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O6'bHCHeHHe npHpOAI,I H OCHOBHblX saKOHOMepHOCTeH a,nepHblX CHJJ 
Ha OCHOBe <PYH.naMeil'TaJibHblX xpoM0,nHHaMHqecKHX B3aHMO,neiicTBHH KBap
KOB H rJIIOOHOB, yqeT KBapKOBbIX CTeneHeii ceo6o,nbl npH OnHCaHHH. CTpyK
TYPbl a,nep ll ,nHHaMHKH a,nepHbIX B3aHMO,neHCTBHH Ha MaJiblX paCCTOHHH.fIX 
COCTaBmIIOT rnaeHyro nepcneKTHBY Hccne,noeaHHH e 66naCTH ap.epHOH !pH· 
3HKH BbICOKHX 3HeprHH. Ilporpecc B perneHHll 3THX sa,naq Henocpe,ncTBeHHO 
CBH3aH C C03,naHHeM cneQHanH3HpOBaHHblX ycKopIITeneii C HHTeHCHBHbIMll 
ll KaqeCTBeHHblMH nyttKaMH pemITIIBIICTCKHX a.nep ll 3neKTpOHOB • 

HaqHHa.fI C 1970 r., Kor.na Ha 10-r3BHOM npOTOHHOM CHHXpoqJa30TPOHe 
Jla6opaTOp1m BbICOKHX 3HeprHii OHRH enepebre 6bmH ycKopeHbI a.npa 
.nei-iTepIDI, a 3aTeM - nocne MO,nepHH3auHH MHOrHX ll3 ero CHCTeM ll pa3Bll· 
THH HHmeKQH0HHOro KOMnneKca - H 6onee lllllpOKHH Ha6op H,nep (BKnlO· 
'WI KpeMHHH) .no 3HeprHH 6onee 4 r~B/HyKnoH; B )ly6He BbIDOnHeHa IlllO· 
HepcKaH nporpaMMa Hccne,noBaHHH pemITHBHCTCKHX. a,nepHbIX CTOnKHoee
HHH, CqJOpMHpOBaJiacb. HOBaH o6nacTb HCCne,noBaHHH - penHTHBHCTCKaH 
a.nepHaH qJH3HKa11 '· 3KcnepHMeHTbl Ha ,ny6HeHCKOM cm1xpO!pa30Tpoue 
no3eonunH enepBbie 11a6n10.naT1> npoaeneHHe KeapKOBhIX cTeneHeii ceo60AI,1 
aTOMHbIX a,nep H ycTaHOBHTb, qTo aBTOMo.nenbHbIH pemHM npH CTOnKHOBeHHH 
penHTHBIICTCKHX a,nep cymecTBYeT ll HacTynaeT yiKe npll 3HeprHH a,npa
CHapa.na 3,5 + 4 r3B/HYKJIOH 12 '· 

B 80-e rO,nbI HHTepec K npo6neMaM U B03MOiKHOCTHM OnHCaHHH CHnLHO 
B036yiK,D;eHHOH a,nepHOH MRTepHH cymecrneHHO B03poc. Oco6oe BHHMaHHe 
e nHTepaType y,nenHeTCH npo6neMaM xp0MODna3MbI - npe.nenLHOMY acnMn
TOTnqecKOMY COCTOHHHIO, xapaKTepll3yIOmeMyca MHOiKecmeHHbIM ! ,neKOH• 
!paHHMeHTOM KBapKOB lI rnIO0HOB B CT0nKHOBemmx peJIHTHBHCTCKHX a,nep. 
IloHBHJJHCL HOBbie B03M0iKHOCTH nna D0CTaH0BKH 3KcnepHM8HT0B: penHTH· 
BHCTCKHe a,npa C E > 4 r3B/HYKnOH nonyqeHbI Ha enc UEPHa, AGS BHJI 
(CIDA). IlpoeKTHpyeTcn pa.n cncreM .nna ncTpeqffhJX AA-cTOnKHOBeHHH 
(A .i;;; 238) c 3Heprneu .no 2 x 100 r3B/HYKnOH. 

