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3AT'AJIbHA XAPAKTEPUCTHUKA POBOTH

AKTyanbHicTh TeMH. B3aemois 3apsmKeHNX YaCTHHOK 3 KPUCTAJIaMU € OJIHUM 3
aKTyaJIbHUX HalpsMIB AOCIIKEHb Y (PI3ULIl TBEPOTO TL1a, OCKUIBKU CIPUSIE SIK PO3BUTKY
HOBUX METOJIB BapilOBaHHA (PI3UYHUX XapaKTEPUCTUK (DPYHKI[IOHATBHUX MaTepiaiiB
pPI3HUX THMIB, TaK 1 BHUPIIIEHHIO pPAAYy (QYHIAMEHTaIbHUX MHUTAaHb LIOJ0 BIUIMBY
O0oMOapAyloUnx YaCTMHOK Ha CTPYKTYpHI, MEXaHi4Hl Ta eJIeKTpO(I3UyYHI MapaMeTpu
TBepAuX Ti1. OHUM 3 BaXJIMBUX MPOSIBIB TAKO1 B3AEMO/I1i € MapaMETPUUHE PEHTIE€HIBChKE
BuripomineHHs (IIPB), sike renepyeTbes y cepeoBHILAx 3 YHOPSAIKOBAHOIO a00 YaCTKOBO
YIOPSIAKOBAHOIO CTPYKTYPOIO, HANPHUKIAA, Yy MOHOKpHCTaNaxX Ta TMOJIKpUCTanax, i
PO3IIIAJIAEThCS K pe3yabTaT AUPPAKUIi BIpTyalbHUX (OTOHIB, IO MOPOKYIOTHCS
CJIEKTPUYHHUM TIOJIEM PEISITUBICTCHKOI 3apsiPKEHOI YaCTHHKH, Ha TEPIOAWYHINA aTOMHIN
CTpYKTypi. BnacTmBocTi Takoro BHUIPOMIHEHHS BH3HAYAIOTHCS, 3 OJHOTO OOKY,
CTPYKTYPHO-MOP(OIOTIYHUMHU XapaKTEePUCTUKAMU CEPEIOBUINA, a 3 IHIIOrO, BIIACHE
XapaKTepUCTUKAMU 3apsAJIKEHUX YaCTUHOK (E€HEepris 1 3apsl), 10 HaJiTaloTb. 30KpeMa,
nociikeHHs: BinactuBocTeid [IPB mpu MpoOXOMKEHHI PEeNATUBICTCHKUX EJIEKTPOHIB Y
KpHCTajaXx MOXE pO3TIIJaTHCS SK MOTEHIHHO iHQOpMaTHBHA METOJIWKA JiarHOCTHKH
aTOMHO-TIPOCTOPOBOI CTPYKTYPH PEYOBHHU, IO BU3HAYAETHCS BHUCOKOKO MPOCTOPOBOIO
pPO3AUIBHOIO  3MIaTHICTIO  BUMIiptoBaHb  peduiekciB  [IPB  mnpu  BukopucrtanHi
MarHITOONITHYHHUX CUCTEM JUTsl JOKYCYBaHHS ITyYKa €JIEKTPOHIB, MOXKITUBICTIO BapilOBaHHS
eneprii ¢ortonis [IPB BuGopoM BiaMmoOBIiTHOT TeOMETpii EKCIEPUMEHTY, a TaKOoXK
MOJIMBICTIO OTPUMYBATH 1H(QOpPMAIIit0O TIPO CTPYKTYPY MillleH1 3 TIIMOUHH, SKa CYTTEBO
NEpEeBUINYE  TOBIIMHY  IIapy, IO  MOXe OyTH  JOCHIDKEHUH  METOJO0M
PEHTT€HOCTPYKTYpHOrO aHamizy. [HmmMI acmekT B3aemojlii BHUCOKOEHEPTrEeTUUHUX
€JICKTPOHIB 3 aTOMaMH TBEPJIOTO Tija MOB’sI3aHHUM 3 10HI3AII€I0 BHYTPIIIHIX €JIEKTPOHHHUX
000JIOHOK aTOMIB, SIK OJHOKPATHOIO, TaK 0araToKpaTHO, 3a PaXyHOK aBTOIOHI3AIlIMHHUX
nporeciB. BuzHaueHHsT XapakTepUCTUK TaKUX MPOIECIB Ta 3’ ACYBaHHS iX MEXaHI3MIB €
HEOOXITHUM JJI1 PO3pOOKHM HOBHX Ta YJOCKOHAJCHHS ICHYIOUMX METOJIB BH3HAYCHHS
pamianiiHoi CTIHKOCTI TBepAUX Tin Ta Je()EKTOYTBOPEHHS B HHUX IPU ONPOMIHEHHI
BUCOKOCHEPreTUYHUMHU  €JIEKTpOHAaMU.  ToMy  aKkTyaJdbHUM €  JOCHIJIKCHHS
3aKOHOMIpHOCTeH TeHepamii Ta mudpakmii [IPB y MoHo- Ta momikpucranax mnpu
PO3IOBCIOKEHHI BUCOKOSHEPTETHYHUX EJICKTPOHIB, a TAKOXX BHU3HAYCHHS OCOOJIMBOCTEH
npouecis kpataoi 15'2p™ (n=1-3) ioni3auii BHYTPILIHIX CIEKTPOHHUX 0GOIOHOK ATOMIB
3p Ta 3d MeTaiB BHCOKOCHEPTETHYHUMH CIICKTPOHAMH.

3B’A30K AucepTaliiiHOl po0OTH 3 HAYKOBMMH NMPOrpPaMaMu, IJIAHAMH, TEMAMHU.
JlocnimKeHHsl, IpeIcTaBleHl y qucepTaiiiiHiid poO0Ti, BUKOHYBAJIKUCA B paMKaX TEMAaTUKH
HAyKOBO-JIOCTIIHOI TabopaTopii «Di3uuHe MaTepialo3HABCTBO TBEPAOrO Tiia» Kadeapu
3arajbHOI Pi3uku Gi3udHOTO PaKynbTeTy KMiBChKOT0 HAI[IOHAIBHOTO YHIBEPCUTETY IMEHI1
Tapaca llleBuenka. 3okpeMa, aBTop OpaB y4yacThb y HAyKOBO-IOCIIIHUIIBKAX POOOTax MO
Temi «@DopmyBaHHA Ta (I3UMYHI BIIACTUBOCTI HAHOCTPYKTYPOBAaHUX KOMITO3UTHUX
MarepiamiB 1 (QYHKI[IOHATBHMX TOBEPXHEBUX IIApiB HA  OCHOBI  KapOOHY,
HAITIBIPOBITHUKOBUX 1 JielIeKTpUYHUX ckiaagoBux» Ne 16b®051-01, Ne nepkaBHOi
peectparii 0108U008563. Kpim Toro, pobota BUKOHYyBajacs 3a miarpumMkn MiHicTepcTBa
HaykH 1 ocBitr Pociticekoi @exnepartii, mpoekt Ne 14.578.21.0063 (RFMEF157814X0063),
¢dinancoBoi miaTpuMku PDODJ] (rpant Ne 16-32-00502 mon _a), a Takox oTpuMana



miaTpuMky 3a Ilporpamoro MinictepcTBa ocBiTH 1 Hayku Pociiicekoi ®denepauii amns
BUILUX HABYAJIbHUX 3aKkiialiB, TpoekT Ne 3.2009.2014/K.

Meta i 3apaui gocaimxeHHsi. Mema pobomu — BHU3HAUUTH 3aKOHOMIPHOCT1
reHepauii Ta Au@paknii HapaMeTpUYHOrO  PEHTIEHIBCHKOTO  BUIPOMIHEHHS Y
MOHOKpHCTaJIaX Ta TMOPOLIKOBUX 3pa3Kax Yy TeoMeTpii 3BOPOTHOI peecTpauii npu
PO3NOBCIOJIKEHHI ~ PENSATUBICTCBKUX  €JIEKTPOHIB; BU3HAYMTH 3aKOHOMIPHOCTI Ta
MexaHisMu kpatHOi 1572p™ (n=1-3) iomi3auii BHYTpIUIHIX ENEKTPOHHHX OBOIOHOK
atomiB 3p Ta 3d MeTaJliB BUCOKOCHEPTETUIHUMHU HEPEIATUBICTCHKUMHE EIICKTPOHAMM.

OcHOBHI 3aBAaHHs, $KI HEOOXiMHO OyJio pO3B’SA3aTH MJid JOCATHEHHS METH
JTUcepTaliiHol poooTH:

1. Po3pobutn eKcrnepuMEHTaNIbHY METOAWKY BH3HAYCHHS CIEKTPAIbHO-KYTOBHX
xapaktepuctuk [IPB y reomerpii 3BOpPOTHOrO pO3CIIOBaHHS MPH PO3MOBCIOKEHHI
BUCOKOCHEPTreTUUYHUX CEJICKTPOHIB 3 eHepricto 7 MeB 'y xkpucramax Ha 0asi
eKCIIEPUMEHTAIBHOTO KOMILIEKCY «PeHTreH 1».

2. Po3pobutu Teopetnuny mMozenb Tpancopmaitii konycy [IPB y Tokux kpucrtamax
B 00J1aCT1 MaJIMX KyTiB KOB3aHHS BUCOKOCHEPTETUYHUX €JIECKTPOHIB.

3. ExcrnepuMmeHTanbHO BU3HAYHMTH CIEKTPATbHO-KYTOBI PO3MOAUIM IHTEHCUBHOCTI
[IPB Tta eneprii ¢oroniB I[IPB y reomerpii 3BOPOTHOrO pO3CIIOBaHHS MpH
PO3MOBCIOIKEHHI PENSITUBICTCHKUX CJIEKTPOHIB y MOHOKpHUCTaIax Si,
BUCOKOOPIEHTOBAHOMY TipoJitTuyHoMYy rpadiri (BOIII') Ta mopomkoBux 3pa3kax aamasy.
3a opieHTaIMHUMHU 3aJ€KHOCTIMU 1HTEHCUBHOCTI [IPB BU3HAUMTH BIUIMB CTPYKTYPHUX
XapaKTEePUCTUK KPUCTAJIB Ha mapaMmeTpu konycy [1PB.

4. Jlnsg pi3HUX KpuUcTalorpadiuHUX IUIOMIMH ajdMa3zy Yy TreoMeTpii 3BOPOTHOIO
PO3CIFOBaHHS €KCIIEPUMEHTAILHO 3’ ACYBaTH 3aJIekKHICTh IHTEHCUBHICTH [IPB Bix po3mipy
3epeH y TIOPOIIKOBUX 3pa3kax anmasy. IlopiBHsaTu 1i 3 Takoro mpu audpakimii
XapaKTePUCTUYHOTO PeHTreHiBChKoro BunpoMineHHs (IXPB).

5. 3a yMOB eNeKTpOHHOro OOMOapAyBaHHS EKCHEPUMEHTAIbHO BH3HAYUTH
XapaKTepUCTHKH CIICKTpaIbHIX KoMroHenTie rpymn Kal' niuiit 3d enementis Ti, V, Cry
MeTalax Ta iX OKcuaax. 3’gCyBaTH MEXaHI3M BIUTUBY €JIEKTPOHIB MPOBITHOCTI Y MeTaiax
Ha Tporecy kparHoi 1572p™ ionisauii BHYTPILIHIX eleKTPOHHUX 060710HOK atoMis Ti, V,
Cr.

6. BukoHnatu IOCHDKCHHS BIIHOCHHX IHTEHCHBHOCTEH Tpym JIiHIN KocLl, Kal? Ta
KaL® y 3p merani Al mpu ionizauii exextponamu 3 eneprismu 5—100 keB Ta Bu3HaunTH
MexaHi3mu kparHoi 1572p™ ta 15'2p ionizawii aromis y merani Al.

Ob'exm OocniddcenHs — TpoliecH TeHepaiii Ta audpakiii mapaMeTpudHOro
PEHTTEeHIBCHKOT'O BUITPOMIHEHHS, @ TAKOX KPaTHOI 10HI3aIlii aTOMIB TIPH PO3MOBCIOKEHH1
BHUCOKOCHEPTeTUYHHX EJIEKTPOHIB Yy KpUCTANIAX.

