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PSEUDOSCALAR NUCLEON FORM FACTOR 
·FROM INVERSE PION ELECTROPRODUCTION 
AND THE FIRST RADIAL PION EXCITATION 

T.D.Biokhintseva, Yu.S.Surovtsev 

The remarkable property of minimization of rescattering effects i the inverse pion 
electroproduction (IPE) at low energies at the «quasi-threshold>> allows on to justify a method 
of determining the weak structure (in addition to the electromagnetic one) of a nucleon from 
experimental data on this process by using the current algebra descrip tion. The result of 
extracting the pseudoscalar nucleon form factor Gp(l). by that 'method from the IPE data in the 

first rtN resonance region is presented, where the definite indication of the existence of the 
state 1t' in the range 500-800 MeV (possibly the first radial excitation of pion) is obtained. 

The investigation has been performed at the Bogoliubov Laboratory of Theoretical Physics, 
JINR. 

ficeB~OCKaJIJlpHLIH clJopMclJaKTOp nyKJIOH8 

H3 o6paTHOrO 3JICKTpOpOJKJ(CHHJI DHOHOB 

u nepuoe pa~HaJILHoe B036y~~meuue nuoua 

T./.(.lJJloxuHq.eBa, 10. C. CypoBq.eB 

3aMe'laTeJJbHOe CBOHCTBO MHHHMHJaUHH 3<lJ<lJeKTOB nepepaCCellHHll B o6paTHOM 3JleKTpO­
pOJKJl.eHHH UHOHOB (IPE) npH HHJKHX 3HeprHllX Ha «KBaJHUOpOre» UOJBOJUieT o6oCHOBaTb Me­
TOA onpeAeneHHll CJJa6oii CTPYKTYPLI (B AODOJIHeHHe K 3JleKTpOMarHHTHO- ) H)'KJIOHa HJ 3KC­
nepHMeHTaJibHbiX AaHHblX DO 3TOMY npoueccy C HCUOJibJOBaHHeM OUHCaHHJl Ha OCHOBe anre6pbl 
TOKOB. npeACTaR/leH peJyJibTaT BbiJleJJeHHJl TaKHM MeTOAOM HJ IPE-AaHHbiX B nepooii rtN-peJO­
HaHCHOii o6JiacTH nceBAOCKaJillpHoro ¢lopM¢laKTopa H)'KJIOHa G p(t), rAe DOJIY'IeHO onpeAeneH-

Hoe YKaJaHHe Ha cytUecTBOBaHHe COCTOllHHll 1t' B HHTepoane 500-800 M3B (BOJMOJKHO, nep-
801"0 paAHaJibHOI"O BOJ6ylKJl.eHHll UHOHa). 

Pa6oTa BbinOJIHeHa B Jla6opaTOpHH TeopeTH'IeCKOii ¢IHJHKH HM. H.H.I>orOJII06ooa OIUIH. 

1. The process 1tN ~ e +e-N (inverse pion electroproduction - IPE), being a natural 
and unique laboratory for studying the hadron electromagnetic str cture in the timelike 

region of the virtual-photon «mass» 'A?, turns out to be also very useful for investigating 
the weak structure of a nucleon. The latter investigation is based on the current algebra 

(CA) description and the remarkable property of IPE according to which the e + e- pairs of 
maximal masses (at the «quasi-threshold») are created by the Bor mechanism with the 
rescattering-effect contributions at the level of radiative correctio s up to the total 7tN 
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energy w = 1500 MeV (the «quasi-threshold theorem») [1]. Therefore, the threshold CA 
theorems for pion electro- and photoproduction can be justified in the case of IPE up to the 
indicated energy [2,3] . On the one hand, this allows one to avoid threshold difficulties when 
using IPE (unlike electroproduction) for extracting weak form factors (FF's) of a nucleon. 
On the other hand, there is no strong kinematical restriction inherent in f..L capture and is no 
kinematical suppression of contributions of the induced pseudoscalar nucleon FF to cross 
sections of «straight» processes as vN ~ lN present in due to multiplying by lepton masses. 

2. The research of p10n photo-, electroproduction and IPE in one-photon approximation 

is related with studying the amplitude of the process y* N prtN', J
11

(s, t, 1..2), where 

s ={pi+ q)2
, t = (k- q)2 are usual Mandelstam variables and t.? = 0, < 0 and 4m; ~ 1..2 ~ 

~ (.fS- m)2 correspond to the above three processes, respectively {pi, p2, q, and k are 4-

momenta of nucleons, of pion and of photon). 
For obtaining a reliable information on the nucleon structure, it is important to find 

kinematical conditions, where the IPE dynamics is determined mainly by a model-inde­
pendent part of interactions, the Born one. To this end, we shall use such general principles, 
as analyticity, unitarity and Lorentz invariance, and phenomenology of processes 

eN~ errfN, yN ~ rt±N, considered in the framework of the unified (including IPE) model. 
Earlier it was shown that the model, based on the fixed-t dispersion relations without 

subtractions at a finite energy for isovector amplitudes with the spectral functions des­
cribing the magnetic excitation of the P33(1232) resonance and with the isoscalar ampli-

tudes being the Born ones [ 4], is successful in the unified explanation of the experimental 
data on pion electro-, photoproduction and IPE in the total-energy region from the threshold 
up tow= 1500 MeV [5]. 

Application of this model to the calculations for IPE shows the interesting growth of 

the relative contribution of the Born terms with 1..2 [5]. This approximate dominance of the 
Born terms has a model-independent explanation and is related with the quasi-threshold 

theorem [1] which means that at the quasi-threshold (I k I ~ 0, /..2 ~ /..2 = (.fS- m)2) the 
max 

IPE amplitude becomes the Born one in the energy region from the threshold up to 
- 1500 MeV. That remarkable dynamics of IPE, distinguishing it essentually from photo­
and electroproduction, is related to the fact that at the quasi-threshold only the electric 
(EO+ and £ 2_) and longitudinal (L

0
+ and L2_) dipoles survive owing to the k ~ 0 behaviour 

and, therefore, the selection rules appear (from parity conservation and from that the stop­
ped virtual photon has the angular momentum J = I): at the quasi-threshold only the reso-

. P 1- P r 
nances with J =2 (Sii(1535), S31 (1650), S11 (1700), etc.) and J =2 (D 13(1520), 

D33(1670), etc .) survive in the s channel of the IPE. Furthermore, indeed, in this kinematic 

configuration the proce~s is stipulated only by two independent dipole transitions (either 
electric or longitudinal), because from the causality (analyticity) the quasi-threshold 
constraints arise: 
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Since the s- and d-wave 1tN resonances are excited above 1500 MeV, one can expect 
that dipoles EO+ and £

2
_ are mainly the Born ones below this energy . All the multipole 

analyses of charged pion photoproduction agree with this ; and, e.g., the dispersion-relation 

calculation has confirmed this fact at').} "f:. 0. Therefore, with a good accuracy(< 5%) we can 
write for the quasi-threshold IPE below - 1500 MeV: 

Jim !I Jlcr "" __Q_ m2 .! x 
k -7 0 k & .. .Zd cos e 121t (iS- m)2 s (1) 

. Here 9 is an angle between the momenta of the final nucleon and of the electron in the 

e+e- c.m. system. 
On using the quasi-threshold theorem, the realistic (di:;persion) model and the so-called 

«compensation curves» [6] (these are curves in the (s, t) plane along which the differential 
cross section is the Born one and which are constructed on the basis of comparison of 
photoproduction experimental data with the Born cross section using the existence theorem 
for implicit functions) for choosing the optimal geometry of experiment, the method of 
determining electromagnetic FF' s from low energy IPE is based. This method has suc-

cessfully been realized in experiments on nucleon and on nuclei 12C and 7Li [7], where first 

a number of FF values was obtained in the timelike 1..? region from 0.05 to 0.22 (GeV/cl 

The obtained F~ values are quite consistent with the calculations in the framework of the 

unitary and analytic vector-meson dominance model of the nucleon electromagnetic 
structure [8]. In the Table, the values of electromagnetic FF's, obtai ed in experiments on 
nucleons, we need later, are presented. Note that here the same experimental errors are cited 

for F~ and ~ because in this !...2 range these FF's can be considered to be connected with 

each other by the relation F~('A.2)- ~(1...2) = d('A.2) . The quantity d('A.2) has been taken from 

the dispersion calculations [9], and its theoretical uncertainty is significantly less than the 

one in the calculations of F~ and ~ in view of the compensation of a number of con­

tributions to the spectral functions and due to the dominating influence of the contribution 

of the one-nucleon exchange in this quantity in the region 4m2 
;5; !...2 < 20m2. 

1t - 1t 

Table 

"). . .? 2 , mit 2.77 2.98 3.44 3.75 4.00 4.47 4.52 5.28 5.75 6.11 

F~O.?> 0.96 0.93 1.16 1.04 1.14 1.22 1.13 1.20 1.32 1.36 

rcJ..?> 0.91 0.85 1.04 0.91 0.99 1.04 0.95 1.01 1.12 1.16 

Error 0.10 0.09 0.10 0.08 0.16 0.10 0.09 0 09 0.10 0.08 
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3. Now, let us indicate another interesting possibility of investigating the weak nucleon 
structure related to the nucleon Gamov-Teller transition described by the matrix element 

a. - 'ta. 2 2 
( N(p2) I AJll N(p1)) = u(p2) 2 [yJlG A(k ) + k1pp(k )]y5u(p 1), (2) 

where A~ is the axial-vector current, GA(~) and Gp(k2
) are the axial and induced 

pseudoscalar FF's . 
An alternative description of IPE in the framework of the current commutators, PCAC 

and completeness allows one to derive a low-energy theorem at the threshold (q = 0, 

1..2 ~ m;) related to approximate chiral symmetry and O(m;) corrections; and the quasi­

threshold minimization of the continuum contribution makes it possible to justify this 
approach up to w"' 1500 MeV [2] with the continuum corrections being practically the 
same as in the dispersion-relation description. Then, at the quasi-threshold, retaining only 

the leading terms in 1..2 j m2
, t/m2

, one obtains for the longitudinal part of the Tt-p ~ y*n 
amplitude (Furlan G. et al. in Ref.2) 

------
~ 

2 2 
A. (w + m) - m { ( A. ) 

EO+- 2£
2 

= -
2
- 1t D(t)- I+ -

2 
D(m2

- 1..2) + 
- 2m f mw m 1t 

1t 1t 

(3) 

+ ~ [ G A(m;- 1.2)- 2~ G,(m~- 1.2)]. 

where the constant of the 1t ~ J..l. + v decay f is defined by ( 0 I A (0) ITt(q) ) = if. q , 
Jl 1t Jl 1t Jl 

D(t) = -2mGA(t) + tGp(t) , and the quasi-threshold values of the variables are 

w h =m+A., t h =(m2-A.2)_m_~. 
q.t r. q.t r. 1t m + 11. 

G A has been measured in various experiments (first of all, in vn ~ Jl-p, vp ~ J..l.+ n). It is 

reasonable to use first this result: 

GA(t)=GA(O)(l-t/M~)-2, Gi0)=-1.25, MA=(0.96±0.03)GeV. (4) 

However, GP can be seen to be kinematically suppressed in these experiments in view 

of its contribution to cross sections to be multiplied by lepton masses (from here, a dif­
ficulty of obtaining information on GP in these experiments). In the J..l.-capture and ~-decay 

experiments, there is a strong kinematical restriction of the range It I -0-0.01 (GeV/c)2 

in which the weak FF' s can be determined, however, with a large error. For example, its 

measured value for J..l. capture in hydrogen [12] is Gp(-Q.88m~)=-8 .7± 1.9. Recently, GP 

has been measured in the capture of polarized muons by 28Si nuclei [13]. 
From formula (3) it is seen that the kinematic suppression of GP would be absent when 

the IPE data at the quasi-threshold are used for extracting GP" On the basis of this method, 

Gp(t) could be determined in the range up to t"' -15m! (which corresponds to 
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Fig. I. Comparison of calculations in the CA approach to 

the 1t -p ~ y* n process for EO+- 2£2_ with experimental 

data: dashed and solid curves correspond to the cases when 

contribution to Gp is restricted by the pion pole c; and 

taken according to (6), respectively. 

w"' 1500 MeV) . Due to working at the quasi­
threshold, one succeeds in avoiding threshold 
difficulties which are the case when using the ana­
logous method for analysing electroproduction data. 

Further we shall follow the method of work [3] . 

First, using the F~(J.?) and F7t('A.2) values obtained in 

, 
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~~ 
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the analysis of the IPE data on the nucleon [7] we obtain ten oi-nts (which can be 

considered as the ~xperimental ones) for the longitudinal part of the 1t-p ~ y* n amplitude 
at the quasi-threshold (Fig.1). For Gp(t) we take the following dispersion relation without 

subtractions 

2t rr:87tN 1 I G (t)=--+-
P 2 t 1t 

m1t- 9m2 

£_(Q_ d I 
I t ' 

t - t 
(5) 

" 
The residue in the pole t = m; is determined by the PCAC relation. In Fig.2, possible 

contributionsto GP are depicted. When only the 1t-pole term is considered, it is inconsistent 

with experimental data (the dashed curve in Fig. I) . Since the contrib tions of nonresonance 
three-particle states must be suppressed by the phase volume, it is reasonable to 
approximate the integral in (5) by a pole term. A satisfactory description is obtained if 

AJJ r Ay. .!: Ap sr' 
~--- ~=-

:r 

a) l) c) 

Fig.2. The contributions to Gp of possible intermediate states, coupled with the current A~: 

a) one-pion state, b) three-pion state, c) a resonance with the pion quantum numbers 
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I 1 
2 ~-tim! 6 8 

Fig.3. The ratio of G p(t) / G;(t). The curve corresponds to formula (6). The points with 

errors (on the curve) indicate the error corridor for this curve. The results of analysis of 

data on the Jl capture in hydrogen (V) [12] and on the 1t+ electroproduction off the proton 
near the threshold (A) [ 14] are depicted 

where G~{t) = 2f~rcN/(m~- t), the rt' weak-decay constant frc· is defined by 

( 0 I A (0) lrt'(q') ) =if. .q' , g '= 13.5) and g 'N are the coupling constants of the 1t and rt' 
ll 1t ll rtN' 1t 

states with the nucleon. As it is seen from the definitions of the weak-decay constants, one 
must expect that.t:, <<.t:, to reflect a tendency of another way (in addition to the Goldstone 

1t 1t 

one) in which the axial current is conserved for vanishing quark masses. That behaviour is 
demonstrated in various models with some nonlocality which describe chiral symmetry 

breaking [ 10,11]. Note that the pole at t = m~. in Eq.( 6), situated considerably lower than 

the poles of the known contributing states 7t'(1300) and rt'( 1770), is highly required for 

describing the obtained expeirmental data on IPE. In Fig.3, the ratio G p(t) / c;(t) is shown. 

One can see that G p(t) is determined by this method with a high accuracy. For the 

comparison, the GP values, obtained in j.l capture in hydrogen [12] and in the recent 

analysis of data on the 1t + electroproduction off the proton near the threshold [ 14], are 
depicted. We see that their results agree with the pion-pole dominance hypothesis in a large 
range of transfers, unlike our result where this hypothesis is valid in a narrow t range, and 
outside the range the contribution of continuum is considerable. Note that the contributions 
of the radial excitations of pion (7t'( 1300) and rt'( 1770), which are rather distant from this 
region, are suppressed, and their account would only slightly increase the mass of rt'(500)). 
The parameters of this pole term in (6) might be changed more considerably if the scalar 
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cr(555) and/or £(750), discussed at present [15], are confirmed. Then it would be necessary 
to consider the channel (m) and a possible multichannel nature of this state. At all events, 
the conclusion about the necessity of the state in the range 500-800 MeV with 

f1(f) = C(O-) for explaining the obtained IPE data will remain valid. Note. that recently the 

state with those parameters has been observed in the 1t+1t-1t- system [16] and interpreted as 
the first radial excitation of pion in the framework of a covariant formalism for two-particle 
equations used for constructing a relativistic quark model [17]. Note that accepting this 

·designation for 7t'(500-800) and taking an estimation for the 1t' weak-decay constant in the 
Nambu-Jona-Lasino model, generalized by using effective quark interactions with a finite 
range,f7t, = 0.65 MeV [10], we obtain g1t'N= 1.51. Of course, for more sure interpretation of 

1t' the investigation of other processes with 1t' is needed, and the presence of this state 
would raise the question on its SU(3) partners and on careful (re)analyses of the 
corresponding processes in this energy region. 

We see that a subsequent investigation of IPE is necessary for e"trac_!!ng both a unique 
information about the electromagnetic structure of particles in the sub-NN threshold region 
of the timelike momentum transfers and the nucleon weak structure in the spacelike region. 
The former is especially interesting now, for example, in connection with the discussed 
hidden strangeness of the nucleon (e.g. , [18]) and quasi-nuclear bound pp state [19]. 
Furthermore, at present, with intense pion beams being available, more detailed experiments 
are possible aimed also at carrying out a multipole analysis similar to that for photo- and 
electroproduction (e.g., [20]) . That analysis is necessary to study the electromagnetic struc­
ture of the nucleon-isobar systems in the timelike momentum-transfer region; for example, 

in the P3l1232) region it is interesting to verify the "A? dependence of the colormagnetic­

force contribution found in the constituent quark model [21] . 
The authors are grateful to S.B.Gerasimov, Yu.I.Ivanshin, V.A.Meshcheryakov, 

M.Nagy, L.L.Nemenov, N.B.Skachkov and M.K.Volkov for useful discussions and interest 
in this work. 
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CHIRAL AND PARITY ANOMALIES 
AT FINITE TEMPERATURE AND DENSITY 

A.N.Sissakian, 0. Yu.Shevchenko 1, S.B.Solganik2 

Two closely related topological phenomena are studied at finite density and temperature. 
These are chiral anomaly and Chern-Simons term. By using different methods it is shown that 

~2 = m2 is the crucial point for Chern-Simons term at zero temperature. So when ~2 < m2, 
~ influence disappears and we get the usual Chern-Simons term. On the other hand, when 

~2 > m2, the Chern-Simons term vanishes because of nonzero density of background fermions. 
It occurs that the chiral anomaly doesn't depend on density· and temperature. The connection 
between parity anomalous Chern-Simons term and chiral anomaly is generalized on finite 
density. These results hold in any dimension both in Abelian and in non-Abelian cases. 

The investigation has been performed at the Laboratory of Nuclear Problems, JINR. 

KupaJibHa.H anoMaJIH.H 

H 3HOM3JIH.H 'leTHOCTH npH KOHe'IHOH TeMnepaType H IIJIOTHOCTH 

A.H.CucaK..R.H, 0./0.llleB'leHKo, C.Ji.CoAZaHUK 

HJyqaJOTCll asa 6nHJKHX Tononorw:IeCKHX liBJieHHll - KHpanbHall auoManHll H qepu-caiiMo­
HOBCKHH 'IJieH - npH npOHJBOJibHOH flJIOTHOCTH H TeMnepazype. npn HCflOJibJOBaHHH paJJIH'I­

HbiX MeTO.IlOB nOKaJauo, 'ITO ~2 = m2 liBJilleTCll KpHTH'IeCKOH TO'IKOH .I1J1ll 'IJieua l.!epu- Caii­

Mouca npn nynesoii TeMnepazype. TaK, npn ~2 < m2 ~-JaBHCHMOCTb HC'IeJaeT H nonyqaeTCll 

06bi'IHbiH qepu-CaHMOHOBCKHH 'IJieH. C .llpyroii CTOpoHbl, npH ~2 > m2 'lepH-CaHMOHOBCKHH 
'IJieH HC'IeJaeT HJ-Ja HeHyJieBOH flJIOTHOCTH !I><>HOBbiX aneKTpoHOB. KnpanbHall aHOMaJIHll, KaK 
OKaJbiBaeTCll, He JaBHCHT OT XHMH'IeCKOro flOTeHI.(HaJia H TeMnepazypbl. CBll3b MeJKJzy KHpaJib­
HOH auoManneii H 'lepu-caiiMOHOBCKHM 'IJieHoM o6o6meua ua cnyqaii ueuynesoii nnOTHOCTH. 
nonyqeuublii peJynbTaT cnpaBe.llJIHB B nJ06oii paJMepuocTH KaK .I1J1ll a6enesa, TaK H .I1J1ll uea6e­
nesa cnyqall. 

Pa6on Bbmonueua B Jla6opaTopnn ll.llepHbiX npo6neM QHj{H. 

1. Introduction 

Topological objects in modern physics play a great role. In particular, here we are 
interested in Chern-Fontriagin and Chern-Simons (CS) secondary characteristic classes. 
That corresponds to chiral anomaly in even dimensions and to CS (parity anomaly) in odd 
dimensions. Both phenomena are very important in quantum physics. So, chiral anomalies 

1 shevch@ nusun.jinr .ru. 
2solganik@thsunl.jinr.ru. 
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m quantum field theory have direct applications to the decay of 1t
0 

into two photons 

(1t0 ~ Y'{), in the understanding and solution of the U(l) problem and so on. On the other 

hand, there are many effects caused by CS secondary characteristic class. There are, for 
example, gauge particles mass appearance in quantum field theory, applications to condense 
matter physics such as the fractional quantum Hall effect and high T superconductivity, 

c 

possibility of free of metric tensor theory construction, etc. 
It must be emphasized that these two phenomena are closely related. As it was shown 

(at zero density) in [1,2] the trace identities connect even dimensional anomaly with the odd 
dimensional CS. The main goal of this paper is to explore these anomalous objects at finite 
density and temperature. 

It was shown [3,4,5] in a conventional zero density and temperature gauge theory that 
the CS term is generated in the Eulier-Heisenberg effective action by quantum corrections. 

Since the chemical potential term ll'iif'l' is odd under charge conjugation we can expect 
that it would contribute to P and CP nonconserving quantity - CS term. As we will see, 
this expectation is completely justified. The zero density approach usually is a good quan­
tum field approximation when the chemical potential is small as compared with charac­
teristic energy scale Df physical processes. Nevertheless, for investigation of topological 
effects it is not the case. As we will see below, even a small density could lead to principal 
effects. 

In the excellent paper by Niemi [I] it was emphasized that the charge density at 
11 '# 0 becomes nontopological object, i.e., contains both topological part and nontopolo­
gical one. The charge density at 11 '# 0 (nontopological, neither parity-odd nor parity-even 
object)* in QED

3 
at fini te density was calculated and exploited in [6]. It must be empha-

sized that in [6] charge density (calculated in the constant pure magnetic field) contains 
parity-odd part corresponding to CS term, as well as parity-even part, which can't be 
covariantized and doesn't contribute to the mass of the gauge field. Here we are interested 
in finite density and temperature influence on covariant parity odd form in action leading 
to the gauge field mass generation ..:..._ CS topological term. Deep insight on this phenomena 
at small densities was done in [1,2] . The result for CS term coefficient in QED

3 
is 

[ th 1 J3(m -jl) + th 1 J3(m + ll) J (see [2], formulas (10.18)). However, to get this result it 

was heuristically supposed that at small densities index theorem could still be used and only 
odd in energy part of spectral density is responsible for parity nonconserving effect. 
Because of this in [2] it had been stressed that the result holds only for small jl. However, 
as we'll see below this result holds for any values of chemical potential. Thus, to obtain 
trustful result at any values of 11 one has to use transparent and free of any restrictions on 
11 procedure, which would allow one to perform calculations with arbitrary non-Abelian 
background gauge fields . 

It was shown at zero chemical potential in [ 1 ,2,3] that CS term in odd dimensions is 
connected with chiral anomaly in even dimensions by trace identities. As we'll see below 

*For abbreviation, speaking about parity in variance properties of local objects, we will keep in mind symmetries 
of the corresponding action parts. 
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it is possible to generalize a trace identity on nonzero density case. The trace identity 
connects chiral anomaly with CS term which has 1.1 and T dependent coefficient. Despite 
chemical potential and temperature give rise to a coefficient in front of CS term, they don't 
affect the chiral anomaly. Indeed, anomaly is a short-distance phenomenon which should 
not be affected by medium 1.1 and T effects, or more quantitatively, so a5 the anomaly has 
ultraviolet nature, temperature and chemical potential should not give any ultraviolet effect 
since distribution functions decrease exponentially with energy in the ultraviolet limit. 

This paper is organized as follows. In Sec.2 the independence of chiral anomaly from 
temperature and background fermion density is discussed. It is shown in 2-dimensional 
Schwinger model that chiral anomaly isn't influenced not only by chemical potentialjl, but 
also by Lagrange multiplier 1C at conservation of chiral charge constraint. Besides, we 
consider CS term appearance at finite density in even dimensional theories. In Sec.3 we 
obtain CS term in 3-dimensional theory at finite density and temperature by use of a few 
different methods. In Sec.4 we evaluate CS term coefficient in 5-dimensional theory and 
generalize this result on arbitrary non-Abelian odd-dimensional theory. In Sec.5 we gene­
ralize trace identity on finite density on the basis of the previous calculations. Section 6 is 
devoted to concluding remarks . · 

2. Chiral Anomaly and Chern-Simons Term in Even Dimensions 

As is well known, chemical potential can be introduced in a theory as Lagrange multi­
plier at corresponding conservation laws. In nonrelativistic physics this is conservation of 
full number of particles. In relativistic quantum field theory the e are the conserving 
charges. The ground state energy can be obtained by use of variatio a! principle 

(1) 

under charge conservation constraint for relativistic equilibrium system 

*" ('V Q\jl) = const, (2) 
1\ 1\ 

where H and Q are Hamiltonian and charge operators. Instead, we can use method of 
undetermined Lagrange multipliers and seek absolute minimum of expression 

* 1\ 1\ 

('V (H - llQ) 'JI), (3) 

1\ 1\ 

wher ll is Lagrange multiplier. Since Q commute with the Hamiltonian, (1
0
) is conserved. 

On the other hand, we can impose another constraint, which implies chiral charge 
conservation 

(4) 

i.e., in Lagrange approach we have 

* 1\ 1\ 
(\jl (H - KQ5) \jl) = min, (5) 
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A 

where 1C arises as Lagrange multiplier at (J ;) = const constraint. Thus, fl corresponds to 

nonvanishing fermion density (number of particles minus number of antiparticles) in back­
ground. Meanwhile, 1C is responsible for conserving asymmetry in numbers of left and right 
handed background fermions. 

It must be emphasized that the formal addition of a chemical potential in the theory 
looks like a simple gauge transformation with the gauge function flt. However, it doesn't 
only shift the time component of a vector potential but also gives corresponding prescri­
ption for handling the Green function poles. The correct introduction of a chemical 
potential redefines the ground state (Fermi energy), which leads to a new spinor propagator 
with the correct e prescription for poles. So, for the free spinor propagator we have (see, 
for example, [7 ,8]) 

- p+m 
G(p, fl) - - . 2 2 2 ' 

(p
0 

+ ze sgn p
0

) - p - m 
(6) 

where p = (p
0 

+ fl, p). Thus, when fl = 0 one at once gets the usual e prescription because 

of the positivity of p
0 

sgn p
0

. In Euclidian metric one has 

. - p+m 
G(p, fl) - -2 2 2 ' 

Po+ p + m 
(7) 

where p = (p
0 

+if.!, p). In the presence of a background Yang-Mills field we consequently 

have for the Green function operator (in Minkovsky's space) 

A 

G = (yit - m) 2 2 , 
(yit) - m + ie(p0 + fl) sgn (p0) 

(8) 

where itv = 1tv + flOvO' 1tf.l = Pv - gA)x). 

Now we'll consider chiral anomaly. It was shown in [9], that chiral anomaly doesn ' t 
depend on fl and T. In [9] the direct calculations in 4-dimensional gauge theory were 
performed by use of imaginary and real time formalism, by using the Fujikawa method and 
perturbation theory. These calculations are rather cumbersome. To clear understand the 
nature of anomaly fl independence (T independence will be discussed later) we'll consider 
here the simplest case - 2-dimensional QED and rederive result of [9] by use of the 
Schwinger nonperturbative method [I 0]. So, one can write 

1" ~ - ig tc [ y'G(x, x') exp [- ig l dl; 'A,@] L ~<, (9) 

where G(x, x') is the propagator satisfying following equation 

yf.l(~- igAf.l(x)) G(x, x') = o(x- x'). (10) 

Following Schwinger we use anzats 
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G(x, x') = G 0(x, x') exp (ig(<j>(x) - <j>(x'))], (11) 

where G 0(x, x') is the free propagator 

yll~G 0(x, x') = o(x- x'). 

Thus, for <1> we can write ylla
11

q, = y 11A
11

• From (6) we have 

G O(x, x') = J ..i!._p_ eip(x - x') . = - ijJ [ J d 2P2 eip(x - x') _2_ 1_ -
(27t)2 p2 + iE(p0 + l..l) sgn p

0 
(27t) p + iE 

+oo d +ood 

f P1 f Po · ( ') 1 J - 2 - - 9(- p sgn p ) e1P x- x gm - - . 
21t 21t 0 0 p2+ iE 

(12) 

So, beside the usual zero density part 11-dependent one appears. Fu h~r, we have to take 
off regularization in the current by use of symmetrical limit x ~ x'. After some simple 
calculations it is clearly seen that aiiJl-dependent terms after taking off the limit disappear. 
Thus, contribution to the current arises from the 11-dependent part o ly . So 

J !l = . i_ [ o !!V- a llav J A 
I 27t a2 v' 

(13) 

and we get the usual anomaly in the chiral current 
' 2 2 

a 1 11 = o a 1 11 = i L e11va A + i L *F. 
!l ' !l 5 21t !l v 47t 

(14) 

Let' s now consider K influence on the chiral anomaly . Since, as we' ve seen above, K is 
directly connected to chiral charge, it would be natural to expect some K effect on chiral 
anomaly. However, the rather amazing situation occurs. The demand of chiral charge con­
servation (instead of the usual charge conservation) on the quantum level doesn't influence 
chiral anomaly . Really, in 2-dimensions introduction of Lagrange multiplier K at the 

chiral charge conservation gives the term ~y\0\j/ = ~y 1\j/ in Lagrangian . So, K affects 
in the same way as J..l, i.e., K doesn ' t influence the chiral anomaly (it i also seen from direct 
calculations which are similar to presented above for the case with J..L) . That could be 
explained due to ultraviolet nature of the chiral anomaly, while K(l..l) doesn't introduce new 
divergences in the theory. 

From the above calculations it is clearly seen the principle difference of chiral anomaly 
and CS . The ultraviolet regulator- P exponent gives rise to the anomaly, but (as we'll see 
below) doesn ' t influence CS . Thus, it is natural, that the anomaly doesn ' t depend on J..L, K 

and T because it has ultraviolet regularization origin, while neither density nor temperature 
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does affect the ultraviolet behaviour of the theory. The general and clear proof of axial 
anomaly temperature independence will be presented in Sec.5 on the basis of the trace 
identities. 

We now consider CS in even dimensional theory. From the definition one has 
()[ 

()~f = f d Dx (150). (15) 

Since axial anomaly doesn't depend on K, effective action contains the term proportional to 
anomalous Q

5 
charge with K as a coefficient. The same is for a chiral theory. There, 

effective action contains the term proportional to anomalous Q charge with 11 as coefficient, 
see for example [11,12,13]. So, we have 

Meff=-Kfd.xoW[A] (16) 

in conventional gauge theory and 

Me~~iral =- ll J dxo W[A] (17) 

in the chiral theory. Here W[A] - CS term. Thus we get CS with Lagrange multiplier as a 
coefficient. 

It is well known that at nonzero temperature in ~ ~ 0 limit the dimensional reduction 
effect occurs. So, extra t dependence of CS term in ( 16) disappears and CS can be treated 
as a mass term in 3-dimensional theory with iK / T coefficient (the same for chiral theory 
with 11 see [11]) . For anomalous part of effective action we have 

Meff =- iK~W[A], Me~~iral =- ill~W[A] (18) 

in conventional and ch1ral gauge theories correspondingly. The only problem arising in a 
treating of CS as a mass term is that the coefficient is imaginary, see discussions on the 
theme in [ 11, 13] . One can notice that results (16), (17) and (18) hold in arbitrary even dimen­
sion . Let us stress that we don ' t need any complicated calculations to obtain (16-18). The 
only thing we need is the knowledge of chiral anomaly independence from 11. K, and ~-

3. CS in 3-Dim e nsional Theory 

3. 1. Constant !vfagr etic Field. Let' s first consider a (2 + I) dimensional Abelian theory . 
Here we ' ll use constant magnetic background . We'll evaluate fermion density by perfor­
ming the direct summation over Landau levels . As a starting point, we'll use the formula 
for fermion number at finite density and temperature [I] 

I [ 8(A) - 8(- A) l = 
N =- 2 L th ( 2 ~\ J+ L exp (- ~(ll _ \)) + 1 exp (- ~(A11 -1.1)) + I 

11 n 

I I p ~"" I 
= - ~ th - ~(ll - A. ) -----t - ~ sgn (1.1 - A. ). 

2£... 2 11 2£... " 
( 19) 

II II 
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Landau levels in the constant magnetic field have the form [14] 

1..0 =- m sgn (eB), \ = ± .V2n I eB I+ m
2

, (20) 

where n = 1, 2, . . . It is also necessary to take into account in (19) the degeneracy of Landau 
levels . Namely, the number of degenerate states for each Landau level is I eB I /2rt per unit 
area. Even now we can see that only zero modes (because of sgn (eB)) could contribute to 
the parity odd quantity . So, for zero temperature, by using the identity 

sgn (a - b) + s&n (a + b) = 2 sgn (a) 9( I a I - I b I), · 

one gets for zero modes I eB I 

~ sgn (J.L + m sgn (eB)) = 

= 1:!1 sgn CJ.L) 9CIJ.LI-Iml)+ 1:!1 sgn(eB) sgn(m)9Cimi-IJ.LI), (21) 

and for nonzero modes 

.!. ~ i sgn (J.L- .V2n I eB I + m2 ) + sgn (~ + .V2n I eB I.+ m2
) = 

2 2rt 
n= I 

= 1;!1 sgn(J.L)i9(IJ.LI-.V2nlesl +m
2

) (22) 
n=l 

Combining contributions of all modes we get for fermion density 

p = I;! I sgn CJ.L) i_ 9( I J.LI - .V2n I eB I + m
2

) + ± I;! I sgn CJ.L){ I J.LI - I m I)+ 
n =I 

+ ± ;! sgn (m) 9( I m I - I J.LI) = I;! I sgn (J.L) ( Int [ ~
2

~~:~ ] + ± ) x 

x 9( I J.LI - I m i) + :! sgn (m) 9( I m I - I J.LI ). (23) 

Here we see that zero modes contribute both to parity-odd and to parity-even part, while 
nonzero modes contribute to the parity-even part only (note that under parity transformation 
B ~ - B). Thus, fermion density contains parity-odd part, leading to CS term in action 
after covariantization, as well as parity-even part. It is straightforward to generalize the 
calculations on finite temperature case. Substituting zero modes into (19) one gets 

I eB I I [ 1 J N = -- - - ~{Jl + m sgn (eB)) = 
0 2rt 2 2 

-~ [ sh @.t) + s n eB sh mm) ] 
- 4rt ch (~!l) + ch (~m) g ( ) ch (~J.L) + ch (~m) ' 

(24) 

so, extracting parity-odd part, one gets for CS at finite temperature and density 
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N = eB sh mm) = eB th (~ ) • (25) 
CS 41t ch (~ll) + ch (~m) 41t ll 1 + ch (~ll) / ch (~m) · 

So, the result coincides with the result for CS term coefficient by Niemi [2] obtained for 

small ll [ th ~ ~(m - Jl) + th % ~(m + Jl) J . It is obviously the limit to zero temperature. 

