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AHAJIN3 XAPAKTEPUCTHUK I'AJIO CIIUPAJIBHBIX I"'AJTAKTHUK

K.A. Mannanosa, K.T. Mupraa:kueBa

1HauH0HanLHLH71 yausepcureT PY3, Tamkent, Y30ekucran
ZACTpOHOMI/I‘IeCKI/Iﬁ nHcTuTyT AH PVY3, Tamkenr, Y36ekucran
(Toyuena 06.02.2019)

Makonana cnumpan rajakTukajgap pyixatugaru [1] MabaymoTiap chnupan rajakTHKazap
TaJIOCHHUHT (M3HMK XapaKTepUCTHKAIApH OWIaH TYIIUPWIAM Ba rajora OOFIMK MabIyMOTIap
Taxmwn  KwinHau. LyHuHrOek, yaapHUHT (QU3NK  HapaMerpiapd  OpacHiard 3MIMPHK
OoraHuuIIap KYypuod umkmiay, OyHIaH TallKapu Koppemsuus KodhGULUEeHTIapu XUcoOIaHIu
Ba yJlapra Moc ructorpaMmmanap OJHHIH.

B nmanHoil paGoTe HaMH ObLIM JOTIOJHEHBI JAHHBIC CHHMCKA CIHPAIBHBIX TalaKTHK B padore [1]
(GU3NYECKMMH  XapaKTEePUCTUKAMH TaJl0 CIHPAIBHBIX TalaKTHK, IPOBEACH AHAIM3 [AaHHBIX Tallo
CIUPAJbHBIX TAJAKTHK ¥ PACCMOTPEHBI OMIMPUYECKHE 3aBHCHMOCTH MEXAY HX (HU3HYSCKHMH
napameTpamu. Takke paccuuTaHbl KOI(DGHUIMEHTH KOPPENSIMHA H IMOCTPOCHBI COOTBETCTBYIOIIHE
THCTOTPAaMMBIL.

In the paper, we supplemented the data on the list of spiral galaxies [1] with the physical characteristics
of the spiral galaxies halo. The halo of spiral galaxies was analyzed and the dependencies between their
physical parameters were considered. The correlation coefficients were calculated and corresponding
histograms were plotted.

I. BBEJEHUE

Kak u3BecTHO, CTUpaNbHbIC TATAKTHKH UMEIOT Tallo, KOTOPOE UTPAeT BAKHYIO POJIb
MpU WX JBOJIONHM. [ano rajakTHK TpencTaBiseT coboil chepudeckoe oOpa3zoBaHHE
MaJoi IUIOTHOCTH, MO-BUIUMOMY, CIUIIOCHYTO€ IO ocHu. IlonHas macca 3BE3IHOrO raio
COCTaBIISIET TPUOIHU3UTEIHHO 10°-10" M., u3 KoTopoii okoyio 1% mnpuxomuTcs Ha
IIAPOBBIC CKOIUICHHUS, a OCTaJbHYIO YacTh COCTABISIOT 3BE3IBI MOJS. ['ajno ramakThk
TaK)Xe HEOJHOPOJHO M COCTOMT U3 TPEX MOJCHCTEM: JOBOJHHO METAIUIMYHOTO TOJCTOTO
JIMCKA, MAaJI0-METAUIMYHOTO COOCTBEHHOTO Tajl0 M aKKPEIMPOBAHHOTO Tano (Win
KOpOHLI). Tonsko IEPBBIC ABC IMOACHUCTEMBI CBA3aHbLI C T'AJIAKTUYCCKHUM JUCKOM, TOTrOa
KaK TOCIEIHAS COCTOUT M3 OOBEKTOB, POIMBIIMXCS 3a TPEACTaMH EIAUHOTO MpPOTO-
rajlakTH9ecKoro o0jaka M BIIOCIENCTBUH 3axBadeHHBIX [ amaktukoil. Camoii Oombmioin
MOJICUCTEMOM OKa3bIBACTCS aKKPELIMOHHOE raJio, mpoctupatoiieecs mouru a0 100 kik.

lNamaktudeckoe rajno cocrasisier Bcero 1%—4% ot oOmieli 3Be3aHOI Macchl B Hamiei
lamaktuke, W OHO WrpaeT pelHIANYI poiib B J3Bomtonuu [anaktukum. K3-3a
OBOJIOIIMOHHBIX TPOIIECCOB, KOTOpble CHOPMHPOBAIM Talno 3BE3[bl, Pa3TUYHBIC
KOMIIOHEHTBl ~Tajl0 HMEIOT pa3iM4yHblii  MexaHu3M oOpaszoBanms. Hampumep,
MCTAJINIMYHOCTh BHYTPCHHEI'O M BHCIIHCTO Irajio0 JOCTUTa€T MaKCUMyMa B MHTCPBAJIC OT
[Fe/H] ~ —1.6 mo —2.2, a meTammumynHOCTh 38&37 B rano [Fe/H] ~ —1.4 u —1.9. Kpome Toro,
3Be3/bl BHYTPEHHETO rajio Ha paccrosausx q0 10—15 knk ot rientpa ['agakTHUKU AenaroT
OJIMH 000POT €O CKOPOCTBI0 V~7+4 KM-C ', a 3Be3/bl BHEIIHErO rajo, HaXOAIHecs Ha
paccrosHusix  15-20 KIK, MOKA3bIBAIOT KpyroBoe Bpamenne ¢ V~—80+13 km-c .
Pa3HOCT, KOMIIOHEHTOB BO3HHMKAET H3-32 Pa3IMYHBIX MEXaHU3MOB (HOPMHPOBAHUS.

203



K.A. MAHHAIIOBA, K.T. MUPTAJ[D)KMEBA

HccnenoBaHne XHMHYECKOTO COCTaBa 3BE3J Tajo0 MOXKET JaTh JOMOJHHUTEIbHYIO
uHQopManuo 00 00pa3oBaHWM TallaKTHYECKOTO Tajo, HampuMep, OTHOIIEHWE Ol-
JJIeMeHTOB K kenedy (o/Fe) oTpakaeT HCTOpHIO HYKIEOCHHTE3a M XHMHYECKOTO
oboraieHns 3Be3HON HOmysanuun; pacupenenenune (o/Fe) maer Taxke HHPOPMAIHIO O
MecTe poKaeHus 3Be3/. HemaBHue nccie0BaHus MOKa3alli, YTO TOJCThIN JTUCK U 3BE3JIbI
BHYTPEHHETO TaJI0 MMEIOT BEICOKOE comeprxkanue (o/Fe) [2].

TeMHasi MaTepHsi COCTABJISIET OCHOBHYIO 4acTh OOIIEH Macchl rajo U rajJakTHKH, HO
13-32 HAOJIIOIaTeIbHBIX OIPAHUYEHUI MaJIo YTO M3BECTHO O TOM, KaK OHA pa3BHBAIACh B
rajakTukax. VIccrnemoBaHbl pa3iUyHbIC METO/IbI H3MEPEHHUS] ITUHAMHYECKOW MacChl U
MAacCChbl TaJlI0 4Y€pE€3 KMHEMATUKY U CONOCTAaBJICHHUEC YMUCICHHOCTH. 9TI/I METOAbI HOCAT
CTaTHCTHYECKUI XapaKTep W HEe MOTYT HANpsMYIO IMpPEACKa3aTh MacCy rajio OTACIbHBIX

ranaktuk. COOTHOIIEHHE 3BE3IHOM MacChl ¢ Maccoil ramo mpumepHo ~10'° M, .
[penmnonararoT, YTO OTHONIGHUS 3BE3JHOW Macchl K Macce Tajo yMeHbIIaercs,
HOCKOJIBKY y 3Be3x Manoi maccel mpu z=1.5 logM«=10.5, 10gMpa,=120. YBenuuenue
Macchl Tajio MOXET OBITh CBA3aHO C KPacHBbIM cMelieHrHeM. OIHAKO 3TO MOXET ObITh
TaKXe CBA3aHO C COKPAICHUEM MAaCCHBHOTO Tayo. ['amakTuyeckoe rajio u JHHAMHYECKHE
Macchl MOTYT OBITh WCIIONB30BaHBl B JIUCIIEPCHU CKOPOCTH TallaKTHKH H  €e
BparaTeabHoi ckopoctH [3].

B pa6orax M. Mouhcine [4] npuBeeHBI pe3ynbTaThl HAOMIOAEHNH TajI0 HEKOTOPBIX
CIHpaNIbHBIX TallaKTHK Ha pacctossHuu 10 KmK OT IeHTpa rajakTtuk. VccrnemoBaHus
MOKa3aly, YTO TajJo B OCHOBHOM COCTOMT M3 TMT'AHTCKUX KPAacHBIX 3BE€3], a 3TO O3HAYaET,
YTO B Taj0 HET MOJIOJBIX 3Be3/ B JII0OOH ee oOmactu. Takxke HCCIEAOBaHUS MOKA3aly,
YTO METAJUTMYHOCTh TaJI0 CBSI3aHA CO CBETHMOCTHIO, T.€. y 0ojiee SPKUX TajJaKTHK Talio
uMeeT OOJIbIIME 3HAYCHUS METAUIMYHOCTH, YeM Y ClIa0dbiX. OTO OOBICHAETCS
XMMUYECKOW JBOJIONMEH, HampuMmep, HarpeBaHueM Tra3a y Tralo WId  Ke
MPE/IIECTBOBABIIMMY KAPJIMKOBBIMH TaJaKTUKaMH, KOTOpbIE TO3JIHEEe CIHBAIKCE,
(hopMHpYs 3BE3THOE Tall0 U YBEINYHBas METAIMYHOCTb.

B pacmpeneneHun METaNTMYHOCTH Ha PACCTOSHHUAX OT S5 no0 15 KK OT aucka
CIUpANbHBIX TalaKTUK HaOmromarorcss Tpu nuka ¢ [Fe/H] ~-0.6%0.1, -1.2+0.3 u
—2.0£0.2, uro cooTBeTcTBYyeT MaccaMm moacucteM rano: 19% roncroro nmucka, 74%
BHYTPEHHETO rano u 7% BHemHero rano. C yBeIMYeHUEM PacCTOSIHUS OT TajJaKTUYeCKOH
TUTOCKOCTH 3HAYCHHE METAINTMYHOCTH yOBbIBaeT, 0COOCHHO Ha paccTOSHUHM 15 KhK OHO
COCTOMT M3 3B€3]] C HU3KUM COZICPKAHHEM METaioB [5].

Taxke HafO OTMETHTH, YTO HOPMBI rajlo peaKo ObIBalOT chepudeckuMu, ux Gopma
3aBHUCHUT OT OKPYXarollel cpenbl U akkpennu. Ha paHHuX cTagusax rano ¢popma oObIYHO
BBITSHYTa ¥ BBIPOBHEHA Y3KHM CIIOEM, Yepe3 KOTOpOe MOJaeTCs Macca, HO C TeUCHHEM
BpPEMEHH Tall0 MOXKET CTaThb TPEXOCHBIM WJIHM JaXKe CIUTIOCHYTBIM, W HalpaBleHUE
AKKpEIMU MEHSETCSl C W3MCHEHHUEM KPAaCcHOTO CMEIICHHS B JBOJIOLUHU Tajo, TaKKe
MEHsETCs ero gopMa ¢ pamuycoMm Tajmo OT IeHTpa. O0beM 3BE3THOTO Tall0 TaTaKTHKH,
nmoxoxket Ha Muteunsiii IlyTh, coCTOUT Takke W3 HEOOJNBIIOTO KOJIWYECTBA MACCHBHBIX
KapJIUKOBBIX TrajakTHK. [103TOMy BO3HHMKaeT KapTWUHA, B KOTOPOH Hamboliee MacCHBHBIC
rajo He TOJIbKO MOTYT OMpEAeiiaTh (pOpMy 3BE3JHOTO rajo, HO TaKKEe YCTAHABIUBAIOT
O0IIyI0 METAIUIMYECKYIO CTPYKTYPY, MPHBOIANIYIO K 00pa3oBaHuIo 3Be37. B mocnennee
BpeMs Onarogaps JOCTYMHOCTH IIMPOKOMACIITAOHBIX JaHHBIX TIyOOKOW BH3yalln3alliu
npobieMa GopMbl 3Be3qHOrO rano Miednoro ITyTv HaxXOmuTCs B LIEHTPE BHUMAHUS
MHOruX uccienopareieit. B npenenax 30 kmk oT meHTpa ['aJakTHKH Tajg0 TPEXOCHOE, €
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caMOW JUIMHHOW OChio, cMmemieHHON Ha 70° mo oTHomeHWI0 K ocu lamaktmku. DTO
packpbiBaeT JBe OOJbIIME W30BITOYHBIC IUIOTHOCTH, COBIAQJAIONIUE C OCHOBHOM
IOJTyOChIO Tayio. BEIsBIIEHA KMHEMAaTHKa BCETO BHYTPEHHETO Tajio MyTEM OTOOpaKeHUs
aMIUTUTY] ¥ HaIIPaBJICHUS COOCTBEHHBIX ABMKeHUI RR JIupel. 3aTeM OHM cpaBHHUBAIOTCS
C MPOCTBIMU MOACIAMU C PA3JIMYHBIMHU AHU30TPOIUAMMU, 4TOOBI IIOKa3aTh, 4YTO BO
BHYTPEHHEM Tajio PeoOIaIaroT 3Be3/bI Ha BBICOKO SKCIEHTPUYHBIX opouTax [6].

1. HABJIIOJATEJIBHBIE JAHHBIE U UX AHAJIN3

B aroii paboTe HaMHU JONOJHEH CIUCOK CHHPalbHBIX TajdakTHK [1], moOGaBieHs
TapaMeTpbl, CBSI3aHHEIE C Tallo, U TPOBENICH CTATUCTHYSCKUHN aHaIu3 CIICKA CIIPAITBHBIX
TaJlaKTUK, PAacCMOTPEHBI 3aBHCHMOCTH MEXIY IapaMeTpaMy CHUPAThHBIX TalaKTHK,
paccunTan Ko3(pPUIMEHT KOPPENSIUH U MOCTPOCHBI COOTBETCTBYIOIINE T'MCTOTPAMMEI.
Hamu noGaBiieHbl creaylomuye mnapamMeTpbl Tano. abCoNIoTHas 3Be3NHas BETUYWHA;
KpacHBIE CMEIIEHUs; PacCTOSHUS 10 TaJaKTHKH, Macca rajio, IUIOTHOCTh raza B raio;
MOBEPXHOCTHAsA SAPKOCTh Taj0, YHCIO IIAPOBBIX CKOIUIEHHM B Tajlo; Macca HIapOBBIX
CKOIUIEHUH; METaINIMYHOCTH rajlo; TEMIIEpaTypa rasa B rajo.

Ha puc. 1 nana 3aBUCMMOCTB OOJBIION MOIYOCH OT MAacchl Tajo. JTa 3aBUCHMOCTb
nMeeT Jlorapu(MUIECKHI XapakTep.

1gM H
9 .

8,5 1

5 T T T T T
0 5 10 15 20 25 30
Boabmas nonyocsk (KIK)

Puc. 1. I'paduk 3aBUCHMOCTH OOJIBIION IMOJTYOCH OT MAcCCHI.

Jror rpaduK HAAO MOHUMATH TaK, YTO C YBEIHYCHHUEM pa3Mepa ECTECTBEHHO
YBEIUYUBACTCA U Macca O0ObEKTa, a ¢ APYroil CTOPOHBI, YeM OOJIbIIE PACCTOSHHE [0
HCTOYHHKA, TEM OOJbIIE U €r0 a0COIOTHAS 3BE3HAS BEIUNYHHA.

Ha puc. 2 monyyena sMmupuyeckas 3aBHCUMOCTh METALUIUYHOCTH OT BUAMMOMN
3BE3IHON BEMYMHBI. DTO 03HAYAET, YTO YeM OOJIBIIE Tajao-CcoAepIKalue 3Be3/1bl OoraThie
METaJZIAaMH, TEM OOJIBIIIE UX CBETUMOCTD.

Ha pI/IC. 3 JaHa 3aBHCUMOCTH MCTAJUIMYHOCTHU Tajdo cnnpanLme TAJIAKTUK OT
KpPAacHOTO CMEIICHUS, YTO YKa3bIBAaeT HA TO, YTO METAJUTUYHOCThH raji0 YMEHBIIAETCS C
YBEIMYCHHEM PACCTOSIHUS 10 TaJIaKTHKH.
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14
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10
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Puc. 2. I'paduk 3aBUCHIMOCTH METAUTUIHOCTH OT BUIUMOH 3BE3HOI BEIMYNHEI.

0,009
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Puc. 3. Fpaq)m( 3aBUCUMOCTU METAJTIMYHOCTU OT KPACHOT'O CMCIICHUS.

1. 3SAKJIIOYEHUE

B sT0if paboTe HalimeHBI YKa3aHHEIC BEIIIE JaHHBIC, CBI3aHHBIE C TaJ0 CIUPATBLHBIX
ranakTuk. [lomydeHsl sMnupuueckre 3aBUCUMOCTH MacChl Tajio CIIUPATBHBIX TaJaKTHK OT
OONBIION TONYOCH CHHPalbHBIX TaJaKTHK, KOTOPBIE YKa3bIBAIOT, YTO C yBEIHMUYCHHEM
pa3Mepa €CTECTBEHHO YBEIMYHMBACTCA M Macca OOBEKTa, C JPYrodl CTOPOHBI, TaKkKe
BBISICHEHO, YTO 4eM OOJIbIlIe PACCTOSHKE J0 UCTOYHUKA, TeM OOJIbIIe U ero abCoMIOTHAS
3Be3gHas  BeauuuHa. Kpome Toro, ToOIy4yeHa  SMOHUpUYEcKas  3aBUCHUMOCTh
METaJNIMYHOCTHU TajJi0 OT KPACHOI'O0 CMEIICHHUsI, KOTOpas MOKA3bIBAET, YTO C YBEIUYCHUEM
PAcCTOSIHUSI OT IJIOCKOCTH TaJIAKTHMKU YMEHBIIAETCS] METAJUIMYHOCTh Tajlo CHUPAJIbHBIX
rajakTuk. HaiineHbl M Apyrue 3aBHCHMOCTH, CBSI3aHHBIE C SIPKOCTBIO, TEMIIEPATYPOH,
METAJUTMYHOCTBIO, a0COJIOTHON 3BE3JHONH BETMYMHOW M IUIOTHOCTHIO Ta3a B Taio,
KOTOpBIE MBI TIPHBENEM W TPOAHAIMIUPYEM B IOCIEAYIOIUX padoTax, Tak Kak s
CTaTUCTUKHU HaOIIOAAaTENbHBIX JAHHBIX, IPEACTAaBICHHBIX 3/I€Ch, HEJOCTATOUHO.
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Ilepkonsauus Ha3apHsICH JOMPACHAA HUKEITHUHT MUKPO- BA HAHO3appadyaJlApUHU §3 WUHUra OJIraH
KepaMHK MaTepuasuiapia YeKCu3 KJIacTep TOMOJIOTHUACH Ypranwian. bynnait TuanMiapna HUKeIb
3appaydajapu XaKMUra Kapad, 4eKCU3 KJIACTEPHUHT CKeleTIapy Ba YIMK y4Iapu XaKMUH yiyIu,
3UYJIMTH, STPHIINTH AHUKJIAHIH.

B pamkax TeopuH MNEPKOJSAIMM H3y4eHa OCCKOHEUYHas KIACTECPHAs TOMOJIOTHS B KEPaMHUYCCKHUX
MaTepHanax, CoAepKalllMX MUKPO- U HAHOYACTHLBl HUKeNL. OnpeaeeHsl IOTHOCTh, 00beMHast 10,
M3BUIIMCTOCTh, 00BEMHAsI I0JIS CKeJIeTa M MEPTBOTO KOHIIA OECKOHEYHOT0 KiacTepa B 3aBUCUMOCTU OT
pa3Mepa 4acTHIl HUKEJS B TAKUX CHCTEMaXx.

An infinite cluster topology in ceramic materials containing micro- and nanoparticles of nickel has been
studied within the percolation theory. The density, volume fraction, tortuosity, volume fraction of
skeleton and dead ends of the infinite cluster have been defined depending on the size of nickel
particles in such systems.

I. INTRODUCTION

According to the percolation theory [1], conductivity c of the systems containing
metallic particles randomly distributed in a dielectric matrix is described by the following
formulas

c7(\/1) = c7(\/1 _Vc )tv Vl >Vc (1)

o(Vp) =0, (Ve -V)) ™, Vi<V, )
where o is the conductivity of metallic particles, o, is the dielectric matrix conductivity,
V, is the volume fraction of metallic particles, V. is the critical concentration (percolation
threshold), when an infinite cluster is formed from the filler particles, t and g are the
parameters called critical indexes having the values for the three-dimensional systems
1.6-1.8 and 1, respectively.

It is known [2] that the percolation theory methods make it possible to define a
topology of the resistance grating (infinite cluster topology). One of the characteristics of
the heterogeneous systems is the infinite cluster density P(V;). Its value characterizes a
share of the infinite cluster nodes and is defined by the formula

PM) =Vi'/ Vi, @)
where V,' is the volume fraction of the infinite cluster (IC). For V; <V, the value of P(V,)

is equal to O because there is no infinite cluster. With the raise in V; the P(V;) value
verges towards unity. The IC density near the percolation threshold is described by the
power dependence [2]
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P(Vy) =DV, - V)", €)
where D is the numerical coefficient of about unity, [ is the critical index equal to 0.4 for
three-dimensional systems.

For the skeleton length to be defined, an IC model proposed for the first time by B.I.
Shklovskii [2] is usually used. For the plane problem this model is something like a very
large fishing net (Fig. 1). A characteristic linear size of this net R is called the radius of IC

correlation and expressed by the formula R=L/(V; -V, )" where L is the length equal in

order of magnitude to the lattice period, v is the critical index of the correlation radius
(for the three-dimensional case v=0.8—-0.9).

On the basis of this model it was shown that if wire forming a skeleton is tortuous
(Fig. 2, the distance between the points of their crossing is equal to R as before) the
critical index t of electroconductivity will be more than 1.7t being defined as a sum of the
index & considering tortuosity and the index of the correlation radius v, i.e.

t=E+wv. 5)

The wire length Z between two points of crossing (Fig. 2) is expressed by the

formula Z =L /(V, -V, )" ¢ and the ratio of Z to R

ZIR=(V,-V,)"? (6)
shows how longer is the skeleton length as compared to R owing to tortuosity.

. ‘ |
—
[ \
Fig. 1. Infinite cluster Fig. 2. |Infinite cluster Fig. 3. Infinite cluster
skeleton. skeleton with taking into  fragment with the dead
account tortuosity. ends.

An infinite cluster has a skeleton and the dead ends [2]. It is considered (Fig. 3) that
a point belongs to the IC skeleton, if, at least, two ways outgoing from it to different sides
allow going to infinite distance (point C). If only one way outgoing from a point goes to
infinite distance then this point (for example, point D) belongs to the dead end. All the IC
nodes belonging to both the skeleton and the dead ends make contributions to P(V,). The
density of the IC skeleton, Ps(V,), characterizes a share of the nodes belonging to the IC
skeleton and is defined by the expression

PSk (\/l) :V]." /Vl” (7)
where V," is the volume fraction of the IC skeleton. As shown by the results of the perco-
lation theory, the ratio of P, (V;) to P(V;) can be defined by the following expression

Py (V1)/P(Vy) = DV, -V, )@ P), ®)

where D is the numerical coefficient of about unity.
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Here, we consider a topology of the infinite cluster in ceramic materials containing
micro- and nanoparticles of nickel within the percolation theory.

1. EXPERIMENTAL PROCEDURE

Two types of composites were used for the investigation. One was a ceramic
material containing nanoscale nickel particles. The other was a ceramic material
containing the micro-dispersed nickel particles. The ceramic material with nickel
nanoparticles was prepared by thermal decomposition of the nickel formiate mixed
preliminary with a ceramic. The mixing was performed in an agate ball mill for 7 h.
Thermal decomposition was performed under vacuum at temperature of 400°C for 5 h.
Previously, we used the same method to create nickel particles of sizes <30 nm in a
polymer matrix [3]. The ceramic material with micro-dispersed nickel particles was
prepared by mixing the nickel powder with a ceramic in an agate ball mill for 7 h. The
nickel powder used was prepared by thermal decomposition of the nickel formiate under
vacuum at a temperature of 400°C for 5 h.

In both cases, the ceramic had the following identified components: 61.72 wt% SiO,,
3.87 wt% Fe,03, 12.52 wt% Al,O3, 13.48 wt% CaO, 0.94 wt% MgO, 1.78 wt% Na,O,
0.72 wt% K0, and 0.07 wt% MnO. The remaining 4.9% of composition of the ceramic
had various inclusions that are unidentified because of their small quantity. The desirable
values of the fractional Ni content V; in the ceramic materials were obtained by the
calculation of the source materials used.

To determine the sizes of the micro-dispersed particles of the nickel powder, an
electron microscope (BS242E, Tesla, Prague, Czech Republic) was used. It was found
that the sizes of these particles fell in the range from 1 to 3 mm.

The size of the Ni nanoparticles was determined by X-ray diffraction at a glancing
angle of incidence using an X-ray camera (KPM-1, Moscow, Russia). It was found that
the size of these particles was in the range of 20-30 nm.

Electric measurements were performed on samples in the form of tablets of 15 mm
in diameter and 2 mm in thickness. The tablets were prepared by pressing the ceramic
material powder under pressure of 200 MPa and by sintering under vacuum at the
temperature of 1000°C.

The conductivity was determined by measuring the resistance of the samples. To do
this, metal electrodes with a diameter of 13 mm were prepared by vacuum evaporation of
aluminum on the flat surfaces of the samples under study. Two meters were used: an
ohmmeter for the resistance measurements in the range of 10'-10% Q (E6-13A-POB,
P8603, St. Petersburg, Russia), and an ohmmeter for the resistance measurements in the
range of 10°-10 Q (B7-30-POB, B752, St. Petersburg, Russia). The values of
conductivity obtained exhibited an error of 1%—7% .

