
KPACTALJIO|PAQWfl, 1994, moil 39, M 2, c. 258 '269

YIIK 548.732

r. BBEAEHI4E

flnuauuvecKat reopnq guQpaxqun peHTreHoB-
cKrrx ryqeli, parpa6oraHHafl elrle B HaqaJIe Hallrero
BeKa, flBllnacb BbIAaIOIIIfiM.Cs' AOCTI{XeHHeM Teope-

Tr{r{ecKoù QnsuxH cBoero BpeMeHI{. cyTb eroli Teo-

puH cocrollT B caMocorJlacoBaHHoM yqere B3arIMO-
gerîcrnnn naAaroqefi u pacceflHHofi peurreHoBcKl{x
BOJIH, pe3yJlbraToM KoToporo tBJIseTctr BO3HIIKHO-

BeHHe B Kpl{craJrne eAHHoro BoJIHoBoro norc. I'IH-

TeHCIIBHOCTb eTOrO nOJIf [pOCTpaHCTBeHHO MOAynI{-
poBaHa n roBTopceT repHoAHrrecKyro cTpyKTypy
Kpr{cranrn.{ecxoli peurerKl{ coBeprleHHoro KpHc-
TAJIJIA.

Bce uHrepQepeHquoHHble eSQexru AuHaMnqec-
Koro pacceflHnfl peHTreHoBcKI{x nyveË He[ocpe4cr-
BeHHO CBt3aHbI C CyUIeCTBOBaHHeM 3TOIO BOJIHOBO|O
[oJrtr u ero B3al{MoAelicrnneu c aroMaMH KpI{craJI-
JrrltrecKofr peurerxu. K ocHoBHbIr"r aQSeKTaM TaKo-
fo poAa Mo)KHo oTHecrrl flBJIeHHe aHOMaJIbHOTO IIpo-
xo>Kgeulifl peHTreHoBcKI{x lyvefi H aHoMuuIbHbIe yr.-
JroBbre 3aB[cHMocTlI BbIXoAa BTOpHTIHbIX U3IyqeHHI{
($oroeneKTpoHon, QayopecqeHIIHH tI Ap.). OgHaxo
oTcyrcrBne coBeplueHHblx KpHcTaJInoB AocrarorrHo
6onruroro pa3Mepa 3agepxano oKcnepuMeHTaJlb-
HOC H3YIICHI,IC NPCACKA3AHHbIX AI{HAMHqECKOH TEO-

puefi eQQexroB Ha AecflTI{JIerHt.
flosnnenue HcKyccrBeHHo BbIpaqeHHbIx Kptlc-

TaJrJroB nrtcorofi creneHn coBepueHcrBa crI{MyJII{-
poBaJro 6ypHsrft pocr I{ccJIeAoBaHnù AHHaMuqecKIlx
eSQexros n HandoJlee npocroË reoMerprln AByx-
BoJrHoBoù guSpaKIIHI{, KorAa ycJIoBI{s orpaxeHns
peaJri{3yrorcfl JIrIrxb Ant o4Hofi cl{creMbl KpHcranJII{-
qecKlrx nJrocKocreIi. PeayJrbraroM 3TI{x HccJregoBa-
nHfi qsnrocb co3AaHI{e HoBbIx MeroAoB AHarHocrI{KH
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peHTreHoBcKr{x nyreft B coBeprueHHbrxxpHgriurJrax, BKJrroqat IIprMoe I{3MepeHI{e aHoM:ulbHoro [poxo)(-

Ae1us B ycJroBgrx ureqrr{BolHonofi 4nQpaxqun u r{3freHue Bblxoga QotoeJIeKTpoHoB B ycJIoBLItx rpex-

ïorrro"oh guepaxqun (uHoroBoJrHoBax'rtaoqu$uKarlu r MeroAa c-rottrnx peHTreHoBcKHx nonH)- [,an aua-

Jrr{3 pa3Jrr{rtHbrx peuTreuoonrl{qecKr{x cxeM AByMepHotî xonluuaqn[, ueo6xogltt"tofi gln ua6lrcqeunr

MHoroBoJrHoBbrx nurepQepeHr{[oHnrrx eQSeKToB. flory.rexuoe AocraroqHo xopotuee corJlac[e 3Kcne-

pr{MeHTa c reopuefi noxisépxAaer eQQeKTnBHosrb npeAJroxeHHblx perueHuù H nepcneKTlrBHocrb co3Aa-

Hr.rfl Ha r{x ocHoBe HoBbrx Hepa3pyulalou{ux MeroAoB aHaJrr{3a crpyKTypHoro coBeplxeHcrBa KpI{crÉuIJroB I{

IroBepxHogl'Hblx cJIoeB.

crpyKTypbl [orITH COBepIXeHHbIX MOHOKpI{CTaJIJIOB
(pènrrenoBcKat ronorpaÔ"", gnQpaxroMerpl'Ifl,

MeTOA CTOflTTHX peHTreHoBcKI{x BoJIH B pa3nHrrHblx

ero Mogl{Qnxaquxx), ruupoKoe I{c[oJIb3oBaHI{e Ko-

TopbIX Bo MHoroM crloco6crsosaro coBepueHcrBo-
BaHHro coBpeMeHHbIx rexHolornË BbIpaIrIHBaHHt
MOHOKpHCTaJIJIOB AJI' pa3JIHrrHbIX TeXHHTIeCKH Ba>K-

Hbrx npfiueueunti, B rlepBylo oqepeAb, MHKpo3JIeK-
TpoHI{KrI.

MuororoilHoBas guSpaxqur npeAcraBJlqer co-
6olî 6onee cJro>Kuufi clyvaù, Korga ycroBnq orpa-
)KeHHfl peanrl3ylorcfl oAHoBpeMeHHo Ans AByx u 6o-

Jree cllcreM KpncrarruqecKl{x rlJlocxocteË, a B KpH-

craJlJle Bo3HI{Kaer rpl{ u 6olee cI{JIbHblx nytlKa,
pacnpocrpaHflIoqnxcfl B pa3Hblx HarIpaBJIeHncx. Ko-

repeHTHac cyrteptro3llllnt sTtlx nyrIKoB o6paayer
cJro)KHyro cTpyKTypy BOJIHOBO|O fIOJIfl, HHTeHCI'IB-
HOCTb KOTOpOTO MOAyJII{pOBaHa B npOcTpaHcTBe B

AByx HarlpaBJleHnflx. 3ro odcroflTeJrbcrBo o6yclan-
JrHBaer noreHIII{uuIbHo 6olee 6orarlte Bo3MoxHoc-
Trr rIpoflBJIeHrIt uHrepQepeHIIItoHHbIx eQSexron
pacceflHl{c peHTreHoBcKHX lyuefi H HX I{cnoJlb3oBa-
:nvrfl, Ans crpyxrypxori AHarHocrI{KI'I. fl,ocrarovuo
IIoJrHoe oIIucaHI{e pa3rutlHblx MHOTOBOJIHOBbIX KOH-

Surypaqr,rrî npegcraBJleHo n QyngaMeHraJlbnofi t'lo-
HorpaQun 3.f. l lnncxepa [].

Mexly reM sKcnepHMeHTaJIbHoe [3yr{eHne AI'IHa-
MuqecKlrx eQSexroB MHoroBonHonoË gnSpaKIIHH

AOnrHe roAbl cAep>KHBaJIoCb HaJIIIqHeM OO'F,eKTI',IB-
Hbrx rpygHocreli. B nepnyro oqepeAb ero Heo6xoAI'I-
MOCTb KOJIJII{MaIIUU llaAaroulero peHTfeHoBcKofo
IIYIIKA OAHOBPEMEHHO B ABYX HArIPABNCHU'X (NSY-
MepHaf, KonnnMalllrfl) c BblcoKoli ro'rHocrblo nopflA-
Ka yrnoBoli cexyuqsl. Taxas KoJIJIHMaqHt, rIoMHMo
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cJro)KHocTH ee TexHHqecKoù peiuII{3aIIHtr, [pHBoAI{T
K pe3KOMY (Ha HeCKOJTbKO IIOpflAKOB nO CpaBHeHI{IO
c AByxBoJrHoBoË gnQpaxqueù) yMenbrlreHrrlo TIHTeH-
cuBHocrr{. Kpoue roro, ucnoJrb3yeMoe roHuoMerpl{-
rrecKoe od0pyqoBaHlle AoJr)KHo npeAycMarpHBarb
BO3MO)KHOCTb npeIIH3UOHHOTO nOBOpOTa I{CCJreAye-
Moro Kpucriurna BoKpyr HecKoJIbKHx (xax MHHHMyM,

AByx) oceri. HeygunureJlbHo nooroMy, qro nogo6-
Hbre SKcneprIMeHTbI cTiurn Bo3Mo>KHbIMH TOJIbKO B
nocJregnr{e roAbl, rJIaBHbtu o6pasou 6larogapfl I{c-
NOJIb3OBAHI{IO BbICOKOI{HTEHCIiBHbIX NYIIKOB CI{HX-

porponHoro rr3Jlyqenl{fl (CU).