The lack of this method is that it works only for Abelian and constant field case. 
This result at zero temperature can be obtained by use of Schwinger proper-time 

method. Consider (2 + 1) dimensional theory in the Abelian case and choose background 
field in the form 

All=.!. X FVIl 
2 v ' 

F Yll = Const. 

To obtain the CS term in this case, it is necessary to consider the background current 

oS 
(J ll ) = ____:!! 

Mil 

rather than the effective action itself. This is because the CS term formally vanishes for 

such the choice of All but its variation with respect to All produces a nonvanishing current. 
So, consider 

(J ll) =- ig tr [yllG(x, x')]x -d (26) 

where 

G(x, x') ~ exp [- ig 1 dS•A"(Q ] (< f G ix'). (27) 

Let's rewrite the Green function (8.) in a more appropriate form 

" _ _ [ 9((p0 + ll) sgn(p0)) 9(- (p0 + l..l) sgn(p0)) l 
G - (YJt - m) 2 2 + 2 2 · 

(yn) - m + if. (yn) - m - if. 
(28) 

Now, we use the well-known integral representation of denominators 

1 00 

a ± iO = =f i J ds e± ias 
0 ' 

which corresponds to introducing the «proper-time» s into the calculation of the Eulier­
Heisenberg Lagrangian by the Schwinger method [15]. We obtain 

G ~ (fo- m) [ - i I d' exp (i' [(-yit)
2 

- m
2 + iE]) 9((p0 + ~) '&" (p0ll + 

+ i I d.< oxp (- ;, [(fo)
2 

- m
2 

- iE]) 9(- (p0 + ~) '&" (p0ll ]· (29) 
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For simplicity, we restrict ourselves only to the magnetic field case, where A0 = 0, 

[1t
0

, nil] = 0. Then we easily can factorize the time dependent part of the Green function . 

By using the obvious relation 

(30) 

one gets 

I I . f dpo n - oof [ is(jj:- m
2
) - iS1t

2 
isgCJF / 2 

G(x, x) , = - 1 -
2 2 

("(1t - m) ds e e e -
X -H 7t (27t) 0 

. - 2 2 2 . ,;; 2 2) 2 

( 

1s (jj0 - m) -iS1t isgcrF/ 2 -1s1Y0 -m +iS1t -isgcrF/ 2 )] 
-8(-(p

0
+jl)sgn(p

0
)) e e e +e e e . (31) 

Here the first term corresponds to the usual jl-dependent case and there are two additional 
jl-dependent terms. In the calculation of the current the following tr ce arises: 

tr [y !l(yit _ m) eisgcrF / 2] = 

where * F ll = Ella~ Fa~ / 2 and I * F I = ---J B 2 
- E 2 . Since we are interested in calculation of 

the parity-odd part (CS term) it is enough to consider only terms proportional to the dual 

strength tensor * F ll _ On the other hand, the term 27t!l g VI! cos (g I * F Is) at v = 0 (see expres­
sion for the trace, we take in mind that here there is only magnetic fi eld) also gives nonzero 

contribution to the current 1° [6] 

Je~en = g I;! I ( lnt [ ~
2

1 ;s'f ] + t J 8( l11l - I m I). (32) 

This part of current is parity invariant because under parity B ~ - B. It is clear that this. 
parity-even object does contribute neither to the parity anomaly nor to the mass of the 
gauge field . Moreover, this term has magnetic field in the argument' s denominator of the 
cumbersome function - integer part. So, the parity even term seems to be «noncova­
ri antizable >> , i.e., it can't be converted in covariant form in effective action. Since we 
explore the parity anomalous topological CS term, we won't consider this parity even term. 

So, only the term proportional to the dual strength tensor * F ll gives r ise to CS. The relevant 
part of the current after spatial momentum integration reads 
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2 +oo oo 

J~s = -!;2 m*Fil J dpo J ds [ eis(p;-mz)-

-00 0 

- 9(- Po sgn (po)) ( eis(p; -mz) + e-is <P: -mz))]. (33) 

Thus, we get besides the usual CS part [ 4 ], also the !!-dependent one. It is easy to calculate 
it by use of the formula 

00 

f ds eis(i- m2) = 1t ( o(i - m2) + j_ p 2 1 2 ) 
o 1t x -m 

and we get eventually 

2 
ll m L* u 1 cs = -r;T 

4
rc F · [1 - 9(- (m + 11) sgn (m))- 9(- (m- 11) sgn (m))] ~ 

2 
=A 9(m2 -112) L *Fil 

1m I 47t 

Let's now discuss the non-Abelian case. Then All = TAll and 
a a 

<] ll) = - ig tr [y llT G(x, x')]x -d · a a 

(34) 

It is well known [ 4, 16] that there exist only two types of the constant background fields. 

The first is the «Abelian» type (it is easy to see that the self-interactionfabcA~A~ disappears 

under that choice of the background field) 

All= n .!_ x Fvll 
a a 2 v ' 

(35) 

where n is an arbitrary constant vector in the color space, F Vll = Const. The second is the 
a . 

pure «non-Abelian» type 

All= Const. (36) 

Here the derivative terms (Abelian part) vanish from the strength tensor and it contains only 

the self-interaction part F llV = gfabcAilbAv. It is clear that to catch Abelian part of the CS 
a c 

term we should consider the background field (35), whereas for the non-Abelian (derivative 
noncontaining, cubic in A) part we have to use the case (36) . 

Calculations in the «Abelian» case reduce to the previous analysis, except the trivial 
adding of the color indices in the formula (34): 

ll m 2 
]a = -r;T 9(m2- 112)!; *Ft. (37) 
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In the case (36) all calculations are similar. The only difference i that the origin of term 

cr F llY in (30) is not the linearity A in x (as in Abelian case) but the pure non-Abelian 
llY 

All = Const. Here term crllvF llV in (30) becomes quadratic in A an we have 

3 
Jll =A 9(m2 -Ji) .8_ ella~ tr [T AaA~] . (38) 

a I m I 41t a 

Combining formulas (37) and (38) and integrating over field All we obtain eventually , a 

scs = m 9(m2- 112) nW{A] 
eff r,;;T r- ' 

(39) 

where W{A] is the CS term 
2 

W{A] = _g_ f d \ellva tr ( F A - ~ gA A A J. 
81t2 llY .. a 3 ll v a 

In conclusion note, that it may seem that covariant notation used through this section is 
rather artificial. However, the covariant notation is useful here because it helps us to extract 
Levi-Chivita tensor corresponding to parity anomalous CS term. 

3.2. Arbitrary Gauge Field Background. One can see that the procedures we've used 
above to calculate CS are noncovariant. Indeed, both of them use the constant magnetic 
background. Here we'll use completely covariant free of any re triction on gauge field 
procedure, which allows us to perform calculations at once in on-Abelian case. We' ll 
employ the perturbative expansion. The zero temperature case w1thin this procedure has 
been explored in [ 17] . 

Let's first consider non-Abelian 3-dimensional gauga theory. The only graphs whose 
P-odd parts contribute to the parity anomalous CS term are shown in Fig. l . 

So, the part of effective action containing the CS term looks a 

ICS =.!.fA (x) f e- ixp A (p) nllv(p) + 
eff 2 ll v 

X p 

+ t f All(x) f e-ix(p+r) Av(p)Aa(r) nllVa(p, r ), 

x p, r 

a) b) 

Fig. I. Graphs whose P-odd parts contribute to the 
CS term in non-Abelian 3D gauge theory 

(40) 
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where polarization operator and vertices have a standard form 

n 11v(p) = l f tr [y 11S(p + k; !l) yvS(k; !!)), 
k 

n11va(p, r) = g3 f tr [yliS(p + r + k; !l) yvS(r + k; !l) yaS(k; !!)], (41) 

k 

where S(k; !l) is the Euclidean fermion propagator at finite density and temperature (7) and 
~ 00 

the following notation is used J = i J dx
0 
J dx and J = {3 L J dk 2 . First consider the 

x 0 k n =- oo (21t) 
second order term (Fig.1, graph (a)). It is well known that the only object giving us the 
possibility to construct P- and T-odd form in action is Levi-Chi vita tensor*. Thus, we will 
drop all terms noncontaining Levi-Chivita tensor. Signal for the mass generation (CS term) 

is n~LV (p2 = 0) 1= 0. So we get 

!LV - 2 f "2 !iVa ) __ 1 n - g (- l me p a -2 2 2 . 
k (k + m) 

After some simple alg:!bra one obtains 

. d 2k 1 -
2 !iVa .!.. "" f - - 2 2 -n~LV =- i2mg e Pa ~ £..J (21t)2 (k 2 + m ) 

n=-oo 

. l 
2 !iVa .!.. "" 2 , = - i2mg e Pa ~ £..J 47t ol + m 

n =-oo n 

where ro = (2n + 1)7t/~ + ill. Performing summation we get 
n 

2 . 
!LV _ . .8_ !iVa A 1 

n - 1 47t e Path (tJm) 1 + ch (~!l)/ch (~m) . 

It is easily seen that in~~ oo limit we'll get zero temperature result [17] 
2 

n~LV = i A _g_ eiLVap 9(m2 - 1!2). 
1m 1 47t a 

In the same manner handling the third order contribution (Fig. I b) one gets 

. 2 -2 2 
n~Lva =- 2g3iei1Va.!.. L ·f ~ m(k + m)-

~ n =- oo (27t)2 (k 2 + m2)3 -

• 00 d 2k 1 
3 !iVa l " f -- --::-z- 2 2 

= - i2mg e 13 £..J (27t)2 (k + m ) 
n=-oo 

*In three dimensions it arises as a trace of three y matrices (Pauli matrices) 

(42) 

(43) 

(44) 

(45) 

(46) 
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and further all calculations are identical to the second order 

3 
I!V(l - . .8._ llV(l h A 1 

ll -I 41t e t (pm) 1 + Ch {~Jl)/ch (~m) . 

Substituting (44), (47) in the effective action (40) we get eventually 

2 
cs - A 1 L J 3 llV(l ( "\ ~ ) 

Jeff - th (..,m) 1 + ch {~Jl) / ch (~m) 81t d xe tr AllovAa - 3 gAILAvAa . 

Thus, we ' ve got CS term with temperature and density dependent coefficient. 

4. Chern-Simons in Arbitrary Odd Dimension 

25 

(47) 

(48) 

Let's now consider 5-dimensional gauge theory . Here the Levi-Chivita tensor is 

5-dimensional e11va~y and the relevant graphs are shown in Fig.2. 
The part of effective action containing CS term reads 

/CS =.!_fA (x) J e-ix(p+r)A (p) A (r) n11va{p r) + 
eff 3 11 v a ' 

x p, r 

+ ± J A
11

(x) J e- ix(p+r+s)Av{p) Aa(r) A~(s) n11va~{p. r, s) + 
x p, r, s 

+ t J A/x) J e-ix(p+r+s+q)Av(p)Aa(r)A~(s) Ay(s) n11va~y{p, r, s, q) . (49) 
x p, r, s q 

All calculations are similar to 3-dimensional case. First cosider third-order contribution 
(Fig.2a) 

n11va{p, r) = g3 J tr [yllS{p + r + k; Jl) y v S(r + k; !l) y aS(k; Jl)] . (50) 
k 

Taking into account that trace of five y matrices in 5-dimensions is 

tr [y lly vy ay ~Y P] = 4iellva~p. 

a) b) c) 

Fig.2. Graphs whose P-odd parts contribute to the CS term in non-Abelian 5D theory 
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we extract the parity-odd part of the vertices 

• oo d 4k va~ 1 
nJ.LVCl = l ~ L f (21t)4 (i4mell p~ r <J) (k. 2 + m2)3 , 

n=-oo 

or in more transparent way 

. + oo d 4k I = 
3 JlVCl~<J .!:_ ~ f -- 2 2 3 

nJ.LVCl = i4mg e par <J p £..; (27t)4 ( (l)2 + k + m ) 
n=-oo n 

• +oo f - j 1 
va cr .!:.. -- -- 2 · 

= i4mg3eJl ~ par cr p L (647t)2 ro~ + m 
n=-oo 

Performing summation one comes to 

3 
I _8.____ JlVa~crp r . 

2e acr nJ.LVCl = i th CPm) I + ch <Pil)lch CPm) l67t 

In the same way operating graphs (b) and (c) (Fig.2) one will obtain 

4 

nJlVCl~ - . th (A ) I L JlVCl~(J 
-

1 
pm I+ ch <Pil)lch (Pm) 81t2 e 

5
<J 

and 

5 
I _8__ eJlva~cr. nJ.LVCl~Y = i th <Pm) I + ch <Pil) I ch <Pm) 16~ 

(51) 

(52) 

(53) 

(54) 

(55) 

Substituting (53)-(55) in the effective action (49) we get the final result for CS in 
5-dimensional theory 

3 
I _8__ J ell va~y X /e~fs = th (Pm) I + ch <Pil) I ch <Pm) 48~ x 

x tr ( AJldvAadr0r + ~ gAJlAvAadr0r + % iAJlAVAaAr0r ) . (56) 

It is remarkable that all parity odd contributions are finite both in 3-dimensional and in 
5-dimensional cases. Thus, all values in the effective action are renormalized in a standard 
way, i.e., the renormalizations are determined by conventional (parity even) parts of ver­
tices. 

From the above direct calculations it is clearly seen that the chemical potential and 
temperature dependent coefficient is the same for all parity odd parts of diagrams and 
doesn't depend on space dimension. So, the influence of finite density and temperature on 
CS term generation is the same in any odd dimension : 
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cs I ~ --too m 2 2 
Jeff = th (~m) I + ch (~!l) / ch (~m) nW[A] ~ -r,;;T O(m - ll ) nW[A], (57) 

where W[A] is the CS secondary characteristic class in any odd dimension. Since only the 
lowest orders of perturbative series contribute to CS term at finite density and temperature 
(the same situation is well known at zero density), the result obta ined by using formally 
perturbative technique appears to be nonperturbative. Thus, the j.l- and T-dependent CS term 
coefficient reveals the amazing property of universality. Namely, it does depend on neither 
dimension of the theory nor Abelian or non-Abelian gauge theory is studied. 

The arbitrariness of ll gives us the possibility to see CS coefficient behaviour at any 

masses. It is very interesting that j.l2 = m2 is the crucial point for CS at zero temperature. 

Indeed, it is clearly seen from (57) that when j.l2 < m2
, j.l-influence disappears and we get 

the usual CS term /e~s = 1tW[A] . On the other hand, when j.l2 > m2
, the situation is abso­

lutely different. One can see that here the CS term disappears because of nonzero density 
of background fermions . We 'd like to emphasize the important massless case m = 0 consi­
dered in many a papers, see for example [2,4, I8]. Here even negligible density or tempe­
rature, which always takes place in any physical processes, leads t vanishing of the parity 
anomaly. Let us stress again that we nowhere have used any restrictions on j.l. Thus we not 
only confirm result in [2] for CS in QED

3 
at small density, but also expand it on arbitrary 

j.l, non-Abelian case and arbitrary odd dimension. 

5 . Trace Identity 

Here, we'll consider trace identity at finite temperature and density . First of all, by 
using well-known trace identity at finite temperature [I,2], we'll present the simple reasons 
that chiral anomaly doesn't depend on temperature in any even dimension. Indeed, at finite 
temperature and zero density trace identity still holds and one has [ I ,2] 

2 m 2 [ J dx (anomaly)+ J dxd; tr (xI irl...c N I ) ] · 
m + ro H + I m2 + 002 

n 0 n 

(58) 

The second term at the left-hand side is a surface term, which doesn't contribute to topo­
logical part of the trace identity [I ,2]. Thus, for topological part, we are interested in, trace 
identity takes the form 

+co 
(N)topological = __ I_ ~ 

~ 2~ ~ 2
m 

2 
cJ dx (anomaly)). 

m + ro n 

(59) 

The result for the left-hand side of Eq.(59) we know in arbitrary odd dimension . Really, 
substituting (57) in 
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(N);s = (N)topological o/ cs 
f' ~ =~ gOA , 

0 

(60) 

and taking into account that 

+ oo 
!_ ""' m - .! sh mm) 
2~ ~ ol + m2- 4 I + ch (~m)' 

n=- oo n 

(6I) 

one can see that the on ly possibility to reconcile left and right sides of Eq.(59) is to put 
temperature independence of anomaly . Thus, we' ve got that axial anomaly doesn't depend 
on temperature in any even-dimensional theory. 

Further, we can generalize trace identity for topological part on arbitrary finite density. 
Really, from (57) and (60) we get 

cs I I J 
(N)~.I.l = - 4 th (~m) I + ch (~Jl) I ch (~m) dx (anomaly), (62) 

where (N);s - odd part of fermion number in D-dimensional theory at finite density 
P•l.l 

and temperature, (anomaly) - axial anomaly in (D- I)-dimensional theory. On the other 
hand, as we have seen above, the anomaly doesn't depend on Jl in 2 and 4 dimensions (and 
doesn't depend on Tin any even-dimensional theory). Our comprehension of the problem 
allows us to generalize this on arbitrary even dimension. Indeed, anomaly is the result of 
ultraviolet regularization, while Jl (and n don't effect on ultraviolet behavior of a theory. 
Taking in mind (62) and that at finite density 

+ oo 

_I ""' m _l.th m I 
2~ · ~ ol+m2- 4 (~ ) I +ch(~Jl) /ch(~m) ' 

n=-oo n 

(63) 

.d .f (N)topological d (N)cs S l. d f" . d . we can 1 entl y R an R • o, we get genera 1ze on m1te ens1ty trace 
p.l.l p.l.l 

identity for topological part of fermion number 

+oo 
cs _ ( )topological= __ l L m <J dx (anomaly)). 

(N)~.I.l- N ~. 1.1 2~ m2 + ol 
- oo n 

(64) 

The physical underground of formula (64) could be more clearly understood if we remember 
calculations we've performed in Sec.3. I by use of summation over Landau levels. Really, 
we've seen that only zero modes contribute to P-odd part in contrast to P-even part which 
is contributed by all modes. Therefore, index theorem and trace identities hold only for 
parity-odd (topological) part of fermion number at finite density. 

Thus, Eq.(64) connects CS term and chiral anomaly in arbitrary dimensional theory at 
finite density and temperature. 
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6. Conclusions 

The finite temperature and density influence on CS term generation is obtained in any 
odd dimensional theory both for Abelian and for non-Abelian cases. It is of interest that 

112 = m2 is the crucial point for CS at zero temperature. Indeed, it is cleariy seen from (57) 

that when 112 < m2
, jl-influence disappears and we get the usual CS term /e;fs = 1tW[A] . On 

. the other hand, when 112 > m2
, the CS term disappears because of nonzero density of back­

ground fermions . 
The ll and T-dependent CS term coefficient reveals the amazing property of univer­

sality. Namely, it does depend on neither dimension of the theory nor Abelian or non­
Abelian gauge theory is studied. It must be stressed that at m = 0 even negligible density 
or temperature, which always take place in any physical processes, leads to vanishing of the 
parity anomaly . 

The medium effects such as finite density and temperature influence on chiral anomaly 
have been studied . The simple and general arguments that chiral anomaly is independent of 
temperature have been presented. It is shown that even if we introduce conservation of 
chiral charge as the constraint, the chiral anomaly isn ' t effected. By using the fact that 
chiral anomaly doesn't depend on temperature and density we explore the CS number 
appearance of CS number in even-dimensional theories under two type of constraints. These 
are charge conservation with Lagrange multiplier ll (conventional chemical potential) and 
chiral charge conservation with Lagrange multiplier K, what corresponds to conservation of 
the left (right)-handed fermions asymmetry in the background. 

On the other hand, the chiral anomaly independence of density and temperature 
together with our direct calculations of CS coefficient permit us the simple generalization 
of trace identity on finite density case. Thus, the connection between CS term and chiral 
anomaly at finite density and temperature is obtained in artibrary dimensional theory . 
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CANONICAL FORM OF AN ELASTOPLASTIC MODEL 
OF NUCLEAR FUSION 

I.N.Mikhailov 1
, T.I.Mikhailova2, G. Do Dang3 

Starting from equations of motion describing the fusion process in symmetrical nuclear 
systems of low angular momenta we reconstruct the collective Lagrangian and dissipation 
Rayleigh functions . This opens new perspectives in studying the dynamical effects in the heavy 
nuclei collisions. In particular, it provides a basis for a quanta! description of the fusion process 
and accompanying it effects. 

The investigation has been performed at the Bogoliubov Laboratory of Theoretical Physics 
and Laboratory of Nuclear Problems, JINR. • • 

KauouuqecKaJI c}JopMa 

3JI3CTODJI3CTHqecKOH MO,[J.eJIH CJIHJIHHJI JI,[J.ep 

H.H.Muxail.Jws, T.H.Muxail.llo8a, F. l(o l(aHz 

.Ilnll ypaBHeHHH LIBHJKeHHll, OllHCbiBaJOUlHX npOUeCC CJ!HliHHll B CHMMeTpH'IHOH Jl.!{epHOH 
CHCTeMe npH HHJKHX ymOBbiX MOMeHTax, BOCCTaHaBJJHBaeTCll KOJJJleKTHBHbiH JJarpaHJKHaH H 
LIHCCHnaTHBHall <lJYHKUHll P3llell. 3To OTKpbiBaeT HOBble BOJMOJKHOCTH B H3}"1eHHH LIHHaMH­
'IeCKHX 3<lJ<lJeKTOB B CTOJJKHOBeHHliX TlllKeJJblX HOHOB, a TaKJKe ltaeT OCHOBY ltllJI KB'aHTOBOIU 
onHcaHHll npouecca CJJHliHHll H conpoBOJKllaJOUIHX ero 3¢¢eKTOB. 

Pa6oTa BblnOJJHeHa B Jla6opaTOpHH TeOpeTH'IeCKOH ¢H3HKH HM .H.H.I>oroJJJ06osa H Jla6o­
paTOpHH llltepHbiX npo6neM OH51H. 

1. Introduction 

In Refs. 1, 2, 3 we had shown how to bring to the canonical form the equations of 
motion of a simple eiastoplastic system resembling the one used to describe the fusion of 
identical nuclei after the central collision [4] . Giving a canonical form to the equations of 
motion has brought to evidence quite unexpected features of the fusion process related with 
thermal fluctuations. However, the description of new phenomena presented in Refs. 1, 3 
has a qualitative character due to the simplifications introduced into the equations of 
motion . To arrive at the quantitative analysis of these phenomena and to go further in the 
description of fusion one must Jearn how to formulate in a canonical way the more 
complicated equations of Ref. 4. This is precisely the subject of this paper. 

1Bogoliubov Laboratory of Theoretical Physics, JINR, Dubna. 
2Laboratory of Nuclear Problems, JINR, Dubna. 
3Laboratoire de Physique Theorique et de Hautes Energies, Universite Paris-Sud, Orsay, France. 
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2. An Elastoplas tic Model of Fusion 

Consider a system described by the equations [4] 

Mikhailov l.N. et al. Canonical Fonn 

f Q - K(Q) (Q)2 + w2,o(Q) - ll(t) = o. (1) 

n + QFfs(Q) = /rei · (2) 

Here Q is the macroscopic variable associated with the shape of the system (the mass­
quadrupole moment), while n is another macroscopic variable describing the distribution of 
fermions in the momentum space (momentum-quadrupole moment). The right-hand side of 
Eq.(2) describes the effects of collective energy dissipation. We assume the following ex­
pression for I 1: re 

1 
I 

1 
= - - [ll + 1t(Q)], 

re 't 
(3) 

where the first term is issuing from the mean-relaxation-time approximation for the col­
lision integral in the kinetic equation from which Eq.(2) is obtained. As in Ref. 4 we 
introduce a correction term in I 

1 
which is 1t(Q). The definition of the 1t(Q) function will be 

re 

given later-on. 
Equations (1), (2) are obtained in Ref. 4 on the basis of virial theorems introduced by 

Chandrasekhar for studies of classical liquid bodies [5] and generalized in [6] for Fermi­
systems. Virial theorems represent some weighted integrals over the phase space of one 
fermion of the many-body equations of motion for the density matrix . One arrives at the 
former equations making a number of approximations in virial theorems*. Being apparently 
quite sound in determining the mean characteristics of fusing systems, the approximations 
lead, however •. to serious shortcomings of the theory as it was formulated before. 

Staying within the model of Ref. 4 one looses the control on the partition of the energy 
between different channels. In particular, one has uncertainties in the determination of the 
part of the energy tra.nsmitted to the statistical excitation of intrinsic degrees of freedom. 
Here we establish a precise expression for the collective energy . We obtain the Hamiltonian 
function starting from the «macroscopic» equations of motion and establish an exact corres­
pondence between the equations of motion and the energy conservation law. 

Another drawback of the theory formulated in Ref. 4 is related with the fact that it is 
limited to the classical mean values of the quantities involved in the description of the 
fusion process. Neither thermal no quantum deviations from the trajectory are described in 
this way. The way tq treat thermal fluctuations in elastoplastic systems is shown in Refs . 1, 
2, 3 using a schematic version of the model in Ref. 4. The quanta! approach to the dissipa­
tive phenomena is presented in a number of textbooks (see, e.g., Ref. 7) and is further 
developed in numerous recent publications (see Ref. 8) . Here we extend the ideas presented 
in the quoted papers for more realistic equations of motion (1), (2) preparing ourselves for 
the quantitative analysis of effects of fluctuations (thermal and quanta!) of macroscopic 
observables in heavy nuclei collisions. 

*In fact , Eq.(2) in Ref. 4 has slighdy different form. Some more careful treatment , than made before, of the 
corresponding virialtheorem leads to the form of this equation given in the present paper. 
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3. Canonical Form of Equations of Motion 

We look for an expression for the collective energy corresponding to the equations of 
motion (1) , (2) . When the dissipation is absent the collective energy is conserved, and we 
start with a search for integrals of motion corresponding to Eqs.(l ), (2). in the limit when 
'! ~ oo. 

with 

Consider an auxiliary Lagrange function of the following form 

L1 = MJ!22 Q 2 
- U(Q) 

2 

~ dQ =- 4~(Q) M(Q), 
!l!!S.Ql_ 

dQ - 2W2,0(Q) M (Q) 

and the associated energy function 

E I = Q a~l - Ll = M2(Q) Q 2 ;t- U(Q) . 
iJQ 

(4) 

(5) 

(6) 

In fact, equations (5) have a two-parametric family of solutions: the integration constants 
remain undefined at this stage. One of them contributes a constant term to the part of the 
energy given by Eq.(6) and is not important. However, the «mass parameter» M(Q) is 
determined by (5) only up to a scaling factor (MJ . We shall discuss its choice later. 

It is easy to check the following relation 

d! I = M(Q) Q(Q - 2K(Q) Q 2 + 2 w2.o(Q)). 

Using Eq.(l) one finds 

d! I = 2M(Q) (!n . 

Now, we introduce a new function 
Q 

Jl(Q) = 2 J M(Q 1
) dQ I 

0 

and write the r.h.s. of Eq .(7) in the following form 

. d . 
2M(Q) Qn = dt (Jl(Q)n) - Jl(Q)n = 

d . 
= dt (Jl(Q)D) + Jl(Q) Ft /Q) Q. 

In writing the last equation the limiting form of Eq.(2) at '! ~ oo JS used. 
Introducing one more function 

Q 

Ut/Q) = - j dQ IJl(Q I) Ffs(Q I) 
0 

we arrive at the following equation 

(7) 

(8) 

(9) 

(10) 

(11 ) 
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d 
dt 11 = 0, (12) 

where 

/ 1 = M~Q) Q 2 + U(Q) + Ufs(Q) - Jl(Q) n. (13) 

In the limit 't ~ oo Eq.(2) represents another integral of motion: 
Q 

I 2 = n + w
1
/Q) = n + f dQ'F

1
s<Q'). (14) 

0 

The energy must be a function depending on these two invariants. The n variable is 
associated with the intrinsic kinetic energy tensor of the fermionic system. Having in mind 
that the dynamical equations in their present form are linear in n variable and that the 
kinetic energy must be a positive definite function, we write the following expression for 
the collective energy: 

where C is a constant. 

c 2 
E = /1 + 2/2, (15) 

Now, as in Ref. 1 we consider nasa quantity associated with the generalized velocity 
corresponding to a cyclic variable Z. We write: 

ll(t) = Z(t) + f(Q) . (16) 

Then the quantity in Eq.( 15) takes the form 

_MJ.Q2·2 f · 2 . 
E- 2 Q + 2 z + Utot(Q) + ~(Q) Z, (17) 

where 

Utot(Q) = U(Q) + Uf/Q)- f(Q) Jl(Q) + ~ [f{Q) + Wf/Q)]2, 

~(Q) = C[f(Q) + W
1
/Q)] - Jl(Q). (18) 

Let us choose f(Q) in .such a way that ~(Q) becomes zero: 

f(Q) = ~ - wf,(Q). (19) 

Expression in Eq.(l7) is the collective energy of the system. To find the collective Hamil­
tonian one must introduce into this expression the momenta conjugated to the collective 
variables Q and Z. The momenta are defined by the Lagrangian function, and we turn 
ourselves to the definition of the latter. We write: 

L(Q, Q, i) = M~Q) Q 2 + ~ z 2 - Uto/Q) + z L"(Q). (20) 
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Here L"(Q) is a function which must be chosen from the cond ition that the Lagrange 
equations 

were equivalent to the equations of motion (1) and (2) (here Qi stands for Q and for Z . . . . 
variables: Q1 = Q, Q1 = Q, Q2 = Z, Q2 = Z). 

Using Eqs.(l6) and (19) in the Lagrange equation 

!!_ a~ = !!_ (CZ + L"(Q)) = 
dt az dt 

= :t [C(O + Wfs)- ll(Q) + L"(Q)] = 0 

and comparing Eq.(21) with Eq.(2), one immediately finds: 

L"(Q) = ll(Q). 

(21) 

(22) 

Inserting into Eqs.(l8) and (20) the relations (19), (22) and using the earlier introduced 
definitions one obtains the following expression for the Lagrangian function: 

· · _MlQ)_ · z f_ · z · 
L(Q, Q, Z) - 2 Q + 2 z - Utot(Q) + Zll(Q) (23) 

with 
Q 2 

Utot = U(Q) + 2 f dQ 'M(Q ') Wfs (Q ')-~. (24) 

0 

The energy conservation is inherent in the Lagrange formalism . On the other hand, it 
establishes a relation between the generalized velocities and coordinates. The energy de­
fined by Eq .(17) which is the sum of invariants of the motion is conserved in the absence 
of dissipation. We have found a Lagrangian associated with this energy function leading to 
the correct form of one of the two equations of motion (of Eq.(2)). This implies that the 
Lagrange equation in the Q coordinate yields the correct form of Eq.(l) also. The direct 
calculation confirms this statement. 

The term proportional to I / T. in the r.h.s. of Eq .(l) describes the dissipative pheno­
mena. An appropriate form of canonical equations of motion in the presence of dissipation 
involves the Rayleigh dissipation function L(Q, q) which appears in the Lagrange-Rayleigh 
equations [9] : 

d dL dL dL 

dt a{?i aQ; aQ; 

The definition of the Rayleigh function does not present any difficulty now. It is: 

L = ~ (0 + n(Q)t (25) 

To end the derivation of the Lagrangian function we must fix the two scaling parameters 
M

0 
and C. It is possible to do it for the first quantity if the collective mass function is 
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known at a certain point. Thus, we fix the scaling factor in the mass function M(Q) equating 
it with a given value M

0 
at Q = 0 (see Ref. 4 ). From Eqs.(l7) and (24) one sees that the 

scaling factor C for the ll-dependent part of the energy affects the potential term U
101 

giving 

the Q dependence of the collective energy. In particular, at small Q values one has: 

2 
[ 2M

0 l Utot = U(Q) + MOQ C- Ff~ . (26) 

Assuming that U(Q) contains the totality of the potential energy in vicinity of Q = 0, we 
write: 

2M
0 

C= -o' 
Ffs 

where F1~ = F1/Q = 0) and M0 = M(Q = 0). 

(27) 

Finally, one arrives at the following expressions for the Lagrange, energy and Rayleigh 
functions: 

' · _ ~ · 2 Mo · 2 · 
L(Q, Q, Z) - 2 Q - Utot(Q) + F o z + Zll(Q), 

fs 

_ !:!..fl · 2 Mo · 2 
E - 2 Q + F o z + Utot' 

fs 

. Mo . Ft ll(Q) 1 . 

[ 

0 2 l ~(Q, Zl = -:;- [ z + ~o - wt,(Q) l + 2 Z•(Q) . 

(28) 

(29) 

(30) 

Note, that with the defi"nition of scaling factors made before, the expressions for the collec­
tive energy and the other functions become identical with that in Ref. 1 in vicinity of 
Q=O. 

Establishing the form of the collective energy we solve the problem of the heating 
during the fusion. Indeed, the energy conservation implies that the noncollective (statistical) 
part of the energy grows with the rate 

where 

dEstat = L dL dHcoll 

dt . aQ· . aP. · 

PQ = M(Q) Q, 

l l l 

2M0 
Pz = Fo (ll + Wf/Q)). 

fs 

The right-hand side of Eq.(31) is easily calculated giving 

dEstat = .!_ [ Ff~ (P - ll(Q)) + f(Q) + 7t(Q) l (P z - ll(Q)) . 
dt -c 2M0 z . 

