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1. BBEAEtWIE 

HacTo~aR pa5oTa noceR(4eHa npo6neMe omtcaHHR rny6oKoHeyn
pyroro .nenToH-aApoHHOrO pacce~HH..R Ha OCHOBe 3Ha'HHR peiiRTH:BHcT
CKH-X BO.flH.OB-bl-X $YHK~I-t~ /Bel>/ CB-.fl3aHHbiX COCTOHHI'1H /1!. B Ka4eCTBe 

peiTRTJ.ot.alitcTcKol'r B4> MbJ. 6yAeM KCrtOIJbaosaTb- peweHiiiR Koeapl-'faHTHoro 
TpexMepHoro yp_aaH'eHI"f;lt ,_ no.£Jyt.reHHoro e paMKax OAHOBpeMeHHoro
onlo1caHHR npo6.neMbl ABYX Ten 12•31 H cosnaAaiOU~ero no ¢oPMe· c Koaa
pHaHTHbtM AB,YX4aC"l'H4Hb'M ypaBHeHHeM, HM.eiOutHM· f•t"eCTO B paMKa-x 

KOBapHaH-TH0!4 raMHilbTOHOBO~- ¢lOPM-YilHPOBKI-1 KB-aHTOBOiil' TeOPI-1t4 no
nff'3I.KoBiSJPHaHTHble TpexMepH&Ie ypaeHeHlo-tR- 6onee YAo6Hbl, 4eM 4e
Tbtp.exMepHoe ypaaHe-HHe beTe -ConmtTepa, nocKon&Ky cy~qeCTBYKlT 
3¢l~eKT~aH~e MeTOA~ HaXO~AeHHR HX peWeHHR nOCPeACTBOM nepeXOAB 
8 penRTIItBHCTCKOe KOHtf»-1-rypal..lllfOHHO€ npe,qcTasneHI'ie, B-B€A€HHOe 
s/4/ ... ni-t H·enOCP€ACTB€HHO B H-Mn-yilb-CH-OM npeACTaBJ1€HHH. 

3TH ypaaHeHHR nony4a~TCR a peaynbTaTe npoeqHposaHHR ypas
HeH~R 6eTe-Conn~-tTepa Ha nosepxHOCTb paeH~x speMeH nyTeM npH
paBHH~aHKA HH,qHBHAyanbHE>I~ speMeH 4acnn~ 151 • OcyutecTsneHY!e TaKoH. 
npo4eAYPM yCTpaHReT npo6neMy C BepORTHOCTHoH HHTepnpeTa4H€H 
8$, xapaKT€PHY~ AflR ypaBH€HHR 6eTe-Conn~Tepa, rAe OHa B03HHKa
eT scneAcTaHe 3aBHCio1MOCTH Bet> OT ,qsyx HHAHBHAYanbHb~x apeMeH 
4-aC.THl\. TaK1o1e B$ secbMa YA06HM AJ1R Kosaplo1aH-THOf"O o6o6UleHHR 
napTOHHOH MO,ft€TIH ,_ CYII\€CTBeHHO OCHOBaHHOI-1 Ha sepORTHOCTHbiX 

HAeRx. 
0.6UlH~ cpopMa!n:13M ool.fcaHHR: rny6oKoHeynpyntx npoueccoe s pa-M

Kax KOBapH8H'THbiX 0A_HOBP€M.e1::1HbtX YfaSH€HHt1 6bln npe,Q.J101K€H paHee 

S pafioTe/6 / H pa3BHT B pa6oTax17
·• B KOTOPbiX MCOOTib30Ban~Cb 

MOAellhHble 8$. 3AeCb Mbl J-f3y4HM CTPYKTYPHbl-:e. 4l.YHKLIHH rny6oKoHeyn

pyroro pacceRK~R nenTOH0B Ha /nceBAO/cKanRpHOM Me3oHe H pac
CMOTPHM Me30H. r<aK CBR3aHHOe COCTORHH-e CKaTJRPHbiX KBapKa J.1. aH
THKB3pKa OAP1-HaKoEiot::i MaCcbl', KOTOpbte B3aJ.tMO.Q:e~CTBYIO-T nocpe~cT
BOM 06MeHa CKallRPHbiM rn~OHOM. 

OnaH HaWe14 pa60Tbl TaKOB. CII€AYIOU4J·'f~ pa3Aefl COA€P*HT OCHOB

Hbl€ $OpMyTibt KOBap~aHTHOrO TpexMepHoro oAHoepeM.eHHOrO ¢lopMa
J1H3Ma onHcaHHR ABYx"'aCTH4Hb•x CHCTeM. B TpeTbeM pa3Aene cTpyK
TYPHble ¢)'HKLtHH. Me30HOB- 6YAYT Bblpa>KeHb/ 4.epe3 KOBap~aHTHbte OA

HOepeMeHHbte ,qeyx4acTvt4Hble B¢. HaHAeHHOe peweHHe181 ABYX4:aCTH4.., 
HOrO ypaeHeHHR AJlR cny4aJr 8-3SHMOAeliiCTBHR, KOTOPOe BOCnp0\.1380-

2 
A!>tT nose,qeHHe npvt 6onbWHX ·G .KXJl 3Mrl-J1H·TYAbl OAHOrlliOOHHOrO o6-

MeHa HCnOI1b3yeTCR 8 Ka4eCTB€ npHMepa Allfl HaXO>KAeHvtfl $OpMbl 
CTPYKTypHO~ ¢lYHKLt-14H. 
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2. KOBAPHAHTHbiE TPEXMEPHbiE YPABHEHHH 1\1111 
ABYX4ACTH4Hb1X CHCTEM 

