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_ MACHITABHELIE CBOMCTBA MHKJIO3WBHBIX CIIEKTPOB
JJNEKTPOPACHIEIUIEHHS TEMTPOHA B KBASHYIIPYT'OM OBJIACTH

IO.A. Kacarxun, H.K. Kupnuenko, A.II. Kopx

Hayuonanersuii nayuneii yeump Xaporoecrasii Gusuxo-Texnuveckuii Hucmumym,
61108, Vkpauna, 2. Xapvroe, nep. Axademuveckuii |,
Yepavncras unocenepno-nedazozuvecras axademus,
61003, Vxpauna, 2. Xapokos, yr. Yrusepcumemcxas 16,
Xapokoeckan 20cyOapemeentas akademus mexnono2uu u OP2aAHU3AYUU RUMAHUA,
61127, Vxpauna, 2. Xapvxoe, yr. Knouxoscras 333,
Hocrymana s pexaximno 24 oxrabps 2000r.
Paccmotpeso  cymecrsoBamMc CkelUmHra B HHKITOSHBHBIX mpoueccax ed - e'pn. O6cyxmenst nHeoOxomumsie u

AOCTATONHHNE YCIOBHA BOSHHKHOBCHHS CKCH/IMATAE W IIOKA3aHO HX BHITOMHCHHE B kBasyynpyrou obnactu. [Ipoeeacuo
OIMCAHKC CCICHHH PACCeAHHMA Ha ACHTPOHE NP ManbIX ¥ GONMBIINX yriax PAacCeAHHBIX ICKTPOHOB PR 3Hepruax 779 MaB u
15,742 T'3B. '

KJTIOYEBLIE CJIOBA : ckeiiuar, MEKTIO3HBHES CCHUCHNA, ICKTPOPACHICIUICHHE ASHTPOHA, MacirTaOHEIE CBOHCTRA.

B nocnennue ronst B mmrepatype [1-3] mmpoko obeyxknaercs npobnema [1] ¥ - cxeimura, ¢yt xoToporo B
TOM, 9TO CEYCHHMA MHKIO3HBHBIX MPOLECCOB MEKTPOPACINEILIEHMS SIEP B KBASUYNPYroi o6NACTYH MPH pasTHYHBIX
3HaveHWIX 07, V MpPeNCTaBUMBI HEKOTOPOH YHHBEPCATHHOMN byukuuei F (Y):

F(Y)=(d’0/dQdE, )dE, Y )|zo,, + (4~ 2)s,], (1)

rie ¥ - MUHHMANBHO AONYCTHMbIH MPH 3ajaHubiX (°, Vv HMIyIbC CHEKTaTOpa B MaGOPATOPHOM CHCTeMe (n.c),
KOTOPLI ONPEReNASTCS YPABHEHHAMH ,
viM=gG-Y)+e), cos(§¥)=-1, (2)
O yimo = CCUCHHE YIIPYTOTO eN — paccesnHs Ha mokosemcs on-shell Hyknone, 4 u Z - MaccOBEIH HOMep sapa u

HHCA0 TPOTOHOB B HEM, ¢=(v,q) HMNyAsC BupTyambroro dotoma (¢° =(k-k")’, v=dg/M wm B nc.
v=E -E,), k, k' - uvMOynsCchl HaYaNbHOTO H KOHETHOTO 3JIEKTPOHOB (IHZE’; lﬁl:E,; k>’=k"=0). U3

Y=—--;-[2;‘—(M+v)1/5'f” J s=(d+q), §=l3 3)

rae d - uMmynbC Mumend (B 1.. d = (M, 0)).

Hccnenosanve Y —ckeinuHra faeT BO3MOXHOCTS M3BJedeHMS MHPOPMALMN 00 ONHOYACTUMHBIX BOJHOBBIX
$ynxumsx ceazannol cuctembl Teopermdeckuii amamu3 ckeitmnrosol dyuximn F(Y) B ocHOBHOM MIPOBOAKACS
TPAAMLMOHHO AnCpHBIME MeToAamu [1-3]. C npyroii croponsl, ¥ — ckeiluHr, Tak xe Kak u OGbepKeHOBCKUM, OYEeBHIIHO,
ABAAETCSL CACACTBHUEM AOMUHHDYIOMEH PO OAHOYACTHYHBIX MEXAHH3IMOB NPH OOMBIIHX OTHOCHTENBHLIX HMITYABCAX
B KOHEYHOH ampOHHOH cucreMe. ECTecTBeHHO, aHepruu (MMMYIbChI), NP KOTOPBIX VCNOBHA MPHMEHHUMOCTH
OZTHOYACTHYHOTO NPHONIDKEHWs HE BHIIONHSIOTCS, CIeAyeT PaCCMATPHBATH JWIMb KaK MpenckeimHrosble. UMenno ¢
ITHM CB#3aHO «BO3HHKHOBEHWE» LEMNOTo psija Tak HaseiBaeMeix Y, Y [3] m apyrux Bo3aMoxHeix ckeimnuros. danee,

NOCKONBLKY YCNOBHS «OZHOYAaCTUMHOCTID) NPOLECCa HAMAYYIIMM O0pas’oM BLIMONHAIOTCA NMPU BBHICOKUX HMITYJIbCAX
BUPTYanbHbIX (oToHOR (B [4], Hanpumep, 0,8 <0’ <6 (I3B/c)” U 3KCIEPUMEHTANBHO MCCNEAOBaHA 06MaCTh V| < m,
THE m - MacCcd HYKIOHA), MCCHENOBaHWe I — CKelmuHra, yHuBepcanbHo# ¢yuxuumu F(Y) H avamms ycnoBuii ero
BOSHHKHOBEHHS ECTECTBEHHO MPOBOAMTL IMONHOCTHIO DEIATHBMCTCKH. D710, Kak u3sectHo [5, 6], Tpebyer
MOCNEAOBATENBHONO Y4€Ta NBUKCHUSA HYKJIOHOB B 3JIEMEHTAapDHOM akTe eN — B3aWMONENCTBHS, BUPTYAILHOCTEH
MPOMEKYTOYHALIX YACTHI U BKJIANA aHTHHYKJIOHHBIX kOHOUrypaiuil. Bce 3TH MOMEHTEI B NPEABIAYIIMX PACYETAX HE
uccrepoBanHCh. PeMIeHmio 3TUX 3371a%, 2 Taioke BONPOCOB, CBA3AHHBIX C npobremoit ussieyeHus 3QQPEKTHBHOO
HMITyIbCHOTO DACHpeeNeHus HYKIOHOB [5] B ACHTPOHE M3 MHIIMO3ZUBHBIX /IEKTPOHHLIX CMEKTPOB B KBA3HYNPYTOH
Iposenem uccnenopanne seaeHusa ¥ — ckeiinuHra Ha npuMepe peakunu [7]:
e+d »e'+p+n. (4)
OrxpbITeiM KaK B SKCHCPUMEHTANBLHOM, TaK H B TEOPETHYECKOM TUIAHE OCTAETCS BONPOC O HANMYMM CKeRIUHTR
fpu Ooapmux yraax @ paccesHHs 3NEKTPOHOB. B CBA3M ¢ ITHUM aKTyalibHbl, BO-MEPBBIX, NOAYYEHHE

YPaBHEHHH (2) ASTKO MOJYYHTH
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IKCHEPHMEHTANbHBIX AAHHbIX IS PEUMYIECTBEHHO MArHUTHOTO elN — B%HMGH:&I‘&CTBH% BO-BTOPEIX, TWP?quz
MCCNEA0BAHNE YCIOBHH BO3HMKHOBEHMA CKEHJIMHIA UHKNO3HBHBIX ceuequil peakiumu (4) B xsasmpyraﬁ 1aCTH
OAYYEHHE PEISTHBUCTCKOTO 0606meHHns i CKeHTHHTOBOH PyHKLHH TIPH MPOH3BONBHEEX z/max g. | )
TIpOMAMOCTPHPYeM DasBHTHIi MOXXOA K OMMCAHWIO ONEKTPOpAcIleriieHys AeHTpOHa B KBASHYyNpPYIow
kuvemaTuke [7, 8] Ha npuMepe UHKIO3UBHBIX CIIEKTPOB DEAKLIMH (4) npy HauATBHLIX SHEPIHIAX OafaroInero U yraax
paccesHHoro snektporos E, =779 MsB, #=127° u E, =15742T3B, §=10°, =10 COOTBETCTBYET 3IHATUCHIAM
nepenaHHoro ummyabca 0 <1,16u 0° <6. o«
C TO4KM 3DEHMA TEOPUM CKeHNMHr ceueHmi npouecca (4) ABIACTCA CHEACTBHEM MacIOTaOHbIX CBOMCTB

CTPYKTYPHBIX yHKuumiA. [T03TOMy NOWCK CKENMHra Ha ypOBHE CEUCHHH OCHOBBIBACTCH Ha agann3e MacmTaOHBIX
CBOUCTB 00eUX CTPYKTYPHBIX QYHKUM, ONpeAenseMbIX CHENYOMUM 00pasoM:

d*ofdOE, = o, g W2 (4", v)+ 218" O/, (¢, V) )

2

rne o, - cedenue Morra, v=¢gd[M, d u q - uMOynbLChl JEHTPOHA ¥ BHPTYANBHOTO dorona (d° :M ,
Q? =—q* >0), E, - 2Heprus paccessHHOTO 3IEKTPOHA. B n0mOCHOM npUOTIDKeHNH, Herosk3ys [7], nomydaem

dor - B+ A" (¢" )+ BD
W{(li)(qz,V)=2m3 I de(x (C2 +Q2/qu)D+2Cﬂ(x)z F“(Fli +F'31) > (6)

rage
W® =1y (F,+F,), WP =Y (F +d,), 1=0'/M",

A= p)fx; +l-2x—a()+ px))2e, x=(m'-0)/M*, x, =0 [2My,
B={x(1-x,)-(1-2x,)" +4x.x[1- x(1-x, )}z - 4x'x} /7* }/2(1 +4x; fr) _
C= [Zx,g (1+x/7)+4x} (1~ x)/-z-’]/(l +4x] [t ) t=(d-n),
D=[1- WM +]i- ) -a@]S (F.F, )+ D FZ,

E=p.n i=pn
F,(¢") u WS’ - ynpyrue snexrpomarsutebie GopMbakropst u CTPyKTypHbie QyHKIMH HYKNOHOB, a(x) u B(x)
onpeneners {5, 7}, G(x) - 3dbdexTHBHOE UMIYNBCHOE PACTIPEAENCHUE, BBIPAXAIOMIEESCS Yepe3 BONHOBbIC QyHKIHMU
HeiTpona. PesybTarhl peisITUBUCTCKUX pacyeros (5), (6) ¢ yaerom S—, P—, D—BoaH B BOJHOBBIX QYHKLHSX
noKasaHk! Ha puc. 1, 2. | |
ITon macuwrrabueiM mpeobpasoBanueM OyaeM NMOHHMATL

- N ! L Takue npeofpasoBaHus ¢ M v, KOTOphie OCTARMAIOT 663
AL o E _d% | _win_
67 E E = dE4R' Tab-gp |
E.:’P _ E? " B’
) b z _ . F
S Po% ) 71 g
= - NN
T wlE = £ r 0
o - .
X -
Th 4 /'
5 e, £a . 3
3 o -
o 0 E : {07 |
= = ¥,
4 ot - N
. i -1 E N
. - =.
218 ™% bispmpmed - T TR ’& o |
Y z25p 360 350 400 E,,M3B i b : ; |
174 B e P
Pac. 1. MWHKTDOIMBHBIA CHEKTP  3ICKTPO- ek 13 £,738
AesuHTCTpAIEA JekTpona. CnnomHad kpusas - Puc. 2. Mmmosmsanii crexrp o ET—
penATHBHCTCKHH pacaer no dopmynam (5), (6). ACHTpOHA. [lsaXaB MITpEX-nyHKTMpHAs KpuBasm -
Crpemxany  nOKA-3aHBI  TIONOMCHMA  TNOPOra PactieT ¢ INeKTPOMATHRTHENG hopm-dhakropanu dipote
npougcca (4) H NMMKa YOPYTroro pacceaHus Ha fit u G, =0. Uhpax-nymcrapras mamms - pxnan so-

fpoTOHE E =719 MiB, 6=127°, YOpyrux kananos {7}, npu nepeanmom wMuoyimce
0* =1,164 IsB" | Q" =6 (TB/ey’. | '
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u3MeHeHus z B (6):

2= (o/2x Ri-[(r +4x2)fr 43, /0= 20} | )
B (6) ﬁapymetme MacTabuolf HHBADHAHTHOCTH CTPYKTYPHBIX QYHKUHE B ocHoBHOM [7] ofycnoBneno

BHYTPUHYKIOHHOH AuHAMUKOH K >ddexramu BupTyansHocTu (kawmas W, Buipaxaerca uepes obe CTPYKTYpPHBIE
Pyaxwan W), [ostoMy umes «<BOCCTRHOBNGHH®» MACINTAGHBIX CBONHOTB NyTeM HoKmOueHws wus W&

1,2

BHYTPHUHYKNOHHONH AHHAMEKH, KOTOPAd HEABHO HCMONB30BANACH B [4) NpA ONPeNeAcHUH CKEHIHMHNOBON QyHKUHH
£(¥), B ciyuae npoOUIBONLHEIX ¢~ , v, X Henpuemaema. ITpu ycnow‘n 2x,zfr'<< 1 BBIpaxenus (6) ynpomaroTes:

Ly(ax,) =W (x,) / i~ 2 i }I G0 f (x,x, e,

12} Lii

| za(1-2x,) /401~ x,),
ree  f(x,x,) =1+ (x)}(1-x,)/x,. Onmako, saacuMocTb (8) OT X, paspymaer CKefNHHr npH VOANeHUH OT
MaKCHMyMa KBasuynpyroro nuxa (x, =1/2), a Macurrabusre csoiicrsa W, pasmrsmel npy x, #1/2. MacurraGro-
MHBaPHAKTHYIO QyHKIMIO L(Z) chexyer onpenenuTs B BUAES '

L(z)=L,(2,%,)/f (2%, ) =L, (2, x, ) [(4x} f (2, % )) ©)
rae f(x,x,)=1+(z/x;)1-x,)/(1+2z). B (9) yureno, uro B oGnacru kSOS B/ (k= m[z(2+z)} ) BKIan
P -somu(v,, v,)B nelitpone HecymecTseH [7]

G(), .,o= B2 =2 (@) +W'(x), B(x)=x/(1+),

a f(x,x;) - nnasnas Qynxums no cpaseemto ¢ G(x). Cpasuusas (8), (9), Buaum, ut0o L(z) HeHCTBHTEBHO
MacITaOHO-HHBAPHAHTHA

(8)

L(z) = Zzan*f?j(x)cbc, | (10)

3Has CTPYKTypHBIE QYHKIHH, ¢ HOMOIEBIO (9), (i-(}) B IPHHLHTIE MOXHO M3Bess W2 (x) (o mamb 50 & ~0,5 THB/c).
Obvennnas (8)-(10), moxywaem pensTuBUCTCKOE 000OIEHNE CKEUNMHIa Ha YPOBHE CEUEHMI NPY HPOM3BONLHBIX &
E, §(6,x,) d'o/dQdE,
| S
025 828 815 0,10 ous 4 F s - GO [
w? i - 1 — i I S_— % ; : }_-[-Ztg (e/zx)
12 0(0,%, ) =—; g :
4x? + Ztg (9/2 )
( T, Gm =0.
lIJIﬂ 6 — 0, 7 , yNpOINEHHOE BBIPAKEHHE A
ckedmuurosoil dyuxuun /(z) [8] umeer sun
E, d’c/dQdE, |
E da™ /d€ -
oy (12)
i 4 E 4x§da‘” ) /dﬂl
: ¥ J 4 TS ' Taxum obpazom, ynkuun /(z) , nony4eHHBIE U3
w2 {.;}ij L 00paboTku 3KCHCPUMEHTANbHBIX CEYEeHHY MOX
| H +3 * *‘% MaibiMH M OONBIIMMM  YIJIaMH,  JOJDKHBI
| ] i ] L 1 CONTRATS:

e ixr =% B - reT At ¢ a1 Ha puc. 3 mnpeacTaBieHsl pesyjiLTaThi

Puc. 3. Cxeitmanrosas Gysxums /(z). Tosxu © HBP&@TH

8], x - aanmme SLAC {4] (Bﬁmﬂn uaxcmyua MOKa3aHb B

(11)

N DY B O I |

o
1 .I‘JJII.I_H

.

| AR B 8 3 ‘ili'

1 _l | L_Ij.l.l.l

—
—

1) =(g 2

I_‘F'"]'_I‘I'I['[

bk cadiakad b u

Sl it

FI1]I‘|

6=8,...,10°, obpaborannpie cornacHo (12).
Hi : _ Hlrpuxamu BOau3u makcuMyma /(z) noxaszax
Cm KPUB2S - ACHMITTOTHYCCKM pacser [8], mrpux- KOPMIOP JANA JKCTIEPUMEHTATbHBIX JAHHBIX.
IKTHpHAY - B m“’ Ha cecrosom ¢pomre [8]  HaFmopnaerca xopomee cormacue pesynsTarTos
WONSS  DopSwome ' MONTBEPKAAETCH  HANMYME  CKEHiuHra  IipH

wj - cw:mmenmu I’...-»--;r:{.z(2-1|~:e)}""|
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pasmuuHbX @ . CrUIOmHAS KPHBAs - PE3ybTaT PACUETOB N0 ACHMITOTHIECKIUM GopMyam [7%

I(2)=L(z,x,)| . = (1/4x§)L3.(z, . B )L’_’,&,’, X, = (1 +vr2-z)/2. | (13)

Xy ~2 Xy

I Tpux~-IyHKTHD - TO € CaMoe, HO B ZvHaMuKe Ha cBeToBoM dponTe [8] { Q' =6 THB% 6=8"). )
Takum obpazom, B HacTosuel paboTe NMOKa3aHO PeNITHBHCTCKOS o6obuwenne A CKETHHTOBbIX @W m
Ha YpOBHE CTPYKTypHBbIX (yHKuui (8)-(10), T8k ¥ Ha ypOBHE CeuCHHH (11), (12). HpuseacHHbie dopmy bl npﬁr‘?ﬂﬁbﬁ
AN M3BJICYEHHS BOMHOBOH (DYHKIMH NefiTpona U3 MHKMO3MBHON peakuyy (4). PesyieTats! uamMepenudt cedennii (4)
nmon OONBMUMY  YIIaMM [ONTBEPXNAIOT BEPCUI0 CKkefnuHra B YCAOBHAX, KOIZAa HOMUHHPYET mrmmme
eN — s3aumoneiicTaue. UHKIIO3HWBHbIE CEYEHHsA, M3MEPeHHBIe nox OONMBIUMY K MAMLIMH YTJIaMHK H Hopmrpoaamme
coriacHo (12), MPaKTHYECKH He 3aBHCAT OT KHASMATHYECKHX YCHOBHH H OGBEIHHATCH B YHUBEDCATBHYIO QYHKLIIO

1{z).
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SCALING INCLUSIVE SPEKTRA OF DEUTERON ELECTRODISINTEGRATION IN QUASIELASTIC
RANGE
Yu.A. Kasatkin, LK. Kirichenko, A.P, Korzh
National Science Center of Kharkov Physical & Technical Institute,
61108, Ukraine, Kharkov, Academic 1,
Ulkraine Engineer-Pedagogical Academy,
61003, Ukraine, Kharkov, street. University 16,
Kharkov State Academy of Technology and Food Managemeni,
61127, Ukraine, Kharkov, street. Klochkovskaya 133,

The existence scaling in inclusive processes ed — e’pn is reviewed. The indispensable and sufficient conditions of originating
-fscalﬁtg-are debated and their ranning i of quasietastic area is rotined. The description of cross-sections of dissipation onr a deuteron:
is conducted at small and large angles of stray electrons at energies 779 MeV and 15,742 GeV.
KEY WORDS: scaling, inclusive cross-section, electroscission of a deuteron, scale properties.
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VIOK 539.18/.19

MATEMATHYECKAS MOJEJIb
HNOTEHIIAAJIA B3AUMOJIENCTBUA ATOMOB

B.JI. AdanacveB,* JI.M. AdpanacbeBa**
*Xaporosckuu Hayuonanenviil ywusepcumem, kageopa sxcnepumermansroii 20epHol pusuku, Xapvkos, 61108, np. Kypuamosa,31
**kbpbxoepxuz} Iocydapcmeernbiil sxoHOMuNECKUU YHUSepCUmem, kagedpa evicutel Mamemamuxuy, Xapekos, 61109, np. Jlenuna,9
[Toctynuna B penaxunio 24 Hos6ps 2000 r.

Beruncnen noreHuman B3auMoAeHCTBIS napsl Ar—Ar 11 0G010YEYHON MONENH PaCHpeNeNeHus IOTHOCTH NICKTPOHOB B
NpUOTIXEHUM He1eDOPMUPYEMOH 3NEKTPOHHON 060JI04KK. YUNTHIBATIOCH 0OMEHHOE B3aMMOIEHCTBHE MEXIY 3JIEKTPOHAMMU
3aMONRERHBIX obonouek. [Ipusonutes Gopmyna, ONMCHIBAIOWIAA PE3YBTATHI YHCIEHHBIX PACUETOB.

KJIFOYEBBIE CJIOBA: norenumai, 06MeHHOE B3aNMOAEHCTBHE, MEKTPOHHAsA 060109Ka.

I. Paccefinue HOHOB Ha aTOMaXx IPH IHEPTHAX X OTHOCHTENLHOTO JBIXeHHs E > 0.1 MaB/M,, MOxHO OTHUCaTh,
paccMaTpuBas WX B3aMMOIEHCTRHE Kak JJIEKTPOCTaTHYECKOE M NMpenebperas 3ddexkTaMu, CBI3aHHBIMYU C TIOJEM IBH-
KYILIErocs 3apsia U ¢ BO30YXACHUEM WM HOHHM3a1MeH atoMoB. [ToreHunan B3anmoneiicteus U(R) ompepensercs Kak
YBENIMYEHHE TIONTHON SHEPTHH CHCTEMBI 13 [IBYX aTOMOB B OCHOBHOM COCTOSIHUM NPH UX MEILICHHOM (annabaTHiecKoMm)
COTXEHMH U3 OECKOHEYHOCTH X0 OTHOCHTENILHOTO PAacCTOSHUS R .

