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PEfl~THBHCTCKH HHBAPHAHTH~~ AHAflH3 
KOPPEfl~UHOHH~X ~BflEHH~ 
B nPOUECCAX MHO~ECTBEHHOrO POmAEHH~ 

A.M.6anA~H, fl.A.A~AeHKO 

llpeAnaraeTCH HOBblli penHTHBHCTCKH HHBapHaHTHblli 
ITOAXOA K HCCneAOBaHHID KOppenH~HOHHb~ HBneHHH B MHO
~eCTBeHHb~ rrpo~eccax. llOKa3aHO, qTo IDHpOKO HCITOnb-
3yeMbie MeTOAbf Koppena~HOHHoro aHanH3a /HarrpHMep·, 
B rrpOCTpaHCTBe OhlCTpOT/ HerrocneAOBaTenbHhl, T.K. OHH 
He yqHTbWaiDT CBH3eH KHHeMaTuq~CKHX rrepeMeHHhlX , Ooyc
nosneHHhlX qHCTO reOMeTpuqeCKHMH rrpeACTaBneHHHMH, 
Pa3nHqHble AByxqacTuqHble KOppenHTOphl ITHOHOB H HAep, 
rronyqeHHble H3 3KCrrepHMeHTa, OKa3anHCb OAHHaKOBbiMH, 
a B aCHMITTOTHKe COBITaAaiD~HMH, 3TO HaXOAHTCH B COOT
BeTCTBHH C 06~HMH CBOHCTBaMH aAPOHHb~ pacrrpeAene
HHH , c~opMynHposaHHb~ paHeell/ rro aHanorHH c 6oro
nro60BCKHM rrpHH~HITOM ocnaoneHHH KOppenH~HH. 

PaooTa BbiiTOnHeHa B naoopaTOPHH BbiCOKHX 3Hepr8H 
OIDIH. 

A New Relativistic Invariant Method 
for the Study of Correlation Phenomena 
in Multiple Production Processes 

A.M.Baldin, L.A.Didenko 

A new relativistic invariant method is suggested 
for the study of correlation phenomena in m ltiple 
production processes. The correlation analys is ex
tensively used in literature, which employs , e.g., 
the longitudinal rapidity variables, is shown to be 
inconsistent because it neglects the links between 
the kinematic variables which are of a purel y geo
metric nature. Different two-particle correl ations 
of pions and nuclei extracted from experiment were 
found to be identical and, in the asymptotic , to be 
coincident. This is in agreement with the general 
properties of the hadron distribution formulated 
earlier by analogy with the Bogolubov correlation 
depletion principle. 

The investigation has been performed at t he La
boratory of High Energies, JINR. 



MHO*eCTBeHH~e npo~eCC~ RBnR~TCR OCHOBH~MH B $H3HKe B~
COKHX 3HeprH~ He TOnbKO noTOMy, 4TO OHH BHOCRT nOAaBnR~
~e 6onbWO~ BKnaA B Ce4eHHe B3aHMOAe~CTBHR 4aCTH~ npH B~
COKHX 3 HeprHRX, HO H nOTOMY, 4TO OHH COCTaBnR~T rnaBH~~ 
HCT04HH K HH$OpMa~HH 0 npHpOAe $YHAaMeHTanbH~X B3aHMOAe~
CTBH~. 3 Ta HH$OpMa~HR CTOnb 06HnbHa, 4TO AO HaCTOR~ero 
BpeMeHH H3Y4eHa nHWb He6onbWaR ee 4aCTb H3 HaKOnneHH~X 
Ha MarHHTH~X neHTaX CyMMapH~X peaynbTaTOB. 6onbWY~ pOnb 
B TaKOM 4aCTH4HOM paCCMOTpeHHH C~rpan HHKn~3HBH~~ nOAXOA, 
npeAno*eHH~~ H paapa6oTaHH~~ A.A.noryHoB~M H ero COTPYA
HHKaMH/2/ . Cy~eCTBeHH~M CTHMynoM AnR HCCneAOBaHH~ HHKn~-
3HBH~X peaK~H~ 6~nH: rHnOTe3a npeAenbHO~ $parMeHTa~HH flH
ra 131, r HnoTeaa $e~HMaHa o cKe~nHHre141 H rHnoTeaa aeTo
MOAenbHOCTH MaTeeeea, MypaARHa H TaexenHA3e 151. YcnexH 
TeopeTH4 eCKOrO H 3KCnepHMeHTanbHOrO 060CHOBaHHR 3THX rH
nOTe3, non~TKH nOCTpOeHHR MOAene~ /B OC06eHHOCTH KBapK
napTOHH~X MOAene~ H MOAene~, 6a3HPY~~HXCR Ha XPOMOAHHaMH
Ke/ noaeonR~T CBR3aTb OTAenbH~e 3KcnepHMeHTanbH~e $aKT~ 
H npeAnO*HTb PRA AOBOnbHO o6~HX aaKOHOMepHOCTe~. 

TaKHe aaKOHOMepHOCTH nponHea~T ceeT Ha KBapK-rn~oHHY~ 

CTpyKTypy aAPOHOB H RAep, cny*aT HCXOAH~M MaTepHanOM AnR 
paapa60TKH TeOpHH CHnbH~X B3aHMOAe~CTBH~ Ha OCHOBe XPOMO
AHHaMHK H. HeKoTop~e H3 3THX aaKOHOMepHocTe~ HOCRT YHHBep
canbH~~ xapaKTep H HMe~T WHpOKy~ o6naCTb npHMeHHMOCTH. 
MHOrHe H3 HHX RBnR~TCR OKOH4aTenbHO YCTaHOBneHH~MH KOnH-
4eCTBeHH~MH COOTHOWeHHRMH. 

Heo6XOAHMOCTb HCnOnb30BaTb TOnbKO 4aCTb HH$OpMa~HH 
o MH~ec TBeHH~x·npo~eccax o6ycnaenHeaeT cy~ecTBeHHO cTa
THCTH4eCKHH xapaKTep 3aKOHOMepHOCTe~ H 3$$eKTHBHOCTb npH
MeHeHHR MeTOAOB CTaTHCTH4eCKO~ $H3HKH. 

HaMH paapa6oTaHa H 4aCTH4HO 3KcnepHMeHTanbHO o6ocHo
eaHa rHnoTeaa o6 ocna6neHHH KoppenR~H~ B MHoroMepHOM 
npOCTpa HCTBe OTHOCHTenbH~X 4-MepH~X CKOpOCTe~ / S/ . T04KaMH 
3Toro n pocTpaHCTBa RBnR~TCR eenH4HH~ u i = Pi/mi, rAe Pi -

4eT~peXMepH~e HMnynbC~ 4aCTH~, a ffii - HX MaCe~. 0CHOBH~

MH nepeMeHH~MH, B KOTOP~X npeAnaraeTCR OnHC~BaTb penRTH
BHCiCKH HHBapHaHTH~e Ce4eHHR H pacnpeAeneHHR BepORTHOCTe~ 
RBnR~TCR HHBapHaHTH~e paCCTORHHR Me*AY T04KaMH 

pi pk 2 
b . =- (-- --) 

lk mi mk 
/1/ 

OcHOBHaR ~enb nepexoAa K nepeMeHH~M b
1
k BMecTo o6~4-

H~X nepeMeHH~X /HMnynbC~, 6~CTPOT~ H T.A./ COCTOHT B TOM, 
4TO corn acHo Hawe~ rHnoTeae pacnpeAeneHHR no bik MOHo
TOHHO H AOCTaT04HO 6~CTPO y6b1Ba~T npH b ik ... oo. 3TO CBO~
CTBO aHa nOrH4HO npHH~Hny OCna6neHHR KoppenR~H~ B CTaTH
CTH4eCKO~ $H3HKe, npeAno*eHHOMY H.H.6oron~6oe~M AnR pac
npeAeneHH~ 4aCTH~ B 06~4HOM npOCTpaHCTBe-epeMeHH. 
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npHH4Hn ocna6neHHR KOppenR4HH OCHOBaH Ha HHTYHTHBHOM 
npeACTaeneHHH 0 TOM, 4TO KOppenR4HR Me*AY npOCTpa HCTBeH
HO OTAaneHH~MH 4aCTRMH MaKpOCKOnH4eCKOH CHCTeM~ n paKTH-
4eCKH HC4eaaeT. MaTeMaTH4eCKH npHH4Hn ~opMynHpyeTcR KaK 
AOn~eHHe aCHMnTOTH4eCKOH KOMMyTa4HH noneB~X nepeMeHH~X, 
OTHOCR~HXCR K T04KaM, HaXOAR~HMCR Ha 60flbWHX paCCTORHHRX, 
HO npH. ~HKCHPOBaHH~X MOMeHTaX epeMeHH. H3 KBaHTOBOH TeO
pHH nonR xopowo H3eecTHo, 4TO ace nonee~e cf>YHK4HH cp(t 1,x 1). 
cp~ 2, x 2 ) AOfl*H~ T04HO KOMMYTHpOBaTb HflH aHTHKOMMYTHPOBaTb, 
ecnH 4eT~pexMepH~H HHTepean Me*AY T04KaMH 1 H 2 n pocTpaH
CTBeHHO noAo6eH. B o6~eM *e cny4ae npHH4Hn e~nonHReTcR 
npH6flH*eHHO, aCHMnTOTH4eCKH npH 60flbWHX lr1 - 12 1 H cf>HKCH
poBaHH~X t 1 H t 2 • 60flbWHe B03MO*HOCTH nony4eHHR Ba*H~X 
cneACTBHH H3 6orono6oecKoro npHH4Hna ocna6neHHR Ko ppenR-
4HH 6~nH HeOAHOKpaTHO npOAeMOHCTPHPOBaH~ B CTaTHC TH4eCKOH 
cf>H3HKe. 

PaccMaTpHeaeMoe npocTpaHCTBO bik RBnReTCR AOnon HHTenb
H~M nO OTHOWeHHO K o6~4HOMY npOCTpaHCTBY OTHOCHTeflbH~X 

paCCTORHHH /B KBaHTOBO-MeXaHH4eCKOM CM~Cne/: Man~e pac
CTORHHR B o6~4HOM npOCTpaHCTBe rik COOTBeTCTBY~T 6 0flbWHM 
bik H Hao6opOT. CneAyeT nOA4epKHYTb, 4TO M~ HCXOAHM H3 
cf>YHAaMeHTaflbHOro CBOHCTBa KBapKOB - acHMnTOTH4eCKOH.CBQ-
60A~ - HC4e3HOBeHHR B3aHMOAeHCTBHR Ha aCHMnTOTH4eCKH Ma
n~X paCCTORHHRX HflH npH bik ~ ~.8 3TOM CM~Cne HaWa rHnOTe-
3a npRMO npOTHBOnono~Ha npHH4Hny ocna6neHHR KOppen R4HH 
H.H.6orono6oaa, XOTR H RBnReTCR era o6~eHHeM. 

TaKHM o6pa30M, HaW 6e3MOAeflbH~H nOAXOA K aHanH 3Y MHO
*eCTBeHH~X np04eCCOB 6a3HpyeTCR Ha OAHOM o6~eM npHH4Hne 
CTaTHCTH4eCKOH cf>H3HKH H nocneAOBaTenbHOM HCnOflb30BaHHH 
penRTHBHCTCKH HHeapHaHTH~x eenH4HH. M~ He nonbayeMcR B~Ae
neHH~MH CHCTeMaMH KOOPAHHaT, npOAOflbH~MH 6~CTpOTaMH, no
nepe4H~H HMnynbCaMH H T.n. CTpyH H HX CBOHCTBa Ha M TaK*e 
YAanocb onpeAenHTb nonHoCTb~ penRTHBHCTCKH HHBapHaHTH~ 
cnoco60M/O/ 6e3 npHBfle4eHHR TaKHX nOHRTHH1 KaK 11Ccf>e pHCHTH11 

HflH 11TpaCT 11
• 

AAPOH~ H RAPa M~ TpaKTyeM KaK KBapK-rnooHH~e KnacTep~ 
C Man~H OTHOCHTeflbH~MH CKOpoCTRMH. CneAyeT OTMeT HTb, 4TO 
TaKaR TpaKTOBKa o6o6~aeT napTOHHYO MOAeflb, B KOTO POH HM
nynbC napTOHa paCCMaTpHBaeTCR KaK AOflR HMnynbca a APOHa 
k = XP, 4TO COOTBeTCTByeT 

k p 
bik = - (- - - ) = 0 

R v? 
/2/ 

Hawa TpaKTOBKa aAPOHOB cornacyeTcR H c KBapK-aAPOHHOH AY
anbHOCTbO, ecnH paCCMaTpHBaTb KBapKH H aAPOH~ npH AOCTa

T04HO 60flbWHX bik • 

., 



npHH~Hn ocna6neHHR KOppenR~H~ KaK 04eHb OO~ee YTBep~
AeHHe 0 CBOHCTBaX aAPOHHOH MaTepHH HY*AaeTCR B WHPOKOM 
3KCnepHMeHTaflbHOM o60CHOBaHHH H B KOflH4eCTBeHH~X O~eHKaX. 
B HaCTOR~eH CTaTbe M~ npeAnaraeM MeTOA penRTHBHCTCKH HH
eapHaHTHOrO aHanH3a KOppenR~HOHH~X RBfleHHH, n03BOflR~~HH 

AenaTb npRMY~ npoeepKy 3Toro npHH~Hna. Ha HeCKOflbKHX npH
Mepax, HCnOflb3~~HX 3KCnepHMeHTaflbH~e AaHH~e 0 B3aHMO
AeHCTBH H nHOHOB C RAPaMH yrnepOAa npH HMnynbCe 40 f3B/c 
M~ noKa a~eaeM 3~~eKTHBHOCTb npeAnaraeMoro MeTOAa. HawH 
npHMep~ nOKa3~Ba~T, 4TO npeAnomeHH~H paHeel?/ KPHTepHH 
bik ~ 5 C XOpOWeH T04HOCTb~ onpeAenReT KoppenR~HOHHY~ 
AflHHY B npOCTpaHCTBe OTHOCHTeflbH~X CKOpOCTeH. 0HH n03BO
flR~T Ta Kme O~eHHTb T04HOCTb, C KOTOpOH KOppenRTOP~ MOmHO 
nonomHT b paeH~MH Hyn~. 

nepeXOAR K onpeAeneHH~ penRTHBHCTCKH HHBapHaHTH~X Kop
penRTOpOB, 3aMeTHM, 4TO H3Y4aBWHeCR AO CHX nop KOppenRTO
p~ 80 MHOmeCTBeHH~X npo~eccax He Y4HT~BanH OAHOrO BamHoro 
06CTORTe flbCTBa: KHHeMaTH4eCKHe nepeMeHH~e /HanpHMep,6~cT
pOT~ Hfl H OTHOCHTeflbH~e HMnynbC~/ He RBflR~TCR nOflHOCTb~ 
He3aBHC HM~MH nepeMeHH~MH. 

B CHflY npHH~Hna OTHOCHTeflbHOCTH, pacnpeAeneHHR eepORT
HOCTeH / Ce4eHHR/ 3aBHCRT TOflbKO OT nepeMeHH~X, xapaKTepH-
3y~~HX OTHOCHTeflbHOe ABHmeHHe 4aCTH~. 0TC~Aa cneAyeT, 4TO 
Cy~eCTBY~T rpaHH~~ H3MeHeHHR nepeMeHH~X, Ha KOTOP~X nepe
MeHH~e, OTHOCR~HeCR K pa3flH4H~M 4aCTH~aM, meCTKO CBR3aH~. 
fpaHH~~ onpeAeflR~TCR 4HCTO reOMeTpH4eCKHMH npeACTaeneHHR
MH H Hey 4eT HX BeAeT K OWH604H~M B~BOAaM. 

noKameM, KaK 3TO o6cTORTenbCTBO HymHO Y4HT~BaTb npH 
paCCMOT peHHH MHO*eCTBeHH~X npo~eCCOB B npOCTpaHCTBe OTHO
CHTeflbH~X CKOPOCTeH. PaCCMOTPHM B 3TOM npOCTpaHCTBe TPH 
T04KH, onpeAenR~~He nonomeHHe Tpex 4aCTH~: u 1 = P1/m 1; u2 = 
= P2 /m 2 ; u 3 = P 3/m 3 H HX nonapH~e npOH3BeAeHHR B CHCTeMe 
nOKOR, HanpHMep, 4aCTH~~ 1: 

.... .... 

