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Preprint YERPHI-1118(81)-88 

* A.i,; . A1"ANA S 'EV, A.V • .ESAYAN 

. ~ -RAY iH FFRACTION AND WAVE FIELD STRUCTURE 

AT A BOUNDARY OF RRAGG-LAUE GEOMETRY 

Peculiarities of the diffractive reflection curves as well 

us a spe cificity of the secondary radiation yield for the 

X-ruy asymmetric diffraction within the Bragg-Laue grazing 

geometry in the ideal crystals are theoretically studied. 

Using the dynamical theory of X-ray diffraction the angular 

dependences o f photoelectron yield intensity are thoroughly 

analyzed both in the presence and absence of mirror reflection 

from the single crystal surface. Simple analytical expressions 

have been found for the diffracted wave intensity, for the 

dispersion equation roots of wave fields in the crystal as 

well as for the intensities of photoelectron yield from vari-

ous denths. A modified dynamic theory is constructed, based on 

renormalizations of coefficients of the conventional two-wave 

theory for the X-ray diffraction. There are found conditions 

to achieve an optimal intrinsic coeffi cient of asymme try for 

whi ch the photoelectron yield is max imul. 

Yerevan l'hysics Ins ti tu te 

Yerevan 1 'jf'h 

. :. '':i ' :1sti t u te 

I. BBe;nem1e 

lipH ;zr.Hc{lpaKI..(HH peHTreHOBCKHX Jiy•rni1 B aCHMMeTpHllHO!.\ cxeMe c 

napaMeTpOM acHMMeTpHH I~ I> 1 , T .e. Kor;na ;zr.Hlj)parHpOBattHaH 

BOJIHa pacnpocTpaHHGTCfl no;n ::.a1Ib111 yrnOM K nonepxHOCTH 1;pHCTa1111a, 

ocy111ecTB1!fleTCfl p11;n HHTepeCHblX ¢H3ri•IeCKHX RB1IeHH;i. ilpOHCXO;zr.HT 

cyJKeHHe yrnoBol.\ 06m:1cTH JJ.l1t!JpaK1.urn H c11.et:1eHHe nonolKemrn nHKa, 

pe3KO H3MeHHeTCfl HanpaBneHHe IlOTOKa peHTreHOBCKHX 11y11ei1, HMeeT 

MeCTO flB1!eHHe aHOMa1!bHO rny6oKoro npOHHKHOBeHHll peHTreHOBCK!tlX 

nyqel.\ B KpHCTann (cM.Hallpl1Mep [I-3] ). KpOMC Toro, Ha rpaHl1U€ 

reo1.1eTpHH Eparra-naya npH nepexoJJ.e H3 reoMeTpHH Eparra n rec -

MeTpKIO naya aa c11eT a<WJeKTa nonttoro BHe~Hero oTpa~HHR coxpa-

'. H11eTc11 11acu11JHO 6parrOBCKH OTpal!eHHl:iR BOntta [4,5] • 

AcHwueTpH11Ha11 reoMeTpHH ;zr.Hc)!paKJJ,lUI nerKo peanHayeTcR B cxeue 

CKOJ!b3fllllel.\ reoMeTpHH Eparra-naya [6,71 t TaK KaK npOCTblM K3M8-

HeHKeM yrna na,n.eHHfl <Po (CM.pHc.I) MO~HO MettHTb B UU1p0Kl1X npe­

]J.enax napaMeTp acHuMeTpHH H nepexo;zr.HTb r.ta reo:t.eTpHH Eparra B 

reo1.1eTpHIO naya. B 3TOl.\ ;nH!lJpaKUHOHHOi.I cxeMe :iapRJJ.Y c 061i111HblM 

6parroBCKHM · oTpaxettHeM nerKo Ha6n10JJ.aeTc11 ~ononHHTenbHbli1 nonepx­

ttOCTHbll.\ 6parroBCKl1 i1 m1K (11.ill), JI.Jiii KOToporo yr on DblXO.'.la ,ll.l11).Jpa-
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.'HPOBa:rnoiA BOJ!Hbl «Ph ) 6JITl!30K K KPU>l'IBCKO!.IY yrlly 3epKaJil>HOro 

orpi:laemrn <Pc [8] • llp;i nepexo;lle K reoMeTpTl!Tll Jlaya OCHOBHO~ ITTl!R 

l.Cl{C3aCT, a 11@ coxpaHf!eTCR (5,9] • 

CncuH~iuna ,nTlltj_JpaKL\Tllfll B uCTl!Mi..eT Pfll'<HOiil re OMeTpTl!Tll HaxO;l\Tl!T cBoe 

ilj>KOO OTpa;KeHTl!e npTI! perTl!CTP81.\Tl!Tll BTOpHl!HblX Tll3JIYl!emtiil, conpOBOlK­

.,'\aXY.:IKJ. MWaKL\Tl!OttHoe pacceRHHe. llpTll 60JII>l!JOM napaMeTpe aCTl!M -

tleTJJHK ( I~ I» 1 ) .nwppaKuirnHHaR BOJ!Ha pacnpocTpaHReTcR notITTll 

nap..4'!JleJll>HO noBepxHOCTTI! KPHCTaJIJia, l!TO CfllJ!l>HO yBeJIHl!Tl!BaeT pO)!(­

"'l.liUle ·iOT03JleK'.rpOHOB B6Jlfll3Tll ITOBepxHOCTTll, Tl! Ha KPHBOii\ BblXO;l\a 

,OTO<iJieI<TpOHOB Ha6mo,naeTCR pe3KHiil IlfllK [IO,II] • 

AHOi.1aJil>HOe rJiyelOKOe npOHTl!KHOBe1rne ,naeT ,1\0ITOJIHHTeJll>Hbli{ rrpOBaJI 

tta i(pV.BbiX Bb!XO;l\a <f;JIIOOpecueHTHOro Tll3JIYl!eHHfl [12] • a KpOMe TOro, 

CTl!Jll>HO yBeJITl!l!Tl!BaeT Tl!HTeHCTl!BHOCTl> KO~ITTOHOBCKTI! pacceRHHb!X KBaH­

TOB (13,14] • 

II 

Go11111t yllllCHJ'l'h llllll l) lfll .l D llC1'1MMOTpTl!l!llOiii CXCMe ,!U11pp8Kl.\Tl!Tll ;l\aJICKO 

1 110po1urn110 1111 t•M11 11u 1110 n11i1101<·rw.01. l:l11yr pTll KpTl!cTaJI~ 

Jiii ()Jll))t(Jlll ll t:·rp,y1ti•ypu, 111 1'1CIIOJib3YR 

Jl1PtllliMl1 r 11yCi1111rn.H1 UblXO.l(a (Hl:illpTl!Mep, 

~ !I O !JI '0 '1'1'1'WCl(T/!X rpynn) MOiKHO npoBeCTTll 

11111J 11001111;1011tlllflll' ;JTTl!X nonei-1. 

0Jl11Tl!M Tll 3 ue HTpaJil>HblX BOnpOCOB B 3TOM HanpaBJIC HHH RBJIRCTCfl 

Bonµoc 0 1.1aKCTl!MaJil>HO ,l.IOCTTl!lKTl!MOii\ napaJIJieJ!l>HOCTTll ccpopMTl!pOBaHHOro 

BOJIHOBOro ITOJ!R B KPTl!CTaJIJie BXO,l.IHOiil ITOBCPXHOCTTI! KpTl!CTaJIJia, Tl!Jlfll 

KaK Mbl 6y;lleM B ;l\aJibHCii\l!JeM Ha3blBaTb - npo6JieMa MaKCHMaJibHOro 

BHyTpCHHero K03~,,~HUTl!eHTa aCHMMeTpTl!Tll. c TOl!Kfll 3pemrn OObll!HOrO 

.1\TlliJ.lpaKUTl!OHHoro pacceRHHR He TllMCIOT oco6oro Tl!HTepeca cxeMa ;l\11cp -

paKUf/lfll c lj3 I> I :: I , TaK Tl! np;i yrJiax BblXO;l\a cph < <l>c , Tl!H­

~OHCTl!BHOCTl> ;l\TllwpaKUTl!OHHOii\ BOJIHbl OtieHl> 6blCTPO cna,n.aeT. 0,1.IHaKO c 
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yBeJIT/ll!eHHCM napaJJerpa aci.1i11MeTpTl!H, XOTfl H ;l\Tl!WP8KUHO!IHOQ OTpa;;(C­

HHC yMeHI>illaercR, Ha onpe;14eneHHb!X rJiy61.rnax. BHYTPH Kp11craJIJ1a 

(KaK 6yJJ,eT BH,l.IHO HlllKC) B03HHKaeT r!CTOK r!Ol!Tll napaJIJICJib!IO~; no­

BepxHOCTTll KpTl!CTaJIJia, Tl! 3TO npTI! 011pe,4eJie1IHO!.I BLICiOpe 31ie;Jn!ii ·; 0-

T03JICKTpOHOB .. 1o;deT llpl!BCCTll K ,.'J.OllOJI!iHTCJlbHOMY YBC.ili'lt:iHllU H •• Ka 

Ha Kp1;BOll BlilXOAa 1Jc•OT03Jlel<'.l'POHOD. ,..:,CTCl.iibHLI;, UtfUJITl!3 3T01'0 ::011µ0-

ca )J,aCTCH B pa3,ii,eJiax 3 Tl! 4. B pa3,u.eJie 2 Hpt1ne,.1eH1i1 oci!O!IHbie 3a­

KOHOMepHOCTTI! ;l\Tl!QPaKL\l\OHHOro pacceRHllH ll BLIXO,i(a DTOJJ1!l!HllX 11:ony­

qe1rnlol ).(JIR cJiyqaeB He Ol!CHb CiOJib:ilfllX uapai.:eTpOB ac;1 ..... :eTp0111,1rnr­

)J,a aW¢eKT8!.HI 3epKaJI:&llOrO OTpa;i<eiUifl IJ.O)!(HO npeHCO!JCl!b. 

