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BBepgeHue

JlazepHas aBrogMHHAS MHTEpPPEpOMETpHs ad-
COJTFOTHBIX PACCTOSTHU B HACTOAIIIEE BPEMS XOPOIIIO
MpeJCTaBICHA METOJOM YaCTOTHOW MOIYISIUU
TOKa TUTaHus Jiazepaoro auona (FMCW) [1-4]. B
MIOCJICAHUE TOJIbI OITYOJIMKOBaHBI PA0OTHI, UCTIONbB3Y-
IOIITHE TAPMOHNYECKYIO MOIYIISIINIO TOKA TUTAHUS
nasepa [95, 6].

[IpenmymiecTBO MeTOAa rapMOHUYECKONH MO-
IYJSIIUM CBSI3aHO C OTCYTCTBHEM HEOOXOIUMOCTH
PETYIMPOBKHU NEBUAINN UTHHBI BOJTHBI N3ITyUCHUS
P U3MEHEHHUH PACCTOSHUS 10 oTpaxkaresst. OnqHa-
KO 3TO JIOCTUTACTCS 3 CIET YCIOKHEHHS MPOLIETYPHI
aHaJI3a aBTOAMHHOTO CUTHAJIA, BKITFOYAIOIIEH Pert-
CTPAIIIO aMITIUTY/ CTIEKTPAIBHBIX COCTABIISIONINX
U BBIOOP Mapbl TAKHX COCTABIISIONINX, KOTOPHIC
Jal0T MUHAMAJIBHYIO morpemHocTs. Kpome Toro,
JIOCTOMHCTBOM METOJla TapMOHHMYECKON MOayIsi-
WU SBISETCS OONBIIast TOYHOCTh U3MEPEHUH Tpu
HEOONBIINX PACCTOSHUAX, KOT/Ia HEIOCTAaTOYHAs
BENIMYMHA ACBHAIMH JJINHBI BOJHBI Ja3epHOTO
W3Jy4YEeHHUs HEe TO03BOJAET 00eCNeunuTh O0IbIIoe
KOJINYECTBO MHTEPPEPCHIMOHHBIX MAKCHMYMOB,
YKJIaBIBAIOIINXCS HA JIMHEHHOM y4acTKe U3MCHE-
HHUSI TOKA J1a3epHoro nuoaa [6].

OpHako B aBTOJMHHBIX CHCTEMax IPH MPOBe-
JICHUY UHTEP(EPEHIIMOHHBIX U3MEPEHUH Ba’KHBIM
MapaMeTpOM SIBISETCS YPOBEHb BHEIHEH OnTHYe-
CKoif 0OpatHoii cBsi3u [7—13]. B wactHOCTH, 11715 HC-
KITIOUCHUS IEPECKOKOB MO U YMEHBIIICHUSI CIIBUTA
YaCTOTHI H3JTyUEHHSI JIA3EPHOTO AN0/1a, BHI3BAHHOTO
M3MEHEHUEM KOHIICHTpAI[MH HOCUTENEH 3apsia B
aKTHUBHOH 00JacTH, MPEIOKEHO YMEHBIIATh YPO-
BeHb 00paTHO cBsi3u [14—17]. YpoBenb oOpaTHOM
CBsI3U OyZeT TakKe BIUSATH U HA BHJ aBTOAWHHOTO
CUTHaIa, GOPMHUPYEMOTO MPH MOMYJSIHH JITHHBI
BOJIHBI JIa3€pHOTO M3ITyICHUS.

B psane pa6ot [18,19] npenmnonaraercs, 4To
BIIUSTHUEM BHEITHEH ONTHYECKOW OOpaTHOW CBS3H
Ha (OpPMY H CHEKTpP aBTOIUHHOTO CHUTHAJA, MOIY-
YEHHOTO IIPH OTPAKEHHUH Ja3€PHOTO U3ITYICHHUS OT
BUOpUpYIOLIETO 00bEKTa, PU YPOBHE 0OpaTHOM
cBsizu C < 0.1 MOXHO TIpeHeOpeUb, MOCKOIBKY
(byHKIIMS aBTOIUHHOTO cUrHajia P(f) B 9ToM cilydae
Oyznet 6:u3ka K popme QyHKITMH HHTep(EepPSHITHOH-
HOTO CUTHAJIa B CUCTEME C Pa3BA3KON OT UCTOYHHKA
W3ITyUYCHHUS.

OHaKO OICHKA BIIMSHIS BHEITHEH ONTHIECKOM
oOpaTHOH CBS3U Ha (POPMY M CIIEKTpP aBTOIAUHHOTO
CUTHAJIA, OJYYCHHOIO MPU TOKOBOW MOMIYJISIIUU
JUTMHBI BOJHBI M3JIyYCHHUS Jla3epa, paHee HE Mpo-
BOAMIIACK. B CBSA3M € ATUM LIEeTBI0 pPabOTHI IBUIOCH
HCCIICAOBAHIC BIUSHIE YPOBHS 00paTHON CBS3H Ha

OnTrKa n CnexkTpoCKonns. NasepHas ¢prsrka

TOYHOCTB U3MEPEHNUS a0COITFOTHOTO PACCTOSHUS ITPU
rapMOHUYECKON YaCTOTHON MOIYJISLIUH JIa3€PHOTO
U3ITyYeHUSL.

1. ®opmupoBaHue aBTOAUHHOIO CUTHaNa

1 ToIyTIpOBOTHIKOBOTO JTa3epa ¢ BHEIIHEH
ONTHUYECKOHN 00paTHOM CBSI3bI0 ypaBHEHUE 111 MOILI-
HOCTH M3JIy4YeHHUs JIa3epHOTO aBTOJIMHA CJIEIYET U3
MOJIEJIM COCTaBHOTO pe3oHartopa JIanra u Kobasmm
[19] 1 MmoXxeT OBITh CBEIEHO K BUIY

P(j(0)=F(®) + P,cos(o, (j()D). (1)

3necw P(j(f)) — cocTapmsomas MOIIHOCTH, HE3a-
BUCAIIAA OT pACCTOAHUA 10 BHCIIHETO OTPAKaATEJIA,
P, — aMniuuTyjaHas COCTaB/AIOIas MOIIHOCTH, 3a-
BHCAILIEH OT Ga3zoBoro Habera BoJaHBI ®(j(7))T B CH-
CTEME C BHELIHUM OTpakaTelieM, T — BpeMs 00xoaa
JIa3epHBIM M3JIYYCHHEM PAcCTOSHUS JI0 BHEIIHETO
oTpaxarens, o, ( j(¢))—4acTora u3aydeHus Moiy-
MIPOBOTHUKOBOTO JIa3epa, 3aBUCSINAs OT IUIOTHOCTH
TOKA HAKAYKU j(t), HM3MEHSIOIIETOCS BO BDEMEHH 7, U
ypoBHs 00partHoii cBs3u C, onpenernsiemMas (pa3oBbIM
ypasHenuem [20, 21]:

o(j(M)t=o0 (j{@) 1+ C- sinCo (j))T+y),
()

C=1-z-/1+a’, 3)

C — xorpdunuent, xapakTepusywmuil ypo-
BEHb BHEIIHEW ONMTHYECKOW oOpaTHOU CBS3H,
o(j(t) = 2rnc / Mj(1)), Mj(t)) — nIvMHA BOJHBI U3-
JyuyeHus Jiazepa 6e3 00paTHOM CBA3M, ¢ — CKOPOCTh

e

cBera, Y = arctg (o), o —kod3hPUIUEHT yiupeHus
JUHHUM TeHEepanuu, z — Ko3(pPuuueHT oopaTHOM
CBSI3H, 3aBHCSIIMNA OT KOA(PPHUIUEHTOB OTPAKECHUS
OT BHEILIHET0 3epKajia, OOpalleHHOW K HEMY TpaHH
Ja3epa U BpeMEHH 00X0/a U3IYUCHHUEM Ja3epHOTO
pe3oHaTopa.

YpoBeHb 00paTHOI CBsA3U BIUSAET Ha (op-
MYy aBTOAWHHOI'O CUTHAJla U YaCTOTY U3JIYYCHUA
nazepHoro guona. [Ipu mamom ypoBHe 00paTHOM
CBSI3U, XapaKTepuzyeMmbiM BenuuuHoi C << 1,
3aBUCHUMOCTH (pa3bl M3IYUCHHS JIA3€PHOTO ITHUOIA
oT Habera (a3bl BOJHBI BO BHEIIHEM PE30HATOPE
Jazepa c 00paTHOM CBSA3BIO CTAHOBUTCS JTUHEHHOM
[18]. To ects mpu C << | u3BMEeHEHNEM YaCTOTHI U3-
JyYCeHHS TTOTyTIPOBOTHUKOBOTO JIa3epa BO BPEMECHU
MOXHO TpeHeOpeds. [Ipu sToM HOpMUpOBaHHAS
COCTABIISIIOIIAsT aBTOJMHHOIO CHUTHAJIA COBIIA/IaeT
C HOPMHPOBAHHOW COCTaBIISAIONICH MHTEp(EpeH-
LUOHHOT'O CUTHAJIa C Pa3BA3KOH OT MCTOYHHKA
H3TyYEHUS.
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[Ipu ypoBHe obpatHnoii cBsizu 0.1 < C < 1 3a-
BHUCHUMOCTB (ha3bl M3IyUCHHsS JTA3E€PHOTO JHOAA OT
Habera (pa3pl BOJHBI BO BHEITHEM PE30HATOpE Ja-
3epa ¢ 00paTHOM CBA3BIO CTAHOBUTCS HETMHEHHOH.
[Ipu ypoBHE 00OpaTHOM CBSI3U U3 ATOrO MHTEpBaja
3HAYEHUI U3MEHEHNEM YacTOThl U3Iy4EHUS MOIy-
MIPOBOIHUKOBOTO JIa3epa MpeHeOpeds Henb3s. Takas
3aBUCUMOCTbH IPUBOIUT K UCKAXKEHUIO (DOPMBI aBTO-
IIHHOTO CHUTHAJA M HE COBIIAJCHUIO eTo ¢ (hopMoit
HHTEP(EPEHIIMOHHOTO CUTHAA.

BiusiHue ypoBHsSI 0OpaTHOW CBSI3U Ha (Gopmy
ABTOJIMHHOTO CUTHAJNA W 4YacTOTY HM3Jy4YeHHs Ja-
3epHOTO aBTOAMHA WiLTocTpupyercs puc. 1. Kak
CIIeIyeT U3 Pe3ybTaToB, IPUBECHHBIX Ha PUCYHKE,
HaOTIOaeTCsI MOSBIICHUE YIACTKOB C HECUMMETPUI-
HBIM OTHOCHUTEIBHO 3KCTPEMAJIbHBIX 3HAUEHUN P
HaKJIOHOM, KOTOpPHIE MOKHO OXapaKTepH30BaTh
OTHOLICHUEM HUHTEpBaJa U3MECHCHUA (basm, Koraa
MIPOMCXONUT yOBIBaHNE P K MHTEPBaly H3MCHCHUS
(hasbl, nIM €ro HapacTaHue.

T, rad

Puc. 1. HopMupOBaHHbIE 3aBUCUMOCTH aBTOAMHHOIO CHTHaNa P OT (a3bl H3IIyYeHHs JIA3EPHOTO MO (T PH CIEMYIOMHUX
napametpax: / —C=0.1,2-C=0.9
Fig. 1. Normalized dependences of the self-mixing signal P on the laser diode radiation phase at the following parameters:
1-C=0.1,2-C=0.9

2. YactoTHaa mopynsauus
Na3epHoro aBToAUHA

[Ipu Moxynsiuuu AJTUHBI BOJHBI M3ITYYEHHS
MOJIYIIPOBOJHUKOBOTO Ja3epa dactora o(j(t)) u
aAMITTATYIHAS COCTABIIIONIAs MOIITHOCTH M3y YCHUS
nasepa P, (j(t)) onpenensrorcss COOTHOIICHUAMM:

o(jit)=w,+0,-sin(2-n-v, 1),

POiW=1 si (4)
1(](t))_1151n(2'n'v1't),

rjie o, —4acToTa U31y4eHus 0IyIIPOBOIHUKOBOIO
JIa3epHOTO JM0/Aa B HaUYaJ IbHBIA MOMEHT BPEMEHH ¢,

® , — A€BHALUS YACTOThI U3y YEHHs Oy IPOBOJHH-
KOBOTO JIA3€PHOTO IMOJA, V, — YaCTOTa MOAY ALK
TOKAa IIMTAHUS JIA3€PHOrO AUOAA, [, — aMIUINTyAa
TOKOBOI Mozynsuu cocrapustomeit P (j(1)).
MopnenpoBaHue aBTOAUMHHOTO curHana P, (j(f))
MPOBOJIUJIOCH MPH Pa3IMUHBIX YPOBHSAX O0OpaTHOM
CBsI3M W MapamMeTrpax: A = 650 HM, JIeBHAIMS] ITTUHBI
BOJTHBI H3JTy4€HUS MTOTYITPOBOJHUKOBOTO JIA3€PHOTO
muona AA = 0.01 aM. Ha puc. 2 npesicrasieHa 3aBu-
CUMOCTh MOIIIHOCTH HU3JTy4YCHHS JIA3EPHOTO aBTOIHHA
OT BPEMEHH IPHU PacCTOAHUM 10 oObekTa 10 cMm.

P au

-0.2

-0.4

0 0.002 0.004 0.006 0.008

0.01 0.012 0.014 0.016 0.018
4,8

0.02

Puc. 2. CMonenupoBaHHbII aBTONWHHBIN CUTHAT ITpH TapameTpax: A = 650 am, AL = 0.01 uM,
U CIEAYIOUINX MmapameTpax ooparHoit ceszu: [ —C=0.1,2-C=0.9

Fig. 2. Modeled self-mixing signal with parameters: A = 650 nm, AL = 0.01 nm and the fol-
lowing feedback parameters: / - C=0.1,2-C=0.9
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Kak BuaHO W3 puCyHKa, JJIsI BBICOKMX 3HAYEHHH
ypoBHs oOparHoit cBszu (C = 0.9) unaTephepeHu-
OHHBIC MAKCHUMYyMBbI Ha 3aBUCUMOCTH ITPHOOPETAIOT
JIOTIOJTHUTENLHBIA HAKIIOH, CBUCTEIbCTBYIOIINN O
JIBOWHOM U3MEHECHUH YaCTOThI U3ITyYCHHUS J1a3ePHOTO
JINO0/1A, CBI3aHHOM KaK C TOKOBOM MOAYJISILIUEH TTMHBI
BOJTHBI JIA3€PHOTO 1IN0/, TaK U C aBTOAWHHBIM OT-
KJIMKOM 9aCTOTHI H3JIy4EHUS J1a3epa MU pa3IHuHbIX
(hazax OTpaKeHHOTO OT 00BEKTA U3ITYUCHUS JIa3epa.

3. OnpegeneHue abCONMIOTHOrO PaccToAHUS

Pemenne 06paTHOI7I 3aa4u 1o OIpPEACICHUIO
PACCTOAHUSA 10 OTPAKATECIIA MOXKET 6I>ITB IMOJIYUY€HO
B Hpe)Z[HOJIO)KeHI/II/I paBeHCTBa HaCTOThbI I/ISJIy‘leHI/Iﬂ

YEIIMHEHHOTO JiazepHoro auoma o(j(¢)) gactore
U3Iy4EHHs JTa3epHOro aBroauHa o (j(7)). B sTom
cllydae BBIpaXXEHHUE JJI MOUIHOCTH H3JIyYeHHUS
4aCTOTHOMOYJIMPOBAHHOTO TOIYIIPOBOAHUKOBOTO
nasepa (1) 3anuiercs B BUIE:

P(j(t))=1,sin(2nv,t) + P, cos(®,T + ® ,t5in(Q1)). (5)

J1s onricaHust HU3KOYaCTOTHOTO CIIEKTPa aBTO-
JIMHHOTO CUTHAaJa MPU TAPMOHUYECKON YaCTOTHOM
MO/ U3ITyYSHHS JTa3ePHOTO JHOIa MOIITHOCTh
ABTOIMHHOTO CHTHAJIA MOXKET OBITH IPEICTABICHA
B BHJIE pa3yiokeHus B psa no gpyHkuusam beccens
nepBoro pozxaJ,:

P(t)=1,sin(€dt) + P, cos(0)J,(c) + 2P, cos(0) - iJ L. (0)-cos(2n - Qf)) -

2n-1

—2Psin(0)-3J
n=l1

u B psan Oypse ¢ korddurmenTamu pasnoxkenus a, u b, :

(6)

(0) - cos((2n —1)(€2)),

P(t)=a,/2+ i(azncos (2nQt) — b, sin(2nQ)) + Z (a, cos((2n-1)Qt)—b, sin2n -1)Qt)), (7

rne cranmuoHapHas (a3za aBTOAMHHOTO CHUTHala
0=0,t, c=0,t, Q = 21V, — Kpyrosas 4acroTa
MOAYJISIIUYN TOKa MUTaHUS Ja3€pPHOTO AUOJA.

N3 paBencTBa cootHomeHu# (6) u (7) MOXXHO
3aMucaTh BRIPAXKEHUS I aMILTUTY/] CIEKTPATbHBIX
rapMoHuK Dypbe-crekTpa S, COOTBETCTBYIOIIMX
aMIUTUTY/IaM CHEKTPaJbHBIX COCTABIISIOUINX pa3-
JoxeHus B psaf o ¢yHknusm beccens. Beenem
k03GGuLuEeHTH! S, paBHbIE 10 MOJIYIIO YETHBIM
1 HEUETHBIM CIEKTPAIbHBIM COCTABISIONIUM pa3-
noxenus psga Oypse, B BUAE:

2 2 2 2
SZn =4y, +b2n S2n+l =N +b2n+l : (8)

BBIpa)KeHI/IH JJI1 aMIUTATYA CHOCKTPAJIbHBIX Tap-
MoHuK Dypbe-criekrpa S, u S, wstn = 1,2,3...
OynyT UMeTh BUJ

S2n =2cos(0)- P -J, (©), ©)

S, =-2sin(6)- P, - J,,,(0).  (10)

2n+1

MoaenupoBaHue CHEeKTpa aBTOJUHHOTO CHI-
HaJja MPOBOAMIIOCH MPH MapameTpax: A = 650 HM,
AceBUanusg JJIMHBI BOJIHBI I/I3J'Iy‘leHI/IH HOHprOBO-
JMHUKOBOTO JazepHoro nuoaa Ak = 0.01 mm, pac-
crostHUe 1o oObekTa 10 cM. Ha puc. 3 npencrasieH
BLI‘H/ICJ’IGHHLII‘/'I CHCKTp ABTOJAMHHOTO CUTHAJIa HpI/I
ypoBHe obpatHoi cBsizu C = 0.1.

T T T
. 2r .
=
o
o
| ‘ m m |
| l‘ 1 | I I ‘ | “ l | I | | ﬂ | 1
0 1000 2000 3 4000 5000
f, Hz
Puc. 3. Cexktp aBTOOMHHOTO CHUTHANA, H300paxeHHoro Ha puc. 1, mpu C = 0.1
Fig. 3. Spectrum of the self-mixing signal shown in Fig. 1 at C=0.1
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Jlist onpeneneHus paccTostHUA 0 00beKTa L,
BXOJAILEr0 B IapaMeTp G, UCIOJb3YEM OTHOIIE-
U 11 S, U S,, ., ¥ OTHOIIEHH 1A S,,, U S,, .5
CIEKTPAJBHBIX TapMOHUK Dypbe-cleKTpa aBTo-
JWHHOTO CHUTHAJa:

Syl Sania = (5,(0)) 1 (Jy,15(0)), (1)
Sonir! Sanis = (U211 (6)) 1 (y15(0)), - (12)

Pemrenne momyuenusix ypaBuenuit (11) u (12)
OTHOCHUTEIBHO HEU3BECTHOIO MapaMeTpa c=@,T
TpeOyeT 3HaHUSI TapaMeTPOB TOKOBOW MOJYJISIIHH
JIa3€PHOTO aBTO/IMHA, B YACTHOCTH, IEBUAIIUN YaCTO-
TBI U3Iy4EHUS JIA3€PHOTO Anoaa O ,. [IpuHrMas Bo
BHHMaHUE, 9T0 T =2 - L /¢, oy4aeM COOTHOIIICHHE

JUTSL OTIPENIEIIEHUS PACCTOSHUS 10 00BEKTa:
¢ ©
= Zx—, (13)
2 Ao

4. BnusHue ypoBHsl 06paTHOIA CBA3U

3aaua HaXOXKICHUS U3MEHEHHSI MOILITHOCTH aB-
TOAMHHOTO cUrHaiia P(f) Ipy U3BECTHOM PaCCTOSHUHI
JI0 OoTpaxkaresis L MOXKHO Ha3BaTh NMPSIMOW 3aaadei,
a 3a/1a4a HaXOKJIEHUsI L ¢ UCII0Ib30BaHUEM PACCUU-
TaHHOTO U U3MEPEHHOTO P(f) Ha3bIBaeTCs 0OpPaTHOM.
s peuienus 0OpaTHOM 3a7a4M 1O ONPEACTICHHUIO
paccTosHUsI 10 OTpaXkaTess PH TOKOBOK MOAYJISIIIUN
JUIMHBI BOJIHBI JIA3EPHOTO U3ITy4EHHSI 110 aMIUTUTYIaM
CHEKTPaIbHBIX COCTABIAIOIMUX S, , S, ,, S, | H
S, ,+3 ABTOJMHHOTO CHMTHAJIA, UCIIONb3Ysd ypPaBHEHUS
(11) m (12), paccunThiBacTCs 3HAYCHHE MapaMeTpa
o. [1o u3aMepeHHOI BeNMYWHE NEBUAIUU YACTOTHI
U3ITy4eHHUs JIa3epHOro JHOAA (), M3 COOTHOIIEHUS
(13) onpenensercs paccTosiHUE 0 OTpaxkareis L.

[TockonbKy oOpaTHast CBSI3b U3MEHSET popMy U
CIEKTP aBTOJMHHOTO CUTHANA, pacyeT PaCcCTOSHHUS
¢ ucronb3oBanueM cootHomrenui (11) —(13) Oyzner
JlaBaTh MOIPEIIHOCTh B ONpPENENEHUN HCXOJHOTO
paccTosiHus 10 oTpaxarens. s onpeaeneHus Be-
JINYUHBI TOTPEIIHOCTHU B ONPEACIICHUN PACCTOSHUS
JI0 OTpayKaTelsi Mpe/IaraeTcs UCII0Ib30BATh pacyeT
PacCTOSIHUSA 110 Pa3TUYHBIM HA0OpaM CIIEKTPATbHBIX
COCTABJISIFOIIMX CTIEKTPa aBTOJUHHOTO CUTHAJIA.

C ydyeToM 00CYyXaaBIlelics paHee MpoOIeMbl
[22] HeoOxoauMocTH yueTa 3Haka pyHknui becce-
181, BXxonaumux B ypasHenus (11) u (12), nns pacuera
BIIUSIHUS yPOBHS 0OpaTHOM CBSA3HM BHIOUPAIUCH Ha-
OOpBI rapMOHUK B 00JIACTH BRICOKUX YaCTOT BOJIM3H
TAPMOHHMKHU C MaKCUMaJIbHON aMIUTUTY/IO0MN.

KommnbrorepHoe MoaenupoBaHue aBTOAMHHOIO
CHUTHAJIa BIMSIHUS BHEITHEH ONTHYECKON 00paTHOI
CBSI3M Ha TOYHOCTb U3MEPEHHSI paCCTOSHUS A0 OTpa-
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JKaTeIst IPOBOIIIIOCE IIPH CIICTYONIHX ITapaMeTpax:
JUTMHA BOJIHBI JIA3€pHOTO M3iydeHus A = 650 HM,
paccTostHHE OT Jiazepa OO OTpakarollel MoBepx-
HocTH 30HAa L = 10 cMm, yacToTa MOAYISIIUN TOKA
nazepHoro n3nydenus v = 100 I'u.

Ha puc. 4 (kpuBast /) npuBe/ieHa 3aBUCUMOCTh
BEJIMYMHBI CPEIHEKBAIPATHUECKOTO OTKIOHCHUS
(RMS deviation), pacCYMTaHHOTO IO PA3IUIHBIM
HabopaM rapMOHUK CIIEKTpa aBTOAMHHOIO CUTHAJIA,
OT ypOBHS OOPAaTHOH CBSA3M MPHU JEBHALIUU JJTHUHBI
BOJIHBI JTa3zepHOTo m3mydeHus AL = 0.01 am.

1800~
1600
14004
1200
10004
800
600+
400
200+

RMS deviation, a.u.

A

0= T T T T 1

0 02 04 0,6 0.8 1
C

Puc. 4. 3aBHCUMOCTD BEIMYUHBI CPEIHEKBAAPATUICCKOTO
OTKJIOHEHUS OT ypoBHs 00patHO# cBsi3u C: 1 —AA=0.01 aHM,
2—AA=0.04 am
Fig. 4. Dependence of the RMS deviation on the feedback
level C: 1 —AL=10.01 nm, 2 — AL = 0.04 nm

Kak ButHO 13 puc. 4, HAOIFOIaeTCs HETMHEHHAS
3aBUCUMOCTbH MOTPEIIHOCTH OMpPENEICHHS PaccTo-
STHUS TIO CTIEKTPY aBTOJMHHOTO CUTHAJIA OT YPOBHSI
00paTHOM CBSI3M MPH HU3KUX U BBICOKHX YPOBHSX
o0patHOii cBs13H. [ MpaKTUKU HAMOOIBIITHIA HHTE-
pec MpecTaBIseT ONpeielieHne yPOBHS 00paTHON
CBSI3H, TIPU KOTOPOM OYJICT TOCTHTHYTa HAaUOOJIbIIIast
TOYHOCTh M3MEPEHUH, pealiu3yeMast B aBTOJJUHHBIX
WU3MEPUTEIISIX.

5. BausiHue 1eBHALINH JIA3ePHOT0 U3TyYeHUsI

Jns mOBBIIIEHUS YPOBHSA OOpaTHOH CBSI3U
OBLIIO HCCIICAOBAHO BIMSHIE ACBHAINH JIa3¢PHOTO
U3ITydeHUs MpU (UKCHPOBAHHOM DPACCTOSIHHH JI0
oTpaxarenss. Ha puc. 5 npuBeneH CHEKTp aBTO-
JUHHOTO CHUTHaJla MPU CIENYIOLUX Napamerpax:
AX=0.04 am, C=0.1.

Kak BuHO U3 puc. 5, ¢ poCTOM BEIUYUHBI
JeBHANMN NPOUCXOAUT oboTrameHue CIEeKTpa
aBTOJAMHHOIO CUI'Hajla TapMOHUKaMH BBICOKMX
nopsAIKoB. Pe3ynbraThl pacuera 3aBUCUMOCTH Be-
JUYUHBI CPEJHEKBAIPATUUYECKOTO OTKJIOHEHUS OT
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Puc. 5. CnexTp aBTOIMHHOTO CHTHAI NpH ciieayromux mapamerpax: AL = 0.04 am, L =10 cm, C=0.1
Fig. 5. Spectrum of the self-mixing signal at the following parameters: AL = 0.04 nm, L = 10 cm, C=0.1

YpOBHSI 0OpaTHOM CBSI3W NPH BEIIMYMHE JICBUAIIUH
A\ = 0.04 um nipuBe/icHBI Ha puc. 4 (kpuBas 2), U3
KOTOPOTO CJEIYET, YTO C POCTOM JICBUAIIMH Ja3ep-
HOTO M3JIy4YeHHs BIMSHHE YPOBHsI 00paTHOU CBS3H
YMEHBIIIACTCS, & TOYHOCTH OMPEACTICHUS PACCTOSHUS
yBennuuBaetcs. OOHapyKeHHass 3aKOHOMEPHOCTh
KOCBEHHO TTOJITBEPIKAAETCS BUIOM aBTOAMHHOTO CHT -
Halla, IPUBEACHHOTO Ha PUC. 2 JUIsl Pa3HBIX YPOBHEH
oOpatHOU cBsi3u. Hamboubiee pacxoxaeHue s
pa3HBIX YPOBHEH 0OpaTHON CBSI3U KPUBBIC HMEIOT B
0051aCTH MEJICHHOTO M3MEHEHUS YaCTOThI JIA3¢PHOTO
W3IIy4YEeHUSs], KOT/a YBEJIUUYCHHE JUTMHBI BOJIHBI U3ITY-
YEHHsI CMEHSIETCS Ha €r0 YMEHBIIICHHE U HA00OPOT.

[IpennioxkeHHast METOJIMKA pacdyeTa PacCTOSHUS
M0 pa3IUYHBIM Ha0OpaM T'apMOHHUK CIIEKTpa aBTO-
JIMHHOTO CHUTHaJla MOXKET OBITH MCIIOJIB30BaHa IS
oTpeieTICHHsI YPOBHS 0OpaTHOW CBS3M B aBTOJMH-
HOU cucteme. HeoOXoaMMoOCTh TakoM ONEHKHA 00-
YCIIOBJICHA TPYAHOCTSIMH B I3MEPEHUH [TapaMeTPOB
ABTOJIMHHOM CUCTEMBI, BXOISIINX B BeIpaxkeHue (3),
JUTSL pacueTa ypoBHs oOpatHo# cBsizu C. Beraucisist
CPETHEKBAIPATUIECKOE OTKIOHEHHE 110 PA3ITNIHBIM
HabopaM rapMOHHUK CIIEKTpa aBTOJJMHHOTO CUTHAIIA,
T10 TIPUBEJICHHOW Ha pUC. 4 3aBUCUMOCTH OTIPe/IeIIs-
€TCsl ypOBEHBb OOPATHOM CBSI3M aBTOJAMHHON CHCTEMBI.

3aknioyeHume

IIpu u3zmepeHun aOCONIOTHOTO PACCTOSHUS
C TIOMOIIBIO JIA3E€PHBIX ABTOIWHOB C TOKOBOI MO-
JOyJNnueil IIMHBI BOJIHBI M3JIy4EHHUs] HA TOYHOCTh
M3MEpEeHHsT MOXKET OKa3bIBaTh BIMSHUE yPOBEHb
BHEIIHEH OoNTHYecKoil oOpaTrHON cBA3u. Pacuer
YPOBHS 00paTHOH CBA3M IS KaXKJJOr0 KOHKPETHOTO
cllydas MCIIOJIb30BaHMs JIa36pHOTO aBTOAMHA 3a-
TPYAHUTENEH U 3aBHCUT HE TOJIBKO OT MapaMeTpoB
CaMOro aBTOAMHA, HO U CHCTEMBI (POKYCHPOBKHU
JTa3€pHOTO M3ITyYeHHs, HIEPOXOBATOCTH MOBEPX-
HOCTH, yIJIa HaKJIOHA [TOBEPXHOCTHU K MaJarolieMy

OnTrKa n CnexkTpoCKonns. NasepHas ¢prsrka

nazepHoMy nydy u 1ap. OueHka ypoBHsi 00paTHOH
CBA3H MOXET 6I>ITI> mpoBE€ACHA HA OCHOBE METOAUKHN
pa3ioKeHHsl ABTOAMHHOTO CUTHaNA B psiibl Dypbe u
beccens u aHanu3a criekTpa aBTOAMHHOTO CUTHaJIa
o HabopaM CreKTPasIbHBIX rapMOHHUK. Vconb3yst
3aBUCHMOCTb CPEAHEKBAIPATHUCCKOTO OTKIIOHCHHS,
PacCUUTAHHOTO 10 Pa3IMuHbIM HAOOpaM rapMOHHK
CIEKTPa aBTOJMHHOIO CHTHAIA, OT JCBHAIUU Jia-
3epPHOTO M3JTyYeHHs, MOKHO OIPEICIUTh YPOBEHb
00paTHO# CBSI3U.
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Background and Objectives: Self-mixing interferometry of absolute
distances is currently well represented by the method of frequency
modulation of the laser diode supply current (FMCW). In recent years
a harmonic modulation of the power current of a self-mixing laser
began to be used. The advantage of the harmonic modulation method
is due to the absence of the need to adjust the deviation of the radia-
tion wavelength when changing the distance to the reflector. In the
laser systems, the level of external optical feedback is an important
parameter during interference measurements. The feedback level also
affects the type of the self-mixing signal generated by modulation of
the wavelength of laser radiation. The aim of this work was to study
the effect of the feedback level on the accuracy of absolute distance
measurements at the harmonic frequency modulation of laser radiation.
Materials and Methods: The article presents a method of measur-
ing distances using a semiconductor laser with a harmonic modulation
of the radiation wavelength. The technique allows taking into account
the influence of the feedback level to improve the accuracy of the
measurements. In particular, it is proposed to reduce the feedback

HayyHbifi otaen



AH. B. Ckprinans n1 4p. V13mepeHne pacCToAHKA MpH rapMOHNYECKOFR MOAYAALNA ANFHBI BOHN @

level in order to eliminate mode jumps and reduce the frequency shift
of the laser diode radiation caused by a change in the concentration
of charge carriers in the active region. Results: The results of the
influence of the feedback level on the shape of the self-mixing signal
and on the accuracy of distance measurements have been described.
Conclusion: Evaluation of the feedback level can be carried out on
the basis of the method of decomposition of the self-mixing signal in
the Fourier and Bessel series and analysis of sets of spectral harmonics.
The feedback level is determined using the values of the RMS deviation
calculated from sets of spectral harmonics of the self-mixing signal.
Keywords: laser interferometry, self-mixing laser, laser radiation
modulation, distance measurement, spectral analysis.
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MpencTaBneHbl pe3ynbTaThl MOHUTOPUHTA U3MEHEHMS! OMTUYECKUX CBOWCTB W reomMeTpuye-
CKMX NapameTpoB 00Pas3LOB €X ViVO MbILLEYHON TKaHU KOPOBbI B MPOLIECCE Aermapartauum,
BbI3BAHHOM MX KomMnpeccueil. CTeneHb feruaparaumm 06pasLoB OLEHMBANACh N0 U3MEHEHMIO
MX Macchl B MPOLLECCE CYLUKW MW MO Macce BbITECHEHHOW BOAbI U3 0OPA3LOB, NOABEPXEH-
HbiX komnpeccuu. MNpuBeaeHbl pPe3ynbTaTbl CPABHEHWS OWHAMWKW CTEMEHU Aernaparauuun
06pa3LoB CO CMEKTPaNbHLIMKA U3MEHEHUSMI B UX Auddy3HOM oTpaxeHun. OTMEYEHO, 4To
BPEMEHHOE M3MeHeHNe Ko3POULIMEHTOB AnddY3HOTO OTPaxXEeHUs BbICYLLEHHBIX 0OPa3LIOB 1
00pa3LioB, NOABEPXEHHbIX KOMMPECCHM, HOCST NMPOTUBOMOMOXHbIA XapakTep: NPW HaNOXeHUM
komnpeccum anddysHoe 0TPaxXeHNEe YMEHBLIAETCS, a B NPOLECCE CYLLIKM YBEMYMBAETCS, YTO
00BSACHSETCS Pa3HbIMU U3MEHEHUSIMI B HU3NYECKON CTPYKTYpe 06pa3Los. PaccmatpuBaetcs
BO3MOXHOCTb OLIEHKM M3MEHEHNs iernapataummu 06pasLoB TkaHu B YCNIOBUSIX KOMMPECCHN N0
cnekTpam ux andedy3HOro 0TpaxeHus.

