H3BECTH
TOMCKOrO OPAEHA TPYIOBOI'O KPACHOI'O 3HAMEHH
NOJUTEXHHUYECKOIO HHCTHUTYTA um. C. M. KHPOBA

Tom 170 1969

BJAUAHHUE KPUCTAJNNIHMYECKOH CTPYKTYPbl BEIIECTBA
HA NNOTEPH 3HEPIFHH BbBICTPbBIMH NPOTOHAMH B
MOHOKPHCTAJIJIAX TAJIOFEHHUAO0B HEJOYHbIX METAJIJIOB

3. T. LIMIIATOB, b. A. KOHOHOB

B padorc paccMotpeH Bonmpoc 0 KaHaAHWPOBAHHH ObICTPLIX NPOTOHOB B HOHHbBIK
KpucTannax, obJajaouiix mpocroit KyGHueckoidl cTpyKTypofi. PaccMmoTpensl ciaydaw
OpPOXOXKIEHNsl NpoToHOB B HanpasiaeHnu [100] u Mexny nmockoctamu (100) mMowo-
KpHcTaaaos. PaccuuTanbl noTeHlHaAbl AJ# ATOMHBIX IUIOCKOCTe!l M aTOMHBIX PSAAOE
KPHCTAJJIOB 11 ONpCAeNEHBl TpeAe/blble YIVIB KAaHAAHPOBAHUA ANA COCAHHEHHH Ta-
JIOTENHAOB HATPHA H Kajus.

Heenenopausl 3HepreTHYecKHe CHEKTPhl TPOTOHOB, MPOIICTLIHEX MOHOKPHCTAJITH -
JeCKHE MHIUEGHH pa3anyHBIX COefHHEHHH, H Halijena Koppeasuusi Mexniy ¢opmof
3HEPreTHYECKOr0 CHEeKTPa H COOTHOIIEHHEM pajHyCOB IOHBOB B COCAMHCHHW, MEXKAV
nodieft KaHaJMpOBaHNs yacTHI[ I MOPSAKOBLIM HOMEpPOM raJjoufia B pfijaax.

The channelling of fast protons in the simple ionic crystals of the cubical
structure is considered in this paper.

The penetration of protons along the [100] directions and between the (1003%
planes ol monocrystals is considered.

The Potentials of the atomic planes and the atomic rows of crystals are cal-
culated and the critical angles for channelling for sodium and potassium halo-
genides combinations are defined.

The energy spectra of protons having passed through the monocrystals oi
various compositions are examined and the correlation between the shape of the
energy spectrum and the ratio of radii in composition, between the share of
particles channelling and the ordinal number of halide in rews is discovered.

B TeopHn Npoxo:KJeHusl uacTHI[ Yepe3 BellleCTBO OCHOBHBIM NpHOIHKe-
HUEM SBJASETCS 3aMeHa JAeidCTBHTeNBHOIT cpefibl, uepe3 KOTOPYIO HDOXOIHT
YacTHLld, CPeNOd H30TPONHOH, TOMOTEHHOH, COCTaBJACHHOH H3 OTAEIbHBIX
aToMoB, GecnopsnoYHO PacNo/J0XKeHHBIX 110 BceMy oGbeMy. IIpoueccw pac-
CesIHHS YACTHIl Ha OTJ€JbHBEIX aTOMax He3aBHCHMBI APYT OT Apyra U Xapak-
TepusyloTcs Au¢depeHIHaNbHBIM TONEPEUHbIM CeueHHeM paccesnus. Top-
MOXKEHHEe YaCTHil B TAaKOH aMopdHoil cpelae He 3aBHCHT OT HaNpaBJeHH:A
IOBHUKEHHUS YaCTHI M pacnpejeneHde MOTepb SHEPrHH U YyIJA0BOe pacnpepee-
HHE YaCTHI[ 3aBHCAT TOJbKO OT 4YUCAa aTOMOB B eJHHHLE o0beMa WIH OF
TOJILIUHBI CJI051, NPOHIEHHOTO YaCTHLEH.

Onnako B GOJIBLIHHCTBE CBOEM, peasibHble TBepAble Tejda obaafgator
BIOJIHE ONpPEJIeIeHHOH KPHUCTAMJIH4YeCKOH CTPYKTYpOH, TO €CThb SIBJISIOTCSI
NpPeACTaBUTENAMH JIPYrCero BHAA Cpefibl — CPeJbl TeTeporeHHoH, aHU30TpOn-
HOH u ynopsaocdenHok. Pa3BaTHe paanauvoHHONl (H3HKM B HacTosiliee Bpe-
Msl OCTpO CTaBHT BONPOC O POJNH KPHCTANJNHYECKOHd CTPYKTYpbl BO BCeX
npoueccax B3aHMOIEHCTBHSA YaCTHIl C BEUIECTBOM.

[lepBble necnienoBaHus NPOLECCOB B3AHMOAEHCTBUSA YACTHIL C MOHOKPHC-
TANJHYCCKUMH TBEPJALIMH TeJlaMH OBIIH CBSI3aHBI C KATOAHBIM PACHBLTEHHEM
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BEULECTB U NPUBEJH K OTKPbITHIO Benepom B 1954 roay tak HasbizaeMbix $ho-
KYCHDYIOLIHX CTOMKHOBeHHI! aTtomos [1].

BoinonneHnple B TeYEHHe NMOCAEIHHK JIeT TEOPETHUECKHEe H 3KCTIepHMEH -
TaJbHble HCCAENCBAHMA TPOXOKICHHST OBICTPBIX 3aPSIMKEHHBIX UACTHIL uepes
MOHOKDHCTA/JIMUECKHE BeleCTBa I0Ka3a/jH, uTO KpHUCTAJLiuuecKas CTPyK-
Typa OKa3LIBAeT CHJIbHOE BJAMAHHe M Ha XapakTep ABHKeHHs vacTHi. [lpu
COBIIaJl€HHH HalpaBJeHUH MydYyKa YaCTHL H KAKOH-JIUOO IVIaBHOI KPHCTaJIO-
rpadpuyeckodl OCH MOHOKpHCTaJJa HaGII0AAI0TCS AHOMAJIbHO HU3KHE IOTEPH
SHEPI'HH KaK y NMpOTOHOB [2 < 4], Tak u y Tsixenbix HOHOB 5], yMenbmawTcs
BHIXOJbl aTOMHBIX [6] 1 smepHbX [7 8] mpoueccoB, 3HAYMTEABHO CHHKAETCS
CKOpOCTb 00pa30BaHusa pajHallHOHHbIX nedekToB [9], a Taxkxke nabaoonaTcs
aHOMAJIMH B PACCeSTHHUM YaCTHL Ha MOHOKpHCTaasnuueckux Mmuiuensx [10]. Bee
3TH fIBJEHHS] aHU30TPOMHH CBA3BIBAIOTCSH C JBHXKEHHEM YACTHIL B OTHOCHTEb-
HO CBOGOIHBIX NPOCTPAHCTBAX peLIETKH — «KaHajax»,06pa3oBaHHBIX COBO-
KYIMHOCTAMH COCEJ(HHUX, TapaJIeJIbHbIX IPYT APYTY ATOMHDBIX PSA0B WM aTOM-
HBIX IJIOCKOCTEH, JieKalllhX B ONpeJeseHHbIX KpHcTaanorpaduuyeckux Ha-
IpaBJeHHsAX.

3axBaT 4acTHI, B KaHAJbl OCYLIECTBJSETCS MOCTEI0BATENIbHEIMU CKOJb-
3I{HMH CTOJIKHOBEHHSIMM YACTHIL C aTOMaMH DSJIOB HJH IJIOCKOCTEl, 06-
pasymloIllHX CTeHKH kaHaJoB. [Togo6Hoe siB/ieHHe mOyun/I0O Ha3BaHHe <KaHa-
JHPOBAHHUS» YACTHI B KPHCTAJNIHYECKHX PellleTKax.

Caenyer OTMETHTb H APYFYI0 TPYNNY ABJEHHH, CBA3aHHBIX C BAHSAHHEM
KPHCTAJVIHYECKOH CTPYKTYPbl Ha ABHIKEHHE YacTHll, 06pa3ylolluXcs BHYTPH
€aMHX KPHCTAJJOB B sAAepHBIX peakuusx {11] uan paccesdHHBIX Ha GOJBIIHE
yrau (12]. JIng TakuX 4acTHL IJaBHBlE KPHCTAJJI0TpahUYeCKHe HAPaBICHHS
B OTJHYHEe OT YacTHIl, KaHAJMPYIOUIHX Yepe3 KPHCTAJIL, OKA3hIBAKTCH 34-
KpHTBIMH. Takoe siBJieHHe NOJYYHJIO Ha3BaHHe «OJOKHPOBKH» HIH «3ddek-
Ta Tenei» [13].