Koaap~aHTHa~ OAHOBpeMeHHafl 8$ CBR3aHHOfO COCTORHHR onpe-
AeiiReTCR cornacHo/2,5/ 4epe3 B<l> 6eTe-ConmHepa C11eAY10~HM 
o6pa3oM: 

/2.1/ 

/2.2/ 

p. -1 p. 
1\ '~(LA p) 

PoiJV\.p p 
/2.3/ 

/2.4/ 

~ 

1-1 K ecTb -HMny.nbc ABYX4aCTH4HoH clo1cTeMbl c Mac-coH M H cm1HOM 
J ~o. Ha11H4He B /2.1/ noA >1HTerpanoM <1>YHK411H o[Ap (xl -x2 )] 
npHBOAHT K coanaAeHHIO C06CT~eHHbiX BpeMeH \..laCnHI, .r l,f = 
=A px 1. 2 c co6cTseHHbiM apeMeHeM cwcTeMbl r = ApX ~ q~e 
X= (x 1 + x 2 )/2. .QayxsPeMeHHaR penRTHBHCTCKa"R <PYHKl.lHR fpHHa 
Mo>KeT 6b1Tb onpeAeneHa no aHanontH c /2.1/, /2.4/ 151 

(2")4 5(4) (P-Q)'G(~p.mAi ~k.mAp; p2) ~ G ret - C adv 

/2.5/ 

0TC~Aa CJleAyeT, 4TO HHBapHaHTHaR CS060AHaR <l>YHKl.lHR lpHHa HMeeT 
BHA 

·a ~·a'"'-·c•d•~-i(2") 3 (21\ 0 )-2 ~><~ -~ ) x 0 0 0 p,m.\p p,mAp k,mA p 

xl[21\ 0 _, -M-;,r1 -[21\ 0
_, +M+id-

1 
}. 

P·""'P ».mr.p 

/2.6/ 
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BeeA"f! onepaTQ.PHbiM ·coorHOweHHeM 

-1v ~I c'•' J-1 - Cc'•' 1 - 1 
0 

~ 

2z',O ~' [21'\o ~~' -M]q\BM(il. A ) ~ 
p,nv\p p,nlf\.p p,m · p 

~ 2 ~ 

; ll. k,mAp; p ) ¢·BM (ll.k,mAp 

AilR B¢, 

¢ BMC~ p.mAp) ~ 21'\ ';..mAp · .ji MK cKp,mA p) • 

npocrpaHCTBeHHaR 4aCTb 4-BeKTOpa. 

ll.l' 
p,mAp 

/2.7/ 

/2.8! 

/2.9/ 

-1 
/rAe L.\ - 4HCTO nopeHI.\eBcKoe 
KOR CBR3KHHOrO COCTOAHJ.IIR{ T.e. 

npe~pa30Ba~He a CHCTeMy no-
L ~p P ~ (M, 0)/ ~MeeT B C>IJ1Y 

CMbiC11 KOBapHaHTHO onpeAeileH-~-1 -+ L~- ~ 
paeeHcrea LAp p 1 =- .\p P2 
Horo HMnynbca nepeo~ 4acn1Ltbl· a 

-+ -+-1-+ -+ 

"'v.mAp ~ L;..P P 1 = P 1 - L(po 
M 1 

ll. o ~ A I' P ~ >.~'Pp 1" 
p,mAp P I' r 

C."Lt.lll. /10/: 
-+' -+. 
p1P 
--), 
M + po 

/2. 10/ 

B ypaeHeHHH /2. 8! ace li1Mny.nbCbl yacn1u, . r1PIIIH.a.Ane»<aT MaccoaoMy 
ntnep60J10J.IIAY p ~ - P 2 = m2 I 41 , _eepXHRR nona KOTOPOtO CIIY}f(I-1T MO
Ae11bl0 II!MnynbCHOro npocrpaHCTBa .no6a4eBCKoro. no3TOMY B pa6o
Te / 4/ 6~IIO npeAJlO)f(eHO B.MeCTO 06bi4HQr,.O Op~c;>6pa30BaHYIR $ypbe 
J.IICr10Jlb30BaTb pa3JlO)f(eHIIIe no YHHTapHbiM npeACTaaneHYIRM rpynn~ 
~opeHu,a,RBilRID~eHcA rpynnoH ABH}f(eHHR npqcrpaHCTBa .no6aqescKoro: 

s-
-+ 2m d ll.p,m.\ P 

<PsM<rl~--r 
(2rr )3 21'\ ;,rnA p 

/2.11 I 

B"Hepen~TYIBHCTCKOM npeAene ¢YHKU,HH 

~<P. r) ~ (pn/m)-1-irm (O~r<':" a =(l,ii), f=rll) 
I' • 

nepeXOART B nilOCKHe BOilHbl ((P.!.)-+ exp(ij)f') 
pa~eTcR_B rpexMepHoe npeo6paaOaaHHe ¢ypbe. 