2. ~BYXBOJIHOBaR )J,11Hlli:li l!CCl<UR Teo pH fl 

Ac11MMeTpTl!tIHaR ;l\Tllt~paKl.\llH c I~ I> I HC:ITl!OOJJve nµocTO pea;rn:.iy1.J:i:. 

CH B cxeMe CKOJib3Ri:\etl reor..1eTp11TI! .ilparra-iiay3 (c~1.p11c.I). i:pnc­

TaJIJI Bblpe3aeTCR no.11 HetiOJibl!JHM yrJIOM Cl\OCa 4' • 0Tpat.ia10;;u.1c 

llJlOCl<OCTH nOtITTI! nepneHAllKYJIRPHLI noBepxHOCTll l\PHC'l'Cl.JIJia, a na,i.lu­

IOlllTl!C Tl! OTpalKCHHble penrreHOBCKl!e JIYl!Tll CKOJlb3fiT 110;1\ MaJ1La.rn yrJlaJ.lJ.t 

( <f>o !ti <Ph CuOTBCTCTBCHHO) !( llOBepxHOCTTll. ilpll 3TOIJ ;l\Jlfl yrJIOB 
~ 

na,neHTl!fl <Po< 11411= Zl'+-'lsi.n05. cos':fhice (r,ne es - yroJI nparra, 

a ':fh..e - yroJI IJC.:{,lly HanpaBJleHneu CKOCa tl BCKTO!JOil OCipaTJ!O:i. 

pe:JCTK!tl o_pa:'KalOQllX IlJIOCKOCTei1) peaJITl!3jt!TCR c;1yl1'1vi M •11J'1i;1:;rn I: 

reoMeTp1111 .:iparra, Korona OT KpacTaJIJia orµa:~:aeTCR Ai:G,pan1;; ouaH-

HaH BOJIHa 60JibWOA UHTCHClllB!!OCTtt. ~pl1 60Jib.JllX yr;1ax <P
0 

> I \VI , 
pea11:rnyercfl ,1J,11<;·paKu1rn D reo1 .. eTpav. Jlay3, KOr;(a µ,11 ;.i ... ar;:;ioBW!HaH 

BOJIIIC:I pacnpOCTpaHReTCR DHyTjll> Kp:·JCTaJIJia. He60J!b.Ji!M ll3Melle!mei.: 

y rna 4>0 
IAOHHO nepeXO.l(Tl!Tl> H3 reoMeTpTl!H J1;arra il I'c0!.'.0'l'jJlilV 

Jiaya l1 HaOCiopoT. fl03TOMY CXCIJa v. ITOJ!Jl!HJia 11a3naH:1e CHOJlb3H;~e;1 

cxe:.::.,: Eparr - Jlay3 .i'.li ;:paKu1m. :::cJlfll yr;rn q>0 v. <Ph He c.r:111.~1rn1.: 
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• ~h > <Pc ' TO ].\Jlfi Bbl'UlCJiemrn lr1HTeHClr1BHOCTlr1 6parroB-

'1'pfllK0111111 MOlKHO '1CilOJlbSOBaTI> 06blqH1i1e iJ.lOPMYJlbl JU1Hal.\Jr1qec­

ll(l~lll1 pOll'rI'CHOBCl\Jt!X nyqeti [I,2] • illHTGHClr11lHOCTl> OT­

ll j' 'll<B Ollj.JG;t\eJitteTCH Ka!\ 

1 \ Eh \I! PR ( e) = I Rh 1
2 = ~. Eo • (I) 

o 11 Eh - aMil111r1TY.l\l:l na;I.1a10meiA 1r1 ;I.11r1l]JparnpoBa1rnoiA 

'l'CTUC l!llO' a t - TaK Ha3b!BaeMbliA qiaKTOp ac1r11.lt.1e'l'plr1H' 

;)ll,,llUTCH lJ!OjllJYJIOtt 

<Po 
~ = <i>:-1Gi1 (2) 

/u.il ! Jil1 TYAU pacceHHlr1H Rh corJiaCHO ypaBHeH!r1HM JU1HaM1r1qecKOiA 

'l'OOjllHI [l ,2] Bblpali(aeTCH CJie.ny10meiA cIJOPMYJIOiA 

Jiji c -xh 
Rh= u.~3> - Xo 

(3) 

::i AeCb Xh - <Pypbe-KOMIIOHeHTa IlOJIHplr13yeMOCTlr1, COOTBeTCTBYK>­
(3) 

t1a!'l ,naHHOMY OTpa.o:eHHJO, C - IlOJIHpH3aI.\HOHHblH qJaKTOp, a e0 - KO-
. 

peHb ,1.1.1r1cnepCHOHHOrO ypaBH8HHH 

( 2 ea - Xa) (Zea/fa - Xa + o.)- c2 Xh X;; = O (4) 

l OTp!r1UaTeJI:bHOiA MHHMOH qaCTbJO. nnH CpaBHeH!r1H ST!r1X ~OpMyJI C 

peayJI:bTaTaMlr1 attan1r1sa 6onee CJIOlKHoro Bap1r1attTa JU1WPaKUHlr1 Ha rpa­

~1r1ue reoMeTp1r11r1 Eparra-naya y;I.106Ho BBeCTH HyMepau1r110 pemett1r1H ypaB­

HeHHH (4) 1r1H.neKCOM I,3 (cM.pas.n.3). 

6 

Ilap&1eTp d. CBH3aH c OTl(J!OHemieM OT 6parrO'lCKOrO yrna COOT­

HOlileH!r1eM 

o1. = - 2 sin 2e1;" ( e -e 6) . (5) 

KopHH ;zu1cnepc1r1ottHoro ypaBHeHHH nerKo Haxo.nHTCR 

(f,3) 'Y - .!. {- d. + j 2 2 2 'J 2Eo -1\. 0 - 2 j3 1 -,13 cl1 +- 4pc Xh'Xh 1 (6) 

r,l\e 
.13-1 

a,=ol-Xo T ' a TeM CaMb!M, corJiaCHO (I),(3) 1r11.1eeTCfl 

npocToiA cnoco6 pacqeTa KPHBblX 0TpalKeH1r1iA. 

IlapruieTp ci TaKlKe BblpaitcaeTcfl qe pea yrJibl 4>
0 

11 <Ph 

-l~ 2 
ol = ( 4>o -1 'fJ V - <Ph ' ._5') 

H C H3M8H8HHeM yrJia e M8HfleTCfl TaKlKe yroJI BblXO].\a cph • 
Bal!Ho TaKnte, qTo MacmTa6 HaMeHeHHfl yrna <Ph B npe;I.leJiax u11r1p11-

Hbl KPHBOiA 6parrOBCKOro OTpalKeHHH Ha noptt,l\OK npeDOCXOJUiT Mac -

illTa6 H3M8H8Hlr1fl yrJia 9 
Ilp1r1 rro.nxo;I.1e K rpaHHue reoMeTpHH Eparra-naya (<Po~ !'iii ) 

napruieTp f' pacTeT no wo.nyn10, T.e. peaJIHayeTcR peaKoacHM -

weTpnHl:il.il cnyqaM JUi<l>PaKUHH c If' I > I. 

CorJiaCHO cpopwyJISM (I),(6) IlOJIO•eHHe 6parrOBCKOro IIHKa COOT­

BeTCTByeT 

~-1 
oc'.s = ~ ReXo, (7) 

a ero IDHPHHa 

W = Wajiij\ ' (8) 

.•.ne vy0 = 2c I Xh \ - mHpHHa mtKa B c11wweTp11qHow OTpaaeHHH 

._ \ ~\ = I). fIQJIOlleHHe IIHKa cTa6HJIH3HpyeTcfl K o£ 6 = Reito , ero 

7 



:.mp1rna y~mttI>.;iaeTCR no Mepe pocTa I~ I . CooTBeTCTBYIOllU'le ,nlr1¢>­

paK .',>10Httble 1qnrnble 11plr1Be,1J.ettbl 11a pi-1c.2. 

l1epel1;!lel.! K paccMOTpettlr110 BblXOAa {j)OT031JeKTpO!lOB. B COOTB8T -

C'.l' ilwtlr1 c 00.!ldi1 TeOplr1e~ [15] ,ll,JUI BTOpH'lHblX lr13JIY1ieHlr1l1, :aepOHT -

l!OCTL BblXO,ll.a KOTOpLOC lr13 Kplt1CTaJIJia 3a.n.aeTCR r!JYHKU]r1eiA p ( c) • 

yr110BaR 3a:Blr1Clr1MOCT:b perncTplr1pyeMoro .n.eTeKTOpO!A lr1HTeHClr1BHOCTlr1 

BTOpl11iHOrO lr13JIY1ielllr1R (HOp!Alr1pOBaHli0~ Ha e,u.lr1Hlr11.\Y ;;;i11 yrne na.u.e­

mrn, AUJICKrlX OT 06JiaCTlr1 6parroBCKOi-l .n11<lJpaKl.\lr1lr1) onpe.neJIReTCR 

1. : opi.;;; JJO•i: 

