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§1. Beeoenue 

AnLdla-x,JiacTepuag .. MO,AeJIL c npoexTHPOBxoii / AKMII/ 
HJIH MO,AeJIL IipHHXa /l I - . O,AHa H3 nocne,AOBa TeJILHLIX 
MO,AeJieH aJILdJa-xnacTepH30BaHHLIX H~ep. B Heii COCTOHHHH 
Bpall(eHHH reuepupyiOTCJI onepaTopoM npoexTupoBxu H3 au-

. THCHMMeTpH30BaHHoii MHOr9'1aCTH'IHOij dJyuxnuu, nocTpoe!l'" . 
.uoii H3 rayccoBcxux npo6HLIX · dJyuxnuii uyxnouoB B s -co:-. 
CTOHHHHX OTHOCHTeJILHO D;eHTpOB aJILdJa -xJiaCTe.pH3aD;HH. H~
pa. QeJIL ~aHHOH pa60TLI-- npOBeCTH B 3TOH MO~eJIH aHallH3 
dJopMdJaxTopoB i·pynnLI g~ep p. u s d - o6ono11ex. Taxoii alia,. 
JIH3 . ~OllOJIHHT H3BeCTH.LJe · pe3yJILTaTLI paC'IeTOB 3HeprHH, 
u -~pyrux xapaxTepucTux · pg~a H~ep /I-4 I;'~ . 'ITo no3BOJIHT .. 
CY~HTL: 0. ~eHCTBHTeJILHOM xapaXTepe aJILdJa-xnacTepH3aD;HH 

· H~ep., ... · 
Pauee · dJopMdJaxTopLI anLdla-XJiacTepu3oBaimLix g~ep 

aHaJIH3HpOBaJIHCL·B paMxax npOCTOH anLdJa:-'laCTH'IHOHMO
~eJIH I AqM/ /S, 6 /, r~e. 6LJJio nonyqeuo cornacue c 3Xcne:
puMeHTOM npu MaJILix nepe~aHHLix HMnynLcax. B·Taxoii Mo-. 
~eJIH llOJIO:>KeHHe anLrlJa-qacTHD; B H~pe lPHXCHpOBaHO, aHTH
CHMMeTpH3aD;HH uyxnoHoB He Y'IHTLJBaeT<<H~·;·HiiTepecuo, 
'ITO eCJIH llOHBJIHIOIUHHCJI B 3TOH MO~eJIH raycCOBCXHH dJopM
dJaXTOp CBH3aHHOH anLdJa-qaCTHD;LI dJopMaJILHO, 3aMeHHTL 
Ha dJopMdJaXTOp CB060~HOH aJILdJa-qacTHD;LI, B3JITLIH H3 3XC.-. 
nepuMeHTa, ·To ~JIH g~ep p- u ··~ d -o6onoqex y~aeTcJI :no
JIY'IHTL Xa'leCTBeHHOe c·ornacue C 3XCnepHMeHTOM He.'I:OJILXO 
npu MaJILJf7. ~o H npu 6onLniux nep~~aBaeMLix HMll}'JILcax 
q "' 3 tfJ- 1 · ·. • 8 • Pac'leTLI q,opMdJaxTopoB npoBo~unucL Tal()Ke 
H B 6JIH3XOH X -3THM MO~eJIJIM MO~eJIH HYXJIOHHLIX acconua -.: 
UHH Z9 ~,·Bee· 3TH u:,Apyrue no~o6HLJe pa.C'I~TLI OCHOBaH~ lla 
ucncmL30BaHHH. 6a3HCa HYXJIOHHLIX lPYHXUHH rapMOHuqec:Koro 
ocnuJIJIJITopa, . uMeromux, · Boo6me roBopH, uerrpaBimLHYIO 
acB::MnToTuxy :raycc.oB~icoro -Tuna·: qacTo' ul.re:Huo 3T<? JiBnJI :;. 
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eTCJI rJiaBHLIM npemiTCTBHeM B 06'LJICHeHHH noBe~eHHJI. 

cllopMcllaKTOpOB npH 60JILWHX q • 
llpeHMy~eCTBa AKMll nepe~ 3THM H p.II~OM ~pyruxno~

xo~oB COCTOJIT B CJie~yro~eM. Bo-nepBLIX, MO~eJIL no3BOJIJI

eT ~OBOJILHO npOCTO /no cpaBHeHHIO, HanpHMep, C MeTO~OM 
XapTpB- WOKa/ OTLICKHBa TL BOJIHOBYIO cllYHK~HIO aJILclla-KJiac

TepHOrO .ll~pa B OCHOBHOM H B036y)K)\eHHLIX COCTOJIHHJIX 

Bpa~eHH.II. Bo-BTopLix, KaK 6y~eT .noKa3aHo HH)I(e, B 3ToB: 

MO~eJIB MO)I(HO npoBeCTH pacqeTLI C npo6HLIMH cllyHK~HJIMB 
HYKJIOHOB peaJIHCTB'IeCKOH 3KcnoHeH~HaJILHOH acHMnTOTHKH. 

3TO cy~eCTBeHHO pacWHp.lleT B03MO)I(HOCTH onucaHHR 4lopM

cllaKTOpOB B o6JiaCTH 60JILWHX nepe~aHHLIX. HMnyJILCOB. 

