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KapaMRH C.A. Pl4 - 12321 

0 B03MO*HOCTH nOBOPOTa HnH OXna~AeHHR ny4Ka 4aCTH~ 
MeTOAOM KaHanHpOBaHHR B MOHOKPHCTannax 

PaccMOTpeH~ HeKoTop~e acneKT~ npo6neM~ noaopoTa HnH oxna*AeHHR 
ny4Ka 4aCTH~ MeTOAOM KaHanHpOBaHHR B MOHOKpHCTannax. nony4eHa npH-
6nH*eHHaR ¢QpMyna AnR K03~H~HeHTa 3aXBaTa 4aCTH~ B pe*HM KaHanHpO
BaHHR B cny4ae H30rHyToro MOHOKPHCTanna. B npH6nH*eHHH KBa3HCBoOOA
H~X aTOMOB MOHOKpHCTanna B~4HCneHa 3HeprHR RAep OTAa4H npH KaHanH
poBaHHH 4aCTH~~ H onpeAeneHO BnHRHHe AaHH~X noTepb 3HeprHH Ha 
xapaKTep ABH*eHHR 4aCTH~~. 06CY*AeHa TeMnepaTypHaR 3aBHCHMOCTb 
3HeprHH, nepeAaBaeMo~ RAPaM peweTKH, H paccMOTpeH~ ycnoBHR AnR 
Ha6n~AeHHR nepeXOAa OT KaHanHpOBaHHR, COnpoBO*Aa~erocR aTOMH~MH 
TOPM03H~MH noTepRMH, K KaHanHpOBaHH~ ne3 OTAa4H npH oxna*AeHHH 
MOHOKPHCTanna. 

Pa6oTa a~nonHeHa a Jla6opaTOPHH RAepH~x peaK~HH OH.IlH. 

npenpHHT 06'bellHHeHHOrO HHCTHTyTa SUlBpHbiX HCCnBli.OB8HHlt • .Qy6Ha 1979 

Karamian S.A. Pl4 - 12321 
On A Possibility of Particle Beam Bending or Cooling 
by Channeling in Single Crystals 

Some aspects of the particle beam deflection or cooling 
by means of channeling in single crystals are considered. An 
approximate formula for coefficient of particle capture to 
channeling regime is derived for the case of a bent ~ingle crystal. 
Recoil nuclei energy at channeling of particles is calculated in 
the approximation of quasifree atoms of a single crystal, and the 
influence of this energy losses on the character of particle motion 
is determined. The temperature dependence of the recoil 
nuclei energy and conditions for observing the transition from 
channeling, accompanied by atomic stopping lpsses, to unrecoiled 
channeling at a single crystal cooling are discussed. 

The investigation has been performed at the Laboratory of 
Nuclear Reactions, JINR. 

Preprint of the Joint Institute for Nuclear Research. Oubno 1979 

1. BBE,lfEHHE 

OpueuTauuoHHble J4JctleKTbi BJaHMO)J.eii:cTBHR JapR)f{eHHbiX qac

THU C MOHOKpHCTaJIJiaMH, WHpOKO llpHMeHReMbie llpH HJy'leHHH 

cTpyKTYPhl TBep.n;oro Tena, pa)J.uauuoHHhlx BOJ.n;eii:CTBHii, aToMHbiX 

CTOJIKHOBeHHH, BpeMeH )f{H3HH B036y)f{)J.eHHbiX JI,D;ep H T .)I;., B llOCJie,n;

HHe rO)J.bl paCCMaTpHBaiOTCJI C TO'IKH 3peHHJI llOHCKa HOBbiX llpH

nmKeHHH, B 'laCTHOCTH, B $H3HKe JJieMeHTapHbiX 'laCTHU H BbiCOKHX 

JHeprHH. ~OCTHrHyT ycnex B Ha6JIIO)J.eHHH Jcl>cl>eKTa KaHaJIHpOBaHHJI 

npOTOHOB H Me30HOB C JHeprHRMH BllJIOTb )1;0 COTeH T:JB !-;! ' 

06Cy)f{,D;aeTCJI B03MO)f{HOCTb HCllOJib30BaHHJI KaHaJIHpOBaHHJI 'laCTHU 

B MOHOKpHCTaJIJiaX .D;JIJI OXJia)f{,D;eHHJI H llOBOpOTa ny'IKOB BbiCOKOJHep

rH'IHbiX qaCTHU /4·?'. TeopeTH'IeCKH HCCJie.n;yeTCJI BOllpOC 06 HJJiyqe

HHH KaHaJIHPYIOIUHX peJIJITHBHCTCKHX 'laCTHU H CBJIJaHHOM C HHM 

pa.n;HaUHOHHOM OXJia)f{)J.eHHH ny'IKOB '8- 12 /. 06cy)f{,D;aiOTCJI HeKOTOpble 

HOBbie B03MO)f{H0CTH llpHMeHeHHJI opHeHTaUHOHHbiX Jcl>cl>eKTOB B HJy

qeHHH R.n;epHbiX peaKUHH H aTOMHbiX CTOJIKHOBeHHH Ha nyqKax O'leHb 

TJI)f{eJibiX HOHOB 'l!l 14 : 

LJ.enb pa60Tbl - BbJJICHHTb HeKOTOpbie acneKTbl npo6neMbl 

llOBOpOTa HJIH OXJia)K,D;eHHJI ITy'IKa 'laCTHU MeTO.D;OM KaHaJIHpOBaHHJI, 

onpe.n;enHTb BJIHRHHe noTepb JHeprHH Ja C'leT 3Hepruu x.n;ep OT)J.a'IH 

Ha xapaKTep )l;BH)f{eHHJI KaHanupyiOJUHX 'laCTHU H Ka'leCTBeHHO pac

CMOTpeTb TeMnepaTypHYIO 3aBHCHMOCTb 3HeprHH, nepe,n;aBaeMOH 

R.n;paM peWeTKH npH KaHaJIHpOBaHHH. 

2. 0 B03M0)f(HOCTH llOBOPOTA llYifKA 

METO,lfOM KAHAJIHPOBAHHH 

TeopeTuqecKoe paccMoTpeuue KaHanupoBaHHR B HJOrHyToM 

MOHOKpHCTanne BblllOJIHeHO B pa6oTaX fi>. 7 ' 1;); B npe,n;ITOJIO)f{eHHH 
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S03MO)f(HOCTH 3aMeHhl H3rH6a KaHana BBe)l.eHHeM ~eHTpo6e)f(HOrO 

noTeHUHana H onpe)l.eneHHH ycnOBHH, npH KOTOphiX CYMMapHbiH no

TeH~Han, SKniO"!aiO!UHH ITOTeH~Han ITpHMOrO KaHana H UeHTpo6e)f(

HhiH ITOTeH~Han, HMeeT )l.OCTaToqHO Bhipa)f(eHHbiH MHHHMYM )l.nll 

o6ecne"'eHHH nonepe"!Hhix Kone6aHHH KaHanupyiomeii qacrH~hi. 

PaccMoTpHM JaxsaT qacTHUhi s pe)f(HM KaHannposaHHll s HJOrHy

TOM KaHane B ITpH6nH)I(eHHH reoMeTpH"!eCKOH OITTHKH )l.nH TpaeKTo

pHH )l.SH)f(eHHll '-laCTHU. KaHanHpyiOU{aH '-laCTHUa ITOllXOJlHT K CTeHKe 

KaHana no KacarenhHOH, O)l.HaKo yron naneHHll paseH yrny orpa

)f(eHHll npH ycnosnH onpeneneHHH JTHX yrnos KaK yrnos nepece'-!e

HHH Me)l.HaHHOH ITnOCKOCTH )l,nH cny'-!aH npHMOro KaHana. Curya~HH 

Mano H3MeHHTCH H )l,nH KaHana C He O'-leHh 6onhWOH KpHBH3HOH, 

OTnH'-IHe, O)l.HaKO, COCTOHT S TOM, "'TO yrnhi na)l,eHHH ITO OTHOWeHHIO 
~ I ~ ,j, 6 

K SHyTpeHHeH ljlllll~ 1-p. H SHeWHeH "lHWlllH. CTeHKaM He Y.LIYT 

pasHhl .LIPYr )l.pyry H He paSHhl yrny nepecel:feHHH TpaeKTopueii: 

Me)l.HaHHOB ITnOCKOCTH KaHana, 'ITO HeTpy)l.HO BH)l,eTh H3 puc. Ja. 