Ecmn R 6yner nopsiaka panuyca mepBoit GopoBckoit op6uTel ap =0.529 10 cM, To OCHOBHOM BKNaj B BEJINYUHY
U(R) Oyner maBaTh B3aUMOEHCTBHE BHYTPEHHMX 3/IEKTPOHOB, K KOTOPHIM MPUMEHUMO npubiikerne Tomaca—Depmu.
B cuny cBA3n MexIy pacTpelelieHHeM IUIOTHOCTH 3MIEKTPOHOB P U MX KHHETHYECKOW SHEPTHEH, MOTHAd IHEPrus
3JICKTPOHOB CHCTEMbI NBYX B3aMMOIEHCTBYIOIMX aTOMOB fnaetcs popmyanoii [1]:

S 3afs, X4 (PP , .,
tH—Slep dv— [ =L pav+ | ") vy, . (1)

= 5. IF —F

e A= (37?2)‘” L /2:*9*1,2 ~2.5-1078 CM, Z;, I} — 3apAl ¥ PacCTOSHUE 10 i-TOro Aapa. [lepBoe cnaraemoe B (1) ecTs

KMHETH4YECKas SHEPTHA 3JIEKTPOHOB Mo Tomacy—PepMu, BTOPOE — SHEPIrUsA B3aUMONECHCTBUA NEKTPOHOB C SAPAMHU H
TPETBE — 3NEKTPOHOB MexXIy coboi. [Tpamensas k (1) rapuaumonHsI¥ npuHLmn, Oupcos [2] momyuun ypasuenue To-
Maca—PepMu I8 IBYX ¥ O0ee aTOMOB, YUCNEHHOE PELIEHHe KOTOPOro MPHBEIO K XOPOIIO H3BECTHOMY IOTEHLMAITY
Tomaca—Depmu-OupcoBa B3aUMOIESHCTBHA ABYX aTOMOB C 3apaaaMu Z;, Z,:

§£2° #(R/ ar), @)

Tie ape — XapakTepHas AJTHHA SKpaHUPOBAHHA, BBENCHHas OUPCOBBIM,
-2
| arr = 1128) a5 (2)'% + Z}/2y213,
Hns R < ay, roe Ha KyHOHOBCKOE B3aUMOJEHCTBHE aTOMHBIX SAEP 3aMETHOE BIMAHHE OKa3bIBACT 3KPAHUPOBAHHUE

aTOMHBIMW 3/1EKTPOHAMH, bop MpeIoKWI KyJOHOBCKAHM MOTEHLMAN ¢ 3KCHOHEHUMAIbHBIM 3KpaHUpOBaHUEM (TOTEH-
unan bopa):

V(R)=

H

2
V(R) = 5%&5*‘”% 3)

. : 2 |
c mapametpoM ap =ay (Z'> +Z;"*)"'? . Brenennoe BopoM YHCTO SKCTIOHEHLMATLHOE SKPAHHPOBAHHE NPUBOLUT K

Oojiee GpicTpOMY yOBIBaHWIO MOTeHLMANa (3) no cpaBHeHMIO ¢ dyHkIMel 3xkpanupoBanns Tomaca—Depmu. ) Ha pac-
cTosHuaX R> (2-3) gy noreHoman (2) raxke He ONKUCHIBAET aTOMHBIE B3aMMOIEHCTBUA, BO-TIEPBBIX, W3-3a TOTO, 4TO
atoM B Mozenn Tomaca—Depmu GeckoHedeH, a BO-BTOPBIX, U3-3a TOTO, YT0 B (1) He GbIO yuTEeHO OOMEHHOE B3aUMO-

JIeHnCcTBYUE. .
B npubmwxennn Tomaca—Depmu—dupaka (TFD) yuer 06MEHHOrO B3aWMOIEHCTBHUS TPUBOMHUT K TOSBAEHHIO B

. 2 /3 .
ypasHeHuH (1) IONOIHUTENBHOTO ClaraeMoro, passoro 0.74e” .[p“ dy , 1 OTBETCTBEHHOIO 3a B3aUMO/EICTBHE eK-

TPOHOB ¢ OJHHAKOBLIMY KBAHTOBBIMH 9HCAaMu[1] . PacueT noTenumana B 3ToM ApubawkeHun Gbint BhInonHeH Adpa-
xamcoHoM, Xaryepom ¥ Bunsapaom [3]. [Tonaranocs, 4o pacnpesieieHye TIOTHOCTH IEKTPOHOB B aTOME OrpaHuMH-
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. < 4 . HU3e 0=
BAM0CH HEKOTOPBIM PAIMYCOM OBPE3anus Ty, M MY BEIHCIEHUH B3aUMONEACTBUA SICKTPOFHOB hHTCTpRpOBaRAC. P

e . s (AR umeeT sUI:
ROMTIOCH O OBIACTH TEPEKPHITHA 3EKTPOHHEIX 061akos Dy ;. COOTBETCTBYIOUICE BBIpAAKCHNC L1 U(R) mveer |

(4)

U(R)= &(Z\Ria)y+®(Z;*Rla)y+ A -3.89a,(Z, + z?_)],

Z,Z,€° [
2R

rie

B(x) — hyHkuns sxpanuposanus Tomaca—Depmu—[upaka, a = 0.8853a, = 04681 0" cm,

2 _ ‘3 4/3 , _4/3.
Az% 1{2.87%[(‘00] +p)’ " = (o3 + piy ]"1'477[(1901 + ) = (oo + oo )I}dv,
Dl.2

P, (r,) — HEBO3MYUIEHHAA MJIOTHOCTD 3JIEKTPOHOB.

[To cpaHeHwmo ¢ noTeHmManom Tomaca~Depmu noTeHUMan (4) He ABIAETCA YHHBEPCANBHBIM ¥ I0JDKCH BBIYHC-
AATHCA [UTA KaXIOM naps! aToMoB. AGpaxaMcoH [ 4 ] BriepBEIe paccauTa] MeKaTOMHbIE TIOTEHIHATR! [UTA Nap aTOMOB ¢
Z =2+ 105 u B unrepBasie R ot 0.01a, 10 6 0. Bo Bcex cimydanx HaO IO AaI0Ch OCHOBHOE CBOWCTBO:. €CJIM IpeacTa-
suts U(R) B mosmynorapudMudeckoM macuitabe, TO BCEra CyLIECTBYET 3HATUTENbHBIA HHTEpBAT R, roe U(R) nowura
TOYHO OMMCHIBAETCA NMHEHWHON QYHKUMEN | rie MOTeHLMal MOXHO MPEeACTaBUTh B BHAC MOTECHLMANA bopua—Matiepa,
U3BECTHOTO KaK MOTEHLNAN OTTAIKABAHKSA 3aMONHEHHBIX IEKTPOHHBIX 000JI04eK:

U(R) = Ae k. - (5)

[TpuMeHsAs METO HaUMEHBIUKHX KBAIPATOB, GBIIM BHIYVC/IEHb] 3HAYCHHA 1apaMETPOB NOTeHUMANa 4 U b JUTA Kax-
no¥t napbl B3aMMOJEHCTBYIOIMNX aTOMOB. B Cllyyae CTONKHOBEHHA HBYX Pa3HBIX aTOMOB X MOTEHLMAT B3aHMOIEHCT-
BUS OTIpEfeNscs “ KOMOWHAIIWOHHBIM TIPABIIOM: '

Uy & U UR)2.

2. ApuabaTtuyeckue noTeHuuansi (2), (4) OnuChIBAaIOT B3aUMOACHCTBHE aTOMOB MPH YCTAHOBUBLIEMCS pPaBHOBEC-
HOM pacHpeesieHHH 3JIEKTPOHOB, KOTOPOE COOTBETCTBYET MUHMMYMY MX MONHOM 3Hepruu [5,6]. Ecam npeanonoXurs,
4TO B TEYEHHE BPEMEHH COYAAPEHMA (7'~ Vig/ap = 107 — 107'° cek) aeKkTpoHRaA MIOTHOCTS BHYTPEHHNX C/IOEB He 6y-
IET 3aMETHO U3MEHSATHCS, TO CTOJNKHOBEHHME MOXXHO PacCMaTpUBaTh KaK MCHOBEHHOE CTATHYECKOE KYJOHOBCKOE B3au-
MOAeHCTBUE aTOMOB C HeaehOPMUPYEMBIMHU 3IEKTPOHHBIMH 000JI0OUKaMH.

Pacripenenenyie MIOTHOCTH 3EKTPOHOB B aTOME MPEACTaBHM KaK CyMepPIO3ULMIO KBaAPATOB OQHO3JIEKTPOHHBIX
BOJTHOBBIX QyHKLWH P;: |

p(F)=~e) ¥ (). | (7)

CymMMHpOBaHHE BBIMOJIHACTCA MO BCEM 3aHATBHIM COCTOAHHAM 3/1eKTPOHOB. ILnoTHOCTL p(F) YHOBIETBOPSAET - CNOBMIO
HOPMUPOBKH

dr fp(r)rzdr w7

3amuuieM MOTEHUHMAbHYIO SHEPIUiO B3AUMONEHCTBHA ABYX ONMHAKOBBIX, B LIEJIOM HEUTp

_ | | AJIBHBIX aTOMOB, ¢ 3aps-
IOM ANpa, PaBHEIM Z, Kak QyHKIIMIO 3aBUCALIETO OT BPEMEHHU PACCTOSHHS R MEKIy UX AnpaMu

2,2 s ~( i ¥ =1 - -
U ,(R) = Z--Re +226-M+J' PR gy L. Iplz(Rﬁ”)le(R,r)

= F-7] 7 T2 Forf (8)

31ech NEPBLIE TPH CllaraéMbi€ OMHUCHIBAIOT COOTBETCTBEHHO AIEKTPOCTATUYECKOE B3aNMOICUCTBIE A0Ep, ANEp U 3
o —_— _ _ Lo S : i 3JIEK-
’I‘p?HOB .ifl 3JICKTPOHOB pa3HbIX aTOMOB APYT C APYTOM. [Tocnennee CjlaraeMoe BBeIEHO s yueta oOMenHor CI: B3au
ACUCTBHUA BJ-EKTTPOH'OB_, NpUHAANEKAWMUX Pa3HBIM aATOMaM, HO MMEHLLIMX O NHHAKOBEIE KBaHT(:)BMe . ) ak 1 i AUMO~
OBIIO B3ATO B BUAE, AHANOTMIHOM COOTBETCTBYIOLIEMY CllaracMoMy, & iy PRETSPRCTIOL Cing

BXOnslueMy B ypaBHeHue XapTpu—d
= L i § i ’ ] OKa Ms MH{J"
roanexTpoHHoro atomMa [7}]. p,(R,7) B py(R,7") — cMeinannbie [TOTHOCTH, ONPELENCHAbE CITE MY IOIUM
C CJI€ WM ofpazom:

..(}-é,_")z-- ¥, (F)¥, R 7]
piy(RF QZI F)¥, (R-7), 9)
PARF) =—e) ,(Fy¥, R+ r~|)

i=]

{10)
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I 1 P~ paanyc-BeKTOPbI i-ro 3eKTpoHa B aToMax «1» # «2», COOTBETCTBEHHO. Onpenenenus (9), (10) cMemannoii
NAOTHOCTH OYAYT CHpaBeuINBLl MJIS TOTO Cirydas, KOraa Ha kaxuo# opbure OyayT HaXOAWTHCS MO ABA JIEKTPOHA C
MPOTABOTIONOKHO HANPaBNICHHbIMY CliuHaMu. MHoxwuTens 1/2 nepen 0OMEHHBIM WieHOM 0GBACHAETCS TeM, 4TO BKJIAs
B 0OMEHHOE B3aUMOIeHCTBHE OyXYT HaBaTh TOJBKO 3MEKTPOHBI C OIMHAKOBBIMU TPOEKUMAMH CITUHOB, CJIEA0BATENBHO,
W B3aMMOREHCTBOBATE OyaeT TOIbKO NOJOBUHA W3 HUX.

3. Paccuuraem noreniman (8) B ciiydae nape! Ar—Ar. YYUTBIBad OPTOTOHANBLHOCTh BOJTHOBBIX GyHKUMH U Teopemy
CNOXEHUs AN CHEPUYECKHX TapMOHUK, BBIPA3UM 3JIEKTPOHHbIE MAOTHOCTH (7),(9) n (10) uepes panmanbHbie YacTy
BOJIHOBBIX (BYHKIMIA;

| 20041} 2
ptry=-e ) ——=R-;(r), | 11
p(r) Z R (11)
) 202 +1) , -
Pra(x,x") = —egTRnJ (R, (x). (12)
7 BOCTIONb3YEMCS PAAUAbHBIMU BOJTHOBBIMU QyHKLMAMHE [8]:
i 2k, +1 12
R = (24, / %) pra~l exp(=4, -7/ ay). (13)

" 2k, )!

Kn U Ay— MApaMETPBI, MOMyYEeHHbIE METOAOM MUHHMU3ALMY [ONHOM SHEPrHH aToMa. VIX BeIMdaMHbI TS aproHa JaHbl B
rabmuue 1. Cymmuposanue 8 (11), (12) mpoBoanTCS N0 3aM0HEHHBIM 15, 252p 383p COCTOSHUSM.
Pacnipenenenue mIOTHOCTH 31€KTPOHOB B eQMHHLAX @, BEIYMCIICH-

JR0UNEE 1, PEISOI Il T Nun NpTORD. Hoe 1o dopmymne (11), mokasaHo Ha pwic. 1. [l cpaBHEHNS MpenCTaBieHa

I; ' 2; . 3,2;\8’9 MIOTHOCTE P(r), nonyyeHHas no Qopmyne Tomaca—Depmn. Crpenxoii
2 4 12'-86 yKa3aHa BeNTMIWHA pafuyca 0Ope3aHust EKTPOHHOM MIIOTHOCTH B MOJENU
3 g 1417 Tomaca-®epmu-/lupaka. BuIHO, 4TO B OT/IMYME OT MIOTHOCTH, PACCUM-

TaHHON MO 000J04eyHOM Monenn, p(r) B Moxenn Tomaca-DepMu, MOHO-
TOHHO yOBIBaeT C PaCCTOAHHUEM M Ha GONBIINX PACCTOTHUAX OT AApa aeT
3aBbIUICHHOE 3HAYEHUE IIOTHOCTH 3JIEKTPOHOB.

Ilepetinem Temeps K BBIUMCHEHMIO ToTeHIMana (8). IIpeacTaBuM HEPIiO KYJIOHOBCKOrO B3aMMOIEHCTBHSA aapa
aToMa «1» ¥ ero 3/IeKTPOHHOH 000/I04YKH € JJIEKTPOHAMHM APYTOro aTo-

Ma (Uy), kak MOTEHUMANbHYIO JHEPTHIO CHCTEMBI 3apsmoB, HaXo.Is- Ar

[MUXCA B JNMEKTPUIECKOM M0JIe, CO3XAaBAEMOM 3JIEKTPOHHOM 000J104KOH

mpyroro aroma. CBsi3b MEXIY pacrnpelie]leHHeM IUNIOTHOCTH M cKansp- === Mogene Tomaca-depmu
: : y - —— O6onoYyeyHas MOAENDb

HbIM TIOTEHIHANOM Q(X) ompenenseTcs ypasneHueM Ilyaccona. B cuny \

MPEANONOKEHNS O TOM, YTO 3JIEKTPOHHAs 000710YKa B TEYECHHE BpeMe-
HA COynapeHus He HehOpPMHpYyeTcs M OCTaeTcs chepuuecKu- _
CHUMMETPHYHON 3aNUIIeM: |

R ©

1 -
8,(R) = 4r|— J' ()2 dr + J'p(r)rdr | (14) ¢ -

R ' °

0 R =

Torﬂa., [MPpHUHUMAsA BO BHUMAHHE, YTO CHCTEMA OBYX aTOMOB CUM~ E
METPUYHA OTHOCHTENBHO NIPAMO, MPoXosilieil Yepes UX A1pa, JHep- ‘
THIO KYJOHOBCKOTO B3auMozedctsua (U;.) MPEeNcTaBMM B BULE: 0.1 5

Uso(R) = 2Ze@ (R)+ [p(F)p.(R-7)av =
I 16 A

< 1
= 2Zep, (R)+ 27 J' _" p(r)r*4,(R~Fdr - d(cosd),

ol Puc.1. PannansHas naoTHOCTS 31EKTPOHOB.

rie ffé - F] = J R*~r? ~2Rrcosh - pPaccTOsiHME OT Aapa aToMa «2» 1o

3ACKTPOROB aToMa «1». |
PacyeTsl BRINONHATHCE 0O CAEAYIOEMY anroput™y. BHauane BLIUMCIANOCH ¢ (R), 3aTeM pe3yJIbTaThl BbIUUCIIE-
HU#t anTPOKCHMHPOBAINCE KyOUdecKuM CILIaHHOM M NOMYYeHHas TakuM COCOGOM HHTEPIONALMOHAAS PyHKUHS UC-
NOAB30BANACH B JabHEMUIMX pacyeTax noteHumana (7).
OOmenupifi yneH B (8) nepenuorem B Buge:
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Ugien(R) = I‘P(F)‘P(l-ii‘—-i' ])dV f W(R’;i }):(P(" av'=2x J' J‘ LP(?)LP‘(!E—F‘)F(Q,r‘)rzdra’(cow), (16)

F —F|=r>+r2+ R~ 2rr'cos y - 2R(rcos 0 —r'cos &),

cos ¥ = cos §cos §' +sin @sin @'cos @' .

F(Or) — nByMepHsI#l CrialiH, MOTYYEHHbIN anmnpoKcHMausen pe-

: AT-Ar
3yALTATOB YHCIAEHHOrO WHTErPUPOBAHUA BHYTPEHHEr0 HMHTErpaia
no obpeMy aapa «1» ) 'y . 4
W(R+FYV(F L v e

quj( — -_)_’ ( )rzdrd(cosﬁ)dgp. =‘ TF

.," l”'?‘l 108 b . Bohr

g _ ¥1 Present work
Pesynbrat BbIYHUCAECHUH NMOKa3aH Ha PUC. 2 CIUIOLIHON JUHUEN. Ha _ e Gajdaenko

paccTosHUAX, MeHbWX 0.5a;, TA€ OCHOBHYK DOJb UrpaeT Kyno-
HOBCKOE B3aMMOAEHCTBHE A1€p, BCE MOTEHLMANb! BEAYT C€0A MoY-
™ opuHakoBo. Ilpu r > ay norenuuan (8) cormacyercs ¢ pe3yJib-
tataMu pacyetoB ["aiinaenko u HukynuHa [9], nosydeHHBIX B paM-
kax T®J[-Monenn ¢ pacnpelenNeHueM JIEKTPOHOB, PaCCINTAHHBIM
o Metony XapTpu-Qoka 11 CBOOOAHBIX aTOMOB.

" Tpencrasum (8) B BHAE SKPaHUPOBAHHOIO MOTEHLMANA

"
Zze“

u(r), e-zfao

U, (R)=5=—-®,(R/ a). (17)

[TpuMeHsss KpuTepuit X.2 , ObUTO YCTAHOBJIEHO, YTO QYHKLMS

skparupoBanus @, (R/a;) YHOBIETBOPHTENBHO OMHCHIBAECTCA

CYMMOIf SKCTIOHEHT: |
| @, (x) = 4 exp(-x/1;) + A, exp(-x/1t,) (18) r/a,
npa A;=0.51£0.03, A,=0.567 £0.017, ,=0.937 £ 0.01, Puc.2. TToTEHUIMBI OTTANKUBAHKS MEXKIY aTOMaMH AT,

t,=0.517 £0.01.

®opmyna (17) sBigercs ynoOHOH MaTeMaTH4eCKkOH MOLENbIO TIOTEHIMANA B3aHMOIEHCTBHSA aTOMOB C pacrpe/e-
NIEHUEM TUTOTHOCTH 3NIEKTPOHOB, MOJYYCHHOrO ¢ MOMOLUBIO 0060I0YEYHbBIX BOJHOBBIX QYHKIMN M YYHTHIBAIOMIETO 06-
MEHHOE B3aUMONCHCTBHE U MOXET MPUMEHATHCS Ul HAXOKAEHUS TaKWX XapaKTePUCTHK CTONKHOBEHMS, KaK CEeYCHHUeE
paccesiHusl, 3HEPTETHYECKIE CIIEKTPBI aTOMOB OTAAYM U Ip.
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An approachof noninvertible extension from supermanifolds to semisupermanifolds is presented. Regularized cocycle conditions
and “semicommutative” diagrams for noninvertible morphisms are introduced. “Obstructors” which measure the difference from
commutative (invertible) case are defined. This regularization approach is applied to categories, where analogs of obstructors
are n-cycles of morphisms. The regularized extensions of functors braidings and related structures in monoidal categories and
a “noninvertible” analog of the Yang-Baxter equation is written. Similar generalization of (co-) algebras, left and right (co-)
modules, tensor product of module actions is given. :

KEYWORDS : supermanifold, semisupermanifold, morphism, monoidal category, functor, regularity, obstruction, Yang-Baxter
equation, coalgebra, comodule | '

In this paper we extend the supermanifold noninvertible generalization approach introduced in [1] to such structures as
categories, functors, (co-) algebras, (co-) modules etc. This approach is connected with higher regularities and reconsidering
the role of identities [2]. More or less analogous methods of abstract structure generalization were considered for n-
categories [3, 4, 5], topological QFT {6, 7], near-group categories [8, 9] (with noninvertible elements) and weak Hopf
algebras [10, 11] in which the counit does not satisfy € (ab) = e (a) £ (b) or satisfy some regularity conditions [12, 13].
Here we first show how noninvertibility can be introduced into the supermanifold theory [14, 15] and then apply this
approach to more general structures.

PATCH DEFINITION OF SUPERMANIFOLDS

As is usually implied [16], the patch definition of a supermanifold 97, differs from ordinary manifold (see e.g. [17])
by “super-” terminology only. One considers a collection of superdomains U, such that 9y =|J U,. Then in every
a

superdomain U,, one takes some superfunctions (coordinate maps) @, : Uy — D™™ ¢ R™™ where R*™ isa superspace
in which our super “ball” lives, and D™™ is an open domain in R™"™. Next the pair {Ua, po} is called a Iocal chart and
it is claimed that the union of charts | J {U,, ¢« } is an atlas of a supermanifold [16]. Next gluing transition functions are

(24
introduced in the following (similar to non-super) way. Let Uy = U, NUg # @ and
Yo :Us = Vo CRM™, @5:Us— VaCRU™, (1)
Then the above morphisms are restricted 10 o : Ung — Vo = Vo Noe (Uap) and @p : Usp = Voo = Vs Ng (Uysg).
The maps ®np : Vgo — Viup which are called to make the following diagram
Usg —L2Vpq

Po | Pop

Yo )

to be commuted are named transition functions of a supermanifold in a given atlas. First note, that Uyg C 90 and
Vapg, Vaa C R™™, and then from (2) one usually concludes that
Pap = pa© ‘Pgl 3)
Additionally, from (3) it follows that transition functions satisfy the cocycle conditions @;é = ®go On U, N Uz and
| q)aﬁ © q)ﬁ'}r © ‘I)fya = loco | (4)
on triple overlaps U, N UgNU.,, where 1,4 i (Us). Usually it is implied that all the maps ¢, are homeomorphisms
[16], and they can be described by one-to-one invertible continuous (super)smooth functions. It was reasonable not to
distingnish between U, and D™™ ie. locally supermanifolds are as the whole superspace R™™ [16]. Then problem lies
in another abstract level of the constructions, if the invertibility conditions are weaken (see, e.g. [1, 18)).
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NONINVERTIBILITY AND SEMI-SUPERMANIFOLDS

Let us formulate a patch definition of an object analogous to supermanifold [1], i.s. we try 10 Wcémkteri denzrand V?:
invertibility of coordinate maps (1). Consider a generalized superspace 90U covered by open sets Uy as 2 ‘*9 o

assume here that the maps @a : Us — Vi C R™™ are not all homeomorphisms, 1.¢. among th:em there are nm§meﬂ?gi-e
maps (in case the superspace 9N is noninvertibly generalized then instead of R™™ one can consider some 1ts noninvertiole
generalization).

Definition 1. A chartis a pair {U", i} ,where " is invertible morphism.
Definition 2. A semi-chart is a pair {UJ"™, @iominv}, where @™ is noninvertible morphism.

Definition 3. A semi-atias {U,, pa} is union of charts and semi-charts
| {U-inv (Pz'nfu} U {U‘nonin'v (Pnoninv}
o ) (4 L Ta ITa *
Definition 4. A semi-supermanifold is noninvertibly generalized superspace represented as semi-atlas M =] {Ua, Pa 3
(5]

To define an analog of transition function we should consider the same diagram (2), but we cannot use (3) through
noninvertibility of some of ¢, 's. Therefore, first step is not to resolve (3) directly while finding transition functions.