Ilpeomem OocniddcenHs — OCOONHMBOCTI TApPaMETPUYHOTO PEHTICHIBCHKOTO
BHIIPOMIHEHHS y MOHO- Ta MOJMIKPHCTANax, a Takox kpartHoi 1572p™ (n=1-3) iomizamii
atomiB 3p Ta 3d MeTaltiB Py PO3MOBCIOKEHH] BUCOKOSHEPTETUIHHX EIIEKTPOHIB.

MeToau noc/iiIKeHHs
1. Cnextpockomis [IPB npu po3noBciomkeHH1 pensaTUBICTChKUX eneKTpoHiB (7 MeB)
y KpucTanax (eKcrepuMeHTanbHui KoMIuieke «PeHtren 1»).
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2. PeHTreHiBcbka e€MiCiiHA CHEKTPOCKOMIS  KpPAaTHOIOHI30BaHUX aTOMIB  IpHU

PO3MOBCIOJIKEHHI BUCOKOCHEPTeTUYHUX HEPENATUBICTChbKUX enekTpoHiB 5—100 keB y
KpHUCTaNax.

. . B P . .
3. MopgentoBaHHs mporeciB KpaTHOi 1S72p™ ioHI3awii BHYTPIIIHIX €JIEKTPOHHHUX

000JIOHOK aTOMiB M€TajiB KBAHTOBO-MEXaHIYHUM METOOM B3a€MO/111 KOH(PIrypaLii.

HaykoBa HOBH3HA OJIepKaHUX PE3YIbTATIB MOJSITAE€ Y HACTYITHOMY

TEOPETUYHO MOKa3aHO, IO MPH PO3MOBCIOKEHHI PENSITUBICTCHKUX E€JIEKTPOHIB Y
TOHKUX (JE€CATKU—COTHI HaHOMETPIB) KpHUCTalax B 00JIaCTI MajluX KYTIB KOB3aHHS
Ma€ CIIOCTEpIraTUCs 3BYKCHHS KYTOBOTO pO3XWIY KOHYCY IapaMeTPUIHOTO
PEHTI€HIBCBKOI'O BHUIIPOMIHEHHSI Ta, BIANOBIAHO, 3pOCTaHHS KYTOBOI T'YCTHHU
napaMeTPUIHOTO PEHTICHIBCHKOTO BUITPOMIHCHHS;

BUSIBJICHO, IO TPHU PO3MOBCIOJIKEHHI PESITUBICTCHKUX eJekTpoHiB (7 MeB) y
MoHOKprcTamax Si ta y BOIII y reomerpii 3BoportHOi peectparii (6= 180)
CIIOCTEPIrarOThCS YiTKiI CIIEKTPHU MapaMETPUYHOTO PEHTTEHIBCHKOTO BUITPOMIHEHHS,
1o MIicTATh Makcumymu (220), (440), (660) — Si, a Takox Mmakcumymu (002), (004),
(006), (008) — BOIII'", eneprii sxux 3 TouHicTIO 10 0,5% 301iraroThCst 31 3HAYCHHIMH,
00UYHCIIEHUMH Yy KIHEMAaTUYHOMY HaOJIUKEHHI,

BCTAQHOBJICHO, IO CKCIEPHUMCHTAIIBHO BHW3HAUCHI 3HAYCHHS TOBHOIO KYTOBOTO
pPO3XHJIy  KOHYCiB  IMapaMETPHYHOTO  PEHTICHIBCHKOI'O  BUIPOMIHCHHS Y
MoHokpucTanax Si ta BOIII Bixmosinmo na 2,8 ta 1,5 MeHui, HbX mepeadadyBami y
KIHEMaTHYHOMY HaOmwkeHHI. Po30DKHICTE Moke OyTu 3yMOBIieHa edeKTaMu
OuHaMiuHOi  mudpakiiii, sKi  OpOSBIAIOTBCS MPH  3POCTaHHI  CTPYKTYpPHOT
JOCKOHAJIOCT1 KPUCTAIB;

OKa3aHO, IO IIPH PO3MOBCIOKEHHI PEIATUBICTCHKUX eleKTpoHiB (7 MeB) vy
MOPOIIKOBUX 3pa3kax anmasy 3 po3mipamu 3epeH d = 0,3-42 MKM BiHONICHHS
IHTEHCUBHOCTEHl MAaKCMMYMIB IapaMETPUYHOIO PEHTTE€HIBCHKOIO BUIIPOMIHEHHS
(111) Ta (220) 3MeHIIY€eThCS TIPU 3pOCTaHHI JlaMeTPy 3€peH alMaszy, IpUYIOMYy IpHU
nepexoxi Big wactmHOK 3 0 =0,3MkM g0 uactuHOK 3 d =6 MKM Mae Micue
3MeHIIeHHs y 1,9 pasu. Taka 3anexHICTh BH3HAYA€ThCs e(exTaMu TEepBUHHOT
eKCTHHKINT mpu Audpakiii mapaMeTpuyHOTO PEHTTCHIBCHKOTO BUIPOMIHEHHS Y
0JIOKaX KOTePEHTHOT'O PO3CIIOBaHHS KIHIIEBUX PO3MIPIB;

BHSIBICHO, WI0 3a yMmoBH 30ymkenHs Kal' cmextpis Ti, V ta Cr
BUCOKOCHEPreTUYHUMHU eleKTpoHamu (25 keB) cmocrepiraerbcst 3MEHINEHHS
igHocuoi intencusrocti |(CP)/1(*P) y 1,6-2.9 pasu npu nepexoxi Bix meramis Ti, V
ta Cr 10 BIANMOBIIHUX OKCHIIB. 3alPOIIOHOBAHO MOCIL €(EeKTy, IO BPaXOBYE
TITBKM MDKKaHanbHy B3aemoxito koutuayyMiB 152p'(*P)ep ta 1s2p (3P)ep,
BEITMYMHA SKOI BU3HAYAETHCS €(DEKTUBHUM pPaJlyCOM B3a€EMOJII €KEKTOBAHOTO 2p
CJICKTPOHA 3 BOKpaTHO 15 2p -ioHisoBanmM aToMOM;

BcTaHoBIeHo, mo npu 36ymwkerni Kal!, Kal? ta Kol® cnekrpis Al enekrponamu
y miamazoHi eHeprid (4,5-100) xkeB iMOBIpHOCTI YTBOpPEHHS JBOX Ta TPhOX
JOJJaTKOBMX 2p BaKaHCiH y MOPIBHSHHI 31 3HaUECHHSAMU, oO0uncieHnMu y «shake-offy
Mozemi, BiamoBimHO y 1,2 Ta 1,7 pa3iB MeHI, HOK JJIS HAIIBIPOBIIHUKA KPEMHIIO.
Take 3MEHIICHHS CBITYUTH PO 3HAYHY POJIb €KPAHYBAHHS BUIBHUMH €JIEKTPOHAMU
B3aeMOJIii enekTpoHHux KoHgirypauiit 1s™2p~?(MX,) 2ep npu 1s™2p~? iomizauii

ta KoHGirypamiit 1s2p=(MX )3ep mpu 1s72p° iomizanii y wmetani (Al)



MOPIBHAHO 3 €KpaHyBaHHAM TakKOi B3a€EMOJIl JIOKaT130BaHUMU BaJCHTHUMHU

eJIEKTpOHaMU y Si

IIpakTnyHe 3HAYEeHHS] OJepPKAHUX Ppe3yJabTaTiB. Pe3ynpTaTé aucepramiiHoi
poOOTH CHPUSAIOTH BUPILIEHHIO BaXKJIMBOi HAYKOBOI IPOOJIEMH, SIKA MOJIATAE Y BU3HAUEHHI
($13MUHUX 3aKOHOMIpHOCTEH mpoieciB rerepauii tTa audpaxuii [IPB, a takox kpaTHOi
loHI3alli aTOMIB y TBEpAUX TUIAX NPHU PO3MNOBCIOJKEHHI BHCOKOECHEPIeTHUUYHUX
(pensATUBICTCHKUX Ta HEPEJATUBICTCHKUX) €IEKTPOHIB. BOHM pO3MIMPIOIOTH YSABIECHHS PO
BIUIUB PO3MIpPIB Ta CTPYKTYPHOI JOCKOHAJIOCTI KpuUcCTajiB Ha Xapakrepuctuku IIPB, a
TaKOX JUHAMIYHOTO €KpaHYBaHHS MIDKKAHAJIbHOI B3a€MOJIli €IEKTPOHHUX KOH(Irypauii
aTOMY BUIBHUMHU €JIEKTPOHAMH, IO CHpHse po3poOLll HOBUX Ta YIOCKOHAJIEHHIO
ICHYIOUMX EKCIEpPUMEHTAIIbHUX METOAIB BH3HAUEHHS PO3MIPIB KPUCTAJITIB Ta OLIHKH
e(eKTUBHOTO 3apsiAy aTOMY B KpHCTaJax.

Oco0uctnii BHecok 3700yBaya BHU3HAYAETHCS: BHUKOHAHHSIM KOMILUIEKCY pOOIT 3
yIOCKOHAJEHHS (DYHKIIIOHAIbHUX MOXJIMBOCTEH OCHOBHUX KOMIIOHEHTIB PEECTPYIOUOT
JacTUHHU KoMIuiekcy «PeHTreH 1», po3poOKM Ta BIAMPALIOBAHHA METOJUKU BU3HAYEHHS
xapaktepuctuk [IPB y 3BopoTHI reomeTpii peectpalii; YAOCKOHAJIEHHAM METOAUKU
OTPUMAaHHS XapaKTCPUCTHUYHUX PEHTTEHIBCHKUX creKTpiB 3p Ta 3d enemeHTIB mpu
30y/pKeHH1  elekTpoHamMu —y  giamasoni  eHepridi  5-100 xeB;  oGpoOxoro
EKCIIEpPUMEHTAIBHUX JaHUX, Y4acTIO Y PO3poOIll MaTeMaTHYHUX MOJEJeil 1 MpoBeaeHHI
PO3paxXyHKIB JJIi OCHOBHOI YaCTHMHU JAMCEpPTAlliiHOI pOOOTH; y4yacTiO B OOTOBOpEHHI Ta
IHTEeprpeTalii eKCIepUMEHTAbHUX pe3yJIbTaTiB, HAMMCAaHHI HAYKOBUX CTaTed 1 Te3
JIOTIOBIIEHA.

Y po6ori [1] aBTOp OpaB y4acTh y IpOEKTyBaHHI 1 MOAEpHI3aIlil eKCIICPUMEHTAIBHOT
ycTaHOBKU «PeHTreH 1», BUKOHYBaB BUMIPIOBAHHS CHEKTPaIbHO-KYTOBHX 3aJI€KHOCTEH
inTeHcuBHOCTI [IPB y reomerpii 3BopoTHOro po3citoBaHHsI. Hum BUKOHAHO 0OpOOKYy
pe3yJbTaTiB €KCIIEPUMEHTY.

Y pobGoti [2] aBTOp OpaB y4yacTh B pO3pOOIll TEOPETHUUYHOI MOJel edeKTy
tpanchopmarnii koHycy IIPB Ta BHKOHYBaB pO3paxyHKH CIEKTPAITbHO-KYTOBHX
napametpiB koHycy [IPB y ToHKi# mimeHi.

Y po6oti [3] aBTOp BHKOHYBaB EKCIIEPUMEHTAJIbHI BHUMIPIOBAHHS CIEKTPaJIbHO-
KyToBUX xapaktepuctuk [IPB y mopomkoBux 3paskax anmasy 3 PI3HUMH PO3MipamMu
KpHUCTaJIiB, MMPOBOJAUB OOPOOKY E€KCIIEPUMEHTAIBHUX CIIEKTPIB Ta PO3PaxXyHKH BITHOCHOT
iHTeHCUBHOCTI MakcumMyMiB I1PB.

