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Bse,lleaue 

8 DOCJielUiee BpeMSI nporpecc B BCDOm.30B8HBB D)"DCOB Beii0Dpli30B811111o1X 

B DOJlilpH30BaHHbiX neifTpOHOB nanp.liM}'IO CBDaH C ycnexaMB He~HHOH OIIl'BKB. 

HanpnMep, 3epKMbHLie neiiTpOHOBO~ npe,nCT8BIDIIOT . BOOMOiiCHOCTit 

TpaHcnopntponan. nytiKH neiiTIJOHOB na ,necJITKH MeTpOB OT peaxropa c 

MIIHnManLHbiMH noTepmm, :no, B cnoro oqepe,n:r,, no3BOIDieT pacnonaran. 

3KCDepnMeHTaJJbHblC YCTaHOBKH, HCDOJlb3ytOIItHe 3TH nyqKH, DpaK'I'H'ICCKH B 

6e3<J.!onoBbiX ycnoBHHX [1]. HeiiTIJOHHo-onrnqecme yCTpoiicna no3BOIDIIOT TaJOKe 

nony<IaTL nenomrpH30BaHHbie H noiDipH30BaHHbie neiiTpoHHLie II}"IKH c sa,n;aHHoii 

MOHOXpOMaTH'!HOCTblO H 3Heprneif [2]. 

B Te'leHHe pMa neT B IIH51<1> ycnelllHO paspa6an.mae'I'C:I TeXHOJIOrmi 

npOH3BO,ll;CTBa MHOrOCJJOHHbiX HCHTpOHHLIX DOmrpH3~mHX cynep3epKan c 

qepe.nyiOlllDMHCX MarHHTHbiMH H HCMarHHTHLIMH CJIOXMH p33JIIIIlHOf0 COCTU& 

(o6LI'IHO 3TO cnon Fe-Co n Ti-Zr), nanLIIDieMbiMH na CTeKIDIHHLie no,lVIO:lKKH [3]. 

01UIHMH H3 OCHOBHbiX npo6neM B npouecce H3rDTOBJJCHWI 3CpKanLHLIX 

CTpYKTYP RBJIXlOTcx: napymenne cooTnomenWI Mexmy Fe n Co,· a.Ta.IOI:e Ti H Zr B 

cnoHx, mepoxonaTocTn n B3anMo.nmp<J.ly3nx Fe, Co n Ti, Zr. B Me)KcnoeBLIX 

rpannuax, a TaK)Ke pasrrn'!Horo po.n:a npnMecn (Q, Ar, C, N ii ,n:p.) • 

.si,nepno-<J.!n3H'!ecirne MeTO.nHKH RBS (pe3ep<J.!op.noncKoe o6parnoe 

paccexnne) n NRA (MeTO,nnKa .!I,ll;epnbiX peaKUHii) na 6ase ycKopnTeneii mna Ban­

.ne-rpaa<J.!a illHpOKO HCDOJlb3YlOTCH ,n:IDI HCCne,nOBaHWI rnyfiHHHLIX npo<J.!Hneii 

3JICMCHTOB (4] 6naro,napH HX 38Me'laTeJJLHLIM Ka'lecTBaM: HepaspyllaiOlllCM)' 

xap~py, BLICOKOH TO'IHOCTH onpe,neneHWI KOHUCHTIJUUHH s·· ·CO'leTaHHH C 

,nOCTaTO'lHOH BO MHOrHX cny'laHX qyBCTBHTCJlbHOCTblO K pa3llH'1HbiM 3JICMCHTaM, a 

TaK)Ke BLICOKHM npOCTpaHCTBCHm.IM paspemeHHCM, ,nOXO,nlllllHM ,no HaHOMeTpOB. 

·---·--------! ~~'!tl!iii!!i:i.~f ~h:ri!>tyt l 
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IlpaB.D:a, rrpn ncrrorrb30namm nyqKoB MaKpocKorrnqecKoro nonepeqHoro 

ceqeHHJf CTOJih BblCOKOC pa3pernenne pearrn3yeTCJI TOJibKO B O.D:HOM I13MCpCHHif - no 

rrry6nHe. B KOHKpeTHOM crryqae OHO OIIpC.D:CJIJieTCJI BCJIHqnuoii IIOTCpb 3Heprnn B 

MaTepnarre o6proua, properneHneM .D:eTCKTOpa, MOH03HeprernquocTbiO 

auarrn3npyiOmero rryqKa. 11MeiOTCJI n .D:pyrne !l>aKTOpbi, BJIHJIIOUJ,Ife na propernenlfe 

MCTO.D:HK, OHH 6y.lJ:YT o6cy)!(.D:aTbCJI HH)!(C. 

3.D:CCh )!(C CITC.lJ:YCT 06paTHTh BHllMaHllC Ha TO, qro o6pa6oTKa 

3KCIICpHMCHTaJihHhiX cneKrpOB paCCCJIHHbiX liOHOB 6ronpyercJI na IIpC.D:IIOJIO)!(CHHH, 

qro rraparrrreJibHbiH rryqoK rrepeCeKaeT O.D:HOpO.D:HbiC IIO COCTaBy CJIOH C ll.D:CaJibHbiMH 

rpaHHUaMll. B 06prouax C nJiaBHO ll3MCHJilOUJ,llMCJI 3JICMCHTHbiM COCTaBOM TaKHC 

rpaHHUbi JIBJIJIIOTCH YCJIOBHbiMH, a B CJIOHCTbiX crpyKzypax HX MO)!(HO COBMCCTllTb C 

BnOJIHC pearrbHbiMH. 

