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HucepTarris MPUCBSTYCHA JOCJTIIPKEHHIO poIIECiB B3a€EMOIT
BUCOKOCHEPIreTUYHUX €JIEKTPOHIB 3 PEYOBHHOI, a caMe NapaMeTpUuYHOro
PEHTTEeHIBCHKOTO BHUIIPOMIHEHHS Ta KpaTHOI 10HI3alii aTOMIB Yy KpHCTalax.
PesynpTaTi aucepTtaiiiiHoi poOOTH OTpUMaHI €KCMEPUMEHTAIbHO Ta JOMOBHEHI

TCOPCTHUYHUMU PO3pPAXYHKAMHU Pa30M 3 MATCMATUYIHUM MOJCIIFTOBAHHAM.

JIist  BUKOHAHHS  JOCHIJKEHb  CHEKTPAIbHO-KYTOBUX  XapaKTEPUCTHK
napaMeTpuIHOro PEHTIe€HIBCHKOTO BUIIPOMIHIOBaHHS (ITPB) npu
PO3MOBCIOJIKEHHI BHCOKOCHEPTEeTUYHUX €JIEKTPOHIB 3 eHepricto 7 MeB vy
KpucTajax Ha 0a3l eKCIepUMEHTaIbHOI ycTaHOBKH «PeHTren 1» po3pobieHo Ta
BIJIIPAllbOBaHO METOJMKY 30ymxkeHHs Ta peectpamii IIPB y reomerpii
3BOPOTHBOT'O PO3CIIOBaHHS, 30KpeMa, B 00acTi KyTiB crioctepeskeHHs 150°-180°
BITHOCHO HAaIpsiMy PpO3MOBCIO/PKEHHS €JIEKTpOHHOro myuka. lle mo3Bommio
3a0e3neunTy piBeHb CUTHANY Ha PiBHI 1-3% Bim piBHA 3arajibHOTO pajialliiHOTO
¢oHy, IO AOCTaTHBO MJIs JOCTOBipHOI peectpamii crnektpiB [IPB mpu
BIJIMOBITHOMY BHOOp1 Yacy HAKOMWYEHHS y KaHaml peectparilii. Jms 30uibmeHHs
inTeHcuBHOCTI IIPB Teopernuno mepemnbadeHO MOKIMBICTH 3BYKEHHS KOHYCY
[1PB Ta 3poctanns kytoBoi ryctunu [IPB npu po3moBcromkeHH] pensTUBICTCHKUAX
EJIEKTPOHIB Y TOHKUX KpHCTallaX B 00JacTi MaJluX KyTiB KOB3aHHS €JIEKTPOHHOTO

MMydYKa BIAHOCHO MOBEPXHI MiIIEHI.



ExkcniepumeHnTanbHoO BU3HAYCHO CIIEKTPAILHO-KYTOBI pO3MOALTH
iHTeHCUBHOCTI [IPB mpu po3moBCroKeHHI BUCOKOEHEPTreTUYHUX E€JIEKTPOHIB Y
MOHOKPHCTAJIIYHOMY KpPEMHIi Ta BHUCOKOOPIEHTOBHOMY MIPOJITUYHOMY TpadiTi
(BOIII') nnst reometpii peectpartii y 3aaHiii HamiBcdepi. BuspieHo, 1mo KyToBi
OpIEHTAIINHI 3aJIe)KHOCTI 1HTEHCUBHOCTI MakcumymiB (220) Si ta (002) BOIIT
MICTSITh JIBA CUMETPUYHUX MAKCHUMYMH, K1 Bi1OoOpaxxyroTh nepepi3 konycy [1PB

HNEPIEHIUKYIISPHOIO 10 OC1 KOHYCY MJIOLIUHOIO.

ExcrniepumeHTanbHO  MOKa3aHO, 10 TOpH  PO3MOBCIOXKEHHI  IMydYKa
BUCOKOEHEPTreTUYHUX EJIEKTPOHIB y MOPOILIKOBUX 3pa3Kax ajiMa3y 3 pOo3Mipamu
kpuctanitiB d = 0,3-42 MkM Tipu peectpanii y 3aaHid HamiBcdepi (0 = 151°)
BIJTHOIIICHHA 1HTeHCHMBHOCTeH MakcumyMiB [IPB (111) Ta (220) 3MeHuryeTbest mpu
3pOCTaHHI PO3MIPy KPHUCTATITIB aaMasy. 30Kpema, Mpu Nepexojli BiJ YaCTUHOK 3

d = 0,3 Mkm 710 yacTrHOK 3 0 = 6 MKM Take 3MEHIIICHHs cKiagae 1,9 pasu.

3a yMOBH 30y>KCHHS KoL criektpiB Ti, V Tta Cr eneKTpoHHHM Iy4koMm (25
keB) ekcrmepuMeHTanbHO BCTAHOBJIEHO 3MEHIIEHHS BiTHOCHOI IHTEHCHUBHOCTI
v = ICP)Y1(*P) npu mepexoxi Bix MeraniB 1o BixmoBinHux oxcumis y 1,6-1,9 pasm.
ITokazano, mo B okcugax BaHagio y paay V,03—VO,-V,05 3poctanus
e(EKTUBHOTO TO3UTHBHOIO 3apsily aToMy V CYIPOBOIKYETHCS MOHOTOHHHM
3MEHIIIEHHSM BITHOCHO1 IHTEHCHBHOCTI ¥ Bix 2,4 mo 1,8. 3ampornoHoBaHO MOJEb
edexry 3menmenns Bigaocuoi inrencusrocti I(CP)/I(*P) y KaL'! crekrpax, sika
BPaXOBy€ TUIBKH MDKKaHanbHy B3aeMonmito koTmHyyMiB 15 2p '(‘P)ep Ta
1s'2p'(*P)ep, a BB noKkami3auii BANCHTHUX EIEKTPOHIB y KPHCTAnax
BPaxOBYEThCS BBEJCHHSM €(QEKTHBHOTO paJiyCy B3a€MOJIl €XEKTOBAHOTO 2p

1A -1 . .
€JIEKTPOHA 3 TBOKpPATHO 1S 2P~ i0HI30BaHMM aTOMOM.

Ipu 36ymwkenni KaL', KoL? ta KaL® ciextpis Al enexrpoHamu y niamasoni
enepriit 4,5-100 keB ekciepuMeHTaTbHO BU3HAYEHO IMOBIPHOCTI YTBOPEHHS TBOX
(P,) Ta tprox (P3) momarkoBux 2p BakaHcii mpu ioHi3amii 1S 0OOOJOHKH.
[lopiBHSHHS BKa3aHWX BEIWYMH 31 3HAYCHHAMH, OOYHUCICHUMH Yy MOJENI

HE3aJIe)KHOr0 BUKHAY 2p elekTpoHiB 3a paxyHok (Shake—off) SO mpomecy,
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BUSBHIIO, IO JiIs MeTany Al Benmmuuna P,/P,~~ y 1,2 pa3iB MeHIa, a BeJIUYnHA

P4/P5° y 1,7 pa3iB MeHIlIa, HIXK AJI1 HalIBOPOBITHUKA KPEMHIIO.
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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 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 x = ICP)/I(*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, — V,0s 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 ICP)/I(*P) in KaL' spectra, which takes into account only the
intercontinental interaction of the continents 1s*2p~*(*P)ep and 1s2p*(*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™2p~ionized 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 Ps/P3® 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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HEPEJIIK YMOBHHUX CKOPOYEHbD I IIO3HAYEHb

[TPB (PXR) — mapaMeTpuyHe pEeHTI€HIBCbKE BUITPOMIHIOBAHHSI.

[1B — nepexiiHOE BUITPOMIHIOBAHHS.

JIIIB (XRD) —nidparipoBanHoe niepexiTHOE BUITPOMIHIOBAHHSI.
JPBT — nigparipoBaHHOE pEHTI€HIBCbKE BUIIPOMIHIOBAHHS TPYOKHU.
XPB — xapakTepuCTHYHE PEHTICHIBCHKE BUIIPOMIHIOBAHHSI.

Y — JlopeHLI—(paKkTOp BUIIPOMIHIOE EIEKTPOHA.

J — BEKTOp 0GEPHEHOT IPATKH.

—

V — BEeKTOp HIBUAKOCTI BUITPOMIHIOE €JICKTPOHA,
®— eHepris GoToHa.

& = &(w) — nienexTpUYHA POHUKHICTH CEPEIOBHIIA
Ao ((D)— JieNeKTPUYHA CIPUNHATIMBICT PEYOBUHHU.

M.— Maca enekrpoHa.
ESC—mik — anapaTtHuii miK (MK BUIHOTY).

SO - shake—off, Bukua enexTpoHa Ipu CTPYIIyBaHHI aTOMa
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BCTYII

AKTYaJIbHICTh TEMH

B3aemopmist 3apsykeHUX YAaCTHHOK 3 KpHCTaJaMH € OJHUM 3 aKTyalbHHX
HaIpsMIB JOCHIKEHb Y (I3UIl TBEPJIOTO TUIA, OCKUIBKU CHpPHSIE K PO3BUTKY
HOBUX METOAIB BapilOBaHHS (PI3MYHUX XApPAKTEPUCTUK  (YHKIIOHAJIBHUX
MatepiaiiB pi3HUX TUIIB, TaK 1 BUPIIIEHHIO psALy (pyHIaMEHTaJIbHUX MUTaHb L1010
BIUIMBY OOMOAp/yrouMX YaCTUHOK Ha CTPYKTYPHI, MEXaHI4Hl Ta eJeKTPOPI3UUHI
napamerpu TBepauxX TiL. OAHMM 3 BaXIUBUX NPOSBIB Takoi B3aeMOMIi €
napaMeTpuyHe peHTreHiBcbke BumnpomineHHs (I[IPB), ske renepyeTscs y
CepelloBUIIAX 3 YHOPSAJIKOBAHOI a00 YaCTKOBO YIMOPSAKOBAHOIO CTPYKTYpOIO,
HANPUKIIAA, Y MOHOKPHCTAIaX Ta MOJIKPUCTANIAX, 1 PO3TISAAETHCS SIK Pe3yibTaT
mudpakuii BIpTyanbHUX (OTOHIB, IO MOPOKYIOTHCS EJIEKTPUUYHUM IOJIEM
PENSITUBICTCHKOI 3apsi/DKEHOI YAaCTHHKH, HAa TMEpIOJUYHIA aTOMHIN CTPYKTYpI.
BnacTuBOCTI TaKOTO BHIPOMIHEHHS BHU3HAYAIOTHCS, 3 OAHOTO OOKY, CTPYKTYPHO-
MOpP(OJIOTIYHUMHM ~ XapaKTePUCTUKaMHM CEpelloBUINA, a 3 IHIIOro, BIACHE
XapaKTepUCTUKAMM 3aps/UKEHUX YaCTUHOK (€Hepris 1 3apsin), L0 HaJITaloTh.
3okpema, nocnimkeHHs BiaactuBoctedl IIPB mpu mpoxomkeHH! pensiTUBICTCBKUX
€JICKTPOHIB y KpHCTajJax MOXKE pO3IVISAATUCA SK TOTEHIIHHO 1HGOpMaTHBHA
METOJMKA JIarHOCTMKM aTOMHO-TIPOCTOPOBOI  CTPYKTYpH  PEUOBUHH, IO
BU3HAYAETHCS BHCOKOIO IPOCTOPOBOIO PO3IAUTHLHOIO 3JaTHICTIO BUMIPIOBaHb
pednekciB [IPB npu BUKOpUCTaHHI MarHiTOONTHYHUX CHCTEM JJisd (HOKYCYBaHHS
MydKka eJIEKTPOHIB, MOXJIUBICTIO BapiroBaHHs eHeprii ¢oroniB [IPB BuGopom
BIJIMOBITHOT TEOMETpPil EKCHEPUMEHTY, a TaKOX MOXJIMBICTIO OTPUMYBATH
iHbOpPMAIIiIO PO CTPYKTYPY MIIICH] 3 TTHOWHHU, KA CYTTEBO MEPEBUIILYE TOBITUHY
mapy, o Moxe OyTH JOCIIDKCHHH METOJOM PEHTTCHOCTPYKTYPHOTO aHaji3y.
[HIIMil acniekT B3aeMoJlii BUCOKOCHEPTeTUYHHUX €JIEKTPOHIB 3 aTOMaMU TBEPIOTro
Tia TIOB’s3aHUM 3 10HI3AIl€I0 BHYTPIMIHIX E€IEKTPOHHUX OOOJOHOK aTOMIB, SIK
OJTHOKpPATHOI0, TaK 0araTokpaTHOIO, 3a PaxyHOK aBTOIOHI3AI[IMHUX IMPOIIECIB.

Bu3HaueHHsT XapaKTEpUCTUK TAaKUX MPOILIECIB Ta 3’SICYBaHHS IX MEXaHI3MIB €
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HEOOXITHUM JJii pO3pOOKM HOBUX Ta YAOCKOHAJEHHS ICHYIOUMX METO/IB
BU3HAYEHHS pajialliiHOl CTIMKOCTI TBEpAUX TUI Ta Ae()EKTOYTBOPEHHS B HUX MIPH
ONPOMIHEHHI BHCOKOCHEPTE€TUYHUMHU €JIEKTpOHAMU. TOMy aKkTyaabHUM €
JOCIIDKeHHsT 3aKoHOMIpHocTed reHepauii Ta audpakuii IIPB y MoHo- Ta
MOJTIKpUCTAIaX MPU PO3MOBCIOIKEHHI BUCOKOCHEPTETUYHHUX €JIEKTPOHIB, a TaKOK
BH3HAYCHHS ocoOmmBocTeil mporecis kpataoi 1s2p™ (n=1-3) iomisamii
BHYTPIIIHIX  €JICKTPOHHMX  00OJOHOK atoMiB 3p Tta 3d  MeraiuiB
BHUCOKOCHEPTETUIHUMH EJICKTPOHAMH.
3B’s130K AMcepTALiiiHOI pOOOTH 3 HAYKOBUMH MPOrpaMaMu, IUIAHAMH, TEMAMHU

JocnimpkeHHs, NpeacTaBieHl y JucepTaliiHii poOOoTi, BUKOHYBAJIHCS B
paMKax TEMaTUKW HAyKOBO-AOCIIiIHOI JlabopaTopii «Di3uuHe MaTepiaio3HaBCTBO
TBEpAOro Tina» kadeapu 3aranbHoi (izuku ¢izuuHoro axynprery KuiBcbkoro
HallloHAJBbHOTO YyHIBepcuTeTy iMeHl Tapaca IlleBuenka. 3okpema, aBTop OpaB
y4acTh Y HAyKOBO-JOCHIIHHUIILKUX poboTax mo Temi «DopmyBaHHA Ta (Gi3UdHI
BJIACTUBOCTI HAHOCTPYKTYPOBAHUX KOMIIO3UTHUX MaTepiaiiB 1 (YHKI[IOHATBHUX
MOBEPXHEBUX IIApiB HAa OCHOBI KapOOHY, HAIIBIPOBIAHUKOBHUX 1 MICIEKTPUIHUX
cknamoBux» Ne 16b®D051-01, Ne nepkapHoi peectpartii 0108U008563. Kpim Toro,
poboTa BUKOHYBajacs 3a MIATPUMKH MiHicTepcTBa Hayku 1 ocBITH Pociiickkoi
@®enepanii, mpoekt Ne 14.578.21.0063 (RFMEFI57814X0063), ¢inancosoi
niaTpuMku POD]] (rpant Ne 16-32-00502 mon_a), a TakoK oTpuUMaia MiATPUMKY
3a [Iporpamoro MinictepcTBa ocBiTH 1 Hayku Pociticbkoi ®Denepariii 1 BUITAX
HaBYaIbHUX 3akiaaiB, mpoekT Ne 3.2009.2014/K.

Merta i 3axa4i qocaixKeHHS

Mema pobomu — BU3HAYUTH 3aKOHOMIPHOCTI TeHepamii Ta audpaxitii
MapaMeTPUYHOTO PEHTTEHIBCHKOTO BHUIPOMIHEHHS y MOHOKpHUCTalax Ta
MOPOIIKOBUX 3pa3Kax y TeoMeTpii 3BOPOTHOI peecTparlii Mpu pPO3MOBCIOIKECHH]
PEISITUBICTCHKUX €IEKTPOHIB; BU3HAYMTH 3aKOHOMIPHOCTI Ta MEXaHI3MHU KPaTHOI
1s2p™ (n=1-3) ioni3arii BHYTpIlIHIX €TEKTPOHHUX 06OTOHOK aToMiB 3p Ta 3d
MeTaiB BUCOKOCHEPTETUYHUMHU HEPEIATUBICTCHKUMHU €JIEKTPOHAMH.

OcHOBHI 3aBIaHHS, K1 HEOOX1AHO OYyJO PO3B’s3aTH ISl JOCSITHEHHSI METH
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JTUcepTaliiHol poooTH:

1. Po3pobutn excrnepuMeHTaIbHY METOJWKY BH3HAYECHHS CIEKTPajIbHO-
KyToBUX Xapakrtepuctuk [IPB y reomerpii 3BOPOTHOrO pO3CIIOBaHHS MpH
PO3MOBCIOJIKEHHI BHCOKOCHEPIeTUYHHUX €JIEKTPOHIB 3 eHeprieto 7 MeB 'y
KpHUCTanax Ha 0a3i eKCIepUMEHTaIbHOTO KoMILiekey «PeHtren 1».

2. Po3pobutu teopetnuHy mojenb TpaHchopmanii konycy [IPB y Tonkux
KpHUCTanax B 00JIaCTI MaJuX KyTiB KOB3aHHS BUCOKOCHEPTeTUYHUX €JIEKTPOHIB.

3. ExcnepuMeHTanbHO  BU3HAYUTH  CIEKTPAIBHO-KYTOBI  PO3MOJILIH
inTeHcuBHocti [IPB  Tta eneprii d¢ortonis IIPB y reomerpii 3BOpOTHOTO
pPO3CifOBaHHSI  MpPU  PO3MOBCIO/DKEHHI  PENSATHBICTCHBKUX  E€JIEKTPOHIB Y
MOHOKpHUCTanax Si, BUCOKOOpieHTOBaHOMY mipomiTuuHomMy rpadiri (BOII') Tta
MOPOITKOBUX 3pa3Kax ajMaszy. 3a OpIEHTAIlIHHUMH 3QJICKHOCTSIMHU IHTEHCHUBHOCTI
[IPB BU3HAYWTH BIUIMB CTPYKTYPHHX XapaKTEPUCTHUK KPHCTAJIIB Ha TapameTph
konycy [IPB.

4. lna pisHUX KpUCTaJIorpadiyHUX IUIOMIMH aliMa3y y TeoMeTpii 3BOPOTHOTO
PO3CIIOBaHHS €KCTIEPUMEHTAIBLHO 3’SICYBaTH 3QJICKHICTh 1HTeHCUBHICTH [IPB Bin
pO3MIpYy 3€peH y TMOpOIIKOBUX 3pa3kax anmazy. llopiBHsaTH 11 3 Takow Mpu
nudpakiiii XxapakKTepuCTUYHOTO PeHTTeHIBChbKoro BunpoMineHHs (I XPB).

5. 3a yMOB €IEKTPOHHOrO0 OOMOapayBaHHS E€KCIIEPUMEHTAIBHO BU3HAYUTH
XapaKTepPUCTHKH CIEKTPaTbHAX KoMmmoreHTiB rpynu Kol miniit 3d enementis Ti,
V, Cr y Meramax Ta iX OKcHAaX. 3’sCyBaTH MEXaHI3M BIUIMBY €JIEKTPOHIB
MPOBIXHOCTI y MeTagax Ha mporecd KkparTHoi 1S '2p " iomisawii BHYTpimIHiX
eneKkTpoHHUX o0ooHOK aTomiB T1i, V, Cr.

6. BUKOHATH JOCITiMKEHHs BiZHOCHHX iHTEHCHBHOCTeH rpym mimiii KaL',
KaL? ta KaL® y 3p merani Al npu ionisauii enexrponamu 3 exeprismu 5—100 keB
Ta BU3HAYNTH MexXaHi3Mu kpaTHOi 152p % Ta 15 '2p™° ioHisawii aromiB y meTai
Al

O6'exm OocnidxcenHss — TIPOIIECH TeHepallii Ta Audpaxilii mapaMmeTpUIHOTO
PEHTTECHIBCHKOTO BUIPOMIHEHHS, a TaKOX KpaTHOI I10HI3aImil aToOMiB TMpH

PO3IOBCIOKEHH1 BUCOKOEHEPTE€TUUHUX €JIEKTPOHIB Y KpUCTalaXx.



15

IIpeomem Oocniddcentns — 0COOIUBOCTI MapaMETPUUHOTO PEHTIEHIBCHKOIO
BHIIPOMIHEHHSI Y MOHO- Ta IONIKPHCTamax, a Takox kparteoi 1s72p™ (n=1-3)
ioHizanii atomiB 3p Ta 3d MeTaniB mpU PO3MOBCIOJKCHHI BUCOKOCHEPTCTHUYHHUX
€JICKTPOHIB.

MeTtoau A0C/IiIAKEHHS

1. Cnextpockonis [IPB npu po3moBCIOIKEHHI PENSTUBICTCHKUX €JIEKTPOHIB
(7 MeB) y kpuctanax (eKCriepuMeHTAIbHUN KOMILUIEKC «PeHTreH 1»).

2. PeHTreniBcbka eMmiciiHa CHEKTPOCKOIMiS KpaTHOIOHI30BaHUX aTOMIB MPH
PO3MOBCIOJKEHHI  BUCOKOCHEPTe€THUYHUX HEPESITHBICTCHKUX  EIIEKTPOHIB  S—
100 keB y kpucranax.

3. MonemoBanHs Tpouecie  kpatHoi 1S 2p ' iomisamii BHYTpimHix
€JICKTPOHHUX OOOJIOHOK AaTOMIB MeETajliB KBAaHTOBO-MEXAaHIYHUM METOJ0M
B3a€MO/I1i KOH(DIrypariii.

HaykoBa HOBH3HA OJIep)KaHUX PE3yJbTATiB MOJATAE Y HACTYITHOMY:

o TEOPETUYHO TOKA3aHO, [0 TMPU PO3MOBCIOKEHHI PENSITUBICTCHKUX
€JIEKTPOHIB Y TOHKHUX (JICCATKM—COTHI HAHOMETPIB) KpHUCTalaX B 00JacTi Majux
KyTiB KOB3aHHS MAae€ CIIOCTEPIraTucs 3BYKEHHS KYTOBOTO PO3XHIY KOHYCY
napaMeTpUYHOTO PEHTIEHIBCHKOTO BUIPOMIHEHHS Ta, BIAMOBIAHO, 3POCTAHHS
KyTOBOI I'YCTHHH MapaMEeTPUIHOTO0 PEHTI€HIBCHKOTO BUIIPOMIHEHHS;

o BUSIBJICHO, ITI0 TIPH PO3TOBCIOKEHHI PEISTUBICTCHKUX elleKTpoHiB (7 MeB)
y MoHokprcTanax Si ta y BOIII' y reomerpii 3BopotHOi peectpamii (6 = 180)
CIIOCTEPIraroThCs YiTKI CIEKTPHU napaMeTpuyHOro PEHTI€HIBCHKOTO
BUIIPOMIHEHHS, IO MICTATh Makcumymu (220), (440), (660) — Si, a Takox
makcumymu (002), (004), (006), (008) — BOIII', eneprii KX 3 TOYHICTIO HO
0,5% 30iratoTbcs 31 3HAUEHHSAMH, OOUNCICHUMHU y KIHEMaTUYHOMY HaOJIMKECHHI,

o BCTAHOBJICHO, IO EKCHEPUMEHTAJIbHO BHM3HAYEHI 3HAYCHHS IIOBHOTO
KyTOBOTO PO3XHITy KOHYCIB MapaMETPUYHOTO PEHTTCHIBCHKOTO BUIIPOMIHEHHS Y
MoHOKpucTamax Si ta BOIIl' BigmoBimgHOo Ha 2,8 ta 1,5 wMeHumi, HiX
nepenbadyBaHi y KiHEMaTHYHOMY HaOmmkeHHI. Po30DKHICTE Moxe OyTu

3yMOBJIEHa e(peKTaMu AUHAMI4HOi AUQPaKIli, K1 NPOSBISIIOTHCS MPU 3POCTAHHI
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CTPYKTYPHOI JOCKOHAJIOCTI KPUCTANIIB;

o MOKa3aHo, 110 TPU PO3IMOBCIOKCHHI PEISTUBICTCHKUX eaeKTpoHiB (7 MeB)
y TIOPOIIKOBUX 3pa3kax anamasy 3 po3mipamu 3epeH d = 0,342 MKM BiIHOIICHHS
IHTEHCUBHOCTEl MaKCHMYMIB MMAapaMETPUYHOTO PEHTI€HIBCHKOIO BHUIIPOMIHEHHS
(111) Ta (220) 3mMeHIIY€ETHCS MPU 3POCTAHHI IIaMETPy 3€pPEH aJiMa3y, IPUUOMY IIPH
nepexonai Big yactmHOK 3 d =0,3 MkM 10 wactuHOK 3 O =6 MKM Mae wicie
3MeHIIeHHs y 1,9 pa3u. Taka 3alexHICTb BU3HAYA€ThCS €(EeKTaMU MEPBUHHOI
EKCTUHKIIT mpu AUQpPaKii mTapaMeTpUYHOTO PEHTIe€HIBCHKOTO BHUIPOMIHEHHS Y
0JI0Kax KOrepeHTHOT0 PO3CIIOBAHHS KIHLEBUX PO3MIPIB;

o BHSIBICHO, 1m0 3a yMmoBH 36ymkenmns KoL' crmextpie Ti, V ta Cr
BUCOKOCHEPreTHYHUMU enekTpoHaMu (25 keB) cmoctepiraeTbcsi 3MEHIICHHS
inrocuoi intencusHocti |(CP)/1(*P) y 1,6-1,9 pasu mpu nepexoxi Bix meranis Ti,
V ta Cr 10 BiINOBIIHUX OKCHJiB. 3alIPOMIOHOBAHO MOJIeNb e(PEeKTy, 0 BpaxoBye
TiTbKH MiKKaHAIBHY B3aeMoxio kouTHHyyMiB 15 2p '(‘P)ep ta 1s2p'(*P)ep,
BEJIMYMHA SIKOT BU3HAYA€ThCs €(PEKTUBHUM PajilyCOM B3a€MOJIl €KEKTOBAHOTO 2p

P R
CJICKTPOHA 3 IBOKPATHO 1s 2p -10H130BaHUM aTOMOM,

° BCTAHOBJICHO, IO TIpH 30yMKEHHI KocLl, Kol? ta Kal® criekTpip Al
eJIeKTpoHaMu y jiama3oHi eHepriit (4,5-100) keB iMOBIpHOCTI yTBOpEHHS IBOX Ta
TPHOX JOJATKOBUX 2p BaKaHCIH y MOPIBHSAHHI 31 3HAYCHHSMH, OOUHUCICHUMH Y
«shake—offy wmogemi, BigmoBimmo y 1,2 Ta 1,7 pasiB MeHIm, HDK IS
HaIBOPOBITHUKA KpeMHito. Take 3MEHINEHHS CBITYUTh TPO 3HAYHY POJIb
EKpaHyBaHHS BUIBHHUMH €JEKTPOHAMH B3a€EMOJIIi €NEeKTPOHHUX KOH(Iryparii
1s72p?(MX,) 2ep npu 1s72p* iomisawii Ta koH}irypamiit 152 p2(MX 1)3ep
npu 1s2p~° iomizanii y Merani (Al) mopiBHSHO 3 eKpaHYBaHHIM TaKoi B3a€MOIil
JIOKATI30BaHUMU BaJICHTHUMU €JIEKTPOHAMH Y Si.

IIpakTuyHe 3HAYEHHS OJleP:KAHUX Pe3yJbTATiB

Pesynpratn mucepramiitHoi poOOTH CHPUSIOTH BUPIMICHHIO BaKIWBOi

HAyKOBO1 TPOOJIEMH, sIKa TOJSTaE y BU3HAYCHHI (PI3MYHUX 3aKOHOMIPHOCTEH

npoiieciB re”eparnii ta gudpakmii [IPB, a Takoxx kpaTHOi1 10HI3allil aTOMIB Yy
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TBEPAMX TUIAX MPHU PO3MNOBCIOKEHHI BUCOKOCHEPTeTUYHUX (PEISATUBICTCHKUX Ta
HEpEJIATUBICTCHKUX) €JNEKTPOHIB. BOHM pO3MIUPIOIOTH YSBIEHHS NP0 BILUIUB
pPO3MIpIB Ta CTPYKTYPHOI JOCKOHAJIOCTI KpUCTaiiB Ha Xapakrtepuctuku [IPB, a
TAaKOXX JUHAMIYHOTO €KpaHYBaHHA MIDKKAaHaJbHOI B3a€EMOJIi  EJIEKTPOHHUX
KOH(Irypaiiii aToMy BUIBHUMH €JIEKTPOHAMHU, IO CIPHUS€ PO3pOOII HOBUX Ta
YIIOCKOHAJIEHHIO ICHYIOUUX EKCHEPUMEHTAJIbHUX METOJIB BH3HAYEHHS PO3MIPIB
KPUCTAJIITIB Ta OI[IHKK €()EKTUBHOI'O 3apsily aTOMY B KpUCTaJax.

OcoOucTuii BHeCOK 3100yBadya BHU3HAYAETHCS: BUKOHAHHSAM KOMIUIEKCY
poOIT 3 ynockoHaneHHs (QYHKIIOHATBHUX MOKJIMBOCTEH OCHOBHHX KOMITOHEHTIB
peecTpytouoi 4acTUHM Komiuiekcy «Pentren 1», po3poOku Ta BiamnpanioBaHHS
METOJIMKM BU3HA4eHHs xapaktepuctuk [IPB y 3BopoTHiil reomerpii peecrtpariii,
YIOCKOHAJICHHSIM METOJMKH OTPUMAaHHS XapaKTEPUCTUYHUX PEHTICHIBCHKUX
criekTpiB 3p Ta 3d eneMeHTIB pu 30y/PKEHHI €JICKTPOHAMH Y Jliama3oHi eHeprii 5—
100 keB; 00poOKOI0  eKClepUMEHTAIbHUX JaHUX, YYacTi0 Yy po3poOIi
MaTEMaTUYHUX MOJENe 1 MpPOBENEHHI PO3PaXyHKIB HJii OCHOBHOI YaCTUHH
aucepTaiiiHoi  poboTH;  ydacTFO B OOroBOpeHHI Ta  IHTeprperarii
eKCIIepUMEHTAIbHUX PE3YIbTaTIB, HAIMCAHHI HAYKOBUX CTaTe 1 Te3 A0MOBIIEH.

Y pobGori [1] aBTOp OpaB ywacTh Yy TMPOEKTYBaHHI 1 MoOJepHi3amii
EKCIIEpUMEHTATbHOI ~ ycTaHOBKU  «PeHTreHn 1», BHKOHYBaB  BUMIPIOBaHHS
CIIEKTPaJIbHO-KYTOBHX 3ayie)kHOCTel iHTeHcuBHOCTI IIPB y reomerpii 3B0poTHOTO
po3ciroBaHHSA. HUM BHKOHAHO 0OpOOKY pe3yIbTaTiB €KCIIEPUMEHTY.

VY poGoti [2] aBTOp OpaB ydacTb B po3poOlll TEOPETHUUHOI MOENi edeKTy
TpancpopMmaiiii konycy [IPB Ta BHKOHYBaB pO3paxyHKH CHEKTPaIbHO-KYTOBHX
napameTpiB koHycy [IPB y ToHKiii MimeHi.

Y pobGori [3] aBTOp BHKOHYBaB EKCIIEPUMEHTATbHI BUMIPIOBAHHS
CIIEKTPaJIbHO-KYyTOBUX Xapakrepuctuk [IPB y mopomkoBux 3paskax ammasy 3
PI3HUMH PO3MipaMH KPUCTATIB, MPOBOJIUB OOPOOKY EKCIIEPUMEHTAIBHUX CIIEKTPIB

Ta PO3paxyHKH BiTHOCHOI iIHTeHCHUBHOCTI MakcuMyMmiB [1PB.

. . . . 1
Y poboti [4] aBTOpOM OTpPHUMaHO XapaKTepUCTHUHI peHTreHiBcbki Kol

cnektpu Ti, V Tta Cr y meranax Ta OKCHUAAaX MpHU 30y/KEHH1 eleKkTpoHamu (25
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keB), BHKOHaHO OOpOOKY CHEKTpIB Ta BH3HAYEHO OCHOBHI CIEKTpalbH1

xapakrepuctuku rpyni Kol! miniit y Brasanmx 3paskax. ABTOp 6paB ydacTb y
po3pobLi TeoperwuHoi Mozedi 1S72p~" ioHizamii Ta BMKOHYBaB PO3PAXyHKH B
paMKax I[i€i MOAeTi.

Y poGoti [5] aBTOpOM OTpHMaHO XapakTepucTHuHi penrtreHisenki KoLl
KaL? Ta KaL® criektpu Al nipu 30y/KeHH1 €IeKTpOHaMU Y Jllana3oHi eHepriit 4,5—
100 xeB, BukoHaHO OOpOOKY CIHEKTpPIB Ta BHU3HAYEHO EKCIIEPUMEHTAIbHI
XapaKTepHCTHKM mpoleci 1s72p~ta 1s™2p~ ionizaii.

Te3u [6—11] Oyno MmiArOTOBIEHO Ta HAMMCAaHO 3a Y4YacTIO aBTOpa, MO HUM
Oys10 3p06JIeHO AOMOBI/II HA IECTH HAYKOBUX KOH(EpEeHIIisIX.

Amnpodanisi pe3yJbTaTiB AUCepTALIl

Marepianu gucepTailii J0OMOBIZAIUCA 1 OOrOBOPIOBAIMCS HAa HACTYITHUX
HAYKOBUX KOH(EPEHIIISIX:

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

2. XLV wmexnayHaponHas TynuHOBcKass KoHpepeHIus 10  (U3HKe
B3aMMOJICHCTBUS 3apsKEHHBIX YaCTHI[ C KpucTauiaMu, . MockBa, 26 — 28 mas
2015.

3. 22 Bcepoccuiickas HayuyHas KOH(GEpPEHIIHS CTYICHTOB (PU3UKOB M MOJIOBIX
yu€HbIix, PoctoB-Ha Jlony, 21-28 anpens 2016 r.

4. XLV wmexnyHapogHoit TynuHOBckol KoHbepeHIu 1m0 Dusnke
BiaumoneiictBus 3apspkeHHbIX Yactuil ¢ kpucramuiamu, T. MockBa, 31 mas — 2
utons 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 2629, 2017.

yo6aikamii

3a matepiasiamu Jnucepraiii omyOiikoBaHo 11 HaykoBuUX mpailp, 3 SIKHUX 5

cTaTeil y HayKOBUX (paXxOBHX BHJAHHAX (3 HUX 3 — Yy BHJIAHHAX, 11O BXOJATH IO
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HaykomeTpuuHux 0a3 ganux Web of Science Ta/abo Scopus) ta 6 Te3 nomnosinei
Ha KOH(epeHLIgX.

CrpykTypa Ta 00’eM aucepramii

JucepTaiiis CKJIanaeTbcsi 31 BCTYIMY, YOTUPHOX PO3AUIIB, 3arajbHUX
BHUCHOBKIB, CIHCKY BHUKOPUCTAaHUX JITEPATYpPHUX JIKEpes. 3aralbHUM o00csr
aucepTallii cTaHOBUTh 142 cTOpiHKH, 43 pUCYHOK, 6 TaOIUIb 1 CUCOK JITEpaTypH

13 166 HaliMeHyBaHb.
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PO31J1 1. XAPAKTEPUCTUKU NIAPAMETPUYHOI'O
PEHTTEHIBCHKOI'O BUITIPOMIHEHHS 1 TPOIIECIB KPATHOI
IOHI3AIII ATOMIB ITPU MPOXOKEHHI BUCKOEHEPT TUITHUX
EJEKTPOHIB Y KPUCTAJIAX

1.1. Ilpumposa Ta  3arajbHi  BJACTHBOCTI  NapaMeTPUYHOIO

PEHTIeHiBCbKOI0 BUNIPOMiHCHHA

[lapameTpuune pentreHiBcbke BunpominenHs ([IPB), saxe BuHukae y
CEpeNIOBHINAX 3 YIMOPSIKOBAHO ab0 YaCTKOBO YIOPSAKOBAHOK CTPYKTYPOIO,
HANpUKIaA, Y MOHOKPUCTAIaX Ta TOJIKpICTAIaX, PO3TISAAETHCS K Pe3yiabTaT
IUQPAaKIi BIACHOTO EJICKTPOMArHITHOTO TIOJNS 3aps/DKEHOI YaCTUHKH, IO
PYXa€EThCS y KPUCTaNl, Ha MIEPIOJUYHINA aTOMHIN CTPYKTYp1 (KpUCTaIIyHINA TpaTIi)
kpuctany [12-15]. BaxmmBo Bim3HauutH, 1mo [IPB cnocrepiraerbest 1y Tux
BUIIAJIKaX, KOJIM 00’ €KT, Ha SIKOMY BIZOYBA€ThCS PO3CIFOBAHHS €JIEKTPOHIB ITyUKa,
Mae OUTbIl CKJIAAHY CTPYKTYpY, HDK KpucTajliuyHa Trpatka. Hampuknan,
JOCHTIJKyBanacs audpakiiisi BUCOKOCHEPreTUUHUX EJICKTPOHIB Ha (ynepeHax Ta
MeTaneBux kiactepax [15-17], mezoBomoposi [18-20], a Takoxk Ha aTOMHUX sIpax
[21].

ITpu posrnsani npupoau I1PB HeoOXimHO BiI3HAYUTH HOTO MEBHY CXOXICTh 3
YEepPEHKOBCHKUM BHUINPOMiHEHHsIM. SIK Bigomo [22-28], BunpomineHHs Basimosa-
YepeHKOBa TEHEPYEThCS 3a YMOBH, IO 3aps/KeHa YaCTUHKA Y CEpeJIOBHIII
PYXa€eThCSl 3 TOCTIMHOIO (ha30BOIO MIBHUIKICTIO V, sxa MEPEBUIIYE MIBUIKICTD
CBITJIa y IIbOMY CEpEIOBHIII (’\7‘>C/\/g , € ¢ — IMBHUAKICTh CBITJIa Y BaKyyMi,
€ = ¢(®)— mienekTpuYHa MPOHUKHICTH CepenoBHINa). Y BEKTOpHiH (hopMi BKazaHa
yMOBa Ha0yBa€ BUTIISY

Ve —-c>0 (1.1)

ne (2— OIMHUYHHUI BEKTOP y HAPSIMKY BUIIPOMIHIOBAHHSI.