B )ly6ue C 1986 r. ne,neTC.ft COOPYiK8HHe CBepxnpoBO,n.FtIUero iK8CTKO· 
qJOKycnpyromero CHHXpOTpOHa pemITHBHCTCKHX .Ft,nep - HYKnOTp0Ha (Ep ~ 
~ 12 r3B) ' KOTOpbIH o6ecneqHT B03MOiKHOCTL ycKopeHIDI a,nep ennon, 
.no ypaHa c MaKcHMani.uou qacToToii noeTopemm .no 1 ru 13 1• 3aeepweHHe 
pa6oT no co3,naHHIO :ecex CHCTeM ttyKnoTpo·Ha nnaunpyeTc.R Ha 1990 r. 

· HyKnoTpoH cMomeT o6ecneqHTL nccne.noeaHHe npo6neM xpoMo,nHHa
MHKH c yqacrneM nerKHX KBapKoB. )lna BhlXO,na n o6naCTb .naneKHX aCHMD· 
TOTHK. B H,npo-a,nepHhIXJ~J:_IE,1.~B:lI.~:t.:.,~~!_qemm cHCTeM c TH:iKenbIMH 
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KBapKaMH He06XOAHM ycKoplITeJJb HAep Ha :meprmo MaCWTa6a 60 + 
+ 70 P3B/eyKJioH c B03MO:iKHOCTbIO opraHH3a1nm ecrpe'lllhIX MPO·HAepHbIX 
CTOnKHoeemrn. CTpyKTypa TaKOH ycTaHOBKH - KOMnneKCa cynepHyKJIOTpo
Ha - npopa6aTbmaeTcH. B cocrae KoMmrnKca AOn:iKHhI BXOAHTh: ceepxnpoeo
ARmnii CHHXpOTpOH, o6ecneqHBaromuii ycKopeHHe Mep OT ~ 6 r3B/HyKJIOH 
AO KOHe'llJOH 3Hepnrn, pacTH:>KHTe.Jlb H CHCTeMa lJ.]IJJ. HaKonneHHJJ. ycKopeHHbIX 
nyqKOB JJ.Aep n o6ecneqeHHJJ. HX BCTpeqHblX nepeceqemrn:. TOHHenh lJ.]IJJ. 
pa3MemeHHJJ. 3neMeHTOB KOMnneKca HMeeT BHA peiicTpeKa C PaAHYCOM 
Ayr ~ 200 M n ABYMJJ. AJiliHHbIMH npRMOnHHeHHblMH npoMe)K}'TKaMH no 
~ 200 M, B KOTOpbIX opraHH3YIOTCJJ. MeCTa BCTpeqn nyqKoB C MMbIM 3Ha- I 

qeHHeM fJ·IPYHKtnrn. 
)J;ononHeHHe KOMnneKca cynepeyKJioTpOHa ycKopHTeneM 3neKTpoHoe 

Ha 3HeprHIO ~ 4 + 6 r3B c BbICOKoii cpeAHeii HHTeHcHBHOCThro nyqKa (I ~ 
~ 150 + 200 MKA e HenpepbmHOM pe:>KHMe) o6ecneqnno 6b1 He TOnbKO Ho
Bbie B03MO:iKHOCTH B 3KcnepnMeHTaX C HenOABIDKHblMH MHIIIeHJJ.MH, HO H 
YHHKMbHbie nccneAOBaHHJJ. Ha ecTpeqHhIX e- A-, rA- (A - RApa, eKJiroqan 
ypaH) H e-dt-nyqKax. 

AHanH3 pa3nH'lllbIX BapHaHTOB 3neKTpOHHblX ycKopHTeneii noKa3hIBa
eT, qTo e MaKCHManbHOH CTeneHH o6ecneqneaeT Tpe6yeMbie napaMeTpbl 
3neKTpOHHoro nyqKa CHCTeMa, COCTOJJ.IUa.fl H3 ABYX (He cqnTaJI HH:llCeKTOpa) , 
pa6oTaromnx e HenpepbIBHOM pe:llCHMe, CBepxnpOBOA.flIIUIX nHHeHHbIX ycKO
pHTeJJeii Ha 3HeprHIO ~ 0,5 r3B Ka)l(AbIH C peuHpKynJJ.QHeH nyqKa141 • QeHT
panbHbIM eonpocOM npa 3TOM HBnHeTCJJ. C03AaHHe Cil-BbICOKOqacTOTHOH 
ycKopnromeii CTpyK-rypbl C BbICOKHMR rpaAHeHTOM ycKOpHromero nonn ' 
H A06pOTHOCTblO. TexuonorHJJ. H3rOTOBneHHJJ. TaKHX CTpyKzyp, rapaHTHpyro
man nonyqeHHe pa6oqax rpaAHeHTOB nonn EP = 5 MB/M H A06poTHOCTH 
Q= (2-4) • 109 (npH T=2°K) e AHanaaoHe qacTOT 500-1500 Mru, y:llCe enonHe 
oceoeHa15 1

