
KarcyJsi-1eTOHATOpA.

PekoMmeH/10BaHO MpW BUKOPUCTAHHI TEXHOJIOTIT OTPUMAaHHS CBITIOUYYTIMBHX
BUOYXOBHUX KOMITO3UTIB 3aCTOCOBYBATH BHUXIAHI MIKPOKPUCTAIM a3UAYy CBHHIIO 3
nedekTaMu KpUCTaIiqHOI OYI0OBU 1 MIKPOHEOTHOPITHOCTSIMU Ta MIKPOBKIIFOUCHHSIMH
PI3HOTO MOXOXKEHHSI, OCKIJIBKH MPHU LIbOMY 301IbIIYETHCS BIPOTIAHICTD 1HII[IIOBAaHHS
JIA3ePHUM IMITYJILCOM 13 3aJIaHOI0 CHEPTIEIO.

OTtpumaHi B poOOTi pe3ynbTaTh MOXKYTh OyTH BUKOPHUCTaHI Y TAKUX Taly3sx sK
ripHU4oBU00yBHA, KOCMIYHA, MAlIMHOOY/1IBHA, BIiCbKOBA, Oy/IiBeJIbHA, a TAKOXK 1 B
TaKuX, JI€ 3aCTOCYBaHHS TPAAUINIHHUX CHUCTEM IHII[IFOBaHHS a00 MPUHIIUIIOBO
HEMOJKJIUBE, a00 MOB’s3aHE 3 BETUKUMH MPAKTUYHUMH TPYIHOIIAMHU.

OOrpyHTOBaHICTH 1 JOCTOBIPHICTH HAYKOBHX I0JI0K€Hb, BUCHOBKIB i

peKoMeHaauin podoTu HiATBEP/KEHI KOPEKTHICTIO 3aCTOCYBaHHS
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byHIaMEHTAIPHUX 3aKOHIB (DI3UKH, Y TOMY YHCII, XIMIYHOI (Di3UKH, IMITaIiiHO-
MaTEeMaTHYHOTO MOJETIOBAHHSA pE3yJbTaTaMH EKCIIEPUMEHTAIbHUX JOCHTIKEHb 1
3aJI0BUTLHOMY 30iTy pe3yJbTaTiB YNCETHLHOTO MOJICTIOBAHHS 1 EKCIIEPUMEHTIB.

HaykoBe 3HauyeHHsi po0OTH TOJsiTa€ y BCTAHOBJEHHI 3aKOHOMIpHOCTEH
MOIIMPEHHS JIA3€PHOTO IMIYJIHCHOIO BHUIPOMIHIOBAHHS B 00’€Mi CBITJIOUYTJIMBOTO
BHUOYXOBOTO KOMIIO3UTY Ha OCHOBI a3uJly CBHHIIIO 1 (P13MKO-XIMIYHOTO MEXaHI3My
YTBOPEHHS OCEPEJIKIB 3allajlOBaHHs, IO MPHU3BOJIUTH JO 1HIIIIOBAaHHS CTIMKOT
JeTOHAIT1.

IIpakTuyHe 3HAYEeHHS1 POOOTH TOJSITA€ Y BCTAHOBJIICHHI Ta OOTpYHTYBaHHI
(13MKO-TEXHIYHUX MapaMeTpiB 1 FEOMETPUYHUX XaPAKTEPUCTHUK JTa3€pHOr0 MPOMEHS
Ta IHIIIIOIOYOTO CBITJIOUYTJIMBOIO KOMIIO3UTY, BUKOPHUCTAHHSI SIKMX JI03BOJIMIIO
CTBOPUTH M BUIPOOYBaTH NPHUHILIMIIOBO HOBHUM 3pa30K ONTHYHOTO JAETOHATOPY [0
Ja3epHUX CHCTEM IHII[IFOBaHHS 3aps/iB BHOYXOBUX PEUOBHUH.

Oco0ucTnii BHECOK aBTOpa

CamocTiiiHo chopMybOBaHI MeTa 1 3ajadl JOCHIIKEHb, OCHOBHI HayKOBI
MOJIOXKEHHS, BHUCHOBKM 1 pekoMeHjauli. CamocTiiHO po3po0jieHa MeToauKa
BU3HAYCHHS YYTJIMBOCTI W 4YaCOBUX 3aTPUMOK IMiJpUBY iHIHio0uux BP mazepaum
IMITYJIbCOM, 3aMpPONOHOBAaHA KOHCTPYKIIisl ONTUYHOTO JIETOHATOPA.

ExcniepuMenTu npoBeieH1 CIUTBHO 13 CHIBpOOITHUKaMU Kadenpu Oy/1iBHUIITBA,
TeOTEXHIKH 1 reoMeXaHiku HarloHanpbHOTo TEXHIYHOTO YHIBEpCUTETY «JIHIMpOBChKa
noyiTexHika» Ta paxiBusgamu [1aBmorpaacbKkoro XiMidHOTO 3aBOTY.

Amnpo0anisi pe3yJbTaTiB

OCHOBHI TOJIOKEHHS, HAyKOBI 1 MPaKTU4YHI PE3yNbTaTH JOKIafanucs 1
oOroBoproBaucs Ha BceykpaiHChbKMX HAyKOBO-TEXHIYHUX KOH(EPEHLIsIX CTYIEHTIB,
acmipaHTiB 1 moyiogux BueHmx (M. Jmimpo 2016, 2017, 2018, 2019, 2020 pp.);
MixHapoH1# HAYKOBO-NPAKTUYHIA KOH(EPEHIlli MOJOJIMUX BUEHHUX, ACIHIpPaHTIB Ta
ctynentiB (M. Jnimpo, 2020 p.); MixHapoaHii HayKOBO-TEXHIYHIN KoOHMepeHTIii
“@opym ripaukiB” (M. Auinpo, — 2017, 2018 pp.); BceykpaiHCchbkiil HayK.-T€XH. KOH(.
“CydacHi TexHOJOrl BeACHHS OypoBHOYXOBHUX poOIT Ta Oe3meKa 3acTOCYBaHHS

I'PaHyJbOBAHUX 1 eMYJbCIMHUX BUOYXOBHX PEYOBHUH. [X €eKOHOMIYHA €(PEKTHUBHICTH 1
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texHoreHHa oOesneka”’, (Kpemenuyk, 2016 p.); MixHapoaHiii HayKOBO-TE€XHIYHIN
iHTepHeT-KOHPepeHii “IHoBariiiHuil PO3BUTOK TiIpHUYO-AOOYBHOI ramy3i” (M.
Kpusuit Pir, 2016, 2018 pp.); BceykpaiHchbkiii HayKOBO-T€XHIUHIM KOH(EpeHIii
CTYJICHTIB, acIipaHTIB 1 MOJIOAUX BUeHUX “ MoJoas: Hayka Ta iHoBaii ~ (M. [{Himnpo,
2018 p.);

Iy6aikanii. 3a Temoro nucepTamiiitHoi poOOTH omyOsikoBaHi 23 HayKOBUX
po60TH, 3 HUX: 3 — BXOJSTh 10 MDKHAPOAHOT HAYKOBO-METPUYIHOT 0a3u TaHUX SCOPUS,
3 — omyOikoBaHi y (axoBUX BUAAHHAX, 17 - Te3aX 1 MOMOBIAIX HA MDKHAPOIAHUX 1
YKPaTHChbKUX KOH(PEPEHITISX.

Crpykrypa u o0csar po6oru. JlucepTaliisi CKIaJaeThCcsi 31 BCTYIY, YOTUPHOX
pO3MiTIiB, BUCHOBKIB, CIMCKY BHKOpUCTaHUX jkepen i3 151 maiimenyBanns Ha 20
CTOpIHKaX. 3arajibHUN 00cCsT nucepTallii ctaHoBUTH 151 cropiHok, 51 pucyHok 1 10

TaOIUILIb.



27

PO3/ILI 1
AHAJII3 TEOPETUYHUX TA EKCIIEPUMEHTAJBHUX JOCJIIKEHD
IHINIIOBAHHS BUBYXOBHUX PEYOBHH JIASEPHUM IMITYJILCHUM
BUITPOMIHIOBAHHSIM

BuBueHHsI MOKJIMBOCTI JIa3€pHOTO 1HIIIFOBAHHS JE€TOHAIllT BUOYXOBUX PEUOBHH
Ta 3aKOHOMIPDHOCTEH 1 MEXaHi3My B3aEMOJIl JIa3epHOTO BHUIPOMIHIOBAHHS 3
BUOYXOBHMH PEYOBHHAMH B TIEPIIi JABA-TPHU JIECATKH POKIB HE OyJIM OpI€EHTOBAHI Ha
BUPIIIEHHSI TPOOJIEM €KOJIOTii HABKOJHUIIHBOTO CEPEJOBHINA Ta OE3MEeKH POOIT Y
TIpHUYOBHUIOOYBHIM  mpoMuciaoBocTi. B3arami 1meil HanmpsMOK — JOCTIIKEHb
XapakTepu3yBaBcad SAK (PyHIaMEHTANbHUW, SKAA MaB 3alllKaBICHICTb 3 OOKY
BIMCHKOBUX.

[lepuri pe3ynbTaTu poOIT 3 JIa3€pHOTO 1HIIIIOBAHHS BUOYXOBHUX PEUOBHUH
BUKOPUCTOBYBAIKMCS B KOCMIUHIA TEXHIIl Ta MAIIMHOOYAYBAaHHI JJIs MIIPUBAHHS
niponarpoHiB. Jlume 3 kiHog 80-x pokiB 20-ro cropiyus 3’SIBUIIUCS pealibHi
MOKJIMBOCTI JJis OyJayBaHHA MaiOyTHbOI MOJENI MAacOBUX IMIJIPUBHUX pOOIT Ha
rippnuux mianpuemctBax. Ilepmn poOoTu 3a 1i€r0 Temoro Oymu omyOJiKOBaHi
¢daxiBugmu HaiioHabHOTO TEXHIYHOTO YHIBEPCUTETY «J{HIMPOBCHKA MOJITEXHIKA»
(1995 p.).

HeorinnMuii BHECOK y pPO3BUTOK JOCIIIXKEHb BHECIIU TaKl HAYKOBI 3aKJIAHU K
Jloc-Anamocrka nabopatopis (CIHIA), KaBennuimicbka madopartopis (KemOpimxk,
BenukoOputanis), Tokutickkuii yHiBepcutet (Anonis), Pociiickki HayKOBi 3aKiaiu:
[nctutyT Ximiunoi ¢p13uku AH CPCP, Tomchkuii nonitexHiyHui yHiBepcuret, CaHKT-
[lepepOyp3pkuii ~ TexHOJIOTIUHUMNA  yHiBepcuTeT, Camapcbkuii  JnepKaBHUN
aepoKOCMIuHUN yHIBepcuTeT; KemepoBChbKMU JepikaBHUN YHIBEPCUTET Ta 1HII.
[HcTuTyT Texniunoi mexaniku HAH Ykpaiau (M. {ninpo), HamionanbHui TeXHIYHUIMA
yHiBepcuTeT “J[HinmpoBchbka monitexHika” (M. [Himpo) 1 6araTo iHIIUX HAYKOBUX Ta
HAYKOBO-TEXHIYHUX 3aKJIaJIiB CBITY.

VY miit ranysi 3Ha"b BijgoMi Taki ydeHi sk B.I1. Anyes, E.JI. Anykep, A.M.
bapanoscekuii, B.K. bo6ones, @. boynen, A.A. bpim, A.I'. Bo3aiok, B.A. Bonkosa,
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ILA. T'anee, A.B. Jlonronantes, C.A. lymenok, b.H. 3aiiues, M.O. Lmomun, A.
lodde, B.YO. Kapabanos, A.A. Kotomin, B.I. Kopenanos, B.I'. Kpirep, B.M. Jlicuius,
H.A. Jleonenko, €.10. MopozoBa, B.€. Onekcannpos, H.A. CazonnukoBa, B.B.
Coo6omnes, B.I. Tapxkanos, A.B. Uepnaii, I.B. I{enincekuii., B.I1. umines,, J.T. Hagan,
M.M. Chaudhri, M.B. Agranat. A.A. Wasserman, R.J. Cyiao, L.C. Yang, D.W. Harper,

L. Chen Ta 6araro iHImmx.

1.1 YyrimBictb BHOYXOBMX PpPeYOBHH i CBITJIOUYTJIMBHX BHOYXOBHX

KOMITO3UTIB /10 il JIA3€PHOr0 MOHOIMITYJIbCY

BuBuenHns mnporecy 3amnantoBaHHs BHOyXoBHX peyoBuH (BP) iMmynscHUMEU
NOTOKaMU CBITJIa TOYaloCsi B IIECTUAECATI pOKU. B dKocTi Kepena cCBITIA
BUKOPUCTOBYBAJIMCS KBAPLOBI IMITYJIbCHI JIAMIIH, MOTY>KHOCTPYMOBUW 1CKPOBUI
po3psii 'y TMOBITpi, (PpOHT ymapHoi XBWiIl. TpuUBaNiCTh CBITJIOBUX IMITYJIBbCIB
sHaxoamnacsa B Mexkax 1073-10"° ¢. Busuanacs i cBiTia Ha a3uay cpibia, CBUHIIO,
HITpUA cpibiia, TeH, CTU(HAT CBUHIIIO Ta IHIII PEYOBUMHU. Pe3ynbTaTu AOCHIIKEHb
HaliJIeTallbHIIIe BUKIIaJIeH] B podoTax [1, 2].

Jlist 3’sicyBaHHSI MEXaHI3My 3alallifoBaHHs OyJid BUMIPSIHI CEKTPU NOTJIMHAHHS
psnay BP Ha crnierianbHO miAroToBICHUX 3pa3kax. Tak, a3uj cpibia BUKOPUCTOBYBABCS
y BUIIISII TOHKHMX IPO30PUX IIACTUHOK 3aBTOBIIKK 1074-107° M. PesynbraTn BUMipiB
[1] moka3anm, 110 nIpy KIMHATHIA TeMIIepaTypl L pEYOBUHA CHIIBHO MOTJIMHAE CBITIIO
3 NOBKUHOIO XBWII MeHie A = 0,35 mxMm. Koediuient nornuuanss npu A = 0,3 MKM
ckinagac npuommsHo 10° cM™?, pisko 30LIBINYETHCS NPU TOAANBIIOMY 3MEHIIEHHI
noBxkuHU xBumi. Ilpu A > 0,385 MkM, ax 10 OMMKHBOI 1HPpPavyepBOHOI 0OIACTI
CIEKTpYy, TOriauHaHHS HeBenwke. [lomiOHI pe3ynbTaTH OTpUMaHI W IS 1HIIUX
BUOYXOBUX PEUYOBHUH, TaKUX SIK a3WJMU Tadis 1 CBUHINO, QyabMiHAT cpibia, cTudHAT
CBUHIIIO, TeH [1].

Jlani mo BUMipy CHIeKTpaibHUX Koe(ilie€HTIB OTJaMHaHHs cBiTiia BP mo3Bommmm
3alIpONIOHYBATH TEIIOBUI MEXaHI3M 3alajlOBaHHs, SKUH [OJIArae B TOMY, 1110 CBITJIO B

CHHIA 1 ynbTpadioieToBili YaCTHHI CHEKTPY IOIVIMHAETHCA B TOHKOMY mmapi BP
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(3aproBmku 103-10* cM) i BUKIMKAe HOro pos3irpiBaHHA 70 TeMIIEpaTypy aKTUBALlii
eK30TepMiuecKkoil XimiuHoi peakuii. Ha BaximmBy pojb KOPOTKOXBHIIBOBOTO
BUIIPOMIHIOBaHHS B 3anajieHHI BP BKa3zyroTh eKCliepUMEHTH MO 3amajeHHIo CTU(HATY
CBUHIIIO CBITJIOM BIiJl I1CKpoBOro po3psmay [1]. Mix ickpoBuM mnpomikkom 1 BP
BCTaHOBJIIOBAJIN KBapIEBUI ekpaH abo BoasHui GinbTp. EHeprii 3anantoBanHsa B 000X
BUMAJKAX BHUSABWIMCA OJM3BKMMHU, HE3BaXaro4d Ha Te, 10 1H(payepBOHE
BUIPOMIHIOBAHHS TOCJIA0IFOBAJIOCS BOJISHUM (DUIBTPOM B 3HAYHO OUIBIIOMY CTYTICHI,
HIK KBapIEBOIO IJIACTUHKOIO.

BuCHOBOK 1Mpo BHU3HAYalbHy poJib Yy TMPOIECl 3amaltoBaHHS TOHKOTO
MOBEPXHEBOTO IIapy PEYOBHMHHM MIATBEPIKYETHCS PAAOM I1HIIMX PE3YyJIbTaTIB.
Hanpuknaa, B po6oTi [2] MOBIAOMIISIETBCS, IO I1HII[IFOBAaHHS a3uJy CBUHIIO HE
3aJIeKUTh B1J] YUCTOTH Martepiaiy, JUCIEPCHOCTI Ta MUILHOCTI 3pa3ka. Kpim Toro, B
i poOOTI MOMIYEHWI BIUIMB PO3JBOTY HPOIAYKTIB PO3KJIAJaHHS PEYOBUHU Ha
napameTpHy 3anajieHHs, 10 XapaKTEPHO JIJIs BETUKUX MOKa3HUKIB MOTJIMHAHHS CBITJIa
BP [3]. BuBuanacs Takox 3MiHa MIHIMaJIbHOI €HEprii 3aliMaHHS 3aJie’KHO BiJ
no4yaTkoBoi Temrneparypu 3paska BP [1]. ITokazano, 1110 M1’ €HEpri€to 3anaitoBaHHs 1
temriepaTypoto BP icHye niHiitHa 3a1ekHICTh. 301JIbIIIEHHS TEMIIEpaTypH MPU3BOIUTD
70 3HWKEHHS €Heprii 1HIMIIOBAHHA, 110 Y3TOIKYEThCS 3 TEOPIEID MOBEPXHEBOTO
TEIJI0BOTO 3allaltoBaHHs [4].

JleTanbHinm JOCTIHKEHHS, 30KpemMa BUMipu (OTOMPOBITHOCTI, TOKA3aJIH, 1110 Ha
MOYATKOBIN CTajll MpOLECy 1HILIIOBAaHHSA Pa3oM 3 YUCTO TEIUIOBUM PO3KJIAJaHHSIM
PEYOBHHHM MOJXKJIMBE MPOTIKaHHS (POTOXIMIYHOI peakiiii mpu Jii BUIIPOMIHIOBAHHS,
CIIEKTp SIKOTO BiAMOBIa€ 00JIacTI MOTJIMHAHHS peuoBUHU. Tak, Mpu 3amnajaeHH1 a3u/iB
METaJlIB CIOYATKy BIiJIOyBa€Thbcsl (POTOXIMIUHE PO3KIIAJIAaHHS TMOBEPXHEBOTO APy
PEYOBHHM, a MOTIM TEIIO, 10 BUIUIMIIOCS TPU PO3KJIAJaHHI, MPUCKOPIOE PO3BUTOK
peakiii no TerioBoMy MexaHismy [1]. Takum yuHOM, B pe3ynbTaTi MPOBEAEHUX
eKCIIEPUMEHTAJIbHUX 1 TEOPETUYHUX MAOCHIKEHb iHilitoBaHHA BP iMmynscHuUMEU
JDKEepelaMH CBITJIa CYLJIBHOTO CHEKTPY BCTAHOBJIEHO, IO MPOLEC 3amajiOBaHHs
PO3BHUBAETHCSI B MOBEPXHEBOMY MIapl PEYOBMHU B peE3yibTaTi HOro po3irpiBaHHs

CBITJIOM B yIbTPadioeTOBIN 1 CHHINA YaCTHHI CTIEKTPY. 3 TOSBA ONTUYHUX KBAHTOBUX



30

reHepaTopiB  pO3MOoYalIMCs JAOCHKEHHs mpolecy 3ananeHHss BP  nazepuum

BUIIPOMIHIOBaHHSIM. bBIiNbIIICTh EKCIIEPUMEHTIB MpPOBEAEHAa 3 BUKOPHCTAHHSAM
HAHOCEKYHJHUX (TpUBaAIICTh iMIyscy T = 20-50 Hc), mikpocekyHauux (t = 0,5-0,7
MKC) Ta MUTICeKYHJIHUX (T ~ 1 MC) IMITyJIbCIB HEOAMMOBOTO (J10BXkHMHA XBUJIl A =1,06

MKM) Ta pyoiHoBoro (A = 0,69 MmxMm) na3epi (quB. Ta6. 1.1, mokazana y po6ori [46]).

Tabmumg 1.1 — Kputnana niinsHICTh eHeprii 3anaieHHs BP nazepHum iMImyasCHUM

BUMNPOMiHIOBaHHAM 3a fJaHuMu M.O. ImommHa [46]

JloBxxuHa T [Toporosa
: puBa- .
XBUJI1 . IIJIBHICTD Jxepeno
Bubyxosa . JICTh .
BUIIPOMIHIO | . eHeprii KomenTap iH(Op-
pedoBHHA IMITYJTBCY
BaHHA A, 3arajgeHHs Mmari
MKM ne Eyp, JIx/cM?
1 2 3 4 5 6
. 5-108 0,02
Azup cpibia 103 21
ABHIT CBUHITIO 5.108 0,1
103 30 BinbHa moBepxHs.
’ Tuck npecyBaHHs 5]
['pumyua 5.108 1,0 Pyp=0,5 x0ap
Py 10° 3,0
1,06 5-10°8 0,4
THPC 107 22
103 0,8
. . [6]
3-10° 3,8-10°
P,=15 x6ap
ABHIT CBUHITIO 6-10°7 3,0-102 [7]
107 0,8 HacunHa mIiibHICTh [8]
MoHoMOHOKpicTau
p-asin 069 | 810° | 1510° | 40 mcmx200 mxmx | [9]
CBUHITIO
x10 MM
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- THCK NPUTUCHEHHS:
TEH 108
4-10 Ppn =20 x6ap [10]
4'10_8 103 PBHZIOO 6ap
0,69 [10]
TeH 3.10% | 1,3107 Pyi=14 x6ap
1,06 3.10° | 103%-10* BinbHa nosepxHs 12]
OkToreH 15
0,69
['ekcoreH 3-10°8 30 [10]
[Tipokcumnin 60
0,45Si + 103 10,6
PBHZIOO 6ap
0,55P30,
1,06
< 2.108 2.9 [11]
0,25A1+0,75K 103 6,6
C104 2-10°8 5,0

AHami3yroun OTpUMaHi pe3yNbTaTH, 3yMHHUMOCS Ha TMUTAHHAX, II0 MAarOTh
BIJIHOIICHHS 70 TpoOsieM MexaHi3Mmy 3amnajieHHs BP 1 mpakTudHMX 3acTOCYBaHb
METOJy Ja3epHOro iHimitoBaHHs. [lompu Te, mo OumbmIicTh gochipkeHunx BP cimabo
NOTJIMHAIOTh BUIPOMIHIOBaHHS HEOJUMOBOrO 1 pyOIHOBOrO Jla3zepiB, y psial poOIT
OTpUMaHiI 3HAYEHHS KPUTHUYHOI UIIJIBHOCTI €HEprii 3amajieHHs,, BUSBUIIUCS
NOPIBHSUIBHUMU 200 MEHIUMMHU BIAMOBIAHOI IIUIBHOCTI €HEpriid, BUMIPSHUX MpH
1HILIIOBaHHI CBITJIa Oe3nepepBHOro crnekTpa. Lle BugHo 3 Tabu. 1.1, B sKiii nmpuBeneH1
BiJIOM1 HUHI JiTeparypHi AaHi. OKpiM 1bOTO, K 1 CIiJ OYJI0 O4IKYBaTH, PE3yIbTaTH
JOCHIPKEHb TIOKa3ylTh, IO YYTJIMBICTH JI0 il JiazepHOro iMmyiascy BP, 1o
HIIIOIOTh, 3HAYHO BHWINA, HDK YyTIHBICTh BTOpuHHMX BP. IHmmMu croBamw,
3arajibHOBU3HAHUH psii 4yTIMBOCTI BP, B OCHOBHOMY, KOPETIOETHCS 3 UYTIUBICTIO JI0
Ja3€pHOTO BUITPOMIIOBAHHS.

Hani Tabmumi 1.1 cBiguaTe mnpo JAedKl 3aKOHOMIPHOCTI, BCTaHOBJIEHI

nociiHukamMu. Ha mpukiiani iHIIIFOBaHHS TOPOIIKY TE€HY 3 BIIBHOK BIJIKPUTOIO
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MOBEPXHEIO 1 MOPOIIKY TEHY 3 MOBEPXHEI0, BKPUTOIO CKIISIHOIO IJIACTUHOIO, OTPUMAaHI
OPOTHIICKHI pe3yapTaTH. Y TEpUIOMY BHUIIAJKy MiAIpBaTH TE€H HE BAAJIOCI, a Y
npyromy Oymu otpumani 100 BigcOTKOBI MO3WTHBHI pe3yibTatu. Lle mepemycim
CBITYUTH, IO JY>KE BAKIMBUM ITApaMETPOM € 3aMKHEHUU TIPOCTIP, IKUN HE JJa€ 3MOTU
BUTHHO PO3BaHTA)XKYBATHCS MPOAYKTAM BHOYXY.

3 pe3yabTariB, HaBeJeHUX y Taod. 1.1, BUXoauTh, 1m0 4yTiauBicte BP mo mii
Ja3epHOTO BUIPOMIHIOBAHHS 3aJ€KHUTh BIJl TPUBAJIOCTI Ja3€pHOTO IMITYJIbCY:
3301IBIIICHHS] TPUBAJIOCT] IMITYJIBCY MPU3BOAUTH JI0 3POCTAHHS IMOPOTY 3alaJeHHS, a
3MEHIIICHHS — HaBmaku [5, 8, 12].

Sk npaBuiio 1o6aBku ceHcuO1I13aTopiB a00 (irermaTuzaropiB y BP npusBoasare
BIIMOBIHO /10 30UIbIIEHHST a00 3MeHIIeHHsT yyTiuBocTi BP. ToOTo, He3anexxHo BiA
JoKepelia 30BHINIHBOT €Heprii, sIky BUKOPUCTOBYIOTH IS iHiIitoBaHHs BP, Bmius
ceHcuOm3aTopiB  abo  (¢iermMaru3aTopiB Ipu Oii  Ja3epHOro IMIYJIbCHOTO
BUIPOMIHIOBaHHSI a0COJIIOTHO TaKWid, SIK MPU  EJIEKTPUYHOMY YU BOTHEBOMY
iHiitoBaHH1. Takuii BACHOBOK 0yJi0 3p00JieHo y poooTi [14, 15] mig yac gociaipKeHHs
TeHy. Ane B po6oTi [16] mokazano, mo Ten mig TrckoM 1,76x108 Ia 3 moGaBkamu caxi
0,1-1 % nemonctpye miaBuieHHs ayTauBocTi. Lleit edext mos's3anmii 3 Tum, 1mo BP i3
CaKEI0 BUKOPUCTAB HAIMIPHY €HEPTit0, SIKy OyII0 3amaceHo mij yac ctucky. [licis toro,
sk Mikpouactkn TEHy Gy mignani crucky 2x108 ITa [16-19], maiike Ha Tpu HOpSAKH
JI0 JTa3epHOTO IMITYJIbCY 30UIBIIYETHCS YYTIMBICTH TeHa 3 mobaBkoro (mo 1 %)
MIKpPOYACTHHOK aJltOMiHII0. MiHIMaibHa WIUIBHICTG €HEPrii 3alairOBaHHS CKJIaJlae
<0,1 Ix/cMm?. AHanorivHi eKCriepMMEHTH MPOBOMIIH 3 a3u1oM ceuHIO [20] B inTepBani
trckis (1-15)x108 I1a.

V¥ naykoBux crartsax [13, 5, 10, 20] ta iHmux mkepenax iHdopmarlii HaBeaeHi
PE3YNbTATH EKCTIEPUMEHTAIILHUX JTOCIIIKEHb 3aKOHOMIPHOCTEH, sIKI XapaKTePU3YIOTh
biBUYHI  Ta XIMiYHI OCOOJMBOCTI B3a€EMOJIi  BUMPOMIHIOBAHHS  JIA3€PHOTO
MOHOIMIYJIbCY 3 €HEPrOHACHMYCHUMH PEUYOBHMHAMHM — IEPBUHHHMH 1 BTOPWHHUMH
HIIIIOIOYMMHA BUOYXOBUMH pedoBuHamu. Hampukiman, mokaszaHo, mo BP B ymoBax
3pOCTaHHsI 30BHIIIHBOTO TUCKY CTAOTh OUIBII YYTJIUBUMHU JI0 JIA3€PHOTO 1HIIIFOBAHHS,

TOOTO 13 3POCTAHHSAM THCKY HIIJILHOCTI €HEprii 1HIIIFOBaHHS 3MEHITyeThCcsl. OKpeMo
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CJIi] TPOKOMEHTYBATH 1IKaBUM €KCTIEPUMEHTAILHUM PE3yJIbTaT, SKUU MOJIATa€ B TOMY,
IO MpY CKUAAHHI THUCKY 1 MOAANBIIM il BEIMYMHA HIIIBHOCTI KPUTUYHOI e€Heprii
3anamoBaHHs (E.p) a3uy 3alUIIAETbCS HE3MIHHOIO 1 BIJMNOBIJA€ MaKCHMalIbHOMY
CTUCKYBaHHIO. Takuil pe3yiapTaT OTPUMaHO ISl a3uaiB CBUHIIO 1 cpibma. Ilo
CTOCYEThCSI TAKMX MEPBUHHNX BP sk TpuHITpOpE3opuuHAT CBUHIIIO, TPUMYYa PTYTh 1
BTOPUHHUX — T€H, TETPHJI, OKTOTeH, TeKCOTeH — TaKhi €(heKT HE CIIOCTEPIraBcs.

JIns mpakTUYHUX IIJIeH, a TaKoX JUIS PO3YMIHHS MeEXaHI3MY 3allajlOBaHHS
BOKJIMBE 3HAYCHHS MAIOTh JOCIIKCHHs ONTHYHUX BiactuBocTedt BP. ¥V poboTtax [5,
12, 21-27] BumipsHi (i3udHI XapaKTepUCTUKU MociabieHHs K, 1 koedimieHTH
mudysHoro BinouTTs Ry, psuy BP naBeneni y [28, 29] (tadu. 1.2).

Koedimientu Rj, BUMiproBaaucs 3a JOMOMOTOI0 1HTETPYyr40i chepu KyJIHOBOTO
dboromerpa. BukopuctanHs 3pa3kiB O0apuUTOBOrO €TaJOHY (3 BIJOMUM 3HAYEHHSIM
Koe(]illieHTy B1IOUTTS) BUKOPHUCTOBYBAJIOCS JIJI1 BU3HAUCHHS aOCOJIOTHOTO 3HAYCHHS
Ry. binbliia yacTuHa 1a3epHOT0 BUMPOMIHIOBaHHS BiJIOMBaEThCs B 3pa3kiB BP. Ilei
e(eKT CIOCTEePIraeThCs Ha AOBXKUHI XBUIL A = 1,06 MKM (J1a3ep HA HEOAUMOBOMY CKII1)

1A = 0,69 mxMm (pyOiHOBUIA Ja3ep).

Tabnuus 1.2 — @i3uyH1 XapaKTePUCTUKHU 1 TMOCTa0aeHHs 1 KoediieHTH AUdyY3HOTO
BIIOUTTS IesIKUX TiepBUHHUX BP

n ITornunane Koedirient
BubyxoBa  [II{ibHICTH OBHH Ha COU I>xepe
3 a XBUJII, . B1IOUTTA |KomeHTap
peUOBHHA r/cM 31aTHICTh 710
MKM 1 R, %
Ko, cM
1 2 3 4 5 6 7
Jucnepc-
HICTb
106 155 ' 3000 | [21]
Ten 1,0 cM?/r
0,69 - 79 —
1,06 - 81 - [22]
0,69 40 — — [6]
0,36 87 - [23]
1,06 6,6 75 —
OxToren 1,7 [22]
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[Tponorxenus tadm. 1.2

1 2 3 4 5 6 7

20 - — [6]

Oxroren 0,69 120 _ - [22]

OxToreH+ 17 - 87 - [23]
1 % caxi ’ _ 75 _

Cexcoret 1,06 5,7 71 — [22]
175 3,5 —

0,69 1200 >90 — [2]

Asun ceuHimo | 1,5-2,8 0,69 - 78 9-20 mxm | [22]

1,06 — 85 — [24]

Terpun 1,62 1,06 18,4 — — [25]
Cmnas TT 40/60 | 1,67 1,06 4,3 - —

Pounpb noBitps B nopax BP mig yac nii 1a3epHOro BUNPOMIHIOBAHHS y BUIaAKax
ctucky Big 2,7 Ia no 10 I1a He Oyna oMiTHOO, TOMY i BIIMIHHOCTI HE BCTAHOBJICHO.
ko x 3amICTh NOBITpA OyJe 1HIIMWNA Ta3 (HApUKIad, aproH), TO CIiJi OYIKYBaTH
ICTOTHUX BIIMIHHOCTEH poJii ra3iB y mnporecax iHimitoBanHs BP. Ils nymka
IPYHTYETHCS Ha TOMY, IO HIUIBHICTH ONTUYHOTO MPOOOI0 €HEPTii B aproHi i MOBITPi
npu 10° Ila BigpisHseTbes Maibke y 10 pasis. BinMiHHICTB 3pocTac Ha JBa MOPSIKH,
SKIIIO 3MEHIINTH THCK TOBITPS Ha I’SATh MOpsAKiB. OdiKyBaHa aHOMAJIbHO BEJMKA
BIJIMIHHICTh MOX€ CIIOCTEpITaTUCS, KOJM 3aMiCTh aproHa 3amoBHUTH mopu BP
KCEHOHOM, HEOHOM YHM IHIIMM Tra3oM, y SKOTO Mepina eHepris 1oHi3amii B psay
1HEpTHUX ra3iB Oyne HaiimeHmorw. lle poBenu y cBOiX ekcnepuMeHTax (axiBIll
HanionanbHOro TexHIYHOro yHiBepcuTeTy “JIHIIpPOBChbKAa MOJITEXHIKA” TIJ Yac
BUKOHAHHS €KCIIEPUMEHTATBHUX POOIT.

JIoCBi eKCIepUMEHTAIbHUX JOCHIPKeHb, OTPMMAHWUN 3a OCTaHHI TPHU
necatupiuug 20-ro cropiyus B oOnacTi 30yJKEHHs XiMIYHUX peakiiii y BP, Oyro
OTPMMAHO HOBI 3aKOHOMIPHOCTi, OOIPYHTOBAHO (I3MYHI MEXaHI3MHU 1HIIIFOBaHHS
netoHanii y BP, BuUKOpHCTaHO /Uisi BUTOTOBJIEHHS CBITJIOUYTJIMBUX IEPBUHHUX
BUOYXOBHX KOMIIO3UTIB 1 JIa36pHUX CUCTEM iHiI[itOBaHHs 3apsiaiB BP.

[lepBuHHa BHOYyXOBa pEYOBHHA € TOJOBHUM €JIEMEHTOM SIKOT 3aBTOJJHO CUCTEMHU
1HILIFOBaHHS HE TUIBKM 3a HaAIMHICTh MiJPUBaHHS, ajie 1 32 BU3HAYEHHSIM O€3MEeKOBOi

CKJIaJI0BO1 Ta MPELUM31IHOCTI CHpalfoBaHHs 3aC001B MiAPUBAHHA.
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3ac00iB

CeiTnouytnuBi BuOyxoBi kommno3utu (CBK) sBisiioTh coboro mosiiMepHy

MaTPHUIIIO, B SIKi PO3MIIIIEHI MiKpOYaCTHHKH BHOYX0BOi pedoBuru [30-32]. V mux Ta

THITUX poOOTaX MPOIIEC 3aMATFOBaHHS CBITJIOYYTIMBUX BUOYXOBUX KOMIIO3HUTIB, Ta0JI.

1.3, iHimitoe OaraTokpaTHE PO3CIIOBAHHS JIa3€pHOIO BHUIIPOMIHIOBaHHS B 00’ €Mi

KOMIIO3UTY.

Tabmuus 1.3 — Jleski BuOyXoBi Ta (I3UYHI XapaKTEPUCTUKH CBITIOUYTIMBHX

BUOYXOBHMX KOMIIO3HTIB 3a JaHuMH [33-35]

CBK, [Huren IBuaKICTH . Kputnuna enepris
Tun ¢Tb JeToHAaIL1 HyrmBicTs Il(z) TepT, | L, 3aITaJIEHHS
BC Py 3 D, km/c Kre/cM Exp, JIk/cM?

r/cMm
1 — 573 <0,1
2 3,00 — 2073 2,3-10°
3 1,97 6,5 — 553 >13
4 2,03 — 538 >16
3) 1,94 - 305 >12
6 1,95 — 471 1,3
7 4,6 i — 623 5-10°3
8 1,97 7,14 1900 >14
9 1,81 7,43 600 >14
10 2,05 8,03 840 >7
11 2,08 - 4800 >15
12 1,83 | 6,42 (p=1,74) 3600 >15
13 1,88 8,94 1700 >16
14 1,88 - 200 >13
15 1,2 — 14 (ropinss)
16 1,1 51 — 412 12.10°
17 - 6,7 — 455 40-103
BneBHeHicTh  iCHyBaHHS ~ IIbOTO  MEXaHI3My  Ma€  HEOJHOPa30BE

eKCIIEPUMEHTaJIbHE MIATBEPKEHHS 1 TEOPETHYHY OOIPYHTOBAHICTh Yy poOOTax

daxipiiB JlHinmpoBcbkoi mnomiTexHikH (1 CaHkT-IleTepOyp3bKOoro TEXHOJOTTYHOTO
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yHiBepcHTeTYy ) BIpoaoBxk 1993-2005 pp. 3a Oe3nocepeHboi y4acTio mpodecopis:
n.x.H. M.O. Imomuna, 1.¢.-m.H. A.B. Uepnas, 1.1.H. B.B. Co6oseBa Ta ix kojer 0yio
JOCTIPKEHO KOHLIEHTpalii 3B's3yro4oro wmartepiany, ToBmuHU 3pa3kiB CBK 1
reoMeTpuyHoi (opMH Ja3epHOro IMydka Ha YYyTIUBICTh JO [ii JIa3epHOIO
MOHOIMITYJIbCHOTO BHIIPOMiHIOBaHHS. OTpHUMaHHS CBITJIOUYTJIMBUX KOMIIO3UTIB
3HAYHO PO3LIMPWIO MOIIYK NepBUHHUX BP s mazepHux 3aco0iB migpuBaHHS. 3a
naanmu M.O. Imromuna [46] 3apa3 y cBiti Biomo Oinbiie 100 HafimenyBanb BP s
BurotoBiieHHs 3pa3kiB CBK. YV mociimkeHHsIX BUKOpHCTOBYBaBcs kKommo3ut BC2,
SKUM XapaKTepU3YETbCS AHOMAJIbHO BHCOKOK YYTJIMBICTIO [0 Jii JIa3epHOTrO
MOHOIMITYJIBCY.

Pe3ynbpraTti AOCHiKeHb BIUIMBY KOHLIEHTpALli MOJIMEPY ¥ TOBLIMHU 3pa3Ka
CBK Ha 4yTIuBICTh /10 JJa3¢pHOTO MOHOIMITYJIbCY OIyOJIiKOBaHi B poboTtax [29-34], y
akux pociimkeHo neski CBK, mokazani y Tta6in. 1.3. [Homimepu IIMBT-3M 1 I[IMM
BUKOPHCTOBYBAJINUCA B SKOCTI MaTpUlll CBITJIOYYTIMBOIO BHOYXOBOTO KOMIIO3UTY.
KonmenTpariis nosiMepy 3MiHtoBanacs y aianazoni 10-50 %. B excnepumeHTax
JOCTIKYBABCS BAXKIWBUN TPU MPAKTUIHOMY 3aCTOCYBaHHI TaKUW TapaMeTp SK
yyTiauBicTb CBK 10 i 1azepHOro MOHOIMITYJIBCY.

B ekcnepuMmeHTax Ja3epHUl My4oK JiaMeTpoM 1,5 MM Ha HamiBBUCOTI
IHTEHCHUBHOCTI JIa3epHOTO BUIpOMiHIOBaHHS (puc. 1.1) po3mmpsBcsi HETaTUBHOIO
JH3010 70 aiameTpa 4,5 MM, TOOTO po3mip 300paxkeHHs Ha 3pa3ky CBK 306inbiryBaBcs
B TpH pa3u (puc. 1.2).