Tabauna 1

CoepHHeHue
NaCl NaBr KCI KBr Ki
Xapaxkre-
PUCTHKH
KPHCTANAOR
- 10-8 cu 2,81 2,98 3,14 3,29 3,53
re-10—8 ex 0,98 0,98 1,33 1,33 1,33
Ik 0,54 0,5 0,73 i 0,68 0,61
Iy y
q 0,657 0,76 0,55 0,57 0,61
Tun, °K 1077 1028 1049 [ 1013 996
8, °K 306 243 221 ' 185 155
3aech

a-—noCTOsIHAAs peutetku |14],

ra—pazuyc ankoHa B coeduHesuu [14],

ry—paluyc KaTHoHa B coexuHeHuu [14],

q—KOo3D(pHIHeHT KOMIIAKTHOCTH CTPYKTYpH [15]
Typ—~TeMneparypa naasienus [16],

6,—xapaxkrepucTHieckas teMmneparypa llebas [17].

OtMeTHM jfanee, 4T0 BCe HCCAeXOBAHHS P(eKTOB KaHAaNHPOBAHHSA YAC-
THI K HaCTOSILleMY BPeMeHH NPOBEJeHH B Y3KOM KPYTY IPOCTHIX BeleCcTB.
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rakux Kak: Si, Ge, Au, Cu, o00/iafaloHIUX Pas3JIHYHOH KPHCTAJJIHUECKOMH
CTPYKTYPOH M NP# PA3JNHUHBIX 3Heprusax yactiu. [TosroMmy pesy/abTaThl pa6or
TPYAHO CHCTEMAaTH3HPOBATL M HEBO3MOMHO yCTAHOBUTb CBSA3b MEXKIY U3MeE-
HEHHEM CBOYICTB KPHCTAJVIMYECKOH CPellbl U €€ BJHUAHHEM Ha JBH:KeHHe uac-
Tl C 3TOH TOYKH 3peHHs Leecoo0pa3Ho HCCeA0BaTh 9P (EKTH KaHaAUupo-
BaHHS B MOHOKPHCTAJJIHYECKHX XHMUYECKHX COEAMHEHHSIX, OGJ1aJalOUHX
OJAHMHAKOBOH KPHCTAJJHUECKOH PCIIETKOH, HO ¢ PasJHYHBIMH €e Mapamer-
paMu. HMccaenoBande XHMHMUYECKHX COEJMHEHHH TeM GoJee HHTEPECHO, 4TO
MOXHO MPOCJIEIHTh BAUSIHHE KPHUCTAJJIUYECKOH CTPYKTYPHl B PSILY BEULECTB
JIPH YCJOBHH NOCTOSHCTBA OJHOH H3 KOMIIOHEHT COCJMHEHHS IIPH H3MEHEeHHH
IPYTHX.

Mcxo[a U3 3THX YCJAOBHHA, HaMU B KauecTBe OOBEKTOB HCC/ACLOBaHUS
spI6panbl MOHOKPHCTAJJBL TAJIOTeHHIO0B ILeJ04HbX MeTanaoB. NaCl, NaBr,
KCIl, KBr, KI. Bce 3Tu coeaunenuss OTHOCATCH K THILY HOHHBIX KPHCTaJJIOB
¥ 00Jana10T NPOCTOH KyOHUecKOH pelleTKOH.

Hekoropble XapakTepUCTHKH JAaHHBIX COeMHHEHHI IpeJCTaBJeHbl
p rada. 1.

Hautonee oTKPHITHIMH HANIPABJIEHHAMH B IPOCTOH KyOHUECKOH pemerke
apasiiorcst Hanpasaenus [100] u [110].

Ha puc. | mokasaHa CTPYKTypa KaHaja [100] B monoxpucranne NaCl
4 CXeM4THUHO TOKA3aHO pachpelle/eHne SJICKTPOHHOH TMIOTHOCTH B IJIOCKO-
etu (100).

Puc. 1. CTpykrypa Kanana {100] B npoctoil Kyb6uueckoii pelIeTKe.
W — yroJ BJeTa NpoTOHa B KaHaJ,
Yo — aMnauTyda KoJieGaHUS TPACKTOPHH MNPOTOHOB,
R — panuyc kanajaa,
d — paccrosiHHe MexAy COCEHMHHMH HOHAMH B PSAY,
A -~ ILNHHA BOJMHbLI KOJAeOaHHA TPAEKTOPHH LPOTOHOB,
Zy u Z)” — nopsinKOBble HOMEpa HOHOB

MoKHO 3aMETHTDb, YTO OTHOCHTEJDbHO cBOOOJHOE OT 3JEKTPOHOB TIPOCTPAHCT-
BO HECHMMETPHYHO OTHOCHTEJIbHO OCH KaHaJa BCJeJCTBHE pa3/JHYHHIX NMOpsal-
KOBBLIX HOMEDOB HOHOB, PaAcCIIOJJIOKEHHBIX B y3JaX peHICeTKH.

« MexaHusm KaHaJHPOBAHHA

'AHa/Ii3 ABHIKEHHsi YACTHI, [0 KaHa/aM PelIeTKH B KJIacCHYeCKOM HpPHU-
HAHAKEHHH, CIpaBefanBoM Masi nportoHoB {18], nokaswiBaer, 4To Korja 4ac-
THLIA BJAETAeT B KPUCTAJJ NOA AOCTATOYHO MAJbIM YIVIOM K OCH KaHaJ/a, OH4
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B TeYeHHe OTHOCHTEJIbHO AJIHTENbHOIO BpeMeHH Oy/1eT ABHraThCsl O OCUHJI/H-
pyioliefl TPaeKTOPHH C aMIJHTYA0H &y B HeKOTOPOM CpeAHEM MOTEHIMaJb-
Hom noae V(p), o6ycAOBJIEHHOM BCEMH aTCMaMH B PSIAY UK IJIOCKOCTH. [1pu
3TOM yA00HO pacCMaTpHBaTh TOABKO MONEpPEYHOoe ABHXKEHHE YacTHUBI C SHep-
rueit E, = EW? rje E— sueprusa uactuusl 1 W — yroa mexjay HanpasJe-
HHEM OCM KaHaja ¥ HampasJeHHeM IIyyKa YacTHIL.

IMoTeHUHATbl ATOMHBIX PAAOB U ATOMHBIX IJIOCKOCTEHl JIETKO I0JYYHTb,
3Has MOTEHLHAJbl B3auModelcTBHs YacTHUbl U(r) c oT/e/bHbIMH aTOMaMH.

H3BecTHo, 4To MpH paccesiHuH NMPOTOHOB, C 3HEPrUsIMH B HHTepBale OT
or 1 k3B o 10 M3B Ha maJable yrjiel 0COOEHHO BaXKHBIM CTAHOBHTCH YyueT
KPAHUPOBAHHUS SIAED aTOMHBIMH 2JIEKTPOHAMH.

Bop [19] nas yuera 5KpaHHPOBaHMs BBEJ NOTEHLHa B3aHMOJEHCTBMS

MECXKAY JyacTHHel U aTOMOM BHA:

Ur) = 222" oxp (---f). ()

r ag

3sech, W jJajsee HpUMEHseM ciaeayouiue 0603HAYEHNS:
Z,e — 3apsii IpoTOHa,
Z,e —3apsj paccenBamlEero aroma,
r — pacCTOsIHUE OT LeHTPa atoMa A0 HajaeTaoWeH 4acTHILb,
as — PaJiyc 3KPaHUPOBAHHA. '

as = a, (2§ + Z§)7%, (2)

rae ay=0,529-10"% e — GopoBCKMH pazuyc aToMa BOJOPOAA.

B OGoabuigHcTBe ciyuyaeB 60see TOUHBIM, OCOBEHHO JJS TAKEdbiX
ATOMOB M HAa MaJbiX PacCTOSHUAX, sABAfercd nmoTeHuuana Tomaca-Pepwmu,
3anucaHHbi B BUxe [20]

VAVAY L r .
Ulr) = —"—1y - (3)
) r arte
r
3aech )((—-) — QyHKUHA 3KpaHHpOBaHHMA Tomaca-Pepmu Aaa OTHeAsb-
are
HOTO atoMma.
ate — pajuyc sKkpanypoBanus Towmaca-Pepmu.

are = 0,8853 a, (Z3 + Z3)~*. (4)

B nanbmeitmem tax Kax Z; << Z,, TO a@re = 0,468 Z-%. [lns 3uaueHud r,

r
CpaBHHMBIX C pPaluyCcOM 3KpaHHPOBaHU4, (bym{umo x(——) MOXHOQ al-
aro

ITPOKCHMHPOBAThE BHIpAXKEHHEM

r ate -
| —— )~ 21 5
(ar«p) 2r )
W MOTEHUHAJ 3anHiIeTcs B BUle
Z.7Z.e2are
Ur)=--21=2——
(r) =222 (6)

Has 6onbmnux 3Havennid r, a umenno aas 0 <r < 6are 60dee TOU-
HHIM fIBASI€TCA MOTEHUHAA, MOJydYeHHbH Mousep [21]

ZyZ,e? . .
vin= _L:L[O’l exp(~ i)*‘ 0,55 exp(— ]—%)Jr 0,35 exp («9'3') ]

adre ate’

(7)

(250
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Hamu Obliin moJyYeHb BbIPAXKEHUA st NIOTEHUHMAJOB aTOMHbIX PAAQE
W aTOMHHX IJIOCKOCTEH B MOHOKPHUCTANJIAX JABYXKOMIOHEHTHHIX XHMW-
YECKUX COEeJMHEHHH, COCTABJIEHHBIX H3 HOHOB C DPA3JAHYHBIMH TODANA-
KOBBIMH HOMepaMu Z, u Z..