(31) 

(32) 
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If we fix the function 1t(Q) as 

1t(Q) = - f (Q), (33) 

the expression in Eq.(32) becomes: 

dE F 0 

~ = ___.!!_ (P - (Q))2 
dt 2'tM Z f.l 

0 

(34) 

so that dE / dt is a nonnegative function of time. Using the relation between the excitation 
stat .. · 

energy and the temperature*, one establishes the time dependence of the latter. 
From this point one may start the study of fluctuations in a .complete analogy with 

Refs. 1, 2, 3. When fluctuations in Q are sufficiently small compared to the region of Q, 
where variations of functions entering L are important, one may use the formalism deve­
loped in Refs. 2, 3 in a straightforward way. Let Q(t) be the value of Q co-ordinate on the 
mean trajectory at a time t. To study fluc~uations one may introduce the simplified expres­
sion for the Lagrangian linearizing L(Q, Q, Z) in Eq.(28) m variations of M(Q) and 
F FS(Q) functions. Then one obtains: 

L = M(Q(t)) (8Q)2-
appr 2 

[ 
2 l dUtot(Q) 1 d Utot(Q) 2 

- [ Utot(Q(t)) + ( dQ ) oQ + 2 2 (oQ) ]+ 
Q = Q(t) dQ = Q(t) 

£ '[ (~) ] + 4~ + z f.l(Q(t)) + dQ 8Q 0 

0 Q(t) 

Passing to new variables 

oQ - M(Q(r)) ( ~Qu I , 
)Q = Q(t) 

(35) 

one comes back to the Lagrange function of the schematic mo el of Ref. 3 plus constant 
terms which play no role in the Lagrangian function and may be neglected. Thus, the 
formalism developed in Ref. 2 is applicable for the study of fl uctuations in a sufficiently 
large class of systems in which the fluctuations amplitude in Q variable remains always 
sufficiently small in the scale of variations of the functions M( Q ) and F FS(Q). 

This accomplishes the formal definition of the elements in the Lagrange-Rayleigh for­
mulation of the fusion dynamics and opens the way to study the thermal fluctuations during 
the fusion. 

• At the moderate excitation energy the temperature is related with the excitation energy according to equation [I 0] 

Estat = aT 2 
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4. Concluding Re marks 

The formal study presented before is necessary to come to quantitative analysis of 
fluctuations in the fusion process within the model developed in Ref. 4. We note that the 
existing models do not cope yet with the problem in a satisfactory way. For example, in an 
important paper on the subject by Frobrich [ 11] the necessity of introduction of an arbitrary 
«cut off» parameter is shown to bring the theory in agreement with experimental data. The 
cut off parameter is introduced to dismiss the fluctuation effects from the «late» stages of 
the fusion process appearing in the models with more conventional treatment of dissipa­
tion-fluctuation relations. Note, that the qualitative study made in Refs. 2, 3 of effects of 
fluctuations within the schematic model of Ref. 1 allows one to think that there is no need 
of such a parameter in the advocated here model of fusion. 

In fact, this formalism seems to open many new possibilities of studying the nuclear 
fusion . We mention two of them: 1) There is no difficulty now to come to the Hamilton 
formulation of the model which is necessary to study quanta) effects; 2) The study makes 
transparent relations between the model of Ref. 4 and a number of other models of fusion. 
This, in turn, makes possible to combine positive elements of different approaches to the 
problem. 
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OCOBEHHOCTH PEAK.QHH CHHTE3A 
TH)KE)]hiX H CBEPXTH)KE)]hiX :3JIEMEHTOB 
B PAMKAX KOHQEII:QHH):(BOHHOH .H,IJ:EPHOH CHCTEMhl 

r.r.Ai>a.MJI.H., H.B.Anmonemw, B.B.BOJlKOB, 
A.K.HacupoB, E.A. qepenanoB, B.maui>* 

KOHI.IellUIDI ABOHHOH smepHOH CHCTeMbl npHMeHeHa K aHaJIH3Y JIJI.epH biX peaKUHH, HCllOJib-
3yeMbiX AJill CHHTe3a TliJKeJibiX H CBepXTliJKeJibiX 3JieMeHTOB. flOJI)"'eHbl ).laHHbie AJill MHHHMaJib­
HOH 3HepmH B036YJKAeHHll COCTaBHbiX ll,l.lep B peaKUHliX XOJIO).IHOro CHHTe3a 3JieMeHTOB C Z OT 
102 .1.10 114. Pa3pa6oTaHa MOAeJib KOHKypeHUHH llOJIHOro OOIUIHIUI H KBaJH,lleJieHIUI, ll03BOJili­
IOlllaJI paCC'IHTbiBaTb BepoliTHOCTb <lJopMHpOBaHIUI COCTaBHOro ll.l.lpa llOCJie peaJIH3aUHH 3axBaTa. 
flOKaJaHO, 'ITO B peaKUHliX XOJIOAHOro CJIHliHHll KBaJHAeJieHHe liBJilleTCll rJiaBHbiM <lJaKTOpoM 
llaAeHIUI BeJIH'IHHbl Ce'leHHll o6pa30BaHHll 3JieMeHTa C pOCTOM ero Z. 

Pa6oTa BbinOJIHeHa B Jla6opaTOpHH ll,l.lepHbiX peaKUHH HM. r .H.!l>Jiepoua OIUIH. 

Peculiarities of the Reactions 
of Heavy and Superheavy Element Synthesis 
within the Dinuclear System Concept 

G.G.Adamian et al. 

The dinuclear system concept is used for the analysis of the reactions of heavy and 
superheavy element synthesis . The minimum excitation energy of the compound nucleus of 
elements from 102 to 114 was obtained in the cold fusion reactions. The model of competition 
between complete fusion and quasi-fission was elaborated. The model allows calculating the 
probability of the compound nucleus formation after the capture stage. It is shown that quasi­
fission is the main factor of decreasing the production cross sections of the elements with 
increasing the atomic number Z. 

The investigation has been performed at the Flerov Laboratory of Nuclear Reactions, JINR. 

YcnewHLIH CHHTe3 110, Ill, 112 3JJeMeHTOB [1-3] H npellCK a3aHHe TeopHeii cymecT­

sosaHHjl 06JJaCTH nOBbiWeHHOH CTa6HJlbHOCTH TSDKeJlbiX )lecpopMHp OBaHHbiX jl)lep ( 4] BHOBb 

npHBJleKJJH BHHMaHHe K np06JJeMe CHHTe3a ccpepw-IeCKHX CBepXTji)((eJlbiX 3JleMeHTOB (CT3). 

B Ol151l1 (lly6Ha) H GSI (llapMWTaAT) se)leTcSI no)lroTOBKa 3Kc nepHMeHTOB, a KOTOpbiX 

Ha)leiOTCSI CHHTe3HpOBaTb jl)lpa 114 3JleMeHTa. 3KcnepHMeHTaTOp bl, pa60TaiOll.{He B 3TOH 

*11Hcnnyr TeopeTH'IeCKOii cjJHJHKH }'HHBepCHTeTa HM .!Ocryca-JIH6HI-a, D-35392, fHCCeH, repMaHHll 
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o6nacnt, H)I)K.llatOTc~ s Teopent'leCKHX oueHKax csoiicTB CT3 - speMeH HX )I(H3HH H MO.ll 

pa,llHOaKTHBHOro pacna,lla, Q)I(H,llaeMbiX Ce'leHHH HX o6pa30BaHH~ H OnTHManbHOH :mepmH 

o6nyqeHH~ . B HaCTO~IUeH pa6oTe Ha OCHOBe KOHUenUHH ,llBOHHOH ~.uepHOH CHCTeMbl )ln~ 

npouecca cpopMHposaHH~ cocTasHoro ~.llpa (K,[{5IC) paccMaTpHBaJOTc~ : 

- MHHHManbH~ 3Hepm~ B036)1)K.lleHH~ COCTaBHbiX ~ep B peaKUH~X XOnO)lHOrO CHHTe-

3a 102 + 114 aneMeHTos; 

- ponb KBa3H.lleneHH~ s CHH)I(eHHH ce'leHH~ o6pa3osaHH~ T~)l(enbrx aneMeHTOB H CT3. 

Pa3pa6oTaHa MO,llenb KOHKypeHUHH Me)l(,lly nonHbiM cnH~HHeM H KBa3H)leneHHeM, n03BO­

n~IOlU~ OUeHHTb BepO~THOCTb cpopMHpOBaHH~ COCTaBHOro ~,llpa nocne peanH3auHH 3aXBaTa. 

2. KpaTKa~ xapaKT epHCTHKa KoHuenuHH .llBOHHOH ~.uepHOH cHcTeMbt 

Ilo.llpo6Hoe onHcaHHe K)l51C, s cpasHeHHH c CYIUeCTBYIOlUHMH Mo.uen~MH nonHoro 

cnH~H~ ~.llep, MO)I(HO HaHTH B (5]. 3,lleCb Mbl ,llaeM nHlllb KpaTKyiO xapaKTepHCTHKY K,U51C, 

npe,llsap~IOIUYIO pe3ynhTaT HallleH pa6oTbi. OcHOBH~ H.Ue~ K.U51C - npe.unono)l(eHHe o6 

O,llHOTHnHOCTH peaKUHH nonHoro cn~HH~ ~,llep H peaKUHH rny60KOHeynpyrHX nepe.uaq, 

n03BOn~IOIUee HCnOnb::SOBaTb YHHKanbHYIO HHQJOpMaUHJO 0 B3aHMO,lleHCTBHH ~,llep, nonyqeH­

HYIO npH H3yt~eHHH peaKUHH rny6oKoHeynpymx nepe,lla'l, .un~ pacKpbiTH~ MexaHH3Ma cpop­

MHposaHH~ cocTaBHoro ~.upa. CornacHo K,U51C, npouecc nonHoro cnH~HH~ ~.llep npoTeKaeT 

cne.llytOIUHM o6pa30M. Ha c ra,llHH JaxsaTa, nocne nonHoH .llHCCHnauHH KHHeTH'leCKOH 3Hep­

rHH CTOnKHOBeHH~ cpOpMHpyeTC~ )lBOHH~ ~,llepH~ CHCTeMa (,[(51C). IlonHOe CnH~HHe g,llep 

H,lleT KaK 3BOniOUHOHHbiH npouecc, B KOTOpOM HyKnOHbl O)lHOrO H3 g.uep CHCTeMbl nocne,llO­

BaTenbHO, o6ono'lKa 3a o6ono'lKOH, nepe.llaiOTC~ .upyroMy g.upy. Enaro.uapg o6ono'le'lHOH 

CTPYKType ~.llpa ,ll,51C coxpaH~IOT cso10 HH.llHBH.llyanhHOCTb Ha npoT~)I(eHHH scero npouecca 

asonJOUHH MC K cocTaBHOMY ~.upy . 

3sonJOUH~ ,ll,51C onpe.uen~eTc~ ee noTeHuHanbHOH 3Hepmeii, gsngJOmeiic~ cpyHKUHeH 

Maceo soli acHMMeTpHH .cHcTeMbi 11 ::::;, (A 1 - A2) I (A 1 + A2), yrnosoro MOMeHTa 1 H pac-

CTO~H~ Me)l(.uy ueHTpaMH ~.uep R: 

U(R, 11. f)= B1 + B2 + V(R, 11. f)- [Ben+ Vro1(J)]. (I) 

3.uecb B 1, B2 H Ben - 3HepmH csgJH g.llep, sxo.uglUHX B MC, H cocTaBHOro g.upa; 

V(R, 11, f) - g.upo-g.uepHbiH nOTeHUHan, BKniO'laiOIUHH B ce6g KynOHOBCKHH, g.uepHbiH H 

ueHTpo6e)I(HbiH noTeHuHanbr: 

V(R, 11, f) = V/R, 11) + Vn(R, 11) + Vro1(R, 11. J). (2) 

51.uepHbiH nOTeHUHan paCC'lHTbiBaeTcg MeTO)lOM )lBOHHOH CBepTKH (6], ueHTpo6e)I(HbiH 

noTeHUHan 6epeTC~ .ung TBep.UOTenbHOrO MOMeHTa HHepUHH CHCTeMbl. 1130TOnHbiH COCTaB 

g.uep MC cooTBeTCTsyeT ycnoBH~M pasHosecHg .un~ OTHOllleHHg 'lHcna npoTOHOB H HeHTpo­

HOB B CHCTeMe. IloTeHUHanbH~ 3Hepr~ ,[(51C OTC'lHTbiBaeTcg OT noTeHUHanbHOH 3HeprHH 

BpaiUaiOIUerocg COCTaBHOrO g.upa (Ben + Vrot). 

KMC nOJsongeT BbrgsHTb .use Ba)I(HbJe oco6eHHOCTH s npouecce nonHoro cnHgHHg 

MaCCHBHbiX ~.Uep: 
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PHc.l. noTeHl{HaJibHall :meprHll MC. cpopMHp)'IOlllHXCll B peaKl{HliX: 

40 Ar + 206Pb, 76Ge + 17~r. 86Kr + 160Gd, 136Xe + I!Opd. OTeHUHaJibHall 

:mepmll npencTaRJJeHa KaK cpyHK1.111ll aTOMHoro HOMepa onHom 113 llnep MC 
(Z) 11 yrnosoro MOMeHTa MC (1). E.r. - TO'IKI1 Eyc11Hapo -- fanJJoHe 

* - cywecTBOBaHI1e BHYTpeHHero noTeHU11aJlbHoro 6apbepa no KOOpJl11HaTe 11 - Bf ; us 

41 

- KOHKypeHUI110 Me)f(JlY KaHanaMI1 nOJJHOfO CJ111~HI1~ H KBa.JII)leJleHH~ B npouecce 3BO­

JliOUHH ll51C K COCTaBHOMY ~Jlpy. 

Ha p11c.l npeJlCTasneHa noTeHUHaJlbH~ 3Hepm~ ll5IC, KOTOp~ cpopMHpyeTc~ B '!eTbl­

pex ~JlepHbiX peaKUH~X C pa3JlH4HOH 3ap~Jl0BOH H MaCCOBOH aCHMMeTpHeH, HO )laJOUIHX 

O)lHO H TO )f(e COCTaBHOe ~JlpO 24~m (7]. CTpenKaMH yKa3aHbl BXOJlHble TO'IKI1 peaKUHH. i-13 
QJOpMbl noTeHUI1aJlbHOH 3HeprHH CJle)lyeT, 'ITO ll5JC B npouecce 3BOJ110UHH K COCTaBHOMY 

~Jlpy )lOJl)f(Ha npeO)lOJleTb noTeHUHaJlbHbiH 6apbep, BeJlH'IHHa KOTOpOrO 3aBI1CHT OT HCXO)l-

HOH MaCCOBOH (3ap~Jl0BOH) acHMMeTp1111 CI1CTeMbl. nn~ peaKUHH 
40 Ar + 206pb Bf* He npe-us 

136 110 * 
BblwaeT HeCKOJlbKHX M38, JlJl~ peaKU1111 Xe + Pb Bfus B0 3pacTaeT JlO JlBYX )leC~T-

KOB M38. Ha pHc.2 npeJlcTaBJleHbl ~JlpO-~JlepHble noTeHUHaJlbl B 3TH X )f(e peaKUH~x JlJl~ 

CTOJIKHOBeHHH c I = 0. 811JlHO, KaK yMeHbwaeTc~ rny6HHa noTeHUHaJlbHOro KapMaHa c 

yMeHbWeHHeM 3ap~Jl0BOH aCHMMeTp1111 ll5JC. 

Y 11CXO)lHOH ll5IC eCTb )lBa nYTI1 3BOJ110UI1H B)lOJlb KOOpJlHHaTbl 11· OepBbiH nyTb nOCJle 

npeo)loJleHI1~ Bf~s np11BOJlHT CHCTeMy K cocTaBHOMY ~Jlpy. BTopoii nYTb MO)f(eT 3asepwHTbC~ 

cpopM11pOBaHI1eM CHMMeTpH'IHOH ll5IC. 8 XO)le 3BOJ110UHH B036y)f(JleHH~ ll5IC MO)f(eT pac­

naCTbC~ Ha JlBa ~Jlpa-cpparMeHTa - npoHCXOJlHT KBa3HJleJleHI1e Ksa3HJleneHHe cs~JaHo c 

npeOJlOJle~meM nOTeHUHaJlbHOro 6apbepa 8 qf' B)lOJlb KOOpJlHH31 bl R, nOCKOJlbKY ll51C Ha-
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PHc.2. 5Lupo-llnepHbiH noTeHUHaJI B peaKUHJIX: 
40 Ar + 206

Pb, 
76

Ge + 
17~r. 86Kr + 

160
Gd, 

136
xe + 11

0pd . 

R - paccroJIHHe Me)I(Jly ueHTpaMH JUlep. Ha KpHBbiX yKa3aHbi yrnoBbie MOMeHTbi cTonKHOBeHHH 

XO.UHTCjj Ha .UHe KapMaHa (R = Rm = R1 + R2 + 0,5 cpM, r.ue R1 H R2 - pa.uHyChi jl)lep ,U51C) 

B noTeHuHane V(R, 11. J) . .Unjj O'leHb MaccHBHhiX ,U51C npH yMeHhWeHHH 11 6aphep KBa3H­

.ueneHHjj B qf MO)I(eT B0061Ue HC'Ie3HYTh H3-3a CHJlhHOfO B03paCTaHHjj KYJJOHOBCKOfO OTTaJIKH-

saHHjj Me)l(.uy jj.upaMH, H c HcTeMa nerKo pacna.uaeTcjj Ha .usa jj.upa-cpparMeHTa. 3Heprnjj .um1 

* npeo.uoneHHjj noTeHUHaJJhHhiX 6aphepos Bfus H B qf 6epeTCjj H3 3HeprnH B036y)I(.UeHHll ,U51C. 

CTaTHCTH'IeCKHH xaprucTep npouecca :>soJJJOUHH ,U51C nopo)l(.uaeT KOHKypeHUHJO Me)l(.uy Ka­

HaJJaMH nOJJHOfO CJ!HjjHHjj H KSa3H.UeJJeHHjj. 

3. MHHHMaJJbHajj 3 H eprHll S036y)I(JleHHll COCTaSHOfO li.Upa 

B peaKUHliX CHHTe3a C T3 Q)I(H)laeMhiH BhiXO.Illi.Uep MaJI . npH CHHTe3e 112 3JleMeHTa 3a 

MHOfOHe.UeJJhHOe 06JJY'JeH He 6h1Jl0 3aperHCTpHpOBaHO scero .USa aTOMa HOSOfO 3JleMeHTa, 

'ITO COOTSeTCTsyeT Ce'!eHHIO o6pa30SaHHll - J n6. npH CTOJlh HH3KOM ShiXO)le Sa)I(HO 3HaTb 

MHHHMaJibH)'IO 3HeprHJO S036~.UeHJ1jj COCTaSHOfO li.Upa £ *. (en) H COOTBeTCTSYJOlUYIO eli 
mtn 
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:mepm10 6oM6ap;mpyJOIU11X 110HOB. OueHKH E *. (en) B paMKax c ymecTByJOIUHX TeopeTI1-
mm 

lJCCKHX Mo.neneii nonHoro CJJI151HI151 np11BO.U51T K O'ICHb 6onbllli1M 3Ha'ICHH51M E *. (en). TaK, 
· mm 

s MaKpocKonl1lJCCKOH .U11HaMI1lJCCKOH Mo.nenl1 (M,UM) CsneuKoro [8] 113-3a orpOMHoro 

«3KCTpa-3KCTpa-nyiiia» E*. (en) .!lJI51 II4 3neMeHTa .uocTI1raeT- 3 0 0 M3B [9]. B Mo.nenl1 c 
mm 

llOBCpXHOCTHbiM TpCHI1CM <f>pe6pHXa (IQ] £ *. (en) B OKpCCTHOCT51X II4 3JICMCHTa COCTaBJI51-
mm 

* eT oKono 50 M3B. 3Kcnep11MCHTanbHbie )KC .naHHbie .nn51 Emin(en) B peaKUH51X xono.nHoro 

CI1HTe3a 102-II2 3neMeHTOB .ua10T MHoro MCHbiiiYIO seni1'111Hy, 10 + IS M3B. TaKI1M o6pa-

30M, Ha116onee nonyn51pHbiC CyiUCCTBYIOIU11C MO,!lCJII1 llOJIHOro CJII151H1151 HC MOryT 6biTb 

11CnOJJb30BaHbi .nn51 oueHKI1 E *. (en) B peaKU1151X CI1HTC3a CT3. 
mm 

B paMKax KU5IC E *. (en) onpe.uen51eTc51 BbiCOToii BHyrpeHHer o 6apbepa cni151HH51 Bf* , mm us 

OTClJHTbiBaCMOH OT llOTCHU11aJJbHOH 3HCprH11 COCTaBHOrO 51,Upa. KaK MO)KHO Bl1,!lCTb H3 p11C.I, 

no.uasn51JOIUYJO lJaCTb E *. (en) cocTasHoe 51.Upo nonyqaeT np11 cnycKe MC c sepiiiHHbi Bf* . 
rrun us 

* . . 
O.uHaKo np11 no.uxo.ue K sepiiiHHe Bf 3Hepr1151 s036~eHH51 MC Mana, 11 CI1CTeMa xono.u-us 

HM. l1cxo.!l51 113 3TI1X oco6eHHOCTeii peaKU11H CI1HTe3a CT3 B cpop Myne (I) 3Ha'ICHI151 Macc­

.uecpeKTOB B 
1 

6pan11cb He .nn51 )1(11.!lKOKanenbHbiX, a .nn51 peanbHbiX Mace 51.Uep. nbma TaK)Ke 

YlJTCHa .uecpopMaU1151 T51)Kenoro 51.Upa MC. 0Ha 6panacb .UJJ51 ero OCHOBHOro cocT051HI151. 

Op11eHTaul151 51.Uep s MC cooTBCTCTsosana MHHI1MYMY noTeHuHan HOH 3Hepm11 CI1CTCMbl. 

B peaKU1151X CI1HTC3a T51)KCJJbiX 3JICMCHTOB 11 CT3 np11 .ues036~eHI111 Bbi)KHBaJOT n11IIIb 

cocTaBHbiC 51.Upa c He6onbiiii1M yrnoBbiM MOMCHTOM (1 $ IOh). flp11HI1MM so BHI1MaHI1e 3Ha­

'111TenbHbiH MOMCHT 11HCpU1111 MaCCI1BHblX 51.UCp }J.5IC, MO)KHO npe e6pe'lb 3aBI1CI1MOCTbiO OT 

J KaK B llOTCHUI1aJJbHOH 3HCprH11 Jl5JC, TaK 11 B 51.Up0-51.UCpHOM llOTCHU11aJJC, nonarM 

U(R, 11. J) - U(R, 11) 11 V(R, 11. J) - V(R, 11). Ha116onee sepo51THbi H nyrb 3BOJIIOU1111 MC s 

11- H R-npocTpaHcTse npoxo.n11T no .UHY .uoni1Hbi noTCHU11anbHOH 3Hepr1111: 

U(Rm, 11) = U(11). 

l-1cxo.n51 113 BH.!la U(11) 11 c yqeTOM .uecpopMaU1111 T51)Kenoro 51.Up a MC 6bml1 pacclJI1TaHbi 

3HalJCHH51 £ *. (en) ,!lJI51 peaKUI1H XOJIO,!lHOrO CI1HTC3a 3JICMCHTOB OT IQ2 .UO II4. 0HI1 OKa­
mtn 

3anHCb 6nH3KHMH K 3Kcnep11MCHTaJJbHbiM 3HalJCHH51M .!lJI51 E *. (en) nonyqeHHbiM s peaKU1151X 
mm 

CHHTe3a 102 + 112 3neMeHTOB, HO npeBbiiiianl1 11x np11MepHo Ha 5 + 8 M3B. ITocne yqeTa 

B03M0lt<HOH .necpopMaul111 nerKoro 3JICMCHTa 3TO npCBbllllCHI1C 11C<IC3n0 (CM . p11C.3). Jlecpop-

MaUI1ll JJCrKOrO 3JICMCHTa 6panaCb ,!lJI51 COCT051HI151 2+, CCJII1 3HCprH51 3TOrO COCT051HI151 JIClt<ana 

HI1)KC I ,5 M3B. l-'13yqeHHC cni151HI151 51.UCP np11 3Heprn51x CTOnKHOBCHI151 oKono KynoHOBCKOro 

6apbepa llOKa3biBaCT BbiCOKyiO sep051THOCTb B036y)K,!lCHI151 TaKI1 X COCT051HI1H (II]. TaKI1M 

06pa30M, KJl5JC ,UaCT B03MO)KHOCTb peani1CTI1lJCCKI1 OUCHHBaTb M HHI1MaJJbHYJO 3HCprH10 B03-

6Ylt<.UCHH51 COCTaBHOrO 51.Upa np11 CI1HTC3C T51)KCJibiX 11 CBCpXT51)KCJi blX 3JICMCHTOB. COOTBCTCT­

BYIOIUM KI1HCTI1lJCCKM 3Heprn51 CTOJIKHOBCHI151 onpe,UCJI51CTCll COOTHOIIICHI1CM £eM = 

= £ *. (en) - Q, r.ne Q - 3HCprH51 nepecTpOHKI1 11CXO,!lHbiX 51.UCp B COCTaBHOC 51.Up0. 
mm 



44 

aJ 
(I) 

::2 
C: 

iC (.) 
UJ 

Aoa.MJ!H r.r. u op. Oco6eHHOCmu peaKijUU CUHme3a 

30r-r-~.-~--~~-r~~~~~r-~ 

.. -............... ' 
' 

20 r ' 
48Ca ' 

I - t---- 711Ge 
0 
o 74Ge 

10 1- I - ro:ze ~ 72Ge 

S.Ni sazn 70Ge 

o~~~~~~~~~~~~~--~~ 

102 104 106 108 

Zen 

110 112 114 

PHC.3. 3Heprnll B036)')1(JleHHll COCT3BHblX ll!lep 102-114 3JleMeHTOB B peaKUHliX XOJlOllHOfO CJlHliHHll, 

M3KCHM)'M (H.l., 1n)-KaHana. 3JleMeHTbl C 'leTHblM Z CHHTe3HpOB3Hbl C HCTIOJlb30B3HHeM Pb-MHWeHH, C 

He'leTHbiM Z - Bi-MHweHH YKa3aHbi 6oM6apnHp)'IOWHe l!llpa. 3aqepHeHHbie poM6bl - 3KcnepHMeH­

TaJlbHbie naHHbie, cseTJlbie KpYJKKH - pac'leTHbie naHHbie c }'Ka3aHHeM 6oM6apnHp)'IOwero l!llpa. 

3KcnepHMeHTaJibHbie naHHbi e Mll 112 3JleMeHTa nonyqeHbi npH o6nyqeHHH 
70

Zn. CnnowHal! nHHHll 

nposeneHa Mll OpHeHTaUiiH. n)'HKTHpHaJi JlHHHll }'K33blB3eT 3Heprn10 B036)')1(JleHHll COCT3BHOfO ll!lpa TipH 

3HeprnH CTOJlKHOBeHHll, cosn ana10weii c sxonHbiM 6apbepoM no Eaccy 

4. Mo.uenb KOHKyp eHUHH Me:lKtJ.Y KaHaJlaMH TIOJlHOfO CJlHjjHH.SI 

H KBa3HtJ.eJleHH.SI B ll51C 

ComacHo K,U51C, c e '!eHHe o6paJosaHH.SI j!tJ.ep T.SI:lKenbiX H csepxT.SI:lKe!lbiX ::meMeHTOB 

onpe.uen.SieTC.SI cne.o.yiOlllHM o6paJoM: 

(J = (J .p . w 
ER c en sur' (3) 

r.o.e (J - Ce'leHHe JaXBaTa , p - BepO.SITHOCTb QJOpMHpOBaHHjj COCTaBHOfO .SitJ.pa B ycnOBH.SIX c en 
KOHKypeHUHH Me:lK.Uy TIOJ1 HbiM CJlH.SIHHeM H KBaJHtJ.e!leHHeM, Wsur - BepO.SITHOCTb Bbl:lKH-

BaHH.SI COCTaBHOfO .SitJ.pa n pH ero tJ.eBOJ6y:lK.UeHHH. CYllleCTBYIOT MO.UenH tl.Jl.SI paclJeTOB (Jc H 

Wsur' HO HeT MO.Ueneii tl.Jl.SI paclJeTOB pen B aCHMMeTpH'IHbiX .SitJ.epHbiX peaKUH.SIX, HCTIOJlbJye­

MbiX tJ.J1j! CHHTeJa CT3. 
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Kax: H3BeCTHO, .uwccwnaTHBHbie KonneKTHBHbie .UBH)f(eHH51 6onbiiiOH aMnnHTY.Ubl, peanw-
3YI01UHec.s~ s npoueccax: .ueneHH51, KBaJW.UeneHH51, cnH51HH51 .s~.uep w rny6oKOHeynpyrwx nepe­
.ua'lax, Moryr 6biTb onwcaHbl B paMKax TpaHcnopTHoii Teopww [12] . B npe.unaraeMoii HaMw 

Mo.uenw sson10UH51 )l51C paccMaTpwsaeTc51 KaK .umpcpy3HOHHbiH npouecc s.uom .usyx KOn­

neKTHBHbiX nepeMeHHbiX TJ w R. llwcpcpy3H51 no ll npwso.uwT K cpopMwpos·aHHIO cocTaBHOro 
51,Upa, .UHcpcpy3H51 no R - K KB33H,UeneHHIO. Jln51 OnHCaHH51 ,UHcpcpy3HH HCllOflb3yeTC51 KB33H­

CT3UHOHapHOe .usyMepHoe peiiieHwe ypasHeHH51 <l>oKKepa- ITnaHKa [12]. KsaJwcTauwoHap-

Hbie cKopocTw noTOKOB sepo51THOCTeii A. Kr w A.RKr qepe3 6apbepbl Bf~ = B w Bqf = BR ycTa-
. ~ ~ . ~ 

H3BnHB310T COOTHOIUeHHe Me)f(,lly KaHanaMH nonHOfO CflH51HH51 H KB33H,UeneHH51 B )l51C. 
Bepo.s~THOCTb nonHoro cnH51HH51 P onpe.uen.s~eTC51 no cpopMyne en 

r.ue 

Kr 1 (J)k 
2 [ \ = -2 ~I 8 8 

1t 'I (J) R (J) '1 
k k 

(4) 

+4 (5) 

Jln.s~ acwMMeTpH'IHbiX peaKuwH:, wcnonbJyeMbiX B xono.uHoM cwHTeJe CT3, Ha'!anbHbie 
(BXO,UHble) Jl51C H3XO,U51TC51 B flOKanbHOM MHHHMyMe noTeHUHana, 1\.0TOpblH B03HHKaeT H3-33 
yqeTa o6ono'le'!HbiX scpcpeKTOB (peanbHbie 3Heprww CB513H .s~.uep B i B351Tbl B (1)). B 3TOM 
cnyqae Mbl MO)f(eM wcnonbJOBaTb cpopMyny (5) .un.s~ oueHKH Pen· 

Kax: noKaJan aHanwJ [13,14], speM51 .uocTH)f(eHH51 KBaJHCTauw HapHoro pe)f(HMa s sso­

niOUHH no R w ll MHOro MeHbiiie xapax:TepHoro speMeHw cnw51HH51 .s~.uep. IToKanbHa51 TepMo-

.UHHaMH'IeCKa51 TeMnepaTypa e paCC'IHTbiBaeTC51 no cpopMyne e = (E *I a)112
, r.ue E * -

:meprH51 B036~.ueHH51 )l51C w a= A / 12 MsB-1
• Benw'IHHOH w:k (k, k' = R, TJ) Bblp3)f(eHbl 

'13CTOTbl nepesepHYTbiX rapMOHH'IeCKHX OCUHflfl51TOpOB, annpOKCHMHpy!OlUHX noTeHuwan B 
OKpecTHOCT51X sepwHH 6apbepos no nepeMeHHbiM ll w R. Benw'lwHa wk (k = R, TJ) cooTBeT-

CTsyeT '13CTOTaM rapMOHH'IeCKHX OCUHflfl51TOpOB, annpOKCHMHpy!OlUHX nOTeHUHan BXO,UHOH 

ll5IC. KoscpcpwuweHT TPeHH51 onpe.uen51eTC51 Bblp3)f(eHHeM ykk' = Ijlkk ' [ 13,14], r.ue r- ycpe.u-

HeHHa51 Y.!lBOeHHa51 WHpHHa O,llHO'I3CTH'IHbiX COCT051HHH 51,llep )l51C. Pac'leT MaCCOBbiX napa­

MeTpOB llRR H 11~~ c.uenaH cornacHo [15] . KaK 6binO noKa3aHo s [13,14], KoscpcpwuweHTbi 

TpeHH51 yRR H y~~· nonyqeHHbie npw 3Ha'!eHwH f' = 2 MsB, HMeiOT TOT )f(e nop.s~.uoK senw­

'IHHbi, 'ITO H K03cpcpwuweHTbl TpeHH51, pacc'!wTaHHbie B paMKax .upyrwx no.uxo.uos. B [16] 
llOK333HO, 'ITO cpOpMyna KpaMepca MO)f(eT 6b1Tb HCnOflb30BaHa H B cnyqae OTHOCHTeflbHO 
ManbiX noTeHuHanbHbiX 6apbepos (Bk/8 < 0,5). 