Puc. I. H.L11ocnpa!JUJI eo3MOJKIIbtcr npaeh·nopuu oauJICellwi 
1111'~1< 1 /JJUt 'IUCI'IIII/ u II IO?HVI'IOM MOHOhfliH nu I lc' 
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k'QIIQ-

.ll:JUI onpe)l.eneHHH yrnos \l I \ill 1 p, H t/JBHl~lliH. 3aMeHHM rna)l.KYIO 

rpaeKropHIO qacTH~hi npHMOnHHeHHhiMH orpeJKaMH. YcnosHH, npH 

Korophlx raKaH JaMeHa KoppeKTHa, 6Y.LIYT o6cy)l()l.eHhi nocne no

nyl:feHHH JHal:feHHH KpHTH"!ecKoro pa;:myca H3rH6a KaHana R "-ptn 

BropaH H, no-sH)l.HMOMy, 6onee cymecrseHHaH HeTO"'HOCTh ra

Koro paCCMOTpeHHH COCTOHT S HCnOnh30SaHHH ITOTeH~Hana npHMO

yronhHOH HMhl S Kal:feCTSe noTeH~Hana KaHana. 8 3TOM npu6nu

)l(eHHH l:faCTH~a, SXO)l.H!UaH S MOHOKpHCTann ITO)l. yrnOM </J K Me)l.HaH

HOH nosepXHOCTH, HMeeT Hal:fanhHhiH nonepe"!HhiH HMnynhC, pas

HhiH p lJ- He 3aSHCHMO OT KOOp)l.HHa Thl TO"'KH SXO)l,a. 8 TaKOM

npH6nH)I(eHHH )l,nH npHMOrO KaHana 3$$eKTHSHOCTh JaXSaTa l:faCTH~ 

S pe)I(HM KaHanHpOSaHHH pasHa l00o/o npll: ShiiTOnHeHHH ycnOSHH 

l'' t,} 1,Jllll r)l.e ti 1,p11'1 - KpHTH"!eCKHH yron nnoCKOCTHOrO Ka-

HanHpOSaHHH. AnH HJOrHyToro KaHana oqesH)l.HhiM ycnosueM Ja

xsaTa S pe)I(HM KaHanHposaHHH S )l.aHHOM ITpH6nH)I(eHHH HSnHeTCH 

ycnosHe 01\l!t'IIIH. </JK[li!T. nOCKOnhKY ITpH 3TOM ycnosHe OTpa

)l(eHHH qacTH~ Ha SHyTpeHHeH CTeHKe ShiiTOnHeHO aSTOMaTHqeCKH 

¢r. 11 _\Tp. - </Jn1w 11111 •• CTeneHh HeTO"'HOCTH npu6nH)I(eHHH npHMoyronh-

HOH HMhl )l.nH pacqeTa KoJ<l><t>H~HeHTa JaxsaTa npHMepHo pasHa oT

nuquro oT e)l,HHH~hi KoJ<l><t>H~HeHTa Jaxsa Ta qacTH~ s pe)I(HM nnoc

KOCTHOrO KaHanHpOSaH.HH S ITpHMOM KaHane. 

R3 reoMeTpuqecKoro paccMoTpeHHH HeTPY.LIHO nony'IHTh aenu

'IHHY </J BH<'IliH •, KOTOpaH He 3aSHCBT OT 3HaKa </J B paSHa: 

cos<,& 
BHel!lH. 

-R+a 
= ---'---- cos0, 

R + d . 
/1/ 

r)l.e R - pa)l.Hyc sHyTpeHHeii CTeHKH KaHana, R + d - pa)l.Hyc BHew

Heii: CTeHKH, a - KOOp)l.HHaTa TO'IKH BXO)l.a 'laCTB~hl, OTC'IHTaHHaH 

OT SHyTpeHHeB CTeHKH, 0 - yron BXO)l,a 'laCTH~hl ITO OTHOWeHHIO 

K Me)l,HaHHOB nosepXHOCTH KaHana. BH)l.HO, 'ITO </J BHAIUH. 3aSBCHT 

OT yrna SXO)l,a - 0 H OT KOOp)l.HHaThl TO"'KH BXO)l,a - a. Ha puc. 2 

ITpHSe)l,eHa paCC"'HTaHHaH 3aSHCBMOCTh <,{1 HIIPIIJH,(</J) )l.nH ~eHTpanh

HOrO SXO)l.a l:faCTH~hl, a~ d,'2. BH)l.HO, 'ITO BenH'IHHa <,{1 BHPiliH. 3Ha

"'HTenhHO npesMwaeT 0 s o6nacTH Manhlx JHa'leHHB .,& H CTpe

MBTCH K </J ITpB 6onhWHX 3Ha'leHBHX yrna BXO)l,a. EcnH </JHH"IIlll? 

></JKpl1T. )l,a)l(e IT pH </J ~ 0, TO 'laCTB~hl He Jaxsa ThJSaiOTCH S pe)I(HM 

KaHanuposaHHH, OTCIO)l,a cne)l,yeT He06XO)l.HMOCTh BSe)l,eHHH ITOHH

THH RKpwr .- KPHTH'IeCKoro pa)l.Byca H3rH6a KaHana. BenH'IHHY 

RKpHT. onpe)l.enHM H3 ycnosus .,& 811nmH. (<,&- 0) -- .,&KpliT. )l.nH ~eHT
panhHoro BXO)l.a a-~ d. 2. 'ITO ITpHSe)l,eT K 3Ha'leHHIO R KpWr,- d. <,{1 ~pll'l". 
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Puc. 2. 3aeucuMocmb yzAa naoeHuJI 'laCIIIUIJbl 1< eHeumeii cmeHKe 
KaHaAa 

\j llllt~tllll. 0111 Y2Aa BXOOa 'WCIIIU!Jbl 6 U302HY111biU MOHOI<pu
CIIIaAA ~1. npu paouycax U32U6a KaHaAa R I CM /KpueaJI 1/, 
R= 10 cM /KpueaJI I 1/, R = 100 CM /KpueaJI I I I/, pac'lem Bbl
noAHeH no ¢opMyAe /1/ npu 3Ha'leHuu napaMempa d = 2-Io-·8 cM. 

TaKoe orrpe.neneHHe R r-pwr. 03HaqaeT, 'ITo K03IMJHUHCHT 3axsaTa 

l.JaCTHU B pe)I(HM KaHanHpOBaHHJI paBeH · 0,5 ,UnJI yrna BXO,Ila <jt 0 . 

B 3TOM CJlyl.Jae 3aXBaTbiBaiOTCJI TOnbKO l.JaCTHUbl C KOOpJJ.HHaTOH 

BXO)la a · d.-'2, H XapaKTep HX .UBH)I(CHHJI ITPHHHMae.T BHJJ. CKOnb3JIIUeif 

TpaeKJ:.GPHH, KOTOpaJI 6blna npeJJ.nO)I(eHa aBTOpaMH 7. /CM. puc. 16/. 

3,IleCb yMeCTHO BepHyTb'CJI K paCCMOTpeHHIO CJipase,nnHBOCTH 

HCXOJJ.HOrO rrpe,nrrono)l(eHHJI 0 B03MO)I(HOCTH 3aMeHbl TpaeKTOpHH 

. KaHanHpyiOIUeH l.JaCTHUbl noMaHOH JIHHHeH. 3To rrpeJJ.JIOJIO)I(eHHe, 

O'leBHJJ.Ho, crrpase.nnHBo rrpH BhlJIOJIHeHHH KPHTepHJI p ·•·· R, r.ne 

p- pa,nHyC KpHBH3Hbl TpaeKTOpHH B 3KCTpeManbHOH TO'IKe. ,lJ;JIJI 

JIPJIMoro KaHana TpaeKTOpHJI C MaKCHMaJibHOH aMJIJIHTYJJ.OB, paBHOB 

di2, XapaKTepH3YeTCJI pa.UHYCOM KPHBH3Hbl p ~ d,' 2<jt ~pi1T • , T. e. 

p= RKpwr'.2.TaKHM o6pa3oM, ycnoBae npaMeHHMOCTH o6cy)l(.naeMoro 

rrpe,IlJIOJIO)I(eHHJI BbiJIOJIHJieTCJI C He Ol.JeHb 60JILIIIHM 3aJiaCOM JJ.JIJI 
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KaHana c KPHTHl.JeCKHM pa.nHycoM H3rH6a - R r-pwr. . o.nHaKo .nm1 

6onee peanLHoro cnyl.JaJI, Kor.na pa,nHyc H3rH6a R . ( 5-10)Rr-pwr:YC

noaHe p .'/ R BLmonHHeTCJI .nocTaTOl.JHO xoporno. 

cl>opMyna /1/ H ycnosHe 3axsaTa l.JaCTHU 0 ~ ~..,) no-
Bllt'lllll. . r-p1-n. 