Jast atoMubiX psaaos noteniuaast Bopa (1), Moabep (7) u Huat-
ceHa (6) uMeroT BU]:

T/(p)zl [21{0( ) + ZIK, ( )] (%
a as ‘(lB |

_ 7 et ) 1.2

V)= 2 {7 [om (b )TOS"A ( ,‘)

a aro | L ATo
+035f(0(0 3°)J z, [o 1}{0( 6) - 0,55}(,)(0:35) O%%K,)(Odp) |t
aTao aro Ao dro ,J’
(9
7 0 2 0! or " .
V() = 2 Ziama + Ziakal. (103

4p-a

3nech

Ky(z2) — dynxuna Maxponanbna [22],

p ~— PACCTOSIHKE 110 PAAMYCy OT LEHTPAa ATOMHOrO psid.

[nra aToMHBIX IIOCKOCTeR Ass norenumanos bopa, Moavep # Huan
CEHA TOJYyUeHb!l CJAeAYIOIHE BBHIPANKEHHS:

- w-Ze? ;o o .o o ,
V{p)un. = ———— | Z,asexp | — —]—) + Ziasexp (—oag)|. (1)
a2 . ap _
_ 2 . 1 s
V{edua = “fo {Z;awo—’, exp(— o )
a 6 aro,
(12)
0,55 ( 1 0.35 ( 0,3p e
_§4 — X _— -— ’, +Zn(1 \<
[12 p‘ aT¢)+03 p\ T )] 2T
0,1 6p 0,55 1,20° 0,35 ( 0,3p |
X | exp{——— |+ ——exp[— ")+ exp| — = )
[ 6 p( aT¢)+ 1,2 p( aqu) 0,3 P ' T :l!
— 7 ,
(P)ua = 7:2 i [Z, are -+ Zn(lm] (13)

Paccuurannple 3aBHCHMOCTH NMOTeHUHa 0B V (1) jas aroMubix psion [100]
U aroMHeX nrockocrtedr (100) B KBr MpejICTaBJeHbl Hd PHC. 2 H 3.
CpaBHHM IOTeHLHaJHl PSAOB H IJIOCKOCTel Mexay coboil. Ha pucyh-
Kax BUAHO, YTO MOTEHUHAJbI PANOB H NJOCKOCTEH Majbl IO HEKOTODPHIX 3Ha-
YEHHH p == a1e , a 3aTeM HabJlofaeTcid MX pe3Koe Bospacranue, Ciaexyer
OTMETHTb, YTO IOTEHIIHAJBl DPAAOB YMEHbILAIOTCS OBICTPEE C PpAaCCTOSTHHEM.
yeM MOTEHUHAJbl MMOCKOCTeH; 06a NoTeHHaNna CTaHOBATCS PaBHBIMH Ha pac-

CTOSHHH ~5",0TcI0N1a 3t dexTsl paga AOMKHB OHTh Oo/iee YYBCTBHTE/bHbI:

MH K HapylleHHAM pelleTkH. JIBHXKeHHe B MEXIIOCKOCTHOM [IPOCTPaHCTBE,
XpoMe TOro, fABAseTcss ABYXMepHbIM. OTMEeTHM, 4TO NOTeHlUHaJ bl PANOB 3a-
Z.e

BUCAT TOJNBKO OT 3apdfa Ha €JHHUNy pdaaa d H He 34aBHCIAT OT

sHeprun. Takum 00pa3oM, KaHaabl, PacloNOXKeHHblE BIOJb TVIABHBIX KPHC-
rajuaorpaduueckuX HanpaBeHHH, HMEIOT He TOJbKO O4JbliiHe pa3Mepsl nore-
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PEYHOTO CEYEHHH, HO M ABJSIOTCSH Gosiee 3(DPEKTHBHBIMH C TOUKH 3PEHH#
BJHSHHA HA XapakTep IBHXKEHHS YaCTHII.

B pakax paccmaTpuHBaeMbBIX COCAWNHEHHH BeJHUYHHBI NMOTEHLHAJ0B BO3-
acCTaloT C yBeJHUYCHHEM NNOPsIAKOBBIX HOMEPOB.

300 — ‘

250

200 1

b

150 ;

Vig)

{00

50

0 02 04 08 a8 208 {2 14 {6 18 20 22
. f?~l0 oM

Puc. 2. Cpegune notenunann V(p) aaa psxos [100] 8 KBr.
3acch U HA CHAGAYIOIEM PHCYIKE HPHHATH cieAyoiide 060-
3HAGCHHS:

1 — norenunan DBopa,

2 — noresunan Henscona

3 — nmoteHnuan Modubep

[1pubanxkenve HenpepbiBHBIX PSAAOB CNPaBeJHBO Ha PACCTOAHHAX O,
AOJDbIIKHX, YeM PafHyC SKPAHHPOBAHHUSI ATOMOB.

Jnas toro uto6H 3TO NpuGAHIKeHHE OBUIO CNPABENJHBLIM, HEOGXOXHMO
noTpe6oBaTh, UTOGH paccesiHHe YacTHIB PAAOM ONPENeIsioch OAHOBPEMEH-
HO MHOFMMH aTOMaMH B PsAAY. DTO yCJIOBHE, OUEBHJIHO, JyUile BLINOAHACTCA
npu GOJBLIHX SHEPTHAX YacTHU. MoXHO MoxasaTth, UTo KaHaJUpPOBAHHe CTa-
HOBHTCSA BO3MOXHEIM, €CJIH yroJ BjeTa 4acTHUbl B KaHaa ¥ MeHbHIe HeKOTO-
DONO npenenbHoro yriaa ¥y, [23] -

A 2b
2 = _—
LURSGL J \/d , (14)

AVA ‘
——— ~~ JHaMeTp CTO/JKHOBEHHA B 1a00PaTOPHOH CHCTEMe KOoop-

rae b= -

AKRHAT . -
i



BeJquuuHy npeaenbHOro yrja KaHaJUPOBAHHA MOXKHO HAHTH, €CaH H3-
BECTHO MHHMMAaJbHOE PaccTOsiHHE NOJAX0Ja YacTHLB K Py, HPH KOTOPOM
HenpepLIBHOE ONHCAaHHe PAAOB M MJIOCKocTefl euie BomoaHsiercd. CoraacHo
Jluaaxapay [23] nns ycToHUMBOTrO KaHaJUPOBAHHUS O min =~ dre. C Apyro#t
CTOPOHBI, €C/JAH TPAEKTODHS 4YacCTHUbI JIEXKHT B IIJOCKOCTH ATOMHOTO psza,
MWHAMA/JbHOE PACCTOSHHE MOXKHO HAHTH M3 pelleHusl ypaBHEHHS

150

251

§

V(p)rm 3

0 02 a4y 08 a8 [0 12 14 18

-8
P’l 0
)
Puc. 3. Cpeauue noteHuuans V (p) pn Aas naockocrein (100)
B KBr
V(p) = EY2. (15)
Orewna .
V() |3
L} A R
- [ & } . (16)

Fcaa Tenepp HaWTH 3HaUeHHe NOTEHUHANA V (Pgin), TO MOXKHO HOJAYYMTH
3HAYeHHe MAKCHMaJbHOTO YIVa KAHAAUPOBAHHA NOPH JaHHOK 3HEPruu
4ACTHIL.

YacrHus, ABMKYLIMECH MO KaHAJaM pewleTkd B cpedneM noJge V(p)
¢ nonepeuHoi 3xeprueir £¥?% noaxois Kk psAAaM WJIH NJOCKOCTAM Ha pac-
CTOSIHHE Py, BCTpeuaioT Kak Obl moTeHIMa bHbIA Gapwep. [lpu BbICOKHX

CKOPOCTHX YAacTHL NOTEHUHAJbHBIE O0apbepbl 1[0 IMOPAAKY BeJIUYHHMB
PABHK:
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A7 7 2
AJisi pAJOB ~ —Jr—l—lc—f—:’ﬁ— ~ Zy44-20 38
(7)
upH d~5da; -
IS TJAOCKOCTEd ~5Z,7,e*- N -dyare ~ HZ 227 38, (18)

rae dy— paccTosiHUe Mexy IJOCKOCTAMH,
N-dy— cpearee 4ucja0 ATOMOB HA @AMHHLY UJIOWLAJH [I0CKOCTH.

