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CTanO 004TH o6~enpH3HaHH~M, '-ITO ponb COHHOB~X 3~eKTOB B 
3KCn.epHMeHTaX C BbiCOK03HepreTH4eCKHMH aApOHHbiMH npou,eccaMH 
paCTeT C pOCTOM nonepe4HOrO HMnynbca/1/.3TO OTHOCHTCR H K HaH-
6onee n_pOCTbiM C T04KH 3peHHR 3KCnepHMeHT8IlbHOrO H3y4eHHR npo
u,eccaM, B KOTOp~X AeTeKTHpyeTCR COHH BCero OAHOH 4aCTHU,~. no-
11Rpa.t38U,HR A -nmepoHa npH coyAapeHHH HenonRpa.taoeaHHbiX 4aCTHU. 
H 8CHMMeTpHR rr -M.e30HOB, KOrAa 0011RpH30BaHa TOnbKO MHWeHb, 
OKa3b!Ba~TCR BeCbMa 6onbWHMH/21. 

npeAnonomeHHe, 4TO nonRpH3aU,HR rHnepOHOB c p T> 1 rsB/c 06R
aaHa C80HM OpOHCXOmAeHHeM MeX8HH3My meCTKOrO pacceRHHR napTO
H08/S/, noaeom-mo npeACKaaaTb PRA ee Ka4eCT8eHHbiX oco6eHHocre171, 
B 4aCTHOCTH, He3a8HCHMOCTb OT 3HeprHH H COpTa MHWeHH, cna6y~ 

3a8KCHMOCTb OT XF 8 06JlaCTH XF"" 0~370,7, a TaK>Ke 6onbWYIO aCHM.
MeTpHIO OHOH08. 

0AHaKo aHana.ts napTOHHoro noAnpou,ecca a KXA151 npHBOAHT K Ma
noH 00IlRpH3aU,HH /aCHMMeTpHH/, OpOnOpU,HOHallbHOI7! TOK080!7i Macce 
K8apKa. AeHcT8HTellbHO, cor~acHo ~H3H4eCKHM coo6pa>KeHHRM nonR
pHaau,HR 8 T8KOM OOAOPOU,ecce MOmeT fibiTb TOJlbKO nonepei.IHOH, a 
6eaMaccoeble l.laCTHU.bl 8CerAa npoAOllbHO nonRpHao8aHbl. KpoMe ro
ro, 0011RPH38U,HR OTCYTCT8yeT 8 6opH08CKOM npH6JlH>KeHHH, T8K K8K 
AflR 11 KOMneHC8U,HH 11 M.HHMOH eAHHHU,bl B y5 /MaTpHu,a OOOTHOCTH p = 
= 1:/2 <P + m)(l+ Sy& )/ aMnllHTyAa AOilmHa HMeTb MHHMYIO l.laCTb; nonR
pHaau,HR /aCHMMeTpHR/ no3TOMY nponopu,HoHailbHaa 8 • HMeHHO 3TH 
OpH4HHbl OpHBeilH aBTOpoe/5/K 38KJ1104eHH~, 4TO Ha6I110A8eMaR 6onb
W8R nonRpHaau,HR A -4acrH~ npoTHeope4HT K~. 3ror peaynbTaT 
Bblr11RAHT OC06eHHO CTpaHHbiM B npHMeHeHHH K aCHMMeTpYIH rr -Meso
HOB, H60 ecnH A11R pO>KAeHHR 6apHOHOB ~ eCTb BeCKHe OCHOBaHHR 
COMHeBaTbCR B B8>KHOCTH OOAOPOU,eCca KBapK-KBapKOBOrO pacceRHHR 
/npe>KAe ecero - ropaaAo 6onee GblcTpoe naAeHHe ce4eHHR: _ p T12 
BMecTo PTs AnR Me3oHoe/, ro AflR MeaoHOB TaKHx OCHOBaHHH ceH-
4ac Her. KXA He TOilbKO o6DRCHReT Kal.lecTeeHH~e 4epT~ noeeAeHHR 
aroro npo~ecca, HO H /c y4eToM crna>KHBaHHR a.ta-aa ~epM~-ABH*e
HHJ=~ KBapKOB/ ero K011H4eCTBeHHYIO Be11H4HHy/SI. 8 3TOH pa6oTe Mbl 
npo8e11H aHan~a nonRpHaa~~oHHOH MaTp~"~ nnoTHOCT~ aApOHa e KXA 
6ea y4eTa pacnpeAeJleHHR r11~0HOB B aApOHe ~ B KOHe4HOM C4eTe 
npHWJlH K 38K11~4eH~IO, 4TO ~CTHHHbiM pa3MepH~M napaM.eTpOM, Onpe
Ae11R~U~~M 8CHMMeTp~IO, RBJlReTCR He Ma~ca KBapKa, a Macca 0011RpH-
36BaHHOrO aAPOHa. 0AHaKO B~4HC11eH~e npocTeHweH A~arpaMM~ KeapK
KBapKOBOrO pacceRH~R, OTBeTCTBeHHOH 3a acHMMeTpHIO, H rpy6aR 
O'-'eHKa ee Be11~4HHbl OpH p T ::e 1 r3B/c B U,eHTpallbHOH 06naCTH y = 0 
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noKa3~aaeT, 4TO ae~H4HHa acHMMeTpHH AnR KaapKosoro noAnpo~ecca 
COCTaBJlfleT ""3% o 