21

Y poboti [24] Bhnepiie Oyino Moka3aHo, MO 32 YMOBH MEPIOAMYHOT 3MIHH

JIeJIEKTPUYHOT TPOHUKHOCTI CEPEOBUILA Y HANIPSIMKY PYXY 3apsAKEHOI YACTUHKH
TaKa YaCTMHKA BUIIPOMIHIOE HABITh y BUMNAAKY M <c/ \/E . Take BUIIPOMIHEHHS

OTPUMAJI0O  Ha3BY «MapaMeTpUvYHe YEPEeHKIBCKOE BUNPOMIHIOBAHHA». Y
noganemioMmy Oyno  BcTaHoBieHo [24-30], mo mnpu  piBHOMIpHOMY 1
MNPSMOJIIHIMHOMY pyCl PEISTUBICTCHKOI 3apsIP)KEHOT YAaCTUHKU B OJIHOPIIHOMY
NEepiOANYHOMY  CEpPEAOBHUIINI TEHEPYEThCS  KOTEPEHTHE  KBa31UE€PEHKOBCKOE
BUIIPOMIHIOBAHHS y PEHTICHIBCBKOMY Jlalma3oHl CIHEeKTpa, sKe eQEeKTUBHO
audparye Ha KpucTajgorpadidHuX TIUIOMKMHAX CEPENIOBHUINA, MPHUUYOMY YMOBH
mudpakuii BU3HAYAIOTHCS PIBHAHHAM bperriB  ajisg  BIANOBIAHMX — YacTOT
TreHEepOBAaHOTO BHUIPOMIHEHHS TMOOIM3y OperriBckix KyTiB. Bmache, Take
KBa314YePEHKOBCHKE MapaMeTPUUHE BUIPOMIHEHHS Y PEHTT€HIBCHKOMY JIiama3oHi 1
e IIPB. Bimznauumo psa mnepeBar [IPB y mnopiBHsHHI 3 IHIIUMU BHUAAMH
peHTreHiBcbKoro BunpomMinenusi[24-30]:

1) IIPB sBasie co6oro mosspu3ariiiiie KBa3iMOHOXPOMATHYHE BHUIIPOMIHCHHS
y BY3bKOMY KyTOBOMY Ta CIIEKTpPaJIbHOMY Jlalla3oHax, 10 POOUTHh MOro CXOXKUM
Ha CUHXpOTpoHHEe BunpoMmiHeHHs. OnHak reHepauis [IPB cyTreBo gemesmia, a Hixk
CUHXPOTPOHHOT'O BUIPOMIHIOBAaHHS;

2) 3anexHicTh mapamerpiB nydyka IIPB Big kpuctamorpadigHoi CTpyKTypH
MIIIEH], Yy SKI pPO3MOBCIOJKYETHCA TMYUYOK 3apsSKEHUX YaCTHHOK, BiJIIKPHUBA€E
MOXJIMBOCTI BUkopucTanHus [IPB y cTpykTypHOMY aHami3i;

3) rnmuOuHa NMPOHUKHEHHS PENSATUBICTCHKUX 3apsAKEHUX YAaCTHHOK CYTTEBO
nepeBuIllye ruOuHy mapy audpakilii 30HIYyIOUYUX PEHTTE€HIBCHKUX MPOMEHIB Y
TPaIUILIHHOMY PEHTTC€HOCTPYKTYpHOMY aHami3i, Tomy Buxin [IPB BinOyBaeThcs 31
3HAYHO OUTBII TTIMOOKUX MIAPIB KPUCTATIB;

4) BuOOpOM TeoMeTpii PO3MOBCIOKEHHS IMyYKa PEISITUBICTCHKUX YaCTHHOK
MOXHa CYTTEBO 3HM3UTH BHECKHM CYMYTHIX THIIIB BUIPOMIHIOBaHHS (TaJbMiBHE
BUIIPOMIHIOBaHHS, KaHATIOBAHHS TOIIO);

5) cnektp IIPB cknagaeTscs 3 MiKiB, €HEPTIS SIKUX BU3HAYA€ETHCSI PIBHSIHHAM

Bperris npu 3ajaHoMy KyTi CIOCTEPEXKEHHS, 1110 HaJlIa€ MOKJIMBICTh CTBOPIOBATHU
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JDKEPENI0 KOTEPEHTHOIO0 PEHTIeHIBCHKOTO BUIPOMIHEHHS 3 KOHTPOJIbOBAaHUM
Ha0OpOM eHeprii MmikiB COEKTpa — HaJallITyBaHHA HA T€ YM 1HILE 3HAYEHHS €Hepril
niky [IPB BukonyeThcsi 00epTaHHAM KpUCTana,;

6) mnpu 3anmaniii eneprii [IPB po3moBCIOIKYETBCS Y JOCUTh BY3BKOMY
KyTOBOMY KOHYCI1 (quB. naini ¢opmyina (1.8));

7)  xapaktepuctuku [IPB BH3HA4YalOTHCSA JIMINE CHEPri€l0 1 3apsaoM

TE€HEePYIOY0] YACTUHKUKHU.

1.1.1. Tenepanin i posciloBanas [IPB npu po3noBcroaxkeHHi

3ApPAZKCHUX YACTHHOK Y KPpUCTAJaxX

Posrnsinemo 6ubin getanbHO ymMoBH renepaiii [IPB y kpuctamax. ¥ poborax
[24,31-34] Oyno moka3aHo, 10 MPH Pyci 3apsHKEHOT YaCTHHKH Y TIEPIOJUIHOMY
cepenoBUIll (IIeIeKTPUYHA MPOHUKHICTh KPUCTAy MEPIOAUYHO 3MIHIOETHCS Y
IPOCTOPi) MOKHA BUKOPHUCTATH 1MOoOynoBy ['roiireHca s BU3HAUYEHHS (PPOHTY
BTOPUHHUX €JIEKTPOMArHiTHUX XBWIb. Hexail 3apskeHa 4YacTUHKA pPyXaeTbes
MPSIMOJTIHIMHO 1 PIBHOMIPHO 31 MIBUAKICTIO V <c/+e, A€ €=¢&(®)— mienekTpruyna
NPOHMKHICTh cepefoBuma. Toai moOyaoBa [roiireHca HaOyBae BUIJIANY,

HaBeseHoro Ha puc. 1.1. XXupHni miHii BIAMOBIAAI0TH CiMEWCTBaM

A

T1 T2 T3 T4 B3 B2B1

] (-

%
\Y

o

Puc. 1.1. [lobynoBa ['toiirenca st BUATPOMIHEHHS 3apsHKCHOI0 YaCTUHKOIO Y

nepiognyHoMy cepenoBuii [24,34]
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KpUCTAJOrpaiyHUX IUIOIIMH 3 MDKIUIONIMHHOK BijcTtaHHio O, § — BekTop
o6eprenoi rpatku (|g|=2n/d). Hexail cdepudni XBWINi, WO BUHMKAIOTH NpH

B3a€EMOJIII 3apsAKEHOI YaCTMHKM 3 aTOMaMHU CEpEeJOBUINA, MOIIMPIOIOTHCS Bl

nepiouyHo  po3TamoBaHuX Toyok T1-T3. y300BX JESKOrOo  HAMpPSIMKY

—

CIIOCTepEKCHHS 3 OJAMHWMYHMM BekTopoM 2. Jlms cmpomenns Ha puc. 1.1
nmokazaHo (GOpMyBaHHsS BUIPOMIHEHHsS JUIsl BUMAJKY, KOJW BIJIICTaHb MIXK
cycimiHiMU chepaMu JTOPIBHIOE OJHIA JOBXWHI XBUJII BUMPOMiHEHHS. Toxdl Iis
CTBOPEHHSI KOT€PEHTHOT'O MOHOXPOMATHYHOTO BUIPOMIHEHHS Yy HAMNPSIMKY @)

HEoOX1HO, 100 BiICTaHb MDK XBWJIbOBUMM moBepxHsiMu B1-B3 y wnpomy

HAMpPSIMKY JTOPiBHIOBAJIA [IJIOMY YKCITy M TOBXHH XBUIb A. TOOTO

T=VQr=mr, m=1.2,... (1.2)

c
V€o
ne t=1/(gV). 3 dopmymu (1.2) MOXKHA BU3HAYUTH YaCTOTY BUIIPOMIHEHHS Y

HanpsiMKy (2 mipu 3aaHuX BekTopax V Ta §

()2
®=m VAT (1.3)

Ha puc. 1.2 HaBeieHO TPUBHMIPHY CXeMYy, SIKa UTFOCTPYE B3a€EMHE PO3TalllyBaHHS
MpsIMOi, B3JOBX SKOI PyXaeTbCAd 3apsiPKeHa YAacTHHKA, KpHUcTanorpadidHux
IUIOIIMH Ta TPsIMOI, B3IOBXK SKOI J0 JETEKTOpa PO3IMOBCIOAKYETHCS

eJICKTPOMArHiTHe BHUOpOMiHeHHS: O, — OperriBebkuit  kyt, 0 — Kyt
CIIOCTEPEIKEHHsI, SKUH BIAPAXOBYEThCS BiJl HANPSAMKY pYyXy YacTHUHKH, [, —

OJUHUYHMIA BEKTOpP y HAPSAMKY Iyuka, My, — OAMHUYHUN BEKTOpP Y OperriBCbKOMY

Hanpsamky, =V /c. Toxi popmyny (1.3) MOKHA TIEpenUcaTH y BULIIAII
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n,

\ KpucTtan
— B 44| «
\ IUIOIMHA

udpakmii

Puc. 1.2. B3aemHe po3ranryBaHHS HAmpsIMKY DPYXy 3apsI)KEHOi YaCTHHKH,
KpUCTaIOrpad4YHUX TUIOMIMH Ta HAMPSMKY PO3MOBCIOXKEHHS €JIEKTPOMArHiTHOTO

BUIIPOMIHEHHS (MMOSICHEHHS Y TEKCTI) [35]

GV 2nc  Psin®
®w=m (9 )* —mZl psinO, . (1.4)
1-Je(AV)/c d 1-eBcosod
[Tpu npomy HanpssMkH M, Ta f; MOB’sA3aHI CHIBBIAHOIIEHHIM
. 2(gn,) .
8 = _|g_|20 g (1.5)

BaxxnuBa 3amaya, po3B’S30K SIKO1 € HEOOXITHUM JUIS aHai3a iIHTEHCHBHOCTI
pednekci [IPB, monsirae y BU3Hau€HHI CIIEKTPaTBbHO-KYTOBOT'O PO3MOJILUTY TAKOTO
BUIIPpOMiHeHHA. byno nokaszano [36-44], mo mocTtaTHO e(PEKTUBHMM IMiIXid JJIs
PO3B’S3KY TaKOi 3a/1aui MOJIATAE Y PO3TISAII €IEKTPOMArHITHOTO TOJISI 3apsIIKEHO1T
YACTHHKH, IO PYXA€ThCA Yy CEPENOBHIII, SK CHUCTEMHU BIpTyanbHUX (POTOHIB 3
eHeprisiMu, Habarato MEHIIMMH 32 €HEpril0 YaCTUHKHA. Y TaKoMy HaOMKEHHI

Oymn0 oTpuMaHO (QYHKIIIIO PO3MOILTY
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_d®N, o | sing,

- - 1.6
" dodQ  4n’e|ET —cosH, (1.6)

Tyr dN,— kinekicTh BipTyansHux (oToHIiB y TinecHomy kyti 0 y miama3oni
eZ

gactor ®+o0+do, oc=h—=137‘1 — crajma TOHKOI CTpykTypw, O, — KyT Mik
C

BEKTOPOM IIBUIKOCTI 3apsAJIP)KEHOT YACTUHKH 1 XBUIILOBUM BEKTOPOM BIPTYaJIbHOTO

doToHa, §:V\/E /C — mBUAKICT, YaCTMHKKM B OAMHHUIAX ()Aa30BOI LIBHIKOCTI
€JIEKTPOMArHiTHOT XBWJ1 B CEepeNOBHUIIl. SKIO YacTHMHKA pEIsSTUBICTChKA 1 3a

YMOBH Malux KyTiB (60, <<1) 3 BHKOpPHCTaHHSM BiJIOMOTO CHiBBiJHOIICHHS

£1=1+0,5y;; dopmyna (1.6) Habyne BUrMATY:

a 0.
Y, = v . 1.7
V' o y;?f +6\3 (L7)

Bianogiguo mo (1.7), cnekTpaabHO-KYTOBHI PO3MOJLI BIpTyalbHUX (POTOHIB
Ma€ BUTJIS KOHycCa 3 BICCIO, IO 30ira€Tbcs 3 BEKTOPOM IIBHUAKOCTI YACTHHKH.

Baxmugo, mo npu 6, =0 ¢yuxuis posnoxiny Y, =0, a npu 62 >>0 dyHKiis
PO3IOALTY 3MIHIOETHCS SIK YV~9\72. TakuM 4MHOM, Y3/IOBXK JIiHIT PyXy YacTHHKHU

IHTEHCUBHICTh ~BHIPOMIHEHHS JOPIBHIOE HYIIO, a MaKCHUMyMaM TaKOTO

BUIIPOMIHEHHS Bi/IMOBIIal0OTh KyTH BIITHOCHO OC1 KOHYCA:

O = Yar =¥ %ol » (1.8)

1€ Yo — AleJEeKTpUYHA CIPUMHATIMBICTD CEPENOBHILNA, ) — PEIATHUBICTCHKUN

dakTop YACTMHKH | = 1/ wfl—Vz / ¢’ [36,45,46], Ye — e(eKTUBHUM

. o . -1 -1 .
penaTuBicTChKUA (akTop. Y Bakyymi Y. =7 , @ 3a yMOBHM, IO €HEpris
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BIpTyaJIbHUX (DOTOHIB CYTTEBO NEPEBUIILYE XapaKTEPHI E€HEPrii eIeKTPOHHHUX

NepPeXO/IiB y aTOMax Cepel0BUIIA, MOXKHA 3allicaTh

(1.9)

Jc O)p — IIJ1a3MOBa 4aCToTa CJ'ICKTPOHiB cepcaoBuUILa.

Ha puc. 1.3 HaBeneHo cxemy nudpakiii BipryanbHux @ortoHis IIPB y
kpuctami. [Ipsma niHisS BiAMOBITA€E TPAEKTOPIi pyXy PENSITHBICTCHKOI YaCTHHKH,
AKa MEePeTUHAE CIMEMCTBO KpUCTAIOrpadiuHUX IIIOMIMH, IO 33JJal0ThC BEKTOPOM

oOepHeHoi rpatku §. Jlo MOTpamisiHHA Yy KpUCTal KOHYC PO3MOAULY T'yCTUHH
. . . -1 . e e
BIPTYyaJIbHUX (OTOHIB Ma€ MAKCUMyM IiJi KyTOM 7Y = BIIHOCHO JiHIi pyXy

YaCTHHKU. Y KpHCTajl Takuil MOHyc audparye 1 MoAUQIKyeThCs, HaOyBarouu

KyTOBOT'O PO3TBOPY MAKCUMYMY, IKUH BIKE XapaKTEPU3YETHCA KYTOM 7.

~. P
<ot

Pednexc ITPB

Puc. 1.3. TIPB sk mudpakiis BipTyanbHUX (QOTOHIB PEISATHBICTCHKOI

3apsipKeHOT yacTHHKY [34].



27

Ha aTtomHux miomuHax BigOyBaeTbcs nudpakiis nig bperriBcbkum KyToM
0, =¢ 1 KyTOBHI pO3MOALT BXke pealbHUX (POTOHIB, AU(DPAroBaHUX y KPUCTAI,
BU3HAYAETHCSI KOHYCOM, BICh SIKOTO Ha puc. 1.3 cmpsmoBaHa mig KytoM 2¢ 10
HanpsMKy TpaekTopii. ¥ poboti [47] Oyna orpumana ¢opMmyiia CHEKTPaIbHO-
KyTOBOI'O PO3MOAULY BIpTyaJibHUX (DOTOHIB PENATUBICTCHKOI 3apsyKEHOT YACTUHKHU

3a yMOBU Y >>1 3 po3aUIOM Ha MO3J0BXKHIO Ta MOINEPEYHY CKJIAJ0Bl HANPSAMKY

MOIIUPEHHS BIpTyaJIbHUX (DOTOHIB

oZ? 5% +8H2
Yy = I (1.10)
(vt -31+3})

ne o, BH << 1 — wMam KyTH, fKI BHU3HAYaIOTh HAMpPSIMOK TMOIIMPEHHS

BHITPOMIHIOBAHHS BITHOCHO OCI KOHYca: KyTH O , 6H B1JIPaXOBYIOTHCSI BIAMOBITHO

y  TepHneHAWKYISIPHOMY 1 TapaienbHoMy 1m0 Tutomman audpakmii [1PB
HanpsMkax. Bekropn V Ta § mexars y muiommHi audpakiii. 3 BUKOPUCTAHHIM
IILOTO pe3yibTaty, Ha BigMiHy Bif (1.10), y po6oti [48] Oynio oTpumMaHo BUpa3 I

KyTOBOro posnofiny IIPB Bxe 3 3a1aHOI0 4ACTOTOO Mgy, -

_ ONpyg _ aZ*M ‘Xg ((DPXR)‘Z 51 +8"2
PXR =40 [C/(VJE)—COSGT (yéf% +6i+8||2 )2

: (1.11)

€ pyy BU3HAYaeThes (opmynoro (1.4), M — xinekicTe KpucTanorpadiuHEX
TUIONIWH, 1110 OepyTh yuacTh y GopmipoBanii peduekcy [1PB.
Bim3Haunmo BiIMiHHICTh MK HETIEPEPBHUM CIIEKTPOM BipTyaslbHHX (DOTOHIB

. 1 .
3 YacTOTHOK 3aJCKHICTIO ~ @ ta [IPB sk KBa31MOHOXpPOMaTHYHUM

BUTIpOMiHEHHsIM 3 dactoroto (1.4). KpiM TOro, gyacrora BHUIPOMIHCHHS, IO
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Bianosinae bperriscekoMmy kyTy 0, Ta uacTora, 110 BIANOBIIa€ MAKCUMyMY IIKY

IIPB (1.4), Bimpi3HsiroThest Mixk co0010. 30KpeMa, 3a yMOBH O |, 8\\ <<I:

2 2 2 2
(DB_(DPXRzy +‘Xo‘+n :Veﬁ +n
Opyr 4sin’0,  4sin’ 0,

(1.12)

a8 = lgi +5ﬁ — KYT BiAxXujieHHs Bia neHTpy peduekcy [1PB; minimManbHa pi3HuUis

YacTOT CIOCTepiraeTrhes y meHtpi peduiekcy ITPB (n=0).

HaBenenuii Buie posrisg renepyBanHHs Ta audpaxuii [IPB y kpucrtamax
Oy/o BHKOHAaHO Yy KiHemMaTHuHOMY HaOmwkeHHi [49-51]. Opnak, y Hmeskux
pob6orax [32,52-59] onwuc mexanizmy [IPB 6a3yerhcsi Ha mpUHIMIAX TUHAMIYHOT
TEOpii, 3TiJHO 3 SKUMHU TOJOBHHUM IIPOIICCOM BBAKAETHCS JIMHAMIUHA IOJISIpHA3AITis
aTOMIB KPHUCTAJIy TPU B3aEMOJIl KYJIOHIBCHKOTO TOJISI YACTHHKH 3 €JICKTPOHHOIO
000JI0HKOI0 aToMa. BUNpoMiHIOBaHHS TaKUX 1HIYKOBAHUX JUIIONIB, IMEPIOAUIHO
pO3TalIoBaHUX y KPHUCTAIIYHIN rpaTili, 1 mopokye I1PB. Panime Bim3Hagamocs,
0 Takui Miaxia gae migcraBu po3rigatéd [IPB sk momspusaiiiiine raabMiBHE
BUIIPOMIHECHHS.

3ayBa)KMMO, 1110 HABEJIEHUW BHIILIE PO3TJISA]] CIIEKTPATIbHO-KYTOBOT'O PO3MOALTY

I[IPB (muB. puc. 1.3) Oyn0 BUKOHAHO ISl BUIIAJKy, Koiu po3ciroBanHs [IPB
BinOyBaeTbcs mig kyramu 205, <90°, ToOTO y mepenHio HamiBcepy BIZHOCHO

HAMpSIMKY PyXy 3apsDKEHOI YaCTHHKH. Y PEHTTEHOCTPYKTYPHOMY aHami3i e
BHITQJIOK BiAmoBizae reometpii Jlaye (mudpakiiiss Ha TpoXomKeHHs ). MOXIMBUH 1
BHIA/I0K, KOJK BperriBchkuM HampsiMkam BigmoBimarore Kyt 205 >90°, to6TO
po3citoBaHHs y 3amHio HamiBchepy (mudpaxiis bperriB). 1li obunsa Bumaaku
HaBefneHI Ha puc. 1.4, 11X Ha3WBalOTh «CIOCTEPEXKEHHS  BIOEpem» Ta
«CTIOCTEPEKECHHS Ha3a» BIAMOBIMHO. BaknuBO BI3HAYNTH, IO /TSI BAMIPIOBAHHS
mudepentianpaoro Buxony [IPB HeoOxinHO, 00 KyTOBHI pO3Mip AETEKTOpY OYB
ICTOTHO MEHIITUM 32 KyTOBUM po3Mip pediekcy. Ha puc. 1.4 nerekTop mo3HaueHo

YOPHUM KBaJIPATOM.
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~I

1
1
I
-_ I
I
I
I

Puc. 1.4. Posnoscromxenns konycis [IPB y reomerpii Jlaye (a) Ta reomerpii

Bbperris (0).

Takum YMHOM, IIPpHU pOBl’IOBCIO,Z[}KCHHi ITy4dKa pCJISITI/IBiCTCBKI/IX 3aPAIKCHUX

YaCTUHOK, SKUA y MOHOKPHCTaJi TEpEeTHHAE CIMEWCTBO KpHUCTamorpadiyHuX
wiontuH (hkl) 3 BekTopom obGepHeHoOi rpaTku § = hBl + kBZ + |63, CIIOCTEPIraeThCs
nudparosane Ha takux miaomuHax IIPB. Ilpu 3aganomy bperriBcbkoMy KyTi 6,
4acToTa BUTIPOMiHEHHS BU3HAYAETHCS PiBHSHHSM bperris
2dsinB; =nk =n(2nc/ o, \/g) . Judparosane IIPB  po3snoBcromxyeThes

y310BX OOKOBOI MOBEPXHI KOHYCA 3 BICCIO, 1[0 BU3HAYAETHCA KyTOM BperriBcbKkoi

) ) -1
nudpaxkuii 6,, a makcumymu IIPB cnocrepiratorbes nig kyramu Y 10 LIBOTO

HanpsMky. Yacrora [IPB, sike po3moBCIOIKYEThCS y HaAIpsSMKax MaKCHMYMIB,
BIAPI3HAETHCA BIA YacTOTH (g 1 Taka BIAMIHHICTh BHM3HAYA€THCS (HOPMYIOIO

(1.12).

1.1.2. Oco6auBOCTI eKCIePUMEHTAJIbHUX METOAIB 30yIKEeHHs Ta

peectpauii [IPB

Bnepuie TIPB Oyno ekcriepuMeHTalnbHO 3apeecTpoBaHO y PaasiHCbKOMY
Corozi y 1985 porii Ha excriepuMeHTanbHIN 0a3i cuaxpoTpoHa «Cipiyc» B ToMCBKy

[60]. Llst mozist cTiMysTIOBaia 3HAYHHIA 1HTEpEC J10 BUBYCHHS BiiactuBocTeit [IPB y
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pi3HUX JlabopaTopisXx CBITY. 30Kpema, y XapKIBCbKOMY (PI3UKO-TEXHIYHOMY
iHcTUTyTy Ha mnpuckoproBadax JIVE-40 ta JIYE-200 Oyno mpoBeaeHO psif
€KCIIEPUMEHTIB MO JOCIIKEHHIO creKTpiB xkopcTkoro I1PB 3 enepriero 100 xeB
[60-65]. Sk Bxke Bim3HauyaIOCs, PO3POOISBCS I TECOPETHYHHUI OMUC CIEKTPATbHO-
KyTOBUX BlacTUBOCTEM nudepenuianbHoro Buxony IIPB, Oyna mnoka3ana
KOPEKTHICTh 3aCTOCYBaHHs KiHeMaTu4Hoi Teopii nudpakuii [IPB [29]. V 90-x
pokax nocuimkens [IPB tpuanu B Tomcrky, XapkoBi, €peBani [66-68], moaioH1
JOCIKEHHS BUKOHYBanucs y [69-71], Snownii [72], Kananai [71], Himeuuuni [73].

Ha cporomui gocnimxeHHs xapaktepuctuk [IPB 3amummaeThcs akTyanbHOIO
3aJ1aueio 1 BUKOHYEThCA Y psfi taboparopiit cBiTy (cuaxpotpoH "Cipiyc", TOMCBK,
Pocisi; cunxpotpon "llaxpa", Tpoiusk, Pocis; npuckoproay ¥V-70 IOBE, Mockaa,
Pocis; mpuckoprosaui JIITE-40 Ta JITIE-200, XapkiB, Ykpaina; cuaxpotpoH "INS",
Tokio, Anonis; mikporpon «MAMIy, Maiinn, HimedunHa; cuaxpotpod «APYCy,
€peBan, Apwmenss; Kopaenbckas mabopatopus CHESS, CIIIA; cxoxi
JOCIIPKEHHS] BUKOHYIOTBCS Ha CHHXpOTpoHax I['penodsns (Ppanuis), Ywuxaro
(CIIA), Ocaka, (Amouss), DESY, I'am6ypr (Himeuuunna).

CtaBUTHCS Ha METI CTBOPEHHS MOTYKHUX KBa3IMOHOXPOMATHYHHUX JHKepen
PEHTTEeHIBCHKOT'O BUIIPOMIHEHHS 3 PETYJILOBAHOIO €HEPri€r0 NJIsi 3aCTOCYBaHHS B
MEIUIINHI, 010JI0Tii, MIKpOENeKTpoHimi, ¢i3umi TBepaoro Tima. bineuricTe
YCTAaHOBOK JJIsl TOCIIKeHHs BiacTtuBocTei [IPB mpamroroTs Ha pensTUBICTCHKUX
IydYKax €JIeKTPOHIB, IKUM BIJIAOTh MEpeBary npu aHamizi 00’ €MHUX KPUCTAIIB Ta
HaHocucTeMm [74,75].

Y m.l.2. Oyno moka3zaHo, IO CHEKTpalbHO-KyTOBUK posnonain [IPB
XapaKTepU3y€eThcsi KOHYCOMoai0HUM MakcuMyMoM (puc. 1.3), axuit po3TamoBaHui
Mo0JIM3y HAMPSIMKY OperiBChKOr0 po3citoBaHHS. Po3risHeMo 1ei po3mo i OuIbI
netanbHO (puc.1.5). /IudparoBane BUMpOMiHEHHS Ma€ MPOBAT IHTEHCHUBHOCTI Y
IIEHTPI TaKOro KOHYyca, aje MpHU I[bOMY BUIUISIOTHCS JIBI KOHYCONMOAIOHI YaCTHHHU

HABKOJIO TOYKHU LEHTPY KoHycy. TooTo, peduekcu [1PB 3HaxoasThCSA MOOIN3Y
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(3]
L]

Puc. 1.5. Pednekcu I[IPB s myuka pensiTUBICTCHKUX eleKTpoHiB [76]: 1 —

My4OK €JEKTPOHIB, 2 — MillleHb, 3 — pedaexcu [1PB.

ICHTPY 3 bBperriBcbkuM XBWJIBOBUM BEKTOpOoM K, a y caMoMy LEHTpi
BUIIPOMIHEHHS  BIJICYTHE. MakcumalibHa  IHTEHCUBHICTh  BUIIPOMIHEHHS

KOHILICHTPYEThCA Yy 1eHTpi pediekciB [IPU, ski 3HaX0AUThCS HAa KYTOBiHM BiJCTaH1
y;; BiJl OperriBcbkumu 1eHTpy (auB. dopmyny (1.8)). OTxe, mpu IUIaHyBaHHI

KOHKPETHOTO eKCIEpUMEHTY 3 JociimkeHHs mapameTpiB IIPB  HeoOxigHO
BU3HAYUTH BiJIOBIHI XapaKTePUCTHKH Iy4yka €JIEKTpOHIB Ta aerektopa I[IPB,
BUOpaTH MillleHb 3 TMOTPIOHUMH KpHCTatorpadiuyHUMH  XapaKTePUCTHKAMH,
po3paxyBaTH IeéOMETpil0 €KCIEPUMEHTY, a caMe, IUIOIIMHY peakKilii, XapakTepHi
BiJICTaHi, CTYIiHb BUIBHOCTI MimeHl. HeoOXimHO Takok BpaxyBaTH paaiarliiHUN
¢boH MillIeH1 BiI CyPOBOIKYIOUUX PEAKITIH.

Y pobGoti [76] posrmsanyTo xapaktepuctuku peduexcis [IPB mgms pizaux
EHEPrisix MydKa EJEKTPOHIB 1 pi3HIA TOBIIMHU KpucTana. 30kpema, Ha puc. 1.6
HaBesieHO kKapTuHy pedrekciB [IPB nmpu nBox eneprisx enektpoHiB mydka (20 Mes
ta 50 MeB), ane omHakoBiii TOBIIMHI 3pa3ka, a Ha puc. 1.7 — ogHaKoBii eHeprii

MMydKa, ajie pI3HUX TOBIIMHA 3pa3ka. Sk BumHO 3 puc. 1.6, mpu 3pocTaHHi eHeprii
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Puc. 1.6. Pecdnexcu IIPB nns myukiB peNATUBICTCHKUX EJIEKTPOHIB 3

eHprisimu: a — 20 MeB, 6 — 50 MeB [76]

1" (vinipagian)
(vimipagias)

Y (vimpagiad)

Puc. 1.7. Pednexcu IIPB (20 MeB) mpum ToBmMHA 3pa3ky: a— 50 um,
06— 1 mm [76].

mydka enekTpoHiB Big 20 MeB go 50 MeB Biactans mikiB pedraekcy Bifg

bperriBcpkoro meHTpy (y_l) CYTTE€BO 3MEHIyeThes. [Ipu 3pocTaHH! TOBIIMHU
3pasky (puc. 1.7.) My4oK MOMITHO YITUPIOETHCS 1 PO3MUBAETHCH.

Bim3naunmo, mo 3a octanHi 20 pOKiB €KCIEPUMEHTaldbHI Ta TEOPETUYHI
JOCTI/DKCHHSI  CTIEKTPAIBHO-KYTOBUX  Xapaktepuctuk [IPB, B ocHoBHOMY,

MPOBOJMIIUCS HAa MOHOKpPHUCTAJIaX 3 BHCOKHM CTYNEHEM oOpieHTalii OJOoKiB
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KOTEPEHTHOTO PO3CiIOBaHHS ab0 Ha MojikpicTaiax 06e3 TeKCTypu. SIK mpaBuIIo,
BUKOPHUCTOBYBajacss CUMETpU4Ha reoMeTpis Jlaye (po3citoBaHHS y mMEpeaHIO
niscdepy). Y Toi ke yac, y poboti [/7] Oyso BHepiue TEOPETUYHO BCTAHOBIICHO,
mo mpH HaGMIKeHHI KyTa croctepexeHHs 10 180  (po3ciloBaHHS y 3aHIO
niscepy) niku cnektpy IIPB craioTh aHOMalbHO BY3bKHMMH, a iX aMILIITyHAa
icToTHO  3poctae. lle  cTuMymoBajio  €KCHEPUMEHTAIbHI  JOCIIJKEHHS
CHEKTpaIbHO-KYTOBUX xapakTepucTuk [IPB y reomeTpii 380pOTHOr0 po3citOBaHHS
[77,78]. Ha choromuHi axkTHBHO pO3pOOJSIFOTECS TEOPETHUHI MOJAENI, sKi
JO3BOJISIIOTH  ONMHUCATH  PE3YylbTaTH EKCIEPUMEHTIB AK M KpHUCTaiiB i
NOJIIKPUCTAIB 3 TEKCTYpOl 1 MO3aiyHICTIO, Tak a 1 [ MilleHed 3
JIpiOHO3EPHUCTUMHU TIOTIKPUCTAIMHM 1 XaOTHYHO OPIEHTOBAHUMM KPHUCTATIYHUMHU
MHKpPOOJIOKaMHU, HAHOIUCTICPCHUMH MOJIIKpUCTaIaMu Toto [ 78].

Opnak, OJHIEIO 3 KIIOYOBUX MpoOiem y ranysi gochipkeHHb [IPB e
OOMeXKEeHa KIJTbKICTh EKCIICpUMEHTAIbHUX YCTAaHOBOK, NPUAATHHX ISl TaKUX
POOIT, 110 3yMOBJICHO CKJIQJIHICTIO €KCIUTyaTallii MpUCKOPIOBAUIB 1 JOPOTBaPTICTIO
NPOBEJICHHSI TaKUX eKcrepuMeHTiB. KpiM Toro, B ICHYNOYHX ISl JOCHIIKEHHS
IIPB ycraHoBKax € psja CYTTEBUX HEAOJIKIB, 10 OOMEXYIOTh 1HPOPMATUBHICTH
nociikens [1PB. HaiironoBHimii 3 HUX — HU3bKA 1HTEHCUBHICTH curdHany [1PB Bix
CEPEllOBUII] 3 YIOPAIKOBAHOI aTOMHOI CTPYKTYpOIO, a TaKOXX BEIHKUN (OH,
3YMOBJICHHH JI0JJaTKOBUM BUIIPOMIHEHHSM MIIIEH] 3a IHITMMH KaHaJlaMH TeHeparii
[13,48]. Tomy akTyalpbHOIO 3aIMIIAETHCS 3aJada CTBOPCHHS HH3bKO(OHOBOT
eKCTICPUMEHTAIbHOT YCTAaHOBKHM JUIS JOCHII)KeHHs Xapaktepuctuk [IPB 3
BUKOPHCTAHHSM pENATUBICTCBKMX YAaCTUHOK, a TaKOX IMoJajbllia po3podka
METO/IB ypaxyBaHHS BIUIMBY PI3HUX CYINPOBODKYIOUMX YMHHHUKIB Ha MPOIIEC
re’epaiiii, po3noBciomkeHHs ta peectpaiii [IPB. 3 mieto meroto Oyno cTBOpeHO
YCTAaHOBKY 17151 AociiixkeHHs xapakTepucTuk [IPB Ha 6a31 cunxporpona "ITaxpa”
y nabopaTtopii IpHUCKOPIOBATBLHUX MPHUCTPOiB Bimmainy ¢i3uku BUCOKHX €HEprii
®izuynoro iHcTUTyTYy M. IL.H. JleGenesa PAH [1], Byno BpaxoBaHO OCHOBHI
HEJIOJIKM 1HIIMX TMOJIOHMX YCTAaHOBOK 1 MPOTATOM Okl HiXK 15 pokiB

BHKOHYBaJIacs MOCTIHA MOJEPHI3allis [Ji1 BUKOHAHHS PI3HUX 3aBIaHb 3 HOBITHIM
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peecTpyrouuM o0JaJHaHHSAM. YCTaHOBKa oTpuMaina Ha3By "Pentren 1" 1 Ouibi
JeTaIbHO BOHA OyJie omucaHa y HACTYIHOMY PO3ALT1, 30KpeMa, Y YaCTUHI BHECKY
aBTOpa B YJIOCKOHAJEHHS Takoro npuiany. BkaxxeMo Ha JesKi €KCHEpUMEHTH,
BUKOHAaH1 Ha 11l ycTaHoBLI. Byso ekcriepuMeHTanbHO JOCHIIKEHO CHEKTPaIbHO-
KyToBl po3noaun I[IPB mpu po3noBCIOIXEHHI PENSITUBICTCHKUX EJIEKTPOHIB 3
eHepriero 7 Mes (y ~14,77) y nonikpuctaniyaux Qonsrax Al 1 Cu mig kyramu
crioctepexennst § =90, 75 [79,80]; y momambmomy otpumani mika IIPB
nopiBHIoBayincs 3 teopiero [81,82]. fAx Buano 3 puc. 1.8, 1.9, crmoctepiraerscs

IIO6pC Y3TOKCHHA CKCIICPUMCHTAJIbHUX pCSYJIBTaTiB 3 TCOPCTUIHUMHU

pPO3paxyHKaMH.
- e
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Puc. 1.8. Cnextp IIPB Bing momikpuctaniunoi ¢onbru amomidito. CymiipHa
niHist - TeopiTideckiii pospaxyrok [79,80], Touku — excriepument: a — § = 90;

6—0 =75 [48,51].

Bunno, sik eHepris miKy 3MIHIOETHCS 3aJIEKHO BiJ] KyTa CIIOCTEPEKECHHS Y
BIIMOBIMHOCTI 3 TeopeTuyHor Mojeiao [83], mo Hamae MOXIHMBICTh
inerrudikyBaru miku [IPB y cnekTpi 3a iX eHepriero, y TOH 9ac SK CIEKTpabHE
MOJIOKCHHS TMIKiB XapaKTePUCTUYHUX PEHTICHIBCHKUX TPOMEHIB 3alUIIAETHCS

HE3MIHHHUM.
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Puc. 1.9. Cnextp IIPB Bin nmomikpuctaniuynoi ¢onbru Mifai. CyuiapHa JiHIS -
TeopiTiyeckiii po3paxyHok [81,82], Touku — ekcriepuMEHT: a — 0=90; 6-

0 =75 [79,80].

Ha puc. 1.10 npencraBieHo  3aJeXHICTh  KUIBKOCTI  IMITYJIBCIB
3apEECTPOBAHOTO PEHTIE€HIBCHKOTO BHUIIPOMIHEHHS Big eHeprii ¢GOTOHIB Yy
BperriBepkiii reomerpii  (reoMeTpii 3BOPOTHOTO po3CiroBaHHs). 3pa3ok - ¢obra

amoMinito [84]. Jlinii TIPB Bixg mromuu (200), (220), (311) ta (420) cyrreBo

200
IH[J-‘
It'vl]- |
I-II'.I-

1200 =

qHCIO DoMA B KaHal1

E0 -

£l =

40 =

20—

EHERT1A KEaHTIE(KEER)

Puc 1.10. Crextp ITPB Bix dombru Al (ToBmmua 30 mMxm) (6 = 180°) [84].
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BY3KIllll, @ HDK y BUNaAKy reoMetpii Jlaye, 1 momiTHO iHTeHcHBHIlI. OTxe, Tpeda
BI[3HAYMUTH, IO EKCHEPUMEHTH, BHUKOHaHI Ha ycraHoBui «Pentren 1",
BIIPIBHSIOTHCA BIJ IHIIUX HU3bKUM (POHOM 1 B TOM ke 4ac JOCUTb BUCOKHM
€HEPreTUYHUM  PO3AUICHHSM, 1[0 JO03BOJWJIO BUKOHYBAaTH  JIOCHIIKEHHS
CHEKTPaJIbHOI IIUPUHU, OJIOKEHHS 1 aMIuTiTyau mikiB [IPB 3 qoctaTHb0 BUCOKOIO
TouHicTio [11,84].

VY Toil ke Yac, HEOOXIHO BIJ3HAYUTH JOCUTH CYNEPEWIMBUI XapakTep
ACSIKUX EKCIIEPUMEPTATBHUX POOIT, y SKUX BHU3HAYAIUCS CIEKTPaIbHO-KYTOBI
BnacutuBocTi [IPB Bix piznux wmimenei. Tak, y podorax [79,80] cmocrepiranacs
nuiie yactuHa Tux mikiB [IPB, sxi manu OyTH 3apeecTpoBaHi 32 KOHKPETHUX YMOB
eKcriepuMeHTiB. Y pobori [85] , B sikiii BUKoHaHO cripoOy peectpaiii ciektpy [TPB
mii MajJuMu KyTamMH Ha Ty4YKy €JEeKTpoHIB 3 eHepriero 2,7 T'eB Big
nojikpucTaiicHoi mimreni LiF, B3aram He Bamocs Bumaiautu [1PB uepe3 Husbke
CHIBBIIHOIIICHHSI CUTHAJ/(OH Ta HEJOCTATHIO PO3/IUIbHY 3/IaTHICTh JCTEKTOPIB.