E2 Es 
(u1u2) = -; (u1u3)= __ ,; 

E~s-IP21 ·1Ps!cos023 
(u u ) =--- ---·/3/ 

m2 ms 2 3 m m 
2 3 

Y4HT~BaR ~opMyny, KOTopaR e~TeKaeT H3 /1/: 

bik =2[ (uiuk)-1], 

ypaBHeH He /3/ MOmHO 3anHCaTrb~=-----~------------~-
b - b I 2 2 

b =b +b + 12 13_2../(b + b13)(b +-b_1_2)cos0 
23 12 13 2 13 4 12 4 23 

nocKOflb KY 

!cos023 ~ , 1, 

8 

/4/ 

. /5/ 

/6/ 



TO npH 3~AaHHbiX b 12 H b 13 BeJ1H4HHa b 23 Jle~HT B r paHH4aX 

b12b 13 - 2h + b~ 3) 
2 

b + b + (b12 +~) ~ b 23 ~ 12 13 2 13 4 4 

171 
b12b13 ~ 2 b2 

b12 + b13 + 
b13 +_g). 2 + 2 (b13 + -4-) (b12 

4 

Mbl npeAnaraeM cJleAy~ee onpeAeJleHHe KOppeJlRTopa n o6blx 
3 4aCTH~ 1,2,3: 

/8/ 

3AeCb W(b 12) , W (b 13) H W(b..:! 3 ) o6oaHa4aiOT OAHOMepHble pacnpe
AeneHHR no nepeMeHHbiM b 12 , b 13 H b 231 a W(b12 • b 13, b..:!a)
TpexMepHoe pacnpeAeJleHHe no TeM IKe nepeMeHHbiM. KaK OAHo
MepHble pacnpeAeneHHR W(b ik), TaK H TpexMepHble W(b12 , b

1
3'b

23
) 

MOlKHO B3RTb HenocpeACTBeHHO H3 3KCnepHMeHTa. 

npH nocTpoeHHH <I>YHK~HH W(b12. b13' b23) q)aHH~bl H3MeHeHHR 
nepeMeHHbiX bik y4HTbiBaiOTCR aBTOMaTH4eCKH, nOCKOnbKY 3TH 
nepeMeHHble onpeAeJlRIOTCR AJlR 4aCTH~ H3 OAHOro coobiTHR. OA
HaKo npOH3BeAeHHe OAHOMepHbiX pacnpeAeJleHH~ /BTOpO~ 4JleH 
B <!>OPMYJle /a// OTJ1H4HO OT HYilR BHYTPH 06JlaCTH, o n peAeJlRe
MO~ rpaHH~e~ /7/ AI1R b 23 .3TO 03Ha4aeT, 4TO ABYMep Hble KOp
peJlRTOpbl CileAyeT noJ1y4aTb 113 TpeXMepHbiX HHTerpHpOBaHHeM 
B npeAeJlaX, 3aAaBaeMbiX HepaBeHCTBOM /7/: 

/10/ 

MHOlKHTeJlb, Y4HTb1BaiO~H~ CBR3b b 12 H b 13 Ha rpaHH~e , OKa3bl

aaeTCR Cy~eCTBeHHbiM. · 
Ha OCHOBe $OpMYI1b1 /4/ 11 ABYX aHai10rH4HbiX e~, n oJ1y4ae

MbiX nepecTaHOBKO~ HHAeKCOB 1,2,3, HeTPYAHO nOKa3a Tb, 4TO 
YCJlOBHR 

/11/ 

9 



l.4bl H3Me HeHHR Be11H4HH b ik: 

2 2 2 
b12 + b 13 + b23 - b12. b13. b23 

1121 
- 2(b12b 13 + b13b 23 + b12b23) = 0 · 

AnR noRcHeHHR ycnoBHR 171 aaMeTHM, 4TO ~pMY11bl 111 
B Hepen RTHBHCTCKOM npHfi11H*eHHH nepeXOART B ~OpMyny Tpey
r011bHH Ka eBKilHAOBOH TpHrOHOMeTpHH: 

2 2 2 
v23 = v 12 + v13 - 2v12 v 13 cos o23' 1131 

2 ... -+ 2 ... ... 
rAe v i k =I Vi - vk I ' a vi ' vk - TpexMepHble BeKTOPbl CKO
POCTH. HepenRTHBHCTCKHH aHanor ypaBHeHHR 151 TaK*e 04e
BHAeH. 

B o6oaHa4eHHRX cosh r1k =(u1uk) ~opMyna 151 RBnReTCR 
H3BeCT HOH ~OPMY110H TpHrOHOMeTpHH no6a4eBCKOro: 

coshr23 = coshr 12 . coshr 13 - sinhr 
12

• sinhr 
13

coso
23

• 1141 

0Ha ne peXOAHT B ~OPMY11Y 1131 npH fik « 1 Ill npH 3aMeHe 
vik = r ik. B 3THX o6o3Ha4eHHRX ypaeHeHHe 1121 HMeeT BillA 

2 2 2 
cos h r 12 + cos h r 13 + cos h r 23 -

1151 
- 2cos h r 12 coshr 13coshr

23 
= 0. 

Q npHMeHeHHRX reoMeTpHH no6a4eBCKOrO B ~H3HKe 4aCTH1.4 Ha
nHCaHO MHoro pa6oT I eM. , HanpHMep ,18 -11/ I. 

B cny4ae npRMbiX oTo6pa*eHHH co6biTHH MHO*ecTBeHHoro 
PO*AeHHR B npOCTpaHCTBe CKOPOCTeH IHanpHMep, OTofipa*eHHH 
e BHAe AHarpaMM, paaeHeaeMbiX 3.f.6y6eneBb1MI ypaeHeHHR 
A11R r paHH1.4 H3MeHeHHR nepeMeHHbiX y4HTbiBa~TCR aeToMaTH4e
CKH. 

Ha 1116onee cTaTHCTH4eCKH o6ecne4eHHbiMH, a A11R PRAa npo6-
neM Ill HaHfionee HH~OpMaTHBHbiMH RBJ1R~TCR OAHOMepHble KOppe
JlRTOpbl , A11R nony4eHHR KOTOPbiX ABYMepHble KOppenRTOpbl cne
AYeT n poHHTerpHpoeaTb e~e no OAHOH nepeMeHHOH. Oco6biH 
HHTepe C npeACTaBJ1ReT aCHMnTOTH4eCKOe nOBeAeHHe KOppenR
TOpOB npH 6onbWHX b1k. B acHMnTOTHKe b1k .. "" KoppenRTOP 
AOil*eH BblpamaTbCR 4epe3 KOMMyTaTOpbl CBOfiOAHbiX noneH KBap
KOB Ill rn~OHOB Ill HMeTb CTeneHHOe nOBeAeHHe. npoeepKa 3TO
ro npe ACKa3aHHR npeACTaBnReTCR 04eHb Ba*HOH. 

fpa HH1.4bl, B KOTOpbiX MeHR~TCR nepeMeHHble bik Ill COOTBeT
CTBeHHO npeAe11bl HHTerpHpOBaHHR, nony4a~TCR 1113 paCCMOTpe
HHR Ce 4eHHH rHnepfiOJlOHAa 1121 lpHc.11, noeepXHOCTb KOTO
poro KacaeTCR KOOPAHHaTHbiX nnOCKOCTeH BAOilb 11HHHH 

10 



PHc,l. CxeMaT~ecKoe Hso-
6paEeHHe o6naCTH HSMeHeHHR 
nepeMeHHbJX bik • 

b 12 = b 13 , b 12 = b 23 , b 13 = ~3. B cooTeeTCTBHH c 3 THM pac
CMOTpeHHeM OAHOMepH~H KOppenRTOp HMeeT BHA: 

+ 
b ()() 23 

C1(b12)'"' W(b12)- W(b12) fW(b13)db13 ( W(b23)db23. /16/ 
0 -

b23 
6ecKoHe4H~H npeAen 3AeCb H Aanbwe cneAyeT noHHMaTb ycnoe-
Ho, KaK MaKCHManbHO AOnyCTHM~ 3aKOHaMH COXpaHeHHR BenH-
4HHY b13. . 

npeAnaraeM~e KOppenRTOP~ /8/, /9/ H /16/ HMe~T 3 Ha4e
HHe He TOnbKO AnR HCCneAOBaHHR aCHMnTOTHK H npoeepo K cneA
CTBHH npHH~Hna ocna6neHHR KoppenR~HH. OHH YA06H~ An R Hc-
cneAOBaHHR MaCCOB~X cneKTPOB, nOHCKOB pe30HaHCOB 
B 3TOH CBR3H OTMeTHM cneAy~y~ ~OpMyny: 

H T.n, 

2 2 
M ik - (mi + m k) 

mi mk 

2 2 
rAe Mik =(Pi + Pk) , mi H Pi 
~3 ~opMyn~ /17/ cneAyeT, 4TO 

/17/ 

- Mace~ H 4-HMnynbC~ 4aCTH~. 
paccMaTpHeaeM~e KoppenRTop~ 

RBnR~TCR cneKTpaMH Mace BTOpH4H~X 4aCTH~, H3 KOTOP~X 8~4-
TeH ~OH cny4aHH~X COBnaAeHHH. 

PaCCMOTpHM KOHKpeTH~e npHMep~ npHMeHeHHR OAHOMepH~X 
KOppenRTOPOB K peaK~HH "-C-e3aHMOAeHCTBHH npH HM ynbce 
40 f3B/c. 3KcnepHMeHTanbH~H MaTepHan nony4eH Ha cepnyxoe
CKOM YCKOPHTene C noM~b~ nponaHOBOH KaMep~, o6ny4e HHOH 
e ny4Ke "--Me3oHoe. CTaTHCTHKa co6~THH cocTaenReT 8791 
B3aHMOAeHCTBHe, HCKn~4aR B3aHMOAeHCTBHR "--Me30HOB C KBa-
3HCB060AH~MH HyKnoHaMH RAeP yrnepoAa. MeTOAH4eCKHe oco-
6eHHOCTH 3KCnepHMeHTa H KPHTepHH OT6opa C06~THH OnHCaH~ 
B pa6oTax 1121. 11 



HccneAOBan~Cb KOppenR~~~ MemAY BTOP~4H~M~ sapRmeHH~M~ 
n~OHaM~ B peaK~~RX 

- · + + 
11 C -+ 11 

1
- + 11

2
- + X • /18/ 

B AanbHe~weM ~HAeKcoM I 6yAeM o6osHa4aTb HaneTaD~~~ 
77--Me soH, a II- RAPO M~weH~. B HaweM cny4ae aen~4~Ha 
bill = 570. AHafl~3~poaanaCb OAHOMepHaR KOppenR~~OHHaR 
~YHK~~R + 

00 bll2 
1 1 ' 

C(b12) = -; W(b12) - -;W(b12) .f W(~I 1 )dbll 1J W(bll2)dbll2" I 

0 
bll 2 

B Ka4ecTae ~YHK~~~ W(bik) paccMaTp~aan~cb ~Haap~aHTH~e 
3 

ce4eH ~R pomAeH~R 4acT~~ 1 ~n~ 2 E d ~ · a~pameHH~e a nepe-
/6/ dp 

MeHH~X bik , Hanp~Mep: 

2 1 ___, du dO • 
W(bn 1 ) =J 2 )t b2 dbn 1dO 

m b +.:ILl 
1 II 1 4 

/20/ 

+ 
fpaH~~bl ~HTerp~pOBaH~R b;l l! OnpeAeflRIOTCR B COOTBeTCTB~~ 
c ycnoa~eM /10/. 0AHOMepH~e pacnpeAeneH~R W(b11 1) ~ W( b

11 2
) 

HOpM~poaan~Cb TaK~M o6pa30M, 4 To6bl: 

00 2) 2 m 1 bn 1 
JW(bn 1)2 bll 1 +-4- dbn 1 = 1. /21/ 
0 • 

/AHanor~4HO AflR W(b11 2)/. ~YHK~~R W(b 12) YAOBneTaopRna yc
noa~IO 

00 2 .A 2 m 1 2 b12 
JW(b1 2)2 b12 + - · db12= < n(n - 1) > a, /22/ 
0 4 

3AeCb n - MHOmeCTBeHHOCTb 4aCT~~. 

B AanbHeHweM AflR YA06CTBa 6yAeM o6osHa4aTb RK06~aH 
nepeXOAa OT ~MnynbCHbiX nepeMeHH~X K nepeMeHHbiM bik cne
AYIO~~M o6pa3oM: 

FK = _2_ . 1 -
II 1 m 2 J b2 

1 b + ..:.n..;. 
II 1 4 

~ T.A. /23/ 

noaeAeH~e ~yHK~~~ /19/ B 11- C -asa~MOAe~CTB~RX noKasa 
HO Ha p~c.2. Hs p~cyHKa a~AHO, 4To ~YHK~~R C(b 12) MOHo
TOHHo ~ AOCTaT04HO 6~CTPO y6~aaeT C pOCTOM b

12
. Ee aen~-

4~Ha a6n~s~ aepxHero K~HeMaT~4ecKoro npeAena naAaeT Ha 

12 



PHc.2. 3aBHCHMOCTb x o ppenR:-
n-C TOpa c OT nepeMeHHOH b12. 

1000 

100 !<C 
10' 

.pCL&Jol.IC'I'Ol4...CA C . 
10 

. . 
"' 10 . 

~ 
. ·· . . 

(...) . ... . 
\0 . . . . . . 10' . . . 
0,1 \ (.) . ·. . . . 

10 ... \ . . . . . •. . . 
10-.1 . 

11001 . . 
Hi' 

0,0001 
0,1 \0 10 100 1000 

"' Hi 

PHc.3. 3aBHCHMOCTb xoppen.H-

TOpa C OT nepeMeHHOH b11 1 , ~ -• w 
BMqHCn.fleMOH OTHOCHTenbHO 0,1 1,0 10 100 1000 

.fi,JJ;pa MHllleHH. '!• 

6 nopRAKOB. KoppenR~HOHHaR AnHHa Mana H pasHa -1 / Ta AnH
Ha, Ha KOTOPO~ 3Ha4eHHe ~YHK~HH C(b 12 ) naAaeT B e pa3/. 
npH 3Ha4eHHH b12 = 5 senH4HHa C(b 12) yMeHbWaeTCR B 10 pa3' 
a npH b12 : 10 COCTaBnReT 2% OT MaKCHManbHOrO. 

npeACTaBnReT HHTepeC paCCMOTpeTb KOppenR~HH 4aCTH~, 
o6pa3y~~HXCR s o6nacTH, 6nH3Ko~ K RAPY-MHWeHH s npo cT
paHcTse OTHOCHT'enbHbiX CKOpOCTe~ CO BCeMH OCTanbHbiM H 4ac
TH~aMH. Ha pHc. 3 npeAcTasneHa KoppenR~HOHHaR ~YHK~HR C(b11 ~: 

b+ 
1 5 12 dbll 2 db 12 

C(bll 1) =- f f W(bll 1' bll 2' b12)---
uo- FKII2 

b12 + 

1 
5 W(b

11 1
) b12 

- 2 w (bn 1) I dbii 2 I 
u o FK II 2 b. 

12 

W(b12) 
--db 
FK 12 

12 

/24/ 
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3AeCb npOH3BOAHflaCb HOPMHPOBKa 

00 w ( b 12 ) db = 1 . 
f 12 o FK 12 

/25/ 

KaK BHAHO H3 PHCYHKa, $YHK~HA CO\I~TaK*e MOHOTOHHO y6~
eaeT C pOCTOM 3Ha4eHHH bll 1; ee BeflH4HHa B6flH3H BepxHeH 
KHHeMa TH4ecKoH rpaHH~~ yMeHbWaeTCA Ha 6 noPAAKOB. B o6-
nacTH ~I?_ 120 $YHK~HIO C (b11 1) MO*HO annpOKCHMHpOBaTb aHa
flHTH4e CKOH 3aBHCHMOCTbiO 

-c 
C (bll 1 ) = A bll 1' /26/ 

rAe c = 3 , 1 5!:96' 04 • _ 
B pa6oTax •131 6~no noKaaaHo, 4TO e rr C -eaaHMOAei1cT

BHAX Ha6ntOAaeTCA PO*AeHHe ABYX CTpyi1 aAPOHOB: 1/ B o6na
CTH $parMeHTa~HH MHWeHH H 2/ B o6naCTH $parMeHTa~HH Ha
neTa~ero ,-_Me3oHa. PacnpeAeneHHe nHoHoe no KBaApaTy 
4eT~pexMepHOH CKOpOCTH bk OTHOCHTeflbHO OCH CTpyi1 B o6o
HX Cfly4aAX OAHHaKOB0 16 /. 3AeCb *e npeACTaBnAeT HHTepec 
npoaHaflH3HpOBaTb KaK KOppenA~HH 4aCTH~ BHYTPH CTpyi1, TaK 
H KoppenA~HH 4aCTH~ H3. pa3Hblx cTpyi1. 

CT pyH nHOHOB BbiAenAnHCb aHanorH4HO TOMY, KaK 3TO onH
caHo e pa6oTe 161. B o6nacTH $parMeHTa~HH MHWeHH K cTpye 
OTHOCHflHCb TaKHe nHOHbl, AflA KOTOPbiX BeflH4HHa/?/ 

(P p ) 
I 1 

XC = ~ 0,2 • 
. () )I)- mi~I- (PIIP1) 

a aenH4HHa 

x rr = (Iii P1) .s: 0,2. 
(PI ~I ) - mimll -(PIp 1) 

/27/ 

1281 

3AeCb P1 , P 11 - 4eTblpexHMnynbcbl aaaHMOAei1cTBY~Hx o6'beK
Toa, P1 - 4-MepHbiH HMnynbC BTOPH4HOro nHOHa. B o6naCTH 
$parMeHTa~HH HaneTa~ero ,--Me30Ha K CTpye OTHOCHflHCb 
4aCTH~bl C BeflH4HHOH Xrt::?; 0,2, XC ~ . 0,2. 0T6HpanHCb CTpyH 
C MHO*e CTBeHHOCTbiO aapA*eHHbiX 4aCTH~ n! ::?: 2. npo~eAypa 
HaXO*Ae HHA OCH CTpyi1 B np?ilpaHCTBe OTHOCHTeflbHbiX CKO
pOCTeH nOAPo6Ho onHcaHa a · KoppenA~HOHHaA $YHK~HA C(bk) 
e 3TOM cny4ae aanHcblaaeTcA cneAY~HM o6paaOM: 

+ 
1 10 bik db db 

C(bk) =- f fW(b. b, b. ) - 1 -:...!L. _ 
a o - t k ik FK FK 

b + i ik 
ik b 

1 10W(b. ) tk W(b 1k) 
-- W(b ) f--L . db f db 2 k i ik. 

a o FK i - FK ik 
14 b ik 

129/ 



'-' 

3AeCb b I 1-1 b k - KaaApaTbl 4eTblpexMepHbiX CKOPOCTe.:i i -.:1 
11 k -.:1 4aCTI1~ a C06biTI111 OTHOCI1TeJ1bHO OCI1 CTPYH, o n peAe-
11eHHOH 111160 a 0611aCTI1 ~parMeHTa~l111 M11WeHI1 1 111160 a 0611a
CTI1 ~parMeHTa~l111 Ha11eTa10114ero rr --Me3oHa. 