' 'QqeBH~Hq, 'ITO aHaJIH3 cllopMcllaKTOpOB n03BOJIJieT onpe

~eJIHTL BOJIHOBYIO cllYHK~HIO· .ll~pa ~6onee TO'IHO, He)l(eJIB MHHH

MH3a~HJI 3HeprHH CBJI3H. TaKOe . BOCCTaHOBJieHHe· Jl~epHOH 
cllYHK~BH ·- OCHOBHaJI 3a~aqa HCCJie~oBaHHJI pacce.IIHHJI'3JieKT

pOHOB, H ·He MO)I(eT 6LITL B npHH~Hne BLillOJIHeHa B paMKaX 

A "liM. B Mo~enu lipHHKa ~o cux nop cllopMcllaKTOpLI pacc>iHTLI

BaJIHCL JIHWL 8 BH~e oT~eJILHLIX npHMepoB /3,4/ • IllupoKHe 

paC'IeTLI . H cpaBHeHHJI . C 3KCnepHMeHTOM cllopMcllaKTOpOB 

0+ 2+ 3- BpamaTeJILHhlX COCTO.SHHH S~pa· 12 C 6hiJIH BLinOJI

HeHLI B npe,nLI,ny~eB: pa6oTe 110 I, TaM )l(e ~aH nepBLIH aHaJIH:i 

C npo6HLIMH .cllyHKU.HSMH 3KCnOHeH~BaJILHOH aCHMnTOTHKH. 

3~ecL MLI Ha 6a3e Toro )l(e no~xo.na npoBe~eM aHaJIH3 

3aps~OBLIX cllopMcllaKTopoB u.enoB: rpynnLI s.nep anL$a- Knac- .. 

TepHOH npupo~LI 12 c, 16o ,24Mg' 28Si ' 32 s H 40 Ca .. 

§2. 3ap.Rooeble ,PopMt/KJKmopbl u nepexooHa.R 
nllomHocmb e. AKMII 

Ecnu Bnasliue Kynouo:BcKoro nons s~pa Ha .oTHOCHTCJIL

uoe ~BH)I(eHHe 3JleKTpOHa OKa3LIBaCTCS ~OCTaTO'IHO CHJILHbiM 

/Ha npaKTHKe 3TO Ha'IBHaeTCS-C.JI~ep TS)I(eJiee 
16 0 /,TO 

He06XO~BMO· OTKa3LIBaTLCS OT nJIOCKOBOJIHOBOrO, 6opHOBCKO~ 
ro npu6nu*eHus: B pa6oTe /11/ 6b1JIO noKa3aHo, 'ITO MeTO.D. · 

BLICOK03HepreTH'IeCKOro npH6JIH)I(eHBSjB3ll/ ~aeT peiyJIL~. 
TaThl,-npaKTH'IeCKH COBna~aiO~He C TO'IHLIMH, paCC'IHTaHHLI-, 

MH · no clla30BOMy. · aHaJIH3Y, ecJIH BLinOJIHeHLI YCJIOBHS 

E/U(O) »1 , kR».1 H E»EJ r~e EJ· -·3Hepru11 Bo36y)l(-
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~eHBJI ~aHHOrO COCTOSHBH H~pa. B ~aJILHeHweM BCe pac'leTLI 

6y~eM npoBo~HTL is. paMKax 3Toro 'no·~xo~a. B' B3ll':iapa:.. 

~OBLIH cllopMcllaKTOp 'leTHOrO H~pa HMeeT BH~ 
. ' ·J ;.r>;•' 

F2 ( E • '1) = 
L . · .. -. 

='G(q) lq2fdr g(1} ~q1+i<f)(1)p:<r.).y* (t)l2. 
q2 {f) L LO 

cllyHKU.HH q3 ifxjj.• . g H cp Y'IHTLIBaiOT HCKa)I(CHHe H ~a.HLI B pa-:.. 

6oTe/l 2 / 9 .t'L ( r) ;- . P_B;~HaJILHaH nepexo~~as nJIOTH,OCTL. 

MHO)I(HTeiiL' G ( q) y'IHTLIBaeT pa3MepLI npoToHa H ~Bu)l(eHHe · 
~eHTpa Mace.·. B XOpOWeM. npH6llH)I(CHHH: MO)I(HO Bc3JlTL / 13): 

2 -2 R 2'( a) . :.: ~ . ··. 

G ( q) = exp [ - f ( R ( p) - • ) ] , /2/ 

r~e R ( p) a R ( a)- cpe~HeKBa~pa TH'IHLie pa~uycLI npoToHa 

H . a -KnacTepa •. B nnocKOBOJIHOBOM 6opHOBCKOM npu:.. 

6JIH)I(eHHH ·q ·(JrjJ"'" .q , g =.l ,' • ijJ = 0, B pe3yJILTaTe. nonyqaeM-
3 

• • 
. . 

. ~ . 
n2 

F L (q) =G(q) liLy'·1-rr(2L+l) (r 2drpL·(~)jL(.qr) 12./3/ 

no onpe~eJieHHIO, pa~HaJILHaH nepexo~HaH mioTHOCTL Pt. eCTL . 

MaTpH'IHLIH 3JieMeHT .COOTBCTCTBYIO~ei:O K034lcllH~HeHTa pa3-
. .. . - . ' . '; ·. ~ •. __); '. • ... - ·' . - . . ) ' <' : ~ --. 

JIO)I(eHHS onepaT.Opa, nJIOTHOCTH.,3aps~a H~pa, COCTOS~erQ.H3. 

To~e'IHLIX HYKJIOHOB,. B ps):{ cclleJ)H'ICCKHX, :rapMOifHK: . . . . 
• _ • ·.,. - • 1 '·· • r' - :,·· ... 

<LOip<f,() IOO> r pL(r) y~M (";) 

. r:· ~ _,,, 

-+ • 1 A .... .... .... " 
p(r,() =i~ ekO(r-rk_~=I~'IPI.M(r,() Y~M(~) 

k-1 ·" . 

. ·. ·. A ( kl' A ek . 1 . . "' 
PI.!\1 =- :£· , 'Put=, ~. -. -. ;>_( r -:-rk )~ Yul ( rk .) 

k=l k=l Z r-

PI. ( r) <co 1-·PL0 1 oo > 

. ;4/' 

/5/ 

/6/ 

/7/ 
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. ,l(JI.H ynpyroro pacce.HHH.H p ==-= p( r) , r.u.e p( r) - pac--
y4r/ 0 · . 