Takum uymHOM, po3poOKka MeToniB 3actocyBaHHs [IPB s mocmimkeHHs
aTOMHO-TIPOCTOPOBOi CTPYKTYPH KOHJEHCOBAHOHOI PEYOBHHH MOTPeOye ICTOTHOI
MOJIepHI3allil eKCIIepUMEHTaIbHUX YCTAaHOBOK, sika 0 3a0e3meumsia MakCUMalbHe
3pOCTaHHS BigHOIICHHs curHay/(QoH Ta goctatHe po3aiicHHs crekTpiB [IPB Ha
KOMITOHEHTH. OCOOIMBO 1€ BAXJIMBO B €KCIIEPUMEHTAaX, B SKUX PO3MipH OJIOKIB
KOT'€PEHTHOTO PO3CIFOBaHHS Majii y TOPIBHAHHI 3 €(QEKTHUBHOI TIJIUOWHOIO
nornuHaHHs [1PB, ockiTbku 3a TaKUX YMOB CYTTEBO 3MEHIIYEThCS IHTCHCHBHICTH
reHepoBaHoro y 3pa3ky I[IPB. A came g cutyaitis xapakTepHa sl TOCTIKSHHS
CTPYKTypHu Ta Mopdoorii MiKpo- Ta, 0COOJMBO, HAHOCHCTEM Yepe3 BU3HAUYCHHS
CHEeKTpabHO-KyTOBUX po3noninis [IPB. Tomy y mpencraBieHi aucepTaiiiHii

poOOTI yBara CKOHIIEHTpOBaHa caMe Ha BUPINICHHI BKa3aHUX 3a]1a4.
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1.2.  JiBokpaTtHa 1s2p " Ta TpukpatHa 1s72p”° iomizamis aTomiB

NPU PO3NOBCIOAKECHHI HEPEISTHUBICTCHKUX €JIEKTPOHIB Y KpUCTAJIAX

VY nonepeaHiii 4YactuHi poOOTH OyJI0 PO3IJSHYTO BiIOMI Yy JiTEepaTypi
pE3yNIbTaTH €KCIIEPUMEHTAJIBbHUX Ta TEOPETUUHUX OCHIKeHb napametpis [IPB y
KpUCTalax MpU PO3MOBCIOKEHHI PENATUBICTCHKUX €JIeKTpOoHIB. OJHAK, OKpIM
re’epailii peHTreHIBChbKOr0 MOJIIPU3AI[IHHOTO BUIIPOMIHEHHS (OKPEMUM BHUIAJKOM
akoro € IIPB) Ta peHTreHIBCHKOTO TrajbMIBHOIO BHUIIPOMIHEHHS HEOOXIIHO
BIJ3HAYUTHU IHILE BaXXJIMBE KOJIO SBHIL, IO CYMPOBOJKYIOTH PO3MOBCIOIKEHHS
BUCOKOCHEPTETUUHUX CJIIEKTPOHIB (X0ua, FOJIOBHUM YHUHOM, 1 HEPEISITUBICTCHKUX )
y KpHCTajiax 1 MOB’3aHUX 3 10HI3alll€}0 aTOMIB PEYOBUHH, SIK OJHOKPATHOIO, TaK 1
O6ararokpaTHO0. EQEeKTUBHICTh BUKOPUCTAHHS €IEKTPOHHUX MYYKIB 3 EHEPTiIMH B
OIWHUII — JecATKA KeB s 10HI3amii aroMiB BU3HAYAECTHCS MOKJIUBOCTAMH
OTPUMaHHSI BUCOKOIHTEHCUBHUX MEPBUHHUX PEHTICHIBCHKUX XapaKTEPUCTUUHUX
CHEKTPIB aTOMIB Ul JAOCIIJKEHHSI EJEKTPOHHOI CTPYKTypHU KOHJEHCOBAHOI
pedyoBUHHU. Y JaHii YacTUHI poOOTH OyIyTh PO3MVISAHYTI BIAOMI Y JiTeparypi

pe3ynabTaTH JIOCHIPKEHb PEHTICHIBCHKUX XapaKTEPUCTUYHUX K—CHEKTpiB 3
OJIHI€I0 10J1aTKOBOIO BakaHciero y L-mino6ononkax — Kal' cartemnitis (catenitis
KL iomni3amii a6o, B iHmmx mo3HaueHHax [86], catemitiB 1S2p " iowizamii) Ta
JBOMa JIOJAaTKOBUMHM BakaHciasMu y L-migobomonkax — Kol®—carenniris
(catenitie KL* aGo 1s™'2p~?ionisauii). Hagami GymxeMo BHKOPHCTOBYBATH CaMe
JPYTHA THI 3aMUCy IJIs MMO3HAYEHHS €JEKTPOHHMX KOH(Iryparliii 3 BakaHCIIMH
(3HaK MiHyC BU3HA4Ya€ KUTbKICTh BIICYTHIX €IIEKTPOHIB Y BIAMOBIIHINA €JIEKTPOHHIM

0OO0JIOHIII 4M MiJOO0OHIN) K TaKWH, 10 OUIBII TOYHO BKAa3y€ OTHOEIEKTPOHHI

KBaHTOBI YKCJIa yTBOPEHOT BaKaHCI1.
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1.2.1. Tlepepi3n 01HOKPATHOI iOHI3alii eJIeKTPOHHUX 000JI0HOK ATOMIB

NPHU eJIEKTPOHHOMY O0MOapaAyBaHHI

BaxnuBo BIA3HAYUMTH, IO TMPOLEC JBOEIEKTPOHHOI 1s7'2 p*1 49U
TpueneKkTpoHHoi 1s™'2p~* iomizamii aToMy y JiTepaTypi IpHIHATO PO3INISAIATH K
JIBOETAITHUM — Ha TEPIIOMY €Tari B pe3ysbTaTl B3aeMO/Iii aToMa 3 €JIEeKTPOHHUM

myukoM (4u QOTOHAMH) HApOMKyeThcs 1S BakaHCis, a Ha APYroMy eTalli BKe
Bi/I0yBa€ThCS TOAAJIBINIA ABTOI0HI3AIlIs ATOMY 3 BUKHJIOM 3 aTOMY OJTHOTO UM JBOX
2p enextponis [87,88].

Teopernunuii omuc MNpolecy B3aEMOJIT  €JIEKTPOHA, IO PYXAEThCA Y
TBEPJOMY TUIl 3 MEBHOI KIHETHYHOIO €Heprieo F, 3 eJIeKTPOHHOI O00O0JOHKOIO
aToMa, sKa XapaKTEePH3ye€ThbCsA OJHOYACTMHKOBMMHM KBaHTOBUMH uuciamu (nl),
BIepIe OyJ0 BUKOHAHO y OOpHIBCHKOMY HAOJIMKEHHI TUIOCKMX XBWJIb Y poOOTI
[89]. Bymo orpumaHo Bupas aiis mepepidy 10Hi3allil eIeKTPOHHOT 000JOHKH aTOMY
HEPENSATUBICTCHKUMHU €JIEKTPOHAMHU, SKHUU Yy JITEpaTypi Ha3UBalOTh (HOPMYIIOI0

bere:

s, (E) = Ahllzlzlnl _In(znlg) ’ (1.13)

VY dopmymi (1.13) A, , B, —xoediunientu bere, siki BU3HAYaIOTHCS OKPEMO ISt
KOXHOT mig00010HKH; Np — KUIBKICTh €JIEKTPOHIB Yy Mimo0ooHIll; £, — eHepris
ionizanii mizodononku (nl); e=E/E . ®opmyna (1.15), He3Baxkatoun Ha NEBHI

CIPOIIEHHS, MUPOKO 3aCTOCOBYETHCS MPH OMHCI 10HI3AIlli aTOMa EJeKTPOHHUM
yaapoM, 0COOJIMBO, KOJIM MIEThCS PO 10H13aIio 1S 000JIOHKH.

VY nmopanbiiomy 0yJ0 BUKOHAHO YJOCKOHAJICHHS Ta PO3BUTOK miaxomy [89].
Hanpuknan, y po6oti [90] y GopHiBChKOMY HAOJMKEHHI CIIOTBOPEHUX IIOCKHX

XBWJIb OTPUMAHO HACTYITHUN BHpA3 JIJIs IEpepizy i0H13amil

AZ)

o(e) =————— BZ) +

~In(e). (1.14)
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ne xoedimienta A(Z) tTa B(Z) anpokCUMYIOTbCS OKPEMHMH BHpa3aMU JIs KOXKHOT
nijgo6ononku. Hampuknan, mns 2Pz, migobononku A(Z) = 6,599-10122_5'0797,
B(Z) = (4864229~ _05).

[HmMit Bupa3 s nepepizy 10H13aIli eJIEKTPOHHUM yAapoM OyJIOo OTpUMaHO
HaIBEMITIPUYHUM TUISIXOM 4Y€pe3 BBEJCHHsI KOPETYIOUUX MapaMeTpiB y (Gopmysi

(1.13), 1m0 A03BOJIMIIO HAMKpPAIIUM YHHOM JOOUTHCS Y3TODKCHHS PE3yJbTaTiB

OOYHCIICHB 3 EKCIICPUMEHTAIBHUMU TaHUMU. Taka ¢popmyna mae Burisg [91]:

e ¢ )| E g

C(e)
o, = N, mag (a+9+£)-[ﬂ] Ine), (1.15)

nl

: : e f
ne ag— nepumii 6opiBeekuit pagiye, C(e) = (d +—+ 2] , mapametpu @, b, ¢, d,
€ ¢

e, f migOuparoThCsi IS KOKHOI OOOJIOHKM aToMy y TEeBHOMY jiama3oHi Z.
Bukopucranus dopmya (1.13) — (1.15) no3Bosisie BHKOHYBATH OOYHMCICHHS
nepepi3iB OJHOKPATHOI 1OHI3allli y Jiama3oHl €Hepriid eJIeKTPOHIB Iy4dka BiJ
OJIMHUITH J0 COTEeH KeB N pi3HUX €NeKTPOHHHMX IiJT000JOHOK 3 TOYHICTIO 3 —
20% 3ame)XHO BiJI TMOPSIKOBOTO HOMEpa aToMy Ta O0OpaHOi €JIeKTPOHHOI
nigo0ooHKU. Y IUIoMy Iie 3abes3reuye HEOOXIAHY TOYHICTh NMPU BHUKOHAHHI
€JICKTPOHHO-30HA0OBOTO €JIEMEHTHOTO aHami3y, aociimkeHHi Oxe-CreKTpiB 3a
€JICKTPOHHOTO 30Y/HKEHHS, MOCTIDKCHHSAX paaialiiHO-CTUMYJILOBAaHUX Je(EKTIB

y TBEpJIOMY Tl IPH OMPOMIHEHH1 €JIEKTPOHHUM ITYYKOM.

1.2.2. Crpykrypa Kal' ta Kol®  cnexrpiB aromiB enemenris
10<Z <30

IIpu aHanisi cTpykTypu cnekTpiB Kol ' —carenitiB HeOOXiqHO BpaxoByBaTH,
o A7d Jerkux enemeHrtiB Z <14 BimmykaHHs TtepmiB 1S '2s'Ta 15712 pfl

KOH(DIrypallifi JAOIiIbHO BHKOHYBAaTH y HabmmkeHHi LS —3B’s3Ky, Tomi sk mpu
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30UTBIIICHHI TOPSIKOBOTO HOMEPY €JEMEHTY 3pOCTa€ pojb  |j —3B’SA3KYy, IO
IpU3BOAUTE 10 MOCTymoBoro mnepexony LS-—ctpykrypu tepmin 1s7'2s™ Ta
152 p ' BKoHDirypamiit 10 jj —CTpyKTYypH.

Jus enementiB Z <14 Oyno mokazano [92-94], 1m0 OCHOBHI KOMITOHCHTH
rpymi Kol —catermiTiB 3yMOBIeH] HACTYIHHMH AMIONBHEMH IEPEXOIAMH MiX
TEpMaMH MOYATKOBUX Ta KIHLIEBUX JIBOBAKAHCIMHUX KOH(ITypalliii:

Ko — caremit: "P(1s2p™?) = 'S(2p?) ta 'S(1s2s7t) — 'P(25'2p™);

Ko — caremit: *P(1s72p ) = *P(2p7);

Kog' — caremit: °S(1s12s7) — *P(2s*2p7?);

Koy 'P(1s*2p™) - 'D(2p7?).

Omxe, y CTpyKTypi cekTpy Kol —caTeniTiB MoxHA BUAUIMTH TPH TPYIHM JiHii: a)
Ka' ta Koy catemiTh, siki BIANOBITAIOTH pajialliiHOMY po3Majay CTaHIB p TepMa
KoH}irypamii 1s'2p"; 6) Koz caTemiT, IO BiANOBifae paiamiifHOMy po3mamy
cranie °P tepma xondirypauii 1s'2p~; B) Ko carenir, skuil Bimmosinzae

pajiamiiiHoMy posmagy craHiB oS Tepma 151257

KoH(piryparii, a Takox
cknamoBa Ko/ catenity, mo Bigmosizae mepexomam ‘S(1s72s7) — 'P(2s*2p™).
IIpu posrnsni crpykrypu Kol' careniTHuX NiHIA Ba)KJIMBUM € NUTAHHS PO
CIIBBIJHOIIICHHS MDK 1HTEHCHBHOCTSMH BKAa3aHUX BHILEC OKPEMHUX KOMITOHEHTIB
rpynu niHii Ko’ — Koz — Koz’ — Koy, K1 BUTIPOMIHIOIOTHCS TIPHU pajlialliiHOMY
pO3Maji ABOX THIIiB JBOBAKAHCIHHMX KoH(irypauiii — 1s72p~" ta 1s'2s™. Byno
BCTAHOBJICHO, IO MPU OGUNCICHH] IMOBIPHOCT] CTBOPEHHS MOYATKOBHX CTaHiB P,
*P, 'S ta 3S repmiB y HaGmkeHHI MuTTEBOTO 30ypeHHs (Hazaini — shake—off (SO)
HaOIMKEeHHs) BiIHOCHA iHTeHcHBHOCTH rpyn i [(1s'2s)/I(1s™2p™)
MOHOTOHHO CITaJ]a€ MPH 3POCTaHHI MOPSIKOBOTO HOMEpA EIEMEHTa 1 CKIIAJIae sl

Al mumme 4 — 5% [95,96]. Tomy 3 10CTaTHBOIO TOYHICTIO MOYKHA BBa)KATH, IO JIJIS

enemenTiB 10<Z <20 ¢aktuuno ctpykrypa Kol carteniTiB BU3HAYa€Thes JBOMA
OCHOBHUMM TpPyHaMu pajialliiHuX MEepeXoIiB, MOYaTKOBI Ta KIHIIEBI TEPMHU SKUX

O0YHUCITIOIOTECS y HabmmKeHHi LS — 3B’ s13Ky:
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Ko , Koy : mepexomu "P(1s2p™)-1'S, 'D (2p?)
Ko : mepexomu “P(1s™2p™) —°P(2p7?),
a BHECOK IIEPEXO/IB 31 cTaHiB 1S~ 2S ™ MOKHA OKPEMO HE BPaXOBYBATH, OCKUIEKH
BiH HE3HAYHMI Ta 1€ ¥ PO3MOMINSIEThCA MiK JiHiAMH rpymu 1S 2P~ caTemiTis.
3ayBaKMMoO, 110 BKa3aHl CATENITH pO3TALIOBaHI Ha KOPOTKOXBUJILOBOMY CXMHII
Ko, ninii, ockinbku iM BiamosigawTs pagiaiiiHi Hepexomd y MNPUCYTHOCTI
JI0IATKOBOT BakaHCIi y 2p mino0osoHIli, ToOTO, B €(EKTUBHOMY TIOJI s/ipa 3 ACIIO0
OlIpIIMM 3HAYEHHSAM  Zo, (€KpaHyBaHHSA NOJSA sApa 2Z2p €NEeKTpOHAMH Y
OPUCYTHOCTI BakaHCil y 1id MiJ0O0IOHII CTa€ MEHIIUM).

SIx 3a3Hayvanocs BHWINE, MPU MOAAIBIIOMY 3pOCTaHHI MOPSIKOBOTO HOMEPY
enementy st Z>20 Bce OUIbIe TMPOSBIAETHCS CHIH-OPOITANIBHA B3aEMOJIS 1
CTIOCTEPIra€eThCsl MOCTYMOBHM MEPEXifl 10 |j —CXeMH JoJlaBaHHS OpOiTaTbHUX Ta
CIIHOBUX MOMEHTIB €JIEKTPOHIB B aTomi. bylno oTpumaHo, 11O ISl €JIEMEHTIB
20<Z <30 Bxe HEOOXiTHO BPAaXOBYBATH MYJIBTUILIETHE PO3UICIUICHHS TEPMIB
[92,97-100] i1 Tomi xkmacudikaiis MEpPexXo/iB, IO BIAMOBIAAIOTE OKPEMHUM
xomronentam rpymu Kol —ninii, memo yckmaagnioeThes. SIK MPUKIan TAKOro

o 1 -
ycknagHeHHss Ha puc. 1.11 HaBemeno excnepumentanphuii Kol cmekrp Si

(Z=14) [101], sxmii MO’KHA TIOPIBHATH 3 OGLIBII cKIagHuM 3a crpykryporo Kol
cuektpom Cr (Z=24) (pmc.1.12) [102]. V rabmumi 1.1 mnpeacraBieHo
MYJBTUIUIETHY CTPYKTYPY Takux JiHii s enementiB 20<Z <29, obuncneny y

po6orti [100]. Came 1i mani OyayTh HAMU BHKOPHUCTOBYBATHCS MPHU JTOCIIKEHHI

smian crpykrypn Kol crextpy 3d—ememenriB Ti, V, Cr npu mepexoni Bix
METaJiB J0 BIAMOBIMHUX OKCUAIB (AuB. mami po3ain 4). TakuMm 4uHOM, MOXHA
BBAXKATH, 110

NpH pajialliifHOMy po3maji ABOBAaKAHCIHHMX cTaHiB 1S'2p™ BHIIPOMIHIOETBCS
rpyna JiHii, SKi 3yMOBJICHI paliallifHAMHU TIEPEX0/IaMH 13 CTaHIB JBOX OCHOBHUX

tepmis ‘P Ta *P.
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Tabnuys 1.1

Mynbrumiersa crpykrypa Kol niniii enementis 20<Z <29 [100]

Z Oy O3 (1,3 o ag
p o, (a 3 3 3p .3 3p 43p. (h
29(Cu) 10 (@) Eindly! AP ,—>"Ry (h) -
3F>0_>3Pl (f) (b) () 3P1 —>3P1 @)
28(Ni) FD; @) L *A-°R, S PR,
PR (f) (b) (c) (h) )
srcoy| oD@ | CRR | Rt | RS TR
*R—>°R (f) (b) (c) (h) ()
26(Fe) A0, (8) PP 3P1_>3P2 3P1—>3P1 3p %R,
3p, % (f) (b) ©) (h) )
25(Mn) 1P1_)1D2 (a) SPZ_)SPZ 3F)l_>3|:)2 3P2—>3P1 3P1_)3P0(g)
3P0—)3P1 (f) (b) (C) (d) 3P1_>3P1(h)
24(Cr) 1F?L_)1D2 (a) SPZ_)SPZ 3F)l_)al:)Z 3P2—)3P1 3P1_)3PO (g)
3P0—)3Pl (f) (b) (C) (d) SP]_—)SPl(h)
23(V) | 'r>'D,(a) P () *R>°P, PR AR (0)
1>
3p,—%R (f) (c) (d) 3R %R (h)
PR ©) 3p—°P,(c) 1p 1 3p, 3
_>
22(Ti) | 'Ro'Dy(a) | PRy (@) |, % R
PR (f) e) (d)
*r—°R (h)
3p 3
PZ—) P2 (b) 3
PP, (C 1p 15 3 3
21(SC) 1P]__)1D2(a) 3P]_—)3P0(g) 1 2() 1> 90 P2_> Pl
PR () e) (d)
*r—>°R(h)
3p 3
PZ—) P2 (b) 3
P>, (C 1p 1g 3 3
20Ca) | iy | R | L | R Eadt
PR () e) (d)
*r—>°R (h)
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AE, eB
Puc. 1.11. T'pyna Kol'—carenitis Si npu 36ymKkeHHI MOHOXPOMATH30BAHMM
KOLLZ—BI/IHpOMiHeHHH Cu [101]. VY3momk oci abcuuc BiIKJIAACHO PI3HMIN MiX

eHeprismu koMmoneHTiB Ta enepriero Koy, minii Si (E(Ka,) =1741eB).

Cr
25001

C =1 B

2000 U=17x

o L
N
" 1500
1000
500

0 i TR T IIIIIIIIII’I“IVII IIII‘TI‘T’I"I‘III IIIIIIIIIIIII‘I’"
12 16 20 24 28 32 36 40 44
AE, eB

Puc. 1.12. T'pyma Koal' carenmitis Cr mnpu eneKTpoHHOMY 6GoMGapIyBaHHi.
IIpuckoproroua Hampyra U=17xB [102]. Y3108k oci abCIUC BiAKIAACHO Pi3HUII

Mix eHeprismu kommnoneHTiB Ta eHepriero Koy, ninii Cr (E(Ka,) =5419¢B).
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BaxIMBO Bif3HAUMTH, IO OKPiM JBOEIEKTPOHHOI 1S'2pP ' MOXIHBHM €
Mporec, y SKOMY BHHUKHEHHS TEpBUHHOI BakaHcii B Is 00oJyoHIi
CYNPOBOIKYETHCS BUKHIOM HE OJTHOTO, a IBOX 2p €JIEKTPOHIB, TOOTO YTBOPECHHIM
TpuBaKkaHCiitHOT KkoH(irypamii 1S7'2p~. ¥V mpoMy BHNAAKy NpPH MOAANBIIOMY
paziaiiiiHoMy 3allOBHEHHI BakKaHCIi B 1S 00OJOHII 2p €IeKTPOHOM Y MPUCYTHOCTI
JBOX JOJAaTKOBUX BakKaHCIi y 2p-Ti000JIOHIII BHUIPOMIHIOETBCS TpyIa
PEHTIEHIBCBKUX EeMICIHUX Kol? carenitie. Baximuso MIIKPECIUTH, 110
inTencuBricte miHiii Kol’ cHekTpy € JOCHTH BaXKITMBHM MapaMeTpOM IIpH
JOCIIHPKCHH] B3a€MOJIii BHCOKOSCHEPTETUYHUX EJIEKTPOHIB 3 aTOMaMH TBEPJIOTO
TiJla, OCKUTBKH JIO3BOJISIE BU3HAYATH XapaKTCPUCTUKH TAKOi B3aEMOJIIi, MEXaHI3MH
MOJIaIBIIOT aIaTKOBOI 10H13al11il aTOMIB IPU YTBOPEHHI NMEPBUHHOT 1S BakaHcii Ta
0COOJIMBOCTI MiXkaToMHOTO 3B’si3ky y TBepaomy Tini [103,104]. Crnektp Takmux
caTeiiTiB OUIbII CKJIAIHUN, HIK KO(,Ll, OCKUTBKM TPHUBAaKaHCITHUM CTaHaM
BIJINIOB1/1a€ OUIBIIA KUTHKICTh JYOJIETHUX TEPMIB SIK MOYATKOBHUX, TaK 1 KIHIIEBUX
koH(pirypartiii. KpiM Toro, MOXJIMBUM € yTBOpPEHHS KOH(DIrypalliii 3 10JaTKOBUMHU
BaKaHciaMH y 2S mimo6ononmi (Hanpuknax, 157257 ta 1s7 25 p ), pamiamiitnumit
pO3IMaJl SKUX TaKOX MPU3BOJIUTH JI0 BUIIPOMIHEHHS CaTSIITHUX JITHIH.

EKCIIepiMeHTaIbHI Ta TEOPETHYHi AOCHTi[KeHHS CTpYKTypd mimii Kol
CIIEKTPY IMOKa3aJIH, 10 IHTEHCHUBHICTD ITUX JIIHIM OUTBII HIXK HA TOPSIAOK HIDKYA 32
inrencuBricts Kol' mimili i ToMy Taki caTemiTH MOXYTh JOCTOBIpHO

peecTpyBaTHCs Juiie s Jerkux eneMenTiB 10<Z <19 [95,96,105]. 3okpema, y

poborax [95,105,106] 6yno mokazano, mo mus Na, Mg, Al ta Si ciektp Kol?

CKJIaJIa€ThCs 3 psTy KOMITOHEHTIB & — f , siki Ha mpukitazi Si BkazaHo Ha puc. 1.13.

3rifHO 3 BKa3aHUMH pOOOTaMHU, ITMM KOMIIOHEHTaM BIAMOBIIAalOTh HACTYIIHI
paiaIiiHi IepexoIu:

a: ‘PAs2p?)-*5(2p™);

b: 2P(is2p ) ~*D(2p™) ;

c:’D@Us'2p?) -*D(2p?); (1.16)
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d: ’P(1s™2p?)-2P(2p);
e: D(Is?2p?)-2P(2p~);
f. 2S(s™'2p?)-*P(2p®).

Sk BuUIHO, yCl IIl MEpPeXoau BiAOOpakymOTh padialliiHUN po3maa CTaHIB

TpuBakaHciitHoi 12 p~* kondirypanii. Byno mokasaso, mo sk i y eumagky Kolt

[ otH. en.

0 35 40

20 2

5 3
AE, eB

Puc. 1.13. ExcnepumenTansuuii Kol® cnekrp Si npu (oToHHOMY 30y[IKEHHI
[106]. V3moBxk oci abcuuc BiAKIaJA€HO PI3HMIN MIX E€HEPrisMH KOMIIOHEHTIB Ta

enepriero Ko, ninii Si (E(Ko,) =1741eB).

careniTiB, BHecok mepexomiB (1s'2s%—-2s7?2p™) Ta (Is'2s'pt-2s'p?) B
iHTeHCHBHICTh TIpynu JiHiil Kol® 3aranom He nepesumntye 10% Bix iHTEHCHBHOCTI
nepexonie  (1s'2p?—1s'2p?) [95,96,105]. Tomy mpu iHTepmperanii
excriepuMenTanbnx  Kol? cHekTpiB NPHIHATO PO3MISAIATH TibKH CHCTEMY
nepexozis (1.16), ki BimoBinaoTh came posnaay craHiB 1s™'2 p > koHdirypartii.
Takum umHOM, yTBOpEHHS BakaHCii B 1S 0OOJOHIII aTOMIB TBEPAOTO Tija y

pe3ynbTari iX B3aEMOJIi 3 MYYKOM BHCOKOCHEPTETHYHUX EJIEKTPOHIB MOXKE

CyHpOBOKYBAaTHCS IOJAJBIIO ABTOIOHI3AIIEID AaTOMIB 3 BUHUKHEHHSIM
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JOJIaTKOBUX BakKaHCIM y 2p migoOoJIOHUI. Y BHUIAJKY, KOJIU Yy 2p MiA00O0JIOHI
YTBOPIOETHCA ~ OJHA JOJATKOBA BAKAHCIA, TeHepyloThcs cTaHu 1S 2p~
KoH(irypamii, pamiauiiiHnmii posmajg sKkux crnpuuuHse BumpominenHs Kol
caTeniTiB. SIKIIO MOAATKOBUX BakaHCI y 2p migoOOJIOHLI MBI, TO paaiallifHUi
posmazn craHis 1S 2P~ koHQirypamii HpU3BOAMTH A0 BHIPOMIHEHHS TPYyIH

Kal? careniris.

1.2.3. MexaHi3Mi JABOeJeKTPOHHOI 1s'2p™ Ta TpHMedeKTPOHHOI

15712 p*2 ionizauii aromis

V nonepeHiii yacTuHi po6oTH 6YI0 MpoaHaTizoBaHO cTPyKTYpy rpyn Kolt
tTa Kol® ninili. PosrisHeMo mami MeXaHi3MH, 3a SKMMH YTBOPIOIOTHCS
koHdirypauii  1s2p~*ta 1s'2p”? npu iomisamii 1S 06GONOHKM aTOMy
BHCOKOCHEPTreTUUHUMHM €JIeKTpOHaMHU. YTiepie y podorax [87,88] Oyno mokaszaHo,
0 YTBOPEHHS JOJAaTKOBHUX BakaHCIH y 2p migo00JoHII BinOyBaeThCs
ABTOIOHI3AIIMHUM IIJIIXOM SIK PEAKIlis eIeKTPOHHOI 00OJIOHKM aTOMY Ha IIBHJKY
3MIHY CaMOY3TOJKEHOTO TOJsl MPH IMIBUAKOMY BHJIBOTI 3 aTOMY €JIEKTpoHa (4u
JEKUIBKOX eJEKTPOHIB) 3 2p migoOoioHkH. Y BKazaHux pobOorax Oyio
BUKOPHUCTAHO /€1, K1 pO3pOOIISIINCS IJIs ONMHKCY 10HI3aIll eIEeKTPOHHUX 000JT0HOK
aromy npu B posnani [107,108], a came, BUKUJ 3 A/pa eNEKTPOHA YK MO3UTPOHA
panToBO 3MIHIOE TaMUIbHOMIaH EJNEKTPOHHOI MIJICHCTEMH aTOMYy, B PeE3yJbTari
4oro eJeKTPOH 3 [eAKOi eJNeKTPOHHOI OOOJOHKH TMEepeXOJuTh Y CTaHH
HEMEPEPBHOTO CIEKTpYy. Take HAOMKEHHS OTPUMalI0 Ha3By HaOIMKECHHS
MUTTEBOTO 30ypEHHsI, a caM MPOIEC B aHTJIOMOBHIN JiTepaTypi MO3HAYAIOTh SIK
“shake—off” (ckopoueno — SO), abo «cTpynryBaHHs» enekTpoHa. IMoBipHicTE SO
npouecy, OpH SAKOMY B  pe3yabTaTi [B°—posmagy OJUH — €leKTPOH 3
OJTHOYACTHHKOBMMH KBAaHTOBUMHU duciamu (Nlj) 3anumuTees y Tid ke

Mi000JOHII MICHS 3MIHM 3apAny siapa Bil Z 1o Z F1, BU3HAYAETHCS KBAAPaTOM



47

2
iHTETpany  TEPEeKPHUTTS K= U‘P;j, (z+1)V¥Y,(Z)dz|, ne Va(Z)-

njl
OJTHOEJIEKTPOHHI XBWJIbOB1 ~ (PYyHKUIi, 10 BIANOBIIAIOTh E€KBIBAJEHTHUM

enektponam Nl-mimoGononku g0 akty B -posmamy, a Ya(ZF1) -

OHOENIEKTPOHHI XBUIBOBI (YHKIIIi JuIst 1i€i 3k 0OoNOHKHMi micas [ —posmany.
Toni, IMOBIpHICTh 3aMMIIUTUCA YCIM N—eleKTpoHaM I[i€l MiJOO0JIOHKH JAOPIBHIOE

K" . Takum 4uHOM, IMOBIpHICTb BUIHOTY 3 aTOMY OY/Ib-KOIO OHOTO €IEKTPOHA 3

kBaHToBUMH urciaamu (Nlj) y HaOmmkeHHi mutteBoro 30ypenns (SO) mopiBHIOE

[109,110]
P=1-K" -P. (1.17)

ne P Bu3Hauyae iIMOBIpHICTH MEPEXO/IiB B yCi MOXKIIMBI 3aITOBHEH] CTaHH.

VY nopaneIioMy Takui miaxiga 0yJio po3BUHEHO IS OOYMCIICHHS IMOBIPHOCTI
BUKH]IY €JICKTPOHA 3 MEBHOI CJICKTPOHHOI MMiI000JOHKH NIPY YTBOPEHHI BaKaHCii B
IHIIIA eJIeKTPOHHIN mimoOomoHIli aus eneMmeHntiB 2<Z <36 [111,112], a y
poborax [86,113] 3ampornoHOBAHO JTOCHUTH MPOCTI ANPOKCUMYIOYl (popMynu, sKi
J03BOJISIIOTh 3a JABOMa TaOyJbOBAaHMMHU IapaMeTpaMH pOo3paxyBaTH IMOBIPHICTH
SO nns Oynp-akoi KOMOIHAIii — TEpPBMHHA BaKaHCIA Yy nlll—HiILO6OJIOHHi,
BTOPUHHA BaKaHCI y n1|1—1'IiI[060JIOHHi. Byio mokazaHo, mo musf eaeMeHty Si
(Z=14) iMOBIipHICTh YTBOPEHHS JOJATKOBOI 2p BaKaHCIi IpH ioHi3amii 1S 000J0HKH

cknamae P =0,055 (mo moOpe Y3romKyeTbcs 3 EKCIePUMEHTAIbHUM

1s12p?
3HaYEHHAM BigHOCHOI iHTeHcuBHOCTI rpynu Kol catexnitis Si) i 3MeHIIyeThCs

. _—-24
TIPU 3POCTAHHI MOPAIKOBOrO HOMEPY K P — 2",

HeoOxigHo migkpecianTH, MO0 BKa3aHWW MiAXiJ MHUTTEBOrO 30ypeHHS HE
BPaxoOBY€ Psijl IPOIIECIB, OB’ SI3aHUX 3 €IIEKTPOHHUMHU KOPEJAIISIMHA Y TIOYaTKOBUX
Ta KIHIIEBUX JIBO- Ta TPUBAKAHCIMHUX CTaHAX. YPaxXyBaHHS TaKUX KOPEISAIINA CTa€
CYyTTEBHM TOMi, KOJU 1OHI3amig 1S 0OOJMOHKHM 3IiHCHIOETbCS Oinst mopory K-

10H13a1111, TOOTO 32 YMOBH, IO 1S €JIIEKTPOH 3aJIUIIIAE ATOM JIOCTaTHHO MOBLIBHO 1
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yMOBa MHUTTEBOCTI MOPYIIyeThCs. 30Kpema, y podortax [101,102,114-116] Oymo
€KCIIEPUMEHTAIBbHO Ta TEOPETUYHO BCTAHOBIICHO, IO MNpPU HAOIMKEHHI €Heprii
(OTOHIB, SIKI MOTJIMHAIOTHCS aTOMOM, 10 OPOry 10H13auli 1S 000JI0HKH B aTOMax
enementiB Ne, Si, Sc, Cr crnocrepiraeTbcsi BIAXWICHHS BIIHOIICHHS IEpepi3iB
36ymxenns o(°P)/o(*P) Tepmin 1s'2p™ komdirypamii Bim cTaTECTHUHOTO
3HaueHHs 3:1. A caMe, Take BIJHOILIEHHS Mepepi3iB 3pocTae Make A0 BEIUYMHU
2:1. V poborax [114,115] npuyuHa TaKOro SIBUINA IOB’SI3YETHCS 3 PajiiajbHOIO
PETaKCAIliE0 eTEKTPOHHIX 0GOTOHOK atoMy y momi 1S Ta 2p™ Bakamciii, sika
NPOSIBISIETHCS 32 YMOBH, IO 1S €JIEKTPOH MPH MOTJIHHAHHI ()OTOHY 3aJIMIIAE aTOM
MOBUILHO, TOOTO (oTOiOHIZAIllS BiAOYBAEThCA OUISI €HEPreTHUYHOrO Mopory 1S
obosnonku. [lo iHmomMy BkasaHi epekTH MOsACHIOTH y podoTax [117-119], y sxux
3aMpONOHOBAHO BPAaxOBYBaTH KOH(DIrypaiiifHy B3a€MOII0 JIBOX KOHTUHYYMIB —
1s'2p ™ (*P)+ep ta 1s2p~ (*P)+ep (T06TO atom 3 xBoMa Bakaucismu 15T Ta 2p!
nepebyBae y crami P a6o °P TepMiB Ta 2p eIEKTpOH mepebyBac y CTaHi
HETEepPEepBHOIO  CIEKTPY). ABTOPHM BKa3aHUX pOOIT BBaXalwTh, MO0 Taka
KoH(irypalliiiHa B3a€MOJIisI CTa€ CYTTEBOI camMe TOAl, Koiau 1S QoroenekTpoH
3aJIMIIAE ATOM TOBUIBHO (3 €HEPTIEr0 OJMHUIL — JecITKH eB).

30BciM 1HIMH e€(eKT crocTepiraBcs MpHU eIeKTPOHHOMY OoMOapayBaHH1
atomiB exemenTiB Si ta Cr 6i1s mopory K—ionizamii [102,120]. Byno BcTaHOBIEHO,
0 TMpU EJIeKTPOHHOMY 30Yy/PKCHHI aroMy OUIS EeHEepPreTUYHOro IOpOry
imHonternHs TepMiB G(°P)/ o(*P) TakoX BiIXMIAEThCS BiJl CTATHCTHYHOTO, aNe y
MPOTUJICKHUM 01K, 3pocTaroun mMaibke 10 4:1. ABTOpH MOKa3ayiu, Mo TaKui e(heKT
npu HaOMWKEHHI 10 mopory 1S iowizarmii Moxe OyTH 3yMOBJICHHH MPSMOIO
JIBOCJICKTPOHHOIO iOHi3amier0 1S 2P, 3a Kol caMe Ol eHepPreTHYHOTO MOPOTY
3pocTac BHXiX TeHepaiii came CTaHiB P TepMiB y IOPIBHAHHI 3 BHXOLOM
renepanii P TepMiB.

Omxe, HEOOXITHO BIA3HAYWTH, TMPU  OUIAIOPOrOBOMY  30yIDKEHHI
eleKTpoHaMH Ta (oToHaMH cTaHiB 1S '2p ' koHdirypauii atomis 3p Ta 3d

€JIEMEHTIB CIIOCTEpPIraloThCs 0OaraTo4yacTUHKOBI €(QeKTH, 110 3yMOBIIOIOTH
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Binxunenns nepepizsie  6(°P)/o('P) Bing cratmctmusoro 3HavenHs 3:1 gk y 6ik

3MeHIIEeHHS ((OTONOIVIMHAHHA), Tak 1 y OIK 3pocTaHHS (EJIEKTPOHHE
O6ombOapryBanHs). HeoOXiqHO KOHCTAaTyBaTH, 110 HAa ChOTOJIHI HE ICHYE €IMHOTO

TEOPETUYHOTO MIAXOAY, KU OU JO3BOJIMB MOCIIJOBHO MOSICHUTHU TaKi ABUIIA.

3 Touku 30py Gi3uku TBepmoro Tima Baxumei epextn y Kol crmextpax
CIIOCTEPIralOThCSA MPHU Mepexoai Big ductux 3P Ta 3d eneMeHTIB 10 iX 10HHO-
KOBAJICHTHUX CIOJYK. 30KpeMa, Oyja0 eKCIIepUMEHTaabHO TmokazaHo [116,121-
123], uro npu nosBi epekTHBHOTO 3apsay Ha aromax Si, S, P, Sc, Ti y cnonykax sik
3 TIO3UTHUBHUM, TaK i HETaTUBHUM C(QEKTHBHUM 3apsJIOM BKa3aHHX CJICMEHTIB
pigaonrerHs o(°P)/ o('P)3menutyerscs Ha 20 — 70% HPONOPLIHHO 0 BEIHUHHH
edpextuBHoro 3apsay aromis Si, S, P, Ti. CripoOu MOSICHUTH Taki 3MiHH BILTHBOM
3aCeJICHOCT1 BAJICHTHUX opOiTaneil Ha iMoBipHICTH mepexofiB Koctepa - Kponira
tumy 18728 —1s7'2p'3p" [87], a Takok KOHQIrypaIiifHOI B3aEMOJIEI0
koHTHHYYMIB 152 p~t (*P)+ep ta 15 *2p~* (°P)+ep 3a yMOBH PI3HOTO EKpaHYBaHHS
€JIEKTPOHAMU TPOBIAHOCTI Ta JIOKANI30BAaHUX MApPHOEIEKTPOHHUX 3B S3KIB
KYJIOHIBCHKOI B3a€MOIi €P e€JEKTpoHA 3 aTOMHUM 3anuimkoM [88] € mocuTh
CyINepewINBUMHU 1 HE 103BOJIAIOTH OTPUMATHU MOCIIIOBHUNA ONUC BIUTUBY XIMIYHOTO
3B’513KY aTOMY, 1[0 BUIIPOMiHo€, Ha mapamerpun Kal' crextpy.

[Tpu mocaimKeHHI BIACTUBOCTCH K oll? cnekTpiB eiaeMeHTiB 10<Z <20
TaKOX CIIOCTEPIraloThCs €(PEKTH, SKi HE 3HAXOMSITh CBOT'O TOSICHEHHS Y paMKax
Tineku SO MexaHi3sMy rerepanii ctanis 1s™'2p~ kondirypauii. 3okpema, y po6oTi
[95] nns emementiB Na, Mg, Al mpu enektpoHHOMY OomOapmyBaHHI OyIiio
OTPUMAHO, L0 BifHOCHA iHTeHCHBHIiCTH Yyciei rpymu Kol®miniii BimHOCHO
intencusnocti Ko, nimiit 1(Kal?)/1(Kay,) maitxe y 1Ba pasu mepesuurye
pPO3paxyHOK, BUKOHAHWKA y HaOMMKeHHI He3ane:xkHoro SO nBOX 2p eNeKTPOHIB.
OnHak, 1mpy 1bOMY He OYJ10 3’SICOBAHO, SIK TaKa IMOBIPHICTB 3aJICKHUTh BiJ €HEPrii

CIEKTPOHIB TMy4YKa, IO BAXKIWUBO [JIi BU3HAYEHHA MeEXaHI3MYy (OpMyBaHHS

anomanbroi  intencusrocti | (Kal®)/1(Kay,). YV pobori [106] 6ymno
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€KCIIEPUMEHTAIbHO BCTAaHOBJIEHO, IO MpH OUIANOporomMy (QOTONOTJIMHAHHI

aToMaMH Si 3MIHIOETBCSI BiTHOIICHHS TEpepi3iB 30y/PKEHHS TyOJICTHHX TEPMIB
. -1 ) . . 4P 2P

no4yatkoBoi 1S 2P~ koHpiryparrii, 30kpema, Bigaomrenus o P )/ o “P)3pocrae,

Ha BigMiny Bix Biznomenns o(°P)/o('P), ske 6insa mopory 3menmyerbes. Takum

2 . 1 . .
ynHoM, y Kol® cnekrpax, sk iy Kol cnekrpax, cmocrepiraerscst psa edekris,
4Kl CBIAYaThb MpO OOMEXKEHICTh OAHOoeNneKTpoHHOro SO HaOIMKEHHS Ta

HOTpe6YIOTB MmoAaJIbIIOro CKCIICPUMCHTAJIBHOT O I[OCJ'IiI[)KeHHSI.

BucnoBku po3ainy 1

1. TIPB y xpucramax y OUIBIIOCTI POOIT PO3TISTAETHCS AK PE3YIbTaT
mudpakuii BIpTyanbHUX (OTOHIB, HI0 MOPOKYIOTHCS EIECKTPUYHUM TOJIEM
PENSITUBICTCHKOI 3apsIPKEHOT YaCTHMHKW, Ha TMEpIOJUYHIA aTOMHIA CTPYKTYpi
KpuctaniB. Takuil mpolec CyNpoBOKYEThCS T0sBOI0 MakcumyMmiB [IPB 3
JacTOTaMH, $SKi BH3HAYalOThCA pIBHAHHAM bperrie mpu 3amadiii  reometpii
EKCIIEPUMEHTY.