10' 

!l-C 
.... ~~ .. c 

10' 

10 

10" 

Hi 

... 
10 

,o· 

10 

10~ 

0,1 10 
100 '· 

PHc.4. 3aBHCHMOCTJJ Kop
peJUITOpa C OT nepeMeH

HOH b k• Bbi'IHCJIHeMOH OTHO

CHTeJlbHO OCH CTpyH, o5pa-

3~HXCH B 05JiaCTH ~par

MeHTa~HH HApa-MHWeHH. 

1000 

10' 

10' 

1o" 

Hf' 

Hi' 

Hi 

11l 

10 
0,1 10 

110 "' 1100 

PHc.5. 3aBHCHMOCTb KOppe
JlHTOpa C OT nepeMeHHOH 

bk, Bbi'IHCJIHeMOH OTHOCH

TeJibHO OCH CTPYH, o 5 pa-

3~~HXCH B 05JiaCTH ~par

MeHTa~HH HaJieTaJO~ero rr -

Me3oHa. 

noaeAeH11e ~YHK~I111 C(bk) A11H o6e11x o611acTeH noKa 3aHo 
Ha PI1C. ·4 11 5. HHTerpa11 no b1 OT 0 AO 10 aK11~4aeT paKTI1-
4eCKI1 ace 4aCTI1~bl CTpyl1. no3TOMY npeACTaa11eHHaH ~YHK~I1H 
Oni1Cb1BaeT KOppe11H~I11-1 4aCTI1~ KaK BHYTPI-1 CTPYI1 /a 0 6 11aCTI1 
bk 510/, TaK 11 Koppe11H~I111 4aCTI1~, npi1HaA11e~a~I-1X AaHHOH 
CTpye, CO BCeMI1 OCTa11bHbiMI-1 4aCTI1~aMI-1 a C06b1TI11-1, a TOM 
411c11e 11 c 4aCTI1~aMH APYro.:1 cTpyl1. KaK aHAHO 1-13 npe ACTae-
11eHHbiX PI1CYHKOB, noBeAeHI1e ~YHK~I111 C (b k) A11H o6e11x CTpyH 
OAI1HaKOBO. Ee Be1111411Ha MOHOTOHHO 11 AOB011bHO 6biCTpO y6bl-
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saeT C pOCTOM 3Ha4eHHH bk, HO He o6pa~aeTc~ B Hynb Aame 
B6nH3H KHHeMaTH4eCKOH rpaHH~~. 3TO CBHAeTenbCTByeT 0 npH-
6nH~eHHOM aCHMnTOTH4eCKOM xapaKTepe npHH~Hna ocna6neHH~ 
KOppen~~HH B npHMeHeHHH K 4aCTH~aM pa3H~X CTpyH. 

nony4eHH~e pacnpeAeneHH~ a o6nacTH bk <100 MO~Ho an
npoKC HMHposaTb 3aBHCHMOCTb~ 

-clbk -c2 
C(bk) = A e +A bk , 

1 2 

rAe napaMeTp~ c
1 

H c
2 

pasH~: 

cl 

c2 

H 

cl 

c2 

0 ,28+0,01 
1,76~0,03 

0' 28+0' 02 
1,60~0,06 

An~ ~parMeHTa~HH MHWeHH; 

An~ ~parMeHTa~HH rr--Me3oHa. 

/30/ 

B o6nacTH bk > 100 ~YHK~H~ C(bk) annpoKCHMHpyeTc~ cTeneH
HOH 3a B HCHMOCTb~ 

-c 
C ( bk ) = A 3 b k 3 

C BenH4 HHOH napaMeTpa c , paBHOH 
3 

c = 3,09+0,08 An~ ~parMeHTa~HH ~APa 
3 -

H 

c 
3 

3,22_:!:0,09 An~ ~parMeHTa~HH "- -Me3oHa. 

/31/ 

Pe3ynbTaT~ annpoKCHMa~HH noKa3aH~ Ha pHCYHKax cnnowHoH 
nHHHeH. 

npHBeAeHH~e npHMep~, Ha HaW B3rn~A, y6eAHTenbHO noKa-
3~Ba~T, 4TO KOppen~~HOHHa~ AnHHa B npOCTpaHCTBe OTHOCH
TenbH~X 4eT~peXMepH~X CKOPOCTe~An~ MHO~eCTBeHHOrO po~

AeHH~ 4acTH~ AOCTaT04HO Mana: b 12 = 172. BenH4HH~ pac
CMOTpeHH~x Koppen~Topos AOBonbHO 6~cTpo yMeHbWa~Tc~ c poe
TOM 3Ha 4eHHH bik ; npH bik = 1 0 OHH naAa~T AO BenH4HH~ 
-27 3%. 

npHMepHO OAHHaKOBOe nOBeAeHHe KOppen~~HOHH~X ~YHK~HH 
KaK An~ 4aCTH~ BHYTPH CTPYH, TaK H Me~AY CTPY~MH noKa3~
BaeT, 4TO npHH~Hn ocna6neHH~ KOppen~~HH ~Bn~eTC~ AOCTa
T04HO 06~eH H YHHBepcanbHOH CTaTHCTH4eCKOH 3aKOHOMep
HOCTb~, xapaKTepH3Y~~eH KBapK-rn~OHHY~ MaTepH~.OH,B 4aCT
HOCTH, n03BOn~eT ysepeHHO npOrH03HPOBaTb pe3ynbTaT~ 3K
cnepHMe HTOB no CTOnKHOBeHH~ ~APO-~APO npH B~COKHX 3HeprH
~X . B ro ~e apeM~ Aa~e npH bik>100 3aBHCHMOCTb OAHOMepHoro 
KOppenHTOpa OT bik He COBnaAaeT C noBeAeHHeM KOMMyTaTo-
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pOB CB060AH~X none~ KBapKOB H rn~OHOB, 8 3TO~ CB~ 3H HC
cneAOBaHHe npeAnomeHH~X B HaCTO~~e~ CTaTbe KOppenRTOpOB 
npH npeAeflbHO B~COKHX 3HeprHRX npeACTaBnReT 3Ha4HTeflbH~~ 

HHTepec. 

B 3aKn~4eHHe aBTOp~ B~pama~T 6naroAaPHOCTb COT PYAHH-
4eCTBY no o6pa60TKe CHHMKOB C nponaHOBO~ KaMep~ 3a npeA
CTaaneHHe 3KcnepHMeHTanbHoro MaTepHana. 
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The gamma-spectra up to gamma-ray energy of 
20 MeV in coincidence with KX-rays and fission frag
ments were measured. The reactions induced by 15N, 
22 Ne, 40 Ar ions with E/A = 5. 5-I 0 MeV /nucleon lea
ding to the formation of the Yb or Bi compound nuc
l e i were studied. The 130 Te, 150 Nd, 153 Eu, 159 Tb, 
181Ta, and 192os targets were used. The gamma-rays 

were registered by a NaJ(Tl) scintillation detector 
wi th ~ISOxiOO mm dimensions. The effective tempera
t ure of the gamma-ray spectrum has been determined 
i n the 4 .MeV < E < 12 MeV range and its dependence 
on the projectile mass has been established. Broad 
bumps have been observed in the E > 12 MeV energy 
r egion. The possible correspondence between these 
bumps and the gamma-decay of GDR~s built on highly 
excited states of compound nuclei and projectiles 
i s discussed. 

The investigation has been performed at the La
. boratory of Nuclear Reactions, JINR. 

H 3y4eH~e ~ecTKOH KOMnoHeHT~ raMMa-~3ny4eH~R 

B peaK~~RX C TR~en~M~ ~OHaM~ 

B. B.KaMaHHH H AP• 

H3MepnnHcb raMMa-cneKTPbl AO 3HeprHH 20 M3B a cos
naAeHHH c KX-ny~aMH H ocKOJIKaMH AeJieHHH. H3y~anHCb 

pe aKL\HH C THJKeJibiMH HOHaMH ~~ , 22 Ne , 40Ar npH 3Hep
r HRX 5,5-10 M3B/HYKJIOH, npHBOAR~He K o6pa3oBaHH~ co
CTaBHbiX RAep Yb HJIH Bi. HcnoJib30BaJIHCb MHmeHH 130 Te , 
150Nd, 153Eu, 159Tb, 181Ta H 192 os. faMMa-n~H pe-
r HCTPHPOBaJIHCb NaJ (Tl)-Cl\HHTHJIJIRL\HOHHblM AeTeKTopoM 
pa 3MepaMH ~ISOxiOO MM. Bbma onpeAeJieHa 3~eKTHBHaR 
TeMnepaTypa raMMa-cneKTpos B o6nacTH 4 M3B < Ey<l2 M3B 
H YCTaHOBJieHa ee 3aBHCHMOCTb OT MaCC~ HOHa. Ha6~
AaJIHCb mHpOKHe nHKH a o6nacTH E > I 2 M3B, o6c~aeT
cn B03MOJKHOCTb COOTBeTCTBHH 3THX nHKOB raMMa-pacna~y 
f AP, JlOCTpOeHHbiX Ha BbiCOKOB096YJKAeHHbiX COC TORHHRX 
COCTaBHOrO RApa H HaJieTa~eH ~aCTH~. 

Pa6oTa BblnOJIHeHa B na6opaTOpHH RAepHbiX peaKL\HH mum. 



1. Introduction 

The intensive studies of the mechanism of fast neutron, 
proton and heavier particle emission in heavy ion reac
tions with E/A<IO MeV/nucleon were carried out dur i ng the 
last few years in many laboratories. The character i stic 
parameters of fast particle emission, such as the e ffec
tive temperature of the spectra, the cross sections , the 
angular distributions, etc., were shown to differ f rom 
the predictions of the statistical theory 1 1. 21. In some 
theoretical works 13•41 the emission of fast particl es is 
supposed to be due to preequilibrium processes. Such pre
equilibrium processes can lead to the "preequilibri um" 
emission of gamma-rays, too 14•5( However, no systematic 
studies of "preequilib.rium" gamma-emission in heavy ion 
reactions have yet been carried out. The pree?uilibrium 
gamma-ray contribution computed in the work 14 makes the 
theoretical gamma-ray spectrum not so steep as in t he 
case of the statistical decay of compound nucleus. Some 
indication of such behaviour is contained in the work 16 1 

The authors claim that for the reaction 12"sn + 40Ar . the 
effective temperature of the gamma-ray spectrum is Terr-
- I MeV for Ey<8 MeV and Terr- 1.4 MeV for EY > 8 MeV. 
The authors have observed a "bump" in the reg1on of E y> 
> 12 MeV of the gamma-ray spectra. The energy of t he oump 
was Eb- I 5 MeV and its width was rb - 6 MeV. The "bump" 
was interpreted as due to the gamma-decay of giant dipole 
resonances (GDR) built on highly excited states of the 
compound nucleus. They claim that the experimental yield 
of the "bump" is larger than that expected on the basis 
of the statistical theory. This fact may indicate t he 
possible preequilibrium contribution to the experimental 
yield. Subsequently there have been observed some "bumps" 
in the region of Eb -15 MeV in heavy ion reactions by ma
ny authors 18 -1 11.The main systematic disadvantage of many 
experiments in which these "bumps" have been studied, is 
the use of a gamma-multiplicity tri~ger for indicat ing 
the formation of a compound system1 -ll~The gamma-multi
plicity trigger cannot provide the unambiguous identifica
tion of the reaction channel in the reactions of heavy 
ions with E:/ A > 6 MeV /nucleon leading to the forma t. ion 
of compound nuclei with A > 200. The observation of the 
characteristic KX-rays of the evaporation residues was 
recently shown to be a very effective method of the ir 
identification1 12/ In the present paper we give the gamma
ray spectra observed in coincidence with character i stic 
KX-rays (X-channel) and with fission fragments (ff - chan
nel), from which the reaction channel can be ident i fied 
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unambiguously. The reactions induced by 15N, 22 Ne, 40Ar 
ions wi th energies E/A=5.5-IO MeV/nucleon, leading to 
the formation of the Yb or Bi compound nuclei, have been 
studied . 

2. Experimen. t 

Experiments were carried out using an external beam 
from t he U-300 cyclotron of the JINR Laboratory of Nuc
lear Reactions. A schematic view of the experimental set
up is shown in fig.!. The selfsupporting targets of 159Tb 
and 181 Tawere used. The oxides of 15~u, l&ONd, 130o:re, 

and 1920s were deposited on I mg/cm 2 AI foils. The thick
ness of targets was 1-2 mg/cm , the isotope purity was 
better than 92%. 

Nal 

2FISSION 
DETECTOR 

BEAM 

1.FI SSION 
DETECTOR 

X-RAY 
DETECTOR 

Fig.!. Schematic view of the experimental setup. 

The gamma-rays were registered by a NaJ(Tl) scintil
lator detector. The Nai:(Tl) crystal with dimensions of 
~150xl 00 mm was placed perpendicularly to the beam direc
tion at a distance of 200 mm from the target. The shield 
agains t neutrons, which consisted of 150 mm of borated 
paraffin , was placed between the crystal and the target. 
The neutrons emitted by the target were substantially 
suppressed by this shield. The efficiency of protection 
againts neutrons was tested by a Pu(Be) neutron source. 
Th~ Nai(Tl) crystal was surrounded by thin, 50 mm lead 
and 100 mm borated paraffin walls to protect it from the 
gamma and neutron background. The linearity of the energy 

20 



_J 

ILl 
z 
z 
< 
:X: 
u 

Cl: 
ILl 
Q. 

Vl ..... 
z 
::> 
0 
u 

Te 

600 

400 

200 

J .. 

400 

200 

Tm 

Ho ~ f\\ Yb 

~ \:/ . /~ 
Oy p v ., 

·:. A ! \.. \ 
. · ... f \I •\ . . . .·· 

a) 

... ... 

60 80 Ex (channels) 

Ar40t220MeVI + Tb159 b) 

.·:: ·. 
.· .· ..... 

... 
·•··. ··· .. .. ... .. 

Fig.2. a) The X-ray 
spectrum measured 
in coincidence with 
gamma-rays at Ey > 
> 2 MeV. b) The 
spectrum of f i ssion 
fragments mea ured 
in coincidence with 
gamma-rays at E Y > 
> 2 MeV. 

. response and t he ef
ficiency of t e 
Nai(Tl) detect or 
were determined in 
the reactions 
19F(p, ay)16o ' Ey = 
= 6.13 MeV a d 
11B(p,y)12c, E y = 
= 4.43 MeV, 12.8 MeV, 
17.2 ·MeV. A pr oton 
beam from an elect
rostatic gener ator 
of the Nuclear Phy
sics Research Insti
tute of the Moscow 

20 40 60 . • • 
Efflchannels) State Un~vers ~ ty was 

used. The ener gy ca
libration was done during the experiments according to 
gamma-transition at Ey = 4.43 MeV from the Pu(Be) neut
ron source and accord~ng to gamma-transition at E y = 
= 2.22 MeV, which corresponds to the capture of thermal 
neutr&ns by the hydrogen. 

The characteristic KX-rays of evaporation residues 
were registered by a Ge(intrinsic) X-ray detector. Its 
full photopeak efficiency was I% in the region of E X_ 
- 60-90 keV and its energy resolution was 600 eV i the 
same energy range. The typical spectrum of X-rays i s de
monstrated in figure 2a). 

The fission channel plays an important role in t he de
cay of the Bi compound nucleus formed in the react i ons 
studied by us. The fission fragments were registered by 
50 ~m thick surface-barrier silicon detectors. The fis
sion detector was situated on the line connecting t he 
target and the gamma-detector (see fig.l). The typ i cal 
spectrum measured by the fission fragment detector is 
shown in figure 2b). 
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An electronic setup allowed the measurement of the 
time coincidences of gamma-rays with KX-rays and fission 
fragments. The time resolution of the setup was better 
than 15 nsec for gamma-rays at E > 2 MeV. The parameters 
of the experimental setup were similar to those of the 
study 1 13~The on-line data acquisition was performed using 
a SM-3 computer. All coincidence events at Ey > 7 MeV were 
stored on magnetic tape for subsequent off-l1ne sorting. 
The other coincident events were first scaled down to 
shorten the dead time of acquisition. The single spectra 
measured by the fission fragment detectors were stored 
in the CPU memory. These single spectra allowed us to de
termine the yield of gamma-rays per one fission fragment. 
Random coincidences were used to estimate the background 
in the usual way. 

J. Resu l-ts 

The results of our experiments are shown in figures 3-5 
and in the table. In the region of 4 MeV < E y < 12 MeV the 
gamma-r ay spectra can be described by the function 
exp(-Ey:!Terr ). The values of the effective temperatures 
Terr are presented in the table for each reaction stu
died and for the X-channel and the ff-channel separate
ly. The main features of the Terr values for the reacti
ons whi ch lead to the formation of the Bi compound nuclei, 
are the followihg ones: 

a) t he values of Terr are the same in both channels of 
the 22 Ne (155 MeV) + Ta reaction; 

b) t he value of T err increases as the mass of the pro
jectile decreases; 

c) t here is no correlation between the excitation ener
gy of t he compound nucleus and the value of Terr. 