Hacronqar padota flBJltercfl KparKuu o6:opou
ocHoBHbrx gKcrrepHMeHTuL[bHbIx pe3yJlbraroB, [oJIy-
rreHnblx aBTopaMH c I{cnoJIb3oBaHHeM KaK o6rl'IHrtx
peHTreHoBcKHx I{srorrHI{KoB B na6oparopnl{ peHTre-
noscxoft orrrHKI{ n CYI Hncruryra Kpl{c'Tiulnorpa-

ôrr PAH, TaK H CI{ Ha ncrorrHnxe "Oa6puxa Soro-
HoB" (tlyxy6a, .f,noHm), npn HerocpeAcrBeHHoM
yrracrnn corpyAHI{KoB ra6opatopun I4.IO. Xapuro-
HoBa u JI.B. CaruoËnoroû, a raKx(e C. Kuxyrbl [I
T. I4runxanrr (ToxnricxuË yHnBepcntet) î2 - 61.

B cnegyrouleM pa3AeJIe paccMorpeHbl ocHoBHbIe
ypaBHeHnfl Ar{HaMuqecxoft MnoroBoluonofi guQpax-
qutl u MeroA lrx peueunx. Cnoco6au peluen]Ifl oc-
HonHofi gKcnepnMeHTaJlbnofi npo6leurt MHoroBoJI-
HoBoro gKcrrepnMeHTa - AByMepuoù KoJIJII{MaIIH}I
ryqKa - nocBflIrleH rperuù pa3AeJI. B rrerBeproM

pa3geJre rplrBeAeHbl pe3yJlbrarbl nepBblx guQpax-
ToMerpr{qecKnx uruepeunù l{HTeHcl{nHocreli nyq-
KOB npH aHOMiUr bHOM npOXOXAeHI{I{ pe HTTeHOBCKI{X
nyveli B ycJroBr{flx ruecrnBornosoË gnSpaxqnu.
Bnepnrte noryrleHo BecbMa xoporuee KoJrHrIecrBeH-
HOe COBnaAeHr{e SKCnepnMeHTaJrbHbrx pe3yJlbraroB
c reoperuqecKnM pacrleroM.

I4ruepeHr{e BbrxoAa BTopHrrHbIx [3ryrreHnfi n yc-
roBrcx MHoroBonHosofi guQpaxqun (uHoronor-
HOBafl r'roguQnKarlufl MeToAa crosqfix peHTreHoB-
cKr4x nonH) npeAcraBJrfler co6oË caMocrosreirbHyro
oKcnepuMeHTaJrbHyro 3aAarry. B pa:gene 5 npeqcran-
JreHbr rrepBbre pe3ynbrarbr H3MepeHHc nuxoga Qo-
TosJreKTpoHoB B yc.ltoBuflx rpexBorHonoli quQpax-
qur{ peHTreHoBcK}rx ayueri. 3Aecr xe orrncan MeroA
pacqera BbrxoAa BTopHqHbIx H3JlyqesuË B MHoro-
BoJrHoBoË reouerpnu u rrpoBegeHo cpaBHeHr{e reo-
pvllr c 3Kc[epuMeHToM.

frasHrrM HeAocrarKoM craHAaprHoro AByxBoJr-
HOBOTO peHTTeHOBCKOTO sKCnepHMeHTa rBJrreTCs
rorepr Sasonoù nHQopr"raqr.ru. Merog crosrrnx
peHTreHoBcKr{x BoJrH Aaer Qaronyrc uHQopr',raqnro,
Ho npu oroM rpe6yet 3Haqr{TeJrbHoro ycroxHeHnc
oKcnepnMeHTa, cBfl3aHnoro c Heo6xognuoc'Tbro H3-
MepeHHfl Bbrxoga BTopurrHblx H3JryqeHufi. MHoro-
BoJrHoBar guQpaKrlrrfl no3BoJrrer peruurr Sasonyro
npo6ner"ry 6er ncnoJlb3oBanl,tfl BTop[trHbrx npoqec-
con. Handonee onruMtursnuù rryrb perxeHr{s eroË
npodreubr rrpnMeur{TeJrbHo K floqrn coBeprueHHbrM
MOHOKpHCTaJTJTaM OnlrCaH B TUeCTOM pa3AeJre.
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2. TEOPVIfl

finHauuuecKafl Teopafl gnQpaxqulr peHTreHoB-
cKHx ny.reË [epBoHaqaJrbHo pa3BnBanacb KaK QeHo-
MeuoJrorurrecKas (6onee uoqpo6no I{cropulo Bonpo-
ca cM. B [, 7]). Bnoc.IIeAcrBHH tloflBlrJlacb crporaf,
Teopnfl, Koropitt Hau6olee [ocJreAoBareJrbHo 6slna
rpegcraBJleHa n pa6ore Karana n ASaHacrena [8].
B eroft Teopnu craproBblM flr'rflercfl. ypaBHeHI{e
Maxcser ila AJrn aMTIJII{TyArI sJleKTp[qecKoro rloJrs
penTreuoscxoË BoJIHII n o6patHoM npocrpaHcrBe
E(k, ol), r.e.

(k' -rt') B(x, or) - k (k . E(k or)) =
( l )

- (4nia,zc2;;1k, to;,

rAe K = alc =2nlly,l, - AnnHa BoJrHbI. B npanoli '{ac-

Tlr c?oHT KoMnoHenta Oypbe [JIorHocrI{ }tHAyI{Hpo-
BaHHoro roKa j(k, to), Koropas crporo Bbltll{cJlflercfl
KaK KBaHTOBOMeXaHI{rreCKOe CpeA[ree OT O[eparopa
nJroTHocTlI ToKa no cocToflHllro KpI{cTaJrJra B [oJIe
H3ryr{eHnt. C yr{eroM cla6ocrn B3auMoAeitcrsus
peHTreHoBcKHx ;ryvefi c KplIcraJIJIoM Mox(Ho npeHe-
6pevr BTopbrM rrJrenoM B (l) (HenoneperrHocrbto) u
Bbrrrr{cJrflTb roK n nuueftHoM no noJIK) npn6lnxe-
HHr{. [4x crporo rlepnoAurlecKol'o MonoKpl{crailna B
o6rqeru cryrlae I{MeeM coorHotueHl{e

/(ko, ro) = 1c2t(l+nirl IxT(k', k,')E'(k,,,o),(2)
mJ

rge k,, = kc * h,,, h. - BeKTop o6parnoË peruerKl{ c

HoMepoM rr (yraxoxceuHuli ua2n),1[(ko, k,) - KoM-

rroHeuTa Oypre KoMnJIeKcHoro ren3opa uoJlrpll3ye-
Mocrrr KpucraJrJra, Koropafl Mo)Ker 6srrn BbITII{cJIeHa
c yqeroM Bcex rpoqeccoB B3al{Moqeftcrnns peHTre-
HoBcKr{x nyvefi c Kpuc.tuurnor'r (nogpo6Hee cu. [8, 9]).

flogcrannn (2) B (l), noryqaeu 6ecxoHerrHylo
cucreMy ypaBHenuË grr aMrJrr{TyA E(k-, or). OAHaxo
n o6u.ruoM crytrae Bce aMnJruTygu E(kr) =E^6ynyr

Miurbr ro cpaBHeHlrro . Eo, nocKoJrbKy (k3 - K') =

= XoK2,a Gl - K2) = 2hh, + h?^ nopnÂKa r{3. Taxnu
o6parou, orHoureuneE^lEo= Xo= 10-5, tITo B11orHe
AocrarorrHo Ans roro. .rro6lr npeHe6peur BceMH
paccerHHbrMr{ BoJTHaMH rro cpaBHeHH}o c Eo. Curya-
rlr4fl MeHflercfl, ecJlu KpI{gTiuIJr opHeHTupoBaH orHo-
cureJrbHo BeKTopa rraAaroqeË sonurr l<o raxnr"r o6-
pa3oM, rrro Ars BeKTopa o6parnoË peruerKu c HoMe-
poM n TaK)Ke BbrnoJrHreTcr ycnoBHe

(k: - K') = xoÊ. (3)

B erou cryqae aMrJrnTygrr Es u E, 6yuyr HMerb
cpaBurrMbre BeJrlrqr{Hbr, u Heo6xoArrMo peurarb cuc-
TeMy r{3 AByx BeKTopHbrx ypaBHenuË. BosHrxaer
AByxBoJrHoBar guQpaxqvfl, c oAHr{M gnQparHpoBaH-
HbrM [yrIKoM.