3a pesynapTaTaMu  ekcnepuMmeHTiB [29-35] Oynu  oTpuMaHi HACTYIHI
3aKOHOMIPHOCTI, $IKI CJIiJI BpaxOBYBaTH NPH MOJIETIOBaHHI Ta KOHCTPYIOBaHHI
ONTUYHUX JCTOHATOPIB 32 KJIACUYHOIO CXEMOI0 00 MIKpOJETOHATOPIB 3 MOHO3APSIA0M
CBK.

Ha puc. 1.1 3anexnicte uyTiauBocTi kommo3uty BC2 no nii jazepHoro
BUMIPOMIHIOBaHHS (fiameTp mydka 1,5 MM) BUpaKaeThCs KPUBOIO, OJHM3BKOIO 0
napaboiiy, NMpU LbOMY MaKCHUMyM YYyTIUBOCTI Es KOMIO3UTY JEXUTh HA BEPILHHI

napa®oiu, U0 BIANOBiNAaEe KOHUEHTpawii macu nojiMmepy 20 %. 30inbiieHHs abo
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3MEHIIIEHHS] KOHIIEHTpallli MacH MOJiMepy MPU3BOJUTH J0 3MEHIIECHHS YyTJIMBOCTI

BC2.
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Pucynok 1.1 — UyTmBICTb KOMIIO3UTY Pucynox 1.2 — UyTnuBicTh KOMIIO3UTY
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Pucynok 1.3 — UytnuBicts komno3ury  Pucynok 1.4 — 3anexHicTh 4yTJIIMBOCTI
BC2 no nazepnoro imnynscy. 3B°s3ka 3 komno3uty BC16 Bia TOBIIMHHU 3pa3Ka;
[IMM, niametp myuka 4,5 MM [35] niametp mydka 4.5 MM [35]
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30UIbIICHHST JllaMeTpa Ja3epHoro mydka Big 1,5 MM 10 4.5 MM 3MeEHIIye
3HAYCHHS MiHIMaiIpHOI uyTimBocTi BC2 10 mazepHOT0 MOHOIMITYJILCY Maiike y 1Ba
pasu, Mpy MOMY KOHIICHTPAIIisI TTOJIIMEPY, SKa BIAMOBIIa€ MiHIMATLHOMY 3HAYEHHIO
qyTiauBoCTi 301mbmiIacs 10 30 %; skmo Ha puc.l.]l 3amexHICTh YyTIMBOCTI Bia il
JIa3€pHOTO IMITYJIbCY HAOIMKEHO MOTJIa OYTH BHPAKEHOIO KBAAPATHYHOIO (DYHKITIETO,
TO Ha pHC. 1.2 3aKOHOMIPHUI XapaKTep y MEeBHOMY CeHC1 Oy/e TUTbKH TOTPUMYBATHUCS
BCTAHOBJICHOT TCHICHITIT — 301/IbIIICHHS 00 3MEHIIICHHs KOHIIEHTpallli MacH MoJiMepy
IPU3BOJIUTH 70 3MEHIIEHHS YyTiIMBOCTI kommo3uty BC2. fxmio mepecyBartucs Bin
TOYKH MaKCHUMaJbHOI YYTIMBOCTI B OIK 301MBIICHHS KOHIIEHTpAIlli MOJIMEpPY, TO
CIIOCTEPITaEThCS YK€ Pi3KEe 3MEHILIEHHS YyTAUBOCTI. [Ipu 3MeHIIeHH1 KOHLIEeHTpalli
MOJIIMEPY TEMIT 30UTbIIEHHS Yy TJIMBOCTI Ma€ XapakTep Ayxke nmoBuibHuM. 3pa3ku BC2,
1o MicTaTh 50% mosiMepy, MiIpUBaHHS CIIOCTEPITA€ThCS TUTBKM YaCTUHU MTOKPUTTSI.

Uyrnusicte BC 3anexuTh Bi KOHLEHTpalii 3B'S3yl0YOro Marepiany: IMpu
30UIBIICHH] BMICTY TOJIMEpPY IIUIbHICTh €HEprii 3amalloBaHHS 3MEHIIYEThCA,
JOCSITAl0YM  MIHIMQJIBHOTO 3HAYEHHS, a MOTIM, MpPU MNOJANbIIOMY 30UIbILIECHHI
KOHIIEHTpAIlii MOoJIIMepy, 3pocTae, TOOTO, YUM MEHIIE PaaiyC, TUM OUIbIIE HIIJIBHICTD
€HEprii 3anafoBaHHs, 110 CIIBIAIA€ 3 pe3yJbTaTaMHU IIMTOBAHUX BUIIE POOIT.

PesynbTatu excriepuMeHTY 3a BHU3HA4YCHHsIM Es 3ayieXHO BiJl KOHIIGHTpaIii
nonimepy [IMBT-3M i [IMM npoimtoctpoBano Ha puc. 1.2 1 1.3. Mi"imanbHe 3HAaYCHHS
IIIJTBHOCTI €HEepTil 3amajtoBaHHs BIAMOBIIAE Cm~ 30 % 1 myxe OMM3bKl aOCOJIOTHI
3HauC€HHA MiHIMyMy Eg, mompu Te, mo B mepumioMy Ta JAPYroMy BHIIAJIKY
BUKOpHUcTOBYBanucs nojgiMepamu [IMBT-3M 1 [IMM BianoBigHoO.

3B'I30K XapaKTEPUCTUKH UYYTIUBOCTI Es 1 €KCIEPUMEHTAILHO BUMIpPIOBAHOI

eHeprii Wey 3HaAXOIATH 13 BUPa3y, 3alIPOIIOHOBAHOMY B poboTi [29,]
Es= 9,05 Weye.

Yci  BuUBYEHI CBITJIOUYTJIMBI BHOYXOBI KOMIIO3UTH XapaKTEPU3YIOTHCS
3JIEKHICTIO YYTJIMBOCTI JI0 Ail J1a3€pHOr0 BUIIPOMIHIOBAHHS BIJ MOBEPXHEBOI
IIUIBHOCTI apy MOKPUTTS. SICKpaBUM MPHUKIAIOM € €KCIIEPUMEHTANIbHI pe3yiIbTaTh

JOCTIPKEHHS 3 J1a3epHOro iHimitoBanHa kommo3uty BC16, puc. 1.4. Ilpu ToBmumHI
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mapy mokputTsi Ms ~ 60-90 Mr/cM? KpuBa 3aJIEKHOCTI ACUMIITOTUYHO HAOIMKAETHCS
70 MAKCUMYMY YYTJIMBOCTI KOMIIO3UTY BIJTHOCHO il JIa3€pHOTO BUITPOMIHIOBAHHS.
[Ipu 3MEHINEHHI TOBIIMHM LIApy MOKPUTTA Bim Mg~ 60-90 mr/cm? mo 25 mr/cm®
YyTIMBICTH KOMIIO3UTY 3MEHIIY€ETHCS, a 3 IiIbHICTIO Mack 20 Mr/cM? iHILIIOBAaTH SKe-
HeOyab XIMIYHE TIEPETBOPEHHS B KOMIIO3UTI HE BAalocsi. Y  CTPYKTypl
nocaimkyBaHoro BC16 He BUSIBIIEHO CHi1iB MEXAHIYHOIO UM TETIJIOBOIO PYHHYBaHHS,
a TaKOXX HaBITb YaCTKOBOTO PO3KJIAJaHHS KOMIIO3UTY, IO YITKO Y3TOJKYETHCS 3
JTAHUMU TI0JI0 TIOMTUPEHHS CBITIa B PO3CIIOI0UNX cepenoBuiax [36].

Y ¢dopMmyBaHHI oOcepeAKy 3amajlOBaHHS Ba)JIMBY pOJb BUKOHY€E BlIbHA
noBepxHs 3pa3ka CBK, npo 1o cBIIUUTh pe3ybTaT, NoKa3aHuii Ha puc. 1.4.

ExcnepuMeHTaneHl pe3yibTaTtd, OTpuMaHi y HaiioHalbHOMY TEXHIYHOMY
yHiBepcuTeri  “/lHinpoBchka  momitexHika”  [35]  (Camkr-IletepOyp3pkomy
JepKAaBHOMY TEXHOJIOITIYHOMY 1HCTUTYTY «TEeXHOJIOTIYHUN YHIBEPCUTET» )
JIOBOMSATD, 110 1HIIIFOBaHHS XiMIuHUX peakiliii y CBK nazepHuM MOHOIMIYJIbCOM, ‘€
ocBiTJIeHICTh B 00'em1 CBK 1 XBHIII pO3BaHTaKEHHSI, 110 MOUIUPIOIOTHCS 3 00KY BUIBHOI

noBepxHi” [35].

1.3 OnruyHi AeTOHATOPH AJS JIa3epHUX CUCTEM MiJAPUMBAHHA 3apsAiB

BHOYXOBHX Pe4OBUH

VY cuctemax iHiitoBaHHs 3apsaiB BP onHUM 3 HABOKITMBIIIMX €JIEMEHTIB, 1110
BU3HAYAIOTh CTYMiHb O€3MEKH BUKOHAHHS BUOYXOBUX pOOIT, € 3aci0 MiapUBaHHS
3apsaniB BP: kancyne-geronarop (K/[) ab6o enexrpomeronarop (EJ). Ilpuumuoro
BHUCOKOI HEOE3MEeKHM € BHCOKOUYTJIMBHI J0 30BHINIHIX BIUIMBIB 3apsii MEpBUHHOL
BUOYXOBOi pPEUOBMHU: a3Wjla CBUHIIO, a3ujaa cpioia, TpuMyda pTyTh, CTU(HATA
CBUHINIO Ta 1H. [35-38]. Jlns 301ibIIeHHs CTyneHs Oe3MeKu MPOBEICHHS BUOYXOBHX
poOIT HEOOXIJHO 3aCTOCOBYBAaTH IepBUHHI BP HU3BKOT YyTIMBOCTI 0 TEIUIOBUX,
MEXaHIYHUX 1 PI3HUX EJEKTPOMArHiTHUX BIUIMBIB [39-42], 1110 € OfHI€I0 3 HAWOLIBII
MPIOPUTETHUX 3a]1a4 B 00JIaCTI CTBOPEHHS OE3MEYHUX 3aCO01B i IPUBAHHS.

Canxkr-IletepOyp3bKuM JIepKAaBHUM TEXHOJIOTTYHUM 1HcTHUTYyTOM 1 HTY
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“JlHIMpOBChbKA TOJIITEXHIKA® BIEpPIIE Yy CBITI CTBOPEHA TEXHOJIOTIS OTPUMAaHHS
CBITJIOUYTIMBUX BHUOYXOBHUX KOMIIO3UTIB JO Jii JIa3epHOTO  IMITYJIbCHOTO
BurnpomintoBaHHsX [30-32]. Byno BCTaHOBIECHO, IO 3pa3Ku KOMITO3HTIB MPOSIBISIOTH
BHCOKY YYTJIMBICTh TUIBKH JIO BIUIMBY BHIIPOMIHIOBAHHSI JIa3€PHOTO MOHOIMITYJIbCA 1
MOXYTh OyTH BUKOPHUCTaHI B SIKOCTI TepBMHHOI BP B onTwyHMX meTroHaTopax
Ja3epHUX CUCTEM.

Cepen gecsiTka TMEpPCHEKTUBHUX CBITJIOYYTIMBUX BHUOYXOBUX KOMITO3UTIB
HaAMOLIBII MEPCIIEKTUBHUMHE (32 KPUTEpIEM MIHIMAJIbHOI €HEprii 3amaatoBaHHS) IS
BUKOPUCTAHHS B 3ac00axX BHUCA/HKCHHS Ja3€pPHUX CHUCTEM CIiJ] BUIUIUTH PEUOBUHU
mapku BC2, BC7, BC161BC17 [43, 44]. B sikocTi NEPBUHHUX 1HILIIOIOUYUX KOMIIO3UTIB
HamMu OyayTe Bukopuctani BC2, 1o xapakTepusyeTbCsl aHOMAJIbHO BHCOKOIO
YyTJIMBICTIO JI0 JIJAa3€PHOT0 BUllpoMiHIOBaHHs, 1 BC17, 1110 3a10BOIbHSE TPAKTUYHO BCIM
BUMOraM TEXHIYHOI Ta eKoJioriuHoi Oe3neku [44-48]. TpeTboro MNEpBUHHOIO
1HiIiror0400 BP Oyze HOBUI CBITIOUYYTIMBUN BUOYXOBHI KOMITO3UT, 1110 TIPEJICTABIISIE
co00I0 TMOJIIMEPHY MATPUII0O 3 MIKPOYACTMHKAMU a3ujy CBHUHIIO. Y poOoTax
JOCITIIKEHO HAHOUIBIII UyTJIMB1 10 JTA3€PHOT0 MOHOIMITYJIBCY CBITJIOUYTJIMBI BUOYXOBI
KOMITO3UTH, SIKI MOYKHA pEKOMEHyBaTH B sikocTi nepBuHHUX CBK 10 BUKOpuCTaHHS

B ONITUYHUX JE€TOHATOpax, Taou. 1.4.

Tabmuus 1.4 — Kpurtuuna enepris inimitoBanHs CBK nazepHumM imMmynscHUM

BUMPOMIHIOBaHHSM [45]

KOMITO3UTH Ha OCHOBI KOMITIEKCHUX Kputuuna rycTuHa eHeprii
TIEPXJIOPATIB 3anamoBanHs Ex, JIx/cM?
BC2 2.3x1073
BC7 5x1073
BCl16 12x10°°
BC17 40x1073

JI1s1 BUTOTOBJICHHS CBITJIOUYTJIMBUX KOMIO3UTIB MEPCIEKTUBHOIO BUOYXOBOIO
peuoBUHOIO € Tiepokcu yporpomniny — 'MTJI abo kommo3uTt Ha oro ocHoBi — BC17,

IK omHa 3 Bigomux ekosioriuno Oe3snmeynux BP. KucHeBuii OajlaHc HeratuBHU -
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92,2 %. Tennora BuOyxy cranoButh 5080 x/[x/kr. Temmneparypa Bubyxy 2370 °C;
oOcsr ra3iB 813 n/kr. JleToHye Bif yaapy, MPOMEHsS BOTHIO BOTHEIIPOBOHOTO IITHYPA.
MinimaneHuii 3apsa 1o terpiry 0,05 r tpoTwinoBuit ekBiBajieHT 1. Hemomikamu €
BiJIHOCHA HECTIWKICTh 1 HECYMICHICTh 3 METajlaMU. XapaKTePU3YEThHCS ITiIBUIIICHOIO
YYTJIMBICTIO 10 MEXAHIYHUX BILJIUBIB.

3 momenty BuHaxonay (1863 p) kamncyns-geronaropu (KI) cropsimkaroThbes
nepBuHHOIO iHimitorouo0 BP (ITIBP) i BropunHoto iHinioouoo BP (BIBP). Ha meii
gyac KJI ciopspkaeThes nepeBakHo azuioMm ceuHIio. Hempomikom KJI 3 ITIBP € Bucoka
HeOe3neka B BHUKOPUCTAaHHI MPU BUPOOHHMIITBI, 30€piraHHi, TPaHCHOPTYBaHHI Ta
3acTOCyBaHHI yepe3 BUkopucTtanHus B KoHCTpykiii [[IBB. Tomy 3HmkenHs HeOe3neku
MIPOMHUCIIOBUX JIETOHATOPIB € aKTYaJIbHOIO 33]1a4€lo.

[cTopiss mocHiKeHb 1 CTBOPEHHS KOHCTPYKIIi JETOHATOpiB 0e3 3apsay
BucokouytiauBoro I[IIBP namiuye monan 40 pokiB. 3a cmocoOOM 1HIIIIOBAHHS
BropuHHOi BP (BIBP) B K/I nocnimxeHHs NpoBOASTHCS B HACTYITHUX HAaIPSIMKAX:

— ynapom [49-51],

— BUCOKOBOJIBTHUM PO3PsIOM [52],

— 3akauyBaHHsIM B KJ[ 1 mojanpmmm migpuBoM BHOYXOBOI Ta30BOi CyMillli
[53-56],

— BUIIPOMIHIOBaHHSM J1a3epHOro MoHoimmynbscy [39, 40, 45, 69, 57, 58],

— 3 BUKOPUCTAHHSIM I1'€30€JIEKTPUYHOTO BILTUBY [59],

— 3aKOHOMIpHOCTeH repexoay ropinas bBP B netonartito [60-64].

AHami3 eKClepuMEHTaIbHUX 1 TEOPETUYHUX JOCIHIHKeHb, BUKIAICHUX Y
LUTOBAHIM JIITEpaTypi, CBITYUTH HA KOPUCTh BUOOPY JA3€PHOTO CIIOCOOY 1HIIFOBAHHS
3apsiB CBITJIOUYYTIMBUX BUOYXOBHUX KOMIO3UTIB [43-46, 65-71,]. Sk moka3ye qocBin
[43-46, 72-77], y TOMyY 4mCIi, B KOCMIYHi# ramys3i [78], mpy BUKOPHCTaHHI B TipHUYiH
cupasi [79], y mammuoOyayBanni [80, 81]. HaiOinbmn mepcrneKTHBHUN HampsMOK
JOCTIIKEHb, OB'I3aHUN 3 CHHTE30M HOBOTI'O Ki1acy nepBuHHUX IBP — cBiTnouyTnmBux
BUOYXOBHX KOMIIO3UTIB JJIs TA3€PHUX CHCTEM 1HILIIOBaHHS, K1 3@ pIBHEM HEOE3MeKu

He nepeBuiyBaiv 6 BropunHi IBP (Ten, tetpuin).



42

Amnami3 iHpopmariii, oTpuManoi 3 Bigkputux mkepen [30-32, 46-48], cBiqunth
po Te, 110 BUOYXOBI Ta (h13UKO-XIMIUHI XapaKTEPUCTUKH IITAaTHUX epBUHHUX BP He
BIJIMTOBIIAl0TH OLIBIIIOCTI BUMOT 3 OOKY Cy9aCHHX TE€XHOJIOTIH 1 6€3MeKOBOI CKIIa0BO1
y ripHuyiit cnpapi. Hanpuknazn, nepBunHa BP (BiAMOBIAHO 1 ONTUYHUNA JAETOHATOP)
MOBUHHA 33JTOBOJIBHSITH HACTYITHUM BHMOTaM:

— MaTHU HU3bKY YYTJIMBICTh 10 MEXaHIUHHX JIIH 1 3apsAIiB CTATUYHOI €JICKTPUKH;

— OyTH TepMIYHO cTabUIBHUMU He MeHIe, Hixk 10 500 K;

— OyTH HEUYTIMBUMHU JI0 BOJIOTH 1 CBITJIA;

— OyTH 1THEPTHUMHU 10 OY/Ib-IKMX 30BHIIIHIX €JIEKTPOMArHITHUX HABEJICHb;

— OyTH XUMIYHO CTaOUIBHUMU I11]1 YaC JOBrOTPUBAJIOTO 30€piraHHs;

— HE MICTUTH METANIIB NEePIIOi TPy TOKCHYHOCTI;

— BUPOOHHUIITBO MMOBUHHO OYTH MPOCTUM 1 EKOHOMIYHO BUIIPAB/IAHUM.

CuHTe3 MEepPBUHHHUX CBITIOUYTIMBUX BHOYXOBHUX KOMIIO3UTIB 3 ypaxyBaHHSIM
BUIIE3a3HAYCHUX KPUTEPIIB CHpUsiE CTBOPEHHIO O€3MEYHOi, TEXHIYHO HAJIAHOI 1
O0aratoyHKI10HAJIbHOT, €(DEKTUBHOI Ta PEIU31iHOT ONITUYHOT CUCTEMH 1HII[IFOBAHHS.
Oco0suBOi aKTyaJIbHOCTI 1€ MUTaHHA HA0YJI0 y FIPHUYOBHUI00YBHIN MPOMUCIOBOCTI

i1 Yac BUKOHAHHS MacoBUX BHOYxiB [36-38,82].

1.4 OnTnyHUii KBAHTOBMH TeHEPATOP ONTHYHOI CHCTEMM IHIilDBAHHSA

JAeTOHANIl 3apsi/iiB BUOYXOBUX PE4OBHH

B saxocTi JpKepena  BUINPOMIHIOBAHHS  PEKOMEHIYETbCS  BUKOPUCTATU
TBEpAOTUIMN onTuyHUM kBaHTOBUM reHepaTop (OKI') Ha HeoguMOBOMY CKJIl, SIKHA
MpaIoe B PekuMI MOAYJAIIT TOOPOTHOCTI pe3oHaTopa (PeXUM MOHOIMITYJIbCa) -
koHcTpykiii HTY “/lainpoBcbka momitexHika” [83]. YV 1mboMy peXkumi TPUBAIICTh
sunpominioBanHs cknagae (20-30)x10° ¢c. Bubip 1poro pexxumy 0oO0yMOBIECHHH THM,
o yyrnuBicTe BP 1o Ail Takux KOPOTKUX IMIYJBCIB 3HAYHO BUIIA, HDK MpU il
MUTICEKYHJHOTO  IMIOYyJbCy (peXuM  BUIbHOI  reHepaiii). TouHiCTh  4Yacy

cupaupoByBaHHs O/l Ha ABa MOPSIIKK BUIIA, HIXK MPHU €IEKTPUUHOMY 1HIIit0BaHHI BP.
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OcHoBHI BuUMoOTrH, 1110 BUCOBYIOThCs 10 OKI', € HacTynmHUMU: HEBeNUKa maca,
HAJIMHICTh POOOTH, HECKJIAAHICTh Yy TOBOJKEHHI, JCKIJIbKa KaHAIIB y €IUHOMY
pe3onatopi. Jlazep 3 mekinpbKkoMa KaHajaMu (aKTUBHUX €JIEMEHTIB) 1 €JIEKTPOHHOIO
KOMYTAIIEI0 MK HUMH JI03BOJISIE 3IHCHIOBATH ITIAPUBAHHS OKPEMHX CEpii 3apsiaiB 13
3aJJaHOI0 YaCOBOIO 3aTPUMKOIO.

Maca OKI Bu3Ha4a€eThCsl, B OCHOBHOMY, HAKOITMYYBauYaMHU €JIEKTPUUHOI €Hepril
— KOHJEHCATOpaMH. IX Maca 3aJeKMTh Bifl eHeprii CIpalbOBYBAHHS ONTHYHOTO
JIETOHATOpa, BTpAT CBITJIOBOI €HEPrii y BOJOKOHHIN Mepexki 1 uuciia 3apsijiB, IO
OJIHOYACHO MIPUBAIOTHCS.

EnexTpoHHa komyTailisi MiXK Jia3epamMH J03BOJISIE 3a0e3MeuyBaTH 3aTPUMKY
re’epaiiii 0IHOr0 KaHajy BITHOCHO 1HIIOTO 3 BUCOKOIO TOUHICTIO. Tak, sSIKIIO /1ara3oH
3aTPUMKH Yacy MK KaHajaM nepeadadenuit Big 0 1o 80 Mc, MaKCMMaIbHO MOKJIMBA
TOYHICTh CIIPallbOBYBaHHS MOXe He nepesuinyBatu 0,1 mc.

[HiI1rOBaHHS 3aps/liB MOKHA 31MCHIOBATH B OyAb-SIKOMY MICIIl IIIITYPOBOro ab0
CBepUI0BUHHOTO 3apsany BP, He 30yKyroun mpu ibOMY JAETOHAIlIIO0 (UM BUTOPAHHS)
3apsTy B MICIIl KOHTAKTY 31 CBITJIOBOJIOKOHHUM KaOelieM, sIK 1€ CITIOCTEPIraEThCs MpH
MIJJPUBaHHI 32 IOMOMOTO0 IETOHAIIHHOTO IIHYpA.

Konctpykiis OKI' mepenbavae 3amac MOTYKHOCTI Ta Ma€ MPaKTHYHO
HeoOMexxennit ¢izmunnii noteHmian. Hanpuknaa, OKI' 3 enepriero 500 mIx (Bara
11kr) 3paTtHuit onHovacHo migipBatu 5000 3apsiniB BP 1 3 Takum ke ycnixom Moxe
OyTH BUKOPUCTAHUU TPHU MIAPUBAHHI OJTHOYACHO YCI€l MOBEPXHI IMJIOCKOTO 3apsiay
mioniero 4 M2 a6o macu CBK 00'eMom 6tm3bk0 1 MMm2.

OkpiM JamMn HakadyyBaHHS, AaKTUBHHUX €JIEMEHTIB, JDKEpEN IKUBJICHHS,
EJIEKTPOHHOTO OJIOKY KOMYTaIlii MiXk Jazepamu, y KoHcTpykiiii OKI ciin mependauntu
0JIOK KOHTPOJTIO 11JIICHOCTI BUOYXOBOTO JaHIftora. [lepeaycim 1ie KOHTpOJIb KOHTAKTy
CBITIOMPOBITHUX Kabemto 3 mapoM CBK B onTuuHuX AeTOHATOpax CBITIONPOBIIHUX
kabemB y 3'eqnyBauax 1 posramyxyBadax. OKI' nmpusHaueHuid aJisi 1HII[IFOBAaHHS
NeKTbKOX 3apsafaiB BP B meBHiM TumYacoBiii mociigoBHOCTI. JlazepHa ycTaHOBKa
MOBUHHA YTPUMYBATH TPH ONTUYHI KaHAIH, KOXKEH 3 SIKUX 3a0e3edye OJUH IMITYJIbC

BUMNPOMIHIOBaHHS 3 JOBXKHWHOK XBWIi 1,06 MkM, eHeprieto 150 Mk 1 XxapakTepHOIO
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TPUBAIICTIO B JIEKIJIbKA JECATKIB HAHOCEKYH/I, IMITYJIbCH B TPhOX ONTHYHUX KaHajlax
MOBUHHI PyXaTHUCS OJUH 32 OJJHUM 3 IHTEPBaJIOM, PEryJIbOBaHUM B Mexax Big 0 10 80
Mc. JKuBJIeHHs yCTaHOBKHU 3A1MCHIOETBCA BiJl Mepexki 3MiHHOTO cTpymy 220 B, 50 r11,
abo nocTiiiHOTO CTpyMy 12 B.

Ha puc. 1.5 nokazanmii nepmmii exkcnepuMmeHTaibHuid 3pa3ok OKI,

BUrOoTOBIIeHUH B 1995 poril B HanioHansHOMY FipHUYOMY YHIBEPCHUTETI.

a | o
Pucynok 1.5 - 3aransanii surnsg OKIL: @ — 3 kpumikoro, 6 — 6e3 KpUIIku

CunoBHUM eJIeMEHTOM KOHCTPYKIIIT, 10 HECE, € MACUBHA IJIUTA 3 JIOPATFOMIHIIO
po3mipamu 420x130x18mM. 3ropum Ha Mii TUIMTI PO3MIMICHUNH ONTUYHUN OJIOK
Ja3epHOI YCTAaHOBKH. 3HU3Y JI0 IJTUTH KPIMUIATHCS HAKOMTMIYBaIbH1 KOHACHCATOPH, 1110
3aliMaroTh MPUOIN3HO 2/3 00'€eMH €JIEKTPUYHOTO BIJICIKY, OJIOK >KMBJICHHS U MaHENb
YIPaBIIHHS Ja3epHOi YCTAHOBKU. Y TIIUTI € JEKUIbKa HACKPI3HUX OTBOPIB, Uepes3 sKi
IPOXOATH APOTH 3 ENEKTPUYHOTO BiJICIKY JUTSI )KUBJICHHS Ta 3aMAJICHHS IMITYJIHCHUX
Jamm. 30BHI ONTHYHUH 1 €JIEKTPUYHHUNA B1JICIKH 3aKPUTI KOKYXaMH, K1 KPIIUIATHCS 110
IUTMTH, 10 Hece. Y BEPXHbBOMY KOXYCl € OTBIp 3 pi3bOOBOIO 3ariymIKOI st
BUBEJICHHS BUIIPOMIHIOBAaHHS. Y HI)KHBOMY KOXKYCl € OTBIp JUIsl IOCTYITY /IO TaHel
ynpasiiHHs, puc. 1.5, a.

Ha puc. 1.5 moka3zaHa sa3epHa yCTaHOBKa 31 3HSTOI BEPXHBOK KPHUIIKOIO,

3aBJISIKKM YOMY MO>KHA OauMTH SIK BJAIITOBaHA ONTHYHA cucTema. Ha rmiuTi 3akpirieHi
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JIB1 OITPaBH 3 JI3€pKajaMu PE30HATOPa, OIpaBa KIOBETH 3 OAPBHUKOM 1 OJIOK ONTHYHUX
TOJIOBOK. AKTHBHI €JIEMEHTH ONTHYHUX TOJOBOK 3 docdaTHoro ckia mapku JII'C- 55
3 KOHIICHTpAIli€l0 10HIB HeoauMa 4 % maroTh po3mipu 5% 100 M.

Yci Tpu akTHBHI €JIEMEHTH TOMIIICHI B 3araibHuil pe3oHatop (puc. 1.6),
YTBOPEHMI TBOMA IUIOCKUMH J3epKaiamMu 3 Koedirieatamu BimouBanusa 39 % 1 99 %
utst moBxkuHU XBuJl 1,06 mxMm. KoxHe 3 3epkan 3akpilieHe B OnpaBi, KOHCTPYKIiS
KO JI03BOJISIE FOCTUPYBATH J3epKaiio 3 TouHicTio 10". Ha puc. 1.6 nokazana ontuyHa

TOJIiBKa 3 TphoMa Ja3epamu [84].

nnargopma

Pucynok 1.6 — Ontuunumii 610K (BUTIs 3Bepxy): 1 u la — mimocki a3epkana
pe3oHaropa 3 koedimieHTamu BimOuBanHg 99 1 39 % BiAMNOBIAHO; 2 — IMIYyJbCHA
KCCHOHOBA JIaMITa HaKadyyBaHHS; 3 — KIOBETa 3 OapBHUKOM, IO TPOSCHIOETHCS;

4 — nnatdopma.

Pucynok 1.7 - Onruuna ronoska OKI': 11, 2m, 3n — mazepm; 2 — nmammu-
HaKauYyBaHHS

Y  rtabm. 1.5 nmpuBegeHI  OCHOBHI  TEXHIYHI  XapaKTEPUCTHKU
EKCIIEPUMEHTAJILHOTO 3pa3ka ONTUYHOTO KBAaHTOBOTO TeHEpaTopa, B KOHCTPYKIIii

SKOTO TMepen0adeHi TpH Ja3epH, PO3MilleHl B €AMHOMY PE30HATOPI.
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Ne HaitmenyBaHHs TexHiuH1 XapaKTepUCTUKU
1 2 3
1 | KinpkicTb Ja3epiBs, T 3
2| Axtiei exemenn (rasepn) KOHIIEHTpOBaHe ocdaTHE HEOTUMOBE
CKJIO
3 | JloB)XKHHA XBHIII, MKM 1,06
4 | PexxuM poOOTH MOHOIMITYJTBC
5 | JIazepna enepris, mJx 450 (3x150)
6 | TpuBamicTh IMIyIBCY, HC 11
[HTEpBaN MIXK IMITyJIbCAMU
7 . B121 0 10 80 (peryboBaHuUiA)
Ja3epiB, MC
Crocib nepenadl MOHOIMITYJIbCY 1 — kpi3b NOBITPsIHY aTMochepy;
| 1o 3apsay BP: 2 — OIITOBOJIOKOHHUM Kabeem
9 Huxn po6otu, OKT He Oinb1re 3 xB
10 | J)Kusnenns, B 220 abo 12
11 | CnoxuBaHa MOTYXHICTh, BT 100
12 | I1naBkuii 3anmo01KHUK, A 1
13 | labaputu, mm 425x130x300
14 | Maca, xr 11

3apsanaiB BP — OIICIH [85]. V cuctemy BXOASTH ONTUYHI JETOHATOPH 3 IEPBUHHUM

OKT € ogauM 13 HaWBaXXJIUBIMINX €JIEMEHTIB OIITUYHOI CUCTEMH 1HIIIFOBAHHSA

CBITJIOUYTJIMUBUM BUOYXOBHM KOMIIO3UTOM, ONTOBOJIOKOHHI Ka0eJl Ta 1HII eJIeMEHTH

MiIpUBHOI Mepexi, puc.1.8.

Amnami3 cknagopux kommnoHeHTiB OIICIH moxkasaB, 1mo OKpiM BIOCKOHAJICHHS

O/l 1 "HOBOi TexHoJjorii orpuManHs nepBuHHUX CBK 1 ONTOBOJOKOHHOI TiIPUBHOI

Mepexi, SKI TOBHHHI BIANOBIIaTH CyYaCHUM BHMOTaM 3a piBHEM Oe€3MeKH,
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MPOJYKTUBHOCTI, CYYaCHUM TE€XHIYHUM XapaKTEPUCTHUKAM 1 MATHU IIUPOKUHN J1aria30H

(b13UKO-TEXHIYHUX MOKITUBOCTEH.

P Jlazepra Bonoxonno-onTH4EA
3aco0H IHINIWBAHAA |4 L. -
. CHCTeMa IHINIIBAHEA EHOYIOEA Mepeka
sapanie BP -
4 1 } L
OKT Posramyayeau 3'eauyBay
CBK = O T

[ } b
Excnepemenr. . _— 3 )
[—— [KoHCTpYKIiA| ATPHMER HACY

i 1 [ L
Texnoaoria B Bumpodys. O] KoHTpom HinicHOCTI
BEHIOTOBI. UrOTORICHHS = 3 iminirEaRRA MIPHEHOL MEpPEesl

Pucynox 1.8 — OcnoBni komnonenTu cucremu OIICIH
3 puc. 1.8 BumHO, 10 3a7a4a JaHOi POOOTH TMOJSITa€ y PpoO3poOI OLIbII
0e3MeYyHoro y MOBOJKEHHI ONTUYHOro jAeToHaropa 3 mnepBuHHUM CBK, Haaro

YYTIUBOIO JI0 JIii TA3€PHOTO MOHOIMITYJIbCY.

1.5 BucHoBKkH, MeTa i 3aa4i A0CJIiJKeHb

3 mpeaCcTaBICHOTO BUIIE aHAII3y POOIT, MPUCBAYCHUX MPOoOIeMaM 1HIIIFOBaHHS
BUOYXOBHUX PEYOBHH JIA3EPHUM IMITYJIbCOM, MOKHAa 3pOOUTHM HACTYIIHI OCHOBHI
BHCHOBKH:

—gytiuBicte CBK 110 i iHIIIIOI0YOTO JTA3€PHOTO MOHOIMITYJILCY B JICKIJIbKA
pa3iB BUIIA 32 UYTJIUBICTh YUCTUX BUOYXOBHUX PEUOBHH,;

— 3HI)KEHHA nopory iHiniroBBaHHs CBK Moxe Oytu 371iiCHEHO 3011bIIEHHM
IIBUKOCTI BBEJICHHS €HEPTil JIa3€PHOr0 BUIPOMIHIOBAHHS;

—npu iHimioBanH1 getonamii CBK cmig BpaxoByBatu po3mipHHil edekT —
3aJIEKHICTh TOPOTY 1HIIIIOBAHHS BiJl TEOMETPIi JIA3€PHOIrO My4Ka Ta JTOBXKUHU XBHIII
BUITPOMIHIOBaHHS;

— Tpaauiiitai IBP mposBisioTh BUCOKY UyTIUBICTH JI0 Aii JIA3€pHOTO IMIYJIbCY



48

TIIBKM TpM BHUCOKMX THCKax mnpecyBanHa (>1081la), mo yYHEMOKIUBIIOE
BUKOPUCTAHHSA iX IEPBUHHUX B ONTUYHUX JIETOHATOPAX;

— HE po3po0JIeHi MiaXoau abo xo4a 0 3arajgbHi MPUHIIUIN OTPUMaHHS (CUHTE3Y)
IBP miis nazepHux cucrem;

— poboTH, CIIPSIMOBAaHI Ha IiJIBUILIEHHS YyTJIUBOCTI IITaTHUX NIepBUHHUX BP 110
Ja3epHOTO BHUIPOMIHIOBAHHSA, HAa BIAMIHY BiJ BTOpuHHHUX BP, mpoBoawmucs B
HE3HAYHIA KIJIBKOCTI JOCIIIKEHD,

— e(heKTHBHE BUKOPHUCTAHHS JIA3EPHUX CUCTEM 1HIIitoBaHHA 3apsaaiB BP mijg vac
MacoBUX BHOYXIB MOK€ OYTH 13 3aCTOCYBaHHSM CBITJIOUYTJIMBUX BHOYXOBHX
KOMIIO3UTIB.

VY 3B’s3Ky 3 BHUKIaJCHUM BHllle Oyla copMylibOBaHa OCHOBHa MeTa
JOCITIJIKEHb — BCTAHOBUTH 3aKOHOMIPHOCTI 1HII[IFOBaHHS CBITJIOUYTJIMBUX BUOYXOBHUX
KOMITO3HUTIB Ha OCHOBI a3W]ly CBHHITIO BY3bKHMH JIA3CPHUMH MMyIKaMH TSI PO3POOKH
OOrpyHTOBaHO1 (I3MYHOT MOJEIl 1 CTBOPEHHS EKCIIEPUMEHTAJIbHOIO 3pa3Ky
ONTUYHOTO JICTOHATOpA JIS IMITAIIIHHOI JJa3epHOI CUCTEMHU 1HIIIFOBaHHS.

JIms moCSATHEHHSI ITOCTABIICHOT METH HEOOX1IHO:

1. Bukonatu anaimi3 BIZOMHUX MeXaHI3MIB 3anairoBaHHsd BP 1 omHutH iX
MO>KJIMBICTh BUKOPUCTAHHS B MPOIIEcax JIa3epHOro 30yIKeHHs AeToHallii. Bukonartu
aHai3 ICHYIOYMX KOHCTPYKIIHA ONTHYHUX JETOHATOPIB 1 (DI3UKO-XIMIYHUX
BJIACTUBOCTEH TIEPBUHHUX CBITIOUYTIMBUX BUOYXOBUX PCUOBUH;

2. BuxonHatu (i3MKO-MaTeMaTUYHE MOJCIIOBAHHSA PO3CiFOBaHHS (HOTOHIB Yy
T y3HO-PO3CIIOYOMY  CEPElOBUIIl BUOYXOBOI PEUOBMHI 3 BHUKOPUCTAHHSIM
KOMIT FOTEPHOT CUMYJISIIT I MPUOIM3HOTO BiITBOPEHHS PEATbHUX SBHII METOIOM
Momnrte-Kapiio.

3. BcraHOBUTM 3aKOHOMIPHOCTI BIUIMBY BY3bKHX IYYKIB JIa3€pHOTO
MOHOIMIYJILCHOTO BUIPOMIHIOBaHHS Ha mpouec 3anamnoBania CBK Ha ocHOBI azuay
CBUHIIIO;

4. CtBopuTHu O€3MeYHUN Y MOBOKEHHI 1 pene3iitHoi 1ii 1abopaTopHuii 3pa3ok
ONTUYHOTO JIETOHATOPA, MPOBECTH €KCIIEPUMEHTAIBHI JIOCHIIPKEHHS BIUIUBY Ha MOTO
CIPALIFOBAHHS IMITYJILCHOT'O J1a3€PHOTO MPOMEHS.

3a pesynbpTaTaMu JIOCIIHKeHb onmyOrikoBani podotw [28, 29, 68-71, 82, 84].
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PO31I 2
®I3UKO-MATEMATUYHA MOJIEJIbL PO3CIIOBAHHS CBITJIA
B CEPEJIOBUILI 3 IJILHOIO YITAKOBKOIO PO3CIIOBAUIB

[TommpeHHsT CBITJIa B PO3CIFOIOYOMY CEPEAOBHINI € TPEAMETOM BHBYCHHS
0araTbOX HAYKOBUX 3aKJIaJlIB  BXKE MPOTATOM OuIblle MiB CTOpivds. 3a 4aciB
Pansiacbkoro Coro3y 11e#l po3/isl Hayku HalOUTbIl IHTEHCUBHO po3BUBaBcs B Pocii Ta
binopyci. Tak, B Pocii 6yB cTBopenuit iHcTUTYT Ontuku atmMocdepu (M. TOMCBK).
OcCHOBHMI HampsM HAYKOBHUX JOCHIIKEHb OyB MOB's13aHUM 3 MpoOaeMaMu ONTHYHOI
JIOKaIli, 3a0pyAHEHHS MOBITPS B IPOMUCIIOBUX PEriIOHAX KPaiHH, a TAKOK B MEJIULIMHI.
Amnanoriuni 3amadl po3B'szyBasivcs B CLIA 1 kpainax 3axigHoi €Bponu. OcHOBHa
yBara HaJiapajacs poosieMi ocaa0aeHHsI CBITIOBOIO IydKa B “MyTHUX CepeOBUIIaX
(TyMaH, 3a0py/aHEHE MOBITPSI, EPUTPOLIMTH B KPOBI 1 T.JI.) 3 MAJIOK KOHUEHTPALIEIO
poscitoBayiB. Came HeBelIMKa KOHIEHTpaAllil pO3CIIOBaYiB JO3BOJIMIIA 3BECTH
HEJIHIMHE PIBHSAHHS PO3LIMPEHHS CBITJIA B JIIHIWHE.