Definition 5. Gluing semi-transition functions of a semi-supermanifold are defined by the equations
@ 0oPs =Pa, PpaoPa=¢s. &)

So we should find artificial methods of solving, €.g. as in previous subsection, expanding in superalgebra generator
series, or using abstract semigroup methods [19] and consider solutions of noninvertible equations as equivalence classes.
The semi-transition functions entering in (5) are not more mutually inverse, and the functions ®3, should now be
determined not from (3) in which the left hand side is not well defined, but from the commutative diagram

Uaﬁ’ ""‘Lﬁ VIC?O:

v
i ©
and the equation (5) following from it (see [20] for some examples of semisupermanifolds). They are also can be

noninvertible and therefore the cocycle conditions should be modified not to use invertible functions only, Thus, instead of
(3) and (4) we have | o n _

Conjecture 1. Semi-transition functions ® s of a semi-supermanifold satisfy the Jollowing relations

| Pop o Pga o Pup = Do (7)
on Uy NUg overlaps and |
@aﬁ o q}ﬁf}f o q)'ya o Qaﬁ' = (I)aﬁ'; (8)
Ppy 0 Py © Pap 0 By = By, @)
Prya © Pop 0 Ppy 0 o = Dy - | (10)

on triple overlaps Uy, NUg N U, and

@op 0 Pg,y 0 DrpoPpa0Pyp = B4,

(1)
P30 Pyp0 D, 0 Qyp0 @5,., = ®g.,, (12)
Lyp 0 Ppa © Pag o Bpy o 2y = @y, (13)
Ppa 0 Pap 0Py 0Py 0By = Ppa (14)
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We call (7)-(14) tower relations, and they satisfy identically in the standard invertible case [16], i.e. when the conditions
(3) and (4) hold valid. The semi-supermanifolds defined above belong to a class of so called obstructed semi-supermanifolds
in the following sense. We rewrite (3) and (4) as the infinite series

n=1l: Pua=lag, (15)

n=2: Pag0Pgy = lua, (16)
n=3: =®a0Pgy 0Py, =1lyg, (17)
n=4: =®a0Pg,0P,50Ps50 = 1ga (18)

A semi- supermamfold 15 called obstructed, if some of the cocycle conditions (15)—(18) are broken In some cases it can
happen that starting from some n = n,, all higher cocycle conditions hold valid,

Definition 6. Obstructedness degree of a semi-supermanifold is a maximal n,, for which the cocycle conditions (15)-(18)

are broken. If all of them hold valid, then n,, % 0.

Ordinary manifolds (with invertible transition functions) have vanishing obstructedness, and the obstructedness degree
for them is equal to zero, i.€. n, = 0. The obstructed semi-supermanifolds may have non-vanishing ordinary obstruction
which can be calculated extending the standard methods [14] to the non-invertible case. Therefore, using the obstructedness
degree n.,, we have possibility to classify semi-supermanifolds properly.

We can compare semisupermanifolds with supernumbers as follows

Supernumbers Semisupermanifolds

Ordinary manifolds (transition functions

Ordinary nonzero numbers (invertible i )
ay ( ) are invertible)

Supernumbers  having  nonvanishing | Supermanifolds (transition functions are
number part (invertible) invertible)

Pure soul supernumbers without number | Obstructed semisupermanifolds (transi-
part (noninvertible) tion functions are noninvertible)

Letus cons:der a series of the selfmaps i) « U, — Uy of a semi-supermanifold defined as

ell) = Bya, (19)

el?) = ®,5 0 Ppa, (20)

8(3) = Qaﬁ o] (I)ﬁ'r (o} <I>.m, (21)
el = @,508p, 0 Poys 0 Dy, (22)

We will call e( n)s rower identities (or obstructors). From (15)—(18) it follows that for ordinary supermanifolds all
obstructors coincide with the usual identity map

egg,méinary o 1aa’ “ (23)

So the obstructedness degree can be treated as a maximal n = n,, for which tower identities differ from the identity,
i.e. (23) is broken. The obstructors give the numerical measure of distinction of a semi-supermanifold from an ordinary

supermanifold,
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n-REGULARITY AND SEMI-COMMUTATIVE DIAGRAM TECHNIQUE

Let us generalize the above constructions to any set of noninvertible mappings. The extension of 7 :,2 e ?Ic grven
by (7) can be viewed as some analogy with regular [21]) elements in semigroups or generalized nverses In Mainx LlEoR
1221, calegory theory [23] and theory of generalized inverses Of morpkisms [24]. The relations (8-_"“4’ and .V‘f]'t.h BEeT 2
can be considered as noninvertible analogue of regularity for higher cocycles. Thus by analogy with (7)-(14) 1t 18 natural
(o formulate

Definition 7. An noninvertible mapping ®op is n-regular, if it satisfies the following conditions
n+1l

&)aﬁ o®p,0...0Ppq 0 q’a;;: dop + permutations | (24)

7

onoverlaps Uy N U N ... N U;.

The formula (7) describes 3-regular mappings, the relations (8)—(10) correspond to 4-regular ones, and (11)—(14)
give 5-regular mappings. Obviously that 3-regularity coincides with the ordinary regularity [19]. The higher regularity
conditions change dramatically the general diagram technique of morphisms, when we turn (O noninvertible ones. Indeed,
the commutativity of invertible morphism diagrams is based on the relations (15)—(18), i.e. on the fact that the tower
identities are ordinarv identities (23). When morphisms are noninvertible (a semi-supermanifold has a nonvanishing
obstructedness), we cannot “return to the same point”, because in general egﬁ # 144, and we have to consider “nonclosed”
diagrams due to the fact that the relation e o o3 = Pap is noncancellative now. Thus we propose the following
intuitively consistent changing of the standard diagram technique for noninvertible morphisms. We consider a new arrow
which corresponds to the additional multiplier and so for n = 2 we obtain

Invertible morphisms Noninvertible morphisms
q’aﬁ @05
q)ﬁa (I)Ba

which describes the transition from (16) to (7) and presents the ordinary regularity condition for morphisms (see e.g. [23]).
The most intriguing semicommutative diagram is the triangle one | |

Qaﬁ (I?‘af}

Y

\

4

n=3 | — N + pertnutations

Y v

Invertible morphisms Noninvertible morphisms

which generalizes the cocycle condition (4).

By analogy we can write higher n-regularity semicommutative diagrams, which can 3 .
generalized categories [4, 9, 25]. ’ be considered in framework of

CATEGORIES AND REGULARIZATION
Let 91 be a generalized superspace covered by open sets U, such that 9 =| | ;
1at 9 -—Laj Uq. Then we can describe a category

whose objects are semi-charts (Ua, ¢o)acr and whose morphisms are transition functions ®

Po U"‘. —+ Vo C R’f'-‘m is a nom-nvembl? morphism and I is a set of indices, and V: ; = ﬁf}a ._’T: v&}ﬁ’ W hefg
Uy p = Uy NUg # 0. This leads to the following natural algebraization of the notion of sennsuper’m a Cltn ifc-}z autaéig’:naﬁ

arbitrary category with equivalence [26]. We denote by Cq a class of objects and by hom(C)
ctass of all morphisms of C. By an equivalence in C we mean a class of morphisms hom'(C)

i 3 !} ;v oon
where homg (X, V) is a subset of home (X, Y). Let X = (X,,- .. . X») be a sequence of ij ectg {’:’;lz,e‘(c“) hom (XY}

== Ux,‘r‘ecu home(X, Y} a

&
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Delinition 8. A sequence of morphisms

®,

Py o, @,
X Xttt X Sn X (25)

such that there is an (endo-)morphism e x) X1 — Xy defined uniquely by the following equation

ef) 1= Bp0-- 0By 0®, (26)

and subjects to the following relation
PioPr,0-c0Pr0P; =P,

is said to be a regular n-cycle on C and it is denoted by ® = ($1,...Dy).

The (endo-) morphisms e( ) : X; — X corresponding for ¢ = 2, .. ., n are defined by a suitable cyclic permutation

(n)

of above sequence (and they are some analogs of obstructors exq introduced above for semisupermanifolds). If

; r

_ @, _ o
Xl——-}X! . —-—>1X:1-—-}.X1
is an another n-tuple of morphisms such that
(n) G @! @! (I)I
e_xl.- nQ 0P 0P,

then we assume that X is equivalent to X;, for ¢ = 2,...,n. The morphism ex is said to be an obstruction of X . The
mapping e : X € Co — ex € hom(X, X) is called a regular n-cycle obstruction structure on C. We denote by C,, (C) the
collection of all regular n-cycles on C . This collection is said to be regularization of C.

Definition 9. If the regularization Cy, (C) exists for a given category C, then the category C is said to be a category with
regularization. ! -

We note that the regularization procedure is not unique. For a given category C we can find several regularizations
C{C). The classification of all possible regularizations is a problem. Lete : X € Co — ex € hom(X, X) ande',: X €
Co — €’y+ € hom(X’, X') be two regular n-cycles obstructions in C. Then the morphism o : X — X’ such that

aoel = e oq
is said to be a regular n-cycle obstruction morphism from e to e’. We denote by homg,¢; (X, X') the set of all these
morphisms from X to X'. Ifa: X — X' and § : X' — X" are two n-cycle morphisms, then the composition F o « :
X — X" is also a n-cycle morphism. This means that hom (C,, (C)) = Ux,yec, home, (¢) (X,Y') is an equivalence in
the category C.

REGULARIZATION OF FUNCTORS AND YANG-BAXTER EQUATION

LetC = C(I, ®) be a monoidal category [26], where I is the unitobjectand ® : C X C — C 18 the monoidal product.
If the following relation
ex Vexr =exgx’. (27)

holds true, then the monoidal product of two regular n-cycles X1,...,Xp and X1, ..., X,, with obstructions ex, and ex-
respectively, is the regular n-cycle X; ® X!, ® -+ ® X, ® X, with the obstruction exgx'. Hence it is obvious that the
corresponding regulanzatmn C,(C) is monoidal.

The morphisms e’ "  can be used to regularize the notion of functor. All the standard definitions of functor [26] are not

changed, but preservation of identiry is replaced by requirement of preservation of morphisms e( ). Let C and C’ be two
monoidal categories with regularizations C,, (C) and Cy, (C'), respectively.

Definition 10. A functor F : C — C' such that
f(ex)  nns 6}:(_}{;) . (28)

is said 1o be regular.

Lemmal. Ifa: X — X'isan-cycle morphzsm inC, then F (o) : F(X) — F(X') is a n-cycle morphism in '
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XX - X ®X}

[n the same manner we can “regularize” the natural transformations [26]. Let B = {Bx.x' -
that it is a regular

be a braiding in the category C [27]. If all braidings Bx y are regular n-cycle morphisms, then we say
n-cycle braiding, which means "

BX,X’ o] QXQX" — eX’@X C BX:XJ]
for X, X’ € Cy . We use the notation

Bg,)y’,z = Bx,y ® €z, BS?,)Y’Z =ex @ By,z.

: . 3 : _ ) (2)
Lemma2. If Bx y and By, z are regular n-cycle morphisms, then the prebraiding relations Bxgy z = B XY.Z oBx'y z
: 2 1 .
Bxygz = Bg()y 7 © Bg()y , are also n-cycle morphisms.

This lemma allows us to “regularize™ the Yang—Baxter equation in the following way [28, 2]

2 - 2 1 (2 |
Bg)zx ot B%ﬂx,z = Bgé,)y,z = B‘(z,)x,y # Bg:,)z,y ¥ BX,)}’,Z' (29)

The solutions of “noninvertible” Yang-Baxter equation (29) can be e.g. found by application of the semigroup
endomorphism methods [29].

REGULARIZATION OF ALGEBRAS, COALGEBRAS, MODULES AND COMODULES

Let C,, (M) be regularization of a given monoidal category M. It is known that an associative algebra in the category
C is an object A of this category such that there is an associative multiplicationm : A® A — A which is also a morphism
of this category. If the multiplication is in addition a regular n-cycle morphism, then the algebra A is said to be a regular
n-cycle algebra. This means that we have the relation |

_ mo(es®eq) =€4 0m. (30)

One can define a regular n-cycle coalgebra or bialgebra in a similar way. A comultiplication A : A — A® A can be

regularized according to the relation

- - Noeg=(es ®eq)oA. (31)

Let 4C be a category of all left A -modules, where A is a bialgebra. For the regularization C,,( 4C) of the .A-module
action pys : A® M — M we use the following formula

puolea®enm)=emopum, (32)
where pyr 1 A® M — M is the left module action of A on M. The monoidal operation in this category is given as the
following tensor product of A-modules

puen = (idy @ T ® idn) o (pm @ pn) © (A ®idmen), (33)
where 7 : A®@ M — M ® Aisthe twist,ie. T(a @ m) :=m ® a foreverya € A,m € M. |

Lemma 3. For the tensor product of module actions we have the following formula

PMeN © (€4 ® eMeN) = eMeN © PMON. . (34)

This lemma means that the tensor product of two module actions satisfy our regularity condition, if and only if these
two actions also satisfy the regularity condition (32). Observe that there is also a category C* of right .A-comodules where
A is an algebra. We can regularize this category in the following way. For the coaction we have ,

poeAr:(eM@eA)O-pm, (35)

and | |
pmen = (idy ® my) o (idy @ T ® idy) o (pur ® py ), (36)
where 7: M @ N — N & M is the twist, m 4 : A® A — A is the multiplication in A. |

CONCLUSIONS

We can conclude that investigation of noninvertible extension of many ab: - |
: : ; - - any apstract structures can | in ¢
gen;ra] way: by introduction of obstguctoys (or n-cycles) e which are analogs of units, and tlm??r em ?::I“: u:dcommﬂn
the m}:embl-c case. In search of possible interpretations we can observe that “Ine” plays the role Gfegrst “?u i -
group” for “space” of categories and vanishes for invertible morphisms, while its differen ¢ of hirst “fundamental

S e G = fference from “zero” can ait ao
nontrivial “noninvertible topology” of sm:,h space”, So further study of this noninvertible extension :e mmaﬁ,nfbe treated %
and structures would be worthwhile and important for more deep understanding of mn-invfa:r-tibiiity al:?d its W;)fzzszg:? =
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Tpeniaraercs NOAXO01, B PAMKAX KOTOPOro ¢ yyeToM HeobparumocTr obobimarotes cynepmuoroodpasus Ha noayCynepmHoroodpasm.
BBOAATCE peryaspA30BaHHbIE YCI0BAA KOUMKIA B “N0AyKOMMY TATUBHbBIE narpammel’’ 115 Reobpatumsx Mopuamos. Oupenenstores
“IpensATCTBeHAbIE MOPDUIMEL", KOTOPEIE UMEPIIOT OTIAYHUE OT KOMMYTATHBHOrO (06paTAMOr0) CayHas. D10 NOAXON NPAMEHACICH K
o600menmo KATeroprid, TS KOTOPEIX 2HAI0IOM “HpensTCTBEHHEIX MOPPHU3IMOB™ CAYKAT N-UMKANYCCKHE MOPDH3MbL. PaceMoTpenst
oGobuiennus QyHKTOPOS 1 APYruX 0OBEKTOB B MOHOUARIHBIX KATEIOPHAX, HeoOpaTHMslil ananor ypasnenus fAnra-bakcrepa, a taoke
seobparumuie 06obmenus (k0-) aarebp, AeBEIX ¥ NPaskix (KO-) MOAyneld, TEH30PHOIO NPOM3BEAEHMS AEACTBIA MONYICH.

KJTHOYEBBIE CJIOBA: cynepmuoroofpasue, nosycynepMaoroodpasue, MOpOHIM, MOHOMIAIEHAS KATErOpus, Pyurrop, per yAsp:
HOCTb, NPESTCTRAE, yphusiie H.ura Baxmpa Koasre6pa, KOMORYb.
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[Tpemokena TEOPETHUECKAs MOJETL (POHOHHOIO CIEKTpa C JMCIIepCHed 14 OIUCaHMS TCPMONMHAMITICCKHX CBOHCTB
GOHOHHON IOACHCTEMBLI HMOOMS O€3 MCIONL30BaHMs IIOATNOHOYHBIX IIApaMeTpOB. XapakTepHble YacTOTBI GOHOHHOTO
CLIEKID4 OUPCUCIBIOTICH YEPE3 M3MCPHCMbLIC OKCLICDUMCHTAILHO YLPYIHUE HOCTOMHHBIC KpHC Y UHMECKOK pememu_
BeIonHeHb! YHCIEHHBIE pacdeTs! (OHOHHOM TeToeMKOCTH HWoOWd, W3YYeH BKIaJ dKyCTHYeCKMX W OITHHCCKHX
xoneGarmii B IMPOKO# obnacTé TemmepaTyp. OmpeleieHbl CpefHME 3HAYECHWS YaCTOTHL, AIMHEI BOTHEL, (a30BOH U
IPYIIIOBOM CKOPOCTH, 3(EKTUBHON MACCHI AKYCTHYECKMX M ONTHYECKHMX (POHOHOB B 3aBHCHMOCTH OT TEMIEPATYpHL
W3yueHsl 0COGEHHOCTH IMHAMIKY KPUCTADINYECKOH pemeTkd HuoGus B 00/1aCTH CBEPXIIPOBOJAIIETO IIEPEX0a.
KJIIOYEBBIE CJIOBA: mmoGuwit, mofynns IOHra, ympyrue TNOCTOSHHBIE, NWHAMUKA PEMIETKH, aKYCTUHCCKHC U
OIITHYECKUE POHOHDI, IVIOTHOCTE HOHOHHBLIX COCTOSHUM, TEIIOEMKOCTD, CBEPXIIPOBOIUMOCTD

H3yyenmne MUHAMMKH KPUCTAUIMYCCKOH PEINETEM CBEPXMPOBOMMIHMX MCTALIOB B TCOPETHYCCKOM HOAXOIC, HE
HCTIONB3YIOIEM WOATOHOYHBIX NapaMeTpoB, C yYeTOM JHCHCPCHH (POHOHHBIX MOJ HPEACTaBICTCS MONC3HBIM A
ONpEAcACHAS OCOOCHHOCTEH INCKTPOH-(DOHOHHOTO B33HMOACHCTBHA M MEXAHU3MA CTIAPUBAHUA HOCUTENCH TOKA.

B kadectBe O00BEKTa HCCHEAOBAHMA BHIOpaH HMOOHWH, TOCKOIBKY HAKOIUICHBI MHOTOYHCIICHHBIE
IKCMIEPUMEHTATBHEIC JAHHBIC MO €T0 CTPYKTYPHBIM, YOPYIHM H TEPMOAMHAMHYSCKHM CBOMCTBAM KAK B HOPMATBHOM,
TAK M B CBEPXNPOBOAAMEM COCTOAHILIX. Kpome TOro, HHOOHI HMMEET HAMBBICIIYE) CpEOH NPOCTHIX METALIOB
TEMIEPATYpy CBepxmposomsmero mepexona (T, = 9.25 K), asmaerca ceepxmpoBogumkoM II poga, uMeeT DBIPOYHYIO
IIPOBOJMMOCTE ¥ €0 yA00HO CPABHHBATH C METATIOOKCHIHBIME BBICOKOTEMIICPATYPHEIMHE CBEPXTIPOBOIHHKAMH.

Kak wm3BecTHO, HHMOOME HMMeEET KyOMMECKYI0 OOBEMHOICHTPHPOBAHHYI) PCIIETKY (CTPYKTYpHBIA THO A2) ¢
napamerpoM @ = 3.30 A [1]. OneMeHTapHas fueHKa BKIOY4ET JBA ATOMA, YTO MPHBOIHT K MOABICHAIO B (DOHOHHOM
CIIEKTPE HAPAY C aKYCTHIECKOH B ONTHYECKOM BETBH KOmeOanmii [2].

TTockombKy XaPAKTCPHBIC TCMIEPATYPhI M3Y4ACMBIX TepMOAMHAMUMECKMX (yRkmui mEmobms  (T=1-250 K)
CYMECTBEHHO HIDKE TEMICPATYpH ero mmasiemms (T=2500 °C), 10 mpmMermmo TapMOHHYECKOE NPUOIIDKCHHUE

(cM., Hamp., [2,3]). B 31oM ciy4ae 3akOH AWCHEPCHM TSI ABYXATOMHOM IENOYKH, COCTOSIICH M3 aTOMOB o;tmaaxonon
MacChl 7, MOJKHO 3aUMCaTh B BUAC:

03 (k) = 2—“3-[1 +cos(ka)], O<k _<mf(2a), (1)

rae S — xo3(pHEIMEHT YNPYTrOCTH PEIIETKH, KOTOPBIM MOMXKET OBITH BBIPAKEH YCPC3 MOAYIH npo.nomaon YyIPyTOCTH
(Monyms FO0ura) § = aF [4]. 3BaK «—» COOTBETCTBYET

aKyCTHHECKOH, a 3HAK «+» ONTHYECKOM BETBM CHEKTpA. 14— 11.4
I'Ipez(enmaa 9aCTOTa  AKYCTHYECKMX  (DOHOHOB 1.2 {192
, =\2f/m COOTBEICTBYET 3HAYEHMIO  BOJHOBOIO 1 > 4

wmcna k = * n/(2d) Ha rpaEuMue 30HH Bpunmo3HA. § 0.8
MakcaMambEad ~ YACTOTA  ONTHYECKHX  (OHOHOB, 3 0.6
COOTBETCTBYIOMIAA 3HAYCHHIO BONHOBODO WHCHA Kk =

10.8
10.6

paBHd @, = 1/5 ap. Ilockomsky Maccel aToMOB B 0.2 aKyCTMMecKkasl BeTBb 2.
HEMOYKAX COBNANAIOY, MEHAMANHHAS YACTOTA ONTHYECKHX . - 10.2
(oHOHOB  COBDAMACT C npez:emﬂoﬁ HaCTOTOM 0 7 e 3

AKYCTHYCCKHX (OHOHOB @ = Wp M B CHEKTpE 8 Y __B_E .g..

OTCYTCTBYET 3aHpEINCHHAS 30H3 MEKAY AKYCTHYECKOH H
ONTHYECKOH BETBAME KoneOasmit (cM. puc.1).