I11. RESULTS AND DISCUSSION

The experimental dependencies of conductivity o on Ni fraction content are
presented in Fig. 4 for the both composite materials under study. The dependencies of
on V; calculated within the percolation theory with the following formulas are also given
in this figure. With the boundary conditions (V; = 0 and V; = 1) the formulas (1) and (2)
can be reduced to the following form [4]:
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o(Vy) =0y (Vg ~Ve) /- Vo))’ Vi >V, ©)
o(Vy) =0, (Ve -V Ve ) ™ Vi<V (10)
For the composite materials under study the critical fraction volume V. of nickel

particles was defined by differentiation of lgoc over V; (see the inset in Fig. 4). To
determine the critical index t the experimental data are presented as a graph in

coordinates Igo—Ig[(V; —-V,)/(1-V,)].

lg[(Vy —Ve) 1 (1=Ve)]

2 - ) A 0
T 0
o L
£
R 2
e " [
S -3
~ .
14 .
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0 05 1 lgo (2 'em™)

Fig. 4. Comparison of the measured (points) Fig. 5. The dependence of Igc on
and calculated _(solid curvgs)_ dependences of Ig[(V, -V, )/ 1—V.)] for composites
the macroscopic conductivity (o) on the
fractional Ni content (V,) for the material with
nanoscale Ni particles (full points, curve 1) and
high-dispersed Ni particles (empty points,
curve 2). In the inset, plots of the dependence
of dlgs/dV, on V; are shown for the material
with nanoparticles (solid line) and with micro-
dispersed particles (dashed line).

containing nano (1) and micro (2) particles of
nickel/

As seen from Fig. 5, for the samples containing nickel over the range
V.<V;<V, ~ 0.6 the dependence Igoc on Ig[(V1—V.)/(I-V.)] has a linear character. The
value t is the slope angle of this graph. The value of o, is defined by extrapolation
of the linear part of this dependence to V;=1. It was found that V.=0.355, t=2.21 and
6,=2.4x107" Om™'cm™ for a composite material with the nano-dimensional particles of
nickel and V.=0.443, t=1.81 and 5,=4.8x1072 Om.cm™ for a composite material with
the micro-dispersive particles of nickel. Defined in such a way, the value of o, is not
conductivity of metallic particles of nickel but is conductivity of IC over the range
V<V1<V,~0.6. The critical index was taken as equal to 1, which is valid for the
three-dimensional systems [2].

As seen from Fig. 4, for the both types of composite materials under study a
correspondence between the theoretical data and experimental ones is observed for
Vi>V.. In the case of V;<V. a correspondence between the theoretical and
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experimental dependencies is observed only for a composite material with the
micro-dispersive nickel particles. The nature of this non-correspondence is
discussed in [4] within the terms of a spatially structural model proposed by Balberg
et all [5] for composite materials. In [6], it is also shown that for such systems the
nature of the conductivity mechanism can be explained by tunneling of charge carriers
between the nearest neighboring particles and the non-nearest ones.

For an IC topology to be defined, we use the above-given formulas obtained
within the percolation theory. With the boundary conditions V; = 1 the expressions
(4), (6) and (8) are transformed to the following form

P(V;) =D ((V; -V)/@-V,))", (11)
ZIR=((V; -Vp)/@-Ve))" ™, (12)
Py (V)/P(Vy) = D[V - V) /(- V) [ &P, (13)

With the raise in V; the values of P(V;) calculated with the dependence (11) verge to
unity (Tables 1 and 2). The increase in P(V;) with the distance far from the percolation
thresholds in the direction of large V; means that IC gradually attaching clusters becomes
more and more dense.

Table 1. The dependence of the parameters P(V,), Vl' , ZIR, Vl" and Vl"' on filler volume fraction
V, for composites containing nano-dispersive particles of nickel.

Ne A P(Vy) A ZIR v, A

1 0.36 0.143 0.052 11.9 1.3x10°° 5.19x1072
2 0.362 0.173 0.063 9.4 3.0x10°° 6.27x1072
3 0.365 0.188 0.069 8.3 5.7x10°° 5.84x1072
4 0.380 0.272 0.100 5.2 4.0x107™* 1.0x107*
5 0.40 0.344 0.138 3.9 1.5x107° 1.4x107"
6 0.50 0.550 0.275 2.1 2.2x1072 2.5x107"
7 0.55 0.619 0.340 1.8 4.4x107? 3.0x107!
8 0.60 0678 0.410 1.6 7.9x1072 3.3x107!

Table 2. The dependence of the parameters P(Vy), V', Z/R, V," and V" on filler volume fraction
V, for composites containing micro-dispersive particles of nickel.

Ne A P(Vy) A ZIR A A

1 0.45 0.173 0.078 1.62 45x107° 7.79x1072
2 0.455 0.215 0.098 1.52 1.4x107* 9.78x107?
3 0.465 0.274 0.127 1.42 5.2x107* 1.26x107!
4 0.50 0.400 0.200 1.28 4.1x10°° 1.96x107!
5 0.55 0.516 0.284 1.20 1.7x1072 2.8x107"
6 0.60 0.602 0.361 1.15 4.2x107 3.2x107"

As seen from Tables 1 and 2, near the percolation threshold the IC volume fraction

Vv, calculated with (3) is negligibly small as compared with V;. The values of Z/R
calculated with the formula (12) near the percolation threshold shows that IC is very
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tortuous, the value of v being taken equal to 0.85 and that of £ from the expression (5).

The volume fraction of the IC skeleton V" and the IC dead ends V," =V," -V," was

calculated with the expressions (7) and with P (V;) from the formula (13). As seen from
Tables 1 and 2, near the percolation threshold the volume fraction of the IC skeleton is
negligibly small as compared to that of the dead ends.

"

IV. CONCLUSION

Thus, on the basis of the above statements one can conclude that near the percolation
threshold a volume fraction of the IC skeleton is negligibly small as compared to its total
volume and the main mass of IC is concentrated at the dead ends. For composites
containing nickel nanoparticles near the percolation threshold an infinite cluster is more
tortuous as compared with that in composites containing micro-dispersive particles. These
results show that the higher dispersion, the more tortuous the infinite cluster in such
composites.
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Makonana Tapkubuga HaHO HUKEN 3appadanapu OyiraH MeTalI-NOJUMEpP KOMIIO3UTJIAPHUHT
MEKTp YTKA3yBUAHIUTH (0) Ba [UAJIEKTPUK CHHTOUPYBUYAHIUTH (€) HUHT XYCYCHUSATIApHU
Yprauwinu. AHMKJIAHIMKM TapKUOWAa HHUKeN 3appavdajJapuHUAHT Yimyamu 1-3 MKM aTtpoduna
OynraHna ¢ Ba € y3rapuild, HUKeN 3appadalapuHuHT Yindamu < 20 HM aTtpoduna OyaraHgaru o
Ba & ysrapummaaH ¢apkd KWiIMmM - Ky3aTwiad. OJMHraH KOMIIO3MTIIAPHUHT  3JIEKTD
YTKa3yBUAHJIUTH Ba IUAJIEKTPUPHK CUHIAMPYBUAHIUTMHUHT OyHJal y3rapuil XyCyCHSTIapUHU
Balberg Ba OomkanapHuHr (Ga30BHil CTPYKTypaBUH HEpapXUK MOJIEIM OPKAJIW TYLIYHTHPHII
MYMKUHIIUTH KYPCATHIAH.

W3y4yeHo moBesieHHE HPOBOJIMMOCTU G U CTaTHYECKOH AMAICKTPUYECKOW NMPOHUIIAEMOCTH € METaill-
MIOJIMMEPHBIX KOMIIO3UTOB, COJICPKALIMX YACTUIIBI HUKEJIS Pa3IMYHBIX Pa3MEpOB, AUCIICPIUPOBAHHBIX B
(eHnnoHe. YCTaHOBIIEHO, YTO NMEPKOJIALHMOHHO-IOAO0HOE MOBEACHHE G M €, KOTOpoe Haliromaercs,
korga vactuipl Ni mMmeror pasmep 1-3 MKM (BBICOKOIHCIICPCHBIC YACTHIIBI), CMEHSETCS IPYTUM
MOBEJICHUEM, XapaKTEPU3YEMbIM JOMOJIHUTEIbHBIM BKIIAJIOM B G M € HIDKE MEPKOJSALMOHHOIO 10pora,
koraa gactuisl Ni umerot pasmep <30 um (HaHogacTHIbD). [loKazaHo, 9TO 3Ta 0COOEHHOCTH MOBEACHHS
G M € B yKa3aHHBIX KOMIIO3HTAaX COIJACYETCS C IPOCTPAHCTBEHHO-CTPYKTYPHOH HepapXu4ecKon
MO/IEIbI0 KOMIIO3UTOB, IPEAIOKEeHHOI HenaBHo Balberg u mp.

The behaviour of conductivity o and permittivity & of metal-polymer composites comprising Ni
particles dispersed in the phenilon are studied. It is found that the percolation-like behaviour of ¢ and ,
which is observed when the Ni particles have the sizes of 1-3 um (micro-dispersed particles), gave way
to another behaviour characterized by an additional contribution to ¢ and & below the percolation
threshold when the Ni particles have the sizes of <30 nm (nanoparticles). This peculiarity of the
behaviour of ¢ and ¢ of the composites can be explained in the frame of the network hierarchy model of
composites, which was proposed recently by Balberg et al.

I. INTRODUCTION

Electrically conductive polymer composites have significant potential for
applications, which is stimulating to study the mechanisms of their conductivity [1]. In
our previous paper [2] we obtained that for composites comprising the nickel particles of
sizes <30 nm dispersed in insulating polymer matrix of polyarylate, below the percolation
threshold, the measured conductivity differs from that calculated in the frame of the
classical percolation theory. In other hand, the electrically conductive polymer
composites, for which the dependence of conductivity on the fractional content of filler is
in agreement with that predicted by this theory, are known (e.g., the carbon black-
polymer composite). In [3], the percolation-like behaviour of the conductivity of the
carbon black-polymer composite has been explained by the fact that in this composite the
radius of the filler particles is greatly superior to the tunnelling range parameter, and only
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the tunnelling between nearest-neighbours contribute to the conductivity. In the same
work, it is shown that in the case when the radius of the filler particles is close to the
tunnelling range parameter, the conductivity behaviour is bound to be different from that
predicted by the classic percolation theory. In support of this inference, the dependence of
the conductivity on the fractional content of filler for the Ni-SiO, has been presented
there. The dependence of the conductivity behaviour on the size of the filler content, like
that predicted by the conductivity model proposed in [3], has been directly demonstrated
by us [4] for composites comprising the Ni particles dispersed in ceramic matrix by
measuring the conductivity on samples with the identical composition, but with the
different sizes of the Ni particles. In [4], it has also been obtained that the curves of the
dependence of conductivity and static permittivity on the fractional content of Ni particles
are similar. In this paper we present results of study of the filler particle size influence on
the conductivity and permittivity of metal-polymer composites comprising the Ni
particles dispersed in the polymer matrix of phenilon.

Il. EXPERIMENTAL

Two types of composites were used for the investigation. One is a metal-polymer
composite containing the nanoscale nickel particles. The other is a metal-polymer
composite containing the micro-dispersed nickel particles. In both cases the phenilon is
used as the polymer matrix.

The composite with the nickel nanoparticles was prepared by thermal decomposition
of the nickel formiate in the phenilon. The following procedure was used. The powder of
the nickel formiate was added to the liquid phenilon prepared by its dissolving in
dimetilformamid in the proportion 4 gram of the phenilon to 100 gram of the solvent.
After the thorough mixing, the resulting mixture was subjected to heating in order to
evaporate the solvent. During the evaporation, applying a powder disperser (UZDN-1,
Moscow, Russia), the treatment of the mixture by ultrasound with a frequency of 22 kHz
and power of 0.3 w. was used to prevent the aggregation of particles of the nickel
formiate powder. The powder formed in consequence of evaporation of the solvent was
placed in vacuum and held at a temperature of 373 K to remove a remainder of the
solvent. Thereafter the temperature was raised to 573 K, and the powder was held at this
temperature over a period of time, which is sufficient for full decomposition of the nickel
formiate. In this composite, the sizes of the nickel particles did not exceed 30 nm as this
was found by the X-ray diffraction at a glancing angle of incidence using the X-ray
camera (KRM-1, Russia).

The composite with the micro-dispersed nickel particles was prepared by mixing the
nickel powder with the phenilon in an agate ball mill within 7 h. The nickel powder used
was prepared by thermal decomposition of the nickel formiate under vacuum at a
temperature of 573 K for 7 h. To determine the sizes of the micro-dispersed particles of
the nickel powder, an electron microscope (BS242E, Tesla, Prague, Czech Republic) was
used. It was found that the sizes of these particles fell in the range of 1-3 um (Fig. 1).

In both cases called values of the fractional Ni content V in the composites were
obtained by the calculation of the source materials used. In order for the electric
measurements to be made, samples of composites in form of tablets 15 mm in diameter
and 2 mm in thickness were prepared by hot forming.

The conductivity o was determined by measuring the resistance of the samples. To
do this, metal electrodes with a diameter of 13 mm were prepared by vacuum evaporation
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of aluminium on the flat surfaces of the samples under study. Two meters were used: an
ohmmeter for the resistance measurements in the range of 10'-10" Q (E6-13A, Russia),
and an ohmmeter for the resistance measurements in the range of 10°-10"" Q (B7-30,
Russia). The obtained values of conductivity exhibited an error of 1%—7%.

The permittivity e of the
composites was determined in the
frequency range from 20 to 10° Hz by
measuring the capacitance of the
samples and calculating ¢ with the
formula:

s(co) es @
where &(w) is the permittivity at a
given frequency o, c(w) is the
capacitance of sample at this
frequency, h is the thickness of
sample, S is the area of the above-
mentioned electrodes placed on the
flat surfaces of the samples, and ¢ is
the  permittivity constant. The
capacitance  measurements  were
performed by means of a bridge of
capacitors (E8-2, Moscow, Russia)
using a sine-wave generator (G3-33,
Russia) and a balance indicator (F510,
Russia). The obtained values of the
permittivity exhibited an error of 2%.

I1l. RESULTS AND DISCUSSION

Figure 2 shows the experimental
dependences of conductivity c on the
fractional Ni content V for both metal-
polymer composites under study. In
this figure, the dependences ¢ on V
calculated in the frame of the
percolation theory using the formulas
cited below are also shown.

According to the percolation
theory [5], the conductivity o of
systems containing metal particles
randomly distributed in a dielectric
matrix is described by the following
formulas:

o(V)=0,(V-V,)
o(V) =04V, -V)™

10 ' ' ' '-
D
05 J
0,0 : - - -
0 1 2 3 4
2b (mkm)

Fig. 1. Size distribution of the micro-dispersed
nickel particles in the metal-polymer
composites.
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Fig. 2. Comparison of the measured (points)
and calculated (solid curves) dependences of
the conductivity o on the fractional Ni content
V for the metal-polymer composites containing
nanoscale Ni particles (full points, curve 1) and
microdispersed Ni particles (empty points,
curve 2). In the insert: the dependence of
dlge/dV on V (the solid line is for the composite
containing nanoparticles, the dashed line is for
the composite containing micro-dispersed
particles).

for V>V, 2)
for vV <V, 3)
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where oy, is the conductivity of the metal particles, oq is the conductivity of the dielectric
matrix, V. is the critical fractional volume of the metal particles that initiated a first
infinite metallic cluster; the parameters t and g are named as critical indexes.

Using boundary conditions (V=0 and V=1), formulas (2) and (3) can be written in the
following form:

t
V-V
V)= € forV >V, 4
5(v) cm[l_vcj @
and

-q

s(V)=0, (VCV_V j for V< V.. (5)
C

The theoretical V-dependences presented in Fig. 2 were obtained using formulas (4)
and (5). Values of parameters contained in these formulas were found using the following
procedures.

Values of V. were found by differentiation of the experimental Ige with respect to V
(see the insert in Fig. 2). To determine the critical indexes t, the experimental data were
presented as an Igo—Ig[(V-V.)/(1-V.)] plot which is the linear according to formula (4).
The value of t is the degree of inclination of this plot. The critical index q for the
composite with the micro-dispersed nickel particles was found by the same method
starting from the formula (5) (presenting experimental data as an Igo—Ig[(V-V.)/V.] plot).
For the composite with the nanoscale nickel particles, the lgo—Ig[(V.—V)/V.] plot is
nonlinear, and the critical index q is undeterminable using this formula. The values of o4
and oy, were obtained by extrapolation of the experimental dependences ¢ on V to V=0
and V=1, respectively. Besides, the value of oy was determined by electrical
measurement.

It was found that for the composite with the micro-dispersed nickel particles, o, =
3.2x10° Om M %; V. = 0.210; t = 1.78; q = 1.02, and for the composite with the nanoscale
nickel particles, oy, = 4.3x-10% Om M % Ve = 0.105; t = 2.2. In both cases, the values of og
obtained by extrapolation procedure are equal to 1.2x10™ Om 'm ' and are in good
agreement with the value determined by measurement. The critical index q for the
composite with the nanoscale nickel particles was taken to be equal to 1.0, which is true
for three-dimensional systems [5].

The filler particle conductivity obtained by extrapolation procedure is one order of
magnitude less than that for a nickel or for an ideal single-phase material, which is
formed from the nickel particles. This is attributable to the distinction of real composite
from its model in the percolation theory. In real composite, the filler particles are
heterogeneity. They consist from core represent the nickel particles and sheath from the
oxide layers. (The presence of the latter layer has been observed, for example, in a metal-
polymer composite by scanning electron microscopy [1]). To apply the formula (4) to the
real composites, the filler particles must be taken as an effective medium with an
effective conductivity oner. Thus, the above values of conductivity obtained by
extrapolation procedure are the values oner Of the filler particles in the composites
studied.

As can seen from Fig. 2, for both types of the metal-polymer composites under study
the agreement between the theoretical and experimental dependences is observed when
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V>V.. In the case of V<V, the agreement between the theoretical and experimental
dependences is observed for the metal-polymer composite with the micro-dispersed
nickel particles only. For the metal-polymer composite with the nanoscale nickel
particles, there is an additional contribution to ¢ in the range below V.. These results, in
the same manner as for the nickel-containing ceramic composites [4], can be understood
in terms of the model of the electrical conductivity proposed by Balberg et al. [3].

According to this model, all metal particles in composites, in which the metal
particles randomly distributed in a dielectric matrix, are electrically connected, and the
conductivity of these composites is dictated both by the nearest-neighbours tunnelling and
by the non-nearest-neighbour tunnelling. The percolation-like behaviour is observed
when the contribution of the tunnelling between non-nearest neighbours to the
macroscopic conductivity is negligible. It takes place when the radius b of the particles is
greatly superior to the tunnelling range (or tunnelling decay) parameter d. In the case
where b = d, the tunnelling between non-nearest neighbours makes a contribution to the
macroscopic conductivity along with the nearest-neighbours tunnelling, and the
dependence of the macroscopic conductivity on the fractional content of metal particles is
different from that dictated by the classical percolation theory. One can see that the
above-described behaviour of the conductivity of the metal-polymer composite under
study is consistent with these model predictions.

As is followed from this model, in composites for which a contribution to ¢ from the
non-nearest-neighbours tunnelling takes place, there are two percolation thresholds. One
of them observed at high values of V, and it is the above-defined percolation threshold V..
Another (the additional percolation threshold V.4) was observed at low values of V, and it
is a critical fractional volume of metal particles, which initiates a first infinite cluster of
tunnelling-connected conductors. Fitting the part (for V<V,) of the experimental curve 1
(Fig. 2) for the metal-polymer polymer composite with the nickel nanoparticles to the
functional dependence of Eq. (4) (denoting, in this equation, the percolation threshold as
Vg and the critical index as t"), we found that V4 = 0.05 and t' = 3.4.
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In Figure 3, for the metal-polymer composites containing micro-dispersed nickel
particles, the frequency dependences of the permittivity £(w) obtained experimentally in
the frequency range between 20 and 1000 Hz are shown. One can see that with the
increase of frequency, e(w) decreases appreciably at first and slowly thereupon. Such
behaviour of e(w) is explained by the Maxwell-Vagner capacitor model [6]. When a
constant potential is applied to the metal-polymer composite, there is an accumulation of
the free charge at the boundary between the polymer and the filler because their
conductivities are different. As a result an additional capacitance arises. If the applied
potential is alternating, the charge is accumulated less than in the case of the constant
current (the charge has no time to accumulate to the utmost since the current periodically
reverse its direction). Therefore, in this case, the additional capacitance and consequently
g(w) is less than in the case of the constant current and it decrease with increase of the
frequency.

According to the percolation theory [5] the static dielectric permittivity e(w=0) of
systems containing metal particles randomly distributed in a dielectric matrix is described
by the following formulas:

€
e(V,0=0)=—"—, (6)
( ) Vv
where g4 is the static permittivity of the dielectric matrix.

Using boundary conditions (V=0 and V=1), formula (6) can be written in the

following form:

V,

-q
8(V,0)=0)=8d(vc Vj . (7

In Figure 4, for the metal-polymer composite with the micro-dispersed nickel
particles, are shown V-dependences of the static permittivity e(w=0). These dependences
were obtained by calculation with the formula (7) and by extrapolation of the
experimental frequency dependences g(w) (Fig. 3) to the zero frequency. The calculation
was performed using the value of V, obtained from the experimental V-dependence of .
The static permittivity of phenilon g4 was taken equal to 3.5.

As is seen from Fig. 4, there is the agreement between the dependences presented in
this figure. This fact permits to conclude that V-dependence of the static permittivity of
the metal-polymer composite with the micro-dispersed nickel particles on V is described
by the percolation theory. This agreement is also the cause to consider the above
extrapolation as allowable.

In Figure 5, for the metal-polymer composite with the micro-dispersed nickel
particles, are shown the experimental V-dependences of the permittivity e(w) for two
frequency (20 and 1000 Hz). In this figure, are also shown the V-dependences of the static
permittivity £(w=0) obtained by extrapolation of the experimental frequency dependences
of g(w) to the zero frequency and by calculation with the formula (7).

As is seen from Fig. 5, the experimental V-dependence of the static permittivity does
not agree with that calculated in the frame of the percolation theory. The experimental
dependences show an additional contribution to e(w=0), like the additional contribution to
o. The fact that there is correlation between the dependences presented in Fig. 5 allows
one to conclude that the additional contribution to the static permittivity not is the result
of the applied extrapolation procedure. As for the metal-ceramic composites containing
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the nanoparticles of Ni, the additional contribution to the static permittivity of the metal-
polymer composites containing the nanoparticles of Ni can be interpreted as follows [4].
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Fig. 5. V-dependences of the permittivity (w) for the metal-polymer composites containing
nanoscale Ni particles. V-dependences are obtained by measurements at frequency 1000 Hz (a)
and 20 Hz (e), by extrapolation of measured data of the frequency dependences of ¢ to the zero
frequency (m), and by calculations in the frame of the percolation theory (the dashed line).

In the metal-polymer composites under study, as V increases, the nickel particles
form metallic clusters, which are separated by dielectric material of the matrix. Each pair
of the clusters represents a capacitor. In the case of the metal-polymer composite with
relatively large nickel particles (micro-dispersed particles), the contribution of non-
nearest-cluster-included capacitors to the macroscopic capacitance is negligible, and
V-dependence of ¢ is percolation like. This form of dependence resulted from the fact that
the capacitance of the capacitors increases with V (as a result of the decrease in the
clusters separation and an increase of their effective surface) and tends to infinity near the
percolation threshold (as a result of formation in continuous metallic network). In the
case of the metal-polymer composite with relatively small nickel particles (nanoparticles),
the presence of the characteristic feature of V-dependence of ¢ at the additional
percolation threshold V4 considered above allows one to conclude that the non-nearest-
cluster-included capacitors contribute to the macroscopic capacitance along with the
nearest-cluster-included capacitors. The change of run of curve of dependence of € on V
for this composite in the range of V4 may be attributed to the process of formation of the
continuous network of tunnelling-connected conductors.

IV. CONCLUSION

The behaviour of conductivity o and permittivity & of metal-polymer composites
comprising Ni particles dispersed in the phenilon was studied. It is found that the
percolation-like behaviour of o and e, which is observed when the Ni particles are the
sizes of 1-3 um (micro-dispersed particles), gave way to another behaviour characterized
by an additional contribution to ¢ and e below the percolation threshold when the Ni
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particles are the sizes of <30 nm (nanoparticles). It is shown that this peculiarity of the
behaviour of ¢ and ¢ of the composites is in agreement with the network hierarchy model
of composites, which was proposed by Balberg et al.
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Vi6y nmna Si(111) MmoHokpuctamura Na* HOHIApHHE Xap XU 103313 KUPUTTaHIa, KPeMHHI
BAJICHT OJIEKTPOHJIAPUHUHI XOJAaT S3UWINTUIA TabCUPHHU INIACTHK KaHTraH 3JIeKTPOHIIAp
cnekrpockonusicu (OKDC) Ba xapakTepnu 9HEpPrusi HYKOTraH SJIEKTPOHIAD CHEKTPOCKOIUSICH
(XOUDC) yeymmapu Gumanm  yprammwuma. Taxpubaga amumknagmukm  Si(111)  Bament
NIEKTPOHJIAPUHUHT X0JIaT 3UYJIMTH MAaKCUMyMJIAPMHUHI CHIDKMIIM, 3JIEKTPOHJIAPHHU apajalima
aTOMIIADHUHI MalIoHMJa XonaTh yuyH KeJIIuIIHUHT TeXHMK auarpaMMacu €paaMpaa HOH
UMIUTAHTALWS KWIMHIAH KPEMHUH 1032 KaTJIaMJIADUHUHT KPUCTAIUT TY3HIUIIN KECKMH OYy3WINIIN
OusaH Ha3apuil TYUIyHTUPHIIIN.

B crarbe METOAaMH CHEKTPOCKOIIMH YIPYro paccessHHbIX 351eKTpoHOB (CYPD) M crekTpockomun
XapakTepucTuaeckux motepb sHeprun (CXIID) wuccieoBaHO BIMAHME HMIUIaHTauuM HoHoB Na*
pasIMYHBIME (DITIOCHCAMH HA IUIOTHOCTH COCTOSIHMI BajJeHTHBIX diekTpoHoB Si(111). Ilokasano, 4uto
0OHapy>KCHHBIH B HKCHEPUMEHTAaX COBUI MAKCUMYMOB IUIOTHOCTH COCTOSIHMI BaJICHTHBIX 3JIEKTPOHOB
Si 0OBsCHSETCS TEOPETHYECKH C IIOMOLIBI0 AMArpaMMHOM TeXHMKM Keniplmia ajis JIeKTpoHa B
Clly4aiiHOM TIOJie¢ IPHUMECHBIX aTOMOB CHJIBHBIM DPa3yIOpsIOYCHHEM KPHCTAIUIMYECKOH CTPYKTYpBI
HOHHO-UMIUIAHTUPOBAHHOMN MOBEPXHOCTHOH obmactu Si(111).

In the paper, the effect of implantation of Na* ions with different fluences on the density of states of
Si(111) valence electrons has been studied by the methods of spectroscopy of elastically scattered
electrons (SESE) and spectroscopy of characteristic energy loss (SCEL). It is shown that the
experimentally observed shift of the maxima of the density of states of Si valence electrons is explained
theoretically using the Keldysh diagram technique for an electron in a random field of impurity atoms
by the strong disordering of the crystal structure of the ion-implanted Si(111) surface region.

VoHHast wWMIUIaHTanusi OIMPOKO UCHONB3yeTcsl Kak dS(QEKTHBHBIA crocod
yIpaBleHUS MaKPOCKOMUYSCKUMHU CBOWCTBAMHU pa3NM4HbIX MatepuanoB [1]. Omnaxo
nporecc uMIUTaHTaruu (0COOEHHO TpH OGONMBINUX (IIFOEHCAX) HMPUBOIUT K CHIBHOMY
Pa3ynopsIoueHAI0  KPUCTAJUTMYECKOW CTPYKTYPbl MaTepualioB, BIUIOTH JO MOJHOM
amopduzanuu. [losTomy mpakTHdeckn Bcerga U JIOCTIDKEHHS HEOOXOIMMOTO
pe3ynbpTaTta TpedyeTcsi IpOoBeIeHUE MTOCTUMITIAHTAIMOHHOTO OT/KHTA.