Y poGori [4] aBTOpoM OTpEMaHO XapakTepucTiuHi pertreniscski Kol crexrpu Ti,
V ta Cr y Meranax Ta OKcujax mnpu 30ymkeHHI enekTtpoHamu (25 keB), BUKOHAHO
0GpOGKY CIICKTpIiB Ta BH3HAYCHO OCHOBHI CIIGKTpaibHi xapakrepuctukd rpymn Kolt
NiHil y BKa3aHUX 3pa3kax. ABTOp 6paB ydacTh Y po3poOii TeopetHuHoi mogeni 1s2p~"
10HI3a11ii Ta BUKOHYBAB PO3PaxXyHKHU B paMKax Ili€i MOJIEII.

Y pob6ori [5] aBropom oTpuMaHo xapakrepucrmuni pentreniseski Kal'!, Kal? ta

3 . : : n
KalL® crnexktpu Al mpu 30ymkeHHi enexTpoHamu y paianmazoHi enepriii 4,5-100 keB,
BUKOHAHO 0OpOOKY CIIEKTPIB Ta BU3HAYEHO EKCIIEPUMEHTAIbHI XapaKTePUCTUKH MPOIIECIB

1s™2p?Ta 1s™2p? iomizamii.
Tesu [6-11] Oymo miArOTOBIEHO Ta HANMMCAHO 3a y4YacTIO aBTOpa, MO HUM OyIio
3p00JIEHO JIOTOBI/I1 HA IIECTH HAYKOBUX KOH(PEPEHIIAX.
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Amnpobanisi pe3yabraTiB aucepramii. Marepianu agucepranii JonoBimanucs 1
0OroBOPIOBAINCS HA HACTYITHUX HAYKOBUX KOH(PEPEHIIISX:

1. The 7th International Conference — Channeling 2016, Charged & Neutral Particles
Channeling Phenomena, Capri (Naples) SIRMIONE-DESENZANO DEL GARDA (ltaly),
September 25-30, 2016.

2. XLV mexnynaponnass TynuHoBckas KoHpepeHIus: 1o (U3MKE B3aUMOACUCTBUS
3apsKEHHBIX YACTHI] C KpUcTauiaMu, T. Mocksa, 26 — 28 mas 2015.

3. 22 Bcepoccuiickas Hay4yHas KOH(EpEHIMS CTYyAEHTOB (PU3UKOB M MOJOJBIX
yué€HbIX, PoctoB-Ha [{ony, 21-28 anpens 2016 r.

4. XLV  wmexnyHapogHoi — TynuHoBckoi — koHepenuun  no  Dusuke
BzaumopneiictBus 3apsokeHHbIx YacTun ¢ kpuctaiiamu, r. MockBa, 31 mas — 2 uioHs
2016.

5. Eighteenth International Young Scientists Conference Devoted to 95th
Anniversary of Professor M. U. Bilyi Optics & High Technology Material Science, SPO-
2017, Kyiv Ukraine, October 26-29, 2017.

Iyoaikanii. 3a Mmarepianamu aucepTailii omyosikoBaHo 11 HaykoBHX mpalib, 3 IKUX
5 crareii y HaykoBUX (DaxoBHX BUIAHHIX (3 HUX 3 — y BHJAHHAX, IO BXOIITH IO
HaykoMmeTpuuHux 6a3 ganux Web of Science ta/abo Scopus) Ta 6 Te3 momoBiaedl Ha
KOH(pEpEHITISX.

CrpykTypa Ta 00’em auceprauii. J[ucepraiisi ckianaeTscsi 31 BCTYIy, YOTHPHOX
PO3ILIiB, 3araIbHUX BUCHOBKIB, CITUCKY BUKOPUCTAHUX JIITEPATYPHUX JDKEpEIL. 3araabHui
obcsr nuceprallii cTaHOBUTh 142 cTOpiHKHU, 43 PUCYHOK, 6 TAOIHIh 1 CIUCOK JITepaTypH
13 166 HaiiMeHyBaHb.

OCHOBHUM 3MICT POBOTH

Y Berymi OOIpYHTOBAaHO aKTyallbHICTh TEMH JUCEpTallii, cHOpMyIbOBaHO METY 1
3aayul JAOCHIIKEHHsS, O0’€KT, MpeAMET 1 METOAW IOCHIKEHHS, BHU3HAYEHO HAYKOBY
HOBM3HY 1 TNpPaKTUYHE 3HAYCHHS OTPUMAHUX pE3yJbTaTiB, BiIOOPa)KEHO OCOOUCTUI
BHECOK aBTOpa, HABEJICHO BIIOMOCTI IIOA0 arpoobarliii pe3yibTaTiB poOOTH Ta MyOITiKaIlii,
B SIKUX BUCBITJICHO OCHOBHI pe3yJIbTaTH POOOTH.

Y nepmomy po3aiji aucepraliii po3rIIHYTO ICHYIOYI JIiTepaTypHi JaHi MI0J0 IPOIECiB
B3a€EMO/IIi BHCOKOCHEPTeTUYHUX EJIEKTPOHIB 3 KpUCTajJaMu, a came, TreHeparli Ta
mudpakuii [1PB, a Takox ioHi3aIii BHYTPIIIHIX €JIEKTPOHHUX OOOJOHOK aTOMIB, sKa
CYIPOBOKYEThCS TeHepaliero aBoBakauciiinux (157'2p™), tpuaxanciitaux (1572p?)ra
qorupuBakauciiianx (1572p°)cranis. BukoHaHo aHami3 MexaHisMmiB remepamii IIPB Ta
PO3TIIIHYTO 3arajibHi BIACTUBOCTI MapaMeTPUYHOTO PEHTTEHIBCHKOTO BUIIPOMIHEHHS Yy
KpUCTanaxX, 30KpeMa, XapakTep CHEKTpalIbHO-KyTOBOTO posmoainry [IPB 3anexHo Bin
€HEPrii eNeKTPOHIB My4YKa, KPUCTAIIYHOT CTPYKTYpPH MIIICH] Ta TEOMETPIi CIIOCTePEKEHHS
nudparoBaHor0 MapaMETPUYHOTO BHUINPOMiHEHHs. HaBemeHo Bimomi pe3yibTaTv
EKCIIEPUMEHTATBHUX JIOCHIDKEHb CHeKTpaibHux mnapametpis [I[PB y wmoHO- Ta
MOJIIKpUCTANIaX PI3HOI TPHUPOAM 1 CTPYKTYpPHOI JIOCKOHAJIOCTI Ta BKa3aHO Ha
CyMepewInBUI XapakTep Takux JaHuX. [loka3aHo, MmO I1HIIMM acleKTOM TIPOLecy
PO3IOBCIOKCHHST BHCOKOCHEPTETHYHHX CIEKTPOHIB y KpHCTanax € kpatHa 1572p"
(n=1-3) ioHizamis aToMmiB MillleHi, MPH SIKid yTBOPEHHS MEPBMHHOI BakaHcii y 1S
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O0OJIOHIII CYIPOBOJIKYETHCSI BUKUIOM BiJl OJIHOTO JI0 TPHOX 2p enekTpoHiB 3a Shake-off
MexaHi3MoM. PosrisHyTo XxapakrepucTuku penrtreHiBebkux Kol'Ta Kol?cnekTpis, ski
BUIPOMIHIOIOTECS TIPU pajiamiitanx mepexomax 1s72p~ —2p~ rta 1s7'2p~ —2p i

BKa3aHO HAa YYTJIMBICTh iX CHEKTPAJIbHUX MapaMeTpiB A0 XapaKTEpy XIMIYHOTO 3B’A3KY
aToma, SIKUW BUIIPOMIHIOE, 3 aTOMaMM HalOIMK40ro oToueHHs. Bia3HaueHo CyTTEBY poib
CNeKTPOHHNX Kopemsauii mpu 1S '2p~2 Ta 1s'2p~° iomisamii Ta mokasaHo, WO y
KpUCTaJlaX TMPOIECH EKPaHYBaHHS B3a€MOJIIi €XKEKTOBAHUX EJICKTPOHIB 3 10HI30BAHUM
aTOMOM 3aJMINAIOThCS He3'scoBaHMMH. Ha OCHOBI aHamizy JiTepaTypHUX JaHHUX
chopMylIbOBaH1 3aBJaHHS TUCEPTAIIIHOTO JOCTIIKEHHS.

Y apyromy po3aiii BUKIIQIEHO METOJIM €KCIEPUMEHTATbHUX JTOCTIIKEHb CIEKTPIB
[IPB na 0a3i ekcrnepuMeHTaJdbHOI YCTaHOBKM «PeHTreH 1» mnpu po3MOBCIOKEHHI B

TBEPOMY TiJli eJIEKTPOHIB 3 eHepricio 7 MeB Ta pentrenicbkux emiciitaux Kal', Kal?,

Kal®cnextpis enementie 13<Z <24 mnpu GomOapayBaHHI BiINOBITHMX pPEYOBHH
enektpoHamu 3 eneprisimu 4,5-100 keB. [locmigxenns cnexktpiB [IPB BukonyBamucs Ha
eKcrepuMeHTaIbHOMY KoMmiuiekcl "Pentren 1", y sikoMy enexktponu a0 eneprii 7 MeB
NPUCKOPIOBAIMCS 32 JIONOMOIOI0 MIKPOTpOHY. ['OHiOMETpHYHAa CXeMa YCTaHOBKHU
3abesmeuyBana peectpauito [IPB y miamasoni kyriB crocrepeskenns 0 —180 BizHOCHO
HampsiMy TOHIMPEHHSI EJIEKTPOHHOrO Ty4ykKa. BUKOpPUCTaHHS CHUCTEMHU MAarHiTHOTO
KEpyBaHHS €JIEKTPOHHUM IIyYKOM CYTTEBO 3HM3WJIO pajianiiiHuii QoH y KaHamax
peecTparii, 10 J03BOJIMJIO BUKOHYBAaTH JOCTOBIpHY peectpanito crnektpis [IPB npu
BIIMIOBIIHOMY BHOOpl dacy HakomudeHHs curHaniB [IPB. Tlpu gocnimkenHi

penrrenieskux emiciitanx Kal', Kal?, Kal®cnekTpis enexTpoHH IPHCKOPIOBATHCS Y
nianmazoni e”eprii 4,5-100 keB 3 BuUKOpHCTaHHSM €JIEKTPOHHOI TapMaTH TNPHIATY
EMMA-2, a peHTI'eHIBChKI €MICIiHI CIIEKTPH PEECTPYBAIUCS 3a IOIMTOMOTOI0 OpEriBChKOTO

criekTpoMeTpy 3 pokycyBauHsM 3a lorannom npu Bigousanui Big mromud (1010), (1120)
MOHOKpHUCTaJIiB KBapily. Po3ainbHa 37aTHICTH CIIEKTPOMETPY 3abesreduyBaja HE TUIBKU
noxin Ka cnekrpy Ha rpynu ninii Koy ,, Kall, Kal?, KaLs, ajie ¥ J03BOJIsIa BUAUISTH

OKpeMi KOMIIOHEHTH y MekKaX KOXKHOI CIIEKTPaIbHOI TPYIIH.

Tpertiii po3ain nucepraiiitHoi poOOTH NMPUCBIYCHUN TOCTIIHKECHHIO CIIEKTPaIbHO-
KyToBUX  xapaktepuctuk [IPB  1mpu  po3moBCrOIKEHHI  BHCOKOCHEPTETHYHHUX
PENSITUBICTCHKUX €JIEKTPOHIB Y KpUCTAJIaX. 30KpeMa, TEOPETUYHO PO3IIISTHYTO T'eHEpaIliio
[1PB mpu pyci pelsITUBICTCHKUX €IEKTPOHIB Y TOHKOMY IIapi KPUCTAIy MPH 3MEHIICHHI
KyTa KOB3aHHS Ta 3'siCOBaHO XapakTtep 3MiHu KoHycy [IPB, mo renepyerbes y npboMy miapi
A (Ha BimMiHY Bix poOiT [1,2], siki oOMeKuIHCS
[ PO3TIIAIOM KOB3aIOUOTO PyXy €JEKTPOHA Y
A HAIIBHECKIHYCHOMY CEpEeIOBHIII1). Ha
L pUCYHKY 1 mpencTaBieHO mIap KpUCTATy
TOBIIMHOIO L, Ha SKUil MOTpamuise exeKTPOH
3 mBUAKICTIO V 1 KyToM KoB3aHHS & . Byno
OOYHCIICHO  MOJSApHU3alliiHI  KOMIIOHEHTH
ammtitynn  IIPB A= éA4,+ é4,,, K1

;
-

BIJIMOBIIAIOTh TE€OMETPIi PYyXy €JIEKTPOHa,
Puc. 1. Cxema pyxy enexrpona ta Buxoxny IIPB.