KnioueBble cnoBa: MbilleyHas Tkab, Aerupparauus, komnpeccus, anddysHoe oTpaxe-
HWe, ONTUYECKOE NPOCBETIEHNE.
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BBepeHue

«OnTraeckoe MpoCcBeTICHIE OMOTKaHEeH», OCHOBAaHHOE Ha YMEHbB-
IEHUU UX PACCEHUBAIOMINX M MOTIOUIAIOUIUX CBOMCTB, YBEIUYUBAET
KaK TIIyOWHY NPOHUKHOBECHHS CBETa B TKaHb, TaK M MHTCHCHBHOCTH
cBeTa B Oojee myOOKUX 00JacTAX TKaHU, MOTEHLUHAIBHO Ylyullas
BO3MO)KHOCTH PA3JIMYHBIX ONTUYECKUX AMATHOCTHUYECKUX U TEpareB-
TUYECKUX METOIUK. B HacTosIee BpeMsl IUPOKO UCIIONIb3YETCS METO
MMMEPCHOHHOTO ITPOCBETICHHS OMOTKaHEeH, KOT/1a B OMOTKaHb BBOMISTCS
TUIIEPOCMOTHYECKHE UMMEPCHUOHHBIE aT€HTHI, BBI3bIBAIOIINE TP PY3HI0
BOJIBI U3 BHYTPUTKAHEBOI'O IPOCTPAHCTBA M YaCTUYHO 3aMelLlaroline
co00ll BHYTPHUTKaHEBYIO XMIKOCTh. K MOTEHIIMAIbHBIM MEXaHU3MaM
YMEHBILEHUS PACCESIHUS CBETa B TKAHAX OTHOCAT BOJHBIA TPAHCIOPT
13 KOMIIOHEHTOB TKaHEi, MepeMeleHus] BOJbl BHYTPH TKaHU, 3aMEHa
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MEKKIJICTOUHOH BOIBI XUMHYIECKIM areHTOM ¢ Ooiee
BBICOKHMM TIOKa3aTejeM MPEeIOMIICHUS, CTPYKTYp-
Hast MOAM(UKAIUS WU ITHCCOIHMAIUS KOJiare-
HOBBIX BOJIOKOH [1]. ANbTepHaTUBHBIM METOIOM
OTITUYECKOTO TPOCBETICHHS OMOTKaHEH SBISCTCS
KOMIIPECCUOHHBIH METOJl MpOCBeTIeHus [2-22],
OCHOBHBIMH MEXaHH3MaMH KOTOPOTO TpeAroara-
I0TCS ICTUApATAUs TKAHU U3-3a TPAHCIIOPTA BOJIBI
13 00JacTH MPWIOKCHHS BHEIIHEH KOMIIPECCUU
U CTPYKTYpHBbIE M3MEHEHHS TKaHU. KitoueBbIMH
MpoIIeCCaMU, OMPENEISIONUMA MEXaHU3MBI UM-
MEPCHOHHOTO ¥ KOMIPECCHOHHOTO MPOCBETICHUS
OMOTKaHM, SIBISIOTCS OCMOTHYECKAs AETHIPATAITHIS
TKaHHU MO ICHCTBHEM UMMEPCUOHHOTO areHTa Uin
Jeruaparanys ONOTKaHH U3-3a TPAHCTIOPTA BOIBI U3
00acTy MPUIIOKEHUS BHEITHEH KOMIIPECCUU.

B myOnukamnusx mo KOMIpecCHOHHOMY METOTY
MPOCBETIIeHH OMOTKaHEH B OCHOBHOM paccMarpu-
BaroTcs: 1) BIMSHHME BHEUIHEr0 MEXaHUYEeCKOro
JIABJICHUSI HA CIIEKTPbI IPOIMyCKaHUS U JU(Py3HOTO
oTpakeHus 00pa3ioB TkaHew [3—10, 14, 15, 18-20];
2) U3MEHEHHS B ONTHUECKUX MapaMeTpax (kodddu-
[MEHTaX IOTJIOMICHNS] U PACCesTHUS) TKaHeH [3, 5,
11, 12, 15, 18]; 3) ¢usudyeckue MexaHU3MBI, PHU-
BOJIISIIIME K N3MEHEHHSIM ONTHYECKHX MapaMeTpOB
[2, 11-13, 16-19, 21, 22].

Bomnpocs! BAHSHIS KOMIPECCHU Ha ONTHIECKUE
CBOMCTBA MSTKUX TKaHEH M BO3MOXKHBIE MEXaHU3-
MBI H3MEHEHHUH ONTHYECKUX CBOHCTB OMOTKaHEH B
YCIIOBUSIX KOMIIPECCHH PACCMATPHUBAIIUCH B padoTax
[3, 5]. B o0meM oTMevaeTcst, 4TO IpH KOMIIPECCHUU
yMeHbIIaeTcs 1ugQy3Hoe OTpaKeHUE, YMECHbIICHHUE
OTpa’keHHsI 00YCIIOBICHO YMEHBIIIEHUEM TOJIITIHEI
o0pa3uoB TkaHeu (10 72%) 1 yMeHbIICHHEM Beca
oOpasmoB TkaHe# (1o 40%); KOAIPPUIHEHTHI TO-
[JIOLIEHUSI M PACCESIHUSI YBEIMUUBAIOTCA C POCTOM
naBieHus; 3G dHEKThl KOMIIPECCHH Ha ONTHYECKUE
CBOMCTBA TKaHEN HEOOPATUMBL.

Bo3MoXHBIE MEXaHU3MBI, OTBEUAIONINE 3a
M3MEHECHHUE ONTHUYECKUX CBOMCTB, CBA3BIBAKOTCA
aBTOpaMU C I3MEHCHHEM TOJIIMHEI HJIH Beca TKaHeH
Y HETOCPEICTBEHHO CBsI3aHbI C MX JCTHApATAIUCH.
Kommpeccust yMeHbIIaeT TOMMHUHY 00pa3ia i BbI-
3bIBA€T BBITEKAHUE JKUJKOCTU M3 00pasloB, MpH
9TOM U3MEHCHHS B TONIIMHE TKAHEH U COICPKAHUN
BOJIbI BIIUSIOT HA ONTHYECKHE CBOMCTBA 00Pa3IoB
Pa3HBIMU TTYTSIMH.

B ycrnoBusix KoMnpeccum yBeInunBaeTCs TII0T-
HOCTB TOTIIOIIAOIIHX FJTH PACCEUBAIOIIHNX IIEHTPOB,
YTO SBISETCS PE3YJIBTATOM YMEHBIICHUS MPOCTPaH-
CTBa MEXJy KJICTOYHBIMH KOMIIOHEHTaMH. Tak Kak
CEUYEHHUS PACCESHUS WJIM MOTJIONIEHUS OCTAIOTCA
MMOCTOSTHHBIMU HJIH CJIETKA YMEHBIIAIOTCS, TO B
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pe3yabTare BO3JCHCTBUS KOMIPECCHU KO3 PHUIHU-
CHTBI MOITIOUICHUA U paCCCsAHUA YyBCIMYUBAIOTCA.
VYBenudeHne 00beMHOM KOHIICHTPAIIUU BOJIBI H3-3a
YMEHBIICHUS TOJIIMHBI TKAHU MOMXKET TAKKE 6I>IT]>
MPUYUHON yBeTmueHNs Kod(pQUIHEHTa OTITOICHIUS
[PU HAJIOKCHUH KOMIIPECCHUH.

KoadunueHTsl MOMIOMIEHHUS IS CIKATHIX
00pa3loB UMEIOT OOJNBIIYIO0 BEIUUUHY, JaXe €CIH
OHHU HMMEIOT CXOXKHE TOJIIMHBI ¢ 00pa3namu 0e3
KOMIIPECCUHU. 3TO SABJIACTCA CICACTBUEM TOI'O, YTO
(bu3HUYecKre CTPYKTYPBI HECXKATHIX 00pa3IoB (axe
eclld OHM JeTHUAPATUPOBAHbI) 0o0Jiee PBIXJbIEC 1O
CpPaBHEHHUIO CO CTPYKTypaMH C)KaThIX 00pa3IloB,
KOTOpbIe OoJiee TUIOTHBIC U KOMITAKTHBIE [4].

W3meHeHHs B QU3NYECKON CTPYKTYpE MSATKON
TKaHU SABJISAHOTCA OHHOI71 U3 MPUYKUH UBMEHCHUA OITHU-
YEeCKHX CBOMCTB TKaHU MO/ JCHCTBHEM KOMIIPECCHH.
N3menenus OyayT HeoOpaTUMBIMHU, €CITU CTPYKTYpa
HE BO3BPAIIAETCS B HCXOTHOE COCTOSHIUE TTOCIIE KOM-
npeccuu. Ecnu TonmuHa TKaHU HE BO3BPAIIACTCS
B CBOC HAYAJIFHOE COCTOSHHE ITOCIIC CHATHS KOM-
MIPECCUH, TO I3TO MOXKET OBITh OOBSICHEHUEM TOTO,
YTO U3MECHEHUS ONTHYECKUX CBOHCTB B PE3yNbTaTe
KOMIIPECCUU HEOOPaTUMBL.

JlnraMyka 00beMHOM (ppakIiy BOJIBI B TIPOIIEC-
Ce KOMIIPECCUH 00pa3I[0B TKAHU aHATH3UPOBAIACH
aBTopamu paboThl [ 13] Ha OCHOBE AKCTIEPUMEHTOB C
ex vivo Koxel CBUHBH, TpoBeeHHBIX MeToioM OKT.
AHanu3 TPOBOAMICS B MPEAIIONIOKEHHUH, ITO KOXKa
MOXET 6I>ITI) MpeaACTaBJICHA KaK IBYyXKOMIIOHCHTHAA
cMech BOIBI M Oenka. Pe3ynmpraTsl cpaBHHBaNIACh C
pe3yabTaTaMy BECOBBIX H3MEPEHHUIT 00pa3IIoB B IPo-
1ecce KOMIIPECCHH U B IIPOIlecce CYIIKH 00pa3IioB.
[Mony4eHo, 4TO JIOKAIW30BaHHAS MEXaHUYECKAs
KOMIpeccusi 00pa3oB KOXKH YMEHBIIAET TONIIIHHY
TKaHU (OoJiee ueM B J1Ba pasa), yMEHbBILIAET COIePIKa-
HUE BOJIbI B 00pa3iax (00beMHast JI0J1sl yMEHbIIIAIach
Gosiee ueM B TpH pa3a) U yBEIUUUBACT BEJINUHUHY I10-
KazareJs npeaomieHus 0opasios (ot 1.39 no 1.50).
IIpu 3TOM OTMEUYAETCsl, YTO KOMIIPECCUS IPUBOAUT
K TeM e 3¢ (dekTam, 4To U B cliydae JIeruapaTaiiu
00pasIoB NpH UX BO3AYIIHON UMMEpPCHUH (CYIIKE).
JloxanpHass MexaHHYECKasi KOMIIPECCHSI HE TOIBKO
YMEHBIIIACT pacCcesHue B KoXke Onaromaps yMEHb-
LICHHUIO COAEPKAHMS B AEPMAJIbHON KOJIJIAr€HOBOU
MaTpule He CBSI3aHHOUW BOJIbI, B PE3YyJbTaTE YEro
OenkoBasi CTPYKTypa CTAHOBUTCS OoJIee IIOTHO yIia-
KOBAaHHOM, YTO IIPUBOAMUT K JIyUIIEMY COIVIACOBAHUIO
TOKa3aTelei MpeIoMIICHNS KOMITOHCHTOB OMOTKaHM,
HO M YMEHbIIIaeT MOTIIoIIeHne 00pasioB.

Koppemsus yBenndeHns T0KaIbHOTO MEXaHH-
YECKOTO AaBJICHHA C YMCHBIICHUEM NPUBCACHHOTO
K03 PHUIMEHTa TPEIOMIICHUS B TCUCHHUE BPEMCHH
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KOMIIPECCHH OTMEUaeTcs aBTopaMu pabotsl [15].
BILaBHI/IBaHI/Ie HCTOYHHKA OCBCIICHHUSA B 6I/IOTKaHL
YBEJIIMYMBAJIO NMPONYCKaHUE CBETa 4Yepe3 TKaHb,
IIpU 3TOM BCJIMYUHA OTHOCUTCIILHOT'O ITPOITY CKaHU S
yBEJIMYMBaeTCs Kak (QyHKIUs nedopmamuu cias-
JIMBaHUA (OTHOCI/ITCHLHOFO HU3MCHCHHUA TOJ'IH_[I/IHI)I).
[IpuBeneHHbI KOAPPUIHESHT paccesiHUs YMEHb-
mrasncst Ha 12.0% npu OTHOCUTEIbHOM YMEHBIIICHUN
tonuiuHbl Ha 0.44 u Ha 35.6% npu nedopmaruu
0.71. YBenuuenue aedopmanuu g0 0.45 ymeHpano
MIpHUBEICHHEIH K03 duitnenT paccesnus Ha ~15%.

HOILpO6HbIe HUCCIICAOBaHUS BIUAHUS JaBJICHUS
BOJIOKOHHO-OIITUYECKOrO J1aTYMKa Ha ONTHYECKHE
CBOlicTBa OMOTKAaHU MpuUBEAEHH! B [17], mpu 3TOM
AKLEHT CJIeJIaH Ha U3MEHEHUX B COIEP/KaHUU BOIBI.
OObeKTaMH UCCIIEeIOBAaHUN SBISIIUCH 00Pa3lbl in
VItro KOKU CBUHBU U i1 VIVO KOXKU YeJ0BEKa. Pe3yib-
TaThl IPOBEIECHHBIX UCCIEA0BAHUI MOKA3aJIN, YTO
KOHTaKTHOE JaBjeHHE JaTyuKa IPU JOCTUKEHUH
OTIPENICICHHOTO MOPOra M JIUTEIbHOCTH MOXET
3HAYUTENIbHO MOBIMSTH Ha CIIEKTP oTpakeHus. Tax
Kak OMOTKaHb C BBICOKHUM COJICp)KaHUEM BOJBI B
3HAYUTENbHOM CTENEHU HE C)KUMaeMa, TO aBTopamMu
npeaiaraeTcsa MEXaHu3M H3MCHCHHS ONTUYCCKUX
XapaKTepUCTUK OMOTKAHU NPU €€ KOMIIPECCHH,
CBSI3aHHBIN ¢ Aedopmarueil OMOTKaHU U BBITECHE-
HUEM BOZBI U3 007acTu cxxaroi Tkanu. KonmngaecTBo
BOJIbI, BBITECHEHHOU M3 00J1aCTH JTOKAJIN30BaHHOTO
JABIICHUS, SBISICTCSI OCHOBHBIM (PAKTOPOM BapHa-
UM CIEKTPOB OTPAKEHUsI. MoIeMpOBaHNE TAKUX
Bapualui MPOBOUIIOCH HAa OCHOBE JABYX(a3HOH MO-
JIEJIA KOXKH, COTTIAaCHO KOTOPOH KOXKa MPe/ICTaBISET
€000l COBOKYIMHOCTh HEC)KMMACMOW 3JIaCTUIHOM
TBEpPAOH MaTpULbl, 00pa30BaHHON TIABHBIM 00-
Pa3oM U3 3JACTUYHBIX BOJIOKOH U KIIETOK, KOTOPbIE
UTpaoT [IABHYIO POJb B HEIUHEHHOM MeXaHHUYe-
CKOM OTKJIMIKE OMOTKaHU Ha BHEIITHHE BO3JCHCTBUS,
U 3alOJNHAIONIEH TBEPAYI MATPULY KUIKOCTH.
Pesynbrarel mokasanu, 4To H3MEHEHHs CBOOOIHOM
M CBSI3aHHOU BOAbI B TKaHU CBA3aHbl C JaBJICHHUCM
HEJIMHEHHBIM 00pa3oM. B ciydae k0¥ CBUHBH in
Vitro HaJIO)KeHHE KOMIIPECCUU BEIET K BEITECHEHHIO
CBOOOJIHOW BOJIBI M3 00JIACTH KOMIIPECCHH, B TO
BpeMsi KaK IepeMelleHHe CBSI3aHHOM BOBI 3aTPY/I-
Heno. [Ipu naBnenun oxono 400 klla cogepxanue
CBA3aHHOU BOABI yMeHblnaercs Ha 30%, uTo, MO
MHEHHIO aBTOPOB, CBS3aHO C IedopManneil TKaHH.
[Toka3zaHo, yTO BpeMEHHbBIE U3MEHEHUS COJIEPIKAHUS
CBOOOIHOM U CBS3aHHOM BOJBI B KOXKE CBUHBHU €X VIVO
IIPOUCXOJAT B TEUEHUE BPEMEHU IIOpsAKa 6 MUH I10-
CJle HaJIOKEHUSI KOMIIPECCHH, ITOCIIE Yero MpoLecc
CTAaOMIIN3UPYETCS, IPU ATOM BpeMs CTa0MIU3aINH
3aBUCEJIO OT BEJIMYMHBI IPUKIIABIBAEMOIO J1aBie-

A

HUs. Ha paHHUX cTagusx AeopManuy TKaHH TIPH
OTIPEJICNICHHOM JaBJICHUN OCHOBHAS BOJA BBIXOAUT
U3 00JacCTH KOMIIPECCHH C BBICOKOI CKOPOCTHIO
u3-3a OOJIBIIOTO HAMPSKEHUS BHYTPH TKaHU. 3-3a
perakcanuy HarpsDKeHUsT OMoTKaHel nedopMarus
U CKOPOCTb MHIPAIlMM OCHOBHOI BOJBI MOCTEIEH-
HO yMeHbImaeTcs. [lo ncTedyeHnn onpeaeneHHOro
BPEMEHH, 3aBHCSIIEI0 OT BEJIMYMHBI KOMIIPECCHH,
nedopmanusi TKAaHH U TPAHCTIOPT OCHOBHOW BOJBI
CTaHOBSTCS ITOCTOSIHHBIMH.

HecMotps Ha TO, 9TO medopmanus TKaHU
1o/l AeMCTBUEM KOMIIPECCHM JAET 3HAUUTENIbHBIN
BKJIaJT B 3 PEKT ONTHUECKOTO MPOCBETICHHUS, 3TO-
r0 BKJIaJa HEJOCTATOYHO AJS HKCIEPUMEHTAIBHO
OTMEUYCHHOT'0 yBEIHUYCHHUS NMPOIYCKAaHUsS CBETA
CXKATBIMHU cpellaMU. B pesynbTate mpoBEJCHHBIX
nccnenoBannii [ 12] moaydueHo, 94TO yBEIWYSHHE TTPO-
IYCKaHHUs POJ0JIKACTCS YBEITNUUBATBCS JJaXKe IPH
YCIIOBHH, YTO TOJIIMHA TKAHH COXPAHIETCS TOCTO-
SHHOW. MexaHHuecKoe MPOCBETICHUE MOXKET OBITh
(yHKIHEH OTHOCHUTENFHOTO U3MEHEHUS TONIIIMHEI
TKaHU (AepopMaluu CAaBINBAHUS), a HE MPOCTO
a0COIIIOTHOTO YMEHBIIICHHUS TOJIIUHBI TKAaHU M3-32
MPUIT0KEHHOTO 1aBICHHUS.

3TO TOBOPHUT O TOM, YTO MEXaHU3MOB OIITHYE-
CKOTO ITPOCBETICHUSI MOXKET OBITH OOJBIIIE, YEM IPO-
CTO€ YMEHBIIICHNE TOJIIUHEL. ABTOPHI [2] 0TMEYaOT,
YTO JICTHpaTalHs SBISCTCS BAKHBIM MEXaHU3MOM
OTNTHYECKOTO MPOCBETICHUS C HCIIOIb30BAHHEM
XMMHYECKHX areHTOB, M MPOBOJSAT aHAJU3, KAKUM
o0pa3oM aeruaparamus MOKET JaBaTh BKJIAI B
YMEHBIICHUE paccesHus ceeta. OObsCHEHUE MeXa-
HU3Ma ONTHYECKOTO MPOCBETICHHS AT BBIpaxKe-
HUE, CBSA3BIBAIOIIEE MPUBEACHHBIH KO3(h(UIIHEHT
paccesiHUs ¢ 00beMHOH (hpakiuell paccerBaroIINX
gactull. [lapabGonnueckas 3aBUCUMOCTb IpHBE-
JIEHHOTO KO3((DUIIMEHTa paCcCesHUS OT MJIOTHOCTH
YIAaKOBKU PACCEUBAIOIINX YaCTHI] TOKA3bIBAET, YTO
3 dekTsl geruapatanud MOIUPUIHUPYIOT TIOT-
HOCTh YMAKOBKHM pacceuBaoImux 4acTul. CBs3b
moKasaresell MpeJoOMICHUST U H3MEHEHHsI B (hopme
WIN CTPYKTYpPE PACCEUBAIONIIUX YACTHUI[ BIHUSIOT
Ha TIONIEpEeYHOE ceueHue paccesHus. 1lo MHeHUIO
aBTOPOB, MPOCBETJICHNE OMOTKAaHU OOpaTHO Mpo-
MOPLIUOHAIBHO €€ COCTOSHUIO THAPATAlHH. DTH
pe3yIbTaThl XOPOIIO COMIACYIOTCS C OTMEUEHHOU
aBpropamiu [21, 22] xoppensiiuend Mexay BOJTHBIMA
MOTEPSIMH U MIPOCBETIAIONIECH CIIOCOOHOCTHIO XUMHU-
YECKUX areHTOB JIJIsl 00pa3I0B MBIIIEYHOH TKaHU 1
JKEJTyIKa CBUHBH.

Jdernaparanus MOKET YMEHBIIUTE PaccessHue
CBeTa MyTeM YBEIUYCHHsI 00bEMHOM (hpaKiuu pac-
ceuBaromnux yactul. O0e3BOKUBaHUE OUMOTKAHU

HayyHbifi otaen
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JlellaeT KOJUIareHOBble (PUOPHUIUIBI U OpPraHEeIbl
0oJyiee TECHO yYOaKOBaHHBIMHU, HO HC BbI3bIBACT
3HAYUTEIbHBIX U3MEHEHUH B UX pa3Mepax. Tak Kak
€CTECTBEHHAS IUNIOTHOCTH KOJIJIAreHOBBIX (PUOPMIIIT
COCTaBJISIET BEJIMYMHY Topsaka 65% u Bo3zpacTaer
u3-3a gerugaparanuu 10 90%, To Takue CTPyKTyp-
Hble U3MEHEeHUs MOTyT 1aTh 60%-Hoe yMeHbILIeHNE
MPUBEACHHOTO KO3((UIMEHTA pAaCCesIHUS B TPEa-
TOJIOKEHHH, UTO [TOKA3aTelh MPEIOMIICHNUS 0a30BOH
Cy6CTaHLlI/II/I HE€ MCHACTCA. BKJ’[aﬂ B OIITHUYECCKOC
MPOCBETICHNE MOXET TaKXe IaTh YMEHBIICHUE
paccoriacoBaHUs IoKas3aTeiaeil mMperoMIeHUs
Mexay GuOpwimamMu U MexX(GUOPUIUISIPHOTO TIPO-
CTPaHCTBA, BBI3BAHHOC YBEJIMYCHUEM KOHIICHTPAIIUN
MIPOTEOTIINKAHOB (MJIN AK30TCHHBIX MMMEPCHOHHBIX
cyOcraHuii) [23].

KonnuecTBeHHBIE U3MEPEHUS JETUAPATAIIIN
OuoTKaHEel B pe3ynbTaTe BHEIIHEH KOMIpPECCUU
BeChbMa 3aTPYAHHUTEIHHBI, 0COOCHHO €CIU HCCIe-
nyercs in vivo 0MoTkaHb. Ecnin peruaparanuio ex
vivo 00pa3ioB OMOTKaHEH MOXHO OIICHHTh MyTEeM
UX BECOBBIX U3MEPEHUH B IPOLECCAX BHICYITMBAHUS
W KOMIIPECCHH, TO B YCIIOBHSIX i1 ViVO TaKHE U3Me-
PeHUA HEBO3MOKHBI, U CAMHCTBCHHBIM U3MCPSACMbIM
MapaMeTPoOM B CIIEKTPAIBHBIX HKCIICPUMEHTAX SIB-
asiercst Koa(duiueHt Audhy3HOro oTpaxeHus ono-
TKaHU. Boa BHOCHT CyIIeCTBEHHBIN BKJIaa B Gop-
MHUPOBaHUE CIEKTpa U HY3HOTO OTparkeHuUs OHo-
JIOTUYECKON TKaHU. VI3MeHeHue coaepx aHus BOIbI
B OMOTKAHH OTYETIHBO MPOABIIAICTCA B CIEKTpPaAx
UG (GHy3HOro OTPaKECHUS KaK pe3yibTaT H3MEHEHUS
HOIIOMIAIONIUX U PACCEUBAIOIINX CBONCTB TKAHU.
Jernaparanust TKaHH yMEHBIIAET €€ MOIIOIICHUE
B MH(pPaKpacHO 00JacTH U U3MEHSIET paccesHue
TKaHd B BUAMNMOM U HH(PPAKPAaCHOM JHama3zoHax
IJUH BOJIH. BnusHue BHelnIHell MeXaHHUYECKOU
KOMITPECCHH Ha COJCpIKaHNE BOIBI B KOKHOM TKaHU
4esoBeKa in vivo paccMarpuBaeTcs B padorax [19,
20]. B manHO# paboTe mpeacTaBieHbl Pe3yIbTaThI
UCCIIeIOBAHUS BIUSTHUS JCTUAPATAI[IN 00pa3IoB ex
Vivo MBIIICYHON TKaHU KOPOBHI B IIPOIIECCE MX BBI-
CYHIMBAHUA U HAJIOKCHHU A KOMIIPECCUU HaA CIICKTPbI
ux TuG(Gy3HOTO OTPAXKECHHS C LEIbI0 BBISBICHUS
KOPPEISILUU MEXAy CHeKTpaMu Au(Qy3HOTO OT-
paxeHust OMOTKAHEH U WX IETHapaTaIiei.

OKcnepuMeHTabHas YCTaHOBKa,

Matepuanbl U METOAbI

Nsmepenust cieKTpoB JUPHY3HOTO OTpasKEeHUS
00pa3IoB OMOTKaHH OCYIIECTBISUIMCH C TOMOIIBIO
YCTaHOBKH, COCTOSIIEH U3 OCBETUTEIILHOTO yCTPOHi-
ctBa HL-2000 (Ocean Optics, CLLIA), BoiOKOHHO-
ONITHYECKOTO JAaTYNKa M ABYX BOJOKOHHO-OIITH-
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geckux crekrpoMerpoB USB4000 (Ocean Optics,
CIIA) u NIRQuest512-2.2 (Ocean Optics, CILIA),
COIPSKEHHBIX C NEPCOHABHBIMU KOMIIBIOTEPaMHU.
YcranoBka obecrieurBaia perucTpaluio CieKTpoB B
nuanazone ot 400 1o 2000 HM 1 TOIPOOHO ONUcaHa
B pabote [20].

B pabote ucmonp3oBancs BOIOKOHHO-ONTH-
yeckuil garunk R400-7-VIS/NIR (Ocean Optics,
CHIA). Jlnis uicciienoBaHus MMOBEICHUSI )KHUIKOCTEH
B 06pa3uax MBIIIICYHOM TKAHU 1104 BJIMSTHUEM BHCIII-
HETO MEXaHWYECKOTO MaBJICHUS OblIa H3TOTOBICHA
crienMajbpHas HacaJka Ha JaT4duK C KIOBETOH IH-
muHapudeckor dopmel (puc. 1). [Ipopesu B aHE U
CTCHKAaX KHKOBCTBI CIYXWUJIWU IJIs1 OTBCACHUA KU -
KOCTH, BBIJIABIMBAEMOU M3 TKaHH MOJ JICHCTBUEM
BHEIIIHEW MexaHuueckoi komrpeccun. Hacanka u
KIOBeTa OBUIM CMOJEIHPOBAHEI C IOMOIIBIO TIPO-
rpammbl Autodesk Fusion 360 u pacmedaraHs! Ha
3D-npunTepe u3 yepHoro rmiactuka PLA.

Hcnonb3yeMble B SKCTIEPUMEHTaX 00pa3iibl
MBIILIEYHON TKaHU KOPOBBI BBIPE3AIMCh U3 OJHOTO
o0beMa OMOTKAaHU, IPU 3TOM B MU3MEPEHUSIX C BBI-
CyIIMBAaHHEM 00pa3Ibl UMENU MPSIMOYTOJBHYIO

Pressure

R

Puc. 1. Cxema HacaJKH IS BbIAABIMBAHUS XKHIKOCTH M3
00pa3LoB MbBIIIEYHON TKaHU: [ — KloBeTa, 2 — HacaJka,
3 — BOJIOKOHHO-ONTHYECKHH marduk, 4 — obOpaser OHo-
TKaHH
Fig. 1. Scheme of nozzles for squeezing fluid from muscle
tissue samples: / —cuvette, 2 —nozzle, 3 —fiber-optic sensor,
4 — tissue sample
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dopmy pazmepom 20 x 20 x 25 mm3. Bein mpose-
JICHBI IIIECTh SKCIICPUMEHTOB, B KOTOPBIX § 00pa31oB
BBICYILLIMBAJINCh B TEUEHUE HECKOJIbKUX YacOB IPHU
TeMmueparype nopsaka 60°, Ipu 3ToM Kaxabli yac
00pas3Ifsl B3BEIINBAIICH M PETHCTPUPOBAIHACE UX
crnextpsl auddyszHoro orpaxenus. PezynbraTh
YCPEOHSINCD.

B cnyuyae skcnepHMEHTOB ¢ KOMIpeccuei
00pa3ibl MBIIICYHOW TKAHHW BBIPE3AUCh B Popme
LHUJIMHIPOB AMaMETPOM ~ 20 MM U TONIIHUHON ~ 25
MM, KOTOpbI€ TOMELIAINCh B KIOBETY U MOABepra-
JIUCHh BHELTHEMY JIABICHUIO C ITOMOINBIO HACAJAKH.
[Tocie npunoxeHus JaBiaeHUs] B TEUEHHUE BPEMEHHU
nopsiika 6 MUH PEeruCTPUPOBATHCH CIIEKTPHI OTPa-
JKEHHs] C BpEMEHHBIM L1aroM, paBHbIM 2 ¢, IO UC-
TEUEHHUH KOTOPOTO BHEIIHUH IUIUHAP ¢ 00pa3oM
OMOTKaHM B3BEUIMBAJICS. B pe3ynbTrare craBmuBaHus
o0pasna n3 Hero (M U3 BHEIIHETro HUINH/PA, COOT-
BETCTBEHHO) BBIXOJMJIa BOAA, KOTOpasi B BECOBBIX
U3MEPEHUSAX y4acTUsl He MpUHHUMAaia. Pe3yabraTs
U3MEpPEHUHN YCPEIHSIINCH.

Pesynbtatbl 1 ux 006cyxaeHue

JlnHaMuka cojiepkaHusi BOJIbI B 00pa3iax TKaHH
B TIPOIIeCCE WX BBICYIIUBAHUS MOXET OBITH OIpe-
JIeJICHa C TIOMOIIBI0 BPEMEHHBIX M3MEPEHUU Beca
obOpasua, W(t). O6pa3ibl B3BEHUIUBAINUCH KaXKIbIH
yac. B mpeamnonoxkeHuu, 4To YMEHbIICHUE Beca
o0Opasia mpoucxoauT Ojarojapsi TOJBKO HCIape-
HUIO BOJIbI, MOXKHO CUUTATh, YTO BECOM TTOJTHOCTBHIO

Sample weight, norm.
(]
[6,]
1

0,2 -

0,1
0,0 +

00€3B0OKEHHOTO 00pa3ima MOXKET CIYXHUTh BeC
MOJIHOCTBIO Cyxoro obpasua, W. [lng onenku
CTEITIeHU ACTUApATAllii OMOTKAHU B IIPOIECCE BBI-
CYIIMBaHUS MOXKHO PACCMOTPETh CXOXKHIA MPOIIECC
JeTUIpaTaIiy KOXKU MO IEHCTBUEM OCMOTHYESCKUX
ONTHUYECKUX MPOCBETISIONINX areHToB [24]. Cnenys
aBropam [24], cTenieHb Jeruaparanud OUOTKaHH
MOKHO OIPENeTUTh KaK

W(t=0)-W,
W (t=0)

rae W(¢t = 0) — HayanbHBIN Bec 00pasia, pa3HOCTh
W(t = 0) — W) mOKa3bIBAET KOJIMUYECTBO BOIBI, M1O-
KHHYBIIEe OMOTKAHBb B PE3yNIbTaTe IETHIpaTaIHH,
IIPU HTOM BPEMEHHYIO 3aBUCHUMOCTh CTETICHHU JIeTH-
Apatauuu H , MOXHO 3aImucaTh B CIIEAYHOIEM BUJIE:

Hp(1)= Ay (1—exp(~t/7})), ()

rie A~ Ge3pasMepHbIii apaMeTp, XapakTepu3yeT
MaKCHMAllbHYIO CTENEHb JerHparaluy, 7, — I0-
CTOsIHHAsl BpEMEHU JIeruipaTaliy, XapakTepusyto-
11ast CKOpOCTh IIpoLecca.

3aBHCHUMOCTH Beca 00pas3lnoB OT BPEMEHHU
CYLIKU MpeAcTaBlieHa Ha puc. 2. BuaHo, uto mno
UCTEUCHNN 17 9 CyIIKN BeC 00Pa3IoB YMEHBIIHICS
B cpegHeM Ha 70%, T.e. Macca yuieaueil Boasl co-
crapisiia okono 70%. Dta mudpa coOOTBETCTBYET
CTEIeHH THApaTalnuy 00pas3LoB Mepet IKCIepUMEH-
tamu. [lo Mepe BBICYMmHMBaHUS 00pa3lOB CTEIECHB
THJIpaTallid yMEHbIIAIACh, YTO OTMEUEHO Ha pucC. 2.

Hp(t)= (1=exp(~t/zp)), (1)

410
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407 ¢
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4065
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405 &
- =0
404
4033
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402
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H400
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Puc. 2. BpemenHbIe H3MEHEHHS HOPMHPOBAHHOTO Beca (/) U cTeneHu aAeruaparanu (2)
00pas3110B MBIIIEYHOH TKAHHU B MPOLECCE UX CYILIKU

Fig. 2. Temporary changes in weight (/) and dehydration degree (2) of muscle samples
during their drying
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Jerunparanus 00pa3IoB B MPOIECCe UX CYIIKH
COIPOBOXKIATIACH YBEJIMUEHHEM UX AU(D(Y3HOTO OT-
paxkenus. Jlunamuka ko3 duIreHTa OTpaKeHHs 00-
pasLoB B IIPOLIECCE UX CYLIKHU HAa OTAEJIbHBIX JJIMHAX
BOJTH TI0Ka3aHa Ha puc. 3. [Tocie 3 9 cymku 00pasios

44 -

40 4

36

32 - =

24

20 T

Reflectance coefficient, arb.un.

28 - / $ 2

UX IIEPOXOBATOCTh 3aTBEPIEBIINX MTOBEPXHOCTEH
MPHUBOAMIIA K 3HAYUTEIbHBIM OLIMOKAaM MpHU peru-
CTpaIMy OTPa)XKEHHOTO CBETa, BEIIMYWHA KOTOPOTO,
KaK U3BECTHO [25], CUJIBHO 3aBUCHUT OT MIPOMEXKYTKA
MEKIY TOPIIOM JaTdarKa W TIOBEPXHOCTHIO 00pasIa.

|
1.5 2,0 2,5 3,0

Time, h

Puc. 3. Bpemennsie nzmenenus aud@y3HOro oTpaxkeHHs o0pasloB B MpoOLEcce MX
cymku: [ —A =800 uM, 2 — A= 1070 am
Fig. 3. Temporary changes in diffuse reflectance of samples during their drying:
1 —A=800nm, 2—-L=1070 nm

CnapnuBaHue 00pa3oB OMOTKAHH JOJIKHO
IOPUBOIUTH K M3MEHEHHIO MX (PU3MUECKUX, B TOM
YHCIie ONITUYECKUX, TapaMeTPOB, KOTOPbIE 00YCIIOB-
JICHBI PSIIOM IIPUYHH, CPEIN KOTOPBIX AehopManus
00pa3LoB, U3MEHEHHE UX IJIOTHOCTH, KOJIUYECTBO
cozepikareiics B HUX Boabl. MHpopMarus o Bece
00pas31oB U CTENEHH UX JeTUApaTallii B pe3ysbTaTe
KOMIIPECCHUH, TOTYyYCHHAS C YIETOM COOTHOIICHUI
(1) u (2), npuBenena Ha puc. 4.

W3 puc. 4 BuaHO, YTO TpH JABICHUU Ha 00-
pasust nmopsiaka 110 xI1a Bec oOpa3noB ymeHbIa-
ercsa Ha 45%. DTO yMeHBIIEHHE Beca 0Opas3IoB
00yCJIOBIIEHO BHITECHEHHEM BOJIbI U3 00pa3L0B U UX
Jneruaparanueil. MakcumanbHasi CTENEHb IeTu/Ipa-
Taluuu 00pa3LoB IPU UX KOMIIPECCUH, KaK BUIAHO U3
puc. 4, coctasmsiia BeauuuHy nopsaka 50%.

OTnHYnTEeTFHON 0COOCHHOCTHIO MOBEICHUS
crnekTpa audQy3HOro oTpaskeHHUsI 00pa3oB mocie
HaJIOXKEHUS KOMIPECCUU ABIISETCS €r0 MOHOTOHHOE
YMEHBIICHUE TI0 JBYXIKCIOHCHITNAIEHOMY 3aKOHY
[20]. B mepBoHa4YanbHBIE MOMEHT IMPHUIOKECHUS

Bbrnopnsnka n meanunHcKkas prsnxa

NaBJICHUS MPOUCXOTUT pe3Kas nedpopMmamus u
C)KaThe KOJIJIareHOBOW MAaTPHIIBI TKaHU (COTIIACHO
nByxda3zHoil Mozgenn). DTOT IPOUEecC MPOUCKXOIUT
B TEUEHHUE HECKOJIBKUX CEKYHJ. B nanpHelineM Ha
CHekTp MU Py3HOTO OTPAKCHUS HAUNHACT BIUATH
JleruapaTanus OMOTKaHU B O0JIACTH MPHUIIOKCHUS
BHEIITHETO JaBICHISI, YTO B SKCIICPUMEHTE OTpaxKa-
€TCs B TIOSIBJICHUH BOJIbI, BRITEKAIOIICH U3 KIOBETHI
JIaTyuka. XapaKTepHbIC BPEMEHA IKCIIOHCHIIUAb-
HOTO YMEHBIICHUS KO3()(UIIMCHTOB OTpPakCHUSI B
cnektpanbHoi obnactu 600-900 uM mocine Hano-
KECHHSI KOMITPECCHH SIBJISIFOTCS HE YeM MHBIMH, KaK
BpPEMEHAMHU JIETHIpaTaIluy 00pa3iia TKaHH.