{ } 
f -f(S)?. 

re(9)= 1+l~IPR-t-2JijifRe(ehRh) ·JdzP(z)e . 
0 (9) 

0.n.ec:b eh=Xil/.Xto - napaMeTp, xapaKTeplr13YIO!'.!l1l1 pacnpe;!leJiettlr1e 

ce1iett11R norno111ettlr1R n o aneMettTaptto i-i R1ie (.l1rn KpHcTanna, a 

f (6) = 2KJm~/<P0 (IO) 

on peAe nReT rny611Hy npOHlr1KiiOBettlr1R peHTreHOBCKl1X Jiyliett B Kplr1C­

Tann. n ;.:11 cx'.
1 

= O rnydvIHa npo1111Ktto:ae1111R Mlr1Hlr1MaJI:bHa lr1 onpe.neJIR-

eTcR 3KCTrIHKUJr10llHOii .nmrnol1 Lex : 

.f(ei1=0)=2/Lex ' Lex=.}..~ sr I Xh I (II) 

3,ll,CCb K =-'?-1!/.A - MOAYJl:b BOJIHOBOrO :aeKT opa na.na10me'1 BOJ!Hbl, 

'}.. - .n.mrna BOJIHbi pettTreHOBC KOrO l13JIY1i8Hl1R. 

, ; 3 111op11oyn (3). (6) Bl1AHO, liTO B o6JiaCTlr1 Clr1JlbHOrO ,ll,11rlJpaKl.\lr1 0H­

iiOro oTpa;:ce ttJl!R I Eh 1-~ · \ Eo \ , T .e. ruAnMTy.na noJIR .ZJ.HrlJparn-

po:aa1111 o l1 BOJ!Hbl c pOCTOM Q}aKTOpa aClr1MMeTplr1lr1 y:aem11ilr1BaeTCH B 

~ p a3 no OTHOuJe HJl! !O K ru1nJilr1Ty.ne· na.n.ruc 111e~ BOJ!Hhl, l{TO n pR-

8 

110 OtpaxaeTCR Ha BWCO,ll.e \IJOT03Jl8KTPOHOB. TaKoe YB8Jllr11{8Hlr18 lr111TCH­

CllBHOCtH BWCO.ltB qioroaJieKTpOHOB npu nepexo,l(e K aCH!JM8Tplr1'lHOl!Y 

CJIYqU lU!lf>PaKl.\HH HMeeT npocry11 !J)HaHqecKy10 npMpo.ny. llplr1 acmJ -

ueTplr11{H01t AH(f.>PaKI.Urn npOHCXOAHT CKJlbHOe lr13Mel!eHHe !faITpaBr.ettlr1R 

cy~Mapttoro ITOTOKa pettTreHOBCKlr1X nyqe" B KµHCTaJIJie. ~JlR ~OTO -

3JleKTpOHOB xapaKT6pHa llaJIWl rny6Htta BblXO.l(a, ., lr13M6H8Hlr1e IJ(;fil -

pa:eneHHR ITOTOKa Bbl3blBaeT .YB8JlHlleHlr1C l{lr1CJ1a BblJleTalll!U1X "13 KµHC -

TaJIJla qJOT03Jle KT pOH OB. i,; aKClr1MYM lr1H Te HCHBH oc TH (j)OT 03Jle KT pOH OB 

npOHCXOAHT Ha M8KClr1MYM KpHBOM 0Tpalit8ttlr1R. Y'leT KOt!el{HOCTlr1 rny-

6HHbl BblXO,ll.a nplr1BO,ll.HT K pe3KOMY yMeH:bill8HHIO MaKCHMyMa lr111TeHClr1B -

HOCTH (CM.pHc.3). ~JlR lr1JlJllOCTpaU]r1H 3,ll,8C:b lr1 .n.anee 6y.neM lr1CnOJIL -

30B8TL 1JYHKl.\lr1l0 BepOHTHOCTlr1 BblXOAa qJOT03JleKTpOHOB B 3KCnotteHl.\lr1-

aJILHOit qiopMe: P(a)=e.><p(-z/t..e~ · 

ilpH yrnax na.nettHR 4>0 >I~ I ocymecT:anReTcR P.H rlJPaKLU1R B re-

ouerp1r1H Jlaya. B aTo~ reoMeTp1t1H BOJIHOBoe none B Kp1r1cTaJJJie npeP.­

CTaBJIHeT co6on 1<orepeHTHy10 cynepn03lr11.\lr1IO .nByx noneU: 

- - ~ [-«, -(l) ( - - ,l -- (i) ;'·.+.' D(f"')•,.t:.... Do +Dh exp iKh·r)Jexp(iKr+i.Ec; Kl '+'o;, {12) 
~·1,2 

- -r~e K - BOJIHOBO~ BeKTOp na.na11me" BOJlHbl, a 
(i) 

Ki, - BeKTOp 06-
ll) 

paTHOi\ pe~eTKlr1. AMnJIHTY~bl .Do 
KM'lHblX yCJIOBlr1" (l,12] : 

u> _ 2e!2
' - Xo 

Do - '>J:<rL~J:ltl Eo ) ! 

lr1 Dh ttaxO.D.HTCR 1r1a rpa -

u> 2e~1' - ~o 
.Do = - ,..,.1u _ ~><'\•> £. ' 

{13) 
<t) (2) CJ'Xh 

Dh =- Dh = - ze~i, _ 2e~" Eo . 

Yrn0Baa aa:aHc1r1uocTD BblXo.na ¢oro~neKTpotto:e 3aAaerca qiorwyno~: 
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00 

re (6) =.~di! P(e){ /Dal 2
+ 1Dhl 2

+ 2€h Re (Don:)}. (14) 
0 

l'.I ITpl'.I06peTaeT KatieCTBeHHO l'.IH0!1 xapaKTep ITO cprulHeHl'.110 c Kpl'.IB0!1 

pl'.lc.3. TaK, ITPl'.I Le-0 ae(G) ITpeBpamaeTcH B ITpnuy10 ITO Toil oqe.., 

Bl'.IJU!Ol1 W1'.131'.1tiecKol1 ITpl'.ltll'.IHe, tITO Ha Mam.ix: r. ;n;l'.l!l>ParnpoBaHHaH 

BOnHa eme He ycITeBaeT cqiopMl'.lpOBaTbCll. no Mepe yBenHtl6Hl'.lll Le 

H8tll'.IHaeT ITpOHBilHTbCH CTPYKTypa H8 KPl'.IBhlX re (e). 
B COOTBeTCTBl11'.1 c (pOpMyn8Ml'.I (13) H (14) re(e) MOlKHO ITpe;n; ... 

CTaBl1Tb B Bl'.l;n;e Tpex qneHOB: 

re (S) = reln(e) + ret2>(e) + celn\ e), (IS) 

r;n;e 
re c1,2> eCTb BHnaAbl OT MO;n; I H 2, a TpeTl'lit qneH OITl'.ICblBae! 

l'.IHTepqiepe H!.\1'110 uelKAf Hl'.IMl'.I. EcnH Le MaJIO ITO cpaBtteHl'.IIO c ;n;JIH-

H8Ml1 ITornomeHl'.lll KaK ITepB~l1, Tai< 11 BTopot\ MO;n;bl, TO ;n;nH re(e) 

ITonyqaeTcH cneAflOil(ee ITpocToe BblpaJKeH11e: 

C£ ( S, l) = 1 + { 
2 

;.13(.13-1)ceXh Xi; 
.\i~t + 4j3Cz Xh Xi; 

2eh.132
«,c'X.h } + J( 

lad+ 4flc2 Xh Xh 

><(1-<cos(Jp2o(~+ 4.13c2Xh'Xh '· ~!0 ) >), 

-

(16) 

rAe < ... ;>= ~P(!) ... de oaHat1aeT npocTpaHcneHHOe ycpe,1U1e-

o 
Hl'.le ITO WYHKUl'.ll'.I ~epOHTHOCTl'.I Bb!XO;Zl;8 il>OT03Il6KTpOHOB. nnH cnyq8fi 

~ = I q,opMyna (:i;6) ITonyqeHa B pa6oTe [16] • 

EcJU11 rnyq11Hbl BbDCo;n;a '1JOToaneK'l!pOHOB Le > Lp , r;n;e Lp ;n;n11-

tta, Ha KOTopol1 ITpmrnxo;n;RT MaRTHl'.IKOBble Kone6aH11R ( Pendefosun~ 

IO 

effect ) (2] ' TO HHTepqiepeHI.\HOHHblM tIJleHOM MOlltHO npeH.e6peqi. 