110 HaBeJleHa Ha puc. 1, a came:
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e o an (B=p)(n-B)=e )« (B+ p)(n +B)(1-c")
Alyw: eV 2 2 2 2\ ¢ 2 !
TCVJ_ (p _nL)(p -B ) (B_nl)
Az e eV xn, X(B(nz + pz)—gp)(sn—B)(l_eiKL)+(B(n2+ p2)+8p)(8n+B)(l—eiQ’)
TV o p? (07 -n)(p"-pY) (B—n, ) e™ —(B+n, ) e™ |
e Q+:\°;—L(1—ﬁ|\7” +V /N +x(03)) B =N +y(m), ” , y(w) — nienexTpuyHa
CHpI/II‘;IHHTJ;HBiCTB perBHHH 3a mMMH JAaHUMH BU3HAYaBCS CIEKTPAIbHO-KYyTOBUMA
posnonin IIPB - dQ_‘ AL ‘ ‘ AMF. OTtpumaHO BUpa3d, SKI BHU3HAYAIOTh KYTOBE

nonoxenHs makcumymiB [TPB. 3okpema, B obmacti I mpoctopy (puc. 1) KyTn MakCUMyMiB
(0), mo BixnosigatoTs 60KOBIl MoBepxHi Konycy ITPB, 10piBHIOIOTS:

cos(@*) = CO\S/@ +5sin(&) /g(a))—\% | (1)

e e(w)=1+y(w). 3 piBasHHEg (1) BUIUIMBAE, MO MPH PEIATUBICTCHKUX IIBHIKOCTSIX

+ . .
eJeKTpoHa KyTH ©O° BH3HAYAIOTHCA APYrMM JOJAHKOM 1 TOAi 3MEHIIEHHsA KyTa &
. . +
CYIIPOBOJIKYETHCS 3MEHIIEHHAM COS(0%), omke, 30umbmeHHsaM KyTiB 0°. Sk BugHO 3

puc. 1, 3poctaHHs KyTa O BigmoBizae 3MeHINEHHIO KyTa posxuiay konycy IIPB
¢ =E—0"+m/2. TakuM 4YHMHOM, NpPH pPyCi ENEKTPOHA Yy INApi PEYOBUHH Mae

crocTepiraTicsl 3MeHIIeHHsI KyTa po3xwmity konycy I1PB mpu 3MeHieHHi KyTa KOB3aHHS
€JIEKTpPOHA MO BIAHOIIEHHI 0 TUIOMIMHHM TOBEpPXHI. OTpUMaHUN pe3ylbTaT BKa3zye Ha
MOXUIMBICTH TpaHchopMailii koHycy [IPB mpu koB3arouomy pyci €IEKTpPOHIB IydKa y
TOHKIM MmimeHi. [Ipudomy Takuii cmoci® TpaHcdopmariii € OuUTbll e€()EKTUBHUM, a HiX
TpaHcdopMallis IpH KOB3al04oMy pyci y HamiBHeckiHueHid wmimeni [1,2]. Kpim Toro,
BUKOPUCTaHHS  TOHKOI  MIllleHI  TPHUHIMIIOBO  JO3BOJIIE  BHUKOPHUCTOBYBATH
TpanchopMoBanuii (3ByxkeHuii) koHyc IIPB sk mpu BiiTaHHi y pedyoBHHY, TaK 1 MpHU
BUILOTI. JIJIs 1OTO JOCTaTHRO BHUKOPHUCTOBYBAaTH TOHKI MIIIEHI TOBIIMHOIO TMOPSJIKY
100 aM, HaHeceH1 Ha TIAAKy MiAKIAIUHKY. Y TaKUX MIMICHSIX Oyne 3MiHMCHIOBATHCS SIK
3BykeHHs1 koHycy [IPB, Tak 1 fioro mudpakiis Ha atoMHUX TwionHax. O4eBUAHO, MpHU
HAsSIBHOCTI MIIKJIAIMHKU €KCIIEPUMEHTAIbHO MOXe OyTH peanizoBaHor peectpaiis [1PB
TUTHKK 3 OOKY BUTBHOI TTOBEPXHI TOHKOTO 3pa3ka, 1o BianoBigae nudpaxiii konyca [1PB
MIPY BIIITaHHI €IEKTPOHIB.

Brepiie y reomeTtpii 3BOpOTHOI peecTpairii eKCIepUMEHTAIbHO JOCTIIKEHO CIIEKTPH
[IPB, mo reHepyeTbcs Yy MOHOKPUCTAJIIYHOMY KpPEMHII 1 BHCOKOOPIEHTOBAHOMY
niponitngHomy rpaditi (BOII') mpu po3moBcromKeHH1 eNeKTpoHiB 3 eHeprieo 7 MeB.
BcranoBneHo, 110 Mpu HOPMAJIBHOMY TaJiHHI ITy9YKa €JIeKTPOHIB Ha (i3HMUHY MMOBEPXHIO
(110) Si cmextpu [IPB wmictsate Mmakcumymu (220), (440) 1 (660), a mpu HOpMATBEHOMY
nafiaHi Ha (iznany nmosepxHio (001) BOII — makcumymu (002), (004), (006) 1 (008),
eHeprii skux 3 TouHicTIO a0 0,5% 30irarorbcs 31 3HAUCHHSAMH, BU3HAYCHUMH B
KiHEMaTUYHOMY HaOnukeHH1 (puc. 2 Ta puc. 3). BusHaueHO oOpieHTalliiiHI 3a71€KHOCTI
MakcumyMiB [IPB nns 3paskiB Si ta BOIII'. 3okpema, AoCHiKyBaaucs 3alieKHOCTI
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iHTeHcuBHOCTI MakcuMyMiB (220) Si ta (002) BOIII' Bim kyTa BiAXWICHHS TUIOUIUHU
3pa3ka BIJHOCHO HYJBOBOTO MOJIOKEHHS (IIPU SIKOMY PEECTPYBAIMCS MOBHI CIIEKTPHU PUC.
2 Ta puc.3) BuxopucroByBamucs JBa THNM KYTOBUX BiAXWwieHb. llepmmii tum —
oOepTaHHs 3pa3ka Ha KyT (0 HABKOJIO BEPTUKAILHOI OCi TOHIOMETpa, sike 3abes3reuye

MOBOPOT IUIOLIMHU 3pa3Ka B FOPU3OHTAIBHIA IUIOMMHI ToHioMeTpa. KyT ¢ 3MiHIOBaBC
Big Hynsa g0 ¢==210°. Jlpyruii TMn — oOepTaHHs 3pa3ka Ha KyT ) HaBKOIO Bici, 110
JIKUTHh B TOPU3OHTANIbHIN IJIOIIMHI TOHIOMETPA 1 MEPIEHANKYIISIPHA 10 HAPSAMKY

700 . . : :
Ko, Si . - (004) . o
4 ’ i u
5 600 05 S 6001 o TIPB @0 |
S © x8
© 500+ (220) = 500+ (006)
2 ER
Z 400- 4 4007 7
2] 2 3004 (008)
2 3004 E ] i
(240) 5 |
= 200- @ | 5 2] KB,
5 £ 1001 1
£ 100 M W W
! 0_
0 4~ WUV TTLNWINT TRV TV WAaE T MU Ut e e T T T TrrTT T T T T T T
L L L B I S I B B o 1 2 3 4 5 6 7 8 9 10 11

. . Enepris ¢oronis, keB
Enepris ¢potoni, keB prist ¢ ’

Puc. 2. Cnexrp [1PB kpemHito nmpu 3BOpOTHii Puc. 3. Cnexrp IIPB BOIII" mpu
3BOPOTHIN peecTpaitii.

peecTpariii.
CJIGKTPOHHOTO Tyuka. Take oOepTaHHS 3a0e3ledye TOBOPOT IUIOMIMHH 3pa3ka y
BepTUKANbHIN IIomuHi roniomerpa. KyT Takosk 3MiHIOBaBcsa Bif Hyns go y =+10°.
Tunosi opieHTaIlifHI 3aJIE)KHOCTI TIPEICTaBIEeHO HA puc. 4—7. SIK BUJIHO, CIIOCTEPIraloThCs
JBa CHMETPUYHHX MaKCUMyMH, IO BimoOpaxkaioTh mnepepis konycy IIPB. Ilpu
HaOIMKEHHI 10 HeHTpY po3noaity ( ¢,y —> 0) IHTEeHCHUBHICTh HE Clajae 10 HyJIA, K I1e
nepeadavaecTbcsl y KIHEMAaTHYHOMY HAOJNKEHHI, IO 3YMOBJIEHO SK OaraTOKpaTHUM
poscitoBanHsM [1PB, Tak 1 00MeXeHICTIO KyTOBOTO PO3JILJICHHSI TOHIOMETPY. Y BHMAAKY Si

: : o . 0 0
BiIcCTaHb MDK MakcuMyMamu ckiaagae 5,0°+0,3°, a g BOIIIT — 6,3° £0,3°, mo
MOMITHO MEHIIIE 32 OYIKYBaHY y KIHEMAaTHUYHOMY HAOIMKEHHI KyTOBY IIUPUHY KOHYCY
-2 -1/2 0 2 1 n2y-1/2 -

IPB  2¢9=(y "+, =178 ne y=@-V°/c)™*,  y, — mienekrpuuHa
CIPUHHSITIUBICTH CEPEIOBUIIIA.
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° Si o 1000+ BOIIT
S 100+ (220) o ] b
N 2 (002)
& ! S 800+
E: +/ + ER.
£l \ \ 4 6001 \+
9 60+ + K Q ] \+
z \% = 400- ¥ \
5 . 5 ‘
O 40+ : \, \ Q 1 \
: A ¢ +\/ ™ 5 200 o "~
T ool et ' = i
Z ot VAN = | —_,
0 ' ' 0
10 8 6 4 2 0 2 4 6 8 10 20 -15 <10 -5 0 5 10 15 20
Kyt o, rpan. Kyt ¢, rpax.
Puc. 4. KyroBa opieHTaniiina _ ' _
3aJIEKHICTh IHTEHCUBHOCTI MAKCUMYyMYy PHC- 5. KYTOBE} OpIEHTAIIMHA 3AICKHICTD
(220) Si ipi oGepranHi HA KYT (0. IHTeHCHBHOCTI Makcumymy (002) BOIIT
npu 00epTaHHI HA KYT (7.
T T T T 10
120 - 1200 -
; S BOIIl
8 100- ) 21000+ 1°
= . / S (002)
Z a0 / < 8001 14
Y]
; + / \ : g
2 ] /+/ H \ 4 600 :
: +/+ H 2 4001 ! 1
5 401 4t = ) $
= 'R = ¢ .
= T4 > o* e, i
= N £ 200 J . 2
20 ¢ E — o’ e,
0 8 -6 -4 2 0 2 4 6 8 10 R N K
Kyr 7, rpa. 20 <15 10 -5 0 5 10 15 20
Puc. 6. Kyrosa opienrariiina Kyt y, rpaz.
3aﬂe>KH'iCTB iHTeHCHBHQCTi MaK;EHMYMa Puc. 7. KyroBa opieHTaliiiHa 3aJeXHICTh
(220) Si npu obepranHi Ha KyT *. iHTeHCHBHOCTI Makcumymy (002) BOII

npu o0epTaHHI Ha KyT Y.