~ /2.6/ npee-

RAPO V a /2.8/, HaablaaeMoe Ksaa~noTeHu,HailoM, MO}f(eT 6~Tb 
nocrpoeHO J.ll3 $eHHMaHOBCKIAX MaTpH4Hb1X 3JleMeHTOB MaTPH4bl pacceR
HHR 12,21. nponaraTOp, OTBe4a~~HH o6MeHy 6e3MaccoeoH 4aCTH~eH 
noc!le npeo6paaoaaHH.A /2. 11 I npHHHMaer s r -npocrpaHCTBe CI>OPMY 
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- ... g2 
V (r) =- - cthrrmr , 12. 11 '1 

r 

MO,qH¢lHU.HPOBaHHYIO ¢IYHKU,Hei:1 cth"mr, KOTOpa.R CHHryn.RpHa np~-t 
r -+ 0 H CTpeMHTCR K eAHHHU,e Ha paCCTO.RHHRX, 60JlbWHX KOMnTo-
HOBCKOH AilWHbf 80J1Hbl: cth"mr -+1 nprt r>> m-l. 

YpaaHeHa.te /2.8/ c K8a3wnoTeHu,HanoM V,noKanbHbiM 8 HMnynbCHOM 
npocTpa-HcTse Jlo6a4eBcKor,o, nocne npeo6paaoeaHHR /2.11/ 
npHHrtMaeT 8HA /3,4,9/ 

H0 (M- H0 ) ¢ 8i) = 2rnV(;) ¢ 8M(;), /2.12/ 

rAe H0 eCTb ceo6oAH~H raMHJlbTOHHaH A8YX4aCTM4HOH cr~cTeM~, on-

peAeneHHbiH cooTHOweHHeM .... H 0 e(~, -;)= 2.6. 0 ~(~. f) c fl0 =V .& 2 +m 2~ 
B14/ 6blno noKa.aaHo, 4TO H 0 RBnReTCR KOHe4Ho-pa3HOCTHbfM onepa-
TOpOM: 

' i H =2mcb-o m 
a 2; ; a 11 e,¢ i a 

- +-sh-- + -:.:.2:-e-m a;-
ar r rn fJr rnr2 

/2.13/ 

nepexOAR~HM a HepenRTHBHCTcKoM npeAene 8 onepaTop WpeAKHrepa. 
PenRTHBHCTCKOe KOH~rypaU,HOHHOe npeACTaeneHHe, BBeAeHHOe 

a141 npH nOMO~H pa3.AO>KeHH·R nQ ¢lyHK4HRM. ~(j{, f), MO)f(eT 6b1Tb 

04eHb none3Hb1M AflR $eHOMeHonora.t4eCKHX H MOAeJlbHbiX npHilO*eHHH. 
HanpHMep, a 181 6blno ycTaHoeneHO, 4TO noTeHu.Ha.n o4eHb npoc

TOH !PopMbl B penRTHBHCTCKOM KOH<J)HrypaU.HOHHOM npeACTaeneHHH 
- ...., g2 
V(r)=-- /2.14/ 

r 
onpeAeJlReT B HMnynbCHOM npocTpaHCTBe 60pHOBCKy~ 
fy eCTb 6blcTpo>a: y = Arch(l + Q 212m 2) 

V(Q2) = _ 4rrg
2 

Srrg2 

m2y shy Q2>;'m2 Q2 ·lnQ2jm2 

C T8KHM' >Ke noBeAeHHeM npH 6o.nbWHX Q 2 (y,;'}nQ 2/m 2 

KaK H aMnnHTYAbl OAHOriHOOHHoro o6MeHa KXA 
a (Q 2) 

T (Q ~) ;;; s _....:,1 __ _ 
QCD Q 2 Q2loQ 2jA2 

aMnllHTYAY 

/2. 15/ 

npH- Q 2_., ~' 

/2. 16/ 

B /2. 15/ cao6oAHbli:ir napaMeTP - Macca KsapKa m BMecTo MacwTa6-
Horo napaMeTpa,. KXA A. 

TaKoe cooTaeTcTs~e c KXA He RBnReTCR YA~BHTenbHWM, nocKOnb
KY noTeHU.H8Jl /2. 14_f 4topM:an·bHO MO>KeT 6b1Tb nony4eH H3 noTeHU,Hana 
KB8HTOBOH 3JleKTPOAHHaM11KH /Z.ll/nocpeACTBOM YMHOJKeHHR KOHCTaH

Tbl CBR3H g2 Ha ~aKTOp tb"mr. T.e. BBeAeHHeM 8 [-npeA-CTaSJleHHIIt 
116ery~ei1 1 rKOttC"faHTbl CBR3H 

a 
8
(r} = g 2thrrmr, /2.17/ 



KOTopaR 06patqaeTC.A B HYflD as (r)-+ (), r..,. 0 /aClo1MnTOTI<'I4-€CKa.R 

cso6oAa/. B HepeAAT.,BHCTCKOM npeAene my ~ \G I " 

V(G21;;~. 
(i2 

Pew.eHHR Ks-aaHnoTeHtVota!lbHOro y-pas-HeHHPI c noTeHU;KanoM /2. 14/ xo
!ilOWO H3BecTHbl /4,8,121. B- 19/ 6blno noKaaaHo, 4TO AflR- s -eomtbf 

/f =0/ peweHKe ypaaHeHHR /2.12/ AnR OCHOBHOro COCTORHHR HMeeT 

BHA 

/2.18/ 

H YC110BH€ KBaHTOBaHHR eCTb g 2/ sin2)( o=l. napaMeTp Xo BBOAHTCR 

napaMeTP¥t-3"aq-HeH- 1121 M = 2m cosxo • 
06pa3 /2. l8/ B J.1MnynbCHOM npOCTpaHCTBe HM-ee-T BHA 