Ha puc. 5 mpuBeneHbl BpeMEHHbBIE U3MEHEHUS
ko3 durmenta quh Hy3HOro OTpaxkeHUs: oOpasia
TKaHM Ha JUIMHE BOJIHBI A = 900 HM Tpu mocneno-
BaTCIILHOM YBEIUYCHHUU MPUIOKEHHOW KOMIIpEec-
cuu (BpeMeHa M3MEHEHHUs KOMIIPECCHH TOKa3aHBI
CTpPEJIKaMH), KOTOPasi XOPOIIO arpOKCUMHUPYETCS
SKCIIOHCHIIMAIbHON 3aBHCUMOCTBIO (puc. 6). Ha
puc. 6 IpuBeIeHa TAKKe HHPOPMAIUS O COCTOSTHHA
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Fig. 4. Temporary changes in weight (/) and dehydration degree (2) of muscle samples
during their compression
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Puc. 5. Bpemennsie usmenenns kodgdunrenta qudy3Horo orpaxkeHust 00pasna TKaHd
MIPH HAJOKEHUH KOMIIPECCHH pa3Hoi BearmuuHbl. A = 900 HM. CTpeskaMu oKa3aHbl
BpEeMeHa U3MEHEHHS KOMIIPECCHH

Fig. 5. Temporary changes in diffuse reflectance of a tissue sample under compression
of different values. A =900 nm. The arrows indicate the times of compression changes

JeTUApaTanuy 0O0pa3loB TKAHH B yCIOBHIX KOM-
IIPecCHy B BUJE 3aBHCHMOCTH Beca 00pasloB OT
BEITMYUHBI TPUIOKCHHON KOMIIPECCHH.

Hy’XHO OTMETHTH pa3in4He BO BPEMEHHOM
MOBEACHNUU CIEKTPOB AU(PHY3HOTO OTpaKCHUS
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00pa3loB TKaHHU B IpoLEcce ee JACrHIpaTaliy B
pe3yIbTaTe CyIIKd U KOMIIpecCcHu. B omimmame ot ae-
TUIpaTalu 00pas3oB OMOTKAHU B ITPOIECCE CYIIIKH
MpH CKaTUU 00pa3ioB KoddduuueHt qudpdhysHoro
OTpaXXCHHsI YMEHbIaeTcs. ITOT (PakT MOXKHO 00b-
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Puc. 6. Bpemennslie n3menenus Beca (/) u koappunuenta tupdy3Horo orpakeHus (2)
00pas31oB MBIIIEYHOH TKAaHH B 3aBUCHMOCTH OT MPHIIOKEHHOH Kommpeccuu. A =900 Hm

Fig. 6. Temporal changes in weight (/) and diffuse reflectance coefficient (2) of muscle
tissue samples depending on applied compression. A = 900 nm

SICHUTH OTJINYHMEM B (PU3HUYECKUX CTPYKTypax oOpas-

0B nipu Jeruaparanuu [2]. Cxarbie 00pasibl 04eHb

IJIOTHBIC W KOMIIAKTHBIC, IPH 3TOM YIUIOTHEHHE

pPacCeuBAIOIINX YACTHUI[ IPUBOJUT K U3MCHEHUIO

00beMHOHN (hppaKIMK PacCEMBAIOIIMX YaCTUIL g H,

KaK CJIeJICTBHE, K U3MEHEHHIO MPUBECHHOTO KO3 (-
:

(uumenTa paccesHus g, KOTOPBIE CBA3AHBI MEK Y

co0oii cooTHOomeHueM [2, 23]:
r_os(=gg)
Hg = g v £ Og, (3)
P

]
e V, — 00beM pacceMBarOUIEN YaCTHIBI, Oy —

MornepeyHoe CeyeHrue MPUBEJEHHOTIO paccesHus,
3aBUCSIIEE OT JUIMHBI BOJHBI CBETA, pajguyca pac-
CEUBAIOLIEH YaCTULIbI U [T0Ka3aTeNlel IPeIoMIEHUS
paccenBaroIIei YaCTUIIBI U OKPYKAIOMIEH Cpebl.
OTa 3aBUCUMOCTh UMEET BU IMapaboibl ¢ MaKCH-
MYMOM y; npu @¢ = 0.5 1 obpameHueM B HOJb
npu ¢ =0u @g = 1, T.e. Korja cpeza CTaHOBUTCS
0JTHO(A3HOA.

B ciyuae xomnpeccun o0pas3loB yBeIHYEHUE
(bpakuum paccerBareneil MPOUCXOAUT B 00JIaCTH
®s < 0.5 m BeleT K YMEHBIIECHUIO MPUBEIECHHOTO
ko3 dunmenTa paccessHUS M, KaK CIEICTBUE, K
YMEHBIICHUIO K03 dunrenTa auddy3Horo orpa-
JKCHUs. B oTimame oT cxxateix 00pa3oB pU3NIECKHe
CTPYKTYpPBI HECHKATBIX 00pa3L0B M0 MUKPOCKOIIOM
BBIIISIAT KaK «PBIXJIbIey [2]. YianeHue BOoAbI yTeM

Bbrnopnsnka n meanunHckas prsnxa

BBITTAPUBAHUS (CYIIKH) YIUTOTHSICT TKAHb B MCHBIIICH
CTEIMEHU, KOMIIOHCHTHI TKaHU MOTYT OCTaBaThCs
PBIXJIBIMHA JAXKE IMMOCIIC AeTUApaTaliu, TaK YTO CyXOﬁ
o0pa3zer ocrtaeTcsi MEHee TUIOTHBIN 110 CPaBHEHUIO
C CKaThIM. YBenndeHue (ppakuuu paccenBaTeneit
IPOMCXOUT B 00macTu @g > 0.5 1 BEET K yBeu-
YEHUIO TPUBEJICHHOTO KOA((HUITMEHTA pacCesHU U,
COOTBETCTBEHHO, Muhdy3Horo orpakeHus [23, 26].
Bonee Toro, B 00bemMe cyxoro oopasia MoryT odpa-
30BBIBAaTHCSI BO3AYIIHEIC TOJIOCTH, UTO B PE3yIETATEe
MOXET MPUBECTU K YBEIMYCHUIO PACCOTIIACOBAHUS
MoKa3aresiei MpeIoMICHHsI KOMIIOHEHTOB OMOTKaHH
(TryTem 3aMeHBI IIOKa3aTeNsl MPETOMIICHAS BOIBI Ha
MEHBIIUI M0 BEJTHMYUHE MOKA3aTeNb MPEIOMICHUS
BO3/lyXa), YBEIIMUCHHIO pacCessHHs U Ko puIineHTa
muddysHoro orpaxkenus [2, 27].

JaHHble, MpUBEACHHBIC HA PHC. 6, TOKA3BIBAIOT,
qT0 moBeacHue ko3 purmenta auddysHoro orpa-
JKeHHs1 00pasma TKaHU KOPPETUpyeT ¢ MPOIeccoM
yYMeHbILIEHUs Beca 00pa3Lia pu ero kommpeccun. Oda
poIiecca HOCAT DKCITOHEHIINAIBHBIN XapakTep, Ipu
3TOM yMeHbIeHHe K03 duinenTa orpaxenus o0y-
CIIOBIICHO Jeruaparaiueii oopasia. OTHOCHTEITBHOE
YMEHBIICHHE KOY(PPUIIMEHTA OTPAKEHHSI 110 BEIIH-
YHHE OTIIMYACTCS OT OTHOCUTEIHHOTO YMEHBIICHHUS
Beca 00pasiia, 4To CBS3aHO C TeM, 4To AuQdy3HOEe
OTpaxxeHHe 00pa3Ia 3aBUCHUT OT €T0 PAaCCEUBAOIINX
M TIOTJIOIMIAOIINX CBOWCTB [28], T.€. 3aBHCHT OT
JUTMHBI BOJHBI 30HAMUPYIOIIETO CBETA. YBEIUUCHHE
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MOTIIOMIEHHST 00pa3siia MPUBOIUT K YBEITHUCHHUIO OT-
HOCUTEILHOTO YMEHBIICHHS KO3(PQUIIMEHTa OTpa-
JKSHHUS 110 BETTMYHHE, TIOOTOMY BBIOOD JUTHHBI BOJHBI
30H/IUPYIONIETO CBeTa (T/I€ MOTIIONIEHNE OOIbIIE)
MOJKET JIaTh W KOJMYECTBEHHO COBIAJICHHE MEXKILY
3aBHUCHMOCTSIMH, TIPUBEICHHBIMHU Ha pHC. 6.

3aknioyeHue

Jeruaparanus ex vivo o0pa3ioB MBIIICYHOM
TKaHU KOPOBBI B IMPOLECCEC MX CYUKHU HUIIHU KOM-
MPECCHH COMPOBOXKIAETCS Pa3HBIM XapaKTePOM
BPEMEHHOTO MOBeACHUS! TU(HY3HOTO OTpakeHUs
00pasIoB: B IEPBOM cliydae TU(Py3HOE OTpaKeHHUE
YBCJINYUBACTCs, a BO BTOPOM — YMCHbIIIACTCA. 3TOT
pe3ynpTar o0yCJIOBJICH pa3HBIMH (PU3UYECKHUMU
CTPYKTypaM# BBICYIIEHHOTO U CIABJICHHOTO 00-
pasma, KOTopble MPUBOASAT K Pa3HOH IJIOTHOCTH
pacceuBaresieil B o0pasiie 1, KaK CJIeJICTBHE, JIBYX-
KOMITOHEHTHOW MOJISIIH, K Pa3HOU BeIMYnHE Ppak-
LIUH pacceuBarelieil B cpejie U pa3HOMY [TOBEICHHIO
MPUBEJICHHOTO KOA((DHUIIMEHTa pacCcesTHUS.

OLeHUTH CTENEHb JeruapaTanuu o0pasioB
TKaHH B PE3yJbTaTe WX KOMIIPECCHU MOKHO Ha OC-
HOBE aHANN3a U3MEHEHUH Au(p(y3HOrO OTpaskeHUs
o0pa3nos. Ilponeccsl ymeHbinenus nuddysHoro
OTpaxXeHUsI 00pa3la TKAaHU M YMEHBIICHHUS HX Beca
B pe3yibrare KoMmrpeccuu Koppenupyior. Oba mpo-
1ecca HOCST DKCIOHCHIMAIbHBIA XapakTep, Mpu
3TOM yMEHbIIIeHHEe KOA(PPHUIIMEHTa OTpakeHUs 00-
YCIIOBIIEHO JIeTHIpaTanueii oopasua. Beioop IinHbI
BOJTHBI 30HMPYIOIIETO CBETA MOXKET JaTh HE TOJIBKO
KaueCTBEHHOE, HO M KOJMYECTBEHHOE COBIAJICHUE
MEXIY IBYMS IPOIECCaMH.
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Background and Objectives: Dehydration of tissue is one of the
possible mechanisms of mechanical tissue optical clearing. In this
study we investigated the effects of dehydration of ex vivo cow muscle
tissue samples during their compression on diffuse reflectance spectra
of the tissue. The purpose of research was to identify the correlation
between the diffuse reflectance of the tissue and its dehydration.
Materials and Methods: The dehydration of tissue samples of
20x20x20 mm? in size was carried out by drying the samples for
17 hours and the dehydration of cylindrical tissue samples with di-
ameter 20 mm and thickness of 25 mm was carried by compressing
the samples in a specially designed cell with a nozzle on a fiber optic
sensor. In the first case the samples were weighed every hour and
the diffuse reflectance spectrum was recorded. In the second case
the compression value changed every 6 minutes, before which the
samples were weighed and the diffuse reflectance spectrum was
also recorded. Results: The dynamics of the reduced weight of the
samples both in the dying process and in the compression process
were determined. At the end of the drying process, the weights of the
samples decreased by 70%. This value corresponded to the degree
of hydration of the samples before the experiments. When the pres-
sure on the sample was about 110 kPa, the weights of the samples

Brnopnsnka n meanunHckas prsnxa

decreased by 45%. The maximum degree of dehydration of the
samples during compression was about 50%. The dehydration of the
samples during their drying was accompanied by an increase in their
diffuse reflectance. On the contrary, the application of compression led
to a decrease in the diffuse reflectance according to a two-exponential
law, which is may be explained by the difference in the physical
structures of the dehydrated samples. Conclusion: The processes
of reducing the diffuse reflectance of the sample and its weight during
compression correlate well. As a result, the analysis of changes in the
diffuse reflectance of the tissue sample as a result of its compression
allows us to evaluate changes in the hydration of the sample. The choice
of the wavelength of the probe light can give not only a qualitative, but
also quantitative agreement between the two processes.
Keywords: muscul tissue, dehydration, compression, diffuse
reflection, optical clearing.
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OnucaH cnocob Tepmorpaduyeckoro aHanmaa peakuun noToBbIX
Xene3 nasbLeB PyK, OCHOBaHHbIA HA MOACYETE KOJMYECTBA OT-
KPbITbIX MOTOBbIX MOP Kak GYHKLMM BpemeHu. MokaszaHa BO3MOX-
HOCTb O[JHOBPEMEHHOTO aHaNM3a KONMYECTBA MOTOBbLIX Xenes,
aKTUBM3MPYIOLLMXCS HA NEBOW W NPaBO pyKax B OTBET Ha [ipixa-
TenbHyto npoby. MpoBefeHO CONOCTaBNEHNE AMHAMUKI TeMnepa-
TYpbl, KOJIMYECTBA OTKPHITbIX MOTOBbIX MOP U konebaHuit 06beMHO-
ro KPOBOTOKA. AKTUBHOCTb BLIBOLHbIX IPOTOKOB MOTOBOIA XeNe3bl
NPUBOAMT K MOSIBNEHUIO HU3KOAMMMTYAHBIX BbICOKOYACTOTHBIX
konebaHuit Temnepatyphbl koxu (yactota 6onee 0.1 i), koneba-
HWe KPOBOTOKA — HANpOTUB, K MOSIBNEHWNIO BHICOKOAMMIUTYAHBIX,
HWU3KOYaCTOTHBIX KONebaHWit TeMnepaTypbl KOXM, BO3HUKAIOLMX C
HEKOTOPbIM 3ana3fbiBaHneM. [JuarHoCTUYecknit noTeHUmMan onu-
CaHHOro MeTozia 06YCNOBNEH TEM, YTO AWHAMIKA aKTUBHOCTM MO~
TOBbIX XEJ1€3 CBSI3aHa C IEATENbHOCTBIO CUMMATUYECKON HEPBHON
CUCTEMBI, NO3TOMY CHUXEHME KOSIMYECTBA OTKPbITbIX MOTOBLIX MOP
B OTBET Ha (YHKLMOHANBHYIO HArpy3Ky MOXeT CBUAETENbCTBO-
BaTb O NMOPAXEHUN ManbiX HEPBHbIX BONOKOH U Mepudeprnyeckon
He/ponaTuu, PasBMBAIOLLENCS YXe HA PaHHUX CTaausx psaaa 9H-
JOKPUHOMOrMYECKMX M MeTabonuyeckue natonoruii, Hanpumep
caxapHoro guab6era.

n‘wa
AT
(a
ey

N LA /)

KnioueBble cnoBa: tepmorpadus, noToBble Xene3abl, NOTOBLIE
nopbl, KPOBOTOK, HEMpoNaTus, aCUHXPOHHOCTb, dUILTPaLMS, ca-
XapHbll anaber.

Moctynuna B pepakumio: 19.02.2020 / Mpunsita: 25.03.2020 /
Ony6nukosana: 01.06.2020

CraTbst onybnukoBaHa Ha ycnousix nuugH3um Creative Commons
Attribution License (CC-BY 4.0)

DOI: https://doi.org/10.18500/1817-3020-2020-20-2-103-115

BeeaneHue

WHTepec K N3y9IeHHUIO IIOTOBEIX JKEJe3 YeJIOBEKa
00yCIOBJICH TECHOM B3aUMOCBSI3bI0 UX AKTUBHOCTH
C CHMIAaTHYEeCKON MHHEpBaIMen mepudepuiaeckux
obnacreii Tena yenoeka [ 1, 2]. [ToBpiieHNE aKTUB-
HOCTH TTIOTOBBIX JK€JI€3 U BBIJICICHHE CEKPEeTa IIPOMC-
XOJMUT HE TOJIBKO BCIIEACTBUE TEPMOPETYISIIMH, HO
TaKXKe SABISICTCS OTBETOM Ha IICHXOIMOIIHOHAIBHYIO
HArpy3Kky  psig pU3NOJIOTHYECKUX M METUKaMeH-
TO3HBIX MpoO [3]. M3BecTHa TecHas B3aUMOCBS3h
AKTUBHOCTH IOTOBBIX JKeJle3 U KOXKHO-TaJIbBaHUYe-
CKOH peaKIiy, NCIOIb3YEeMOH B ITONUTpapUISCKIX
UCCIIeIOBaHMIX KaK MOKa3aTeb MCUXUYeCKOro Ha-
npsbxeHus [4-9].

Hapyuienue nesaTeabHOCTH MOTOBBIX JKelle3
MPOSIBISICTCST TP TAKUX MATOJIOTHSX, KaK caxap-
HBIH 1ra0eT, XpoHnYecKas cepliedHast He10CTaToy-
HOCTB, THIIEPTHIPO3, THPEOTOKCHKO3, H OO0JIe3HB
[Tapkuncona [10-13]. B Hacrosimee Bpems Ais
OIICHKN (YHKIIMH TOTOBBIX JKEJIe3 B peasbHOM
BpEMEHH HauboJiee MHUPOKO UCIOJIB3YETCS METOA
perucTpamuu KOXKXHO-TaTbBAHUICCKOW peaKIuu
NpU pa3nuuHbIX BozneiicTBusax [5, 14]. Cpenu
ONITHYECKUX METOIOB M3BECTEH CIIO0CO0 aHaIHM3a
MOTOOT/IEICHHS AMHUYHBIX TTOTOBBIX JKEJIe3 METO-
JIOM OTNITHYECKOHM KOTepeHTHOH Tomorpaduu [15],
a Takxe MeToj (pIyopecueHTHON MHUKPOCKOMUH
MOTOBBIX MOP C MCHOIB30BAHUEM THIPOXPOMHOM
MJIeHKH nonuauanetunera [16]. JlaHHbie MeTOIbI
obecrneunBarOT JUO0 HHTETPAILHYIO OLEHKY MPO-
JyKIHH CEeKpeTa MOTOBBIX XKeJjie3 BO BpeMeHu 0e3

© CararigayHbifi A. A., Marickos 4. 1., 3anetos 1. C., PomnH A. B., Ckprinans AH. B., 2020



==

rss. Capart. yH-Ta. Hos. cep. Cep. Prznka. 2020. T. 20, Bbir. 2

MPUBSI3KH K MPOCTPAHCTBECHHBIM KOOpIHWHATAM
(Ko)HO-TalbBaHUYECKAs peakius), JU00 JOKaIb-
HBIC M3MEPEHHsI, TUIOMAIh KOTOPHIX OTpaHMYCHA
noaymeukoi ¢amanru naiasua (Meton guyopec-
[IEHTHOW MUKPOCKOTIMW) WU €IMHUIHON TTOTOBOM
Kene30i (MeTol ONTUYECKOW KOTePEHTHOW TOMO-
rpadun). [103TOMy MOUCK HOBBIX CITOCOOOB KOJIH-
YECTBCHHOI'0O OLICHUBAHUA AKTHUBHOCTU IIOTOBBIX
JKelle3 U CHMITaTHIECKOH peaklny OpraHn3Ma, Kak
BO BPEMEHH, TaK U B IPOCTPAHCTBE, MPEACTABISACT
HHTEpEC sl OMOMETUIINHCKON THAaTHOCTHKH.

AKXTHBM3aLMs TOTOBOM KeJe3bl COMPOBOXKIA-
eTCs BBIACICHUEM I0Ta Ha MOBEPXHOCTH KOXH,
€ro MCIIAPCHUEM B OKPYIKAIOIIYIO CPEAY C JIOKaIb-
HBIM OXJIaXXIeHUEM Koxu. [Ipm 3TOM omHUM H3
3¢ (HEeKTUBHBIX CIIOCOOOB JNETEKTHPOBAHUS AKTHB-
HOCTH ITOTOBBIX XKeJle3 MOKET ObITh HH(paKpacHast
tepMmorpacgus. McnonszoBaHne MHQpaKpacHbIX
M300paKeHUH I BU3yallU3allMl OTKPBITHIX T10-
TOBBLIX ITOP CTAJIO0 BO3MOKHBIM TOJIBKO C CEPEANHBI
1980-x rr. BMEcTE C MOBBIIEHUEM aMIUTUTYIHOTO
U MPOCTPAHCTBEHHOTO pa3pelieHUuil TepMOrpaMm
[17]. Llupposas o6paboTka MH(PpPAKPACHBIX H30-
OpakeHUil MO3BOMMIIA OTKPBITh P HOBBIX (PU3UO-
JOTHYECKUX A(P(PEKTOB U OMKCaATh PETYIATOPHBIE
peaKiun BO BpEMsi (I)I/I3I/I‘ICCKI/IX, TCIIJIOBBIX U IICU-
Xu4eckux Harpysok [13, 18-20].

[MpuMeHeHre aBTOMAaTHYECKOTO METO/a MO/~
cdueTa KOJMYECTBA OTKPBITHIX MOTOBBIX IOp Ha
OCHOBE COINIACOBAHHOW (DMUIIBTPAIIUH TEPMOTPAMM C
WCTIONBh30BaHNEM KBa3u-Tayccuana [21] mpuBonnio
K IPOIYCKY OTKPBITBIX IOTOBBIX Iop. Iloatomy
3ajjaya pa3pabOTKH ajJbTEPHATHUBHBIX CIOCOOOB
nu(ppoBoil 06paboTKU TepMOTrpaMM C LEIbI0
OTIpE/IETICHHS KOMYECTBA OTKPBITHIX TOTOBBIX MTOP
Ha MOBEPXHOCTH TeJia YEeIOBEKa MPEICTABISCTCS
aKTyaJbHOM.

Lesblo 1aHHOI padoThI SBISETCS pa3padoTKa
METOZa JETEKTUPOBAHUS M MOJCYETa KOJMIECTBa
TOTOBBIX ITOP, OCHOBAHHOT'O Ha MTOCTPOCHUHU KAaPThI
JOKaJIbHBIX MHHUMYMOB TE€PMOTPaMMEBI C IMPH-
MEHEHHEM aJallTUBHON OMHApU3alNH, a TakXke
JIEMOHCTpAIUs TEMOINHAMUYCCKUX 3P PEKTOB, CO-
MPOBOXKIAIOIIMX AKTHBALUIO OTOBBIX KEJe3.

1. Marepumansi u meToAbl

1.1. Perucrpanusi 1JaHHBIX

I'pynny umcmbiTyeMbrx cocraBmiu 10 mobpo-
BOJIbIIEB (7 MYX4YHMH M 3 JKCHIIMHBI B BO3pacTe
20-35 7ner) 6e3 AMArHOCTHPOBAHHBIX HAPYIICHHI
[IOTOOT/AEJIEHNUS U 1aTOJIOTUH CEPIEYHOCOCYAUCTOM
cucTembl. Bce u3MepeHust mpoBOAMIUCH OAHOBpE-
MEHHO Ha BOJSPHOW MOBEPXHOCTH JTUCTAJIbHBIX

104

(bamaHT yKa3aTeJIbHBIX MAJIBIICB JICBOH U MPaBOM
pyku. [lepBuunble TepMorpapuuecKkue TaHHBIC
(puc. 1) 3anmuchIBaIUCh C HOMOLIBIO TETIOBU3UOH-
Ho#l kamepsl ThermaCam SC 3000, FLIR Systems
(UIBerus) ¢ makponun3oii 34/100, B crieKTpagbHOM
Juarna3oHe 8—9 MKM ¢ TeMIepaTypHOW 4yBCTBU-
tenbHOCTHIO 0.02°C, paspenieHueM U300paKeHUS
320 x 240 mukcene ¢ 4acTOTON NUCKPETU3ANHN 5
kaspos/c. [lomnanp aHaAIU3UPYyEeMOii TTOBEPXHOCTH
(hamaHr manpIeB ocTaBaJach MOCTOSHHOW M IMeTa
3Hauenue 4 cm?, 4To 06ECHeunBano MPOCTPaH-
CTBEHHOE pa3pelnieHue okoyio 8§80 MKM/IMUKCENb.
W3mepeHus BBIMOIHSINCH B JIA0OPATOPHBIX yCIIO-
BHSIX IIPU CTAOMIIBHON TeMIIepaType OKPYKaArOIICH
cpensl 23+0.2°C u oTCyTCTBHH (POPCUPOBAHHOM
KOoHBeKIHH. OTHOBPEMEHHO C TEMIEPaTypPHBIMHU
M3MEPEHISMH BBITIOJIHSUICS KOHTPOIb 00BEMHOTO
KpPOBOTOKa Ha MHCTallbHOW (paslaHre CpeaHero
najblia MpaBoil PyKH ¢ IOMOIIBIO0 (POTOIIETH3MO-
rpaduueckoro paruuka KL-72001 (TaiiBanp) Ha
JnnuHe BoJHbI 800 HM.

1.2. ®yHKknMOHAIbLHAS HATPY3Ka

B xauecTBe Harpy304Hoif NpoObI IPUMEHSIN
JBIXaTeIBHYIO MPO0Y, 3aKII0YAIONTYIOCS B KPATKO-
BPEMEHHOM 3a/IepKKE JIbIXaHUs Ha MAaKCUMaJIbHOU
BBICOTE Blioxa [22, 23]. [Ipo6a cocTosna u3 5 Blo-
XOB, JI0 U [10CJIE€ 0YEPEIHOTO B10Xa BBIIEPKUBAICS
uHTepBan 30 ¢ mpu o0Iel MIUTETPHOCTH TECTa
180 c.

1.3. Aaroputm mojac4era KoJIM4ecTBa

AKTHBUPOBAHHBIX MOTOBBIX KeJjie3

3ajauaMy anropuTMa SBISAIOTCSA: 00paboTKa
MOCJIE0BATEIBHOCTH TepMOrpaguuecKux H30-
OpakeHUI TOCPEICTBOM JIETEKTHPOBAHUS KaXK0M
MOPBI; MOJICYET UX OOIIETO KOJIMYSCTBa Ha TEPMO-
rpamMMe; TOCTPOCHHE 3aBUCUMOCTH KOJTMYECTBA aK-
THBHBIX MTOTOBBIX TTOP OT BpeMeHu. O01acTh BHIXO-
Jla Ha TTOBEPXHOCTH BBIBOJHBIX MPOTOKOB ITOTOBBIX
kesie3 (MOTOBBIE TOPHI) OTIIMYACSTCS TOHUKEHHOMN
TEeMIIepaTypoil MO0 OTHOMICHUIO K (OHY, T.€. MOHU-
KEHHOH SIPKOCTHIO H300paskeHus. Brinenenuto o1-
JISTBHBIX TIOTOBBIX TIOP C TOMOIIIBEO BEIOOPA OTHOTO
Y TOTO K€ MOpOoTa IPKOCTH MPETSTCTBYET HATNUNE
HHU3KOYACTOTHBIX M BBHICOKOUYACTOTHBIX MPOCTPAH-
CTBEHHBIX MMOMEX Ha TepMorpamme (cM. mpoduiib
Ha puc. 1, ). Hu3koyacTtoTHast MpoCTpaHCTBEHHAS
nomexa odpasyercs 3a cyeT HEeOJHOPOAHOTO pac-
MMpeaAcC/ICHU TEMIIEPATYPbI KOXKH, BBICOKOYAaCTOTHAA
noMexa — MPEUMYIIECTBEHHO 3a cYeT penbeda
KOXXH U IPOCTPAaHCTBEHHOTO IIyMa MaTPUIIbI.

B nponiecce peanmnzanmu anroputMa 1€TEKTHPO-
BaHUS MOTOBBIX MOP HA TOBEPXHOCTH TEPMOTPAMM

HayyHbifi otaen
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Puc. 1. Busyanu3zanus OTKPBITEIX TOTOBBIX TIOP METOAOM TepMOTrpaduu: a — TepMOrpaMMa CpeiHei alaHr naabla; O — yBe-
JMYCHHBIH y4aCTOK TEPMOIPAMMBI Ha PUCYHKE @; 6 — TeMIepaTypHbIH MpodHiIb, N300pakeHHBIIT Ha TepMorpamme (a)
Fig. 1. Visualization of open sweat pores via thermography techniques: a — thermogram of the middle phalanx of a finger;
b — enlarged fragment of the thermogram in figure a; ¢ — temperature profile shown on the thermogram (a)

HEOOXOJMMO MOJABUTh HU3KO- M BEICOKOYACTOTHYIO
COCTABJISIIOIIME TEMIIEPaTyphl U ONPENCIUTh KOOp-
JAWHATHI JIOKAJIbHBIX MUHUMYMOB, COOTBETCTBYIOLIINX
MIOTOBBIM IOpaM. TakuM 00pa3oM, HCIIOIB3YEMBIit al-
TOPUTM JICTEKTUPOBAHUS TIOTOBBIX ITOP PEaI3yeTCs
MTOCPEICTBOM BBHITIOTHEHHS TPEX ITATIOB.

1. HoxaBjeHNe HU3KOYACTOTHOMH COCTAB-
JIAIOWIeH BBIMOIHAIOCH MOCPEACTBOM CIJIaKHBa-
HUSI UCXOJHOTO H300paxeHus MmeromgoM [aycca
(puc. 2, @) ¥ BBIMUTAHUS CIIIAKEHHOTO H300paXKESHUS
n3 ucxoaHoTo. [TomyyeHHOe n300pakeHue TMHEWHO
MacIITabupoOBAIOCh B Tnana3one 3HaueHwui [0, 255]
(puc. 2, 2). B pesynbrare mpeobpa3zoBaHUN TUCTO-
rpamma u300paskeHHs IPUHUMAIIA BUJI HOPMAJIbHOTO
pacnpenenenus (puc. 2, e).

2. llogaB/jieHHe BBICOKOYACTOTHOH COCTaB-
Jasiiomeii. AMnantyinas ¢puastpauus. [Topor
AMIUTUTYTHOW (DWITBTPAIIUU BBIOMPAJICS C TIOMOIIIBIO
ITOCTPOCHHS TUCTOTPAMMBI H OIPEACICHUS YPOBHS

Bropnsnka n meanunHckas prsnka

SAPKOCTH, paclojaraollerocs jeBee Makcumyma
TUCTOTPAMMBI, Ha BBICOTE, PaBHOM MOJOBHHE Mak-
CHMaJIbHOTO 3HAYEHUsl TUCTOrpaMMbl (puc. 2, u).
N306pakeHne pa3dnuBaIoCh Ha STYCHKH 5% 5 MIKCeNeH.
Ecnu cpennee 3HaueHne mMUKCeNel B SUCHUKE BBIIIC
IIOPOTOBOI'0, TO HHTEHCUBHOCTb BCEX IMHKCEIEH
JIAaHHOW SYEWKHU MPUPABHUBAIACH MOPOTY. SAueiiku
CO CpeHUM 3HaYeHHEM MHTEHCHUBHOCTH MEHBLINM
WIN PaBHBIM MOPOTY OCTABISUIUCH 03 M3MEHEHHI.
Tem caMbIM yCTPaHSINCh MHUKCEIH C TEMIEPATypoit
BBIIIIE CPEITHEH 110 aHATTM3UPYEMO# 00JIacTH U ITHKCe-
JIM, TeMIIepaTypa KOTOpbIX OJM3Ka K cpenHei. B pe-
3yJabTare (opMHUPOBATIOCH H300paxkeHue (puc. 2, i),
Ha KOTOPOM BBLACIISIIUCH SYEHKU ¢ BBICOKOH BEpPO-
SATHOCTBIO COJIEPIKAIUE JIOKAJTbHbIE MUHUMYMBI.
3. IlocTpoeHye KapThl JIOKAJbHBIX MUHUMY-
MoOB. B kaxm0ii siaeiike IpOBOAMIICS ITOMCK MUHH-
MYMOB, COOTBETCTBYIOIIMX YCIOBHIO: [; | = [, <1,

i-1°
I, >1,<1,,1,,>1,<I_,tnel;,— 3HaYCHNUC HHTCH-
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Puc. 2. rocTpaliys 3TarnoB alropuT™a JJeTeKTHPOBaHH s IOTOBBIX MOP Ha TepMorpamme. CiieBa mpeicTaBIeHbI TEPMOTpaM-
MBI, HOJIy4EHHBIC Ha Pa3IMYHbIX dTanax o0paboTKH, clpaBa — COOTBETCTBYIOIIHE MPO(UIIb U THCTOrpaMMa PaCIIPEACIICHUS
TEMIIepaTypbl Ha TEPMOIPAMME, 2 UMEHHO: @ — HCXO/IHAsi TEPMOTPaMMa IOTOBBIX MOP; 6 — TPOQUIIb U3MEHEHHS TEMIICPaTypHl,
OTMEUCHHBIH Ha PUCYHKE @ BEPTHKAIBLHOW JIMHUEH; 6 — TMCTOrpaMMa PACIIpEAeICHNs TEMIIEPaTyphl Ha PHCYHKE a; & — TEPMO-
rpamma ¢ yJIaleHHOW HU3KOYaCTOTHOM COCTABIISIONICH U3MEHCHHUs TEMITCpPaTypbl; 0 — IPOGHIb H3MEHEHHUS TEMIICPATYPHI,
OTMCUCHHBII Ha PHCYHKE & BEPTHKAIBHOMW JIMHUEH; e — TUCTOrpaMMa paciipe/ie/ICHUsI TEMIIEPaTypbl Ha PUCYHKE 2; o — Tep-
MOTpaMMa € BBIJICJICHHBIMU YE€PHBIMU 00JIACTSIMH, KOTOPBIE C BHICOKOI BEPOSITHOCTBIO COAEPIKAT OTKPHITHIC TOTOBBIC TTOPHI;
3 —IpoUIIb U3MEHEHHS TEMIIEPATYPbl, OTMEUYCHHBIIT Ha PHCYHKE Jf¢ BEPTUKAIBHOI IMHKUEH; ¢ — THCTOrpaMMa paciipe/ieleH s
TEMIIepPaTypbl HAa PUCYHKE JC

Fig. 2. Ilustration of the steps of the algorithm for detecting sweat pores on a thermogram. To the left are images obtained
at different processing steps, to the right are the corresponding profile and histogram of the temperature distribution on the
thermogram, namely: a — original thermogram of sweat pores; b — temperature change profile marked in figure a as a verti-
cal line; ¢ — histogram of the temperature distribution in figure a; d — thermogram without a low-frequency component of
the temperature change; e — temperature change profile shown in figure d as a vertical line; f— histogram of the temperature
distribution in figure d; g — thermogram with highlighted black areas that are highly likely to contain open sweat pores; 7 —
temperature change profile marked with a vertical line in figure g; i — histogram of the temperature distribution in figure g

CHBHOCTH TEKYILETO i-TOT0 IIUKCENs, /; | —3HaueHue
HMHTEHCUBHOCTH MTPEABIAYIIETO 7 - [IEPBOTO ITUKCEIIS,

1i+1 — 3HAYCHUC MHTCHCHUBHOCTHU IMOCJICAYIOIICTO

2. Pesynbrathl

2.1. /lmHAaMHUKA AKTUBHOCTH MOTOBBIX JKeJje3,
KOHTpaJjaTepajbHasi aCHMMeTPHs

i + mepBoro nukcens. CTpousiach KapTa JOKab-
HBIX MHHHUMYMOB (pHC. 3) U TMOACYNUTHIBAIOCH UX
KOJIMUECTBO Ha aHaJIU3UpyeMOM Kajpe. Taxum
00pa3oM, TONOTHUTEIBEHO K KPHBOU TeMITepaTyphl
CTpOMJIACh KpUBas KOJTUYECTBA OTKPBITHIX MOTOBBIX
II0p OT BPEMEHH.

Brnopnsnka n meanunHckas prsnxa

I[IpuMeHeHnEe OMMCAHHOTO BBIIIE AJITOPUT-
Ma HO3BOJMIIO AETEKTUPOBATH OTKPBITHIE IO-
TOBBIC MOPHI HAa MHPPAKPACHBIX TEPMOTpPaMMax
(puc. 3).