.. npe.u.eneHHe llJIOTHOCTH .;3ap.s:.u.a . .H,lJ,pa, ~OpMHpOB~HHOe H~ e,lJ,H-:. 
HHUy. ., . 

B paMKax AKMII MLI 6y.u.eM H3Y~WrL 4JopM4JaKTopLI ynpy_
roro H Heynpyro-':o pacce~HH.H, .u.n.s:_ 'ler'? noTpe6ye:rc.s: nony
_'IHTi. H Bhl'IHCJIHTL COOTBeTCTBYIOI.l.Uie llJIOTHOCTH nepexo.u.a 
171. . 

CyTL MO,lJ,enH COCTOHT B TOM, 'ITO B .H,lJ,pe Bhi,lJ,eJI.HIOTC.H 
ueHTPLI pacnon~:>KeHH.H anL4>a-KnacTepoB: Ri ·: i == 1.2 ••• __ N"":. 

- ~m.u.eKc KnacTepa, N - nonHoe 'IHcno KnacTepoB B .s:.u.pe/. 
0THOCJITeni.IIo 3THX. ueiiTp(m qeTLipe HyKnoHa Haxo.u..s:Tcs:. 
B. s - C_QCTO.HHH.HX c 4>YHKUH.HMH .. 

4 ".-+ 4 -+ 

u ( r .- R. ) == X X u ( I r - R i I ) 
a 1 a r 

/81 

r.u.e a == i , a·; T -· IIH,lJ,eKC O,lJ,HO'IaCTH'IHOrO COCTOHHH.H. 3a-
TeM, Ha OCHOBe 1811 CTpOHTCH. npo6HaH MHOroqaCTH'IHa.H 
aHTHCHMMeTpH30BaHHa.H 4JyHKUHH 

A 
-> 

_U( R )·== l: ip H ua 
· P a==1 

( p a) 191 
A 

H3 KoTopoii ~(noMOIULIO onepaTopoB qeTHOCTH P77 , . npo-. 
eKTHPOBKH PM/14/ . cocTaBn.s:roTc.s: 4>YHKUHH c 3a.D.aHHLIMH 

· KBaHTOBLIMH qilcnaMH I JMK77 >, r.u.e K ~ npoeKUH.H MoMeHTa 
J Ha BHyTpeHHIOIO OCL .H,lJ,pa. IlOJIHaH 4JyHKUHH eCTL cynep-
ll03HUH.H 

l 
-lJ M 77 > ':" l: CK I J M K 77 > 

K 
1101· 

J 
r.u.e K034>4JHUHeHThl CK ,lJ,JI.H HH:lKHHX COCTO.HHHH onpe.u.enHIOT-

!' 

C.H H3 coo6pa:>KeHHH CHMMeTpHH, BLI6paHHOH anL4Ja-l.t:acT~~.: 
HOH KOHliJHrypaUHH .s:.u.pa~ .C llOMOIULIO 3THX4JYHKUHHBM'IHCll.H:._ 
roTc .a:. MaTpH'IHLie 3ne:MeliTLI oriepaTopa nnoTHOCTH ·3ap.s:,D,a 
.s:.u.pa lSI -/7 I. _Mo>KH.o noKa3aTL 110 I, 'ITO B noii Mo.u.enH ,IJ,n.s: 
qeTHoro' .s:,D,pa pacnpep;eneHHe nnoTHOCTH 3ap.s:,D,a fp;n.3./::-.>: 

· il nepexo.u.Hax n_noTHocTL 11 I oKa3LIBaroTc.s:· paBHLI~H 

6 
•, 

... • . .; . 
. ~:: '• ·:;-

, 
. ··~ 

'I 

•.: i· 

! 

I 
.. j 
··) 

. I 

1 
·p == . y, 
. L 4772 N 00 770 

l: CL 
K K 

y, -> -> 

N- •. J-de[ <U( R) IPLKIUCSJ >+ 
LK77 .·. . · · 

+P 
77o 

lUI 
< u c"io 1 P L K 1 u r:... s ) > r. 

r.u.e N~ - _HopMHPOBO'IHLie MHQ:>KHTeJIH BOJIH.OBLix 4>YHKUHH. 
HHTerpHpoBaHHe Be,IJ,eTc.s: no yrnaM 3iinepa H B03HHKaeT 
H3-3~ noBopoTa, npe,D,nHCLIBaeMoro onepa~opoM_,npoeKTH
poBKH, HCXO,!J,HOH an~liJa-KOHliJHryp_aUHjl H.D.:Qft- R _,== { Ri l K HO
BOH, noBepHyTOH KOHliJHrypaUHH s == { si == R ( e) Ri l . MHoro
'laCTH'IHLie MaTpH'IHLie 3JieMeHThl BLipa:>KaiOTC.H qepe3 ,lJ,eTep
MHHaHThl 

'..'> · -> • 3 A ( n) LK .• 
<U(R)IPLKIU(ES)>==2]detBij(f)] l:detBij (d,l12l 

· n==1 
.f·,==±l,., 

KOTOphle onpe.u.en.HIOTC.H O,lJ,HO'IaCTH'IHLIMH 4JyHKUHHMH 

( n) LK _. _, ( i) _, -
Bij (f)==( u( r -Ri). PLK u( r-f sj) oni· + 1131 
+B .. (d{l-o ·) . 1 1 . n 1 

B .. (€) ,;,(u·c-; -R-). u <; -f ~j;)) 
1 J , . . ,1 .J 1141 

HTaK, B TeXHH'IeCKOM nnaHe 3a.u.aqa cocTOHT·B. BLI'IHCneHIIH 
cHa'lana o.u.HoiJ:acTH'IHLix 1131; 1141, 3aTeM ·itH:o:n)qactH'I~ 
HLIX 1121 MaTpH.;IHLIX 3m!MeHTOB H npoBe,lJ,eHHHTpex'MepHoro 
H~TerpHpoBaHH.s:. /15,16~ B 1111 ll() yrnaM 3iinepa. · 

.·. 