Mo.uenh [5,13,14] anpo6wposaHa .un.s~ .s~.uepHbiX peaKuwii Me)f(.uy MaccwBHbiMH .s~.upaMH, s 
KOTOpblX Ce'!eHH51 HCnapHTeflbHbiX OCT3TKOB 6binH H3MepeHbl 3KCnepHMeHTanbHO, C H3BeCT­
HbiM W . sur 
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5. Ponh KBaJH.nen e HIUI B peaKUHSx CHHTe3a CT3 

BenH'IHHa pen )'MeHblllaeTCS c pocTOM zl . Z2, me zl H z2 - aTOMHble HOMepa g.nep, 

yqacTByJOIUHX B peaKUHH. Tio3TOMY MO)I(HO O)I(H.IlaTh, 'ITO B peaKuHsx CHHTe3a CT3 

KBa3H.IleneHHe 6y.lleT HrpaTb Ba)I(HYIO ponb. B paMKaX paCCMaTpHBaeMOH MO.IlMH HaMH Bbl­

nonHeHbl cHcTeMaTH'JeCKHe pac'leTbl senH'IHHhl Pen .nns peaKUHH xono.nHoro CHHTe3a 3ne-

MeHTOB OT 104 .no 114. B 3THX pac'leTax 6hlnH Hcnonh30BaHbi noTeHuHanbHbie 3HeprHH 

JUIC, B KOTOpblX }"JHTbiBanaCb .ne¢opMaUHS KaK TS)I(enoro, TaK H nerKOrO s.npa CHCTeMbl B 

npouecce ee 3BOnJOUHH K cocTasHoMy s.npy. TionyqeHHhie pe3ynhTaTbl npe.ncTasneHbi Ha 

pHc.4. BH.IlHO, 'ITO P .nosonbHO pe3KO na.naeT c ysenH'IeHHeM Z cocTasHoro s.npa. EcnH .nns en 

104 3neMeHTa BMH'IHHa p 6nH3Ka K 0,1, TO .llflS 114 3fleMeHTa OHa )'MeHblllaeTCS .llO 
en 

- 10-
7

. TI pH nepexo.ne OT 110 K 112 3fleMelfTY p )'MeHblllaeTCS B .lleCSTb pa3. TI pHMepHO 
en 

TaKOe )l(e na.neHHe Ce'leHHS Ha6nJO.IlanOCb H npH CHHTe3e 3THX 3fleMeHTOB: 12 H 2 n6 [1-3]. 

TipHBe.lleHHbie Ha pHc.4 .llaHHbie n03BOflSIOT nOHSTb npH'IHHY OTpHUaTenbHOrD pe3ymTaTa 

npH CHHTe3e 116 3neMeHTa [ 17]. Jlns 3Toro 3neMeHTa P na.naeT npHMepHo Ha TPH nops.nKa en 

no CpaBHeHHIO C 3THM 3Ha'leHHeM .llflS 110 3neMeHTa TaK, liTO CelleHHe o6pa30BaHHS 116 

3neMeHTa HaXO.IlHTCS Ha ypOBHe COTbiX .llOfleH n6. B 3KCnepHMeHTaX no CHHTe3y 116 31Ie­

MeHTa BepXHSS rpaHHUa er o perHCTpaUHH HaxO.IlHflaCb Ha ypOBHe 5 n6. 

Pen 10"1 

• 
1 o-2 r 50Ti 

10-3 r 
r 

10-4 ~ 
~ 

10"5 ~ 

1 o.al 
10"7 ~ r 
10"8 ~ 

E 

50Ti 

• 54ci- 54cr • • 
58 Fe 

• 58 Fe 

• 
64Ni 

• • 62Ni 
64Ni 

• 70zn 

• • 
70zn 

70Ge 

• 
i 

e72Ge l 

• 74Gel 
I 

103 104 105 106 107 108 109 110 111 112 113 114 115 

Zen 
PHc.4. Pacc'IHTaHHbie lHa'leHHJI Pen JlJIJI peaKUHH xononHoro CHHTela 104 + 114 3Jie­

MeHTOB, KaHan (H.I., In). MHweHH Hl Pb H Bi; YKalaHbi 6oM6apnHpyiOWHe llllpa. 3Hep­

rHJI B036~eHHJI COCTaBHbiX llllep Bll!Ta TOH JKe, 'ITO H Ha pHC.3 
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Tip11MeHI1TeJihHO K 110 + 114 3JieMeHTaM paetJeTbl p 6hiJII1 e,lleJiaHbl ,llJI51 HeeKOJibKI1X 
en 

1130TOnos 6oM6ap.ll11PYIOllli1X 51,1lep. Bap11aU1111 BeJII1'li1H Pen OTpiDKaiOT 113MeHeHI1e BhieOThi 

BHYTpeHHero 6apbepa eJII151HI151 Bf* , Bhl3BaHHOe pa3JII1tJI1eM Maee-.uecpeKTOB 51,1lep MC np11 us 
npoxo)l(,lleHI111 el1eTeMOH sepumHhi 6apbepa. O.uHaKO np11 Bhi6ope 6oM6ap.u11pyiOmero 51.1lpa He­

o6XO.Ili1MO YtJI1ThiBaTh see TPI1 cpaKTopa, onpe.ueJI51IOllli1X BhiXO.Il 3Jie eHTa (eM. cpopMyny (3)). 
Tip11 np116JII1)J(eHHH K MarH<JeeKOMy tJHeJiy npOTOHOB 114 0 6 0JIO'letJHbie nonpaBKI1 K 

BbieOTe 6apbepa ,lleJieHI151 paeTYT, 'ITO o6Jier<JaeT Bbl)J(HBaHHe eoeTaBHOfO 51,1lpa npH ero ,lle­

B036y)l(,lleHI1H. TaKyiO )J(e TeH,IleHUHIO MO)J(HO 0)1(11,1laTb H B OTHOUleHHH ·KpHTH<JeeKOro ymo­

BOfO MOMeHTa /Bf' npH KOTOpOM He'le3aeT 6apbep ,lleJieHH51 H KOTOp biH orpaHH'lHBaeT Ha6op 

napU11aJibHbiX BOJIH, ,llaiOlllHX BKJia.D. B eetJeHHe 3aXBaTa O"e. lleHeTBI1TeJihHO, npoBe,lleHHhie B 

paMKaX eTaTI1eTH<JeeKOH MO,IleJIH paetJeTbl noKa3aJIH, 'ITO B peaKUH51X XOJIO,IlHOfO eJIH51HH51 

(H.I, 1n, 2n) O"ER B03paeTaeT npH nepexo.ue oT 104 K 108 H 110 3JieMeHTaM [18]. 

TaKHM o6pa30M, KMC eBH.UeTeJibeTByeT o TOM, 'ITO B peaK H51X xono.uHoro eJIH51HH51 

KBa3H,IleJieHHe 51BJI51eTe51 rJiaBHblM cpaKTOpOM na,o.eHH51 e~tJeHH51 o6p a3?BaHH51 51,1lep T51)J(eJiblX 

H esepXT51)J(eJihlX 3JieMeHTOB npH yBeJII1'leHHH aTOMHOrO HOMepa 3JieMeHTa. 

KoHuenUH51 ,llBOHHOH 51,1lepHOH eHeTeMbl (KJUIC) npoueeea cpo pMHpOBaHI151 eoeTaBHOfO 

51,1lpa npHMeHeHa K aHaJII13Y peaKUHH nOJIHOrO eJIH51HH51 51,1lep, Hen OJih3yeMbiX ,llJI51 eHHTe3a 

T51)J(eJibiX 11 eBepXT51)J(eJibiX 3JieMeHTOB. 

llJI51 peaKUHH XOJIO,IlHOro eHHTe3a 102 + 114 3JieMeHTOB paee 'li1TaHhl nOTeHU11aJibHhie 

3HepmH .llBOHHbiX 51,1lepHbiX eHeTeM ()UIC), cpopMHpyiOlllHXe51 B 3T I1X peaKU1151X. TipH 3TOM 

YtJHThJBanaeb .uecpopMaU1151 KaK T51)J(enoro, TaK 11 nerKoro 51.Upa M C, 3BOJIIOUHOHHpyiOmeif K 

* eoeTaBHOMY 51.1lpy. EhiJIH onpe.ueneHbi BHYTpeHHHe 6apbephl nonHoro eJIH51HI151 51,1lep Bf 11 us 

* MI1HI1MaJihHbie 3Hepm11 B036y)l(,lleH1151 eoeTaBHhJX 51.Uep E . (en) . P aetJeTHbJe 11 3KenepHMeH-mm 

TaJibHbie ,llaHHbie ,llJI51 £ *. (en) B peaKU1151X XOJIO,IlHOro eHHTe3a 102 + 112 3JieMeHTOB OKa3a­mm 
JlHeb B xopoilleM eomaeHH . 3To 03HatJaeT, 'ITO KMC MO)J(eT 6hJTh Henonh30BaHa .llJl51 pae­

tJeTa H OnTI1MaJibHOH :meprn11 6oM6ap,ll11pyiOllli1X HOHOB B peaKU1151 X ei1HTe3a 114 3JleMeHTa. 

Pa3pa6oTaHa MO,IleJlh KOHKypeHU1111 nOJIHOfO eJIH51HI151 11 KBa3H,IleJieHH51 B MaCeHBHOH 

MC, oeHOBaHHa51 Ha .llBYMepHOM KBa3HCTaUHOHapHoM peilleHHH ypasHeHH51 <l>oKKepa -

TinaHKa. Ha OeHOBe :3TOH MO,IleJIH paeetJI1TaHhl Bep051THOeTH cpo pMHpOBaHI151 COeTaBHOrO 

H.Upa Pen noene peanl13aUI111 3axsaTa .llJl51 peaKUHH eHHTe3a 102 + 114 3JieMeHTOB. TionyqeH-

Hbie ,llJl51 pen ,llaHHbie eBH,IleTeJlbeTByiOT 0 TOM, 'ITO KBa3H,IleJleHHe 51 BJl51eTe51 rJiaBHblM cpaKTO­

pOM eHI1)J(eHI151 BeJll1'li1Hbl eetJeHH51 o6pa30BaHH51 T51)J(eJiblX 3JleMeHTOB B peaKU1151X XOJlO,IlHO­

ro eJll1liHI151 e B03paeTaHI1eM aTOMHOfO HOMepa 3JieMeHTa. 

Mbi Bhipa)J(aeM np113HaTeJlbHOeTb E.H.TiyeTbiJihHI1KY Ja none3Hhie o6ey)J(.IleHH51 . O.uHH 113 

asTopos (H.B .A.) 6naro.uapeH <l>oH.uy AneKeaH.upa cpoH fYM6on .UTa 3a cpHHaHeosyiO no.u­

.uep)J(Ky. naHHa51 pa6oTa qaeTH'lHO no.ll.llep)J(aHa TaK)J(e P<l><l> l1 (rpaHT N~97 -02-16030) H 

DFG. 
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STUDY OF THE PHOTON STRUCTURE FUNCTION F 2Y 

IN THE REACTION e + e- ~ e + e- + hadrons 
AT LEPl AND LEP2 

F.Kapusta1, I. Tyapkin2, N.Zimin2,3, A.Zinchenko2 

The photon structure function F2Y is studied in the Q 2 range from 3 to 150 (GeV / c2l The 

data correspond to an integrated luminosity of 70 pb-1, collected by the DELPHI detector 

during the 1994-1995 LEP runs at centre-of-mass energies around the .i 0 mass, and the 

15 pb-1 during 1996 run at centre-of-mass energies from 161 GeV to 172 GeV. Experimental 
distributions, including variables from a jet and energy flow analysis, are compared with 
Monte Carlo predictions. The data are found to be in good agreement w th model predictions. 

The photon structure function is extracted for 6 Q 2 bins. The Q 2 evolution of the photon 
structure function is estimated. 

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

lhyqeuue CTPYK'fYpHoii lf»ynKQHH lf»oToua F l 
+- +-B peaKQHH e e ~ e e + a)lpOHLI ua Jl3lll H JI3ll2 

C/J.Kanycma, H.T.H.nKun, H.3uMuH, A.3unlleHKO 

npeliCTaBJJeHbl peJyJibTaTbl pa60T no HJ)"'eHHIO CTp)'KTYPHOH tPYHKl(HH tPOTOHa F2Y B 

HHTepsane JHa'leHHH Q 2 OT 3 liO 150 (f3B/c2l npoaHaJIH3HpoBaHbl llaHHble, nOJI)"'eHHble 

yCTaHOBKOH llEJ'I<J>H Ha KOJUJaiiJiepe JI3n B 1994-1995 IT. npH 3HeprnliX OKOJIO MaCChi Z O 

(HaKOnlleHHall CBeTHMOCTb 70 n6-l) H B 1996 f. npH 3HepfHJIX OT 161 f3 B liO 172 f3B (15 n6- 1). 
npoBelleHO cpaBHeHHe 3KCnepHMeHTaJibHbiX pacnpellelleHHH, B TOM 'I CJie nOJI)"'eHHbiX npH 
aHaJIHJe CTpyii H nOTOKa 3HeprnH, C pacnpellelleHHJIMH, nOJI)"'eHHbiMH npH MaTeMaTH'IeCKOM 
MOlleliHpOBaHHH. noKaJaHO XOpowee COfJiaCHe 3KCnepHMeHTaJibHbiX H MOlle11HpOBaHHbiX pe­

JYJibTaTOB. CTpyKrypHall tPYHKllHJI tPOTOHa BOCCTaHOBJJeHa liJIJI 6 HHTepBanOB Q 2• npHBelleHa 

OUeHKa Q 2-3BOJIIOUIIH CTpyKrypHOH tPYHKllHH . 
Pa6oTa BblnOJIHeHa B Jla6opaTopHH BbiCOKHX 3Heprnii O~H. 

1LPNHE, IN2P3-CNRS, Universiles Paris VI et VII , France. 
2JINR. Dubna. 
3Department of Physics, University of Lund, Sweden. 
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1. Introduction 

Recent photon structure function measurements have been done at LEP [1] in the 

reaction e + e- ~ e +e-x, where X is a multihadronic system and one of the scattered leptons 
is observed at a large scattering angle (tagging condition) while the other, remaining at a 
small angle, is undetected (antitagging condition). This reaction can be described as a deep 
inelastic ey scattering (DIS), where y is almost a real photon. The study of photon structure 

function is heavily based on the procedure, where F2
1 is reconstructed from x .. bl , the 

VISI e 

so-called unfolding procedure, which strongly depends on the models used in it. Most of 
the previous studies were done with generators based on two models, the one that is QPM­
like, describing a perturbative part, and the other, which is VDM-like, for the hadron-like 
part. It is shown by the DELPHI collaboration that an added resolved photon contribution 
(RPC) significantly improves agreement with experimental data, especially a description of 
the final state topology of the hadronic system, which is very important for the inter-

pretation of the results. The present study is extended to a wider Q 2 region. 

2 . Model 

The TWOGAM event generator is based on an exact decomposition of the matrix 
element of the process. The total cross section is described by the sum of three parts : 
point-like (QPM), resolved photon contribution (RPC), and soft hadronic (VDM). The 

QPM and VDM models can be used at any Q 2. The RPC can be partially extended to the 

high Q 2 region by its yq(g) component. For the point-like part exact differential cross 

sections are used. The quark masses are taken to be 0.3 GeV/c2 for u and d quarks, 

0.5 GeV/c2 for s, and 1.6 GeV/c2 for c quarks. The produced qq pair is fragmented as a 
LUND string by JET~ET 7.3 [2]. J:or the single or double resolved perturbative part the 
lowest order cross sections are used. Only the transverse-transverse part of the luminosity 
function is used in this case. There is no initial or final state parton showering. Strings are 
formed following the colour flow of the subprocesses and are fragmented according to the 
LUND model by JETSET. The remnant of a quark is an antiquark (and vice versa), and the 
remnant of a gluon is a qq pair. TWOGAM treats exactly the kinematics of the scattered 
electron and positron, and uses exact (unfactorized) expressions for the two-photon lumino­
sity functions . All the parameters in the TWOGAM generators were fixed in 1993 and no 
tuning was performed since then. 

3. Event Selection 

The tagged particle was detected by the DELPHI luminometer STIC. The main criteria 
used to select two-photon events with tagging are : 

I. Etag > 0.5*Ebeam (0.25 for LEP2); 

2. No additional clusters with energy exceeding 0.3*Eb ; earn 
3. Ntrk > 2; 
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4. W> 3 GeV; 
5. Longitudinal and transverse momentum balance. 
Jets were reconstructed by the LUCLUS algorithm with d . . = 1.6 GeV. None of the 

JOin 

conclusions drawn below is sensitive to the variation of d. . across a fairly wide region. 
JOin . 

All calorimeters (including forward luminometer) are used in this analysis to reconstruct 
invariant mass. 

The main source of background was Yf ~ 't't interactions and their contribution was 

estimated from a simulation as 0.8 pb (0.13 pb LEP2). The Z 0 had ronic decays contributed 
0.2 pb (negligible for LEP2) to the background. Contamination from other background 
sources was found to be much lower. After subtracting this background the visible cross 
section of the investigated process was estimated as being 30.4 pb (39.3 pb for LEP2). 

The trigger efficiency was studied and found to be of the order of (98 ± 1% ). 

4. Comparison of Experimental and Simulated Data 

Many observables were studied, with special attention to those that are not strongly 
correlated with xtrue· Most of such observables are defined by the hadronic final state 

topology. All variables were found to be in good agreement wit TWOGAM prediction. 
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Fig. I . Comparison between data and Monte Carlo prediction for a sampl with (Q 2
) = 13 (GeV 1 c2)2 

and (Q 
2

) = 34 (GeV I c2
{ a) Energy of tagged particle, b) Invariant mass; c) Number of jets; d) Jet 

angle with respect to the tagged particle; e) Transverse momentum of reconstructed jets for jets in the 
same hemisphere as the tagged particle; f) Transverse momentum of reconstructed jets for jets in the 
opposite hemisphere to the tagged particle. Points are data and lines show the Monte Carlo predictions. 

QPM + GVDM + RPC - solid line, GVDM + QPM - dotted line, GVDM - dashed line, hatched 
area is the background estimate 
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Fig.2. Event energy flow normalized to the visible cross section. 
Rapidity is measured from the detection of the tagged particles, i.e., 
the tagged particle is always in the range from - 4.0 to- 2.5 units 
of rapidity. Notations as in Fig.l 

Some of them are presen ted in Fig. I for the LEP 1 and LEP2 data. The event from a 3 jet 
domain, mostly described by the RPC, were selected and many of distributions studied. All 
of them were found to be in good agreement with the model. The event energy flow, which 
strongly depends on the event topology, was studied and found to be in reasonable agree­
ment with the TWOGAM prediction (Fig.2). 

5. Photon Structu re Function 

Since the TWOGAM describes data quite well, it can be used to estimate F/ First of 

all both (LEPl and LEP2) samples were separated into two statistically equivalent ones by 

Q 2. This yields three Q 2 bins for both LEPl and LEP2 samples. The x distributions for 

these samples are shown in Fig.3. Even from these plots it can be concluded that F/ 
unfolding results should be very close to the structure function used in the TWOGAM. 
There is some indication of deviations of TWOGAM predictions for the data in the high 
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Q 2 region. Unfolding is performed by the Blobel program. Some examples of the unfolding 
results are shown in Fig.4 and confirm the conclusions drawn on the basis of Fig.3 . The 
systematics included in the total error on the plot consists of the cut variation effect, uncer­
tainty from virtuality suppression in RPC, and background uncertainty. Figure 4b shows the 

average value extracted from the data of F2Y for 0.3 < x < 0.8 as a function of Q 2 for the 

DELPHI measurements. 

6 . Conclusions 

The model, including RPC was tested in the wider Q 2 region. It is demonstrated that 

TWOGAM describes data quite well up to Q 2 close to I 00 (Ge V / c2
)
2 without any tuning. 

The main advantage of this generator is that it describes observables that are not very 
closely correlated with x

1 
and are determined by the event topology. All this means that 

rue 

F/ can be estimated with small extra systematics, determined by the description of the 

event shape. 
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STUDY OF MULTIHADRON PRODUCTION 
IN TWO-PHOTON COLLISIONS AT LEPl AND LEP2 

I I I 2 • 3 
S.Almehed ~ G.Jarlskog, P.Jonsson , F.Kapusta, l.A.Tyapkzn , 
N.I.Zimin 1' , A.I.Zinchenko3 

Results of an experimental study of the reaction e + e- ~ e + e- + hadrons are presented. The 
data have been obtained by the DELPHI detector at LEPI and LEP2. Together with Monte 
Carlo predictions they illustrate the evolution of the two-photon process under antitag con­

ditions. Double-tag events with both scattered e+ and e- measured by the DELPHI VSAT 
detector were observed for the first time at LEP 1. The Jotal yy hadronic cross section is 
estimated for the yy centre of mass energy up to 35 GeV. 

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

HlY'feHue MHO*ecTueuuoro po)I(JleHHJI a.l{pouou 

B .I{Byxci»OTOHHbiX B33HMO.I{eHCTBHJIX Ha Jl::t)IIl H Jl3112 

C.AnMexeo, r.Jlp.llCKOZ, n.iioHCCOH, C/J.Kanycma, H.A.T.JtnKUH, 
H.H.3uMuH, A.H.3uHII.eHKO 

OpellCTaBJieHbl pe3yJibTaTbl IICCJiell08aHIIll peaKI.lllll e + e- ~ e + e- + allpOHbl. 3KCnep11MeH· 
TaJibHble llaHHble 6bUm no.JJY'IeHbl yCTaH08Koii .UEJI<I>H Ha KOJIJiaiillepe 113 0 I 11 11302. BMecTe 
C pe3yJibTaTaMII, nO.JJY'IeHHbiMII npll MaTeMaTH'IeCKOM MOlleJI11p08aHIIII, OHII flOKa3bi8aiOT 380· 
JIIOI.IIIIO ll8YX¢oTOHHoro npouecca np11 ycn0811liX aHTIIMe'!eHHll 3JieKT)JOH08. Bnep8bie Ha 

1130) Ha6JIIOllaJIIICb C06b1TIIll C ll80H~biM Me'!eHIIeM, 8 KOTOpbiX paccel!HHbie e- II e + pernCT­
p11po8aJIIICb 8 lleTeKTOpe Me'!eHIIll noll O'!eHb MaJibiMII ymaMII. Op118e.UeHa oueHKa nonHoro 
Ce'!eHIIll peaKI.lllll "fY ~ allpOHbl Mll 3Heprnii "(Y·CIICTeMbl llO 35 fJB. 

Pa6on 8binOJI HeHa 8 11a6opaTOp1111 8biCOKIIX JHeprnii O~H. 

I. Introduction 

Multihadron production in Yf reaction has been studied in many previous experiments, 
more recently at KEK [I] and LEP [2,3]. According to these studies a correct leading order 
description of the experimental data has to combine three components: a soft interaction 
term described by the generalized Vector meson Dominance Model (VDM), a perturbative 
term described by the Quark Parton Model (QPM) with a direct quark exchange, and a term 

'Department of Physics, University of Lund, Sweden 
2LPNHE, IN2P3-CNRS, Universites Paris VI et VII , France 
3JINR , Dubna, Russ ian Federation 
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for the hard scattering of the partonic constituents of the photon, the so-called Resolved 
Photon Contribution (QCD-RPC). 

All these models were realized in the TWOGAM generator which describes DELPHI 
data satisfactorily for both the antitag and single tag cases. The QPM and VDM events were 
generated with the same parameters as in previous DELPHI analyses [3]. The QCD-RPC 
was treated using leading order QCD factorization: a hard scattering subprocess gives the 

dominant scale p
1

2
, taken also as the factorization scale. Since such subprocesses are con-

sidered as perturbative, a single free parameter, p
1
min, the transverse momentum of the 

outgoing partons has to be specified and used in order to separate the RPC from the 

nonperturbative contribut on. These valuies of p
1
min were found for parton density functions 

from the requirement to reproduce the visible experimental two-photon cross section 

at the Z 0 peak. The Gordon-Storrow (GS2 with p
1
min(GS2) = 1.88 ± 0.020 GeV/c) and 

Gltick-Reya-Vogt (GRV with p
1
min(GRV) = 1.58 ± 0.018 GeV/c) parametrizations of the 

parton density functions have been shown to reproduce data better and were chosen for 
simulation. The generated events were processed by the full detector simulation program 
and then subjected to the same selection procedure as the experimental data. A description 
of the DELPHI detector together with the basic criteria used to select Y'( hadronic events 
can be found in Refs. 3,4. 

2. Antitag Visibl e Cross Section Behaviour 

The experimental data analysed were collected during 1995 and 1996 LEP runs. They 
correspond to integrated luminosities of 29.4 pb-1

, 5.8 pb-1
, and 7.9 pb- 1 for centre-of­

mass energies of ~ 91, ~ 135, and ~ 172 GeV, respectively. The configuration of the 
DELPHI detector was -quite stable during that period providing a good opportunity to look 
at the evolution of the Y'( process at different energies. 

In order to select two-photon hadronic events at least four charged particles in the event 
with an energy below 20 GeV are required together with invariant mass of the hadronic 
system in the range 4-30 GeV/c2 and total transverse momentum of the event below 3 

GeV/c. These criteria suppress the Z 0 decay background at the peak, the background from 
n pairs and beam-gas in teractions and remove the Y'( resonance energy region. To validate 
trigger conditions the total energy of the charged particles greater than 3 Ge V was also 
required together with the momentum of the most energetic particle greater than I GeV/c. 
In order to use a neutral component of the hadronic system and hence to provide better 
rejection of the background and increase sensitivity to the parton distribution function 
behaviour all calorimetric information was included in the analysis. 

The visible cross section (Fig. I) for the events meeting the selection criteria was cal­
culated for each LEP energy point. A simulation was used to check the visible Y'( cross 

section due to Z 0 background. The visible Z 0 background corresponds to c11.c = 

= 92.9 ± 5.7 pb (averaged over points around the peak) and only 2.5 ± 0.5 pb at~ 135 GeV. 
The cross section of the beam-gas background was estimated to be below. I pb for all 
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Fig.l . Visible cross section of the process e + e- ~ e + e- + 
+ hadron.s for anti tag events. Points are experimental results, 
white circles - simulation with GS2 parton density 
function, white triangles - the same with GRV paramet­
rization. Also shown is the result of the fit by the com­
bination of Cahn's formula and a linear term (dashed line). 
The solid line shows the linear term alone expressed as 

.crrf= ~+ dcrj dE x (Ecms- 91.25), where ~= 658.6 ± 
± 7.6 pb, dcr /dE= 10.3 ± 0.2 pb/GeV and Ecms is the centre­

of-mass energy in GeV 
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samples using events originated far from the interaction point. The remaining background 
contribution was found to be negligible. After bin-by-bin subtraction of the background the 

visible yy cross section at the z 0 peak was found to be cr~P = 658.6 ± 7.6 pb, which is in 

agreement with our previous studies [3]. The experimental values are well fitted by the 

combination of a linear term and Cahn's formula [5], describing the shape of the z0 peak. 

The errors of the simulated points come from the uncertainty of p~in determinations and 
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Fig.2. Distributions of event variables : a) and d) invariant mass, b) and e) transverse momentum of 
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part 



58 Almehed S. et al. Study of Multihadron Production 

statistical errors of the simulated samples. Systematic errors relevant for comparing dif­
ferent parton density parametrizations are highly correlated and move the points in the same 
direction. Estimation of errors affecting the level of agreement of the simulated and expe­
rimental samples is much more complicated. It was found that the main disagreement comes 
from the events with a low energy of charged particles and a low fraction of transverse 
energy, where detector effects (tracking and trigger efficiencies, calorimeter thresholds) are 
very important and hard to simulate. These effects are under ongoing studies. 

Different experimental distributions were produced and compared with a simulation 
(Fig.2). It can be seen that the Monte Carlo predicts good agreement at ::= 91 GeV and 
slightly exceeds data at ::= 172 Ge V. The increasing activity in the forward direction comes 
mainly from the QCD- RPC processes (Fig.2f) and is more pronounced for the GR V 
parton density parametrization. 

3. Double Tagged Events 

The full statistics collected at LEP1 with the corresponding integrated luminosity of 
101 pb-1 is used in the analysis. Four electromagnetic luminometers, the so-called Very 
Small Angle Taggers (VSAT) [6], are used for energy and angle reconstruction for both 

scattered e + and e-. They are placed symmetrically ::= 7. 7 m downstream of the DELPHI 
interaction point behind the superconducting quadrupoles at ::= 60 mm from the beam line 
covering polar angles 8 between 4 + 15 mrad. Despite the low angles measured the visible 
cross section for double-tag events is small due to the acceptance of modules (3 em in X 
and 5 em in Y directions) . Moreover, the reconstruction of 8 and <1> angles is quite sensitive 
to LEP beam parameters, many run-time corrections should be defined and then applied 
(incident angles of beams for each fill, beam spot position for each run). When all 
corrections were applied the energy resolution was found to be ::= 7 %, accuracy of angle 
reconstruction cr9 = O.? mrad and crlj> = 9°. Due to a high cross section of Bhabha scattering 

for diagonal modules, it is important to have sufficient rejection of a background to avoid 
random coincidence with no-tag events measured by DELPHI. The following cuts were 
applied for this purpose: the difference in X and Y coordinates measured for both scattered 
leptons :::; 2 x cr of the corresponding narrow distributions found for Bhabha events (due to 
their specific kinematics) for each fill, the energy measured in each module :::; 0 .7 x £beam· 

Together with the requirement for the total event energy measured :::; 115 Ge V, 99 % of 
Bhabha events are rejected with only 1 % for double tagged events . Outer modules are also 
populated by off-momentum electrons located narrowly around the horizontal plane. This 
fact can be used for a relative alignment of these modules and thus, with the use of 
collinearity of Bhabha events, for a relative alignment of inner modules as well. To 
eliminate possible background from leptonic Yf production for the hadronic part of event 
3 :s;NCharged::; 15, energy of the charged particles below 12 GeV and total energy of the 

hadronic system below 20 Ge V are required. The procedure described above is used for a 
full simulation of double tagged events. Only GS2 parametrization is used for the QCD­
RPC part. The VSA T part of the events was treated by special programs used for luminosity 
studies. 
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Fig.3. Double-tag events : a) energy of scattered e + and e-. b) event multiplicity, c) energy of 
hadronic system, d) invariant mass reconstructed. Points are data, solid lines are the full 
VDM+QPM+RPC predictions, dotted lines are the QPM+RPC and hatched histogram - QPM 
part 
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After applying all the selection criteria only 43 events are left. Different distributions 
obtained for such events are shown in Fig.3. Reasonable agreement can be seen between 
data and simulation predictions both for the VSAT measurements (Fig.3a) and hadronic 
component of events shown in Fig.3b-3d. There is an indication that an unfolding proce­
dure should be adopted for a better reconstruction of invariant mass from the scattered 
leptons measured by VSAT (upper part of 

Fig.3d). It is clear that due to the very low Table. Effective total yy hadronic cross section 

Q2 range covered the main contribution co­
mes from the VDM part, while the QCD­
RPC gives :::: 22 % and the QPM only 5 %. 
Taking these fractions into account it be­
comes possible to estimate the total ef-

fi. GeV 

25 

35 

Number of events 

16 

10 

Total crJ:,,. nb 

356±90 

325±105 
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fective Yf hadronic cross section from these components implemented in the TWOGAM 
generator. For the points combined in the range of Yf invariant mass 20-30 GeV and 
30-48 Ge V results are shown in the Table, with only statistical errors presented. 

4 . Conclusions 

We have studied hadronic events produced in two-photon collisions at centre-of-mass 
energies fS ~ 91, 135 and 172 Ge V. The visible cross section of the process 

e + e- -t e + e- + hadrons with the anti tag condition as a function of e + e- centre-of-mass 
energy is well described by the linear function. Different experimental distributions can be 
reproduced by the simulation with reasonable accuracy and can be used to evaluate the role 
of the two-photon process as a background for some physics analyses. At higher energies 
some indication of the increased simulated activity is observed in the forward direction due 
to QCD-RPC processes which is higher for the GRV parton density parametrization. 

Preliminary results have been obtained for double tagged events at LEP1 energies. 
Reasonable agreement with Monte Carlo predictions was shown for such events with very 

low measured Ql. The effective total Yf cross section is estimated for Yf centre-of-mass 
energy up to 35 GeV. 

The forthcoming higher energy LEP runs will contribute to a better understanding of 
two-photon phenomena. 

References 

1. AMY Coli. , Tanaka R. eta!.- Phys . Lett., 1992, v.B277, p.215 ; 
TOPAZ Coli., Enomoto R. eta!.- KEK-93-107 , KEK-93-215 . 

2. ALEPH Coli., Buskulic D. eta!. - Phys. Lett., 1993, v.B313, p.509; 
OPAL Coli., Akers R. eta!.- Z. Phys. C, 1994, v.61 , p.119; 
L3 Coli., Adriani 0 . et a!. - Phys. Lett., 1993, v.B318, p.575. 

3. DELPHI Coil., Abreu P. et a!. -Z. Phys. C, 1994, v.62, p.357 . 
4. DELPHI Coil., Abreu P. eta!. -Nucl. Instr. Meth., 1996, v.A378 , p.57 . 
5. Cahn R.N. - Phys . Rev., 1987, v.D36, p.2666. 
6. DELPHI Coli., Abreu P. et a!. -Phys. Lett., 1995, v.B342, p.402. 

Received on October 21, 1997. 



KpamKue coo6UieHUJI OHJIH Ng6[86]-97 J/NR Rapid Communications No.6[86]-97 

YAK 539.12 ... 18 

TRITONS FOR THE STUDY OF THE CHARGE-EXCHANGE 
REACTIONS WITH THE LHE STREAMER CHAMBER: 
STATUS AND SOME POSSIBILITIES 

S.A.Avramenko, Yu.A.Belikov, A.I.Golokhvastov, A.D.Kirillov, S.A.Khorozov, 
L.N.Komolov, J.Lukstins, P.A.Rukoyatkin 

The 6 and 9 GeV/c secondary tritons, produced in the 4He +A -7 3H +X reaction, were 
used to study the charge-exchange reactions using a streamer chamber in magnetic field. The 
triton formation schemes, the beam parameters achieved a& well as a way ts> reduce the beam 
momentum spread are given in the paper. 

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

TpHTOHhi ~JI.H ucCJie~osanH.H peaKJlHH nepnap.H~KH 

DpH DOMOIIlH CTpHMepHOH K3Mepb1 JIB::t): 
COCTO.HHHe H HeKOTOpbie B03MOlKHOCTH 

C.A.ABpa.Memco u iJp. 

BTopH'iHhle TpHTOHbl c HMnynbCOM 6 H 9 f3B/c, o6pa3yiOWHeCll n peaKUHH 4He + A -7 

-7 3H + X, HCIIOJib30BaJIHCb liJlll HCCJie){OBaHHll peaKUHH nepe3apli){KH 1IpH IIOMOWH CTpHMep­
HOH KaMepbl s MarnHTHOM none. B pa6oTe onHCbiBaiOTCll cxeMbl <fJopMHposaHHll TpHTOHOB, 
nonyqeHHble rrapaMeTphl nyqKoB, a TaKJKe sapHaHT yMeHbWeHHll HMnynLcHoro pa36poca. 