IIpumep TUNIMYHON 3aBUCHUMOCTH KOJIUYECTBA
OTKPBITBIX ITOTOBBIX ITOP OT BPpEMEHU HA KOHTpaJa-
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6/c

Puc. 3. TIpumep TEpMOrpaMMBbl ¢ HalJIEHHBIMU OTKPBITHIMU TIOTOBBIMHU TIOPAMH: @ — HCXOJHAsI TEPMOTpaM-
Ma; 6 — 0OHapy>KEHHBIE OTKPBITHIE MIOTOBBIE MOPBI; 6 — KAPTa JIOKAJTBHBIX MHHHMYMOB, COOTBETCTBYOIIAS
0OHAPYKEHHBIM [TOTOBBIM ITOpaM
Fig. 3. Example of a thermogram with detected sweat pores: a — origin thermogram; b — detected open sweat
pores; ¢ — local minima map corresponding to the detected sweat pores

TEPaIbHBIX KOHEUYHOCTSAX IPHU MPOBEACHUU IbIXa-
TeJIbHOU MPOOBI MPUBEICH Ha pUC. 4. 3aBUCUMOCTH
JEMOHCTPUPYIOT PE3KOE YBEIUYEHUE KOJIHMUECTBA
OTKPBITHIX MMOTOBBIX MOP MOCIE COBEPIICHUS KaX-
JIOTO JIBIXaTeIbHOTO MaHEBPa C BOCCTAHOBICHHEM

HOPMaJIbHBIX UCHBITYEMbIX HE HaOJ0AaJIOCh CHUH-
XPOHHOCTH M3MEHEHHS KOJIMYECTBA aKTUBHBIX
MOTOBBIX MOP Ha MaJybllaxX JIEBOM M MpaBON PyKH.
IIpu 3TOM peakius B BUJi€ MOBBIIIEHUS KOJTNYECTBA
OTKPBITHIX MOTOBBIX IOP MPOSBISUIACH Ha 00enx

HUCXOIHOTO cocTosiHuA B TeueHue 30 c. B rpynme  KOHEYHOCTSIX.
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— Sweat pore count (Right hand)
--- Sweat pore count (Left hand)

Puc. 4. 3aBUCHMOCTb KOJIMYECTBA aKTHBHBIX [OTOBBIX TIOP OT BPEMEHH ITPOBE/ICHUS JBIXATCILHON MTPOOBI
B MaJIbliax JIEBOM U MPaBoi pyKu
Fig. 4. Dependence of the active sweat pore count on the respiratory test time in the fingers of the left
and right hands
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2.2. JInHaMHKa TeMIIepaTypbl KOXKH

U KOJIMY€eCTBA AaKTHBHBIX IIOTOBBIX IIOP

Bo Bpems mpoBeneHust IbIXaTelbHOU IpPO-
OblI TOCE KaKA0ro NIyOOKOro BJOXa MPOUCXOIUT
IUTABHOE YMEHBIICHNE TEMIIepaTyphl KOXH C 00-
pa3oBaHUEM JIOKAJIbHBIX MUHUMYMOB (pHC. 5).
JlokanpHble MUHMMYMBI HOSIBIISIIMCH C HEKOTOPHIM
3ama3/ibIBAHUEM OKOJIO 15 ¢ OTHOCUTENILHO MOMEHTA
COBEpIIEHHUS KaXKI0r0 BAoXa. MUHUMYyMBbI TeMIIepa-
Typbl KOXKHU OTCTABAJIA 110 BPEMEHU OTHOCHUTEIBHO
MI0JIO)KEHUSI MAKCUMYMOB KOJIMYECTBAa OTKPBITHIX

MOTOBBIX MOP HECMOTPS HA TO, YTO BBIJCICHHUE H
HCTIapeHHE TI0Ta TOIDKHO OBLIO MPUBOAUTE K OTHO-
BPEMEHHOMY MOHWXEHUIO TeMmeparypsl. [1o Bceit
BUJUMOCTH, JUHAMHKa CpeJHEH TemIepaTypsl
KOXKH PYK B OOJbIIEH CTENEeHU MOABEpKEeHa BIUS-
HUIO 00BEMHOTO KPOBOTOKA, UEM HCIAPEHUIO ITOTA.
Bxnazg 710KanbHOTO OXJIAXKIAIOUIETO BO3JEHCTBUS
OTKPBITBIX MOTOBBIX IOP HA KOXKY HEIOCTaTOYEH
JUTSl 3aMETHOTO TIOHIMKEHUS CpeIHeH TeMIiepaTypbl
(hayaHTH Majblla CHHXPOHHO C YBEIHYCHHUE KOJIH-
YeCTBa OTKPBITHIX MTOTOBBIX MOP.

Inspiration
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Puc. 5. JIluHaMuKa KOJMYECTBA [TOTOBBIX MOP M TEMIEpaTypsl (anaHr najabLeB IPH COBEPLUICHHH BIOXOB
B MoMeHTHI BpeMenu 0.5, 1, 1.5, 2 u 2.5 mun
Fig. 5. Dynamics of the sweat pore count and of the temperature of the fingers phalanges during inspiration
at the times 0.5, 1, 1.5, 2, and 2.5 min

2.3. CooTHOIIEHHE MKy aKTHBaLU e

NOTOBBIX jKeJie3 U TUHAMHUKOI

00beMHOTr0 KPOBEHANOTHEHUSI OMOTKAHH

IMocre kax1oro rIyOOKOro B0Xa MPOUCXOMIIO
pe3koe yMEHbBIICHHE 00BEMHOTO KPOBEHAIIOTHEHHS
nasblieB ¢ 00pa30BaHUEM JIOKAJIbHBIX MHHUMYMOB
(puc. 6). [Ipu >TOM BpeMsl MOSIBICHHS JTOKATBHBIX
MHUHUMYMOB 00BEMHOTO KPOBOTOKA NIPUOITU3UTEIb-
HO COBIIAJaJI0 C BPEMEHEM ITOSIBICHUS JIOKAJIBHBIX
MaKCHMYMOB KOJMYECTBa OTKPBITHIX IIOTOBBIX T1OP.
JlokanmpHbIe MUHUMYMBI TEMIEPATYPhI TOCIE Kax-
JIOT0 BJIOXA 3alla3/IbIBajii OTHOCHTENILHO KOJeOaHui
00bEMHOTO KPOBEHAIIOJTHEHHUSI COCY/IOB KOXH (puC. 7).

3. 06cyxpeHue

Hcnonp3oBanue aaropurma o0padOTKH TEPMO-
rpaMM, peayn3yoIiero nogaBIeHNHe HU3KOYacTOT-

Brnopnsnka n meanunHckas prsnka

HBIX U BBICOKOYACTOTHBIX NPOCTPAHCTBEHHBIX CO-
CTaBJISIFOIIMX KoJeOaHui TeMmepaTypbl, U IOCIeay-
fo1ee 0OHapyKEHHE TOKATFHBIX MUHUMYMOB JTal0T
BO3MOXKHOCTH C NMOMOIIBIO METOJa MH(PAKPACHOM
TepMorpaduu UCCIEI0BATh HE TOJIBKO TUHAMUKY
TeMIIepaTypbl, 00YCIOBICHHYI0 TeMOANHAMHUKOM,
HO M aKTHUBHOCTb ITOTOBBIX XKeJle3.

3.1. KourpasnarepajabHasi JTMHAMHKA

AKTHBHOCTH NMOTOBBIX KeJje3

AHanu3 TepMOrpamMMm IPOTUBOMOIOKHBIX KO-
HEYHOCTEH BO BpeMs MPOBEACHHS IBIXaTCIBHBIX
MaHEBPOB (CM. pHcC. 4) IeMOHCTPUPYET OTCYTCTBHE
CHHXPOHHOCTH B U3MCHEHHUH KOJIMIECTBA OTKPBITHIX
noToBeIX nop. [Tocnennee moxxker HalWTH 00BsIC-
HEHHE, HapUMep, B MHIANBUAYAILHOM XapakTepe
WHHEPBAIMK NaJIbIIEB JEBOU U MPaBOil KOHEYHOCTH
OJTHOTO 1 TOTO K€ HCITBITYEMOT0; B KOHTpaaTepab-
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Puc. 6. 3aBHCHMOCTD KOJIMYECTBA OTKPBITHIX MOTOBBIX OP 1 00bEMHOTO KPOBOTOKA B MaJIbl[aX OT BPEMEHN
JIBIXaTeIBHON IPOOBI

Fig. 6. Dependences of the open sweat pore count and of the volumetric blood flow in the fingers on the
respiratory test time
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Puc. 7. 3aBucuMOCTb TeMIIepaTypbl 1 00bEMHOI0 KPOBOTOKA B MAJIBIAX OT BPEMEHHM JbIXaTeIbHOM POOBI
Fig. 7. The temperature and volumetric blood flow in the fingers vs. the respiratory test time

HOM pPa3IH4YMU CKOPOCTH pean3aliy HEHTPaIbHOTO
pecexca 3a cueT MECTHBIX HEHpo- U OHMOXUMHU-
YECKUX pEaKUMH; B oTIHYHE (PYHKIIMOHATBHOMN
BOCIIPUUMYHUBOCTH XOJUHEPIrUYECKUX HEPBHBIX
BOJIOKOH, UHHEPBUPYIOIUX TOTOBBIE XKETE3bl, B 00-
JIaCTH TIPaBOH U JIeBOI koHeUHOCTH. OOHapyKeHHE
3HAUUTEIbHON ACHMMETPUH B AKTHBHOCTH TOTOBBIX
JKeJle3 Ha JIEBOH UM MpaBOi KOHEYHOCTH, a TaKXkKe B
00JIaCTSIX WHHEPBAIUH MEIUANbHOTO, JTYyYeBOTO U
JIOKTEBOTO HEPBOB MOXKHO Oy/IeT paccMaTpHUBaTh KaKk
MPU3HAK HAPYIICHUS CUMIIATUYECKON MHHEPBALUU
KOHEYHOCTH, KOTOpasi XapaKkTepHa, HallpuMep, isl

110

nuadetnueckoi Heponartuu. Ilpu nuadernde-
CKOHl HeliponaTHW MPOUCXOJUT JE€MHEIMHHU3ALUS
HCPBHBIX BOJIOKOH ITOJ BOSﬂeﬁCTBHeM IIOBBIIICH-
HOU KOHIIEHTPAIIMH caxapa B KPOBH, HApYIIACTCs
(yHKIIMOHATbHAS AKTUBHOCTH HEPBHBIX BOJIOKOH
pa3JIn4HOro THUIla, B TOM YHUCJIC WHHCPBUPYIOIINUX
notoBeie xkene3bl [24]. [Ipu sTOM HapymieHue
(GYyHKIHMOHAIBHON aKTUBHOCTH MAJbIX HEPBHBIX
BOJIOKOH MIPOABJIACTCA YK€ HA paHHUX CTaAUAX AUa-
Oetrueckoit HeliponaTuu [25, 26]. Takum 0Opazom,
MPOBEICHHBIN aHATIH3 [TOKA3BIBACT, YTO BBHISIBICHUE
HapyHICHHUA aKTUBHOCTH IMOTOBBIX KCJIC3 C ITOMO-

HayyHbifi otaen
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b0 00pabOTKH AMHAMHUYCCKUX HHPPAKPACHBIX
TEPMOTrPaMM B IEPCIIEKTUBE MOYKHO pacCMaTPUBATh
B Ka4yeCTBE Crocoba JMarHOCTHKH HEHPOIaTHU
Ha paHHHX CTalMsX, a TAaKXKe B Ka9eCTBE Crocoda
MOHHUTOPHHTa BOCCTAHOBJICHHUSI MHHEPBAIIMH B IIPO-
riecce Teparuy Wik B IOCIe0NepaliHOHHOM [IEPHO/IC
HEUPOXUPYPTHUUECKUX OTIEPALIHA.

3.2. luHaAMHUKA TeMNEPATYPhl KOKH

1 KOJINYeCTBA AKTUBHBIX MOTOBBIX IOP

Kapaunaneaoe paznmuuue Gopmbl KosieOaHU
TEMIIEPAaTyphl U KOJUYECTBA IMOTOBHIX MOpP MpHU
MPOBEJICHUH AbIXaTeIbHOU MPOOKI (CM. puc. 5) CBU-
JETEeIBCTBYET O TOM, YTO JAHHBIC CUTHAJIBI MOYKHO
paccMaTpuBaTh B KaueCTBE HE3aBUCHMBIX KaHAJIOB
HoJydeHUs pU3noIoruueckoit uupopmanuu. Mak-
CHUMYMBI KOJINYECTBA OTKPBITHIX MOTOBEIX TOpP MO-
ClIe KaXJIOTO IIBIXaTebHOTO MaHEBpPa OIEPEIKAIOT
MHMHUMYMBI TEMIIEPATYPBHI.

B manHOM HMCcce[0BaHUM HE W3yYAIHCh CICK-
TpasibHBIC XapaKTCPUCTHKH KOJICOAHUH TeMITepary-
PBI TIOJ] BO3JICHCTBUEM IpOLIecca OTKPBITHS/3aKPbI-
THSI TIOTOBBIX TIOP W UCTIAPEHHSI TOTOBOH KHUIKOCTH C
MTOBEPXHOCTH KOXKU. M3 mperBapuTeIbHOTO aHAIN3a
CUTHAJIOB CJIElyeT, YTO KOoJeOaHHsl TeMIepaTyphl
BCJIC/ICTBUE CHMIIATUYCCKON aKTHUBAIMH ITOTOBBIX
JKEIe3 M OTKPBITHUS/3aKPBITUS TOTOBBIX TIOP MOTYT
MPOUCXOJUTHh C JOCTATOYHO BBICOKOH 4acCTOTOM
no 0.5 T'm mpu aMIuiuTye KoneOaHWW HE HUXKE
YyBCTBHTEIHHOCTH TEMIIEPATyPHBIX H3MEPEHUN
(0.02°C B nanHOM ciydae). YKazaHHOE 3HAYCHHE
YacTOTHI MPEBBIIIACT MAKCUMAIbHYI0 9acTOTY
JIETeKTHPYEMBIX TEIIOBH30POM KoJIeOaHUI TemITe-
paTypsl KOXKH, 00YCJIOBICHHBIX F€MOUHAMUKOM.

Kak ob6cyxnmamnoce panee, IETEKTUPYEMBIC
KoJIe0aHUs TeMIIePaTy Pl KOXKH, 00YCIIOBICHHBIE TIe-
pudepuueckoil reMOTUHAMUKOMN, UIMEIOT YaCTOTY HE
oomee 0.1 I'q [27-29]. st perucTpaiiuu KoieOaHwid
TeMIIeparypbl, 00yCIOBIEHHBIX TeMOJUHAMUKOU,
¢ OoNpIIMMM YacTOTaMu TpeOyeTcsi paspellieHue
TeMIepaTypHbix u3mepenuii 6osee 0.01°C, koropoe
B HACTOSIIIEE BPEMs HEIOCTYITHO JJIs TETTIOBU3UOH-
HOM Texuuku [30].

3.3. CooTHOIIEHNE MeKAY AKTHUBaLMel

MOTOBBIX jKeJie3 H JUHAMHUKOI

00beMHOr0 KpOBEHAMOJIHEHUS] OMOTKAHH

Poct xonmmyecTBa OTKPBITHIX MOTOBBIX HOP U
najeHue 00beMHOT0 KPOBOTOKA MPH MPOBEACHUHN
KaXxJ0ro Bjoxa (cM. puc. 6), CBHIETEIBCTBYET 00
OJTHOBPEMEHHOW PeaKINy aHATU3UPYEMbIX (PU3UO-
JIOTUYECKHUX MOICUCTEM BCJIEICTBUE MIEpeaul UM-
ITyJIHCOB IO CHMITAaTHYECKUM BOJIOKHAM, HHHEPBH-
PYIOIIMM KaK IIOTOBBIE JKEJIE3bl, TAK H KPOBEHOCHEIC
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cocynel [24]. Kak ObIJ10 ITOKa3aHO paHee, KoJIeOaHHs
TeMIIepaTypbl KOXKH 3ama3/ibIBal0oT OTHOCHTEIbHO
KoJeOaHMI KOKHOTO KPOBOTOKA Ha BEITHYMHY, 3a-
BHUCSIIYIO OT YacTOThl aHAJIM3MPYEMOTo Ipolecca
[29, 31]. DddekT 3anmazapiBaHus TEMIIEPATypPhI
OTHOCHTEJIbHO KPOBOTOKa IOCJIE KAXKIOTO BJIOXA
JIEMOHCTPUPYET pUC. 7.

Takum 00pa3zoM, BIUSHUE JBIXaTEIbHON IPOOEI
Ha TeMITepaTypy KOXKH OKa3bIBACTCS B CICIYIOIIEH
MOCJIe/IOBATEIBHOCTH: TIOCIIE BIOXA MOBBIIIACTCS KO-
JHYECTBO OTKPBITHIX MOTOBEBIX TIOP, OAHOBPEMEHHO
MOHIDKACTCS aMILTUTYa 00bEMHOTO KPOBOTOKA; 00a
3THX BO3ACUCTBUS MPUBOIAT K TOHM)KEHUIO TEMIIC-
paTtypbl KOXH; IPH 3TOM yMEHbIIEHHE KPOBOTOKA
BHOCHT 0o0Jiee CyIeCTBEHHBIN, MAKPOCKOITHYECKHH
BKJIad B NOHMWIKCHUC TEMIICpATypbl C HAJIUYHUEM
3ama3bpIBaHUS TEMIICPATyPHOU TUHAMHKH OT-
HOCHUTCJIBHO KPOBOTOKA, YBEJINYCHHUE KOJIUYCCTBA
MIOTOBBIX TIOP BHOCHUT MEHEE CYIIECTBEHHBIN BKIIA]
B MOHIKEHUE TEMIIepaTyphl (CM. puC. 5), HO Oe3 BbI-
paskeHHOTO0 3(heKTa 3armas3apIBaHus TEMITCPATYPHOI
JUHaAMUKH. BimsiHre akTUBHOCTH MOTOBBIX Iop Ha
CPEIHIOI0 TeMITEPaTypy KOKU MPOSIBISETCS H30JIH-
POBAaHHO JIUIb B 06J'IaCT$IX BbIXOJa Ha TOBEPXHOCTH
MIOTOBBIX TTOP.

3aknioyeHue

Mcnonb3oBaHue MPEAJIOKEHHOTO ajaropuTMa
00paboOTKH AUHAMUYECKUX TEPMOIpaMM KOHEY-
HOCTEH NPONEMOHCTPUPOBAIO BO3MOXKHOCTD
0OHapyXeHHs U IMOJCUYeTa KOJIUYeCTBA OTKPBITHIX
IIOTOBBIX I1OP, COOTBETCTBYIOLIEE KOJIUYECTBY
AKTUBHBIX MOTOBBIX JKeJie3 Ha MCCIeIyeMoi mo-
BEPXHOCTHU KOXKH HCTIbITyeMoro. IlomyueHnHsle npo-
CTPaHCTBEHHO-BPEMEHHbIE JaHHbIE 00€CIIeUHBAIOT
BO3MO)KHOCTb CPAaBHEHUS PEAKLIUU IIOTOBBIX JKEJIE3 U
nepudeprudecKux CoCyJ0B Ha AbIXaTeJIbHYIO IPOOY,
MpUYEM OJJHOBPEMEHHO /IS JIEBOK U TIPABOM PyKH.
IIpakTHueckoe TpUMEHEHUE OMKUCAHHOTO METOoJa
MPOJICMOHCTPHUPOBANIO HaNWuue psiga dHQeKTon:
aCHUMMETpPHS peaKkluu MOTOBBIX MOP Ha JIEBOH H
paBO# pyke; HAJIWYUE NETEKTHPYEMBIX Koieba-
HUH TeMIeparypbl Koxu ¢ yactotoil Beime 0.1 I,
00YCIIOBJICHHBIX aKTHBAIMEH MOTOBOW JKEJIE3HI;
CUMIIaTHYECcKasi PeaKusi yMEHbIIEHUsI 00bEMHOTO
KPOBOTOKA B I1aJIbLIaX B OTBET Ha JIbIXaTEJIbHYIO [IPO-
Oy 1, C HEKOTOPBIM 3ara3ibIBaHueM, (HOPMUPOBAHHE
HU3KOYaCTOTHBIX MUHUMYMOB TEMIIEPATYPhl KOXKHU.

Taxum 0O6pazom, TepMorpaduueckas perucTpa-
U] peaKIIUU KOHCYHOCTEH Ha IBIXaTeIbHYTO IIPOOyY
C IPUMEHEHHEM aJITOPUTMA AETEKTUPOBAHUS KO-
YeCTBa [IOTOBBIX IOP MOXKET IIO3ULIMOHUPOBATHLCS B
KaueCcTBE HHCTPYMEHTA JUIA MOJIy4eHus (PU3HO0JIOTH-
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YECKOTO CUTHAJIA, CBSI3aHHOTO C CHMIIATHYECKOH pe-
aKIuei opranusMa Ha QyHKIIMOHAIBHYIO HaTPY3KYy.
Merton ipeicTaBIsIeT HHTEPEC JJIsI TPEBEHTUBHOTO
BBISIBJICHUS Pa3IMYHBIX ()OPM HEHPOMATHH MEIKHX
COCYIIOB, HAaIIpUMeEP, IIPH caxapHOM jJauabeTe, Hapy-
IEHUSIX padOThl HIMTOBUIHOM JKeJIe3bl U CHHAPOME
Peiino.
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Background and Objectives: Interest in the study of the hu-
man’s sweat glands activity is due to the close relationship of
their activity with human body’s peripheral regions sympathetic
innervation. The increased activity of sweat glands and secretion
occurs not only due to thermoregulation, but also is a response

Bropnsnka n meanunHckas prsnka

to the psychoemotional load and the physiological and drug tests.
Sweat gland activity’s disruption manifests itself in pathologies
such as diabetes mellitus, chronic heart failure, hyperhidrosis,
thyrotoxicosis, and Parkinson’s disease. Thus, the search for a
method for quantifying the sweat glands activity on the surface of
a human body based on physical methods is relevant for biomedical
diagnosis. Materials and Methods: The primary thermographic
data were recorded using a ThermaCam SC 3000 thermal imaging
camera, FLIR Systems (Sweden) with a 34/100 macro lens, in the
spectral range of 8—9 um with a temperature sensitivity of 0.02°C
and a resolution of 320 x 240 pixels with a frequency 5 frames per
second. The measurements were performed in laboratory condi-
tions with a stable ambient temperature of 23 + 0.2°C and the
absence of forced convection. Simultaneously with temperature
measurements, the volumetric blood flow was monitored using a
KL-72001 photoplethysmographic sensor (Taiwan) at a wavelength
of 800 nm. Results: The both hands reaction to a breathing
test was observed. The dynamics of changes in the active sweat
pore count, temperature and blood flow was analyzed. Using an
algorithm for processing thermograms that implements the sup-
pression of low-frequency and high-frequency spatial components
of temperature fluctuations, and the subsequent detection of local
minima, makes it possible using the infrared thermography method
to study not only the temperature dynamics, but also the sweat
glands activity. Conclusion: Thus, the thermographic recording
of the limb’s reaction to a respiratory test using the algorithm for
detecting the sweat pore count can be positioned as a tool for
studying the body’s sympathetic response to a functional load. The
method is interest for the prophylactic detection of small vessel’s
neuropathy’s various forms in diabetes mellitus, thyroid disorders
and Raynaud’s syndrome.
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Background and Objectives: Nanomedicine and drug delivery
systems are a relatively new but rapidly developing branch of science,
which investigate materials in the nano- and microscale range as
diagnostic tools or carrier for delivery of therapeutic agents to specific
targets within the body in a controlled manner. As far as the systemic
administration faces a range of problems that cannot be solved by
traditional approaches, it becomes extremely relevant to develop novel
therapeutic options. Results: In this paper we provided information
about the most interesting and promising strategies from our point of
view that optimize the drug delivery process using various composi-
tions of nano- and microcarriers of different nature and design, special
physicochemical amplifiers, various devices, and methods. The current
review briefly presents the latest advances in the field of nanomedicine
and drug delivery systems driven by impressive recent results in the
field of nanomaterials, drug carriers of different compositions, specific
physicochemical amplifiers, various devices and methods. Few basic
routes for drug delivery in vivo including injections, implantation and
transdermal delivery open up a new avenue for an improved topical
medical treatment which is considered and compared to each other in
the current review. All of these routes offer certain advantages of terms
drug absorption, targeting, prolongation, spatiotemporal accuracy,
reduction of dosage and many others that must be taken into account
to provide a correct approach for the treatment of a specific disease.
Conclusion: Invasive and non-invasive implantation of drug delivery
carriers and devices are reviewed together with transdermal routes
leading to effective absorption of drugs with minimal side effects. The
innovative approaches to drug delivery discussed here open venue
for effective treatment of a wide range of diseases, especially chronic
ones, that cannot be defeated by traditional approaches. Although
transdermal delivery offers a promising non-invasive way to treat a
variety of diseases, chronic illnesses can be treated more effectively
by implantation of drug delivery devices with a bidirectional connection
that in the future can drastically improve the quality of life. Diversity of
emerging technologies in microelectronics, sensors and biomaterials
leads to dramatic changes in the medical industry and appearance
of new systems providing medical treatment in theranostics fashion.
Key words: nanomedicine, drug delivery, theranostics, implantation,
transdermal system.
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Introduction

Currently, a great amount of highly effective
drugs is developed, however, the problem of their tar-
geted delivery to a specific organ or pathological site
remains challenging. In this regard, one of the main
trends in pharmaceutical industries along with the
development of novel active biological compounds is
the improvement of their delivery into the body. There
are several routes for drug delivery based on carriers,
which can be introduced into the body by means of
injections, implantation or transdermal delivery.

The problems associated with standard injections
are caused by difficulties in use by untrained users
as syringes can result in injuries and infections and
pains. Besides syringes can be reused by people with
drug addiction, if they are not disposed properly. A
large percentage of patients are afraid of syringes that
causes problems in therapy, regardless of the reasons
in pain and necessity of use. In order to overcome
issues associated with user compliance, a number of
needleless syringe designs have been proposed. Such
syringes deliver the drug to the subject by injecting the
drug through the skin of the subject under air pressure.

However, these techniques do not resolve a range
of problems associated with the systemic administra-
tion of drugs leading to side effects and the necessity
to repeat the procedure regularly. Novel technologies
in drug delivery systems offer a range of routes the
drug can be delivered in, accompanied by an oppor-
tunity to endow it with a bidirectional connection in
a theranostics fashion. These systems are based on
drug carriers and enable to control release profiles of
drugs with high spatiotemporal precision.

The current review is focused on recent advances
in the routes of drug delivery and biosensors incor-
poration into the body. Invasive and non-invasive
implantation of drug delivery carriers and devices are
reviewed together with transdermal routes leading to
effective absorption of drugs with minimal side effects.

1. Delivery of drug carriers

by subcutaneous injections

The subcutaneous fat layer is well supplied with
blood vessels, therefore, the effect of drugs can be
reached with subcutaneous injections are widely
employed. Subcutaneously administered drugs be-
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come absorbed quickly in comparison to the drugs
absorbed via oral administration. Subcutaneous
injections are made with a needle at the depth of 15
mm and can provide drug volume of up to 2 mL,
which are rapidly absorbed in loose subcutaneous
tissue and do not have a harmful effect on it.

Hydrogels

A variety of drug delivery carriers were shown
to exhibit therapeutic effect in the body upon
introduction via subcutaneous injections such as
liposomes [1, 2], magnetic iron oxide nanoparticles
[3], carbon nanoparticles [4], gold nanoparticles [5]

(Fig. 1).

Fig. 1. Different types of drug delivery carriers used in subcutaneous injections.
Reprinted with permission from [2]. Copyright Elsevier, 2018

However, it is known that the intravenous ad-
ministration of liposomes and various polymer-based
pharmaceuticals causes vegetative, mucocutaneous
and cardiopulmonary reactions in some cases [6].
Symptoms include fever, chills, shortness of breath,
hydrops, rash, cough, shortness of breath, polypnea,
hypertension/hypotension, and chest and back pains.
These symptoms range from mild to severe with
an unknown reaction in response to pre-existing
allergen-reactive immunoglobulins (e.g., IgE type
antibodies). However, modern pharmaceuticals used
in clinical practice are not designed to overcome
these problems.

The mechanism underlying the reactions to
pharmaceuticals in response to intravenous ad-
ministration is not well understood. It is assumed
that the unintentional activation of the complement
system, which is the first line of defense of the
body against extraneous intrusions, is a causative
factor [7].

The authors of [8] have observed an additional
problem in the difference of therapeutic effect in
dependence on the site of injection. The authors
studied the relationship between the left or right
ulnar veins and with intravenous contrast injection
sites and the quality of improved CT images of the
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chest. Interestingly, contrast images obtained by
injection into the right ulnar vein showed better
quality than images obtained by injection through
the left arm. An increase in the contrast improved
the image quality of a CT scan of the chest when
injected into the right ulnar vein, avoiding passage
through a possibly squeezed left brachiocephalic
vein, that is especially relevant for elderly patients.

2. Implantation of theranostics systems

Biomedical engineering in recent years has
made a breakthrough in the field of theranostics
materials and devices which are consisted of drug
delivery and biosensing systems [9]. These ap-
proaches enable tuning of therapeutic treatment
employing targeting drugs together with control
over release profiles into the body that can increase
efficiency in comparison to systemic administration.
The drug delivery process can also improve thera-
peutic affect by targeting a drug to a pathological
site. However, this approach demands a mechanism
to provide external control over the system at every
step of the process. To date, a variety of materials
and devices can offer a wide range of mechanisms
of drug delivery and release according to the clinical
requirements.
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Drug delivery approaches can be divided into
active and passive. Active systems are designed to
implement release in response to an external signal
which can be represented by electromagnetic waves,
radio waves, ultrasound and others. It means that the
system should be composed either of multifunctional
composite material or devices containing power bat-
teries and on-board electronics, usually accompanied
by sensors. Passive systems designed in a specific
way to provide release in response to the physical
properties of the medium in the body.

In this way, microfabrication techniques become
important in terms of miniaturization of implantable
systems to provide implantation of multifunctional
theranostics systems to different sites of the body. It
should be noted that passive devices are beneficial
in terms of size limitations as they are not equipped
with active electronic parts and can be introduced
to the body in a minimally invasive way [10]. Drug
release can be assisted by different types of stimuli
such as temperature [11, 12], pH [13, 14], and light
[15, 16]. Besides these parameters should be taken
into account to provide control over pharmacokinet-
ics and increase therapeutic efficiency although pas-
sive systems are unable to implement drug release
with complex release profile and dependency on
multiple parameters [17].

The drug delivery devices and sensors can be
implantable in an invasive and non-invasive way
[18] or introduced via the transdermal route [19].
Implantable systems can be represented by complex
micron-sized robots [20, 21] or capsules [22, 23].
Usually, implantable devices contain microreservoir
filled with a drug, actuator and other electronic com-
ponents to initialize release, sensors, and antenna to
provide bidirectional connection [24]. In the case of
active devices, the external transmitter wirelessly
receives information from the device and delivers
information if the actuating mechanism should be
triggered to release the drug. This approach has
benefits in comparison to systemic administration
as it helps to reduce side effects as released drugs
tend to accumulate near the site it was injected in.

In the other case, multifunctional carriers made
of composite materials are employed for delivery,
detection and release in response to physical and
chemical surroundings in the body or specific type
of external influence [25]. Biocompatible arrays
of free-standing micron-sized chambers made of
biodegradable polymers (polylactic acid or polyelec-
trolytes) were shown to provide either burst release
triggered by NIR light [26] or prolonged release in
response to enzyme treatment in vivo [27]. These
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chambers allow creating both independent drug
depot implants [27] or as functional coating for im-
plants [28]. Besides inorganic fillers, complex films
consisted of lipids and biopolymers such as DNA
[29] can find application as biosensors.

In dependence on medical indications, the
gastrointestinal route for the introduction of sensors
and drug delivery systems into the body can be used
[22,23]. This route is beneficial as it is a simple and
noninvasive way to introduce drugs, however it is
limited by a number of diseases that can be treated.
The therapeutic effect of the complex capsule con-
sisted of a camera, illumination, a drug delivery
channel and an ultrasound transducer was stud-
ied in vivo. Once swallowed the capsule provides
controllable release in response to pH or enzymatic
treatment or in response to an external signal that
makes it possible to tune the site of release. In other
case composite alginate-based microchambers were
studied in vivo and shown to be stable in the gastro-
intestinal tract of C.elegans and release the model
drug in response to NIR laser trigger [30].

A wide range of implantable multifunctional
systems with a drug depot is represented by compos-
ite scaffolds based on functionalized biocompatible
polymeric matrices. In combination with the sensing
and drug delivery approach, scaffolds are a promis-
ing candidate in the field of tissue regeneration [31,
32]. Usually, scaffolds consisted of hydrogels or
biopolymers functionalized by drug delivery carri-
ers such as calcium carbonate particles and gelatin
microspheres [31, 33]. The basic requirements for
tissue engineering implants are biocompatibility,
biodegradability, the possibility of cell coloniza-
tion over the scaffold and cell proliferation in
order to form new living tissue, the structure, and
functions of which are similar to the properties of
native tissue [34]. Along with the restoration of
structural defects in tissues, such materials also
enable restoration of the functions of the tissues
lost as a result of damage [35].

Together with hydrogels, nanofibers have found
application as an implantable drug delivery system
characterized by high flexibility and prolonged re-
lease of anti-glioma drug [36]. Alternatively, «drug
delivery» term can suggest also the delivery of light
energy as it was demonstrated with an implantable
micro-optical semiconductor device, which provides
both the delivery of light energy and the detection
of optical signals within the body [37].

In general, hydrogels are widely applied as
drug delivery carriers and sensors due to the great
possibility of functionalization by fillers of differ-
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ent nature. Hydrogels functionalized by graphene
were shown to have great stimuli-responsiveness
with high efficiency as an active component in
actuator systems [38]. This approach continues
the trend which started since the investigation of
the first glucose electrochemical sensor. Together
with new developments in the area of biocompat-
ible functional materials, wireless power supplies
and bioengineering, the latest advances in sensing
techniques allowed investigation of implantable
biosensors, that in some cases are accompanied by
drug delivery systems in a theranostics fashion.

Graphene applied as a functional component
in the hydrogel matrix contributes to the actuation
performance of the composite in terms of electri-
cal conductivity and mechanical properties, which
allows the resulted material to change shape and
dimensions in response to stimuli in a reversible
manner. Hydrogels doped with graphene were shown
to exhibit stimulus-responsive swelling that allowed
realizing signal transduction in biosensors and bio-
electronics [39]. In this way, composite hydrogels
found a wide range of applications as implantable
sensors [40]. Hydrogel based composites were dem-
onstrated to serve as a pH [41] electrical [42] and
photonic [43] responsive-actuator.

Along with advances in biocompatible com-
posite materials, new developments in microelec-
tronics, microfluidics, microsensors have led to
an increasing number of technologies focused on
implantable biodevices for continuous monitoring.
These devices can help to resolve many clinical tasks
including detecting or monitoring pathogens, ions,
diseases, etc. [44]. Progress in this area has led to
the development of a wireless implantable glucose/
lactate sensing biochip made on the basis of on-chip
potentiostats and new signal processing techniques
[45]. Implantable bio-micro-electro-mechanical
systems for the monitoring of blood flow in situ have
also been developed [46].

3. Transdermal delivery of hybrid carriers
and methods of stimulation

Various technologies and strategies for the
delivery of therapeutic agents into the body have
been widely investigated over the past decades. To
date, many studies have proven an increase in the
delivery efficiency of vaccines and various drugs,
that can reduce the dosage of the drug and provide
a minimally invasive alternative to traditional vac-
cination and dosage forms. Significant progress
has been made in the field of various vaccinations
and transdermal drug delivery among which are the
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following technologies: jet and powder injections,
microneedles, microporation technologies, elec-
troporation, sonoporation, as well as transdermal
and transfollicular drug delivery.

Most drugs employed today in clinical practice
are either injected or orally administered. Injec-
tions usually provide a quick, direct route to the
bloodstream, while oral administration involves
metabolization of the pharmaceutical agent in the
liver. Hepatic metabolism reduces the efficiency of
pharmaceutical agents up to 90% in some cases. As
a result, a significant amount of the drug does not
reach the rest of the body due to the detoxification
of the drug by the liver. Despite this drawback,
oral administration is still the most preferred route
of administration of pharmaceutical drugs due to
simple administration and the opportunity to avoid
invasive methods such as injections.

To date, sonophoresis becomes an increasingly
common method of drug administration. Thera-
peutics or model substances can penetrate through
the skin, hair follicles, and sweat glands by means
of vibration influence. The ultrasonic treatment
(sonophoresis) is one of the least invasive physical
stimulants. It is effectively employed in order to
enhance intra- and transdermal delivery of bioactive
molecules and solid particles. Ultrasound treatment
of the skin at frequencies over 0.7 MHz leads to an
increase in pressure in the medium and subsequent
formation of cavitation bubbles inside the inherent
cavities represented by hair follicle shafts and sweat
glands [47]. Vibrations of the bubbles within folli-
cles provokes movement of the particles’ suspension
down the follicle. Previously, ultrasound treatment
at the frequency of 1 MHz and a power density of
2 W/ecm? was shown to be safe for the skin of rats [48].