B pesynpraTe MAXCHMATBHAS MaCTOTA AKYCTHMECKHX

ka

Prc.]. Croionmste kpuBhie - AUCTIEPCHONHELe 3aBHCHMOCTH

(ponoHOB ap OCTACTCH C/MHCTBCHHBIN cnoﬁomm napa- HPHUBEJCHHOR YACTOTHL (HOHOHHOrO CHEKTPE a¥wp
METPOM B MOJCIH H MOXET GBITh ONPENENEHa U3 IKCIepH- BLIHCNeENREKE 10 hopmyste (1). HirpuxoBiie mamm
MEHTATHLHO M3MEPAEMBIX 3HAYCHMH YDPYTHX TOCTOSHELIX COOTBETCTBYIOT MoOZIeIH 663 McTicnem .'[51-\ ——

KPHCTAIUTHYECKOR PEIIETKH METAILIA.
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Moayns 108ra a1 TBEPAOIO TesIa BHIPAXKAETCH YEPE3 YIPYTHE NOCTOAHHBIE C; mo gopmyne [6]:

Cn - Clz) (Cll + 2C12) )
Cu i Clz

E::(

(2)

Jst OTOXOKEHHOrO HMOOHS BBICOKOM YMCTOTHI YIPYTHE HOCTOSHHbIC PABHSL [7]:
Cyy=246.5TTla, C;;=134.5TTla, Cy=28.71Tla

H ompejencHHOe no (opmyne (2) 3maucume Moayns FOura pasEo £ = 152 I'Tla. B COOTBETCTBHH C TG IMYHBIMY
AanasivE [1] Moxyis FOrra mma amoGua cocrasiser £ = 156 I'TIa, 4TO OTIHMAETCSA OT BHIMMCIICHHOIO BHIMIE 3HAYCHIS
MeHee YoM Ha 3 %. COoOTBETCTBYIOMEE 3HAYCHMA NPESACTBHBIX MacToT @p W @, (a TarKe TeMuepaTyp Gh=ha, /k,
H 6, =he, /k;) aKyCTHYECKHX ¥ ONTAYECKAX (OHOHOB DPMBCACHH B Tabn | W mui JambHeHmmX PacyeTos
BEIOHPAFOTCA HX CPEIHME SHAYCHNS,

TaOmama 1. XapakTepHble HACTOTHI ¥ TEMIIEPATyPhl POHOHHOTO cnexrpa HUOOUS

E,ITla @p, M3B @D, K @y, MIB ®,, K

152 16.8 195 23.8 275.7

156 17.0 197 24.0 278.5
CpeTEHe 3HAYCHUS 16.9 196 23.9 277

OrMeTuM, YTO NOMYYCHHBIC 3JECh 3HAYCHUS Op W @), B TOMHOCTH COBIAJAIOT CO 3HAYCHISIMHE PE30HAHCHBIX
YaCTOT (HOHOHHOIO CEKTPa EHOOHSA, BOCCTAHOBJICHHOTO IO PE3YABTATAM HEYIPYTOTO PACCESHHUS HEHATPOHOB [8].

Kak nokas3and BEHIOHCHHBIC YHCICHHBIE PACYETHI 10 (opmyze (1), (cM. prc.1) B 061aCTH YaCTOT aKYCTHYECKOTO
CIEKTPa @p/2 < @ < @p HMECTCA CYMECTBEHHOS OTKIOHCHHE OT JHHEHHOM 3aBHCHMOCTH ok) (IITPHXOBAsK JHHWS),
9TO CBHACTENLCTBYET O HEOOXOAMMOCTH YY€Ta AUCIICPCHH BBICOKOYACTOTHBIX AKyCTHYCCKHX (POHOHOB, B OCOOCHHOCTH
BOJM3H PC3OHAHCHOH YaCTOTH @p. Kak BHAHO ®3 puc.l, 3aBHCHMOCTE (k) JIS ONTHMECKON BETBH CIEKTPA TAKKE
HMECT CYIICCTBEHHO HETHHCHHEIN XapaKTep.

Hcnoms3ys 3axon mucnepcr (1), MoxHO onpenenuTs GasoBre V=@ /k u rpymmoskie u =0w/0k cxopocty,

a TaroKe [UMHEL BOTMH A=27/k u (pdexTusHnie Macch mg=h/(0°w/ ok*) (OHOROB Kak (QYHKITHH 4aCTOTHL:

v(i')(a;)-—'- e . | e u® (&)):—(awD’E) iJZ— &;” ; (3)
8 2 ' Dp p
Arccos -_F( : —1)
| @2, .
,(E) 4k
3&)(@)2 27V __ (@) ’ m(i)(w) = ( - J , 4)
@ a

IIC 3HAK 3HAK «-» H HEAEKC «D» oTHOCATCA K aKkycTHYeckol (0 < @ < @p), a 3HAK «+» U HHAEKC «E» - K OnTHYECKOH
(r < @ < ®,) BerBH CcnekTpa. Y3 BipakeHmii (3) creayer, 4ro rpynmoBas ¥ ()a30Bas CKOPOCTH ONTHYECKHX
(OHOHOB HMCIOT Pa3HBIC 3HAKH, T.€. PacHOCTPAHCHWE (a3sl BONHEI H NEPEHOC BOJHOM JHEPIAM IPOHCXOIAT B
IPOTHBOTIOAOKHEIX HAUPABACHEAX. ITO O3HAYACT, YTO MMCET MECTO 3HOMAJIbHAA JMCIICPCHS ONTHYECKHX (POHOHOB.
Orvermv, 910 JanERn ekt xapakreper u 114 GOBOHHOM TOJCHCTEMEI BTCI1 Y-Ba-Cu-O [9,10].

TNomyusM BBIpaKEHMsA AT MIOTHOCTE (GoHOHHBIX cocrosami (ITOC) Meramna ¢ y4eToM HHCTEPCHH (POHOHOB M
HAI@9¥s B CHCKTPE ONTHICCKOH BeTBH. [lapummampaeic (g Kamoﬁ BETBH) (POHOHHBIC TUIOTHOCTH COCTOSHUH B COy4ae
TPEXMEPHOTO 0a3Hca, HOPMMPOBAHHBIC HA SNWHMIYY B NpEJEaX 30HLI BPHILIOIHA, ONPEACIMIOTCS BRPAKCHHEM

7 [2a

.g(k) =(24a’/7%) k* , jg(k)dk =1. (5)

Hcnomesya cemse glw)dw =glk)dk w paserctsa (1), (5), MOXKHO NOJYYHTH 4YACTOTHBIC 3ABHCHMOCTH

, 2 ' 2
g(ﬂ(&’} e 34'8 ~Arc C052 ﬁ“ - IJ 2 - _.E_)__M ; (6)
& @Dpp @pp i/ Dpp
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“ g 03 gy
31¢Ch HCIOMB30BAHA HOPMUPOBKA j. g N w)dow = f g(‘""(_ wydow =1
0 Dy

O000meHHAA IOTHOCTE COCTOMHEMA (G(w), BKIOYAOmad X4k AKyCTHYCCKHE, TaK H onTEuecKkHe (HOHOHHEIC
MOIBL T4 BA3UCA, CONCPIKAMEr0 / aTOMOB, MOXKET OBITH 3aIACAHA B BHAC

6) = L5 @) 105 -0) + 1§V @) 2, ~0) lo=0p).  [G@do=1. D

rxe ¥ (x) - Qymxmas Xepucatina. B yacTrocT, fis HHOOHA ¥ = 2. 1 -
Vicnioms3ys nasmyio IIOC G(w), MOXKHO BEMECTATS TOTHYIO SBEPIHIO £py(1), TETIOCMKOCTD Con(T)=CE(T)/OT,

IHTPOTHIO Spp(1) B APYTHE TEPMOIUHAMHICCKHC Gyuxuaa 11 GOHOHHOH HOACHCTCMBI HEOobHa 0e3 HCnOIb30BaAHHA
TICATOHOMHBIX NAPAMETPOB. B YACTHOCTH, MOAPHAA TEIVIOEMKOCT OHPEACIACTCA BBIPAKCHACM

2
2 hw ) e" T G(w)
C.(T')=3nR]|| ' dw . (8)
Ph( ) n '([(kBTJ (eh&)/kg-T__l)2

IIe 7 — YHCHO 4TOMOB, BXOAMIMX B XHMAYECKYI0 ¢opMymy, R — yHHBEpCAlbHAS ra3oBad MOCTOAHHAA,
ks - mocrossman bomeoMaHa. UuCHCHHSBIC pacdeTsl (POHOHHOH TEIIOEMKOCTH mEobms mo dopmynam (6)-(8),
¢ HCHONb30BAHEEM XapaKTEPHLIX YACTOT U3 Ta6. 1, MpeACTABNCHE! HA PHC. 2.

20
% | Puc. 2. Crorommas Kpusas -
5 15 | TEIUIOEMKOCTh (QOHOHHOK IIOX-
= . cucreMsl HuoGus. IlITpuxosag
= KpUBas - BKIAN aKYCTHYECKHX,
é 10 ._ MITPIXITYHKTHpHAs KpHBad -
L ; BKJIaJ OITHYECKUX (OHOHOB B

5

0 4 4 ; ) ,. :

0 50 100 150 200 250

T,K

Kax sumso m3 puc. 2, B 00nacTa muskux temmeparyp 7' < 30 K Brmaj omrideckux (JOHOHOB B TEILTOSMKOCTH
IPCHCOPEIKEMO MalL, B o0macTe mpoMeXyTOuHBIX Temueparyp 40 K < 7< 100 K - crasoBmTCS cymecmemm é iz
remueparyp 72 120K - mpakT4eckd COBNAAET MO BEHIMHE C BKIATOM aKYCTHYECKHX (DOHOHOB, -

Hcnons3ys paccYMTaHHYI0 B JAHHOH pabore (HOHOHHYIO TEHIOEMKOCTH Con(1), MOXKHO ONHO3ZHAYHO BELACTHTH
BKIAZ SMCKTPOHHOH COCTAB/LTOMEH Ce(1) B M3MEPAEMYI0 SKCNIEPHMEHTANLHO CYMMApPHYIO TeRmIoeMEoCTE €, (1)
meraina Co(1) = Cop(1) - Cpy(1), ¥3 anamm3a KOTOPOH MOXKHO MONYYMTH JETATLAYIO MH(OPMAIHIO 0 - o %ax
3NEKTPOHHOM NOACHCTEMBl (KAK B HOPMAJILHOM, TaK H B CBEPXIPOBOAANICM COCTOSTHHSX). I

Hsuepame B JKCTICPHMCHTC CPCAHMC SHAYCHWA NHHAMHYCCKHX XapaKTEPHCTHK AKYCTHYECKHX W ommnx
$orOHOB A ={@, V, U, A Mqy} B 3ABECHMOCTH OT TEMUEPATYPE! MOJKHO BEIMHCTHTS 10 (HOPMYIAM: -

s 1 7 4 (w) g (o) 2 L6 -
ATy % ——— '} el .t AP § O (7Y = g (o)
D) =Soq | —pamr 4o NO@ = [ Eeflde. o
AP (T) =i T 4° (0)5” @) do, N9 [ 8@
- N(«r)(r) — _eﬁto,fk,y- —-—-1. v, N (T) = 6&&”&‘?_ ! dow. (10)
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Ha puc. 3 u 4 upeacrasiens! pesynbTaTsl YHCACHHBIX PACYETOB CPESIHHX 3HAYCHHHA HACTOTHL, [THHBI BOJTHBI,
$a30B0# ¥ TPYIIOBO ckopacmﬁ AKYCTHYECKHX H ONTHYECKHX (DOHOHOB /1A HHOOHA C MCTOMb30BaHuEM (Gopmy (9),
(10) u xapaxrepreiX yacToT GOHOHHOrO CHEKTpa U3 Tab. 1.

Wac 4 WB
Wop Maﬂ

155 |
15 |
< 145 |

135

0 S 10 15 20 25 0 5 10 15 20 25
| T,K | T,K
Puc. 3. Cpepnad 9acToTa ¥ ATMHA BOMHBEL aKYCTHHUECKHX (@), (B) M onTueckux (6), () GOHOHOB, COOTBETCTBEHHO, B 06IaCTH
HH3KWX TEMITEpaTyp A HuoOHs. 3arTpUXOBaHHbIE CeKTOPa COOTBETCTBYIOT 0GIACTH CBEPXITPOBOMIIETO IIEPEXO0JIA.

SN | 9 —
(a) 8 Vop ©)
58 +
H
B of
Rl 3
O S
54 i 5
52 | t 4 K qu
3
. s i ki ; . :
0 50 100 150 200 250 0 50 100 150 200 250
T,K 1K -

CKH | PHCTHK AKyCTHMECKMX M ONTHYECKHX (OHOHOB B oDnacTu
014 ('I‘w?-ﬁK) mmﬁmmencmsmﬁn 2. IpencraBisercs WHTCPECHBIM CPABHUTS
- JMEKTPOHHOH NMOACHCTOMSI AT onpemnem OCOOCHHOCTEH IIEKTPOH~(DOHOHNOIO

AHAKOB PA3THIHBIX KJIACCOB.

mammﬁmm " namm ymm cxgmmm ISt CBEPXTPOBO
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TaGnuia 2. OCHOBHBIE JMHAMUYECKHE XapakTepUCTHKY (POHOHHOM MOACHCTEMB! HIOOWS B o61TaCTH CBEPXIIPOBOIAIIETO NICPEXO/ia
T=7-9 K A5 Al A, A k, o’ v, cM/c |ul, cm/c mggd/m, |
5 -
AxycTrdecKas 1.6-2.1 220-280 (2.2-2.9)x10° 6x10° 6x10 2500-3100
BETBb
Onrreckas 17.5 14 4.5x10 6x10° 4x10° 160 |
| BCTBb

B pesynbTare YACHCHHBIX PACYCTOB CPEAHHX 3HAYCHMH JTWHAMHYCCKHX XAPAKICPHCTHK (OHOHOB TOIYYCHO, “TO
NpH TFOOBIX TEMIIEPATYPax A8 HHOOHUA BBIOIHAIOTCA CACAYIOIHE HCPABCHCTEA!
y -y

e > fugl,  |mZ5| > MG

Wop > Wac kop> Kac

IIpeacTasnger ONPEHACHCHHLIN MHTEpEC OOHAPYXKCHHOS PABCHCTBO ()a3OBEIX CKODOCTEH aKyCTHHYCCKHX H
onTHUECKHX (DOHOHOB B OONACTH CBEPXMpOBOXAmEro mepexosa 7 ~ T, , HYTO COOTBSTCTBYET YCIOBHIO ()a30BOrO
pe3oHaHCa ¢ OOMEHCM JHEPTHEH MEXAY Pa3THYHBIME BETBAMM KONCOAHMH KPHCTAUTMYCCKOM PEHICTKH META/LIA H
MOMKET NMPUBOJHTH K TEHEPALMM TAPMOHMK C YaCTOTAMH ) = (Wpp T Wue , NCKAMUMHA B ONTHYCCKOH 00IACTH
(OHOHHOTO CHIEKTPA. |

Vizyuenne B3aMMOACUCTBHA (POHOHHOM M JNEKTPOHHOH MOACHCTEM NPH ITHX YCTOBAAX COCTABIACT OPeAMET
HAINX JATbHOHIIVX BCCIHCIOBAHMIA. ‘

B 3aKTOYECHHE OTMETHM, ITO B OPELIOKCHHOM TEOPSTHYECKOM HOAXoAe Oe3 HCNMONB3OBAHMA IOATOHOYHBIX
NapaMeTpoB YAeTCA OIECATh OCHOBHBIC TEPMOIHBAMWYECKHE CBOMCTBA KPHCTA/UTHICCKOM PEMIECTKH METAILIA, H3YYUTh
JHHAMHYECKHS XaPAKTCPHCTHKH AKYCTHYECKHX H ONTHYECKHX (JOHOHOB B IMAPOKOM HHTEPBAJC TEMICpATyp H
ONpeACTHTS 0COOCHHOCTH (POHOHHOM MOACHCTEMBI METALIA B 00/IACTH CBEPXIPOBOAAINETO NEPEXOA.
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PECULIARITIES OF THE LATTICE DYNAMICS
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61002 Kharkov, Petrovsky st., 25.  E-mail: aip@khadi.kharkov.ua

Theoretical model of phonon spectrum with dispersion is proposed for description of thermody " _ |
o i e - e L of 1 odynamic pro -
subsystem of niobium wzthogt using fitting parameters. Characteristic frequencies of phonon spectr arep;elfﬁ_es ec(i}f phox:;nc
o ha 1aslic consta 1 of phonon heat capacity of niobium are accomplished the
contribution of acoustic and optical nbr'atmns is studied in wide temperature region. The average valnes of wihedw ;3:
length, phase and group velocities, effective mass of acoustic and optical pbonons are determined as the finctions of femperaturs
The peculiarities of the lattice dynamics of niobium in superconducting transition region are analysed. . phos
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®OPMHPOBAHUE PACTIPEJETEHHBIX TEOEKTOB
HA NOBEPXHOCTH KPHUCTAJLIOB

A.A. Ba6ackun’, 10.B. Kamenckuii’, B.I. I{Hpnqemcol,
A.B. Kapuuox', B.M. Kyksmmn', A.H. Teapaosckuii?

! Xapsroscrun nayuonanswuti yuueepcumem um.B.H. Kapasuna,
@u3suxo-mexnueckuti paxyrsmem, 61108, 2. Xapwxoe, np.Kypyamoea, 31,
‘HHHPH, 61054, 2. Xapwros, y1 . Ax.faenoea, 271
Toctymmna B penaxipno 25 cerrabpsa 2000r.

TIpencTaBneHs pesymLTaTH 3KCICPAMEHTANBHBIX UCCIEAOBARMHN [TOBEPXHOCTH rpadHTa METOZOM CKAHMpYIOmEH TYHHEb-
HOH MuKpockormm. ObHapykeHa nepHOAAYECKAS MORYIILIAS TOBEPXHOCTHOM 3NCKTPOHHOH IUIOTHOCTH, XapaKTep KOTOPOMH
noAoOeH MeIKoMacTabHOM MOAY ISIAH 3NEKTPORHOMH IUIOTHOCTH B NpEACnax 3NCMCHTAPHON AYEHKHA Ha NOBEPXHOCTH rpa-
¢ura. Ha 0CHOBE 3KCTICPHMEHTAIBHEIX JaHHLIX H PaHEE Pa3BHTOM TCOPHH CACIAHB OLCHKH XapaKTCPHREIX BPEMECH PasBUTHA
KOICKTHBHRIX [POLECCOB 00pa3oBaHMs KPYMHOMACINTAGHBIX PEryAspHEIX CTPYKTYD, NOXOGHEX aTOMApHOH pemeTKe Mo-
HOKPHCTAJLIa, B CPABHEHHH C BpEMEHEM 00pa3oBaHus NOCNCAHEIH.

KJIIOYEBBIE CJIOBA: KprcTami, NOBEPXHOCTD, SNEKTPOHHAS IIOTHOCTD, AWUCCHIIALA, PETYIAPHEIE CTPYKTYPH, CKAHH-
pyromas TYHHEIbRA MEKPOCKOITHS, TPadHT, KOUICKTHBHBIC POLISCCHL.

Teoprst AMCCUNATUBHEIX CTPYKTYp, MONYYHBIIAS B MOCIEIHAE AECATHICTHS 3HATUTEIHHOE pasBHTHe, MO3BOJAET
OOBACHHUTL MEXaHM3Mbl BOSHUKHOBEHHS YTIOPANOYEHHBIX COCTOSHHMI (CTPYKTYp) B OTKDBITBIX HEPABHOBECHBIX CHCTE-
Max ¢ nuccunanued. Kpucrann, sBisisch CTPOTO yNOPAROUEHHON CHCTEMOM aTOMOB, IPEACTABISET coBOil BecbMa 1o-
Ka3aTeNbHbI NPUMEP AMCCHNATHBHON CTPYKTYPbI, MEXaHH3M BOSHHKHOBEHMS KOTOPOH [0 CHX Nnop ABJAECTCH npenmMe-
TOM aKTHBHOrO obcyxzennus. Kpome 10ro, B nocnemHee spems 0co60e BHUMAHHE NPUBIEKAIOT SBJICHHUS $bopmuposa-
HHA PETryJAPHBIX NPOCTPAHCTBEHHBIX CTPYKTYDP ¢ PaclpeneNeHHbIMH KpynHoMacmTaGHbiMi nedextamu. Bo MHOrMX
Cly4asX TOHOJIOTMS CTPYKTYphl, 0OpasoBaHHOM TakuMu nedeKTaMy, OKa3biBaeTcs MOAOBGHOM TOMOIOrMM OCHOBHOL
CTPYKTYDPBI (KPHCTAIINUECKOH peneTxu).

CTpyxTyphl KPHCTAIIMYECKOrO THNA, KOTOPEIE MOTYT OBITH ONHMCAHBI ¢ OMOIIBIO GyHKIMM 3NEKTPOHHONU MIOT-
HOCTH P(r), obnanatot, 6naronaps CBOeil NEPHONMYHOCTH, HETKO BHIPOKSHHBIM Y3KHM JMHEHUATHIM CHEKTPOM B MpO-

CTpaHCTBE BOJHOBBHIX uwcen (K-mpoctpancTse). BO3HMKHOBEHME JNMHEHYATHIX CNEeKTPOB C paspeileHHbIMH U 3aripe-
IEHHBIMHE 30HaMH O0YCIIOBNIEHO TPAHCIALMOHHON CHMMETpHEl KPUCTAIOB M KOTEPEHTHBIMH (KoMNeKTUBHBIMH) MPO-
LieCCaMH PACTIPOCTPaHEHHs GIOXOBCKMX BOJH. BOSHHMKHOBEHME PETyAsIPHBIX NeEeKTOB OCHOBHOM CTPYKTYPbl MPHUBO-
AT K NOABJICHUIO NOTIONHUTEILHBIX JMHUHA B CEKTPE, a NOAOOHE TOMONOruii OCHOBHOM CTPYKTYpPH! 4 AedeKkToB mpo-
ABJACTCA B ONPENENCHHOM CaMONOAOOMHA COOTBETCTBYIOMMX Y4acTKOB CriekTpa. HekoTopas pasMbITOCTE CIEKTpalib-
HbIX JAHHMH 00ycloBaeHa QIyKTyaunsMu, NOPOKACHHBLIMH TEILIOBbIM JBIKEHHEM aTOMOB. TaKue CTPYKTYPBI C pery-
NAPHBLIMH ZeQeKTaMy B ONPEAENEHHOM CMBICIIE MOXHO CYUTATh CAMOTIOZOGHBIME CTPYKTYPaMH. SHAUUTENbHYIO POJb
np¥ (POPMHUPOBAHAN PETYIAPHBIX CTPYKTYP C HETKO BLIPAKEHHBIM JIMHEHHATEHIM POCTPAHCTBEHHBIM CTIEKTPOM HIPAIOT
AVCCUNATUBHBIC ABNCHHA WIH MPOLISCCHI BRIHOCA (M3Ty4eHHs) 3HepruM u3 obnactu B3aumoaeicTeus. FIMEHHO B yCiio-
BAAX CIabOro MpeBbllieHus MOTOKA 3HEPTHH 4epe3 CHCTEMY Haa JMCCHIATHBHBIME NPOLECCaMu $opmupyroTcs npo-
CTPaHCTBEHHBIE CTPYKTYPBI C XaDaKTEPHBIM JTMHEHYATHIM ITPOCTPAHCTBEHHBIM criekTpoM [1].

C TouK# 3peHrs TeOpUM AHCCHNATHRHEIX CTPYKTYP, /06ast CTPYKTypa H, B YaCTHOCTH, KPHCTAJUIHYECKas PeleTka
(GOpMHpYETCA B pe3yNbTaTe HEKOTOPOrO MpoLecca — MepBHYHON HEyCTOHYHBOCTH, obnajamoLmeit OTIpeNeIEHHbIM UH-~
KPEMEHTOM (0OpaTHBIM XapaKTEPHBIM BPEMEHEM Pa3BHUTHSA) U HACHILIAKOUICH HENMAEHHOCTEIO. JTa HEMMHEHHOCTE 06Y-
CIIOB/ICHA OTKIIOHCHHEM OT MONOXEHHSA PABHOBECHA HOCTATOYHO OAHOPONHOW MOACHCTEMBI aTOMOB, BHYTPH KOTOPOIA
npeobaanaoT ABYXYaCTUHHEIE B3aUMOEHCTBHA ¢ OiokaiimuMy cocenHumu atomamy, OYeHb YacTO HENMHEHHOCTD
KyGuueckas WK Bblme (Jale BCETO COCENHHX aTOMOB GONIBLIE, HO MX BKJIAZ BO B3HMONEHCTBHE HE BCETZiA PABHOLECH-
HBEIH ¥ MMEHHO NO3TOMY AOMHHMPYIOT JIAIIb HEKOTOpbIE THIBI B3auMoneiicTenil). Ha craguu neppuuHOi HeycTOHYH-
BOCTH IPOLECC POPMHUPOBAHUA NIEPHOANMECKOH CTPYKTYPhl NIPAKTHYECKH 3aBEPIIACTCSH, 3 3aTeM MPOMCXOINT CYXEHHE
CTIEKTPa BO3MYINEHHH MIOTHOCTH H3-32 HEIMHEHHEOrO MEXaHH3Ma KOHKYPEHUUN BO3MyLIeHni (cM. Hanpumep, [2]).