YactrHa BUSBIECHUX PO3ODKHOCTEH MK EKCIEPUMEHTAIHPHHUMH Ta PO3PAXOBAHUMHU Y
KIHEeMaTHYHOMY HaOIM)KCHHI 3HAYEHHSIMH KYTOBOTO PO3TBOpPY KoHycy [IPB moxe Oytu
3yMOBJI€Ha HETOYHOCTSAMHM FOCTYBaHHS 3pa3KiB y roHioMeTpi. OnHAK, IX OCHOBHA YacTHHA
BU3HAYa€ThCA edexrtamMmu AuHAMIYHOI audpakiii, sSKi TPOSBIAIOTHCA TPH 3POCTaHHI
CTPYKTYPHOI JOCKOHAJIOCTI KPUCTaIiB. A caMe, TuHaMiuHI e(PeKTH MaKCUMAaJIbHI Y O1JIbII
CTPYKTYPHO JOCKOHAJIOMY KpPEMHii, y SKOMY 3BY>K€HHS KOHYCY BiJIHOCHO 3HAYCHHS Y
KIHEeMaTHYHOMY HaOmKeHHI ckimamae 2,8°, Tomi sk mius 3paskie BOIIIT 3 kyTtom
Mo3aigHocTi 0,4° Take 3BYy)KCHHS € MCHIIIAM 1 ckiajae 1,5°.

Brepime ekcnepuMeHTanbHO JIOCHIKEHO BIUIMB  PO3MIpPIB  KPUCTANITIB Y
MOPOIIKOBUX 3pa3kax Ha BIMHOCHY iHTeHCUBHICTh MakcumyMmiB [IPB. B sxocTi 3paskis
OyJI0 BUKOPHCTAHO MOPOIIKH ajaMa3y 3 pi3HUM cepelHiM aiamerpom 3epeH: a) d = (0,3 £
0,1) mxm; 6) d = (6 £ 1) mxm; B) d = (42 = 7) mkm. PeectpyBanmucs makcumymu [1PB mipu

Bim6mBanni Bix mwiommu (111) i (220) anmasy min kyrom cmoctepexenus 6 =151°



BITHOCHO HAamNpsMKy MEpPBUHHOTO IYyYKa.

IHTEHCUBHOCTENl MaKCUMYyMIB

10

N (111) / N (220)

Ta

Busnaueni
iX I[IUpPUH MOPIBHIOBAIUCA

BITHOIIIEHHS

IHTErpaIbHUX
3

napamMeTpaMu IIMX MakCHUMYMIB Ha THX K€ OpEriBCbKMX KyTaX, ajle OTpUMaHUX MpH
mudpaxiii pentreHiscbkoro BunpominenHs Tpyoku (APBT) Oxford Apogee 5000 W.
Tunosi cnextpu [1PB ta J/IPBT naBeneno Ha puc. 8.

0.3 +£0.1 MEM 6+ 1 MEM 42 + 7 MEM
3 4 5 6 7 8 3 4 5 [§) 7 8 3 4 5 6 7 8
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1500 ‘ i 1500
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9 150 * H llli | | ] 150
S 100 §a o 4 100
E Lo
2 .
50 50
0 0

EHepria foToHIE, KeB

Puc. 8. Cnexrpu IIPB ta JIPBT Ha mopomkoBuX 3pa3kax ajamasy 3 PI3HUMHU CEpeIHIMHU
po3MipaMu MIKPOKPHUCTAJIIB.

Ha puc. 9 nmpeacraBieHo oTpuMaHl 3HAYEHHS BIJHONICHb IHTETPATbHUX
inTencuBHocTedt N (111)/ N(220) TIPB Ta JIPBT mns ycix 3paskiB. BusBieHo, mo mpu
3pocTtanHi po3mipiB kpuctanitiB BigHomrenHs N(111)/ N(220) ITPB 3menmyeTscst GBI

HDK Y 2 pa3u, Tofi K Take BigHommeHHs it JIPBT 3amumaerscs 6e3 3min. HaiiGinmbina
gyTauBicTh BenmuuuHU N (111)/ N(220) 10 po3mipiB KpUCTAJITIB MPOSBISETHCS B 00TIACTI
d =0,3-6,0 Mmxm i cxianae 1,9 pa3u, a mpu MOAAIBIIOMY 3pOCTaHHI PO3MIpiB ePeKT cTae
MEHIII MOMITHUM. BcranoBneHo, mo mupuHn MakcumymiB (111) 1 (220) y Bumaaky
mudpakuii [TPB s 3pa3kiB 3 pisHEMH po3MipaMu KPUCTAJITIB 3aJUIIAIOTHCS CTAUMH,
TON1 SIK MIMPUHU TMX MakcuMyMiB y Bumanky JIPBT mpu 3MeHmieHHi po3MipiB 3epeH
3pOCTarOTh y BiAnmoBigHOCTI 3 piBHsAHHSIM [lleppepa. HeoOxinHO Big3HAYUTH, IO BiOMI Y
JiTEpaTypi MOJZENI OMHCY CIEKTPaTbHO-KYTOBOTO pO3moainy iHTeHcuBHOCTI [IPB mpwm
PO3IOBCIO/KEHH1 €JIEKTPOHHOTO MyYKa Yy MOJIKpUCTANIaX Y KIHEMATUYHOMY HAOJIMKEHHI
HE BpaxOBYIOTh MapaMeTPiB, Kl O BUZHAUAIIM 3aJI€KHICTh TAKOTO PO3MOALLY Bl pO3MipiB
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kpuctanitie  [3]. Tomy 3alieXHICTh

N (111) / N(220) BiJ pO3MIpiB

0 KpUCTAJIITIB MOXe OyTH 3yMOBJICHA

E:‘ % _+_ JUHAMIYHUMU  edeKkTamMu 'y audpakuii
E [1PB, 3o0kpema, edekTOM NEPBUHHOI
g; 3] EeKCTUHKIIIT Ha OJOKax KOT€PEHTHOIo
8 pPO3CIIOBaHHS 3  pI3HOIO  KUIBKICTIO
% 2] +\HPB riomuH. To/Al BITHOIIEHHS IHTETPATbHUX
= * iHTeHCUBHOCTeH MmakcumymiB  (111) 1
< 19 (220) wmoxna 3amucatm gk [4]
J T —e—_ VB N(111) / N(220) = K th(md,;,) / th(M0,50,)
0.1 1 10 100 ne K —geska crama, M — KUIBKICTD
Po3wmip 3epHa, MKM ATOMHUX IIJIONIMH B  MeEXKax 6JIOI<y

Puc. 9. 3anexHicTh BiIHOCHOI iHTEHCHBHOCTI KOT'CPCHTHOT'O posciroBaHHS,
makcumyMiB IIPB ta JIPBT Big po3mipiB 3epeH NCPHOCHANKYIAPHUX 0 BEKTOpa
anmasy. PO3CIFOBAHHS; yyy, O ppp — PO3CIFOKOYH

snatHocti [IPB mns mmomwmna (111) Ta (220). Takum YWHOM, eKCHEPUMEHTAIbLHO
BCTAHOBJICHO, WI0 TMpPU MPOXOMKEHHI Iydyka BUCOKOCHEPreTUYHHX EJEKTPOHIB Y
NOJIIKpUCTANax BITHOIICHHS IHTErpajlbHUX IHTeHCUBHOCTeW makcumyMiB [IPB Busisusie
YYTJIMBICT JI0 PO3MIPIB OJIOKIB KOT€PEHTHOTO po3CitoBaHHs. Taka 4yTIUBICTh MOXE OyTH
MOKJIaJieHa B OCHOBY HOBOTO METOJY OI[IHKM PO3MIpiB MIKpPO- Ta HaHOYAcCTHHOK. lle
BaXJIMBO, 3BaXKatouu Ta Tou (axT, mo renepaiis [IPB BinOyBaeThcs MpakTUYHO B YChOMY
o0'eMi 3pa3ka, Ha BinMiHy Bix JIPBT, nis sikoro ToBuiMHaA mapy audpakiiii 0OMexXyeTbCs
€KCTUHKI[IHHOIO JOBXKUHOIO.

Y 4YeTrBepTOMY PO3Aijdi MPEACTABICHO PE3YIbTATH JIOCHIIKEHHS PEHTICHIBCHKHUX

eMICIHHUX CIIEKTPIB K0L12, K(xLl y metanax Ti, V, Cr Ta ix okcugax npu 30yIKCHHI

eJIEKTpOHAMU 3 eHepriero 25 keB, a Takox KOL12, KocLl, KocLZ, KocL3cneKTpiB Al ipu

oomOapayBanHi enekTpoHamu 3 eHeprismMu 4,5-100 keB. Ockinbku rpyma Kol mimiii

(OTHOEJIEKTPOHHI HEPEXOIH 15712 p_l -2 p_2) MICTHTh OKPEMi KOMIOHEHTH a—h, sKi

3

BiNNOBigaOTh pamianiiinoMy posmaxy CTaHiB 1P1 Ta Py, TepMmis ) p_l

koH(irypamii (tabn. 1, cToBm. 1), TO BIIHOIICHHS IHTEHCHBHOCTEH TPYI JIiHIH, SIKUM

: . . 1 3 :
B1AIIOB1AAaOTh IIOYaTKOB1 CTaHU Pl Ta P012 TCPM1B, CKCIICPUMCHTAJIbHO BH3HAYAJIOCA
b }

SIK BITHOIIEHHS 1HTETPaJbHUX IHTCHCUBHOCTECH KOMITIOHEHTIB:
I(3P) () +1(f)+1(d)+1(c)+1(g)+1(h)
X = = .
1(tP) 1(a) +1(e)

BinmHocHa iHTEHCHBHICTh y Oyia Bu3HaueHa jiisg atomiB Ti, V, Cr y MeTanax ta okcuaax
TiO; (pytui), V203, VO,, V,0s, Cr,03. Ilpu moaini Ha KOMIOHEHTH a—h, KOXKEH 3 HUX
anpoKCUMYBaBCA aMmIUTITyHOWO (¢yHKIieo Doiirra. [Ipu npoMy BapiroBalucs MIKOBi
IHTEHCUBHOCTI Ta €HEprii, a rayccoBa 1 JIOpPEHIIEBA HAMIBIIMPUHU MHIATPUMYBAIUCS
IMOCTIMHMMH 1 OJHAKOBHMHM JUII BCIX KOMIOHEHTIB. Y Ta0i. 1 HaBegeHO BIIHOCHI

()
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IHTEHCHBHOCTI OKpPEMHUX KOMIOHEHTIB (BiIHOCHO IHTEHCHUBHOCTi Ka,,-NiHiit) Ta 3araibHa

BiZHOCHA iHTeHCHBHICTL y . Ha puc. 10 npeacrasiaeno tunosi Kol' cnextpu V y metani

Ta BIANOBIJHUX OKCHJAAX, @ Ha puc. 11 — 3ajeXHICTh BEIMYUHHU y BIJl 3CYBY €HEprii

23, PIBHA B OKCH1 BIIHOCHO HOT0 3HaYEHHS y METAJIL.

Ta6mus 1. BigrocHi inTercuBHOCTI KommonenTis Kolt

Bemuunna 2, -3CyBy

BiIOOpa)ka€  CTYIIHb

-BignocHa .
iHTeHCHBHICTD Ti Tio v v.0- | vo. | v.o Cr cro JIOKaAJI13aIqil 3ap;1gy
Komnonenra, 2 2 2R e BAJICHTHUX EJICKTPOHIB
107% Ha aToMl. SIK BHIHO 3
a 56 77 36 | 44 | 49 | 53 25 40 a6, 1 Ta puc. 11, npn
b 50 36 48 43 41 39 44 26 SIICKTPOHEOMY
c 6 9 6 7 6 4 7 3 .
d 9 7 |8 | 8 [ 7] 6 | 6 9 _ GomOapyBanHi
o 6 8 5 6 6 8 4 3 nepexiji  BiJ MeETalliB
f 30 | 20 | 26 | 25 | 23 | 22 | 17 13 Ti, Cr mo ix oxcumis
g 16 17 18 | 21 | 24 | 25 18 22 CYIPOBOKYETHCS
h 12 5 2 | 12 | 12| 11 7 12 3MEHIIEHHIM
X, BixH. o1. 1,98 121 | 288 | 232 |205| 1,75 | 341 1,78 BiJIHOCHO'l'

V MeETall

T
8 12 16 20 g0 24 32 36

18 12 16 20 24 32 36

0,4+

IHTEHCUBHICTD, BiJH. Of.