Ha BigMiHy Bij 3rajaHux BHINE 3ajay, NpoOjeMa pO3IIMPEHHS CBITIA Y
BUOYXOBUX PEUOBHUHAX CYTTEBO YCKIATHIOEThCA. P14 y Tomy, 1110 BUOYXOB1 PEUOBUHU
€ CEepEIOBUIIEM 3 IIIBHOIO YITAKOBKOIO PO3CII0BAUIB, TOMY OTPUMAaHI PAHIILIE PIIIEHHS
HEMPUTOHI 1 Hamioi 3aaa4i. KpiMm Toro, njst BUpieHHs 3a1a4i 3anaitoBands BP
HeOoOX1IH1 3HAHHS OCBITIEHOCTI B 00'eM1 BP.

3 MOSIBOI0 BHUCOKOIPOJYKTUBHUX KOMIT'HOTEPIB 1 KOMITIOTEPHUX KOMILJIEKCIB
3'sIBUJIACS MOJKJIMBICTH PINICHHSI TaKUX 3a/lad METOJOM YHCEIHHOTO MOJICITIOBAHHS,
onHuM 3 sikux € Mmeroa Monte-Kapno. Lleit meron 0Ga3yerbcsi Ha poO3irpyBaHHI
BUTAJKOBOI BEIMYMHHU, a came: NPOCTOPOBHX XapaKTEPUCTHK pPyXy (oToHa,
MOTJIMHAIOYNX BJIACTUBOCTEH pPEUOBWMHHU, TpaHUYHMX yMOB BP-razomozione a6o
TBepe Tijo. CydacHi METOM JO3BOJISIOTh BiJICTEKYBATU MOBEIHKY KOXKHOTO (hOTOHA
B kimpkocti 10° -10° goroni. VcepenHioBaHHsS iX TpAacKTOpii € OCHOBOK s
3aKJTIOYHUX BHUCHOBKIB MPO €HEproHacH4eHicTh 00'eMy BP, sika Bu3Hauae po3BUTOK

MpolLIeCy 3anajtoBaHHs U Mepexoay TOpiHHA B JIETOHAII0 B ONTUYHUX JIE€TOHATOpaX

(OLD).
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2.1 ®Pizyyna mMoaeb po3cioBaHHA (POTOHIB y AUQY3ilHHO-PO3CIOIOYOMY

cepeaoBUII

AHaJi3 pe3ynabTaTiB NPOBEACHUX Y JIlaHii poOOTI AOCIIKEHb IMOKa3ye, 0 B
OCHOBI (DI3MYHOTO MEXaHI3My Ja3€pHOrO 1HIIIIOBaHHS MarOTh OyTH YSBIEHHS IPO
ocepelkoBUl Xapaktep 3amantoBaHHs. [lIBuake BBeneHHs eHeprii Jla3epHOTO
IMITyJIbCy ("9ac Jii MOPSAJKY OJUHMIIL-ICECATKIB HAHOCEKYH]I) JI03BOJISIE B ONTHYHO
IPO30pHUX BUOYXOBHX MaTepiajax CTBOPIOBATH “Tapsyl TOYKK B MICIIX PO3MIIICHHS
ONTUYHUX MIKPOHEOJHOPITHOCTEH, SIKUMU MOXYTh OYTH JOMIIIKH, CTPYKTYpHI
HEOJHOPIAHOCTI PEYOBHHHM (CKYIMYEHHS JUCIIOKAI[lF, BAKAHCII 1 T.I1.).

BukopucTaHo MeETOJI YHMCENbHOI OIIIHKM €HEeprii XIMIYHOTO 3B'SI3Ky B
3aJIeKHOCT1 BiJl BIZICTaH1 3B'SI3KYy JIO TOYKOBOTO 3apsily — TPETHOrO KYJIOHIBCHKOTO
ueHtpy [1]. KBanTOBO-MeXxaHI4YHa MOJIENb PO3PAXYHKY €JIEKTPOHHUX TEPMiB MOJICKYJT
JI03BOJIsSIE BUPILIYBaTH 3a/adyi, MOB'S3aHI 3 BU3HAUYEHHSM IapaMeTpiB MOJEKYy]I B
yMOBaxX BIUIMBY pI3HMX (PI3MYHUX MOJIB Ha JOCHIKYBaJlbHY cucteMy. Mojenb
anpoOoBaHa Ha JESKUX ABOATOMHHUX MoOJIeKyJjaX. PO30OIKHICTh eKCIEpUMEHTAIIbHUX
JAaHUX 3 pe3yJbTaTaMU PO3paxyHKiB He miepeBulye 15 %, 1mo cBiIUuTh Mpo MITKOM
KOPEKTHOI iHTeprnpeTalii OTpUMaHuX pe3yibTariB [2].

B poGori [3] mnpoaHamizoBaHi HEMOJIKH BIJOMHUX MOJEIeH MeXaHI3My
3aMajTIOBaHHS BUOYXOBUX PEUYOBUH 1 CBITJIOUYTIMBUX BHUOYXOBUX KOMIIO3UTIB
Ja3epHUM  IMIIYJIbCHUM  BHUIPOMIHIOBAaHHSIM.  3ampoOlOHOBAaHUM  MeEXaHI3M
3alajloBaHHs BHCOKOUYTJIMBHX BHOYXOBUX PEUOBHH, SKHM MOJSTae B TOMY, WIO
1HILIIOBAaHHS 3/1MCHIOETBCA B pe3yJbTaTl MOPYUIEHHS CTIMKOCTI MeTacTaOUIbHOTO
CTaHy peakliifHO aKTUBHUX I'PYI aTOMIB (Ha MPUKIIAl TPYHH a30Ty B a3ujii cpibdiia)
npu nedopmartii Horo KpUCTaIIYHOI PEIIITKY.

[TpoanamnizoBano [4,5] OCHOBHI pe3yJIbTaTH JTOCTIHKEHb Yy TJIUBOCTI BUOYXOBUX
PEUOBUH JI0 JIa3€pHOTO IMIYJIBCHOIO BHUIIPOMIHIOBaHHS. YucenbHEe MOMETIOBAaHHS
3MIACHIOBAJIOCST 3 BpaxyBaHHSAM pPEAJbHOTO MPOIECY 3amalioBaHHS BUOYXOBOI
peYOBUHM 1H(GPaYepBOHMM BUIIPOMIHIOBAHHSM Ja3epa. 3anpornoHoBaHa npod.. A.B.

YepHaeM mMaTeMaTH9Ha MOJIENH JTO3BOJISIE TOCHIKYBATH OCOOJIMBOCTI 1HIIIFOBAHHS
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BUOYXOBOI'0 IEPETBOPEHHS OpU3aHTHUX BUOYXOBUX PEYOBUH KOPOTKUMHU CBITIIOBUMU
imnynscamu. Ha mpukiianai TeHy moka3aHo, IO IIei Mpolec MOBHICTIO BU3HAYAETHCS
napaMeTpami, Kl XapakTepu3yloTh IHTEHCUBHICTh BUIIPOMIHIOBAHHS 1 MOTJIMHANIBbHI
BJIACTUBOCTI BUOYXOBOI PEUOBHUHU. 3aJICKHO B1J] 3HAUCHHS LIUX BEIMYUH MOXKYTh OyTU
pealli3oBaHi SIKICHO pi3HI TpoleCH IHIIIIOBaHHS Ha TOBEpXHI abo y cepenuHi
pedoBUHU. B ocTaHHbOMY BHMAJIKy BUIUICHHS XIMIYHOI €HEprii MPU3BOJIUTH [0
YTBOPEHHSI TaK 3BaHOTO “XIMIYHOro” TMIKy THCKY. Ha mpukmami aszuiy CBUHIIO
eKCIIEPUMEHTAJIbHO TMOKa3aHO, IO II0YaTKOBAa TEMIEpaTypa HE BIUIMBAE Ha
HiABUIIECHHSA YYTJIMBOCTI BHOYXOBOI PEYOBHHM HaBiThb Yy BHUIIAJKYy, KOJHU JIa3epHE
BUIIPOMIHIOBaHHS 3/1MCHIOETBCSA Y PEXUMI HAHOCEKYHJIHOTO IMITyJbCy. MeToauka
IIPOBEICHHS EKCIEPUMEHTIB 1 OTPUMAaHI pe3yJbTaTH OyAyThb BHUKOPHCTAaHI MpHU
PO3po0IIi CBITJIIOYYTIUBUX KOMIIO3UTIB 3 Hamepe.1 3aJaHUMU BUOYXOBUMH Ta (13UKO-
XIMIYHUMU BJIACTUBOCTSIMH.

Bukopuctano MeToauKy po3paxyHKIB IHTEHCHUBHOCTI IOTJIMHAHHS  BIJ
JIOBKMHU XBUJIl JTa3€pPHOTO BUIPOMIHIOBAHHS BKIIOYEHHSIM BHOYXOBOi PEUOBHHH 3
ypaxyBaHHSM BUKOpUCTaHHs Teopii ['yctaBa Mi Npy>KHOTO pO3CIIOBaHHS ONTUYHOTO
BUIIPOMIHIOBaHHS Ha cPEpUUHUX YACTHHKAX MIKpOMETPOBOro fianazony. [lokazano
[6], m0 mormuMHambHA BIACTHBICTh YACTHHKHM ICTOTHO 3aJIEKHUTH BiJ BIACTUBOCTEH
CepelloBUIlla, B SKOMY Il 4YacTUHKAa mepeOyBae, 1 B JOBXHWHUA XBHIII
BUIIPOMIHIOBaHHS.

Haiinpocrimn po3paxyHKOBI OI[IHKM TMOKa3ylOTh, IO OJHUX VSBJIEHb IMPO
OCEpEeNKOBMM  XapakTep  3alajllOBaHHS  HEIOCTaTHbO  JUIA  TOSICHEHHS
HU3BKOMOPOTOBOro Xapakrepy 3anantoBaHHss CBK. TeopernuHi 3HaueHHS KPUTUYHOL
HIUIBHOCTI €HEPTii MpHU PI3HUX MPUIYIICHHSIX MO0 MEXaHI3My 3alalloBaHHS Ha
MOPSIJIOK TIEPEBUIIYIOTh EKCTICPUMEHTANIbHI AaHl. Ha BupilmeHHs boro napaaokcy u
HarpasjeHa po3poOka (pi3U4HOT MOJIEIIL.

B3aemoist ma3epHOTO BUMPOMIHIOBAHHS 3 BAOYXOBUMHU PEYOBHHAMU MA€ OLTBII
CKJIaJHUN XapakTep. BcTaHOBIIEHO, 110 MOPOTH 3aMajiOBaHHSA BUSBHWIMCS  OUIBII
HU3BKMMHU B TIOPIBHSHHI 3 JII€I0 JDKEPEN CBITIA CYHUIBHOTO CIEKTPY, IS SKHX

Koe(ILI€HTH NOTJIMHAHHSA YIbTpagi0JeTOBOI YACTUHU BUIPOMIHIOBAHHS Ha JIEKUIbKA
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MOPSAKIB TEPEBUILYIOTh KOC(IIIEHTH TOTJWHAHHS BUIPOMIHIOBAHHS Ja3epiB Ha
HEOJAMMOBOMY um pyOiHOBOMy ckii. lle#t dakr, mokmaaeHuit B OCHOBY (i3HYHOI
MOJIEJTi JTa3€pPHOTO 3alaFOBaHHS, BPAaXOBYE MPOIECH JTUCHIIAII CBITJIOBOI €HEPrii 3a
PaxyHOK XBHWJIb PO3BaHTaXCHHS HAIPY>KEHO-Ie(POPMOBAHOIO CTaHy IMOBEPXHEBOTO
mapy CBK.

HaliBaxxnuBimyMm, Ha HaIll IOTJISIT, € BpaXyBaHHsI 0COOJIMBOCTEN OCBITIIEHOCTI B
o0'emi CBK. Piu y ToMy, mo BHOYXOBI PEUYOBHMHHM € CIJIa0KO MOTIMHAIOYUMU
MaTepiaJaMi 3 BEIUKOIO IIUIBHICTIO PO3CiIOBadiB, TOOTO MPOIECH PO3CIIOBAHHS
JIa3€pHOTO BUMPOMIHIOBAHHS TPAlOTh BU3HAYAIOYY POJIb Y BCTAHOBIICHHI JUHAMIYHOI
KApTUHU OCBITJIEHOCTI B Marepiani. OCHOBHHUM YWHHUKOM DO3CIIOBaHHS CBITJIA €
rpanuil kpuctan CBK — noBiTps. Pizauns y noka3znukax kpuctaiis CBK 1 moBiTps
ckiagae nmonaz 0,5. 3MEHIICHHS 1i€l Pi3HUII Bejie 10 O1IbII MIMOOKOT0 MPOHUKHEHHS
¢oToHIB B 00’€M BHOYXOBOI PEUOBHMHHU, IO 3MEHIIYE AII0 XBUJIb PO3PIIKEHHS Ha
IpOLEC JIa3epHOro 3amnajitoBaHHs. sl MiATBEpIKEHHS LbOTO MPUITYIICHHS Oyin
MPOBEJICHI MPUHITUIIOBO HOBI €KCIIEPUMEHTAIBHI JOCIIIXKEHHS, CYTh SIKUX 3BOJIUTHCS
no HactynHoro. byma pospobOieHa HoBa TexHosoris BuroToBieHHs CBK, o
IPYHTYETBCS Ha 3aCTOCYBaHHI 3B’SI3KM — PO3YMHY MPO30pPOro 10 Ja3epHOro
BUITPOMIHIOBaHHS MOJIMEPY Y HMIBUAKO BUIAPOBYIOUUX PO3PIIKyBavax, HAMPUKIIA,
xjopodopmy. Lle m03BOIMIIO 3aMIHUTH MOBITPSHI TpOIIApKK Ha mojiMepHi. Kpim
I[bOTO, TaK1 CBITJIOYYTIMBI BUOYXOBI KOMIIO3UTH MO’KHA HAHOCUTH Ha Pi3H1 MaTepialiv
y BUTJISATI TIOKPUTTSI.

ExcriepuMeHTanbHi  JOCHIIKEHHST  3aJICKHOCTEH  KPUTUYHUX  CHEprii
3aMajyiloBaHHs Bl KOHLEHTpALii MoJiMepy Ta TOBUIMHU 3pa3Ky BHOYXOBOi CHOJIYKU
MOKa3ajau, M0 AIMCHO MPOLECH PO3CitoBaHHS (POTOHIB Yy CEpPEIOBHUINAX 3 BEIMKOIO
IIUTHHICTIO PO3CIIOBaviB BiJIrparOTh BEIMKY poJib y mpoiieci 3amamoBands CBK
Ja3epHUM IMITyJIbcOM. 30UIbIIEHHSI KOHUEHTpaIlli MoJiiMepy Beae 10 301JIbIIEHHS
gyTiuBocTi CBK. 3menmenns Topmunu 3pa3ky CBK He no3Bosisie oTpuMatu Take x
OCBITJICHHSI, III0 PEATI3YETHCS MPU TOBCTUX 3pa3Kax, a TAKOXK I[l 3pa3Ku MiAIaI0ThCS
JisSIM  XBWJIb PO3PIDKEHHS. Y HalmuxX JOCHIDKeHHSX Topu B 3pa3kax BP

3aIIOBHIOBAJIUCA PO3YHMHOM HOHiMepHOFO MaTepiany, IIOKa3HUK 3aJIOMJICHHA SAKOI'O
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Onm3bkui 10 KoedilieHTa 3aJOMJICHHS KpUCTaliB. B oCTaHHbOMY BHIIAJIKy MOPIT
3arajaioBaHHs OyB 3HIDKEHUH y 2-3 pasH.

Takum uwmHOM, 3ampornoHOBaHAa (i3UYHA MOJAENH TOBEIIHKA (POTOHIB Yy
PO3CIIOI0YOMY CEPEIOBHII J03BOJISE TMOSCHUTH PO3MIPHUNM €(EKT — 3aJekKHICTh
IIUTHPHOCTI €HEPTii 1HIIIIOBaHHS BiJ pajiycy ja3zepHoro mydka. CTOCOBHO mpobiieMu
CTBOPEHHSI ONITUYHOTO JETOHATOpA 1€ O3HAYa€, 0 3MEHIIEHHS JiaMeTpa CBITIOBOA
BEJIC /10 BTpaT €HEPrii 3a paXyHOK po3ciroBaHHs cBiTiIa B 00'eMi BP. Tomy pimieHHs
3aJa4l OCBITJICHOCTI Trpa€ KIo4uoBy poib. Crij BpaxyBaTH, IO B pe3yibTari
OaratokpaTHUX TMPOIIECIB PO3CIIOBaHHS CBITJa Ha TpaHAX KpHUCTaIB o00'€eMHa
OCBITJICHICTh MOKE€ 3pOCTHM B 0aratro pasiB, IO CIPHUA€E PO3IrPIBAHHIO ONTHYHHX

MIKPOHEOIHOPITHOCTEMN, BIACTUBUX OYb-IKOMY ONTHUYHO MTPO30POMY I1CJICKTPUKY.

2.2 ®i3duKko-MaTeMaTH4YHA MOJeJb PO3CilOBaHHA (GOTOHIB y audy3idHO-

po3cilo4omMy cepeaoBHIIL

3 ¢opmymtoBaHHs (i3uyHOI MOAENl po3CitoBaHHA (OTOHIB y AUQY31HHO-
poscirorouoMy cepenoBuil (JIPC) Burikae, mo camor OOIPYHTOBAHOIO TIITOTE3010
3anantoBaHHsi BP immynbcoMm ontuuHoro kBantoBoro reneparopa (OKI') € rimoresa
3aMajloBaHHs B OCEpeAKax, 10 YTBOPIOIOTHCS MpPU MOIVIMHAHHI BUIIPOMIHIOBAHHS
ONTUYHUMU  MIKPOHEOJHOPIAHOCTAMH. HuMm  MOXyTh  OyTH  CTPYKTYpHIi
HEOJHOPITHOCTI Martepiayly (BakaHCli, CKyMYeHHS AUCIOKAalId 1 T.JA.), 4yKOpPigHI
BKJIFOUSHHSI, XIMIYHI JTIOMIIIKU. Hampukiia, a3ua CBUHITIO MICTUTh CBHHIIEB1 3aPOJIKH,
00'€eMHa MIUIBHICTh 1 PO3MIPU SIKUX 30UIBLIYIOTHCS MPU OMPOMIHIOBAHHI MOTOKOM
€JIEKTPOHIB, TEPMIYHOMY 1 (DOTOXIMIYHOMY PO3KJIa/IaHHI.

BukopuCTOBYIOUHM TINOTE3Yy OCEPEAKOBOrO 3alajiOBaHHS, BIAIOCS MOSCHUTH
HU3bKI TOPOTH 3anantoBaHHg Aesikux mratiux BP. [Ipote iHTepnperaiiis pe3yabTaTiB
3amajloBaHHS — a3uiB  cpibna, CBUHIO [6-8], a TakoX MOHOKPHUCTAJIB
B-azuny cBUHIIO [9] HEMOXKJIMBA B paMKax JIaHOI T1MOTE3U. SIK PUKIIAJl PO3TISHEMO
chepuuHe BKIIOYEHHS cpibma B asumi cpibma, posmip sikoro ro=107°cwMm, mo

BIJIMOBI/Ia€ MAKCUMYMY IEPETUHY OTIUHAHHS G, = 1,26, [10], ne o, — reoMeTpudaHMiA
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nepetuH yacTuHKHU. [lpu TpuBanocti nazepnoi aii tq = 30 HC 1 3a7aHiil MUIBHOCTI
eHeprii BKJIIOYEHHS JAaHOTO pPO3MIpy HarpiBaloTbcs HaHOUIbII e(QeKTHBHO B
MOPIBHSHHI 3 BKJIIOUCHHSAMHU IHIIUX po3MipiB. lle oOyMoOBI€HO TuUM, IO MpH
o < 10®° ¢cM mepeTMH MOrMMHAHHA MiKPOHEOIHOPIIHOCTI Maga€ 3TifHO i3 3aKOHOM,
OIU3BKOMY 10 Ky6iuHOTO, a ipH o > 107° cM G, ~ const, aje 3pocTac Maca BKIIOUEHHS.

s BusHadeHHs Temneparypu AT posirpiBaHHS YaCTHHKH CKOPHCTAEMOCS
pilIEHHsAM, OTpUMaHUM Yy poOoTi [11] B mpumyiieHHI piBHOCTI MacoBHX OO0'€MHHX

TEIUIOEMHOCTEH BKITIOUCHHS ¢p 1 rmomimMepy Ci1p1 (cp = Cip1)

36, E
= a q y 6:1/12 t
ncp(2r, +8)°r, !
JIe | — TEMIEpaTypoIpOBiIHOCTE momimepy (MaTpumi):p=A/cp — 1072 mM%c;

lo — cpepruHE BKIIOYEHHS cpibna B a3uai cpibna, ro = 107° cM; G, — reoMeTpHaHUIA
MEePETUH YaCTUHKH; G, — MAKCUMYM TIEPETUHY MOTJIMHAHHA O, = 1,2-G;

JIist oTpuMaHHS OIIHKK BEpXHBOI rpaHuili AT B 110 GopMmyiy MigCcTaBUMO
3HAaueHHs cp s asuay cpibna — 1,72 Jx/(cm>-K), OCKIIEKM BOHO MEHIIE 3HAYECHHS
cp mnsa Meraneoro cpioma — 2,52 JIx/(em>K); Eq=2-10"2 [Ix/cm?. B pesynbrati
orpuMaemo & = 1,96-107° cm, AT ~ 275 °C.

Take posirpiBaHHsi SIBHO HEAOCTaTHE JUIsl  1HIIIIOBAaHHS BUOYXOBOIO
pO3KJIaaHHs, THM Iaue, 1o a3uj cpidia, mpornpecoBanuii THCKOM ~10 kbap, Bubyxae
pu Eq ~ 6-107 I/cm? [6].

Takum ynHOM, MEXaH13M 3aMaIlOBaHHs, 3ACHOBAaHUH Ha PO3IrPiBaHHI ONMTHYHUX
MIKpPOHEOJHOPIAHOCTEN, HE MOSACHIOE Hi (DAKTy 3amajifoBaHHsS, HI 3aKOHOMIPHOCTEN
1HIIIFOBaHHS BUCOKOUYYTJIMBHUX JI0 JIA3EPHO1 11 BUOYXOBUX PEUYOBUH.

3 apyroro 00Ky, 3 (i3MYHOT MOJEIl BUXOAUTH, 110 3pa3ku BP e audysiiiHo-
PO3CIIOIOYMM  CEPEJIOBUIIEM 3 IIUIBHOIO YIAaKOBKOK po3citoBadiB. HasiBHICTB
MOTJIMHAIOYMX BKIIIOUEHb, K 1 pPO3CIIOI0UMX [IEHTPIB, 11032 CYMHIBOM, BIVIMBA€ HA CTaH

XIMIYHO  aKTMBHOTO  CEpeloBHUINA, 110  CIOpUHAMae  EHEprilo  JIa3epHOro
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BUMPOMIHIOBaHHS, TOMY CJIIJI Y€KaTH KOpeJslii MIX MOTJIMHAKYOI 3J10HICTIO ¢
gyTiauBicTio BP 110 1ii cBIT/IOBOTO IMITYIBCY.

He nuBnsianch Ha Te, 0 OCHOBHI 3aKOHOMIPHOCTI MPOIIECY PO3CIFOBAHHSI CBITIIA
B JIU(]y31HHO-PO3CIIOIOUOMY CEPEJOBUIIl JOCTAaTHHO IIOBHO TIPEJCTaBJICHI B
mMoHorpadii [12], mutanHs MPo MPOCTOPOBY OCBITICHICTh YCEPEANHI 1Py IETaTbHO
He BuBYanocs. [Ipote, mpocTopoBa OCBITIEHICTh MPEACTaBIsE OCOOIMBUIN THTEPEC IS
MPaKTUKU JTOCHIKEHb (DI3UKO-XIMIYHUX TMEpPEeTBOPEHb pe4YOBHHU. OTpUMaHHS
pillIeHHs PIBHSHHS TMEPEHECEHHsI B 3arajlbHOMY BHUMAAKY (B yMOBax OOMEXKEHOTO
My4Ka, PO3XO/KEHHS TaJar04oro BHUIPOMIHIOBAHHS, KIHIIEBOTO IOTJIMHAHHSA,
NOXUJIOTO TaJiHHS HPOMIHHS 1 T.J.) HaTparulsie Ha TPYIHOCTI OOYMCIIOBAIILHOIO
xapaktepy. ToMy B JaHiil poOOTi 3p00JIeH] pO3paxyHKHU MPOCTOPOBOI OCBITIICHOCTI B
3apsaax BP Meromom imiTaliiiHOro MOJETIOBaHHS NPOLECY IEPEHECEHHs
BUINIPOMiHIOBaHHS — MeToAoM Monte-Kapno (MMK). Ha neskiii rnmnOuHi BiJ TOBEPXHI
3pa3ka OCBITJIEHICTh JOCSITA€ MAKCUMyMYy, BEJIMYMUHA SIKOTO 3aJIEKUTh B pajiycy
mydKa r, CEpeIHbOI JOBXHHH MpoOiry ¢hoToHIB T, KoedilieHTa 1udy3HOro BIIOUTTS
3pa3ka R, moka3HuKa 3aJ0MJIEHHS PEYOBHHM N. XapakTep 3ajeKHOCTI BKa3ye Ha Te,
0 MpH 3MeHIeHHl R 1 30iibmieHHl T (paalyc mydka r (ikcoBaHWN) MaKCUMyM
OCBITJICHOCTI MaJa€, OTXKe, KPUTHYHA IIUIbHICTh €HEpPTii 3anaintoBaHHs pocte. OKpiM
IILOTO, 3 PO3PAXYHKIB BUXOUTH, IO JUII HECKIHYEHHO HIMPOKOTO IMy4YKa MPOCTOPOBA
OCBiTIIeHICTh Ginblre moBepxHeBOi mpubmmu3Ho B 16 N/ (n+1) pas (N — moxasHuk
3aomiieHHs1 BP). SIkmio BpaxyBatu 301IbIIEHHS OCBITIEHOCTI MO JaHid GopMyii, TO
pEe3yNbTaTH EKCIEPUMEHTIB M0 IHII[IIOBAaHHIO a3WIB BAXKUX METATIB 3a0BLIHLHO
Y3TOKYIOTHCS 3 TEOPIEIO.

BuxopuctoByBanus metony MonTte-Kapio s BU3HaueHHS OCBITIEHOCTI B
T y3HO-PO3CIIOI0UOMY CEpPEOBUIIl 3 BEJIMKOK MIUIBHICTIO PO3CIIOBAviB, T03a
CYMHIBOM, € OUIbIII YHIBEPCAIBHUM, L0 A€ TOCTOBIPHI pe3yJbTaTH 3a PI3HUX YMOB
30BHIIIHBOTO OCBITJICHHSI JOCHIIKYBaHOTO cepenoBuia. Ha >xanb, pesynbratu
pPO3paxyHKIB 1HIIMX aBTOPIB 3a IIUM METOJAOM MOXHA MEPEBIPUTH TUTBKH IMIISTXOM
PO3pOOKH BJIACHOTO AITOPUTMY M OOYHMCIIOBAJIBLHOI MporpamMu. 3 JApPyroro OOKY,

HasBHICTh TAKOTO OOYHCIIOBAJIBHOTO amapaTry [I03BOJISIE 3A1MCHUTH KOPEKTHY
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MOCTAHOBKY 3ajJlaul 3amnajtoBaHHs sK OpuzaHTHux BP, nng sxkux HeEoOXxigHO
BpPaxoBYBaTH MPOLIECH Ta30AMHAMIYHOTO PO3JIbOTY MPOAYKTIB PO3KIIaJaHH, TaK 1 s
HIIIFOI0YUX, JIEe TaKi MPOIECH BiAIrPalOTh HE3HAYHY POJIb.

Huxde BuknaneHuil po3poOieHNil HaMu MaTeMaTUYHUI anapar 1 pe3yibTaTu
po3paxyHky ocBitieHocTi B JIPC 3 Bukopuctanusm meroaa Monrte-Kapno [13].

IIpr oOumMCIEHHI MPOCTOPOBOI OCBITIAECHOCTI PO3PAXOBYBAIUCS TPAEKTOPIT
10°+10° oTonis. [ToyaTkOM TPaeKTOPIi € TOUKA, KA 3HAXOAUTHCS HA TPAHHUIIL PO3ILTY
JIPC — HaBKOJMILIHE CEPENOBUIIE, OCBITIEHOI HAIpPaBJIEHUM BHUIpOMiHIOBaueM. Ls
o0nacTe MoAeNoBaiacs edincoM (B OKpeMoMmy BUIAAKy — Kojom). Kyrosa
KOOpJIMHATa MomnajgaHHs GoToHA — 1€ PIBHOMIPHO pO3MHO/iIeHa o KyTax Big 0 10 2n
BUIIAJKOBA BETMYMHA, pajiajibHa KOOpAUHATA — 1€ BUIAKOBA BEIMYNHA, BU3HAUCHA
3aKOHOM po3noury ["aycca.

JIOBXKMHA TpaeKTOpii BU3HAYANACS IIJIIXOM pPO3ITPYBaHHS ITyaCCOHOBCHKOI
BUIAJIKOBOI BennunHU. Hanpsim Tpaekropii micas Bxony B JIPC Bu3HauaBca KyToMm
3aoMJIeHHsT Ha rpaHuii  po3auty “/IPC-maBkomumHe cepemoBume”. Ilicns
OOYHUCJIEHHS] KOOPAMHAT KIHISI TPAEKTOPIi PO3IrPYETHhCS] BUIMAJKOBE YHUCIO, SIKE
MOPIBHIOETHCA 3 KOE(IIEHTOM BHKMBaHHS (OTOHA A, 1 LISl TOYKa € ad0 TOYKOIO
00puBY TpaekTopii ((hOTOH MOTJIMHETHCSA ), 800 TOYKOIO OYATKY HACTYITHOI TPAEKTOPII.
HampsiM momanbmiux TPaeKTOpi BU3HAYAETHCS IUIAXOM PO3IrpyBaHHS KYyTIiB
PO3CISIHHA 3T1IHO 1HAMKATPUCI PO3CISTHHS A0 TUX Mip, TOKU TPAEKTOPIS HE BHiize 3a

MeXI1 3pa3ka, a00o Moku (OTOH HE MOTJIMHETHCS.

2.3 YMoBH Ha Me:Ki Bxoay (poToHa B nndy3iliHO-Po3Cil00Ye cepeoBuIIe

BBaxkarumemo, 1110 Ha MOBEPXHIO po3auly cepenoBuinl XOY mnanae jgazepHUit
My40K, PO3MO/UI IIIJILHOCTI €HEPrii B IKOMY ONUCYEThCA 3a 3aKkoHOM ["aycca. KyToBy
KOOPJIMHATY MHIJIIHIPHUYHOI CUCTEMHU KOOPAUHAT IMyYKa MO3HAYMMO (O, pajiaibHy - p
(puc. 2.1).

Po3noain moBepXHEBOI MIIIBHOCTI €HEPrii B rayCCOBOMY IYYKY 3 paJiialiIbHOIO

CUMETPIEI0 MOXKHA 3aJ1aTU Y BUTJISI:
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E(r)= 2\;\/62 exp[— 2;2] (2.1)

®dyHk1is (2.1) HOpMOBaHa Ha TIOBHY €HEPTiI0 J1a3epHOTro iMmyiascy W

ZnJ'E(r)rdr:W.
0

[Tapamerp © Bu3Hauae (HopMy rayccoBoi KpHBOI 1 ISl KOXKHOI JIa3epHO1

YCTAaHOBKH Ma€ CBO€ KOHKPCTHC 3HAYCHH:.

X,X

Pucynok 2.1 — OcBiTnenHs na3epHuM myukom nosepxHi [JPC

B ekcnepuMeHTaIbHUX JOCIIKEHHSIX J1a3€pHOrO 1HINiIOBaHHS mTaTHUX BP
BUKOPUCTOBYIOTh, SIK MPaBUJIO, TAyCCOBI MyYKH, OOMEXeH1 iagparMoro 3a piBHEM

IHTEHCHUBHOCTI BUNIpOMiHIOBaHHS P. Paniyc giadparmu ro BA3HAYUMO 3 YMOBH:

E(r) 5
=—2=exp — : 2.2
P="¢, p[ 5o (2.2)
W . .
ne E(0) = P —IIOBEPXHEBA LIIJIBHICTL €HEPT1l B LIEHTP1 ITyYKa.
TO

3B1JCH BUTIKAE, 110

r, =+2cIn/ p) (2.3)
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SIKIO pO3aMMTH JIBY 1 MpaBy YacTWHU piBHSHHS (2.1) Ha eHepriio ¢GoToHA,

OTPUMAEMO PO3IO/LT TOBEPXHEBOI HIUIBHOCTI (POTOHIB 32 pajiycom I

2

N r
N(r)=—2 S—
() 2nG? eXp( 2ch

o

ne No — moBHE 4nc0 GOTOHIB B JIA36PHOMY IMITYJIbCI.

J1J1s1 BUpIIIEHHS TTOCTABJICHOI 3a/1a41l HEOOX1/THO BpaxOBYBaTH TUTLKH T1 ()OTOHHU,

AK1 IporuM yepe3 aiadgparmy. 3agaMo 1ie Yuciao cumBoiom N, . Tomi

r.2

2
N, = N(0)exp| ——— [2zrdr = N(0)2mo?|1—exp| ——2— ||
20 216

3B1JICH BUTIKAE, IO

Takum yuHOM, PYHKII PO3NOALTY (OTOHIB B 3aJI€KHOCTI BiJl BIJICTaHI1 I' 10 Oci

OyJie TaKoro

NO

[ rzj
expl —— |,
2 2
27‘502{1—8Xp[ rozﬂ °

20

N(r)= (2.4)

ne 0<r<ro.
Cnin 3a3HauuTH, MO QYHKIS po3noainy (2.4) moxe OyTu mepeTBOpeHa Ha

GYHKIIO pO3MOLTY HIUTFHOCTI BIpOT1AHOCTI ToniagadHs GOoToHA Ha pajaiyc I
[ ,
exp| - j
2
p(r) =) _ ° .
N (0) ) r?
2nc”|1-exp —~—
20
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POBinyBaHH}I 6e3nepepBH0'1' BUITAJIKOBO1 BEJIMYUHU ITPOBOJAUMO, BUXOMISYU 3
2
P
l-expl ——
2 ]
r
1—exp ——2

p p
PIBHSIHHS IP(r)andr =y, Tomi y, = _[ P(r)2zrdr = a SIKIIO BpaxyBaTH
0 0

(2.2), TOo oTprMaeMo

p=1-20"In[l-y,(1-p)] (2.5)

Xaii y1= 0, Toni 3 (2.5) ciiaye p = 0, axmio y1= 1, To p = Io.

Bci ui po3paxynku Oynu npoBezeH1 B cuctemi koopauHat X'Y'Z', B ki Bich Z'
CHiBIIajaja 3 OChbIO IMydka. Po3irpyBaHHsS KyTOBOi KOOPAMHATH IMPOBOJUTHCS IO
dbopmyi

P=2my,. (2.6)

[lepeiineMo 10 cHUCTEMU KOOpAWHAT, TMOB'SI3aHOI 3 IUIONIMHOIO PO3JALTY
cepenosunt — XOY, npuaomy oci X i X' criBnagarTh Mk co00t0, TOOTO 0= ¢'. SIKIII0
B1JIOM1 BETUYMHHU P 1 (¢, TO JIETKO BU3HAUUTHU JieKapToBi koopauHatu X'Y'

X'=pcose, Y'= psineg.

VY cuctemi koopaunat XYZ Y=Y'c0sO, ne 6 — kyt Haxuiy oci Z' 1o Z, abo KyT
naiHAsA (OTOHA Ha TUIOIIUHY PO3/LIY CEPEIOBHMIIL.

Takum unHOM, Z=0, X=X'= pCcOSQ, Y= pSing coso.

3 LKUX PiBHAHL BUXOAMTH, 10 X* +Y2 = (C0S2¢ + Sin2¢-c0s20).

Axmo 6 =0, To ue piBHAHHA KOJa, B OyAb-SKOMY I1HIIOMY BHUIIQJKy OTPHUMAEMO
PIBHSIHHSI €JIiTIca.

Takum ynHOM, TOCTIKEHHS “10J1” (OTOHA MOYMHAETHCSA 3 TeHEpallil BUMaKOBHUX
PIBHOMIpPHO po3noieHux Ha inTepBadi [0, 1] uucen y1 172 1 Bu3HAYSHHS 110 (hopmyiax
(2.5), (2.6) xoopauHATH p, KyTa @ 1, BIAMOBIAHO, KOOpAUHAT X 1 Y BXO/DKeHHS (DOTOHA

B po3citorode cepeaopuie. [{ux gaHUX HEIOCTATHBO, 00 CTEKUTH 32 MOBEAIHKOIO
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doroniB B JIPC, ocCKiabKM YacTHHA 3 HHMX BIJ10’€TbCS BiJ TOBEPXHI PO3ILITY
cepenoBuIl 3a dopmynamu DpeHens, a 1HIIA YaCTHHA 3MIHUTH CBOIO TPAEKTOPIIO
BIJIMTOBITHO JT0 3aKOHY 3aJI0MJICHHs. MOKHA BBaKaTH, IO CBITJIOBE TOJIC HA TTIOBEPXHI
PEUOBHMHM B3a€EMOJIIE 3 MaTepiajioM 3B'S3KH, IS SKOi KOC(IIEHT 3aJIOMJICHHS N
piBauit 1 = 1,5 (momimerinmerakpinar). [lonspauit KyT BXOKEHHs B cepeaoBuiie 0'
(KyT 3aJIOMJICHHS) BU3HAYAETHCS 3

sin6 n,

IBHSHHSA — =—2 1 IOPIBHIOE
P sind, n, P

0 = arcsin{Sin on, } (2.7)

n,

Ockinbku B Metoal MonTe-Kapio He BpaXxOBYEThCS MOJSIPU3ALIis [1aJal0u0ro
BUMNPOMIHIOBaHHS, €PEKT BIAOUTTS Bl MOBEPXHI PO3JALITY CEPEIOBUII BPaXOBYEMO IO

dbopmyax s HEMOJIIPU30BAaHOTO CBITIIA

r*=05(r" +r}), (2.8)

tg(6—0'

905 0| aMIUTITYAHUN KOe(IIEHT BIIOUTTS JIIHIHHO-TIOJISIPU30BAHOTO, a B
g(6+

ac I’lz‘

IUIOLIMHI MaAlHHS, 1 — aMIUNTYAHUN KOEe(IIEHT J1HIHHO-TIONSAPU30BAHOIO CBITJIA B
TJIOIIMHI, TEPICHANKYISAPHINA ITONMHI TTaiHas [14].
SIkimo BUKOHyeThCS yMoBa Bproctepa 0 + 0' = 1w/2, To =0, a r=(n# - n2)/(nf+ nA.

n2_n1
n,+n,

[Tpu HOpManbHOMY MadiHHI IpoMiHHs (0 =0) r =1, =

BinOutts ¢GoTOHIB Bifg MOBEPXHI PO3AULY CEPEIOBHUIN] HOCUTH XapakTep
BiporimHOCTI. TOMy MOKHa T€HEpyBaTU PIBHOMIPHO po3mojiieHe B giama3oHi 0 - 1
BUITAJIKOBE YHCJIO Y3, 1 AKIIO Y3 < I', TO BBAXATH, 0 (POTOH BiAOUBCH, 1HaKIIEe (OTOH
yBiimoB y JIPC.

Anroput™ po3paxyHky Bxony (ortona B JIPC moxna chopMyntoBaTH TaKuM

YUHOM:
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— 33J1a€ThCA KyT 0, mapameTp G, pajiiyc mydka lo, piBeHb YCTAaHOBKH Jiadparmu P,

— TCHEPYEMO PIBHOMIPHO PO3MO/IIJIEHI BUIAIKOBI YMCIIA Y1 1 Y2, 3HAIOUW SIK1
BHU3HAYAEMO 3HAYEHHS P 1 P;

— BHU3Ha4YaeMmo 3a ¢popmyroro (2.7) Kyt BxomkeHHs ¢orona B JIPC;

— PO3IrpyeEMO BETTUYHHY Y3 1, 3JI€KHO BifT il 3HAUCHHS, BA3HAYAEMO CEPEIOBUIIIC

IoJaJIbIIOIO 3HAXO2KCHHA (bOTOHa.