(T.e. onycTHTb B qiopyyne (16) BTOpol1 OCUHJlJll'.IPY10lll.Hl1 qneH B Kpyr-

Jlb!X CK06Kruc), H ;n;nH WHpOKOl1 o6naCTH H3MeHeHHfl rny6HH Bb!XO;n;a 

Le KpHBble BhlXO;n;a il>OToaneKTPOHOB He aaBHCRT OT Le • B 3TOM, 

TaK Ha3b1BaeMOM 8Cl'.IMIITOTl'.ltleCKOM cnyqae 

a?(G)= 1 + 2fo{fl-t)c
2
Xh X;; 

'"d~ + 4pczxh Xi; 
+ 2e,.~2ae,cxh 

J3 2ci.~ + 4-~c'Xh Xh ' {17) 

H Ha KpHBhlX ~ (8) TaKllte Ha6n10;n;aeTCll CHJlbHli!1 MaKCHMYM B 06-

nacTH ;n;l'.IWP8KUHOHHOro pacceHHHll, o;n;HaKO HHTeHCHBHOCTb llHKa ITpH6i 

nH3HTeJlbHO B;ZJ;BOe weHbille, qey B cnyqae .l\14WP8KUl'.IH B reoueTpHH 

.bparra ;n;nn Tex lie cawh!X a~atieHHil l~I (cM.pHc.4). 

KaK HeTpy;!IHO yBl'.l;n;e Tb H3 qiopwynbl (16) ITapaueTp Lp oITpe;n;e­

nneTCH BblpalleHHeM: 

Lp=~~· 
l'Xhl (18) 

c TOt!HOCTbll ;n;o M.HOllMTenll 1/sr Lp COBITa;l(aeT c BBeAeHHOl1 Bblllle 

;n;nR cnyqB.ll ;n;HWPaKUHH B reoueTpHH Bparra ;n;JIHH0!1 LeJC(II). 

3aMeTHM, t!TO HeCMOTpll Ha COBITa;n;eHHe qiopuyn (II) H (16) napaMeT·r 

pbl Lex H Lp HMeJOT p83Hbll1 qiH3HtJeCKHl1 CMblcn: Lex onpe;lle-

nneT rny6HHY npOHHKHOBeHHll BOnHOBOro :onR B KpHCTann, B TO Bpe~ 

MH KBK Lp oITpe;llenneT ;l(JIHHY, Ha KOTopol1 npoHcxo;n;HT nepeKat1Ka 

HHT6HCHBHOCTel1 Z3 ITaA8IOil(e~ BOJlHH B ;n;HqiparHpOB8HHYIO H o6p8TH0. 

ITpH ;n;HWPaKUHH Ha rpattH~e reoweTpHH Bparra-naya nonBnHeTcH y~e 

HeCKOHl>KO xapaKTepHb!X ;ZJ;JIHH, H cne;n;yeT pa3HHtl8Tb SKCTHHKIUiOHHble 

;n;nHHbl l..e.)( ' onpe;n;enlllOUU1e 38TyxaHHe BOHH, H llHTeplJ.lepeHI.IHOHHble 

II 



Lp onpeJ.1enR10UU1e npouecc1i1 nepepacnpeAeneHHR 11HTeHCMBHOCTeU 

Me:;(;n.y pa3Ji!l!llHblMl1 1.10A&111 (cM.cne.zr.y10tilHi1 paaAen). 

!1p1t1 ,D.an:1>HeitileM yBeJU1qeH1111 Le n11K yMeHI>iilaeTcR no BeJIMllHHel 

a D npuAene Le - ""'° KPHBhlX ae(0) CHOBa BblpOllAaeTCR B 

upR1.1y10. Eun:1>w11e rnye5HHbl BblXOAa xapaKTe pHbl ARR 1P1rnopecueHTHoro 

113JJyqeJIHR, 11 3Tl1 cnyqaH IlOAp06HO npoattaJil13HpOBaHbl B pa6o -

Tax (!2] 

3. 1!.0,ll,Hcpl1UHPOBaHHaR AJ•i!.c •. ::1qecKaR Te OpHR 

AH~PaKUH!t! peHTreHOBCKHX nyqei1 

ITO Mepe yBeJIHlleHHR ¢0 It! yMeHI>tlleHHR <f>h IlOJl1>30BaTl>CR 

i!Jop1~yJiaMH 06blllHO~ ,ll,11HaAH11leCKO.; TeOpHH y'M.e HeJI1>3R. Ilp!t! 

cph - <Pc. =JlXol' He06XO,ll,HMO Ylll1Tb1BaT:b a¢4eKTbl aepKanI>HOro OTpa-

r.<eH~IR. KorAa yron n8..Z(eHHR ¢0 »<Pc , TO MOl!CHO npeHe6peq1> aep­

KSJil>HhlM OTpalKeHHeM na,l.(aIOll(e~ BOJIHhl, HO He06XO,ll,HMO YllHTblBaT:D aq>­

(_ve KTbl aepKan:1>Horo OTpaiiCeH»R ARR .ll.HQ/par1i1poBaHHol1 BOJIHbl. B 3TO.u 

CJJyqae He06XO,lll1MO 1!Cil0111>30BaT:D rpaHHilHble YCJIOBHR He TORI>KO ;ll.JIR 

aMilJU1TYll. ll.11WParHpOBaHHhlX BOJIH, HO H ll.JlR HX npOH3BO;ll.HblX. Ilp11 

aT011 AHcnepc110HHoe ypaBHemrn CTaHOBHTCR y-;re ypaBHeHHe1.1 TpCTLero 

IlOpH;ll.Ka (CM.Hanp. [9] ): 

r;ll.e 

y= 

H[(y+~-l'i'l)2_A:;2J- c
2

Xh:X;; _ 
0 't'i. - -0 

2<Po ' 

2eo -xo 
Z$o 

') a ~o,h:: J<Po~h +:Xo, · 

12 

(19) 

(20) 

.li.11cnepcHOllHOe ypaBH8HH8 (!9) V.MeeT TPl1 KOpHR, H3 KOTOpblX 

AB a ~ 1 , ~e MMeIOT nonoltillTe JII>HYIO MHHMyIO qacn, a jm 9 3 < 0 • 

BOJIHOJlOe none D!IYTPl1 Kpl1CTaJIJJa 6y;ll.eT onpeJ.(eJIRTl>CR qiopMynol1 

\!2), KaK 1i1 B paccMoTpeHHOM B1i1we cnyqae AHWPaKUHH B reoMeTp1111 

Jlaya. HO np11 3TOM 111.1eeT MeCTO It! ,ll,H!iJpaKUH OHHOe OTpalKe Hl18. xapaK 

Tepttoe AJIR M!cppaKUHH B reoMeTpHH Eparra • .i\JIR aMTIJJ.HTYll.hl nonR 
s 

oTpalKeHHOl1 BOJIHhl Eh H aMTIJIHTYA BOJIHOBhlX .nonel1 BHYTPH KPHC-

Tanna nerKo HaxO,ll,HM: 

s _ c')(.h Eo , 
Eh - !:l3(ct>h-5-Y3) (21) 

ry - (f) 
lfl c l\.h Dh ' 

Do = 2cPo · 'dt 
])cf)_ <Ph+ 5 + ~t Es . 

h - ~2 - ':::11 " J 

ci> ,2, cxii n .. , 
.Do ;a ZcP

0 
• ~t l)lz> =- ¢h + 5 + Y1 Es 1 

h !:fa-~t h 

(22) 

r;n;e o= alo + ~ 
COBOKYilHOCTl> qiopMyn (2I),(22),(J2) on11Cb!BaeT ;n;mppaKUHOHHOf 

pacce1rn1i1e B 0601i1x cnyqaRX re OMeTp111t1 Eparra M reoMeTpHH Jlaya. 

TaK, B cnyqae reoMeTpM11 Eparra ( o< O) It! 
-

15 I » 5o , (23) 

r;i\e 

& =I c
2

X,.: Xi; 
0 Z4>o 

r'3 , (24) 

0,ll,HH '13 ·KOpHel1 c Il0Jl0lKl1TenI>HOl1 MHl1M0l1 qacn10, COOTBeTCTBYIOll\8~ 

aaTyxa10ll(etl Br11y61> KplllcTanna MO;n;e 

lj2 = - b T ¢h. (25) 
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(Ilonprunm "1~1. K 'c/z MaJI1i1 H O!HOmeHHe IA~2/~r I < ( Oo/0)
812 )t 

KopHH yi , ~3 Hax0,11,llTCll H3 pemeHHll K:Ba.l{Pa~Horo ypa:eHeHHll: 

- 6,,3 
~ ( ~ + 5 + <Ph)+ $h-S = 0 (26 

IlpH 3TOU 0Ka31illaeTCll, tUO KOpeHJ. ~1 c HaHU8HJ.wett MHHMOtl 

qacTJ.D y,11,o:eneT:eopHeT Hepa:eeHcT:ey: 

I y, I « I ~21 · (27) 

Co:e0Ky1rnocn npH6HHllt0HHtl, npH:e0,11,HUUJX K ypa:eHe HHllM .(26), (27) 

~8KTHqeCKH COOT:BeTCT:Bye! MOAH<liiWf PO:BaHHOtl ,l{HHaMHqecKott TeopHH 

npe,nJIOlleHHtl ,11,Jlll ,11,aHHOL! cxeu1i1 AH4JPaKUHH :e pa6oTe [9] ' cyTl> KO­

TOpOA C:BO.l{HTCll K CB6,l\0HHD KOHeqHb[X :e1i1paxeHH~ ,11,Jlll aMilnHTYA!il H 

KOa<W!HWf03T8 OTpallteHHll K lf)opuynau 06!ilqHOtl ,l{HHaMHqecKOtl T00PHH 

c nepeHOpMHpO:BaHH!ilMH K03'1$t~6H!8MH ~ H cC. (cu. (2) ii (5)) . 