Iorennuaabusie Gappepbl Aasl MJIOCKOCTeH Huxe b~ 4Zy pa3 Gaps-
€pOB pAJOB M OTCIOAA MpejelbHble YIrJbl KaHAJAMPOBAHHA JUIS ILJIOC-
KOCTeli JOJKHLI OBTh Hue B ~ 27Z1% pasa npeaesbHbIX YIJA0B AJis
pPHALOB.

Ecan ucnoas3opaTh BbpaxeHue (10) Jus BHYMCACHHS AMIAUTYAbI
KoJeOanus TPAEKTOPHH YACTHILL B Kamaje y Ka< GyHKuMH yrjaa Y wupr
Pa3JHyHLIX 3HEePrusXx dYacTull £, TO MOXKHO HOAYYHTb KPHBbHE, HpEl-
CTagjeHnble Ha puc. 4 w 5. Pacuer BHIIOJAHCH AJS NPOTOHOB C 3HEp-
ruavMu 1 Mas, H5Msp u 10Mss ana xanaaoB [100} u [100] » KBr
W jnnf norenndana bopa.
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Puc. 4. AMnmityaa koaeGaHujil TpaeKropuu npotoHa B Kamade [100] KBr B 3asu
CHMOCTH OT YyrJia BJIeTd NPOTOH& B KAHAJ NPH PasAUYHLIX 3HAUCHUAX IHEPTUH
NpPOTCHOB

M3 pucynkoB BHAHO, 4TO IJsi DPa3AHYHBIX 3HEPruéfl KPHBHE pac-
HOJIOXEHB OJH3KO JApYr K APYTY H, CJA€A0BaTeAbHO, aMIIHTYAB ¥ caado
sapucar or yraa V. Coauxenue KPHBHX T0 Mepe NPHOIHIKEHUS
aMILIHTY Bl K 3HAUEHHIO Pajuycd Kanana Ry W HX HACBILleHHe 06ycaoB-
JeHO pesKuM BO3pacTAHHEM NOTEeHLHAJO0B, HAYHHASE CO 3HAYEHHH

Pmin = R, — Vo= Qr1o. ) ( -19)

Tlpunumasg 3TO 3HAYEHHE A Pyip, MOXKHO HAHTH NpPele/ibHEIC YTJbi
KaHAJUPOBAHUS INPOTOHOB B MOHOKpHcTa/nax. B cayuae KBr mas wpo-
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TOHOB € sHeprued 6,72 Msp yrunl aas xaHanupoBanus Baodb [100]| ua-
nparaenns U Mexy miaockoctssMy (100) paBHul

lIJ.max[IOO] == (),49°,
20
W naxcioon) =2 0,17°. (20)

BpeMss oanoro koJedaHusl TPACKTOPHH YACTHIUbL [1PHOJHIATEABHO
pasno [18]

4y
Vo (1)
b e e e e f— ——— — e —— —0——------——‘—— —
18 - Yo = Rx /// |~ ol
NaV /
14 “
\X]
= ALY yd
Q 12 //
S /./ 1M36
e
104 £
8 - y
50" 7 8910 2 3 4 5 6 Mo
¥Yped
" Puc. 5. AMpanTyna koneGanuii TPaeKTOPHM NPOTOHA MEKIY MJOCKOCTAMH (100)
KBr B 3aBHCHMOCTH OT YIMIa BJ€TAa NPH DPa3JHUHbIX 3HAUEHHSAX ISHEPrHH MPOTOHOB
M. €JeM0BATEJLHO, JAMHA BOJHB TPAEKTOpuH . DaBHA
o Y (22)

B

Cootnolllenne Mexay v u ¥, mpencrasiendoe Ha puc. 4 u 5, TOBOPHT
0 TOM, UTO ) VyMeHbinaercs ¢ pocTom W, 4TO H C/ICA0BANO OHHAATDH.
M3 puc. 4 ® O MOXKHO HAUTH, UTO AJST MPOTOHOB C ageprueil 6,72 Mss
nas Mouokpucraana KBr
)\[1(30] ~= 2. 1()'5 cMm,
(23)
)\(1(;0) = 3,9 10_5 cM.

CoOTHOLIEHHE MEXKAY aMILTHTYHoil ¥ u yriaoMm W B psify cOeaHHEHHI 103BO-
JISIeT CHeNaTh BLIBOA O TOM, UTO NPH YBeJHYeHHH MNOPAAKOBBIX HOMEDPOB KOM-
MOHEHT BeJUYHHA [JHHbLI BOJHbBl HE3HAUNTENbHO BO3pACTALT.

“Tenepp KAyecTBEHHO PACCMOTPHM MOBEeJCHHE NyuKa HaCTHI, MPOXOAH-
IUMX uepes pemeTky Kpucramios. Ilpu yrsax najeHus 4acTHIL HA KpUCTaA
OTHOCHTEJbHO TNABHBIX HANpaBJeHHI HJIH MJIOCKOCTeH. MEeHBIUHX Mpeie/iL-
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Horo yria W< W ., , 4aCTHLIbI 3aXBATHIBAIOTCH B KaHa/bl pemerku. ilox-
XOJ MX K ATOMHBIM PSilaM Ha paccTosiHHe, MeHblllee paanyca 3KpaHHpPOBaHHS,
3aTPyAHEH, M VTJOBOEe pacnpeles]eHHe TAKHX YacTHIL OyAeT OTIMYHBIM OT
| YIJI0BOTO pacipefesenns yactuiy B amopdHoi cpede. Taxoft mydyox mojydmn
' Ha3BaHMe LeHTpaJabHOro nyyka yactuu. Ecan W > W ., TO yacTHibl, NpPoO-
X0JI51 4epe3 pellleTKy, HCMBITHIBAIOT 06bIYHOe paccesnHe Ha OTAENbHBIX aToMax
¥ B OGOJBIIMHCTBE CJAY4YaeB HX JBHXKEHHE aHAJOrHYHO ABHXKEHHIO 4aCTHLU
B aMop(Hoit cpene. Takolt My4oK Ha3LIBAIOT HOPMAJbHBIM HJH XA0THYECKHM.
HnrepecHo OTMEIUThb, YTO 3TH ABA NyuUKa He CBA3aHbI MeXKAy co0oli H mepe-
. XOJI 4aCTHI M3 OJHOTO NYYKa B APYrod B COBEPIUIEHHOM KpHCTa/lje HEeBo3-
moxken. JleficTBUTeNbHO, 4TOOB! YacTHIA MOrJa M3 LIEHTPaJbHOro NMydykKa Ie-
peliTH B XaOTHUECKHIl, el He0OXOJHUMO HCIBLITATh OYeHb CHJIbHOE paccesHHe
Ha OTHEJbHOM aTOME, a AJS 3TOTO e HeoOXOAHMO INOLOHTH K aTOMYy Ha pac-
crosinue p < a ¢ @, 4TO AJsA LEHTPAJBHbIX YaCTHIl HEBO3MOKHO. o aT0ok K¢
MpUYHHe 3aTPYAHEH M [ePeXOA 4aCTHI[ H3 HOPMAaJbHOTO Ny4YKa B LEHTPasih-
abifl. O6aactb yriaos W= Y ¢ fABJAsAETCA NPOMEXKYTOUHOH H PACCMOTPEHHE
NOBEJEHUS TAKHX YaCTHUL UYPe3Bbl4aHHO 3aTPY/AHEHO BCJEICTBHE HAJOMEHHS
MHOTrux 3¢ deKTos.

Jlo cux mop Mbl pacCMaTPHBaJH MOJEJb JKECTKOH PEHIEeTKH ¢ aTOMAaMH,
HeIOBHKHO 3aKpEeNJEeHHbIMH B CBOMX Yy3Jjax. OlLeHHM BJIHAHHE TEIIOBBIX
KoneGaHuil aTOMOB pPElIEHHEM Ha BEJHYHHDI IOTEHUHAOB.

PaccMoTpuM rapMoOHHYeCKHe KOoJe0aHHA pelleTKH ¢ KJIaCCHYEeCKOH Tod-
Ky 3peHHs. Takoe paccMOTpeHMe JaeT Xopouee NpHGaHKeHHe JJs TemIe-
patyp Oonbliux temnmeparyp JMeoad oy llosaraem, uto cMeuleHds
ATOMOB MOJUHHAIOTCS pacrpejeaeruio l'aycca co cpean€rBajpaTHUHBIM

cMellleHHeM §%. .