M~ HCXOAHM H3 cneAY~~ero npeACTaaneHHR ce4eHHR npo~ecca 
AB-+ CX B o6nacTH S, t, U>>Mh2adr, u/s , t/s .... l. rAe OAHa 1.13 
4aCTl.14, B. nonRpHaosaHa /~o 

Pa,S --""'"s ___ 

PHc.I. AHarpaMMa, cooTBeT
CTBYJOII(aH \I><>PMYJie I I I. qac
TH~a B OIIHCb1BaeTC1I KOBa
pHaHTHhlM 4-BeKTOPOM nonH
PH3aJ1HH S. 

/1/ 

3AeCb MaTpl.14H~e 3JleMeHTM CYTb CyMMM Al.1arpaMM, 1.13 KOTOp~X Mbl 
Bb14TeM ace Cl.1HryJ1.APHbfe npl-1 e- TJ ""' 0 '·IIleHbl Ill - paaMepHbll1 
napaMeTp TaKOH perynRpl.13a4HH/, CBR3aHHble C ~YHK4H.AMH pacnpe
AeneHH.A H q>parMeHTa41o1.H napTOHOBo Bee CHHryn.ApHble npH e-TJ ""'0 
t.t~eHbl COAep}f(aTC.A B ~YHKLIHH E - CYMMe AHarpaMM, OnHCbiBa~utHX 
napTOHHbiH nOAnP04eCC /HH¢paKpaCHO-perynRpH30BaHHbiX C nOMOlltb~ 
Toro >Ke napaMeTpa p. I o .QoKaaaTenbCTBo 3Toro npeACTasneHHfl a 
KX,Q no cyw,ecTsy HH4eM He OTJ1H4aeTcR oT 'AoKaaaTeJlbCTsa AJlfl 
HenO~fiPH30BaHHbiX 4aCTH4/ 7~ nepeXOA K napTOHHOH KapTHHe OCyW,eCT
BJlfleTCfl nocpeACTBOM onepaTOpHoro paano>KeHHRo 

o, 
- igf A dz!' 

<P,S\ </Ia (0) e :i: P. </1 f3 (x) \P.S> = 
121 

1 - +-+ ._. Vt 
=S-<P,S\</1 (O)D ... D </1 (0)\P,S>x 

n! a vl vn f3 
vn 

o•• X 
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HcnoJlb3yR npeo6pasoaaH~e <l>~p~a a AYailbHOM 6as~ce (V,S, A, PT, P) 

lo1 BbiAeJlRR, K8K 06b14HO, CTpyKTypbl C MHH\.IIM8JlbHbiM TBHCTOM, HMeeM 

<P,sl¢ (OJD ... o . .p,(O)IP,S>~ 
a vl l:' n tJ /3/ 

5 i - - .....-.· 
= l: r, <P,Si,P(O)r.Dv ... Dv o/(O)IP,S>, 
i=l!Ja 1 ·1 n 

1/ 11 11 v 
- p. +-> 1 -· n .-n ! ~ 1 n 

<P,SI,P(O)y D ... D o/(O)IP,S>= 1 anv P P ... P l, /4/ 

/5/ 

/61 

111 • 1.-} 

=C•a S~IP .•. Pnlm. 
nA 

171 

~R nonepe4HOH nonRPH38~HH B /6/ H /]/ MOmHO OnyCTHTb 4JleHbl 

BHAa PILS 
11
1 ••• , noCKOJlbKY OHH npa.1BeAy.T s I 1 I K cnaraeMbiM, COAep

)1(8!4HM S{§-17);' nocne HHTerpHpoaaHHR no ,, 11 aT a aeJU14HHa npeapa

THTCR B (SP)A,B,C' paBHble HYJ110. 