Jlerxo y6egnTbcr HenocpeAc*rBeHHo, rrro AJrr Jrro-
6oli g.nnHbr BoJrHbr H3ryqennr npocrbrM noBoporoM
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Kpncrilrna BoKpyr AByx B3aHMHo nePneHArrKynflP-
Hirx oceù MoxHo yAoBJrerBopurb ycJIoBHIo (3) grts

AByx BeKTopon odparHofi pertrerKu oAHoBPeMeHHo'
HanprrMep, c HoMepaMu n n l. B etou cryr{ae ABa Arr-
QparupoBaHHblx nyrlKa 6ygyt SIIJI6H6IMII, tI Bo3Hu-
Kaer rpexBoJlHoBafl gnQpaxquc. Pearbnafl curya-
qur, oAHaKo, HecKoJrbKo cJlo)Ksee. OAHoBpeMeHHoe

BbttIorIHeHHe ycJronnfi kf = kl = k? = K2 ognaqaet,
rrro B o6parxoË peurerKe KpI{criuIJIa qepe3 TpI{ y3Jra
0, N, L nponeAena oKPyxHocrb, Koropafl sBrflercfl
cerrenrreM cQeprr 3naarga, T.e. cÔepu c paAlrycoM
K. B psAe cryrraeB u3-3a sslcoxoË crMMerpnu o6-
parHofi peruerKn oror Kpyr Mo)Ker npoùtu u eule
rrepe3 HecKoJrbKo ee y3JIoB. Torga quSpax_qnr 6yget
He-3-sorHosoË, a 4-,5-,6-norHosoË n r.g. llrxIqHrtË
MeTOA HaXOXAeHI{fl AOTIOJIHITeJIbHbIX y3JIOB OnI{CaH
B KHHre fluHcxepa [].

flpuHuuar Bo BHI{MaHI{e 9To o6crosreJlbcrBo,
paccMorpl{M cpa3y clyuair, KorAa yc.noBue (3)

BbrrroJrHsercfl gnx N - I nexropoB o6parnofi peruer-
KH H petull{3yercfl N-sorHonae gu$paKlll[fl B nJIo-

cKorrapaJlrenrHoft nJIacrI{He c HopMaJIbIo x nxo4HoË
rroBepxHocrl{ no. B groM cnyqae BoJIHoBoft nexrop
nagarou{eri sorHsl B KpHcraJIJIe \ nrrpaxaercs qe-

pe3 BoJIHosoË BeKTop BaKyyMHofi sorHrl K" cooruo-
rrreHueM h 

- K" # enolZ. flepexogt or BeKTopHbIx
aMnJrr{TyA sneKTpHr{ecKoro rlorc K cKtuIspHbIM c no-
MOU{brO pa3noxeHl{fl

E(k.) = T)to,Io8',",,,,

BeHHbIx xoxQxryparyË BoJIHoBoro noJrfl u3ryrleuufl
(moxvnx peHTreHoBcKI{x nonH), Kaxgafl I{3 Koropblx
pa3rurrHblM cnoco6olr ssanuogeùcrByer c aroMaMu
KpucTturra H, B qacTHocrl{, no-pa3HoMy rIorJIouIaeT-
cfl npn pacrrpocrpaHeHnn B HeM. flolHan aMrlJrnryAa
gJreKTpuqecKoro rIoJIfl penTreHoncxofi BoJIHsI nPeA-
craBJrfler co6ofi cynepflo3llqlrrc Bcex crofltlrrx BoJrH c

pa3rurrHblMl{ roeSQuq}renTaMvl ay Koropble Ha3bI-

BaK)Tcs c-re neHfl Mu nor6yxgeHllfl . KoHxperHble 3Ha-
IIEHI{.g STIIX BEJIUIIUH O[PEAEJIflrcTCfl U3 TPAHHIIHbIX

ycronnË Ha rex noBepxHosrflx rulacrl{Hbl, Ha Koro-
pbre na1alor BHeurHlIe [yrrKn. flocrponM I{3 aMrIJrI{-

TyA BHerIrHux nyrIKoB BeKTOP D^rT,,"". Torqa cl{cre-

My ypaBHeHIlli AJrr onpegeneHl{.R Berlttllln 4j Mo)KHo

3arrucaTb B BI{[e

\B -,,e*p (ie,t ̂/ 2) aj = D,',, (8)
j

tTe tn= 0, ecrrl T^> 0 H t^ = t, ecwr Tr ( 0, / - roluln-
Ha nJr acrl{H bI KpHcraJIl a. He nrBe c-rnbl e aMnJII{TyAbI
gn$parupoBaHHblx ryrrKoB paBHbI

KA3I,IMIITPOB u AP.

(4)

(6)

(7)

P(m's',ms) = 
lHj'

R,,, = f B,,re*p(ie,z^/2)ai,
j

r$e zm= t, eciltrY,, > 0 v z^= 0, ecln Y,, < 0. KoeQQn-
qHeHT orpaxeHyrfl, cKanrflpHori BoJIHsI (ms) n BoJrHy
(m's') paBeH KBaApary MoAyJrfl orHoIIreHHs HeH3Becr-
Holi aunJIHTyAbI x usnecrxoli

(e)

( t0 )
fAe enr Yt E^a- B3auMHO [eprIeHAHKyJIflpHbIe eAHHnq-
Hbre BeKTOpbI TIOJIflpI{3aqHH, [epneHAHKyJIflpHbIe
k^,T^= (k,, . no)/K, cncreMy uz2N caMocorJlacoBaH-
Hbrx ypasHeHuft Mo)KHo npeAcraBnTb B BHAe 3aAarrn
Ha co6crBeHHble 3HaqeHHt HeKoropoù uarpnllbl

EB ̂, = Zxy;t" 
^t;t,' (-o-ô;., + N:^) B ̂ , , . (5)

m ' s '

c S . f '

3Aecr ô;-, - cI{MBoJI KpoHexepà, u^ - rapaMerp,

xapaKTepuryroulnË creneHb HeBbIrIoJIHeHnc ycJlo-
nnn Eperra AJrt BeKTopa o6parHofi peruerKl{ c HoMe-
poM nl,

a^  =  (  (K ,  *  h , , ) '  -  K ' )  /K2 ,

a MaTpHIIa

l.l)^, = T "-,xT(k-, k-')d^, ,, ,

cocTaBJIeHa H3 SJIeMeHTOB, KOTOpbIe B KI{HeMaTHr{e-
cKoM npn6r nxce H HII npeAc'TaBJIfl ror co6oli aMIJII{Ty-

Ay pacceflHvtfl, gn$parnpoBaHHblx nyqKos. flo eroli
rpur{HHe 6yger*a Ha3brBarb ory Marpnlly KI{HeMarH-
qecxori Marpl{qe ft paccetuut .

3aga.ra (5) ur'aeer 2N peureunfi. CoorsercrBenHo
B Kpr4craJrJre Bo3HI{Kaer 2N paztuqublx flpocrpaHcr-

florHoe petueHl{e rpaHnrlHoft :agavu ttpoule Bce-
ro noryqnTb cpeAcrBaMu a.nre6psl MarpHII. llepeuu-
rrreM ypaBHeHnn (5), (8), (9) B MarpuqHoM BHAe

B *  t = G *  B r X * A - D ,  R - Y * r A , ( l l )

rAe er,.= €ôu.- AnaroHiulbHafl Marpl{qa co6ctseHHrIx
gHaqéHnù. Burqucntsfl, BeKTop A c nouolrlblo o6par-
Hoft rraarpnllbl X-1, no.nyqaeM Hen3Becrurtft BeKTop
R s sHAe

R -  Y * { t * D = M * D ,  M - Y * { t .  ( 1 2 )

Taxuu o6pa:or*r, MbI noryr{Hru HoByIo uarpnqy M,
KOTOpas HenocpeAcTBeHHo cBt3bIBaeT HelI3BecrHbIe
aMnJII{Tygrr gHQparHpoBaHHbIx nyqKoB c rI3BecrHbI-
Mr{ aMrrJrHTyAaMH rlagaloqnx nyr{Kon. BnolHe ecre-
crBeHHo Ha3Barb gry MarpI{IIy AnnaMuqecKoli uar-
puqeft pacceflHl{t.

B craxgaprHoM peHTreuognQpaxql{oHHoM aKc-
nepHMeHTe Ha KpucraJln oGuqso naAaer roJIbKo
oAr{H [ytloK. OgHaxo oro coBceM He raK, ecJII{ KpI{c-
TaJrJrr{qecKas rIJracrI{HKa flpegcraBJlfl er co6ofi oAIIH
H3 cJroeB MHorocJloftxofi Kpl{srtulrnqecKoli cncre-
Mbr. He ocraHaBJllIBaflcb Ha AeraJlflx, orMerHM
JrI{rrIb, rITo rorluoe peueHue etoti clo>xuoË 3aAaqu
6rmo ilorvtreHo n pa6ore [10]. floxoxafl, cnryatir4fl,
Moxer Bo3HI{KHyrb B MHoroKpncraJrbHofi cucreue.
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IIICJIb VIK

3. PEHT|EHOBCKAq ONTHKA
MHO| OBOJIHOB OfO 3KCNEPI4MEHTA

Arc Ha6nrcgeHnr AuHaMuqecKHx e$Qexron B
o6rr.rHor{ AByxBoJrHoBoM oKc[ep[MenTe Heo6xogu-
Mo BbrloJrHenr{e AByx ocHoBHbrx rpe6onaHufi K naAa-
rorrleMy Ha o6pareq nyrrKy. Bo-nepnux, yriroBoe
pacnpeAeJreHr{e HHTeHcuBHocrr{ AoJrxHo 6srrr MeHb-
rue, rreM ulrpr{Ha co6crseHHoli xpunofi orpaxeHnfl
HccJreAyeMoro KptrcraJrJra. 3ro gocraroqHo JrerKo
AOCTr{raeTCr IIyTe M lrcnoJr b3oBaHr{r acHMMeTpHrrHo-
ro KpncraJrJra-KoJrJrnMaropa I l]. Bo-nropbrx, cneK-
TpeurbHoe pacrpeAeJreur{e L}rl ^" AoJr>KHo 6rrrr raKo-
ro xe nopflAKa uJrH MeHee. B AByxBoJrHoBoM gKcne-
puMeHTe BbrnoJrHeHr{e BToporo ycnoBHr MoxHo
ns6e>Karb, ecJrr{ ucnoJrb3oBarb 6esgucnepcnonHyK)
cxeMy, B KoropoË grQpaKrlnouHbre rrnocKocru Kpn-
craJrJra-KoJrJrrrMaropa lr o6pasqa rap:urJrelrHu. He-
yAHBlrTeJrbHo [o3ToMy, rrTo rlHpoKoe paclpocTpa-
HeHI{e B AByXBOJTHOBbTX SKCnepnMeHTax noJlyrrHnH
AByx- HJrH MHoroKpr{cruurbubre 6ergncnepcr{oHnbre
cxeMbr c acrrMMeTpHr{HbrMr{ Kp}rcTaJInaMI{.