Pa6oTa BbiiiOJIHeHa s Jia6opaTopHH BhiCOKHX 3Heprnii QHj{H. 

1. The phenomena of relativistic nuclear physics are the main subject of research at the 
Laboratory of High Energies (LHE). In this context, the nucleus-nucleus charge exchange 
reactions significantly attract attention as they have manifested specifically nuclear features 
unusual to the nucleon-nucleon interaction. The phenomena of the nuclear il-peak shifting 
and broadening compared to the reactions on protons, firstly discovered and studied at the 

Laboratory on 3He beams [ 1 ], then were acknow !edged in experiments with various projec­
tiles and targets carried out both in Dubna and in other accelerator centres (e.g., see the 
review in [2]). At the LHE, further advance in the investigation was achieved in exclusive 

experiments using as projectiles the 7Li and 3H nuclei [3]. Tritons as the simplest nuclei are 
well theoretically tractable. But beside this fact, one of the most significant reasons to carry 

out experiments on tritium beams is the opportunity to obtain data on the neHe, t) reaction, 
needed for building up a theory of charge-exchange reaction, studying the isotopically 
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conjugate p(t, 3He) one. Such experiments are scheduled for a new facility design in coope­
ration of the SPHERE, DELTA and GIBS collaborations [ 4]. A set of methodical aavan-

tages of experiments on triton beams should also be mentioned. The 3He nuclei produced 
have a favorable for the magnetic analysis pI z ratio and are easily detected among other 
single charged particles due to the fourfold ionization density. Decays of the corresponding 
.£1-isobar yield negative pions which are also easy identified among positive particles. 

In principle, beams of relativistic tritium nuclei could be got by immediate (from an 
ion source) triton acceleration using the facilities which allow one to accelerate nuclei with 
zl A= I 13. The obvious advantages of the beams would be good geometric parameters, 

high intensity and low momentum spread (10-3-I0-4). However, this way encounters 

serious technical problems due to the high (- 104 Ci I g) specific activity of tritium. An 
alternative approach is the generation of tritons as secondary particles as a result of inter­
action of some primary beam with a target. The most efficient and at the same time simple 
variant can be realized on the basis of the relativistic a-particle stripping reaction 
4He +A~ 3H +X. The reaction cross section (25-70 mb for light target nuclei [5], [6]) 
causes a yield, at an optimal target thickness, up to 5 tritium nuclei per hundred incident 
4He nuclei. As the beam momentum rises, the angular spread of the stripping tritons linear­
ly decreases, the yield at zero degree quadratically increases and the momentum spread 
tends to a constant value of several per cent. The latter, however, is an unacceptably large 
value for some physical tasks. Mention, that the charge exchange reaction 
3He +A~ 3H +X on its own can also serve as a triton source. Though its cross section [3], 

[6] is lower by an order of magnitude than that for the 4He +A~ 3H +X reaction, it can 

provide beams of 3H nuclei with the highest energy for a given accelerator: due to the 
corresponding Z I A ratios at fixed accelerator field, the momenta of the tritium nuclei 

immediately accelerated, produced by 4He stripping and by 3He charge exchange, relate to 
2 .3 ° 

each other as 3 : I : ~ 2· 
2. At the accelerator facility of the Laboratory of High Energies [7) the method of 

accelerated 4He nuclei stripping was used to form relativistic tritium beams. An a-particle 
beam accelerated in the Synchro­
phasotron was slowly extracted out 
of the accelerator and thrown on a 
target placed at the Joining point of 
the extraction system and the beam 
line transporting particles to experi­
mental set-ups - the F3 focus 
(Fig. I). The main parameters of the 
beam are given in the Table. 

Tritons and other secondary 
particles produced due to the inter-

action of 4He nuclei with the target 
ones were captured at oo by the head 

Table. The "He beam parameters 

Momentum range ~ 3-18 GeV/c 

Intensity per cycle* 5·10 10 

Cycle frequency 0.12 Hz 

Extraction time 0.5 s 

Beam size ( <lhor )* 2--4 mm 

Beam divergency (crs,"')* 4-6 mrad 

*at P?.Pmax/2 
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VP-1 

20 ... 

Fig. I. Layout of the VP-1 & 6V beam lines used to form tritium beams 

doublet DO of the VP-I beam line. The whole line was tuned on transport of particles 

having charge z = I and momentum p = ~ p a: Primary ex particles which did not participate 

in the interaction as well as secondaries with a magnetic rigidity differing from the nominal 
one by more than 5% were swept off the line passed the DO doublet and the first bending 
magnet M I and were absorbed in a shield between the experimental halls (partially marked 
as hatched areas between MI and DI in Fig. I). The shield provided sufficiently strong 
suppression of a background arising from primary beam absorption. The background 
conditions allowed one to place, when needed, detectors even at the F4 focus area without 
subjecting them to an essential additional load. 

Complete tritium beam forming was carried out through entire traces of the VP-I & 6V 
magnetic channels of a common length of more than IIO m including three bending 
magnets M I, M2, M3 and seven quadrupole lens doublets DO-D6. According to an optical 
scheme, we are referring to in what follows as the standard one, the VP-1 lenses are 
grouped in three quartets with FD-DF polarity alternation in the horizontal plane. The beam 
crossovers are formed at the F4, F5, F6 points area. The second and third doublets operate 
in regimes close to the symmetrically mirror-like one. The D6 doublet transfers an image 
from F6 to a set-up target. Beam envelopes for this optical scheme are shown in Fig.2. The 
standard regime and a short distance, 3.2 m, from the point (F3) location of a triton gene~ 

rating target to the head doublet (DO) entrance provide good transmission of the channel. 
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Fig.2. Beam envelopes (2cr) for the standard regime of the VP-1 & 6V beam lines in a horizontal 
(X) and a vertical (Y) planes (Ex~ Ey = 40rc mm·mrad, Op = 0) 

The calculated angular acceptance of the configuration is ~n=~e ~8 ~so mrad·l8 mrad = 
X y 

= 0.9 msr. As an illustration, we give data on 6 GeV/c triton intensity, obtained under the 
conditions close to those described above: 

• primary beam- 8 GeV/c a particles, 109 per cycle, 

• target - polystyrene, 5 g/cm2
, 

• tritium nuclei intensity at the line end- 5·105 per cycle. 
Purity of the beam was specially tested and the admixtures were found to be not larger 

than l-2%, which could be explained by rhe 3H fragmentation in air at the line end. The 
beam profiles from four profilemeters placed along the beam trace are shown in Fig.3. 
Third and fourth distribution pairs correspond to a separate triton beam. The profilemeters 
were multiwire chambers operating in the current regime and having a low sensitivity 

threshold on beam intenl> ity about 106 single charged particles per second. The distributions 
correspond to the standard line regi-me which was used only at the beginning stage of beam 

n,l'l 2 ,;.r.r; 
ru' fliF1 

/ '"! /! 

(' \ (! \ 
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10/48 4/46 1/27 -2/37 -2/9 4/10 

Fig.3. The tritium beam forming: the distributions on coordinates in a horizontal (X) and a vertical 
(Y) planes at PJH = 6 GeV/c. I - after the M I magnet («tail>> of primary a-particle beam), 2,3 - at 

the D I, 03 doublet entrances, 4 - at the F6 focus. The numbers under the histograms are mean 
value/r.m.s. deviation, mm The smooth curves are the Gaussian fitted 
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tuning. Then it was needed to reduce beam intensity by a fact r of 10-30: optimal 
intensity for operation of the GIBS spectrometer (a streamer chamber in magnetic field) is 
several tens of thousands per cycle. Intensity reduction of an extracted primary a-particle 
beam would be undesirable as would lead to deterioration of extraction stability all the 
more when a structureless extraction was used (that is, extraction at accelerator RF switched 
off) . Then the following trick was used: current in the first lens (Fh

0
) of the D2 doublet 

was strongly decreased. This caused strong beam defocusing and led to losses at the 
· entrance of the next doublet which, in turn, was adjusted to new source positions. The 

magnitude of the losses and, correspondingly, the intensity of the beam passed are directly 
connected with the current in the second lens (Dhor) of the D2 doublet. Varying the current 

in the lens, we have had the opportunity to do this immediately in t e set-up control room, 
made it possible to perform fine tuning of the intensity to a desirable level and, practically, 
did not require tuning of the downbeam channel elements. 

3. As it has been mentioned above, the disavantage of secondary tritium beams 
produced immediately from a target is a momentum spread. Its val~e for the a-particle 

stripping reaction is defined by the proton r.m.s. momentum inside the 4He nucleus and is 
given sufficiently accurately by the relations 

cr P = 'Yo<J . , 
lab p 

<Jp 
lab <J , 8p _ _ __ __p_ 

lab- plab - ~oMt ' 
where ~0 and y0 are the velocity and the Lorentz-factor of an incident a particle in the 

laboratory frame, M = 2.809 GeV/c2 is the triton mass. The experimental data [5] or the 
t 0 

model [8] give <J • = 160-200 MeV/c. This defines a 6-8% initial momentum spread for 
p 

a 9 GeV/c triton beam. There are no special built-in collimators in the VP-1 & 6V channels 
as their main goal is transportation of monochromatic extracted beams . When secondary 
beams are formed, momentum selection takes place on the magnetic element aperture. 
Calculations carried out by means of simulation of individual ray passages through the 
system, the details of which are suggested to be described in a separate paper, show that for 
the standard regime the <J p/ P is about 5 % at the D 1 doublet entrance and gradually 

decreases down to 1.8-2.3 % at the 6V line end. It should be em hasized that the beam 
defocusing in the middle of the VP-1 channel described above did not lead to noticeable 
changing in the momentum bandwidth . 

The momentum spread of a few per cent is too large for a set of tasks. One of the 
available approaches, allowing to compensate the disadvantage, is the time of light (TOF) 
tagging. This method was realized in a 6 GeV/c triton beam run [9] . The first TOF detector 
was placed at the F4 focus, the second one - at the GIBS set-up. Such counter positions 
defined a flight base of L = 77 m. With the flight base and the proper time resolution 

0'
1
=0.1 ns the momentum resolution 8P~ ~0Yo(<JF) / L~0.2 % was provided. The 

measured momentum spread was 1.8-2.0% (110-120 MeV/c) which corroborates the 
calculation results. 
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However, if an effect studied strongly depends on energy and both the beam run time 
and the data acquisition speed are limited, beams with lower momentum spread are needed. 
To reveal a possibility to select a more narrow momentum interval in the frame of the 
existing mangetic line structure the line resolving properties were analysed as a function of 
gradients and the coordinate along the line. The usual definition of resolving power- the 

ratio of linear dispersion (d) to the image size R = I M:.x I (M is magnification, L\x0 is a 
0 

source size) -relates to a focal plane. To describe the resolving properties along an entire 
beam path we considered the ratio of linear dispersion to linear envelope of a pattern 
monochromatic beam as a momentum resolution measure. Somewhat arbitrarily, the pattern 
beam parameters were taken close to ones of a beam slowly extracted from the Syn­
chrophasotron at the maximum momentum. The following initial values of 2cr-envelopes 
were used: in a horizontal plane- 5 mm x 8 mrad, in a vertical one- 10 mm X 4 mrad 
(E ~ E = 407t mm·mrad, 8 = 0). The linear envelopes in figures of the paper are drawn for 

X y p 

these data. A scheme of searching for a region for momentum gap extracting looked as 
follows. Firstly, extremums of the resolving power as a function of the lens gradients were 
searched for taking into account the element aperture constraints and restricting extremum 
positions by the F4-F6 focus areas. The latter is connected with the accessibility of these 
places for additional collimators or detectors. Then passage of a particle ensemble through 
the magnetic line structure was simulated and the f(x, 8~ distributions in the vicinities of 

the extremum points found were considered. Finally, a restricting interval x1 ~ x ~ x2 (or 

Fig.4. A: the resolving functions (see in the text) for the standard (s) and enhanced (e) resolution 
regimes along the VP-1 & 6V lines. B: beam envelopes in a horizontal (X) and a vertical (Y) planes 
for the (e) case 
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several) was specified and the 
momentum spread over the sampling 
of particles reaching the line end was 
calculated. 

The dependencies of the resolving 
power along the VP-1 and 6V lines for 
the standard (s) regime and for an en-

. hanced (e) resolution variant are shown 
in Fig.4A and the liner beam envelopes 
of the (e) case are shown in Fig.4B. 
Taking into account beam cut-off by 

the 50 x 50 mm2 TOF counters placed 
at the F4 focus and at the GIBS set-up 
(z 1 = 31.6 m, ~ = 108.8 m) and the 

60 x 30 mm2 one before the streamer 
chamber target (z

3 
= 110.8 m) the fol-

-11 -12 
_, 12 

Fig.5. A momentum distribution of the 6 GeV/c tritium 
beam (from a TOF spectrum) 

lowing data were obtained from the calculations: 

• o ~ 1.9% for the standard regime (compare with the m mentum distribution in 
p 

Fig.5), 

• o ~ 0.7% for the enhanced resolution regime if an additional collimating slit (1 em) 
p 

is placed at the zslit = 94 m; the channel throughput in the case i as large as 15 % of the 

previous item which is exceedingly enough to provide working intensity(~ 5·104 per cycle) 
at the set-up. 

The maximal triton momentum available in the line is P ~ 11 GeV/c which is limi-
max 

ted by the M1, M3 bending magnets. More sophisticated solutions providing still lower 
momentum spreads as well as numerical data on the beam line regimes are described 
in [10] . 

This work was supported in part by Russian Foundation for the Basic Research through 
the grants 96-02-18729, 96-02-19170. 
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NONLINEAR DYNAMICS IN NUCLOTRON 

D.Dinev* 

The paper represents an extensive study of the nonlinear beam dyman ics in the Nuclotron. 
Chromatic effects, including the dependence of the betatron tunes on the mplitude, and chro­
matic perturbations have been investigated taking into account the measured field imperfec­
tions. Beam distortion, smear, dynamic aperture and nonlinear acceptance have been calculated 
for different particle energies and betatron tunes. 

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

He.rmueiiua.H ,a:uuaMnKa B HYKJIOTpoue 

npellCTaBJJeHO CHCTeMaTH'IeCKOe HCCJle)lOBaHHe HeJIHHeiiHOii llHHaMHKH B II}'KJIOTPQHe. 
XpoMaTH'IeCKHe a¢¢eKTbl, B TOM 'IHCJ!e 3aBHCHMOCTb 6eTaTpOHHbiX '!aCTOT OT aM!UIHTYllbl, H 
XpoMaTH'ICCKHe nepryp6aitHH HCCJlellOBaHbl, yqHTbiBaJI BKJia)l norpelliHOCTeii Man!HTHOfO nO.IUI . 
.lle¢opMaitHJI orn6a~orneii nyqKa, smear, llHHaMH'IeCKaJI aneprypa H HeJIHHeiiHbtii aKcenTaHc 
Bbi'IHCJleHbl B JaBHCHMOCTH OT 3HeprnH '!aCTHit H 6eTaTpoHHbiX '!aCTOT. 

Pa6on BbmonHeHa s Jla6opaTOpHH BbiCOKHX aHeprnii 0115111. 

1. Introduction 

In a real circular accelerator the focusing magnet-ic fields in the quadrupole lenses and 
the bending magnetic fields in the dipole magnets are far from being perfectly linear. There 
exist high order multipole components of these fields arising from fabrication tolerances. 

In superconducting magnets the strongest nonlinear field distortions are due to persist­
ent eddy currents in the magnet filaments. In dipole magnets persistent currents excite all 
multipoles but the sextupole component is prevalent. 

On the other hand, the accelerated beam is not monoenergetic. The accelerated particles 
cover a range of energies (momenta) . In Nuclotron the relative momentum spread is 

tlp I p = ± 4·1 o-3 at injection energy and l:lp I p = ± 8·1 0-4 at maximum energy. This fact 
has as a result different kind of chromatic effects - a shift of betatron tunes (the so-called 
chromaticity) with particle energy and beam envelope distortions (the so-called chromatic 
perturbations). 

*Institute for Nuclear Research and Nuclear Energy, 72 Tzarigradsko chaussee, 1784 Sofia. 
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Besides this, a dependence of the betatron tunes on the amplitude of oscillations ap­
pears in multipolar magnetic fields. 

In addition to the random and systematic field errors sextupole lenses with purely 
nonlinear magnetic fields are intently placed in any circular accelerator to control the chroma­
ticity. 

In superconducting accelerators the sextupole correctors are of less importance for the 
nonlinear character of the particle motion. The superconducting accelerators are said to be 
«error dominated» machines what means that the systematic and random field errors in the 
magnets are the most important source of nonlinearities. 

The paper represents an extensive study of the nonlinear dynamics in the Nuclotron. 
The data from measureP1ent of magnetic field imperfections in dipoles and quadrupoles up 
to 6th order (systematic and random; normal and skew) have been used for this inves­
tigation [2] . 

2 . Chromatic Effects 

Even in perfectly linear accelerator the parameters of the particle motion depend on the 
energy (momentum). Between these dependences the most important is the dependence of 
the frequency of betatron oscillations on momentum, the so-called natural chromaticity [3] . 
The natural chromaticity is defined as : 

Q being the betatron tune. 

Q = dQ 
do, 0=~ 

p' 
(l) 

We calculated the natural chromaticity in the Nuclotron taking into account the in­
fluence of the accelerator dipoles . For small machines with relatively small bending radius 
p (or the same magnitude as the dispersion D) this influence is essential (up to 100%), 

CJQx . 1 CJB 
ao = - 41tBp f ~X OXZ ds + 

Quad 
+Dip 

1 f [ 
~ D aB D D, ~ ~ azB ] X Z X X Z +- 2---+y --2a - ----D- ds, 

47t . Bp p ax X p X p p2 Bp ax2 
D1p. 

CJQz 1 f CJB 
ao = 41tBp ~z T ds + 

Quad X 

+Dip. 

1 f [ ~z D 
08z D ~z 028z: 

+ 47t . - Bp p a_; + Yz p - Bp D ox2 ds. 
D1p. 

(2) 

We calculated Q' and Q' by numerically integrating (2) . The obtained values are given 
X y 

in Table 1. 
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Parameter 

Natural chromaticity 

Q; 
Q' 

y 

Chromaticity at Bp = 1.0 Tm 
(systematic errors in dipoles) 

Q; 
Q' 

y 

Chromaticity at Bp = 45.83 Tm 
(systematic errors in dipoles) 

Q; 
Q' 

Table 1 

Value 

-7.735 

-7.937 

- 10.206 

-5.346 

4.889 

- 22.398 

There are two main negative effects of the chromaticity: 

71 

a) A spread of the betatron tunes ~Q appears and as a result the beam occupies an area 
in the tune diagram instead of a point. The particles with energy different from the energy 
of the equilibrium particle fall in the resonance stopbands and are lost. 

b) For bunched beams the transverse head-tail instability is developed. 

As at injection (Bp = 1.0 Tm) the relative momentum spread is o = ± 4·10-3
, the cor­

responding tune spread is: 

~Qx = ± 0.04, ~Qy = ± 0.02. 

At maximum energy (Bp = 45 .83 Tm) the relative momentum spread is 0 = ± 8·10-4 
and therefore the spread in the betatron tunes is: 

~Qx = ± 0.004, ~Qy = ± O.Ql8. 

We must underline that the criteria for linearity of the accelerator adopted after a large 
number of theoretical and experimental investigations on a big number of machines is 
~Q < 0.005. Therefore the chromaticity in the Nuclotron must be corrected. 

Two families of sextupole lenses are available in the Nuclotron for correction of 
chromaticity. They are placed just before the focusing and defocusing quadrupoles in the 
strait sections of each superperiod . 

The tune shift produced by these sextupole lenses is given by 
I 

Q' =±-
1 f ~ K'D ds, (3) 

X , y 41t X , y X 

0 

fPB 
where K' = -

8
1 

-
2
Y is the sextupole strength, D is the dispersio and L is the accelerator 

p ~ X 

circumference. 



72 

B" 

Without errors 

SF 

SD 

With systematic errors m dipoles 
at Bp = 1.0 Tm 

SF 

SD 

With systematic errors in dipoles 
at Bp = 45.83 Tm 

SF 

SD 

Table 2 
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Value, T jm2 

1.50 

-2.55 

1.74 

-2.05 

8.27 

- 249.37 

We have calculated numerically the strengths of the sextupole correctors from (2) 
taking into account the chromaticity levels in Table 1. They are given in Table 2. 

In the presence of sextupole fields, a dependence of the betatron tunes on the amplitude 
of oscillations appears. The perturbation theory gives [ 4]: 

3 I s 

~Qx = 6:~ L J K '(s) ~~ 12(s) ds J K '(s') ~~/ 2(s) sin m(~(:)- ~(s)) ds. (4) 

m = 1,3 C: 0 

Octupole fields also give such a dependence of the tunes on the amplitude. In this case 
the perturbation theory gives [5]: 

I 

~Qx = + 1 ~7t J K "(s) ~)s) [ ±Ex ~_/s) - £Y ~Y(x) ] ds, 
0 

I 

~QY =- 1 ~7t J K "(s) ~.Js) [ Ex ~)s) - ± £Y ~Y(x) ] ds. 
0 

(5) 

(6) 

We have calculated the dependence of betatron tunes in the Nuclotron on amplitude 
numerically integrating the above equations. The results obtained (Bp = 1.0 Tm) are: 

~Q 
X d£ = 101.4, 

X 

~Q 
__:::y_ = - 12.4, 
d£ 

y 

~Qx ~Qr 
-=-=44 d£ d£ .. 

)' X 



Dinev D. Nonlinear Dynamics in Nuclotron 73 

Taking into account that the emittances at Bp = 1.0 Tm are £ = £ = 30.10--67t m we 
X y 

receive the following tune shifts: 

tl.Q = 3·10-3 
X ' 

These are small values. 

tl.Q =- 0.3·10-3. 
y 

Another important chromatic effect are the chromatic perturbati ons. By chromatic per­
turbations we imply here the change of the linear optics functions beta and alpha with the 

. energy. 
Following Montague [6] we will describe the chromatic perturb tioris by the functions: 

_ P<o) - p(o) _ M 
8 

- ...Jp(o) P<O) - p • 

A = tla - a(O) M p 
It can be shown that the vector 

W = (B, A) 

rotates with a frequency 2Q in the achromatic areas. 
In thin quadrupole 

tlB = 0, M = - P<KL) 0. 

2S 

·-/ 

Moatape du'omadc 1\mcdotu (1J1Ialladc erron, Bp-4!1.&3 Tm ) 

Fig. I. Montague chromatic functions 

(7) 

(8) 

(9) 

(10) 

/ 

s=3D " 
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Max. Montague chr. functions 

Without errors 

w x, max 

w y, max 

Bp = 1.0 Tm, systematic errors 
in dipoles 

w x, max 

w 
y, max 

Bp = 45.83 Tm, systematic errors 
in dipoles 

w 
x, max 

W , max 

In thin sextupole 

Table 3 

till = 0, M = - ~(K 'L) o. 

Value 

1.60 

L6o 

13.10 

9.80 

25.80 

42.30 

( 11) 

We have calculated numerically the Montague functions using these properties. The 
calculated functions for maximum energy are plotted on Fig . I . 

The maximum lengths of the vector W taking into account the magnet imperfections are 
summarised in Table 3 

The maximum rel ative chromatic error in the amplitude function ~(s) taking into 
account the systematic errors in the dipoles at Bp = 1.0 Tm is: . . 

Ll~ / ~ = ± 6% 

and at Bp = 45 .83 Tm: 

Ll~ / ~ = ± 4%. 

3 . Beam Distort ion 

The Hamiltonian approach is the most convenient treatment of the nonlinear beam 
dynamics in circular accelerators. The Hamiltonian of a machine with nonlinearities can be 
written in the form [8] 

H(x, Z, Px' Pz) = H0(x, Z, Px' Pz) + L HLN)(x, Z, Px' Pz), 
N>2 

( 12) 

where x and z are transverse particle coordinates, p and p are the corresponding conjugate 
X Z 

momenta, 8 is the particle azimuth which is taken here as independent variable instead of the 

time, H
0 

is the linear Hamiltonian and H (N) is the Hamiltonian of a nonlinearity of order N 
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(13) 

In (13) R is the mean radius of the accelerator, Bp is the beam rigidity which is 
determined by the equilibrium particle momentum through: 

p = eBp, (14) 

(15) 

k 
2 ...1 ()(N-I)B 

R (NJ 2 z 
BpN! k

2 
(-

1
) dx(N-J) ' . 

k +I 
2 _2_ a<N- l)B 

R (NJ 2 x 
BpN! k

2 
(-

1) dx(N-1)' 

for k2 even 

(16) 

for k2 odd. 

The corresponding Hamilton equations of motion are highly nonlinear in the general 
case and the transverse degrees of freedom are coupled. That is why analytical solutions 
exist only in some particular cases. 

Several approximate analytical and numerical methods for treatment of the nonlinear 

beam dynamics in circular accelerators have been developed and uccessfully applied in 

practice. We have used two of them, namely the T.Collins analytic I method of distortion 

fuctions and the numercial method of particle tracking . 

In a perfectly linear accelerator the particles occupy the volume of a 6-dimensional 

ellipsoid in the 6-dimensional single particle phase space. As in the li near case the motions 
in both the transverse directions x and z and in the longitudinal dir ction s are decoupled, 
the 6-dimensional phase space is transformed to three independent phase planes: (x, p). 

(z, pz) and (8, p8), 8 = s / R being the azimuth. The area occupied by the particles in each 

phase plane is confined by an ellipse. This ellipse is invariant of the motion (Courant­

Snyder invariant) which means that if a particle lies on the ellipse after one turn, it will lie 

again on the same ellipse. 
In the machine with nonlinearities the beam profile is not so s mple as the horizontal 

and the vertical motions are coupled . The particles move on a di ·torted surface in four 
dimensional transverse phase space, the so-called «hyper-egg». We can talk only about the 
projections of this hyper-egg onto the two transverse phase planes (x, p ) and (z, p ) . These 

X Z 

projections are no longer clean curves but bands . 

T.Collins [9] has shown that for sufficiently weak sextupole or octupole nonlinearities 

the beam distortion will be linear or quadratic function of the strengt s of the nonlinearities . 
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Fig.2. Beam distortion, Bp = 45.83 Tm 

He devised a set of closed, i.e., periodic functions, the so-called distortion functions . These 
functions are independent of the beam amplitude and depend only on the linear lattice 
properties and the strengths of the nonlinearities. They are nonlinear analogues to the beta­
functions and alpha-functions of the linear theory. 

With the help of the distortion functions we can construct an invariant beam shape for 
the nonlinear case. This shape is mapped back in its turn if we use only terms of the first 
order in the sextupofe and octupofe strengths. If the second order terms are used,the beam 
shape will be distorted still further but the new invariant beam shape can be calculated 
through the second order distortion functions. 

In this way a self-consistent result for the shape in a single particle phase space is 
developed order by order in the nonlinearities strengths just as in the perturbation theory. 

T .Collins has shown that all the important effects of nonlinear fields can be derived 
from the set of distortion functions including the betatron tune shifts .1Qx and .1Qz with the 

amplitude of the oscillations. 

We will not reproduce here the explicit expressions for the distortion functions (there 
are only five such functions for the normal sextupoles) but will turn our attention to a 
discussion of the results obtained for the Nuclotron applying this method. 

Figure 2 shows the beam distortion at Bp = 45.83 Tm. 

The beam envelope is not a clean curve but a band as this is the projection of the 
squashed hyper-egg in the four dimensional transverse phase space onto the phase plane. 
The width of the distortion figure is a measure for the deviation of the accelerator from the 
linear machine. The fi gure of merit is called SMEAR and is defined through : 
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_ a(A) 
SMEAR- (A) , 
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(17) 

where A and A are the horizontal and vertical amplitudes, cr denotes the standard deviation 
X Z 

and ( ) - the mean value. 
For Nuclotron we have calculated that SMEAR = 5.3% at the working point Q = 6.8 

X 

and Q = 6.85. This is a rather small value. It was decided (SSC, LHC, HERA) that if z 
. SMEAR < 6.4%, the machine is considered to be sufficiently linear. 

4 . Dynamic Aperture 

One of the most important characteristics of the circular accelerators is the dynamic 
aperture [10] . By definition the dynamic aperture is the area of the single particle phase 
space in which the particle motion is stable. It is a well-known fact that in presence of 
nonlinear fields the single particle phase space structure gets quite complicated and is 
divided to areas of stable and unstable motion. 

It is very important for one to know how much of the phase space is stable. If this 
stable area is not large enough the normal operation of the machi e might be destroyed. 

In case a particle is injected into the accelerator with initial coordinates outside the 
dynamic aperture, the trajectory of that particle will be unstable and finally it will be lost 
on the vacuum chamber walls. 

As it has been mentioned in chapter 1 no analytical solutions of the equations of motion 
in the general case of nonlinear magnetic fields have been fou nd. That is why a quite 
straightforward numerical approach for calculation of dynamic aperture has been develo­
ped- the method of particle tracking [11]. 

The method consists of launching a particle into the accelerator with given initial 

coordinates and traking its motion for several hundreds turns (or even up to 106 turns) in 
order to determine whether the particle trajectory is stable. 

The problems arising from the no.nlinearities are solved in the following way [11]. We 
consider the particle motion in dipoles and quadrupoles purely linear not taking into ac­
count the multipole components of the fields . The nonlinearities are simulated by attaching 
a nonlinear lens at the end of each dipole and quadrupole. These nonlinear lenses are 
described in «impulsive» or «kick» approximation which means that we consider the 
lengths of the lenses L ~ 0 while the lenses strengths Bn ~ oo, bu t Lbn ~ finite constant, 

or in other words we take the field distribution in the nonlinear lenses as a &-function of 
the longitudinal coordinate. In this approximation the transverse particle coordinates x, z 
keep constant when we cross the lens while the particle slopes x', z' jump to new values -
the so-called «kicks >> . 

In the particle tracking treatment of the nonlinear problem we obtain the dynamic 
aperture as the maximum amplitude of a probe particle for whic the trajectory is stable 
over a given number of turns. It has been noticed that the dynamic aperture defined that 
way depends rather strongly on the initial phase of the particle [12]. That is why many 
particles with different initial phases should be tracked in or er to obtained the real 
dynamic aperture. 
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Fig.3. Dynamic aperture and nonlinear acceptance for Bp = 1.0 Tm 
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Fig.4. Dynamic aperture and nonlinear acceptance for Bp = 45 .83 Tm 

1)0 

Due to the limited computer power the number of tracked turns in our calculations was 
set to 500, which is a commonly used value. The dynamic aperture calculated for such a 
low number of turns is referred as short-term dynamic aperture . 
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Fig.5. Dependence of the nonlinear acceptance on particle momentum 
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6 

One should distinguish between the area of stable motion obtained with imposing of 
aperture limitation representing the real vacuum chamber sizes and without such limitations. 
We will call the area of stable motion «nonlinear acceptance» in the first case preserving 
the name «dynamic aperture» for the latter case when no real phys1cal aperture but rather 
artificial limiting value is used. In our numerical calculations we use an amplitude limit of 
l meter for obtaining the dynamic aperture and aperture limits of .04 m in quadrupoles 
(radius) and of 0.056 m in dipoles (full poles gap) for obtaining the nonlinear acceptance. 

Figure 3 shows the dynamic aperture and the nonlinear acceptance for the injection 
energy E = 12 MeV/A (Bp = 1.0 Tm) while Fig.4 shows all these for the maximum beam 
energy E = 6 GeV/A (Bp = 45 .83 Tm). 

Figure 5 depicts the dependence of the nonlinear acceptance on the particle momentum 
(energy). 
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MArHHTOMETP~CKAM 

H CBETOTEXH~CKAM ):(HAffiOCTHKA nyqKA 

M.A.BoesoduH, IO.B.rycaKos, A.A.JlapuH, 
E.A.MamwwescKuii, A.B.illa6yHo6 

PaCCMaTpHBaeTCJI AHafliOCTH'IecKall annaparypa AJ)ll H3MepeHHll OCHOBHbiX xapaKTepHCTHK 

ll)"'Ka HyKJIOTpOHa: HHTeHCHBHOCTH, KOOpAHHaTbl H npO$HJlll ll)"'Ka. On CaHbl C/leJzyiOlllHe 

yCTpOHCTBa: CTaHL(Hll Ha6JIIOAeHHJI C JliOMHHecL(eHTHbiM llOABH'lKHbiM 3KpaHOM "Wlll H3MepeHHll 

npo$HJill H KOOpAHHaTbl ll)"'Ka B lUHpOKOM AHana30He HHTeHCHBHOCTeH, Mafl!HTOHHA)'KLIHOH­

HbiH AaT'IHK AJlll H3MepeHHJI HHTeHCHBHOCTH ll)"!Ka AJ)HTeJibHOCTbiO 1 + 8 HKC, Mafl!HTOMOJzy­

JlliL(HOHHbiH AaT'IHK AJlll H3MepeHHll CpeAHero TOKa ll)"'Ka 'laCTHLI AJ)HTeJibHOCTbiO OOJiee 1 MC. 

PaCCMaTpHBaiOTCll KOHCT]JYKLIHH AaT'IHKOB, pa6oTaiOlllHX npH HH3KHX TeMneparypax, BbiCOKOM 

BaKYYMe H B llOJlliX 60JibWHX 3JleKYpOMafliHTHbiX llOMeX. 

Pa6oTa BbinOJIHeHa B Jla6opaTOpHH BbiCOKHX 3HeprnH OIUIH. 

Current Transformers 
and Optical Diagnostic Monitor of Nuclotron Beam 

M.A. Voevodin et al. 

A diagnostic apparatus is described which is used for measurement of the main charac­

teristics of the Nuclotron beam: intensity, profile and beam position. It consists of the next 

devices: a luminescent movable screen with a TV system for measurement o f the low intensity 

beam; a beam current monitor for measurement of the beam intensity w i th the longevity of 

about I + 8 J.is; a beam transformer for a measurement of the middle value of particles current 

with the duration of more than I ms. The detectors operate at cryogenic temperature in high 

vacuum and large magnetic fields . 