TexnonornqecKoii 3a.D:aqefi npn mroTonrreHnn MHorocrroiiHbiX crpyKzyp 

JIBJIJICTCJI C03.D:aune rpaunu MC)!(.D:Y crroJIMH, 6rrn3KHX K n.D:earrbHbiM [5]. B pearrbHbiX 

CJIOllCTbiX CTpyKrypax liMClOTCJI OTKJIOHCHHJI OT H.lJ:CaJibHOH IIJIOCKOCTH, KOTOpbiC na 

rpannue C BaKyyMOM XapaKTCpll3YIOTCJI KaK IIICpOXOBaTOCTll, a MC)!(.lJ:Y CJIOJIMif C 

pa3JIHqHblM 3JICMCHTHblM COCTaBOM - KaK CJIOll CMCIIIaHHOrO COCTaBa. 

Mnorocrrolinbxe crpyKzypbi prorrnqHoro 

nronaqeniiJI JIBJIJIIOTCJI uan6onee 

6Jill3KliM K ll.lJ:CaJibHOMY o6bCKTOM 

llCCJIC.D:OBaHUJI C IIOMOUJ,blO MeTO.lJ:llK, 

6ronpyiOmnxcJI na pacceJIHnn 

3apJI)!(CHHbiX qaCTUU. 

Mbi n3yqarrn rrepno.D:nqecKyiO 

CTPYKTYPY FeCo/TiZr (88AI75A) 

HCHTPOHHbiH noJIJipH3YIOUJ,HH 

MonoxpoMarop ( HIIM ), COCTOJIUJ,yiO 113 

15 nap crroen ua rrorrromaiOmeM 
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CTeKilo 

TiZrGd 

Puc. I. 06pa:Jelf HJIM 6 pa3pe3e. 
ToRUfUHbl CROif6: TiZr, FeCo -

5+10 HM, TiZrGd - 500 HM, 
cme/Ulo - 1 .MM 

HeiirpOHbl nO.D:CJIOe TiZrGd TOJIUUIHOH OKOJIO 500 HM (pnc.l). llepHO.D:HqeCKHe CJIOH 

li norrromaiOUUIH IIO.D:CJIOH HaHOCIIJillC:b na CTCKJIJIHHYIO IIO.D:JIO)!(KY MarHeTpOHHbiM 

pacnbiJICHHCM B BaKyyMe. llpnqeM, KaK DOKa3aHO B pa6oTe [6] , TOJibKO CTCKJIO, 

paCIIJiaBJICHHOe B OJIOBJIHHOll BaHHC, IThiCCT lliCpOXOBaTOCTb DOBepXHOCTll nopJI.D:Ka 

4A, B TO BpeMJI KaK norrnponauuoe cTCKJIO • B HCCKOJibKO pa3 60JibUIC. 

.D:ocrureyToe B uacToJimee npeMJI properneHIIe no rrry6mie n MeTO.D:HKax, 

HCII0Jlb3Yl011J,UX pacceJIHliC HOHOB ~He\ no3BOJIJICT norryqnTh liH!l>OpMaUHlO 0 

cocrane If crpyKrype crroen [7] TOJIUUIHOii B HeCKOJibKO HaHOMeTpOB. 

06cy)!(.D:eHIIe B03MO)!(HOCTeii uccne.D:oBaHHJI nepiiO.D:nqecKoii CTPYKTYPhl 

FeCoffiZr c noMOIIJ,biO nepropyrnaiOUJ,IfX MeTO.D:IIK RBS n NRA JIBJIJICTCH 

npe.D:MCTOM HacroJimeii pa6oThi. Anarroruqnbie Hccrre.D:oBamiJI y)!(e npoBO.D:llJIIICh B 

.D:pyrnx na6opaTopn.ax [8,9] u noKroarrii nepcneKTnnnocTh :noro HanpanrreHn.a. 

3KCllCpliMCHT3JlhH3H TCXIIHK3 

HeiirponHt.Iii nonHpn3yiOmnii MOHoxpoMarop FeCoffiZr c TiZrGd-no.D:cnoeM 

rrpe.D:CTaBJIJICT C060H .lJ:OBOJibHO CJIO)!(HOC, rrpeUH3llOHHOC ycTpOHCTBO ll .D:JI$1 

nonyqeHHJI .D:eTarrbnoii nn!l>opMaunn o6 ero cocTaBe n crpyKrype Heo6xo.D:HMO 

BblflOJIHllTb UHKJI H3MCpCHllll Ha ny'IKaX npOTOHOB H HOHOB 
4
He• C l!CnOJib30BaHHCM 

MeTO.D:HK RBS n NRA. HronaHHbie MeTO.D:HKH pearrn3onanbi B O.D:HOH n Toil )!(C 

KaMepe pacceJIHHJI Ha Kanarrt:: :meKrpOCTaTnqecKoro reHepaTopa 3f-5 Jla6opaTopnH 

Helirponnoii !l>H3HKH nMeHni1.M.<l>panKa. 