8 Ka1..1ecTse paaMepHoro napaMeTpa s onepaTopax TBHcTa 3 Mbl 

BbiAeJlHJlH Macey KeapKa, XOTR OHa He 06R38TeJlbHO RB11ReTCR HC

THHHbiM pa3MepHbiM napaMeTpOM M8TPH4HOfO 311eMeHTa. 3TO CBR38HO 

C TeM 88)1(HbiM 06CTORTeJlbCTBOM, 4TO p83AeneHHe BK118Aa AH8rp8MM 

a KXA Ha noAnpo~ecc H ~YHK~H~ pacnpeAeneHHR 6yAeT HH~paKpacHo

cTa6~nbH~M TOnbKO TOrAa, KOrAa KB~AaR ~3 4aCTeH KBanH6pOB04HO

HHBapHBHTHa. Anj\ 6ec4aeTH~x cocTORHHH A , B H C AOCTaTo4Ho 

nOTpe6oaaTb KanH6pDB04HOH HHBapHaHTHOCTH MBTPH4H~X 3neMeHTOB, 

KOTOpaR CBOAHTCR K TOMy, 4T06~ BHeWHHe KOH4~ ne~anH 
11Ha Mac

COBOH noeepXHOCTH 11 /8/ 

(ifi- m)o/ ~ 0. 191 

4T06bl Hai:iTH OrpaHa-t4eHHFI, HaKnBAbiBBeMble 3THM ycnOBHeM Ha 

MaTpHl4HbiH sneMeHT /2/, noAeHcTeyeM Ha Hero onepaTopoM· iJ -m. 

C y4eTOM /9/ ~MeeM 
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(ia-m) {3<P,SI¢ y a 
o, 

1 ig f Ap dzP v ~g<P,SI¢ (O)fdaaG (ax)e x ,:tf'(y if-(x))yiP.S> a 
0 p.v 

/9a/ 

npaaaA 4aCTb, co~epma~aR TeHaop HanpRmeHHOCTH rn~OHHoro nonR ·a, HMeeT TOT )f(e MHHHMa!lbHb1'1 TBHCT 3, 4TO H JleBaR. Mbl, OAHa"KO, I 
npeHe6pe)f(eM e10 no cneAYIOLL\eH nplo14HHe. nocKO!lbKy rllHJOHHoe none \: 
HMeeT TBIIICT 0, IJ)opMyna /1 I noApaayMeaaeT cyMMHpoaaHHe no BHe.w
HHM rJliOOHHbiM J1HHI-1RM OOAnpo~ecca !?!. -np-1-1 paccMOTpeHHJ.II 0011RPio13a-
4HH OOMHMO 3KCnOHeH~HaJlbHOrO $aKTOpa, BOCCTaHaBJ1HB810lL\ero Ka
J1H6pOB04HYIO HHBapHaHTHOCTb ~YHK4HH pacnpeAeJleHHR, HaAO y4eCTb 
B03HHKaiOlJ.\He npH CyMMHpOBaHHH onepaTOPbl TBHCTa 3, COAep)f(alL\He 
o~v .~R 6opHOBCKOH AHarpaMMbl rny6oKOHeynpyroro pacceAHHA no

IlAPH30BaHHbiX 4acn11~ J.IIX y4eT, OAHaKO, OpHBOAHT IlHWb K 11nepeHop
MHPOBKe11 TOKOBOI1 MaCChi KBapKa. np111 3TOM ypasHeHHe /9a/ MO)f(eT 
6b1Tb aanH.CaHO C HyJleM B npaaoH 4aCTIII npH yCilOBHH, 4TO 8 Jleaot1 
CTOHT ''nepeHopMHposaHHaR 11 Macca. 06~~.tero .,qoKaaaTenbCTBa 3Toro 
<J)aKTa noKa HeT. 

HTaK, nonomHM npaay~ 4aCTb /9a/ pasHa~ HYil~, a a nesy~ noA
cTaa~M ~pMyn~ /4/-/8/. Y4eT TOnbKO 4neHOB TB~cTa 3 np~BOA~T 
K npoCTbiM Cne,qCTSHRM 

/10/ 

anPT=an+lA /11/ 
OHH noaso11RIOT onHCbiBaTb seKTOPHYJO H cKailRPHYJO, a TaK>Ke ncee,qo
TeHaopHyJO H aKCHaJlbHY~ npoeK4HH 06~HMH <J>YHK4HRMH pacnpe,qeneHHR 

anv= an+ lS 
~ f1 d{3 f({3){3 n+ 1 • 

0 {3 • 
/12/ 

_ _ 1 M,_ n+ 1 3 nPT- 3 n+1A-/ {3 ¢J.({3){3 /13/ 

00ACTSBnRR /2/, /3/, /4/-/7/, /12/ ~ /13/ B /1/, nony4aeM '~p
MYilY )f(eCTKoro pacceRHHR AJ1R nonepe4HO nonRpHaoeaHHOro a,qpoHa: 

da ~ / d{3 f(J3) Sp[ ({3P + m)(l + Sr 5 ¢ ~ ({3) ) E ({3P)] • 
0 {3 f({3) 