Ionophoretic delivery is another effective non-
invasive approach for therapeutic drug delivery [49].
Typically, transdermal iontophoresis generates a
small electric current (0.1-0.5 mA cm2) in the skin
to induce transdermal molecular transport, enhanc-
ing drug delivery by electro-repulsion and electroos-
mosis. At neutral pH, the skin is negatively charged
and has cationic selectivity [50]. Thus, the passage of
current causes a convective flow of solvent from the
anode to the cathode, leading in increased transfer of
cations and improved transdermal transfer of neutral
polar substances. The effects of electro-repulsion
and electroosmosis depend on the physicochemi-
cal and electrical characteristics of the membrane.
In addition, the negative charge of the skin can be
reduced, neutralized, or even completely altered by
the iontophoresis of some cationic, lipophilic species
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[51]. In addition, a combined strategy to improve
the permeability of the skin for drugs based on the
simultaneous use of sonophoresis and iontophoresis
was developed. This strategy showed a significantly
higher gain in comparison to using only one ap-
proach. A miniature device able to induce sonopho-
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resis and iontophoresis is a promising approach due
to the enhanced transdermal drug delivery and the
possibility of self-administration in the cosmetic and
therapeutic fields [52].

Various alternative methods for improved skin
penetration are presented in Fig. 2.
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Electroporation
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Fig. 2. Different approaches towards subcutaneous drug delivery. Injection, microporation and local transport region (LTR)
techniques are displayed in representative dimensions relative to the epidermal layer of the skin

Technologies related to microporation for the
delivery of macromolecular drugs, biopharmaceuti-
cals and vaccines are developing rapidly [53].

Microneedle mediated drug delivery has been
proposed as a strategy for disrupting the barrier
function of the stratum corneum to provide effi-
cient transport of molecules through the skin. This
strategy suggests the employment of micron-sized
needles of different geometries, which penetrate
through the skin and create transitional water chan-
nels. Microneedles alone or in combination with
other enhancing strategies (chemical or physical)
have been shown to significantly increase skin
permeability for a variety of therapeutic molecules,
including in vitro, ex vivo or in vivo biopharma-
ceuticals [53].

A device with a microneedle matrix perforates
the stratum corneum of the skin, which provides
direct access of drugs to the underlying viable epi-
dermis in absence of contact with blood vessels and
nerve fibers located in the dermis. To date, there are
several different approaches for transdermal drug
delivery based on microneedles: solid microneedles
(to increase the permeability of drugs by means of
microholes created over the skin), microneedles with
a coating (to provide quick dissolution of the drug
together with the coating at underlying viable epider-
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mis), soluble microneedles (for quick or controlled
release of the drug trapped within microneedles),
hollow microneedles (used to penetrate through the
skin and provide release of liquid drug after infu-
sion or diffusion of the drug through the hole of the
needle) [54].

4. Application in medical practice

Currently, several microneedle products were
released on the market for cosmetic applications.
LiteClear® microneedles are used to treat acne and
other skin diseases, and MicroHyala® is used to
reduce the appearance of first wrinkles [54]. The
only microneedle system available on the market
for therapeutic use is the Becton-Dickinson Solu-
via® microinjection device, consisting of a 1.5 mm
hypodermic needle attached to a syringe pre-filled
with an influenza vaccine. Soluvia® is currently
marketed worldwide as IDflu®, Intanza®, and
Fluzone Intradermal® and applied for intradermal
vaccination. Micronjet® is used as an effective,
accurate, and almost painless intradermal delivery
of commercially available dosage forms, includ-
ing influenza vaccines, lidocaine, and insulin for
humans [55].

The most common and less invasive methods
to improve drug penetration through the skin barrier
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are based on either removing the outermost layer
of the skin by peeling off the tape or using various
chemical enhancers such as dimethyl sulfoxide,
ethylenediaminetetraacetic acid (EDTA), sodium
glycocholate and related cholates, Tween 20 (non-
ionic polysorbate surfactant), Brij 35 (polyoxyeth-
ylene lauryl ether), saponins, bile salts. Typically,
penetration enhancers are small molecules that tem-
porarily soften the bond between adjacent cells of the
corneal epithelium (EDTA) or increase the fluidity
of membranes (cholates) [55]. Oleic acid, the most
studied unsaturated fatty acid, is a component of the
transdermal composition Vivelle® estradiol, acting
as a permeability enhancer along with propylene
glycol [56] and peptides (both for macro molecules
and micromolecules) [57].

A few implantable sensors for continuous moni-
toring of body characteristics have been developed
and released [58]. The identification device RFID
tag developed by VeriChip Corporation is a great
example of a successful implantable device. This
device optionally can be implanted in the upper arm
where the medical professionals use the serial num-
ber emitted by the VeriChip in order to enable rapid
obtaining of the vital data regardless of people’s
availability [58, 59]. Recent advances in biosen-
sors offer novel solutions of a variety of tasks such
as control over glucose level, pregnancy and DNA
testing, microRNA detection, etc. [60].

Conclusion

Thus, emerging technologies in the field of
novel microelectronics, sensors, miniaturization
techniques, and biomaterials lead to an investigation
of implantable drug delivery and monitoring sys-
tems. Problems in traditional routes of drug absorp-
tion and dosage forms stimulate the development of
novel designs for drug delivery which in some cases
are accompanied by the bidirectional connection.
One of the most promising approaches based on
transdermal delivery of carriers loaded with drugst
as it helps to avoid unnecessary invasive interven-
tion. However, transdermal delivery is limited by a
number of diseases that can be treated in this way. In
this paper we provided information about the most
interesting and promising strategies from our point
of view that optimize the drug delivery process using
various compositions of nano- and microcarriers of
different nature and design, special physicochemical
amplifiers, various devices, and methods. We hope
to encourage other researchers to go beyond the
traditional methods of drug delivery and put into
practice new ones.
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CucTembl Ha OCHOBE MOAXOA0B HAHOMEAMUMHBI M [JOCTaBKW Ne-
KapCTB SIBASIOTCS OTHOCUTENBHO HOBOW, HO BLICTPO Pa3BUBAIOLLEH-
Csl OTPAC/bIO HAyKMW, KOTOpasi UCCNeayeT MaTepuabl B avanasoHe
HaHO- 1 MUKPOMACLLTA00B B KAYECTBE MHCTPYMEHTOB AMArHOCTUKM
WM HOCUTENEi NS I0CTABKM TEepaneBTUYecKNX CPeACTB K onpe-
JeNeHHbIM LieNeBbIM yyacTkaM B OpraHuame. B paHHoM 063ope
KpaTko npeacTaBneHbl [OCTUXEHUS MOCNedHUX NeT B 061acTyn
HaHOMEZMUMHLI U CUCTEM [OCTaBKW NIEKapCTB HAa OCHOBE HaHO-
MaTepuanoB W HOCWUTENE NEKapCTBEHHbIX CPEACTB PasfMYHOro
COCTaBa, CNeLUMPUYECKUX GUINKO-XUMUYECKUX YCUNUTENEN, pas-
JMYHBIX YCTPOIACTB M METOA0B. PaccMaTpuBaioTcs U CpaBHMBAIOTCS
HECKOJIbKO OCHOBHbIX CTPATEruii OCTABKM CUCTEM IS Tepanim 1
JVArHoCTUKM in vivo, BKIKOYAs MHBEKLMW, UMMIAHTALMI0 U TPaHC-
JepMaibHyio ocTaBky. Bce atv nytu 06nafaioT OnpeneneHHbl-
MW NPEVMYLLECTBAMW OTHOCUTENbHO abcopOLMM NEKAPCTBEHHBIX

CcpencTs, AOCTaBKU MX K 3a4aHHbIM y4aCTkaM OpraHu3ma, npo-
NIOHraUMU WX OEACTBUS, CHUXEHMS O3UPOBKNA M MHOMMX ApYrix
napameTpoB, KOTOpble HE0OX0AMMO YuMTbIBaTh 1S 0becneyeHus
MpaBuILHOTO NOAX0AA K JIeYeHnio KOHKPeTHOro 3abonesanus. 06-
CyXAaaemble 30eCb MHHOBALIMOHHbIE NOAX0Abl K I0CTABKE JIEKAPCTB
OTKPBIBAIOT BO3MOXHOCTM 719 3GPEKTUBHOTO JIEYEHUS LUIMPOKOTO
cnekTpa 3abonesaHuii, KOTOpbIE HEBO3MOXHO NOGEANTL TPaAULM-
OHHbIMK NOAXO4AAMWU, 0C00€EHHO XPOHUYECKUMU. Xotq TpaHcaep-
ManbHag [I0CTaBka npeanonaraeT nog coboi MHOroobeLaoLmii
HEWHBA3MBHbIA CMOCOO NeYeHNs pas3nuyHbiX 3ab0neBaHWin, OT-
HOCUTENbHO XPOHWUYECKMUX 3a00NeBaHUin UMNNaHTaLMs YCTPOICTB
ANA NOCTaBKKN IeKapCTB C JJ,ByHaI'IpaBﬂeHHOVI CBA3bi0 ABNIAeTCH 00-
nee Sd)d)eKTI/IBHbIM noaxoaom, 4To B 6yp,yu1,eM MOXET 3Ha4YuUTesIbHO
YNYYLWINTb KAYECTBO XMU3HW. PazHoobpasune nosBnsIolLMXCs TEXHO-
NIOTUiA B MUKPO3NEKTPOHMKE, CEHCOopax U GruomaTepuanax npueo-
AUT K KapAuHaNbHbIM U3MEHEHNSIM B Me,EI,VILI,VIHCKOVI NPOMBILLNEH-
HOCTU 1 NOABNEHUIO HOBbIX CUCTEM, oﬁecneqmaalou.unx JNieyeHue B
pamkax TepaHOCTUKM.

KnioyeBble cnoBa: HaHOMeOMLMHA, [I0CTABKA JIEKapCTB, TePaHo-
CTWKa, UMNNIAHTUPOBaHWe, TpaHCAepMalibHble CUCTEMbI.
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ABNSIOLLENCS B NEPBOHAYaNbHOM POCTE, a 3aTeM CHUXEHUU [0
3HayeHus, 6nu3koro k ucxopHomy. O6CyXAaeTcs CBS3b amniu-
TyAbl 00paTHOM BOMHBI C YHKLMOHANbHLIMI CBOWCTBAMU rNaf-

KOMBILLEYHOrO CN0S apTepUanbHbIX COCYL0B CIOPTCMEHOB U BO3-
MOXHOE BANSHWUE TOMLWMHBI HAO0TENNANbHOrO rMUKOKANMKca Ha
pe3ynbTaThl OKK/O3OHHOI NPOObI.
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BeeaneHue

Wnpexc oTpakeHUsT MPEICTaBISIET COOOH OT-
HOIIIGHUE aMIUIUTYJ] OOPAaTHOW BOJHBI B JUACTOJIEC
K aMIUTUTYJle MPsSMON BOJHBI B cHUcCTONe, POpPMU-
PYIOLIMMUCS B apTEPHATHHOM PyCiIe KPOBECHOCHOU
CHUCTEMBI. DTOT NTapaMeTp MCIIONIb3YETCs IS OTpe-
JIeJIeHUs] apTepUaIbHOM TUIIEPTEH3UU B OCHOBHOM Y
B3POCIIBIX TAMCHTOB U XapaKTePH3YET CTEICHB Pa3-
BUTHUSA arepockiepo3a [1, 2]. ComtacHO coBpeMeH-
HBIM MPEACTABICHUSAM B Pa3BUTHH CHUCTOJINYECKOM
apTepUaNbHON THIIEPTEH3NHU BEAYIYTO PO UTPAET
MIPEXKIEBPEMEHHOE BO3BpAIICHUE OTPAKECHHOH OT
MECT BETBIICHUS apTepUil U PE3UCTUBHBIX COCYIOB
MyJIbCOBOM BOHBI [3—5].

OCHOBHBIMH METOJAMHU JTHATHOCTHUKH apTe-
PHANBHBIX U MEPUPEPUUECKUX COCYIOB SIBISIFOTCS
yIBTpa3ByKoBas gomnuieporpadus [6], hpoToruieTns-
Morpadusi [2], peorpadust [ 7] u churmorpadus [8].
J1d BU3yanu3any COCTOSIHUSA COCYIUCTOM CUCTEMBI
CTIIOPTCMEHOB MOYYHITH PA3BUTHE METO/IBI TYTUICKC-
HOTO YJIBTPa3BYKOBOTO CKAHUPOBAHUS apTEePHATHLHO-
ro pycina [9—11], MmarauTOpe30HaHCHOH TOMOTrpadhuu
[12], TermoBU3MOHHONW TUATHOCTUKH COCYIUCTOTO
pycina [13, 14]. Onnako pa3BUTHE METOJIOB TUATHO-
CTUKH apTepUaJbHON COCYAMCTOH CHCTEMBI, Tpe-
OyIOIINX TEXHUYECKH CIIOKHOU M JOPOTOCTOSIIECH
CHUCTEMBI BU3YaJIM3aAIMH U U3MEPEHUS COCYAUCTOTO
pyciia, BCTylaeT B MPOTUBOPEUYUE C MPUHIUNIAMHU
Pa3BUTHS CKPUHUHTOBOM THATHOCTHKH.

VY IOHBIX CIIOPTCMEHOB CEPACYHO-COCYIUCTAS
cUcCTeMa MOJIBepPKeHa (PYHKIIMOHAJIbHBIM H3MEHe-
HUSIM, CBSI3aHHBIM C yYBEITHYCHHEM KaK Ba3oIuiIa-
TaTOPHON €MKOCTH COCYJIOB, TaK M YBEIHYCHUEM
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Ba30KOHCTpUKIMH [15—17]. JInst ckpuHUHT quarHo-
CTUKH (PYHKIIMOHAJTBHBIX M3MECHEHHH COCYIUCTOM
CHUCTEMBI CIIOPTCMCHOB MOXKET OBITH MCIIOJIH30BAH
curmorpaduueckuil METOJ PErUCTPAIINN UHAEKCA
OTpayKeHHUs1, KOTOPbI MOXKET XapaKTepH30BaTh U3Me-
HEHHE TOHYCa IVIaIKOMBIIICYHON CTEHKH COCYa IPU
(hyHKIMOHALHOU Harpy3ke. [Tpu 3ToM OKKIIF03HOH-
Has mpo0a, MpoBoIMMast, HarpuMep, B 00JIaCTH IJIeYa,
CO3/1a€T yCIIOBHSI KPATKOBPEMEHHOW UIIIEMHUH TKaHEH
KOHEUHOCTH TaK K€, KaK M (u3ndyeckas Harpyska,
BO BpeMsi KOTOPOW YBENIHYMBAETCA MOTPEOHOCTDH
TKaHed B kuciopoze. [loaToMmy MecTHYIO peakimuio
OpraHM3Ma Ha OKKITIO3HOHHYIO P00y, IPOBOIUMYIO
B 00I1aCTH KOHEYHOCTH, B HEKOTOPOM CMBICIIE MOX-
HO COOTHOCHTH C PEAKIMCH OpraHm3Ma Ha OOIIyIO
¢u3nueckyio Harpy3ky. TakuM oOpa3om, Uit MOHH-
TOPUHTA poLecca aanTaluy CEpACUHOCOCYTUCTON
CHCTEMBI CIIOPTCMEHOB K (hM3UYECKOU Harpy3ke U
KOJIMYECTBEHHO OIIEHKH IPOrpecca TPEHUPOBOK aK-
TYaJIbHBIM SIBJISIETCS pa3paboTKa COOTBETCTBYIOIIETO
MeToaa (PYHKIIMOHAIBHON THAarHOCTHKH.

Lenb paboThl — ycTaHOBICHHE 3aKOHOMEPHO-
CTeH M3MEHEHUsI WHJIEKCA OTPAXKEHUS IyJTbCOBOU
BOJIHBI Y FOHBIX CIIOPTCMEHOB, UMCHOIIUX BBICOKHH
CTIOPTUBHBIN CTaTyC, MOCIE MPOBEACHHS OKKIIIO3H-
OHHOH TIPOOBI.

MaTepuan U MeToAbl UuccnepoBaHnus

Peructpanus u ananu3 Gopmbl myJIECOBOM BOJI-
HBI TPOBOJIMJIMCH C UCITOB30BAHKEM MTPOIPAMMHO-
arnrapaTHoro Komruiekca (puc. 1), BKITIOYAIONIEro
CIIeIIyIOIIHNE STIEMEHTHI: HH)KEHEPHAS CTAHITUS IS
peructpanuu anaimorosoro curtaia NI ELVIS
(National Instruments, CIIIA) /; 610k aHajoro-
nudposoro npeodpazosarens (ADC) na ocHoBe NI
USB DAQmx — ycTpoticTBa 2; OJIOK IS CO3/IaHMs
KOMITPECCHUU U PETUCTPAIMH JABJICHUS (MaHKETa,
pe3uHOBas Tpylia, MOHOMETp, MaTYHK JIaBICHUS
MPX5050GP (Freescale Semiconductor, CIIIA) 3;
MEePCOHAJILHBIA KOMIIBIOTEP 4; MporpaMMHoOe o0e-
CIICUCHUE /ISl CO3/IaHUsI BHPTYAIBHBIX MPHOOPOB
LabView 8.5.

Puc. 1. IlporpamMmmHo-annapaTHeIf KOMIIJIEKC AJISl PETUCTPALUK MyIbCOBOIl BOIHBI
U pacuéra MHJEKCa OTPaXKEHHUs [0 U 110CJIe OKKIIO3HOHHOIO TECTa

Fig. 1. Hardware- software complex for registration of the pulse wave and calculation
of the reflection index before and after occlusion test

Peructpanus mynbcoBoi BOJIHBI OCYIECTBIIA-
Jach METoJoM churMorpaduu cienyroimuM 00-
pazom. McnbiTyemblii pacronarajics B IMOJIOKEHUN
CUJIs; MaHXeTy (pukcupoBaiu B o0JiacTH Ijieya,
HarHeTaJId JJaBJICHHUE B HEH JI0 IHACTOJIMYECKOTO 1
PETUCTPUPOBATH (POPMY MYITHCOBON BOJHBI 10 OK-
KIJIFO3MOHHOTO TeCTa. 3aTeM B MaHXKeTe HarHeTajau
nasienne Ha 30—40 MM PT. CT. BBIIIE CHUCTOJIHYE-
CKOTO C IIEJIbI0 CO3/IaHUS TOJIHOM apTePHOBEHO3HOM
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OKKJIF031M Ha 3 MuH. HerocpeacTBeHHO cpa3y 1ocie
CHSATHS OKKITIO3UH U cOpOCa JaBJICHHs B MAHKETE J10
JIHACTOINIECKOTO IIPOBOIUIIN PETHCTPAIHIO (POPMBI
nynbcoBO# BoiHBI B TeueHue 30 c. [lomyueHHbIe
JaHHBIC COXPAHAJINUCH B IaMATH KOMIIbIOTCPA.

Ha puc. 2 mokaszansl 3Tansl 00padoTku onud-
POBaHHOTO CUTHAJA M Pacuéra HHACKCA OTPaXKCHUS
JI0 ¥ TIOCJIe OKKJIIO3MOHHOTO TECTa B MPOrpaMMe
LabView 8.5.
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B

1. 3arpy3ka
MacCHBa
H3MeEPsAEeMBIX
BelTHYHH

5. Pacuér
HH/IEKCOB
OTpaXKeHHS

4. HopmupoBka
CHTHaJIa

2. ObpaboTka B
monayiae DAQ
assistant

3. @unsTpanus
CHUTHaIa

6. CoxpaneHue
pe3ynsTaToR
aHaIn3a

Puc. 2. Briiok-cxema 00pa®oTku OnE(POBAHHOTO CUTHANA U PacuéTa HHIEKCA OTPaKEHHS

Fig. 2. Block diagram for processing a digitized signal and calculating the reflection index

Ha srame 1 mpoucxoauT 3arpy3ka mMaccuBa
H3MEPSIeMBIX BEIHYHH B MPOTpaMMy JIJIs IpeaBa-
puTeNnbHON 00paboTKU. DTan 2 BKIOYAET UCIIONb-
3oBaHue Moyist DAQ assistant ¢ acToToi nuCKpe-
tuzauuit 1 k['1, KoTopslil mpeobpazyer HanpsKeHUE
ot nmaeBMonatunka MPX5050GP (MB) B naBnenue
(MM PT.CT.) IO KaTUOPOBOYHBIM 3aBUCHUMOCTSIM.
[IpeoOpa3oBaHHbI CUTHAI (DUITBTPYETCS OT IIIYMOB
(oramn 3) 1 HOpMUPYETCs 110 MUHUMAaJIbHOMY U MaK-
CHMaJIbHOMY 3HAUCHHUIO Ha KAXKIOM KapAHOUHTEPBa-
Jie MyJIbCOBOM BOJIHBI B AMaria3oHe 3HadyeHui ot 0 10
1 (aTan 4). PacuéT nHIEKCca OTpaXKeHHs IMyJIbCOBOM
BOJIHBI TPOBOJUTCS HA 3Tarle 5 AJIs1 KaXKI0T0 KapIu-
OWHTEpBaJa IIyJbCOBOH BOIHEI I COXPAHSIETCS B OT-
JeJIbHBIN (aiii1 A1 Ka)K10T0 UCTIBITYeMOoro (3tam 6).

Wnpnexc orpaxkenus (RI) onpenensics METO10M
KOHTYPHOTO aHaJN3a nepugeprudecKkoil myabcoBoit
BOJIHBI Y€pe3 OTHOIICHHWE aMIUIMTYABl 0OpaTHON
BOJIHBI P ;K aMIUTUTY/le PAMOM BOJIHBI P
2], ucronb3ys BbIpaXxeHHe

P
P

max

max [1’

min

RI =

Jliist o6cneroBaHMs ObUTH BBIOPAHBI IBE TPYIIIBI
16-1eTHUX MAIMEHTOB: TpyIa u3 15 CHOpTCMEHOB,
3aHMMAIONUXCs rpebneit Ha Oaiinapkax M KaHO?,
MMEIOIINX BBICOKHE CIIOPTHBHEIC Pa3psiAbl, U KOH-
TpOJbHAs TpyIna, BKIoyaromas 15 odcuenyembix
0€3 BELIBIICHHBIX CEPICTHO-COCYIUCTHIX TTATOIOTHA.
Ilepen HauanoM AUATHOCTHUYECKOH MpOIEAypPHI
Ka)XIOMY HCTBITYEMOMY H3MEpPsUIN apTepHaIbHOe
JlaBJICHUE Ha aBTOMAaTHUECKOM TOHOMETpPE U aHTPO-
MTOMETPUIECKHE TTOKa3aTelu (POCT, Maccy Teia).
O6cnenoBanne NPOBOAUIOCH MTOCHE JBYXYaCOBOIO
OTIBIXa CIIOPTCMECHOB.

Bbrnopnsnka n meanunHcKkas prsnxa

[MucrMenHoe HHPOPMUPOBAHHOE COLTIAcHE
OBLJIO TOJYYEHO OT BCEX YYACTHHKOB, a TaKKe
obcnenyemble ObUIM O3HAKOMIICHBI C MPOLEAYPO
MIPOBEICHUS NCCIICAOBAHMS M IPOHH()OPMUPOBAHEI
0 ero 0e30MacHOCTH UM BO3MOXKHBIX HETaTUBHBIX
nociencTBusx. McenenoBanue oqoOpeHo ITHUE-
cKUM KoMuTeToM CapaTOBCKOTO TOCYAapCTBEHHOTO
MEIUIIMHCKOTO yHUBepcuTeTa nmenu B. 1. Pazy-
MOBCKOTO.

Pe3ynbTaThl uccnepnoBaHus

PesynpraTel M3MepeHuit GOpPMBI MYIHCOBOMH
BOJIHBI JJIsl 16-J€THETO CIOPTCMEHA, UMEIOIIEro
3BaHME KaHAWJaTa B MacTepa CIopTa Io rpedie Ha
Oaiflapkax ¥ KaHOD, IPH THACTOIUICCKOM JIaBIICHUH
B MaHxkeTre 70 MM PT.CT. IpUBEAEHbI Ha pUC. 3: a — 10
OKKJTFO3MOHHOTO TECTa, O — ITOCIIC OKKJIIO3HOHHOTO
tecra. Toukamu Ha pUCYHKE 0003HAUCHBI 3HAYCHUS
AMIUTUTY OaBJICHUA, UCIIOJIB3YCMbIX I pacucTa
MHJIEKCA OTPAKEHHUS, P . — aMILIUTy/1a O0paTHO#M
BOJIHBL, P — aMIUINTY/a MPAMOH BOJIHBI.

Kak crnengyer u3 pe3ynbraToB aHajau3a, y 3TOro
CIIOPTCMEHA MOCJIE TPEXMUHYTHOTO OKKITFO3HOHHOTO
TEeCTa MHICKC OTPAXKCHHS UMEET 00iee BBICOKHE
3HAUEHUS, YEM JI0 TeCTa, U XapaKTepHU3yeTcCsl He-
MOHOTOHHOHM JUHAMUKOM, TPOSBIISIFOLIEICS B IEPBO-
HayaJbHOM POCTE, a 3aTeM CHW)KCHUHU K OJIM3KOMY
K HCXOJIHOMY 3HaueHuto. Ha puc. 4 npusenena
ycpeaHeHHas 1o 15 cnoprcMeHaM IMHaAMUKa W3-
MEHEHHUS WHJIeKca oTpaxeHus 1o (2) u nociue (4)
OKKJIFO3MOHHOTO0 TecTa. Ha 3aBUCUMOCTSIX MOKa3aH
pa3bpoc 3HAYCHUI, BEIYUCICHHBIA 10 CPEIHEMY
KBaJpaTUYECKOMY OTKJIOHEHHIO.

Kax BuzHo u3 puc. 4, yepe3 HeCKOIbKO CEKYH /T
MocJie CHATHUS OKKIIO3UW HaOIr0JaeTcs MakcH-
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70.0

65.0

P, mmHg

60.0

P, mmHg

0/b

Puc. 3. IynabcoBast BoiHA 1 6-I€THETO CIIOPTCMEHA: @ — JI0 OKKJIFO3HOHHOTO TeCTa, § — MOCie OKKIIO3HOHHOTO TeCTa
Fig. 3. Pulse wave of a 16-year-old athlete: a — before the occlusion test, b — after the occlusion test

RI a.u.
0.9 4
0.8
3
0.7 I I I
0.6 2 ‘1 TI T1
’ | I 1
0.5 ] I l
| | l
0.4
0.3
0.2
0 4 8 12 ls

Puc. 4. 3aBuUCUMOCTH U3MEHEHHSI UH]IEKCa OTPaKEHUs OT BpeMeHH /10 /, 2 u nocie 3,

4 OKKIIIO3UOHHOTO TecTa: /, 3 — Julst He CIIOPTUBHOM IPYIIIBI 00CIeyeMbIX 0€3 BbI-

SIBICHHBIX CePICIHO-COCYIUCTBIX MTATOIOTHHA, 2, 4 — ISl TPYIIIIBI FOHBIX CIIOPTCMEHOB

Fig. 4. Dependences of changes in the reflection index before 7, 2 and after 3, 4 oc-

clusion test: /, 3 — for a non- sports group of subjects without detected cardiovascular
pathologies, 2, 4 — for a group of young athletes
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B

MyM HHJAEKCa OTpa)KeHHs ¢ Mocleayroueil TeH-
JEHLUEN K ero BO3BPAILEHUIO K HICXOJIHOMY 3Hade-
Huro. [Ipu 3TOM yMeHbIIaeTcs pa3dpoc 3HAUCHHH,
BBIUUCJIEHHBIM 110 CPEIHEMY KBaJpaTH4E€CKOMY
OTKJIOHEHHIO.

Cnenmyer 3aMETUTb, UTO HOBBIIIEHHOE HCXOAHOE
3HAYEHUE UHJIEKCA OTPAKEHUsI B IPYIINE CIOPTCMeE-
HOB MOJKET OBITh BBI3BAHO MOBBIIICHHBIM YPOBHEM
cTpecca HCHBITYeMbIX. {1 BEIOpaHHOI TpymITbl
CIIOPTCMEHOB, BElyIIUX aKTUBHBIM TPEHUPOBOUHBIH

IpoIECC, JBYX4aCOBOM OTABIX MOCIE TPEHHUPOBKU
MOET OBITh HEIOCTATOYHBIM JJISl MTOJIHOTO BOC-
CTaHOBJICHUS.

PesynbpTaThl M3MepeHuil GOpMBI MyIbCOBOI
BOJIHBI /T 16-JIeTHETO 00CIeayeMoro, He CTpaja-
IOLIET0 CEPAEUYHO-COCYJUCTON NATONIOrUeH, BXO -
1IEr0 B KOHTPOJIBHYIO IPYIIITY, IPU JHACTOINYECKOM
JaBJICHUM B MaHXeTe 65 MM pT.CT. IPUBEJEHBI Ha
puc. 5: @ — 10 OKKIIO3HOHHOTO TEeCTa, O — ITOcIe
OKKJIIO3MOHHOI'O TECTA.

75.0

a/a

75.0)

-
=
=)

(=3
O
=

P, mmHg

60.0)

o/b

t, S

Puc. 5. [lynbcoBas BoiHA 16-11€THETO 00CIETyeMOTO, HE CTPAAAIONIETO CEPIEIHO-COCYIUCTOH MaTONOTHEN: a — IO OKKITIO-
3MOHHOTO TECTa, O — MOCIE OKKIIO3MOHHOTO TECTa
Fig. 5. Pulse wave of a 16-year-old subject who does not suffer from cardiovascular disease: a — before the occlusion test,
b — after the occlusion test

Kak cnemyer u3 pe3ynbraroB aHanm3a, y oocie-
JlyeMOTO M3 HE CTIOPTHBHOW TPyl 00CIeNyeMBbIX
0e3 BBISIBIICHHBIX CEPJICYHO-COCYIUCTHIX MaTOIOTUH
Cpasy noclie TPEXMHUHYTHOTO OKKITFO3HOHHOTO TECTa
WH/JIEKC OTPAXKEHUS IMEET MOBBIINIEHHOE 3HAYCHHUE 1
MEJICHHO YMEHbIIIaeTcs 0e3 MPOsIBICHUS HEMOHO-
TOHHOU quHamMuku. [Ipu 3TOM AUHAMUKA BO3BpaTa
WHJICKCA OTPAXKEHUSI B UCXOJHOC 3HAYCHHUE PaCTs-
ruBajack 10 60 c.

Bropnsnka n meanunHckas prsnka

Ha puc. 4 npuBejieHa 3aBUCUMOCTh H3MEHEHUS
WHJIEKCa OTPaKeHHUs OT BpeMeHu Jo (/) W mocie
(3) OKKJIFO3MOHHOTO TECTa ISl HE CIIOPTUBHOMU
TpyHIbl 00CiIelyeMbIX 0e3 BBISBJICHHBIX CEPIICYHO-
COCYIMCTBIX MaToJoruid. BUaHO, 94TO MoCe CHATHS
OKKITFO3UHU HaOIrogaeTcsi HeOOIbIIOe YBETUYCHHE
YCPEIHEHHOTO Mo 15 mareHTam 3HaueHUs HHICK-
ca OTpaKeHUs C TOCIEAYIONIEH TeHCHIINEH K eTo
BO3BPAIICHHUIO K UCXOJHOMY 3Ha4deHuto. [Ipu sTom
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TaKoKe yMEHbIIaeTcs pa3dpoc 3HaYeHHH, BHIYHUCIICH-
HBIN 110 cpelHEMY KBaAPAaTUIECKOMY OTKIOHEHHUIO.
CraTicTHYeCKYy 0 00pabOTKy pe3yabTaToB MPO-
BOAMJIM C MOMOINBIO MporpaMmbl Statistica 13.0.
JlanHbIe Ha puC. 4 TpeCTAaBICHBI B BU/IE 3aBHCHMO-
CTH CPEAHEro 3HAuEHUS MOKa3aTeisi B BHIOOPKE OT
BpEMEHH U pazbpoca 3HaYeHNI, BEIYMCICHHOTO 110
CpeAHeMYy KBaJpaTuiecKOMy OTKJIOHEHHIO B BBIOOD-
ke. CyIIecTBeHHOCTh Pa3UyuUil CPETHUX BEINYNH
oueHuBanu no kpureputo Creionenta. Kpurtnue-
CKHI ypOBEHb 3HAYMMOCTH p TIPH NPOBEPKE CTa-
TUCTUYECKUX rUnore3 npuHuMancs pasusim 0.05.
Ilomy4ueHHble pe3ynbTaThl CBHICTEIBCTBYIOT,
YTO U3MEPEHUE UHEKCA OTPAKEHUS 03 OKKITIO3UN
HE JIaeT JOCTOBEPHBIX OTIIMYMIA MPU3HAKOB (DYHKIIH-
OHAJIBHOTO U3MEHEHHS apTEePUABHBIX COCY/IOB, B TO
BpeMs Kak IIPOBEJCHNE TPEXMHHYTHOTO OKKJIIO3HU-
OHHOTO TECTa I103BOJISIET MOIYUYHUTh CYIIECTBEHHBIC
OTJIMYHS B 3HAUCHUAX HHIEKCA OTPAXKEHHS ITPH 3Ha-
YEHUH KPUTHUECKOI0 ypoBHs 3HauuMoctu p < 0.05.

06cyxaeHue

IIpoBeneHHBIC M3MEPEHUS MOKAa3aJlH, 4TO
UHJIEKChl OTPA’KEHUS Y IOHBIX CIOPTCMEHOB, U3-
MEpCHHBIC Cpa3y MOCe OKKIIO3MOHONH MPOOHI,
UMEIOT 0ojiee BBICOKHE 3HAYECHMsS, YeM JI0 TeCTa,
U XapaKTepu3yeTcsi HEMOHOTOHHOW JAMHAMUKOM,
MPOSIBIISIOLIEHCS B IEPBOHAYATIBHOM POCTE, @ 3aTEM
CHIDKCHHMH K OJIN3KOMY K MCXOIHOMY 3HAYCHHIO. Y
HECTIOPTUBHOM I'PyNITEI 00CIeTyeMbIX Oe3 BBISBIICH-
HBIX CEp/ICUHO-COCYANCTHIX MAaTOJIOTHH Cpasy Mmocie
TPEXMHHYTHOT'O OKKJIFO3UOHHOIO TECTA UHJEKC OT-
paKEHUS] UMECT MOBBIIIEHHOE 3HAUYCHHUE U MEJICH-
HO yMEHBIIAaeTCs 0e3 MpOsBICHUS HEMOHOTOHHOH
nuHaMuku. [Ipu sToM BpeMs Bo3BpaTa MHACKCA
OTpa’KeHMsI B UCXOAHOE 3HAYEHHE YBEIHUUBAIOCH
1o 60 c.

OOHapy»xeHHbIe 3aKOHOMEPHOCTHU TPYIHO 00b-
SCHUTH C TOUKH 3PCHUSI OTPAKEHUSI 00beMa KPOBH,
MIPOXOJISILETO O A0PTE U KPYTTHBIM MarCTPaIbHbIM
apTepusiM oT OUQypKaIuil COCyI0B.

H3BecTHO, 4TO OTAMUUTEIBHON 0COOEHHOCTBIO
OpraHu3Ma CHOPTCMEHOB SIBJISICTCSI MOCTETICHHOE
peEMOAEeINPOBAHUE CTEHKU apTePUaIbHbBIX COCY/IOB,
MIPOUCXOSIIEE MO BO3ACHCTBHEM MOBBIIICHHBIX
¢m3nyecknx Harpy3ok. [Iponecc pemonennpoBanus
COIIPOBOKAAETCS, B TOM YHCIIC, HI3MEHEHUEM (DYHK-
LUOHAIbHBIX CBONCTB MIaJKOMBIIIEYHOH CTEHKU
cocynoB. Ctenens BINUSHUS (QyHKIIMOHAIBHOTO CO-
CTOSIHUS ITIaJIKOMBIILIEYHOM CTEHKU Ha TOHYC COCY1a
MOCTCIICHHO YBEJIMYNBACTCSI HA MYTH JBUKCHUS
KPOBH OT JIEBOT'O KEIyJJ0UKa YEPE3 A0PTY, KPYIHBIE,
MEJIKHE apTepUU U apTCPHOIBI.