The behaviour of Terr in the X-channel of the reacti
ons whi ch lead to the formation of the Yb compound nuclei 
is simi lar. These facts may indicate the existence of the 
source of preequilibrium gamma-ray emission. The increase 
of TeH with decreasing projectile mass is a typical fea
ture of preequilibrium emission, as it has been stated in 
the case of neutrons 121. 

The observed gamma-ray spectra rise considerably hig
her than the exponentially falling tail observed at ener
gies above 12 MeV. The yields of these shoulders per one 
decay of compound nuclei are presented in the table.Their 
form i s clearly seen in the X-channel and the ff-channel 
of the 2~e (155 MeV) + Ta reaction only, because of low 
statist ics for the other reactions (see fig.5). The "A" 
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4- N'"(140MeV),X-ray 
a.1 

+ Ne (178 MeV), X -ray 

f Ar"(300MeVI,X -ray 

Fig.3. The gamma- ray 
spectra measured in 

. coincidence with cha
racteristic KX-rays 
of residual nucle i for 
the reactions leading 
to the formation of 
the Yb compound nuclei. 

bump seen in the x
channel is charac ter .i
sed by an energy E A = 
= 13+1 MeV and wi dth 
f' A ';;" 4-5 l1eV. The "B" 

bump observed in the 
££-channel, lies at an 
energy E8 = 20.!_1 MeV 
and has a width f' B., 

= 2-3 MeV. Let us sup
pose the · correspon
dence between these 
bumps and the gamma
decay of GDR/8-11~ Then 
their energies rn st be 
correlated with t he 

8 22 gamma-ray source 
2 6 10 14 1 EriMeVI mass /14/.The energies 

and the widths of the bumps for som~ possible gamma- ray 
sources are indicated by horizontal lines in figure 5. 
The energy of the "A" bump corresponds to the energy of 
the GDR of the Bi nucleus quite well. The energy of the 
"B" bump is higher than the value derived for GDR"s of 
fission fragments taking into account the experimental 
fission fragment mass distribution115/. The "B" bump shifts 
towards lower energies in the case of the 40 Ar + 169 Tb 
reaction, which leads to the formation of the same Bi com
pound nucleus (fig.5). The correlation between the energy 
of the "B" bump and the projectile mass is clearly seen. 

We have also studied the reaction induced by the ligh
ter 1 ~ projectile, which leads to the Bi compound nuc
leus (see fig.4). The energy of the GDR of 1~ is equal 
to about 27 MeV 114< \ole failed to measure the gamna-ray 
spectrum up to so high energies. However, the non-obser
vation of any resonance structure in the energy region up 
to E = 19 MeV confirms the assumption concerning the 
corretation between the "B" bump energy and the projectile 
mass. The gamma-ray spectrum was not measured in the X-
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Fig.4. The gamma
ray spectra measu
red in coincidence 
with fission frag
ments from the Bi 
compound nucleus. 

channel of the 
40Ar + 159Tb reac
tion, because of 
the high fissiona
bility of the Bi 
compound nucleus. 
The behaviour of 
the "A" bump was 
studied in the x
channel of reac
tions leading to 
the formation of 
the Yb compound nuc
lei. No significant 
correlation has 
been observed bet
ween the energy or 
yield of the "A" 

4 • 12 20 ET(MeV) bump and the pro-
jectile mass or the 

excitation energy of the compound nucleus. Very puzzling 
is the disappearance of the "A" bump in the ff-channel of 
reactions leading to Bi compound nuclei. Because of low 
statistics for Ey > IS MeV in the X-channel, we cannot 
draw any definite conclusion about the presence of the 
"B" bump in the X-channel. We can only mention a small 
shoulder at E y - 18 MeV in the spectrum of the X-channel 
of the 40 Ar (300 MeV) + 13~ereaction (see fig.3), which 
may be due to the "B" bump. 

We measured the yield of high energy gamma-rays 1n 
the direction parallel and/or perpendicular to the sg1n 
orientation of the compound nuclei produced in the 4 Ar + 
+ 15 ~breactions. To determine the spin orientation we 
employ the correlation bet\veen the fission plane and the 
spin orientation of the fissioning nucleus 117 ~ The first 
fission fragment detector (see fig.!) registers fission 
fragments, which determine the spin orientation perpendi
cular to the emission of the detected gamma~rays and,the 
second fission detector records fission fragments,which 

24 



st If 

Ar40 
.....------. 

8 

4 .. 40j: JaoM;v ----------- tt 0 

-4 

Bi 

·~,[~ __ ,_,~ 
8 

1-

\ -.. 
\ j 

w 

4 
I 

a. 
)( .. 

0 
I 

VI 
155MeV 1-

z 
ff -4 ::l 

Ne22 0 

r--- u 

J j 

-"~''.&.·" 
8 

\ 

\.!.J 
4 

0 
155 MeV 

-4 

10-a 

8 12 16 20 12 16 20 
Er(MeV) 

Fig.S. The gamma-ray spectra for the X-channel 
(open circles) and the ff-channels (closed circles 
and open triangles) of reactions leading to the 
formation of the Bi compound nuclei. The right
hand histograms indicate the difference between 
the experimental points and the exponentially f al
ling tail in the region of the "A" and the "B" 
bumps. 

correspond to the spin orientation parallel to the gamma
ray emission. Let us denote by Yk the yield of coinci
dent gamma-rays per fission fragment registered in the 
k-th detector. The maximum yield from the stretched di
pole gamma-ray transition is known to lie along the spin 
direction 116 ~ which is equivalent to R = Y 

2 
:!Y 

1 
< l.The ra

tio R ~ I is equivalent to isotropic gamma- ray emi s sion. 
We compute the ratio R = • 56 for dipole stretched t ran
sitions taking into account our experimental geomet ry and 
using known formulas 1 16 ~The value obtained is close to 
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the experimental ones for ganuna-ray energies EY > 12 HeV 
and for two projectile energies: R = .5+.3 (EAr 
= 220 MeV) and R = . 5.:_. 3 (EAr = 300 MeV). In t he case 
of gamma-rays with energies of 8 'HeV to 10 MeV these va
lues are R = .9+.1 and R= 1.1+.3. These values indi
cate the isotropic emission of gamma-rays with energies 
8 MeV < Ey < IO MeV. The spin of the fissioning nucleus 
is not precisely perpendicular to the fission plane, how
ever. The spin projection onto the fission axis K0, in
creases as the excitation energy of the compound nucleus 
increases 117( The small difference between the experimen
tal and theoretical values of R indicates a weak infiu
ence of this effect on the experimentally observed aniso
tropy. 

4. Conclusions 

The method of identification of the reaction channel 
by detecting the KX-rays . of residual nuclei (X-channel) 
and/or fission fragments (ff-channel) was shown to have 
sufficient efficiency to observe highly energetic gamma
rays, which correspond to the fusion of two heavy nuclei. 
By using this method the spectra of gamma-rays were stu
died, especially in the region of GDR energies. The ef
fective temperature of the gamma-ray spectra was deter
mined in the range 4 HeV < E y < 12 MeV and its dependence 
on the projectile mass was established. The broad bumps 
have been observed in the energy region of Ey > 12 HeV. 
The energies and yields of the "A" bumps, wh1ch have been 
observed in the X-channel of the studied reactions , agree 
quite well with results of other studies 16- 11( They probab
ly correspond to the gamma-decay of GDR#s built on highly 
excited states of compound nucleus171. The "B" bumps ,which 
we have observed in the ff-channel of the same reac tions, 
have significantly higher energies and lower yield s com
paring to the "A" bumps. The "A" bumps have not been 
seen in the gamma-ray spectra of the ff-channel. The de
pendence of the energies and the yields of the "B" bumps 
on the projectile mass has been established. The r esults 
of measuring the correlation between the yield of gamma
rays with energies E > 12 HeV and the direction of the 
fission plane indica~ the emission of stretched d i pole 
gamma-rays in the ff-channel. 

The correspondence of the energy of the "A" bump and 
that of GDR of the compound nucleus (Bi) cannot exc lude 
the possible contribution from the target (Ta), because 
the GDR energy E0 -78xA -1/3 depends only weakly on the 
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gannna-r ay source mass A1141.The drastic change in the width 
of GDR' s with mass can be used in future experiments to 
resolve the target from the compound nucleus 1141. The stu
dy of t he mechanism involved in the excitation and gannna
decay of giant resonances in the heavy ion reactions can 
lead t o a better understanding of the mechanism of energy 
dissipa tion in heavy ion collisions 19 ·19/. 

We \rould like to express our sincere thanks to Acade
mician G.N.Flerov and Prof. Yu.Ts.Oganessian for their 
interes t in this work. Thanks are also due to B.I.Pustyl
nik, Yu .A.Muzychka and F.A.Zhivopiscev for helpful dis
cussions and to I.David and A.Z.Fomitchev for their help 
during data acquisition. 
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KpamKue coo6UJeHUJI OHRH 118-85 JINR Rapid CommunicationsNo .B-85 

YAK 539.126.343. 

OTHOWEHHE B~XOAOB KYMYn~THBH~X nHOHOB PA3HOrO 3HAKA 
B nPOTOH-~AEPHOM B3AHMOAE~CTBHH 
nPH 3HEPrHH nPOTOHOB OT 17,5 AO 63 r3B 

H.M.6enReB~ o.n.rasp~~yK, n.C.3on~H, A.r.Kapes, 
B.B.no6aHos, A.~.CyxaHos 

llpHBep;eHbl pesynbTaTbl HCCnep;oBaHH.II OTHOmeHH.II Bbi
XO,Il;OB KYMYll.IITHBHb~ IIHOHOB pa3HOr'O 3HaKa, BhliiOn eH
HOrO Ha cneKTpOMeTpe KYMYll.IITHBHb~ ap;pOHOB Ha yCKO
pHTE'.ne HfllB3 /llpoTBHHo/. 0THomeHHe Bb~op;oa TT- H "+
Me30HOB B peaK~HH p + Mo ... TT± + X nop; yrnoM I 59 ° 
H3MepeHO B HHTepBane 3HeprHH npOTOHOB OT I7,5 )J;O 
63 fsB. llOKa3aHO, 'ITO OTHOilleHHe Bb~O,Il;OB llCeCTKHX 
IIHOHOB C HMIIYllbCOM Bbime 300 MsB/c 6nH3KO K ep;HHH
~e B 3TOM HHTepBane 3HeprHH. B HMIIYllbCHOH 3aBHCHMO
CTH OTHOmeHH.II Ha6mop;aeTC.II pOCT CO cpep;HHM 3HatieHH
eM rrapaMeTpa HaKnoHa B = ( 0, I83+0, 03I) (fsB ) - 1 

a HHTepaane HMIIYJibCOB 300 .$ q 17 .$ 9oo Ms:B/ c. Pesyni
TaThl p;aHHOH pa60Tbl COIIOCTaBll.IIIOTC.II C p;aHHblMH p;pyrHX 
3KCnepHMeHTOB. 

Pa6oTa BbmOJIHeHa B na6opaTOPHH BbiCOKHX 3Hepr H'l:i 
mum:. 

Ratio of Cumulative Pion Yieids of Different S ign 
in Proton-Nuclear Interactions 
at 17.5 up to 63 GeV Proton Energy 

I.M.Belyaev et al. 

Results are presented of a study of the rat i o 
of the yields of '" + and "- mesons at I 59 ° angl e in 
the P + Mo 96 ... "+X reaction for I7 .5 .$ EP .$ 63 GeV 
proton energy. It is shown that the ratio of t he 
yields of hard pions ( q 17 ~ 300 MeV /c) over th1. s 
energy range is approximate to I. The behaviour 
is discussed of the ~-;"+ ratio for the interva l 
of pion momenta 300 .:> Q17 .$ 900 !feV /c which corres
ponds to cumulativity number from 0.7 to I.9. The 
results obtained are compared with the data of other 
experiments. 

The investigation has been performed at the La
boratory of High Energies, JINR. 

*HHCTHTYT TeOpeTHtieCKOH H 3KcnepHMeHTanbHOH ~H3HK , 
MOCKBa. 
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B HacToR~ee speMR HaKonneH o6~HPH~~ 3KcnepHMeHTanbH~~ 
MaTepHan o npo~eccax KYMYnRTHBHoro o6pa3oBaHHR aAPOHOB 
Ha RAPaX/l/. C POCTOM 3HeprHH B CHCTeMe CHapRA-MHWeHb 
B PRAe xapaKTepHCTHK KYMYnRTHBH~x npo~eccos npoRBnReTCR 
CKe~nHHrosoe noBeAeHHe, 4TO roeopHT o6 onpeAenR~e~ ponH 
B 3TO~ o6naCTH onpeAeneHHOrO MeXaHH3Ma o6pa30BaHHR KyMy
nRTHBH~X 4aCTH~, CBR3aHHOro, KaK CTaHOBHTCR o6~enpHHRT~M 
C4HTa Tb 0 C npORBneHHeM KBapKOB~X CTeneHeH CB060A~ B RApax. 

Heo6xoAHMOCTb y4eTa KsapKOBOH CTPYKTYP~ aAPOHHOH Ma
TepHH B RApax npH H3y4eHHH RAepH~X peaK~HH B o6naCTH B~-

/2/ COKHX 3HeprHH 6~na OTMe4eHa A.M.6anAHH~M B 1971 r. , 
KOrAa HM 6~na B~CKa3aHa rHnOTe3a 0 npaBOMepHOCTH pacnpo
CTpaHe HHR npHH~Hna MaCWTa6HOH HHBapHaHTHOCTH rny60KOHe
ynpyr HX B3aHMOAeHCTBHH 3neMeHTapH~X 4aCTH~ Ha B3aHMOAe~
CTBHe penRTHBHCTCKHX RAep. npoRBneHHe noKanbH~X CBOHCTB 
aAPOH HOH MaTepHH B RAPaX H HX cneACTBHe - MaCWTa6HO-HH
BapHa HTHOe noBeAeHHe Ha6n~AaeM~X B 3KCnepHMeHTe xapaK
TepHC THK rny60KOHeynpyrHX RAePH~X peaK~HH cneAyeT O~H
AaTb n pH TaKHX 3Ha4eHHRX KHHeMaTH4eCKHX nepeMeHH~X, Kor
Aa npee~weH xapaKTepH~~ MacwTa6, onpeAenR~~HH AeKOH$aHH
MeHT KBapKOB /T.e. KOrAa KBapKH B RAPe MO~HO paccMaTpH
BaTb KaK KBa3Hcso60AH~e 4aCTH~~/. B pa6oTax 131 6~no no
Ka3aHo , 4TO B Ka4eCTBe KOnH4eCTBeHHOrO KPHTepHR B~nonHe
HHR 3Toro pe~HMa ~enecoo6pa3Ho Hcnonb30BaTb ycnosHe 

bik 
pi pk 2 

=-(---) 
mi mk 

p . pk 
2[-1--1] > 5, 

mi mk -
/1/ 

rAe pi - 4eT~pexHMnynbc~ H mi - Mace~ ap;poHOB B peaK~HH 

I+II ~ 1+2+ ... /2/ 

B cny4ae B3aHMOAe~cTBHR penRTHBHCTcKoro RAPa I c noKoR
~HMCR RAPOM II ycnosHe /1/ o3Ha4aeT 

p p EI EI 
~=- =- ~ 3,5 
mi mil m I AI m o 

/3/ 

/m0 = 931 M3B - aTOMHaR eAHHH~a Mace~, AI - aTOMH~H Ho
Mep RAPa I/. TaKHM o6pa3oM, 3HeprHR Ha HyKnOH EI / AI = 
= 3,5~ 4 f3B COOTBeTCTByeT Ha4any aCHMnTOTH4eCKOrO pe~H
Ma - pe~HMa npeAenbHOH $parMeHTa~HH RAep~ npep;cTaBneHH~e 

* 3Kc nepHMeHTanbHbJe p;aHHbJe, nop;TBepl!(,IJ;aJO~e nacTynneHHe 

acHMnTOTHt~ecKoro peJKHMa, 6bli1H nonyqeHbJ B onbiTax no KYMY

nHTHBHOMY 06pa30BaHHJO Me30HOB npOTOHaMH H p;eHTOHaMH C HM

nynbCOM 6 H 8, 4 fsB/ C, BbJUOnHeHHbiX Ha CHHXpoclJaSOTpOHe 

OIDUt: 141. 
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HH~e ~KCnepHMeHTa~bH~e A~HH~e COOTBeTCTB~T o6naCTH 3Ha~ 
4eHH~ b11 , rAe yCnOBHe /3/ 3aBeAOMO BblnOnHeHO Jb11 ::: 30.;.130/. 

npH TeopeTH4eCKOM aHanH3e BOSMO~HbiX MeXaHH3MOB o6paao~ 
BaHHR KYMYflRTHBHbiX 4aCTH~ npHBfleKaflOCb 6onbWOe 4HCfl0 KOHK~ 
peTHbiX MOAene~. MHorHe H3 npeAno*eHHbiX MexaHH3MOB Aa~T, 
nO-BHAHMOMy, peanbHbl~ BKflaA B KYMYflRTHBHbl~ npo~ecc , OA
HaKO BeflH4HHa 3TOro BKflaAa MO*eT cy~eCTBeHHO MeHR TbCR 
c H3MeHeHHeM nopRAKa KYMYflRTHBHOCTH, T.e. YAaneHHe M oT 
rpaHH~bl KHHeMaTH4eCKOro npeAena AflR B3aHMOAe~CTBHR KBa3H
CB060AHbiX HYKflOHOB. Bee H3BeCTHble TeopeTH4eCKHe MOAeflH 
He BbiAeP*HBa~T nonHO~ KOflH4eCTBeHHO~ nposepKH 3KC epH
MeHTOM, B 4aCTHOCTH, TaKHe nonynRpHble noAXOAbl, Ka K pac
CMOTpeHHe ~epMH-ABH*eHHR H MHOrOKpaTHOrO pacceRHHR , He 
MoryT o6DRCHHTb noseAeHHR *eCTKO~ 4aCTH cneKTpa KYMYnR
THBHbiX aAPOHOB /aHaflH3 COOTBeTCTBHR cy~eCTBY~HX MOAeneH 
H 3KCnepHMeHTa MO*HO Ha~TH B 0630pax/fi/ /. 