Lenpto maHHON paboTHI SBISETCS WCCIEIOBAHUE BIMSHUS Pa3yIopsI0ueHHS
Kpuctamdeckod ctpykrypsl Si(111) npu HOHHOW HWMIUIAHTALMH Ha IUIOTHOCTh
COCTOSIHHI BAJICHTHBIX JJIGKTPOHOB, (hopMa KOTOpPOH, KaKk HM3BECTHO, B 3HAYUTEIHHOMN
Mepe OIpeleNsieT SMUCCHOHHBIE, 3JeKTpodU3nUecKue, (POTOdNEKTpUUECKHE CBOMCTBA
MaTepHaJoB.

DKCIIEpUMEHTHI TPOBOAWIN C HWCIOIB30BaHHEM NpHOOpa C aHAIM3aTOpOM THIA
chepryecKkoro 3epKaja ¢ TOPMO3SIIAM TI0JIeM, TTO3BOJISIONINM HCCIIEI0BATh TOBEPXHOCTh
METOJaMH  DJIEKTPOHHOH  oxe-criekTpockonuu  (DOC),  CHEKTPOCKONHMH  YIPYTo
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paccesHHbIX dnekTpoHOB (CYPD), dotoanekrponnoit cnekrpockonuu (POC) u
TU(PaKIUK MEUIEHHBIX 3JIeKTpOHOB (JIMD) npu naBieHHn 0cTaTOYHBIX Ta30B HE Ooiee
107" Ia [2, 3]. B kauecTBe OOBEKTOB HCCICIOBAHHS OBUIA BHIOPAHBI MOHOKPHCTAJIIBI
Si(111) n- u p-tuma c yxaensHbIM compotuBieHreM 6000 Om:-cMm. TexHomorHyeckas
Kamepa TpuOOpa TIO3BOJSUIA  TPOBOJMTH  OYMCTKY IOBEPXHOCTH MaTEpPHAIIOB
TEePMUYECKHM IIPOTPEBOM, 3IEKTPOHHOM OOMOApAWpOBKOH, HOHHBIM TpAaBICHHEM, a
TaKKe MPOBOAUTH HHU3KOIHEPIeTHYECCKYI0O HOHHYH HWMIUIAHTAIMI0 C Pa3IMYHBIM
dmoercom: or 10" mo 2x10Y cm 2 IloBepxHOCTHYIO 0GNACTh Si OYMINAIM HOBBIM
croco0OM, MPeAJIOKEHHBIM aBTOpaMHu [4], KOTOpBI BKIIOYAET TPH dTama IMporpesa:
JUTUTENIBHBIA  HU3KOTEMIIepaTypHbIH, KPaTKOBPEMEHHBIH BBICOKOTEMIEPATYPHBIH U
MMIDUTAaHTAIMIO INEJIOYHBIX HOHOB C TIOCIEOYIOIINM BBICOKOTEMIIEPATypHBIM KpPaTKO-
BpeMeHHbIM TiporpeBoM mpu 1550 K. Ha pumc. 1 mpuBenensl cnektpsi CYPD, T.e.
3aBucuMoctu dR/AEye ot (Epe) st uucroro Si(111) n-tuma (1) u Si(111), umruianTu-
posannoro monamu Na* ¢ Ey = 0.5 3B ¢ pasmuunsiv dmoercom @: 5x10™ cm? (2),
5x10™ cm2(3), 5%10™ cm* (4) u 5x10" eM? (5) (Epr — SHEprHst IEPBUUHBIX DIIEKTPOHOB,
oTcuWTaHHas oT ypoBHi ®Depmu kpemHwus). BumHo, uro ¢ pocroM ¢iroeHca HaTpus
NOCTEIIEHHO MEHSIOTCS (opMa M MOJOKEHHE MaKCUMyMOB M MHHUMYMOB KpPUBOM
dR/AEpe(Epe). TonoxxeHns MaKCUMYMOB yKa3aHHOW KpHBO# 1 uuctoro Si (E1, Ej, Es,
E, m Es) XOpomO COBHAJAalOT C MaKCUMyMaMH (YHKIUH TUIOTHOCTH COCTOSHHIA
BAJICHTHBIX J1EKTPOHOB P(E), mony4deHHbIMU B paboTe [5]. B pesynbraTe MMIUIaHTAUH

Na"—8i, E,=0,5 k3B

-dR/dE pg, arh, units

| | | | | | |
0 4 F 12 16 20 24 EpreV

Puc. 1. 3aucnmoctu dR/ME(Eyr) ans Si(111), ummnantuposansoro nonamu Na* ¢ Eq=0.5 k3B ¢
pasmianbiM dmioercoM @, em % 0 (1), 5x10% em? (2), 5x10* cm? (3), 5x10™ cm? (4) u
5x10" cm 2 (5).
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nonoB Na* HaGmrofaeTcs CABUT MOJNOKEHHH MaKCMMYMOB B 00J1aCTh MEHBILIMX SHEpPruii
E,r. V3BecTHO, uTO MakcuMyMbl Ha kpuBoi 3aBucuMoctu OR/JEr(Eyr) 0OycnosieHsr
BO30YXKICHUEM MEXK30HHBIX MEPEXO0J0B BAJCHTHBIX OJJICKTPOHOB, a MHUHUMYMBI —
BO30YXKICHHEM KOJUIEKTHBHBIX IUIa3MEHHBIX KOJEOAHWH BAJIEHTHBIX 3JEKTPOHOB
TBepaoro Tena. CieqoBaTeNbHO, MMIUIaHTAlMs HOHOB Na* NPHBOAMT K H3MEHEHHIO
AIIEKTPOHHBIX COCTOSHUI B KPEMHHUHU.

OO0 M3MEHEHUH JIEKTPOHHON CTPYKTYpBhl KPEMHHS NPU MMIUIAHTAIMU MOHOB Na ¢
OONBIIIM ~ (MUIFOCHCOM  CBHIIETEIBCTBYIOT Tarkke crekTpbl XIID, CcHATBIE Tocie
UMIUTaHTaMu MoHoB. Ha puc. 2 npusenens! cnektpbl XI1D mis uucroro Si(111) (1) u
Si(111), umnnantuposansoro uonamu Na* ¢ Ey = 0.5 k3B ¢ pasnuunsiv duroercom ®:
5x10™ cm? (2), 5x10™ em? (3), 5x10" cm? (4) u 5x10™ cm? (5), 6x10™ cm? (6) u
2x10" cm 2 (7), cHSITBIC TIPH SHEPTHH TIEPBUUHBIX AMeKTPoHOB £,=100 3B.

Ma*—3i(111)
E.=0.5 5B

dN/dE, arb, units

Puc. 2. Cnexrpst XIID mms uucroro Si(111) (kpusas 1) u Si, ummianTupoBanHoro nonamu Na ¢
E4=0.5 k3B ¢ pasmuunsiv dimoercom @, v 5x10% em? (2), 5x10* em? (3), 5x10™ cm? (4),
5x10% cm2 (5), 6x10% (6) 1 2x10% em2 (7).

B cnekrpe XIID ymcroro kpemuusi (kpuBas 1) HaOJIOJAFOTCSI MUKU C MOTEPSMH
suepruu: 7, 11, 17, u 22 3B, o0ycioBneHHbIe BO30YKICHUEM MEKIYy30HHOIO Mepexoa
(7 »B), moBepxHocTHBIX (Ams=11 3B), 00bemHubIX (i,=17 3B) u kpaTHbIX UM (2/i®s=
22 5B) mia3MeHHbIX KOJIeOaHHl BaJICHTHBIX 3JEKTPOHOB. DKCIIEPUMEHTAIBHO HaOI01ae-
MbIe HAMH 3HaY€HUS DHEPTUU BO30YKIEHUS MOBEPXHOCTHBIX M OOBEMHBIX TNIA3MEHHBIX
KOIleOaHMii BaJIeHTHBIX 3JeKTpoHOoB mas gucroro Si(11l) xopomio cormacyrores co
3HAUCHUSMH, TTOJYICHHBIMU pacdeTHbIM myTeM 1o ¢hopmyie boma u ITaiiHca [6]:

ho, = h(4nNe? / m)"2,
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B crmekrpe 7 must Si, mMmmantmpoanHoro nomamu Na© ¢ @ = 2x10Y oM
HaOmogaroTcst nuku XI1D nmpu 6; 9.2; 13.2; 18.5 u 25 3B. Iluk mpu 6 3B, BeposTHO,
CBsI3aH C BO30Y)KICHHEM MEK30HHBIX MEPEXO0B IEKTPOHOB M3 BaJleHTHOI 30HBI NaSi.
A xapakTep U3MEHEHUs HHTEHCUBHOCTH MUKOB mpu 9.2 u 13 3B ¢ yBenudeHueM 3HEPruu
nepBuuHbIX 271eKTpoHoB £, or 30 mo 300 5B mo3Bonmi HaMm CUUTaTh NEPBBIH MHK
00yCIIOBIIEHHBIM BO30Y KIICHHEM ITOBEPXHOCTHOTO IIJIa3MOHA, @ BTOPOH — BO30YKIECHHUEM
00BEMHOTO TJIa3MOHA B HOHHO-UMILTAHTHPOBAHHOM Si.

XapaxTtepHoil 0COOEHHOCTBIO criekTpoB XIID, mpuBeneHHBIX Ha pHUC. 2, SABISAETCS
CMEIIEHNE NHKOB IUIa3MEHHBIX MOTEPh SHEPTUH D3JIEKTPOHOB B 00JACTh MEHBIINX
3HAYEHUI C yBeJMYeHUEeM (DITFOeHCA UMILIAHTUPYEMBIX HOHOB HATPHSL.

JuHamMuKy u3MeHeHHs CTpykTypsl KpuBoil OR/AEy(E,) MoXHO 0OBSICHUTH
CIIelyIomuM 00pa3oM: B HaJaje Mpolecca MMIUTAHTAIIMA WOHBI HATPUS NPOHUKAIOT Ha
MaKCHMaJIbHYI0 TIyOHHY, 00pa3ys (pOHT, mapajuleNbHbIl moBepxHOCTH. [loaToMy OHHK
HE JAlOT CYIIECTBEHHOro BKJIaja B (hOPMHPOBAHUE TOHKOH CTPYKTYPBI 3HEPreTUUECKON
3aBUCHMOCTH KO3((HIMEHTa YIPYro paccesHHBIX 3J1eKTpoHOB. [To Mepe yBenmuueHums
dmoenca momoB, Haumhas ¢ ® = 5x10™ cM’, (pOHT BHEApEHMS CMeIIaeTCs K
HOBEPXHOCTH M COOTBETCTBEHHO IMPOUCXOIAT U3MEHEeHUs B Xoze kpuBoit dR/AE,(E,).

[Mpobneme B3amMONEHCTBUSI OBICTPBIX HOHOB C TBEPIBIM TEJIOM TMOCBSIIECHO
3HAUUTENBHOE KOJIM4YeCcTBO padorT [7]. JIoCTaTo4HO XOpOIIO H3YYSHBI TaKXKe
MaKpOCKOITMYECKHE CBOWMCTBA HMOHHO-WMIUIAHTHPOBAHHBIX TBepAbix Ten [8]. [Nopasmo
MEHee HCCIIe0BaHa CTPYKTypa UX SHEPTETHIECKOTO CIIEKTPa BO30YKICHUH.

TeopeTHueckoe ONMUCAHUE IHEPreTUYECKOTO CIIEKTPa HEYMOPSIOYEHHBIX CHCTEM, K
KOTOPBIM MOYHO OTHECTH M Si, UMIIIaHTUpOBaHHbIH HoHamMu Na'c 6osbuM duroeHcoM,
yIOOHO TPOBOIUTH C IOMOIIBIO AMArpaMMHON TeXHHWKH Kemslma Ui 3JeKTpoHa B
CITy4allHOM MoJie mpuMecHbIX aroMoB [9]. CyluecTBeHHOE YMpPOIICHHE B PEIICHUH 3TOM
3aJa4d MOXET OBITh JOCTHUTHYTO Ha OCHOBE MPEATNOJIOKEHHS O TOM, YTO CBOMCTBa
UMIUTAaHTUPOBAHHBIX TBEPIBIX TeJ ONM3KM K CBOMCTBAM CHJIBHO JISTUPOBAaHHBIX
MOHOKpHUCTaJIIOB. [IpaBOMEPHOCTH 3TOTO MPEANOIOKEeHUs 00cykaanack B pabore Buna
u Kapmansr [10]. B ot0if pabore mnyTeM ONTHYECKHX HW3MEPEHHH IPOBEICHO
CPaBHUTEIBHOE MCCIIE0BAHNE BINSHUS CHIBHOTO JISTUPOBAHHS ¥ MMIUIAHTALIMH HOHOB C
HOCIIEIYIOIINM JIa3epHBIM OTXKHTOM Ha ONTHYECKHE CBOICTBA M 30HHYIO CTPYKTYpPY
KpeMHUs. Pe3ynbraThl TOKa3zanmd, 4YTO JIETHPOBAaHME W WMIUIAHTAMS MNPUBOIAT K
OIMHAKOBBIM  M3MEHEHUSM  KPHUTHYECKHX  TOYEK IUIOTHOCTH  COCTOSIHUH U
JMJICKTPHYECKOH IPOHUIIAEMOCTH KPEMHHSI.

CaBur MakCHMYMOB IUIOTHOCTH COCTOSIHUH BAJICHTHBIX JJIEKTPOHOB KpPEeMHUS,
HaOMI0JaeMblii TIOCJIe MOHHOM WMIUIAHTAllMd B JAHHOH paboTe, MOXHO KayecTBEHHO
OOBSCHUTD, IPUMEHSIS BEIPAKCHUS [T MAaCCOBBIX ONEPAaTOPOB B 1-O0M M 2-OM HOpPSAKAx
TEOPUU BO3MYIIECHUSA @ £@ Ypen MEepBOro TMOPsAKAa MNPUBOAUT K OJIMHAKOBOMY
CMELICHUIO BCEX YPOBHEH 3a CUET cpeJHero moreHnuana npumecu. M3menenue GpyHxoun

o 2).
IIJIOTHOCTU COCTOAHUHN OMPECACIIACTCA YICHOM BTOPOTO MOpAAKA 2( ).

d*k in 22 (0, ,n)
e ot kn 20 k) RSO k)|

p(E.n) =2
>® =n<k,nulk,n>;

232 Uzbek J. Phys., 2019, Vol.21(M4)



BJIMSTHUE PA3YIIOPSJIOYEHHOCTHU KPUCTAJUIMYECKOM CTPYKTYPBI HOHHO- ...

@ =(8,E,n)=ndz<k’n|ul|k n' >

L~ <k,n[ujk,n>,
iwe—go(k',n")+1y

rae Ng — CpeqHsisl KOHIEHTPAus Ae(EKTOB, IPOMOPILHOHATBHAS (IIFOEHCY HOHOB HATPHS
@, <k, n|U1|k’, n'> — MaTpUYHBIA O5JEMEHT IMOTEHIHAaJa aroMa IMPUMECH MEKIY

OJIOXOBCKUMHU (YHKIMSIMH. OTU BBIPaXCHHS MOXXHO UCIOJNB30BaTh JUIS pacuera
TUIOTHOCTH COCTOSIHUH HWMIUIAHTHPOBAHHOTO TBEPJOTO Tela B 3aBUCHUMOCTH OT
KOHIICHTPAIMHM TPUMECHBIX aTOMOB. MOXKHO JaTh TaKKe MPUOIMKECHHYIO OICHKY IS

JEUCTBUTEIILHON U MHMMOM 4acTei Z(z), cyuTas, 4ro < E,n|Ul|Iz',n' > = const. Orcrona

Imojry4aeM, 4TO BCJIMYMHA CMCUICHUA SHEPIETUYCCKOTO IMMOJIOKCHNUA MaKCUMYyMa q)YHKIH/II/I
IJIOTHOCTH COCTOSIHUH 3JIEKTPOHOB AE ompeienisieTcsl BhIpaKeHUEM

Ng

AE=R, Y@k, nN)——
e ( ) (kZ + Cné/3)2

rae ¢ = const. Takum oOpa3oM, MOKHO TIPEAIIONIOXKHUTE, YTO CMEIIEHNUE ypOBHEH Oymer
IPOMOPLMOHATBHO Ny, T/Ie MOKa3aTellb CTEICHH JISXKHUT B mpeestax oT 1/3 mpu 6ompimx

3HAYEHMsIX Ng ¥ A0 1 mpu Manbix 3HAa4YeHUsX N. DKCIEepUMEHTANbHBIC JaHHBIE TI0
CMEIICHUIO0 MAKCUMYMOB IJIOTHOCTH COCTOSTHHI XOPOILO COTJIACYIOTCS C 3TUM BBIBOAOM.

Ha puc. 3 npusenensl 3aBucuMocTu casura MakcumyMoB (ynkuun OR/AEpe(Eqr)
(mpexncTaBienHo#t Ha puc. 1) oT KOHIEHTpauuu nedekToB Ny, obpasyrommxcs B Si(111)
npu umiiantauud MoHoB Na c sHeprueit £y = 0.5 x9B. IIpu sTOM KOHLEHTpauus
nehekToB, oOpasyromuxcs B Si Uil JaHHOTO 3HaueHUs (DIIOCHCA, PAaCcCUUTHIBANACH C
HCIONb30BaHMEM JTaHHBIX paborel [11], cormacHO KOTOPOM KpHUTEpUEM IIOJHOM
amopdu3anuy MoBepXHOCTH Si siBisieTcsi cMeleHne He MeHee 10% aTtoMoB U3 y3710B
KpUCTAIUTHYeCKO# pemeTku. OTCro/Ia KOHIEHTpaluio Ae(eKkToB, oopasyronmxcs B Si npu
® = 6x10" cm % mblI momaraem pasroit 5.07x10%! cM . 3Hauenns Ng s APYrHX 103
00JIy4eHHs MpUBeIeHBI B Ta0IHIIE.

AE, meV

107

104

10'° 10%° 10% 102 ng, em”

Puc. 3. 3aBHCHMOCTH BEIMYHMHBI CMEHICHHS MAaKCUMyMOB AZF| OT KOHICHTpaluH Ae(eKTOB,
obpasyromuxcs B Si(111) npu mmmanTamuyu nonos Na* ¢ Eg = 0.5 k3B.
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Tadumma. 3HaueHHs1 KOHICHTPaLHUii Ae(eKTOB, 00pasyronmxcs B Si py UMILIaHTaul HOHOB Na.

@, em? 5x101 5x10% 5x10%° 5x10'° 6x10'°
Ng, cM > 1.25x10% 1.25x10% 1.21x10% 2.5x10% 5.07x10%

3aBucumoctn AE; = f(ny) ma puc. 3 mMOCTPOEHBI IyTEM COIMOCTABIIEHMS pPHC. 1 H
tabmuiel. OTMETHM, YTO 37€Ch MBI OTPAHHYMIIUCH CIIydaeM Caboro pasyropsiIoueHuUsI
BELIECTBA, Korja (pIyKTyalMd MOTCHIMAla B Pa3HBIX TOYKAX MPOCTPAHCTBA MOXKHO
CUUTATh HE3aBUCUMbBIMH. B 3TOM Cilydae BelMYMHA YIIUPEHUS U CABUTA IMUKOB PEAIbHO
OKa3bpIBaeTCsi Malioi. B ciydae CHIBHOTO pa3ymopsiioYeHusi 1 aMopdu3aluy BelecTBa
HEOOXOMMO yUYeCTh HAITHYKE OJIFKHETO TTOPSIIKA.

3akiaoyenne. B paboTe sKCrepUMEHTAIBHO OOHAPYKEHO CMENIEHHEe MAaKCHMYMOB
CIIEKTpa  YNpyro  pacCesiHHBIX  JJIEKTPOHOB  KPEMHHUST TP HMIUIAHTAIUA
HU3KOPHEpreTuueckux MoHoB Na* GoibmmuM ¢umoeHcoM. Ha ocHoBe auarpaMMHOM
TeXHUKH Kesmplma Ui 3JeKTpoHa B CIIydYalHOM I10Ji€ MPUMECHBIX aTOMOB JIAHHBIN
3¢ dekT Hamu OOBICHIETCS CHIBHBIM Pa3yropsI0YeHHEM KPHCTAUTHUECKOH CTPYKTYPBI
HMOHHO-UMIUTAHTUPOBAaHHO# moBepxHOCTHOW 0Omactu Si(111). Teopernueckue pacueTsl
MOKa3alid, 49TO CIOBUT JHEPruu MakcuMyMoB criektpa CYPD AE; ~ ng, 9to X0poImio
COTJIACYETCs C DKCIIEPUMEHTAIBHBIME PE3YJIbTATAMH.
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Makomnazna TepMOAeCOPOLMOH-CUPTHH HOHJIAHUII CHEKTPOMETPHICH METOAMHM 3appajlapHUHT
KM3IUPUWITaH KaTTHK >)KUCM CUPTHU OMJIaH ¥3apo TabCUPIAllyB KHHETUK XapaKTepUCTUKAIapUHU,
Xamaa MOJJAapHUHT OYFJIAHUII 3HEPTUSCHHM aHUKJIAIl YUyH KYIUTall MyMKYHJIUTH KYpcaTyBuu
TeTepOTeH KapaéHIIApHU MaTEMATHK MOJEIUIAIITUPHUII HATHXKAJIAPU KEITHUPUIITAH.

B nanHoOif paboTe NpUBENEHBI PE3yNBTaThl MAaTEeMaTHYECKOTO MOJEIUPOBAHUS T'eTEPOTeHHBIX
IPOLIECCOB, yKa3blBAaIOIIME HAa IPUMEHHUMOCTh METOAA TEPMOJECOPOLIMOHHON IMOBEPXHOCTHO-
HMOHM3AI[MOHHOHN CHEKTPOMETPUH ISl ONPEAENeHNs] KMHETHUECKUX XapaKTEePUCTHK TEPMOJAECOpPOIMU
JaCTHUI] C IOBEPXHOCTH HATPETHIX TBEPABIX TeT, a TAKXKE TEIUIOTHI HCTIAPSHNUS BEIECTB.

In the paper, the results of mathematical modeling of heterogeneous processes are presented indicating
the applicability of the method of thermal-desorption surface-ionization spectrometry to determine the
kinetic characteristics of thermal desorption of particles from the surface of heated solids, as well as the
heat of evaporation of substances.

Beenenne. Meros oepxHoctHoi nonusarnmu (ITBH) sBiseTcs oqauM 3 Hanbosee
UHGOPMATHBHBIX CpPEAM MHOXKECTBA METOJOB IO H3YYCHHUIO 3aKOHOMEpPHOCTEH
B3aUMOJICUCTBHSI YACTHI[ C TIOBEPXHOCTHIO TBepabIx Ten [1-3]. BaxkHo# 0COOEHHOCTHIO
I[IBM1 mo cpaBHeHHWIO C JOPYTUMH METOJIAMHU SIBJISIETCS BBICOKAs CEIEKTHBHOCTh K
MOTEHIMATy MOHU3aluu vactull. OOpa3yromuics UOHHBIM TOK HECeT MH(OpPMAIUI0 O
MPOIECCax, CHIIBHO 3aBUCSIUX OT Pa3HOCTH MEXy MOTEHIMAIOM MOHU3AIUN YACTHIl U
paboToii BBIXO#ma TBepaoro Ttena. Eme omHOW ocobenHocThio [IBU sBisiercs ero
paboTOCITOCOOHOCT HE TOMBKO B BaKyyMe, HO M B atMoc(epe Boszmyxa [4, 5]. DT1o maer
BO3MOXXHOCTh HCCIIEJIOBAaTh 3aKOHOMEPHOCTH B3aUMOJCHCTBHS YACTHI] C TTOBEPXHOCTHIO
B YCIIOBHSIX aTMOC(EPHI BO3TyXa.

Ha ocHoBe sBienums [IBMA aToMOB W MHOTOAaTOMHBIX MOJIEKYJT pa3paboTaHBI
pasnuyHble PU3NKO-XUMHUYecKkne MeToAbl. Cpeau HUX HecTalroHapHble MeTonsl [1BU —
MOJyJISAUS TIOTOKA U MOJYJISIIIUS HANPSOKEHUS — SBIISIOTCSA Haubosiee nHGYOPMATUBHBIMU
[6,7]. B oOmiem ciydae 3TH METOIbl HAINpPABJICHbI Ha HCCICAOBAHHEC KHHETHYECKHX
XapaKTEPUCTUK TETEPOTCHHBIX IIPOIIECCOB Ha IMOBEPXHOCTH TEPMOIMHTTEPA, HO HE
HAIIUTU PUMEHEHHUS B YCIOBHSIX aTMOC(EpPhI BO3TyXa.

PaboTer mo BeIIBIEHWIO 3akoHOMepHoOcTedl [IBU opranmyeckux coenvHEHWH WH
€ro NPUJIOXKEHMSI CIIOCOOCTBOBAJIM  MOSBICHHIO METOJa  TEPMOJIECOPOIIMOHHOMN
noBepxHocTHO-noHM3aumonnou (TAITN) cnekrpomerpuu [4, 5]. TAIIN cnekTpomerpust
SBIISIETCSI CIIOCOOOM PETHUCTpallii W aHaju3a TPYIHOJIETYYHX OPTaHWYECKHX BEIECTB
A30THCTOTO OCHOBAHMS B yCIIOBUAX aTMochepsl Bo3ayxa. OCOOEHHOCTh JAHHOTO METOIa
3aKJIIOYAETCs B TOM, YTO OH OOBEIMHSACT B ceOE BO3MOKHOCTH TEPMOJACCOPOIMOHHON
criekTpoMeTpun [6] U HecTarmoHapHbIX mporieccoB [IBM. AHanmu3 mokasai, 4To METO.
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JaéT BO3MOXHOCTb HCCIIEOBAaTh KUHETHUYECKHE XaPaKTEPHCTHKH TEPMOACCOPOLUHN H
ucrapeHusi (Wi  cyOnMManuMu) dYacTHMIl BemiecTB. JlaHHas paboTa TOCBSIIEHA
MaTeMaTHYECKOMY MOJEINPOBAHUIO 3THX MIPOLIECCOB HA IPUMEPE ATOMHBIX YaCTHII.

