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IN-MEDIUM EFFECTS INK+ SCATTERING VERSUS 
GLAUBER MODEL WITH NONEIKONAL CORRECTIONS 

S.M. Eliseev, T.H.Rihan * 
The discrepancy between the experimental and the theoretical rati•J R of the total cross 

sections, R = a(K+- 12C)/6o(K+- d), at momenta up to 800 Me VIc is discussed in the 
framework of the Glauber multiple scattering approach. It is shown tt at various corrections 

such as adopting relativistic K+-N amplitudes as well as noneikonal corrections seem to fail 
in reproducing the experimental data especially at higher momenta. 

The investigation has been performed at the Bogoliubov Laboratory ~ Jf Theoretical Physics .• 
JINR. 

~epHI>Ie 34J4JeKTI>I u K +-pacceJIHHH u MO,ll;e.JII> Dia)6epa 

C He3HKOHa.JibHI>IMH nonpaBK3MH 

C.M.EJtucee6, T.X.Puxan 

OTHorneHHll ce'leHHH R = a(K+- 12C) 1 6a(K+- d) Bhi'IHCJIJIIOTCll no MOAeJIH rnay6epa 

BOJIOTb no HMnymcos 800 M::~B/c c HCIIOJib30BaHHeM peJiliTHBHCTCKHX K + -N-aMOJIHTYA· TioKa-
3aHo, 'ITO jlruKe IIOCJie BBejleHHll He3HKOHaJibHbiX nonpaBOK He HafiniO)IaeTCll COrJiaCHll C 3KC­
nepHMeHTaJibHbiMH naHHbiMH. YKaJaHo Ha B03MO)I(Hhle MepHbie ::~<j><j>eK1 bi THna EMC. 

Pa6oTa BbiiiOJIHeHa B na6opaTOpHH TeOpeTH'!eCKOH <j>H3HKH HM. H.fl.oOI'OJII06osa OJ.UIH. 

1. Introduction 

One of the most important subjects discussed at present, is th~: problem of confinement 
of quarks in hadrons and the difficulties associated with the long distances in QCD. From 
QCD we know that at a sufficiently dense matter, which may be obtained in high energy 
nucleus-nucleus collisions, colour screening will lead to quark 1leconfinement. However, 
the EMC effect indicates that nucleons can significantly charge tteir properties even in the 
ground state of nuclei. At present, inclusion of such unconve11tional EMC-type effects 
receives greater attention in contemporary nuclear physics. 

To explore the nuclear interior, the K+-meson was then regarded as a unique probe due 
to its long mean free-path in the medium [1-5]. However, thecretical predictions for its 

*Mathematics and Theoretical Physics Department, Atomic Energy Authority, P.O. Code 13759, Cairo, Egypt. 



6 Eliseev S.M., Rihan T.H. In-Medium Effects 

total cross section based <'n the conventional nuclear physics approaches failed to reproduce 
the experimental data [4,5]. This situation triggered the search for the role played by the 
medium in modifying hac ronic properties [6-11 ]. Thus, exotic mechanisms to describe the 

K+ data such as nuclecn swelling (or partial deconfinement of nucleons), in-medium 
modification of meson J:fOperties, and excess of pions in nuclei are still the source of 
considerable debate (see, e.g., [6,10]). 

We believe, howev1:r, that a careful analysis should be performed before any 
conclusion can be drawn as to the necessity of introducing features that are not present in 
the standard nonrelativist1 c models. 

Since Glauber's multiple scattering theory [ 12] has been applied very successfully in 
the past for various hadrc nic probes at intermediate energies, it may be of interest to try to 

apply it for the above case of K+ scattering [11] as well. We further extend such 

calculations by taking in!O account noneikonal effects [13,14] as well as relativistic K+­
nucleon amplitudes [15]. 

Thus far, our work serves largely to confirm other approaches based on various optical 
model potentials [4,5], and gauges the need for exotic mechanisms. 

2. Glauber Model Analysis 

Although the Glaube1 theory was developed initially for high energy projectiles, yet it 
also successfully works i11 the intermediate energy region. 

In the present work, ltowever, we shall include as well the so-called noneikonal effects 
(i.e., the deviation from tile simple eikonal propagation picture) in our calculations. 

For the sake of clarit~·. we recall that following Glauber, the amplitude for a projectile­
target elastic scattering, a;sumes the. general form: 

j(Q) = ~~ J ei Q . b [I - ei X(b)] db, (I) 

where b is the impact par1meter and X is the corresponding phase shift function. 
More explicitly, for ~ rojectile-nucleus scattering, Eq .(I) can be cast in the form: 

F:Q) = ~! J eiQ. b ([I- /X{b,st, ... ,s)]) db, (2) 

where s. is the componen: of the radius-vector r. of the j th target nucleon in the direction 
J J 

perpendicular to the incid,:nt momentum k, while the brackets ()denote target ground-state 
average. 

Further, given the cmresponding projectile-target nucleon amplitudes, 

j( '- k(i +y) 0' f32/;z 
q,- 47t e ' y= Rej(O)/Imj(O), (3) 

and cr is the projectile-tal get nucleon total cross-section, then one can express the above 
projectile-target nucleus amplitude in the following parameter-free way: 
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F(Q) = ikG(Q) f bdbJ0(Qb) X 

z 
X { 1 - [ 1 - 2~ik f e -iq. b fp(q) SP(q) d q] < 

X [ 1 - 2~ik f e -iq. b fn(q) S/q) d q r) (4) 

here S(q) is the nuclear form factor, N, Z are the numbers of nettrons and protons in the 
target nucleus, while G(Q) is the corresponding c.m. correlation fa<:tor. Since in the present 
work we are interested in total cross sections, then we need only to calculate F(Q) at 
Q = 0, and in this case G(O) = 1. It is then a straightforward matter to obtain the total cross 

section for the case of K+-target nucleus scattering adopting the optical theorem. 

In the above equations, the parameters cr, p, and y of K+ -/1' amplitudes at different 
energies will be taken from the data (see [11]) while we ac opt for the elementary 
amplitudes f Martin's (relativistic) phase shifts [ 15], which give v ~ry reliably results up to 
momenta 1 GeV/c [16]. For this purpose, we elaborated a special code for the calculation 

of K+ -N partial wave amplitudes (S, P, D, and F states) with the corresponding isospins 
(I= 0, I= 1) . 

For N = Z nuclei, we thus utilized the following average K+ -11 amplitudes 

(5) 

In a previous work [ 11] we have calculated the above total ere ss sections directly from 
Eq.(4), but we have found, however, that the same result is almost obtained with even the 
more simplified (optical-limit) form: 

cr = 27t J Re [1 - ei X(b)] bdb 
K+A ' (6) 

0 

where X(b) is the nuclear phase function. 
Further, to relate the above formulation to the usual semiclassical approaches, it is 

generally accepted to consider the Glauber phase-shift fu 1ction as the eikonal 
approximation of an equivalent optical model potential. However, for potential scattering an 
eikonal expansion has been given in a compact form by Wallace eta!. [13] and by Waxman 
eta!. [14] viz: 

- lln+ I (!!_ l__ l__ _!_I "'s n+ I 
X(b)- L- k(n+ 1)! k ob- ok k) V (l)dz. 

n 0 

(7) 

The zeroth order term in such an expansion X(b) 'k is just th ~ Glauber eikonal phase, 
et on 

while the n-order correction X(b) .k gives rise to noneikonal eff~cts. 
nonet 
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To that end, we have used in our calculations Glauber's eikonal approximation as well 
as the first and second oder noneikonal corrections to this approximation, i.e., 

X(b) = X(b)eikon + X(b)noneik · (8) 

For the carbon density the following harmonic oscillator wave functions were used, 
with the parameters of F~ef. [17], where the nucleon size has been properly taken into 
account: 

2 4 2(A- 4) __ 1 
p(r)=(a.+fil)e-yr, a.= 1ti.S/R3' ~=3A1ti.sRs• Y-R2' (9) 

where R 2 = 2.5fm2 [17]. 

In the figure below Ne show the experimentally determined [3-5] ratio R and the 
different theoretical predi·:tions. The dotted line represents the results of this work, and is 
obtained using the Glauber eikonal approximation (see text). The dot dash line corresponds 

1 . 2 5 I"""'T"'""T"""T"""'T"'"" .-~....,..-,-.,......,.--r-I"""'"T""''T"""T""....,......."""T"""1-,--T"""T"""'"T""'"T'"""T""""T'--r-'l--, 

......... 
"0 ..._, 
~ 
~ 1.00 ~r-:L~J!~_4_~~ J~ I 

II ......... 
u 
N ..... ..._, 
~ 

--.... 

~· .~.·.':- •.. - ........... ·.~···~··tr.',-;-:',',-:":','.~ .... 

0 0 7 5 .............._....__....__..__ ....._..__._.............._.......__._ .............. _..__~ ............... --<---l, .............. .....__._.l......J_.....___.__,___..._J 

0.4 0.5 0.6 0.7 0.8 
PL GeV/c 

0.9 1 .0 

Fig. Comparison of data [: ,4,5] and different models for the ratio R (see text); dotted line - this 
work (eikonal approximati m); solid line - this work including noneikonal corrections; dot dash 
line - Glauber model fro n Ref. [ 11 ]; long dash line - swelling model [7]; short dash line -
MEC model [8,9]. By triangles we show the calculations using the momentum-space optical model 
potential [I 0] 
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to our previous analogous calculations [ 11 ], using the usual high- mergy approximation as 
given by Eq.(4). It seems that there is close agreement between th~ above two approaches. 
Solid line displayes the results including noneikonal corrections (see, Eq.(8)). The results 
of the momentum-space optical model potential of Ref.[lO] are represented by triangles. 

It is interesting to note here, that the first order noneikonal correction lowers our cross 
section ratios in the considered range of the projectil's momenta, while the second order 
correction results in bringing that ratio more closer to Glauber's result. This seems to be 
extremely interesting as thise corrections are intended to improve upon the eikonal result 
bringing it more closer to its exact quantum mechanical counterp~ rt. Thus, care should be 
exercised when dealing with noneikonal corrections. 

As can be seen from our figure, all the eikonal as well as the '>ptical model results fail 
in reproducing quantitatively the ratio R. This situation then led nany authors to assume 
some exotic phenomena ranging from nucleon swelling to pion excess in nuclei [8,9]. 
However, the results based on such phenomena still do !lot lead to a ~atisfactory agreement 
with the experimental data as can be read from the figure. 

We conclude that both our results, the results calculated in the framework of the·optical 
model and also suggestions about nucleon swelling [6] as well as pion excess in nuclei 

[8,9], show the possibility of observing some unusual phe 10mena in K+-nucleus 
interaction. But the investigation of the in-medium effects in the th ~ory of nuclear reactions 
is still in its early stages and it needs more time to clarify and isolate exactly the role played 
by the nuclear medium in relevance to phenomenon as that described above. 
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0 B03MOLKHOCTII PEJUITIIBIICTCKOrO OITIIC'AHifg 
.UBIILKEHifg CIICTEMbl B3AIIMO,UEHCTBYIOilliiX qACTII~ 

H.r.c/JaiJeeB 

BBeAeHa HOBall HHBapHaHTHall BeJIU'IUHa a, OIIpeAe.JiliiO!Uall Ha OCHOBaHUU o6mux Tpe6o­

BaHUU AOIIIO rrepenaHHOro 4-uMrrynbca qa <Ia = a 2l) u rrOJBOJiliiO!UaJI 'rrucaTb rrpol.(ecc pac­

celiHHll KaK 3BOJIIOI.(UIO CUCTeMbl AByx B3aUMOAeUCTByiDIUHX 'laCTUI.(. Oc HOBHble uneu HOBOro 
IIOAXOAa rrposepeHbl C IIOMO!UbiO 3KCIIepUMeHTaJibHbiX )laHHbiX peaKI.(UI I pli3BaJia AeRTPOHa B 
BOAOpOAHOU KaMepe rrpu UMIIYJibCe 3,31 fsB/c. 

Pa6oTa BbiiiOJIHeHa B na6opaTOpuu csepXBbiCOKUX 3Heprnil OI-UIH. 

On the Possibility of Relativistic Space-Time 
Particle Scattering Description 

N.G.Fadeev 

The article presents a phenomenological approach to investigate inela ;tic interactions based 

on the introduction of a new invariant a- a part of the 4-momentum trmsfer qa (q~ = a 2q2). 

The new invariant allows one , to describe the process of particle scattc:ring as the evolution 
of the system of two interacting particles. The main ideas of the proposed method have been 
tested with the experimental data of the deuteron breakdown reaction n a hydrogen bubble 
chamber at 3.31 GeV/c. 

The investigation has been performed at the Laboratory of Particle F hysics, JINR. 

1. BBe.[leHHe 

Tino.r~oTBOpHOCTh H.[leH MacuiTa6Hoif HHBapHaHTHOCTH B onucaHHH MHO)I(eCTBeHHhiX 

npouecCOB B pa3JIHLIHhiX acneKTaX <f>H3HKH lJaCTHU, BKJIIOlJIDI <f>H3HJ:Y peJUITHBHCTCKHX g;:~.ep, 

KOCMHlJeCKOe H3JiylJeHHe H aCTpO<pH3HKy, yCTaHOBJieHa ,[laBHO (CM, HanpHMep, 0630p [1]). 
CoBpeMeHHhiH nporpecc / B pa3BHTHH TeopHH my6oKoHeynpymx peaKUHH (fHP) B 

3HalJHTeJihHOH CTeneHH npe.r~onpe,I:IeJIHJIC}J BBe,[leHHeM MaCIIITa6HO-liHBapHaHTHOH BeJIHlJHHhl 

x - nepeMeHHOii' EbepKeHa [2]. Heo)I(H.[IaHHhiM H nno.[IOTBOpHhiM oKa3aJIOCh npHJIO)I(eHHe 

H.[leH MaCIIITa6HOH HHBapHaHTHOCTH K np06JieMe peJUITHBHCTCKCrO OllHCaHH51 .[IBH)I(eHH51 

CHCTeMbl .IIBYX H 6onee tJaCTHU. 

TionhiTKa peJI51THBHCTCKOro OnHCaHH}! .[IBH)I(eHH51 CHCTeMbl .[IEyx B3aHMO,[IeHCTBYIOIUHX 

tJaCTHU, He roBop51 ~e o Tpex H 6onee tJaCTHuax, CTaJIKHBaeTC}! c MHOrHMH TPY.IIHOCT}!MH, 

«CnpaBHTbC}! C KOTOpblMH .[10 CHX nop He Y.IIaJIOCh He TOJihKO B Y3KIIX paMKaX MeXaHHKH, HO 
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u c npuBJJelfeHneM rny6oi<ux u.ueii KBaHTOBOH Teopuu nom1» [3]. YTBepnHJIOCb MHeHne, LJTO 

naHHaJI npo6neMa eme naleKa oT csoero OKOHLJaTeJibHOro pemeHu~. 

B naHHOH pa6oTe n~ eJlJ]araeTc~ QJeHOMeHonoruLJecKHH nonxon K H3)'4eHmo B3auMo­

neiicTBuii lfaCTUU, OCHOBafHblH Ha BBe)leHHH HOBOH MaClllTa6HO-HHBapnaHTHOH BeJIHLJHHbl a 

(Q ~a~ 1). C nOMOil.(biO C Ha OCHOBaHHH OOil.(HX nOJIO)J(eHHH OKa3aJIOCb B03MO)J(HbiM onpe­

)leJIHTb KOMnoHeHTbi 4-BeJ:Topa qa - nonu nepenaHHoro 4-uMnynbca q. TaK )J(e, KaK non-

HOH nepenaqe q COOTBeTC rByeT onpe)leJieHHOe KOHeLJHOe COCTO~HHe, TaK H )lOJie nepe)laLJH 

q a COOTBeTCTByeT onpe)leJ eHHOe npo~e)J(YTOLJHOe COCTO~HHe, 3aBHC~Il.(ee OT a. 

J1ne~ npOMe)J(YT04Hbl:~ COCTO~HHH B03HHKJia [4] H3 aHaJIH3a I1-IP B npOCTpaHCTBe CKO­

pocTeH [3]. 3Ta nne~ TaK)J(e conep)J(HTC~ B CIIenyiOmeM paccy)I(JleHuu H.A.YepHnKoBa: 

«PaccMOTPHM Tenepb nse LJaCTHUbi. Mbi He 3HaeM, KaKHMH ypaBHeHH~MH onpenen~eTc~ ux 

JlBH)J(eHue, HO KaKUMH 6bl ypaBHeHH~MH OHO HH onpeneJIMOCb, B pe3yiibTaTe pemeHH~ ypas­

HeHUH JlBU)J(eHU~ Mbl BO BC~KOM CJI)'Lfae Jl0JI)J(Hbl nOII)'LfHTb napy MHpOBbiX TpaeKTOpHH. 

Bo3HUKaeT BOnpoc, B KaJ:OM CJI)'Lfae 3a)laHHaJI napa MHpOBbiX TpaeKTOpHH npeJlCTaBJI~eT 

JlBH)J(eHue JlBYX B3aHMO)lei CTBYIOil.(HX TOJibKO npyr c npyroM LJaCTuu?» [3]. 

llpeJlCTaBJJ~eTC~ Ba)J(HbiM 3)lecb TO, 'ITO pe'lb U,UeT He 0 napax TOlfeK, COOTBeTCTBYIOil.(HX 

HalfaJibHbiM H KOHelfHbiM ( OCTO~HH~M LJaCTHU, a 0 nape MHO)J(eCTB TOLJeK, KOTOpble OOJPKHbl 

6biTb (KaK pellleHH~ HeH31ieCTHbiX ypaBHeHHH) H KOTOpble 06pa3yiOT MHpOBbJe TpaeKTOpHU 

(npoMe)J(YTOlfHble COCTO~HH~ B3aUMO)leHCTBYIOil.(HX lfaCTUU). J1cxo~ U3 :noro, MO)J(HO YT­

Bep)I(JlaTb HJIH, no KpaHut H Mepe, MO)J(HO npennOJIO:lKHTh, 'ITO B npoCTpaHCTBe CKOpOCTeH 

JlOJI)J(eH 6biTb COOTBeTcTB:IJOil.(HH o6pa3 :noli napbl TpaeKTOpUH B BU,Ue HeKOTOpOH napbl 

IIHHHH, Ka)I(JlaJI H3 KOTOpb X JlOJI)J(Ha COe)lHH~Tb HaLJaJibHYIO U KOHelfHYIQ TOLJKH B3aHMO)leH­

CTBYIOil.(HX 4aCTHU. TaKHM o6pa30M, OCHOBHOe nOJIO)J(eHue npeJlJ]araeMOro no)lXO)la MO)J(HO 

c¢opMynuposaTb CIIenyiOtlHM o6pa3oM: BaUMoiJeucmBue iJByx cmWIKUBaiOIJIUXcJI •tacmut~ 

ecmb npocmpaHcmBeHH0-6pe.MeHHou npot~ecc - npoijecc nepeiJattu :mepzuu-UMnyJtbca om 

oiJHou ttacmut~bl K iJpyzbu. • 

BBe)leHHe npoMe)J(YTO moro COCTO~H~ no3BOIIJieT CB~3aTb co6CTBeHHble BpeMeHa JlBYX 

B3aHMO)leHCTBYIOil.(HX LJaCTHU 06bJ4HbiM cnoco60M - qepe3 HX OTHOCHTeJibHYIO CKOpOCTb. 

003TOMY OnHCaHue JlBH KeHH~ CHCTeMbl LJaCTHl) CTaHOBHTC51 B03MO)J(HbiM CBeCTH K 

3aBHCHMOCTH IIHlllh oT OJlHOro BpeMeHHoro napaMeTpa. TaKHM cnoco6oM ynaeTcJI 

cnpaBHThCJI c ocHOBHOH TPYJlHOCThiO, B03HHKaiOmeii c «OTHIOJlh He CII)'LfaHHbiM yBeJiuLJeHHeM 

pa3MepHOCTH» npJIMOfO nJ•OH3Be)leHH~ JlByx MHpOB [3]. 

YMeCTHO 3aMeTHTh, q ro B Hepen~THBHCTCKOH MexaunKe non Hoe pemeHne 3a)laqu o 

JlBH)J(eHHH LJaCTHUbl B Uet-TpaiibHOM noJie «npome BCero nOII)'LfaeTCJI, HCXO)ll'l H3 3aKOHOB 

COXpaHeHHJ'I ::meprHH H M<JMeHTa, He BblnHCbiBaJI npu 3TOM CaMHX ypaBHeHHH JlBH)J(eHHJI» 

[5] . 

.IJ.nJI HaLJaJia orpaHHLJH \o!C~ paCCMOTpeHHeM HHKIII03HBHbiX peaKUHH C H3BeCTHhiM nepe­

)laHHbiM ~-HMnyJibCOM q (1.e. KaK B fHP). 06o61l.(eHHe Ha CJI)'LfaH npOH3BOJibHhiX peaKUHH 

npencTaBJJJieTC~ ,llOCTaTOLJI 0 npOCTblM H BhiTeKaiOil.(HM KaK CJie)lCTBHe H3 paCCMOTpeHHOro 

CII)'LfaJI. OnHaKo Tpe6oBaHue H3MepeHH~ nepenaHHoro 4-nMnynhca q B paccMaTpnBaeMoi1 

peaKuuu, oLJeBHJlHO, Ha npaKTHKe MO)J(eT OKa3aThCJI TPYJlHO peanu3yeMbiM unu HeOJlH03HaLJ­

HbiM. 



C/Jaoee« H.T. 0 603MO)I(HOcmu peJLJimu«ucmcKow onucaHUJI 

2. J1HKJ1103HBHbie peaKUHH 

PaccMoTpHM peaKUHJO 

a+b~a+ X 
,1-

1 + 2 + ... +n, 

13 

(1) 

B KOTOpOH Macca HaJJeTaJOIUeH l!aCTHUhl Q Jl,.IUI npOCTOThl H3JlO:lKe~ HSI Cl!HTaeTC51 HeH3MeH­

HOH. IloJI peaKuHeii ( 1) no)lpa3yMeBaJOTC51 npe)I(Jle scero peaKUHH 'Jiy6oKoHeynpyroro pac­

ce51HH51 JJefiTOHOB Ha HyKJlOHe H peaKUHH C H3BeCTHOH nepe)lal!eH, CaK B fHP, HanpHMep: 

d+p~p+ X 
,1- (2) 

p+n 

- peaKUHSI pa3BaJJa )leHTpOHa B BOJlOpOJlHOH KaMepe [6]. 
B OTHOllleHHH peaKUHH (2) CJle)lyeT OTMeTHTh, 'ITO npOTO ;I H3 )leHTpOHa ~O:lKHO 

OTJJH'IHTh OT npOTOHa-MHllleHH, HJJH, flO KpaHHeH Mepe, MO:lKHO y Ca3aTb KHHeMaTH'IeCKYIO 

06JJaCTh, B KOTOpOH TaKYJO H)leHTHCIJHKaUHIO npOTOHOB MO:lKHO ocymecTBHTh. 

Cne)loBaTeJJhHO, nepeJiaHHhiH 4-HMnynhc npoToHa-MHllleHH H3BecTcH. HeTpyJlHO Teneph 3a­

MeTHTh, 'ITO KHHeMaTHKa peaKUHH (2) B aHTHJJa6opaTOpHOH CHCTt'Me (JleHTpOH fiOKOHTCSI) 

H)leHTHl!Ha KHHeMaTHKe peaKUHH (1) B JJa6opaTOpHOH CHCTeMe. IlO"lTOMY llOCJle)lyiOJUHe Bhi­

KJla)lKH cnpase)l.llHBhi Jl.llll o6oHx THnos peaKUHH. OcHoBHhie HJieH npe)l.llaraeMoro no)lXOJla 

nposepSIJJHCh H 6yJIYT HJlJliOCTpHpoBaTbCSI C llOMOJUhiO 3KCfle pHMeHTaJJhHhiX )laHHhiX 

peaKUHH (2) npH HMnymce )leHTpOHa 3,31 f3B/c. 

K +Kb=K' +K , a a x (3) 

(3.1) 

q =K -K' 
a a' (3.2) 

q(v = E - E' , P = P - P' ), 
a a a a (3.3) 

Q 2 _ 2_p2 v2 
=-q - - ' (3.4) 

(3.5) 

(3.6) 
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n n-1 n 

M:=<'L.m/+2 L L mimk(cospik-1), 
i=l i=lk=i+l 

n 

Mmin= Lm;, 
i= I 

(3.7) 

(3.8) 

r.D.e qepe3 K o6oJHalJeHbi cooTBeTcTByJOIUHe 4-HMnyJihCbJ: K , K' - HaJieTaJOmew qacTHUhi 
a a 

a .D.O H nocne B3aHMO.D.eiiCTBHH, Kb - MHrneHH, Kx - CYMMa 4-HMnyJihCOB BTOpH'IHbiX 

n-lJaCTHU, q - nepe)J.aHHbiH 4-HMnyJihC, V - nepe)J.aHHa11 3HeprHH, p - nepe)J.aHHbiH 

3-HMnynhc, Q 2 
- KBa.D.paT MO.D.YJIH nepe.D.aHHoro 4-HMnynbca, x- nepeMeHH~ EbepKeHa, 

M - 3cjlcjleKTHBH~ Mac' a n-lJaCTHU, M . - MHHHMaJibH~ 3cjlcjleKTHBH~ Macca n-lJaCTHU, 
x ~n 

ma- Macca HaJieTaJOmd, mb- Macca MHllleHH, m;- Macca i-BTOpH'IHOH qacTHUhi, P;k-

6biCTPOTa Me)J()J.y i-H, k-if 'laCTHUaMH. 

HalJHeM c ypaBHeHH}I (3), JanHcaHHoro c yqeToM BBe.D.eHHbiX o6o3Ha'leHHH: 

q+Kb=Kx. (4) 

J1J06ow BeKTOp MO)KHO nr'e)J.CTaBHTb KaK CYMMY .D.BYX npoH3BOJibHbiX BeKTOpOB. IlpeJJ,cTaBHM 

4-BeKTop q B BH)J.e 

a= K - K + K - K' = q + qH, • a aa aa a a .., 
(5) 

q = K - K q = K - K' a a aa' ~ aa a' (6) 

rJJ,e Kaa- HeKOTOpoe n(:OMe)KYTO'IHOe COCTOHHHe lJaCTHUbl a B npouecce B3aHMOJJ,eHCTBHH. 

l..{To6bJ onpeJJ,eJIHTb COCTOmH}I lJaCTifU, COOTBeTCTBYJOIUHX nepeJJ,alJe qa, nOJJ,CTaBHM (5) B (4) 

H paccMOTpHM cyMMY qa ii Kb, KOTop~ ecTb TO)Ke HeKHH 4-BeKTop Kxa: 

qa +Kb=Kxa · (7) 

YpasHeHHe (7) cjlopManbHO noxo)Ke Ha ypaBHeHHe (4). TaK )Ke, KaK ypaBHeHHe (4) onpeJJ.e­

JI}JeT COCTOHHHe MHllleHH nOCJie nepeJJ.alJH elf 3HepmH-HMnyJihCa q, TaK H ypaBHeHHe (7) 
onpenenHeT cocTOHHHe MHllleHH nocne nepenalJH q a· T.e. H KOHelJHOe Kx-. H npoMe-

)KYTO'!Hoe Kxa-cocTO}IHHH nonyqaJOTCH no OJJ.HHM H TeM )Ke npaBHJiaM CJIO)KeHHH 4-BeKTopos 

- no npaBHJiaM coxpaHeJJHH 3HepmH-HMnynbca. Ho B (7) 4-seKTop qa He HJBeCTeH. Ilonbi­

TaeMcH ero onpeneJIHTb 113 06IUHX C006pa)KeHHH. 0603HalJHM KOMnOHeHTbl qa KaK V a H 

p: a 

2 =V2 _ p2. 
qa a a (8) 

lh Tpex BeJIHlJHH, s;;oAAIUHX B (8), JJ.Be HeJaBHCHMhie. Bhi6epeM qa TaK, lJT06hi ero 

MOJJ.YJib COCTaBJIHJI HeKOTC py10 a-JJ.OJIIO MOJlyJIH q: 
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(9) 

r):(e a - HeKoTopoe •mcno B npe):(enax OT 0 AO 1. YpasHeHHe (9) ecTh nepsoe npeAnono­

:lKeHHe. 

l..ITo6bi OKOH4aTeJlhHO onpe):(eJlHTh BeKTOp qa, nepenHIIIeM (7) C yqeTOM (9): 

M~ = mi +2mb V0 [I- 2:~:"] (10.1) 

HeTpyAHO JaMeTHTh, 4TO npH a = 1 H V a = V Bbipa:lKeHHe (1 0.1) COBna):(aeT C KOHe4HOH 

::~<jJ<jJeKTHBHOH MaccoH: K 2 
(eM. (3.5)). llo3TOMY MO:lKHO npoCTO no.IO~HTh: 

X 

0):(HaKo npH TaKOM onpeAeneHHH v senH4HHa M 2 
6yAeT B CJlY'Iae ynpyroro pacce~mm1 a a 

(x = 1) <jJyHKUHeH a, npHHHMaJOIUeH 3Ha4eHH~ m~ JlHillh npH a= 0 H a= 1. 

py):(eM nonaraTb, 4TO B npouecce ynpyroro B3aHMO):(eHCTBH~ M<,CChl 4aCTHU He MeH~IOT­

C~. B TaKOM cnyqae B03HHKaeT sonpoc, KaK o6ecne4HTh nocTO~HCTBO npoMe:lKYT04HOH Mac­

Chi MHIIIeHH Ma B cnyqae ynpyroro pacce~HH~ H coxpaHHT > ee <jJyHKUHOHaJlhHYJO 

3aBHCHMOCTh OT ):(OJlH nepe):(aHHOfO HMnyJJhCa B Cnyqae Heynpyroro pacce~HH~? L{pyrHMH 

cnosaMu: MO:lKHO nu e):(HHhiM o6pa30M onucaTh ynpymH: u HeynpymH: npoueccbi B 

3aBHCHMOCTH OT ):(OJlH nepe):(aHHOfO 4-HMnynhca? flerKO 3aMeTHTl, 4TO ):(Jl~ 3TOfO BMeCTO 

( 11) HYiKHO Bbi6paTb HeJlHHeHHYJO 3aBHCHMOCTh B BH):(e 

(12) 

B 3TOM cnyqae Bbipa:lKeHue (1 0.1) npHHHMaeT BHL\ 

2 2 2 
Ma =mb +2mb va (1 -x), (13) 

H3 KOTOporo CJle):(yeT, 4TO Ma = mb npu X= 1. 

Bbi60p 3HepreTH4eCKOH KOMnOHeHTbl B BH):(e (12) eCTh BTOpoe npe):(fiOJlO:lKeHHe (nOJJO­

:lKeHHe 0 nOCTO~HCTBe MaCC 4aCTHU B cnyqae ynpymx CTOJlKHOBeHIIH npe):(CTaBJJ~eTC~ eCTe­

CTBeHHbiM). 

llpH 3a):(aHHOH Ha4aJJbHOH 3Hepmu KHHeMaTHKa C06biT~ B J'HP nOJlHOCTbiO BOCCTa­

HaBJlHBaeTC~ Ha OCHOBe ypaBHeHH~ (4) no L\BYM He3aBHCHMbiM nepcMeHHbiM, HanpHMep V H 

2 Q . AHaJJOfH4HO, KHHeMaTHKa npoMe:lKyT04HOfO COCTO~HH~ nOJlHO ;Tb!O BOCCTaHaBJlHBaeTC~ 

Ha OCHOBe ypaBHeHH~ (7) no L\BYM He3aBHCHMbiM nepeMeHHbiM, Ha IpHMep flO TeM iKe V H 
a 
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mb ~
m,m, 

-z------ -- m -- ... - 0 
-7 mb mo 

M. 

a) 

' 
' ' 

xnib 
6) 

PHc.J. ,IlHarpaMMbl Heynpyro>H peaKUHH B npocTpaHCTBe CKOpOCTeH flo6a'!eBcKoro: a) BBe,lleHHe 

U-HHBapHaHTa, 6) BBe,lleHHe X ·HHBapHaHTa 

TaKHM o6pa30M, Bee <OMnOHeHTbl 4-BeKTOpa qa. MO)J(HO onpe.IJ,eJlHTb, H Bee OHH 6y.IJ,yr 

eoJJ.ep)J(aTb o6mHii MHO:JI(HTellb a.. Cne.IJ,oBaTellbHO, napaMeTp a. eeTb Maeuna6HbiH 

MHO)J(HTeJlb, a 4-BeKTOp £' liBJllleTell MaeUJTa6HO-HHBapHaHTHbiM. lhMeHllll a. OT 0 )],0 1, a. 
MO)J(HO nOll)"'HTb MHO)J(ee rBO eoeTOliHHH OT Ha'laJlbHOfO )J,O KOHe'IHOfO. TIOJlytleHHOe MHO­

)J(eeTBO eoeTOliHHH MO)J(H<• paeeMaTpHBaTb KaK 3BOJliOUHIO B3aHMOJJ,eHeTBHll B 3aBHCHMOCTH 

OT liOJlH nepe,uaHHOfO 4-H -1nynbea qa., a <X.- KaK napaMeTp 3BOJJIOUHH. 

Ha p!ie.l a npe11eTaBJ1 !Ha liHarpaMMa Heynpyroii peaKUHH B npoeTpaHeTse CKopoeTeii. 

TIYHKTHpHbiMH llHHHliMH H3o6p3)J(eHo npoMe)J(yrO'IHoe eoeTOliHHe B3aHMOJJ,eiieTBYIOIUHX 

qaeTHU m H M . 
a a. 

Tipe.IJ,eTaBJllleTell H~TepeeHbiM • e.IJ,enaTb HeKOTOpble 3aMe'!aHHll, Henoepe.IJ,eTBeHHO 

eBll3aHHbJe e BBelleHHeM H )80f0 HHBapHaHTa. 

3. HeKOTOpbie 3aM•:'IaHHll, CBll3aHHbie c BBeJJ.eHHeM Hosoii nepeMeHHOH a 

J. Tipe)J(lle seero 83)1(110 OTMeTHTb, 'ITO BbJ6op HellHHeHHOH 3aBHCHMOCTH (12) Tpe6yeT, 

'IT06bl BeJlH'IHHa X B npoLecee B3aHMOlleHeTBHll 6b!Jla nOCTOliHHOH )J,Jlll BCeX a: 

2 
- qa. Q2 - 2 

x=--=--=.::..9...__. 
2qa.Kb 2mb v 2qKb 

(14) 

<l>aKT noeTOliHeTBa X eOlleJ)J(HTell· H B napTOHHOH MO)J,ellH. llei:JeTBHTeJlbHO, B COOTBeTCTBHH 

e napTOHHOH rHnOTe30H l YKJlOH npelleTaBJllleTell eoeTOllll(HM H3 CB060JJ,HbiX, HeCBll3aHHbiX 

TO'Ie'IHblX 'laeTHU- naplOHOB (7]. <l>opMallbHO TaKyiO rHnOTe3y MO)J(HO Bblpa3HTb 3aMeHOH 

4-BeKTopa Kb eyMMOH (I - x) Kb + xKb , r11e x- MaernTa6Hall nepeMeHHall nbepKeHa. Onpe-

JJ,eJleHHe 3Ha'!eHHll X npOl' 3BOliHTCll B MOJJ,eJlH H3 npe.IJ,nOJlO)J(eHHll 0 TOM, 'ITO HaJleTaiOll(HH 

nenTOH Ka paceeHBaeTCll Ha napToHe xKb ynpyro. Ynpymii xapaKTep B3aHMOllei1cTBHll He 
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li3MeH51eT Mace qacnn.1 H o6ecneqHBaeT TaKHM o6pa30M coxpaHeHHe MaCChi napTOHa, T.e. 

coxpaHeHHe BeJIHqliHhl X. 3TH pacc~eHH51 HeO)lHOKpaTHO npl1 BO)lliJI A.M.DaJI)lHH Ha 

pa3JiliqHhiX CeMHHapaX, HO OHH He ony6JIHKOBaHhl. llHarpaMMa TaKOfO B3aliMO)leHCTBH51 B 

npOCTpaHCTBe CKOpOCTeH liJIJIIOCTpHpyeTC51 pHCYHKOM 16. 

flpOTHBOpeqliBOCTh napTOHHOH MO)leJIH B TOM li COCTOHT qTO npeanoJiaraeMhle 

qaCTHQhl-llapTOHhl Henocpe)lCTBeHHO He pemcTpHpyiOTC51. 3TO 06CT )51TeJihCTBO MO:lKeT 03Ha­

qaTh, qTo nepBoHaqaJihHM nochiJIKa HeBepHa - 4-BeKTop H)'KJIOHa Kb He 51BJI51eTC51 Macrn-

Ta6HO-HHBapHaHTHhiM. 

CoxpaHeHHe x B npouecce B3aHMoaeiicTBH51 o6ycnaBJIHBaeTC51 HeJIHHeHHhiM xapaKTepoM 

nepeaaqli :mepmH-HMnynhca B caMOM npouecce. B CBOIO oqepeah, ,;aM HeJIHHeHHhiH xapaK­

Tep nepeaaqli npOJlHKTOBaH 061I.IHM Tpe6oBaHHeM e)lliHOH KHHeMaTI!Kli npoMe:lKyTOqHhiX CO­

CT051HHH KaK B ynpymx, TaK li B Heynpymx peaKQli51X. 

2. KaqecTBeHHO noH51Th ToqeqHhiH xapaKTep noBeaeHH51 npol(eccoB rHP MO:lKHO H B 

paMKaX )laHHOfO llO)lXO)la. 

lln51 3Toro onpeaeJIHM Ko3cpcpHQHeHT HeynpyrocTH cxn KaK n Kyio aoJIIO nepeaaHHoro 

4-HMllYJihCa q, KOTOpOH )lOCTaToqHo )lJI51 po)l()leHli51 MHHHMaJihHOH MaCChi Mmin (CM. (3.8)). 

lln51 onpeaeneHH51 TaKoro K03cpcpHUHeHTa wcnoJih3yeM ypaBHeHwe (13). IToJIO:lKHM B 3TOM 

YpaBHeHHH M = M . H pernHM ero OTHOCHTeJihHO a, KOTOpoe II 6yaeT onpe)leJI51Th KO-o: mm 

3cpcpHUHeHT HeynpyroCTH an: 

[

M2 -m2 :1/2 
mm b X 

a = 
n Q2 1-x 

(15) 

ITo onpeaeJieHHIO noJIO:lKHM, qTo an= 0 JlJl51 ynpymx B3aHMO)leHCTEHH, T.e. HOBOH Macchi He 

po)l()laeTC51. 113 (15) HeTpy)lHO BH)leTb, qTo C pOCTOM Q 2 
BeJIHqHHa -:1. )lOJI:lKHa yMeHhlllaThC51 

n 

H cTpeMHThC51 K HYJIIO npw Q 2 ~ oo, x = const. 

lleHCTBHTeJihHO, npH 60JihlllHX nepeaaqax, KOTOphle B03MO:lK Hhl J!Hlllh llpH BhiCOKHX 

3Hepm51x, T.e. npw s = (K + Kb)2 ~ oo, MHHHMaJihHM Macca M . 6yaeT pacTH JIHlllh KaK a mtr 

JIOrapHcpM OT S, llOCKOJlhKY M . =" m. ::::0: nm nponopUHOHaflhHa MHO:lKeCTBeHHOCTH mm £.... 1 1t 

BTOpHqHhiX qaCTHQ (B OCHOBHOM - llHOHOB, m1t - Macca llHOHa) KOTOpa51, KaK H3BeCTHO 

[8], paCTeT KaK In (s). ITpw v ~ oo H npw Q 2 ~ oo (Ho x = const), q ro 3KBHBaJieHTHO s ~ oo, 

BenwqwHa a ~ 0 npwMepHo KaK In (s) / s ~ 0, T.e. BeJIHqHl a a acwMnTOTwqecKH 
n n 

CTpeMHTC51 K npeaeny )lJI51 ynpymx B3aHMO)leHCTBHH, H BeCh npOI(eCC npH 3THX YCJIOBH51X 

npwo6peTaeT ynpymii, «ToqeqHhiH» xapaKTep. 

Ha pwc.2 npHBe)leHhi 3KcnepHMeHTaJihHhie pacnpeaeneHH51 )lJI51 K03cpcpwuweHTa Heynpy­

rocTH H x JlJl5! peaKQHH (2). Ko3cpcpHuweHT HeynpyroCTH Bhlqwcne '~ JlJl51 JlBYX mnoTe3: JlJl51 

JIHHeHHOH 3aBHCHMOCTH (11) - o603HaqeH a Ha pHc.2a, H HeJIHH !HHOH 3aBHCHMOCTH (12) 
m 

- o6o3HaqeH an Ha pwc.2B. ITpeacTaBJI51eT HHTepec npoBepHl h noBe)leHHe 3Toro K0-

3cpcpwuweHTa C pOCTOM 3HepmH CTOJIKHOBeHH51: C pOCTOM 3HepmH OH )lOJI:lKeH yMeHhlllaThC51. 
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0 0.05 0.1 
am 

a) 

~~41 
0 0.5 

an 

B) 

z 300 
-o 

200 

100 

0 
0 0.5 

X 

6) 

PHc.2. am ' X, an - pacnpe.ueneHHJI .UJIJI 

peaKUHH (2) 

Ha pHc.26 npHBeneHc pacnpeneneHHe no x. l1HTepecHo OTMeTHTh, 'ITO MaKcHM}'M pac­

npeneneHHll no x npHXOJliiTCll Ha x ~ I /2, H cpenHee 3Ha'leHHe x paBHO ~ I /2, T.e. ynpy­

roe pacceliHHe npOTOHa (B aHTHJla6. CHCTeMe) npOHCXOJlHT Ha nOJlOBHHe MaCChi JlelhpOHa­

KBaJHynpyroe pacceliHHe HYKJIOHa Ha HYKJIOHe. 