Cny4aH npo,qonbHOH 0011RPH3a4HH e!4e npol4e. nocKOJlb~ s~ 

/r,qe( 11 - cTeneHb npo,qonbHoH nonRPHSa4HH/, ncea,qoTeHaOpHbiH 
BKJla,q OTCyTCTSyeT, 3aTO B aKCHS11bHbll1 ,qo6aBJ1RIOTCR 411eHbl SH,qa 
p ~ S v1 
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J 

- -v 1 -v v v 
< P, S I <fr (0) yl' y5 D ... D n <fr (O) I P, S > = i -n anA S I' l P 1 .. , P n l m + 

v v v v v /15/ 
+i-nb AP~'!S lp 2 ••• P "lm=i-"(a A+b A)!PI'p 1 ••• P •j.!!!... 

n n n M 

BBOAR 11npo.qo!lbHYI011 CI>YHKl-'""10 pacnpe.qeneHV~R 

"nA +bnA =! ~ 1>11 ({3){3n+l' 

M~ npHXOAHM K CI>OpMyne, TaKme HM610~e~ napTOHH~~ B""A: 

da=} df3 f(f3)Sp[{3P(l+y 5( 11 ~ ¢ 11 ({3))E(f3P)l. 
0 f3 · . M f({l) 

/16/ 

/17/ 

BB6A6HH6 MaCCbl KBapKa 8 <J)yHKLtvtifl pacnpeA6116Hio1fl 6bl.nO BCnOMO

raT611bH~M np""eMOM AflR Ka!lH6pOB04HO-""HBapvtaHTHOrO Bb1Aen6HHR 

no.qnpo~.tecca. ~R BbiRBneHHR HCTHHHOro.napaMeTpa socnonbsyeMCR 
COXpaHeH""eM yrnosorO MOM6HTa H ""386CTH~M H3 3KCnepHM6HTa 3Ha-

46H\It6M aKc""a.nbHOro onepaTopa f3 -pacna,qa 

~ < p. s I;&" I (O) yl'y 5 .pi (0) I p. 8> = MS I' ' 

i + GA 5 
<pi J /In> = --iip yl'y un, 

Gv 

/18/ 

/19/ 

nepaoe H3 3THX paseHCTB, cnpaB6AI1HB06 8 npeHe6pemeHHH BKnaAOM 
rnOOHOB, npHBOAHT K npaBHilY CYMM 

ldf3 
~ mJ -{3 ¢ . ({3) = M. /20/ 
i 0 .l l 

l-13 BTOporo )1(6 CJle.qyeT lo1386CTH06 npaBt-1110 cyMM . 6bepKeHa19~ KOTO

poe B TepMHHaX ~YHK4H~ ¢ npHHrtMaeT BHA 

t ·a 
f ~(m ¢ -m 1> ) =--"M. /21/ 
o f3 u ~. d ~d Gv 

0TCIDAa BHAHO, 4TO HCTHHH~~ paaMepH~M napaMeTPOM aKCH~nbHOrO . 
TOKa RBnReTCR He Macca KBapKa, a Macca aApOHa. BaeAeHHe ~YHK-

411~ f .1. ;;::; : ¢ .1. 3aMeHHT npaSble 4aCTH npaBHn CyMM Ha 1 H '(} _/Gv• 

a B B~pa*eHHH AflR aCHMMeTprtH H nOnRpH3a4HH - Macey KBapKa Ha 
Macey aApoHa 

tdf3 , M'5 
dapol =f-{3 f~(f3)Sp[(f3P +m)-Sy E(flP)] /22/ 

o m 

To *e npoHCXOAHT H npH aHanHae pacceRHHR npOAOnbHO nonRpHao
aaHHOro aAPOHa. B /17/ ecTeCTBeHHO B~AenReTcR ~YHK4HA f 11 = ~ ¢

11 

/HMeiOUtHeCR 3KCnepHMeHTanbHble AaHHble/ 10/ CBli!AeTe.nbCTBYJOT 0 TOM, 

5 



4TO OHa He Mana/, nocKOitbKY bOA~O, <!JYHK4~~ f3Culf3) ~ fl.({3) YAOB
neTBOPA~T O,QHHaKOB~M npaBHnaM CYMM 

f dfl (f L ({3)- {3 f II ({3)) ~ 0 /23/ 
0 {3 

H M~ CHOBa npHXOAHM K Heo6XO,QHMOCTH BB6,Q6HHR ~YHK~HH f~. 
nepeH,QeM Tenepb K B~pa~eHH~ AfiA aCHMMeTpHH rr -Me30HOB B 