KoHCTPYKUHJI KaMept.I no3BOJIJieT nocne.D:OBaTeJibHO npoBO.D:llTb H3MepenHJI 

cneKrpOB Ha 4-X o6prouax, a TaK)!(C ll3MCHJITb yrorr HaKJIOHa MlllliCHll OTHOCliTCJibHO 

ny'!Ka B npe.D:enax q>= 0° - 90° 6e3 HapyrneHH» naKyyMa. llpn nccne.D:onamm 

cneKTpon o6paTHoro pacceJiunJI .D:eTeKTop Haxo.ziurrcH no.D: yrnoM 0 = 170". TenecHblii 

yron .D:ereKTopa coCTaBJIHJI 0,00138 cTepa.D:naHa, propernennc .D:eTeKTopa nMecTe co 

cneKrpOMCrpll'ICCKilM TpaKTOM He npeBbllliaJIO 10 K3B (eM. pnc.2): qn) 6JIH3KO K 
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TeopernqecKOMY rrpe.neny, o6ycnosneHHOMY .nncKpeTHbiM xapaKTepoM rroTepb 

3nepmn B .neTeKTope. .ll,anhneiirnee cymecTsennoe ynyqrnenne 3HepreTnqecKoro 

pa3perneHH}I BOJMO)I(HO TOllbKO C ITOMOll{b!O 11pHHl{HITHanbHO OTnnqaiOll{HXCH 

MeTO,nOB perHCTPaUHH [IO). 

c[ 

0 

4000,---------------------------------------. 
5485.74 K3B • 
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X 2000 
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1000 
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0 I :rn; T I C ,. -?': , "- ~ 
2940 2960 2980 3000 3020 3040 

HoMep KaHana 

Puc.2. 3Kcnepu.JwenmaJlbllblii cneKmp a-'lacmulf om moukozo ucmo'IHUKa ?41Am 

BaKyyM B KaMepe B rrpouecce Ha6opa crreKTpos rro.n.nep)I(HBanc}l Ha ypoBHe 

10
4 

ITa c rroMOll{biO MarHHTO-pa3p}l,nHoro Hacoca. TeM He MeHee, rrocrre .nrrnTeJibHbiX 

3KCI103Hl{HH, Ha ITOBepXHOCTH o6pa3l{OB 110HBJI}IJIC}I CllOH yrnepo,na. .ll,naMeTP 

n~a10mero Ha MnrneHb nyqKa 6bm oKorro I MM. I13MepeHH}I nposo.nnnncb Ha nyqKe 

HOHOB 
4
He+ c 3Hepmeii: 3,0- 3,2 M3B. 

3a,nep)I(HBaiOll{IIH 3neKrpo,n ,nil}! rro,nasneHJI}I BTOpHqHQH 3MHCCHH He 

HCI10llb30BanCH, qTofibi He yxy,nrnaTb BaKyyMHb!e YCJIOBII}I BfinHJH. o6nyqaeMOH 

ITOBepXHOCTH. 3KcrrepnMeHTbl C pa3JIHqHbiMH yrnaMH HaKnOHa MHllieHH 

OTHOCHTenbHO rryqKa 110Ka3anH, qro BTOpHqHyiO 3JieKTpOHHYIO 3MHCCHIO rro,naBHTb C 

110MOll{b!O 3a_nep)I(HBaiOll{ero ITOTeHl{Hana ,no He06XO,nHMOH BennqHHbl He y,naeTC}I. 

KpoMe Toro, . .nocTaToqHo oqesn.nHo, qro HeT Heo6xo.nnMOCTH orrpe.neAATb ToqHo 

4 

qncno na.naiOrnnx na Mnrnenb qacTHU Ja speM» 3KCITOJHUHH B TOM cnyqae, Kor.na see 

3lleMeHTbl B COCTaBe o6pa3l{a Hllll 110,nll0)1(Kll ,naiOT cyll{eCTBeHHbiH BKna,n B 

3KcrrepnMeHTanbHbiH crreKrp pacce}IHHbiX qacTHl{. <l>rriOeHC MO)I(eT 6h!Tb orrpe.nerreH 

B npouecce Mo,nennposaHn» crreKrpOB. 

TiporpaMMa DVBS [I I], c noMOll{biO KOTopoii rrposo.nnrracb o6pa6oTKa 
.. ::. ·: ~· 

cneKTPOB, rrocne HeKOTOpOH MO,nepHHJal{HH 1103BOJI}Illa ycnOBHO pa36HBaTb o6pa3el{ 

na I 00 cnoes, B Ka)l(,noM IIJ KOTOpbiX Morrro 6h!Tb .no I 0 3neMeHTOB. B rrporpaMMe 

HMeeTCH TaK)I(e BOJMO)I(HOCTb HJMeH}!Tb H30T011Hb!H COCTaB 3JieMeHTOB, yqiiTbiBaTb 

pa3perneHne cneKrpoMeTPnqecKoro TPaKTa, BBO,nHTb CTParrrrnHr, Bbl'IHCJIHeMbiH rro 

<f>opMyrre Eopa, a TaK)I(e KoppeKTnposaTh ero sennqnHy. 

3KcnepHMCHT3Jibllbie pe3yJibT3Tbl 

Tipe)l(,ne qeM rrpHCTYITHTb K o6cy)l(,neHHIO pe3yJibTaTOB, rrorry~eHHb!X Ha 

nepno,nnqecKoii cTpyKrype FeCo/TiZr , paccMOTPHM rrpocTeiirnnii ·_crryqafi -

o,nHOCllOHHOe HHKeJieBOe (C ,no6aBKaMH yrrrepo,na) 3epKanO TOllll{HHOH 47,3 HM. 

TaKoe 3epKano, HaHeceHHoe na crreunanbHO oTo6paHHYIO cTeKn}IHHYIO/rro.nrro)I(KY, 

o6rra,naeT MIIHHManbHOH rnepOXOBaTOCTb!O ITOBepXHOCTH. Ha pnc.3 ITOKilJaH CIIeKrp 

HOHOB renn}l, pacce}IHHbiX Ha yrorr I70°, Kor.na rryqoK c HaqanbHOH 3Heprneii 3,051 

M3B rra.nan Ha rrosepxHOCTb 3epKana rro.n yrrroM 40°. 