3. 06o6meHHe npeJl]]araeMoro nonxona Ha cnyqaii npoH3BOJlhHhiX peaKUHH cne.nyeT B 

pe3yJlhTaTe 06Hapy~eHHll npliMOH CBli3H Tpe6oBaHHll eJlHHOro OnHCaHHll KHHeMaTHKH yn­

pymx H Heynpymx B3aHM )JleHCTBHH C COXpaHeHHeM BeJlH'lHHhl X. 

Jlnll nepe.naHHOro 4-H MnynhCa q YJl06HO BBeCTH JlOnOJlHHTeJlbHO nepeMeHHYIO X , aHa­
a 

JlOrH'lHYIO 6hepKeHOBCKOI'i (KOTOpyiO noKa 0603Hal.JHM KaK Xb): 

X = ---=.i_ - Q 2 
a -2qK -2m V , 

a a b 

(16) 

vb =Eb -E~, (16.1) 
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rne Eb , E~ - 3Hepnui qacTHUbl b (MHllleHH) no H noCJie B3aHMon :H.cTBH~ B cHcTeMe noKo~ 

qacTHI.(bl a (a aHTHJia6. CHCTeMe). AHaJIOfHqHO Xb HMeeM: eCJIH M lCCa qaCTHI.(bl a He MeH~­

eTC~, TO X a= 1. 

)lJI~ Heynpyroii peaKUHH (1) HMeeM: xa =I, xb <I, a AJI~ peaK ~HH (2): xa <I, xb =I (Ha 

pHc.26 npencmBJieHo pacnpeneJieHHe no x ). a 

QqesHnHo, qTo B o6meM CJiyqae, KOr;:J;a MaCChi o6eHX B3aHMcneHcTBYIOI..LIHX qaCTHU He 

coxpaH~IOTC~, xa <I H xb <I. KaK 6biJIO noKa3aHo B npenbiAYI..Lie~r pa3neJie, H3 Tpe6osaHH~ 

enHHOro onHCaHH~ KHHeMaTHKH npoMe~YTOqHoro COCTO~HH~ WI~ ynpyrHX H HeynpyrHX 

peaKUHH CJienyeT HeJIHHeHHbiH xapaKTep 3aBHCHMOCTH nepenai:aeMOH 3HeprHH, npHBO­

n~I..LIHH K coxpaHeHHIO o6eHx BeJIHqHH xa H xb. CJienosaTeJibHo, paccMoTpeHHe o6mero 

CJiyqM npOH3BOJibHOH peaKI.(HH CBOnHTC~ K BOnpocy onpeneJieHII~ 4-BeKTOpa q: KaK Bbl­

neJIHTb H3 KOHeqHoro COCTO~HH~ qacTHI.(bl, ~BJI~IOI.I.(HeC~ nponyK1aMH (HJIH cpparMeHTaMH) 

JIH6o a-, JIH6o b-qacmu? Ho 3TO ~e npyroii sonpoc .• 

4. TipOCTpaHCTBO CKOpOCTeH H cpopMyJibl Jlo6aqeBCKOro npe);OCTaBJI~IOT B03MO~HOCTb 

npOCTOrO H HarJI~nHoro BOCCTaHOBJieHH~ He TOJibKO KOHeqHoro, HJ H npoMe~YTOqHOfO CO­

CTO~HHH B3aHMOneHCTBYIOI..LIHX qacTHU no nsyM He3aBHCHMbiM nap 1MeTpaM. 

lJ.T06bi BOCnOJib30BaThC~ 3THMH npeHMyi..LieCTBaMH, Heo6xoniiMO BBeCTH COOTBeTCTBy­

IOI..LIHe 6biCTpOTbl qaCTHU B HaqaJibHOM, KOHeqHOM H npoMe~YTOqH JM COCTO~HH~X. 0TMeTHM 

JIHlllh nepBbiH lllar, Heo6xonHMbiH Ail~ naJihHeHllJHX BbJqHCJieHI!H (AJI~ npOCTOTbl pac­

CMaTpHBaeM peaKUHH, Korna Macca HaJieTaiOI..LieH qacTHUbl He H3Me i~eTc~). BseneM 6hiCTpo­

Tbi, COOTBeTCTBYffii..LIHe noJie nepenaHHOfO 4-HMnyJihCa qa (CM. (9) H I2)): 

(17) 

(17.I) 

rne 6biCTp0Tbl ~ H p I onH03HaqHo cpHKCHpyiOT npoMe~YTOqHoe ;;oCTO~HHe qacTHUbl m B a a a 

npocTpaHCTBe cKopocTeii ( p0 - cooTBeTcTByeT HaqaJibHO~ 3HepmH HaJieTaiOI..Lieii 

qacTHUbl). Ha pHc.I a 3TH 6hiCTpOThi H3o6p~eHhi nyHKTHpHbiMH II HHH~MH: ~ - oTpe3KOM 
a 

mama, pa1 - mbma. YpaBHeHH~ (17) onpeneJI~IOT sseneHHbie 6biC''POTbi qepe3 napaMeTp a. 

J1cnOJib3Y~ (17) H cpOpMyJibl Jlo6aqeBCKOro, MO~HO onpeneJII Tb Ha OCHOBe ypaBHeHH~ 

(7) BCe BeJIHqHHbl, xapaKTepH3YIOI..LIHe npoMe~YTOqHoe COCTO~I He B3aHMoneiicTBYIOI..LIHX 

qaCTHI.(. MHO~eCTBO COCTO~HHH, COOTBeTCTBYffil.I.(HX H3MeHeHHIO a OT 0 no I, o6pa3YffiT 

ronorpacp B npOCTpaHCTBe CKOpOCTeH. 

4. OueHKH BpeMeHHbiX napaMeTpos Heynpyroro pacct:~HH~ 

Co6CTBeHHOe BpeM~ qaCTHI.(bl d"C CB~3aHO CO BpeMeHeM dt CHC1 eMbl, B KOTOpOH qacTHI.(a 

nBH~eTC~ CO CKOpOCTbiO ~, COOTHOllleHHeM [3]: 

d"C=dt~. (18) 
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llrrB )];aJILHeifrnero y)l::>6no ssecrH T - nonnoe speWI HJIH MHTeJILHOCTL BJaHMo­

ll:eHCTBHSI lJacTHUbl (a Hm b) B )];aHHOH CHCTeMe OTClJeTa, HanpHMep, na6oparopHOH. I1o­

JIO:lKHM 

t=aT, dt=Tda, (19) 

r,[{e t - reKyruee speMSI, coorsercrB)'IOIUee a - )];one nepell:annoro 4-HMnynLca. Ana­

norn'IHO, B .L{BH:lKyiUeifcB c HcreMe: t' = aT', me T' - nonnoe speWI B il:BH:lKyrueifcSI Cl1cre­

Me, nocKOJILKY a- HHBapHaHT. YpasnenHe (19) SIBJISieTCSI nocne)];HHM npe)];nono:lKeH11eM. 

MO:lKHO CKa3aTb, 'ITO OHO l>blpa:lKaer COOTBeTCTBI1e O)];HOpOil:HOCTH speMeHI1 HeBLI.lleJieHHOCTI1 

KaKOrD-TO 3HalJeHI1SI a 8 H HTepsarre 0-1. 
llrrHreJILHOCTL co6crB,~HHoro speMeHH 'laCT11ULJ m - T H qacTHULI M - Tb MO:lKHO a ao a o 

JanHcaTL B BHil:e 

I I 

Tao=j:U.J da~ ~-'aa, 

0 
Tbo=TbbJ da~ 0 bb, 

(20) 

f)];e T , ~ - )];JIHTeJibHOCTb B3aHMO,[{eHCTBHSI H CKOpOCTb lJaCT11Ubl B CHCTeMe, r)];e OHa ,[{0 aa aa 
BJaHMO)];eHCTBHSI noKOI1Jiac L. AHarrorH'IHO, Tbb , ~bb - coorsercrseHHO MSI lJaCTI1ULJ M a B 

CHCTeMe flOKOSI mb-lJaCTHUbl. BL160p HMeHHO 3TI1X CI1CTeM apryMeHT11pyeM HeMHOrD HH:lKe. 

Onpell:eJII1M cpell:HHe 110 a CKopocrl1 ~aa·l1 ~bb-lJaCT11U: 
l 

~aa = J da~aa' 
0 

~bb = f da~bb · 
0 

(21) 

CooTBeTCTBYIOlllaSI cpe)];HeJi CKOpOCTH )];JII1Ha, Ha KOTOpOH np01130lliJIO B3aHMO.L{eHCTBI1e, 6y­

.L{eT: 

h 
-R T :::::-, 

Sal- ~-'aa aa Paa 
h 

sbb = ~bbTbb::::: P bb, (22) 

r.L{e h - flOCTOSIHHaSI I1JiaJJKa, paa' pbb- MO.L{YJII1 11MnyJILCOB lJaCT11U B KOHelJHOM COCTO­

SIHI111 B COOTBeTCTBYIOllii1X :HCTeMaX. T.e. B BL16paHHbiX CHCTeMax COOTHOllleHI1SI ,[{e-bpOHJISI 

(22) )];aJOT OUeHKY M11Hb, Ha KOTOpOH 11MnyJibC 'laCTI1Ubl a(b) 113MeHHJIOI OT HYJISI )];0 

PaJPbb) B peJynLrare BJ:lHMOlleHCTBI1SI. l-b (22) 11MeeM oueHKI1 MHTeJibHOCTI1 B3ai1MO-

ueiicTBHSI )];JISI paccMaTpHB leMbiX 'laCT11UeH 8 Bbi6paHHbiX CI1CTeMaX OTClJeTa. C flOMOIQbiO 

( 18-20) MO:lKHO nepeClJH1 aTb )];JII1TeJibHOCTb B3aHMOlleHCTBI1SI 'laCT11Ubl 8 JIJ06yJO CI1CTeMy. 

OueHKI1 M11TeJibHOC1 11 speMeHI1 B3ai1MoueifcrBI1SI, nonyqeHHbJe 113 (22), MO:lKHO 

cpaBHI1Tb C OQeHKaMI1, flOrJyqaeMbiMI1 113 COOTHOllleHI1SI HeonpeueneHHOCTeH )];JISI 3Hepm11. 

llrrS! lJaCTI1Ubl m a 8 Bbi6paH HOH CH,CTeMe pa3HOCTb 3Hepmif KOHelJHOfO 11 HalJaJibHOfO COCTO-

SIHI1H eCTb KI1HeTI1lJeCKaSI :: HepmS!. ECJII1 11 )];JISI lJaCT11Ubl Ma B Bbi6paHHOH )];JISI Hee CI1CTeMe 

B KalJecrse pa3HOCTI1 3Hepmii B3SITL KI1HeTI1'1ecKyJO 3HeprnJO Mponuoii Macchi M (a ue sc10 
X 

nepeuaHHYIO 3Hepm10 V), TO, KaK CJieuyer 113 p11c.3a, 36, COOTBeTCTB)'IOIQI1e OQeHKI1 Bpe­

MeHI1 B3aHMOlleHCTBI1SI COB la,[{aJOT. 3ro COBna.L{eHI1e llBYX OUeHOK eCTb 3KCnep11MeHTaJibHbiH 

cpaKT, KOTOpblH 11 npeuonr elleJIHJI OTMelJeHHbiH Bblllle BbJ60p CI1CTeM OTClJeTa. 
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21 

Ha p11c.3s np11Be).J.eHbi pacnpe).J.eneHI1ll ).J.JlliTeJlbHOCTI1 co6cTBeHI· oro speMeHI1 Tao 11 Tho' 

onpe).J.eJleHHbie ll3 (20), Ha p11C.4a,6 - pacnpe).J.eJleHI1ll ).J.Jli1TeJlbH )CTI1 BpeMeHI1 B3ai1MO­

):IeHCTBI1ll qacTliUbi ma B cncTeMe noKoll mb 11 C-cncTeMe, a Ha pn·:.4,s,r - ).J.Jlll qacTI1Ubi 

M B CI1CTeMe noKOll qacTI1Ubi m (Ao B3ai1MO).J.eiicTB11ll) 11 C-CI1CTeMe Ha p11c.4,A rrp11Be).J.eHo a a 

pacrrpe).J.eneHI1e OTHmneHMll co6cTBeHHbiX speMeH T /Tb . 
ao o 

BmKHO IIO):IqepKHYfh, qTo B ).J.aHHOH CI1CTeMe OTCqeTa (HaiipHi,tep, B na6opaTOpHOH), 

).J.Jli1TeJlbHOCTh BpeMeHI1 B3ai1MO).J.eHCTBI1ll ).J.Jlll Ka)I(,L{OH qaCTI1UH COCTaBJllleT pa3HYIO 

sen11q11Hy: Tbb >Tab. Cne).J.OBaTenhHO, TeKyml1e speMeHa ta = a.Tab 11 tb = a.Tbb- TO)I(e pa3-

Hbie: 

(23) 
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PHc.4. PacnpeJICJICHHll OUeHOK JlllHTCJibHOCTH BpCMCHH B3aHMOJICHCTBHll Jlllll Jipyrnx CHCTCM OTC'ICTa 

(CM. TCKCT) 

l 
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0TCJO)la cne)lyeT, '-ITO COCTOll:HHe '-!aCTHUhl Ma' COOTBeTCTBYJOlll,ee (( - )lOne nepe)laHHOro 

4-HMnynhCa, B paCCMaTpHBaeMOH CHCTeMe HaCTynaeT C 3ana3)lhiB:tHHeM Ha BenH'-IHHY !:J.t 
OTHOCHTenhHO COCTOll:HHll: '-!aCTHUhl a (COOTBeTCTBYJOlll,ero TOW )J(e (X•)J.One). 0'-!eBH)J.HO 

TaK)J(e, '-ITO B )laHHOH CHCTeMe OTC'-IeTa B3aHMO)leHCTBYIOlli,He '-!aCl HUh! B OJ].HH H TOT )J(e 

MOMeHT BpeMeHH (ta = tb) COOTBeTCTBYIOT pa3Hh!M COCTOll:HHll:M: 

(24) 

3cpcpeKT 3ana3)lhiBaHHll: H 3cpcpeKT O)J.HOBpeMeHHOCTH npHCYTCTBYIOT B )laHHOM llO)J.XO)le H 

nerKo noMaJOTCll: '-!HcneHHhiM oueHKaM. 

HaKoHeu, Ba)J(HO OTMeTHTh cneJJ.yJOmee. Ecnw cooTHOineHHe (1:;) JanwcaTh B BHJJ.e 

(25) 

r)le d't , d'tb - sneMeHThi co6cTBeHHoro speMeHH qacTHUhi m I M , l3ab - cKopocTh ao o • a .a 
'-laCTHUhl rna OTHOCHTenhHO Ma, T.e. COOTHOilleHHe (18) 3allHCaTh )l.llll: npoMe)J(YTO'-IHOro CO-

CTOll:HHll: '-laCTHU, TO MHTenhHOCTh B3aHMO)leHCTBiill: O)J.HOH '-!aCTHUhl B n1060ii 3~aHHOH 

cHcTeMe MO)J(HO Bhipa3HTh qepe3 co6cTBeHHOe speMll: JJ.pyroii '-laCTHL hi. HanpwMep, Bhipa3HM 

d'tbo B (25) qepe3 MHTenhHOCTh Tbb B CHCTeMe llOKOll: mb : 

(25.1) 

HnH 

1 

Tao= Tbb J da --J 1 -13~b --J 1 -13~b · (25.2) 
0 

3Hall: T , MO)J(HO onpeJJ.enHTh Tbb . ,llnll: onpeJJ.eneHHll: )J(e T Heo6x ~JJ.HMa oueHKa MHTenh-ao ao 
HOCTH B OJJ.HOii KaKoii-Hw6yJJ.h cwcTeMe. Ha pwc.4 Mll: qacTHUhi M T lKHM o6pa30M nonyqeH-a 
Hhie oueHKH (nyHKTHp) cpaBHHBaJOTCll: c paHee nonyqeHHhiMH. KaK BHJJ.HO, Ha6nJOJJ.aeTCll: 

YJJ.OBneTBOpHTenhHOe cornacwe. Cne)loBaTenhHO, JJ.BH)J(eHHe CHCTeM hi B3aHMOJJ.eiicTByJOmwx 

'-!aCTHU MO)J(HO paccMaTpHBaTh B 3aBHCHMOCTH flHillh OT OJ].HOfO Bpe.teHHOfO napaMeTpa. 

5. TipocTpaHCTBeHHO-BpeMeHHall: 3BOfliOUHll: B3aHMO)leH~TBHll: JJ.BYX '-!aCTHU 

B nnocKOCTH paccell:HHll: '-laCTHU m H M Mll: npoJJ.OnhHOH 13 H nonepe'-IHOH 13 cocTaB-
a a x y 

flll:IOJUHX CKOpOCTH l3 '-!aCTHUhl m (HnH M ) B Bhi6paHHOH CHCTeMe OTC'-IeTa HMeeM: 
a a 

(26.1) 

Tr = 13y, dy = T l3 sin 9 da, (26.2) 
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PHc.5. 3aBHCHMOCTb npODOJibi!OH H nonepe'IHOH CKOpOCTCH B3aHMODCHCTB)'IOlUHX 'laCTHU m
0 

(CnliOll!HaJI 

JIHHHJI) H Ma (OytiKTHp) OT 0 DJIJI peaKUHH (2) (X= 0,5, Q 2 = 0,24 (f38/c)
2

): B aHTHJia6opaTOpHOH -

' 
a), C-CHCTCMC- B), Jla6opanpHOH- D) CHCTCMaX. 6), r), e)- TpaeKTopHH DBmKCHHJI B3aHMODCHCT-

B)'IOlUHX 'laCTHU ma (BCpXHJIJI OOJiynJIOCKOCTb) H Ma (HHJKHJIJI OOJiynJIOCKOCTb) B TOH JKC, KaK CKOpOCTb, 

CHCTCMC. illTpHxnyHKTHpHbllfli JIHHHJIMH OTMC'ICHbl KOOpDHHaTbl TO'ICK, COOTBCTCTB)'IOIUHX ODHHaKO­

BbiM 3Ha'ICHHJIM a- ronorpa:fl 
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MJJM 

a 

x=x
0

+T J ~cos8da', 
0 
a 

y = y0 + T f ~ sin 8 da', 
0 

(27 .I) 

(27.2) 

r,ne e - yron BbiJleTa 'laCTMI.(bl ma (HJJM Ma), T- ,nJJMTeJlbHOCTb l:e B3aMMO,nei!CTBM}I, Xo, 

Yo - Ha'laJJbHhie 3Ha'leHM}I KOOp,nHHaT 'laCTMI.(bl m a (HJJM mb), COOTBeTCTBYIOW:Me a= 0. 

ITonarM x
0 

= y
0 

= 0 .nJJ}I o6eMx 'laCTMU M oueHMBM T no cpopMynaM (20)-(25), HeTpy,n-

HO Bbi'IMCJlMTb KOOp,!lHHaTbl B3aMMO,neifCTBYIOW:MX 'laCTlil.(, COOTBe1 CTBYJOW:MX a•.!(OJle 

nepe,naHHoro 4-MMnynhca s peaKUMM (2). Ha pHc.5 npHse,neHhi peJynbTaThi Bhi'IMcneHwil .nJJ}I 

Tpex cMcTeM: aHTMna6opaTopHoil (mb = md noKOMTC}I), C-cMCT !Mhi M na6opaTOpHoil 

(m :: m fiOKOMTC}I). Bbi'IMCJleHM» COOTBeTCTBYIOT HeynpyroMy (x = 0,5, 'Q 2 
= 0,24 (f3B/c)

2
) 

a p 

pacce»HMIO ,nei!TpOHa Ha npoToHe. Ha pHcyHKax npHse.neHbi JaBMC iMOCTM no.nhiHTeJYMh­

HbiX cpyHKUMH OT aM pe3yJJbTaTbl MHTerpHpOBaHM» - TpaeKTOpHM ,!lBW:lKeHM}I B3aMMO,!{eHCT­

BYIOW:MX 'laCTMU B nJJOCKOCTM pacCe}IHM}I ,nJl}l yKa3aHHb X CMCTeM OTC'leTa. 

lilTpHxnyHKTHpHbiMM JlMHM}IMM OTMe'leHhl TO'IKM, COOTBeTCTBYIOil{Me O,!{MHaKOBbiM 3Ha­

'leHM»M a. Bee MHTerpaJJbl onpe,neJJMMCb 'IMCJleHHblM MeTO,!{OM MHTI:rpHpOBaHM» C MCTIOJlb-

30BaHMeM cTaH.napTHoil npoue,nyphi (GAUSS). 

6. 3aKJJIO'leHMe 

AHanMJ fHP B npocTpaHCTBe cKopocTeil no3BOJIMJ1 ccpopMynHp•lBaTh npe.ncTasneHMe o 

B3aMMO,neifCTBMM CTaJJKMBaiOW:MXC» 'laCTMI.( KaK 0 npOCTpaHCTBeHHII-BpeMeHHOM npouecce 

- npouecce nepe,na•m 3HepmH-MMnynhca OT o,nHoil 'laCTMUhi K ,np yroil. 11cxo,n}l M3 3Toro 

BBe,neHO B paCCMOTpeHMe npOMe)((yTO'IHOe COCTO}IHMe 'laCTMU, COOTBtTCTBYIOW:ee HeKOTOpOif 

,none nepe,naHHoro 4-MMnynhca. 

Ha OCHOBe 06W:MX npHHI.(HTIOB - MaClliTa6HOH MHBapHai ITHOCTM M Tpe6oBaHM}I 

e,nMHOfO OTIMCaHM}I KMHeMaTMKM ynpymx M Heynpyrnx pea!.I.(HH - Haif.neHbl KOM­

noHeHTbl ,!{OJJM nepe,naHHOfO 4-MMTIYJlbCa, onpe,neJl»IOW:Me llpOMe)((YTO'IHOe COCTO­

}IHMe ,nsyx B3aMMO,!leHCTBYIOW:MX 'laCTMI.(. 

ITpe.nJJO)((eH cnoco6 sse,neHM» TeKymero speMeHM, noJson 'IIOW:Hil paccMaTpHBaTb 

,!lBH)((eHMe B3aMMO,!{CHCTBYJOW:CH CMCTCMbl ,nsyx M 6onee 'laC TMU B 3aBMCHMOCTM OT 

O,!lHOfO BpeMeHHOfO napaMeTpa. 

C nOMOW:biO HOBOfO onpe,nCJJCHM}I K03cpcpHUMeHTa Heynpyro ;TM Ka'ICCTBeHHO TIOKa­

JaH TO'IC'IHbiH xapaKTep npOUCCCOB fHP 6e3 npHBJlC'ICHM}I fi1TIOTC3bl 0 «TO'IC'IHOH» 

CTPYKType HYKJJOHa. 

ITonyqeHhl 'IMCJleHHbiC OI.(CHKM ,nJJMTCJlbHOCTM BpCMCHM B3aH ,w,neifCTBH» M3 COOTHO­

llleHM» Heonpe,neneHHOCTeil .nJJ}I MMnynhca, cosna.naiOmMe ; oueHKaMM, nonyqeH­

HhiMM M3 cooTHOlliCHM» Heonpe,neneHHOCTeil .nn» ::mepr 111. Cosna.neHMe 3KC­

nepMMCHTaJJhHhiX OUCH OK MO)((CT CBM.!(CTCJlbCTBOBaTb 0 HCf pOTMBOpC'IMBOCTM BBC­

,!{CHM» HOBOfO MHBapHaHTa npHHI.(Mny feif3CH6epra. 
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BBeJleHa JlOnonHHTenbHIDI nepeMeHHIDI xa, aHanorwmiD! 6bepKeHOBCKOH xb. Co­

BMeCTHOe npHMe -JeHHe 3TH X BenH'lHH ll03BOJIS!eT o6o6UJ.HTb npe)lnaraeMbiH llOJlXOJl 

Ha Cfl}"'aH npoH:;BOflbHbiX peaKUHH. 

TipeMO:lKeHHbie HJleH OTKpb!BaiOT nepcneKTHBY nonHoro perneHH51 npo6neMbi 

pen51THBHCTCKOfC OllHCaHH51 JlBH:lKeHH51 B3aHMO)leHCTBYIOUJ.eH CHCTeMbl JlBYX H 6onee 
'laCTHU. 

OcHOBHble HJleH npeJlJiaraeMoro noJlXOJla npoBepeHbi c noMOUJ.biO 3KcnepHMeHTanbHbiX 

)laHHbiX peaKUHH pa3Bana )leHTpOHa Ha npOTOHe npH HMnynbCe 3,31 f3B/c. 
ABTOp npHJHaTeneH A.M.IianJlHHy, A.B.E<flpeMoBy, 11.A.CaBHHy, I,..M'."I1;-:.C""o-n:-:-o-B-b-eB-Y......,} 

H.A.lJ.epHHKOBY Ja ueHHbie o6cy)I(JleHH51 H JlHCKyccHH, 3.f.Ey6eneBy, E.H.KnMHHUKOH, 

A.A.KyJHeuoBy, B.H.TieHeBy, A.I1.WKnoBCKOH Ja nocT051HHbiH HHTepec K pa6oTe, B.B.fna­

roneBy Ja npeJlOCTaBneHHe 3KcnepHMeHTanbHOro MaTepHana, a TaK:lKe A.TI.HaraiiueBy, 

,ll.CanHxam'l H A.TI.lJ.em aKoBy Ja noJl)lep:lKKY H noMOUJ.b B pa6oTe. 
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Y,D,K 539.172 

HCCJIEL(OBAHHE AJirOPHTMOB PEKOHCTPYKU;HH 

AL(POHHhiX CTPYH B 1t -p- H 1t -C-B3AHMOL(EHCTBIDIX 
llPH 40 r3B/c 

H.H.BaoQJlliH, P.F.BaoQJlliH, E.BozoanoBurt*, A.A.Ky1neqo.l 

PaccMoTpeHbi palllH'IHbie aJiropnTMbi )!.Jill Bbl.lleJieHIDI 3JipOHHbiX cTpy1 i B 3,!lpOH-3JipOHHbiX 
U 3,!lpOH-ll,llepHblX B3aUMOJlelicTBUllX. Ha OCHOBe aHaJIU3a 3KCnepUMeH13JlbllbiX )laHHbiX no 

1Cp- U rCC-B3aUMOJleUCTBIDIM npu UMnyJJbCe Me30Ha 40 f3B/c nOKa3aHO, 'ITO B MllfKUX npo­
Qeccax npOQeJlYpa Bbl.lleJJeHUll 3,!lpOHHhiX CTpyii Cyii(eCTBeHHO 3aBUCUT OT •feTPHKU aJiropuTMa: 
HccnellOBaHa 3asucuMOCTb npoQeJlYpbi <f!opMuposaHnll npeKJiacTepos oT napaMeTpa o6pe3aHnll 
aJiropuTMa u npe)I.JioJKeHbi KpnTepuu )!.Jill onpeJleJJeHnll onTHMaJibHOro 31 a'!eHnll 3TOro napa­
MeTPa. llOKa3aHO, 'ITO npe)I.JIOJKeHHbiU B HaCTOllii(eii pa6oTe HOBbiU 8-aJI -opUTM npeJl'hllBJJlleT 
60JJee JKeCTKUe llO CpaBHeHHIO C aJI!UpUTMOM JADE Tpe60BaHUll K 3,!ljlOHaM, BXOJlllii(IIM B 
coCTaB CTPY"· a cnellOBaTeJJbHO u K npoQeJlype peKOHCTPYKQIIH 3JIPOHHbi: ~ CTPyii. BCJJellCTBHe 
3TO!U Bbl.lleJJlleMbie Ha OCHOBe 8-aJiropuTMa CTPYH pa3JleJJeHbl KaK B npoc· paHCTBe CKOpOCTeii, 

TaK U B <fla30BOM npOCTPaHCTBe KaK CaMUX CTpyii, TaK U '!aCTUQ (rt'=-Me30HOB), BXOJllliUUX B 
COCTaB 3TUX CTpyii. 

Pa6oTa BblllOJJHeHa B Jia6opaTOpuu BbiCOKHX 3Heprnii OHJIH. 

Study of the Hadronic Jet Reconstruction Algorithn s 

in 1t-p and 1t-C Interactions at 40 GeV/c 

N.N.Badalian et al. 

Different types of algorithms for reconstruction of the hadronic jets Jroduced in rt -p and 

rt-C interactions at 40 GeV/c have been studied. It has been found that •he jet reconstruction 
procedure crucially depends on the metric of the algorithm. The depende nee of the precluster 
formation mechanism on the cut parameter of the algorithm was investi! ated and the criteria 
for the determination of the optimal value of the cut parameter have bt en proposed. It was 
shown that the B-algorithm we proposed, claims much more rigorous reqt ests, as compared to 
the JADE algorithm, to the hadrons from jets and so to the jet reconstruction procedure. As a 
result, extraced jets are separated both in the velocity space and in the pi ase space of the jets 

as well as of the hadrons (rt'= mesons) from jets. 
The investigation has been performed at the Laboratory of High Ener sies, JINR. 

*llocTOliHHbtii a,11pec: Soltan Institute for Nuclear Studies, Warsaw, Poland 
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1. Pa3J1HlJHbte MeTpHKH JlJlB anropHTM08 

peKoHcTpyKUHH aL.pOHHbiX cTpyii 

Pa6oTa noc8BIUeHa a 1aJ1H3Y pa3J1HlJHbiX anropHTM08 no 8btJleneHHIO aJlpOHHbiX cTpyH 8 

npoueccax 83aHMOJleHCT8 -IB Me)J()J.y lJaCTHUaMH H BJlpaMH. flpH 60JlblUOH MHO)I(eCT8eHHOCTH 

lJaCTHU 8 KOHelJHOM CCCTOBHHH pa60Ta anropHTM08, OCH08aHHbiX Ha 8Ce803MO)I(HbiX 

pa36HeHHBX MHO)I(ecT8a •taCTHU 8 KOHelJHOM COCTOBHHH Ha Jl8e HJlH TpH rpynnbl lJaCTHU, 

CTaH08HTCB MaJ103Qxl>eK fH8HOH 8 C8B3H C 60JlblUHM KOJ1HlJeCT80M 8Ce803MO)I(HbiX 

pa36HeHHH. flo 3TOH npwmHe 6biJ1H npeJlJlO)I(eHbl H nOJIYlJHJlH 60JibiUOe pacnpOCTpaHeHHe 

6biCTPOJleHCTBYIOIUHe, HJ1 H JlOKaJlbHbie, anropHTMbl Jl]lB peKOHCTPYKUHH aJlpOHHbiX CTpyH, 

KOTOpbte pa60TaiOT Ha OC H08e cpa8HHTeJlbHOI'O aHaJ1H3a xapaKTepHCTHK 8CeX nap lJaCTHU 8 

KOHelJHOM COCTOBHHH. ( ymecTByiOT TaK)I(e anropHTMbl, HCnOJlb3ytoiUHe xapaKTepHCTHKH 

8CeX TpOeK lJaCTHU 8 KOHelJHOM COCTOBHHH. 

B JlaHHOH cTaTbe Mbt 6yJleM paccMaTPH8aTb pa6ory anropHTM08, KOTOpbte npH aHanH3e 

C06bJTHB HCnOJlb3YIOT TOJJbKO xapaKTepHCTHKH nap 'laCTHU, HJlH TaK Ha3bi8aeMbie 6HHapHbie 

anropHTMbl. 0JlHHM H3 X<.paKTepHbiX npHMep08 TaKOrO 6HHapHOI'O anropHTMa BBJlBeTCB aJl­

ropHTM COTPYJlHHlJecTBa .fADE [ 1 ,2,3], KOTOpbtH Hcnonb308aJ1CB JlJlB 8biJleJieHHB aJlPOHHbiX 

- + - -CTPYH 8 e e -83aHMOJleHcr8HBX. 

JlornKa anropHTMa J.tiJE opraHH308aHa cneJlytoiUHM o6pa3oM: 

1. JlnB Ka)J()J.OI'O C061.JTHB C N-lJaCTHUaMH 8 KOHelJHOM COCTOBHHH (Jlanee 8 TeKCTe KaK 

OJlHY lJaCTHUy, TaK H tpynny lJaCTHU 6yJleM Ha3bi8aTb npeKl!acmepoM) onpeJleJlBIOTCB 

N(N- 1) I 2 napHbiX, HJlH 6HHapHbiX, xapaKTepHCTHK m~k , KOTOpbte BBJlBIOTCB 3cpcpeKTH8HOH 

Maccoii CHCTeMbi H3 Jl8yx npeKnacTepo8 c 4-HMnynbcaMH P. H Pk : 
• l 

2 2 
mik=(Pi+Pk) · (1) 

IT pH 3TOM, eCTeCT8el HO, npeJlnonaraeTCB, 'ITO N ~ 2. 

2. OnpeuenBeTcB MHiHMaJlbHOe 3HalJeHHe m~ k =min {m~k} H3 N(N -1)/2 8eJ1HlJHH 
min min 

m2k , T.e. onpeJleJISteTCB 1apa npeKJJaCTep08 i . H k . C MHHHMaJlbHbiM 3HalJeHHeM 3cp-
l mm mm 

cpeKTH8HOH MaCCbl. 

3. ITonyqeHHOe MHH t~MaJlbHOe 3Ha<teHHe m~ k cpa8HH8aeTcB c HeKOTopoii HanepeJl 
mm mm 

3aJlaHHOH 8eJIHlJHHOH m2 
1
, KOTOpaB BBJlBeTCB napaMeTpOM o6pe3aHHB anropHTMa. 

Cll 

4. EcJJH m7 k > m :ut' TO npoueJlypa peKOHCTPYKUHH aJlpOHHbiX CTpyH 3a8epiUaeTCB. 
min min 

2 5. ECIIH mi k < m! , TO Jl8a npeKJlaCTepa i . H k . ofueJlHHBIOTCB 8 OJlHH npeKJJa-
. ·:ut mm mm 

mm mtn 

CTep C MaCCOH mi k H 4-HMnyJibCOM pi k =pi + p k , T.e. lJHCJIO npeKJlaCTep08 
mm min min min 

yMeHbiUaeTcB Ha eJlHHHU r: N ~ (N- I). 
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6. flpH (N- 1) ~ 2 npoueAypa nOBTOpSieTCSI AJISI (N- 1) I peKJiaCTepoB, eCJIH :lKe 

(N- 1) = 1, npoueAypa peKOHCTPYKUHH MPOHHhiX CTpyii 3asepwae rcSI. 

7. Bee npeKJiacTepbi, LIHCJIO LiaCTHU B KOTOpbiX 6oJihllie HJIH pa mo 2, paccMaTpHBaiOTCSI 

KaK MPOHHbie cTpyH B AaHHOM co6hiTHH. 

lb CKa3aHHOfO Bblille CJieAyeT, LITO mo6oii 6HHapHbiH anrop11TM no peKOHCTp}'KUHH 

aApOHHbiX CTpyif HMeeT TpH OCHOBHbiX 3JieMeHTa: a - JIOrHKa aJ ropHTMa, b - MeTpHKa 

aJiropHTMa 11 c - napaMeTp o6pe3aHHSI aJiropHTMa. B LiaCTHOCTH, ;10mK.a anropHTMa JADE 
OCHOBaHa Ha cpaBHHTeJihHOM aHaJIH3e 3cflcfleKTHBHbiX MaCC BCeX HJeKJiaCTepOB. 0Ha H3JIO­

)J(eHa B nepeLIHCJieHHhiX Bhiille nn.1-7. MeTpHKa anropHTMa JA. 'JE onpeAeJISieTCSI Bbipa­

)J(eHHeM (1 ), T .e. 3cflcfleKTHBHOH MaCCOH napbl npeKJiaCTepOB, a napaMeTpOM o6pe3aHHSI 

2 
SIBJISieTCSI BeJIHLIHHa mcuf 

HH:lKe 6yAyT paCCMOTpeHbl HeCKOJibKO aJirOpHTMOB, JIOrHKa KOTOpbiX COBna,[laeT C 

JIOrHKOH aJirOpHTMa JADE, OAHaKO MeTpHKa CyiUeCTBeHHO OTJIH'JaeTCSI OT MeTpHKH aJI­

ropHTMa JADE. 

B KaLiecTBe MeTpHKH, onpeAeJISIIOIUeii 6JIH30CTh nap npeKJia< Tepos, paccMOTpHM no­

peHU-HHBapHaHTHhie BeJIHLIHHbl bik ( 4 ], KOTOpbie onpeAeJISIIOTCSI K aK KBa,[~paT pa3HOCTH 4-

CKOpOCTeH npeKJiaCTepOB i H k: 

(2) 

0TMeTHM, LITO AJISI CHCTeMbl 113 Tpex npeKJiaCTepOB i, j H k IIMeeT MeCTO CJieAyiOJUee 

yTBep)J(AeHHe. ECJIH B npOCTpaHCTBe CKOpOCTeH paCCTOSIHHe Me:lKlY npeKJiaCTepaMH i,j H 

k,j MeHbllie BeJIHLIHHbl b0, T.e. bij < b0 H bkj < b0, TO paCCTOSIHH': Me)I(Ay 06oeAHHeHHbiM 

npeKJiaCTepOM (ik) H npeKJiaCTepOM j He MO:lKeT 6hiTb 60Jibllie BeJIIILIHHbl b
0

, T.K. 

(3) 

ECJIH B JIOrHLieCKOH cxeMe aJirOpHTMa JADE CAeJiaTh 3aMeHy m!k --7 b.k H m
2 

--7 b , TO 
1 cut cut 

Mhi nOJI)"'HM HOBhiH B-anropHTM. TaKa» He3HaLIHTeJihHaSI, Ha nepBbiH B3rJISIA, 3aMeHa 

npHBO.llHT K cymecTBeHHO .upyroif, no cpaBHeHHIO C anrcpHTMOM JADE, CXeMe 

peKoM6HHaUHH npeKJiacTepoB. Eonee Toro, noJI)"'eHHhiH TaKHM o6pa30M B-anropHTM o6na­

.uaeT HeKOTOpbiMH 3aMeLiaTeJihHbiMH CBOHCTBaMH, KOTOpbiMH He Of•Jia.[laeT aJiropHTM JADE. 

)leTaJibHO 3TH OTJIHLIHSI 6y.uyr npo.ueMOHCTpHpOBaHbl Ha npHMepe peKOHCTp}'KUHH cneKTa-

TOpHbiX (HJIH MS!fKHX) CTpyif B 1t-p-B3aHMOAeHCTBHSIX npH 40 f3B/:. 
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.llpyroif BeJIH'IHHOH, ICOTOpru! MO:lKeT 6b1Tb HCnOnbJOBaHa WHI onpe.ueneHH.II 6nH30CTH 

.UByx npeKJiaCTepOB, .IIBmleTC.II BeJJH'IHHa bi~' KOTOpru! CB.HJaHa C BenH'IHHOH bik npOCTbiM 

COOTHOWeHHeM [5): 

2 2 
m.mk m.k- (m. + mk) 

b f I b I I 
ik = --2- ik = 2 (4) 

mo mo 

r.ue napaMeTp m0 ~ I f38, o.uHaKo KOHKpeTHoe 3Ha'leHHe :Horo napaMeTpa HeCYllleCTBeHHO 

.un.11 Hawero .uanbHeiiwero paccMOTPeHH.H. 

2. 3aBHCHMOCTb Q))pMHpOBaHH.II npeKnaCTepOB 

OT MeTpHKH anrop tfTMa 

Oocne TOro KaK Mbl onpe.uenHnH pa3nH'IHble MeTpHKH ,Un.ll anropHTMOB no peKOHCT­

p)'KUHH a,u.pOHHbiX CTpyif, nepeif.ueM K paCCMOTpeHHIO npoue.Uypbl o6pa30BaHH.II npeKJiaCTe­

pOB H KHHeMaTHKH peKm.:6HHaUHH .UBYX npeKJiaCTepOB B O.UHH npeKJiaCTep B paMKaX Ka:lK­

.UOH H3 npHBe,UeHHbiX BbiUie MeTPHK . 