MartemaTtnueckas moaeab. Cxema T/IIIU ciekrpomeTpa mpeacTaBieHa Ha puc. la.
B TAIIU cnekTpoMeTpe TeMIEparypa UCIapUTeNIs MOBBILAETCS ¢ JMHEHHONU CKOPOCTHIO
y. HcnapeHHble 4YacTHULBl BEIIECTB C IOTOKOM BO3AyXa-HOCUTENS IOCTYNAOT Ha
MOBEPXHOCTh TEPMOAMHTTEpPA. ANCOPOMPOBaHHBIE YACTHULBI, JECOPOMpYs, MOTYT
WOHM3HMPOBaThCs IyTeM IIBUM, curHam KOTOpBIX pErHCTpUpYyeTCs B BHAE CIEKTpa,
NpeACTaBICHHOT0 Ha puc. 16.

i L1072 A b)
IT ) W R B
GSU:I

450 |-+

Puc. 1. Cxema (@) v mpuHIUn peructpannu Toka nouos (6) TN crnekrpomerpa “HMckouy-1"
[4, 5]: 1 — IIBU TepmoamutTep; 2 — obpasen Ui aHanu3a; 3 — JeHTa ucnapurens; 4 —
(boKycupyrolHe 3eKTPOIbI; 5 — HarpeBaresb TEPMOIMUTTEPA; 6 — KOJIIIEKTOP HOHOB.

[lpu nuHEHHOM yBENWYEHWH TEMIEpaTyphl HCHAPUTENS YHUCIIO aJCOPOMPYIOIINX
aTOMOB B €IMHUILY BPEMEHH HA MIOBEPXHOCTH TEPMOIMUTTEPA PABHO

dn 2 q
— Dexp(—ﬁﬂ , (€8]

V. =Y e

rae dn/dT — ckopocTh M3MEHEHHUs YUCIa aTOMOB Ha MOBEPXHOCTH mcnaputens [6]; V —
CKOPOCTh MCHAPCHUSI aTOMOB; Y — CKOPOCTh Pa3BEPTKU TEMIIEPATYPbI UCTIAPUTENS; Ny —
MCXO/IHOE YMCIIO aTOMOB BELIECTBA Ha Wcrapurene; 7' — TeMneparypa ucrnapurens; K —
noctosiaHas bonbsiMana; D — koHCTaHTa; 1| — KO3 (DHUIIMEHT HCITONB30BaHUS BEIICCTB B
CIIEKTPOMETPE, KOTOPBIN IMOKA3bIBACT JOJIO OOIIEro MOTOKAa MOJEKYJ, JAOCTUTAFOIIHX
HOBEPXHOCTH TepModMuTTepa [7, 8].

CpenHee BpeMs JKM3HU aJcOPOMpPOBAaHHBIX aTOMOB paBeH T . VX 4uciIo MeHsercs
COOTBETCTBEHHO YPaBHEHHIO

=nVn~nVn, exp{— KT
19

dN dn K
—=—n—-—N, 2
dar ndT Y @)
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+ 0
rre K=1/T=K"+K%=Cexp| - kIT +Gexp| ——— | — cyMMa KOHCTaHT CKOpOCTeH
E E

TepMoecopbimn atomoB B Hefitpansubix K® n monnsix coctosumsax K'; 1" u 1° — rermmoTsr
JIeCOpOIIMU aTOMOB B MOHHOM U HeHTpajabHOM cocTosiHud; C u G — KOHCTaHTHI; Tg —
TeMIlepaTypa TepMOIMHUTTEpa. Perienre ypaBHeHust (2) MOXKHO 3alucarh B BUJIE

T KN
N =n(ny—n)+Ny— [ —dT,
To
rae M(Ne—Nn) — oOlee YKMCIO aroMoB, aJCOPOMPOBAHHBIX B Te4YeHHE BpeMeHH t Ha
MOBEPXHOCTH TepModMuTTepa; No — HadanbHOE 4YHCIO aTOMOB NpU TeMIeparype
.
ucnapurens To; Ny = _[—NdT— YUCIIO JECOPOMPOBAHHBIX aTOMOB C IMOBEPXHOCTH
To i

TEPMOAMHUTTEPA B TEUEHUE BPEMEHH 1.
[ToTok necopOupyIOUINX aTOMOB ¢ IOBEPXHOCTH TEPMOIMUTTEPA PaBEH

vg = KN =nK(ng—n)—KNj.
Tox I1BU nonos pasen
| =eBKN =eBK (ny —n)—eBKNy, (3)
rae B — koappunment [18BU aromos.
Ha puc. 2 u 3 npezacTaBieHbl pacyeTHbIE TeMIepaTypHble 3aBucumocty motoka v(T)
u Toka uoHoB I(T) IIBU aTomoB HaTpusi Ha OXHOPOIHOI TEKCTYpUPOBAaHHOW (osbre
u3 Mmoiubnena (Mo) [7]. PabGora Beixoma Mo B ¢dombere cocraBmsier ¢ = 4.3 3B,

nmoTeHIMall uWoHu3anuu Hatpus V = 5.14 5B, BBINOIHSAIOTCA YCIOBHUS TPYAHOH
voHu3almu. Temnota AecopOLMU aTOMOB HATPUSI B HOHHOM M HEHTPATbHOM COCTOSIHUSAX

) 350 400 250 500 550
T.K
Puc. 2. Pacuernple TemmeparypHble 3aBucuMocth mortoka V(T) aromoB: 1 — morok

ajicopOupoBaHHbIX aToMOB. [T0TOK HecopOupyromux aroMoB npu 3Hadennn T 1 K: 2 — 666 K, 1.5
¢ 3-620K,1.0c";4-596K,035¢";5-579K,0.14c™.
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cocramser |° = 346 5B u I° = 2.6 3B, a npemdKCIOHEHIMATbHbIE MHOKHTEIN
cootercterno C = 1.66x10™ ¢ u G = 1.33x10" ¢ [7]. Temnora ucnapenns narpus
coctaBmsier = 0.798 5B. I'paduky mMOCTPOCHBI s KOTMYeCTBa Hatpus Ng = 1x10™,

camrast, uto D = 1x10"® ¢ w m = 1, mwig pasnMUHBIX 3HAYCHHMIl TeMIEpaTypbl

TepMOAIMHUTTEpa Tr W COOTBETCTBYIOIIUX OTHM  TEMIlepaTypaM  CKOpOCTEH
Tepmoecopormu K.

Bemnmunna Q =enfn, B (4) paBHa mojHOMY 3apsiy AECOPOMPOBAHHBIX HOHOB,
COOTBETCTBYIOIIEH TIONHON IUIOIIAAM CIIEKTpa aHAIW3UPYEMBIX BEIIECTB. 3apsi
JIeCOpOMPOBAaHHBIX HOHOB 3a BpeMs t paBeH Q = eBNé . DTH BEIMYUHBI ONIPEACIISIOTCS TI0

wiotnaan TN cnekrpos. Toraa BeipaxkeHue (4) mepexoauT K CIAEAyIOIEeMY BULY

I =K (Qy—Q)-enpKn. (4)

25
20

1.5

1,x107"° 4

000 350 400 450 500
1K

Puc. 3. PacuerHsie TemneparypHsie 3aBucuMocTd Toka noHoB 1(T). Te: 1 — 985 K; 2 — 965 K; 3 —
9456 K; 4 -924 K; 5-901 K.

PaBHOBecHE MEXIy V4 U V, HacTynaer mpu Ty . [lo3TOMy B MakcuMyMe CIEKTpa

3_N =0 . [ToTok mecopOupyroIMX aTOMOB ¥ TOK HOHOB OYyJIeT paBeH
T|pm
d
vg =nVd'ng,
k7§ ()
I, =eBvy = QyDexp S EC N POV I
kry v kTy'

rae V{"u N — cKOpOCTh CYOIMMAIIMH U YHUCIIO ATOMOB HA UCIIAPHUTENE IPH TEMIIEPATYPe
d d

7§ . Torma u3 (4) u (5) moMyYUM CIIETYIONIEE BAXKHOE COOTHOIIEHHE
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1 1 -
— = M . (6)
Koy I

Jlst Apyrux obnacTeid TeMIeparyp ucrapures BeipaxkeHue (6) mepexomur K BUIY
1, 1va_1 enn_Q-Q

m

= 7
K Vvy K 1 | ")

AHanM3 ToOKa3ajd, YTO C MOMOINBI BbipaxkeHuit (4)-(7) MOXHO oOmpenessiTh

KHHETUYCCKNUE XapaKTCPUCTUKU TepMozlecome/m, a TaKiK€ TCIJIOTY CY6JII/IM3HI/II/I aTOMOB
BCIICCTB.

KuneTrnyeckne xapakTepucTHKU TepMoaecopounmu u ucnapenusi. Ha puc. 4
HOCTPOEH TpapuK TeMIepaTypHOHl 3aBUCHMOCTH COOTHOIIeHWs (7) Iusi HaTpus B

unteppaie ot T4 = 407 K 1o T = 455 K npu Te = 965.3 K u cooTercTByromeii 51oii
temneparype K = 9.13 ¢, [{anHblii rpaduk UMeeT CIeyIomue XapaKTepUCTUKH. [Ipu
temneparype Ty 3Hauenue (6) pasmo 0.484 ¢*. C yBennuennem Temmeparypsl T
pemunna (Q, —Q)/| ymenbmaercst 1o o6mactu, B koTopoit ( Qg — Qmin )/l min ~CONSL.
DTO CBSA3aHO C YMEHBIIEHHEM 3HaueHus cooTHomeHus epfnn/l -0 ¢ ysBeanueHHeM
temnepatypsl. ITosromy B 310l obmactu 1/ K = (Qy — Quin )1 min - Ha rpaduxe B o6mactu

cranuoHapHocta 1/K (QO —Q)/ | ~const~0.109 ¢, B o6mactu 1/V o pasua 0.375 ¢,

2
B

[1rm
l [ d

-
[N

(0, -0)/1,cexyno
o
(4]

2
—

0.0

410 420 430 440 450

T K
Puc. 4. TemneparypHast 3aBUCHMOCTb COOTHOIIICHHSI (Qo —Q)/ l.

Kunerndeckne XapakTEepHUCTHKH MCIAPEHHUS] BELIECTB MOXKHO OIPENEsATh [0
MakcumyMmy T/IIM cnexTpa uiau 1o TeMIepaTypHOM 3aBUCHMOCTH YUCIIA aTOMOB Ha
noBepxHoctn ucnapurenst N(T). Jlas ompeneneHdst TEIUIOTH CyOIMMAIMH 110
makcumymy THITA crektpa MOXHO HCIONB30BaTh BBIpAKEHHE, MonydeHHOe u3 (6)
(cunras, uro D =KT§'/h):
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q:kTm|n @ M_i
el o, k)|

rae 7 —mnocrosiaaas [lnanka. JIpyrum myteM Takxke, Kpome (, MOXKHO ompezaenstsh D.
JU71st 3TOro HY’KHO TOCTPUTH TpaduK, MoaydeHHbIN U3 (4)

In{ Y _In Q }zlng—i

kT2 Q,-Q-1/K q kT

3akawuenne. Takum o00pa3oM, MOIEIHPOBAHWE KHHETUKA TeTePOTEHHBIX
nporeccoB B TN cnekTpoMeTpru Ha OCHOBE 3aKOHOMEPHOCTEH TepMOIeCOPOITMOHHOM
CIIEKTPOMETPUHU U HECTALMOHAPHBIX ITpolueccoB I1BM nmokaspiBacT NpUMEHUMOCTh METO1A
TAIIA  cnexkTpoMeTpuu  AJA  HCCIACAOBAHUS ~ KHHETUYECKUX  XapaKTEPUCTHUK
B3aMMOJICHCTBUS YaCTHUI[ C TTOBEPXHOCTHIO HArPETOTO TBEPJIOTO TeJa, a TAKKE TEIUIOTHI
cyOnmmmMannu BemecTB. VMicTouHnkoM mHQOpManuy 00 ITHX XapaKTEPUCTHKAX SBISIOTCS
3aBHCHMOCTU TeMIepaTypsl Makcumyma, ¢opmbel U uHTeHcuBHOCTH TJIIIU crnekTpor
AHAITM3UPYEMBIX BEIIECTB OT TEMIIEPATYPhl TEPMOIMUTTEPA.
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Ar* nonnapu 6wraH 6ombapauposka xuwmmHuHT CdS miIeHKaTapu TapkuOM, SHEPreTHK 30HA
mapaMeTpiapi Ba ONTHK XYCyCHATIApHra TabCUPH YpraHwira. Ar® HOHIAPHHUHT KHYHK
nozanapuna (D < 5x10"° cm?) mienka 1o3acu S aTomapu OunaH GoMuMIIM, KaTTa Ao3anapaa
(D> 5x10" cm?) aca Cd aromnapy 6WTaH GOMMIIN KYpCaTHIITaH.

Usyueno BiusHMe G0MOApAMpOBKM HOHAMH Ar’ Ha COCTaB, 30HHO-PHEPIETHYECKHE MApPaMETPhl U
OITHYECKHE CBOHCTBA ruieHok CdS. TTokasaHo, uTo mpH HU3KMX 033X noHoB Ar' (D < 5x10™ cm7?)
II0BEPXHOCTh 06OraIaeTcs atoMamu S, a rpu Beicokux 103ax (D > 5x10% em?) atomamu Cd.

The influence of the Ar" ion bombardment on composition, zone-energy parameters and optical
characteristics of the CdS films has been studied. It is shown that under low dose of Ar* ions (D <
5x10% cm?) surface is enriched with the S atoms, under the high doses (D > 5x10% ¢m2) with the Cd
atoms.

bunapueie nomynpoBogauku tuna CdS, CdTe, ZnS mupoko HCHONB3YIOTCS TpH
CO3[IaHUH PA3IMYHBIX JIEMEHTOB JIa3epoB, (POTONPUEMHHKOB, COITHEYHBIX JJIEMEHTOB U
UMEIOT TEpCIeKTHBBl TPH pa3paboTke MpHOOpOB ONTO- W HAHOBJIEKTPOHUKH. B
HacToslee BpeMs XOpPOIIO W3YYCHO BIMSHHUE JIA3EPHOTO OTXKUTa, IPOTPEBa,
ANIEKTPOHHOH OOMOapIpoBKU 1 GoMOapaupoBku noHamu O, Ha oNTHYECKHE CBOWCTBA

mwieHok CdS [1-8]. B wacTHOCTH, yCTaHOBIECHO, YTO HAJMYHE HEKOTOPOTO KOIMYECTBA
xucnopona  (mo ~10%° cM®) HpMBOZMT K CYIIECTBEHHOMY H3MEHEGHHIO CIEKTpa
(OTONMOMUHECIICHINM U HEKOTOPOMY YMEHBIICHHIO IIMPUHBI 3alpEIleHHONH 30HBI Eg
mienku CdS. Msydeno Takxke BiusHHe OomOGapaupoBku uoHamu Ar® u Ba’ na
snektponnsie ceoiictBa CdTe [9, 10]. Tannass pabora IMOCBAIIEHA H3YYEHHIO BIIHSHIS
6oMOapaupoBKK MoHaMKM Al Ha cocTaB, KOO(Q(QUIHMEHT TIPEJOMIICHHS CBETA U IMMPHHY
3anperienHoi 30u61 CdS.

MeTtoanka npoBeaeHust IKCepuMeHTOB. OObEKTaMH  UCCJICIOBAHUS  SBISIOTCS
nonukpucraindeckue mieHkd CdS n-tunma tommuHOW ~1 MKM, BBIpAlICHHBIX Ha
nosepxHocTH SN0, (CTEKNO) METOJOM TEPMHUECKOTO HCHapeHns B Bakyyme ~107°
Mm.pT.cT. [2]. HouHyto OOMOapAMpOBKY W HalbUICHHE aTOMOB OCYIIECTBIISUIH
NEPICHUKYIAPHO K ITOBEPXHOCTH MHMIICHH NpH Bakyyme He xyxe 10° Pa.
HccnenoBanusi MpOBOMWIN C HCHOJB30BAHUEM METOJOB 0)KE-dJIEKTPOHHOHM CIIEKTPO-
ckoru  (ODC), ¢orosnekTponHoit crnektpockonuu (DIC), audpakimuu OBICTPHIX
anekTpoHOB ([BD) myTem m3MepeHus 3aBUCUMOCTH KOd(QUIMEHTa MPOIyCKaHuUs CBETa
ot sHeprun ¢GotoHoB B mHTepBane hv=0.6-3 5B. s yMeHbIIECHHUS PACXOKIACHUS U
NOTePh MHTCHCHUBHOCTH MPOXOMAIIEr0 CBETa HCIONb30BaHbl ToHKWe IieHku CdS.
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[Ipodunu pacnpenenenns atoMoB 1o TayOuHe onpeaensain Meroaom OOC B coueTaHNH
C TIOCTIOMHBIM TpaBJIE€HHEM MOBEpXHOCTH moHamu Ar’ ¢ Eqo=2 keV nox yrmom 5-10°
OTHOCHUTEILHO MOBEPXHOCTH 00pasia.

Pe3yabTaThl 3KCIIEPUMEHTOB U UX 00cy:kaeHue. [lepen nonHo 60MOapIMpPOBKOM
wienky CdS ob6esraxuBaau mporpesoM mpu 7' = 800 K B coueTaHnu ¢ MATKAM HOHHBIM
tpaBieHueM. [Ipu 3ToM moBepxHocTHast KoHueHTpauus Cd cocraBmsia ~45-48 ar.%, S
~50-52 ar.%, a kucnopona 1-2 ar.%. Ha puc. 1 npusenenst 3aBucumoctu K(hv) st
CdS, 6ombapauposannoro nonamu Ar’ ¢ Ey=1 xsB pasueiMu 103amu. B ciyuae uuctoro
CdS 3aBucumocts K(hv) B unTepBane hv = 0.6-2.2 5B mpaktuuecku He MeEHsETCs, B
uHTepBane 2.2-2.3 5B skcnoHeHnmansHa, a B uHTepBane 2.3-2.4 5B nuHeiiHo (pe3ko)
YMEHBLIACTCS, MPUOIIIKAICH K HYJII0. DKCTPATIOJISIMS ITOH YacTH KpUBOU K ocH hv 1aet
2.42 5B, 4ro, B CBOIO OdYepenb, JaeT omeHo4Hoe 3HadeHHe Ey muenku CdS. Ilpm
6oMOapaupoBke MoHaMKM Al ¢ POCTOM 0361 HOHOB 3HaveHue K Bo Beell mccieyemoit
obmacti hv MOHOTOHHO yMmeHbIIaeTcsi, 3HaueHHe Ey 3aMeTHO He MeHsSeTcs, OITHAKO
UHTEepBal SHepruil v mpu koTopoM K SKCIIOHEHIMATBHO YMEHBIIACTCS PaCIIUPSIETCS.
OTH U3MEHEHUS MOKHO OOBSICHUTH CIICTYIONTIM 00pa3oM.

Ipu HE3KHEX H03ax ob6myuerust D = 5x10™ cm ™ noust Ar' momagarot Ha OTHEIbHbBIC
yuactku noBepxaocty [10]. Cpennue pa3mepsl 3THX y4acTKoB coctaBisitoT ~10-15 uwm, a
paccTosiHMe MEXAy LEHTpaMu cocemHHx ydactkoB ~ 50-60 mm. Ha »Tmx yuacrtkax
npoucxomut pasioxkenue CdS Ha cocraBmstonme u pasynopspodeHue. [lo-BumuMomy,
gepe3 9TH ydactku mpu hv> 0.6 3B He mpoxoauT cBer, ciemoBaTenbHO, 3HadeHHe K
yMeHbliaeTcs. Monnas ©omOapAupoBKa NPUBOIUT TaKKe K HEKOTOPOMY H3MEHEHHIO
KPHCTAJUIMYECKON CTPYKTYpbl HEOONYYEHHBIX YYacTKOB, CJIEJOBaTEebHO, HAa KpUBOU
K(hv) skcrmoHeHnmanbHasi 4acTh yBEIMYMBACTCS, a KPyTHU3HA KPHBOH B cHagarouiei
00J1acTH yMEHbIAeTCsl.

1Ceq an%

08k 0.8

0.6 0.6r

0.4r

02F 0.2f

16

D, em”

510" 510" 510

0.6 1 1.4 1.8 22 hv, 3B

Puc. 1. 3aBucumocTr ko3bduuuenrta nporny- Pue. 2. 3aBucumoctn K (kpuBas 1) u
ckanus cBeta K oT sHeprum (OTOHOB JUIi  TOBEpPXHOCTHOM KoHmeHTpannu Cd (kpuBas 2)
CdS, 6oMbapaupOBaHHOTO MOHAMH Arfc E;, or noss obnmyuenust i CdS, GombGap-
=1 kB npu no3ax D, eMm % 1 — 0 (umcrenii  AupoBanHOro MoHamu Ar' ¢ Eg = 1 k3B.

CdS), 2 - 5x10™, 3 —5x10%, 4 — 6x10™.
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BJIMSTHUE BOMBAPJIMPOBKH MOHAMM Ar* HA CBOMCTBA IIJIEHOK CdS

C pocTtoM 1036l HOHOB pa3Mepbl OOMOapAMPOBAHHBIX YYACTKOB YBEIMYHBAIOTCS.
Ilpu D = 5x10% cm? Best 00ydeHHas: TOBEPXHOCTh TOTHOCTBIO Pa3yNopsI0UYNBACTCS,
Bce Mosekysnsl CAS B HOHHO-OOMOApIHPOBAHHOM CJIOE€ pas3naratorcsi. [Ipu 3ToM
3HaueHne K mpubmmwkaercs k Hymo. OXHAKO W3-3a OTPAHUYCHHOW TOJIIIMHBEI HOHHO-
00MOapIMPOBAHHOTO CIIOSI M M3-32 HAJMYUS HEKOTOPOTO KOJMYECTBAa COCAMHEHHN THIIA
Cd+S umMeeT MeCTO MPOXOXKICHUE CBETA C MAJIOW MHTEHCHBHOCTHIO BIUIOTH JI0 0361 D =
6x10™ cM . JlanbHelimee yBeTHUCHHE 1035l MPAKTHIECKH HE MPHBOIUT K H3MCHCHHIO
coctaBa u CTpykTypsl 3aBucumocti K(hv). TIpm 3TOM MOXHO CUHMTaTh, YTO CTEIEHB
MOKPBITUST TOBepXHOCTH chnoeB CAS wanodaszammu paBua 1. CremoBarenbHO, IO
u3MeHeHUto 3HadeHus: K B 3aBHCHMOCTH OT JI03bI MOXKHO OILICHWTBH CTETMECHb MOKPBITUS
MMOBEPXHOCTH HaHO(Da3amu 1o popmyie

0=1-K, /K,
rie Ko — koadduument mnpomyckanus cBera 1o OomOapaupoBkm, Ks; — mocie
60MOapIMPOBKH.

PesysbraThl pacuera Ui pa3HbIX 103 MpeacTaBieHbl Ha puc. 2 (kpuBas 1). BumgHo,
uto npu D = 10" cm? 3uauenmne O cocrasaser 0.4 u npu D = 10" cvm? 0.8. Takum
obpasom, Meton uccienoBanus 3asucumoctu K(hv) seisiercst 3¢ GeKTUBHBIM CPEICTBOM
onpeneneHus Eg, cTemeHH pasynmopsmodeHHs IOBEPXHOCTH MU CTEHNEHH ITOKPBITHUS
MOBEPXHOCTH HAaHO(a3aMH.

Pezynprater OOC mokaszanu, 4YTO B Mpollecce HMOHHOM OOMOapAMpOBKM Ha
noBepxHoctr CdS B ocHOBHOM conepkatcss atombl Cd u S, 0OIHAKO WX OTHOCHUTEIbHAS
KOHIIEHTpaIms npu Ey = CONSt 3aBUCHT OT 10361 MOHOB (puc. 2, KpuBas 2). 13 puc. 2
BMIHO, uTO npu Gombapauposke CAS nonamu Ar* 3asucumocts Ccg(D) mpoxoaur uepes
muanmyM pu D = 10" cm?. B unreppane D = 10"°-8x10"® cm? Cey mourn muueiino
pactet ot 30 ar.% no 80-85 ar.%, a 3aTeM CKOpOCTh pOCTa 3aMeJUIACTCS M, HAYMHAS C
D=5x10%° CM_Z, konnenTpanus Cd NMpakTHYECKH He MEHSETCS W yCTAHABIWUBAETCS Ha
ypoBHe 80-85 ar.%. DTH pe3yibTaThl MOKA3BIBAIOT, YTO MPHM HU3KHX 032X MOHOB Ar’
mocite pasnoxkennss CAS Ha cOCTaBIAIOIINE aTOMBI S IIPEUMYINECTBEHHO AU O YHIUPYIOT
K TIOBEPXHOCTH, M MOBEPXHOCTh obOoramiaercss atoMamu cepbl. C pocTOM 03Bl HOHOB
yCHIMBaeTCS pacmbuieHne S ¢ mosepxnoctd. Ilpn nose D>10" cm? kommeHTpamms
PacHBbUICHHBIX aTOMOB S Oyzer Oojbllie, 4eM KOHICHTpalus atoMoB S, Mu(QyHIH-
pyroiux K moBepxuoctu. Ciie1oBaTeIbHO, IIOBEPXHOCTH 0Ooramaercs aromamu Cd.

Cs, at.%r
50
40

30
20

Puc. 3. Ilpopunu pacnpenenenus S no rnyéune CdS npu 6ombapauposke nonamu Ar' ¢ Ey =
1B u D =6x10" cm.
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Ha puc. 3 mpuBenensl npodunu pacrnpenenacHus atomoB S o riryoune mis CdS,
6omb6apauposanHoro nonamu Ar ¢ Ey = 1 k3B npu D = 6x10% cm 2 Buamo, uto 10
riyGunbl 0=5-10 A xonnentpamus S 3amerno He Mensercs. B umreppane d=10-30 A
3aBucumoctb Cs(d) mourn muneiino pacrer ot 3-5at.% o 40-42 at.%, a pu d>35-40 A
NpPaKTHYECKH HEe MEHseTcs u crabuimsupyercs Ha ypoBHe 45-50 ar.%. M3BectHO, uTO
npu OoMOapAuMpoBKe OMHAPHBIX MaTepUalOB MOHAMHM HHEPTHBIX Ta30B OoJjiee JIerKue
KOMIIOHEHTBI ~TIOCJIE  Pa3JIOKEHHs YacTHYHO JUGOYHAMPYIOT Kak B  CTOPOHY
MOBEPXHOCTH, TaK U BHYTpPh Kpuctawia. B ciaydae CdS, mo-BuauMoMy, S B OCHOBHOM
mudyHAMpyeT K TOBEpXHOCTH, modToMy B 3aBucuMoctH Cs(d) He HaOmomaercs
3aMETHOT0 MaKCHMyMa.