HHTepnpeTa~HR KYMYflRTHBHoro ~eKTa, T.e. o6pa a osaHHR 
4aCTH~ B pe*HMe npeAeflbHO~ ~parMeHTa~HH RAep 3a KHHeMaTH-
4eCKHM npeAeflOM HYKflOH-HyKnOHHbiX B3aHMOAe~CTBH~, Ha OCHO
Be y4eTa MHOrOKBapKOBbiX COCTORHH~ B RAPaX pa3BHBae TCR 
B na6opaTOPHH BbiCOKHX 3HeprH~ OH~H B Te4eHHe 6onee . 
10 neT 161. B paMKax AaHHoro nOAXOAa o6paaosaHHe KYMYflRTHB
Hblx Me30HOB C MaflbiM nonepe4HbiM HMnynbCOM p~ H 60fl bWHM 
3Ha4eHHeM MacwTa6Ho~ nepeMeHHO~ X paccMaTpHaaeTcR KaK 
pe3yflbTaT HHAHBHAYaflbHbiX CTOflKHOBeHH~ KBa3HCB060AHbiX KBap
KOB CHaPRAa H MHWeHH. HHK~3HBHOe Ce4eHHe npo~ecca /2/ 
~parMeHTa~HH 4aCTH~bl /RAPa/ II B Me3oH 1 nonaraeTCR npo
nop~HOHanbHbiM KsapK-napTOHHO~ CTPYKTYPHO~ ~YHK~HH RAPa 

/4/ 

rAe E 1 H q 1 - 3HeprHR H HMnynbc Me3oHa, a
111 

(X. p 2 ) -
KBapK-napTOHHaR CTPYKTypHaR $YHK~HR 4aCTH~bi~RAPafLII /HM
nynbCHOe pacnpeAeneHHe KBapKoB B RAPe II/, G~ - Ko~cTaHTa, 
XapaKTepH3Y~~aR aApoHH3a~H~ KBapKa q B Me30H 1 , Uq -
BepORTHOCTb OTCYTCTBHR B3aHMOAe~CTBHR KBapKa q . C a APOHHbiM 
se~ecTBOM 4aCTH~bl /RAPa/ I. 

nHarpaMMa onHCaHHOro npo~ecca AflR cny4aR o6pa 30BaHHR 
KYMYflRTHBHoro nHoHa H3o6pa*eHa Ha pHc.l. MexaHH3M PO*Ae
HHR IT +(IT-) -Me30HOB CBOAHTCR 3AeCb K peKOMfiHHa~HH Ba neHTHbiX 
U~) -KsapKOB - cneKTaTOPOB, BXOAHBWHX AO aKTa B3a HMOAeH
CTBHR B COCTaB MHOrOKBapKOBO~ CHCTeMbl /MKC/ B RAPe II, 
C COOTBeTCTBY~HMH aHTHKBapKaMH MOpR, nocneAHHe HMe~T 6o~ 
nee MRrKoe, 4eM aaneHTHble KBapKH, HMnynbcHoe pacn peAene
HHe, TaK 4TO HMnynbCHbiH CrTeKTp u(d) -KBapKoB-cneKTaTOpOB 
npH aAPOHHSa~HH HCKa*aeTCR He3Ha4HTeflbHO /MRrKaR a APOHH-
3a~HR/. H3 COOTHOWeHHR /4/ cneAyeT, 4TO OTHOWeHHe HHKn~-
3HBHbiX Ce4eHHH o6pa30BaHHR KYMYflRTHBHbiX IT H IT+~Me30HOB 
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I ----n--------\:::::: }cf)parH. 
~- ny~Ka 

~diU) -

cpparM. {q:::: ('===::::::::t::t==- II 
1'61WeHW -

PHc.l. MexaHH3M o6pasosa
HHH KYMYnHTHBHOrO llHOHa q . 
KaK ~parMeHTa MHWeHH npH 
~eCTKOM pacceHHHH KBapKa 
qacTH~ I Ha MKC-KsapKe 
HApa-MHmeHH II. 

MKC 

noA yrnoM, 6nH3KHM K 180~ 

~ 11 2 
Tf(X • p 2 ) = E_da.:_,<lp_ = ~~JL~ll/Jl..(X, P.,:L)_ = 

l. ~ 11 2 
E+da+ /dp+ Cuau G 111u(X, pl.) 

cJ~.J_~.LlL!l <x · o) .;5; 
Cu1a~ GII/u (X • 0) 

TaKHM o6pasoM, OTHoweHHe B~XOAOB KYMYn~THBH~x nHoHoe 
,Qon~Ho oTpa~aTb KBapKoe~H cocTae MKC e ~Ape H X-saeH
CHMOCT b OTHOWeHH~ CTpyKTYPH~X ~yHK~HH U- H d-KeapKOB, 
BXOA~IJIHX B MKC. 

3aBHCHMOCTb OTHOWeHH~ Tf B~XO,QOB nHOHOB pa3HOrO 3HaKa 
oT 3HeprHH ny4Ka npoToHoe EP e o6nacTH HeCKOnbKHX f3B 
6~na H3y4eHa B pa6oTe /?/. 0TMe4eHO, 4TO OTHOWeHHe B~XO,QOB 
~ecTKHX nHOHOB fq." ~ 200 M3B/ no,Q yrnOM 180° npH yeenH4e
HHH 3He prHH npOTOHOB OT 0,8 ,QO 4 f38 B03pacTaeT OT 0,25 
,QO 1 , 4TO yKa3biBaeT, no MHeHHIO aBTOpOB, Ha B03MO~HYIO CMe
Hy MeXa HH3Ma o6pa30BaHH~ ~eCTKHX nHOHOB B 3TOM HHTepeane 
3HeprHH Ep. 0THOCHTenbHO noee,QeHH~ OTHOWeHH~ Tf B 3aBHCHMO
CTH OT HMnynbCa nHOHOB Qrr CyiJieCTBYIOIJIHe 3KCnepHMeHTanbH~e 
,QaHH~e He no3een~IOT c,QenaTb 4eTKHX e~BO,QOB. Ha pHc.2 
npe,QCTa BneHa 3aBHCHMOCTb Tf(q .rr), nony4eHHa~ Ha OCHOBaHHH 
,QaHH~x no AH<!><I>epeH~HanbH~M ce4eHH~M peaK~HH P+A~ "± 
H3 pa60T/S, 9/, r,Qe H3y4eH B~XO,Q nHOHOB nO,Q yrnaMH, 6nH3-
KHMH K 180 ° , B WHPOKOM ,QHana30He 3Ha4eHHH Q·rr /oT 300 
AO 80 0~ 900 M3B/c /. B o6oHx cny4a~x Ha6niO,QaeTc~ cyiJiecT
eeHHoe oTKnoHeHHe 17 oT 1 npH X ;:: I jq ." ~ 400~500 M3B/c/. 
npH E p = 400 f3B eenH4HHa Tf B peaK~HH p + Ta ~ "± /160 ° I 
MOHOTOHHO y6~eaeT C yeenH4eHHeM Qrr ,QO 3Ha4eHH~ -0,35. 
B cooTeeTCTBHH c onHcaHHOH Mo,QenbiO o6pasoeaHHR KyMynRTHB
H~x nHOHOB nO,Q06Hoe nOBe,QeHHe MO~HO 6~n0 paCCMaTpHBaTb 
KaK n poReneHHe cyiJieCTBeHHO pa3nH4HOH X-3aBHCHMOCTH 
CTPYKTYPH~x ~YHK~HH u- H d- MKC-KeapKoB e TR~en~x R,Qpax. 

Hcc ne,QoeaHHe e~xo,Qa nHOHOB no,Q yrnoM 159° e peaK~HH 
p + Mo 96 ~ "+ X 6~no e~nonHeHo HaMH Ha cneKTPOMeTpe Ky
MynRTHBH~X a,QpOHOB /CKA/ C HCnOTib30BaHHeM BHyTpeHHeH MH
WeHH ycKopHTenR Y-70 110~CxeMa on~Ta noKa3aHa Ha pHc.3. 
Haee,Qe HHe ny4Ka Ha MHWeHb ocyiJieCTBnRnocb npH HapacTai()IJieM 
none yCKOPHTenR B HHTepeane 3HeprHH Ep OT 17,5 ,QO 63 f38, 
npH 3TOM Ha6op HH~OpMa~HH npOH3BO,QHnCR O,QHOBpeMeHHO B yKa-
3aHHOM ,QHana3oHe E . ~MnynbCH~H aHanH3 OCYIJieCTBn~ncR ~Ha-

P 
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1,2 

1,0 :r-- f--- --------I---
0,8 § ~ t • .f 
0,6 

0,4 

0,2 
a) 

300 500 

Ep=6,9r3B,168" 
ep+ pf, 
o p+ Af 

700 900 
q.<Ji ,M3Btt 

'ii -J'li + Ep=400r3B,16Q= 
1.2 

--- --ft-------- ~~r~-1,0 

0,8 

J 11 ~ 0,6 

0,4 

t f. 
Ill 

0.2 

300 500 

PHC, 2, 3aBHCHMOCTb OTHOmeHHH BblXO,Il;OB TT H TT +-Me-
30HOB OT HMnynbca no ,IJ;aHHbiM: a/ pa6oTbi /9/ H 6 / pa-
6oTbi r·s/. 

PHc.3. CxeMa 3KcnepHMeHTa. 

1r! 

• 
It p+Mo-91 :tl159"l 

-1 .o.Ep=20r38 10 A 

s oEp=60r3B 

T~ 8 

;;lf B 

c. 8 
110 

~ 0 

"'rt 
IJ. 

;:o~ 0 

~ 4 

"0 0 
< A 

' X=1 X=1,9 
~ u• I g I 

D 
~ 

f 
500 

p M 

~PHc.4. HHBapHaHTHoe ceqeHHe 

~peaK~ p + Mo 96 ... rr ± (159°) . 

nH3HPY~~HM MarHHTOM /AM/ 
C CHCTeMOH APeH~OB~X KaMep 
/AK1~5/. BpeMR npone Ta 
/cl.leT4HKH Sl ~ S4 I H eenHI.lH-
H~ aMnnHTYA C 4epeHKOBCKHX 
c4eT4HKOB (Cl, C2) He onbao
eanHcb AnR HAeHTH$HKa~HH 
4aCTH~ (rr, K, p, d •.. ). H3MeHe
HHe 3HaKa perHCTpHpyeM~X 
4aCTH~ OCy~eCTBnRnOCb pe
eepCHpOBaHHeM TOKa B aHanH-
3HPY~~eM MarHHTe. B yKaaaH
HOM B~We AHana30He E p 6~no 
B~AeneHo nRTb HHTepe anoe 
CO cpeAHHM 3Ha4eHHeM 3Hep
rHH npOTOHOB 20,25, 30,38 

H 60 raB. nonHaR npoaHanH3HPOBaHHaR CTaTHCTHKa /cy MMapHO 
no TpeKaM TT- H TT+-Me30HOB/ COCTaBHna 10 6 C06~THH. 8 HC
cneAOBaHHOM HHTepeane HMnynbCOB /300 .$ q .TT ~ 900 Ma B/c/ HH
BapHaHTHOe Ce4eHHe H3MeHReTCR 6onee 4eM Ha 4 nOPRAKa, 
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1.~t Ep • 20flB I f 
~ :r-·-~-.-•-'-nt T 

'! 1.2 

~1,0 

Ep ,. 25 f38 f I 
~-~- ~-1-i-~-~-~-~-f- - -

-~-~:::_,_._r L tl_l_ 

Ep • 38f3B f 1-j~ 
-·-·-·-·-.-i-1-1-i- -

los 
15 1.2~ Ep " 60r38- _II_LI-x-r-1-l 

1.0 ...1-• - •- a-11 • I I I 
0,8 

500 ?00 
~,M38/c 

PHc.S. 0THomeHHe (~) BhlXOAOB 
- + rr H rr -Me30HOB npH nHTH 

3HaqeHHHX 3HeprHH npOTOHOB. 
lHTpHXaMH noKa3aHa annpoKcH
Ma~HH ~ = A + B · q ·rr· 

PHc.6. 0THomeHHe Db~OAOB" -
H rr+-Me30HOB,ycpeAHeHHOe no 
HHTepBany 3HeprHH npOTOHOB 
EP = I 7, 5+63 fgB. I!JTpHXnyHK
THPOM OTMeqeHO OTHOmeHHe Ba- . 
neHTHb~ d- H U -KBapKOB B RA-
pe MORH6AeHa. ~ 

1.JL <T/ 'X+ 
p+Mo-w± '+x 1sif 

17.5 .. Ep.;6Jr3B 

1.2 ~ 
:.~ __ dtU_ ~-I - t-f- - - -l-

-1- -· - ·- l: 0.9 -.- I I 

0,8 

0 ,7 

300 500 700 900 
~q;,M36/c 

191 
a MacwTa 6HaR nepeMeHHaR X , xapaKTepH3Y~~aR nOPRAOK KYMY-
nRT~BHOCT~, OT 0,7 AO 1,9 /pHc.4/. _ 

nony4eHH~e 3Ha4eH~R BenH4~H~ OTHOWeHHR ~ B~XOAOB rr 
+ 

~ rr -Me30HOB B Ka~AOM ~3 nRT~ 3HepreT~4eCKHX HHTepeanOB 
~ ycpeAHeHH~e 3Ha4eH~R no eceMy npoaHan~a~poeaHHOMY A~a
na30HY Ep noKa3aH~ Ha p~c.5 H 6 cooTeeTcTBeHHo. Peaynb
TaT~ annpOKC~Ma~HH 3aBHC~MOCT~ ~~iT) npeACTaBneH~ B Ta6-
n~~e. On~caH~e noeeAeH~R Ben~4HH~ ~ KOHCTaHTOH B ~HTep
eane HMn ynbCOB n~OHOB 300 .$ Q~ .$ 900 ~ M3B/c B~rnRA~T HeYAOB
neTBOp~TenbHO no Kp~Tep~~ x , nHHe~HaR annpoKCHMa~HR 
~ = A + B · qir AaeT 3Ha4eHHR x 2 , 6nH3K~e K eA~HHI.Ie, H noKa- · 
3~BaeT MeAneHH~H MOHOTOHH~H poeT ~ C yeenH4eHHeM q; . 
Pe3ynbTaT~ no OTHOWeH~~ ~HTerpanbH~X B~XOAOB rr- H rr + 
Me30HOB np~ qir ~ 200/300/ M3B/c e ~ccneAoBaHHOM HaM~ ~H-

*BhlCTpoe YMeHbWeHHe rr-/rr+-OTHOmeHHH, OTMeqeHHOe Ha TH~e
ROM HApe B pa6oTe/S/ He nOATBepAHnOCb B HameM 3KCnepHMeHTe. 

' 
34 



Tepeane 3HeprHH npOTOHOB npeACTasneH~ Ha PHC.] COBMe CTHO 
c AaHH~MH 6epKnH 171 H ,lly6H~ 1111•. 

AnnpOKCHMa~H.R: BeJUNHHbl T/: a/ 

6/ JlHHeHHOH 3aBHC:HMOCTbJO OT 

EP a7 T/ = A 0 

fgB Ao x2 A 

20 0,938.:!:_0,008 I,36 0,928.:!:_0,0I8 

25 0,950.:!:_0,009 I ,08 0,939.:!:_0,020 

30 0,952.:!:_0,08 2,29 0,911.:!:_0,018 

38 0,942.:!:_0,006 2,37 0,900.:!:_0,014 

60 0,947.:!:_0,006 I ,48 0,927.:!:_0,0I4 

17,5763 0,946.:!:_0,004 4,48 0,918.:!:_0,007 

PHc.7. H3MeHeHHe BeJIHqHHhl 
OTHOWeHHP. BbmO~OB ~eCTKHX 

t.2 + 
IT H IT -Me30HOB no~ yr-

TaoJIH~a 

KOHCTaHTOH, 

qiT 

o7 T/ = A + B(qiT - 0,3) 

B( fgB/c) -l x2 

0,066.:!:_0,078 I ,43 

0,069.:!:_0,087 I, I3 

0, 271.:!:_0,079 I, 24 

0,260.:!:_0,059 0,50 

0,122.:!:_0,060 I, 18 

0,183.:!:_0,031 1·, 21 

JiaMH, oJIH3KHMH K 180° , t.O --------4-·----.-.-.-.--.--

C pOCTOM 3HeprHH npOTQH
HOrO rryqKa: 
o- p + Cu _, IT ±(180 °) 17 i, 
' - p + Cu ... IT± (180°/

111
, 

• - p + Mo ... IT±(159 ° ) 
~aHHbllf 3KCnep:HMeHT. 