150

OpraHusM CIOPTCMEHOB, MO CPaBHEHHIO C
OpraHU3MOM HETPEHMPOBAHHBIX JIIOAEH, BO BpeMs
(bu3nyeckoil Harpy3Kku J0JDKEeH o0ecreyuBaTh B
3HAUUTENBHOHN CTETIEHH OONBIIYIO IPOILYCKHYO CIIO-
COOHOCTB apTEPHAIBHBIX COCY/IOB JIJISl 00CCTICUCHHS
aJIeKBaTHOTO 00bEMHOTO KPOBOTOKA Yepe3 padoTaro-
IIME CKEJIETHBIC MBIIIIIBI, a TaKXke 0ojiee OBICTPYIO
aJanTaIulo COCYIUCTON CUCTEMBI K YBEIHUCHUIO
HaTrpy3KH. DTUM MOXET OOBSCHATHCS yBEITHUICHUE
WHJIEKCA OTPaKEHHUS Y CIOPTCMEHOB MPH PE3KOM
YBEJIMUCHUU CKOPOCTH KPOBOTOKA ITOCIE CHSTHUS
OKKITIO3UH (CM. pHc. 4) C MOCTENEHHBIM CHIKEHH-
€M MHJEKca, CBUACTEIhCTBYIOMEM 00 aganTaiuu
TOHYCa COCY/IOB K YPOBHIO HATPy3KH.

Kpome atoro, kak Obl0 ycTaHoBiieHO [18,
19], y ciopTCMEHOB 4yBCTBUTEIBHOCTD I71aIKOMBbI-
IIIEYHOTO CIJIOSI COCYAOB K OCHOBHOMY Ba30IHJIaTa-
TOpY — OKCHIY a30Ta — noBblmeHa. [Ipu 3toM, Mo
JaHHBIM [20], MOCTOSIHHBIC (DU3UYECKUE HATPY3KH
MOTYT BKJIFOYaTh KaK CTPYKTYPHYIO NMEpPECTPOUKY
COCyIlOB (aHTHOTEHE3, PEMOJEIUPOBAHNE), TAK H
(PYHKIIMOHATIBHYIO aJanTaINIo0, BKIIOYAIONIYI0 (e-
HOTHUITHMYECKOE N3MEHEHHUE TITaIKOMBIIIIETHOTO CIOS
COCY/ZIOB U 3HJJOTCINATBHBIX KIETOK.

Taxke cieayeT y4HTHIBAaTH BO3MOXXHOE BO3-
JeHCTBUE PETYISIPHBIX (PU3MUECKUX HATPY30K Ha
(hopMHEpOBaHUs CIOS TIIMKOKAINUKCA, KOTOPHIH, 11O
COBPCMECHHBLIM IIPEACTABICHUAM, UTPACT OTIPECACIIA-
IOIIYI0 POJIb B 00CCIICYCHUH MEXaHOUyBCTBHUTEIb-
HOCTH dHJ0TeNHs [21,22], a UMEHHO: ABMKYIIHIACS
MIOTOK KPOBH CO3/aeT HANPSDKCHUE CIBUTA, BO3-
JIEWCTBYIOIIIEE HA CTEHKY COCYZa, IIPU 3TOM CJIOH
SHAOTENINATHHOTO TIITHKOKAIHKCA OMOCPEIYET ITO
BO3/ICHCTBHUE HA YHJIOTEINHN U SIBJISETCS CBOCOOPa3-
HBIM JIETEKTOPOM BEJIMYWHBI HANPSDKEHUS CIBUTA.
IIpu moBpexIeHUH CII0S TTTUKOKAJINKCAa BO3HUKAET
CHIDKCHHE THIIaTaTOPHOTO OTBETA COCyda Ha Io-
BBIIIICHUE CKOPOCTH KpoBoTOKa [23]. dusuueckue
TPEHHUPOBKH, HAIIPOTUB, OKA3BIBAIOT MOJIOKHUTENb-
HOC BO3JICHCTBHE Ha YBEIHMUEHUE AMIATATOPHOIO
OTBETa IJICICBOM apTEPHUH TIOCIIE CHATHS OKKITIO3HH,
KakK ObLIO MOKA3aHO HA IPYTIE HOPMAIbHbIX UCIIBI-
TyembIx [24]. Takum o0Opaszom, y oOcie0BaHHOMN
HaMU TPYIIBl CHOPTCMEHOB 0OoJiee BBIpAXKEHHAS
IUHAMAKA TOHYCa COCYIOB M MHJIEKCA OTPaKCHUS
IIOCJIC CHATHUSA OKKJIFO3HMH, HAa HaIll B3IJIAA, MOXET
OOBSACHATHCS KaK YBEIMUYCHHEM TOJIIUHEBI CIIOS
TIIMKOKAJIMKCA BCIIEACTBUE PEryIspHBIX (u3ude-
CKUX TPECHHPOBOK, TaK M YBEIHUCHHOH CKOPOCTHIO
KPOBOTOKA Yy CIIOPTCMEHOB /10 U TOCJE OKKIIO3UU
[0 CPaBHCHHUIO C TPYIIOH HETPECHUPOBAHHBIX HC-
nbITyeMblX. IIpoBepka JaHHBIX NPENINONOKEHUN
MOXKET SIBJISITHCS TEMOU OTIENFHOTO UCCIIETOBAHNS.
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3aknioyeHme

Cdurmorpaduueckoe ucclieJoBaHUE PEaKIuu
MJICYCBON apTepHUH CIIOPTCMEHOB HA OKKJIFO3UOH-
HYIO MpoOy IMOKa3ajao HaJudue HEeMOHOTOHHOU
JUHAMUKH UHICKCA OTPAKEHUS ITYJIbCOBOM BOHBI.
[TapameTpbl KpUBOW M3MEHEHUS UH/IEKCA OTPAXKCHHSI
MOTYT MCIIOJB30BaThCA KaK JUISI XapaKTePUCTUKH
TEKYIIETO YPOBHS aJIalTalliyl apTepUabHOU CH-
CTEMBI CIIOPTCMEHOB K (PU3WYECKON Harpy3Ke, Tak
U JUISI MOHUTOPUHTA U3MEHEHUST (DY HKITMOHAIBHBIX
CBOWCTB COCYJIOB B TIPOIIECCE CEPUU TPESHHUPOBOK.
YcTaHOBJIEHHBIC 3aKOHOMEPHOCTH HM3MEHECHUS
HHJIEKCA OTPAXKCHUS TPYAHO OOBSICHUTH MPU HC-
MOJTb30BaHUH TPEACTABICHUN O JIOTIOJHUTEIHHOMN
BOJIHE C(PUTMOTPAMMBI KaK BOJIHE, OTPAKEHHOU OT
OudypKamuii AUCTATHHO PACIIONOKECHHBIX APTEPUN.
[TosTOMy BoIpOC O mMpupoge u MexaHu3Max Qop-
MHPOBAaHUSI OTPAKCHHOW BOJIHBI B apTepUATBHOU
COCYIIUCTOM CHCTEME OCTACTCS OTKPBITHIM.
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Background and Objectives: The cardiovascular system of young
athletes is subject to functional changes associated with an increase
in both vasodilator capacity of blood vessels and an increase in vaso-
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constriction. Diagnostics of functional changes in the vascular system
of athletes can be carried out by the sphygmographic method when
measuring the reflection index, which characterizes the change in
the tone of the smooth muscle wall of the vessel during an occlusive
test. Materials and Methods: Two groups of 16-year-old patients
were selected for the examination: a group of 10 athletes engaged in
kayaking and Canoeing, and a control group including 10 non-athletic
control subjects without identified cardiovascular pathologies. Regis-
tration of reflection indices was performed by sphygmography in the
brachial artery area before and after the occlusion test. Results:
Compared with a group of non-athletic subjects, the reflection indices
measured in athletes with high sportive results after removal of the
shoulder cuff occlusion have higher values than before the occlusion.
The change in the reflection index is characterized by non-monotonic
dynamics, consisting of an initial increase, and then a decrease to a
value close to the original one. Conclusion: The more pronounced
dynamics of vascular tone and reflection index after removal of oc-
clusion can be explained both by an increase in the thickness of the
glycocalyx layer, due to regular physical training, and by an increased
blood flow rate in athletes before and after occlusion compared to
the group of untrained subjects.

Keywords: pulse wave, reflection index, occlusal test, smooth muscle
layer, glycocalyx, sports medicine.
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BeepeHue

B cBsi3u ¢ nOBBIIICHHEM TPEOOBAHHUN K TEXHHUSCKUM XapaKTepH-
CTHKaM aIlnapaTypbl B OCHOBHOM CIICI[HAILHOTO HA3HAYCHHS BEChMa
AKTyaJbHBIMHU CTAHOBSITCS PA0OTHI, HAIPABJICHHBIC HA CO3aHHE HIICKTPO-
BakyyMHBIX TIprOopoB (DBII) ¢ Ge3HaKaIbHBIM PEXUMOM PabOTHI, B
KOTOPBIX B3aMEH TEPMOKATOMOB HCIIONB3YIOTCS «XOJIOTHBICY KaTOIBI,
paboTarolye Ha MPUHIUIIC ABTOYICKTPOHHOM YMUCCHUU. DTO MO3BOJISIET
00€eCTIeuuTh MIPAKTHUCCKH MTHOBCHHYIO TOTOBHOCTH K paboTe TeX pauo-
TEXHUYECKUX CHCTEM, B KOTOPBIX OHU IpuMeHsoTcs [1-3].
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TunuuHas KOHCTPYKLHS KaTOIHOIO y3j1a Mar-
HETPOHA, MPEIHA3HAYEHHOTO I TeHEPUPOBAHUS
ANIEKTPOMATrHUTHBIX KOJIeOaHH CBEPXBBICOKUX Ya-
CTOT, I'NTaBHBIM O6p330M CaHTUMETPOBOTO U MUJLIIU-
METPOBOTI'0 AMANa30HOB AJIMH BOJIH, COAEPIKUT aHOL
Y KOAKCHaJIbHO Pa3MelIEHHbII BHYTPH HEro Oe3Ha-
KaJbHBIN KaTo1. [TociieiHni BKITIOUaeT B ce0st KepH C
PACHONIOXKEHHBIMU Ha HEM KOMOMHAITUSIMU YepPeTyto-
IIIUXCSI aBTOAIIEKTPOHHBIX SMUTTEPOB (ADK) B BUe
mraifd ¥ BTOPUYHO-IMHUCCHOHHBIX KaToaoB (BOK)
B Buje BTynok. BOK sBnsercst akruBaropom ADK
u obecreunBaeT HEOOXOAUMBIH yPOBEHb ANEKTPH-
YECKOro 3apsjia B IPOCTPAHCTBE B3aUMOAECHCTBUS
MAarH€TpoHoOB U, TEM CaMbIM, MMO3BOJISICT MOJTYYaThb
BBICOKYIO BBIXOJIHYIO MOILIHOCTb. B cOBpeMeHHBIX
MarHeTpoHax B kadecTBe Marepuana ADK, kax
MIPaBHIIO, CIY)KUT TAaHTAJIOBAas WK BOJb(pamMoBas
(honbra TonmuHOM ~ 4 MKM, a B kauecTBe BOK wuc-
MTOIB3YIOTCS TIPECCOBAHHBIC TTAJUTA NI — OapueBbIe
BTYJIKU — 3MUTTEpHI [4]. [Iporiecc akTHBHPOBAHUS U
JKCIUTyaTaluy SMUTTEPOB IPOUCXOJUT B YCIOBUAX
BeIcOKHX Temmneparyp (400—-800°C, B 3aBUCUMOCTH
OT IapaMeTpPOB MarHeTpoHa) U HaIpsDKEHHOCTEH
BHCIIHETO SJICKTPUYICCKOIO IMOJIsI, BbI3bIBAIOIIIUX UH-
TEHCUBHBIC AJICKTPOHHYIO 1 HOHHYIO0 O0OMOapIupoB-
KH. DTO MPUBOJUT K MOCTENEHHON UX JIerpagalu,
IJIaBHBIM 00pa3oM 3a CUET KaTOIHOTO PaCIBUICHUS
U IIPAKTUYECKH HE KOHTPOJIUPYEMOIO U HE YIIpaB-
JSIEMOro Ipolecca TEPMUUYECKOrO MEPE0CaKICHUS
JCTHPYIOMIEH MPUMECH MEXKAY JIEMEHTaMU KaTof-
HOTO y3J1a. DTH H3MEHEHHUS BIUSIOT Ha CTA0MIBHOCTh
pa6OTI>I Mar"HeTpoHa, NpuBOAAT K UBMEHCHUIO 4aCTO-
TBHI TEHEPHPYEMBIX KOJICOaHHH, TaIeHUIO SIEKTPOH-
Horo KIIJI, yMEHBIIEHUIO TOJIOBEYHOCTH, a TaKXKe
B PsJie CIy4aeB K OTKa3aM I10 3aIlyCKy MarHeTpOHOB
B palNOTEeXHUYECKUX cucTeMax. [Ipobnema obecne-
YCeHUS HaJISKHOCTH pabOTHI MAaTHETPOHOB B TCUCHHE
JIOCTaTOYHOTO CPOKA CIY>KOBI JOMOIHIETCS B HACTO-
dl1ee BpeMs JKeIaHueM co3jaTeliell COBPEMEHHBIX
PagOTEXHUYECKUX CUCTEM MEPEXOIUTH K Bce Ooree
BBICOKHM pabOvYHM 9acTOTaM — BILIOTH JI0 Teparep-
LIOBOI'0 AUana3oHa. 3ajadya BBIIOJHEHNUSI HEOOXOIH-
MBIX TPEeOOBaHUI OCIIOKHAETCS TEM, UTO KOHCTPYK-
HUOHHBIC 3JIEMECHTBI B TCPArcpHOBBIX MAarHeTpoHax
OKa3bIBalOTCS. BECbMa MEIKOCTPYKTYPHBIMH, UYTO
TpeOyeT MCIMOJIb30BAaHUS CIEIHANTBHBIX BBICOKUX
TEXHOJIOTHI. B HacTos1ee BpemMst KOHCTPYKIIMU Mar-
HETPOHOB M TEXHOJIOTHsI IPOU3BOCTRA TPOJOIIKAIOT
COBepIeHCTBOBATHCA [ [-9].

AHanu3 IuTepaTypHbIX AAHHBIX IOKa3bIBAET,
YTO B HACTOSAIIIEE BPEeMsI HanboJiee MepCreKTHBHEIMU
IJIsl IPUMEHCHHS B KaU€CTBE aBTOOMUCCHUOHHBIX
HCTOYHMKOB IEKTPOHOB SBISIOTCS HE METaJlIu-

YecKHe, a HaHoymiepoaHbeie marepuans [10—13].
OT0 00yCIOBICHO YCTOHYUBOCTHIO YITIEPOAHBIX
CTPYKTYP K BBICOKHM TeMIieparypam U GoMOapu-
POBKE MOHAMH OCTATOYHBIX I'a30B, KOTOPbIC MPU-
CYTCTBYIOT B IpHOOpax, paboTaroIINUX B YCIOBUAIX
TEXHUYECKOTO BaKyyMa, a TAK)Ke BBICOKOW TEILIO-
MIPOBOTHOCTHIO ¥ BO3MOKHOCTBIO CHIKEHHS PaOOTHI
BBIXO/1A DJIEKTPOHOB IIPH ONPEAEIEHHBIX CTPYKTYP-
HBIX MOIU(HUKAINAX, XapaKTSPHBIX IS aIMa3HOTO
TUIIa r1/16p1/1;u/13au141/1 CBSI3€H BaJIEHTHBIX OJICKTPOHOB
aTOMOB yTiiepoaa. YMEHbIIEHIE pabounX HapsIKe-
HUIi aBTOIMHUCCHUH MTO3BOJISCT YBEIHYHUTH 3aI1ac 3K~
TPHUYECKOH MPOYHOCTH CHHTE3UPOBAHHBIX CTPYKTYP
" MOJYYUTH 3a CHET 3TOr0 MCTOYHUKHU XOJOAHBIX
3NIEKTPOHOB C MOBBIIICHHBIMHU TUIOTHOCTHIO TOKA U
JIerpalalliOHHON CTOMKOCTBIO.

Taxkum 00pa3oMm, IpUMEHEHNE B3aMEH MeETall-
JIMYCCKUX HAHOYTJIEPOAHBIX aBTOKATOJAOB MOKET
MIO3BOJIUTH YCTPAHNUTH HEOOXOMMOCTH B AKTHBHPO-
Banuu ADK H, Kak clieacTBre, HCOOXOIUMOCTh HC-
MTOJIB30BAHUS JJTSI ATUX TeJel TpaauunoHHbIXx BOK
Ha OCHOBEC CJIOKHBIX KOMIIO3UILIMOHHBIX MaTCpHUaJIOB
C pacxoIyeMbIMU aKTUBHBIMHA MIPUMECSIMH, a TAKKE
MPUMEHEHUSI BBICOKUX TEMIIEPATYP IS peaan3aiuu
mpoIecca aKTHBAIIHH.

B c¢Bsi31 ¢ BO3MOXHBIMHU NEPCICKTUBAMU Kap-
IUHATBFHOTO M3MEHCHHS COCTaBa, KOHCTPYKIIUU,
HAJIC)KHOCTH U JIOJITOBEYHOCTH KaTOHOTO y3J1a Mar-
HETPOHOB 3a CYET UCTIOJIb30BAHUHT HAHOYTIICPOIHBIX
CTPYKTYp CTaHOBUTCSI aKTyaJIbHBIM HCCIIEIOBAHUE
UX BTOPHYHO-IMHCCHOHHBIX CBOHCTB.

Henp paboTbl — pa3zpaboTKa METOIUK U UC-
CIIeIOBaHNUE BTOPHYHO-IMHCCHOHHBIX CBOMCTB
IIJICHOYHBIX aHMaSOFpaq)I/ITOBLIX HaHOKOMIIO3UTOB,
MOJYYCHHBIX B PA3IMIHBIX PEKIMAX MUKPOBOIIHO-
BOTO IUIa3MOXHUMHUYECKOTO OCAXICHUS ISl UCTOY-
HUKOB DJICKTPOMArHUTHBIX M3JIyUYEHHUH Pa3iInIHON
BbIXogHOU MomHocT CBY m cybreparepiioBoro
JAIa30HOB YacTOT.

Martepuansl 1 meTogbl

[ony4enue MICHOYHBIX HaHOAIMAa30TpaduTo-
BBIX KOMITO3UTOB MPOBOJMIIOCH B BaKyyMHOM ycTa-
HOBKe ¢ ucroib3oBanreM CBY noHHO-1I71a3MEHHOTO
HCTOYHHKA 110 METOAUKAM, U3JIO’KECHHBIM B pa60Tax
[11, 13, 14]. OcaxxaeHue ocyLeCTBIAIOCH Ha TIOJIH-
KOPOBBIE TOJUIOKKH C UCTIONB30BAaHUEM B Ka4eCTBE
pabouero BemecTBa IMapoB 3TAHONA TIPU JABICHUN
0.05-0.07 Ila. Hanpsi>kxenust cMelieHus: Ha TOJ-
JIOKKOZIepIKaTelIe B MPOIIeccax MIa3MOXUMHIYECKOTO
ocaxaenwnst cocrasisuid +300 B 1 —300 B. [Tomioxku
B OKCIIEPUMEHTAX HAarpeBaliuCh O TEMIIEPATypPhI
300+ 10°C. UccnenoBaHe BTOPUYHOM 2IEKTPOHHOM
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smuccur (BDD) B HaHOYIIEPOJIHBIX TJICHOYHBIX
CTPYKTypax NMPOU3BOIMIOCH C UCIIONB30BAHUEM CKa-
HUPYOILETO AEKTPOHHOTO MUKpockora (COM) MIRA
2 LMU (Tescan, Yexwust). M3MepeHus spkoCTH MOy~
YEeHHBIX N300paKCHUH TPOBOIIUIACH MIPH Pa3THIHBIX
sHeprusix nepsuuHoro mydka (10, 5, 1 u 0.65 x3B)
u paznuuHbix Hanpspkenusx (300, 150, 75, 0 B) na
CETKE JICTEKTOPa BTOPUUHBIX AEKTpoHOB COM.
Jlnst xonmnuecTBEHHOM Xapakrepuctuku BOD
HaHOYTJIEPOJHBIX TIOKPBITHHA ONPEeIsyii YHCICH-

HBIE 3HAYCHUS SIPKOCTH MOIydeHHBIX B COM m3o-
OparkeHui. J{J1s1 3TOr0 NCTIOJIB30BATUCH TPOTPAMMBbI
Mathcad 15, Adobe Photoshop u ColorMania.
IlepBBIM 3TanIoM 00pPabOTKH H300pAKEHNUIT SIBISIIOCH
«Pa3MBITHE» HX IPKOCTH, KOTOPOE OCYIIECTBIISIOCH
B rpaduueckoM pegaktope Adobe Photoshop CC.
«Pa3MBbITHE» TPOU3BOIMIIOCH C LETBIO YCPETHEHHS
[0 TUIOMIAJN SIPKOCTH M300paKEHUSI aHATU3UPY-
eMBIX YYacTKOB MOBEPXHOCTH IUIEHOK. [Ipumepsr
Pa3MBITBIX U300pakeHUil MpUBeICHBI Ha pHC. 1.

Puc. 1. M300paxeHnss y49acTKOB IJICHOYHBIX MOKPHITHN 70 (6, 2) U mociue (a, 0)
06pabotku B rpaduueckom pegakrope Adobe Photoshop CC
Fig. 1. Images of film coating areas before (¢, d) and after (a, b) processing in Adobe
Photoshop CC graphics editor

CrenyrommM 3TanoM aHainusa cHuMkoB COM
SIBJISUIOCH TIOJYYEHHUE YHUCICHHBIX 3HAYCHHH SIPKO-
CTH. DTO OBUIO OCYIIECTBICHO C MCIOJIb30BAHUEM
yruiuTa ColorMania ¢ 10CTaT04HO BHICOKOW TOYHO-
CThIO, KOTOpasi 00yCIIOBJICHA TUKCEILHBIM aHATU30M
HCXOJIHOTO M300paKeHUsI.

Pe3synbrathl u UX 06CyXaeHUe

Ha puc. 2, 3 B xauecTBe NPUMEPOB NPUBEAEHbI
COM-u300pakeHHs] YETHIPEX HAHOYTIEPOIHBIX
IUICHOUHBIX MOKPBITUH, MOMYYEHHBIX B PA3IHMUHBIX
peXKUMax IUIa3MOXMUMHUYECKOTO ocakaeHus. M3o-
Opa’keHUsl MOJyYEHbI NPU SHEPIUU NEPBUUHOIO
35IeKTPOHHOTO Imydka 10 k3B 1 HanpsHKeHNsIX Ha CeTKe

136

JIETEKTOpa BTOPUYHOTO dMekTpoHa (BD) + 300 u+75 B.
COM-u300pakeHHst aHAJIOTUYHOTO TUIIA TOJTY4EHBI
npu HanpspkeHusix Ha cetke +150 u 0 B. Toxk nep-
BUYHOTO ITy4Ka BO BCEX CIIy4asx cOCTaBisa 352 mA
nipu yBenuaeHnu xX500. MoxHO BUIETh, UTO SIPKOCTh
N300paKEHUI 3aBUCHT KaK OT PEKHUMa IMOIYUYCHUS
HAHOYTJICPOAHBIX TOKPHITHH, TaK U PEXHUMa IOITy-
yeHus nzobpakenus B COM. B wactHOCTH, TIpO-
CMAaTpPUBACTCS 3aBUCHMOCTH SIPKOCTH M300paskeHUI
OT HampsbKeHus Ha ceTke aerekropa BD COM. Ana-
JIOTUYHOTO THIIA H3MCHEHHS IPKOCTEH n300pakeHuH
B 3aBHCUMOCTH OT PeXUMa IMOIydeHUs: 00pa3LoB U
HalnpskeHul Ha cetke aerekropa COM nonydeHsl
JUIS SHepruid nepBUYHOro nydka 5, 1 u 0.65 xk3B.

Hay4Hbir oTaen
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Puc. 2. COM-un300pakeHHs: HAHOYIJICPOIHBIX MOKPBITHH, TOJIyYEHHBIX B PAa3IMYHBIX PeXHMax ocaxaeHus: a, 6 — -300 B
(a — 55 kOm/kB, 6 — 37 KOM/kB); 8, 2 — +300 B (6 — 100 kxOM/kB, 2 — 850 kKOM/KB). MI3MepeHHs IPOBOJUINCE IIPH KOHTPAcTe
48%, apxoctn 83% u norennuane Ha cetke +300 B
Fig. 2. SEM images of nanocarbon coatings obtained in different deposition modes: a, b — -300 V (a — 55 kOm/sq, b —
37 kOm/sq); ¢, d —300 V (¢ — 100 kOm/sq, d — 850 kOm/sq). Measurements were made at 48% contrast, 83% brightness
and 300 V grid potential
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Puc. 3. COM-u300pakeHnsi HAHOYTICPOJHBIX TOKPBITHI, MTOIyYEHHBIX B Pa3IMYHBIX PeXUMax ocaxkaeHus: a, 6 — -300 B
(a — 55 kOm/kB, 6 — 37 kKOM/kB); 8, 2 — +300 B (6 — 100 kOM/kB, 2 — 850 kKOM/KB). MI3MepeHHst IPOBOUIKNCE IPH KOHTPACTe
56%, spkocTt 65% u noreHmane Ha cetke + 75 B
Fig. 3. SEM images of nanocarbon coatings obtained in different deposition modes: a, b — -300 V (a — 55 kOm/sq, b —
37 kOm/sq); ¢, d — 300 V (¢ — 100 kOm/sq, d — 850 kOm/sq). Measurements were made at 56% contrast, 65% brightness
and 75 V grid potential
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Ha puc. 4-7 npuBeneHsl 3aBUCUMOCTH SIp-
KOCTeH M300pa)kKeHWi OT NMOTEHIMAJIOB Ha CETKe
perekropa COM npu pa3iuyuHbIX JHEPTUAX NEPBUY-
HBIX 3JIEKTPOHOB 7151 HAHOYIIIEPOIHBIX TOKPBITHH,
MTOJTYYCHHBIX B PA3JINYHBIX PEXKUMaX IIA3MOXHUMH-
YECKOT0 OCaXJICHHS.

Kak u3BecTHO, CTPYKTYpy SHEPTETHUYECKOTO
CIEKTPAa 3JIEKTPOHOB, UCIHYCKAEMbIX C IOBEPXHO-
CTH, 00JIy4JaeMoil MyYKOM AJIEKTPOHOB C dHEPTUEH
E,, COCTABISIOT yIPYTo PacCesIHHBIE JIEKTPOHBI C
sneprueit £, BD ¢ sneprueii ot 0 1o 50 5B, a taxxe
Heynpyro odparHopaccesHble ekTponsl (OPD) ¢
sueprueit ot 50 5B no E_ [15]. bonbuioe BiusiHue
Ha BOD umeer sHeprust 31€KTPOHOB MEPBUUHOIO
nydyka. C yBelIMUeHHEM SHEPruu Kod(pumuent
BTOPUUYHON SMUCCUM CHAYajla BO3PACTAET B CBSI3U C

POCTOM KOIHYECTBA BO30YKACHHBIX 3JICKTPOHOB, a
3aTeM HAYMHAET yObIBATh, IIOCKOJIbKY CYLIECTBEHHAs
4acTb AEKTPOHOB POXKIACTCS Ha OONbIIeH ITyOnHe
U YUCJIO BTOPUYHBIX 3JIEKTPOHOB, BHIXOAAIIMX Ha-
PYXKY, YMEHBIIIACTCSI.

Ha puc. 8 npencrasiena cxema gerexkropa BO.
Komexrop / nMeeT moIoKUTENbHBIA TOTEHIIUA,
BEJIMYMHY KOTOPOTO MOXKHO U3MEHSATH B AHAla30He
ot 0 1o +300 B, Gmaronapst uemy TpaeKTOPHH BTO-
PUYHBIX JIEKTPOHOB MCKPUBJISAIOTCS U OHM IMOMa-
JIAl0T B KOJIJIEKTOP. Ha mepBUYHBIC U OTpa’keHHBIE
3JIEKTPOHBI, UMEIOILHE BEICOKUE 3HAYSHHS YHEPTUU
(E,), 5TOT NOTEHIMAI CYIIECTBEHHOTO BIUSHHS HE
OKa3bIBAeT.

BHyTpH KOJIEKTOpa AIEKTPOHBI yCKOPSIIOTCS.
15 3TOro Ha CUMHTUIUIATODP 3 MOAAaeTCs BHICO-

TBEpAOTENLHAA NEKTPOHNKAE, MIKPO- M HAGHO3/EKTPOHKNKA 137
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Puc. 4. I'paduueckas mHTEpIpeTALHsl IPKOCTH M300paxkeHust oT HanpspkeHuss COM

Ha ceTKe JUIst 00pasiia ¢ 0CaXICHHBIM YIIEPOAHBIM MOKpbITHEM TTpH -300 B Ha mox-

noxke U 55 kOM/KB NpU pa3IUUHBIX SHEPTHAX NEPBHYHOTO AIEKTPOHHOTO ITydKa,
KB:/-10,2-5,3-1,4-0.65

Fig. 4. Graphical interpretation of image brightness versus the SEM voltage on the

sample grid with deposited carbon coating at -300 V on the substrate and 55 kOm/sq.

at different energies of the primary electron beam, keV: 1 —10,2-5,3-1,4-0.65
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Puc. 5. I'paduaeckast mHTEpIpETAINST IPKOCTH H300paxeHust oT HanpspxkeHnst COM

Ha CeTKe Juls 00pasiia ¢ 0CaKACHHBIM YIIIEPOAHBIM MTOKpbITHEM 1TpH -300 B Ha noj-

aoxkke U 37 KOM/KB. IIPU Pa3IUYHbIX SHEPTUSIX IEPBUYHOTO AJICKTPOHHOTO Iy4Ka,
B:/-10,2-5,3-1,4-0.65

Fig. 5. Graphical interpretation of image brightness versus the SEM voltage on the

sample grid with deposited carbon coating at -300 V on the substrate and 37 kOm/sq.

at different energies of the primary electron beam, keV: 7 —10,2-5,3-1,4-0.65

Koe HampsbkeHue nopsanka 12 kB. Ero BausiHue — yTOOBI BBI3BAaTh CBETOBOE M3IyUEHHE MaTepHaa
Ha 2JEKTPOHHBIA 30HJ 3KPAaHUPYETCS KOPIYCOM  CHUHTUILIATOPA, KOTOPOE IO CBETOBOLY 2 IOMa-
KoJuIeKTopa. BenencTBue yckopeHus BTOpUYHBIE — JaeT Ha (POTOYMHOXKHUTENb 4, Te peobpasyercs B
9NEKTPOHBI MOJNYUYaOT JOCTATOUHYIO SHEPTHI0,  AJIEKTPUYECKHH curHail. MOIMIHOCTb ATOr0 CUrHaia
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Puc. 6. I'padudeckas mHTEpHpeTanius SPKOCTH H300paskeHns oT HanpspkeHust COM
Ha ceTKe JUIst 00pasia ¢ 0CaXkIeHHBIM YIIIEpOAHBIM MoKphITHEM Ipy +300 B Ha nozt-
noxke 1 100 kKOM/KB. IIpH pa3IMYHBIX SHEPTHUSIX HEPBUYHOTO MICKTPOHHOTO My4Ka,

KwB:7/1-10,2-5,3-1,4-0,65

Fig. 6. Graphical interpretation of image brightness on the SEM voltage on the carbon
plated sample grid at 300 V on substrate and 100 kOm/sq. at different energies of the

primary electron beam, keV: 1 —10,2-5,3-1,4-0.65
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Puc. 7. I'paduueckas nHTEpHpETaIHs SPKOCTH H300paxeHus oT HanpsbkeHust COM
Ha CETKe I 00pasiia ¢ 0CaXJACHHBIM YIIIEPOAHbIM OKpbITHEM Tipu +300 B Ha moa-
noxke U 650 kKOM/KB. IPU PA3ITUYHBIX SHEPTUAX IEPBUYHOTO JICKTPOHHOTO MyYKa,

kwB:/7-10,2-5,3-1

Fig. 7. Graphical interpretation of image brightness on the SEM voltage on the carbon
plated sample grid at 300 V on substrate and 650 kOm/sq. at different energies of the

primary electron beam, keV: 7 —10,2-5,3 -1

U, CJIe0BATENIbHO, APKOCTh COOTBETCTBYIOLIEH [Ipu n0N0XKUTENBHBIX HOTEHLIMAJIAX HA CETKE
TOYKU Ha 3KPaHEe MPU UCMOJIb30BAHUU BTOPUUHBIX  JETEKTOpa IPKOCTh H300paKeHUs Ha BUIEOYCUIIH-
9JEKTPOHOB OMpeaenseTcss TonorpaguyeckuM  Tejae GopMHUPYyeTCs 3a CUET IMOTa aHus B HETO BCEX
KOHTPACTOM. 3NEKTPOHOB, UMEIOIINX 3HEPTHI0, OIU3KYIO K TOH,

TBeD,qOTE/IbHaFI 2r1eKTPOHNKa, MNMKPO- N HAHO3/1EKTPOHKNKA
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Puc. 8. Cxema neTekTopa SMUTHPOBAHHBIX AJIEKTPOHOB DBepxapra — TopHmu: [ — KoJ-
JIEKTOp, 2 — CBETOBOJ, 3 — CUUHTWIIATOP, 4 — GOTOyMHOKHUTEIb

Fig. 8. Everhart — Thornley emitted electron detector circuit: / — collector, 2 — light guide,
3 — scintillator, 4 — photomultiplier

YTO ONpe/eNsieT NPUIIOKEHHBIH K CeTKE TOTeHIIUAI.
[Ipu morennuanax Ha cetke +300 B 510, r1aBHBIM
o0paszom, HeOOoIbIIas OIS HEYIPYTOOTPaXKEHHBIX
ANEeKTPOHOB. [Ipn yMeHBIICHUU HANpsDKCHHUS Ha
cetke oT +300 no +75 B sipkoctH M300pakeHUi
B 3aBHCHUMOCTH OT CBOWMCTB 00pa3IOB M dHEPTUU
MEPBUYHBIX JICKTPOHOB MOCTEIICHHO YBEIMYNBA-
rorces (ecM. puc. 4—7). J{ns sHepruii aJIeKTpOHOB 5 1
10 k2B nabmronatores npu U, = 75 B makcumyMmbl
SPKOCTH M300paxeHuit. DTo 00yCIIOBICHO yBEIH-
YEHHEM KOJMYECTBa «UCTUHHBIXY» B, momaBmmx
B JICTEKTOP.

BrusHue »HEPruu >IeKTPOHOB MEPBUYHOTO
IMydKa Ha SPKOCTh M300pakeHWH XOpOIIO BHUIHO
npu U, =300 B: ¢ ee yBenmuuennem ot 1 10 10 kaB
SIPKOCTH U300 paKeHNH, KaK MIPABHIIIO, YMEHBIIAIOT-
¢cs1. OTO 00YCIIOBIEHO TEM, YTO C YBEIUYEHUEM E
YBEIIMIUBACTCS DHEPTUS OTPAKEHHBIX DJICKTPOHOB
Y YMEHBIIACTCS MX JIOJIS MOMAAI0IINX B IETEKTOP,
a TakXke, KaK y)e TOBOPUIIOCH, OOJbIICH ITyOHHOM
MPOHUKHOBEHUS MEPBUYHBIX DJICKTPOHOB B 00pa-
3€11, TPH KOTOPOH BEPOSTHOCTD BBIXO[a BTOPUIHBIX
9NIEKTPOHOB U3 00pa3iua ymeHbaercs. Kpome toro,
pa3IMYHBIN XapaKkTep 3aBUCUMOCTEH SIPKOCTEH N30~
OpakeHUsl OT MOTCHIIMATA CETKU JIs Pa3IHMYHBIX
SHEPTHH NEPBUYHOTO ITYYKa DIEKTPOHOB MOKET
OBITH OOYCJIOBIIEH 3aBUCUMOCTBIO KO3 (dulIMeHTa
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OTpakeHust OT ux >Hepruu. [lpu uuskux £ kod¢-
(unneHT oTpakeHns yBenuduBaeTca. Bemenctaue
3TOTO YMEHBIIAETCS A0JS HEYHNPYyrooTpakKeHHBIX
3JIEKTPOHOB, KOTOPbIE MOTYT MONACTh B AETEKTOP
U SIPKOCTb M300paXECHUN C YMEHBIICHUEM IOTEH-
L[1AJIOB HA CETKEe yMeHbIIaeTcsl. MeHblIas spKoCTh
n300pakeHU NpH 3Heprun 3ekTpoHos 0.65 k3B,
0 CpaBHEHUIO ¢ dHeprueit 1 k3B, MoxkeT ObITh 00-
yCIIOBJICHA YMEHBIICHHEM KOHLIEHTPALUU HEYTpY-
TOOTPAKEHHBIX ¥ BTOPUYHBIX 3JEKTPOHOB B CBA3U
C HU3KOM KMHETHYECKOW DHEpPrueil 3JIeKTPOHOB
HEPBUYHOTO ITy4Ka. BenencTBue 3Toro uis aeKTpo-
HOB ¢ »HeprusaMu 1 u 0.65 k3B HabmIOMaeTcs ¢
YMEHBILEHHEM CETOYHBIX HAPSKEHU MOHOTOHHOE
YMEHBIICHUE KOHIICHTPAIUU 3JIEKTPOHOB, IPEOI0-
JEBIIUX MMOTEHIUAI CETKU U SIPKOCTb MOJYYEHHBIX
uzobpaxenuit. IlonbeM KpUBBIX SAPKOCTH MPHU
U, =0 B o0ycoBneH BKIa0M B €€ HOpMUpPOBaHUE
HEYNpPyTroOTPaKEHHBIX U BTOPUUHBIX JIEKTPOHOB C
OYE€Hb HU3KOW dHEPTHUEM.