• Ecnn opHe~THpoean,cn Ha nonyqeHHe cpeAHero no JIY rpaAHeH
Ta ycKOpHromero nonH ~ 2,2 + 2,5 M3B/M ( C yqeTOM CB060AHbIX npoMe
:llCYTKOB, KOHCTpyKTHBHbIX 3neMeHTOB H T.A.), _TO ero AnHHa npH KOHe'llIOH 
3HeprHH 0,5 r3B COCTaBHT 200 + 230 M. MHHHMMbHblH PaAHYC op6HT 
peuHpKynHQHH onpeAeJJHeTCH AOnyCTHMOH eennqHHOH yeennqeuHJJ. 3MHTTaH
ca nyqKa 3a cqeT CRHXpOTpOHHoro H3nyqeHHH, H npH: 3HeprHH 4 + 6 r3B 
He AOn:llCeH 6hITb MeHee 70-100 M. Heo6XOAHMO OTMeTHTb, qTO nporpecc 
B TeXHonorHH C03AaHHH Cil-BbICOKoqacTOTHblX CTPYKTYP MO:llCeT npneecTH 
K yeennqeunro pa6oqax rpaAHeHTOB ycKopHromero nonn B JIY AO 10 + 
+ 20 MB/M15 

'
6 
', T.e. C yqeTOM nepcneKTHBbl nOBbIWeHHH 3HeprHH 3neKTpo

HOB paAnyc Ayr peunpeynmnm uenecoo6paaHo Bh16paTb 6bnhWHM. 
113 npHBeACHHbIX BbllllC OUeIIOK BHAHO, qTO nHHeHHblH ycKOJ)HTenb

P~UHPKYnHTOp 3neKTpOHOB C yKa3aHHbIMH napaMeTpaMH xopowo COBMe
maeTCH B OAHOM TOHHene C cynepHyKJioTpOHOM. 
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O6muii An.fl o6enx ycTaHOBOK eonpoc COCTOIIT H B H006XOAHMOCTH 
C03AaHHJJ. KpHoreHHOH 6a3bI; Tpe6yeMaJI MOI.UHOCTb peq>pH:llCepaTopa lJ.]IH JIY 
cocraenHeT ~ 5 KBT (T = 2 K) 14 1, a lJ.]IH cynepHyKnoTpoHa - 7 ,5+9 KBT 
(B 3aBHCHMOCTH OT pe:>KHMa pa60TbI). B HaCT0Hmee BpeMJJ. B JIB3 HMCeTCH 
Aeiicrey10muii pe!ppIDKeparnp MOIUHOCTbIO 1,6 KBT (T = 4,5 K) He paMKax 
nporpaMMbl HyKJIOTpOHa coopy:llCaIOTCH eme ABe TaKHe ycTaIIOBKH. KpoMe 
TOrO, npH paapa60TKe H C03AaHHH Cil-CHHXpOTpOiiOB penHTHBHCTCKH£Mep 
oceoeHbl KaK CHCTeMa norpy:iKHoro KpH0CTaTHpOBaHHH, KOTOpaJJ. COAeP:llCHT 
euewHHii Tennhni eaKyyMHhIH K0)K}'X, a30THhIH 3KpaH H renneBbIH cocyA 
C qaCTH'llIO norpy:llCeHHblMH B :llCHAKHH renHH MarHHTHbIMH 3neMeHTaMH, 
TaK H CHCTeMa npoKaqHoro THna, B KOTOpoii, B 0TnITTHe OT norpY:llCffOH, oxna:llC
AeHHe ocymecTBnHeTCH nocpeACTB0M UHpKynHQHH ABYX!pa3HOrO renHJJ. 
no Y3KHM KaHanaM B 30Hax HaH6onbIIIHX TennOBbIAeneHHH ( o6MOTKa H RpMO 
MarHHTOB) . )J;nH KpHoCTaTHpOBaHHH · ycKopHromeii CTpyKzypbI JIY 6onee 
IlOAXOAHT norpy:iKHaJI CHCTeMa. IlpH qacTOTe ycKOpHromero nom1 B JIY 
f0 R< 1500 Mru nonepeqHhie paaMepbI pe3oHaTopoe cTpyKTyphI TaKoe1>1, qTo 
Hapy:iKHbIH BaKyyMHbIH KO)K}'X KpH0CTaTa 6yAeT HMeTb AHaMeTp ~ 70 + 
+ 7 5 CM: (TaKOH :llCe AHaMeTp HMeeT BaKyyMHblH KO)K}'X · KpH0CTaTHbIX 
6noKOB Cil-MarHHTOB HYKJIOTpOHa) . TaKHM o6paaoM, B .D;y6He y:llCe C03AaH 
onpeAeneHHblH ypoBeHb o6ecneqeHHOCTH KpHoreHHKOH H HaKonneH 3Haqn
Te.JlbHbIH 0ilbIT pa60Tbl C KpynHbIMH O:>KH:llCHTenbHblMH H KpH0CTaTHblMH 
CHCTeMaMH. 