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

Cpe.uH 6onhworo Ha6opa .UHarHOCTH'IeCKOH annapaTypbt, Menon JyeMoro Ha cospeMeH­

HbiX ycKOpHTeJJliX 3apll:lKeHHbiX 'laCTHU CHHXpOTpOHHOrO THna, .llllll H3MepeHHll OCHOBHbiX 

napaMeTpOB nY"Ka nOMHMO nHKan-3JJeKTpO.llOB '13CTO npHMeHlleTCll MarHHTOMeTpH'IeCKal! H 

CBeTOTeXHH'IeCKal! annapaTypa ( 1). 0Ha n03BOJJlleT H3Mepl1Tb T3KHe n apaMeTpbl nY"Ka, KaK: 

npO.llOllbHbiH H nonepe'IHbiH npoc}JHllb nY"Ka H ero nOJJO:lKeHHe OTHOCHTeJJbHO KaMepbl yCKO­

pHTeJJll, HHTeHCHBHOCTb H nJJOTHOCTb nY"Ka, BeJJH'IHHY HMnyJJbCHOrO Cpe.uHero TOKa nY"Ka. 
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8 7 1 3 6 5 4 9 1 0 

¢23 8 94 

¢160 

PHc. l. Pa3MemeHHe MarnHTOHH.ll}'KUHOHHoro H MarnHTOMo.uymiUHOHHoro .uaPmKoB a 

Kopnyce np116opa 

MarnHTOMeTpHqecKM annapaTypa, HCrrOJJb3yeMM Ha HYKJJOTpOHe, cocTOHT H3 HMnynbc­

Horo MarHHTOHHJlYKUHOHHOrO )laTqHKa (MJ1Jl) H MarHHTOMOJlYJI~UHOHHOrO )laTqHKa 

(MM,U). 0HH HMeiOT p~Jl cymecTaeHHbiX npeHMYllleCTB: 

- np03paqHoCTb JlJI ~ Hccne.uyeMoro nyqKa, 

- OOJIHYIQ 3aiUHIUeHHOCTb OT B03)leHCTBH~ qaCTHU HOHH3auHH OCTaToqHoro ra3a, 

- COOC06HOCTb pa6 0Tbl B H30JI~UHOHHOM BaKyyMHOM npOCTpaHCTBe, qTQ OC06eHHO 

BlDKHO )lJI~ CBepxnpOBO)l~lUHX YCKOpHTeJJeH, 

- o6ecneqHsaiOT p a6oTy B umpoKoM HHTepsane qacTOT 0 + 10 Mfu, 

- 06JJa)laiOT B03MO:lKHOCTbiO onepaTHBHOH KaJJH6pOBKH, qTQ OOBbllllaeT TQqHQCTb H3Me-

peHH~. 

KoHcTpyKuH~ .uaTqHKOB npHBe)leHa Ha pHc . l. 0HH pacnono:lKeHbi B e)lHHOM Kopnyce, 

H3fOTOBJJeHHOM H3 MarHHTOM~fKOH CTaJJH. Me:lKJlY )laTqHKaMH HMeeTC~ MarHHTHbiH 3KpaH. 

MarnHTOHHJlYKllHOHH biH .uaHHK BKJJIOqaeT B ce6~ MarHHTHbiH cep.ueqHHK (1), H3Me­

pHTeJJbHYIO o6MOTKY H3 30 BHTKOB, BHTOK JlJI~ KaJJH6pOBKH (3), 3JieKTpOMarHHTHbie 3KpaHbl 

(6,7) H KapKac (8). 
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HHJKO'IaCTOTHbiH (MarHHTOMOJlYfl.SIUHOHHbiH) )laT'IHK COCTOHT H3 JlBYX TOpOH)lanbHbiX 

cep,!le'IHHKOB (2), JlBYX 06MOTOK B036)')K)leHH.SI ( 4 ), HJMepHTenhHOH 0 6MOTKH (5) H BHTKa )ln.SI 

KaJIH6pOBKH. L{aT'IHK HMeeT )lOnOnHHTenbHYIO JaiUHTY OT BHeWHHX MarHHTHbiX noneii, Bbl­

llOJIHeHHYIO B BH)le JlBYX UHflHH)lpOB C BHyrpeHHeH H BHeWHeH CTOpOHbl (9), HJrOTOBneHHbiX 

HJ neHThi aMopqmoro cnnasa. OH KpenHTC.SI B KapKace (10). 

06a )laT'IHKa HMeiOT )lOnOflHHTenbHyiO 3KpaHHpOBKY H3 HeCKOflbKHX cnoeB neHTbl 3fleKT­

pOTeXHH'IeCKOH cTanH 3-330. BHYTPH .uaT'IHKOB npoxo)lHT BhiCOKOBaKYYMHM KaMepa HyKno­

. TpoHa, HJroTosneHHM Ha aToM OTpeJKe HJ KepaMH'IecKoii rpy6hi . BH.Tbie TopoH)lanbHbie 

cep)le'IHHKH )laT'IHKOB H3rDTOBneHbl H3 20 MKM neHTbl aMopqmoro c nnaBa 71KHCP. 

lhMepHTemHa.SI o6MOTKa MML{ Harp)')KeHa Ha HHJKOe (MeHee 5 OM) BXO)lHoe conpo­

THBIIeHHe TpaHJHCTopHoro ycwnHTemi, co6paHHoro no cxeMe o6meii 6aJhi c HcnonhJOBa­

HHeM OTpHUaTeflbHOH o6paTHOH CB.SIJH (2]. 06MOTKa He HMeeT ranbBaHH'IeCKOH CB.SIJH C 

KOpnyCOM npe.UyCHflHTen.SI. IlpH COnpOTHBneHHH Harpy3Kll )laT'IHKa (RH < p), r)le 

p = ...J L I C H , ero 3KBHBaneHTHa.SI cxeMa npe.ucTaBn.SieT co6oii reHepaTop TOKa, Harp)')KeHHhiH 

Ha HHJlYKTHBHOCTh o6MOTKH .uaT'IHKa L, npH conponumeHHH Harp~3KH RH H eMKOCTH 

Harpy3KH CH. L{ml MHHHManhHbiX HCKa)l(eHHH ¢opMbl HMnynhCHOrO TOKa He06XO)lHMO 

HMeTb Manoe JHatJeHHe RH. Ilpw 3TOM, HeCMOTp.SI Ha HeKoTopoe YMeHbWeHHe Koa¢¢wuweH­

Ta nepe.ua'IH npeo6paJOBaTeml, BOJpacTaeT noMexoycTOH'IHBOCTh .uaT'IHKa H YMeHbwaeTc.SI 

BIIH.SIHHe eMKOCTHOii cocTaBn.SIIOIUeii. 3KBHBaneHTHoii cxeMbi. B cxeMe ycwnHTenhHOro TpaKTa 

HMeeTc.SI ycTpoiicTBo, noJBOn.SIIOIUee a¢¢eKTHBHO (6onee 30 .uE) YMeHhwaTh HaBOJlKH cwrna­

nos npoMhmmeHHOH qacTOThi. Pa6otJHH .uwanaJoH HJMep.SieMbiX TOKOB - 0,1 + 10 MA, 

nonoca qacToT- 50 Kru + 10 Mru. 

Ha KOIIhUe HYKflOTpoHa ycTaHosneHo, KaK cKaJaHo BhiWe, .usa .uaT'IHKa. MarHHTOMo.uy­

IIliUHOHHhiH )laT'IHK HJMep.SieT Cpe)lHee JHa'IeHHe TOKa nyqKa, UllpKynwpyiOIUero B KaMepe 

YCKOpHTeJI.SI KaK B pe)I(HMe ycKOpeHH.SI, TaK H B pe)I(HMe Me)lneHHOrO BbiBO)la 'IaCTHU H3 

HYKIIOTpoHa, speM.SI KOToporo MO)I(eT .uocTwraTh 10 c. Pe)I(HM pa6oThi MML{, cocTO.SIIUero HJ 

.UByx cep)le'IHHKOB, xapaKTepHJyeTC.SI BenH'IHHOH non.SI BOJ6y)l()leHH.SI (3]. 

B HaweM cnyqae nepeMarnH'IHBaHHe npowcxo.uHT no npe.uenh oii neTne mcTepeJHCa, 

'ITO o6ecne'IHBaeT TaKHe npeHMyweCTBa, KaK llOflHa.SI BOCCTaHaBnHBaeMOCTb nocne KpaTKO­

BpeMeHHOrD HanO)I(eHH.SI llOCTO.SIHHOrO MarHHTHOro llOfl.SI H O)lHOJHa HOCTb npeo6pa30BaHH.SI. 

KpoMe T<:ro, o6ecne'IHBaeTc.SI ycTOH'IHBOCTh «Hyn.SI» BhiXO.UHOro Han p.SI)I(eHH.SI B OTCYTCTBHe 

H3Mep.SieMoro non.SI. Bm6y)l(.ueHHe o6MOTOK ocymecTBn.SieTc.SI Ha qacToTe 25 K[U, cTa6unw-

3HposaHHOH KBapueM. L{n.SI paBHOMepHoro HaMarHH'IHBaHH.SI cep.ue'IHHKa npeo6pa3oBaTen.SI 

Bb16paHo cooTHOWeHHe 1 << L, r.ue 1 - TOnWHHa, a L - .uwaMeTp c ep.ue'IHHKa. Bhi)leneHHe 

2-H rapMOHHKH 'laCTOTbl B036)')K)leHH.SI, Hecyweii HH¢0pMaUHIO 0 BenH'IHHe MarHHTHOro 

llOJI.SI nyqKa, npOHCXO)lHT C llOMOWbiO nonOCOBbiX ¢unhTpOB, a npeo6pa30BaHHe noneJHOH 

HH¢opMaUHH B llOCTO.SIHHOe Hanp.SI)I(eHHe - C HCllOflbJOBaHHeM CH XpOHHOro )leTeKTOpa H 

HHTerpaTopa. 

YyscTBHTenbHocTb H3MepHTenhHOH CHCTeMhi - 20 B/ A, nonoca qacToT - 0 + 60 Kru. 

nopor 'IYCTBHTenbHOCTH orpaHH'IeH MarHHTHbiMH wyMaMH cep.ue'IHHKa (WYMbl EapKray-

3eHa) H cocTaBn.SieT 20 MKA. 
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PHc.2. CxeMa craHUHH Ha6moaeHHll Ja nyqKoM HyKJ!oTpoHa 

A-A 

A-pobO"~PE' not~o •tHut 
b-UCXOd>~O(' nOIIO M('HUE' 

11JMepeHHe nonepe"'HOro npoqmm1 nyqKa Ha nepsoM o6opoTe H onpe.neneHHe ero nono­

)l(eHHe B KaMepe H)'KnOTpOHa ocymecTBn5110TC51 C nOMOIJ.lbiO 4-X CTaHUHH Ha6nJO.UeHH51 

(pHc.2) H ::meKTpOHHOH annapaTypbl, COCT0511J.leHH HJ BH.llHKOHHbiX TeneBHJHOHHbiX KaMep H 

KaMep Ha TI3C-M~TpHuax . 11HCpopMaUH51 o npoqmne nyqKa BbiBO.llHTC51 Ha TeneBHJHOHHbiH 

MOHHTOp H MOHHTOpbl 38M. B nocne.nHeM cnyqae HCnOnbJYJOTC51 HHTepcpeifCHbie nnaTbl 

(frame grabber) H cneu HanbHbie nporpaMMbi o6pa6oTKH cHrHanos c TenesHJHOHHbiX KaMep. 

TipH 3TOM Ha MOHHTOpbl 38M BbiBO.ll51TC51 npocpHnH B pa3nH"'HbiX Ce"'eHH51X C 51pKOCTHOH 

rpa.uauHeH nnOTHOCTH nyqKa H TpeXMepHOe H306pa)l(eHHe nyqKa B MeCTe ycTaHOBKH nJOMH­

HeCUeHTHOfO 3KpaHa. 

Ha HYKnOTpoHe HcnonbJYJOTC51 .usa BH.lla nJOMHHecueHTHbiX 3KpaHos: 3KpaH (MHllleHb) c 

nonHbiM nOfnOIUeHHeM nyqKa H 3KpaH C "'aCTH"'HbiM nornomeHHeM (np03pa"'HOCT~ COCTaB­

n51eT 95%). TiepBbiH BH.ll 3KpaHa HJfOTOBneH H3 MeTHnMeTaKpHnaTa C TOHKHM cnoeM Bnnas­

neHHOfO nJOMHHocpopa ZnS(Ag) [ 4] . .Lln51 YMeHbllleHH51 norpelliHOCTH s onpe.neneHHH npo-
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cj>Hll.ll nyqKa H ero llllOTHOeTH TOHKMH enOH Jl!OMMHO¢opa HaHeeeH paBHOMepHblM enoeM 

ronmwHoii 0,2 MM. TaKMe aKpaHhi npw aHeprnw Meene)lyeMbiX qaerMu 5 MaB/HYKflOH o6e­

cnet.JwsaiOr 6onhlllOH eserOBbiXO.ll e nosepxHoerM MHllleHM. nonynpo3pat.JHa.ll MMllleHb M3ro­

rosneHa H3 TOHKOH B01lb¢paMOBOH npOBOJlOKM )lHaMerpOM 0,1 MM B BM)le eeTKM e lllarOM 

5 MM. B ymbi eerKM HaHeeeH paersop niOMHHo¢opa. TaKHe MMllleHM yeraliosneHbi Ha KaHa­

ne HH)l(eKUHM H Ha sxo)le nHH3bi 1$2 MarnwrHoii eTPYKTYPbi HYKfl rpoHa. C noMOIUbiO aroii 

MHWeHH M Henp03pal.JHOrO 3KpaHa, paenOJlO)l(eHHOrO nepe,ll aHanOrMl.JHOH llMH30H BTOporo 

. cynepnepHO)la 2$3, Ha6niO)la.ll 3a .llBYM.li npo¢M1l.s!MM O,llHOBpeMeHHO, Onpe,llen.l!IOT B nepBOM 

npw6nH)l(eHMH onrwManbHbie TOKH ·Marnwros H nMH3 HyKnorpoHa. CraHUMM Ha6niO)leHM.ll, B 

KOTOpblX yeraBHOBneHbl nonynp03pal.JHbie MMllleHH, )lOOOJlHMTeJlbHO HMeiOT yeMJlMTenM 

llpKOeTM M306pa)l(eHH.ll, OOTMl.JeeKHe pa3BeTBMTe1lM M ¢oTOYMHO)l(MTenM. 0HH 003B01l.s!IOT Ha-

6niO)laTb nyqOK HH3KOH MHTeHeMBHOeTM nop.s!,llKa 104 3Jl. 3ap. B KaHan HH)l(eKUMM M Ha 

HeeKOllbKMX Hal.JanbHblX o6oporax B KOllbUe HYKflOTpOHa. CraHUH.ll Ha61liO)leHM.ll eoeTOMT M3 

MeXaHH3Ma MHllleHM, yerpoiieTBa OO)leBeTKH MHllleHM, OKOH Ha6JliO)leHH.ll M TeJleKaMepbi. 

MwweHb npe,llerasn.s~er eo6oii e6opKy M3 osanbHOH ani?MHHwesoii O<?.ll1lO)l(KM e oTBeperM.li­

MH, paBHOMepHO paenOJlQ)l(eHHbiMH 00 OOBepXHOeTH OO)lflQ)l(KH H Jl iOMMHeeueHTHOrO 3KpaHa. 

MwweHb KpenMre.s~ Ha wraHre (6). lllraHra, enpama.s~ )lfl.ll YMeHbWeHM.ll rennonpoBO.llHOe­

TH, H3rOTOB1leHa H3 TOHKOeTeHHOH Hep)l(aBeiOIUeH rpy6KH. DO,llflO)l(Ka 31leKTpMl.JeeKM pa3B.ll-

3aHa e saKyyMHOH KaMepoii w eny)l(MT KonneKropoM .llll.ll M3MepeHM.ll l.JMena qaerMu. B pa6o­

'!eM OOJlO)l(eHHH MHllleHb eraHOBHTe.ll nepneH)lMKYll.s!pHOH OY'JKY H OOJlHOeTbiO nepeKpbiBaeT 

aneprypy KaMepbi. nosopor ll!TaHrn npOH3BO.llHTe.ll aneKrpo,llBHrareneM (10). Bpamemte Ha 

UlTaHry nepe,llaeTe.ll BaKYYMHblM BBO,llOM BpamarenbHOrO )lBH)l(eHH.ll (9), BbinOJlHeHHblM Ha 

OCHOBe TOHKOeTeHHOrO eHnb¢OHa H3 npy)l(MHHOH Hep)l(aBeiOIUeH er anM. MHllleHHa.ll KaMepa 

(4) paenonaraere.ll B eso60)lHOM npoerpaHeTBe Me)l()ly peryn.llpHblMM MarHMTHblMH 31leMeH­

TaMH yeKopwren.s~ (5). K Heii e o6eHx eropoH no)l yrnoM 45° npwsapMBaiOre.s~ narpy6KH e 

cj>naHUaMH. «XOllO)lHblH» narpy60K OT)leneH OT «Tennoro» KO)l(yxa napoii TOHKOeTeHHbiX 

cHm¢oHOB (7) )lll.ll rennosoii pa3B.li3KH . .[{n.s1 YMeHbllleHH.ll rennonpwroKa peryn.s~pHbiH aJOT­

HbiH 3KpaH ( 11) TaK)l(e HMeer narpy6oK. Co eMOTpOBOH eropOHbl «XOllO)lHbiH» narpy60K 

ynnoTH.llere.s~ ereKn.liHHbiM OKHOM (3) e noMOlllbiO npoKna,uoK eneu anbHOH ¢opMbi. Ha6niO­

.aeHHe 3a MHllleHbiO npOH3BO)lHTe.ll e OOMOIUbiO TeneKaMepbl (1). B o ¢naHUe (13) HMeiOTe.ll 

OKHO )lll.ll OO)leBeTKH MHllleHH H 3JleKTpHl.JeeKHe pa3beMbl )lfl.ll eH.s!TH.ll eHrnana e KOJlJleKTOp­

HOH nnaerHHbi. 

Heene)losaHH.ll niOMHHeeueHTHbiX Bell!eers, npose)leHHbie Ha nyqKax nporoHoB M et-t.Jae­

THU e 3Hepmei1 3,5 + 5,0 MaB, noKaJbiBaiOr [5], 'ITO niOMHHo¢ op ZnS(Ag) eoxpaH.ller 

JIHHeHHYJO 3aBHeHMOeTb BellHl.JHHbl eBeTOBblXO)la npH ysenMl.JeHHH HHTeHeHBHOeTH Meene)lye-

MOro nyqKa ,llO 1 o-8 A/eM. 

HrrpHi1-aniOMHHHeBbiH Kpwerann, aKTHBHposaHHbiH uepweM (Y 3AI50 12:Ce), Hal.JMHaer 

HaebiiUaTbe.ll npH llllOTHOeTH nyqKa 6onee 10-5 A/eM. 8H)lHKOHbl H n3C-MarpHUbl, wen01lb-

3yeMbie HaMH, HMeiOT o6naeTb JlHHeHHOH 3aBHeHMOeTH BeJlHl.JHHbl BblXO)lHOro ewrnana OT 

cserosoro noroKa, nona.uaiOmero Ha BXO.ll arwx yerpoi1ers. npo¢wnb nyqKa, H3MepeHHbiH e 

OOMOIUbiO eraHUHH Ha6JliO)leHH.ll HYKnOTpOHa, HMeeT He60llblllYJO norpelllHOeTb H3MepeHH.ll; 

OH npe.aerasneH B [6] . 
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ABTOpbi BbipiDKaJOT 6naronapHOCTb B.H.KyJHeuosy H A.A.AHarnHHY Ja 6oJiblllyJO pa6o­
TY no H3fOTOBJieHHJO H HaJiaJ:{Ke OTJ:{eJibHbiX YJJIOB H3MepHTeJibHblX CHCTeM H llOMOlUb npH 
BBeJ:{eHHe HX B ::lKCnJiyaTaUHJO. 
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KOHCTPYKTHBHLIE OCOiiEHHOCTH CTA~HH 
. BHYTPEHHHX MHIDEHEH HYKJIOTPOHA JIB3 OIDIH 

B.A.KpacnoB, A.B.illa6yno8 

npeACTaBJieHbl KOHCTPYJCUHH MHWeHHbiX CTaHUHii, HCnMbJyeMbiX Ha BHYTPeHHeM fi)"'Ke 
HYJC!IOTpoHa JIB3 OJ-UIH JVIJI ,!IHamOCTHKH BHYTPeHHero fi)"'Ka YCKOpHTCJIJI H JVIJ1 npoBe,!leHHJI 
cpH3H'IeCKHX 3KCnepHMeHTOB. 

Pa6oTa BbinOJIHeHa B Jla6opaTOpHH BbiCOKHX JHeprnii 0!-UIH. 

The Design Features of the LHE JINR Nuclotron Internal Target 
Stations 

V.A.Krasnov, A. V.Shabunov 

New technical designs of the LHE JINR Nuclotron internal beam target stations are pres­
ented. These target stations are used for beam diagnostics and for the physical experiments. 

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

Bse.ueHlie 

3KcnepHMeHTbl cpH3HKH Bb!COKHX ::meprHH, OCyiUeCTBJUieMbie Ha UHKJIHtJeCKHX ycKO­

pHTeJUIX Jap.SDKeHHblX tJaCTHU, MO)I(HO YCJIOBHO paJL{eJIHTb no MeTO.UHKe Ha L{Be OCHOBHbie 

rpynmr: npOBO,IlHMble Ha Bb!Be,lleHHblX H3 KaMepbl YCKOpHTeJI.ll nyqK ax H CBO,Il.liiUHeC.ll K HJy­

'leHHIO B3aHMOL{eHCTBH.ll nyqKa C MHllleHbJO, pacnOJIO)I(eHHOH Heno cpe.UCTBeHHO BHyrpH Ba­

KYYMHOH KaMepbi Ha op6HTe ycKopeHHbiX tJaCTHU. B o6meM, Hcno nb30BaHHe BbiBe.ueHHbiX 

nyqKOB 6onee y.uo6HO C TeXHHtJeCKOH TO'IKH 3peHH.ll BCJie,llCTBH HaJIHl.JH.ll ,llOCTaTOtJHOfO 

npOCTpaHCTBa ,llJl.ll pa3MeiUeHH.ll 3KCnepHMeHTaJibHOH ycTaHOBKH, n pHMeHeHH.ll TOJICTOH (.UO 

HeCKOJlbKHX r/cM
2

) MHllleHH, pacnOJIO)I(eHHOH HenO,IlBH)I(HO Ha n YTH nyqKa tJaCTHU, pa3.Ue­

neHH.ll saKyyMHbiX ofueMoB ycKopHTen.s~ H HOHonposo.ua nyqKa, a TaK)I(e npocTOTbr YCTPOH­

CTBa JaMeHbr MHllleHeH. O.uHaKo B ueKoTopbiX cnyqa.s~x pa6oT ua BHYTpeuueM nyqKe 

YCKOpHTeJI.ll .uaeT B03MO)I(HOCTb .ll06HTbC.ll onpe.ueneHHblX npeHMyiUeCTB B KatJeCTBe nonyqae­

MOH cpH3H'IeCKOH HHcpOpMauHH, a HMeHHO: 

• np11 BbiBO,Ile nyqKa H3 KaMepbl ycKOpHTeJI.ll noTepH MOfYT ,llOCTHraTb 90% HHTeH­

CHBHOCTH, 'ITO .liBJI.lleTC.ll HenpHeMJieMbiM ,llJI.ll HCCJie,llOBaHH.ll peaKUHH, H.llYIUHX C 

MaJiblM Ce'leHHeM. 
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• napaMeTpbi nyqK a qacntu no 11MnynbCHOMY pa3pemeHI1IO !:!.p / p 11 nonepe'IHOMY pa3-

Mepy 8 KaMepe y CKOp11Teml 06bilfHO 8 HeCKOJibKO pa3 npe80CXO.U51T napaMeTpbl 8bi8e­

,UeHHOfO llytiKa, 'ITO C03,UaeT JIYlfliii1e ycJIOBI151 ,!lJijj npoBe,UeHI151 npeU113110HHbiX 3KC­

nep11MeHT08. 

• 3a ClfeT MHOroKp aTHOfO npOXO)K,!leHHjj nyqKa lfaCT11U Ha 0p611Te lfepe3 .UOCTaTOlfHO 

TOHKYIO Ml1liieHb o6ecnelfi1BaeTC51 He06XO.U11MM CBeTI1MOCTb .llJ!jj peaKU11H C MaJibiM 

CelfeHI1eM np11 y c JI081111 MI1HI1MaJibHOf0 11CKruteeHI151 KI1HeMaTI1lfeCKI1X xapaKTep11CTI1K 

8biJieTaiOll.li1X lfaCT11U 113-3a 11X B3ai1MO,UeHCT8Hjj C MaTep11aJIOM Ml1liieHI1. 

• 3KCnep11MeHTbl Ha 8HYTpeHHeM nyqKe yCKOpHTeJI51 MOfYT 6b1Tb HalfaTbl .UO 880.Ua 8 

3KCnnyaTaUHIO CHCTeMbl BbiBO.Ua H pa3BO.UK11 llYlfKOB B 3KCnep11MeHTaJibHOM 3aJie. 

8 J1a6opaTopHH 8biCOKHX 3Hepmii 0115111 MeTO.UHKa npHMeHeHI151 BHYTpeHHero nyqKa 

ycKOpHTeJI5~ .UJI51 Hccne.uo8aHI151 npouecco8 pacce5~HI151 npoTOHOB Ha MaJibie yrnbl 8nep8bie 

6biJI npe.uno)[(eHa H npHMeHeHa 8.A.C811pH.UOBbiM, 8.A.HHKHTI1HbiM 11 .up. [1] 8 1964 r. 

8 .UaJibHeiimeM no.uo6Hhie MeTO.Ubi 6biJIH HcnoJib308aHbi Ha ycKopHTeJI5~X 11<1>83 H <I>HAJI 

CWA. 8 KalfeCT8e Mum eHeii 11cnoJib308aJII1Cb TOHK11e (nopjj,!lKa 1 MKM) nneHKI1 113 noni1-

3THJieHa 11JIH ,upyrHX MaTepHaJI08, ycTaHOBJieHHbie 8 KaMepe YCKOp11TeJI5~; nyqoK Hanpa8JI51JI­

C51 Ha Ml1meHb 113MeHeHI1eM MarHI1THOro non5~ nocne ycKopeHI1jj. 8 .UaJibHeiimeM 6biJia pa3-

pa6oTaHa 11 np11MeH5~nac b MeTO.U11Ka 11CnOJib30BaHI1jj ra308biX CTPYHHbiX Ml1meHeii (c8epx-

3BYKOBM cTpy5~ 80.Uopo.ua n116o .upyroro ra3a), o.uHaKo C8eTI1MOCTb .llJI51 TaKI1X Ml1meHeii 8 

o6meM cnyqae MeHbme. He.uasHo ony6ni1KOBaHo on11caH11e TaKoro po.ua Ml1meHI1, 113roTo8-

neHHOH .UJI51 npOTOHHoro ycKop11TeJI5~ c HaKoni1TeJibHbiMI1 KOJibUaMI1 CELSIUS B Ynncane, 

ill8eU11jj [2]. 3.uecb npe.unonaraeTC51 npo8e.UeHI1e 3Kcnep11MeHT08 no pO)[(.!leHI1IO 8Topw-1HbiX 

lfaCT11U np11 83ai1MO.UeHCTBI111 nyqKa npOTOH08 yCKOp11TeJijj C 51.!lpaMI1 .ueihep1151 CTpyHHOH 

Ml1liieHI1 . Kopnyc yCTp OHCTBa Ml1liieHI1 8binOJIHeH 113 Hep)[(a8eiOWeH CTaJII1 8 cpopMe 

U11JI11H.Upa .U11aMeTpOM 250 MM 11 TdJillli1HOH CTeHKI1 0,7 MM. 

llocJie OKOHlfaHI151 MOHTa)[(a 11 B80.Ua 8 3KCnJiyaTaU1110 H080f0 C8epxnp080.U51liiefO YCKO­

p11TeJI51 J183 0115111 - HyKJIOTpOHa - C 3Hepmeii nyqKa 3ap51)[(eHHbiX jj,!lep .UO 6 f38fHYK­

JIOH [3] s 1994 r. 6biJII1 HalfaTbi cp11311lfeCK11e 113MepeHI151 Ha 8HYTpeHHeM nyqKe ycKopeHHbiX 

.ueiiTpOH08. <1>11311lfeCKM nporpaMMa pa6oT 8KJIIOlfaeT s ce6jj 113YlfeHI1e o6pa3o8aHI1jj KYMY­

JI51TI18HbiX npoTOH08, .ue iiTpOHOB 11 K-Me30H08 np11 yrnax 8biJieTa OT 30 .uo 135°. 06mM 

cxeMa 3Kcnep11MeHTa .uaHa Ha p11c . l. )lnjj npo8e.UeHI1jj 11ccne.uo8aH11ii pa3pa6oTaHa 11 113ro­

T08JieHa MexaHI1lfeC.KM CI1CTeMa MC-880.Ua 11ccne.uyeMoii M11WeHI1 8 nyqoK ycKopeHHbiX 

lfaCT11U HYKJIOTpoHa [4 ] . 8 .uaHHOH CI1CTeMe 803MO)[(HO np11MeHeHI1e lfeTbipex MI1WeHei1 pa3-

JII1lfHoro MaTep11ana 80 8peM51 113MepeHI1H 6e3 pa3repMeTI13aU1111 o6oeMa 8aKYYMHOH KaMepbl 

ycKOp11TeJI51. 0TJII1lfi1TeJibHOH Oco6eHHOCTbiO jjBJijjeTCjj np1180.U .U811)[(eHI1jj Ml1liieHI1 np11 

nOMOllll1 liiaf080rO .!l811 faTeJI51, KOTOpblH n0380JI51eT 8BO.U11Tb Ml1liieHb 8 nyqOK no 3apaHee 

3a,!laHHOH npOCTpaHCT8eHH0-8peMeHHOH TpaeKTOp1111 6e3 88e.UeHI151 11CKrutCeHI1H MafHI1THOrO 

nOJI51 .llJI51 «Ha8e.UeHI151» n yqKa Ha Ml1liieHb. llpe,uycMOTpeHO 11CnOJib308aHHe Ml1liieHeH 8 81f.Ue 

HI1TeH JII160 TOHKI1X nJieHOK MaTep11aJI08. K HaCTOjjliieMy 8peMeHI1 np08e.UeHa .UOpa60TKa 11 

MO.UepH113aU1151 3TOH CI1 CTeMbl C UeJibiO n08biliieHI1jj ee Ha,!le)[(HOCTI1 11 OnTI1MI13aUI11f 8pe-
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cmeHa myHHeAJI 
HYKJIOTPOHA 

Hanpa811eHue ny~Ka 
iJeumpoH08 

14 ~I 

I~ 0,5 M ~I 

I 
'j'Cl 
I 

I 

I 
I 

cmeHa myHHeAJI 
HYKJlOTPOHA 

MaZHu mHtllle 3/le.MeHmbl 

HYKJIOTPOHA 

____________________ ) 
PHc.l . PacnonoJKeHHe 3KcnepHMeHTanbHhiX ycraHOBOK Ha BHYTp eHHeii MHIIIeHH 

HYKflOTpOHa. CC - CUHHTHnnliUHOHHbiH cneKTpOMeTp liJlll pernCTpaUHH npo­

TOHOB H neiiTpOHOB non yrnaMH 90 + 135°. CT- CUHHTHnflliUHOHHbiH 14-cnoii­

HbiH TenecKon liJlll perncrpawm nHoHOB H KaoHos non yrnaMH oT 30 no 90°. 
MC - CTaHUHll aaona BHYTpeHHHX MHIIIeHeii 
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MeHH B3aHMOJleikTBH.II «n}"'OK- MHWeHb» )lfl.ll npOBe)leHH.II «COBn a)laTenbHbiX» 3KCnepH­

MeHTOB. 

8 HaCTO.IIIlleH pa60Te OnHCbiBaiOTC.II KOHCTpyKUHH CTaHUHH BHyrpeHHHX MHllleHeH HyK­

noTpOHa )ln.ll npoBe)leHH.II cpH3H'IeCKHX 3KCnepHMeHTOB, a TaKJKe BCnOMOraTenbHbie MHWeH­

Hbie CTaHUHH )ln.ll )lHarHOCTH BHyrpeHHero n}"'Ka YCKOpHTen.ll. 
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Oco6eHHOCTH MHrneHHbiX cTaHUHH 

CHCTeM ~HarHOCTHKH nyqKa 

BaKYYMHrul KaMepa MHllleHHbiX CTaHI.lHH pa6oTaeT B YCJIOBHjiX nOrp)')KeHHji B )I(~KHH 

reJIHH, qTo npe~'bj!BJij!eT cneuHqmqecKHe Tpe6osaHHj! K ee KOHCTPYKI.lHH H TexHonorHH 

npoH3BO~CTBa [5]. C03.uasaeMLie KOHCTPYKI.lHH BK, noMHMO o6LiqHbiX Tpe6oBaHHH K HX 

3JieMeHTaM no o6ecneqeHHIO nJIOTHOCTH H npoqHOCTH ()l(eCTKOCTH), .UOJI)I(Hbl 6b!Tb npoBepeHbl 

Ha pa60TOCnOC06HOCTb K aK npH HarpeBe, TaK H npH MHOrDKpaTHOM OXJia)l(,[leHHH .llO TeMne­

paTypbi )I(H.llKOro reJIHj!, T.e. B ycnoBHj!X, MaKCHMaJibHO npH6JIH)I(eHHbiX K pa6oqHM. MO)I(HO 

nepeqHCJIHTb CJie.UYIOI.I.lHe OOll.lHe Tpe60BaHHji K KOHCTpyKI.lHH BaKYYMHOH KaMepbl ,llJiji CBepx­

npOBO,lljilJ.lero yCKOpHTeJiji : 

• Pa3Mepbl H KOHqmrypaJ.lHji npOBO,llj!lJ.lHX MeTaJIJIHqecKHX qacTeH KaMepbi .UOJI)I(Hbl 

6LITb TaKHMH, q T06bi B03Myll.leHHji MarHHTHOrO nOJiji B 3a30pe MarHHTa BCJie.UCTBHe 

BHXpeBbiX TOKOB B HeH He npeBbllllaJIH ,lleCj!TbiX ,llOJieH npoueHTa. 

• BHyrpeHHj!j! nos epxHOCTb KaMepbi ~OJI)I(Ha o6na.uaTb .uocTaToqHoH 3JieKTponposo.u­

HOCTbiO, qT06bi o6ecneqHTb CHjiTHe CTaTHqecKOrD 3ap~a 3a cqeT na.uaiOll.lHX Ha 

CTeHKH qaCTHU H no.u.uep)l(aHHji Ha nosepXHOCTH noTeHI.lHaJia, 6JIH3KOro K noTeH­

J.lHaJIY 3eMJIH. 