2. Konkypyrounm 3 IIPB (i B3arami, mnojspu3aiiiHUM pPEHTTeHIBCHKUM
BUIIPOMIHEHHSIM) € TaJIbMIBHE PEHTTEHIBCbKE BUIPOMIHEHHS. BiTMiHHOCTI MiX
[IUMU TUIAMH HETEPEPBHOTO BUIMPOMIHEHHS, IO TEHEPYETbCS TIpH  pYycCi
3apsKEHOT YaCTHHKH Yy PEUYOBHHI, TPOSBILIIOTHCS SK Y PI3HIN IHTCHCUBHOCTI, TaK
1 pi3HiK pOpMi KyTOBOTO PO3IOALTY.

3. Jlo TemepimiHBOTO HYacy BIACYTHS 3arajbHa Teopis, sika O TOCIiTOBHO
omucyBana MexaHi3m redepaiii [IPB y peuoBuni. Binomi y mitepaTtypi TeopeTuyHi
Mozeni BUHUKHEHHs Ta audpamii [IPB Oymo po3pobreno abo ayis MOBHICTIO
PO30PIEHTOBAHUX MONIKpUCTATIB (TToiKpucTamiB 0e3 Tekctypu) [13,104], abo s
MOHOKPHUCTAIIIB 3 BHCOKHM CTYIIEHEM CTPYKTYpHOi mockoHamocti [125]. Illomo
JaCTKOBO-YIIOPSIIKOBAHUX CHCTEM, a TaKOXX HAHOPO3MIPHHUX CTPYKTYp, TO Ha

ChOTOJIH1 BIICYTHS TeopeThuuHa Mojienb renepaii [IPB y Takux cepenoBuiiiax
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4. HMocmimxenns napamerpis [IPB npu npoxoxeHH1 3apsIKeH0i YaCTUHKHU
y KpHUCTajgax MOXE pOINAJaTuci SK MNOTEHLIAJbHO 1HQOpMaTHBHA METOJMKA
J1arHOCTUKH aTOMHO-TIPOCTOPOBOi  CTPYKTypu pedoBuHHU. lle BU3Ha4aeThes: a)
BHCOKOIO ITPOCTOPOBOIO PO3AUIBHOIO 3/1aTHICTIO BUMIpIoBaHb peduiekcis [IPB npu
BUKOPUCTaHHI MarHiTOONTUYHUX CUCTEM Uil (POKYCYBaHHA Iy4Ka €JIEKTPOHIB; 0)
MO>KJIMBICTIO BapitoBaHHA eHeprii gotoHiB [IPB BuGopom BiamoBinHOI reomeTpii
EKCIIEPUMEHTY, IO CIPOIIYye€ BHKOPUCTAHHS EHEPrOAMCIEPCIHHOTO METOIUKH
peectpauii [IPB; B) MoXnuBICTIO OTpuUMyBaTH 1H(GOpPMAIIO NP0 CTPYKTYPY
MIIIEH1 3 TJIMOWHU, SKa CYTTEBO MEPEBUIIYE TOBIIUHY JOCTIIKYBAHOTO IIaApy
METOJIOM PEHTICHOCTPYKTYpHOTO aHami3y. Peamizarisi Takoi METOAMKH BHUMAarae
yIOCKOHAJICHHS CXeMH OTpuMaHHs MakcumymiB [IPB, 3o0kpema, mepexin 1o
reoMeTpii 3BOPOTHBOTO PO3CIFOBAaHHS, MIABUIICHHS YYTJIMBOCTI PEECTPYIOUOi
amapaTypu, po3poOKH TPOrpaMHOro 3a0e3nedyeHHs I BUIAUICHHS Ta O0OpoOKHU
cnabkux curHamie [IPB  Ha (¢QoHi ranpmiBHOrO Ta XapakTepUCTUUYHOTO
BUIIPOMIHECHHS.

5. Ilpu B3aemoxii myuyka BHCOKOEHEPre€TMYHHUX €JEKTPOHIB 3 aToMaMu
TBEPJOTO Tila TIEpBUHHA 10HI3amis 1S O0OOJOHKM MOXKE CYIMPOBOKYBATHUCS
JIOJIATKOBOIO 10HI3AINIE€I0 2p MiTO00JIOHKH, Y Pe3yabTaTi AKOi 3 i€l MiI000JI0HKH
MOKe OyTH €KEeKTOBAaHWM OJMH a00 JeKUIbKa 2p eNeKTPOHIB. BUKHU eTeKTPOHIB 3

2p migo000HKH BimOyBaeThes 3a SO MeXaHI3MOM 1 MPU3BOJAHUTH 10 YTBOPEHHS
nBoBakaHciitHux 1S '2p ™ Ta TpuBakaHciitnux ctaniB 1s72p° .

6. Y pesymbraTi pamiamiiiHoro posmamy 1S 2P 'cTaHiB BHIPOMIHIOETHCS
rpyna KOPOTKOXBHJILOBHUX Kol' carenitiB, SIKHM BiIIOBiZaOTh pasiamiiai
mepexomgu 15 '2p~ — 2p?. BimHocHa inTeHcHBHiCTH koMmmonentis Kol
CHEKTpy aToMiB 3p Ta 3d eIeMEHTIB y KpUCTAIaX BHUSBIISIE 3HAYHY UYTIHBICTH 10
XapaKTepy XIMIYHOTO 3B’ 3Ky aTOMa, SIKHi BUIIPOMIHIOE, 3 aTOMaMH HaOJIMKIOTO
OTOYCHHS. Y TOU *Ke Yac, eKCIIEPUMEHTATbHI JTOCITIKCHHS TaKOTO BIUIMBY st 3d

CIEMEHTIB € OOMEXKEHHUMH 1 MOTPeOYIOTh PO3MIMPEHHS KOJIa EJIEMEHTIB Ta IX

10HHO-KOBaJICHTHUX CIIOJIYK. He 3’sicoBanmMm 3anMInaroThbCs 1 MUTAHHS moao
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MEXaHI3MIB, 3a SIKUMH BiIOyBAa€ThCSl BIUIUB CHUCTEMH BaJICHTHUX €JIEKTPOHIB Ta
CIIEKTPOHIB MPOBIIHOCTI Ha BIIHOCHI IHTCHCHMBHOCTI OKpeMux kommoneHTiB Kol
CIIEKTpY.

7. Tlpu pagmiaumifianx mepexomax 1s72p~° —2p~° MK cTaHAMH

TPUBAKAHCIHMX KOH]Irypalliii BUIIPOMIHIOETECS TPyIa KOPOTKOXBHILOBHX Kol
cateniTiB. EKcrepuMeHTalbHI JOCHIKEHHSI BIJHOCHOI I1HTEHCHUBHOCTI TaKHUX
catemTiB s eneMeHTiB 11<Z <14 mnoka3yiTh, 110 BIJHOCHA IHTEHCHUBHICTH
| (Kal?®)/1(Ko,,) wmaiike y 2 pasu mepeBuIye 3HAYEHHS, TEOPETUYHO
po3paxoBaHe y SO HaOmmXKeHH1, IO MOXE CBIIYUTU TMPO 3HAYHY POJIb
KOpeTAiHENX epeKTiB y mporecax TpUeneKTpoHHOT 1S'2p~  iomizamii.
3anexHICTh TaKoi BITHOCHOI 1HTEHCHUBHOCTI BiJl €HEprii eJIeKTPOHIB Myuyka Oyna
CKCTIICPUMEHTAIBHO BU3HauUeHa juie s Si. OHaK, s MeTaJiB Taka 3aJIe)KHICTh
HE JOCTi/DKyBaiacs, X04a camMe B MeTallaX JUHAMi4He €KpaHyBaHHS BUTbHUMH
€JIEKTPOHAMHU B3a€MOJIi MOBUIBHUX 3p €JIEKTPOHIB 3 TPUBAKAHCITHUM aTOMHUM

3aJIMIOIKOM MOJKC CYTTE€BO BINIMBATU HA BCIIMYHNHY Ta XaPaAKTCP Mi)KCJICKTpOHHI/IX

KopeJLiil y nporeci 1S72p~° ionizarii.
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PO311J1 2. METOAU EKCIIEPUMEHTAJIBHOI'O JOCJIIKEHHSA
IHAPAMETPUYHOI'O PEHTT'EHIBCBKOI'O BUITPOMIHEHHS TA
PEHTTEHIBCBKHX EMICIMHUX CIIEKTPIB KPATHOIOHI3OBAHUX
ATOMIB

VY na"HoMmy po3nuii IpeacTaBiIeHO METOIUKY AochimxeHHs crekTpiB [1PB, mo
BKIIIOYA€E pO3MJIsiA OyJOBU Ta peXUMIB (YHKLIOHYBAHHS OCHOBHUX €JIEMEHTIB
EKCIIEpUMEHTAIbHOI yCTaHOBKM i cnoctepexenHs IIPB, a came, cucremu
dbopmyBaHHA Ta (POKYCyBaHHsS E€JIEKTPOHHOIO Tydka, OJIOKY TOHIOMETpPY Ta
MIIIEeH], @ TAKOXX CHUCTEMH peecTpallli peHTIeHIBCbKOro BUMPOMiHEHHs. OnucaHo
polenypy MPOBEICHHS EKCIEpUMEHTY 31 30y/mxkeHHs Ta peectpanii [IPB mpu
3aCTOCYBaHHI T'e€OMETpii 3BOpPOTHHOTO po3citoBaHHs [IPB BinmHOCHO HampsiMKy
nyuyka. HaBejeHo mMeToquKky oTpuMaHHS Ta 0OpOOKM PEHTTEeHIBCHKUX €MICIHHHMX
CIEKTPIB KpaTHOIOHI30BaHUX aToMiB 3p Ta 3d enemeHTiB mpu 30yKCHHI

BHUCOKOCHCPICTUIHUMH CICKTPOHAMM.

2.1. Tlpunuun ¢yHKIiOHYBaHHSI Ta O0JIOK-CXeMa eKCIepUMeEHTAJIbHOI

ycraHoBkH «PeHTren 1»

ExcniepuMeHTanIbHUM KOMILIEKC, 3 BUKOPHUCTAHHAM SIKOTO Y IMPECTaBIICHIN
TUcepTaIliiHii po6oTi BUKOoHYBamcs gociimkenns [1PB, mae nHa3zpy "Pentren 1"
1, IK 3a3Havayiocs y 11.1.3, ctBopeHuii Ha 6a3i cuaxpotpony "llaxpa" y maboparopii
MPUCKOPIOBATBHUX TPUCTPOiB Bigminy ¢isuku Bucokux eneprii dizuyHoro
iHcTHTYTY iM. T1.H. JlebeneBa PAH [1]. Sk mkepeno pelasTHBICTCHKUX €IEKTPOHIB
BUKOPUCTOBYBABCSI MIKPOTPOH 3 EHEPri€l0 NPHCKOPEHHX eneKTpoHiB 7 MeB.
OCHOBHI 3yCHJUTSI IPY CTBOPEHHI Ta MOJIEpHI3aIlii yCTAHOBKHU OyJK CIIPSMOBaH1 Ha
3HIDKEHHS HEOaKaHOTO (POHY CYIPOBOKYIOYOTO0 PEHTTEHIBCHKOTO BHIIPOMIHECHHS
3 METOK MaKCWJIBHOTO TOKpAalIeHHs BimHOIeHHS «curHan [IPB — 3aramphuii
pamiamiitauit ¢doH». Y pe3yiabTaTi BUKOHAHUX POOIT BAAIOCS JOCATTH 3HAYEHBb

KOPUCHOI'O curHany, ski gocsranu 3% Big piBHS (GOHY, TOAl SIK B IHIIHUX
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nabopaTopisiX KOPUCHHMM CHUTHaj He mnepeBuIlyBaB 1%, a y pslli €eKCIEpUMEHTIB
B3arajii He BUIUISABCA 3 (POHY.

[TpunnunoBa cxema komiiekcy «Pentren 1» HaBenmena Ha puc. 2.1. Bona
MICTUTh HAcTyIMHI OCHOBHI eneMeHTu: 1 — mikpotpon (IIE); 2 — enekTpoHHui
My4oK; 3 — KOJIMATOpHU €IEKTPOHHOTro Mydka; 4 — moBopoTHi MarHitd (M1, M2,
M3); 5 — kBaapyNOJbHI MArHITHI JIIH3U; 6 — KOPEKTOp; 7 — BaKyyMHUH 3aTBIp; 8 —
MmimieHb (M); 9 — roniomerp; 10 — mponopuiitna kamepa (I1IK); 11 — numninap
Qapanes; 12 — nanpsimok BumiptoBanHsa I[1PB; 13 — konimaTtopu; 14 — nerekrop
(J1); 15 — cBuHIEBH pajiaiiiHii 3axUcT. EreMeHTH cxemu MokHa 00’ €HATH Y
OCHOBHI (pyHKI[IOHATBHI TpynH: OJOK popmyBaHHS mydka (eaemeHTd 1 — 6); 610k
roHioMeTpy 3 MimeHHto (7 —9); OJ0K peecTpallli peHTTeHIBCbKOI0 BUIIPOMIHEHHS
(13, 14); 610k MoHiTopuHry cTpymy myuka (10, 11). [Jdns imroctpanii OyaoBu
komruiekcy «Pentren 1» Ha puc. 2.2 ta 2.3 npencrasieHo ¢ororpadii ycTaHOBKH,
OTpHMaHi y pi3HUX pakypcax. Po3mipu OCHOBHUX €JIeMEHTIB, BKa3aHUX Ha puc. 2.2
Ta puc. 2.3, HacTymHi: Biacranb M1 — M2 cknaznae 2,6 M; Binctanb M2 — M3 — 2,8
M; BincTtaHb M3 — mumens — 0,8 M; BIZICTaHb MHILEHb — MPONOPIIiiiHA Kamepa —
0,52 M; BiicTaHb MK KOJIMaTOpaMH ITy4dKa €JIeKTPOHIB — 1,5 M.

Kommieke (yHKIIIOHYe HACTYITHMM YHHOM: y MIKpOTpoH (1) BBOIHMTBCS
Iy4OK €JIEKTPOHIB (2), IPUCKOPIOETHCS Y HbOMY 10 eHeprii 7 MeB 1 BumyckaeTbest
y 3arajlbHAM 3 CHHXPOTPOHOM KaHaj. MIiKpOTpOH reHepye CTPYKTYpPOBaHUM y Yaci
IIy4OK EJICKTPOHIB 3 YacTOTOI MPOXOKEeHHS IMITyiabciB 50 'y mpu TpuBanocTi
IMITYJICY 110 4 MKC, CTPYM Iyuka (B iMIyJibei) — 10 35 MA. CTpyKTypa KOKHOTO
IMITyJIbCY BHU3HAYa€ThCcsl OaHuaMU JOBXKUHOIO ONM3BKO 1 cM 3 TPOCTOPOBOIO
nepioguuHicTio 10 cm, (muB. Puc. 2.1. —2. 16 y poboti [126]). Ilepmmii

noBopoTHU# MarHiT (M 1) cripsiMOBYe Ty4oK y KaHan ycTaHOBKH «PeHtren 1», ne
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IIYHO0K eNeKTPOHIE

Ao ciExparpory C-25P

ﬁlﬂ

~1.32M

|l

Puc. 2.1. IlpuHuunoBa cxemMa eKCIEPUMEHTAIIBHOTO KOMIUIEKCY «PeHTren 1»

(TTOsICHEHHS Y TEKCTI).
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Puc. 2.2. ExcnepuMeHTalibHa ycTaHoBKa «PeHTren 1», Burisig 3 OOKy
MIKpOTpoHa: 1 — MIKpOTpOH; 2,3 — MOBOPOTHI MarHiTu; 4 — KBaJpyMNoOabHI JIIH3H;

S — CBUHIIEBA 3aXUCT; 6 — CHHXPOTPOH.
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SAsRARRRARR RN

Puc. 2.3. ExcriepumenTanbHa yctranoBKa «PeHTrex 1», BUrisa 3 60Ky kamepu
MiIlieH1 3 TOHIOMETpoM: 2,8 — MOBOPOTHI MarHiT; 4 — KBaAPYHOJbHI JIH3U; 5 —
CBUHIIEBHI 3aXHCT; 7 — KOpekTop; 9 — Bakyymetp; 10 — kamepa TOHIOMETPY Ta

mimieni; 11 — mpomnopiiiiHa kamepa.
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BIH OOMEXY€TbCA JIBOMA BYIJIELIEBUMHU KoJliMatopamu (3) 3 amepTyporo 5 MM 1
BificTaHHIO 1,5 M OAMH BiJ OJHOTO. 3a JOMOMOTrO KOJIMATOPiB 3a0€3MedyeThCs
HeoOX1Ha KyTOBa pPO30DKHICTH Iy4YKa, aj€ MpPU LOMY IHTEHCHBHICTh IyYKa
€JIEKTPOHIB 3MEHIIYETHCA Mai’ke Ha TpU-4OTHPHU nopsiaku. Kpim Toro, B3aemois
Iy4dKa 3 MarepiajoM KOJIIMATOPiB MPU3BOAMUTH 10 BKpail HETATUBHOI'O MOOIYHOTO
edeKTy - reHepallii IHTEHCUBHOTO (DOHOBOTO TaJIbMIBHOTO 1 XapaKTEPUCTUUHOIO
PEHTI€HIBCHKOI'O BUIIPOMIHIOBaHHS. ICTOTHMII BHECOK Yy (POHOBE BUIIPOMIHEHHS
JAI0Th 1 PEHTT€HIBChKI MMPOMEHI, sIKI BAHUKAIOTh y PE3YbTaTl B3a€EMO/1i pPO3CISTHUX
€JIGKTPOHIB 31 CTIHKAMU EJIEKTPOHOMPOBOJIA 1 CBUHIIEBUM 3aXHCTOM YCTaHOBKH.
Haperti, He MEHIII BaXKJIMBHUM JKEPEJIOM 1HTEHCUBHOTO pajiaiiifHoro G oHy € caM
MIKPOTPOH, BiJl SIKOrO (POHOBE BUIIPOMIHEHHS PO3MOBCIOIKYETHCS Y IUJIOLIMHI
enekTpoHHUX opOiT. CymapHe (OHOBE BUIPOMIHEHHS MOLIUPIOETHCA Yy KOHYCI 3
KyToM po3TBopy Onm3bko 30°, Bich SKOro 30iraeTbCs 3  HaMPSMKOM
PO3MOBCIOJKEHHST TyYka. Bim3dHaummo, mo BubOip TrpadiTy gK Marepiany
KOJUZIUMATOpPOB ~ 3YMOBJIIGHMH  HHU3bKOIO  EHEPri€l0  XapaKTepUCTUYHOTO
PEHTIE€HIBCHKOT'O BUIIPOMIHEHHS TpadiTy Ta HOTO BUCOKOIO €JIEKTPOIPOBITHICTIO.
JUIs MakCUMaJlbHO MOJKJIMBOI'O 3HM)KEHHS BIUIMBY (DOHOBOI'O BHUIIPOMIHEHHSI Ha
cucrtemy peectpaiiii [IPB BukopuctoByeThcsi apyruii moBOpoTHUN MarHIT (M2),
SKAW BIIXWJISA€ TYYOK Ha 3aJaHUM KyT, BHBOJSYM HOro 3 00JacTi KOHYCY
pamiarniiHoro ¢ony. Y miacymky MarHiT (M2) mepecnpsMOBYyeE €IEKTPOHHUUN
Iy4OK B IHITUN KaHAJT - MArHUTOONITHYHUM KaHall. [lo CKIaay OCTaHHBOTO BXOJIUTh
JIB1 TTapy KBAJPYMOJbHUX MarHITHUX JIiH3 (5), a TAKOXK €IEKTPUIHHMN KOpeKTop (6),
K1 GOPMYIOTh Iy4OK HE0OX1mHOT popmu.

[Tpu nmocmimxkenni [IPB Bixg mimeni y reoMerpii 3BOPOTHBOTO PO3CIIOBAHHS
BUKOPUCTOBYETHCS TpeTii moBopoTHUM MarHiT (M3). 3 iioro A0momMoror
BUKOHY€ETHCS TIEPEHANPABICHHS EJIEKTPOHHOIO IMydYKa Yy Kamepy TroHioMeTpa 1
MIIIeH] Ta 3a0e3MeuyeThCcsl IOCTYBaHHS MyYKa, MPU SKOMY BCTAHOBIIOETHCS KYT
180° Mk HaMPSIMKOM PO3MOBCIOKCHHS MyYKa Ta HAMPSMKOM PO3MOBCIOIKCHHS
[1PB Bin mimeni (8) mo merektopa (14). MimeHp 3aKpiIUTIOETBCS Y TOHIOMETPI 3

TphOMa CTYHEHSIMH BUIBHOCTI (9) Ta MOMIIMBICTIO MEPECYBaHHA SAK Y3I0BXK
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HalpsIMKY Ny4YKa, TaK 1 MNEPHEHAMKYJSPHO 10 IOr0 HampsMKy. Y Tabm. 2.1
HABEJCHO OCHOBHI XapaKTEPUCTUKH CUCTeMH (OPMYBAHHS EICKTPOHHOTO ITyYKa B
npuiaai «Pentren 1».
Tabnuys 2.1
OyHKI[IOHAJIbHE MPU3HAYEHHS €JIEMEHTIB MarHiTHOT ONITUKU YCTAHOBKHU

«Pentrex 1»

Enement ®OyHKIIOHAJIbHE TPU3HAYEHHS

- TepeHanpaBlIeHHA IMy4YKa €JIeKTPOHIB 3
[lepuiunii MOBOPOTHUIA MarHiT BaKyyMHOI'0 KaHally y TPAaKT yCTAHOBKH
(M1) «PeHTren 1»., .
- 3MEHIICHHS IHTEHCUBHOCTI1 €JIEKTPOHHOTO
yuKa,
- TepBUHHE (OPMYBAHHS MYyYKa;

- BIIXWJICHHS MyYKa BiJl KOHYCY pajialiifHOro

. pony;

Jlpyruii HOBOPOTHUI MarHiT
- PETYJIOBAHHS IPOCTOPOBOIO MOJIOKEHHS

M2) Iy4Ka BiJHOCHO FOPM30HTAJIBLHOI 0Ci;

- BU3HAYEHHS TOYKHU BXOJY [0 TPETHOT'O

MOBOPOTHOT'O MArHITY;

TpeTiii MOBOPOTHUI MarHiT | - COPAMYBaHHS ITy4Ka €JIEKTPOHIB y MIIIEHb 1
(M3) PETYIIOBaHHS HOTO TIOJIOKEHHS BITHOCHO

TOPU3OHTAIBHIN OCI;

KBaapynonbHi ninsu (5) - (oxycyBaHHS 1 KOHTPOJIb PO30DKHOCTI ITy4Ka
CJICKTPOHIB;
Kopexrop (6) - PEryJIIOBaHHSA MOJIOKEHHS €JIEKTPOHHOTO

My4YKa BIIHOCHO BEPTHKAJIBHOT OCi

JIJIsi KOHTPOJIFO XapaKTePUCTUK IMydKa MepeadadeHi J0JaTKOBI BiKHA, 3a
JIOTIOMOTOI0  SIKUX BHKOHYETHCS BHUMIPIOBAHHS TPOCTOPOBOTO TOJIOXKEHHS 1

napaMeTpiB CTpyMy Nydka. BusHaueHHs TMOJIOKEHHA Tydyka Yy TMepepisi
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€JIEKTPOHOIIPOBOIY BHKOHYETHCSI MPOTOYHOIO Ta30HANIOBHEHOIO MPOMOPIIIHHOIO
kameporo (10). BuBeneHnns mydyka J0 MPOMOPIINAHOT KaMepl 3I1MCHIOEThCS depes
MaiinapoBe BIKHO TOBIIMHOIO 100 MkM. CTpymM mydka BUMIPIOETHCS LIMIIIHIPOM
®dapanes (11) ta nikoamnepmerpom Keithley 6487. Ilicist mpoxoKeHHs uepes
BYIJICIIEB1 KOJIIMATOPH YCEPEAHEHUN CTPYM Y poOOUOMY PEXHUMI CKIaAae OJIM3bKO
20 HA.

[1PB, sixe renepyeTbes y MiteHi (8), mpoxoauTs nuisx (12) yepes kosiMarop
(13) no nerexktopa (14). Hns 3axucTy Bij paaiariidiHoro (QoHy Ha JETEKTOP
BCTaHOBJICHO CBUHIEBUH 3axucT (15). BakyymHa cucTema MIiKpOTpOHY Ta KaMepH
TOHIOMETPY 1 MillleHeH € CHUIBHOIO, a I PO3JUIEHHS LHUX JBOX MOJYJIIB
BctaHoBiieHO 3atBop (7). Cucrema CTBOpEHHS BakKyyMy € KOMOIHAI[I€rO
IUTACTUHYATO-POTOPHOTO, TYPOOMOJEKYISIPHOTO 1 MarHiTOpo3psiIHOIO HACOCIB.
BakyyM y cucTemi MikpoTpoHa ckimagae 107 Topp, y Kamepi romiomerpy Ta
minrereii 10° Topp. Y xo1i eKCIIepHMEHTY BAKYyM y Pi3HHX YaCTHHAX YCTAHOBKH
BUPIBHIOETHCS.

PosrnsiHemo G6inbin eTanbHO OyA0BY Ta (DYHKI[IOHYBAaHHS OCHOBHUX OJIOKIB
eKCIIepUMEHTaNbHOI ycTaHOBKH «Pentren 1y.

Kamepa mimeni. s nocnimxkenns xapaktepuctuk [IPB 6yno Burotosneno
BHUCOKOTEXHOJIOTIYHY BaKyyMOBaHy KaMmepy, sKa J03BOJIIE€ CIOCTepiraTd  3a
IPOIIECOM B3a€EMOJIII EJNEKTPOHHOTO Iy4YKa 3 PEYOBMHOIO Ha BCIX eTamax
EKCTIIEPUMEHTY Ta BHUMIPIOBaTH CIEKTPaJbHO-KYTOB1 Xapaktepuctuku [IPB y
IIUPOKOMY Jlama3oHi KYTIB CHOCTepeKeHHS. [[ns 1mporo y ropu3oHTaIbHIN
TUIOLIMHI KaMepH OyJI0 CIIPOEKTOBAHO BaKyyMHI MOPTH B iHTEpBaJi KyTiB 15 — 80°
BITHOCHO HAMPSAMKY TOIIMPEHHS IMydYKa, a TaKOX MOPT y HANPSIMKY IydKa IS
BUBEJICHHS €JIEKTPOHIB 13 30HM peakuii [0 TpWiIaaiB, sKi BHU3HAYAIOTH
XapaKTepUCTUKN  Tydka  (mpomopiiiftHa  kamepa, uwimiaap — Dapages,
mikoamriepMerp). Ha BUXOoAi MOPTY BCTAaHOBIIOBABTHCS MaislapoBE BIKHO

ToBIMHOI 100 MKM. 3aranpHUI BUTIISA KaMepy MIllIeHI HaBEJIEHO Ha puc. 2.4.
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Puc. 2.4. 3aranbHuil BUTISAL KaMepu MitneHi npuiany «Pertren 1y.

IoniomeTp. VY Kkamepi MillleHI BCTAaHOBJIEHO TOHIOMETpP, Ha SKOMY
3aKPITUTIOETHCS 3pa3oK. [ yrnpaBiiiHHS OpI€HTAIIEI0 MIIIEH] BITHOCHO HAIMPSIMKY

My4Ka eJIEKTPOHIB Mepea0aueHo:

oOepTaHHsI BITHOCHO BEPTUKAJIBHIN OC1 - KpOoK 71 MKpaJ, Jaiana3oH KyTiB
- 16
- o0epTaHHS BITHOCHO FOPH30HTAIBHIN OC1, SIKa MPOXOIUTH IiJl KyTOM 90" 1o
HOpMaJli, IO MOBEACHA /10 TUIONIMHU TMOBEPXHI MimieHl - Kpok 50 MKpaf,
Jiana3oH KyTiB + 8"
- obOepraHHs BIIHOCHO OCi, IO 30ira€ThCsi 3 HOPMAIUIIO 1O TUIONIMHU
noBepxHi Mimmeni - kpok 0,1, miamason kytis 0 — 360 ;
- pyX TOHIOMETPY SK IUJIOTO Y3J0BXK BEPTHKAIBHOTO JiaMeTpy KaMepH,
nianaszoH nepemimieHs + 10 cm;
- pyX TOHIOMETPY fK IIUIOTO Y3/I0BXK TOPU30HTAJIBHOTO JiaMeTpy KaMepH,
Jiara3oH nepemimieHs + 15 cm.
OpieHTalrist MilIeH1 y TOHIOMETPI 3a/1a€THCS 32 JOTIOMOTOI0 PEXUMY TPOOIICHHS
Kpoky, a came, 0,5; 0,25 ta 0,125 Big moBHOTO KpoKy. AOGCONIOTHA MOXHOKA Y
PEXUMI TTOBHOTO KPOKY TPH TOPU30HTAILHOMY TIEPEMIIICHH] CKJIala€ He OLIbIne

2,5 MKM, a npu oOepranHi - He Oiumbm 0,01°. EnxextpornpuBox oGepraHHsS Ta
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nepeMillieHHs 3abe3neuyeThest enekTpoapurynamu 8MT175V (22 ) 1 SMR191V

(23) xommanii Standa. 3aranbHuU BUIJISA] TOHIOMETPY MPEACTABICHO Ha pHUC.

puc. 2.5a, ta 2.50.

Puc. 2.5. Toniomerp. [lo BcraHoBieHHs y kamepi (a): 1 — miacTuHKka 3
OprCcKJIa JiJis 3aKpillJIeHHs MileHi; 2 — OCHOBa, IO 00epTaeTbcs BITHOCHO
BepTUKaIBHOT ocl ; 3 — nBuryHn 8MR191V, 1o 3nilicHioe o6epTanHs OCHOBH (2);
4 — miniiaUE Tpa"csaTop 8MT175V, mo pyxae roHIOMETp Y3I0BXK JdlaMeTpy
kamepu. BctanoBneno y kamepi (0): 5 — ABUTYH, 110 31MCHIOE 00€pTaHHS MIIIeH1
BITHOCHO TOPU3OHTAIBHOI OCi; 6 — €JeKTpUYHA MPOBOJKA IJsi JUCTAHIIHHOTO

KOHTPOJIIO MIPUCTPOIO.

Bakyymna cucrema. BakyymHa cuctema B ycraHoBli «Pentren 1»
CIIOJTYYa€ThCA 3 BAKYyMHOIO CUCTEMOIO MIKPOTpOHA. SIK 3a3Ha4anocsi, OTpUMaHHS
BHCOKOTO BakyyMy B YycTaHoBII «PeHTrexn 1» 3a0esneuyerbcsi poOOTOIO
KOMIIEKCY 3 TypOOMOJEKYJISpHOTO  BHCOKOBaKyyMHOTO  Hacocy  Ta
(GbopBaKyyMHOTO TIIACTHHYATO-POTOPHOTO HAacocy. THCK y BakyyMmHil cucTeMi
KOHTpOJoeThess Bakyymmerpom Televac CC—10 1 miaTpumyeTbcst Ha PpiBHI
1,33322-10™ IMackane (zaHuil BakyyMMeTp JO3BOJSE€ HPOBOIUTH BUMIPIOBaHHS
Bis aTMOC(EpH 0 BHCOKOro BakyyMy mopsiaky 1,33322:107 Ilackans). Bakyym y

MIKPOTPOHI CTBOPIOETHCS 3a AOMOMOroI0 (hOpBaKyyMHOTO, TypOOMOJIEKYISIPHOTO
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Ta EJEKTPOPO3PpSAHOro HacociB. BakyymuHuii 00’eM yctaHoBku «PeHtren 1»
BIJIOKPEMITIOETHCSL Bl MIKPOTpOHY 3aTBOpoM (puc. 2.3 (7)). Tuck y MIKpOTpoHI1
cranoBuTh 107 TTackalb, a MPH BiAKPHTOMY 3aTBOPi THCK BHPIBHIOETHCS.

Bbiok peHTreHiBebKoOi cnekTpomMeTpii. AHani3 yMOB reHepauii Ta nudpakiii
I[IPB 3 BukopucrtanHsM ycTaHOBKM «PeHTreH 1» moka3zaB, 1o Ipu
PO3IOBCIO/KEHH] Y 3pa3Ky eJeKTpOHIB 3 eHeprieo 7 MeB mae croctepiratucs
I[IPB 3 eneprieto ¢otoniB 1—10keB y Burmsaal okpemux mikiB Ha (HoHI
HETIepEpPBHOTO  TalbMIBHOTO BHUIPOMIHEHHS. 3TiIHO 3  XapaKTePUCTUKAMHU
MIKpPOTPOHY MiHIMaJIbHa CKBaXHICTb Nydky ckiagae 5000 mpu TpuBaiocTi
iMITyIIBCY 110 4 MKC, 1110 BHMArae MIBHAKOZII AeTeKTopa, He riprmoi 3a 10° moxiii 3a
CeKyHIy. 3a TaKUX YMOB BEJIMYMHA KOPHCHOT'O CUTHAJTy Ma€e OyTH HE MEHIIOIO 3a
1% Big piBHS 3arajgbHOrO pajianiiHoro Gony (poHy ycTaHOBKU Ta (HOHY MIIICHI
pazoM), a eHepreTuuHe pos3auieHHs ckiaagatume 300 eB. OueBuanHo, 3a yMOB
THTEHCUBHOTO pajianiifHoro dbony HEJIOIIHLHO BUKOPHUCTOBYBATH
OararokaHaJbHUN ACTEKTOpP. 3 3 IIEDK MPUYUHU BAPTO BUKOPUCTOBYBATHU JETEKTOP
3 MaJIUM 00’ €MOM PEECTPYIOUOTO €IIEMEHTY.

VYpaxyBaHHa BKa3zaHMX (akTopiB Tokazye, mo s peectpamii [IPB y
niamazoni eHepriii ¢otoHiB 1 — 10 keB onTuManbHUM € NETEKOp 13 IIBUIKICTH
paxyBaHHS iMIynbCiB, He MeHmor, Hikx 10°-10° immynsciB 3a cexyHny,
EHEepPreTUYHUM po3AuIeHHsAM, He ripmuM 3a 150 — 200 eB, Ta mocratHbo Manum
00’€MOM  PEECTPYIOYOTO enementa (mopsiaky 1wmm®), mo 3abesmeuye
e(heKTUBHICTh peecTpairiiii GoroHiB, 6au3bky A0 100%. Takum BUMOram IiIKOM
BinmoBimaroTh HamiBnpoBimHUKOBI PIN nerekTopu, Ha 6a3i Skux 1 OylI0 CTBOPEHO
OJIOK PEHTreHIBChKOI CIeKTpockoMeTpli komriuiekcy «Pentren 1». 3okpema,
BukopucroByBanucs aerekropu Amptek XR100—CR ta Amptek XR100-SDD 3

OCHOBHUMH XapakTepuctukamu [127,128]:

- po3mipu kpucTany (Si) -25 MM x 500 MKM;
- TOBIIMHA BXimHOTO BikHa (Be) -12,5 MkM;
- IUIOIIA BXIJHOTO BIKHA - 25 Mm% — KOTIMOBaHO mo 21,5

MM%(CR), 17 mm? (SDD);
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- po3aiieHHs (B o6nacTti 5,9 keB) - 125 - 139 ¢B;

- ONTUMAaNbHUH Alana3oH eHepriid ¢otoHiB - 1 — 12 keB;

- IIBUJKICTh paxyBaHHS - 0 2x10° ¢t

- e(hekTHBHICTH (B 001acTi 1-12 keB) - 6ubrre 3a 70-100 %.

Takox BukopucroByBascs aetektop Amptek X123 SDDFAST 3 nactynHumu

xapaktepuctukamu [128,129]:

- po3mipu kpuctany (Si) - 25 MM x 500 MKM;

- TOBIIIMHA BX1HOTO BikHa (Be) -12,5 MKwM;

- IUIOIIA BX1THOT'O BiKHA - 25 mm> (xommumupoBano o 17
MMP);

- po3aineHHs (B o0aacti 5,9 keB) - 139 - 260 eB;

- ONTUMAaNBHUI niana3oH eHepriit ¢potoniB - 1—40 keB

- IIBUJKICTh paxyBaHHS -102x10° ¢

- eekTHBHICTH (B 0OmacTi 1,5 -25 keB) - Ounbie 3a 25%.

Taki nerexktopw 3a0e3medyyrOTh BHUCOKY IMIBHAKICTh pEECTpallii IMITYJIbCIB Ta
TEPMOETEKTPUYHE OXOJIOKEHHSI PEECTPYIOU0i PEUOBUHH JIETEKTOPA, 110 TO3BOJISIE
BUKOHYBATH JOCIIDKCHHS TIPU IHTEHCHBHOMY pajialliiHoOMy (OH1 1 BHCOKOM
CKB)KHOCTI €JIEKTPOHHOTO MyUKY.

Onnak, He0OXiTHO BiJ3HAYMTH, 110 BKa3aH1 JETEKTOPH HE M030aBJIeHI MEeBHUX
HeI0TIKIB. ['0JIOBHMI 3 HMX - HasABHICTH (PaHTOMHUX ITKIB 200 MIKiB BUJIBOTY
(ESC-mikiB), siki 3yMOBIJIEHI HEMpYyKHUM po3sciroBanusaMm (otonis ITPB y cencopi
aerekropy 31 30ymkeHHsM Ko (iayopecieHTHOro BHUIPOMIHEHHS KPEMHII0 3
eHepriecito  Eo=1,74 xeB. 3rigno [130], iHTEHCHBHICTh TiKiB BHJIBOTY Y
KPEMHI€BHUX JIETEKTOPAaX BKA3aHUX TUITIB MEHIIA 32 IHTEHCUBHICTh OCHOBHOTO ITIKY
y 50—-100 pa3. BaxmuBo Takox, mo y nerekropax Amptek XR100—CR Ta
Amptek XR100-SDD BinacyTtHiii KpaiioBui e(heKT, OCKUIbKA Kpai KpEeMHIEBHX
CEHCOPIB 3aKPUTI KOJTIMAaTOPaMHU, BCTAHOBJICHUMHU BUPOOHHUKOM.

OOpoOka curHajmiB  JCTEKTOPIB  BUKOHYBaJacs 3  BHUKOPHUCTAaHHAM

eleKkTpoHHOoro oOnagHaHHs 1isi PIN  nmerekTopiB, 10 BKJIIOYA€E MEPBUHHUM
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JUCKPUMIHATOP, MiJCHIIIOBa4Y-QOpMyBay, aHajIOroBO-LM(PPOBUI NEPETBOPIOBAY 1
OararokaHaJbHUM  aMIUIITYAHMM  aHami3aTop  IMIOYJIbCIB. Y€1 OCHOBHI
HaJallITyBaHHA JETEKTOPIB 3aJaBajUCs Ta KOHTPOIIOBAIUCA 3a JOMOMOTIOIO
nporpaMu Habopy 1 CTaTUCTUYHOI OOpPOOKHM CHUTHAJIB, IO JO3BOJISUIO ICTOTHO
BapllOBaTH PEXKUMH POOOTH JAETEKTOPIB NPU BUMIPIOBAHHIX Yy PI3HMX CXeMax
excnepumenTy. [Ipu npoBeneHHi BuMiproBanb gerektopamu Amptek XR100-CR
ta Amptek XR100-SDD o0poOka curHamiB BHUKOHYyBajacs  OJOKOM
CHEKTPOCKOMIUHOI enekTpoHikn Amptek PX4, y sikomy nepenbaueHo MOKIUBICTb
3MiHM Yacy (GOpMYBAaHHS IMITYJIbCY.

Jls1 3MEeHIIIeHHs pajialifHoro GoHy AETEKTOpU OYJu JOJATKOBO 3aXMINEHI
CBUHILEBUMH IacTuHamMu. Kpim Toro, ang ycyHeHHsS (OHY BiJg BHYTpPIIIHBOI
TIOBEPXHI KaHAJIy CHEKTPOCKOMii — CHJIBHO KOJIMOBaHi. 30KpeMa, Mepel KOXHUM
JIETEKTOPOM BCTAHOBIIIOBAJIMUCS BOJb(PAMOBI KOJIMATOPH TOBIIMHOI 2 MM.
JliameTp OTBOpIB KOJIMATOPiB MiA0MpaBca TakuM, 1100 y JETEKTOP HE MOTPAILIsB
pamiamiiauil  GOH, SKUM YTBOPIOETHCA B PE3yJbTaTi B3a€EMOJII PO3CITHUX
€JICKTPOHIB 1 PEHTIeHIBCHKOTO BUIIPOMIHIOBAHHS 31 CTIHKAMH KaMepH MIIIeH] 1
TPaKTy MPOXOKEHHS €JIEKTPOHHOro myuka. [Ipu nboMy BX1IHUN OTBIp IETEKTOPY
criocTepirascs i3 3pasky y TitecHoMy KyTi 1,7-107 crepania.