Ha crreKTPe Ha6niO,naiOTC}I .nsa IIHKa, o6ycrrosrreHHbie pe3oHaHCHbiM 

pacCe}IHHeM HOHOB 4He+ Ha aTOJ'.!ax 0 H pe3ep<f>op,nOBCKllM pacCe}IHHeM Ha Ni. 

Pe3oHaHc B pacce}IHHH Ha KHcrropo.ne .naer B03MO)I(HOCTb orrpe.nerrnTh 3HepmiO 

B3aHMO,neHCTBH}I C TOqHOCTb!O. I K3B, a C ITOMOll{b!O o60HX ITHKOB - Bbl'IHCJIHTb 

ITOCTO}IHHbie a H 6 B JIHHeHHOH 3aBHCHMOCTII KaHan- 3Hepfll}l: 6 = 3,457±0,00IK3B; a 

= -273,4±0,I K3B. flpHBe,neHHbie 3,neCb rrorpelliHOCTII rrorryqeHbi ITO 3aMeTIIOMY 

CMell{eHHIO pacqeTHOfO H 3KCIIepHMeHTanbHOfO CIIeKrpOB H IIpHMepHO 

COOTBeTCTBYIOT BeJIH'UIHe HenHHeHHOCTII aMITJIIITY.nHO-UH<f>pOBOrO rrpeo6pa30BaTeAA. 
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CTOJib npeuii3IIOHHIDI cneicrpoMeTPmi o6ecneqiisaeTCji He TOJibKO 

TeXHIIqeCKIIMII B03M0)KHOCTjiMII, HO II BbiCOKOH TOqHOCThiO 3aBHCIIMOCTH 

KIIHeMaruqecKoro «Pmcropa OT Macchi pacceiiBaiOmero j!.npa: 

K = [<M/- M1
2 

sin
2 
0)y, + M1 cos0]

2 

M, Mz+M, 
r.ne M] H M2 - MaCChi HaneTaiOmeii qacTHUhi · II pacceiiBmomero j!.npa 

~· 

COOTBeTCTBeHHO, 0 - yrOJI pacCejiHIIji. 

Ilpii cPIIKCIIpOBaHHOM yrne pacCejiHIIji KIIHeMaTIIqeCKIIH «PaKTOp He 3aBHCliT 

OT KaKIIX-JIH60 BHeiiiHIIX YCJIOBIIH li orrpe,neJijieTCji TOJihKO JIIIlllh MaCCaMH 

B3aHMO,lleHCTBYIOll\liX qaCTliU, KOTOpbie II3BeCTHbi C TOqHOCThiO Jiyqiiie 0, I%. 

Puc.3. CneKmp uouoe 4se+, pacceRHHblX ua CJzoe Ni, naueceuuoM 11a cmeKJio (mo'IKU-

3KCnepUMeHm, JIUHUR CUMYJIJIIJUR). Ha ecmaeKe 6o!lee iJemQJlbHO noKa3aHbl 

3KcnepmteHmWlbHblU u pac'lemublii cneKmpbl uouoe, pacceRHHblX ua 5 mononax Ni 

6 

HemmeiiHOCTh. CBj!JaHHaj! c rrpoueccoM periicTpaUIIII qacTIIU B .neTeKTope, B 

.naHHOM cnyqae He yqiiThiBanach, HO ee nerKo yqecTh nyTeM sse.neHIIj! 6oJibiiiero 

qucna Kanu6posoqHbiX ToqeK. 

Ha scTaBKe K puc.3 Bhi,neneH rrapuuanhHhiH crreicrpa uoHoB, paccej!HHbix ·Ha 

HHKeJie. 0co6eHHOCTh COCTOHT B TOM, qTo ero JieBIDI rpaHIIUa, KOTOpiDI o6hiqHo 

pa3MhiBaeTCj! H3-3a CTParrmmra, OKaJanach 6onee pe3KOH, qeM npaBIDI. Han6onee 

ecTeCTBeHHOe 06bj!CHeHIIe 6hiJIO IIOJiyqeHO B pe3yJihTaTe MO,lleJIIIpOBaHUji - B 

COCTaBe IIHKemi HMeeTCJI HeCKOJibKO 1130TOIIOB. 

Ha BCTaBKe CIIJIOIIIHOH JIHHHeH IIOKaJaHa CHMYJIJIU!Iji, BhliiOJIHeHHIDI ,llJIJI lillTH 

li30TOIIOB IIHKeJIJI C pacrrpOCTpaHeHHOCThiO, 6JIH3KOH K eCTeCTBeHHOH ( 58Ni - 50% 

,6~i - 33% ,
61Ni - 4% ,

62Ni - I 0% •
64Ni - 3%). CHMYJIJIUHJI BhiiTOJIHJinach c yqeTOM 

pa3perneHHJI .neTeKTopa, paBHhiM I 0 K3B, rrpu 3TOM KpiiTepHii KaqecTBa rro.nroHKII 

x2
=4,7. )l;JIJI MO)J.enH C O,llHliM H30TOIIOM MliHliMaJibHOe 3HaqeHHe X2=9,6 6hJJIO 

rronyqeuo rrpu pa3perneHHH . ,neTeKTopa 35 K3B, qTo He uaxo.nuT rrpneMne:-.10ro 

06bJICHeHHJI. 