B orcyrcreue nanpspkenuit Ha cetke (U, = 0 B)
BTOPUYHBIE AIIEKTPOHBI HE U3MEHSIOT TPAEKTOPHUIO
CBOETo JBMXKEHMS OT 00paslla U He NMONajaroT B
JeTekTop. B aTOM ciydae SpKOCTH HU300paKeHUI
YMEHBIIAIOTCS 10 MUHUMAJIbHBIX 3HAYCHUH, KOTO-
pbI€ HIMEIOT IPUMEPHO TAKHE e 3HAYCHUS, KaK [TPU
U, =+300 B.
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3aknioyeHme

BTOprnuHO-3MUCCHOHHBIE CBOMCTBA UCCIEA0-
BaHHBIX HAHOYTJIEPOAHBIX IICHOYHBIX MOKPBITHN
B IEPBOM MPHUOJMIKEHUH MOXXHO OLEHUTH Kak
OTHOIICHHE SIPKOCTEH M300pakeHUH B UX MaKCH-
MyMe B 3aBUCUMOCTH OT HAlpPsDKEHUS Ha CEeTKe K
siprocTh nzobpaxenuit npu U, = 0 B. Jlng o6pasna
1 ¢ MOBEepXHOCTHBIM cONpoTUBIeHUEM 55 KOM/KB
IIPH PHEPTHSAX MEPBUYHBIX DICKTPOHHBIX ITyYKOB
10 x3B u 5 k3B 3T0, COOTBETCTBCHHO, OO0JIce YeM
2.15 u 1.27. bonpuiee OTHOILIEHNUE SIPKOCTEH JJISI
SHEPruu MEepBUYHBIX MEeKTPoHOB 10 K3B o3Hauaer,
YTO, HECMOTPsI Ha OOJIBIYIO MTyOHHY IPOHUKHOBE-
HUS DJIEKTPOHOB B 00pa3el, KOTOPOoe J0JIKHO MPH-
BOJIUTH K CHIDKCHHIO BBIXOAa BTOPHYHBIX JIEKTPO-
HOB, yBEJIMYEHHE MX KOHLEHTPAILUU B pe3yibTaTe
B3aMMOJICHCTBHS MEPBUYHOTO ITyYKa W HEYIpPYyTo-
paccestHHBIX 3JEKTPOHOB C 3JIEKTPOHHO-aTOMHOMN
CTPYKTYpPOH HAaHOYTJICPOAHOTO MaTepHaIa MPUBOAUT
K yBenuueHuto BOD. Jlns o6pasna 2, mosy4eHHOTo
IIPU TOM JK€ yCKOPSIOIIEM HaNpsOKEHUH Ha IOJ-
JIOXKKOZEpKaTeIe B IPOLECcCe Ia3MOXUMHYECKOTO
OCaXICHHS, HO UMEIOIIEM Ooliee HU3KOE MOBEPX-
HocTHOe conpotuieHue (37 KOM/KB), OTHOLICHHS
COOTBETCTBYIOIIUX SIPKOCTEH M300pa’keHU co-
ctaBisitoT 1.83 u 1.06 cootBeTcTBeHHO. CHUXKEHHE
BbIXOZa BD opHO3HAaYHO 00YCIIOBIIGHO MEHBIICH
ne(QEeKTHOCThIO IIEHOYHOUW CTPYKTYphl oOpasia
2 W, BCIEACTBUE ATOTrO, OOJNbIIECH TIyOUHOU TIpo-
HUKHOBEHHUSA 3JIEKTPOHOB MEPBUYHOIO Iy4Ka, 4TO
CHU3MJIO BEPOSITHOCTH BBIX0/1a HA IOBEPXHOCTH BD.

Spxoctu u300pakeHuii 00pasLoB, MOJyUeH-
HBIX B MUKPOBOJIHOBOOH IUTa3Me TPH MOTEHITHAIIE
+300 B (0oOpas3iipl 3 1 4), Ipu 0JJMHAKOBBIX IHEPTUSIX
MEPBUYHBIX ITYYKOB JJICKTPOHOB M HANPSIKCHHSIX
Ha CeTKaX CYIICCTBEHHO BBIIIE, €M JIJIsI 00pas3IioB,
MTOTyYEHHBIX TPU OTPUIATEIBHBIX HANPSDKEHUSIX.
B coorBercTBHU ¢ pe3yabraramMu paboThl [13] aTo
MOJKET OBITH CBSI3aHO C OONBIINM COIEPKAHHEM B
HaHOYTIEPOJHON MaTpHUIle aIMa3HbIX HAHOKPUCTAI-
JUTOB U MEHbIEH paboTON BBIXOAA HIIEKTPOHOB.
BcenenctBue 3TOro yBenUuUHMBAaeTCs KOJIUYECTBO
YOPYTUX COYAapeHU MEepBUYHBIX JIEKTPOHOB U
MPOLIECCOB UX PACCESHUS, YTO MPUBOJIUT K OTKIIO-
HEHMIO TPACKTOPUH U CLIOCOOCTBYET reHeparu BD
Ha MEHbIIICH IITyOuHe.

Jst o6pasna 3, UMEIIero MmoBepXHOCTHOE
conporuBiieHre okoso 100 kOM/KB, OTHOILIEHUE
SIPKOCTEH JJIst SHEPTHH TepBUYHOTO myyka 10 kaB
cocrasnser 1.8, a mns 5 kB — 1.2. [Ipakruueckn
TaKWe K€ 3HAYCHUs MONydeHBl I oOpasma 4, y
KOTOPOTO COIPOTHUBIIEHUE IOYTH HA TMOPSIOK BbIILIE.
OnHako BO BTOPOM cllydae 3HAueHHUs SAPKOCTEH

CYLLIECTBEHHO BBILIE, YTO MOATBEPKAAET YCUICHHUE
BKJIaZa HEYIPYTOOTPAKECHHBIX DJIICKTPOHOB OT JI€-
(heKTOB CTPYKTYpHI B TeHepaluio BD Ha MeHbIIeH
[1yOMHE OT TOBEPXHOCTH MJICHOYHOTO TOKPBITHS.
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Background and Objectives: Development of techniques and
investigation of secondary emission properties of film diamond
graphite nanocomposites obtained in different modes of micro-
wave plasma-chemical deposition were performed for sources of
electromagnetic radiation of different output power of microwave
and subteragetic frequency ranges. Materials and Methods:
Production of film nano diamond graphite composites was car-
ried out in a vacuum plant using a microwave ion-plasma source.
Precipitation was carried out on polycore substrates using ethanol
vapor as a working material at a pressure of 0.05—0.07 Pa. The bias
voltages on the substrate holder in plasma chemical deposition
processes were 300 V and -300 V. The substrates were heated to
300 = 10°C in experiments. The study of secondary electron emis-
sion (EE) in nanocarbon film structures was performed using the
Mira TESCAN scanning electron microscope (SEM). Measurements
of the brightness of the obtained images were made at different
primary beam energies (10, 5, 1 and 0.65 keV) and different volt-
ages (300, 150, 75, 0 B) on the secondary electron detector grid
SEM. Results: A numerical technique has been developed for
determining the secondary emission properties of film diamond
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graphite nanocomposites by the brightness of their images depend-
ing on the value of the positive potential on the grid of the scanning
electron microscope detector. Using the developed technique,
the secondary emission properties of nanocarbon film structures
obtained in different modes of microwave plasma-chemical deposi-
tion were evaluated. Conclusion: For sample 1: a larger ratio for
primary electron energy of 10 keV means that despite the greater
depth of electron penetration into the sample, which should lead to
a decrease in the secondary electron output, an increase in their
concentration as a result of the interaction of the primary beam
and the nonelastic electrons with the electron-atomic structure of
the nanocarbon material leads to an increase in EE. For sample 2:
the decrease in RE yield is definitely due to the lower defect of
the film structure and the greater penetration depth of the primary
beam electrons, which reduced the probability of reaching the RE
surface. For samples 3, 4: brightness values are significantly higher,
which confirms the enhancement of the contribution of unelastic
electrons from structure defects to the generation of RE at a lower
depth from the surface of the film coating.

Keywords: secondary electron emission, numerical technique,
image brightness, nanocarbon composite, microwave plasma.
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Mpodeccop actpoHoOMUM
CapartoBckoro yHmsepcureTa
Hocudp dénpoposuy Monak (1881—-1954)

B. M. AHMKUH

AnukuH Banepuit Muxaiinosuy, JokTop $r3nko-marematnyeckux Hayk, npodeccop, fekaH du-
314ecKoro dakynesTeTa, 3aBefyioLLmii Kadbeapoi KOMNBIOTEPHONR GU3NKK 1 METaMaTePUaNoB Ha
6a3e CaparoBckoro dpunmana MHCTUTYTa PagMOTEXHUKM 1 ANEKTPOHMKM uMeHu B. A. KotenbHu-
koBa PAH, CapaToBCKuii HaLMOHaNbHBIA UCCNEA0BATENLCKUA TOCYAAPCTBEHHDI YHUBEPCUTET
umenu H. T. Yepbilwesckoro, AnikinVM@info.sgu.ru

BrepBble NpuBOASTCS CMCTEMATM3MpOBaHHble Guorpaduyeckue AaHHble npogeccopa Mo-
ckosckoro u CapartoBckoro yHusepcuteToB Mocuda ®Epoposnya Monaka (1881-1954),
acTpoHOMa M NpenojaBatensi, aBTopa MHOMMX Y4eOHWUKOB M HAayYHO-MONYNSIPHBIX M3AAHMIA
Mo acTpoHoMuMM. Bcero Boilwio okono 60 u3aaHuit v nepensfaHuii ero KHUr, obLLMiA TMpax
KOTOPbIX COCTaBWA 2 MAH 3k3emnngpoB. B CapatoBCKOM roCymapCTBEHHOM YHMBEPCUTETE
N. ®. Monak pabotan B8 1919-1930 rr. Ha $HM3MKO-MaTEMATUYECKOM U Nefarornyeckom da-
KynbTeTax. Ero Tpyabl NpeACTaBAsIOT MHTEPEC C UCTOPUYECKOI M METOAMYECKOI TOYEK 3pe-
HUsI, OTpaxasi UCTOPUIO Pa3BMTUS aCTPOHOMMM KaK HayKu M UCTOPUIO ee MPEenofaBaHus B
By3ax u wkonax CCCP. MyHKTUPHO NPOCNEXMBAETCS UCTOPUS PA3BUTUS aCTPOHOMMM, aCTPO-
dun3vkmn 1 reodpusmnkm B CI'Y 3a nocnegHue 100 ner.
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BBepeHue

IMocne yupexxaenust B CapatoBckoM yHUBepcuTere B 1917 . puzuko-
MaTeMaTHIeCcKOro (paKyIbTeTa ero mepBbli nekan Braguvup JAMutpreBmy
3EPHOB NPUITIACKI HA JOJDKHOCTHU IPO(heccopoB (pakymnbTeTa psijt yUCHBIX
u nipenioaBareneit u3 Mocksel u [letporpana [ 1-4]. B ux yucie 0putn 1
acTpoHOMBI. [lepBEIMU mpenofaBaTeasiMu acTpoHOMHU B CapaToOBCKOM
yHUBepcuTeTe ObuTH [5]: B 1918 I — akajeMuk Apuctapx ATIOUTIOHOBUY
Benononbsckuit (1854-1934), B 1919-1920 yuebHom rogy — npodeccop
Muxann ApameeBnd ['paueB (1866—1925), a ¢ 1919 . — npodeccop
Nocugp dénoposud [omax (1881-1954).

N. ®@. ITonak MOCBITWI CBOXO KU3Hb TEOPETHYECKON aCTPOHOMUH,
U3YYEHHIO KOMET U TPENOIaBaHUI0 ACTPOHOMMH M MaTeMaTHKu. B maHHOM
CTaTbe Mbl COOpaIN pa3OpOCaHHbIE 110 Pa3IMYHBIM UCTOUHUKAM CBEJIE-
HUSI 0 BeXax ero ouorpaduu, UCTIoIp30BaB TAKXKE JaHHbBIC JINIHOTO JIeNa
N. @. Tomaka, xpansmerocs B apxuse CIY.

B Caparosckom yausepcurere U. @. [Tonak padoran B 1919-1930 rr.
Ha (U3UKO-MATEMAaTHICCKOM U TearormdeckoM (akymprerax. M30pan-
HBII TIpodeccopoM acTPOHOMHUH, OH, IO CYIIECTBY, HCIIOTHST (PyHKIUU
3aBEIYIONIETO KaOMHETOM aCTPOHOMHH U Ka(eapsl aCTPOHOMHU H TeO-
nesun. OH ABNIsETCS aBTOPOM YUEOHHUKOB, PEKOMEH/IOBAaHHBIX HA BBICIIIEM

© Annknq B. M., 2020
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YPOBHE JIsl CTYJE€HTOB YHUBEPCHUTETOB U JAPYTUX
BBICIIHUX y‘le6H])IX SaBeI[CHI/Iﬁ CTpaHbl, a TAaKkKe
HAy4YHO-TIOMYJISIPHBIX M3JaHUN MO acTpoHOMHUH. B
kaTtajiore Poccuiickoli HaIlMOHAILHOW OHMOIHOTEKH
HAaCUYHUTHIBAETCSI OKOJIO 60 M3MaHWH U Mepen3naHuil
€ro KHUT, 00N TUPaX KOTOPBIX COCTABISET OKOJIO
2 mutH 3K3eMIuIsipoB. Tpyaet M. @. TTonaka mHTEpECHBI
C UICTOPUUYECKOMN 1 METOANYECKOM TOUEK 3pEHUSI, OT-
pakasg UCTOPUIO Pa3BUTUS aCTPOHOMHUHU KaK HayKH,
OCOOCHHOCTH OpPraHU3allMU BBICIIETO 00pa30BaHUS
B CTpaHe, METOIMKY NpPEenoAaBaHusl aCTPOHOMHHM B
By3ax u mkomnax CCCP.

ActpoHomuueckyro «3cradery» U. @. Ilonak
nepeaan cBOeMy COTpYIHHUKY mo kadeape [laBmy
BacunseBuuay Brromkosy (1900-1969), mpeemankom
KOTOPOTO CTajl, B CBOIO ouepens, FOpuit Aunpeesuu
CxisipoB (1931-2014), moArOTOBUBIIHIA YYSHUKOB
B 00J1aCTH acTpOHOMHUH U acTpodu3uku u ode-
crieunBimii CapatoBckomy yHuBepcutety (CIY)
CTaTyc «KOCMHUYECKOTO0 By3a» [5, 6]. CTaHOBIEHHUE B
CI'Y pannoacTpOHOMHUU KakK HayKH M y4eOHOH Juc-
LUIUIMHBI CBSI3aHO ¢ MMEHeM mpodeccopa Aprypa
BennamuaoBmya Xoxiosa [7].

W. . Monak — MOCKOBCKMIA aCTPOHOM

Nocud dénoporuu [Tonak pommics 25 okTaOps
1881 . B . AHaHbeBe XEpCOHCKOU r'yOepHUH B Ce-
Mbe THMHA3M4ecKoro yunrens!. OKOHUHB MECTHYIO
TUMHA3MIO ¢ 30J10TON Meaaibio, B 1899 . moctynmn
Ha MaTeMaTH4ecKoe OT/IeIeHue (PU3nKo-MaTeMaruye-
ckoro (pakyssreTa MOCKOBCKOTO YHUBEPCUTETA. YIKE C
TPETHETO Kypca CTall 3aHUMAThCSI ACTPOHOMHYECKUMH
BBIYHCIICHUSIMU TI07] PYKOBOJICTBOM Tpodheccopa Bu-

I Curriculum Vitae M. ®. Tlonaka ot 12 suBaps 1919 .
(Apxus CI'Y).

B. K. Lepackuii
V. K. Cerasky

V13 ncropnn Gn3nsn

tonba Kaposrya [lepackoro (1849—1925) u npusar-
nouenta Ceprest AnexceeBnua Kazakosa (1873-1936).
C 1905 r. paboTan B MOCKOBCKOH YHUBEPCUTETCKOI
o0cepBaTopuy: CHadana MOMOITHUKOM IPU acTpo-
(bororpaduyeckrx HaONIONCHUSIX W BBIYUCIUTEIICM
npu 00paboTKe (HOTOMETPUICCKUX HAOIIOJCHUN
B. K. Llepackoro 1 MHOrO4MCI€HHBIX JaHHBIX HAOMIO-
JICHWIA Ha MEPUIMAHHOM KpYTe 3BE3/1 B 30HE CKJIOHSHU I
or 0 mo +16 rpagycos, mpoBeaeHHBIX B 1860-X T
PYCCKHUM aCTPOHOMOM UJIEHOM-KOPPECIOHACHTOM
ITerepOypreckoit Akanemun Hayk M. @. Xanapu-
KoBbIM, a B 1908—1909 rT. mpoBo#I CaMOCTOSITENIHHBIE
HaOJFOZIEHNsT Ha MEpUANaHHOM Kpyre. Ha3zBaHHBEIMEU
BBIYHCIICHISIMU 3aHUMAITHCH KaK OIBITHBIC ACTPOHOMBI,
TaKk 1 MOJIOZIble, B YMCIIO KOTOpbIX BXoamn M. @. Ilo-
nak [8, c. 121]. B monorpadun «cropus obmect-
BEHHBIX acTpoHoMuueckux opranuzanuiit B CCCP
(1888—-1941)» 1. ®. ITonak Ha3BaH CpeAd TeX, KTO
«CBOEH JEATENBHOCTBIO CIIOCOOCTBOBAS M3BECTHOCTH
MocKOBCKOI YHIBEPCHTETCKOI 0OcepBaTopum» [9, c. §8].

locymapcTBeHHBIC SK3aMEHBI 32 YHHBEPCUTET-
ckuit kype U. @. [Tonak caan ocensto 1906 r. Bec-
Hol 1907 . OH OBUI OCTABJIEH B YHUBEPCUTETE IPU
kagenpe acrponomun. B 1908—1909 rr. 3aBemoBan
obmienocTynHol obcepBaropueii B jomMe TpbIHIuU-
upix2. Tlocie clauu MarucTepCKUX 3K3aMEHOB, C
ocenn 1912 r. no navana 1919 . Ben (haxynsTaTHBHBIC
KypChI 11O aCTPOHOMHUH B HOJDKHOCTU NpHUBAT-I0-
[ICHTa, a TaK)Ke YUTAJ JIeKIuH B [lemarorndaeckom
MHCTUTYTe U Ha [IpeyrcTHHCKUX pabounx Kypcax®,

2 TpbIHAMHBL — BlIaJ€AbLbl OJHOM U3 KPYNHEUIINX KOM-
MaHWi TOPEeBOMIONMOHHON Poccnuu, mpon3BoaUBIICH ONTHYE-
cKHe, apyrue (u3nyYecKue, reofe3ndyeckue npuodopsl, yueod-
HO-HAIJISIHBIC TTOCOOUS U METUIIMHCKUE HHCTPYMEHTBI.

3 TIpeuncrenckue paboune Kypchl — OecIIaTHBIE Beuep-
HHUe 001eoOpa3oBaTeIbHble Kypehl Ui pabodux (JUist B3poc-
neix) B Mockse; cymiectoBanu B 1897-1919 rr.

C. A. KazakoB
S. A. Kazakov
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cocTosil cekpeTapeM B xkypHane «[Ipupona»*, sen
3aHATHUS B IIKOJAX. 3a 1B PabOTHI M0 KOMETHBIM
opbuTam, OmMyOIMKOBaHHBIC B HEMEIIKOM >KypHaJe
«Astronomische Nachrichten» B 1910 u 1912 rr.,
OBLT OTMEUEH MpeMueii Pycckoro acTpoHOMUYECKOTO
o01ecTna.

B 1913 r. 66110 006pa3zoBaHo MoOCKOBCKOE
obmecTtBo nooduteneit acrponomuu (MOJIA), u
N. ®. Tlomak ctan ero akTUBHBIM WJICHOM. Tak, oH
OBLT 3aMETHOW (PUTYpO TIPU MPOBEICHUU TIOTTYJISIP-
HBIX Oece/I-KOJTIOKBHYMOB, Ha KOTOPBIX 00CYKaa-
Jach HOBEHIIas (B OCHOBHOM 3apyOeskHas) JTUTe-
parypa o actponomu# [9, c. 53]. B 1909-1914 rr.
N. ®. Ilonak npyuHUMaJ y4yacTUE B HalMCAHWM 3a-
METOK B pasziei «YCIeXu aCTpOHOMHM» JJIsi aCTPo-
HOMHYECKOTO eKeToHIKa — «Pycckoro ACTpoHOMH-
YEeCKOTO KalleHIaps», BHIMyCKaBInerocs B HimkHeM
Hosropoae wienamu Hukeropojckoro oOuiecTa
moburtenei actponomuu [9, c. 30].

[Ipusar-noueHT MoCKOBCKOro

yauBepcutera U. ®. ITonax®
Private Associate Professor
of Moscow University J. F. Polak

Marucrepckyto nuccepraguto M. @. IMonax
npencraBua Ha (GakynsTeT B (eBpane 1918 1., HO
(opmasibHas 3amUTa HE COCTOSUIACh: CHadaua 1o
npuanHe 3aaepkku or3bia [1. K. Illtepabeprom, a
3aTEM B CBSI3U ¢ OTMEHOM B 1918 I B cTpaHe yueHbIx
creneneil. Tem He MeHee, OKTAOPHCKYIO PEBOIIOLIIO

4 Mmuorue roas! umsa 1. @. [Monaka B xypuane «IIpupo-
Jla» 3HaUMJIOCh CPE/IN «Y4aCTHHMKA )KypHana». EMy npunae-
KaT JKypHaJIbHbIE 3aMEeTKH «3araiku komeTsl Jnke» (1913),
«MereopHas rumnore3a coidHeuHbIX msaTeH» (1914), «lBuxe-
nue JIynsn» (1914), «3Be3nst Oriona» (1917), a Takxke MHOTO-
YHCIICHHBIC PELICH3UU U MEJIKHE 3aMEeTKH.

5 ®oro ¢ caiita «Uctopus reonesum». URL: https://
istgeodez.com/polak-iosif-fedorovich/.
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N. @. [lonak BCTpeTU B 3BaHWU NPHUBAT-IOLEHTA
MockoBckoro yHuBepcurteTa. Xots [lexperom CoBera
Hapoausix Komuccapos «O HEKOTOPBIX M3MEHEHUSIX
B COCTaBE H yCTPOICTBE TOCYIaPCTBEHHBIX YICOHBIX
U BBICIINX yueOHbIX 3aBeieHuit Poccuiickoii Pecy-
Oomukm» ot 1 oxTa0pst 1918 1. 3BaHME pUBAT-I0IIEHTA
OBUIO YIIpa3qHEHO, MPUBAT-IOLIEHTHI CO CTaXKEeM He
MeHee Tpex JieT ObUIM MepeBedeHbl B COCTaB Mpo-
(heccopos. U. @. [Tonak yaoBIeTBOPSI STOMY «HOP-
MaTHBY», U B OKTs0pe 1918 T. cTa;m mMeHoBarbes
npodeccopom. DTo 3BaHUE HEU3MEHHO MPUCYTCTBYET
Ha 00JIOKKaX HAIMMCAHHBIX UM BIIOCIIEICTBUU y4eO-
HBIX U HAy4YHO-IIOMYJISIPHBIX KHUL.

20 (7) despans 1918 r. Ha 3aceganuun OTtne-
JeHns (pU3UKO-MaTeMaTHdeckux Hayk Poccuiickoit
aKaJleMHHU HayK ObLIa peKOMEHI0BaHa K ITyOIIMKaIN
B )KypHase «/3Bectus Poccuiickoil akaneMun HayK»
npencrapieHHas akageMukom A. A. benononasckum
cratbs 1. @. [Tonaka «XBoct koMeTsl ['amiest B mae
1910 r. IIpeaBaputenbHOe coobIiieHUe». B TOABI
pabotsl B CaparoBckom yruBepcutete M. @. [Tomak
MOATOTOBHMII K ITyOMUKaNnu cTaThio «O ABIKCHUU
xomethl Xormmca (Holmes)» [10]°.

B aBrycte 1932 1. MockoBckoe 001IeCcTBO
mo0uTteneil acTpOHOMUM OBLIIO PEOPraHU30BAHO
B MockoBckoe otneneHne Bcecoro3Horo actpo-
HOMO-Teojie3ndeckoro odomecrsa (MO BATO).
H. ®@. ITonak, kK TOMy BPEMEHU BEPHYBIIUICSA B
MockBy mociie 10-netHeid paboThl Ha Kadeape
actpoHomuH CapaToOBCKOTO YHUBEPCUTETA, OBLT H3-
Opan B niepBbIii cocTaB (u3 11 yenosek) [IpaBnenus
MockoBckoro otaeneHus. IToT coctaB IIpaBneHus
ocyniecTBisut cBou ¢pyHknuu g0 1937 . [9, c. 172].

He cnyuaiino u3BecTHBIH acTpodu3ux
N. C. IknoBCKHIA B NIy TIIMBOM (popMe IMPEACTaABUI
pabouee mecto U. @. [Tonaka B 'ocynapcTBeHHOM
actpornomuyeckom uHctuTyTe MeHu [1. K. [ltepn-
oepra (FAMII) Ha ... xBOoCcTe KOMETHI. PUCyHOK
CONPOBOXKAAET NoscHeHue: «B mocneBoeHHOU
tecHoTe ctaporo 'ANIII meuTsl 0 HOBOM 37aHUH
BHUTAIIM B BO3AYXE, KAXKJIBIH MedTan o Hambojee
yaoOHOM niist cedst pabouem mecte... Mocud OE-
nopoBud [lomak OBLT CTApEHIIMM COTPYIHHKOM
Yuusepcurerckoir oocepBatopun MI'Y (¢ 1905 ).
On untan B TAWII B mociieBOEHHBIE TOJIBI KYpC
HUCTOPUU aCTPOHOMHH, OJHAKO, OyIydH CICIHU-
aJMCTOM-KOMETYHMKOM, yI0OHEe BCEro 4yBCTBOBAI
OBl ceOst He MHaYe KaK Ha XBOCTE OJIaroCKIOHHOM
K HEMy KOMeThI...» [11].

6 B oktsa6pe 2007 r. mepuonuyeckas B CONHEUHOI CH-
cTeMe KoMmera XoJMca NpuBJIeKia K cebe BHUMaHue acTPOHO-
MOB PE3KHUM YBEJIHYCHHEM CBOETO Onecka.

lprnoxerns
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H. ®. Ilonak. Apyxeckuit mapx W. C. Ilxinosckoro [11]
1. F. Pollack. Friendly cartoon by I. S. Shklovsky [11]

W. . Monak — npodeccop
CapaTtoBCKOro yumeepcurerta

dusuko-maremarnueckuii pakynprer Capa-
ToBCcKoro yHuBepcutera (CI'Y) Obl1 006pa3zoBan
B 1917 r. [1-4]. YueOHBIN miaH ¢akyibTeTa
BKJIIOYAJ U aCTPOHOMHUYECKHE U Te0/e3UueCKHue
quctuIInHbl. OTAeTbHBIC U3 HUX, KaK YK€ TOBO-
PpHUIIOCH BO BBEIIEHUH, CTYIEHTaM (haKynbTeTa mpo-
qutaiau: B 1918-1919 y4eObHOM TOIy — aKaJleMHUK
A. A. benononbckuii, a B 1919-1920 yuebuom
rony — mpodeccop M. A. I'paueB. Bonpocamu
HeOeCHOW MeXaHMKH 3aHHMaJics npodeccop
I'eopruii Hukomaesuy CremrHukoB (1889—-1970),
npopaborapmmii B CI'Y ¢ 1918 nmo 1930 r., mpu-

A. A. Benononbckuii
A. A. Belopol’sky

V13 ncropnn Gn3nsn

gyeM ¢ 1920 1. — 3aBenyronmM Kaeapoid MeXaHUKH.

B xonr1ie nexadpst 1918 1. u3 mucema Ceprest AHa-
ToJbeBUYa borycmasckoro, B Ty mopy mpodeccopa
Caparosckoro yausepcutera, M. @. Ilonak y3Han
00 o0Opa3oBaBIIIeiicsl BAKAHCHU TI0 Kadeape acTpo-
HOMHH H T€O(pHU3UKH B CBSI3H C OTKa30M aKaJeMUKa
A. A. benononabCckoro 0amIOTHPOBATHCS HAa HOBBIN
cpok. Mocud dEnopoBud cpovyHO Hamucal JIeKaHy
(usnko-maremarnyeckoro (hakynprera B. B. Tomyoe-
BY C MPEIJIOKCHUEM CBOCH KaHIHMIATYPbI, KOTOPYIO
nojIepskaiu coTpyaauku ¢akynerera 1. U. [pusa-
moB u 1. H. CBenmaukoB, a Takke A. A. beormombekuii
(ot3bI1B A. A. benononbckoro ObUT MOTYYeH PU3UKO-
MareMarndeckuM QakymasreToMm 10 Gpepanst 1919 ).

C. A. borycnaBckuit

S. A. Boguslavsky
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@dparMeHT peKOMEH/IaTeILHOr0 MUChMa akaaeMuka A. A. Beomnosibckoro
(Apxus CI'Y)
Fragment of recommendation letter by academician A. A. Belopolsky
(Archive of Saratov State University)

12 suBaps 1919 r. . @. Ilonak Hanucan 3a-
SBJICHUE JeKaHy C MPOCLOOH «IIOJBEPrHYThH €ro
0ayToTUPOBKE Ha KaeIpy aCTPOHOMHUM U TEONIC3UI,

KOTOpOe ObUIO 3aperucTpUpPOBAHO yxe 17 sHBapsl.
A 27 deBpais NOIOKUTEIBHBIN pe3ynbTaT BEIOOPOB
0b11 coobmieH M. @. [Monaky TenerpaMmoi.

Texct Tenerpammsl U. ®. TTonaxy 06 nzbpanuu ero nmpodeccopom acCTpOHOMHUH
Telegram text to I. F. Polak about his election as professor of astronomy

B 1919-1923 rr. Ha kadeape acTpoHOMUU U
T€0JIe3MH B KAUECTBE aCTPOHOMA-BBIYUCIHTEIS pado-
tan [letp MBanoBuu SAmnoB (1874-1940), xonnera
. @. [lonaka mo acTpoHOMUYECKON 00CcepBaTOpUN
MockoBckoro yHuBepcutera. B 1921 1. Ha kadenpy
OBLI IPHUHST MOTOIO#H coTpyaHuK [1aBen BacuibeBmd
Brromxos (1900-1969).
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B [12] mpuBeieH HEMHOTOUMCIICHHBINH COCTaB
kadenpe actporomuu B 1925 1.: Mocud dénoporuy
ITomak — npodeccop; IlaBen Bacunberuu Brrom-
KOB — IIpernaparop (HayIHO-TEXHUUECKUH PaOOTHHUK).
3a U. ®. [TosakoM ObUTH 3aKpETUICHBI TUCIIHITIIHBI
«BBeznenue B HAOMIOMATENFHYIO aCTPOHOMUIO», «Ha-
OmonarenpHast actpoHoMus»; «leomesus», «IIpax-
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THYECKasi aCTPOHOMUS». B CBSI3U C BKJIIOUEHUEM B
1922 r. pusuko-mMaTeMaTHueCKOro GaxKynpreTa B co-
CTaB TMEeNarornYecKoro (axynpreTa Kadeapa acTpo-
HOMHH W T€OJIC3UN 3HAYMIIACH 1O (PU3UKO-TEXHHUC-
ckoMy otaenenuro. B xypuane «Huxuee [ToBomkbe»
3a 1925 r. oTMeuanoce, 9To Ha (PU3UKO-TEXHUICCKOM
OTJCIICHHUH TIeIarornIecKoro (akynsrera «mpodec-
COpaMH ¥ IIPENOIaBaTENIIMU BEJIACh KPYITHAs UCCIe-
JIOBaTeNbCKas padoTa 110 OCHOBHBIM TEOPETUYECCKUM
BoOIpocam ux criermanbHocTei. [Ipod. JIeonThe pas-
eI PSIJT BOITPOCOB, UMEIOIINX OOJBIIIOE 3HAYCHUE
B paguoTenerpadgHoM aene U METauTypruu; mpod.
[Tosrak Bes MHTEpecHBIE PabOTHI MO ACTPOHOMUH;
npod. [onyOeB u CBEMTHUKOB HATTUCAIM PSIJI UHTE-
pecHbIX crareil mo maremaruke» [13, c. 90].

B Beimymennsix B 1934 1. marepuanax 1o
ucropuu kadenp CI'Y pesromupyercst 1eITeTbHOCTh
. ®. [Tonaxka:

«Mpod. MNonak B TeyeHne MHorux net Gbin bec-
CMEeHHbIM npeacegateneM (uanko-maTeMaTUyeckomn
npegmMmeTHon komuccun?. Ero 3abotamu 6bin cosgaH
aCTpOHOMVI‘-IeCKVIVI KabuHeT n aCTpOHOMMYEeCKasa BblLLKa.
KabuHeT Bkmtovan: 2 acCTPOHOMUYECKMX YaCoB, HECKOSBbKO
XPOHOMETPOB, 4-A10NMOBbIV pepakTop, TEOAONNT.

HayuyHas pabota npod. U. ®. MNMonaka npotekana rnmae-
HbIM 06pa3om B 06racT TeopuM CTPOEHMS XBOCTa KOMET.
Mo atomy Bonpocy 1M GbINo HanUcaHo 12 HayYHbIX paboT,
13 koTopbix “CTpoeHne xBocta komeTbl Mannes 1910 — I
(Capatos, 1923) ygoctoeHa npemun um. 'YC'a8. MNpod.
[Nonak MHOro BHMMaHUs yaenan nonynsapusaunm actpoHo-
mum. LLInpoko U3BeCTHbI ero cTaTbu 0630pHOrO Xapakrepa
B PycckoM acTpOHOMWYECKOM KarneHAape W OTAEMbHble
kHurn: “Kocmorpadusa” u “IMpouncxoxgeHne BceneHHon »

[14, c. 29, 30].

7 TIpunsroe Texperom Cosnapkoma PCOCP ot 3 utons
1922 1. «IlonoxxeHune 0 BEICIINX Y4EOHBIX 3aBEACHUAX) peria-
MEHTHPOBAJIO JIeATeIbHOCTh By30B 70 1930 . u onpenensiio
PYKOBOZSINYIO «BEPTUKAIb»: 1) IEHTPaIbHEIN OpraH ynpas-
neHus mpodeccruoHaIbHBIM 00pa3oBanueM — [1aBHOE yIipas-
nenue npodeccuonanbHoro oopazosanus (Imasnpododp) Ha-
POIHOTO KOMHCCapHaTa HPOCBEIICHUS; 2) MOAKOHTPONIbHBIC
I'maBnpodopOy mnpaBneHust By30B, 00€CIEUMBABIINE PYKO-
BOJCTBO y4eOHOW M aJMHUHHCTPaTHBHO-XO3AHCTBCHHOHU nes-
TEJIbHOCTHIO (MIpe/iceaaTeb NpaBieHus (PEKTOP) Ha3HAYAICS
HapkxoMnpocom; B cocTaB IIPaBICHHsS By3a BKIIOYAIHUCH IPE]-
CTaBUTEIH NPENOaBaTe]Ie, CTyACHTOB H 3aHHTEPECOBAHHBIX
opranmzanuii); 3) npegMeTHbIe KOMHCCHUH U3 YUCIa CTyACH-
TOB U IIperojaBarencii (B paBHOM KOJIHYECTBE), B (QyHKIUH
KOTOPBIX BXOJHMIIN pa3paboTka yueOHBIX MporpamMm U 00Cyx-
JCHUE METOJOB IperofaBaHus. J[eATeIbHOCT IPEIMETHBIX
KOMHCCHH CONPOBOXKIAIach KOH(GIUKTAMU HHTEPECOB IPETIO-
JIaBaTEJIbCKOM U CTYAEHUECKON YaCTU KOMHUCCHIA.

8 TocymapcTennbiit yuensiii coser (I'VC) — BhIcImit
pyKoBOAAIIMI Hay4dHO-MeToandeckuii 1eHtp Hapkommpoca
PCOCP. O6pazosan [lexkperom CoBHapkoma B mapre 1919 1.
I'VC yrBepknan y4deOHbIC IUIAaHBI, IPOrpaMMbl U y4eOHbIC
nocodbus, pazpabarbiBan MOJIUTUKY B chepe oOpazoBaHus,
KOHTPOJIUPOBAJ Ha3HAUCHUE IPEHOJaBaTCIbCKUX KaJIpOB.
IIpexparun cBoto JesTeabHOCTh B 1933 1. B CBSI3U ¢ peopra-
Huzanuei Hapxommpoca.