c yqeTOU Hepa:eeHCT:Ba (23) UOIHO :e 4Jopuyne (21) 3Wl0HH!l> 

cph-S'-~3 Ha 4v6-~; , r,11,e y;=-S'-;ph ecu :e1i1palleHHe 

,l{Hll KOPHll ~3 B,l\aJIH OT 6p3rro:ecKott AHlf!PaKW!H. B pe3ynJ.Ta!6 

AHR aunnHTy,7J,1i1 pacceHHHll Rh :euecTo 4Jopuyn1i1 (3) Hweeu: 

./iii c xh • 1 c <Ph) , Rh= -ii:U)_-v (28) 

rAB 

• ~(<Ph)= (29) 

a KOpeHJ. e::_> onpe,l\eJUleTcs H3 ypa:eHeHHH (6) c nepeHOpMH-

po:eaHH!ilMH napaueTpaMH ~ H d. . ' KOTOp1i1e cne;eyeT 38110HH!l> H8 

f' H cZ , r,l\e 

,., 2~ 
"' - 0 
J' - 6"-cph ' 

- c-2 -, 1-1 
cl = 0 - cph + 'X.o --:;;-- • , 

(30) 

IlpH <l>h > <l>e napaueTplil 4>h H a;h 6nHSKH' H HX p8311Hllllt 

eu MOl!HO npeHe6peqi.. ~aKTOp f (cph) :e ,11,aHHOU cnyqae CTaHO:BH:rt 

CH pa:eHblM eAHHHUe, a napaueTplil j H ~ co:ena,11,am! c napa -

ue '.l p&MM P H oC COOT:B0TCTB0HHO. 9TO OSH8'180T 1 qTO AHlf!paK-

WfOHH08 pacceaHHe npH Io I » Oo H cph ~ <l>e OIIHClill80TCll 

061i1qHblMH lf)opuyJillllH ,11,HHaMH'leCKOL! T00PHH (cu. paa,l\eJI 2). 38M8THU~ 

'ITO npH yrnax cKoca I 'ii I~ <l>c · napaueTp 00=cl>c(~/' ( c-;:;)o/3 
' 

oKaalillae!Cll uHoro ueHi.we 4>c , H noaTouy cyntecnye! o6nacTJ. 

no o , KOr;zta Io I ~ 5o , HO :e oCSnacTH CHJIJ.Horo AHlf!PaKWI oa-

Horo pacceHHHll ct>h 0Ka31ill88!Cll CSnHSKHU K '*1c ' T.e. yrni>l 

<1>h H 4>,. CHnJ.HO paanH'lai>TCll. Ho B 3!0U cnyqae HM60TC!l npoct-

TOe OIIl'.C8HB0 ,11,Hlf!paKUHOHHOro paccellHHll no lf)opuylla» MJ?r' JI IIO!lB­

JlllDTCll CBOB cnewilf)HqeCKHe ,11,Jlll STOtl o6JI8CTH a:eneHH!l. Ilpe*.ne BCe7 

ro Haps.-, c oCSuqHblM 6parro:eCKHU IlHKOU, KO!Opiidt COOTB6TC!:Bye! , 
yrJISll +h ~ 16' I , noa:enaeTCll ente ;ztonoJIHuem.ewt noBepxHOC!HiilA 

6psrrOBCKKl IIHK (IIBI) llPH yrxax <l>h ~<Pc (9] • 

IlOJOJl0HH0 sororo nHKa OTp&Sae!Cft B ~OPMYJ10 (28) B8JIH'l{J!0~ UHO-

Q!HJI . f ( 4>h) • Ilocne;ztHHll JIU08! npOCTOll cllfaJtqecKHll Clli>lCJl. 

IlpeJJIOJIODll, 'llTO Ha KpHCTaJin II&)l;a0! peH!r0HOBCK00 113.11111008 

noi Jr.11011 ~ c SMIInB!YAOll Eh • Tor,Aa B KpilC!aJID (6ea yuf 
. h 

. IS 
·· - ~ 



Ta ]Ui~paRUHOHHOrO pacceaHHH) oopa3yeTCH BOJIHOBOe ITOJle c aMITRH­

TYAO~ 

Dh = f ( 4>") Eh 1 
(31) 

T.e. ITOJle Bomrn B KPHCTaJIJle RaR ITO aMITJll!Ty;n.e. TaR H no qia3e 

OTJIHtJaeTCH OT na:n.a10U1ei1 BOJIHbl (CM.HaITPH!.lep [IJ ). HCHO , "'!TO )Ui<P­
paKUHOHHblii ITpOU8CC (ero a!JITRHTy;n.a), OYJJ.6T ITpOITOpUHOHaJleH He 

Eh , a Dh , H HMeHHO B c1111y aToro o6cTOHTeJJ:bCTBa B03HHRa­

eT MHOiKHT8Jlli f( 4\) • 
Kpoue Toro, 3Ha"'!eHHe 1.1aRCHMyMa K03!)AiHUH8HTa OTpallteHHH B 

6parrOBCKOM ITHKe yYre CHJl!iHO OTJIH"'!aeTCfl OT 3Ha48HHM, npe;n.cKa3bl­

BaeMbDC 06b14HOii ;ll.HHaMH46CROii TeOpHe~. B wopMyJle (28) 3TO o6CTO­

HT8Jll>CTBO OTpalltetto TeM WaKTOM, 4TO ITPH Bbl4HCJleHHH €~J tte-

06xo.1111uo J.1CITOJl!i30BaT!i ITepeHOp!.1!4pODaHHbl9 3Ha46HJ.1fl ITapaueTpOB 

~ H ol • TaK, ecnH :n.na o6bl4HOM ,ZJ,HHaMH4ecKoi1 Teop1111 ( ITPH 

npette6pellteHHH ITOrJIOll\8HHeM) MaKCHMYM K03y(~HQM8HTa OTpalKeHHH pa­

BeH 8AHHHU8. TO B MOAHqJHUHP0BattHOl1 TeOpHH 

max I 44>: ~: \ 
PR X ( 4>ho + q;:yi 7 (32) 

r:n.e ~: z .- b ecn yron BbDCO;n.a, COOTBeTCTBYIO~!ti MaKCHli!YMY 

6parrOBCKOro ITHKa. 
I 

EcTeCTB6HHO, "4TO MOlKHO Ol!Gl;n.aT!i HOBbDC RatieCTBeHHbDC HBJl6HHH H 

B ITpouecce qiopM~poBaHHH BTOpH4HblX H3JIY48HHM, conpOBOllt;ll.aJOlllHX 

JJ.K~paKUHOttttoe pacoeaHHe. PaccuoTpHM BHatiane HanyqeHHe c Hyne -

BO~ rny6HHOii B;(),11~. B 3TOM CJlyqae ,11Jlfl OITHCattHH CE(0) M~lKHO 
11cIT011IiaoBaT~ wopMy~~ (9), B Koropoi1 c11e:n.yeT HHTerpa11 aa1o1ett11Tii 

e,l\HHHQei'i, a R., vi cooTBeTcTBeHHO PR ) ITpe;n.cTaBHTli ITO qiop-
1 
\ 

uyne (28 ). 

llpH 60JIHHX I~ I OCHOBHhlM 4JIBHOM B (9) flBJIH8TCfl 4J16H 

l-'I PR , H cornactto o6b14HO~ JJ.KHaMH"'!BCKOA TeopHH, :n.1111 KOTopoA 

peamtsyeTCfl K03~QMBHT OTpaXBHHfl, paBHblA e;n.HHHQe, no wepe 

pOCT& ,,, CE::'°x paCTBT ITponopll,HOHaJll>HO_ 1.131 • c ;n.pyrott CTo-t 

pOHbl, cor11acao (32) yqer aepKaJlI>HOro orpazaHHfl ;n.11a ;n.H~parHpO­

BaHHOtt BOJIHbl CHHXaeT MaKCHMaJll>HOB aaaqeHHe K03qxj;IHQMBHTa orpaxe~ 

HHfl, H KaK CJIB;ll.CTBHB pOCT ae:'°X 6y]J.BT yxe aa:n.aBQTl>Cfl HH14 

3aKOHOM: 

remax .., I 44)0 ~· ' 
0 ... ( ci>; + ti:>' . (33) 

~3 ~OPMYJlbl (33) BHll.HO, qTo ~fl AOCTHSBHHfl MaKCHMaJll>HOrO 3<{>-

~BKTa aeniiafl yBeJIHtUtBaT!i 1,1= !: · aa cqeT yweH!i~BHHfl 
0 'Th 
~ , ~.K. npH 

0 2 
4>h = ff' 4>c (34) 

~0 (9) AOCTHraeT CBoero MaKCHMaJll>HOrO 3Ha"46HHfl (ITpH lflHKCHpO-

BQHHOM <Po ): 

max ···8 ·1 - I a 4> ... 
a;io = 9 .Pc 1 J-c = ~ 1 (35) 

,,... malt 
a · no we pe ywea»weHHH 't'h ae0 aa"'!HHaer na.D.an. 

Sa»eTHM, qro paccuorpeHHe npHwepa c Le= 0 ae RBJlfleTCH 

a6cTp8.KTHhlM uaTeMaTJtqecKHM npHwepOM. ~CCJIB]J.OBaHHB 4)nl>opecu.eH!­

HOro H3JiyqeP.HH OT MOHOCJIOfl qyaepOll.HblX QTOMOB, BblCaJreHBblX aa nO.: . I 

BepXHOCTli KpHCTBJlJla, IDIJIHBTCfl TOA pe8J1J>HOI C•t1aw1e1, AJIH KO!O- r 
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po~ B nonHOl1 Mepe cnpaBeAnHBli nonyqeHH~e Bliill8 38KOHOM6PHOCTH. 