3akaiouenue. VccinenoBanus 3aBUCHMOCTH KOY(PQHUITMEHTAa TPOITyCKAHUS CBETa
wienku CdS npu 6omGapauposke nonamu Ar’ ¢ Ep = 1 k3B npu pasHbIX J103aX NOKa3alH,
4T0 C pocTOoM 1036l 3HaueHne K B wmccieayemoil obnactu sHepruu  (POTOHOB
(hv=0.6-3 5B) monOTOHHO yMempmaercs. Jo mo3si D=5x10" cm? mupuua
3aNpeIIeHHON 30HbI IPAaKTUYEeCKH HE MEHSETCS. DTO OOBSICHAETCS TEM, YTO HPU HU3KHX
7103aX MOHOB M3MEHSIIOTCSI COCTAaB U CTPYKTypa OTHCIbHBIX y4acTKOB moBepxHoctu CdS.
[lpu sTOM cocTaB HEOOMOAPIUPOBAHHBIX YYAacTKOB CYIIECTBEHHO HE MEHSETCH,
cienoBarenbHo, Eg Ha 3THX yuacTkax Oyner 6mm3ko k Eq mrenku CdS. Ilpn D>10" cm
TpaHMLBl COCETHHX YYacTKOB HAUMHAIOT TMEPEKpBIBaTh APYT JApyra U KOd(QQHUIUEHT
IPOXOXKICHHA cBeTa M Ey pesko ymenbmiaioTcs. OLEHEHBI IO3HBIE 3aBUCUMOCTH
kod(pummenTa MpoImyCcKaHus CBETa M CTEIICHb MTOKPBITHS ITOBEPXHOCTH HaHO(a3amMu.
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Maxomnazna GOTOHIAp TPASKTOPUSICUHH Ky3aTUO GOPHUIIHUHT cTaTUCTUK MonTe-Kapio ycymunan
¢oiinanann6, sccu PpeHen MUH3ACUHUHT (OKAT coxamaru (OTOHIAP TAKCUMOTH YpraHUIIIU.
Hucniepcuss Hatmxacuna Qokan coxazard GOTOHIAD TAKCUMOTHHMHI OKUAJUH Y3rapuiin
xypcatmnau. LlyauHraex, doxan coxagaru GOTOHIAP TAKCUMOTHHU OMP)KUHUCITH KWINII SIBHU
rOMOTeHM3aLUsUIalll IMKOHUATHHU OepyBUM yCyJl HAMOMMIN KWIMHAM. YIIOYy Makcaana TYFpH
TYpT Oypuakiu waddod npusmanan GoiiganaHUI MyMKHH.

Ucnone3ys cratuctudecknii Metox Monte-Kapno 1 mpociexuBaHus (OTOHOB, HPOBEICHO
YHCIICHHOE WCCIIE0BaHUE CTPYKTYpPHI (POKAIBHOTO ISATHA ITocKoi mmm3bl @penens. ITokazaHo, dto
13-3a JUCIEPCUH B MaTepuale JIMH3BI CTPYKTypa (OoKaIbHOTO ISTHA 3HAYUTEIBHO H3MeHseTcs. Kpome
TOTrO, MPOJEMOHCTPHPOBAaHA TOMOTEHH3AINS CHIBHO C(OKYCHpOBaHHBIX (hoTOHOB. [IpsiMoyronbHas
MPU3Ma MOXKET OBITh IPHMEHEHA JUIS TOCTHKEHHS] TOMOT €HHU3aIHH.

Using statistical Monte-Carlo photon-tracing method, we numerically studied focal spot structure of flat
Fresnel lens. It has been shown that due to dispersion effect, focal spot structure changes considerably.
In addition, we demonstrated homogenization of strongly focused photons. Rectangular prism can be
applied to achieve the homogenization.

Introduction. Solar concentrators are one of extensively studied [1] fields in recent
decades. As the search for optimal solar concentrators for particular application settings
continues, Fresnel lens has one of preferences in solar pumped lasers. Compared to
traditional concentrators such as parabolic mirror or convex lens, Fresnel lenses have
practical advantages like small volume and cost effectiveness. Utilizing Fresnel lens to
focus natural sunlight, the authors of the study [2] achieved 11%-14% slope efficiency of
solar-pumped laser by Cr-codoped Nd:yttrium-aluminum garnet ceramic. Later, in 2009,
using Fresnel lens, 80 W output laser power generated [3], demonstrating preference of
Fresnel lens over mirror-type concentrators. This corresponds to 4.3% of conversion
efficiency from solar power into laser. Furthermore, another study [4] showed that the
Fresnel lens enables higher solar laser collection efficiency. These experimental studies
indicate that Fresnel lens as a concentrator has the potential to improve solar pumped
lasers. Fresnel lens concentrator is the part of the pumping scheme and the pumping
process determines laser’s key parameters, knowing the focal field structure is important.
Therefore, in this paper, we intend to study focal field structure of Fresnel lens.

Fresnel lens. Most studies conducted on concentrated solar energy applications
using Fresnel lenses for various purposes can be classified into two main groups: imaging
Fresnel lenses [5] and non-imaging Fresnel lenses [6, 7]. Imaging Fresnel lens is used to
create an image, whereas nonimaging Fresnel lens is used to collect solar energy. So, how
to explain physical shape of Fresnel lens? If we cut out rectangular parallelepipeds (as it
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is shown in Fig. 1, left) from convex lens’s bulk and remaining surface pieces will be
placed down on a flat surface, then we end up with theoretical Fresnel lens (Fig. 1, right).

1D case

5 /. ///,H\\x\%

Figure 1. 1D case and 3D case of the real surface of Fresnel lens.

In ideal situation, Fresnel lens’s sawtooth-shaped groove surface supposed to be
spherical or parabaloidal. However, due to manufacturing complexities of spherically
curved, micro-sized surfaces, the real Fresnel lens is essentially a chain of prisms on a flat
(Fig. 2, left) or curved (Fig. 2, right) surface.
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Figure 2. Flat and curved Fresnel lenses.

Depending on Fresnel lens types, focal spot structure will be different. Each type
will have advantages and disadvantages in particular configuration settings. Therefore,
before applying Fresnel lens in practice, it is necessary to know the focal spot structure.

Statistical photon-tracing method. As already mentioned, imaging Fresnel lens is
used to create an image of a object where optical aberrations and wavefront distortions
play fundamental role, and therefore it should be studied in the framework of wave optics
theory [5]. In contrary, nonimaging Fresnel lens is aimed for optimally collecting solar
energy. For this reasoning, study of nonimaging Fresnel lens can be done using principles
of geometrical optics [6]. In this paper, to study the spot structure, we use a statistical
photon-tracing method [8], which, to some extent, resembles ray-tracing method [9]. The
latter is by nature completely deterministic, whereas the former method involves
randomness. Similarity is that trajectory of a photon is determined from the sequence of
intersection points by using geometrical optics. Difference is that the elementary
processes such as reflection, refraction, absorption, and emission will be modelled by
Monte-Carlo method. Detailed comparison of above mentioned two methods, advantages
and disadvantages, practicality and applicability limits are not subject of this paper.

Focal spot structure of flat Fresnel lens. We consider the “grooves out” flat
Fresnel lens for the study of focal field. Its focal length and number of prisms are given.
Since each prism has different angles, it is required to find them individually (Fig. 3).
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Suppose that photon (ray) is
incident on n-th prism and we need to
find that prism’s angle. Using Snell’s
law and some geometry, we will find

tano=r/f

y=arcsin(sinm/ n)
B =arctan(siny / (n—cosy))’

a=B+y
where n — refractive index of the prism
material, r is the distance from a center
of the lens to the incident point. To
apply statistical photon-tracing
method, we consider the Fresnel lens
with focal length of 88 cm, the number
of prisms are 2500. Used lens material
is polymethyl methacrylate which
dependence of the refractive index on
the wavelength are given by a equation
n(A) = 1.478419+463182.1x10°8/A%-
—8.637338x107°%/A%, 2)
and graphically plotted in Fig. 4.

Now, we run simulation for solar
radiation focusing by above-described
Fresnel lens. In Figure 5, one can see
the expected clear difference. If the

(1)

Figure 3. “Grooves out” flat Fresnel lens.

A, um
Figure 4. Dependence of the Fresnel lens
refractive index on the wavelength of radiation.

dispersion is taken into account, focal spot diameter widens to approximately less than

0.5cm.

Without dispersion

Number of Photons

With dispersion

Number of Photons
= E B

==

Figure 5. Number of photons in geometrical focus of Fresnel lens.

When dispersion is taken into account, apart from the obvious widening, simulation
model shows that practical focus shifted less than 2 cm. One can see it from a dependence
of number (concentration) of photons on focal length (Fig. 6).
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Figure 6. Dependence of concentration of photons on focal length.

That is, when there is no dispersion, geometrical focus justified itself and it was
around 88 cm. However, with dispersion focus shifted away from the lens (as it is showen
in Fig. 6).

Focal spot homogenization. Mostly, tight focusing is the goal of optical imaging
systems. As already discussed, non-imaging systems have different purpose. For
example, one usage of solar radiation concentrators such as Fresnel lens is solar-pumped
lasers. That is, the solar radiation is focused into an active medium in the form of side
pumping or end pumping. In some cases of solar pumped lasers, to optimize laser output
quality/parameters and prevent thermal effects, it is required to illuminate the active
medium uniformly instead of focusing to a point. In this paper, using our model we are
demonistrating a method to achieve the homogenization. This goal can be achieved by
placing a rectangular parallelepiped shaped prism right after geometrical focal plane

(Fig. 7).

Figure 7. The homogenization focused photons.

Under certain condition, it is possible to achieve homogenization of focused photons.
In our simulation, we applied a rectangular prism with a size of 1x2x8 cm® and the
Fresnel lens with focus of 88 cm and 1-meter diameter. Simulation results are presented
in Fig. 8.
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an
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Figure 8. Distribution of photons at entrance (left) of prism and at exit (right) of it.

Photons, coming to the the entrance of prism with different directions, will
experience multiple reflections (total internal reflections) from sides of the prism. As a
result, at the optimal size of prism, exited photons distribute uniformly. As our simulation
model shows that, there are optimal sizes of the prism for particular setups. For example,
prism cannot be too long than the optimal length. Same argument applies for height and
width of the prism too.

Conclusions. After a numerical study of focal spot structure of the flat Fresnel lens,
we observe that due to dispersion, a focal spot widens and practical focal plane shifts. For
the Fresnel lens with 88 cm and 1-meter diameter, lateral widening was close to 5 mm
and longitudinal shift of focus was more than 15 mm. In this paper, we demonstrated the
homogenization of distribution of focused photons. This inexpensive and simple
homogenization method potentially can find application in laser physics, particularly in
solar pumped lasers.

Acknowledgement. A.A. Sherniyozov would like to thank F. Shayimov for his
fruitful and certainly helpful discussions on statistical photon-tracing method and its
implementation.
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Hoé&6 snemenTnap Ba MKKWJIAHTaH BaHAOWM acocugard OMPHKMAJIapHUHI MAarHUT Xoccajapu
yprauuiran. BUpHKMaTapHMHI NMapaMarHuT Xycycusrnapu V' kypunuuminard BaHaguil MoHU
TAbCUP HATIKACHU KAHJIMIH KypcaTWwiraH. BUpMKMaJlapHUHI MarHUT CUHITUPYBUAHJIUTH MKKU
TALIKWII 3TYBUMIIAP, S’bHU BAHAIUI NOHU Ba HOEO AJIEMEHT MOHU MArHUT CUHTUPYBYAHIUT UHIUHT
WUFUHANCHIAH UOOPATIWINIY TacAUKIaHraH. ByHnaH kennb ynKrad xonjga Xxuco6siab Tonuwiral
M(7) OormaHMII TaXpuba HATWXKaJIapd OPKAIM OJHMHraH KuiiMaTiap OWIaH yCTMa-yCTJIUIH
kypcatuinrad. By Oupukmanapaa, 6up-oupu OwiiaH y3apo Tabcupia OyaMmaraH, UKKUTAa MarHuT
IaH)Xapa MaBXyAJIUTd UCOOTIIAHTaH.

PaboTa mocBsIeHa W3Y4YEHUIO MarHUTHBIX CBOMCTB COEIMHEHHWH Ha OCHOBE [ABOMHBIX BaHAIaTOB
pEeIKO3eMENbHBIX 3JIeMEeHTOB. [loka3aHO, 4YTO CyIIECTBOBAaHME B COCOMHEHHMAX BaHAIUs \Van
o0ycnaBnuBaeT  MapaMarHUTHBIE  CBOWCTBa  coenuHeHuil. OOOCHOBAaHO, YTO  MarHUTHas
BOCTIPHMMYHBOCTh CKJIaABIBACTCS M3 ABYX COCTaBJSIOLIMX. MAarHUTHBIX BOCIPHUMYHBOCTEH HOHA
BaHA[MsT W PEIKO3EMEIbHOrO diieMeHTa. Paccuurannas 3aBucumocts (7) coBmamaer ¢
IKCTIIEPHUMEHTAIBHBIMU 3HAUYCHUAMH. [loKa3aHo, YTO B TAaHHBIX COCAWHCHUSIX HUMCIOTCS J[BE MarHUTHBIC
MOJPCIICTKH, HE B3aUMOICHCTBYIOIIUE MEXKY COOOM.

The work is devoted to study of the magnetic properties of compounds based on double vanadates of
rare earth elements. It is shown that the presence of vanadium V** in compounds causes the
paramagnetic properties. It is justified that the magnetic susceptibility is consisted of two parts: the
magnetic susceptibilities of vanadium ion and rare earth element. The calculated dependence p(T)
coincides with the experimental values. It is shown that in these compounds there are two magnetic
sublattices that do not interact with each other.

BBenenue. Mmerommuecst 70 HACTOSIIETO BPEMEHHU CBEACHHS O TPYIIE TBOHHBIX U
TPOHHBIX COCMMHEHNMH, coepkammx DO, aHHOHBI, U B KATHOHHO YacTH OXHMH WIH JBa
menouHelx Metamia coctaBa MzLn(D04), (M - menouHble KaTHOHBL, LN —
pemKo3eMebHbIE DIIEMEHTE, D — P, V), orpaHn4mMBalOTCS HMX CHHTE30M B BHIIE
MOJMKPUCTAIUTHUECKIX 00pas3IoB W XapakTepucTHkoi ctpoenus [1]. CBoeoOpasme ux
3aKJIFOYAETCSI B TOM, YTO OCHOBOHM CTPYKTYpHI SIBISIOTCS clou TerpadpoB D0, B
KOTOpbhIC BKpAIUICHbI KaTHOHBI peIKo3eMelbHbIX 37eMeHToB (P3D), B TO Bpems kak
aTOMBI IIEIOYHOTO METajlJla PACIojararoTcs B MEXKCIOEBBIX IMPOMEXKYTKax. Bce 3Tu
COEIMHEHUS OTHOCSTCS K IPOU3BOIHBIM riazepuTa. MakpoCiIOUCThIe COSAUHEHUS TaKOTO
TUIIA MOTYT HCIIONIb30BaThCS JUIA  pa3pabOoTKH  MaTepuanoB  (pyHKIHMOHAIHHON
3JICKTPOHUKH, OCOOEHHO, eClii O MPEJACTaBICH BaHAJWEM, KOTOPBIA, KaK H3BECTHO,
XapaKTepPU3yeTCs MIUPOKUM HAOOpPOM BO3MOXKHBIX BaJICHTHBIX cocTosiHWH. [11010TBOpD-
HOCTBb TaKOro TMoAOOpa WIUTIOCTPUPYETCS TEM, YTO IYTEM TOJBKO AMIIHPUIECKOTO
MOJIX0/Ia Ha OCHOBE JBOMHBIX BaHAIATOB OBLIT CO3/[aH TepMope3ucTop [2].
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Oco0ble 1 BecbMa HHTEpeCHBIe cBoiicTBa P33, anemMeHTOB niepexoaHoi 4f-rpynmel, B
MIEPBYIO OYEpPeib, CBSI3aHBI C 0COOCHHOCTSMH CTPYKTYPhI 3JICKTPOHHON 000JIOUKH aTOMOB
JAHHBIX BEIIECTB, & IMEHHO, C HAIMYHMEM JOCTPAaUBAIOIETOCs TIIyOMHHOTO 14-MecTHOTO
4f-crmost.

WuTepec MpeacTaBisiioT COCAUHEHHS, B COCTaB KOTOPBIX BXOJHMT WOH BaHAIUS.
Karnoust ¢ d-onemenramu (V™2 V*) comepxar HecnapeHHbIe SI€KTPOHBI B 06OJIOUKE,
BHEIIHAS KOH(Uryparms mis HuXx — coorsercteenHo o2, d'. Karmom V*°, mmerommii
JNEKTPOHHYIO KOH(PUTYpaIUIo aproHa M, cJIe0BaTEeNLHO, HE COCPKAIINI HecTiapeHHbBIX
3NEKTPOHOB, SIBISETCS AMAMATHUTHBIM. HecrmapeHHble mekTpoHbl katmomos V'3, V'
00yCJIOBNMBAIOT TAapaMarHUTHBIC CBOICTBA COCAMHEHWH, a B pAAC ClIydacB
MarHUTOYTOPSIOUeHHbIe cocTOsHUS. C STHM CBfi3aHA MEPCICKTHBHOCTh W3YUYCHHS
MardMTHBIX CBOMCTB B COETMHEHUSX C qOCTpanBaromumucs d- u f-obomoukamu.

Cnemyer OTMETHTh, YTO MArHHTHBIC CBOWCTBA COCIUHCHHH CO CTPYKTYpOW
nepoBckuta (LN,VO3), comepkamux apyrue d 3JeMEHTBI, H3yYEeHbI TOCTATOYHO MOJIHO
[2]. Dro oOneryaer WHTEpPHpeTANUIO pPE3yJIbTATOB JAHHOTO HCCICIOBAHUS, OJHAKO
CJIeIyeT UMETh B BHJY, YTO B CHJIY OCOOCHHOCTEH, OOYCIIOBICHHBIX MOCIIEI0BATEIBHBIM
3amonHeHneM d-000J0YKH, CBOICTBA COCTUHEHUH, COAEpKAIUX BaHAIMHA B HHU3KHX
CTETICHSIX OKUCIICHUS, BECbMa CIICITU(QHIHBI

JanHas paboTa MOCBsIEHA W3YYEHUI0 MAarHUTHBIX CBOWCTB COCIUHCHHI HAa OCHOBE
nBoiHEIX BaHamatoB P3D (M3Ln(VO.),), tne M — K, Rb; Ln — La, Lu. Jlauusie
COCIMHCHUS CUHTE3UpYyIOTC ¢ gobasienuem Ln,Oz; V05, M,CO; B onpeneneHHBIX
kommdectBax npu Ttemneparype 1=1000 K B Teuenue t = 3 wacoB. CriekaHne B TaKUX
YCIIOBUSAX CIIOCOOCTBYET KOJMYECTBEHHOMY TMPOTCKAHWIO PEaKIUH ¥ IOJyYCHHIO
MaTepualia ¢ yJIelbHOM MIOTHOCThIO, MAKCUMAJILHO OJIN3KOW K TEOPETUYESCKOM.

Mertoauka wucciaenoBanus. JlaHHble 00pas3ibl  KOHTPOIHPYIOTCS  METOIOM
penTreHoda3oBoro aHaamusza (YeTeipex KajpoBas Kamepa MOHOXpaMmoTopa THma [ HHbe,
CuK,-u3myuenue), KOTOPBIH TPUMEHSIIN T YCTaHOBIEHUS O HO(MA3HOCTH TTOTYUYEHHBIX
o6pasros [3] .

OCHOBHBIM OOBEAMHSIONMIUM CTPYKTYPHBIM TIPU3HAKOM BCEH TPYMIbI JaHHBIX
COCMHEHHH SIBJISIETCS] MX MPUHAIUICKHOCTh K CEMEHCTBY TIIIa3epuTa, IBOMHOTO Cybdara
kamus-Hatpus  K3Na(SO,),. Drta  cTpykTypa XapakTepu3yeTcsi HalM4HeM CIIOEB,
COJICpIKAIIUX TETPAdAPUUYCCKUE TPYMITUPOBKH M aTOMBI HATPUS, B TO BPEMs Kak aTOMBI
KaJIUsI PacIioiaraloTcsl B MEXKCIIOEBBIX TPOCTPAHCTBAX, CBSI3bIBASI CJIOM MEXIY co00ii [4].
PenrtreHorpaduueckue uccieaoBanus mokasanu, uto coenunerus MsLn(VO,), nepBoii u
BTOPOW TOJIOBUHBI JAHTAHOMIHOTO DPsiia U30CTPYKTYPHBI. B 3THX CTpyKTypax aToMbl
P35 u memounoit Meramt (1/3 ot obiero uncia ImeIouHBIX KATHOHOB) PacIoaraioTcs B
OKTadpUYECKUX MycToTax Kiamku terpadapoB VO, Ilpu »sToM opueHTaIus
“HaHM3aHHBIX" HAa OCh TPEThEro MOPsIKA TETPAdAPOB TaKOBa, 4TO arombl P3D
KOOPJIUHHUPOBAHBI TOJILKO IIECTBI0 aTOMaMH KHcIopoaa (JekamuX B OCHOBaHHSIX
TETPad’IpOB), @ aTOMBI MIEJTOYHOIO METala OKPY>KEHbI HIECThI0 PeOpaMHu TpyMITHPOBKU
VO,.

DneMeHTapHble suekiku coeauneHui La, Pr, Nd, Sm, Eu sBistoTCS MOHOKIMHHO
HCK2XCHHBIMU T10 OTHOIICHHIO K HMCXOMHOW pemieTke riasepura. M3sectHo [4], uro
coenunenus Gd-Lu oOpa3yroT 1Be HOATPYIIIBI, OTIHYAFOLIMECS YTIIOM MOHOKIMHHOCTH.
Pentrenoga3oBslii aHanu3 MOKa3aj, YTO BAHAJAATHI JIAHTAaHA W TMPE3CoJrMa 00pa3yroT
HOJTPYIIBI, OTIMYAIONINECS TOJNBKO COOTHONICHUSMH MapaMeTpoB MOHOKIMHHOW
SYEHKH M COOTBETCTBEHHO npyruM Habopom wunaekcoB hkl mmst sToit moarpymsl.
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B pesynbrare yCTaHOBJIEHO, YTO JAHHBIC COCAMHEHHS MOXHO TMOAPA3ICIUTh HA TPH
YEeTKO pa3iuyarolyecs MOArPYIITbl: BaHAAAThl aeMeHToB La, Pr, Banamater Sm, Eu, Gd,
Dy u, makoHer, BaHamaTel 3meMeHTOB oT HO mo Lu. Pemerka coenwHeHWs Heoauma
UMEET CBOM 0COOCHHOCTH U Onmke K rpyrmne Sm-Dy.

PesyabTarel M o6cy:kaenue. V3 nuTepaTypHBIX JAaHHBIX u3BecTHO [1], uto
MarHUTHbIE  CBOMCTBA  COCJMHEHHWH  TEPEXOJHBIX  METAJUIOB  OOYCIOBJICHBI
JOCTpanBaronuMucs: BHyTpeHHUMH O- u f-obomoukamu. TemmeparypHBIe 3aBHCHMOCTH
MAarHUTHOW BOCIIPUMMYHBOCTH JBOWHBIX BAHAMATOB PEIKO3EMEIBHBIX 3JEMEHTOB
Npe/ICTaBICHBl HA pUCyHKe. Kak BUIHO, B IUPOKOW 0OJACTH TEMITEPATyp COCAUHCHUS
SIBJIIFOTCS TIApaMarHUTHBIMM, TIpH 5ToM 3aBucumocTh U=f(T) crmemyer 3axomny Kropu-
Beiica:

u=C/T-0.

300 4 p! (cm’/moms)!

200 A b 9,5’*,

4
100 K-

100 200 300 400 500 600 I_(K)

Pucynok. TemnepaTypHas 3aBUCUMOCTh MarHUTHOW BOCIIPUMMYHUBOCTH /151 COEIMHEHUI
MsLn(VO,),: 0—Sm, A — Ho, o — Gd, ¢ — Pr, x— Th, o — Er. IlITpuxoBas JHHUSA — TEOPHSL.

OkcnepuMenTanbhbie 3HadeHus W npu 290 K u mocrosHHble ypaBHeHus Kropu-
Betica npuBenenb! B Tabnuiie. OHON U3 NPUYXH MOSBICHUS XapaKTEPHOH TeMIepaTyphl

© BO MHOrHX clrydasaXx SABJIAOTCA OSJIEKTPOCTAaTUYCCKUEC OOMEHHBIE CHIIbI MEXOY

SIIEKTPOHAMH COCEJHMX HOHOB. 3HAaK W BEJMYMHA KOHCTAHTHI © B OTHX COEAMHEHHSX
YKa3pIBAlOT Ha HAJIWYHE OTPHIATEIBHOIO OOMEHHOI'O B3aUMOICHCTBHS MEKIY
MAarHUTHBIMA aTOMaMH.

Uccnenoanne crnektpoB OIIP coeaunennii M3Ln(VO,), mokaszano, dWro OHH
OMHOTUIHBL. Hamu gaHHbIE MOATBEPXKAAOT, 4T0 B meHtaokcuae BaHamaus (V,0s)
HAOJIIOAeTCA SAPKO BBIPAKECHHAS CHHIVIETHAS JIMHUS TOIJIOHICHHS ¢ (J-(hakTopom
1.965, xoTopylo ClieyeT OTHECTU K BaHAIHIO V™ uz-3a CyIIECTBOBAHUS HECIAPEHHOTO
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Tab6smna. [Tapamerps! ypaBaenus Kropu-Beiica ais nBoitHbIx BaHagaToB P30.

Ln (=) c Hsgy
Pr -16 K 2.273 4.28
Sm -104 K 2.941 4.7
Ho -48 K 2.778 4.8
Er -38K 2.778 473
Th -36K 3.333 5.18
Gd —44 K 3.125 5.02

JMeKkTpoHa, maromero curHan OIIP (mmpuna muaum crekrtpa OIIP 10 sper.) [6].
Uccnenosanne Hamu curHana DI1P yxe HEMOCPEeACTBEHHO B COEMHEHUSAX TOKa3ajIo, YTO
HabOmogaeTcs 0osiee ciadbli 10 MHTEHCUBHOCTH CIIEKTP € IMIMPUHOM juHUK 12—16 3pcT ¢
g-baxTopom 1.965, uTo MOATBEPIIACT IPUCYTCTBUE B COSAMHEHUAX Banams V',

CymiecTByeT 1Ba OCHOBHBIX THIIA B3aUMOJEHCTBHSA, BBI3BIBAIOIIAX OIyTHMOE
VIINpeHHe JMHUHM CIIEKTpa. CHHH-PEIIETOYHOE B3aMMOAEWCTBHE W CIUH-CIIMHOBOE
(criMHBI HecTIapeHHBIX 3JEKTPOHOB OOMEHHMBAIOTCS HSHEpruedl Mexay coboii). CruH-
CIIMHOBOE B3aMMOJCHCTBUE XapaKTePH3YeTCs IMHUEH TOTIIOMICHUs raycoBoil hopmsr [5].

beumn paccumTaHBl TeOpeTHUECKHME 3HAYSHHs] W3 YpPaBHEHHUS COOTBETCTBYIOIICH
HOPMHPOBAHHOH MPOW3BOIHON raycoBoi (OpMBI, U TIOTyYeHHbIC 3HAYCHUSI HAHOCHIIN Ha
IKCHEpUMEHTaNbHYI0  KpuBylo. Okaszanoch, 4TO moONyuyeHHble crekTpel  OIIP
COOTBETCTBYIOT TayCOBOH (hOopMe IJIMHWUHM, YTO TMOATBEPIKIAET CYIIECTBOBAHWE CIIHH-
CIIMHOBOTO B3aUMOJIEHCTBHS B JAHHOH CTPYKType. DTO MO3BOJISET HAM KOHCTaTHPOBATh
TOT (aKT, 4TO y PEAKO3EMENLHBIX 3JIEMEHTOB, KOTOPBIE OTHOCSTCS K MapaMarHUTHBIM
MaTepuagaM M K 3JeMEHTaM C jocTpauBaronieiics 4f-o00104Kkoi, Takke CyIIecTByeT
HECIIapeHHBIA DJICKTPOH, KOTOPHIM Ha (oHe crekTpa BaHamaus He BBIIBIsIeTcs. Ho B
HAallleM ciTydae HaOJoaeTcs B3auMOACHCTBHE PEAKO3EMENILHOTO dJIEMEHTa M BaHAIUs B
BUJI€ CIIMH-CITIMHOBOTO 3 (eKTa, MPUBOAALIECTO K YIIUPEHUIO InHui ciektpa JI1P.