§3. Buo nj>06HbiX ~YHKliUii. C~e~enue 
c 3KcnepuMeHJifOM . · 

~ ~. 

·. ·EcTeCTBeHHO, pe3yJILTaT 3aBHCHT .OT TOro, Ka:Kas:"BLI-
6paua; reoMeT.pHqe'ci<ali KoHliJHrypauils pacnoixo:>KeHHx· ~e:HT:
p(>B anLdJa-:K,iiac±epoB R· - H. KaKoro· Bli.u.anpo6:HLie cilYHKUHH. 

~ ~ 1 ' 
u r r - R i ) . HCllOJIL3YIOTC.H .. B . pacqeTax. liTo. KacaeTC.H_ 

anL(pa -:K_OJict~Hrypauliii, To pacq'en.i · xapaicTepuc:rB:ic ocuoB~~x· 
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/I-4/ cocTO.RHHH p.R~a .R~ep no AKMII , a TaK)Ke pac'leTLI 
$opM!llaKTOpOB no anb$a-qacTH'IHOH MO~enH /S-8/ n03BO
ll.RIOT- BLI6paTb HX B BH~e, H306pa)KeHHOM Ha puc. J. A HMeH
HO, 12 C.- paauocTopouuuB: TpeyronLHHK, 160 - TeTpa3~p. 

24 Mg- 6uT~Tfa3~P. 28 Si -Dad . ~ cTpyKTypa, 32 S - D 3.h
CTPYKTypa, ° Ca - TeTpa3~p BHYTPH OKTa3~pa,( T d+ Oh)
CTPYKTypa. Ha ocuoae npHCYlllBX 3THM $urypaM CHMMeTpuB: 
MO>KHO HaRTH K03«1l«llBUHeHTbl . Ck B BOllHOBOH. $yHK~HJt, . 
/10/. O~Ho'laCTH'IHLie npo6HLie «ilYHKUBH BLI6upanucb B /IO I 
KaK B $OpMe Tpa~HUHOHHbiX rayCCOBCKHX 

<; - il. >2 
- -- __ I_ 

2 b.2 
uc(I~-Ri) exp [ /15/ 

I 

TaK H BH~e $yHKUHH C 3KCfiOHeHUHanbHOH aCHMfiTOTHKOH, 

... ... 
u sF(·,; -Hi.!) 

R . I r -R. I 
( ch~ + ch ___ I 

hui hui 

-I 

) •/16/ 

r~e Rai H h ai onpe~en.RIOT pa~uyc H IUHpuuy o6nacTH 
nony~na~a «<IYHKUHH HaKnoua OT ueuTpa anL!lla-KnacTepa. 
0Ka3LIBaeTCJI, 'ITO O~HO'IaCTH1IHble MaTpH'-IHbie 3JieMeHTbl 
C $yHKUHJIMH /15/ H /16/ Bbi'IHCllJIIOTCX B JIBHOM BH~e /10-/, 

< _. ~ " -- - ' • • • • • • • • :.. 

'-IT_O BeCLMa UeHHO B npaK-THl.feCKHX UpH~O:>KeHHJIX. . . 
Pe3yn~:>TaTLI pacl.feToa pacnpe~eneuuB:'nnoniocru JapJI~a 

H nepexo~~ H $opM$aKTopoB :B B3II, cornac.uo HJnml<euuoB:. 
cxeMe~ npe~cTaBm!Hbl ua· puc. 2-10. 06lllee JaMet.fauue, 
KaCaiOllleecJI Jl~ep, COCTOHT B TOM, '-ITO B03MO)KHOCTH rayc· 
COBCKHX npo6HbiX $yHKUHH BeCbMa orpaHBl.feHbl. TaK, pacqe
TLI c 3TBMH $yHKUBRMH He· ~aroi oco6eltuoc-TeB: noae.zieHBJI 
$opM$a.KTopoa a o6nacTu BToporo MBHBMy~a .R~ei> p-·o6o
no'IKB H TpeTbero MBHHMyMa Jl~ep _sd -Q60JIO'-IKH" 3Tq _no
Be~eHHe :HiiTepecuo CBJI3aTL c no.RaneuueM .U.uciJpaKuuoiiiioro 
MBHBMyMa a $opid$aKTope 4 He .. npll q: "' · 3·.3· rp :::1 ~Aeuci:. 

.... ' . . ' . _, .. : · .. 2 

BBTellbHO, raycCOBCKli.R $yHKUHJI p.n. 3; p( 4 He) . =: exp( - ~) 
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13. lO.t_acnpef<eAeiiuR nAomHocmu -3apRoa>·Jioep 24 

Mg, 
Si , 3 S u - °Ca. coomaemcmayror~~ue /c moii xe -HyMe

paijueii Kpua&rx/ (JopM(JaKmopaM Ha puc. 8 u 9. 

cTpyKTYPhl anb~a-KnacTepa BHYTPH .s:~pa. B To ~e BpeM.s: 
nonhlTKH I puc. 3/ onHcaTb ua6mo~aeMhle ~opM~aKTOPhl .s:~ep 

12C , 16 0- H 28 Si -. c napaMeTpaMH Ra H- ba cBo6o~Hoii 
anb~a-q~CTHI{hl H ITO~rOHKOH TOnbKO ITO KOH~Hrypal{HOHHblM 
napaMeTpaM Ri /eM. Ta6n. 1/ He ~anH cornacH.s: npHcpe~
HHx H 6onblllHX:q. llcxmoqeHHe cocTaBHno .s:~po 24Mg9xo
Topoe, TaKHM o6pa30M, MO)KHO C'IHTaTb 6nH3KHM xanb~a
qaCTHtiHOMY. B ocTanbHbiX *e .s:~pa:i pa3Mepb1 anb~a- ioiaci'e
pOB CHnbHO OTnH'IaiOTC:.S: OT anbq,8.-:'laCTH'IHhlX." 
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TaK, Ha puc~. 4 .naHLI <iJopM<iJaKTOPLI ynpyroro pacce.HHH.H 