PaJperneuHe I 0 K3B, rro-BH.LlHMOMY. 6nH3KO K peanHJyeMoMy B 

3KcrrepHMeuTe, rrocKOJihKY oueHKa ::~uepreTnqecKoro pa36poca, o6ycnosneu11oro 

KOHeqHh!Mli pa3MepaMH rryqKa li ,neTeKTopa, COCTaBJijieT OKOJIO 2 K3B, qTo 1IpHMepHO 

paBHO 3HepreTHqecKOH TOJill\HHe liCTOqHIIKa 
241Am, C KOTOphiM 6hiJI rronyqeH CITeKTp 

ua puc.2. 113 3TOro 3KcrrepHMeHTa cne.nyeT BmKHhiH BbiBo.n: MeTO.LlHKa RBS 

OKa3hiBaeTCJI qyBCTBIITeJihHOH K li30TOIIHOMy COCTaBy cpe,nHHX ITO MaCCaM 

3JieMeHTOB, HO ,llJIJI peanH3aUHH 3TOH B03MO)!(HOCTH He06XO,llHMa rroqnl II,neaJibHIDI 

IIOBepXHOCTh. lllepOXOBaTOCTli, KaK li3BeCTHO, pa3Mb!BaiOT KHHel\!aTHqecKyiO 

rpaHHUY crreicrpa. 

C ,npyrofi CTOpOHhl, rrpeUH3liOHHIDI CITeicrpOM~HJI pacceJIHHbiX Ha 

IIOBepXHOCTli HOHOB 
4
He+ II03BOJIJ!eT XapaKTepH30BaTb li KaqeCTBO IIOBCpXHOCTII. 

Y)!(e rrpe.nrrpHHHMaiOTCj! rrorrhiTKII ouemmaTh rnepoxonaTOCTh rrosepxuocTH 

KOJIHqecTBCIIIIO [ I2]. 
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,ll)Ill H3MepeHHJI rny6nHHoro rrpoqmnll KHcnopo.n:a H3MepJIJIHCh crreK-rp:r:.r .n:JIJI 

HecKOJihKHX :meprnii s6nmn pe3oHaHca 3,045 M3B B peaKIIHH 160(4He,4He) 160 c 

rnaroM 5 KJB .ll:JIJI yrna <p=30°. B cnoe HHKeJIJI o6Hapy)KeHO 8,4xl015 ar/cM2 

KllCJIOpo.n:a, HaXO.ll:JIIIIHXCJI Ha rny6nHe He 6onee I 3 HM OT IIOBepXHOCTH. 

3000 

2500 

<=: 

"' ; 2000 
~ 
:r 
u 1500 f-
0 

"( 
0 1000 ~ 
:;; 

o:l 

500 

0 
1,0 1,2 

0 
0 

<P 

E=l,732 MJB 

0=170° 

<p=30° 

1,4 

3HeprHJI, M JB 

Ni 

1,6 1 ,8 

Puc.4 3KcnepUMeHmWlbHble (mo'IKU} u pac'lem/lble (llUHuu) :JHep<:emu'lecKue cneKmpbl 

npomo11oe, pacceRHIIblX Ha o6pa31Je IIUKellb-cmeKllO. Ha pucy11Ke maKJ/Ce noKa3allbl 

napiJUWlb/lble cneKmpbl lleKomopblX :JJleMellmoe (C,O,Si), OJIR opy.:ux (Na,Ca,Ni,Ba) 

nOKQ3a/lbl KUIIeMamU'IeCKUe ?pWIUIJbl 

Co.n:ep)KaHHe yrnepo.n:a B cnoe HHKeJIJI orrpe.n:enJinoc:r:. Ha rryqKe nporoHOB c 

'JHepmeii I, 73 I MJB c rroMOIIIhiO .n:pyroro H3BeCTHoro pe3oHasca B peaKIIHH 

12
C{p,p) 12C [I3]. CoorseTCTBYIOIIIHH crreK-rp pacceJIHHhiX rrporoHoB noKaJaH Ha 

pnc.4. KaK BH.lJ:HO, pacqerH:r:.rii II JKcrrepnMeHTaJihHhiii rrapiiHaJihHhie crreKTJJhi 

rrporoHos, pacceJIHHhiX Ha yrnepo.n:e, rro nnoma.n:n cosrra.n:aiOT .n:ocraroqHo roqHo, 

qro cooTBercrsyer 5,52xi016 ar/cM2 yrnepo.n:a. 
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IIorepn :meprnn nporoHoB CJIHIIIKOM MaJihi, qro6:r:.r rronyqnr:r:. rny6HHHhrn 

npoqmn:r:. KOHIIeH-rpaiiHH yrnepo.n:a B CJIOe HHKeJIJI CTOJih MaJIOll TOJIIIUfHhl. J103TOMY 

s oKoHqaren:r:.HyiO Mo.n:en:r:. o6pa3IIa 6:r:.ma sse.n:eHa cpe.lJ:HJIJI KOHIIeH-rpaiiHJI yrnepo.n:a 

B cnoe HHKemr - I2, 7%, rrpn KOTopoii nonyqeHo y.n:osnernopnren:r:.Hoe orrncasne KaK 

CIIeK-rpa pacceJIHHhiX IIpOTOHOB, TaK ll'BCeX CIIeK-rpOB paCeJIHHhiX HOHOB reJIHJI. 