Atom Bamamus V™ umeer ommu 30-57M€KTPOH M HAXOAMTCA B TETPAdAPUIECKOM
OKpyx)eHHH Kucaopona. OcuoHoe cocrosiaue V' *Dyp, (S=1/2) (korduryparms tlzg eog).
Hanmnumne omHoro 3d-ayekTpoHa IaeT BO3MOXKHOCTH OOMEHY MEXIy MNapod HOHOB
BaHA[MA 3a cueT ciaboil m-cBssm: t'p-P-t'yy. IlapamarHWTHAs BOCTIPHHIMYHBOCTB
NBOMHBIX BaHamatoB P3D M;Ln(VO,), ckmagsBaetcs u3 Wy w p". o
napamMarHUTHOW 00JIacTH MPUOIHKEHHO MOXKHO CUUTATh

n=Cy* /(T-0)+C2 /T,
roe Cy™ = 0.425 momb — mocrosiraast Kiopu nona V™, a C.,™® = 6.5mo1b — 3HaueHue
Kropu rona Ln. Paccunrannas takum o0Opa3om 3aBUCHMOCTH U(7) XOpOIIO COBMAIaeT ¢
9KCHEPUMEHTATLHBIMH 3HAYEHUSIMH.

3aknaouenue. TakuM o0Opa3oM, NaHHBIE PE3yNBTATHI MO3BOJSAIOT IPEAIIONIOKHUTS,
gyro B coeauHenusx M;Ln(VO,), umeloTcs [Be MarHUTHBIC MOJPCIICTKH, HE
B3aUMOJCHUCTBYIOLINE MEKAY COOO.

BrusHue pemkozeMenbHOTO »deMeHTa cKasbiBaeTcss B cBsisu L-O. B panmy
PENKO3eMEIbHBIX AIIEMEHTOB M3-3a CIIMH-OPOHUTANBHOTO B3aMMOJENCTBHA HalmIromaercs
ckartue 4f opOuraneit W pacmupenue BHEmHHX 5S U 5p opOuT. DTO O3HAYaeT, 4TO
MaKCHMAJIBHO CXKaThIMHU 3a c4eT L-S B3anmMoneiicTBUs JOMKHBI ObITh 4f opOUTAIM HOHOB
Nd**, Pr¥*, su®, Ho*" , Er¥", Tm*, a makcumansuo pacmpeHHbIME — 5S 1 5p opOUTHI
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9TUX XKe deMeHTOB. Koppersuusi mapaMeTpoB B JaHHOW paboTe CBsI3aHA C yCTONYMBBIM
COCTOSHHEM HOHOB C 3IeKTpOHHO# KoHpurypammeii f°, f7, f14[7].

Tak Kak JIAaHTaHOW PACIIONIOKEH B OKTA3APE W OKPYXKEH UYETHIPbMsI TETpasapamMu
VO,, B3aumopeiictue V-O-V mpoucxoaut 3a cyer cinaboi m-csizu. CremoBaTemnbHO,
uyem 4f 060s10UKa PEAKO3EeMENTBHOTO IEMEHTa YHEPTeTHYECKH CTAOWIbHEE, TeM CHIIbHEe
cBsi3b L-O.
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1I/IHCTI/ITyT snepHoit Gusuku AH PY3, 100214, Tamkent, Y30ekucTaH, ashrapov@inp.uz
’A0 «Hay4aHo-uccnenoBaTeIbCKIi HHCTUTYT TEXHHYECKON (DM3UKU M aBTOMATH3AIHN»
(<HUUTDA»), 115230, Mocksa, Poccusi, vpnesterov@niitfa.ru
(Toxyuena 13.03.2019)

Maxonana «Tasnmunedrraskasubunkapuun MUXK (Tasmu maxpu, Vi6ekucton) Ba «Uz-Kor Gas
Chemical», «¥Ycriopr TI'askuméBuit KomoOunatn» MUK KK (Oxmanox mnocénkacu,
KopakonmnokcTon) HedT-ra3 HIUIA0 YUKAPUII KOPXOHAJIAPUAATH PaAUAlMSIBUA MOHUTOPHHT
HaTwkanapu KypcaTwirad. TapkuOupga Tabuuil paauoHykIumiap OyaraH paauoakTUB
YUKMHAWIAPHU Y30K MyIIaT JaBOMUJIA CAKJIall yUyH MYJDKaJUIAHIaH Maxcyc XUMOsI KOHTeilHepu
KOHCTPYKLHUSCU KYPCATUIITAH.

ITpencraBieHbl Pe3ysbTaThl HCCICIOBAHMIT 110 PAANALIOHHOMY MOHHUTOPUHTY OOBEKTOB MPEIIIPUSITHI
nedrerazonobbiun OO0 «[aznmuuedreraznoderua» (ropox Iasmu, V3bekucran) u CIT OO0 «Uz-Kor
Gas Chemical», «YcriopTckuii razoxumuueckuii kombunar» (mocénok Akmanak, Kapakaimakcras).
OnucaHa KOHCTPYKIHsI 3alIMTHOTO KOHTEHHEpa 0CO00ro BWA, MPEAHA3HAYCHHOTO IS XPaHCHUS
PaIMOaKTHBHBIX OTXOJIOB, COACPIKAIINX ECTECTBEHHBIC PAJHOHYKIIHIBL.

Results of researches on radiation monitoring of oil and gas production enterprises of limited liability
company "Gazlineftgasdobicha” (Gazli town, Uzbekistan) and JV «Uz-Kor Gas Chemical» LLC,
«Ustyurt Gas and Chemical Complex» (poselok Akshalak, Karakalpakstan) are presented. The design
of special kind of defense container for long storage of radioactive waste containing natural
radionuclides is presented.

|. BBEJAEHUE

B mpomecce no6bum HedTH M raza n3 CKBAXHH MH3BICKAIOTCS €CTECTBCHHBIC
pamuonyknuael  Ra-226, Th-232 u mpomykTel WX pacmaga, KOTOpBIE —SBISOTCS
paaroaKTUBHBIMU 3arps3HUTEIISIME OKpYKarolei cpensi [1].

OCHOBHBIM HCTOYHUKOM 3arpsi3HEHHS HE(TEra30lpOMBICIOB €CTECTBEHHBIMU
PaIMOHYKIINAaMU SIBIISIOTCS IIACTOBBIE BOJBI, T1e KOHIEeHTpaus Ra-226 u npoaykTos
ero pacnajga MokeT mpesblath (GoHoBbie 3HaueHuss B 100-1000 pa3 [2]. Coxepixanue
paaus-226 B IIACTOBBIX BOJAX COCTABJIACT IOPSIKA 10° r/n, WO mocTuraer wu
1.5x107" r/n. KpymHele ouard pajMOAKTHBHOIO 3arpsi3HEHHS (DOPMHPYIOTCS IPH
¢dopcupoBaHHO n00bIYe HehTH W ra3a. Tak, TEXHOreHHOE 3arps3HEHHE TEPPUTOPHI
YXTHHCKOTO MecTopoxIeHus B Poccun npu no6brue Hedtu Havanock eme B 18-om Beke,
U MHOTHE CKB@XUHBI IIOCIE BBIPAOOTKHM [UIMTEIBHOE BpEMs W3JIUBAIU BOLY C
conepxanmneM “°Ra 1o 8x107° r/x [3].

[locne nauTensHONW OTKAYKW HEPTH W PACCOIOB HA BHYTPEHHEHW MOBEPXHOCTH
TEXHOJOTMYECKUX TPyO B OOJIBIIOM KOJMYECTBE HAKAIUIMBAIOTCS CONM paaus B Gopme
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OCaJIOYHBIX OTIIOKCHMM. B ocHOBHOM pamnoaktuBHBIE oTiOXkeHUS Ha 90—-95% cocrosT
u3 pagnobaputos Ba”’RaSO, ¢ He3HAUNTETBHBIME IPUMECAMH APYTHX coeanHeHui [4],
a yJIelIbHAs aKTHBHOCTb PaIMOAKTHBHBIX 0CAIKOB nocturaet 10 4x108 Br/kr [5].

[lpn cKUraHuM NPUPOTHOTO Ta3a B OKPYXKAIOIIYID Cpely TaKkKe IOCTYMarT
PamTUOHYKITUBI, B YaCTHOCTH, Tra3000pa3HbIi pajoH. YPOBEHb paaualyd B 30HAX
(hakesioB MO CXKHTAHUIO HEYTHIIM3UPYEMBIX KOMIIOHEHTOB He(hTH U Ta3a Bble (JOHOBOTO
Ha 43%. B pesynbraTe pacnana pagoHa o0pa3ylOTCS JOJTOKUBYIIME PaJUOHYKIUIbI:
ceuHen-210, BucmyT-210 w momonwmii-210. Ilpm mnomamgaHum nake B HEOOJBIIOM
KOJIMYECTBE ITHX PAJMOHYKIHJIOB BMECTE C NBUIBI0 H a3pPO30JIIMH B JIETKHE YellOBEKa
CHJIBHO TIOBBIIIACTCS PUCK 3a00JIeBaHMs pakoM JIETKUX [6].

Ha mpeampustusx HedTerazonoOblud  0COOyH0  paJMallMOHHYIO  OMAacHOCTb
MPEJCTABISIOT PEMOHT U MPOQUIAKTHICCKUE PAOOTHI MO MEPBUYHON MOATOTOBKE HEPTH
U ra3a ¢ BCKPBITHEM DPa3IMYHOTO O0OpPYIOBaHMS, TaK KaK B ITOM Clydae MepCOHA
HETOCPEACTBEHHO KOHTaKTHPYEeT C MOBEPXHOCTSIMH O0OpYIOBaHHUS, 3arps3HEHHOTO
€CTECTBCHHBIMU PAJMOHYKIUIAMH, M BO3HHKAET OMACHOCTH JIUTEIBHOTO OOIYYCHHUS
00CITyKHBAIOIIETO TTEPCOHANA MaJIBIMH 03aMu [7].

B mporecce pacnana pamuonykiauna Ra-226 ¢ mepuomom monypacnaga 1600 met
obpazyercst Rn-222 ¢ mepuonom nonypacnana 3.84 mas 1 8 KOPOTKOKUBYIIUX H30TOIOB
(Po-218, Pb-214, Bi-214, Po-214, Pb-210, Bi-210, Po-210, Pb-206), xotopsie 06pa3yroT
9IMaHaIMIo0 ra3000pa3HbIX MPOIYKTOB pacraia paans-226.

Panmnii-226 1 mpoayKThl ero pacmaga OTHOCATCS K TpyIIe Haubosiee TOKCHYHBIX
PaIMOHYKIUAOB, YTO CBSI3aHO C WX JOJTOBPEMEHHBIM JICIOHUPOBAHUEM MPH
MOCTYIUICHUM B OpPraHW3M 4YeJOBEKa, BBICOKUMH DHEPrusiMH anbha- u OeTa-u3mydeHus
[8].

TakuM 00pa3oM, pagualOHHAs W PATHOIKOJIOTMYECKas OMACHOCTh OOpAIIeHUs ¢
MHUHEPaJIbHBIM CHIPhEM B HE(PTEra30BOM KOMILIEKCE ONpeaeNseTcs 00pa3oBaHUEM,
KOHIICHTPUPOBAHUEM U PACCESHHEM BBICOKOAKTHUBHBIX MPOMU3BOJICTBEHHBIX OTXOIOB B
BUJIC TBEPIBIX M BSI3KHX OCAJKOB, PO3JIMBOB IUIACTOBBIX BOJ M HE(TEHUIAMOB C

HAKOTUICHHEM BBICOKOTOKCHYHBIX U30TOMOB panus (226, 228, 224), topus (228), panona
(222, 220) [9].

1. PE3YJIBTATHBI U OBCYKJIEHUE

PannanroHHBIE MOHHUTOPWHT  €CTECTBEHHBIX pAJAHMOHYKIHIOB Ha 0O0BEKTax
npeanpusTuil  HeTerazoqoOblYM M OLEHKAa  3arPsA3HEHUS  €CTECTBEHHBIMHU
PaAMOHYKIIUAAMH OKPY KAOIIEH CPEIbl SIBIIICTCS aKTyalbHOH 3a1a4eii.

B UJAD® AH PVY3 Obutn mpoBeneHB WCCIEAOBaHUS IO PaTUAIIMOHHOMY
MOHUTOPUHTY 00BekTOB HedTerazomo0bran mnpeanpusatuii OO0 «I'aznmuHedreras-
nooerga» u CIT OO0 «Uz-Kor Gas Chemical» (Ycrioprckuii razoxuMuuecKuit
komouHat» (VI'K)) ¥ raMma-cCieKTpOMETPHUYECKOMY aHAIM3y Pa3IHUYHBIX 00pasIoB,
TTOJTYIEHHBIX M3 UCCIIETyEeMBIX 00BEKTOB MPEANPUATHN He(TEra3o100bI4H.

W3mepenuss TpPOBOMMIM C  HUCIOJB30BAHUEM  JIO3UMETPUYCCKHUX  MPUOOPOB
CPII-68-01, Radiagem 2000, Target IdertiFinder, Polymaster JIK[-RM u mo metony
raMma-CreKTpOMETPUYECKOTO aHaIN3a BIAXHBIX M CYXHX MasKOB, IIONy9eHHBIX U3
MOBEPXHOCTEH HCCICIYEeMbIX 00BEKTOB KOHTPOJIS M 00pa3ioB (IPyHT, TBEpAbIE OCAIKH,
HedTh, Ta30KOHAEHCAT) C HCIONb30BaHMEM ramma-0era crekTpoMerpoB «PAJIDK»
MKI'B-01 (Poccus).
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PesynpraTtel  pamualiioHHOTO MOHHTOpWHTAa 00BekTOB mpemnpusatus OO0
«["aznuHedreraznodpa» ckpakuH «Kymmm», «Kymmmua», «Taiinok», «XoxXHKazran»,
«Surukasran», «Mysaxoin», rasomnepepabarbiBaronux kKominiekcoB (I'TIK) «Vukyp»,
«Kynpbemkak», «Jlasxatua», «l'a3ocemapatopHbId HAacoC» TIOKa3ajdd, 4YTO Ha
TEPPUTOPHSIX OOBEKTOB HePTEera3omoObluM W Tra3ornepepadaThIBAIOIINX KOMILIEKCOB
PaAMOAaKTHBHOTO 3arps3HCHHSI €CTeCTBEHHBIMHU PATUOHYKIIMIAMH HE HaONIomacTcs u
MD]] ramMma-u3jIydeHHs] HAXOJHWTCS Ha ypoBHE ecrecTBeHHOro (ona (~12 mkP/dac).
OpmHako, Ha HEKOTOPBIX TEXHOJIOTHYECKHX OOOpPYIAOBAHHMSIX MO TepepadoTke HepTH U
ra30KOHAEHCATa, B YACTHOCTH, B CIOMBHBIX IIAXTaxX INIACTOBBEIX BOJ, METAIMYECKHX
orxomax (TpyObl, 3aJBWKKH, IIApOBbIE KpaHbI), HAONIOJACTCS MPEBBINICHHE YPOBHS

ecrecTBeHHOro (hona MD]I ramma-usnydenuns B 150 pa3 (tadi. 1).

Tadamuma 1. Pesynbrarsl

TexHonoruaeckoro odbopymosanus OO0 «["aznmuHedTerazmodbraa.

paagualiuOHHOr0  MOHHUTOPHUHIA 00BEKTOB He(l)TeFa3,HO6LI‘H/I n

Ha3Banue " 6 MD/I Ha P
o0beKTa CCIGIYEMOE 0DOPYOBAHHC MOBEPXHOCTH, MKP/4 AHHORYITHIL
I'TIK Tpy0omnpoBon (aeiicTByrOLIHIA) 250 Pannii-226,
Vuakyp ra3opacnpeaeuTeIbHON JINHIY Topwmii-232
TexHoyiornueckoi HuTKH Nel, No2,
Ne5
-Il- Tpy6omnpoBo (HeAeHCTBYIOIIIHIA) 220 -Il-
ra3opacrpeeauTeNIbHOM JTMHUK
TEXHOJIOTU4ECKON HUTKH Ne2
-Il- MeTaioioM U METATHIECKUE 150 -/
OTXOJIBI
'K Pecusep B-201 750 -/l-
Jlasxarun
-1- BriBexpuBarenn 738 -1l
-Il- Emxoctu E-1, E-2, E-3 732 -1/-
-Il- Termnmooomennnku T-101, T-102 200 -Il-
VIIIT OTX0ABI TA30KOHIEHCATa 82 -Il-
Kynpbemkek | razo3ampaBOYHON CTaIlUN
-Il- [lapoBoii kpaH 1800 -Il-
-1/- Tpy6a razoBast Ne2 275 -//-
Iex mo MeTamIonoM U METAIIIMYECKUE 265 -Il-
nepepaboTke | oTxombl
HedTH
Mymnaxon
-Il- Emxocts, H3I1-2 131 -l-
CkBaxxuHa Mertannonom u MeTalIIM4eCcKHe 120 -Il-
Slarukasra” OTXOJbI
CkBakmHa I'pyHT BOKPYT CKBa)KHHBI 147 -//-
HehTH Ne374

B pamnomornueckoii ucneiTarensHoM 1adboparopun MSAD AH PY3 O6pumr mpoBeaeHbI
raMMa-CII€eKTPOMETPUUCCKUC AHaJIN3bI Ppa3INYHbIX O6p33HOB, IMMOJTY4YCHHBIX nu3
uccnenyeMsix 00bekToB OO0 «laznuuedTerazmoOeya». PesynpTaTel mokazaid, 4TO B
HCCIelyeMBbIX 00pa3ax COJEPIKATCS €CTECTBEHHBIE PAaIHOHYKIHAB -°Ra u 2“Th u
HPOJYKTHI UX pacnana (tabm. 2).
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Tabémuma 2. Pe3ynpraTsl raMMa-ClIeKTPOMETPHYCCKOTO aHaIH3a UCCIeIOBaHHEIX 00pasio OO0
«["a3nuHedTerazgooeaa.

yI[CJ'ILHaSI AKTUBHOCTb
HaumenoBanue ucciaeayemMoro 06pa3ua paauoHyKIHM/JA, Bx/kr

26Rq | 22T
TBepablil 0cafiok Ha BHYTPEHHEH MOBEPXHOCTH cpe3aHHoll  43492.5+410 19515.6+1870
HeJeHCcTByIoIel TpyObl (TexHoJormyeckas Hutka No2)

I'TIK «Yukyp»

['pyHT U3 CIMBa IUIACTOBBIX BOJ (TEXHOJIIOTHYECKas HUTKA 5331.3+525 2452.7+230
Nel) TTIK «Vukyp»

«Ma3ok» W3 BHYTpPEHHEH IIOBEPXHOCTM MeTtamionoMa  17923.4+1625 4984.6+420

CKBa)KHUHEI «SIHTHKa3ram»

[TnacroBas Boma u3 cenaparopa C-101 292.7+150 -
Hed b u3 HeTeHaInBHOMN 3cTaKabpl « AMUpadas» - -

l"a3okoHmeHCaT U3 Ta30HATMBHOM dcTaKanbl «AMupadam» - -

W3 tabm. 2 BUAHO, YTO B KOHEYHBIX MPOIAYKTaX HE(TH M Ta30KOHICHCATE PaIHo-
HYKJIHABI MTOJHOCTHIO OTCYTCTBYIOT, OJHAKO B HEKOTOPBIX OOpasiax ymaelbHas aKTHB-
HOCTh ©CTECTBEHHOTO pPAIHOHYKIHMAA “°Ra TMPEBBIIACT CAHUTAPHBIC HOPMBI €ro
MUHUMATBHO 3HAYNMOU YIeITBbHON aKTHBHOCTH Ha pabouem Mecte B 4 pasa [10].

Ilpy ramMMma-akTHBAIllMOHHOM aHaJIM3€ TBEPJAOr0 OCaJKa W3 BHYTPCHHCH
MTOBEPXHOCTH HeAEHCTBYIOMIEN cpe3annoi TpyOs!l (HuTka Ne 2) TTIK «Yukyp» momydeH
raMMa-cIeKTp JOYepPHHX IIPOAYKTOB pacmana Ra-226 (puc. 1) — pagnonyknuma Pb-214 ¢
SHEpPruel aHAIUTUYECKUX MHUKOB 242 k3B, 295 k3B u 352 k3B, a Taxxke pamguoHyKIHMIa
Bi-241 c sueprueii ananutrdeckux nukos 609 k3B, 1120 k3B u 1764 k3B [11, 12].

Mun=512K

|

et

0 1000 2000 3000
OHeprusa(keV)

Puc. 1. lamMma-criekTp TBEpIOro OcCajgka W3 BHYTPEHHEW IIOBEPXHOCTH HEICHCTBYIOIICH
cpe3anHoit TpyObI (HuTKa Ne 2, I'TIK «Yukyp»).

B T1abn. 3 gaHel pe3yibTaThl  PAMAIMOHHOTO MOHHTOPWUHra OOBEKTOB W
TEXHOJIOTHYECKOTO 00opyaoBanus npeanpusatus Hedrerazomoosrau CII OO0 «Uz-Kor
Gas Chemical» (Ycrioprckuii rasoxumudeckuii komounar (YT'K)).
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Tadanna 3. Pe3ynpTaTsl paAnallioOHHOT0 MOHUTOPUHTA TeXHOJIOrnueckoro obopynosanust YI'K.

Hccnenyemoe MDO/I Ha noBepxHocTH, | MBJ] Ha paccros-
HasBanne obbekra | ob6opynoBanne MKP/4 Huu 1.0 M ot noBep-
XHOCTH, MKP/4
Iex no mpowus- TemnooOMeHHUK 4600 450
BOJICTBY ATHJIEHA E-2622
-Il- Coepuyeckmii 170 110
pesepByap IpoIuiIeHa
-/l Ouetp F-5201 A 125 120
-Il- Ounetp F-52016 9720 700
IIpomsicen «Ypra» | Biok BXOZHBIX HUTOK 110 50
ITpomsicen VYcTaHOBKa OTAETICHUS 14 9
«Cyprum» ITaCTOBBIX BOJ
ITpomsicen bydepnas emxocTh 15 10
«beprax»

Kak BumHO u3 T1adn. 3, Ha TexHoiormdeckux oObekrax YI'K HaOmronaercs
TIPEBHIIICHUE YPOBHS ecTecTBeHHOTO (poHa MO/ ramma-m3mydenus B 500 pa3 u B 40 pa3
MIPEBLIMIEHNE TOITYCTUMOTO KOHTPOIBHOTO ypoBHs 250 MKP/4.

'aMMa-CIeKTpOMETPUYECKUN aHAJIM3 HCCICIOBAaHHBIX 00pa3noB o00bekTOoB YI'K
MoKa3aJ, YTO B HHUX B OCHOBHOM HAONIOJaeTcs paJloaKTUBHOE 3arps3HEHUE
ECTECTBEHHBIM PAIMOHYKTHAOM 2°Ra M ero JOYepHHMH MPOAYKTAMH pacrajga
palMOHYKIUIaMH ZMBi, 214Pb, a TaKke PaJuoHYKJIUIAOM 228AC, SIBJISIIOIIMMCSL IOUEPHUM
MIPOLYKTOM PACIIaa eCTECTBEHHOTO PaJHOHYKIHAA ~°Ra (Tadu. 4).

Tab6muma 4. Pe3ynpTaThl raMMa-CIIeKTPOMETPHUECKOTO aHAIU3a MCCIe0BaHHBIX 00pa3ioB YI'K.

VY enpHas akTUBHOCTh
HaumenoBanue uccienyemoro odpasia paauonykiuaa, br/kr
226R4 | 214py | 24p; | 228 p,
I"azokonmeHcar U3 cemnaparopa - 10£3 1241 -
[MopoikooOpas3HbIil MPOAYKT EpepabOTKU - 20+4  25+5 2848
ra30KOHJIeHCaTa
[TnacroBast Bojia U3 cenaparopa 162+40 30+5 3516 3249
[TnacroBas Boja u3 OydhepHOil eMKOCTH 153+42  33+5 5248 2848

I'panynel aTUNEHA — - - _
['panynel nponmnena — - - _

Kak BumHO w3 Tabn. 4, B IUIACTOBBIX BOJAaX, JKUJKOM Ta30KOHACHCATE U
MOPOIIKOOOPA3HOM MPOJYKTE MEpepabOTKU Ta30KOHIEHCATA B OCHOBHOM COJIEPXKATCS
pamHOHYKIHE 22°Ra 1 ero KOPOTKOXKMBYIIHE JOUEPHIE IPOIyKThl neeHms “*Bi, *“Pb, a
TaKxe 228AC, SIBJISIIOIIMICSA JOYEPHUM MPOAYKTOM JHENEeHUS PaJuOHYKIWIa 2%Ra. B
KOHEYHBIX MPOAYKTaX ra30KoHeHcaTa (TpaHysIbl MPOMUICHA U STHICHA) PAIMOHYKIH/IBI
226Ra, 21*Bi, 2*Ph, > Ac monHOCTBIO OTCYTCTBYIOT.

Takum o00pa3oMm, pe3yabTaThl HCCICAOBAHUN IOKa3ald, 4YTO €CTECTBCHHBIC
PaAMOHYKIIUIBI ¥ UX JIOYSPHHUE MPOIYKTHI pacraja B OCHOBHOM HAaKaIUIMBAIOTCS B BUJIC
COJICBBIX OTJIOXKCHHH HAa BHYTPEHHHX IMOBEPXHOCTSIX 3aKPBITOTO TEXHOJIOTHUYECKOTO
obopymoBaHus 1Mo cOOpy, GUIBTpalHuH, KOHIICHTPHUPOBAHUIO, IepepaboTke HedTH U
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ra30KOHAEHCATa, METALIOIOME, METANIMYECKUX OTXO0JaX, MECTaxX CIIMBA IIACTOBBIX BOJ
W Ha JUHUSIX TPYyOONMPOBOIOB HEOYMIIEHHOTO Ta30KOHJeHcara Ha oObekrax 000
«l"azmuaedrerazmoObrda», a TaKkKe B IUIACTOBBIX BOJaX, JKHIKOM Ta30KOHIEHCATe M
MOPOLIKOOOPA3HOM MPOIYKTE MepepadOTKU ra30KOHACHCATa Ha 00 BEKTaX.