8nC0 X X~ 
¢BMf-o(~)=-- --z(~). z(~)= /2.19/ 

• - m shx <x 2+ x5 ) 2 

X= Arch1). ~ = m-1 ·~'> 0 _, 
p,nVlp 

8 HepenRTJ.IIBHCTCKOM rTP€A€fl€ x/shx-+ 1, Il1X 4 fPl H BO!lHOBaR ¢IYHK-

l.IHR /2. 19/ npHHHMaeT Bl1-A HepenRTiftBHCTCKOH Ky.noHOBCKOH- lf>yHK~HH 

8 HMOYflbCHO~ rTP€ACTaBfl€HHH. 

3. CTPYKTYPHbiE <!>YHKUHH llBYX4ACTH4HbiX CHCTEM 

r.ny60KOHeynpyroe ~HKJ1~3HBHOe pacceRHHe nenToHa Ha aApOHe 

C HMnynbCOM pH Maceo~ M OnHc~eaeTCR CTPYKTYPH~MH ¢YHK4~RMH, 
CTaH,q;apTHbiM o6pa30M BXOAJllll~MH B pa3110JKeHHe TeH30pa 

w~v (P, q) = 8: f d4z e iqz <PM IJ ~ (z) Jv (0) I PM> = 
/3.1/ 

=-
1-; (2rr)

4 
3(P+q-P )<PM[J~ (0)\X><XIJv(O}[PM> • 

8rr x . 

3AeCb q eCTb nepeAa4a HMnY!lbCa Me.30HY, a p X - CYMM:apHbtt:1 HMflYflbC 

aApOHOB B KOHe4HOM. COCTORHHH \X> • Mbf fiyAeM HCnOilb.30B"aTb C.ne

AY~He cTaHAaPTH~e nepeMeHHbte:- Q 2 =..:.q 2, v= Pq/M, x ""cu-1=Q 2/2mv. 

W 2 = (P + q) 2 • ,ll.nR- TorO ,_ 4T06bf Bbfpaaa.tTb M:ea0HH~~ TOK 4'epe3 B<l> 

/2. 1/, paCCM.OTPHM c.neAY~~y~ rpHHOnOA06Hy~ ¢YHK4H~/S/: 

ii (X,K _, ; P 2) =fd4 x 1 d4 x
2

exp(-ip
1

x
1

-ip x) x 
/1 p,IIV\ p . , 2 2 

CneKTpa!lbHoe npeACTae.neHt-te AI1R ~, aHanont4Hoe 

MyCfl 8 15• 91 AflR- n.RTHT04e4HO~ ¢YHK4HH rps.-t-Ha npH 

/3.2/ 

Hcnonbaoeaawe

nony4eHHH Bbt-
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pa>KeHYIR AllR TOKa Me>K,qy ABYMoR CBR3aHHbiM\It COCTORHYIRMH, MO>KeT 
6~Tb npY~MeHeHO 3AeCb ~JlR HaXO~,qeHHR OK6no non~ca CBR3aHHOrO 
COCTORHYIR ~ ~-M ~Jle,qy1011.1er~ BblpameHJ.1R: 

Cne,qyR pa6oTe /6/,sse,qeM o6o6~eHHYIO eepwJ.1HHYIO $YHK~HIO 
i'i I' = i\ . a ret 

/3.3/ 

KOTOpaR onJ.1c~saeT B3aYIMO,qe~CTBHe $OTOHa C KOHCTHTY3HTaMYI Me-
30-Ha 0 B /3.4/ a ret eCTb aana-3AblBa10W,aR 4aCT-b -ABYX4aCTH4HO~ 
.KOBapHaHTHO~ ,qayxepeMeHHOH $yHKLV•H1 fpHHa /.S, 9/ o ( paSHt.1BaR Bbl-
pa>KeHHR /3.3/ H /3.4/ OKOJlO non10ca CBR'3aHHOrO COCTORHHR, 
nony4aeM 

a~ 

~ <I t>.p,m.\p 
<XIJI'(OJ[PM>=f----r cx.t>.pm.\ ;P 2

J x 
2t>. ~.m.\ p I' • p 

/3.5/ 

~anee Mbl orpaHYI4YIMCR paCCMOTpeHHeM CJly4aR, KOr,qa B Ka4eCTSe 
npOMe}f(yT04HOrO COCTORHYIR 6epeTCR KSapK-aHTYIKBapKOBOe COCTORHHe 
[X>=[k1,k2 >: 

W (P,q) =-
1-fd4k 18(k 0

1 )ll(k 2
1 -m 2 )·d4k 8(k

2
°)1l(k 2 -m 2 ) x 

f'V Srr ·. 2 2 . /3 • 6/ 
~ (2rr) 4 1l(4)(P+q:k 1-k

2 ) ·<PM[JI' (O)[k1,k2 ><k 1,k2 [J v(O)[ PM>· 

BepWHHHaR !J>YHK4HR r It MO>KeT 6b1Tb HaH,qeHa no TeOpHYI B03MYUieHHR o 

B HH3WeM nopR,qKe, KOr,qa a3aHMO,qei':1CTBHeM Me>KAY KBapKaMH B Ha-
4aJlbHOM COCTORHHH MOmHO npeHe6pe4b, 4TO OTBe4aeT HMnynbCHOMY 
npH6J1HmeHHIO KBapK-napTOHHOH MOAenH "' KX~, Mbl HMeeM 

- -ret 1-1 
rf'o=Rf'o·[Go . 