:meKTpOHOB Ha .H.[(pax 12 C H 16 0 
9
paCC'IHTaHHLie C npo6HLIMH 

<iJyHKUHBMH rayCCOBCKOii H 3KCDOHeHUHaJILHOH aCHMDTOTHK •. 
.. IlapaMeTpLI R , Ra H h a no.nroH.HnHcL TaK, 'IT06LI so acex 

pac'leTax cpe,nHeKaa,npaTH'IHLie pa,nuycLI 3THX .H,nep coana.na
JIH C H3BeCTHLIMH 3KCOepHMeHTaJILHLIMH 3Ha'leHH.HMH. 3TO 
.[(OCTHraJIOCL B OCHOBHOM OO.[(rOHKOH <iJopM<iJaKTOpa B 06JiaCTH 
nepaoro .[(H<iJpaKUHOHHOrO MHHHMyMa. 0Ka3aJIOCL, 'ITO B 060HX 
CJiy'la.HX HMeeTC.H .[(OBOJILHO 60JILWOH KJiaCC KpHBLIX; Ka)l(,[(a.H 

H3 KOTOpLIX C xopoweii TO'IHOCTLIO OOHCLIBaeT 3KCnepHMeHT 
no. ynpyroMy pacceHHHIO / 17 ;18/ so aceii Ha6.qro,naeMoii 
o6naCTH nepe,naHHLIX HMDYJILCOB, eCJIH OOJIL30BaTLC.H npo6-
HLIMH CHMMeTpH30BaHHLIMH <lJepMH-<iJyHKUH.HMH. Cpe,nHHa6o
poB napaMeTpoa HaHnyqweii no.nroHKH / ma6A. 2/ HMeiOTC.H 
H TaKHe, KOTOpLie 6JIH3KH HJIH COBna.i\aiOT C Haii,neHHLIMH 
B ,npyrHX pa6oTaX /I-:J/ H3 BapHaUHOHHLIX paC'IeTOB 3Hep
rHH .H,nepHLIX COCTO.HHHH C pa3HOrO BH.[(a HYKJIOH-HYKJIOHHLIMH 
B3aHMo,neiicTBH.HMH. B 3TOM 'CMLicne Ha,ne)I(.[(LI Ha ycnewHoe 
OOHCaHHe <lJopM<iJaKTOpOB KaK KpHTepH.H OT6opa aapHaHTOB 
N - N cun noKa ce6.H He onpaB,nLiaaroT. 

Ilpo6HLie CHMMeTpH30BaHHLie <iJepMH-:<iJyHKUHH ,naiOT 6o
nee co.nep)l(aTeJILHoe onucaHue <iJopM<iJaKTopoa. TaK, ecnu 
B 6y,nyLQeM 3KCDepHMeHT .[(JI.H .H,npa 12 C ,neHCTBHTeJILHO 

· o6Hapy)I(HT BTopoii MHHHMYM B <iJop.r.~<iJaKTope ynpyroro pac
Ce.HHH.H npH q ' 3,5 fP-l, TO KpHBLie, Haii,neHHLie Ha 6a3e 
rayCCOBCKHX npo6HblX <iJyHKUHH; y)Ke He 6y,nyT COOTBeTCTBO
Ba TL 3KcnepuMeHTY. Hao6opoT, KPHBLie pac'leTOB c <lJepMH
<iJyHKUB.HMB CO,nep)l(aT TaKyiO B03MO)I(HOCTL. 

0TMeTHM, 'ITO· .n_n.H.: .H~pa .. ]/' 0 rayccoacKBe npo6HLie 
<iJyHKUBH B006LQe He COOC06HLI ,na TL OOBCaHB.H BTOporo MH-. 
HHMYMa O.[(HOBpeMeHHO C npaBHJILHLIM npe,ncKa3aHBeM aenH
'IHHLI cpe,nHeKBa,npaTH'IHOrO p~,nByca. 3TO yKa3LIBaeT Ha 
npeBMYIUeCTBa HCDOJIL30BaHH.H. B anL<iJa.-:imacTepHLIX' H o6o-
JIO'Ie'IHbiX MO,[(eJI.HX <iJYHKUHH C 3KCnepBMeHTaJILHOH aCHMDTO-
TBKOH. ; . ' 

. H3. <iJB3H'IeCKHX. cne,ncTBHii auanu3a <iJopM<iJaKTopoa B paM
Kax AKMII cne.nyeT .BLI,nenHTL .To, .'ITO.~,nn.H .H,npa, 12 c. cpe.ziu 
B03MO)I(HLJX.Ha6opOB ·HMeiOTC.H KpHBLie C MaJILIMH 3Ha'leHH.HMH 
napaMeTpoa pa3Mepa Tpeyron~HHKa: R =0, 7 - 1,1 «P_ • Y'IH
TLIBa.H, 'ITO npu R ... o AKMII:nepexo,nHT a Mo,nenL o6oJIOlf:eK, 
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MO)I(HO 3aKJIIO'IHTL, 'ITO pe3yJILTaTLI cpaBHeHH.H C ,naHHLIMH 
ynpyroro pacceHH.H He npoTHBope'laT npe.nnoJIO)KeHHIO o cna-
6oii KJiaCTepH3aUHH .H,npa 12 C B OCHOBHOM COCTO.HHHH.: 0THO
CHTeJILHO .H,npa 16 0 MO'H/ 3aKJIIO'IHTL; B cooTaeTCTBHH 
c ·BLIBo,naMH ,npyrux pa6oT 1 

9 'ITO oiio B ocHOBHOM cocTo.H
HHH <iJaKTH'IeCKH He ._KJiacn!pH30BaHO, .TaK KaK HaHJIY'IWa.H 
OO,[(rOHKa ynpyroro <lJopM<iJaKTOpa OUeHHBaeTC.H npH O'leHL 
MaJIOM 3Ha'leHHH napaMeTpa fi. T~T )l(e BLIBO.[( cne,nye'i H H3 
THDH'IHOrO BH,na pacnpe,neneHH.H OJIOTHOCTH 3ap.H.[(a'3THX.H.[(ep 
/puc. 6,7/. BH,nHo xapaKTepHoe ,nn.H Mo,nenu o6ono'leKnoHu-· 
)l(eHHe kpHBLIX p.n:3. B UeHTpaJILHOH o6naCTH .H,npa. 