1 s? .
03 (S) ds —llz—g €exXp (—"" "é“—) . (24)

/ Ons- o2

IIpn TakoM pacnpejeseHHH CMeIlleHHH aTOMOB, IIOTeHLUHAJ BHAd
V() = Aexp(—p/a),

rpe A W a— NOCTOSHHbIE BEJWYHMHB, Npeobpa3syercs B NOTEHUHAN BH-
aa  [24]

— N

2

V(o) = V(p)exp(g’%), (25)

rae 83 — cpeAHeKBaApPaTHUYHOE CMeUleHHE B HalNPaBJEHHH INepleHIu-
KYJISPHOM TDaeKTOpHH wuacTHubl B Kaxaie. CorslacHo JMHAMHYECKOH
Teopuu KPHCTANJHUECKHX DELIETOK AJis OTKJIOHEHHA aTOMa OT CBOErO
. IOJIOXKEHHA PAaBHOBECHST MOXHO 3amucath [25]

05 g npu T > 8y
. Tﬂnpn T < 6.

st 102 (26)

DTO BBIpaXKEHHE CHPABEAAUBO TOJLKO 1Js MPOCTHIX KyOHUeCKHX pemte-

- 1
TOK, TJe BBINOJHAETCH YCJIOBHE S == 3 s%.

UTto6Ll OLIGHHTb BJAHAHHE TEIJVIOBHIX KoseGaHuii Ha Beanuuny~ V(p),
pacCMOTpPUM H3MeHeHHe NoTeHUHana B MoHokpucTaaie KCl ¢ nameHennem
temnepatypsl 7. Jlns oweHku ucnoib3yem nortenuuan Moabep (14) pas
aToMHuol naockoctH (100). Pe3yabTaThl pacueta npuBeieM B Ta6J. 2.

, MOKHO 33aMETHTb, YTO TENJOBbIE KOJe0aHHUs aroMOB MPHBOAAT K He-
3HAYyUTeJIbHOMY POCTY TIOTeHiHana, M 3TOT POCT Bbi3bIBaeT COOTBET-
cTBEHHOE H ellle 6oaee caaboe ysennuenne yraa Wyay . C Apyroii cropons,
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TENJIOBHIC KOJeOaHHA aTOMOB INPHBOLAT K yMEHBIUEHHIO Da3MepoB KaHadsd
R, Ha BenuuyuHy cpeliHeil aMNAUTyAbl KosnebaHust S+. Tenepp Aas ycTOHYH-
BOrO KaHaJIMPOBAHMs paccTosiHHe O/MXKHEro NMOAXoja K CTeHKe KaHaJja P gin
GyzAer onpeneasiTbCs Bhipaxkenuem [26].

Pmin = €S, (27)
rle C-— MaJas NOoCTOsiHHas BeawunHa. M3 mpocTeix coofpameHuin cienyer
OXUAATh, UTO ¢ Oyjaer fABAATbCS QYHKUHEH AJIHHBI KAHAJHPOBAHHON Tpaek-

Tabauna 2

NMotenupan Monsep nas aromubix miockocredi (100) B monokpucrante KCI
C YYETOM TemioBuiX KoneGaHWil MOHOB

V' (p)ua € y4eTOM TeanoBhiX KoaeGanui

p/Qre V—(P)ml ]
28 T=0°K T=300°K T=700°K T=1049°K
1,0 29,7 30.6 © 31,6 31,2 36,8
2,0 20,2 20,9 21,41 23,2 25,0
3,0 14,4 14,9 15,3 16,51 17,7
4,0 10,52 10,7 11,2 12,1 13,1
5,0 7,73 7,96 8,21 8,9 - 9,6

TOPHH IIPOTOHA f, KOTOpAas NPHOJH3HTENBHO PABHA TOJIUHE MOHOKDHCTAMI4
3aBHUcuMOCTb ¢ OT ! o3HauaeT, 4TO W 4 OyZeT yMEHbINATLCA C YBEJHUE-
HHeM [, H, CJelOBaTe/bHO, BJAUsHHE TeMmepaTypbl AJsf TOJCTLHIX 00pa3uoB
foJee CYIECTBEHHO, YeM [Jsi TOHKHX. MOXXHO II0Ka3aTb, YTO 3aBHCHMOCTH
W ax OT TEMNEPATYPbl ACTCsl BhIpaXKeHHEM

1
IIJ1maxC\3T ? - (28\

Taxum o6pa3oM, TOBBILIEHNE TeMnepaTyphl o0pasia NPUBEAET K CHHXKEHHIO
HHTEHCHBHOCTH KAHAJHWPOBAHHOTC Nyuka NPOTOHOB NPH AAHHOM TOJIIHHE
obpasua ¢.

MoTepu 3HepruM NPOTOHOB B MOHOKPHCTANNAX COEAMHEHHi

VY TAXKeNbIX 3apsSXKEHHBIX YaCTHI MPH NMPOXOXKIEHHH HX Yepe3 BellecTBO
3HEpPTHs TepsieTcsl B ABYX Npoueccax: B HEYNPyrux CTOJKHOBEHHAX € aTOM-
HbIMH 3JIEKTPOHaMH (3/1eKTPOHHOe TOPMOXKEHHE) W B YOPYTHX CTOJNKHOBEHH-
AX C fApaMu aToMoB (saepHoe TopMoxKeHue). [Ipu BbICOKHX 3Heprusx uac-
THI, 3JEKTPOHHOE TOPMOXKEHHe npeol/alaeT W SHEPrHs YaCTHIL TPATHTCA HA
B036yAeHHe HJH BbipbiBaHHE 3JIEKTPOHOB B aTomax. B xaoThueckoit cuc-
TeMe sepHOe TOPMOXeHHe NpeodsaanaeT Haj 3aekTpoHubim npu g <10, rae
e-— Geapa3MepHas Be/HudHA, XapakTepu3yiollas 3HEPruio, BBefAeHHas To-
MacoM-@PepmH.

Qu-£ M,

, 29
Z]Zg 62 M1+ Mz ( )

rae
M, — macca waJeTtaolleil yacTHUbl (B HalleM cJydae—HNpOTOHa),
M, — macca sapa atomMa Cp2JHL.

Tak Kak Hac MHTepecyeT NMPOXOX[AeHHe OBICTPHIX NPOTOHOB Yepes BEILECTEO,
rae sepHOe TOPMOXKEHHE He3HauuTeNbHO M cocTaBasear auwb ~ 0,1% or
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OOWKX OTEpPb JHEPTHH, TO OCTAHOBUMCSl HAa HOHHM3AUHOHHBIX NMOTEPAX SHEp-
MM YacTHLL.

IlIpu paccMOTpeHHM NOTepb 3HEPTHH YIOOHO BHIIENUTh NOTEPH IHEPTHH
Ha OJH3KHe CTOJKHOBEeHHS C 00JbIlIOH Nepenauefi MMOYJabCa 3JEKTPOHAM
H NlajleKHe — ¢ MaJofi nepejaueli UMIyJbca sJeKTpoHaM. Takoe geneHue 06-
VCJIOBJIEHO TeM, YTO B OJU3KUX CTOJKHOBEHHAX He0OXOAMMO YUHTbIBATH KBaH-
TOBOMEXaHHUECKHe SIBJCHHS, B TO BpeMsi KaK B JaJIeKHX CTOJKHOBEHHAX OHH
He HrpailoT poJu B ONpeflesIeHUH IIOTepb 3Hepruu. Takoe pasleneHHe yLoOHO
elle ¥ TEM, UTO KAHAJUPOBAHHbIE YACTUILL! IBHIKYTCS B 00JaCTAX, TIe 3JIeKT-
POHHAs NJIOTHOCTb 3HAYMTENBHO HUXKe cpefiHell U, ceA0BaTeAbHO, Poab 0JU3-
KHX CTOJKHOBEHH{l B KaHAJaX HEBeJHKA, B TO BPeMs KakK JajJeKHe CTOJNKHOBe-
HHS MaJI0 UYBCTBUTEJBHEI K CTPYKTYpeE BellecTBa.

Ilpu GOJbUINX 3HEPrHsAX M MaJblX aTOMHBIX HOMepax Z;, 4acCTHI I/
pacuera CpedHdX MNOTepb 3HEPruu cnpaseganBa ¢opmyna bere-baoxa,
umesoinas sug [23]

=72 p4
‘LE:S%_.N.Z ;ﬁiﬁe_

dx mot N B. (30)

3aech
N — uucsa0 aromon B eluHHue obdbeMa,
Ssy - - oNepeyHoe CeYeHHe 3IJIEKTPOHHOIO TOPMOXKeHHs a1 aMopd-
HOI'O BellecTBa,

2 —
2mv [ (2) cpeannét mo-

B — xoapduumnent Topmoxwenns. B = Z,In

TEHLHMAJA HOHH3AIHKU 4TOMA C ATOMHHM HOMEPOM 2.