B uuoroBoJrnoBbrx gKcnepr{MenTax o6a nepeqllc-
JreHHbrx ycJroBHfl AoJrxHbl BbrnoJrHflTbcfl oAHOBpe-
MeHHo AJrfl Bcex orpaxeHuù. flpexge Bcero oro
o3Harraer ueo6xoguMocrb yuonoft KoJrJrr{Maqr{[
naAarou{ero nyqKa oAHoBpeMeHHO B HeCKOJTbKHX
HarpaBJreHucx. Anroprr t12l B TpexBoJrHoBoM
(333151 l) excnepuMeHTe AJrfl yMeHbrrreHr{r ropr{3ou-
ransuoli pacxoAuMocrn nytrKa CVI HcrroJrb3oBiurn
y3Kyro uleJrb. Kol.nuraaquc AonoJrHHTeJrbHbrM Kpr{c-
raJrJroM ucnoirb3oBaJracb aBTopaMu [13] u [14] ane
perrreHr{fl Saroroù npo6neuu. Hanlyqmac yrnoBas
KoJrJrHMaqnn0.5 n 8yrn. c coorBercrBenHoB ropn-
3ouTaJrbHoft u BeprnKeurrHoË nJrocKocTrx 6ula go-
crr{rHyra n [4] rryreM lrcnoJrb3or,anyrfl, acnMMerpnq-
Horo KpHc-TaJrJra Si(lll) H rrleJreBoro KpncrrurJra-
KoJrJrr{Maropa Si(220), oprreHrrdpoBaHHbrx B3aHM-
Honep[eHArrKyJrrpHo. Teu He Menee, npo6.neua
Ar{cnepcuu ocrilracb HepeueuHoù.

B Harunx eKcrrepuMeHTax t5] [crroJrb3oBaJrrrcb
ABe MHOTOKpHC-TÉUrbHbre cxeMbr, npeAcTaBJreHHbre Ha

26r

si(220)
cqerrrlK Soro-
SneKTpoHoB

'o6pareq

puc. I u2npuueHnTeJrbno K Merogy crofltrr{x peHT-
reHoBcKHx BoJrH. B neproù (pnc. l) Rnc MoHoxpoMa-
Trr3arlnlr rtyqKa CH or roBoporHoro MarHETa r{ KoJr-
JrHMarIun B BeprnKalsHoli rrJrocKocrr{ B gKcneplrMeH-
rax ro rpexBorrnosoË (llU220) gnôpaKrlur{
r{cnoJr b3oBaJrcs AByxKpr.rcraJr bH br fi uouoxpoMarop c
cHMMerpHrrHbrMH Si(l I l) xpncraJrJraMr{.,[ln xonlu-
MarIHlr B ropr{3onTÉMbHori nlocxocrn r{cnoJrb3oBiur-
cn Si(220) ulenenofi xpucraJrJr-KoJrnlrMarop c ABy-
KparHbrM orpa)r(enr{eM. [4x roro .{ro6rr cAeJrarb
cxeMy [oJrHocrbro 6ergucnepcuoHHoli, uleleroù
Kpr{craJrJr-KoJrJr}rMarop 6rrn u axJrone H TaKr{M o6pa-
3oM, .rro6rr grQpaxqnonnbre rrJrocKocrr{ (220)
KoJrJrr{Maropa n o6parqa 6rrln napiurJrelrxu. 3ro
ocyqecTBJrflJrocb [oBopoToM KpHcTaJrJra BoKpyr Ha-
IIpaBreHHc rraAaroqero rlyqKa Ha cooTBeTcTBy-
roulnli yroJr. Taxuu o6parorra, npu o6pa6orKe oKcne-
pHMeHTUUIbHbIX AaHHbrX OKa3ÉUrOCb BO3MO>KHbIM
yrr[TbrBaTb ToJrbKo yrnoByro pacxoArrMocTb rraAaro-
qero nyrrKa. floclegxflr onpeAerfl.rracb KaK rrpor{3-
BeAeHHe KpHBbrX OTpaXeHr{r AByxKpHcTaJrbHoro
MonoxpoMaropa R,,, H rrleneBoro KprrcraJrna-
KoJrJrnMaropa Rzn.Ha qnyrr.repHoli (0, 0) Ar{arpaMMe
pacnpeAeJreH[e uHTeHcrrBHocTr{ naAarolllero nyrrKa
npeAcraBrflercc, xax o6nacrb nepeceqeHnr AByx no-
noc (pnc. 86). HrrlenHo era o6racrb HcnoJrb3oBaJracb
B nporleAype cBeprKH rrpu o6pa6orKe pe3yJrbraroB
TeopeTHrrecKHx pacrreToB AJrfl cpaBHeHrlx c sKcnepu-
MeHTaJrbHbrMH AaHHbrMr{. Ouu.rHoe coBlaAeHr{e re-
opHH c oKcrepnMenToM [5] uoRrBepxÀaer eQQex-
THBHocrb gauHofi cxeMbl.

OcnosHrrlr HegocrarKoM paccMorpeHHoro nog-
xoA a fln'rflercrr orcyrÇ'TBr{e yHuBepc€ur b H ocrr{. floero -
uy 6orrrurofi HHTepec [pegcraBJrser noucK cxeMbr
KoJrJrr{MarIr{H, Koropyrc Mo)KHo 6suo 6u ucnoJrb3o-
Barb AJrfl caMbrx pa3Jrr{qHbrx MHoroBoJrHonrrx xou6n-
HaqnË. Han6olee nepc[eKTr{BHbrM rrpegcraB rflercs,
ItcnoJrb3oBaH[e grtr grru( qeleri caMlrx MHoroBoJr-
HoBbrx eQ$exron. I4lnecrro, B rraqiltoc-n{ tl5]
(ct*1. raxxe cneAyroqurî paeqen), rrro ymonan o6-
JracTb aHoMaJrbHoIo npoxoxAeHr{fl peHTreHoBcKr{x
ryveû B ycroBnfl( rrrecruBo.nnonoË gnQpaxquu

H CCIEAOB AHI{E MHO f OB OJIHOB Or{ [nO pAK rLlln PEHT|EHOB CKHX nyqEH

NaI-l I I

NaI-220

s i ( r  I  l )

ncroqHnx CH

/ g

Pnc. l. Penmenoonrr{rrecKas cxeMa MHoroBoJIHoBoro gKcnepuMeuTa, HcrroJrb3yroul:rr Anr AByMepHoù xonnnMarlgr{ rrleJre-
nofi xpucriurJr-KoJrJrrrMarop (HK - uonn3arlrloHHar xauepa).
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o6pareq
s i ( l  I  l )

I

cqerql{K Qoto- |
oJreKTpoHoB I

\
t l i l l

220

tle'
.]à

{
Jtp

6-sorHonoft
KOJTJTI{MarOp

s i ( l  r  l )
) * ^ -220

s i ( r  r  l )

I si(220)

s i ( r  l  l )

cxeMa MHoroBoJrHoBoro 3Kc[eprrMeHTa Ha ocHoBe IUeCTHBoJIHOBOTO KOnn[MaTOpa.