B pa6oTe/10 I 6Lmo noKa3aHo, 'ITo,nnR 12 C H-e y,naeTcR 
HaUTH Ha6opa napaMeTpOB, ·O.[(HHaKOBO XOpOWO OOHCLIBaiOLQHX 
KaK )'Dpyroe, TaK H Heynpyroe pacceRHHe npu acex 3Ha'le
HHRX q. Il03TOMY npe,ncTaBnReT HHTepec. He3aBHCHMaR. OO,n.
rOHKa Ja· C'ieT BapHaUHH napaMeTpOB npo6HLIX <iJyHKUHH ct)opM
<iJaKropoa-Heynpyroro pacceRHHR 6e3 npuaRJKH i< napaMeTpaM 
ynpyroro. 3To no3BOJIHT .neTanLHO noHRTL CTPYKTYPY B03-
6y)l(,neHHLIX COCTORHHH .H,npa, HanpHMep, HX · DJIOTHOCTH nepe
XO,IJ.a H COOTBeTCTBYIOIUHe cpe,nHeKBa,npa TH'IHLie' pa,nHyCLI; 
EcTeCTBeHHO, no,nrOHKa ·.[(OJI)I(Ha BeCTHCb ··Iia 6a3e npo6Hbi:X 
<iJyHKUHH C 3KCOOHeHUHaJihHOB acH~OTOTHKOH, 'IT06hi OOHCaTb · 
o6naCTh · MHHHMyMa Heynpyr:HX '<lJopM<iJaKTOpOB B paiioile· 
q •c 2,5 7 3,0 rft --1 • 

- Ha puc. 5 npHBeJJ.eHhi peJynbTaThi ,TaKHx pac4eToB .H'HX 
cpaBHeHHe C 3)\COepHMeHTOM. ,Bo-nepB~IX, H B .3TOM CJiy'lae 
BH,IJ.Ha HeO.[(H03Ha'IHOCTl> MO.[(eJIH, TaK KaK, no··KpaiiHeH Mepe, 

. . J -
DO TpH KpHBbie Ha Ka)K.[(Oe COCTORHHe /1,2,3:"Ji.JIH 2-+ . .u 1 ,2,3 
JJ.JIR 3- .IIJJ.pa 12c. 1 MO)I(Ho.c'IHTa:rLy,na'IHO onucLIBaiOIUHMH 
3KcnepHMeHT. ~anee cpe.nHeKaa.npaTH'IHLie pa,nuycw 11,nep 
c napaMeTpaMH!no.nroHKH no.n Heynpyroe pacce.HHHe oKa~ 
3hiBaeTC11 OpHMepHO Ha, 0,2· fP 60JibWe COOTBeTCTBYIOIUHX · 
il ( I2c ) ynpyroro pacceJIHHJI /cp. ma6A .. 2 u 3/. Tpe6o~ 

. . 12 
aaHHe Haunyqweii no.nr:oHKH. Heynpyroro pacce.HHHR.[(JIJI . C 

- DP,HBO.[(HT K napaM~TpaM H a =2,0 lP H ba ::=0,5,;. 0,6 cP 
/fi (u) =1,7771,94>/., TO eCTh.aJib<iJa-KJiac~epLI BB036~
,neHithiX COC'JOJIHHJIX 11,npa J 2 C CTaHOBH'I:CJlc60Jiee KOMUaKT- . 
HhiMii, 'I eM .. B · _OCHOBHOM, .r,ne. ~a ~::= 1,3571,45 fP,. _· hu . :::.: 
=0,770,85-JP .R(u)=: 1,87-2,l.fPH~MeJOLTeH,neHUHJO K 
C6JIB)I(eHBIO ... C ,. napaM:eTpaMH .. CB060.[(HOH. anL<iJa -q~CTHULI~ 

25 



i 
'i 

j 

,. 

3TOT )Ke 3cWJei<'f 4!opMHpOBaHH.H KnacTepOB npH B036y)KJ(eHHH 
.a:,llpa BH,lleH H H3 puc. 6, r)l.e nnOTI.IOCTH nepexo,lla c napa~ 
MeTpaMH HaHnyqweii no,llrOHKH J!eynpyrHX 4!opM4!aKTOpOB 
/WTpHX-n.YHKTHpHLie. KpHBble/ Bbl,llBHHYTbi OT neHTpa .H~pa 
3Ha'IHTenLHO ,llanLwe I"' Ha 14JI, 'leM pacc'IHTaHHble c na
paMeTpaMH HaHnyqweii JlO.IlrOHKH ynpyroro pacce.a:HH.H 
I cnnoWHble H nyiiKTHPHble i<pHBble/. 06 3TOM. )Ke roaopHT 
H H3MeHeHHe napaMeTpa TpeyronLHHKa R • no ,llaHHbiM ynpy
roro pacce.HHH.H, OH OKa3biBaeTC.H 3aMeTHO MeHLWHM, qeM 
,llR.H B036y)KJ(eHHLI::X: COCTO.HHHH. '-

Ha puc. 8 npe,llcTaaneHbl pe3ynLTaTLI cooTBeTcTBYIOinHx 
pac'leToB ,lln.a: .a:,llep 24 Mg H 28 Si • ,ll;n.a: Ka)KJ(oro .a:,llpa HMeeT
c.a: no KpaiiHeii Mepe O,llHa KpHBa.H HaHnyqweii no,llrOHKH. 
OcTanLHble KPHBble ,llaiOT npe,llcTaaneHHe o 3aBHCHMOCTH no~ 
Be,lleHH.H ti>OPM4!aKTOpOB OT BXO,I(HbiX napaMeTpOB. 