Ongaxo, KpoMe OCHOBHOTO MEXaHH3Ma B3aUMOZEHCTBHSA 3JIEMEHTOB, B CHCTEME 3a9aCTYI0 NPUCYTCTBYET pad H
bonee cnalbIx B3aUMONEHCTBHI, NPOABIMOMMUX CeOsi UMD B YCIOBUAX, KOTJa NPOLECC NOCTPOEHHE OCHOBHON (nep-
BUYHOM CTPYKTYpbI) OIH30K K 38BEpINEHMIO. DTH BTOPUYHbIE HEYCTOWIMBOCTH OOBITHO NOABJIAIOTCA HA 3aKTIOHHTEb-
HOH CTajuu nponecca GOpMHUPOBAHMS NEPBHYHON CTPYKTYDBI, HECKOJBKO McKaxas eé. MIMenHo 310 obcTosrenscTro
AaeT OCHOBAHMA PACCMATPHBATL MPOUECC MX BOSHUKHOBEHHS KaX BbIHYXACHHOE HAPYLIEHHE CHMMETPHH, & CAMH Ha-
PyIEHHs — PacnpeneneHHbIME edexTaMu OCHOBHOM CTpykTyphl. TTono6Heie kackanHbie poLecchl 0GbMHO peanusy-
IOTCA B CPEAAX C NOTJIOMEHUEM WM C NOTEPAMM HA U3AYUEHHE SHEPIUH, /Ie BHE Y3KOTO HHTEpBA/a BOIHOBLIX YHCEN
(npocrpancTeerHEIX Macrrabos) BosmyiieHus 3dexTHBHO NOAABIBOTCH. B 5TOM CMBICNE BOZHHKAIOLUIME BECHMA
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- THO a TAKOW THN
peryJispHsie CTPYKTYpbl MOXHO C4HMTATh auccunatuBHbIMA. B cpenax C_Ky6mecmﬂ A nc;b!:cib{ HOCHT Xa-
HeTMHEIHOCTH Haubosee XapakTepeH A CUCTeM paccMaTpuBacMoro TUNA), Takyieé BTOPHIHBIC . p fm il
paksep MOAY/ALMOHHBIX HEYCTOHYUBOCTEH PE3VCTHBHOTO HIH JVICCUITIATUBHOTO THIA. ARATIS PRSP AMIUTUTYR BTO-
TAKMX HEYCTOMYMBOCTEH CYIIECTBEHHO 00nerdaeTcs u3-3a HANMHF MaJOro mapameTpa — OTHOLIEHMA av
PUUHOM CTPYKTYPBI (MOXYAALMH) K AMILIMTYIE nepBHUYHOM. - 6-

pa3oBaHUil, TUHEHHBIE Pa3Mephl KOTOPLIX HA TIOPAJOK H Gobiiie TIPEBHILAIOT COOTBETCTBYIOLINES pasMepbi JJIEMEHTap-

' cnos
HBLIX sUeeK B ofbeMe U Ha noBepxHOCTH kpuctamia [3]. Kpome Toro, NposBIAioTeA HEpOBHOCTH TOBEPXHOCTHOTO CJIO
uctayia. TBepHoe Tejo BCerna CTpeMHTCA

2TOMOB B LI€JIOM, B CPaBHEHUH CO CJIOSIMY, JIEXKAUIUMHU B rayboKxo BHYTPH KP .
NOHU3NTH CBOIO MOBEPKHOCTHYIO (2 3HAaYMT K 00ImIyi0) CBODOIHYIO SHEPTHIO, obpa3sys npW 3TOM Ha CBOMX rpaHunax
"ropHyt0" CTPYKTypy TUNa XOJIMOB U HOJHH [4]. Tax, nanpumep, W3BECTHBI PEKOHCTPYHPOBAHHDIC HOBePXHO-C'iHHe
KpymHOMACIITabHble perynspHbie 00pa30BaHMs Ha NOBEPXHOCTH MOHOKPHCTa/1a KPEMHIA (Tak Ha3BIBAEMBIC, ™7
sueilku”, B KOTOPBIX pacnonaraiorcs 12 BHINYKJIOCTEH 3JIEKTPOHHOH TUIOTHOCTH, COOTBETCTBYHOIIUX NO3WHAAM OT-
nenpHbix aroMoB [5]). TIoBepXHOCTHBIE CIOM aTOMOB, XapaKTep B3aMMOMEHCTBHA U COOTBETCTBYIOMIES PaCHONIOXKEHUE
KOTOPBIX OTMHAKOTCA OT MONOOHBIX NApaMeTpoB aTOMOB, BXOIAINUX B cocTaB OOBEMHBIX CHOEB PEMIEeTKH, YXKe Ha
macmTabax, CPABHUMBIX C Pa3MEpaMH SIEMEHTapHOH sTqeiiky, AEMOHCTPUPYIOT OTKIOHCHHA B PEryiApHOCTH f6]. B
naxHHO# paGoTe aBTOPB!I OTMETHIIM MEPHOANYECKHE OTKIOHCHIS B spicoTe M300paXxeHHs ABYX COCEOHHX aTOMOB (Tou-
Hee — TIOJIOKEHUH TOKATbHbIX MAKCHMYMOB 3JIEKTPOHHOM NMIOTHOCTH) HA PACCTOSTHHIAX 3HAYMTENBHO MPEBbIMIAKOMNX
XapaKTepHbIA pasmep 3NeMEHTapHOMN A4CHKY, HO KaAKWe-HO0 HCKAKESHHA TPaHuIIbl B HANPABICHHH HOPMATN K IOBEPX-
roctH obpasua umu He obcyxnanuce. OTMETHM, YTO XapaKTepHblif MPONONbHBIN macmiTal Takoil IepHONNIECKOH MO-
AYMSUEHE SNEKTPOHHOM IUIOTHOCTH HA MOBEPXHOCTH, CYAs MO NMPEACTABICHHRIM B pabore rpadpudeckuM NAHHBIM, Ha
TNOPANOK MPEBHILIAN MEXATOMHOE PACCTOAHME B MOrpaHIHOM CJI0e rpadura.

®opMAPOBAHHE CAMOTIOZOGHBIX CTPYKTYP, TAaKUM OOpas’oMm, SBJIETCH CKOpee oOHINM MPAaBUIIOM, YEM HCKIFOHE-
HUEM B T€X CJIy4asx, KOr[a NEPBUYHbIH MPOLECC U BTOPHIHAA HEyCTOMYMBOCTD Pa3BHBAOTCA B Y3KMX WHTEpBAjaX B
NPOCTPAHCTBE BOJHOBBIX YHCEN, & POCT BO3MYHIEHHH BHE ITHX MHTCPBAJIOB CHIBHO nonasneH. JpyraMu ClIOBaMy,
VIMEFOT MECTO MaJible MPEBBIICHAS HAJ OPOraMH Kak NEepBUYHON TaK U BTOPUHMHOM HEYCTONYMBOCTH, YTO NO3BOJIET
BBECTH B PACCMOTpEHHE Xapakreprble wacna R, (i = 1, 2) — napameTpsl NOpAAKa, ONPENCTHTE HX KPUTHYECKHE 3HaYe-
rus R, ,, @ 3aTe€M NOKa3aTh, 910 OOPATHBIC BPEMEHA PaSBUTHS NIEPBIIHOIO 1 BTOPHIHOTO MPOLECCOB, & TakKe aMILIH-

TYAB OCHOBHOW CTPYKTYphl # €é orubajomedl BBID2XAIOTCA 4Yepe3 COOTBETCTBYIOMHUE HAAMIOPOTOBOCTH
g, =(R -R,,)/R,, (monpobuee cm. [1]).

B Hacrosumeii paGore s ananmu3a GopMUpOBaHUA PEryJSPHBIX CTPYKTYP HA TIOBEPXHOCTH KPHCTAIIOB MpUME-
HEHAa MOJeNs 00pa3oBaHus CaMONOAOOHBIX CTPYKTYP W NPOBEAEHO IKCNEPHMEHTANBHOE UCCICA0BAHNS ¢ TPHMOHCHH-
eM CKaHHpYIOmel TYHHENbHOM MUKPOCKOIIHHE PEabHOM aTOMHO# TOBEPXHOCTH BRICOKO OPHEHTHPOBAHHOIO rpadwura.

CKAHHPYIOIIIAA TYHHEJBHAA MAKPOCKOIIAA MOBEPXHOCTH I'PA®HTA

B [aHHOM pa3jielie MPenCTaBIeHbI SKCIePUMEHTANbHBIE PE3YJIBTaThl MCCIASN0BaHNA NOBEPXHOCTH rpaduTa MeTo-
[IOM CKaHUPYIOIEeH TYHHENbHOH MMKPOCKONUM. DKCNIEPHMEHTAIBbHBIE MCCIIEOBAHKMS NPOBOMIIM B BOSAYWIHOW cperie
TpH HOPMAJbHBIX YCJIOBHAX HA CKAHHPYIOLIEM TyHHenbHOM Mukpockornie CTM - 1. Paspemenue B ropH3OHTIBHOH
nnockoctu X¥ merbme 1,44, a no seprikam — 0,7A. B KauecTBe 30H/1a HCTIONb3OBATICH UIIBI, PHTOTOBNEHHbBIE CTIO-
coBOM AEKTPOXHMUIECKOTO TPABICHHSA C BRITSDKKOM. | ‘ ,

B xauectse 0ObeKTa HCCHENOBAHMS MCHONB30BANCSA BBICOKO OPHEHTHPOBAHHBIN KPUCTAN rpadurta, MPUroTOB-
neHHbil gabopaTopHbiM myTeM. OHMKMCTKA MOBEPXHOCTH rpaduTa, ABIAIOINASCT OZHOBPEMEHHO mpoueccoM obpasosa-
HHUsA PeabHON aTOMHOM NMOBEPXHOCTH KPHUCTAILIA CTIOHCTONO THNA, MPOU3BOAMIACH CKANBLIBAHUEM BEPXHErO COS KpH-
CTa/Ia HEMOCPEACTBEHHO NEpes H3IMEPEHUEM.

Ha puc. 1 "a", "b", "¢" npencrasnens! Tororpaguueckne u3oOpaxeHHs Y4aCTKOB BEICOKO OpPHUEHTHPOBAHHOIO
rpaguTa IpU PasNHYHOM YBENWYEHWH, MONYYEHHBIC CKAHMPOBAHUEM B pPeXHMe CTabuim3anmuu Tyaaenbﬁom ToKa
Bpems ckanuposanmsi y4actkos — 10-20 cex. Ha puc. 1 "a" mpencrasneno msobpaxenune yuacrka Wi opnemwpo;
BaHHOTO rpaduTa Npu MakCHMabHOM yBenuyeHun. Habmonaorcs yrnopanoueHHbIe psafibl NeKCaroHanbHOM CTPYRTYPH
rpadura; mecmyronmmi COCTOMT 13 aTOMOB C Pa3HEIM YPOBHEM JIOKANbHOM IUIOTHOCTH cocromﬁii. Omenm, 1O
napaMeTphl INEMEHTaDHOH STHEUKH COTJIACYIOTCA ¢ AAHHBIMM, NPECTaBJCHHBIMY B paboTax - aﬁ'mpon = _

Ha otaenbHbix yuacTkax ofpasior oOHapyKeHa NEPHONHYECKAn MOMYIAIMA TOBEPXHOCTHOM 3ﬁempo£;noﬁ ROT-
roctH (xpynHomaciiTabHas roppuposka), xapakrep koTopoii nonoben (¢ koaddunyenToM nonoﬁm 6.!11{5@54 k 10)
MeNKOMACITAGHOM MOYIALIAN SIEKTPOHHOM IIOTHOCTY B NEeNaxX 3NeMEHTApHOH Sueliky Ha NOBEDXHOCTH i)
(cw. prc.1"b"). Ha Apyrom obpasue (cw. puc. 1 “c") 65ina OOHADYKEHA TOBEPXHOCTHAS rOdPHPOBKA, AIpOTON b onide
Heﬁﬂ-b;eajfa(iﬂ?pbl KOTOpO# Ha JBa MOPSAKA MPEBOCXOAAT COOTBETCTBYIOLINES pagmpm Bﬂ.ﬁﬂeﬁﬁpﬁoﬁ“zew- m‘:
BEPTHKAS i il - t (pazme
pfgrl "b*;l.mn MOZYJISIIAY TIOBEPXHOCTH 37AECh JWIUL BABOE Gonbiuuil, YeMm B NPEIbITYINEM CIyuae, TIOKA3AHHOM Ha

OTtmerum, 410 JIMHEHHDIH MaclTad MORYIALMY TIOBEPXHOCTHOM SNEKTPOHHON MIOTHOCTH - | -
obcyxknaemeiii B pabore [6], coOTBETCTBYET IPORONBHOMY MacIITaby m‘iipﬂboa g 5?“ - FAUEEROTTH rpatdura,
| - . BKM, U300paxeHHOM Ha puc. 1"b"



cepin Ginwina <HAaps .
epin pizuina <HAapa, yacrunky, noany, sun. 4/12/ DopmupoBanme pacnpeneneHHbIX AeheKTOB Ha ..

/““_1

=~ LY
.Va -

0.74 0
o, 0.56
DL R
0.48 t ‘ 0.19 ;
6.00 0.24 " 0.00 O0.14
” a;=2.4A b;=14A
ha;=2A hb1=0.8A
2.956 .96
2.22 : ' 2.2
1.48 bﬁ 1.48 “"
0.74 | | 0.74 ,.
B o D.00 2.46 0.00 1.44
10 A b) a,=24.6A by=144A
- ha,=1554 hb,=7A
: - 2.9

g
1.48 "‘\* / 1 .48 S
i X ¥ -

0.74 : G.?‘f
0-m 14-% 23.*0 Gcm 14.&1
a;=234A by=146A

= hay=254 hbs=14.7A

Puc.1. Tonorpadraeckne mobpaxesys YIaCTKOB BHCOKO OPHCHTHPOBAHHOTO rpaduTa npy pasIMIHOM YBEIMICHHM, IOTY4CH-
HEIE METOAOM CKAHMPYIOMEH TYHHEBbHOH MAKPOCKOIIHH.

(¢ xosddummerTom noxobus 10). Ipononprsi MacmrTab ropupoBKH CTPYKTYpBI, H300paxeHHO# Ha puc.1 °C’, Ha
nopsnox ombime. HaGmonaeMsie OTANYHSA B XaPaKTePHBIX Pa3Mepax MOXYMALMH NOBEPXHOCTH rpaduTa CBA3AHBL, BH-
AMMO, C Pa3TUYHLIMK MORGUKaHaMY €ro CTpykTypsl. Hano nojarate, 970 B CiIy4ae, uzobpaxenHoM Ha puc. 1 "b",
npescTasned Haubonee PacnpoCTPaHEHHAs ANOTPONHAA dopma yraepona — rpaduT ¢ rekcaroHajbHOH CTPYKTYPOM.
Puc. 1 "C" COOTBETCTBYET, KAK MOXKHO MPEANIONOKUTh, PEKOHCTPYHPOBAHHOH pombo3apraeckoil ynakoske rpapura.
Crefiyer OTMETHTD, YT0 poMBOApHHIeckas MOAMpAKAIHS rpaguTa HAGMOAAETCH TONBKO B NPHPOAHOM rpadgure (Tak B
neitoHcKOM rpaduTe cozepxanne pomOo3aApIueckoi (Gaskl NOXONUT A0 30%), u OTCYyTCTBYET B rpadure, NOIYHeH-
HbIM HCKYCCTBEHHBIM ITyTeM. BaxHbiM B MOy4EHHLIX SKCTIEPUMEHTANbHBX NAHHLIX ABACTCA HE TONBKO (PaKT HANU-
u¥is BEPTUKANBHON COCTaBIMOMIEH MOAYMALMM, 3 CKODES, HECOMHEHHOE nojobue NepBUYHON CTPYKTYPbl — JIEMEH-
TapHO# S4eliKy ¥ BTOPHHHON CTPYKTYPhl — MOIYIALMN NOBEPXHOCTH 3NEKTPOHHOM TUIOTHOCTY, MO KpalHeH Mepe B
carydae, u300paxenHoM Ha puc. 1 "b". OTMeTHM 3HATUTELHEIC TNEPUOAUTCCKHIE OTKIOHEHHs B BBICOTE H300paxeHus
HE TOABKO ABYX COCENHUX aTOMOB (TOuHEE — NOJOXKEHUH JOKATLHIX MAKCHMyMOB 3[A€XTPOHHOM TNNOTHOCTH) Ha pac-
CTOSHUSX 3HAMMTENLHO NPEBHINAICIIHMX XaPAKTEPHbIH PaIMep 1EMEHTAPHOH fMeHkM, HO H NPONOPLIMOHANBROC yBeJIH-
yenuio x03dduumenta nonobus HpH Nepexone K NOBEPXHOCTHBIM CTPYKTYpam ¢ KpynHoMacuTabHOR MOIyASUHeH
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JIOBJIEH MEXaHU3MOM

. | _ _ BosmoskHo, 310T ddext 00yC .
yBETHYCHNE Tepenajia BHICOT NPY CKAHWPOBAHNH TAKHX CTPYKTYP kpyrHOMACIITaGHOM

- . HHOU
MOJNy4eHUs NOBEPXHOCTH rpaduTa ¢ NOMOLUBIO CKONA H bopMUPOBAHUEM PEKOHCTPYHpPOBA
Tpexcaoiinoii pomGo3aprHeckol MOTUPHKALIAK NOBEPXHOCTHOTO CIIOA rpadura. -

SOPMHUPOBAHHAE CAMOIIOAOBHBIX CTPYI(TYP -
[Ipexae uem mepeiTd K OOCYXKACHHIO KOHKPETHBIX MeXAHU3MOB, OODBACHMIOUMX TOABICHHE CAMOTIOLOLHBL

CTPYKTYP Ha NOBEPXHOCTH rPaduTa, OMUCAHHBIX B NPENBIAYIIEM PasiCse, paccMOTPUM HEKOTOPBIC ob1mHe TPHHLIATIEL,

CreayomMe U3 TEOPHA AUCCUIIATHBHBIX CTPYKTYP.
JBOMIOLMOHHOE YPaBHEHNE B Cpefax ¢ nperMyll
MEPOBAHHE TIPOCTPAHCTBEHHBIX CTPYKTYP MOXET HPHHUMATS BUA

Z'kak - 'aai:' +e(k)a, = H dk,dk ,dk ,a, a, ay ok -k, —k, -k, Wk, ks * aSk_,kl,kz,k, g W (1)
MaTpuaHBIE IEMEHTDI B3aUMOJCHCTBYA

ecTBeHHON KyOUYecKol HENMHEMHOCTDIO, ommcrisaomee Hop-

rae a, — ®ypbe-00pa3 BOIMYLICHHH (sanpumep, 3NEKTPOHHOH TUIOTHOCTH).
HPOCTPAHCTBEHHBIX MOM Vi \ i, ¥ Sick ik, OTIPEAENAIOTCSA BUKOM B3ANMOACHCTBIA BO3MYINEHH B CUCTEME H OTBE-
qa10T 32 POPMHUPOBAHKUE OCHOBHOH METKOMACIITaGHOM CTPYKTYpbI ¥ €8 MOJY/SIMH — PaCTIpeNeeHHOTO nedexra (mpu
MAJIBIX (), COOTBETCTBEHHO. |

Bemmquna £(k) uMeer JIOKaJbHbIE MAKCHMYMbI pomu k=k,(i=12,...)H4 6bicTpO YOBIBACT MPH YAANCHHH OT
STHX TOYEK, TIPHUEM, €C/I BOJHOBBIE BEKTOPHI K 3aMETHO OT/IHHAKOTCA OT k, , To €(k,) <0, 9T0 OnMpeneIAcT CHIBHOS
noJaBIeHMe TAKHX BOMYIIEHHMI, Hanpumep, 3a cueT a(exTos BbHOCE JHEPrHU toroHamMH 13 06NACTH B3aMMOJEHCT-
sust. OOHAKO, 3TOTC Mano i GOPMUPOBAHUA NPOCTPAHCTBEHHON CTPYKTYPBI. BrifOp CHCTEMO¥ OpHEHTAWM MPOHC-
XOIWT 3a cueT Hamuums y bynxuuii ~ V' n § (WM y COOTBETCTBYIOMEro WHTerpana — noTennuana JanyHosa, eci no-
cemHui CYIeCTBYeT) NOKANbHBIX MUHHMYMOB B 3THX HANpaBJICHUAX (TouHee, AJs ONMPENENEHHOA OPHCHTALMY CB-

; . : : 1

33HHBIX TPy 0OpaTHLIX BEKTOPOB CTPYKTYPHI — pewerk#). Taxum 00pasoM, BEMMIUHBL |k, | oTBEYaOT MHHHMYMaM
NOTEHIMAJA B3aUMOACHCTRis OTAENbHBIX 3JIEMEHTOB CTPYKTYphl — 2TOMOB, 4 max e(k,,)/V onpenenser IIOTHOCTb

cpens.

Oneparop f,‘ onpexnensier Bubop BuAa cnexTpa B K-NpoCTPaHCTEE, 3aNaHHbBIN THIIOM ABYX4YaCTHYHOrO B3aMIMO-
neticteus. ITo CymecTBy, 3TOT JMHEHHbIH OnepaTop 3aiaeT XapaKTepHLIe 3HAUEHNS [UIWH BOJIHOBBIX BEKTOPOB (obpar-
HBIX XaPaKTEpPHOMY pasmepy) cpelbl, o0ycnoBnenHbIe 6anaHcoM CHJl PUTSDKEHHA U OTTANKMBAHWA NpPK ABYXHACTHH-
HoM BaaumoneiicTeim. CoBCTBEHHEIE 3HAUEHUS ONEPATOPa | JUIMHBI COOCTBEHHBIX BOJHOBBIX BEKTOPOB ONPENICIAM KakK
e(k,,) 1 | K, | COOTBETCTBEHHO. |

Hesnmmeiinpie craragMbie, POTIOPLUHOHANbHBIE V¥ § COOTBETCTBEHHO, NO3BOJSIOT Y1€CTh OCHOBHbIC MHOrOHACc-
TUYHBIE B33UMONEHCTBYS, 2 UMEHHO B3auMoeicTBus Onmwkaimux coceaeci. ITo cymecTsy, MPaxKTHYECKN HE M3MEHSA
XapaKTePHBIX PABHOBECHBIX Pa3MEPOB MY Y3NIAMH — aTOMaMHU (U, TEM CaMBIM, JUTHH COOCTBEHHBIX BEKTOPOB (K, 1),
HeJIMHeMHBIE CaraeMble, TIPONOPLUOHANbHEEIE V1 S, ONPEeneNAOT UX OPHEHTAUHIO, TO eCTh GOPMHUPYIOT MPOCTPAHCT-
BEHHYIO NIEPUOAMHECKYIO CTPYKTYPY — PEIICTKY.