• TOJill.lHHa CTeHOK KaMepbl .UOJI)I(Ha 6b!Tb MHHHMaJibHOH, qT06bi o6ecneqHTb 6onee 

nOJIHOe npOHHKHOBeHHe qaCTHI.l CKB03b CTeHKH KaMepb!. 

• CKopoCTb raJOBbi.UeJieHHj! B ycnoBHj!X HHTeHCHBHOro 3JieKTpoMarHHTHoro H Kopnyc­

KyJij!pHoro o6nyqeHHji CTeHOK .llOJI)I(Ha 6b!Tb MHHHMaJibHOH. 

• Pa.uHal.lHOHHrui CTOHKOCTb MaTepHana no MexaHHqecKHM, 3JieKTpHqecKHM H MarnHT­

HbiM xapaKTepHCTHKaM .UOJI)I(Ha 6biTb MaKCHMaJibHOH. 

CneumtmqecKHe Tp e6osaHHji, o6ycnoBJieHHbie pa6oToi1 KaMepbi B ycnoBHj!X norp)')Ke-

HHj! B )I(~KHH reJIHH: 

- noBbiWeHHM. H a,lle)I(HOCTb ~cex 3JieMeHTOB BK H repMeTHqHOCTb scex ee y311os; 

- npHMeHHMOCTb MaTepHaJia KaMepbl .llJiji pa60Tbl npH KpHOreHHbiX TeMnepaTypax; 

- HaJIHqHe 3JieMeHTOB KOMneHCal.lHH TepMOYCa.llOK H HeTOqHOCTeH pacnOJIO)I(eHHji CeK-

I.lHH KaMep .Upyr OTHOCHTeJibHO .Upyra no yrny; 

- MHHHMYM TenJI OBOrO nOTOKa K reJIHIO, o6ycJIOBJieHHOrD npHMeHeHHeM KaMepbi; 

- TeXHOJIOrHqHOCTb KOHCTPYKI.lHH, o6ecneqHBaiOll.lrul MHHHMYM ee CTOHMOCTH npH 

H3rOTOBJieHHH KOHCTPYKI.lHH B ycnoBHj!X KOHKpeTHoro npoH3BO.UCTBa. 

Oco6eHHOCTH K O HCTpyKUHH cTaHUHH ~Jij! 3KcnepHMeHTOB 

CxeMaTHqHo BaKYY'fHrul KaMepa MHWeHHbiX CTaHI.lHH npe,llCTaBJieHa Ha pHc .2. 

ITpH tlpOBe,lleHHH cpH3HqeCKHX 3KCnepHMeHTOB O.UHHM H3 OCHOBHbiX YCJIOBHH ji8JijieTCji 

.UOCTH)I(eHHe MaKCHMaJibHOrD CB060.UHOrO TeJieCHOrO yrna BbiJieTa BTOpHqHbiX qaCTHI.l H3 

MHWeHH npH MHHHMaJibHOH TOJill.lHHe ee CTeHOK. ITpH pa60Te Ha BHyrpeHHeM nyqKe HYKJIO­

TpOHa HCnOJib3YIOTCji 3K CnepHMeHTaJibHbie ycTaHOBKH Ha OCHOBe Cl.lHHTHJIJijiJ.lHOHHbiX ,lleTeK­

TOpOB, pacnOJIO)I(eHHbie B ropH30HTaJibHOH nJIOCKOCTH Ha ypOBHe UeHTpaJibHOH TpaeKTOpHH 
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tJaCTHU B KaMepe YCKOpHTen.ll nO.[.{ · 

yrnaMH OT 30 J.{O 135° OTHOCHTenbHO 

HanpasneHH.II nyqKa . .[{n.s~ H3MepeHH.II 

BTOpHtiHbiX tJaCTHU HCnOnb3yeTC.s! 

(!:.T- AE- E)-MeTOAHKa onpeAeneHH.II 

HX THna H :;meprHH. fipH 3TOM J.{Hana-

30H H3Mep.s!eMbiX 3HeprnH CHH3Y onpe-

. J.{en.lleTC.s! KOnHtJeCTBOM MaTepHana Ha 

nyTH perncrpHpyeMOH tJaCTHUbl. 0rcJO­
J.{a OtJeBHJ.{HO, 'ITO J.{OnycTHMa.s! TOn­

UlHHa CTeHOK BaKYYMHOH KaMepbl no 

KOnHtJeCTBY MaTepHana J.{On:l!CHa 6biTb, 

no KpaHHeH Mepe, He 6omwe a¢¢eK­

THBHOH TOnll(HHbl nepBbiX J.{eTeKTOpOB 

Ha nyrH tJaCTHU, KOTOpa.s! COCTaBn.lleT 

B AaHHOM cnyqae 0,5 r I cM
2

. 

B KatJecTBe MaTepHanos An.ll HJro­

TOBneHH.II aneMeHTOB BK Bbi6paHa He­

p)l(aBeiOma.s~ CTanb aycTeHHTHOfO 

PHc.2 . KoHCTp)'KUIDI UHnHH.!IpHtiecKoH KaMepbi c TOH­

KHMH CTeHKaMW )lJlll pa3MellleHI'!ll MHllleHeH QJH3H'JeCKHX 

3KcnepHMeHTOB 

Knacca MapOK 06Xl8Hl0T H 12Xl8Hl0T, OTBetJaiOU(a.s! Tpe6oBaHH.s!M BaKYYMHOH TeXHHKH, 

XOpOlllO CBapHBaeMa.s! H nOJ.{XOJl.s!Ula.s! }ln.ll pa60Tbl B ycnOBH.s!X KpHOfeHHbiX TeMnepaTyp . ,[{n.s! 

H3fOTOBneHH.II np.s!MOnHHeHHbiX ceKUHH BK Bbi6paHbi BbmycKaeMbie npOMbiwneHHOCTbiO 

oco6oTOHKOCTeHHbie Tpy6bi c aneKTpononHpoBaHHOH BHyrpeHHeH nosepxHOCTbiO. KoMneH-

CaTopaMH TepMOYClUlOK yqaCTKOB Me)I(Jly 3neKTpOMafHHTHbiMH aneMeHTaMH cn~aT MeM-

6paHbl C KOn bUeBbiMH ro¢paMH, BbinOnHeHHble H3 nHCTOBOH Hep)l(aBeiOU(eH CTanH MeTO}lOM 

XOnO}lHOH lllTaMnOBKH H ycTaHaBnHBaeMbie no KOHUaM . 

KopnycoM BK MO)I(eT cn~HTb UHnHHJlp HnH map. OmiT npo se}leHH.II ceaHCOB Ha HYK­

n oTpoHe noKa3an B03M0)1(H0CTb npHMeHeHH.s! o6e4aeK H3 KOpp03H OHHOCTOHKOH CTanH, nOJl­

KpenneHHOH ro¢paMH C TOnll(HHOH CTeHKH He 6onee 0,5 MM, TO COOTBeTCTByeT JlOnon-

HHTen bHOMY KOnH4eCTBY Bell(eCTBa OKOnO 0,4 r/cM
2

. 8 HallieM cnyq ae npe}lenbHbiM JlHaMeT­

pOM UHnHHJlpH4eCKOH tJaCTH KOpnyca TOnll(HHOH 0,5 MM (Jln.ll }laBneHH.II 0,13 Mila 

(1,3 Kfc/cM)) , .s!Bn.s!eTCll JlHaMeTp 250 MM . Y4aCTOK MHllieHHOH CTa HUHH COe}lHH.s!eTC.s! C Jlpy­

fHMH yqacTKaMH BK npH noMOlllH pa3beMHbiX ¢naHueBbiX coe}lHHeHHH THna «KoH¢naT» c 

Me)lHbiMH npOKna}lKaMH (7]. 8 KOHCTpyKUHIO yqaCTKOB KaMep BBeJ.{eHbl CHnb¢0Hbl , o6ecne-

4HBaiOU(He OTHOCHTenbHYIO nOJ.{BH)I(HOCTb COCeJ.{HHX yqaCTKOB no OTHOllieHHIO Apyr K Apyry. 

0TnH4HTenbHOH OC06eHHOCTbiO pa3pa60TaHHbiX ycTpOHCTB .s!BnlleTC.s! npHMeHeHHe 

npHHUHna nOJ.{BH)I(HOH MHllieHH, BbinOnHeHHOH B BHJ.{e OJ.{HOH HnH HeCKOnbKHX HHTeH TOn­

lllHHOH B HecKomKo MHKpOH H JaKpenneHHOH Ha spamaiOmeHc.ll p aMKe BHYTPH BaKyyMHoro 

o6beMa. IlpHBOA B ABH)I(eHHe ocymecTsn.s~eTcll npH noMOlllH waros oro ABHraTen.s~. B HatJanb­

HbiH nepHOJl yCKOpeHHll paMKa C MHllieHbiO HaXOAHTC.s! BHe npeJ.{enOB pa60tJeH anepTypbl nyqKa. 

fipH J.{OCTH)I(eHHH 3a}laHHOH 3HeprHH 4aCTHU paMKa C MHllieHb iO npHXOJ.{HT B B03BpaTHO­

nOCTynaTenbHOe JlBH)I(eHHe nonepeK OCH nyqKa H nepeceKaeT anepTypy HOHOnpOBO)la B 060HX 

HanpaBneHHliX. fipH 3TOM AOCTHraeTCll MaKCHManbHOe (AO 2 C H 6 onee) BpeM.s! B3aHMOJ.{eHCT-
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BIUI nyqKa C MHllleHbiO H nonHOe HCnOflb30BaHHe HHTeHCHBHOCTH nyqKa (MaKCHManbHrul 

cseTHMOCTb). OpocTpaHCTBeHHO-speMeHHrul TpaeKTOpiDI JlBH)!(eHH~ MHllleHH 3a)laeTc~ B 

3aBHCHMOCTH OT THna H ::mepnm 'JaCTHU nyqKa H MaTepHana MHllleHH C nynbTa onepaTopa 

HCXO~ 113 Tpe6oBaHHH 3 KCnepHMeHTOB. 

Op11 KOHCTpyHposaH HH Heo6xo)lHMO o6ecne'lHTh: 

• MHHHManbHYfO TOfllllHHY CTeHOK KaMepbl, HCXOJl~ 113 ycnOBHH MeXaHH'leCKOH npO'l-

HOCTH; 

• MHHHManbHOe KOn H<JecTBo )leTaneA 11 YJflOB BHYTPH KaMepbi; 

• yJlo6cTBO c6opKH 11 pa36opKH; 

• MaKCHManbHOe K OflH'leCTBO B03MO)!(Hb1X HanpaBneHHH )ln~ pa60Tbl cpH3H'JeCKHX ycTa­

HOBOK nO)l pa3Hbi MH yrnaMH OTHOCHTeflbHO HanpaBneHH~ nyqKa 'JaCTHU; 

• )lHCTaHUHOHHOe y npasneHHe pe)!(HMaMH )lBH)!(eHHjj H CMeHbl MHllleHeH C nynbTa One­

paTOpa; 

• B03MO)!(HOCTb perynHpOBKH nOflO)!(eHH~ MHllleHH Ha nyqKe. 

Pe)!(HMhi pa6oTbi C0 3JlaHHoro yCTpoAcTBa Ha nyqKe noKa3aHbi Ha pHc.3. nocne OKOH­

'laHIDI pe)!(HMa YCKOpeHH~ H BbiXO)la MarHHTHOfO non~ B 3neMeHTaX (a TaK)!(e 3HeprHH 'JaC­

THU) Ha nocTO~HHOe 3H a 'leHHe BKniO<JaeTc~ npHBOJl JlBH)!(eHH~ MHllleHH. OpH ::>TOM JlOCTHra­

eTc~ MaKCHManbHOe (JlO 5 C) BpeM~ B3aHMO)leHCTBH~ nyqKa H MHllleHH. 

B HacTo~mee speM~ pa3pa6oTaHa KaMepa ccpepH'leCKOH cpopMbi H3 aniOMHHHesoro 

cnnasa AMr-2. TonmHHa cTeHKH BK - 2 MM, JlHaMeTp ccpepbi - 350 MM (pHc.4). L{n~ 

coe)lHHeHH~ c BK ycKopHTen~ Hcnonh3YIOTC~ npoKna)lKH H3 3nacToMepa <<BHTOH>>. L{n~ 

o6ecne<JeHIDI YJl06CTBa c 6opKH H pa360pKH BMeCTO 06bi'lHbiX 6onTOB HCnOJJb3YIOTC~ CTpy6-

UHHbl. OpHBOJl MHllleHei1' ocymecTsn~eTc~ c noMOlllhiO BaKYYMHposaHHoro lllarosoro 3JJeKT­

poJlBHraTen~. pacnono)!(e HHoro BHYTPH BK Ha cneuHanhHOM KpOHlllTeHHe. Ha OCH JlBHra­

Ten~ HaXOJlHTC~ <<Koneco >> c HecKonbKHMH paJlHanbHO pacnono)!(eHHhiMH pa6o'IHMH MHllle­

H~MH. 0nTHK0-3neKTpOHHble )laT'l.HKH yrna BpameHH~ ycTaHOBneHbl Ha )lHe BaKYYMHOH 

I, 01H.e~. 4 

' 1 

0 1.5 .., ~ 
{.,, -· 3.5 4.5 5.5 6.5 T, c 

PHc.3. Pa6oTa ycTpoiicrsa MHWeHHOH craHUHH Ha n)"'Ke HYKflOTpoHa. I - KpHBaJI 

H3MeHeHHll MarHHTHOfO nOJJll YCKOpHTeJJll (3Hepmll n)"'Ka '!aCTHU), 2 - HHTeHCHB­

HOCTb '!aCTHU B KOJibUe 6e3 BBel!eHHll MHWeHH, 3 - B3aHMOl!eHCTBHe n)"'Ka C 

MHWeHbiO B BHl!e IIIiTH 8 MKM, 4 - MOMeHT BBel!eHHll MHWeHH B n)"'OK 
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P~o~c.4 . MonepHH3HposaHHlUI MHWeHHlUI craHUHll Mll nposeneHHll cpH3H'IeCKHX 

HCCJieJIOBaHHH 
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KaMepbl. B BaKyyMHOM KOpnyce CT3HUHH HMeJOTC.SI T3K:lKe naTpy6KH CO CMOTpOBbiMH OKH3MH 

,un.SI pa3MeWeHH.SI QJOTOYMHO:lKHTeneH CHCTeMbl ,U3HrHOCTHKH nyqK a H TeneKaMep KOHTpOn.SI 

MHWeHeH . 

Tpe6osaHH.SI K npHso,uy MHllleHeii 

OnbiT npose,ueHH.SI ceaHcos Ha KpHoreHHbiX ycKOpHTen.s~x noK a3an B03MO:lKHOCTb npHMe­

HeHH.SI nH60 cneuHanbHbiX rn6KHX CHnbQJOHOB (6) M.SI nepe,ua•m ,UBH:lKeHH.SI B B3KYYM (cxeMa 

Ha pHc.5), nH6o waroBbiX :meKTpo,usHraTeneii, npe,uHa3HatJeHHbiX ,un.SI pa6oTbi s ycnoBH.SIX 

BbiCOKOro BaKyyMa. 

06a cnoco6a HMeJOT CBOH npeHMywecTBa H He,UOCT3TKH. HanpHMep, npHMeHeHHe 

lllarOBbiX ,UBHraTeneH OTnH'IaeTC.SI npOCTOTOH KOHCTpyKUHH npHBO,Ua, HO Tpe6yeT BBe,UeHH.SI 

,uononHHTenbHoro sewecTBa BHYTPb o6'beMa BaKYYMHOH KaMepbL TaK:lKe B03MO:lKHbl HCKa­

:lKeHH.SI op6HTbl '13CTHU B Ha'!anbHOH CTa,[lHH yCKOpeHH.SI 1'13-33 BnH.SI HH.SI pacce.SIHHOro MarHHT­

HOrO nOn.SI 06MOTOK ,[lBHraTen.SI. 
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PHc.5. n pHBOJl JlBmKeHHJI MHWeHH npH OOMOU1H cneUHaJib­

HOfO rn6KOfO C11IIbCpOHa 

P11c.6. nepe)la'!a JlBHJKeHHJI B BaKY)'M OpH OOMOU1H C11IIbcpOHa C OJlHHM H3fH60M 

B TO )!(e 8peMJI K He)lOCTaTKaM CHJJb<flOHHbiX 8aKY)'MHbiX 880)l08 8pai.UeHHSI MO)!(HO OTHeCTH 

cJTe)l)'IOJ.UHe: 

• Pecypc pa60Tbl CHJT b<floHa Ha H3rn6 orpaHH'!eH. npH pa3pbi8e CHJlb<fJOHa 80 8peMSI 

pa60Tbl XOJTO)lHOfO YCKOpHTeJTJI MO)!(eT HaCTynHTb a8apHHHaSI CHTyaUHJI, TaK KaK 

npoH30HileT HaTeKa HHe 803Jlyxa 8 o6pa3o8a8rneecJI OT8epcTHe. ,LlJTJI 6eJonacHOCTH 

TaKHe 880)lbl 3aKpb 8aiOTCJI CHapy)!(H CneUHaJTbHbiMH repMeTH'!HblMH KOJTnaKaMH. 
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A(4 1) 

~ 
PHc.7. CxeMa roHHOMe-rpwiecKoro ycrpoiicrsa ,!l.Jlll nepena'm nsyx llBHJKeHHH s saKYYM 

• Oocne Hapa60TKH onpe,!leneHHOro 'IHCna UHKnOB H3rn6a CHnhcpOHhl ,!lORlKHhl JaMe­

HSIThCSI . 

0ono6Hhle BBOJlhl HCnOnh3YIOTCSI )lnSI npHBOJla MHIJJeHH B eTblpex CTaHUHSIX Ha6niO­

)leHHSI Ja nY'iKOM B HyKnOTpOHe. CaMhiM Ha)le)I(HhiM oKaJanOCh n p HMeHeHHe npocToii cxeMhi 

nepe)la'IH llBH)I(eHHSI B BaKyyM, npH KOTOpOH CHnhcpOH CC!Bep iJJaeT TOnhKO OJlHH H3rH6 

(pHc .6) . 

3aTeM, B pa3BHTHe :noii npOCTOH CXeMhl nepe)la'IH JlBH)I(eHHSI B BaKyyM, 6hina pa3pa6o­

TaHa H peanHJOBaHa B fOHHOMeTp11'1eCKOM ycTpOHCTBe CXeMa n epe,!la'IH llBYX llBH)I(eHHH. 

KpOMe H3rn6a 3)leCh HCnOnhJyeTCSI ewe paCTSI)I(eHHe HnH C)l(aTHe CHnbcpOHa. 3-fo n03BOnSieT 

CMeHSITh MHIJJeHh H nOJlCTpaHBaTb ee non nY'iOK. 3-fy CXeMy MQ)((HO YBHJleTb Ha pHc.7. 

KoHCTPYKTHBHOe peiJJeHHe Y'iaCTKOB BK MHIJJeHHhiX cTaHUH H so MHOroM onpenenSinoch 

KOHKpeTHhlMH B03MQ)I(HQCTSIMH npOH3BOJlCTBa H era OCHalUeHHOCThiO CBapO'IHhiM o6opyJlO­

BaHHeM. fepMeTH'IHOCTh coenHHeHHH H scex 3neMeHTOB Y'iaCTKOB BK nposepSinach np11 

nposeneHHH BhiCOKOTeMnepaTypHoro o6eJra)I(HBaHHSI B cTeHne, c neuHanhHO pa3pa6oTaHHOM 

nnSI 3THX uenei:i. 

3aKniO'ieHHe 

OnHcaHHhie KOHCTPYKUHH CHCTeM saKyyMHhiX KaMep c nepeila'ieH llBH)I(eHHSI nnSI pa3Me­

meHHSI MHIJJeHeH JlHarnOCTH ny'IKa H npoBe)leHHSI 3KCnepHMeHTOB Ha HyKnOTpOHe J1B3 

npHMeHSinHCh Ha ceaHcax ycKopHTenSI B Te'leHHe 4 neT (c 199 3 no 1997 rr.). Bo speMSI 

pa60Thl BCe ycTpOHCTBa nOKa3anH JlOCTaTO'IHO XOpOIJJHe xapaKTepHCTHKH Ha)le)I(HOCTH H 

TO'IHOCTH ycTaHOBKH MHIJJeHeH, OTCYTCTBHe OTKa30B BO BpeMSI ~ 3MepeHHH . 
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CHCTEMA O:QHWPOBKH rPAWHKOB (COr) 

· A.Il.HepycWlUMOB, E.A.HepycWlUMOB*, 
)J(.)J(.MycyJZbMan6eKoB, 3.r.HuKonoB, B. C.PuxBuq.Kuu 

npeACTaBJieHa CHCTeMa OLtH!flpOBKH rpa!fJHKOB (COT), BKIIIO'IaiOUUill arrrrapaTHYIO H Ilpo­
rpaMMH)'IO qacTH. PaccMaTpHBaJOTCll ABa oapHaHTa ee peaJJHJauuu: c ucrroJibJOBaHHeM IlOJIYaB­
TOMaTH'IeCKoro H3MepHTeJibHOI'O ycTpOHCTBa (nYOC) H C HCilOJib30BaHHeM CKaHepa. npHBO­
AliTCll AaHHbie OLtH!flpOBKH TeCTOBbiX rpa!fJHKOB H aHaJJH3Hpy10TCll IlOJiyqeHHbie pe3yJibTaTbl. 

Pa6oTa BblllOJIHeHa B Jla6opaTopuu Bbi'IHCJIHTeJibHOii TeXHHKH H aBTOMaTHJaLtHH OIUIH. 

System of Graphics Digitization (SGD) 

A.P.lerusalimov et al. 

The system of graphics digitization (SGD) consisting of hard- and software is presented in 
this paper. Two variances of its realization are described: using semiautomatic device and 
using scanner. The data of digitization of test graphics and obtained results are analysed. 

The investigation has been performed at the Laboratory of Computing Techniques and 
Automation. 

1. 88e.!leHHe 

B HacTmuuee 8peM.ll ony6nHK08aHHbie 3KcnepHMeHTanbHbie .!laHHbie, npe.!lCTaBn.IIJOIUHe 

HHTepec .lln.ll Ha}"'HOfO C006IUeCT8a 8 cpH3HKe HH3KHX, npOMe:lKYTO'IHbiX H 8biCOKHX 

3HeprHH, JaHOC.s!TC.ll 8 8H.!le Ta6nHU 8. COOT8eTCT8YJOIUHe 6a3bl .!laHHbiX. 8 cpH3HKe HHJKHX 

3Hepmi1 - 3TO 6aHKH .ll.!lepHbiX .!laHHbiX, no.!l.!lep:lKH8aeMbie HauHo HanbHbiM .ll.!lepHbiM ueHT­

poM BNL (NNDC) H E8ponei1cKHM areHTCT80M no .ll.!lepHOH 3Hepnm (NEA). B cpHJHKe 

npoMe:lKYTO'IHbiX H 8biCOKHX 3Hepmi1 HJMepeHHbie .!laHHbie JaHOC.IITC.ll 8 6aJy REACTION 

CHCTeMbi 6aJ .!laHHbiX no cpHJHKe 'laCTHU (PPDS, HEPDAT A), no.!l.!lep:lKH8aeMbiX coTpy.!lHH­

'IeCT80M HHCTHTyro8 8 cocTa8e 11<1>83, 11T3<l>, 0115111, RAL (Durham) H Particle Data 

Group (Berkeley) [ 1]. 
HcnonbJY.ll nO.!l06Hbie cpaKTor-pacpH'IeCKHe 6aJbi, cpHJHKH nonyq aJOT 80JMO:lKHOCTb a8TO­

MaTH3Hpo8aTb npoue.11ypy 8bi60pKH 'IHCn08biX .!laHHbiX .!ln.ll HX nocne.!lyJOIUero npHMeHeHH.ll, 

a HMeHHO .11n.11 cpa8HeHH.ll C .!lpyrHMH .!laHHblMH HnH MO.!lenbHbiMH paC'IeTaMH H T.n. 

0.!1HaKO C CaMOfO Ha'lana 3KcnnyaTaUHH cpaKTorpacpH'IeCKHX 6aJ .!laHHbiX cymecTByeT 

npo6neMa, He perneHHa.ll .!10 HaCTO.IIIUero 8peMeHH . 06bi'IHO HJMepeHHble H ony6nHKOBaH­

Hble 8 8H.!le rpacpHK08 .!laHHble npe.!lOCTaBn.s!JOTC.ll no Janpocy a8TOpaMH ny6nHKaUHH .11n.11 

8HeCeHH.ll 8 COOT8eTCT8YJOIUYJO 6aJy 8 OUHcppo8aHHOM 8H.!le. flpH 3TOM OKOnO 10% Janpo-

*MH<!JH, MOCKBa 
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cos coTPYilHHKOB, o6cny)KHBaJOmwx ::JTH 6a3hi .uaHHhiX, He y.uosneTsopllJOTCll, 'ITO cB513aHo c 

3aH51TOCThiO aBTOpOB, nOTepeH HH<lJOpMauHH, OTCYTCTBHeM npoMe)KYTO'IHhiX Ta6nHU H T.n. 

3TO 3Ha'IHTenhHO CHH)KaeT UeHHOCTh TaKOfO cnoco6a xpaHeHHll H )lOCTyna K <lJaKTOrpa<lJH­

'leCKOH HH<lJOpMaUHH H, COOTBeTCTBeHHO, HHTepec nOnh30BaTenll K TaKHM CHCTeMaM, noc­

KOflhKY B TaKOM cnyqae OH B OTBeT Ha CBOIO nOHCKOByJO <lJopMyny nonyqaeT nyCTOH <lJaiin. 

B pe3ymTaTe ¢w3HK BhiH~eH, wcnonh3Yll no.upyqHhie cpe.ucTBa (nHHeHHKY H np.), 

KpOnOTflHBO nepeHOCHTh TO'IKY 3a TO'IKOH Ha MHflflHMeTpOBKy, a 3aTeM BOCCTaHaBnHBaTh C 

Hee Ta6nH'IHhie 3Ha'ieHH51 . 3TO MO)KeT npHBeCTH KaK K nopqe )KypHaJJhHhiX CTpaHHU, TaK H 

K 3Ha'IHTenhHOH noTepe speMeHH, He rapaHTHpyll npH ::JTOM He06XO)lHMOH TO'IHOCTH BOCCTa­

HOBneHHJl TO'ieK. 

Do::JTOMY cTaHOBHTCll aKTYaJJhHOH npo6neMa ouw¢posKH rpa¢wqec~oii HH¢opMaUHH 

(rpa<lJHKOB, rHCTOrpaMM H np.), ony6nHKOBaHHOH B )KypHaJJhHhiX CTaTbllX H npenpHHTaX H 

He HMeJOilleH Ta6nH'IHhiX ::JKBHBaJJeHTOB. 

B HaCTOllmee speMll peanH30BaHhi .usa sapwaHTa peweHHll 3a)la'IH ouw¢poBKH 

rpa<lJH'ieCKHX )laHHhiX: 

1) HCnOnh30BaHHe npH60pOB OYQC (nonyaBTOMaTH'ieCKOe ycTpOHCTBO 06Mepa 

CHHMKOB); 

2) HCnOflh30BaHHC CK aHepOB )lOCTaTO'IHO BhiCOKOfO pa3peweHH51 (He MeHee 600 dpi) C 

nocne)lyJOUlHM BOCCTaHOBneHHeM UH<lJpOBOH HH<lJOpMauHH C nOMOUlhiO pa3pa6oTaHHOf0 ..tnll 

::JToro MaTeMaTH'iecKoro o 6ecne'ieHHll Ha PC s cpe.ue WINDOWS. 

2. 0uH¢poBKa Ha nYOC 

113MepHTenhHall CHCTeMa OYQC (2) npe)lHa3Ha'ieHa )lflll o6Mepa tPOTOCHHMKOB C TpeKO­

BhiX .ueTeKTopos. MaKCHMaJJhHhiH pa3Mep o6pa~aThiBaeMoro H3o6pa)KeHHll - 200 x 200 MM. 

C nOMOUlhiO OnTH'ieCKOH CHCTeMhl ysenH'ieHHhiH yqaCTOK H306pa)KeHH51 npOeUHpyeTCll Ha 

MaTOBhiH ::JKpaH .uwaMeTp OM 170 MM. Ko::J¢¢wuweHT ysenH'ieHHll H3o6pa)KeHHll MO)KHO 

BapbHpOBaTh OT 10 LIO 50 C nOMOUlhiO CMeHHhiX OnTH'ieCKHX 06'beKTOB, 'ITO n03BOnlleT Ha­

)le)KHO H3Mep51Th HJ06pa)KeHH51 C O'ieHb MenKHM MaCWTa60M. 

OnepaTop-H3MepHTen h npoH3BOilHT peKomocuwposKy H3o6pa)KeHHll, ero nepeMemeHHe 

H TO'IHOe HaBeL{eHHe H3Me pHTeflbHOH MapKH C nOMOUlhiO H3MepHTenhHOfO CTOna. )lnll OTC'ie­

Ta Ka)KLIOH 113 KOOpLIHHaT HCnOflh3yJOTC51 6eCKOHTaKTHbie )laT'IHKH Ha ilH<iJpaKUHOHHhiX 

peweTKax. 113MepHTenhHall CHCTeMa OYQC xapaKTepH3yeTC51 BhiCOKOH TO'IHOCThiO (UeHa 

OTC'ieTa no Ka)KL{OH 113 K OOpLIHHaT - 2,5 MKM) H nHHeHHOCThiO. 

DpweM uw¢posoii HH¢opMaUHH 11 HeKOTOphiX cn~e6HhiX MeToK ocymecTsnlleT PC c 

nOMOUlhiO CneUHaJlhHOH ::JneKTpOHHOH nnaThl. 3a 4-'laCOBYIO CMeHy onepaTOp MO)KeT 

H3MepHTh - 1500 TO'ieK. 

Opoue.uypa OUHtPpOBK H BKflJO'laeT cneLiyJOUlHe ::JTanhi: 

1) KcepoKonwposaHwe pwcyHKa; 

2) H3MepeHHe onepaTOpOM OYQCa «none3HhiX» TO'ieK Ha KOmm; 

3) nporpaMMHall 06p a60TKa 113MepeHHhiX TO'ieK (C03L{aHHe 'IHCflOBOfO ::JKBHBaJJeHTa 

H3MepeHHOf0 rpa<lJHKa Hfl H rHCTOrpaMMhl) . 

Dpe.usapHTenhHhie TeCTOBhie OUeHKH no OUHtPPOBKe THnH'IHhiX rpa<lJHKOB, B351ThiX 113 

)KypHaJJhHhiX CTaTeH, nOKa3aJJH, 'ITO norpeWHOCTh BOCCTaHOBneHHll TO'ieK Llflll rpa<lJHKOB 

paJMepOM 60 X 60 MM COCTaBnlleT - 10 MKM. 
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.[(ml peanH3aUIUf 3TOrO BapHaHTa He06XO,I:IHMO HMeTb O,I:IHH HJIH HeCKOJibKO npH60pOB 

llYOC Ha JIHHHH c PC THna Pentium H KcepoKonHposanbHbiH annapaT. 11MeiOmeecji MaTe­

MaTHtiecKoe o6ecnetieHHe IIYOCa noTpe6yeT He3HatiHTeJibHOH MO.nH<I>HKaUHH. 

3. OuH¢posKa B CHCTeMe cKaHep - PC 

IJpoue.nypa OUH¢poBKH COCTOHT H3 CJie,I:IyiOlllHX maros: 

I) KonHposaHHe pHCYHKa c noMOIUbiO cKaHepa .z:IJiji JanHcH rpa¢wJeCKHX .naHHbiX B 

naMj!Tb PC HJIH Ha BHemHHH MarHHTHbiH HOCHTenL; 

2) npe.nsapHTeJibH~ o6pa60TKa rpa¢HtiecKHX ,I:13HHbiX C llOMOlllbiO pa3BHTOro rpa¢Htie­

CKOrO pe.naKTopa; 

3) H3MepeHHe onepaTOpOM C llOMOIUbiO «Mb!IDH» OTpe,I:IaKTHp OB3HHOrD rpa¢HtieCKOfO 

pHcyHKa, BbiBe.neHHoro Ha 3KpaH MOHHTopa PC; 

4) npOrpaMMH~ o6pa60TKa H3MepeHHbiX TO'IeK (C03,1:13HHe T36JIH'IHOrO 3KBHBaJJeHT3 

H3MepeHHOfO rpa¢HKa HJIH fHCTporpaMMbl). 

EcnH Hcxo.nHbiH pHcyHoK npe.ncTaBJieH s BH.ne PostScript- HJIH ·PDF-<Panna, To Heo6-

xo.nHMOCTb s nepsoM mare npoue.nypbi ouH¢poBKH oTna.naeT. TaKoe npe.ncTasneHHe pHCYH­

KOB, THllH'IHOe ,I:IJiji COBpeMeHHbiX ny6JIHKaQHH, ji8JijieTCji npe.nnOtiTHTeJibHbiM, llOCKOJibKY 

UOTepH TO'IHOCTH, o6yCJIOBJieHHbie npOUeCCOM llO,I:IfOTOBKH ny6JIHK3QHH H llOCJie,I:IyiOlllHM 

KOnHpOBaHHeM pHCYHKa npH CKaHHpOBaHHH, HCKJIIOti310TCji, 

.[(nji peanH3aQHH 3Toro sapHaHTa Heo6xo.nHM PC THna Pentium , cKaHep BbiCOKoro pa3-

pemeHHji (He MeHee 600 dpi) H cooTBeTcTByiOmee MO npouecca ouH¢poBKH. KaK B cnyqae 

npHMeHeHHji npH6opa IIYOC, onepaTop MO)[(eT ouH¢posaTb -1 500 TotieK rpa¢HtiecKoro 

H306pa)[(eHHji Ja 4 qaca pa6oTbi. 