Pe3ynLTaTbl npoae,lleHHbiX pac'leToB noKa3biBaiOT cne~ 
.IlYIOlnee /ma6.ti. · 4/. ,ll;n.a: .a:,llpa ._ 24 Mg cornacHe c 3KcnepH
MeHTOM ,llOCTHrae:rc.a:. c O,llHHaKOBLIMH napaMeTpaMH Ra H 
ba . ,lln.H BHyTpeHHHX H m~.PH4!epHHHbiX KnacTepoB, npH'IeM HX · 
aenH'IHHbl 6nH3KH K Ra =1,59 4JH . ba = 0,545 tPcao6o,ll
Hoii a -q_aCTHnbl. IlapaMeTp R2 oKa3biBaeTc.a: npHMepHo 
B.IlBOe 6onLWHM, 'leM R1 -paccTo.a:HH.a: .IlO BHyTpeHHHXKnac-•. 
TepoB, 'ITO rOBOpHT 0 paBHOMepHOM pacnpe,lleJieHHH neHTpOB 
KnacTepHJanHH no o6oeMy .a:,llpa. 3To o6cTo.a:TenLcTno no-
3Bon.a:eT' C,llenaTL BbiBO,ll 06 a .-'laCTH'IHOH npHpO,llC .H,llpa 

24 Mg llocKonLKY xapaKTepHblii yron.e HanpaaneHH.H aeK
Topoa Ri J,llecL .a:an.a:eTc.a: OCTPbiM, TO .a:,llpo .a:an.a:eTc.a: a TO 
)ICC BpCM.H BbiT.HHYTbiM. · 

· · .Hiia.a: CHTyanH.a: 06Hapy)KHBaeTC.H y .H,llpa - 28 ~i • B af.t ~: 
6paHHOH KOH!llHrypanHH "BHyTpeHHHH" anL41a-KnacTep·pacno
nO)KCH B neHTpe .a:,llpa, no3TOMY R1 = 0 .CornacHe c 3KcnepH
MeHTOM y,llaCTC.H ,llOCTH'Ib TORLKO npH CHRLHO OTRH'IaiOmHXC.H 
napaMeTpax · neHTpanLHoro H nepH!llepHiiHor.o KnacTepoa; 
npH'IeM· HX BCRH'IHHLI ,llaneKH OT anL!lla-'laCTH'IHbiX. ! , .. · 

TaKHM o6pa3oM, HyKnOHbl B .a:,llpe ·CHnLHO "pa3MewaHb1''. 
B To :liCe BpeM.a: 3Ha'leHHepaccTO.HHH.H R2 =1,S7.24J,KoTopoe 
HC06XO,llHMO ·Bbi6HpaTL o)l.R.H ycne:uiHoro OnHCaHH.H 3KCnepH-. 
MCHTa, .H:Bn.HCTC.H HeManbiM, n03TOMY ,llenaTL BbiBO,ll 0 npo~ 
cToii o6onoqeqHoii CTPYKType 3Toro .a:,llpa HenL3.a::· CKopee 
cne,llyeT<roaopHTL o6 anLI}la-KnacTepHoii cTpyKType 2 ~ Si ·• · 
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-. ,lJ;n~ .H,llep 32 S H 40 Ca cpaBHe~He 6blnO C,lle~aHO Ha 6a3e-. 
rayccoacKHx npo6Hblx 41YHKnHii I piic~ 9/, rio3TOMY Haii;(elmoe 
cornacHe :Mo)KeT ~ oKa3a TLc.a: ·,He· acer,lla oTpa)KaiOmHM I}IH3H"" 
qecKyw .. K!lPTHHY HCTHHHoro p.n~3~ B .a:,llpe /puc. 10/. 

§4. 3aKIUOoteHUe: .· 

QCHOBHLie pe3ynLTaTLI pa60Tbl cne,llYIOmHe: 
-.. 1. B paMKaX AKMIT nony'leHbl ablpa)KeHH.a: ,lln.a:. Jap.a:,llOBblx 

4!opMI}laKTopoa ynpyroro ~~- Heynpyroro pacce.a:.HH~ 3neKTpo-. 
HOB Ha aiiL!lla-KnacTepHbiX .H,llpax.--BbiiiOnHeHhl HX qHcneHHble 
pac'leTbl C npo6Hb1MH 4!YHKnH.HMH HYKROHOB C raycCOBCKOH 
3KCnoHeHnHanLHOH aCHMnTOTHKOH. 

2~ Mo.zienL c xopoweii TO'IHOCTLIO on~cLiaae·; !llop~4laK
TOpbl' .H,llep . 12C t 16 0 '24 Mg' 28 ~i ; 32S ,. 40 c~~. HaHnyq·
wa.a: no,llrOHKa. ocylilecTBn.a:eTC.H ,llJI.H npo6HbiX.4!YHKnHii HYK":' 
noHOB c 3KCnOHEmnHanLHoii' acHMnTOTHKOH, KOr,lla cornacHe 
C 3KCnepHMeHTOM nonyqaeT.C.H He TORLKO B o6naCTH'ManbiX 
nepe,llaHHLIX HMnynLCOB q · < 2 (J-1, ~TO.B03MO)KH0 C,llenaTL . . 
H ,llll.H rayCCOBCKHX npo6HLIX 41YHKnHii H B paMKaX anLI}la-
qaCTII'IHOH MO,llCITH, HO H B o6naCTH 6onLWHX q, annoTL ,llO' 
npe,llenLHOrO B H3BCCTHbiX llOKa 3KCnepHMeHTaX q ,.3,5 fP -_1 . 
IlpH 3TOM eCTeCTBeHHO CB.H3biBaTL OC06eHHOCTH noBe,I(eHH.H 
4lopM~KTOPOB B~o6naCTH q"' 2,7 +3~5 ·fP -:-1 ./MHHHMYMbiHnH 
nonorHii XO,ll 3KCTiepHMeHTanLHbiX KpHBbiX/ C npo.a:BneHHeM 
:KoHe'IHbiX pa3Mepoa anL4!a-KnacTepo:B BHYTPH .H.zl·pa~ Tor,zia 
OCTanLHble .IlH4!paKnHOHHble MHHHMYMW npH· _q, ~ 2,7 fP - 1 

Mo)KHo c'IHTaTL cTpyKTYPHbiMH, pa3MepHbiMH MHHHMyMaMH: . . . . . ~ . '. 