3BOnJIIOT HaRTH o6naCTb ,UOJiyCTHMbiX KOOp,UHHaT a H Bbll.JHCnHTb 

Ko:JIM!HuHeHT 3axsaTa d.;} 

R cos <JtKp11T. 
K(<jt) = ( 1 + -s)( 1- ------- ), 

u cos.;, 
/2/ 

EcnH pacl.feT no $opMyne /2/ .naeT 3Ha1.feHHJI "(<jt). 0 HnH dt'd 1 , 

TO He06XO,UHMO JipHHHMaTL ,,(<jJ) = 0 H d</,) c 1 COOTBeTCTBeHHO. 

IlpHse.neM l.JHcneHHblii: rrpHMep: .nnH 100 F:JB npoToHoB, JJ.BH)I(y

IUHXCJI B HarrpaBneHHH rrnOCKOCTH ( 111) MOHOKpHCTanna W, BenH

l.JHHa .;,Kpwr. ~ 0,037 Mpao, a Rr-pwr. ~ 15 cM. BenHl.JHHa ~''K!HIT. 
,UnJI JinOCKOCTHOro KaHanHpOBaHHJI Cl.JHTanaCL paBHOif,CornaCHO '2.· 

V'r-pwr. =0,3<jt1'r.ne </1 1 - KPHTHl.JeCKHii: yron JIHH.nxap.na. 

TaKHM o6pa3oM, yrrpoiUeHHoe paccMoTpeHHe 3axBaTa l.JacTHU 

B pe)I(HM JinOCKOCTHOrO KaHanHpOBaHHJI B H30rHyTOM MOHOKpHCTan

ne npHBO.UHT K BhlBO.UY o B03MO)I(HOCTH 3Toro npouecca. IIonHLIH 

yron JIOBOpOTa l.JaCTHU 3aBHCHT OT ,UOJIYCTHMOH ,nnHHbl ,nyrH KaHana, 

KOTOpaJI onpe,nenJieTCJI ,nnHHOH ,neKaHanHpOBaHHJI. EcnH rrpeHe6pe1.Jb 

,IleKaHanHpOBaHHeM H JIOTepJIMH HHTCHCHBHOCTH, CBJ13aHHbiMH C no

BpC)I(,UeHHJIMH KaHanoB B H30rHyTLIX MOHOKpHCTannax, TO MO)I(HO 

nonyl.JHTh 3aMeTHhlB nonHhlii: yron nosopoTa l.JaCTHU. Cne.nyeT TeM 

He MCHCe JIOMHHTb, l.JTO KpHTHl.JCCKHH yron KaHanHpOBaHHJI ,Unll 

BhlCOK03HeprH1.JHhlX l.JacTHU secbMa Man. YcnoBHJI 3axBaTa l.faCTHU 

B H30rHyTbiH KaHan ,UOJIOnHHTenLHO YMCHblliaiOT HHTepBan yrnoB 

3aXBaTbiBaCMbiX l.JaCTHU. Il03TOMY JipHHUHJIHanbHO Ba)I(HbiM JIBnJieT

CJI .nocTH)I(CHHe Manoro yrnoooro pacxo)l(,lleHHJI rryl.JKa, T.e. ero 

OXna)I(,UeHHe, B03MO)I(H0CTb OCyiUeCTBneHHJI KOTOporo npH KaHa

nHpooaHHH l.faCTHU B MOHOKpHcTanne o6cy)l(,nanach B pa6oTax 4,5: 

3. 3HEPTH.R .R,l(EP OT,aAqH IIPH KAHAJIHPOBAHHH 
H IIPOEJIEMA OXJIA)I(,l(EHH.R IJYqKA qACTH]_J 

IlpH KaHanHpoBaHHH l.JaCTHU ITO Mepe HX yrny6neHHH B MOHO· 

KpHCTann ITPOHCXOJJ.HT ;''>3.' CHal.JaJia KOHUCHTpaUHJI JIOTOKa B6nH3H 

ueHTpaJibHOH OCR HnH JinOCKOCTH KaHana 3a Cl.JCT B03HHKHOBCHHJI 

perynJipHOrO OCUHnnHpyiOIUero ,UBH)I(CHHJI KaHanHpOBaHHJI H 3a C'ICT 

7 



Bhl6h!BaHHJI 'iaCTHU C 60nbWHM nonepe'iHhiM HMIIynbCOM. llocne 

.IlOCTH)f(eHHJI MaKCHMyMa IIOTOK B6nH3H UeHTpa KaHana Ha'iHHaeT 

y6h!BaTb ,npH HanH'IHB OCQHnnJIQHB, B peJynbTaTe paCWHpeHHJI pac

npe.aeneHHH 'iaCTHU B IIpOCTpaHCTBe Ja C'ieT .ae:ii:CTBHJI .IIeKaHanH

PYIOll.IHX <l>aKTopoa. Cne.aoaarenbHO, HJMeHeHHe yrnosoro pacxo)f(

.aeHHJI nyqKa nocne npOXO)f(JleHHJI B pe)f(HMe KaHanHpOBaHHJI MOHO

KpHCTannHqecKoro CnOJI MO)f(eT IIpOHCXO.IlHTb B peJynbTaTe perynJip· 

HOrO BOJ.IIeBCTBHJI IIOTeHUHana KaHana, KOTOpoe MO)f(HO HaJBa Tl> 

"<i>oKyCHpOBKOB", H B peJynbTaTe HJMeHeHHJI nonepeqHoro HMIIynbCa 

'iaCTHU Ja C'!eT HX Heynpyroro BJaBMO.IleHCTBBJI C MOHOKpHCTannOM, 

KOTOpoe MO)f(HO HaJBaTb nB6o OXna)f(JleHHeM , nB6o .IIeKaHanHpoaa

HHeM B JaBBCHMOCTH OT 3HaKa HJMeHeHHJI BenH'IHHhl IIOIIepeqHoro 

HMnyni>ca. 

rnaBHhle npH'iHHhl .aeKaHanHpoBaHHJI - JneKTpOHHhle TOPM03Hhle 

IIOTepH, TeiinOBhle KOJie6aHHJI peweTKH H .IlHCKpeTHOCTb aTOMHhiX 

oceii H nnocKocreii - o6cy)f(.aeHhl B 6onbWOM 'IRene pa6or I eM., 

Hanp., o6Jop /16/ I, reopeTH'ieCKHe paccMorpeHHJI nony'IHJIH JKcne

pHMeHTanbHOe 060CHOBaHHe B o6naCTH HH3KHX 3HeprHH 'iaCTHQ. 

O.aHaKo HeKoToph!e acneKThl BJaHMo.aeiicTBHJI KaHanHpYIOIUHX qacTHU 

C MOHOKpHCTannaMH BhiJICHCHbi He.IIOCTaTO'iHO. K HX 'iHCny OTHOCHT· 

CJI Bonpoc 06 aTOMHhiX TOpM03HbiX IIOTepJIX KaHanHPYIOll.leH 'laCTH

Uhl, T.e. 0 BnHJIHHH 3HeprHH OTJla'IH JIJlpaM peweTKH Ha XapaKTep 

KaHanHpoBaHHJI. B pa6ore 117 1 o6cy)f(.aaiOTCJI HeKoTophle reoperH

qecxHe npe.anochlnKH no.axo.aa K nonyqeHHIO aenH'IHHhl aroMHbix 

TOPMOJHhiX norepb. B pa6ore 151 o6cy)f(.aaerc11 BOJMO)f(HOCTb yMeHI.