IlpH pa3pa6oTKe 3neKTpOH-npOTOHHbIX' (HAepHbIX) ycKOplITenbHblX 
K0MnneKCOB BbICOKHX H ceepXBbICOKHX 3HeprHH cneAYeT o6paTHTb BHHMa
HHe Ha TO, qTo AnH ycKopeHHH pe.JJHTHBHCTCKHX npoTOHOB H HAep enonHe 
xopomo Il0AX0AHT crpyKTypa C 6erymeii BOnHoii*' T.e. 3neKTp0Hbl H npo
TOHbl MO:iKH0 ycKopHTb B OAHOM nHHeHHOM ycK0pHTeJJe. 

B cynepHyKn0TpOH RH:llCeKTHpyIDTCH penHTHBHCTCKHe Mpa (fJP = 
= v/c = 0,9965 AnH npOT0H0B H fJ ~ 0,986 AnH HAep c Z/A = 0,5), Il03T0MY 
npeACTaBnJJ.IOTCH RHTepeCHbIMH B03MO:iKHOCTH HCil0nb30BaHHH 3neMeHTOB 
ycKopnromeii cTpyKTypbI nHHeiiHoro ycKopIITenH KaK rpynnnpoeaTenn 
nyqKa HAep C Ue.JlblO yBenHqeHHH CBeTHMOCTH BCTpeqHbIX coyAapeHHH 3neKT
poH-MepHbIX crycTKOB HnH B KaqecTBe ycKopnromeii CTaHUHH cynepHyKJio-

* ' B llUTeparype, Kozoa pacCMaT{JUBQIOTCJl BOnpOCbl /lUHelJHOZO yc1<:opeHWl UOHOB, 

o6wmo CIIUTaeTCJl, 'ITO UOHbl HepetlJlTUBUCTCKUe u 06cy:J1Coenue CBOOUTCJl K noUCKY 

CT[)YKTJIP C MMblM U nepeMeHHblM 3Ha'leHUeM ¢a30BOU CKOpocTU 80/lHbl (3B. B HQUleM 

C11y11ae Ollll yc1<:opemm Roep oocTaTO'IHO xopowo nooxoiJRT u unrencueno pa3pa6aTbz

BaeMb1e ceu11ac ny'IKOB0-80/lHOBOOHble u opyzue CUCTeMbl C TeMnOM na6opa :mepzuu 

~ I'3B/M. 
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TpoHa. TaKOe )!Ce HCil0Jlb30BaHHe J1Y npe.ncTaBJIHeTCH uenecoo6pa3HhIM ,WIH 
YHK Hcl>B3 B CBH3H C IlJiaHHpyeM0H pa3pa60TKOH e- p ('yp)-KO,JI]Iatt,nepa 
B T3B-Hoii o6nacTn 3Heprnii. 