T
nc-ro.rHnx CH

Pnc. 2. PenrreHoonrurrecK:lt

cHJrbHo orpaHHrreHa B AByx B3aHMHo nep[eHll{KyJltp-
Hbrx HanpaBJreHnflx. 3ro TBJIeHI{e u 6rmo lrcrloJlb3o-
BaHo Bo BTopoË pen'meHoorlTurrecxoft cxeMe (pnc.2).

flyuox CI,I or Beprl{KaJrbnoro Bl{rrurepa, MoHo-
xpoMaru3upoBaHnrtù c rloMolqblo AByx cnMMerpuq-
Hbrx Si(l I l) xpncraJrJroB, orKJIoHflJIcr KpI{craJrJIoM
Si(220) Ha rrosreAyloIr1re KoJIJIrrMarop H o6pareq.
B xa.recrBe KoJrJruMaropa [c[oJlb3oBaJlcfl KpI{craJIJI
Si ronquHofi 5 MM c oprieHTaqueli roBepxHocrrl
(l l l), ycraHoBJrensrtfi B rIoJIoxeHHe IIrecrI{BoJIHo-
noù guSpaKrlnu no Jlaye. Ha nocJlegyloqnfi KpHc-
rarn-o6pa3erl nagaJr aHoManbHo rrpomeAuruft npfl-
uofi ny.rox. [aHHax cxeMa l{cnoJlb3oBaJracb HaMI{
KaK B gKcrrep[MeuTax no H3yrreHI{Io cauoû luegrl{-
BoJrnoBoli g[QpaKrIrIH, TaK I{ B gKcrIepI{MeHTax rro
TpexBonHosoË (l I U220) gnQpaxqlru. Heo6xoqnuo
OTMeTnTb, IITO n O6u1eU C1yqae 'Ta CX.MA flB'fleT'fr
AucrrepcnouHoft. OgHaxo, KaK noKa3aJrn Haruu r{c-
cJreAoBaHrc [5], ruectrrBorHonoù KoJrJrHMarop ocy-
rrlec-TBJrfeT AorroJrHHTeJrbHyro MoHoxpoMaTI{3aIInrc
ryrrKa (go yponns L?,"17,"= 1.5 x l0-5). B clyvae rpex-
sornosofi (llU220) nuQpaKrlr{n ora BeJrr{rrr{Ha
MHoro r'reHirue yrnoBblx o6lac:Tefi I8yr{aeMblx or-
paxeHIlfi, rITo rlo3BoJlser [peHe6pevr HeMoHoxpo-
MaTr{qHoglbro I{ yrrHTbrBaTb ToJrbKo yuroByro pacxo-
AHMOC.Tb.

B 3aKJIIoqeHHe groro pa3AeJIa orMerr{M, r{To

BTopas cxeMa flBrsercfl, rrpnurlr{[HtLrrbuo Hosofi vryrc-
noJrb3oBuuracb HaMrr BrrepBbre, oAHaKo uuoroo6pa-
3rle BO3MO)KHbIX peHTreHOOIITUrreCKIIX CXeM AJrr
MHOTOBOJTHOBbIX 3KCnepUMeHTOB He OrpaHArrHBaeT-
cfl paccMoTpeHHbrMH Bbrrue cryqaflrtan. c gpyrori cro-
poHbr, pa3BuTlre cuoco6oB AByMepxofi yrnosoË xor-
Jrr{Marlnlr Mox(er 6srtr c ycnexoM l{crroJrb3oBano B
Apyrnx o6racrxx peHrreHoncxoli gnQpaxqnu (gu-

Qpaxqur B ycJroBr{flx noJlHoro BHeIuHero orpaxe-
Hr{r, Torrorpa$ur I{ T.A.).

4. AHOMAJTbHOE TTPOXOXÀEHIIE
PEHTTEHOBCKLIX JIYqET{

npH ITTECTI,IBOTTHOB OÛ ÂI{OPAKIII4I,I

flnnenue aHoMiulbnoro npoxoxAennfl peHTre-
HoBcKrrx nyveù qepe3 rorctrtfi nornoularcu{nË Kpr-
criurJr B ycJroBrflx AByxBorHosofi gnQpaxqnu 6rtro
BrepBbre o6Hapyxeno EopMaHoM s l94l r. [ 16] n c
Tex IIop AeraJrbHo [rccJreAoBaHo KaK Teoperr{qecKH,
TaK u gKcrrepuMeHTÉurbHo. Oxg[qecxag npnrlnHa
eroro eQ$exra 3aKrrcqaercfl n noe6yxgeHr{H B KpH-
craJrJre noJrfl c-rogqefi BoJrHbI, uHTeHcI{BHocrb Koro-
poro rpoMoAyJrrrpoBaHa BAoJrb BeKTopa guQpaxquu
u drugxa K HyJrro Ha orpaxarculllx nJrocKocrsx. Eo-
Jree cJroxHar crpyKTypa BoJrHoBoro noJrfl B ycJro-
Br{rx MuoroBornosoË 4uSpaxqr{H orKpbrBaer Ho-
Bbre Bo3Moxnocrv arfl garrHeËrlero yMeHbrxeHlrfl
B3ar{Mogeficrsnc peHTreuoBcKoro u3ryqeHr{fl c aro-
MaMH KpHCTaJrJra.

C eroli TorrKr{ 3peHrrf, sau6o.nrururi [rHTepec npeA-
sraBrser cnyvafi tuecruBorHosofi (220, 242, W,

224, 2OD guQpaxqru. Bxyrplr Kpucriurra nor6yx-
Aarorcfl 12 6noxoBcKux BoJrH (ruecru AJrs Kaxgoro co-
croflHnfl rroJrtrpr{3arlrrn), Kaxlas u3 Koroprrx o6laga-
er co6qrnenHbrM xoe$Snq[eHToM rtorrotrleHn-fl.
flpu oroM crpyKTyp a Han6olee qn adororJroulae Moro
IIoJIt TaKOBa, qTO He TOJIbKO aMIUIUTyAa, HO TaKXe
rrepBafl r{ BTopar npor{3BoAHbre aMrrJr}rTyAbr no Koop-
Ar{HaraM paBHbr HyJrro B y3nax Kpucr€urJrnqecxoli
peruerxu. B pe3yJrbrare Qoroe.neKTpnrrecKoe no-
ilIOUIeHUe OKa3bIBaeTCfl CI{JIbHO nOAaBJIeHHbIM, a
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^0

Mr{Hr{Miurrnufi xoeS$uqr{eHT rrorurorqeunr orpanrr-
rren rurub KoMrrroHoBcKrrM pacceflHneu [17, l8].

Yuu x al sH rl e cs orîcrB a rrr e crr{ Bon H oso rî g n ep a x -
qN}I NPITBJI E KILN H BHI{MAHI{E MHOTI{X NCCJI CAOBATCN C ù
(cra. ccsuxu n [l ,7)). flp" oroM lrcrroJrb3oBuuracb Ha-
u6o.nee npocrafl gKcnepnMeHTaJrbHafl cxeMa, ocHo-
BaHHar Ha perrrcrparluu lnunli anoMaJrbnoro [po_
xo)Kge Hux Ha $oronJr ac-Tr{Hxe. Te operuqecKnlî ana -

l]!3 eKcnep[MeHTÉUrbHbrx pe3yJrbTaToB noKa3aJr
|9,20), qro B AaHHoM cryqae eipeexr aHoM€urbHo-
ro npoxo>KAeHr{.fl MacKnpyercr onrr{rrecK}rMn ee_
Sexraun QoxycllpoBKn u geeoxycupoBK u, Aelrafl
NPAKTI{qECKI{ HEBO3MOXHbIM ErO KOJII{qECTBEHHOE
nccJreAoBaHr{e. Ocraercfl, TaKHM o6parorrl, eguHcr-
gEHHSIft NYTb: NP'MOE I{3MEPEHTIE I{HTEHCI{BHOCTH
npouegrrrero nyrrKa n guQpaKToMerpr{qecKoM oKc_
NEPI{ME HtE. TAXUE [I3MEPEHI{' BTIEPBbI E B bIIIOJI HCHbI
HeAaBHo c ucroJrb3oBaHneM CU î21.

Cxeua gKc[ep[MeHTa [peAcraBJrena Ha puc. 3.
Oco6eusocrtr ruecr[BoJrHoBoro KoJrJrr{Maropa pac-
cMorpeHbr B npegbrAyrrleM pa3geJre. 3gecr Jrurrrb or_
Merr{M, rrro ucnoJr b3oBaH ue vccregyeMoro e See xra
AJI' YTNONOË KOJIJII{MAIIHH NO3BOJItrJIO HAAEflTbC'.
IITO CTCTIEHT grOË KOJIJII{MAqUU 6YACT AOCTATO'IHOIï
AJrr r{ccJregoBaHr{li cauoro eeeexra.

B xa.{ecrne o6pa3rla uc[oJrb3oBaJr[rcr 6esgucJro_
Karlr{oHHbre Kpr{craJrJrbr Si rolrquuolî 3 n 5 MM.
B excnepr{MeHTe r{3Mepf,Jrr,rcb a0-sasucuMocrr{ r,rH-
TeHCr{BHOCÎ}I npolueAruero rlyqKa AJrr pa3Jrr{rrHbrx Be-
IH.rl{ f0. LlruepeHr{rr npoBoAr{Jrr{cb AJrfl AJrr{H BoJrH
À = 0.93 u l.l5 A, vro coorBercrtsyer lrt = 12 u24 ws,
Kpr,rcraJrJract= 3 ran npt=19.4u39.7 uns/=5 uu.

o*[

Ha pnc. 4 npe4craBJreHo 3Kclep[rMeHTaJrbHoe ABy-
MepHoe pacnpeAeJreHue HHTeHCT{BHOCTH nporueArrre_
fo rlyqKa Arr cryrrafl ILt = 12. Berl,t.rnna AQ = 0 coor-
BercrByer rIeHTp.y uecrnBonuonoù o6lacru. OrHo_
CI{TCJIbHO HC6OISUTAC BCJII{TII{HA Vî IO3BOJI'CT
Ha6mogarr oco6eHHocrr{ pacnpeAeJr e Hr{fl H HTe H cr{B -
Hocrn KaK BHyrptr, TaK r{ BHe rrrecruBorHosori o6na_
cTu _ry ocyu{ecTBr{Tb AeTaJrbHoe cpaBHeHr{e c Teopu_
eli. Kax cJre4yer r{3 pHcyHKa, HHTeHcr,rBHocrb nHKa B
rIeHTpe urecruBorHosoû o6lacru 6olee qeM B
3 pasa npeBburraer HHTeHcr{BHocrs 220 IHKoB. 3ror
Qaxr oguo3HarrHo cBugereJrbcrByer o cyulecrBoBa-
Hun e$QeKTa ycr{JreHr{fl aHo}vriurbHoro npoxoxge-
Hr,rs, xorfl Arfl,4aHHofi BeJrur{HHbr pt oH r{ BbrpaxeH B
cna6ofi Sopue.