Baxxnuporo xapaktepuctukoro PIN neTekTopy € 3ai1ekHICTh €HEPIeTHYHOTO
pO3IICHHS Bix eHeprii (OTOHIB, IO PEECTPYIOIOTHCA. [l AETEKTOpiB, IO
BUKOPHUCTOBYBAIHCS y AaHIA poOoTi. Taka 3ajmexHICTh BU3HAYAETHCS (DOPMYIIOIO

(2.1) [128,131]:

AW [5B] = (AW, [B])* ~14400+ 2440E [ 28], (2.1)

ne AW — posninieHHs geTekTopa (B €JIeKTPOHBOJIbTAaX) B 007acTi eHeprii PoToHIB
E (Bupaxenoi y keB); AW, — posuinenns gerekropa (B €JIEKTPOHBOJIBTAX) TPH
eneprii kBaHTiB Ko Bumpominenns Fe, E., =59 xeB. Ilpu enepriiE., =59

3QJIeKHO Bl TUIy JAeTekropa ckiangae 145 —250 eB (muB. puc. 2.6). Jus
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JETEKTOPIB, sIKI BUKOPUCTOBYBAIKCS Y AaHiil poOoTi, po3auieHHs cknanano 130 —

140 eB.
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Puc. 2.6. Po3ninenns nerektopa sk (yHKIsS eHeprii (pOTOHIB Mg PI3HUX

snagenp AW, [129].

Jlani HeoOXiTHO Bi3HAYMTH 1 JESKI JOMOMIXKHI MPUCTPOI, AKI BiAIrparOTh
Ba)KJIMBY POJIb Y MIJATOTOBIII Ta IPOBEACHHI EKCIIEPUMETY.

IIponopuiiina kamepa BHKOPHUCTOBYETHCS JUJIi BU3HAYEHHS IIOJOKEHHS
EJIEKTPOHHOTO MydYKa y mpocTopi. KOHCTpYKTHBHO BOHAa Ma€ BXIAHE BIKHO IS
EJEKTPOHHOTO TydkKa (32 x 32 MM ), BUTOTOBJICHE 3 Maijapy TOBIIHHOIO 100 MKM,
7Bl CUTHANbHI TUIONIMHU, HA KOXHY 3 SKUX TOPU3OHTAJbHO Ta BEPTUKAIHHO
HaMOTaH1 BKPUTI 30JI0TOM BOJb(PpaMoBi APOTHHH giameTpoM 20 MKM 3 KPOKOM
HAMOTYBaHHS 2 MM, a TaKOXX YOTUPH BHCOKOBOJBTHI TUIONIMHHU, HA SKi HAMOTAHO
apit 3 OepwmiieBoi OpoH3u giamerpoM 80 MKM 3 KpokOoM | MM; BiACTaHb MiX
IJIOIMUHAMU CKitagae 3 MM. SIk poOoumii ra3 BUKOPUCTOBYETHCS CYMIIl aproHy 3

BYIJIEKHCIIMM Ta3oM Yy cmiBBimHomeHHi 3:2. Kamepa 103Bojisie BHU3HAYATH
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KOOpPAMHATH My4YKa y MOMEPEYHOMY Mepepi3i eIeKTPOHONPOBOAA 3 TOUHICTIO O
1 MmM.

Bigeokamepa BUKOPHUCTOBY€ETHCS AJIsI BU3HAUYEHHS MOJIOKEHHS EIEKTPOHHOTO
Iy4Ka BIAHOCHO MIIIEH] 1 3aKpIIUTIOETHCS HAa BEPXHIM YacTHMHI KaMepu MIIICHI.
Jnst ¢ikcaiii moJioKeHHsI My4ka BUKOPUCTOBYEThbCS BUIIPOMiHEHHs1 BaBuiosa-
UepeHkoBa, sike TEHEPYEThCSI TPU B3a€MO/I1i €JIEKTPOHIB 3 yTpUMYyBadeM MiIlIeHI,
[0 BUIOTOBJIEHUWW 3 Oprckiia. BUKOpUCTOBYEThCS TOM BimOMUM (akT, IO IS
BUHUKHEHHS BHIPOMIiHIOBaHHS BaBmioBa-UepeHKoBa 3apspkeHa YacCTHHKA
MOBMHHA PYXaTUCSA Y PEYOBHHI 31 MIBUAKICTIO, OLIBINOIO 3a (Pa30BOBY MIBUKICTh
cBiTia y il pedoBuHi. Ilpu eneprii enexrponiB 7 MeB iX MBHIKICTh CKlagae
2,991-108 M/C, Toal AK Jyisi JOBXHMHU XBuUil 470 HM (ITOKa3HUK 3aJJOMJICHHS
oprckia s iiei moBxkuHM xBwn gopiBHioe 1,498 [132]) mBuakicTh CBiTIA B
oprckii mopiBHioe  2,001-10° m/c. BaximBo, mo y pesyasTaTi po3ciloBaHHS
BUIpoMiHeHHs1 BaBuiioBa-UepeHkoBa B Oprekiil OJIaKUTHE CBITIYEHHS MIOMITHE MIPU
PI3HUX KyTax CIIOCTEPEXEHHS 1 PEECTPYEThCS BijeokaMeporo. Bkazanwmii criocio
BU3HAUEHHS TIOJIO)KEHHSI E€JIEKTPOHHOTO Iy4Ka OCOOJMBO 3pYYHUN MpU 3MiHI
reoMeTpii eKCIepuMeHTy, TOOTO, TPU MEPECTAaHOBIII BaKYyMHOTO KaHally, 3aMiH1
MarHiTiB TOIIO, OCKUIBKM y TaKWX BHUITQJKaX 1HOJI BHHUKAIOTH CKJIQJHOII Y
MOIIYKY EJEKTPOHHOTO IMy4YKa 3a JIOMOMOTOI MPOIMOPIIHHOT KaMepH, SKa Mae
JOCUTH 0OMEXeH1 po3Mipu pobou0i 00JIacTi.

TakuM 4WHOM, JUIsI TPOBENEHHA JOCTDKEHb CIHEKTPaJIbHO-KYTOBHX
xapakTtepuctuk [IPB mpu po3moBClOIKeHHI BHCOKOCHEPTCTHYHUX EJIEKTPOHIB (3
enepricto 7 MeB) y kpuctaiax OyJlo CTBOPEHO €KCIEpUMETaIbHY YCTaHOBKY

«Pentren 1» Ta Biampab0BaHO METOANKY BUKOHAHHS TaKUX JOCIIIKCHD.

2.2. MeToauka mpoBeJeHH eKCHePUMEHTY 3i 30yJxKeHHA Ta

peectpauii IIPB

Ha mepmomy etari eKCiepuMeHTY HEOOX1THO OTPUMATH IMY4YOK EJIEKTPOHIB,

SAKAA TOBUHEH MaTH 3aJlaHi TeOMETPUYHI Ta CTPYMOBl1 XapaKTEPUCTHUKH 1
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0e3MepeNIKoIHO PO3MOBCIOXKYBATHUCS BiJ MIKPOTPOHY 110 MilleHl. ToMy crioyaTky
[P BUBEIEHOMY 3 pOO0OYOT0 MOJOKEHHS 3pa3Ky MyYOK MOJAETHCS y MPOMOPLIHHY
KaMepy, Ji€ BHM3HAYalOTbCAd HOro mnapamerpu. Jlaml BUKOHYEThCS OCTYBaHHSA
cucteMd. [[1s1 IbOTO BUKOPHCTOBYETHCS HACTYIHUN METOJ: TUIACTHHA 3 OPICKIIa
PO3MIIIY€EThCS y TOHIOMETpPI Ha MICIl 3pa3Ky, Miclid 4YOro My4OK €JEKTPOHIB
MPOMAJIOE Yy IUJIACTUHI TOYKY, MO SIKI BHUpOOJSETHCA OTBIP 1aMETPOM 2 MM.
Jlpyra muiacTMHa 3 OPICKJIa PO3MINIYETHCS 3a MEPIIOI, EIEKTPOHHUN Iy4OK
OPOXOJUTh Yepe3 ABOMUIIMETPOBUN OTBIp 1 MPOMANOE€ TOUYKY B APYTiil MIIacCTUHI.
Ha wmicui apyroi TOYKM TakoXX BHpPOOJISETbCS OTBIp alameTrpoM 2 MM. Yepes
CTBOPEHI OTBOPU MPOBOAMTHCA JA3€pPHHUM MPOMiHb, IO JO3BOJSE YTOUYHUTH
TE€OMETPII0 3BOPOTHOTO PO3CifOBaHHS. 30Kpema, MO JIa3epHOMY TPOMEHIO
BUCTABIISIIOTHCS BICh KOJIIMATOPIB Ta BIKHO jaeTeKTopy. Lle mo3Bosise modutHcs
30iry oci peectpariii [IPB 3 Biccio myuka eleKTpOHIB 3 TOUHICTIO, HE TIPIIOIO 3a +
0,2°. SIxmio mpu MPOXOPKEHHI IMyYKa Yepe3 TBOMIIIMETPOBUN OTBIp BHIPOMIHCHHS
BaBunoBa—UepeHkoBa He  CIOCTEpIra€ThCsi, MOXKHA  CTBEP/KYBaTH, IO
NOTIepEeYHUI PO3MIp €IEKTPOHHOTO MyYKa MEHIIINM 3a IiaMeTp 3p00JIEHOTO OTBOPY
1 B KOHKpPETHIN reomMeTpii nmpuiaay po301KHICTh MMydYKa eJIEKTPOHIB HE TIEPEBUIIYE
S mpas.

HanamTyBaHHS MOJOKEHHS MIIICHI TaKOX 31HCHIOBAJIOCS 3a JOMOMOTOIO
nazepHoro npomensi. Jlazep po3milryBaBcs 3a OTBOPOM KojiMaTopa, 4epes sIKUi
IIPOXOJUTH IMYyUYOK €JIEKTPOHIB, & 3aMICTh MIIIIEHI BCTAHOBIIIOBAJIOCS J3€PKAJIO IS
BIOMBAHHS MPOMEHS Y HANPSIMKY JETEKTOpa. 3a JOMOMOIO0 CUCTEMHU 00epTaHb
Ta TIEPEMIIICHb, SIKa PO3TJIAJanacs BHINE, JIOCATAIOCS TaKe IMOJOKCHHS MIIICHI,
Ipy SIKOMY JIa3epHUN TPOMIHB TPOEKTYBAaBCS Ha BXIiIHE BIKOHIIE JETEKTOpA.
[licng 3HATTS J3epKana BCTAHOBJIOBAJAcs MIMIEHb. 3a3HA4YUMO, W10 JUIA
OTPUMAaHHA JOCTOBIPHMX €KCHEPUMEHTAJIbHUX pE3yNbTaTiB BaXIUBY pOJb
BIZIIrparOTh po3MipH, opMa Ta CTaH KPUCTATIYHOI CTPYKTYpH MilleHi. 30Kpema,
BUKOPHCTAHHS TOBCTUX MIIIEHEH MNPU3BOAUTH OO0 IX CHJIBHOIO HarpiBy Ta
CYTTEBOTO caMomnorinHaHHs reHepoBanoro [IPB B 06’emi 3pasky. Tomy 3amexHO

BiJl MaTepianmy BuKopucTtoByBamucs mimeni 3 ToBmmHamu 30 — 300 MM, sKi €
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ONTUMAJIBHUMH JJI1 BIATOBIIHMX YMOB ekcnepumeHTy KpiMm Toro, orpumani
pe3ysbTaTH 3ajieXkaTh Bl TOrO, BUKOPUCTOBYIOTHCS MOHO- YM MOJIKPUCTAIIIUHI
3pa3Kky, a B OCTAHHBOMY BUTIAJKY, HasBHA YH BIJICYTHS TEKCTypa y 3pa3Kax.

3arajgpHe KepyBaHHS CKCIIEPUMEHTOM 3JIIHCHIOETHCS 3 OKPEMOi KiMHATH, J0
SAKOT MiABENEHO Kalemi, 10 3’€IHYIOTh TOJIOBHUN KOMIT'IOTEp 3 MpujajgaMu
YIIPaBIiHHS CHCTEMAaMH CKCIICPUMEHTAIBHOI YCTAaHOBKM Ta KOHTPOJIO 3a iX
ctanoM. lle m03BoJIsiE OnepaTUBHO BIACHIAKOBYBATH X1 €KCIEPUMEHTY, a y pasi
HEOOXIZTHOCTI — 3MIHIOBATH MOro pEeXUMHU; OTPUMYBATH EKCIEPUMEHTAJIbH1
pe3yabTatd 'y 1UGPOBOMY BHIJISAII Ta OOpOOJSATH iX 3a JOMOMOIOK TMaKeTy
CHEIiaTbHUX MTPOTpam.

Bim3Haunmo, 1Mo 3 MOMEHTY CTBOPEHHS CKCIIEPHUMCHTAJIbHA YCTaHOBKA
«Pentren 1»  MOCTIHHO  BJOCKOHAJIOBAaNacs, 30KpeMa, MOJCPHI3yBaIHCS
TOHIOMETp, BaKyyMHa CHCTEMa, 3aMIHIOBAJIMCS JETCKTOPHU Ha OUIBII JTOCKOHANI
tomo. Lle M03BONMMIIO CYTTEBO PO3MIMPUTH KOJO EKCIIEPUMEHTAIBHUX 3aj1ad,
pPO3B’S30K SAKUX € JIOCTYIHUM JUIsi LbOTO TpHIALy 1, 30KpeMa, BHUKOHATH
EKCIIEpUMEHTAIbHI JIOCTIDKEHHST TpeCcTaBleHol aucepramiinoi poboru. Ha
ChOTOJIHI eKCIIepUMEHTIBHUN KoMmIuiekc "Pentren 1" MonepHI3yeThCs IS
BUKOHAHHS JIOCHIJDKEHb CIIEKTPIB BUIIPOMIHIOBaHHS MillleHe B o0Jacti
BaKyyMHOT'0 yibTpadioseTy 1 M'SIKOro peHTreHiBchbkoro umpomineHHs (100 —
1000 eB), a Takoxx B 00J1acTi )KOPCTKOT'O PEHTreHIBCHKOro BUIpoMiHeHHs (10 —
100 keB). Ile  103BOMWUTH  BUKOHYBAaTH  JOCHIIKCHHS  T'€HEPOBAHOTO
MOJISIPU3AIIMHOTO PEHTTeHIBCHKOTO BHIIPOMIHEHHS Y HAHOCTPYKTYpPOBaHUX 1
amop(HHX cepenoBuIIax Ta nudparoBaHOTO BUMpOoMiHeHHS BaBunoBa-Uepenkona

y IIapyBaTUX CEPEIOBUILAX.
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2.3. MeTtoauka 30yMKeHHA Ta peecTpauili XapaKTepUCTHYHHX
. 1 2 3 . .
pentrenisenknx  Kay,, Kolb', Kal® Kol  cnexrpis enementis

13<Z <24 nupu eaexrponnomy GombapayBanHi

JlocmimkenHs iHTeHCUBHOCTI Ta cTpykTypu Ko—cnekrpis Al, Ti, V, Cr npu
€JIEKTPOHHOMY OoMOap/yBaHHI BHUKOHYBAJOCS 3 BHUKOPUCTAaHHSAM €JIEKTPOHHOT
rapmatu npunagy EMMA-2 ta MozaepHi3oBaHOr0 BperriBcbkoro CrneKkTpomeTpy.
30KkpeMa, peHTTeHIBChKi eMiciiiHi Ka—cnektpu Al npu enexkTpoHHOMY 30y/DKEeHH1
y naiamazoni npuckoprorounx nHampyr U = (4,5-100) kB Oymno 3a momomororo
BperriBcbkoro cnekrpomMeTpa 3 BUTHYTHUM 3a [oraHoM MOHOKPHUCTAJIOM KBapily
(1010) y nepmomy mopsaky Bin6usanHs. OcOONUBICTh CIEKTPOMETPA € TAKOIO,

10 IIOBHC (I)OKYCYBaHHSI 3a loranom BUKOHYETBHCA JIMIIC Yy JOCHTH BY3BKOMY

KyToBoMY niamazoHi AO(oj —a j )<1°. Ilporo mOCTaTHBO s MPAKTHYHO

. cee . 1
HECIOTBOpeHOT peectpauii auisuku crnektpy Koy, —Kol', ane ckanyBanus

OUTBIII TPOTSKHOTO CIHEKTPAJIBHOTO Jiala3oHy SK OAHIET IIISHKHA CTaE BXKe

HeMOXJIMBUM. ToMy Ko—crekrp Al, skuif MiCTUTH OKpIM JiarpaMHHUX JIHIA 1me #
rpynu caredniris carenitn Kol , Kal® Kol®, moginsscs Ha Tpu inTepBay:

(Kay, - Kal), (Kal' —Kal?) ta (Kol® —Kal®), B Mexax KOXHOTO 3 sKHX
32JIOBOJILHSJIMCS YMOBH TIOBHOTO (okycyBaHHs. JlJIS KOXXHOTO 3 IHTEpBAIiB
BU3HAYAIUCS KYTH MOBHOTO (okycyBaHHA 0, (aq—0y4), 04(0s—0g) T2 0,(0g—
Og), Kl BU3HAYalOTh LEHTPU (POKyCyBaHHsS IpU 3HOMII BIANOBIIHOI IUISHKHU.
Jnst xkoxxHOrOo Kyra 0, KpucTam-aHami3aTOp BUTHMHAaBCS 3a CBOIM pajilycom
kpuBmsan  R=1/siN0, (1=275 wmm). Cnextpu peecTpyBamucs B peXKUMI
TOKPOKOBOTO CKaHyBaHHs 3 KpokoM A0=(0,01 — 0,02)" mo Bimosizae Kpoky o
eneprii B obnacti Koy p—niniit AE=(0,19 — 0,38) eB ta B obuacri Kol® AE

=(0,23 — 0,46) eB. Yac HakONTMYCHHS IMITYJIbCIB y TOYIlI OYB Pi3HUM 3aJICKHO Bil
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iHTeHCHBHOCT] AimsHKY i cknagas T=(1 — 50) c. Ipu sifomui Kol cnexrpis Ti,
V, Cr BukopucToByBanucs kpucramu keapio (1010), (1011),(1120).

HeoOxigHo TakoX BIA3HAYMTH, 110 OyJO CYTTEBO YAOCKOHAJIEHO CHCTEMY
KEpyBaHHS €JEKTPOHHOIO TapMaTol0 3aB/SKH BBEJICHHIO y CXE€MY MIJBULIYIOYOTO
TpaHcopmMaTropa JOJATKOBOTO CTaOUII30BaHOrO0 TOAUIBHMKA Hampyru. lle
n03BosIMII0 B o0xacTi Hanpyr 4,5 <U <25 kB 3MiHIOBaTH IPUCKOPIOIOYY HAIpyry
3 kpokoMm 1 kB 1 miarpumyBatu ii 3 TounicTio 10 0,5%. Ilpu npomy cucrema
J0JIAaTKOBOTO  PETYJNIOBaHHS CTPYMIB IMEPIIOrO Ta JAPYroro KOHIEHCOPIB
3abe3reuyBajna jJiaMeTp 30HAa Ha MOBEpXHi 3paska j0 50 MKM Mpu MiJBUILCHIN
CTaOLTBPHOCTI CTPYMY DPO3KapeHHS KaToAy; THUCK y CHUCTEMi MiATPUMYBaBCS Ha

pismi 1,33322:10° — 1,066576-10° IMackans. [insuka Koy , —miniii B 06macTi
kKyTiB 0 Oins makcumymy Koy —ninii mis Al Ti, V, Cr peectpyBamacs 3
norjinHaueM, KOe(DIIIEHT TMOTJIMHAHHA  SKOTrO  Mia0WpaBcs TakKuM, 1100

IHTEHCUBHICTh Y MAKCUMYMI1 3MEHIITyBaIacs 10 10%imm/c, 1 peTenbHO BU3HAYABCS 3
BiHOCHOIO moxubOkoto 1o 0,5%. Ile m03BOdsAIO MIHIMIZYBaTH  BTpATH
IHTEHCHBHOCTI 32 paXyHOK ""MEpTBOr0 4acy' MpOMOPIIHHOTO UM CIUHTHIISAIIHHOTO
JIYUIBHUKA pa3oM 3 BianoBigaum ALIIT.

[Tpu momanbriii 00poOIll CIEKTPiB BBOJUIUCS HACTYITHI KOPEKIIii:

1. Kopekriiss Ha KyTOBY 3aJIe)KHICTh IHTETPaJbHOTO KoedilieHTa BiqOMBaHHS

KpHCTaja-aHajaizaTropa, siya y KiHeMaTHuHOMY HaOamkeHHi Mae Burisig [133,134]:

1+c0s220) "

Ka(9)= sin20

(2.2)
2.) Kopexkitis Ha KyTOBY JHCIEPCII0 CTIEKTPOMETPY MPHU MEPEXOi Bif] IIKAIH

KYTIB Y CIIEKTPAIBHOMY MAacUBi JI0 KA €HEPTii

4d?sin® 0

K.(0)=
(0) hc-cosO

(2.3)

ne h — crana [ranka, ¢ — MBUIKICTH CBITIIA Y BakyyMi, d — MKITIONTUHHA

BIJICTaHb JIJI TaHOTO CIMEHCTBA IJIONIMH KpUCTalla-aHaai3aTopa.
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BucnoBku po3ainy 2

1. Jlng BUKOHAHHS JOCIHIJKEHb CIIEKTPAIbHO-KYTOBUX Xapaktepuctuk 11PB
IPU PO3MOBCIO/IKEHHI BUCOKOEHEPreTUYHUX EJEKTPOHIB 3 eHepriero 7 MeB y
KpUCTalax Oyll0 CTBOPEHO EKCIEepHMEHTANbHY YyCTaHOBKY «PeHTreH 1», ska
no3BoJsie peectpyBat ¢hotoHu [1PB y nianaszoni enepriit 1 — 10 keB.

2. Jlns 3HWKeHHsA paalamifHoro (oHy Ta TOKpAaIEHHS BiJHOIICHHS
curHain/¢oH po3pobiieHo metonuky peectpailii [IPB y reomeTpii 3BOpOTHBOTO
pO3CioBaHHS, 30KpeMa, B 00aacTi KyTiB croctepesxenns 150 — 180 BizHOCHO
HampsSIMKYy pPO3MOBCIOKEHHSI €IEKTPOHHOTO myuka. lle mo3Bonmino 3abe3neunTtu
piBeHb curHainy 1 — 3% BijJ piBHS 3arajbHOro paaialifHoro (oHy, 10 AOCTATHHO
st JocToBipHOT peectpanii crnektpiB [IPB mpu BignmoBigHOMY BUOOpI yacy
HAKOIMMYEHHS Y KaHaJl peecTpartii.

3. BiamparboBaHO METOJMKY 30YyJDKEHHS Ta PEECTpallii XapaKTePUCTUIHHX
PEHTIE€HIBChKHX KOLLZ, Koal', Kol® crextpis enemenris 13<Z <24 mpu

OoombOapnyBaHHi enekTpoHamu 3 eHeprismu 4,5 — 100 keB. Jlns 3a0e3nedeHHS
PO3ILIBHOT 34aTHOCTI CIIEKTPOMETPIB, TIOCTATHBOI JJIA JOCTOBIpHOTO monaity Ko
CIIEKTPIB K HAa OKpeMi I'PYIH JIiHIA, [0 BIAMOBIIAIOTH Pi3HIN KPaTHOCTI 10HI3aIil
aTOMIB, TaK 1 Ha OKpeMi KOMIIOHCHTH Yy MeXax KOXHOI TpymH JIiHIH,
BUKOPHCTOBYBABCS XBWJIBOBHW CIIGKTPOMETP 3 KBapIOBUMH KpHUCTAJAMH-

aHaJi3aTopaMHu.
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PO3/ILJI 3. CHEKTPAJILHO-KYTOBI XAPAKTEPUCTUKH
MNAPAMETPUYHOI'O PEHTTEHIBCHKOT'O BUITPOMIHEHHS ¥V
KPUCTAJIAX IIPYU PI3BHUX YMOBAX F'EHEPALII TA TU®PAKIII

Y nma"HoMy po3aull  HaBEACHO PE3ydbTaTH JOCHIIKEHHS IapaMeTpiB
CHEKTpaJIbHOrO Ta KyTroBoro posmnoauviie [IPB  npu  po3noBcromkHHI
PENSTUBICTCHKUX €JIEKTPOHIB Yy PI3HUX TBEPAOTUIBHUX CEPEAOBHINAX. 30KpEMa,
TEOPETHYHO PO3MIITHYTO pPYX €JIEeKTPOHIB y TOHKHX IIapax pPEYOBUHU TIpH
3MEHIIIEHHI KyTa KOB3aHHS 1 3’SICOBAaHO XapaKTep 3MiH XapaKTEPUCTUK KOHYCY
[1PB 3a taknx ymoB. ExcriepuMeHTaIbHO BM3HAYEHO BiJHOCHI IHTEHCHBHOCTI Ta
mupuHn  psagy wMakcumymiB IIPB npu  nudpakuii Ha KkpucranorpapiaHUX
IUIONIMHAX MIKPOPO3MIPHUX KPHUCTANIB ajlMa3zy, JOCHIIKEHO 3aJieKHOCTI ITUX
napaMeTpiB Bl CEpeAHIX PO3MIpIB KPHUCTAIITIB. Y TeoMeTpii 3BOPOTHHOTO
poscitoBanHs  (kyT croctepexeHHs 180)  eKCIEPUMEHTANbHO BH3HAYCHO
opieHTaIliiH1 3ayekHOoCT1 iHTeHCHBHOCTI [IPB  1ipu po3moBcrokeHH1 €J1eKTPOHIB
y MOHOKPHCTAJIIYHOMY KPEMHIi Ta BUCOKOOPIEHTOBAHOMY IMIPOJIITUYHOMY T'padiTi.
3po0JieHO BHCHOBKHM IIOAO MOXJIMBOCTeH BukopucTaHHs [IPB sk momatkoBoro

METOJy 11arHOCTUKU CTPYKTYPHU KPUCTAIIB.

3.1. Oco6auBocTi  reHepamii  mapaMeTpMYHOr0  PEeHTreHiBCHLKOIO
BUIIPOMiHEHHSI TPH PO3NOBCIOIKEHHI PeJSATHBICTCBKUX €JEKTPOHIB Yy

TOHKOMY IIAPi pe4OBMHU

Y posmimi 1 Big3Hadamocs, IO BaxkJIMBOw ocoOnuBictio IIPB €
KBa3IMOHOXPOMATHYHHUIA CIIEKTP 3 BIIHOCHO BHUCOKOIO CIIEKTPaIbHOIO T'yCTUHOIO
MPU JOCHUTh HU3BKUX CHEPrisiX YaCTHHOK, SKI BUIPOMIHIOITH (y JaHii padoTi -
eNEeKTPOHIB 3 eHeprisimu 7 MeB), mo no3Bomnsie posrasaatu [1PB sk nmepcnexktuBHe
JDKepeNIo  peHTreHiBcbkoro BumpoMmineHHs [135,136]. Opnak, npu 1pOMY
HenonikoM [IPB € nocuTh HU3bKAa KyTOBa I'yCTHHA BUIIPOMIHEHHS 4Yepe3 3HAUHHUI

KYT PO3TBOPY KOHYCY BUIIPOMIHEHHS. ToMYy JiIsi CTBOPEHHS JIXKEpe IHTEHCUBHOTO
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[1PB, npuaaTHUX 10 IPaKTUYHOT'O BUKOPUCTAHHS, TMEPII 332 BCE HEOOXIAHO 3HANTH
croci0 30utbimeHHss KyroBoi ryctuHu I1PB. ¥V pobotax [137-139] mist po3s’si3ky
Takoi 3ajgayl OyJo 3almpONOHOBAHO BHKOPHCTATH T'€OMETPIIO KOB3AHOYOI0 PYyXy
3apAJKEHOI  YACTMHKM  BIAHOCHO  TOBEpXHI  MilleHl, 10 3abe3neuye
Tpanchopmanito koHycy I[IPB 3a paxyHok 30UIbIIEHHS MJOBXHWHHU, 3 SIKOi
BUINIPOMIiHIOIOTECS  QoTtoHu [IPB mnpu pyci yactunku. BaxmuBo, mo mpu
KOB3aI0UOMY PYCl KyT pO3TBOPY KOHYyCa CYTTE€BO 3MEHIIYETHCS, BIATAK, TYCTHHA
[IPB moBuHHa mnomiTHO 3pocTaTu. OOHaK, y BKa3zaHHUX poOOTaxX po3risjanacs
MOJIeNIb HaMIBHECKIHYEHHOI MilleHl (TOBIIMHA MIIIeH] OUIbIIa 3a XapakTepHY
noBxkuHY ¢oTomnorauHaHHs). Hemonmikom 1poro migxoay € OaraTokparHe
PO3CIIOBaHHS €JIEKTPOHIB y HAMIBHECKIHUYEHHIN MilIeH], SIKE CYMPOBOIKYETHCS
3MIHOIO HAmNpsAMKIB pyXy YacTHHKH, 30KpeMa, iX ICTOTHUM BIIXHJICHHSM BIJ
KOB3aouoro HampsiMky. OueBHUAHO, Takud pyx Oylde CYIpOBOIKYBATHCS
po3mutTsiM kKoHycy [IPB i mocnabieHHsIM 09iKyeMOTO €eKTy 3pOCTaHHS KyTOBO1
ryctunu [1PB.

VY mpencraBneHid aucepTarliiiHiii poOOTI 3aMpONOHOBAHO 1HIMMN MiAX1A JJIs
3abe3neueHHss TpaHchopmanii konycy IIPB. A came, posrasgaerscs pyx
€JIEKTPOHA y MIlIEHI, fAKa sBJIsg€ CO0OI0 TOHKUHM map pedoBuHU. Lle mo3Bosse
CYTTEBO 3MCHIIIMTH BILIMB 0AraTOKpAaTHOTO PO3CIFOBAHHS €JICKTPOHIB 1, KpIM TOTO,
B3arajli IoM’SIKIIye YMOBY pPO3IJISIAY PyXy €JNEKTpOHa Mil MajuM KyTOM [0

MTOBEPXHI.

3.1.1. Po3paxyHOK aMILUITyId MapaMeTPUYHOI0 PEHTreHiBCbKOro

BHUIIPOMiHEHHSI Y TOHKOMY 3pa3Ky

PosrnsiHemMo B3aemMoAil0 €JEKTpOHA 3 IIapOM PEYOBUHU TOBIIMHOIO L.
Enexkrpon pyxaerscs 31 mBuakictio V ; & —KyT KOB3aHHS O BiJHOUIEHHIO O
IUTOLWHY [OBEPXHi, O — KyT BigOOpy BHIPOMIHEHHS BiXHOCHO HOpMaii €, ; opT

N 3amae HampsAMOK BinGopy BuUIpoMiHeHHs 10 aerekropa (puc. 3.1). Bymemo
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BUKOPUCTOBYBaTH 3aranbHuil minxin [140], skuit 3aCTOCOBYETBCS I PO3PaXyHKY
XapaKTePUCTHK BUIPOMIHIOBAHHS PENISTUBICTCHKHX 3apsPKEHUX 4YacTHHOK (Y
>>1). KpiM TOoro, BpaxyeMo CTBOPEHHS MEPEXITHOI0 BUIPOMIHEHHS], IKE BUHHKAE,
KOJIM 3apsiKeHa YaCTUHKA MPOXOJUTHh YE€pe3 MEXY PO3JIUTy PEYOBUH 3 PI3ZHOIO
TIETCKTPUIHOIO MPOHUKHICTIO [141], a Takok mepeBiIOMBaHHS BUIIPOMIHECHHS BiJ

rpaHumIli po3ainy cepenoBuii. [Ipu po3paxyHkax mpuiimaemo C=h=m, =1.

»

[

Puc. 3.1. Cxema pyxy enextpona ta Buxoay [IPB (mosicHenns y Tekcri).

[IpencraBumMo HAMPY>KEHICTh EJIEKTPUYHOTO TOJS, IO TE€HEPYETHCS

PEIATUBICTCHKUM €JIEKTPOHOM, Y BUTJISAII IHTETpalibHOTO po3kiany dyp'e
=) — E ikr—ot
E(T1) = | dodkE, e (3.1)

3 HaCTymHUMHU Dyp'e-KOMIIOHEHTaMH, 1110 BIAMOBIIAIOTH AUISHKaM nipoctopy I, 11,

II:

L ioe S(w—kV) ([~
Ei)k_an k? — o’ [V_

Ez}a'ks(kl— oaz—kz) (3.2a)
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L, ioe 8(o-KV) (= ~kV ) - - - : :
Bl =y |V K +bk|8(kL— /ms—kLl)+Ck"8(kl— [ie—Kk?) (3.26)

—m o S(o—KV) (- -kV) -
Ell = 032 (—-kV) [\ _gkV +dk6(kl— ooz—kz), (3.28)
o o kz —(02 (DZ [ I

ne a’ku, ka, C, i dk|| — HEBIJJOMi MHOXHUKH, IIO BiJNOBiJaIOTh IIOJIO

I
BUIIPOMIHIOBAHHS, € — 3apAJ]l eJleKTpoHa. i MHOKHUKM OOYHCIIOIOTHCS 3 YMOBH
PIBHOCTI TaHT€HUIMHUX CKJIAJJOBUX HAMPYKEHOCT1 €JIEKTPUUYHOrO MO y PIZHUX

cepefoBuIlax. Y MaHId 3a7adl XapakTEpUCTUKHU ToJisl B oOnacti | BuU3Hauae

MHOXHUK aku’ Y nojanbmioMy 3py4HO PO3KJIACTH BEKTOpP HAIpPY>KEHOCTI

€JIEKTPUYHOTO TIONS 3a JBOMAa BEKTOpaMH mospu3arii € z[k” ,6 l] / K Ta

6, =[e k]/k:

B 2 N 2
Eco,k = Zéx (éx Ea),k) = Zéx Ex,w,k : (3.3)

Ilepexin Bin @yp’e-kommonenT E,, 10 aMIUITyaM BUIIPOMIHEHHS BHKOHYEThCH

yepe3 IHTEHpyBaHHA A = I Ew,kdﬁe”&. Ammityny [IPB  Busznaunmo depes

—

nonsipusauiiini komnonentu: A= €4 + €,4, . Ocrauni 0GUUCIIOIOTHCS

MeToJIoM cramioHapHoi ¢asu [142] i y naHiii TeomMeTpii HAOyBarOTh HACTYITHOTO

BUTJISY:

(3.4)




7

A = e eV N, y
A A GG

| | (3.5)

(B(n2 + pz)—sp)(gn —[3)(1—e'9+)+([3(n"2 + p2)+gp)(sn +B)(1-¢)

(B—n,) e —(B+n,) e
Q, = $—L(1—ﬁ” J £V, n? +x(03)) (3.6)
1-fV . N :

ae B=, / ni + % (®) p= v , X(@) — AICJICKTpUYHA  CIIPHUHMHATIMUBICTH

PCYOBHUHU. TO}Ii CHGKTpaHBHO-KYTOBI/Iﬁ pOBl’IO,HiH BI/IHpOMiHeHHH BU3HAYA€THCA K

d2N
deodQ

=[A +|A (3.7)

Bigznaunmo, 1110 11 MPaKTHYHUX PO3PaxyHKIB y criBBigHOICHHSX (3.4) —

(3.6) 3py4HO nIeperTH BiJ BEKTOPHUX BEIUYUH 0 KYTOBUX 3MIHHHUX:

V=€V sin(g) +&\V cos(&) , V=8V cos(&)
n= &, cos(0) + &, sin(O) cos(yp) + €, sin(0) sin(yp) (3.8)

f,= €, sin(6) cos(p) + €, sin(0)sin(o)

3.1.2. lapameTpu KOHYCY NapaMeTpUuIHOr 0 PEHTreHiBCHKOI0

BHUIIPOMiHEHHSI Y TOHKOMY 3pa3Ky

Otpumani cmiBBigHomeHHs (3.4) ta (3.5) nis monspu3aniiHuX KOMIIOHEHTIB

aMIUTITYZ] JO3BOJIAIOTh BU3HAuUWTH Xxapakrtepuctuku [IPB sk mnpu BritanHi

enextpona y peuosuny (V, < 0), Tak i npu Bmwiwoti (V, > 0). IIpoananizyemo wi
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CHIBBIIHOUIEHHS BIJMOBIJHO J0 LKX JABOX BUMAJKIB. Y MOAAIBLUIOMY 3HAK «1+» y
J0JJaHKaxX Ta 1HJEKcaX BEJIMYUH BIANOBIATUME PEXUMY BIITAHHS €JIEKTPOHY Y
PEYOBHHY, & «-» — BUJIBOTY.

[lepm 3a Bce, BIA3HAUYMMO, IO MPH 3MEHIIEHHI TOBIIMHM MimeHi L—0
Gynkuii Q, —0, MHOXHHKH (1-e"*)—0 , omxe, ammityna IIPB Takox npsamye
no Hyns. BinmosigHo, mpu L—00  cmiBBigHomeHHs (3.4) —(3.6) HaOyBaroTh
BUTIIAY, OTpUMaHOMY Yy poOoti [138] mis HamiBHecKiHUeHHOT MilreHi. B3araini,

sk BUJIHO 3 (3.4) — (3.6), ymoBoto renepaiiii [IPB € BukoHaHHS CIIBBIHOIICHbD:

p+p=0 (3.92)

p—Pp=0 (3.96)

npudomMy ymoBa (3.9a) BinoBigae BIITAHHIO €JIEKTPOHA Yy IIap PEYOBUHH, 2 YMOBa

(3.96) — BuiboOTy 3 pedoBuHHU. BinTak, y mepmiomy Bumanky amiurityna [1PB
BU3HAYAETHCS MHOKHUKOM (1—e'™), a y Apyromy BHNaaKy — MHOKHUKOM (1—e'™
). Bigznaunmo, 1o iHTepdepeHiiai ehekTu npu poscitoBaHHi Ta reHepaitii [IPB
Ta MMOBEPXHSAX LIap1B PEUOBUHU BPaXOBYIOThCS QyHKIIAMU (. .

Po3p’s3yroun piBHsHHS (3.9a), (3.90) 3 ypaxyBaHHSM HaBEJCHUX BHIIIC

BUPA3iB I BEJIMUYUH P Ta [3, MOXKHA OTpUMAaTH BHpa3, KW BHU3HAYAE KYTOBE

noJioxkeHHs MmakcumymiB [1PB:

cos(6%) = (CO\S/@ +5in(e) /8(03) _ \%) | (3.10)

ne e(w)=1+y(w). 3 piBusans (3.10) BuuMBae, MO MPU MaIMX KyTax & Ta

: +
PCIATUBICTCBKUX IMBHAKOCTAX CJICKTPOHA KYT 0 BHU3HAYA€TBCA APYTIUM

JIOJJAHKOM 1 TOJi 3MEHHICHHS KyTa & CYNPOBOIUKYETHCS 3MEHIICHHSM COS(0%),

. t +
omKe, 30utbmIeHHsM Kyrta 0. Sk BuaHo 3 puc. 3.1, 3pocraHHs Kyra O
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BiZIoOpakye 3MEHIIEHHSI KyTa po3TBOpy KoHycy IIPB ¢ =&—0" +7n/2. Takum
YUHOM, MPHU PYCI €JIEKTPOHA y IIapl PEUOBHHH CIIOCTEPIraeThCs 3MEHIICHHS KyTa
po3tBOpy KoHycy IIPB npu 3MeHIlIeHH1 KyTa KOB3aHHS €JIEKTPOHA IO BIAHOIICHHI
710 TJIOIIMHU MTOBEPXHI.