KpoMe ouH¢poBKH rpa¢HKOB Henocpe.ncTBeHHO onepaTopoM-H3MepHTeneM, ,I:IJiji 3Toro 

sapHaHTa peanH30BaH pe)[(HM aBTOMaTHtiecKon ouH¢poBKH HenpepbiBHbiX KpHBbiX. B 3TOM 

pe)[(HMe OnepaTopy ,I:IOCTaTO'IHO OTMeTHTb TOJibKO H3'1aJibHYIO H KOHetiHYIQ TO'IKH KpHBOH. 

CneuHanbH~ nporpaMMa ocymecTBJI~eT see Heo6xo.nHMLie onepauHH. 

4. Ilpe.nsapHTeJibHbie pe3yJibT3Tbl OUH¢pOBKH 

.[(njj 060HX BapH3HTOB 6bJJia npoBe,I:IeHa np06H~ OUH¢pOBKa rpa¢HtieCKHX ,I:IaHHbiX. 

fpa¢HK, 83jiTbiH H3 )[(ypHaJJbHOH CTaTbH (3), 6bJJI KCepOKOnHpOB3H Ha np03patiHYI0 nJieHKy, 

H3MepeH Ha npH6ope IIYOC, a JaTeM nonyqeHHbie .naHHbie o6pa6aTLIBaJJHCb Ha 3BM c 

noMOlllbiO cooTBeTCTBYIOmeii nporpaMMbl. Ha pHc.l noKa3aH rpa¢ HK, npe.nocTaBJieHHbiH as­

TopaMH cTaTbH (cnesa), H rpa¢HK, nocTpoeHHbiH no pe3yJibTaTaM ouH¢poBKH (cnpasa). B 

Ta6JI.J npHBe,I:IeHbl HCXO,I:IHble (OpHrHHaJJbHble) H OUH¢poBaHHbJe (BOCCTaHOBJieHHble) ,I:IaH­

HbJe. 113 cpasHeHH.II pHCYHKOB H aHaJJH3a Ta6JIHUbl MO)[(HO C,I:IeJiaTb BbiBO,I:I 0 xopoweM CO­

rJI3CHH Me)[(,I:Iy HCXO,I:IHbiMH H BOCCTaHOBJieHHbiMH ,I:13HHbiMH . 

.[(pyroii rpa¢HK H3 TOH )[(e CTaTbH 6bJJI npocKaHHposaH c noMOIUbiO CKaHepa HP 

SCANJET 3C H o6pa6oTaH no cneuHanbHOH nporpaMMe ouH¢ poBKH Ha nepcoHaJJbHOH 

3BM. IlonyqeHHbJe pe3ynHaTbi npe.nCTasneHbi Ha pHc.2 H s Ta6n.2. B 3TOM cnyqae TaK)[(e 

Ha6JIIO,I:IaeTC.II XOpowee COrJiaCHe Me)[(,I:Iy HCXO,I:IHbiMH H BOCCT3HOBJieHHblMH ,I:IaHHbiMH. 
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PHc.1 

TaiinnQa 1 

XopHr. XBOCCT. YopHr. Y.occT. OYopHr. OYBOcCT. 

-1,25 - 1,248 0,002 0,0016 0,001 0,0015 

- 1,05 - 1,049 0,005 0,0046 0,002 0,0022 

-0,85 - 0,858 O,Ql1 0,0105 0,004 0,0039 

-0,65 - 0,653 0,016 0,0157 0,005 0,0049 

-0,45 - 0,456 0,022 0,0218 0,004 0,0035 

-0,25 - 0,254 0,033 0,0324 0,006 0,0058 

-0,05 - 0,052 0,042 0,0421 0,006 0,0064 

0,15 0,151 0,053 0,0527 0,006 0,0059 

0,35 0,354 0,062 0,0619 0,007 0,0070 

0,55 0,553 0,070 0,0700 0,007 0,0073 

0,75 0,752 0,080 0,0797 0,008 0,0080 

0,95 0,957 0,079 0,0788 0,007 0,0066 

1,15 1,152 0,079 0,0786 0,007 0,0069 

1,35 1,348 0,073 0,0730 0,007 0,0065 

1,55 1,549 0,069 0,0691 0,007 0,0065 

1,75 1,747 0,061 0,0609 0,006 0,0061 

1,95 1,949 0,057 0,0571 0,006 0,0063 

2,15 2,147 0,052 0,0522 0,005 0,0052 

2,35 2,348 0,037 0,0369 0,004 0,0037 

2,55 2,547 0,030 0,0301 0,004 0,0038 

2,75 2,762 0,029 0,0288 0,004 0,0040 

2,95 2,952 0,013 0,0132 0,002 0,0018 
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0 'a 0 't. 
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PHc.2 

Talinnua 2 

NT XopHr. Xsoccr. Y Qll_Hr. YsocCT. Of Qll_Hr. <JfsocCT. 

I -0,45 -0,436 0,006 0,0053 0,003 0,0036 

2 -0,25 -0,238 0,013 0,0125 0,004 0,0039 

3 -0,05 -0,042 O,Qll O,Q105 0,004 0,0033 

4 0,15 0,165 0,042 0,0420 0,007 0,0065 

5 0,35 0,372 0,052 0,0515 0,008 0,0069 

6 0,55 0,567 0,100 0,1005 0,012 0,0117 

7 0,75 0,763 0,114 0,1144 0,011 0,0109 

8 0,95 0,958 0,141 0,1397 0,013 0,0134 

9 1,15 1,167 0,156 0,1556 0,013 0,0135 

10 1,35 1,374 0,142 0,1423 0,013 0,0129 

II 1,55 1,565 0,097 0,0967 0,011 0,0114 

12 1,75 1,757 0,059 0,0591 0,008 0,0078 

13 1,95 1,954 O,Q35 0,0344 0,007 0,0066 

14 2, 15 2,162 0,018 0,0178 0,005 0,0047 

15 2,35 2,345 0,012 0,0117 0,004 0,0045 

16 2,55 2,551 0,004 0,0040 0,002 0,0029 

Ha pHc.3 noKa3aH pe3ynhTaT aBTOMaTwJecKoii ouHcppoBKH Kp HBoii H3 cTaTbH [4]. 3se3-

Jl04KaMH OTMe'leHa Krut<)lru! )leCjjTlUI BOCCTaHOBlleHHlUI TOlJKa. 

Ope)lBapHTeJlbHOe CpaBHeHHe JlBYX MeTO)lOB Ol.IHcppOBKH n03BQJljjeT C)leJlaTb CJleJlyJOUlHe 

BbiBO)lbJ: 

I. Ha npH6opax nYOC B03Mmtma c )lOCTaTO'IHOH TO'IHOCTbiO Ol.IHcppoBKa rpacpHKOB 

npaKTHlJeCKH J1J060H CTeneHH CJlO:lKHOCTH. 
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2. Eonee :lKeCTKI1e Tpe6osaHI1~ npe.nb~Bn~JOTC~ K rpacjmKaM np11 ou11cpposKe c 
nOMOlUhiO CKaHepa: ,llOCTaTO'IHhiH pa3Mep 11306pa:lKeHIDI (He MeHee 30 X 30 MM), XOpOWM 
KOHTpaCTHOCTh, HeneperpyxeHHOCTh MenKI1MI1 ,lleTan~MI1 . 

3. JiJ pactJeTa e:lKe,llHeBHOH 4-tJaCOBOH pa60Thl onepaTopa-113Mep11Ten~ MO:lKHO .ll0611ThC~ 
KaK B nepBOM, TaK 11 BO BTOpOM Bap11aHTaX OU11cpp0BKI1 He MeHee 5 TbiC. rpacp11KOB B rO,ll Ha 
O,llHOro onepaTopa (11CXO,ll~ 113 50 TO'IeK Ha rpacp11K). 

5. 3aKnJOtJeHI1e 

TaKI1M o6pa30M, npe.nnaraeMM CI1CTeMa OU11cppOBKI1 rpacp11KOB (C0f) n03BOni1T 
ni1KBI1,ll11pOBaTb C)'llleCTBYJOlUYIO HenonHOTY M11p0BhiX cpaKTorpacp11tieCK11X 6a3 ,llaHHhiX no 
cp11311Ke tJaCT11U. 0Ha IIOMO:lKeT OCBOOO,lli1Th 11CCne,llOBaTeneJi OT Henp0113BO,lli1TenhHOH 11 Tpy­
,llOeMKOH pYtJHOH pa6oThi , cB~3aHHoii c ou11cpposKoii Heo6xo.ni1MbiX rpacp11KOB 11 mcTo­
rpaMM, He BHeCeHHbiX no KaKI1M-ni160 np11'111HaM B 6a3bl ,llaHHbiX. 

Ka:lK.llhiH 113 npe.nno:lKeHHhiX sap11aHTOB ou11cppoBKI1, 11Me~ onpe.neneHHhie .nocTOI1HCTBa 
11 He,llOCTaTKI1, B3ai1MHO ,llOnOnH~eT .npyr .npyra. CI1CTeMa OU11cppOBKI1 C TIYOCoM, o6na.naJO­
lUM Bh!COKOH TO'IHOCTh lO 113MepeHI1~ 11 BOCCTaHOBneHI1~ TOtJeK, 'ITO n03BOn~eT ee 11CnOnh-
30BaTb M~ o6pa60TKI1 CnO:lKHhiX p11CYHKOB, ~Bn~eTC~ B TO :lKe BpeM~ rpOM03,llKOH 11 
HeT11pa:lK11pyeMOH. BTOpOH Bap11aHT OU11cppOBKI1, 6y.llYtJI1 MeHee TO'IHbiM, JierKO 
T11pa:lK11pyeTC~ 11 n03BOn~eT 11CnOnh30BaTb CTaH,llapTHOe o6opy.llOBaHI1e np11 Hanl1'11111 COOT­
BeTCTBYJOIUero nporpaMMHoro o6ecnetJeHI1~ . 
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qHCJIEHHOE MO)J:EJIHPOBAHHE 
TEPMAJibHOH 0:6PA60TKH TIOBEPXHOCTH METAJUIA 
CHJibHOTQqHbiM HOHHLIM nyqKQM 

3.A.Aup.Jln, C.H.Eacmpy~eos, M.C.Kac11ues*, B.H.Ca.MoUJlOB, 
,[(.B.lloozaunblu, H.B.lly3blHUH, A.B.c/Jeoopos, A.M. qep8111C08 

Ha OCHOBe 'IHCJleHHOfO peUieHHJI HeJ!HHeHHOfO ypaBHeHHJI TelUIOIIpoBOAHOCTH C 3aBHCJI­
UIHMH OT TeMIIepaTYPLI KHHeTH'IeCKHMH K03qxpHUHeHTaMH IIpoBeAeHO HCCJleAOBaHHe TelUIO­
BhiX IIpoUeCCOB, B03HHKaiOUIHX B o6pa3Ue MeTaJIJla IIpH Q6.1I)"'eHHH CHJibjiOTO'IHbiM HOHHhiM 
II)"'KOM. 0co6oe BHHMaHHe YAeJJeHO pacnpoCTpaHeHHIO TeMnepaTYPHOro <fJpOHTa H CKOpOCTH 
pa3orpeBa IIOBepXHOCTH MeTaJIJla. Ha OCHOBe pa3BHTOH MOAeJ!H IIOCTPOeHbl 3aBHCHMOCTH TeM­
nepaTYPLI pa30rpeBa H my6HHbl IIpolUiaBa 06.1I)"'aeMOfO o6pa3Ua OT HHTeHCHBHOCTH HOHHOfO 
TOKa II)"'Ka. 

Pa6oTa BhiiiOJIHeHa B na6opaTOpHH Bhi'IHCJIHTeJlbHOH TeXHHKH H aBTOMaTH3aUHH 01-UIH. 

Numeric Simulation of Thermal Treatment 
of Metal Surface by Means of High Current Ion Beam 

E.A.Airyan et al. 

Numeric solution of nonlinear equation of thermoconductivity has been performed to 
simulate evolution of thermal processes, induced on the metallic surface after its threatment by 
high current ion beam. The emphasis is placed on the thermal front propagation and rate of 
the surface heating. Based on the model developed, the dependence of the heating rate and the 
melting depth are displayed as a function of an intensity of high current ion beam. 

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

1. Bse)leHHe 

Jlml pa311H'IHbiX TeXHOnOrH'l{eCKHX npHnOJKeHHH BaJKHO 3HaTb MeXaHH3M B3aHMO,lleH­

CTBIUI HOHHOI'O n}"!Ka C Bell{eCTBOM [ 1,2). HanpHMep, aHanH3 CHnhHOTO'l{HOH HOHHOH o6pa-

60TKH MeTanna HMeeT nepBOCTeneHHOe 3Ha'l{eHHe B peaKTOpOCTpOeHHH ,lln51 nporH03H­

pOBaHH51 H3HOCOCTOHKOCTH CTeHOK TepM051JlepHOfO peaKTOpa. J1c nonb30BaHHe HCTO'l{HHKOB 

HOHOB CO B3pbiBHOH HOHHOH 3MHCCHeH OKa3biBaeTC51 KpaHHe 3¢¢eKTHBHbiM ,lln51 nOn}"'eHH51 

HOBbiX KOHCTpyKUHOHHbiX MaTepHanOB C Ka'l{eCTBeHHO yn}"'llleHHbiMH tPH3HKO-XHMH'l{eCKH-

*HncTHTYT MaTeMaTHKH EonrapcKoii aKaAeMHH HaYK. Co<j>HJI 
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MH H MexaHH'IecKHMH c soikTBaMH nosepxHOCTeii. Oco6oe JHalJeHHe 3TH Hccne.nosaHH~ 

npH06peTaJOT J(n~ MHKp0 3neKTpOHHOH HHJ(YCTpHH B CB~JH C ,C(anbHeHllleH nepcneKTHBOH 

MHHHaTIOpH3aUHH KOMOb iOTepHbiX TeXHOnOrHH, B03HHKllleH 6naro,nap~ OTKpb!BlllHMC~ 803-

MO)J(HQCT~M nonyqeHH~ KanenbHbiX HaHOCTpyKTyp (KnaCTepOB) npOBOJ(~lllHX MaTepHanOB, a 

TaK)J(e nonyqeHH~ B OOBepXHOCTHOM cnoe nonynpOBOJ(HHKOBbiX o6paJUOB o6naCTeH OOBbl­

llleHHOH KOHUeHTpaUHH HOCHTeneH npOBOJ(HMOCTH - KBaHTOBbiX TOlJeK (aHanHJ MOpcpo­

nonm nosepxHOCTH o6paJUOB, nonyqeHHhiX Ha ycTaHOBKe 3IT.HOHA, ITCB3 Ol1JI.H, npo­

se,neH B [4]). 

B HaCTO~IUeH pa60Te Ha OCHOBe ypaBHeHH~ TennonpOBOJ(HOCTH C rpaHHlJHbiMH ycno­

BH~MH, YlJHTbiBaiOIUHMH K OHelJHYIO TOniUHHY MHllleHH H BKnCl,U B Oxn~eHHe 30Hbl nyqHCTO­

ro Tenn006MeHa rpaHHU MHllleHH C BaKYYMOM, HJyqanacb MaKpOCKOOH'IeCKM cneUHcpHKa 

npouecca pa3orpesa nosepxHOCTH MaTepHana. TipH 3TOM YlJHThiBanacb TeMnepaTypHM JaBH­

CHMOCTh KHHeTHlJeCKHX K 03cpcpHUHeHTOB, xapaKTepH3YIOIUHX MaTepHan MHllleHH. B KalJeCT­

Be napaMeTpOB, onpe,nen~IOlllHX HCTO'IHHK HOHOB B ypaBHeHHH TennonpOBOJ(HOCTH, HCOOnh­

JOBanHCb xapaKTepHCTHKH HOHHbiX OYlJKOB, nonyqaeMbiX Ha ycTaHOBKe 3ITJ10HA (5). 
3a,ualJa npOBOJ(HMOfO B ,naHHOH pa6oTe MOJ(enHpOBaHH~ JaKniOlJanaCb B onpe,neneHHH 

'IYBCTBHTenbHOCTH OOl!eJ(eH~ TeMnepaTypHOfO npocpHn~ B JaBHCHMOCTH OT cpOpMbl H MOIU­

HOCTH HOHHOfO nyqKa. 

2. <l>OpMynHpOBKa MO,nenH 

LI.n~ onpe.neneHH~ TeMnepaTypHoro non~ H ero 3BontoUHH lJHcneHHO pernanoch o.nHo­

MepHoe ypaBHeHHe Tennon pOBOJ(HOCTH: 

dT a ( ar) pc(1) dt = dx a(1) dx + Q;(x, t), 

C TennOBbiM HCTOlJHHKOM B BHJ(e, npe,nnO)J(eHHOM B (3): 

Q;(x, t) = l Eoi/t) I (zeR), t $; 't, 

0, t > 't, 

X$; R, 

x>R, 

(1) 

(2) 

r.ne 't - speM~ .neiicTBH~ HCTO'IHHKa; £
0

, j(t), ze, R - Ha'lanhHM 3HeprH~, nnoTHOCTh TOKa, 

3ap~,n H cpe,n~~ J(nHHa n p o6era HOHa, COOTBeTCTBeHHO. <l>yHKUHH nnOTHOCTH HOHHOfO TOKa 

nyqKa J;(t), HcnonhJyeMbie B ,nanbHeiirnHx pac'leTax, cne.nytoiUHe: 

. }max 
1

1
(t) =canst =-

2
-, 

l2J t I -r, t $; -r I 2, 

lit)= 2Fax('t- t)l't, -rl2 < t $; 't, 
max 

1t}max ( t ) j3(t) = -4- sin 1t 1 . (3) 
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PHc. l . 3aBHCHMOCTh TeiUIO!PH3H'ieCKHX napaMeTpOB OT TeMnepaTyphl. a) - K03qxpHUHeHT TeiUIOnpoBon­
HOCTH a(T), 6) - ynenhHlUI TeiUIOeMKOCTh. no OCH a6CUHCC OTnO)((eHa OTHOCHTeJ!hHlUI TeMnepaTypa 

T = (T- To> I To. npH T = 0 (To = 20°C) 6hUIH HCnOnh30BaHhl cnenyK>IUHe 3Ha'-ieHIDI TeiU!OcpH3H'-ieCKHX 

napaMeTpOB: ynenhHlUI TeiUIOeMKOCTh c0 = 456 )l,)I(/(Kr·K), K03qxpHUHeHT TeiUlonpOBOnHOCTH 

a0 = 78,2 BT (M2 K) (10) 

Bemt'-iHHa j MemJeTc.!l B npe.uenax oT 500 .uo 1000 A/cM
2

, cpe.UH.!I.!I :mepru.s1 wouos max 

£
0 

= 350 K3B (5). 0TMeTHM, '-iTO nOJlHa.!l 3Heprn.!1, nepe.uasaeMa.!l nyqKOM HOHOB MHllleHH Ja 

BpeM.!I HMnyJlhCa 't, O,llHHaKOBa ,llJl.sl BCeX cpyHKUHH HCTO'-iHHKa Q;(t) H nponOpUHOHaJlhHa 

j max 't / 2. B cnyqae j(t) = const HCTO'-'IHHK HMeeT HaH6onee npocTOH BH.ll, COOTBeTCTBYIOIUHH 

paBHOMepHOMY pacnpe.ueneHHIO MOIUHOCTH £
0
,j B nyqKe, a TaK)((e paBHOMepHOMY pacnpe.ue­

JleHHIO HOHOU no 3HeprHH, T.e. BH.ll CTyneHbKH no OCH BpeMeHH H no HOpMMbHOH K nosepx­

HOCTH KOOp.llHHaTe X. 

00.U'-iepKHeM, '-iTO B ,llaHHOH MO,lleJlH npHHHMaJlaCb BO BHHMaHHe TeMnepaTypHM JaBH­

CHMOCTh KHHeTH'-ieCKHX K03QJQJHUHeHTOB a H C, '-iTO nOJBOJlHJlO yqeCTb KOHe'-iHYJO CKOpOCTh 

pacnpocTpaueuw.s~ TeMnepaTypHoro cppoHTa, Heo6xo.uwMyiO .llJl.!l 6onee peanbHoro onHcaHH.!I 

TennoBhiX npoueccos. BH.ll cpyHKUHH a(T) 11 c(T), nocTpoeHHbiX n o 3MnwpuqecKHM .uaHHbiM, 

Ta6ynwposaHHbiM B [I 0], noKaJaH Ha p11c.l. 

BaphHpy.s~ JHa'-'!eHwe nnoTHOCTH TOKa, maBHbiM o6pa30M, Ja C'-ieT yMeHhllleHH.!I pa,uuyca 

nyqKa, MO)((HO .ll06HTbC.sl TOfO, 1H06bi MaKCHMaJlbHa.!l TeMnepaTypa pa3orpesa nosepXHOCTH 

o6nyqaeMoro o6paJua .uocTwrna TeMnepaTyphi nnasneuw.s~ . .[{.n.s1 o nwcaHH.!I 3BOJliOUHH TeMne­

paTypuoro npocpwn.s~ c yqeToM cpaJOBbJX npespameuwii ua nosepxHOCTH o6paJua ueo6xo­

.llHMO yq ecTh noTepw 3Heprww , pacxo.uyeMoii Ha nponnas 11 11cn apeuwe nosepxuoCTH MH-
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WeHH. 3TO MO)I(HO CLien aTb, LI06aBHB K TennoeMKOCTH, BXOLI~IUeH B ypaBHeHHe (1), LIBa 

cnaraeMbiX, OnHCbiBaiOIUHX CKpbiThie CTOKH TennOTbi: 

* L L 
c (1) = c(1) + TWJ 8(~) + T 8(~ 1 ), 

0 0 

T-TWJ 
~= -T , 

0 

T-TK 
~I = ----r;- , (4) 

rLie L 11 L - yLienhHhie TennoThi nnasneHH~ 11 napoo6pa30BaHH~, T 11 T - TeMnepa-WJ np WI K 

TYPhi nnasneHw~ 11 KHneH~ cooTBeTCTBeHHO. 

* YpasHeHwe (1) c TennoeMKOCThiO c (1) LIOnon~eTc~ cneLiyiOIUHMH rpaHH'IHhiMH ycno--

BH~Mw: 

a( I) ClT(x, t) - acr(T 4(x, t) - To4) I x = o = 0, 
dX 

a( I) ClT(x, t) + acr(T\x, t) - T~) I x =I= 0. 
dX 

(5) 

3LieCb T(O, t) 11 T(l, t ) - 3HaqeH~ TeMnepaTypbi Ha rpaHwuax MHIUeHw; x OTCqHThiBaeT­

c~ B HanpasneHHH HOpManH K nosepxHOCTH, cr - nocTO~HHM CTecpaHa - EonhUMaHa H 

a - K03cpcpwuweHT nornomeHH~ ceporo Tena. npwBeLieHHhie Bhiwe rpaHwqHhie ycnoBH~ 

yqHTbiBaiOT Tenno06MeH nOrnOTHTeJI~, HMeromero KOHeqHyiO TOniUHHY f, C BaKYYMOM H3-3a 

TennOBOfO H3JiyqeH~ C o6eHX noBepXHOCTeH MHIUeHH. B HaqaJibHbiH MOMeHT BpeMeHH 

npeLinonaraeTc~, qTo pacnpeLieneHwe TeMnepaTypHoro non~ B semecTBe MHIUeHH OLIHOpOLI­

Ho: T(x, 0) = T
0

. TaKHM o6pa30M, nonHM KpaesM 3Maqa Ha onpeLieneHHe TeMnepaTypHoro 

non~ nornoTwTen~ 3anHweTc~ cneLiyiOIUHM o6pa3oM: 

* dT Cl ( ClT) pc (1) dt = Clx a( I) Clx + Q(x, t), 

T(x, 0) = T0, 

a( I) ClT1: t) - acr(T4(x, t)- To4) I x =.0 = 0, 

a(1) ClT(x, t) + acr(T4(x, t)- To41 x =I= 0. 
dX (6) 

nn~ qHcneHHOro perneHH~ 3aL{aqa (2.6) npHBOLIHnacb K 6e3pa3MepHOMY BHLIY 3aMeHOH 

nepeMeHHhix: x *=xI l, t * = t I 't, T * = (T- T
0

) I T
0

. 3aTeM Hcnonh3osanacb a6coniOTHO ycTOH­

qwsM He~BHM pa3HOCTHM CXeMa no BpeMeHH (6). nn~ annpOKCHMaUHH nO npOCTpaHCTBeH­

HOH nepeMeHHOH npHMe~nHCb pa3HOCTHhie CXeMhl BTOporo nop~LIKa TOqHOCTH C HepaBHO­

MepHbiM rnaroM H CXeMbl MeTOLia KOHeqHbiX 3neMeHTOB C nHHeHHhiMH 3neMeHTaMH. 

Bo3HHKaiOIUHe Ha Ka)I(LIOM cnoe no BpeMeHH CHCTeMbl HenHHeHHhiX anre6paHqeCKHX ypaB­

HeHHH peiUaJIHCb C nOMOIUbiO MeTOLia npOCTOH HTepauHH HnH HenpepbiBHOro aHanora MeTO­

Lia HhiOTOHa. nn~ peweH H~ nwHeHHbiX CHCTeM Hcnonb30BaJIC~ MeTOLI nporOHKH [6]. 



AupliH 3.A. u op. qUCJiemtoe MOOeJIUp06QHUe 107 

3. Pe3ynbTaTbi '!HcneHHoro aHanH3a 

Jl.aHHrul MO,LieJJb HCnOJJb30BanaCb ,Lin.sl OnHCaHH.sl 3BOJJJOUHH TeMnepaTypHOfO nOJJ.sl, 

B03HHKaJOll.lero B )l{eJJe3HOH MHWeHH npH o6nY'ieHHH HOHaMH yrnepO,Lia. · B Bbi'IHCJJeHH.siX 

Y'iHTbiBanHCb CJJe,LiyJOlliHe TennocpH3H'IeCKHe xapaKTepHCTHKH )l{eJJe3a: nJJOTHOCTb 

p = 7870 Kr!M3, TeMnepaTypa nnasneHH.si T fl1l = 1799°K, TeMnepaTypa KHneHH.si TK = 3149°K, 

· y,~:~enbHrul TennoTa nnasneHH.si LM = 0,27·1 06 Jl.)I{/Kr H y,~:~enbHrul TennoTa HcnapeHH.si 

L = 6,25·1 06Jl.)I{/Kr. np 
Ha pHc.2a-B npe.LICTasneHbi pe3yJJbTaTbi pac'!eTa npocTpaHCTBeHHo-speMeHHOro 

npocpHn.si TeMnepaTypbi T(x, t) .LIJJ.si pamH'IHbiX cpyHKUHH HCTO'IHHKa Qp). TipHBe.LieHHbie 

rpacpHKH noKa3bJBaJOT, 'ITO MaKCHManbHbiH pa3orpeB ,LIOCTHraeTC.sl B CJJOe rny6HHOH, paBHOH 

PHc.2. npo<f>wm TeMneparypbl (MJI Ql (t) - a; 

Q
2
(t) - 6; Q

3
(t) - B) 8 JKeJie3HOH MHIIJeHH TOJJ­

IIJHHOH [ = I 0 MKM npH o6nyqeHHH HOHaMH yme­

po.aa C 3Heprneii 350 K38. ,il.nHTeJibHOCTb HMnyJJb­

ca - 300 HC, MaKCHMaJJbHaJI nJJOTHOCTb CHJibl TO­

Ka B HOHHOM nyqKe - jmax = 1000 A/cM
2

. BpeMJI 

no OCH a6CUHCC OTC'IHTbiBaeTCJI 8 OTHOCHTeJibHbiX 

e.aHHHuax t I 't 
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(a) (6) 
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PHc.3 . fny6HHa nponnasa (a) H MaKcHMaJibHCUI TeMnepaTypa pa3orpesa nosepxHOCTH (6) KaK ¢YHKUHH 

jmax· KpHBbte 1,2 ,3 COOTBeTCTBYIOT BapHaHTaM HCOOJibJOBaHIDI B paC'IeTaX lPYHKUHH HCTO'IHHKa Q1 (t) , 

Q2(t) , Q3(t) . BpeM$1 no ocH a6cuHcc OTC'IHTbtBaeTcll B OTHOCHTeJibHbtX enHHHuax t I 't 

cpenHeH )lJIHHe CB060)lHO!'O npo6era HOHOB .B Be!lleCTBe. )lsa nJiaTO Ha Krut<)lOM HJ 3THX 

rpacpHKOB COOTBeTCTBYIOT KHneHHIO H nJiaBJieHHIO MHUieHH. flocJie BbiKJIIO'leHHjj HCTO'IHHKa, 

npH t > 't, npOHCXO)lHT 6 bJCTpOe OCTbiBaHHe nosepXHOCTH Ja C'leT TenJI006MeHa rpaHHU MH­

UieHH C BaKYYMOM H OTBO)l TenJia B rny6b o6pa3Ua, 'ITO BH)lHO BCJie)lCTBHe CrJia)I(HBaHHjj 

TeMnepaTypHOfO npOcpHJi jj )lJijj BCeX cpyHKUHH HCTO'IHHKa. 3-fo CBjjJaHO C TeM , 'ITO )laJibHeH­

Uiee OCTbJBaHHe BO BC~X Tpex C1IYI.J¥X OnHCbJBaeTCjj ypaBHeHHeM (1) 6eJ HCTO'IHHKa. 0nHa­

KO )lJijj Ka)l()lOfO CJIYI.Jal! y paBHeHHe TenJionpOBO)lHOCTH )lOnOJIHjjeTCjj Ha'laJibHblM ycJIOBHeM , 

npe)lCTaBJijjiOlUHM C060H tPYHKUHIO T(x, 't) B MOMeHT BblKJIIO'IeHHjj COOTBeTCTBYIO!llero Qi' 

TaKHM o6paJoM, nosen eHHe TeMnepaTypHbiX npocpHneii . ilJijj paJJIH'IHbiX tPYHKUHH 

HCTO'IHHKa CY!lleCTBeHHO paJJIH'IaeTCjj TOJibKO Ha 3Tane pa30rpeBa, CKOpOCTb KOTOporo 

onpeneJijjeTCjj BH)lOM cpyHKUHH j(t). 

MaKCHMaJibHal! TeM n epaTypa paJorpesa MHUieHH T max JaBHCHT KaK OT BH)la tPYHKUHH 

Q., TaK H OT MaKCH.MaJi bHO!'O JHa'leHHjj HHTeHCHBHOCTH TOKa nyqKa j . flpHpaBHHBal! 
1 m~ 

T(x, t) TeMnepaType nnaBJieHHjj, MO)I(HO OnpeneJIHTb )lJijj Ka)l()lOfO t JHa'!eHHe X, COOTBeTCT­

BYIO!llee nOJIO)I(eHHIO rpaHHUbl paJ)leJia )I(H)lKOH H TBep)lOH cpa3 . )lJijj Ka)l()l0f0 HCTO'IHHKa 

Q. onpeneneHO MaKCHMaJi bHOe JHa'leHHe X = h H nocTpOeHa JaBHCHMOCTb h(j ). 
1 max max 

<l>yHKUHH T U ) H h(j ), npencTaBJieHHbte Ha pHc .3a,6, BOJpacTaJOT c pocToM j JlJijj max max max max 

BCeX Tpex BHilOB HCTO'IHHKa. 0)lHaKO B TO'IKaX, COOTBeTCTBYIOlllHX JHa'leHHIO jmax' KOrL{a 

)lOCTHraeTCjj pa30rpeB n o sepXHOCTH )lO TeMnepaTypbl nJiaBJieHHjj H KHneHHjj, Ha 3THX 
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Taiiiiuua. 3na'leHHll T max H h B 38BHCHMOCTH OT 3Ha'leHHlljmax 

. N 2 
lmax• CM Tmax• K h, MKM 

Ql Q2 Q3 Ql Q2 . Q3 

500 2572 2700 2688 1.150 1.225 1.225 

625 3134 3213 3154 1.550 1.750 1.600 

750 3349 3494 3332 1.875 2.050 1.900 

875 3587 4085 3747 2.150 2.275 2.300 

1000 3926 4445 4405 2.425 2.475 2.475 

KpHBblX BM.!lHbl rrepem6bJ. l.JHCJleHHbJe JHalJeHH.ll T U ) H hU ) B 3THX TOlJKax .!l8Hbl B 
max max max 

Ta6JJHUe. l13MeHeHHe H8KJlOHa KpHBbiX B HHX CB.ll3aHO C TeM , 'ITO lJ8CTb rrepe.UaHHOH 

MHllleHH :mepmH JaTpatJHsaeTC.ll Ha rrporrnas H HcrrapeHHe sem ecTsa c rrosepxHOCTH, H 

TaKHM o6pa30M .uon.s~ 3HepmH, pacxo.uyeMa.H Ha .UaJJbHeHlllee Ha rpesaHHe, YMeHblllaeTC.ll. 

llpHBe.UeHHbJe BbJllle pe3yJJbT8Tbl H8XO.!l.liTC.ll B COrJJaCHH C pe3yJJbT 8TaMH 8HaJJOrHlJHbiX pac­

lfeTOB H HJMepeHHH, rrpe.UCTaBJJeHHbiX B (7-9). 

4. BbiBO.!lbl 

8 3aKJlJOlJeHHe OTMeTHM, 'ITO B38HMO.UeHCTBHe CHJlbHOTOlJHbiX HOHHbiX fiYtJKOB C seme­

CTBOM xapaKTepH3yeTC.ll 6biCTpblM pa30rpeBOM fJOBepXHOCTH MHllleHH C fiOCJJe.UyiOIIlHM 6biC­

TpbiM OCTbJBaHHeM, 'ITO rrpHBO.!lMT K pa3pYlJleHHJO KpHCTaJJJlHlJeCKOH pellleTKH, o6pa30B8HHIO 

.uecpeKTOB Ha fiOBepXHOCTH H, TaKHM. o6pa30M, MO)!(eT cymeCTB HHO MeH.liTb cpH3H'IeCKHe 

CBOHCTBa MaTepHana. Jln.ll OfJHCaHH.ll CBOHCTB o6nyqeHHOrO o6pa3Ua He06XO.UHMO KOMfJJleKC­

HOe HCCJJe.UOB8HHe 3BOJJJOUHH TeMrrepaTypHOrO rrpocpHJJ.ll H BeJJHlJ HH, xapaKTepH3YJOIIlHX Be­

I.UeCTBO. llpe.UJJO)!(eHHa.ll Bblllle MO.!leJJb MO)!(eT CJJY)!(HTb OCHOBOH .!laJJbHeHlUHX TeopeTHlfe­

CKHX fJOCTpOeHHH . 
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