.lla:lKe 8 CnYlJae paue iCTBa MaCC BCeX lJaCTHU B KOHelJHOM COCTO.IIHHH (HanpHMep, B 

+ 
cnYlJae, Kor.ua .un.11 peKoH:TpyKUHH CTPYH ucnonbJYJOTC.H TOnbKO 3ap.H:lKeHHbie 1t--Me30Hbi) 

HalJHHrul CO BTOpOrO wan HTepaUHOHHOH CXeMbl nO.IIBn.IIIOTC.II npeKJiaCTepbl C MaCCaMH, cy­

IUecTBeHHO OTnH'IHbiMH (IT MaCC Ha'lanbHbiX lJaCTHU, TaK KaK 8 XO,Ue pa60Tbl anropHTMa 

MaCChi npeKJiaCTepOB He {MeHbWaJOTC.II, O.UHaKO MOryT paCTH. B CB.II3H C 3THM CTaHOBHTC.II 

O'leHb Ba:lKHbiM HCCne.UOB3fb, KaKHM 06pa30M npOHCXO.UHT 06"be,UHHeHHe HnH peKOM6HH3UH.II 

npeKJiaCTepOB C p33nH'IHllMH MaCCaMH B HOBbiH npeKJiaCTep B 3aBHCHMOCTH OT Bbi6paHHOH 

MeTpHKH anropHTMa peKO 1CTpyKUHH a,u.pOHHOH CTpyH . .llanbHeifwee paCCMOTpeHHe Mbl npo-

Be,UeM B nepeMeHHbiX ~y H P}: , KOTOpbie onpe.uen.HJOTC.II .un.11 napbi npeKnaCTepoB i H k 
cne,ayJOWHMH COOTHOWeH: I.IIMH: 

~y = Y;- Yk • (5) 

2 2 2 2 2 
PT =P; -PiL =Pk -PkL' (6) 

I Ei(k) + pi(k)L 
=-In p ' 

Yi(k) 2 Ei(k)- i(k)L 
(7) 

pi(k)L = pi(k) . 0 ik' (8) 

P.+Pk pik 
I --

D.= I I- p . 
1k P;+Pk ik 

(9) 
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3)leCb p T - nonepetiHbiH HMnyJihC KaK npeKJiaCTepa i, TaK H n peKJiaCTepa k no OTHO­

IlleHHIO K HanpaBJieHHIO Dik CYMMapHOfO TpexMepHoro HMllYJibCa pik =pi+ pk JlBYX npeKJia­

CTepOB i H k, a ~y - pa3HOCTh 6biCTpOT npeKJiaCTepOB i H k B Hanpa JJieHHH Dik CYMMapHOro 

TpexMepHOfO HMllYJibCa pik . 0TMeTHM, 'ITO npH p T = 0 BeJIH'IHHa ~) nepeXOJlHT B paOUartb­

HYIO 6biCTpOTY )lmi CHCTeMhl H3 JlBYX npeKJiaCTepOB i H k, a npH ~y = 0, p T CTaHOBMTC51 

HMllYJihCOM KIDK,ll,OfO H3 npeKJiaCTepOB i H k B CMCTeMe MX QeHTpa M lCC. 

Bee paccMoTpeHHbie HaMM MeTpHKH (1 ), (2) H ( 4) B nepeMeHHhL' ~Y M P}: Bbipa:lKaiOTC51 

npOCTbiMM COOTHOllleHHSIMH: 

mimk 
bi~ = --2- bik . 

mo 

(10) 

(11) 

(12) 

PaccMoTpHM MexaHM3M peKoM6MHaQMH JlByx npeKJiaCTepoB c MaccaMH mi H mk B OJlMH 

npeKJiaCTep B paMKaX pa3JIH'IHbiX aJirOpHTMOB. qT06hi He YCJIO:lKHSITD )laJibHeH:lliMe paCCY:lK­

)leHM~ HecyiQeCTBeHHbiMM )leTaJISIMM, paCCMOTpMM 06"he)lHHeHMe JlByx llMOHOB 

(mi = mk = mrc) H JlByx npeKJiaCTepOB i M k, MaCChi KOTOpblX paBHbl Me cce, HanpMMep, HYKJIO-

Ha (mi = mk = mN, )laJiee B TeKCTe TaKMe npeKJiaCTepbl 6y)leM Ha3 >IBaTh «HYIUlOHa.MU») B 

OJlHH npeKJiacTep B paMKax paccMaTpusaeMhiX anropMTMOB. Tor)la ,1,.1151 anropMTMa JADE c 

napaMeTpOM 06pe3aHH51 m~ut MMeeM YCJIOBMe peKOM6MHaQMM JlByx lMOHOB MJIH JlByx npe-

KJiaCTepOB - «HYKJIOHOB» - B O)lMH npeKJiaCTep: 

m~ut 
ch (~y) =-

2
- -1, 

2mrc(N) 

m2 -4m2 
p 2 = cut rc(N) 

T 4 

2 
npuPT =0, 

npM ~y=O. 

(13) 

(14) 

Cne)lOBaTeJihHO, ecm-t )lBa nMoHa i M k MJIM )lBa npeKJiacTepa - «HYKJIOHa» i H k, no 

2 2 
OTHOllleHHIO K MeTpMKe mik HaXO)l5ITC51 Ha O)lHHaKOBOM paCCTOSIHMI I mcut Jlpyr OT )lpyra H 

MOryT o6neJlMH51ThC51 B OJlMH npeKJiacTep, TO JlJISI paawanhHhiX 6biCTpc n TaKMX nap BhinOJIH51-

IOTC51 COOTHOllleHH51 ~y (JlJI51 1t) > ~y (JlJI51 npeKJiaCTepOB - «HYKJI( >HOB», N), a BeJIH'IHHbl 

P}: JlJISI 3TH X nap JlOJJ:lKHhi YJlOBJieTBop51Th cooTHOllleHHIO P}: (JlJI51 1t: > P}: (JlJI51 npeKJiaCTe­

pos N), 
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OpH HcnonLJosaHHJ> B-anropHTMa c MeTpHKOH b.k H c napaMeTpOM o6pe3aHHR b 
1 I CU 

ycnOBHe peKOM6HHauHH JlByx nHOHOB H JlByx npeKnaCTepOB - «HYKnOHOB» - HMeeT BH,U: 

b cut 2 
ch(dy) = 1 + 2, npH P T = 0, (15) 

m2 

P 2 _ 1t(N) b npH dy = 0. 
T- 4 cut' 

(16) 

CnenosaTenLHO, B paMKa> B-anropHTMa Ha OJlJ.IHaKOBOM paccTORHHH HaXOJlRTCR TaKHe napLI 

nHOHOB H TaKHe naphl npeKnaCTepOB - «HYKnOHOB», pa.n;HanhHhie 6hiCTpOThl KOTOphiX pas­., 
Hhl: dy (JlnR 7t) = dy (JlJIR npeKnaCTepOB N), a BenJ.I'IHHhl pi YJlORTieTBOpRIOT COOTHOllleHHIO 

2 2 2 2 
PT (JlJIR N) = (mp/m1t) l'T (JlJIR 7t) > PT (JlJIR 7t). 

llnR anmpHTMa c MeTPHKOH b.k' H napaMeTpoM o6pe3aHHR b' JlJIR ycnoBHR 
1 cut 

peKOM6HHaUHH JlBYX npe wtaCTepOB 8 OJlHH MO)I(HO nOn)"'HTh cneJlyiOIUHe Bhlpa)l(eHHR: 

2 
mo 2 

ch(dy)=1+-2-bc~t npHPT=O, 

2m7t(N} 

2 
2 mo , 

P =-b nnu A)'""O T 4 cut ""t'""- ' 

(17) 

(18) 

cnenosaTenhHO, JlJIR anropHTMa c MeTpHKOH bi~ HMeeM cnyqaif, o6paTHhiH cnyqa10 JlJIR B-an­

ropHTMa c MeTpHKOH bik , a HMeHHo: Pi (JlJIR N) =Pi (JlJIR 7t) H dy (JlJIR 7t) > dy (JlJIR N). 

OpH <~TOM ycnosHe, K.OTopoMy yno8JleTsopRIOT pa.n;HanhHLie 6LICTpOThi nap nHOHOB H nap 

npeKnacTepos - «HyKnc HOB», JlJIR :nora anmpHTMa cosnanaeT c TaKHM )l(e ycnosHeM JlJIR 

anropHTMa JADE. BcneJlCTBHe 3T0f0 peJynLTaThl, nonyqeHHhie Ha OCHOBe anropHTMa C 

MeTpHKOH bi~' He CHnhHO OTnH'IaiOTCR OT peJynLTaTOB, nony'leHHhiX Ha OCHOBe JAD£-an-

ropHTMa. C Jlpyroif CTOpJHhl, 3TH peJynLTaThl CyiUeCTBeHHO OTJUI'IaiOTCR OT TeX, KOTOpbie 

nonyqaiOTCR Ha ocHose E -anmpHTMa. 

TaKHM o6pa30M, npliHUHn peKoM6HHauHH nsyx npeKnacTepos s OJlHH npeKnacTep cy­

mecTseHHO JaBHCHT OT I.bi6opa MeTPHKH anropHTMa Jla)l(e B paMKaX OJlHHaKOBOH nOrHKH 

3THX anropHTMOB. 0pH 3fOM Bhi60p MeTpHKH JaBHCeTb OT KOHKpeTHbiX <lJH3H'IeCKHX 3a)la'l, 

KOTOpbie JlOn:lKHbl 6b1Tb ~ellleHbl nocne npouenypbl BbLUeneHHR a,npOHHbiX CTpyif. 

3. AHanH3 ::.KcnepHMeHTallbHbiX naHHbiX 

no 1t-p- H 7t-C-B3a'iMOJleHCTBHRM npH 40 f::.B/c 

HaCTORIUHH pa3)leJI IIOCBRIUeH aHanH3Y MHOfOllHOHHbiX KOHe'IHbiX COCTORHHH, o6pa30-

BaHHbiX B npouecce B::aHMOJleHCTBHR 7t--Me30HOB C npOTOHaMH H RJlpOM yrnepOJla. 

3KcnepHMeHTanbHble .ua~ Hble nony'leHbl c nOMOIUbiO 2 M nK Ol15111, o6Jiy'leHHOH ll)"'KOM 
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PH c.!. 3aBHCHMOCTb 'IHCJJa j-cTpyHHbiX co6hiTHH OT BeJJH'IHHbi napaMeT Ja o6pe3aHHll b cut LIJ!ll 

1Cp- " rt-C-B3aHMOJlelicTBHH. KpHBall I - 'IHCJJO 6eccrpyHHbiX co6biTHi, 2- 'IHCJJO 1-cTpyH­

HbiX C06biTHH, 3 - 'IHCJIO 2-cTpyHHbiX C06biTHH, 4 - 'IHCJIO 3-cTpyHHbll C06biTHH, 5 - 'IHCJIO 

4-CTpyHHbiX C06biTHH, 6 - 'IHCJIO co6biTHH C llllTblO llHOHHbiMH CTPYllMH II KOHe'IHOM COCTOllHHH 
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1t -Me30HOB C HMnyJlhCOM 40 f3B/c Ha YCKOpHTene J1Cl>B3. 3TH ).1, lHHbie HCnOJlb30BaJ111Ch 

LIJIH HCCJle)J,OBaHHH npouecca cpopMHpOBaHHH npeKnaCTepOB B p lMKaX pa3JlH'IHbiX aJl­

rOpHTMOB. 

Ha pwc.l-3 noKa3aHo noBe)J,eHHe '!Hen a 0, 1, 2, 3 11 T.J.I.. CTpyi HbiX co6biTHH (Aanee B 

TeKCTe j-cTpyHHbie C06biTH») BO B3aHMO)J,eHCTBHHX 1t-p 11 rt-C, reKOHCTpywpoBaHHbiX C 

nOMOII.lbiO Tpex ynOMHHYTbiX Bbiiiie anropHTMOB, B 3aBHCHMOCTH OT napaMeTpa o6pe3aHHH 

anropHTMa (Aanee B TeKCTe - X 
1
). KaK MOJKHO BH)J,eTb, 06ll.lHM CI OHCTBOM npHBe)J,eHHbiX cu 

Ha pHCYHKaX KpHBbiX HBJlHeTCH TO, 'ITO npH He60JlblliHX 3Ha'!eHHHX napaMeTpa o6pe3aHHH 
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PHc.2. 3aBHCHMOCTb 'iHC 1a j-crpyHHbiX co6biTHH oT BeJIH'iHHbi napaMeTpa o6pe3aHHll b ;ut nrrll 

Tt-p- H rt-C-s3aHMoneiicrsHH. KpHBall I - •mc.no 6ecCTpyHHbiX co6hiTHH, 2- 'iHcrro 1-CTpyH­

HhiX C06hiTHH, 3 - 'iHc.H :> 2-CTpyHHblX C06biTHH, 4 - 'iHc.HO 3-CTpyHHbiX C06biTHH, 5 - 'iHC!lO 

4-cTpyHHhiX co6biTHH, 6 - 'iHc.no 5-crpyHHhiX co6hiTHH H 7 - 'iHcrro co6btTHH c rnecTbiO 

nHOHHblMH CTpyliMH B KO He'iHOM COCTOliHHH 

BCe C06b!TH}I HHTepnpeTHJIYIOTC}I ariropHTMOM KaK 6eCCTpyHHbie C06biTH}I. 3TO HMeeT MeCTO, 

KOr)la 3Ha4eHHSI napaMeT )a o6pe3aHH}I X cut MeHbllle, no OTHOllleHHIO K paCCMaTpHBaeMOH 

MeTpHKe, MHHHMaJlbHOrO 10 BCeM C06b1THSIM paCCTO}IHH}I Me)l()ly napaMH 4aCTHU H3 Ka)l()lOrO 

co6biTHSI 'x .. KorJla napaMeTp o6pe3aHHSI cTaHOBHTCSI 6onbllle, 'I eM 3Ha4eHHe x . (T.e. mm mm 

x 
1 

2: x . ), nOSIBJlSIIOTCSI ltepBbie OJlHOCTPYHHbte co6biTH}I c JlBYMSI 4aCTHUaMH B CTpye. np" 
cu mm 

JlaJlbHeiillleM ysenH'-IeHHI' napaMeTpa o6pe3aHH}I anropHTMa x 4HCJ10 l-CTpyiiHbiX co-
cut 
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PHc.3. 3aBHCHMOCTb 4HCJia j-cTpyHHblX C06b!THH OT BeJIH4HHbl napaMe· ·pa o6pe3aHHll m~ut ):lJill 

rt-p- 11 rt-C-B3ai1MOJ1eilcTBI1H. Kp11sa11 I - 4Hcno 6eccTpyHHbiX co6biTI1 ii, 2 - 411cno 1-CTpyH­

HblX co6biTI1H, 3 - 411CJIO 2-CTpyHHbiX C06biTI1H, 4 - 411CJIO 3-CTpyHHb X C06biTHH, 5 - 411CJIO 

4-CTpyHHbiX co6biTI1H, 6- 411CJIO 5-CTpyHHbiX co6biTI1H, 7 - 411CJIO 6-c rpyHHbiX co6hiTHH, 8 -

411cno 7 -cTpyHHbiX co6b!THH, 9 - 411cno 8-cTpyllHbiX co6biTI1H 11 I 0 -- 411cno co6biTI1H c ):le­

Bl!TbiO 11HOHHbiMI1 CTPYliMI1 B KOHe4HOM COCTOliHI1H 
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6hiTMH yseJIH4MBaeTC51, 11051BJ15110TC51 2-cTpyifHhie, 3-cTpyifHhie 11 T.)J.. C06biTM51 H O)J.HOBpeMeH­

HO rrpoHCXO.D.MT yMeHhllleHMe 4MCJia 6eccTpyifHhiX co6hiTMH. Bet j-CTpyifHhie pacrrpe.D.e­

neHH51, KpOMe 0- 11 1-CTpyHHhiX )J.OCTMraiOT CBOero MaKCMMyMa r pH orrpe)J.eJieHHhiX 3Ha-

4eHM51X rrapaMeTpa o6pe3aHM51 x 
1
. ITp11 JHa'leHMM x<

2
)
1 

rrocne.D.HMM csoero MaKCMMyMa cu cu 

.D.OCTMraeT 4HCJIO 2-cTpyiiHhiX co6hiTMH. ITp11 .!l.aJihHeiillleM yseJIH'le~ HH 3Ha4eHH51 rrapaMeTpa 
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40 f3B/ c 
bR 

11 p 
~--------

a bl 

·~ / 
~ 

1) 20 30 40 50 

bcut 

mL 

11 p 40 f3B/c 

1 J 20 30 40 50 

bcut 
PHc.4. 3aBHCHMOCTb xar aKrepHCTHK npasoii (R) H nesoii (L) crpyii B 2-crpyHHbiX co6biTIDIX, 
BbmeneHHbiX 8-anropHniOM, or napaMerpa o6pe3aHHJI bcut: a - pa3Mepbi npasoii (R) H nesoii 

(L) CTpyH bR H bL H paCCTOliHHe MelKlly R- H L- crpyliMH bRL B npocrpaHCTBe CKOpocreii (3Ha­

'leHHll bRL yMeHbWeHbl B J0 pa3); 6 - MaCChi npaBoii (R) H JleBOii (L) CTpyH mR H mL H 

3cpcpeKTHBHall Macca mRl 2-crpyiiHoii cHcreMbi (3Ha'!eHHJI mRL YMeHbllleHbi B I 0 pa3) 

X n_Be crpyH B 2-crpyHIIbiX C06biTHJIX Ha'IHHaJOT peKOM6HHHpOBaTb B on_Hy CTpyJO H, IlpH cw . 

O'leHh 6oJJhlllHX JHa'lem,Jix rrapaMerpa o6pe3aHHJI, see co6hiTHJI HHreprrperHpyJOTCJI aJI­

ropHTMOM KaK 1-crpyiiH ,Je co6biTHJI. TaKHM o6pa30M, HMeeM: N0 ~ N101 
rrpH xcul ~ 0 H 

N
1 
~ N

101 
rrpH xcul ~ oo, rne N

0
, N 1 H N

101
- 'IHCJJO 6eccrpyifHhiX, 1-crpyifHhiX co6b!THH H 

'IHCJIO BCeX C06biTHH COOTBeTCTBeHHO. 
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PHC.5. 3aBHCHMOCTb xapaKTepHCTHK npaBOH (R) H JieBOH (L) CTpyH B :~-CTpyHHbiX C06biTH5IX, 
2 

Bbl,llerreHHbiX anropHTMOM JADE, B 3aBHCHMOCTH OT napaMeTpa o6pe3aH..f51 mcut: a- pa3Mepbl 

npasoii (R) H rresoii (L) cTpyii bR H bL H paccTOMHHe Me)J(,[ly R- H L- CTPYll \fH bRL B npoCTpaHCTBe 

CKOpOCTeH; 6 - MaCChi npaBOH (R) H JieBOH (L) CTpyH mR H mL H 3Q:cpeKTHBHa51 Macca mRL 

2-CTpyHHOH cHcTeMbi (3HaqeHHM mRL YMeHhllleHbi B 2 pa3a) 
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TaKOe «CKGHUpOBGHUe» rJI06aJihHOH TOTIOJIOfH'IeCKOH CTpyKTypbl KOHeqHOro MHOfOa,!(­

pOHHOro (MHOfOTIHOHHOro) COCT05IHH51 TIO napaMeTpy o6pe3aHH51 a.rrropHTMa TI03BOJI5IeT 

onpe)leJIHTh xapaKTepHYJO TOTIOJIOfHIO KOHeqHOfO a;:(pOHHOfO COCTOJIHH51. HanpHMep, npe)l­

CTaBJieHHbie Ha pHc.l-3 JaBHCHMOCTH qHCJiaj-CTpyHHbiX C06hiTHH (N.) OT 3HaqeHH51 napa-
J 

MeTpa o6pe3aHH51 XapaKTepHbl Jl1151 M5IfKHX a;:(pOH-a;:(pOHHhiX, a;:(pOH ·5I)lepHbiX H 51Jlp0-5I)lep­

HbiX B3aHMO)leHCTBHH 6e3 o6pa30BaHH51 )KeCTKHX CTpyif (TOJihKO )lBa lOTOKa qaCTHI.l HJIH )lBe 

cneKTaTopHbie, M5IfKHe cTpYJi), a TaK)Ke Jl1151 e + e --aHHHrHJI5II.lHH B JlB( cTpyH a.llPOHOB. To no-
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JIOflUI BCeX nepe'IHCJieHHbiX npoueCCOB OTHOCHTCSI K THny, r)J.e HMeiOTCSI )J.Ba !10TOKa '!aCTHU, 

JieTSIIUHX BnepeJJ. - Hll30l B CHCTeMe UeHTpa BJaHMO)J.eHCTBHSI. 

HecMoTpSI Ha o6m11i1 xapaKTep nose)J.eHHSI 'IHCJia co6biTHH c j-CTPYSIMH B JaBHCHMOCTH 

OT napaMeTpa o6pe3aHHll X )J.JISI pll3JIH'IHblX aJiropHTMOB, 3TH JaBHCHMOCTH CyiUeCTBeHHO 
cut 

pa3JIH'IHbi KaK )J.JISI pac• :MoTpeHHbiX HaMH anropHTMOB, TaK 11 )J.JISI 1t-p- 11 1t-C-sJaHMO­

JJ.eHCTBHH. HmKe Mbl OCl aHOBHMCSI Ha TeX pa31IH'IHSIX, KOTOpbie CBSI3aHbl C pa60TOH JADE-
11 B-anropHTMOB 11 KOTC pbie HMeiOT MecTo np11 aHaJIHJe 3KcnepHMeHTaJibHbiX )J.aHHbiX no 

1t-p-B3aHMO)J.eHCTBHSIM I1JlH 40 f3B/c. 

PaccMOTPHM csoiicma cneKTaTopHbiX CTPyH B co6biTHSIX c JJ.BYMSI CTPYSIMH, Bbi)J.eJieHHbiX 

B-aTiropHTMOM H a.nropHrMoM JADE. Ha p11c. 4a H 5a npeJJ.cTaBJieHbi JaBHCHMOCTH cpeJJ.HHX 

pa3Mepos npasoii (R) 11 JleBOH (L) cTpyii, peKoHCTpynposaHHbiX c noMOIUbiO B- H JADE-an­

ropHTMOB, a TaJOKe noK<tJaHo HJMeHeHHe paccTOSIHHSI Me:lKJly 3THMH CTPYSIMH bRL B npocT-

paHCTBe CKOpOCTeH OT lapaMeTpa o6pe3aHHSI b 11 m
2 

, COOTBeTCTBeHHO. 3aBHCHMOCTb cut cut 

Mace npaBOH (R) 11 JieBC H (L) CTpyH 11 3<f><f>eKTHBHOH MaCChi mRL 2-cTpyHHOH CHCTeMbl OT 

napaMeTpos b t 11 m
2 

npe.aCTaBJieHa, coOTBeTCTBeHHO )J.JISI B-anropHTMa 11 anropHTMa 
cu cu 

JADE, Ha p11c. 46 11 56. 

XapaKTepHOH oco6e HHOCTbiO peJyJibTaTOB, npeJJ.CTaBJieHHblX Ha 3THX pHCYHKaX, liBJISieT­

CSI TO, 'ITO Ha'IHHaSI CO 3Ha'leHHSI b , ~ 20 + 30 BeJIH'IHHbl b", h. H mR , mL BbiXO.llSIT Ha 
cu~ n L 

HeKOTOpbie HOCTOSIHHbH: JHa'leHHSI, T.e. He JaBHCSIT OT JHa'!eHHSI napaMeTpa b cut npn 

2 
bcut > 20 + 30. np11 3Tml HMeeM: bR, bL ~ 10 +12 e.UHHHU, a mR, mL ~ (0,7 + 0,8) faB/c . 

3aMeTHM, 'ITO B 3TOM en {lJae paccTOSIHHe Me:lKJly R- 11 L-CTpySIMH B npocTpaHCTBe cKopoCTeH 

6y.ueT bRL ~ 30 + 40, :r.e bRL >> bK ~ bL 11, cJie)J.OBaTeJibHO, B paMKax B-anropHTMa, B npo-

cTpaHCTBe cKopocTeH H~teeM JJ.Be xopowo paJJJ.eileHHbie cneKTaTopHbie (111111 MSirKHe) CTPY"· 

B npoTHBonoilmKHOCTb 3TOMY JJ.Be CTPY" R 11 L, BbllleJieHHble B paMKax anropHTMa JADE, 
)J.OBOJibiiO CHJibHO nepeK pb!Tbl B npOCTpaHCTBe CKOpOCTeH, TaK KaK paCCTOSIHHe Me)I(Jly CTpy-

liMH bRL~ JQ+ !5 npaJ:Ht'leCKH He JaBHCHT OT 3Ha'leHI1SI napaMeTpa o6pe3aHHSI m
2 

11, cut 

Ha'IHHa.ll C m
2 

t > (1,5 + 2) faB
2
/c

4 
, CTaHOBHTCll MeHbllle pa3MepoB CaMHX CTpyH 

cu 

bR ~ bL > bRL (eM. pHC.~·). np11 3Ha'leHHSIX m~ut < 1,0 f38
2
/c

4 
HMeeM bRL > bR ~ bL' 11 MO)I(­

HO 6biJIO 6bl O)I(HJJ.aTb .lBe xopowo pa3)J.e.neHHbie CTPYH np11 3THX JHa'leHHSIX napaMeTpa 

o6pe3aHI1ll B paMKa.x <JiropHTMa JADE. 0)J.HaKO, KaK 6yJJ.eT HOKa3aHO )J.aJiee, yCJIOBHe 

bRL > bR ~ bL liBJISieTCSI Heo6xoJJ.HMbiM, 110 He)J.ocTaTO'IHbiM )J.JISI paJJJ.eJieHHSI JJ.Byx cTpyii R 11 

L s <f>aJosoM npoCTpaH• :Tse. ,Upyi:HMH cnosaMH, CTpyH, noiiHOCTbiO pa3JJ.eileHHbie s npocT­

paHCTBe CKOpOCTeH, MOtyr 6b1Tb Hepa3)J.eileHHblMH B <f>a30BOM npOCTpaHCTBe 'laCTHU, 113 KO­

TOpblX CQCTOliT 3TH CTP:'H. 

BseJJ.eM CJieJJ.yiOlllHf KpHTepHH )J.JISI onpeJJ.eJieHHll napaMeTpa o6pe3aHHSI x 
1 

6HHapHoro 
cu 

aJirOpHTMa, npH KOTOp< •M HMeeT MeCTO pa3lleJISieMOCTb CTpyH KaK B npOCTpaHCTBe CKOpO­

CTeH, TaK 11 B 06bi'IHOM cpa30BOM npoCTpaHCTBe. npu aHaJIHJe 3KCnepHMeHTaJibHblX )J.aiiHblX 
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c ABYMR cneKTaTOpHhiMH CTPYRMH KpHTepHH ,IJ)IR onpe.!(eJieHHR na{,aMeTpa o6pe3aHHR xcut 

a.JirOpHTMa HMeiOT CJie)l;yiOll(HH BH.!(: 

KpHTepHii A: 
N3 
N < o,o1---0,03, 

2 

(19) 

me N
2 

H N
3 

- qHCJIO co6biTHH c ABYMR H TpeMR cTpyRMH, cooTBercTBeHHO. KpHTepHii A 

liBJIS!eTCSI npOCThiM OTpiDKeHHeM TOro cpaKTa, qTO BO B3aHMO.!(eHCTBHSIX, r)l;e He O))(H.!(aeTCSI 

rpeThR ))(eCTKall CTPYR qHcJio N
3 

3-cTpyiiHhiX co6hiTHH He JlOJI))(HO 6b1Th 6oJihllle 

CTaTHCTHqecKH O))(H)l;aeMOrO cpoHa, qTo ,IJ)ISI Halllero CJiyqall, 1t- O-B3aHMO.!(eHCTBHSI npH 

40 f3B/c, COCTaBJIReT 1 + 3 %. 

KpHTepHii E: (20) 

KpHTepHii 5 Tpe6yeT, qTo6bl paccTORHHe Me))(.!(y cTpyRMH R H L 6biJIO 6oJihllle CYMMhi 

pa3MepOB o6eHX CTpyii, qTo 03HaqaeT pa3.!(eJieHHOCTh .!(BYX CTpyii B npOCTpaHCTBe CKOpO­

CTeH. 

B paMKax JADE-anropHTMa KpHTepHii A yAoBJieTBopReTcR np11 3HaqeHHRX napaMeTpa 

o6pe3aHHR m2 
1 ~ 20 f3B2/c4 (pHc.3), a .u.nR B-anropHTMa KpHTepHii A yAoBJieTBOpReTcR npH • cu 

b 1 ~ 20. KpHTepHH 5 MO))(eT 6hiTb y.!(oBJieTBopeH B paMKax JADE-anropHTMa npH cu 

m2 
1:5 0,4 f3B

2
/c

4
, a .u.nR B-aJiropHTMa npaKTHqecKH npH Bcex 3H<.qeHHRX napaMeTpa b 1 cu cu 

HMeeM: bRL > bR + bL. Tpe6oBaHHe OAHOBpeMeHHoro BhinOJIHeHHR c6oHx KpHTepHeB A H 5 

)l;aeT CJie)l;yiOI.UHe pe3yJihTaThi: ,IJ)ISI aJirOpHTMa JADE HH npH KaKH;: 3HaqeHHSIX napaMeTpa 

m~ut He MO))(eT 6hiTh OAHOBpeMeHHoro y.!(oBJieTBopeHHR KpHTepHeM A H 5, a .u.nR B-an­

ropHTMa HaxO)l;HM: bcut ~ 20-;--30. 

TaKHM o6pa30M, B paMKax anropHTMa JADE He Moryr 6hiTh nonyqeHhi cTpyH, pa3)l;eJieH­

Hhie KaK B npOCTpaHCTBe CKOpOCTeH, TaK H B cpa30BOM npocTpaHCTJ:e. B OTJIHqHe OT 3TOro, 

HOBhiH B-anropHTM npH 3HaqeHHRX napaMeTpa b 1 ~ 20 + 30 no3BOJJ ReT Bhl.!(eJIHTh ABe cneK-cu 

raropHhie cTpyH, KOTOphie xopolllo pa3.!(eJieHhi KaK B npocTpaHC1 Be CKopocTeii, TaK H B 

cpa30BOM npocTpaHCTBe rc=t-Me30HOB, o6pa3YJOI.UHX 3TH cTpyH. Heor5xo)l;HMO OTMeTHTh, qTo 

npH b cut ~ 20 + 30 npOHCXO)l;HT CTa6HJIH3llUHSI pa3MepOB CaMHX CTp {ii B npocTpaHCTBe CKO-

pocTeH bR ~ bL ~ 10 + 12, a HX MaCChi mR ~ mL ~ 0,7 + 0,8 ~3B/c2 CTaHOBSITCSI He-

3aBHCHMhiMH OT 3HaqeHHSI napaMeTpa o6pe3aHHSI bcut (CM.pHc.4). 

CoBna)l;eHHe MaCChi mR npaBoii H mL JieBoii cTpyii mR ~ mL ~ 'J,7 + 0,8 f3B/c2 c Mac­

cow p-Me3oHa mp = 0,77 f3B/c
2 

He 03HaqaeT, qTo 3TH cTpyH cocn,RT H3 .!(Byx npomBono-
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40 EaOll.II.RH H.H. u op. HccJie006QHUe aJIZOpUm.M06 peKOHCmpyK~UU 

11 p, 40 f3B I c (N2 = 689 co6.' bcut=20) 

100 ... 100 ID >02 .. ....... .. . 
90 90 - 2.341 .... 1.1111 

80 80 

tH 70 70 

60 60 

tl t#t 50 50 

40 40 

.30 .30 tt t 
20 20 t t 
10 10 t+ + 

0 0 
-2.5 ) 2.5 5 -5 -2.5 0 2.5 5 

p z ,CM, . < -CTpy.si P, . eM, L-cTpy.s~ 

1001 90 

80 

70 

60 

+ 
t 

1

\ .t+t 
t+t t + t+ t++t 50 

40 

.30 

20 

10 

0 
-6 

.+-:+ 

-4 

tt+ + 
+ 

-2 0 2 

P, , CM 2-cTp. co6. 
4 

+ 
+ 

6 

PHc.6. PacnpeneneHHll no npOllO!lbHbiM HMny!lhCaM P
2 

npaBOH (R) H !leBOH (L) CTpyii, B CHCTeMe 

ueHTpa Mace 1t -p-B3aHM JneiiCTBHH, B 2-CTpyHHbiX co6hiTHliX, Bbllle!leHHbiX B-anropHTMOM npH 

3Ha'leHHH napaMeTpa o6 Je3aHHll b cut = 20 

+ - 0 
JJO)I(HO 3apSI)I(eHHbiX 1t-Me 30H08, TaK KaK 1t - H 1t -Me30Hbl OT pacna;:J.a p -Me30Ha HaXO).lSITCSI 

Ha paccTOSIHHH b P = (m P, 'mn)
2 

- 4 = 26,3 8 npoCTpaHCT8e CKopoCTeii, 'ITO 6oJJee '!eM 8 ,Q8a 

paJa 6oJJ~we 8eJJH'IHH b} ~ 10+ 12 H bL ~ 10+ 12. Mo)ICHO, O,QHaKo, mKH,QaTb, 'ITO JaMeT-

HOe 'IHCJJO R- H L-CTpyii 5yAYT npeACTaBJJSITb co6oii p
0 

-MeJOHbi. B 3TOM cJJy'lae npe,'l)IO)I(eH­

Hbiii 3.!leCb B-anropHTM IV O)l(eT 6biTh Ta(()l(e paCCMOTpeH KaK HHCTpyMeHT MSI nOHCKa pe30-

HaHCHbiX COCTOSIHHH 8 n CTeMaX H3 J.l8YX aApOHOB. 



EaiJaJIJIH H.H. u iJp. HccAeiJoBaHue Mi!opum.M.oB peKoHcmpyK£1UU 
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+ 
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+ 
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400 

350 

300 

250 

200 

150 

100 

50 

0 

+ + 

I --~~ 
-5 -2.5 0 

t 
+ 
+ 

.~~ 
2.2011 
1.132 

I +-t<-. 

2.5 5 

+ 
+ 

+ 

~-~L_L_L_~~J_~_L_L_L_L_L~~~~~~~ 0 
-6 

I -+-...,__ 

-4 -2 0 2 4 

Pz ,eM, 2-cTp. co6. 
6 

PHc.7. PacnpeneneHHll no npononbHhiM HMnymcaM Pz npaaoli (R) 1 neaoli (L) cTpyli, B 

CIICTeMe Ui."!HTpa Mace 7t-p-B3aHMO)leHCTBIIH,· B 2-cTpyHHbiX C06bi11Il!X, Bbl)leneHHbiX an­

ropHTMOM JADE rrpH 3Ha'!eHHII napaMeTpa o6pe3aHHll m~ut = 20 (f3BI c2)2 

41 

3aMeTHM, 'ITO paJMepbi R- H L-cTpyif B rrpocTpaHCTBe cKopo :Teif, rronyqeHHbie B-an­
ropHTMOM bR ~ bL ~ 10 + 12, CB513aHbl C BeJIH'IHHOH bk [6], KOl Opa51 onpe.neJI51eTC51 KaK 

cpe.nHee paCCT051HHe B rrpOCTpaHCTBe CKOpOCTeif Me)K)l,y UeHTpOM C' ·pyH H 'laCTHUaMH, KOTO­

pble BXO.D.HT B cocTaB CTPY"· Mo)f(HO noKaJaTh, 'ITO B cHcTeMe H3 N-'laCTHU BeJIH'lHHbi 

bR, bL H bk CB513aHbl Me)K)l,y C060if COOTHOilleHHeM 

b = - 2 + 2 -v 1 + ( 1 - __!_ ) b R(L) 
k N 2 . (21) 
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42 5aOa.luiH H.H. u op. HccJie008aHUe WIZOpUm.M08 peKOHCmpyK!4UU 

n p, 4J r3B/c (N2 1724 co6., bcut= 1 Q) 
u 2 

.......... 
CQ 1.5 

c 1 

800 t+ 
700 lt++·l\ . 

o.:" 0.5 

0 

-0.5 
. \ll~~~1~¥': ' 

600 + 
500 + + 
400 + + 
300 

-1 + + 
200 

-1.5 
+ ++ 

100 

-2 
-4 -2 0 2 

0 
-4 -2 0 2 4 4 

I, CM Y, CM 

......... 2 u 

400 
350 ~''( 
300 
250 

c 

200 

'--"1 

150 

o....· 0.5 

100 
50 

0 1-

0 -o.sl 
2 

,() 1 

-1 

.. 
' /'. 0 

-1.5 

~~ -1 -< 
-2 

-2 

~ -2 Y, CM 

-4 

0 
I I I _l 

-2 0 2 4 

Y, CM 

PHc.S. PacnpelleJJeH~ ll ~-MeJoHoB, BXOlllllllHX B npaBYJO (R) HJIH neBYJO (L) CTPYH s 

2-cTpyHHbiX co6biTHJI ~. BbllleJJeHHbiX B-anropHTMOM npH JHaqeHHH napaMeTpa o6pe3aHHll 

bcut = JO, B CHCTeMe :teHTpa Mace 1t-p-B3aHMOlleHCTBHJI 

npH bR(L)c::::.l0-12, J:UH N=2,3 H N~oo HMeeM: bf)c:::.1,7+2,0, bi3)c:::.2,2+2,5 H 

bkoo) '::::::. 2,9 + 3,3, COOTBeT:TBeHHO. 3TH JHaqeHHJI )lJIJI bkN) COfJiaCyJOTCJI CO JHaqeHHeM 

bk = 3,68 ± 0,03, nonyqeH fibiM paHee B (6), Ha OCHOBe .Upyroif MeTO.UHKH Bbl!leneHHJI CTpyif. 

nepe'Hn.eM Tenepb K :>aCCMOTpeHHIO pacnpen.eneHHJI HMnynhCOB caMHX R- H L- CTpyii B 

HX cpa30BOM npOCTpaHCTHe, a TaK:lKe pacnpen.eneHHJI HMnynhCOB 7t±-MeJOHOB, BXO!llllUHX B 

cocTaB R- H L-CTpyii, B qaJOBOM npoCTpaHCTBe ~-MeJOHOB. 

1 
j 



EaiJaJIJIH H.H. u iJp. Hcc;teiJoeaHue a.JI2opumMOIJ peKoHcmpyKflUU 

689 co6., bcut=20) 

u 2 

"-... r::o 1.5 

c 
;: 0.5 

0 

-0.5 

-1 

..... 

. • 'N~~~!~~'~;\:< 
.'i, .• . 

250 t 
l +t tt+t 200 

t+tHt t 
150 t t 
100 

t +t 

-1.5 
50 t+ + 

+ 
-2 

-4 0 2 -2 
0 I \I 

4 -4 -2 0 2 4 

Y, CM Y, CM 

_,......_ 2 u 
"-... r::o 1.5 

120 c 1. 
100 '-" 

80 o....x 0.5 

60 0 
40 
20 -0.5 

0 -1 

-1.5 

-2 I I 

-1 -4 -4 -2 0 2 4 

-2 Y, CM Y, I"M 

PHc.9. PacrrpeaeneHHll1t±-MeJoHoB, BXOJll!IUHX B rrpasym (R) HnH nesym (L) cTp)'H B 2-cTpyH­

HbiX C06bJTHliX, BbJtleneHHbiX 8-anropHTMOM rrpH 3HaqeHHH rrapaMeTpa o6pe3aHHll bcut = 20, 

B CHCTeMe UeHTpa Mace 1t-p-B3aHMO.UeiicTBHll 

43 

Ha p11c.6 11 7 npeACTaBJieHbi pacnpeAeJieHI1H npOAOJihHbiX 11IV nyJibCOB npaBofi (R) 11 

neBofi (L) cTpyfi B 2-cTpyHHhiX co6biTI1HX 113 1t-p-B3a11MOAeficTBI1H, B>IAeJieHHhiX B- 11 JAD£­

anrop11TMaMI1, COOTBeTCTBeHHO. MO)I(HO BH,!l.eTh, qTQ o6a aJifOp11TMa Bhl,!l.eJIHIOT ,!l.Be ,!l.OCTa­

TQqHQ xoporno pa3AeJieHHhie cTpy11 B <IJa3oBoM npocTpaHCTBe caMI1~ cTpyfi TOJihKO np11 Bhi­

nonHeHI111 Kp11Tep11H A, T.e. MH B-anmp11TMa np11 bcut > 20, a AJI} anmpHTMa JADE np11 



44 5aOa.J!JIH H.H. U Op. JfCCJie006CJHUe a.JI20pum.M06 peKOHCmpyKijUU 

11 p, 4 0 f3B / C ( N 2 = 3 1 3 C 0 6. , b cut= 3 0) 
2 u 

~1.5 
C'J 

c:..... 

o...· 0.5 

0 

-0.5 

-1 

-1.5 

-2 
-4 

... :_:,·~t,~~ ·;;,i.;/,:\;;;~}~.: 

-2 0 2 

Y, CM 
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80 

60 

40 

20 

0 
4 -4 

,--... 2 u 

...... 1 
'-" 

o...· 0.5 

~15 t 
;g~~.·~-o:~ 

0 . -1 F-

-1.5 t 
+ 0 . '"fi "f'r' I 0 

L -2 
~/,1~ -1 ~4-2 -4 

...-- -2 Y, CM 
(' 

W\ 11tt 
t t t 

1tHttf tt1 
t 

-2 0 2 4 

Y, CM 

~ 
I I I I 

-2 0 2 4 

Y, CM 

PHc. 10. PacnpeneneHrrll ~-MeJoHoB, BXOAJIUIHX B npasy10 (R) wm nesy10 (L) cTpyH B 2-
crpyHHbiX co6biTHliX, BbllleJJeHHbiX B-anmpHTMOM npH JHa'leHHH napaMeTpa o6pe3aHHll 

bcul = 30, B CHCTeMe U•:HTpa Mace 7t-p-B3aHMOlleHCTBHll 

113 nonHoro 'IHcna 0743 co6blTHH c 'IHCJJOM 1t±-Me30HOB N +?: 4 c noMOlllbiO B-an-
7C 

ropHTMa npw 3Ha'leHHH uapaMeTpa b = 20 BhmeneHo 689 2-cTpyiiHbrx co6bJTHH. OcTanb-
. cut 

Hbre co6biTHSJ pacnpe.ue~eHbl cne.uyKllllHM o6pa3oM: 348 6eccTpyHHbiX co6brTHH, 9698 

1-cTpyiiHl>IX co6biTHH H 8 co6biTHH c TpeMSJ CTPYSJMH. Ha ocHoBe JADE-anropHTMa npw 

3Ha'leHHH napaMeTpa m2 
1 
= 20 (f38/c

2
)
2 

BbUleJJeHbl 3623 2-CTpyHHbiX C06b1THSI (7090 -
CJ 

1-CTpyHHbre co6biTHSJ H 30 co6biTHH c TpeMSJ CTPYSJMH). Pe3ynhTaTbl, npe.uCTaBJJeHHble Ha 

l. 
pHc.6-7, noKa3brBaiOT, 'ITO npH YKa3aHHbiX 3Ha'leHHSJX napaMeTpos o6pe3aHHSJ HMeeT Mec- .· 

. . J 



EaOaJIJIH H.H. u op. HccJle006aHue aJI20pUmM06 peKOHCmpyK!JUU 

11 p, 40 f3B/ c (N 2 __:_ 91 co6., bCJt= 50) 

u 2 35 
.........._ 
a) 1.5 30 

i j\l jllljl 
c . 25 

o_" 0.5 
20 

0 
15 ~ lj ijlj * -0.5 

-1 10 

-1.5 5 tt t 
-2 0 

i 
-4 -2 0 2 . 4 -4 -2 0 2 4 

Y, CM Y, C4 

~ 2 u 
-......... 