JIJist MOBHOTH aHaii3y 3MiH XapakTepucTuk KoHycy [IPB HeoOxigHO Takox
BU3HAYUTH KyTOBHUI po3nonai iHTeHcUBHOCTI [IPB npu pi3HUX KyTax KOB3aHHS Ta
€JIEKTPOHIB, WIO0 PO3MOBCIOKYIOTBCS Yy TOHKOMY IIapl pEYOBUHH. Takwuii
pO3paxyHOK OyJio BUKOHAHO Jyisi KapOoHOBOi MimieH1 ToBmuHOKW L =300 HM npu
eneprii enextpoHiB 10 MeB Ta eneprii ¢otonis [IPB 0,284 xeB (y =0,011) sk
JUISL BUNIQAKY BJIITAHHS €JEKTPOHA, TakK 1 MpH HOro BMIBLOTI 13 pedoBHHH. byio
BUKOPHCTAHO criBBigHOIICHHS (3.7) 3 BignoBiguumu 3naucHusME 11 (3.4) — (3.6)

IJIs TIOJISIpU3alIfHAX KOMIOHEHTIB A | Ta A, ~ammutyau. Ha puc. 3.2 HaBeneHo

pe3yibTaTi po3paxyHKy kyTtooro posmnoniny IIPB. 3okpema, nHa puc. 3.2a mis
BUIIAJKY BHJIBOTY CJICKTPOHA IPEJCTABICHO OOYHMCIICHY 3aJICKHICTh BEITHMYHHH
d?N /dwdQ Bin KyTa kos3amHs: 1 — £=0,22 (12,6); 2 — £=0,11(6,3); 3 -
€=0,017 (0,950). Ha puc. 3.20 aHaymoriuyHa 3ajie)KHICTh HaBEJCHA I BHITAJIKY
BiiTaHHs enekTpoHa: 1 — £=0,06 (3,47); 2 — £=0,04(2,21); 3- £=0,017
(0,95). Ha rpadikax BkasaHa TiNmbKa OJHA TiIKa KOHYCY, Apyra TiIKa €
CUMETPUYHOIO BITHOCHO HAIpPSIMKY pPYXy €JeKTpoHa (HYJIbOBHM KYyT Ha OCi
abcmuc). 3 rpadikiB, HaBeJEHUX Ha pHC. 3.2, MOKHA 3pOOUTH HACTYITHI BUCHOBKU
1) KyToBa I'yCTHHA Y MAKCUMYyMI PO3MO/ILIY MPU BHILOTI €IECKTPOHA OLIBII HIXK Ha
MOPSAJIOK TIEPEBUINYE KYTOBY TYCTUHY TpPH BJIITaHHI €JIEKTPOHA, IO 3yMOBIIEHO
iHTepdepeniicro reaepopanoro [IPB mpu uwacTtkoBoMy BimOuWBaHHIM Bim Apyroi
MOBEPXHI TOHKOTO IIApy PEYOBHUHM; 2) SK MPHU BIITaHHI, TaK 1 MPU BUIBOTI
CJIEKTPOHA 3MEHINEHHS KyTa KOB3aHHS CYIPOBOJDKYETHCS 3MEHIICHHSIM KyTa
pPO3TBOPY KOHYCY Ta 3pocTaHHsM KyTtoBoi ryctunu I[IPB; 3) mpu 3poctanHi
TOBIIMHU MIIIEH] BiIOYBAETHCA PO3ZMUTTSA TOCTpUX MakcuMyMiB (3) Ha puc. 3.2,

[0 3YMOBJICHO 3POCTAHHSIM BHECKY 0araTOKpaTHOTO PO3CIFOBAHHS E€JICKTPOHA 1
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MOpPYLIEHHSIM yMOB MakcuMmyMiB iHTep¢epenuii [IPB npu ioro BinOuBaHHI Bij

napajeibHUX MOBEPXOHb 3pPa3Ky.

(a) 0.03 - (6)

o 04r
N
5
S 03
3 0.02 ¢
3
z 02
Q
S
< 3 0.01 - ;
0.1+ -
2|2 2: ’
o / L / 1
0 ! e | 0 | ]
0.2 0.1 0 0.1 0.2 =010  —=0.05 0 0.05 0.10
T . T .
&—0+E,paﬂlaﬁ &—6+§,pamaH

Puc. 3.2. KyroBuii po3noain [IPB sik ¢yHKIIISI KyTOBOrO po3TBOPY KOHYCY

IpH BUJIBOTI (@) Ta BiriTaHH1 (0) €JIEKTPOHA Yy IIap PEUOBUHU (TIOSICHEHHS Y TEKCTI).

OtpumaHi pe3yJlbTaTH BKa3yIOTh Ha MOXJIUBICTH TpaHchopMallii KOHYCY
ITPB npu KoB3ar04oMy pycCi €JIEKTPOHIB ITydKa y TOHKIM MIIICH1, MPUYOMY TaKUi
crioci0 TpaHchopmaliii € OuTbn epeKTMBHUM, a HDK TpaHchopmalliss IpH
KOB3alOUOMYy pyci y HamiBHecKiHueHHIH wimeni [137,138]. Kpim Toro,
BUKOPHUCTAaHHS TOHKOI MIllIEHI TMPUHIIUIIOBO JIO3BOJISIE  BHUKOPHCTOBYBATH
TpancpopMoBanuii (3ByxkeHuit) konyc [IPB sk mpu BimiTaHHi y pedyoBHHY, TaK 1
npu BUIbOTI (AuB. puc. 3.2a). Jlug mporo JOCTaTHbO BHKOPHUCTOBYBATH TOHKI
MillleH1 TOBIIMHOIO mopsaka 100 HM, HaHECEHI Ha TIAAKy MMAKIAAUHKY. Y TaKuX
MileHs X Oyze 3MiiCHIOBATUCS SIK 3BYKeHHsI1 koHycy [IPB, Tak i #ioro mudpaxiis
Ha  aroMHuUX  [iomuHaX. OUeBHIHO, TMPU  HASIBHOCTI  MIIKIATAHKH
EKCIIEpUMEHTATFHO MOXKe OyTm pearnizoBaHow peectpaiiis [IPB tinmbku 3 Goky
BUTRHOT TIOBEPXHI TOHKOTO 3pa3ka, mo BiamoBigae maudpaxiii konyca [IPB mpu

BIIiITaHHI eNeKTPOoHIB (puc.3.20).
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TakuM YMHOM, TEOPETUYHO BCTAHOBJIEHA MOXJIMBICTH 3BY)KEHHS KOHYCY
I1PB Ta 3poctanHns kyToBoi ryctunu [IPB npu BiiTaHH1 Ta BUIBOTI €JIEKTPOHHOTO
Mydyka y TOHKY MIIIEHb NpPU 3MEHUIEHHI KyTa KOB3aHHS €JIEKTPOHIB Iy4yKa
BITHOCHO MOBepXHi MimieHi. Edekr Moxe OyTH BUKOPUCTaHHUM Il CTBOPEHHS

«CaMOMIATPUMYIOUHMX» MIIIEHEH 3 aKkTUBHUM (popMyBaHHsIM KoHycB [IPB.

3.2. XapaKTepUCTHKH napaMeTpu4HOro PEHTIeHiBCbKOI 0
BUIIPOMiHEHHSI TNPH PO3MOBCIOKEHHI PEISTHUBICTCBKUX €JEeKTPOHIB Yy

NMOPOIIKAX MiKPOPO3MIPHMX YACTHHOK aJIMa3y

IIpu posrasai BnactuBoctei [IPB panimie Bim3nauanocs (muB. 1. 1.3), 1o
CIEKTPAIBbHO-KYTOBUH  PO3MOJAII  TAKOrO BUIIPOMIHCHHS BH3HAYAETHCH 5K
napaMeTpaMy IydKa 3apsJDKEHUX YaCTHHOK Ta TEOMETPIEI0 CIIOCTEPSKCHHS, TaK 1
XapaKTepUCTUKAMU 3pa3Ka, a caMe, TUIIOM 1 IapaMeTpaMu KpUCTaIidHOl TpaTKH, il
CTPYKTYPHOIO JIOCKOHAJIICTIO, a TaKOXX pO3MipaMH 1 OpieHTaIli€r0o  OJIOKIB
korepeHTHoro poscitoBanHs (BKP). ¥V 3B’sa3ky 3 1muM iCHye NPHUHIMIIOBA
MOKJUBICTh BUKOpucTaHHs [IPB nmns nmiarHocTHku 0cOOMMBOCTEH KpHUCTaIldyHOT
CTPYKTYpU TBEPAUX TUI, sika O JOMOBHIOBaNA METOAM AUGPAKIli PEHTIeHIBChKUX
npoMmeHiB. Tak, Oylo IOKa3aHO, IO CIEKTPaIbHO-KyTOBUM po3mnoain IIPB
YyTIWBHUI 710 TIepeBakHOr0 ynopsakyBanHs BKP (tekctypu) monikpuctaniB Cu ta
smenireHHss BKP Ni Bixm mikpo- mo nHanoposmipiB (300 um) [143,144]. Opnak,
KibKicHI 3anexkHocTi napametpiB [IPB Bin po3mipiB BKP excnepumenTansHo He
nochipKkyBanuca. Tomy y Oyl0 BHKOHAHO EKCHEPUMEHTAIBHE JOCTIIKCHHS
cnekTpanbHO-KyTOBUX xapaktepucTuk [IPB mpu posmoBcromkeHHI Tmydka
CJIEKTPOHIB 3 eHepricro 7 MeB y MOPOIIKOBHX 3pa3kax anMa3y 3 pi3HUMH
po3MipaMu MIKpOKPHUCTAITIB.

JInsi BUKOHAHHS EKCHEPUMEHTY OyJo Jemo MOJIU(PIKOBAHO CXEMY
CKCIIEPUMEHTAIBHOTO  KOMILIeKCYy «PeHtren 1» (puc. 2.1) BiamoBigHO 10
0COONMMBOCTEN BUKOPHCTAaHUX 3pa3KiB — IMOPOIIKIB anmasy. 30Kpema, i

30UTBIIIEHHS] KUTbKOCT1 MIKPOKPHUCTAIIB MOPOIIKOBOTO 3pa3Ky, B IKUX T€HEPYETHCS
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[IPB, wmar"iToonTMyHa cucteMa Oylla HaJallTOBaHA TaKUM YUHOM, 1100
3a0e3neuyBaBcsi MAaKCUMaJIbHO MOXJIMBHM JlaMeTp eNeKTpoHHoro myuka (mo 10
MM), SIKMM TPOHM3YyBaB MOPOIIKOBHHA 3pa3ok (puc. 3.3). Po30DKHICTE myudka
BipTyanbHHX (DOTOHIB 33 YMOB EKCIIEPHMEHTY CKIajana 8 , TOi K PO3ODKHICTH
€JIEKTPOHHOTO TMy4yka Oyja Mailke Ha TMOpAIOK MEHIIOIO. Ak wmimeni
BUKOPHUCTOBYBAJIUCS ajJMa3HI MOPOIIKH 3 PI3HUM CEPEJIHIM JiaMeTpoM 3epeH: a)

d=(0,3+0,1) mxm; 6) d = (6 £ 1) mxm; B) d = (42 £ 7) mxMm. KoskeH 3 opoIIKiB

Puc. 3.3. Cxema ycranoBku «Pentren 1», MoaudikoBaHoi IjIs JOCITIIKSHHS
MOPOIITKOBUX CHCTEM: 1 — KBaJApyINoONbHI JIH3HU; 2 — KOPPEKTOP; 3 — MOBOPOTHBIN
MarHut; 4 —3axuct; 5 — JIeTeKTop; 6 — KoJiMaTopu; 8 — MpONOpLiHHUN
miynnbHUK; 9 — wmimens; 10 —roniomerp; 11 —kaHam pyxy enexTpoHiB; 12 —

pEHTTeHIBChKa TpyOKa; 13 — kamepa MilIeHi.

OyB pIBHOMIPHO PO3MOAUICHUI Ha MainapoBid rmaiBmi po3mipom (10x24) MM Ta
TOBIIMHOK 40 MkM. ToBmmHaA mapy nopomky ckiaagana 200 MM, HDOPOILIKH
oOpoOsIINCS  IIaHAKPUJIOBUM  KJIGEM JIO YTBOPEHHS MinHOTO 1Mmapy. Jlus
30UTBIIICHHST TTOBEPXHI B3a€EMOJIT KYT MK HOPMAJUTIO JIO TOBEpPXHI 3pa3ka Ta

BEKTOPOM IIBHJKOCTI €NeKTpoHiB mydka ckmanaB 40 . Peecrpamis I[IPB mo
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BITHOIICHHIO 10 HANpPSMKY €EJIEKTPOHHOIO Ny4yKa 3J1ACHIOBajacs Mil KyTOM

0=151". SIx ®xe Big3Hayanocs, BUOIp 3BOPOTHOI TeoMeTpii peecTparlii
3yMOBIICHHH THM, 1110 IIpH HaGmkeHHI KyTa O 10 180, mo-mepiie, 3MEHIIYEThCS
mupuna mikiB [IPB, mno-gpyre, 3pocrae inTeHcuBHicTh TikiB [IPB  Bifg
KpUcTanorpa@iyHuX MIOMIMH 3 MAJIUMHU 1HAeKcaMu Muinepa, Hanpuknan, (111) Ta
(220), m0 CYTTEBO MOKpAILy€ BIHOIICHHS CUTHAN/(QOH I TaKUX MAKCUMYMIB
[145]. ExcnepumenTtanbhi mapamerpu mikiB [IPB, siki BimnmoBimaroTe audpaxirii
BipTyanbHUX (oToHIB Ha TwiomuHax (111) u (220) anmmalzy, mopiBHIOBaIHUCS 3
nudparoBaHUM PEHTICHIBCHKUM BUMpoMineHHsM TpyOku ([IPBT) Bim BkazaHuX
TUIOIIHMH, OTPUMAaHUM 3 BUKOPHCTAHHSM PEHTTCHIBCHKOTO BHUIIPOMIHEHHS TPYOKH
Oxford apogee 5000 W. Hanpyra Ta cuma ctpymy ckianain 25 keB ta 200 MA
BIJIMOBIZHO, TEOMETPIsi PEHTIeHIBChKOI nudpakiiii 30epiragacs Takow XK, 5K 1y
sunaaxy [1PB.

Tunosi cnextpu [IPB, oTpumani mnpu pO3MOBCIOKEHHI €JIEKTPOHHOTO
nydyka 3 eHepriero 7 MeB y 3pa3kax ajmasy 3 PI3HHUM CepeHIM pPO3MIpoM
KpHUCTAJIITIB, HaBeJeHO Ha puc. 3.4 (BepxHii psx). Tam ke mpeacTaBieHi CIIEKTPU
JIPBT nHa nux xe 3paszkax (puc. 3.4, HikHii psg). Ha cymineHOMY (OHI TOMITHO
BunUIsAoThC Tk [IPB, yTtBopeni mpu nmudpakiii BipTyaabHUX (POTOHIB Ha
kpucrtanmorpadigaux rromuaax (111) ta (220). Exeprii Takux mikiB — 3,116 xeB
ta 5,089 keB, 3 TouHicTIO 10 1% 30iraloThcsi 3 TEOPETUYHUM PO3PAXYHKOM Yy
KIHEMaTHYHOMY HaOJIMKEHHI JIJIs1 BKa3aHO1 €Heprii eJIEKTPOHIB Iy4YKa Ta TeOMeTpii
siiomku [146].

Ax BugHO 3 puc. 3.4, BigHOCHA mMOXMOKa BW3HAYCHHS I1HTETPATbHHUX
iHTeHcuBHOCTEH MakcumymiB [IPB Bin mmomun (111) ta (220) He nepeBuiye 5%.
Tomy MoOXXHA TPUAHATH, IO BiAHOCHA MOXHWOKA BHU3HAYCHHS BIITHONIEHHS TaKUX

interpanpaux intencusHocteir N(111)/N(220) cknamae 8 —10%. 3ayBaxxumo,

mo crnektpu [IPB  MicTaTh XapakTepUCTHUHI PEHTIeHIBCHKI JIiHII aTOMIB

€IeMEHTIB, SIKIi  BXOJMSTH JIO CKIAAY 3pa3KiB SIK HEKOHTPOJIbOBAHI JJOMIIIIKH.
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Puc. 3.4. Cnextpu I[IPB Ta peHTreHiBchkoi audpakiiii Ha MOPOITKOBUX

3pa3kax aaMasy 3 Pi3HUMH CEepeJaHIMHU PO3MipaMH MIKPOKPHUCTAIIB.

Ha pwuc.3.5 npencraBneHo 3Ha4YeHHsS  BIIHOIIEHb  IHTETPabHUX
iHTeHcuBHOCTeN MakcumyMiB IIPB Bim mmomun (111) ta (220) mns 3paskiB 3
pI3HUMHU po3MmipamMu 3epeH. SIK BHIHO, BITHOIICHHS  IHTCHCUBHOCTEH ITMX
MaKCUMyMIiB  HaWOUIbIle y BUMAJAKY 3pa3KiB 3 HAWMEHIIUMHU pO3MipaMu
kpuctanitiB  d =0,3 mxkm. Ilpu 3pocTaHHi pO3MIpiB KPUCTATITIB BiIHOIICHHS
N(111)/N(220) cnamae Oinpln HiX y 2 pasu. Bimsnaummo, mo HaiGinsima
qyTIMBICTh BeIWYMHU 10 po3MipiB BKP mpossiserbes B obmacti d =0,3 —
6,0 MKM, a TIpHW MOAANBIIOMY 3POCTaHHI PO3MIpPIB €()EKT CTA€ MEHII TOMITHHM.
Jlisi TOpiBHSIHHS Ha IIbOMY K PHUCYHKY HAaBEJCHO 3aJICKHICTh BITHOCHOT
intencusrocti N (111)/ N(220) makcumymis JIPBT. Sk i ouwikyBamocs, Take

BIIHOILIICHHSI IPAKTUYHO HE BUSBIISAE 3aJ€KHOCTI Bi po3mipiB BKP, 1o Bignosinae
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AK KIHEMAaTH4YHIM, TaKk 1 JUHAMIYHIA Teopii peHTreHIBCbKO1 audpakuii. Takum
YUHOM, BCTAHOBJIEHO, IO TMpPH HPOXOJKEHHI Iy4YKa BHCOKOEHEPIeTHUYHHUX
€JEKTPOHIB Yy TMOJIKpPUCTAJaX BIAHOIICHHS IHTEHCUBHOCTEH MaKCHMYMIB
reHepoBanoro IIPB no3Bomnsie omintoBatu cepenni po3mipu BKP. BaxiupicTh
OO pe3yJIbTaTy 3yMOBJIEHA TUM, 1110 reHepailis [IPB BinOyBaeTbcst mpakTUUHO B
ycboMy 00'eMi 3pa3ka, Ha BiaMiHy Bix JAPBT, nns sikoro ToBuiuHa mapy nudpakiii

00OMEKY€EThCSI EKCTUHKIIIITHOIO T0BKUHOIO.

5_ l ' ' '
5] +
24 i
Mo
5 ]
o3 1
~
2o 4. TOPB .
Rk -
=17 I
| —_—.— —.- I[PBT
0] —

Po3mip 3epHa, MKkm

Puc. 3.5. 3anexHicTs BiqHOCHOI iHTeHCUBHOCTI MakcuMyMiB [IPB Ta JIPBT

BiJl pO3MIipiB 3€peH aaMasy.

Amnaniz renepoBanoro [IPB no3Bonse omiHtoBat cepeani po3mipu  BKP.
BaxxnuBicTh 1IbOTO pe3ynabTaTy 3yMOBIeHa THM, 1110 TeHepaiis [IPB BigOyBaeTbcs
MPAKTUYHO B yChboMy 00'eMi 3paska, Ha BigMminy Bim JIPBT, nns sikoro ToBmmHa
mapy audpaxiiii 0OMeKyEThCSI EKCTUHITIMHOIO IOBXKUHOIO.

Oxpim BigHOCHOI iHTeHCHUBHOCTI (111) Ta (220) makcumymis [1PB ta JIPBT

OyJn0 BHU3HAUYEHO iX [IMPUHY Ha T[OJOBHHI MAKCHMAJIBHOTO 3HAYEHHS
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iHTeHcuBHocTi (FWHM — full width at half maximum). Ili nani npencraBiaeHo y
tabn. 3.1. 3 Tabauui BUIUIMBAE, MO 3alexHICT, napamerpy FWHM Bin po3smipy
KpUCTANITIB HE crocTtepiraetbes, Ha BiaMiHy Bin JIPBT, ne y BiamoBimHOCTI 3
piBasHHAM [lleppepa 3MeHIIEHHS AiaMeTpy 3epHa CYMPOBOKYETHCS 3POCTAHHSIM
Beymunan FWHM. Binznaunmo, 1mo mms 3paskiB 3 aiameTpom 3epeH d = 42 MkM
MakcumyM [IPB (111) He cnocTepirascs, o Moke OyTH 3yMOBJIEHO OCOOJIUBICTIO

(OoTONOrIMHAHHS y TaAKUX 3pa3Kax.

Tabruysa 3.1

[Tapamerp FWHM wmakcumymis (111) Ta (220) IIPB 1 JIPBT nns 3pa3kis

anmMasy 3 pi3HUM J1aMETPOM 3epeH

Po3mip 3epHa, FWHM, eB
MKM I1PB JIPBT I1PB JIPBT
(111) (111) (220) (220)
0,3 +0,1 216 + 12 127 £8 291 +93 146 £9
6+1 211 £ 11 116 +4 252 + 32 135 +4
42+ 7 218 £ 16 — 281 +40 130 +4

Heo0ximHO BIA3HAYMTH, IO BIAOMI Yy JIiTepaTypi BUpa3H sl CIEKTPaIbHO-
KyTOBOTO po3moainy iHTeHcuBHOCTI IIPB mpu po3moBcroKeHHI €JIeKTPOHHOTO
nydKa y TMOJIKPUCTAIIYHUX CEPEIOBHINAX Yy KIHEMAaTHYHOMY HAONMKCHHI HE
MICTSITh TTapaMETPIB, Ki O BU3HAYAIH 3aJIEKHICTh TAKOTO PO3MOJLTY BiJl pO3MIpiB
kpuctaiitiB. Hanpuxitan, 3rigao 3 [83], mis meBHOTO BEKTOpa 0OCpHEHOT rpaTKU

g(h,k,1) (h=c=m, =1):

d?N
doda 5 Ps(@0) (3.11)
nq°n? (3.12)

=T s g (gree

e
m293
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9° gV
d (0,0)="0 —=————0 |x
6(©0) o (1—\/Evcos(9 )

1+ 2w2e¥?

5 vcos6/ g? ~
\/1- 202 (1—/evcos0) / (gv2))? +4m2(1—sv2)(1—m2(1—JEvcose)z /(g2v2))/ (92v?)

—1— (14 20%/evcos 0L — +/evcos0) / (g2v?) x

(1-20%ev (1 eveos0) / (g77)) +dw's*(L-ev?) /g

X

[(l— 20%(1—eveos0)? / (gV2) + 4w’ (1- svz)(l— ®*(L—Jevcos0)? / (gzvz))/ (gzvz))T’2

VY dopmyni (3.11) dN — kinbkicte ¢otoniB [IPB 3 enepriero (® y niana3osi
eHepriid dw, sIKi BUITPOMIHIOIOTHCS 3@ OJMHHUIIO Yacy y TiiecHUH KyT Q) ogHuM
€JICKTPOHOM, IO PYXA€ThCSl 31 MIBUJKICTIO \7(B OJWHHUIIAX IIBHIKOCTI CBITJIA)
yepe3 TMOJIKPUCTANIUYHY Ccepeay 3  JIeNeKTPUYHOI TMPOHUKHICTIO € Ta
KOHLIEHTpalieo enexkTpoHiB N, ; Uy — aMIiiTyaa TeIuioBHX KOJMBaHb aTOMIB,
S(J) — crpykrypHmii (akTOp KpHCTaldy, HOPMOBAHHUI Ha KilbKiCTh aTOMIB B
enemenTapHiii komipui; F(§)— atomumii daxTop, HOpMOBaHMI Ha KiIBKiCTb
ENEKTPOHIB B aroMi; © (X)—byukuis Xesicaiiga, O— KyrT MK HanpsMKOM
IIBUIKOCTI €JIEKTPOHA 1 HAPsIMKOM ToinipeHHs kBaHTiB [IPB.

Orxe, y KiHEeMaTUYHOMY HabOmvkeHH1 iHTeHcHBHICTH IIPB 3rigno (3.11) Ta
(3.12) Bu3HauaeTbCs TUIBKM TEOMETPIEID EKCIEPUMEHTY Ta CTPYKTYPHUMH
XapaKTepUCTUKAaMU PEYOBHHH, 30KpEeMa, CTPYKTYPHHUM Ta aTOMHHUM (aKTOpaMu
S(@), F(Q). VY Toii xe uac, kpucTamiTH Pi3HUX PO3MIPiB BiAPI3HAIOTECA Pi3HOIO
KUIBKICTIO aTOMHHX IUIOIIWH, Ha SKUX BimOyBaeTbcs bperriBcbka mudpakiis
BipTtyansaux ¢otoHiB [IPB. VYV pentrenoctpykrypHoMy anaiizi mobpe Bimoma
KOPEKIlis BiIOWBaBbHOI 3JaTHOCTI MOHOKPHUCTATY 3a PaxyHOK SIBHINA TIEPBUHHOT
eKCTHHINT A came, koe(diieHT BimOMBaHHs [yl IeBHOTO cimeiricTBa mutomuH (hkl)

3aJIeKUTh BiJl KUIBKOCTI TUIomuH (M) Ta iX po3Cir0r0Yoi 37aTHOCTI Y

bperriscbkomy Hanpamky ((ipgy) Ax p(hkl) =th(mq(hk,)) / MGy [147]. Sxmo
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NPUIYCTUTH, 10 €(eKT, MOAIOHMIA 10 MEePBUHHOI €KCTHHIIT XapaKTEePUCTUYHUX
PEHTI€HIBCHKUX MPOMEHIB Y MOHOKpHUCTaJaX, CIOCTEpIraeTbes 1 mpu audpakiii
[IPB y noxikpucTaniyHuX cUCTEMax, TO 3aJIEKHICTh BIIHOIIEHHS IHTEHCUBHOCTEH

MakcumyMiB [1PB (111) ta (220) MoxHa npeICTaBUTH SIK

NALD _, th(mdy,,)
N(220)  th(mQyy)

(3.13)

mq —-mq

sh(mg) e™ —e

n )_ e Quinys G20y — PO3citoroun 3narHocti [IPB st
ch(mgq) e™ +e

ae th(mq) =

wiontuH (111) ta (220). Ax Bugno 3 (3.13), npu 3MiHI KIIBKOCTI IJIOIMH M Mae
3MIHIOBAaTHCS BIIHOIIEHHS y MpaBiii yactuHi Bupasy (3.13), mo 1 Biamosigae
e(eKTy, SKUN CIOCTepIracThCsa. Y TOM K€ Yac, HEOOXITHO MIAKPECIUTH, IO
HaBeJIE MOSICHEHHS € JIUIIE SIKICHUM 1 TOMY MOTpeOye MOCIIiJOBHOTO 3aCTOCYBAaHHS
MeTOAIB TuHaMiuHO1 Teopii audpakiii [IPB mis 3’sicyBaHHS mpupou BKa3aHOTO
edexTy.

Taxum YUHOM, po3pobIIeHO Ta BIZIIIPAIILOBAHO METOJIUKY

€KCIIEpUMEHTAIBHOTO JTOCHiIKeHHs xapakTepuctuk [IPB y 3BopotHiil reomerpii

peectparii (0=151") mnpu pO3MOBCIO/PKEHHI MMydYka BHCOKOCHEPTETHUHHUX
CJICKTPOHIB y TIOPOIIKOBHX 3pa3Kax ajMaly. BCTaHOBIEHO, MO  BiHOIICHHS
intencuBrocreit Makcumymis IIPB N (111) / N(220) smenmyeTses npu 3pocTadui
JiaMeTpy KpHUCTAJITIB anMaszy. 3aJeXHICTh BIJHOIICHHS I1HTEHCHBHOCTEM
makcumyMmiB [IPB Big mmomma (111) Ta (220) moxke OyTH 3yMOBIECHA
exctuHiiianME edektamu nipu nudpakiii [IPB y BKP kinneBux posmipis.
UyTnuBicTh BigHOIICHHS iHTeHCHMBHOCTEeH niHii [IPB mo po3mipiB kpucTamiTiB
MOXKe OyTH TIOKJIaJIeHa B OCHOBY HOBOTO METOMY OIIIHKH PO3MIPIB MIKpO- Ta

HaHO4YaCTHHOK.
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3.3. Opienraniiini 3ane:xxnocti Buxony IIPB y MoHokpucramdiuyHomy
KpeMHil Ta BHCOKOOPIEHTOBAHOMY MipOJiTHYHOMY rpadirty y reomerpii

3BOPOTHOI peecTpauii

Po3poOka MeTOo/IB 11arHOCTUKU CTPYKTYpHU KpUCTaiiB 3 Bukopuctanusm [1PB
noTpedye BU3HAYEHHS ONTUMAJbHUX PEXHUMIB CIIOCTEPEKEHHI MaKCHUMYMIB
nudparoBanoro [1PB, npu sikux 3abe3neuyeTbes Halikpaiie BuaLIeHHs mikiB [IPB
3 3arajpHOTO pajiaiiitnoro gony. e peanizyeTbcs npu 10CATHEHHI MaKCUMabHO
MOKJIMBOiI 1HTEHCUBHOCTI TiKiB [IPB, 1m0 BUKOHYEThCS 32 YMOBM MIHIMAaJbHOI
CHEKTPaJIIbHOI IIMPUHU MiKIB (IHTErpajibHa IHTEHCUBHICTb IMIKY PO3MOAUISETHCS Y
MEHIIOMY KYTOBOMY Jlialla30Hi, OTKe, IHTEHCUBHICTh Y MaKCUMYMi 3pocTae€). Y
n.1.1 Bim3HaA4anmocs, 1O MPU PyCl PEIATUBICTCHKOI YacTUHKU Yy Kpuctami [1PB
PO3MOBCIOJIKYETHCS Y BUIJISI/II OPOKHUCTOTO KOHYCA 3 TIOBHUM KYTOM PO3TBOPY

-1
2y, » BEIMYMHA SKOTO Y KpHMCTalax BU3HA4YaeThest BupazoMm (1.9). Ilpu mpomy

BITHOCHA HIMpUHA MaKCUMYMY JOPIBHIOE

Ao/ o~ \/COSZ(g)_yj Cos(g) / (2}(6ff Sin(g)j , e 0 — KyT crocTepeXxeHHs

[77]. 3 HaBemeHoro BHpa3y BUILUIMBAE, IO IPH HAOIMKCHHI KyTa CIOCTEPEIKECHHS
10 180 IPHHIMIIOBO MOYIIMBO 3MEHIINTH IIHPHHY MAKCHMYMYy [0 ACKiIbKOX eB,
a BIITaK, CYTTEBO 30UIBIIMTH HOTO IMKOBY IHTEHCUBHICTh. TOMY y mpecTaBieHin
YaCTUHI JHUCEPTaIiiiHOT poOOTH 3 BUKOPUCTAHHSIM KoMIUiekcy «Pentren 1» Oymo
BUKOHAHO EKCIIEPUMEHTAIbHE JOCTIKEHHS CHEKTPAIbHO-KYTOBUX PO3MOILTIB
[IPB mnpu po3MOBCIOJKEHHI PENATHBICTCHKHX  elekTpoHiB (7 MeB) y
MOHOKpPHCTAJIaX KPEMHII0 Ta BHCOKOOPIEHTOBAHOTO MIPOJITUYHOTO Tpadity mpu
cnoctepexeHHi audparopanoro I[IPB y reometpii 3BOPOTHBOTO pO3CitOBaHHS
(6=180°).

Bubip MOHOKPHUCTAIIYHOTO KPEMHIIO Ta BHCOKOOPIEHTOBAHOTO
miponitngHoro rpadity (BOII)) sk 3pa3kiB  3yMOBICHHN HACTyITHUMH

MIpKYBaHHAMHU. MOHOKPUCTAIIYHUN KPEMHIN MOHA PO3IIISIAATH SIK JOCKOHATUMN
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. . -1 .
KpHUCTall, y SKOMY KyT Mo3aiuHOCTI G <<2Yy,. Tomi, 3a yMOB HamIOro
excriepumenty (2y.: ~7,8°) y kpeMHii MoxkHa OUiKyBaTH, O HA KYTOBIl BigcTaHi

~4°CUMETpUYHO  BIJl LEHTPAJIBHOIO MpOBaly IHTEHCUBHOCTI  IOBHHHI
cnocrepiratucs nBa Makcumymu I[IPB. VYV Bumaaxky BOIII' kyT Mo3aiuHOCTI
ckiagae o~0,4°, ToOTO 1 B I[bOMY BHUIIQJIKy MOJKHa CIIOJIBaTUCS Ha
CIOCTEPEKEHHS YITKOTO PO3MOAULY IHTEHCHBHOCTI y JIBOX CHMETPUYHHUX

makcumyMax [1PB. Takum unHoM, oOpaH1 3pa3Kky MOBUHHI 3a0€3MEYUTH HAHOLIBII

e(peKTHBHE criocTepexeHHs MakcumyMiB ITPB mpu kyTi cioctepeskerns 0 =180° .

[Ipy BUKOHAHHI BUMIPIOBaHb BUKOPHCTOBYBABCS MOHOKPHCTal KpPEMHIO
ToBIMHOIO 300 MKM, y AKOTO Ha ()i3MUHY MOBEPXHIO OYyJI0 BHBEICHO ILUIONUHU
(110), Ta BOIII' ToBmwuHOIO 3 MM, y sikoro (i3uyHa mHoOBepXHS (opmyeTbes
wiomuuamu (001). Kpucranm posramoByBaimcs y KaMmepi Tak, IO HampsMOK
PO3MOBCIOJIKEHHS €JIEKTPOHIB MydKa 301raBcsi 3 HOpMaJUTIO 10 (PI3MYHOT TOBEPXHI
3pa3kiB. 3a ¢opmyinoro bperrie BUKoHyBaBcs po3paxyHOK eHepriid ¢ortoniB I1PB,

SIKIM BIITIOBIZAIOTh MAKCUMYMHU Y CIIEKTP1 Ar(paroBaHUX MPOMEHIB:

nhc
E(hkl) = : 0 ,
2d ,,Sin(180° / 2)

(3.14)

ne N— mopsaok BigOuBanHs, h — crana Ilnanka, ¢ — MBUAKICTH CBITIA y BaKyyMi.

st BukopucTtaHuX 3paskiB kpemHito nudpakmis [IPB BigOyBamacs Ha
kpuctanorpadiuaux rionmaax (220), (440) ta (660) (mapamerp elleMEHTapHOI

xomipkn Si a =5,4307 A [148], BimnosimHo d 300 =1,920 A, d 440, = 0,960 A,
dieeoy=0,640 A). 3a dopmymnoro (3.14) NOBHHHI OyJIM  CIOCTepiraTUcs

makcumymu TIPB 3 eneprieto dotonis E,,, =3,229 keB, E,,, =6,457 xeB ta
Egoo) =9,687xeB.  Jlna  BOII'  mudpakumis  TIPB  BinOyeamacs  Ha

kpuctamorpadiuanx rmiomuHax (002), (004), (006) Ta (008) (mapamerp
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eneMeHTapHOi KoMipku C=6,708 A [149], BiznoigHO d opz) = 3,354 A,
ooy =1677 A, dgee) =1,118 A, d 405, =0,839A ). 3a hopmymnoro (3.14) mosuumi
cnioctepiratucss makcumymu IIPB 3 emeprieto  ¢oronis  E ) =1,848keB,
Eoosy = 3,697 xeB, E 4y =5,545 xeB ta E g = 7,392 keB.

Tunosuii crnekrp IIPB kpemuito mpu 3BopotTHii peectpanii (0=180")

HaBeJIeHO Ha puc. 3.6.

700
1 Kadzsi

500 + (220)
400 1
300

1 (440)
200 - (660)

InrencuBHicT, iMI/600 ¢

U

1 2 3 4 5 6 7 8 9
Enepris ¢portoHis, keB

Puc. 3.6. Cnextp ITPB kpemHuito mpu 3BopoTHI peectparrii (0 =1807)

VY chmekTpi CcrmocTepiraroThCs TPH MOMITHHX MaKCHUMYMH, SIKUM BIATOBiIae
mudpakmis  Bix wiommH (220), (440) Ta (660). Kpim TOrO, M1 KaimiOpKyBaHHS
inTeHcuBHocTi  [IPB  omHowacHo  peectpyBanocs  xapaktepuctunuHe Ko
BUTIpoMiHeHHs1 Si 3 eHeprieto ¢oroHiB 1,739 xeB. BusBiieno, mo eHepris
makcumyMiB [IPB 3 Tounictio mo 0,5% 30iraeThcsi 3 JaHUMU HaBEICHHUX BHIIE
pO3paxyHKiB. Y TMOAAIBIIOMY JOCTIIKYBAJINCS OpIEHTAIIWHI  3aJIEKHOCTI

iHTeHCUBHOCTI MakcumyMy (220), ToO6To 3anexHocti iHTeHcuBHOCTI [IPB Bix kyTa
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BIIXWJICHHS TUTOLIMHM 3pa3Ka BiJl HYJbOBOTO MOJIOKEHHS (IIOJOKEHHS, PU SIKOMY
pPCECTPYETHCS MOBHUM CHEKTP — puc. 3.6). BukoprucTOBYBaIUCS Ba TUIIH KYTOBUX

BiaxwieHb. [lepmuii Tun — oOepTaHHS 3pa3ka HAa KyT () HABKOJO BEPTUKAJIBHOI
BiC1 TOHIOMETpY, sike 3a0e3rnedye MOBOPOT IUIOMIMHHU 3pa3ka y TOPU30HTAIbHIN
wiomuHi roHiomeTpy. Kyt @ 3miHroeTbes Big Hyns 1o ¢ =+10° . dpyruii tun —
oOepTaHHs 3pa3ka Ha KyT Y HaBKOJO BiCl, IO JIEKUTh y TOPU3OHTAIBHIN

IUIOLIMHI TOHIOMETPY Ta MEPHNEeHAUKYISIpHA 0 HANPSMKY €JIEKTPOHHOIO IMYy4Ka.

Take obepTaHHs 3a0e3neuye MOBOPOT TIONIMHU 3pa3Ka y BEPTUKAIBHIN TIIOMIUHI
roniomerpy. Kyt ) Takoxk 3MiHIO€TBCA Big Hyms g0 x ==x10". Tunosi

Opi€HTAIlIH1 3aJIE)KHOCT1 HaBeIeHO Ha puc. 3.7 Ta puc. 3.8

120-

o 1 Si

S 100 (220)

L

ER m

g Lo

.2 604 + +

E /\/ +

2 407 § : b / \

o /o ’ N/ e

= o0 -+t AV
0 ; T T T T T T Ii T T T T

-10 8 6 4 -2 0 2 4 6 8 10
Kyt o, rpan.

Puc. 3.7. KyroBa opieHTaIliliHa 3aJIeXKHICTh IHTEHCUBHOCTI MaKCHUMYMY

(220) Sinpu oGepranHi HA KYT @ .
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InTencuBHICTD, 1MIT/600 C

\+/+\+\

20+ ’

-10 8 6 4 -2 0 2 4 6 8 10
Kyt y, rpan.
Puc. 3.8. KyroBa opieHTaliiiHa 3aJ€XHICTh IHTEHCUBHOCTI MaKCUMYMY

(220) Si mpu oOepTaHHi Ha KYT .

Sk BHIHO 3 HaBEACHUX PHUCYHKIB, CIOCTEpIralOTbCA JIBa CHUMETPUYHI
MaKCUMyMH, SKi BigoOpaxyroTh Tmepepis koHnyca [IPB. Ilpu nHabmukeHHi 10
nentpy posnoauty (¢,x —0) IHTCHCHUBHICTHP HE CHama€e 10 HYJs, SK Ie
nepeadavyacTbcsl y KiHEeMaTHYHOMY HaOJIMKeHH1 (auB. 1M.1.2), 110 3yMOBIICHO SK
OaratokpatHuUM po3scitoBaHHAM [IPB, Tak 1 MOXIMBUMH MajJuMHU TOXHOKaAMH Yy
BHUCTABJICHHI Opi€HTAIli MilmleHI Ta OOMEXKEHICTIO KYTOBOTO PO3LJICHHS
roriomeTpy. Bim3zHauumo, 1m0 BifICTaHP MK MaKCUMyMaMH CKJIaJa€ MPUOIM3HO
5, 0 MCHIIE 33 OYiKyBaHY LIHPHHY KOHYCY (2y,;: ~7,8"). Tlpu ubomy Ha
3aJIeKHOCT1 IHTEHCUBHOCTI BiJl KyTa ( CHOCTEPIraloThCs J0JIaTKOBI MAKCUMYMH B
o0nacTi KyTiB ¢ ==+6", a MAKCUMyMH Ha 3aJI€KHOCTI IHTEHCUBHOCTI BiJ KyTa
moMiTHO ymupeHi. Ha wHamy naymMKy, Taki OCOOJMBOCTI Opi€HTAI[IHHUX
3aJIEKHOCTEH MOXXYTh OYTH 3YMOBJICHI MEBHOIO CTPYKTYPHOIO HEIOCKOHAIICTIO
MOHOKPHCTAJIIB KPEMHII0, $Ki BHKOPHCTOBYBAIMCSA SK 3pa3Ku. 30Kpema,
HETOYHICTh BUBeACHHS KpucTanorpadivaux miomwH (hl0) Ha ¢izmuHy MOBEpXHY Yy

(1-2)" moxe crnpuumHsATH mOxibHY aedopmariro koxycy IIPB. Ha xopucts
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TAaKOro MPUIYLIEHHS CBIIYUTH TOW (akT, 1m0 y noaanemomy ais 3paskis BOIIT
BIIMIHHICTb MPOTHO30BAHOI'O 3HAYEHHS IIMPUHU KOHYCY BiJl €KCIIEPUMEHTAJIBHO
BU3HAYEHOTO € BXKE JICII0 MEHILIOK0. (JIUB J1amil) .