0,01 = : === \
. . T

18 12 16 20 24 28 32 36

I T ‘I T I T I T T T I T T T I T T T I T T T I T T T I T
12 16 20 24 28 32 36
AFE, eB

Puc. 10. Kaul! cnexrpu V y Metaii Ta OKcHaax.

iHTEeHCUBHOCTI ¥ y 1,6-2,9 pasu. B
OKCHJIaX BaHA/1I0 3pOCTaHHS
¢(EKTUBHOTO  TIO3UTUBHOTO  3apsay
atoMy V, sKe  BiIOOpakaeThCs
3pOCTaHHAM €Heprii 3B’s3Ky V2P,
CJIEKTPOHIB, CYNPOBOIKYETHCS
MOHOTOHHUM 3MEHIIEHHSM BIJHOCHOI
IHTEeHCUBHOCTI 7 Bix 2,4 mo 1,8.

JIns  TOSICHEHHS BIUIMBY  XIMIYHOTO
3B’S3Ky HAa BUIHOIICHHS TIEpepi3iB

36ymwkenns P ta °P Tepmis 1s7'2p™
KoH(iryparlii 3anporoHOBaHO MOJICIb, Y
AKIH: a) JUISI KOXKHOTO 3 KOHTHHYYMIB
1s2p ' (*P)ep 1@ 1s2p ' (P)ep
XBUIBOBI (PYHKIIT OyAyrOThCS TUIBKH
yepe3  BIAacHI  XBWIBOBI  (yHKITIT
KOHTHHYYMIB; 0) BBOJIUTHCS
e(eKTUBHHM pajiyc Re, TOOTO BiACTaHb
EP eNeKTpoHA BiJ IEHTPY aTtoMma, Yy
MeXaxX SKOI y KpHCTali BimOyBaeThCs
B3a€MOJIisi TAKOTO eIeKTpoHa 3 1S 2P~ -
10HI30BaHUM  aTOMOM. Y  MeTajax
Reff = 2—4 A 1 3pocTae mpu nokamizarii
3apsAly  BaJIGHTHUX  EJCKTPOHIB; B)
BPaXxOBY€ETbCS  TUIBKM  MIDXKKaHaJIbHA
B3a€EMO/IISl KOHTUHYYMIB, BEJIMYMHA SIKOT
y KpHUCTaIax BHU3HAYAETHCS
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miHiManeHOIO eHepriero  €(Ry ). Toni

BiTHOWICHHS TIepepi3iB 36ymkenns P Ta

i c I -
- rl P tepmie 1s 12p 1K0H(1)irypaui'1' MOXKe
s Y OyTu 00UYHUCIIEHO 32 POPMYJIIOIO:
%289 V0,
: VO e 2
g 24 2 3 -1 '
o — e 210
0, mo, | [ uees™)f o
1.2 * e(Reft

-1 0 1 2 3 4 5 6

3cyB eHeprii piBHA 2p5, , eB .
2 ne U,(°P), U,(*P) — Bnacui Qynkiii

Puc. 11. 3anexHICTh BIJHOCHOI IHTEHCUBHOCTI 1 1
. . : - —1/3 -1 -1
Bi BemumMEM 3cyBY eHeprii 2 Py, enextponis B KOHTHHYyMiB 1S “2p “("P)ep Tta 1s2p
i Bi 1 : -1 ~
OKCHIIL BITHOCHO MCTAITy. (‘P)ep; w(ls™) — xBumboBa (yHKIIisA
IOYaTKOBOrO CTaHy atomy 3 1S™' BakaHciero. IlpeicTaBieHa MoJeNb € MOMANBIINM
PO3BUTKOM poOIT [5,6], y IKHX BpaxyBaHHS CTYIEHIO JIOKaJi3allil BaICHTHUX CJIEKTPOHIB
yepe3 BBEICHHs €(EeKTHUBHOTO pajailycy B3aeMoii Re He BuKoHyBasocs. Po3paxyHok 3a
dopmynoro (3) 3 BHUKOPUCTAHHSIM HEPEISATHUBICTCHKUX BOJHEIOMIOHMX EKPaHOBAHHMX
. - . 3 1 .
pagianbHMX XBWILOBMX (YHKIiM mnokazas, mo Bigpomenus o(°P)/o("P), orke, i
BIJTHOCHA IHTEHCUBHICTh Y% MOHOTOHHO 3MEHINYIOThCS Yy 1,5 pa3u mpu 3pocTaHHI
e(heKTUBHOTO pajiycy Bill Rey = 2 A noRss=8A (mepexin Bix MeTana 10 JIeJIEKTPUKA).
B D
OTmxe, BCTAaHOBJIEHO, IO MPH JABOKpaTHiK 1S ~2p Tiowi3arii y KpucTajaXx OCHOBHOIO €
- - - 101 Lnn-103 .
MDKKaHaJlbHAa B3aeMOis KOHTHHYyyMiB 1S2p ("P)ep ta 15 2p~(°P)ep, Benuuuua sKoi
BU3HAYAEThCA €(PEKTUBHUM paziycoM Rg B3aeMojii 2p eneKkTpoHa y HENMEepPEepPBHOMY
. -1 1. . o .
crekTpi (ep emexktpona) 3 1S 2p " ionizoBanum atomoM. Cam eekTHBHHE pamiyc Res y

KpHCTajiax 3aJIeKUTh BiJl CTYIEHS JIOKaJi3allii BAJICHTHUX €JICKTPOHIB Y KpHUCTaJIax.
Jlns BU3HAYEHHS POJIi B3a€EMOJIIi 2p €IEKTPOHIB, SKI 3aJHMIIAIOTh aTOM Yy pe3yJbTari

14 -2 1A -3 - -
shake-off mpomecy, 3 1S72p™ Ta 1S2p~° ioHi3oBaHMMH aTOMaMH OYJIO BHKOHAHO
€KCIIEpUMEHTAJIbHE JIOCIIIKEHHsI BITHOCHOI 1HTeHcuBHOCTI Koy, ,, KaLl, KalL? ta Kal®

CIEKTPIB METaly allOMIHIIO MPU EJIECKTPOHHOMY OoMOapayBaHHI y Jiana3oHi €Heprii
enextpoHiB 4,5-100 keB. Tunosi Ka; », KaL!, Kal? ta KoL® cnektpu Al HaBeIeHO Ha PHC.
12.

3a BiHOCHMMHM iHTErpaTbHUMHE iHTEHCHBHOCTSIMHU rpyt miniii v = I (Kal')/ 1 (Kay,),
n=I1(Kol?)/I(Kol') ta &=1(Kal®)/I(Kal') Busnauamics BigsocHi imoBipHOCTI
YTBOPEHHS OJHIET JOAaTKOBOI 2 p_1 BakaHcii ( P, ), ABOX gogaTkoBux 2 p_2 BakaHcii (P,

-3 ‘o . . _ .
) Ta TPHOX TOAATKOBHMX 2P ° BakaHciil (Py) mpu yTBOpeHHi nepBuHHOT 25 BakaHcii B akTi
10HI3aI11ii aTOMa BUCOKOCHEPTCTHYHHUM €JICKTPOHOM.
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X107
o —]
= 3 Koy
Z
B
g 27
=
m 4
=
o
S 1
=
]
a
| T T | T T
1484 1488
Enepris ¢potoHnis, eB
x10°
- 124 Ko ?
Q -
=
-y—q'\ 8 ]
W)
S -
E
= 4
(]
5
) T 6
= 0 T

T I T
1504

T I T
1512

Eneprisa doronis, eB

x10

IHTEeHCUBHICTD, IMII/C

x10

IarencusHicTs, iM11/200 ¢

[EY
v

— | -
1492 1496 1500
Enepris ¢ortonis, eB

N
l

I I
1512 1520
Enepris ¢oronis, eB

Puc. 12. Ko cnextp Al: a — Key,,; 6 — Kal': 6 — Kal?; 2 — Kal’ (U =25 B).

VY Tabn. 2 npenacraBieHO eKCIepUMEHTANIbHI 3Ha4YeHHsS V, 1, { Ta BHU3HAYCHI 32 HUMU

BiAHOCHI iMoBipHOCTI P, P,, P,. ¥V moganpimomy aHaii3li BUKOHYBAJOCS MOPIBHSHHS

Tab6auus 2. ITapamerpu K ol Kol? ta Kal? criextpis Al.

BinnocHi
IIpuckopiowya iHTeHCHMBHOCTI Py P, P;
Hanpyra, kB v n 13 x10? | x107® | x10?
x107 | x107 | x10?

4,5 10,4 8.3 2,8 8,5 33 7,6

7 9,9 8,5 3,0 8,1 3,1 7,8

11 9,8 8,1 3,1 8.0 3,1 7,7

17 9,5 8,2 3,1 7,8 2,9 7,7

25 8.8 7,9 3,0 7,3 2,7 6,9

50 8,1 8,2 2,9 6,7 2,5 6,1

75 7,0 8.3 3.1 5,9 2,2 5,6

100 6,5 8.1 3,0 5,5 2.1 5,4

CKCIICPUMEHTAIPHUX 3HAYCHb
P,, P, 3 ix po3paxyHkamu y
HAOJIMKEHH1 HE3JIEIKHOTO
«CTPYIIyBaHHS»  JBOX  Ta
TPHOX 2p EJNEKTPOHIB TpHU
shake-off  (SO)  mpomeci.

BigmoBigai TEOPETUIHI
3HAYEHHS BH3HAYaJMCId 34
bopmynamu

P = (5/12)(PE?)? Ta
P = (5/54)(R*)* [7].
[Tpuitmaroumn I Al

PCY = 6,9.102[8],
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orpumaemo  P°? =2,0-10°ta P®? =31.10°. Ha puc.13, a Ta 6 NpencTaBIeHO
sanexxnocTi Bignomens P, /P ta P,/ PS® Al Bin eneprii 6oMGapayrounx eneKTpoHis.

JIS TIOPIBHSHHS TAKOX HABEJIEHO PaHIIlle OTpUMAaHI1 JaH1 s HamiBIpoBigHuka Si [9]. 3
p p p p
puc. 13 BuaHo, mo s Al Mexi 3MiHM BiTHOIIEHHS CKiIanaioTs P,/ PZ(SO) =1,1-1,7, Ton1

ak ansg Si P, /PP =1,4-19. Anmanoriuno, ans Al mexi 3mian Bimsomenns P, /P
ckianawTb P/ P3(SO)= 1,7-2,5, Toni six nst Si Py / P3(SO): 3,2-4,3.

5,07
6
. . 4,05
) a .
¢
_A ‘® 3,09 Si
N 8w 7
= LN
[y % 203
] Al
I 1,03
|||||||||||||||||||||||||||||||||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||||||||||||||II|IIII
0 10 20 30 40 50 60 70 80 90100 0 10 20 30 40 50 60 70 80 90100
Enepris enextponis, keB EHepris enekTpoHiB, keB

Puc. 13. 3anexuocti P, / P (a) ta Py / PO (6) Bin eneprii Hanitarounx enexTpoHis.