16 
a) 1.5 

14 c 1 
12 '---"' 

10 o...M 0.5 

·~ 
8 
6 0 
4 

-0.5 2 
0 -1 

-1.5 

... 0 -2 
, ~¢> -1 -4 Y, CM 

-4 -2 0 2 4 

--- -2 Y, CM (' 

P11c.ll. Pacnpe.r~eneHHll n"-MeJoHoB, BXO.!Illll.IHX B npaByKJ (R) 11n11 m~sy10 (L) CTPY" B 2-
cTpyiiHbiX co6biTHliX, BbUieneHHbiX B-anropHTMOM np11 JHa'leHHH n: tpaMeTpa o6pe3aHHll 

bcut =50, B CHCTeMe UeHTpa Mace n-p-B3aHMO.[IeHCTBHll 

45 

TO .[lOCTaTO'IHO xopowee pa3.[\eJleHHe npaBOH 11 JleBOH CTpyH. 0.[lHaJ~O, KaK 6h!Jl0 OTMe'leHO 

BbiWe, B paMKax anropHTMa JADE pa3Mepbi o6ewx cTpyii B npocTpLHCTBe CKopocTeH 6onh­

we paccTOliHHll Me)J(.[ly 3THMH )J(e CTPYliMH B TOM )J(e npocTpaHCTBe c copocTeH, T.e. Bhi.!IelleH­

Hhie Ha OCHOBe JADE-anropHTMa CTpyH CHJlbHO nepeKpb!BaiOTCll B ll]lOCTpaHCTBe CKOpOCTeH. 

Jl,aHHOe xapaKTepHoe pa3llH'IHe Me)J(.[ly anropHTMOM JADE 11 npeJ:JlO)J(eHHhiM HaMH B-an-

+ 
ropHTMOM HJlJliOCTpHpyeTCll pHCYHKaMH 8-14, r.[le npe.[lcTasneHhi I 'acnpe.!leJleHHll 1t--Me3o-

HOB, BXO.[\l!Il\HX B Bbl.[leJleHHbie 2-CTpyHHhie C06hiTHll. 
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46 5aOG./IJIH H.H. U Op. JfccJie006aHUe aJI20pUm.M06 peKOHCmpyKijUU 

11 p, 40 P3B/c (N 2 3841 co6., m~ut=0.4 f3B 2 /c 4
) 

tt+++ 
I 1600 + ~ 

u 2 l 1400 + + 
-;;,

1

.

5 

1200 +' + 
C') 1 

<-. " ::. 1000 + • . •. ··> V•;;:;.; .. • 
Q_ 0.5 • ' ' '""''~~"'· ·.' . 800 • 

0 : :,,, ~~~: • • •• 
-0.5 + 

-1 

Y, CM .,.-....._ 2 
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';;; 1 .5 1: 
c 1 ~ 
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n:o:r ~ 
-0.5 t 

-1 f 
-1.5 I ' I ' I I I I I 

I I I I I I I I 0 2 4 
L -2 -4 -2 . ""i<r>?~ I 0 y CM 0 II -2 , ... ,/'. -1 -·· y CM ~~ -2 . -c 

Puc.l2. PacnpelleJJCHHl ~ -MCJOHOB, BXOllJIWHX R npaBYJO (R) HJUI IICBYJO (L) CTPYH B 2-cTpyii­

llbiX C06biTHSIX, BbiJl( JICHHbiX anropHTMOM JADE np11 JHa'ICHHH napaMCTpa o6pe3aHHSI 
') .., .., -

m~ul = 0,4 (f38/c-r. B :HCTCMC UCHTpa Mace 1t p-BJaHMOllCHCTBHSI 

+ 
Ha p11c. 8-11 noK<3aHbl pacnpe.ueneHH51 7C-Mc30HOB, BXO.!l511l.lHX B npasy10 (R) H nesy10 

(L) CTpyn B 2-cTpyHHbiX co6biTHSIX, Bbi.UeneHHbiX B-anropHTMOM npH b = 10, 20, 30 H 50 
cut 

COOTBCTCTBCIIIIO. np11 3~ atJcHHSIX b cut> 20 Ha6JJJO.UaJOTCSI .UBC XOpOiliO pa3.UCJICHHbiC B cj:Ja30-

+ 
BOM 11p0(\Tpa11CTBC Tr-MI 30HOB CTpyH. TaKOC pa3.UCJICHHC HMCCT MCCTO npH O.!lHOBpcMCHHOM 

BbtnOJJHcHHH KpHTcpHes A 11 E. 

Pacnpe.ueneHHSI 1t±- .te3oHoB, BXO.!lSII.I..lHe B cocTaB R- HJJH L-cTpyu B 2-cTpyi1HbiX co-

6biTHSIX, Bbl.!lCJICIIHbiX a.:IrOpHTMOM JAD£ np11 3Ha'ICHHSIX napaMeTpa m 2 = 0,4 (f3B/c2) 2, 
cut 

j 
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EaOa.JlJIH H.H. u op. HccJle008aHue aJli!OpUmM08 peKOHCmpyKIJUU 

11 p, 40 f3B/ c (N 2 
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Pnc.13. PacnpeneneHHll1t±-Me30HOB, BXOAlllllHX B npaBYJO (R) HnH neBYJO ( L) cTpyn B 2-CTpyHHbiX 
C06biTHliX, Bbl).leneHHbiX anropHTMOM JADE npH 3Ha'leHHH r apaMeTpa o6pe3aHHll 

2 r 2 2 -mcut = 20 ( 3B/c ) , B CHCTeMe UeHTpa Mace 1t p-B3aHMO).Iei-icTBHll 

47 

20 (faB/c
2

)
2 

H 50 (faB/c
2

)
2 

npe.D.CTaBJleHbl Ha pHc.12-14, COOTBeTCTBeHHO. npH 3Ha'leHHH 

m~ut = 0,4 (f3B/c
2

)
2 

HMeeM N2 = 3841 2-cTpyiiHbiX co6biTHH (N
0 

= 499, N
1 

= 3109, 

N3 = 2114, N4 = 837, N5 = 263, N6 = 65, N7 = 14 H N8 = 1) H bRL > bR + bL (cM.pHc.5), T.e. 

BbinOJJHlleTcll KpHTepHii E, HO KpHTepHii A He BblflOJlHlleTcll. C .npyroii cTOpOHbi, npH 

m~ut = 20 (faB/c
2

)
2 

H 50 (faB/c
2

)
2 

HMeeM N3/ N2 < 0,01-0,03, T.e. :'cnoswe A BbinOJlHlleTCll 

(npw m~ut =50 (f3B/c
2
)
2 

HMeeM N 1 = 10168, N2 = 574 H N
3 

= 1), a B ,monHeHHe KpHTepHll E 
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48 EaOQJIJ!H H.H. u op. JfccJie006aHUe OJIZOpUm.M06 peKOHCmpyK!JUU 

11 p' 4 0 f3H I c ( N 2 574 co6., m~ut=SO f3B2 /c 4
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PHc.l4. PacnpeJieJJeHHJI ~-MeJoHoB, BXOJIJIIIUIX B npaBYJO (R) HJIH neBYJO (L) CTPYH B 2-cTpyii­

HbiX C06biTHJIX, BblllC 1CHHbiX anropHTMOM JADE npH JHa'ICHHH napaMeTpa o6pe3aHHJI 
2 2 2 -

mcut = 50 (r38/c ) , B C 1CTeMe UeHTpa Mace 1t p-B3aHMOJieliCTBHJI 

He HMeeT MeCTa. l13 pe:yJJbTaTOB, npe)lCTaBJJeHHbiX Ha pHc.l2-14, CJJe)lyeT, 'ITO HH npH 

2 22 2 22 22 
JHa'!eHHH m 1 = 0,4 (n B/c ) , HH npH JHa'leHHSIX m 

1 
= 20 (f3B/c ) " 50 (f3B/c ) .D.Be cu . cu 

CTPYH H3 ~-MeJOHOB He Moryr 6biTb paJ.D.eJJeHbi B cpa30BOM npocTpaHCTBe ~-MeJoHoB. Cne­

.D.OBaTeJJbHO, .D.Be R- H L-CTpyH, BbiJleJJeHHbie anropHTMOM JADE H xopowo paJ.D.eJJeHHbie B 

cpa30BOM npOCTpaHCTBe t:aMHX CTpyH, OKa3biBaiOTCSI CHJJbHO nepeKpblTbiMH 8 cpa30BOM npo-

+ 
CTpaHCTBe 1r-Me30HOB, ~ 3 KOTOpblX COCTOSIT 3TH CTPY"· I 

' I 

J 
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TaKHM o6pa3oM, Mhi Ha6mo.naeM cymecTBeHHYIO pa3HHLIY Me)J(~y ariropHTMOM JADE H 

npe.LVJO)J(eHHhiM HaMH HOB hiM B-aJirOpHTMOM. 3TH pa3.1IH'IHH, KaK Ha 1-f npe.ncTaBJJHeTCH, HBJJH­

IOTCH cne.ncTBHeM Tom, 'ITO BeJJH'IHHhi bik 6onee npaBHJJhHC oTpa)J(aJOT CTPYKTYPY 

MaTpH'IHOrO 3JJeMeHTa B MHrKHX IIpOQeCCaX MHO)J(eCTBeHHOffi pO)J(!l,eHHH 'IaCTHQ. llpyrHMH 

CJJOBaMH, 6JJH3KHe B npOCTpaHCTBe CKOpOCTeii 'IaCTHQhi i H k 6y.ny· «6JlU3KU» .npyr K JJ:pyry 

HJJH CBH3aHhi JJ:pyr C .npyroM BCJJe).lCTBHe JJ:HHaMHKH MHO)J(eCTB !HHOfO po)KJJ:eHHH, T.K. 

pa,!l,HaJihHaH 6hiCTpOTa Me)KJJ:y 'IaCTHUaMH i H k He60JJhlllaH. B OTJJH' He (.)T 3TOfO 6JJH3KHe IIO 

OTHOIIIeHHIO K MeTpHKe m~k 'IaCTHQhi i H k MOryT 6hiTh COBepiiieHHO He CBH3aHhi JJ:pyr C 

.llpyroM HJJH «OaJleKU» .npyr OT .npyra no JJ:HHaMHKe HX o6paJonaHHH. TaKHM o6pa30M, 

qaCTHQhi i H k, 6y.nyqH COBepiiieHHO He CBH3aHHhiMH no JJ:HHaMH ce HX pO)KJJ:eHHH, MOryT 

OKa3aThCH B OJJ:HOll CTpye, eCJJH nOJJh30BaThCH ariropHTMOM JADE. 

4. 3aKJJIO'IeHHe 

Oepe'IHCJJHM OCHOBHhie pe3yJJhTaThi, noJJy'IeHHhie B HaCTOHIUeii pa6oTe Ha OCHOBe 

aHaJJH3a 3KCIIepHMeHTaJihHhiX ).laHHhiX no 1t-p- H 1t-C-B3aHMO).lellCT3HHM IIpH 40 f3B/c. 

I. npe.LVJO)J(eH HOBhill B-aJirOpHTM .LVIH peKOHCTPYKUHH a.npOl!HhiX CTpyii, B KOTOpOM 

HCII0Jlh3YIOTCH nepeMeHHhie bik KaK Mepa paCCTmiHHH Me)KJJ:y 'IaCTH ..taMH - npeKJJaCTepaMH 

i H k B npOCTpaHCTBe CKOpOCTeH. 

2. CqJOpMyJJHposaHhi KpHTepHH A H E .LVIH onpe.neneHHH napaMeTpa o6pe3aHHH B-aJI­
ropHTMa b cut' OJJ:HOBpeMeHHOe llhiiiOJJHeHHe KOTOphiX rapaHTHpyeT != aJ).leJJHeMOCTh CTpyii KaK 

B IIpOCTpaHCTBe CKOpOCTeii, TaK H B cpa30BOM npOCTpaHCTBe 'IaCTHII, o6pa3yiOmHX CTpyH. 

3. BhiJJ:eJJeHhi .nse cneKTaTopHhie, HJJH MHrKHe, R- H L- cTpyH B rt-p-B3aHMo.neiicTBHHX 

npH 40 f3B/c H onpe.neJJeHhi pa3Mephi 3THX CTpyii bR ~ bL ~ H 1 + 12 H HX MaCChi mR, 

2 
mL ~ 0,7 + 0,8 f3B/c 

4. 0oKa3aHO, 'ITO B OTJJH'IHe OT H3BeCTHOro JADE-ariropHTMa, npaBaH (R) H JJeBaH (£) 

CTPYH. Bhi.!l,eJJ51eMhie Ha ocHose B-aJiropHTMa, xopoiiio paJ.neneHhi • aK B npocTpaHCTBe cKo­

pocTeii, TaK H B cpa30BOM npoCTpaHCTBe rc=t -MeJOHOB, o6pa3y10mwx 3TH cTpyH. 

HaM npH51THO no6naro.napHTh HHTepaHQHOHaJihHhiH KOJJJJeKTHI 2 M nponaHoBoii KaMe­

phi 3a npeJJ:OCTaBJJeHHe 3KCnepHMeHTaJihHOro MaTepHaria H nOJJe3HHe o6cy)KJJ:eHH51. 

I. Bartel W. et al. - Z.Phys., 1986, C33, p.23. 

2. Bethke S. et al. - Phys.Lett., 1988, 213B, p.235. 

3. Sjostrand T. - LU TP 95-20, 1995; CERN- TH. 7112/9:>, 1993. 
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HCCJIE)],OBAHHE IIPOD;ECCOB IIOJIHOrO PA3BAJIA RLJ:EP 
B R)],PO-RLJ:EPHhiX CTOJIKHOBEHHRX 
IIPH HMIIYJihCAX 4,2 A r3B/c 

I 2 I O.E.A6ouHo6 , A.H.AHowuH , A.A.Ky3Heqo6, P.P.MexmueE , 
· I I M.K.CyJZeii.MaH08 , F.J{.PJae6 

lh)"'eHhl .z:~n¢¢epeHUHaJibHLie" HHTerpaJILHLie pacnpe.r~e.neHIDI pC-, dl:-, HeC-, CC-, dTa-, 
cTa-B3aHMO,!IeHCTBHH npH 4,2 f3B/c Ha H)'KIIOH no 'IHCJIY H,!leHTHclJHL\HpC BaHHbiX npOTOHOB H 
CyMMapHOMY 3apll,!ly npO.z:IYKTOB peaKL{HH. npe,!l.llOJKeH KpHTepHH oroopa co6biTHH C nOJlHbiM 
pa3BaJIOM ll,!lpa-MHWeHH. 

Pa6oTa BbinOJIHeHa B na6opaTOpHH BbiCOKHX 3Heprnii OJUIH. 

Investigation of Processes of Total Disintegration of Nuclei 
in Nucleus-Nucleus Collisions with Impulse 4.2 A Gf.V/c 

O.B.Abdinov et al. 

The differential and integral distributions of pC-, dC-, HeC-, C :-, dTa- and eTa­
interactions with 4.2 GeV/c per nucleon of the number of identified pro ons and sum charge 
of the reaction products are studied. The criterion for selection of events with total 
disintegration of nuclear targets is offered. 

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

1. Bse,neHHe 

TIOJIHbiM pa3BaJIOM ~,npa Mbl Ha3biBaeM HCllYCKaHHe CTOJib 60JIIlllOH (rpaHHIIHOH) ,nOJIH 

MepHbiX HYKJIOHOB, npH npeBblllleHHH KOTOpOH HaqHHaiOT npo~RT ~TbC~ KaqecTBeHHO HO­

Bbie, paHee HeHJBeCTHble ~BJieHH~. 

11HTepec K npoueccaM llOJIHOI'O pa3BaJia Mep (TIP.5J) npH BbiCOKHX 3Heprn~X CB»JaH C 

TeM, qTO OHH COOTBeTCTBYIOT CJiyq~M MaKCHMaJlbHOI'O B036YJK,neHH~, KOr,na BCKpbiBaiOTC~ 
MHome cTeneHH cso6o,nbl ~.nepHoro seruecTBa, B TOM qwcne H HeH yKJIOHHbie. B 3TH X npo­

ueccax MOryf npo~BJI»TbC~ KOJIJieKTHBHble CBOHCTBa MepHOH Ma1'epHH, KBapK-rJIIOOHHOH 

nnaJMbi, nHOHHOro KOH,neHcaTa, xapaKTepwcTHKH BHYTPH».nepHbiX H yKJIOHOB H ,npymx a,npo­

HOB, a TaK)[(e reHepaUHH a,npOHHOfO qepeHKOBCKOI'O H3JiyqeHH~ (A l.J1) H »,nepHbiX y,napHbiX 

BOJIH (51YB ), ll011~pH3auHOHHble 3cpcpeKTbl, KpHCTaJIJIH3aUH~ »,nep. 

Oco6biH HHTepec npe,ncTaBJI~eT HJyqeHwe TIP51 B CTOJIKHOBeHH~x »,nep c »,npaMH. Bbi~B­

JieHHe rpaHwqHoro JHaqeHH~ MHO)[(eCTBeHHOCTH wcnyrueHHbiX HJ »t ep HYKJIOHOB noJson~eT 

1HHCTHryT cjJH3HKH AH Pecny6.rrHKH A3ep6aii,!IJKaH 
2HHIDI!ll MTY, MocKsa 
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HCCJie.IJ.08aTb H COilOCTilBJI!ITb C80HCTBa C06biTHH C 0P5J H 6e3 Hero. ,LJ,JUI TOfO 1-IT06hl Ha'JaTh 

3TY pa6ory, He06XO.IJ.HMO J;bipa6oTaTb HCXO.IJ.HbiH KpHTepHH llOHCKa C06hiTHH C 0P5J. Oocne­

.ll.YIOlUHe HCCfle.ll.08aHHR MC•ryT npH8eCTH K MO.Il.HcpHKaUHH KpHTepHR. 

B pa6oTax [ 1]-[3] f Ka'JeCT8e KpHTepHR MR 8hi.IJ.eneHHR co6biTHH nP.H HCI10flh308a­

nocb ycn08He 

2 
Nh (wnw N ) ;;:: - Z ; 

p 3 
(1) 

J.necb Nh (HnH NP)- IJHC.IO h-IJaCTHU 8 cpoT03MynhCHOHHhiX .neTeKTOpax (qwcno npoTOH08, 

H.neHTHcpHUHp08aHHhiX 8 11ponaH080H llYJblphK080H KaMepe), Z- 3apR.Il. R.npa. 

0Ka3anOCh, 'JTO 8epOHHOCTh (W ) TaKHX C06hiTHH 80 83aHMO.IJ.eHCT8J.IRX llHOH08 H 
npll 

npOTOH08 C R.~J.paMH COCTaBnReT 2 + 3 H He 3a8HCHT OT 3HeprnH HaneTaiOlUHX 'JaCTHU 8 

o6nacTH 6onbliiHX 3Hepm i. 

0pH TaKOM oroope ( 06hiTHH C 0P5J 8 paCCMOTpeHHe npaKTH'JeCKH He 8Kni0'1MHCh 

CnyiJaH, KOr.na 3Ha'JHTemHOMY KOflH'JeCT8Y R.ll.epHhiX cpparMeHT08 nepe.naiOTCR 6onhliiHe 

HMnynhChl. ,il,nR yqeTa 3TH ( cnyqae8 8 pa6oTe [3] 6hUI 88e.neH H08h1H KpHTepHH 

Q;;:: ~ Z, (2) 

r.ne 

Q"'lv+ -N + 1, (3) 
1t 

N H N - IJHcno nonol!:HTenhHhiX qaCTHU H 1t--Me30H08 cooT8eTCT8eHHO (3.necb 1 Y'JHTbi-+ -
1t 

8aeT TO, IJTO 8 3TOM 3KCrepwMeHTe HaneTaiOmeif IJaCTHUeif 6hm 1t--Me3oH). B pa6oTe [4] 

npH8e.neHhl peJynbTaTbl wccne.no8a"HHR npouecco8 83aHMo.neifcT8HR 1t--Me3oH08 npH 

P _ = 40 f3B/c c HyKnoHa:.tH H AAPaMH 8 nponaHe 8 3a8HCHMOCTH oT CYMMapHoro 3apR.na Q 
1t 

qacTHU, HcnymeHHhiX 8 co6hiTHH. B 3TOM (TaK)I(e KaK H 8 HallleM) 3KCnepHMeHTe He803MO)I(­

HO onpe.nenHTb 3apR.Il. TRll.eflhiX cpparMeHT08 R.npa MHllleHH (2
2 

> 1 ), a 3apR.IJ. cpparMeHT08 

AApa cHapjj.na (Z
1 
> 1) He onpe.nenRncR. Bee 3apR)I(eHHhie cpparMeHThl MHllleHH ciJHTMHCb 

npOTOHaMH, cpparMeHTaM mpa CHapR.na C MJ.IHHManbHOH HOHH3aUHeH npH11J.ICbl8anC}I 3apH.IJ. 

1, a cpparMeHTaM c Z ~ 2 n pH11HCbJ8anCH 3apH.n, pa8HbiH 2. B cwny YKaJaHHbiX oco6eHHOCTeif 

3KCnepHMeHTa 8enH'JJ.IHa 12 MO)I(eT npHHHMaTb H 3Ha'1eHHR Q MeHbllle cyMMapHOrO 3apH.na 

CTanKH8aiOlUHXCH IJaCTHU. OpH 3KcnepHMeHTanhHhiX noTepHx nonO)I(HTenbHbiX qacTHU 3Ha­

IJeHHH 8enH'1HH Q 6y.nYT )'\leHblllaTbCH, a npH llOTepHX Me.nneHHbiX OTpHUaTeflbHbiX 'laCTHU 

y8enJ.I'JHBaThC}I (B TOM 'IH :ne H B peJynhTaTe JaXBaTa Me.nneHHbiX 1t--Me30HOB aTOMHbiMJ.I 

}I.IJ.paMH). 003TOMY B pH.ne cnyqaes MOryT Ha6niO.naTbCH C06biTHH C Q > Z
1 
+ z

2
*. 

*OrMeTHM, 'ITO npouecchl n!pe3apllllKH H)'KJIOHOB TaKJKe npHBOWIT K pacwHpeHHIO cneKTpOB no Q H no Np. 
B 3TH X cneKTpax B o6JJaCTH 60Jihtmx Np 3aMeTHO BJJHliHHe npoueccoB nepe3apllllKH n --> p; p --> n, KOTOphiC npHBOMT 

K pacwHpeHHIO cneKTpos N, 

~ 

j 
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l1CITOJlh30BaHI1e BeJ111lJI1Hhl Q IT03BOJ151eT BKJIIOlJaTh B paCCMOTp~HI1e 11 CJl)"'al1 C 6hiCT­

pblMI1 ITPOTOHaM11 (c 11MITYJihCaMI1 6oJihlliMe 700 M3B/c).Ilo3ToM:' B pa60Te [3] sMeCTO 

seJII1411Hhi N 11CITOJlh3osanach seJII1411Ha Q. B pe3yJihTaTe 3HalJe me W so3pocJio OT 
p ~ 

2,7 ± 0,2 .no (7,0 ± 0,3) %. 

Ilp11 113)"1eHI111 ITpoueccos ITP.51 s 51.IJ:p0-51.D:epHhiX B3aMMo.neH:cTBJI51X TPY.D:HO oiTpe.neJII1Th 

Sl).~pO, 113 KOTOporo BhiJleTeJl .[(aHHhiH cpparMeHT. Jl03TOMy Heo6XO.[(I1MO pa3pa60TaTh 

Kp11Tep11H ITOI1CKa co6hiTI1H c ITP.51 .D:J151 TaKI1X B3ai1MO.neH:cTBI1H. Ilpr 3TOM HOBbie Kp11Tep1111 

.u,oJI:lKHhi asToMaTI1lJeCKI1 Bhi51BJ151Th co6hiTI151 c ITP.51 MI1IIIeHI1 s a a:poH-51.D:epHhiX s3ai1MO­

.neH:cTBI151X, Bhl.[(eJI51eMhiX ITO Kp11Tep1151M (1 ), (2), lJTO He06XO.[(M110 .[(Jl51 COITOCTaBJleHI151 

pe3yJlhTaTOB, ITOJl)"'eHHhiX B CTOJlKHOBeH1151X 06011X TI1ITOB. PeiiieHI1! 3TOH 3a.[(alJI1 51BJ151eTC51 

UeJlhiO .[(aHHOH pa60Thl. 

2. 3KciTep11MeHTaJlhHhie pe3yJihTaThi 

B pa60Te 11CITOJlh30BaHhi 3KCITep11MeHTaJlhHhie .naHHhie, ITOJI)"' :::HHhie ITPI1 o6JiyqeHI111 

2-MeTposoH: ITpoiTaHosoH: ITYJhiphKOBOH KaMe phi JIB3 Ol1.5Il1 peJI51T JBI1CTCKI1M11 51.IJ:paMI1 OT 

ay6HeHcKoro CHHxporlJaJorpoHa npH HMDYJibce 4,2 A f3B/c (MeTO,lH'leCKMe no.apo6HOCTM 
eM. s [5]). CTaTI1CTI1Ka co6hiTI1H ITp11se.neHa s Ta6JI.l. l13 Ta6JII11..1 ,1 BI1.D:HO, liTO c 51.IJ:pOM 

ymepo.na cTaJIKHBaJ111Ch 51.IJ:pa c A ::; 12. Ilo<JTI1 OlJeBI1.D:HO, lJTO Bhi51B 1eH11e co6hiTI1H c ITP.51 

MI1IIIeHI1 6y.neT asTOMaTI14eCKI1 Bhi51BJ151Th co6hiTI151 c ITP.51 cHap51.na. 

,IlJI51 Bhipa60TKI1 Kp11Tep1151 IT011CKa co6hiTI1H C JlP.5J MI1IIIeHI1 6JIJ111 ITOJl)"'eHhl 11 ITpoa­

HaJ111311pOBaHhl ;mcpcpepeHUI1aJlhHhie (W(N ), W(Q)) 11 11HTerpanhHhie (W(~ N ), W(~ Q)) pac-
P p 

ITpe.neJieHI151 sepo51THOCTeH: co6hiTIIH ITO 411CJIY N, 11 Q = N+- N _. Pa3pa6oTKy Kp11TepH51 
1t 

ITP.51 s yKaJaHHhiX co6hiT1151X (Ta6JI.l) Mhi HalJaJII1 c aHaJII13a paciTpe.u,eJieHI151 sepo51THOCTeH: 

THrr B3aHMOAeikTBHll 

p-C 

d-C 

He-C 

C-C 

d-Ta 

C-Ta 

Ta6Jiuua 1 

3Heprnll HaJieTaiOmero liApa, 

DlBIH)'KJIOH 

4,2 

K mH<JeCTBO co6hiTHH 

5284 

6735 

4852 

7327 

1475 

1989 
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2 4 6 

NP 
Puc.l. (7t--C)-BJaHMo.neiicTBHe 

perHCTpaUJ-tH npOTOHOB Jfp B 7t-C-B33HMO,lleHCTBH~X npH p _ = 40 f3B/c (CM. pHc.l) Ha 
1t 

ocHose .uaHHbiX, ony6nHJ~OBaHHbiX B (6]. AnnpoKCHMaUH~ 3Toro pacnpe.ueneHH~ Bblpa-

-A ·N 
:lKeHHeM BH.Ua f =A 

1 
· e · P (J.uecb A 

1 
H A2 - no.uroHoqHhle napaMeTpbl) OKaJanacb Hey-

.uoBJieTsopHTeJlbHOH, True <aK BeJlHqHHa x2 I CT. CB. COCTaBHJla 7 ,5. lh YCJlOBH~ HaHJlyqrneii 

annpOKCHMaUHH 3TOrD p lCnpe.ueneHH~ QJYJiKUHeH j npHlllJlOCb npOH3BO,llHTb pa3,lleJ1bHOe 

QJHTHposaHHe B cne.uyKHUJIX o6nacT~x no N : 
p 

I ::; V ::; 3 (I o6nacTb) H 4::; N ::; 6 (II o6nacTb). 
p p 

PeJyJ1hT3Tbl npHse.ueHbl B Ta6n.2 H noKaJaHbl Ha pHc.l (cnnornHhiMH JlHHH~MH). 3TOT pe-

3Yl1bTaT MO:lKeT CJlY:lKHTb YJC333HHeM HaJlHqH~, KaK MHHHMyM, .llBYX cpaKTOpOB, onpeaen~-

IOIUHX HcnycKaHHe npOTCHOB H3 Mpa yrnepo.ua BO BJaHMO)leHCTBH~X C 1t--Me30H3MH npH 

p = 40 f38/c. To eCTb B<l3MO:lKH0, qTQ QJYHKUH~ cpparMeHTaUHH ~Jlpa ymepoaa COCTOHT H3 
1t 

CYMMbl .lli\YX QJYHKUHH, Ka;<JJ.~ H3 KOTOpbiX COOTBeTCTByeT pa3HbiM MeXaHH3M3M HCnyCK3HH~ 

npoTOHOB. fpaHHqHoe JHaLJeHHe N , cooTBeTCTBYIOIUee nepexo.uy li3 o6nacTH I B o6nacTb II p 

cocTaBJI~eT N = 4 H cosnalaeT co JHaqeHHeM, nonyqaeMbiM no KpHTepHIO (I) (I-ii peJynhTaT). 
p 

npH Bbipa60TKe KpHT !pH~ np5J. B MpO-~,llepHbiX CTOJlKHOBeHH~X Mbl HCXOJlHJlH H3: 
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Ta6nuua 2. PeJyJibTaTbl annpoKcHMauuu ~aHHbiX BbipWKeEneM B~a 
A

2 
·X 

f =A 1 · e (A 1 u A 2 - no~roHO'IHble napaMeTpbi, a X -.1/ P HJIH Q) 

55 

Twn 06nacm ITapaMeTphi 2 X jeT. cB. 
B3aHMO.D;eHCTBHH no X 

(Np HJIH Q) AI Az 

1t--c Np 1-3 5900± 200 0,79±' ),02 2,20 

4-6 42000 ± 18000 1,3 ± ),1 1,60 

Np 3-5 1,2 ± 0,1 0,62± ),03 0,76 

p-C 
6-9 140 ± 135 1,5 ± ),2 0,89 

Q 3-5 1,2 ±0,1 0,57 ± ),O"J 0,13 

6-9 179 ± 131 1,5 ± 0,1 3,22 

Np 3-5 0,89 ±0,09 0,45± 0,02 0,82 

d-C 6-10 30 ± 11 1,07 ± 0,06 0,24 

Q 4-6 1,6 ±0,2 0,58± 0,03 2,46 

7-10 1682 ± 1876 1,6 ± 0,2 0,64 

Np 4-7 0,67 ±0,07 0,30± 0,02 0,48 

8-13 144 ± 72 1,00± 0,06 0,44 

He-C Q 3-5 0,47 ± 0,05 0,21 ± 0,03 1,28 

6-8 2,5 ±0,7 0,50± 0,04 0,54 

9-11 26±52 0,9± 0,2 1,14 

Np 3-10 0,11 ± 0,05 0,040 ± 0,007 0,66 

11-18 52± 13 0,62± 0,02 3,25 

11-14 7,8±3,1 0,45± 0,03 0,31 

C-C 15-18 21372 ± 51028 1,0± 0,2 0,11 

Q 5-9 0,12 ± 0,01 0,018 ± 0,013 0,49 

10-12 1,7 ± 0,6 0,29± 0,03 1,22 

13-16 8900 ± 1300 1,0 + 0,1 1,56 
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Np 

I 

2 

3 

4 

5 

6 

7 

8 

9 

10 

II 

12 

13 

i4 

15 

16 

17 

A60UH08 O.E. u op. HcCJieOo8aHue npoijeCC08 nOJIHOi!O pa38aJia 

TaliJiuua 3. W (?: N P), % 

7t--C p-C d-C He-C C-C 

46,9 ±0,8 96,0± 2,0 99,0± 2,0 99,0±2,0 99,0 ± 2,0 

20,7 ± 0,5 63,0± 1,0 84,0± 2,0 94,0±2,0 91,0 ± 2,0 

8,1 ±0,3 35,50 ± 0,9 54,0± 1,0 82,0 ± 2,0 81,0± 1,0 

3,0±0,2 17,40 ± 0,6 31,1 ± 0,8 61,0± 1,0 71,0± 1,0 

0,81 ±0,09 8,30 ± 0,4 16,1 ±0,5 42,0 ± 1,0 62,0± 1,0 

0,12 ± 0,03 2,90±0,2 7,2 ±0,3 26,3 ± 0,8 54,0± 1,0 

- 0,60±0,1 2,5 ± 0,2 15,1 ±0,6 44,8 ±0,9 

- 0,210±0,06 0,8 ±0,1 7,3 ± 0,4 35,8 ± 0,8 

- 0,020 ± O,Q2 0,19 ±0,05 2,7 ±0,2 27,7 ± 0,7 

- - 0,04 ± O,Q3 0,9±0,1 20,1 ±0,6 

- - - 0,37 ± 0,09 13,2 ± 0,5 

- - - 0,04 ± O,Q3 7,9 ± 0,3 

- - - - 4,3 ± 0,2 

- - - - 2,1 ±0,2 

- - - - 0,8 ±0,1 

- - - - 0,26±0,06 

- - - - 0,01 ±0,01 

KpHTepHeB ( J) ,f (2), HCnOJJb30BaHHe KOTOpbiX nOJBOJIHJIO BbBIBHTb Ka'leCTBeHHO 

HOBbie l!BJJeHHll; 

HeJaBHCHMOCTH OT ::meprHH H MaCChi MHllleHH W = 2 + 3 o/o npH OT6ope C06biTHH 
npll 

no KpHTepHIO (] ); 

1-ro peJyJJbTaTa .UaHHOH pa60Tbl. 

Ha pHc.2a-e (coBJ1eCTHO c .uaHHbiMH pac'leTa no MO.UeJJH KBapK-rniOOHHbiX CTPYH 

(MKfC) (7) H IJO .uy6HeHCKOH BepCHH KaCKa.!lHOH MO.!leJJH (KYIM) (8)) npHBe.UeHbi pacnpe­

neJieiiHll W(N ). 3necb cnnolliHbiMH JJHHHliMH noKaJaHbl peJyJJbTaTbi annpoKCHMaliHH 3THX 
p 

pacnpe.ueneHHH Bbipa)l(e' IHliMH BH.!la f B Ta6n.2 npHBeneHbi JHa'leHHj( napaMeTpOB A 
1
, A

2
, 

IIOJJY'IeHHblX B pe3yJJbTaTe annpOKCHMaliHH 3THX pacnpe.ueneHHH B pa3HbiX 06JiaCTliX no 

N .* p 

*Bo BCeX pltC)'HKllX HCIIO.Ib30Ballbl C~ea)'IOWHe 00031la'lellllll: * - 3KC11epHMeHTaJibHbte llaHHble; 0- llaHHbte 

pac'leTa no MKrC; ' - aaHHb e pac'!eTa no KHM. 

'i 

j 
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+ 

PHc.2t~. (d-Ta)-s3aHMot~eii.cTBHe 

21 32 

NP 
PHc.2e. (C-Ta)-B3aHMOJieHCTBHe 
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43 

1) B cJiyqae dTa- H cTa-s3aHMOJJ.eiicTBHH MKfC H Kl1M B npeJJ.<!Jiax oum6oK YJJ.OBJieT­
sopHTeJihHO OllHChiBaiOT 3KCllepHMeHTaJihHble ).J,aHHhle (2-H pe3yJihTa1 ); 

2) B CJI)"'ru!.X )J(e B3aHMO).J.eHCTBHH C ymepOJJ.OM o6e MO).J.eJIH He ,Da!OT YJJ.OBJieTBOpHTeJih­
HOfO onwcaHH», oco6eHHO s o6JiacTH 6oJihiiiHX N (3-ii pe3yJihTaT); 

p 

3) B 3KCnepHMeHTaJibHbiX pacnpe).J.eJieHH»X B CJI)"'ae B3aHMO).J.eHCTBHH Ha ymepOJJ.e Ha-

6mo).J.aiOTC» HeCKOJihKO o6JiacTeii sKcnoHeHI.lHaJibHOro cna).J,a W(N ) (rpaHHqHbie 3HaqeHH» 
p 

N 3TH X o6JiaCTeii npwBeJJ.eHbi B Ta6JI.l) - 4-ii pe3yJibTaT; 
p 

4) npH B3aHMOJJ.eHCTBH»X nHOHOB, npoTOHOB H »JJ.ep c »JJ.paMH y1 flepoJJ.a «XBOCTbi» pac­

npeJJ.eJieHHH sepo»THOCTeii co6biTHH no N npo»BJI»IOT noJJ.o6He, HaqHHruJ. c N = 3 (s 
p p 

1t-C-),N =5(spC-),N =6(sdC-),N =8(sHeC-),N =ll(sCC-B3aHMOJJ.eHCTBH»x)-
P p p p 

5-ii pe3yJihTaT. 
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TafuJuua 4. W(> NP, (~ Q)), % 

d- Ta C-Ta 
--
W(>Np) W(~ W) W(>Np) W(~Q) 

99,9 ±4,0 98,0±4,0 100,0± 3,0 100,0 ± 3,0 

2 88,0±4,0 86,0±4,0 99,0± 3,0 99,0 ± 3,0 

3 73,0 ± 3,0 72,0± 3,0 95,0 ± 3,0 94,0 ± 3,0 

4 63,0± 3,0 60,0 ± 3,0 89,0 ± 3,0 88,0 ± 3,0 

5 54,0± 3,0 51,0±3,0 83,0 ± 3,0 81,0 ± 3,0 

6 46,0± 2,0 43,0±2,0 78,0 ± 3,0 74,0 ± 3,0 

7 38,0 ± 3,0 35,0 ± 2,0 74,0± 3,0 69,0± 2,0 

8 31,0± 2,0 28,0±2,0 70,0±2,0 65,0±2,0 

9 25,0 ± 2,0 23,0 ± 2,0 66,0±2,0 61,0± 2,0 

10 21,0± 1,0 17,0± 1,0 64,0±2,0 58,0 ± 2,0 
:.y II 16,0± 1,0 I' 13,0± 1,0 62,0±2,0 55,0 ± 2,0 
li 

i 
12 12,0± 1,0 

~·. 13 9,0 ±0.9 

8,9 ±0,9 59,0± 2,0 52,0 ± 2,0 

6,3 ± 0,8 56,0± 2,0 48,0 ± 2,0 
nr 

~· 14 6,3 ± 0,8 

.~. l· ,j. 15 4,3 ±0,6 

4,4 ±0,6 54,0± 2,0 46,0± 2,0 

3,2 ± 0,5 52,0±2,0 43,0±2,0 

16 2,9 ± 0,5 2,5 ± 0,5 50,0±2,0 41,0±2,0 

17 2,5 ± o:5 1,7±0,4 49,0± 2,0 38,0 ± 2,0 

18 2,0 ±0,4 1,2 ±0,3 47,0 ± 2,0 36,0 ± 2,0 

19 0,9 ±0,3 1,1 ±0,3 45,0 ± 2,0 34,0±2,0 
I 

20 0,5 ± 0,2 1,1 ±0,3 43,0±2,0 33,0± 1,0 

21 0,3 ± 0,2 1,0±0,3 41,0± 2,0 30,0± 1,0 

22 0,09 ±0,09 0,9 ± 0,3 40,0±2,0 29,0± 1,0 

25 - 35,0 ± 2,0 24,0 ± 1,0 

30 - 28,0± 1,0 16,0± 1,0 

40 - 15,3 ± 0,9 4,6 ±0,5 

60 - 3,2 ±0,4 0,10 ±0,07 

70 - 1,7 ±0,3 0,10 ± 0,07 

100 - 0,4±0,1 0,10 ± 0,07 
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TafuJ:uQa 5. W (;o: Q), % 

Np rc--c p--C d-C He-c C-C 

1 - 100,0±2,0 99,0±2,0 1,0 ± ~.o 99,9± 2,0 

2 - 71,0 ± 2,0 84,0±2,0 98,0± 2,0 99,2 ± 2,0 

3 - 43,0 ± 1,0 56,0 ± 1,0 88,0± 2,0 94,0±2,0 

4 7,0 ± 0,3 22,3 ±0,7 32,3 ±0,8 63,0± 1,0 85,0 ± 1,0 

5 - 10,3 ± 0,5 16,9 ±0,5 42,0± 1,0 75,0 ± 1,0 

6 - 3,7 ± 0,3 7,4 ± 0,3 25,8 ± 0,8 64,0 ± 1,0 

7 - 1,1 ± 0,1 2,8 ±0,2 13,4 ± 0,6 54,0 ± 1,0 
. 