weHHJI nonepeqHoro HMIIynbca BhiCOK03HeprHqHo:ii: "'aCTHUbi Ja C"'eT 

HMIIYJibCa OT.Ila'IH JI.IIpaM peweTKH H CBJIJaHHaJI C 3THM B03MO)f(· 

HOCTb oxna)f(JleHHJI nyqKa "'aCTHQ. B CBJI3H C HJnO)f(eHHhiM B Ha

CTOJIIUCH pa6ore nocraaneHa Ja.aaqa oueHHTb BeJIH"'HHy norepH 

3HeprHH KaHanHPYIOll.ICH qacTHUhl Ja C'iCT KHHeTH'ieCKOH 3HeprHH 

B.aep or.aaqH H onpe.aenHTb anHRHHe 3THX norepb Ha xapaxrep 

.IlBH)f(eHHJI qacTHUhl. Bo BTopoii qacTH 3Toro paJ.aena o6cy)f(.aaercR 

TaK)f(e HJMeHeHHe B peJyni.TaTe KaHanHpoaaHHJI cpe.aHero yrna 

paCXO)f(JlCHHJI nyqxa IIOCne npOXO)f(JleHHJI MOHOKpHCTanna, He CBJI· 

JaHHoe c HeynpyrHM BJaHMo.ae:ii:craHeM. PaccMoTpeHHe BhlnonHeHo 

B npe.anonO)f(eHHH, 'ITO MO)f(HO npeHe6peqb 3<l><l>eKTaMH .IIeKaHanHpO

BaHHJI. Ey.aeM B .aanbHCHWeM IIOnbJOBaTbCJI IIpHHJIThiM B nHTepa

Type IIOHJITHeM nonepe"'HOB 3HeprHH 'iaCTHUhl, paBHOB B HepenJI• 

THBHCTCKOM cnyqae EJ. ~ E sin2l/f = Pl/2m. Oxna)f(.neHHeM 6y.neM 

HaJbiBaTb YMCHbWeHHe IIOIIepeqHOB 3HeprHH IIO OTHOWeHHIO K non-

8 

HUH KHHCTHYCCKOH 3HeprHH, T.C. ldKOe YMCI!blliCHHe E Koropoe 

npHBOJlHl K yMCHbWCHHIO Yf'Jla nepeCCYCHHH YaCTHUCH MC;:IHaHHOH 

n:JocKoCTH KaHaJla. A6conJOTHoe YMCHbWCHHe nonepeYHoii ]HeprHH, 

CBH3aHHOC C 60TiblliOH BCJlHYHHOH TOpM03llblX llOTCpb )lJIH THlKCJlbiX 

HOHOB 
,() COITpOBOlK)laCTCH rrporropl(HOHdJlbHblM yMCHblliCHHCM rrpo-

.10Jibi!OH ]l!eprHH H HC naeT yMCHblliCHHJI yrJJOB. 

J{JJH OUCIIKH JHCprHH OT.:IaYH ITpH ITJIOCKOCTHOM KitHa Hposa

IIHH ITpHMCM CJIC.IlYIO!liCC ITPCJlCTaBJlCHHC: 1 paCKTOpHH KaHa;IHpOBa

HHH ~OpMHpyeTCJI B peJyJlhTaTC IIOCJIC.:IOBaTCJibHOCTH JJICMCHTap

HblX aKTOB paCCCHHHH 'iaCTHUbl Ha MaJ!blH yrOJI Ha KBa3HCB060.UHblX 

aTOMaX llJJOCKOCTH. bY.IlCM rrpeHe6peraTb C06CTBCHHOH CKOpOCTbiO 

a TO MOB Ja CYCT TCIIJIOBblX KOJJe6aHHH, ITOCKOJibKY OHa Ha HCCKOJibKO 

ITOPJI.UKOB MCHbWe CKOpOCTH 6oM6ap.IlHPY!OlliCH qaCTHUbl. KpoMC 

TOIO, 6y.neM C'iHTaTb, 'iTO IIOTCHQHaJibHaJI 3HeprHJI 'iaCTHUbi B MC)f(" 

aTOMHOM npocrpaHCTBe pasHa HyniO H 'iTO pacceRHHe npoHCXO.IlHT 

B peJyJibTaTe .IlCHCTBHJI IIOTeHQHana aTOMa B cpaBHHTCJibHO YJKOH 

06JiaCTH IIpOCTpaHCTBa B6JIH3H paCCTOJIHHJI HaH60JibWero C6JIH)f(e

HHJI. lfnniOCTpaQHJI .naHa Ha puc. 3a. B Ka:lK.IlOM 3neMeHTapHOM pac

CeJIHHH .1\0CTHraeTCJI yron IIOBOpoTa TpaeKTOpHH G) i, TaKOH, 'ITO 

Ha qeraepTH .nnHHbl aonHhl rpaeKropHH A 1 t co.nep)f(ame:ii: N ~ aro-

N.4 
MOB, 

,. e 
.--.1 i 

~- r.ne 0- yron rrepeceqeHHJI qacrHue:ii: Me.nHaHHoii 

IIJJOCKOCTH KaHana. J{JIJI IIJJOCKOCTHOrO KaHaJIHpOBaHHJI yron IIOBO" 

pora rpaeKropHH A i . aoo6me roaop11, He paaeH yrny pacceJIHHJI 

qacTHUbl, T.K. yron pacceJIHHJI B s He o6JIJareni>HO ne)f(HT a rrnoc

KOCTH TpaeKTOpHH, HO B cpe.nHeld MO)f(HO C'iHTaTb, "'TO B s kB · , , I 

r.ne k rr/2. CocraBJIJIIOIUHe yrna pacceJIHHJI, rrorrepe'IHhle K rrnoc-

KOCTH TpaeKTOpHH, IIpH CYMMHpOBaHHH B.IlOnb TpaeKTOpHH .IlaiOT 

Hyneaoe OTKJIOHeHHe, II03TOMY TpaeKTOpHJI OCTaeTCJI B cpe.nHeM 

IInOCKOH. TeM He MeHee, pa3J1H'iHe BCJJH'IHH 8 8 H 8i He06XO.IlHMO 

y'IBTbiBaTb rrpH pacqere lHeprHH oT.naqa •.nep peweTKH. 3Hepra• 

OT)\a'IH B xa~OM 3J1eMe&TapHOld pacce•HHB B Hepen•THBHCTCKOM 

npa6na•eHHB paaHa, xaJC •:~aecTHo: 

2a E ------------
E = -------- (1 +a sin 28 - cosS .11- a 2 sin 29 ) 

HO ( l + a) 2 s s V s • 131 

r.ne a -- m/M - OTHOWeHHe Mace "'aCTHUbl H aTOMa, E H @ 
8

- lHep

rHJI H yron pacceRHHR B n.c. cl»opMyna 131 MO:lKeT 6b1Tb yrrpomeHa 
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B npH6nH)I(eHHJIX a<< 1, sin8 8 ~ EJ 8 .llpe.n;nonO)I(BM, 'ITO BCe yrnbl 

noaopoTa 8 i Ha 'leTBepTH .D;nHHbl BOnHbl TpaeKTOpHH paBHbl 

I - k I 2 . 
Me)l(.n;y co6oii. Torna El· = --~--.a 8 8 = __ 'P_=--"-ti.!.. OTc10na nony'lHM 

.... I N/4 N/4 N .... 

CYMMapHyiO :meprHIO OT.D;a'IB Ha .n;nHHe A/4: 

I (1 TT 2rjJ 2E p 2 TT 21/12 
E 510(A;4) = -------2-- = -------

(1 +a) N 2M N 
/4/ 

r.n;e M - Macca noKoJI R.n;pa oT.n;a'IH. llocne.n;Hee Bblpa)l(eHHe, oqe

BH.D;HO, npH6nB)I(eHHO cnpaBe.n;nHBO H B penJITBBHCTCKOM cnyqae npB 

co6n10.n;eHHH ycnoBHJI ay << 1, r.n;e y - penJITHBHCTCKHH 4JaKTop. 