Jlist  caoxuBIX  coelHMHeHME BeauuuHy | HaxoaMMm no mpasuny
Bparra [27].
’ 2 N,’Zi In li .
nl = ———— | 31

Z N:Z; (31)
L

rAe Ni uHcjlo aTOMOB B eAMHHIle 00beMa ¢ aTOMHBIM HOMepoM Zi Ji cpeiHHii
f0TeHLHaJ A HOHA3aHH aTOMOB 3J€MeHTa.

Hamu BBIUMCIEHB! TOTepH 3HEPrHu NPOTOHOB ¢ 3Hepruein 6,72 Msp Bo
BCeX MCCAeyeMblX BellecTBaxXx ¢ yueTOM MonpaeBok Ha 3bdexr cBfA3n
K-anexktponos (ta6a. 3). IlonmpaskaMu Ha 3¢ @eKT MJIOTHOCTH Cpeibl W Ha

. Ta6anuwa 3
MaccoBas TopMo3HAs CNOCOOHOCTS COeAHHEHHIH
I Uncno aneKkrpoHos 1 /dE\ w38
Coenunenne B cud il (_)
8 NZy- 103 p \dx/ 2.cm?
NaCi 189 6,248 42,9
NaBr | 316 8,647 34,185
KClI 219 5,790 40,12
KBr 346 7,580 34,32
K1 479 8,179 29,86

3¢pdekr cBaA3u L -— 3JeKTPOHOB B aroMax IIpH NaHHONI 3HEPTHU IPOTOHOR
moxHo npereGpeus [20]. Bere [28] npu BoiBoze dopmyan (31) mis cayuas
9JIEKTPOHHOIO ra3a YCTAHOBHJI, YTO FMPH BLICOKHX CKOPOCTSIX YaCTHIL MOTEPH
3HEPrHH Ha 3JAeKTPOHHBIE CTOJKHOBEHHSI aCHMATOTHUYECKH CK/IAABIBAIOTCS H3
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paBHRX JoJell OT najiekux H 6nuskux croakHoBenuil. HemaeHo JImaaxapx
[29] noaTBepAMA 3TO mpaBHJIO AJMS CIyuas aTOMHBIX cucTeM. Mcxoasa u3 aTux
3aMeuanuil, y106H0 pasfeHTh NOTEDH IHEPTHH Ha j1ajekue u Oiauskue [23].

2 () = SulaN - Z, + (1 —)o(r)]. (32)
X

— .
rae p(r) —NJOTHOCTH 3JE€KTPOHOB B HEKOTOPOH TOYKe NPOCTPAHCTBA, yepes
KOTOpOE HPOXOIHT yacTHLa. BTopoil wieH B BblpaxKeHUH OlpeAeser NOTepH

1+
sneprun B GJH3KHX CTOJKHOBEHMSX C ajekTpoHamu. Koadduuuenr o= )

H NPH yBeJIHUEHHH SHEeprHu NpuOJIImKaercs K 3Hauenuo 1/2. D1o BhipaxeHue
IOKA3bIBAET, UTO /51 GBICTPBIX YACTHL, NPOXOASLIHX [0 KaHAJaM pelleTKH,
IIOT€PH 3HEPrHH LOJIKHBI YMEHBIIATLCS B /IBa Pa3a, MOCKOJNbKY BEPOATHOCTD
6JHM3KHX CTOJIKHOBEHHH MJsi LEHTPaJbHOr0 NMyuka He3aHauuTenbHa. [loTepH
HOYTH NOJHOCTbIO OYAYT ONpPeneNsATbCsl AaJeKHMH CTOJNKHOBEHHSIMH YaCTHL
¢ sJeKTpoHaMu cpelbl. Tak Kak JaJjekHe CTOJKHOBEHHS He YYBCTBHTEJNbHBI
K TOUHOMY pPAacCloJIOXKEHWI0 TPAaeKTOpHM NPOTOHA B KaHaJje, TO H3MEHEHHE
TeMmnepaTypbl T He HOJXKHO 3aMETHO BJHATH HA NOTEPH SHEPTHH MPOTOHOB
B MOHOKpDHCTaJJIax.

MoxHno BBecTH 3PDeKTHBHBLIA ATOMHBIA HOMEp 73 (E£1), xoropnii on-
peedser YMC/IO JMEKTPOHOB HA 4TOM, HAXOASLWHXCH HA  PACCTOSHHSAX
60JBWHX Pmin OT Psja, KOrzAa

V{omm) = E,.

Toraa nonmepeuHoe ceyeHHE FMEKTPOHHOIO TOPMOKEHHT MOMHO MEPEenH-
cath, B Buae [23]

Sar(E ) = Sos {(ha) T _ZE(ZEQ} . (33)
;M())KHO 10Ka3aTh, 4TO OTHOlIEHHE {‘_2_(_153_)_ JlaeTCA BBIDAKEHHEM
: 2
Z2(E)  d - pmin V' (pot) (34)
Z, 07,7, €2 :
E
H _l’lpl/IGJlHE}PITeJIbHO pPaBHO E-{P"‘:L , eCJH NoOTeHunasa H3MEHAeTCd Kak p"‘..
1 max

.JloTepu 3HepruH sBASIOTCS CTATHCTHUYECKHM THPOULCCOM H MO3TOMY
dopumyaa (31) onpenesser JHillb CPeJHHE HOTEPH 3IHEPTHH HA €AMHHIY
nytd. JJas TsoKeJBX 3apAMEHHBIX YaCTHU NPH NPOXOXKACHHH HMH JOCTa-
_ TOUHLIX TOJINHH (PYHKUHUS pacipereneHuss MOTEPb 3HEPTHH OKOJO Cpea-
Hero 3Hauenns umeerT Gopmyay pacnpenenenus aycca. ®aykryaunnu
NOTEPb 3HEPrHH Ha eAMHHLEe Tpobdera 4YacTHUbl OOYCJAOBJAEHH TOJAbKO
6/AU3KHMHM CTOJIKHOBEHHAMH H, CJELOBATEJNbHO, MBI BOpaBe 3aMEHHTDb
CPEAHIO HJIOTHOCTL 9JeKTpoHoB Z,N Ha p(r)

. 2 — -
Toraa [i(A—E_)—] —4xZie o (r) (35)
. dx on |
HAW, Hcmoab3ys 9hMEKTHBHEE aTOMHHH HOMEp,
- d(AE)? .
[—‘”—E’—] —4xZiet Za(Ey). (36)
dx o :

Takum 06pa3oM, NMOAYIIHPHHA AHOMANBHOIMO NMHKA AOJKHA ObITh yXKe, 4eM
HOpMaJIbHOTO: :

5. Raraz Tod. 65



OtmeruM, uto npu ¥ =¥ .,y N0 GU3HUECKUM COOODAKEHHAM JIOJLAKHAL -
HabJIOLaThCA TOTEpH - SHEPTHH Bbillle, 4eM Yy HOPMAaJbHOTO MNyuka 4acTHI
BCJAEACTBHE GJOKMPOBKM HAa aTOMHBIX PAdax WJH mjockocTsx, Ecan yriaosoe.
pacnpefienieHHe KaHaJHPOBaHHLIX YaCTHI JOMXKHO HMETb MAaKCHMYM NpH
W — () u 3aTeM ObICTPO YMEHbIIATHCSI C POCTOM YIJa, TO YIJIOBOe pacmpene-
JeHHe GJOKKHPOBAHHBIX YAaCTHL[ JOJXKHO HMETb MAKCHMYM IIpH yI/ax W=
W max- Takoe NoBeAenue 4acTHL HAGAOJalH B MOHOKpHCTale Si[4].

JkcnepMMeHTAJIbHbIE PE3YJAbTATHI

DKcrnepHMeHTH 110 MCCAeOBAHHIO MOTePh SHEPFHH M KaHAJIUPOBAHHIO
NPOTOHOB B MOHOKDUCTA/JaX TaJOreHHIOB 11eJ0UHBIX MeTaNJI0B HAMK Mpo-
BelleHb Ha 3KCICPUMEHTaJbHOI YCTaHOBKe, cxemMa KOTOPOit NpHBedeHa HA

) w/

- ! Puc. 6. CxeMa 3KCOepHMEHTAJbHOH YCTAHOBKH

puc. 6. [TpoTonsl | ¥3 HHKIOTPoHA TOMCKOTO NMONHTEXHHYECKOTO WHCTUTYTA
HpPOXONAT B KaMepy paccesiHMs, Ise MajaloT Ha TOHKYIO IJATHHOBYIO MH-
menb 2 TOJLIKHON OKOJMO 3 M2/cm?, yCTaHOBIEHHYIO B LedTpe Kamepsl Ilyuok
NPOTOHOB, paccestHHbI mox yraoM 30° oT MHIIEHH, KOJJHMHPOBAJCS TOH-
KUMH TaHTajJO0BEIMM AnadparMaMd W NPOXOXMJ B KaMepy roHHOMeTpa, rie
noMellacs HecaeayeMblil MOHOKpHCTaandeckufi o6pasen 3. JluaMerp nat-
Ha Ha o0pasne 2 mm, SHEPrHst NMyuyKa NpoOTOHOB 6,72 Mss, u yrjoBas pac-
XOLHMOCTB myuka Menbuie -+ 0,1%