~3RB_,AnR Rf'o BblpaM<eHHe /3.3/ c [X>= lk1,k 2 > H 3aMeHoi\ 
'PMK(6. p m.\ p ) Ha BOJlHOBYIS ~YHK~YIIO OTHOCHTeJlbHOrO ABHmeHt-tR 
,qeyx c~o60AHbiX KsapKoe! a IPM> Ha IP:t.P 2>, Mbt nony4aeM c no-
MOI!lbiO /2.6/ AJ1R ( (j r~ ]-

1
: 

/3.7/ 

6 



rAe 

<k'1 ,k2 !J~ co) ]p1 .i 2 >-G 1 <k 1 [J~ (O)[p 1 >·2p~ock'2-p 2 J + 

~ ~ ~ ~ /3.9/ 
+ Q 2 < k 2 I J vCOJ I P 2 > . 2p ~ o (k ' - P 1 J . 

nocne nOACTaHOBKV1 /3.9/ " 13.8/ B 13.5/ Mbl nony'!aeM AJlR MaT

PYI4HOrO 3Il€M€HTa TOKS BbiPS*eHI-1-e 

< k • k I J (0) I PM>- J 
1 2 ~ . 

~~ 
d i\ p,mA p - ~ 2 
----r (k 1 ,k ; "'" m<~ ; P ) x 

"M,O fLO 2 • p 
- p,mAp 

13. 1 0/ 

x ljiMK (1'. p,mA p) -

KOTOpoe AS€T A1l.fl W11v ¢OPMYJlb1 
3~ 

3 <l t'.k,mA p 2 2 ] 
w,v (P,q)-(2rr) f ol(P+q-k) -m ].6[<1 p(P+q-k) X 

r 21'. o 
k.-mAp 

x\(Q~ +~2 )[¢ BM(i\ ~.mAJ1 2 A~v +2Gl Q2 ¢ BM(t'. ~.m>-J¢BM('\
0

2,m.>}8~v !, 
/3.11/ 

rAe 
-1 

f: -~'- S ' (L ) k2,m<l P -<l k,mAP <l~ - Ap q p. • 

nepabtH 4JleH B /3. 11 I OTBel..laeT cyMMe KBa_ApaTOB 0AHO"'SCTH4HbiX 

TOKOB, 8 TO apeMfl KSK BTOPO~ 4JleH B /3.11/ flBilAeTC.A pe3yJlbTa

TOM I-1X HHTep$epeHt.\'HY1. -nocJ1eAHI-1i1 I.IJleH H€ C_yuteCTBYeT B napTOH

HOi1 MOA€Jll1, 8 KOTOpoi1 paCCMaTpvtaaeTC:R TOJlbKO HeKorepeHTHOe 

B3a\IIMOA€~CTB\IIe ¢OTOHS C KBSpKaMH. 

T OKI-1 CKSilRPHbiX KBSPKOB 1.1 lt1X npolt13BeAeHHR A 11v Y1 B p.v onpe.qe

neHbl c.neAYJOU\I-'IM o6paaoM: 

/3. 12/ 

3 - -
- (2rr)- (t'.k mA + t'.k rnA ) " • (t'.k m<l + t'.k mA ) v ' 

2' P ' P r 2' P ' P 

13. 13/ 
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-+ -+ -+ ...., 
B,v ~<t.k ' IJ ,(O)[--A A >·<-t.k A [J (O)[t.,_ ' > ,.. ,1111\ p ,... It 2,m p ,m p v '"2 ,lllf\. p 

13. 14/ 

rAe ~cnonbaosaHo o6oaHa4eHHe 

.':~.mAp ~ (t. k.m>. p '-~ k,mA p ), t;' :
2

.mA p ~ (t. k
2

,mA p ,-.\'k
2

,m>. p ). 
0TMeT~M, 4TO ~HTerpHpOBaHHe B /3.10/, /3.11/ npOK3BOA~TCR 

C 3.AeMeHTOM OfiDeMa npOCTpBHCTBa flo6a4eBCKOrO dfl k = d 3Ll k /26 k 
H HMnynbCbl k 1 = kH k 2= P+q-k "J?.HHa.Q_{le)f(aT sepxHee:i none roro 
M<e n-tnepfiOJlOHAa, 4TO H BeKTOpbl k J.1 f1 k,mA p • 

8 napTOHHOI1 MOA-eilH HMnYJlbCbl KBBPKOB TaK>Ke npHH.aATJe>KaT MaC
COBOMy rHnep60.AOHAYt 4T6 RBI1ReTCR cneACTBHeM Bb160pa cne~H8Jlb
HOi1- CJ.~~creMbr orc4era, e KoTopol1 MOAYI1b HMnynbca aAPOHa ]PI ..... (>Q 

H B CH11Y 3TOro KBapKH MOryT paCCMaTpHBBTbCR KaK peanbHble 
4BCTH4bl. 

8/lS/ fibiJlO 00K33BHO, 4TO B KOBapHBHTHOH ¢OPMY11HpOBKe napTOH
HOiit MOA-e11H YC110811e npHHa.AJle)f(HOCTH KBBPKOBbiX lo1MnYilbCOB MBCCOBOH 
OOBepXHOCT~ B03H~KaeT eCTeCTBeHHMM o6p830M, ecnH AflR TOKOB 
J~(~ B /3.1/ HCnOflb3088Tb KOMMyTa~~OHHMe COOTHOWeHHR, OTee
~a~~~e cso60AH~M nonRM. 