2.4 Pyx ¢oTroHa B 1u(y3iiiHO-PO3CiIOI0UYOMY CepeaoBHIILi

[lin ygac pyxy d¢orona B JIPC BigOyBaeThCs pO3CISHHSA Ha ONTHYHHUX
HEOJHOPITHOCTSIX MO 3aKOHAX BHUMAJKOBUX YHCEJ BIAMNOBIIHO JO0 JAlarpamu
po3citoBaHHsA. ToMy BUHMKAE 3aja4a BU3HAYEHHS HOBOTO MOJOKEHHS (POTOHA MICIIs
po3citoBaHHs. BBaxkatumemo, 110 HaMm BiJIOME pO3TallyBaHHS PO3CIIOI0YOI0 IIEHTPY B
npoctopi (koopauHatu XYZ), a Takox HanpsMm pyxy dotoHa (kytu ¢ 1 0). Hampswm 1
JOBXMHY BUIBHOTO IPOOITY OTOHA po3paxoByBaTUMEMO B cucTemi koopauHat X'Y'Z';
BiCh Z' CyMICTUMO 3 HanpsMoM pyxy ¢oToHa 10 po3cisHHsA. Bubip oceit X', Y' Mmoxe
OyTH NOBUIBHUM, TPOTE 3py4dHO Bich Y' posramryBatd B riommuHi XOY OCHOBHOI

CHCTEMH KOOPJMHAT, SIK Ha puc. 2.2.

Pucynok 2.2 — Cxema poscistHas ¢potona B /IPC

Tyt &— ninis neperuny mwiomuH XOY 1 X'OZ' ¢— kyT, BijytidyBaHuii BiJ oci X 10
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miHil &. Ilnomumua Z'OX' — momuHa pyxy ¢otoHa Ao poscissHHs, OM — Hampsim
PO3CISIHHS B LITPUXOBIM CUCTEMI KOOPAUHAT, U — a3UMYTHUHN KyT PO3CisiHHS (poTOHA, V
— MOJISIPHUM.

Y pe3ynbTari po3irpaily BU3HAYa€ThCA HAIpsIM pyXy (OTOHA B IITPUXOBAHIM
cuctemi KoopauHat (KyTH U 1 V), a Takox JoBxkuHa Tmpobiry 1. Po3paxyHok

MIPOBOJAMTHCS 10 HACTYIMHUX hopMmynax (chepruna aiarpama po3ciroBaHHS)
u = 2n&;, v = arccos (1-2&,), | = —t-In&;s

3Har0uM L1 BEIMYUHH, BUBHAYAEMO KOOPAUHATH (POTOHA MICIIsl PO3CIIOBAaHHS B CUCTEMI
X'Y'Z".
X' = I-sinvcosu, y' = I-sinvsinu, z' = |-cosv.
B ocHoBHiil cuctemi koopauHaT XYZ HOBI KOOpJAMHATA (POTOHA (KOOPJIMHATH

KiHIIS TPAEKTOPIT) PO3PaxoBYIOTHCS O opMyIax (IuB. puc. 2.2):

Xe = Xp + X'C0SO-COS@ — y'Sing + z'sinB-coseo,
Ye = Yp + X'C0SOSING + y'cose + z'sinBsing,
Ze = Zp — X'sIinO + z'cos0,

1€ Xp,Yb,Zb — KOOPAMHATH IMOYATKY TPAEKTOPIT, Xe,Ye,Ze — KOOPAUHATH KIHI[S TPAEKTOPII.
S0 BiIOMI KOOPAMHATH Xe, Ye, Ze, TO MOXKHA BU3HAUUTHU TOJIOKEHHS ()OTOHA B
MPOCTOPI MicCJis PO3CIIOBaHHS, @ 3HAYUTh, 1 HOBY OpIEHTALII0 IITPUXOBAHOI CUCTEMU

KOOpJIMHAT, B SIKii MPOBOAUTHCS PO3PAXyHOK HACTYITHOTO aKTy PO3CIIOBAHHS:

0 = arccos((ze—zp)/l) @ = arctg((Ye—Yo)/(xeXb)).

YTOYHUMO TUTaHHS, L0 CTOCYETHCS PO3ITPYBaHHS HANPSIMYy PO3CIIOBAHHS
dboToHa — KyTa V.
PeanbHy aiarpamy po3citoBaHHS 3pyYHO allpOKCUMYBATH (YHKIIEIO BUTIISTY

p = 1+Xxicos Vv,
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Jie TapaMmeTp X1 3a10BojIbHsIe yMoBaM 0 < X3 < 1.

I{s BenmnumHa 3 TOYHICTIO 10 MHOKHUKA 1/47 ciiBmagae 3 GyHKITIEO TIUTBHOCTI
BIPOT1HOCTI PO3CItOBaHHS.

Sxmio X, = 0, To giarpama € chepruHOIO, 10 03HAYAE PIBHOIMOBIPHUI HAIPSIM
pyxy ¢otoHa micas po3citoBaHHa (puc. 2.3, a). Skmo Xy =1, TO BIpOTITHICTbH
pO3CilOBaHHS Ha3aj piBHA HyIO (puc. 2.3, 0).

VY 3araapHOMY BUTJISI liarpamMa po3CiroBaHHS IMOKa3aHa Ha puc. 2.4.

EnemenTapna mionia moBepxHi, 110 BU3HAYAETHCS JlarpaMoOI0 PO3CIIOBAaHHS B

MPOCTOPi, MOXKE OYTH TIPE/ICTABIICHA Y BUTIISIL:

dS = p?sinv-dv-du. (2.9)
z z
51 2
1 14

-1KJ1 Y -'11 1 Y
-1 -7

24 o1

a o
Pucynox 2.3 — Jliarpama po3citoBaHHs OTOHA

[To3HaunMO UIUIBHICTH BIPOTITHOCTI BUITAJIKOBOI TOYKU MOTPANMHUTH B 00JACTh

dS, mo mMae xoopAMHATH V 1 U Ha JiarpamMi po3citoBaHHs, GpyHKIriero p(V, U).

2 -
Toxi p(v,u) :d?S _p sm;/sdvdu’

Jie S — TuIoIIa MOBEPXHi AiarpaMu PO3CIIOBaHHS:

m2n m2n
S= I j(1+ X, COSV + X, cosV)*dvdu = I j(l+ 2X, COSV + X cos” V) sin vdvdu
00 00
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VA
2+
ds

Yl

XV

Pucynok 2.4 — 3aransHuil BUA giarpamMu po3citoBanHs (poToHa

O6uKCIMMO THTETpaH:

|, = ”sin vdvdu = (1—cosv)u,
00

cosvsinvdvdu = %sin vdvdu,

O ey <
O e

I, =

v u . 1
I, = Mcos3 vsin vdvdu = §(1 =cos’ v)u.

IIpu 0 = i ¢ = 2n 3HaxoauMoO |1=4m, 1,=0, 13=(4/3)nXL TakuM YuHOM,

p’sinv

S= 4n(1+%xf} p(v,u) = — 1

3HalO4YM CyMICHY MIUIBHICTh BiporigHocTi P(V, U) BeIMYUH V, U, HEBAXKKO

OOYHCIINTH INIBHICT BIPOTIIHOCTI KOKHOI 3 HUX:
2n on )
1 :
p(u) = .[ p(v,u)du = 1N '[pz sinvdu = %
0 4n(1+3x12j 0 2[1_’_3)(1}

0

p(u) = | p(v,u)du = ———— [ p*sinvav =
0 4 (1 1 ZJ 27n
T 1+ =X

dopmyny i po3irpyBaHHs BETUYMHU U 3HAXOJIUMO TaKUM YHHOM:

&= p() = = u =215, (2.10)

0
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ne &1 — BUMaaKoBa BenuunHa 3 iHTepBaiy [0,1].

AHAJIOTTYHO PO3IrPyEMO BEIUUUHY V.

v

o= [Py ==t sinvdv=
0 2(1+xfj° (1+xfcos3vj
3 3

(2.11)

2

SN S P xl+£x12 —cosv—xlcoszv—x—lcos3v :
( 1 zj 3 3
2l 1+ =X
3
Jns chepuunoi niarpamu poscistaas 3 (2.10) Butikae, mo

&= Y4(1-cosv) = cosv = 1-2&;. (2.12)

VY 3arajgpHOMY BUIIAJIKy HEOOX1JTHO po3B’si3aTu piBHAHHS (2.11) mom0 coso:
X2 1, 1.,
31cos?’v+coszv+cosv:1+xf+§x1 —E,|1-=3x2 | (2.13)

PosrnsHemMo Bumamok, koiau X; = 1 — posciroBaHHs Brepen. PiBusHHs (2.13)
HaOyBae BUrIA (X=COSV) X3+3x2+3x = 7-8&,.

3poOuMo 3amiHy 3MiHHEX: X = y—1. Orpumaemo piBrsHHA Y = 8-(1-&,), 3 axoro

BHXOMUTS, 110 y = 2-(1-&,) COSV =23 (1-¢&) -1

ITpu &,=0, cosv=1, npu £,=1, cosv=0, goro 1 Oym0 cij YeKaTH.

ko X1, To piBHSHHS (2.13) pO3B'A3y€ThCS YNCETLHUMU METOIAMH.

2.5 YMOoBM Ha rpaHuli PoO3MOALIY cepexoBUIl NPH BUXO0Al (orToHa 3

AU(PyY3iHHO-PO3CIIIYO0r0 cepeaoBHUIIA

[ToBeninka ¢otona npu Buxoai 3 JIPC Bu3HauaeTbcsl 3aKOHAMU BIJOUTTA,
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MIOBHOT'O BHYTPIIIHBOTO BIAOUTTSA Ta 3amomiieHHsA. Koedimient 3amomienns IPC
BU3HA4YaeMo 3 BUpaszy N= an. + (1-a)ngp, 1 Nc — KOSPILIEHT 3aTOMIICHHS B'SI3KH, Npp
— BP, o0 — KoHIIeHTpaIlis B'S3KH.

PosrasineMo BHUManok, KoM po3citoroue cepenoBuiie (3pazok BP) konrtakrye 3
HOBITPSAM a00 BakyyMOM. SIKIO KyT MaiHHA Micis [-Oro akTy po3CisHHA ©;
3a710BOJIbHSIE YMOBI sinB;>(1/n), a koopauHara z' Touku M' (nuB. puc. 2.5) nepeBuirye
KOOPAMHATY T'paHUIll PO3ILITY Zn, TOOTO Z'>Zy, TO CIIOCTEPIraeThCsl IOBHE BHYTPIIITHE
BIIOUTTA. Y 1bOMY BUNAAKY QoToH noBepraeTbes B JAPC, mpuuoMy, HOBHIA Harpsim
pyXy Bu3Ha4aeThCs KyTaMu 0i+1=1—0; 1 Qi+1=@i. ¥ IIbOMY BUIaKy KOOPJHUHATU TOUYKH

M BH3HAYaIOTHCS TAKUM YHHOM:

Zi+1=2ZN — Z', Xi+1=Xi, Yis1=Yi - (2.14)

Sxmio sin6; < (1/n), To yactuHa HoTOHIB BiiO €ThCs Big moBepxHi BP, a iHmia
YacTHHA i€ B OTOUYIOUYE CepeloBHINE. Y IIbOMY BHUMAAKY KOEQILI€HT BIAOUTTS, a
3HAUYUTH 1 BIPOTIHICTH MOMaIaHHa (OTOHA B TOUKY M, BU3ZHAYAIOTHCS 32 (PopMyiamMu

®penens (2.7), (2.8), B akux poOUTHCS 3aMiHa N1 <> Na.

7 N
M'(X', y', Z')

7 |

N I

0
M
0
y
X ¢

Pucynok 2.5 — IimocTpartist Buxoay GoToHa 3 PO3CIFOI0UOT0 CepeI0BUIIA

SAkimo mionmHa Zy KOHTaKTye 3 TMoBepxHEw (kKoedilieHT BiAOUTTA Ry), 110

BIIOMBAE, TO PO3PAXyHOK TMPOBOAUTHCS MO TuX ke ¢opmynax (2.14), mpote
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BIpOTIHICTh momaaaHHs (oTroHa B TOYKY M BU3HAYAETHCA KOEDIIIEHTOM
BimOuTTa RN.
SIKII0 BUKOHYETHCST yMOBa sinf; = 1/n, To B 1[bOMYy BHITaKy MOAaJbIa “T0s”

¢$oTOHA HE MPOCTEKYETHCS.

2.6 MeToauka ycepeaHeHHsI TpaekTopii pyxy d¢oroHa B audy3siiiHo-

po3cilor4oMy cepeaoBHIITi

J{1st po3paxyHKy OCBITIICHOCTI HEOOX1AHO 3HATH PO3MOI1JT (POTOHHOT IIIIIHOCTI
B 3pa3ky. [IpocTip, 3aliHITHIi 3pa3KOM (PO3CIIOI0UHUM CEPEIOBHUIIIEM ), PO3OUBAETHCS HA
ocepenky 00°eMOM T° INIOMIUHAMHU

X =87, y=cr1;, z2={(1 (2.15),

ne (S, ¢, {) — HaOip wimMx uucen (MO3UTHBHUX 1 HETATMBHHX), SKi 3a7al0Th
po3TalllyBaHHs OCEPENIKY B IPOCTOPI.

VYcepenHIOBaHHS TPAEKTOPIA 3AIMCHIOEMO UIUISIXOM MIJPaxyHKY KUIbKOCTI
GboTOHIB, IO MNPOUIUIM dYepe3 ocepeakn obnacti crocTepekeHHs. OO6macTb
CIIOCTEPEXKEHHS — L1€ BUAIEHA YaCTHHA PO3CIF0UOT0 CEpeI0BUIIIA, B AIKOMY (PIKCYETHCS
npoxokeHHd (oToHiB. KoXKHOMY ocepeiKy CTaBUThCS Yy BIANOBIIHICTH €JIEMEHT
TPUBUMIPHOT MaTpPHUIIl (MACHBY), B IKOMY 30€pIra€ThCsi YMCIIO (POTOHIB, 110 MOOYBaAIH
B LIbOMY ocepeniKy. Yucna S, ¢, £ € iHIeKcaMu €JI€MEHTIB MaCUBY. 3B'SI30K KOOPAMHAT
X, ¥, Z OyAb-sIKO1 TOUKH MPOCTOPY 3 1HACKCaMU S, ¢, { 3amaeTbes popmynamu:

s= [(xxo)/t]; c=[(y-Yo)ll; ¢=][(z-20)l], (2.16)

1e Xo, Yo, Zo— KOOPJWHATH TOYKH, OO SIKOT TPOBOIUTHCSA PO3OUTTS 00J1aCTI HATIISITY
Ha ocepenku (puc. 2.6). KBagpaTHi 1yKHU 03Ha4ar0Th LTy YACTUHY YUCIIA, IPUYOMY,
SKIIO 3HAYCHHS B Iy>)KKaX MEHIIIE HYJISI, TO [Ty YaCTUHY 3MEHIITYEMO Ha OJIUHUITIO.
TpaexTopi€ero BBaXXaTUMEMO B1IPI30K MPSMOi MiXk IBOMa Toukamu B 1 E, piBHMI
JIOBXKHHI BUTBHOTO TTp0o0iry gotona l. [ToBHU misix pyxy ¢poToHa, BiJi MOMEHTY BXOY
B JIPC no nornunanus, abo Buxoay 3 JIPC, ckiagaeThes 3 TEKIIBKOX TPAEKTOPIN TUTIA

BE i € namanoto JiHiero (puc. 2.6, a).
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X A X4 E(XeYeZe)
3
E x V..Z /
1 < exJ e>Xe 2 /
1 //
£ 0
Xb’ybﬂzb A= 4 -
X0-Y0-Zo 7 -1 X0 0Zg
2 //
3 ¢ : B(X,¥pZy)
: 12-10 12 3 456 7
. > o
a) 0)

Pucynok 2.6 — Tpaextopii pyxy potona

[To3HauuMO TOYATOK TpaekTOpii TOUKOW B(Xp, Vb, Zb), @ KiHCIb TPAEKTOPIi
TOUKOI E(X., Ye, Ze¢). [liicTaBuBIIN 1Ii KoOpauHATH y Gopmynu (2.16), Bu3HAYAEMO
1HJIEKCH €JIEMEHTapHUX 00'€MIB Sp, Ch €h 1 Se, Cey Lo, B AKUX 3HAXOMSATHCA Il TOUKH.
[lopiBHIOIOUM Mk COOOI0 JOBXKMHU TMPOEKIIH TpaekTopii Ha OCl KOOpAMHAT,
YHOPSAOKOBYeEMO iX Mo yOyBanHio. Ilpumyctumo, mo s tpaektopii BE (Ha

puc. 2.6, 6) mae MicIie HaCTyITHa yMOBa:

|AY[>|AX|>|Az|, (2.17)

ne Ay, AX, Az Bu3Ha4aroThCA 1Mo hopMynax
Ax=xe—xb, AYy=Ye—Yb, AZ=Zc—Zp.

PozninuBmm (2.17) Ha T, OTpUMaEMO

|AY|/T>|Ax|[T>|Az|/. (2.18)

3BIZICK BUIHO, IO B3JIOBXK OCI X TPAEKTOPIS TMEpPETHHAE OUIBITY KUIBKICTh
eJIEeMEHTapHUX 00'€MIB, HIXK Y3JI0BXK Z, a Y3JIOBX OC1 y OlJIbllIe, HI)K Y3/I0BXK X.
Po3i6'emo TpaekTopito BE Ha Bifpizku Tak, 11100 iX KiHII HajeKalu IJIOMUHAM

Zi=(Cpti)-t, i=1...n—1, ne N=|fe—Llp|. TakuiM YMHOM, KOKHHUI BiFPi30K JIOKATI30BAaHUH Y
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1rapi, Homep sikoro {p+i. Ha 1isoMy ertarii My BU3HAYa€EMO OHMH 3 1HIEKCIB €JICMEHTa
MacHUBY Il peecTparii GoToHa.

3anuiemMo piBHSHHS NPAMOi, 110 MPOXOJUTH Yepe3 ABl TOUKU B 1 E:

X% Y= 274 (2.19)
AX Ay Az

Po3B’si3yemo piBHsaHHA (2.19) BigHocHO Z. Ilicis 3aMiHM Z = Zj, OTpUMA€EMO

KOOPJAMHATH TOYOK, 1110 € KIHI[IMH BHUIIE TIEBHUX BIAPI3KiB

X. = Zi_zb

Z.—Z
Ax+x, y=ATBa 2.20
XXy, Y =AYy (2.20)

JIOBXKMHM MTPOEKU1M BIAPi3KiB HA BICh Z PIBHI T, OKPIM MEPUIOr0 1 OCTAHHbOTO,
OCKUJIbKH BIPOTIJHICTH MOIMAJIaHHA TOYOK MOYaTKy ¥ KIiHI TPAEKTOPii HA IUIOUIUHI
(2.15) nmyxe mana. I[To3HauMMO MPOEKIIii BiPi3KiB TPAEKTOPIT JIOKATI30BaHUX Y IIapax
th, Cpti Ha oci koopauHAT AX = Xis—Xi, AiY=Yi+1—Yi, AiZ=zZi~Zi, ne 1 = 1,...,
n—1. HepiBuicts (2.18) cnpaBeanuBa i as BiapizkiB Tpaektopii BE. Ilicus Toro, sk
migcraBun Aix, Ay, |Aiz| =t B (2.18), Oynemo matu

|AiydT > |Aix|/t > 1. (2.21)

3 OCTaHHBOI HEpPIBHOCTI BHUAHO, IIO B MeEXax OJHOTO IIapy BIIPI3KH
MEePETUHAIOTH JICKUTbKA PSAIKIB eJIeMEHTapHUX 00’eMiB mo oci x. ToMy, aHanori4HO
NOMNEePeIHbOMY €TaIy, po30MBAaEMO KOKHUMU BIIPI30K Yy MEXKax I1apy Ha OUTbLI ApiOHI
B1JIPI3KH TUIOITUHAMHU

xi=(So+j)T, j=1.. k-1, K=|Se—S|

Tak, M00 KOXHUW OyB JIOKaNi30BaHUU y panaKky Sptj. Ha mpomy erami Bu3Ha4aemo
Npyrui iHaeKe (y HalllOMY BHIIAJKY S).
Koopaunatyu KiHIIIB BiJIpi3KiB, JIOKAII30BAHUX Y PSAKY, BU3HAYAEMO TIPU

pimenH1 piBHAHHSA (2.19) moao X 1 miACTaBUBIIU X = X;.
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X; = X, X: =X,
X = Ay +Y,, X =

AZ+1,.

Ockinbku |AjX|=|Xj+1-Xj|=7, T0 3 popmymnu (2.18) maemo

|Ajydt > 1.

Takyum 4YMHOM, BIIPI3KHM IEPETUHAIOTH JACK1JIbKA CTOBMIIIB y310BXk oci Y. Homepu
CTOBIILIIB, B IKUX 3HAXOASATHCS KiHIII BIIPI3KiB, BU3HAYAIOTHCS M1ACTAHOBKOIO 3HAYECHD
Y y bopmyiny (2.16). [TozHaunmo ix c'h 1 C'e.

Otxe, TpaekTopis po30uiacs Ha BIAPI3KH, JIOKATI30BaHI B Ps/il OCEPEIKIB,
pO3TalIOBaHUX Yy TIEBHOMY I1api. 30UIBIIMBIINA HAa OAUHUINIO 3HAYECHHS BIIMOBITHUX
€JIEMEHTIB MacuBY, (JIKCyeEMO MPOXOKEHHS POTOHA Uepes 111 OCEPeKu. Y pe3yabTaTi
yCepEAHIOBAHHS TPAEKTOPIM, Y KOKHOMY €JIEMEHTI MACHBY 3alMHCYE€ThCSl KUIBKICTh
doToHiB. [HaEKCH MacKBY OJIHO3HAYHO 3B's3aH1 hopmynamu (2.15), (2.16) 13 3pa3kom,
o J03BoJisie  (pikcyBaTH TpaekTopii (HOTOHIB, SKI TmepedyBaau B 00JacTi
cnioctepexenHs. Lg iHdopmariist 103BoIIsIE pO3paXxOBYBATH IPOCTOPOBY OCBITIEHICTh

B JIPC.

2.7 Pe3yabTaT PO3PaxXyHKY OCBITJICHOCTI Y BUOYXOBHX Pe40OBHHAX

[IpuBeneMo pe3ynbTaTH po3paxyHKIB MPOCTOPOBOI OCBITIEHOCTI Y BUOYXOBUX
pEUYOBHHAX, BUKOPUCTOBYIOYHM pO3pPOOJECHUN METOJ IMITAIITHOTO MOJEITIOBAHHS
Ipoliecy NOIIKUPEHHS BUMIPOMiHIOBaHHS — MeTo] MonTte-Kapio.

[Tepmr 3a Bce, HEOOXiqHO OyJIO TIEPEBIPUTH TMPABWIBHICTH POOOTH MPOTpamMu
pPO3paxyHKy IUIIXOM IMOPIBHSHHS OTPUMAHUX PE3yJbTATiB 3 BIJOMHMH, a came, 3
pe3ynbTaTamu podotu [15], B gKiif TakoK BUKOpUCTOBYBaBca MeTo] Monte-Kapio.
OCKIZTbKM ~ ONTHYHI BJACTUBOCTI JIOCHIUKYBAaHHUX CBITJIOUYTIMBUX BHOYXOBHX

KOMIIO3HUTIB 1 a3Uy CBUHIIIO OJIM3bKI, TO 3aJI€KHICTh IIIJILHOCTI €HEPrii 1HI11FOBBAHHS
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BiJ miameTpa rmiisiMu (KpaeBi ehekTn) nepectaroTh no3Havatucs npu d~100t~1cm [15].
3Bigcu Butikae, mo t~102 cm. Tyt 1=1/(a+f) — cepenHs TOBXKUHA BiILHOTO IPOOITY
o 1 [— MOKa3HWKM TMOTJIMHAHHA Ta pO3CIIOBaHHA eneMeHTapHoro ol'emy JIPC.
[TpuitHaTi  HacTymHi  3HA4eHHA  Koe(illieHTa  «BWXKHMBAEMOCT»  (OTOHA:
A=B/(a+p)=0,999, 0,99, 0,9, 0,8. Jlna 3HaueHb A 1 T HNOKA3HUKHA IOTJIMHAHHS 1
posciroBaHHs enemenTapHoro 06’ emy JIPC Bixnosiguao piBai: B (cm 1) = 99,9, 99, 90,
80; o (em?)=0,1,1, 10, 20.

Y nepmiomy BapiaHTi pO3paxyHKIB BIJHOCHMM IOKAa3HUK 3aJIOMJICHHS
n=nyni =1, ne N1 =1 — xoedilieHTH 3aJTOMJICHHSI HABKOJIMIIHHOTO CEPEIOBHIIIA,;
Ny = 1 —koedimient 3anomnenns [IPC.

Y napyromy BapiaHTi pO3paxyHKIB BIJHOCHHUW TIOKa3HUK 3aJOMJICHHS
n=nyni=1,5 ne Ny =1— koediieHTH 3aJJOMJICHHS HaBKOJUIIIHHOTO CEPEIOBUIIIA,
Ny = 1,5 —koediuient 3anomnenus [APC.

InmukaTpuca po3cisiaas chepudna (y=1) i Butarayta (y=1+u).

[TpoBenemo pPO3paxyHKHU koedirienTa ¢ y3HOTO BIJIOUTTS
HariBHecKiHYeHHoro mapy JPC, OCBITIIOBAaHOIO HIMPOKUM TayCCOBUM ITyYKOM,
oomexxernM Aiadparmoro mo piBHio 0,8. Ilapamerp ['aycca o = 0,746 cm BuTiKae 3
Bupasy (2.3).

V pospaxyHkax BpaxoByBammcs (poToHu KinbkicTio No = 10° mir, sxi npoimum
gyepe3 miadparMy 3 MOAAIBIINM CTaTUCTHYHUM YCEPEIHIOBAaHHSIM pe3ynbTaTiB. B
3a71a4i po3rIIAAAEThCS HOpMaJIbHE MaIiHHsA JiazepHoro my4uka (0 = 0).

V¥ tabn. 2.1 HaBeneH1 pe3yJIbTaTU PO3PAXYHKIB, III0 OTPUMAaHI B 1aHiii poOoTi, Ta
pe3ynbTaTH, Mo Toka3axi B [15]. BugHo nesiki HEBIAMOBIAHOCTI TOJTOBHUM YHHOM TIPH
x=1, n=1. B3aram y3romxeHHs pe3yJbTaTiB 3aJ0BUIbHE. HEBiMOBIAHICTh NESAKHX
pe3yJbTaTiB MOXke OYTH IMOB’si3aHa 3 TUM, 110 B po0oTi [10] po3risiaanucs J1azepHi
MYyYKH 3 OPSIMOKYTHUM MPOGiIeM pO3NOALTY HIUIBHOCTI €HEprii, a MU pO3TIsgaiu
rayccoBi Iy4kHd, oOMexeH1 miadparmoro. Tpeba BpaxoByBaTH iIMOBIPHY BiAMIHHICTh

BXXMBAHUX aJ'H‘OpI/ITMiB MOJCJIFOBAHHA.
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Ta6mug 2.1 — KoeditieHT BIIOUTTS IIJIOCKOTO PO3CIFOYOTO Iapy

=1 y=1+u
A MK]15] MMKHTYVY)* MK][15] MMKHTY)*
n=1 (mepimii BapiaHT pO3PaXyHKIB)
0,999 0,898 0,931 0,890 0,901
0,99 0,732 0,795 0,720 0,726
0,9 0,398 0,476 0,279 0,357
0,8 0,284 0,342 0,199 0,232
n=1,5 (apyruit BapiaHT pO3paxyHKiB)
0,999 0,827 0,851 0,811 0,794
0,99 0,604 0,620 0,522 0,514
0,9 0,258 0,289 0,206 0,170
0,8 0,172 0,189 0,107 0,095

*MMK(HTY) — pe3ynbTaT, oTpuMaHi y J1aHiii poOoTi

Pesynbratu iHiniroBanHs 3apsiaiB CBK mMaroTh 3HauHy 3a1€XHICTH BiJ] 00'€MHOT
OCBITJICHOCTI PEUOBHUHU. 32 XapaKTEPUCTHKY CBITIIOBOTO TIOJISI TPUIHATO BITHOIIICHHS
POCTOPOBOI OCBITICHOCTI Eg(X,Y,Z) 10 MOBEPXHEBOI OCBITICHOCTI B IIEHTPI My4Ka
E(0):

Fo 5
E(0)

[IpocTtopoBa OCBITIEHICTh (IIIIBHICTh MOTOKY €HEPTii, M0 MOTparuisie 3 ycix

OOKIB B €JIeMEHTapHUI 00'eM IIPO30POro CEPEIOBHINA):

E, = [ 1d0,

4n

ne | — IHTeHCUBHICTh BUIIPOMIHIOBaHHS a00 IIINIbHICTH MMOTOKY CBITJIOBO1 €HEPrii B
TiiecHomy KyTi dQ).

VY tepminax MMK I=n-hv, e n — mingpHICTE TOTOKY (HPOTOHIB B OJTUHUYHOMY

tizecHoMy KyTi dQ. JI71s1 130TPOIMHOIr0 CBITIOBOIO 1M0JIs h
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Eo(r)=4m-n(r)-hv. (2.22)
[ToBepxHEBY OCBITJICHICTH Y LIEHTPI JIA3€PHOTO MyYKa 3HAXOASTh 13 BUpPaA3y
E(0)=n(0)-hv,

ne hv — enepris portona; n(0) — moBepxHEBa MIUIBHICTh MOTOKY (POTOHIB y IEHTPI
Ja3epHOTO MyYyKa, IO BU3HAYAETHCA 3a (hopmyrioro (2.4).
[Ipu po3paxyHKax BUKOPHCTOBYBAIIKCS €IEMEHTAPHI 00'eMH y BUITIAL KyOa T°.

Tomy BenmuuHa Ey BU3Havaacs 3a popMyior

Eozi NihV: Nhv (223)

2 2
T

ne Ni — moTik (OTOHIB, 110 MOTPAIUIAIOTH B CIEMEHTApHHUI 00'eM uepe3 i-y rpaHb,
N — nmoBHUIi OTIK (POTOHIB.

B sixocTi xapakrepuctuku citioBoro noss JAPC e npuiinara Bennunna F:

E, _ N()

F=—0 - .
EQ) <*n(0)

YMoBH, 32 AKUMU 3M1IHCHUMHUMA PO3paXyHOK IMTPOCTOPOBOI OCBITICHOCTI:

1=102cem,n=15, ¢ =1; A =0,999, 0,99; p- = 0,851, 0,620; a (cm 1)=0,1, 1;
B (cm 1) =99,9, 99.
Bubepemo BimHOCHUWIT paniyc nasepHoro mydka ro/t=2, 10, 20, 30, 50
(ro(cm) = 21072, 101, 2.10%, 3-10°%, 5.101).
OCKITBKM B pO3paxyHKaX BHKOPHUCTOBYEMO Ja3€pHI My4yKH, 110 OOMEXEeHI
niadgparmoro 3a piBHeM iHTeHCHBHOCTI 0,8, TO JI711 BKa3aHUX BUIIE 3HAYCHD BIJTHOCHHI
paniyc nmazepHoro mydka (ro/t) mapamerp ["aycca, BiamoBimHo 10 (2.3), TOpIBHIOE:

o(em?) =2,99-10% 1,49-10%; 2,98-10%; 4,49-10%; 7,78-10°%
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Po3noain mpocTopoBOi OCBITICHOCTI 3a TJIMOMHOIO PO3CIIOIOUOIO IIapy s

BKa3aHUX BUIIE 3HAYCHb PO3MIPY Ja3epHOro My4YKa (B OJMHHILIX Io/T) MOKa3aHMA HA

puc. 2.7-2.9.

BigHOocHa mmpocTopoBa
ocsiTienicts E / Eg

8,00

7,00

6,00

5,00

4,00

3,00

2,00

1,00

.

~

~——_

—_—

5 10 15 20

25 30 35 40 45 50

BimHocHuit pagiyc na3epHOro mydka fo/t

Pucynok 2.7 — 3ajexHICTh BIIHOCHOI IIPOCTOPOBOI OCBiTICHOCTI E/E, Bin

rmm6uan JIPC i Bix pagiyca naseproro mydka npu o = 0,1 cm; t=1,1-102 cm;

12,00

10,00

8,00

6,00

4,00

Bignocha mpoctopoBa
ocBiTiieHicts E / Eg

2,00

Pucynok 2.8 — 3ajexHicTh BiJHOCHOT TpOCTOpPOBOi ocBiTiIeHOCTI E/Ej

<

~_

~—

T ~——
k

10 15 20

25

30 35 40 45 50

BigHOCHMIT pajiyc Ja3epHOro myuka I/t

BIJI

rmmbunn JIPC i Big pamiyca masepnoro myuka npu Fo=0,3 cm; t=1,1.102cm;

A =0,9989; p=0,78.
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12,00

10,00 \
8,00 \/\
6,00 \

400 A

BigHocHa mpocTopoBa
ocBiTiieHICTh E / Eg

N
2,00 \\’_“

N—

0 5 10 15 20 25 30 35 40 45 50

BigHOCHMIT paniyc na3epHOro mydka Io/t

Pucynok 2.9 — 3anekHICTh BIIHOCHOI MPOCTOPOBOI OCBiTICHOCTI E/E) Bin
rmburn JIPC i Big pamiyca nasepHoro myduka npu Fo=0,5cm; t=1,1-102cm;
A =0,9989; p.,=0,78.

ExcriepuMeHTansHO MOKa3aHO, MO0 CYTTEBUN BIUIMB Ha MPOIEC JIA3€PHOTO
3arajrOBaHHs CBITJIOUYTIMBUX BHOYXOBHUX KOMIIO3UTIB Ma€ MPO30PICTh BUOYXOBOTO
Marepiany. I3 30iabmeHHaM mpo3opocti (1o 30 — 40%) mopir 3amajiroBaHHS
3HIKYeThCS. [lpu  mopanpimiomy 30UIbIIEHHI TOPIr TIOYMHAE 3pocTaTH. Sk
HaroJIONIYBAJIOCs BUIIE, MIABUIICHHS MOPOTY 3alalfOBaHHS OOYMOBJICHO BILTHBOM
XIMIYHO 1HEPTHOT 3B'SI3KM 3 OPraHIYHOIO CKIIA.

3 PUCYHKIB BUJHO, IO TpH 30LIBIICHHI pajiyCcy JIa3epHOTO MydKa 3pOCTaE
00'eMHa OCBITJIEHICTh ycepeInHl BUOYXOBOi PEYOBHHH, 1110, TPUPOAHO, CIIPUSATIHBO
MO3HAYAETHCS HA PO3IrPiBaHHI MOTIMHAIYHX ONTHYHUX MIKPOHEOIHOPITHOCTEH,
BIJIMOBIIAJILHUX 3@ TIpollec ocepeakoBoro 3amamtoBaHHs BP. lleit pesynbrar
33JIOBIJTLHO  Y3TOJDKYETBCSI 3  OTPUMAaHMMH  paHillle  eKCIIepUMEHTATbHUMU
pe3yJbTaTaMH.

JUist  TEOpeTHMYHOTO MIATBEPIKEHHS UIHOTO BUCHOBKY OyiM TpOBEAECHI

pO3paxyHKH OCBITIEHOCTI B 00’emi BP mpwu iHMmINA MOBXWHI BUTRHOTO TOIIUPEHHS

dotona: 3,3x10 2 cm. PesynbTaTn po3paxyHkiB 1okasasi Ha puc. 2.10-2.12.



4,50
4,00
3,50
<
2 3 300
%\
88
§ 2,50
W
E S 20
< T
5 8 150
S £
= 8 10
m @]
0,50
0,00

"

AN

\

BimHOoCcHMIT pagiyc ma3zepHOro mydka fo/t

10

15

20

25 30

35

40

45

50

86

Pucynok 2.10 — 3anexHicTh BiIHOCHOI MPOCTOPOBOI ocBiTiieHoCTI E/E Bin
rmmburn JIPC i Big pamiyca nasepHoro myuka npu Fo=0,1cm; t=3,3-102cm;

A =0,9996; p = 0,862.
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7,00

6,00

5,00

4,00

3,00

BinHocHa mpocTopoBa
ocsiTienicte E / Eg

2,00

1,00

N

\

T ————

BigHocHuit paniyc a3epHoro mydka o/t
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Pucynok 2.11 — 3anexHicTh BiZHOCHOI MPOCTOPOBOI OcBiTIeHOCTI E/Ey Bim
rmburn JIPC i Big pamiyca nasepHoro myuka npu Fo=0,3 cm; t=3,3-102cm;

A =0,9996; p- = 0,862.
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10,00
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BinHocHa npocropoBa
ocsiTiieHicte E / Eg
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BimHocHuit pajgiyc na3epHOro myuka ro/t

Pucynok 2.12 — 3anexHicTh BiIHOCHOI MPOCTOPOBOI ocBiTiieHoCcTI E/E Bin
rmm6uan JIPC i Bim pamiyca nasepHoro myuka mpu ro=0,5cm; t=3,3-102 cm;
A =0,9996; p. =0,862.

BaxnuBe Miclle B TEOPETHMYHUX pO3paxyHKax 3aliMaroTb OOYMCIEHHS
IIPOCTOPOBOI OCBITJICHOCT! B 3aJIEKHOCTI BiJl TOBIIMHU IIApy BUOYXOBOI PEUOBHHH.
PesynbpraTn po3paxyHkiB mpuBeacHi Ha puc 2.13. BuaHo, 110 3MEHINICHHS TOBIIUHHA
3pa3kiB BP 3Hmxkye ocBiTieHIicTs B 00’emi mapy BP 3a paxyHok BTpatu (OTOHIB Ha
MPOTUIICKHIN TPAHUIll PEUOBUHU. [HIIMMH cTTOBaMU, YacTKa (JOTOHIB HE JAa€ BKIAAY Y
30UTbIIEHHS! OCBITJIEHOCTI. L oOcTtaBHHA rOBOpUTH MPO TE, IO AJIA 3alallOBaHHS
TakuX 3pa3kiB BP moTpiOHI OiibIl BUCOKI 3HAY€HHS UIIIBHOCTI €HEprii JIa3epHOro
BUMIPOMIHIOBAHHS, IO W CIOCTEPITAEThCS B EKCIEPUMEHTaX. Y TMOMEepPeaHix
eKcrepruMeHTax (JaHi MpecTaBieH] B 3BITi 3a 1-i eram) BuOyxoBi ckiaau (BC) Oynu
cymimmitro BP 1 wmarepiany B'SI3kM. Y SAKOCTI B'SI3KH  BUKOPUCTOBYBaBCS
MOJIIMETHIIMETAKpUIaT (OPrcKio), IO Ma€ Ay)Xe MaJlUid TMOKa3HMK MOTJIMHAHHS
o ~103-10"%cM, TOMYy NOIIMHAHHAM JIa3€PHOTO BHIPOMIHIOBAHHSA B TaKOMY
Marepiani MokHa HexTyBaTH. OTxe, Npu 30UIBIIEHHI KOHUEHTpalii 3B'A3KU
3HIDKYETBCS SIK TTOKa3HUK nornHadHs BC, Tak 1 koedillieHT po3CiFOBaHHS 32 PaXyHOK
3MEHIIEHHS 3MICTY PO3CiI0I0YHX LEeHTpiB (KpuctaniB BP 1 MikpoHeonHOpigHOCTEN) B

onuHUIl 00’ emy. OCKiIbKY 111 Aocimkenux Hamu 3apsaaiB BC a<<[, To 301u1bI1eHHs
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KOHIICHTpAIIii OPTrCKJIa MPAaKTUYHO HE BIUIMBAE Ha KOES(IIEHT BUXKUBAHHS, aJI€ 1CTOTHO
30UIBIITyE JOBXKHUHY BUTbHOTO TmpoOiry. Bce 1me mnpu3BOAUTH 10 3HAYHOTO
nepepo3noaity 00’ emHoi ocBiTienocti JIPC.

BHKOHaeMO pO3paxyHKHM 3a HacTynHux xapakrepuctuk JPC: o =0,1cm?
B=90cmlia=001lcm?iB=30cm™

Jing mux map o i B, A i 1T BigmosigHo piBHi: A =0,9989, t=1,1-102cm;
A =0,9996, t = 3,33-102 cm. Koedinieatu “BuxuBanHs” Bipi3HA0TbCA Ha 0,07 %, a
JIOBXKMHA BIJILHOTO MPOOITy — B 3 pasmu.