ToHKHe MOHOKPHCTaJ/IHUeCKHe 0Gpaslibl PasIHUHBIX COCAHHEHHH C TOJ-
mmEamMu o 15me/cm? o 50 me/cm?, npeNBapUTENBHO OPHEHTHPOBAHHBIE OCBIO
{100] o HAMpPABJEHMIO YYKa, YKPEIJIeHbl Ha TOBOPOTHOM YCTPOHCTEE FORHO-
MeTpa, HMelllleM Dery/iupoBKy B FOPHU30OHTAJNBHON W BEPTHKaJbHOH MJIOCKO-
CTSIX € TOYHOCTbIO ycTaHoBKH yr/oB —+ 0,05 u - 0,1 rpanaycg cooTBeTCTBEHHO.
DHepruio NPOTOHOB MOCJe NPOXOXKAEHHS 00pasioB ONpeAeNsId CUHHTHAIA-
[IHOHHBIM CcreKTpoMeTpoM 4. DHepreTHYecxoe paspelleHHe CHEKTPOMETpa
1151 IPOTOHOB ¢ 3Heprued 6,72 MaB cocTabnser 28%.

‘DHepreTuueckoe pacnpene/ieHHe NPOTOHOB, NPIUIEAIUHX MOHOKpHCTAJ-
auyeckne o6pasnw NaCl To/aL[HHON 17,3 wme/cm® w KBr TtoamuHOH
41,2 me/cm2, npeacTaBieHO Ha pHC. 7 W 8. B npaBo#l 4aCTH PUCYHKOB IIpH- .
Be/leH 3HEPreTHUeCKHii CIIeKTP NPOTOHOB, MAJAIOLIKX Ha 00pasubl.
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O6pasupt 10BOpauHBa/IH B FOPH3OHTAJIBHON TIOCKOCTH BOKPYT ock [001]
TaK, 4TO NMy4YOK NPOTOHOB OCTAaBaJIC MNapajnenbHelM unockoctsam (010).
Kpusee 2, 3, 4, 5 npencTaBasioT sHepreTHYECKUe CHEKTPhI TPOTOHOB npu yr-
Jnax moeopora 0; 0,6; 1,2 n 6 rpaaycos coorBercTBeHHO. Bee cnekTpe Hop-
MHDPOBaHbl K OJHOMY MAaKCHMaJ/JbHOMY 3HaueHHIO, He3gauuTebHBIH CABHT
CIEKTPOB B CTOPOHY MEHbLIHX 3HA4YEHHI SHEPTHH H HX YIUHPEeHHE 06YCAOBAL-
HbI YBEJIUUYEHHEM TOJNIIHHEI 06pasia nIpH eroc NOBOPOTe. .

a

20001 | :*‘_ J
o O
{500 °° ﬁ
2 o © .
g ®
5
2 10004 * .
2 ° 9 4
500 - §. oo:::°+000+.
fe) L .+. °. ¢ ¢
o® 5 "4 ...3 .2‘ ‘O é \
LA Q e Se o ° .
58 84 872

uepava  npomowob  Mad

Puc. 7. SHepretruueckoe pacnpeneseHne TpPOTOHOB ¢ sueprueil 6,72 Mas nocie
NpoxoxkaeHHss MoHOKpHcTanna NaCl nox pasmuuHbIMH yraaMH OTHOCHTEJBEO
. nanpasnaends [100] 09 — 2, 0,69 —3, 1,20 —4, 6°— 5

.

W3 pHCYHKOB BMJIHO, YTO [POTOHBI, MAAalolile HAa MOHOKPUCTANAbB
B HallpaBJeHHH, NOCTAaTOUHO Janekom ot HanpaeseHus [L00], umeloT sHep-
reTHYeckoe pacnpejeleHne,  OXKUAaeMoe g IOJHKPHCTANIUUECKHX
1 amop¢pubix BemectB. Korpa nanpasaenne [100] MoHOKpHCTa10B COBIA-
laeT ¢ HanpaB/JeHHeM IyyKa, CNeKTP HCKaXaercs K Ha BBICOKOSHEPIeTHUY-
HOH YacTH CIeKTpPa MOSIBJISETCH «XBOCT», YKA3bIBAIOHIMH HA TO, YTC HEKOTO-
past J0oJs1 YAaCTHI, TepsieT MEHbIIYI0 3HEePrHi0, 4eM YacTHILI B HOPMAJIbHOM
cnekrpe. Ilpu yBeJnueHHn yraa MOBOPOTA «XBOCT» IIOCTENEHHO HCUe3aer.
Yueao yacTui B UEHTPAJBHOM IyuKe MOXKHO ONpefedUTh HPOCTHIM BbIYHTA-
HHEM HOpMAaJbHOTO CIIEKTPA U3 HOPMUPOBAHHOTO.

B Ttaba. 4 npuBedenbl cpenHHe moTepud 3Hepruu nporodHoB B NaCl
v KBr, Boiunciaenreie no ¢opmyne Bere-Bioxa u HaliieHHble 3KCIIepHMeH-
TajbHO, @ TakxkKe 3HaueHHe KO3(P(HIHEHTA aHH30TPOIHUH, NPEACTAB/ISAIONIEr0
co00ll OTHOLIEHHE YHMCJa YacTHL B aHOMAaJbHOH 4YacTH CIeKTpa K obuiemy
YHCY YacTHLL B CII@KTpe.

MorKHO OTMeTHTB, YTO 60JblIAsT YACTh NPOTOHOB HAXOAUTCS B HOPMalibs
HOM TyuKe M ee 3HepTeTHUeCKHEe IOTePH JOBOJBHO XOPOILQ COrAaCYIOTCH
¢ pacueTHbiMH. CpejlHHe NOTEPH 3HEPrHH NyuKa IPOTOHOB, HalJeHHBIE M3
3HEPreTHUECKHX CIEKTPOB, OKA3bIBAKOTCH HECKOJNIBKO HHXKe 3a CueT TOH JIOJH
YaCTHL, KOTOPHE XaHaJAMPYIOT 4epe3 KpucTaJbl. loss yacTHu B KaHaau-
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POBaHHOM NYy4YKe NpH HyJeBoMm yrae pashia 0,36 aast KBr u 0,28 past NaCl.
[lpu yBesauyenun yraa noBopora KpHCTaMJa A0S KaHa/JMPOBAHHbBIX 4ac-
THIl YMeHbLIAeTCd M CpelHHe NOTepH NPOTOHOB BCe OoJjlee NPHOJMKAIOTCH

K paCyeTHbiM.
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Puc. 8. DHepreTHueckoe pachpeflefieHHe NPOTOHOB ¢ 3Hepruedl 6,72 Msp nocac
IPOXOXKAEHHUST MOHOKpHCTa/MIa KBr Mox pasiHUYHEIMM YFJIaMH OTHOCHTEJNbHO Had-
npasaeuns {100] 0°—2, 0,6°—3, 1,2°—4, 6°—5

Ha puc. 9 npexacraBieHa 3aBMCHMOCTb KO3((HIHMEHTa AHH30TPOTNHH
OT yrJia BJeTa NPOTOHOB B KaHAJ [100] zns NaCl u KBr. Tns o6oux kpucran-

Ta6auna 4
MoTepn 9HepPrUH NPOTOHOB B MOHOKPHCTANAAX COEAMHEHHH

CoenMHeHune yarggo:g T(;%J;)nglli{aa AETCQP- AEHOPM- IKCIL AE, o Nyan,
B rpanycax Mz[em? K»"B‘ (C98 K8 NHOW_
0 17,3 742 760--40 650-40 0,28
0,6 ~17,3 ~T42 760440 | 719440 0.14
NaCl 1,2 ~17,3 ~742 7601-40 7404-40 10,04
6 ~17,31 ~743 7704-40 770440 | ~0,0
0 41.2 1410 | 1420460 | 1250160 0,36
0,6 ~41,2 ~1410 | 1420460 | 1320460 | 0,266
KBr 1,2 ~41,2 ~1410 | 1420460 | 1380460 0,11
6 ~41,24 ~ 1411 1440460 | 1440460 | ~0,8