Hanpumep, MATPHMHLIA 37eMEHT V , | , MOXET ONpeAeNaTh XapaKTepPHCTHKY SIEMEHTaPHOH syeiku B oObeMe
kpuctanna. TlosepxHocTHbIE SbdexTsr OyayT onpenensiTecs nonpaskor oS, , , . , FA€ & — KoobGHIMeHnT, Xapakre-

PU3YIOWHIA OTHOIIEHUE MOBEPXHOCTHBIX CIJI K CHJIaM OOBEMHOTO XapakTepa, a Sy,  , — MATPUYHbIN INEMEHT, YIu-
THIBAIOIMHUH HaAM4Me TpaHuusl. B pane cioydaes, KOrka NOBEPXHOCTHbIE d(deKThl ZOCTATOYHO OCNAONEHsI 0 CpaBHe-
o ¢ obremubMH (o0 <<1), BTOpOE CaraeMoe 3aMETHO MEHbIIE MepBoro. IIpy 3TOM, KOHCTPYMPOBAHKE NOBEPXHOCT-
_go:n crpgmp_m nponcxo;mr MO CLEHApHIO, ONpEeNesieMOMY B3aWMOICHCTBHAMMY, XapAKTEPHBIMU JJisi BHYTPEHHHX
obnacreii xpucranna. Onnaxo, xoraa GOPMUPOBAHHE TOHKOW CTPYKTYPhI [IOBEPXHOCTHBIX CIIOEB MOYTH 33KOHYEHO, M
CTIEKTPAJIbHLIE AMIUIMTYABI PA3BUTOH TNOBEPXHOCTHOH CTPYKTYphI AOCTHraloT BemwuuH e, /min¥ , rme &, =&(k,),
BIMAHHUE HA IBOIOLMIO CHCTEMbI Oosiee Cnaboro huaKHeckoro MexaHusMa, o6yClOBIEHHOrO HATMTVMEM rPAHALBL BO3-
pacraer. IIpu NOCTHXXEHWM WHTEHCHBHOCTH NEPBUMHON CTPYKTYPO#i HEKOTOPHIX KPUTHUECKUX 3Haqennﬁ; HEKae
BTOPHYHAA HEYCTOHUMBOCTL MOy IALMOHHOrO THNa. OMEBHIIHO, B TAKOM CITy4ae JOIHKHBI CYI¢ PHIH, BOSHHKAET
[ a, 12 HEKOTOPbIE XapaKTepHbIE YUCHA R (IIapaMm'pm anﬁﬂxa) ;‘1 HX . ; | . | . CYyImeCTBOBATH 3aBACIAILIIUE OT
- ik | - o " | KpuTHYECKHE (MOPOroBhic) 3HaveHus R, .

i S N D8 B, SO, A P e s L

| _ _ onpenens-
6T He TONLKO XAPAKTEPHKIC BPEMEHA PRIBUTAR BIODITTHOTO NPOLIECCH, 2 TRKke MHTEHCMBHOCTb U TIPOCTPAHCTBEHHbIE
Macirrabbl MORYJBILIAM NEPBIHONA CTPYKTYPEL Ilpn £=1 MakCHManbHbie rmpemymec-ma 6ynyrmm . rrpompau 0CTp: cr

BeHHbIC BOSMywieHus ¢ Bexropamu k=k;, pacnomaraiommmucs s6nmsu sexropos
cTpykTypel ~ pemetku K, , npudem. | k* - ki |/ k~ g,

OrmerM, YTO PacrionoxkeHue B NPOCTPAHCTBE BONHOBBIX YHCEN (TAK HA3HIBAEMOM, OBDATHOM TIPO o )

nepBIMHON MeaxomaciTabHok
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BCEX MaKCHMYMOB BTOPHYHOI HEYCTOWYMBOCTH B OKPECTHOCTH Ka)XKAOTO M3 BEKTOPOB OCHOBHOM PELIETKM reoMeTpuyie-
CKkHM MOAOOHO PACIONOMKEHHIO BCEH CHCTeMBI COOCTBEHHBIX BOJHOBBIX BEKTOPOB OCHOBHOH peleTkKy ¢ K03dPUIHEHTOM

nopobus €, . D10 NONOKEHNE NPHBOAMT K 0OPaTHOMY 3HAYEHMIO AAHHOTO Koa(duumenty noxobus (€;') B peasbHOM

TPOCTPAHCTBE A NEPBUYHOH ¥ BTOPUYHOM CTPYKTYP. AMIUINTYAQ MOAYNALMY NEPBUYHON CTPYKTYPBI TAKKE OKa3bl-
BAETCA NMPONOPLHOHANBHON €,. MOXHO BBeCTH MmapaMerp, onpeaessiionuil nedekTHOCTh NMEePBUYHOM — OCHOBHOM

CTPYKTYPbI — PEIIETKH, TO €CTh, OTHOMICHHE NHTEHCHBHOCTH MOAYJSILIMY K MHTEHCUBHOCTH OCHOBHOM CTPYKTYpPbI

B _ Zlak; 12
2la, [

KOTOPO€E OKa3bIBAETCHA TAKKE NPONOPUHOHANLHEIM € (moapobHee cM. [1]).

Bepremcs Kk 0OCY)XAEHUIO PE3YJILTaTOB 3KCIIEPHMEHTOB, ONMCaHHBIX B mpexbigymieM pasgene. HecooTeercTeue
MacIrTaboB MEPBUYHON CTPYKTYPHI (IEpHOAA PEIIETKH) B MAOCKOCTAX, KACATENbHBIX K MOBEPXHOCTH KAXIOIO M3 KPHUC-
CTA/UTHYECKUX CAOEB, MPHBOAWT K INOSIBICHHIO HOPMAJIbHBIX K 3TOM MOBEPXHOCTH HATPSDKEHWH BONMM3M rpaHMLibl KpH-
crajuia. JTH CHTLIL, NCHCTBYIOINHE KaK B BEPTHKAILHOM, TaK H B NOPH30HTANLHOM (TO €CTb, NAPAILIENBHO MAKPOCKOIH-
4ecKoil MOBEPXHOCTH O0pasiia) HaNpaBNECHMAX MOTYT NPH OTHOCHTENbHO HU3KOM YPOBHE (UIyKTyauui peanu3oBaTh
HEKOTOPOE PABHOBECHOE COCTOSHME.

370 paBHOBECHOE COCTOAHUE AOJDKHO UMETh ONPEAENEHHYIO IyOHHY BEPTHKANbHOH MOLYJIALUY OBEPXHOCTH
KpHCTaANa, 9TOOE COBMECTHTH MacIiTalbl Ha NOBEPXHOCTH H B o0beme. OueBnaHO, popMupoBaHHe NPOCTPAHCTBEH-
HOM MOAYIALME IOBEPXHOCTHOIO CIOSi NPOMCXOAUT B YCJIOBMAX BO3AeHCTBHA Oonee cnaboro pu3nueckoro MeXaHus-
Ma, TIO3TOMY POJib (PAYKTYALHMii, CONPOBOXKAAIOIMX 3TOT MPOLECC, MOXET OKA3aThCs CYIECTBEHHON. B HEKOTOPBIX

)
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Puc. 2. C'rpylcrypﬁ Myapa, BOIHAKAIOUHE NPH OTHOCHTENIHHOM MOBOPOTE ABYX HACHTHTHBIX ICKCArOHATBHEIX PEIICTOK (rpadura)
OTHOCHTEIBHO APYT Apyra Ha yrias: a) 5° u 6) 10°.

cry4asx GAyKTyauuy MOIYT COPBaTh BTOPUYHYIO HEyCTOWUMBOCTD, M TyOOKas BEPTHKaJIbHA MOAYNALMS NMOBEPXHO-
CTH MOXET H He Peanu30BaThCA.

Taxum 0Gpasom, B nepsom ciydae (puc. 1 "b") & ~ 107, a Bo ropoM (puc. 1 "¢") & ~ 10”. Xapakreproe Bpems
hOpMIpOBAHHS PErYNAPHON NOBEPXHOCTHOH CTPYKTYPHI COOTBETCTBEHHO B 10 1 100 pas npessimaeT Bpems ¢opmupo-
BaHUA aTOMHOM CTPYKTYPHI rpaura. MOXHO CAENaTh TAKKE BHIBOA M O 3HAYCHHM NapaMeTpa O, KOTOPLIH B NEPBOM
cnyqae nopsanka 107, B0 BTOpOM — NOpsAAKa 107 , npu KOTOPO# MPOUCXOAMT POCT 3epeH. KpHCTami MOXET COXPaHSATh
AREANLHYI0 CTPYKTYPY BIUIOTH AO Pa3sMEpOB, CPABHHMMBIX C JMHEHHBIM Pa3MepOM COOTBETCTBYIOMIEH CETKH ®panka
BHIDALEHHOIO MHBIM CHOCOOOM MOHOKpHCTaLIa. [lpy JanbHEAIeM POCTe KPHCTALTHYECKOTO 3epHa, B €ro obbeme
0653aTeNbHO BO3HHKAET AUCIOKALHOHHAs ceTka Ppanka, UMEIOmas MPOCTPAHCTBEHHYIO CTPYKTYPY, MO KpauHeH Mepe,
TONONOTWIECKH TIOIOOHYIO CTPYKTYPE SNeMERTapHOH sueliku xpucrawia [9, 10]. |

Mpu dopMupoBaHME MOHOKPHCTAIUIA BOSHMKAIOMAs PEryJsipHAs MEPHOAMYECKas MHKPOCTPYKTypa — aTOMHas
pemieTka KpHCTALIA -B HENHHelHOH cpene HeycToHumsa. PassuTue 3TOH HEYCTOHYMBOCTH (T.e. BTOpHYHOro, Honee
cnaboro Mpoilecca Mo CPAaBHEHMIO C MpoueccoM GOPMUPOBAHYVIA PEMIETKY MOHOKDHCTALIA) NPUBOIAHT K KPYTHOMAC-
TabHOMY DEryIApHOMY CMEHICHHIO aTOMOB OT NOJOXEeHHMIl, XapaKTepHLIX Ui COBEPUIEHHOH pewmerkn. B mecrax
HAuBOILIEr0 OTKIOHEHNSA aTOMOB NPOMCXOMUT NPOCTPAHCTBEHHBIA CABUT aTOMHBIX PANOB M NOABJICHHE XAPAKTEPHLIX
nebextos — aucnokamuii, OTHOmeHUe MacuITabOB 3iEMEHTApHOH Aveliky KPUCTA/IA H KPYNHOMACLITAOHOH AnCIOKa-
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- . 104 . ~107% Crheaver Taxxe OXKHAaTh, YTO XaPAKTCPHOC
—— = — mopsinka 107, Cnenosarenbho, & ~10. LneayeT. ™ &
LHMOHHOM CeTKi ~ ceTku Ppanka, — nopaax DHO 2TOMHO# PEIeTKH. B

spems dopmupoBarus cetkyu ®panka B 10° pas npespimaet Bpems OpMUPOBAHUS Pery. . acarTab
TOM € NPONOPUMM HAXOMATCA M CHJIBI B3aUMOZEHCTBHA, (POPMUPYIOIIHE menxoMacuTabHyIo B KpyNHOMACIITA0HYO
CTPYKTYpB. P |
Eime OqHUM BO3MOXKHBLIM MEXaHHM3IMOM O0Opa3oBaHWsA CTPYKTYp Ha | a |
BaeMble CTPYKTYpbl Myapa (Moire structures). Takue CTPyKTypsl BOSHUKAIOT B pE3y/IBTATE HAOMEHUA IBYX OH;H“ l
BbIX TIEPHORWYECKHX PEWIETOK APYT Ha APYra C NOCIEAYIOMM TIOBOPOTOM OAHOH U3 HUX HA HEBONBINOH yTon G'IHO-:
crenbHo Apyroi (puc.2 ). TIpu 3ToM mepUON KPYMHOMACIITabHOM CTPYKTYPBI ONHOCTBIO ONPEACIACTCH e icd
pota § — ¢ yMeHblueHueM yriua O nepuon pacrer. Takum 06pasom, eciiy B CHITy KaKuX-TO MPIIHH (jxmrpnmcp, 33'33
BBIXOZA HA TOBEPXHOCT TOCTATOYHOTO KOJIWIECTBA AUCTOKALIH ONHOTO 3HAKa) [IOBEPXHOCTHbIA CIOH KpHCTAILIA pas-
BEPHYT Ha HeGOMBIION YTOJ OTHOCHTENBHO CEAYIOLIEro 33 HIM CIIOs, TO Ha NOBEPXHOCTH KPHCTAILIA MOKCT BOSHAK-
HYTh TAK Ha35IBAEMAs PEKOHCTPYHDOBAHHAs PEMIETKA, T.€. PelneTKa, o0Najaoas Tok ke TONONIOTHEH, HTO M OCHOB-

Has, HO MMeroman 0onbInii IEpHOA, 3aBUCAIIMN OT yTJia passopoTa.

[IOBEPXHOCTH KpHUCTALIA ABJIKOTCA TAK Has3bl-

BBIBO/bI

B pabote npuBEACHDLI 3KCNIEPHMECHTAJIbHBIC PE3YJILTATHE WUCCIENOBaHNHA TTIOBEPXHOCTH rp'acbfrra METOROM CKaHH-
pyromieii TyHHeNbHON Mukpockormy. OGHApYXEeHHAA NePHOAUYECKas MOMY/IALUA MOBEPXHOCTHOM INEKTPOHHONA TIOT-
HOCTH, XapaKTep KOTOPOil B OHOM Ciy4ae MONHOCTBIO MOf00eH MenkoMaciTabHOH MOZYIALMH 37IEKTPOHHOH IUIOT-
HOCTH B IPEZENax HNEMEHTapHOH A4eHkH Ha NOBEPXHOCTH rpaduTa ¢ xoadduumerTom nonoGus pasHsIM 10, 2 BO BTO-
pOM CIydae MOXHO FOBOPHTB O TMOAOOHH B TONONOTHYECKOM CMBICTE (KOS(QQHImEHT nozgoOus BOONbL PAHMIBI KpH-
ctawia nopsaxa 100). MoXHO mpeAnonoiuTE, YTO B MEPBOM CliyHae pean30BaHa PEKOHCTPYHPOBaHHAA NIOBEPXHOCTE
rpaduTa C reKCaroHaNbHOM CTPYKTYpoii. BTopoil ciay4ail COOTBETCTBYET, KAk MOXHO NPEATOOXHUTD, PEKOHCTPYHPO-
BaHHOM pombGo3apuyeckoii ynakoske rpadpura. Ha ocHOBE 3KCIEPHMEHTANBHBIX NAHHBIX CACNAHO MPEATIOJIONEHAC O
KOJUIEKTHBHOMN TIPHPOJE PACCMOTPEHHBIX sBeruii. Ha ocHOBe pasBuToi Teopiw GOPMHUPOBAHNSA CEMOTIONOGHDIX pery-
JSIPHBIX CTPYKTYP CEJIaHBI OLEHKH XapaKTEPHBIX BPEMEH PasBUTUs KOMIEKTUBHBIX ITPOLECCOB 0Opa3oBaHKS KPYMHO-
MACIITAOHBIX PEryIAPHBIX CTPYKTYP.
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THE FORMATION OF THE ALLOCATE DEFECTS
ON THE CRYSTAL SURFACES
A.A. Babaskin*, Yu.V, Kamensky**, V.G. Kirichenko®,
- A.V. Kirichok*, V.M., Kuklin*, A.N. Tvardovsky
*Kharkov NationalUniversity, Department of Physics and Technology, 4 Svobody Sq., 610077 Kharkov 77, Ukraine
**SDIRM, 271, Ak Paviova str,61054, Kharkov, Ukraine

The results of expeﬁniemal investigation of graphite surface by scanning tunneling microscopy are presented. The peri-
odic mo@ul-ation of surface electron density is founded. The character of this modulation isysimifa; 1o the fine zg "
modulation of electron density in cr.ystal cell on graphite surface. On the base of experimental data and earlier devel-
oped theory the values of character times of the collective processes formed large-scale regular structures similar mono-
crystal cell are carried. | - ) - 2l
KEY WORDS: crystal, surface, electron density, dissipation, regular structures. scannin : : |
graphit, collective processes. ' » 8 tunneling microscopy,
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_CAMoBoa.)IEﬁCTBHE HOTEHIUAJIBHBIX IIOBEPXHOCTHbBIX BOJIH HA
I'PAHUHE METAJIJIA C MATHUTOQAKTHUBHOM ILJIAZMOIL KOHEYHOI'O
JTABJIEHUS
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Paccmotpen HeamHelbIit Mpouece caMOBO3AEHCTBHA NOTEHIHAEHEIX NOBEPXHOCTHBIX BONH (IIB) Ha rpanmie meranna ¢
MArHUTOAKTUBHOH MIA3MBI KOHEYHOTO NAB/EHHS, PACHPOCTPAHMIONIMXCS NEPNCHAUKYIIPHO NOCTOSHHOMY BHELIHEMY Mar-
HUTHOMY mo/uo. IMomyyeHo HemuHeHOE AMCIIEPCHOHHOE YPaBHCHHE ¥ HENMHEHHOe ypasnenye [lpenunrepa nis orubaro-
el BoJHbL. Pelenye mocneHero necnenosato ya YCTOHYMBOCTE OTHOCHTENEHO BO3MYLLEHHMI orubatoieit BOJHOBOrO na-
KeTa.

KJIIOYEBBIE CJIOBA: camoBo3zeficTaye, rapMOHMKA, HETUHEHHOE AUCTIEPCHOHHOE YPaBHEHHUE, HEHHENHOS ypaBHEHUE
IIpemunrepa.

CBo#iCTBa NOBEPXHOCTHBIX BONH B IUIa3MEHHO-META/LTAYECKHX CTPYKTYpax B HOCNIC[HEE BPeMs ABMAIOTCS Npes-
METOM MHTEHCHBHBIX TEOPETHYECKHX M SKCIEPHMEHTAIIBHBIX HCCTeoBanuit. MHTepec k 3TUM CTPYKTYpaM CBs3aH C
HEOOXOIMMOCTRIO PeLIeHHs MHOTHX 33134 IIa3MeHHOU U TIOJTyTIPOBOTHUKOBOM 3NIEKTPOHUKH, NPoGieMbl IUMUTEpa U
AHUBEPTOPA B TOPOHNATBHEIX Mpubopax YTC, cosnaHus MCTOYHKMKOB IUIAa3MbI H Ap. Bo MHOrmX CIIy4asx HPUXOIMTCS
MMCTb A€JI0 C BOTHOBBIMH NPOLECCAMK KOHEYHOH aMIUTMTY/bl B OTPaHHYEHHBIX CTPYKTYpax, KOrja JIMHeHHas TEOpUs
CTAHOBATCA HecnpaseBoi [1-3]. JlucnepcroHHEle CBOWCTBa, Tomorpaws monedl M HemuHEHHOE B3aUMOIeHCTBHE
3THX BOJH B IUIa3MEHHO-METALIMIECKHX CTPYKTYPaxX ¢ XOJOMHOM IUIa3sMoi M BHELIHMM MAarHHTHLIM II0JIEM, HaIpaB-
JICHHBIM BIOJb TPaHWILBI pasnena, u3ydeHsl B [4,5]. Hmelorcs B Bumy I1B, o6ycnoBleHBbIe KOJUIEKTUBHBIMMY BO30YX-~
ACHIIMU B [I1A3M€, HaCTOTa KOTOPBIX 3HAYHTENBHO HIDKE 4aCTOT COOCTBEHHBIX 3JIEKTPOHHBIX BOIMYLICHIIA B METAJLIE.

INOCTAHOBKA 3AJJAYY 1 UCXOJHBIE YPABHEHUSA
PaccmoTpuM HenmHEHHSBIN Impolece CaMOBO3AEHCTBHSA MOTEHIHATBHBIX NOBEPXHOCTHEIX BOJIH KOHEYHOM aMmiu-
TyZbl, PacCHPOCTPAHSIOUIMXCA HA IPaHHMLE METalla ¢ IUIA3MON KOHEYHOIO NaBiECHUS NEPNEHIUKY/IIPHO BHEIUIHEMY
MarHUTHOMY MOJHO, HANIPaBJeHHOMY NONEPEK IPAHMIIEI pa3jiea.
IInasma mpexnonaraercsa ropsdeif ¥ 3aHMMaeT MOMYNPOCTPAHCTBO X >0 M B IJIOCKOCTH X = 0 -OrpaHMYeHa uze-
AMBbHO MPOBOAAMICH METaLTHHEeCKO¥ OBEPXHOCTHIO. 'paHmIla pas/iena MEXIy METa/LIOM M MIa3Moil NpearoaaraeTcs
pe3xoif. Moens pe3xoii rpaHHMIl CIPaBE/UTHBA B CITydae, KOTAa Pa3sMepH! MepeXoiHOi 061acTH 3HAYHTENEHO MEHbIIE

riyOuHbl MpOHMKHOBeRMS mod [1B. BHeninee nocTosHHOE MarHUTHOE mOJTE H( HanpasneHo BIoas ocu x puc. 1.

(LSS e

Y | PLASMA

Y

v

Puc. 1. 'eomerpus 3a1aum.
JlucnepcHoHHbIE CBONCTBA, IPOCTPAHCTBEHHOE pachpe/ielieHne NOTEHLUHUANA STUX BOJIH B JIHHEHHOM 10 aMILIHTY-
e 1ons NpHOmKeHUH u3ydeHsl B [4] . CornacHo [4), paccmatpusaembie ITB CyIIECTBYIOT B YaCTOTHOM AMANA30OHE

®% >0’ , ¥ HEOGXOMMMBIM YCHOBHEM MX CYIIECTBOBAHHS ABJAECTCA KOHEYHOCTb TEIIOBOM CKOPOCTH 3NEKTPOHOB,

NO3TOMY PaccMOTpHM camoBo3zieiicTare 1B B ciayyae m2ce <02 << 02 pe (@ce,Wpe -3NMEKTPOHHBIE LUKIOTPOHHAA

ryiasMeHHas 4acToTel). B 3ToM AManasone 4acToT guHaMuka [1B onpenenseTcs 3AeKTPOHHBIMY ABMKEHNAMH, IOITOMY
BKJIa/IOM HOHOB B CaMOBO3JICHCTBHE MOXKHO TIPeHEOPETb. |

Hns onucanus HeIMHEHHOTO NPOHECCca CaMOBO3ICHCTBUA MarHHTO-ILIa3MeHHbIX 1B B CTpYyKTYpe rasMa-metann
ACXOJMM W3 YpaBHe UM KBA3UIMIPOANHAMUKY /1A SNEKTPOHHLIX JBMKeHuk B niose 1B 1 ypaBHeHus Ilyaccona [6)
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A@ = 4men,,

Ne | divin, ¥, )=0, (1)
V — - . o o ) \%

5;;: +(ch)ve ;_-_.rf;.‘i?(p-—mic [VC,H]—-V%Q nn: ;

roe o, Qc, mc,ne,VTe - [IOTEHUMAJN BOJIHBI, THApOAMHAMHYECKaA CKOPOCTS, Macca, IWIOTHOCTs ¥ TCIUIOBAA CKOPOCTH

SIIEKTPOHOB. |
Tpy uccnenoBaHH# HeMMHeHHBIX cBOMcTB IIB BoCcHONMb3yeMcs npubmmwkerneM craboit nennaeitocty {1,3]. 310

OpUbIIDKEHNE CTIpaBeUTHBO TIPY AOCTATOYHO MAaJBIX aMIUIATYAAX BOJH, T.€. KOTA2 MajibiM ABACTCS NapaMeTp HelH-
HEUHOCTU P =eA /(chTzc) <<1 [3]. B atom ciyyae pemenue CHCTEMbl ypaBHeHHH (1) MOXKHO MpPEACTaBUTL B BHIE

pasyioXKeHws B pSI 10 FApMOHMKaM JacTOTHl ® U BOJIHOBOTO yHcha k, Henuueinoi 1B
- n ¢
C(r,t)= E C;(x)exp(iy;),
=1

rae C;(x)-aMIuIMTyZ2 BOIHOBOTO BO3MYLICHUA, Y j = ikyy—-ot).