HH3WeM OOPRAKe KX~. EAHHCTBeHHOH O,QHOOeTneao£1 ,QHarpaMM0£1 KBapK
KBapKoaoro pacCeRHHR, HMeiOw,e£1 MHHMYIO 4aCTb, .RBI1R6T.CR S -KaHanb-
HbiYI "box" /pHc. 2a/. Bb14HcneHHe ere HHTep¢)epeH4HI-1 c 6opHoB-
CKHM 411eHOM /pHc.26/ AaeT AflR aCHMMeTpHH KBapK-KBapKOBOrO pac
CeRHHR, ycpeAHeHHoro no ~Be TaM I ,QeTanlo1 Bbi4HcneHHi1 6yAYT ony6-
m1KoBaHbl/, 

' ' 2 1 (s, t) ~ - ....,-- , 
3 st 

/24a/ 

' ' 10 1 3 s t ¢
2 

(s, t) ~ -
9 

[- -:-:.;:....,,.--- + -::--::---::-(1 + ~) ln(- -;;-- )] , 
;(;;+t) t(~+t) s+t s 

/246/ 

, ' a , {3 
s = a{3s , t = y t , u = y u ; a, {:3, y - AOilH HMOYilbCOB napTOHOB 
B a,QpOHBX H a,QpOHOB B napTOHe. ~R .rpy60i1 046HKH Be!1H4HHbl aCHM
MeTplo1H OHOHa B U,eHTpaJ1bHOI1 06J1aCTH y c = 0 BOCOOJ1b3yeMCR TeM_, 4TO 

•J 

Jli 1JI 
6 

PHc.2. O~HoneTneBhle AHarpaMMhl 
fiOAilPO~ecca AnH MaTpHQhl nnciTHO
CTHo 06MeHHaH AHarpaMMa npHCyT
CTByeT TOnDKO B TOM cnyqae, KOr
~a COBna.n;aiOT apOMa.Tbi f H f' 
paCCeHBaiO~XCH KBapKOB. 



I I m y m T mT -y 2m T 
/cM.,Hanp~Mep, 11 I a= ~(l+e d)=-=-;f3= ,...Cl+e d)= .r.:-, 

. YV" ,js YV" v s 
rAe y d - 6biCTpOTa napTOH6 d, KOTOpyiO Mbl nOJlO>tU.1JU1 paBHOH ee 

cpeAHeMy 3Ha4eHI-110 <yd>=0, y = 1 ,rn~=p2T+m2c. npl-1 3TOM'S=4mi9 

u = t =-2m~. noACTaBJlRR snt 3Hat.teHJ.1R 8 /24/ "' npeAnonaraR AO
nOI1HHTe11bHO, 4TO f..1.=. f, H6i:1AeM OKOH46Te.nbHO 

1 Mp T 
A- a (p2)- --=3% np~ pT = 1 r3B/c. 

s T 30 m2 
T 

3Ta O~eHKa noKa3biBaeT, 4TO HeCMOTpR Ha COKpa~eHJ.1e MaCCbl 
KBapKa, BK116A KBapK-napTOHHOrO nOAnP04eCCa B aCHMMeTpl-110 OKa-

. 3biBaeTCR .He60I1bWJ..1M. B TO )l(e BpeMR YI3BeCTH0/6/, 4TO 8 3TOH o6-
Jl6CTJ.1 nonepe4H~X J.1Mnynbcoa cy~ecTseHHbiH sKnaA AaeT noAnP04ecc 
KsapK-rniOOHHOro pacceRHHR. RanReTcR aa~HbiM crnamHBaHHe Ha-aa 
nonepe4Horo ABH)I(eHHR napToHos. Heo6xoAHM TaK)I(e nonHbiH Y4eT 
onepaTopoa Blr1Aa <iiiG 11v 1/J >. 6onee T04Hb1H pac4eT c y4eTOM 
3T~X 3~eKTOB 6yAeT ony6n~KOBaH n03AHee. 

Mbl ~CKpeHHe npH3HaTenbHbl ~.~M.A~TTecy, n.H.nan~AYCy,E.M.ne
B~Hy, C.6.Hypyweey, A.B.Pa~wK~HY ~ A.B.WHpKoey sa none3Hble 
o6cy~AeHHR ~ ~HTepec K pa6oTe. 
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