HeTpy.n;Ho BH.n;eTL, 'ITO 3HeprHJI E Ho(A/4) MeHLrue, 'leM none

pe'IHaJI 3HeprBJI 'laCTBUbi B BCXO.D;HOH TO'IKe TpaeKTOpBB Ha 4JaKTOp 

rr 2a 
-- -- << 1. TaKBM o6pa30M, Ha nepaoii qeTaepTB .n;nBHbl aonHLI 
(l•a)2N 

TpaeKTOpBB nonepe'IHaJI 3HeprBJI y6LIBaeT OT BenH'IBHbl E r.f; 2 .11:0 

HynR, a npo.n;onLHaJI cocTaBnJIIDll.laJI B03pacTa~T OT E cos 2~, .n;o 

E- E (A/ 4). Ha BTopoii 'leTaepTB .n:nHHbl aonHLI TpaeKTOPHH, )!() 

npeHe6peraJI noTepeii 3HeprHH E llo (A/ 4) no cpaaHeHHIO c E, no

ny'IHM yBeJJH'IeHHe nonepe'IHOH COCTaBJJliiOll.leH .n;o E rjJ 2 H yMeHL

IIJeHHe npo.n;onLHOH COCTaBnJIIOll.leH BHOBL .n;o E cos 2.j,, PaccMOTPHM 

'IHcneHHbiH rrpHMep: rrpoToH c 3Heprueii 100 M3B, KaHanupyiOll.IHii 

B.D;OnL nnOCKOCTH (111) MOHOKpHCTaJJJJa W. llpH yrne 1/J '1\pm. = 

= 1,00 Mpao.noTepJI 3HeprHH 3a C'leT OT.D;a'IH COCTaBHT F HoC\ 4) 
-3·10- 11 :<; 3•10-3 3B. 

rnaBHbiH 3~eKT, CBJI3aHHbiH C 3HeprHeH OT.IJ;a'IH JI.D;ep, COCTOHT 

B TOM, 'ITO yrnbl pacceJIHHJI C yqeTOM OT.D;a'IH 6y.n;yT MeHLIIJe 

yrnoa pacceJIHHJI B c.u.H. /T.e. B cnyqae, ecnH aTOMbl 6LinH 6LI 

3aKpenneHLI/. Cne.n;oaaTenLHo, c y'leToM OT.n;aqu .n;nR TpaeKTOPHH, 

xapaKTepH3yeMOH onpe.n;eneHHbiM yrnOM r/J, yBenH'IHTCJI aMnnHTy.n;a 

OTKnOHeHHJI TpaeKTOPHH KaHanHpoBaHHJI OT Me.n;HaHHOH nnoCKOCTH 

H .D;JlHHa BOJlHbl TpaeKTOpHH IIO CpaBHeHHIO CO cnyqaeM 6e3 OT.D;a'IH, 

'ITO HnniOCTpHpyeTCJI CpaBHeHHeM .D;Byx TpaeKTOPHH Ha puc. 3a, 

HO He npOH30HJI,eT H3MeHeHHJI yrna 0. Y'IHTbiBaJI COOTHOIIJeHHe 

sin(E>c- E>Ll--asinGL;r.n;e 8c H E>L- yrnLI pacceRHHJI a c.u.u. 
8 

B 

n.c. COOTBeTCTBeHHO, nony'IHM, 'ITO 3a C'leT OT.IJ;a'IH aMnnHTy.n;a OT

KnOHeHHJI H .n;nHHa BOnHLI TpaeKTOPHH 6y.n;yT yaenuqeHLI Ha 4JaxTop 

10 

t 

) 

·J 
J. 

a) 

0 b b b b 6J 6 b 0 

-= I 
If 

0 0 0 0 0 0 0 

~ 
0 0 

"' 0 0 0 0 0 0 0 0 0 

6) 

Puc. 3. a/ CxeMatflu'lecKoe U3o6paJICeHue tllpaeKtllopuu KaHaAupyro

Uieii 'IQCtflUIII>I c y'letfloM 3Hepzuu OtflOQ'IU .ROpaM pewetflKU - AUHU.R I 
u 6e3 Y'letfla 3Hepzuu OtflOa'lu - AUHU.R I I. 6/ CxeMa npoxoJICOeHu.R 

'lepe3 MOHOKpUCtflQAA paCXOO.Riq€ZOC.R ny'IKQ npu YCA06UU OpUeH

tflQijUU OCU CUMM€tllpUU ny'IKQ napaAA€AI>HO KpUCtflQAAOZparjU'I€CKOU 

OCU MOHOKpUCtflQAAQ. 

1 I a. 0TCIO.D;a JICHO, 'ITO BKniO'IeHHe B paCCMOTpeHHe 3HeprHH OT

.n;a'IH 3~eKTHBHO CMJirqaeT noTeHUHan CTeHKH KaHana, HO He npH

BO.D;HT K YMeHLIIJeHHIO yrna rrepeceqeHHJI TpaeKTOpHeH 'laCTHUbl 

Me.n;HaHHOH IInOCKOCTH KaHana. CMl!r'leHHe noTeHUHana 03Ha'laeT, 

KOHe'IHO, HeKOTOpoe YMeHLIIJeHHe KpHTH'IeCKOrO yrJJa KaHanHpOBa

HHJI no CpaBHeHHIO C noTeHUHanOM npH npeHe6pe)l(eHHH 3~eKTOM 

OT.D;a'IH .0JlHaKO 3TO He CTOJJL CYll.leCTBeHHO, Tal< KaK noTeHUHaJJ 

aTOMHOH nJJOCKOCTH HJJH pR.n;a BKniO'IaeT 06bi'IHO nony3MnHpH'IeCKHe 

KOHCTaHTbl. TeM He MeHee, BH.D;HMO, uenecoo6pa3HO BKJJIO'IaTL 

B rroTeHUHan IPaKTop ( 1 ~a) - 2• 

H3 'IHCneHHOro npHMepa BH.D;HO, 'ITO HCnOnL30BaHHOe ycnoBHe 

E Ho (A/4) .·_,_ E BblnOnHJieTCJI C 60nbllJHM 3anacoM, B TO )l(e BpeMJI 

JICHO, 'ITO IIOTepJI 3HeprHH 'laCTHUbl 6y.n;eT onpe.n;enJITLCJI 3JJeXT

pOHHbiMH TOpM03HbiMH noTepJIMH, a He aTOMHbiMH. ll03TOMY pac

CMOTpHM Ka'leCTBeHHO, X 'leMy MO)I(eT npHBeCTH yMeHLIIJeHHe 

3HeprHH 'laCTHUbl Ha BTOpOH 'leTBepTH .n;nHHbl BOnHbl TpaeKTOpHH 
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1!0 Cflil!Hit:HHf•• C riCflHOH. YMt>Hbillt:HHe lilt'fll HH :rae I VBt'.lll4t'I!He 

YLlOB pa~ Ct'H!IHH npH lt!X )f(t' npHUL'.rlbllbiX rrapaMeipax CTu.lKIIOHt'

HHll, C.lt'.10llaie;JbHO, OHO ITpHhO;JH1 K OO;lbUJei\ KpiiBH'lllt' rpaeKro

pHH Ha HI opoif 4t' fBCp!H rrepHOjla H K )Bt'clll4t'HHKl \TJ!a llt'pt'Ct'4C' 

Hill! \.lt'UH·UHIOH rr:IocKoCTH KaHana. OT\.lCfHM, o;JHaKo, 4Tu 'JTO 

yeeJJH4CHHe }r;Ja O)JeT, BH.:IHMO, Ht'JHa4HTCIIhHhiM, T.K. npH yue

llH'lCHHH ;r·na paCCt'RHHll Ha O.JHOM aiO\iC 11pOH10H.]CT yBe:IH'lt'I!Ht' 

IlPHUCclhHUI'O napaMeTpa CTOJJKHOBl!HHH Ha ClC.l}Hlll.lt'\1 aJU\.lt' ll 

KOMflt'tlCHPYH'UlCt' YMt'HhlllCHHe YL1d piiCCt'liHH)! H r . .J,. 

CaMo no ce6e B1aHMonei1cnme 4aCTHU c JneKTpoHaMH no

BHLlHMOMy, Ht' MO)f(CT ITpHBCCTH K OTHOCHfCJJhHOM} YMt'HblllCHH!O 

rronepe'lHOR lHCp!HH, TaK KaK lTO B3aHMOLlCHCTBHC )!BJJHCTC)! O,]

HHM H3 OCHOBHhiX LlCKaHaJJHPYIOillHX <iJaKTOpOB lfi Eme OLIHHM HC

TO'IHHKOM YMCHhlllCHH)! E _ no OTHO!llCHHIO K npO)lOJlhHOR JHeprHH 

MO)f(CT 6biTh pa,QHaliHOHHOC OXJla)f()lCHHe Ja C'ICT H3JlY'ICHH)! KaHa

JlHPYIOillCH 'laCTHllhl, O)lHaKO noxa He HaH)lCHO 3¢<jleKTHBHOrO OX

JJa)f(,QCHHJI ny'-!Ka Ja C'ICT 3TOrO 3¢<j!CKTa /eM. TeopeTH'ICCKHe pac

CMOTpeHHJI '8· 12 , H JKCnepHMCHT :ts 'j. 0'1CBH)lHO, )lOCTa TO'IHO XO

pO!llHM npH6JlH)f(CHHCM JIBJUCTCJI npe)lnOJlO)f(CHHe 0 COXpaHCHHH 

OTHOCHTCnhHOH nonepe'IHOH 3HeprHH B npouecce )lBH)f(CHHR KaHa

nHpyromeH 'laCTHllhi, ecnH npeHe6pe'lb )leKaHaJJHPYIOillHMH ¢aKTopa

MH. 