Otrxe, y Metam Al 3HaueHHs I1MOBIPHOCTI JOJATKOBOi JIBOKpAaTHOI 1oHi3amii 2p
11i10GONOHKY [IPY YTBOPEHH] IIepBHHHOI BakaHcii y 1s o6omonni (koudiryparis 1s™2p ™)
BITHOCHO I1i€1 X BEJIMYMHH, 00YMCIICHOI y HaOJaMmKeHH1 He3anexxkHoro SO mporecy s
TIBOX 2p €NEeKTPOHIB, y 1,2 pa3u meHIie, HiX y Si. binbin cunbHUM €(eKT crocTepiracTbest
JUIS IMOBIPHOCT1 JOJATKOBOI TPHWKpPATHOI 10HI3amii 2p MmiIOO0JIOHKH TpH yTBOPEHHI
nepBuHHOI BakaHcii y 1s o6omonmi (xoudirypamis 1s72p~°) BimHocHO 3HaueHHS,
00YHUCIIEHOTO y HAOMIKEeHH] He3anexkHoro SO mporiecy Uisl TPhOX 2p €NEKTPOHIB — IS
metany Al Take BimHomieHHs y 1,7 pa3iB MeHIe, HiX s HamiBOopoBimHuka Si. Takuit
pe3yIbTaT CBimuMTH mpo Te, mo y Mmetani Al mepe6ir mporeciz 1S72p~ Tta 1s2p~°
10HI3aril kpaie onucyeTscs y HabmmkeHHi SO, aHDXK y HaIiBIPOBITHUKY Si. BigMiHHICTB
nporecie 1s7'2p~ Ta 1s7'2p~° iomisamii Al Ta Si 3ymMOBIeHa THM, IO B ANIOMiHii
B3a€MOJis 1BOX MOBIIBHHX 2p EIEKTPOHIB y HemepepBHOMY crektpi 3 1s72p~
i0HI30BaHUM aTOMOM (200 TPHOX MOBLIBHHUX 2p €JICKTPOHIB Y HEMEPEPBHOMY CIEKTPI 3
1s2p~° ioni30BaHMM aTOMOM) MOMITHO 3a€KPaHOBAHA BiIbHUMM €ICKTPOHAMH, TOMI K Y
Si 3 JOKai30BaHMMH TIAPHOCIECKTPOHHUMH 3B’S3KaMU TaKa B3aEMOJIS € CYTTEBOIO
cwibHIMOW. ®MakTHYHO, 3aBASKM EKpaHyBaHHIO MDKKaHaJIbHOT B3aEMOJii KpaTHa
IOHB3amiss y MeTajiax Kpame onucyerbes y  Shake-off nHaGmmwkenHi, aHbK y
HaIBOPOBIJHUKAX Ta JIIEJIEKTPUKAX 3 JIOKATI30BAHUMU €IEKTPOHHUMH 3B’ sI3KaMH. TakuMm
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YUHOM, OTpPHMaH1 pE3yJlbTaTH CBIAYWUTH, MO-MEpIIe, MNPO 3HAYHY pPOJb B3AEMOJIL

KOH(]irypariit 15712 p_z(l\/I X 3) 2ep mpn 15710 p_2 ionizanii Ta 1512 p_3(|vI X 5)3ep

157 -3 . . .. . .
npu 1S ~2p * iomizamnii Al ta Si, a mo-apyre, Npo CyTTEBE SKpaHYBaHHs TaKOl B3aEMOIIi
BUIbHUM €JIEKTPOHHUM razoM y metaii Al mopiBHAHO 3 HamiBOpoBinHUKOM Si. OTxe, npu

Ho0YI0BI TEOPETUYHOT MOJIEN] 18_12 p_2 Ta 18_12 p_3 ioHi3a11ii 000B’I3KOBO MOBUHHO
BPAXOBYBATUCS €KPaHYBAHHS i0HI30BAaHOTO aTOMY BiILHMMH €JIEKTPOHAMH. MOXKIUBHI
IUISX TAKOrO BPaxyBaHHSA TaKOX IIOB’SA3aHMN 3 BBEAEHHAM e(EKTHBHOIO paiiycy
B3aeMOil Reff .

BUCHOBKHA

1. Jlns BHKOHAHHS JOCJTIDKCHb CIIEKTPAbHO-KYTOBUX Xapakrtepuctuk [IPB mpu
PO3MOBCIOJKEHHI BUCOKOCHEPTETUUHUX €JICKTPOHIB 3 eHeprieto 7 MeB y kpucranax Ha
0a3l eKclnepuMEeHTaIbHOI YCTaHOBKM «PeHTreH 1» po3pobieHo Ta BiANpalbOBaHO
METOJIUKY 30y/keHHs Ta peectpailii [IPB y reomerpii 3B0OpoTHOTr0 po3citoBaHHS, 30KpeMa,
B obnacti KyTiB cmocTepexenns 150 —180 BiZHOCHO HAMpsIMY PO3MOBCIOKCHHS
eJNeKTpoHHOTO myuka. lle mo3Bommiio 3abe3neunt piBeHb curHainy B 1-3% Bin piBHS
3arajpbHOr0 pajianiiHoro (oHy, 0 JOCTaTHBO JIS JIOCTOBIPHOI peecTpallii CIeKTpiB
[1PB npu BianoBiziHOMY BUOOP1 4acy HAKOMUYEHHS y KaHAJ1 peecTpallii.

2. Teopernuyno mependadyeHO MOXIMBICTH 3BYXeHHs koHycy IIPB Ta 3pocranus
kyToBOoi ryctuHu [IPB mpu po3noBCIOMKEHHI PENSITHUBICTCHKUX EJIEKTPOHIB Y TOHKUX
KpucTajax B 00JlacTi MajguX KYyTiB KOB3aHHS €JICKTPOHHOTO ITyYKa BIJIHOCHO MOBEPXHIi
mimeHi. Eext Moxke OyTH BUKOPUCTaHUY TPU CTBOPEHH] MIIICHEH 1T KOHTPOJIBbOBAHOTO
dbopmyBanHus konycis [IPB.

3. ExcnepuMeHTalbHO BH3HAUEHO CIIEKTPAIbHO-KYTOB1 PO3MOJLIN IHTEHCUBHOCTI
I[IPB mpu po3MOBCIOIPKEHHI BHUCOKOCHEPTETHUYHHUX EJEKTPOHIB Y MOHOKPHUCTAIIYHOMY
kpemuii Ta BOII[ y reomerpii 3BoporHoi peectparii (0 =180). Ilpu HOpMaTbHOMY
najiHHI MyYKa eNeKTpoHiB Ha (iznuny noBepxHio (110) Si 3apeectpoBano cnexktpu [1PB,
o MicTaTh MakcumyMmu (220), (440) Ta (660), a mpu HOpMaIbHOMY MMaJIiHHI Ha (HI3UYHY
nosepxHto (001) BOIII' — makcumymu (002), (004), (006) Ta (008), eneprii skux 3
touHicTio 110 0,5% 30iratloTbcsi 31 3HAYEHHSIMH, OOYHCICHHMHU Y KIHEMAaTHYHOMY
HaOJIMDKEHHI.

4. BusBneHo, 1m0 KyTOBI OpIE€HTAIIHHI 3aJIEKHOCTI IHTEHCHBHOCTI MAaKCUMYyMIB
(220) Si ta (002) BOIIl' MicTITh IBa CUMETPUYHUX MAKCUMYMH, SIKI BIIOOPaKYIOThH
nepepis konycy IIPB mnepnenmukynspHO 10 oOcCi KOHYCY IUIOIIMHOK. BuspieHa
PO30KHICTh MIK E€KCIIEPUMEHTAIHHO BU3HAYEHUM KYTOBUM po3xmwioMm koHycy I[IPB Ta
nepeadadyBaHUM y KiIHEMaTHYHOMY HAOJIMKEHHI, ska ckiaangae st Si ta BOIID 2.8 Ta
1,5 BimmoBigno. ITpuunHa po3GLKHOCTI MOXe OyTH 3yMOBICHA e(eKTaMH JUHAMIYHOI
nudpaxiiii, K1 TpOsSBISIOTHCS TPH 3pOCTaHHI CTPYKTYPHOI JOCKOHAJIOCT1 KPUCTATIB.

5. EkcnepuMeHTalibHO  TOKa3aHO, IO  OpU  PO3MOBCIOKEHHI  Iy4yKa
BUCOKOCHEPTeTUYHUX EJIEKTPOHIB y TOPOIIKOBUX 3pa3kax ajamasy 3 po3Mipamu
kpuctaiitiB d = 0,3-42 mMkm nipu peectpariii B 3aaHii HamiBcdepi (0 =151") BigHOMECHHS
iHTeHcuBHOCTeN MakcuMyMiB [TIPB (111) ta (220) 3MeHIIyeThest IpU 3pOCTaHHI PO3MIpIB
KPUCTAJIITIB aiMa3y. 30KpeMa, NpH MepexoAl Bl YACTMHOK 3 JIHIMHUMHU pO3MipamMu
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d =0,3MkM 10 yacTHHOK 3 0 = 6 MKM Take 3MCHIIEHHS ckianae 1,9 pasu. 3alexHICTh
BIJITHOIIEHHS IHTEHCUBHOCTEH MakcuMyMiB [IPB Big po3MipiB KpUCTaNITIB BU3HAYAETHCS
e(eKTOM NepBUHHOI eKCTHHIIT Tpu nudpaxuii [IPB y 610kax KorepeHTHOTro po3CitoBaHHS
KiHIIEBUX po3MipiB. UyTnuBicTh BiHOIIEHHS iHTeHcUBHOcTed niHIA IIPB g0 po3mipi
KPUCTANITIB MOX€E OyTH MOKJIaJeHa B OCHOBY HOBOI'O METOJY OLIIHKU PO3MIPIB MIKpO- Ta
HAHOYACTUHOK.

6. 3a ymoBU 30ymIKEHHS KaL! crektpiB Ti, V ta Cr enekrpoHHUM mydkoM (25 keB)
eKCIICPUMEHTAIBHO BCTAHOBICHO 3MeHIIeHHs BinsocHoi inTencusrocti |(CP)/I(*P) mpu
nepexo/l BiJ MeTajiB A0 BIAMOBIAHUX OKcHIIB y 1,6—2,9 pasu. [lokaszaHo, 110 B okcuaax
BaHa110 y piaay V203 — VO, — V05 3pocTanns e(eKTUBHOTO MO3UTUBHOTO 3apsiay aTOMY
V cynpoBOKY€TbCSI MOHOTOHHUM 3MEHIIEHHSM BIIHOCHO1 IHTEHCUBHOCTI ¥ Bix 2,4 10
1,8.

7. 3amporoHOBaHO MOJEIb eekTy 3MeHmeHHs BigHocHoT inTencusrocti |(CP)/1(*P)
y KalL' criextpax, sika BpaxoBye TilbKM MiKKaHAIBHY B3a€MOJiI0 KOHTHHYyMiB 1s2p~
(1P)8p Ta 1s72p™ (3P)8p, a BIUIMB JOKadi3allli BaJCHTHUX EJEKTPOHIB Yy KpHCTajlax
BPaXOBYETHCS BBEACHHIM €(DEKTUBHOTO pajlyCcy B3a€MOJII1 €KEKTOBAHOTO 2p €JIEKTPOHA 3
IBOKpaTHO 1s™2p~ i0Hi30BAHUM aTOMOM.

8. Tlpu 36ymrenni Kal', KalL? ta Kal® crextpiB Al emexrpoHamu y aiamasomi
enepriit 4,5-100 keB excriepuMeHTaIbHO BU3HAYEHO IMOBIpHOCTI yTBOpeHH: 180X ( P,) Ta
Tpbox ( P,) momatkoBux 2p BakaHciii mpu ioHi3auii 1s o0onoHku. TTopiBHSHHS BKa3aHUX
BEJIMYUH 31 3HAUCHHSIMH, OOUYMCIEHUMH Y MOJEJI HE3aJIEKHOTO BUKUAY 2p €IEKTPOHIB 3a
paxyHok SO mpomecy, BUSBHIO, o aius Mmetany Al Bemmuwmna P,/ PZ(SO) y 1,2 pazu

SO . . . .
menmia, a BenuumHa P, /Py 1,7 pasu MeHimma, HiX s HamiBOpOBiZHMKA KPEMHIIO.

3menmenns senmaun P, / P ta P,/ PS®® B amominii BinHOCHO iX 3HaueHb y KpeMmHii
CBIAYMTH MPO 3HAYHY POJIh €KPaHYBAaHHS BUIBHUMH €JIEKTPOHAMH B3aEMOJIIT €JICKTPOHHUX
kougirypauiit  1s72p?(MX,) 2ep npu  1s72p°  iomizamii Ta  KoHQirypamiii

_ _ -1 -3 . . . . .
1s72p*(MX,)3ep npu 1s2p~° ionizanii y Merani Al MOPiBHAHO 3 €KPaHyBAHHAM TaKoi
B3a€MO/I11 JIOKQJII30BAHUMU BaJICHTHUMU €JIEKTPOHAMH Y Si.
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AHOTANISA

Aab-Omapi  M.AM. Oco0auBOCTI NapaMeTPUYHOI0  PEHTIeHiBCHKOI0
BUIIPOMiHEHHsI Ta iOHI3amii aTOMIB NPH PO3NOBCIOAKECHHI BHCOKOCHEPreTHYHHUX
€JIEKTPOHIB Yy KPUCTAJIAX - PYKOITUC.