BM6op c~cTeMbl OTCt.teTa, rAe IP 1 ... oo, AenaeT ecTecTaeHHbiM ~c
nonb3yeMoe a napTOHHO~ MoAenH npoe~~poeaH~e ~Mnynbca KaapKa k Ha HanpaaneH~e aeKTopa ~Mnynbca aAPOHa P *. 

8 OpOTHB000110*HOCTb T8KOMY KeKOBap~8HTH0MY p83Ae11eH~~ HM
nyl1bC8 KB8PK8 k Ha k 11 H k .l, Mbl BBeAeM HHB8PH8HTHYIO npOeK~HIO 
KOB8pH8HTHO onpeAeJleHHOrO ~,CH(CLT~¥e n)OKOR 8AP0Ha, KB8pKOBOro 
HMnynb.ca ~ k .mAp Ha aeKTQP q "" Ap q , T. e. aenH4HHY 

t.
11 ~ (s_'k,mAp • q')/ [q'j • HHBSPHSHTHOCTb ,',II CileAyeT 

H3 HHBapa.18HTHOCTH CileAYIO~HX CK811RPHbiX npOH"3BeAeHHiif 3-BeKTOpOB 
~ ~ , , , , , , J.L 6. , , IJ. 0 - , 6.~'-q q ~qoqo-qp.q ; k,mAp.q ~qo k,mA qp. k,mAp /3. 15/ 

H HHB8pH8HTHOCH1 apeMeHHbiX KOMnOHeHT IJ. tmA p H q'o 

t.k _, ~(L~1 
k) 0 ~k A~ ~ Pk/M, ,mAp p p. /3. 16/ 

q'= (L -l q) 0 =Q Ap. :Pq/M =v, o Ap P. P /3.17/ 

* AHanorH4HMH Bbl6op 14CnOnbayeTcR a PRAe pa6oT, ocHo.saHHbiX 
Ha ¢opM811H3Me 6eTe-ConnHTepa. 
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HHBapHaH.n'!OCTb ~ ttc H L\ k.m.\ p npH-aOA\o1T K HHBapHaHTHOCH1 H MO-

-+ 2 2 2 ' 
.QYITR seKTopa l~.1.l =Y ~ 0.-6. n -m ""'inv. B TepMHHax eenJ.II-
\..IH·H 6.0 H L\ II CKaJlRpHoe npol13B€A€HH€ (P + q) k B 8 -q>-yHKUI-11-1 
MOmeT 6WTb nP€ACTaBJl€HO 8 ~OpMe 

(P + q)k ~ M.t;ko ' + q' t;~'k ' 
,ml\ p fl. ~ml\ p 

~M·ti~.m.\p +(q'ot;~,m.\p -[q'[.t;" }, 
13. 18/ 

<!>opMyJJa /3.18/ BMeCTe C /3.16/ >1 /3.17/ n03BOJJReT npeACTaB~Tb 
apryMeHT 0 -(J)yHKLtHH e /3. 11 I 4epe3 eseAeHHble sc1we napaMeTpbl 
Q2 , v H 6. .l cne,qyJOtqHM o6paaoM: 

(P + q- k) 2 - m 2 ~ M 2 + 2Mv - Q 2 + 2(P + q) k 

13. 19/ 

KaK He napTOHHO~ MOAeiTH 1141 , Mbl paccMOTPHM a HaweM cny4ae 
cKanRpHblX KeapKoa OAHY crpyKTYPHYIO $YHK'-'HIO: 

F 2 (Q 2. v) 5 v w 2 (Q 2 • v) ~ v (1+ v 2 /Q 2 )-2 pi' p VM - 2 w p.v (P,q) . /3.20/ 

Ocy~eCT,BHB HHTerpHpoeaHHe no c$epH4€CKHM yrnaM s /3.11/ 
/3aM€THM, 4TO 3TO HHT€rpHpOBaHH€ 0CytqeCTBJlR€TCR 6e3 nepeXOAB 
B CHCT€MY nOKOR, KaK 3TO 4aCT0 A€1l6€TCR /l3/ /, Mbl npHXOAHM 
K C1l€AYIO~€MY B~pameH~~ ~nR CTPYKTYPHO~ ¢YHK~HH 

1Tmv (M+ v) 2 71+ 
F 

2 
(Q 2 , v) ~ · f d~ I (Q ~ + Q:). ¢ 2 (~) + 

8y'v'4Q2 (1+v 2jQ2T~-
/3.21/ 

-1 "0 rAe ~ ~ m ~ k m,\ np.eAeJl~- HHTerp~poBaHHR B /3.21 I J.I!Me-
~T BHA ' p 

~o± 
k,mAp 1 . ( 2 2 ~ ~---~-[(v+M)±yv +Q )(1-

± • m 2m 

Ecn1o1 B~ y6btaaeT npH ry-+ oo, TO B 6bepKeHOBCKOM npeAene 
(Q 2, v _,. oo, Q- 2 ./2Mv =X - $HKC./, 

M2 ~+ 
F 2(Q2, v) ~. "~ x2(Q~ +0:) f ct., .p2(~) • 

~-

/3.22/ 

/3.23/ 
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T. e. 11HTep¢JepeH~J.10HHbli1 "fileH 11BbiMHPaeT 11 , \.ITO COrftacyeTCA -c 
npeAnonomeHHeM napTOHHOH MOAenw. 