V13 ncropnn Gn3nsn

[TaBen BacuibeBru BeronikoB «padotai B odnactu
noseBoil actpoHomuu. [l obecrieueHus: reoge3nde-
CKHMX U ChEMOYHBIX paboT [J1aBHOTO reome3nuecKoro
ynpaBneHI/m9 WM OB IPOBEJICH IICITBIH PSiT SKCTIC I
B Kanmoo0mnacts, Kazaxcran, CeBepHbiii Ypail, paiion
Kyzbacca m nmp. st onpeieneHus: reorpaduaeckux
KoopauHar myHKTOB. [1o npenmoxenuto Hayuno-ncce-
JIOBATEJBCKOTO MHCTUTYTA T€0NIE3UU U KapTOrpapuu uM
TIPOW3BEJICHBI ONPEICTICHUS JONTOT Ha JIByX OCHOBHBIX
nonrotHbix myHkrax CCCP B Opcke n Omcke» [ 14,
c. 30]. IToquepkuBanoch Taxe, urto ¢ 1931 . pyko-
BOZICTBO BCECMU aCTPOHOMHNYCCKUMH KypCaMU B3sJT HA
ce0s accucrtent I1. B. BeromikoB. [IMCIUILIMHBI JKe U3
obnmactu reone3uut B 1933 . oToLUTH K CHIEMAIbHO
co3nanHoi B CI'Y kadenpe reonesnn 1 kapTorpapuu.

3emusle Oynau actpoHoma I1. B. Beromikosa, 1935
(¢poro B. U. Kanununa)
Earthly routine of astronomer P. V. Vyushkov, 1935
(photo by V. L. Kalinin)

Kparkwuit Hecopmanbasrii 013618 0 I1. B. Berom-
KOBE MOXKHO HaWTH B KHHTE ITpodeccopa CaparoBcKko-
ro yauBepcutera B. . OueBa «TaliHbl IbUTAIONUX
xonmoBy [15, ¢. 10]. Paccka3biBas 0 TalaHTIMBOM
ceiae [1aBna BacunbeBuua — maneonronore bopuce,
aBTOp BCIIOMUHAJ:

«Otey Bopuca lMaBnoBuya — MNaeen BacunbeBny
BbloWKOB — 4O NocneaHnx AHEN CBOEWN XM3HW 3aBedoBarn
y Hac B CapaToBCKOM YHUBEPCUTETE aCTPOHOMUYECKNM Ka-
OUHETOM. .. DTO ObIN O4EHb BbICOKMI XyAOLLABbIN YENOBEK,
[0 rnyboKoW CTapoCT! He pacCTaBaBLUMICS C TEHHUCOM
1 nnaesaHuem. Ero otnnyana Heobbl4HAs OOTOLWHOCTL B
paboTe. VIHTepecHbIMU, HaMOMHEHHBIMU OpPUTMHANBHBIMU
CBeAEeHUSMU 1 pacdeTamu, Obiny nonynsapHble Nekummn no
acTpoHomuu MNaena Bacuneesuya. Bee nyywive YyepTbl oTua
yHacnegoBanu v ero AeT — pocrible, CNOPTUBHbIE U CTOMb
K€ OOTOLUHbIE Noany.

° Bricuiee reojiezuueckoe ynpasinenue, [nasnoe reose-
3MYECKOE YIPaBJI€HHE — HA3BaHMs B Pa3HbIe NEPHObI BpeMe-
HU IOCY/IapCTBEHHOM CTPYKTYpbI, 3anuMasmieiicss B PCOCP u
CCCP BompocaMu reofe3uu 1 KapTorpapuu.
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[Terp MBanoBuu AmHoOB, coTpyaHUK MOCKOB-
ckoit (1904-1909), [Tynkosckoit (1909-1912, 1917—
1919) u Huxonaesckoii (1912—1917) o6cepBaropuii,
oxazasicsi B CaparoBe B CHITY JKUTEHCKHUX TPYITHOCTEH,
oOycnoBineHHbIX [pakaaHckoil BoHOU. B omHOM
u3 uceM K aupektopy [lynakoBckoit o6cepBatopun
A. A. UBanosy I1. U. SImiHOB OTKPOBEHHO NIPU3HAET
cBoi orwre3n u3 IlynkoBo «oueHb HEOOTYMaHHBIM
Iarom» 1 B Ka4€CTBE «CMTYarolUX ero MoBeIeHUEe
00CTOSITEIHCTBY BCIIOMHHAET «KH3HB B [lymkoBo
ocenbto 1919 rona» [8, c. 132]. [IpuBbIKIIMIA K UHTEH-
CHBHO Hay4YHOU M OpPraHW3allIOHHOM JIESITeNbHOCTH,
OH JlaJIee JKAIYeTCS Ha CBOM «IYXOBHBIA TOJOI»:
«EcTh 1yx0BHBIH ToI0[, IPOSBICHUS KOTOPOIO HE
TaK yXacHbI [0 BHEHIHOCTH, KaK CTpaJaHus OT ro-
nozna (U3NIECKOTO, HE TaK TPOTAIOT OKPYKAIOIIHX, a
WHOTJIA U COBCEM CKPBITHI JUIsl HUX, HO TEM HE MEHee
MEPEKUBATH ITO COCTOSIHUE OUEHb MYUYHUTEIBHOY |8,
c. 132]. A Bot uto numet I1. W. SmHoB 10 nekadps
1921 1. nupekropy obcepBaTopuu MOCKOBCKOTO
yausepcurera C. H. biaxko o cBoeit u U. @. Ilo-
nmaka pabore: «fl cuacTiimBee €ro, y MEHs eIle ecTb
[TynKoBCKHE MaTepHAaIbl, ¥ 51 BBIYUCIISIFO U ITHIITY, HO
3TO CKOPO UCCSIKHETY.

I1. Y. Sunos [8]
P. I. Yashnov [8]

Kak u I1. B. Beromkos, I1. U. SmHoB neTHHe
MecsALbl MPOBOAWII B cTenH 3a Bonro#, 3aHumancs
reo/Ie3MYECKUMHU paboTaMu, SIBIISIACH HAYaTbHUKOM
ACTPOHOMHUYECKHUX MapTuil oT [IpruBOIKCKOTO OKpyTa
Bricmiero reonesnueckoro ympasienus. B 1922 .
1. N. SlmuoB npu copeiictBun [lynkoBckoit obcep-
BaTOpUU U BpICIIET0 reoe3nuecKoro ynpaBiIeHUs
panuoTenerpadHbIM METOIOM OIPEICIUI Pa3HHILY
nonroT Mexny IlyakoBo u CapatoBom (3TO ObLIO
OJTHO U3 NEPBBIX IPUMEHEHUI METOA).
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Yro kacaercs 1. @. [Tonaka, To OH yKe € IEPBBIX
neT paboTel B CapaToOBCKOM YHHUBEPCHUTETE VLIS
CYILIECTBEHHOE BIUSHHUE aHAJTUTHYECKON U METOTNYE-
CKOM paboTe: COCTaBIISUT MPOrPaMMbI ACTPOHOMUYE-
CKUX U TEOAE3UYECKUX JUCIUIIIINH, TUCAIl U U31aBal
y4eOHUKH 1 yueOHbIE TIOCOOHS, HAYYHO-TIOMYJISIPHYIO
JIATEPATYpPY 10 ACTPOHOMUHU.

B Opourope o ¢pyHKmmonnposasmeM B 1922—
1930 rr. megarorumyeckoM paxkynprere CapaTroBCKOTO
yHuBepcuTeTa [16] acTpoHOMHYECKOe (TEOpeTH-
Yeckoe W MpuKiaaHoe) Hanpasienue B CI'Y mpen-
CTaBJICHO Ka(eIpod acTPOHOMHH W TeOe3uH U (B
KauyecTBe y4eOHO-BCIIOMOTATEILHOTO YUPEKICHHU)
kaOuHeTOM acTpoHoMun. KHHUra nHTEpEeCHa TeM, 94TO
B HEl MpUBe/ICHBI yueOHbIe paOoUue TUTaHbI JIS pa3-
JIUYHBIX OTIACICHHUH Meaaroruyeckoro (Gaxyabrera.
Jucrurnaa « ACTpOHOMUSI) BKJIFOUEHA B YUeOHBIC
TUIaHBl TPETHEro (CEeMUHAphl) U YETBEPTOro (JIeK-
1K) KypcoB. Ha 3-M Kypce JIeKIiu 1o AUCIUIIINHE
«l'eone3usi» CONMPOBOXKIAIUCEH O-THEBHBIM JIETHUM
reoIe3nYeCKUM MPaKTUKyMOM. JIEKIINH 110 Teo1e3un
1 8-THEeBHAs JICTHSS IPAKTHKA TPEyCMaTPUBAINCH
Ha TPEThEM Kypce CEKIIMM YKOHOMHYECKOH reorpa-
(um Ha 0ONIECTBEHHO-OKOHOMHUYECKOM OTACICHUH
MeIarornyeckoro akynsrera.

VYyeOHbIe MPOrpaMMbl TUCHHUIIINH OBUIA CO-
crapiensl U. @. [Tonakom. Pa3znen «Teopetnueckas
aCTPOHOMMUA» COAEPIKA TEMBIL:

3akoH BceMUpHOro TsaroteHusi. 3akoHbl Kennepa; Bbl-
BO/[, M3 HUX 3aKOHa TsAroTeHusi. BbiBog 3aKoHOB annunTuye-
CKOro ABWXeHWs U3 3aKoHOB HbloToHa. YpaBHeHue Kennepa.
[BwxeHne no napabone. BbluncneHne reoLeHTpUYecKnx
KoopauHat nnaHeT n KomeT (adbemepua). Onpenenenve
opbut komeT no Tpem HabnogeHuam. Cnocob Onbbepca.
OnpepneneHve op6ut nnaHet. MoHsATHe o cnocobe Maycca.
Op6uTbl ABOVHbIX 3Be34. OpOUTHI METEOPHBIX POEB.

Paznen «OnmcarenpHast acTpOHOMUS» BKITIOYAI
TaKUE TEMBI:

AcTpoHomus. HcTpymeHTbl. Onpeaenexve WwmnpoThl,
[OOIroThl, aCTPOHOMMUYECKMX KOOPAMHAT CBETUN. 3eMIS KaK
HebecHoe Teno; ee pa3mepbl, hopma, ABUKEHME, Macca.
ConHue. Ero Buavmoe OBumxeHWe, paccTosiHue, pa3Mepsbi.
dusunyeckoe ctpoeHne ConHua. JlyHa. Ee gBwmxeHne m
npupoga. 3atmenue. MnaHeTsl. VX ABmxeHne u npupoga.
KomeTbl 1 meTeopbl. 3Be3aHbIi Mup. PaccTtosHua n cob-
CTBEHHble ABWMXeHWs 3Be3A. MNpupoaa 3Be3n. AGcontoTHast
AipKOCTb. CnekTpanbHble Knaccbl. 3Be3abl ABOMHbIE U Nepe-
MeHHble. 3Be3aHbIe CKOMMEHWs U TYMaHHOCTU. [TaBHeLwe
KOCMOTOHMYECKUE rMnoTesbl.

[Iporpamma acTpOHOMHYECKOTO «CEMUHAPHS»
BKJIFOUYAsa BOMPOCHI C(HepuuecKod acCTpPOHOMUU H
3JIEMEHTHI PAKTUYECKON aCTPOHOMUMU:

OcHoBHble hopMyIbl CHepPUHECKON TPUTOHOMETPUN.
OcHoBHble hopMynbl MHTepnonupoBaHus. HebecHas

cepa 1 ee cyTouHoe ABWKeHWe. ACTPOHOMUYECKNE KO-
opavHaThl 1 ux npeobpasoBaHue. VamepeHne BpemMeHn n
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KaneHgapb. 3agaym Ha CyTOYHOE ABWDKEHWe. YCTPOMCTBO
1 ynotpebneHne acTPOHOMMYECKNX exeroaHukos. Maparn-
nakc. Pedpakumsa. Abeppauus. Mpeueccua n HyTaums.
MoHsATMe 06 onpepeneHun koopauHat 3Be3d. CpegHue u
NCTUHHbIE KOOpAUHATbI. 3Be3,D,HbIe KaTtarnoru.

B kauecTBe yueOHOH IUTEpATyphI B MIPOTPaM-
Me pekomeHaoBanuch aBe kuuru M. @. [lonaka —
«CrtpoeHue 3Be31HOro Mupay (u3gana B 1923 ) [17]
u «[Ipoucxoxnenue Beenennoi» (u3gana B 1926 r;
nepensnananack B 1933 1. u rpaxmsi B 1934 1) [18]10,
Ewte panbiue, B 1918 1., uM OblITM U3AaHBI Y4EOHUK
«Kocmorpadus» [20] (nepeusnasaincst B 1923 u
1924 rr.) u (B cBsi3u ¢ iepexoioM Poccru Ha HOBBIN
cTiip) Opormmopa «M3menenue xaixeHmaps» [21].
B 1924 r. Beimuta kaura M. @. TTonaka Ha BecbMa

0B 1925 1. 8 Caparose 6buta u3sana kaura U. ®. Tlo-
naka noz Ha3BaHueM «lIpoucxoxaenue mupay [19].

obcyxaBiryrocst TeMy o ku3Hu Ha Mapce. Ha3wiBa-
nack oHa «Ilmanera Mapc 1 BO3MOKHOCTB KU3HH HA
Hei» [22] (mepensnaBanack B 1934, 1939 u 1948 rr).
B 1928 u 1935 rr. uznana 6pourtopa «Connue» [23].

B nonHoi#t Mepe cuacTiuBas cyap0a (fata libelli)
sknana u apyrue kauru M. @. IMonaka. B 1928 . B
oubnmmorteke xypHana «HapomHelii yauTensy Oblia
u3/1aHa HayYHO-NomyssipHas 6poropa W. @. [Tonaka
«Bpewms u kanergapsy» [24]. B 1929-1959 rr. mocne-
JIOBAJI BaJI €€ MEPEen3aHui B Pa3IHMUHbIX U31aTEIb-
ctBax. Tonpko B 1947-1948 rr. ona Oblia HaneyaraHa
tupaxoMm 500000 »x3.! Ilocnennee nepeusnanue B
1959 1, ocymiecTBICHHOE yKE TIOCIe CMEPTH aBTOPA,
nmeno tupax 60000 k3.

AHaJIOTUYHOE MIHUPOKOE THPAKHUPOBAHUE JKIAT0
n kuury WM. @. [Nonaka «Kaxk yctpoena Beenennasy».
Bermeamas B 1945 1. [25], ona B 1946—1949 rr.
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bubnuorpaduyeckue kaprouku Poccuiickoii HamoHaIbHON OMOIHOTEKH ¢ onucanuem kuur M. @. [Tonaka
Bibliographic cards from the Russian National Library with description of books by 1. F. Polak

HAYYHO-NONYAAPHASA

npop. U.BTIOTTAK

Kaxk ycrpoena
BCeJIeHHasI

OfMM3I*FTOCTEXU3AAT#1045

HAYYHO-NONYAAPHAR

Mpocp. V.<b.
Bpemsga
KaJIeH/1apb

=

TgnancH
r

OTH3 /TOCTEXHU3IAAT+ 1947
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Covers of popular science brochures by I. F. Polak
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repensaaBanace 1o Bcei crpane (Mocksa, Ukamos,
Yura, Caparos, Ilensa, Upkyrck, Kupos, HoBo-
cubupck, MBanoBo) He MeHee 10 pa3. Kpome Toro,
B 1947-1950 rr. Tpmkabl BhIMyCKajach Opoiopa
«Ctpoenne Bcenennoit», B Tom uncie B cepun «Ha-
YYHO-TIOMYJIsIpHas OMOIMOTEeKa coijara U MaTpo-
ca» [26]. B CaparoBckom yHmBepcuteTe B 1929 1.
N. ®. Tlonak 3akOHYMI HaNMCAaHHUE KAUTAJIbHOTO
yaebHuka «Kypc o01eit actpoHOMUm».

CapartoBckue BCTpeuu

B 1930 . U. @. [Tonak BepHyJics Ha pabOTy B
MOCKOBckHE By3bl. B 1930 — 1946 rr. on pabotan
npodeccopoM MOCKOBCKOTO WHCTHUTYTA WHIKCHE-
pOB reoae3uu, adpooTOChEMKH U KapTorpaduu
(MUUTAuK). C MomMeHTa opraHu3anuu Kaeapsl
HebecHoit mexanuku MI'Y (1938 r.) sBnsuics mpo-
(heccopoM 310ii Kaheapsl.

B ampene 1935 . U. ®. Ilomak npuesxan B
CapatoB Ha npazaHoBaHue 25-netus Caparos-
CKOTO YHHBEpPCHTETa, KOTOPOE OTMEUYaloCh, IO
BeIpakeHuto mpodeccopa C. M. CiacokyKoKoro,
C «BCECOIO3HBIM pazmaxom» [27, 28]. B Te num
JOIEHT (PU3UKO-MATEMATHUECKOrO (haKyIbTeTa
(BmocnencTBum — mpodeccop, OCHOBATENIb Ka-
¢deapsl paanopuzuku Gusndeckoro (Gaxynabrera)
Benenukr Banosnu Kanunaux cienan nHTEpeCcHbIE
(otorpacun ¢ MUTHHTA, TOCBALIEHHOTO I00UIEI0
CT'Y. Ha nyonukyemoit pororpaduu 1. ®. [Tonak
(B meHTpe) 3ameyaTieH BMecTe ¢ Bmagumupom
JAmutpueBuuem 3EpHOBBIM (TaKXe MpHEXaB-
muM 13 Mockssl), aupexktopoMm CI'Y JImutpuem
AnekcangpoBudeMm Pam3aeBsiM, mpodeccopaMu
(pu3uKo-MaTeMaTHUECcKoro (akynapreTra I'eopruem
Huxonaesnuem CpemnukossiM 1 MiBanom MBaHo-
BuueM IIpuBasioBbIM.

Ha mutnare, nocsmennom 25-neturo CI'Y, anpens 1935 1. CneBa nanpaso: B. JI. 3épHOB,
. A. Pamzaes, . @. [Tonak, I. H. Cemnukos, 1. U. IIpuanos
At the rally dedicated to the 25th anniversary of Saratov State University, April 1935. From left
to right: V. D. Zernov, D. A. Ramzaev, I. F. Polak, G. N. Sveshnikov, L. I. Privalov

ABTOp KNIaccuyecknx y4e6HMKOB

B Teuenue Bceit xu3nu Mocup dénoporud
[onak Best IPOAYKTUBHYIO METOAUYECKYIO U IIE€AAro-
THYECKYIO IeSTeIbHOCTD, HamicaB cBbime 10 yued-
HUKOB U Hay4YHO-TIONYJSAPHBIX OpOIIIOpP, KOTOPHIE
JI0JIr0€ BpeMsl BBIXOJWJIU IOBTOPHBIMU U3JAHUSMU,
B TOM 4HCIIE U NOcIe ero cMeptu. 1o 3TuM KHuram
MOJKHO IIOJIyYMTb [IPENCTABICHHUE U O TEMIIAX pa3BU-
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THUS ACTPOHOMHUYECKUX 3HAHUA, U O BUFIOM3MEHEHHAX
CTPYKTYPbI pyKOBOJICTBA BBICIIIEH IIKOJION B CTPAHE, U
0 pa3Maxe M3/1aTeJIbCKOH 1eTeIbHOCTH, U, YTO OBLIO
€CTECTBEHHBIM B T€ TOJIBI, O HE TOJIBKO IIPAKTHICCKOM,
HO ¥ TIOJIMTUYECKOM O0OCHOBAHUU HEOOXOAUMOCTH
MPENOIaBaHus aCTPOHOMHHU.

Bosnpiyto noArotoBUTeNbHYI0 padoTy A Ha-
nucaHus pyHAaMeHTaIbHbIX yueOHuKoB U. @. ITonax
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Ob6noxxka yueonunka U. @. [Tomaka
Cover of textbook by I. F. Polak

mponenan B nepuoj paborsl B CapaToBCKOM yHH-
Bepcurete (cM. [17-24]). Comunnsiii «Kype obmeit
actponomum» M. @. [Tonaka nmst rocyqapCTBEHHBIX
YHHUBEPCHUTETOB, IIEIaTOTMIECKUX HHCTUTYTOB U BBIC-
IIMX TEXHHYCCKUX YYCOHBIH 3aBEICHUN BBIIACPIKAI
7 w3nanuii — B 1930, 1933, 1934, 1938, 1939, 1951 u
1955 rr. [29]. OtaenbHO AJis CTYASHTOB Iearoruye-
CKHX TEXHUKYMOB B 1934 T. Obli1a BBINYIIICHA KHUATA
«Actponomus» [30]. Byms uznanusmu (B 1944 u
1946 rr.) BBIIIIA HAyYHO-TIOMYJIsIpHAst KHUTA «O01IIe-
noctynHast actponomus» [31]. B 1933 u 1945

. ®. [Tonak npuHSUT yyacTHe B U3IaHUU Y4eOHUKOB,
MTOCBSIICHHBIX C(HEPUIECKON aCTPOHOMUU — CIICIIH-
allbHOMY pa3JieNly acCTPOHOMHH, MOCBSIIEHHOMY
METOJ]aM OTIPE/CICHUS TOJIOXKCHHUSI 00BEKTOB Ha
HebecHoit cepe [32].

B 1947 r. MuHHCTEpCTBO BBICIIEr0 00pa30BaHUs
CCCP ytBepauno noarotosiennyo U. @. [Tonakom
MpOrpamMMmy 1O OO0IIeH acTPOHOMHH st PU3UKO-
MaTeMaTHYECKUX (PaKyJIbTeTOB YHUBEpCUTETOR [33].

WUcTopuyeckoe 3aknioyeHune

Kax yxe rosopuiiocs, npopadoras B Caparos-
ckoM yHuBepcurere ¢ 19191, M. @. [Tonak B 1930 .
B 4HCIIe HEKOTOPBIX JpYyrux npodeccopos CI'Y mo-
kuHyn CaparoB 1 BepHYJIcsi B MOCKBY, i€ 3aHUMAICs
Hay4HOH W TIpernojaBaTelbckoll paboToi B By3ax,
TOTOBWJI K IT€UaTH U3AHUS O aCTpOHOMUH. OHAKO
B apxuBHOM Jiesie U. . [Tonaka umeeTrcs 3araouHbIi
JIOKyMeHT 0T 29 HostOpst 1936 . 00 yTBEp»KICHUH eT0
3aBenyromuM Kadeapoit actponomun B CI'Y. Bosz-
MoxHoO, fupekrop CI'Y I'. K. XBopocTuH mpurniacui
torna M. @. Tlonaka B paMKax BTOPOTO «IIPU3BIBA»
KBaIM(HUIMPOBAHHBIX CTOIMYHBIX TperojaBaTeseit
Ha (pu3MKO-MaTeMaTH4yeckui paxyinsrer [1, 3].

OpHako mocnenymooias apXxuBHas CIpaBKa
oT 31 nexabps1939 1., moamMcaHHAsT PEKTOPOM
I1. B. TonyOkoBBIM, pUKCHPYET cTax pabOTHI
. @. ITonaka B CI'Y ¢ 12 despans 1919 1. mo 1 ok-
Ts16pst 1930 . Ymep Uocud ®énoposuu B 1954 r. On
rnoxopoHeH Ha HoBojeBuubeM kiragouiie (y4acTok
3, psin 58).

Cnpaska ot 29 HosiOpst 1936 1. 0 Hasnauenun W. @. TTonaxa 3aBemyronmm kadeapoii acrporomun CI'Y

Certificata of November 29, 1936 on the appointment of I. F. Polak as the head of the astronomy
department of Saratov State University

M3 ncToprn r3nKn
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B ucropuueckux marepmanax, XxapakTepusy-
IOIIHUX JAESTEIbHOCTh ACTPOHOMHUYECKOH 0bOcep-
BaTOpUH MOCKOBCKOTO YHHBEPCHUTETA, a TaKKe
CO3/laHHBIX Ha ee 0a3e 'ocymapcTBeHHOro acTpo-
HoMmyeckoro uHetutyTa nMenw 1. K. [lItepuoepra
(1931) n actpoHOMHUYECKOTO OTACTICHUS (PU3NIECKOTO
(akynpreta MI'Y, HEeM3MEHHO OTMEYaeTCsl BKJIaJ
N. @. Tlonaka B negarornyeckyro U Hay4Hyo Jes-
TEJIBHOCTH B 00JIACTH aCTPOHOMUMU:

«3a Jonryo UCTopuio CyLLecTBOBaHMs obcepaTopum
M UHCTUTYTa UX COTPYOHUKaMM Oblnn BbINOMHEHbI paboThbl,
MNO3BOMMBLUME 3a5I0XKUTL B aCTPOHOMMUM OCHOBbI HOBbIX
Hay4HbIX HaMpaBreHWin 1 3aBoeBaBLUME LUMPOKYIO U3BECT-
HOCTb, kak B Poccun, Tak n 3a pybexom. B XIX — Havane
XX BB. nuuo AcCTpoHOMUYeckon obcepBaTopumn onpege-
NANK Takue ydeHble, kak akagemukv [1. M. MepesoLmkos,
A. H. CaBuy, ©. A. bpeaunxuH, A. A. Benononbckun, yne-
Hbl-koppecnonaeHTol M. ®. Xangpukos, B. K. Liepackui,
C. K. KoctuHckun, T. A. Tuxos, C. H. bnaxko, npodec-
copa IM. K. WrepHbepr, C. A. Kazakos, V. A. KasaHckui,
W. @. Monak n gpyrue. [1eATenbHOCTb 3TUX YYEHbIX U BOC-
NMUTaHHbIX UMW UCcriegoBaTenen no3sonuna npespatuTb
MockBy B OOUH 13 BeAyLMX MUPOBbLIX LLEHTPOB pa3BUTUst
acTpoHoMum» [34].

B 1931 1. kadenpa actponomuu CapaToBCKOrO
YHUBEPCUTETA B paMKaxX BO3POXKICHHOTO (DU3HKO-
MareMaTH4eckoro ¢axynbTeTa OblJla BpEMEHHO
MPHCOETMHEHA K Kaheipe MaTeMaTHKH. ACTPOHOMH-
yeckyto TemMaTuky B CI'Y mponomxkan gouent I[TaBen
BacunbeBnu BrromkoB (ydeHas CTenieHb KaHIUaaTa
(bu3MKo-MaTeMaTHYeCKUX HayK Obljia MPHUCBOSHA EMY
B 1938 1.), 3aBefoBaBmIMil Kadeapoil acTpOHOMUH
B 1930-1954 rr. B okTs16pe 1936 1. oH ObL1 M30paH
pykoBogutenem CaparoBckoro otaenenus Beeco-
FO3HOTO aCTPOHOMO-Teojie3ndecKoro obuiecTsa [9,
c. 177]. Coxpanunack uaTepecHas potorpadus BbI-
myckHUKOB pu3mara 1936 r. (mogpobuee cm. [1, 35]).
Ha neii psgom nmomenienst oo I1. B. Beromkosa u
Beinycknuka B. E. [lITernana, MmectoM paboThl KOTOPO-
ro B 1939 1. B TOMKHOCTH CTAPIIIETO TIPETIO1aBaTEst
ctana kadenpa gusuxu CapaToBCKOro mnegaroruye-
CKOTO MHCTHUTYTa. Benm oH, B 94acTHOCTH, W 3aHATHS
1o actpoHoMuu [36].

B oktsa6pe 1936 1. B. E. llITenan Obi1 yuacTHH-
koM IlecToit KoH(pepeHIIMM UccienoBarenel nepe-
MeHHBIX 3Be311 B CCCP (koH(bepeHIns MpoBoanIIach B
TAUWI) [37]. [TpuHUMAaT y4acTHe B MEXTyHAPOJHOMN
nporpamme HaOIFOJICHUH cITa0bIX TEJIeCKOTTMUECKUX
METeOpoOB, KoTopas Obuia B CapaToBe YCHEHIHO
ocymiectsieHa (o pykoBoacteom M. C. Acraro-
Buua) [38]. Ha Tperbeil HayuyHOH KOH(DEpeHLHH
110 METEOPHOM M KOMEeTHOM acTpoHomuu 1939 r. on
kak wieH CapaToBCKOro oTneneHus BcecoroszHoro
ACTPOHOMO-TE0/IC3UIECKOr0 00IIecTBa ObUT H30paH
B LleHTpanbHyI0 KOMUCCHIO TIO METeOpaM, KoMeTam
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OparmeHT Qotorpaduu BEITYCKHUKOB (u-
3UKO-MaTemarnieckoro ¢axyinsrera CI'Y,
1936 . [1, 35]

Fragment of a photograph of graduates from
the Faculty of Physics and Mathematics
of Saratov State University, 1936 [1, 35]

n acteponaam npu Actponommuaeckom Cosere AH
CCCP, npu3BaHHOM COIIaCOBBIBATh M OOBEIUHATH
BCIO HAay4YHYIO paboTy 10 METCOPHOH acTPOHOMHUHU
B CCCP [9, c. 189]. B 1941 r. B :xxypHane «Hayka
U JKM3HBY» OBbITa OMyOJIHMKOBaHA €TO METOMMYECKAs
3ameTka «HabmoneHus MeTeopoB ¢ MOMOIIbI0 Ou-
HOKII» [39].

B 1945 r. pusuko-maremaruueckuii paxyabrer
ObLT pasnesicH Ha (PU3NYCCKUNA U MEXaHHUKO-MaTe-
MaTuueckuil gaxynsrersl [3,4, 40 — 45]. B yncno
MEePBBIX YeThIpeX Kadeap pu3udeckoro (Gpakyib-
TeTa BXOAWJIa U Kadeapa acTpOHOMHUHU, KOTOpas B
1954 r. 6pl1a pHECOEIMHEHA K Kadeape TeopeTHye-
ckoit pusuku. Ho 3a rox 1o atoro xadeapy ¢ otiau-
YHeM OKOHYHJI (TI0 CHIETIHATIBHOCTH «ACTPOHOMIIS
C MPHUCBOCHUEM KBaJUPUKAIUU «KACTPOHOMY)
Opuii Anuapeesuu CrisipoB (1931-2014), Oyny-
LM TPOAOIIKATENh ACTPOHOMHUYECKOT0, acTpodu-
3MYECKOTO U Te0(hN3MUECKOTO HayIHEBIX HAIIpaBIIe-
Huii B CI'Y [5, 6, 46]. Ero HayuHBIl pyKOBOAHUTEIb
[I. B. BpIOmKOB NpeaoKuil €My pealn30BaTh B
JeUCTBYIOUN TPUOOP UCI0 00JIOMETPUUECKOTO
nuprerruoMeTpa — npudopa st abCOTIOTHBIX
U3MEpPEeHUil mpsMoil comHeyHo pamuanuu. Kak
0Ka3aJ0Ch, TOT BHIOOp OIPENETII BCIO KU3HB
10. A. Ckasposa. JJokrop gusnko-maremaTuye-
CKHX Hayk nmpodeccop Muxaun bopucosud borna-
HOB, yueHuk 0. A. CkisipoBa, BCHOMHUHAET:

«A nosHakomuncsa ¢ KO. A. CknapoBbIM BECHON
1965 r. Toraa 51 3aHMMancst B aCTPOHOMMYECKOM KPYXKKe
,U,BOle,a NMMAOHEPOB, a OH 4YuTan Ham nekuunmn no C(*)epl/Ne-
ckon actpoHoMun. Koraga s yunncst B yHuBepcuteTe, 30echb
(*JyHKLI,VIOHVIpOBaJ'Ia CTaHuunA Ha6m0,quvm MCKYCCTBEHHbIX
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cnyTtHukoB 3emnu. KO. A. CknsapoB 6bin ee HavanbHUKOM.
W s ycTpounca Tyda Ha noncraskv nNabopaHTom-Habnoaa-
Tenem. Y4uncs s Ha OHEBHOM OTAENEHMU, HO MOCKOSbKY
BeYep M Hoyb ObiNn cBOGOAHLI, NPOBOAMM HabMAEHUS.
Bokpyr aTol cTaHumm cobupanuce CTyAEHTbI Y COTPYAHMKM
YHMBEpPCUTETA, KOTOPblE MHTEPECOBanuCb acTPOHOMUEN.
Cam HOpuin AHgpeeBud 3aHMMarncs naMepeHvem notoka
COJTHEYHOTO U3MyYeHus.

FO. A. CkngapoB patoBan 3a T0, 4TOoObl pa3BMBanoch
HeCKonbko HanpaeneHun. B yactHoctun, Ham c J1. H. Bep-
OHUKOBbIM ObIfI0 MOPYYEHO 3aHUMAaTbCA U3yYeHnem nepe-
MeHHbIX 3Be3a. HOpun AHgpeeBuy cam nomoran Ham. U
BOT cemnvac JleoHng Hukonaesny — gokTop Hayk. Pabotaet
B [oCynapCTBEHHOM aCTPOHOMMUYECKOM WHCTUTYTE MMEHMU
M. K. LWtepH6epra MockoBCKOro rocyiapCTBEHHOTO YHUBEP-
cuteta umenn M. B. llomoHocoBa. U s Toxe ctan npodheccu-
OHarbHbIM acTpoHOMOM. o kpanHen Mepe, Mo AunNnomamM
KaHauaaTa u JokTopa Hayk. [pyrue CoTpyaHUKN 3aHMManucb
HabniogeHNsIMN acTepoVAOB M MarblX MraHeT.

CnycTs HEKOTOpPOE BpPeMsi K HaM MpUCOEeaNHMUICS
A. B. Xoxnog, cenvac oH JOKTOp hM3NKO-MaTEMATUHECKNX
Hayk, npodeccop kadenpbl pagmodurankm u HENMHENHON
anHamukn. Co cBOen rpynnor oH co3dan ABa pagvoTene-
ckona anst HabnoaeHun 3a ConHuem.

KoHeuHo, rpynna, koTopyto Bo3rnasnsn KOpuii AHgpe-
eBuY, Bblna camor CUbHON, OHa 3aHMMarnach co3gaHneM
cneumanbHoO annapatypbl Ans HabnogeHus 3a ConHueM
N OTPaXXeHHOW Hallen nnaHeTon paguauumm ¢ 6opTa uc-
KYCCTBEHHbIX CMyTHMKOB 3eMSN 1 BbICOTHbLIX a3pOCTaToB.
OH cosgan MHoro npnbopoB. M1 oguH 13 HUX — paguomeTp
MKOP-M — go cux nop netaert Ha CMyTHUKE 1 Kaxayto ce-
KyHZY NPUHUMAaET MHOopMaLmio 06 OTpakeHHOM CONHEYHON
pagnauun. 3to cBoeobpasHbin namaTHMK Kopuio AHapee-
BWYY, MOTOMY YTO CMYTHUK HAXOAMTCSI HA BbICOKOM opbuTe,
rae oH OygeT cyulecTBoBaTh elle CoTHM net» [46, c. 10].

be3ycnoBHO, 3a mocienHue AECATUIETHS
ACTPOHOMHMS U aCTPO(U3UKA CIEIATH TUTAaHTCKUE
LIary B U3y4E€HUH OKpyKatrolero mupa. Ho HayuHoe
TBOPYECTBO CIIELYET, I0-BUJUMOMY, PACCMaTPUBaTh
Kak 0cOOBIil HApPaTUB, B KOTOPOM Ba)KEH KaXK[bIi
3nu30/. BaxxHo U TO, 4TO 3HAHKHE YHUBEPCUTETCKON
HUCTOPUU 03HAYACT COXPAHEHHE U OXPAHEHUE KOp-
IIOPATUBHON KYJIBTYPbl U UCTOPUUYECKON MaMsTH.
IToxaszarenbHo, 4T0 MHOTHE rojael B CapaToBCKOM
yHHUBepcuTeTe (GyHKIHOoHUpyeT OOIecTBO IH00U-
Tenen actpoHomud [47].
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For the first time, the article provides a systematic biography of
the professor of Moscow and Saratov Universities, Joseph F. Po-
lak (1881-1954), an astronomer and teacher, the author of many
textbooks and popular science publications on astronomy. In total,
about 60 editions and reprints of his books were published, the
total circulation of which is 2 million copies. I. F. Polak worked at
the University of Saratov in 1919—1930 at the Faculty of Physics
and Mathematics and at the Pedagogical Faculty, he headed the
Department of Astronomy organized by him. His works are of inter-
est from a historical and methodological point of view, reflecting
the history of the development of astronomy both in science and
in its teaching in universities and schools of the USSR. The history
of the development of astronomy, astrophysics, and geophysics at
Saratov State University over the past 100 years is dotted.
Keywords: Saratov State University, astronomy, Joseph Fedo-
rovich Polak.
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