BecbMa Ba)KffbIM HBJIHeTCH B0npoc nonyqeHHH MaKCHMaJibHOH K0Heq

HOH 3HeprHH 3JieKTp0HHoro nyqKa B peu;npeyJIHT0pe. Ilpn 3a,naHHbIX napa
MeTpax J1Y 0Ha orpaHHqnaaeTCH B03M0)KffhIM qffcJI0M peu;npeyJIHUHH- Ilo

CK0JlbKY B ,naHH0M ycKopHTeJie o,nH0BpeMeHH0 UHPKYJIHPYIOT crycTKH qa
CTHU pa3Hh1X 3Heprnii, TO Heo6xo,nHMO C00TBeTCTByromee qncno MarHHT
HhIX ,nopo)KeK. OnncaHHaH a pa6oTe 14 1 ycTaH0BKa co,nep)KHT qeTL1pe ,nopo)K
KH, MarHHTHbie 9JieMeHTbl K0T'JpbIX pacnonaraIOTCH Ha pa3JIHqffbIX aepm

KaJibHhIX ypoBHHX, a nepeao.n cryCTK0B qacrnu; B HHX ocymeCTBJIHeTCH C no
M0I.IJ;bIO cenapnpyromnx MarHHToa. H3aecma cncieMa (pa3pe3HOH MHKpo
TpOH17 1

)' B KOTopoii qncno op6HTcymecTBeHHO 6oJibllle, 0,nHaK0 ee HCilOJib-
30BaHHe uenecoo6pa3HO B ycKOpHTeJie Ha HeBbICOKHe 3HeprHH. O6ecneqHTb 

peu;npKyJIHIJ;HIO 3JieKTpOHHoro nyqKa, IlO-BH,nHMOMy, MO)KHO, HCilOJib3YH 
Marnnmyro CHCTeMy C IlOCTOHHHhIM noneM H CHJlbHOH cpoKycnpoBKOH. 
TaKHe CHCTeMhI, B qaCTHOCTH,. pa,nHaJibHo-ceKTOpHoro THna, H3BeCTHbI ,naB
Ho 18 I H B ,naHH0M cnyqae BeCbMa npneneKaTeJihHhI, T.K. Il03B0JIHIOT HMeTb 

B o,nHOH IlJIOCKOCTH Ha6op ycronqHBhIX op6HT ,nJIH pa3JIHqffblX 3Heprnii, 

0,nHaKO ueo6xo,nHMO HX 6onee ,neTaJihHOe paCCMOTpeHHe. 
TaKHM o6pa30M, BH,nHO, qTO ,nJIH 061,e,nHHeHHH B 0,nH0M KOMilJieKCe 

ycKOpHTeJIH H,nep H 3JieKTpOH0B HMeeTCH pH.n TeXHHK0-3K0HOMHqeCKHX 
OCHOBaHHH. 

B Ta6nnu;e npnee,neHbl ou;eHKH ,nJIH OCHOBHhIX napaMeTpoe nyqKoB 

KOMilJieKca 3JieKTp0HHoro peu;npeyJIHTopa H CHHXpOTpoHa Tfl)KeJihIX H0HOB, 
KOTOpbie YTOqffflTCH nocne 6one_e ,neTaJihHOH npopa6oTKH. B CBH3H C npn
ee,neHHhIMH ,naHHhIMH Heo6xo,nnMo oTMeTCHTb: 

- napaMeTpbl nyqKoB HYKJIOTpOHa B3HThl B COOTBeTCTBHH C npoeKT
HhIMH- H C yqeTOM pa3BHTHH liH)KeKI.UfOHHOro KOMilJieKca; 

- ,nJIH 3HeprHH nyqKOB cynepHyKJioTpOHa yKa3aH HIDICHHH npe,nen 
(npn HCil0Jlb30BaHHH Cil-MarHHTOB C )KeJie3HhIMH cep,neqttnKaMHI9 •1 O '), 

a OCTaJibHhie napaMeTpbl nonyqeHbl HCXO,nfl H3 napaMeTpOB HYKJIOTpOHa; 
- npn ou;eHKe CBeTHMOCTH BCTpeqHbIX ep-, eA-nyqKoB 3q>cpeKTHBHaH 

nnoma,nb B3aHMo,neiiCTBHH npHHHMaJiaCb paeHOH 10- 2 CM. JlnH pp- H AA
nyqKoB yqHTbWaJICH pe)KHM HaKOilJieHHH. 