8 - 0,08 ±0,04 0,58 ±0,09 5,4 ± ),4 43,7 ±0,9 

9 - - 0,22±0,06 0,9 ± ),2 33,1±0,8 

10 - - 0,09 ±0,04 0,35 ± ),09 23,1 ± 0,6 

11 - - - o,oz ± ),02 14,1 ± 0,5 

12 - - - - 7,0±0,3 

13 - - - - 2,1 ± 0,2 

14 - - - - 0,8 ± 0,1 

15 - - - - 0,16 ± 0,05 

16 - - - - 0,04±0,02 

lb pacrrpe)J.eJieHHH W(;?: N ), rrpHBe)J.eHHhiX B Ta6JI.3 H 4 (cToJIIiQhi 2 H 4), BH)J.HO, 'ITO 
p 

BhinOJIH»eTc» rrpH6JimKeHHoe paBeHCTBO W (;?: N) = (N + 1) W (;?: N ) (6-ii: peJyJihTaT). 
pc p p 1t-c p 

llo )1.3HHhiM pa6oThi [6] Mhl o6Hapy)!(HJIH, 'ITO W (N ) = (a-bN ) (CW (N = 1)) (7-ii: 
1t-C p P 1t-C P 

peJyJihTaT), r)J.e a= 0,62, b = 0,058, C = 1/ (a-b), W _ (N = 1) = 0, 262 ± 0,006, rrocJie)J.H»» 
1t c p 

BeJIH'lHHa COBITa)J.aeT C BepO»THOCThiO 0,256± 0,004 Ha6JIIO)J.eHH» IipOTOHa B 1t-P-B33HMO­

)J.eHCTBHHX rrpH P _ = 40 f3B/c [6]. 
1t 

Pacrrpe)J.eJieHH» W(Q) rrpHBe)J.eHhi Ha pHc.3a-e, a rro W(;?: Q) B ra6J"I.4 (cToJI6Uhl 3 H 5) 
I{ 5. BH)J.HO, 'ITO: 

1) B cJiyqae (d-Ta)- H (C-Ta)-BJaHMO)J.eii:cTBHH MKfC H Kl1!.1 B rrpe)J.enax owH6oK 

YiJ.OBJieTBOpHTeJihHO onHChiBaiOT 3KcrrepHMeHTaJihHhie )J.aHHhie (8-ii: I•eJyJihTaT); 

2) B cJiyqa»x )!(e BJaHMO)J.eiicTBHH c ymepo)J.OM o6e MO)J.eJIH He ~aiOT y.D.oBJieTBOpHTeJih­

HOro OfiHC3HHH, OC06eHHO B 06JiaCTll 60JihWHX Q (9-ii: peJyJihTaT); 
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PHc.3!1. (d-Ta)-B3aHMOJldicTBHe 

,·l;~ll[l•!ltfl;,.,:,,.,.,,,,,,,l,,,,,,l'l*tlttl 
'I l II l 11111!!111 leI I I It I I I I 44 I II II I I II 129 34 39 I I I I I I 24 111!!1!1114 19 

~ 9 Q 
PH c. 3e. (C-Ta)-sJaHMOAeiicTBHe 

3) B 3KCnepHMeHTaJlh -!hi X pacnpeL(eJleHH.SIX B CJJ)"'ae B3aHMOL(eHCTBHH Ha yrnepOL\e Ha-

6JJIOL(aiOTC.SI H3MeHeHH.SI napaMeTpOB 3KCnOHeHUHallhHOfO Cna.[(a (CMeHa pe)((HMa) npH 3Ha-

4CHH.SIX B 06JJaCT.SIX, yKa3aHHhiX B Ta6n.2 (1 0-H pe3yJJhTaT); 

4) JHa'leHH.SI W(~ Q) B paiioHax H3JJOMOB no BeJJH'IHHe 6JJH3KH K 3Ha'leHHIO sepo.HTHOCTH 

nP51 B (1C -C)-BJaHMOL\eHC'"BH.SIX, OTOOpaHHhiX no KpHTepHIO (2) ( CM. Ta6n.6, 11-H pe3yJJhTaT ); 

5) npH B3aHMOL(eHCTBl!.SIX nHOHOB, npOTOHOB 11 .SIL\ep C .SIL(paMH yrnepo.[(a «XBOCThl» pac­

npeL(eJleHHH BepO.SITHOCTeii C06hiTHH no Q npO.SIBJl.SIIOT nOL(06He, HalJHHa.SI C Q = 4 (B pC-), 

Q = 3 (s dC-), Q = 6 (s H~~c- ), Q = 9 (s CC-sJaHMOLleiicTBH.Hx) 12-ii peJymTaT. 

)lJI.SI CpaBHeHH.SI LlH p<fJepeHUHaJlhHhiX pacnpeL(eJleHHH fihiJJa BBeL(eHa BeJJH'IHHa 

R = W(N ) / W(Q). Ha p11c .4a-e npHBeL\eHhi JHalJeHH.SI BeJJH'IHHhi R B JaBHCHMOCTH oT N 
p p 

(HJJH Q B ,TO'!Kax N = Q). BHLlHO, 'ITO: 
p 

1) s cny'lae (d-Ta)- H (C-Ta)-BJaHMOL\eHCTBHH np11 scex L\OCTynHhiX JHalJeHH.SIX N (HJJH 
p 

Q) BeJJH'IHita R:::: I (13-ii pe3ynhTaT); 

2) B CJI)"'ae )((e BJaHMCUeHCTBH.SI Ha ympo.Lle L(aHHhie no BeJJH'IHHe R :F. I (14-ii pe3yJJhTaT). 

l 

J 
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~~~~~~~~-~ 

p~tt1fp I iii II 
R 

dTo 

0.1 

N 
Puc.4a 

' 

R 1 

0.1 eTa 

4 9 14 19 24 29 34 39 44 49 

N 
Puc.4e 

TaoJiuua 6 

Tm1 B3anMoaeikTBHH HMnynbc cHapJJ.Ua, f3B/c 
HJIH f3B/c Ha H KJIOH 

Q* W(*),% 

n--c 40,0 4 7,0 + 0,3 

p-C 4,2 5 10,3 + 0,5 

d-C " 6 7,4 + 0,3 

He-C " 8 5,4 + 0,4 

C-C " 12 7,0 +0,3 



I 
r 

68 A60UH08 0.5. u op. HccJie008GHUe npoijeCCO(J nOJIH020 pa38a/la 

3. 06cy)l(.lleHHe lKCnepHMeHTaJibHbiX peJyJibTaTOB 

3KcnepHMeHTaJibHl te peJyJibTaTbi, noJiyqeHHbie s HacTmnueii pa6oTe no B3aHMO­
.ueHCTBHSIM Sl.llep d H = C SI.UpaMH (pe3yJibTaTbl 2, 8, 13) yKa3biBaiOT Ha TO, 4TO npH 
CTaTHCTH4ecKOM MaTepltaJie, Ha KOTOpOM BbinOJIHeHa .UaHHaSI pa6oTa, He npOSIBJISIIOTCSI CJiy-
4aH, cooTBeTCTBYtoiUHe OP51, onpe.ueJieHHOH HaMH s Ha4aJie cTaTbH. B ocHOBHOM Mbi BH.Ili1M 
cpparMeHTbl KaK pe3yJib1aT CHJibHOfO TOpMO)I(eHI1SI JierKOfO Sl.llpa CHapSI.Ila B TSI)I(eJIOM SI.Upe Ta 
11 KacKa.uHoro pa3MHOJI< eHI1SI. Heo6xo.uHMO .UaJibHeiirnee yseJIH4eHHe cTaTI1CTI14eCKoro Ma­
Tep11aJia no (d-Ta)- 11 ~C-Ta)-B3aHMO.UeHCTBI1SIM c UeJibto 6oJiee Ha.ue)I(HOro onpe.ueJieHI1SI 
sepoSITHOCTI1 cpparMeH1 au1111 TSI)I(eJioro Sl.llpa Ta Ha 6biCTpbte cpparMeHTbi. Op11 B3ai1MO­
.ueiicTBHSIX peiiSITI1BI1CTI:KI1X SI.Uep c Sl.llPaMI1 ymepo.ua Ha6Jito.UeHI1e B cneKTpax W(N ) 11 

p 
W(Q) HeCKOJibKHX nap< Merpos B 3KcnoHeHU11aJibHOH 4acrHU f (.usyx cMeH pe)I(I1Ma) - no 
pe3yJibTaTaM 4 H } 0 - Mbl CBSI3biBaeM C TeM, 4TO: 

1) w ~ bl WI + b2" .2 (3.uecb WI H w2 QJYHKU1111 pacnpe.ueJieHI1SI sepOSITHOCTeH co6biTI1H 

no 411CJIY cpparMeHTOB CllapSI.Ila 11 MHllleHH COOTBeTCTBeHHO, b1 11 b
2

- K03Q:lcp11U11eHTbl, }"111Tbi­

BaiOIU11e sec Ka)l(.llOH 113 QJYHKU11H), W
1 

::t W
2

, 4TO 11 SIBJISieTCSI np11411HOH nepsoro 113JIOMa. 

2) W
2 
~ W _ T.e. HOpaSI CMeHa napaMeTpa B 3KCnOHeHTe .llJISI j SIBJISieTCSI OTpa)l(eHI1eM 

1tC 

CMeHbl TOfO )l(e napaMe rpa, Ha6Jito.UaeMOH B (1t--C)-B3aHMO.UeHCTBI1SIX (pe3yJibTaT 1 ). 
nocJie.UH11H BbiBO.Il TaK)I(e no.uTsep)l(.llaercSI 11 pe3yJibTaTaMI1 5, 13 o cosna.ueHI111 «XBO­

CTOB» pacnpe.UeJieHI1H 1V(N,) 11 W(Q) npH pa3HbiX Sl.llpax CHapSI.UOB. 0pH411HOH 3TOffi SIBJISI-

eTCSI TO, 4TO BO BCeX Cfi}"'aSIX Mbl Bl1.1li1M O.llHY H TY )l(e QJYHKU1110 - QJYHKU1110 cpparMeH­
TaU1111 SI.Upa ymepo.ua. Ha 3TO )l(e yKa3h!Baer H peJynoTaT 12 - conna.ueHI1SI JHa4eHI1H sepo­
SITHOCTeii B 06JiaCTSIX CMeHbl pe)I(HMa CO 3Ha4eHHSIMI1 BepOSITHOCTeH 0P51 ymepOJla, 

noJiy4eHHOfO B (7t--C)-113ai1MO.UeHCTBI1SIX no KpHTep1110 (2). 
B JaKJito4eHHe cepe PMYII11pyeM ocHOBHbte BbiBO.Ilbi pa6oTbi. 
1. B cJiyqae BJamto.ueiicTBHSI npoTOHOB, Sl.llep d, He H C c SI.UpaMH ymepo.ua np11 

HMnyJibCaX 4,2 A f3Bf,; .llJISI BbUleJieHHSI CJiyqaeB, COOTBeTCTBytolUI1X 0P51 ymepOJla, Heo6-
XO.IlHMO HCnOJib30Batb J; Ka4eCTBe "Kp11repHSI or6opa C06biTHH YCJIOBHC 

Q>Q*, (4) 

r.ue Q * - 3Ha4eHI1SI ~ npH nOCJie):{HeH CMeHe pe)I(HMOB B pacnpe.UeJICHHSIX BepOSITHOCTCH 
co6biTHH no Q. 

2. OpH HcnOJib30BaHHH B Ka4ecrse KpHrepHst ycJIOBHSI ( 4) oKa3biBaercst, 4TO sepostr­
HOCTb 0P51 ymepo.ua H<! 3aBHCHT OT ::meprHH H MaCCbl SI.Upa CHapstJla. 
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MOL(EJIIIPOBAHIIE II AHAJI113 3HEPrETJiqECKIIX 
CIIEKTPOB HEHTPOHOB ,UJUI OJiJiyqATE.JihHb:[X 
KAHAJIOB PEAKTOPA llliP-2 

B.C/J.llepeceoo6, A./l..PozoB 

C UeJlbiO COBeprneHCTBOBaHHSI pac'leTHbiX MeTO,[(HK MHOrOOJieM( HTHOfO HeiiTpOHHOro 
aKTHBaUHOHHOfO aHaJIH3a CMO)IeJIHpOBaHbl 3HepreTH'IeCKHe cneKTpbl ,[(JI: I TpeX o6nyqaTeJibHblX 
KaHanos peaKTopa HEP-2. nposeAeH aHaJIH3 cMOAeJIHposaHHhiX a Her reTH'IeCKHX cneKTpOB 
pe30HaHCHbiX HeHTpOHOB. Ha OCHOBe pe3yJibTaTOB aHaJIH3a'paCC'IHTaHbl KOa-!IJ!IJHUHeHTbl nepe­
HOpMHpOBKH pe30HaHCHbiX HHTefllaJIOB ,[(Jill peaJibHOfO cneKTpa pe30I aHCHbiX HeiiTpOHOB B 
OAHOM H3 o6nyqaTeJibHhiX KaHaJIOB peaKTopa HEP-2. 

Pa6oTa BbinOJIHeHa B na6opaTOpHH HeHTpOHHOH !IJH3HKH HM. H.M.~lpaHKa OH5IH. 

Simulation and Analysis of Neutron Energy Spectr 01 

from Irradiation Channels of the Reactor IBR-2 

V.F.Peresedov, A.D.Rogov 

With the purpose of perfecting neutron activation analysis calcul< tion methods, neutron 
energy spectra for three irradiation channels were simulated and analys !d. On the basis of the 
obtained results, the renormalization factors were obtained for resonar ce integrals of the real 
resonance neutron spectrum from one of the irradiation channels. 

The investigation has been performed at the Frank Laboratory of Neutron Physics, JINR. 

Heii:TpOHHbiH aKTI1BaUitOHHbiH aHaJII13 (HAA) 5IBJUieTc51 MOW.H biM aHaJII1TI14eCKHM MeTo­

,IJ,OM 11 liiHpOKO 11CI10J1b3yeTC51 ,[l,n51 perneHI151 pa3HbiX HayqHbl ( 11 I1p11Kna,IJ,HbiX Ja,IJ,at.I, 

Hai1p11Mep, B 3KOJ10rHI1, reOJ10rHI1, reOXI1M1111 11 T.,[l,. ,Iln5I onpe,!l,eJeHI151 KOHUeHTpaUHH 3J1e­

MeHTOB B o6paJuax c noMOW.biO HAA t.IacTo 11CIIOJ1b3YIOTC51 MtiOro3neMeHTHbie 3TaJIOHbi 

(Standard Reference Materials -SRMs), coAep.lKaume 113BeCTHb e c xopoweM: TO'IHOCTbiO 

MaKpO- 11 MHKpOKOJ1114eCTBa HeKOTOpblX X11MI14eCKI1X 3J1eMeHTOB, 1pe,!I,CTaBJ15110IUHX 11HTepec 

,IJ,n51 pa311114HbiX np11IU1a,!I,HbiX 11Ccne,IJ,OBaHI1H. Onpe,!l,eneHI1e KOJ iUeHTpaui1M: 3neMeHTOB c 

noMOIUbiO 3Tanoua - YA06Ha51 npoueAypa, T.K. n03BOJ15IeT o601iTI1Cb 6e3 11cnonb30BaHI151 

cet.IeHI1H aKTI1BaU1111 HYKnH,IJ,OB Heii:TponaMI1. OcnoBHbiM He,IJ,ocTa"'KOM MeTO,!I,a 5IBJ15IeTc51 To, 

4TO B 60J1bliii1HCTBe ,IJ,OCTyiiHbiX 3TaJIOHOB KOHUel-ITpaU1111 3J1eMeHT ~B He OI1TI1MaJlbHbi (1136bi­

T04Hble KOHUeHTpaU1111 O,IJ,HI1X 11 He,IJ,OCTaT04Hble - Apymx 3J1eMt HTOB ). 3TO o6CT051TeJ1bCT­

BO 11HOf,IJ,a He ri03BOJ15IeT onpe,!l,eJ151Tb KOHUeHTpaU1111 p51,!1,a 3J1eMeHTOB. 

003TOMY MeTO,IJ,I1Ka pact.IeTa KOHUeHTpaU11H 3J1eMeHTOB C iCI10J1b30BaHI1eM Ce4eHI1H 

aKTI1BaUI111 HYKni1,1J,OB H seni1411H noTOKOB TennoBbiX 11 pe3ouam HbiX nei1Tpouos 5IBJ15IeTc51 

TaK.lKe Ba.lKHOH, ri03BOJ15IIOIUeH paCC411TbiBaTb KOHUeHTpaU11 i He onpe,!l,eJ15leMbiX IlO 



!' 

70 

N 

~ 
u 

u -c:::: 

~ 

~~ ,..,. 
, 
• I 

•• 

I 

r... ... ·- ,_ 
-t~£ -t~l -trtJ -tn1 

llepeceooB B.C/J., PozoB A . .a. Mooe;1Up06aHue u aHaJIUJ 

...... - ...... ... 
-...._ , 

, ... 
\ 
\ 

' '., ... ,_ J 
-tn£ -tru -tn4 -tro -t/"'6 -tn7 

E, 3B 

PHc.l. 3HepremYeCKHe cm:KTpbi HeiiTpoHoB B Kammax OK! H OK3 peaKTopa HoP-2. CWlOlllHaJI 

KpHBaJI - cneKTp JIJill OK3. cHMBOJJbi - JIJill OK I. 8 HHTepsane E < 0,55 38 - cneKTpbi TenJJOBbiX 
HeitTpoHos B OK I 6eJ 11 c 'KpaHoM HJ Cd 

3TariOHY 3JieMeHTOB. B IipHKJJa.IlHbJX Hccne,!loBaHHliX, npoBO.!lHMhlx B J1Hct> c noMOIJ..{hJO 

HAA, o6bJ'IHO HcnonbJYKTCll o6e MeTO.!lHKH. CneKTP HeHTpoHoB B o6nyYaTenhHbJX KaHariax 

HMnynhCHOro peaKTOpa Ha 6bJCTpblX HeiiTpoHaX l1oP-2 CO,!lep)I(HT TpH KOMilOHeHTbl HeHT­

pOHOB - TennosyJO, peDHaHcHyJO .H 6hJCTpyJO. ll,nll HAA HaH6onee Ba)I(HbiMH liBJiliJOTCll 

TennoBhle H peJoHaHcHbJ·: HeHTpoHbl, nocKonbKY 6onhwall 'laCTb HYKJIH.!lOB aKTHBHpyeTCll 

HMH. 

B uacTollwee speMll l J1Hct> HcnonhJyeTcll nporpaMMa MNCP-4a c 6H6nHoTeKOH ueHT­

poHHbiX ).lai!HbJX DLC I 0: c, no3BOJUiiDi.lla>i secTH KOMIJneKCHhle MOHTeKapnoscKHe pac'!eTbl 

cneKTpos HeHTpoHOB B J.aHariax peaKTopa [I). ll,nll nosbJWei!Hll ua.ue)I(HOCTH pac'leTHbiX 

MeTO.!lHK HAA MouenHpo !aHHe 3HepreTH'IeCKHX cneKTpos HeHTpOHOB B o6nyYaTenbHhlX Ka­

Hariax liBnlleTCll He06XO,!l-iMOH npoue.!lypOH, nOCKOflbKY 1103BOnlleT cpaBHHTb 3KCnepHMeH­

TaJ1bHO H3Mepetlllble napaMeTpbl cneKTpOB HeHTpOHOB C paclJeTOM. C 3TOH uenhiO CMO­

)leJIHpOBaHbl cneKTpbl llt:HTpOIIOB: JL'Ill .!lBYX rOpH30HTaJ1bHblX f!HeBMaTH'!eCKHX KaHariOB 

OK I-OK2, pacnono)l(eJHbJX y rpe6eHYaToro 3aMe.!lflHTenll, H .!lflll O.!li!Oro (OK3) H3 .!lBYX 

O,!lHIJaKOBbJX llaKnOIIIIbiX KallariOB, HaXO,!lllll..{HXCll B BO,!lliHOM 3aMe,!lnHTene 3a flO,!lBH)I(HbiM 

OTpa)l(aTeneM (pHC.I ). Ale aJIH3 ClleKTpOB pe30HaHCHbiX HeliTpOHOB ,!lnll pa311H'IHblX HHTepBa­

flOB 3HeprHH rtOKa3biBaeT 'ITO OHH OrtHCbJBaJOTCll pacnpeueneHHeM 

qJ'(E)=CI>c·leVa/EI+a, 

j 



Jlepeceoo« B.C/J., Pozo« A./1,. MooeAupoBmme u aHGJIUJ 

Taonuua 1. 3na'leHHJI napaMerpoa cneKrpoa pe3onaucnLIX ueiirpolloB B OK1-0K3 
Jl]UI pa3Hb1X 3HepreTU'IeCKHX HHTepBaJIOB 

HoMep HHrepBa.JI ::meprnH, 38 «<le · 1011 , H/C · CM2 I l x2 
KaHa.Jia 

OK1 £=1+101 1,33 ± 0,04 -0,123 ± 0,018 3,90 

OK1 E= 1 +102 1,38 ±0,04 - 0,07t ±0,009 3,16 

OK1 E= 1 +103 1,36 ± O,Q3 -0,085 ±0,005 2,44 

OK! E= I +103 1,15±0,05* -0,100 !: 0,007 * 4,39 

OK! E= 1 +104 1,33 ± O,Q3 -0,092 ±0,004 2,58 

OK! E= I +104 1,16 ± 0,05 * -0,101 !: 0,006 * 4,57 

OK! E= I +105 1,06 ± O,Q3 -0,14:3 ±0,003 13,0 

OK2 £=1+10 1 1,33 ± 0,05 -0,018 ± 0,016 0,84 

OK2 E= I +102 1,24 ± O,Q3 -0,061 ±0,009 2,05 

OK2 E= I +103 1,16 ± 0,03 - 0,08S ±0,005 1,90 

OK2 E= I +104 I, 15 ± 0,03 - 0,09t ±0,003 4,77 

OK2 E= I +105 0,80 ± O,Q3 - 0,16~ ±0,003 15,0 

OK3 E= I +10 1 3,15 ±0,05 - 0,04~ ±0,022 0,67 

OK3 E= I +102 3,03 ± 0,08 -0,09: ±0,009 0,84 

OK3 E= I +103 2,98 ±0,06 - 0,10( ±0,005 0,82 

OK3 E= I +104 2,88 ± 0,05 - 0.11= ±0,004 1,28 

OK3 E= I +105 2,58 ± 0,04 - 0,13S ±0,003 5,30 

71 

f,!(e <p'(E) H <I> - fiOTOKH pe30HaHCHbiX HeHTpOHOB JLTUI eAHHH'IHOfO HHTepBaJJa 3HeprHH e 

HeHTpOHOB H A.JUI eAHHHtiHoro HHTepsana cpyHKUHH { I · 3Ba · (- E- a I a)} npH E = I 3B 

COOTBeTCTBeHHO, a - napaMeTp, OOHCbiBaiOll{HH OTJIHtiHe cneKTpa p !30HaHCHbiX HeHTpOHOB 

or BHAa I I E. 

3Ha'leHH~ napaMeTpa a (AJI~ HHTepsanos E = I + 104 
H E = I + I 05 

38, B npeAeJiax 

KOTOpblX aKTHBHpyeTC~ OCHOBHM tiaCTh HYKJIHAOB), noJiyqeHHblt: cpHTHpOBaHHeM CMO­

AeJIHpOBaHHbiX cneKTpOB AJI~ KaHaJIOB 0Kl-0K3 OTpHUaTeJibHbl ll Jie:lKaT B HHTepsane OT 
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1<f 1d' 

E 38 

PHc.2. Ko3cpqmuHeHTbi nepeHopMHpoBKH K = /0(a) I 10 llJill MaJioro - 0,5 (HHlKHllll KpHBal!) H 

6omworo - 500 JHa'!eJIHH Q0 = !01 cr0 (sepxHllll KpHBal!) llJill a=- 0, I 

-0,168 AO -0,085 ( Ta6J .J ). )lml cpHTOB cneKTpOB pe30HaHCHbiX HeHTpOHOB B HHTepsane 

:meprHH E = 1-7-1 o5 
38 3Ha'!eHHll x2 

60Jibllle, '!eM Mll HHTepBaJlOB c MeHbllleii BepxHeii: 

3Hepmeii, l..JTO CBll3aHo c BKJJaAOM 6biCTpbiX HeiiTpOHOB npH E ~ 105 
38. 3a Cl..JeT 3Toro 

cpopMa cneKTpos pe30H2 HCHbiX Heii:TpoHoB npH E ~ I 05 
38 OTJIHl..JaeTcll oT BHAa I IE 1 

+a. 

napaMeTpbl 3KCnepHMeH faJibHO H3MepeHHOro C nOMOlUbiO MeTOAHKH pe30HaHCHbiX HHAHKa­

TOpOB cneKTpa pe3oHaHC HbiX HeiiTpOHOB OK! (c KaAMHeBbiM 3KpaHoM) TaK)((e npHBeAeHbi 

B Ta6n.l (3Hal..JeHHll <l> H a OTMel..JeHbi 3HaKOM «*» ). CpasHeHwe napaMeTpos CMOAenHposaH-
e 

HOfO H H3MepeHHOrO CJ JeKTpOB ll03BOJIJieT fOBOpHTb 06 HX COrJiaCHH B npeAeJiaX J5o/o. 

0TpHUaTeJibllal! BeJIHYHI" a napaMeTpa a - CBHAeTeJibCTBO TOfO, l..JTO ClleKTpbl pe30HaHCHbiX 

Hel'iTpoHoB - 6onee )((e•:TKHe no cpaBHeHHIO c I I E-pacnpeAeJieHHeM. 

3To o6cTOliTeJibCTBC HY)((HO YYHTbiBaTb B pacl..JeTHbiX MeTOAHKax onpeAeJieHHll KOHUeH­

TpauHii, IlOCKOJlbKY Mll ;(OCTaTOl..JHO 60JJbll!HX 3Hai.JeHHH a (a""- 0,1 liBJilleTCll TaKHM) HeJJb-

3ll HCI10Jlb30BaTb 3Hal.JeHIIll pe30HaHCHbiX HHTerpanOB /
0

, KOTOpbie OnpeAeJJellbl Mll CTaHAap-

TIIOro I I E-cneKTpa (a== 0). )lnll 3Hai.JeHHll a=- 0,1, nonyYeHHoro 11a OCHOBe pe3yJibTaToB 

H3MepeHHH, Mll HYKJJHA JB, y KOTOpblX BeJJHKH ::meprHH 3cpcpeKTHBIIOfO OAHHOl..JHOfO pe30-

HaHCa Er. eff(a), 31tal..JeHHll pe3oHaHCHbiX HHTerpanos J
0
(a) cyrueCTBeHHO 6oJibllle 3Hal..JeHHH 

1
0

. AnropHTM nepeHopM 1poBKH /
0 

Mll peanhHOro I IE 1 
+ a-cneKTpa pe3oHaHCHbiX HeiiTpo­

IIOB B 11pH6JJH)((ei!HH 3cp•peKTHBHO'rO OAHHOl..JHOfO pe30HaHCa H 3Hai.JeHHll £ ·''f AJlll HaH60-
r, eJJ 

nee Ba)((l\biX B HAA H~'KJJHAOB coAep)((aTCll B cTaTbliX [2,3]. 8 AaHHOH pa6oTe B cooT­

BeTCTBHH C anropHTMOM (2) paCC'IHTaHbl K03cpcpHUHeHTbl nepeHOpMHpOBKH pe30HaHCHbiX 

HHTerpanos K = /0(a) I Ic = f(Q0, Er.t:ff(a), a)- Mll peanbHOro cneKTpa pe3oHaHCHbiX Heii:-

TpOHOB B KaHane OK! (;mc.2). 
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Ta6Jiuua 2. <l»uJuqecKue napaMeTpLI OOJIY'IaTeJibHLIX Kananm OK1-0K3 

HoMep Kamma <l>th . 10 l2' <l>res · 1012
, 

1: <l>rast · I 0 , (Erast), 
M3B, 

Hfc · CM
2

, H/C · CM
2

, H/c · CM
2

, 

E= 0+ 0,55 3B E=0,55 + 105 3B E= 0,1 + 25 v13B E = 0,1 + 25 M3B 

OK1 (6e3 Cd) 1,58 3,34 4,34 0,91 

OK! (c Cd) 0,023 3,31 4,32 0,88 

OK2 (6e3 Cd) 1,23 2,96 4,10 0,92 

OK3 (6e3 Cd) 4,24 7,50 7,70 0,76 

)lm1 HYKJIH)J,OB c 6omiiHIMH Er, eJ/a) rrepeHopMnpoBKH /
0 

cywecTBeHHhi, BeJIH'lHHhl K 

WUI HHX - B HHTepBaiie 3Ha'leHHH 1,4-3. J1CilOJih30BaHHe CKOppt KTHpOBaHHhiX C yqeTOM 

peaiibHOro crreKTpa pe30HaHCHhiX HeHTpOHOB 3Ha'leHHH /
0
(a) 1103BOJ HeT C llOMOll.l,hiO pac'leT-

HbiX MeTO)J,HK Ha)J,e:lKHO Ollpe)J,eJIHTh KOHUeHTPaiiHH OTCYTCTByiDll.I,HX B 3TaJIOHe 3JieMeHTOB. 

J1HTerpnpyH CMO)J,eiiHpOBaHHbie ClleKTpbl B COOTBeTCTBYIOll.I,HX H nepBaiiaX 3HeprHH HeH­

TpOH_OB, MO:lKHO Ol.leHHTh pac'leTHhie 3Ha'leHHH llJIOTHOCTeH llOTOKOB TeiTJIOBhlX, pe30HaHC­

HbiX n 6hiCTphiX Heii.TpoHoB )J,JIH KaHaJIOB OK1-0K3 (Ta6JI.2). )lm OKI (6e1 Cd) n OK2 

(6e3 Cd) 3Ha'leHHH <l>th' <l>res H <l>fast 6JIH3KH. MaKCHMaJihHOe OTJIH'IHe B rroToKax He 6oJiee 

25%. 8 KaHane OK3 rroTOKH HeiiTpOHOB Bbillle rrpnMepHo B)J,Boe. :::peAHHe 3Heprnn 6biCT­

pbiX HeiiTpOHOB (Efa~~ B OK l-OK3 (KOJIOHKa 5) MeHhllle cpeAueii ::meprnn HeihpoHOB 

crreKTpa )J,eJieHHH - ""2 M38: 'ITO Ba:lKHO, T.K. ce'leHHH rroporoBh x peaKUHH Ha 6biCTpbiX 

HeHTpOHaX 11pHBO)J,HTCH B JIHTepaType )J,JIH ClleKTpa )J,eJieHHH. 

fiOCKOJihKY peaiibHhiH crreKTp 6bJCTphiX HeHTpOHOB B KaHaJiaX •)Kl-0K3 MH'le crreK­

Tpa )J,eJieHHH, TO rrpn ncnoJih30BaHHH pac'leTHhiX MeTO)J,HK HAA ,IJ,.IH peaKUHH Ha 6biCTphiX 

HeiiTpoHax HY:lKHO 6paTh BeJIH'lHHhi ce'leHnii, rrepeHopMnpoBaHHioiX c yqeTOM peanhHOro 

crreKTpa 6hiCTpbiX HeiiTpOHOB. PeaJihHhie ceqeHHH aKTHBaunn HYKI HAOB Ha 6hiCTpbiX HeHT­

poHax HY:lKHhl TaK)I(e )J,JIH Ha)J,e:lKHOfO yqeTa BKJia)J,OB HHTepcpepnpyDll.I,HX peaKUHH Ha 6hiCT­

pbiX HeHTpOHaX B peaKI.IHH Ha TellJIOBhiX H pe30HaHCHh!X HeHTpOHaX. )lJIH rrepeHOpMHpOBKH 

ce'leHHH peaKunii Ha 6hiCTphlx HeiiTpoHax HY:lKHO 3HaTb nx 3Hepre ·nqecKyiO 3aBHCHMOCTh n 

ClleKTp 6hiCTpb!X HeHTpOHOB. 

8 3aKIIIO'leHHe OTMeTHM, 'ITO MO)J,eiiHpOBaHHe ClleKTpOB HeHT pOHOB B 06JiyqaTeJihHhiX 

Kauanax no3BOJIHJIO IIY'lllle rrOHHTh )J,eTaJIH nx rroBe)J,eHHH. Ha tJCHOBe pe3yJihTaTOB Mo­

)J,eJinpoBaHHH H H3MepeHHH paCC'lHTaHhl K03cpcpHI.IHeHThl rrepeHOpMHpOBKH pe30HaHCHhiX 

HHTerpaiiOB, 1103BOJIH10ll.I,He Bbl'lHCJIHTh HX 3Ha'leHHH )J,JIH peaJihHO '0 ClleKTpa HeHTpOHOB B 

o6Jiy'laTeJihHOM KaHane OK 1. 
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IIPOiiJIEMhl 3AliiJIAKOBhiBAHHR H OTPABJIEHHR 
~JIEKTPORnEPHOrOPEAKTOPA 

Ha OCHOBe aHaTUI3a )laHHbiX no BbiXO)laM OCTaTO'IHblX H)'KJIHAOB, o6pa: YIOUlHXCll 80 B3alfMO­
)leiiCTBiflf pe.JiliTHBHCTCKoro nyqKa 11 MmneHH, 11 no ce'leHHliM nor.IOmeH!fll HeiiTpoHoB 
CTa6WibHblMif If paAHOaKTHBHblMif liApaMH 06CylK.llaiOTCll Qllf3H'leCKife OCC 6eHHOCTif npoueCCOB 
3aUIJlaKOBbiBaH!fll If OTpaRJieHifll JJieKTpOliAepHOIU peaKTOpa npH BbiCOKifX llOTOKaX HeiiTpOHOB. 
B 3Toii pa6oTe npennaraiOTCll ::~KcnepHMeHTaJihHall Memnmc"a nporno311p JsaiiHll HccnenyeMbiX 
3QJQJeKTOB If nym OCJia6JieH!fll lfX llOCJieACTBifH. 

Pa6oTa BblllOJIHeHa B na6opaTOpHH BblCOKifX 3Heprnii OIUIH. 

Slag Formation and Poisoning Problems in Electror uclear Reactor 

B. Tumendemberel, D. Chultem 

Analysing high-energy nuclear collision products yield and neutron capture cross section 
data the physical peculiarities of slag formation and poisoning in hi~h-flux electronuclear 
reactor are discussed. The experimental method of prognostication of th' ~ effect and means of 
reduction its negative consequences have been proposed. 

The investigation has been performed at the Laboratory of High Ene ·gies, JINR. 

1. BseJJ.eHHe 

KoHuenuH~ 3neKTpo~epHoro cnoco6a nonyqeHH~ 3He~rHH H TpaHcMyraUHH 

paJJ.HOaKTHBHbiX OTXOJJ.OB umpoKo o6cy)[()J.anach s p~JJ.e pa6oT [1--6]. B 3JieKTpO~JJ.epHOM 

peaKTOpe npeJJ.nOnaraeTC~ BbiCOKHH HeHTpOHHbiH nOTOK, B HeKOTOpblX cny'Ia~X 

3HalJHTeJihHO npeBbiiiiaJOIUHH nOTOKH COBpeMeHHbiX peaKTOpOB 601: blllOH MOIUHOCTH BnJIOTh 

JJ.O 1017 
H / cm

2 
· c. 0JJ.HaKO npo6neMa JaiiinaKOBbiBaHH~ H oTpas.IeHH~, npHcym~ TaKHM 

nOTOKaM HeHTpOHOB, B BbiiiieyKa3aHHblX pa6oTaX nO'ITH He 3aTpaniBMaCb. 

EcTeCTBeHHO, np~Moe Ha6nJOJJ.eHHe H 3KcnepHMeHTanhHbie HccneJJ.OBaHH~ npouecca 3a­

IIInaKOBbiBaHH~ H OTpasneHH~ HeB03MO)[(Hbl )1.0 C03)l.aHH~ )l.eMOHCTpaUHOHHOH ycTaHOBKH )1.0-

CTaTO'IHO 60JiblllOH MOIUHOCTH, cpaBHHMOH C MOIUHOCTbiO npoeKmpyeMOrO peaKTOpa. B 

CB~3H C 3THM Ha nepBblH nnaH BbiCTynaeT MaTeMaTH'IeCKOe MO)l.eJIHf OBaHHe 3THX npoueCCOB. 

0)l.HaKO TaKOe MO)l.enHpOBaHHe Tpe6yeT HMH'IH~ nOJIHblX H TO'IH blX ~JJ.epHblX )l.aHHblX no 

BbiXO)l.aM npOJJ.YKTOB cpparMeHTaUHH H npOJJ.YKTOB )l.eJieHH~, a TaK IKe no CelJeHH~M norno­

llleHH~ HeHTpOHOB paJJ.HOaKTHBHhiMH H CTa6HJibHblMH HYKJIH)l.aMH o6pa3yJOIUHMHC~ B Ma­

TepHanax MHIIIeHH H 6naHKeTa. 
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OoHHTHe 3arnJiaKoB ,JBaHHH MO)f(eT 6biTb HCTOJIKOBaHo umpe, 'leM noHHTHe xpoHH'IeCKO­

ro BJIMHHHH .UOJirO)f(HBYLlHX H CTa6HllbHbiX npO.UYKTOB, HMeiOIUHX 60JiblllHe Ce'leHHH nomo­

IUeHHH HeihpoHOB, Ha peaKTHBHOCTb 3JUIP. HaKonneHHe HeKOTOpbiX pa.uHo6HOJIOrn4eCKH 

OnaCHbiX HYKJIH.llOB Mbl OTHOCHM K nOHHTHIO 3alllJiaKOBbiBaHHH, HeCMOTpH Ha HX 

OTHOCHTeJibHO HH3KOe Ce'leHHe nomorueHHH HeHTPOHOB. 0pHMepaMH TaKHX HYKJIH.UOB, 

npe)I(Jle scero, HBJIHIOl CH TPHTHH, CTpOHUHii-90, .uonrO)f(HBYIUHe H30TOnbi noJIOHHH " 

MJla)llllHX aKTHHH.UOB. 

B .UaHHoii pa6oTe TepMHHOM «OTPaBJieHHe» o6oJHa'laeTcH BJIHHHHe CHJibHbiX no­

moTHTeJieii HeHTpOHOB, o6pa3yiOIUHXCH cpe.UH npO.UYKTOB cpparMeHTauHH, Ha peaKTHBHOCTb. 

TaKoe onpe.ueneHHe 3Tc ro TepMHHa HeCKOJibKO OTJIH'IaeTcH oT Tpa.uHUHOHHoro, nocKOJibKY 

KpOMe «CaMOOTPaBJieHH I» aKTHBHOH 30Hbl peaKTOpa npO.UYKTaMH )leJieHHH Mbl HMeeM )leJIO 

erue C OTpaBJieHHeM MHWeHH HYKJIHJlaMH, o6pa3YJOIUHMHCH nO)l )leHCTBHeM nY4Ka H HMe­

IOIUHMH lllHpoKoe pacn~ e.ueneHHe no Macce. 

B HacToHrueii pa60Te o6cy)I(JlaiOTCH cpH3H4eCKHe oco6eHHOCTH JalllJiaKOBbiBaHHH " 

OTpaBJieHHH B MHllleHl 3JUIP H npe)lJlaraiOTCH 3KCnepHMeHTaJibHaH MeTO)lHKa npor­

H03HpoBaHHH H nYTH OC la6JieHHH nOCJie.UCTBHH 3THX 3cpcpeKTOB. 