7OB XOX KPHBBIX aHAJOTH4YeH. YIJIOBbe NMOJYMHPHHB KpuBbix anas NaCl
u KBr paBue~0,68° u 0,8° coorserctBenno. CorsnacHo TeOpeTHYECKHM
ouenkan (20) MONYMIHPHHBI KPHBBIX JOJKHBI COCTAaBJIATh BEAHUHHBI ~ 0,25°
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aas KBr u ~ 0,02° nns NaCl. Tor ¢akT, 4To «XBOCThI» HCU€33I0T 3HAUH-
TeJbHO MeJJIeHHee, YeM TIpeACKa3btBaeT TEOpHs, NOATBEPXKAAeT BbIBOR
O TOM, YTO TIPH BLICOKHX 3HEPrUsiX TPOTOHOB OPHEHTALHOHHBIE 3(PhEKTH
06ycaoBJeHbl TJABHbIM 06Da30M aTOMHBIMH INIOCKOCTAMH, 2 HE aTOMHbIMH

pSilaMH MOHOKPHCTAJJIOB.
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Puc. 9. 3aBucuMocTb AONH KaHAJHPOBAHHBIX NPOTOHOB B
monokpuctramaax KBr (1) m NaCl (2) or yraa  Baera
npoToHoB B kanada [100]

Huxe 0o6cynum HeKoTOphle (AKTODH, KOTOPble MOTYT NOBJHSTH HA H3-
meHenne ¢opMmbl cnekTpoB. T1ocKONbKY NOTepH SHEPTHH NPOTOHOB CyHIeCT-
BEHHO ONpeneasio1cs pacnpeneseHHeM 3JeKTPOHHO{ MJIOTHOCTH B MPOCTPaH-
cree Mexnay miockoctamu (010) uau B Ranpasaenuu [100), M Bnpase mo-
Jarath, YTo H3MeHeHHs B pacHpefesieHHH 3/CKTPOHHOH IJIOTHOCTH B PARY
coennnenni or NaCl no Nal u or KCl zo Kl npupemer m kK H3MeHeHHIO
¢opMm 3uepreTHyeckoro cnexrpa. s HarasaHoCTH oOpaTtHMca K puc. 1.
Mzl yxe oTMeuasH, 4TO MPOCTPAHCTBO, CBOOGOAHOE OT 3JEKTPOHOB, B HOHHKIX
KPHCTaJ/1aX HECHMMETPHYHO OTHOCcHTenbHO ocH {100], uto o6ycnosieHo paa-
JIHYHEM B [OPRJAKOBBIX HOMepaX HOHOB B y3siax pemerkd. Hecummerpus pac-
npejesieHusl 3MeKTPOHHOH MJOTHOCTH BO3pacTaeT B pajfax rajoreHMIoB Hat-
PHR H KaJHsg ¢ DOCTOM NOPSAKOBHIX HOMepoB rajsounos. [lo Mepe aBHXeHHS
yacTHubl BROJb RanpasiaeHus {100] kapTuHa pacnpeneseHHs 3JIEKTPOHHOR
NN0THOCTH GyneT nosopaunBaTbess Ha yroa 90° npu nepexome or oaHoro
ATOMHOTO ¢J10s1 K APYFOMY 3a CUeT IepeMeHbl HOHOB B yaaax pemerkd. Cra-
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HOBHTCS' OUEBH[HBIM, UTO BCE NPOCTPAHCTBO, 3AK/IIOUEHHOE MEMJIy aTom-
Heimu psagamu [100], yno6Ho Pa3buTh HA TPH YACTH.

YacTHia, TPGeKTOPDHIO KOTOPOH MOMKHO 3aKJIIOUHTh B LIHIMHADP G OCBHIO
Baoab [100] HanmpaBaeHHS M ¢ PafilyCOM OCHOBAHHS pi, ABHXKETCS B 06J1aCTH,
TIle TepsieT SHepTHi0 NPEUMYILECTBEHHO HA JRajeKHe CTOJTKHOBEHHH C aTOM-
HBIMH 3JeKTpoHaMH. [ToTepu 3HepruM y TAaKHX YACTHI[ COCTABJSIOT TMPHOIU-
JKEHHO TOJIOBHHY IIOTEPb SHEPrMH HOPMaJbHOro Ny4YkKa yacTHil. IIpu 6GOsb-
IIHX YIJ1aX TPAEKTOPHS YaCTHLBI MOXKET 0Ka3aThesl B 06/1aCTH, OTrpaHHUeHHOH
HUJIHHAPOM C PaJHYyCOM pg, TAE KPOME HaJeKHX CTWIKHOBEHHI B TOTepAX
SHEPTHH HAUYMHAKIT HrpaTh poJib H 6/143KHE CTOJKHOBEHHS C 3JEKTPOHAMH,
NpUHAAJIEKAUHUMH OTPHLUATENbHO 3aDSKEHHLIM HOHAM C GOJBLIMMH NOpPSA-
KOBBIMH HOMepamu. IloTepu HEPTHH y TaKHX YacTHI HECKOJBKO GoJbile,
yeM HOTEePH FHEPTHH y NepPBO#l TPYMIbLl YaCTHI, HO MEHbILIE, YeM Yy YaCTHIL
B HOpMaJbHOM nyuke. M, HakoHell, npu yriaax Baera B Kpucraan ¥'>W,,.
MBI UMeeM HeJ10 ¢ HOPMaJbHBIM NyukoM dacTull. COOTHOWMIEHHe MEKAY STHMH
TpeMs 06J1aCTAMH B M@XKHUOHHOM MPOCTPAHCTBe M ompenenseT ¢opmy 3Hep-
TeTHYECKOTO CHEeKTpa NpoTOHOB. Bosbliass HECHMMETPHUHOCTh B pacnpee-
JIeHUH 3JIeKTPOHHOH IJIGTHOCTH B MoHOkpHucTaaie NaCl, uem B MOHOKpHC-
tanne KBr, u o6bscHseT TOT (akr, 4TO aHOMAaJbHast YacTh CMEKTPA B cJAvyae
KBr BoipaxeHa oTueTanBee B ciyyae NaClL -

3akaueHHe

1. PaccMOTpeHO BJIHSIHHE KPUCTAJJIHUYECKOH CTPYKTYPbl CO€IHHEHHEH
raJIOreHHIOB IIeJOYHEIX MeTaJJIOR, 06a aloluX NPOCTOol KyOHUeCcKo cTPyK-
TYpOH Ha NpOXoxIeHHe OBICTPBIX IIPOTOHOB.

2. Has coemunennit NaCl, NaBr, Nal, KCl, KBr, KI naiigenn nores-
IIHa/bl ATOMHBIX PAMOB M ATOMHBIX nrockocteil. C yBeJiuYeHHEM TMOPSIIKO-
BOTO HOMepa rajouja B pAly TOTEHIHaJbl BO3pacTaIoT.

3. Haiinenul npejenbHble yribl KaHAJAHPOBAHHSI OBICTPBIX NPOTOHOB
B HOHHDLIX :KpHCTaJdlax B,ZlOJIbI‘JlaBHbIXHaHpaBJIEHHPI{].OO]PI[llO] H MeXAy
naockoctamMu (100)y u (110). B pary COeIHHeHUH ¢ yBeJUYeHHEM NOPAAKO-
BOTO HOMEpa rajionna npejiesbHbiii YIoJ BO3pacTaer. 3aXBaT [IPOTOHOB B Ka-
Ha/Jbi pelleTKH HapboJiee 3¢ dekTHBeH B COeIUHEHHUSAX ¢ OOJBIIHMH MOPSA-
KOBBIMH HOMEpaMH.

4. 9KCHepHMEHTaJIbHO HCCleJOBaHBI norepu SHEPIHH IPOTOHOB C Nep-
BUUHOH 3Heprueir 6,72 Mss B psapmax coexuHennii. Ilpu cosBmagenun ocu
{100} MOHOKpHCTa//IOB ¢ HANPaBJEHHEM MNyYKa NPOTOHOB YaCTh MPOTOHOB
KaHaJHPYeT Yepe3 MOHOKPHCTAJJ, TepsAs BABOE MEHbLILYIO aﬂeprmo 1O CpaB-
HEHHIO C HEKaHAJHPOBaHHbLIM IIYYKOM.

5. losig KaHa/AHPOBAHHBIX MPOTOHOB BO3pAacCTaeT B psdy COELHHEHHA

yBequeHHeM IOPANKOBOIO HOMepa TajloHAa, uUTO TOATBepIkAaeT ‘TeopeTH-
‘yecKHe ‘OUeHKH.

-6 Cuenau BBIBOJL 06 onpeﬂe.nmomem BJIHAHHHU Ha Kaﬂaﬂnposa}me 611
CTPHIX 'POTOHOB- ATOMHBIX [JIOCKOCTEH KPUCTAJIIOB,

7. KananupoBanue B PAAAX TANOTEHANOB HATDHS U “Kajus Ha#hBosee
Bblan(eHO B Maﬂoxpm'ré.ﬂ.n‘ax NaCl ‘u KCl w ymenpinaercs- 8- psafaxs-coe-
- IHHEHHH npu YBEJIHUYEHHH [OPAAKOBOTO HOMEPA rajioHAa’ C H3MEHEHHEM 'CO-
- DTHOHMIEHHS Memny pajuycaMH HOHOB, ' B COeANHEHHH.
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