Ha puc. 2.13 noxazanuii po3no/ii ocBitieHocTi yecepeauni 06'emy JAPC mst iux

JBOX BUMaaKiB mpu o = 0,1 10,3 cm.
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BigHOCHHUIT paaiyc JIa3epHOTo MydKa Ip /T

Pucynox 2.13 — Ocsitiienicts B 00'emi JIPC B370BXk OC1 JJa3epHOTO My4Ka:
¢ -10=0,1cm(97), 1=1,1-102 cm, A = 10,9989, p.. = 0,780;
m—ro=0,1 cm (31), T =3,33-102 cm, A = 0,9996, p.. = 0,871;
A—r9=0,3cm (97), T=3,33-102 cm, A = 0,9996, p.. = 0,875;
o—ro=0,3cm (301), 1=1,1-102 cm, A = 0,9989, p.. = 0,786

[TopiBHIOIOUM pe3yNbTaTH, IO MOKa3aHi Ha puc. 2.12 1 2.13, MoxHa 3poouTH
BHCHOBOK, 1[0 XapakTep 3aJeKHOCTI E/E, icCTOTHO 3aJIC)KUTH BiJI CIIIBBITHOIIICHHS MiX

paaiycoM mydka I' 1 cepeaHbOI0 TOBKUHOIO BUTBHOTO MPOOITY T, TOOTO BiJ] 3HAUCHHS
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ro/t. Y po3paxyHkax Takox HaOyTi 3HaUeHHS BeW4YnHU F ~ 2+12, m10 y3romKyeThes
3 pe3yabTatamu [6, 13, 15, 16, 18, 19]. Take 3011bIIeHAS] TPOCTOPOBOI OCBITICHOCTI
BcepeauHi mapy BP Morke mosICHUTH pe3ylbTaTH HU3BKOIIOPOTOBOI'O 3allaFOBaHHS,

110, SIK YKa3yBaJocs BHIIE, 1 0yJ10 3po0ieHe apTopamu podoT [15].

2.8 I'0/10BHI pe3ysbTaTH IMITALIMHOTO MO/1EJII0OBAHHS

1. ®i3uko-maTeMaTH4YHa MOJIEJb  PO3CIIOBaHHS  CBITJa CTBOpEHa 3
BUKOPUCTAHHAM (PI3M4YHOI MOJIeNl MOBEAIHKU (OoTOHA Y Au(DY31HHO-PO3CIIOI0UOMY
CEpENOBHII, Ha po3paxyHKoBoMmy MmeToai Monte-Kapio, 3akoHIB BIAOMTTS CBIiT/Ia
(3akonu dpenerns) mpu po3cirOBaHHI CBITJIA HA BUIBHUX MOBEPXHIX 3pa3kiB BUOYXOBHUX
PEYOBHH, 3 ypaxXyBaHHSIM I'€OMETPIi JIa3epHOTO MyyKa (3/11iCHIOBaBCsI BUOIp rayCCOBUX
MYYKIB, 110 0OMEXeH1 AiadparMoro, a TaKOXK 1X HaXWUJIEHHS BIAHOCHO JI0 OCBITJIEHOT
MOBEPXH1) Ta HOBOTO MIJIXOAY B 3a7]a4l yCEpEIHEHHS TPAEKTOPiN pyxXy (HOTOHIB.

2. 30imemenHs B 3pa3kax CBK konmentparii BCy npusBoauTh A0 TOTO, IO
rMOuHa Iapy MaTepialy 3 BACOKMMH 3HAYEHHSIMU OCBITIICHOCTI 3POCTAE.

3. Ilig gac po3ryiary OOMEXEHOro Iiapy BHUHUKAIOTh I'PAHMYHI €(QEeKTH, SKi
MOXXYTh 3MEHIIUTH 3HaueHHs F. [cToTHMI BmMB Ha mpoHUKHEHHs cBiTiaa B JIPC
HAJa€ MIOPCTKICTh MOBepxHi. CTpyKTypa pO3CISIHOTO BUIIPOMIHIOBAHHS BCEpPEIMHI
apy BU3HAYAETHCSA TIOKA3HWKAMHW TIOTJIMHAHHS W PO3CISHHSA Ta 1HIUKATPHUCOIO
po3scitoBanHs. L{i mapamerpu 3anexaTh BiJl CIIEKTPY BUIIPOMIHIOBAHHS, a TaKOX BiJ
nossipuzarii. Tomy npu A <0,999 1ne Beme no 3HmwkeHHS Makcumymy F. Okpim
BKa3aHUX YMHHHKIB, Ha 3HIKCHHS F MOXyTh BIUTMBATH 1HTepdepeHIliiiHl edheKTH,
MOB'sI3aH1 3 IPOXOJKEHHSM uepe3 JaHy TOUKY MpocTopy GOTOHIB, 10 MAIOTh 3CyB ¢a3
1 9aCTKOBO a00 TOBHICTIO TacATh OJWH OJHOI0. TakKuM YMHOM, KOpPEKTHa (izHMdHa
IHTeprpeTaliss SBHILNA HU3bKOMOPOTOBOTO 3amajllOBaHHS BHOYXOBHX pPEUYOBUH
HEMO>KJIMBa 0€3 ypaxyBaHHsI MPOLECIB PO3CIIHHA (POTOHIB y IIMX MaTepiaax.

3anpornoHoBaHa (Pi3MKO-MaTeMaTHYHA MOJEIb PO3CIIOBAaHHS CBITIA B 00’ eMi
BUOYXOBOi peuOBHMHU 0a3yeThCs HA po3paxyHKoBoMy MeToil MonTe-Kapio. B ocHOBI

MCTOAY JIC)KUTb BUKOPHUCTAHHA I'CHCPATOPA BUIIAJAKOBUX YHCCIT IJIA pOBiI’p}IBaHHH
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BUIMAJKOBUX BEJIMUMH KyTa PO3CIFOBaHHS (DOTOHA Ta JIOBXKUHH BUILHOTO MpoOIry. Y
MOJIEJTi BpaXxOBYBaJIacs TEOMETPIs JIA3€PHOTO MTydKa — 371HCHIOBABCS BUOIP TayCCOBUX
My4YKiB, MO OOMEXeH1 aiadparMoro, a TaKOXX IX HAXWJICHHS BITHOCHO OCBITJICHOI
noBepxHi. [lpum po3citoBaHHI CBITJIa Ha BUIBHUX TOBEpPXHIX 3pa3ky BP
BUKOpHCTOBYBanuca Gopmynun @penens. OTpumMaHHS TPOCTOPOBOI OCBITICHOCTI B
PO3paxyHKOBUX KOMipKax AU(Y31HMHO-PO3CiI0I0Y01 peuOBUHU OYyB 3alpONOHOBAHUMN
HOBUM IT/IX1]T OCEPEIHEHHS TPAEKTOPIA pyXy (DOTOHIB.

OcHOBHI pPe3yJIbTaTH JOCIIKEHB TaKi.

di3uKo-MaTeMaTH4YHa MOJIEIbh PO3CIIOBAHHS CBITJIa CTBOPEHAa Ha OCHOBI
¢b13uyHo1 Mojzeni noBeAiHku GotoHa y JIPC, MeToq0M IMITALITHOTO MOJIETIOBAHHS
Monte-Kapiio, — 3akoHIB BIAOMTTS CBITJa MPU PO3CIIOBAHHI CBITJIAa HA BUIBHUX
MOBEPXHAX 3pa3KiB BUOYXOBUX PEUOBHH, 3 YPaXyBaHHIM I'€OMETPIi JIA3epHOTro MyyKa
(3mificHIOBaBCA BHOIp TayCCOBHX IYy4YKIB, 1[0 OOMEXKEH1 JiadparMoro, a Takox iX
HaxXWJICHHS BIJTHOCHO JI0 OCBITJICHOI TOBEpPXHI) Ta HOBOrO IJAXOAY B 3adadi
YCEpEIHEHHS TPAEKTOPii pyXy (OTOHIB.

VYnepuie cgopMyboBaHi OCHOBHI rpaHu4Hi YMOBH BxoAy (oroniB B JIPC Ta,
3aKOHOMIPHOCTI 1X MOJANbBIIIOTO MOIIMPEHHS 3 YpaXyBaHHIM ‘‘BUKUBaHHS (POTOHIB
Ha FPaHUIX po3noAuLty das.

VYnepmie chopmynproBaHI MaTeMaTW4YHI YMOBH, IO BIAMOBIJAIOTH BUXOMIY
¢$hOTOHA 13 CUCTEMH CIIOCTEPEKEHHS 32 PAXyHOK IMOTJIMHAHHSA HA CTIHKaX OMTHYHOTO
JIETOHATOPa, TTOBHOTO BHYTPIIIHHOTO BiAOWTTS HAa TPAHUISX ONTHYHUX CEPEIOBHIII,
BUXOJy (DOTOHIB 32 MEXK1 CEpPEIOBHILA.

3arporoHoBaHa OpUTiHAIbHA METO/IMKA YCEPETHEHHS TPAEKTOPIH pyXy (OTOHIB,
sKa J03BOJISIE 3AIMCHUTH MPOCTY Peai3allito pO3paxyHKIB HUIIXOM MOJICITIOBAHHS.

VYnepiie BCTaHOBJEHO, LI0 3MEHUICHHS TOBIIMHMU 3pa3kiB BP 3Hmxkye
OCBITJICHICTH B 00’ €M1 1m1apy BP 3a paxyHok BTpaTu ()OTOHIB Ha MPOTHIIEKHIN TPaHULI
pedoBuHH. Lleit pe3ynbTaT roBOPUTH MPO T€, 10 B [IOMY BHUITAJIKY JJIs 3aNIaTFOBAHHS
BP noTpi6Hi 6116111 BUCOKI 3HAYEHHSI ITIJILHOCTI €HEPTii JIa3epHOTO BUTIPOMIHIOBAHHSI,
110 1 OyJ10 MATBEPIKEHO EKCIIEPUMEHTAIBHO.

CdopmynboBaHI OCHOBHUN aJITOPUTM PO3PAXYHKY YHUCEIBHOTO MOJEIIOBAHHS
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MOIIMPEHHS CBITJIA B TU(PY31HHO-PO3CIFOI0YOMY CEPEIOBUIII 3 IILILHUM YIIaKyBaHHSIM
po3cifoBayiB Ta OCHOBaHMM Ha wMetoali MonTe-Kapimo anroputm po3paxyHKy
OCBITJICHOCTI B 00’eMi Audy31iHHO-PO3CIIOIOYOr0 CepenoBuIia. BCcTaHOBICHO, M0
MaKCHMYM OCBITJIGHOCTI 3pOCTa€ MpU 30UIBIICHHI JlaMeTpa Ja3epHOro Iydka M
smimryetbes yriub [IPC. IIpoTe 3pocTaHHs NpUTIMHSAETHCS B pa3i JOCSITHEHHS IEBHOTO
3Ha4YeHHS (B JaHOMY BHIAIKy Fo/t ~ 50), ToOTO Tipw iHimitoBanHi BP mupoxuvu
MydKamMu KpaeBi eeKTH 3HUKaOTh. Bce 1me € HacmiaKkoM 0araTOKpaTHOTO PO3CISTHHS
BurnipoMiHioBaHHs B JIPC, mo cnocrepiraerbcsi A CEpPEeNoOBUII 3 BHCOKUM
KOe(DILIEHTOM PO3CISIHHS i HU3bKUM KOE(II[IEHTOM MOTJIMHAHHS.

Otpumani po3paxyHku ocBiTiieHocTi y JIPC B 3ajexxHOCTI Bim pajiyca
Ja3epHOTO My4YKa, JOBXHHHU BUIBHOTO Mpooiry (orToHiB (mpo3opocti 3paskiB BP),
TOBUIMHU JTHU(]PY31i1HO-PO3CIIOI0YOr0 CEepeOBHUIA 3aJ0BUIBHO Y3TOJKYIOTHCS 3
pe3yibTaTaMu €KCIIEPUMEHTIB.

BcranoBiieHo, 1o nmapamMeTpy MOTJIMHAHHS i PO3CISHHS 3aJI€KaTh B1J] CIIEKTPY
BUIMIPOMIHIOBaHHS, a TaKoX  ToJsApu3amii. 30KpeMa MOXYTh  BIUIMBATH
iHTepdepenIiiiii edeKTH, MoB'sA3aHl 3 MPOXOKCHHAM Yepe3 JaHy TOYKY IPOCTOPY
($boTOHIB, 110 MaIOTh 3CyB (Pa3 1 YaCTKOBO abO MOBHICTIO FacATh OJIMH OJHOTO.

Takum 4yrHOM, KOpeKTHa (i3UyHA IHTEpIpeTaIlis SBUIA HU3LKOIIOPOTOBOTO
3armaytoBaHHsI BUOYXOBUX PEUOBUH HEMOKIIMBA 0€3 ypaxyBaHHS MPOIECIB PO3CISTHHS
(GOTOHIB y MaTepianax UbOTo KJacy.

3aBAsSKA BUKOPUCTAHHIO (D13UKO-MAaTEMATUIHOTO MOJICTFOBAHHS OYJIM OTpUMaHi
BIPOTiIHI Pe3ybTaTH OCBITICHOCTI B 00’ eMi Au(y31iiHO-PO3CIIOI0YOTO CepEeOBUIIIA,
o € JOyXe BaXIWBOW iHpopMamiero s BupimeHHs 3agadi 100 %-ro
CIpaIlbOBYBAHHS JIA0OPATOPHOTO ONTHUYHOTO JETOHATOpa B 3aJEXKHOCTI B
CHEPreTUYHUX XapaKTEPUCTHK JIA3ePHOTO BUMPOMIHIOBAHHSI.

PesynbraTtit po60TH MOXKYTh OYTH BUKOPUCTAHI MPU CTBOPEHHI JTaOOPATOPHUX
3pa3kiB ontuuHoro aeroHaropa (OJ]), a Takox B mociimkeHHsx capaitoBanus O/l B
3aJIe)KHOCTI BiJl €GHEPreTUYHUX Ta T€OMETPUUHUX XapaKTEPHCTHK JIA3epPHOTO MydKa.
Pesynbratu poOoTH TakoX MOXKYTh OyTH 3aCTOCOBaH1 B Taly3sIX MPOMHCIOBOCTI, L0

BUKOPHUCTOBYIOTh METOJM 00OpOOKH MaTepiaiaiB BUOYXOM, Y HAYKOBHUX JOCIIPKEHHSIX
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(h13UKO-XIMIYHMX SIBUIIL, 1110 CIIOCTEPITalOThCS I11]1 Yac MPOIIECiB MBUAKOTO Mepeodiry.

BUCHOBKHA

OcHoBy ¢i3uuHoi Moneni nomupenHs cBitna y JIPC (nmoBeminku ¢doToHa B
T y31iHO-PO3CII0YOMY CEPEIOBHUII) CKIIAAI0Th HACTYITHI €eKTH:

— 3apOJKEHHS “TapsYuX TOYOK™ B ONTHUYHO MPO30PUX BUOYXOBUX PEUOBHUHAX 32
paxyHOK IIIBHUIKOTO BBEICHHS CHEPrii JIA3epHOTO IMIYJIbCy (OAMHHIIL-IACCATKIB
HAHOCEKYH]I);

— 3HWKEHHS MoporiB 3ananoBanHs CBP KopoTKkuMu Ja3epHUMU IMITYJIbCAMU;

— 3aQJIEKHICTh UIUIBHOCTI €HEPrii 1HILIFOBAHHA BIJl pajlyCy JIa3€pHOrO IMy4Ka;
(po3mMipHuii eexr);

Kopotke popmymroBanHs (hi3nyHOT MOJIENI 3aMaIFOBaHHS BUOYXOBHX PEUOBUH
Ja3epHUM MOHOIMITYJIBCOM JIJII CTBOPEHHS OINTHYHOTO JETOHATOPY MOXKE OyTH
3BEJICHO JI0 HACTYITHOTO:

— OCepeAKOBE  3alajloBaHHS  CBITJIOYYTIMBHX BUOYXOBUX  pPEYOBUH
3MIICHIOETHCS B yMOBaX 0araTOKpaTHOrO po3CiIOBaHHS (DOTOHIB HA IPAHSIX KPUCTAIIIB
BP, sixe 3Ha4HO migBHIye 00'€MHY OCBITIEHICTD, a, OTXKE, 1 €()EKTUBHICTh BBEJICHHS
€HEeprii JJa3epHOro IMIYJbCY B MIKPOHEOAHOPITHOCTI PEUYOBUHH;

— MIABUIIEHHS OCBITICHOCTI B TmOuHi BP € HailiedeKTUBHIMMUM CIIocoOoM
3HIDKCHHSI TIOPOTY 3arajiOBaHHS BHOYXOBHX PEUYOBHH, SKi BHKOPHUCTOBYIOTHCS B
ONITHYHUX JICTOHATOpAxX, IO CBITYMUTh HA KOPHUCTH 3aCTOCYBaHHSI B 3aco0ax
nigpuBaHHsA  3apsaiB BP mepBUHHMMM  CBITJIOUYTJIMBUMH H  BUOYXOBUMH
KOMITO3UTAMH.

3a pe3ysnbTaTaMH JOCITIKeHb Omy0JikoBaHi podotu [2-6].
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PO3/ILI 3
EKCHEPUMEHTAJIBHI JOCJIUKEHHS THILIIOBAHHSI TETOHALIT
CBITJIOYYTJIMBUX MEPBUHHUX BUBYXOBUX KOMITO3UTIB
BY3bKMMM MYYKAMMU JIASBEPHOI'O MOHOIMITYJILCY

Y po0OoTi BHKOpHCTaHI METOIUKH JIOCTIKEHb B 00JacTi 3armaifoBaHHS
BUOYXOBHUX PEYOBHH JIQ3€pHUM IMITYJIbCHUM BHUIIPOMIHIOBaHHSIM 1 JIOCBIf,
HaKoNMM4YeHu# (axiBUsAMU 3 HAYKOBHUX oprasizamiii Ykpainu, Pocii, [lonbmr, CILLIA,
Snonii. [IpUHIMIOBI CXEMH €KCIIEPUMEHTAIIBHUX JOCIIIKEHb, IPEACTABIICH] HIKYE,
BUKOpUCTOBYIOThCSA B HTY «JIHINTPOBChKA MOMITEXHIKA» TPOTATOM OCTaHHIX 30 pOKiB
1 MOXKYTb OYyTH BUKOPHUCTAaHI JJIsl BUPIIIEHHS PI3HUX HAYKOBUX 33]1a4 y Tally31 XIMIYHO1
GI3BUKM  TIPOIIECIB  3alajilfOBaHHS  E€HEPrOHACMYEHUX  MarTepialiiB  JIa3epHUM
BUIIPOMIHIOBAHHSIM.

VY nanomy po3aii OpeCTaBieHl Pe3yabTaTH €KCIEPUMEHTAIBHUX JTOCIIKEHb,
HalpaBJICHI Ha BUPIIIEHHS 3a/lauyl BCTAHOBJICHHS Ta BUBYCHHS 3aKOHOMIPHOCTEH
BIUIMBY BY3bKMX IYYKiB JIA3€pHOTO MOHOIMITYJTLCHOTO BUIIPOMIHIOBAHHS HA MPOIIECH

3amnajrOBaHHs CBITJIOUYTIMBHUX BUOYXOBUX KOMITO3HUTIB Ha OCHOBI a3Uly CBUHIIIO.

3.1 ExkcnepuMeHTaJlbHa YCTAHOBKA, BHMIPIOBAJIbHI TNPWIagd Ta

00JIaTHAHHSA 1A JOCTIKEeHb

VY BCIX €KCHepUMEHTaX BHKOPHUCTOBYBABCS ONTHUYHHUI KBAaHTOBUN TEHEPATOP
koHcTpykili HTY “JlninpoBchka TOJIITEXHIKA®, TPU3HAYEHUN U1 1HIIIIOBaAHHS
KUTbKOX JIECATKIB HA00iB BUOYXOBUX PEUOBHUH (CBEPIIOBUHHUX a00 IIIMTYPOBUX 3aPSIIiB)
B 3aJIaHil YacOBIM MOCIIJOBHOCTI MIX TpyImaMu 3apsiiiB abo MK 3apsaamMu B TPYIIi.
Moske 3piiicHIOBaTUCS MIApUBaHHS OAMHOYHMX 3apsmiB BP, mpu upomy OKID
BUIIPOMIHIOBAHHS HAJIMHO 1HILIIOE JETOHAII0 Y CBITJIOUYTIMBUX BHOYXOBHUX
KOMIIO3UTaX SIK HUIAXOM Mepenadi CBITIOBOTO IMITYJIbCY Yepe3 CBITIOBOJIOKOHHHIMA
Kabenb, Tak 1 6€3MocepeIHbO Yepes MOBITPS, OIPOMIHIOIOUHN BIKPUTI MOBEPXHI 3apsy.

OKI' mictuth Tpu KaHamu (TpHU Ja3epa), MK SKUMH 3HIMCHIOETHCS €IEKTPOHHA
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KOMYTallisl, [0 JO3BOJISIE B 33JaHUN Yac MOCWJIATH MOHOIMITYJIBC Y HaIpPsSMKY TPbOX
HE3AJIeKHUX OJIMH Bl OJHOTO MAariCTPaJbHUX ONTOBOJIOKOHHUX KaHajlaX. 3arabHUi
Burisig OKI' mokazanuii Ha puc. 1.5.

VY tabin. 3.1 HaBeneHI pe3ynbTaTH BUMIPIOBAHb ITOPOTOBOI €HEPrii HaKauyBaHH:
E'op, mOporosoi Harpyru Uyep 1 €Heprii reneparii £r 1 Tppox jazepis OKI'.

Tabmuns 3.1—- Poboui xapakrepuctuku JiazepiB B OKT

di3uuHI Howmep nazepa
XapaKTEePUCTUKU I n 21 37
Unop, B 1400 1450 1400
Erop, K 98 105 98
E:, JIx 0,18 0,17 0,22

OaHOYacHO 3 HAaBEIEHWMHU XapaKTEPUCTHKAMHU KOHTPOJIOBANACA KUIBKICTb
TEHEPYIOUHUX IMIYJIbCIB BHUIPOMIHIOBAHHA TIPU OJIHOMY IMITYJIbCl HaKadyBaHHS.
BcranoBieHo, M0 U1 KOKHOTO 3 TPhOX JIa3€PIB 3apEECTPOBAHUN TIIIBKU OJIMH IMITYJIbC
BUIIPOMIHIOBAHHS MIPH OJIHOMY IMIYJIbCI HAaKauyBaHHs, TOOTO PEaNi3y€ThCS PEXKUM
MOHOIMITYJIbca a00 OJHOMKOBUM peXuM. [HTepBamM dYacy MK MOCIITOBHUMHU
IMITyJIbCAMU PETYIIOIOTHCS 3a JOIMOMOrOK0 MOTEHIIIOMETPIB Ha MaHEN1 YIPaBIiHHS Bij
0 mo 80 mc (puc. 1.5, a).

@dopma J1a3epHOro IMIYJIbCy B 4aci, puc. 3.1, BuMipsuiacid 3a JONOMOTOIO

mBuaKoaiF0u0ro horomiona Sub-Nanosecond 50 ohm Photodiode.

TEK/SCD1000, v81. 1, DIG/1. 51, DSY/3. 00

V1=4,195V t1=7.77126ns DV=-83mV
V2=4, 112V t2=18. 76833ns Dt=10.98707ns

[

. T

h

RT_1V 12:54: 13.92 505 e

Pucynok 3.1 — ®opma na3epHOTo iIMIyIbCy

XapakTepHuii yac HapouryBaHHs i cnaxy cknagae 1071 ¢. Curnan 3 doromiona
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peectpyBaBcs ocumiorpagom SCD 1000 dipmu Tektronix. 3 pucyHka BUAHO, IO
TPUBAJICTh JIA3€PHOTO IMITYJILCY HAa TOJOBHMHI BUCOTH HOTO 1HTEHCHBHOCTI CKJIQJIa€
10,997 He. Ha cxemi ekcriepuMEeHTaIbHOTO KOMIUIEKCY HAYKOBOTO YCTaTKyBaHHSI, PUC.
3.2, mig mudporo 1 mokazaHo JazepHUM 107, SKUH pazoM 3 miadgparmoro 15
BUKOPHUCTOBYBAJIUCA JJIS1 FOCTYBaHHS ONTHYHOTO TPAKTy. 2 — Jla3ep; 3a JOMOMOTOI0
npu3Mu 4 nazepHuil MpoMiHb HarpaBiisgBcs Ha 3apsia CBK — BuOyxoBy peuoBuny 11,
1o OyJjia HaHeCeHa AK MOKPUTTA AlameTpoM 15 MM Ha ckisiHy mactuny 10. 3pasok,
mo gocaimkysascs 13 CBK 1 ckisnoi mimactunu 10, 3akpimioBaBcst 10 TUIACTUHU 3
aMOMiHII0 9 3aBTOBIIKM 8 MM, IIO0 MaJila OTBIp J1aMETPOM 8 MM JUIsl TIPOXOJKEHHS
Ja3epHOr0 BUIIPOMIHIOBaHHsS. JliH3a 7 BUKOPUCTOBYBaJIacid [Jisl PEryJIIOBaHHS
HEOOX1MHOT BENMWYMHHM JiaMeTpa jasepHoro mydka. dDotomion 12 peectpyBaB
zanmamoBanHs CBK. CBiTiiodiibTpu 5 BUKOPUCTOBYBAIKCS JIJIsi BUMIPIOBAaHb €HEPTii
Ja3epHOT0 BUIIPOMIHIOBAHHSI, IO MAJa€ Ha 3pa3okK, MpH (ikcoBaHiii BincTani Bix CBK
o JiH3W. [l BU3HAuYEHHA 1€ eHeprii 3aCTOCOBYBaBCS 6 — BUMIpIOBad €HEprii

nazeproro BunpomintoBanas BEJI-300.

4 12 3 13 15 2 1 14

8 — | 9
16 | -——10
1

Pucynok 3.2 — Cxema eKCIEpUMEHTAJIbLHOTO IOCIITHHUIIBKOTO KOMILIEKCY,
po3pobneroro HTY «/Il»: 1 — mazepuuii giox; 2— (OKI') nazep; 3 — n3epkano; 4 —
ONTUYHA TpU3Ma; 5 — CBITIOGIIBTPH; 6 — BUMIpIOBaJIbHA TOJOBKA BHUMIpIOBaYa
nazepnoi eneprii BEJI-300; 7 — min3a; 8§ —mmactuHa-skpaH 13 ckia; 9 — amoMiHieBa
rmactuHa; 10 —mmactuna 13 ckia; 11 — CBK; 12 — dotomion ans peectpaiiii mpoyKTiB
BUOyXy; 13 — doTomion mist peectpartii 1azepHoro immnyiscy; 14 —ocuunorpadp TDS-
350; 15 — miapparma; 16 — kamepa

[Haykuiifauil yac (dac 3aTpuMKH) iHiIiOBaHHS JetoHaii 3apsaaiB CBK Binx
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MoYaTKy i JIa3epHOTO IMITYJIbCY BUMIiproBasiu doToaiogamu 12 1 13, ski mpairoBaiu
B miana3zonax crnektpis 0,4-1,2 mxwm 1 0,8-1,4 MKM BiAIIOBITHO.

3a cxemoro puc. 3.2 3Mi1HCHIOETHCS BU3HAUYCHHS Yacy 1HIYKIII, 10 0OMeKeHu
MOYaTKOM /i1 JJa3epHOT0 MOHOIMITYJIbCY Ha 3apsia CBK 10 moMmenty BUOyXy 3apsiay,
BUMIPIOBAHHS MO>XHA MPOBOJUTH OAHUM (POTOM10A0M. Y 1IOMY BHMAJIKY (HOTOIION
peecTpye Ja3epHUM IMITYJIbC 1 CBITJIOBUH IMITYJIBC BiJI MPOIYKTIB BUOYXY.

3 BBEJCHHSM B EKCIEPUMEHTAIbHUM KOMILJIEKC BHOYXOBOi Kamepu, B SIKY
BCTAHOBJIIOBaBCS ~ MAasTHUK 3  JaT4dkoM  KyTta. (CxemMa  CTaliOHapHOTO

EKCIIEPUMEHTAIILHOTO KOMILJIEKCY OyJia 3MiHeHa, puc. 3.3.

8

ol /
orf——=]

—

11 10 11 12 4 9 13

Pucynok 3.3 — [IpuHuumnoBa cxema eKCIepUMEHTAIbLHOT YCTaHOBKH: 1 — nazep;
2 — madparma; 3 — miH3a; 4 — cBITIOGUILTPH; 5 — 3pa30K; 6 — MasITHUK; 7 — BUOYXOBa
KaMmepa; 8 — MaT4WK KyTa BIAXWICHHS MasTHUKA; 9 — BuMiptoBad eneprii; 10 — TIY
III68000K; 11 — mudpoBuit BombT™MeTp; 12 — ocrmnorpadu TDS-350; 13 — mmactuna
CBITJIOPO3IIOIBHA,

Ha puc. 3.4 mokaszanmii 3arajgpbHU BuJ BHOYXOBOI KaMepH 31 MIBUIAKICHUM
dbotopeectparopom; oocsr kamepu 260 11, po3paxoBana Ha BUOyx 3apsay TNT macoro
25 T 3 BUCOKOIIBUIKICHOIO 3HOMKOIO MPOIIECY.

VY pa3i HEOOXiMHOCTI TMepeaayi JIa3epHOTO BUIIPOMIHIOBAHHS JIJII CTBOPEHHS

IMITYJIBCY 3aJ]aHOT TPUBAJIOCTI 1HIIIIOIOTH JETOHAIII0 MOBEPXHEBOTO TOHKOIO Iapy

CBK, HaHeceHoro Ha jmociipkyBaHui 00'ekt (puc. 3.5). lleit mnpuiiom MoxkHa
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BUKOPUCTOBYBAaTH B TIpHUYIA CIpaBl Il pyWHYBaHHS Herabaputy, a B
MaIrHOOYTyBaHHI - JUIl HAHECEHHS MapKEpPiB y MIKPOCTPYKTYpl METajeBUX BHPOOIB

Ta iH. Bigcrans Mik enemeHTamMu 3 Ta 6 MOXE CTAaHOBUTH COTHI METPIB.

3 4 6 5
[ OKTI I (\ ———-——— ]
— U
/
2 N 1
CIUI
Pucynok 3.5 — cxema yCTaHOBKHM JUisl MIiAPUBAaHHS HAKIJIAIHOTO 3apsiy:

1 — minoTHU# naszep IS HAaBEIEGHHS MPOMEHsI Ha b, 2 — m3epkano, 3 — OKI;
4 — poscioroua JiH3a; 5 — 00’ekT (Herabaput) 3 HakiagHumu 3apsgom CBK;

6 — 3apsn CBK.

BumiproBalibHuii  KOMIUIEKC eKCIepUMEHTaIbHOT ycTaHoBKH (puc. 3.3)
JI03BOJIsI€ BUMIPIOBATH BEIMUMHY IMITYJIbCY MPOoAyKTiB BUOYyXy CBK, xapakrepuctuku
Ja3epHOT0 BUIIPOMIHIOBAHHS 1 TapaMeTpiB HaBaHTaXeHHs, JJ11 BUMIpIOBaHHS €Heprii
Ja3epHOT0 IMIYJIbCY BUKOPUCTOBYBaBCsS Kanmopumerp TBepaoTuibHuil IKT-1H,
OPUHLUI POOOTH SIKOTO TOJISATa€ B TOTIMHAHHI NMPUHAOMHUM €JIE€MEHTOM eHeprii

BUNpPOMiHIOBaHHs TiepeTBopeHHI ii B Tepmo-EJIC. Ilpunaa mo3Bosise peecTpyBaTH
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eHepriro iMnynscis TpusanicTio 10°-10° ¢ mpu nmoBepxHeBiil MINBHOCTI TOTYKHOCTI
5x10%? Br/m? y ciexrpansHoMy amianaszoni 0,4-4 mxm. IToxu6ka npunany 10 % mpu
BUMIpIOBaHH1 eHeprii Bia 15 mo 150 [Ix.

Peectpamist popmu mazepHOro iMmyabCy ¥ BHUMIPIOBAaHHS MOTO TPHUBAJIOCTI
MIPOBOAMIIMCS 32 IOTIOMOT'OI0 IEepETBOproBava-BuMipioBaya gotoenektpuanoro GKO2.
[Tpunan npuszHaueHuit aast poOOTH CHUTBHO 3 octiorpadamu. Enexrpudne suBICHHS
pHUIaay 3M1ACHIOBATIOCS BT [KEpeEa MOCTIHHOTO cTpymy Hanpyroro 1000 B.

CBK rotyBanucss LUISIXOM NPUTOTYBAaHHS B'A3KOI OCHOBH, IIIO TPEACTAaBIISE
co0o10 cycnensio nopowky BP B po3umHi momimepy, mpo3oporo uisi J1a3epHOTO
BUIIPOMiHIOBaHHs. Iliciie HaHeceHHs B'I3KOI OCHOBU Ha IMOBEPXHIO Oy/b-SIKOTO
Matepiaiy (Tipcbka mopoja, BU0yxoBa pe4oBrHa, CTajb, AIFOMIHIHN, IJIACTMACH 1 T. 11.)
JETIOUNI PO3YMHHUK BUTIAPOBYETHCA, Y PE3YIbTATI YOTO YTBOPIOBAIOCS MTOKPHUTTS, 110
€ CBITJIOUYTJIMBUM BUOYXOBUM KOMIIO3UTOM.

B excniepumentax 3apsanu CBK Hanocunucs Ha aatoMiHIEBY (OJIBTY TOBIIIMHOIO
0,1 mm. @opma nokputrtss CBK npencrasisiia co0010 Koo AiaMeTpoM Om3bKo 15 M.
[Ticast uporo ¢omery 3 nokputtsiMm CBK 3a monomororo BazeniHy Kpiluiu 10 OCHOBH
MasTHHKa (To3ullis 6 Ha puc. 3.3). MadTHUK pa3oM 3 AaTYUKOM KyTa BIIXUJICHHS
BCTaHOBJIOBAaBCs y BUOYXoBYy kamepy 7. OnTuyHa cxema J03BOJIsUIA 32 JOIIOMOIOIO
HEUTpaTbHUX CBITIOPUIBTPIB 4 1 JiH3U 3 IUIABHO 3MIHIOBATH EHEPTII0 JIA3€pHOTO
BUripoMiHioBaHHs Ha noBepxHi CBK. Jlns BUMiproBaHHS €HEprii yaCTHHA JIa3epHOTO
BUIIPOMIHIOBAHHS BIATATYKyBajlacsi 3a JIOMIOMOTOIO CBITJIOPO3MOIUIHbHUX TUIACTHUH,
BuMiproBasiacsi npuiagom IKT-1H 1 dopmu CBITIOBOrO iMIysbCy €JIEKTPUYHUM
neperBoproBadeM OK-2. Curnan 3anucysascs octuiorpadgom TDS-350.

Takum ymHOM, TpW BUMIipIOBaHHI uyTiauBocTi BC 01HOYAaCHO BUMIPIOBAaBCS
IMITyJIbC MPOYKTIB BUOYXY. IIpu npoBeneHHI BUPOOYyBaHb BUMIPIOBATIOCS CEPETHE TI0
NEepPETUHY JIa3epPHOTO MTPOMEHS 3HAUCHHS TIOPOTrOBOi €HEPTil 3araitOBaHHsI.

OyYHKIS PO3NOAUTY MIUIBHOCTI €HEprii B Ja3epHOMY MYYKY BU3HAYAETHCS 3a
JIOTIOMOTOK0  METOJMKH EKCIEPUMEHTAJIbHOTO BHU3HAUEHHS J[1aMETpiB BiAOUTKIB
Ja3epHOT0 MPOMEHS, SKI 3aJMIIAIOTHCSA HA 3aCBIYEHOMY (pOTOMarepi Mpu Ja3epHOMY

BunpominioBanHi [1]. 3a gomomororo anamzartopa Silicon Camera Model LBA-100A
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bipmu Spiricon, puc. 3.6, y sSKui BXOIATh KaMe€puU BHCOKOTro posauieHHs Pulnix
TM-745, mo peecTpyloTh BUIIPOMIHIOBAHHS, Ta MIKPOIPOILIECOPHI CHUCTEMH, IO

aHaJI3yI0Th PO3MOILT €HEPrii Ta BiAOOpaXKaloTh Pe3yIbTaTH Ha MOHITOPI.

Pucynox 3.6 — Ananizatop Silicon Camera Model LBA-100A

JUiss BHU3HAYEHHS €HEprii JIa3epHOr0 BUIIPOMIHIOBaHHS 3aCTOCOBYBABCS
BUMIPIOBaY €HEPrii IMIYJIbCHOTO JiazepHoro BurpomiHioBanHs BEJI-300, mo mae
BUMIPIOBaJIbHY TOJIOBKY mnpoxigHoro tumy. Ilpunan BEJI-300 ykomrmiexkToBaHuUit
TphOMa TOJIOBKaMHU, 1110 3a0e3MeuyloTh BUMIp eHeprii B miama3oHi Bix 1 MxJDx 1o
300 k. Ipunang MOXKIMBO IEPEBECTH ISl BUMIPIOBAHHS €HEPT1i BUTTPOMIHIOBAHHSI Ha
IecTy AOBXKWHAX XBWIb. [Ipu podoTi B ianazoni 1-100 m/[x TouHiCTh BUMIpIOBaHHS
He menue 0,01 mIx.

Meroauka BumiptoBanHs uytiuBocti CBK g0 naszephoro immynbcy. s
ONEepaTUBHOI 3MIHU eHeprii BunpomiHtoBaHHs W (32 paxyHOK €Heprii HakauyBaHHSI
namnor-crianaxy W,) Bumipsina 3anexnicts W, = f(W,), sika moka3zana Ha puc. 3.7. [pu
BU3HAYEHHI MOPOTIB YYTIMBOCTI CBITJIOUYTIMBUX BUOYXOBUX KOMIIO3UTIB HA OCHOBI
a3uJly CBUHIIIO IIEHTpajbHA YaCTHWHA JIA3€PHOTO My4yka BUpi3yBajacs aiadparMoro
JIiaMeTpoM 3,5 MM, 110 BIJAMOBIIANO PiBHIO 1HTEHCUBHOCTI 0,5 Bij il MakCHMaJIbHOTO
3HaveHHs [2]. Tomy Taki my4KH i Oyl BUBYCHI 3 TOUKU 30py BU3HAYCHHS iX SIKOCTI.

[Ipo3opi A Ja3epHOro BUMIPOMIHIOBAHHS CBITJIOYYTJIMBI BUOYXOBI KOMITO3UTH
MPEACTABIISIIOTE COOO0K0 CEPEIOBUIIE 3 IIUIBHOK YIAKOBKOK po3citoBayiB. Jljis mmx

PEUOBHH NOTPIOHO KOPEKTHE BU3HAUCHHS MOHATTS Yy TJIMBOCTI JI0 JIA3€PHOTO IMITYJIbCY



103

[3-7]. Taki XapaKkTepHUCTHKH PEUYOBUHH, 5K KOChIIieHT Au(y3HOro BIIOWTTA i
Yy TIUBICTH, € XapakTepuctukamu CBK nuiie B pasi, K110 3pa30k HabaraTo mepeBUIILye
3BOPOTHIO BEJTMUMHY MMOKa3HUKA OCIa0ICHHS BUIPOMIHIOBaHHs. B 1HIIOMY BUMaKYy IIi

BEJIMUMHU SBISIOTHCA (DyHKIIIEI0 ToBIIUHU 3pa3ka CBK.
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Enepris nakauyBanus, Wy Ik

Pucynok 3.7 — TunoBuii xapakTep 3aJIeKHOCTI €Heprii JazepHoro iMmyiascy Wi
Bia eHeprii HakauyBaHHS W, 1ist 3pa3kiB BC (M.ImtomwH Ta iami, 2010 p.)

[Ipu BupilIEHH] TEXHIYHUX 3aJa4 MiJl YyTJIMBICTIO PO3YMIIOTh MIHIMaIbHY
IIUTBHICTh €HEPTii JIa3epHOTO BUIIPOMIHIOBAHHS, 1110 MPU3BOIUTH 10 BHOYyXy CBK. Take
YSIBJICHHSI YyTJIMBOCTI HE € TOYHUM, OCKUIBKA HE BPaxoBYy€e TOr0, M0 BUOYX MOOIU3Y
MOpOTa 1HILIIOBaHHS HOCUTh IMOBIPHICHUHM XapakTep SIK MpH Ja3epHOMY 3alaliOBaHHI,
TaK 1 MPU IHIIUX BHUAAX BIUIMBY. Y 3B'3Ky 3 muMm, mia uytiauBictio CBK mo aii
IMITYJILCHOTO JIa3€PHOT0 BUIIPOMIHIOBAHHS NPUMHATO 3aHW)KEHY IIUIBHICTBY €HEeprii
E*, axa Bignosinae 50 % BipOTiTHOCTI 1HIMIFOBAHHS AeTOHAITT [2].