3neKTpOHHbie nyqKH KOMilJieKca MoryT 6bITb TaK)Ke HCilOJih30BaHbl 
.,nJIH nonyqeHHH ')'-KBaHTOB H CHHXpOTpOHHoro H3JIYqeHHfl (CH) B lllHpOKOM 
.nnana:ioHe ,nJIHH BOJIH, O,nHaKo no cpaeHeHHIO co cneIJ;HaJIH3HpOBaHHhIMH 
HCTOqffHKaMH HHTeHCHBH0CTb CH 6ro .nonoJIHHTeJibHOrO HaKonneHHH 3JieK
TpOH0B cymecTBeHHO MeHbllle. 
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2 3su 

Ta611u{Ja 
OcHOBHhie napaMeTpbl nyqK0B K0MilJieKca 

3HeprHH 

{r3B/ 
HYKJIOH) 

12 
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_ ,,_ 

4 

120 
60 
60 

40 

11HTeHCHBHOCTh 3Hepr. , 3MHTTaHC CBeTHMOCTb 

(qacT./c) pa36poc e L 
AE/E (pa,II•M) (cM- 2 • c- 1 ) 

~1012 10-3 10-s 

~1012 10-3 5 • 10- 6 

(dt~l09-1QlO) -"-
_,, _ 

1010 2-10- 3 _ ,,_ 

108-109 4· 10- 3 _,,_ 

~ 101 2 1/IJ;HKJI 5• 10- 4 5· 10- 6 

~1012 5· 10- 4 2·10- 6 

~1010 ~10-3• _,,_ 

108-109 2,5 -10- 3 _,,_ 

3neKTp0Hhl, e 0,5+4 (12) ~101 5 ~10-s 2· 10- 9 

ep 

eA 
(A=d, ••• U) 

PP 
AA 

4(12)xl20 
(v's ~ 44 (76)) 

4(12)x60(40) 

120 X 120 
60x60(40x40) 

103 0 + 1031 

1030 + 102 7 

~ 1031 

>102 6 + 102 7 

(,nJIH Tfl)Ke
JlhIX H,nep) 

3cpcpeKTHBHOCTb pa60Thl paccMaTpHeaeMoro KOMilJieKca Ha 3KCnepH
MeHT 6y,neT BeCbMa BhICOKOH, T.K. O,nHOBpeMeHHO MO)KHO BeCTH o6nyqeHHe 
KaK Heno,nBH)KlibIX MHllleHeii nyqKaMH H,nep H 3JieKTp0HOB pa3JIHqffbIX 
3Heprnii, TaK H peanH30BaTb BCTpeqHhie, HanpnMep, e- A-B3aHMO,neiicTBHH. 

KoMnneKc o6ecneqnT YHHKaJibHhie ycnoenH KaK ,nnH nccne.noeaHHH 
H,nepHOH MaTepHH B 3KCTpeMaJibHhIX ycnoBHHX (ueHTpaJILHbie CTOJIKHoee-
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inrn: THiKeJihIX H,nep) , TaK H }J.IIH npoae,neHH.R npeUH3HOHHhix H3MepeHHH 

cpopMcpaKTOpOB • a.npoHOB H .R,nep, Bhl.RBJieHH.R TOHKHX KBapKOBblX 3cpcpeK

TOB (B TOM 1mcrre C HCOOJih30BaHHeM OOJI.RpH30BaHHblX nyqKOB H MHllleHeH) , 

a TaJOKe runep.Fl'.,nepHOH cneKTpOCKOOHH BbICOKoro pa3pellleHH.R H UeJIOro 

p.R,na ,npyrux cpyH,naMeHTaJibHbIX, a TaJOKe npHKJia,D;HbIX 3a,naq, 

B 3aKJiroqeHue aaTop BhipIDKaeT npH3HaTeJILHOCTh 
1
aKa,neMHKY A.M.Earr

AHHY H KOJIJieraM no pa6oTe 3a HHTepec K OOCTaHOBKe AaHHOH 3a,naqu H 

OOJie3Hhie o6cy:JK,neHH.R. 
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