.a:,llpa KaK nenoro. · .· . . . 
.3 • .AHanH3 noKa3b1BaeT, .. 'ITO .H.IlPO 12 C a. ocHoBHOM 

coc:ro.a:HHH cna6o KnacTepH30BaHo; .H.IlPO 16 0 4!aKTH'IeCKH 
He KnacTepH30B~Ho; .a:,llpo,24 Mg 6nH3KO K ·anL41a-qacTH'IHo- · 
MY, npH'IeM anL4!a-KnacTepHa.H, KOHI}IHrypanH.H HMHTHpyeT 

. BbiT.HHYTOe. HeaKCHanLHOe _- ,llel}lopMHpOBaHHOe .H,llpo;. B . .H,llpe 
28 Si ·, aUL!lla:-KnacTepbl CHRLHO. "pa_-3Mb1Tb1'~.- oco6eHHO neHT-· 
PaJILHbiA, O,llHaKo npHpO,lla .H,llpa ocia~TCH ML4!a -·Kn~CTe-pHOH~ .• 
H MO)KHO''rOBOpHTL ·o· 'KnacTepH3anHH .noaepXHOCTH 3TOrO 
.a:,i:{p_a. 0THOCHTenLHO .a:.ziep 32 S .H 40 ·Ca. noKa Mo>Klio nHWL 
CKa3a.f:b, 'qTO npe,llnOJlO)KeHHe o6 HX anL4!a~:KnacTepiiOii npH-

;": 
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po~e He npOTHBOpe'IIH , B03MO)KHOCTH , COOTBeTCTBYIOlllero 
onucaHHH 3aps~OBbiX · l}lop.MI}IaKTopoa •. ·Ha np:H~~pe s~pa 
12 C, BH~Ho,_ ·'ITO.B B036y~eHHbiX apalllaTenbHbiX cocTOHHHsx, 
KnacTepH3auus. Yc~nuaaeTcs, npuqeM~caMHanbl}la-KnacTepbi · 
CTaHOBHTCH 6onee KOMnaKTHbiMH.H npH6niDKalOTCH. no CBOHM 
pa3MepaM K cao6o~Hoii anbl}la-qacTHUe; 

_ 4. PacqeTbi noKa3biBalOT, 'ITO MO~enb He MO:>KeT ~aTb 
O~H03Ha'IHOrO OnHCaHHH l}lopMI}IaKTOpOB H~ep p-o6ono'leK. 
HMeeTcs xopowee· cor·nacue c 3KcnepuMeHTOM ~ns uenoro 
ps~a 'ini6opoa napaMeTpoa a cnyqae :ynpyroro pacceHHHH, 
H, no kpaiiHeii Mepe, no TPH Ha6opa napaMeTpoa ~ns K-a~oro 
H3 'l}lopMI}IaKTOpOB /2 t · H 3 -. / Heynpyroro. pacceHHHH~ flpu. 
:hoM B HeKOTOpbiX ·Ha6opax napaMeTpbi' OKa3biBalOTCH 6nH3 . .; 
KHMH K TeM, KOTOpbie 6hinH Haii~(:lHbi paHee B BapHaUHOHHbiX 
pac'leTa:x 3Hepruii cocToHHHii npu pa3nH'IHoro po~a npe~no
no:>KeHufix- 0. HyKnoH-HyKnoiUibiX- cunax. TaKHM o6pa30M, 
3TH p'e3ynbTaTbi He npOTHBOpe'laT TeM, KOTOpbie 6hinH nony-. 
'leHbi· a 3HepreTH'Ie·cKHX pacqeTax. O~HaKo Heo~H03Ha'IHOCTb' 
napaM:eTpOB npH OnHCaHHH l}lopMI}IaKTOpOB g~ep p - o6onO'IKH 
IipHBO~HT' K TOMY ,· 'ITO HX aHanH3 B H3MepeHHOH o6naCTH q 
noKa He ~aeT B03MO:>KHOCTH C~enaTb 3aKnlO'IeHHe 0 npeHMy
uteCTBe Toro unu HHoro·-aapuauuoHHoro pacqeTa 3Hepruii. 
q.fo. KacaeTCH · H~ep -.sd-- 060nO'IKH, ,TO 3~eCb. npaKTH'IeCJ<H, 
OTCYTCTBYIOT · pac'-ieTbi · 3HeprHH. H ~pyrHX OCHOBHbiX xapaKTe ~' 
pHCTHK s~ep B paMKax AKMIT, no3TOMY ~e.riaTb o6ocHoBaHHbie: 
BbiBO~bi 06 anbl}la-KnacTepHOH npHpO~e. 3THX Jl~ep TOnbKO Ha 
OCHOB.e cpaaHeHHH. <!JopM<!JaKTOpoa 6bin0 6bi npe~eapeMeHHO. · 

B · 3ai<:niO'IeliHe 'a_aTop·bi' 6naro~apsT A.H.CanThiKoaa 3a 
KOHcynbTaUHH no. COCTaBneHHOH HM CTaH~apTHOH nporpaMMe; 
MHoroMepHoro HHTeq)upoaaHHH. 
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