0.8 

0 ,6 

0.4 ~ 

0.2 ~ 

2 

p+A -7i±(t59"- t80°) 

q'l ;1o 200 M3B/c 

5 tO 20 50 tOO 
Tp r3B 

1. 0THOWeHHe HHTerpanbH~X B~XOAOB KyMynATHBH~X n HOHOB 
(q 17 2: 450 M3B/c) s peaK~HH p + Mo ... IT ±(l59 °) + x s npeAe

nax OWHfiOK nOCTORHHO H 6nH3KO K eAHHH~e B HCCneAOBa HHOM 
HHTepeane 3HeprHH npOTOHOB I Ep = 17' 5 63 r3B/. 

* 0THOWeHHe 11-/ IT + no ~aHHbiM paoOTbl / ll/ nonyqeHO KaK 
Cpe~HeB3BemeHHOe 3HaqeHHe OTHOWeHHH ~H¢¢epeH~HaJII>Hbm ce
qeHH:{ npH q . > 200 lhB/c. 

IT 
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2. ConocTaaneHHe peaynbTaToa HacTOR~eH pa6oT~ c AaH
H~MH 3KCnepHMeHTOB, B~nOnHeHH~X npH 6onee HH3KHX 3HeprH
RX npOTOHOB, n03BOnReT 3aKn~4HTb, 4TO B npOTOH-RAePH~X 
B3aHMOAeHCTBHRX OTHOWeHHe B~XOAOB meCTKHX nHOHOB, H3ny-
4aeM~X a HanpaaneHHH Ha3aA (0" = 180 ° , q"!:: 200 H3B/c), 
B~XOAHT Ha nOCTORHH~H ypoaeHb ( 1J ::: 1) npH 3HeprHH npOTOHOB 
/Ep = 4 r3B/, COOTBeTCTBY~~eH Ha4any pemHMa npeAenbHOH 
~parMeHTa~HH RAeP cornacHo ycnoaH~ /1/. 

3. B HMnynbCHOH 3aBHCHMOCTH OTHOWeHHR B~XOAOB nHOHOB 
7J(q .") Ha6n~AaeTcR TeHAeH~HR MeAneHHoro pacTa c yaenH4e

HHeM HMnynbCa nHOHOB, 4TO B paMKaX MOAenH ~parMeHTa~HH 
KBapKoa- cneKTaTOPOB B nHOH~ MOmHO HHTepnpeTHPOBaTb KaK 
npoRane HHe 6onee mecTKoro HMnynbcHoro pacnpeAeneHHR d
KaapKOB OTHOCHTenbHO U-KaapKOB B MHOrOKBapKOB~X KOH~Hry
pa~HRX RAep. B 3TOH CBR3H npeACTaBnReTCR HHTepeCH~M npo
BeCTH c paaHeHHe 7J(q") -noaeAeHHR a p + A-aaaHMOAeHCTBHRX 
B WHpOKOM HHTepaane 3Ha4eHH~ A. 

AaTop~ 6naroAaPH~ npo~eccopaM A.M.6anAHHy, H.B.4yaHno 
H B.C. CTaBHHCKOMY aa nOAAepmKy AaHHoi1 pa6oTbl H none3Hble 
o6cymAeHHR, a TaKme nepcoHanY CH30 OH~H H cnym6 ycKopH
TenR H~B3 aa o6ecne4eHHe B03MOmHOCTH npoaeAeHHR 3KcnepH
MeHTa a ycnoaHRX Konb~eaoro aana Y-70, 
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Hpam1eue coo6u;e~tu.R OHHH #8-8 5 JINR Rapid Corrrrrunications No. 8-85 

YAK 539. 126.344. 

0 PE30HAHCHO~ CTPYKTYPE B PEAKUHH p + Cu ... rr ++X 
nPH Tn - 350 M3B 

H.H.ra~caK, K.O.OraHeC~H, E.A.nac~K, c.~.nopoxoeoR 

06c~aeTCfl o6Hap~eHHOe paHee pesoHaHcHoe ycarre
HHe Bb!XO~a r/ -MeSOHOB no~ yrJIOM 90 ° B HHKJIIOSHBHOH 
pe aKu;HH p + Cu ... rr + + X npH H3MeHeHHH 3HeprHH na~aJO
~x npoToHoa a HHTepaane 325 ~ T P ~ 3 7 5 M3B. PaccMaT
pHaaeTCfl B03MO*HOCTb BKJia~a OT o6pa30BaHHfl ~H6apHOHa 
B CBfl3aHHOM COCTOflHHH. 

Pa6oTa BbinOJIHeHa B na6opaTOpHH fl~epHbJX npo6neM 
arum. 

On a Resonant Structure in the p + Cu ... 11+ +X 
Re action at TP - 350 MeV 

I . I.Haysak et al . 

Early observed resonant yield intensification 
of positive pions from the inclusive p + Cu ... 11 + + X 
r eaction at 90 ° under incident proton energies 
be tween 325 and ~75 MeV is discussed . The possibi-

"l i ty of contribution of dibaryon production in the 
bound state is considered. 

The investigation has been performed at the Labo
r a tory of Nuclear Problems, JINR. 

B ~H3HKe npoMe~yT04H~x 3HeprH~ nocneAHHe roA~ ycHneH
HO o6cy~AaeTc~ npo6neMa AH6apHOHHbiX pe3oHaHcoe . Bo MHOrHx 
3KcnepHMeHTax coAep~aTc~ yKa3aHH~ Ha cy~ecTeoeaHHe AH6a
pHOHH~x pe30HaHcoe e NN-cHCTeMe An~ WHPOKO~ o6nacTH Mace 
/2000- 2400 M38/ / l/. 0AHaKO MHeHH~ no HHTepnpeTa~HH HMeiO
~HXC~ AaHH~x pacxoA~Tc~. B 3TO~ ce~3H ea~Hoe 3Ha4eHHe 
HMeeT nony4eHHe HOBWX 3KCnepHMeHTanbHWX pe3ynbTaTOB, CBH
AeTenb CTBYIO~HX o6 OAH03Ha4HOM npo~eneHHH TaKHX pe3oHaHcoe . 
B 4aCTHOCTH, no aHanorHH c rHnep~APaMH cneAyeT O~HAaTb 
o6pa30BaHH~ AH6apHOHOB B COCTaBe ~Apa. TaKHe 3K30TH4eCKHe 
COCTO~HH~ ~AepHO~ MaTepHH MOryT ocy~eCTBn~TbC~ B aApOH
~AepH~X COYAapeHH~X. 

C yKa3aHHWM 3K30TH4eCKHM COCTO~HHeM ~Apa, B03MO~HO , 

CB~3aHO 06Hapy~eHHOe B npOTOH-~AepHbJX COyAapeHH~X npH 
u + 

OnpeAen eHHOH 3HeprHH pe30HaHCHOe YCHneHHe B~XOAa 11 -Me3o-
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/2/ 
HOB , nony4eHHOe Ha OCHOB8HHH 3KCnepHMeHTanbHOrO HCCne-
AOB8HHA/S/ HHKn~3HBH~X cneKTpOB ,+-Me30HOB, BWneTa~~HX 
nOA yrnoM 90° B na6opaTopHOH CHCTeMe npH COYAapeHHH npo
TOHOB C AAP8MH MeAH. 

3HeprHA npoTOHOB H3MeHAnacb a npeAenax 250-500 H38 
c waroM 25 H38. AHanH3 3HepreTH4ecKHX cneKTpoa noKasan, 
4TO npH 3HeprHH naAa~Hx npoToHoa Tp=350 H38 aHoManb HO 
o6ora~eHa HH3K03HepreTH4eCKaA 48CTb cneKTpa B o6naCTH 
T,- 50 H38. 

HeAaBHO a CaKne npoBeAeH~ HOB~e H3MepeHHA 3Toro 3~eK

Ta 141. nony4eH~ HHKni03HBH~e cneKTp~ f7 + -Me30HOB AnA 3Hep- · 
rHH naAaiO~HX npoTOHOB a o6nacTH 300-400 H38 c waroM 
12 H38. npH TOH *e 3HeprHH naAaiO~HX npOTOHOB 350 H38 B 
cneKTpe nHOHOB a o6nacTH T, - 50 M38 /pHc. 1 a/ Ha6MAaeT
CA OCo6eHHOCTb, OTCYTCTB~~aA AnA nHOHOB C 6onbWHMH 3Hep
rHAMH /pHc.16/. To4HOCTb, c KOTopoH H3MepeH~ cneKTp~ , no
saonAeT a~enHTb aHoManbHyn 4aCTb. Ha pHc.2 npHBeAeHw 
3KcnepHMeHTanbH~H cneKTp nHOHOB AnA Tpz 350 H38 H pe 
synbTaT B~4HTaHHA H3 Hero cneKTpa, nony4eHHoro ycpeAHe
HHeM 3KcnepHMeHTanbH~X cneKTPOB AnA Tp= 338 H 362 H3B. 
BHAHO, 4TO npH 3HeprHH naAa~~HX npoTOHOB 35Q H38 HMee TCA 
AOnOnHHTenbH~H HCT04HHK nHOHOB, A8ID~HH BKnaA 8 o6naCTb 

i 
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'0 

12 cneKTpa T,- 50 H38 c wH

a/ 
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300 350 

PHHOH -40 H38. 
TaKHM o6pa30M, 3KcnepH

MeHTanbH~e AaHHwe yKa s~aa

IOT Ha HanH4He B peaK~HH 
Cu(p, , +)X r.IPH 3HeprHH 
naAa~HX npoTOHOB 350 H38 
pe30H8HCHOH CTPYKTYP~ B 
cneKTpe nHoHoa. H3 A8HH~X 
pa6oT~ 141 cneAyeT, 4TO WH
pHHa 3TOH CTPYKTypw no 
3HeprHH naAa~HX npoTOHOB 
r s 1 o H3B. 

3HeprHA HaneTa~ero npo
TOHa 350 H38 COOTBeTCTByeT 
nopory o6pasoaaHHA AH6apH
OHHOH CHCTeM~ C M8CCOH 
2040 H38 Ha cao60AHOM Hy
KnoHe H nopory o6pa30B8HHA 

PHc.l. 
saBHCHMOCTH 
npoTOHOB 141 

38,6 ~ T, ~ 
f5/ AJUI 76,9 

DHOHOB B 
OT 3Hep rHH 

a/ A1UI 

58,9 M3B , 
,s T,,s 100 M3B. 
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PHc.2. 3HepreTH'IeCKHH 
cneKTp DHOHOB npH Tp 
= 350 M3B: I - nonHNH 
cneKTp 141 , ~ - cneKTP, no
nyqeHHNH BbNHTaHHeM cpeA
Hero cneKTpOB npH T 
= 338 H 326 M3B. 

A~6ap~oHa c Maceo~ 2210 M3B, 
ecn~ eecb ~Mnynbc HaneTa~
~ero npoTOHa 6epeT Ha ce6~ 

~APO KaK 1.1enoe. 
s151 ~MeeTc~ yKa3aH~e 

100 
Ha B03MOmHOe cy~eCTBOBa
H~e CB~3aHHOro COCTO~H~~ 

ABYX npOTOHOB C Maceo~ 
OKano 2024 M3B ~ w~p~Ho~ 
-20 M3B. MaKc~ManbHa~ 

3Hepr~~ n~OHa ~3 pacnaAa yKa3aHHOrO COCTO~H~~ COCTaBn~eT 
12 M3B . MoAen~poeaH~e noKa3~eaeT, 4TO ~MnynbcHoe pacnpe
AeneH~e ~yKnOHOB B ~Ape He MOmeT AaTb CTpyKTYPY 
c r . .$ 10 M3B. 

Ha6~AaeMy~ Y3KY~ CTPYKTYPY TaKme TPYAHO 06c~CH~Tb 
pOmAeH~eM A~6ap~OHHOro COCTO~H~~ 3F3 /2220 M3B/ B CB060A
HOM cocTo~H~~. An~ 3Toro A~6ap~oHHoro cocTo~H~~ np~BOA~T
c~ w~p~Ha 50-150 M3B 111. 

Y~eHbWeH~e mHP~H~ pacnaAa MomeT Ha6n~AaTbc~, ecn~ A~-
6ap~oH o6pa3yeTc~ e ce~3aHHOM cocTo~H~~. Ae~cTB~TenbHO, 
~3BecTHo, 4TO A~6ap~OHH~e pe3oHaHc~ ~Me~T Man~~ napaMeTp 
ynpyrOCT~, ~ 3TO CB~AeTenbCTByeT 0 6onbWO~ eepO~THOCT~ 
~x pacnaAa B KaHan~ rrd ~ rrNN. TeopeT~4eCK~e pac4eT~ Aa~T 

OTHOWeH~e /7/ r 2 /r 2 - 0,1-1%. 0AHaKO ecn~ A~-
B -+rrd B -+ rrNN 

6ap~OH HaXOA~TC~ B CB~3aHHOM COCTO~H~~ B ~Ape, TO era 
pacnaA no KaHany rrNN4aCT~4HO 6yAeT nOAaBneH. np~HLI~n 
nayn~ 3anpe~aeT pacnaA A~6ap~OHa C ~MnynbcaM~ npOTOHOB, 
MeHbW~M~ ~MnynbCa ~epM~. npoBeAeHH~~ HaM~ pac4eT noKa-
3~BaeT , 4TO HanomeH~e orpaH~4eH~~ Ha ~Mnynbc HaneTao~~x 

HyKnoHo e p > pF yMeHbwaeT ~a3oe~~ o6ceM pacnaAa e 2, 5, 
4 ~ 10 pa3 An~ pF = 260, 300 ~ 350 M3B/c cooTBeTcTeeHHO. 
0TMeT~M , 4TO MaKC~ManbHa~ 3Hepr~~ n~OHOB ~3 pacnaAa 
B 2 (2220) ... rrNN cocTaen~eT 180 M3B, a np~ yKa3aHH~x 
orpaH~4eH~~x Ha ~Mnynbc HyKnOHOB- 130, 110 ~ 80 M3B co
OTBeTCTBeHHO. 

AHanor~4Ha~ c~TYall~~ Ha6n~AaeTc~ np~ o6pa3oBaH~~ r~

nep~Apa l~Be/?l,cy~eCTBOBaH~e KOTOporo CB~AeTenbCTByeT 
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0 HanH4HH 3anpeTa Ha CHnbHOe B3aHMOAe~CTBHe CBR3aH OrO 
I. 0 -rH!'lepoHa c HyKnOHOM RAPa. 

TaKHM o6pa30M, RAPO MO~eT B~CTynaTb B Ka4eCTBe csoe
o6pa3HOrO ~HnbTpa, B~AenR~~ero onpeAeneHH~e oco6eHHOCTH 
HyKnOH-HyKnOHHOrO B3aHMOAe~CTBHR. 

AflR OAH03Ha4HO~ HHTepnpeTa~HH 06CY~AaeMOrO 3~eKTa 
~ + - · 

Ba~H~ H3MepeHHR yrnoB~X 3aBHCHMOCTeH B~XOAOB rr H rr -Me-
30HOB AnR pa3H~X RAep, KOppenR~HOHH~~ 3KCnepHMeHT. 

ABTOP~ 6naroAapRT P.A.3paM~RHa, n.H.nanHAYCa, H. X.XaH
xacaesa, 6.3.KonenHOBH4a H n.~.noMaKHHa 3a o6cy~AeHHe 
pa6oT~. 
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Y~K 530.1 45.530.12 

GAUGE- INVARIANT FIELD VARIABLES 
AND THE ROLE OF THE LORENTZ GAUGE CONDITIONS 

N. B. Skac hkov, I~ l. So 1 ovtsov, 0. Yu. Shevchenko 

We study two classes of gauge-invariant fields 
int roduced by Fock and Dirac. It is shown that such 
field variables satisfy the Lorentz gauge condition 
as a secondary constraint according to the Dirac 
cla ssification. For the field in the axial gauge 
considered as a primary constraint a simple inver
sion formula is derived, which expresses that field 
thr ough the strength tensor and is analogous to the 
fo r mula that occurs in the Fock gauge. 

The investigation has been performed at the La
bor atory of Theoretical Physics, JINR. 

KanH6poso4HO-HHBapHaHTH~e nones~e nepeMeHH~e 

H POflb YCflOBHH flopeH~a 

H. B.CKaqKoB, H.n.conOBQOB, o.~.WeBqeHKO 

H3yqaiDTCR ABa Knacca KanH6poBoqHo-HHBapHaHTHhlX 
noneH, BBeAeHHhlX B paCCMOTpeHHe $oKOM H aHpaKOM. fio
Ka3aHO, qTo TaKHe noneBbie nepeMeHHbie YAOBneTBOPRIDT 
KanH6pOBOqHOMY ycnOBHID nopeHQa B KaqeCTBe BTOpHqHOH 
~BR3H, CornacHO KnaCCH~HKaQHH aHpaKa. anR OOnR, Ha 
KO TOpOe HanO~eHO B KaqeCTBe nepBHqHOH CBR3H ycnOBHe 
aKCHanbHOH KanH6pOBKH, HaHAeHa npOCTaR ~OpMyna o6pa
~eHHR, Bblp~a~aR ero qepe3 TeH30p HanpR~eHHOCTH, 
aHanOrHqHaR ~OpMyne, KOTOpaR HMeeT MeCTO B KanH6poB
Ke c!>oKa. 

Pa6oTa BbinOnHeHa B na6opaTOPHH TeopeT~eCKOH ~H-
3HKH mum. 