BiaznauuMo 111e oJIUH TUI OpIEHTALIMHUX 3aJI€KHOCTEH, a caMme, 3aIeKHOCT1
eneprii ¢poroni [IPB y makcumymi Bix kyTiB @,% (puc. 3.9, puc.3.10). Sk BuaHo
3 UUX PUCYHKIB, mpu 3MiHi KyTiB ¢ ==110", ¥ =+10° enepris ¢otonis [IPB y
Mexax po3auibHOi 3matHocti  perekrtopiB (0,1 — 0,2 keB) mnpaktuuHo He
3MIHIOETBCS Y TOH ke Yac, y KIHeMaTUYHOMY HaOJIMKEHH1 MOXHa OyJI0 OYIKYBaTH
JCSIKOT'O 3MCHIIICHHSI CHEPTisX MPHU 3pOCTaHHI KyTiB pa3opieHTtanii [47,48]. Onnaxk,
Opu BKa3aHId pO3NUIBbHIA 3JaTHOCTI JAETEKTOPIB Takuil e(eKT y JaHiid poOoTi He
CIIOCTEPITraBcH.

Ha puc. 3.11 npexacrasneno tunosuii criektp [IPB BOIII" npu npu 3BopoTHIii
peectpanii (0=180"). ¥V cmekrpi cmocTepiraroTbcs nepeadavyBaHi MaKCHUMYMHU
I[IPB Bim mmomwma (002), (004) Ta (006), mpuuomy po301KHICTE 3HAYCHB
pPO3paxOBaHUX Ta EKCIIEPUMEHTAJbHO BU3HAYEHMX EHEPrid MiKiB TaKoX He

nepesuiye 0,5%. Sk 1 nis kpemHito, Oy0 BUKOHAHO JOCITIIKCHHS

RIS L AU L

10 8 6 4 2 0 2 4 6 8 10
Kyt o, rpan.
Puc. 3.9. KyroBa opieHTamiifHa 3aJIe)KHICTh eHeprii Mmakcumymy (220) Si

mpu o0epTaHHi HAa KYT (.
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A

-10 -8 6 4 -2 0 2 4 6 8 10
Kyt %, rpan.

Puc. 3.10. KyroBa opieHTaliiiHa 3ajexHicTh eHeprii makcumymy (220) Si

npu 0OepTaHHI Ha KYT ..

OpIEHTAIITHUX 3aJIeKHOCTEH 1HTeHCUBHOCTI Ta eHeprii makcumy (002) Bim kyTiB
paszopienTanii. OTpuMaHi 3aJIeKHOCTI IS 1HTEHCHUBHOCTI HaBEIE€HO Ha

Ha puc. 3.12 Ta puc. 3.13. 30kpema, Ha 3aJIeKHOCTI IHTCHCUBHOCTI Bil KyTa ¢ s

3paszkiB BOIII" makcumMymu € OUIBIII CUHMETPUYHUMHU 1 BiZICTAaHb MK HUMH CKJIaJ1a€

(004)

o _ Ka. Cu

S 600 _ 002) I1PB a5, |

NS x8

= 900+ (006)

= -

5 400 .

Q ] (008)

= 300 -

/M ] i

5 200 -

QE) E KBI,S

= _W U\»\_ |
- it ‘MWWJ |

Enepris ¢potonis, keB

Puc. 3.11. Crextp ITPB BOIII' nipu 3BopoTHIii peectparrii (0 =180").
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S (002)
S 800 A
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Puc. 3.12. KyroBa opieHTanifiHa 3aJeXHICTh 1HTEHCUBHOCTI MaKCUMYyMY

(002) BOIII" mpu oGepTaHHi Ha KYT @ .

6,3, mo Ommwkd4e 10 OUIKYyeEMOTro 3HaueHHs 7,8 . AHAJOTIYHHN pe3ynbTaT

OTPHMAHO 1 JIJIs1 OPIEHTALIIMHOT 3aJIe)KHOCT] IHTEHCUBHOCTI Bix kyTa ) (puc. 3.13).

T T T T 10
1200 -
© 1000 BOIII™ e
§ ] (002)
E 800 ¥ 1s
5 600- ++ .
= ] Z+
.2 Ha
T 400 - g
2 . /* &
Q ¢¢¢ ‘¢‘ N
5 200 % LY 2
= i ® ® e,
E o—O— ~e )
0 -

T T T T T T T T T T T T T T T T T 0
-20 -15 -10 -5 o 5 10 15 20
Kyt y, rpan.

Puc. 3.13. KyroBa opieHTamiiiHa 3aJeXHICTh IHTEHCUBHOCTI MaKCUMyMY

(002) BOIII" mpu obepTanHi HA KYT ..
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VY 1poMy BUMAJKY BiJICTAHb MIXK MAKCUMYMaMH CKJIaJIa€ 6,2". OTxe, 4acTHHA
pPO301KHOCTI 'y KyTOBOMY po3TBOpi KoHycy IIPB moxe Oyt 3ymoBieHa
OCOOJIMBOCTAMHM CTPYKTYpU 3pa3KiB, 30KpeMa, MOXKJIMBOIO Pa30pIEHTAIIEI0
¢13UYHOT  MOBEpXHI  BIIHOCHO BUBEACHUX Yy  BIIOMBaIOYe  TMOJOKEHHS
KpUCTANOrpa@iyHUX IUIONIMH, @ TaKOXX HETOYHOCTSMHU IOCTYBaHHS 3pa3KiB Yy
roHiometpi. [Hma yactuHa po301KHOCTI, Ha HAlly OYMKY, 3yMOBJIEHa e(eKTtaMu
OUHAMIYHOI  audpakiii, s[KI OPOSABIAIOTECS MPU  3pPOCTaHHI  CTPYKTYPHOI
JIOCKOHAJIOCT1 KpUCTaliB. A came, Taki eheKTH MaKCUMasbH1 Y OUIBII CTPYKTYPHO
nockoHajgomy kpemHii y nopiBHsiHHI 3 BOIII, 110 1 BimoOpaxy€eTbesi 3SMEHIIIEHHSAM
pO30DKHOCTI 'y KyToBIM mupuHl koHycy IIPB wMibk ekcnepumeHTOM 1
KIHEMaTUYHOIO MOJIEJUTIO caMme Jiis 3pa3kiB BOIIT.

Hapemri, Ha puc. 14 ta puc. 15 mns BOIII' HaBeneHo 3aneXHOCTI €Heprii
¢oronis IIPB y makcumymi Bim KyTiB @,%. SIk BUAHO, y Mexax pO3AUIbHOT

3ATHOCTI JICTEKTOPIB, SIK 1 Y BUMAJIKY Si, GHEpPris MPAKTHYHO HE 3MIHIOETHCA.

22

] BOIT
21 (502 i
20 (002)

1’9_- ---/-WWW-- T |
184l L7 ! S—

1,7 -
1,61
1,51 1
1,41

~
\

Enepris dortonis, keB

-20 -15 -10 -5 0 5 10 15 20
Kyt o, rpan.
Puc. 3.14. KyroBa opieHTamiitHa 3anexHicTh eHeprii Makcumymy (002)

BOIIl'i mpu oGepTanHi HA KYT .
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Puc. 3.15. KyrtoBa opieHramiifHa 3anexHicTb eHeprii makcumymy (002)

BOIII'1 mpu oGepTanHi Ha KT Y.

TakuMm YMHOM, BUKOHAHO OCIHIIKEHHS CIIEKTPAIBHO-KYTOBHX PO3MOILTIB
inTeHcuBHocTi [IPB mpu po3noBcromkeHHi Mmyuyka enekTpoHiB (7 MeB) y
MOHOKpHucTajaiyHoMy KpeMHii Ta BOIII' y reomerpii 3BOpOTHBROI peecTparrii
(6=180°). Bcranosneno, mo crnektpu [IPB mpu HOpManpHOMY TajaiHHI ITyYKa

eJIeKTPOHIB Ha (izuuHy noepxHio (110) kpuctamiB Si MICTATh TPH MaKCHMYMH
(220), (440) ta (660), a mpu maainxi Ha Gi3uuny wionuHy (001) kpuctaniz BOIIT
MicTATh yoTHpu Makuumymu (002), (004), (006) ta (008), eneprii AKUX 3 TOYHICTIO
10 0,5% 36iratoThcs 31 3HAYCHHSIMH, BU3BHAYMHUMU y BperriBcbkoMy HaOIMKEHHI.
BusiBieHo, 1o KyToBi Opi€HTAIliiHI 3aJIeKHOCTI IHTEHCUBHOCTI MakcuMyMiB (220)
Si ta (002) BOIII" MatoTh iBa MaKCUMYMH, CAMETPUIHO PO3TAIIOBAHUX BITHOCHO
HYJIBOBOTO KYTa, sIKi BioOpaxyroTh nepepiz konycy [IPB mionuHoro merexropa.

[Toka3zaHo, 10 BifcTaHb MiXkK MakcumMymamu Ha 2,8 Ta 1,5 BimmoBigHo y Si Ta

BOIII" meHmIa 3a nepeadadyBaHuil TTOBHUIT KyTOBHI PO3TBIip KOHyCy 2y, ~7,8°.

Bkazana po30DKHICTE MOXe OyTH 3yMOBJIEHA SIK CYTO €KCIEPUMEHTAIbHUMU
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(dakropamu (pazopieHTaris (Hi3MYHOI MOBEPXHI KPUCTATy BIAHOCHO BUBEAECHOI Ha
Hei KpucTanorpa@iyHoi MIOMMHUA, HETOYHICTIO FOCTYBaHHS 3pa3ka y TOHIOMETp1),
Tak 1 epexraMu JWHaAMIYHOI AUQpPaKUii, sIKI MPOSBISIOTECA IPU 3POCTAHHI
CTPYKTYPHOI JTOCKOHAJIOCTI KpHUCTaiiB. KyToBi OpieHTaIliiiHl 3aJ€XHOCTI eHeprii
¢doroniB IIPB y makcumymax (220) Si ta (002) BOII' BusBWIH, IO Yy MEXax
PO3AUIBHOI 3JaTHOCTI JE€TEKTOPIB B YChOMY Jiala3oHl 3MIHM KYTIB @, €HEprisi

¢otonis [1PB 3anuimaerscs cranoro.

BucHoBku po3uainy 3

1. Teopetnuno mnependavyeHO MOMJIMBICTH 3BYXeHHS KoHycy I[IPB Ta
3pocTaHHs KyToBOi ryctuHu [IPB mpu po3nmoBCIOIKEHHI PpensiTUBICTCHKUX
€JIEKTPOHIB Y TOHKUX KpHCTajlax B 00JacTi MaJIUX KYTiB KOB3aHHS €JIEKTPOHHOIO
ny4yka BIJHOCHO MOBepxHI MimeHl. Edext Moxke OyTH BHUKOpPHCTaHHI TpH
CTBOPEHHI MIIlIEHEH JJIsI KOHTPOJIbOBaHOTO hopmyBaHHs KoHYCiB [IPB.

2. BuxonaHo ekcrnepuMeHTaldbHE AochimkeHHs crekTpiB [IPB  mpu
PO3MOBCIOIKEHH1 ITyYKa BUCOKOCHEPTeTUYHUX €JIEKTPOHIB Y MOPOIIKOBHUX 3pa3Kax

anMasy 3 posmipamu kpuctamitiB d = 0,3 Mxm, d =6 Mkm Ta d =42 MKM mpu

3BOpPOTHIN peectparii (0=150"). BusiBieno, mo BiIHOIIEHHS IHTEHCUBHOCTEH
makcumymiB IIPB (111) Ta (220) 3MmeHmIyeThcss TpPU 3pPOCTaHHI JlaMeTpy
KPHCTAJIITIB anMasy. 30KpeMa, pH Mepexoii Bia yacTuHokK aiametpom d = 0,3 MM
10 9acTrHOK d = 6 MKM Take 3MEHIICHHSI CKJIaJae Maixke 2 pa3m.

3. 3anexHiCcTh BIIHOIIEHHS 1HTEHCUBHOCTEeW makcumyMmiB [IPB Bim po3mipis
KPUCTATITIB BU3HAYAETHCS EKCTUHIIMHUMHU edekramu npu audpakuii [IPB y
0JI0Kax KOT€PEHTHOTO PO3CIIOBAaHHS KIHIIEBUX PO3MipiB. UyTIHBICTh BiTHOIICHHS
iHTeHcuBHOCTEH JiHiA [IPB 1m0 po3mipiB kpucrtamniTiB Moke OyTH TMOKIajeHA B
OCHOBY HOBOT'O METOJIy OIlIHKH PO3MipiB MIKpPO- Ta HAHOYACTHHOK.

4. BuUKOHaHO EKCIIEpUMEHTAIbHE OCIIDKEHHS CHEKTPATbHO-KYTOBUX
PO3MOILTIB IHTEHCUBHOCTI [1PB npu PO3MOBCIOIKEHH1 ny4Ka

BHCOKOCHEPIreTUUHHUX €JEKTPOHIB Yy MOHOKpHUCTaniyHOMY KpemHli ta BOIIl' vy
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reoMetpii 380poTHOI peectpamii (0 = 180°). BcTaHOBIEHO, IO P HOPMATBHOMY
NaJliHHI My4Yka enekTpoHiB Ha (izuuny moBepxHio (110) Si cektpu [1PB micTsTh
Makcumymu (220), (440) ta (660), a npu HOpPMAIbHOMY MaJiHHI Ha (QI3UYHY
nosepxHio (001) BOII' — makcumymu (002), (004), (006) ta (008), eHeprii sikux
3 TouHicTIO 10 0,5% 30iratoThCs 31 3HaYEHHSMH, BU3HAUYMHUMU y BperriBcbkomy
HaOJIMKEHHI.

5. TlokazaHo, 10 KyTOBI OpI€HTAIIMHI 3aJ€KHOCTI I1HTEHCUBHOCTI
makcumymiB (220) Si ta (002) BOIII" MicTATh 1Ba CHMETPUYHUX MAKCHMYMH, SIKi
BiTOOpaXyroTh Tmepepis koHycy [IPB mepneHAukymIsipHOIO 10 OCi KOHYCY
IJIOIMMHOK. BusiBneHa po30DKHICTD MDK EKCIEPUMEHTAIbHO BHU3HAYCHUM
KyTOBUM po3TBOpoM KoHycy [IPB Ta mnepenbauyBanmM y KiHEMaTHYHOMY
HaOMKEHHI, SKa CKJIagac 2,80 Ta 1,50 BignoBigHo mas Si ra BOIIT. Tlpuunna
Takoi PO3ODLKHOCTI MOXe OyTH 3yMOBJEHAa CYKYIHOIO JI€E0 SK CYTO
eKCIIepUMEHTANBHUX (hakTopiB (pasopieHTailis (I3UYHOT MOBEPXHI KpPHCTAITY
BIIHOCHO BHBeAeHOT Ha Hei kpucTtajgorpadiqHoi IUIOMIMHU, HETOYHICTIO
IOCTYBaHHS 3pa3ka), Tak 1 edexTamMu AUHAMIYHOI AUPaKIli, SIKi MPOSBISIOTHCS

IIPU 3pOCTaHHI CTPYKTYPHOI IOCKOHAIOCTI KPUCTAJIIB.
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PO3/1JI 4. OCOBJUBOCTI KPATHOI IOHI3AIIII ATOMIB 3p TA
3d METAJIB IIPH PO3MNOBCIOJ’)KEHHI HEPEJISITUBICTCBKHX
EJIEKTPOHIB Y KPUCTAJIAX

VY nonepeaHbOMY pO3LIil OyJI0 PO3IISHYTO PE3YIbTaTU TEOPETUUYHOTO Ta
€KCIIEpUMEHTAIBHOTO JlochikeHHs mnapamerpiB [IPB npu po3noBcromkeHH1
pEeNSATUBICTCHKUX eNleKTpoHIB (7 MeB) y ToHkoMy miapi pedoBHHH, a TaKOXK Y
M0JIi- Ta MOHOKpHUCTaIaX ajiMa3y, KpEeMHII0 1 BUCOKOOPIEHTOBAHOT'O MiPOJITUYHOTO
rpadity. OcHOBHa yBara MpUAUIIIACS BU3HAYEHHIO TMapaMeTpiB,  IIO
XapaKTepu3yloTh caMe mpoliecu renepainii ta nudpakiii [IPB (bopma konycy Ta
CHeKTpalbHO-KyTOBUM  posmoain [IPB) B  oOMexeHnux cepemoBuiiax 3
IPOCTOPOBOIO TEPIOJIUYHICTIO 3MIHU JIEJIEKTPUYHOT CHpUHHATIUBOCTI. OjHAK
OKpIM TeHepallli HemepepepBHOr0 PEHTTeHIBCHKOTO BUIPOMIHEHHS (TaJIbMIBHOTO
ta [1PB) po3moBCIOKEHHS €IEKTPOHHOTO MyYKa y KPUCTAJIaX CYMPOBOKYETHCS
30y/DKEHHSM Ta 10HI3AIll€l0 aTOMIB 3a PaXyHOK KYJIOHIBCHKOI B3aeMOii
OoMOapIyI0uoro €JIEKTPOHA 3 EJIEKTPOHHOK MiACHCTeMOor aromy. Y 1. 1.2
BiJ[3Ha4Ya10Cs, 10 32 YMOB €JEKTPOHHOTO OOMOapayBaHHS Takl MPOLIECH MaloTh
JOCTaTHbO  BHUCOKHMM  BUXiA, SKAW  JIO3BOJSIE 332  XapaKTEPUCTHUHUMHU
PEHTIeHIBCBKMMHU  CIIEKTpaMH  10HI30BAaHWX  aTOMIB  BH3HAYaTH  OCHOBHI
XapaKTePUCTUKH EJIEKTPOHHOI CTPYKTYPH TBEPAUX T, IO OMPOMIHIOIOTHCS
CJEKTpOHAMHU. Y JIaHOMY pO3[iJIi HaBEACHO PE3YIbTaTH EKCIEPUMEHTAIBHOTO
JOCHiIKeHHs peHTreHiBehkux emiciiianx Kol cnekrpis Ti, V, Cr gk y uncTtux
MeTanax, Tak 1 iX OKCHJax, Ta MPOAHAI30BaHO MEXaHI3MU BIUTUBY HANOIMKYIOTO
OTOYCHHS aTOMY, IO BUIIPOMIHIOE, HAa MapaMeTpu TakuxX cmekpiB. Kpim Toro,
BM3HAYEHO XApPAaKTEPUCTUKH mpoueciB 1s'2p~', 1s'2p?ra 1s'2p~° iomizawii

metairy Al mpu 6omOapyBaHHi enekTpoHamu 3 eHepriero 5 — 100 keB.
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. - 1 -
4.1. XapakTepucTHKH peHTrenisebkux emiciinnx Kol cnexrpis Ti,

V, Cr y MmeTajiax Ta OKCHAAX IIPH eJJeKTPOHHOMY OoMOapayBaHHi

3acBiqUyIOYM 3HAUYHI YCIIXM 30HJOBUX METOJIB (CKaHyBaJlbHa TYHEJbHA,
MarHiTo- Ta €JEKTPOCHJIOBA MIKPOCKOMIS Ta CIHEKTPOCKOMIs), a TaKoXk
(OTOENEKTPOHHOI CIEKTPOCKOIMIi MPU JOCIIPKEHH] €JIEeKTPOHHOI CTPYKTypHU
TBEPAUX TUI, HEOOXIHO BIJ3BHAYUTH, IO OJHUM 3 €(PEKTUBHUX Ta HATINHUX
€KCIIEpUMEHTATBHUX METO/A1B BU3HAUYECHHs OyJ0BH €HEPreTUUYHUX 30H €JIEKTPOHIB
y TBEPJIOMY TUIl Ha CBOTOJHI BCE 3K 3aJMIIAETHCS PEHTTEHIBChKA eMICiiiHa
cnektpockomnis. Taki nocmipkeHHs: 0a3yI0ThCs, TOJOBHUM YMHOM, Ha BU3HAY€HHI
3CYBIB eHepriii miarpamuux JiHiii K —cepii Ta ekcriepuMeHTaIBbHUX PO3MOITIB

iHTeHcuBHOCTI ewmiciitHux K L- ta M-cmyr [150-152]. Biamogigna

p2,5
PEHTIeHIBChKAa eMICisi € pe3yJbTaToOM OJHOCJIICKTPOHHUX TEPEeXOdiB  MIXK
OJIHOBAaKAHCITHUMU CTaHaMH. Y TOH Ke yac, BAKJIMBY pOJIb MPHU 10HI3allli aTOMIB
BIZIrpalOTh MPOLECH «CTpymryBaHHs» enekrpoHiB  (Shake—off, SO) mnpu
OJTHOKPATHIN TIPsAMIK 10HI3aIlil aTOMY €JIEKTPOHOM, 1110 HAJIITA€E, K1 MPU3BOAATH 10
MOSIBU JIOJJaTKOBUX BaKaHCIA B aTOMax 1 BUHUKHEHHIO KPaTHOIOHI30BaHUX CTaHIB

(muB. .. 1.2.3).  3okpema, iomizanis K —00OJIOHKM eIeKTpoHAMHM  MOXKE
CYNPOBOKYBATHCS BHKHIOM 2P €JIeKTPOHA 3 YTBOPEHHAM ABOBAKAHCiilHUX P,
3p_cranis 1s2p ' koudirypauii. OnHOETEKTPOHHHIT patiawiiinnii posnay LUX

.. 1 . - e 3
craniB i mopomkye Kal —carenitu, no skux Hanexars Kog minii — po3mag °P

CTaHIB 4epe3 Mepexo]u 3PO’1Y2(1S‘12p‘1)—3P0,1,2(2 p?), Ta Koy—, Ko'—minii —

posman 1p_cranis gepes mepexoan P(1s72p™)-'D,(2p°) ra
'P(Ls*2pt)-'S,(2p°) [87,88]. Sk Bim3mauanmocs y m.m. 1.2.3, BaXIMBOIO
0COOJMBICTIO BKAa3aHHMX CATENITIB € 3HAYHA YYTIMBICTH BiTHOCHOI 1HTEHCHBHOCTI
x=1CP)/1(*P)=1(Ka,)/[ I (Koy)+1(Ka')] no napamerpis ximiumoro

3B'I3Ky aTroMa, 10 BUIIPOMiHIOE. 30KpemMa, Ie y paHHix poborax [88,92] Oymo
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BUSBIICHO 3MEHILIEHHS BEJIMUMHU ) Yy cepeaHboMy Bia 1,2 1o 0,6 npu nepexoai Bifg
yuctux enemMeHtiB Mg, Al, Si no BianoBigHUX OKcuAiB. g aToMmiB Cipku
BEJIMYMHA BIJHOCHOI IHTEHCUBHOCTI ) 3MEHINyBajaci Yy CHOJyKaX BXe SK 3
MO3UTHBHUM, TaK 1 HeraTuBHHM 3apsgoMm aromiB S [153]. CrocoBHo 3d-

CJIEMEHTIB, TO Y JIiTepaTypi TaKi AaHi 0OMEKYIOThCS TUTbKH poOoToro [154], B skii

: . 1 R
MOBIIOMIIIETHCS PO pe3ysbTatu gociimkeHHs Goromeromom Kol crmektpi Ti

ta Cr npu ¢oToHHOMY 30ymKeHHI. BpaxoBytoun neBH1 0OMexXeHHS (POTOMETONY

: : 1 - :
Ta HU3bKY 3arajbHy IHTCHCHBHICTH 3apeectpoBanux KoL~ caremiti [154], i

pe3yiabTatd noTpelyloTh MEPEeBIPKM 32 YMOBH OTPUMAHHS OLIbII IHTEHCUBHUX

KoLl CHEKTPIB MPH €JIEKTPOHHOMY 30yJI’KE€HHI Ta 10Hi3aliiHii peecTpauii. Tomy

y TpeACTaBlICHIM YacTHHI JUCEPTaliitHOI POOOTH BUKOHAHO EKCIEPUMEHTAJIbHE

JOCJTIJPKEHHSI CTPYKTYPH Ta BITHOCHOI IHTEHCUBHOCTI Kall careniris Ti, V ta Cr
B Metamax Ta okcuaax TiO, (pyrwr), Cr,0Oz V203 VO, V,0s5 a Takox

PO3IJIIHYTO MEXaHI3M BIUIMBY XIMIYHOTO 3B'SI3KYy Ha BEJIMYMHY BIIHOCHOI
: . .- 1 :
IHTEeHCUBHOCTI y cateniTiB rpynu Kol mux enemeHTis.

Meronuka OTpUMaHHS KoLt cnektpiB Ti, V Ta Cr mpu eneKTpoHHOMY
OombOapayBaHHI HaBeneHa y 1. 2.4. Sk npuknaa, A BKa3aHOI TPy €JIEMEHTIB

Ha puc. 4.1 npexncrasneno Tunosuii Kou cnektp V, sikuit Mictuts giarpamui Ko,

ninii ta Kal® carenity. Crpyxrypa Kot criexrpis Ti Ta Cr nozniOHa 10 HaBeJIEHHX

Ha puc. 4.1. Ilpu Buninenni Kol catenitis i3 3aransnoro Ko xonrypy Ko,

AyOJIeT alpOKCUMYBABCS YOTUpMa aMIuTiTyaHuME QyHKIisiMu Doiirta [155,156]:

+fo exp(—t? )dt
2
—o0 2 E-E |_,
2WG2 \/EWG

(4.1)

IOO I, exp(—t?)dt

Co w2
2

+t2

2Wg
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ne Wg,W; — raycoBa Ta JOPEHLEBA HAIIBIIMPUHM; Ey— MOIOKEHHA MakCUMyMy

¢ynkuii V(E); 1,— mikosa intencusnicts V( E ). IIpu BapitoBaHHI mapameTpiB

4

X10

X45 V (meTan)

(op}
o

ol
o

w
o

[HTeHCHUBHICTH |, iMnI/c
N B
o o
LI | LI | T T 177 | LI | LI | T T 177

4930 4940 4950 4960 4970 4980 4990
Eneprisa ¢poronis, eB

Puc. 4.1. Ka cnektp V mnpu enekTpoHHOMY OomMOapayBaHHI (eHepris

eleKTpoHiB 25 keB).

rayccoBa CKJIaJ0Ba HAMIBIIMPUHM Wg, SKa XapaKTepu3ye IHCTPYMEHTAIbHY
dbyHKINIO, MmATpUMYBaNacs cTajlow, 1HII mapameTpu GyHKid doiirra
sMmiHtoBanucs. IliAroHKa mapaMeTpiB anmpoKCUMYIOUNX (PYHKIIIHN 3a1icHIOBaIacs 3a
3a ainroputmoM JleBenOepra-MapkBapara [157,158]. Hagaui 3nificHIOBaBCsI O
Koll macupis na KOMITOHCHTH, SKI BIJIIOBIMAIOTh TEpeXojaM MDK TepMaMu
1P1, BPO,LZ moyatkoBoi 1s72p~ koHdirypauii Ta Tepmamu 150, 3P011,2,1D1
KiHnesoi 2p~ koHQirypauii. ¥ tabmuni 1.1 HaBeaeHO MYJIBTHILIETHY CTPYKTYpPY

Kal' crextpis enementis 20<Z <29, pospaxosany B poGoti [100]. 3okpema,

. : 1 : 1
BKa3aHO BiciM ocHoBHHMX kommoneHTiB a—h Kol cmekrpy. Iogin Kol

CIIEKTpaJIbHUX MACHBIB 3/I1MCHIOBaBCS caMe€ Ha 111 8 KOMIIOHEHTIB, KOXKEH 13 SKHX,
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y CBOIO 4YEpry, TaKOXX ampoKCUMYyBaBcsA aMIUNTyAHOIO0 (yHkuiero Poiirta. Ilpu
bOMY BapIiOBAJIMCS MIKOBI IHTEHCUBHOCTI KOMIIOHEHTIB Ta iX €Heprii, a rayccoBa
Ta JIOPEHLIEBA HAMIBIIMPUHHU MIATPUMYBAJIUCA CTAIMMH Ta OJHAKOBHUMHM JJIA YCIX

KOMITOHEHTIB. Y TaOin. 4.1 HaBeaeHO 3HAYEHHA BIIHOCHUX IHTEHCUBHOCTEU

. 1 .
koskHoro 3 komnonentis @ —h Kol cnexrpy Ti, V Ta Cr B MeTanax Ta okcuaax

TiO, (pytmin), Cr,03, V2,03, VO,, V,0s. Ha puc. 4.2 HaBeIeHO eKCIICpUMEHTAIbHI

Tabnuysa 4.1

BingrocHi inTencuBHocti kommonentiB Kal! crekrpis Ti, V ta Cr y meranax ta

OKCHJax MpH eJIEKTPOHHOMY OoMOap IyBaHHI.

InrencuBHicTh | Ti TiO, \ V03 | VO, | V,05 Cr | Cr,0O3
KOMIIOHEHTA,
10%%
a 56 77 36 44 49 53 25 40
b 50 36 48 43 41 39 44 26
C 6 9 6 7 6 4 7 3
d 9 7 8 8 7 6 6 9
e 6 8 5 6 6 8 4 8
f 30 29 26 25 23 22 17 13
g 16 17 18 21 24 25 18 22
h 12 5 12 12 12 11 7 12
1., BiH. o, 198 | 1,21 | 288 | 2,32 | 205 | 1,75 | 3,41 | 1,78

1 . .
Kol cexrpu Banazgiro y merani ta okcunax V,03, VO,, V,0s. [l nogansimoro

aHai3y BHU3HAYAJIWCA BITHOIICHHS IHTEHCHBHOCTI YyCiX KOMIIOHEHTIB, sKi
BilNOBiNArOTh pajianifiHuM IHepexojaMm 13 CTaHiB SPO,LZ Tepmy 1s72p”!
KoH(pIrypamii, 10 IHTEHCHMBHOCTI yCiX KOMIIOHEHTIB, SKi BiATOBITAIOTh
pagiamiifHuM TiepexoaaM 13 CTaHiB 1|:’1 Tepmy 2p~° koHdirypauii. Ik BumHO 3

Tabnuili 4.1, Take BIAHOIIECHHS BU3HAYAE€THCSI HACTYITHUMH KOMIIOHCHTaMU
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IHTEeHCHBHICTB, BIAH. OJI.

Puc. 4.2. Kalt CIIeKTpH BaHadito y Metam Ta okcumax V,03, VO, V,05

[IpU €JIEKTPOHHOMY 30y I>KEHHI.
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L= 1CP) _1®)+1() 1) +1(©)+1(9)+1(R), (4.2)
1 (*P) I(a)+1(e)

VY Tab6n. 4.1 HaBeneHO BU3HAuUEH1 32 popMyIioro (4.2) 3HaUeHHS BIIHOIICHHS y IS
yCiX JOCHIIKeHHX 3pa3kiB (OCTaHHIM psagok). BigHocHa moxuOka BU3HAYCHHS
BIJJHOCHOI IHTEHCHBHOCTI KOJXKHOTO KOMIIOHEHTa ckJagae 4 — 6%, mnoxubOka
BH3HAYCHHS BIJHOCHOI IHTEHCHUBHOCTI y BigmoBimHo 10— 12%. V¥V Tabn. 4.2
BKa3aHO eHeprii 3B’s3Ky 2P,, enekrponiB Ti, V, Cr (Bu3HaueHHX 3a
(OTOENEeKTPOHHUMH CIEKTpaMH) y MeTajax Ta BIJNOBIIHUX OKCHAAX, 3pOCTaHHS
AKUX TIpU TMEepexo]i BiJ METaliB [0 OKCHJIIB  XapaKTepu3ye MO3UTUBHUN

edexruBHuM 3apsg atomiB Ti, V ta Cr y Iux cronykax.

Tabnuys 4.2

Eneprii 38°s13ky 25, enekrponis atomis Ti, V, Cr y MeTanax ta okcuaax.

Ti T|02 Cr Cr,03 V V,03 | VO, | V505
[159] | [159] | [160] | [160] | [159] | [159] | [159] | [159]
Eneprist 2D, , 453,7 | 458,5 | 574,2 | 575,7 | 512,4 | 515,4 | 516,3 | 517,3
eB
3cyB eHeprii
2Py, B OKCHUJI

- +5,2 - +1,5 - +3,0 | +4,3 | +5,3
BITHOCHO
Metany, €B

Ax BugHo 3 Tabmumi 4.1, g Ti ta Cr BigHOCHA IHTEHCHBHICTH ) TIIpH
nepexoai BiJl YHCTHX METajiB 0 OKCHAIB 3MeHmIyeThess y 1,64 ta 1,92 pasu
BiMmoBigHO. /{75 oKcuaiB BaHail0 3pocTaHHS e(EeKTHBHOTO 3apsay V y psamy
crionryk V,03 — VO, — V,0s, sike BimoOpakyeThCsl 30UTbIISHASM eHeprii 3B’ 13Ky V
2Py, , CYNPOBOJUKYETHCS 3MEHIICHHAM BinHomeHHs y Bix 2,32 (V,03) mo 1,75
(V20s). Puc. 4.2 imtocTpye 3aJIe)KHICTh BITHOCHOT IHTCHCHBHOCTI ) BiJl BEIMYHMHH

3CyBY eHeprii 2Py, €IeKTPOHIB B OKCHJI BITHOCHO METay.
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3,6—: Cl’l
3,2‘: V
5’( 2,8 Vzos
g ] VO
E 247 +
a 1 Ti \ Vzos
X 2,01 + U
: | ’
1,6 ]
: Cr0, TiO,
1,2 "

3cyB eHeprii piBHA 2p5, , eB

Puc. 4.3. 3anexHicTb BIZHOCHOI IHTEHCHUBHOCTI j BIJ BEIUYMHHU 3CYBY

eHeprii 2P,, €IeKTPOHIB B OKCHJI1 BITHOCHO METally

TakuMm YMHOM, €KCTIEpUMEHTAIBHO ITITBEPKEHO, IO TEPeXiJ Bill MeTajiB
Ti Ta Cr mo iX OKCHIIB 1 MpU €JEeKTPOHHOMY OOoMOap/yBaHHI MPU3BOIUTH IO
. . 3 1
ICTOTHOTO 3MCHIIICHHS BiJTHOIIICHHS v=1CP)/1("P). Brepie

eKCTIICPUMEHTAILHO BCTAaHOBJEHO, 1O y psaAny okcuaiB V03 —VO; —V,05 3i

3pOoCTalounM e(PEKTUBHUM 3apsjioM aToMiB V 3MEHIICHHS BITHOIICHHS Y €
MOHOTOHHUM. OTXKe, 3arajibHI 3aKOHOMIPHOCTI 3MIHH BIJHOIIICHHS 7} , BCTAHOBJICHI

panime s cnoinyk 3p—emementiB [121,123,159-161], cmpaBemauBi 1 s
IOCIKEeHNX 3d—eIeMeHTIB.
Sx Bim3Hauanocs y m. 1.2.3, y mitepaTypi Oys0 3ampoIOHOBAaHO JEKLIbKa

MoOJIeNiel TOsSICHeHHS Takoro edekry. Ha nHam mornmsna, HaiOLIbIn aJxeKBaTHO
ocobmuBocTi ponecy SO BpaxoBye MOJeNIb B3a€MOIil IBOX KOHTHHYYMiB1S *2p~"
(*P)ep ta 1s2p*(*P)ep, sika Gyna Bnepie 3anporoHoBaHa y poGori [119] Ta

3amydanacs Ui aHam3y y po6oti [154]. 3a miero moaemuio mo0yoBa XBHILOBUX
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(yHKIIA KOHTHHYYMIB BHUKOHYBaJacs 4Yepe3 ypaxyBaHHS iX KOHQIrypamiiHoi
B3a€MOJIii: V., (E) = Idg[cllus(3P) +ClZUs(1P):| T2
v, (E) = jde[C21U8(3P) + CZZUS(lP)] ae U8(3P) : Ug(lp) — BhacHi QyHKIi
kouTHHYyMiB  1s2pt(*P)ep Ta 1s2pt(*P)ep BimmosizmHo, ‘Cll‘ > ‘CIZ‘ ,

‘C22‘>‘C21‘ — xoediuientu 3sumimysanns xondirypauiit U (*P), U, (*P), sminna
IHTETpYBaHHSI € — €HEpPrii 2p—eJeKTpoHa Yy HemnepepBHoMy chnekTpl. Toxi,

BiTHOWICHHS ITepepi3iB 36ymwkenns cranis P Ta °P tepmis 152 p ' kondiryparii

obumcimoBaocs sk [119]
oy |yl o) os

) fllyp as o) de

(4.3)

ne y(1s™) — mouarkoBwmii cTan atomy 3 1s~! BakaHci€ro.

BaxmBor0  0COONMBICTIO  PO3TISHYTOI MOIENl € BpaxyBaHHA SIK
MDKKaHaJIBHUX TIEPEX0I1B \Vgp(E) — \|/1P(E), TaK 1 MePEX0/IiB y KOKHOMY KaHai,
3YMOBJICHHX 3MIIIYBaHHAM KOHQIrypaiiid, sKe 3aJaeTbcsi KoedillieHTaMu

‘C11‘>‘C12‘, ‘C22‘>‘C21‘. Ha wam mnormsa, npu  (OpMyBaHHI BKa3aHHMX

KOHTUHYYMIB BUKOHYIOTBCS OLIbII )KOPCTKI YMOBU |C11| >> |C12| Ta |C22| >> |C21|,

T0OTO 3MilTyBaHHs KOH(DIrypamiii y Mexxax kaHairy € HecyrreBuM. Lle 3ymMoBIeHO
TUM, 10 MEXI IHTETPYBaHHA 10 €HEprii € y KpHCTajlax CyTTEBO 3BYXKYIOThCS, a
camMe, HWXHS MEXKa IHTErpyBaHHA 3pOCTAa€ Bl HYIS 1O OJWHUIL 1, HAaBITh,
necsatkiB eB. Y wMeramax ekpaHyBaHHS BHYTPINIHBOI BakKaHCIi BUIBHUMH
enekTpoHamMu (ekpanyBaHHs Tomaca-depmi) NpuU3BOAUTH OO TOTO, MO 2p—
CIEKTPOH y HEMEePEepPBHOMY CIIEKTPi B3a€EMOJI€ 3 ATOMHHM JIBOBaKaHCIHHUM
cTaHoM 1s™'2p~' TiJIBKM MPOTATOM Yacy, 3a sIKMii HE BCTUTAE TOBHICTIO BiIOYTHCS
JUHAMIYHE €KpaHyBaHHS IMX JBOX AaTOMHUX BakaHCii. TakoMy BUNAAKY

BIJIMTOBIZIa€ KIHETUYHA CHEPTisi & 2p—eNeKTPOHa, Ky BiH Ma€ Ha BIICTaHI TUIbKU
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2—-4A Bin nenrpy aroma. Ilpu 3pocTaHHI JoKamizalii 3apsgy BaJeHTHHX
€JIEKTPOHIB, SIKa BIIOYBAE€ThCS MO Mipl 3pOCTaHHS €(PEKTUBHOIO 3apsay aToma,
30UIBIIY€EThCA LUISX, KU 2p—€NEeKTPOH, NepeOyBaoun y HENEPEPBHOMY CHEKTPI
eHeprii, mnpoxoauTh y kpuctaiil. lle BiAmoBizae 3CyBy BEepXHBOI MEX1 3HAUYCHb
eHeprii € B 00JaCTh MEHILUX 3HAYEHb MPU IHTETPYBAHHI MO €HEPrii € Yy PIBHSAHHI
(4.3).

Buxonsun 3 BkazaHuUX OCOOJMBOCTEH 10HIZaIli aTOMIB Yy KpHUCTalaXx,
NPOMOHYETHCA HACTyMHA MOJENb BpaxyBaHHsS BIUIMBY XIMIYHOTO 3B 3Ky Ha
BiHONICHHS TIepepi3iB 30ymkenus P ta °P tepmis 1572 p ' koH(irypartii, oTKe, i
Ha BiTHOCHI IHTEHCHBHOCTI KOMMOHEHTIB K ol CHEeKTpiB 3d—eIeMeHTIB:

1. Jlnst koxmoro 3 kouTHHYyMiB 1s2p*(*P)ep ta 1s2p* (*P)ep xBHIBOBI
GyHKIIT OYyIYIOTBCS TIIBKU Yepe3 BJIACHI XBUIIbOBI (PYHKIlII KOHTUHYYMIB, a caMe

€ max

vip(E)= [ U.CP)e 1 wi(E)= [ U.('P)e, e &(Ry) -

&(Ryr ) &(Retr )
MiHIMaJIbHA KIHETUYHA EHEepris €P €JIeKTPOHA, 0 BHU3HAYAETHCA €(EKTUBHUM

paaiycoM Res, TOOTO BIACTaHHIO €P €JEKTPOHA BiJ] LICHTPY aTOMa, Y MEXax SKOi y

KPUCTAIi BiIOYBAETHCS B3aEMOJIA TAKOTO €JIEKTpOHA 3 1S2p " — iOHI30BaHUM

atoMoM. OTxe, BHYyTPIIITHhOKAaHAJIbHA B3aEMO/IIS1 HE BPAXOBYETHCH.
2. BennunHa edexTuBHOrO pajiycy Rer MiHiManbHa y mertamax (2 —4 A) i

3pocTae IpH JIOKaji3allii 3apsay BaJlEHTHUX €JIEKTPOHIB. 3pOCTaHHS €()EKTUBHOTO
paniycy Res BimoOpakyeThecsi y 3MEHIIIEHH] TapaMeTpy S(Reﬁ ).