Ilepel1AeM K aHanH3Y Cil6!.U'IWHKH BblXOAa BTOpHqHbD( HanyqeHHl1 c 

rny6HH0!1 BWCOAa Lef O. B 3TOM cnyqae Heo6xO.lli!MO aaau ae Ton:or 

KO aMIIJWTY~ nonH .lli!WparHpOBaHHO~ BOnHbl Ha IlOBepxHOCTH KPHC -

Tanna, HO H BOnHOBble nona BHYTPH KpHCTWina. 

06111He WOpMyn1i1 (22) C yqeTOM HepaBeHCTBa (23) H BliT8KalllllH6 

H3 Hero wopMyn1i1 (25)-(27) uomao ynpocTHTD cne~~lllHM o6paaow: 

D<t> - <t>h + ~h E.e n<o - E 
h- ~-5 h' o- 01 

h 

(36) 

czJ ct>h+o Es 
Dh = - q;h _ 5 · h ' n<2L 0 

0 - , 

a 

s cXh E . 
Eh = !:j 3 ( 4\ + q,h) o 

(37) 

0TM6THM' qTO npH <Ph ' 6JW3KHX K <i>c 

HOBHTCH yze MHOro M6HDW8 cph • EcnH npH 
(t) 

, napaue TP I Cj)h I cTa-

STOM 101 « 4>c , TO 

K8K cne~eT H3 (36), 81lllnHTJAbl .Dh H 
(l) 

Dh woryT aauHO-

ro npeBOCXO.lli!TD aunnHTY~ .lli!WPaI'HpOBWfHOl1 BOnHli aa llOB6pxHOCTH 

• KPHCTanna Eh • Ha pHc.5 npeACTaBneaa aaBHCHMO~TD KB~paTa 

aMilnHTYAlil ~wparHpOBaHHO~ BOnHli OT rny6HHbl 

IDh(e)l2.= \n~>elK£!''~/4>. + n~t1el"£~1>~1<1>.\2 

AnH aHaqeHHH D ~ 5 00 H llPH cph = J <i>: + 52' , COOTB6! -

CTBYDDtHM MWCCHMYMY 6parrOBCKOr~ OTpa~eHHH. liHT6HCHBHOC!D AJ!~pa~ 
' . 

I'i!POBaHHoro nonH aa rny6HHe, K8K BHAHO H3 pHc.5, UO:&e! HaMHOro1 

IB 

npeBOCXO'AH!D HHT6HCHBHOCTD nonH Ha IlOBepxHOCTH, H cneAOBaTeJLP­

HO, Ha KpHBYX BblXOAa BTOpHqHblX HanyqeHH~ MOXHO O:IHA8TD cy~ecT­

BeHHO 60.11.PWHX no aunnHTYA6 llHKOB. 

' PaccuoTpHM BTOpHqHoe HanyqeHHe, rny6Htta BblXOAa KOTOpblX 

.A 
Le » Lp = 2n I Re Uli. -Y1) I (38) 

nnH OllHCaHHH yrnOBO~ 3aBHCHMOCTH CE(9) Mli MOlieU KCllOnD30BaTD 

WOpMyny (14), KOTOpaH 61i1na nonyqeaa AHH cnyqaa B .llil~P8K~HK B 

reoMeTpHH Jlays. YcnoBHe (38) noaBonHeT npeae6peqD relnt (cM. (Isp 
Ill (2) 

EcJ11t1, Kpoue aToro, npeAUonol!WTD, qTo Le« Lex H l,;e~ , rAc 

(f,2) Jo. 
Lex = 2:1r :Jm ( Y1,a + Xo/Zaio) 

(39) 

AHHHli aaTyxaHHH nepBO~ H BTOpO~ MOA COOTB6TCTB6HHO, TO AHH 

.:e(9) Hueeu cne~D~ee Bupa:aeHHe: 

C£ (9)= 1+,2~h(~h~6+c$h)+o2+<P.,21· 1E'lz+2E .Re(!tw + ~h Es). 
1 (¢>.-5)2 h h <Ph-6 h (40) 

B o6nacTH .itll~PaKl.U'IOHHoro oTpaKeHHH 

re,(9)=1+j4>!+z52l. IEsl2 ... 2e. Re(~-6 Es) z52 I h h -es h ' (4!) 

1a AnH :£ma~ 
I t 

nony'IHu: 

!9 



rnaic 24>o I ~= + 262 I • 
(£1 :t: 1"51. IJ«i>:+s' -6 \2 (42) 

Ha pHc.6 npe.n;CT8llneaw KPHBwe 38.BHCHuoctH uaxcHMaJll>HblX. aHa­

qeHH.ll ~;°"(L.e=O) .B ae~0 {Lef'0} otl61. K8K BH~O 118 pHC.6f 
. lllOX 

B Mitt npH 16\-o·ae, -oq, T.e. BblXOA lf>OtoaneKfPOHOB c KOH6l1Hlil 

He paBHLIX HYJill rny6HH MOKef ,ll;OCTHrHyfD CKOJll> yro.n;HO 60J1J>lllHX 

aaaqeHH.ll. ldHTepeCHO, QTO STOT peaynnaT OCTa8TCfi H B fOllHOI T8t 

opee, ecJIH npeae6peqD npoueccou norno~eHHH. IlpH atou o~axo 

pesKoe BoapacraHHe ae moic npHXO.JtHTCH He Ha 6' = O, a Hee -

KOJll>KO cue~eHo (cu.paa.n;en 4). 
Ha pHc. 7 npe.n;cTaBneHw KpH:ewe ae(S) .n;na paaJIHllHLIX r_ny-

6HH BWXOAa Le npH uanwx aHatleHHllX napauetpa O , Kor.ita yqef 

aqiqieKTOB aepKaHDHOrO OTpazeHHH ,Jtnfi ,JtHlflpal'HpOBaHHO.ll BOnHW npHBOi 

,IU1T y'ile K KaqeCTB6HHO HOBWU HBnBHHHU. ECJIH B 06WQHO.ll ,JtHHaMHQOC-t 

KO.ll TeOpHH no uepe yB8JlHll6HHH Loe IIH~ <£(0) nap.aeT, TO B 

MJlT IIHK KpHBO.ll (£ l 0) paCT6T H MOl:6T B H0CKOJll>KO paa npeBW -

man cooTBeTcnyi>~ee aHalleHHe np11 Le= O, H nHilll'> aateu npH 
U) 

l..e ~ l..eJ1. Ha'!l'HaeT nap.au. 

IlpH .itan:i:.He'1weu pocte L.e aa xpuol z(e) aat1Haaet npoHB-

nanca SKCTHHKIU!OHHw'1 npo:ean, H KPBBWI ae (0) . ll}JI06petaef 

nyxrop6wt BB.it. .. 

Ilepe'1.n;eu K paccuoTpeHHll cnyqaa :ewxo.n;a :etopztU1oro zanyqeHBH 

B reouetpHH !aya ( t) > o· ). B STO.ll reouetpHH c yqefOU H8p8ll8H­

CTB8 (23) KOp0HD ,JtHcnepcHOHHOro ypaBHeHHft (I9) c OTPHU8f8Jll>HOI 

UHHUO.ll qaCTl'>ll nerKO HaxO,JtHTCH: 

Y! =-&- ~h • (43) 

<r 

Ilpe aTou xopHH y1 , Yz aaxo;zr.HTCH H3 KBap.paTaoro ypaB­

HeHHa 
~a 

0 

Y(y+5-<i>h)- s:$., ::;u. 
(44) 

YpaBHeHHe (44) ect:i:. He.:_qfo HHoe,Kax o6wqHoe .JtHcnepcHOHHoe 

ypa:eHeHHe (4), HO c nepegopuHpOBSHHWUH napaueTpSMH '§ H d. 

(cu.lflopuynw (30)). 

c yqeTOU lflopuyn (43) H (44) ,JtJlfi aMIIJIHTYAW nonH OTpaEeHHO.ll 
6 

:eonHw Eh HMeeu: 

s c'Xh 
Eh = - { 6' + ~h )( ¢h + $h) E o • (45) 

EcrecTBeHHO, QTO npH o-oo s 
aunJU1Ty.n;a E., CT peMHT-

CH K Hylll), a napaueTpW ; H CZ CTpeMHTCH K CBOHM HCXO,JtHWU 

aaaqe HHHM ~ H °' (2), (5). 

lduepecHoe c,ne.itCTBHe ipopMynw ('+5) COCTOHT B TOU, QTO B cny -

qae ABIPPSKIU!B :e reoMeTp1111 Aaya yqeT aepKaJll>Horo oTpa~eHHH .JtHIP­

PaKIU!OHHOI BO"l!HW .n;aet OTnHllHYll Of npauo.ll KpHB~ll BLIXO.n;a de (0) 

AaJ:e AJIH nopnHLIX BanyqeHJII c Le= 0 (cu.p11c.8). 

c yqeTOU ipopuyn (43)-(45) 0611U1e BWp81:8HHH ,Jtnfl WIIIJIHTYA BOJI­

HOBWX none« H0CK0"11DK0 ynpo~Bl>TCH, B HX UOl:HO c yqeTO.ll (20) npe~­

Cf8.BBTD B CJ16,Jtyllllt6.U BH;Ae 

D(t,t)-('1>.,+S )n-(t,2) n-(t,Z)feS/E) 
h-,+,. $. h+O \h 0, 

"t'h + h . 
(46) 

u.2> - c Xh D 't,a> 
Da - ee!'·z>_~0 h ' 
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-(f,2) 
r .11e D0 h onpe.11eJIReTCR no (}.>opuyJie (I3), :s Koropoil: KOPHH 

I 

2e~1•2' BblllHCJlRX>TCH no qiopMyJie (6) c nepeHOpUHpOBWIHWIH napa-

MeTpw.rn ~ B COOTB6TCTBHH c qiopMyJIOii (30) H p saueaaeTCfl 

Ha 
,_ 24>0 
~= 6'+.$h (47) 

~OPMYJlbl (46),(4),(30),(14) nos:SOJUIDT pacClll!T~TD BblXOA BTO -

pHllHlilX HaJiy11eHHil: :s reoueTpHH Jlays npH 6 > Oo :s pauKax MllT, 

He rrpH6eraH K pemeHHn AHCnepcHOHHoro ypa:sHeHHH 3-ro nopa;iu<a. 