CornacHo pesynsrataM pabor [7,8], B npubmmkeHun cnaboi HEMMHEHHOCTH OTHOIICHWE aMIUIATYA j+1 U j-
FapMOHMK MpONOPUMOHaNEHO BeipakeHmo Cq/Cj» p[D i1 —Dj ]"1 , TAe D; = D(kz jr @ j} -[ANCIIEPCHOHHOE ypaB-
HeH¥e, CBA3BIBAIOIIEE YACTOTY ¥ BOJHOBOE YHUCIO j-if FapMOHMKH. B ciydasx, korza j+1 H j-rapMOHMKY SBISIOTCS He-
COOCTBEHHBIMHM BOJIHAMHM CHCTeMBI JHMOO OHA M3 HHX COOCTBeHHasd, Apyrad HecoOGCTBEHHAsd, OTHOILEHHE
Cit1/Cjmp<<l. B atux cnyyasx 3¢ PekTUBHOCT: TeHepallM BHICIIEH rapMOHUKM Mana. Pe3oHaHCHas remepanus

BTOPOU ~ FapMOHHKH BQ@GRTHBHa IpA BBINOJHEHWU YCIOBUH MPOCTPaHCTBEHHO-BPEMEHHOI'O CUHXPOHH3MA
kz"(zﬂ)) = 2k2 (CD) , O+ 0 =20.

PE3YJIBTATBHI U OBCYXJIEHUE
YacroTa ¥ 3HaYeHne BOJHOBOro YMAciia faHHBIX 1B CBA3aHEI TMHEMHBIM [UCTICPCHOHHBIM COOTHOLICHHEM [4]
02 &2 <n |
; ce
—= @)

T
Vie o pe

k3 =

Beipaxkenns i noTenmana I[1B, runpofnsaMudeckoif CKOpOCTH M BO3MYIIEHUS [IOTHOCTH 3IEKTPOHOB IIa3MBbl B

TUHeHHOM HPUGIIDKEHHT B IMATIA30HE 9aCTOT M ce < M 2 << © zpe H B OTCYTCTBHE MUCCHUIIALNK UMEIOT BHA

o 11 . - #
w1 =5[W1 (x) exp(iy)+ Wy (x) e@(“iwl)]»

ﬁ(l z({p:ne:?e): Y1 =k2y—(1)t,
¢1(%) = Alexp(-11%) —exp(-2,%)], n(x) = pn exp(~ix),
T 2
. o O -,
VXI (X) - ‘_IH'VTC . 2 = exp(_lIX) i eXp('—kz)()' 5
O |
pe| Ope

1
2 2 Y2 2 2 2
- @ ®pe  |°| 0 0° -0
V(%) = UV, - pe TR e & |
A=Y 2 3 3 > — exp(=Ax)—exp(-Ayx) |, 3)
1

2 - 2 Y
Oef| __Dpe | .(_02 @’ “mge

V(%) = =ik —
Vaa (%) = ~ipVpe — | e | 5 eXPAX) —expAsx) |,
2, © | P -ad, o 2, PEAX) —expEAsx) |,
o .. o )2
_ pe pe @

) o
Vre Ve (D%e

rAe A- aMILTHTY/ia paccMaTpuBaeMoii [TB, *- kommekcHOe conpskenue.
B npennonoxenun cnaGoil HeMMHEHHOCTH H3y9aeMBIX BONH METOOM
| 3

| AHATIOTMYHBIM HRTOME L Ha oy
HOAYHHTE CIIEAYIOIIHE BHIPDKEHIA [UId BTOPhIX rapMonnk [1B H3NOKCHHOMY B [3], MOXHO
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- 9y | = . - % ;
WO, 1) = E[Wz (x)exp(iy;) + W, -(X)GXP("Wz)]n
WZ =((P:ne:v\7c): V2 :2(1(2}’"0‘“)’

i
92(0) % ~—RAlexp(-A1%)  exp(-241%)),

| 1
n,)(x)~ -—-—6-u2n0 lexp(-A;x) - 4exp(-21x)],
® wzf@&
Dpe wge

1
Via(x) “EHZVTe lexp(~Ax) - 2 exp(-24,%)], (4)

Vo (X)=—=n - - .V exp(—A1x) —exp(=2Ax)],
y 3 fﬂge il @i ) Tel 1 p(-211x)]

i
2 .3 2 .2 \3
"mce_ @ "_mce

2
pe

B arom ciydae sropas rapmoHmKa coracHo [8-10] He sBiseTcs coGCTBEHHON BOJHOM CUCTEMEI, a ABJIAETCS BbI-
HYXICHHbIM BO3MYIUCHHEM B CHCTEME, T.K. YCIOBHE NPOCTPAHCTBEHHO-BPEMEHHOTO CHHXpOHI3Ma k- (20) = 2k, (0)
HE BBIONHAETCA. B 3TOM Clyyae HeT HEOGXOUMOCTH PACCMATPUBATH PE3OHAHCHOE B3aHMO/ISHCTBIE FapMOHUK H y4H-
THIBaTh 0OpaTHOE BIWAHME BTOPOY IapMOHHKH Ha TEPBYIO, TOCKOIBKY BTOpas rapMOHHUKA SBIACTCA BEIHYKIEHHBIM
BOSMYIIEHNEM, HCUE3AI0IUM NIPH OTKIOUCHUH BOJHbI Hakaukn (A = 0) .

Hapsiny ¢ mpoueccom reHepaimy BTOpOi rapMOHUKE ®© + M = 2@ BO BTOPOM TNPUONHKEHNH TI0 aMIUIHTY e IO
CYMECTBYET MPOLECC IeHepaliii IOBEPXHOCTHEIX MOTEHIMAIBHLIX BO3MYILCHNH Hy/IeBOM 9acTOTE © — @ =

| S -
(p(o) (x) ~ —--3—;;1A [exp(—llx) - exp(—2l1x)] ,

4
Va0 =isp? loce] 0* o

Ve [eXp(=A 1 x) ~ exp(=22,x)]..
® mgc 40 —a)ge ® ) : : ]

V) =vx) =0,
1

Ve exp(~245%), )

4 ;3)2_
2 @
v§0)(x)=-4[p| —| = e -
Dpe | O~

HP x)=H(x) =0,

Ct)2 wpe

e
(0) el

MeC 32 —p2 Ve

Kak sumso #3 (5), mponecc reHepalys HyjieBo# TrapMOHUKH NPUBOJMUT K MOABIEHMIO CTATHYECKOTO ITOBEPXHOCT-

HOTO TOKa M CBA32HHOTO C HMM MArHUTHOTO IOJIA. OTH BO3MYIUEHHA TAaKke ABILTIOTCA HECOOCTBEHHBIMM BO3MYILEHMUS-

MH B CHCTEMC ¥ HCUE3aI0T TIPH OTKIIOYCHNH BOJIHBI Hakadku (A =0). Cnemyer 3aMeTHTh, 4TO HAHHOE MPUGIIKEHHE

COPaBEAIMBO LIS 9acTOT, YAOBACTBOPSIONIUX YCIOBHIO

1
2_.2 )2
 @° ~o%, »
———-—-_5-55 >> Y — (6)
© D pe

B TpetseM NpuOMWKEHHH [0 aMIUMTYZE 11014 MOKHO YYECTh CaMOBO3AEHCTBHE BOTH W TMONYHHTH 3aBUCHMOCTh
AUcTIepCHOHHLIX cBOMCTE [1B o1 mx ammuTya. HenuneitHoe AuCnepCHOHHOE ypaBHEEHHE UMEET BUA

2 rd ._
{+ V;”e ki =—22(f + a2, +23)+Qla)’, | (7)
@pe D pe

rfie HeAMHEAHOE ClIaraeMoe, CRI3AHHOE C CaMOBO3ACHCTBHEM BOJIH HMEET BUJL
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. ]
2 2 ) v ‘
2 21, 0 Te
Al =2 ) )
Q' ’ I”l +o}§e wz—mge/t c? J

U3z yenosus Q > 0, CIIeIyeT, YT0 YUeT HETHHEHHEIX IPOLECCOB CaMOBO3LEHCTBIA MPHUBOIUT K YBEIMICHHIO ba-

®)

30BOHM CKOPOCTH

s % T
o | o 2"
39

v pewy o ol |

MOKHO 1T0Ka3aTh, YTO K&X/bli H3 KaHAJIOB CAMOBO3ICHCTBHS 20 — ® = 0 (B32aMMOJEHCTBHE BTOPOH rapMOHHKH C
nepBoi ¢ MOSBJIEHUEM OTKIMKA HAa OCHOBHOM 4acToTe) U 0+ 0 = 0 (B32MMOLEHCTBHE CTATHIECKUX [NOBEPXHOCTHBIX
BO3MYILIEHHH C MEpBOil rApMOHUKOH ¢ MOABIEHMEM HEIMHEHHOIO OTK/IHKA Ha OCHOBHOM YacTOTe) NAeT MOJOKHUTEb-

HbIH caBur actotsl I1B, T.e. Q= Q(zm) —+ Q(O) Q(zm) >.O,Q(0) > (. IIpu 3TOM BKJIaJ B CaMOBO3[EHCTBUE KaHala

wze

0)2 V%e

Von = VTe

pa3 Gonbime, yeM BKIaZ kaHana 0+0 =0, a RGN |>ce| HaumHaeT naBars

20 -0 =0 BIaIH OT |o)ce| B ——

BiIaag M KaHAT 0+ 0 = . .
Cnenys paboram [9,10] U3 HEIMHEHHOTO AUCTIEPCHOHHOrO YpaBHEHUS (7) MOXHO OJNYYHTh HETMHEHHOE YpaBHe-
Hue LlpenuHrepa, OMCHIBaKOLLEE 3BOJIOLMIO OTHOArOLIEH ClTabOHENUHENHOA BOJIHBI:

G a] 8 o o g o
St Ve — A+ PPy Py A = D3RIALA, 9)
[& ° oy ot otdy "oy A
/2
2 2 2
1B e Ve B pe ®ce 2 W
roe pp=-—-—— s P12 = . . P2=Vi ’
20 9% _p2 0? -0 20 -2 © 202 02,
1/2
2 2
z@pe (Dz—(oge V. =V o2 Q)g'e ® pe B ( mce)z 303
P3=— =T 5 VgSVre T 5 5|5 5| o ’
207 — 0 207 ~Wge | 7 —Og, u)ce 20° a)cc

V,, -rpynnoBas CKOpoCTh pacCMaTpUBAEMbIX BOJIH.

Pewenue bynem HckaTh B BHAC CTAUMOHAPHON BONHBL, ormbarommeit ITB: A = A exp(idy) , rae dg ~ szA%t .
Manas no6GaBka k ¢ase BoiHEl Y| =K,y -0t , o6ycnoBnenHas ee cnaboil HeTMAEHHOCTHIO. BROIS Majibie BO3MYLIEHIs
amILuTy bl orubalommed BOJHBI B BHAE OA = |8A_]' exp[i(Ky - (t)] moxHO momyduts AMCmepcHORHOE COOTHOIEHME
JUTA BO3MYLIEHHUH Oorubaionielt BOIHbI '

1
Q—z—pl-[HPuKJf J K> (pT ~4p1p2)+K(2p, “4P1V b= 4P1P3QA0] | (10)
rae K, €2 - BoJIHOBOE YMCIIO ¥ 9acToTa orubarommel cnaboremuneiino [1B.
| 0? 02 3
Kax unso u3 (10), peiierne Ui 9acToThl BO3MYINEHUI orubaromeit TTB mpa —-— > 5 ABJISIETCS HEYCTOM-
DPoe  \Oce ),
YHBBIM, €CIIM HEMUHEHHOE CaraéMoe B IUCIEPCHOHHOM YPaBHEHUU QAO < (QA 0) rae
cr?
2 - 2
W _ 202 — @2
_ 3 o? 20 -0
> =3.186, (QAO)Crzo.S 5 ; - (2-+-[3)‘
ce Jor ' Ope O
Pewenve (10) AByigeTcs HEYCTONYUBBIM B MHTEpPBaJIe BONHOBBIX YHCE (Ko1;Kga), rne
| 2 iy S =
0, ©° 20° 0% 2 2 )2 2( 2 2)
ﬂ...vp‘? s 2 ce (’) ~WOge (l+[3) - @" 20 ~ Qe
Te ® | 2 » BF 3
© Poe Ope o fﬂge@ ge,

MaxCuManbHbIA HHKPEMEHT HAapaCTAHUA BO3MYINSHUN NOCTUraeTes npu K =K, u cocrapuser
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_cowz— : QA%

m
- \mQ) .. = - i 2 -(——)— ;

2 2
Moxwuo mokasath 3 (10), 4To pemieHHe s YacTOThI BO3MYILEHUH orubaromeit I1B npu -—CDT <[ = J TaKke
cr

2
O ce D ce

aBnAeTcs HeycrorymseiM B (K1, Ky, ), ecnu QA% >(QA%)Cr , uipu K=K nocruraer MakcumansHoro HHKpe-
menTa (11).

BBIBO/1bI

Taxum obpasom, B maHHON paboTe paccMOTPeH HENMHEHHBIIH NPOLECC CaMOBO3AEHCTBUSA BBICOKOYACTOTHAIX MO-
TeHUMaIbHEIX 1B KoHeuHOM aMmumuTy IbI, PaclipOCTPaRSIOIIMXCA Ha IPaHULe METALIA C IDIa3MOM KOHEYHOTO JABJICHIS
NICPNCHINKYAPHO BHEMHEMY MarHUTHOMY II0JO, HalPaBJIeHHOMY [IONI€peK rpaHuiel pasnena. Mccnenosana 3asucu-
MOCTh IHCHIEPCHOHHBLIX CBONMCTB ciabouemuueinoi I1B ot ee ammmatyapl. Ilokasano, 4To yuet camoBo3melicTeus nau-
HBIX BOJIH NPHBOIHT K [ONIOXKUTENBHOMY CABHTY HaCTOTHI U K YBEJIHUEHUIO ee $a30Boi ckopoctH. IlonydeHo u uccne-
[0BaHO HEMHeHHOe ypaBHeHHe lllpenunrepa, omackIBaromEee SBOIONUIO aMIUIMTYZBI OTHOAroMeH c1aboHeTMHeHOM
[1B narHoro tama. HaitneHs! WHTEpBAIBI BONHOBBIX YMCE] U YCIOBHA, NPH KOTOPBIX BO3MOXKHO Pa3BUTHE HEYCTONIH-
BOCTH OTHOCHTE/TLHO BO3MYLISHUM OrHOaromeil BOTHEL.
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SELF-INTERACTION OF POTENTIAL SURFACE WAVES IN A MAGNETOACTIVE PLASMA OF A
FINITE GAS PRESSURE BOUNDED BY METAL
N.A. Azarenkov, Yu.A. Akimov, A.V. Gapon
Department of Physics and Technology, Kharkov National University,
Kharkov 61108, Kurchatov av., 31
E-mail: azarenkov@pem.kharkov.ua

The influence of self-interaction of the high-frequency potential surface wave (SW) on dispersion properties of the considered SW is
studied in this paper. High-frequency SW propagate across an external permanent magnetic field at the interface between a plasma of
a finite gas pressure and a metal. The nonlinear dispersion relation for the SW is derived and investi gated. The nonlinear Schrodinger
equation for enveloping of weakly nonlinear SW is derived and tested for stability relatively perturbations of a SW enveloping.

KEY WORDS: self-interaction, nonlinear dispersion relation, harmonics
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PE3OHAHCHBIE OCTPOBA B MATHUTHAIX JOBYIIKAX
CTEJUJIAPATOPHOI'O THIIA

O. A. HlumknH | |
Xapbroscxuii nayuonanbhwiil ynusepcumem um B.H. Kapasuna, DusUKO-MEXHUHECKIL paxyaemem, kageopa Gusuxu na
Yxpauna, 61108, Xapwros, np. Kypuamosa, 31
TMoctynuia B peaaxuuio 29 cenradps 2000 1.

CBMbl.

B nanHo#t pabote an:I[CTaBIIéHBJ pesyNsTaThl QHATMTAYCCKOrO M UMCICHHOTO WCCICLOBAHMNA xom}mrypamn CHIIOBBIX
MBI MAarHUTHOTO noJs B MarHuTHO# soByuike HELIAS crennapaTtopHoro Tua. [TyreM 4MCICHHOIO PElSHMAA YPaBHEHHH
CUJIOBBIX AMHUIA MArHUTHOIO NOJs TPOBEJEHO MOJETUPOBAHME OCTPOBHAIX CTPYKTYP- [Toka3aHo, YTO NpU OAHOBPEMCHHOM
[OSBAEHMM BO3MYLUCHAN MATHUTHOTO IO/ C PA3TMUYHBIMA «BOJIHOBBIMUY 4HCIaMH BOSHUKAOT PEe30HAHCHBIE OCTPOBHBIC
CIPYKTYpHl, T.€. CTPYKTYPbl, «BOJHOBBIE)» HUCa KOTOPBIX ABJLAKOTCA KOMOMHALMSIMM «BOJHOBBIX» YHCEN BHECCHHBIX
BO3MyLeHHH. [TomydeHsl BBIPOKEHHUS, ONMPEEAIOIUE YCNOBUA BOSHUKHOBEHHA 1 I1apaMETPhI pE30HAHCHBIX OCTPOBOB.

KJIFOUEBBIE CJIOBA: varauTabie JOBYIIKH, CTENNAPaToOp, TOKAMAK, PE30HAHCHBIC CTPYKTYPEL, OCTPOBA.

CyILECTBEHHYIO POJib B MATHATHEIX KOHPHUTYpAUHAX TOPOHAATBHBIX JIOBYLIEK UIPAtOT OCTpOBHBIE CTPYKTYpHI [1].
OLHUM H3 MPUMEPOB MOKET CIyXHTh (OpMUPOBAHHME NUBEPTOPHON 00JaCTH WVIA yAAIeHMA JaCTHL, BBIXONAUIMX M3
obbema ynepkanusa [2]. TlosBIeHHe OCTPOBOB MOXET GLITH BBI3BAHO KaK MPOTEKaHHEM TOKa B OCHOBHBIX IIPOBOAHHKAX,
TaKk W HAJMUYMEM [OTIONIHUTE/IBHBIX TOKOBBIX KaTylleK, BHOCSIUMX BO3MYILEHWA B OCHOBHOC MAarHuTHOC MOJC,
UCMOMB3YEMBIX ANIS (JOPMHUPOBAHUS PA3/HYHBIX BHAOB MArHUTHBIX MOBEPXHOCTEM. B naHHOW paboTe HOKa3aHO, 4TO
MOSIBJCHHE ONPEJENECHHOTO MOMONHHUTEBHOTO BO3MYWIEHHMS B MArHUTHON CHCTeMe, B KOTOPOW Yike CYLIECTBYET
BO3MYILIEHUE MATHMTHOTO TOJIA K COOTBETCTBYIOUIME €My OCTpOBa, BJe4YeT 00pa3oBaHHe ABYX NOTIOIHHTENbHBIX
nenoyex octpoBos. OIHA W3 HHX IPEACT2BIAET COOOM pe3ynbTaT BHECEHHOTO BOSMYINEHUSA, B TO BPEMA KakK BTOpafd
IBIIAETCA PE3OHAHCHOM ¥ BO3HUKAET M3-3a CYNEPHO3UUMM [BYX BO3MYIUECHHH. B X01e aHATUTHYECKOTO MCCIeN0BAHUA
ObUTH TIONYUYEHBl BbIPAKEHUS, OMUCHIBAIOIIME YCHOBHS BO3HMKHOBEHUS W TapamMeTpbl PE3OHAHCHBIX OCTPOBOB.
UucieHHOe MOJAENUPOBAHKWE MPOBOAMIOCH € MWCMOJIL30BAHHEM DAa3JIOXKEHUss MarHWTHOIO TOJS B MAarHWTHBIX
xoopauHatax mis cucrembl HELIAS [2,3].

TEOPETUYECKAS MOJAEJIb
Jlisi aHATNTUYECKHMX WCC/IeNOBaHMI BBIpOKEHWE, ONUCHIBAKOLIEE OCHOBHOE MAarHUTHOE TMOJIe BBIOpPAHO B
YIPOLIEHHOM BUE C Y4ETOM TOPOMAAIbHON HEOJHOPOAHOCTH
B v |
i .0
; - er-O,eS-—R—z,e(a-l : (1)
1+—cosd "0 |
A |
3anucaHHOEe B TaKOM BHAC B KBA3sHUMWJIMHAPHYECKOH cuUcTeMe KoopAuHat (puc.l) oHO ynoan'eTBopae'r YCJHOBUIO
divB = 0 u 6onee NPUEMIIEMO [UTA OTMCAHMsI OCHOBHOTO MOJIS JIOBYILIKH

B =

$Z  tuna TOKAMAK. Onnako B JambHeHINEM paccMaTpHBAETCS ABYMEpHAS

Vv /_. 3anada, ¥ KIIOYCBBIMU SBIIAIOTCA 3aBHCMUMOCTM MArHHTHOTO IONs OT

? " paauaneHON KOOPAMHATEL ' M YIJIOBOM KOOPAMHATH 3, YTO MO3BONAET
/ ' NpUMEHUTh Bbipakenue (1) 1aag  onucasuws nons B JIOBYLIKE

CTENNApaToOpHOro Trna. KBasMUMNMHIDAYECKas CHCTEMA KOOPAMHAT
ompefeneHa cnenyiouwm obpasom [1]: R, - Gompwoit pammyc Topa,
OTCUHTEIBACMBIN OT NPAMOI OCH £ , U OTIPEReNsieT NONOKeHUE KpyroBoil
OCH, OT KOTOPOW OTCYUMTHIBACTCA pajuanbHas KOOpAUHATA F . YIioBas
KOOIMHATA ¢ OTCUMTHIBACTCA OT HATIPABASHNS, MPOTHBOMOIONKHONO

[JIaBHOH HOpMajiu Topa; (0 -yriuopas KOOpAWHATA BAOJE OOMBIIONO
o0Xxola TOpa, OTCYUTEIBAEMAS OT HEKOTO

POrO HA4AMbHOTO HOJOKEHMS

y = Cconst » = aKo '
Y =const =0 s TakoM wanpasneumu, wuro Habop GasuCHBIX BEKTOPOB

' e " npex :
Puc.] KBasznuminnapudeckas cucTema r+€9,€, DPCICTABIAET NpaBYIO TPOHKY BEKTOPOB.
KOOPAUHAET. '
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CunoBsic JUHHA MAarHHTHOIO NOMS 0OpasyXT MarHUTHBIE NOBEPXHOCTH. TOPOMOANBHBIN MOTOK, T.e. MOTOK
MATHUTHOTO 10Aif, TPOHU3LIBAIOIMA  BEPTHKANBHOE CEYCHME MArHUTHON NOBEPXHOCTH, 3AMMLIETCS CIENYIOMINM
o0pazom -

v = [Bds, 2)
N

rne .S - NIOWANk BEPTHKANBHOIO CEYEHUA MAarHUTHOM TOBEPXHOCTU. IIpH NOSBEHUM Bosmymenrt B, cymmapuoe
MarHUTHOE TIOJIe 3aMUIIeTCs B BUIE
B, =B+B,, 3)

a COOTBETCTBYIOLINM TOPOUAAJIbHBIN OTOK,
ys = [Byds, (4)
S .