flnr cpannelr{-fl oKcnepnMeHTa c reopneli paccvll-
T"1"1{lcr xoeQQuqr{eHrbr npoxoxÀennc pl0p, 0s,
^e, A0), o[pegeJrreMbre KaK orHorrreHue r{HTeHcr{B-
Hocru p-ilorrflpr{3oBaHHoù n.nocxoli sorHrr B nprMoM
[yqKe Ha BbrxogHoli [oBepxHocrr{ Kpr,rcraJrJra K HH_
TEHCI,IBHOCTI{ .ç-TIOJI'PII3OBAHHOË NOIgbI HA SXOAHOIî
roBepxHocrrr (cu. QopMyrry (10)). C yveror,,r BBeAeH_
Hbrx B pa3AeJre 2 060zuaqeHulî oHH BbrrrHcJrflrorcr no
cJregyroqeù Qoprayne:

P(\p,0s,40, Â0) = 
\ [noo,no,;J 

2exp(-Urr) .  (13)
j

B gaHHoM cryqae qrrcro JraygBcKolî reouerpnu Arrfl
yrpouleHuc pacqeroB rrpaKTuqecK[ 6e: norepu roq_
Hocrr{ MoxHo r{cnoJlb3oBarb npu6nuxeHne, B Koro_
poM 3aAaqa (5) peuraerctr Anfl HenorJrorqarcqero
KpucraJIJIa' T.e. B HyJIeBoM nopsAKe no orHoIrIeHI,IIo
X,l X,. KoeQ$uqr{eHrbr ror.Jrorqe Hufl IL iAJu Kaxgoro

Si, o6pareq

cvl

s i ( l  I  l )

Pnc' 3' SxcnepuueHTilJlbHilt cxeMa AJII uccJIeAoBaHurI anoMilJrbHoro rrpoxoxleHur B ycnoBr{rx [recrr{BoJrxonoli guepaxrlnu.

si(220)
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(^e, Âg), orx.

2&

rroJrr grosqefi BoJrHbI paccrrnTblBalorct B nepBoM
noprAxe KaK Ar{aroHilrbHbre sJreMeHTbr Marprrrlbr,
onrrcbrBarcqefi noruIorqenne,

ILj = IIu, ,,ïKr-'o T^'o xo,),] B n,j. (  l4)

KA3I,IMIIIPOB n Ap.

Â9, yu. c

-2

_J

-15 -10 -5 15 Â0, yrn. c

Pnc.4. 3xcnepuueuT:urbuoe AByMepHoe (^0, A0) pacnpeAenenne xoeQQuqnenra npoxoxleHlrfl B ycnoBrcx urecrrrBonHo-
nofi guQpaKrlrr.

- l

l 0

(^0, Â0) =

= (;{ ' \drlP(op' 0 s , Â 0 + q , 4 0 + r l ) x

x P,(s, o, Ë, r1) | x
I

( ls )
m p n

Ha pnc. 5 npegcraBJreHo pacqernoe AByMepHoe
pac[peAeJreHr{e rrHTeHcr{BHocTH npoueAruero qepe3

o6pareq nyrrKa Anfl cnyqas nagaroqeË o-noJrflpu3o-
naHHoli nnocxoË BoJrHbr (rax Ha3brBaeMbre co6cr-
BeHHbre xpnnrre). Xopouro Br{AHo H:Llrnqne nrrr{ ne-
peceKarorrlHxcr froJrr)c, cooTBeTcTByroqnx yrnoBblM
o6nacrnu AByxBoJrHoBoro eQQexra Eopr*laHa. flo-
Jlocbt, coorBergrByrcrqne cra6rru or?axenurrrl, 6o-
Jree y3Kne, Ho MaKcuMyM npoxoxÀeHr{fl AoBoJrbHo
srtcoxuË, rrro cBg3aHo c AocraroqHo HU3KI{M 3narre-
Hr{eM pr. Ha gKcrrep[MeHTaJrbnbrx KpHBbrx [rrKr{, co-
oTBeTCTByTOUIHe Cna6Urrr OTpaXeHAflM, He Br{AHbr.
3ro cnxsaHo c HeAocraro.rxofi KoJrJruMaqueli rraAa-
rcqero nyrrKa. fte cpaBHeHHr reoperr{qecK}rx pac-
rreroB c gKcnepHMeHToM xeo6xogl{Mo Bblq[cJlurb

AByMepHyro cBeprxy xoeSQuqueHra npoxoxAeHufl
o6parqa c xoeQQrqr{eHToM npoxoxAenr{r urecrr{-
BoJrnoBoro KoJrJrr{Maropa P.(s, o, ^0, Â$). nocneq-
Hflfl BbITII{cJIflercfl no Qopr"ry.rre

( _ e  \r Iljr(dqp,(s, o, €, î) J
\ - r R  )

3ra QopMyna yq[TbrBaer r{3MeHeHr{e cocrosnr{.fl rro-
JrflpH3arl[In naAaroulero o-noncpr{3oBaHHoro rlyqKa
CI,I npx npoxoxgenur{ qepe3 Kpr{cranJr-KoJrJrr{Ma-
Top. YrnoeoË Anarra3on R, ucuonmyeMrni s pacqe-
Tax, cyqesTBeHHo BJIlrfleT Ha pe3ynbTaT ycpeAHeHHs.
OgHaxo c yrreroM HeMouoxpoMarnquocrr{ H3ryrre-
HI{fl ero BeJIr{rIHHa TOqHO HeH3BeC'THa, H CJreAyeT
6parr yuroByrc odracrr rrrupe, r{eM sro cJregyer r{3
onrnrrecxofi cxeubl rrpeAKoJrJrlrMarIHH MoHoxpoMa-
Tr{rrecKoro u3ryqenvfl. Taxar npo6reua Bo3Hr{Kaer
ToJrbKo AJrr M€urbrx 3narrenuit 1tt.

Pesyrsrar cpaBHenr{r reoperr{qecK[x u 3Kc-
replrMeHTiurbubrx Kpr{Bbrx AJrfl Tpex rHaveHnfi ÂQ
[pegcraBJreH Ha pr{c. 6. fiocrarorrno xopomee co-
rJracne Teopril n 9KcIIepnMeHTa rroATBepx[aeT

KPHCTAJIJIOIPAOI4T ror,a 39 Js 2 1994
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-15 -10 -5 0 5 l0 l5^e, yrJr. c

Pnc.5. TeoperuvecKoe AByMepHoe (^e, A0) pacnpeAeJreHne xoa$$nqNexra rpoxox,qeHus o-noJrcpg3oBaHHoù nrocxofi
BonHbr B ycnoBncx urecruBorHosoù guQpaxquu.
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eQQexrnBuocrb [peAJroxeHHoro 3Kcnepr{MeHTaJrb-
HO|O nOAXOAa K KOJrr{qeCTBeHHOMy H3yqeHilro eQ-
Serçr'a aHoMaJrbHoro npoxoxgenur nprt uecrutsoJr-
HoBori gnQpaxqnu. Ha6lrogeHnc 6olrurero ycr{Jre-
Hnx eQSeKTa aHoMaJrbHoro npoxoxg enus rpe6yer
6orsruux BeJrHqr{H pf. AHanH3 groro cryqar 6yqer
rrpoBeAeH n 6lnxaùuree BpeMfl.
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0.08

0.04

0

5. METOA CTOflr{I,IX PEHT|EHOBCKI4X
BOJIH B YCJIOBVTfly.

MHO f OB OJrH O B O r4 Ar{ O PA Kr\VrVr

B ueroge crosqux pexTreHoBcKr{x BoJrH HaptrAy
c l{HTeHcr{BHocrbro guQparnpoBaHubrx [yrrKoB n3-
MepseTcs r{HTeHcr{BHOCTb Heynpyrrx KaHaJroB

- 1 5 -5 5 1 0 1 5
Â0, yrn. c

Pxc.6. Cpanneuue 3KcrIepHMeHTaJIbHbrx (urrpnxosste) ll Teoperuqecxux (cnlourHbre lNnuu) KpHBbrx xoe$$uqneHTa npo-
xoxgerr[s c yqeroM gnyuepuoù cBeprKH.
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pacceflHrs (BTopnrrHblx rpoqeccor). Merog pacqe-
ra etofi BeJTHTII{HrI Teoperr{qecKlr cBoAHTct K cJIe-

AyroilIeMy l2l, 221. Brl.rncr s,ercfl. [rHTeHcHBHocrb
cyMMapHoro noJrr H3JIyqeHHt B HeKotopoù ToqKe r
n6rurn rrono>KeHlrfl aroMHoro sApa fa, pâcfloJro-
xeHHoro ua rnv6nue z

(16)

=*rf(z)E,(z)exp(i [h, - h, ' ]  r) .