)J.anee rrepeii.n:eM K o6cy)K.lJ:eHHIO pe3yJihTaTOB, nonyqeHHhiX Ha 

rrepno.n:nqecKoii crpyKrype FeCoffiZr c IIOMOIIIhiO Tex )Ke MeTO.ll:HK. KaK 6:r:.mo 

cKaJaHo s:r:.rrne, o6pa3eii rrpe.n:craBJIJIJI co6oii nepno.n:nqecKyiO CTJJYKTYPY FeCoffiZr c 

rrepHO.lJ:OM paBHhiM I6,3 HM (nepHO.ll: 6:r:.m orrpe.n:eJieH MeTO.lJ:OM HellTJJOHHOll 

peqmeKTOMeTpHH B IIIUI<l>), Harr:r:.meHHYIO Ha TiZrGd-no.n:cnoll: TOJIIIIHHoll: nopJI.ll:Ka 

500 HM, KOTOpblll, B CBOIO oqepe.n::r:., HaiibiJieH Ha CTeKJIJIHHYIO IIO.ll:JIO~ ( CM. pllC. I). 

Pa3MbiBaHHe KIIHeMaTHqeCKOll rpaHHilbi CIIeK-rpa HOHOB reJIHJI, pacceJIHHbiX 

Ha HIIM, CBJI3aHHoe c rnepoxosarocr:r:.IO nosepxaocm, TaK)Ke Ha6niO.n:anoc:r:.. Ih 

reoMeTpnqecKHX C006pa)KeHHll IIOHJITHO, qro 3TOT :;~<lJ<lJeKT CHJibHee IIpOJIBJIJieTCJI 

IIpH CKOJih3JIIIIeM. rra.n:eHHll HCXO.lJ:HOfO H CKOJih3JIIIIeM BbiJieTe paCCeJIHHOfO nyqKa 

HOHOB OTHOCHTeJibHO IIOBepXHOCTll MHIIIeHH. Ho HMeHHO CKOJib3JIIIIaJI reoMe'fPHJI 

II03BOJIJieT peaJIH30BaTb IIOBhiiiieHHOe pa3peiiieHHe IIO rny6nHe .ll:JIJI CJIOHCTbiX 

CHCTeM, XOTJI H .ll:O H3BeCTHhiX IIpe.n:eJIOB. JipH .ll:HaMe-rpe rry~a OKOJIO I MM IIO.ll: 

cKOJih3JIIIIHMH yrnaMH B03pa~TaeT pa36poc KHHeMarnqecKHX <lJaKTopos. PacqeTbi 

IIOKa3hiBaiOT, qro B peaJIH30BaHHOll reOMeTpHH pa36poc He npeBbiiiiaeT 2 K3B. 

B KaqeCTBe llJIJIIOCTJJaiiHH BbiiiieCKa3aHHOfO Ha pHC.5 IIOKa3aH CIIeK-rp HOHOB 

reJIHJI c Haqan:r:.Hoii ::~Hepmell: 3,0S8 M3B, pacce'srHHhiX Ha rrepno.n:nqecKOM o6pa3IIe, 

.ll:JIJI yrna rra.n:eHHJI ny~a I0°. Bn.ziao, qro .n:IDI<e rreps:r:.re cnoii He pa3pernaiOTCH 

IIOJIHOCThiO, HO Ha6niO.ziaercx MO.lJ:YJIJIIliiJI rrapiiiiaJihHhiX crreK-rpoB 

cooTBeTCTBYIOIIIIIX ::~neMeHTOB, rro Kpall:Hell: Mepe, MH rrepBbiX I 0 cnoes. Hannyqrnee 

orriicasne BbiCOK03HepreriiqecKoll: qacTII crreK-rpa (paccexHIIe Ha aroMax Zr) 

rronyqeHO ,niDI pa3peiiieHHJI .n:ereKTopa 20 K3B rrpii 3TOM K03<lJ<lJIIIIHeHT KOppeKIIHII 

c-rparrnnHra rrpnrnnoc:r:. ysenii~Th .n:o I ,4. 3To yKaJbiBaer Ha Han~e 
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Puc.5. 3uepzemu'lecKuu cneKmp uouo6 ze!lUH, pacceRHHbiX ua nepuoiJu'leCKO.M 3epKwtbHO.M 

o6pm1fe 6 CKO!lb3RUJeU zeo.Mempuu. To'lKU-3KcnepU.MeHm, JIUIIUH.MU noKmml pe3,Vllbmam 

CU.MYJIJilfUU u naplfUWlbHble cneKmpbl 3!le.Meumo6 

rnepOXOBaTOCTeH Ha IIOBepXHOCTII o6pa3l{a, a Ha rpaHHI{aX CJTOeB - HX 'laCTII'IHOrD 

nepeMeiiiHBaHmi. MO)l(HO Ol{eHHTb BeJTH'IHHY rnepOXOBaTOCTeH OKOJTO HM. 

CKaHHpOBaHHe IIO 3HeprHH B6JTH31f pe30HaHCa IIOKa3aJIO, 'ITO KIICJTOpOJ(a 60JTbiiie 

BCero (16,3%) COJ(ep)KIJTCH BO BTOpOM CJTOe, B TO BpeMH KaK B nepBOM - TOJibKO 

5,7%. 1-b cneKTPa Ha puc.5 norry'leHhl KOHI{eHTPaUHII 3JieMeHTOB II TOJTII{HHa CJIOeB, 

KOTOpaH OKa3aJiaCb IIOCTOHHHOH C TO'IHOCTbiO OKOJTO 1% II paBHOll J(JIH TiZr-crroeB 