~HTepeCHO 3aMeT~Tb~ 4TO nono~~B $OpMaJ1~HO 
$OpMaJlbH011, 8 m7}+ ~ ffi7]_ MSCCy ct.1CTeMbl HyniO: 
4TO 8 3TOM np~ene 

/H TOJll~·t<O JU>tUJ.b 

M =0 H C4HTaR, 

2 2 2 I W ~ (M + 2Mv-Q ) M=Q =-Q2. /3.24/ 
/13/ 

Mbl no!ly"4HM Be11H4J.1Hhl - E + , 4epe3 KOTOpble MOAH¢HU;HPOBSHHa.A 
CKei1J1HHf"08aA nepe·MeHHSA /a HaweM Cl1Y4ae m~ =rn2f"" m 2 H Mbl VlC-

1 It 3' nonbayeM -onpeAeneHVle v = Pq,'M, a He v= Pq KaK a' I I 

~ ~ _1_ q2 +vO 2(Q 2 + 4m 2J ~ x ...:1c..+:.....>,v=1=+':4=im~2f:;iQ:-2-
2M v+yv2+Q2 l+y1+Q2jv2 

/3.25/ 

6biJ1a B8eAeHa 8 1131 nocpeACT80M COOTHOWeHHA 

/3.26/ 
Pa3H~4a Me}I(AY HaWHM~ npeAeJlaMH HHTerp~pOBSHH.R .rnry ±t-1-E + 06yc-
JlOBl1eHa TeM, ~TO B HSWeM nOAXO~e, B KOTOPOM KSSPK~ B KOHe~OM 
COCTO.AHIIIH .ABJ1ft10TCR CB060AHbiMI>1 KSK H B /lSI, YCJlOBHe npHHSAJ1e)I(
HOCTI4 Maccoso11 nosepxHocnt 11 Bbi6~Toro11 KsapKa 0[ (P+ q-k) 2 -m

2
] 

COAeP>K~T B C11!1Y 3SKOHS COXpaHeHH.A P+q=k 1+k2 HMnyJlbC CHCTeMbl 
p, 8/ 131 KBSpKI-1 paCCMaTpt.1BSIDTCA CB060AHbiMI-1 /4TO OTPS>KSeTC.A 

I-1CnOJ1b30BSHHeM Al1R HVlX CB060AHbiX KOMMyTa41-10HHbiX COOTHOWeHHH/ 
H ycnosHe npHHaAnemHOCTH Maccoeo~ noaepxHOCTH a~6HToro KaapKa 
0:{ (k+ q)2 -m2 J He Y"41-1Tb1BaeT 3aKoHa coxpaHeHHR nonHero I-1MnYnb-
ca. 8 rny6oKoHeynpyro~ o6nacTH, rAe OTHoweHvte ~ 2 /2Mv ¢HKCHpo
saHo, 4IleH 2Mv a /3.24/ TOro )l{e nopfiAKa, "4TO w -411eH Q 2• Cne.qo
aaTenbHO, 

W2 ~M 2 +2Mv(1-x) ~ M 2 +G 2(1-x)/x 

H B npOTVlBOnOJlOmHOCTb /3.24/ 

/3.27/ 

w
2

- Q 2 (~)~-Q 2 • /3.28/ 
Q2__, X 

no SHSilOrHH C /3.25/ Mbl MO>I<eM BBeCTI-1 HOBYIO CKei1.JH.1HrOByiO 

-- w2 1+vl-4m2;w2 
{; ~.!!C[-~ +yry 2 -1l~--· /3.29/ 

M M - - 2M v+M+y'v2+Q2 

KOTOpaA /no 3aKOHY COXpaHeHHR/ Y41-1TblaaeT 3$¢eKT~ HSXOmAeHIII.A 
KBSpKa B CB.A3aHHOM COCTORHHH. • 

0TMeTHM, 4TO a $OpMallbHOM npeAene M~D /T.e. nonara.A 
w2....,. -Q 2 I HOaaR nepeMeHHa.A ~M nepexOAI.-IT a g: ( M....,. ~. Ho a 
KI-1HeMaTI-14eCKOi4 o6naCTH Q 2

/2Mv= X - ¢1o1KC. (M OTJlH4aeTCR OT ~. 
~ei1CTBHTeilbHO, 8 COOTBeTCTBHH C /3.25/ B 6bepKeHOBCKOM npeAeile 
(Q 2 , v ~ oo , X ~ Q 2 /2Mv - $HKC ./ {; ~ X, HO ~ M ~- (1- X) npH 
X =/1 -8 TOM >l<e 6bepKeHOBCKOM npe,qe!le HMeeM 
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2 2 2 

Tf + . . 
v 

~-+ 
M (1-x )-m 

X ;b 1 , /3.31l/ 
BJ.hm. m 2mM(1-x) 

~-
M 

2 (1-x)
2 

+m 2 

2mM(1-x) 
X ;b 1 , /3.31/ 

Bj.lim. 