2. AHaJIH3 COCTO IHHH npo6JieMbl 

Han6oJiee nepcneK1 HBHOii CXeMoH aKTHBHOii 3UHbl 3JI5iP CtiHTalOT KOHUeHTpH4eCKyiO 

C60pKy, COCTOlllUYJO H3 HHllleHH H 6JiaHKeTa, r.ue MHllleHb npe.UCTaBJilleT C060H TBep.UbiH HJIH 

)f(HJlKHH MeTaJIJI, BbinOJlllliiOIUHH <IJYHKUHIO KOHBepTopa nY4Ka ycKOpHTeJill B nOTOK HeHTpO­

HOB, a 6IIaHKeT - nO)lK ::>HTH'IeCKYIO Macey )lCJIHIUerOCll serueCTBa, B 'laCTHOCTH, ecTeCTBeH­

HOfO ypaHa HJIH TOpHH. B HeKoTopbiX CJIY4aHX 6naHKeT o6oraruaeTCH CHJibHO .ueJiliiUHMHCll 

H30TOnaMH ypaHa HJIH lJIYTOHHll. 0pouecc 3alllJlaKOBbiBaHHll H OTpaBJieHHll npHCYIU KaK 

MHllleHH, TaK H 6naHK.e1y 3JUIP. · 

0.uHaKO npOUeCCbl, lpOHCXO)lHIUHe B 6JiaHKeTe, MallO 'leM OTJIH'IaiOTCll OT TCX, KOTOpbie 

HMeiOT MeCTO B 6biCTpbL; H npoMe)f(YT04HbiX peaKTOpax. 06cy)I(JlaH B 3TOH pa6oTe npo6Jie­

Mbl, KaCaiOIUHCCll TOJIM 0 MHlllCHH, Mbl OC03HaeM, 'ITO B 3aBHCHMOCTH OT KOHCTpyKUHH 

aKTHBHOH 30Hbl peaKTO(•a CTeneHb 3alllJiaKOBbiBaHHll H OTpaBJieHHll B 6JiaHKeTe H MHlllCHH 

MO)f(CT 6biTb pa3HOH. 

CTeneHb H .UHHaMH ca npoueccos JalllJiaKOBbiBaHHll H oTpaBJieHHll B MHlllCHH CHJibHO 

OTIIH'IaiOTCll OT H3BeCTHJ.IX npoueccos, H.Uyruwx BHYTPH Tpa.uHUHOHHOro peaKTopa .ueneHHll. 

}],Jill npornoJHposaHHll n poueccos, npowcXO.uHIUHX BHYTPH MHllleHH, Tpe6yeTCll cne.uyiOIUHH 

Ha6op li.UepHbiX 11 HeHT~OHHbiX .uaHHbiX: 

BbiXO)lbl o6pa3!1BaHHll npO.UYKTOB peaKUHH cpparMeHTaUHH MHlllCHH, HMeiOIUHX 

6oJiblllHe ce'leH ill nomorueHHll ueiiTpoHos; 

Ce'leHHll nOrJIOILlCHHll HeHTpOHOB npO.UYKTaMH peaKUHH cpparMeHTaUHH MHllleHH, 

HMeiOIUHMH 6oJlblllHe BbiXOJlbi; 

nepHO)lbl nonypacna.ua HYKJIH.UOB, HMeiOIUHX 60JiblllHC BbiXO)lbl o6pa30BaHH51 H 

6oJiblllHe ce4e11 ill nornorueHHll HeHTpouos; 

nJIOTIIOCTb noTC Ka H cneKTp HeHTpOHOB B MHllleHH. 
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BbiXOJJ.bi o6pa3o8aHJUI 

OmHMa.JibHoii 3Hepmeii CHapSIJJ.08 ,ILJISI 3JUIP C'IHTaeTCSI o6nacTJ, 1 + 2 f3B Ha HYKJIOH. 

flp11 TaKOll 3HeprHH il pe3yJibTaTe 83aHMOJ].eHCT811SI CHapSI)J.a C aTOMllbiM SIJJ.pOM o6pa3yeTCSI 

6onbllloe 'IHCJio ocTaTO'IHbiX SIJJ.ep, KaK PMHOaKTH8HbiX, TaK 11 cTa6HJibHbiX. KpH8aSI 

3a8HCHMOCTH H3o6apH'IeCKHX 8biXOJJ.08 (cyMMbi 8biXOJJ.08 HYKIIHJJ.08 c OJJ.HHaK08biM A) oT 

MaCC080rD 'IHCJia ,ILJISI pa3JIH'IHbiX MHllleHeH 11 CHapSIJJ.08 8 lllHpOKOM J].Hana30He 3HeprHH 

IIMeeT THIIII'IHYIO cpopMy (p11c.l ). PmnH'IHbie yqacTKII KpH80H Mac co8oro pacnpeJJ.eJieHHSI 

COOT8eTCT8yiOT pa3JIH'IHbiM MeXaHH3MaM peaKUHH. 06naCTb Mat:C, 6JIH3KHX K Macce 

MIIWeHH, cooT8eTCT8yeT peaKUHSIM pacmenneHHSI, a o6nacTb M: IJibiX A - peaKUHSIM 

MYJibTHcpparMeHTaUHH. 06e 3TH o6nacTH xapaKTepH3YIOTCSI 6onblllHI1H 8biXOJJ.aMH no cpa8-

HeHHIO co cpeJJ.Heii o6naCTbiO Macco8oro pacnpeJJ.eneHHSI. B cnyqa•: TRlKeJibiX MHllleHeii 8 

cpeJJ.HeH 06JiaCTH pacnpeJJ.eJieHHSI KpOMe npOJJ.YKT08 cpparMeHTLUHH npHCyTCT8yiOT 11 

6(A) 
M6 

.~ tJ tf t 102 

[i;'e'Ta I 
t J i, I f~r' + 

v ! t ~ tHftt~ t 
101 

P f ~ 
~ +t i l¥ ~ • 

a 

10
1 H 

# t + 
. 

t t t 
! + +t 

~ t f ! 1 t tH' 

10°L-__________ _J~----------~~~--------~----------~ 
a so 100 150 200A 

PHc.l. Maccosbie pacnpeAeneHHll npOA)'KTOB peaKUHH cpparMeHTaUHH. HH KHHe TO'IKH - H3o6apHbie 

Bb!XO):Ihl rrpOAYKTOB, o6pa3yiOWHXCll B pe3yJJhTaTe B3aliMO):IeHCTBllll 3,65 f3E rrpoTOHa C l!ApOM TaHTaJJa; 

BepXHlle TO'IKll - TO )((e caMoe AJlll 3,65A f3B ymepoAa C TaHTaJJOM 
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N 
40.00 

30.00 

20.00 

10.00 

0.00 

0.00 

(j C 1!1/1!1111!1 

2 I > 10 6apH c 

100.00 

137 

64 

200.00 A 
PHc.3. Maccosoe pacrrpe)leneHHe HYJUlHJlOB c 6onhWHM HeliTpOHHhiM ceq !HHeM, KOTOpbie MOI)'T 

o6pa30BaThCll B CBHHI..{OBOH MllllieHH IIO)l )leHCTBHeM penl!THBHCTCKOfO ll)lt :pHOfO Il)"'Ka 

79 

OCKOJlKH )leJleHHll. BHyrpH Ka)J()J.OH H3o6apHqecKOH uenoqKYJ 3apll)lOBOe pacnpe)leJleHHe 

(pHC.2) HYKJlH)lOB XOpOlllO cpHTHpyeTCll K rayCCOBCKOH cpyHKUHH C COOTBeTCTBYIOll.IHMH 

rrapaMeTpaMH, KaK Hal16onee sepol!THhiH 3apll!l H 3apll)lOBal! )lHCrrep<:Hll. 
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<gfO> 
-=-.n.. 
<Do> 

12.00 

8.00 

4.00 

I 1,,~'~1~~:/'''11 
11,1 I I Iii 

I 
0.00 ·" · r 

0.00 SC.OO 100.00 150.00 200.00 250.00A 

PHc.4. 3KcnepHMCHTaJ!bHb e 3Ha4CHHll HeliTpOHHOH CHJIOBOH cpYJiKLlHH BO BCCM AHanaJOHC MaCCOBbiX 

4HCCJI A 

8 H3CTO~LUee BpeM} H3BeCTHbl MHO)KeCTBO nporpaMM MaTeMaTH'-IeCKOfO MO,neJ111pOB3HH~ 
11pouecca cpparMeHTam H. Oo~BHJIHCb HOBble BepCHH T3KHX nporpaMM, KOTOpble HMeiOT 

xopoume cpH3H'-IeCKHe o60CHOB3HH~ npe,nCK333HH~ M3CCOBbiX H 3ap~,nOBbiX pacnpe,neJJeHHH 

ocTaTO'-I~biX HYKJJHJlOB [7,8]. 8 pa6oTax [9,10] npHseneHbl pe3yJJhTaTbl '-IHCJJeHHoro pac'-!eTa 

BbiXO.[la JlOJifO)KHBYLUHX panHOHYKJJH.[lOB npH 06JJY4eHHH CBHHUOBbiX H CBHHUOBO-BHCMYTO­

BbiX MHllleHeH BeCOM 2 "'OHHbl npOTOH3MH C :mepmeii 1,6 f38 npH TOKe 30 MA. HanpHMep, 

6hJJJo noKaJaHo, 'ITO Bbl wn panHOTOKCH'-IHbiX H30Tonos noJJOHH~ Po-208, Po-209 H Po-210 

Ha '-!eTbipe nop~nKa Bbllle B CBHHUOBO-BHCMYTOBOH MHllleHH, '!eM B CBHHUOBOH. 

J 



TyM3H03M63p3!1 5., lJyJtrmM f{ flpo6JteMbt JauutaKOBbtBaHUJt 81 

0TC10Aa CJICAYCT, qro CHJ!bHOC 3alllJiaKOBbiBaHHC MHlllCHH ITOJIC HHCM CJIY)I(HT OAHOH H3 

nplfqHH TOfO, qro lfCITOJib30BaHHC Pb-Bi 3BTCKTHKH B KaqecTBC 3J CKTp0.51ACpHOH MHlllCHH 

MO)I(CT OKa3aTbC.51 npo6JieMaTHqHbiM, HCCM0Tp.51 Ha ee AOCTOHHCTBO ~ aK nepcneKTHBHOfO Ma­

repHaJia AJ].51 )I(HAKOMCTaJIJIHqecKOfO TCITJIOHOCHTCJI.51. 

Mace oBoe pacnpeAeJieHHe npoAYKTOB cpparMCHTaUHH CHJihHO O' 'JIHqaeTC.51 or MaccoBoro 

pacnpeAeJieHH.51 npOAYKTOB Hlf3K03HeprerHqecKoro ACJICHH.51. Ma XOBhie pacnpeAeJieHH.51 

HYKJIHAOB c 6oJihlllHM ceqeHHeM nomomeHH.51 Hei-irpoHOB B 3JieKTf 0.51AepHoi1 MHlllCHH H B 

aKTHBHOH 30HC TCITJIOBbiX peaKTOpOB pa3JIHqaiOTC.51 TaK )I(C CHJlbHC . J1J pHC.3 BlfAHO, qro 

ClfJib!IO ITOrJIO!llaiO!llHC HYKJI!fAbl CKOHUCHTpHpOBaHbl B o6JiaCTH Ma::Cbl 140 <A< ]60. 3Ta 

3aKOHOMepHOCTh HMeer reoperHqecKoe o6ocHOBaHHe. Ha pHc.4 noK naHbi 3KcnepHMeHTaJih­

Hbie 3HaqeHH.51 ( 18] HCHTpOHHOH S-BOJIHOBOH CHJIOBOH cpyHKUHH, KO rOpa.51 XOpOlllO comacy­

CTC.51 C npeACKa3aHHCM OITTHqcCKOH MOACJ!If ( 11, 12]. 
lJHCJIO HCHTpOHHbiX ITOrJIOTHTCJICH, o6pa3YIQ!lllfXC.51 B 3JICKTp0.51ACpHOH MHlllCHH, BO 

MHOfO pa3 60JiblllC, qeM B TCITJIOBOM peaKTOpe. HaH60JICC CHJ!bHb!C H3 HHX npHBCACHbl B 

ra6JI.l If Ha pHc.3. 

TaKHM o6pa30M, 3alllJiaKOBhiBaHHe H orpaBJICHHe B 3JICKTp0.51AC mow MHlllCHH H3 T.51)1(C­

JihiX 3JICMCHTOB npeACTaBJI.51CT C060H CYMMapHbiH 3cpcpeKT 60JiblllOf') KOJIHqCCTBa (B ~Jiyqae 

CBHHUa COTCH) ITOrJIOTHTCJICH HeihpOHOB. Ha OCHOBaHHH 3KCnepH~ICHTaJibHhiX AaHHhiX ITO 

BbiXOAaM H ceqeHH.51M 60JiblllOfO qlfCJia npOAYKTOB cpparMCHTauHH lfO)I(CT 6h1Tb BblqHCJICHO 

cpeAHee B3BClllCHHOe ceqeHHe nomomeHH.51 Hei-irpoHOB B MHlllCHH. E HacT0.51!llCe BpeM.51 AaH­

Hbie o BhtXOAax H ceqeHH.51X BCCbMa CKYAHhi. CeqeHH.51 nomomem 5I neiirponoB MHOrHMH 

pa,nHoaKTHBHhiMH If Aa)I(C HeKoropbiMH cra6HJihHhiMH HYKJIHAaMH o: cyrcTBYIDT Boo6me. 

BpeMeHa )I(H3HH 11 B3aHMHoe npeBpameHHe HYKJIHAOB 

.Il,HHaMHKa OTpaBJICHH.51 H 3alllJiaKOBbiBaHH.51 3aBHCHT OT f epHOAOB ITOJiypacnaAa 

HYKJIHAOB 11 reHeTHqecKoii CB.513H Me~y HHMH. CKopocTh o6pa30B3HH.51 11 pacnaua OTACJih­

Horo HYKJIHAa B 3JICKTp0.51ACpHOH MHlllCHH BO BpCM.51 06JiyqCHH.51 om CbiBaeTC.51 ypaBHCHHCM 

dN. 
-d 

1 
= Q.(t) +" ck. 'Ak. Nk(t) --(cr. F +'A.) N(t) t l £.... l l l l l 

b•i 

fAC N/t) Q/f) - KOHUCHTpaUH.51 i-ro HYKJIIflla H CKOpOCTb ero o6pa: OBaHH.51 ITOA llCHCTBHCM 

rrepBHqHoro nyqKa; 

Nk(t) - KOHUCHTpaUH.51 npeKypcopos; 

'Aki - cKopocTb paAHOaKTHBHoro pacnaAa npeKypcopoB uaHHC ro HYKJI!fAa. 11HACKC k 

+ 
o6o3Haqaer KaHaJihi o6pa3oBaHH.51 HYKJIHAa, BKJIIOqa.51 p--pacrraA, a-pacrraA, H30MepHbie 

nepexOAhi; 

Cki- K03cptPHUHCHT BCTBJICHH.51; 

'Ai If cri F - Bepo.51THOCTH panHoaKTHBHoro pacnana H 3axBara Hel rpoHOB AJI.51 HYKJIHAa l; 

F- ITJIOTHOCTb CYMMapHOrO ITOTOKa HCHTpOHOB, pO~CHHbiX B MHlllCHif H B 6JiaHKCTC . 

.Il,JI.51 fCIICTHqCCKif CB.513aHHhiX HYKJIHAOB OllpCACJICHHC HX KOHI(CHTpaUHH CBOAHTC.51 K 

pellleHHIO CHCTCMbl AH<!J<!JepeHUHaJibHbiX ypaBHCHifH TaKOfO THITa. Pt lllCHH.51 TaKOH CHCTCMbl 
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Ta6.1Juual 

HyKJIH.ll T1;2 CJn. y, 6 lny, 6 

I. 7Be 53,29 JlH 48000 [(n, p)] 

2. 22Na 2,6 rolla 29000 200000 

3. 58mco 9,2 'I 140000 760000 [21] 

4. I05Rh 35,4 'I 16000 17000 

5. 113Cd 00 20600 

6. 1251 60 JlH 13730 

7. 12~ 13 JlH 40600 

8. 135Xe 9,1 'I 2650000 

9. 148mpm 41,3 )lH 10600 

10. 149Sm 00 40140 

II. 1s1Sm 90 JleT 15200 

12. 152mEu 9,3 'I 70000 

13. 152gEu 13 JleT 12800 

14. 155Eu 4,9 rolla 23200 

15. 15-'Gd 242 JlH. 36000 

16. 1ssGd 00 60900 

17. 157Gd 00 240000 

18. 161Gd 3,7 MHH 31000 

19. 165J)y 2,3 'I 22000 

20. 16Xyb 00 21300 

21. 198Au 2,7 )lH 25100 

ypasHeHHH npenCTaRf!ll OT co6oi-i KOHUeHrpaUHH HYKJJHJlOB KaK QJYHKUHH OT speMeHH. 

0JlHHM H3 napaMerpc B 3TH X QJYHKUHH liRfllleTCll BepOliTHOCTh 3aXBaTa HeHTpOHOB 

HYKIIHJlaMH. ::ha sepollr iOCTh onpenenllercll npoHJseneHHeM fiJIOTHOCTH noroKa Hei-irpoHoB 

H MHKpocKOfiHYecKoro ;eYeHHll nomoweHHll Hei-irpoHa naHHhiM HYKJJHJlOM. Korna ::~ra se­

poliTHOCTh craHOBHTCll cpaBHHMOH c nocroliHHOH pacnana ::~roro HYKJJHJla, Hacrynaer 

npouecc JawnaKOBhiBaH ill H orpasneHHll. KaK npHMep raKoro npouecca Ha pHc.5 noKa3aHa 

JaBHCHMOCTh KOIIUeHrpauHH HaChill.leHHll 58mco, liRflliiOll.lerocll CHJihHhiM nomonneneM ren­

JJOBhiX H pe3oHaHCHhiX Hei-irpoHoB, or nnoTHOCTH noroKa. CeYeHHe nomoweHHll Hei-irpoHos 

B3liTO H3 pa6or (21] 11 K pHBhie COOTBeTCTBYIOT HH3KOMY Ka)lMHeBOMY OTHOWeHHIO. 

j 
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N(t)/Q 

50000.00 F = 0 nlcM2 c 

40000.00 
F = 1E+13 nlcM2 c 

30000.00 

20000.00 

F = 1E+14 nlcM2 c 

10000.00 

F = 1E+15 nlcM2 c 

0.00 100000.00 200000.00 30000C.OO 400000.00 

BpeMR,c 

Pnc.5. KoHUeHTpaUHll HaChi!UeHHll Co-58m BHyrpn MmneHH Ha ennHHll:' MO!UHOCTH oyqKa 

CneKTp HeHTpoHoB B MHrneHH 

MomHhiH noTOK BhiCOK03HepreTwleCKHX I.JaCTHLI ycKopHTeJill B JeJyJihTaTe Heynpymx 

B3aHMO.[(eHCTBHH C ll.L\paMH MHilieHH nopo~aeT KaCKa.L\HO pa3M iO)I(aJOlllHHCll JIHBeHh 

I.JaCTHl.l, B TOM l.JHCJie HeHTpOHOB, KOTOphie, B CBOIO OI.Jepe.[(h, HHHQHH JYIOT B 6JiaHKeTe uen­

HYJO peaKQHJO .[(eJieHHll. KaK riOKaJhiBaeT I.JHCJieHHhiH paci.JeT .[(Jill ;6opKH H3 CBHHQa H 

ypaHa [13], yCTaHOBHBiliHHCll HeHTpOHHbiH cneKTp HeCKOJihKO Mllfl.Je, I.JeM B 6hiCTphiX peaK­

TOpax. HH)I(Hllll rpaHHQa 3TOro cneKTpa Jie)I(HT B paifoHe 1 3B. EcJIH pe3yJihTaT 3KcnepHMeH­

Ta riOKa)l(eT, '-ITO cneKTp HeHTpOHOB He OXBaThiBaeT 06JiaCTh HH3KOJie)(amHX pe30HaHCOB, TO 
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npo6JieMa 0TpaBJieHI1}1 11 3alli.naKOBbiBaHI1}1 B 3JUIP C )l(eCTK11M cneKTpOM 3Ha'II1TeJibHO 

ynpocTI1TC}I. A ecn11 ilKa)l(eTc}l, 'ITO cneKTp HeHTpOHOB nepeKpbiBaeT o6nacTb HI13Kone­

)l(aiU11X pe30HaHCOB, TC Bbi60p 3BTeKTI1K11 CB11HUa 11 BI1CMYTa 11JII1 ypaHa 11 T0p11H B Ka'leCTBe 

M11WeHI1 B npoeKT11p) CMbiX 3JieKTpOMepHbiX ycTaHOBKaX He }IBJI}IeTC}I OTITI1MaJibHbiM C 

TO'IKI1 3peHI1}1 OTpaBJiei!HH 11 JaWJiaKOBbJBaHI1}1. 4TO KacaeTCH 3JieKTpOHLtepHbiX ycTaHOBOK C 

3aMetlJII1TeJieM 113 JierK OH 11JII1 TH)I(eJIOH BOL!bl ( 4,5], rpaHI1Ua HeHTpOHHOrO CTICKTpa onyc­

TI1TCH eme Hl1)1(e, B Ml1 lJII1BOJibHYIO 06JiaCTb. 

TaKI1M o6pa30M, tllH 3JJeKTpoHLtepHbiX peaKTopos 11 TpaHCMYTaTopos c BbiCOKI1M noTo­

KOM 11 MHrKI1M CTJeKTr OM HeHTpOHOB npo6JJeMa OTpaBJieHI1H 11 3awJiaKOBbiBaHI1H Tpe6yeT 

CBOero peweHI1}1. 0LtH11M 113 TIYTCH peweHI1H 3TOH np06JJeMbl HBJIHeTCH TIOI1CK aJibTep­

HaTI1BHOro MaTep11ana ,fHWeHI1. 

3. 3Kcnep11MeHl aJJbHaH MeTOtli1Ka nporH0311pOBaHI1H 

OnpeLteJieHI1e ce'!eHI1H o6pa3oBaHI1}1 oTpaBJIHIOIU11X HyKmiLtoB 

B Haw11x npeLtbiLlY u11x 11CcJJeLtoBaHI1HX [14] 6biJia pa3pa6oTaHa MeTOtli1Ka onpeLteJieHI1H 

He3aB11CI1MbiX 11 KYMYJJ HI1BHbiX BbiXOL!OB HpOL!YKTOB MHOroKaHaJibHOH peaKU1111 cpparMCH­

TaUI111 HLtep, o6paJytOll 11XCH np11 B3ai1MOL(eHCTBI111 peJI}ITI1B11CTCKI1X CHapHL!OB C aTOMHbiMI1 

HL!paM11. MeTOJII1Ka OC! OBb!BaeTCl! Ha off-line raMMa-cneKTpOMCTplU! 11 o6pa60TKC L(aHHbiX 

113MepeHI1H c y'leTOM n:HeTI1'1eCKI1X CBHJeii Me)l(tly HYKJII1tlaMI1. HaLte)I(HOCTb MeTOL!HKH LtO­

KaJa~Ja B TeCTOBOM 3KC tep11MCHTe nO BOCTip0113BeL(eHI110 cpopMbl MaCCOBOrO pacnpeL(CJieHHH 

npoLtyKTOB LlCJJeHI1H yp ma-235. 3KCnep11MeHTbl BbinOJIHeHbl Ha CHHXpocpa30TpOHe H peaK­

TOpe l1oP-2 0l15Il1. C 1CTIOJib30BaHHeM pa3pa6oTaHHOH MeTOLli1KH 6biJIH HCCJieL(OBaHbl cpop­

Mbl MaCCOBOrD H 3apHL!OBOrO pacnpeLteJieHI1H npOL!YKTOB cpparMeHTaUHH TH)I(eJibiX ( 15, 16] H 

CpCL!HHX HLtep ( 17] LlJIH CHapHL!OB pa3HbiX MaCe 11 3HeprHH. 

B 3TH X 3Kciiep11Mel nax 6biJJa nOLtTBep)l(tleHa npaBHJibHOCTb npHMeHeHHH B cpHJHKe HLtpa 

1IpH1IUHIIa cpaKTOpH3allHII, KOTOpbiH 6biJI nepBOHa'laJibHO ccpopMyJIHpOBaH B cp113HKe 

'!aCTHU. 3TH HCCJieL(OB lHH}I HMeJJH CBOeH UeJibiO He TOJibKO 113YlJeHHe cpH3HKH HL!CpHbiX 

peaKUHii, 110 II TJOJIY4CJ-He HtlepHbiX L(aHHbiX, HC06XO)..li1MbiX LlJIH KOHCTpYJ1pOBaHHH 3JJeKTp0-

HL!Cp110rD peaKTOpa. 

3aKoHoMeptlOCTH ~ accosoro 11 3apR!l,OBoro pacnpeLteJJeHHH pemcTpHpyeMbiX HYKJIHL!OB 

cnoco6oM aKTHBaUHH II JJBOJIHIOT onpeLteJI11Tb BbiXOLl JJI06oro JJ:pyroro HYKJJHLta, o6pmytOme­

rocH H TOH )l(e peaKUHI , HeJaBHCHMO OT ero paLtHOaKTI1BHOro CBOHCTBa . .[{.riH OTIHCaHHH CC­

'ICIIIIii <J(A, Z) o6paJOB lHHH HJJ:ep-npOL!YKTOB B CTOJIKHOBeHHHX peJIHTHBHCTCKHX '!aCTHU 11 

)()..lep C )()..lpaMII MIIWCI!v o6bi'IHO llp11MeH}IIOT 06IUy10 napaMeTp113aUHIO THIIa 

<i(A, Z) = a(A)(2nC 2)-1 /2 [ (Z (A)- Z)
2

] 
: exp 

2C 2 ' 
z 

~ 

I'Jl:C Z (A)= b
1
A + b~A- llaH60JJee BepOHTHbiH JapHLt. flJJaBHOe 113MeHeHHe cpyHKUHH TI03BOJIH-

I' -
eT onpenemnb napaM ~Tpbi JapHJJ:OBoro pacnpeLteneHH}I LlJIH J1106oro A, no BbiXOLlaM 

IIYKJJH)..lOB, o6pa3yiOIUH~ CH B He60JJbWOM HHTepsane B6JIH311 3TOH MaCChi. 

j 
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P11c.6. PacnonmKeHHe H)'KJIH.!lOB c 6onblliHM ce'IeHHeM nomollleHHll Heihr oHOB ( cnnolliHall nHHHll) 11 

pacnOJIOJKeHHe H)'KJIIl.!lOB C HaH60JihllleH BepOliTHOCTbiO o6pa30BaHHll I: peaKUilll cpparMeHTaUHH 

(nyHKTHpHall JIHHilll) 
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3asucuMOCTh Hau6Jnee sepmnHoro 3ap.s~.na OT Maccosoro qucna .li.Llpa-apo.nyKTa OKa3bi­

BaeTCSI <flaKTuqeCKH He qyBCTBHTeJibHOH HH K :mepmu fla,LlaiOIUHX npOTOHOB, HH K Macce 

.si.Llpa-MuweHu [22,23]. 3-ro o6cTo.l!TenbcTBO noJBOJI.lleT npomo3upoBaTb HYKJIOHHhiH cocTas 

.si,Llep-npo.nYKTOB c MaK,:HMaJibHhiM BhiXO.LlOM. llYHKTHpHa.s~ JIHHH.ll N = 1,145 · Z Ha puc.6 
p p 

f10Ka3biBaeT pacnOJIO:ll:eHHe TaKHX .si,Llep C MaCCOBbiM quCJIOM ,LlO 60, a JIHHHSI 

N = 1 ,239 · Z - pacr OJIO)I(eHue .si,Llep c A > 60. llpuqeM nepsa.s~ JIHHH.ll npoxo.nuT qepe3 
p p 

o6naCTb HeHTpOH-H36brroqHbiX HYKJIH.LlOB Ha paCCTO.s!HHH JIHWb O,LlHOro 3BeHa QenoqKH p+_ 
pacna,na OT JIHHHH CTaf HJibHOCTH, B TO BpeMSI KaK BTOpa.s! JIHHHSI npOXO,LlHT qepe3 o6JiaCTb 

HeHTpOH-,ne<fJHUHTHbiX IYKJIH,LlOB, riOCTeneHHO y,nan.ll.s!Cb OT JIHHHH CTa6HJibHOCTH no Mepe 

ysenwqeHHSI MacChi. O,nllaKo B pa6oTe [8] noKaJaHo, qTo .nn.s~ MHUieHH ypaHa B Henocpe.IJ.CT­

BeHHOH 6JIH30CTH K 3ap;my MHUieHH JIHHH.sl CHOBa npu6JIH)I(aeTC.sl K JIHHHH CTa6HJibHOCTH. 

Onpe,neneHHe ce•IeHH.ll nornomeHu.s~ HeiiTpoHOB 

lb aHaJIH3a KOMriK.ISII.IHH cymecTBYJOIUHX HeHTpOHHbiX ,LlaHHbiX [ 18-21] MO)I(HO C.D.e­

JiaTb CJie.D.yiOIUHe BbiBO[{bl 0 COBpeMeHHOM COCTO.s!HHH riOJIHOTbl HeiiTpOHHbiX ceqeHHH 

npuMeHHTeJibHO K 3JieK1pO.s!,LlepHOH npo6JieMaTHKe: 

3KcnepHMeHTaJibHble ,naHHble 0 ceqeHHSIX B riO.IJ.aBJI.liiOIUeM 60JibUIHHCTBe fiOJiyqeHbl 

.Ll,Jl.sl CTa6HJ1bHbU H .ll.OJ1fO)!aiByiUHX H}"KJiH.ilOB. 

PacnoJIO)I(eHue Haw6onee cuJibHbiX nornoTHTeneu HdiTpoHOB Ha KapTe HYKJIH.IJ.OB 

noqTu ToqHo cc•sna.naeT c JIHHHeH P-cTa6HJibHOCTH (eM. puc.7). 

)ln.s~ HeHTPOH-,Ll•!<flHUHTHbiX HYKJIH,LlOB C 6oJibUIHM BbiXO.D.OM o6pa30BaHH.sl .D.aHHhie 

no ceqeHHSIM nornomeHH.ll HeHTpOHOB secbMa CKY.IJ.Hbl. 

CTa6HJihHbie H P31Jl~ oaKTHBHhit; HYKJIH.Llhi (A < 60) c 6onbUIHM HeifTpOHHhiM ceqeHHeM 

(
3
He, 

6Li' 7Be, 
108, 22N<, 37 Ar, 39 Ar, 58

Co) o6pa3yiOTC.ll KaK He3aBHCHMhle npo.D.yKThi ¢par­

MeHTaQHH cpe.D.HHX M.D.ep HJIH MYJihTH<flparMeHTaUHH T.si)l(eJibiX .s~.D.ep. KoHueHTpauw.s~ 3
He y.D.­

BOHTC.ll 3a cqeT P-pacnaa:a TpHTH.ll, o6pa3YJOmeroc.s~ c 6onbUIHM BhiXO.D.OM [10]. T51)1(eJihie 

HeHTpOHHble nomOTHTe. m ( 100 <A < 200) o6pa3YJOTC51 B ocHOBHOM KaK KYMYJI51TllBHhie 

npo.D.YKThi P-pacna.na npeKypcopos c 6onhUIHM BhiXO.D.OM. TaKwe HYKJIH.Llhi, KaK 
1251, 149Sm, 

153 155 157 158 Gd, Gd, Gd, Yb - npuMep yqacTH51 s TaKOM Twne oTpasneHH51. MHorue 

HYKJIH.D.bl C 60JibUIHM He iTpOHHbiM ceqeHHeM OT.D.eJieHbl OT JIHHHH MaKCHMaJibHOfO BbiXO.D.a 

CTa6HJibHbiMH HYKJIH,LlaM 1 HJIH, 51BJI5151Cb HeHTpOH-H36biTOqHbiMH, He HMeiOT reHeTuqeCKOH 

CBH3H c npo.nyKTaMH cpparMeHTauuu. TaKue CHJihHble nomoTHTeJIH HeiiTpOHOB, KaK 
105Rh, 

113 135 155 19! ~ Gd, Xe, Eu, Au no ~TOM npuquHe He 6y.IJ.YT yqacTBoBaTb B npouecce OTpas-

neHH51. 

<l>aKT COBna,LleHH51 JI tHHH CTa6HJibHOCTH H JIHHHH CHJibHbiX nOrJIOTHTeneif HeHTpOHOB 

HBJIHeTCH Ha nepBbiH B3rJI51.ll. CTpaHHbiM, O,LlHaKO MO)I(eT 6biTb o6b51CHeH He.D.OCTaTOqHOCTbiO 

.naHHbiX o ceqeHH51X non omeHH51 HeiiTpOHOB pa.nuoaKTHBHbiMH .li.LlpaMH. Oco6eHHO 3TO Ka­

caeTC51 HeiiTpOH-.D.ecpHUH rHbiX HYKJIH.LlOB, KOTOpbie nonyqaiOT He ycKOpHTeJIHX. C TOqKH 

J 
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N = 1.778*Z- 20.5 
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40.00 

N = 1.185*Z- 1.569 

0.00 

0.00 20.00 40.00 60.00 80.00 100.00 
z 

Pnc.7. 3asncnMOCTb MelKtly •mcnoM HeihpoHoB n Han6onee sepoliTHbiM 3lpliJlOM s liJlpe-rrpOJlYJCTe 

(ITYHKTHpHall nnHnll); xnpHall nnHnll - pacrronoxeHne cnnbHbiX rrornoTnTendi Heli:TpoHoB. YpaBHeHnll 
Mll cnyqaes A < 60 n A > 60 rronyqeHbi oTnenhHO 

3peHIUI HCCJie):lOBaHH.SI rrp06JieMbl 3aiiiJiaKOBhiBaHH.SI H OTpaBJieHH.SI 3JII:KTpO.SI):lepHOH MHllleHH 

npeacTaBJilleT 6oJihlllOH HHTepec H3MepeHwe ceqeHHll nor lOilleHHll HeiiTpoHoB 

pMHOaKTHBHhiMH ll):lpaMH, o6pa3yiOll1HMHCll Me)[(,[(y JIHHHeH CTaiJHJihHOCTH H JIHHHeH 

MaKCHMaJihHoro Bhixoaa. Heo6xoaHMhiM ycnoBHeM peanwJaQHH TaKO 1 nporpaMMhi liBJilleTcll 

TeppHTOpiiaJibHall 6JIH30CTh BhiCOK03HepreTHqecKOfO YCKOpHTeJill H B '>ICOKOITOTQqHQfO .SI):lep­

HOfO peaKTopa. B 3Toii CBli3H 6aJOBhie ycTaHOBKH Ol151l1 o6naaaiOT Ilaw6oJihllleii npHBJieKa­

TeJihHOCThiO. 
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4. nynt npeOll<•neHHll TPYllHOCTeH, CBl13aHHhiX c HaKonneHHeM BpellHhiX 

npOllYKTOB B MllllleHH 

Bhl6op MaTepHc:na MHllleHH 

B 6onhlliHHCTBe pa6oT no ::meKTPOllllepHhiM ycTaHOBKaM B Ka'leCTBe MaTep!ianOB 

nepB!i'lHOH MHllleHii plCCMaTPHBMHCh MeTMnhi Tll:lKenhiX ::meMeHTOB, TaKHX, KaK U, Th, Bi 

1i Pb. no-BiillliMOMy, 3TOT Bbi6op OCHOBhiBaeTCll Ha npe.unono:lKeHiili 6onhlll0f0 HeHTpOHHO­

ro BhiXOlla 1i 6onhlliOH TennonpOBOllHOCTH 3THX MaTep!ianOB. 0l{HaKO B MHllleHii H3 U li Th 
HaKannliBaeTCll 6onhlll e>e KOnli'leCTBO HeHTpOH-lleQJHUHTHbiX HYKnHllOB C Z = 83 + 92, l1Bnl1-

101UiiXCl1 BhiCOKOTOKCI1'1HhiMii 0.-li3nyqaTenl1MH [7 ,8]. no 3TOH npH'lHHe u I{ Th He MOryT 

CTaTh nepcneKTHBHhiM MaTepHMOM Mll ueHTpMbHOH MHllleHH 3neKTp0llllepHOH ycTaHOBKii. 

npo6neMy liCnOnh30BaHiil1 BliCMyra B Ka'lecTBe MHllleHii Mhl Y:lKe 06CYlllinli B CBl131i C HaKOn­

neHHeM llOnfO:lKHBYIUH ( li30TOnOB nonOHiill [9, 1 0]. 
Ha p!ic.8 " B Ta611.2 npliBelleHhi Hali6onee cHnhHhie 0.-liJnyqaTenli, o6pa3YJOIUiiecl1 B 

MlillleHllX 1i3 Tll:lKenhiX 3neMeHTOB. 

06ocHoBaHiie B .• 16opa 

OllHOBpeMeHHOe B ,monHeHiie TPe6oBamtii MaKCHMYMa HeHTpOHHoro Bhlxo.ua " MliHiiMY­

Ma 3alllnaKOBhiBaHHl1 C.Iy:lKHT KpHTeplieM Bbi6opa MaTepHana MlillleHii. npe.unonaraeTCll, 'ITO 

IICHTpOHHhiH BhiXOll II :J0110pU1IOHw1CH MaKpOCKOIIW!eCKOMY Ce'leHiiiO Heynpymx B3aHMO­

lleHCTBiiH CHaplll{a C ~mllleHhiO. 0THOllleHHe MaKpOCKOnH'leCKiiX Ce'leHiiH ~ Tll:lKenoro II 

cpe.uHero llllep onpel{e.JlleTCll OTHOllleHHllMH HX MliKpOCKOnli'leCKiiX ce'leHiiH cr, MaCCOBhiX 

'llicen A " nnoTHOCTeJi MlillleHeii d, a TaK:lKe BepollTHOCTeH licnapeHiill HeHTpOHOB P
11 

li3 

BhiCOKOB036Y:lKl{eHHhiX COCTOllHiiH llllpa: 

~=TIT. ~1• [ cr. P d l [ cr. P d l 
2 t I t 

KaK li3BecTHO, .tliKpocKonH'lecKoe ce'leHiie Heynpyroro B3aliMOlleHcTBiil1 llllep 

nponopU!iOHMhHO KBalpaTy CYMMbl liX paJJ:!iycoB: 

cr oc (A I I 3 +A I I 3)2 
In p t , 

r.ue A " A - MaccOBbi! 'lHCna CHaplllla H MHllleHH. 3-ra JaKOHOMepHOCTb [25], ycTaHoBneH-
P . 

Hall npH HH3KiiX 3Hepi!il1X, BbinOnHlleTCll B penllTHBiiCTCKHX llllepHbiX CTOnKHOBeHiillX He-

3aBHCHMO OT 3HepmH I COpTa llllep [26]. 

A BepollTHOCTb HCI ycKaHHll HeHTpoHOB cornacHo Mo.uenH BaiicKoncpa JaBHCiiT OT cneK­

Tpa HeHTpOHOB, nnOTH<•CTeH llllep.HbiX ypOBHeH li Ce'lCHHll o6paTHOH peaKUHH: 

P = cT p(E) cr(T ), n n n 

r.ue E = Tn- B
11 

- 3He>ml1 B036Y:lKJleHHl1 llllpa, p(E) oc exp [2(aE) 1 12
] - nnOTHOCTb ypoB­

HeH, T
11 

H B
11 

- KHHeTwieCKall 3HeprHl1 H 3HeprHl1 CBl13H HeHTpoHa, a - napaMeTp nnoT­

HOCTH ypOBHeH, cr(T
11

) -- Ce'!eHHe IIOfnOlliCHHll HeHTpOHa. 

j 
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C peJiliTHBIICTCKIIMII CHapliAaMH 
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Talinuua 2 

MIIWCHb Cuar HJI PeaKUIIJI 11 pacnaJI .llOIIfOlKIIBynliiC 
a-113JI}"'aTeJIII 

natpb a 208Pb(a, 3n) + 207Pb(a, 2n) + 206Pb(a, n) 209Po 

208Pb(a, 4n) + 207Pb(a, 3n) + 206Pb(a, 2n) 208p0 

209Bi p (p, n); (p, 2n) 209Po. 208p0 

a (a, 4n) ~+.(a, 4n 1t+). (a, 3nlp) 209Po 

(a, 5n) ~+. (a, 5n 1t+), (a, 4nlp) 208p0 

z3s0 p (p, n) ~-. (p, n 1t) 238Pu 

(p, 2n) 237Np 

(p, 3n) ~-. (p, 3n 1t-) 236Pu 

(p, 5n) ~+. (p, 5n 1t+). (p, 4n lp) 234u 

(p, 6n) ~+. (p, 6n 1t+), (p, Snip) 233u 

(p, 7n) ~+. (p, 7n 1t+), (p. 6nlp) 2320 

(a, n) ~-.(a, n 1t), (a, p) ~-~- 24IAm 

(a, 2n) 240Pu 

(a, 3n) 239Pu 

a (a, 4n) 238Pu 

(a, 5n) ~+.(a, 5n 1t+). (a, 4nlp) 237Np 

(a, 6n) 236Pu 

232Th p (p, n) ~-. (p, n 1t) 2320 

(p, 2n) 23IPa 

(p, 3n) ~+. (p, 3n 1t+). (p. 2nlp) 230Th 

(p, 4n) ~+. (p, 4n 1t+). (p, 3nlp) 229Th 

(p, 5n) ~+. (p, 5n 1t+). (p, 4nlp) 228Th 

a (a, 2n) 234u 

(a, 3n) 233u 

(a. 4n) 232u 

(p, 5n) ~+. (p, 5n 1t+), (p, 4nlp) 23Ipa 
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<l>HJII'leCKHe I C 
Be./JII'IHHLI 

IlnOTHOCTL, I 7' 18-

x 103 Kr/M
3 

TeMneparypa I 18 
nJHli!JICHHll, °C 

TeMneparypa 
KHDCHHll, °C 

(Jin' M6 

EP = 1-14,7 f3B 

[26) 

(Jin' M6 

Ea = 1-14,7 f3B 

[26] 

26 

r Ni 

-7,2 8,91 

77 1455 

12 2800 

-

TyM3H03.M63p3ll 5., qy;11ru.M )J. flpo6Jie.Mbl 3a!WUlK08bl8aHUR 

Tafimlua 3 

Cu Zn Mo Sn w Pb 

8,% 7,133 10,22 7,29 19,35 11,336 

1083 419,5 2620 231,97 3420 327,44 

2543 906,2 4700 2540 5680 1745 

= 880 =800 = 1860 

1150±50 2400 ± 170 

----- -- --

EcTecTBeHHO, TOJibKO 3KcnepHMeHThi Ha MHWeiDix c A = 60 H A= 200 ,naiOT OKOH'Ia­

TeJibHbiH OTBeT Ha 801 poe 00 OnTHMH3aUHH MHWeHH no Hei1TpOHHbiM BbiXO,L{aM. KpoMe 

peweHHR paCCMOTpeHH•>H B HaCTORIUeH pa60Te npo6JieMbl, MHWeHH 3JieKTpOR,nepHbiX ycTa­

HOBOK Hy)I()J.aiOTCR B on rHMH3auHH H no ,npymM napaMeTpaM, HanpHMep TenJIOcpH3H'IeCKHM . 