9,1 HM, a J(AA FeCo-CJTOeB - 6,2 HM, KpOMe BTOporo CJIOH, TOJIII{HHa KOTOporo, 

<i'leBnJ(HO, 6orrhrne- 7,4 HM. KaK BHJ(HO, pa3perneHue J(OBOJihHO pe3KO yxyJ(rnaeTcx c 

rrry6uHoii H3-3a CTParrmmra, u crreJ(yiOII{He J(eCHTh nap crroes npHMhiM H3MepeHneM 

pa3pernHTh He yJ(anocb. 0Hn 6bmH BBeJ(eHhi B MOJ(eJib B TO'IHOCTH cosnaJ(aiomnMn 

IIO COCTaBy II TOJTII{HHe C npeJ(h!J(yll{IIMII. 
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Puc. 6. 3uepzemu'lecKuzi cneKmp !101106 zeflUJI, pacceRHIIbiX ua nepuoiJu'leCKOii cmpyKmype 

FeCo/TiZr, c nozJWU{GJOU{WW noiJc!loe.M TiZrGd 6 zeoMempuu, o6ecne'lu6aJOu,eit aua.w3 

no!llwu momq~llbl JepKwta. To'lKli-3Kcnepu,ueum, JIUIIUJI.Mu noKaJau pe3y.7bmam cully.7R1fuu 

unaplfUWlbllble cneKmpbl ::JJle.MeHmo6 

BHJ(eH BeCb IIaKeT lf3 15 nap CJIOeB, npH'IeM, XOTH OTJ(eJibHbie CJIOII II He 

pa3pernaroTcH, pac'leTHhiH cneKTp yJ(oBrreTsopuTeJibHO onnchiBaeT KaK serrH'IHHy 

Bb!XOJ(a, TaK If nOJIO)l(eHHe HII3K03HepreTH'IeCKIIX rpaHHI{ napl{HaJihHblX CIIeKTpOB, a 

TaK)l(e norro)l(eHue BhiCOK03HepreTH'IecKoii rpaHHUhi napunanhHoro cneKTpa Gd, 

HaxOJ(HII{erocH B IIOJ(CJTOe. 

lh 3TOrO )l(e cneKTpa Ha pnc.6 6b!JIH noJiy'leHbl TOJTII{HHa nOJ(CJIOH, KOTOpaH 

OKa3anacb paBHoii 491 HM, a TaK)l(e KOHI{eHTPaunu Ti, Zr u Gd B HeM. flonuax 

HH!PopMal{nH o CTPYKTYPe HITM npuseJ(eHa B HH)l(ecrreJ(yromeH: Ta6rrniie. B Ta6m1ue 

TOJlll{HHa CJTOeB npHBeJ(etla B aHrCTpeMax J(JIH TOro, 'IT06b! nOKa3aTb nopHJ(OK 
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Ta6.~u!Ja 

HoMep fnyfiHHa KoHueHTJlaUHll :meMeHTOB B cnoe, aTOMHb!e npoueHTbi 

I CIIOll A 
Gd Zr Co Fe Ti Ca Si Na 0 

I 93.9 .00 27.36 .00 .00 66.98 .00 .00 .00 5.66 

2 167.6 .00 .00 67.49 16.25 .00 .00 .00 .00 16.26 

3 259.2 .00 28.64; .00 .po 68.57 ; .00 .00 .00 2.79 

4 321.3 .00 .00 79.38 19.80 .00 ,, .00 .00 .00 .82 

5 410.5 .00 28.99 .00 .00 71.01 .00 .00 .00 .00 

6 471.2 .00 .00 80.00 20.00 .00 .00 .00 .00 .00 

7 562.3 .00 28.99 .00 .00 71.01 .00 .00 .00 .00 

8 623.0 .00 . 00 80.00 20.00 .00 .00 .00 .00 .00 

27 2082.4 .00 28.99 .00 .00 71.01 .00 .00 .00 .00 

28 2144.3 .00 .00 80.00 20.00 .00 .00 .00 .00 .00 

29 2235.3 .00 28.99 .00 .00 71.01 .00 .00 .00 .00 

30 2297.2 .00 .00 80.00 20.00 .00 .00 .00 .00 .00 

31 2571.6 9.28 28.88 .00 .00 61.84 .00 .00 .00 .00 

32 2846.0 9.27 28.60 .00 .00 62.13 :00 .00 .00 .00 

33 2981.8 9.28 30.68 .00 .00 60.04 .00 .00 .00 .00 
34 3118.3 9.28 32.69 .00 .00 58.03 .00 .00 .00 .00 

35 3283.2 9.28 32.52 .00 .00 58.20 .00 .00 .00 .00 
36 3447.2 9.28 30.40 .00 .00 60.32 .00 .00 .00 .00 

37 3638.0 9.28 28.07 .00 .00 62.65 .00 .00 .00 .00 
38 3760.4 9.27 25.76 .00 .00 64.97 <. .00 .00 .00 .00 

39 5237.3 9.27 25.32 .00 .. 00 65.41 .00 .00 .00 .00 
40 7206.4 9.27 25.32 .00 .00 65.41 .00 .00 .00 .00 
41 30846.8 .00 .00 .00 .00 .00 4.38 29.57 9.73 56.32 

sennqHHbi HJMepeHHbiX TOJIIIIHH H HX rrepno.unqHOCTb. B .ueil:cTBHTeJibHOCTH H3 

3KcrrepHMeHTa rronyqaeTC.ll TOJIIIIHHa cno.ll B aT/cM2
• B qacTHOCTH, .llJI.ll 

MHorocnoil:Horo MonoxpoMaTopa nonyqnniicb cne.uyiOIIIIIe sennqiiHbi: 4,8x I 0 16 

aT/cM2 .UJI.ll TiZr II 5,4xi016 aT/cM2 .llJI.ll FeCo II 248,6xi016 aT/cM2 .UJI.ll no.ucnoH 

TiZrGd. flepeBO.ll 3TIIX 3Haqenllll B JIIIHellHble pa3Mepbl BHOCIIT ,llOnOJIHIITeJibHYIO 

qorpeiiinocTb . onpe.ueneHH.ll nnoTHOCTII .usyx- IIJIH TPeXKOMnoneHTHoro 

HecTeXHOMeTpnqecKoro semecTBa. 