MOXHO IepenHcaTh KaK CyMMY OCHOBHOTO IOTOKa (2) W Hekol H06aBKH, COOTBETCTBYIOILEH claraemMomy,
OTHCHIBAIOIEMY BO3MYIIEHNE MArHUTHOTO MOJIA,

Ys =W TVY,. (5)
M3 onpenenenus TopouianbHOTO NOTOKA CAEIYET, 4TO
ByVys =0, (6)
UM |
(B+B,)V(y +y,)=0. (7)
Bo3myuieHHe MarHUTHOTO IT0JI4 BhIOpaHO B BHIE
\ =1
_ . '
B! = bm ‘BO X
a
e !
x| e, -sin(m9—ne),e, -cos(m—ngp),— ——;—cos-((m ~1)3-np)|, (8)
nR, . .

rae b, - aMIUTUTYaa BO3MYLUEHHS, O p - PaIHyC TUIa3MbIl, /71,71 «BOJHOBBIE) YHCNa BO3MYIUeHHUs. OCHOBaHHEM MIA
BbiOOpa TakOW MONEAM BO3MYLUEHHS CIyXaT Takue o0crosrenbcTBa; Dypbe-pasfiodKEHHE MarHUTHOTO 10/ OT
peanpHBIX TOKOBBIX KaTyIIeK COASPXKHT Habophl TaKUX ClaraeMbiX, ¥ BO3MYLIEHHE B TaKOM BMAE YAOBIETBOPAET
yenosmo divB, =0 . IToncrasnss BelpaeHus Ans OCHOBHOTO HOAA M BO3MYLUEHMS B ypaBHenue (7) M pewas ero

OTHOCUTEIBHO I/ 1 » BOJTy4daeM

m-1
b|—| R,cos(m$- n-fp)gyi
" or )
Wl = - ; :
mi—n

[Ipy ompeneneHHOM 3HAYeHWM pajUabHOM KOOpAMHATHI CWIOBOW JIHHMM Yroi BpallaTellbHOro MpeodpasoBaHus
IIpUHMMAET 3HAYEHHE, TPY KOTOPOM 3HaMeHaTensb BhlpakeHus (9) obpamaercs B Holb. Kak mokaszano B padote [4],

VCJIOBUEC M1 — n :O O3Ha4aeT CyLUeCTBOBAHME HENOYKH OCTPOBOB Ha HEKOTOPOM YHAQJIEHHUHN OT KPYyr OBOMA oCH TOpAa.
an [IOSABJICHHY NONOJIHHUTEBHOTO BO3MYIIECHNA MarHuTHOIO 110714, 0 CTPYKTYPE aHaIIOTMYHOTO NCPBOMY, UMCEHILETO
BHI |

\m‘v-l
B,=b_ 1 B x
{ | e A
x| e, -sin(m'8—n'p)e, cos(m' $—n'p),— ’; cos((m' —1)9 - n’qo)J : (10)
\ | - RN
MOKET GbITh 3aNIUCAHO YpABHEHKE, aHANOrMYHOe YpaBHEeHIO (7), 8 MMEHHO
- By < BoVlys +,)=0. a
Pemas 3710 ypaaneﬂué OTHOCHTETHHO ¥,,nomydaem
vy =Yy (r)eosim' $—n'p)+ v, (r)cosl(m' 9 —n'p)~ (m&- ”‘P)]-* | (12)

rac
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b " By|mi—n]R -
WZI = y Py om'=1 ’ ‘
(m'e=n')a,
bm’r m'—1 bmm rm—l BU R2 (1

¥ [(m' —m+(n—n)lay a; ™ |
pix. [lepsoe craraemoe

ll\'&l{ BUAHO, BeIW4YHHaA ¥/, TipelacTaBli€Ha BbIpaXKEHUEM, COCTOAILIMM ©3 IBYX CJlara€msl

OMMChIBAET LEMOYKY OCTPOBOB, CBA32HHYIO C TOABJEHMEM AONOTHUTEIBHOIO posmyuieHusa (10) ¢ «BOIHOBBIMHY
3A3aHHBIX C

qHCIaMm 7?1" " YZ’ MexaHu3M TIOABACHUS 3TOH LEMOYKH aHAIOf MYE€H MEXAHHU3MY nosBJAeHUs OCTPOBOB, CB

"
rosMylieHneM B, u omuceisaembix BhipakeHueMm (9). OmHaKO Hapfiy € 5THM B Bhipakeruu (12) MPHCYTCTBYET

cilaraeMoe, 3HaMeHaTesib KOToporo ofpallaeTcs B HOJIb IpH YCIOBHU (m m)z n' —n, 4TO CBUAETENBCTBYET O

HAZIMYMM elle OAHOMN, NOTIONHUTENLHON LENouky 0CTpoBoB. HeofXoauMo OTMETUTD, UTO 3Ta Lenodka NoABIIACh HE B
pe3y/bTaTe BO3AEHCTBUA OTHEIBLHO BIATOrO BO3MYILIEHUS MAarHUTHOIO fOJIs ¢ «BOJHOBBIMID) yucnamu M1 lm m|

un = , 2 B pe3y/IbTaTe PE3OHAHCHOTO B3aUMOAEHCTBYA [IBYX ONHOBPEMEHHO MPUIIOKEHHBIX BosMymenui B,

. ¥ ot
141 B2 C COOTBETCTBYHOIUMMM «BOJIHOBBIMID» TUCIaMHU (m, n) H (m W/ )

PE3YJILTATHI YACJIEHHOI'O MOJAEJIMPOBAHUA
Kak yxe 6b1I0 CKa3aHo, IS YHCIEHHOTO HCCIeNOBaHMA Obula BoiOpaHa MarHWTHaA JIOBYLIKa CTCIIapaTOpHOro
tuna HELIAS. B nanHo# cucTeMe B KauecTBe OCHOBHOM peau3yeTcs MarHHTHas KOHQUIypalus ¢ IATEIO OCTPOBAMH,
PACIONOKEHHBIME Ha OMNpENeNeHHOM PpACCTOSHMH OT MAarHWTHOH ocu. MogenupoBaHue Takod KOH(UIypauuH
MpOBOAMTCS B TIOTOKOBOW cucteMe KoopawHaT [5]. Otum  o0ycnoBieH BUA MAarHATHBIX MOBEPXHOCTEH,
npeacTapieHHbIX aanee, OCHOBHOE MAarHUTHOE I0JI€ B3ATO B BUIE psna [6]

—-1+Zb“( Jeos(Mr¢ )+ Zzbfk( Jeos(Mk¢ ~19). (15)

l=] k=—e0
31ech KOOPIIHHEIT'& C SIBJ1S€TCd aHaJI0O'oOM YFHOBOﬁ KOOpAHHATHI (D 1 OTCHHUTBIBACTCA BAOJIb KPYI 0BOH OCH TOPa, B -

MarHuTHOE TIONE B TOUKE C KOOpAMHATAMH 7, ¢, 9; B,- HanpakeHHOCTs MarHMTHOrO MOJA HA MArKWTHOH OCHM;

300 ¥, =—— - OTHOCUTEJIbHAA pajuanbHast KOOpAMHAaTa;

M - yucno nepuonoB MardMTHOTO MO BAOMH GONBLIOTO
obxopna Topa.

[lpuy mamoxeHmn w©a ocuoBuoe mone (15)
BO3MYLUEHUA B BUAE [7]

0B, =VxaB, (16)
me o, =a-r,"sin(nf-mé-awt+5) ¢

«BOJIHOBBIMM» 4MCIaMH M =5 , n=15 | o6pasyrores
COOTBETCTBYIONIME MArHHTHBIE TOBEPXHOCTH C MSTHIO
OCTPOBAMM, LICHTPEI KOTOPBIX PACTIONOXKEHB! Ha PanMyce

r, ~1.2 (puc. 2). Ha pammyce r, ~0.6 obpasyercs

| pauvoHansHasx MarHHTHas  [OBEPXHOCTH,  T.C.
| . 17 MOBEPXHOCTL  IJIA  KOTOPON  BBINOAHSETCS YCJIOBUE,
300 — - R ' = 1 |
! ; T = TAE N ¥ M UeAble 4UCIa, U KOTOpas BHITASINT B
1800 2200 2500 m | :
R (cm) . BHAC  CTYCTKOB CHENOB  CUJIOBOH nauuu,  Takas
NOBEPXHOCT  MpH HalIOKEHUUKM  OmpeleneHHOr0

¥ BO3MYLIICHMs
noByuKu creanaparoproro tuna HELIAS, npencrasnensas OHHH}:m,uuaTKMO)KGT ;f?;gjop Mﬂpogﬁrmﬁ B UeNOYKY M3
OB pa HATUuYnH

MalHMTHLIX KoOpAuHaTax, (1-UEHTPBl MArHWUTHBIX OCTPOBOB, e
2-Ceibl  PALMOHANLHOA — MarHMTHON —TIOBEPXHOCTH  Ha T T ;(16)’ S R
pannyce r, ~ 0.6 | ducnamu m =16, n'=15 wabmopacres nossnenue

Puc. 2 OCHOBHEs KOHQHUTYpaUMs MarHUTHBIX MOBEPXHOCTEH
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3, YRCTHHKH, Nons, Bun. 4 /12/ - | Pe3oHaHCHbIE OCTPOBA B MATHHTHBIX ...

epis piswna A

WECTHANNATH OCTPOBOB Ha pamuyce Ty = 0.81 u paspymenue ocHOBHEIX naTH OCTpOBOB (pHC.3). 3HaucHus
«BOJIHOBBIXY YHCeN TOA0OpaHbl TaKUM 006pa3oM YTOOEI AOTONHUTETbHOE BO3MYIUCHHE MArHUTHOTO MOJNA MPOABUIOCE
RHYTpY Tnasmsl, T.e. 7, <1.

300 -

300 —— — - : |
1900 2200 2500
R (cm)

Puc. 3 BeprukaneHoe ce4eHne MarHUTHEIX TOBEPXHOCTEH PU HANUYIWH JAOTONHHTEIBHOTO
BO3MYLICHUS MarHATHOTO 110715 ;(o: =10 m=16,n=1 5) |

Kax OpTO CKa3aHO BbilIE, NPU HAJNOKEHHWH IOBYX BO3MYIIEHHM OJHOBPEMEHHO HEOOXOAMMO OXMIATH MOSBIIEHUA

PE30HAHCHOW LEMOYKH OCTPOBOB C «BONHOBBIMEY dmciaMm M’ = ['m' —-m’ un =n- n’. B nmaHHOM Cirydae

OKHIAEeTCA MOSBJCHHE OCTPOBOB, CoOTBeTCTBYIommX BosmymeHmio ( m" =11, #" =10 ). Ipu pagsHeiwem
YBENTWYEHNUN aMILIHTYAsl Bodmymerus ( m =16, »n' =15 ) uenouka, cocTofmas W3 MECTHANLATH OCTPOBOB

paspyluaeTcs, a palldOHAIbHaA TIOBEPXHOCTh NIPEBPAINacTCs B OAMHHAILATE OCTPOBOB (puc.4).
300 — - '

i s e

Z {cm)

s .

|
L)
.‘
i
danalecod
|

1300 2200 2500
R {cm)

Puc. 4 BeprukaasHOe CCHEHUC MATHUTHAIX NOBEPXHOCTEH NP HATMYKY JONOJIHHTEIBHOIO
BOIMYIHEHUS MATHHUTHOTO 0018 ¢ YBEAUYCHAOW aMnauTy oM (a =3.10% . m= 16,n = 15)
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BbIBO/bI
CyTepro3uiiyg AByX aHanordulbiX MO CTPYKTYpE BO3MYLUEHUH, pa3In4arolluxc

JHCeH (H'zjf?)‘ (m",rz’) U aMIUIMTyAaMuy, OpUBOAUT K OABJIEHHIO JOTOJHUATEILHO
MLHOIC CTATMYECKOro BO3MYIICHHA C «BOJITHOBLIMWY

it KoHpUTYypauHe

4 TOALKO Habopamu «BOJTHOBBIXY
i1 ueroykd OCTpOBOB. lakad

{Icnoyuka OCTPOBOB MOKET OBITH BhI3BAHA MOABNEHHEM OTAC
qHcaaMit m"zlm—m" u n"z’rz—n" . Tpn co3pauuu HapAmy C OCHOBHOH MArtuTHO
HEOBXOAUMO YYUTHIBATE IPDEKT
MIUTHTYHAX BO3MYLUEHHH MOXKET
TekalluX Ha MajbiX panuycax,

CTATHYECKMX BO3MYLIGHHWH MArHWTHOTO [10JI8 B MArHMTHOH JIOBYLIKC HELIAS
[OSBACHHA KOMOUHMPOBAHHBIX OCTPOBHbIX CTPYKTyp. [lpu OmpelencHHbIX 4
NPOMCXOANTH Pa3pylieHHe BHELIHAX MarHUTHAIX OBEPXHOCTEH 1 MOABIEHHE OCTPOBOB,
4TO CYIECTBEHHO YMEHBIUAET 00beM YACPKAHUA TLIa3MBl. |

ABTOp Bblp@kaeT GlaroapHOCTh NOKTOpPY (u3.-MaT. Hayk LHMLKUHY A.A. 33 OPeANOKEHHYIO TeMy LA
MCCneNoBaHUA i 00CY)KIEHUE Pe3y1bTaToB paboThl. |
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RESONANT ISLANDS IN THE MAGNETIC TRAPS OF STELLARATOR TYPE
| O.A. Shishkin
V.N. Karazin Kharkov National University, Department of Physics and Technology, Plasma Physics Chair.
Ukraine, 61108, Kharkov, pr. Kurchatova, 31.

In the present paper results of the analytical and numerical studies of the magnetic field lines in stellarator HELIAS are presented.
Models of the island structures were obtained by calculation of the magnetic field lines equations. It was shown that the magnetic
field perturbations with different “wave” numbers cause resonant magnetic islands structures. The “wave” numbers of such resonant
structures are the combination of the “wave” numbers corresponding to the magnetic field perturbations. Analytical expressions that
determine the conditions of the creation and parameters of the resonant structures are obtained.

KEY WORDS: magnetic traps, stellarator, tokamak, resonant structures, islands.
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TEMPORAL AND SPATIAL CORRELATIONS OF FLUCTUATIONS IN
| GAS DYNAMICS OF QUASI-PARTICLES

\V. F. Aleksin| and V. D. Khodusov
Kharkiv National University named after V.N.Karazin
4, sq. Svobody, Kharkiv 61077, Ukraine
e-mail: khodusov@pem.kharkov.ua
Received 26 October, 2000

Spatial and temporal fluctuations of the temperature field and the field of drift velocities in a weakly non-ideal gas of
quasi-particles are considered. Temporal and spatial dimensions of correlations of the above fields are found.
KEY WORDS: spectral density, correlation of fluctuations, quasi-particles, secondary waves.

Spectral densities of correlations of fluctuations of the main quantities that specify the behaviour of weakly
non-ideal gas of quasi-particles are obtained in [1]. In this case, the main attention focussed on calculation of
the most significant spectral densities of correlations of the temperature field fluctuations and the drift velocities
field in gas dynamics of quasi-particles. Knowing these spectral densities, one can calculate temporal and spatial
correlations of fluctuations of the above fields and determine temporal and spatial dimensions of these correla-

tions. We consider temporal and spatial correlations of the relative temperature field @ = (T - T )/ T, and the
drift velocity u#. Here T}, is the thermodynamically equilibrium temperature.

TEMPORAL CORRELATIONS
We describe the temporal correlations by the following expression

R\ _— 7 —i®f |
(AB>E,; = { <AB>E,me do, (1)
-0
where <AB>}-C- ., 15 the spectral density of correlators of fluctuations of the quantities A and B. In calculation of

the integral me shall analytically extend (AB)E ,in a lower semi-plane of complex ® and use the residue

2

Cauchy theorem. As a result we obtain

(AB) i, =—2miTRe s((AB) fo " ) (Imw<0), 2)
where the summation is made over the residues of the function (AB) o e ™" relative to the poles of located in
the lower semi-plane ®. A quantum-mechanic factor Cl(o)= hocth(ho/2T, )/ (2n)*, that is,
(AB) g = L (0)) f ([;, ﬁ)) is characteristic of these functions. The function C (G)) has the poles on the imagi-
nary axis @ in the points @ = —iv,,, wherev, = 2nnT /A (n‘ =3 2 ) The contributions of these poles into

the integral will be equal to ik % f{iz,-—ivn}'v”t . This contribution will be exponentially small at
o =

t >> Fi/T . It may become essential only at ¢ < /T . However, such values of are contradictory to the Heis-

enberg-Born’s energy-time quantum-mechanic principle of indeterminacy according to which 7f > . So, we

shall consider further on that # >> #/T and the contribution of poles C(0) can be neglected.

The contribution of other poles depend on the form of the function f (E ) co). It is more simple to determine

the main peculiarities of temporal correlations of fluctuations using the example of the isotropic medium for
which the spectral densities have been calculated in [1] and have the form

(92>~ | x_f_f_‘;),lm{m”(v‘!.w)} ; (z{}%) z_g%@lm{mﬂ(z—v')};

k.o & » A | k.o
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<ul.i_u;_i_>k P = ""c_(g)“)(ajj ws ﬂjﬂj )III]J : 1 3 }; | | (3)

|@+iv, +i07 5 |

y 1 )
<uﬂ'e>f,m - Skc{m) Im{_g} : {ufi-uﬂ )fe) = <ufi—8>§,w ’

Cp |
where #;and %, are the projections of the drift velocity onto the direction of a wave vectork,

A= (0) + i\!)2 — (02 - v’2 ); V= —é—(vr + QZ("'E + ?K )) is the coefficient of secondary wave damping (SW)

[2], V= 1(v + £ (t—-—t )) To = —5) g = 1 T =(§2 +iﬁ)/§W§ are the diffusion times
2 - Oy R4 3 1

on account of normal N-processes; V;I = r/ p is the relaxation time of the drift velocity on account of U -
processes, 2 = kW), is the SW frequency, W) = \}i N / pC is the SW velocity, p is the quasi-particles den-

sity, S and C are the densities of entropy and thermal capacity of gas of quasi particles, 1), & are the first and
second viscosity coefficients, ¥ is the hydrodynamic conductivity coefficient, 7is the coefficient of external
friction in gas of quasi particles.

For spectral densities <®2>“ , <ui,>k, s (@uH >}; ° the poles are located in the points
" k.o ® s

W, =—ivt \/Qz —v'?, where A((m.) 0, while for ( U U —L>k — on the imaginary axis in the points

i(v,. + Qz'r»ﬁ ) Finding residues in the corresponding poles, we obtain temporal correlators of the temperature
field as

~vi

<®2>§J B C?’ecowRe(C(w )e_lmﬂ ) (V'=Q);

O e e k) e

A 2 2 i ;
where ()= \/ Q° —v'% . Note that in actual practice at the values of parameters in the field of application of

gas dynamics of quasi-particles being real, the function C (0)) can be replaced by its classical limit

C(@)=T/(2n)" . Then

-vi

©%), - 2(271:;Ccostp cos{(lr —g). " (v'<Q)
vt g
<®2>;}",: e 2(2:)3 e shQQlt+ [3) (V' 2Q), S ©)

where @ = arcsm(v '/Q), B In{v/Q+ Q/Q) For other correlators we shall give the final results

-vt

(u
< “ 2(21:)3f>coscp

cos(ﬁt - (p), (v'£Q)

o ‘ |
<uf; >E,z > (27:)3 —_ sh(B IQ’I) (V'2Q); | . (6)
i "
| <ufluf1 >i£: - 2(27:)3 ~'( Rl )e . | | (7

Temporal correlation of the energy density along the wave vector k is equal to
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< > -W
oy cosQt, (V' <Q)
k.t 2( n)3
T sy
(8Uy); ~chiQr,  (v2Q). (8)
K 2(an)

It is seen from the obtained formulae that temporal dimensions of fluctuations are determined by the quantity
being the reciprocal of the damping coefficient SW l, = v~ and will be maximum in the field of existence of
SW.

- SPATIAL CORRELATIONS
Let us conmder spatial correlators determined by the following integral

(AB>£® s I<AB>E,O) eﬂkxdk" . | ®)
These correlators is the even function @ therefore, for the sake of definiteness, let @ > 0. Note, that in the field
of applicability of equations of gas dynamics of quasi-particles [2] (Q << min(ﬁf-"l,T%I)) a summand Q4"f'c;(-
in A can be neglected. So, A can be written as _
A=-WEd(k? +k2), (10)
where d =14v, 1. — ic:)("f + ‘CE); ki = ((1)2 + I'V,,(t))/_WI%d
Let us next consider the most importan-t for the experiments spatial correlation of the temperature field

(, ® -fkf - —!kxkz = 1
(@-2)_ ( ) - (0)+zv )j 2dk+zW tj —dk . (11)
The integrals over k can be calculated either by means of residues, or as it was made in [3] using the formulae
-—if't _ 2 2 -—zkxk 2 ' kZe—‘J-k?x
f— -;dk=_2“ i, [———dk = 2n*| - - +4m3(%) |,
k* +ky x +k1 | X

where 1{/(12 is the main value of the root (Re klz 2 0). This results in

Im
to W2 CT X | |‘d|2

| s

( 3 —-Wx Z"*_- - w
<92> 275 C(&))J Ae . 1 +4EWIII(1+V?'I¥)8(EE) (12)

e~
i

, L
O+, —ikiTW
Here A= L - Mool |

. We shall present k}z as klz = (a + ib)/Wf , where a = -®* (1 ~ v,,"f)/]d'z ;

1'2 = Vaz +b° = 0)\/(,02 +vf /d. In the above designa-

.b-—-m( (1+'c v )+m2(t+t~))/|dl W

tions the main value of the root /& equals

1/2
klz =g, +1q,; 15 =[ . : ; (‘\faQ +b* :I:a)} ; (13)

We present the quantity A as A:;Al-e“", where

: - | YT v, | 1+v, 1, :
:V/(mz +vf((l+vrr;5)2 +m4(f%- + 'r)z)/]dl ;Y EMCth+arCtgw2(¥+tgﬁﬁ : ()

Substituting these expressions in (12) we obtain
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. 27{2 C(Ct)) ]A‘ ;qlx : 47[W[% :E(l + Vrt%)a(}')] (15)
- - : g9a Qe + ; + : ’ . .
In the field where the inequalitiesV ,(ﬁ'f + *rg) <<1 and 0)(? + ‘E;)<< 1 take place we obtain Idf =1,

Y = arctgv, /(ﬁ, '[A!:\}O)Z -}-Vf ) =m(1[l+v3/ﬁ)2 +1y /\[2_WH . In this case we arrive at

| [2 .2
<62> = 2 C(0) |O" +V, e sin(g,x + )+ AW 2T8(%)" - 16)
%o Wy CT X

From the obtained formulae we can see that the spatial dimension of correlations is determined by the fol-
lowing expression [, =g, ! Other spatial correlators of fluctuations can be calculated in much the same way.
The work is supported by UNTC (project Ne 1499).
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PaccMOTpeHBI IPOCTPAHCTBEHHEIE U BPEMEHHEIS KOPPEISsi) GIyKTyaluy TEMACPaTyPHOTO TIOJIA U NOJIA ApefAdOBLIX CKOPO-
cTeil B cl1abOHENIeaTLHOM Fa3e KsaszpyacTull. HaliieHs! BpeMeHHEIe U MPOCTPAHCTBEHHEIE PasMephl KOPPe/isAilpi 3TUX Ho-
gen.
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