There are two ways of introducing of fields that with 
the property to be invariant under the local gauge trans
formations 

igA(x) 
AIL(x) -+ AIL(x) + aiL ,\(x) ; t{l (x) -+ e t{l (x) . (I) 

The f irst class of gauge-invariant fields is defined 
with the help of a specified gauge transformation under 
the primary electromagnetic field A~~) with the gauge 
parameter X~) taken in the form (that was introduced 
for the first time by V.A.Fock 111 ): 
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X · p. 
,\(x)=A(xiO=- f dz A,.,.(z), 

e 
so that 

Ail (x) -+ B,.,. (xI e> =A,.,. (x) + all A(x I~). 

"'(X) -+ 'I' (x I e> = e ig A (X I~)"' (x). 

Here ~ is an arbitrary fixed point from the Minkowski 
space. Field variables (3) were studied in papers 1 2-61. 
For the contour of integration in (2), according to 111, 
a piece of a straight line is taken: zP. = ~P.+ t(x-e)P. , 

(2) 

(3) 

0 .S: . t .$. 1. The field variables Bp.(xl ~) and 'l'(xl 0 that 
are introduced by formulae (2) and (3) are gauge inva
riant under the local gauge transformations (I) performed 
for the primary fields A,.,.(x) and .p(x). The field B,.,. <xl t). 
that is gauge invariant under the gauge transformations 
(I) for the field A,.,.~). satisfies the Fock gauge condi
tion* 111 

(x - tf B (X I e) = 0. ,.,. (4) 

(That is why we shall call these fields B (xl ~) , 'l'(xle). 
and 'I' (xI ~) as fields of the Fock class) • "'The fi eld a,.,.<xl ~) 
is none other than the field A,.,.(x), taken in the Fock 
gauge: B~(xl~) = A!(xl~). It satisfies the well-known in
version formula / 1/ 

1 v 
a,.,. (xI t) = - f dtt (x - 0 Fp.v <t + t(x - f)). (S) 

0 

that expresses the field through the strength tensor 
F,.,...,.(x) ~ a..,A,.,.(x)- a,.,. Av (x) being a gauge-invariant quanti-
ty. 

The second class of ~auge-invariant field var i ables 
was introduced b~ Dirac 71 and is defined as fol l ows (for 
details see ref. 91 ) 

B (xl f)= A,(x)- fdy _a_ f v(x- y)A (y), 
-,.,. r ax v ,.,. 

(6) 

'l'(xlf) .. e-igfdyfv(x-y)Av(Y).p(x), (7) 

where fv(x- y) is a r"!al function that obeys the condition 
aP.r,.,.(z)= 8(z). The formula (6) can be written in the mo-

*This gauge was rediscovered later by a number of auth
ors12- 5/ 

43 



mentum space as follows: 

J.l 
B (pi f) = A (p)- ip f (p)A (p), 

fL fL fL J.l 
(8) 

with the conditions 

ip fJ.I(p) = 1; f * (p) = f (-p). 
J.l J.l J.l 

(9) 

It is easy to check with the help of (9) that the gauge
invarian t field (8) can be expressed analogously to (5) 
through the strength tensor: 

J.l 
B/Pif) = f (p) FvfL (p). (10) 

It is c l ear from formula (1) that on the Maxwell equations 

2 J.l 1 J.l p A (p) - p p A (p) = ( = - p F (p)) = 0 
fL fL J.l i J.lfL 

the fie l d BfL (plf) satisfies the Lorentz gauge condition 

p fLB fL (pI f ) = 0. (II ) 

Dirac has defined the so-called second class of const
raints a s the constraints that are obtained with the help 
of Lagrange equations of motion (in our case with the help 
of Maxwell equations) and the constraints of the first 
class (t hat is equivalent in our case to the use of re
striction conditions (9) on the functions fv(p) ) . From 
this de f inition we conclude that in the class of gauge
invariant Dirac fields defined by formulae (6)-(9) the 
Lorentz gauge condition (11) appears as the constraint 
of the s econd class. It is evident that the field (8) sa
tisfies the Maxwell equation. 

As ha s been shown in 191, the solution of relations (9) 
that mee ts the requirement of symmetric description of 
particles and antiparticles has the form 

. J.l 
v n 

f (p) = - i ·P. V. - , (12) 
(np) 

where llv is an arbitrary 4-vector. With the help of (8) 
it is easy to find that the gauge-invariant field B/plf) 
coincides with the primary field AfL(p) in the gauge 

J.l 
f (p)Av(p) = 0, (13) 

that with the choice of f (p) in the form of (12) trans
forms int o the condition vof axial gauge nfLAfL= 0 for the 
field AfL(p). From here and from (10) it follows that in 
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the axial gauge for the field Aa;(p), as a particular case 
of formula (10), there exists the expression for A~x (p) 
through a gauge-invariant strength tensor Fv~(p) 

ax . nv 
A~ (p) = lFv~ (p) (np) . (14) 

(the principal value for the denominator in (14) is sup
posed). Let us mention that previously the inversion 
formula was established only for the field taken in the 
Fock gauge (see formula (5)). The inversion formula (14) 
that we have found for the field A~(p) in the axial gauge 
and formula (10) for the whole Dirac class of gauge in
variant fields were never met in the literature so we con
sider their derivation as a new result. 

As a particular case of formula (II) for the electro
magnetic field that obeys the condition of axial gauge 
as the constraint of the first class we . obtain t he Lo
rentz gauge condition 
~ ax 
aA~(X)=O, (15) 

that appears as a constraint of the secobd class . 
Let us return to the Fock field B ~~~) (2). U ing (I) 

with z~=(~+t(x-if we get ~ 
1 ~ a 

0 X A (x I e) = - f dt [ (x - ~) A ( ~ + t (x - ~)) - 2 - A (~ + t(x - ,;))] .(I 6) 
0 ~ ax v 

v 
Making use of the Maxwell equation oA~ +a~ a VAv = 0 
we find 

1 2 d a a o A(x!~)=-Jdt[t -(-A (z))+2t-A (z)], 
X 0 dt azp. azp. 

(17) 

z~'- = ,;~'- + t(x - ~l. 

Then integrating (17) by parts we finally obtain 

oxA(x! () = -a~'-AP.(x). (18) 

Taking 4-divergence of (2) and allowing for (18) we 
get for the gauge-invariant Fock field Bp.~l~) t he Lo
rentz condition* 

*As has been mentioned before, the field B (x ,;)coin
cides with the field AP.~) in the Fock gauge, fo~ which 
the validity of the Lorentz condition, as we have got in
formed, has been established independently by V. N.Kapshay. 
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ll a B ll (x I e) "' 0. (19) 

which i s also obtained with the use of the equations of 
motion (Maxwell equations) and with the gauge parameter 
,\(x) taken inthe form (2). Thus, the condition (19) also 
appears to be the secondary constraint. 
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PE30HAHCHAH rEHEP AUHH COJIHTOHOB 
3JIEKTPOHHhiM TIYqKOM 
B 3AMArHHqEHHOM TIJIA3MEHHOM BOJIHOBO.D.E 

C.TJ1BauoB~ B.r.MaxaubKOB 

PaccMorpeHa reHepaUHJI conHTOHOB a 3aMarHHlleHHOM IDia3-
MeHHOM BOnHOBO)le Cna6bJM JneKTpOHHbiM fl}"'KOM. IloKa3ZHO, 
liTO cymecrayer o6nacTb napaMerpoa n}"'Ka H nna3Mbl, a Koro
poif nHHeifHo HeycTOHl!HBaH aonHa pacna.uaerc.11 Ha eyr comn o
HOB crporo onpe.ueneHHoif aMIDJHTYilbi H CKopocrH (nocne)lHHe 
no.u'llffiniOTCH ypaaHeHHIO K,o.Cll). TaKoif pacna,u, "abJ6HaaH" 
BOflHY H3 pe30HaHCa C fl}"'KOM, MO)f(eT npHBO.UHTb K CpblBY flH
HeHHOH HeycrOHl!HBOCTH rH)lpO)lHHaMHl!eCKOfO THna. 

Pa6ora BbmonHeHa a Jia6oparopHH Bbll!HcnnrenbHOH rex
HHKH H aaroMarH3aUHH OHHH. 

Resonance Generation of Solitons 
by Electron Beam 
in a Magnetized Plasma Waveguide 

S.T.lvanov, V.G.Makhankov 

Soliton generation by a weak electron beam in a magnetized 
plasma waveguide is considered. The region of beam and plasma 
parameters is shown to exist in which a linearly unstable wave 
decays into a set of solitons of sharply definite amplitudes and 
velocities (governed by the KdV equation). Such a decay dest
roys a wave-beam resonance and can give rise to ceasing the li
near hydrodynamic type instability. 

The investigation has been perfonned at the Laboratory of 
Computing Techniques and Automation, JINR. 

B Be.ueHHe 

B CBR3H C reHepauHeH H ycRJJeHHeM MOIUHbiX CBq 3JieKTpo
MarHHTHbiX BOJIH B nOCJie)lHHe f O.ZU,I HHTeHCHBHO HCCJienyeTCH HX 
B036y~eHHe CRIIbHOTO'IHbiMH :meKTpOHHbiMH nyqKaMH B DJia3-
MeHHbiX BOJIHOBO.D;ax ( CM_I 1/ H UHTHpOBaHHYIO TaM JIHTepaTypy) . 
EcJIH CKOpOCTb nyqKa cnerKa npeBbiWaeT <f>a30BYIO CKOpoCTb 
C06cTBeHHOH BOJIHbl, B CHCTeMe pa3BHBaeTCH DY'fKOBrut HeyCTOH
qJ.IBOCTb, HapaCTaiOIUrut Ha JIHHeHHOH CTa.D;HH 3KCDOHeHUHaJibHO. 

*CocpHifCKHH yHHaepcnrer, HPE. 
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Ha KOHe'IHOH CT!l,IUIH MoryT pa3BHBaTbCH pa31IH'IHbie HeJIHHeHHbie 

npoueCCbi , CBH3aHHbie C 3axBaTOM 'llaCTHU, B036~eHHeM BbiCWHX 

rapMOHHK, pacna,u,OM BOJIH H T.,ZJ;. B HaCTOHI.UeH pa6oTe Mbl yKa3bl

saeM Ha eme O,ZJ;Hy B03MO)f(HOCTb HeJIHHeHHOrO B3aHMO,ZJ;eHCTBHH 

ny11Ka C n1Ia3MOH - pacna,u, B036~eHHOH nyqKOM rapMOHH'IIecKOH 

BOJIHbl Ha COJIHTOHbl. 

KaK 6bmo noKa3aHO aHaJIHTH'IIecKH H no.nTsep)K,ll.eHo 3Kcne

pHMeHTaJibHo/2~ npH MaJIOH HeJIHHeHHOCTH B nJia3MeHHOM BOJIHO

BO,ZJ;e (6e3 ny11Ka) MoryT pacnpoCTpaHHTbCH coJIHTOHbi. HanpH

Mep, B p e3yJibTaTe pacna,u,a OTpHUaTeJibHbiX npHMOyrOJibHbiX HM

nyJibCOB n oHBHJIHCb conHTOHbi, onHcbmaeMbie ypasneHHeM KopTe

sera-.ne <J)p H3a jK,ZJ;<J)). llOCKOJibKY B03,ZJ;eHCTBHe 3JieKTpOMarHHT

HOH BOJIHbl Ha 3JieKTpOHHbie KOMllOHeHTbl nJia3Mbl H nyqKa B Ka

'lleCTBeHHOM OTHOWeHHH O,ZJ;HHaKOBO, MO)f(HO O)l(lf,ZJ;aTb, 'ITO B nJia3-

MeHHOM B OJIHOBO,ZJ;e C KOMneHCHpOBaHHbiM ny'IIKOM, HBJIHIOIUHMCH 

CJia6biM B 0 3Myi.UeHHeM, TO:lKe MOrYT pacnpOCTpaHHTbCH COJIHTOHbl. 

KoHe'IHo, n pH 3TOM BKJia,u, nyqKa 6y.neT onpe.nenHTbCH cTeneHbiO 

6JIH30CTH ero CKOpOCTH K CKOpOCTH COJIHTOHa. Mo:lKHO npe,ZJ;nOJIO

)I(IfTb, 'ITO B CJiyqae, KOr,ZJ;a 3TH CKOpOCTH 3Ha'IIHTeJibHO . OTJIH'IIaiOTCH 

.npyr OT ,ll;p yra, COJIHTOHbl He 6y,ZJ;yT "3aMe'llaTb" nyqoK, H HX MO:lKHO 

onHcaTb y p asnenHeM K,li;<J), nonyqeHHbiM MKe3H H .np./2/0 ECJIH :lKe 

OHH ,li;OCTaTO'IHO 6JIH3KH, B03,ZJ;eHCTBHe llOJIH Ha ny'IIOK 6y,ZJ;eT 3Ha

'IIHTeJibHO CHJibHee, H HeJIHHeHHbie 1111eHb1 ypasneHHH K.n<J) 6y.nyT on

pe,ZJ;eJIHTbCH TaK:lKe H nyqKOMo HaKOHeU, KOr,ZJ;a OHH O'lleHb 6JIH3KH, 

BKJia,u,OM n1Ia3Mbl MO:lKHO npene6pe'llb, H B ypasHeHHH K,ZJ;<J) OCTa

HYTCH O,IUIH ny'IIKOBbie 111IeHbl. 

. B H a CTOHI.UeH pa6oTe onpe,ZJ;eJieHbi HHTepBaJibi, B KOTOpbiX 

MO:lKHO npene6pe11b TOH HJIH .npyroif 31IeKTpoHHOH KOMllOHeHTOH, 

H nony11eHo ypasnenHe K.n<J) ,li;1IH TaKHX 3Ha'lleHHif cKopoCTH nyqKa, 

npH KOTOp biX CHCTeMa n1Ia3Ma-ny'IIOK neyCTOH'IIHBa. llony'lleHbi 

COJIHTOHHbl e peweHHH npH aMnJIHTY,ZJ;e llOJIH, HH:lKe Heo6XO,li;HMOH 

,li;1IH 3axBaTa 11aCTHU nyqKa B noTeHUBaJibHYIO HMY BOJIHbi. Cne.no
BaTeJibHO, H apaCTaiOI.UaH B pe3y1IbTaTe pa3BHTHH nyqKOBOH Heyc

TOH'IIHBOCTH rapMOHH'IIecKaH soJIHa npH .nocTH:lKeHHH 3Toro ypoaHH 

pacna,u,aeTCH Ha COJIHTOHbl, npH'IIeM npouecc HOCHT HpKO Bbipa:lKeH

HbiH pe30HaHCHbiH xapaKTepo 

1. Y p aanenHe K,li;<J) 

,ll; 11 H C H C T e M bl n 11 a 3 M a-n y 'II 0 K 

PaccM OTpHM soJIHoso.n pa,u,nyca R , 3anonHeHHbm xono,ZJ;Hou 

n1Ia3MOH C KOHUeHTpaUHeH n~ o B,ZJ;OJib OC~ Z BOJIHOBO,ZJ;a CO CKO

pOCTbiO u p acnpoCTpaHHeTCH 3JieKTpoHHbm ny110K Toro :lKe P!lAHY

ca C KOHUeHTpaUHeH n~. CHCTeMa HaxO,ZJ;HTCH BO BHeWHeM MarHHT

HOM none 8
0

, TaKOM, 'ITO 
0 
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0 » (tjb (0 = e B
0
/ mc , (tj 2 = 4"e 2 n b,p :lm ) . 

,p b,p 0 e 

fiyCTb ny'IOK JIBJIReTCJI CJia6biM B03MymeHHeM, T.e. 

G 
..; ~ = 1J = (tjb/ (t) « 1. 

p p 
n 

(1) 

,llJIR OllHCaHHfl TaKOH CHCTeMbl HCllOJib3yeM ypaaneHHR ,nayx
)f(H)J;KOCTHOH rH,D;poAJ~HaMHKH H ypaaueHHe llyaccoua: 

.:1 . a . a ja i e a 
....lo(.. -n1 +- (n1 Vi)= 0 , (-·+ V - )V =-· - - ct> , 
at az at az me az (2) 

3,necb ~ .L =.!.. ~ f ~ , i = b , p , uruieKCbl "b , H "p "OTHOCJITCJI COOT· 
r ar ar . . 