I11. BIMSTHAUE ECTECTBEHHBIX PAJTMOHYKJINIOB HA TEXHOJIOTMYECKAM
INPOLECC I'A3OIIEPEPABOTKH YI'K

Pe3ympTaTel paguariioHHOTO MOHHTOPHHTA O00BEKTOB HedTerazomoobran YI'K
[IOKa3aJIM, YTO B TEXHOJOTHYECKOM 00OPYIOBAHHH, KHUJIKOM T'a30KOHICHCATE U CHITy4eM
MIOPOIIIKOOOPa3HOM MPOAYKTE MepepaboTKH Ta30KOHAEHCATa COJEPKATCS €CTECTBEHHBIE
PaIHOHYKIIHUABI K TOYEPHUE TIPOIYKTHI UX HEeJIEHUS 214gj 214pp 28pc (tabm. 3).

'aMMma-cieKTpOMETpUYECKUil aHamu3 Mpo0, TIONYyYEHHBIX W3 Ta30KOHJeHCATa
npomeicioB «Ypra» u «Cypryne» YI'K, mokaszan, 4To B >KMJIKOM IMPOIUICHOBOM Tra3e
COJIepXKATCs IPUMECH KOPOTKOKUBYIMX pammonykmunos ~*Bi, ?“Pb, *Ac ¢ o6meit
ynaenbHoU KoHueHTpanueit 37—40 bi/kr (Tabun. 4).

Pammonykmmnst 2*Bi, *Pb, ?2Ac uMeror kopoTKue meprombl monypacragos (ZBi
71,=19.8 mun, ***Pb 71,=26.8 mun, **Ac 71,=6.13 gac). OnHAKO 3TH PaIHOHYKIHIBI
CIOCOOCTBYIOT MHOTOKPATHOMY YBEITMYEHHUIO €CTECTBEHHOrO (hOHA raMMa-U3IydeHHs, U
BCJIEJICTBUE OTOTO TIOSABJSIOTCS OMMOKM B  HW3MEPEHWH  YPOBHEH  CHITydHX
MOPOIIKOOOPA3HBIX MPOAYKTOB T'a30KOHCHCATAa M BOZHUKAIOT MPOOJIEMbI IPU IOCTUPOBKE
PaAMOU30TONHBIX YPOBHEMEPOB, KOTOPBIC HCIONB3YIOTCS B TEXHOJOTUYCCKOW JIMHHH
nepepabOTKH Ta30KOHJEHCATa Ui W3MEPEHHsS YPOBHS CHITYYHX IOPOIIKOOOPa3HBIX
MIPOJYKTOB B 3aKPBITHIX €MKOCTSIX.

[Ipu HaNTMYMK ECTECTBEHHBIX PAIMOHYKIHIOB U JIOYEPHUX MPOJIYKTOB UX JICJICHUS B
CcoCTaBe Ta30KOHJEHCAaTa W IMOPOINKOOOPa3HOTO MPOJYKTAa YBEIHMYHUBAETCS MOIIHOCTH
JKCTIO3UIIMOHHON 703kl Ojoka wucTtouyHnka BI'M-75 ¢ WCTOYHHKOM HMOHH3UPYIOMIETO
uznyuenus lle3us-137, u B pesynbTaTe B AJIEKTPOHHOHN IIUTOBOH PaJdOM30TOIHOIO
ypOBHEMEpa MPOUCXOJHUT YBEIMYCHHE WM YMCHBIICHHE BBIXOJHOIO aHaJOrOBOTO
curHagbHOro Toka B paszbemax 0-5.0 mA, 4.0-20.0 mMA, 4TO HPUBOOUT K OLIHOKE
HM3MEPEeHHI YPOBHS MMOPOIIKOOOPA3HOTO CHIITYYero MPOAYKTa B 3aKPBITHIX EMKOCTSIX.

Jns  ToyHON KamMOpPOBKM W HaNaOKAd PAAHOU30TONHOTO YypoBHeMepa ObLT
pa3paboTaH H KCIIONB30BaH OJIOK KOPPEKTHPOBKU CUTHAIBHOTO TOKA, NpEeAHA3HAUCHHBIN
IUTS. BBITIPSIMIIEHHSI aHAJIOTOBOT'O TOKOBOT'O CHTHAJNa M €Tr0 MOoJa4d B OJIOK 3JIEKTPOHHON
muToBOM B pazbeMax 0-5.0 MA u 4.0-20.0 mA [13].

Ha puc. 2 moxka3ana ¢yHKIMOHanbHAsA cxeMa OJOKa KOPPEKTUPOBKM TOKa, a Ha
puc. 3 — TpagyupoBOYHAs 3aBUCHMOCTh CUTHAJIBHOTO TOKa OT YPOBHS MOPOIIKO-
00pa3HOro CHITy4ero MPOAyKTa Ta30KOHIAEHCATa, COMEPKAIIEro KOPOTKOKUBYIIHE
€CTECTBEHHBIC PAIMOHYKJIHIHBIC TPUMECH.

L4
Y

- -
L Ll

Puc. 2. dyHkumoHajbHas cXeMa pPaAMOM30TOIIHOTO ypOBHeEMepa ¢ OJIOKOM KOPPEKTHPOBKH
curHanbHOro TOoKa: 1 — Omok ramma-ucrounmka BI'M-75 ¢ HCTOYHHKOM HOHH3HPYIOIIETO
mnydeHus: Llesmii-137; 2 — 3akpeITas €MKOCTh C MOPOIMIKOOOPa3HBIM CHITyYHUM TMPOAYKTOM
ra3okoHAeHcaTa; 3 — OJOK JeTeKTHpOoBaHUS, 4 — OJOK KOPPEKTHPOBKH CHTHAJIBHOTO TOKA; 5 —
OJIOK 3JIEKTPOHUKH PATHONU30TOITHOTO YPOBHEMEDA.
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Puc. 3. I'pamgupoBouHas 3aBUCHMOCTh curHambHOro TOKa (1) or ypoBHs (H) ceimydero
MOPOIIKOOOPA3HOTO MPOJYKTa Ta30KOHAeHcara: 1 — HOpMallbHas TPaJUpPOBOYHAS 3aBHCHMOCTD
YPOBHSI CHIIYYero MOPOMIKOOOPa3HOTO MPOAYKTa OT CHTHAIBHOTO TOKA B MPUCYTCTBHH OJIOKa
KOPPEKTUPOBKH TOKA; 2 U 3 — aHOMAJbHbIC 3aBUCHMOCTH YPOBHSI CHIMYYero MOpOIIKOOOPa3HOTO
MPOJYKTa OT CHTHAIbHOTO TOKa B OTCYTCTBHE OJIOKa KOPPEKTOPA TOKA.

[To pe3ynbpTaram pagralliOHHOTO MOHUTOPUHIA €CTECTBEHHBIX PAJUOHYKIHIIOB HA
oO0bekTax HedTerazonoobrun YI'K OblIM MPHHATHI SKCTPEHHBIE MEPBI TI0 MUHUMH3AINN
9KOJIOTHYECKHX PUCKOB U 00ECTICYeHHUS PaAHOIKOIOTHIECKOH 0e30MacHOCTH, MPOBEACHBI
paboThl IO IOCTUPOBKE W HANAAKE PaIHOW30TONMHBIX YPOBHEMEPOB C HCIIONB30BaHUEM
0JI0Ka KOPPEKTHPOBKH CHUTHAIBHOTO TOKA JUII TOYHOTO W3MEPEHHS YPOBHS CHITYYHX
MOPOIIKOOOPA3HBIX  MPOAYKTOB MepepabOoTKH  Ta30KOHJEHCaTa  PaJHOU30TOIHBIM
YPOBHEMEPOM.

1V. YHHAKOBKA OCOBOI'O BUJA JJIAA JOJTOBPEMEHHOI'O XPAHEHUSA
PAJNOAKTUBHBIX OTXO/JOB C ECTECTBEHHBIMHA PAJNOHYKJIUIAMUA

B Hacrosimiee Bpemsi aKkTyalbHOM 3amadeil sBIsieTcS JOJITOBPEMEHHOE XpaHEHHE
PaIMOAKTUBHEIX OTXOJOB, COJCPKAIlMX E€CTECTBEHHBIC pPAJHOHYKIUIBI, a TaKXke
yTWIN3aIus U JONTOBPEMEHHOE XpaHEHHE OTPAaOOTaBIIMX HA3HAYECHHBIH CPOK CITyKOBI
WCTOYHUKOB HOHW3UPYIOIIET0 H3TYYCHUS Ha OCHOBE paauoHykimnaa Ra-226, panee
UCIIOJIb30BAHHBIX B SICPHON MeIMIMHE (TeHepaTopsl pajioHa-222) u saepHoii reodusuke
(sTasOHHBIE MCTOYHUKY TaMMa-U3JIyIeHHs Ha OCHOBE panuii-226).

B ucrouHnKax MOHU3UPYIOIIETO U3ITY4YeHUs Ha OCHOBE paaus akTuBHOCTHI0 100 ['bk
CO BPEMEHEM pPEe3KO YBEIMYMBACTCS IAaBJICHWE BHYTPH KalCyJbl 3aKPBITOTO MCTOYHUKA
Ra-226 no 137.5 MPa, u B pe3ynbpTate HapylaeTcs ee repMeTuaHocTh [14].

B osranonnsix (006pasoBBIX) HCTOYHHKAX TaMMa-H3JIyueHHs Ha ocHoBe Ra-226
pamuii HaxXOAMTCS B PaBHOBECHH C TMPOAYKTAMH CBOETO pacmana, a HMCTOYHUK
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NpeACTaBIsIeT COOOH CONb paausl, 3aKIIOYSHHBI B ABOHHYIO TEPMETUYHYIO CTCKIISTHHYIO
Karcyry, KOTopasi TOMeIIeHa B Karcyily M3 TepMETU3HPOBAHHON HEpIKaBEIOIEH CTallu.
[Ipu HEOCTOPOX)XKHOM OOpaIleHWH WM B pPe3yjbTaTe CIy9alHOTO yaapa STaJOHHBIE
UCTOYHHMKH TaMMa-W3JIy4eHHs Ha OCHOBe Ra-226 MoryT pa3repMeTu3upoBaThCs, UTO
MIPUBOAMT K YMaHAIIUU Ta3000pa3HBIX MPOIYKTOB pacmaaa panusi-226.

AKTyalbHOM 3ajadeil sBIsETCS JIOJITOBPEMEHHOE XpaHEHHE paJuOaKTUBHBIX
OTXO/IOB, COJEpIKAllMX CCTECTBCHHBIC DAIHOHYKIHIBI, a TakkKe OTpabOTaHHBIX
HCTOYHMKOB HOHM3HPYIOIIEro M3IyuYeHHs Ha OCHOBe Ra-226 c memplo 3alMThl OT
MOCTYIUIEHUsI B aTtMoc(epy TOKCHYHBIX Ta3000pa3HBIX TPOAYKTOB pacrmaja
paguonykauaa Ra-226.

B ®I'VII «Pagon» (MockBa, Poccust) Obut pa3paboTaH ymakOBOYHBIH KOMILIEKT
KM3 PHU Pamon [15] ans cOopa, TpaHCIOPTHPOBAHHS, XPAHCHHS W 3aXOpPOHCHHUS
0TpaboTaBIINX MCTOYHUKOB MOHU3UPYIOMIETO M3ITYYCHHS, B TOM YHUCIIE NCTOYHHUKOB Ha
ocHoBe Ra-226.

YnakoBounsid koMruiekT KM3 PHU «Panon» cocTOUT U3 BHYTPEHHETO 3aIIUTHOTO
KOHTEHHepa, HMMEIOIIEro €MKOCTh JUJIsl pa3MelleHHs HMCTOYHHKOB o0béMom 80 1,
OKpPYXEHHOT0 OMOJIOTMYECKON 3alUTON U3 cBUHIA TojimuHou 25-30 cm. st 3arpy3ku
OTpa0OTaBIIMX HMCTOYHMKOB MpPEIyCMOTpPEHAa H30THYTas 3arpy3o4Has TpyoOa,
3aKkpbiBaeMas HpoOkor. Ml 3amuTsl OT (PaKTOPOB OKpYKAMOMIEH Cpeabl 3alluTHBINA
KOHTEHHEP pa3MeIéH B APYyroM 3alUTHOM KoHTeHepe Tna KM3-Pamon.

B ®OI'VII «Pagon» u AO «<HUUT®A» Opia pa3zpaboTaHa crenuaibHas yNakoBKa
0co00r0 BUAA UISl [UTHTENHHOTO XPAHEHUS WCTOYHHKOB HOHH3UPYIOMIETO W3ITyYeHUS
Ra-226, B KOTOpOH HCIOJB30BAHBI CIIEIHAIbHBICE MaTepHaibl I 00eCIeYCHHUs
yYMEHBIICHHS CKOPOCTH AU(Qy3ur NpOIYKTOB pacmana paauoHykiuaa Ra-226 (B 1.u.
Rn-222) uepe3 Mmarpuily M CTCHKM KOHTEHHEpPa OO TaKOH BEIMYHMHBI, YTO BpEMs
SMaHanuu paguonyknuaa Rn-222 cranosurcs 6onee, uem 3.84 nHd, T.e. O0NbIIe TIEpUOIA
nojiypacnana Rn-222.

VYnakoBka nzrorosnena Ha ocHoBe 100 u 200 nUTPOBBIX METAIMYECKHX OOYEK H
OTIIMYAETCs HATUYAEM IOMOIHUTEIBHBIX 000JOYEK W3 MAIONPOHHUIIAEMOTO HWHEPTHOTO
Marepuaia. B kauecTBe Takoro Marepuaiia MpUMEHEH NMPUPOAHBIM TIIMHUCTBIA MaTepHUal,
OCHTOHHT, WMEWIUI CBOICTBO pa30OyxaTh mnpu ruaparamuun B 14-16 pa3, a B
OTPaHMYEHHOM JUI CBOOOJHOTO pa30yXxaHUs NPOCTPAHCTBE B MPUCYTCTBUU BOJbI
00pa3ylomuii TIOTHBIA T'ellb, KOTOPBIH MPEMsSTCTBYET NabHEHIIeMy MPOHUKHOBEHHUIO

BIIaTH u crocoOcTByeT copouuun
palvOHYKINUJIOB. B KOHTeilHEpe yHaKoOBKHU

KouTeiiHep ¢ oco0oro BHAa TONIIMHA CJIOSI OEHTOHHTA
Ty COCTaBIISIET 8 CM M TOJNILIMHA CJI0s OUTYMa 2 CM.
I B ymakoBke ocoboro BHIa B KadecTBe

Bouka 1 =
11 | — MAaTPHIIBl HCIOIBb3YETCsI IIEMEHTHBIA PacTBOp C
L Eouka 2 oenronutom  (puc. 4). KonteilHep ¢
ncTouyHUKOM Ra-226 ymakoBbIBaeTCS B 4YEXOJ
Marpuua U3 ry6YaToil pe3uHbl, y KOTOPOH COpOIMOHHAs

.o—"'_'_'_'_
ECHTOHMNT CIOCOOHOCTh yaepkuBaHus RN-222 B mecsaTku
o pa3 Oouible, YeM y BOJIBI.

CeprudunupoBaHHas yImakoBKa THIA «A»

OblTa MCIOJIB30BaHa TIIPU  JONTOBPEMEHHOM

Puc. 4. KoHCTpYyKIIHS yIIaKOBKA
XpaHeHUH OTpa0OTaHHBIX HCTOYHHKOB Ha

262 Uzbek J. Phys., 2019, Vol.21(M4)



PAJIMALTMOHHBIN MOHUTOPHMHI ECTECTBEHHBIX PAIMOHYKJIAIOB HA OBBEKTAX ...

OCHOBC Ra'226 Ha MPEANPUATUAX U IMYHKTAaX 3aXOpPOHCHUA PANAUOAKTHUBHBIX OTXOOOB, B
CTpaHax 6BIBH.I€FO CoBETCKOro C0103a, B T.4. IO IHPOCKTaM, (I)I/IHaHCI/IpOBaHHLIM
MATATD [16].

V. 3AKJIIOYEHUE

PagnanuoHubIit MOHUTOPUHT IpEANPUATHUS He(Tera3og00bIIH 000
«l"aznuHedTera3modprda» mokasall, YTO €CTECTBEHHBIC PAJAWOHYKIHABI U MX JOYEpHUE
NPOXYKTHl paciaja B OCHOBHOM HAaKAaIUIMBAIOTCS B BHJE COJIEBBIX OTJIOKEHHHA Ha
BHYTPEHHHX ITOBEPXHOCTAX 3aKPBITOI'O TEXHOJIOTHIECKOTO 000PYAOBaHHMS, METAIIONOME,
MEeCTax CIUBa IUIACTOBBIX BOA W Ha JUHUAX TPyOONPOBOAOB HEOUHIEHHOTO
ra3oKOHJIeHCaTa.

Panuanvonnsiii MoHuTOpuHr mpennpustus Y XK mokasan, 4YTO €CTECTBEHHEIC
PAaAMOHYKIUABI W WX JOYEPHUE MPOAYKTHI pacmaja HaKalUIMBArOTCS HAa BHYTPEHHUX
MTOBEPXHOCTSIX 3aKPBITOTO TEXHOJOTHYECKOTO OOOPYIOBAaHUS M COAEPIKATCS B JKHIKOM
ra3oKOHJIeHcaTe, MOPOLIKO0Opa3HOM NPOAYKTe ra3okoHaeHcaTa. [Ipu 3ToM B pesynbraTe
MHOTOKPATHOTO yBEIIMYEeHUsI ecTecTBeHHOro (hoHa MDO/] ramMmma-u3mydeHus MOsSBISIOTCS
OmMMOKNM B W3MEPEHUH YPOBHEHW CHIMYYUX TMOPOIMIKOOOPA3HBIX IPOIYKTOB Ta30KOH-
JIeHCaTa U BO3HUKAIOT ITPOOJIEMBI MO IOCTHPOBKE PAJON30TOITHBIX YPOBHEMEPOB.

PesynpraTtel moOKazanM, YTO Ui MHHAMHU3AIUU  SKOJIOTHMYECKUX PHCKOB U
obecrieueHUsT  PaMOIKOJIOTHICCKON  0€30MacHOCTH  HEOOXOAWMM  TIOCTOSIHHBIM U
IIOCE30HHBIN CUCTEMHBIN paaualOHHbII KOHTPOJIb Ha NPEAIPUATUAX
HedTera3ogo0buM, B TOM 4YHCJIE pPaAMaliOHHBI KOHTPOJIb COAEPKAaHHS B BO3IYyXE
ra3000pa3HbIX MPOAYKTOB paclajia eCTeCTBEHHBIX PaAHOHYKIUIOB.

YmakoBounsiid koMriekT KM3 PHU «Pamon» u ymakoBka 0co00T0 BHIa ITO3BOJISIOT
o0ecrevnTh JJIMTENIFHOE XpaHEHHEe KaK paJldOaKTHBHBIX OTXOMAOB, COJEpPKaIIhX
€CTECTBEHHBIC DPAIWOHYKJIHIbI, TaK M OTPabOTaBIIMX HAa3HAYEHHBIH CPOK CIYyKOBI
HMCTOYHUKOB MOHU3HPYIOIIETO M3IyUeHUs Ha OCHOBe Ra-226, mckimtodas MOCTYIDICHUE B
atMocdepy pabounx moMelnleHnid paguonykinuaa Ra-226 u ra3000pa3Horo mpoayKTa ero
pacniaga paguoHykinga Rn-222.
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MUCbBMA B PEJAKIIHIO

O KPUTUYECKOM TEMIIEPATYPE CBEPXITPOBOJSAIIETIO
OYJIIVIEPEHA Cys

b.1. Xampamos, H.A. Taiinanos, U. Hypunaunos

JKn3aKkcKuid MOMUTEXHUYECKUHA HHCTUTYT, [kn3ak, Y30ekucran
Wucturyt saepHoit ¢msuku AH PY3, TamkenT, Y36ekucran
(Tosyuena 13.02.2019)

Makonana yra-yrkazyBuan C,g fullerenning KpUTHK TeMIepaTypacHUHUHI KMHMATH 3JIEKTPOH-
(hoHOH ¥3apo TacHp MOTEHLMATIMIa ACOCIAHTaH X0JIJa XUCOOIaHraH.

B nmanHO# paboTe MOJMy4eHO YHCIICHHOE 3HAYCHHE KPUTHUUYECKOW Temieparypbl Qymiepena Cpg Ha
OCHOBE MOTEHIMANA 3JIEKTPOH-()OHOHHOIO B3aMMOJEHCTBHS. I[IpUBEAEHBI NPHUMEPHI BO3MOXKHOTO
MIPUMEHEHHS (YIIEPEHOB B PA3INYHBIX 00IACTAX TEXHHUKH.

In the present paper the numerical value of the critical temperature of fullerene C,g has been determined
on the basis of electron-phonon interaction potential.

OnHoli W3 OCHOBHBIX 3a7a4 HAMPaBICHHOTO TIOMCKAa HOBBIX YTICPOIHBIX
(hyJIIepeHOB SBIISETCS YCTAaHOBICHHE (DYHIaMEHTAILHBIX 3aBUCUMOCTEH 3HEPreTUICCKOMH
CTaOWMIBPHOCTH MJAaHHBIX HAHOKJIACTEPOB OT WX pa3Mepa, TOMOJOTHMH M COCTaBa,
OCHOBBIBAACh Ha NETATHLHOM HM3YyUYEHUH WX DJIEKTPOHHO-DHEPTETHYECKUX COCTOSIHHM. B
HACTOSIIEe BpEMS IPEJIOKEHO OOJBIIOE YHCIO MOJCIBHBIX CXEM H BBITIOJHEHO
3HAYUTENFHOE KOJUYECTBO KBAHTOBOXHUMHYECKHUX PACUETOB KOHKPETHHIX (YIIEpEHOB,
MTO3BOJISIONINX CBS3aTh MPOOJIEMY MX YCTOHYHMBOCTH CO CIEIU(PUKON MX 3IEKTPOHHOTO
CTPOEHUS M THUIIOM MEXAaTOMHBIX B3auMOJEHCTBMU. B uacTHOCTH, MpPEIJIOKEHO T.H.
NPaBWJIO U30JUPOBaHHBIX MsTHyroidpHukoB ([THII), xoTopoe 3ampeniaetr obpasoBaHHe
KOMOMHAIIMK TIATHYTOJBHBIX TpaHel, pasmeneHHsix pedpom [1]. CormacHo sTOMY
npaBwity, QymiepeHsl ¢ N<60 SBISIOTCS HEYCTOMYMBBIMH, XOTS €CTh COOOIIEHHE O
cunrese pymiepera Cz, [2]. C mOMOIIBIO MPOCTHIX TOMOJIOTHYSCKUX METOMOB MMOKa3aHa
BO3MOKHOCTh CYIIIECTBOBAHMS OOJBIIOTO 4YHCIa WHBIX (YJUIEPEHOB, BKIOYas U
HAUMEHBIIUI U3 HUX, TpaBWIbHBIN foaeka’ap Cy. B cBsA3M ¢ 3TUM 0OJBINONH HHTEpEC
MpeACTaBIsAeT HpobiaemMa (HOPMUPOBAHUS CTPYKTYPBI, JICKTPOHHOTO IHEPTETUYCCKOTO
COCTOSIHUSI U crmocoOoB crabwnm3anuu Manbix  (ymnepeHoB (Cpg, Csp, Cyo) Kak
“morpaHuYHBIX” B CEMEUCTBE KIETOYHBIX YIJICPOJIHBIX HAHOKIIACTEPOB.

B Hacrosme#t pabore mcciaeoBaHbl CBEpXNpoOBoIsIe cBoicTBa (yiuiepeHa Copg.
OmpeneneHa TeMmIepaTypa CBEPXIPOBOISAIIETO MEPEX0]a, HCHONAb3Yys MOTCHIIMAI
3JIEKTPOH-(DOHOHHOTO B3aWMMOACHCTBUA. OnTUMHU3NpOBaHHAs CTpykTypa Cpg Tpenc-
TaBJIIET COOOM TMONMAIP C TPEMS TPyIIaMu HedKBHBaIEHTHEIX C aTOMOB (CM. PHCYHOK)
[3]. Bepxuue 3aceneHnble HecBs3bIBaromue opoutanu Cpg TOKAIN30BaHbl Ha YeThipex C
aToOMax, COCTaBJISIONIMX OJHY U3 YIIOMSHYTHIX aTOMHBIX rpymi (C1) yriepoaHo# KIeTKH.

B onpeneneHHBIX ycinoBUAX MONEKyIbl Cyg HMEIOT CBOWCTBO YIIOPSIOYMBATHCS B
MPOCTPAHCTBE, OHU pACHOJAralOTCs B y3JaX KPUCTAJUIMYSCKOW PEIICTKH, WHBIMHU
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cioBamy, ¢yJuiepeH o0pa3yeT KpUCTaul, Ha3biBaeMbld (ymiepurom. UTOOBI MOJIEKYIIBI
Cyg CHCTEMaTHYHO PAa3MECTHIIMCHh B IPOCTPAHCTBE, KaK W WX aTOMBI, OHH JOJKHBI
CBS3aThCS MEXITy co0oi. CBs3b MEXIy MOJCKYJIaMHd B KpHCTaIe OOYCIOBIICHA
Hajgu4ueM clabol BaH-[IEpP-BaalbCOBOM CHJIBI. OJTO OOBICHSAETCS TEM, 4YTO B
ANIEKTPUYECKA HEWTPaNbHOW MOJIEKyJe OTPHIATENbHBIN 3apsa  JIeKTPOHOB U
TIOJIOKUTENbHBIA 3apsAl SApa pacCpelOTOYeHBI B IPOCTPAHCTBE, BCIEICTBHE YEro
MOJIEKYJIBI CITOCOOHBI IMOJIIPU30BaTh APYT JAPYra, T.e. OHU NPHUBOIAAT K CMEIICHUIO B
MPOCTPAHCTBE  ILIEHTPOB  MOJOXKUTEIBHOIO W  OTPULIATEIBHOTO  3apsAloB, YTO
o0ycraBnuBaeT ux B3auMoseiicteue [3].
[lotenmman »meKTPOH-(OHOHHOTO  B3aWMO-
JICHCTBUSI MOKHO TIPE/ICTABUTH B BUE [4]
9 N
Vy =Yl (@ YV V)
g v (DV oo’ i
rme oo m o — MOJeKyJIspHble YpOBHH, ( —
IOCTOSIHHBIN  IapamMeTp. MaTpuyHbldi  3JIEMEHT
YUCIIEHHO OIEHWBAICSA 10 KOHEYHO-Iu(depeH-
nuanpHoM cxeme W cocraun 181 M»aB. Torna,
HCIIOJIB3YS BBIPAKCHUC IJII KOHCTAHTBI 3JICKTPOH-
(hOHOHHOTO B3aMMO/ICHCTBUS

Pucynok. CTpyKTypa KpucTasia A=N()V,,
C28-

JIETKO  BBIYHCIUTH  TEMIEPATypy CBEPXIPOBO-

JSIIIeTo  mepexoja. XOopolno H3BecTHO [4], uTo
TeMIlepaTypa CBEPXIPOBOISMIETO TMEpexofa 3aBHCHUT OT IOCTOSHHOM pEIeTKH
¢bymiepena. MakcumanbHas TeMIepaTypa nepexoaa (GysuiepeHOB METOYHBIX METAIIOB
memuoro Beimre 30 K (u-p, mus monekynsl ¢yimrepera Cgg), HO IS CIOXKHOTO COCTaBa
ona mpeseimaer 40 K. Torma ypaBHenune Makmumiana [5] ans  ompeneneHus
TEMIIEPATYPhI CBEPXITPOBOISIIETO MEPEX01a MOXKHO MPEJCTABUTH B BUJIC

o, 1.04(2+X)
T. = exp ~ .
1.2 A—p (1+0.621)
9]

a’F (o) .
———=In® — ¢oHOHHAs YacTOTA, |' =——————— — KYJIOHOB-
® 1+uin(es /o)

CKHii mceBaonoTenuai [6].