[Ipy BU3HAa4YeHHI YYTJIMBOCTI MPOBOIATHCS TMOMEPEAHI EKCHEPUMEHTH IO
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BU3HAYCHHIO 1HTEPBATY LIIJILHOCTI €HEprii, sika BiJINOBIIa€ BIPOTiHOMY IiAPUBAHHIO.
[Ticnsa uporo mpoBoaaTecs BunpoOyBanus 25-30 3pa3kiB CBK B iHTepBai iMOBipHOTO
IHIIIIOBaHHS XIMIYHOTO TEPeTBOPEHHS B (Qopmi JeToHamii. Y pe3ynbraTi 0OpoOKu
rictorpaMd 4acTOTH BUOYXIB OyAyeTbCS 3aJCKHICTh IMOBIPHOCTI 1HIITIFOBaHHS
JCTOHAIIT BiJ] IIUILHOCTI JIa3epHOi eHeprii w(E£*), ae miabHICTh eHeprii £*, s sKol
o(E*)=0,5, 1 € xapakTepuctukoro uytauBocti CBK mo nii mazepHoro iMmybcy.

[lepen npoBeaeHHsM ekcriepuMeHTanbHOro nomryky CBK HeoOxigHO poBecTn
BUIIPOOYBaHHS 4YUCTUX BP, MeTO0 BHM3HAYEHHS MOXIIMBOCTI iX MIAHATY Ja3€pHUM
iMmrynibcoMm. [lomepeani qociimpkeHHs 00yMOBIIEH! TUM, 10 YYTIUBICTh pizHUX BP 1o
Jii J1a3epHOr0 IMIYJIbCY MOXE BIIPI3HATUCS HA KUIbKa MOPAIKIB. Y I[bOMY BHITAJIKY
BUIIPOOYBAaHHS MOXYTh OyTH MPOBENEHI 3 BUKOPUCTAHHIM MPOCTOI ONTUYHOI CXEMH,
10 J03BOJISIE€ BapiIOBATH IILIHHICTh €HEPTIi B IIMPOKUX MEXKax, puc. 3.8.

JIist moTpuMaHHS MOAIOHOCTI T€OMETPUYHUX YMOB BIACTaHI BiJ AUIMIIBHOL
wiactiuHu 4 10 aiadgparmu 6 3paska i 10 niadparmMu KaJropuMeTpa BUOHPAIUCS PIBHUMH
Li=L,. ITpu Bu3nauenHi koedimienra Bukopuctanusa eneprii OKI' G, mo norparuise Ha
KaJIOPUMETP, 3aMICTh 3pazka BP BCTaHOBIIOETHCS 111€ OJIUH KaJOpUMETP 3 Jiadparmoro,
JiaMeTp SIKOi JOopiBHIOE niaMmerpy miadpparmu 6. Ilicnis cepii KOHTPOJIBHUX JOCHIIB
BU3HauaeThes 1er koediuieHT. [Ipu BunpoOyBanHi 3 BP KyT po3MillieHHs riacTuHKy 4

1010 TPOMEHS J1a3epa 30epiraeTbCsi TUM ke, 10 1 TPU KOHTPOJIbHUX BUMIpaX.
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Pucynok 3.8 — Cxema inimiroBanus i peectparii uyrimBocti CBK [2]:

1 — OKI; 2 - cBitnodpuieTp; 3 — JiH3a, IO pO3CIIOE BUIIPOMIHIOBAHHS;
4 — CBITIIOPO3MOIIbHA MIACTUHA; 5 — 3pa3ok BP; 6 — niagparma; 7 — kamopumeTp

3MiHa HIUIBHOCTI €HEeprii Ha 3pa3Ky 3I1MCHIOETHCS 3 JOIMOMOIOI0 PO3CIFOI0UOT

mia3M 3. CBITAODIBTP 2 BUKOPUCTOBYETHCS TSl YCYHEHHSI MOKJIMBOIO MMT1JICBIUYBaHHS
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BP cBiTiom Bin smamn nHakauyBaHHs OKI. HemomikoM maHOi ONTHYHOI CXeMH €
HaOMIKEeHe BU3HAYEHHS TPAHMYHOI HIUIBHOCTI €HEprii, OCKUIbKM BOHA BU3HAYAETHCS
JICHHSM BUMIPSHOI KaJOPUMETPOM €HEprii Ha IUIONTy OTBOPY AiadparMu, TOOTO HE
BPaxOBYETHCS PO3IOJILI EHEPTii B MeXaxX OTBOPY Aiadparmu.

VY HaBeneHii cxeMi iHilitoBaHHs BP He BucyBanucs 0y/b-sKi BUMOTH J0 SKOCTI
JIa3epHOTO BUIIPOMIHIOBaHHS. AJie SIK TTIOKa3aHo B [8, 9], 1711 KOPEKTHOTO BUMIPIOBAHHS
napaMeTpiB JIa3epHOro 3arlajllOBaHHS HEOOX1IHO BUKOPHCTOBYBATH OJHOMOOBHIA
onHoyactoTHuid OKI'. Yepe3 HasBHICTH CKJIAIHOI MPOCTOPOBOI CTPYKTYPU CBITOBOTO
Myyka ONTHYHI KBAHTOBI TE€HEPATOPU CTBOPIOIOTH JIOKAIbHI HEOJAHOPIIHOCTI

OCBITJIEHOCTI B 0031 BP, BUMIp SKMX BUSABIISETHCS HEMOXKIUBHUM.

3.2 BumiproBaHHfl 4acy 3aTpUMKH BHOYXYy 3apsily CBIiTJI0YYyTJIMBOIO

Bl/lﬁyXOBOI‘O KOMIIO3UTY

[Tpu po3poOIIi ONTUYHOTO AETOHATOPA MPELUU3IMHOT A1l AJIsl JIa3€pHUX CHUCTEM
1HILIFOBaHHS BaXXJIMBUMMU € PE3yJIbTaTH JOCHIKEHHS 3aTpUMKH crianaxy 3apsiaiB CBK
SK TIEPBUHHOT PEUOBUHU ONITUYHOTO JAETOHATOPY. SIK BiIOMO, TIepBUHHI iHiIitor04i IBP
BIJIPI3HAIOTBCA B1J Opu3aHTHUX [5], B TOMy umcii, BTOpUHHUX BP pizkum maiike
CTPUOKOTIONIOHUM 30UIBIIEHHSM MIBUAKOCTI BUOYXOBOTO MIEPETBOPEHHS BiJ MOYATKY
30yIKEHHST 70 cTalioHapHoi aetoHarli. llepiog mpucKOpeHHsS MpOoIEeCy B ACSIKUX
mTaTHUX iHiMitorounx BP (Hanpukiias, a3uj CBUHIIIO) MPAKTUYHO BIJCYTHIM.

Hocmimxenasmu BctaHoBieHo [10-13] 3arpuMku cnanaxy asugy CBUHINIO i
MOKa3aHo, MO0 MOOJIM3y MOPOTY iHIMifoBaHHS Yac 3aTpuMku T ~ 0,5 Mkc 1 mBHAKO
3HIDKYETHCS IPU 3pOCTaHHI IIUTBHOCTI €HEPrii JIa3epHOTo BUTIPpOMiHIOBaHHS Ey. Y pasi
NepeBUIEeHHS Ex B TpU- YOTHPHU pa3H 3aTPUMKH CTAlOTh MEHIIMMHU, Hi)K TPUBATICTh
CaMoro IMITyJIbCY BUIIPOMIHIOBAHHS, SIKUiA 30y/15Ky€e BUOYX.

Jlsia po3po0KH MpEeUr3iMHUX ONTHYHUX JETOHATOPIB BAXIMBOIO € 1H(pOpMaIlis
PO 3aTPUMKHU CliajlaXy, MPOBEIEHI MapajesibHO 3 BUBYEHHSIM PO3MIPHOTO €(heKTy
[14-17]. 3arpuMku cmanaxy 4YMCTOTO a3uay CBUHIIO MPAKTUYHO HE 3aJICKATh Bif

pO3Mipy orpoMiHIoBaHO1 moBepxHi BP.
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3 aHamizy pe3yibTaTiB BUTIKAE, 110 TEMIIEpaTypa OCEPEKIB pO3IrpiBaHHs, 1110
BUKJIMKAIOTH 1HIIIFOBAaHHS JIETOHAIIi, € MOCTiitHO. ToMy, MOKHA 3pOOUTH BUCHOBOK,
110 BOHU PEaTi3yI0ThCsl B YMOBaX OJJHAKOBOT OCBITJICHOCTI. JIOCTIIKEHHSI 3aJIeKHOCTI
4yacy 3aTPUMKH 3alaFOBaHHS BIJ IIUIBHOCTI €HEPrii JIa3epHOro BUIIPOMIHIOBAHHS

CBK, y ToMy uucii i3 BUKOPUCTaHHAM Y sikocTi 3pa3kiB BC2 1 PbNg (koMmo3uT), puc.
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Pucynok 3.9 — 3anexHicTh yacy 3aTpuMku cnanaxy BC2 1 a3ugy CBUHIIO
B MTOJTIMEPHIM MaTPUIll HITFHOCTI €HEPrii JIa3ePHOTO BUMIPOMIHIOBAHHS

Yac 3aTpUMKH criajiaxy, BiJIIYyBaHUHM BiJl MOYATKy reHepallii, HaBiTh MOOIHU3Y
MOpOTY 1HILIIOBaHHS, OyB 3aBXKIU MEHIIWIA TPUBAJIOCTI CBITJIOBUX IMITYJIbCIB, Ta 13
30UTBIIICHHSIM €HEprii Majarodoro BHUIPOMIHIOBAHHS B IIUJIOMY CIIOCTEpiranacs
TEHJICHIIIs 10 Woro 3HMKeHHs. Pe3ynbraTu ekcneprmenTiB 3 BukopuctanHsiMm CBK Ha
ocHOBI aszuny cBuHIIO Takok BC16 1 BC17 cBiguate mpo Te, 1m0 MOPSIOK dYacy

3aTPUMKH Crallaxy IpH OJHAKOBIM eHeprii BUIIPOMIHIOBAaHHS OJHAKOBHIA.
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Excniepument 3 BuUMIploBaHHS 4Yacy 3aTpuMku 3anamoBaHHs CBK

BUKOHYBAJIUCA 3a CXEMOIO, TMPEACTaBICHO0 Ha puc. 3.2, 3TiIHO  SKOi

BUKOPHUCTOBYBABCs IBOKaHaIbHUMN 1udposuid ocumnorpad TDS-350 dipmu Tektronix
(CIJA). MakcuManbHa YacToTa BXiHOro curHaimy (aHanoroBoro) 200 MI'm.
Maxkcumanbha yactota — 1 I'T'. MiHiManpHMIA 9ac pO3ropTKH — 2,5 HC/TIOIL.

[Ipy BU3HAYCHHI 4Yacy 3aTPUMKH BHOYXY BiJHOCHO JIa3€pHOTO IMITYJIbCY B
PeXHUMI MOIYJIAIIT JOOPOTHOCTI pe3oHaTopa OylIO BCTAaHOBJIEHO, IO BUMIPIOBaHHS
MO’KHa MPOBOAUTH 3a JAOMOMOTOI0 OJHOTO (OTOAIONA, SIKHH PEECTPYE SIK JIa3epHUN
IMITYJIbC, TaK 1 CBITJIOBUM IMITYJIbC BiJl MPOAYKTIB BUOYyXy. Tumnosa ocuuiorpama Jijist

CBITJIOUYTJIMBOTO a3Mly CBUHIIIO MOKa3zaHa Ha puc. 3.1013.11.
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Pucynok 3.10 — OciunorpaMu peectparlii 3ajie’KHOCTI 4acy 3aTPUMKH BUOYXY

B 3pazkax CBK Ha oCHOBI a3ujly CBUHIIIO Bijl BMICTY nojimMepy: A —3B’s13ku 22 % (4
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MKc); b —3B's13ku 15% (13,8 Mkc); B —3B"13ku 11% (27,2 mkc); I' — 3B's13xm 7 % (48,7

MKC)

[Mepmmii Wik BiAMOBiAE Ja3epHOMY IMITYJIBCY, @ JPYTHiA, 1[0 BUHUKAE i Yac
po3psiKeHHst doroaiona kpi3b BXigHui omip RC mepexi ocuusorpada, BiamnoBigae
MaKCHMYyMY CBITJIOBOTO BHUIIPOMIHIOBAaHHS, IIO ¥iye Bix mpoaykTiB BuOyxy [18]. TIpu
BUKOPUCTAaHHI JIBOKAHAJIBHOI CXEMH peecTpallii 3a JOMOMOror JBOX (OTOIIOAIB
pe3ysbTaTH OyJId TAaKUM aHAJIOTTYHUMMU.

[Tpwu 1H1L1rOBaHH1 J1a3epHUM ButnipomiHioBaHHsIM CBK 3 MacoBOIO KOHIIEHTpaLI€10
nosimepy 5 % — 25 % ekcnepruMeHTaIbHO 3a)IKCOBAHO 3aTPUMKY Hacy 3aralfoBaHHS
TUM OUIbIIlY, YUM MEHIIMKI BMICT nonimepy puc. 3.11. 3a 1orikoro pe3yabTaT IOBUHEH
Oyt mpoTwiexkHUM. To0To, ynm Oubmuii BMIicT BP y ckmani CBK, Tum MeHImmm
noBuHeH Oytu yac “3anamoBanHs’” CBK. et hakT roBopuTs mpo Te, 110 1 yKIIHHANA
yac BHU3HadaeTbcs yacoM ¢opmyBaHHs B o0'eMi CBK ocepenkiB 3amantoBaHHS.

[TpuBeneHi pe3yabTaTu AKICHO BIAMOBIAAIOTH OTPUMAHUM Y [2] AJIS a3UAy CBUHIIIO.
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Pucynok 3.11 - 3anexHicTh yacy 3aTpumMku BUOyXy B 3pa3kax CBK Ha ocHOBI

a3y CBHHITIO BiJ] BMICTY MOJIMEpPY
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Pe3ynbTaTi TEOPETUYHUX Ta €KCIEPUMEHTAIBHUX JOCHIKEHb BUMIPIOBAHHS
yacy 3aTpUMKU BUOYXy 3apsiay CBITJIOYYTIMBOIO BHOYXOBOI'O KOMIIO3UTY
JO3BOJISIIOTE  C(hOpMyJTIOBAaTH  TIEpIIe HAyKOBE TIOJIOKEHHS: 3aTpUMKa dacy
3anamoBanHss HoBoro CBK Ha ocHoBI asuay cBuHIo i1 nomimepy [IMBT-3M 3
KOHIIGHTpaIiero mMacu S5 — 25 9% Bim mouarky il J1a3epHOTO IMITYyJIBCHOTO
BUIIPOMIHIOBaHHS ckiajae (4—50) MKC, pU 1IbOMY, 3MEHIIICHHSI BMICTY MOJIIMEPY BiJl
25 o 5% ns 3anamoBanHHst CBK moTpeOye y 1Bi4i 011611101 €Heprii BUTPOMIHIOBAHHS,
aje, AKII0O BMICT TodiMepy ckiamae MeHme 5 %, T1o 3anamoBanHs CBK He
B1JIOYBA€ETHCS, 110 MPHU 3aCTOCYBAHHI HaJa€ MOXJIMUBICTh BUKOHYBAaTH KEpOBaHE 1

npenusiiibe iHiritoBanHs aeroHaiii CBK B ontuyHoMy ieToHaTopi.

3.3 BusHaueHHsI pO3NOALTY HIIJILHOCTI eHeprii B JIa3epHOMY IPOMEHi

Meronvka BU3HAYEHHS (QYHKIIi pO3MOAULY LILJIBHOCTI €HEprii B JIa3epHOMY
npomeni [8, 9, 18] ocHOBaHa Ha EKCIIEPUMEHTAJILHOMY BH3HAY€HHI PO3MIpPIB
BIJIOUTKIB, IKI BUHUKAIOTh MPH A1l JJA3EPHUX IMITYJIbCIB Ha MaTepial, KU 3a paXyHOK
JIOKaIbHOI XIMIYHOT peaKIlii 3MIHIOE 3a0apBIICHHS TIILKH B MEKaxX OMPOMIHEHOT 30HH.
®da30Bi NEpEeTBOPEHHS MIOBUHHI MATH MMOPOTOBUH XapaKTep, TOOTO 3/[1HCHIOBATUCS TTPU
J1i JIa3epHOT0 BUIPOMIHIOBAHHS, HIUIBHICTh SIKOTO TMEPEBUIIYE JNESIKY IMOPOTOBY
BenuuuHy E*. Y pe3ynbpTaTi TaKoro BIUIMBY Ha MOBEPXHI Marepiany 30epiraroThes
KOHTPACTHI BIJOMTKH JIa3€PHOTO MOHOIMITYJIBCY.

[Ipu BU3HAaYEHH1 MOPOT1B Uy TIUBOCTI BUOYXOBUX PEYOBHUH LIEHTPaAJIbHA YaCTHHA
Ja3epHOTO MyYKa BUAUIUIACS HiadparMoro aiaMeTpoM 4 MM, 110 BiJIMOBIAATIO0 PIBHIO
IHTEHCUBHOCTI BJBIU1 MEHIIIE 11 MaKCUMaJIbHOTO 3HaYeHHs1. Hagam BuB4anucs ¢izuysi
XapaKTEPUCTUKU TAKUX MYUKIB.

Ha puc. 3.12 mokazaHo po3moaul IHTEHCHBHOCTI MO BEPTHUKAILHOMY W
TOPU30OHTAIBHOMY PO3pi3y IydKa, OTpMMaHE 3a JOMOMOIow aHaiizaropa Silicon
Camera Model LBA-100A. HepiBHOMIpHICTh pO3MOALTy iIHTEHCUBHOCTI OCBITJICHHS

He niepeuiye 30%.
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Horizontal Cursor Profile

Horizontal Cursor Profile

Vertical Cursor Profile

o

Pucynok 3.12 — Posmoain miiibHOCTI €HEprii Ja3epHOTO BUIIPOMIHIOBAHHS

y BIAOWUTKY: a—JllaMeTp JIa3epHOro BIAOMTKa 2,55 MM; 6 —AiamMeTp Ja3epHOro

BigOuTKa 5,1 MM

MareMatrnyHa 3a/1a4da 3 BU3HAYEHHsI (PYHKIIIT pO3MOLTY €Heprii mpejcTaBicHa

B pobotri [4]. Jma excrnepuMeHTaIbHUX MAOCTIHKEHb 3PYYHO KOPUCTYBATHUCSA

PO3MOALTOM HIUTEHOCTI eHeprii £(I) B aHAIITHIHOMY BHIJISIII.

[Tpu po6oTi 1a3zepa B OJTHOMOJIOBOMY PEXUMI PO3MOIN MILIEHOCTI €HEeprii 1Mo

nepepizy 3paska 100pe anpoKCUMYeTbest po3noauiom ['aycca.

30BHINIHIA BUIJISAA BIAOWTKIB JIa3€pHOTO BUIPOMIHIOBAHHS Ha (oTomanepi 3

BuMipssHUMU niamerpamu d mokasanumid Ha puc. 3.12 Mexa BiZOWUTKIB BiATOBigae
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MOPOTOBIM eHeprii 3MiHM 3a0apBiieHHs E™*.

Bin6utku Ha puc. 3.13,a orpumani npu 6e3mnocepeIHbOMY BIUIMBI BUX1IHOTO
Ja3epHOrO My4yka. Y BCIX EKCIEpMMEHTaX BHKOPUCTOBYBajHcs niadparmm, 3a
JIOTIOMOTOI0 SIKUX JIa3€pHUN MPOMiHb “00pi3aBcs’ TaKMM YMHOM, 100 yepe3 OTBIp

niadparMu IpoXoAuia TUIBKH IIEHTpaJIbHA YaCTHHA BUIIPOMIHIOBAHHS.

Pucynox 3.13 — BinOuTku a3epHOro NPOMEHS Ha IOBEPXHI aKTHUBHOTO
mapy KoJabopoBoro  ¢oTomamepy: a — JlaMeTrp  BiaAOuTKa 2,2 MM;

6 — cepenHii aiameTp 4,8 MM

3.4 Pe3yJibTaTH €KCNIEPUMEHTAJILHUX J0CTiIKEHD

Bingoma nopiBHSIHO HEBEIMKA KUTBKICTh IOCIIIKEHb, 1110 MPUCBSIUYCHI BUBUCHHIO
3aJIeKHOCT1 KpUTUYHOT (ITOPOTOBOT) IIUIBHOCTI €HEPrii iHiIII0BaHHA — Ey BT JiameTpa
Ja3epHoro mydka d, ToOTO Bijg po3mipy 00JacTi, IO ONMPOMIHIOETHCS (PO3MIpPHHIA
edekT). Yrepie 1ieit edhekt OyB BCTAaHOBIICHUH JIJIS 3pa3KiB MPECOBAHOTO a3U Ty CBHUHITIO
[19].

Kputnuna mrinepHICTE eHeprii iHiIIOBaHHS FEy HE 3aJeXKUTh Bij giamerpa
nazepHoro npomento mpu d > do, g€ do — 3HAUYEHHS AiaMeTpy, MPHU TKOMY 3MiHIOEThCS
xapakrep 3anekHocti. Hanpukman, mus asuma cBuHmio Oo= 0,1 MM, mms — TeHa
nucnepcHictio 5500 cM?/r — 0,6 MM; TIpu 36iIBIIEHH] AUCTIEPCHOCTI Oy 3MEHIIYEThCS.
IcnyBanns po3mipHoro edekrty [3, 20] He 1a€ MOKIUBOCTI 3M1MCHUTH TOPIBHSJILHUM
aHami3 JaHuX, SKi Oymu OTpUMaHl MPHU PI3HUX 3HAYCHHSIX JlaMETPIB JIA3€pHOTO
npomeHs i Ha pi3HuX BIP. KopekTHe mopiBHSAHHS pe3ybTaTiB MOKHA 3IMCHUTH 32

JIOTIOMOT' OO B1JIOMOI 3aJIEKHOCTI:

EolE% =1+ (d/dy)?, (3.1)
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ne ES — miniMasbHe (aCHMNTOTHYHE) 3HAYEHHS KPUTUYHOI IILTBHOCTI €HEprii,
npu d—oo, dy, — KpUTHYHHI JiaMeTp IeToHalii gaHoi BP.

Posmipuuii edekt mocmimpkeHo B [3, 8, 9] Ha mpukiIaml a3ujay CBUHINO,
npornpecoBaHoro TuckoM ~2-10° ITa. KoediuieHT BinouTTs 3paskis BP nopiBHIOBaB
R =88 %.

B excnepumeHTax BUKOPHCTOBYBABCS 0JiHOMO0BMI ogHouacToTHHM OKI' Ha
HEOJIMMOBOMY CKJIi TOMY, II0 0araToMoJI0Bi T€HEpaTOpPH Yepe3 HasBHICTh CKIJIATHOI
IIPOCTOPOBOI CTPYKTYPU CBITJIOBOTO IMy4YKa HE JO3BOJISIIOTH BHUPIIIUTH MOCTaBJICHY
3a/layy J0CcTaTHbO KOopekTHO. Enepris BumpomintoBanuss OKI' ckmamana 0,17 JIx.
TpuBamicTh IMIYJbCYy Ha HANIBBUCOTI 1HTEHCHUBHOCTI LIUJIBHOCTI  €HEprii
BUIIPOMIHIOBaHHS B JaJIbHIN 30H1 100pe onucyBanacs posnoziioM ["aycca.

ExcniepuMeHTalIbHI TOCTIKEHHS 3aMalltOBaHHs 3pa3KiB YUCTOTO a3U]ly CBUHIIIO
[1-4] mokazanm HacTynHe. KpuThuHa eHepris iHILIIOBaHHS 3MEHINYEThCS, a IPHU
3MEHILEHHI JAiameTpa mpomens 1o 3Hadenns d ~ 4-1073 ¢, crocTepiraeThes MPaKTUYHO
crabumizarist kputuaHoi eneprii: Wy — Win ipu d — 0. MiHiManbHa KPUTHYHA SHEPTis
Whin = 6 MxJIx ipu do ~ 2° 103 cm. BeraHOBIIEHO, 0 CTATUCTUYHUN PO3KH]I BEJIMYUH
Ev«p, Wip HE 3a51€KUTH B1J IUIOLII BUIIPOMIHIOBAYa.

3MEHIICHHS] PO3MIpIB JIa3€pPHOTO IMy4YKa — BIJAMOBIIHO TPHUBOJIUTH [0
3MEHIIIEHHS 30HHU B3a€MOII1 JIa3epHOTO MPOMEHS 3 pe4oBHHOI0. HeraTnuBHUM € Te, 110
3MEHILYETHCS MPU BOMY W KIIBKICTh MOMIMHAOYUX MIKpOHEOAHOpiaHOCTeH. Lle Toi
GbaKT, IKUii CBITYUTH TPO BUCOKY BIPOT1IHICTh JOCSATHEHHS HEOCTATHBO1 (KPUTUYHOT)
KOHIICHTpAIlii MIKPOHEOJIHOPITHOCTEH, KOJU 301IBIIYEThCS CTAaTUCTUYHUN PO3KH]
OTPUMAaHUX JTaHUX.

OTpumaHni pe3yJbTaTh €KCIEPUMEHTIB MAlOTh JEKIJIbKa ICTOTHUX TPUYHWH, SIKi
YHEMOJKJTUBITIOIOTH BUKOPUCTAHHS YUCTOTO a3Uy CBUHITIO B ONITUYHUX JICTOHATOPAX.
Hacammepes 1ie 000B’s13k0Be MPONPECYBAHHS i MOCTIMHA MIITPUMKA CTHUCKY.

[TponoBkeHHSIM JOCIIKEHB, po3nodatux y [3, 8, 9, 19-21,22], € pe3ynbrarty, 1110
OTpUMaH1 y JaHiii poOOTI NMpU BUKOPUCTAHHI MEPBUHHOI CBITIOYYTIMBOI BHOYXOBOI

peuoBnan PbNg + 15 % momimepy (CBK), Tabn. 3.2. Jjug iHiirOBaHHS
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BUKOPHCTOBYBaAcs IEHTpajdbHAa YaCTHHA BUIPOMIHIOBAHHS, 110 Oysia chopMOBaHa
niadpparMor0 3 BHUpI3aHUM Yy IEHTPI KPyrom. 300pakeHHS MPOEKTYBaJIOCS 3a
JOTIOMOTOX0 JIiH3M Ha roBepxHio 3pa3zka CBK. [LnomnuHa 300pakeHHs 3HAXOMIacs 10
B1IOUTKY Ha (OTOILIIBII, SIKICTh TPAHMILL 1 PO3MIP SKUX OI[IHIOBAJIHUCS 3a JOIIOMOT OO

MIKpPOCKOTIA.

Tabnuus 3.2 — [MapameTpu CBITIIOUYTIMBOTO KOMITO3UTY Ha OCHOBI a3U1y CBUHIIIO

MinimanbsHa
IBuAKICTH HIuTbHICTS, eHepris
CBK 3
JIeTOHAIIl1, M/C KT/M 3aIajarOBaHH,
T/ M?
PbNs + 15 % IIMM 5040 2200 60

Bunpo6oByBanucs 3pa3ku CBITIOYYTIAMBOIO KOMIIO3UTY HA OCHOBI 83Uy CBUHLIIO.
VYBeneHHsT ToIiMepy A03BOJIIE YHUKHYTH —arperamii cyOMikpoHHuX yactok BP 1 He
BIUIMBAE HA JCTOHAIIIMHI 11 XapaKTePUCTUKH.

Ha puc. 3.14 1 puc. 3.15 npencrasieHi pe3yJbTaTd BUMIPIOBAHb 3aJIKHOCTI
MOPOTOBOI MIUTBHOCTI €HEeprii iHilitoBaHHs E, 1 KpUTUYHOI eHeprii iHimiroBaHHS Wy
KOMITO3UIIIITHOTO MaTepiaiy, 0 CKIAJa€ThCsl 3 MOJIMEPHOI MAaTpHIll, HAIIOBHEHOI
MIKpOYaCTUHKaMHU a3ua CBUHIIIO.

E. mLxlcm !
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103 10-2 101 100

d.cm
Pucynox 3.14 — 3anexHicTh MOPOTOBOT MIUIBHOCTI €HEPTii 1HIIIFOBBaHHS Ex Bij

JiameTpy JiazepHoro npomeHs d: @— BUOyX; O — BiMOBa
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Wi, maTx/cm 2
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Pucynok. 3.15 — 3anexHiCTh KPUTUYHOI MTOBEPXHEBOI MIIIBHOCTI MiHIMAIBHOI
eHeprii 1HIL1FOBaHHS Wi 1530 JiaMeTpy JIA3EPHOTO IIPOMEHS

d: e— BuOyX; O — BigMOBa

Cepenne 3HaueHHS KoedilieHTa BIAOMTTS Ha 3pa3kax asujla CBUHIIO B
NOJIIMEPHIA MaTpui ckiano 82 %.

BcraHoBiieHo, 110 TpH 3MEHUIEHH] AlaMeTpy MPOMEHS, KpUTUYHA HIUIbHICTb
eHeprii 1HIiliFOBaHHA (HIErMaTU30BaHOTO TOJIMEPHOIO MATPUIICIO a3uy CBHUHITIO
3sMeHmryethbes. [lounnaroun 3 giamerpy 1,5x1072 ¢M, criocTepiracThest aCHMITOTHYHE
HAOMKEHHS 111€1 KPUBO1 10 3HAYEHHS Jeakoro MiHiMymy. [Ipu miamerpi mpomens
2x107% cM 1iBHICTE eHeprii iHinioBaHHs cknagae 18 mJlx/cm?,

[Tpu nii 1a3epHOTO MOHOIMITYJIBCY Ha CBITJIOUYTJIMBUHN 3apsij] a3uay CBUHIIKO (Y
CKJIa/l BUOYXOBOTO KOMIIO3UTY) 3aJIKHOCTI TOPOTOBOi MIUIBHOCTI eHeprii F, 1
KPUTUYHINA eHeprii iHiuiroBaHHS Wy MOMITHO BIAPI3HAIOTHCS BiJ IAHUX, HABEJACHUX Y
BUILIC IIMTOBAaHUX pPOOOTaX, aje B IMIJIOMY XapakTep 3aJIeKHOCTEH IMOBTOPIOETHCH.
Minimansre 3nauenns Wy ~18 mJlx/cm? npu miametpi naszeproro myuka 5x1073 cm. Ipu
niametpi mydyka 0,5 cM moporoBa WIUIBHICTh €HEPrii 1HIIIIOBAHHS —CKJIAJla€e
~80 mJIx/cm?. TlomiOHi pe3ynbTaTy OTPUMAHI IIPHU Iii Ja3¢PHOrO BUIIPOMIHIOBAHHS Ha
cBiTIIOUyTAMBHI Kommo3ut BC2 [3, 8].

[Ipu 3MeHIIeHHI AiaMeTpy NPOMEHS KPUTHYHA €HEpPTisl 1HILIIOBaHHS a3ujy
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CBUHIIO 3MeHmyeTbesl ¥ B mitomy npu d—0 Wi—Wpin. Cratuctuynmii po3kun
BenuauH Ey, Wy He 3a51e)KuTh BiJ IO OTIPOMIHIOBAYA, 10 MiATBEPKYE TEHIEHITITO,
Ky CIIOCTepirajiu B pooorTi [8].

OTpumaHni pe3yabTaTH TOCHTIHKEHb JTO3BOJIUIN CPOPMYITIOBATH APYTe HAYKOBE
JOCIIJIKEHB: 31 3MEHIIICHHSIM JlaMeTpy Ja3epHOro MpoOMEeHs 3 JOBXKUHOI XBuii 1,06
MKM 3 TPUBAJiCTIO MOHoiMmIysbca 22x107° ¢ moBepxHeBa HIIBHICTH MiHIMAJIBHOI
noBepxHeBoi eHeprii iHimioBaHHI Wy HOBOTO CBITJIOUYTJIMBOTO BHOYXOBOTO
koMmmio3uty (CBK) Ha 0CHOBI a3uly CBUHITIO 3MEHIIYEThCS, IPU LIOMY, IOYUHAIOYH 3
miamerpy 1,5x10% M, KpMBa 3alI€KHOCTI AaCHMNOTOTMYHO HAOIMKAETHCA IO
MiHiMaJIbHOTO 3HaYeHHs 18 MJK/cM?, a OporoBa IiIBLHICT eHeprii iHililoBanHg Ex
ctaHoBUTh 85 MJ[k/cM? mpu miamerpi mydka 0,5 MM, IO J03BOJISIE BHOpaTH
pallioHalIbHI TapaMeTpu JaszepHoro mydka s iHimioBanHs CBK y 3acofax
1IpPUBAHHS.

V¥ Tab6n. 3.3 HaBeAeH1 AaHi, 110 BiI0OpakaroTh 3aexxHoCTl uyTanBocTi CBK Bif
peXKUMY TeHepallil JIa3epHOTO BUMPOMIHIOBaHHS. SIK BUIHO, 301IBIIIEHHS TPUBAIOCTI
JIA3€PHOT0 IMMYJIbCY TPHU3BOJAMWTH JI0 3POCTaHHS IIUIBHOCTI €HEprii 1HII[iFOBaHHS
OlsiblIe, HIXK HA TOPSIIOK.

B Tabn. 3.4 mokazaHa 3aJIeKHICTb 30HH Jii J1a3€pHOT0 BUIIPOMIHIOBaHHS Ha

yyTiauBicTh CBK Ha OCHOBI a3uiy CBUHIIIO ¥ PU TPUBAJIOCTI IMITYJIbCY 22 HC.

Tabmumsa 3.3 — 3anexnicte uyymmBocTi CBK Ha OCHOBI a3uay CBUHIO Bij

TPUBAJIOCTI JIA3EPHOTO IMITYJIBCY

TpuBanicTb ﬂlaMeTP 30HH . Egeprlﬂ H'_II.JIB.HICTB eHeprii
iMITyJIBCY, HC OnpoMiHIOBaHH, d, THIIIFOBaHHS iHiniroBaHHs, W,
’ MM Ey, MIIx MK/ cm?
22 0,48 1,9-1072 11,6
310° 1,02 3,34 323
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Tabmuus 3.4 — BrimuB po3Mipy 30HU Jii JJa3epHOTO BUIPOMIHIOBAHHS HA YYTJIUBICTh

a3ujly CBUHIIIO B IHEPTHIN MaTpHIIl MOTIMEPY

: : Kputnuna nosepxHesa
JliamMeTp J1a3epHOTO Kputnuna enepris ..
npoMens, d, Mm 1HIIIoBaHHA, Ey, MJx . [HUIBHICTE CHEPIL
p > » e ininitoBanHs, Wy, MJxK/cM?
0,5 1,22:103 10,08
1,0 85 160
6,8 75 1180
BUCHOBKHA

[Ipu 3MeHIIIEHH] PO3MIPIB JIA3€pPHOTO MydKa (30HM B3a€EMOJIIi) IMiJBUILYETHCS
ontuyHa MinHICTE CBK, 1mo moB'sa3aHo 13 3MEHIIEHHSIM KIUIBKOCTI HOTIITMHAIOYHX
MIKPOHEOJHOPIAHOCTE KPUTHUYHOI BEIMYHMHHM, 1 CYIOPOBOJUKYETHCA  PI3KUM
30UTBIICHHSIM CTATUCTUYHOTO PO3KHUIY €KCTIEPUMEHTAIBHUX JaHUX.

[3 30iiblIEHHSM €Heprii MNaJaryvyoro BUIPOMIHIOBAHHS 4Yac 3aTPUMKH
pearyBanns (cnanaxy) CBK moctymoBo 3HMKyeTbesi. Pe3ynbTaT eKCriepuMeHTIB 3
BukopuctanHsM CBK Ha oCHOBI a3ujy CBHMHIIO B TOpPIBHSHHI 3 pe3yJbTaTaMu
nociipkers cBiTaouyTauBux BC16 1 BC17 cBiguath mpo Te, 110 MPU OJHAKOBIN
eHeprii BUMIPOMIHIOBAHHS 3a 3HAYCHHSIMHU Yac 3aTPUMKH CHalaxy BiJPI3HSIETHCS B
MeXaX OHOTO TOPSIKY BEITHMYHH.

[Ipu imimitoBanH1 JazepHuMm  BunpoMmiHioBanHsM CBK 3 macoBoro
KOHIIEHTpaIli€o noiiMepy 5—25 % 3adikcoBaHO 3aTPUMKY 4acy 3alajfOBaHHS TUM
OUIbIly, YAM MEHIIMA BMICT MOJIMEpy. 3a JIOTIKOI pPE3yJNbTaT MOBUHEH OyTH
npotuniexxHuM. To6To, unm Oueiuit BMicT BP y cknaai CBK, Tum meHmmM noBuHeH
Oytu vac «3anamoBanHs» CBK. Ileit ¢akt roBoputhk npo Te, M0 IHIAYKLUIMHUA Yac
BU3HAYaeThes yacoM ¢popmyBanHs B 00'eMi CBK ocepenkiB 3anantoBaHHs.

VY 3a1e’KHOCTI TOPOTOBOI MUIBHOCTI €HEPTii 1HIIF0BaHHA E, 1 KpUTUYHOI €Hepril
HinroBaHHA Wy KOMIO3UIIIHHOTO MaTepialy, IO CKJIAJAETHCS 3 OJIMEPHOT MaTPHII],
HAIMMOBHEHOT MIKpoyacTUHKaMHu a3uay cBuHIO. CepeaHe 3HadeHHS KoedirieHTa
BIIOMTTS HA 3pa3Kax a3uay CBHUHIIIO B TIOJIMEPHIM MaTpuill ckiano 82 %.

[Ipu 3MeHIIeHH] AiaMeTpy NPOMEHS KPUTHYHA €HEpPTis 1HILIIOBaHHS a3ujy
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CBHUHIIIO 3MEHIIYETHCs 1 B oMy npu d—0 kputnuyna eHepris iHimitoBaHHsS W
3MEHIIYEThCS 10 MiHIMaIbHOTO 3HaYeHHS Wi—>Win. CTaTUCTHUHMNA PO3KU]T BEIUYUH
Ex 1 Wi He 3a51e)KUTh BiJT TIJIOMII OTIPOMIHIOBAHHS.

BcranoBnieHo, 1o mpu 3MEHIIEHH! JiaMeTpy JIa3epHOro IydKa, KpUTHYHA
HIUIbHICT eHeprii iHimitoBanHs 3apsiaiB CBK Ha 0cHOBI a3uy CBUHITIO 3MEHITYETHCS.
[TourHa0uy 3 AiaMeTpy Jda3epHOro mydka 3x10~3 cM crocTepiraeThes aCUMITOTHYHE
HaOJIMKEHHS 111€1 KpUBOI 10 3HAYCHHS Jeskoro MiHiMymy. IIpu miameTpi mpomeHs
2x1073 ¢cM minbHICTB eHeprii iHimioBanua ckaanae 18x1072 Iix/cm?.

3a pe3ysnbTaTaMu JOCiKeHb ommy0JikoBaHi pobdortu [1-7,18,22].
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PO3/11 4
JOCJIPKEHHSI CIPALIIOBAHHS TABOPATOPHOI'O 3PA3KY
OINTUYHOI'O JETOHATOPA

4.1 Marepianu, npuiagm i MeTOAMKHM Ui OpraHizamii Ta BUKOHAHHS

eKCIIePUMEHTAJIbHHUX J0CTiIKEeHb

YMoBHM Ta 3aco0u miipuBaHHA 3apsiiAiB BUOYXOBUX pedoBHH. [linpuBHi
poboTtu mpoBoawirca Ha mnoJironi [laBrorpajacekoro ximMigyHOro 3aBoay. B sikocTi
JDKepena eHeprii BUKOPHUCTOBYBABCS ONTUYHHUM KBAaHTOBHM IeHEPAaTOp KOHCTPYKIIII
HTY «AI» [1, 2], B ssIKy BXOAUJIO TpU Ja3€epH, PO3MILIECHI B €IMHOMY PE30HATOPI,
puc.1.5-1.7.