ITO Mepe pOCTa l..e MaKCHMYM Ha Kp.Y!BOii iE(B) yBeJIHtW­

BaeTCH (CM.pHc.9) yEe B nonHOii aHWlOI'HH c npe.11cKaaaHHruut o6blll­

HOM .u.HHaMHlleCnoa TeOpHH. 

. EcJIH rny6HHa BblXO,l{a l..e > Lp (CM.(38)), TQ KPHBafl ae(S) Bbl­

XOAHT Ha H6KOTOpblii aCHMllTOTHll6CKHi pem!M no 8H8.110I'HH c peayJI:D­

TaTaMH 06blllHOil: AHHaMHll6CKOil: ~OpHH (CM.(17)). 

4. BO.nHOB!ile noJlfl a BliXOA qioToaneKTpOHOB 

Ha rpWIKqe reOMeTpHB Bparra-!ays 

IT pH cp0 6JJ.HaK~ K I 'ii I , KOr)ta nap&11erp 151 ~ .00 , ;itllfi 

8HaJJ.H3a ,IUlqipaKLtMOHHOro npouecca H Cll8IU!4.lHKH BliXOA8 BTOpHqHwc 

,H3Jly'leHHil: He06XO,lU!MO y-.a o6paut8TbCfl K OC511{euy .zutcnepCHOHHOMY 

ypa:sHeHHD (19) H qiopuy~au (21), (22). 

KaK 6y,lleT BH.llHO~HH:le,CHJI:DHOe .AHWPaKl.UIOHHOe pacceHHB8 HM66T 

M6CTO npH yrJiax ~ 8 1 KOi']{~ yron BblXO.l{a ~h C5JIBSOK K <Pc 
ilOCJ16.llH66 06CTOHT6JI:DCTBO AaflT BOSMOlltHOCTh H6CK0nl>KO yIIpOCTHT» 

qiopuyJ11i1 (21), (22). C y11erou uepa:seHCTB ·I Y;. I, 16 I« '1>c nano 

\iaxo.nHM: 

22 

H 

3A8Ch 
cXh 

s = 1x.1 

S C 'X.h <Pc 
Eh z <Pc y, Eo 'S S Ta Eo (48) 

(1) (2) <P: 
Dh = - Dh :. 5 IJ I • I - • I ' E 0 (49) 

rroneu nSAB.llll{eil: BOJlHbl MO~HO B AaHHOU CJiyqae rrpeHe6pe11», a 

.l{JIH BblXOJ{a qioTOSJI6KTPOHOB B o6JiaCTH CHJI:DHOro AffqipaKUHOHHOro 

p8CC6HHHH HCnOJlhSOBaTh WOPUYJIY 
00 

a? (e) ~~di! P(l.)· jDh(~)l 2 . 
(50) 

0 

B nep:sym 011epeA» ecTeCTBeHHblil: HHTepec npe.11cTa:snaeT cnyq~ 

AHWpaKUHH Henocpe.11cT:seHHO Ha rpaHHUe Eparr-Jlays AH~PaKl.lHH , 

KOrAa napaueTp 5 = O. ,llHcrrepcHoHHOe ypa:stteaHe (19) YA06Ho 

nepenHcaT» B cJie,icrm~eil: (}.>opue: 

~ ( IJ 2 
- <P: + <Pc2 

- L 'Xot) - o: = 0 . 

PaccuoTpHY cnyqaii cJia6onorJiall(an~ero KPHCTaJIJia, Kor.11a 

I( o~ « 5,, 2 ' 

H paccuoTpHM o6ecu yrJIOB no .A8 , Kor.11a 

I ~· - ""2 I « 6 z c 't'h 0 • 

(51) 

(52) 

(53) 

B &TOI '06nact11 aeTPYAHO :s1111u1cau np1H5nneHBYe BYpaael:lllH .u11 

Kopael .-onepo•OBBoro ypa:sHeBllH (SI): 
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r.lle 

. a 
~ 1 = &o. ( 1 + S) 

~i= oo(ft+ ~112 ) 

Yl = bo ('}2
+ ~ 'l) 1 

a. = 
4>: - ¢>c

2 
+ i. Xo~ 

o: 

~ (54) 

(55) 

2ni. 
H ti= exp ( 3) 

1("·)3 
B qiopuyJie (54) OT6poweHbl nonpa:sKH nopR;llKa 3 T · , TaK 

llTO aTa ~opuyJia ;llaeT oqeHL xopowee nJ116JIHJreHHe · .llJlfi Kopaea M~ 

;llalll:e B TOM cnyqae, Kor~ X0~ ~ 00
2 

H 14>: - c:S>: I ~ 6'o · 

H 

c ylleTOM (54) nerKO HSXO;llHM: 

s cf>o 1 E 
Eh= 5 -ro· 'l('l+'i) o (56) 

. t E 
(1) tt) 4>c __ _::..0:.....,...,::-:-::~:--~:-

Dh =-Dh =S 6! 'v1-1)(1+(1}1 (1+'t')) (57) 

TaKHM o6paaou KBa.llPa!' aMIIJll4TY.ll.li noJlfi I Dh \
2 

aa rny6HHe KPHC-
1 

TaJIJia CHJ!LHO npeBOCXO;llH! COO!B6!CTBYDDtYD B8JIHllHHY Ha no11epx:HOC~ 

TH (cM.pHc.IO) H 

2 S 
2 

( 4>c )4- 2 IDh t~lma" ~r "So · IEo\ (5~) 

IlpH 3TOM fny61r1Ha; Ha Kf?!Op0'1 peaJIHs; e!Cll MaKCKMWU.HOe 

29-

3HairnttHe aMl1J!HTYAll 110J!H ;llH~lpar11poBa1rno~ BOJ!Hll 

.A 
- ' Lp z 350 ( )9) 

60 • T.e. Lp pacTeT 110 1o1epe yMeHbcleHHH 

CJie;llyeT OTMeTHTb, llTO 11apaMeTp S0 

GKOJ!b yrO;llHO 1o1aJ!blJ~, TaK KaK yrJI!l CKOCa 

He ;,;Ql!{eT 6b!Tb Jli:l:lpUH 

1~1< ~ • l.IHHH -

MaJ!l>HOe attalleHHe 00 011peAeJ1HeTCH OlleBHAHOVi ~OpMyJ!OM: 

c'mLn_ 2/3 ·(4>c)4/3 
Oo - S <Pc 2. • (60) 

Boo6me ro11opH AHtiipaKUHH Ha caMol1 rpaimue, T .e. np11 6 = 0, 

MOllteT O!lTb He 011TltlMaJlbHO~ c TOllKH apeH!tlH 110J!Yll6HHH 1o1aKCHCaJU.-

HOro OTHOweH!tlH 1Dhl 2~1Eol 2 
• ~e~CTBHTeJ!bHO, KaK BH,ll.HO 113 

u.z> 
¢opMynu (49), aMl1J!HTYAhl Dh BOapacTaJOT 110 1.1epe cdJIHlKe -

HHH KOpHe~ ~ 1 H y
2 

• l1oaT01o1y B03H1t1KaeT oCTeCTBettttui\ Bo11poc 

0 HaJIHllltlH BblpO~AerlHhDC KOpHeH ;llHC11epc1r10HHOro ypaBHeHHH (19). 

l1peA11ono~111o1, llTO norJiomeHHe cAa6oe 

qacTH X0 H ?(h paBHw.tH !fYJllO. 