I13 Ta6JIIII.{bl Bll.llHO TaK)I(e, qro :meMeHTHblll COCTaB nO,llCJIO.ll B 3TOM o6pa31.{e 

OKaJaJIC.ll IIJMeH~IOIIIHMC.ll no rny6IIHe, npiiqeM, IIJMeH.l!JIIICb KOHI.{eHTPai.{IIII Zr II Ti, 

a KOHI.{eHTPai.{II.ll Gd ocTaBanacb neiiJMeHHOfi. 3To narJI.ll.llHO .ueMOHCTPIIpyeT 

I2 

napi.{IIaJibHbie crreKTPbi na piic.6. PeJonaHc, CB.ll3aHHbiil: c pacce.llniieM Ha KIIcnopo.ue, 

rroKaJbiBaeT ero cyMMapuoe co.uep)l(aHIIe B rrepBbiX cnoHx. 

flpaKTIIqecKII nonuoro cosna.ueHII.ll 3KcnepiiMeHTanbuoro II pacqeTHoro 

cneKTPOB y.uanocb .uo6IITbC.ll npii pa3peiiie1mii ,lleTeKTopa 10 K3B II K03<lJ<!Jui.{IIeHTe 

ysenuqenii.ll CTParrniiura I ,2, qTo CBII.I;IeTenbCTBYeT o TOM, 'rro B 3Toil: reoMerpiiu 

IllepoxosaTOCTII B npe.uenax pa3Mepa nyqKa He BJIIImoT ua crreKrp, a CTParrJIIIHr 

6niiJOK K BbJqiicn.lleMoMy no <!JopMyne Eopa. Ih o6pa60TKII 3Toro cneKrpa, KpoMe 

Toro, nonyqen cocTaB cTeKJia. B nero BXO.ll.l!T cne.uyiOmue 3.ireMeHThi: Si, Ca, Na, 0 . 

Heo6xo.UIIMO OTMeTIITb, qTo see 3KCnepHMeHTaJibHbie cneKTPbi 

Y.llOBJieTBOpiiTeJibHO OniiCbiBaJIIICb O,llHOll II TOll )l(e MO,lleJibiO, B KOTOpOll ,llJI.ll 

Ka)l(,llOfO Il3 3JieMeHTOB BBe,lleHa ecTeCTBeHHM pacnpOCTPaHeHHOCTh II30TOnOB. 

3aKmoqenue 

I1ccne,llOBaHIIe MHOfOCJIOllllbiX HaHOCTPYKTYP. Ha npHMepe 3epKaJibHbiX 

noJI.llpH3YIOIIIIIX Heil:TpOHHb!X MOHOXpOMaTOpOB Ha.OCHOBe FeCo/TiZr .nOJBOJIIIJIO 

npo.ueMOHCTpiiposaTb IllnpoKIIe B03MO)I(HOCTII HepaJpyiiiaiOIIIefi MeTO.URKn RBS n 

ee MO.llU<lJIIKai.{IIII NRA. flpii cospeMeHHOM · cocTO.l!HUII cneKrpoMeTPIIII 

3ap.ll)l(eHHb!X qaCTIII.{ cpe,llHIIX 3Heprnfi 3TH MeTO,lliiKII nOJBOJI.liiDT ocymeCTBJI.liTb 

KOHTPOJib cocTasa II CTPYKTYPI.I o6neKTOB, cocTO.l!II.{IIX IIJ .uec.l!TKOB aTOMHbiX cnoes. 

flpiiqeM 3JieMeHTHbiH ananiiJ BeCI.Ma cosepiiieHHbiX o6paJI.{OB .uocTIIraeT 

qyscTBIITeJII.HOCTII, .uocTaToquoil: wur paJ.ueneuiDI IIJOTOIIOB 3JieMeHTOB cpe.uueil: 

MaCChi. KOHTPOJ!b KaqeCTBa noBepXHOCTII II Me)I(CJIORHbiX rpaHIII.{ noKa He 

pa3pa6oTaH ,llOCTaTOqHo, 'IT06bl nonyYJaTb KOJIII'leCTBeHHble XapaKTepiiCTUKII, HO 

Ol.{eHKII MO)I(HO C,lleJiaTb. 

flonyYJeHHM IIH<!JopMai.{IDI OKaJbiBaeTC.ll He06XO,llliMOll .llJI.ll 

coBepiiieHCTBOBaHII.ll TeXHonornii IIJrOTOBJieHII.ll HIIM. 

l3 



Am'op:&l C'IBTIUOT CBOHM DpiDl'IHLIM ltOJJroM D06Jiaro,napllTb ,l{.A.KopHeeBa 3a 

oounmhHiOH>V ·:B. 00r:.eJUIHCHliii yCHJIHii ,nByx rpyDD .ztrul DpOBC):{CHWI 3THX 

sCCJie,noBmntii, .-.a TaiOKe B.M.IIyceBKoBa B H.K.IIJiemaHoBa 3a o6cy>K,Ileane 

no.u.yqeum.ocpe:JYlibTaTOB. 
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