PaCCMOTpHM Tenepb BnH.IIHHC noTeHuHanbHOH 3HeprHH KaHana 

Ha npOXO)f()lCHHe ny'IKa 3ap.ll)f(CHHWX 'laCTHLI 'lepe3 MOHOKpHCTann. 

EcnH C'IHTaTb, 'ITO a npouecce KaHanHpoaaHHJI nonepe'IHaa JHeprHJI 

COXpaHJICTCR, TO nonepe'IHaR 3HeprHR 'laCTHllbl Ha BWXO)le H3 

MOHOKpHCTanna npH npeHe6pelKCHHH JHCpreTH'ICCKHMH IIOTCp.IIMH 

paBHa El/,~- El/,~ U(r i)-U(rk),r,Qe ~',i H tj;k· yrnbl BXO,lla H BWXO)la 

'laCTHLI no OTHOWCHHIO K OCH HnH MC)lHaHHOH nnOCKOCTH KaHana, 

U(r i) H U(r k) - JHa'leHH.Il noTenuHanbHOH JHeprHH xaHana B To'l· 

KaX BXO)la H BWXO,lla COOTBCTCTBCHHO. 8 cny'lae OCCBOrO KaHanH· 

poaaHHR, xax cne,llyeT HJ JxcnepHWCHTa pa6oTw 19 • cpe,llHHB yron 

BbiXO,lla 'laCTHU t/J~ WaJIO OTJIJI'IaCTC.Il OT t/Ji , 'ITO CB.Il3aJIO C OT

HOCHTenbHO wanoa aepoRTHOCTbiO npao6peTeHHI 6on~awoA nonepeq

aoA 3HeprBH 3a C'ICT U(r i ), T&IC IC&IC cpaBHBTCnbHO wanol ,llOJie 

nnoiUa,llH nonepe'IHOro k OCR CC'ICHH.Il WOHOKpBCTanna COOTBeT· 

CTBYJOT 3Ha'IHTenbHWe aenH'IHHW U(r i ). Ha puc. 36 noxalaHa reo

MeTpHR ny'IKa, BXO~JIIUCrO B MOHOKpHCTann B,llOnb KpHCTannorpa· 

¢H'ICCKOH OCH, npH nonHOM yrne paCXOlK,lleHHJI, MCHbWCM 2~ 1 ~ 
CCJIH LJ k- 0 · BH,llHO, 'ITO no Mepe ,llBHlKCHHJI 'laCTHLI BHYTPH MOHO· 

12 

KpHCTanna B HCKOTOpOM npH6nHlKCHHH He npOHCXO,llHT yaenH'ICHHJI 

nonepe'IHOrO CC'IeHHJI ny'IKa, O,llHaKO Ha Bb!XO~e H3 MOHOKpHCTanna 

yron ,llBHlKeHHJI Ka)f(,llOH 'laCTHUbl no OTHOWCHHIO K OCH OCTaCTCJI 

npe)f(HHM. lloJTOMy cpe~uee yrnoaoe pacxolK,lleHHe nyqxa a npo

CTpaHCTBe nocne npOXo:>K,llCHHJI MOHOKpHCTanna COXpaHJICTCJI, HO 

TCpJICTCJI O,llH03Ha'IHaJI CBJI3b nonepe'IHOH KOOp,llHHaTbl H yrna. 

llepeH,lleM Tenepb K paCCMOTpCHHIO nnOCKOCTHOrO KaHanHpO • 

aaHHJI. EcnH noTeHuHan nnocxocTuoro xaHana 3anHcaTb B o6bi'IHOM 

rapMOHH'ICCKOM npH6JlH)I{CHHH U(X) ~ -~l!Q X 2, d • MClKnnOCKOCTHOe 

paCCTOJIHHe, X • nonepC'IHaJI KOOp,llHHRia, OTC'IHTb!BaeMaJI OT Me

,llHaHHOH nnOCKOCTH, TO nnOCKaJI TpaeKTOpHJI KalK,llOH 'laCTHllbl 
') z ' 

6y,lleT CHHYCOH,llOH X= A Sin (-~~7_- + d> 
0

), r,lle A· aMnnHTy~a KOne6aHHJI, 

,\ • ,llnHHa BOJIHbl, Z • npO,llOnbHaJI KOOp,llHHaTa, cho • <iJaJa Ha'lanbHOB 

TO'IKH TpaeKTOpHH. llpe,llnOnO)f(HM, 'ITO TOniUHHa MOHOKpHCTanna 0 

JIBnReTCJI ,llOCTa TO'IHO 60JlbWOB D >> ,\, T. e. 'laCTHUa HCnbiTbiBaeT 

60JlbWOe 'IHCno OTpalKeHHH. Tor,lla B peJynbTaTe ,llCHCTBHJI cnyqaii:· 

HWX ¢aKTOpOB ¢a3a TpaeKTOpHB H,llCHTH'IHbiX 'laCTHU Ha BbiXO,lle 

CTaHeT cny'laBHOB. Yron BbiXO,lla O,llH03Ha'IHO CBJI3aH C ¢a30B 

TpaeKTOpHH B TO'IKC BbiXO,lla. llOJTOMy, Y'IHTbiBaJI paBHOMepHOC 

pacnpe,lleneHHe ¢a3bl, nony'IHM pacnpe,lleJieHHe 'laCTHu no yrny 

BbiXO,lla t/Jk /eM. /lo, 201 /: 

w(tj;k)dt/Jk ~---- d -------- t/1 k ' 

vt/12-t/1~ 
/5/ 

r,lle B • HOpMHPYIOIUaJI KOHCTaHTa, a yron ~' xapaxTepH3YCT Tpa

CKTOpHIO t/J ~ _?_!{!:> H MOlKCT 6b1Tb Bbi'IHCneH no <iJopMyne: 

h
-----4u~----~-
2 + _____ X. • t/1 ~ t/1 i - d 2E I 

/6/ 

r,lle xi -

Cpe,llHee 

HHC ~k 
XMal\C., 

I 

nonepe'IHaJI KOOp,llHHaTa TO'IKH BXO,lla, t/Ji • yron BXO,lla. 

no ¢a3e JHa'leHHe t/Jk paBuo -~ t/J. llpoH3Be,lleM ycpe,llue

no B03MOlKHbiM KOOP.llHHaTaM TO'IKH BXO,lla Xi, OT 0 ~0 
xoTopaR onpe,llenReTcJI H3 ycnoBHJI E t/J 2~ U 

0 
.llony'IHM: 

2 -2 
- t/Ji(t +4lnt-t ) 

<t/J k > ~ -----r:_-===--=--=--=--=--=--=--=--===--=--=------- ' 
477yiU0 /Etj; ~ - 1 /7/ 

r,lle 
f"l2 ru;- -

t = J ___ ':!_:::- + J--'!-;.,-1. 'IHcneunbiH pac'leT no ¢opMyne /7 I noxa-

E t/1~ Et/ff 
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3bJBaeT, 'ITO IIpH MaJJbJX yrnax BXO,ll_a 1.JaCTHU "CJ k npeBbJWaeT 