31ecr Heo6xogutrto ycpeAHI{Tb Sasorsrfi MHo)Ku-
TeJrb c yqeToM KoHKpeTHoro pacnpeAeJleHnt sJIeK-
rponuoË rJrorHocru aroMa I{ BepoflTnocru Heyrpy-
roro npoqecca, a raKxe renJloBbtx KoJle6aHrui.

Pe:ymrar Mo)KHo 3arlrlcarb B BlrAe

r,(z) - (r(r)) = IlE.(z)l' +

Ipt = (20)

flonoruureJlbHble Qaronsre MHo>KI{TeJIH, ytrHTbIBa-
rculne cMelrleHrre aroMoB, B KopHe u3MeHcr xapaK-
Tep yrurosofi sasncl{Mocrrl, Koropas, B orJII{qHe or

AByXBOIHOBOTO Cryrrafl, rIyBcrBHTeJIbHa K AByM KO-
opAHHaraM cMerqenl{t B nJlocKocru BeKTopor o6-
parHoË pe[rerKr{. Taxuu o6pasou, orKpblBaercfl
Bo3Mo>Kuocrb AByMepuoti roxarr{3all}rn.

B pa6ore |21 ne*,neAoBarr cr B brxog Qn yope cl{e H-
rlrrr{ H3 Kprrcruurna Ge B ycJloBrrtx rpexBorHosoù
(51U333) glrQpaxIIHH. B Haruux eKcrepnMeHrax I{3-
Meprncr BbIxoA QotoereKTpoHoB, not6y>xgeHnblx
cror.reË peHTreHoscxofi norHofi B ycJIoBHflx rpex-
BonHoBofr (l l Ll220) gnQpaxquu 13, 61. B KaqecrBe
o6paaqa EcnoJrb3oBaJlcs coBeplue uH rt li xpucrann S i
c opr{eHTaquefi noBepxHocru (l l1). Brtxog K-Qoro-
SJTeKTpOHOB H3Meps,Irgfl C nOMOITIbIO ra3OBOrO npo-
[opqlroHaJrbHoro crrerquKa. KoHcrpyKrIHs cqerrln-
xa I23), cnerlniurbno pa3pa6oraHHafl, Anrfl, MHoroBoJI-
HoBbrx uluepeunfi, [o3BoJIgJIa ocyulecrBJIflTb c

AocrarorrHofi ro.rHocrbK) noBopor Kpr{craJrJra Bo-
Kpyl Q-ocu, nepneHAI{KyJIflpHoË nosepxnocrn, 6er
HapyureHr{r repMeT[qHocTI{.

Ha puc. 7 npegc-raBJreH pflA KpHBbIx BbIxoAa H
KpHBbrx (l I l) u (220) orpa)KeHuri, uluepeHHblx B
rleHTpanrHoli odracru rpexBoJlHosofi gnQpaxquu
rrpu pa3JrurrHbtx 3narIeHnex arûuyraJlbHoro yrla AQ
(rovxa A0 = Â0 = 0 coorsercrByer IIeHTpy rpexBon-
nosofi o6racru). flocxoJrbKy rny6uHa BbIxoAa Qoro-
gJreKTpouon (=.0.2 rraxu) trrara, QoroerunccuoHHble
Kpr{Bbr e orrrerruBo AeMoHcrpl{pyrct u nre pQe pe HIIH -

ouHoe B3al{MoAeËsrsne BoJrHoBbtx noreË B Kpncrzur-
.ne. Tax, Ha6nrcgaerct 3HarII{TeJIbHoe yMeHbIueHI{e
Bbrxoga QoroeneKTpoHoB Anc o6racrefi noJlHoro or-
paxeHr{s, coorBercTByrorrlHx MeHbruHM yulaM naAe-
Hnx (gnr KprBbrx 220 npn ^0 > 0 u xpunrtx I I I npn
A0 < 0 Ha puc. 7). C gpyrofi croponbl, npu rorIHoM
ycnoBlrr{ rpexBonHosofi guQpaxqun (pnc. 7s)
Bbrxog QoroeneKTpoHoB B noJrropa pa3a npeBbl-
rrraer coorBeTcTByrcrqee 3HaqeHlre Airr AByxBoJrHo-
nofi qnQpaKrlnlr.

OAHo rr3 rpeuMyrrlecrB rrcnoJrb3oBaHl{fl MHoro-
BoJIHoBofi cxeurr B MeroAe crotrrnx BoJIH 3aKrroqa-
eTcc, B Bo3MO)KHOCÎU rr3MepeHHs Kpr{BbrX BbIXOAa

AJrfl HecKoJrbKrrx peQnexcoB B yc,noBnsx npaKTurrec-
Kr{ AByxBomrosori guSpaxq uu. Ha puc. 7 e npegcraB -

Jrenbr yuroBac 3aBr{crrMocrb Bbrxoga QoroeneKTpo-
HoB H KpI{Bbre orpaxeHilc,\ils, AocrarorrHo 6orrruoË
orcrpoùxlr or rorrHoro rpexBoJrHoBoro noroxeHnc
(AQ = 30 yu. c). flolyrleHnat oKcnepuMeHriulbHat
KpHBafl AOCTaTOTIHO XOpOIIIO CoBrraAaer C Kpr{BbIMn,
paccrrnTaHHbrMlr no AByxBorHonofi Teoplu. Ovenng-
Ho, rrro c yBer[qeHr{eM yrJra ÂQ rovnocrb [B]XBoJr-
HoBoro npn6.nnxc enufl, 6yger Bo3pacratr. Taxurvr o6-
pa3oM, 3a oAHH yrronoË npoxoA perucrpl{pylorcr
Kpr{Bbre BbrxoAa BTopHrrHoro flpoqecca AJIfl HecKoJrb-
Kru( orpaxeuuË. 3ro uoxer oKa3arbcr oco6eHHo

KA3I,IMI{POB u Ap.

f
In-(o)exp [;h,'u(O)] | .

m l

F(r) = 
lf ",u,,)expt;t,rll 

=

srr- . . N",^^(t)
+ ).E* (z)8,(z)

= ;6,r(s)'

3gecr rrrrprrx y 3HaKa cyMMbr o3narraer ucKrrorreHue
qreHa c m -- n, Xi^n(s) onl{cblBaer BKJTaA B MH}IMyK)
r{ac-Tb Qypre-xoMrIoHeHTbI rloJrfl prtyeMocru 3a crler
paccMaTplrBaeMofo rrpoqecca [orJIouIeHI{fl peHTIe-
HoBcKr{x ryveli, o6ogHa.raeMoro 6yxnoli s. Haxoueq,

Arr Bbrrrr{cJleHl{s I{HTeHcItBHocTrI BbIxoAa BToputIHo-
ro r{3ryrreHlds r{3 Kpr{cTaJrJra, pe3yJrbTaT Hy)KHo rrpo-
rrHTerpnpoBarb no my6uHe KpncraJrJra c yrreroh{ Be-
pocrnocrr{ BbrxoAa BToprqHoro r{3JryqeH nn P r(7)

(r7)

(18)

( le)

Ecru xe aroM cMerrleH H3 y3na peruerKr{, rn6o y3Jrbr
perrreTKr{ B npIInoBepxHoc'THoM cJroe cMerrleHbr oT-
HocHTeJrbHo HH)KeJre)KauIeft uarpnrlbr, B xoropoft
Sopr,rupyrorcr crorrrne peHTreHoBcKrre BoJrHbI, To
Qoprayna u3MeHurcfl

d* = 
'[arr,çr11,(z).

0

B cryvae r{3Mepeunn SorooJreKTpouHofi oMr{cctltl c
rxognofi nonepxnocrr{ Kpr{craJrnà npn gnQparqnti
no Eperry (Ha orpax(eHue) r.rry6una BbrxoAa BToprtr-
Horo H3ryrreHnr HaMHoro MeHbure rtry6nHrr orpa-
)KeHHr, a orHorueHHe noJrflpH3yerraocreli 6rngxo x
eglrnr{rle. flp" groM yrJroBar 3aBrrcrrMosrb BTopuq-
HOIO [poqecca npoc"To oTpaxaeT yrJroByro 3aBHcr{-
MOCTb UHTeHCUBHOCTTI peHTTeHOBCKOTO BOJIHOBOTO
noJrf B ToqKax pacloJroxeHur aToMoB B IIpI{IIoBepx-
HOCTHOM CJrOe Kpr{CTÉUrJra.

t (
rpn= lIn-toll

l ^  |
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Pnc.7. Kpnnrre Bbrxoga QoroalexrpoHoB (pou6rr) u
KpHBbre orpaxeurrr (l I I - KBaAparbr, ZZ0 - TpeyronbHn-
xn) n ycroBrrrx rpexBornosoù (lnn}q guSpaxqHn AJrt
pa3nntrnbrx yrnoB ÂQ: -12.8 (a), -7 (6), {).5 (n), 5.3 (r),
12 yrn. c (R), e - To xe nHe odlacrn cuJrbHoro B3aHMo-
geùcrnur (Â0 = 30 yrn. c), urrpnxosorî rxn'elî noxaga'
pacqer no AByxBonuonori Teopnr{.

noJIe3HbrM, KOrAa HeOoxoAHMO H3yr{aTb npoHcxoAr{-
rrlHe Bo BpeMeHH CTpyKTypHbre H3MeHeHHr.