EnextpoHHa koMyTaiiisi MiX JlazepamMH J03BOJisIa 3a0e3meuyBaTH 3aTPUMKY
reHepaiiii OJHOro KaHaJly BIJHOCHO IHIIOTO 3 BUCOKOIO TouHICTIO. [lepeBaroto
ONTUYHUX CUCTEM Yy MOPIBHAHHI 3 TPAIULIMHUMHU € OUTbII BUCOKUHM CTYIIHb O€3IEKH,
aOCOJIOTHA CTIMKICTh JO 30BHILNIHIX €JIEKTPOMArHITHUX HaBEAEHb, MOKIMUBICTb
KOHTPOJTIO IIUTICHOCTI MEPEeXKI1, peIu3iifiHa TOYHICTh cripaiboByBanHs O/] (moxubka
1o 10%c¢). 3 BuUKOpUCTaHHAM CBiTJIOWYTIMBHX BHOyX0oBMX Kommo3uTiB (CBK)
onTUYHA cucTeMa iHiniroBaHHs 3apsiaiB CBK Moxke mpairoBaTé y IBOX pexuMax
nepesadi  CBITJIOBOTO IMITYJICY: TO CBITJIOBOJIHOMY KaOeao 10 ONTHYHOTO
JeToHaTopa Ta Oe3mocepeaHbO Kpi3b MOBITPS Ha BiakpuTy noepxHio CBK
(HampuKIIaJl, IPH IMiIPUBAaHHI HETA0APUTY).

Ak mKepeno BUIPOMIHIOBAHHS BUKOPHCTOBYBABCS TBEPAOTUILHUNA ONTHYHHMA
kBaHTOBUIl TeHeparop (OKI) Ha HeogmmoBOMy CcKiIi abo 1Tpiil-adtOMiHIEBOMY
rpaHaTi, 1[0 MpaIloe B PEXKHUMI MOHOIMIYJIbCY. Y LBbOMY PEXKHMI TPUBAIICTbH
BMIPOMiHIOBaHHSL cTaHOBUTH (20-50)x10°c. Bubip mporo pexumy oOyMOBJICHUI
TUM, 1110 9yTJIUBICTh BP 10 nii TakuX KOPOTKHUX IMITYJIbCIB HE3PIBHSIHHO BUIIA, HIK
JI0 MUJTICEKYHAHOTO IMITyJIbey. KpiMm TOTr0, y pe’KnMi MOHOIMITYJIbCY 3aTPUMKa BUOYXY

(4ac, 110 BIIPaXxOBY€ETHCS BiJ MOMEHTY BILIMBY BUIIPOMIHIOBAHHS HA CBITJIOUYTJIMBUIN
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BUOYXOBHI KOMIIO3UT O MOMEHTY MOYaTKy HOTO BHOYXOBOTO MEPETBOPEHHS — Yac
iHayKLii) 3HaxoauThCA B inTepsani (1-50) x 10°° ¢,

Po3kuj 4acy HiIpuBy OKpeMHX 3apsiB He mepesumiyBatume 10™c¢, To6TO
TOYHICTB Yacy crparboByBanHsa O/l Ha 1Ba-Tpu MOPSAKYU BUIIA 32 €IEKTPUIHI 3aCO0U
HIIIFOBAHHS.

HaBenemo OIlIHKY €HEepProeMHOCTI OJHOTO 3 Ja3epiB, 3aTHOTO 3a0e3MeYUTH
nigpuB N = 1000 neronaropiB (3apsaiB BP), po3ramoanux Ha BiacTani 1000 m Bif
nporo. Emepriro cnpanpoBysanns W,, OJ] BisbMemo pieHy 107° Ik (3a manmmun
excriepuMeHnTiB). KoedirieHT ocnabiieHHs CBITJIOBOI €Heprii y BHOYXOBi Mepexi

BuOepemo piBauM K = 0,1 [3, 4]. Toxi moBHy eHepriro W MoxHa 3HAITH 3 BUpa3y
W = W,, x n/k = (10°x1000)/0,1 = 0,1 [Tx.

Taxkum ymHOM, J1azep 3 eHepriero B immynbel 100 Mk mMoke 3abe3neunTu
BogHovac migpuBaHHs 1000 nmeronaropiB (3apsaie BP) na Biacrani 1000 m. B
excriepuMenTaabHomMy OKI nepenbaueno 3 nazepwu 31 ckiia JIMP-55 niametpom 5 mwm,
noxuHow 100 mm. Exeprid B imnynbci koxxHoro 3 HuX 0,17 k. To6To OKI Tproma
Ja3epamu 3/1aTeH miaipBaTy BojgHovac 6au3bko 5000 3apsiis.

Ha BubyxoBux momironax /I HBO “IlaBnorpaacekuit ximiuauii 3aBox 1 JIKb

“ITiBneHHE” BUKOPHUCTOBYBAJacs cxema MiipMBaHHs, 110 NpeacTaBieHa Ha puc.4.1.

-
a
10
7 8 S
Na3sep i :I
9
o
Pucynox 4.1 — Cxema mipuBaHHS ONTUYHHMX MIHIJETOHATOPIB JIa3ePHUM

BunpomiHoBanHsaM; 1 — OKI (;azep Ha HEOOMMOBOMY CKJIl); 2 — JA3epKaa;
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3 — madparma: 4 — TUIOTHUM J1a3ep JUIsl HaBEICHHsSI OCHOBHOTO JiazepHoro Jiyda OKI Ha
uinb; 5 — 3apsg CBK y mnomixiopsiHiioBoMy Kopmyci (6) MIKpOJIETOHATOPA;
7 — 3apsin 3 wiactuuHoi BP; 8 — onToBONMOKOHHUN Kabenb; 9 — ONTUYHUIA JETOHATOD;

10 —cBepIOBUHHUT , ITTYPOBUM a00 SIKUIA 3aBroiHO 3apsi BP

CaiTi0ouyTauBi BHOYX0Bi KoMno3uTH. OCHOBHA i71es TEXHOJIOT1i OTPUMaHHS
CBITJIOUYTJIUBUX BUOyxoBuX Kommno3uTiB (CBK) nonsdrana B nmpurotyBaHH1 B’sI3KO1
OCHOBH — cycneH3ii BP y po3uuni moxiMepy ¥ mogajibIioMy HaHECEHHI ii Ha Pi3HI
Marepiaind, y TOMY 4YHCIl 1HOI BHOyXoBI pedoBuHM. Ilicas BumapoByBaHHS
MIBUKOJETKOTO PO3YMHHHUKA YTBOPIOETHCA IIIIBKA 3aJaHOi  TOBIIMHU 31
cBiTnouyTMBoi BC.

[Ipu po3poOIIi B’A3K0i OCHOBH BUKOPHUCTOBYBAIMCS MPUHIUITN, BXKUBAHI JJIs
CTBOPEHHsI Ta BHUIPOOYBAaHHS IUIIBKOYTBOPIOIOUMX TOKPUTTIB — PO3UYHHIB
MOJIIMEPHUX MaTepiajliB y JErKOJIETKOMY PO3UYMHHUKY [5, 6]. B aKxoCTi 3armyuryrounx
BUCOKOMOJICKYJIIPHUX J00AaBOK BHUKOPHUCTaHI mojiMeTwiBiHIITETpa-300 ([IMBT-
3M), nosii300yTUiieH, nepxjaopBiHii, nomimerunMerakpuiar (IIMM) Tta iH., a sk
PO3UMHHUKH — aIleTOH, €THJIOBUI CIUPT, OCH3UH, YOTUPHOXXJIOPUCTHIA BYTJIEIH Ta
xj0podhopm.

3a (Pi3UUHOIO CYMICHICTIO Ta €(QEKTUBHOI B’S3KICTIO B MOAAIBIINX
JOCITIIKEHHSAX BUKOpUCTOBYBaucs 3 % po3urau [IMBT-3M 1 [IMM B xnopodopmi.
MetonoMm rpaTdyacTux HaApi3iB Oylia BU3HA4YEHA aAre3is MOKPUTTIB HA aJIIOMiHII Ta
TEKCTOJIITI, [0 YTBOPIOIOTHCS 3 TAKUX PO3UMHIB, sika BUsiBuiacs ajisa [IMM Butie, Hixk
g [IMIIBT-3M.

[Ipuknan BurorosienHs CBK.

Jlak. 25T cTpyXKH MONIMEPY PO3YMHSAIOTH B KOJO1 (0aHI) 3 HIIJIBHOIO
npo6koto B 100 M po3unHHuKa. [lodiMepHy MaTpHILIIO TOTYIOTh 3 MOJIU-2-METHII-O-
Bununterpazom (IIMBT), mo MicTuTh KiHIEBI KapOOKCHIIbHI TpynH, 1

nonumerunmerakpuwiatr (IIMMA):
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bl COOCH 5
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N CH;
n /
IIMBT IIMMA

[Ticast Toro, sIK 3acUMalv CTPYXKKY, 3JIMIIAIOTH Jiak Ha 12-20 roauH. Po3unn
MOBUHEH OyTH OJTHOPITHUM 1 PyXOMHM (SIK omida), TOOTO TakuM, 1100 3 HUM OyJ0
3pY4YHO MpalroBaTu. SKII0 JaK IyCTHiA, TO HOro Tpeba po30aBUTH POZUMHHUKOM.

Cycnensisi. Hapimienns BP BHocwiin B J1ak mpu NMOMINIYBaHHI TEPIOHOBUM
mmateneM (a60 YMMOCh aHAJIOTIYHUM, ajie He MeTaneBuM). Hapimenns BP Opanu 3
pO3paxyHKy Ha OJWH 3pa3ok. Jlaky OepemMo CTuIbkH, 1100 y HhOMY Oyja 3ajaHa
KuIbKicTh noaiMepy (10-30 % Bix Baru BP). SIkuio HaBimenns BP € manum, To n1ak
Kpallle J0JaBaTH IIIETKOK IO KparuiixX. (3a3maieriap BUMIpSBIIH, 00'€eM OJHIET
Kparuii — JiJIs [IbOTO B MIpHUN LMJIIHJIP MO KParuisiX HEOOX1THO HAJWMBATH 3aJIaHUI
00'€eM 1 MOTIM JIIJTUTH HA KUIBKICTh Kparenb). [{i€fo x mineTkor MoxHa HAaHOCUTH
CYCTICH31I0 Ha MAKIAAKY.

OCKUIbKM PO3YMHHUK BHITAPOBYETHCS, TO IMINETKY HEOOXIAHO 1HOAI MHUTHU
YUCTUM  PO3YMHHUKOM. 3MHUBH 3JMBaTU Kpamie B  cycnensito. Ilicas
BUKOPUCTOBYBAHHSI BCI€i CYyCNEH3li, CKJISHKY HEOOXIJHO MPOMHUTH JEKUIbKOMa
KpaIisiMU PO3YMHHUKA ¥ 10J1aTH OTPUMaHy CYCHEH3110 0 HAHECEHOI.

Hanecennss CBK nHa mnoBepxni. [lepen HaHeceHHSM CKJIagy IOBEPXHIO
3HEKUPIOBAIM ¥ TPOTHUPAIM PO3YMHHUKOM. [IOoTIM Ha MIATOTOBIEHY MIAKIAAKY
HaHOCWUJIM Mmap uuctoro naky. CycHeH3ilo Kpallle HAaHOCUTHM Ha MiAKIAJIKy
nekibkoMa Imapamu (K ¢dapOy). KoxkHomy 1mrapy gaBaiu 4Yac IPOCOXHYTH.
CycrieH3ito nepei HaHeCEHHSIM TMepeMilTyBalid, 11100 BoHa OyJia OJTHOPITHOIO Ta Maja
OJIHAKOBY KOHIICHTpaIlito 3a 00'emMom. Ilicis HaHeCeHHS MOJANBINOI MOPIIii MITIBKY
OakaHO 3MIIHUTH, MNPUTUCHYBIIM 1ii TedyoHoBoro mpoOkor. IlotiM B
HAaBAaHTQ)XCHOMY CTaHl JaBajid IUIBII MIJCOXHYTU. BHCOXJTy IUIBKY 3BepXy
MOKPUBAJIN YUCTUM JIAKOM Y JIEKiIbKa IapiB.

Cnin 3a3aHa4yWTH, 10 TEPBUHHI IHIIIIOIOYlI CBITJOYYTIUMBI BHUOYXOBI

KOMIO3UTH XapaKTePU3YIOThCS Ay’KE BUCOKOIO UyTIUBICTIO TIIBKU A0 il JIa3epHOTO
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BUINIPOMIHIOBaHHS. AJie B TOM e 4ac X YyTIUBICTh IO CTAHJAPTHUX MEXaHIYHUX J11
HE NIEPEBHUIIY€E YyTIUBICTH BTOPUHHOT PEUOBHUHH — TeHY. L5 mpUHIIUIIOBA BIAMIHHICTh
CBK Bix mratnux nepBuHHUX BP nae mpaBo roBopuTH Mpo CTBOPEHHS HOBOTO KJ1acy
NepBUHHUX iHiIIIO0UnX BP.

KpiMm ToOro, cBiTIOYyTIUBI KOMIIO3UTH, 110 € MikpouacTkamu BP, po3mitie-
HUMHM B 1HEPTHIA ONTHYHO MPO30PIH MOTIMEPHIA MaTpHIli, 3aIIPOIIOHOBAHI B SIKOCTI
€KOJIOT1YHO Oe3neuyHux NepBUHHUX BP, ki € mepBUHHUMU I Jla3epHUX 3ac00iB
HIIIFOBAHHS.

3a crocobom 30y/KEHHS JSTOHAIlli, aHOMaJIbHO BHMCOKIA YyTJIMBOCTI JO Jii
Ja3epHOr0 MOHOIMITYJIbCa Ta 1HIIMX XapakTepucTuk CBK MoxHa BiIHECTH 10 HOBOTO
kjacy nepBuHHUX BP. CBiTnouyT/IMB1 BUOYXOBI KOMIIO3UTH OYJIM OTPUMAaHI HUIIXOM
IPUTOTYBaHHS B'A3KOI OCHOBH, L0 MpEACTaBisge coO0I0 cycrneH3ito nopomky BP B
PO3UHHI MOJIMEPY, IPO30POro JIJisi JA3€PHOT0 BUIIPOMIHIOBAHHS.

[Ticnss HaHeceHHS B'SI3KOI OCHOBM Ha MOBEPXHIO OyAb-SIKOTO Marepiairy
(ripcbka mopojia, BUOyXoBa peuoBHHA, CTallb, aJIFOMIHIN, MJIACTMACH 1 T. J1.) JICTHOUHI
PO3YMHHUK BWIIAPOBYBABCS, y PE3yJbTaTi YOTO YTBOPIOBAJIOCS TMOKPHUTTS, IO
MPEICTABIISE COOOO CBITIOUYTIIMBY TBEPY MATPHUITIO (Y BUTJISII TUTIBKH ) 3 TTOJIIMEDY,

10 MicTuTh MikpodacTku BP. 3oBHimHil Burnsan nokpurts CBK nokaszano Ha puc.

4.2.

a 4]

Pucynox 4.2 - ITokputts CBK mapku BC17 Ha anromiHieBii Goib3i:
a — 1o niapuBanHs, 6 — BuOyx CBK, iHiifioBanuii 1a3epHUM MOHOIMITYJIBCOM
Kpi3b MOBITPsI [7]
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Y  JIOCHDKEHHSIX  JIa3€pHOTO  IHIIIIOBAaHHS  ONTUYHUX JETOHATOPIB,
cnopsypkeHux nepBuHHUMH CBK, BuKOpHCTOBYBanuCS pPEYOBMHU 3 BIJOMUMU
¢iznuanMu Ta BUOyxoBuMHU xapakrepuctiukamu BC2, BC17 [6] (puc.4.3) i CBK nHa
OCHOBI a3uay cBUHIIO PbNg+momimep (po3a. 3).

Jlns mpoBeneHHs NOCHiKeHb Ha crpansoByBaHHs OJ] 1 Horo iHimirowouy
3IaTHICTh HEOOXIJHO BpaXxOBYBaTH HE TUIBKM (PI3MKO-XIMIUHI BJIACTHUBOCTI
nepBuHHuXx CBK, ane i eHepreTu4Hi Ta reOMETpPUYHI XapaKTEPUCTUKH Ja3epHOro
BUIIPOMIHIOBaHHS, 3aKOHOMIPHOCTiI, OTpPHMaHI B JaHUX JOCIIUKCHHAX Ta 3
ypaxyBaHHIM pe3y/IbTaTiB, BUKIAICHUX Yy IHIIMX podoTrax [7-13].

SIx 1151 omepaTUBHOIO 3MIHIOBAHHS €HEPTii JIa3epHOro BUIpOoMiHIOBaHHSA Wi
BUKOPHUCTAHO 3aJI€XKHICTh 11 3HAUeHHs Bija eHeprii HakauyBaHHs Wp, puc. 4.4. [lpu
BU3HAUEHHI MoporiB yyTiauBocTi 3apsaiB CBK neHTpanpHa yacTHHA J1a3epHOTO

IIPOMEHsI BUpi3ajiacs aiagparmMoro giaMeTpoM 4 M.
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Pucynok 4.3 - BiporiiHicTh MiipuBaHHs BUOYXOBOTO KOMIIO3HUTA BiJ] €HEPrii

Ja3zepHOro MoHoimmyiecy: 1- BC2; 2- BC17

IToBepxHeBy Macy nokputTis 3 CBK 3minroBamu Big 0,04 10 0,11 r/em?. Jlna
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I0OCTYBaHHs OyB oOpaHuil JazepHuil aion (JiazepHa yKaszKa) 3 BUIIPOMIHIOBAHHSIM
YEepBOHOTO KOJBOPY 1 JoBxkuHOI0 XBuiIi 0,620...0,760 MKM.

[Ipy  3MeHIIEHHI  TOBUIMHM  TMOKPUTTS  IIUIBHICTE  IMITYJIbCHOTO
BUIIPOMIHIOBaHHS 3HUKYETHCS 3 JTIHIMHUM 3aKOHOM, 110 HE JI03BOJISIE OTPUMATH SIKi
3aBrogHo Majii immyibcu. lle MokHa mosichutd THM, 10 TOKpUTTS 3 CBK,
MOYMHAIOYHU 3 TIEBHOI TOBIITMHU, HE BIAETHCS MMAIPBATH HABITH MPH IIUIBHOCTI €HEprii
Ja3epHOTO BUIIPOMIHIOBaHHS, TMEBHUX KPUTUYHUX 3HA4Y€Hb, IO BIANOBIIAIOTH
yMOBaM MiJPUBY TOBCTHX 3pa3kiB. [logaybiie 3MEHIICHHS MOXJIHBO TITBKH MPHU

30UTBIIEHH]  HIUIBHOCTI €Heprii  IHIIIIOIYOr0  JIa3epHOTO IMITYJIbCY

[14-18].
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Pucynox 4.4 - 3anexHICTh €Heprii Ja3epHOTr0 IMMYJbCY BiJ €Heprii

HakauyBaHHs CBK Ha 0CHOBI a3u1y CBUHIIIO
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OntuyHuii neroHarop. BumpoOoByBamucs Tpu KOHCTPYKIID ONTHYHHX
netonatopis: MiHigeTonarop (OJIlm) nms criemiaTbHUX BHJIIB BUOYXOBUX POOIT, PHC.
4.2, a, manonotyxuuii O]l ana excnepuMeHTIB Tijg Yac BUOYXOBOi 00poOKu
B MammnHOOyayBaHHi, puc. 4.5, 1 O/] 3 xapakrepuctukamu, siki aHaiorigdi KJI Ne 8
(puc. 4.6-4.8).

B ontuyHuX jAeToHaTOpax BUKOPUCTOBYBAIUCS TMEPBUHHI CBITJIOUYTIUBI
BuOyxoBi kommnoszutu BC2, BC17 1 CBK Ha ocHOBI a3ujy CBHUHIIO
PbNG - k + moimep. Mipa gwytiauBocti CBK Ha 0CHOBI a3u/Ty CBHHIIIO Ta BTOPUHHOT
mratHoi BP (TeHy) 10 MeXaHIYHHMX 1 TEIUIOBUX JII Majio BiIPI3HSAIOTHCS OJIUH Bif
oxHoro [5].

OnTtuyauit geToHatop (puc. 4.5) BUTOTOBJISIBCS 3 BAKOPUCTAHHIM aTFOMiHIEBOT
TpyOKH JiaMeTpoM 7 MM, 3aBAOBXKHK 20 MM 13 3alIpeCOBaHUM Y HET 3 OHOTO KIHIISA
IpiOHOAUCIIEPCHUM TEHOM (po3Mip dYacTUHOK ~5-10 MKM, THCK TpecyBaHHs
~1,2-108 [1a) Ta cymimmnno TeHa 3 amoMiHieM. AIIFOMiHIM OyB y BUIIISII 9aCTHHOK
niaMeTpoM 1-5 MKM B KIITBKOCTI ~5 %., Y TIOpIBHSIHHI 3 YUCTHUM TEHOM 115l CyMIIll Ma€e
OUIBIITY YyTIUBICTH JI0 1HIIIFOBaHHS IepBUHHUMHU BP, 1110 103BOJIsI€ 3MEHITUTH 3apsij

Hiniroroyoro CBK. Maca Teny B miponaTpoHi ckiaganal,s .

6
2
7 5
8
4
—
1 > 3
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Pucynok 4.5 — 3pa3ok MajmonoTyKHOTO ONTUYHOTO JIE€TOHATOpa : a — CXEMa;
6 — 30BHIIIHINA BUTIISL 1a00paTOPHOTO 3pa3ka; | — adroMiHIEBUI KOPITYC; 2 — BTYJKA;
3 — TeH; 4 — crakad 3 nepsuHHOI0 CBK; 5 — kaHanm 111 yCTaHOBKH OMTOBOJIOKOHHOTO

ka0eto; 6 — ONTOBOJIOKOHHHUI Ka0elIb; 7 — rijib3a 3 TEHOM

8 4
\,
—

Pucynok 4.6 — Cxema O]l mutteBoi aii: 1 — CBITIOUYTJIMBUN BUOYXOBUH
komrio3ut (BC, a3ua cBUHITIO B TIOJIIMEpI U T.IL.); 2 — CTakaH; 3 — 3aMo01KHE CKIIO;
4 — po3scitoroua JiiH3a; 5 — CBITJIOBOJIOKOHHHH Kabelb; 6 — ceplieBHHa CBITJIOBOJIA;
7 — BropuHa iHimroroua BP (Ten); 8 — mpoOka 3 miaactuka; 9 — anroMiHIEBA Tiib3a;

10 — xymyJsITHBHA BUIMKA.

Konctpyktusne oopmnenss ta ais O/ 3A11CHIOETbCA HACTYITHUM YHHOM. Y
UWIIHAPUYHY Tinb3y 9 3ampecoByeThcsi BTOPMHHA BHOyXOBa pEYOBHHA 7; Yy
MJIACTUKOBY TIPOOKY 8 BBOAMTHCS KIHIIEBUU CBITJIIOBOJHUMN Kabenb 5 Tak, mo0 BiH
3alIIoB y moryuOJeHHs (cTakaH) 2 1 BIepcesl B 3aM001HEe CKJIO 3, a 3 1HIIIOTo OOKY
pOoOKH B 11€ K MOTIUOJIEHHS (CTakaH) BBOAUTHCS MEPBUHHA 1HII[IIOI0Ya peyoBUHA |
(manmpukian, BC17 I'MTH). Ilicns mporo mpoOKy BCTaBIAKOTh y TUIB3Y 9 1
3MIMCHIOIOTh OOTUCK T1IB3M JJIs MEXaHIYHOTO CKpIIUIeHHS ii 3 mpoOkoro 8. Jami
ONTUYHMI JETOHATODP BUCYIIYIOTH pyu TeMmeparypi 50 'C mpoTsaroM 5 rogus.

VY nporeci 1aboparopHuX BUMPOOYBaHb BCTAHOBJICHO, 110 TOPIT 1HIIIFOBAHHS
nazepuuM  MoHoimmyiscom BC17 (I'MTJI) Ha oOCHOBI TeKCOMETIJICHTpImep-
okcigmiamina gopisaioe 100-120 JIx/M?, 1m0 npubIM3HO B 2 pa3u IEPEBUILYE IIOPIr
iHimiroBanHsa BC2 Ha ocHOBI rigpasiHoteTpa3onptyTi (II) mepxnopara. Baxmso, mo

I'MTJl He MicTUTh Baxkux MeTamiB, y 4-5 pasiB gemeBme BC2. Jlazepuuit
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MOHOIMITYJIBC TIEPEIAETHCS 1O CBITJIOBOJIOKOHHOMY Kabelto il 30y/IKye AETOHAIlIIO B
nepsuaHoMy CBK. Yaapua xBuns, mo nommuproetbest B nepBunHin CBK, iHimioe
JeToHario BTOpUHHOI mTaTHOi BP. OJl Bigpi3HSAETHCS HOBOIO TMEPBUHHOIO
BUOYX0BOI0 peuoBuHOO0 — CBK, sika 3a 4yTiMBICTIO A0 CTaHIApTHUX 30BHILIHIX
¢bi13nuHUX NiSHb HE BiApi3HIEThbeA BiA mtaTHUX BP. CBiTnoBonokoHHuit kabenb i
O/l 3 rodgpyBanHsM B YKpaiHi Ta 1HIIMX KpaiHax HE BHUPOOIAETHCA, ajie 1€ He
MoB’s13aHe 3 OyaAb-SKMMH TEXHOJOTIYHMMH IpoOJieMaMH, a 3 BIJCYTHICTIO BiJIO-
BiJIHUX 3aMOBJICHb Ha HOTO BUTOTOBJICHHS.

Ha puc. 4.7 Ta puc. 4.8 npeacraBieHuil eKCIEPUMEHTAIBHUI 3pa30K ONTUYHOTO

neroHartopa B 3D-mozeni,.

Pucynok 4.7 — 3aranbpHuil BUIIISIT ONITUYHOTO JETOHATOpa 3 HAIIBIPO30PUMHU
CTIHKaMH

Pucynok 4.8 — Ontuunuit netoHarop (po3pi3 B3I0BXK 0OC1)

Ha puc. 4.9 1 4.10. nokazani nmpoisii THCKY B3J0BK OC1 ONTHUYHOTO JIETOHATOpA
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JUISL PI3HUX MPOMIDKKIB Yacy IICis MoYaTKy Aii JlazepHoro iMimysscy. IlpeacraBieni
npodiai TUCKY BIAMOBINAIOTh HACTYMHUM mapameTpam O/I: miameTp rinb3u - 7 mwm,
Maca HaBilryBaHHs TeHa — 0,5 T, Maca HaBillyBaHHS CBITJIOYYTIUBOTO BUOYXOBOTO
kommno3uty — 0,2 r. Buxia ¢dpoHTy neroHamiitnoi xBuii Ha 3apsa TEHa BinOyBaeTbes

yepe3 0,6 MKc.
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Pucynok 4.9 — CnpamroBansst OJ1. [Tokazani mpodiii TUCKY B3/IOBXK OC1

JIETOHATOpA 13 3a3Ha4eHHsIM Jacy: 1 — cBiTiioBo; 2 — 3apsig CBK; 3 — 3apsan teny

Ha puc. 4.9 npointocTpoBaHo Mpoiiec iHiiroBaHHs TeHa Buoyxom 3apsay CBK
HAa OCHOBI a3Wjay CBUHIIO [JIsi BUMAIKY, KOJM 3IIHCHUIIOCS CIPallbOBYBAaHHS
ONTUYHOTO JIETOHATOPA.

Haniiine iHimiroBaHHS TeHa BU3HA4YaeThest Macoro 3apsay CBK i mpaktuuno He
3QJISKUTH Bl HOTO po3MipiB. 30UIbIICHHS MacCOBOI KOHIICHTpAIli MOJIMEPY 3HUKYE
iHimirorouy 31atHicte CBK. ExkciepuMeHTanbHi ONTUYHI J€TOHATOPH, TTOOY/I0BaHI 3a
TpaauIiitHOIO cxemoro ‘“niepBuHHa BP-BTropmnna BP”, mpusnaueni mns jazepHHX
CHCTEM IHIIIFOBaHHS, € HE €IWHUM BapiaHToM BukoHaHHs [5, 19-23]. TloTyxHi
CBITJIOUYTJIMBI KOMIO3UTH IIIJIKOM 37IaTHI BUKOHYBaTH (YHKIIi10 i BTOpuHHOI BP, 1110

CIPOIIY€ KOHCTPYKIIiIO IETOHATOPA 1 301IBIIYE CTYMIHL HOTO OE3MeKH.
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80

Pucynok 4.10 - Bunagok necnpamtoBanas OJI. [Ipodini TUCKY B3IOBX OCi

neronaropa: 1 — csitmoBog; 2 — CBK; 3 — ten

YucIioBi pO3paxyHKH CUCTEMH PIBHSIHB ra30BOi JMHAMIKU 1 XIMIYHOT KIHETUKH
NPOBOAWINCS B UWJIIHIPUYHIA CHUCTEMI KOOpPAMHAT HA NPUKIAAl ONTHYHOTO
JIETOHATOPA, KOHCTPYKIliS SKOTO HE BIJPIZHAETHCS BIiJ IITaTHUX KarlCyJiB-
JeTOHATOPIB. BUKopucTOBYBagacs cxema po3paxyHKy METOAY “BEMUKHX YacCTOK,
saKa Ma€ 1-i mopsiAoK TOYHOCTI, OJTHAK J03BOJISIE YCYBaTH HEOOXIAHICTh BUALICHHS
0COOJIMBOCTEM, TakMX SK (POHT yJApHOI XBUJI W CHUIIBHOI XBHJII PO3PIIKEHHS.
[HIIMMU cioBaMu, pi3HUIIEBA CXEMa BUSIBJISIE CBOIO BJIACHY “B'SI3KICTH”, 3@ PAXyHOK
SAKOI PO3PUBU TIIPOJMHAMIYHUX 1 TEPMOJMHAMIYHHUX XapaKTEPUCTUK 3ajaadl
“pO03MHUBaIOTHCS HA 3-4 pO3paxyHKOBHUX OCEPEIKH.

Ha »anp, HaMm HEe BIAIOCS B TOBHOMY 00CSI31 BAKOPUCTATH METOJ YHCEILHOTO
pO3paxyHKy 4Yepe3 BIJICYTHICTh JOCTOBIpHOI iH(oOpMaIli Mpo MOPIBHSHHS CTaHY
CBITJIOUYTJIMBUX BUOYXOBHX KOMIIO3UTIB 1 KIHETHUHUX MapaMeTpiB XIMIYHUX
MepeTBOPEHb B YMOBaX MIBHUAKOI Al 1HILIIOIYOro (pakTopa — Ja3epHOTO IMIYJIbCY.
Tomy pe3ynbTaTi po3paxyHKiB CIiJI PO3TISAATH SK SIKICHI, SIKi, IPOTE, TO3BOJIIOThH

BU3HAYHUTH HAIIPSIMOK pO6OTI/I 3 YAOCKOHAJICHHS OIITHYHUX }leTOHaTOpiB.
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4.2 IlinroroBKa TAa BUKOHAHHSI BUNIPOOYBAHb ONITHYHOI0 eTOHATOPA

Uytnuicts 10 nazepuoi aii orpumanux CBK wHa miBTOpa-aBa mopsaku
NEePEeBUILY€E 3a3HAUYCHY JUIsl IITATHUX MEPBUHHUX 1HIiMito0unx BP. V 3B'3ky 3 num
Oynu TpOBEACHI JOCIIPKEHHS MOKJIMBOCTI CTBOPEHHS 3aco0iB MiJApWUBaHHS
(HampuKiIaa, ONTUYHUX JETOHATOPIB MHUTTEBOI Jii) I JIa3€pHUX CHUCTEM
iHinioBanHsa 3apsnuiB BP 3 Bukopuctanusim CBK. Orinka mapamerpiB ja3epHOi
cuctemu OIICIH mpoBomumacs, Buxonsuu 3 piBHA uytiauBocti O]l mo masepHOro
IMITyJIbCHOTO BUMNpOMiHIOBaHHA. [Ipu 3menmienH1 I BenuunHa W 3HIDKYEThCS 1 TIpU
r—0 nparse /10 AESIKOro KiHIIEBOro 3HauUeHHs. ToMy CIIiJT IparHyTy 10 BUKOPUCTAHHS B
OIICIH By3bKHX JIa3epHUX MyYKiB, AlaMeTp SKUX BU3HAYAETHCA JIaMETPOM CEpPIICBUHU
cBiTioBoAy. OJIHaK TOHKI CBITJIIONPOBOAM HE MaroTh noctatHboi s OIICIH
MeXaHIYHO1 MiIIHOCTI. Ha mnpakTtuii HaWOUIBII — JOIUIBHO  BUKOPHCTOBYBATH
CBITJIOBOJIOKOHHMM KaOenb 3 JiameTpoM cepueBuHu nopsaaky 100 mxwm. g Bennumna
Oyzne BukopucTaHa Hamu B omiHkax mapamerpiB OIICIH. 3a BennuuHy KpUTHUHOL
MOBEPXHEBOI UIUIBHOCTI eHeprii iHimitoBanHss CBK Ey, mnpuiiMeMo BEIHMYUHY
80 mJlx/cm?, Binnosimay CBK Ha ocHOBI asumy cBuHIO, puc. 3.11. SIkmio BukopucTaTn
3B's130Kk W(r) 3 Ey,, HaBenieHuid y [24, 25], ToO OTpEMaeMO B SIKOCTI BEPXHBOT MEXi eHeprii
imiroBanas Ol W=16 mxJx. [l mepenmadi BumpomMiHroBaHHS Bijg jazepa a0 OJ]
BaxxBUM enieMeHToM OIICIH € onToBOJOKOHHa Mepeka, sika MpecTaBisie co00ro
CBITJIOBOJIOKOHH1 KaOelni, 3’€IHaHi MK COOOI0 3a JOMOMOIOI0 pPO3raiyKyBadiB i
3'eqHyBauiB. (OCHOBHOK BHMOTOIO, IO TMPEA'SIBISIETLCA JO TaKoi Mepexi, €
3a0e3MneueHHs MaJIiX BTpaT JIa3epHOT HEeprii Mpu nepeadi ii Ha BIICTaHb KUIOMETpa.

B sxocti MarepiaiiB s CBITJIOBOJOKOHHUX KaOemiB 3 MaJlMMHU BTpaTaMu
ceitiioBoro curdany (0,2...5 a1b/KM BUKOPHUCTOBYETHCS KBapll, IJi CBITJIOBOMAIB 3
piBaem BTpar (3...10 ab/km) - memeBmuii MaTepial - 6araTOKOMIOHEHTHE CKIIO.
BupoOHu1TBO nonimepHux BosiokoH (piBeHs BTpat 100-500 ab/km) € HaitmpocTimm
1 nemeBuM. Buxosuu 3 mparaeHHs 10 Hu3bkoi co0iBapTocTi BupoOHuirea OIICIH 1
NPUMHATHOTO PIBHS BTPAT Ja3€pHOI €Heprii, AJig BUPIIICHHS aHOi 3a7a4l MOXYTh

MIIATH CKIJISTHI CBITJIOMPOBOIN, 110 BUITYCKAIOTHCS 3 BEJTUKHUM J11aMETPOM CEPILICBUHU



134

— 80...400 MxM.), 1110 3a0e3mneuye eheKTUBHE TTOETHAHHS OJHOTO BOJIOKHA 3 THIIUM 1
3 JDKEpPEJIOM BUIIPOMIHIOBAHHS.

O1miHUMO B CKIJIBKU pa3iB MOCTA0IIOETHCS BXIAHUIM CUTHAN MPU MPOXOHKEHHI
10 BOJIOKHY 31 CKJIa JIOBKHHOIO 1 KM.

[Toka3nuk ocabiaeHHs B Ab/KM BU3HAYAETHCA 32 (OPMYIIOI0

ne Wy — eHeprisi curHainy Ha BXoi cBiTiI0BoAd, Wy, — €HEprisi CUTHATY Ha BUXO/1
CBITJIOBO/IA, | — TOBXKMHA OIITOBOJIOKOHHOIO Ka0EJIr0, KM.

3BiACH KOE(ILIEHT OCIIa0IeHHS TOPIBHIOE

ki
W _107m,

BHUX

k'=

Bubpapmm k=3...10 nb/km, mis cBiTiIOBOAa 3 0araTOKOMITOHCHTHOTO CKJIa
noBkuHOIO 1 kM, orpumaemo k'=0,5...0,1. IIpu 10BXKKHI OIITOBOJOKOHHOI'O KaOesro
0,5 kM koedimient ocnadnenns k'=0,7...0,3.

OckibKM B 3pa3Ky ONTHYHOI CHCTEMH IIepea0avacThbCsi BUKOPHCTOBYBATH
tBepaoTuibHuii OKI' Ha HEOmIMOBIM CKIi, IO TPAIOE B PEXKUMI MOTYJIAIIL
T0OpPOTHOCTI pe3oHaTopa (PeKUM MOHOIMITYJIbCA), TO BUHUKAE MPUPOIHE 3alTUTaHHS
po ONTHUYHY CTIHKICTB CBITJIOBO/IIB 110 i MOHOIMITYJIbCA
(IEC 60794-1-2). BcTaHOBICHO, IO CTIMKICTh JKI'YTOBHX CBITJIOBOIB JIO i
MOHOIMITyJIbca TpuBaicTio 40 He 3HaxoauThes Ha piBHi 20 Jx/cm2. IlinbHiCTH

Ja3epHOI €Heprii Ha BXO/I CBITJIOBO/Ia MOXHA OIIIHUTH 3 TIPOCTOTO BUPAKCHHS:

w

N 2
E s 013 JIxk/m*,

ne S=7,85-10° M? — mIomia cepueBMHHM CBITIOBOLY.
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3 orysiy Ha Te, 110 CBITJIOBOAHA Mepeka Mae KoedirieHT ocnadneHHs ~10, Ha
BX1J] CBITJIOBOJIa HEOOXIJHO TOJATH TaKy EHEPTrilo, sika Ha TMOPSAOK IEPEBHIIYE
3a3HaueHy Buie, T00To W~160 mx/lx. Tomy E~2,038 JI:x/cM?, 110 3HAYHO HMKYE
ONTUYHOI MOTYKHOCTI )KT'yTOBUX CBITJIOBOJIIB.

Oco0auBoCcTI mepenavi Ja3epHOro BHUIIPOMIHIOBAHHSI KPi3b ONTHYHE
BoJIoKHO 10 3apsiny CBK. IIpoGnemMa BBeAcHHS BHIPOMIHIOBAaHHS B ONTHYHE
BOJIOKHO BHMHHUKAE Yepe3 Te, M0 JiaMeTp JIa3epHOTO MPOMEHS ~5 MM, a JiaMeTp
ceprieBUHM CcBITIOBOAA ~500 MKkM. ToMy ICHYIOTH CrieliaibHI METOIU BBEJACHHS. B
EKCIICPUMEHTAaX BUKOPHCTOBYBAJIACSI CXEMa BBEJICHHS BHUIPOMIHIOBAHHSA, SKa

npejacrasieHa Ha puc. 4.11.

T

Pucynox 4.11 — BBeneHHsS BHUIPOMIHIOBaHHS 3a JOTOMOIOIO JIH3H:
1 — 30upasnibHa JiH3a, 2 — NPOMIHB JIa3epa, 3aJI0MJICHUH JIH3010, 3 — ONTHYHE BOJIOKHO.

Cxema BuKopucTana y koHcTpykiii OJ1 [22, 23]

[Ipominp nazepa (okycyerbest JiH300 1 Ha TOpPI CEpLEBUHM BOJOKHA 3.
BumnpomiHiOBaHHS HamiBIPOBIIHUKOBOTO Jlazepa 4 (puc. 4.2), BUIPOMIHIOIOUOTO B
YEpBOHIN 007acTi CHEKTPY, 3a JIOMOMOTOI0 A3EpKall MPsIMyBaJO Yepe3 PEe30HATOP
(puc. 4.12) Tak, mo © BIAOMTHI BiJl 33JAHBOTO A3€pKaja MPOMIHb MOTPAIUB Y
niadparmy. YV 11bOMYy BHIMAJKy BUIUMHUN MPOMIHb HaMiBIPOBITHUKOBOTO Jiazepa i
Hepuaumui pominb OKI' criBmanaroTh, M0 Ja€ MOKIIUBICTh IOCTUPYBAHHS CXEMU

3a JOMOMOTOI0 “dE€pBOHOr0” MPOMEHS.
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Pucynox 4.12 — Pe3zonatop ontuunoro 610ky OKI': a — 3anHsa yactuHa; 6 —
nepeiHs dYacThHa. Pe3oHaTop, YTBOPEHMH TIUIOCKMMHM A3epkamamu 11la 3
koeditienTamu BiaouTTsa 99 1 39, BiAmoBigHO; 2 — IMIYyJIbCHA KCEHOHOBA JlaMITa; 3 —

KtoBeTa 3 (hapOyBaueMm; 4 — miathopma

Jlist mepenadi ja3epHOTO BUIIPOMIHIOBAHHS 3 BEJIMKOKO IIUIBHICTIO €HEepTii
BUKOPUCTOBYIOTHCS CUJIOBI CBITIOBOIU. BOHM MatoTh 000JOHKY 3 Marepiaiy, sSIKHi
HE PYHHYETBhCS JIa3€pHUM BUIIPOMIHIOBaHHSIM, TOOTO OOOJOHKa Ma€ JOCTaTHIO
ONTHUYHY MIIHICTh I Nepeadl BEJIUKOI IILTbHOCTI €HEeprii BUIPOMIHIOBaHHSI.