.SI,nepHO-cpH3H'IecK~ e H TenJiocpH3H'IeCKHe BeJIH'IHHbl ,L{JIR cpaBHeHIDI MHWeHeH ,L{aHbl B 

Ta6n.3 H Ha pHc.9. 

5. 3aKJIIO'IeHHe 

3aTpOHYTaR B 3TOH pa6oTe npo6JieMa 3aWJiaKOBbiBaHIDI H OTpaBJieHHR 3JieKTpOR.L{epHOfO 

peaKTOpa BbiCOKHX MOU{HOCTeH Tpe6yeT BbinOJIHeHHR pR,na Tpy,noeMKHX H B<UJ<HeHWHX 3KC­

nepHMeHTaJibHbiX HCCJI( .L{OBaHHH: 

cpaBHeHHR He? TpOHHOro BbiXO.L{a Ha pa3JIH'IHbiX MHWeHRX npH 3HeprHH npOTOHOB 

.no 3 f3B; 

.L{eTaJibHOfO HC ;Jie.L{OBaHHR MaCCOBOro H 3apR,nOBOro pacnpe,neJieHHR He3aBHCHMbiX 

BbiXO.L{OB HeHT >OH-,necpHUHTHbiX HYKJIH.L{OB, o6pa3yiOIUHXCR B peaKUHH cpparMeH­

TaUHH TR)I(eJibll MHWeHeii; 

~3MepeHHR BbD 0.[{08 HeHTpOH-H36biTO'IHbiX HYKJIH.L{OB C 60JibWHM Ce'leHHeM nOrJIO­

IUeHHR HeiiTpo ms B o6nacTH 2 <A < 60; 

H3MepeHHR Ce'leHHH 3aXBaTa HeHTpOHOB HeHTpOH-,necpHUHTHbiMH pa,nHOaKTHBHbiMH 

R.npaMH, KOTOp >le MOfYT HaKOnHTbCR B 3JieKTpOR,nepHbiX MHWeHRX. 
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YAK 621.3.038.61 

CTAHIJ;IUI BHYTPEHHIIX MIIillEHEH HA HYKJIOTPOHE* 

A. C.Apme.MoB, 10. C.Anucu.MoB, C.H.Ea3blJleB, B.M. CJtennet 
OHJIH, JI.y6na 

.H.K.!luM.an, B.MamoymeK, M.Mopxa'l, H.Typ1o 
Hncmumym t/Ju3uKu CAH, EpamucJtaBa 

OmtcaHa CTaHI.{Hll 8HyrpeHHHX MHilleHeU, UCnOJihlyeMaJI 8 q>u3uqeCKU' 3KCnepUMeHTaX Ha 
HYKJIOTpOHe, ee ::~neKTpOHHOe u nporpaMMHoe o6ecneqeHue. Y npaBJieHue c raHiJ:ueu ocymecTB­
JilleTCll aucTaHI.{UOHHO c noMOIIILIO nepcoHaJILHOro KOMnLJOTepa IBM PC 1 ocH08aHo Ha one­
paTU8HOM npe):(CTaBJieHUH HHq>OpMai.IHH 0 LIUKJie ManmTHOro nOJill, XapaK·, epUCTHKax nyqKa H. 
pacnOJIOJKeHUH MHilleHeU OTHOCHTeJihHO Hero Ha 3KpaHe MOHHTOpa. Heo6WL(HMaJI npOCTpaH­
CT8eHH0-8peMeHHaJI TpaeKTOpHll 8hi6paHHOU MUUieHU no OTHOilleHHIO K ~ "!Ky, 80 8peMeHHOU 
IIIKaJie pa60TLI ycKopuTeJill, onpeaenlleTCll onepaTopoM c noMOIIILIO MLIIIIH u OTpa6aniBaeTCll 
Ularo8b!M ):(8UraTeJieM. BlaUMOL(eUCTBUe nyqKa C MUUieHbiO 80 8peMeHH ~OHTpOJIHpyeTCll no 
C8eT080MY U3JlyqeHUIO MaTepuana no):( 803L(eUCT8UeM UOH08. 

Pa6oTa 8LinOJIHeHa 8 Jla6opaTopuu 8LICOKUX 3Heprnu 0115111 

Internal Target Station at the Nuclotron 

A.S.Artiomov et al. 

The internal target station used in physics experiments at the Nuclotn n, its hardware and 
software configuration are described. The distance control of the station i; realized by means 
of IBM PC computer and is based on operative presentation of the magretic field cycle, the 
beam parameters and the target location relative to the beam at the mo mitor. A necessary 
space-time trajectory of the chosen target in time scale of the accelo:rator operation, is 
determined by operator by means of the mouse and is realized by step m Jtor. To control the 
beam-target interaction in time, the light radiation of the target material bor 1barded by the ions, 
is used. 

The investigation has been performed at the Laboratory of High Ener~ ies, JINR. 

B HacTosnuee BpeM51 nonaraeTc51, 'ITO o6nacTh <lHeprnM: cTom:HoBeHH51 HAep OT He­

CKOJlhKHX COTeH M::~B ,!1;0 HeCKOJlhKHX f::~B Ha HYKJlOH HBJlHeTCH HCKJl {)lJHTeJlbHO llJlO,!I;OTBOp­

HOH C T04KH 3peHHH H3y4eHHH nepeXO,!I;HhiX pe:lKHMOB OT npOTOH- 1eHTpOHHOrO K KBapK­

fJliOOHHOMY COCTOHHHHM H,!l;epHOH MaTepHH (1]. Ha HYKJlOTpOHe npt ,!I;OCTaBJlHeTCH B03MO:lK­

HOCTh npoBeCTH TaKOe HCCJle,!I;OBaHHe B paMKaX e,!I;HHOfO 3KCnepHMeHTaJlhHOfO llO,!I;XO,!I;a C 

*L(OKJIM Ha MelK.UyuapOIIHOM COBCIWIHHH <<HYKJIOTpOH IIJlll !jJM3HKH H TCXHOJIOI"HII>>, 18-24 CCHTll6pll 1995 r., 

BapHa, Eomapull 
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PHc. I. CxeMa craHUHH BHyrpeHHHX MHweHeil Ha HYKIIOTpoHe 

HCnOJib30BaHHCM, Han JHMep, BHyrpeHHHX MHIUCHCH. flepBblC cpH3H'ICCKHC 3KCnepHMCHTbl 

Ha UHPKYJIHpyromeM ny'IKC .ueiiTpoHos [2,3] npo.ueMoHCTpHpoBaJIH nepcneKTHBHOCTb pa6oT 

B JlaHHOM HanpaBneHI- H H B03MO:lKHOCTb npOBC.UCHH51 H3MepeHHH napaJIJICJibHO C BblBO)lOM 

nyqKa Ha 6a30BblC ycTIHOBKH. 

JlHHCHHblH yqacTC K HyKnOTpOHa CO CTaHUHCH BHyrpeHHHX MHIUCHCH npe.UCTaBJI51CT C0-

6oH cpH3H'ICCKYIO yen HOBKy, cnoco6H)'IO cpyHKUHOHHpOBaTb KaK 3JICMCHT HOHOnpOBO)la, a 

TaK:lKe B asTOHOMH.OM pe:lKHMe opH BbiKJIIO'IeHHOM ycKopHTene. KoHcTpyKUH51 )laHHOH 

ycTaHOBKH n03BOJ151CT )lOCTaTO'IHO onepaTHBHO MCH51Tb ee cpyHKUHOHaJibHblC B03MO:lKHOCTH 

6e3 B03.UCHCTBH51 Ha B<.KYYMHYIO H KpHO!'eHH)'IO CHCTCMbl OCTaJibHblX yqaCTKOB HYKnOTpOHa. 

flpH 3TOM MO:lKCT 6hlT> OCyiUeCTBJICH MOHTa:lK 04CpCJlHOH napTHH MHIUCHCH HJIH o6pa3UOB, 

no.une:lKaiUHX o6nyqeH '110 Ha BHyrpeHHCM nyqKe, a TaK:lKC nOJIHa51 JaMeHa CTaHUHH .!lJI51 Jlpy­

roro cpH3H4CCKOrro ~ KCnepHMCHTa. C )"'CTOM 3TOfO Ha JlaHHOH ycTaHOBKC B03MO:lKHO 

HCnOJib30BaHHC pa3nH 11HblX THnOB BHyrpeHHHX MHIUCHCH (cpOJibfOBblX, HHTCBH.!lHblX, CTpyH­

HblX, ny'IKOBbiX H .up.), HCnbiTaHHe HOBbiX MeTO.UOB .UHarHOCTHKH nyqKa, a TaK:lKe npose­

JlCHHe onpeJlCJICHHOfO KJiacca 3KcnepHMCHTOB, aHaJIOrH'IHblX npOBO.UHMblM Ha BblBC)lCHHOM 

ny'IKC B fCOMCTpHH, 6.IH3KOH K 41t. 

CTaHUH51 BHyrpeH IHX MHUICHCH, HCnOJib3YCMa51 B cpH3H'ICCKHX 3KcnepHMCHTaX Ha H)'K­

JIOTpOHe (CM. pHC.) ), I binOJIHCHa B BHJlC .UBYX nepeceKaJ01UHXC51 UHJIHHJlpOB - HOHOnpOBO­

.Ua (J) H UHJIHH.Upa 12) C TpCM51 MHUICH51MH, HMCI01UCfO 6onbiUHH .UHaMeTp. fa6apHTbl 

CTaHUHH, ee KOHCTpyKUH51 H TOJIUIHHa CTCHOK (0,5 MM) OnTHMH3HpOBaHbl .!lJI51 perHCTpaUHH 

BTOpH4HI'>IX 'laCTHU BHeiUHHMH JlCTCKTOpaMH npH MaKCHMaJibHO B03MO:lKHOM TeJICCHOM yrne 

H c MHHHMaJibHbiMH noTep51MH. ct>onhroBbie MHIUeHH (3) HJ CH
2 

(<onmHHOH"" 1,6 MKM), Cu 

(:.: 0,55 MKM) H Au ("' 1,7 MKM) pa3MCpOM -4 X 8 MM
2 

nO)lBClllCHbl Ha KBapUCBbiX HHT.SIX 

.UHaMCTpOM 9 MKM B C -o6pa3HblX paMKaX (4 ), JaKpenneHHbiX BCpTHKaJibHO Ha BpamaiOtUCM-
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position s1gna s (3 bits l 
detector 2 
detector 1 

ion current 

magnetic field 
profile counters !-­

cycle start signal 

internal target station 

--~-'-
: ~ ' r----

B 

t 
i 

m 
e 
r 

A 

D 
c 
1 

'" Step. motor 

motor driver 

I M 
0 A A n 

D D p. t. 
c c 

r c 
2 3 e o 

g. n. 

CAMAC 
C~ATE 

c 
c 
K 
K 
0 
1 
2 

PC [ 
distance 

approx. 70 m 

Puc.2. EnoK-cxeMa 3JieKTpoHHoro o6ecne'feHHll cTaH mu 

97 

Cll C ITOMOll(hiO marOBOro .!I.BHfaTeml (5) CTOJII1Ke (6). )],Jill o6ecrreq~ H11ll IlOCTOliHHOfO HaTli­

)KeHI1ll Ml1llleHH HI1TI1 COe)l.HHeHhl C paMKOH qepe3 IlJIOCKHe rrpy)KI1H >I CITeU11aJihHOH cpopMhl. 

BepXHI1H CbeMHhiH cpiiaHeU CTaHU1111 (8) CJIY)KI1T Jl.Jlll 3aMeHhl paMO C C Ml1llleHl!MI1 11 11MeeT 

CMOTpOBOe OKHO Jl.Jlll BI13YaJihHOfO KOHTpOIIll np11 OTJ!a)l.O'iHhlX pa6cnax, a TaK)Ke )l.Ba rraT­

py6Ka (9) Jl.Jlll YCTaHOBKI1 )l,eTeKTOpOB B BaKyyM . .Il,m1 KOHTpOIIll B:.ai1MO)l,eHCTBI1ll nyqKa C 

Ml1llleHhiO BO BpeMeHI1 11CITOJ!h3YeTCll 113JIY'feHI1e MaTep11aJia Ml1lllem ITO)]. )l,eHCTBI1eM 110HOB. 

I13JiyqeHI1e pemCTp11pyeTCll qepe3 CMOTpOBOe OKHO cpOT03JieKTpOm hiM YMH0)1(11TeJieM (10), 
a B BaKyyMe - BTOp11'iH03JieKTpOHHhlM YMH0)1(11TeiieM Ha OCIIOBe MHKpOKallaJihllhlX 

ITJiaCTI1H (B3Y-7). BbiBOJJ. BCeX paM OK C Ml1llleHl!MI1 113 110HOI1p0BO)l a, a TaK)Ke Il011CK Heo6-

XO)l.I1MOH Jl.Jlll 3KCnep11MeHTa Ml1llleHI1 ocyu~eCTBJilleTCll C IlOMOll(hiO : IJieKTpOHHO-OITTI1'ieCKO­

ro ycTpOHCTBa (7), CBll3aHHOro C OChiO BpaiUeHI1ll CTOJII1Ka H 3JieKTp JHHOH CI1CTeMOH yrrpaB­

JieHI1ll )l.BI1raTeJieM. 3TO Il03BOJilleT )l.I1CTaHU110HHO 11 B HY)I(HhlH m • OTHOllleHI110 K Haqany 
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SETUP 

MASS ,, I CHARGE z I BETA I GAMMA I EPSILOX I EPSILOZI 
AXI AZ I BETA X I BETA z I DX I DZ I DX' I Dz' I ALP.X I ALP.ZI 

PHc.3. CTpy~:Typa KOMaHJlHOro MeHIO nporpaMMHoro o6ecne'leHHll CTaHUHH 

UHKJJa )'CKOpeHHll MOMeJIT 8peMeHH 880J].HTh MHllleHh 8 ll)"'OK Ha KOHTpOnHpyeMhle rny6HH)' 

H 8peMll 3KcnoJHUHH. YllpasneHHe cTaHuHel'i: ocymecTBnlleTcll onepaTopoM c noMOIUhJO nep­

coHanhHoro KOMnhJOiepa IBM PC it ::~neKTpOHHoro o6ecne'!eHHll, 8hmonHeHHoro 8 cTaHn.ap­

Te KAMAK. CHcTeMa ynpasneHHll OCH08aHa Ha onepaTH8HOM npen.CTa8neHHH Heo6-

XOJJ.HMOI'i HHcpOpMauHH •l XapaKTepHCTHKaX ll)"!Ka H paCilOflO)[(eHHH MHllleHeH OTHOCHTenh­

HO Hero Ha 3KpaHe MOHHTOpa. bflOK-CXeMa 3fleKTpOHHOfO o6ecne'leHHll CTaHUHH 

npen.cTasneHa Ha pHc.::. «B-timen> onpen.enl!eT Ha'lano UHKJJa HJMepeHHH H pa6oThi 

CTaHUHH, a TaK)[(e O(>ecne'!H8aeT pernCTpauHJO llOTOKa HMil)'flhC08, onpen.enli!OIUHX 

Ja8HCHMOCTh MarHHTHOrJ llOflll JJ.HnOnel'i HYKJJOTpOHa H npocpHneH ll)''!Ka (8 ropH30HTanh­

HOM H 8epTHKanhHOM HanpasneHHliX) 80 8peMeHH. l13MepeHHe npocpHnel'i OC)'lUeCT8fllleTCll 

HenocpeJJ.CT8eHHO nepen. CTaHUHeH 8H)'TpeHHHX MHllleHeH H OCH08aHO Ha HOHH3aUI-!H OCTa­

TO'IHOrO raJa ll)''IKOM .[lonOnHHTenhHal! HHcpOpMaUHll MO)[(eT 6h1Th llOfl)"'eHa OT 

HOHHJaUHOHHhiX npocpH.IOMeTp08, pacnono)[(eHHhiX Ja cTaHUHel'i. OpH Heo6xOJJ.HMOCTH n.o­

nonHHTenhHhiH KOHTpOlh npOCTpaHCT8eHHOro llOflO)[(eHHll H npocpHnll ll)'lJKa HOH08 8 

ropH30HTanhHOM Hanpa BJJeHHH MO)[(eT 6b1Th peanH308aH 110 HJn)"'eHHIO HHTe8HJ].HOH 

(0"' 0,6 ~M) MHllleHH H l opraHH'IeCKOro CUHHTHnflliTOpa, )'CTaHa8flH8aeMOH 8MeCTO OJ].HOH 

H3 pa6o'IHX MHllleHel'i. « <\DC-J-3» ocymecTsnlleT OUHcpp08K)' )'CHneHHhiX TOK08h1X CHrHa­

fl08 OT J].eTeKTOp08 H3fl yqeHHll MHllleHH H UHpKynHpYJOIUero TOKa ll)"!Ka 8 )'CKOpHTene. 

MHHHManhHal! JJ.HCKpen OCTh OUHcpp08KH aHanOro8hiX CHrHan08 80 8peMeHH COCTa8nl!eT 

I 00 MKC. «lnp.reg.» npH mMaeT 3-bit-HHcpopMaUHJO o6 HCXOJJ.HOM npocTpaHCT8eHHOM nono-
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PHc.4. BapHaHT ocHOBHoro oKHa cHcTeMbi ynpaBJJeHHll cTaHuHefi Ha MoHHTope IBM PC 

)((eHHH MHIIJeHel'i. «Motor driver» o6ecrre4HBaeT rrporpaMMHpyeMoe spameHHe rnarosoro 

):IBHraTeJUI C ,UHCKpeTHOCTbiO yma flOBOpOTa 0, 18°. 

YrrpasneHHe CTaHI . .(Hel'i H rrpe.ucTaBJleHHe Heo6xo,UHMOJ.i HHcpopM au:HH o pa6oTe ycKo­

pHTeJ151 B peaJlbHOM MacrnTa6e speMeHH ocyru:ecTBJ151eTc51 c rroMOIUhJO !porpaMMbi TARGET, 
HarrHcaHHoi-i Ha 513b1Ke C H pa6oTaJOru:eJ.i B CHCTeMe DOS. TiporpaMMa rro,U,Uep)((HBaeT HHTep­

cpelic C flOJlb30BaTeJleM B BH,Ue HeCKOJlbKHX HHCfla,UaJOli.(HX MeHJO (01. pHC.3), yrrpaBJleHHe 

KOTOpb!MH ocyru:eCTBJ151eTC51 MblllibiO. B CBOeH pa6oTe orrepaTOp HC 10Jih3yeT OCHOBHOe H 

BCflOMOraTeJibHOe OKHa. TipHMep OCHOBHOfO OKHa rrpe,UCTaBJieH Ha pi- c.4. B BepXHeH 'IaCTH 

OKHa flO,[( KOMaH,UHbiM MeHIO rrpHBe,UeHa HHcpopMau:H51 0 TJ.Ifle YCKOp51e'.1biX HOHOB H HCflOJlb-

3YeMOH ,UJI51 3KcrrepHMeHTa BHyTpeHHeH MHllieHH. Bo BpeMeHHOH lliKaJ e pa6oTbi ycKopHTeH51 

rrpe.ucTaBJleHbi MarnHTHoe none .uwrroHei-i HYKHOTpoHa (H), u:wpKynwpyiDru:wJ.i TOK rry'IKa (I) 

H 3Hepm51 HOHOB ( :k J. KHHeTWieCKa51 3Hepm51 Ha HYKHOH pacclJHTh saeTC51 B KU)f(JJ:OJ.i TO'I­

Ke H3MepeHJ.I51 MarHHTHOrO flOJ151 C flOMOlUbiO Bbipa)f(eHJ.I51 
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PHc.5. BpeMeHHall ::-rpYJCTypa BJaHMoneiicrBHll neiiTpoHHOro ll}"!Ka HYJCIIOTpoHa c BHyrpeH­

Heii MHWCHbiO HJ ll )JJH3THJICHa TOJIWHHOH I ,57 MKM npH KHHCTH'lCCKOH 3Hepnm llCHTpOHOB 

I ,3 f38/HYJCIIO!l. PernCTpHpy~TCll CBCTOBOC HJJJ}"'CHHC MaTCpHaJJa MHWCHH !lOll 803-

llCHCTBHCM HOIIOB. J..10MCHTbl BBOlla MHWCHH B ll}"'OK H BbiBOlla H3 Hero OTMClJCIIbl TpeyroJJb­

llbiMH yKaJaTCJJliMH 

-7 -2 me a= 0,938 f38/HyHIOH, b = 4.95 · 10 fc , A H Z - MaCCOBOe lJHCJlO H 3ap51,n HOHa 

llyYKa. 8 cpe,nHeH 'laC fH OKHa, B TOH )I(C speMeHHOH Ill Kane, npe.uCTaBJleHa HHQJOpMaUH51 0 

npo¢Hne ny'lKa, ueo6 W.UHMM .!lJ151 ynpaMeHH51 MHllleHhKJ (ropH30HTaJlhHhiH X-npoQJHJlh ua 

pHc.4). 8 COOTBCTCTBIIH c KOMaH.UHhiM MCHIO (eM. pHC.3) npOQJHJlh ny'!Ka (PROFILE X) 

MO)I(CT Onpe.UeJ151ThC51 110 !lOKa3aHH51M nepHO.UH'lCCKH onpalllHBaCMhiX 3a BpCM51 UHKJla pa6o­

Thl ycKOpHTCJlll C'leT' HKOB HOIJH3aU110HHOm npOQJHJlOMCTpa (COUNTERS), no QJOpMe 

CHn!aJlOB OT .UCTCKTOp JB (D1 HJlH D2) H3JlyYCHH51 CKaHHPYIOlUCH ny'lOK CUHHTHJ1Jl51UHOHHOH 

IIHTH (DET.l HJill DET.2), nu6o 3MaBaThC51 B su.ue TeopeTH'lecKom rayccHaHa c onpe.neneH­

IIOH .UHCI~epcueii (THLOR.). 8o sTopoM cny'lae ycpe.nueHHM Ja speM51 ll3MepeHll51 uu¢op­

MaUllll 0 IlpOQJllJlC fiOJiaraeTC51 HCll3MCHHOH BO BpCMCHll .UO MOMCHTa llOCJle,nyKJIUero ll3MC­

pe!Ill51. Teopeni'lcCKOt~ npe.ucTaBJleHue npoQJHJlll HcnonhJyeTcl! npu OTJlMO'lHhiX pa6oTax 

CTa!IUllH B OTCYTCTBile UHPKYJJHpy!OIUero ny'lKa. npoQJHJlh nylJKa H ero npocTpaHCTBCHHOe 

IIOJlO)I(CIIIIC 110 OTHOWCHHIO K OCll HOHOilpOBO.Ua (00') npc.UCTaBJll!CTC51 B OTHOCHTCJlhHbiX 
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I Nusltron I Tarvet I Motor 
F1=HELP Thu Jun 29 09:38:21 1995 

I Detector I COnf 1s I Djf I Info I E)( 1 t 

8 

1 - CH - Target 1 

2 !j;~!:.{;iJ Cu - Target 2 

3 l!!m!ll Au - Targat 3 

x-368 y:38:5 

P11c.6. BcnoMoraTeJihHoe OKHO cHcTeMhi ynpasneHHll CTaHUHH Ha Me HHTope IBM PC 

e~HHHUaX K peaJihHOMY nonepe4HOMY pa3Mepy KaHana TpaHCnOpTHp )BKH ny'-!Ka Ha y4aCTKe 

cTaHuHH (AA '). Heo6xo~HMal! npocTpaHCTBeHHo-speMeHHal! TpaeKT )pill! pa6oqel\ MHilleHH 

no OTHOllieHHIO K nYl.JKY (BO BpeMeHHOH lliKaJie pa60Thl yCKOpHTeJll!) 3~aeTCll onepaTOpOM 

C nOMOIUh!O Mhllllli B BH~e JlOMaiiOH 113 Tpex 0Tpe3KOB (a, b, C, d Ha pHc.4 ). JlaHHal! TpaeK­

TOpHll oTpa6aThiBaeTCll lllaroBhiM ~BHraTeneM ~o nocne~yromero BMe naTeJJhCTBa onepaTopa. 

B HH)I(Hei-i qacTH OCHOBHoro OKHa npe~cTaBJJeHa ¢opMa ycHJJeHHhD aHanoroBhiX CHrnanos 

OT ~eTeKTopos H3JJy4eHHll MHllleHH D 1 11 D2, npHBl!3aHHal! K MOMei TY speMeHH t
0 

nepece-

4eHHll nyqKa MHllleHh!O. BpeMeHHal! lliKaJia Mll 3THX CHrnanoB 3~a;:Tcl! onepaTopoM B KO­

MaMHOM MeHIO (DETECTOR~ SETUP~ MEAS. TIME~ TIME SCALE) HCXOM H3 He­

o6xo~HMOH ~HcKpeTHOCTH ouH¢poBKH. B ~aHHOH lliKane npe~cT lBJJl!eTCll TaK)I(e speMl! 

)I(H3HH Tb 4aCTH ny4Ka, B3aHMo~ei-iCTBYIOlllei1 c MHllleHb!O. BeJJH'-1 1Ha Tb Bhi4HCJJl!eTcl! B 

COOTBeTCTBHH C 11pHBe~eHHhiM B pa60Te [4] anrOpHTMOM C yqeTOM HH¢opMauHH 0 nyqKe, 

ycKopHTene 11 HCnOJJh3yeMoi-i BHyTpeHHei-i MHllieHH . .Ilnll 6onee ~en JlhHOro npe~cTasneHHll 

npo¢HJ1ll ny'-!Ka no CHrnany ~eTeKTOpa (D I HJ111 D2) BO speMeHH MO >KeT 6b!Th ocymeCTBJleH 

nepexo~ OT speMeHHOH K npocTpaHCTBeHHOH lliKaJie (SPACE SC \.LE). TipH 3TOM aBTO­

MaTH4eCKH Y411ThiBa!OTCll p~HYC pacnOJlO)I(eHHll MHllieHH H yrnOB:lll CKOpOCTb BpameHHll 

~BHraTeJll! Ha bc-yl.JaCTKe TpaeKTOpHH (Vr - CKOpOCTb MHllleHH H 1 pHC.4 ). Tio )l(eJlaHHIO 
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onepaTOpa mo6lUI npe.n•:TaBJieHHIUI B OCHOBHOM OKHe HHcfJopMaUH.II MO)I(eT 6bJTb y.n;aneHa C 

3KpaHa MOHHTOp~ (DELETE), nepeHeCeHa B YMeHbWeHHOM BH.n;e Ha CBo6o.n;Hoe npOCTpaH­

CTBO OKHa (MOVE, CM BepTHKaJlbHbiH Z-npocfJWib nyqKa Ha pHc.4), npOCMOTpeHa 6onee 

.n;eTanbHO so BpeMeHH (LIST, DISPLAY), B03BpameHa B Hcxo.n;Hoe cocTO.IIHHe (HOME), a 

TaK)I(e JanHCaHa B BH.D:·~ OT.D:eJlbHOro cfJalina (WRITE) J1H6o ClJHTaHa c Hero (READ). B 

KalJecTBe npHMepa Bbi.D;tJleHHOH onepaTOpOM HHcfJOpMaJlHH Ha pHC.5 npe.n;CT<lBJleH CBeTOBOH 

CHnJaJl OT OOJ1H3TIUieHC,BOH MHWeHH, xapaKTepH3YIOIUHH BpeMeHHYIO paCT.II)I(KY ee B3aHMO­

.n;eHCTBH.II c O)"JKOM .n;ej: TPOHOB c 3HeprneH 1,3 rsBIHYKJlOH. B nporpaMMe TARGET 'npe­

.n;ycMOTpeH aBTOMaTHlJO:KHH BbJ6op bc-yqaCTKa npOcTpaHCTBeHHO-BpeMeHHOH TpaeKTOpHH 

MHWeHH (MOTOR~ AUTOMATIC). B 3TOM cnyqae speM.II wara .D:HCKpeTHoro npocTpaH­

CTBeHHOro nepeMememul MHWeHH Bbi6HpaeTc.ll paBHbiM Tb. OTo6pa)l(eHHe HHcfJopMauHH Ha 

MOHHTOpe OCYJUeCTBJl.III~TC.II B Ka)I(.D;OM UHKJle pa60Tbl YCKOpHTeJl.ll npH HeOO.ll:BH)I(HOH 

(NUCLOTRON ~START MEAS.) WIH .D:BH)I(YJUeHc.ll MHWeHH (DETECTOR~ START 

TARG). Heo6xo.nHMIUI .D:Jl.ll sKcnepHMeHTa MHWeHb (TARGET~ TARGET 1,2,3) MO)I(eT 

6bJTb Bbi6paHa B OCHOEHOM IUIH BO BCOOMOraTeJlbHOM (pHc.6) OKHax. flpH nepexo,ne BO 

scnoMoraTenbHoe OKHO (MOTOR~ DISPLAY, ANIMATE) KOHTponHpyeTC.II Bbi6paHHoe 

Hcxo,nHoe nono)l(eHHe p16o'IeH MHweHH (HanpHMep, A Ha pHc.6, A' ,B HJlH B '), ee THn (Cu), 

a TaK)I(e ,neMOHCTPHpye"C.II xapaKTep nepeMeiUeHH.II MHWeHH B COOTBeTCTBHH C Bbi6paHHOH 

npOCTPaHCTBeHHO-BpeMt:HHOH TPaeKTOpHeH (ANIMATE). no KOMaH.n;e onepaTopa BC.II cy­

mecTByiOIUIUI H npe,ncTa lJleHHIUI Ha 3KpaHe MOHHTOpa HHcfJOpMaJlH.II 3aDHCbiBaeTC.II B OT,neJlb­

HbiH cfJalin (CONFIG. -·WRITE) H MO)I(eT 6b1Tb C'IHTaHa c Hero (CONFIG. ~READ) npH 

nocne.nyiOmeii o6pa6on:e 3KcnepHMeHTaJibHOro MaTepHa.ria. 

AsTOpbi Bblpa)l(aJOT 6naro.napHoCTb A.M.nan.n;HHY H A.H.Manaxosy Ja scecTopoHHIOIO 

no.n,nep)I(KY pa6oTbi, a C.B.AcfJaHacbesy, B.A.KYJHeuosy, B.A.KpacHosy, B.A.HHKHTHHY H 

C.f.Pe3HHKOBy 3a OKaJaHHyiO OOMOIUb npH ee BblllOJlHeHHH. 
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MEASUREMENTS OF PROPORTIONAL MODE 
CHARACTERISTICS OF PLASTIC DRIFT TUBES 

L.S.Barabash, V.N.Frolov, K.N.Kuznetsov, A.A.Popov, 
V. V.Tchalyshev, A.S. Vodopianov 

The results of investigation of proportional mode in plastic drift tube~ (PDT) are shown in 
this paper. The use of the proportional mode allows a high voltage of ;ensitive wires to be 
lowered and the lifetime of detectors to be increased sufficiently. PDT aJe a-detector using an 
analog method of registration of coordinate information; the track coc rdinates in PDT are 
calculated by the centre of gravity of charge distributions registered by a system of external . 
electrodes (pads). The problem of choice of an optimal pad size for t 1e given registration 
precision was one of the tasks of the investigation. 

The investigation has been performed at the Laboratory of Nuclear P ·oblems, JINR. 

H3Mepeuue xapaKTepucTHK pa6oTLI DJiaCTHKOBLIX .l(peuc}loBLIX 

Tpy60K B npODOpU:HOHaJILHOM peJKHMe ra30BOrO YCHJ eHHSI 

JI.C.Eapa6am u op. 

B AaHHOii pa6oTe npHBO.QliTCll pe3yJJhTaThi HCCJJeAOBaHHll peJKHMa np< 'nopuHOHaJJhHOro ra-
3osoro ycHJJeHHll s 11JlaCTHKOBhiX Apeiicposblx TPY6Kax (ITJJ.T). ITpHMeHe me nponopuHoHanh­
Horo pelKHMa ll03BOJilleT CHH3HTb BhiCOKOe HanplllKeHHe, llO)laBaeMOe Ha IHO)lHble npOBOJIOKH, 
H cymecTBeHHO noshiCHTh speMll JKH3HH AeTeKTopa. ITJJ.T liBJJliiOTCll AeTeK ropoM c aHanorosbiM 
CqHTbiBaHHeM HHcpOpMaUHH, KOOpAHHaTbl TPeKOB qacTHL\ B KOTOpbiX Bbl~ HCJiliiOTCll no UeHTpy 
TliJKeCTH pacnpe)leJJeHHOro 3apl1Aa, perHCTPHpyeMOro CHCTeMOH BHelliHH. ~ 3JieKTPOAOB. flpo6-
JJeMa Bbi6opa OllTHMaJJhHOI"O pa3Mepa ne)la npH 3a)laHHOH TOqHOCTH pern :TpaUHH 6bUia OAHOH 
H3 3a)laq npose)leHHhiX HCCJie)lOBaHHH. 

Pa6on BbmOnHeHa s Jia6opampHH ll.llepHbiX npo6neM Ol15Uf. 

1. Introduction 

Plastic drift tubes (PDT) are widely used in experimental set ·ups at the present time 
what can be explained by a simple detector design. It allows one tc render the manufacture 
process of detectors automatically and to construct a large number of such gas detectors. 
Besides, the presented design of detectors allows a gas volume ar d a high voltage circuit 
to be separated from a sensitive system of electrodes that register p uticle track coordinates. 
All these points simplify the detector design and raise its reliabilitr. 
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A limit streamer mode is used in the operation of these detectors. This mode allows 
one to obtain large signal amplitudes from sensitive wires and, respectively, to induce the 
threshold of electronic!. However, the use of the limit streamer mode imposes more rigid 
requirements for the d !sign of a detector, limits particle high rates and reduces detector 
reliability for long-duntion operation. In particular, wire burning-out [I] and the violation 
of high ohmic resistive cathodes are observed. 

The results of invt stigation of a proportional mode in PDT are shown in this paper. 
These investigations have been made during the design and manufacture of PDT for veto 
chambers of the Cherenkov spectrometer in the W A-98 experiment at CERN. The use of 
the proportional mode allows a high voltage of sensitive wires to be lowered and the 
life-time of detectors tc be increased sufficiently. 

PDT are a detector using an analog method of registration of coordinate information; 
the track coordinates in PDT are calculated by the centre of gravity of charge distributions 
registered by a system :>f external electrodes (pads). It allows two event coordinates to be 
registered. 

Certainly, this salt tion requires a larger number of electronic channels, and so the 
problem of choice of an optimum pad size for the given registration precision was one of 
the tasks of the investigations. The precision for the coordinate parallel to the anode wire 
direction should be l m n and it is enough to separate the wire along the second coordinate. 

The precision of coordinate registration for detectors with analog readout can be 
estimated by the formula [2]: 

-(~)- W, cr- Q (I) 

where ilQ =a · cr , cr is the error of charge measurement for an individual electronic 
n n 

channel (noise of elect10nic channels); a is the coefficient determined by the method of 
coordinate calculation; 1V is the distance between the centre of readout electrodes. 

The coordinate of events is calculated by the centre of gravity method by the formula: 

2,n;·Q; 

X;= 2,Q; 

In this case, a is appr<lximately equal to ..Jn and n is the number of channels used to 
calculate the track coorc inate. 

Formula (I) is true if distance between the centres of readout electrodes W equals in 
the order of the r.m.s. o' the registered charge distribution (crc_d) and cr can be written in a 

more general form: 

-(~J cr- Q crc.d .. (2) 

As seen from formtla (2), the precision of track coordinate registration is determined 
by the ratio of the charg,: measurement error to the total charge registered by the coordinate 
electrode system. At the present time it is not a problem to realize a noise amplifier level 

j 
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-15 of "' 10 C. So, requirements for signal amplitude can be rec uced, and the range of 
proportional gas gain can be effectively used without deere 1sing track registration 
precision. 

The known method was used to measure the coordinate precif ion when the coordinate 
normal to the wire direction was calculated. In this instance an r wire becomes a point 
source of induced radiation along this coordinate, and this feature allows one to check the 
precision of coordinate calculation and the potentialities of the cer tre of gravity method. 

2. PDT Design and Measurment Scheme 

The design of a plastic drift tube is shown in Fig. I Each tube consists of 8 individual 

gas counters with a cross section of 9 x 9 mm2
. Cu-Be wires 80 m:crons in diameter placed 

in the centre of each counter are used as an anode counter (1, se': Fig.l ). The stability of 
anode wires is guaranteed by special support elements, which are mounted at a distance of 
0.5 m between them. The surfaces of profile 3 and cover 4 coated ''v'ith conductive paint are 
used as PDT cathodes. The profile and cover are placed in a hermetic case that has gas­
filling outlets, an anode wire high voltage connector and a connector for returning the 
resistive cathode to ground. 

The length of the PDTs used in the investigation was equal to 0.5 m. The value of 
cover surface resistance was 150-300 kOhm per square, the resistivity of the profile 10-
30 kOhm per square. The system of 
coordinate elements (strips of pads, see 
Fig.2) was placed on the cover side. 

Charge sensitive amplifiers were 
used to register signals from sensitive 
electrodes. The sensitive electrodes and 
the amplifier inputs were connected by 
twisted pairs. The signals from the 
amplifier outputs were registered by 
ACD (LeCroy Model 2249A). An ADC 
strobe pulse was generated by a trigger 
system consisting of a scintillator counter 
and necessary fast electronics. 

An Ar + C0
2 

gas mixture was used 

for filling the PDTs, and the percentage 
of Ar varied from 10% to 90% during 
the investigation. The drift time was 
within the limits of (80-150) nsec for 
different gas mixture. The strobe pulse 

duration was chosen to be equal to 
(200-400) nsec. 

I I I I I 
1 

4 3 2 

Fig.l. Design of a plastic drift tube: 1 - anode wires 
(CuBe, 0801J. m); 2 - hermetic case; 3 - profile 
with a surface resistivity of 10 + 30 kQ /D; 4 - cover 
with a surface resistivity of 150 + 300 kQ/0 

J 

1 
'i 
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1 Trigger 

j . 
I I I I I I I I 

t I I I T"""'"tt"TT I 

Amplifiers 

~6 2 

1osRu 

Fig.2. Layout of the set-up: I - PDT; 2 - coordinate system 
(strips of pads); 3 - scintillation counter; 4 - two-fold 
coinci<tence circuit; 5 -twisted pairs; 6- radioactive source 
with a collimator 

3. Results of Measurments 

In addition to the dt~termination of possible sizes of pads, a maximum length of twisted 
pairs between the am:>lifiers and the pads has been investigated. A parasitic input 
capacitance increase!\ w :th increasing the length of a twisted pair. As a result, the conver­
sion gain of the charg<: sensitive amplifiers and the signal-to-noise ratio decrease. The 
results of track registra ion precision dependence in the POTs on twisted pair length are 
presented in Fig.3. As seen from the Figure, the registration precision is equal to 0.3-0.4 
mm for a twisted pair l·:ngth of 2 m what completely meets the requirements for the veto 
chamber accuracy. The measurements were performed using the strip system. The length of 
strip was 95 mm; and the distance between the centre of strips, 15 mm. The measured 
capacitance of a strip w ts 60 pF; and the twisted pair capacitance, 35 pF per meter. 

The type of gas rnixture chosen for filling PDT is an important parameter and 
determines the efficiency plateau width verus anode wire high voltage, PDT is a detector 
using the centre of gra ;ity method for the calculation of track particle coordinates, and 
respectively, track coordinates can be calculated by the analysis of analog information from 
the detector. So, we should provide a necessary input signal dynamic range of the amplifier­
ADC sys-tem. Thus, gas mixture should be chosen taking this condition into account. 