Takum 00pa3om, 3aada BBIYHCIICHHS TEMIIEPATYpPbl CBEPXIPOBOISAIIETO MEPEexXoa
T. CBOAWTCA K PacueTy BEIMYHH A, Op ¥ . JUIS THIIMYHBIX 3HAYECHHI MapaMeTpoB
on=10° K, A=12 u p'=~0.22, N(0)=5 »5B/cnuH Mbl HMeeM Ui TeMIepaTyphl
CBEpXIpoBOIsAIIero nepexoma sHauenue Tc(Cog) = 8.03 T(Cep).

31ece O, :%jdw
0
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Yykyp caTxjap HOCTAlMOHAP CUFMMIIM CIIEKTPOCKONMSICU yCylIM €paamuia pOuii, JaHTaH Ba
KHCJIOPOJ] KUPUIIMAJapUHUHI KpPeMHHUIla pajualusBUi HYKCOHJAPHUHI XOCHJ Oyimuin
kapaHIapura TabCcUpu ypranwnraH. Kpemuuiima d3pOuii €KM JIaHTAH KHPHUIIMAaJIapH
MaBXy[UIMTU PAaJdalUSIBUM HYKCOHJIAPHMHI XOCHJI OYIUIN camMapadopiIUTMHUHI Kamaluiura
oMb KENWIIM aHWKJIaHTaH. DpOuil €Ku aHTaH OwiaH Jerupianrad Ba “Co y-KBaHTIap OWian
HypJAHTUPWITaH KpeMHMIIa A- Ba E-MapKas3lIapHUHT KOHIEHTPALMSICH Ha30paT HaMyHajapra
HucOataH 4-5 O6apoBap KaMJIMIM KypcaTwiraH. PaguauusiBuil HyKCOHJIAPHMHI XOCHJI OYIIuII
camMapaJlopiurd KpeMHUIAIArd KUCIOPOJHUHT MUKIOPUTa XaM OOFIMKJIUIY aHUKJIAHTaH.

MeroamMy HeCTaIMOHAPHOI €MKOCTHOM CIIEKTPOCKOIIMY M3Y4eHO BIMSHHE IIpUMeceil opOus, JaHTaHa 1
KUCJIOpOJia Ha HPOLecChl 00pa3oBaHMs paJUalMOHHBIX JE()EKTOB B KPEMHHH. YCTaHOBIICHO, YTO
npucyTCTBHE B Si prMecH dpOus WX JIaHTaHa OPUBOJUT K CHIDKCHUIO 2)(PEKTUBHOCTH 06pa3oBaHus
paznannoHHbIX AedekToB. [lokazaHo, 4YTO KOHLIEHTpPAUUU KaK A-IIEHTPOB, Tak U E-LIeHTpoB B 4-5 pa3
MerpIe B N-Si<Er> mwm n-Si<La>, o6aydenHoM y-kBaHTaMH °CO 10 CPABHEHHIO ¢ KOHTPOIBHBIMA
o0irydeHHBIME 0Opa3znamu. OOHapyxeHO, 94To (P (HEeKTUBHOCTH 00PAa30BaHUS PATUALMOHHEIX 1e(EeKTOB
3aBUCHUT U OT COJEPKaHUs KHCIOPOJia B KPEMHUH.

The influence of the impurity of erbium, lanthanum and oxygen on the processes of formation of
radiation defects in silicon was studied by method of deep level transient spectroscopy. It is established
that the presence of erbium or lanthanum impurities in Si leads to a decrease in the efficiency of
formation of radiation defects. It is shown that the concentrations of both A-centers and E-centers are
4-5 times lower in n-Si<Er>or n-Si<La> irradiated with y-quanta *°Co compared to the control
irradiated samples. It was found that the efficiency of the formation of radiation defects depends on the
oxygen content in silicon.

W3BecTHO, 4TO B KPEMHHWH, BBIPALICHHOM MeTOJ0M YoXpalbCKOro, MOJBEPTHYTOM
BO3/ICHCTBHUIO paguanny, o0pa3yloTcs pa3indHble KUCIOPOACOAEpKAIIe PaIialiOHHbIe
nedexThl B 3aBHCUMOCTH OT HPUMECHOro cocraBa. Kpome Toro, Hammuume B oOBeMe
KpPEeMHHUsSI TpUMeEceil peiKo3eMeNbHbIX 31eMeHTOB (P33D) NpHBOAMT K MOBBIMICHUIO
YCTOWYMBOCTH €r0 IMapaMeTpoB K BO3ACHCTBUIO panuanun [1-6].

Llenpto nmaHHOW pPaOOTHI SIBISIETCS HCCIIEOBaHHE METOJAMU HECTallMOHAPHOM
€MKOCTHOM criekTpockomnuu riry6okux yposei (DLTS) nusuus aroMos opOus, JaHTaHa
U COJIepXKaHUsl HEKOHTPOJIMPYEMOH pOCTOBOHM MpUMecH KUCIopoJa Ha 3((PEKTHBHOCTh
oGpa3oBanus paauanuoHHsX nepextos (PI) B Si, oGmyuennom y-ksantamu *°Co. [
IPOBEICHUS EMKOCTHBIX W3MEpPEHHH Ha HCCIeIyeMbIX o00paslax H3rOTaBINBAIIN
JIMOITHBIC CTPYKTYPHI TI0 U3BeCTHON Metomuke [7-8]. M3amepenust u 06paboTKa CIIeKTPOB
TaKKe JIETAILHO OMHUCaHbl B pabdoTax [7-10].

B kauvecTBe uccnemyeMbix 00pas3ioB BeIOpaH N-Si, nerupoBanHblil spouem (Er) wmu
nantanoM (La) B mporiecce BBIpalMBaHMS W3 paciuiaBa, C HCXOAHBIM YIECIbHBIM
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conpotusicareM p=10—-30 Om:cMm. [TonHyr0 KOHIIEHTpaIio aToMoB Er wm La B 00beme
MOHOKPUCTAILTMYIECKOTO Si ONpeessiii METOA0M HEHTPOHHO-aKTHBAIIMOHHOTO aHAJIN3a.
Ona cocraBmia 2x10%+8x10" cMm® or Hawanma k koHmy cimrTka. KOHTPONBHBIME
oOpasuamu CIyXuiu oOpas3usl N-Si ¢ OJMHAKOBBIM YJICNBHBIM CONPOTHUBICHHEM P U
pPa3IMYHBIM COJEpP)KAaHMEM KHUCIOpoJa — TaK Ha3bIBaeMbIi KUCIOPOIHBIA Si ¢
KOHIIGHTpAIHeil ONTHYECKH aKTHBHBIX aToMOB Kuciopoaa No®™ = 7x107-1.1x10% cm® u
6eckucmopomubiii Si ¢ No™ < 10 cm®. O6pasupl 06nyuanmu mpH KOMHATHOIR
Temneparype y-kpauTamu *°Co ¢ HHTEHCHBHOCTBIO ToToka ~ 3.1x10% k/cm’c.

Jlo u mocme obmyueHns y-kantamu °Co m3mepsuiu crektpsl DLTS o6pasios
n-Si<Er> wmnmm Nn-Si<La> ¥ KOHTPOJBHBIX HEJETHPOBAHHBIX 00pasIoB W OIMPEHeNsin
9HEPreTUUECKUil CreKTp oOpasyembix rimybokux ypoBHed (I'Y). OTMeTMm, 4TO B 3THX
o6pasmax No®™" cocraBisier 2x10°-8x10 cm™>. Anamms crekrpos DLTS mokaseiBaer,
4yro BBeAeHHe mpuMecu Er wim La B Si B mporecce BbIpanuMBaHMs W3 paciuiaBa HE
IPUBOAUT K OOpa30BaHMIO KAKHUX-IMOO TIYyOOKMX YpPOBHEH B 3allpeIleHHOW 30HE
KPEMHHS, XOTS IO JAaHHBIM HEHTPOHHO-aKTHBAI[MOHHOTO aHAlIW3a aTOMBI 3pOHsi U
JIaHTaHa TPHUCYTCTBYIOT B 00bEME KPEMHHS B JIOCTATOYHO BBICOKOH KOHIICHTPAIMH
(2x10%°-4x10" em 7).

Kak BumHO U3 cnektpoB DLTS, B KHCIOPOIHOM KPEMHUH B pe3yjbTare Y-00yue-
HHUSI KaKk B KOHTPONBHBIX 0Opasiax N-Si, Tak u B oOpazmax N-Si<Er> u n-Si<La>
BBOJIUTCA HOBBIM ypoBeHb C dHeprueil nonmsamuu E.—0.17 5B u cedeHumem 3axBara
3MEKTPOHOB Gy, = 1x107* cM? (prcyHoK, kpuBsie 1 i 2). 3HaueHHs TapaMeTpoB 51oro I'Y
OTHOCSTCSI K U3BECTHBIM KOMIUIEKCaM BaKaHCHUsS-KUCIopoa (A-nentps) [11]. U3 ananusa
M3MEPEHHBIX CHEKTPOB CIIEAYET, 4TO NPHUCYTCTBHMEe npuMecu Er mmm La mpuBomur x
3aMeJJICHUIO TIpoliecca PaaHalioHHOro neeKTo00pa3oBaHusl: KOHIEHTpaus A-IeHTpa
B obOpasmax N-Si<Er> u n-Si<La>, B 4-5 pa3 MeHble, ueM B KOHTPOJBHBIX 00pasIax.
[Tpuuem, yem Oonblie KOHIEGHTpALMsl 3pOusl WIK JaHTaHa, TeM MEHbIE KOHLEHTpauus

PJI.

AC, 0TH. e
L0

-
E-uentputr "0
P U

I ]

A-IeHTPH

| |
{L1] 150 200 250 TK

Pucynok.Crnexrpsr DLTS kuciopoanoro n-Si (1) u n-Si<Er> (2) u 6eckucnopoanoro n-Si (3) u
n-Si<Er> (4) moce o6mydenns y-kBantamu " Co.
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UccnenoBanuchk Takke OCOOEHHOCTH pagualMOHHOTO aAedekTooOpa3oBaHus B
OecKUCIOpOTHOM KpeMHUH, JerupoBaHHoMm Er wmm La. Usmepenust crmektpoB DLTS
KOHTPOJIBHBIX 00pa3IioB OECKUCIOPOAHOTO KPEMHHSI TIOKA3aJId, 9TO Y-00JIydeHHE BBOIUT
B HUX, KpOMe A-IIEHTPOB, eIle OauH XapakTepHbld P/ E-leHTp ¢ dHepruel MOHW3aIuu
E.—0.43 5B u cedeHneM 3axBara 31eKTPoHOB 0,=1.8x10™" cm? (kpuBbie 3 u 4 Ha
pucynke). KouuenTtpauuss E-IeHTpoB B 3THX oOpasmax MnpH 03¢ OO0JIydeHHs
®=8x10"" kB/cm? cocrasnser 5.6x10" cm ™, a KOHIICHTpaIus A-IIEHTpa = 3.1x10" em 3,
T.c. IPUMEPHO HA TMOPSAAOK MEHBIIEC KOHIICHTPAIMU A-IEHTpa B KUCIOPOTHOM Si.
ConocraBinenrne crnektpoB DLTS B 001y4eHHBIX KOHTPOJBHBIX H JICTHPOBAHHBIX
o0pasiiax MoKa3bpIBaeT, YTO HaJIW4Ke MPUMecH IpOHsl WK JIaHTaHa B 00beMe Si IPUBOAUT
K CYIIECTBEHHOMY yMEHBIIEHHIO KOHLEHTpauuu obomx ypoBHed PJI. Konuentpaumu
A-neHTpoB U E-1IeHTpoB B 00maydeHHOM N-SI<Er> wmnm n-Si<La> moutd Ha MOpSIOK
MEHBIIIE M0 CPABHEHUIO C KOHTPOJIBHBIMU O0JTy4YeHHBIMU 00pa3aMy.

Takum 00pa3oM, MPHCYTCTBHE aTOMOB A3pOWs WIM JIaHTaHA B O0bEME KPEMHUSI
3HAYUTENFHO CHIDKaeT d((eKTHBHOCTh 00pa3oBaHMS W3BECTHBIX PaJAHAIlMOHHBIX
nedexkToB  (KOMIUIEKCOB  BaKaHCHUSA-KMCIOpPOA ®  BakaHcHsA-pocdop). MoxHO
NPEANONOKUTh, YTO HaONIoaeMoe YMEHBIICHHE KOHIICHTPAIlMH 3THX KOMIUIEKCOB,
CKOopee Bcero, OOYCIIOBIEHO CBSI3BIBAHMEM AaTOMOB KHCIOpOJAa C HpPUMECIMHU
peNKO3eMENBHBIX DIIEMEHTOB B KOMIUIEKCHI, 9TO HAONIOIalock paHee B pabore [3], a
TaKke OCOOCHHOCTSMH B3amMoJieiicTBusi aToMOB Er m La ¢ TouyeuHbiMH Jedekrami,
BBOJUMBIMHU TPU TaMMa-o0yueHun [6].
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(Tosyuena 03.05.2019)

Makosazna aBTOHOM TUILAATH (POTOKAOYN KWITHWIAPHUHT SHIM BapUaHTIApU KYpUO YMKMIITaH.
Epyrmuk Man6acuia MILIOBYM TeHEPATOp THHOUAATH (GOTOKAOYN KHITHUIAPHUHL IEKTPOOITUK
Ba MAarHUTOONTUK XyCyCHATIApU KenTupwiraH. Karra TOKIApHH YIIMOBUM ONTONIEKTPOH
MUKPOMUHHUATIOpU3AIMSUIAHTaH Yayam acOOOMHMHI Hmuiam npuHOUNM Oepunran. Onto-
JMIEKTPOH MUKPOMHUHHMATIOPU3ALUSIIAHTAH yidall acOOOMHUMHI XYCYCHSTIApu Ba acOCUid
a(3aUIMKIapU MyXOKaMa KWINHIaH.

B cratbe paccmaTpuBalOTCs HOBBIE BapHaHTHI ()OTONPHEMHUKOB aBTOHOMHOIO Tuma. l3mararorcs
3JIEKTPOONTHYECKME M MAarHUTOONTHYECKHE CBOHCTBA (DOTONPUEMHUKOB TI'€HEPATOPHOIO THIIA,
paboTaioliie cO CBETOBBIM ITMTaHMEM. PaccMaTpuBarOTCS NMPUHLMIBI JEHCTBHS ONTO3JIEKTPOHHOIO
MHUKPOMHHHATIOPHOTO HM3MEpHUTENs OonmbIIuX TOKOB. OOCYXITAalOTCS OCOOEHHOCTH M OCHOBHBIE
[PEUMYIIECTBA MUHUATIOPHOTO H3MEPUTEIIS TOKA.

In the article, new version of photoreceivers of autonomous type is discussed. The electro-optical and
magneto-optical properties of photoreceiver of the generator type working with light power are
described. The principles of operation of the optoelectronic microminiature measuring instrument of
high currents are considered. The features and main advantages of a miniature current measurer are
discussed.

Jns u3MepeHus B CHJIOBBIX Lemsix TokoB mopsaka 20-1000 A wucmonb3yroTcs
tpanchopmatopsl TokoB (TT). TpanchopmaTop TOKa CO CTOPOHBI MEPBUYHOI OOMOTKH
BKJIFOUACTCA B JINHUIO, KaK aMIIEPMETP, IIOCIEI0BATENBHO ¢ KOHTPOIUPYEMBIM OOBEKTOM,
a ero BTOpUYyHas OOMOTKAa 3aMBIKae€TCi HEMOCPEACTBEHHO Ha  amIepMeTp.
CrnenoBatensHo, TT mpakTHyecku paboTaeT B PEeKUME KOPOTKOTO 3aMBIKaHHS, U C
OONBLION CTENeHbI0 TOYHOCTH OTHOLIEHHE BTOPUYHOTO TOKAa K IMEPBHYHOMY PaBHO
kod(punmenty tpaHchopManud. ITO YCIOBHE BBIMOTHACTCS TEM TOYHEE, YEM MEHBIIE
TpeOyemas HamarHmumBaromas MJIC Tpancdopmaropa, T.e. yeM MEHbIIE MarHUTHas
MHAYKUUsl B MarHutonpoBoze. [lepsuunsiii Tok TT, paBHBIM TOKY HAarpy3Kd, HE 3aBHCUT
OT COIPOTHUBJICHUS BTOPUYHOU menu. [1o3ToMy mpu yBeNWYEeHHH CONPOTHBIICHUS LIEMTU
BTOPHUYHOH OOMOTKM YBEIMYMBACTCS HANpsHKEHWE OOMOTKM MAarHUTHOTO TIOTOKa
Marauronposoga, TT oTnamsercs OT pexuMa KOPOTKOIO 3aMBIKAHUS U TOYHOCTh €ro
paboTel yMmeHbmaercsi. (CrlenoBareNbHO, O0OILIee CONPOTHUBICHUE W3MEPUTEIBHBIX
npuOOpOB, BKIIOYAEMBIX TIOCIEAOBATEIHHO BO BTOpHUHYIO Iiemb 11, HE OMKHO
IIPEBBIIATE OIPEAEICHHBIX JAOMYCTUMBIX 3HadeHUd. PaspeiB BrOpMuyHOM wnermu TT
(xomocTOM XO0A) HEOMYCTUM W SIBISETCS U HEro aBapUiHBIM peXUMoM. [lpu
OTCYTCTBHH BTOPHMYHOI'O TOKAa BO MHOTO Pa3 BO3PACTAIOT MArHUTHBIN MOTOK U TEILIOBBIE
moTepu B cTanu MarHuTompoBoaa. Kpome toro, Bospacrator BTopuunbie J/IC u
HalpsDKEHHUE, YTO MOXKET MIPUBECTH K MPOOOI0 M30JISILUU U IPEACTABISET ONAaCHOCTh IS
00CITy)KMBAIOIIETO TIEpCOHAA.

[IpoGieMbl MUKPOMUHHATIOPU3ALMK U yCTpaHEHHE YKa3aHHBIX HexocTaTkoB TT B
3JIEKTPOMArHUTHOM BapHUaHTE HEBO3MOKHBI.
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3amaya co3maHug ONTOANEKTPOHHOTO TT B MHKPOIIEKTPOHHOM HCHOJIHEHUH,
AHAJOTUYHOIO 1Mo cBOUM cBoicTBaMH TT ¢ 3MeKTpOMarHUTHOU CBSI3bIO, C ANEKTPUUECKON
pa3Bs3KOM BXOJa M BBIXOJA, HE HMEET PEIICHHUS B TBEPAOTEIBHOU AIEKTPOHUKE.
HeobxoaumocTth peanuzanuu 3TUX (YHKIUNA MpuBela K uaee onrodyiekrpoHHoro TT ¢
MOpsIMOM ONTHUYECKOM CBS3bIO, MOJIOKUBILIEH HAyalio Pa3BUTUI0 MHUKPOIJIECKTPOHHOU
3JEKTPOTEXHUKHU.

C uempro pacmupeHus (QYHKIMOHATHHBIX BO3MOXKHOCTEHM W IS MHUKPO-
munnatiopusaiu TT (cokpamienne ero rabapuToB M Beca) HaMu pa3paboTaH
ONTORJNIEKTPOHHBIA BapuanT 17T, paOoTalommii B aBTOHOMHOM pEXHME depe3
ONTHYECKYIO CBsI3b, WTIPAIONIyI0 37eCh pPOJIb WHAYKTHUBHOW CBs3u oObrgHOTO TT.
OCHOBHBIM 3JIEMEHTOM OITO3JICKTPOHHOTO HW3MEPUTENBHOTO TpaHchopMaTopa TOKa
(OUTT) sBnsiercsi GOTONPUEMHUK TEHEPATOPHOro THmMA. [T W3TOTOBICHHS TaKOTO
ONITORJIEKTPOHHOTO  (PYHKIMOHATHHOTO JJIEMEHTa HEOOXOIWM  ONTHUKO-aKTHBHBIN
MaTepuas, OOJIaJalonuii TaKUMH CBOWCTBAaMH, KaK BBICOKOOMUYHOCTH, OIITHUKO-
HM30TPOMHOCTh, BBICOKAsl CTENeHb HeoaHOopoaHocTu. C 3TOH 1enpio Hamu pa3paboTaHa
crierranbHas TEXHOJIOT Ul U3TrOTOBJICHHsT (poTonpreMHNKa reneparopHoro tuma [1]. Kak
U3BECTHO, sApoM (OTONMPUEMHHUKA TeHeparopHoro Tuma sBisiercs ADH-31eMeHT,
KOTOPBIH MOJy4aeTCss aHW30TPOIHBIM BaKyyMHBIM HCIAPEHHEM; €CTECTBEHHO OXKHIATh
NPOSIBICHUST 3TOM AHU30TPOIUUM W HEONHOPOOHOCTH IMPH OCBELIEHUU CTPYKTYPBI
MOJIAPU30BAHHBEIM CBETOM [2].

[IpencraBnsercs BaXKHBIM BBIICHEHHE BIMSHHUS IOJSIPU30BAHHOTO CBETa Ha
MarHATOONTHYECKHE CBOWCTBA (DOTOMPHEMHHUKA TEHEPATOPHOTO TUTA. DKCIEPUMEHTHI B
MOJISIPU30BAHHOM CBETE MMOKa3aiu, 4To cBoiicTBa ADH-CTpyKTyphl CHIIBHO 3aBUCST OT
OpUEHTAIINN TIIOCKOCTH TOJISIPU3AIMH CBETAa, MOKAa3aTellb MPEIOMIICHHUS TaKXKE CHIIBHO
3aBUCHUT OT TOJIOKEHHS MIIOCKOCTH TOJIIPU3aIMH OTHOCHTENbHO Hampasienus ocu C [3].
W3MmeHeHne TONOXEHHUS TIUIOCKOCTH TOJSAPU3AlNN, CHIBHO MEHSeT KO3(PPHUIMEeHT
nornomieHus, modromy B ADH-crpykrypax HabmomaeTcs 3QQeKT ABOHHOTO Iyderpe-
nomtenust [4]. Kpome toro, ecmu ADH-3memeHT ((OTONMPUEMHHUK TeHEPaTOPHOTO THTIA)
MOMECTUTh B MArHUTHOE II0JIe, B peE3yjdbTaT€ uYEro IJIOCKOCTh MOJSPU3ALUU
IIOBOPAYMBAETCS, BpAIlCHHUE MOJSIPU3ALMM MPOUCXOAUT IOJA JNEHCTBUEM MArHUTHOIO
noJist. [Ipu 3TOM yroi moBopoTa MpONOPIIMOHANICH HHAYKITMH MAarHUTHOTO TIOJIS,

o=1/2)KuB,

rae K — ko3 duumeHT normomeHus, L — NO{BUKHOCTb.

e
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Puc. 1. OnrosnexkTpoHHBIN U3MepHUTeNbHbIH TpaHchopmaTop Toka, CC — comHEe4YHOH cBeT, A —
auna3za, [1 — momspuzarop, N, S — momoca MmarautHoro moisi, ®III'T — doTompueMHK
TeHepaTopHoro Tumna, A — a"anusarop, 111 — BEIXOAHO n3MepUTeNnbHBIA IPUOOD.
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A. KACBIMAXYHOBA, P. HAUMAHBOEB, M. TOXHPOB

Ha puc. 1 moka3aH ONTOAJNEKTPOHHBIM HM3MEPUTENBHBIA TpaHC(HOpPMATOp TOKa C
pabodurM TEeIOM B BHJE TOHKOM IUIEHKH (OTONPHUEMHHKA Te€HEpaTOPHOTO THIIA,
MIPUMEHSIEMOr0 B 00JaCTH BUAUMOIO cBeTa. [y cpaBHEHHUsS HA puc. 2 uzoopaxken TT ¢
3JIEKTPOMAarHUTHOM CBS3bIO.

M |
R

Puc. 2. DnexrpomarautHblit Bapuant TT: 3D — HCTOYHHK 3JEKTpUIECKO sHepruu, Z — Harpy3Ka,
A — amniepmerp.

OnTOANIEKTPOHHBI M3MEPUTENBHEIN TpaHc(hopMaTop B JHEBHOH BpeMmsi paboTaer
ABTOHOMHO I0J] JIE€WCTBHEM €CTECTBEHHOI'O OCBELICHHUS, a BE€YEPOM ABTOMATUYECKHU
NEepEXOIUT K MCKYCCTBEHHOMY OCBEILEHHIO OT CBETOAMONA HeOousbIIoi mMommuocTty. [1o
MOKa3aHUAM BBIXOJHOTO HM3MEPHUTEIHLHOTO MPHUOOpa HEMOCPEACTBEHHO ONpeIeseTcs
YroJj MNOBOPOTa IUVIOCKOCTH MOJIAPU3ALMH, YTO JAET BO3MOKHOCTH OLIEHHTh MarHUTHOE
nmoyie o0bekTa. [lo M3BECTHOW BENMYMHE MAarHUTHOW WHAYKIIMH TPagupyeTcs IIKaja
u3Meputens  TpaHcpopmatopa  Toka.  ONTO3JEKTPOHHBI  W3MEpUTENb  TOKa
MajorabapuTHBINA, 00JaaeT MHUPOKUM THATIa30HOM M3MEPEHHUH, ero 4yBCTBHUTEIHLHOCTh
BBICOKA, HaI&KHOCTh COOTBETCTBYET TPEOOBAHUSIM  MHUKPOAIIEKTPOHHBIX  CXEM.
W3mepeHnst HEKOHTAKTHBIE, YTO MO3BOJIIET BECTU HENPEPHIBHBIN KOHTPOJIb, HE HapyIlas
PEXUM pabOThI TOTPEOUTENEH.

B zaxmoueHme  HEOOXOAWMMO  OTMETHTh, YTO 3HAadeHHWE  WCCIEIOBaHUIl
ONTO3JIEKTPOHHOM amnmaparypsl BBICOKOH TOYHOCTH M HAJEXKHOCTU OIPEIEISACTCS
Pa3BUTHEM MHUKPO3JIEKTPOHUKH.
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