I[Ipu BumpoOyBanni OJ] gocmikyBanacss 3MiHa  CBITJIONPOBIIHUX
XapaKTEPUCTHK  CBITJIOBOMIB TPHU  MPOXO/PKEHHI  Kpi3b  HHUX  JIA3€pHOTO
BUIPOMIHIOBaHHS 3 BHMCOKOI UIUIBHICTIO €Heprii. 3O0IbIIEHHS 3aracaHHs B
CBITJIOBO/II, TIOB'SI3aHE 3 PYWHYBAaHHSIM MaTepialy CEepIEeBHHH a00 OOOJOHKH, HE
3a¢h1KCOBaHO.

BusHaueHHs iHINIIOW0Y01 3IaTHOCTI ONTHUYHOIO AeTroHaTropy. Meron [13]
NOJISiTa€ Y BUMIPIOBAHHI JIlaMeTPy OTBOPY, III0 YTBOPIOETHCS B CBUHIIEBIH IMJIACTHHI-
ciaka micins miapusy K/ (O), puc. 4.13. liameTp oTBOpY MOBUHEH OyTH HE MEHIIIE
niameTpa O/I.

Meronuka nommproetbess Ha K[ (OJ1), mo micTaTh KOMOIHOBaHI 3apsiau 3
1HIL1I0I0YOr0 (MEPBUHHOI0) Ta OPU3aHTHOTO (BTOPUHHOIO) BUOYXOBUX PEUYOBHH.
Kancyni-neronaropu npusHaueHi Jjisi 30yKEHHS JIETOHAIlll 3apsiB BHOYXOBUX
pPEUOBHUH TIPU TMIPOBEJEHHI IPOMHCIOBUX BHOYXOBUX pOOIT TIpU Temmeparypi

HABKOJIMIITHLOTO cepeaoBuiia Big Minyc 40 go mitoc 60 °C.
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PucyHnok. 4.13 — CxeMa npHuCTpOIO 3anaitoBaHHs ONTHYHOTrO AeToHaTopa O/1-
8 Ha riacTuHi-cBIAKY: 1 — netonarop (O/]); 2 — miHOMIACT IJIACTUHA; 3 — IJIAaCTUHA-
CBIIOK; 4 — cTajeBa IUIACTUMHA; 5 — BIAPI30K cTajeBoi TpyOu; 6 — BHUBIIHUUI

CBITJIOBOJIOKOHHUM KaOenb; 7 — mazep

[Ipu mpoBeaeHHi poOiT Mo BU3HAYEHHIO iHimitorouoi 3martHocti K (OJ)
MOBUHHI BUKOHYBATHCS BHMOTH, BHUKJIQJCHI B THCTPYKI[SIX 3 OXOPOHHU Tpari Ta
MOKEKHO1 OE3MEKH.

Jlo BUKOHaHHS POOIT 3a €0 METOJIUKOIO JOMYCKalTh 0ci0 He Moomme 18
POKIB, SIKI MPOWILIM MpU MNpUiioMI Ha poOOTy 1 B MPOIECI TPYAOBOI AISIBHOCTI
METUIHUIN OTJISIM, THCTPYKTaX, TCOPETUYHE ¥ BUPOOHWYE HABUAHHS, CKJIQIH ICITUT
KBamdikamiiHii KoOMicii 3a TpaBWwIaMH BeJAEHHS poOIT, OXOpPOHHW Tparli,
CHELPEKUMY, BUPOOHHUUOI CaHiTapii, MOKEKHOI O€3MEeKH, OXOPOHU HABKOJIUIIIHHOTO
CEpelOBHUIIA Ta OTPUMAJIA TIOCBIAUYCHHSI (YEPTrOBUH 3aIMC Y TTOCBITYCHHI) HA TIPABO
BEJICHHS POOIT.

[Ipumimenuss maboparopii, B sKOMYy mpoBoauTbcs miaroroska KJI 1o
BUNIPOOYBaHb, 1 TpUMilIeHHs npoBeaeHHsT BurnpoOyBanb KJ[ (OJl) moBuuHI OyTH
oOJlaHaHl TMPUILIMBHO-BUTSKHOI BeHTWIsANIE0 BianoBinHo ao JACTY b A.3.2-
12:2009  (http://ksv.do.am/GOST/DSTY_ALL/DSTY4/dsty b_a.3.2-12-2009.pdf),

poboTy, SKy TEpeBIpsOTh TMepel MpOBEeAEHHSM BHUMNpPoOyBaHb. JlomycTuma
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TeMrepaTypa BUpOOHUYOTO MIPUMIIIICHHS JJIs 1HXXEHEPIB - Ja0opaHTiB (1abOpaHTIB) y
XOJIOHY HOPY POKyY Bij miroc 20 g0 mmroc 24 °C, y Temny — Big mmoc 21 10 mmoc 28
'C. lomycTMa BiZHOCHA BOJIOTICTH BHPOOHHMYOrO NMPUMIILEHHS IIOBUHHA OyTH HE
oubie 60 %. Temneparypy i BosoricTh 3aMipsitoTh Tepmorirpomerpu TI'L-MI" 4 13
3aliCOM Y TEXHOJIOTTYHOMY >KYypHAJIL.

[IpaniBHuku TOBMHHI OyTH 3a0e3leueHi CHenB3yTTSAM, OaBOBHSHUM
CHEIOJATOM, TOJOBHUM YyOOpOM, OaBOBHAHMMH Ta TYMOBUMHU pPyKaBUUYKaMH,
HaBYIITHUKAMHU.

3a00pOHSEThCA MpAIlOBaTH B OJs31 3 CHUHTETUYHHMX, BOBHSIHHX, IIOBKOBUX
TKaHUH, a TaKOXX B3YyTTs, M0 He 3a0e3mnedye BIABEICHHSA 3apsiiiB CTaTUYHOI
CJIEKTPUKHU.

3a00pOHSA€TbCS HOCIHHS MiJ 4ac poOOTH TOAWHHUKIB, OpacieTiB, MEPCHIiB,
OpOIIOK, IHIIMX METAJIIEBUX 1 HEMETAJIEBUX MPHUKpAC.

K (O[1), uro mijuisiratoTh BUNPOOYBAHHSIM, HE IOBUHHI MATH TPIIIUH, BM'SITHH,
pakoBHH, 3a00iH 1 Kopo3ii. [loBepXHs miIacTMacoBOi TPyOKH XBUJIEBOAY MOBHHHA
OyTH CYLIJIBHOIO Ta HE MaTH MOPYIIEHb IUTICHOCTI MOBEPXHI.

BunpoOyBanusi kancynis-geronatopis (O[]) mpoBoasSThCA MpU BIAKIIOYESHIN
NPUTLTUBHO-BUTSDKHOT BEeHTWIIAMIl. [licas koxHOro BUIPOOYBaHHSA BKIIOYAIOTh
NPUIUTMBHO-BUTSDKHIM ~ BEHTWIALIIO 1 TMPOTITOM I'SITH  XBWJIMH — TPOBOJISATH
nposiTproBanHsa npumimenss. [liagpus K[ (Ol) npoBoasTs Ha Oe3mneuHiil BicTaH1 3
nynbta ynpasmiaas OKT, puc. 1.5,a.

Jlns inimiroBanHs O/l BITbHUM KiHEI[b BUBITHOTO CBITJIOBOJIOKOHHOTO KaOeIro
BCTaBJISIOTh B ONTHYHUN KBAHTOBHUI T'e€HEpAaTOp TaKMM YWHOM, 10O Bich Ja3epa
301riacs 3 OChbl0 CEpLEBUHM KaOelto, BUKOPUCTOBYIOUH, IIPU LILOMY, cXxeMy puc. 4.11.
[Ticns uporo, HatuckanHsM kHomku [TYCK, mpomyckaioTh IMIyJbCHE Ja3epHe
BUIIPOMIHIOBaHHSI Yepe3 BUBIIHUN CBITJIIOBOJIOKOHHHMM KaOeib, 1HILIIOIOYHU MIJIPUB
OJ.

Ominky sikocti BuOyxy KJI (O/]) Bu3HauatoTh BUMIpPOM JiaMeTpa OTBOPY, IO
YTBOPHUBCS B CBUHIIEBIH MIACTUHI-CBIAKY B pe3yibTati Buoyxy O/J1.

Jlisa mpoBeneHHsS BUNPOOyBaHHS, IO ckiagaerbes 3 30 BU3HA4YeHb, OyIo
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noTpioHO 01M3bKO 120 XBUIIUH.
[Ticas 3akiHdeHHs] BUNIPOOYBaHb BIAXOMH, IO YTBOPIOIOTHCS MPH MPOBEICHHI
BurpoOyBanb KJI, ymakoByOTh y MOJIMPOMIJIEHOBI MIIIKK ¥ 3/1al0Th Ha 3HUILECHHS

(yTumizailiio) B yCTaHOBJICHOMY TMOPSIJIKY.

4.3 Pe3yabTaTH BHNPOOYBAaHb iHILIIOIYO0I CIPOMOKHOCTI ONTHYHOTIO

JAeTOHATOpa

BunpoOyBaHHs crpaltoBaHHS ONTHYHUX JAETOHATOpIB Oyiu MpOBENEHI B
cneniaibHii gadbopatopii [laBnorpaacbkoro XiMiYHOro 3aBOjJy 3a y4acTio (haxiBIIiB
[HCTUTYTY BUCOKOEHEPTeTUYHUX MATEplaiB.

Beworo Oyno BuroroBneHo 90 3paskiB onTuyHMX jaetoHaropiB: mo 30 O]l 3
NEPBUHHUMH CBITJIOYYTIMBUMHA BUOYXOBUMH Kommo3duTamu BianosigHo BC2, BC17 1
CBK Ha ocHoBi azuay cBuHIlto. Binpizusimics O] Titeku nepBunHOO BP (1B, po3min 1).
KunbKicTh 3pa3kiB B €KCHEPUMEHTAILHUX JOCHIIKEHHSIX Oyna oOpaHa BIANOBITHO
metoauku [12]. Y nux BUIIpOOyBaHHSIX BUKOPUCTOBYBABCS OJIUH 3 TPhOX J1azepiB OKT
(puc. 1.5,8) HTY AII (TpuBamicTh J1a3epHOTO IMITYJbCY HA MIBBUCOTI IHTEHCUBHOCTI
ckiagana 11 He).

[Ipu npoBeaeHH1 BUIIPOOYBaHb BUKOPUCTOBYBABCS PEKUM POOOTH reHEpaTopa,
IIPU SIKOMY OJIMH CBITJIOBUM IMITYJILC T€HEPYBaBCs 13 3aTpUMKOIO Oin3bKo 8 xB. Taka
3aTpUMKa TeHepalii Oyma HeoOXigHa [ BCTAHOBJICGHHS HOBOTO ONTHYHOTO
JI€TOHATOpa Ta BEHTWIALI] MPUMIIIEeHHs. J[1s1 yCyHEeHHsI HECAaHKI[IOHOBAHOTO IiIPUBY
O/l nazepHUil IPOMiHB TIEPEKPHUBABCS METAJICBHM €KPAHOM, II0 HaJaBaio Oe3MeKy
MPOBEICHHS BUITPOOYBaIbHUX POOIT.

Pesynbratu BunpoOyBanb O/l € mo3utuBHuMHU: B yciX 90-Ta BUIPOOYBaHHAX
JiaMeTp OTBOPY Y CBHHIIEBIN MJIACTUHI-CBIIKY, OTPUMAHOTI'0 B PE3YJIbTATI M1APUBAHHS
OJl, mepeBurnryBaB niamerp BumpoOoByBanoro OJ] Ha 35-60 %. Ockinbku Tpu
Bapiantu OJ] moxkasanu myke Onu3bKi pe3yiabTaTd, TO JJIi BUKOPUCTAHHS TI€i YU
inmoi nmepBuHHOi CBK cmig 3acrocyBatu komriuiekcHui minxin. Kommosutr BC2

BIJIPI3HAETHCS AaHOMAJIbHO BUCOKOIO YYTIUBICTIO JIO JIA3€PHOTO BUIIPOMIHIOBaHHS [4,
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16]. et CBK cyTTeBO AO0poXkK4Ye y BUTOTOBJICHHI B OpiBHAHHI 3 1HIIUMH CBK, arne
MOKE€ BHKOPUCTOBYBATHCSA B SIKOCTI HAKIAJCHOTO 3apsiiy MpH AUCTAHIIHHOMY
HIIIIIOBaHHI JIa3epHUM MOHOIMIYJbCHUM BHIIPOMIHIOBAaHHSIM Kpi3b TMOBITpS.
Kommnozur BC17 cuHTe3yl0Th 3 BIIHOCHO MPOCTUX 1 JEUIEBUX KOMIIOHEHTIB,
HaJICKHUTh BiH JI0 TaK 3BaHUX “3enmeHux BP”. Y mopiBusaHI 3 BC2 1 BC17 He moTpebye
po3poOku HOBOi TexHoJjorli BupooHunTBa CBK Ha OCHOBI a3uay CBUHINO, AKUH 3a
BUOyXoBUMH TIoKa3HHKaMu mepesuiye BC17 1 3a piBHeM 0e3leKkd B MOBOJKEHHI,
30epiranHi i TpaHCIOPTYBaHHI 3HAXOIUTHCS Ha PIBHI TEHA.

B ycix ekcniepuMeHTax BUKOPUCTOBYBABCS CBITIIOBO/ 3 A1aMETPOM CEPLIEBUHU
600 MKM, MOMIIIEHHH B OKOHTYPIOIOYY OOOJIOHKY, IO OOYMOBIIEHO 3PYYHICTIO
NOBO/KEHHS 13 CBITJIOBOJAMH B EKCIIEPUMEHTAJbHIA 1 BUPOOHUYINA MPAKTHUIIL.
3aracaHHs CBITJIOBOTO IMITYJIbCY B TAKOMY CBITJIOBO/1 He nepeBuiiryBaio 10 [16/km. B
€KCIIEpUMEHTax JIOBXKMHA CBITJIOBOJA HE IepeBullyBaia 15 M, ToMy ociiabiaeHHsIM
eHeprii NPOMEHsI MOKHA HEXTYBaTH.

[lepBUHHUIT CBITJIOUYTJIIMBUMA BUOYXOBUW KOMIIO3UT PO3MILIYBaBCA B
MWTIHAPOBIM BTYJIl 13 MOJIXJOPBIHWIA JIaMeTpoM 6,6x4 MM 1 JIOBKHHOIO 5 MM.
[lonepenHi ekcniepUMEHTaNIbHI JOCIIKEHHS MOKa3aiy, 10 YyTJIUBICTh BTOPUHHOI
BUOYXOBOi PEYOBHMHM — TEHA, HE 3ajekaja Bii TEOMETPUYHUX MapamMeTpiB
nepBuHHoro CBK Ha ocHOBI a3uay cBuHIO. [Ipu mpoBemeHHi BUNPOOYBaHb
BUKOpHUCTOBYBaKcs meanuni TpyOku 3 TIBX miamerpom 6,6x4 M.

BunpoOyBanHsi MikpoaeToHaTtopiB-MoHO3apsiaiB  OmJ[  (puc. 4.2) Ha
CIPOMOKHICTh 30y/KEHHs JeToHalll B Takux Opu3zanTHuX BP sk amonit Ne 6)KB,
rekcoreH, TeH, marpoHoBani EBP. 3pasku enactmunmx BP. Macu 3apsais BP
xomBamucs Bix 0,3 xr 1o 107° xr. Monoszapsan CBK B ycix Bunpo6ysannsx Om/]
BUTOTOBIIIBCS 13 a3MJly CBUHIIO, I[IOpPOTOBa €HEPris SKOTO JOpIBHIOBAJa
18x10°3 Ix/cM®. MoHo3apsa pO3MillyBaBcs B IMIHAPHYHY BTyaky 3 IIBX

J1aMeTpoM 3x5 MM, TOBXKUHOIO 10 MM.

BusHaueHHsI BIpOriIHOCTI 3amaJIOBAHHS CBITJIOYYTJMBUX BHOYXOBHX

KOMIIO3MTIB J1a3epHUM BUNIPOMiHIOBAHHAM. OCO0JIMBICTIO METOAUKY BUIIPOOYBaHb
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BUKOPUCTAHO HACTYMHHUU MIAX1A. Y mepiux BUMPOOYBAaHHAX MaKCHUMallbHA €HEPris
JIA3EPHOTO IMIYNIbCY, IO MOJAEThCS HA CBIIOYymIMBY croiyky, — 107 k.
Otpumanuii mo3uTuBHUN edekt (cToBiacoTrkoBe miapuBanas OJ]) mms 000X TuIiB
neronaropis. ITotiM enepris samkysanacs 10 6x10°, 4x10°°, 2x10-° JIxk. [Ipu eneprii
10 JIx Tinbku 75% OJ1 i3 BMicrom BC17 6ynu migipsani, y Toii e vac O] i3 BC2
neToHyBamu 3 pesyasratom 100 %. Ilpu eneprii maseproro immymscy 5x10°° [Tk,
80 % O/J1 13 BC2 nigpusanucs, a miapusanns O] 13 BC17 ne 3adikcoBano. OcHOBHA
KUIBKICTh ONTHYHHUX JETOHATOpIB Oyia BUTpauy€Ha IPU BCTAHOBJIEHHI MOPOTY
iHiniroBaHHd. Ha >kanmb, CTaTUCTUYHO OOIPYHTOBAHY JIOCTOBIPHY 3aJICKHICTh
BiporinHocTi migpuBy O] Bij eHeprii Ja3epHOro iIMIYJIbCY BCTAHOBUTH HE BIANOCS
BHACIIIJIOK PO3KHJY €HEprii Ja3epHOro IMIYJIbCy B pe3yJbTaTl MPUPOIHOI
HECTaOUIBHOCTI pOOOTH ONTUYHUX KBAHTOBUX T'€HEPATOPIB y PEXKHUMI TITaHTCHKOTO
iMIysibey. He3Baxkarounm Ha 1€, OTpUMaHI MPU BUOPOOYBAHHAX PE3YNbTaTH MAIOTh
MPaKTUYHY IIHHICTh, OCKIJIbKY BCTAHOBIIIOIOTH MEX1 €HEPIii JIa3€pHOTO IMITYJIbCY, Y
SKUX BIPOTIAHICTH 1HIIIIOBAHHS TE€HA CBITJIOYYTIMBUMU BHOYXOBHUMH KOMIIO3UTaMU
smiHoeThes B 0 1o 100 %. PesynbraTu BunpooyBanbs BC2 1 BC17 nmokasani Ha puc.
4.3. ExcriepuMeHTa bHI 3Ha4YeHHs ToporoBoi miibHOCTI eHeprii CBK Ha ocHOBi

a3y CBUHIIO MOKa3aH1 Ha puc. 4.14.
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Pucynok 4.14 — BiporigHicth migpuBaHHs BUOYXOBOTO KOMIIO3UTY Ha OCHOBI
a3ujy CBUHIIIO B1Jl €HEPrii JIa3epHOTO MOHOIMITYJIbCY
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ITpu Bapianii Benuuunu aiametpa i ToBumHu CBK cnocTepiranacs crabiipHa
JIeTOHAIlisl BTOPUHHOI peuoBUHH. I[ITBHICTH €HEeprii Ja3epHOro IMITYJbCY, MPHU K
BiIOyBaJIOCS CHPAIlbOBYBAHHS ONTHYHOTO JETOHATOPA, BIAMOBiNajla MOPOTOBUM
3HAYCHHSM, K1 OyJIM OTpUMaHIi MPU BUBUYEHHI PO3MIPHOTO e(EKTYy.

BunpoOyBaHHS JeTOHATOPIB MPU MUTICEKYHAOMY YIOBIILHEHOMY MiIPUBAHHI
HIMYPOBUX 3apsjiiB HE MPOBOJAUIOCA, TO cxema puc. 4.15 3acrocoBaHa TUIbKHU JIJIS
HioBaHHA 1o 10 peToHaTopiB 3 BUKOpHUCTaHHAM TphoX jazepiB OKI (puc. 1.5) i3
3aJJaHUM MUITICEKYHIHUM YIOBUIBHEHHSM M1 BUIIPOMIHIOBAaHHSIMU J1a3€PiB.

[limpuBHy Mepexy BiANmoBiAHO cxemu puc.4.15 Oyno 310paHO HA TOBEPXHI
cyxoro 1pyHty. Bigcrans Big OKI' go nHaiibmmkdoro O]l He nepesuiryBana 100 m.
Mix O/ Bincrans ckinagana 5-7 M. Koxken O/l Oysio BCTAaHOBJIEHO MEPIICHAUKYIISIPHO
JI0 TIOBEPXH1 CBUHIIEBOI TUTACTHHH-CBIJIKA.

[TinpuBanus mokazano 100 % nNO3UTUBHUN peE3ynbTaT, ajie 3ATUIIMIOCS
HEB1JIOMUM Y4 BiJITIOBIJAJI0 3aTPUMII Yacy CIpalbOBYBaHHS JETOHATOPIB BIAMOBIIHO

BCTAHOBJICHUM 3HAUYCHHIM.

s -0 (3apsg BP) —— OOOL

Pucynok 4.15 — Cxema mepenadi CBITJIOBOi €HEprii Bii TPhOXKaHAIHHOTO
ONITHYHOTO KBAaHTOBOTO IeHepaTopa JI0 3aps/iiB BHOYXOBUX PEYOBHH 3a JOIIOMOTOIO

ONITOBOJIOKOHHOT Mepexi: 1 — po3MoAiIbHUK 1€PEBOBUIHUN
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4.4 TIlepcieKTMBM BHKOPHUCTAHHSI JIA3€PHOI0 CHOCO0Y MiAPUBAHHSA

HiANPUEMCTBAMH FPHUY0-METAJYPriiiHOI IPOMMCIOBOCTI

ExcneprMeHTanbH1 JIOCHIIKEHHS! CHPAIbOBYBAaHHS ONTHYHUX JIE€TOHATOPIB,
CHOPSPKEHUX CBITJIOUYTIMBUMU BUOYXOBUMH KOMITO3UTAMU TIOKA3aJIM PeaIbH1 IIISTXH
MOJANBLINX JTOCIIIKEHB [Tl TPAKTUYHOTO 3aCTOCYBaHHs 0€3MEeYHOI JIa3ePHOT CUCTEMH
HiIItOBaHHs. 3pa3oK oONTW4yHOi cucrteMu iHiuioBaHHsA 3apsaiB BP (OIICIH) e
INPUHIIMTIOBO HOBUM Yy CBITOBIM MpakTUlll BUOYXOBOi cripaBu. TeXHIYHI PIlLICHHS MO
KOXXKHOMY €JIEMEHTY CHCTEMH MICTATh BIIOMOCTI “HOy-Xay”’. VY 3B'SI3Ky 3 IUM,
MOKJIUBUN BUX1JlT YKpaiHM Ha 30BHIIIHIA PUHOK 3 HOBOI KOHKYPEHTOCIIPOMOMXHOIO
MPOJYKIIEI0 Y BUTJISAI HE TUIBKM SK CUCTEMH B ILIIJIOMY, a ¥ OKpeMHX ii €JIEMEHTIB
(KBQaHTOBOrO TI€HEpaTropa, ONTHYHUX JAETOHATOPIB, CBITJOYYTIIMBUX BHOYXOBHUX
KOMITO3HTIB).

ExcriepumeHTanpHl AOCTIIKEHHSI CIIY’)KOOBHUX XapaKTEpPUCTUK SAK OKPEMHUX
esieMeHTiB, Tak 1 3pazka OIICIH moxasanu mepeBaru mepesa BiIOMUMH CHCTEMAaMU:
esniekTpuyHoi, 3a gonomororo I, Houens Ta 1. HoBa cuctema ycyBae numi psj
HEZOJIKIB TEpPepaxOBaHUX CHCTEM 1 B TOM K€ 4Yac XapaKTEepPU3yeTbCS TaKUMU
napameTpam, ki 3a OyAb-IKUX YIOCKOHAICHDb BIJIOMUX CUCTEM HEMOMJIMBO JOCSATTH.
Hanpuxknan, Bucoka (mpenusiiHa) TOYHICTh CPallbOBYBAHHSI IETOHATOPIB 13 3a/laHUM
YIOBUILHEHHSIM; a0COJTIOTHA CTIMKICTh 0 PI3HOTO POAY €ICKTPOMATrHITHUX HABE/ICHD;
MOJIMBICTh 3/[1IMCHEHHSI BMNOBUILHEHBb MiAPUBAHHS 3a JOMOMOIOK CaMoro JpKepena
e”eprii (OKI'), MOXIMBICTb 3IIMCHEHHS KOHTPOJIIO BHUOYXOBOI MeEpexi mepen
MJPUBAHHSM; BUCOKA €()EKTUBHICTh KEPYBAaHHS €0 BHOYXY HA CEPEIOBUIIE; MOXKE
OyTH BUKOpHUCTaHa B OyJlb-SIKMX yMOBaX, B TOMY YHCIII, B IIaXTaX, HEOE3MEeUHUX 3a
BUOYXaMU Ta3y Ta IMUIy.

Konctpyxkiist ekcnepumentanbHoro 3pazka OIICIH nepenbauae poboty OKT, a
3HaYUTh 1 CHUCTeMHU (B 3aJIeKHOCTI BIJl YMOB BelI€HHS BHOYXOBUX poOIT) B JBOX
peXuMax: mepiimii - nmepegada ceimioBoro curHany Bix OKIT no O] mepenaerbes mo
CBITJIOBOJIAX; JAPYTUMd - Mepeaada CBITIIOBOTO CHTHAIY MOKE MEepe/laBaTUCs 4depes

noBITpst  Oe3nocepenubo Ha moBepxHio CBK, po3wmimieHoro Ha 00'€kTi, 1I10.
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T1IPUBAETHCA.

Ockinpku B gaHuil 9ac po3po0Oieni OJ MUTTEBOI i, TOYHICTH CIIPAIIOBAHHS
axux Big 10° mo 5x107° c. Y KOHCTpyKIii KBAHTOBOrO reHepaTropa IependadeHo
PO3MIIIEHHS KIJTBKOX JIa3epiB, IMITYJIbC SKUX HaaxoauTh no O/ 3 Hamepen 3ajaHuM
4acoM yNoBUIbHEHHs. TOYHICTD YIOBIIBHEHHS MK 3apsaMy B sy a00 MIXK psIamMu
He niepesuirye 0,1 mc.

OpHoto 13 3324 PO3BUTKY ONTHYHOI CUCTEMH 1HIIIFOBAHHS 3apsAiB BUOYXOBUX
PEUOBHH € CTBOPEHHS ONTUYHUX JieToHaTopiB ynosuibHeHOI A1l (OAY ). ¥ nanuii uac
OTpUMaHI NepuIl eKCIepUMEHTalbH1 pe3yibraTtd nociimpkeHHs OV, omnak uac
YIOBUIBHEHHSI 0OMEXEHUI IEK1IIbKOMa MIKPOCEKYHIaMHU.

OIICIH — oauH 3 HampsMKIB Yy CTBOPEHHI 3acoOIB 1HII[IIOBAHHS 3apsiiiB
BUOYXOBUX PEUOBMH 1 SKICHO BHWIIUNA PIBEHb TEXHOJOTIYHOTO 3a0e3MeueHHs
IIPOBEJIEHHS MIIPUBHUX POOIT B3araii Ta B IPHUYOPYAHII MPOMHCIOBOCTI, 30KpeMa.

OCHOBHI €JIEMEHTH OINTHYHMX CUCTEM IHII[IIOBAHHA — JDHKEPENO Ja3epHOro
BUIIPOMIHIOBaHHS, CBITJIOYYTJIMBI BUOYXOBI KOMIIO3UTH, 3acO0M MIJPUBAHHA 1
ONTOBOJIOKOHHA MIJPUBHA MEPEXkKa, sIK1 3a0€3MeUy0Th BUCOKY CTYIIHb O€3IMEKH MpU
MIITOTOBII Ta MPOBEACHHI MIAPUBHUX PoOIT. JloCIIKEHHS, 3 METOIO BIOCKOHAICHHS
CUCTEMHM IHIIIIOBAaHHS, Ma€ JiIBA OCHOBHUX HAMNpPSIMKU: CTBOPEHHS HOBHUX
CBITJIOUYTJINBUX BUOYXOBUX KOMIIO3UTIB 3 HaWKpaluMu BHOYXOBUMH, (DI3UKO-
XIMIYHUMH, €KOJIOTIYHUMH, TEXHIYHHUMH, EKOHOMIYHMMHM 1 TEXHOJIOTITYHUMH
MOKa3HUKaMHU 1 3 aHAJOTIYHUMH XapaKTEPUCTHUKAMU 3acOO1B IMiJPUBAHHS 3apsiiiB
BHOYXOBUX peuoBHH [25] ; po3poOKa i CTBOPEHHS HOBHUX MPELHU3IHHNAX Ta HAJIHHHUX Y
poOOTI ONTUYHMX KBAHTOBUX T'€HEPATOPIB, OE3NEYHUX Il YaC BUKOPUCTAHHS Y

BYTUIbHUX IIaXTax.

BUCHOBKHA

1. Yytnusicte mgocmimkeHoro CBK Ha OCHOBI a3uay CBUHITIO 3aJICKUTH BiJl

MacoBOi KOHIIEHTpaIlli MoJiMepy: TMpH 30UIbIICHHI BMICTY IMOJIMEpYy IIUIBHICTh
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€HEprii 3amajtoBaHHsl 3MEHILYETHCS, TOCATA0YM MIHIMAJIbHOTO 3HAYEHHS, a MOTIM
3pocTae Mpu NOJANbIIOMY 301IbIIIEHHI BMICTY MOJIMEpPY.

2. BcranoBneno, mo uymiuBicth CBK Ha OCHOBI a3ujay CBHHLIO 10 Ail
Ja3epHOTO MOHOIMITYJIbCY 3aJICKUTh BiJ pajilyCy Ja3epHOTO MydyKa — YUM MEHIIE
paniyc, TUM OinbIla MIITBHICTH €HEPTii MOTpiOHA IS 3anaTtoBaHHS.

3. ExcnepuMeHTalbHO BCTAHOBJICHO 3JIKHICTh YYTJIMBOCTI BlJ MacoBOi
koHueHTpanii nokputtst CBK Ha 0CHOBI a3uly CBUHIIIO, SIKa MOJISTA€ y TOMY, IO MPU
3MEHIIEHHI MACOBOI KOHIIEHTpALii HoJIiMepy Ms, HOYMHA0YH 3 Ms~ 60...70 Mr/cm?,
gyTiuBicts CBK 3HMKY€ThCS, a MOKPHUTTS 3 MacOBOIO KOHILEHTpamicro 20 Mr/cm? He
BJAJIOCS 1HILIIOBATH HABITH MPH il IMITYJbCY 3 LIUIBHICTIO €HEprii, sika B 15 pasiB
TIEPEBUIIYE KPUTHIHY.

4. [HTEHCHBHICTb JIa3€PHOTO BUIIPOMIHIOBAaHHS B IIEHTPI IPOMEHS, IO
MOIIUPIOETHCS B PO3CIIOI0UOMY CEPEIOBUIII, 3HUKYETHCS 32 PaXyHOK MOTJTMHAHHS 1
po3cisHHs (oToHiB. [I[pryoMy, yuM MeHIE aiaMeTp MPOMEHsS, TUM OCJIa0JeHHS 3a
PaxyHOK pO3CIIOBaHHS CHWJIbHIIIE, a, OTxe, s 3ananoBanHg CBK uyu mratHux BP
noTpiOHa OUIbIIA €HEPTis JIA3EPHOTO IMITYJILCY.

5. HaiiBaxmBimMu (akTopamMu, IO BHU3HAYAIOTh PO3BHUTOK IPOIECY
3anamoBanHss CBK nazepHum MoHoiMITynbcoM, € ocBITJIeHICTH B 00’emi CBK 1
BIIONTOT XBWJII PO3TATYBaHHSA, IO TOMIUPIOIOTECA 3 OOKY BUIHHOI (BIAKPHUTOT)
MTOBEPXHI.

6. Hocmimkeni CBK pAomisbHO BHIUTUTH SK HOBUH KJac TEPBHUHHHUX
Himirorounx BP 1y1s nazepHux cucrem.

7. Ynepiiie €KClepuMEHTaIbHO BCTAHOBJICHO 3aJI€KHOCTI YYTJIUBOCTI 10 Aii
Ja3epHOT0 MOHOIMIYJILCY CBITJIOUYTJIMBUX BUOYXOBHUX KOMIIO3UTIB HA OCHOBI a3Uay
CBUHIIIO BiJi MacOBOi KOHIIEHTpAIlil OJiMepYy.

8. Ymepie BCTaHOBIICHO, 110 3aTpuMKa yacy 3ananoBaHHss CBK Ha ocHOBI
a3uJly CBUHITIO 301JBIINYETHCA SK MPU 3MEHIICHHI MacOBOI KOHIIEHTpAIll MOIiMepy,
TakK 1 MPY 3MEHIIICHHI TOBIWHU MIapy KOMITO3HUTY.

3a pesynbTaTaMu JIOCIIKeHb onyOikoBaHi podoTu [4,7-9,15,24,25].
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3AT'AJIBHI BUCHOBKHA

Huccepraiisi € HayKoBO-KBamiQiKamiHHO poOOTOr0, y SKi Ha mMiAcTaBi
BUKOHAHMX aBTOPOM JOCIHIDKEHb MICTUTBCSA PIMICHHS 3a4adi  I1IBUIIECHHS
¢()EeKTUBHOCTI BUKOHAHHS MIIPUBHUX POOIT 3a paxXyHOK ITJIBUIICHHS O€3MeKu Ta
NPEeUU3iHOCTI CIpalfoBaHHs 3aco0iB MiJpUBaHHS 13 3aCTOCYBAaHHSAM JIa3epHOI
CHUCTEMH 1HIIIFOBaHHS 3apsJiiB BUOYXOBUX PEUOBHH.

BianoBinHO 10 MOCTaBIEHUX 3a/1a4 OI[IHKAa OCHOBHMX HAYKOBHX 1 MPAKTUYHUX
pe3yabTaTiB HACTYITHA!

1. Edext OaraTokpaTHOrO pO3CIIOBAHHS JIa3€PHOIO BUIIPOMIHIOBAHHS, L0 Ha
NOPSJIOK 30UIbIITY€E 00'€MHY OCBITIIEHICTD Y CBITJIIOUYTIMBUX BUOYXOBUX KOMIIO3UTAX,
€ TOJIOBHMM IIO3UTUBHUM (DAKTOPOM, SIKMH Ha JE€KUIbKa MOPAJKIB 30LIbIIye
YyTJIMBICTh BUOYXOBUX PEUOBHH JIMIIE /10 JIA3EPHOTO IMIIYJICHOTO BUIPOMIHIOBAHHS
1 3abe3nedyye  chopauioBaHHsA  3aco0iB  MIAPUBAaHHA 3  TOYHICTIO  JO
50 MKc Ta rapaHTy€ IpU BUKOHAHHI MIIPUBHUX POOIT TaKUM CTYIIHb OE3MEKH, SIKUN
BIJINOBIJIa€ pOOOTI 3 BTOPUHHUMH BUOYXOBUMU PEUOBUHAMHU.

KopexTna (izuuHa iHTEeprOpeTallis SBUIA HU3LKOIMOPOTOBOIO 3aIajIFOBaHHS
BUOYXOBUX PEUOBUH € HEMOKJIMBOIO, SIKIIIO HE BPaxoBYBaTH (aKT po3CIIHHS (POTOHIB
B 00’€Mi BHOYXOBOT'O KOMITO3HTY.

2. EKcHepuMEHTaJIbHO OTPUMAHO JUIsl  CBITJIOYYTIMBOLO BHUOYXOBOTO
KOMITO3UTY Ha OCHOBI a3U1y CBUHIIIO TaKi 3aKOHOMIPHOCTI:

— 3MEHILEHHS KPUTHUYHOI TOBEPXHEBOI IIUIBHOCTI €HEPrii 1HILIIOBaHHS
CBITJIOUYTJIMBOTO BHOYXOBOTO KOMIIO3UTY 3aJIe)KUTh BiJ 3MEHIICHHS J1aMeTpy
JIA3€pHOrO IMIPOMEHS, a, MOYMHAKYM 3 giaMerpy 3%10° M, KpuBa 3aleKHOCTI
ACUMIITOTHYHO HAOIMKAEThCS 1O MiHIMaIbHOro 3HaueHHs 18x103 x/cm?;

— [IOPOTOBA E€HEPris 1HILIIOBAHHS 3MEHIIYEThCS 31 30UIBIICHHSAM AlaMeTpy
JIa3€pHOTO MTPOMEHSI, 1110 CBITYUTH PO 301IHIIICHHS OCBITIICHOCTI B 00’ €M1 BHOYXOBOTO
KOMIIO3UTY.

— 30UIBbIIEHHS] KOHLEHTpALii MOIIMHAIOYMX BUIIPOMIHIOBAHHS MIKPOHEOIHO-
PIAHOCTEH MiJBUIIY€E IMOBIPHICTD 1HIIIIOBaHHS BHOYXOBUX PEUOBHUH;

BcTranoBneHi 3aneXHOCTI Jai0Th 3MOTry BHOOPY pallioHaJIbHUX IapaMeTpiB
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Ja3epHOro MyyKa Jijisl 3aco01B mijipuBaHHs, 1o 3abe3neuye 100 % crpanboByBaHHS
JIETOHATOPIB, a TAKOK KOPOTKI YacCOB1 3aTPUMKU BUOYXY, SIKi, SIK BUSBHJIOCS, Ha JIBa
MOPSAIKY € MEHIITUMHU BiJI 3aTPUMOK CIIPAIlbOBYBAHHS €JIEKTPOACTOHATOPIB.

3. KoHCTpyKIlisi ONTHUYHOTO JE€TOHATOpAa MUTTEBOI i, 10 MPOMIIOB
BUIMIPOOYBAaHHS Ha 1HILIIOIOYY CIPOMOXHICTh, PEKOMEHJOBAHO ISl MPUUHSATTS 10
BUKOPHUCTAHHS B JIa3€pHUX CHCTEMax IHII[IFOBAaHHS 3apsiiiB BUOYXOBHX PEUOBHH.
BaxnuBumu pesynapraramu g BupimeHHs 3amadi 100 %-ro cmoparboByBaHHS
ONTUYHOTO JETOHATOPA € 3aJIeKHOCTI (CIPOMOXKHOCTI JAETOHAI1) BiJ] €eHEPTETUIHHIX
XapaKTEPUCTUK JIA3€PHOTO BUIIPOMIHIOBAHHS.

3a pesynpTaTaMd BUNPOOYBaHb XapaKTEPUCTHKH ONTHYHOTO JIE€TOHATOPA
MUTTEBOI /111 BIJIMOB1IaI0Th HACTYITHUM BUMOTaM:

—MpeU31iHICTD Mii (4ac 3aTpUMKHU 3anatoBanHsa Bij 1 10 50 Mkc);

—abCoMI0THA  CTIMKICTH ~ ONTHUYHOIO  JIETOHATOpa A0  30BHINIHBOTO
eJICKTPOMArHITHOTO BHITPOMIHIOBAaHHS (IIPUPOHOTO TIOXOKCHHS);

— MIJBUIIICHHUN piBEeHb O€3MeKu B TOBOKEHHI TiJ Yac 30epiraHHs,
TPAaHCHOPTYBAHHS Ta MOHTAXY IMIJIPUBHOI MEPEXI 3a PAXYHOK BIJICYTHOCTI IITATHUX
NEPBUHHUX BUOYXOBUX PEUOBHH;

— MIAPUBAHHS 3I1ACHIOETHCS TUIBKU TPSIMOIO JIEI0 JIA3€PHOrO IMIYJIBCHOTO
BUIIPOMIHIOBaHHS;

OnTuYHUI NETOHATOP MUTTEBOI il MPOUIIOB BUIPOOYBaHHS HA 1HILIIOIOUY
CIIPOMOXKHICTh 1 PEKOMEHJIOBAaHMI 10 BUKOPUCTAHHA B JIA3€pHUX CHCTEMax

1HIIIFOBAHHS 3apsi/iiB BUOYXOBUX PEYOBHH.