Hucepranis Ha 3100yTTS HayKOBOI'O CTYMNEHS KaHauaaTa (i3UMKO-MaTeMaTHYHHX
HayK (mokTopa ¢inocodii) 3a cnemianbHicTiO 01.04.07 «®i3uka TBEepAOro TiNa». -
[actutyt Mmetanodizuku im. I'.B. Kypnromoa HAH VYkpainu, Kuis, 2018.

Jlucepraliiss MpUCBSIYEHA MOCIIKEHHIO TPOLIECIB B3a€MOJ1i BHCOKOCHEPTETUUHHUX
€JIEKTPOHIB 3 PEUYOBMHOIO, & CaMe MapaMETPUYHOTO PEHTIE€HIBCHKOTO BUIIPOMIHEHHS Ta
KpaTHOi 10HI3aIii aToMiB y KpHCTaiaxX. Pe3ynbratu aucepTaiiiHoi poOOTH OTpHMaHi
€KCIIEPUMEHTAIBHO Ta JOMOBHEHI TEOPETUYHUMHU PO3PAXyHKAMHU Pa3oM 3 MaTeMaTUYHUM
MOJIETTIOBAHHSIM.

J1Jist BUKOHAHHS AOCTIIHKEHb CIIEKTPATIbHO-KYTOBUX XapaKTEPUCTHK MapaMeTPUIHOTO
peHTreHiBcbkoro BumpomiHtoBanHs (ITPB) mpu po3noBcromkeHHI BUCOKOCHEPTETUUHUX
eIeKTpOHIB 3 eHeprieto 7 MeB y kpucramax Ha 0a3i eKCIEpPUMEHTaJbHOI YCTaHOBKHU
«Pentren 1» po3po0ieHO Ta BiAMpanbOBaHO METOAMKY 30y/KeHHs Ta peectparii [IPB y
reoMeTpii 3BOPOTHROTO PO3CIIOBaHHS, 30KpeMa, B 00JIacTi KyTiB croctepekeHHs 150°—
180° BimHOCHO HampsIMy pPO3MOBCIOKEHHSI €NeKTpOHHOro Tmydka. lle mo3Bomumio
3a0e3neunTy piBeHb CUTHATY Ha piBHI 1-3% Bia piBHS 3arajJibHOTO pajiallifHOTO (GOHY,
10 IOCTaTHBO ISl JOCTOBIpHOT peectparlii ciekTpis [IPB npu BiamosimHOMy BuOOpi vacy
HaKOMMYEeHHsT y KaHami peectparii. Jlns 36inemenHs inteHcuBHOCTI [IPB Teopetnyno
nepeadayeHo MOXIMBICTh 3BYKeHHsI kKoHycy [IPB Ta 3pocTtannst kytoBoi ryctunu 11PB
P PO3IMOBCIOIKEHHI PEISITUBICTCHKUX €JIEKTPOHIB y TOHKHX KpUCTajdaxX B 001acTi Maiux
KyTiB KOB3aHHS €JIEKTPOHHOTO ITyYKa BiTHOCHO MOBEPXHI MIIIICHI.

ExcriepumeHTa IbHO BH3HAYEHO CIIEKTPATbHO-KYTOBI po3moaiin iHTeHcuBHOCTI [IPB
MIPU PO3TMOBCIOKEHHI BUCOKOCHEPTETUYHHX €JIEKTPOHIB Y MOHOKPUCTAIIYHOMY KPEeMHii
Ta BHCOKOOPIEHTOBHOMY HipodiTuyHomy rpadiri (BOII) mns reomeTpii peectparii y
3aaH1i HamiBcdepl. BusiBneHo, o0 KyTOB1 OpI€HTAIlNHI 3aJ€XXHOCTI 1HTEHCHUBHOCTI
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MakcuMyMiB (220) Si ta (002) BOIII' MmicTATh ABa CUMETPUYHUX MaKCUMyMH, SIKI
B1100paxytoTh niepepi3 konycy [1PB neprneHnukyaspHOIO 10 0C1 KOHYCY IUIOIIUHOIO.

ExcnepuMeHTanbHO MOKa3aHo, 110 npu PO3MOBCIOIKEHHI mydKa
BHCOKOCHEPTeTUYHUX EJEKTPOHIB Yy TMOPOIIKOBHX 3pa3kax anMma3zy 3 po3Mipamu
kpuctaiitiB d = 0,3-42 MxM nipu peectpariii y 3aauii HamiBedepi (0 = 151°) BigHOmIEHHS
iHTeHcuBHOCTEN MakcuMyMiB [IPB (111) ta (220) 3MeHIIyeTbCsSI IPU 3pOCTaHHI PO3MIPY
KPHUCTAJIITIB aiMasy. 30Kpema, Mpu mepexoji Big yactuHok 3 d = 0,3 MKM 70 4aCTHHOK 3
d = 6 MkM Take 3MeHIIIeHHS ckianae 1,9 pasw.

3a yMOBHU 30YKEHHS KoL crektpiB Ti, V ta Cr enexktpoHHuM nydkoM (25 keB)
eKCIICPUMEHTANBHO BCTAHOBICHO 3MEHINCHHs BimHOcHOI intencmrocti y = ICP)/I(*P)
Opu TEepexojl BiJl MeTaliB A0 BIANOBIAHUX OKcuAiB y 1,6-2,9 pasu. Ilokazano, mo B
okcuaax BaHaniio y pagy V03— VO;—V;0s5 3poctanHs epeKTUBHOTO MO3UTHBHOTO
3apsay aToMy V CYNpOBOJKYETHCS MOHOTOHHUM 3MEHIICHHSIM BiJTHOCHOi IHTEHCHBHOCTI
¥ Bix 2,4 no 1,8. 3anponoHoBaHO MOJieNb €(PEeKTy 3MEHILEHHS BIJTHOCHOI 1HTEHCUBHOCTI
ICP)/1(*P) y KaL' ciextpax, sika BpaxoBye TilbKH MiKKaHAIBHY B3a€MOJIIF0 KOHTHHYYMiB
15'2p*(*P)ep ta 1s'2p™ (*P)ep, a BumB nOKaTi3aLi] BAICHTHHX CICKTPOHIB y KPUCTANAX
BPaXOBYETHCS BBEJACHHIM €(DEKTUBHOTO pajlyCcy B3a€MOJII1 €KEKTOBAHOTO 2p €JIEKTPOHA 3
nBoKpaTHO 1572p™ ioHi3oBaHHM aTOMOM.

Ipu 36ymrenni KolL', Kal® ta KalL® criextpis Al exekTpoHamu y miamnasoHi eHepriii
4,5-100 xeB excriepuMeHTaIbHO BU3HAYEHO IMOBIPHOCTI yTBOpeHHs ABOX (P;) Ta Tphox
(P3) nopaTkoBuX 2p BakaHCii npu ioHi3alil 1S 00010HKH. [TopiBHSIHHS BKa3aHUX BEJIHMUUH
31 3HAUEHHSAMH, OOYUCICHUMH Y MOJIEJ1 HE3aJIeKHOTO BUKHUAY 2p €IEKTPOHIB 32 PaXyHOK
(shake-off) SO mpouecy, BusiBuiIo, mwo mist Merany Al Benmumna Po/P,? y 1,2 pasis
MeHIa, a Beamunna Py/P30) y 1,7 pa3iB MeHII1a, HIXK JJISI HAIIIBIPOB1THUKA KPEMHIO.

KiarouoBi ciaoBa: penaTHBICTCHKHM €JIEKTPOH, TMapaMeTpUYHE pPEHTTEHIBChKE
BUIIPOMIHEHHS, XapaKTePUCTUYHE PEHTIE€HIBCbKE BUIIPOMIHEHHS, KOHYC MapaMeTPUIHOTO
PEHTT€HIBCHKOIO0 BUIPOMIHEHHSI, MI€JEKTpUYHA CHPUUHSATIMBICTD PEYOBUHH, KpaTHa
loHI3amiss aromMy, eGeKTUBHMM 3apsl, PEHTICHIBCbKI caTeiTH, eKpaHyBaHHS,
KoH(irypariiiHa B3aEMOIisl.

ABSTRACT

Al-Omari M.AM. The features of parametric X-ray radiation and ionization of
atoms at the propagation of high-energy electrons in crystals. - Manuscript.

Thesis for the degree of a candidate of physical and mathematical sciences (Doctor of
Philosophy), specialty 01.04.07 — “Physics of Solid State’. G. V. Kurdyumov Institute for
Metal Physics, NAS of Ukraine, Kiev, 2018.

This thesis devoted to study of the processes of the interaction of high-energy
electrons with matter, namely parametric X-ray radiation and ionization processes in
crystals. The results of the work were obtained theoretically and experimentally and
supplemented with calculations.

For studying the spectral-angular characteristics of parametric X-ray radiation (PXR)
with the propagation of high-energy electrons with energy of 7 MeV in crystals based on
the experimental setup «Rontgen- 1», the method of excitation and registration of PXR in
the geometry of reverse scattering, in particular in the field of observation angles, was
developed and worked out. 150°-180° relative to the direction of propagation of the
electron beam. This allowed to provide a higher signal level of 1-3% of the total radiation
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background level, which is sufficient for reliable registration of the PXR spectra, with the
appropriate choice of accumulation time in the registration channel. In order to increase
the intensity of PXR, it is theoretically provided for the possibility of narrowing the PXR
cone and the increase in the angular density of PXR in the propagation of relativistic
electrons in thin crystals in the region of small angles of slipping the electron beam
relative to the target's surface.

The spectral-angular distributions of the PXR intensity were experimentally
determined by the propagation of high-energy electrons in monocrystalline silicon and
high-oriented pyrolytic graphite (HOPG) in the geometry of the backward registration. It
was found that the angular orientation of the intensity of the maxima (220) Si and (002)
HOPG contains two symmetric maxima, which represent the cross section of the cone of
the PXR perpendicular to the axis of the cone plane.

It has been experimentally shown that when propagation of a beam of high-energy
electrons in powder samples of a diamond with crystallite sizes d = 0.3—42 um, at the
backward of registration (6 = 151°) the ratio of the intensities of the PXR (111) and (220)
maxima decreases with increasing diameters of diamond crystallites. In particular, in the
transition from particles with a diameter d = 0.3 microns to particles d = 6 microns, this
reduction is 1.9 times.

Under the condition of excitation KaL* spectra of the Ti, V, and Cr by electron beams
(25 keV), experimentally established that the decrease in the relative intensity of the y =
ICP)/1(*P) du to the transition from metals to the corresponding oxides, it is in the 1.6—2.9
times. It is shown that in the vanadium oxides in the V,03; — VO, — V05 series, the growth
of an effective positive charge of the atom V is accompanied by a monotonous decrease in
relative intensity y from 2.4 to 1.8. And also offered a model of the effect of reducing the
relative intensity in the 1P)/I(*P) in KaL' spectra, which takes into account only the
intercontinental interaction of the continents 1s™2p™(*P)ep and 1s™2p™(*P)ep, is proposed,
and the influence of the localization of valence electrons in crystals is taken into account
by the introduction of an effective interaction radius of the ejected 2p electron with a
double 1s™2pionized atom.

At the excitation of Kal!, KaL? and KaL®, spectra Al by electrons in the energy
range 4.5-100 keV experimentally determined the probability of formation of two (P;) and
three (P3) additional 2p vacancies in ionization of 1s shell. Comparison of these values
with the values calculated in the model of independent emission of 2p electrons due to the
(shake-off) SO process, it show that for the metal Al compering with the semiconductor of
silicon the magnitude P,/P,®? is 1.2 times less and the magnitude P3/P;® is 1.7 times
less, respectively.

Key words: relativistic electron, parametric X-ray radiation, characteristic X-ray
radiation, photon energy, dielectric susceptibility of matter, multyionization of atom,
effective charge, X-ray satellites, electronic screening, configuration interaction.
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