3. BpaxoByeTbcs TUIBKM MDKKaHajdbHa B3a€EMOJiS, BEIWYMHA SKOI Yy
KpUCTalaX BU3HAYAETHCS MIHIMAIBHOIO EHEPri€lo S(Reﬁ). Toni BigHOUICHHS
nepepisis  30ymkeHHs P ta °P tepmis 152 p ' kondirypamii Moxe 6yrd

ob0umnciieHo 3a GopMyJI0I0
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8max

J

G(3P) _ e(Rer )
s('P) I

(U.CPwas) de

: (4.4)
(U.CPlwis) de

e(Refr )

[Ipy OOYMCIEHHI MATPUYHUX EJIECMEHTIB <Ug,(3'1P)‘\|1(1$‘1)> MaTpUYHi

€JIEeMEHTH ONepaTopa MDKKAHAJIbHOI B3a€MOJIi BU3HAYAIHCS CIETEPOBCHKUMHU
iHTerpanamu [162]. OnmHak, BEpXHs TpaHMIS IHTETPYBAaHHS Terep JOPIBHIOE HE

HECKIHYEHHOCTI, a BEJIMYMHI Ref

_33 RY(2p,ep;e'p,2p) +

Vi 0. = Rl(1s,ep:e’pls 4.5a
1626 5 23 (1s,ep;e’p.ls) (4.5a)

Reff Reff

, 1
R(2p,ep;ep,2p) = | dr, [ dr, Ry (DR ()R, (DR, () (4.56)
0 0

>

Rest R

! { r<
RU@s.epiep1s) = [ di [ ot SR, (R, (R, (DR()  (4.59)
0

0 >

OOuucnenns 3a ¢opmynamu (4.4) —(4.5) BUKOHYBaIHCS 3 BHKOPHUCTAHHIM

HEPEJIATUBICTCHKUX BOJHENOJIOHMX €KPaHOBAHUX paAiadbHUX (QYHKLIIH Ry(r),
Rzp(r), Rgp(l’) st Z=22. Ha puc. 4.4 HaBeJCHO 3aJIC)KHICTh BEIUYUHU

o(*P)/o(*P) Bix edexruBHOTO paniycy Res KynoHiBchkoi B3aemomii 2p
eJIEKTPOHA Y HelepepBHOMY crekTpi 3 1s'2p™ ionizoBanum aromom (kpusa 1).
Ha HhOMY X MpeacTaBICHO Pe3yNIbTaTH PO3paxyHKiB y Mexax moneni [119], ska
BpPaxoBY€ SIK MDKKaHAJIbHI, TaK 1 BHYTPINTHbOKAHAJIBHI TIepexoau (kpuBa 2). Sk
BUHO 3 puc. 4.4, 3mHauenns BinHomenns o(°P)/o(*P), sxi BixmosizaoTh
3aMpOTIOHOBAHIM MOJIENI, 0 BPaXOBYE TLIBKA MDKKAaHAIbHY B3a€MOJII0 (KpHUBa

1), y xpaiinix Toukax (Regr=2A Ta Reg =8 A) mpuiimaroTs 3HauYeHHs, sKi

BiZIpI3HAIOTECA Y 1,53 pasu, Toi K 3HAYECHHS I[LOTO BiMHOIICHHS, OOYMCIIEHI 3a
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mozemto [119] (kpuBa 2) y BKa3aHUX TOUKaX BIAPIZHAIOTHCA TUIbKH 1,29 pa3u. Sk
BUILJIMBA€ 3 HAUIOTO EKCIEPUMEHTY, MpHU MEepexoll MeTal — OKCHJ BiJIHOCHA

IHTEHCHUBHICTh X, 3MiHIOeTbest y 1,6 — 1,9 pasu. Takum uyumHOM, came

3ampoIIOHOBaHA Y JUCEPTAIIiHINA poOOTI MOAENb BIIOOpaXKkye OUIBIIHM Jlana3oH

1
59 CTATUCTUYHE 3HaUeHHS 3:1
¢
o
o
= 2,04
m
- 2
Py
o 1,8
B 7]
=
[all
m\-/
© 1,6

Puc. 4.4. 3anexnicts Bingomenns o(°P)/ o('P) Bix epexruHOrO pagiycy

exkpanyBaHHS Re : 1 —0e3 ypaxyBaHHA BHYTPIIIHbOKaHAJIBHOI B3aeMOIIi; 2 —3

ypaxyBaHHSIM BHYTPIITHbOKaHAJILHOT B3a€MO/I1.

3MIHHM BIZHOCHOI IHTEHCHBHOCTI X, a HDK momenb [119], mo y Oimbmmiit mipi
Binnosigae excriepuMenty. OTke, MOKHO BBa)KaTH, IO IIPU ABOKpaTHii 1S 2p ™
loHI3aIii y KpHUCTaJaX OCHOBHOIO € MDKKAaHAJbHA B3a€EMOJIsl KOHTUHYYMIB
— -11 -1 -1 /3 .
1s72p " ("P)ep ta 1s2p " (*P)ep, BenmuMHA SAKOi BM3HAYAECThCH €(PEKTHBHHUM
paaiycoM Re KyJIOHIBCHKOT B3aEMOJIIT 2p €IEKTPOHA y HETIEPEPBHOMY CIIEKTPi (P
-1 1. .
enexkTpoHa) 3 1S 2 p " ioHI30BaHUM aTOMOM.

TakuM 9MHOM, 3a YMOBH ejeKTponHoro 36ymkenns Kol' cmexrpis Ti, V

ta Cr eKCIIepUMEHTAJIbHO BCTAHOBJIICHO 3MCHIICHHS BiTHOCHOI 1HTEHCHBHOCTI

x = 1(°P)/ 1 (*P) npu nepexoxi Bix MeTaiis 10 Bixmosinuux oxcuais y 1,6 — 1,9
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pa3iB. B okcupgax BaHaniro 3pocTaHHs €(EKTHUBHOIO MO3UTHBHOTO 3apslly aToMy
V, sKe BiIOOpaKye€TbCs 3pPOCTaHHAM eHeprii 383Ky V'  2p,, €ICKTPOHIB,
CYNPOBOJIKYETHCS MOHOTOHHHMM 3MEHIICHHSIM BIHOCHOI IHTEHCHUBHOCTiI 7 BiJ
2,43 no 1,8. 3anpornoHOBaHO MOJIENIb TAKOTO e(PEeKTy, Ka BPaXxOBY€ MIKKAHAIbHY
B3aemomito koutmyyMmiB 1S 2pt(*P)ep ta 1s2p(*P)ep, a crymiHb
JoKami3alii BaJIGHTHHUX €JEKTPOHIB Yy KpHUCTaJlaX BU3HAYAETHCA €(PEKTUBHUM
pajiycoM B3a€MOJil €XKEKTOBAaHOTO 2p eNeKTpoHa 3 JABOKpaTHO 1S 2p~"

10HI30BAHUM aTOMOM.

4.2. Xapakrepucrukn Kal', Kal® T1a Kal® cmektpie Al npm

eJICKTPOHHOMY OomMOapayBaHHi

Bume 6yno posrmsuyto BmactuBocTi Kol' cmexrpis Ti, V Tta Cr mpu
eJICKTPOHHOMY OoMOap/IyBaHHI, 30KpeMa, YyTJIUBICTb TaKUX CIEKTPIB JO 3MIHH
HANOJIMKYOr0 OTOYEHHSI aToMy, SAKUH BHUMIpPOMiHIOE. He MeHm BaxiInBy
iH(popMaLio PO HpoLecH KpaTHOI ioHi3amii atomis mictsars KoL’ crektpw, siki
BUIIPOMIHIOIOTKCS MPU pajiallifHUX Mepexoiax B aToMax 3 TpbOMa BHYTPIMIHIMU
BakaHciamu “P, P, °D,?S(1s'2p2)—-*S,?’D,*P(1s*2p~?) (mus. m.m. 1.2.3).
30kpema, BiJ3Hayajgocs, IO BIIHOCHA IHTEHCHUBHICTb TPYIH Kal? mimiii

|(KoLl?)/1(Kay,) 3p enementis Na, Mg, Al npu enekrponHoMy GomGapyBanHi

Maibke y JIBa pasW TMEPEBHINYE PO3PAXyHOK, BUKOHAHUU y HAOIMKEHHI
HezanexHoro SO naBox 2p enektpoHiB [95]. Taka BiIMIHHICTE MOXe OyTH

3yMOBJIEHa CYTTEBOIO POJUIIO 2p €IEKTPOHHUX KOPENSIid MPU BWIBOTI 3 aroma
IBOX 2p eNeKTPOHIB y Mpoleci TpUeIeKTpOoHHOI ioHizanii 1s'2p~2. YV Bunaaxy
YOTHPHUEIEKTPOHHOI i0Hi3amii 1S72p~° 3 aroma Bimirac Bxke TPU MOBIIBHUX 2p
eJeKTPOHM 1 HaeTbcs mpo ix B3aemonito 3 1s'2p~ ioHi3oBaHMM aTOMOM —
BignmoBinHo.  OpHoenexkTpoHHi  mepexoau  1s72p P —-2p* y  Takux

YOTUPUKPATHOIOHI3PBAHUX AaTOMax CYMNPOBOJKYIOTbCS BHUIPOMIHEHHSIM TpyIU
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KalL® mimiit, CIIEKTPHU SKUX BIAMOBIAIOTh OJHOECICKTPOHHUM Tmepexonam. s
3’sICyBaHHSI BHECKY BKa3aHHUX KopeJsliiiHux edekTiB y podotax [154,163] Oyno
JOCITIKEHO 3aJISKHOCTI  IMOBiIpHOCTEH mojatkoBoi 2p ' ioHBauii (Pp),

nonatkoBoi 2p~° iowizauwii (P,) Ta gomatkoBoi  2p~°

loHizauii (P;) mpu
YTBOpEHHI MepBHMHHOI 2S ' BakaHcii y atomax Si Bim emeprii GomOGapmyrounx
€JIEKTPOHIB y Jiana3oH1 npuckoprowdux Hanpyr 7 — 100 keB. Byno BcTtanoBieHo,

[0 EKCIEPUMEHTAIbHO BU3HAuyeHl iMoBipHocTi P, Ta P; mnepeBuniyroTsh
3HAUEHHS, pO3paxoBaHl y HAOJMKEHHI MUTTEBOTO 30YypeHHS, BIIMOBIIHO Y
P,/ P2(50)= 1,4- 19 1a P3/P3(SO) = 3,2 —4,3 pa3sis, 10 CBIIYHTH PO CYTTEBY
KOpemALiiENX edeKTiB IpH NMepBuHHIA 2S iomizamii aTomy Si. Ommak, y m. 4.1
OyJ0 TMoOKa3aHO, LI0 Yy Mpoliecax B3a€MO/IIi MOBUIBHOTO 2p €JEKTPOHA, SKUH
samumae arom y pesyinsTati SO mpomecy, 3 1s'2p~' ioHi30BaHMM aTOMOM,
CYTTEBY pOJb BIJIrpae BeIUYMHA €(PEKTUBHOrO paaiycy B3aeMmomii Rer, sKa
BU3HAYAETLCA  €KpPaHyBaHHAM 1S '2p "  iOHI30BAHOTO  aroMy  BiLILHUMH

CICKTPpOHaAMH (MGTaHI/I) Ta CJICKTPOHAMH JIOKAJ130BaHUX 10HHO-KOBAJECHTHHUX

3B’s13KiB (okcuam). Jlocmimkenuit y pobotax [154,164] kpemHii € KOBaJCHTHUM

KPUCTAJIOM 3 YOTHUPMa JIOKaJi30BaHUMH Sps—l“i6pHI[I/I30BaHI/IMI/I opOiTanamMu, a
paziyc eKpaHyBaHHS 3apsjy aroMa eJeKTpOHaMU IPOBITHOCTI (€KpaHyBaHHS
Jebas-Xrokkens) ckiaagae 8 — 10 A, mo MEPEBUINYE MDKAaTOMHY BiJICTaHb OLIbII
Hik y tpuui (d(Si-Si)=2,35 A ). OTxe, MOKHAa OYiKyBaTH, IO y KpHCTagax Si
eKpaHyBaHHS B3a€MOJii 2p €neKTpoHiB 3 1s'2p~° Ta 1s'2p~° ioHizoBaHUMH
aTOMaMH € CYyTT€BO CIa0IIUM Yy MOPIBHSAHHI 3 ME€TaJaMU, Y SIKUX, K BiJ3HAYAJIOCH,
Reff =2-4 A

ToMmy nans mepeBipkH poJli €KpaHyBaHHS B3a€MOIl 2p €JEKTPOHIB, sKi
3aIMIIATh aToM y pesynbTaTi SO mpouecy, 3 1s2p~ ta 1s™ 2 p*ionizoBaHUMU
aTOMaMH JIJIsI METaTy aJIFOMiHiI0 OyJ10 BUKOHAHO €KCIIEPUMEHTAIbHE JTOCIIKCHHS
BigHocHoi intencusrocti Kol!, Kol? ta KoL® CIIEKTPIB TIPHU EJICKTPOHHOMY

OoMOapayBaHHI y pgiama3oHi eHepriii emekTpoHiB 4,5 — 100 keB 3 wmetoro
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BM3HAYECHHA BITHOCHUX IMOBipHOCTEH P, P, Ta P;, a TaKoX MOPIBHAHHS LUX
3Ha4YCHb SIK 3 MependadyeHUMH y mojeni HezanexHoro SO, Tak 1 OTpUMaHUMU
paHilie eKCIIePUMEHTATLHIME TaHUMU JIJIs1 KPUCTAIIB KpemHito [154,164].
Meromuka otpumanns Kol', KalL? ta KaL® criextpis Al mpu enextporHOMYy
OomOapyBaHHI y Jiama3oH1 eHeprii enekTpoHiB 4,5 — 100 keB naBenena y n. 2.4.

BusHauamucss BimHOocHi imTemcmBHocti rpynm Kol', KolL® ta Kol® mimiit
v=I1(Kal')/1(Kay,), n=1(Kal®)/1(Kal') 1a &=I(Kal®)/I(Kal') sx
BITHOILICHHS IUIONI, OOMEXEHHMX BIJMOBIJHUMHU CIHEKTPATbHUMU KOHTYPAMH.
I'pymu Kal', KalL? ta Kal® niuiii BUGimsamcs i3 KOPOTKOXBHIBOBOTO CXITY Koy »

JHIA MpU anmpoKcUMalii OCTaHHIX JBOMa aMIUNITyAHUMH GyHKUiAMU Doiirra.
BinHocHa moxuOka BU3HAYEHHs BeMWYWH 1 Ta { He mepeBuinyBasia 5 — 8 %. Ha
puc. 4.5 HaBeneHOo THUNOBHI peHTreHiBehkuii emiciitnuii Ko —cmektp Al (@ —
Koo, b - Koll;: ¢ - Kal?; d - KaL3), OTPUMAaHHMH 3a MPUCKOPIOIOYOT
Harpyru U = 25 kB.

Jlns BU3HAYEHHS BIIHOCHHMX IMOBIpHOCTed P;, P, Ta P; mpenctaBuMo

. .o . 1 2 3 .
BimHOCHI 1HTeHCcUuBHOCTI KolL®, KoL ta Kal® (3 ypaxyBaHHSM pe3yibTariB

pobotu [163,164]) y BurIsiai:

FR
I(KOLLZ):GK(l—Pl)F“, (P, >>P,,P;) (4.6)
K
S
|(Kal')=o,P, , 4.7
( )=« 1a1F£+k1F,§+FL 41
3
I(Kal?)=c,P , 4.8
( )= ok 2a2F£+k2FE+2FL (48)
EFOFS
I(Kal®)=o,P, 2 (4.9)

a,lf+h, IR +3r,
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X104 X102
% 3_ KalZ 8 12—
Z s
5 2 — g
2 5 8-
R =
5 SHE
5 1 2 4
= =
— 7] an) _
a —
| T T T | T T T | T | T Wlw T
1484 - 1488 1492 1496 1500
Eneprist ¢poronis, eB Enepris ¢poronis, eB
2
1X210 2 X102
n Ko X

InTeHCUBHICTS, IMIT/25 C
1

InTencuBHICTB, 1MIT/200 ¢

T | T T | T | |
1504 1512 1512 1520
Enepris ¢oronis, eB Eneprisa ¢otonis, eB

Puc. 4.5. Penrreniscekuil emiciiinuii Ko —cnexrp Al: a — Koy, b - Koll:

¢ — Kal?: d - Kal®

3 piBHAHB (4.6) — (4.9) oTpuMaeMo

Pl:v+G’ P, =mP,N, P,=£PM (4.10)
ne 6=2_ _Tw (4.11a)
6 al+kl+1
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_§.a2F}<A+k2FE+2FL M _§.a3F£+k3F,§+3FL

N = A R ’ - A R
4 aly+kly+1I| 3 aly+klc+1,

. (4.116)

VY dopmynax (4.6) — (4.9) o — mepepi3 ionizamii 1S obomonku; [ xand 1 —
mupran K Ta L, , pisnis; [ 5 — mMpHHa pajiaiiinoro nepexony 1s*—2p*; [’ ~

R N . . .
[y — Oxe Tta pamianiiina cknanosi mupurn K piasa. Koedinientn 5/6, 2/3 ta 1/2
BpPaxoOBYIOTb 3MEHIIEHHS KUIBKOCTI 2p €JEeKTPOHIB HpPH 3POCTaHHI KPATHOCTI

JO0AATKOBOI 10HI3alli 2p migoOONOHKHM; Koe(llieHTH a4,a,,83 BPaxoBYIOTh
. A .
smenmieHns Oxe ckianoBoi mupunu [y, a xoedimientu K, = 5/6; k, =2/3, kg=

1/2 — 3meHmeHHs pagianiiinoi ckiaagoBoi mupuan [ E IIPH TI0SIB1 OJIHIET, TBOX YU
TPhOX JOJIATKOBUX BakKaHCIM y 2p mimoOosoHii. s BU3HAYeHHS KOoe(Qilli€eHTIB
a;,8;,83 OylI0 BHKOPHCTAHO 3HAYCHHS WIBMAKOCTEH KLiL; Ta KL;M; Oxe—
nepexoniB [164]. s Al orpumano Biamosigno a4 = 0,82; a, =0,64; a5 =0,35.
VY miacymKy mpu BUKopHcTaHHI 3HaueHb [ x = 0,420 eV, I =0,004 eV [165],
BUXOAY QuryopecteHiii wy = 0,039 [166] obuncnenns 3a popmynamu (4.11a) ta
(4.116) marots mns Al macrynmi 3Hauenns koedimientis G =1,12, N = 0,47,
M =0,32.

VY Tabun. 4.3 npencraBieHo 3HAYCHHS BIIHOCHUX IHTEHCUBHOcTeH V, T, )
Al Ta obuncnenux 3a popmyinamu (4.10) BinHOCHUX IMOBipHOCTEH P, P, Ta Py,
OTpUMaHI MPU PI3HUX EHEPriAX HaliTalo4YnX eneKkTpoHiB. Ha puc. 4.6 Ta 4.7
HaBENEHO 3alekHOCTi iMoBipHOcTel P,, P, Al Big eneprii 6om0apayrounx
eNeKTpoHiB.  Jlns  TOpIBHSHHA Ha  PUCYHKaX  TaKOX  MPECTaBICHO
CKCIIEPUMEHTAIbHI pe3yibTaTh, OTpUMaHi panime s Si [154,163]. Sk BumHO,
anst Al ta Si 3anexsocti P,, P, Bix eHeprii 6oMOapayrouux €IeKTpoHIB MaloTh
CHaJar0dmii XapakTep, 10 MOKe OyTH 3yMOBJICHO 3MEHIIICHHSIM CEPeIHbO1 €HEPrii,

sKa MepeIaeThCa aTOMY IIPU CIIBYJIapi 3 €JIEKTPOHOM. 3BepTae Ha cebe yBary Toi
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Tabnuys 4.3

[Mapamerpu Kal', Kol? ta Kal® cnexrpis Al npu enekrpoHHOMY 30yIKEHHI.

0 10 20 30 40 50 60 70 80 90100

Enepris enekrponis, keB

BigHOCHI IHTEHCUBHOCTI
[Mpuckoprord n P, P, Ps,
,X
a Hanpyra, kB | V,x1072 X £x107% | x1072 | x107® | x10°°
10~
4,5 10,4 8,3 2,8 8,5 3,3 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
x10°
5 357
e 4
=t ]
A 3,0 1
A .
E 257
E ] Al
2 2,07
E 1
1,57 S

Puc. 4.6. 3anexnicts BinHocHOT iMoBipHOCTI P, mmst Al (mana po6ota) Ta Si

[154,163] Bin eHerii 0oMOapAyHOUUX €JIEKTPOHIB.
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] Al

] Si

ImoBipHicTh Py, BigH. o1
1

0 10 20 30 40 50 60 70 80 90100
Enepris enexrponis, keB

Puc. 4.7. 3anexHicTs BinHOCHOI iMoBipHOCTI P, nia Al (nana po6ota) ta Si

[154,163] Bix eHerii boMOapayrOUnX EJICKTPOHIB.

¢akt, mo 3HaueHHs mapamerpiB P,, P, mus Al Bigmosinno y 1,4 Ta 1,2 pasu

BuIlll, a HDK y Si. JIJIs MOAanbIoOro aHamidy BaKJIMBO BHKOHATH IOPIBHSIHHS

3HaueHb P,, P, mus Al ta Si 3 ix po3paxyHkamu y HaOJIMKCHHI HE3aJIEKHOTO
«CTpYIIyBaHHS» JBOX Ta TPboX 2p enekTpoHiB npu SO mporeci. BinmosimHi
TEOPeTHYHi 3HAYeHHs BH3HA4aOThest 3a Qopmymzamu PS% =(5/12)(R°?)° ta
P = (5/54)(P*?)* [163]. Ilpumitmaroun mis Al Pl(SO) =6,9-10° [155,156],
oTpuMaeMo P =2,0-10°Ta P =3,1.10°. Ha puc. 4.8 ta 4.9 mna Al 1a Si
IPENCTABICHO 3aleXHOCTI BigHOmEHb P/ PZ(SO) Ta P3/P3(SO) Big eHerii
OoMOapayrouux enekTpoHiB. 3 puc. 4.8 BuaHo, mo maig Al Mexi 3MiHH
BiJJHOILIIEHHS CKJIAIal0Th PZ/PZ(SO) =1,1-1,7, toni sax mis Si PZ/PZ(SO) =14-—

) . . . SO
1,9. Amanoriuno, s Al mexi 3minm BigHomenus Py/ P3( )CKJ'IaI[aIOTI)

P/ P3(So) =1,7-2,5, toni six nus Si Py / PS(SO) =3,2-4,3 (puc. 4.9).
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Puc. 4.8. 3anexHictb BigHoueHHs P,/ PZ(SO) s Al (mana pobora) ta Si

[154,163] Bix eHerii boMOapayrOUnX €JICKTPOHIB.
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Puc. 4.9. 3anexuictp BimHomeHus Ps/ Pg(so) st Al (mana pobora) Ta Si

[154,163] Bix eHerii 6oMOapayrOUYrX EICKTPOHIB.
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Otxe, y metani Al 3HaueHHsT IMOBIPHOCTI JJOJaTKOBOT JBOKPATHOI i0HI3aIlii
2p NiA000JIOHKH MPY YTBOPEHHI MEPBUHHOI BakaHCli y 1S 00010HII1 (KOHIrypalis
1s™'2p?) BiZHOCHO Wi€i X BEIUYMHHU, OOYMCICHOI y HAOIMKEHHI HE3aIE€XKHOIO
SO mpomecy st 1BOX 2p €NeKTpoHiB, y 1,2 pasu meHire, Hbk y Si.  Buibm
CWIbHUM e(deKT crocrepiraerbcsi M IMOBIPHOCTI JOJATKOBOI TPHUKPATHOI
1oH13alii 2p NiAOOOJIOHKH MpU YTBOPEHHI MEPBUHHOI BakaHCii y 1S 000y0HI
(xoHQirypamis 1s72p~°) BiZHOCHO 3HA4YeHHS, OOYMCIEHOrO Yy HaOIMKEHHI
HesanexxHoro SO mporecy aias TppoX 2p eleKTpoHiB — ans Mmetany Al take
BifiHOIIEHHS y 1,7 pa3iB MeHIIe, HOK Juisd HaniBnpoBigHuka Si. Takuii pe3ysnbrar
CBIZUMTH TPO Te, 10 Y MeTali nepedir npouecis 1s2p~ ta 1s2p~? ionizawuii
Kpaie onucyerbes y HaOmmkeHHi SO, a Hix y Si. BpaxoByrouu Toi daxr, 110
QTIOMIHIN Ta KPEMHIN € CYCIIHIMU eJIeMEHTaMH y TMEepIoJuYHIA TaOauIll, BaKKO
MOSICHUTH TaKl BIAMIHHOCTI Z—3alle)KHOCTSIMHU BKa3zaHHMX MapaMmeTpiB. Ha Hamry
NyMKY, BiiMiHHicTb nporeciB 1s'2p~? ta 1s2p 2 ionizauii Al Ta Si 3ymosnena
TUM, 1110 B QJIFOMIHIT B3a€EMOJISl IBOX MOBUIBHHUX 2p €JIEKTPOHIB y HEMEPEPBHOMY
criektpi 3 1S 2p~? ioHizoBaHMM aToMOM (260 TPHOX IOBUILHUX 2p €JIEKTPOHIB Y
HEIEPEPBHOMY cHeKTpi 3 1s7'2p~° ioHiI30BaHMM aTOMOM) MOMITHO 3a€KpaHOBAHA
BUIBHMMH CJICKTPOHAMH, TOJi K B Si 3 JIOKaTi30BaHUMH IMapPHOEICKTPOHHUMU
3B’SI3KAMHM  TaKa B3aEMOJIII € CYTTEBOIO CHJBHIMIOW. {akTUYHO, 3aBASKHU
eKpaHyBaHHIO MIKKAaHAJIBHOT B3a€EMOJII KpaTHa I1OHIZAIlld y MeTajax Kparie
onucyerbes y Shake—off HaGmmkeHHI, a HIXK y HaIIBIPOBIIHUKAX Ta JiCIEKTPHUKAX
3 TOKATI30BAaHUMHU €JICKTPOHHUMH 3B’ I3KaMH.

TakuM 4YMHOM, EKCIEPUMEHTAJbHO BCTAHOBJEHO, M0 IMOBIPHICTH
YTBOPEHHS JIBOX Ta TPHhOX JOJATKOBHX 2p BaKaHCIM mpu ioHi3ami 1S 000IOHKH
CJEKTPOHHUM YJapoM BIJHOCHO IMOBIPHOCTI TaKUX WPOIECIB y HAOIMKEHHI
MUTTEBOTO 30YpEHHs I MeTalny amfoMiHiio y 1,2 — 1,7 pa3iB MeHIIa, HIK IS
HAIIBIPOBITHUKA KpemHit0. OTpuMaHWii pe3yiabTaT CBITYUTH, MO-TIEpIIE, PO
3HAYHy poib B3aemonii kougirypauii 1s2p (M X,) 2ep mpu 1s2p~

ionizauii Ta 1s™2p (M X,)3ep npu 1s2p~° iomizauii Al ta Si, mo-apyre, npo
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CYTTEBE CKpPaHYBaHHS TaKOi B3a€MOJII1 BUIBHHM €JICKTPOHHHMM razoMm y Metaii Al
MOPIBHSAHO 3 HAMIBIPOBITHUKOM Si. OTKe, MpH MOOYJAOBI TEOPETUYHOI MO
1s72p? Ta 1s'2p® iomizamii 0OOB’SA3KOBO IOBMHHO BPaXOBYBAaTHCH
€KpaHyBaHHS 10HI30BaHOTO aTOMY BUIBHUMHM €JE€KTpOHaMH. MOXIUBUN IUIAX TYT
TaKOX MOB’SI3aHUN 3 BBEJEHHSAM €(PEKTUBHOIO pajlycy B3aemMolii Re Tak, siK 1€

Oyno BUKOHaHO y 1. 4.1.

Bucnosku posainy 4

1. 3a ymoBu enekTpoHHoro 30ymkenHs Kol cnektpis Ti, V Tta Cr
CKCIICPUMEHTAILHO  BCTAHOBJICHO  3MCHIIEHHS  BIJIHOCHOI  IHTCHCHUBHOCTI
v=1(PP)/ 1 (*P) npu nepexoxni Big MeraniB 10 BimmoBimHux okcumis y 1,6 —
1,9 pasu. Ilokazano, 1o B okcuaax BaHaaito y paay V.03 — VO, — V,053poctanns
¢(EeKTHBHOTO TO3UTHBHOTO 3apsjay aromMy V, sKe BiIOOPaKYEThCS 3POCTAHHSIM
eHeprii 38’3ky V 2p,, €IEKTPOHIB, CyIPOBOIKYETHCSI MOHOTOHHUM 3MEHILEHHAM
BIJHOCHOT IHTEHCUBHOCTI y BiA 2,43 1o 1,8.

2. 3ampornoHOBaHO MOJeidb €(eKTy 3MEHIIEHHS BIIHOCHOI IHTEHCHUBHOCTI
v=1PP)/1(*P) y Kol' crekrpax, sika BpaxoBye MiKKAHAIbHY B3a€MOJIIIO
xorTrEyyMiB 15 12pt (*P)ep ta 1s2p L (*P)ep, a BruHB noKani3arii BaICHTHHX
€JICKTPOHIB y KpHCTajaXx BPaxXxOBYEThCS BBEICHHAM €(PEKTHBHOTO paJiyCcy
B3a€MOJIii €XEKTOBAHOIO 2p €INEeKTpOHa 3 JBOKpaTHO 1s'2p™ iomizoBaHMM
aTOMOM.

3. IIpu enextponnoMy 36ymxenni Kol? Ta Kol® cnekrpis Al y gianasoni
eHepriii 6omoOapayrounx enektpoHis 4,5 — 100 keB exkcnepuMeHTaIbHO BU3HAUEHO
IMOBIPHOCTI yTBOpeHHs 1BOX ( P,) Ta Tpbox ( P,) 10JaTkoBUX 2p BaKaHCIH mpu
ionizaii 1S o6onoHku. BukoHaHO MOPIBHSAHHS BKAa3aHUX BEIIWYWH 31 3HAUCHHSIMH,

OOYUCIICHUMH y MOJEN1 HE3aJIeKHOTO BUKUIY 2p €JEKTPOHIB 3a paxyHok SO



123

nporiecy. Busineno, mo ais metany Al senmuuna P, / P y 1,2 pasis menuia,
a pemuunna P, / Py 1,7 pasis MeHma, Hi /11 HAMIBIPOBIIHUKA KPEMHIIO.

4. 3venmenns Bemuuun P, / PS5 ta P,/ P B amowminii BigHocHo ix
3HaUY€Hb Yy KpEeMHIi CBIAYUTH MPO 3HAYHY pOJIb EKpPaHYyBaHHS BUIBHUMHU
eJIEKTpOHAMM B3aeMOIii eekTpoHHUX KoHdirypamniit 1s*2p 2 (M X,) 2ep npu
1s™2p? ionizanii Ta kougirypauiii 1s2p (™ X,)3ep npu 1s'2p~? ionizanii
y Metami Al MOpiBHSHO 3 eKpaHyBaHHSM TaKol B3a€MOJIl JIOKATi30BaHUMHU

BAJICHTHUMHU €JICKTpOHaMu y Si.
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OCHOBHI PE3YJIbTATHU I BUCHOBKHA

1. Jlns BUKOHAaHHS TOCHIKEHb CIEKTPaJbHO-KyTOBUX XapaktepucTuk [IPB
IPU PO3MOBCIO/I)KEHHI BUCOKOEHEPTreTUYHUX €JEKTPOHIB 3 eHeprieto 7 MeB y
KpucTanax Ha 0a3l eKClepuMEeHTadbHO1 ycTaHOBKM «PeHTreH 1» po3pobiieHo Ta
BIJIIIPaI[bOBAaHO METONMKY 30ymkeHHs Ta peectpauii [IPB y reomeTpii 3B0poTHOTrO
poscifoBaHHS, 30KpeMa, B obmacti KyTiB crmoctepexenus 150 —180° BimmocHO
HanpsiIMy PO3MOBCIOJUKEHHS €JIEKTPOHHOro nyuka. lle mo3Bonwio 3abe3nednTH
piBeHb curHany B 1-3% Bin piBHS 3arajbHOro pafiaiiiHoro oHy, U0 J0CTaTHbO
st JocToBipHOi peectpauii crnektpiB [IPB npu BignoBigHOMY BHOOpi 4acy
HAKONMYEHHS y KaHaJll peeCTpallii.

2. TeopetmyHo mnependayeHO MOXIMBICTh 3BYKeHHA KoHycy I[IPB Ta
3pocTaHHs KyToBOoi ryctuHu [IPB mnpu po3moBCIOIKEHHI PpensiTUBICTCHKUX
€JIEKTPOHIB Y TOHKUX KpHCTajlax B 00JacTi MaJIUX KYTiB KOB3aHHS €JIEKTPOHHOIO
Ny4yka BIJHOCHO TMOBEepxHI MimeHl. Edext Moxke OyTH BHKOpPUCTaHHM MpHU

CTBOPEHHI MIIlICHEH JIs1 KOHTPOJIbOBaHOTO (hopMyBaHHs KoHYyCiB [1PB.

3. EKcnepuMeHTaJIbHO  BH3HAYEHO  CIEKTPAIbHO-KYTOBI  PO3MOJLIH
iHTeHcuBHOCTI [IPB mpy pO3MOBCIOIKEHHI BHCOKOSHEPTETHYHUX EJIEKTPOHIB y
MOHOKpucTaniyHoMy KpemHii Tta BOIIl' y reomerpii 3BOopoTHOI peecTparii

(6 = 180"). TIpu HOPMATHHOMY naJiHHI TyYKa eJIeKTPOHIB Ha (Pi3MYHY IMOBEPXHIO

(110) Si 3apeectpoBano cnektpu [IPB, mo mictats makcumymu (220), (440) ta
(660), a mpu HOpManbHOMY TaAiHHI Ha ¢(i3uuHy moBepxHio (001) BOII —
makcumymu (002), (004), (006) ta (008), eneprii sxkux 3 touHicTIO 10 0,5%

30iratoThCs 31 3HAYCHHSAMU, OOYMCICHUMH Yy KIHEMAaTUYHOMY HAOJIMKEHHI.

4, BusaBneHo, 1O KYyTOBI OpIEHTAIlIWHI  3aJIG)KHOCTI  IHTEHCHBHOCTI
MakcumyMiB (220) Si ta (002) BOIII™ mMicTsTh 1Ba CHMETPUYHUX MAKCUMYMH, SIK1
BiIoOpaxyroTh mepepis konycy I[IPB meprneHaukymaspHOIO 10 OCi KOHYCY
IUIOMKMHOK. BusiBieHa po30DKHICTD MDK €KCHEPUMEHTAIbHO BU3HAYECHUM

KyToBUM po3xuioM KoHycy I[IPB Ta mnepenbauyBaHuM Yy KIHEMAaTUYHOMY
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HaOmxkeHH1, sika ckiangae nus Si ta BOIID 2,8 Tta 1,5 BiamosigHo. [lpuuuna
pO301LKHOCTI MOK€ OyTH 3yMOBJEHa e(peKTaMHd AMHAMIYHOI Judpakiii, sKi

MPOSBIIAIOTHCS MIPU 3POCTAHHI CTPYKTYPHOI JJOCKOHAJIOCTI KPUCTAIIIB.

5. ExcnepumeHTanbHO MOKa3aHO, IO TMpPU PO3MOBCIOUKEHHI IydKa
BHCOKOEHEPreTUYHUX €JIEKTPOHIB Yy IMOPOIIKOBHX 3pa3Kax ajamasy 3 po3MipaMu
kpuctanitie d =0,3-42 mxm mpu peectpaiii B 3amHiid HamiBchepi (0 =151")
BiJTHOIIIEHH 1HTeHCUBHOCTeW MakcuMyMiB [1PB (111) Ta (220) 3MeHiyeTbes mipu
3pOCTaHH1 PO3MIPIB KPUCTAJITIB anMa3y. 30Kpema, IpH Mepexo/ii Bil YaCTUHOK 3
niHiitHuME po3mipamu d = 0,3 MKM 10 9acTMHOK 3 O = 6 MKM Take 3MEHIICHHS
ckianae 1,9 pasu. 3anexHICTh BIAHOIICHHS IHTEHCUBHOCTEW MakcumyMmiB [1PB Bin
PO3MIPIB KPUCTAJITIB BU3HAYAETHCS €()EKTOM MEPBUHHOT €KCTUHIIIT NpU Judpakiiii
[IPB y Onokax KOrepeHTHOTO pO3CIIOBAaHHS KIHIIEBUX pO3MipiB. YyTJIHUBICTb
BIHOIIICHHS 1HTeHcuBHOcTed JiHiA [IPB no po3wmipiB kpucTamitiB mMoxe OyTu

MOKJIa/IeHa B OCHOBY HOBOT'O METO/y OI[IHKH PO3MIPiB MIKPO- Ta HAHOYACTHUHOK.

6. 3a ymosu 30ymrenns Kol' ciextpie Ti, V Ta Cr eleKTPOHHHM Ty4KOM
(25 xeB) excniepuMeHTAIBHO BCTAHOBJICHO 3MEHIIICHHS BIIHOCHOI IHTEHCHBHOCTI
ICP)/1(*P) mpu mepexoxi Bix MeraniB 1o Bigmosimaux okcmnis y 1,6-1,9 pasm.
ITokazano, mo B okcugax BaHafgito y paay V03 —VO,-V,05 3pocranus
e(EKTUBHOTO TO3UTHUBHOTO 3apsiiy aToMy V CYIPOBOIKYETHCS MOHOTOHHHM

3MEHIIICHHSAM BIIHOCHOT IHTEHCHBHOCTI ) Bifg 2,4 no 1,8.

/. 3ampomoHOBaHO MOAENb €(eKTy 3MEHINEHHS BITHOCHOI IHTEHCHBHOCTI

ICP)/I(*P) y KoL' cmekrtpax, sika BpaxoBye TLIBKH MIKKAHATBHY B3a€MOLIIO
kouTrHyyMiB 152pt(*P)ep Ta 1s2pt(*P)ep, a BB IOKami3amii BaleHTHHX
CIEKTPOHIB y KpHUCTaJlaX BPAXOBYETHCS BBEACHHIM €(OEKTHUBHOTO pajiycy
B3a€MOJIi E€KEKTOBAHOTO 2p €IEKTPOHA 3 JBOKPAaTHO 1S'2p~ ioHi30BaHHM

aTOMOM.

8. Ipu 36ymkenni KolL', Kal? ta Kal® cmexrpie Al emexrponamu y

niana3zoni enepriii 4,5-100 keB excnepuMeHTAIbHO BW3HAYEHO IMOBIPHOCTI
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yrBopenHs 1Box (P,) ta tprox (P,) momarkoBux 2p BakaHciii npu ioHi3amii 1S
o0onoHkH. [IOpiBHSIHHSA BKa3aHUX BEJIWYUH 31 3HAYCHHSIMH, OOYMCIECHUMHU Y

MOJIENI HEe3aJIe)KHOTO BHKUAY 2p €NeKTPOHIB 3a paxyHOK SO mpolecy, BHSBUIIO,
mo mns merany Al Bemuunna P, / P°? y 1,2 pasu menma, a enmuuna P, / Py
1,7 pasu MeHIa, HDK JJIs HaAMIBIPOBITHUKA KPEMHIIO. 3MEHIICHHS BEIUYHUH
P,/ PP ta P,/ PS® B amominii BinHocHO X 3HAaYeHb y KpeMHii CBiTuuTH PO
3HAYHY POJIb EKPAHYBAHHS BUIBHHUMHU €JICKTPOHAMH B3AEMOJIl EJIEKTPOHHUX
kouQirypauiit  1s2p (" X,) 2ep npu 1s'2p? iomizanii Ta koHQirypamiii
1s72p3(MX,)3ep npu 1s'2p? iomizamii y wMertani Al mopiBHAHO 3

CKPaHYBAHHAM TaKo1 BBaGMOI[ﬁ JIOKAJII30BAaHUMH BaJICHTHHUMH CJICKTPOHAMH Y Si.
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