l\ 0 a npu 3Ha'IHTenbHbiX yrnax .Pi <.Pk , MO>KeT 6biTb MeHLWe I!· i 0 

TaKHM o6pa30M, 3a C'leT ,lleHCTBHH noTeHUHaJlbHOH 3HeprHH KaHana 

u ocuunnupy10111ero xapaKTepa ,llBH>KeHHH qacTHUbl npu nnocxocT

HOM KaHanupoBaHHH MO>KeT npoHCXO,llHTb HeKOTOpOe yMeHbWeHHe 

cpe,llHero yrna BbiXO.lla qacTHU no cpaaHeHHIO c yrnoM axo,llao 

O,llHaKo 3TO yMeHbWeHHe HBnHeTCH He o'leHb 6onLWHM / ~ 30U/o/ 

H ,lleHCTBHTeJJbHO TOJlbKO ,llJlH orpaHH'IeHHOrO HHTepaana yrJJOB 

BXO,lla 1,11 i. B o6naCTH MaJJbiX yrnOB l~ i, HanpOTHB, HMeeT MeCTO 

npeBbiWeHHe yrna BbiXO,lla no cpaBHeHHIO C yrJJOM BXO,llao fi03TOMyo 

,llJJll pacxo,llHJllerocH nyqxa, HMe10111ero Ha6op yrnoa OT 0 ,llO <('MaKe. , 

pe3yJJbTHPYIOJllee yMeHbWeHHe cpe,llHero yrna paCXO>K,lleHHH ,llOJJ>KHO 

6biTL He3Ha'IHTeJJbHbiM HJJH ,lla>Ke OTpHUaTeJlbHbiM B TeX HJJH HHbiX 

KOHKpeTHbiX cnyqaHX o 

TaxuM o6pa3oM, npoae,lleHHOe paccMoTpeHue noxa3biBaeT, 'ITO 

KaHaJJHpOBaHHe qaCTHU B MOHOKpHCTanne MO>KeT HeCKOJlbKO H3Me

HHTb cneKTp yrJJOB 1.JaCTHU B paCXO,llJIJlleMCJi nyqxe, O,llHaKO He 

npuae,lleT K 3Ha1.JHTenLHOMY yMeHbWeHHIO cpe,llHero yrnoaoro pac

XO>K,lleHHJI nyqKao Y'leT 3HeprHH OT,lla'IH, C006111aeMOH Jl,llpaM peweT

KH npH KaHanupoBaHHH l.faCTHU, He ,llaeT yMeHI.WeHHH nonepe'IHOH 

3HeprHH 1.JaCTHUbl H, CJJe,llOBaTeJJbHO, He no3BOJJJieT paCC'IHTbiBaTb 

Ha oxna>K,lleHHe nyl.fxa 3a c'leT 3Toro J<txl>eKTao 

40 TEMllEPATYPHAJl 3ABHCHMOCTh 3HEPrHH OT,l:{AlfH 

,1:\0 CHX nop npe,lliiOJJaraJJOCb, 'ITO aTOMbl JIBJJHIOTCH KBa3HCB0-

60,llHbiMH, H 3HeprHJI OT,lla'IH npH pacceJIHHH KaHanHpyiOJlleH lfaCTH

Ubl C006JllaeTCJI aTOMaM peWeTKHo 1-IJBeCTHO, 'ITO npH ,llOCTaTO'IHO 

MaJJOM HMIIYJJI.Ce OT,llalfH BepOJITHOCTb nepe,lla1.JH 3TOrO HMnyni.ca 

Ji.llPY peweTKH He pasHa e,llHHHUe, 'ITO HaH6onee HarnH,llHO o6Hapy

>KHaaeTcH IlpH H3y1.JeHHH HCIIyCKaHHH H IIOrJJOJlleHHJI }' -KBaHTOB 

Jl,llpaMH B BH,lle J<txl>eKTa Mecc6ay3pa /'2l o BepOJITHOCTb KOToporo 

B xapaKTepHbiX CJJylfaJIX pe3KO yaeJJHlfHBaeTCJI C yMeHI.WeHHeM 

TeMnepaTypbl KPHCTannao EcnH 3HeprHJI OT,lla'IH E .Ho 0,1 3B, 
TO J<txl>eKT Mecc6ay3pa He HaGJJIO,llaeTCJI He3aBHCHMO OT TeMnepa

Typbl, a 3TOM cnyqae 3HeprHJI OT,lla'IH acer,lla nepe,llaeTcJI R.llPY 

H IlpHBO,llHT JJH60 K erO Bbi6HBaHHIO H3 Y3Jla peweTKH, JJH60 K yae

JlH'IeHHIO aMnJJHTY.llbl xone6aHHHo EcJJH 3HeprHJI OT.lla'IH, HanpoTHB, 

Ol.feHb MaJJa, TO OHa He MO>KeT 6b1Tb nepe,llaHa Jl.llPY, TeJJOM OT,lla'IH 
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HBJJHeTCH KpHCTann KaK uenoe, H 3HeprHJJ. OT ,lla1.JH CTaHOBHTCH 

paBHOH HYJJIO; B 3TOM CJJyl.fae He3aBHCHMO OT TeMnepaTypbl KpH

CTanna 6y,lleT HMeTb MeCT() 3<txl>eKT Mecc6ay3pa CO 100% BepOHT

HOCTbiOo TaKHM o6pa30M, B .llBYX KpaHHHX CJJyl.faHX 3HeprHH OT.D;alfH 

He 3aBHCHT OT TeMnepaTypbl KpHCTaJJJJao 0,llHaKO B IlpOMe>KyTO'IHOM 

cnyl.fae, xor,lla 3HeprHJI OT,lla'IH 0,1 > E .Ho ~ 0,01 3B, cpeJJ.HHll 

3HeprHH OTJJ,alfH pe3KO y6biBaeT npH yMeHI.WeHHH TeMnepaTypbl 

B CBH3H C COOTBeTCTBYIOiliHM POCTOM BepOJITHOCTH J<txl>eKTa Mecc-

6ay3pao 

fio-BHJJ,HMOMy, TaKaH >Ke KapTHHa JJ,OJl>KHa HMeTI. MeCTO H ,llJ111 

noBeJJ,eHH11 3HeprHH OT,lla'IH npH KaHaJJHpOBaHHH 'laCTHU B MOHO

KpHCTaJJJJaXo Bocnonh30BaBwHch ~opMynoii. /4/, nony'IHM 3Ha'leHHe 

3HeprHH OTJJ,eJlbHOrO Jl,llpa OTJJ,a'IH npH IIJJOCKOCTHOM KaHanupoBaHHH: 

4a .p 2u0 E = -,----------
Ho (1 + a)2nd3 

/8/ 

r,lle n - 'IHCJJO aTOMOB B eJJ,HHHUe 06'beMa MOHOKpHCTannao ,1:\JJJJ 

TpaeKTOpHH 'laCTHU, xapaKTepH3yeMI.IX OJJ,HHM H TeM >Ke OTHOWeHH

eM ~~ l{!Kpl1T .' 3HeprH11 HJJ,pa OTJJ,a'IH npondpUHOHaJJI.Ha KBaJJ,paTy 

npoHJBeJJ,eHHH 3apJIJJ.OB HJJ.pa H l.facTHULI (Z 1 · Z
2

) 2 H o6paTHO npo

nopuuoHaJJLHa 3Hepruu lfacTHUblo PaccMOTpHM lfHcneHHblii: npu

Mep: xauanupooauue HOHa 
160 c· 3Heprueii: 1 M3B/IfYKilo BJJ.OJJb 

IIJJOCKOCTH (111) MOHOKpHCTanna BOJJb~paMao ,1:\JJH TpaeKTOpHH, 

xapaxTepH3yeMOH OTHOWeHHeM 1{!/</J . cQo5,)HeprHH E = 0,03 3Bo 
Kpwr 0 \Ill 

BH.llHO, 'ITO B 3TOM cnyl.fae 3HeprHH HJJ.pa OTJJ,a'lu ne>KHT a xapax-

TepHOM .llHana30He ,llJJJI Ha6JJIOJJ,eHHH pe3KOH Mecc6ay3pOBCKOH 3a

BHCHMOCTH aepOHTHOCTH nepe,llalfH HMIIYJII.Ca OTJJ,a'IH JIJJ,py peweTKHo 

,[\JJR 6onee nerKHX 'laCTHU B nerKHX MOHOKpHCTaJJJJaX npH 60JJLWOH 

3HeprHH 'laCTHU BeJJH'IHHa E \lO Ha MHOrO nopRJJ,KOB MeHb1Ile, 

IIOJTOMy B 3THX CJJy'la.IIX, BepORTHO, HMeeT MeCTO KaHaJIHpoBaHHe 

6e3 OTJJ,a'IH ,lla>Ke npH KOMHaTHOH TeMnepaTypeo 0,llHaKO ,llJIH TR>Ke

JlbJX HOHOB IIOJlO>KeHHe oHHOe o Mo>KHO O>KHJJ,aTL, '.JTO no Mepe OXJia>K

,lleHHJI MOHOKJ)HCTaJJJia npOH30H,lleT IIOCTeiieHHbiH nepeXOJJ. OT Ka

HaJIHpOB<I.HHJI, conpoBo>K,llaiOIUeroc.ll 3Heprueii: OTJJ,a'IH R,llpaM peweT

KH, K KaHaJJHpOBaHHIO 6e3 OTJJ,a'IH TaK >Ke, KaK H ,llJIH J<txl>exTa 

Mecc6ay3pao 3xcnepuMeHT no ua6jJIO,lleHHIO 3Toro nepexoJJ,a :Mo>KeT 

COCTOJITb B 06Hapy>KeHHH yBeJIH'IeHHJI, no Mepe OXJia>K).leHHJI MOHO

KpHCTanna, 3HeprHH 1.JaCTHI.I, npowe.llWHX JJ,OCTaTO'IHO TOJJCTbiH CJIOH 

MOHOKpHcTanna, npB oT6ope no yrny BXOJJ.a H BbiXOJJ.a onpe,lleneH

Hoii: TpaeKTOPHB xauanupoaaHBJio Oueuxa noxa3biBaeT, 'ITO .llJJJI 
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IIpHBe.n;eHHOrO Bblllle cny'laH IIpH TOpMOlKeHHH HOHOB 0 OT 