HeTPYAHO 11onyllHTb, llTO npH 

6= -3/2 Sa 

H 

<P: ;: <t>: - 3/4 Oo2 

Bee TPH KOPHH ypru1tteHHH (19) 

~t,21 3 = So 

!ti 110JIOliG114 BHalla.ne ldHHLlble 

(61) 

(62) 

I 

TaK KaK HM66TCH B KpHCTaJIJie Bcer;lla nornomeHHe, TO ero yqeT CHHj 

aaet,BhlPD•AeH1r1e, 11 B 11peAITOJIOlleHHH cna6oro 11ornoQeHHH (cu.(52)) 

?C: 



HaJCO]l.KY 

rAe 

~ 1 = 50 -i.Ooa('l-i. ~ q2
), 

~z = 60- i.6oa (Tt'l- i. ~ Tt) 1 

~a= So - i.~a ( 1 - i ~) , 

. - ('Xct )t/3 
a. - 6: 

(63) 

(64) 

B pesyJlb'fa!e AJIH 8.IUIJIHTYA nonel ]l.KWParHPOBWIHHX BOJIH Hueeu: 

(t} <ZJ t s 4'! Eo 
Dh = - Dh ~ '1.('l-1) · 6'! ·--a' 

a AJIH BOJIHOBoro IlOJIH B KpHCTaJIJ16 HSXO;IUIY: 

rM 

D , ) _ 2S 4>! Eo -l/i.o . (Bl ) 
h \!. - 'l(1-'l) · s: ·(le · sm Lo , 

.A . 
~o = SS'oa 

(65) 

(66) 

(67) 

(AJIH npOC!O!H MH ~nyCTHJIH B ~opuynax (65),(66) QJI6HH nponOplUllr­

HallHY6 a" B BWpalleHHllX ,D,Jlft KOpHel (63)). 

KaK BHAHO Ha WQPMYX (65)-(67) no uepe yueHbmeBHH norno•eHll~ 

(yueai.weeHH nap811eTpa Xoi. , a Teu cau1i111 H napaue!pa Q ) au-

1 Dml!YAH nonel BOspaC!aE!, H B llPHHIUlll8 MOry! AOC!Br8!a oqe&b 

6onllD1X 8Hall6HBI, OAH8K0 np• STOM cornacHO (67) p8C!8! • rny­

CSKBa, H8 ltO!OpOI WOPUHpyeTCll MaKCHYyY .llOJlfl A11WpaI'JIPOB8HHOll BOJlt 

-~~ -

HH. 

Taimu o6pasou, JlHWb HanHtUte norno111eHHH npenHTC~Bye! 4Jopu•­
pOBaHHE B KpHCTaJIJle ny111<a c HanpaBJI6Hl!6U IlOTOKa aaepl'HH B !OQ­

HOC!H napannenbHliDI noBepxHOCTH. TaK, Ha pHc.II npeAC'faBJleHa 

saucHuocu nona jDh ('!.) 12 AJIH cnyqaa Mo Ket, HsnyqeHHH npa 

]l.KWPaKitHH Ha UOHOKpHCTanne KpeUHHH,(220) - 0Tpall6HHH c 

I lfJ I = 330
1

• S!O! cnyqrut HaH6onee nomco]l.KT ,l{JIH ,l{e1i10HcTpwt11H 

nonyqeHHWC Blill8 pesyJibTaTOB. Ha rny6HHe nopa.ztKa 900 i B 450 p~ 

npeBOCXOAH I Eo 12 • 

JlJIH Cu I<~ HsnyqeHHH, KOr,lla norno111eHHe npe,l{CTaBJieHo 6onee 

CHnbHO, nepexOA K BHpO~eHHOH TOQK6 He ~aeT npeHMYlll6CTBa no 

cpaBH6HHE c ;IUIWPaKIU16D Ha rpaHH~e (CM.pHc.IO). 

Ha pHC. I2 npeAC!aBJl6HH SaBHCHYOCTH ~ { e) ,D,Jlft pasJIH'IHblX 

rny6HH Blix:OAa woToanex!poHOB aa rpaHH~a reo1i1eTPHH Eperra-jaya 

.If npH s = -3/2. 60 ' !.e. B OKpeCTHOC!JI BHp0~6HHOH TO'IKH.STO! 

pacyHOK A6YOHCTpHpyeT OJU!Aa6MY6 a<W>eKTY AJIH COOTB61'CTBYElllHX 

SKCD6pHY6H!OB. 
~-

B 88KJIEQ6HJ48 O!M8!HM, Q!O BY.me aHaJIBS B6JlCH JIHilll> AJlfl COBep­

W6HHlilX KpHC!aJlJIOB. EC!8C!B6HHO, BOSHHK86T BOnpoc, HacKOJlbKO 

HapymeHHH B npHDOB6pxHOC!BlilX CJIOHX (HaJIHqae 8110PWH!ix: CJI06B ' 

wepoxOB8!0C!6I llOB6pxHOC!H) HCKaaallf onacaaaym Bhllll8 K8p!HHy. 

STH BOilpOCH 6yAJ! pacCMO!peHH B Il0CJI6AJEUUIX· pa6orax. 

( 
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II0Jllllt1Cltt K PllJCYHKAM 

P111c. I CxeMbl .lll/lcJ.ipaKI.\ldlll pea ue HOBCKriX 11,y qeH B CKOJlb3HlilHX reoweT­

p~Rx Eparra (a), ]aya (6) 111 Eperr-]aya (B). 

95 - yro11 Eparra, 90 - yro11 naAeH111H, <Ph - yro11 BblXO-

Aa AJ114.Jpar111poBaHHOl'O lIY4Ka, 'fl - yro11 CKOCa OTpalKa!OlllJllX -n11ocKOCTeii, Kh - 1•t:.t<TOp o6paTHOii peweTKH. 

Pvic.2 KplllBble 0TpalKeH111H OT MOHOKp111cTanna KpeMHlllH Si. ((422)-

0Tpaw;emie, Cu Kci 1 - 111snyqett111e) AJIH paaJlJll4HblX yrno:e na-
' I I ,.., I I AeHHR <j)0 = (l) 165, (2) 250 , (3) 300 , ,,..., = 330 • 

P111c.3 YrJIOBaH saB111c111MOCTb BblXOAa 4.JOTOaJieKTpoHo:e B reoweTp111111 

£parra npr1 pas11J11qHblX sttaqeHJllHX L.e: (I) O, (2) O,I MKM, 

(3) 0,2 MKM, (1;) I MKM ( <l>o = 300
1
' L.ex"'0,2 MKM ' 

,., I 

l'+"I = 330 ). 

P111c.4 Yr110Bafl saB111c1111wcu BblXOAa iJ]oToa.lleKTpOHOB B reoweTp111111 

Jlaya np111 pasJIJll4HblX 3Ha4eH111HX Le: (I) O, (2) 0,I MKM , 
I - I (3) 0,2 MKM (4) l MKM ( ct>0 = 360 , i'fli = 330 ). 

Plllc.5 3aBJllCJllMOCTb KBaApaTa aMIT1llllTYAb1 .llJll4.Jpar111po:eaHHO~ BOJIHbl OT 
I I 

rny6111Hbl i n p111 yrne BblXOAa 4>h = 16, 5 ( 4>0 = 32 0 , 
- I \~\ = 530). 

P111c.6 3aB111C1r1MDCTb MaKClr!Ma1lbttoro snaqeH111R BblXO.zta 4.JOTOaJieKTpOHOl 
mait rnait I &I <Eo (I) H . «£1 (2) OT yrJIOB 

P111c.7 YrnoBafl sa:e111c111MDCTb BblXOAa qiOToaJieKTpOHOB :e reoweTp111111 

Eparra np111 .paaJIH4HblX 3Ha4eH111HX Le: (I) 0,(2) 0,01 ww..1, 
, - , 

(3) 0,05 MKM, (4) O,l MKM ( <j>
0 

= 320 , l'fll = 330 ). 

P111c.8 Yrno:eaH aamic111MOCTb BblXO.zta cj)oToaneKTpOHOB B reoueTp111111 
• , - f 

]aya np111 Le= 0 ( 4>0 = 340 , , 1"1-'I = 330 ). 

34 

I 

P111c. 9 YrnoBaH saB111C111Mocu BblXO,ZVi <!JOTo::meKTPOHOB B re OMflTpmt 

J1aya Hp111 pasJllll4HblX sttaqemrnx L.e: (I) O, (2) U,05 MKM , 
I - I (3) Ll,l MKM, (4) 0,2 MKM ( cp

0 
= 340 , i'f'I = 330 ). 

P111 c. IO 3a:e1r1c.HMOCTI> KBaApaTa aM111I 111 TY.ztbl .lllll!l>Par1r1p0Battttoii BOJIHbl OT 
I 

<j>h = (I) 13,34 , rny61r1tt1i1 c np111 yrnax BblXO.zta 
I .f.. I I 

(2) 13,21 Ill '+'o= 330 , 326 19 C OOTB; TCTBe HHO 

< 1~1 = 330
1
). 

P111c.II 38BJllCJllMOCTb KBaApaTa aMllJlJllTYAbl Alll!JJPar111poBaHHOH BOJIHbl OT 

rny6J11Hli l np111 <Ph= 6,068 1
, <j>

0 
= 328,6 1 (I) (Bbl -
I -pOli,l(0HHafl T04Ka) Ill <Ph = <Pc = 6, II3 , <Po= I'+' I (2) 

...., I 
(rpatt1114HaH T04Ka); ( I qi I = 330 , Mo Kot'.t - 111snyqeH111e, 

(220) - OTpalKeHl/le). 

P111c. 12 YrnoBafl saB111c111Mocu BblXOAa !floToaJieKT po HOB (a ) Ha rpaHlll+ 

11e re OMeT p1t1111 .iiparra-]aya ( <Po = 33 0') 111 ( 5 ) B BblpOll­

A6 HHOii T04Ke ( <Po = 326,9
1

) llplll pa3JIJrlt.jHbiX 3Ha4eHJllHX 

Le: (I) O, (2) a.or MKM, (3) 0,05 MKM, (4) 0,2 MKM 

( 14Jt=330
1
). 
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