8 TO speMA 1 W •~ w• KaK npH X-+ H ~ thre-sh. 

4m2 
2 ) • /3.32/ ~. ~~(1±y1-

- Bj.lim. 2m W thresh. 

nnfl AallbHeiltw~x np~nomeH~H none3H~ ¢opMyn~ 

~ ~-.!.(..M~ +-m-), 
2 m N M~ M 

v + M 
~ = -- -ry • /3.33/ 

+ m -

MomHO HaAeATbCA, 4TO HOBaA CKeiltnHHfOBaA nepeMeHHaA ~M OKameT
CA none3HOH AI1A H3y4eH~A nOBeAeHHA CTPYKTYPH~X $yHK~HJit npH 
Mant:.Jx Q2 H 6onee T04HO YYHTblsaeT cTeneHHbJe no Q2 nonpaaK~~t. 

noAcTaB~~tM ceHYac TOYHOe peweHHe /2.19/ c KX~- noAo6H~M 
noTeH4~anOM /2.15/, /2.14/ B /3.23/. fierKO y6eA~TbCR, 4TO 
B IIIHTepsane T} < T} < Tf H npH A0CTaT04HO 60J1bWJ.1X Q 2 

-- - + 
c1 .(lnv/m]-3::: z(~)::: c.; c1 .c. =const. /3.34/ 

C y4eToM /3.33/, /3.34/ ~a /3.23/ HaXOA~M IAnR x ;b 1/ 

/3.35/ 

H3 /3.351 cneAyeT, 4TO CTPYKTYPHbJe $YHK~Io11.1 y6blaa10T c pocTOM 
Q2 cTeneHHbiM o6pa3oM /c T04HOCTb~ AO norapH$MH4eCK~~tx $aKTo
poa/. 3To noaeAeHHe, OAHaKo, MomeT 6b1Tb o6ycnoaneHo TeM; 4TO 
Mbl ·paCCMaTpHaaeM 3AeCb KBapKH H fJ1100Hbl 6ecCnHHOBbiMH. 3aMeTHM, 
4TO ~~tcnonbaosaHHe a TOM me ypasHeH~~tlll KaAbiWescKoro /2.8/ RAPa 
KBaHTOBOJit 3JleKTP0AHHaMHKH V (q 2)::: a/q 2 onpeAeJlAeT peWeHHe aH-
Aa ¢(Ll.k,mAp) -"1/(Ll.k,l!lAp ): 1151 3To np~BOA~T K 4~CTO 
CTeneHHOMY HapyweH!Il~ CKeHJl~Hra KaK H 8 MOAeJl~X, paC~MOTpeHHbiX 

a/161. 

B 6bepKeHOBCKOM npeAene npH 
CTpeMATCA K 6eCKOHe4HOCTH,TaK 
AOMHHHPY~HM B nOAbiHTerpaJlbHOH 

x-+ 1 o6a npeAena ~HTerpHpoaaHHA 
4TO ¢laKTOp (ShX )-1 CTaHOBHTCR 
$YHK~HIIl. B 3TOM np~6IlH*eHHH 

M~ nony~aeM ¢opMyny, KOTopaA onpeAenAeT c~eAY~ee noporoaoe 
noBeAeHwe CTPYKTYPH~X $YHK~WH 

F 
2 

(Q 2, v) - (1 - x) , X ~ 1 , 

cor~acy~~eecR c npeACKa3aHHA~ npaa~~tn KsapKosoro c4eTa 1171 . 
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3AKJ1104EKHE 

B HaCTO~ea pa6oTe Mhl nony4~na B~pa*eH~R ~JlR CTpyKTypH~X 
(j)yHKl,!Ha:1- rny60KOHeynpyroro nenTOH ... aApOHHOf"O pacce.RHH.R B npH.6nH
>KeHHH ABYX4SCTio14HOrO npOMeJ:KyTOt.IHO-rO COCTO-AHHR 4epe3 peJlRTH

BHCTCKYIO Bet> aAPOHOB a paMKax O.QHospeM.eHHo~ clYOPMYflHDOBK.J.1_ KTH. 
B ~TOM- nOAXO,Qe Me30H paCCMaTPHBaeiCR KaK CBft3aHHOe COCTORHKe 
KeapK-aHTH-Keapt<OeoM napbt, "" ero Btl> nony4aeTcR KaK peweHHe- Ko
eapHaHTHoro TpexMepHOJ"'O ypa&HeHHR. 3TO peWeHHe MO)I(eT 6btTb 
HSH'AeHO C nOMOlqbiO pa3.fl0)f{eHHR no IJ>YHKU,~HM, peanH3YIOUV'fM YHIII_Tap

HOe npeACTSBJleHHe rpynn~ ABW~eH~H B npOCTPSK~TBe flo6a4eBCKOro, 
H BBe,qeH-I-1.R pe.nRTHBHCTCKOro KOH$Hrypa-I...IHOHHOro npeACTaBneHHR. 

~cnonbsyeMb!H nOAXOA noaaonReT ecTecTBeHHbiM. o6paaOM aaecnt 
HOBYIO CKeHnHHrOBYIO nepeMeHHY~, OT~4a~~YIDCR OT paHee paCCMaT
pHBa-BWHXCR. 

B Ka4eCTBe npHMepa paccMoTpeH cny4aH, KOrAa RAPO B3alo'fMo
Ae~cTBHR 6epeTCR B BHAe aMn11HTYA~ OAHOrJl~HHOro 06MeHa. 

ABTOpbl 6narOA3PHbl S .. r.Ka.QbtWeBCKOMy, c.n.Kynewoay, A.B.E(f)-
peM-OBY, B.A. MaTseeey, B. A. Me~epRKo.sy, A. 8. PaAIOWKHHY, B. 8. Ca
Ha,qae H A.B. CHAOPOBY a a none3Hble o6CY)I(AeHHR. 
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