JHeprHH 1,0 M:JB/HYKA .no JHeprHH 0,1 M:JB/HYKA yMeHbllleHHe 

TOpM03HhlX DOTepb 3a C'leT HCKJIID'IeHHH OTllB'IH IIpH OXJIBlK.n;eHHH 

MOHOKpHCTBJIJia COCTBBHT OKOJIO 1 K :JB. )J,aHHBH BeJIH'IHHB 6y .n;eT 

B HeCKOJibKO pa3 60Jibllle ,!I;JIH OCeBOrO KBHBJIHpOBaHHH 38 C'leT 

6onblliHX .n;orrycTHMbiX yrnos ,i. 3To He6onbllloe ysenH'IeHHe JHep

rHH 'IBCTHl( B pe3yJibTBTe OXJialK.n;eHHH MOHOKpHCTanna MOlKeT 6biTb 

B IIpHHl(HIIe 06HapylKeHO, O,!I;HaKO MO)f(HO rrpe.n;nOlKHTb .n;pyroif, 6o

nee Jclxl>eKTHBHblH BapHaHT 3KCIIepHMeHTB ITO Ha6nro.n;eHHro TeMIIe

paTypHOH 3aBHCHMOCTH 3HeprHH OTlla'IH IIpH KaHBJIHpOBBHHH. H3-

BeCTHO, 'ITO anH ocesoro KaHanHposaHHH yrnosoe pacrrpeaeneHHe 

'IBCTHl(, IIpOlllelllliHX TOHKHH MOHOKpHCTBJIJI, HMeeT BHll KOJibUB 

rrpH HanH'lHH Hpxo Bbipa)f(eHHOH CTPYKTYPbi pacrrpeaeneHHll no 

a3HMyTaJibHOMY yrny ·ts ·. 3Ta CTpyKTypa OTpalKaeT OTCYTCTBHe 

CTaTHCTH'IeCKOrO paBHOBeCHH B pacrrpe.n;eneHHH 'laCTHU IIO a3H

MyTaJibHOMY yrny IIpH $HKCal(HH yrna BXO,!I;a 'laCTHl(, ORa pe3KO 

MeHHeTCll IIpH H3MeHeHHH TOJill.IHHhl MOHOKpHCTanna B CBH3H C H3-

MeHeHHeM $a3w TpaeKTOPHH Ha awxoae. B rrpe.n;bi.n;ymeM naparpa$e 

6hlJIO Bbl.l!CHeHO, 'ITO llJIHHa BOJIHbl TpaeKTOpHH A IIpH HaJIH'IHH 

OT,!J;a'IH Ha $aKTOp (1 +a) rrpeBhllllaeT A IIpH HCKJIID'IeHHH OTlla'IH. 

llOJTOMy, KOr.n;a 3a C'leT OXJialK.n;eHHll MOHOKpHCTanna IIpOH30HlleT 

HCKJIID'IeHHe OTlla'IH, IIpOH30B,!I;eT H COKpall.leHHe A, a TaKlKe 3Ha'IH

TellbHOe H3MeHeHHe $a3hl TpaeKTOpHH Ha BblXO,!I;e. TaKHM o6pa30M, 

Ha6nro.n;eHHe TeMrrepaTypHOB 3aBHCHMOCTH 3HeprHH OT.n;a'IH MOlKeT 

6biTb OCyll.leCTBJieHO IIyTeM H3MepeHHH H3MeHeHHll C TeMrrepaTypoii: 

MOHOKpHCTanna a3HMyTallbHblX pacrrpe.n;eneHHB 'laCTHl(, IIpOllle,!l;

lliHX TOHKHB MOHOKpHCTann, IIpH TO'IHOH $HKCBUHH yrna BXOlla 

'laCTHU OTHOCHTellbHO KpHCTannorpa$H'IeCKOH OCH. 

Y'leT opHeHTaUHOHHOB JaBHCHMOCTH '22 aepoHTHOCTH rrepe.n;a'IH 

HMIIYJibCa OT,!I;a'IH BCeMy MOHOKpHCTanny MOlKeT HeCKOllbKO H3Me

HHTb OUeHKy BeJIH'IHHbl yMeHbllleHHH a TOMHblX TOpM03HblX IIOTepb 

'laCTHUhl 3a C'leT 06CylK.n;aeMoro J<l><t>eKTa, O,!I;HaKO He O'leHb CHJibHO, 

T.K. MaClliTa6 H3MeH.eHHH BepOl!THOCTH J<l><t>eKTa Mecc6ay3pa B 3a

BHCHMOCTH OT OpHeHTaUHH MOHOKpHCTanna COCTaBnHeT 22'.n;eCHTKH 

npoueHTOB. 

llpH IIOCTaHOBKe o6CylK.n;aeMbiX 3,!1;eCb 3KCrrepHMeHTOB He06-

XOllHMO, KOHe'IHO, HMeTb B BHllY B03MOlKHOCTb H3MeHeHHll C TeM

rrepaTypoii H3Mepl!eMblX BeJIH'IHH He 3a C'leT H3MeHeHHll Bepol!T

HOCTH rronyqeHHll H.n;paMH 3HeprHH OT,!I;a'IH, a 3a C'leT KBKHX-nH60 

.n;pyrHX H3MeHeHHB B MOHOKpHCTanne npH ero OXJIBlK,!I;eHHH. 
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5. 3AKJIEOlfEHJIE 

H3 pa6orbi cne.n;yer, 'ITO ycnoBHll 3axsara qacrHu s pelKHM 

KBHaJIHpOBaHHll ,!I;Jill CJiy'lal! H30rHyTbiX MOHOKpHCTBJIJIOB HaKna

,!l;hlBaiDT eme 6onee CHJibHhle orpaHH'IeHHll Ha yron sxoaa YBCTHII 

OTHOCHTeJibHO KpHCTaJIJIOrpa$HYeCKOH IIJIOCKOCTH, YeM B CJiyqae 

Heae<tJOPMHpOBBHHbiX MOHOKpHCTaJIJIOB, 'ITO, O,!I;HaKO, He IIpOTH

BOpe'IHT B03MOlKHOCTH IIOBOpora IIY'IKOB MeTO,!I;OM KBHBJIHpOBa

HHll. rnaBHbiH J$$eKT OTlla'IH, C006lllaeMOH H,!l;pBM MOHOKpHCTaJina 

KaHBJIHpyroll(eH 'IBC rHUeH, COCTOHT B yoeJIH'IeHHH BMIIJIHTY,!J;bl H 

,!J;JIHHbl BOJIHbl TpaeKTOpHH 'laCTHUbl no CpBBHeHHID C paCCMOTpeHHeM 

rrpH OTCYTCTBHH OT,!I;B'IH. 3HeprHH OT,!J;B'IH yMe'HblliBeT IIOJIHyro 3Hep

rHID 'IBCTHUbl H He MOlKeT 6biTb npH'IHHOH OTHOCHTeJibHOrO yMeHb

llleHHH IIOIIepe'IHOrO HMIIYllbCB 'IBCTHUbl, T .e. He IIpHBO,!J;HT K OXllB)I(

.n;eHHID rryqxa. PaccMoTpeH aorrpoc o TeMnepaTypHoii 3aBHCHMOCTH 

3HeprHH OT,!I;a'IH, C006ll.laeMOB H,!l;pBM MOHOKpHCTanna IIpH KaHa

JIHpOBBHHH, npHBe.n;eHbl KB'IeCTBeHHhle C006palKeHH.ll H OUeHKB ycno

BHH 3KcnepHMeHTa no Ha6nroaeHHro 3Toii: 3BBHCHMOCTH. 

AoTop 6naro,IJ,apeH M.H.llo,IJ,ropeuxoMy Ja nonelHWe o6cy•.D.e

HHH H 3BMe'IBHHll. 
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