Figure 4 shows the results of efficiency plateu width measurements for an Ar + C0
2 

gas 

mixture for a different r 1tio of gas components. The end of the plateau was estimated by a 
(3-5)% level of limit steamer mode pulses. The registration efficiency on the plateau equal 
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Fig.3. Dependence of PDT registration precision on the length of 
twisted pairs between the strips and amplifier inputs 

107 

to ( 0.92-0.95) was determined by the tube geometric and trigger system efficiencies. The 

plateau width was 300-350 V for an Ar + C02 (50:50) gas mixture what was enough for 

reliable operation of the PDTs in the set-up. 

The total charge distribution is presented in Fig.5. It was measured by strips 90 mm in 

length at a 10 mm pitch for an Ar + 50%C0
2 

gas mixture and an mode wire high voltage 

of 3 kV. The level of limit streamer mode pulses was - 5%, and the width of their charge 

distribution was limited by the overflow of the ADC channels. The proportional mode 

signals were separated quite well, and their average charge was QtJt = (0.7 + 0,8) pC. 

Strips were oriented along the direction of anode wires, and so the registration 

precision of the drift tube could be measured. Figure 6 shows th,: coordinate registration 

precision versus the measured charge. The investigation was performed for the charge 

distribution of Fig.5. As seen from the Figure, the precision is equal to 60 + 70 microns for 

charge amplitude I pC (1250 arbitrary units which corrspond to i.DC channel units). The 

level of noise in the electronic channels estimated as r.m.s. of th ~ channel pedestals was 

10 + 12 of the AC channels. The estimation of a possible registration precision by formula 

(2) gives 50+ 60 microns. This result agrees well with the measur~ment results. 

l 
l 
l 

i • 
! 

' " 
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The results shown in Fig.6 
illustrate the possibilities of the 
centre of gravity method. The 
relative error in measuring the 
total charge was 1 + 1.5% for the 
above case. This circumstance 
allows one to realize so high a 
registration precision. However, it 
is necessary to assure the stability 
of the detector and electronic 
parameters at a level of 0.3 + 0.5% 
over all the area of the detector. 
Of these parameters a mechanical 
precision of manufacturing detec­
tor components, high uniformity 
of cathode resistivity and calibra­
tion precision of electronic chan­
nels are the main ones. 

The shape of the registered 
charge distributions depends on 
the uniformity of the resistive 
catho.de surfaces, and these para­
meters significantly affect the 
precision of event coordinate cal­
culation, especially the level of 
systematic errors of the calculated 
coordinates. The surface of the 
resistive cathodes is not flat and 
has a complex form. Besides, 
there is no connection between the 
cathodes of different tubes. All 
these factors distort the shape of 
the registered charge distributions. 
Additional distortions are determi­
ned by a limited frequency band-
width of the amplifiers. 
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0,04 
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Fig.6. Dependence of PDT regis:ration precision on the value 
of charge collected by strips 
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Fig. 7. Shape of the register !d charge distributions for 
different PDT wires 

The results of measuring the charge distribution shape for a 10 mm strip pitch are 

shown in Fig.7. The measurements were made for different wins of the tube. The second 

tube was used to estimate the effects due to the absence of direct contact between the 

cathodes of the tubes. Strip 1 was placed under the last wire of 1 he adjacent tube. 
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As seen from the Fig .7, four mirror-symmetric distributions are formed on the resistive 

cathode of the tube. The registered shape of the charge distributions depending on the 

position of the hit wire relative to the centre of the tube is substantially distorted for the 

last wires. These distortions are due to the absence of adjacent tube cathodes and lead to 

systematic errors for the :alculated coordinates. 

The level of signals r~gistered from strip 1 shows that the induced radiation of electron 

avalanches makes a small contribution to the amplitude of the registered signals (- 5%). 

The main part is determined by the diffusion of the charge on surface resistance. The 

influence of frequency ba 1dwidth shows up here; the rise time of an output amplifier signal 

was - 50 nsec which was longer than the time of avalanche development. 
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As was said above, the coordinates normal to the anode wire dir:!ction are measured by 
the number of the hit wire. The coordinate drift time is not ta ;:en into account. The 
precision of measurement of this coordinate is determined by the dis1ance between the wires 
equal to 10 mm. However, although requirements for measuremen1 of this coordinate are 
soft enough, it is necessary to provide a reliable separation and determination of the hit wire 
number. The results of measurement of different wire positions are given in Figs.8 and 9. 
These measurements were carried out using the pad system with size,; of 20 mm (Fig.8) and 
40 mm (Fig.9) along this coordinate. As one can see from the Figun:s, the number of wires 
is determined quite reliably even for a pad size of 40 mm. 

Conclusion 

The following conclusions can be drawn from the investigations of proportional mode 
signals in the PDT described above: 

it is possible to realize a noise-to-signal ratio of 1 + 2% for the proportional mode 
in the PDTs. This allows one to obtain a track registration precision of a < 1 mm 
for the coordinate along the direction of anode wires, to determine reliably the 
number of a hit wire for another one. This precision can bf obtained for pad sizes 

of 40 x 40 mm2
; 

a two-component gas mixture (Ar + 50%C0
2

) can be used for filling PDT. This gas 

mixture makes it possible to obtain the efficiency plateau v. idth from 2.6 kV up to 
2.9 kV at a level of limit streamer pulses no more than 59{; 

the shape of the registered charge distributions depends on the hit wire position 
and affects the value of the calculated coordinate systemati;; error; 

the method of wire position measurement can be used to c Jrrect systematic errors 
for the calculated coordinates and to calibrate the electroni.: readout channels; 

the absence of direct contacts between the cathodes of injividual tubes leads to 
sufficient deformations of the registered charge distributior s. However, this effect 
allows one to separate coordinate systems for different tulles and to simplify the 
manufacture and mounting of detectors with PDT. 
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SILICON TWO-COORDINATE DETECTOR 
WITH SEPARABLE PAD-STRIP READOUT 

L.S.Barabash, A. V.Babookh, V.N.Frolov, M. Yu.Kazarinov, 
A.A.Popov, V.G.Sandukovsky, V. V.Tchalyshev 
Joint Institute for Nuclear Research, Dubna, Russia 

A. Wang 
University of Maryland College Park MD, USA 

The characteristics of resistive layer Si microstrip detector with two 'ersions of the readout 
system are presented. One version used the usual single coordinate strip : ystem of I mm pitch. · 
The second version used a two coordinate pad-strip system of 3.6 mm pitch (<<chess board>>). 
The registration precision of the detector was studied with a DV laser. The two-dimensional 

imaging ability of the detector with a-p~ticles and with an 241 Am y-sonrce is shown. 
The investigation has been performed at the Laboratory of Nuclear l'roblems, JINR. 

KpeMHHeBLIH ,uuyxKoop,uuHaTHLIH ,uereKTop 

C BHeiiJHeH D3,U·CTpHDOBOH CHCTeMOH C'IHTLIB3HHJI 

JI.C.Eapa6aut u op. 

np1180)l.liTCll xapaKTepHCTl!Kll Si Ml!KpOCTpllfl080!'0 lleTeKTOpa C pe3 iCTII8HbiM CJIOeM. U;lll 
l!CflbiTaHIIH lleTeKTOpa np!!MeHJIJII!Cb 118e pa3JI11'1Hble 8epC1111 C'll!Tbi8aiOil eii CIICTeMbi; 06bi'IHall 
OIIHOKOOplliiHaTHall CTp11n08all CIICTeMa C rnaroM CTpllfl08 J MM 11118yxK OOpii!!HaTHall CIICTeMa 

C 3JieKTp01iaMll (n:31laM11) pa3MepOM 3,6 X 3,6 MM2, pacnOJIOJKeHHblMII 8 rnaxMaTHOM nOpllllKe. 
To'IHOCTb perncTpaUHII KOOplli!HaT onpelleJIJIJiaCb c HcnOJib308aHIIeM yJ bTpaqmoneT080ro na-
3epa. noKaJaHbl 118YMepHble 06pa3bl, nonyqeHHbie MeTOiiOM o6nyqeHIJI lleTeKTOpa (X- II y­
'!aCTl!UaMl!. 

Pa6oTa 8binOJIHeHa 8 na6opaTOpllll JlllepHblX npo6JieM 0115IH. 

1. Introduction 

The creation of semiconductor detectors with two-dimension :tl imaging has important 
application for clinical diagnosis in nuclear medicine as well as for experimental nuclear 
physics. Simulations of the X-ray sensitivity of semiconductor jetectors indicate a high 
efficiency for photon registration in the 25-60 ke V range of clir ical interest [ 1]. Using a 
detector geometry with a sandwich structure of 0.5 mm silic(•ll wafers for an overall 
sandwich thickness of 4-5 mm can further increase the registratton efficiency to near 0.2 
for 60 keY photons. A disadvantage of this detector geometry is that the number of 
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electronic channels ri! es in proportion to the detector area. The photon registration 
efficiency can also be increased by the use of high ohmic pure silicon crystals or lithium­
doped silicon (Si(Li) crystals) [2]. It is possible in these cases to create silicon detector 
having an effective thickness of 4-5 mm with a reasonable base voltage and fewer 
electronic channels. 

This article describes the investigation of a silicon detector suggested in [3]. The 
detector uses a pad-str p system which allows measurements of two-dimensional images 
with only a moderate number of electronic channels and a relatively simple level of 
manufacturing technology. 

2. Detector Layc·ut 

The detector consi::ts of a flat diode manufactured by the surface-barrier technology 
from silicon with speci fie resistance equal to 2.5 kil · em (Fig. I). Rectifying contacts are 

created by a layer of gold (50 j.l.g / cm2
), deposited on a surface of n-Si crystal. An 

undepleted layer of silicon is used as the anode and is grounded in one or two points. The 

detector has dimensions of IO x 30 mm2 and a thickness of 0.2 mm. 
The sensitive electrode system was manufactured on printed circuit board and was 

placed on the anode side of detector, and isolated from the anode by a 30 mm mylar film. 
Each element of the cCtOrdinate system (pads of strips) was connected to the input of a 
charge sensitive amplifier. The signals from amplifier output went to the ADC (LeCroy 
2248A). The conversio 1 gain of the charge sensitive amplifier was 2.5 V/pC. The noise 
levels of separate electr,mic channels during the I msec ADC strobe pulse were 4-6 keY. 

The signals from dte output of one of the amplifier channels was used to generate a 
trigger pulse and the elc:ctronic registration threshold was (0.5-0.7) fC. 

The amplitude eali boration and the estimation of the electronics noise level were 

normalized by the falling edge of the gamma spectrum from a 241Am gamma source. 
Two cooridnate sy::tem were used for registration of the charge distributions on the 

resistive layer: a usual Joe-dimensional strip system with pitch of strips S = I mm; and a 
two-dimensional pad-stlip system (laid out as a chess board) with a distance between the 
pad centers of S = 3.6 rnm.Pads were joined into strips as shown in Fig. I and each strip 

Prinl«:d 
OlrCUit 
board 

amplif 

a) 

e r s 
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Jayer 

Mylar 
X coordinate 

b) 
Fig. I. a) The layout of semiconductor detector; b) scheme of the pad-strip readout system 
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connected to a charge sensitive amplifier input. Event cooridnates in the pad-strip system 
were calculated from the registered charge distribution projected al<•ng two orthogonal axes. 

Eight electronic channels were used during the investigation;. When using the one­
dimensional strip system, it was possible to register the evf nt coordinates from a 

8 x 10 mm2 area. In the two-dimensional version we used 4 cha mels for registration of 

each coordinate, the event coordinates were registered from a 120 r 1m2 area of the detector. 

3. Precision of Event Registration in Detector 

The precision of event registration was studied using a UV pl:ised nitrogen laser. The 

laser ray was collimated by a 20 x 30 J.lm2 collimator and was nor nal to the surface of the 
detector. The intensity of the laser ray was changed widely by 1 set of mylar films. A 
sliding table shifted the detector relative to the laser ra~ with a pn:ci~ion of 10 J.lm. 

The detector was not completely shielded from inductances cr !ated by the power laser 
high voltage generator. Consequently, the level of noise entering the electronic channels 
was greater by a factor of 3, than the noise level in the measurem!nts with the redioactive 
sources. 

The measured registration precision a of the collimated U\1 laser beam position is 
shown in Fig.2 for a one-coordinate strip system with pitch of st1 ips equal to 1 mm. The 
regis~ered charge amplitude Q is presented in arbitrary units. The charge amplitudes 

corresponding to the falling edge of a 241 Am gamma source are s 1own by arrows and are 
equal to 500 arbitrary units. 

The same measurements for a two coordinate pad-strip system with pitch 3.6 mm are 
shown in Fig.3. The registration precision was calculated from the 1:oordinates of the charge 
amplitudes pojected along one of the orthogonal 
axes. Curve 1 shows the dependence of the 
detector precision on the projected charge 
amplitude for coordinates calculated by the cen­
ter of gravity, and curve 2 obtained by fitting 
the projected charge distributions with a 
Gaussian function. 

Figures 4a and 4b show the results of simu­
lating the expected detector registration pre­
cision a as a function of the strip pitch S. Both 
a and S are normalized to the r.m.s. of the 

charge distributions acd' The simulations were 

done for different levels of electronic channels 

noise a . The relative level of noise is shown at 
n 

the right column of the figure as the ratio 

300- u d = 100 v 
241An (Y) 
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Fig.2. Dependenc< of the precision of detector 
on the amplitude Jf the registered charge for 
one coordinate n adout with pitch of strips 
S=lmm 
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Fig.3. Dependence of the preciston of the 
ud = 100 v detector on the amplitude of registered charge 
W = 3.6 mm for two coordinate pad-strip system with 

S = 3.6 mm. I - for coordinates calculated by 
the center of gravity, 2 - for the use of 
Gaussian fit 
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cr I Q . For a given value of S, the 
n max 

charge Q registered during a single 
event was calculated as the integral of 
the charges deposited in each strip. It 
was assumed that the shape of charge 
distributions were Gaussian. The errors 
of the charge amplitude measurements 
were normalized to the central strip 
amplitude Q . max 

Figure 4a shows events which hit the center of the strips. As is seen from the figure, 
the best precision can h! realized for S approximately equal to 1.5 ·<Jed and increases with 

higher noise levels. Figure 4b shows events which occur in the gaps between the strips. For 
the events hitting betw::en the strips the detector precision cr approaches some limiting 
value, which occurs wht:n the total charge distribution is registered by two strips only and 
the ratio cr I Q is mi 1imal. 

n max 

Figures 4a and 4b demonstrated that there is a systematical change of detector 
registration precision br any given width of strips S. The precision cr is minimal for 
between strip events· and maximal for central strip events, and the amplitude of the 
systematical oscillations increases with the increase of strip width. 

The error of the tot~! charge measurement can be written by formula: 

<JQ = a<Jn . 

The coefficient a= lIn, where n is the number of strips used for the calculation of the 
event coordinate by the center of gravity method, and cr is the error determined by the 

n 

noise of the electronic channels. As the results of the simulation show, the value of 
coordinates calculated b) fit equals 1.5 approximately. 

The results of this si nulation' show that the error in the coordinate calculation depends 
on the ratio cr I Q , so that realization of a low level of electronic channel noise is a very , n max 

important requirement for this kind of detector. Even the realization of a noise ratio of order 
0.1 would allow a factor of 5-10 reduction in the number of electronic channels in the data 
acquisition system in contparison with a usual strip semiconductor detector operating at the 
same coordinate resolutic n. 
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Fig.4. Results of simulation of detector precision for different pitch of strips S and for 
different level of electronic channel noise, a) for central events, b) fm between strip events 

4. The Width of the Charge Distributions 

117 

The width of the charge distributions, registered by the sens1 tive electrode system, is 
determined by product RCd, where R is the surface resistance of th;! underleted silicon layer 

and ~dis the capacitance per unit of detector area [4]. 

The measured dependence of the charge distribution width <r upon the detector base 
voltage Ud is shown at the top of Fig.5. The bottom curve comes lrom previously measure-

med unpublished data for a detector manufactured from silicc n of specific resistivity 
13kQ ·em [3]. As is seen from the figure, both curves have a saturation area. It means, that 
both the resistance and the thickness of the undepleted silicon layn become independent of 
the base voltage after the saturation point and are constant. This region corresponds to the 
deep depleted detector. Calculation of the undepleted silicon thickness for an assumed 
Gaussian charge distribution gives a value equal to (6-10) jlm =or both types of silicon. 
Naturally, the specific capacitance of the detector does not chang•: under this condition. 

Thus, both the lower bound on the range of acd and the regis· ration precision a of this 

kind of detector are constrained by the undepleted zone, and further increase of the 
precision should be obtained with high ohmic silicon. 

As can be seen from Fig.5, the limiting width of the charge distribution for 13 kn ·em 
silicon is 0.3 mm and 0.66 mm for 2.5 kn ·em silicon. 

An additional criterion for rejection of noise pulses is the re 1uirement that the charge 
distribution must be registered in a cluster of adjacent strips. Fur:her analysis of the shape 
of the registered charge distributions provided a very strong and effective method for 
rejection of noise pulses. 
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Fig.5. )ependences of the charge distribution width (r.m.s.) 
shaped on the resistive layer from the base voltage of detector 
for different specific resistances of silicon 

V. Imaging Ability of Detector 

The imaging abilit) of the detector was checked with phantoms placed on the detector 
surface. Two-coordinatt: pad-strip system of sensitive electrodes with 3.6 mm pitch was 
used for registration of the images. 

Figure 6 shows .the measurement of the position of a straight piece of Cu wire with 
diameter of 0.5 mm criented along one coordinate of the detector. The detector was 

irradiated by a collimat !d a-particle beam from a 239Pu radioactive source, with all meas­
urements performed in air to maximize the energy loss. In order to study the dependence 
of the imaging quality on the total charge amplitude of the registered distributions, the 
energy of a-particles vtas varied by changing the distance from detector to radioactive 
source. Figure 6a show~. the spectra of a-particles detected at different distances. The size 
of the collimator hole "'as adjusted for different spectra so that the coordinate error from 
the ultimate size of the Jearn would not exceed 30-50 Jlm. 

The cross sections 1 >f the phantom images along the coordinate orthogonal to the wire 
is shown in Fig.6 (b,c,d,e). Event coordinates were calculated for charge amplitude intervals 
corresponding to spectn I ,2,3 and 4 of Fig.6a, respectively. It is obvious that the phantom 
is recognized quite well even for spectrum I. The precision of detector was better than for 
the laser investigation (see Figure 3). It can be explained by the lower level of noise, which 
was less by factor 3, as noted above. 

Figure 7 shows the results of measurement of position of a phantom obtained in the 

beam from 241 Am gamma source. A piece of solder with diameter of 1 mm oriented along 
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Fig.8. Calibration plot obtained by the use of the 
collimated UV laser beam for pad-strip readout system 
with S = 3.6 mm 

one of the coordinates was used as the phantom . 
The spectrum of registered charge distributions is 
shown in Fig.7a. The tail of the spectrum is 
determined by the alpha particles which passed 
through the shielding film of the source. The 
cross sections of the phantom are shown on Figs.7 
(b,c,d,e), which were obtained for different 

intervals of amplitude of charge. As is seen from the Figure, the energy resolution is not 
sufficient for separati<m of 59.6 keV line, but it is enough for obtaining coordinate 
resolutions of the orde:· of (100-150) IJ.m. 

The calibration plot obtained in the UV laser beam for the signal amplitudes 
corresponding to spect 11m 3 of Fig.6a is shown in Fig.8. The distance between different 
positions of the beam i! equal to I mm. The value of the systematical error in the calculated 
coordinates for the central range of detector was 0.93 along both coordinates and was taken 
into account for both rrojections of the event coordinates. The origin of this systematical 
error arises from the limitation of having only four electronic channels available for calcu­
lation of each coordina1e. 

Figure 9 illustrates the imaging ability of the detector with a complex phantom. The 
external phantom was < 2 mm open circle made of 0.32 mm diameter Cu wire. A flat tin 
drop with diameter of 0.5 mm was used as the internal phantom. The third phantom placed 
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Fig. 9. Images of differe 11 phantoms obtained by the use of the a-particle beam and pad-readout 
system with S = 3.6 mn 
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between the external and internal phantoms was a 1.8 mm op·!n circle produced of 80 
microm diameter Cu-Be wire. 

The phantom images were obtained in a beam of a-particles .vith energy corresponding 
to spectra 4 of Fig.6a. The image was cut off at the bottom by tt e condition of the trigger. 
Measurements were done for the base voltage of detector Ud = 1(1Q V. As can be seen from 

the picture, the precision of the detector is less than 50 11m in spite of the quite large pitch 
between the centers of the sensitive electrodes (3.6 mm). The width of registered charge 
distribution (acd) equals 1.3 mm for this base voltage and the rati•> S / acd is 2.76. This ratio 

and the required number of electronic channels used for r gistration of the charge 
distribution information determine the origin of the systematicd errors of the calculated 
coordinates which deform the imaging of phantoms. 

Conclusion 

In conclusion we would like to mark some advantages of be semiconductor detector 
scheme described here. 

It allows the realization of two-coordinate readout from detectors of simpler technology 
in manufacture than the usual two-side strip detector technology. 

Both the simulation results and the laboratory investigatio11 of this kind of detector 
show that it is possible to obtain good coordinate resolution even with quite large distances 
betwJ!en the readout electrodes. 

Analysis of the shape of the resitered charge distributions provides highly effective 
rejection of the noise pulses. 

Suggested pad-strip system allows a significant reduction ir the number of electronic 
channels in comparison with the usual pad readout systems. 

The detector scheme suggested here is applicable to the production of large area 
semiconductor detectors. The possible area of the detectors is limited only by the size of 
the silicon wafers. 
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INVESTIGATION OF THE FUSION-FISSION REACTION 
208Pb + 160 AT SUBBARRIER ENERGIES 

Yu.Ts.Oganessian, M.G.Itkis, E.M.Kozulin, B.I.Pustylnik, 
S.P.Tretyakova, L.Calabretta\ T.GuzeP 

A fission cross section of a 224Th compound nucleus has been ffil~asured in the reaction 
160 + 208Pb in four energy points in the interval of 5-15 MeV below tl e fusion barrier, which 
made it possible to measure cross sections by 8 orders of magnitude lo\11 er than the geometrical 
cross section of heavy ion interaction with nuclei. It is evident th It for ion energies of 
160 ~ 72 MeV the behaviour of the fission cross section deviates front the exponential drop, 
which testifies to the fact that structural effects have influence on the fusion cross section in 
the deep subbarrier case of the interaction of two spherical nuclei. 1 he analysis performed 
made it possible to describe the fusion cross sections down to the lowe! t energies and to make 
certain statements on the necessity to consider in the calculation of th ~ fusion cross sections 
the lowest vibration states of coupled nuclei. The sensitivity of the me:hod enables one to go 

down in the cross section by four orders of magnitude to 10-36 cm2 w 1ich is by 12 orders of 
magnitude less than the geometric cross section of the nuclei interaction The interest to further 
investigations in this energy region is explained by a possibility c f obtaining additional 
information on the compaund states responsible for the cluster decay c f nuclei. 

The investigation has been performed at the Flerov Laboratory of N l!clear Reactions, JINR 
in collaboration with the INFN (Catania, Italy) and Istanbul Universit r (Istanbul, Turkey). 

HcCJie,llooauue peaKnuu CJIHJIHHJI-,lle.JieuuJI 208pb + 160 
DpH DO,ll6apLepHLIX 3HeprHJIX 

10.1.{. Ozaneclln u op. 

l13MepeHO Ce'!eHI!e ,lleJJeHI!ll COCTaBHOro ll,llpa 244Th B peaKUIIII 60 + 208Pb B 'leTblpex 
TO'!KaX no :mepnm B IIHTepsarre OT 5 .LIO 15 M::~B HIIJKe 6apbepa CJIIIliH~ ll ll,llep, 'ITO UOJBOJIIIJIO 
onyCTIITbCll Ha 8 UOpll,liKOB BHIIJ OT reoMeTPII'IeCKOfO Ce'!eHI!ll B3ai!MO,lleHCTBIIll TlllKeJ!biX 

IIOHOB C li.LipaMII. BII.LIHO, 'ITO .LIJlll 3Hepmii 160 ~ 72 M::~B XO,ll Ce'!eHIU ,lleJJeHI!ll OTKJIOHlleTCll 
OT 3KCUOHeHUIIaTibHOH 3aBIICIIMOCTII, 'ITO CBII.LieTeJ!bCTByeT 0 BJIIIliHIIII C rpyKTypHbiX 3QJQJeKTOB 
Ha Ce'leHIIe CJIIIliHIIll B my6oKOUO.L16apbepHOM CJiyqae B3ai!MO,lleHCTB 1ll .LIByx CQJepl!'!eCKIIX 
li.Liep. llpOBe,lleHHbiH aHariii3 U03BOJIIIJI OUI!CaTb Ce'!eHI!ll CJIIIliHIIll BIU. OTb .[10 CaMbiX HII3KIIX 
3Hepmii II C,lleJJaTb onpe.LieJJeHHbie yTBeplK,lleHI!ll 0 He06XO,liiiMOCTII BKJ IO'!eHI!ll B pac'!eTbl Ce­
'!eHUH CJIIIliHIIll HIIJKaHUIIIX B116paUIIOHHbiX COCTOliHIIH ll,llep napTHef OB. 4yBCTBIITeJ!bHOCTb 

1Laboratorio Nazionale del Sud, Catania, Italy 
2Istanbul University, Istanbul, Turkey 
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MeTOJlHKH n03BOJ1JieT onyCTHTbCll ewe Ha 'leTblpe nOpliJlKa no Ce'leHHIO 81U10Tb Jt0 J0-36 
CM

2
, 

'ITO Ha 12 nopll)lKOE MeHbllle reoMeTpH'IecJCOll) Ce'!eHHll 83aHMOJteHCT8Hll liJlep. i1HTepec K 

)laJibHeiflllHM HCCJie)l• l83HHliM 8 3TOH OOJ13CTH 3Heprnif onpeJteJJlleTCll 803MOJKHOCTbiO nony­

'!eHHll Jl003BO'IHOH Hi14JopM3UHH 0 KOMnayHJt-COCTOJIHHliX OTBeTCT8eHHbiX 33 KJiaCTepHhiH pac­

naJt liJlep. 

Pa6oTa 8blnOJJHeH a 8 Jla6opaTOpHH liJtepHbiX peaKUHH HM. r.H.<J>nepo8a 0115111 8 KOJIJia6o­

pauHH c HaUHOHaJILt biM HHCTHryTOM liJlepHoii cj>HJHKH (KaTaHHll, i1TaJIHll) " CTaM6ynhcKHM 

YHHBepcHreTOM (CTaH6yn, TypuHll). 

Introduction 

A great number of e (perimental data obtained in recent years on subbarrier fusion cross 
sections of heavy ions with nuclei in a wide range of A and Z compound nuclei has 
stimulated an extensive iiscussion on the mechanism of subbarrier reactions enhancement, 
on quantum effects and correlation between the dynamics of the process and nuclear 
structure of interacting nuclei. For the explanation of a substantial enhancement of the 
subbarrier reaction eros~ sections different models have been developed and widely used 
which take into consider 1tion not only static deformation of nuclei, but also a possibility of 
weak fluctuation of nucl ~ar surface in the interaction process, the possibility of vibrational 
states excitation and, fin tlly, the influence of nucleon transfer channels on the fusion prob­
ability. 

However, in our opi 1ion, in a number of cases the existing experimental material is not 
sufficient for a more in- !epth analysis of the possibility of different models' employment, 
especially in the case of spherical nuclei interaction, where the main enhancement effect, 
connected with the presence of static nuclei deformation, is absent. For example, there are 

many works, devoted to :he study of subbarrier fusion in the reaction 160 + 208Pb, however 
in all these investigatim.s fusion-fission cross sections are obtained within a wide high­
energy range, while -in the subbarrier region there are only several points obtained at 
energies which are belov' the barrier by 1-8 MeV. 

In the present work a fission cross section of a 22~h compound nucleus has been 

measured in the reaction 160 + 208Pb in four energy points in the interval of 5-15 MeV 
below the fusion barrier, which made it possible to measure cross sections by 8 orders of 
magnitude lower than the geometrical cross section of heavy ion interaction with nuclei. 
Our interest in the study of such deep subbarrier interactions is connected not only with a 
possibility of inve~tiga:ing the fusion mechanism, but also with a possibility of 
investigating structural e 'fects in different fission modes of compound nuclei, produced in 
reactions with heavy ions, whereas these investigations have been conducted only in 
reactions with light chaq;ed particles [ 1]. 

And finally, the study of deep subbarrier reactions using the nuclei of Pb and Bi is of 
special interest, since th( y make a basis for the synthesis of superheavy elements in cold 
fusion reactions on the o 1e hand, and on the other hand, are daughter nuclei in the case of 
cluster d~cay of nuclei fnm Ra to U. The employed methods allow one to investigate deep 

subbarrier reactions up to the cross section level of 10-36
, which opens up new perspectives 

for the analysis of the pcssibility of new elements synthesis as well as for the study of the 
inverse, with respect to cluster decay, reactions. 
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Experimental Procedure 

Beams of 160 obtained from the tandem accelerator (NFIN, Catania, Italy) were 

focused onto a 208Pb target located in the center of a diam scatterin ~ chamber (Fig.1 ). Beam 

intensities were typically of the order of 70 nA. A target of 270 f.Lg/cm2 of 208Pb (99 .1% 

enrichment) was evaporated onto -30 !!g/cm2 carbon backing. The target was oriented with 
a carbon side facing the beam. 

I h. · h f · f. · · f 1''o 208Pb 224.....h n t ts expenment t e uston- tsswn cross sectiOn or + ~ T was 
measured for energies E

1
ab = 78, 75, 73 and 68 MeV, which corresponded a range from 5 

to 15 MeV below the Coulomb barrier. Single fission fragments were detected in the 
backward angular range of 90-164 o and 198-270° by using mic~ dielectric detectors with 

an area of 170 cm2
. 

The mica detectors were located 13 em away from target onto netallic backing covered 
with plastic film (Melinex), which detected background .fission fragm~nts arising onto mica 
after interaction of U-Th mica contamination with neutrons during irradiation. For 

determination of the neutron fluence, arising during each 160 it radiation, the calibrated 
235u (0.5 !!g/cm2

) and 238u (9.8 !!g/cm2
) sources in contact with phstic dielectric detecrtors 

(Melinex) were used. These «sandwiches» were located in the bacl~ward angles (90°; 135°; 
180°) of the scattering chamber. Fissile element contaminations into target and support were 
determined by neutron radiography. 

After each irradiation the 208Pb quantity in the target wa~ controlled by Induced 
Roentgen Fluorescence method. 

The irradiated mica detectors were annealed during 6 hours at -l60°C for decreasing the 

background events which arise in mica when the scattering 160 ions interact with mica 
atoms and their compound nuclei give registered tracks. For scanning under optical 
microscope mica and plastic detectors were etched in 40% HF a 1d 20% NaOH at 60°C, 
respectively. 

BEAM 

REACTION 
CHAMBER 

DETECTOR~ 
(MICA) / 

/ 
MELIN EX 

TV CAMERA 

~ DETECTOR 

HOLDER 

Fig.l. Scheme of the reaction chamber used in the fission cross-sec .ion measurements of 
22.,.h isotope obtained by the 208pb + 160 reaction 
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Results 

The energies and fluences of accelerated 160 beams, used for this experiment, the loss 

energy interval for pas~ ing through the target of 160 beam, the obtained cross sections of 

the 22"-rh fission are pr,:sented in Table 1. 

During irradiation .vith 73 MeV energy, when a 150 nA beam was used, the 208Pb 
target lost 40% of initial matter. 

Background from fissile element contanimation in the target, backing and mica was less 

than 10-3 events for tht: whole detector area. After annealing the background mica tracks 
have not been observed 

Table 1 

Energy, MeV I ~oss energy interval of 
160 for target, MeV 

78* I 77.8-77.0 I 

75 74.8-74.2 I 

73 I 72.8-72.4 I 

68 I 67.8-67.2 I 

Fluence of 160, 

ions/cm2 

--
1.4. 1014 

1.35 . 1015 

4.1. 10
15 

5.6. 1015 

Cross-section 

of 224Th fission, 
mb 

7.8 ±0.1 

(3.7 ±0.1)10-2 

(8.5 ± 0.1)10-4 

(6 ± 3)10-6 

*Data was obtained using 300 Jlg/cm2 208Pb evaporated onto a 40 Jlg/cm2 aluminium backing 

Analysis 

This section we shall tentatively split into two parts. In the first one we shall present 
in brief the main ratios 11sed at the description of subbarrier fusion cross sections, having 
skipped for the sake of .;implicity the case of static deformation of partner nuclei, and in 
the second we shall c lnsider the issues related with the description of the nuclei 
deexcitation process and with the cross sections calculation. 

The fusion cross ;ections and the mean-square angular momentum are equal 
respectively to 

I 
cr 

crf= I cri(E), 
1=0 

(/2) = I /2
cr1(E) 

I crl£) 
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The partial wave cross section of fusion can be expressed in ·he following way 

For the one-dimensional fusion barrier within the parabolic arproximation for the total 
potential of interaction, taken as a sudden approximation, the trattsmission coefficient can 
be written down as 

where 

2 1/2 
112 d vbt 

1irot = 2Jl . ~ 
r=R 

b/ 

At the calculation of the subbarrier fusion cross sections ott can use the Wong [2] 
approximation as the simplest one, in which it is assumed that (ho1 = hro0, Rbl = Rb0) 

At the analysis of the subbarrier fusion cross sections, along \\ith these equations some 
expressions linked with additional degrees of freedom are also used, in particular: the 
inclusion of the adiabatic potential, accounting of the vibrational ~ero-point motion of the 
surface, coupled-channels approach, etc. In the simplest approximation the accounting of 
the vibrational zero-point motion of the surface (Z.P.V.) can be described by the following 
expression 

tlE 

cr1(E) = 2~ J cr1(E- Bfus +E) d£, 
-t:;E 

where within the Esbensen model [3] the quality till can be rei~ ted with the vibrational 
zero-point motion of the spherical surface with a Gaussian distribution of the interaction 
radius with a standard deviation 

R [ B(EA) ]I 12 

crA. = Z · (A.+ 3) (2A + l) B
5
P(EA) ' 

where A. is the vibration multipolarity or this quantity can be u:;ed as a free parameter. 
Calculations of the fusion cross sections were tested: (a) within tl e Wong approximation; 
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Table 2 

o fusion (Mb) 

EL,s (MeV) experime nt CCFUS1) Wong•> Z, P, v•> I go 

uncoupled coupled 

67.5 6. 10-6. •) w-1 1.5. 10-6 6. 10-8 1.2. 10-6 2. 10-4 

72.5 I 1.1 . 10-3 ••) 1.2. 10-4 1.6. 10-3 10-4 2 .. w-3 4. 10-3 

74.5 14.2. w-2 

75.5 3.0. 10" 

••) 3. 10-3 4. 10-2 - - w-1 

I 2.5. 10-2 2.3. 10-1 1.1 . w-2 2.5. 10-1 4. 10-1 

77.5 s.o··> 1.0. 10-1 5.7 1.5 . 10-1 3 3.6 

80 40.0 18 57 5.8 30 43 

82 100.0 88 123 58 84 125 

I) 208Pb: 132=0.06, £2=4.1; Jh=0.1, £3=2.6; 160: 132=0.4, £2=6.9; ~J=0.5, EJ=6.1; 
parameter DV = -10 

•) The calculations a·e made by Shilov V.M. Vb = 75.4 MeV, M= 3.6 MeV, hro = 3.95 
••) This work points corrected on the evaporation cross section 

(b) within the standard approximation of an inverted parabola with a nuclear potential in 
the form of lgo with the following parameters: V

0 
= 50 MeV, d = 0. 7 fm, r 

0 
:;::; 1.23 fm; (c) 

by the introduction· of parameter" !lE and selection of three parameters conditioned by the 
best agreement with the experimental data [4]; (d) by the method of coupled channels using 
a standard software pa::kage CCFUS [5]. Table 2 presents our experimental data, data from 
Ref.(6] and the results of calculating the fusion cross sections under these models. 

It is evident that at an ion energy of 160 ~ 75 MeV the subbarrier fusion cross sections 
calculated using the Wong approximation or using the CCFUS software package 
disregarding the channel coupling are going down much sharper and at an energy of 

E • = 67.8 MeV are b) nearly an order of magnitude lower than the experimental value of 
fusion cross section w 1ereas the accounting of channel coupling or of zero-point vibrations 
leads to the increase Jf the cross section. That is why, from our point of view, further 
measurements of the f Jsion-fission cross sections at yet lower energies are of great interest 
bearing in mind the Jact that the sensitivity limit for the solid state detector method is 

cr ~ 10-3~ cm2. 

For the analysis c f the fission cross sections we have used a statistical model which, 
for the sake of univ:!rsality, uses the minimum number of physical assumptions and 
parameters, which, na1 urally, makes the model somewhat coarser, but enables to make less 
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ambiguous conclusions. The most important quantity in the calculations under the statistical 
model is the nuclear level density. In our calculations we are using the ratios of the Fermi­
gas model (without taking into account the effect of collectivt: enhancement) with the 
phenomenological consideration of shell effects (AW) in the level density parameter 

according to Ignatyuk [7]. 

where a = (O.IIA- 6.3 · 10-s · A2
), E * is the excitation energy llf the compound nucleus 

v 

and AW (A, Z) is the nuclear shell mass correction after evaporation of the v-particle 
v 

(neutron, proton or a-particles). We consider the parameter of levd density a
1 

in the fission 

channel to be constant, independent of the excitation energy and proportional to the 
asymptotic value of the level density parameter in the channel of 2v-particle evaporation (an 

assumption that the shell correction in the saddle point is negligibly small). The fission 
barriers for nuclei were calculated using the formula 

where C is a free parameter; B/D(l), the fission barrier in the rotating liquid drop model 

CPS; AWexp, a correction to the compound nucleus fission barrier equal to the shell 
correction of its ground state mass. In the fission barrier we are 11eglecting the small value 
of the shell correction in the saddle point. 

The calculations of evaporation widths are based on the Wei ;kopf-Eving formalism 

E-E (I) -E 
(21 + 1)(2s + 1) m rot v 

[' 1(E) = 
2 

v v J p (E- E t(l)- E -E) E<r (E) dE, 
v 1t p (E ) v ro v v 

c c 0 

where Sv, Ev and mv are the spin, the binding energy and the redw:ed mass of the v particle; 

<rv(E) is the cross section of the inverse reaction of capture of th·: v particle with energy E 

calculated according to the optical model using the parameters :mggested in Ref.[8]. The 
fission width is calculated using the classical Bohr and Willer fo ·mula 

E- E'P(l)- B II) 
rot f' 

t _ 21 + 1 J sp 
f'/E)- 21tp (E) PjE- Erot(1)- Bjll- E) dE, 

c c 0 

where E spt(1) is the rotation energy at the saddle point. ro 
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Fig.2. 2: "Th fuss ion-fission excitation function: points - ex­
perimentd data, solid line - results of calCulation 

Within such an approach the main parameters of the statistical calculations are the ratio 
of asymptotic values of the level density in the fission and evaporation channels atfav and 

a free parameter in the formula for the fission barrier, i.e., coefficient C. 

The problem of choosing the a
1
!av value was considered in a number of papers at the 

analysis of the deexcit;ltion process in preactinide compound nuclei (for example, review 
[9]). In different models its value varies from 0.95 to 1.1, and all the papers note a weak 
dependence of at~ av ( n the mass number. It should be noted also that within such an 

approach• there was ohtained earlier a good description of evaporation reaction cross 
sections and of fissilitif s for a wide range of compound nuclei from Bi to U using a fixed 

value of the parameter a
1

fav = 1.0. The parameter C for this compound nucleus 22<t.rh is 

equal to C=0.7 and Bj/=0)=5.7 MeV. 
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Figure 2 presents experimental fission cross sections and results of calculations in 
coupled-channels approach. It is evident, that there is a satisfactory agreement of the cross 
sections through the whole of the region, and at energies exceeding 75 MeV the calculated 
yield of evaporation residues is in good agreement with those meamred in Ref.[6]. In an 
interval of deexcitation energies of 20-30 MeV, the contribution; from the two fission 
chances into the total cross section are approximately equal, which has to be taken into 
account at the analysis of different characteristics of the fission pm:ess. 

Conclusion 

There have been measured fission cross sections of 224-rh compound nuclei in the 

reaction 160 + 208Pb deep in the sub barrier energy region. It is evidf nt that for ion energies 

of 160 s; 72 MeV the behaviour of the fission cross section deviates from the exponential 
drop, which testifies to the fact that structural effects have influer ce on the fusion cross 
section in the deep subbarrier case of the interaction of two spherical nuclei. The analysis 
performed made it possible to describe the fusion cross sections down to the lowest 
energies and to make certain statements on the necessity to consid ~r in the calculation of 
the fusion cross sections the lowest vibration states of coupled nuclei. The sensitivity of the 

method enables one to go down in the cross section by two orders of magnitude to 10-36 

cm2 which is by 12 orders of magnitude less than the geometric cress section of the nuclei 
interaction. The interest to further investigations in this energy region is explained by a 
possibility of obtaining additional information on the compound-stttes responsible for the 
cluster decay of nuclei. 

The authors express their gratitude to N.A.Kondratye\, V.S.Salamatin, and 
V.A.Ponomarenko for their assistance in conducting the experiments, to V.M.Shilov for 
useful discussion and E.L.Zhuravleva for her help in the measuremt nts of the target matter 
quantity. 
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