BeTCTBeHHO K ny'IKY H nJia3Me, ll 1 H V 1 
- KOHUeHTpauHR H CKO-

poCTb qacTHU, n o= · ll~ + nc. Mbl paccMaTPHBaeM aKCHaJibHO-cHM

MeTpH'IHbie B03MymeHHJI. 3TO o6ecneqHBaeTCJI BbinOJIHeHHeM yc

JIOBHH 
131: 

k .L u = M u < (t) < Je..u . 
R P R 

(3) 

llpHBe,neM H3 3TOH :liCe pa60Tbl HeKOTOpbie pe3yJI&TaTbi JIH· 

HeHHOH TOOpHH. llpH BbinOJIHeHHH YCJIOBHJI ( 3) B CHCTeMe 6y.neT 

B036Y:lK,ll;aTbCJI rapMOHH'IeCKaR aKCHaJibHO-CHMMeTpH'IHaR BOJIHa 

C 'laCTOTO~, BOJIHOBbiM 'IHCJIOM H HHKpeMeHTOM COOTBeTCTBeHHO: 

(t) = (ill
2 - klu2) 11 2 = (t) (1 - u ~N2)1/2, k = ~ 

0 p p p 0 u 
(4) 

8 = ~ ( ..!...!'/ 2 )l/3 (t) • 

2 2 0 

3.nec& k.L = (p 00 /R) ""2 ,4/R, J0 (p 00 ) = 0. llpu 3TOM 

¢la30Bafl CKOpOCTb V ph ueyCTOH'IHBOH BOJIHbl YAOBJieTBOp ReT ycno

BHIO 

deC ill 
V < u < V = .::.2. . 

ph - . p k 
.L 

(eM. (3)). (5) 

KaK 6bmO OTMe'leHO, B HeKOTOpbiX HHTepaanax CKOpOCTeH 

MO:lKHO npeue6peraTb BKJia,li;OM nyqKa HJIH llJia3Mbl. ,llJIR TOrO 'ITO· 

6bi onpe,ll;eJIHTb 3TH HHTepBaJibi, 6y.neM HCKaTb peweHHe CHCTeMbl 

ypaaueuHii a anne 6erymeii BOJIHbi f(z - Vt) , npu 3TOM ypaa

neHHR uenpepbWHOCTH H ,li;BH:lKeHHJI JierKO HHTerpHpyiOTCJI, ,ll;aBaR 

cne,nyiDIUee ypaaueuue AJIR ct> : 
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a2 p 2e<l> -1/2 b 2e<l> -112 
(- + 11 )<I> =he(n0(1 +-) +D (1+-) -n ). 

-2 .1 2 0 2 0 
az - mev meu' (6) 

3,nec~o u' = V _ , u, z = z - V t . 
llocne pll3JJO)I(eHHJI no cTeneHRM ~ « 1 c ytleTOM KBa,npa-

TH'IHbiX 11JieHOB (6) npHHHM3eT BH,D;: mu' 2 

a2 w2 ~2 3 w2 w 2 
(- + /1.1) <I>=- (J.. +-)<I>+_!.. (---2. ,+ -L) <1>2. (7) az2 v2 u" 2 2m v 4 u, 4 

llpH pll3JJH'IHbiX V BKJia,D; nyt~KOBbiX 11JieHOB, nponopUHO

HaJJhHbiX W~ /u'!t, no OTHOWeHHJO K OJJil3MeHHbiM .MO)I(eT CHJJbHO 

MeHJIThCJI B 3aBHCHMOCTH OT BeJJH'IHHbl "paCCTpoHKH" U' = V - U • 

EcnH u ' 2 » .,2v 2, nyliKOBbiMH 11JieHaMH MO)I(HO npene6pe111>, 

H COCTOJIHHe CHCTeMbl B HHTepaanax 

v « u (1 - . ., ) • v » u (1 + ., ) (8) 

onpe,neJJJieTCJI OJJil3MOH. KaK y)l(e OTMellaJJOCh, ,D;JJJI 3Toro cnyllaJI 

a pa6oTe1 21 a&me,neuo ypaauenHe K,nll>. Kor.na " paccTpoiiKa" 

u ' y,noane TaopHeT ycnoaHRM .,2v « 1u ' j « 11 V ; B ypaauenHH (7) 
MO)I(HO npeue6pellh BKJia,D;OM OJJil3Mbl B HeJJHHeHHOM 11JieHe H BKJia

,D;OM nyt~Ka B JJHHeHHOM. Tor,na COCTOJIHHe CHCTeMbl B HHTepaanax 

u(1 + .,2 ) < V < u (1 + T/). u (1 - T/ 2) > V > u(1 - T/) (9) 

onpe,nenJieTCJI JJHHeiiuoii nna3MOH H uenHneiiHbiM nyliKOM. KaK Mbl 

YBH,D;HM, 3 TO HaH6onee HHTepecHaJI 06JJaCTh. 

B c n yllae )l(e, Kor.na lu 'I « T/ 2y , CKopocTH pacnpocTpaue

HHJI BOJJHb l H nyt~Ka H3CTOJJhKO 6JJH3KH, liTO B03,D;eHCTBHe nOJJJI Ha 

nyt~OK 3H3liHTeJJhHO CHJJJ.Hee ero B03,D;eHCTBHJI Ha OJJil3MY H nocne,n

HHM MO)I(HO npene6pellh. B HHTepaane 

u(1 - 112) < V < u(1 + 112) (10) 

COCTOJIHHe paCCMaTpHaaeMOH CHCTeMbl onpe,neJJJieTCJI JJHWh nyliKO

BbiMH ·aKJia,naMH. 

llpoa e,neHHbiH aHaJJH3 Mbl He CBJI3biBaJJH C 3a,D;aHHbiMH Ha

llaJJbHbiMH napaMeTpaMH nyt~Ka H OJJil3Mbl. 0Kil3biB3eTCJI, liTO pea

JJH3amHJI p a CCMOTpeHHbiX HHTepBaJJOB ( 8) + ( 10) CBJI33Ha C H3llaJJh

HOH paCCTpOHKOH u - vp . EcJJH u > vp. CHCTeMa yCTOHliHBa Ha 

JJHHeHHOH CTa.n;HH, H COJJHTOHbl B 3TOM CJJytlae MOryT B036y)l(,llaThCJI 

JJHWb auew HHMH HCTOliHHKaMH. EcnH )l(e u < Vp , rapMOHHllecKaJI 

BOJJHa C li3CTOTOH W O H HHKpeMeHTOM 8 ( 4) 6y,neT HapaCT3Th, 

noKa B ,neH CTBHe ne acrynHT HeJJHHeHHOCTh. ll03TOMY Mbl no,npo6-

Hee OCTaHOBHMCJI Ha nocJJe,D;HeM CJJyt~ae: 

u < v. 
p 
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Ha11HeM c HHTepsana (8}. JipnseneM 3,nec1> nonyqeHHoe nmt 
3THX ycnosuu ypasHeHHe Kn<l> 2 s yno6Hon nmt Hac <l>opMe: 

2 kf . ~. - (k2- 5) ~ -~ !:{ a~2+ as~ ·= o. (12) 
v a t :.~. v2 a z 2me v4 a z tJ :Z 3 

H3 KOTOporo cne,nyeT, 'ITO COnHTOHbl cyi.QeCTBYJOT npH V > V . 
C yqeTOM 3TOrO ycnOBHJI H (11) BH.nHO, 'ITO HX CKOpOCTh MO)I(jT 
HaxO,nHTbCH nHWb B sepxHeM HHTepBane (8). EcnH CKOpOCTb nyqKa 
TaKOBa, 'ITO 

(13) 

HenHHeHHOCTb CHCTeMbl onpe,nenHeTCH ny'IKOM, a CKOpoCT V Ha
XOAHTCH B BepxHeM HHTepsane (9), U (1 + q2) < V < U (1 + q). Ec
nH )l(e U 3a,naeTCH B HHTepsane (13), HO Vp (1 -q) < U < V p(1 - 772), 
HHTepBaJI MH V HeCKOnbKO H3MeHJieTCH: V p < V < U (1 + 71). 

113 scex 3THX paccy)I(AeHHH MO)I(HO 3aKnJO'IHTI>, 'ITo , Korna 
HenHHeHHOCTh onpe,nenHeTCH DY1JKOM, ero CKOpOCTb, KaK H CKO
pOCTh COnHTOHOB, DOpH,n;Ka Vp = Wp/k.l. , T.e •• U =· V = Vp.· 113 
3Toro o6cTOHTenbCTBa u ycnoBHJI 1 u' j » 77 2v cnenyeT, 'ITO 

(14) 

)l;o6asHM eme, 'ITO HHTepBaJI (10), KaK H HH)I(HHe HHTepBM bl (8) 
H (9), MO)I(eT 6biTh peaJIH30BaH nHWb npH U > V . . p 

llepeuneM K BbiBony ypasHeHHJI Kn<l> nnH sonHosona c nyq-
KOM B HHTepsane CKOpoCTeH (13) , T.e. MH BOnHOBO,na C "nHHeH
HOH" Dna3MOH H "HenHHeHHbiM" nyqKoM. 

)l;nH 3TOrO BOCDOnb3yeMCH MeTOAOM, npe,nnO)I(eHHblM B /4/ . 

PaccMaTpHBaH cna6y10 HenHHeHHOCTb, Mbi npennonaraeM, 'ITO no
nepe'IHaH 3aBHCHMOCTh noTenuuana Bblpa)l(aeTcH co6cTBeHHbiMH 
4>YH~MH one~aTOpa ~ J. : ~ = J O ( k.l. r) f (z). 

Cne,nyH / 4 , BBe,neM MaJibiH napaMeTp f H HOBbie nepeMeH
Hble e = f 112 (z - t), T = f 3/2 t. 

06e3pa3Mepu~ CHCTeMy yFasHeHHH 3aMeHOH z -+kJ. z , t-+wbt, 
V-+kJ.V/wb, n ... n/n0 u ~ ... ekJ.~:Im8 w:. 

llocne 3Toro B cnCTeMe ny11Ka ypasHeHHJI (2) npnmiMaJOT 
cne,nyiOIUHH sun: 

ani ani a i i 
f - ·-,--·+- n V = 0, 

ar ae ae 
(15) 

avi av i i a v i a~ a 2~ 
f-·---·+V - ·- ' - ·=· 0, l--=~+nP+nb-n. 

ar ae ae ae ae2 0 
11cnonb3YH pa3no)l(eHHJI 
nb = 1 + fnti + {2nb + . ... ' 

1 2 
+ ... ' 
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b b2b p p 2 
V = fV1 + f V 2 + .•. , V =-U+fV1 + ... , <ll=f<ll 1+f <1!2 + .•. , 

H3 (15) n erKo nonyqaeM ypa:aHeHWI ne~aoro H BToporo nopJmKa 

no ( • Pewru~ HX c yqeTOM ycnoBHH V = 0, nP = n ~ npH ell= 0 
no omoweHHIO K <1!

1
, nonyqaeM ypa:aHeHHe KAci>. 3anHCaHHoe AJUI 

pa3MepHbi X BeJIH'IHH B CHCTeMe, ,ll,BIDKyi.UeHCR CO CKOpOCTbiO V , 
OHO HMeeT BH,ll; 

2 2 3 2 
kJ. ;) 2 {()p a a - 3e f3 wb a 2-

(2- .JL.. -(kJ.- -)- + -)f(z)--·- · -f (z)=0.(16) 
v at v 2 az a z 3 2m u ' 4 az 

e 
3,o;ecb noTeHUHaJI npe,ll;CTa:BJieH B BH,ll;e <1!

1 
= J 

0
( kJ. r) f (e), a 

R 3 R 2 
f3 = f J 0 ( k r ) r d r I f J 

0 
( k r ) r d r = 0, 72 . 

0 0 
llpH 3TOM YliTeHO ycnOBHe (14) H, KpOMe TOrO, B CK06Kax 

nepe,o; a f(z)/ at H a f(z) / a Z OT6poweHbl Dy'IKOBbie 'IJieHbl, TaK 

KaK a pacc MaTpHaaeMOM cnyqae u' 2 >> TJ •v 2. 

2. C 0 JI H T 0 H H bl e p e Ul e H H R 

HaH.o;eM cTauHoHapHoe peweHHe ypa:aHeHWI (16), 3a:BHcRmee 

JIHWh OT z = z - V t . B 3TOM cnyqae ( 16) nepexo,o;HT B ypa:aHeHHe 

a2 
- w 2 3eR w 2 ar2(z) 

- f ( z) = (k 2 - -12.) f(z) + ~ _b (17) 
-2 J. 2 2 4 - ' az v me u' az . . 

COJIHTOHHbie peUleHWI KOTOporo XOpOUlO H3BeCTHhl: 

- 2-f(z) = - r
0

sech (z I !1). (18) 

3Ha'leHWI aMDJIHTY,ll;bl COJIHTOHa H ero UlHpHHbl onpe,o;eJIRIOTCR 

CJie,o;yiOLUHMH BblpiDKeHHRMH : 

4 m (V- u)4 
2 4 

fs = -- -----' .-"1 = ---- . 
.-"12 ef3 w2 k2-w2/V2 

b J. p 

(19) 

B HHTepaane U « Vp (1 - TJ), B KOTOpOM paCCMaTpHBaeMaR CH

CTeMa ODHCbiBaeTCR ypa:aHeHHeM K,o;Cl> (12), COJIHTOHbl HMeiOT TOT 

)l(e BH,ll; (18), HX WHpHHa COBna,o;aeT C UlHpHHOH, onpe,o;eJIReMOH 

COOTHOUleHHeM (19), aMDJIHTy,o;a, O,ll;HaKO, HeCKOJibKO HHWI: 

4 me V
4 

f = - - · -
8 .-"12 ef3 w2 

p 

KaK BH.o;HO H3 (18), aMDJIHTy,o;a conHTOHa oTpJmaTeJII>Ha, 

TaK 'ITO H a COJIHTOHbl MO)I(eT pacna,o;aTbCR JIHUlh OTpHUaTeJibHWI 

nonyaonHa . 3TOT !lJaKT cornacyeTcR c pe3yJII>TaTaMH, nony'leHHbiMH 

B / 2/ . 0TM eTHM eme pa3, 'ITO TaM Ha6JIIO,ll;aJIHCb COJIHTOHhl JIHUlb 

DpH no,o;aqe Ha DJia3MY OTpJmaTeJibHblX HMnyJihCOB. 
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llo,u.qepKneM, 'ITO ypaanenne (16), a 3Ha'IHT, H peweHHe 
(18), cnpaae,lJ,JIHBO npn Bbmonnennn ycnosHR kf> 6JP2:/ V 2, no3-
TOMY B neorpannqeHHoii nna3Me ( R ... oo H, cne,u.osaTen&no, k .L ... 0 ) 
B paMKax paCCMaTpHBaeMOH MO,IJ.eJIH C01IHTOHOB HeT. 

3aMeTHM, 'ITO HapaCTaJO~aR BOJIHa, ,!J,BH~IUaRCR CO CKO
poCTblO Vph :: . U, 6y,u.eT pacna,u.aTbCR Ha COJIHTOHbi, eCJIH CKOpOCTH 
nocne,IJ.HHX V 6o111>We V P' a 3Ha'IHT, aMnJIHTY,!J,bi nO,IJ.'IHHRlOTCR yc-
1IOBHJO: 

k2 
fs ~ s.-:!;.. (V- u) . 

vP .(20) 

llpn BbiBo,u.e ypaaneHHR K,u.<J) Mhi ncnon&3osann pe.u.yKTHB
HhiH MeTO,!J, TeopHH B03My~eHHH I 41 H orpaHH'IH1IHCb 1IHWb ypaane
HHRMH BTOporo nOpR,U.Ka no f, 'ITO 3KBHBaJieHTHO YCJIOBHJO 

2e'l! ---:r « 1. (21) 
meu ' 

YcnoanR (20) H (21) ,u.aJOT 

1 

12 

m u'V 
~e'--- » 1. 

ek 2 
.l. 

(22) 

llO,!J,CTaB1IRR aMnJIHTY.U.Y C01IHTOHa (19) B <tJopMyny (20) , Haii,u.eM 

mu ' V u ' u ' 
e (-- )2- > a. 

ek.l.2 v.,2 v 
'ITO C yqeTOM (14) H (22) MO)f(eT JierKO Bbin01IHRTbCR. 

C ,u.pyroii cToponbi, npouecc, onpe,u.enRJO~HH ypos eHb nacbi
~enHR neyCTOH'IHBOCTH, - 3axBaT 31IeKTpOHOB nyqKa noTeHUHaJib· 
non RMOH B011Hhi- nacTynaeT npn ycnoBHH 2ec1Vmeu':::1. OKonqa
TeJibHaR 4la3a 3aBHCHT OT COOTHOWeHHR BpeMeHH 1IHHeiuJoro pocra 
H conHTonnoro pacna.u.a BOJIHbi. Ecnn speMR pacna.u.a 6on&we o6-
paTnoro 1IHHeiuJoro HHKpeMeHTa, TO aMnJIHTy,u.a B011Hbl B YCTaHO· 
BHBWeMCR COCTORHHH 6y,u.eT onpe,U.eJIRTbCR npoueccOM 3axBaTa. 
B o6paTHOM cnyqae - pacna,u.oM. 

CKOpoCTb pacna,u.a B011Hbl MO)f(HO rpy6o OUeHHTb no CKOpo
CTH o6pa30BaHHR oco6eHHOCTH y <tJyHKUHH V x B npOCTOH BOJIHe 
PHMana ,lJ,1IR ypaanenHR Vt + VV x = 0 . 3Ta cKopocTb - nopR,IJ.Ka 
o6paTHoro speMenn onpoKH,u.hmaHHR 3BYKOBOH BOJIHhi Va = 

= V0 sink0 x H ecTb Ba = k 0v0 . lh ypaaneHHR (16) nonyqHM 

Ba = k
0
V aefj 61~ r

0
. (23) 

meki(u,) 4 
llpn ycnoBHH B < B H1IH 

a 
e '~>o u 2 8/3 

., > 
2/3 

1 
(24) 

u ' 2 
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6y.ne-r npesanuposaTb pacna,n. Ycnosue (24) MO)l(eT nerKo Bbmon
HJJTbCJJ B paCCMa1pHBaeMOM HHTepsane CKOpOCTHOH paCCTpOHKH 
712u <<u'<< 71u. 

3aMeTHM B 3aKnro'leHHe, 'ITO CKOpoCTb COnHTOHOB (a 3H811HT, 
H HX aMnnHTy,na) ne)l(HT B y3KOH (pe3oHaHCHOH) o6nacTH 3Ha'leHH8 
(eM. (14)). 
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