Ë
q)

;
F.

d

*l

0.8

0.4

0.0

- 1 5  - 5

Â0, yrn. c
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6. I,I3MEPEHI{E OA3OIIYB CTB I{TEIIbHbIX
KPr{Bbrx METOAOM

TPEXB OJTHOB O h AnoPAKUn?r
TpexnonHoBar An+paKrlrlc no3Bonqer peÉurr{3o-

BaTb cHTyaqurc, 6ln:xyro K AByXBOJTHOBOMy MeTOAy
cToflrII{X peHTTeHoBCKHX BOJTH, HO 6eS r{3MepeHr{t
BTopnrrHbrx [poqeccoB. Taxas cuTyaullc Bo3Hr{KaeT,
KorAa Mfl oAHoro ryqKa H ycJroBHe Eperra (3)
BblrroJrHfleTcfl xopouro, aAJIfl Apyroro nyrrKa G _ n.no_
xo. B oroM cnytrae [yqoK G raoxHo paccMarpr,rBarb
B KHHeMaTT{qecKoM [pu6nnxeHrrr{. He Brryrflfl Ha
cr{JrbHbre IIyqKH 0 u H, oH caM rropoxAaeTcfl Hx KOre_
peHTHoft cy[eplo3r{rlHeù. ClegorareJrbHo, ero yr-
JroBar 3aBr{cr{MocTb B cyrqecTBeHHori CTeneHH Qop_
Mr{pyeTcfl ytnoBori 3aBr{cHMOCTbTO sassr aMnJrH-
TyAbI OTpDKeHT{t, rITo B CBOIO OqepeAb no3BoJrfleT
n3MepflTb Ôagy crpyKTypHoro Qakropa, ro ecrb
nprMbrM MeroAoM perurrrb earonyro npo6leuy
cTpyKTypHoro aH€urr{3a. 3ro 6rrlo HarJrflAHO [pOAe_
MoHcrpnpoBaHo n [lal.

Eolee roro, aHÉurorur ororo Meroga c MeroAoM
cïorqnx peHTTeHoBCKHX BOJTH, OKa3aJracb 6olee
uy6oxoli. Kax 6rrlo noKa3ano n [10, ZZ, Z4], sror
MeTOA OrreHb yAo6eH Anr u3yrreHl{fl crpyKTypbr
TIJIaBHO Hapy[reHHblx npHnoBepxHocrHblx cJIoeB,
nocKonbKy cla6uft nyqoK Qoprvrupyercr s6rrgr
noBepxnocrr{ H my6nHa orpaxenr{fl o6parno

l 5
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/, orH. eA. /, orx, eA.

0.m06

0.0004

0.0002

nponopquoHaJrbHa yrny orcrpoùKu or yr.Jra Eperra
s norHofi aHaJIorHI{ c H3BecrHbrM Mero[oM acuMrrro-
TurrecKori gHQpaKTIHH I25). Yxe npu orHocuTeJrbHo
ue6onrruoli orcrpolîxe eQQexrr{BHafl uy6nua or-
paxeHr{r craHoBr{Tcfl MeHbrrre rly6nHbr BbrxoAa So-
ToeJreKTpoHoB, r{ Moxno orpaHrdrrr{Tbcr npu6lnxe-
HneM uynenoli my6uuu orpaxennc. B oroM npr{-
6ruxeHnu rrHTeHcr{BHocrb cla6oro [vqKa G
onpeAeJr fler cfl Qopr'a yn oË

0.0000

I r , (z )=  I  (e roeo, )2x

l- 
'= n'or '- ' ,  

l '  (21)
x lno,1o; + E^,(0) #r*, t-i hu(o)l | ,, * r r l

B Koropoli ucnolr3yercfl o6ogHa.renne (7), s - HH-
AeKc AByxBoJrHosoù rorcpu3ar{Hu Ars [yrrKon 0 u H,

KPHCTAJIIOFPAOHfl ror,a 39 }s 2 1994
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Pnc. t. Yuosrle 3aBHcHMosrH rIHTeHcHsHocreIî "xBocroB" KprrBbrx orpaxeHnr (l I l) u (220) B yrJronbrx o6lacrsx noJrHoro
orpaxeHlul (220) n (1 I l) coorBercrBeHHo (a) n B3aHMHoe pacilonoxeuue o6lacreù or.paxeHgr'Ha (40, AO) ggarpalr{Me (6).
Illrpuxona n rvnwfl, coortsercrnyer ÂO-cxaHrrpoBaHurc.

-5- 1 5

(6)



r4ccJIE[OB AHHE MHOTOB OJIHOB OI,I

p - HHAeKc roJrrprt3arlnn nyrrKa G. Kax c.neAyer u3
Qopuynu (21), gnr Ha6nroAenr{r aHoMÉurbHori yrlo-
soË gasncr.rMocru ueo6xogr{Mo,.rro6st Bce rpr{ orpa-
xeHnr 6srnu pa3perrreHbr.

[o Hactoflrrlero BpeMexrr oKcnepuMeHTbr rro H3y-
rreHr{ro cTpyKTypbr HapyrueHHbrx noBepxHocTHbrx
cJroeB oTr{M MeroAoM He npoBoArrJrr{cb. tlro xacaer_
cfl coBeprxeHHbrx KpHcTaJrJroB, TO CyqeCTByeT AO-
craroqno Muoro pa6or, B Koropbrx npegJrarÉurcfl Tor
ralru uuoù cnoco6 nprMoro onpegen ennfl, eaarr
crpyKTypuoro Qaxropa. OAHaxo gnepaxroMerpr{-
qecxnù MeroA, aualnorn.rHrrrî MeroAy croflrrrlx peHT-
reuoBcKr{x BoJrH, xot_oprtË onncaH BbIIue,6ul B[ep_
Bbre r{cnoJrb3oBaH B [14] s rr3MepeHuflx c [oMorrlbK)
o6sr.rHoù peHTreHoncxorî rpy6xu. HsuepeHne
KpHBbrx aHoMÉurbHoù yrnosofi sasllcnMosrn, Harro-
Mr{Haroulux QorogMl{cc[oHHbre Kpr{Bbre, c ucnoJrb-
3oBaHr{eM CVI n HoBoro MeroAa KoJrJrr{Maqutr, onu-
caHHoro B pa3AeJre 3, nnepsrre 6rmo BbrnoJrHeHo B
saruefi pa6ore [4].

3xcnepnMeHT 6srl BbrnoJrHeH Ha KplrcruurJre
KpeMHHff c opuenTaqneri noBepxHocru I I I s rpexBoJr_
HoBoM cJrfrae (l I l, 220). Yrnonas 3aBucr{Mocrs o6o-
ux [yrrKoB B AByxBoJrHoBbrx o6lagrsx noJlHoro orpa_
xeHrlfl noKa3aHa Ha pnc. 8a Anfl yrna orc-rpofixn or
TorrHoro rpexBoJruoBoro ycJroBn.fl ÂQ = -l 15 yur. c.
Bepxune Kpr.rBbre coorBercrByror cla6rru nyrrKaM c
anoualrHori yrnonoË 3aBHcI{Moc.TbK), HHx(Hr{e
cHJrbHbrM nyrrKaM, xoeQQuqr{eHT orpaxeHnfl \Jrfl
Koropbrx 6rnsox K eAr{Hr{rle. CnloruHbre KpHBbre
B br rr HcJr e Hbr no rorrHbr M soprrlyn aM MHoronor Hosorî
gnSpaxqru c yrreroM cBeprKH c yruroBbrM pacnpeqe-
Jr e Hr{eM I{HTe HCr{B HOC"TH [OCJre KpI{CTaJIJI a -KOJIJT I{Ma-
ropa. Ha puc. 86 npegcraBJreHa AByMepHaa (A0, ÂS)
A H afpaMM a, r{JrJr-rogTpHpyroqatr B 3 ar{MHOe pacnoJr o_
xeHne (l I l) u (22O) o6lacrefi noJrHoro orpa)KeHutr
H IrHHuyr A0-cxaHr{poBaHr{x (urrpnxoBar auxnx). flo-
nyqeHHbre Kpr{Bbre HarJrflAHo IIoKa3bIBaIOT, BO_
rrepBbrx, SarovyncrBr{TenbHrrË xapaKTep yrnoroli
3aBI,IcHMocrI{ cla6rtx nyqKoB, Bo-BTopbIx, TorrHoe
coorBercrBr{e reoperuqecKnM pacqeraM (raueruu,
r{To B [14] geraJrbHoe coflocraBJrenr{e c reopneù or_
cyrcrBoBano). 3ro nosBoJrser HaAerrbcs, r{To AaH-
Hsui MeToA BrroJrHe cMox(er cJryxnTb HoBbIM Mero_
AoM crpyxrypHofi AnarHocrllxn cla6oHapyueHHbrx
npHnoBepxHocTHbrx cloeB.
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